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Dedication

This book is dedicated to Steven C. Hebert. Steve was
at his heart a kidney physiologist, applying cutting
edge technologies to address the most fundamental

concepts of kidney function and disease. He was an
extraordinary scientist, clinician, mentor, leader and
friend.
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Foreword

The focus of these volumes ever since the publica-
tion of the first edition in 1985 has been on renal physi-
ology, conceived broadly as the analysis of those
processes by which the kidney maintains the volume
and composition of the body in the face of varied
intake, physiologic alterations and pathologic distur-
bances. The text began with a detailed exploration of
the basic mechanisms and their regulation that under-
lie the exchanges of water and electrolytes across cell
membranes of the body. The mechanisms used by the
kidney to make appropriate renal homeostatic adjust-
ments were next presented.

In the early texts the renal response was attributed
to the whole organ rather than to discrete molecular
processes. It was the application of the methods and
theories of the generalizing sciences, physics and
chemistry, to biologic systems that, in subsequent addi-
tions, facilitated a reduction of the explanatory system
to the more basic level of molecular biology, thereby
providing a more comprehensive understanding of
the basic processes that permit the physiologic
adjustments.

In this 5th edition, such new and powerful disci-
plines as genetics and cell biology have been deployed
to deepen and widen further the explanatory frame-
work. Not only have previous chapters been exten-
sively updated, but new chapters have been added to
incorporate additional disciplines. Individual chapters,
for example, now provide detailed treatment of the sig-
nificance of cilia; the role of stem cells is now given
special consideration. Finally, there has been a signifi-
cant expansion of the section of pathophysiology,
incorporating the newer findings of cell biology and
genetics.

In a sense, this new edition represents a significant
advancement in the march of reduction to a more fun-
damental level of understanding of the normal and
deranged function of the kidney.

Donald W. Seldin
Gerhard H Giebisch
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Preface

As described in its preface, the first edition of The
Kidney: Physiology and Pathophysiology, published in
1985, focused on renal physiology, “conceived broadly
as the study of those processes by which the kidney
maintains the volume and composition of the body in
the face of physiologic demands and pathologic distur-
bances.” As noted in the fourth edition, science has
since then become more reductionist, an evolution that
has been reflected in the content of subsequent edi-
tions. Dissection of physiologic phenomena at the level
of organs and cells has been enriched by descriptions
of the roles of individual molecules. While this trend in
science has continued, it has been complemented by a
renewed focus on integrating these molecular functions
to define their roles in cellular and organ physiology,
as well as their role in body homeostasis and disease.
A complete understanding of physiologic and patho-
physiologic processes must include knowledge of
individual molecules, as well as their integration into
homeostatic systems that function to maintain body
composition. A thorough understanding of physiologic
mechanisms endows us with a greater understanding
of pathophysiology and disease. Reciprocally, an
understanding of disease states furnishes us with valu-
able information about normal physiology. The present
edition continues to focus on describing the present
state of knowledge of the molecules and the systems
that contribute to normal physiologic function of the
kidney, and the homeostatic mechanisms subserved by
the kidney.

The present edition also concentrates on how these
mechanisms malfunction, resulting in the diseased
state. Again we will address the pathophysiology of
disease states from the molecular to the system level.
One of the appealing features of nephrology is the abil-
ity to utilize our understanding of normal physiology
to elucidate principles of pathophysiology, and second-
arily develop rational approaches to the diagnosis,
treatment, and prevention of disease. Thus, the clini-
cian addressing a patient with a fluid and electrolyte
disorder need not memorize a list of possible causes or
algorithms, but can logically deduce a solution through
a thorough understanding of kidney function. As sci-
ence continues to evolve, our understanding of the
pathophysiologic basis of disease can now be applied

to a much broader set of ailments. We continue, there-
fore, to broaden the scope of this book so as to place
greater emphasis on mechanisms of disease.

The first section of the textbook begins with general
principles of epithelial and non-epithelial transport
and regulation. This extensive section of the book con-
tinues a tradition established in the first edition, but
extends it to include a more extensive discussion of
transport regulation.

The second section of the book describes the organi-
zation of the kidney with an increased emphasis on the
glomerulus, as this field continues to evolve. There fol-
lows an in-depth review of renal growth and develop-
ment, including a discussion of the role of stem cells in
the kidney.

This is then followed by Section Three, describing
mechanisms of fluid and electrolyte regulation and
dysregulation. In no other book can one find this sub-
ject addressed with the depth and thoroughness found
in this textbook. The Fifth Edition includes a more
in-depth discussion of recently described families of
transporters, integrating this information to describe
their role in physiologic and pathophysiologic
processes.

Section Four, the pathophysiology of renal disease,
has been extended as our knowledge of renal dysfunc-
tions and their contribution to renal ailments has
expanded. Many chapters deal with common everyday
clinical issues, but are presented in the context of
pathophysiologic mechanisms. A series of chapters
focus on mechanisms of progression of renal disease,
as the importance of interrupting or forestalling this
progression has assumed great importance in clinical
nephrology. A thorough understanding of the roles of
glomerular pressure, proteinuria, inflammation, and
oxidants will help researchers and clinicians prevent
renal failure, decreasing the need for dialysis and
transplant.

The evolution of our understanding of kidney func-
tion and dysfunction derives from sequential discover-
ies made by a series of investigators, each benefiting
from the accomplishments of their predecessors. The
same can be said for this textbook. Originally con-
ceived by two of the greatest renal physiologists of the
twentieth century, Donald Seldin and Gerhard

xv



Giebisch, it was passed on to Steve Hebert and one of
the present editors. As the present editors, it is our
hope to continue the book’s commitment to science,
and its role in our understanding and practice of

nephrology, and in so doing to honor the previous edi-
tors for all that they have contributed to the book, to
nephrology, to epithelial physiology, and to science in
general.

xvi PREFACE
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INTRODUCTION

Many of the chapters in this volume are devoted to
the mechanisms through which the nephron is able to
convert the glomerular filtrate into concentrated urine
that is responsive to the metabolic status of the organ-
ism as a whole. The multifactorial nature of this prob-
lem means it needs to be treated at several levels of
resolution. A meaningful description of renal tubular
functions requires an understanding of the nephron’s
properties as an integrated tissue, as well as those of
its constituent parts, including the cells and molecules
that contribute to its transport functions.

As detailed elsewhere in this volume, the nephron is
a remarkably heterogeneous structure. Throughout its
length, the renal tubule is notable for the marked varia-
tions in the morphologic and physiologic properties of
its epithelial cells, reflecting the numerous and diverse
responsibilities that neighboring segments are called on
to fulfill. At the tissue level, the function of the kidney
is critically dependent on the geometry and topography
of the nephron. The precise juxtaposition of various
epithelial cell types, which manifest distinct fluid and
electrolyte transport capabilities, in large measure
specifies the course of modifications to which the glo-
merular filtrate is exposed. This dependence on geome-
try also extends to renal function at the cellular level.

The Nature and Physiologic Implications of
Epithelial Polarity

Despite their variations in form and function, all of
the epithelial cells that line the nephron share at least
one fundamental characteristic. Like their relatives in
other tissues, all epithelial cells are polarized. The
plasma membranes of polarized epithelial cells are

divided into two morphologically and biochemically
distinct domains.1�6 In the case of the nephron, the
apical surfaces of the epithelial cells face the tubular
lumen. The basolateral surface rests on the epithelial
basement membrane, and is in contact with the inter-
stitial fluid compartment. The lipid and protein com-
ponents of these two contiguous plasmalemmal
domains are almost entirely dissimilar.1�6 It is pre-
cisely these differences that account for the epithelial
cell’s capacity to mediate the vectorial transport of
solutes and fluid against steep concentration gradients.
Thus, the subcellular geometry of renal epithelial cells
is critical to renal function.

The principal cell of the collecting tubule provides a
useful illustration of the importance of biochemical polar-
ity for renal function. As described in other contributions
to this volume, the principal cell is required to resorb
sodium against a very steep concentration gradient. It
accomplishes this task through the carefully controlled
placement of ion pumps and channels.7�9 The basolateral
plasma membrane of the principal cell, like that of most
polarized epithelial cells, possesses a large complement
of Na1/K1-ATPase. This basolateral sodium pump cata-
lyzes the energetically unfavorable transport of three
sodium ions out of the cell in exchange for two potassium
ions, through the consumption of the energy embodied
in one molecule of ATP.10 The apical surface of the princi-
pal cell lacks sodium pump, but is equipped with a
sodium channel, which allows sodium ions to move pas-
sively down their concentration gradient.11 Through the
action of the sodium pump the intracellular sodium con-
centration is kept low and the driving forces across the
apical membrane favor the influx of sodium from the
tubular fluid through the apical sodium channels. Thus,
the combination of a basolateral Na1/K1-ATPase and an
apical sodium channel lead to the vectorial movement of
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sodium from the tubule lumen to the interstitial space
against its electrochemical gradient. This elegant mecha-
nism is critically dependent upon the principal cell’s
biochemical polarity. If the sodium pump and the
sodium channel occupied the same plasmalemmal
domain, then the gradients generated by the former
could not be profitably exploited by the latter. Thus, the
vectorial resorption or secretion of solutes or fluid is
predicated upon the asymmetric distribution of transport
proteins in polarized epithelial cells.

The fact that epithelial cells manifest biochemical
polarity implies that they are endowed with the capac-
ity to generate and maintain differentiated subdomains
of their cell surface membranes.1�6 Newly synthesized
membrane proteins must be targeted to the appropri-
ate cell surface domain, and retained there following
their delivery. During tissue development, cell divi-
sion, and wound healing, plasmalemmal domains
must be delimited and their biochemical character
established. Clearly, specialized machinery and path-
ways must exist through which this energetically unfa-
vorable compositional asymmetry can be supported.
The nature of these specializations has been the subject
of intense study for decades. While firm answers are
not yet available, a number of fascinating model
systems have been developed, and valuable insights
have emerged. This chapter will focus on what is
known of the processes through which tubular epithe-
lial cells create their polarized geometry.

EPITHELIAL CELL STRUCTURE:
MORPHOLOGY AND PHYSIOLOGY

The renal tubular epithelium is composed of a
remarkably varied collection of cell types, ranging
from the highly specialized glomerular epithelial cells
with foot processes that faciliate filtration of the blood
through the basement membrane, to the simple squa-
mous epithelium of the loop of Henle. A detailed
delineation of its morphologic diversity is beyond the
scope of this chapter. However, certain essential fea-
tures are shared among all cell types in the tubular
epithelium and, indeed, most other epithelial cell types
found in the body. Among these are a differentiated,
microvillar apical surface facing the tubular lumen, a
lateral surface specialized for cell�cell interactions and
regulation of transepithelial permeability, and a basal
surface that adheres to the basement membrane.
Furthermore, as described previously, the basolateral
plasma membrane is particularly important in ion
transport, because it is the location of the Na1/K1-
ATPase and the cell is able to modulate its surface
area in response to the transport activity of individual
cell types. The cell�cell adhesive relationships are

responsible for the integrity of the epithelium, and also
dictate the permeability of the epithelium to small
molecules that, in part, give each segment of the
epithelium its physiological identity. Furthermore,
adhesion of epithelial cells to each other and to the
basement membrane sends spatial signals to the cells
essential for the establishment and maintenance of
epithelial cell polarity. In the following sections the
morphology and functional composition of the apical
and basolateral domains of the plasma membrane will
be described, after detailing the nature of the junc-
tional complex that mediates cell�cell adhesion.

The Junctional Complex

All epithelial cells, including those of the kidney
tubule, are joined together along the lateral surfaces by
a series of intercellular junctions first noted by their
characteristic ultrastructural appearance and relative
locations on the lateral plasma membrane.12,13 These
include the tight junction or zonula occludens, the adhe-
rens junction (zonula adherens or intermediate junction),
desmosomes, and gap junctions. In most mammalian
epithelia the tight junction is located at the apical-most
edge of the lateral membrane closely followed by the
adherens junction. Desmosomes and gap junctions
have less specific locations on the lateral membrane.
Desomosomes and gap junctions will be described
briefly, followed by a more comprehensive description
of tight junctions and adherens junctions, because of
their essential functions in the organization, physiol-
ogy, and morphogenesis of epithelia.

Desmosomes are large, multiprotein complexes
primarily responsible for the mechanical strength of
cell�cell interactions.14 They are formed after the
assembly of adherens and tight junctions. By transmis-
sion electron microscopy they appear as discrete, focal
concentrations of dense material in the cytoplasm of
adjacent cells, as well as in the intercellular space.13 In
contrast to adherens and tight junctions, desmosomes
do not form an adhesive belt around the entire epithe-
lial cell, but are a kind of “spot weld” at various points
on adjacent lateral membranes. They are composed of
both integral membrane proteins of the cadherin fam-
ily called desmogleins and desmocollins, and periph-
eral membrane proteins known as desmoplakins,
as well as a variety of other protein constituents.14

Adjacent cells adhere to each other through cadherin-
mediated interactions. The peripheral components
then provide mechanical stability to this interaction,
via keratin intermediate filaments in the cytoplasm of
each cell.15 Ultrastructurally, these appear as a mass of
hair-like protrusions interacting in parallel with each
plaque and then splaying out into the cytoplasm.13,14
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In this manner, desmosomes link all cells in the
epithelium. While there is evidence that desmosomal
components may play an active role in regulating
some aspects of cell�cell adhesion and even gene
expression,16 in general their function is considered to
be relatively passive.

Gap junctions are so named because of the characteris-
tic 3 nm gap between adjacent cells that is evident using
transmission electron microscopy.17,18 Examination of
freeze-fracture specimens, which permits visualization of
the internal topography of membranes, reveals the gap
junction as a discrete array of intramembranous particles
or connexons.17,18 Each connexon is composed of five
identical connexins, a family of transmembrane proteins.
Connexons on adjacent cells interact through their extra-
cytoplasmic domains to form a series of low-resistance
channels. These permit the passage of small molecules of
less than 1 kDa, linking neighboring cells in the epithe-
lium both electrically and metabolically. In the kidney, it
is likely that gap junctions play important roles during
morphogenesis and repair, although their precise func-
tions have not been investigated in detail.17,18

Among the numerous functions subserved by epi-
thelia, perhaps the most important is that of a barrier
between the intra- and extracorporeal spaces. In the
case of the kidney, the extracorporeal space is defined
by the lumen of the renal tubule. That the chemical
composition of urine differs substantially from that of
the interstitial extracellular fluid bathing the epithelial
basement membranes is evidence that the barrier pro-
vided by the tubular epithelium is tight to both small
and large molecules. There are two components to this
barrier, arranged in parallel.19�21 The first is comprised
of the apical and basolateral membranes of the epithe-
lial cells, which together serve as a pair of series resis-
tances to the flow of solutes across the epithelia. The
second barrier is provided by the tight junction or
zonula occludens that controls movement of molecules
between the cells along the so-called paracellular
pathway.20�29

The tight junction defines a border between the apical
and basolateral plasma membranes. In columnar and
cuboidal cells of the renal epithelium, it is found at the
apical extremity of the lateral membrane and in the
plane of the apical surface. Analysis by transmission
electron microscopy originally suggested that the tight
junction is a zone of partial fusion between the plasma
membranes of adjacent cells.13 Although this is no longer
believed to be the case (see below), the ultrastructure of
the junctions is consistent with this interpretation. When
cells that have been treated with osmium are examined
at high magnification, their membranes are distin-
guished by a characteristic pattern. The two leaflets of
the lipid bilayer appear as a “unit membrane,” defined
by a pair of darkly stained parallel lines separated from

one another by 5�10 nm.30 In areas corresponding to the
tight junction, the four parallel lines representing the
two unit membrane of adjacent cells are replaced by
three lines, which led to the suggestion that the two
outer leaflets contributed by the neighboring cells have
in some way merged to form a new trilaminar mem-
brane structure.12

The putative outer leaflet fusion suggested by mor-
phologic studies received some support from examina-
tion of lipid mobility in polarized epithelial cells. The
mobility of outer leaflet lipids is restricted by the tight
junction.31,32 Labeled lipid probes inserted into the
outer leaflets of epithelial apical or basolateral plasma
membranes have unimpeded mobility within their
respective domains, but cannot cross the tight junc-
tion.31,32 Furthermore, outer leaflet lipids are unable to
diffuse between neighboring epithelial cells through
the tight junction. In contrast, inner leaflet lipids can
apparently move freely between the two plasma mem-
brane domains, suggesting that the tight junction pre-
sents no barrier to their diffusion. These observations
are consistent with a model of the tight junction, in
which the outer leaflets of the lipid bilayer participate
in the formation of some junctional structure, while
the inner leaflet remains unperturbed. These results
also suggest that the lipid composition of the apical
inner leaflet is necessarily identical to that of the baso-
lateral one, because any differences would quickly be
randomized by diffusion. Thus, the differences in lipid
compositions of the apical and basolateral surfaces
alluded to in the introduction to this chapter must be
entirely contributed by the constituents of the outer
leaflet.32,33

Electron microscopy has provided further insights
into the structure of the tight junction. Examination of
freeze-fracture replicas of epithelial cells reveals the
tight junction to be composed of continuous branching
and interwoven strands that surround the entire
perimeter of the cell.34 These strands appear as eleva-
tions in the P or cytoplasmic fracture face, and are
matched by grooves in the E or external face. In some
cell types the strands have a fibrillar appearance, and
no discrete subunit structure can be resolved. In other
cell types, and in samples not fixed with glutaralde-
hyde, the strands can appear more as a series of parti-
cles.34 Although some early models postulated that the
strands were composed of unusually structured lipids,
it is now certain that they are primarily composed of
integral membrane proteins (see below). Observations
of a number of cell types with different amounts of
transepithelial electrical resistance revealed a rough
correlation between the number and complexity of the
anastomosing strands and the degree of transepithelial
electrical resistance. While this correlation certainly
exists in at least some epithelia,35 the amount of
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resistance is now known to be a function of the specific
complement of proteins making up tight junctions in
different cells.

The first tight junction protein identified was,
appropriately, ZO-1 (zonula occludens-1).36 ZO-1,
however, turned out to be a cytoplasmic peripheral
membrane protein, suggesting that other, integral
transmembrane proteins capable of mediating cell�cell
contact and the intermembrane permeability barrier
must exist. Shortly thereafter, occludin, a multispann-
ing membrane protein, was identified, followed by
many other proteins.21 It is now clear that the tight
junction is an extremely complex structure composed
of at least three different families of transmembrane
proteins including: multiple claudins; occludin and
other members of the MARVEL family; and the
junctional adhesion molecules or JAMS.21 Additional
peripheral membrane proteins are also part of the tight
junction, including ZO-1, -2, and -3, and cingulins. It is
also evident that the functions of these protein com-
plexes extend beyond regulating solute permeability to
participation in epithelial cell polarization.37

Claudins are the most important tight junctional pro-
teins controlling paracellular permeability of small
molecules.38�43 They are the major protein constituent of
the tight junctional strands seen in freeze-fracture;
expression of claudins in fibroblasts produces character-
istic strands and promotes cell�cell adhesion.21,38,41,43�45

The claudin family consists of at least 24 members in
mammals. All are tetraspanning transmembrane pro-
teins of 20�27 kD, with two extracellular loops. With
one exception, the cytoplasmic C-terminal sequence of
claudins interacts with ZO-1, -2, and -3. Interacting
claudins on neighboring epithelial cells create charge
selective channels, with the overall permeability of the
tight junction to ions dependent on the particular mix of
claudins expressed in the cell.21,44 This was illustrated
dramatically in the renal epithelial cell line MDCK
(Madin�Darby canine kidney) when expression of clau-
din 8, in addition to other endogenous claudins, reduced
the paracellular movement of mono- and divalent
cations without affecting the permeability of anions or
uncharged solute molecules.46 In the kidney tubular epi-
thelium, cells of the proximal tubule, which has a trans-
epithelial electrical resistance of 6�10 Ωcm2, express
claudins 2, 6, 9, 10, and 11, while cells of the collecting
duct, with a much higher resistance of 1000 Ωcm2,
express claudins 3, 4, 6, 7, 8, 10, and 1429,47 (Figure 1.1).
Other cell types along the nephron express other combi-
nations, yielding a range of increasing resistances in the
proximal-to-distal direction29,47 (Figure 1.1).

The selective barrier created primarily by claudins
is sometimes referred to as the “pore pathway,”
because it permits movement only of small ions and
other uncharged small solute molecules. However, in

at least some epithelia, there is also a kind of “leak
pathway” that allows passage of larger molecules,
including macromolecules.21 The nature of the leak
pathway and its regulation is poorly understood.
Occludin, which is also a tetraspanning membrane
protein unrelated to claudins, may play a role in the
leak pathway, together with ZO-1 and the actin cyto-
skeleton. Even though it is counterintuitive, an electri-
cally tight pore pathway can co-exist with an active
leak pathway, although the molecular and structural
basis of this has not been fully clarified.21

The tight junction is a structure whose function is
highly dependent on interactions between integral
and peripheral components and the actin cytoskeleton.
ZO-1 and its family members are perhaps the most
important class of proteins linking the various tight
junctional proteins together.36,48,49 ZO-1 contains
multiple PDZ (PSD95-Dlg-ZO-1) protein interaction
domains. These bind to both claudins and JAMs, while
other regions of the molecule bind to occludin and
actin. ZO-1 is also capable of binding to components
usually identified with adherens junctions, and to a
wide variety of signaling molecules.21 While it is still
valid to view the regulation of paracellular permeabil-
ity as the primary function of the tight junction, it is
more appropriate to think of the overall structure as
a component of a larger apical junctional complex
responsible for a multiplicity of adhesive, signaling,
and membrane trafficking functions.

Originally, the tight junction was looked at as a sta-
ble, static structure in intact epithelia. Recent results
using, among other approaches, expression of fluores-
cent tight junction proteins in cultured and intact epi-
thelia, indicate that, in fact, the tight junction is highly
dynamic.50 In the intestine, the epithelial leak pathway
will open to permit uptake of glucose beyond the capac-
ity of the Na1-glucose transporter in the apical mem-
brane. This process is controlled by the actomyosin
cytoskeleton, since drug-induced actin depolymeriza-
tion, as well as activation of myosin light chain kinase
(MLCK), compromises the epithelial barrier.50�52

Breakdown in the barrier is accompanied by simulta-
neous endocytosis of occludin, both implicating occlu-
din in the regulation of the leak pathway and further
demonstrating the cell’s capacity to reshape the junc-
tion. Tumor necrosis factor (TNF), which is involved in
the pathogenesis of Crohn’s disease, will cause barrier
breakdown through a mechanism also dependent on
MLCK.50 Although these studies of tight junction plas-
ticity have concentrated on the intestine, it would be
surprising if similar mechanisms were not operable in
the renal tubular epithelium, especially in the proximal
tubule which morphologically resembles intestinal
absorptive cells, and where uptake of a variety of
filtered materials occurs.
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The adherens junction, or zonula adherens, forms a
belt just below the tight junction in most epithelial cells,
connecting them via extracellular interactions and cyto-
plasmic linkages to the actin cytoskeleton (Figure 1.2).
In the electron microscope, adherens junctions appear
as a dense, somewhat amorphous concentration of sub-
membranous staining, with a mass of impinging actin
filaments.13 The major adhesive component of the adhe-
rens junction is E-cadherin.25,53,54 E-cadherin is a single-
pass transmembrane protein that consists of a series of
calcium-binding extracellular or EC repeat domains,
and a cytoplasmic tail that interacts with members of
the catenin family. In adherent cells E-cadherin is con-
centrated in the adherens junction, but can also be more
diffusely distributed over the lateral plasma membrane.
Adhesion between cells occurs through trans interac-
tions between the EC1 domains contributed by different
cells in the presence of calcium, which maintains the
proper conformation of the extracellular part of E-cad-
herin. Interactions occur initially through individual
molecules, but are then consolidated and strengthened
through lateral interactions of individual units.

The stability of E-cadherin-mediated adhesion is
dependent on the binding of catenins to the cytoplasmic
tail of E-cadherin.25,54 P120-catenin binds to a specific
octapeptide located in the cytoplasmic juxtamembranous
part of the cytoplasmic tail, and appears to be responsi-
ble for maintaining the stability of E-cadherin in the
membrane, preventing its endocytosis and degradation.
It is also involved in signaling related to cell motility,

and is a substrate for the Src-receptor tyrosine kinase.
The second catenin that associates with E-cadherin is
β-catenin, which binds to the carboxy terminus of the
cytoplasmic tail in a phosphorylation-dependent man-
ner.25,54 Certain serine phosphorylations of E-cadherin
increase the affinity of the β-catenin�E-cadherin interac-
tion, while phosphorylation of serines on β-catenin dis-
rupt the interaction with E-cadherin, and with α-catenin.
In addition to its role in cell�cell adhesion, β-catenin is
itself an important signaling molecule that is capable of
entering the nucleus and regulating transcription of
genes related to cell proliferation and differentia-
tion.16,55,56 Its function in transcription is carefully regu-
lated by the Wnt signaling pathway by keeping the
cytoplasmic concentration of β-catenin low, either
through its interaction with E-cadherin or through its
degradation by a mechanism dependent on a cyto-
plasmic “destruction complex” and ubiquitination.

In the adherens junction, β-catenin serves as a bridge
between E-cadherin and α-catenin that, in turn, interacts
with the actin cytoskeleton. In this manner, cell�cell
adhesion through the adherens junction is given both
a degree of mechanical stability and mobility through
actomyosin contraction.54 Originally the β-catenin�
α-catenin�actin interaction was believed to be some-
what static, but recent evidence indicates that it is very
dynamic. Alpha-catenin can exist as either a monomer
or dimer, with the monomer able to bind β-catenin,
but not actin, and the dimer able to bind actin, but not
β-catenin. Three pools then exist in the cell: a monomer

FIGURE 1.1 The relationship bet-

ween transepithelial resistance and clau-

din subtype expression along the

nephron. (Reprinted from ref. [29].)
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pool bound to β-catenin; a free cytoplasmic monomer
pool; and a dimer pool bound to actin. As the adherens
junction forms and consolidates, a high concentration of
monomers is transported to a localized site on the mem-
brane through β-catenin interactions. This then drives
dimer formation and a dynamic linkage to the actin cyto-
skeleton. Localized concentration of α-catenin dimers
can also inhibit Arp2/3, a mediator of actin branching
essential for cell migration, and thus facilitate the trans-
formation from a migrating cell to an adherent polarized
cell during processes such as injury repair.54 The recog-
nition that the adherens junction is dynamic and plays a
role in cell motility has helped to transform our view of
epithelia from that of a static sheet of cells to one of inter-
locking cells capable of constant motion and remodeling,
all the while maintaining a precise permeability barrier
between the inside and outside compartments of the
body.

The Apical Microvillar Surface

The apical brush border membrane is perhaps best
epitomized by the one that graces the epithelial cells of
the proximal tubule. Named for its appearance, the
proximal tubular brush border is comprised of densely
packed parallel microvilli which rise like the bristles of
a brush from the level of the tight junctions to a height
of 1 to 1.3 μm. The proximal tubular brush border is by
far the most luxuriant to be found in the nephron;
although the apical membranes of other renal epithelial
cell types are endowed with small collections of micro-
villus-like structures, much less is known about the
structural specializations characteristic of the apical
membranes of more distal renal epithelial cells.57

The functions subserved by apical microvilli are not
entirely clear. Certainly their most dramatic and obvi-
ous effect upon the properties of the apical membrane
is manifest as a tremendous amplification of the apical
membrane surface area. For the proximal tubule this
amplification is in the order of 20-fold.58,59 As is the
case for the epithelia of the small intestine, it is
through this redundancy that the proximal tubular epi-
thelial cells markedly increase the efficiency of both
their absorptive and degradative functions.

Physiologically, the proximal tubule is responsible
for the resorption of B60% of the filtered load of fluid
and solutes.60 Furthermore, it mediates the digestion of
essentially all of the polysaccharides and peptides
present in the glomerular filtrate, and transports the
resultant sugars and amino acids from the lumen to
the interstitial fluid space.58 It is apparent, therefore,
that the epithelial cells of the proximal tubule must be
specially equipped, in order to cope efficiently with
the comparatively enormous quantities of fluid and
substrates that rapidly transit this nephron segment.
The presence of an extravagant brush border greatly
increases the fraction of the tubular fluid that comes
into close contact with the enzymatic and transport
systems arrayed on the microvillar surfaces prior to its
passage from this tubule segment into the descending
loop of Henle. Concomitantly, it proportionally multi-
plies the number of enzymatic and transport systems
available to modify the substrates dissolved in the
tubular fluid. Thus, the brush border membrane pro-
vides the scaffolding for the relatively massive arsenal
of enzymatic and transport machinery required to
accomplish the proximal tubule’s function as a high-
capacity and high-throughput absorptive system.

Ultrastructurally, a microvillus is composed of a
bundle of B19 parallel thin filaments that are linked to
one another and to the overlying surface membrane by
protein cross bridges.61,62 The thin filaments extend
well beyond the base of the microvillus, and are
anchored in a dense matrix of fibers oriented parallel
to the plane of the membrane. This meshwork, referred
to as the terminal web, underlies the entire apical
surface and anastomses with the filaments that radiate
from the lateral desmosomes and zonulae adherens
(Figure 1.2). The functional implications of these struc-
tural arrangements have become clearer as their com-
ponents have been biochemically identified.63,64

The thin filaments that form the microvillar core
are composed of actin61,65 (Figure 1.2). Ultrastructural
studies employing heavy meromyosin reveal that all of
the filaments in the bundle share a single polarity, and
are oriented with their nucleating end towards the
microvillar tip. At their termination in the microvillar
tip the filaments are received by an electron-dense cap
whose molecular identity has yet to be established.61

Actin Microtubules

FIGURE 1.2 The distribution of actin filaments and microtubules

in polarized renal epithelial cells, based on the Madin�Darby canine

kidney (MDCK) cell line. (Images courtesy of Jonathan Bowen and Elias
T. Spoliotis, Drexel University, Philadelphia, Pennsylvania.)
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As they emerge from the base of the microvillus, the
actin filaments are caught up in the fibers of the termi-
nal web (Figure 1.2). Fodrin, or non-erythroid spectrin,
comprises one of the major components of this net-
work.61,64,66 It appears to function beneath the brush
border as an actin fiber cross-linker. Another of the
chief constituents of this fibrillar matrix is a non-muscle
form of myosin II that belongs to the same myosin
subfamily as its skeletal muscle counterpart. Bipolar
myosin thick filaments appear to interact with the actin
filaments as they sweep out of the microvillar sheath to
join the terminal web.61,65,67 Paired anti-parallel myosin
filaments cross-link the actin filaments of neighboring
microvilli to one another, forming a connection which
bears close comparison to the actin�myosin arrange-
ment characteristic of the striated muscle sarcomere.
The analogy is strengthened by the presence in the
microvillar rootlet of tropomyosin, a protein that func-
tions in skeletal muscle to regulate the interaction
between actin and myosin.67,68

This marked molecular similarity between the ter-
minal web and the skeletal muscle contractile unit
prompted speculation that this arrangement might
also be functionally homologous. A number of investi-
gators have postulated that activation of myosin-based
contraction at the microvillar base might lead to micro-
villar shortening.69 Repetitive activation of such a
mechanism would lead to a piston-like extension and
retraction of these membranous processes, which in
turn might stir the surrounding tubular fluid. Such a
mixing motion is certainly teleologically appealing, in
that it would help to ensure that the tubular fluid is
uniformly exposed to the enzymatic and transport sys-
tems of the proximal tubular apical membrane surface.
No evidence for any such concerted and dynamic
properties of microvilli has yet been gathered.

Biochemical studies have shed light on the identities
and functional properties of some of the proteins which
contribute to the interfibrillar cross bridges observed in
transmission electron micrographic profiles of microvilli.
Howe and Mooseker identified a protein of molecular
weight 110 kDa that participates in cross-linking the fila-
ments of intestinal microvilli to the plasma membrane.70

This protein exhibits a high affinity for the calcium-bind-
ing protein calmodulin, which participates in the trans-
duction of a number of calcium-regulated phenomena.70

Of further interest was the fact that the 110 kDa protein
manifests a myosin-like Mg-ATPase activity.71 Addition
of ATP to intact microvilli results in solubilization of the
110 kDa protein, and disruption of the cross-links
between the actin filaments and the microvillar mem-
brane.72,73 Thus, attachment of the plasma membrane to
the thin filaments may be regulated by ATP and calcium.
The degree to which this putative capacity for structural
modulation plays a role in microvillar function has yet to

be clarified. Subsequent molecular analysis revealed that
the brush border 110 kDa protein belongs to the myosin
I family of unconventional myosin molecules.74,75 Unlike
skeletal muscle myosin (which is assigned to the myosin
II classification), brush border myosin I molecules pos-
sess a single globular head group, and do not form bipo-
lar filaments.71,72,76,77 Members of the myosin I family,
including brush border myosin (myosin Ia), have been
found to associate with the membranes of intracellular
vesicles, prompting the hypothesis that these motor pro-
teins serve to propel vesicles through the cytoplasm
along actin filament tracks.78,79 Co-localization studies
have demonstrated that brush border myosin I and the
microtubule-dependent motor protein dynein can be
found together on the membranes of post-Golgi vesi-
cles.80 This observation has inspired the hypothesis that
apically-directed vesicles depart the Golgi along micro-
tubule tracks powered by the action of dynein. Upon
their arrival at the actin-rich terminal web, they switch
engines and are carried the rest of the way to the brush
border by myosin I.81 While brush border myosin I is
abundantly expressed in intestinal epithelial cells, it may
be present at lower levels in the renal proximal tubule.82

Since the myosin I family is large and diverse, however,
it is extremely likely that an as-yet-unidentified member
of this class subserves similar structural and mechanical
functions in the epithelial cells of the kidney.83,84

Another protein that apparently participates in the
organization of the microvillus has a molecular weight
of 95 kDa, and has been dubbed villin.85 Villin belongs
to a large family of actin-binding proteins.86 Prominent
in its structure is a pair of sequence domains that appear
to be involved in associations with f-actin. The presence
of this tandem repeat justifies the contention that villin
mediates the bundling of actin fibers. It is interesting to
note that villin is a calcium-binding protein, and that
interaction with calcium alters its behavior in the pres-
ence of actin filaments.87 In experiments carried out with
purified villin in solution, it has been found that this pro-
tein bundles actin filaments when the free calcium con-
centration is less than 1 μM. When the calcium
concentration rises to 10 μM, villin severs actin filaments
into short protofilaments. At intermediate calcium con-
centrations, villin binds to actin filaments at their grow-
ing ends, forming a cap that prevents further elongation.
Due to the dynamic nature of the microfilament poly-
mer, this capping results in the formation of shortened
filaments. It is not known whether these calcium-depen-
dent activities of villin are manifest in vivo. If villin does
indeed sever or shorten actin filaments within the living
cell, it would seem likely that perturbations which pro-
duce elevations of intracellular calcium concentrations
may lead to structurally significant alterations in the
organization of the microvillar scaffolding. During
embryonic development, villin is expressed throughout
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the cytoplasm of epithelial cells prior to the elevation of
a brush border.88 At later stages, villin becomes localized
to the cytosolic surface of the apical membrane, and is
subsequently incorporated into forming microvilli. This
behavior has led to the suggestion that the localization of
villin to the apical surface is a watershed event in the
biogenesis of microvilli. Thus, the formation of inter-fila-
mentous bridges, presumably mediated by villin, may
be a critical first step in the organization of the microvil-
lar infrastructure. Supporting this model are the results
of experiments in which Caco-2 intestinal epithelial cells
were stably transfected with a vector encoding antisense
villin mRNA.89 The consequent reduction in villin
expression resulted in a loss of the brush border and
mis-sorting of a subset of apical microvillar proteins. It
must be noted, however, that results from gene knockout
experiments argue against an obligate role for villin in
microvillus formation.90 Mice whose villin genes have
been disrupted, and which produce no villin protein, are
able nonetheless to generate morphologically and appar-
ently physiologically normal brush borders. Presumably,
other components of the microvillar infrastructure can
shoulder the cross-linking and organizational duties nor-
mally performed by villin. Such functional redundancy
is typical of biological systems endowed with architec-
ture as esthetically elegant and complex as that which
graces the microvillus.

While villin is limited in its distribution to those cell
types endowed with brush borders, another actin-bun-
dling component of the microvillus is present in numer-
ous structures. Plastin-1, which is also known as
fimbrin, is a 68 kDa polypeptide associated with the
interfilamentous cross bridges that can also be detected
in hair cell stereocilia and in ruffled borders.91 Plastin-1
is clearly a multivalent actin-binding protein, and parti-
cipates in the cross-linking of the microvillar actin
filament array. Structural studies suggest that the cross-
linking activity of plastin-1 constitutes the principal
means through which the parallel actin filaments are
interconnected in microvilli,92 and the length and orga-
nization of brush borders are abnormal in plastin-1
knockout mice.93 A third bundling protein, known as
espin, also participates in the organization of the micro-
villar actin filaments.94 While microvilli appear to form
normally in the absence of espin,95 espin overexpres-
sion leads to microvillar lengthening96 by exerting sub-
tle effects on the relative rates of actin filament
polymerization and depolymerization. Simultaneous
knockout of plastin-1, villin, and espin produces ani-
mals whose brush borders are short, and characterized
by reduced numbers of disorganized actin filaments
and mislocalized myosin. Interestingly, localization of
enzymes that are normally concentrated in microvilli is
markedly compromised in epithelial cells from these
animals, suggesting that the organization of the

overlying plasma membrane is dependent upon the
structural integrity of the microvillar actin bundle.97

Several other polypeptides, associated with the micro-
villus core and the terminal web, have also been identi-
fied. Among the most interesting and important of these
is ezrin, a member of the ezrin�radixin�moesin family
of proteins.98 The C-terminal tails of these polypeptides
bind to actin filaments, while their N-termini interact
with proteins in the membrane. A number of proteins
involved in the generation or regulation of intracellular
second messengers associate in macromolecular com-
plexes with ezrin�radixin�moesin family members,
suggesting that in addition to functioning as linkers
these proteins may also act as scaffolding for the assem-
bly of components involved in signal transduction.
Knockout of ezrin expression results in shortened and
poorly formed brush border microvilli, and perturba-
tions in the organization of the terminal web.99 In addi-
tion, ezrin participates in forming complex molecular
scaffolds that regulate and stabilize the expression of sol-
ute transport proteins in the apical membranes of renal
epithelial cells.100

The terminal web mentioned above consists of three
morphologically distinguishable domains. In addition
to the cytoskeletal fibers that receive the rootlets of the
microvilli, fibers that arise from desmosomes and the
zonula adherens contribute to this meshwork. The des-
mosomal fibers consist primarily of 10 nm intermedi-
ate filaments composed of keratins.15 At the level of
the zonula adherens, the cell is ringed by a complex of
randomly polarized actin filaments which also con-
tains myosin and tropomyosin67 (Figure 1.2). In vitro
experiments have demonstrated that this ring has the
capacity to contract circumferentially.101 This capacity
has led to the idea that contraction of the zonula adhe-
rens ring might contribute to the alterations in tight
junctional permeability which have been observed in
several epithelial systems in response to certain second
messengers and osmotic stress, as described earlier.20

Thus, activation of sodium-coupled glucose uptake in
cultured intestinal epithelial cells has been shown to
induce a decrease in transepithelial resistance. This
effect is dependent upon the activity of myosin light
chain kinase.51,52 It is thought that by shortening in a
“purse-string” fashion, these filaments might actually
draw neighboring cells away from one another, and
thus modify the structure and permeability of the
occluding junctions. The relevance of this model to the
functioning of renal epithelia has yet to be established.

The anisotropy and structural complexity that char-
acterize the filamentous core of the microvillus appar-
ently also extend to its overlying plasma membrane.
The proteins embedded in, and associated with, the
plasmalemma of the proximal tubule brush border are
not uniformly distributed over its surface, but rather
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are restricted to specific subdomains. This lateral
segregation is epitomized by the behavior of two trans-
membrane polypeptides, maltase and gp330. The
300 kDa enzyme maltase is distributed over the entire
surface of the microvilli themselves, but is absent from
the intermicrovillar membrane regions.102,103 In con-
trast, the heavily glycosylated gp330 (also known as
megalin) is restricted in its distribution to these inter-
microvillar regions. The restriction of megalin to the
intermicrovillar regions appears to be mediated by its
interactions with protein components of the endocytic
machinery. Ultrastructural examination of the intermi-
crovillar regions reveals the presence of coated pits.
The cytosolic surface of the plasma membrane in these
domains is coated with an electron dense material that
biochemical and immunoelectron microscopic studies
have demonstrated to be clathrin.103 The presence in
these intermicrovillar pits of morphologic and compo-
sitional features associated with the process of endocy-
tosis has led investigators to believe that this domain
mediates the retrieval of large peptides and proteins
from the proximal tubular fluid. The proximal tubular
epithelial cells are responsible for capturing and
degrading any proteins that pass through the glomeru-
lar filtration barrier.58 This function is apparently
served by the profusion of coated pits and vesicles that
decorate the surfaces of membranes at the microvillar
base. Megalin is a member of the LDL receptor family
and, together with cubulin, serves as a receptor that
binds to and mediates the uptake of filtered proteins
and peptides. Megalin knockout mice exhibit low
molecular weight proteinuria, establishing the critical
role for megalin as the proximal tubule’s pre-eminent
scavenger.

Finally, it is worth noting that most or all of the epi-
thelial cells of the nephron are endowed with a single
primary cilium (Figure 1.2). This non-motile cilium pos-
sesses a ring of nine microtubules, but lacks the central
pair of microtubules found in motile cilia. This primary
cilium appears to serve sensory functions. Bending the
primary cilium, in response to flow or mechanical sti-
muli, induces calcium signaling in renal epithelial cells.
Furthermore, the functional integrity of the primary
cilium appears to be a prerequisite for the maintenance
of normal renal tubular architecture. A number of cystic
diseases of the kidney are attributable to mutations in
genes encoding proteins found in cilia.104�108 Similarly,
mice in which expression of ciliary proteins has been
disrupted develop cysts. The mechanisms through
which loss of the cilium’s mechanosensory functions
leads to cystic transformation remain to be established.

The Basolateral Plasma Membrane

The rigid subservience of structure to function so
elegantly exemplified by the apical microvillar

membrane also extends to the basolateral surface of
the epithelial plasma membrane. As was mentioned
above, the basolateral membrane possesses the ion
pumps that power the transepithelial resorption of
solutes and water. The resorptive capacity of a given
cell type is thus largely dependent on the quantity of
ion pumps embedded within its basolateral mem-
brane. This parameter appears, in turn, to be roughly
proportional to the surface area encompassed by this
membrane domain.8 Consequently, renal epithelial
cells that participate in resorption of large quantities of
ions and fluid (such as those of the proximal tubule),
as well as cells that carry out resorption of ions against
steep concentration gradients (such as those of the
thick ascending limb of the loop of Henle), are
endowed with basolateral plasma membranes whose
surface areas are amplified through massively redun-
dant infoldings.

As was detailed in the discussion of the apical mem-
brane, the lateral distribution of proteins within the
plane of the basolateral membrane is not uniform. This
fact is most dramatically illustrated by epithelial cell
types that lack the deeply invaginated basolateral infold-
ings discussed above. Studies have demonstrated that
the Na1/K1-ATPase is concentrated in subdomains of
the basolateral membranes of small intestinal epithelial
cells.109 The sodium pump is essentially restricted to the
lateral membranes of these cells, and is absent from the
basal surfaces that rest on the basement membrane.
Dislodging these cells from the underlying basement
membrane produces a redistribution of the sodium
pump throughout the entire basolateral surface. These
results suggest that the sodium pump is either actively
or passively prevented from entering the basal domain
of the plasma membrane, in some manner that is depen-
dent on an intact interaction with the basement mem-
brane. The meshwork of cytoskeletal elements associated
with those sites at which the epithelial cell is anchored to
the basement membrane may be too dense to allow
membrane proteins such as the sodium pump to pene-
trate. Conversely, cytoskeletal restraints whose integrity
requires cell attachment to the basement membrane
might retain the sodium pump within the lateral subdo-
mains. In each of these scenarios, the cytoskeleton plays
an important role in determining the subcellular distri-
bution of a transmembrane protein. Research over the
years has made it quite clear that the cytoskeleton plays
a critical role in defining polarized domains, and in
determining aspects of their protein compositions.110�125

The Basement Membrane

The basement membrane, while not strictly part of the
epithelium, is such an essential contributor to epithelial
function that it cannot be excluded from any comprehen-
sive description of the renal epithelium. The basement
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membrane is a thin layer of secreted and assembled
extracellular matrix that underlies all epithelia and
endothelia in the body, and also surrounds skeletal
muscle fibers and peripheral nerves.126 In the past, the
terms basement membrane and basal lamina were used
inconsistently to describe morphological features of this
layer, but there is no longer sufficient reason to distin-
guish these terms from each other, and they may be
used interchangeably.12 In the kidney, the tubular base-
ment membrane is comparable to that found under other
epithelia in the body, while that of the glomerulus is
more complex and unusual.127�129 In the glomerulus,
the basement membrane is synthesized from proteins
secreted by both podocytes and the closely apposed
endothelium, resulting in a double-thick layer of matrix
proteins that is an essential part of the glomerular blood
filter. Diseases affecting the glomerular basement
membrane often lead to compromise of the filter and
proteinuria. Detailed discussion of this barrier and its
specialized and distinctive composition is beyond the
scope of our overall discussion of the biology of the renal
epithelium, and will not be pursued in this chapter.

Basement membranes are visible by transmission elec-
tron microscopy of glutaraldehyde-fixed and heavy
metal stained thin sections of epithelia, and classically
appear as an electron dense layer (lamina densa) separated
from an electron lucid (lamina lucida) layer adjacent to the
basal epithelial surface.12 While these morphological fea-
tures were originally believed to have a structural basis,
there is now evidence that they may be fixation artifacts.
All basement membranes are composed of a common set
of protein components which include laminins, type IV
collagen, heparan sulfate proteoglycans, and nidogen,
although the specific types of these can vary depending
on both developmental stage and tissue, as well as
accompanying pathology.126 The most important compo-
nent is probably laminin, because of its role in both
assembly of the basement membrane and signaling.130

Laminins consist of large (B400�800 kDa) heterotrimeric
secreted glycoproteins. In mammals, five α-, three β-, and
three γ-subunits have been identified in at least 15 differ-
ent heterotrimeric complexes. Prototypical laminins are
cross-shaped molecules in which the short arms of the
cross are contributed by the amino-termini of each sub-
unit, and the stem by a coiled-coil made up of the car-
boxy-terminal halves of each subunit.130 Typically, the
amino-termini of each subunit consist of a globular LN or
polymer domain that is involved in basement membrane
assembly. The carboxy-terminus of the α-subunit is
folded into a series of five globular domains (G1�5) that
are essential for binding to the cell surface. Laminins are
named according to their subunit composition, such that
LM-511, the most common laminin in the kidney, is
composed of the α5-, β1-, and γ1-subunits.131 Like all
collagens, collagen IV is a trimeric molecule composed of

combinations of various type IV α-subunits that fold into
an elongated triple helix.126 In contrast with fibrillar col-
lagens such as collagen I, type IV collagen does not form
bundles, because of the persistence of carboxy-terminal
noncollagenous domains (NC1) and interruptions in the
collagen repeats within the triple-helix forming regions
that render the molecule more flexible. The most com-
mon types of proteoglycans found in the basement
membrane are perlecan and agrin.126 Each is a complex
molecule that contains a variety of structural motifs
resembling those found in laminins, in addition to sub-
stantial negatively-charged heparan sulfate polysacchar-
ides. Nidogen (also called entactin) is a relatively small
basement membrane protein that acts primarily to link
laminin and collagen IV in the assembled structure. In
addition to the core components of laminin, collagen IV,
and proteoglycans, a variety of other minor components
may also be present under particular, poorly-defined
conditions, including extracellular matrix proteins
normally considered to be primarily components of the
interstitial matrix, such as fibronectin.

Basement membranes initially form during embryo-
genesis, and are then remodeled during develop-
ment.132,133 In addition, de novo basement membrane
assembly may occur in adults following injuries that
interrupt basement membrane continuity. Assembly is
believed to occur through a mass-action process driven
primarily by laminin polymerization.126,130,134 Laminin
molecules secreted by epithelial cells bind to receptors
on the basal cell surface until the density of bound mole-
cules permits formation of heterotrimeric complexes of
α, β, and γ amino-terminal LN domains contributed by
three different laminin molecules. The resulting struc-
ture is a polymerized network of molecules closely asso-
ciated with the basal surface. Subsequently, collagen IV
intercalates into this primary network to form a second-
ary network created by head-to-tail interactions between
collagen IV molecules. The two networks are then linked
through nidogen interactions between laminin and colla-
gen, and other molecules, including notably proteogly-
cans, fill the spaces within the interlocked laminin and
collagen networks.126,130,134

During pathological processes such as renal cyst for-
mation and recovery from ischemic injury to the tubu-
lar epithelium, there is evidence that the atypical
laminin isoform LM-332 is expressed.135�138 This lami-
nin consists of the α3-, β3-, and γ2-subunits, with both
the α3- and γ2-subunits lacking amino-terminal LN
domains, precluding the molecule from participating
in typical network formation. The specific function of
LM-332 in these pathological situations is unknown,
but one hypothesis is that it interacts with prototypical
laminins, such as LM-511, to terminate or even disrupt
normal basement membrane assembly, facilitating
remodeling of the basement membrane, and possibly
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signaling the epithelium to differentiate into a more
plastic state suitable for injury repair.139

The basement membrane interacts with epithelial cells
primarily by binding to the integrin family of extracellu-
lar matrix receptors. Integrins are a superfamily of cell
adhesion receptors found in nearly all cells.140 Each
integrin consists of a heterodimer of α- and β-subunits,
both of which are transmembrane glycoproteins. A total
of 18 α- and 8 β-subunits are known in mammals, result-
ing in at least 24 heterodimers.140 Although integrins are
known primarily as receptors for extracellular matrix
proteins, they may also participate in cell�cell adhe-
sion.141 Epithelial cells of the kidney and other organs
typically express an array of integrins, including multi-
ple forms with the β1-subunit, such as α2β1 and α3β1, as
well as integrins with the β3-, β5-, and β6-subunits in
combination with αV142 (A. Manninen, personal commu-
nication). Many, if not all, epithelial cells also express
integrin α6β4.140,142 The β4-subunit is uniquely found in
epithelial cells and, unlike most other epithelial integ-
rins, interacts on the cytoplasmic side with cytokeratins,
rather than the actin cytoskeleton. Integrin α2β1 is a col-
lagen receptor, while α3β1 and α6β4 are receptors for
multiple isoforms of laminin.140 The various αV-containing
integrins are receptors for ligands containing the bind-
ing sequence arginine�glycine�aspartate (RGD), such
as fibronectin and vitronectin.140 They may also play a
role in activation of transforming growth factor β
(TGFβ), which is important in epithelial repair and other
processes.143 The MDCK cell line, for example,
expresses α2β1, α3β1, α6β4, and several αV-containing
integrins, with α3β1 and α6β4 mediating adhesion to
different laminins, and with αVβ3 (and possibly other
αV integrins) activating TGFβ to turn on specific laminin
expression during wound-healing.143,144 In the kidney
tubule, the complement of integrins expressed varies
along the nephron, as does the expression of their extra-
cellular matrix ligands, underlining their involvement
not only in cell adhesion, but also in differentiation.142

In adherent cells, most integrins facilitate adhesion
through dynamic interactions with the actin
cytoskeleton.145�148 Linkage to actin is mediated by
adapter protein complexes that bind to integrin cyto-
plasmic tails and then to actin. Proteins found in these
complexes include talin, which binds directly to integ-
rins and activates their adhesive properties, paxillin,
α-actinin, and vinculin.145�148 Studies of migrating cells
suggest that initial adhesive interactions occur through
small “focal complexes” that form on leading lamellipo-
dia and are linked to branched actin through the action
of the Rac1, a small GTPase of the rho family. As the
cell moves over these contacts, they mature into larger
“focal adhesions” that associate with robust actin stress
fibers (at least in culture) controlled by another GTPase
RhoA and its effectors.145�149 While the general

elements of this model have been somewhat validated
in epithelial cells during wound healing, the status of
focal complexes and focal adhesions in mature polar-
ized epithelia of the kidney and elsewhere remain, for
the most part, unexplored. As mentioned previously,
α6β4 is a novel integrin, in that it is epithelial-specific
and is capable of assembling adhesion complexes that
interact with the cytokeratin cytoskeleton.140 In normal
skin, α6β4 is an essential part of hemidesmosomes.150

These are large protein complexes containing a second
transmembrane protein BP180 in addition to α6β4, as
well as the cytoplasmic proteins BP230 and plectin that
interact with cytokeratin filaments. The type of hemi-
desmosome found in the skin (type I) is visible as a
dense plaque on the cytoplasmic surface of the basal
plasma membrane under the electron microscope.151 In
the kidney such structures have not been reported.
However, it is possible that a less developed type of
hemidesmosome that is not apparent ultrastructurally
(type II) is present in the kidney, although this has not
been examined.151

In addition to their role in mechanical adhesion, focal
complexes and focal adhesions are also platforms for sig-
naling.145�149 A variety of kinases including, notably,
focal adhesion kinase (FAK) and members of the
src family of tyrosine kinases, associate with integrin
adhesion complexes and are activated by binding to the
extracellular matrix. Subsequent signals then activate
downstream serine/threonine kinases, such as integrin-
linked kinase (ILK), and MAP kinases, such as ERK, to
regulate a diverse range of processes including prolifera-
tion, migration, and apoptosis. Indeed, at least 180 differ-
ent cytoskeletal, adapter, and signaling proteins are
known to be associated with integrin adhesion com-
plexes, depending on the cell type and circumstances.149

In addition to integrins, other membrane proteins
are involved in epithelial cell adhesion to the extracellu-
lar matrix, including dystroglycan, a laminin receptor,
and possibly a membrane-bound form of the Lutheran
antigen.129,130 There is evidence that glycolipids may
also serve as transient laminin receptors.152,153 While it
is not proven that any of these receptors play a direct
role in epithelial polarization, they may act indirectly
by affecting assembly of the basal lamina.152,153

BIOGENESIS OF EPITHELIAL POLARITY

In the kidney, polarization of epithelial cells occur
under two different circumstances: early development
of the tubular epithelium; and repair of an existing epi-
thelium following injury. In mammals, formation of the
renal tubular epithelium is initiated by induction of the
metanephric mesenchyme by the invading ureteric
bud.154 Following induction, cells of the mesenchyme
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form aggregates known as condensates, and these sub-
sequently differentiate into polarized epithelial cells
facing a central lumen. Extension of this lumen and fur-
ther, more specialized, differentiation of epithelial cells
eventually forms the nephron. In the case of injury by,
for example, nephrotoxic substances or ischemia, the
existing polarized tubular epithelium is disrupted in
spots.155,156 Cells at the periphery of these damaged
areas then convert from relatively sessile cells polarized
along an apical-to-basal axis to flatter, more migratory
cells that now have front�rear rather than apical�basal
polarity and the capacity to proliferate, enabling them
to fill gaps in the epithelium. Once continuity has been
achieved, apical�basal polarity is restored.155,156 While
front�rear and apical�basal polarization would seem
to be quite distinctive, there is evidence that many of
the important molecules and signals are shared.
Indeed, as we are now beginning to understand, even
front�rear polarization during injury repair is a close
mechanistic cousin of apical�basal polarization.157

In the following sections, our current understanding
of the mechanism of epithelial polarization will be
described, after a brief introduction to the predominant
experimental system used to study these processes.

In Vitro Systems

The kidney’s complicated architecture and cellular
heterogeneity renders it a poor substrate for studies
designed to examine dynamic cell biological processes.
Over the past four decades, the vast majority of
research into the mechanisms through which epithelia
generate and maintain their polarized phenotype has
made use of several continuous lines of cultured epi-
thelial cells. These cell lines retain many of the differ-
entiated properties of their respective parent tissues
in vitro. Thus, LLC-PK1 cells resemble the proximal
tubule (although their precise origin is uncertain).158

Similarly, Caco-2, HT-29, and T84 cells behave like
their progenitors, the colonocytes of the large intes-
tine.158 Most importantly for this discussion, they man-
ifest in culture the biochemical and morphologic
features of the polarized state. Perhaps the best charac-
terized and most heavily used of these culture models
is the Madin�Darby canine kidney (MDCK) cell line
(Figure 1.3). MDCK cells were originally derived from
normal dog kidney in 1959, and grown in culture as a
partially transformed line; that is, MDCK cells grow
immortally as a monolayer and will not form tumors
in nude mice.159,160 Although their precise point of ori-
gin along the nephron is not entirely clear, their physi-
ological and morphological properties suggest that
they derive from cells of the thick ascending limb, dis-
tal tubule or collecting tubule.161

The first clues to the polarized nature of the MDCK
cell line came from the direct observation of these cells’
capacity for vectorial transport. When grown on imper-
meable substrata, MDCK cells form domes (also called
blisters or hemicysts).162 Physiological studies have dem-
onstrated that domes develop as a result of the transe-
pithelial transport of solutes from the apical media to the
basolateral surface.163 Water that passively follows these
solutes results in the generation of the fluid-filled blis-
ters. It is fair to say that domes arise in regions where the
cells have literally pumped themselves up off the dish.
In keeping with this dramatic propensity for unidirec-
tional solute movement, each MDCK cell manifests a
polarized distribution of ion transport proteins, includ-
ing several routes for sodium entry into its apical mem-
brane, and approximately one million molecules of the

FIGURE 1.3 Influenza virus buds from the apical surface of

polarized MDCK cells. MDCK cells were grown on a hydrated
collagen gel, infected with influenza virus for 6 hours, and pre-
pared for electron microscopy. The arrows denote mature virions
which assemble at, and bud from, the apical surface. No virus
particles are detected at the basal or lateral surfaces. Bar repre-
sents 3.0 μm (inset bar represents 1.0 μm) (GC: Golgi complex; jc:
junctional complex). (Reprinted with permission ref. [1].)
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Na1/K1-ATPase in its basolateral plasmalemma.164 The
popularity of MDCK cells for polarity research devel-
oped out of the seminal observations of Rodriguez-
Boulan and Sabatini in 1978.165 In studies of enveloped
virus budding from infected MDCK cells, these investi-
gators found that influenza virus assembles at, and buds
from, the apical cell surface (Figure 1.3). Of even greater
significance was the demonstration that the spike gly-
coproteins which populate the membranes of these
viruses accumulate preferentially at the cell surface
from which budding is to occur.166 Thus, the influ-
enza hemagglutinin (HA) protein is predominantly on
the apical surface early in infection. Similarly, the G
protein of vesicular stomatitis virus (VSV) is almost
exclusively basolateral in infected cells. The viral pro-
teins provided investigators with the first experimen-
tally manipulatable system for the study of membrane
protein sorting. A large number of studies have subse-
quently elucidated the sorting of many endogenous
MDCK cell proteins, as well as exogenous proteins
expressed from vectors. This system remains the most
thoroughly investigated paradigm and, as will be
detailed below, has yielded important insights into
the nature of pathways and signals that participate in
membrane protein targeting and the overall biogenesis
of epithelial polarity.

More recently, investigators have endeavored to
develop new cell lines to study particular aspects of
renal cell biology.167�170 For example, immortalization
genes from human papillomavirus or a hybrid between
adenovirus and SV40 have been used to create perma-
nent cell lines from human proximal tubule cells. These
lines are of particular interest because of the proclivity
of the proximal tubule to suffer injury following ische-
mic insult. The cell lines retain some differentiated
characteristics of the proximal tubule, including expres-
sion of brush border markers and sodium dependent/
phlorizin-sensitive sugar transport.169,170 Cultures of
cell lines derived in this fashion are not, however,
always able to stably maintain the uniform morphology
of a simple epithelium, limiting their usefulness for
studies of epithelial polarity. More promising results
have been obtained using cell lines derived from mice
constitutively expressing immortalization factors as
transgenes. Among these is the BUMPT-306 line
derived from the mouse proximal tubule.167,168 While
certainly not perfect, this line does grow as a simple
epithelium, and has the added advantage of providing
an in vitro correlate to in vivo mouse experiments.

The study of epithelial polarization using cell lines has
been facilitated by culturing cells in configurations that
more closely resemble in vivo conditions (Figure 1.4 and
1.5). For example, many varieties of epithelial cells can be
grown on permeable filter supports.171,172 Originally,
these were designed to mimic the Ussing chamber used

for physiological studies, but later turned out to also be
very useful for biochemical and morphological experi-
ments. In their most common commercially-available
configuration, these supports are composed of polycar-
bonate filters with pore sizes typically in the range of
0.4 μm that form the bottom cup. The cup is then sus-
pended in a plastic well containing culture medium, and
medium is also added to the inner compartment of the
cup (Figure 1.4). Cells are plated on the upper surface of
the filter. When a confluent monolayer is formed, it effec-
tively creates a barrier between media compartments.
The medium in the interior of the cup bathes the epithe-
lial apical surface, whereas the basolateral surface com-
municates with the exterior media compartment through
the pores of the filter (Figure 1.4). As epithelial cells in
the kidney and other organs would normally receive
most of their nutrition from the basolateral (serosal) sur-
face, permeable supports are, in a sense, a more natural
growth environment than impermeable tissue culture
plastic or glass. Indeed, there is some evidence that epi-
thelial cells are more polarized in filter cultures than on
solid substrata.173 Furthermore, the use of filters for the
culture of epithelial cells permits investigators simulta-
neous and independent access to the apical and basolat-
eral plasmalemma surfaces.174�176 This useful capacity
has been extensively exploited in the experiments
described in the protein sorting section of this chapter.

In addition to permeable supports, a number of
investigators also culture renal and other epithelial cell
lines embedded in a gel of collagen type I or other

Permeable membrane Basal medium

Cell monolayer Apical medium

FIGURE 1.4 Epithelial monolayers can be grown on permeable

filter supports. As depicted in the diagram, a porous filter, composed
of cellulose actetate or polycarbonate, forms the bottom of a cylindri-
cal cup. Epithelial cells are plated on top of the filter, and the cup is
placed in a well filled with media. When the cells become confluent,
the resultant monolayer forms a barrier between the media bathing
the apical surface and the media in communication with the basolat-
eral surface. This system thus provides investigators with simulta-
neous and independent access to both plasmalemmal domains.
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extracellular matrix molecules (Figure 1.5). These are
called three-dimensional (3D) cultures, to distinguish
them from more common two-dimensional (2D) cul-
tures on either solid or permeable surfaces.177,178 As
with permeable supports, the idea behind 3D cultures
is that placing the epithelial cell in an environment in
which it is surrounded by extracellular matrix similar
to that of the interstitium more closely resembles the
in vivo environment. While that conclusion is subject to
debate, there is no doubt that certain epithelial pheno-
types are more readily expressed in 3D than in 2D cul-
tures.177,178 Nevertheless, these phenotypes are often
slow to develop, frequently taking 7�10 days, and may
occur asynchronously; this, and the inaccessibility of
the cultures, somewhat limits their usefulness for bio-
chemical studies. With the advent of high resolution
confocal fluorescence microscopy and the wide array of
fluorescent proteins and probes, the impact of this limi-
tation is lessened. In the case of MDCK cells, individual
suspended cells develop into polarized cysts or, when
stimulated with certain growth factors, tubules. As will
be described below, use of 3D cultures has led to impor-
tant fundamental observations about epithelial cell
polarization.177,178 As a final note on the experimental
use of 2D and 3D culture modalities, it is important to
point out that formation of polarized cysts in 3D may
be most closely analogous to the formation of the pri-
mordial kidney epithelium from condensed metaneph-
ric mesenchyme during development. In contrast,
in vitro polarization of kidney epithelial cells in 2D cul-
tures is more akin to the repair of existing kidney tubu-
lar epithelia following injury, a scenario that requires
the spreading, migration, and proliferation of cells on a
pre-existing surface to re-establish a contiguous
epithelium.

Polarization Mechanisms: Spatial Cues from Cell
Adhesion

It is now understood that not only epithelial cells
but, indeed, all cell types are capable of polarizing in
response to signals from the environment.3,4,154,157,179,180

Migrating cells of all types, for example, are polarized
in the direction of migration in response to chemotactic
or haptotactic gradients and even dividing cells can
polarize through unequal division of their cytoplasm
upon cytokinesis.157,181 Epithelial cells are unique, in
that their polar organization is stable over time and the
apical�basal axis of polarity exhibited by each cell in
the epithelium is parallel to the axes of its neighbors.
These features permit epithelial cells to form an asym-
metrically organized, semipermeable surface that
defines the borders of tissues in complex organisms,
and separates the inside of the body from the outside
environment, while helping to create and maintain dis-
tinctly different milieus on each side.182 The mechanism
of epithelial cell polarization depends on specific spatial
cues that cause the assembly and asymmetric reorgani-
zation of the intrinsic polarization machinery. The spa-
tial cues are adhesive interactions between neighboring
cells and the extracellular matrix, while the intrinsic
machinery consists of primarily three polarity com-
plexes called Par, Scribble, and Crumbs.157,182 If the pat-
tern of cell adhesion is asymmetric, then the response
of the cell is asymmetric, and a polar phenotype results
(Figure 1.6). This section will describe the specific
nature of the cell�cell and cell�extracellular matrix
adhesive interactions. The mechanisms by which adhe-
sion is translated by the intrinsic polarization machin-
ery into a polarized epithelial cell with distinct apical
and basolateral plasma membrane domains will be pre-
sented in subsequent sections.

As mentioned previously, polarization of kidney
epithelial cells occurs during initial differentiation of
the primordial tubular epithelium from condensed
mesenchyme, and after disruption of an existing
mature epithelium following injury. These two situa-
tions are somewhat mimicked in vitro by, respectively,
3D culture and 2D culture of renal epithelial cell lines.
It is important to recognize that the pattern of spatial
cues provided by adhesive interactions is different in
these two situations. In the developing kidney epithe-
lium, cell�cell interactions in the condensed

(a) (b) (c)

Apical membrane
Tight junction
Basolateral membrane

(d)

FIGURE 1.5 Two- and three-dimensional cultures of polarized epithelial cells. Epithelial cell lines may be grown on conventional imper-
meable substrata such as plastic or glass (a), or on permeable supports (b). In both cases, the provision of a flat, two-dimensional surface may
provide spatial signals that normally would be generated by the cells themselves in vivo. In this regard, three-dimensional culture of cells in
collagen gels, where a polarized cyst develops over 7 to 10 days (c), may more accurately represent the in vivo environment. In (d), an MDCK
cell cyst is fluorescently labeled with antibodies to β-catenin to highlight the basolateral surface. Reprinted with permission from ref. [178].)
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mesenchyme are believed to precede meaningful cell
matrix interactions154 (Figure 1.7). These condensates
are spatially differentiated: cells at the peripheries of
the condensates have both a “free” plasma membrane
domain facing the outside of the condensates and the
undifferentiated mesenchyme, and an “attached”
plasma membrane domain in contact with other cells
of the condensate. Following this rudimentary polari-
zation, the adherent mesenchymal cells in the conden-
sate become more polarized, eventually forming a
lumen and reorganizing into a simple epithelium
attached to a basement membrane.154,183 Similarly, in
3D collagen gel cultures of MDCK cells, individual
cells are initially suspended in the gel. Spatial cues
from collagen adhesion at this point are isotrophic
rather than asymmetric, in that any signals impinging
on the cell are unbiased with regard to direction
(Figure 1.6). As soon as that cell divides, an asymmet-
ric spatial cue is elicited from the resulting cell�cell
adhesion, because the cells remain attached. This situa-
tion persists through subsequent divisions until at
some point a basement membrane is formed, and the
individual cells create a lumen.178 In contrast, in a
wounded epithelium and in 2D culture of epithelial
cell lines, the persistent spatial cue from the extracellu-
lar matrix substratum is asymmetric, and then an

additional although qualitatively different asymmetric
spatial cue develops as cell�cell adhesion is
restored139,157 (Figure 1.6). The take-home message
from this discussion is that epithelial cells utilize both
cell�cell and cell�extracellular matrix interactions as
asymmetric spatial cues to polarize. The order in
which these cues are provided to the cell may yield
qualitatively different results but, in the end, both are
required for full apical�basal polarization.

The hierachical relationship between cell�cell and
cell�substratum interactions in epithelial cell polariza-
tion is illustrated best by a description of early experi-
ments utilizing the MDCK cell line. MDCK cells
cultured in suspension as individual cells lack polar-
ized plasma membrane domains.118,184 Upon attach-
ment to a substratum in 2D culture, apical proteins are
restricted to the free or apical surface, while basolateral
proteins are distributed over the entire plasma mem-
brane. This situation persists as the cell density
increases and initial cell�cell contacts form until, as the
cells reach confluency to form a true epithelium, baso-
lateral proteins also become completely polarized.118,185

The relative roles of cell�cell and cell�substratum
interactions can also be dissected by culturing MDCK
cells in medium containing reduced amounts of cal-
cium.120,186,187 If cells are cultured on collagen-coated
surfaces in medium with less than 5 μM calcium, they
attach to the substratum but formation of cell�cell con-
tacts mediated by the calcium-dependent adhesion pro-
tein E-cadherin is inhibited.120,186,187 Cells assume a
rounded morphology with no appreciable lateral mem-
brane. In this situation, an immature apical surface
forms. Microvilli are decreased in number, and expres-
sion of apical proteins on the cell surface, although
reduced in quantity, remains polarized to the free sur-
face.186 Basolateral proteins, in contrast, are not polarized
in cells cultured in medium containing low calcium con-
centrations. However, when the calcium concentration is
raised to normal values (1.8 mM), then cell�cell contacts
rapidly form and basolateral proteins polarize.186

The culturing of MDCK cells as multicellular aggre-
gates in suspension also permits the relative effects of
cell�cell and cell�substratum interactions to be inde-
pendently evaluated. Under these conditions, which
are different from the 3D culture described previously
because the cells are surrounded only by culture
medium, aggregated cells gradually form cysts with
small central lumina.184 In the absence of recognizable
cell�substratum contact, both apical and basolateral
polarization occurs, with the apical surface facing the
outside of the cell aggregate. At this time, the tight junc-
tional protein ZO-1 is found distributed over the entire
lateral membrane, where cell�cell contacts occur. As
the lumen forms, the cells secrete and deposit type IV
collagen and laminin into the lumen.184 Interaction with

In Vitro Epithelial Polarization
Spatial Cues

matrix

cell-cell
in Two and Three Dimensions

(b) (c) (d)(a)

2D planar substratum

(b) (c) (d)

L

(a)

3D collagen gel

FIGURE 1.6 Geometry of spatial cues in two-dimensional and
three-dimensional culture of epithelial cells. In two-dimensional
culture (top) an asymmetric spatial cue is given by substratum adhe-
sion as soon as contact occurs between the cell and the culture sur-
face. A second spatial cue orthogonal to the first occurs when
cell�cell contacts are initiated. In three-dimensional culture (bottom),
the initial spatial cue impinging on single cells suspended in the col-
lagen gel is isotropic. As soon as cell division takes place, an asym-
metry is set up in which both the spatial cue from the collagen (and
other secreted extracellular matrix proteins) and from cell�cell adhe-
sion are asymmetric. The combination of asymmetric cues is required
for full apical�basal polarization of epithelial cells.
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this interior extracellular matrix then triggers redistri-
bution of ZO-1 to the point of intersection between the
apical and lateral membrane.184 Thus, as in the reduced
calcium experiments, cell�cell and cell�substratum
interactions have somewhat independent but comple-
mentary effects on cell polarization.

The adherens junction provides the spatial cue from
cell�cell interactions leading to polarization of epithe-
lial cells. One of the most important components of the
adherens junction is E-cadherin, the calcium-depen-
dent homophilic cell adhesion molecule discussed pre-
viously. Suppression of E-cadherin expression by
small-interfering RNAs prevents polarization, clearly
implicating it in the polarization process.188 However,
other cell�cell adhesion proteins such as nectins and
JAMs may be important as well. Nectins are trans-
membrane adhesion molecules containing immuno-
globulin-like extracellular domains.189 When epithelial
cells transition from a migratory phenotype, as they
exhibit during wound healing, nectins may be one of
the earliest molecules in nascent cell�cell adhesions.
Homophylic interaction of nectins between neighbor-
ing cells activates a variety of signaling pathways,
among which are those involving the small GTPases
Cdc42 and Rac1.189,190 This, in turn, leads to reorgani-
zation of the cortical actin cytoskeleton and, conse-
quently, facilitates the formation and stabilization of
E-cadherin-mediated contacts, creating the mature
adherens junction.189 During this process, both nectins
and JAMs may initiate the asymmetric activation of
the intrinsic polarization machinery. Nectins and JAMs
bind Par3, an element of the Par polarization complex
(see below).189,191,192 As the adherens junction matures,
other polarization complexes bind and specification of
the apical and basolateral plasma membrane domains
occurs, with the dividing line located just at the adhe-
rens and tight junctions, collectively referred to as the
apical junctional complex. At the same time, a complex
of proteins known as the exocyst is also assembled at
this location.157,191,192 The exocyst is a kind of tethering

complex designed to capture transport vesicles carry-
ing newly synthesized membrane proteins. Delivery of
these proteins to this region of the plasma membrane
then facilitates the development of the apical and baso-
lateral surfaces.193,194

It is likely that the spatial cue emanating from
cell�substratum adhesive interactions originates from
integrin-mediated cell interactions with the basement
membrane protein laminin. In the developing kidney,
conversion of condensed mesenchyme into a polarized
epithelium is dependent on laminin.154,195,196 The lami-
nin α1-subunit and integrin α6β1, a laminin receptor,
are first detected in the induced mesenchyme follow-
ing condensation.129,154,195,196 Laminin localizes to the
periphery of the condensate, suggesting that the crude
polarization caused by condensation leads to polarized
laminin secretion to the periphery. In organ culture
antibodies against laminin α1 or the integrin α6-sub-
unit block formation of a polarized epithelium from
condensed mesenchyme, suggesting that their involve-
ment in epithelial differentiation is critical.154,196,197

Results from a variety of other experimental sys-
tems generally support the conclusion that laminins
and their integrin receptors play a role in epithelial
polarization. Mutations in either integrin or laminin
subunits lead to disruption of epithelial differentiation
and polarization in the nematode Caenorhabditis elegans,
and the fruit fly Drosophila melanogaster.132 Expression
of laminin in the early mouse embyro generally coin-
cides with development of epithelial tissues. In embry-
oid bodies derived from cultures of aggregated
embryonic stem (ES) cells, an LM-111 containing base-
ment membrane forms between the endoderm and the
polarizing inner cell mass cells. When ES cells deleted
of both laminin γ1 alleles are aggregated into embry-
oid bodies, the inner cell mass forms, but does not
polarize.132 Laminin has also been implicated in the
polarization of MDCK cells. When MDCK cells are cul-
tured in 3D collagen gels for 7�10 days, they form
polarized cysts with the apical surface facing the

FIGURE 1.7 Development of the kidney epithelium from induced mesenchyme. The kidney epithelium develops in vivo following
induction of the metanephric mesenchyme by the ureteric bud. The initial stages of differentiation from mesenchymal to epithelial cells may
also be followed in vitro by organ culture. In this schematic view, induced mesenchymal cells are initially randomly oriented and show little
cell�cell adhesion (a); Some mesenchymal cells adhere closely to each other and begin to produce a basement membrane at the periphery of
the condensate (b); The cells of the condensate begin to reorganize into an epithelium and form a lumen as the basement membrane becomes
more extensive (c); Finally, formation of the pretubular renal vesicle consisting of a polarized epithelium is complete, (d). Redrawn with permis-
sion from ref. [154].
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lumen, and the basal surface facing the extracellular
matrix. Under these conditions, the cells secrete LM-
511 and form a discrete layer closely associated with
the basal surface, resembling an assembled basement
membrane.198,199 When MDCK cells are treated either
with a function-blocking anti-β1 integrin antibody or
express dominant-negative Rac1 during cyst forma-
tion, the laminin layer does not form properly,
although laminin is secreted, and the cells display an
inverted and somewhat disorganized polarity with
apical antigens expressed on surfaces facing the extra-
cellular matrix.198,199 Addition of excess exogenous
LM-111 to the collagen gel partially rescues both base-
ment membrane assembly and correct polarization in
cells expressing dominant-negative Rac1, possibly by
driving laminin assembly adjacent to the basal plasma
membrane.198,199 Inverted polarization of the cyst
caused by anti-β1 integrin can also be rescued by
expression of constitutively-active Rac1.198,199 These
experiments suggest that a “serpentine” signaling
pathway exists, leading from ligation of a β1 integrin
outside the cell, to Rac1 activation inside the cell, to
laminin assembly outside the cell, and finally to polari-
zation. It is important to emphasize that the perturba-
tions that lead to inverted polarity do not seem to
affect the segregation of apical and basolateral proteins
in individual cells, but instead affect the orientation of
apical�basal axes in the cyst. It is unclear how intra-
cellular signaling events can cause laminin assembly.
Recent findings have implicated the polarization sig-
naling molecule Par1b and dystroglycan, a non-integ-
rin laminin receptor, in effecting laminin assembly, but
the mechanisms are not apparent.200,201

Polarization Mechanisms: The Intrinsic
Polarization Machinery

In epithelial cells, the intrinsic polarization machin-
ery has traditionally been separated into three so-called
polarity protein complexes that function collectively to
control the formation of apical and basolateral domains
of the plasma membrane.191,192 Many of the compo-
nents of the polarity complexes were initially identified
in mutant screens in Caenorhabditis elegans and
Drosophila melanogaster, but homologs that function in
an essentially identical manner have also been identi-
fied in mammals. The first, and perhaps most impor-
tant, polarity complex generally associated with apical
surface determination is the Par complex composed of
Par3, Par6, atypical protein kinase C (aPKC), and the
small-GTPase Cdc42 (Figure 1.8). A second apical com-
plex is the Crumbs complex, containing in mammals
the transmembrane protein Crumbs (Crb3 in the kid-
ney) associated with Lin-7 (PALS1), and PALS1-associ-
ated tight junction protein (PATJ). The final complex,
which is located on the lateral surface in polarized

epithelia, is the Scribble complex composed of Scribble
(SCRIB), discs large (Dlg), and lethal giant larvae
(Lgl).191,192 In the case of the Par and Crumbs complex,
physical interactions between the components have
been demonstrated, while interactions of Scribble
complex components have been implied by genetic
experiments. In addition to these polarity complexes,
other proteins are involved in regulating apical�basal
polarization in mammals or lower organisms including,
in particular, Par1b and LKB1 (Par4). In the core polar-
ity protein complexes, only aPKC and Cdc42 have
enzymatic activities: the former a serine/threonine
kinase; and the latter a GTPase-mediated molecular
switch, while the others are largely scaffolds with a
myriad of binding domains, including on many PDZ
domains, that facilitate association with the apical junc-
tional complex of the polarized cell.191,192

The mechanisms by which these complexes function
to help establish and maintain apical�basal polarity is
often described as a process of mutual antagonism or
inhibition that creates and maintains a particular
balance between the amounts of distinct apical and
basolateral plasma membranes, with the “front line” of
this battle being the apical junctional complex191,192

(Figure 1.8). While the concept of mutual antagonism is
not inaccurate, how this translates into intuitively com-
prehensible mechanisms has, until recently, not been
obvious. Studies in Drosophila have highlighted the crit-
ical role of Par3 (Bazooka or Baz in Drosophila) and
have, to some extent, called into question the idea of
distinct, somewhat independently functioning polariza-
tion protein complexes.191 A compelling model pro-
poses that initiation of polarization commences when
Par3 (Baz) associates with the region of cell�cell adhe-
sion that will become the adherens junction, prior to the
concentration of DE-cadherin (the Drosophila version of
E-cadherin) in that location. Association is facilitated by
phosphoinositides. Once the adherens junction forms,
then Par3 binds Par6 and aPKC, and Cdc42 is activated.
Activation of aPKC then leads to phosphorylation of
Par3, as well as Crb and Lgl, following the delivery of
Crb to the plasma membrane through vesicles. The
phosphorylation of Par3 on serine 980 by aPKC weak-
ens the interaction between Par3 and aPKC, as well as
the interaction between Par3 and the Crb complex pro-
tein PALS1 (Lin-7, Stardust or Sdt in Drosophila). These
changes permit formation of the apical complex
Crb�PALS1�PATJ, while interactions between Crb
and Par6 prevent association of Par3 with the forming
apical surface. At the same time, Par1-mediated phos-
phorylation of Par3 creates binding sites for the scaffold
14-3-3, and the subsequent Par3-14-3-3 interaction fur-
ther inhibits the association of Par3 with Par6/aPKC.
Since Par1 is localized to the lateral surface, this
prevents Par3 from assembling on the lateral surface.
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Lgl is also phosphorylated by aPKC, which prevents its
apical localization.191 With Dlg and Scrib, it then contri-
butes to maintaining the identity of the lateral mem-
brane in a manner that is poorly understood.

In all likelihood this scenario, derived primarily
from experiments on Drosophila, is also valid in renal
epithelial cells. Studies in MDCK cells, in particular,
have illuminated a number of steps and, in some
instances, provided additional critical details. As men-
tioned previously, nascent cell�cell contacts may be
initiated by nectins and JAMs prior to the coalescence,
stabilization, and assembly of the adherens junction

nucleated by E-cadherin and its associated pro-
teins.189,191,192 Nectins and JAM, which bind Par3, may
serve to localize Par3 to the forming junction. In addi-
tion to its roles in facilitating the assembly of the other
polarization complexes as described earlier, Par3 binds
phosphoinositides in the membrane, as well as the
phosphoinositide phosphatase PTEN (phosphatase
and tensin homolog).191,192 This phosphatase converts
phosphatidylinositol (3,4,5)P3 (PIP3) on the inner leaf-
let of the membrane to phosphatidylinositol (4,5)P2

(PIP2). The latter lipid then facilitates the development
of the apical surface by binding annexin2, which then

FIGURE 1.8 Distribution of polarity complexes in polarized epithelial cells. Solid lines indicate demonstrated physical interactions
between components, while jagged lines indicate genetic interactions established from studies of invertebrate epithelial cells. (Reprinted with
permission from Laprise, J. and Margolis, B. (2011). AJP Renal Physiology 300, F589�F601.)
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recruits Cdc42, leading to the cascade of events involv-
ing aPKC described earlier.202 The importance of the
conversion of PIP3 to PIP2 in the formation of the api-
cal surface was highlighted dramatically when exoge-
nous PIP2 was added to the basolateral pole of mature
MDCK cell cysts in 3D culture.202 Incorporation of
PIP2 into the basolateral plasma membrane led to
gradual extension of the apical surface to the basal
pole with collapse of the lumen.

The description of the polarization process so far has
focused only on events initiated by cell�cell adhesion.
However, as was described in the previous section,
adhesion of epithelial cells to the basement membrane
is also a key part of polarization, functioning particu-
larly to orient the apical�basal axis in a coordinated
fashion in neighboring cells. How basement membrane
adhesion and, particularly, adhesion to laminin does
this is not clear, but it likely involves the microtubule
cytoskeleton (Figure 1.2). In individual MDCK cells
adherent to a substratum in 2D culture, the organiza-
tion of microtubules resembles that in other nonepithe-
lial adherent cells, in that microtubule growth is
initiated from a juxtanuclear centrosome or microtubu-
lar organizing center, and extends radially towards the
cell surface.203�205 Once cell�cell adhesion is initiated,
the microtubule organizing activity begins to disperse
to the cell periphery and, as the cell polarizes, it reloca-
lizes diffusely to the apical surface.203�205 In response
to this, microtubules reassemble along the apical�basal
axis with the plus (growing) ends pointing basally.
Networks of microtubules also form roughly parallel to
the basal and apical surfaces203�205 (Figure 1.2).
Reorganization of the microtubules depends on a fam-
ily of GTPases known as septins, which provide direc-
tionality to the process,206,207 while stabilization and
anchoring depend on the plekstrin homology-like
domain family A protein LL5, microtubule plus-end
tracking proteins, and the APC (adenomatous polypo-
sis coli) tumor suppressor.208�211 LL5 anchors microtu-
bule plus ends to the basal plasma membrane by
associating with integrin-mediated cell adhesions to
laminin.208 Furthermore, the polarity protein Par1b,
which has been implicated in assembly of the laminin
network in the basement membrane, is also important
in the formation of the apical surface in 3D cysts,
reportedly through a mechanism that depends on sig-
naling from the extracellular matrix.212 Thus, there
appears to be a signaling network linking laminin
assembly and microtubule reorganization to formation
of the apical surface in the correct location. How these
microtubules mechanistically contribute to polarization
is not clear, but it is known that they provide tracks for
vesicle transport that are necessary for formation of the
apical lumen through its population with specific pro-
teins, a process facilitated by septins.121,122,125

Ultimately, cooperation of extrinsic spatial cues and
the intrinsic polarization machinery creates a polarized
cellular infrastructure composed of adhesive interac-
tions, a spatially-differentiated cytoskeleton, and asym-
metrically disposed signaling complexes. Completion
of polarization, and its maintenance during cell and
tissue function, then depends on the targeting of spe-
cific membrane proteins to the apical and basolateral
plasma membrane domains. How this is accomplished
is the subject of the following section.

Sorting Pathways

One of the first, and perhaps most easily addressed,
questions presented by the phenomenon of epithelial
polarity relates to where, within the cell, sorting
occurs. The membrane proteins that populate the api-
cal and basolateral plasmalemmal domains are all syn-
thesized in association with the membranous elements
of the rough endoplasmic reticulum (RER).213 It has
further been shown that after their co-translational
insertion into the membranes of the RER, apically- and
basolaterally-directed proteins share the same cisternae
of the Golgi complex as they transit the secretory path-
way en route to their respective sites of ultimate func-
tional residence.214,215 Immunoelectron microscopic
studies performed on MDCK cells doubly infected
with the VSV and influenza viruses revealed, through
double labeling, that the influenza HA protein and the
VSV G protein could be co-localized throughout the
cisternae of the Golgi complex.215

This observation was confirmed and extended
through a series of elegant biochemical studies. It had
previously been shown that when cells are incubated
at 20�C newly synthesized membrane proteins accu-
mulate in the trans-most cisterna of the Golgi com-
plex.216,217 Elevating the temperature to 37�C relieves
this block, and allows the proteins to proceed to the
cell surface.218 By examining the nature of the complex
N-linked glycosylation associated with the VSV G pro-
tein, it was demonstrated that sialic acid residues are
added in the 20�C compartment.214 These investigators
took advantage of the fact that in addition to the HA
protein the membrane of the influenza virus contains a
neuraminidase in their efforts to determine whether
segregation of the apically directed influenza proteins
from the basolaterally targeted VSV G protein occurs
before or after the 20�C block compartment. They
found that in singly infected cells incubated at 20�C,
the VSV G protein became heavily sialylated. In con-
trast to this, when cells which had been doubly
infected with both the VSV and influenza viruses were
incubated at 20�C, little if any sialic acid could be
detected on the newly synthesized VSV G protein.

21BIOGENESIS OF EPITHELIAL POLARITY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



These results demonstrate that as late as the 20�C block
compartment, which corresponds to the trans-most cis-
terna of the Golgi complex, the newly synthesized api-
cal neuraminidase and basolateral VSV G protein are
still intermingled and capable of physical interaction.
The segregation of these two classes of proteins from
one another must, therefore, occur at or after this sub-
cellular locus. It is interesting to note that immunoelec-
tron microscopic studies of endocrine cells reveal that
proteins destined for packaging in secretory granules
are separated from those bound for constitutive deliv-
ery to the cell surface in the trans-most cisterna of the
Golgi complex.219�221 Observations such as these have
prompted investigators to speculate that this compart-
ment, which is referred to as the Trans Golgi Network
(TGN), might be the site of several intracellular sorting
events.222 More recently, it has been shown that sorting
may occur as well at the level of the recycling endo-
some. Loading endosomes with HRP-conjugated trans-
ferrin, and subsequently disrupting endosome
function through the deposition of peroxidase reaction
product, prevents the surface delivery of a subset of
newly synthesized basolateral membrane proteins.223

While the delivery of the VSV G protein to basolateral
plasma membrane is prevented by this ablation of the
recycling endosome, the delivery of the newly synthe-
sized Na1/K1-ATPase to the basolateral surface is
unaffected by this maneuver.224 Thus, it would appear
that proteins can pursue more than one route from the
TGN to the basolateral membrane domain.

Three epithelial sorting pathways can be imagined
(Figure 1.9).1,2,158 In the direct model, sorting would
take place prior to cell surface delivery. Segregation of
basolateral from apical proteins would be completed
intracellularly, and proteins would never appear, even
transiently, in the inappropriate membrane domain.
The random sorting scheme dictates that no separation
of apical from basolateral proteins occurs prior to
arrival at the cell surface. Following their insertion into
the plasmalemma, proteins that find themselves in the
wrong surface domain would be removed by endocy-
tosis, and either transcytosed to the proper surface225

or degraded. Finally, the indirect paradigm predicts
that all newly synthesized plasmalemmal proteins ini-
tially appear together, either at the apical or basolateral
membrane. The proteins for which this delivery is cor-
rect would be retained in that membrane domain,
while those which had been mis-delivered would be
internalized and transcytosed to their sites of ultimate
functional residence.

These three models, although perhaps somewhat
simplistic, are valuable for the relative ease with which
they can be experimentally distinguished. Over the
past two decades a great deal of effort has been
invested in identifying which of these routes is, in fact,

operational. The rather surprising answer appears to
indicate that the sorting pathway pursued varies
among different cell types, and even among different
proteins within the same cell type.

Technical Approaches

Much of the early research into the nature of epithe-
lial sorting pathways was carried out on MDCK cells
that had been infected with the VSV or influenza
viruses. The infected cells produced massive quantities
of viral proteins, and retained their polarized distribu-
tion throughout at least the initial stages of the infec-
tion. These properties greatly facilitated the detection
of cohorts of newly synthesized membrane proteins in
the pulse chase protocols generally employed to moni-
tor the polarity of cell surface delivery. Pulse labeling
experiments demonstrated that the VSV G protein was
not accessible to apically added antibodies at any point
during its post-synthetic processing.226 In the case of
the influenza HA protein, the converse was true.
Proteases174 or antibody probes227 added to the media
compartment bathing the basolateral surfaces of
MDCK cells grown on filters could not cleave or inter-
act with this polypeptide during its journey to the api-
cal cell surface. From these results, it was concluded
that the direct model of sorting applied for at least
these two proteins in MDCK cells.

Direct

Apical

Basal
Indirect

Sorting pathways

Random

FIGURE 1.9 Three potential pathways for the sorting of mem-

brane proteins in polarized epithelial cells. In the vectorial sorting
scheme, apical and basolateral membrane proteins are separated from
one another intracellularly and prior to plasmalemmal delivery (left).
The indirect, or obligate, misdelivery model predicts that all newly
synthesized plasma membrane proteins are carried together to a com-
mon cell surface domain. Proteins destined for the opposite surface
are then internalized and transported to their appropriate destinations
(middle). Finally, random sorting is defined by a complete lack of
intracellular segregation. Apical and basolateral proteins are deliv-
ered without preference to both surfaces, and are subsequently redis-
tributed by endocytosis and transcellular transport (right). Clear
arrows represent vesicles carrying only basolateral proteins; hatched
arrows denote vesicles carrying only apical proteins; and black arrows
indicate vesicles carrying intermixed apical and basolateral mem-
brane proteins. Reprinted with permission from ref. [1].

22 1. EPITHELIAL CELL STRUCTURE AND POLARITY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



Other labeling tools have also been brought to bear
on the study of sorting pathways. The N-hydroxysuc-
cinimidyl (NHS) derivative of biotin is a membrane
impermeant molecule that will covalently combine
with the ε-amino groups of exposed lysine residues.228

Proteins thus modified are substrates for precipitation
or detection with avidin-conjugated secondary
reagents. These tools can be used to follow the fate of
large numbers of membrane proteins that have been
exposed at one or other cell surface to the NHS biotin
compound. Using such a protocol, it has been demon-
strated that several MDCK cell apical and basolateral
membrane proteins are directly targeted to their
appropriate membrane domains.229,230

Advances in the development of genetically encod-
able probes have also permitted sorting pathways to be
visualized directly. By creating chimeras that incorporate
photoactivatable versions of the green fluorescent pro-
tein (GFP), the trafficking of newly synthesized proteins
of interest can be observed in intact cells in real-time.231

Alternatively, the SNAP tag similarly permits newly
synthesized cohorts of proteins to be observed in pulse
chase protocols. The 20 kDa SNAP-Tag is a modified
version of the DNA repair protein 06-alkylguanine-DNA
alkyltransferase, which cleaves para-substituted benzyl
guanines (BGs) by covalently transferring the substituted
benzyl group to its active thiol.232 The resulting thioether
bond irreversibly prevents the reacted SNAP-Tag from
participating in any further labeling reactions.
Fluorescent BG derivatives allow for the labeling and
detection of SNAP-Tagged fusion proteins in either live
or fixed cells.232,233 Through the combination of a “pre-
pulse” blocking step with non-fluorescent BG, followed
by selective labeling of newly synthesized protein with
fluorescent BG, it is possible to follow a cohort of protein
as it is synthesized and trafficked.224

Sodium Pump Targeting

Further support for the direct pathway paradigm in
MDCK cells came from studies on the sorting of the
endogenous Na1/K1-ATPase.175 Filter grown MDCK
cells which had been pulse-labeled with [35S]-methio-
nine were exposed to the N-azidobenzoyl (NAB)
derivative of ouabain at either their apical or basolat-
eral surfaces during the course of a 90 minute chase.
NAB-ouabain will bind to catalytically active sodium
pumps with high affinity and, following UV photoly-
sis, will become covalently incorporated into the pro-
tein backbone of the Na1/K1-ATPase α-subunit.234�236

By analyzing immunoprecipitates prepared from these
cells using an anti-ouabain antibody, it was possible to
demonstrate that no sodium pump in a state compe-
tent to bind ouabain ever appears at the apical surface.
Subsequent studies using a SNAP-tagged version of
the Na1/K1-ATPase expressed in the same MDCK

cell line recapitulated the finding that the newly syn-
thesized pump trafficks directly to the basolateral sur-
face in these cells.224

Another investigation of sodium pump sorting in a
different clonal line of MDCK cells made use of the
NHS biotin surface-labeling technique, and arrived at
a conclusion diametrically opposed to the one
described above. The results of this study indicated
that the Na1/K1-ATPase is randomly delivered to the
apical and basolateral plasmalemmal surfaces.237 The
authors further suggested that stabilizing interactions
with cytoskeletal elements which underly the basolat-
eral, but not the apical, cell surface112,114,119 result in a
much longer residence time for pump inserted into the
basolateral domain. These studies are thus consistent
with a model in which sodium pump is not sorted
intracellularly, but instead achieves its basolateral dis-
tribution through a mechanism based on random
delivery followed by differential stabilization.

The apparent discrepancy among these studies
appears to be attributable to differences in the path-
ways and processes through which these closely
related cell lines achieve the polarized distribution of
the Na1/K1-ATPase. While one line targets the pump
directly to its basolateral destination, the other delivers
it randomly and depends upon cytoskeletal interac-
tions to stabilize only the basolateral pool.238,239

Clearly, therefore, while cytoskeletal interactions may
be sufficient to localize the Na1/K1-ATPase to the
basolateral surface, they are not the sole mechanism
involved in producing the sodium pump’s anisotropic
distribution. Instead, they may act as a failsafe mecha-
nism to back up and reinforce the initial biosynthetic
sorting of the Na1/K1-ATPase, to ensure that its
polarized distribution is attained and maintained.

The preceding discussion suggests that the direct
scheme cannot be applied to all epithelia or even to all
MDCK cell clones. An alternative system has been
shown to apply to the liver, for example. Cell fraction-
ation studies performed on liver by Bartles et al. reveal
that several apical membrane proteins appear in the
fraction corresponding to the hepatocyte basolateral
plasma membrane prior to being delivered to the apical
surface.240 This route has been especially well-docu-
mented for the polymeric immunoglobulin receptor
(pIgR) expressed by hepatocytes. This 120 kDa poly-
peptide serves to carry dimeric IgA from the blood to
the lumena of the bile cannaliculi. During its biosynthe-
sis, the pIgR is transported directly from the TGN to the
basolateral cell surface where it is available to bind
dimeric IgA.241,242 Independent of any interaction with
IgA the receptor becomes phosphorylated in the baso-
lateral plasmalemma, and the phosphorylated form is
internalized and carried by a transcytotic vesicle to the
apical, or canalicular, surface.243 Following its insertion
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into the apical plasma membrane the ectodomain of the
pIgR is cleaved and released into the bile as an 80 kDa
protein referred to as secretory component.241,242

Association with secretory component helps to protect
the bound IgA from intestinal proteases. Coupled with
other results,240 the behavior of pIgR in hepatocytes
supports the contention that apical membrane proteins
arrive at their site of ultimate functional residence via
obligate mis-delivery to the basolateral domain. This
paradigm may not apply to all apical proteins in hepa-
tocytes. Studies of the trafficking of apical members of
the multidrug resistance (MDR) family of transport pro-
teins indicate that these polytopic membrane proteins
do not make an appearance at the basolateral surface en
route to the apical membrane.244,245 Thus, within a sin-
gle polarized cell type multiple trafficking routes can be
employed to target different proteins to the same place.

A combination of the direct and indirect paradigms
seems to be involved in membrane protein delivery in
cultured intestinal cells. The Caco-2 line of human
colon carcinoma cells can be grown on filters and sub-
jected to the NHS-biotin labeling protocol described
above. Such experiments reveal that the basolateral
protein followed is vectorially targeted.246 Analysis of
the apical polypeptides produced a somewhat more
complicated picture. A fraction of these proteins
appeared to transit through the basolateral plasma-
lemma prior to their apical delivery. The remainder of
the apical proteins studied in this sampling were
sorted intracellularly and inserted directly at the apical
domain. Related and somewhat more complicated
results have been gathered from studies on the biogen-
esis of brush border hydrolases by colonocytes in
situ.110,247,248

To complete this already confusing picture it is nec-
essary to return to a discussion of targeting studies in
MDCK cells. A cDNA encoding the pIgR has been
expressed by transfection in this cell line. Remarkably,
the sorting pathway pursued by this protein in the cul-
tured renal epithelium is apparently identical to the
rather baroque scheme that characterizes its route in
hepatocytes.249 From the TGN, the pIgR travels to the
basolateral surface from which it is internalized and
subsequently transcytosed to the apical pole or
recycled to the basolateral side. These observations
demonstrate that an obligate mis-delivery pathway is
either created or simply revealed in MDCK cells
expressing the pIgR. Results from studies employing
real-time imaging to follow the surface delivery of a
class of newly synthesized apical proteins support the
possibility that this indirect pathway does, in fact, exist
constitutively in MDCK cells. As discussed in greater
detail in the section on sorting signals, proteins whose
attachments to the membrane are mediated by cova-
lent linkage to glycosylphosphotidyl inositol (GPI)

lipids tend to accumulate in the apical domains of
most varieties of polarized epithelial cells. A study
that employed live cell imaging to track the sorting of
GPI-linked proteins found that these proteins were
delivered to the basolateral surface, after which they
were endocytosed and carried to the apical plasma-
lemma.250 It is worth noting, however, that subsequent
studies found that several GPI-linked proteins were
delivered directly to the apical membrane in MDCK
cells, without making any detectable transient appear-
ance at the basolateral surface.251

This apparent diversity of sorting pathways is per-
haps not as surprising as it first appears. The relative
flow of membranous vesicles from the Golgi complex
to the two plasmalemmal surfaces in different epithe-
lial cell types is likely to reflect a cell’s biologic mis-
sion, as well as the nature of the environment in which
it functions. It appears, for example, that although
hepatocytes produce copious quantities of secretory
proteins, none are released directly into the bile.252 It
has been proposed that newly synthesized membrane
proteins depart the Golgi in the same transport vesi-
cles that carry proteins destined for constitutive secre-
tion.158,252 Were this the case, then cells which do not
produce a secretory content targeted for one or another
membrane domain may also lack a direct traffic of
membrane vesicles directed from the Golgi to that
domain. The full complement of plasmalemmal pro-
teins might thus be forced by default to share the same
carrier out of the Golgi, and to be sorted by transcyto-
sis subsequent to cell surface delivery. Some hepatic
apical membrane proteins may transit through the
basolateral surface, because there is very little non-stop
cargo traveling from the TGN to the apical domain in
this particular cell type. The apparent multiplicity of
sorting pathways available to different proteins within
the same cell type may reflect specializations relevant
to these proteins’ functions. Diversity may also arise
from the nature of the signals and mechanisms that
mediate these proteins’ polarized distribution. The
potential contribution of this latter influence will be
referred to again in sections to follow. The lack of a
single answer or unifying solution to the problem of
sorting pathways is a theme that carries through the
entire study of epithelial polarity. A number of equally
effective mechanisms appear to have evolved for seg-
regating membrane proteins into distinct domains.
It remains to be determined how these differing
approaches benefit their respective tissues and contrib-
ute to the maintenance of their unique functions.

Regulation of Renal Transport Protein Function by
Endocytosis and Recycling

The delivery of a protein to its site of functional res-
idence in a domain of the plasma membrane does not
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end that protein’s involvement with the cellular
sorting machinery. Cell surface proteins are subject to
endocytic internalization, after which their fate is
determined through processes that are mechanistically
closely related to those that mediate biosynthetic sort-
ing. Following their delivery to endosomes, endocyti-
cally internalized proteins can be recycled, meaning
that they are returned to the same domain of the
plasma membrane. Alternatively, they can be carried
by transcytosis to the opposite plasma membrane
domain. Finally, they can be targeted for degradation
in the lysosome. The cellular machinery and molecular
signals that govern these post-endocytic sorting pro-
cesses appear to closely resemble those that mediate
biosynthetic sorting.

From the perspective of the renal tubular epithelial
cell, perhaps the most important implication of post-
endocytic sorting relates to its role in the regulation of
ion transport protein activity. The activities of a number
of critically important transport proteins are controlled
by regulated membrane insertion and endocytotic
events.253 Included on this list are the aquaporin 2 water
channel (AQP2),254 the ROMK potassium channel,255

and the ENaC sodium channel of collecting duct princi-
pal cells256; the V-type proton ATPase of collecting duct
intercalated cells257; the Na,Cl co-transporter (NCC) of
the distal convoluted tubule258; the Na phosphate co-
transporter (NaPi),100 the Na proton exchanger
(NHE3),259 and the Na1/K1-ATPase of the proximal
convoluted tubule.260 These regulated trafficking events
are precipitated by a variety of hormonal and physical
stimuli, and involve the participation of a diverse collec-
tion of signaling cascades and trafficking proteins. While
their details will be explored in far greater individual
detail in the chapters that relate to each of the specific
tubule segments and relevant transport systems, it is
worth noting that these regulated trafficking processes
exploit many of the biosynthetic sorting signals and com-
ponents of the cellular trafficking machinery that are dis-
cussed in the following sections.

Sorting Signals

Rodriguez-Boulan and Sabatini’s 1978 observation
that viral spike glycoproteins are targeted to opposite
domains of polarized epithelial cells165,166 gave rise to
the hypothesis that sorting signals � that is, the infor-
mation required to direct a protein or proteins to a
given subcellular location � might be wholly con-
tained within the structure of the sorted proteins them-
selves. Evidence in favor of this contention has come
from studies examining the distribution of viral mem-
brane proteins expressed by transfection (rather than
infection) in polarized cultured cells. A number of
investigators have shown that the influenza HA pro-
tein, the VSV G protein, and related viral spike

glycoproteins are sorted correctly in the absence of any
other proteins encoded by viral genomes.261�264 It is
apparent, therefore, that all of the addressing informa-
tion necessary to produce the polarized distributions
of these polypeptides must be embodied within the
proteins themselves. It has further been shown that
this information is almost certainly associated with the
protein backbone, rather than with any post-transla-
tional modification. Cells whose capacity to add aspar-
agine-linked sugar residues has been impaired, either
through mutation or via treatment with tunicamy-
cin,265,266 are nonetheless able to correctly target the
viral spike proteins. Observations such as these have
sparked an intensive search for the actual molecular
information that specifies localization, and for the
machinery that acts upon this information. It must be
stated at the outset, however, that despite the rather
confident and declarative tone of this section’s heading
the identification and characterization of epithelial
sorting signals and mechanisms is far from complete.

Several distinct classes of signals have been found
to specify basolateral sorting.267 Perhaps the best char-
acterized of these are short motifs that contain tyrosine
residues and resemble or overlap with sequences
involved in endocytosis. Work from a number of
groups has suggested that sequences in the cytosolic
tail of membrane proteins determine the rates at which
these proteins are internalized. The presence of a tyro-
sine residue appears to be a critical determinant of the
efficacy of an endocytosis signal.268 The rapid endocy-
tosis of both the LDL receptor and the transferrin
receptor, for example, is dependent upon the presence
of short, tyrosine-containing sequences in these pro-
teins’ cytoplasmic tails. Mutation of this tyrosine resi-
due to any other amino acid vastly reduces the rates at
which both of these proteins are internalized. The api-
cally sorted influenza HA protein is normally endocy-
tosed extremely slowly. Addition of a tyrosine residue
to the cytosolic tail of the influenza HA protein causes
it to behave like the LDL receptor or transferin recep-
tor with respect to endocytosis � that is, it is rapidly
internalized and recycled.269 When this altered form of
the HA protein is expressed in MDCK cells it is
detected predominantly at the basolateral plasma
membrane.270 It would appear, therefore, that a signal
that is permissive for endocytosis is also competent to
mediate basolateral accumulation.

Studies of the VSV G protein reveal that its basolat-
eral sorting is also driven by a tyrosine-containing
motif.271,272 Uptake measurements suggest, however,
that the VSV G protein is internalized relatively
slowly, suggesting that its tyrosine-based motif confers
basolateral targeting, but not rapid endocytosis.
Mutagenesis studies of the tyrosine-modified influenza
HA protein, as well as several other basolateral

25BIOGENESIS OF EPITHELIAL POLARITY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



membrane proteins, indicate that while internalization
signals and basolateral sorting signals can share the
same critical tyrosine residues, they are not identi-
cal.273 Altering residues near the tyrosine can produce
apically sorted influenza HA protein that is rapidly
endocytosed, and basolateral HA protein that is inter-
nalized only slowly. Thus, basolateral and endocytosis
signals can overlap, sharing one or more residues, but
are clearly distinguishable from one another.
Presumably, therefore, they must be interpreted by
non-identical cellular machinery.

Data pointing to a similar conclusion have been
gathered for Fc receptors.274 One of the Fc receptor iso-
forms includes a di-leucine sequence in its cytoplasmic
tail. This sequence has been shown to function as an
endocytosis signal, and it also appears to confer baso-
lateral targeting when the protein is expressed in
polarized cells. Once again, alteration of residues
flanking the di-leucine motif demonstrates that the
sequence requirements for basolateral sorting are dis-
tinct from those that specify internalization.275,276

Tyrosine-containing basolateral sorting signals that
are entirely distinct from recognizable endocytosis
motifs have also been detected. The LDL receptor
depends upon a basolateral sorting signal that bears
no sequence resemblance to any known internalization
motif.276,277 Although this motif includes a tyrosine
residue, mutation of that tyrosine to phenylalanine still
permits basolateral localization. A distinct tyrosine-
containing motif appears to mediate the internalization
of the LDL receptor.278 In the absence of the primary
basolateral signal, this endocytosis motif can mediate a
basolateral sorting function. Once again, however,
with the exception of the tyrosine residue, the amino
acids that contribute to the basolateral and endocytic
aspects of this signal are distinct from one another.

Several basolateral sorting signals unrelated to tyro-
sine residues have also been reported. The well-charac-
terized tyrosine-based endocytosis motif of the
transferrin receptor is completely distinct from this
protein’s basolateral targeting signal, which resides in
a different portion of the cytoplasmic tail. The peptide
processing enzyme furin cycles between the trans-
Golgi network and the basolateral plasmalemma. Its
trafficking to the basolateral surface appears to be
driven by residues that are associated with a casein
kinase II phosphorylation site.279,280 The invariant
chain of the major histocompatibility class II complex
is sorted to the basolateral membrane by virtue of the
dihydrophobic sequence Met�Leu.281 Once again,
endocytic internalization of this molecule is conferred
by a similar dihydrophobic sequence, Leu�Ile, which
is present at another position on the cytoplasmic tail.
All of the basolateral sorting motifs discussed thus far
function in the context of membrane proteins that span

the bilayer once. As will be discussed below, a distinct
cadre of molecular sequences appears to mediate the
targeting of many ion transporters and other multi-
spanning membrane proteins.

The list of identified basolateral sorting signals is con-
siderably more extensive than the inventory of character-
ized apical membrane protein sorting signals. Perhaps
the best studied member of this latter roster is not, in
fact, a protein-based signal at all, but is instead consti-
tuted entirely of phospholipid. Glycophospholipid (or
GPI)-linked proteins are synthesized as transmembrane
polypeptides that are co-translationally inserted into the
membrane of the RER.282 While still associated with the
ER, the GPI-linked protein’s ectodomain is proteolyti-
cally removed and transferred to a preassembled struc-
ture composed of a complex glycan tethered to the
membrane through its attachment to a molecule of phos-
pholipid (frequently phosphotidylinositol). Previous
work has shown that in polarized epithelial cells, most
of the GPI-linked proteins reside in the apical plasma-
lemma.230,283 Interestingly, the apical surface also plays
host to most of the cell’s complement of glycolipid.284

Investigators prepared a construct in which the VSV G
ectodomain was wedded to the transmembrane tail of
Thy-1, which carries a signal for glycophospholipida-
tion.285 The resultant GPI-linked G protein is sorted to
the apical membrane. The results of these and related
experiments have generally been interpreted to indicate
that a strong apical sorting signal is embodied in some
component of the GPI linkage itself. The transmembrane
domains of several single-spanning apical membrane
proteins appear to carry information important for apical
targeting. The transmembrane domains of the influenza
virus neuraminidase and HA proteins, for example, are
sufficient to mediate sorting to the apical surface when
they are included in constructs expressed by transfection
in MDCK cells.286 As will be discussed below, the same
mechanisms that are thought to be involved in recogniz-
ing the GPI tail as an apical sorting motif may also inter-
pret signals embedded in transmembrane domains.
Furthermore, transmembrane domain sorting signals
may be important not only in the localization of single
spanning membrane proteins, but may also determine
the distributions of polytopic ion pumps such as the
Na1/K1- and H1/K1-ATPases (see below). It should
also be noted that the extracytoplasmic or ecto domains
of several apical proteins appear to incorporate direc-
tional signals. Roth et al. have shown that the ectodo-
main of the influenza HA protein is sufficient to specify
apical targeting.287 When a cDNA construct encoding an
anchor-minus form of the HA protein, which lacks both
the cytosolic and transmembrane segments, is expressed
in polarized cells it is secreted exclusively into the apical
medium compartment. This is also true well for the poly-
meric immunoglobulin receptor.288 These results suggest

26 1. EPITHELIAL CELL STRUCTURE AND POLARITY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



that a signal involved in apical sorting resides in the
lumenal portion of the HA molecule, and that this signal
remains interpretable when it is presented as a soluble
protein or in association with portions of a basolateral
membrane polypeptide. Finally, N-linked sugar groups,
which are also present on the extracytoplasmic domains
of membrane proteins, can in some circumstances con-
tribute apical sorting information.289 It is logical to con-
clude from this discussion that machinery necessary to
read and interpret this putative ectodomain apical sort-
ing information must be exposed at the lumenal surface
of the organellar compartments involved in the segrega-
tion and targeting of newly synthesized membrane
proteins.

As discussed above in the section on sorting path-
ways, not all of the plasma membrane proteins
expressed by polarized epithelial cells pursue a direct
course to their sites of ultimate functional residence. The
polymeric immunoglobulin receptor (pIgR) for example,
when examined in its native liver241,242,290 or in trans-
fected MDCK cells,249 travels first to the basolateral sur-
face and subsequently to the apical pole. A number of
studies have examined the contributions that various
portions of the pIgR molecule may make to this compli-
cated sorting behavior. Anchor-minus ectodomain con-
structs of the pIgR are secreted apically from transfected
MDCK cells.288 Furthermore, deletion of the pIgR cyto-
solic tail results in a membrane protein that travels
directly to the apical surface without ever appearing at
the basolateral side.291 These observations have led to
the suggestion that the ectodomain of the pIgR receptor
contains an apical sorting signal, and that this protein’s
cytosolic tail embodies information that is required for
its initial appearance at the basolateral plasma mem-
brane. Extensive mutational analysis reveals that a trio of
amino acids in the sequence His, Arg, Val is primarily
responsible for the vectorial targeting of the newly syn-
thesized pIgR protein to the basolateral plasmalemma.
This motif constitutes yet another addition to the grow-
ing collection of distinct amino acid sequences that can
encode basolateral sorting.292,293

During its tenure at the basolateral membrane, the
pIgR’s cytosolic tail becomes phosphorylated on a ser-
ine residue. The phosphorylation event occurs both in
liver243 and in transfected MDCK cells.294 Intriguing
experiments demonstrated that the addition of this
phosphate group acts as a switch that allows the apical
sorting signal to predominate, and results in the pro-
tein’s transcytosis to the apical side. Site directed
mutagenesis has been performed on the cDNA encod-
ing the pIgR in order to convert the serine of interest
into either an alanine or an aspartate residue.294 When
expressed in MDCK cells, the wild-type, as well as the
two mutant forms, are all initially targeted to the baso-
lateral surface, and all three undergo endocytosis and

recycling at similar rates. Interestingly, however, while
the wild-type receptor undergoes fairly rapid transcy-
tosis, the alanine form remains largely associated with
the basolateral plasma membrane. In contrast, the
aspartate form is transcytosed at a rate that exceeds
that characteristic of the non-mutant form. These
observations suggest that the negative charge associ-
ated with the phosphate and aspartate residues per-
mits or activates the incorporation of the pIgR into
transcytotic vesicles, and thus initiates the protein’s
delivery to the apical surface. The mechanism through
which this signal is detected and interpreted remains
unclear.

The recognition and segregation of pIgR destined
for transcytosis probably occurs in an endosome fol-
lowing internalization from the basolateral surface.
The second sorting event involved in the targeting of
the pIgR is thus almost certainly completed at a sub-
cellular location distinct from the TGN. This behavior
suggests that, once again, the sorting of apical from
basolateral proteins need not occur exclusively on the
exocytic pathway. The endosome or an endosome-
related compartment appears competent to sense and
act upon the sorting signals that are necessary for the
pIgR’s apical localization. It remains to be determined
whether signals detected in the endosome correspond
to the same ectodomain-associated information that
mediates the apical secretion of an anchor-minus form
of the pIgR. The segregation of this secretory form to
the apical pathway almost certainly occurs during its
passage through the Golgi, and is not likely to involve
elements of the endocytic apparatus.

Most ion transport proteins and receptors span the
membrane several times, and many are composed of
multiple subunits. Their intricate structures complicate
the search for sorting signals and increase the likeli-
hood that multiple independent or hierarchical signals
might be present. This is clearly the case for the gastric
H,K-ATPase. Acid secretion in the stomach is mediated
by the gastric H1/K1-ATPase. This dimeric ion pump
is stored within an intracellular population of membra-
nous vesicles, known as tubulovesicular elements
(TVEs), in gastric parietal cells. Stimulation of acid
secretion by secretagogues induces the TVEs to fuse
with the parietal cell apical plasma membrane, result-
ing in the formation of deeply invaginated secretory
canaliculi rich in H1/K1-ATPase. The cessation of acid
secretion involves the retrieval of the H1/K1-ATPase
from the cell surface, and the regeneration of the TVE
storage compartment.295 Both the α- and β-subunits of
the H1/K1-ATPase belong to the large P-type ATPase
gene family.296 Their closest cousins in this collection
are the corresponding α- and β-subunits of the Na1/
K1-ATPase. Interestingly, while the H1/K1-ATPase
functions at the apical surface of gastric parietal
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epithelial cells, the Na1/K1-ATPase is restricted in its
distribution to the basolateral plasmalemma, in this and
most other epithelial cell types.297 The homology relat-
ing these ATPases has permitted the creation of chime-
ric ion pumps, whose subunits are composed of
complementary portions of the H1/K1- and Na1/K1-
ATPase α- and β-polypeptides. By expressing these
constructs in cultured polarized epithelial cells it has
been possible to determine the molecular domains of
the ion pump subunit proteins that are responsible for
their sorting. Through this analysis it has become clear
that both the α- and β-subunit polypeptides of the H1/
K1-ATPase contain molecular signals which can con-
tribute to the targeting of the holo-enzyme.298�300

Expression of a large number of progressively more
refined α-subunit chimeras reveals that an eight amino
acid sequence within the α-subunit of the H1/K1-
ATPase is sufficient to specify apical sorting.300 This
domain is predicted to reside within a transmembrane
helix, thus suggesting that protein�lipid or protein�
protein interactions within the plane of the membrane
are responsible for pump sorting.

The β-subunit of the H1/K1-ATPase contains a
tyrosine-based sorting signal that functions to internal-
ize the pump complex from the surface of the gastric
parietal cell, and return it to an intracellular regulated
storage compartment.301 This internalization is respon-
sible for the cessation of gastric acid secretion follow-
ing the removal of secretagogue stimulation. This was
demonstrated by generating a transgenic mouse which
expresses an H1/K1-ATPase β-subunit lacking this
endocytosis signal.301 These animals are unable to re-
internalize H1/K1-ATPase from the apical surfaces of
their gastric parietal cells. Consequently, they produce
elevated gastric acid secretion during the interdigestive
period. Mice carrying the mutant β-subunit develop
gastritis and gastric ulcerations, with histologic fea-
tures that are essentially identical to those found in
human disease. Examination of renal potassium clear-
ance in these animals reveals that the same β-subunit
sorting signal regulates active potassium resorption in
the collecting tubule.302

Several studies have begun to define other signals
employed in the polarized sorting of polytopic mem-
brane proteins. Recently, for example, a novel motif
has been identified in the cytoplasmic tail of the seven-
membrane-span receptor rhodopsin that mediates this
protein’s apical sorting when it is expressed in MDCK
cells.303 Another member of the seven transmembrane
G protein-coupled receptor family, the P2Y2 receptor,
manifests an apical sorting signal in one of its extracel-
lular loops.304 Furthermore, studies of neurotransmit-
ter re-uptake systems have demonstrated that the four
members of the highly homologous GABA transporter
gene family are differentially sorted in epithelial cells

and in neurons.305,306 The GAT-1 and GAT-3 isoforms,
which are restricted to axons when expressed endoge-
nously or by transfection in neurons, are sorted to the
apical membranes of epithelial cells. The GAT-2 and
betaine transporters, which are 50�67% identical to
GAT-1 and GAT-3, behave as basolateral proteins in
epithelia, and are restricted to dendrites when
expressed in neurons. Production of chimeric and dele-
tion constructs have permitted the identification of
very short amino acid sequences at the extreme C-ter-
minal tails of these transporters which manifest target-
ing information. The nature of these sequences
suggests that they may interact with polypeptides con-
taining PDZ-type protein�protein interaction domains,
raising the possibility that this association may play a
direct role in the sorting of ion transport proteins.307

A similar PDZ-dependent mechanism also appears to
mediate the apical trafficking of CFTR.308�311 The
basolateral isoform of the Na,K,2Cl co-transporter,
NKCC1, has recently been shown to be targeted to the
basolateral surface by virtue of a di-leucine motif in its
cytoplasmic C-terminal tail. The renal isoform of this
protein, NKCC2, depends for its apical localization on
a two non-contiguous stretch of amino acids that
appear to collaborate to form a conformation-depen-
dent signal in the context of the fully folded transpor-
ter’s C-terminal domain. The mechanism through
which this non-contiguous conformational determinant
is recognized by the cellular sorting machinery has yet
to be determined.312

Cell Type-Specific Sorting: Patterns

The message encoded within a membrane protein’s
sorting signal is dependent not only upon its own spe-
cific biochemical composition, but also upon the cellu-
lar context in which it is expressed. Several examples
of membrane proteins that are differentially targeted
in distinct epithelial cell types have been documented.
The vacuolar H1-ATPase, for example, accumulates at
the apical surfaces of α-type intercalated cells, but at
the basolateral plasmalemmas of β-type intercalated
cells in the renal collecting duct.313 Similarly, the Na1/
K1-ATPase is basolateral in most epithelia, but
behaves as an apical protein in cells derived from the
neural crest, such as choroid plexus and retinal pig-
ment epithelium.314,315 Targeting of particular proteins
or classes of proteins can also vary as a function of the
differentiation states of epithelial cells. For example,
the sorting of well-characterized polarity markers
expressed in Drosophila via germ line transformation
was followed in the developing Drosophila embryo.
Human placental alkaline phosphatase (PLAP) is a gly-
cosylphosphatidyl inositol (GPI)-linked protein that
accumulates at the apical membranes of mammalian
epithelial cells. A chimeric construct composed of the
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transmembrane and cytosolic portions of the vesicular
stomatitis virus (VSV) G protein coupled to the ectodo-
main of PLAP has been found to behave as a basolat-
eral protein when expressed in the MDCK cell
system.285 The subcellular distributions of these pro-
teins were examined in the epithelial tissues of trans-
genic Drosophila embryos which expressed these
proteins under the control of a heat shock promoter.316

In the surface ectoderm both PLAP and PLAPG were
restricted to the basolateral membranes throughout
development. Internal epithelia derived from the
surface ectoderm accumulated PLAP at their apical
surfaces, while PLAPG retained its basolateral distri-
bution. The redistribution of PLAP from the basolat-
eral to the apical plasma membrane was found to be
coincident with the invagination of the surface epithe-
lium to form internal structures, suggesting that the
sorting pathways which function in the epithelium of
the Drosophila embryo are developmentally regulated.

In light of both the multiplicity of sorting signals
presented in the preceding section, and the apparent
potential for heterogeneity in their interpretation dis-
cussed above, it is natural to wonder whether any
logic or consistency governs nature’s solution to the
deceptively simple problem of apportioning proteins
among two separate membrane domains. Upon further
reflection, however, the complexity and degeneracy of
the “sorting code” can be seen as a tremendous virtue.
Two different epithelial cell types may need to target a
given membrane protein to opposite surfaces of their
respective plasma membranes in order to fulfill their
unique physiologic functions. These same functions
may also require, however, that other membrane pro-
teins occupy the same surface distributions in both cel-
lular contexts. Thus, while the sodium pump occupies
the apical membranes of the cells of the choroid plexus
and the basolateral membranes of renal epithelial cells,
receptors for basement membrane components are
present at the basolateral surfaces of both cell types. If
only a single class of basolateral sorting signal and a
single class of apical sorting signal existed, then it
would not be possible for a cell to selectively alter the
distribution of one set of plasmalemmal proteins, with-
out simultaneously altering the distributions of the
entire population of the plasma membrane. In order to
target the sodium pump to the apical surface, choroid
plexus epithelial cells would be forced to target base-
ment membrane receptors there as well. This would
obviously constitute a wasteful compromise. In order
to endow each epithelial cell type with the capacity to
select individualized complements of proteins for its
apical and basolateral domains, a dizzying multitude
of sorting signals has evolved. Cells can thus custo-
mize the distributions of proteins among their plasma-
lemmal domains, without the constraints that would

be imposed by a limited number of sorting signals.
According to this interpretation, sorting signals do not
specify a specific destination such as apical or basolat-
eral. Instead, they specify classes of proteins whose
members are always sorted together. The membrane
domain to which any one of these classes is sorted will
depend upon the cellular context in which it is
expressed, and will be determined by the idiosyncratic
array of sorting machinery and pathways present in
each individual epithelial cell type.

Sorting: Mechanisms

Extensive progress has been made in illuminating
the mechanisms through which the sorting signals dis-
cussed above exert their effects and ensure the polar-
ized delivery of newly synthesized plasma membrane
proteins. The strong evidence for the existence of sort-
ing signals leads quite naturally to the postulate that
sorting receptors must exist that are capable both of
recognizing these signals, and of transducing their
messages to the relevant cellular machinery. Such
receptors have, in fact, been demonstrated in the case
of lysosomal enzyme sorting. Targeting of a newly
synthesized hydrolase to the lysosome is mediated
by the interaction between the enzyme’s mannose-6-
phosphate (man-6-p) recognition marker, and one of
two receptors which bind man-6-p bearing ligands in
the Golgi and mediate their segregation to pre-lyso-
somal endosomes.317 Binding of newly synthesized
lysosomal enzymes to the man-6-p receptors is pH-
dependent. At the relatively neutral pH of the Golgi
ligands are tightly bound, whereas in the acid environ-
ment of the pre-lysosomal endosome they are rapidly
released. No such well-characterized receptor systems
have yet emerged to explain the sorting behavior of
secretory and membrane proteins in polarized cells.
While sorting receptors for secretory proteins remain
to be identified definitively, some progress has been
made in understanding how such receptors might
function. Lysosomotropic amines, such as NH4Cl and
chloroquine, elevate the lumenal pH of acidic orga-
nelles.318 The resulting neutralization of acidic com-
partments can have profound effects on sorting. In the
case of lysosomal enzyme targeting, addition of NH4Cl
raises the pH of the pre-lysosomal endosome, and thus
prevents the acid-dependent unbinding of newly syn-
thesized hydrolases from the man-6-p receptor.317 In
the continued presence of the drug, the Golgi becomes
depleted of receptors available to complex with free
ligand. Newly synthesized enzymes bearing the man-
6-p recognition marker are thus secreted constitutively
and by default. Experiments on cultured polarized epi-
thelial cells suggest that a similar pH-dependent mech-
anism may function in the sorting of basolateral
secretory proteins.176
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Laminin and heparan sulfate proteoglycan are con-
stituents of epithelial basement membranes.130,319

Studies of MDCK cells grown on permeable filter sup-
ports revealed that both of these proteins are normally
secreted predominantly into the basolateral medium
compartment.176 When secretion from cells treated
with NH4Cl was monitored, it was found that both
proteins were released into both media compartments
in roughly equal proportions. Removal of the drug
reversed this effect and restored normal basolateral
secretion. As mentioned above, studies have demon-
strated that the secretory default pathway for MDCK
cells � that is the route pursued by soluble proteins
which lack any means of interacting with the cellular
sorting machinery � is apical and basolateral.176,261,320

It appears, therefore, that targeting of these two baso-
lateral secretory proteins requires the participation of
an intracellular acidic compartment. Elevation of the
lumenal pH of this compartment reversibly blocks
laminin and HSPG sorting, and results in their apical
and basolateral default secretion.

Although the nature of the dependence of this
sorting event on acidic compartments remains unknown,
it is interesting to speculate that a mechanism similar to
that which functions in lysosomal enzyme sorting may
also be involved in routing basolateral secretory proteins.
In such a model, binding or unbinding of laminin and
HSPG from a sorting receptor would require the partici-
pation of an acidic organellar pH. Confirmation of this
hypothesis will await the identification of such a pH-
dependent binding protein with affinity for these and
other basolaterally targeted proteins.321 Finally, it is
worth noting that the basolateral sorting of the Na1/K1-
ATPase, and the apical sorting of the influenza HA pro-
tein and a complex of secretory polypeptides, occurs nor-
mally in the presence and absence of NH4C1.

175,176,322 It
would appear, therefore, that different mechanisms are
brought to bear in ushering different classes of proteins
to their sites of ultimate functional residence.

Tyrosine-Based Motifs and Adaptors

Recent studies suggest that several different classes
of soluble proteins may regulate the subcellular distri-
butions of proteins bearing tyrosine-based signals.
Perhaps the best understood of these are the adap-
tins.323 The adaptins comprise a group of peripheral
membrane proteins that mediate the interaction
between transmembrane proteins and the clathrin ske-
letons of coated pits and vesicles. Adaptins recognize
and bind to tyrosine-containing coated pit localization
sequences and link the proteins bearing these motifs to
the clathrin coat.323�327 Adaptins can thus be consid-
ered to be among the most proximal elements of the
endocytic sorting machinery � they recognize polypep-
tides endowed with endocytosis signals and ensure

that they are incorporated into the specified internaliza-
tion pathway. Distinct classes of adaptins function in
the segregation of proteins into the coated structures
associated with the trans-Golgi network, and into cell
surface coated pits.230 While AP2 adaptors mediate
internalization of proteins from the cell surface, AP1
adaptor complexes participate in trafficking proteins
out of the TGN. The μ-subunits of adaptor complexes
appear to be responsible for interacting with tyrosine-
based motifs.325 Two isoforms of μ-subunits are found
in AP1 complexes. The μ1a protein is ubiquitously
expressed, and is found in both polarized and non-
polar cell types. The μ1b protein is instead found in
only a subset of polarized cell types.328 Proteins bearing
tyrosine-based motifs are basolaterally sorted in MDCK
cells, but accumulate apically in LLC-PK cells.329 It was
noted that MDCK cells express μ1b, whereas this pro-
tein is absent from LLC-PK cells. Remarkably, expres-
sion of μ1b in LLC-PK cells at least partially
“normalizes” their sorting properties, so that many (but
not all) membrane proteins containing tyrosine-based
signals are directed to the basolateral surface.330 Thus,
μ1b constitutes perhaps the best characterized compo-
nent of the sorting machinery. It is clearly capable of
recognizing a class of sorting signals and acting upon
the instructions that they convey. Consistent with the
idea that clathrin adaptors play an important role in the
sorting of at least some basolateral proteins, it has been
demonstrated that knockdown of clathrin expression in
cultured renal epithelial cells perturbs basolateral, but
not apical, protein delivery.331

It is interesting to note that recent studies demon-
strate that different proteins bind to and interpret the
messages encoded by tyrosine-based and di-leucine
endocytosis motifs. Overexpression of tyrosine-motif
containing proteins can inhibit the endocytosis of other
proteins carrying a similar endocytosis signal, presum-
ably by competing for limited quantities of the adaptor
proteins that cluster proteins bearing these signals into
clathrin-coated pits. This intervention does not affect,
however, the internalization of proteins endowed with
di-leucine motifs, indicating that they must be recog-
nized and interpreted by a different class of polypep-
tides.332 It appears that the β-subunits of adaptor
complexes interact with di-leucine motifs.333 Finally, a
very different type of protein has been shown to inter-
act with a tyrosine-based proline-rich sequence in the
C-terminal tails of epithelial sodium channel (ENaC)
subunits. The Nedd-4 protein possesses a ubiquitin
ligase domain, and through its interaction with the
ENaC tails may lead to these channels’ downregula-
tion through degradation.334

The association of basolateral membrane proteins,
such as the Na1/K1-ATPase with elements of the sub-
cortical cytoskeleton,112,119 has led to the speculation
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that this interaction may play a role in targeting.
Evidence in support of this proposition was found in
the studies, described above, which suggested that, at
least in one MDCK cell clone, the Na1/K1-ATPase
may be delivered in equal proportions to the apical
and basolateral surface.237 Apically delivered material
may be rapidly degraded, whereas basolateral sodium
pump would be stabilized through interaction with the
cytoskeleton and consequently would turn over very
slowly. The pump’s polarized distribution would thus
be the product of differential susceptibility to degrada-
tion, rather than sorting at the level of the Golgi. The
degree to which stabilization through interaction with
the cytoskeleton contributes to the polarized distribu-
tion of the sodium pump or any other proteins
remains to be established.

Glycosphingolipid-Rich Membrane Domains

The observation that all of the glycolipids and GPI-
linked proteins associated with epithelial cells tend to be
found in the apical plasmalemmal domain led to the pro-
posal that lipids may play a role in membrane protein
sorting.335 Since glycolipids and GPI-linked proteins are
only associated with the outer leaflet of the plasma mem-
brane, these molecules will be exposed at the lumenal
face of the organelles of the biosynthetic pathway. Any
sorting machinery that interacts with glycolipids, there-
fore, must do so either at the lumenal surface or within
the plane of the membrane itself. These constraints have
suggested to some investigators the possibility that
lipid�lipid interactions are sufficient to segregate api-
cally directed glycolipids and GPI-linked proteins into
distinct patches during their residence in the Golgi.
These self-assembled patches could then serve as the
nuclei from which apically directed vesicles would bud.
The biophysical properties of these patches might be
involved in ensnaring other apically directed proteins, as
well as the components necessary to appropriately target
the resultant transit vesicle.336 While evidence of lipid
patches exists in both in vitro and in vivo systems,284,337

their precise role in the sorting process remains to be elu-
cidated. Independent of its applicability, however, this
model is extremely interesting. It is a useful reminder
that forces other than simple receptor�ligand interac-
tions are likely to be involved in generating and main-
taining the anisotropic protein distributions that define
the polarized state.

As noted above, several proteins are targeted to the
apical membrane by virtue of signals embedded within
their transmembrane domains. The fact that the amino
acid residues of a transmembrane domain may be in
direct contact with lipid molecules suggests the possi-
bility that they may mediate apical sorting through
interactions with glycosphingolipid-rich membrane
domains. According to this hypothesis, the composition

of its transmembrane domain may permit a protein to
partition into glycosphingolipid rich patches, and thus
to become concentrated in a region of the membrane
that will give rise to an apically directed transport vesi-
cle. GPI-linked proteins which have become associated
with glycosphingolipid-rich membrane domains are
insoluble in 1% TritonX-100 at 4�C. When a cell lysate
prepared in this fashion is fractionated on a sucrose
gradient, insoluble proteins are found near the top of
the gradient, whereas soluble proteins remain in the
heavier fractions.337 Interestingly, the transmembrane
domain of the apical protein influenza neuraminidase
carries apical sorting information, and also enables the
protein to incorporate into insoluble material.

PDZ Domain-containing Proteins

As discussed above, the C-terminus of GABA trans-
porter GAT-3 appears to be important for its apical
localization in MDCK cells.307 The final residues of this
C-terminal tail, threonine, histidine, and phenylalanine
(THF), are reminiscent of the sequences present at the
extreme C-terminal tails of proteins known to associate
with members of the membrane-associated guanylate
kinase (MAGUK) family. The MAGUK proteins incor-
porate one or more copies of the PDZ domain, which
is named for three of the proteins in which the
sequence homology defining this protein�protein
interaction motif were first identified; PSD-95/SAP90,
Dlg, and ZO-1. Interactions between the PDZ domain
of a MAGUK protein and the extreme cytoplasmic tail
of an integral membrane polypeptide appear to be
important in organizing the surface distributions of
intrinsic membrane proteins.338,339

Observations obtained from a number of experi-
mental systems provide further evidence for the
involvement of PDZ domain-containing polypeptides
in epithelial membrane protein sorting.340 The LET-23
receptor tyrosine kinase is localized to the basolateral
cell surfaces of vulvar epithelial cells in C. elegans.
Genetic studies reveal that at least three proteins con-
tribute to the generation or maintenance of this distri-
bution. Mutation of the lin2, lin7 or lin10 genes leads
to loss of LET-23 basolateral polarity. Each of the pro-
teins encoded by these genes includes one or more
PDZ domains. A mutation in the Drosophila discs lost
protein, which contains multiple PDZ domains, also
leads to the mis-localization of several apical and baso-
lateral proteins in the epithelial structures of affected
embryos.341 It would appear, therefore, that PDZ
domain-containing proteins may play a direct role in
the polarized sorting of at least some membrane pro-
teins or may be required for the generation or defini-
tion of polarized domains. These observations may be
especially relevant to physiologic function of polarized
renal epithelial cells, since a number of important ion
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transport proteins, including CFTR and NHE3, appear
to interact with cytoplasmic proteins containing PDZ
domains.342�344 It seems likely that these interactions
may play a role in establishing these proteins distribu-
tions, and hence in determining their capacity to par-
ticipate in vectorial ion transport.

Finally, it is important to note that once proteins
have been sorted into the vesicles that will carry them
to the appropriate cell surface domain, these vesicles
themselves need to be targeted appropriately.
Presumably, the vesicular membranes include proteins
that ensure that the vesicles will interact and fuse with
only the proper domain of the epithelial plasmalemma.
This recognition machinery is likely to include compo-
nents of the membrane fusion machinery, such as
vesicular SNARE (soluble NSF attachment receptor)
proteins.345 SNARE proteins present in both vesicular
and target membranes form complexes that appear to
be necessary for most normal cellular fusion processes.
The extent to which different members of the SNARE
family impart specificity to intracellular vesicular fusion
events remains to be established.346�348 Interestingly,
however, a component of the machinery involved
in vesicular targeting in yeast was identified in mamma-
lian cells.349 This Sec 6/8 “exocyst” complex appears to
play a role specifically in the fusion of basolaterally-
directed, but not apically-directed, post-Golgi car-
rier vesicles in epithelial cells.350 It is likely that the
number of “destination-specific” vesicular and plasma
membrane proteins important for directing vesicular
traffic in polarized cells will continue to grow.

Epithelial Cell Polarity and Renal Disease

Because kidney function is dependent on the polar-
ity of tubular epithelial cells, any condition that com-
promises this polarity will lead to renal failure.351,352

In general, this may occur through neoplastic pro-
cesses, cell injury due to ischemia or nephrotoxicity, or
through inherited genetic effects.179,351 Each of these
may affect the tubular epithelial cells, their surround-
ing environment including the basal lamina and inter-
stitial compartment, or both.

Carcinogenesis

During neoplastic growth it can be appreciated on
the basis of morphology alone that the changes in cell
and tissue organization wrought by tumorigenesis are
likely to affect cell polarity.179 Model studies confirm
this suspicion. When MDCK cells, which are not nor-
mally tumorigenic, are oncogenically transformed by
introduction of the v-Ki-ras oncogene, they are con-
verted from a simple epithelium to a multilayer, with
great heterogeneity in overall cell morphology.179

Ultrastructural examination of these cells suggests
that apical�basal polarity is severely compromised.
Microvilli are diminished from the cells at the top
layer, and organization of the cytoplasm is scrambled.
Golgi complexes and centrosomes, which normally
reside in an apical supranuclear location, are now ran-
domly positioned.179 Despite this apparent high degree
of disorganization, immunocytochemical localization
of specific antigens and physiological measurements
suggests that polarity is not totally disrupted.
Basolateral proteins, including Na1/K1-ATPase and
the cell-adhesion molecule E-cadherin, are restricted to
regions of cell�cell contact, as in normal polarized
MDCK cells. Apical proteins, on the other hand, are
randomly localized to the free surface of the multi-
layered epithelia, as well as to areas of cell�cell con-
tact in cells throughout the multilayer. The tight
junctional antigen ZO-1 is found typically at the point
where the free and adherent surfaces of the uppermost
cell layer meet, as well as at a number of sites within
the multilayer.179 The latter may be intercellular
lumina or canaliculi connected to the upper surface.
This localization probably reflects the presence of func-
tional tight junctions, because the multilayer is both
electrically tight and impermeant to inulin.

It is interesting to note that recent studies demon-
strate that proteins encoded by tumor suppressor
genes may function as key regulators of polarity.
Mutations in the von Hippel�Lindau tumor suppres-
sor gene can lead to renal cell carcinoma. While the
primary function of the von Hippel�Lindau gene
product (VHL) relates to the negative regulation of the
activity of the hypoxia inducible factor (HIF) transcrip-
tion factor, the VHL protein also appears to participate
in the formation or stabilization of intercellular adhe-
sive junctions.353 Mutations in the gene encoding the
LKB1 protein kinase are responsible for Peutz�Jaeger
syndrome, an inherited form of tumor susceptibility
associated with the development of numerous hamar-
tomas. Epithelial cells expressing LKB1 that is constitu-
tively activated are able to form polarized domains in
the absence of cell�cell and cell�substratum contact.354

Thus, proteins that participate in epithelial polarization
may function as tumor suppressors by virtue of their
capacity to control the growth and morphogenesis of
the cells in which they are expressed.

Ischemic Injury

Other alterations in cell polarity may come about
through the effect of renal ischemia on the tubular
epithelium.355�358 Ischemic episodes of less than
1 hour often do not lead to tubular necrosis but may,
nevertheless, cause diminished sodium and water
uptake by the proximal tubule.359 Such brief ischemia
compromises the polarity of tubular cells, resulting in
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the redistribution of a fraction of the Na1/K1-ATPase
from the basolateral domain to the apical domain, pre-
venting net sodium uptake by the tubule.359,360 At the
same time, leucine aminopeptidase moves from the
apical to the basolateral domain, and also becomes
intracellular, presumably through endocytosis. At later
times, Na1/K1-ATPase and leucine aminopeptidase
are randomly distributed on the plasma membrane of
tubular epithelial cells, remaining attached to the base-
ment membrane or exfoliated into the lumenal space.
The mechanism leading to this loss of polarity is not
known. It is possible that ischemia, which is known to
affect mitochondria and other organelles and to possi-
bly alter the permeability of the plasma membrane,
may result in increased cytoplasmic calcium concentra-
tions.355,358 This, in turn, could disrupt elements of the
cytoskeleton, perhaps affecting the maintenance of
polarity. These may represent disruption or perturba-
tion of the cortical actin cytoskeleton. In fact, in vitro
studies with renal epithelial cell lines demonstrate that
ATP depletion causes disassembly of the cytoskeleton
and redistribution of actin from its normal locations in
the cell cortex, terminal web, and microvilli to perinuc-
lear cytoplasmic aggregates.361,362 In addition, energy
depletion can lead to the endocytic internalization and
proteolytic cleavage of cell adhesion molecules such as
E-cadherin.363,364 Such alterations might affect trans-
duction of spatial signals from the extracellular matrix
to the polarization machinery along the lines previ-
ously discussed.

During reperfusion following renal ischemia, tubular
epithelial cells detach from the basement membrane
and accumulate in the lumen. It has been postulated
that ischemia-induced depolarization of integrins from
basal to apical domains of the plasma membrane contri-
butes not only to cell detachment, but also to cell aggre-
gation and tubular obstruction. According to this
hypothesis, at early times post-ischemia, redistribution
of integrins would loosen attachment of cells from the
basal lamina, allowing some of them to detach.365�367

Released cells would then aggregate and adhere to
remaining tubular epithelial cells via their integrins.
These would either bind directly to each other by
homotypic interactions or associate through bridging
matrix molecules. Collections of such aggregates would
obstruct the tubules, causing oliguria and destruction
of renal tissue.365�367 In support of this hypothesis,
integrins were observed to redistribute apically in oxi-
datively injured epithelial cell lines.365 Even more com-
pelling was the observation that infusion of RGD
peptides, which block some integrin�matrix interac-
tions, appeared to ameliorate the effects of ischemia-
induced by clamping of the renal artery.367,368 More
recent in vivo findings utilizing a rat model of renal
ischemia do not, however, support this hypothesis, at

least with regard to β1 integrins.156 Soon after reper-
fusion, β1 integrins redistributed from a strictly basal
to basolateral location in cells of the S3 segment of
the proximal tubule, but did not appear on the apical
plasma membrane at this time.156 Surprisingly, β1
integrins could not be detected by immunofluores-
cence in cells released from the basal lamina into the
tubular lumen, precluding the possibility that they
were mediating either cell aggregation or attachment
of exfoliated cells to the residual tubular epithelium.
Apical β1 integrins only appeared at later times post-
ischemia, as cells lost polarity in the process of
regeneration.156

Genetic Diseases of Proximal Tubule Apical
Endocytosis: Dent’s Disease and the Oculo Cerebral
Renal Syndrome of Lowe

It is interesting to note that at least two genetic dis-
eases with overlapping constellations of symptoms lead
to perturbations of the proximal tubule’s megalin-medi-
ated scavenging activity that normally prevents the uri-
nary loss of low molecular weight filtered proteins.
Dent’s disease is caused by inactivating mutations in
the gene encoding the ClC5 protein, which functions as
a chloride:proton exchanger in the membranes of proxi-
mal tubule epithelial cell endosomes.369,370 ClC5 activ-
ity leads to the accumulation of chloride ions in these
endosomes, which appears to be required for steps in
the internalization or recycling of the proximal tubule
endocytic machinery. The Oculo Cerebral Renal
Syndrome of Lowe is caused by mutations in an inositol
lipid phosphatase that participates in controlling the
inventory of inositol phospholipids in subcellular mem-
branes.371 These inositol phospholipids help to establish
the compartmental identity of subcellular membranes,
and to facilitate the assembly of trafficking machinery
on their cytosolic surfaces. While the precise mechan-
isms through which intra-endosomal chloride concen-
trations and intramembranous inositol phospholipid
levels participate in the process of megalin endocytosis
remain to be elucidated, it is clear that both of these
parameters collaborate in generating or maintaining the
proximal tubule epithelial cell’s unusual active apical
endocytic machinery.

Polycystic Kidney Disease

The progressive formation of renal cysts, which char-
acterizes autosomal dominant polycystic kidney disease
(ADPKD), has also been suggested to occur as a result of
polarity defects. ADPKD is the most common potentially
lethal dominant genetic human disease. Approximately
85% of all cases are linked to mutations in the PKDl
gene, with another 10% linked to PKD2.108,372 While the
specific functions of the proteins encoded by these genes
are the focus of intense study, the behavior of cyst
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epithelial cells in situ and in culture is consistent with a
role for the PKD proteins in directing epithelial differen-
tiation. Whereas renal tubular epithelial cells normally
mediate fluid and electrolyte absorption, cyst epithelial
cells carry out net secretion.373,374 It has been suggested
that the proximal cause of renal cyst formation in
polycystic kidney disease may be the mis-targeting of
Na1/K1-ATPase to the apical plasmalemma.

According to this model, the presence of sodium
pump at the apical surface leads to active apical ion
secretion and the accumulation of lumenal cyst
fluid.375,376 Other studies suggest that mis-localization of
Na1/K1-ATPase cannot be the primary driving force for
cyst fluid accumulation. When examined in cyst cells in
culture or in situ, the Na1/K1-ATPase was found to be
exclusively basolateral.377 Instead, the secretion appears
to be driven by intracellular chloride accumulation via a
basolateral Na1/K/12Cl2 co-transporter and apical chlo-
ride exit through the CFTR protein.377 A similar mecha-
nism is responsible for fluid secretion by the poorly
differentiated epithelial cells lining the crypts of the small
intestine. As these crypt cells migrate up the intestinal vil-
lus they mature functionally, metamorphosing from
secretory into resorptive epithelial cells.378 It has been
suggested that the secretory phenotype is characteristic
of immature epithelial cells, while more highly devel-
oped epithelial cells acquire the capacity to absorb fluid
and electrolytes.379 The physiologic similarities relating
cyst and crypt epithelial cells has prompted the hypothe-
sis that loss of appropriate PKD function results in the
dedifferentiation of mature resorptive renal tubular epi-
thelial cells into more primitive secretory cells. The pre-
cise mechanisms through the PKDl and PKD2 mutations
produce the dramatic pathology associated with
ADPKD, and the potential role of epithelial differentia-
tion and sorting pathways, remain to be determined.
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INTRODUCTION

Ion transport by cell membranes serves two important
purposes in pluricellular organisms, the maintenance of
the volume and composition of the intracellular fluid,
and the preservation and regulation of the volume and
composition of the extracellular fluid. The first process
involves fluxes between the cell interior and its sur-
rounding medium (“homocellular” transport91), whereas
the second one occurs because of transport across epithe-
lial and endothelial cell layers (transcellular or “hetero-
cellular” transport91). In addition, ion transport across
intracellular membranes, which surround the nucleus
and cytoplasmic organelles, is essential to generate and
maintain ion concentration gradients between those
organelles and the cytosol.

Needless to say, the narrowly regulated volume and
ionic composition � inorganic cations (Na1, K1, H1,
Ca21, Mg21) and anions (Cl2, phosphate, bicarbonate) �
of the intracellular fluid is essential for cell survival, and
for the cell’s normal functions. A similar argument can
be made for the extracellular fluid compartments, that
is, whole body balances of water and the ions listed
above are essential for the survival, growth, and devel-
opment of the organism.

Our main focus in this chapter will be on the molec-
ular mechanisms of ion transport by the plasma mem-
branes of cells. The cell membrane is a phospholipid
bilayer doped with abundant proteins. This structure
is both a barrier between the cytoplasm and the extra-
cellular fluid, and the pathway for ion and water trans-
port between the two compartments. For most ions,
the lipid bilayer is the barrier and membrane transport
proteins are the pathway for these fluxes.

The Cell Interior and Extracellular Fluid Have
Different Ionic Compositions

A crucial property of living cells is their capacity to
maintain an internal (intracellular or cytosolic) compo-
sition different from that of the surrounding (extracel-
lular) medium. As with all other ionic solutions, the
cytosol and the extracellular fluid obey the principle of
macroscopic (or bulk) electroneutrality, that is, the
sum of cationic and anionic charges are the same in
each compartment. As discussed below, there is a
microscopic deviation from this principle at the mem-
brane surfaces when there is a difference in electrical
potential across the membrane, but the actual differ-
ences between anion and cation concentrations are
extremely small.

The maintenance of ionic asymmetry between intra-
cellular and extracellular compartments is based on
the existence of the cell membrane (or plasma mem-
brane), which separates the cell interior from its sur-
roundings. As shown schematically in Figure 2.1, the
membrane is a phospholipid bilayer, with high protein
content. Membrane proteins can span the phospholipid
bilayer (integral proteins, some of which span the
membrane and are known as transmembrane proteins)
or can be associated with the membrane surface
(peripheral proteins). Transmembrane proteins per-
form many functions, including translocation of ions,
nonelectrolytes, and water across the membrane (trans-
port function, the main theme of this chapter); sensing
and early transduction of extracellular events (signal-
ing function); attachment to components of the cyto-
skeleton, the extracellular matrix or adjacent cells
(adhesion function).
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Two properties of the cell membrane are needed to
generate and maintain the intracellular ion composi-
tion essential for life: the barrier function and the
transport function. This distinction is didactically con-
venient, although both functions are clearly linked. By
the barrier function, the cell membrane prevents the
flux of certain molecules; by the transport function, it
translocates certain molecules. These two functions
bring about a steady-state in which cell volume and
composition are kept constant and appropriate for cell
survival. Relative to the extracellular fluid, some sub-
stances are maintained at high concentrations (e.g., K1

and ATP), whereas others are maintained at low con-
centrations (e.g., Ca21 and Cl2) inside the cell.

The cell interior is not homogeneous, but is rather a
complex medium including a highly structured cyto-
plasm (cytosol and cytoskeleton) and numerous orga-
nelles. The latter are separated from the cytosol by
their membranes. Exchanges between each organelle
and the cytosol occur by mechanisms similar to those
present in the plasma membrane. In this chapter, we
will not address organelle membrane function.

The Plasma Membrane: Structure Related to
Function

The plasma membrane, which is 3�8 nm thick, is
largely formed by phospholipids, organized in a
bilayer, and proteins. The main phospholipids are
phosphatidylcholine and phosphatidylethanolamine,
with lower levels of phosphatidylinositol, phosphati-
dylserine, and phosphatidylglycerol, and sterols (cho-
lesterol, ergosterol, zymosterol).6,63 The precise
proportions vary among cells. Hydrophobic or amphi-
pathic proteins are essential components of biological
membranes. In most membranes, the w/w protein:
lipid ratio is ca. 1, and therefore a membrane protein
of ca. 40 kDa is surrounded by 50�55 lipid molecules.

Experimental work during the last two or three dec-
ades has ruled out the “fluid-mosaic” (Singer and
Nicolson) model of membrane structure.95,96 In this
model, biological membranes are considered two-
dimensional viscous phospholipid bilayers in which
integral membrane proteins are randomly distributed
and free to rotate and diffuse laterally. A main objec-
tion is the demonstration of asymmetry in the lipid
composition of the membrane.71 The current view is
that the plasma membrane is a highly-organized and
asymmetric structure composed of lipids and pro-
teins.30 There are lateral differences in lipid composi-
tion within a monolayer; sphingolipids, sterols, and
phosphatidylcholine predominate on the extracellular
leaflet, whereas the cytoplasmic leaflet is enriched in
phosphatidylinositol, phosphatidylethanolamine, phos-
phatidylserine, and phosphatidic acid, which results in
a negative charge that facilitates binding of peripheral
and transmembrane proteins.71 In addition, many
membrane proteins cluster with others in microdo-
mains, in which the lipid composition may differ from
that of the bulk bilayer. These clusters are maintained
by intramembrane lipid�lipid, protein�protein, and
protein�lipid interactions, as well as interactions with
intracellular molecules (cytoskeletal proteins) and
extracellular components (extracellular matrix proteins
and membrane proteins of adjacent cells). It is clear
that the two monolayers also differ in composition.
Lipid rafts are microdomains in the submicron range
in which cholesterol and sphingolipids are enriched in
the external leaflet, and cholesterol and phospholipids
with saturated fatty acids in the internal leaflet of the
plasma membrane. The surrounding bilayer is abun-
dant in unsaturated fatty acids and contains more fluid
than that in the raft.59 Lipid rafts exclude certain pro-
teins and organize others in specific oligomeric struc-
tures.94 Rapid changes in composition and location in
the membrane are essential for the role that lipid rafts
play in signaling processes (e.g., receptor tyrosine
kinases).

Phospholipid

Cholesterol

Integral
protein

Peripheral
protein

Cytoskeleton
filament

Glycoprotein

Glycolipid

FIGURE 2.1 Structure of the plasma membrane. This two-
dimensional representation of the plasma membrane is based on the
fluid-mosaic model95,96 modified according to recent observa-
tions.30,59,71,94,112 The membrane is a lipid bilayer that contains inte-
gral and peripheral membrane proteins. The bilayer is largely made
of phospholipids that have polar heads and hydrophobic tails.
The hydrophobic tails face each other, while the polar head groups
face the adjacent aqueous solutions (extracellular fluid and cytosol).
In addition, the membrane contains glycolipids and cholesterol. The
phospholipid compositions of the two leaflets differ; e.g., phosphati-
dyl inositol is more abundant in the inner leaflet. Additionally, cer-
tain areas of the membrane form lipid rafts (see text). A small fraction
of the membrane surface area is occupied by either strongly-bound
proteins (integral membrane proteins), some crossing the membrane
one or more times (transmembrane proteins) or loosely attached
(peripheral) membrane proteins. Membrane proteins can be glycosy-
lated or have other post-translational modifications (not shown).
Some membrane proteins are attached to components of the cytoskel-
eton or the exoskeleton, directly or via other proteins. Integral mem-
brane proteins can associate forming oligomers, as well as
macromolecular complexes.
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Phospholipids in the plasma membrane are not just a
barrier and a “solvent” for membrane proteins, but play
important roles in signaling processes. Inositol-1,4,5-
triphosphate, diacylglycerol, and phosphatidylinositol-
3,4,5-triphosphate (derived from phosphatidylinositol)
are good examples.9,72,73 Phosphatidylinositol 4,5-bispho-
sphate (PIP2) exerts regulatory effects on a number of
ion channels and other transport proteins. Its effects can
be stimulatory or inhibitory and appear to require
PIP2 binding.49,102 Other signaling molecules originating
from plasma membrane phospholipids are arachidonic
and docosahexaenoic acids, which are generated from
phosphatidylethanolamine, phosphatidylcholine, and
phosphatidylinositol by the action of phospholipase A2.
Certainly, being a dielectric is not the only function of the
phospholipid moiety of the cell membrane.

This new notion of the structure of the plasma mem-
brane112 is based on results of biophysical studies,
including fluorescence recovery after photo-bleaching,
single-particle tracking techniques, optical trapping by
laser tweezers, and fluorescence correlation spectros-
copy. These methods, applied to cell membranes, have
yielded quantitative dynamic information on the distri-
bution, mobility, and compartmentalization of
membrane proteins.112 Biochemical, molecular, and
physiological studies indicate that membrane transport
proteins are not randomly distributed, but that they
undergo homo- and hetero-associations,59 and that these
associations may have functional significance. A case in
point is the proposed proximity between plasma mem-
brane Ca21 channels and Ca21-sensitive proteins, includ-
ing Ca21-activated channels: Ca21 entry results in a
large, but highly localized, increase in intracellular
[Ca21], because of effective cytosolic buffering, and thus
its signaling effects may be quite local.70

In summary, the current view of the structure of the
plasma membrane is that of a compartmentalized two-
dimensional structure, mosaic-like, with less fluidity than
proposed by the Singer�Nicolson model. The phospholi-
pids have signaling functions in addition to previously
recognized ones. The mobility of membrane proteins
may be restricted by the structure of the lipid domain,
interactions with cytoskeletal proteins or other cyto-
plasmic components, and/or homo- and hetero-associa-
tions with other integral membrane proteins. Future
studies of membrane transport proteins along these lines
are likely to reveal important aspects of their function
and regulation in health and disease (see Chapter 14).

The Plasma Membrane is Selectively Permeable

The barrier and transport functions of the plasma
membrane are determined by its composition, mostly
regarding lipids and integral transmembrane proteins

(for membrane structure, see references 59,95,96 and 112;
for a review of membrane proteins, see 103). When the
membrane is permeable to a specific molecule, then that
molecule can cross the membrane. Permeability (cm
s21) is a property of a specific membrane for a specific
molecule. The amount of substance that crosses the
membrane per unit of time and membrane area is the
flux. Using radioactive techniques, unidirectional
fluxes can be measured (e.g., in case of a cell, influx
and efflux); the net flux is the difference between the
two unidirectional fluxes. A finite net flux denotes the
presence of either a net driving force across the mem-
brane or an active process.

Permeation of a specific molecule can take place
through the lipid phase (i.e., solubility diffusion) and/or
through membrane proteins (i.e., mediated transport).
Solubility diffusion always results in equilibrating
transport, dissipating differences in concentration or
electrochemical potential (see the section “Diffusion
and Electrodiffusion,” below). In contrast, mediated
transport can either dissipate or generate differences in
chemical or electrochemical potentials across the mem-
brane. An example of mediated transport is the opera-
tion of the sodium pump, the Na1,K1-ATPase.

The lipid phase of the plasma membrane is hydro-
phobic, and therefore has high permeability for lipo-
philic molecules and low permeability for hydrophilic
molecules. Thus, a protein-free phospholipid mem-
brane has a high permeability for nonpolar small mole-
cules such as O2 and CO2, a much lower permeability
for uncharged small polar substances such as water,
urea, and glycerol, and an extremely low permeability
for ions and larger uncharged polar molecules, such as
glucose. Most molecules are measurably permeable
across plasma membranes. However, the diffusive per-
meability coefficients range over several orders of
magnitude. It is thought that hydrophilic molecules
permeate the membrane bilayer to some extent,
because the thermal motion of the phospholipid mole-
cules causes transient kinks in the bilayer structure.

Transport proteins can be classified in four groups,
namely pores, channels, carriers (also referred to as
transporters), and pumps (see next section). The
expression of some transport proteins can be specific
to tissue, cell, and sometimes membrane domain.
Others are expressed in most, if not all, cell mem-
branes. The functional significance of transport pro-
teins is apparent in two realms. Some are primarily
related to the establishment and maintenance of cellu-
lar composition (intracellular “homeostasis”), such as
the Na1,K1-ATPase and K1 channels in most animal
cells. Others are primarily related to specific cell func-
tions, such as excitability (e.g., the tetrodotoxin-sensi-
tive, voltage-activated Na1 channel in nerve and
muscle), and transepithelial Na1 transport (e.g., the
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amiloride-sensitive, voltage-insensitive Na1 channel in
the apical membrane of certain epithelial cells).

A pore is an aqueous communication between both
sides of the membrane, accessible to both sides at all
times � that is, it is always “open” (permeable). A
channel is also an aqueous communication between the
two sides of the membrane, but it opens and closes
stochastically by changes in conformation called gating;
when open, a channel is accessible from both sides of
the membrane, when closed, it is impermeable. A car-
rier is a membrane transport protein whose permeation
pathway is not simultaneously accessible to both sides
of the membrane, but to one side at a time; changes in
conformation change the orientation of the carrier,
moving the transported ion to the other side; an appro-
priate simplified description is that a carrier has two
gates and they are never open at the same time.
Finally, a pump has the properties of a carrier, but in
addition it is coupled to a metabolic energy source, in
most cases hydrolysis of ATP.

MECHANISMS OF ION TRANSPORT

Ion Transport can be Active or Passive

The definitions of active and passive transport are
thermodynamic. Passive transport occurs in the direction
expected for the existing driving force, which in the case
of ions involves the chemical gradient (given by the dif-
ference in concentration between the two sides of the
membrane) and the electrical gradient (given by the
transmembrane electrical potential difference or mem-
brane voltage). In other words, passive transport is ener-
getically downhill. In contrast, active transport takes
place in the absence of or against the prevailing electro-
chemical gradient. In other words, active transport is
energetically uphill, and therefore requires an energy
input. Depending on the origin of this energy, one can
distinguish two types of active transport.

Primary active transport is characterized by the direct
use of metabolic energy, supplied by light, redox poten-
tial or ATP hydrolysis. In most cases of plasma mem-
brane primary active transport in eukaryotic organisms,
the energy is provided by the hydrolysis of ATP, a pro-
cess catalyzed by the same molecule that performs the
transport. Hence, in this case the transporter is also an
ATP hydrolase (ATPase). Transporters responsible for
primary active transport are referred to as pumps. In
plasma membranes of most animal cells there can be
expression of one or more of four ion-transporting
ATPases. These are the Na1,K1-ATPase, H1-ATPase,
H1,K1-ATPase, and Ca21-ATPase.

Secondary active transport is characterized by the indi-
rect use of metabolic energy. The energy stored in the

electrochemical gradient of one substrate is utilized to
transport actively another species (ion or molecule). In
animal cells, including those from epithelia, secondary
active transport is most frequently linked to Na1 trans-
port. The Na1,K1-ATPase establishes an electrochemical
potential gradient for Na1 across the plasma membrane,
which includes chemical (high extracellular and low
intracellular [Na1]) and electrical components (cell elec-
trically negative to the extracellular compartment), both
contributing to a net driving force favoring Na1 entry
into the cell. This gradient is then utilized by carriers to
actively transport other substrates, by coupling their
translocation to that of Na1 at the molecular level.

Depending on the directions of the fluxes, there are
two kinds of secondary active transport: One is co-trans-
port (or symport) in which the substrates move in the
same direction, such as downhill for Na1 and uphill for
the co-transported substrate (e.g., Na1-glucose co-trans-
port). The other one is countertransport (also antiport or
exchange), in which the fluxes are in opposite directions
(e.g., Na1�H1 exchange). In most instances, secondary
active transport involves only two species (Na1 and
another substrate), but in some cases there are three: an
example is the Na1-K1-2Cl2 co-transporter, an electro-
neutral symporter that is expressed principally in epi-
thelial cells. This transporter accounts for uphill Cl2

uptake, a step necessary for Cl2 absorption (e.g., in the
apical membrane of cells of the thick ascending limb of
the loop of Henle) or Cl2 secretion (e.g., in the basolat-
eral membrane of crypt cells in the intestine and epithe-
lial cells in the airway). For quantitative analyses of
membrane transport processes, see Läuger,64 Macey
and Moura,67 and Stein.99

Active and Passive Transport Processes can be
Evaluated by Considering Direction of
Electrochemical Potential Difference (Driving
Force)

As stated above, passive transport is energetically
downhill, driven by the pre-existing driving force; this
force depends on the chemical or electrochemical gra-
dient, for uncharged and charged solutes, respectively.
Under isothermal conditions the driving force encom-
passes differences in concentration, electrical potential,
and/or pressure across the membrane. Under these
conditions, the electrochemical potential difference
(Δμj) for the jth ion is given by Eq. (2.1):

Δμj 5 zjVmF1RTln
Ci
j

Co
j

 !
1ΔPVj ð2:1Þ

where z is the valence, Vm is the membrane voltage, F is
the Faraday constant, R is the gas constant, T is the abso-
lute temperature, C is the concentration, i and o refer to
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the two sides of the membrane (inside and outside,
respectively),ΔP is the transmembrane hydrostatic pres-
sure difference, and Vj is the ion’s partial molar volume.
The electrochemical potential has the three components
defined above, given by the three terms on the right side
of the equation. Across animal cell membranes, steady-
state hydrostatic or osmotic pressure differences are
small or nil (see Chapter 4), and therefore the third term
of Eq. (2.1) is eliminated, yielding:

Δμj 5 zjVmF1RTln
Ci
j

Co
j

 !
ð2:2Þ

This equation is used to evaluate the driving force
for ion transport under isobaric conditions. In the case
of nonelectrolytes, z5 0 and the first term of Eq. (2.2)
can also be eliminated, yielding:

Δμj 5RTln
Ci
j

Co
j

 !
ð2:3Þ

where Δμj denotes the chemical potential difference.
This equation describes the driving force for nonelec-
trolyte transport.

From Eq. (2.2) (under isobaric and isothermal condi-
tions), Ussing111 derived the flux-ratio equation, a fun-
damental expression which provides a thermodynamic
test for active or passive transport:

Jin=Jout 5 ðCi=CoÞexpðzVmF=RTÞ ð2:4Þ
where J is flux (the subscripts denote influx and efflux,
respectively). The test proceeds as follows: the ratio of
unidirectional fluxes (Jin/Jout) is determined experimen-
tally, and the driving forces are measured; if the ratio
deviates from the prediction given by Eq. (2.4), which
evaluates the passive driving forces, then active transport
is suspected. Deviations from the flux-ratio equation can
also result from the presence of exchange diffusion and
single-file diffusion, as discussed by Schultz.90

Pathways and Mechanisms of Passive Transport

Passive transport can be via the lipid bilayer (solu-
bility diffusion) or via transmembrane proteins (medi-
ated). Solubility diffusion is a permeation process that
involves the movement of a molecule dissolved in the
aqueous solution bathing one side of the membrane
into the lipid phase of the membrane, then across the
membrane, and then from the membrane lipid into the
solution bathing the opposite side. Clearly, two pro-
cesses are involved. The first one (“solubility”) governs
the fluxes at the solution�membrane interface, and
depends on the relative solubility of the molecule in
lipid and water, which can be quantified by the oil�
water partition coefficient, β, a coefficient equal to the

ratio of the molecule’s steady-state concentrations in
lipid and water. The second process (“diffusion”) gov-
erns the solute translocation within the membrane
lipid, which depends largely on the mass and shape of
solute molecules. The lipid solubility of the molecule is
the main factor determining its permeability via the
lipid moiety of the membrane.

Mediated transport is the mode of transmembrane
transport of substances with very low solubility in
phospholipids, that is, charged and polar substances.
The transport proteins provide a hydrophilic path
across the membrane, through which the solute perme-
ates or a narrow pore in which amino acid charges
replace the water molecules surrounding the ion or
polar molecule in free solution.

Diffusion and Electrodiffusion

Diffusion and electrodiffusion are the main pro-
cesses of passive solute transport across homogeneous
phases (e.g., lipid membranes or aqueous pores) by
independent motion of the solute molecules. Diffusion
applies to uncharged particles and electrodiffusion to
ions. Although diffusion does not strictly apply to ion
transport, its analysis is simpler and helps in under-
standing electrodiffusion.

Diffusion of a solute in aqueous solution is the
result of the random thermal motion of solute mole-
cules. In the absence of convection, if there are differ-
ences in concentration between different sectors of the
solution, then random solute motion will tend to make
its distribution homogeneous (equilibrating transport).
All solute particles move randomly at uniform average
velocities, dependent on the solution temperature.
Hence, more particles will tend to move from regions
of high concentration to sectors of low concentration
than in the opposite direction, simply because there
are more particles per unit volume in the high concen-
tration regions. In other words, differences in concen-
tration cause unequal unidirectional fluxes in a regime
of diffusion because of differences in the number of
particles flowing in each direction per unit of time, not
because of different velocities of individual particles
flowing in one direction or the other. In diffusion, the
molecules move independently of each other and of
other particles present in the solution, that is, there is
no flux coupling. This is the independence principle.

Diffusion of a nonelectrolyte in solution is described
by Fick’s first law34:

Js 52Ds
dCs

dx
ð2:5Þ

where Js is the solute flux (moles cm2 sec21), Ds is the
solute diffusion coefficient (cm2 sec21) and dCs/dx is
the concentration gradient. The negative sign denotes
the direction of the flux.
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Fick’s second law of diffusion34 considers the time
course of the process:

dC

dt
5Ds

d2Cs

dx2
ð2:6Þ

where dC/dt is the rate of change in solute concentra-
tion, and x denotes distance.

The average time required by diffusing particles to
cover a given distance is inversely proportional to the
diffusion coefficient, and directly proportional to the
square of the traveled distance. Einstein approximated
the second law of diffusion with λ5 (Dst)

1/2, where λ is
the traveled distance in the x-axis. The dependence of t
on the square of the distance makes diffusion a very
slow transport process for long distances. For a typical
Ds5 1025 cm2 sec21, it takes 1 millisecond for the sol-
ute to diffuse 1 μm, but it takes 1000 seconds (ca. 16.7
minutes) to diffuse 1 mm. Convective flow (see
Chapter 9) is a much more effective mass transport
mechanism for long distances.

Now we consider a thin lipid membrane of thick-
ness δm separating two aqueous compartments
(Figure 2.2). The solutions on both sides are well stir-
red, so that the solute concentrations are homogeneous
in both. Inserting the solute partition coefficient (βs) in
Eq. (2.5) (βs denotes lipid solubility relative to water

solubility), we obtain the following expression for the
solute flux:

Js 52
Dsβs

δm
ΔCs ð2:7Þ

where ΔCs is the solute concentration difference
between the two solutions. Defining the solute perme-
ability (Ps) as Ps5Ds βs /Δm, Eq. (2.7) reduces to:

Js 52PsΔCs ð2:8Þ
The diffusive permeability coefficient of the mem-

brane relates the flux to the driving force and denotes
the ease with which the membrane permits mass trans-
fer of a particular species. Its units are cm s21, those of
velocity. In the simple case of a nonelectrolyte, under
isothermal and isobaric conditions, the permeability
(P) of solute s is given by a rearrangement of Eq. (2.8):
Ps5 Js/ΔCs. This is the phenomenological, experimen-
tally determined permeability, calculated by dividing
the steady-state solute flux by the difference between
the solute concentrations of well-stirred bathing solu-
tions. The other definition of diffusive permeability is
mechanistic, and considers the factors involved in sol-
ubility diffusion, Ds, βs, and δm, as described above.

The preceding discussion considers the specific case
of solubility diffusion, but the phenomenological defi-
nition of permeability can be applied in principle to
any transport mechanism. Of course, its interpretation
varies. An important case is that of the permeation of
certain hydrophilic nonelectrolytes through aqueous
pores in the membrane. If the lipid bilayer is imperme-
able to the solute, then diffusive transport is entirely
via the pores. The permeable area of this membrane
(Sp) is only a fraction of the total membrane area, given
(for 1 cm2 of membrane) by Sp5 nπr2, where n is the
density of homogeneous pores of radius r. The parti-
tion coefficient is unity (the solute is dissolved in water
both inside and outside of the pore), and is hence elim-
inated from the equation:

Ps 5 nπr2Ds=L ð2:9Þ
where L is the pore length (nearly equivalent to mem-
brane thickness).

Electrodiffusion

Electrodiffusion is the main mechanism of passive
transport of ions in homogeneous media, that is, bulk
aqueous solution or relatively large water-filled pores.
Electrodiffusive transmembrane ion transport is a medi-
ated transport process, but it is better discussed with
diffusion for continuity. In large-diameter pores, electro-
diffusion theory explains ion permeation very well. In ion
channels, which have smaller diameter and are highly
selective, there are significant interactions between the

Side 1
(a) (b)

Side 2
Cs

βs > 1

βs = 1

βs < 1

Cs

Cs

δm

Jnet

J2→1

J1→2

δm

FIGURE 2.2 Diffusion across a membrane. (a) A membrane
separates two aqueous solutions (1 and 2). The dots represent mole-
cules of a solute to which the membrane is permeable; the solute
concentration (Cs) is greater in solution 1. Solute molecules move
randomly in each solution and collide with the membrane with a
probability proportional to the concentration. Solutes collide, dis-
solve in, and diffuse across the membrane. The unidirectional fluxes
(J1-2 and J2-1) are proportional to the solute concentrations in sides
1 and 2, respectively; the net flux (Jnet) is proportional to the concen-
tration difference. The concentration difference does not accelerate
the molecules, and hence it is not a force, although it is usually
referred to as the chemical driving force. Diffusion is a passive, equili-
brating transport, i.e., net transport ceases when the concentrations
on both sides of the membrane are equal. (b) Lines denote solute
concentration profiles in the solutions and the membrane depending
on the partition coefficient (βs). When βs5 1, solute concentration in
the membrane boundaries are identical to those in the adjacent solu-
tions; concentrations in the membrane are greater or smaller than
those in the adjacent solution if βs is greater or smaller than unity,
respectively. The membrane thickness is denoted by δm.
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ions and the permeation pathway. For this reason, simple
electrodiffusion theory is not entirely applicable to ion
channels, but is nevertheless a useful approximation.
For ion transport across a membrane, two factors deter-
mine the flux: the chemical potential difference (differ-
ence in concentration across the membrane) and the
electrical potential difference (membrane voltage). The
net ion flux (Ji) is given by the Nernst�Planck equation
(see 50). If a constant electrical field is assumed in the
membrane and other assumptions are made,
the Nernst�Planck equation can be solved, yielding the
Goldman�Hodgkin�Katz (GHK) equation41,51:

Ji 52Pi
ziVmF

RT

Co
i 2Ci

iexpðVmF=RTÞ
12 expðVmF=RTÞ

� �
ð2:10Þ

where R, T, z, and F have their usual meanings, P is
permeability, Vm is membrane voltage, C is concentra-
tion, the subscript i denotes the ith ion, and the super-
scripts i and o denote the two sides of the membrane.

Under zero current conditions, the GHK flux equa-
tion yields the membrane voltage as a function of the
permeabilities and concentrations of all permeant ions.
For the case of three monovalent permeant ions (Na1,
K1, and Cl2), the equation (GHK voltage equation) is:

Vm 52
RT

F
ln

PNa½Na1�i 1PK½K1�i 1PCl½Cl2�o
PNa½Na1�o 1PK½K1�o 1PCl½Cl2�i

ð2:11Þ

where the brackets denote concentrations. Note that if
the fraction including permeability coefficients and ion
concentrations is inverted, then the sign of the right
side of the equation is also inverted. We prefer the
notation given here, because it gives the intracellular
potential minus the extracellular potential, the conven-
tion used in electrophysiology. This also applies to the
Nernst equation below.

Note that if only one ion is permeable, e.g., if PNa

and PCl are 0 in Eq. (2.11), then the membrane voltage
becomes equal to the equilibrium potential for that ion,
in this example K1. The equilibrium potential is given
by the Nernst equation81:

Vm 52
RT

F
ln

½K1�i
½K1�o

ð2:12Þ

Under these conditions, the two compartments sep-
arated by the membrane are at a steady-state (the
amounts of K1 on each side remain constant with
time), but also at equilibrium, which means that the net
driving force for K1 is zero, and hence the unidirec-
tional fluxes are equal (Figure 2.3). In the case of cells,
one frequently observes a steady-state K1 distribution
without equilibrium; the net efflux through channels is
exactly balanced by influx via the Na1,K1-ATPase.

Another interesting point is that the Nernst equation
indicates that if only one ion is permeable, then the

membrane voltage is determined by the concentration
ratio for that ion, not its absolute concentrations. In
addition, the membrane voltage is independent of the
absolute value of the ion permeability. As shown by
the GHK voltage equation, in the case of a membrane
permeable to more than one ion, the membrane volt-
age depends on the absolute concentrations and per-
meability coefficients of all permeant ions. The Nernst
equation can be derived more directly from the defini-
tions of electrochemical potential (Eq. (2.1)) and equi-
librium (Δμi 5 0).

The essential points concerning electrodiffusion are
that ion fluxes across membranes are determined by
both permeability and driving force, and that the driv-
ing force has chemical and electrical components.
Hence, these three elements must be known to predict
the direction and magnitude of the flux. For example,
knowledge of the K1 concentrations inside and outside
a cell is insufficient to decide whether the ion is at equi-
librium across the membrane or whether there is a pas-
sive driving force inwardly or outwardly directed. To
establish this simple point, it is necessary to know the
membrane voltage. However, knowledge of the electro-
chemical gradient is insufficient to predict the magni-
tude of the K1 flux expected for this gradient; the K1

permeability of the membrane must also be known.

Mediated Transport

This expression means that translocation across the
membrane is not via the lipid bilayer, but via membrane

~60 mV

10 KCI 100 KCI

+
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–

FIGURE 2.3 Electrochemical equilibrium. A membrane perme-
able to K1 and impermeable to Cl2 separates two KCl solutions of
10 mM and 100 mM concentrations, respectively. Because of the dif-
ference in concentrations, there is a chemical driving force for K1

and Cl2 fluxes from right to left. While the impermeant Cl2 cannot
move, the permeant K1 moves across the membrane, and in doing
so creates a difference in electrical potential across the membrane.
The membrane becomes electrically charged by a tiny excess of K1

on the left, and a tiny excess of Cl2 on the right. This difference in
electrical potential (the transmembrane voltage) opposes further K1

flux, and a state is reached at which the chemical driving force and
the electrical driving force for K1 movement are equal and opposite.
This condition, described by the Nernst equation (Eq. (2.12)), denotes
electrochemical equilibrium.
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transport proteins: pores, channels, carriers or pumps.
Mediated transport is the process by which ions and
polar nonelectrolytes undergo passive transport across
the cell membrane. Hence, this mechanism is comple-
mentary to that provided by solubility diffusion, in that
it is specialized for hydrophilic solutes, whereas solubil-
ity diffusion is more effective for lipophilic solutes. For
certain solutes, both mechanisms may operate. Even for
solutes with very low permeability across the phospho-
lipid moiety of the membrane, a significant contribution
of the diffusive flux may exist because of the large frac-
tional area covered by phospholipids, in particular if
there is also a low level of expression of the relevant
transporters.

In mediated transport, specialized proteins span-
ning the membrane provide an aqueous environment
that allows for the transmembrane flux of particles
that are virtually insoluble in phospholipids. Recent
advances have permitted the molecular identification
of many of these proteins, as well as the genes that
encode them. In addition to providing an aqueous
environment for solute translocation, these molecules
may undergo conformational changes during or
related to the substrate translocation. The transport
proteins underlying mediated transport can be classi-
fied in four groups: pores; channels; carriers; and
pumps.

Thermodynamics of Mediated Passive Transport

Pores, channels, and carriers are membrane trans-
port proteins that can only perform overall passive
transport, meaning that the total energy employed in
the transport is equal to or less than the energy avail-
able in the electrochemical gradients (see “Secondary
Active Transport” section below). Carriers and chan-
nels do not use a metabolic energy supply for solute
translocation. Some channels are activated by ATP
binding and hydrolysis, but once they become perme-
able, ion translocation is passive and does not use met-
abolic energy. Some carriers are able to transport more
than one solute in the same cycle. In this case, the
energy stored in the electrochemical gradient for one
of these solutes (accessory) can be employed for uphill
transport of another (principal) solute, a process
known as secondary active transport. Nevertheless, the
total energy change is dissipative, that is, the energy
stored in the accessory solute’s electrochemical gradi-
ent is always greater than that used to actively trans-
port the principal solute.

Kinetics of Mediated Passive Transport

The dependence of the transport rates on solute con-
centration are different in solubility diffusion and
carrier-mediated transport. As shown in Figure 2.4,
in diffusion the flux increases linearly with the

concentration, whereas in carrier-mediated transport it
saturates. This is explained because transport occurs
via a finite number of carrier molecules that can also
operate at a finite rate. The simplest case of carrier-
mediated transport can be described by the
Michaelis�Menten equation; the two kinetic para-
meters are the maximum flux (Jmax) and Km, the con-
centration at which the flux is half-maximal (see
Figure 2.4):
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where Js is the solute flux, and Cs is its concentration.
For a detailed description of this, and more complex
kinetic processes, see Segel.92

Modes of Coupled Transport

Coupled transport denotes the linked translocation of
two or more species (ions and/or molecules) through
a barrier. One can distinguish two coupling modes.
Molecular coupling denotes carrier- or pump-mediated
transport of more than one species by the same mole-
cule. Examples shown in Figure 2.5a are the Na1 and
glucose fluxes via the Na1-glucose co-transporter, and
the Na1 and K1 fluxes via the Na1K1-ATPase. In
addition, there is thermodynamic coupling. In this case,
the fluxes of two or more species occur through differ-
ent molecules, but are related to each other by electro-
chemical driving forces. For example, transepithelial
Na1 transport via cell membranes (apical membrane
Na1 channel in series with basolateral membrane Na1

pump) can produce a transepithelial electrical potential
difference responsible for a passive Cl2 flux via the
intercellular (junctional) pathway. In this instance, the

Cs

(a) Solubility-diffusion (b) Carrier-mediated

CsKm

0.5 Jmax

Jmax

JsJs

FIGURE 2.4 Kinetics of diffusion and carrier-mediated trans-
port. Both graphs depict solute flux (Js) as a function of solute con-
centration (Cs). In (a), the mechanism of translocation across the
membrane is diffusion, which does not involve chemical reactions
between solute and membrane. In (b), the mechanism of transloca-
tion is mediated (i.e., it involves a transport protein in the mem-
brane). In (a), the flux is linear with the concentration, whereas in (b)
it saturates, because of occupation of a finite number of sites by a sol-
ute that moves at a finite velocity. In the simplest case, the relation-
ship in (b) is described by the Michaelis�Menten equation
(Eq. (2.13)).
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coupling is not obligatory (if the potential difference is
abolished, Cl2 transport ceases while Na1 transport
continues), and does not involve the Na1 transport
molecules. Instead, it corresponds to the parallel oper-
ation of two transporters linked by a driving force
(Figure 2.5b). This apparently simple point has been a
source of confusion in the transport literature (in par-
ticular of epithelial cells), where on occasion it has
been incorrectly implied that all coupling is molecular.

Pathways and Mechanisms of Active Transport

Primary Active Transport

Primary active transport occurs in the absence of or
against the existing electrochemical gradient, and is
powered by metabolic energy, such as that originated
by the exergonic hydrolysis of ATP (Figure 2.6). Ion
pumps are the only molecules capable of performing
primary active transport. Most ion pumps of interest
to us are transport ATPases, bifunctional molecules
that hydrolyze ATP and perform the translocation of
the substrate against the prevailing electrochemical
gradient. The Na1,K1-ATPase85, Na1-K1 pump or Na1

pump, was the first enzyme demonstrated to be an
active ion transporter (reviewed in97,98). It is likely that
the energy-consuming steps are the conformational
changes of the pump protein required for the substrate
translocation, that is, for making the substrate first
inaccessible to the cis side, and then accessible to the
trans side of the membrane.

Secondary Active Transport

Secondary active transport is characterized by the
indirect use of metabolic energy. The electrochemical
gradient drives a downhill substrate flux, and part of
this energy is utilized for the uphill flux of another
substrate (Figure 2.6). The coupling between the two
fluxes occurs in the same transport protein, and there-
fore there is molecular coupling.

In animal cells, secondary active transport is most
frequently linked to Na1 transport. The Na1,K1-
ATPase establishes an electrochemical potential gradi-
ent for Na1 across the plasma membrane, which
includes a chemical (higher extracellular [Na1]) and an
electrical component (cell electrically negative to the
extracellular compartment), both contributing to a net
driving force (electrochemical gradient) favoring Na1

entry into the cell. This energy is utilized to transport
other substrates by coupling translocation to that of
Na1 at the molecular level.

Depending on the directions of the fluxes, there are
two kinds of secondary active transport: co-transport
(or symport), in which the substrates move in the same
direction, such as downhill for Na1 and uphill for the
co-transported substrate (e.g., glucose); and counter-
transport (also antiport or exchange) in which the fluxes
are in opposite directions. Secondary active transport

(a) (b)

Glucose K+ K+

Na+ Na+
Na+

Na+

CI–
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FIGURE 2.5 Modes of coupled transport. (a) Molecular cou-
pling: glucose-absorbing epithelial cell (e.g., renal proximal tubule).
Two cases of molecular coupling are depicted: the Na1-glucose sym-
porter (SGLT) at the apical membrane, and the Na1,K1-ATPase at
the basolateral membrane. In both instances, the transport of two
substrates occurs obligatorily in the same transport molecule. (b)
Thermodynamic coupling: the epithelial cell depicted absorbs Na1

by an electrogenic process that generates a lumen-negative transe-
pithelial voltage. This voltage drives a paracellular, electrodiffusive
Cl2 flux. The Na1 and Cl2 fluxes occur via different pathways, and
are linked by the driving force, not by binding to the same molecule.
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H+

Glucose

Vm

+
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Na+

Na+

Na+
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FIGURE 2.6 Active transport. The diagram represents a cell
expressing three membrane transporters. Top: Primary-active trans-
port of Na1 and K1 via the Na1,K1-ATPase. The energy for active
transport is provided by the hydrolysis of ATP. The flux coupling is
3Na1:2 K1 per ATP molecule hydrolyzed. Bottom: Two mechanisms
of secondary active transport. In both cases, the Na1 electrochemical
gradient (oriented inwards) is the driving force for the uphill move-
ment of the other solute (glucose or H1). On the right, Na1-glucose
co-transport via SGLT, the stoichiometry (Na1:glucose) is 1:1
(SGLT2) or 2:1 (SGLT1). On the left, Na1�H1 exchange via NHE; the
stoichiometry is 1:1. Note that the Na1 driving forces operative in
the two cases are different. Since Na1�H1 exchange is electroneutral,
the driving force depends only on the difference in Na1 concentra-
tions. Since Na1-glucose co-transport is electrogenic the driving force
involves both the Na1 chemical gradient and the membrane voltage.
For a quantitative analysis, see text.
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may involve two substrates (Na1 and another sub-
strate) or more (e.g., the Na1-K1-2Cl2 co-transporter).
Sodium-glucose co-transport was the first secondary
active transport mechanism studied experimentally,
giving rise to the Na1 gradient hypothesis.16

Transport by Na1-glucose co-transporters and Na1-
Ca21 exchangers is electrogenic, that is, there is net
translocation of charge across the membrane in each
cycle. The concentration ratios (intracellular/extracel-
lular) for glucose and Ca21, respectively, depend on
both the Na1 concentration ratio and the membrane
voltage (Vm). The equation describing the maximum
substrate concentration ratio that can be obtained by
co-transport is:
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where S is the main substrate (glucose), A is the acces-
sory substrate (Na1), the subscripts i and o denote
intra- and extracellular concentrations, respectively, n
is the transport stoichiometry (number of A mole-
cules/number of S molecules), z is the valence of the
translocated species per cycle (z5 zA1 zS), Vm is the
membrane voltage, and R, T, and F have their usual
meanings. Changing to decimal power notation and
inserting appropriate values for the constants, the
exponent becomes BnzVm/60. Hence, in the case of
glucose transport via SGLT1 (n5 2), for Vm5260 mV
and Na1 concentration ratio is 10, the maximum glu-
cose concentration ratio (cell/lumen) is 104.

A similar equation describes the minimum concen-
tration ratio of main substrate that can be achieved by
an antiport:
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where the symbols are the same as for Eq. (2.14). The
difference is that the concentration ratios for A are
inverted in these equations, denoting that in one case S
and A are transported in the same direction, and in the
other case they are transported in opposite directions.
For the example of Na1�Ca21 exchange with
Vm5260 mV and Na1 concentration ratio is 10, the
minimum Ca21 concentration ratio (cell/extracellular)
is 1026 for n5 4, the most likely stoichiometry.

ION TRANSPORT PROTEINS

Ion transport proteins are best classified in four
groups: pores; channels; carriers (also called transpor-
ters); and pumps. Ion pores and channels are integral
membrane proteins that when “open” communicate
the aqueous solutions adjacent to the membrane, and

permit ion flux in a direction determined by the elec-
trochemical gradient. The permeant ion interacts little
with the pore or channel, and thus the number of ions
translocated per unit time (turnover number) is very
high, typically 106�108 s21. Whereas pores are always
open (ion conductive), ion channels undergo “gating,”
transitions between open (conductive) and closed
(nonconductive) states. The part of the protein thought
to move or change conformation during the gating is
called the gate. Gating can be elicited by physical fac-
tors (changes in membrane voltage or mechanical
stretch) or chemical factors (such as neurotransmitters
or second messengers).

Carriers are also integral membrane proteins. In con-
trast with channels, the function of carrier proteins
involves a chemical interaction with the transported ion,
namely ion binding, which elicits conformational
changes in the carrier, eventually resulting in the translo-
cation of the ion across the membrane. Because of these
interactions between the carrier and the transported ion,
the transport rate is much slower than that of channels,
typically 102�104 s21. The net ion flux through carriers is
also determined by the electrochemical gradient, as in
channels, but in a more complex fashion, because certain
carriers can transport several ions in the same cycle.

Pumps are similar to carriers in that there are ion
binding and conformational changes that cause ion
translocation, but differ in that their function is cou-
pled to a metabolic energy source, such as ATP hydro-
lysis. Pumps have low turnover numbers, similar to
those of carriers.

Many ion transport proteins associate with so-called
adapter proteins that appear to have two roles: to
determine the subcellular location of the transport pro-
tein; and to facilitate its interaction with signal trans-
duction components, including receptors, second
messenger producing enzymes, and protein kinases.
These adapter proteins often contain a specific pro-
tein�protein interaction domain called the PDZ
domain.82 Adapter proteins therefore contribute to the
formation of macromolecular complexes of which ion
transport proteins are important components.

During the last decade, atomic-resolution structures
have been obtained by X-ray crystallography for a num-
ber of prototypical transport proteins, including bacte-
rial pores,21,89 prokaryotic ion channels,26,28 the lac-
permease of Escherichia coli carrier,1,2 the mammalian
sarcoplasmic-reticulum Ca21 pump,107,108 and several
ATP-binding cassette (ABC) proteins.4,19,53,113 These
studies have provided detailed insight into the mecha-
nism of the function of these specific transport proteins,
as well as a framework in which to analyze other pro-
teins. An example is the modeling of the cystic fibrosis
transmembrane conductance regulator (CFTR) channel,
based on the structure of other ABC proteins.78
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As summarized in an excellent recent review,74 the
first atomic-resolution structure of an integral mem-
brane protein, the reaction center from photosynthetic
bacteria, was reported in 1985.20 At that time there
were 268 entries in the Protein Data Bank (PDB). In
2010, the PDB contained almost 60,000 entries, with
about 700 of these being membrane proteins, and 80%
of these belonging to the all-alpha type (i.e., the trans-
membrane regions are α helices, instead of the β sheets
found in prokaryotic membrane proteins). Only ca. 250
of these structures are considered unique.114

An essential property of membrane proteins involved
in ion transport is their selectivity, i.e., their capacity to
“distinguish” between similar ions. This requires the ion
pathway to have specific binding sites. In ion selective
channels, the ion is at least partially dehydrated, with
the binding sites providing favorable interactions, i.e.,
“replacing” the water molecules surrounding the ion in
free solution. Selectivity results from a more favorable
interaction of the site with one type of ion than another.42

Ion-binding sites in transport proteins are formed by
amino acid residues that provide charges of the opposite
sign, with a size that specifically accommodates the ion.
These sites have been identified in several crystal struc-
tures of transport proteins.42 Small molecules selective
for monovalent cations have been synthesized by chang-
ing the size of the cavity.23,42

Pores

Pores are wide conduits across biological mem-
branes that are permanently open; they do not gate
(Figure 2.7a). The best studied examples are those
formed by bacterial porins, but they are also present in
mitochondria (porins) and lymphocytes (perforin, a
secretory product). It is also possible that most aqua-
porins are pores (see Chapters 4 and 41).

Bacterial pores formed by the transmembrane pro-
teins called porins are radically different from animal
membrane proteins, in that the transmembrane domains,
instead of being α helices, are β sheets. For discussions
of porin structures, see Delcour21 and Schulz.89

Channels

Like pores, channels have the property of being
accessible to both sides of the membrane at the same
time, but this occurs only part of the time. Channels
open and close stochastically. Gating may be deter-
mined by physical or chemical processes (see below),
both requiring a sensing mechanism. In the open chan-
nel there is ion permeation with a characteristic selec-
tivity for one or more ion species. Channels also have
typical conductance (related to ion permeability),

physiological regulation, and inhibitor pattern. Hence,
the functional “fingerprint” of a channel includes gat-
ing, sensing mechanism, conductance, selectivity, regu-
lation, and pharmacological inhibition.

In channels, the main transport-related conforma-
tional change is the gating between open and closed
states (Figure 2.7b). The gate is the portion of the channel
protein that “moves” to cause channel opening and clo-
sure. When the channel is closed, it is impermeable, that
is, nonconductive. When it is open, it is permeable or
conductive, and allows ion fluxes, with a net flux that
can also be expressed as the current carried by the ions.
The flux, and hence the current, are determined by the
permeability of the channel and the driving force, that is,
the electrochemical gradient for the permeant ion. The
channel persists in the open state for a given time and
allows ion permeation without additional conforma-
tional changes during the opening. Hence, one confor-
mational change (gating) allows for transport of a large
number of ions, with no additional chemical modifica-
tion of the protein. The open channel constitutes a water-
filled conduit that spans the lipid bilayer communicating
the two solutions separated by the membrane. The inte-
rior of the open channel is accessible from both solutions
at the same time. The large number of ions that cross a
channel per unit of time causes a measurable electrical
current, allowing investigators to measure single channel
events, net ion movements across individual molecules,
either in situ, using the patch-clamp technique88 or
reconstituting purified channels and incorporating them

Always open

Pore(a) Channel(b)

OpenClosed

FIGURE 2.7 Pores and channels. (a) A pore is a transmembrane
protein that forms an aqueous conduit across the membrane that is
always accessible from both sides and never closed. Pores are gener-
ally of large diameter, and thus permit passive transport of small
ions as well as larger hydrophilic solutes, driven by the electrochemi-
cal gradient across the membrane. (b) A channel is also a transmem-
brane protein that forms an aqueous conduit across the membrane.
However, in contrast with a pore, it can have at least two conforma-
tions, closed and open. The change in conformation is depicted in
the figure by a swiveling portion of the molecule, the gate. Gating is
the process by which the channels open and close. When the channel
is open, it is permeable (conductive), and its interior is accessible to
both sides. When the channel is closed, it is impermeable. Channels
are generally of smaller radius than pores, and exhibit varying
degrees of ion selectivity. As in the case of pores, ion fluxes through
channels are driven by the electrochemical gradient across the
membrane.
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in artificial planar bilayers.75 The two channel conforma-
tions, open and closed, underlie the discrete levels
observed in current records.

The total current (which denotes ion flux) via a popu-
lation of channels of one kind in a membrane is given by:

I5NUPoUgUðVm 2EiÞ ð2:16Þ
where I is the current, N is the number of functional
channels in the membrane, Po is the channel open prob-
ability (time open/total time), g is the single channel
conductance (the reciprocal of resistance), Vm is the
membrane voltage, and Ei is the permeant ion’s equilib-
rium potential. Note that the term g (Vm2Ei) denotes i,
the single channel current. Equation (2.16) encompasses
all mechanisms of channel function regulation: number
of copies in the membrane; open probability (gating);
conductance; and electrochemical driving force. The ion
flux and the ion current through are related by the
Faraday constant and the ion valence.

Whereas carriers can be uniporters, symporters or
antiporters, channels can only be uniporters. There can
be ion�ion interactions in channels, such as single file
diffusion,36,50 but molecular flux coupling, such as
observed in carriers, does not occur. As is the case of
carriers, channels exhibit substrate selectivity, typical
pharmacological inhibition, and transport saturation,
although the latter is more evident in carriers.

Plasma membrane ion channels are classified based on
their selectivity. The most studied can be selective for K1,
Na1, Ca21, H1, Cl2, cation or anions, or may be nonselec-
tive. Certain channels are highly selective for specific
ions, whereas others discriminate less among different
ions. The bases of selectivity are ion size and charge. It
has been well-established that the Na1, K1, and Ca21

channels of excitable membranes, as well as the epithelial
Na1 channel, K1 channels, and Cl2 channels, are highly
selective, where permeability ratios between two ions of
the same charge and similar size can be 100 or more. As
explained in more detail below, the structural basis of
high selectivity channels is a very narrow region in the
pore, called the selectivity filter, in which the dehydrated
permeant ion is coordinated by dipoles in the protein.69

Other ion channels are less selective. For example, gap
junction channels, which communicate between adjacent
cells, have cation�anion permeability ratios ranging
from about 1 to 10, values similar to those of tight junc-
tions of leaky (high permeability) epithelia. These chan-
nels are wider, the ions permeate in the hydrated state,
and the cation�anion selectivity is probably governed by
fixed charges facing the pore.

K1-Selective Channels

All known K1 channels belong to a single protein
family, characterized by the highly conserved K1

channel signature sequence,48 which forms the selec-
tivity filter. K1 channels display high selectivity
and high conduction rates. X-ray crystallographic
studies performed in recent years have revealed the
atomic structures of several K1 channels. Roderick
MacKinnon was awarded the 2003 Nobel Prize for
Chemistry for this work. In this section, we summarize
the current understanding of K1 channel selectivity
and conduction derived from structural studies. For a
discussion of the gating process, see MacKinnon.69

The K1 channel is formed by four subunits arranged
around a central pore.24,120 Each subunit consists of two
transmembrane α helices (inner and outer, relative to
the pore), and the pore helix, which is tilted and pene-
trates only half of the membrane thickness. Near the
center of the membrane the pore forms a water-filled
cavity that contains a hydrated K1.120 As shown in
Figure 2.8, the selectivity filter, formed by the signa-
ture-sequence amino acids, is located between the cen-
tral cavity and the extracellular solution. The filter
consists of four layers of carbonyl oxygen atoms and a
layer of threonine hydroxyl oxygen atoms, creating
four K1-binding sites (numbered one to four starting
from the extracellular side). Thus, each dehydrated K1

is surrounded by eight oxygen atoms, four “above” and
four “below.” The selectivity filter thus mimics the
arrangement of the K1 hydration shell, in which a sin-
gle K1 is surrounded on average by eight water mole-
cules. The K1 ions are “transferred” by diffusion from
water to the selectivity filter, the hydration energy
being compensated for by the binding energy in the fil-
ter. Sodium ions do not enter the selectivity filter,119,120

because the selectivity filter binding energy cannot
compensate for the Na1 higher hydration energy. The
small distances between the four K1-binding sites cause
electrostatic repulsion, so only two sites (one and three
or two and four) are thought to be occupied at a time.77

The electrostatic repulsion tends to balance the binding
forces, thus ensuring a high turnover number.69

K1 channels are present in the plasma membranes
of virtually all cells. Their principal functions are gen-
eration of the resting membrane potential of the cell
(inside negative), and performance of transepithelial
K1 transport, principally in renal and intestine epithe-
lia. In addition, K1 channels are involved in cell vol-
ume regulation, in the regulation of insulin secretion
by pancreatic β-cells, and probably in cell growth and
differentiation, although the latter functions remain
controversial.

Na1-Selective Channels

There are two broad classes of Na1 channels: depo-
larization-activated Na1 channels expressed in neurons
and other excitable cells and the ENaC/degenerin ion
family, which includes the epithelial Na1 channel

56 2. MECHANISMS OF ION TRANSPORT ACROSS CELL MEMBRANES

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



(ENaC). Other family members are proteins involved
in mechanoreception and neuronal degeneration.
ENaC is expressed in the apical (luminal) membrane
of principal cells of the collecting duct, and in epithe-
lial cells of colon and airway epithelium. ENaC has
slow kinetics, low conductance, and a high open prob-
ability. Its function is to absorb Na1 across the
apical membrane of the epithelial cells; the Na1 is then
pumped out of the cell by the Na1,K1-ATPase expre-
ssed in the basolateral membrane. Mammalian ENaC
is a heterotrimer (α-, β-, and γ-subunits with high
structural homology12). All three subunits are thought
to contribute to the formation of the pore, but no crys-
tal structure is available.100

Cl2 Selective Channels

The largest family of Cl2 channels is the ClC family,
with nine members in mammals. ClC channels partici-
pate in cell excitability, maintenance of the resting poten-
tial, Cl2 transport in certain epithelial cells, Cl2 and H1

transport in intracellular vesicles, and cell volume regu-
lation. ClC genes, expressed in both prokaryotes and
eukaryotes, encode both Cl2 channels and Cl2/H1 anti-
porters.27,60 In mammals, the channels (ClC-1, ClC-2,
ClC-Ka, and ClC-Kb) are expressed in the plasma mem-
brane, whereas the antiporters (ClC-3, 4, -5, -6, and -7)
are expressed in endosomal/lysosomal membranes. This
is an interesting case in which members of a family of
ion transport proteins include channels and carriers.60,76

The structure of a bacterial ClC protein28,29 shows a
double-barrel channel: homodimer with each monomer
containing a pore. Each subunit has 17 transmembrane
helices and Cl2 in the channel is coordinated by

residues from several helices, including a highly-
conserved Lys. In the membrane, ClC proteins form
two hourglass-like funnels that meet in a narrow con-
striction near the middle of the bilayer, the anion selec-
tivity filter.29 Some mammalian isoforms of ClC
proteins require α- and β-subunits for function.60 The
cystic fibrosis transmembrane conductance regulator
(CFTR) is a Cl2 channel expressed in Cl2-secreting epi-
thelial cells; it does not belong to the ClC family, but is
a member of the ABC superfamily. ABC proteins can be
either channels or pumps. CFTR is expressed in the api-
cal membranes of airway, small intestine, pancreatic
duct, biliary tree, and vas deferens epithelia. It consists
of two homologous halves, each formed by six trans-
membrane helices followed by a nucleotide-binding
domain (NBD). The two halves are joined by the regula-
tory or R domain, a large hydrophilic sequence located
in the cytoplasm. The function of CFTR is Cl2 secretion
across the apical membrane, which is the primary event
for salt and water secretion by the epithelia listed
above. CFTR gating is a complex process involving
phosphorylation of the R domain by protein kinase A,
ATP binding to the NBDs, their dimerization, and ATP
hydrolysis.15 CFTR also appears to regulate other Cl2

channels, as well as Na1 and K1 channels, by unclear
mechanisms. CFTR is expressed in all segments of the
renal tubule, but its functional role in the normal kid-
ney is not clear; also, cystic fibrosis patients have no
discernible renal phenotype.22 In polycystic kidney
disease, CFTR is abundantly expressed in the apical
membranes of the cysts cells, and plays an essential role
in Cl2 secretion, which drives fluid secretion and cyst
growth11 (Chapter 81).

Selectivity filter
Pore helix

Internal
cavity

Inner helix

Outer helix

(a) (b)

FIGURE 2.8 Structure of a potassium channel. (a) Side view of the KcsA channel showing only two subunits for simplicity. Two TM2
helices (pore helices) are shown in darker gray. The oxygens from backbone carbonyl groups at the selectivity filter coordinate K1 (black cir-
cles) at four sites. There are two additional binding sites on the extracellular side (ions in transition), and one ion trapped in the internal cav-
ity, presumably stabilized by the electrical dipole of the pore helices. (b) Tetrameric structure of the channel viewed from the extracellular
side. The inner helices form the pore, with the narrowest part corresponding to the activation gate. Each subunit is shown in a tone different
from that of the neighboring subunits (built with PyMol).

57ION TRANSPORT PROTEINS

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



A third group of Cl2 channels are Ca21-activated
(Ca21-activated Cl2 channels or CaCCs). They are
involved in epithelial absorption and secretion, muscle
contraction, neuronal excitability, sensory transduc-
tion, cell volume regulation, and other cell functions.
Several protein types have been proposed to account
for CaCC currents, but very recent studies by three
groups have provided solid evidence that TMEM16A
(also named anoctamin-1 or ANO1) has functional
characteristics consistent with CaCCs. Site-specific
mutations alter channel properties, suggesting that
TMEM16A is at least part of the channel. Expression of
TMEM16B also results in CaCC functions, but with dif-
ferent biophysical properties than those associated
with TMEM16A. The function(s) of other TMEM16
proteins remain unknown. TMEM16A and the nine
other members of the family have a similar topology
and secondary structure, with eight transmembrane
helices and intracellular N- and C-termini. This protein
family has been long-studied by developmental and
cancer biologists. Some family members are upregu-
lated in tumors and loss-of-function of others is condu-
cive to defects in development (see 39 and 45 for
reviews).

For a detailed discussion of ion channels, see
Chapter 8. In addition, excellent treatments of ion chan-
nels in general can be found in the book by Hille,50 and
the review articles by Catterall13 and Dawson.18 There
are also several excellent recent reviews on ion channel
structure�function relationships,24,25,42,68,69 and on ion
channels in renal epithelial cells.14,46,52,56,60 Chapters 8,
30, 31, 47, and 63 cover renal ion channels.

Carriers

Carriers are transporters that perform transmem-
brane translocation of solute (and perhaps water; see
Chapter 4) by a sequential process thought to involve
three basic steps. First, binding of the transported sub-
strate to the carrier facing one side of the membrane;
second, change in conformation of the carrier, with
translocation of the substrate (and the binding site) to
the opposite side of the membrane; and third, release
of the substrate. It is thought that access to the binding
site from either bathing solution is by diffusion (or
electrodiffusion) in pore-like regions of the carrier mol-
ecule.61 Hence, two such steps could be added to the
simplified scheme above.

In carriers, there is a state in which the binding site
and the substrate are inaccessible from either side of
the membrane.62 The existence of this state, called
occlusion, is one of many arguments supporting the
idea of conformational change in carrier function.
Carriers behave like enzymes, in that the substrate

binds to the protein; however, instead of chemical
transformation of the substrate, the carrier performs
its translocation. Carriers contain substrate-binding
domains accessible from one side of the membrane at
a time. In contrast with channels, they never form a
conduit that communicates the two bathing solutions,
i.e., the binding site is never accessible from both sides
of the membrane. Instead, carriers undergo conforma-
tional changes that alter the “sidedness” of the sub-
strate-binding site; the substrate binds on one side, the
conformation of the carrier protein changes, the sub-
strate is occluded, the binding site is translocated (with
substrate) to the other side of the membrane, and the
substrate is then released. In comparison with a chan-
nel, which has one gate, a carrier may be considered to
have two gates, as illustrated in Figure 2.9.

The notion of a carrier protein as a “ferryboat” bind-
ing the substrate at a membrane�solution interface
and carrying it to the other side, where the solute is
released to the other solution, is inconsistent with cur-
rent knowledge of the biochemistry and molecular
biology of carriers. Nevertheless, kinetic schemes
based on the ferryboat model remain very useful to
explain carrier function at a phenomenological level.

Substrate transport by carriers is inherently slow,
because each substrate molecule (or group of mole-
cules in cases of coupled transport; see below) must
undergo an independent binding reaction, followed by
the conformational change of the carrier molecule. This
explains the low turnover number of carriers, similar
to typical rates of enzyme catalysis of 102�103 per
second.99

Most carriers have exquisite substrate selectivity
(e.g., the glucose carrier GLUT1 transports D-glucose,
but not L-glucose) and can also exhibit quite specific
pharmacological inhibition. At low substrate concentra-
tion, the substrate flux increases linearly with the con-
centration, and can be confused with simple diffusion,
but at high substrate concentration it saturates, as
expected from occupancy of a limited number of
slowly turning binding sites. The low turnover number,
high substrate selectivity and saturation of carriers, and
to some extent the mechanisms of pharmacological
inhibition, also support the notions of substrate binding
and conformational change during the transport cycle.

Carrier-mediated transport can be classified in three
types depending on the number of substrates and the
transport directions (Figure 2.10). When the carrier
transports only one substrate, the process is called
facilitated diffusion or uniport; the carrier is a uniporter.
Other carriers transport two or more substrates. When
all substrates are transported in the same direction, the
process is called co-transport or symport; the carrier is a
co-transporter or symporter. When there is substrate
transport in opposite directions, the process is called
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exchange or antiport; the carrier is an exchanger or anti-
porter. Uniporters, like channels, can only perform pas-
sive transport. The overall transport via a symporter or
an antiporter is downhill. There is always passive
translocation of at least one substrate, and there can be
secondary active translocation of one or more addi-
tional substrates, using the energy stored in another
substrate’s chemical or electrochemical gradient. For
example, in the case of two substrates, all the energy
employed in uphill translocation of one species derives
from the passive transport of the other one, so that no
metabolic energy is directly used.

The largest family of secondary active transporters is
the major facilitator superfamily (MFS).87 MFS proteins
are expressed from bacteria to vertebrates. They range
from 400 to 600 amino acids in size, have 12 transmem-
brane helices, and N- and C-termini are located on the
cytoplasmic side. These proteins transport numerous
substrates, and may be uniporters, symporters or
antiporters. The atomic structures of four bacterial
members of the MFS have been solved: the H1-lactose
co-transporter (LacY) or lac-permease,2 the PI/glycerol-
3-phosphate antiporter (GlpT),58 the multidrug-
resistance antiporter EmrD,117 and the fucose permease
FucP.17 In all structures the transmembrane helices

form two domains, N- and C-termini (each consisting
of a six-helix bundle) with a pseudo two-fold symme-
try. A large cavity open to the cytoplasm and closed to
the periplasm is present in the LacY and GlpT struc-
tures, suggesting that the crystals correspond to the
inward facing conformation.2,58 The structure of the
FucP shows an outward open amphipathic cavity.17

Of great importance for mammalian physiology in
general and renal physiology in particular are the sol-
ute sodium symporters (SSS), a subset of the MFS.
These constitute a large family of proteins that co-
transport Na1 with a variety of solutes, including
sugars, amino acids, inorganic acids, and vitamins.115

They are expressed in the kidney and other transport
organs. The crystal structure of a bacterial Na1-galac-
tose symporter was solved in 2008.32 As predicted
from earlier studies, it has 14 transmembrane helices,
extracellular N- and C-termini, and a structural core
formed by two clusters of five helices each, with oppo-
site orientations. This structure is similar to that of lac-
permease,2 suggesting a common structure for sugar
co-transporters. The galactose-binding site is central,
and is separated from the adjacent solutions by hydro-
phobic amino acid residues; the Na1-binding site could
not be identified in the crystal structure.32 Another

One gate open Other gate openBoth gates closed

FIGURE 2.9 Carriers. A carrier can be understood as a membrane transport protein with two gates and one or more binding sites for
the substrate. The figure depicts the transport stages for a uniporter, the simplest kind of carrier molecule. From left to right: the substrate
binds to the carrier at a site available to only one side of the membrane (first gate open, second gate closed); this closes the second gate
and the substrate is occluded (both gates closed); the second gate opens and the binding site and the substrate become accessible to the other
side of the membrane, and the substrate is then released. The transport process is passive. The unidirectional and net fluxes are determined
by the chemical or electrochemical potential difference, for uncharged and charged substrates, respectively (modified with permission from
ref. [37]).
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symporter, LeuT (leucine and Na1)116 clearly shows
leucine and Na1 bound to a deep region of the protein
(Figure 2.11). The Na1 ions are fully dehydrated and
surrounded by six oxygen atoms in one site and by
five in the other. These studies represent impressive
progress in a few years, but considerably more work
will be needed to fully understand the function of
these proteins at the atomic level.

Specific aspects of carrier-mediated transport are
covered in Chapters 32, 53, 54, 55, and 73. The reader is
also referred to LeFevre,66 Schultz,90 and Stein99 for
quantitative treatments of carrier-mediated transport.
Some specific carriers are well covered in recent
reviews by Abramson et al.,1 Hediger et al.,47 Tanner,104

and Zachos et al.118

Pumps

Ion pumps are discussed in Chapter 3. Other
reviews of ion pumps are Apell,5 Brini and Carafoli,10

Facciotti et al.,31 Fambrough and Inesi,33 Finbow and
Harrison,35 Horisberger,54,55 Läuger,65 Pedersen,83

Sachs and Munson85 and Toyoshima.106

Ion pumps can be classified according to the source
of metabolic energy. Pumps in general can be driven by
light, redox potential or ATP hydrolysis. Animal cell

plasma membrane ATPases belong to the P type, which
is characterized by the formation of a phosphorylated
intermediary (Na1,K1-, H1,K1-, and Ca21-ATPase)
(Figure 2.12) or to the V type (vacuolar H1-ATPase).
In intracellular membranes, there is expression of
the vacuolar-type H1 pump, as well as F-type (or F12 or
F02 type) ATPases, the ATP synthase expressed in the
inner mitochondrial membrane. ATP synthases are also
expressed in purple bacteria and in green plants. Their
function can be outlined as follows. Multimeric protein
complexes (respiratory chain complex in mitochondria,
bacteriorhodopsin in purple bacteria, photosynthetic
reaction center in chloroplasts) generate an H1 electro-
chemical gradient from the redox potential of NADPH
(mitochondria) or light energy (others). The transmem-
brane H1 electrochemical gradient is then used by ATP
synthases to synthesize ATP from ADP and Pi. Hence,
the function of these proteins is to synthesize ATP, dis-
sipating the ion gradient in the process. However, they
are reversible, and under appropriate conditions they
will hydrolyze ATP and generate an electrochemical
ion gradient. Similarly, the Na1,K1-ATPase normally
hydrolyzes ATP to transport actively Na1 out of the cell
and K1 into the cell, but under certain experimental
conditions it can operate in a reverse mode, that is,
downhill ion fluxes (Na1 into the cell and K1 out of the
cell) coupled to the synthesis of ATP.

The ion pumps present in plasma membranes of
epithelial cells are the Na1,K1-ATPase, Ca21-ATPase,
H1-ATPase, and H1,K1-ATPase. Other pumps have
been suggested to exist in these tissues, but they are
either unique to certain epithelia or controversial. The
molecular structures of these pumps have been identi-
fied, and significant progress has been made in under-
standing their function, but much work remains to be
done in this area. Ion occlusion is a well-known stage
during the pump cycle.40 As is the case with carrier
function, occlusion denotes that the conformational
change necessary for transport does change the acces-
sibility of the substrate-binding sites to the solutions
bathing the membrane.

The Na1,K1-, H1,K1-, and Ca21-ATPase are all of
the P type, which is characterized by the phosphoryla-
tion of an aspartic acid residue (in the sequence DKTG)
during the pump catalytic cycle. The Na1,K1-ATPase is
a ubiquitous pump in epithelial cells. In each cycle, one
ATP molecule is hydrolyzed, three Na1 are transported
from the cytoplasm to the interstitial fluid, and two K1

are transported in the opposite direction. In each cycle
there is thus a net transfer of charge across the mem-
brane (one net positive charge is extruded), and hence
the pump is electrogenic, tending to hyperpolarize the
cell. Its turnover number is in the range of values for
carriers less than 102 s21. The catalytic cycle of P-type
ATPases is shown in Figure 2.12.

Glucose
Symport

Antiport

Na+

Uniport

Na+

H+

FIGURE 2.10 Types of carrier-mediated transport. The
figure depicts an epithelial cell (e.g., renal proximal tubule) expres-
sing different kinds of carriers, classified according to the number of
substrates and the directions of the net fluxes. Uniporter is a carrier
that transports only one substrate in a complete cycle; the process is
known as facilitated diffusion or uniport, and is always passive.
Shown in the figure is a glucose uniporter at the basolateral mem-
brane. Symporter is a carrier that transports at least two substrates in
the same direction in each cycle. The process is known as co-trans-
port or symport; the overall transport process is downhill, but the
electrochemical gradient of one substrate can be used to transport
the other one actively (a form of secondary active transport). Shown
in the figure is a Na1-glucose symporter at the apical membrane.
Antiporter is a carrier that transports at least two substrates in oppo-
site directions in each cycle. The process is known as countertrans-
port, exchange or antiport; the overall transport process is downhill,
but again the electrochemical gradient of one substrate can be used
to translocate the other one actively (secondary active transport).
Shown in the figure is a Na11/H1 antiporter at the apical mem-
brane. See also Figure 2.6.
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The Na1,K1-ATPase is expressed in virtually all ver-
tebrate epithelial cells, where it is usually targeted to
the basolateral membrane. In two cases, the choroid
plexus and the retinal pigment epithelium, the pump is
targeted to the apical membrane and epithelial cell
polarity is inverted vis-à-vis other tissues. The pump
consists of α- and β-subunits in a 1:1 stoichiometry
(likely α2:β2). The α-subunit is responsible for both ion
transport and ATPase activity, and contains the binding
sites for Na1, K1, and ouabain, a specific inhibitor,
as well as the phosphorylation site. The β-subunit,

previously thought to be just involved in assembly and
delivery of the pump, has in addition an important role
in K1 binding.93 The α-subunit has three isoforms
(apparent molecular mass 120 kDa) and the β-subunit
has two isoforms, with apparent molecular mass of
50 kDa. Pump isoforms are tissue-specific, change dur-
ing organ development, and exhibit different pharma-
cological properties. The Na1,K1 pump was first
crystallized in 2007,79 and a higher resolution structure
was obtained in 2009.93 At this time, our understanding
of the structure�function relationships is less than that
for the sarcoplasmic reticulum Ca21 pump (see below).
The regulation of the activity of the Na1,K1 pump is
complex, and an important regulatory mechanism in
the kidney is the increase in Na1 pump expression in
principal cells of the collecting duct under the action of
mineralocorticoids. These hormones stimulate of Na1

entry via ENaC, which results in an increase in intracel-
lular Na1 concentration that appears to mediate the
stimulation of pump expression.

The plasma membrane Ca21 pump (PMCA pump)
actively exports Ca21 from the cell, exchanging it for
H1 (the stoichiometry appears to be 1 Ca21 out:2 H1

in:1 ATP molecule hydrolyzed). The pump is
120�140 kDa, with ten transmembrane helices and
three substantial intracellular domains. The crystal
structure of the Ca21 pump from sarcoplasmic/endo-
plasmic reticulum (SERCA pump) was solved a
decade ago.107 It has two Ca21-binding sites from
which the ions are extruded, with a stoichiometry of 2
Ca21 per ATP hydrolyzed, different from that of the
PMCA pump. The PMCA pump has high affinity for
intracellular Ca21, in the submicromolar range. The
conformational change elicited by ATP hydrolysis is
thought to make the Ca21 sites face the extracellular
space and the affinity decrease, causing Ca21 release.
The function of the PMCA pump is to help maintain a
low intracellular Ca21 concentration. It is a high affin-
ity, low capacity system. The PMCA pump is stimu-
lated by calmodulin and 1,25-dihydroxyvitamin D (for
a review, see 10).

The H1/K1-ATPase is expressed in gastric epithe-
lial cells (gastric isoform), colonocytes (colonic iso-
form), and renal collecting ducts (both isoforms). As
with the Na1,K1-ATPase and the Ca21-ATPases, the
H1/K1-ATPase consists of α- and β-subunits. The
α-subunits of the two isoforms, are very similar in
amino acid sequence to the α-subunit of the Na1,K1-
ATPase. The function of the renal H1/K1-ATPase is
acid secretion and K1 reabsorption

In the last decade, crystal structures have been
obtained for the Ca21 pump from sarcoplasmic
reticulum,107,109,110 the plasma membrane Na1,K1-
ATPase79,80,93 and the plant plasma membrane
H1-ATPase.83 Although the Ca21-ATPase from rabbit
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FIGURE 2.11 Structure of a symporter. Side (left) and extracellu-
lar (right) views of the LeuT, a prokaryotic Leu-Na1 symporter that
belongs to the neurotransmitter sodium symporter family. One pro-
tomer of the dimer in the crystal structure is shown. Transmembrane
helix 12 is shown in darker gray. Leu and Na1 bound deep into the
structure core are shown in darker gray and black, respectively (built
with PyMol from PDB 2A65).

FIGURE 2.12 Catalytic cycle for P-type ATPases modeled as
countertransport pumps exchanging Na1 (A) for K1 (B), Ca21 (A) for
H1 (B) or H1 (A) for K1 (B) (Na1,K1-, Ca21-, and H1,K1-ATPase,
respectively) (E1: conformation with ion-binding sites accessible
from cytoplasm; E2: conformation with ion-binding sites accessible
from the extracellular face; E(A) or E(B): ion “occluded” in the pro-
tein) (modified with permission from ref. [85]).
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skeletal muscle sarcoplasmic reticulum (SERCA1a) is
not a plasma membrane protein, it is currently the bet-
ter known P-type ion transporting ATPase. The mass
of SERCA1a is 110 kDa, it has 10 transmembrane heli-
ces (M1�M10), three cytoplasmic domains (A [actuator
or anchor]; N [nucleotide-binding]; and P [phosphory-
lation]), and small SR-lumen loops. SERCA1a trans-
ports, against the electrochemical gradient across the
SR membrane, two Ca21 per ATP hydrolyzed, reduc-
ing [Ca21] in the cytosol, and accumulating it in the SR
lumen. Two or three H1 are exchanged for the Ca21 in
each cycle. As is the case with other P-ATPases, pri-
mary active ion transport results from a conforma-
tional change of the pump (from E1 to E2). In E1, the
Ca21 ions bind with high affinity and face the cyto-
plasm; in E2, the affinity is low and Ca21 ions face the
SR lumen. The Ca21 translocation would take place
between E1P and E2P, two states of the phosphory-
lated pump. Similar states exist in the operation of the
Na1,K1-ATPase (see Chapter 3).

The first determination of the structure of SERCA1
by X-ray crystallography in 2000107 was followed by
over 20 structures in different states that essentially
cover the reaction cycle, making it the best character-
ized P-type ion-translocating ATPase.106 The atomic
structure, represented in Figure 2.13,107,108 revealed that
transmembrane helices 4, 5, and 6 contain the amino
acid residues that bind the two Ca21 ions transported
per cycle. These results, combined with molecular
dynamics simulations101 have provided detailed

information about the binding sites and the conforma-
tional changes underlying ion pumping.105,106

Differences between several structures revealed that
SERCA1 Ca21 binding and dissociation elicit large con-
formational changes in the transmembrane domains,
mechanically linked to similar changes in the cyto-
plasmic domains. Homology modeling suggests that
the cation-binding sites of the Ca21- and Na1,K1-
ATPases are virtually the same.84 A critical movement
of transmembrane helix 4 causes the release of a cation
(Ca21 or Na1) and the binding of the other cation (H1

or K1) at a displaced position with respect to the mem-
brane, thus preventing competition between the
cations.

Similarities and Differences between Ion Transport
Proteins

The recent progress in genomics and structural biol-
ogy of membrane proteins (ca. 700 crystal structures, of
which 250 are unique114), combined with increasing
sophistication of biochemical and biophysical studies
has began to clarify the essential similarities and differ-
ences between these proteins. We wish to make several
important points in this closing section. First, there are
big differences between ion channels, on the one hand,
and carriers and pumps, on the other, and the differ-
ences in function are explained by the differences in
structure. Second, there are families in which individuals
can be either channels or carriers, or either channels or
pumps, suggesting something akin to a “common ances-
tor.” Third, there is at least one instance in which phar-
macological intervention can transform a pump into a
channel. We discuss briefly these three points.

1. Channels versus carriers and pumps. The crucial
functional difference between channels, on the one
hand, and carriers or pumps, on the other, is in the
turnover numbers: channels conduct ions rapidly
(106�108 s21), whereas carriers and pumps are
much slower (102�104 s21). This difference is
related to the relatively slow conformational
changes that accompany solute flux in carriers and
pumps, while in open channels no conformational
changes occur during transport. In addition, there is
a difference in access of the transported ion(s) to the
critical site. As we saw in the structures of K1 and
Cl2 channels, the narrow region of the permeation
pathway (selectivity filter) is short relative to the
thickness of the membrane, facilitating rapid
conduction. In K1 channels, in addition, the four
binding sites in single file cause repulsion between
adjacent ions, also facilitating rapid conduction. In
contrast, in carriers (such as LeuT) and pumps
(such as the Ca21-ATPase) the ion-binding sites are
located deep inside the protein, with no
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FIGURE 2.13 Structure of a pump. Side view of the Ca21-
ATPase in the E1•2Ca21 state. The cytoplasmic nucleotide binding
(N) and actuator (A) domains are shown in darker gray. The A
domain is part of the mechanism that controls Ca21 binding and
release. The cytoplasmic P domain is also labeled. This domain con-
tains the phosphorylation residue Asn351 and several P-type ATPase
critical residues, including the Mg21 coordination residue Asp703.
Transmembrane helices 4�6, which contribute residues to the bind-
ing of Ca21, are shown in lighter gray. The two Ca21 are shown as
black balls (built with PyMol from PDB 1SU4).
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unobstructed pathway to the adjacent aqueous
solutions. This feature limits the speed of ion
transport, but permits occlusion, i.e., the ion
pathway is never simultaneously open to both sides
of the membrane. These arguments are lucidly
presented by Gouaux and MacKinnon.42

2. Functionally different transport proteins present in the
same family. The ClC proteins appear to be an
intermediate class of ion transport proteins in
between channels and carriers. Their structure is
channel-like, with vestibules in series with a short
selectivity filter with capacity to contain several
ions. Functionally, some ClC proteins are indeed
channels, whereas others are antiporters in which
the Cl2 flux is coupled to flux of H1 in the opposite
direction.3,76 A somewhat similar situation holds for
the case of ABC proteins, which in most instances
are pumps (ATPases), but at least one member
(CFTR) is an ion channel. There is no crystal
structure of CFTR yet, but from the primary and
secondary structures one would not predict that the
protein is a channel. It has been recently proposed
that both CFTR and ClC-O are Cl2 channels
evolved from transporters.15

3. A pump can be transformed into a channel. The marine
toxin palitoxin (PTX) is a B3000 Da molecule that
consists of a chain of over 100 carbons with a
complex variety of organic side groups. The
mechanism of the toxic effect of PTX is to convert
the Na1,K1-ATPase from a cation pump into a
nonselective cation channel that dissipates the Na1

and K1 gradients between the cell and the
extracellular fluid. This could be explained if the
effect of PTX were to open the two gates necessary
for the normal operation of the pump, thus
revealing the ion translocation pathway. PTX was
shown to interact with the pump in excised
membrane patches, this interaction was dependent
of the presence of ATP on the inside of the
membrane, and was modulated by extracellular K1,
indicating that the PTX-dependent channel function
shares properties of the native pump.7,8 In other
studies, the permeation pathway was mapped using
the technique known as cysteine-scanning
mutagenesis, in which the accessibility of amino
acid sites to small hydrophilic thiol reagents is
assessed after mutating those sites to Cys. Residues
in transmembrane helices 4, 5, and 6 became
accessible by exposure to PTX,43,44,57 consistent with
the structural studies described above.

We have presented three arguments that support
the notion that ion channels, carriers, and pumps share
a basic molecular architecture (see 37 and 38). In sum,
and as illustrated in Figure 2.14, the simplest ion

transport protein would be a pore (no gate), followed
by a pore with one gate (channel), a pore with two
gates (carrier), and finally a pore with two gates cou-
pled to a metabolic-energy source (pump). As more
structures of membrane transport proteins become
available the “missing links” might be identified.
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2.6 Å resolution. Nature 2000;405:647�55.

[108] Toyoshima C, Nomura H. Structural changes in the calcium
pump accompanying dissociation of calcium. Nature
2002;418:605�11.

[109] Toyoshima C, Nomura H, Sugita Y. Crystal structures of Ca21-
ATPase in various physiological states. Ann NY Acad Sci
2003;986:1�8.

[110] Toyoshima C, Nomura H, Sugita Y. Structural basis of ion
pumping by Ca21-ATPase of sarcoplasmic reticulum. FEBS
Lett 2003;555:106�10.

[111] Ussing HH. Transport of ions across cellular membranes.
Physiol Rev 1949;29:127�55.

[112] Vereb G, Szöllösi J, Matkó J, Nagy P, Farkas T, Vigh L, et al.
Dynamic, yet structured: the cell membrane three decades
after the Singer�Nicolson model. Proc Natl Acad Sci USA
2003;100:8053�8.

[113] Ward A, Reyes CL, Yu J, Roth CB, Chang G. Flexibility in the
ABC transporter MsbA: alternating access with a twist. Proc
Natl Acad Sci USA 2007;104:19005�10.

[114] White S. Membrane proteins of known structure. 2010; http://
blanco.biomol.uci.edu/Membrane_Proteins_xtal.html.

[115] Wright EM, Loo DD, Hirayama BA, Turk E. Surprising versatil-
ity of Na1-glucose co-transporters: SLC5. Physiology
2004;19:370�6.

[116] Yamashita A, Singh SK, Kawate T, Jin Y, Gouaux E. Crystal
structure of a bacterial homologue of Na1/Cl2-dependent neu-
rotransmitter transporters. Nature 2005;437:215�23.

[117] Yin Y, He X, Szewczyk P, Nguyen T, Chang G. Structure of
the multidrug transporter EmrD from Escherichia coli. Science
2006;312:741�4.

[118] Zachos NC, Tse M, Donowitz M. Molecular physiology
of intestinal Na1/H1 exchange. Annu Rev Physiol
2005;67:411�43.

[119] Zhou Y, MacKinnon R. The occupancy of ions in the K1 selec-
tivity filter: charge balance and coupling of ion binding to a
protein conformational change underlie high conduction rates.
J Mol Biol 2003;333:965�75.

[120] Zhou Y, Morais-Cabral JH, Kaufman A, MacKinnon R.
Chemistry of ion coordination and hydration revealed by a K1
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Active transport of solutes across membranes against
their concentration or electrochemical gradients requires
energy. For ion-motive ATPases (F-type, V-type, and
P-type), this process is an exchange between energy
contained in the electrochemical gradient and chemical
energy provided by ATP hydrolysis. F-type ATPases or
ATP synthases are responsible for the generation of ATP
using energy of the proton gradient created by the respi-
ratory chain in mitochondria or photosynthetic com-
plexes in chloroplasts. V-type ATPases acidify vesicles
by transporting protons from the cytoplasm to the lumen
of intracellular organelles (endosomes, lysosomes,
vacuoles, . . .). V-ATPases are also present in the plasma
membrane of some epithelial cells. Despite sharing a
common general architecture and a large number of sub-
units, F- and V-ATPases usually work in opposite direc-
tions. P-type ATPases (also called E1-, E2-ATPases) form
a third group of ion-motive ATPases that perform uni-
directional or exchange transport of monovalent (H1,
Na1, K1) or divalent (Ca21, Cu21, Mg21, . . .) cations.

P-ATPASES

While some members of the P-ATPase family are
probably active as a single polypeptide, the functional
unit of others consists of several subunits. The major
subunit (α- or catalytic subunit for multimeric P-
ATPases) consists of a series of hairpins formed by
pairs of transmembrane segments linked by short extra-
cellular loops. Two large intracellular loops make the
connection between the first, second, and third hair-
pins. The largest cytoplasmic loop contains the ATP-
binding domain and the phosphorylation site.
Transient phosphorylation of this aspartate residue

occurring during the transport cycle is a hallmark of
P-ATPases (Figure 3.1).

STRUCTURE AND FUNCTION OF
Ca21-ATPASES (SERCA AND PMCA)

SERCA is found in intracellular organelles related to
the endoplasmic reticulum, such as the sarcoplasmic
reticulum of cardiac and skeletal muscle cells. Three dif-
ferently expressed genes have been identified: SERCA1 in
fast-twitch skeletal muscle; SERCA2 in slow-twitch skele-
tal muscle, heart, and smooth muscle; and SERCA3 in
blood, endothelial, and epithelial tissue. SERCA mediates
uptake of Ca21 from the cytoplasm into the sarcoplasmic
reticulum following calcium release from intracellular
stores. It therefore acts as a terminator signal in excita-
tion�contraction coupling processes in muscle, and plays
a key role in excitation�secretion coupling in neurons
and other secretory cells. Extensive structure�function
studies have been performed with SERCA and a high res-
olution (2.6 Å) structure of this protein was obtained.1

PMCA is expressed at the plasma membrane, where
it extrudes Ca21 out of the cell. Four PMCA genes are
known, with multiple splicing variants for each gene,
resulting in the existence of about 20 isoforms. PMCA1
and PMCA4 are ubiquitous, while PMCA2 and PMCA3
are restricted to neurons, brain, muscle, and kidney.
PMCA plays an important role in tubular reabsorption
of calcium.1 The long C-terminal intracellular domain
maintains PMCA in an inactive state by interacting
with the catalytic site. A rise of cytosolic Ca21 concentra-
tion increases Ca21�calmodulin-binding, allowing cal-
modulin to interact with the PMCA C-terminal domain.
This releases PMCA autoinhibition, activating the pump.
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Conversely, calcium extrusion decreases cytosolic Ca21

concentration, and consequently its association with cal-
modulin. Calmodulin release from PMCA increases
PMCA auto-inhibition. Regulatory inhibition of SERCA
is mediated by the small associated protein phospholam-
ban, which plays a role equivalent to that of the PMCA
C-terminal domain. Phosphorylation of phospholamban
by protein kinase C releases SERCA inhibition.1

STRUCTURE OF Na,K-ATPASE AND
H,K-ATPASE

Na,K- and H,K-ATPases are heteromeric proteins
consisting of an α-subunit and a smaller glycosylated
β-subunit. Na,K-ATPase hydrolytic activity, cation trans-
port activity, and ouabain-binding properties were dem-
onstrated by co-expression of α- and β-subunits in
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FIGURE 3.1 General structure and conserved motifs of P-ATPases. The four schemes show the general architecture of the main catalytic
subunit of the large group of P-ATPases. The large scheme in the center corresponds to the common general structure of P2, P3, and P4 subfa-
milies. The two smaller schemes at the top illustrate the structure of bacterial KDP-B potassium transport ATPase (P1A subfamily, left) and
the universal metal ion transport ATPases (P1B subfamily, right) in which the large N-terminal domain contains a number (usually 6) of cyste-
ine-rich metal-binding domains (m). The small scheme at the bottom left illustrates the putative structure of P5-ATPase. The six transmem-
brane segments that are common to all P-ATPase together with the two major intracellular domains form the core of the ion translocation
engine, and are shaded in a darker gray. The positions of highly conserved motives common to all P-ATPases are encircled by a dashed line.
The cytoplasmic part of the protein is divided into three A, P, and N main functional domains according to Toyoshima et al.396. The circled P
indicates the location of the phosphorylation site. The N- and C-termini are indicated by italicized N and C.
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several expression systems (mammalian cells, Xenopus
oocytes, baculovirus-infected insect cells, and yeast). Na-
(or H-) and K-activated ATPase and cation transport
activities (i.e., uphill cation transport driven by ATP
hydrolysis) characteristic of Na,K- or H,K-ATPases have
been demonstrated only in the presence of both α- and
β-subunits. Expression of the α-subunit alone in insect
cells2 resulted in Mg2-dependent ATPase activity that
was not specifically activated by Na1 and K1. The exact
stoichiometry of the minimal functional unit is still a mat-
ter of debate. However, Na,K-ATPase activity is associ-
ated with solublized α�β protomers,3 and cross-linking
experiments did not show evidence for a close interaction
between α-subunits.4 A third subunit, the γ-subunit, can
be associated with the α�β complex (see below).

Catalytic α-Subunit

Structure

Na,K- and H,K-ATPase α-subunit peptides range in
length from about 1000 to 1040 amino acids. Their pri-
mary structure is characterized by a first group of four
transmembrane segments, followed by a large cyto-
plasmic loop, and a second group of six transmembrane
segments (Figure 3.1). Crystal structures of pig5 and
shark6 Na,K-ATPase at 3.5 and 2.4 Å resolutions, respec-
tively, confirmed that the α-subunit has three cytoplasmic
domains and 10 transmembrane helices, designated M1
to M10. Two-thirds of its mass is contained in the large
cytoplasmic domain, while one-third spans the lipid
bilayer. Of the total mass, only a small part is extra-
cellular.6 Sequence homology between Na,K- and H,K-
ATPases is high enough to safely predict H,K-ATPase
structure, at least for the general architecture of this mole-
cule, and for large domains where homology is highest.

Isoforms

Six different α-subunit genes have been identified in
mammals: α1-4 isoforms of the Na,K-ATPase α-subunit;
gastric H,K-ATPase α-subunit (αHKg); and colonic H,K-
ATPase α-subunit (αHKc). Related isoforms have been
identified in birds and amphibians. Na,K-ATPase
sequences from Caenorhabditis elegans or Drosophila
melanogaster do not show close similarity with any mam-
malian isoform. This suggests that the divergence
between Na,K- and H,K-ATPase α-subunits precedes
the divergence between mammals, amphibians and
birds, and has occurred early in vertebrate evolution.

All Na,K-ATPase isoforms primarily maintain Na1

and K1 gradients across the cell membrane. The large
inward electrochemical gradient for Na1 is in turn used
by numerous secondary active transport systems for vari-
ous “housekeeping” functions: maintenance of intracellu-
lar pH via Na�H exchangers; extrusion of calcium via

Na�Ca exchanger; control of cell volume via Na�K�2Cl
symport and other coupled transport systems; and
import of amino acids, nucleotides, and other nutrients or
osmolytes through various Na1-coupled co-transport
systems. The outward electrochemical gradient for K1 is
responsible for the intracellular negative membrane
potential, because K1 flows out of the cell through K1

selective channels that are active in most cells. In addition
to these general functions, Na1 and K1 gradients across
cell membranes are essential for specialized functions,
such as the generation and propagation of action poten-
tials in excitable cells, neurotransmitter uptake, and trans-
cellular transport of solutes and water by epithelial cells.

The α1 isoform is the most ubiquitous and abundant
α isoform, and is responsible for the maintenance of
whole-cell Na1 and K1 gradients necessary for house-
keeping functions. Because of its abundance (it is the
only α isoform present in many epithelial cells, includ-
ing renal cells) it provides the driving force for solute
and water transepithelial transport. The α2 isoform is
found in skeletal and heart muscle, and in the nervous
system (neurons and glial cells). The α3 isoform
is essentially neuronal, but is also found in blood cells
and macrophages. The α4 isoform is mostly expressed
in testes, and plays a critical role in sperm motility.7

αHKg is abundantly expressed in parietal cells of the
gastric gland, where it plays a central role in proton secre-
tion. Under resting conditions, it is mainly located in an
intracellular tubulo�vesicular network that fuses with
the apical membrane of parietal cells in response to
stimuli, allowing the H,K-pump to secrete protons into
the gastric gland lumen in exchange for potassium. αHKc
is mainly expressed in the (rat) distal colon, but also in
the kidney, uterus, and, to a lesser extent, in the heart.8

β-Subunit
Isoforms

As stated above, the β-subunit is an essential con-
stituent of functional Na,K-ATPase and H,K-ATPase.
Five different genes encoding similar proteins are
known in mammalian genomes: β1; β2; β3; βHK; and
βm (“m” emphasizes its predominant expression in
skeletal muscle). β1, β2, and β3 are clearly Na,K-
ATPase β-subunit isoforms, while βHK is co-expressed
with gastric H,K-ATPase. Although usually described
as ubiquitous, β1 appears to be absent, or at best is
only a minor component, in several tissues such as
liver and red blood cells. The β2 isoform was initially
identified in glial cells, but is also present in other cell
types, including neurons, blood cells, and epithelial
cells. The β3 isoform, initially identified in nervous
systems, is also widely distributed, being most abun-
dant in testes, liver, and lungs and less so in skeletal

69STRUCTURE OF Na,K-ATPASE AND H,K-ATPASE

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



muscle and kidney. Despite sharing sufficient
sequence similarity to be classified in the same family,
βm does not associate with any known mammalian
α-subunit.9

Structure and α�β Interaction

β-subunit peptides range in length from 288 to 315
amino acids, and show a lower degree of homology
(about 30%�40% identity between isoforms) than α iso-
forms. Crystal structures of Na,K-ATPase obtained at
resolutions of 3.5 Å5 and 2.4 Å6 have lent detailed insight
into β-subunit structure. These studies, together with
experimental evidence, show that the β-subunit is a type
II membrane protein consisting of a single transmem-
brane segment, a B35-amino acid N-terminal domain,
and a large extracellular domain containing two to seven
glycosylation sites, depending on the isoform, and six
cysteine residues that form three disulfide bridges
(Figure 3.1).

Experimental modeling and analysis of Na,K-
ATPase crystal structures has revealed complex
interactions between α- and β-subunits. The transmem-
brane helix of the β-subunit forms several hydrogen
bonds and numerous contacts with M7 and M10 trans-
membrane helices of the α-subunit, primarily via clus-
ters of aromatic residues. At the extracellular side of
the β-subunit, a stretch of amino acids adjacent to its
transmembrane domain interacts with the αM7/M8
extracellular loop that contains a consensus sequence
SYGQ.6 Further downstream, Lys250 of the β-subunit
forms a salt bridge with Glu899, located in the αM7/
M8 extracellular loop.6

Except for gastric αHK and βHK, which are most
abundantly expressed in a single cell type (parietal cells
of gastric glands), there is no obvious common pattern of
distribution between α isoforms and β isoforms that
would define preferential physiological associations.
Indeed, some cells even express as many as three α iso-
forms and at least two β isoforms. Unless formation of
specific complexes is favored or repressed by unknown
mechanisms, numerous combinations are possible, as
suggested by studies using artificial expression systems.
β1 is abundantly expressed in tissues in which α1 predo-
minates, such as the kidney, strongly suggesting that
α1β1 represents the predominant isozyme in these
tissues. The nature of the β-subunit associated with
αHKc is also a matter of debate, since all β isoforms are
able to associate with αHKc, depending on the expres-
sion system used.

Functional Role

The functional interaction between α- and β-subunits
has been studied and reviewed in detail.9 By acting as
a molecular chaperone, the β-subunit plays a critical
role in the maturation of the α-subunit. Indeed, the

α-subunit reaches a mature and functional conforma-
tion, ready to be translocated from the endoplasmic
reticulum to the plasma membrane, only when associ-
ated with a β-subunit.

The β-subunit contributes to intrinsic transport prop-
erties of the whole enzyme in several expression
systems by influencing its apparent K1 and Na1 affini-
ties. Biochemical analysis and crystallization of Na,K-
ATPase has lent some mechanistic insight as to how
this is achieved. By interacting with the M7 trans-
membrane domain of the α-subunit, Tyr40 and Tyr44 of
the β-subunit transmembrane helix help confer intrinsic
transport properties of the Na,K-ATPase enzyme, as
suggested by a mutagenic study.10 Unwinding of M7
via hydrogen bonding of Tyr44 with Gly855 appears to
be of central importance to K1 binding. The role of the
β-subunit ectodomain in modulating cation transport is
further illustrated by the complex interactions between
this domain and the αM7/M8 extracellular loop.

The role of the β-subunit in cell�cell adhesion will
be discussed in the section “New Physiological
Functions of Na,K-ATPase.”

FXYD Proteins

Isoforms

FXYD proteins are a third component of Na,K-
ATPase. There are seven isoforms in mammals, ranging
from 61 to 95 amino acids in length, except for FXYD5,
which consists of 178 amino acids due to an N-terminal
extension. Most FXYD proteins are small type 1 mem-
brane proteins containing an extracellular N-terminus.
This family of proteins is so named since all members
contain a FXYD (Phe-X-Tyr-Asp) sequence located
immediately downstream of the transmembrane seg-
ment. All members also contain two conserved glycine
residues in the transmembrane domain, as well as a ser-
ine residue located further downstream. As with α and β
isoforms, the tissue distribution of FXYD proteins is iso-
form-specific.11 FXYD1 (phospholemman) is predomi-
nately expressed in heart and skeletal muscle and, to a
lesser extent, in brain, FXYD2 (γ-subunit) in kidney,
FXYD3 (MAT-8) in stomach and colon, FXYD4 (CHIF) in
kidney and distal colon, FXYD5 (RIC) in kidney, intes-
tine and lung, and FXYD6 and FXYD7 in brain. In the
kidney FXYD2 is mostly expressed in proximal tubule
and thick ascending limb of Henle, while FXYD4 is
exclusively found in the collecting duct where its expres-
sion increases from cortical to medullary portions.12

Function and Interaction with α- and β-Subunits
FXYD proteins were first thought to be regulators of

ion channels or even to act as ion channels themselves. It
has now been demonstrated that FXYD proteins interact
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with Na,K-ATPase. Contrary to the β-subunit, most
FXYD proteins do not associate with H,K-ATPase and
do not appear to act as a molecular chaperone. Rather,
they regulate Na,K-ATPase functional properties. As
recently reviewed,9 analysis of FXYD-deficient mice and
in vitro modulation of Na,K-ATPase activity by different
FXYD proteins has shown that FXYD1�4, 6, and 7 all
decrease Na,K-ATPase apparent affinity for Na1 and/or
K1, with the exception of FXYD4 which has been shown
to decrease apparent affinity for K1 but increase that for
Na1. FXYD5 does not appear to influence Na,K-ATPase
affinity for either Na1 or K1, but enhances maximal
transport activity. By modulating Na,K-ATPase activity,
FXYD proteins play important physiological roles, each
isoform playing a different role depending on its tissue-
specific distribution. For instance, FXYD1 influences
myocardial contractility by modulating Na,K-ATPase
activity and calcium handling, as demonstrated in
FXYD1-deficient mice that display depressed cardiac
contractile function and increased cardiac mass.13

FXYD6, the only FXYD isoform expressed in the inner
ear, may play an auditory and vestibular role by contrib-
uting to endolymph ionic compostion, whose production
depends on Na,K-ATPase activity.14 Reflecting altered
expression levels in various types of cancer, FXYD3 may
be implicated in the control of cell differentiation, prolif-
eration, and/or apoptosis through regulation of
Na,K-ATPase activity.15 Finally, the renal tubule
segment-specific distribution of FXYD2 and FXYD4 may
explain, at least in part, the higher apparent Na1 affinity
of collecting duct Na,K-ATPase as compared to that of
more proximal nephron segments.16,17

Crystallization of the Na,K-ATPase holoenzyme5,6 has
deciphered FXYD structure, and revealed how it inter-
acts with α- and β-subunits, providing some insight into
how it modulates Na,K-ATPase activity. This notably
involves interaction between the transmembrane domain
of FXYD proteins, particularly Gly34, with the αM9
transmembrane domain. Hydrogen bonds between
Cys31 and αGlu960 may additionally play a structural
role important for FXYD functional regulation. The
FXYD motif helps confer β conformational structure.
This is partly achieved via Phe12, which anchors this
segment to the β-subunit, and Tyr14, which forms a
cluster of aromatic residues with Tyr69 of the β-subunit
and Trp987 of the αM9/M10 extracellular loop.

PROPERTIES OF Na,K-ATPase AND
H,K-ATPASE

Ion Transport

Under physiological conditions, Na,K-ATPase
exchanges three intracellular Na1 for two extracellular

K1 at the expense of one ATP during each cycle, gen-
erating an outward current of one net charge per cycle.
The outward current generated by the Na,K-pump
tends to hyperpolarize the cell membrane to a few
millivolts under steady-state conditions. The majority
of the 50 to 80 mV resting-membrane potential is due
to flow of K through K channels, which relies on Na,
K-pump activity, since high intracellular K1 concentra-
tion is maintained by the Na,K-pump. The apparent
affinities for Na1 and K1 are dependent on experimen-
tal conditions, but under physiological conditions
intracellular Na1 activates the Na,K-pump with a K1/2

of 10 to 20 mM and a Hill coefficient between 2 and 3.
Extracellular K1 has a K1/2 of about 1 mM, with a Hill
coefficient between 1 and 2.

Despite extensive studies, the difference in transport
properties between Na,K-ATPase α isoforms has not
been entirely resolved. Initial studies performed in
native tissues indicated that α2/α3 isoforms have a
higher affinity for Na1. More recent studies comparing
isoforms in the same artificial expression system
revealed that α2 has a slightly lower (about 20 mM),
and α3 a much lower (30�70 mM), affinity for Na.18

However, other factors, such as the type of associated
β-subunit and FXYD protein, also modulate Na,K-
ATPase transport properties (see above).

The mechanism of cation translocation by Na,K-
ATPase can be summarized as follows (Figure 3.2).
Na,K-ATPase exists under two main conformations, E1
and E2, and transport activity is performed via a cycle
in which the protein is transiently phosphorylated,
and alternately adopts E1 or E2 conformations. These
two conformations differ in their apparent affinities for
Na1 and K1. The E1 conformation has high affinity
sites for Na1 exposed at the intracellular side of the
membrane, while the E2 conformation has high affinity
sites for K1 exposed at the extracellular side of the
membrane. Three Na1 and two K1 ions are alternately
bound to the enzyme and then “occluded,” that is,
tightly bound inside the protein. This model is com-
patible with the reported structure of the major confor-
mations of SERCA, and the E2-P conformation of
Na,K-ATPase.6,19

Non-electrogenic transport is achieved by gastric
H,K-ATPase, indicating that a symmetrical number of
H1 and K1 ions are translocated across the membrane
during each cycle. Transport stoichiometry depends on
pH. Under conditions of high or near neutral pH, the
stoichiometry is 2H,2K1-1ATP, and shifts to 1H,1K1-
1ATP under physiological conditions, i.e., conditions of
very low extracellular pH.20 The transport properties of
colonic H,K-ATPase and its close relatives (human
ATP1AL1 and toad Bufo marinus bladder H,K-pump)
are not yet completely defined. Artificial systems
have demonstrated an inward transport of K1, and an
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outward transport of H1.21 However, data obtained in
heterologous expression systems have suggested that
these enzymes may exchange Na1 for K1.22

Pharmacology

A group of natural compounds known as “cardiac
steroids,” so named because they contain a steroid
nucleus attached to a lactone ring and are used for
treatment of congestive heart failure, are potent Na,K-
ATPase inhibitors. In addition, one or several endoge-
nously related compounds may also act as hormonal

agents that participate in regulating Na,K-ATPase
activity.

Cardiac steroid interaction with Na,K-ATPase,
particularly ouabain, has been extensively studied.
Differences of ouabain affinity between Na,K-ATPase
isoforms, together with mutagenesis studies23 and
recently obtained crystal structures of ouabain bound
to Na,K-ATPase,5 all show that ouabain binds to a
deep cavity formed by the transmembrane helices M1,
M2, M4, M5, and M6 at the proximity of the K1-bind-
ing site. The slow kinetics of ouabain binding may be
associated with partial unwinding of the M4 helix.
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FIGURE 3.2 The Na,K-ATPase transport cycle. This cartoon illustrates the principle of the “alternating access” transport model of Na,K-
ATPase. Na1 ions are indicated by small, filled circles, and K1 ions by small, open squares. Starting from the E1 conformation where ATP is
present at its binding site, three Na1 ions enter from the intracellular site through an open, internal gate and reach their occlusion site (E1Na
state). Na1 binding induces (dotted arrow) movement of the N domain, resulting in positioning of the γ phosphate close to the phosphoryla-
tion site, phosphorylation of the α-subunit via transfer of the γ phosphate to Asp351, release of ADP and closure of the internal gate which
results in the occlusion of the three Na1 in the E1P state. The conformational change to the E2-P state that follows results in the opening of the
extracellular gate, and a structural change of the cation-binding site, resulting in a large decrease of their affinity for Na1 and an increase
of their affinity for K1. This leads to release of Na1 to the extracellular side and loading of two K1. K1 binding has two major consequences
(dotted arrows): first, the external gate closes, resulting in K1 occlusion; and second, D351 (E2K state) is dephosphorylated. This latter event
is catalyzed by a conserved motif (TGES, small black triangle) of the A domain that is brought in contact with the phosphorylation site via
rotation of this domain. The N domain also moves, allowing it to be accessible (with a low affinity) to ATP. Binding of ATP then results in
opening of the intracellular gate (back to the E1 conformation), and allows release of K1 ions to the intracellular side. This last step can also
occur in the absence of ATP, but at a much reduced rate.
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Large differences in ouabain sensitivity occur
among animal species. The α1 isoform is ouabain-
resistant in rat, mouse, and toad Bufo marinus, but is
sensitive in human, rabbit, sheep, and Xenopus.23 The
α2 and α3 isoforms are more sensitive than the α1 iso-
form in “resistant” species.7 However, in humans, little
difference of equilibrium binding is found among α1,
α2, and α3 isoforms, except for a slightly higher KI for
α2. However, the α2 isoform also exhibits a faster oua-
bain association and dissociation rate constant than α1
and α3.24 The “resistant” phenotype of some species is
linked to charged amino acids in the first extracellular
loop between M1 and M2.23 The presence of endoge-
nous circulating inhibitors of Na,K-ATPase (“endo-
ouabain”) is well-demonstrated. However, their
precise chemical nature needs to be clarified, their con-
trolled synthesis and release better understood, and
their specific effects more precisely described, before
the hypothesis of controlled Na,K-ATPase activity by
such circulating hormones can be considered as fully
established.25

Gastric H,K-ATPase is insensitive to ouabain,20 as
demonstrated by an absence of detectable effects at
millimolar concentrations of ouabain. On the other
hand, non-gastric H,K-ATPases, expressed in Xenopus
oocytes, show some sensitivity to ouabain and exhibit
inhibitory constants (KI) between 10 and 100 mM.8

Two types of gastric H,K-pump inhibitors are known.
SCH-28080 is a reversible inhibitor that competes with
extracellular K1, while substituted benzimidazole
compounds irreversibly inhibit gastric H,K-ATPase by
forming a covalent (disulfide) bond between the
sulfonamide form of the compound (produced in very
acid pH) and the thiol group of a cysteine residue
exposed at the cell surface.20

Genetics

Gene inactivation studies have shown that Na,K-
ATPase is essential for life. Absence of Na,K-ATPase
α1 expression is embryonically lethal, even though
α12/2 embryos develop beyond the blastocyst stage.26

In contrast, α22/2 animals are born alive but die soon
after birth, most likely as the result of dysfunctional
neuronal circuits involved in controlled respiration.27

α1 or α2 gene inactivation in heterozygous animal tis-
sues leads mostly to disturbances of cardiac pheno-
type, supporting an important role for the α2 isoform
in intracellular calcium homeostasis.28,29 Only two
human genetic diseases are known to be related to
mutations of Na,K-ATPase α isoforms. A familial form
of hemiplegic migraine has been associated with muta-
tions in the α2 gene that abolish or greatly reduce
enzyme activity30,31 (OMIM #602481). Rapid onset

dystonia parkinsonism has been associated with an
inactivating mutation of the α3 gene32 (OMIM
#128235). In both cases, the mode of inheritance is
dominant, suggesting that the disease is due to a
haploinsufficiency of α2 and α3 isoforms, respectively.
A dominant form of familial hypomagnesemia has
been associated with a mutation in the FXYD2 gene.33

REGULATION OF Na,K-ATPASE

Obviously, the activity of an enzyme of such para-
mount importance for so many cellular and organ
functions must be tightly regulated. Physiological reg-
ulation of Na,K-ATPase activity is complex and occurs
at several levels. First, the activity of Na,K-ATPase
depends on its three substrates, Na1, K1, and ATP.
Second, for short-term regulation, the activity of Na,K-
ATPase present at the cell surface can be regulated by
post-translational modifications, such as phosphoryla-
tion. Third, Na,K-ATPase density at the cell surface is
controlled by its rate of synthesis, at both transcrip-
tional and post-transcriptional levels, by its degrada-
tion, and by its distribution between the cell surface
and intracellular pools. Finally, there is some evidence
that protein�protein interactions further regulate
Na,K-ATPase activity and abundance.

Substrates

Interaction of intracellular Mg-ATP with Na,K-
ATPase is complex and involves high- and low-affinity
sites. Since intracellular ATP concentration is usually
largely above K1/2 values, ATP is not considered a
physiological limiting factor for Na,K-ATPase activity.
However, under pathological conditions, such as
ischemia/hypoxia, ATP may become rate limiting.
Similarly, since normal concentrations of extracellular
K1 (3.5�4.5 mM) are above K1/2 values, physiological
variations are not expected to influence Na,K-ATPase
activity, although decreased activity could occur under
conditions of severe hypokalemia. In contrast, intracel-
lular Na1 concentration is below, or close to, K1/2

values. Considering the steep concentration�activity
relationship, with a Hill coefficient between 2 and 3, a
low concentration of intracellular Na1 implies that
Na,K-ATPase operates far from its maximal rate under
physiological conditions. It follows that small varia-
tions in intracellular Na1 are immediately followed by
parallel variations in Na,K-ATPase activity, in order to
maintain a constant intracellular Na1 concentration.

Intracellular Na1 and extracellular K1 concentra-
tions can also have a long-term effect on Na,K-pump
density. The influence of extracellular K1 on α2
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expression was demonstrated in skeletal muscle.34

Under conditions of hypokalemia, α2 is downregu-
lated, allowing release of K1 from large intracellular
pools in muscle and fine regulation of K1 homeostasis
in small extracellular pools. Similarly, intracellular
Na1 modulates Na,K-ATPase expression (see “Na,K-
ATPase and the Kidney”).

Post-Translational Modifications

Na,K-ATPase α-subunits can be phosphorylated by
several protein kinases. PKA phosphorylates a serine
residue (S943)

35,36 located in a short intracellular loop
that links the M8 and M9 segments, conserved in all
Na,K-ATPase and H,K-ATPase isoforms. However, the
functional relevance of this PKA site has been ques-
tioned, because it should be poorly accessible under
native conformational states,37 and because its mutation
did not alter the effect of PKA on Na,K-ATPase activity
in renal epithelial cells.38 Activation of PKC also results
in Na,K-ATPase α-subunit phosphorylation. A con-
served, non-conventional PKC phosphorylation site,
S16, located in the intracellular N-terminal domain of
the α1-subunit,36,39 as well as two species-specific PKC
sites (S23 in rat α1, and T15 in Bufo marinus α1) have
been identified. α2- and α3-subunits are poor substrates
for PKC or are not phosphorylated at all.40 PKC phos-
phorylation of the α-subunit may regulate both appar-
ent Na1 affinity and cell surface expression of the
enzyme.41�43 More recently, tyrosine phosphorylation
of α1 at Y10 in response to insulin,44,45 and also at Y260

in response to ouabain,46 has been described. Similarly,
tyrosine phosphorylation of α2 was reported, although
the phosphorylation site has not been mapped.45

Tyrosine phosphorylation of Na,K-ATPase is function-
ally associated with both an increase of apparent Na1

affinity and an increase of the enzyme’s cell surface
expression.44,45 Finally, phosphorylation of α1 by ERK
has been shown in vitro and in response to insulin in
skeletal muscle. This ERK-dependent phosphorylation
is associated with stimulation of Na,K-ATPase activity
via increased cell surface expression.43

Synthesis and Degradation

Since αβ-subunit stoichiometry is inflexible, con-
trolled synthesis of both subunits is expected to partici-
pate in regulating Na,K-ATPase activity. Hormonal
control by glucocorticoids, mineralocorticoids, and thy-
roid hormones has been demonstrated. Thyroid hor-
mones have been shown to regulate the synthesis of
both subunits, but the mechanism of this regulation is
complex and differs between organs.47 For instance,
glucocorticoids stimulate the transcription of mostly
β-subunit mRNA in lungs, even though expression of
both α and β protein is increased, indicative of complex
transcriptional and post-transcriptional control.48,49

Regulation of Na,K-ATPase by mineralocorticoids will
be discussed later in the section “Na,K-ATPase in the
Kidney.”

In addition to the rate of synthesis of its subunits,
Na,K-ATPase abundance is dependent on its degrada-
tion rate. Recent experimental evidence obtained by
pulse-chase experiments in lung alveolar50 and renal
(E. Feraille, unpublished results) epithelial cells
indicates that the half-life of plasma membrane Na,K-
ATPase is approximately 4 hours, while that of newly
synthesized α-subunits is approximately 6 hours.
Therefore, in contrast to current belief, Na,K-ATPase
half-life is relatively short in epithelial cells. The major-
ity of Na,K-ATPase is degraded by lysosomes, and
ubiquitination of its α-subunit may participate in this
process.50 Regulation of Na,K-ATPase degradation in
response to variations of transepithelial sodium trans-
port will be discussed later in the section “Na,K-
ATPase in the Kidney.”

Membrane Trafficking

An increasing amount of experimental evidence indi-
cates that plasma membrane Na,K-ATPase expression is
controlled via regulated membrane trafficking. Regulated
Na,K-ATPase endocytosis was first demonstrated in
response to dopamine by atypical PKC-ζ in rat proximal
tubule cells.51 This will be discussed later in the section
“Na,K-ATPase in the Kidney.” The role of PKC-ζ in
Na,K-ATPase endocytosis has been confirmed in alveolar
lung cells in response to hypoxia.52 Downregulation of
plasma membrane Na,K-ATPase has also been demon-
strated in response to ouabain in renal epithelial cells
(LLCPK1 cells),52 and to AMPK activation in response to
CO2 in lung alveolar cells.53 Moreover, direct interaction
of the Na-K-ATPase α-subunit with arrestins and
spinophilin modulates its endocytotic rate in COS-7
cells.54 It remains to be determined whether internalized
Na,K-ATPase units are degraded or recycled back to the
plasma membrane.

Rapid recruitment of Na,K-ATPase to the plasma
membrane has first been demonstrated in response to
insulin in skeletal muscle55 and following an increase
of intracellular sodium concentration in renal collect-
ing ducts.56 This latter event will be discussed in the
section “Na,K-ATPase in the Kidney.” Increased cell
surface expression of Na,K-ATPase was subsequently
demonstrated in response to aldosterone in renal col-
lecting duct cells,57 and to increased cAMP levels in
both renal58 and lung epithelial cells.59 This process is
sensitive to brefeldin A,58 suggesting that a latent pool
of Na,K-ATPase units is recruited from the trans-Golgi
network. In addition, activation of PKC-β in proximal
tubule cells51 and PKC-δ�εδ in lung alveolar cells60

increases Na,K-ATPase plasma membrane expression.
Exocytosis of Na,K-ATPase is dependent on RhoA,61
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kinesin,62 and myosin-Va63 in lung alveolar cells. The
amount of active Na,K-ATPase units at the cell surface
is therefore highly regulated via both endocytotic and
exocytotic processes.

Interaction with the Cytoskeleton

Na-K-ATPase interacts both directly and indirectly
with the membrane cytoskeleton in several ways. Na,
K-ATPase binds directly to ankyrin, which itself links
Na,K-ATPase to spectrin (fodrin) and consequently to
the basolateral cytoskeleton.64,65 Ankyrin-spectrin
interaction is thought to participate in specific target-
ing of Na-K-ATPase to the basolateral membrane of
epithelial cells. Na-K-ATPase activity may also be
modulated via its association with ankyrin.66

Na,K-ATPase and actin filaments display a complex
relationship that is not fully understood. Actin filaments
may directly modulate Na,K-ATPase activity67 or indi-
rectly control Na,K-ATPase plasma membrane expres-
sion via adducins which control actin polymerization.68

Mutant α-adducin associated with hypertension in rats
and humans was shown to decrease constitutive Na,K-
ATPase endocytosis, and thereby increase the number of
active Na,K-ATPase units at the cell surface.68 Direct
activation of Na,K-ATPase activity by adducin was also
demonstrated.66 In addition, Na,K-ATPase directly binds
to cofilin, which modulates actin filament polymeriza-
tion.69 Na,K-ATPase basolateral targeting and modula-
tion of its activity appears additionally to depend on its
interaction with multiple cytoskeletal elements.

NEW PHYSIOLOGICAL FUNCTIONS OF
Na,K-ATPASE

In addition to its well-known function, i.e., Na1 and
K1 membrane translocation, Na,K-ATPase modulates
a variety of cellular processes involved in cell growth,
differentiation, and intercellular adhesion.

Cell Signaling by Na,K-ATPase

Since the pioneering work of Askari et al. which dem-
onstrated that ouabain induces early response genes
involved in cardiac hypertrophy in a Ca21-dependent
manner,70 a large body of experimental evidence collec-
tively indicates that Na,K-ATPase behaves as a signaling
platform in both mesenchymal and epithelial cells.
Activation of Src and Epidermal Growth Factor (EGF)
receptor tyrosine kinases, and downstream activation of
MAP kinases (ERK) by ouabain at concentrations that do
not alter intracellular Na1 concentration was demon-
strated in cardiac myocytes and in LLC-PK1 renal
epithelial cells.71 Ouabain induces dissociation and

activation of Src from Na,K-ATPase,72 and subsequent
transactivation of EGF receptor. This ouabain-induced
signaling depends on a pool of non-functional Na,K-
ATPase specifically located in caveola.73�75 In addition
to ERK activation, ouabain induces calcium oscillations
via close association of phospholipase C and IP3 recep-
tors in cell signaling microdomains.76,77 However, these
ouabain-dependent signaling events remain to be dem-
onstrated in native tissues, and their physiological rele-
vance is not yet established.

Role of Na,K-ATPase in Cell Adhesion

An increasing amount of experimental evidence indi-
cates that the Na,K-ATPase β1-subunit plays a direct
role in homotypic cell�cell adhesion.78 This cell�cell
adhesion function is negatively correlated with the level
of complexity of β glycosylation.79 Moreover, the tran-
scription factor Snail, which plays a key role in epithe-
lial-to-mesenchymal transition processes observed in
poorly differentiated carcinoma cells, represses Na,K-
ATPase β1-subunit transcription.80 In addition to a
direct inhibition of cell motility via increased cell�cell
adhesion, Na,K-ATPase may also modulate cell
migration via its interaction with the PI3-kinase p85
regulatory subunit.81 This adhesive function of Na,K-
ATPase may play important roles in organogenesis and
carcinoma invasiveness.

Na,K-ATPase also modulates tight junction dynam-
ics and permeability in cultured renal epithelial cells.82

Indeed, both ouabain and low extracellular K1, which
inhibit Na,K-ATPase and increase intracellular Na1,
prevent tight junction recovery in calcium switch
experiments performed on MDCK cells.83 This effect is
dependent on inhibition of RhoA GTPase activity by
high intracellular Na1. In addition, ouabain at concen-
trations that do not alter transcellular K1 transport
increases tight junction permeability via activation of
Src and ERK.84 The physiological relevance of these
findings remains to be demonstrated.

Na,K-ATPASE IN THE KIDNEY

Tubular epithelial cells are characterized by their
functional polarity. Na,K-ATPase is exclusively located
in the basolateral membrane, the infoldings of which
are closely surrounded by mitochondria which provide
a constant supply of ATP. The Na1 gradient generated
by Na,K-ATPase between intra- and extracellular com-
partments is mainly dissipated across the apical
membrane. A net reabsorption of Na1 results from
this architectural organization, and the main role of
Na,K-ATPase in the kidney is to energize Na1 re-
absorption. In humans, kidneys reabsorb over 500 g of
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sodium per day, and utilize over 2 kg of ATP to fuel
Na,K-ATPase. Although renal Na,K-ATPase also ener-
gizes secondary active transport of other solutes, its
main function is related to Na1 transport.

Measurements in microdissected segments of the
mammalian renal tubule indicate that Na,K-ATPase
activity is high in the thick ascending limb of Henle’s
loop (TAL) and the distal convoluted tubule (DCT),
intermediate in the proximal tubule (PT) and the collect-
ing duct (CD), and very low in the thin segments of
Henle’s loop. This distribution profile of Na,K-ATPase
activity is correlated with transtubular Na1 reabsorption
capacity in various nephron segments.85 In PT and CD,
Na,K-ATPase activity declines from the kidney cortex
toward the outer and inner medulla.48 This distribution
profile is confirmed by immunocytochemistry on kidney
sections and by quantification of the number of pumps
by 3H-ouabain binding or by Western blotting of α1- and
β1-subunits. Immunohistochemistry on kidney sections
indicate that Na,K-ATPase expression in the collecting
duct is much higher in principal than in intercalated
cells. In contrast, quantification of Na,K-ATPase mRNA
along the rat nephron does not confirm this axial hetero-
genic distribution, at least for α- and β-subunits
(A. Doucet, personnal communication). This suggests
the presence of segment-specific control mechanisms for
Na,K-ATPase translation and/or degradation.

Regulation of Na,K-ATPase in Proximal Tubule

Na,K-ATPase activity must be tightly controlled,
since the PT reabsorbs the bulk of filtrated sodium
(more than 60%). Na,K-ATPase is regulated by hor-
mones, neurotransmitters, and para/autocrine factors
acting via synergistic or antagonistic signaling path-
ways, and one should keep in mind that the final
effect, i.e., stimulation of inhibition of Na,K-ATPase
activity, is not the result of activation of a single signal-
ing pathway, but rather of a highly complex integrated
response. Modulation of Na,K-ATPase cell surface
expression and its affinity for Na1 are the most impor-
tant mechanisms of regulation identified in PT.

Control of Na,K-ATPase by Insulin

Stimulation of Na,K-ATPase by insulin in the PT
most likely participates in stimulation of Na1 reabsorp-
tion in this nephron segment.86 Indeed, in isolated rat
PT, insulin stimulates Na,K-ATPase transport activity
in the presence of physiological concentrations of intra-
cellular Na1, not by changing Vmax values, but by
increasing apparent Na1 affinity.87 Experiments
performed in isolated rat PT and in cultured OK cells (a
cellular model of PT) strongly suggest that stimulation
of Na,K-ATPase activity relies on phosphorylation of
the α-subunit at Y10.

44 However, the causal relationship

between tyrosine phosphorylation of Na,K-ATPase and
increased Na1 affinity remains to be directly demon-
strated. Insulin also reduces the inhibitory effect of
dopamine on Na,K-ATPase (see next section),88 and
this may also participate in its overall stimulatory
effect.

Control of Na,K-ATPase by Dopamine and
Parathormone

Dopamine is produced from L-dopa by PT, and its
synthesis is increased by high sodium intake, making
it a putative local modulator of sodium and fluid
handling. Dopamine decreases fluid and sodium reab-
sorption in vitro in microperfused rabbit PT.89

Accordingly, dopamine decreases Na,K-ATPase Vmax

values in rat PT,90 as well as in OK cells.42 Although
dopamine also increases Na,K-ATPase apparent affin-
ity for Na1 in the PT,90 the overall resulting effect in
intact cells is Na,K-ATPase inhibition.42 This inhibition
results from activation of both dopamine DA1- and
DA2-like receptors,91 and is mediated by PKCζ.51

Within minutes, dopamine induces Na,K-ATPase
endocytosis from the plasma membrane to intracellular
compartments. Decreased Na,K-ATPase expression at
the basolateral membrane of rat PT is associated with a
sequential increase of Na,K-ATPase abundance in
clathrin-coated pits (1 minute), early endosomes (2.5
minutes), and late endosomes (5 minutes).92 Results
obtained in OK cells strongly suggest that the inhibitory
effect of dopamine is dependent on PKC-mediated phos-
phorylation of the Na,K-ATPase α-subunit on S23.

42,93

Following endocytosis, the α-subunit is dephosphory-
lated in late endosome compartments42 (Figure 3.3).

Dopamine-induced endocytosis of Na,K-ATPase is
also associated with activation of phosphatidylinositol 3-
kinase (PI3K), an enzyme critical for membrane traffick-
ing.94 However, dopamine-induced activation of PI3K is
not secondary to its phosphorylation. Rather, S23 phos-
phorylation of the Na,K-ATPase α-subunit serves as an
anchor signal for the sequential recruitment of 14-3-3 pro-
tein95 and PI3K96 to the membrane. Activation of PI3K in
turn generates local production of phosphatidylinositol 3-
phosphate, which allows binding of Na,K-ATPase with
adaptor protein-2 (AP2), recruitment of clathrin, and
endocytosis of Na,K-ATPase.97 Concomitantly, dopamine
activates protein phosphatase 2A which in turn depho-
sphorylates dynamin 2, thus allowing Na,K-ATPase
recruitment at the plasma membrane.98

Parathormone (PTH) inhibits fluid and solute trans-
port by PT,99 at least in part via inhibition of Na,K-
ATPase activity, as first demonstrated in PT suspen-
sions.100 This inhibitory effect relies partly on
generation of arachidic acid metabolites via the cyto-
chrome P450 pathway.101 Na,K-ATPase endocytosis in
response to PTH has been observed both in vitro, in OK

76 3. RENAL ION-TRANSLOCATING ATPASES

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



cells,102 and in vivo after infusion of PTH in normal
rats,103 and may account for the inhibitory effect of this
hormone. Studies performed in the OK cell model have
shown that PTH-induced endocytosis of Na,K-ATPase
is ERK-dependent, requires S16 phosphorylation of
the α-subunit and the scaffolding protein NHERF1.102,104

Endocytotic removal of active Na,K-ATPase from
the plasma membrane therefore constitutes a major
regulatory mechanism of fluid and sodium reabsorp-
tion by the PT.

Angiotensin II Exerts a Biphasic Effect on Na,
K-ATPase

Angiotensin II (ANG II) controls PT Na1 reabsorption
from both luminal and basolateral sides. High concentra-
tions of ANG II can be found in the PT lumen with
respect to plasma circulating concentrations,105 suggest-
ing that the majority of luminal ANG II originates from
local synthesis. Indeed, PT cells express angiotensino-
gen,106 renin,107 and angiotensin converting enzyme.108

Only a very small fraction of ANG II is excreted in the
urine, since it is almost entirely reabsorbed and degraded
by PT.109 ANG II exerts a biphasic effect. Low levels of
ANG II (12212 to 10210 M) stimulate, while high levels of
ANG II (1029 to 1027 M) inhibit, fluid and solute reab-
sorption in vivo in microperfused rat PT.110 ANG II also
modulates Na,K-ATPase activity in a biphasic manner in
isolated PT.111 At low concentrations, ANG II enhances

Na,K-ATPase activity via an increase in its apparent Na1

affinity.112 The mechanism by which high levels of ANG
II inhibit Na,K-ATPase activity remains to be determined.

Regulation of Na,K-ATPase in Thick Ascending
Limb of Henle’s Loop

The TAL reabsorbs close to 15% of the filtered Na1

load and is impermeable to water. As a result, fluid
delivered to the distal convoluted tubule is hypotonic,
NaCl concentration levels being close to 50 mM. Na1

enters the luminal side of the cell via a furosemide-
sensitive Na-K-2Cl-co-transporter (BSC1 or NKCC2),
and Cl2 leaves the cell via Cl2-channels and K-Cl
co-transporters. K1 is recycled back to the lumen
via inwardly rectifying and voltage-insensitive
K1-channels expressed at the apical membrane.
Conductive diffusion of Cl2 and K1 depolarizes the
basolateral membrane and hyperpolarizes the apical
membrane, respectively. The combination of both dif-
fusion potentials generates positive transepithelial volt-
age which provides the driving force for paracellular
cation reabsorption.

Micropuncture and in vitro microperfusion
experiments show that cAMP analogs and hormones
coupled to adenylyl cyclase activation enhance NaCl
reabsorption in the TAL.48 Stimulation of Na1 reab-
sorption by the cAMP signaling pathway is at least in
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FIGURE 3.3 Regulation of Na,K-ATPase by dopamine and parathormone (PTH) in proximal tubule. After dopamine or PTH bind to
their cognate receptor, PKC is activated leading to phosphorylation of the Na,K-ATPase α-subunit on S23, followed by binding of 14-3-3
protein and p85 subunit of the Pi3-kinase. This cascade of events leads to Na,K-ATPase endocytosis via clathrin coated vesicles (CVV).
Na,K-ATPase is then dephosphorylated in endosomes by PP2A and degraded in lysosomes. Phospholipase A2 (PLA2) activation modulates
Na,K-ATPase internalization.
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part mediated by stimulation of Na,K-ATPase activity.
This stimulatory effect is observed at Vmax values, and
requires sufficient amounts of oxygen and metabolic
substrates. Indeed, when metabolic supply is limiting,
an increase of cellular cAMP content actually inhibits
Na,K-ATPase activity via generation of arachidonic
acid metabolites that in turn is dependent on the cyto-
chrome P450 pathway. Na,K-ATPase stimulation by
cAMP is correlated with increased phosphorylation
levels of the Na,K-ATPase α-subunit.113 It remains to
be determined whether this effect results from phos-
phorylation of the α-subunit by PKA or by another
kinase.

The stimulatory effect of the cAMP/PKA signaling
pathway is subject to negative modulation by numer-
ous signaling pathways, including protein Gαi activa-
tion by prostaglandins,114 cGMP generation in
response to nitric oxide115 and natriuretic peptides,116

and PKC stimulation in response to angiotensin II,117

bradykinin,118 and extracellular Ca21 via activation of
the extracellular Ca21 receptor.119

Control of Na,K-ATPase in Collecting Duct

Mammalian connecting tubules (CNT) and CD (cor-
tical collecting duct: CCD, outer medullary collecting
duct: OMCD, inner medullary collecting duct: IMCD)
are the main sites for the fine-tuning of sodium re-
absorption, crucial for the adjustment of daily urinary
sodium excretion to dietary intake. In these renal tubule
segments, apical sodium entry is primarily mediated by
amiloride-sensitive sodium channels (ENaC),48 and
accessorily mediated by a recently identified sodium-
dependent chloride/bicarbonate exchanger, SLC4A8.120

ENaC was long thought to be the principal player for
sodium transport, Na,K-ATPase activity being adapted
secondarily to changes of intracellular Na1 concentra-
tion, itself brought about by changes in ENaC activity.
However, it is now clearly established that regulation
of sodium transport results from the coordinated
regulation of both ENaC and Na,K-ATPase.

Aldosterone Induces a Biphasic Stimulation of Na,
K-ATPase

Na,K-ATPase activity (Vmax values) is decreased by
B70% in collecting ducts121 within 4�5 days of adre-
nalectomy, but is increased following administration
of supraphysiological doses of mineralocorticoid. This
latter effect appears after a 24-hour latency, and culmi-
nates after approximately 6 days.85 Administration of
aldosterone to adrenalectomized animals122 or in vitro
addition of aldosterone to renal tubules isolated from
adrenalectomized animals123 also increases Na,K-
ATPase activity (Vmax values) in the CD, but this effect

is much more rapid than in adrenal-intact animals
since it is observed after only an hour, and is maximal
after only 2�3 hours. These data indicate that low
levels of CCD Na,K-ATPase activity and plasma aldo-
sterone concentration is associated with a fast stimula-
tory response.124

Short-term (2�6 hour) aldosterone challenge
increases both the activity and cell surface expression of
Na,K-ATPase via recruitment of a latent pool of pumps,
as shown both in CD isolated from adrenalectomized
rats, and in cultured mpkCCDC14 cells, a model of CCD
principal cells57 (Figure 3.4). Although cell fractionation
and cell-surface labeling studies suggest that a latent
pool of Na,K-ATPase is intracellular,58,92 its exact locali-
zation has not yet been established. Short-term stimula-
tion of Na,K-ATPase activity occurs independently of
ENaC and apical sodium entry, but does depends on
de novo transcription and translation.57 Experiments
performed on Xenopus oocytes demonstrated that
serum and glucocorticoid-regulated kinase-1 (SGK1),
an early aldosterone-inducible gene, increased Na,K-
ATPase activity and cell surface expression.125 This sug-
gests that aldosterone-induced recruitment of latent Na,
K-ATPase units may be mediated by SGK1. Early
recruitment of latent Na,K-ATPase is followed by tran-
scriptional stimulation and synthesis of Na,K-ATPase
α1- and β1-subunits.126 In summary, after a latency
period of 1 hour, aldosterone stimulates Na,K-ATPase
activity in a biphasic manner. First via recruitment of an
inactive Na,K-ATPase reservoir to the cell surface, and
then by increased synthesis of Na,K-ATPase subunits.

Vasopressin Stimulates Na,K-ATPase

Vasopressin (AVP) is coupled to adenylyl cyclase
via V2 receptors, and stimulates the cAMP/PKA
signaling pathway in CD principal cells. The major
role of AVP in CD is to stimulate water reabsorption
by increasing water permeability of the apical mem-
brane of principal cells. However, in vitro microperfu-
sion studies have shown that AVP also stimulates Na1

reabsorption and K1 secretion along the CD.48 This
effect of AVP on urinary Na1 excretion has recently
been confirmed in humans.127

Na,K-ATPase stimulation is a prerequisite for
increased Na1 reabsorption, but initial studies reported
an inhibitory effect of AVP and cAMP analogs on Na,K-
ATPase activity in isolated rat CCD.128 Results from our
laboratory indicate that an arachidonic acid-dependent
inhibitory pathway is induced by metabolic stress
related to ex vivo experimental conditions.113 Indeed, in
both well-oxygenated, isolated rat CCDs, and cultured
mpkCCDCl4 cells, cAMP analogs induced a two-fold
stimulation of Na,K-ATPase activity.58,129 This stimula-
tory effect is rapid (5 min), and is associated with a
proportional increase of Na,K-ATPase cell surface
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expression in the absence of a change in whole-cell Na,
K-ATPase abundance in a PKA-dependent manner38,129

(Figure 3.4). Identification of a cAMP-responsive Na,K-
ATPase pool and its relation to an aldosterone controlled
reservoir remains to be determined.

Na,K-ATPase Expression is Regulated by
Sodium Availability

Acute (hour) increases of intracellular Na1 in CD not
only activate Na,K-ATPase activity via a substrate
effect, but also rapidly increase Vmax values and the
number of active Na,K-ATPase units present at the cell
surface.56 This rapid stimulation occurs independently
of protein synthesis, suggesting that pre-existing Na,K-
ATPase units present in a latent pool are recruited to
the cell surface (see above). The effect of intracellular
Na1 is mediated by cAMP-independent PKA activa-
tion130 that itself results from dissociation of a complex
consisting of NF-κB, IκBα and the catalytic PKA sub-
unit.131 This indicates that the pro-inflammatory NF-κB
pathway may be part of a Na1 sensing mechanism that
mediates cross-talk between apical Na1 entry and baso-
lateral Na1 exit (Figure 3.4). Recent experimental evi-
dence indicates that a sustained increase of apical Na1

entry also increases Na,K-ATPase expression via inhibi-
tion of Na,K-ATPase endocytosis and degradation
(E. Feraille, personal communication). Such modulation
of Na,K-ATPase activity by Na1 load may be involved,
to some extent at least, in diuretic resistance.
Accordingly, chronic administration of the loop diuretic
furosemide stimulates CD Na,K-ATPase activity inde-
pendently of variations of circulating aldosterone.132

Induction of Na,K-ATPase is Associated with
Sodium Retention in Nephrotic Syndrome and
Liver Cirrhosis

Interstitial edema is a cardinal clinical manifestation
in nephrotic syndrome. It is secondary to the accumu-
lation of sodium in the extracellular compartment fol-
lowing imbalanced dietary sodium intake and urinary
sodium output, and also results from alterations of
fluid transfer across the capillary endothelial barrier.
Mechanisms behind sodium retention have been exten-
sively investigated using a rat model of puromycin
aminonucleoside (PAN)-induced nephrotic syndrome.
Both in vivo and in vitro studies demonstrated that the
CCD is the main site of increased Na1 reabsorption in

FIGURE 3.4 Regulation of Na,K-ATPase by aldosterone, vasopressin, and Na1 in the collecting duct. Binding of aldosterone to the
mineralocorticoid receptor leads to its translocation to the nucleus. This first increases the expression of early aldosterone-induced proteins
(AIP), and then induces late expression of Na,K-ATPase. AIP leads to the recruitment of inactive intracellular Na,K pumps to the plasma
membrane. Binding of vasopressin to its V2 receptor induces cAMP synthesis, leading to dissociation of the PKA catalytic subunit (PKAc)
from its regulatory subunit (PKAr). An increase of intracellular Na1 leads to the dissociation of a protein complex containing p65 NF-κB, IκBα
and PKAc. Free PKAc participates in the recruitment of inactive intracellular Na,K pumps to the plasma membrane.
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PAN nephrotic rats.133,134 Na,K-ATPase hydrolytic and
transport activities are increased two-fold in CCD
of PAN nephrotic rats.135 Increased Na,K-ATPase stim-
ulation, which culminates at day 6 following PAN
administration, parallels decreased urinary sodium
excretion and development of a positive sodium bal-
ance.136 Moreover, a linear inverse correlation between
urinary sodium excretion and CD Na,K-ATPase activ-
ity is observed in three different experimental models
of nephrotic syndrome.136 Stimulation of Na,K-ATPase
activity is paralleled by increased abundance of α and
β Na,K-ATPase mRNA and basolateral protein expres-
sion.129 Sodium retention and induction of Na,K-
ATPase activity in CCD are independent of variations
of circulating aldosterone.135,137

Interstitial edema and ascites are frequently
observed in liver cirrhosis. The mechanism governing
sodium retention in liver cirrhosis is under debate;
however, dysregulation of CD Na,K-ATPase activity
may play a key role. Indeed, in the bile duct ligation
model Na,K-ATPase activity is specifically increased in
mouse CCD independently of variations of circulating
glucocorticoids or aldosterone.138

In summary, increased Na,K-ATPase activity in the
CCD participates in sodium retention in both experi-
mental nephrotic syndrome and liver cirrhosis, and
may therefore play a key role in the pathogenesis of
edematous diseases.

The previous paragraphs collectively outline the
complexity of Na,K-ATPase regulation in the kidney.
They demonstrate that: (1) hormonal triggering of
intracellular signaling pathways can rapidly alter Na,
K-ATPase Vmax values and/or modulate the pump’s
affinity for Na1; (2) these changes are true regulatory
mechanisms that occur independently of changes in
apical Na1 entry; and (3) they are generally accompa-
nied by a concomitant regulation of apical Na1 entry.
Thus, despite repetitive and rapid changes of Na1

reabsorption, whole-body sodium balance and intracel-
lular Na1 homeostasis are maintained, at least in part,
by short-term regulation of Na,K-ATPase activity.
Finally, alterations of Na,K-ATPase activity are rele-
vant to the pathophysiology of edematous diseases.

H,K-ATPASES IN KIDNEY

Kidney H,K-ATPase was first described following
the discovery that it participates in primary active K1

reabsorption, a process characterized by H,K-ATPase-
like activity in the mammalian distal nephron.139

Gastric and colonic H,K-ATPase α-subunits were sub-
sequently cloned and mRNAs encoding these two
ATPases were shown to be expressed in the kidney.
We will discuss the specific inference of gastric and

colonic H,K-ATPases in the kidney. Special attention
will be paid to studies performed in K1-replete and
K1-depleted animals in consideration of gastric and
colonic H,K-ATPases, respectively. Indeed, kidney
expression of αHKc is very low or even absent in K1-
replete animals, whereas it is markedly induced in
response to K1 depletion.

Gastric H,K-ATPase

Gastric H,K-ATPase activity, referred to as type I K-
ATPase activity, was first detected as a Na1-indepen-
dent, K1-activated ATPase activity in CD isolated from
several mammalian species administered a standard
diet.139 Type I K-ATPase activity is ouabain-insensi-
tive, and is inhibited by omeprazole and Sch 28080.
This pharmacological profile fits well with that
reported for gastric mucosa K-ATPase and gastric H,
K-ATPase expressed in artificial systems. Moreover,
Type I K-ATPase is not detected in CD of αHKg
knockout mice,21 thus demonstrating that gastric H,K-
ATPase is responsible for type I K-ATPase activity.
Most studies have detected moderate levels of αHKg
mRNA and protein in rat and mouse CD,140 while
βHKg mRNA has been detected in rat and rabbit CD
and CNT.22 However, HKg-subunit expression
remains to be demonstrated in human kidney. In situ
hybridization, immunochemistry, and functional stud-
ies indicate that αHKg is mostly (if not exclusively)
expressed in both α- and β-intercalated cells.140

In vitro microperfusion studies performed on rats
have shown that HCO3

2 reabsorption is inhibited by
luminal (but not peritubular) addition of Sch 28080 to
OMCD, but not to CCD. However, peritubular addition
of Sch 28080 reduces HCO3

2 secretion induced by
in vivo CCD alkalosis. These results suggest the involve-
ment of apical H,K-ATPase in OMCD α-intercalated
cells, and in the basolateral membrane of CCD β-inter-
calated cells, at least during metabolic alkalosis.141 The
functional role of CD H,K-ATPase has been more exten-
sively studied in normal rabbits. In vitro microperfusion
studies performed in rabbit OMCD indicate that HCO3

2

reabsorption is markedly reduced by luminal addition
of Sch 28080 and by removal of luminal K1.140 An Sch
28080-sensitive, K1-dependent mechanism of H1 extru-
sion has been demonstrated in CCD α- and β-interca-
lated cells by measuring their pH recovery following
intracellular acidification.142 However, the contribution
of H,K-ATPase to K1 reabsorption under normal condi-
tions may be minimal, since most K1 that enters the
cytoplasm via H,K-ATPase is recycled back to the
lumen via apical K1-channels.143

Transgenic mice expressing βHKg containing a
mutant endocytosis signal display H,K-ATPase that is
constitutively expressed at the apical membrane of
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stomach parietal cells. This is accompanied by gastric
acid hypersecretion.144 These animals also display con-
stitutively active renal K1 reabsorption,145 suggesting
that gastric H,K-ATPase participates in K1 reabsorp-
tion in mouse kidney, at least when overexpressed at
the apical membrane. In contrast, transgenic mice defi-
cient in αHKg do not display altered H1 and K1 renal
handling.146 Indeed, the rate of CCD K1-dependent
proton secretion is similar between wild-type and
αHKg-deficient mice.147 However, K1-dependent H1

secretion is sensitive to Sch 28080 in wild-type mice,
whereas it is insensitive to Sch 28080 in αHKg-defi-
cient mice.147 This suggests that αHKg deficiency is
functionally compensated by expression of another,
yet unidentified, K1-dependent H transporter.

Altogether, these studies indicate that gastric H,K-
ATPase expressed in CD intercalated cells of normal
rat, rabbit, and mouse kidney participates mostly in
urinary acidification and/or HCO3

2 reabsorption. Its
contribution to a K1-reabsorption process is weak,
except when artificially overexpressed.

Only a few studies evaluated how gastric H,K-
ATPase adapts to disorders of acid�base balance. On
the one hand, type I K-ATPase activity is increased in
rat CCD and OMCD during hypercapnia-induced
respiratory acidosis, whereas it is reduced by hypocap-
nia. On the other hand, chronic metabolic acidosis
increases H,K-ATPase-mediated H1 secretion by
rabbit CCD that may rely on increased transcription of
αHKg during the first hours of acid challenge, and
thereafter on post-transcriptional mechanisms.140,148

In contrast to acidosis, K1 depletion increases neither
type I K-ATPase activity, nor αHKg expression.140

Post-transcriptional control of gastric H,K-ATPase in
rat collecting ducts is demonstrated by the in vitro stim-
ulatory effects of calcitonin and isoproterenol on type I
K-ATPase,149 two hormones that stimulate proton
secretion and reabsorption in α- and β-intercalated
cells, respectively. Stimulation of type I K-ATPase by
calcitonin in α-intercalated cells is mediated by activa-
tion of ERK, by a cAMP-dependent and protein kinase
A-independent mechanism, via the guanine-nucleotide
exchange factor Epac 1.150 Stimulation of type I K-
ATPase by isoproterenol in β-intercalated cells is also
secondary to ERK activation, occurring rather through
PKA-dependent activation of the Ras/Raf1 pathway.151

Colonic H,K-ATPase

Type III K-ATPase activity sensitive to both Sch
28080 (IC50� 1 μM) and ouabain (IC50� 20 μM) is
detected in CD of K1-depleted, but not normal, rats.152

Type III K-ATPase activity is absent in CD of K1-
depleted αHKc-deficient mice.21 In the kidney of nor-
mal rats, αHKc mRNA is expressed at low levels along
the entire distal nephron, from medullary thick

ascending limb of Henle’s loop to IMCD.153 αHKc
mRNA and protein expression levels are much higher
in K1-depleted rats than in normal rats.140,153

Immunohistochemistry studies performed on normal
rats revealed that labeling of OMCD principal cells at
the apical membrane is markedly increased in K1-
depleted rats,154 but that curiously K1 depletion does
not induce labeling of CCD principal cells, even
though CCD from K1-depleted rats display increased
mRNA expression153 and increased type III K-ATPase
activity.152 In normal rabbits, αHKc was detected at
the apical pole of principal cells and intercalated cells
in CNT and CD.155 In transgenic mice expressing
EGFP under the control of the αHKc promoter, EGFP
is specifically expressed in CD principal cells.156

Altogether, these studies demonstrate that αHKc is
specifically expressed at the apical pole of CD princi-
pal cells, and that this expression is markedly
increased in response to K1 depletion. The site-specific
localization of αHKc in principal cells is consistent
with the functional localization of type III K-
ATPase.149

Potassium depletion is a condition in which CD reab-
sorbs, rather than secretes, K1. Because of its expression
at the apical pole of principal cells, colonic H,K-ATPase
was proposed to be the motor for K1 reabsorption in
the collecting duct that occurs during K1-depletion.
In vitro microperfusion studies provided the first evi-
dence for H,K-ATPase-dependent reabsorption of K1

and HCO3
2 in OMCD from K1-deprived rabbits.140

Sch 28080-sensitive K1 reabsorption also occurs in dis-
tal tubules, accessible by in vivo micropuncture, in K1-
depleted rats, but not in normal rats.157 In addition,
part of HCO3

2 reabsorption is inhibited by both ouabain
and Sch 28080 in IMCD of K1-depleted rats.158

Surprisingly, αHKc-deficient mice do not display any
renal phenotype, even when fed a K1-depleted diet.159

This indicates that an alternative transport mechanism
functionally compensates for colonic H,K-ATPase
deficiency.

Expression of colonic H,K-ATPase in the kidney is
markedly increased by dietary K1 restriction.140

Because chronic dietary K1 restriction induces meta-
bolic alkalosis, and reduces plasma aldosterone levels,
the role of both of these factors in regulating CD H,K-
ATPase expression was investigated. In CD of rats
clamped either in the absence of circulating aldoste-
rone or under physiological or high levels of circulat-
ing aldosterone, K1 depletion increased H,K-ATPase
activity to similar extents, regardless of aldosterone
concentration.160 In addition, neither adrenalectomy
nor a Na1-depleted diet, which increases endogenous
aldosterone levels, altered αHKc mRNA expression
in the rat kidney medulla.154 Thus, aldosterone does
not control H,K-ATPase expression in the CD.

81H,K-ATPASES IN KIDNEY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



Similarly, increased expression of αHKc mRNA in the
kidney during K1 depletion most likely is not related
to alkalosis, since it is observed in the absence of a sig-
nificant change in plasma acid�base parameters.161

While changes in plasma acid�base status do not
alter αHKc transcription, an increase of pCO2 results in
increased H,K-ATPase-mediated potassium and bicar-
bonate reabsorption in the CCD of K1-depleted rab-
bits,162 demonstrating post-transcriptional regulation of
colonic H,K-ATPase during acidosis. Post-transcrip-
tional regulation of colonic H,K-ATPase also occurs in
the CCD of K1-depleted rats in response to vasopressin,
which increases type III ATPase activity in a PKA-
dependent manner.149 In the long-term, cAMP also
controls the expression of αHKc by binding to cAMP-
responsive elements present in the αHKc promoter.163

In conclusion, gastric H,K-ATPase is expressed in
intercalated cells of the distal nephron where, along
with other systems, it participates in proton transport
and helps regulate acid�base balance. Colonic H,K-
ATPase is also expressed in the distal nephron, but in
principal cells where it energizes potassium reabsorp-
tion, especially under conditions of dietary K1 restric-
tion. Neither ATPase appears to be essential for animal
survival or even for the continued maintenance of
acid�base and potassium balance, at least under
experimental conditions studied so far. Compensatory
transport systems are able to palliate the genetic
absence of gastric and colonic H,K-ATPase in the kid-
ney. Such compensatory mechanisms need to be char-
acterized, and it remains to be determined whether
their activity relies on as yet unidentified ATPases.

V-ATPase

The vacuolar H1-ATPases (V-ATPases) are among
the most broadly expressed enzymes that convert the
chemical energy of ATP breakdown into electric and
chemical gradients. V-ATPases share a lot of structural
similarities with mitochondrial F-ATPases, probably
because both complexes have subunits that arise from
common ancestors.164�167 However, F-ATPases differ
from V-ATPases, in that their expression is restricted
to organelles that arise from bacterial endosymbiosis
such as mitochondria (or chloroplast in plants), where
they serve to generate ATP at the expense of the pro-
ton motive force (pmf), whereas V-ATPases use the
energy produced by ATP breakdown to pump protons
across membranes. The pmf and membrane potential
difference (Δψ) that result from the primary active
transport of H1 are then used to energize a large num-
ber of secondary active transporters. V-ATPases are
found in virtually all eukaryotic cell types in
endomembranes of intracellular organelles from the
secretory pathway. In addition, in higher organisms
V-ATPases can be found at the plasma membrane of

highly specialized cells, such as the epithelial cells of
the kidney, the male reproductive tract, the inner ear,
and in osteoclasts. Because of this broad pattern of
expression, V-ATPases play a critical role in a large
number of different functions.168 Plasma membrane V-
ATPases are important for biological processes that
require acidification of the extracellular space, such as
bicarbonate reclamation from the urinary fluid, bone
resorption, and sperm maturation, while acidification
by intracellular V-ATPases of vesicles or endosomes is
critical for normal endocytosis, intracellular trafficking,
polypeptide processing, neurotransmitter uptake,
accumulation and secretion, and for breakdown of
macromolecules.

STRUCTURE AND MECHANISM OF
ACTION OF V-ATPASES

Like F-ATPases, V-ATPases are integral macromo-
lecular complexes with up to 14 different subunits.
The molecular structure and the function of
V-ATPases have received considerable attention, and
have been the subject of excellent reviews.168�171

V-ATPases are divided in two principal functional
domains, V0, the transmembrane domain (240 kDa)
that mediates the transfer of protons across the mem-
brane and V1, the catalytic domain (900 kDa) that
binds and hydrolyzes ATP. The V1 domain is always
facing the cytoplasm; hence, when located in the
plasma membrane, the pump always mediates extru-
sion of protons out of the cell, and when present in
intracelullar membranes, it mediates acidification of
the organelles. The V0 domain represents the proton
transporting pore, and is formed by a ring of at least 6
subunits. For example, in mammals, several subunit c
assembles with single subunit cv, d, and e in a chan-
nel-like structure with the a subunit.172 The V1 domain
comprises at least eight different subunits (A�H), and
is divided into the “catalytic unit” which binds and
hydrolyzes ATP, and the “stalk” which links the
hydrolytic unit to the integral V0 domain.

Studies of the prokaryotic V-Na1-ATPase of
Enterococcus hirae173,174 have reached the conclusion
that V-ATPase might function following the model
of rotational catalysis initially proposed for
F-ATPases175,176: the central core of the V1 stalk, con-
sisting of subunits D and F, and the proteolipid ring of
c-subunits of the V0 domain rotate, driven by the
hydrolysis of ATP, while the remaining subunits of the
pump are static. One proton enters the machinery
through an inner hemi-channel opened at the cytosolic
surface of subunit a, and reaches the binding site of
one of the c-subunits in the central ring174; the proton
is then moved by the complete rotation of the ring
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towards the opening of a second hemi-channel, also in
the a-subunit, but open on the outer space, where it
can unbind. Recently, experiments in which move-
ments of the V1 complex of bacteriae were visualized
with fluorescent actin filaments have confirmed that
rotational catalysis does exist in vivo.177,178 Bafilomycin
and concanamycin A, which are specific inhibitors of
the pump, both bind to subunit c.179,180

Isoforms

Multiple homologs and splice variants of the
different V-ATPase subunits have been identified.181,182

In mammals particularly, multiple variants exist for the
B-, C-, E-, and G-subunits of the V1 catalytic domain,
and for the a-, d-, and e-subunits of the V0 integral
domain. Some of these homologs or variants, such as B2,
C1, E1, G1, a1, d1, e1, have a very broad distribution,
while other variants have a very restricted expression
pattern. Some subunits also exhibit variable expression
during development.183 Hence, the timing and tissue
specificity of V-ATPase expression, as well as the func-
tional diversity of the pump, are thought to stem from
combinations of V-ATPase subunit variants, and muta-
tions of genes encoding for different variants of the same
V-ATPase subunit can result in very different pheno-
types. Furthermore, the existence of highly specific
combinations of variants in one cell type or for a particu-
lar function raises the exciting possibility of developing
targeted pharmacological strategies directed at one spe-
cific combination. An extended nomenclature assembly
of a unique combination of the different genes and splice
variants of V-ATPase subunits has been recently
proposed.182 Importantly, this work included a wide
scan of published studies and sequence databases in
order to provide the scientific community with the most
complete catalog of function, tissue-specificity, and
subcellular localization known to date for the different
molecular forms of V-ATPase subunits.

Renal Isoforms of the V-ATPase

All the different subunits are necessary for the
proper assembly, expression, and function of the pump,
and the kidney expresses all the ubiquitous variants of
V-ATPase subunits. In addition, among the different
subunits with more restricted expression (for review
see 184), some variants such as B1,185,186 C2,187 G3,188,189

a4,190�192 d2,193 and e2,194 although not strictly “spe-
cific,” are especially enriched in the kidney. In particu-
lar, the a4-subunit is expressed all along the nephron,
while the B1-subunit is markedly enriched in the inter-
calated cells of the collecting system. The exact reason
for the presence of these tissue-specific isoforms is not

yet clear. It is possible that these isoforms have specific
targeting or assembly motives required in a given cell
type to drive the expression of the pump in a particular
subcellular domain. For example, the B1-subunit
differs from the B2-subunit by the presence of a COOH-
terminal “DTAL” motif typical of a PDZ-interacting
domain that is required for molecular interactions with
the PDZ protein NHERF-1. Moreover, NHERF-1 is spe-
cifically expressed at the basolateral pole of β- but not
α-intercalated cells, which raises the possibility that
molecular interactions between the B1-subunit and
NHERF-1 are required for the characteristic basolateral
targeting of the V-ATPase in this particular cell
type.195,196 It is also possible that specific variants of the
different subunits allow assembly with regulatory ele-
ments. For example, the actin cytoskeleton197,198 or the
glycolytic enzyme aldolase B199,200 have been demon-
strated to interact with the B-subunit of the V1 integral
domain, and these interactions are believed to be criti-
cal for proper pump trafficking, assembly, and regula-
tion.201,202 An interaction between the a4-subunit and
the enzyme phospho-fructokinase 1 has also been
shown to be necessary for coupling the catalytic activity
of the pump with its transport activity.203 Nevertheless,
the observation that inactivating mutations or disrup-
tion of genes encoding for kidney specific subunits,
such as the a4- or B1-subunit, lead to a defect in proton
secretion by α-Ics and to distal tubular acidosis204�207

indicates that these tissue-specific subunits are critical
for the proper functioning of the pump in the kidney.
Indeed, even though under certain circumstances, such
as targeted disruption of the B1-subunit in mouse, the
B2-subunit can substitute partly for the B1-subunit,
it cannot fully compensate for its loss.208,209

Multiple Functions of the V-ATPASE in the
Kidney

Expression in the Kidney

The role of V-ATPase in urine acidification was first
described in turtle bladder epithelium, whose character-
istics are close to those of the mammalian collecting
duct. In this system, H1 secretion was shown to be an
active, sodium-independent210 process coupled to
oxidative metabolism.211,212 Final proof of a role for
V-ATPase came from a very elegant study showing that
reversal of H1 fluxes induced ATP synthesis.213

V-ATPase was subsequently purified and characterized
in microsomal fractions isolated from these cells.214

The bovine renal medulla exhibits the same V-ATPases
as turtle bladder epithelium.215 A number of subsequent
studies detected the presence of V-ATPases, in both
the apical plasma membrane and membranes of orga-
nelles, in almost all mammalian renal epithelial cells,
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including the brush border membrane of the proximal
tubule,186,216�222 and the apical membranes of the thick
ascending limb186,216,217 and distal convoluted
tubule.186,216,217 In the collecting duct, V-ATPase is
present in the apical membrane and cytoplasm of
α-intercalated cells and in the basolateral membrane of
β-intercalated cells; low expression levels have also been
reported in principal cells.186,216,223

Bicarbonate Absorption

Along the nephron, the role of plasma membrane
V-ATPases is to excrete protons from cells into the outer
space. Hence, except for β-intercalated cells in which
the pump is expressed basolaterally, the pump secretes
protons into the urinary fluid. Urine acidification is the
primary mechanism of renal bicarbonate absorption
and acid excretion, and is therefore critical for acid-
�base regulation. To avoid leaking bicarbonate into
urine, the kidney has to reclaim virtually all the bicar-
bonate filtered at the glomerulus (B4300 mmol/day).
Bicarbonate absorption is achieved in the proximal
tubule, the ascending limb of the loop of Henle, and to
lesser extent in the distal convoluted tubule. In general,
protons secreted into the urinary fluid can combine
with bicarbonate ions also present therein to yield car-
bonic acid (H2CO3), which is quickly dehydrated into
CO2 and H2O by a luminal carbonic anhydrase. CO2

diffuses back from the urinary fluid into epithelial cells
down its concentration gradient. Within the cell, it is
then rehydrated by a cytosolic carbonic anhydrase, and
the resulting bicarbonate ion exits the cell at the basolat-
eral side via an electrogenic Na-HCO3 co-transporter in
the proximal tubule or a Cl2/HCO3

2 exchanger in the
TAL. Functional studies have shown that the main
mechanism of proton secretion that drives bicarbonate
absorption is Na1/H1 exchange,224�226 a secondary
active transport process is energized by the inward
Na1 gradient generated by the basolateral Na1/K1-
ATPase. Molecular studies have demonstrated that this
process depends on NHE3227�229 and a Na1-dependent
amiloride-insensitive transporter230 in the proximal
tubule, and on NHE2 in the distal convoluted
tubule.228,231,232 However, a number of functional stud-
ies have also revealed the presence of bafilomycin A1-
sensitive, ATP-dependent H1 secretion that accounts
for at least B20% of proton secretion in the proximal
tubule,224�227,233,234 and that correlates with V-ATPase
immunodetection in this nephron segment (see above).
Moreover, pump activity appears to be stimulated by
acidosis235 or by angiotensin II218,236 suggesting that the
pump may participate significantly in bicarbonate
reclamation by the proximal tubule.

Approximatively 10% of the bicarbonate filtered at
the glomerulus is absorbed by the thick ascending
limb of Henle’s loop. As in the proximal tubule, the

primary mechanism of bicarbonate absorption in the
TAL is the Na1/H1 exchanger NHE3. Active secretion
of protons with pharmacological characteristics of
V-ATPases has also been detected in the TAL,237�239

and immunoreactivity to different subunits of the
pump has been shown in the apical membrane of TAL
cells.186,216,217 Even though these observations suggest
that the pump might play a significant role in bicar-
bonate transport in the TAL, direct examination of
bicarbonate transport in isolated, microperfused TAL
demonstrated that all bicarbonate absorption by the
TAL is sodium-dependent and sensitive to amiloride,
which indicates that Na1/H1 exchange accounts for
virtually all bicarbonate transport.240 Thus, the role of
the V-ATPase in the TAL remains unclear.

Role of the V-ATPase in Intercalated Cells

The second process that the kidney uses to keep blood
bicarbonate constant is the excretion of the daily acid
load generated by protein catabolism (B1 mmol/kg/j).
This is achieved in the collecting system, which includes
the late distal convoluted tubule, the connecting tubule,
the cortical collecting duct and the medullary collecting
duct. All these segments are characterized by the pres-
ence of intercalated cells (ICs), a subpopulation expres-
sing the proton pump and characterized by the presence
of the B1-subunit. At least two different sub-types of
intercalated cells have been identified: the “canonical”
form of type α IC secretes H1 through the apical vacuo-
lar H1-ATPase and reabsorbs HCO3

2 via the basolateral
Cl2/HCO32 exchanger AE1, whereas the “canonical”
form of type β IC has the opposite polarity and func-
tion.223,241,242 There is some evidence for at least one
other subtype of intercalated cells, called non-α non-β,
which express both the proton pump and a Cl2/HCO32

exchanger at the apical membrane.242 The function of
this third type remains unclear. For simplicity, the term
β-IC is used in this review to refer to both canonical β
and non-α non-β ICs.

Type α-intercalated cells secrete acid into a urinary
fluid virtually devoid of bicarbonate, because of bicar-
bonate absorption in the upstream nephron segments.
A fraction of protons remain free in urine and
decrease urine pH. However, the amount of protons
that can be freely eliminated in solution is very lim-
ited, because urine volume has to remain small and
because at urine pH values below 4.4, the transepithe-
lial gradient of H1 overcomes the capabilities of the
V-ATPase and proton secretion stops. Thus, a major-
ity of protons secreted in the collecting system are
instead titrated by urine buffers that can be weak
bases (e.g., in humans, mostly creatinine and HPO4

2)
yielding titrable acids or the strong base NH3 yielding
the ammonium ion (NH4

1). Since the different pro-
ducts resulting from these reactions cannot diffuse
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back across the collecting system epithelium, this
titration serves to trap and eliminate protons in urine.
In addition, because at an acidic urine pH ammonia
(NH3) is transformed into ammonium NH4

1, the
action of V-ATPase is also crucial to maintain a con-
centration gradient of NH3 across the collecting duct
epithelium, and V-ATPase can be viewed as the ener-
gizer of ammonium secretion.243 Protons secreted by
the V-ATPase into urine are generated, together with
bicarbonate ions from CO2 and H2O within interca-
lated cells. Proton secretion is functionally coupled to
basolateral bicarbonate extrusion through the Cl2/
HCO3

2 exchanger AE1, because in the absence of
bicarbonate exit, accumulation of bicarbonate into the
cell would limit proton secretion. Thus, the bicarbon-
ate that has been “generated” from proton secretion
by intercalated cells replaces the bicarbonate that has
been consumed when buffering the metabolically pro-
duced protons.

Type β ICs have the opposite polarity of α
ICs.223,241,242 They mediate bicarbonate secretion and
generate protons. They are therefore adapted to excrete
bases in response to metabolic alkalosis. In intercalated
cells, V-ATPase is expressed both at the plasma mem-
brane and in intracellular vesicles that can be recruited
rapidly by exocytosis when increased pump activity is
required.244 Moreover, intercalated cells are also able
to reverse the polarity of the pump’s expression.
Induction of metabolic acidosis or alkalosis produces a
profound change in the population distribution of
these different cell types, with acidosis shifting the dis-
tribution towards type α with apical ATPases, and
alkalosis increasing the number of canonical β-cells at
the expense of α-cells. The observation that this shift
from one cell type to the other occurs while the total
number of ICs remains constant was interpreted as
evidence that ICs can convert from one phenotype to
the other.245 Since this seminal observation, compelling
evidence has shown that this interconversion can occur
in vitro or in isolated tubules, and that it requires secre-
tion by intercalated cells of the matrix protein hensin,
and activation of a complex signaling pathway that
involves integrin b1.246�249

The contribution of β-intercalated cells to renal
NaCl balance and blood pressure regulation is an
emerging aspect of intercalated cell function.250

Studies of a mouse model with disruption of the api-
cal Cl2/HCO3

2 exchanger pendrin demonstrated that
β ICs are the main pathway for chloride absorption
across the collecting duct epithelium,251 and disrup-
tion of pendrin impairs renal ability to conserve
NaCl.251 Conversely, disruption of Cl2 absorption by
β ICs protects against mineralocorticoid-induced
hypertension.252 It has also been recently demon-
strated that coupling of the sodium-independent Cl2/

HCO3
2 exchanger pendrin with the sodium-driven

Cl2/HCO3
2 exchanger NDCBE (SLC4A8) mediates

thiazide-sensitive NaCl absorption.120 Importantly, as
indicated above, Cl2/HCO3

2 exchange in intercalated
cells is tightly coupled to proton transport mediated
by V-ATPases. Whether the V-ATPase energizes chlo-
ride transport and thereby participates in renal NaCl
handling has not yet been determined. However, it
was recently shown that bafilomycin, a specific V-
ATPase blocker, inhibits angiotensin II-stimulated Cl2

absorption,253 which suggests that V-ATPases may
energize part of the NaCl absorption in the distal
nephron. It is noteworthy that some patients with
dRTA exhibit a salt- and potassium-loosing nephropa-
thy. Even though these features can be explained by
the frequent association of dRTA with nephrocalcino-
sis and interstitial nephritis, the exact involvement of
V-ATPase dysfunction in these disorders has not yet
been directly evaluated.

Role of the V-ATPase in Endocytosis in Renal
Epithelial Cells

As indicated above, V-ATPase is not exclusively
present in the plasma membrane of renal cells. As in
all other eukaryotic cells, V-ATPase is abundantly
expressed in the membrane of intracellular organelles.
In intracellular membranes, the V1 catalytic domain is
located in the cytosol and therefore the pump drives
the transport of protons from the cytosol into the orga-
nelles. Many cellular processes, such as endo- or exocy-
tosis, catalytic activity into lysosomes, neurotransmitter
uptake into synaptic vesicles or release from secretory
granules, receptor recycling, and sorting of proteins
from the golgi apparatus, are critically dependent upon
proper V-ATPase activity.168,254

In the kidney, much attention has been paid to the
link between V-ATPase-dependent acidification of
endosomes and endo-exocytosis. Receptor-dependent
or -independent endocytosis of filtered molecules or
of apical membrane proteins is an important function
achieved by proximal tubule cells. Impairment of this
function leads to low molecular weight proteinuria,
which is one of the most prominent features of Dent’s
disease,255 a rare condition characterized by a
Fanconi-like syndrome associated with nephrolithiasis
or nephrocalcinosis, caused by mutations in the chlo-
ride transporter CLC5.256�259 Because proton transport
by the V-ATPase is electrogenic, intracellular organ-
elle acidification is accompanied by the development
of an inside-positive potential difference. In the
absence of an electrical shunt, this membrane voltage
would represent a self-limiting factor for proton
pump activity. In most cells, this shunt is achieved by
a chloride conductance activated by voltage. Since
CLC5 co-localizes with the V-ATPase in apical
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endosomes,260 it has been proposed that inactivating
mutations of CLC5 inhibit endocytosis, because they
prevent endosome acidification.261�263 This paradigm,
however, has been challenged by studies showing
that CLC5 is not a Cl2 channel, but is rather an elec-
trogenic Cl2/H1 antiporter,264 and more recently that
mutations that switch CLC5 function from Cl2/H1

exchange to Cl2 conductive transport are able to
restore endosomal acidification, but impair endocyto-
sis.265 The latter study also suggests that endosomal
V-ATPases control endocytosis by energizing chloride
accumulation into intracellular organelles, rather than
by promoting intravesicular acidification. How intra-
vesicular chloride controls endocytosis, however,
remains unsettled.
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INTRODUCTION

The main purpose of this chapter is to review the
basic aspects of water transport mechanisms across
cell membranes and epithelia. In the first section we
will discuss biophysical principles and definitions,
with the aim of providing a theoretical framework use-
ful for the analysis of experimental observations. In the
second section, we will address general issues pertain-
ing to water transport across cell membranes, focusing
on intracellular water, and the pathways and mecha-
nism for osmotic water flow. In the third section, we
will discuss water transport by epithelia, focusing on
pathways and mechanisms, in particular the role of
solute�solvent coupling. We intend this chapter to
serve as both an overview and an introduction to
chapters covering specific aspects of water transport
(Chapters 5, 9, 41, 42, 43). The three sections of the
chapter are to a certain extent independent from each
other, and can be studied separately.

The field of water transport across biological mem-
branes has made a recent major transition with the
discovery and characterization of the aquaporins.
Aquaporins are integral membrane proteins, most of
which are highly specific water pores expressed in
plants and animals from bacteria to humans. The dis-
covery of the aquaporins confirmed a long-held pre-
diction for the existence of these pores, emanating
from biophysical studies in red blood cells110 and renal
proximal tubules.165

BASIC PRINCIPLES

This section is largely based on the excellent water
transport treaty by Finkelstein.34 Other sources are
House,62 Reuss and Cotton,123 Dawson,26 Hallows and
Knauf,50 and Macey and Moura.91 Derivations of the
equations can be found in Finkelstein’s book.34

Deliberately, this section has been kept simple, and
qualitative explanations have been superimposed on a
succinct quantitative analysis.

The main mechanism of net water transport in animal
cells is osmosis, that is, net water flow driven by dif-
ferences in water chemical potential, in turn dependent
on differences in solute concentrations. Concerning
water flow across a cell membrane, an important issue
is whether water moves through the phospholipid
bilayer and/or through specialized water-conducting
pores. The mechanisms involved in water permeation
via these two pathways constitute the main content of
this first section. Hence, we start with osmosis.

Osmotic Equilibrium is a Balance of Osmotic
and Hydrostatic Forces

The principle of osmotic equilibrium can be illustrated
by considering a simple system, that is, a semiperme-
able membrane separating two aqueous phases: pure
water and a solution that contains a nondissociating
solute (Figure 4.1). The membrane is permeable to
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water and impermeable to the solute (hence the term
semipermeable). At thermodynamic equilibrium, the net
water flow across the membrane is zero. (In the case of
water, flow can be expressed in molar terms [moles of
water per unit area and unit time] or volume terms
[volume of water per unit area and unit time]. For con-
version to volume flow, the molar flow must be multi-
plied by Vw [partial molar volume, a constant equal to
18 cm3/mole].) The equilibrium of net flows is the
result of the equality of two forces: an osmotic force
favoring water flow into the solution; and an opposing
hydrostatic force resulting, for instance, from the dif-
ference in height of the fluid compartments generated
by the osmotic water flow. For dilute solutions,
osmotic equilibrium is approximately described by
Van’t Hoff’s law149:

ΔP5π5RTCs ð4:1Þ
where ΔP (atm) is the hydrostatic pressure difference
between the two compartments (P0 2 Pv), R (cm3 atm
mol21 K21) and T [K] are the gas constant and the
absolute temperature, respectively, Cs (mol cm23) is
the molar concentration of the solute, and π (atm) is
the osmotic pressure of the solution. The latter is conve-
niently defined as the hydrostatic pressure in the solu-
tion compartment (relative to the pressure in the water
compartment) needed to abolish water flow across the
membrane.

When the semipermeable membrane separates
two solutions, equilibrium is described by a slightly
different equation: ΔP5Δπ5RTΔCs, where Δπ is
the difference in osmotic pressure (π02πv) and ΔCs

is the solute concentration difference (Cs
02Csv).

The osmotic pressure depends on the molar concen-
tration (Cs) and on the degree of dissociation of the sol-
ute, that is, the number of particles that each molecule
yields in solution (n). Ideally, the osmolality of a solu-
tion, in osmol/kg of water, is given by Osm5nCs,
where Cs is in mol l21. However, the effect of solute on
the activity of the solvent is generally nonideal, that is,
it may depend on the nature of the solute. The correc-
tion term for this effect is the osmotic coefficient, ϕs,
where the subscript denotes the solute. For physiologi-
cal concentration ranges, the osmotic coefficient is
closer to unity than the activity coefficient, but it can
be significantly greater than 1 for macromolecules.50

For the sake of simplicity, the osmotic coefficient will
be neglected in this discussion.

A 1 Osm solution at room temperature exerts
an osmotic pressure of about 24.6 atm, which is
equivalent to about 18,700 mm Hg. In a mammal, a
1% change in extracellular fluid osmolality (, 3 mos-
mol/kg) is equivalent, as a driving force for water
flow, to a hydrostatic pressure of 56 mm Hg. In animal
cells, changes in osmolality cause large water fluxes
across the plasma membrane, whereas hydrostatic
pressure changes do not. Osmolality is a measure of
concentration of particles, not of osmotic pressure, but
it is frequently used to denote the latter.

The generation of ΔP in the presence of impermeant
solute on one side can be explained96 on the basis of
changes in the water chemical potential (μw), which is
given by:

μw 5μo
w 1RT ln Xw 1PVw ð4:2Þ

where μow is the standard chemical potential, Xw is the
water mole fraction (moles of water/[moles of water1
moles of solute]), and Vw is the partial molar volume of
water. A solute addition to one side (at constant total
volume) reduces the water chemical potential in that
side (μ0w) because the water is “diluted” by the solute
(and Xw falls). The difference in water chemical poten-
tial thus generated (Δμ0w5 μ0w2 μvw) is the “driving
force” for water flow toward the side of higher osmo-
lality (and lower μw). If both compartments are open
and of appropriate dimensions, then a ΔP will result
from changes in height (Figure 4.1). If a compartment
is closed, then its pressure will change in proportion to
the water flux, with a proportionality constant depen-
dent on compliance of the compartment.

Osmotic Water Flows Across Lipid and Porous
Membranes have Different Properties

Near equilibrium, the volume flow is linearly
related to the driving force:

Jv 5 Lp ðΔP2ΔπÞ ð4:3Þ

Semipermeable
membrane

ΔP

FIGURE 4.1 Osmotic equilibrium. A semipermeable membrane
(clear section of middle partition) separates two aqueous compart-
ments: a solution containing impermeable solute (left) and pure
water (right). If the heights of both compartments are initially equal,
then water will flow from right to left until equilibrium is estab-
lished. At equilibrium, the water flow across the membrane is zero,
and is described by Eq. (4.1), that is, ΔP and Δπ cancel each other.
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where Jv is the volume flow (volume area21 time21), Lp is
the hydraulic permeability coefficient of the membrane, and
ΔP and Δπ are the differences in hydrostatic and
osmotic pressure, respectively. The Lp can be expressed
in cm sec21 (osmol/kg)21. In most cases, a filtration (Pf)
or osmotic permeability coefficient (Pos; Pf5Pos) is used
instead of Lp. The Pos (cm sec21) is related to Lp by
Pos5 LpRT/Vw.

The above discussion underscores the fact that ΔP
and Δπ are equivalent as “driving forces” in causing
osmotic water flow. The mechanism of this equiva-
lence can be understood if one considers the nature of
the membrane and the mechanism of osmotic water
transport, as explained below.

Osmotic Water Flow Across Lipid Membranes

Osmotic water flow across lipid membranes occurs
by solubility diffusion. Water molecules move from
one aqueous solution into the lipid and then into the
other solution by independent, random motion.
When ΔP5Δπ (0 net driving force) there are two
diffusive water fluxes of equal magnitude and oppo-
site direction, with no net water flow across
the membrane. In the presence of a net driving force
(ΔP2Δπ 6¼0), a net flux arises. To examine the
mechanism of water flow, let us consider the effects
of ΔCs and ΔP on the water chemical potential in
the two compartments.

A net diffusive water flow requires a difference in
water chemical potential across the membrane. In a
homogeneous membrane, a steady flux denotes a
constant chemical potential gradient throughout the
membrane thickness. If there is a difference in
osmotic pressure between the two solutions, then the
water mole fractions (and therefore the water concen-
trations) at the two sides, just inside the membrane
must differ. It is commonly assumed that water
transport across the membrane�solution interface is
faster than water diffusion in the membrane itself.
It follows that the water chemical potential just
inside the membrane is very close to that in the adja-
cent layer of solution; therefore, water is near equi-
librium across the interfaces. Finally, since μw is
inversely related to Cs, a gradient of water concentra-
tion must exist across the membrane. This intramem-
brane gradient is the direct consequence of the
differences in impermeant solute concentrations in
the adjacent aqueous phases.

When Δπ5 0, but ΔP 6¼ 0, the chemical potentials of
water in the two solutions differ (see Eq. (4.2)). If
P0 .Pv, then the water flux from side 0 is greater than
that from side v, creating an intramembrane gradient
of water concentration and chemical potential.

The osmotic water permeability coefficient of a lipid
membrane is given by:

Pos 5
Dm

wβwVw

δmVoil

ð4:4Þ

where Dm
w is the diffusion coefficient of water in the

membrane, βw is the partition coefficient of water in
the membrane (oil/water), δw is the thickness of the
membrane, and Voil is the partial molar volume of the
membrane lipid.

Osmotic Water Flow Across a Porous Membrane

Let us consider a membrane made of a rigid, water-
impermeable material. The pore density (number of
pores per unit area) is n. Each pore is a water-filled
cylinder of length L and radius r, and cannot be pene-
trated by the solute. The mechanism of water flow in
this situation depends mostly on the pore radius. In
large pores there is viscous water flow that can be
described by Newtonian mechanics. In pores of molec-
ular dimensions there is no appropriate theoretical
treatment, but if the pores are so small that there is sin-
gle file water transport (i.e., water molecules in the
pore cannot slip past each other), then there is a sur-
prisingly simple solution.

LARGE PORES

In large pores water flow driven by a hydrostatic
pressure is described by Poiseuille’s law, which was
derived for water flow in thin capillaries:

Jv 5 n
ðΠÞr4
8Lη

ΔP ð4:5Þ

where η is the water viscosity and π denotes 3.1415 ...
(do not confuse with π, the osmotic pressure). This law
is valid for steady-state flow and neglects pore access
effects. Under these conditions, the pressure gradient
along the pore (dP/dL) has a constant value
(Figure 4.2a). From Eq. (4.4) and the definition of Pos,
the Pos for a membrane containing large homogeneous
cylindrical pores is n(π)r4RT/8Lη Vw.

If the only driving force is osmotic, then the mecha-
nism of water flow involves the development of a
hydrostatic pressure gradient within the pore. Initially,
the water concentrations in the pore and in the water-
filled compartment are the same, but at the other inter-
face the solution has lower water concentration than the
pore. If water transport across the membrane interfaces
is faster than within the membrane, then the water
chemical potentials just inside the pore are equal to
those in the adjacent solutions. At the pore end facing
the water compartment there is no difference in hydro-
static pressure, but at the end facing the solution
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compartment the pressure inside the pore falls, because
the lower water concentration in the solution elicits a
water efflux from the pore. If Δμw is zero across the
opening, then the difference in water concentration
between solution and pore is exactly balanced by a drop
in the pore pressure.96 In the steady-state, the pressure
gradient in the pore is constant (Figure 4.2, top right).

The analysis presented above holds for pores of r
equal to or greater than 15 nm.12 For pores smaller than
15 nm, several corrections have been attempted, but the
underlying assumptions are questionable.34 Regardless
of the lack of a satisfactory theory, it has been suggested
that Poiseuille’s law is a reasonable approximation for
water diffusion and convection in small pores.86

SINGLE-FILE PORE

The Pos of a single-file pore is given by34,35:

Pos 5 n
vwkTN

γL2
ð4:6Þ

where vw is the volume of a water molecule, k is the
Boltzmann constant (gas constant/molecule, equal to

R/NA where NA is Avogadro’s number), N is the num-
ber of water molecules inside the pore, and γ is the
friction coefficient per water molecule. Assuming that
the water densities in the pore and in the bulk solution
are equal, and recalling that kT/γ5Dw:

Pos 5 n
ðΠÞr2Dw

L
ð4:7Þ

which is the result expected for osmotic water flow
through a single-file pore if it can be described as a dif-
fusive flux.

Comparison of Diffusion and Osmotic
Permeability Coefficients Reveals Whether
Water Permeates Lipid Bilayer or Pores

Now we consider a membrane exposed to solutions
of identical composition, except that water is partially
replaced with tracer water at a concentration Cw

(Figure 4.3). There are no other differences in composi-
tion or pressure between the two compartments.

ΔP = P' - P''

P''

P'

C'w

C''w

JV

μ''w

μ'w

ΔCw= C''w- C'w

P''P'

C'w

C''w

JV

μ''w

μ'w

FIGURE 4.2 Water flow across a porous membrane. Top left: Driving force is a hydrostatic-pressure difference (P0 2 Pv), continuous line.
Same water concentrations on both sides (C0

w2 Cvw), segmented line. Top right: Driving force is a difference in osmotic pressure. Same hydro-
static pressure on both sides, but the water concentrations differ. Bottom: The steady-state water chemical potential gradients (μw, proportional
to the sum of hydrostatic and osmotic pressure) are the same for both conditions. (Modified with permission from Reuss, L. (2000). General princi-
ples of water transport. In “The Kidney: Physiology and Pathophysiology,” 321�340, Seldin, D. W. and Giebisch, G. (eds.). Raven Press, New York.)
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Both contain solutions of infinite volume and ideally
mixed (Cw at the membrane surface5Cw in the bulk
solution). The tracer water flux is given by:

J�w 5 PdwΔC�
w ð4:8Þ

where Pdw is the diffusive water permeability coefficient
and ΔC�

w is the difference in concentration of tracer
water (Cw*

02Cw*v). In the case of a lipid membrane, the
tracer�water flux is by solubility diffusion; hence:

Pdw 5
Dm

wβwVw

@mVoil

ð4:9Þ

This expression is identical to that for Pf (or Pos) for
a lipid membrane (Eq. (4.7)). Therefore, for a lipid
membrane, Pos5Pdw.

The case of a porous membrane is discussed below.

Porous Membrane

If the pores obey Poiseuille’s law, the diffusive
water flux via the pores is:

J�w 5
nðΠÞr2Dw

L
ΔC�

w ð4:10Þ

where the pore cross-sectional area [n(Π)r2] is available
for water diffusion and is the water self-diffusion coef-
ficient (tracer water traverses the membrane via the
aqueous pores). Pdw is n(Π)r2Dw/L. Hence, the ratio
between and for a porous membrane is:

Pos=Pdw 5
RT

8ηDwVw

r2 1 1 ð4:11Þ

where the second term on the right (51) denotes the
diffusive water flow via the pores. The equivalent
pore radius can be estimated from experimental
values using Eq. (4.11); at 25�C, the value of [RT/
(8ηDw Vw)] is 8.043 10214 cm22.

For single file pores, the diffusive water flux is
Jw5 nPdwΔn*, where Δn* is the tracer-water concentra-
tion difference (molecules per unit volume). Pdw is
given by:

Pdw 5
nvwkT

dL2
ð4:12Þ

and the ratio Pos/Pdw, from Eqs. (4.6) and (4.12),
equals the number of water molecules in the pore:
Pos/Pdw5N.

Water movement in single file pores is not indepen-
dent of the movement of neighboring water molecules:
for a tracer molecule to cross the pore, other water
molecules must also cross.

Unstirred Layers are a Major Source
of Artifacts in Water Permeability
Measurements

Unstirred layers are static layers of fluid at mem-
brane�solution interfaces, that is, they are not mixed
by convection. Unstirred-layer solute concentrations
are entirely determined by diffusion, can differ from
that of the bulk solutions, and are position depen-
dent. Unstirred layers introduce errors in the experi-
mental determination of Pdw and Pos. These errors
can lead to incorrect conclusions about the existence
of aqueous pores. For an excellent treatment of
unstirred layers, see Barry and Diamond.11

Unstirred-Layer Effects on Measurement of Pdw

In the system illustrated in Figure 4.4, tracer water
encounters three barriers to diffusion between the two

Membrane

C''s

C''w

C*''w

C*'w

C'w

C'S

Jw*

FIGURE 4.3 Tracer water diffusion across a lipid membrane

separating solutions of identical compositions (C0
w 2 Cvw, 5 C0

s 2
Cvs, 5 0, as shown by the two lines at the bottom). At the steady-
state (constant flux, Jw*), the tracer concentration gradient in the mem-
brane (second line from top) is also constant. Arbitrarily, the oil/
water partition coefficient (β) of tracer water is 1.0. If β were smaller,
the tracer water concentrations inside the membrane would be less
than in the respective solutions. (Modified with permission from Reuss,
L. (2000). General principles of water transport. In “The Kidney:
Physiology and Pathophysiology,” 321�340, Seldin, D. W. and Giebisch,
G. (eds.). Raven Press, New York.)
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solutions, namely the membrane and the two unstirred
layers (of width Δ1 and Δ2, respectively). These three
barriers are in series. The observed (experimentally
determined) diffusive water permeability of the system
differs from the true diffusive water permeability of
the membrane (Pdw) according to:

1

Po
dw

5
1

Pdw
1

1

Dw=δ1
1

1

Dw=δ2
ð4:13Þ

where Po
dw is the observed value. Inasmuch as Dw has

a finite value, Pdw and Po
dw are equal only when

δ15 δ25 0. For typical permeability and unstirred-layer
thickness values, Pdw can be easily underestimated by
50% or more.

Unstirred-Layer Effects on the Measurement of Pos

In the experiment depicted in Figure 4.5, a semiper-
meable membrane separates equal NaCl solutions;
then, a second solute is added to one side (C0

s.Cvs,
eliciting osmotic water flow. The NaCl concentration
in the unstirred layers changes because of the water
flow, rising in the right side and falling in the left side,
relative to the bulk solution concentrations. The added
solute qualitatively behaves like the NaCl present on
the same side. Water flow tends to accentuate the
changes described, whereas solute diffusion in the
solution has the opposite effect. At the steady-state,
the effects of osmotic water flow and solute
diffusion balance each other and the unstirred-layer

Semipermeable
Membrane

USLUSL Bulk Solution''

C''NaCl
C'NaCl

C'X

JV

Bulk Solution'

FIGURE 4.4 Unstirred-layer effects on the measurement of Pos,

CNaCl and Cx, concentrations of NaCl and the osmotic solute, respec-

tively. Both are assumed impermeant for simplicity. The osmotic
water flow (Jw5 Jv) “dilutes” both solutes on the hyperosmotic side
(solution0) and “concentrates” the NaCl on the hyposmotic side
(solutionv). The net result is a reduction in the concentration gradient
of the osmotic solute (reduced ΔCx), and the creation of an opposing
Δ CNaCl at the membrane boundaries. Hence, the driving force for Jv is
diminished. (Modified with permission from Reuss, L. (2000). General prin-
ciples of water transport. In “The Kidney: Physiology and Pathophysiology,”
321�340, Seldin, D. W. and Giebisch, G. (eds.). Raven Press, New York.)

Membrane

Solution''Solution'

C''S

π' > π''
0 < σs< 1

C'S

Jw

Js

FIGURE 4.5 Volume flow (Jv) between solutions containing

different concentrations of a permeant solute (0,σs, 1). Cs is the
solute concentration. Jv is the difference between the net water
flow (Jw) to the left, and the net solute flow (Js) to the right (i.e.,
Jv5 Jw 2 Js). (Modified with permission from Reuss, L. (2000). General
principles of water transport. In “The Kidney: Physiology and
Pathophysiology,” 321�340, Seldin, D. W. and Giebisch, G. (eds.).
Raven Press, New York.)
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concentration profiles remain constant. At the surface
of the membrane:

Cm 5Cb exp ð6vδ=DsÞ ð4:14Þ
where the sign of the exponent is (2) for the left
(“diluted”) side and (1) for the right (“concentrated”)
side, and denote solute concentrations (membrane sur-
face and bulk solution, respectively), v is the water
flow velocity (normal to the membrane), and Ds is the
solute diffusion coefficient in water.

The ratio between Po
os (observed value) and Pos (true

value) is 2vΔ/Ds, that is, the magnitude of the error
in estimating Pos is directly proportional to v and
inversely proportional to Ds. In planar membranes,
for small v (low water flux and flow velocity) the expo-
nential term approaches 1. In folded membranes,
where there can be water “funneling” (microvilli,
lateral intercellular spaces), v can be much larger
than in a planar membrane and can be seriously
underestimated.11

The above analysis is limited to the effect of Jv on
impermeant solute concentration. If permeant solutes
are present as well, they must be considered, making
the analysis more complex.11

Solute Reflection Coefficients Denote Effective
Osmolality of a Solution vis-à-vis a Membrane

The situation is more complicated than the preced-
ing analysis if the solute is permeant (Figure 4.6).
In this case, Jv will be described by:

Jv 5 LpðΔP2 σsΔπÞ ð4:15Þ
where σs is the reflection coefficient of the solute.
If σs, 1, then Jv will be less than if the same osmotic
gradient is elicited with an impermeable solute. The
value of σs is specific for each combination of mem-
brane and solute, and depends on both permeabilities
and partial molar volumes of water and solute (see
below). In general, the value of σs varies between 0 (sol-
ute as permeable as water) and 1 (solute impermeable).

Lipid Membrane

It can be shown that the solute reflection coefficient
of a lipid membrane is34:

σs 5 12
PdsVs

PdwVw

ð4:16Þ

As expected, σs5 1 when Pds5 0, σs5 0 when
PdsVs 5PdwVw, and σs, 0 when PdsV

2
s.PdwV

2
w. In other

words, σs depends on the solute permeability and par-
tial molar volume compared with those of water. If the
products are the same for solute and water, then the
reflection coefficient is zero: solute addition to one side

causes no transmembrane volume flow because the
water flux toward the solute is of the same magnitude
as the solute flux in the opposite direction. A solute
with a negative σs will elicit a net volume flow in the
opposite direction to the water flow (“negative
osmosis”).34

Porous Membrane

For a quantitative analysis of this complicated prob-
lem, see Anderson and Malone3 and Finkelstein.34 For
large pores and solute particles larger than water parti-
cles, the solute is excluded from the periphery of the
pore, that is, from a region slightly wider than the sol-
ute radius. In the pore axis, Cs is maximum (equal to

Membrane

Solution''Solution'

C''S

C''x

C'x

ΣC' > ΣC''
σs= 0
σx= 1

C'S

Jw

Js

FIGURE 4.6 Volume flow (Jv) between isosmotic solutions
(
P

C0 5
P

Cv). Solutes s and x gradients are of the same magnitude
and opposite direction. Since the reflection coefficients differ, the
effective osmolalities also differ, and there is a net Jv toward the side
containing impermeant solute (i.e., Jv5 Jw1 Js). (Modified with permis-
sion from Reuss, L. (2000). General principles of water transport. In “The
Kidney: Physiology and Pathophysiology,” 321�340, Seldin, D. W. and
Giebisch, G. (eds.). Raven Press, New York.)
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the concentration in the bulk solution) and Cw is less
than at the pore periphery (where the solute is
excluded). This generates a radial water concentration
gradient within the pore. At equilibrium, this gradient
is balanced by a fall in hydrostatic pressure in the
periphery of the pore. In addition, there is a solute con-
centration gradient along the pore length, because of
the transmembrane difference in Cs. These two gradi-
ents combine to generate a longitudinal hydrostatic
pressure gradient along the pore’s periphery, which
causes water flow toward the high concentration side.
The thickness of the ring subjected to this regime is
directly proportional to the molecular size of the sol-
ute. When the solute is so large that it cannot enter the
pore, Jv is maximum and σs5 1. When the solute has
the same size as water, its distribution within the pore
is identical to that of water, no pressure gradient devel-
ops, the water and solute net fluxes are purely diffu-
sive and of equal magnitude and opposite direction,
and Jv5 0. When the solute is smaller than water, Jv is
greater than Jw, and Jv is in the same direction as Js.
Water is largely excluded from the periphery of the
pore, and the pore hydrostatic pressure gradient is
opposite to that generated by the impermeant solute.

We consider now the case of single file pores; the
solution is dilute enough so that the number of solute
molecules inside a pore can be only 0 or 1. Two pore
populations will exist at any given time: pores contain-
ing water only, through which there is water flow
toward the high-Cs side, and pores containing solute,
in which solute and water are transported toward the
low-Cs side by single file diffusion. When both water
and solute permeation are single file, σs is

34,87:

σs 5 12
PdsV

s
p

PdwVp

ð4:17Þ

where Vp denotes pore molar volume, solute-containing
(superscript s) and solute-free (no superscript).
Compare with Eq. (4.16).

In a system with more than one solute there can be
net water and/or volume flows between solutions
with the same total solute concentrations (and osmolal-
ities). This will occur if the specific Cs values on the
two sides of the membrane and the reflection coeffi-
cients differ. As shown in Figure 4.6, if , ΔCs52ΔCx,
σs5 0, and σx5 1, then there will be a net volume flow
towards the right, although the solutions have equal
total osmolalities. If the hydrostatic pressures are the
same on both sides, then Jv5 LpRT (σxΔCx2 σsΔCs).
Expressions such as σRTC denote “effective osmolal-
ity,” in contrast with the “total osmolality” given by
RTC. Effective osmolality is also referred to as tonicity.
In epithelia, active transepithelial solute transport can
generate asymmetries in the composition of the

adjacent solutions. These asymmetries may in principle
drive net water transport without differences in the
total osmolalities of the bulk solutions, because of dif-
ferences in the solute reflection coefficients.

Solvent Drag Can Account for Uphill Solute
Transport

When there is net water flow (filtration and/or
osmosis) across a porous membrane and a pore-
permeant solute is present, there is a solute flux in
the same direction as the water flow. This flux
reflects water�solute frictional interaction within the
pores. In the case of large pores, if C0

s5Cvs, and Jv
is elicited by a hydrostatic pressure gradient or an
asymmetrical addition of impermeant solute, the
solute flux due to solvent drag is given by:

Js 5 JvCs ð12σsÞ ð4:18Þ
Uphill solute transport (i.e., transport in the absence

of or against the prevailing electrochemical gradient)
can be demonstrated, which is always in the same
direction as the water flow. The energy is provided by
the water flow, and conveyed to the solute by frictional
interaction.

Demonstration of solvent drag is, in principle, a
clear-cut argument for the existence of solute perme-
able water pores in membranes. However, many
such demonstrations have been proven to be experi-
mental artifacts. If there are unstirred layers, Jv
will produce changes in solute concentrations at the
membrane�solution interfaces; if the membrane is per-
meable to the solute, then a diffusive solute flux will
occur (see Eq. (4.14)). This phenomenon is called
“pseudo-solvent drag”.11 Putative demonstrations of
pore-mediated water transport based on the observa-
tion of “solvent drag” must consider this possibility.

WATER TRANSPORTACROSS THE
CELL MEMBRANE

In this section we will first address some general
issues pertinent to intracellular water, and then discuss
in some detail the pathways and mechanisms for water
transport across the cell membrane. Cell volume regu-
lation is the subject of Chapter 5, and will not be
addressed here.

Intracellular Water Behaves Similar to Water in
Free Solution

The best direct assessment of the state of intracellu-
lar water was obtained from nuclear magnetic reso-
nance (NMR) studies, which indicate that only a small
fraction of cell water (, 5%) behaves as if it were
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immobilized.137 However, indirect arguments suggest
that this may be an underestimate.50 A related issue is
whether the cytosol is a near-ideal aqueous solution or
a gel, as suggested by numerous observations.85 If this
is the case, its higher viscosity may have a strong effect
on enzyme catalysis rates.100 In any event, the behavior
of water fluxes in cells supports the idea that most of
the intracellular water behaves as water in dilute
solutions.

The Osmotic Behavior of Cells is not Ideal

Consider a cell at steady-state (constant volume) in
suspension; then, the external concentration of an
impermeant solute (and hence the external osmolality)
are suddenly changed. If the cell is permeable to
water, then water will flow until its osmolality
becomes equal to the new medium osmolality.
Numerically, V0 � π05Vt � πt, where V is cell water
volume and π is total solute concentration (or osmolal-
ity), and the subscripts 0 and t denote steady-state
values before and after the solution change. The
above equation assumes that there is no change in
the amount of cell solute between 0 and t, and
defines the ideal (“osmometric”) behavior of cells.
However, not all cells behave ideally. Non-ideal
behavior can result from loss or gain of solute
between times 0 and t (e.g., some cell solutes are
permeable) or from changes in the osmotic coefficient
of intracellular solute(s) secondary to the water flux.
This appears to be the case in red blood cells,
because of concentration dependence of the osmotic
coefficient of hemoglobin. This and other issues rele-
vant to non-ideal osmotic behavior of cells have been
discussed by Hallows and Knauf.50

Another important point in quantifying cell volume
changes in response to alterations in extracellular
osmolality is the fact that although most of the cell vol-
ume is solvent water (“osmotically sensitive”), a frac-
tion is nonsolvent volume (also referred to as
“solids”). If one considers this factor, then the above
equation becomes:

ðV0 2 bÞπ0
0 5 ðVt 2 bÞπ0

t ð4:19Þ

where b is the nonsolvent volume. This is a modified
form of the Boyle�Van’t Hoff equation, and is very
useful to interpret changes in cell volume. The plot of
Eq. (4.19) is shown in Figure 4.7.

In experimental osmotic studies, the behavior of
cells or membrane vesicles may not be linear, for the
reasons given above. For instance, if the amount of cell
solute changes during the experiment, then the slope
will not be a constant.

Net Water Transport Across Membranes
of Animal Cells is Osmotic

In plant cells, which have rigid walls, the intracellu-
lar hydrostatic pressure can vary over a considerable
range. In animal cells, which have compliant plasma
membranes, hydrostatic pressure differences are small.
In contrast, small differences in concentration of
impermeable or low permeability solutes across the
cell membrane can result in sizable water flows by
osmotic mechanisms. The water flow under these con-
ditions can be via the phospholipid bilayer (solubility
diffusion), driven by the difference in water chemical
potential across the membrane or via pores driven by
a hydrostatic pressure gradient inside the pore. This
pressure gradient is caused by the difference between
the water chemical potentials inside the pore and in the
external solution (see Figure 4.2). It is generally
assumed that under steady-state conditions in vivo, the
osmolalities of the intracellular and extracellular com-
partments are equal. There is some experimental evi-
dence supporting this,94 but based on rather indirect
estimations of intracellular osmolality. Also, it has been
argued that, in order to balance a 1 mosmol/kg differ-
ence in osmolality (cell higher), the cell hydrostatic
pressure would have to be B19 mm Hg higher than the
extracellular pressure, something that a soft-tissue
cell membrane is extremely unlikely to support.93

However, mechanical support of the cell membrane
by the cytoskeleton and/or the exoskeleton may allow
for the maintenance of transmembrane hydrostatic

y intercept (b) = non solvent volume

slope = π'0(V0 � b)

1/π'

C
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e 

(V
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FIGURE 4.7 Boyle�Van’t Hoff plot for a theoretical cell. The
equation plotted is V5 (1/π0)[π0

0(V02 b)]1 b (see Eq. (4.19)). The y-axis
intercept is b, the nonsolvent volume, and the slope is [π0

0(V02 b)], that
is, the amount of water-dissolved solutes in the cell. (Copyright 1994 by
CRC Press, Inc. From Hallows, K. R. and Knauf, P. A. (1994) “Principles
of Cell Volume Regulation.” CRC Press, Boca Raton FL. Reproduced with
permission of Routledge/Taylor & Francis Group, LLC.)
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pressure gradients.50 This issue is unresolved, but it is
unlikely that in the steady-state large gradients of
osmotic or hydrostatic pressure exist across plasma
membranes.

Quantitative treatment of water transport across the
plasma membrane usually involves another assump-
tion, namely that the cytoplasm behaves as a free solu-
tion, similar to the interstitial fluid. However, it is far
more likely that the cytoplasm is a gel, as discussed
above.85 This problem is also unresolved.

The fact that animal cells lack rigid walls and do
not develop sizeable transmembrane hydrostatic pres-
sure differences determines that the only means to
maintain or regulate cell volume is to change the cell
content of osmotically-active solutes. This is the main
theme of the next section.

Cell Volume is Determined by the Amount
of Cell Solute and the Extracellular Osmolality

With the questionable exception of water co-transport
(see below), net water transport between intracellular
and extracellular compartments is the result of differ-
ences in effective osmotic pressure between these com-
partments. The effective osmotic pressure, in turn, is
proportional to the total number of particles in solu-
tion, and their reflection coefficients. Hence, at the
same total osmotic pressure, impermeant particles are
more effective than permeant particles in generating
water flow toward the side in which they are con-
tained. This can be demonstrated experimentally by
exposing cells to solutions of identical osmolalities, but
different tonicities, by using solutes having different
permeabilities. Depending on the relative permeabil-
ities of the plasma membrane to water and the solute,
cell volume can remain constant, increase or
decrease. This phenomenon can be explained by the
effect of the solute reflection coefficient on osmotic
water flow.

A solution is defined as isotonic (with the cell inte-
rior) when exposure of cells to this solution results in
no change in cell volume; hypertonic and hypotonic
solutions elicit decreases and increases in cell volume,
respectively. Therefore, a hypertonic solution has a
greater effective osmolality, and a hypotonic solution a
lower effective osmolality, than the isotonic solution.
Because of the role of the solute reflection coefficient in
determining the effective osmolality (see above), the
terms hypertonic and hypotonic are not equivalent to
hyperosmotic or hyposmotic; the latter expressions
denote the total osmolality of the solutions, disregard-
ing the reflection coefficients. The osmolalities of bio-
logical fluids are largely determined by their total salt
concentrations, because low molecular weight salts are
the solutes at highest concentrations, expressed as

number of particles relative to water mass. Hence, the
extracellular fluid osmolality is largely determined by
Na1 salts (mainly sodium chloride and sodium bicar-
bonate), and the intracellular osmolality is mostly deter-
mined by K1 salts.

Under most physiological and pathophysiological
conditions, the intracellular and extracellular compart-
ments can be treated as two closed compartments sepa-
rated by a semipermeable membrane (i.e., a membrane
permeable to water and impermeable to the solute).
This simplification is valid because, in the short-term,
solute gains or losses by the whole system and solute
fluxes between the compartments are slow relative to
potential water fluxes. It follows that: (1) the amount of
solute in each compartment can be considered constant;
and (2) the steady-state osmolalities of both compart-
ments must be equal. Therefore, the amount of cell
water is inextricably related to the amount of cell solute
and to the extracellular osmolarity:

Vc
w 5

Sc

Osmec
ð4:20Þ

where Vc
w is the cell water volume (L), Sc is the amount

of cell solute (mosmol), and Osmec is the extracellular
osmolarity (mosm/L).

It follows from Eq. (4.20) that cell volume can change
by two mechanisms, namely changes in the amount of
cell solute or in the extracellular osmolality. From a
homeostasis point of view, if pure water is added to the
extracellular compartment, reducing its tonicity, then
part of the water will flow across the cell membrane
into the intracellular compartment, until the osmolali-
ties are again equal. If pure water is lost from the extra-
cellular compartment, then water will flow from the
intracellular compartment until the osmolalities become
equal. In contrast, if isotonic solution is added to or lost
from the extracellular compartment, there will be no
water flow across the cell membrane, because no
osmotic pressure difference has been established, and
in the body the ensuing changes in hydrostatic pressure
will be very small. This analysis is rather qualitative;
knowledge or assumption of the initial conditions
allows for a highly quantitative analysis, essential for
understanding the pathogenesis and planning the treat-
ment of water and electrolyte disorders.

Water Permeability of the Plasma Membrane
Varies Considerably Among Cell Types

Cell membranes are endowed with highly variable
osmotic water permeability coefficients, ranging
from practically zero (apical membrane of thick-
ascending loop of Henle cells) to 400�600 μm s21

in red blood cells and renal proximal tubules. Most
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nonepithelial cells display quite high osmotic water
permeabilities. The best-studied case is that of the
mammalian red blood cell, whose Pos is in the range of
50�400 μm s21 .39 In artificial lipid bilayers, Pos ranges
from ,1 to, 100 μm s21, depending on the lipid com-
position. Bilayers of higher fluidity are more perme-
able to water, and increased bilayer cholesterol content
decreases bilayer water permeability. Recent studies
have shown that certain biological membranes that are
highly water permeable contain water-selective pores
(aquaporins).

The structural bases for the extremely low Pos of
some cell membranes were recently discovered; others
remain unknown. As detailed in Chapter 2, lipid rafts
in membranes are microdomains rich in cholesterol
and sphingolipids in the external leaflet and choles-
terol and phospholipids with saturated fatty acids in
the internal leaflet of the membrane. The surrounding
bilayer is abundant in unsaturated fatty acids, and
considerably more fluid than that in the raft.71

Membrane rafts have low fluidity, and hence a low
diffusional water permeability. Addition of cholesterol
to liposomes formed by phosphatidylcholine produces
a major decrease in water permeability.6,7,116 In lipo-
somes formed by mixtures of phosphatidylcholine,
cholesterol, and sphingomyelin, which contain lipid
microdomains similar to membrane lipid rafts, water
permeability is significantly lower than that expected
based on the lysis tension.116

Apical membranes of certain tight epithelia have an
extremely low permeability to water. A case in point is
the apical membrane of the urothelium, that is, the epi-
thelium that lines the renal calices, pelvis, ureters,
urinary bladder, and urethra. The apical membranes
of the epithelial cells of the urothelium are covered
by rigid plaques consisting of hexagonal arrays of
particles.14,57,156 The plaques contain four transmem-
brane domain proteins named uroplakins, of which
there are four isoforms.88,170,172 It has been suggested
that uroplakins could influence the passive permeabil-
ity of the apical membrane of the urothelium,56 but
evidence was lacking until the permeabilities of
normal mice urinary bladders were compared to those
of uroplakinIII (UPIII)-knockout mice.64 The normal
mouse bladder has high transepithelial electrical resis-
tance, and low water permeability. The bladders from
UPIII-knockout mice maintained the high transepithe-
lial resistance, but their water permeability was 20-fold
higher than in controls. These results strongly suggest
that the low permeability of the tight junctions and the
apical membrane to ions are preserved in the knockout
mice, whereas the water permeability of the apical
membrane is increased. This is the first instance in
which expression of a transmembrane protein has
been shown to decrease the permeability of a

biological membrane. It has been speculated that the
uroplakin crystals limit plasma membrane lipid mobil-
ity, reducing fluctuations in acyl chains, decreasing
water permeability through the bilayer.73,169 However,
the UPIII-knockout mice urinary bladders display sig-
nificant anatomical alterations, including the presence
of small hyperplastic superficial cells,63 and therefore
other mechanisms for the decrease in water permeabil-
ity cannot be ruled out.

The thick ascending limb of the loop of Henle also
has an extremely low permeability to water126 neces-
sary for the operation of the urine concentration mech-
anism (see Chapter 43). The biophysical reasons for
this low permeability are not entirely clear. Certainly
there is no expression of water pores (AQP) in the api-
cal membrane (see Chapter 41), and its surface area is
small relative to that of the basolateral membrane,126

but whether the composition of the membrane has a
role is yet to be determined.

Pathways for Water Transport Across
Cell Membranes

As explained above, water transport across biologi-
cal membranes can be across the lipid phase of the
membrane (solubility diffusion) or across membrane
proteins. The mammalian aquaporin family consists of
13 members that form water pores and are expressed
in the plasma membranes of numerous cell types.
Their important role in water transport across cell
membranes is unquestionable. It has also been sug-
gested that other transport proteins may transport
water, in addition to their substrates. Such suggestions
have been made for both ion channels and carriers. We
will discuss first aquaporins and then these membrane
proteins in the context of water transport across cell
membranes. The accepted water transport pathways
across the cell membrane are illustrated in Figure 4.8.

Water Pores Determine High Cell-Membrane Water
Permeability

The existence of water pores was first deduced from
biophysical studies (reviewed in Macey90 and
Verkman150), and then elegantly confirmed by bio-
chemical, molecular-biological, and structural studies
(reviewed in Agre1 and King et al.75). Over the years,
several criteria were developed to ascertain the pres-
ence of water pores in membranes. The principal ones
are discussed below.

HIGH Pos/Pd

If the membrane contains pores, then osmotic water
flow does not occur via a diffusion-like mechanism,
which obeys the independence principle. Instead, it
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involves some form of interaction between water mole-
cules, either Poiseuille-like (viscous) flow in thin
capillaries or single file transport. As discussed previ-
ously, in both cases the flow of individual water mole-
cules depends on the flow of other water molecules.
It follows that the value of Pos/Pd is significantly
greater than unity (the ratio is proportional to the
square of the pore radius in case of viscous flow, and
equal to the number of water molecules contained in
the case of single file transport). However, unstirred-
layer effects can cause a disproportionately large
underestimation of Pd relative to Pos, with the end
result of an artifactually large ratio. This error can be
prevented by measuring the unstirred-layer equivalent
thickness, and making appropriate corrections for Pos

and Pd.
34 In conclusion, a correctly obtained Pos/Pd .1

is strong evidence for water transport via pores. The
value of Pos/Pd can denote either the pore radius or the
number of water molecules in the pore. Resolving this
issue requires additional experimental work, such as
permeation studies with solutes of varying sizes to
estimate the pore radius.

LOW ARRHENIUS ACTIVATION ENERGY

The activation energies (Ea) for water permeation
via aqueous pores and for water self-diffusion are
about the same (,5 kcal mol21), that is, much lower
than the Ea for water permeation by solubility diffu-
sion across a lipid membrane (,12 kcal mol21). This
can be established by measuring the water permeabil-
ity at different temperatures.

SENSITIVITY TO Hg

Water transport via proteinaceous pores is inhibited
by HgCl2 and organic mercurial compounds, an effect

suggestive of a critical SH group in the protein under-
lying the pore function.91,92 This was corroborated
when the protein was identified.113 The mercury sensi-
tivity of water transport is conferred by a specific cys-
teine residue (Cys189 in human AQP1),138 located
B8 Å above the NPA region.59

FLUX INTERACTIONS

In the case of large pores with finite solute perme-
ability, there are frictional interactions between water
and solutes (see above), with the end result of solvent
drag and/or electrokinetic phenomena. Although this
has been demonstrated for some membrane pores, it
does not seem to take place with aquaporins, the
water-selective pores in animal cell membranes. This
suggests that these pores are impermeable to most
solutes, and hence too narrow for solvent drag or elec-
trokinetic phenomena.

Among cell membranes from epithelia, the best
studied from a water-pore viewpoint is the apical
membrane of the mammalian renal proximal tubule,
where the above criteria have been clearly satis-
fied.167 Water pores have been identified in numer-
ous organs and cell types, and in the renal proximal
tubule they are constitutively active; in contrast, in
the collecting duct under resting conditions they exist
in a cytoplasmic vesicular pool, and are inserted
in the apical membrane after stimulation by
vasopressin.15,16

Cell Membrane Water Pores are Aquaporins

The existence of water pores on cell membranes was
demonstrated in red blood cells and renal tubules by the
biophysical approaches described above (for reviews see
Macey90 and Verkman150). The pores were identified by
the discovery of the red cell membrane protein first
named CHIP28,29,113 and now aquaporin 1 (AQP1).
When expressed in amphibian oocytes or purified and
reconstituted in liposomes, AQP1 forms Hg21-sensitive
water pores with low activation energy, and no ion con-
ductance (reviewed in Agre,2 Engel et al.,33 Heymann,55

King et al.75). Later studies have shown three important
facts: (1) AQPs are expressed in plant and animal cells,
in both simple and complex organisms; (2) AQPs are
expressed in the plasma and intracellular membranes of
most cells, not just red cells and renal epithelial cells;
and (3) there are 13 AQP isoforms in mammals, which
have unique cellular and subcellular distribu-
tions.43,70,75,151 Aquaporins are present in most cell types
in the body, and there is reason to suspect that they are
the predominant pathway for water transport across cell
membranes.75 In this section, we will discuss aquaporins
largely from a molecular point of view. Aquaporins in
the kidney are treated in Chapter 41, and aquaporins
in other organs by King et al.75 For excellent recent

FIGURE 4.8 Water transport pathways across plasma mem-

branes. Left arrow: Solubility diffusion across the phospholipid
bilayer. The water permeability is directly proportional to the fluidity
of the membrane. Right arrow: Permeation via pores. The water flux
obeys Pouiseuille’s Law in wide pores, and occurs by single-file
diffusion in narrow pores such as those of aquaporins.
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reviews on AQPs, see Agre1 and King et al.,75 as well as
more recent ones.43,70,78,95,109,151,152,157 Peter Agre
received the 2003 Nobel Prize in Chemistry for his
work on aquaporins.

Based on their permeability properties, primary
sequence, and gene structure, mammalian AQPs have
been classified into three groups: Class 1, 2, and 3.
Class 1 AQPs are permeated only by water (isoforms
0, 1, 2, 4, 5, 6, 8); class 2 AQPs, also known as aquagly-
ceroporins (isoforms 3, 7, 9, 10), are permeated by both
water and small organic solutes such as glycerol;
whereas class 3 AQPs are of unknown or unclear per-
meability properties (isoforms 11 and 12). AQPs in cell
membranes are tetramers, with one subunit N-glycosy-
lated.72,135 Each monomer is B30 kD, and contains a
narrow aqueous pore surrounded by α helices. AQP
monomers display N- and C-termini on the same side
of the membrane (intracellular for plasma membrane
AQPs), and the primary and tertiary structures clearly
show an inverted symmetric pattern, each formed by
three bilayer-spanning α helices. In each repeat,
the loops B and E (C-terminal to the transmembrane
helices 2 and 5), which contain the highly conserved
signature motif Asn-Pro-Ala (NPA), form short hydro-
phobic α helices that reach halfway through the mem-
brane from opposite sides to end facing each other.
The overall fold has been described as an hourglass
consisting of the two hemipores that face each other,
with wider bases and a narrow area in the membrane
center, lined by the two NPA-containing loops, which
contribute to the pore selectivity.65,75,113 The hourglass
model was proposed from sequence analysis,72 and
has been confirmed by cryoelectron microscopy
and X-ray crystallography studies.37,41,60,103,119,142,158,159

A schema of this structure is shown in Figure 4.9.
The class 3 AQPs, AQP11, and AQP12, are located

in intracellular compartments, and are closer to the SIP
plant family (Small basic Intrinsic Proteins), displaying
less than 20% homology with other members of the
mammalian AQP family.95 In AQP11 and AQP12, the
highly-conserved NPA motif in the AQP N-terminal
half is substituted with the sequences NPC and NPT,
respectively, but they still have a conserved C-terminal
half NPA motif.69 The function of AQP11 is unknown,
and that of AQP12 is unclear, without evidence
for water permeability in frog-oocyte studies, but dis-
playing water permeability when reconstituted in
liposomes.69,70

Mechanism of Water Permeation in AQPs

The high selectivity of AQPs such as AQP1 for
water � excluding even proton permeation � is consis-
tent with the minimum width of the pore (2.8 Å),
which limits the size of permeant molecules. The
dipole moments of the two half-helices that contain the

NPA motifs are oriented on the center of the hydro-
philic pore, creating an electrostatic barrier to H1

movement, and inducing a complementary alignment
of the water molecules’ dipole moments as they pass
the signature motif.8,9,27,28,65,66,160 Interaction of the
water molecules inside the pore with the NPA motifs
dipoles prevents formation of hydrogen bonds between
adjacent water molecules. In other words, similar to
what happens to K1 permeating K1-selective channels,
the water molecules in the AQP1 pore lose contact with
other molecules. One could say that the water becomes
“dehydrated,” and permeates in single file. The lack of
hydrogen bonding of water molecules inside the pore
prevents proton conduction via “water wires”.142,144

Water selectivity arises at a constriction located
B8 Å extracellular to the NPA region, the aromatic/
arginine region (ar/R), which contains a conserved
arginine.65,66,160 The ar/R region acts as a selectivity
filter that limits permeation based on size and hydro-
phobicity.65 This region is wider and more hydropho-
bic in aquaglyceroporins, allowing permeation of small
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FIGURE 4.9 Membrane topology and structure of aquaporin 1

(AQP1). (a) Predicted secondary structure. AQP1 consists of two
repeats of three transmembrane helices (1, 2, and 3; 4, 5, and 6).
Amino and carboxy termini are on the cytoplasmic side. Loops B
and E contain the Asn-Pro-Ala motifs (NPA) that form part of the
water pore and are important to determine selectivity. Loop E con-
tains Cys189, responsible for Hg21 sensitivity. (b) Monomer structure
(side view, ribbon representation). Transmembrane helices are
shown in the same tone, whereas loops B and E, which contain the
NPA sequences that meet approximately halfway into the mem-
brane, are shown in a darker tone. (c) Tetramer structure (view from
top). The monomers are functional per se, but AQP1 assembles into
tetramers. Each monomer is shown in a tone different from that of
the neighboring subunits. Asterisks denote the approximate location
of the water pore in each subunit. Built with PyMol from PDB 1J4N.

107WATER TRANSPORT ACROSS THE CELL MEMBRANE

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



solutes such as glycerol.65 In members of the AQP fam-
ily such as the Escherichia coli GlpF channel, sequence
tuning of the selectivity filter region allows permeation
of small uncharged solutes.65 In the case of GlpF, the
minimum diameter of the pore is B3.8 Å, allowing
passage of glycerol. Both polarity and diameter of the
selectivity filter are essential to determine the perme-
ability properties of AQPs.65,160

Certain Aquaporins are Permeable to Solutes
and Perhaps to Physiologic Gases

As shown in Table 4.1, five of the eleven AQP iso-
forms have been shown to display solute permeability,
in addition to water permeability. It has also been
claimed that AQP1 has ion-channel activity when stim-
ulated by cGMP, but this is unclear at this time (see
below). Class II AQPs (aquaglyceroporins, isoforms 3,
7, 9, and 10) are permeable to small, neutral, hydro-
philic solutes. Of these, urea is critical for renal func-
tion (see Chapter 43). Recent observations also point to
permeability to the trivalent metalloids arsenite, As
(III), and antimonite, Sb(III) through aquaglyceropor-
ins.5 As(III) and Sb(III) are protonated at physiological

pH, with the main species in solution being the undis-
sociated trioxides of a molecular volume slightly smal-
ler than that of glycerol, which may explain
permeation through the aquaglyceroporins.5,114

From the point of view of permeability properties,
AQP6 differs from other AQPs in that it displays low
water permeability, and behaves as an anion channel
selective for anions such as nitrate over Cl2.67,68

Lowering pH and reaction with Hg21, a known
blocker of water permeation through AQPs, increase
anion conductance.67,68,109 AQP6 has been traditionally
considered an intracellular AQP present in intracellu-
lar vesicles of α-intercalated cells of the renal collecting
ducts,68,70,109 but it has been more recently identified
in other tissues, including the apical membrane of
parotid acinar cells, where it seems to contribute to the
anionic conductance of the membrane.67

A very interesting issue is whether AQPs are per-
meable to gases, in particular CO2 and NH3.

21,65,104,106

It was reported that AQP1 expression in Xenopus
oocytes elicits an almost twofold, Hg21-sensitive
increase in plasma membrane CO2 permeability,21,106

and an even larger effect (also Hg21-sensitive) was

TABLE 4.1 Permeability Characteristics and Predominant Distribution for Known Mammalian Aquaporins

Isoform Permeability Tissue Distribution Subcellular Distributiona

AQP0 Water (low) Lens Plasma membrane

AQP1 Water (high)b Red blood cell; kidney; lung; vascular endothelium;
brain; eye

Plasma membrane

AQP2 Water (high) Kidney; vas deferens Apical membrane;
intracellular

AQP3 Water (high); glycerol (high); urea (moderate) Kidney; skin; lung; eye; colon Basolateral membrane

AQP4 Water (high)b Brain; muscle; kidney; lung; stomach; small intestine Basolateral membrane

AQP5 Water (high)b Salivary gland; lacrimal gland; sweat gland; lung;
cornea

Apical membrane

AQP6 Water (low); anions (NO3
2.Cl2 Kidney Plasma membrane;

intracellular

AQP7 Water (high); glycerol (high); urea (high);
metalloidsd

Adipose tissue; kidney; testis Plasma membrane

AQP8 Water (high)c Testis; kidney; liver; pancreas; small intestine; colon Plasma membrane;
intracellular

AQP9 Water (low); glycerol (high); urea (high);
metalloids

Liver; leukocytes; brain; testis Plasma membrane

AQP10 Water (low); glycerol (high); urea (high) Small intestine Intracellular

AQP11 Water? Testis; kidney; brain; heart; thymus; intestine; liver Intracellular

AQP12 ? Pancreas Intracellular

aAquaporins that are present primarily in either the apical or basolateral membrane are noted as residing in one of these membranes, whereas homologs that are present in both
of these membranes are described as having a plasma membrane distribution.
bThese AQPs may be permeable to gases such as CO2, O2, NH3, and/or NO.
cAQP8 might be permeated by water and urea.
dThe transported species are most likely the undissociated arsenite and antimonite trioxides As(OH)3 and Sb(OH)3.
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obtained in E. coli membrane vesicles expressing
AQP1.112 Other aquaporins may also be permeable to
gases.104 However, the CO2 permeabilities of red blood
cells and alveolar epithelium of mice in which Aqp1
was deleted were found to be no different from those
of wild type mice.171 The differences between these
sets of studies remain unresolved (see 22,153).

Regulation of AQP-Mediated Water Permeability

In principle, the water permeability of a cell mem-
brane via AQP depends on the number of functional
pores (N per cell or membrane surface area), the single-
pore water permeability, and the pore open probability
(the fraction of the time that it is water permeable).
Changes in N have been clearly demonstrated to regu-
late AQP-mediated water permeability. The most
striking example of this mechanism is the effect of vaso-
pressin on the insertion of AQP2 in the luminal mem-
brane of the cortical collecting duct (see Chapter 42).
As discussed below, certain solutes decrease the water
permeability of AQP pores, but there is no definitive evi-
dence for a regulatory role of pore “gating” in the
sense that this expression is used in ion channel function
(see Chapters 2 and 8). However, there is some evi-
dence for regulation of aquaporin opening through
phosphorylation.49,51,95,101,145

The permeability of several AQP isoforms is modu-
lated by the composition of the extracellular solution.
The water permeability of AQP0 expressed in Xenopus
oocytes was reported to be increased by lowering
external pH and [Ca21].107 Both effects depend on the
pore residue His40.44 In another study, the water per-
meability of AQP3, also expressed in oocytes, was
found to be reduced by external acidification, whereas
AQP0, AQP1, AQP2, AQP4, and AQP5 were found to
be pH-insensitive,177 in contrast with the study quoted
above. In oocytes or LLC-PK1 cells expressing hetero-
logous AQP4, PKC agonists were reported to red-
uce cell membrane water permeability,50,173 an effect
abolished by deletion of Ser180.173 However, when
purified AQP4 was reconstituted in liposomes, its
phosphorylation by PKC did not affect the water per-
meability (quoted in King et al.75). Finally, Xenopus
oocytes expressing AQP1 develop an ion current after
injection of cGMP, whereas this agent had no effect on
oocytes expressing AQP5.4 Further, the effect is depen-
dent on specific charged residues in the C-terminal
domain of AQP1.13 It is not clear, however, that the
pathways for water permeation and ion fluxes are the
same: when the experiment was carried out with
AQP1 reconstituted in planar bilayers, an organic mer-
curial compound inhibited water permeability, but not
cGMP-induced ion conductance.133 Further, the ratio
of ion permeability to water permeability was
extremely small, suggesting that only a minute fraction

of AQP1 molecules would form cGMP-activated
ion channels.133 Calmodulin binds to AQP0 and
AQ6 (acidification-induced anion channel AQP), in a
calcium dependent manner, and it inhibits AQP0
permeability.107,115,118,127 The mechanism of the
decrease in water permeability and functional role of
the interactions of Ca21�calmodulin with AQPs have
not been established. In conclusion, contrary to state-
ments in the literature, there is no evidence that the
AQP water pore is gated, that is, opens and closes sto-
chastically as an ion channel. The available information
is consistent with modulatory effects, such as by H1

or divalent cations that could simply block the water
permeation pathway. It is also clear that the finding
that expression of a membrane protein results in water
and ion permeability does not mean that they occur
through the same pathway.

Other Membrane Proteins May Contribute
to Water Transport

Water permeation through narrow ion channels has
been studied by molecular-dynamics simulations
based in the atomic structure of the KcsA channel129

(see also Chapter 2). In the narrow part of the pore
(selectivity filter), K1 is transported in single file; two
adjacent ions are separated by a water molecule; there-
fore, the molar flux ratio (K1/water) is unity.
For “near-isosmotic” water transport, the flux of 1 ion
has to be coupled to that of 157 water molecules.
Therefore, direct coupling between ion and water
transport in narrow ion channels contributes only a
minute fraction of the water flux expected to be pro-
duced by the changes in the osmolality of the solu-
tions adjacent to the membrane that are produced by
the ion flux.

One would expect that wider ion channels, in which
the ions permeate in a hydrated state, would result in
larger water fluxes coupled to the ion flow, and per-
haps also in water permeation in the absence of a net
ion flux. Although there is no direct evidence for this,
it was recently shown that blocking the volume-regu-
lated anion channel (VRAC) decreased significantly
the water permeability of endothelial cells.108 This
result suggests that these channels constitute a signifi-
cant pathway for osmotic water flow in these cells.

Do Co-Transporters Perform Active Water
Transport?

Experiments in the choroid plexus epithelium of
Necturus maculosus174,175 and retinal pigment epithe-
lium of frog176 suggested that water transport and
solute transport (KCl and lactate, respectively) are
directly coupled. Under energetically favorable condi-
tions, water would move uphill in the direction of the
net ion flux and by the same pathway, implying
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molecular coupling (in the carrier molecule) between
the solute and water fluxes. If this is correct, then the
water is co-transported, that is, transported uphill by a
secondary active mechanism. Several co-transporters
have been suggested to perform this function when
expressed in Xenopus oocytes: Na1-glucose,84,97,98 Na1-
glutamate,89 Na1-dicarboxylate,99 and others.80,175 The
rate of water transport via these carriers would range
between 40 and 600 molecules per cycle. The water/
solute coupling ratio in the case of the human Na1-
glucose co-transporter98 indicates that the transported
fluid would be hyperosmotic, instead of near-isos-
motic. Hence, near-isosmolality could result from the
parallel operation of transcellular osmosis (see 175 for a
recent review). The critical experimental result sup-
porting the water co-transport hypothesis is that solute
transport via a co-transporter is associated with a
water flux much larger than that observed with a simi-
lar solute flux via ion channels,83 an argument that
would rule out the alternative explanation that the
co-transporter-mediated solute flux increases the osmo-
lality in the plane adjacent to the membrane, and that
the resultant generated osmotic gradient is responsible
for water flux across the plasma membrane,79,80 and not
necessarily the co-transporter itself. A careful study of
water fluxes in Xenopus oocytes expressing heterologous
proteins, including Na1-glucose co-transporters, glucose
transporters or the K1-channel ROMK2, permitted
another group to relate solute accumulation in the
oocytes to water flow. Their conclusion is that the
glucose accumulation quantitatively accounts for
the water flux by simple osmosis, and therefore
that there would be no need to postulate water co-
transport.20,42 A critical factor in the solute accumula-
tion in these studies is the intracellular solute diffusion
coefficient, which in the oocytes is about one-fifth of
that in free solution.19,20

Summary and Conclusions

In conclusion, the osmotic behavior of cells is not
ideal because of the presence of cell solids; water trans-
port across the cell membrane occurs by osmosis; and
the determinants of cell volume are the intracellular sol-
ute content and the extracellular osmolality. Water per-
meation across the plasma membrane occurs via AQP
pores and/or the phospholipid bilayer. Other pathways
contribute at most a small fraction of the water flow.

WATER TRANSPORT IN EPITHELIA

Two modalities of transepithelial water transport
occur in renal tubules in situ: (1) net transport between
isosmotic (or near-isosmotic) fluids (e.g., water

reabsorption in the proximal tubule); and (2) net trans-
port in the direction of a pre-existing osmotic gradient
(e.g., water reabsorption in the collecting duct). Although
other mechanisms have been proposed, the dominant
view is that water transport is passive and driven by
osmotic forces. Pinocytosis has also been suggested,
but is considered highly unlikely.167 Solute�water
co-transport, discussed in the previous section, is also
unlikely given recent experimental results.42 Electro-
osmosis132 and mechano-osmosis130 have also been
proposed, largely on the basis of neglecting the presence
of unstirred layers in theoretical or experimental analy-
ses. The reader interested in these hypotheses should
consult additional references.32,36,82,102,130,132,167

Characteristics of Transepithelial Water
Transport

The main consequence of water transport across cell
membranes of epithelial cells is to contribute to transe-
pithelial transport, that is, fluid absorption or secretion.
In addition, similar to most other cells, epithelial cells
are endowed with mechanisms of maintenance and
regulation of their own volume. Physiologic regulation
of transepithelial transport may involve changes in sol-
ute transport rate at one of the two cell membranes.
This causes an instantaneous imbalance between the
transport rates of apical and basolateral membranes,
and therefore a change in cell solute and water content.
In most epithelial cells, there is a rapid readjustment of
the transport rate by a complex process called inter-
membrane “cross-talk”134,135 (see Chapter 2).

Epithelia Have Very Different Water
Permeabilities

Epithelia differ widely in their osmotic water per-
meabilities (Table 4.2). From the points of view of mag-
nitude and regulation of their osmotic permeability
coefficient, epithelia can be classified in the following
three groups:

1. High constitutive osmotic water permeability. In these
epithelia the Pos is permanently high. This group
includes most leaky epithelia (epithelia with high
ionic paracellular permeability relative to the
transcellular permeability), such as renal proximal
tubule, descending limb of the loop of Henle, small
intestine, gallbladder, and choroid plexus. The high
value of Pos is in large part (or exclusively)
attributable to high permeabilities of both cell
membranes (apical and basolateral). The cell
membranes express water pores, so that water is
likely to permeate by both solubility diffusion
(via the lipid bilayer) and osmosis (via the pores).
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It is also possible that part of the water flow
is intercellular (or paracellular), as discussed
below.

2. Low constitutive osmotic water permeability. In mammals
the only epithelia with this property are the
ascending limb of the loop of Henle and urinary tract
epithelia. The Pos is extremely low and insensitive
to hormonal action (vasopressin). Both the apical
membranes and the junctional complexes are low
permeability barriers. In the thick ascending loop
of Henle, the basolateral membrane has a high
water permeability, so that changes in peritubular
fluid osmolality result in rapid cell volume changes,
whereas changes in luminal (apical) solution
osmolality are ineffective.54,143 The transepithelial
Pos is low, although there is a high junctional ionic
permeability. This lack of correlation between
permeability to ions and water is not unexpected.
As discussed in the context of cell membrane water
permeability, ion channels permeate little water, and
their expression level is quite low, so they do not
increase Pos by a large amount. The molecular
explanations for the low Pos of the apical membranes
and junctions of the ascending limb of loop of Henle
cells are unknown. In the case of urinary tract
epithelia, there appears to be a major role of apical
membrane uroplakins (see previous discussion and
Hu et al.64).

3. Variable (regulated) water permeability. The renal
collecting duct and the anuran urinary bladder
and epidermis have low baseline Pos values, which
are elevated when plasma osmolality rises by a
mechanism involving secretion of antidiuretic
hormone (vasopressin) by the neurohypophysis.
Vasopressin binds to the basolateral V2 receptor,
and activates a signaling mechanism that involves
an increase in intracellular cAMP, resulting in
insertion and then retrieval of preformed water
pores in the apical membrane by exocytosis
and endocytosis, respectively. The cytoplasmic pool
of pores is contained in subapical tubulo-
vesicles.16,38,52,53,150,154,155

Two Types of Transepithelial Water Transport

It is not difficult to understand the mechanisms of
water reabsorption in either the cortical or the medul-
lary collecting duct (CCD and MCD, respectively)
under the influence of vasopressin. The tubule fluid at
the end of the distal tubule is hyposmotic to plasma
(and to the renal cortex interstitial fluid). Hence, if the
CCD is water permeable, then water will be reab-
sorbed down the osmotic gradient. A similar situation
occurs in the MCD, where the entering lumen fluid is
at most isosmotic to plasma and the osmolality of the
surrounding interstitial fluid ranges in humans, from
300 mosmol/kg at the cortico-medullary junction to
1200 mosmol/kg at the papilla (Chapter 43). In the
frog epidermis, water reabsorption occurs from the
pond (osmolality ,10) to the frog’s extracellular fluid
(200�250 mosmol/kg). Thus, in these three epithelia
there is a pre-existing osmotic force, and whether
water is absorbed or not depends on the Pos of the
apical membrane of the epithelial cells. As discussed
previously, Pos at this membrane is regulated by inser-
tion and retrieval of AQP2 water pores in response
to changes in extracellular osmolality, a process medi-
ated by secretion of vasopressin (see also Chapters 42
and 43).

In the renal proximal tubule, small intestine, gall-
bladder, and other epithelia, the fluids bathing the epi-
thelium are usually isosmotic or near-isosmotic, and
transepithelial water transport can take place in the
absence of a measurable driving force between the
bulk solutions. Further, early experimental observa-
tions showed that water absorption can occur against
the transepithelial osmotic gradient, that is, from the
concentrated to the diluted solution.25 This occurs both
in small intestine and renal proximal tubule, and
unquestionably demonstrates uphill water transport
(see Whittembury and Hill166 and Whittembury and
Reuss167 for detailed discussions). Of course, this does

TABLE 4.2 Osmotic Water Permeability of Epithelial Cell
Membranes

Epithelium Apical Basolateral Transepithelial Reference

ADH-INSENSITIVE

Rabbit PST 4500 5000 4280 18

Necturus
gallbladder

640 460 350 23

Rabbit/rat TALH � � 0�20a 117

ADH-SENSITIVE

Rabbit CCD
(2) ADH 70 450 � 141

(1) ADH 310 490 �
Rabbit IMCD
(2) ADH 70 480 �

38

(1) ADH 260 390 �

Pf values are rounded and expressed in μm s2 1, without correction for

membrane folding factors; that is, they are referred to an “idealized” epithelial

surface. For Pf values considering membrane folding, see Tripathi and

Boulpaep.146

aRange of several studies.
ADH: antidiuretic hormone (vasopressin); PST: proximal straight tubule;

TALH: thick ascending limb of loop of Henle; CCD: cortical collecting duct;

IMCD: inner medullary collecting duct.
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not necessarily mean that there is a “water pump”
(primary or secondary active water transporter) in
the system. Studies in small intestine epithelium
revealed that uphill water absorption occurs only
together with net solute absorption and in the same
direction, suggesting some form of “coupling”
between water and solute fluxes.25,161,162,163 Over the
next 50 years, these puzzling observations elicited a
great deal of experimental and theoretical work,
which resulted in successive proposals to explain:
(1) water transport between isosmotic bulk solutions;
(2) uphill water transport; and (3) the nature of the
coupling between solute and water flow.

Solute�Solvent Coupling

Passive mechanisms may exist that would couple
salt to water absorption or secretion. Intuitively, active
salt absorption by an epithelium (see Chapter 2) will
create, at both apical and basolateral membranes, dif-
ferences in the concentration of salt, with the side from
which the salt is transported becoming “dilute” and
the side toward which the salt is transported becoming
“concentrated.” The magnitude of the concentration
changes in the fluids adjacent to the epithelial cells
will depend on whether they are mixed (by convec-
tion) with the bulk solutions, and on the rates of solute
diffusion into or away from these areas. Clearly,
changes in concentration must be created inside the
cell, in the surfaces immediately adjacent to the mem-
branes, where the cytosol is not well mixed and the
diffusion rates are much smaller than in free solution.
In addition, in the extracellular surfaces adjacent to the
cell membranes the solutions are not well mixed with
the bulk, for two reasons: the existence of unstirred
layers (see above); and the existence of anatomic
restricted spaces in which good mixing cannot occur.
In the case of the basolateral cell membrane of an epi-
thelium, the histology indicates that there cannot be
good mixing with the extracellular solution because of
the complex architecture of the lateral intercellular
spaces, the basal membrane infoldings, and the pres-
ence of the basement membrane, which is a barrier for
hydraulic flow. At the apical membrane surface, fluid
mixing is easier, but is also not ideal if there are micro-
villi. Hence, in a fluid absorbing epithelium at the
steady-state one would expect a solute concentration
profile in which there are salt concentration gradients
across the apical membrane, with the lumen fluid
diluted with respect to the cell interior, and across
the basolateral membrane, with the cell diluted with
respect to the extracellular solution.

The central points in this analysis of solute�solvent
coupling in epithelia will be two. First, the functional

anatomy of epithelia determines the existence of com-
partments (i.e., spaces that are “unstirred”); in these
spaces osmotic coupling occurs, explaining the rela-
tionship (coupling) between salt and water transport.
Second, the water permeability of the cell membranes
is so high that the osmotic gradients required for near-
isosmotic coupling are very small, and detectable only
under rather artificial experimental conditions. This
view is not universally accepted. As we discuss the
details below, we will point out criticisms and alterna-
tive explanations.

Three-Compartment Models Define the Problem

An epithelial monolayer and the surrounding fluid
compartments can be modeled as a three-compartment
system with two barriers. The essence of these models
is that the specific properties of the barriers and the
compartments can account for solute�water flux cou-
pling and explain apparently active water transport.
Two proposals were developed based on this idea,
namely the three-compartment model of Curran and
MacIntosh24 and the standing-gradient hypothesis of
Diamond and Bossert.31

In the three-compartment model, illustrated in
Figure 4.10, water transport occurs from the cis solu-
tion (A) to the trans solution (B), against the osmotic
pressure difference between these two solutions
[Cs (B).Cs (A)]. The cis solution and trans solution are
separated from the middle compartment (M) by bar-
riers with different properties, semipermeable and
porous, respectively. Active salt transport into an
unstirred intraepithelial compartment renders it hyper-
osmotic to the cis solution (hyperosmotic middle com-
partment). Water then flows from A to M by osmosis
(the membrane is semipermeable) and, as the hydro-
static pressure rises in M, solution flows from the M
into B by bulk flow (the membrane is porous). The
equivalent of this system in an absorptive epithelium
would be as follows: the semipermeable membrane is
constituted by the two cell membrane domains (apical
and basolateral) in series, and the porous membrane
by the distal end of the lateral intercellular spaces and
the basement membrane, also in series. Compartment
A is the lumen, compartment B the basolateral (inter-
stitial) solution, and compartment M the lateral inter-
cellular space. Water can be transported uphill (against
the osmotic gradient between A and B) only while the
middle compartment is hyperosmotic to the cis com-
partment. In addition, for this model to operate
the absorbed fluid must be hyperosmotic to the
cis solution. Experimental studies showed that
the emerging fluid is virtually isosmotic with the
cis solution,30 requiring revision of the above theory.
This resulted in the formulation of the standing-
gradient hypothesis, explained below.
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Standing-Gradient Hypothesis Explains
Near-Isosmotic Fluid Transport, but is Difficult
to Reconcile with Current Experimental Knowledge

The standing-gradient hypothesis of Diamond and
Bossert31 is depicted in Figure 4.11. It is based on the
following definitions and assumptions: (1) the lateral
intercellular space is the hyperosmotic middle com-
partment; (2) the junctional complexes are imperme-
able to both solute and water; (3) solute transport
from the cell to the trans solution takes place across
the lateral membranes near the apical poles of the
cells; (4) in contrast, secondary (osmotic) water flow
occurs across the entire lateral membrane; (5)
the lateral intercellular space solution is unstirred;
(6) solute diffusion along the length of the lateral
intercellular spaces is restricted by their geometry
(the spaces are long and narrow). Under these con-
ditions, the solution of the complicated mathematical
model describing the system yields a continuously
decreasing osmolality from the apical (blind) to the
basolateral (open) end of the space. Also, the emerg-
ing solution is more likely to be near-isosmotic
when the following conditions hold: long and nar-
row spaces, small solute diffusion coefficient, and
high cell membrane Pos relative to the solute trans-
port rate.

Direct and indirect observations demonstrated that
some of the above assumptions are not correct. (1) In
many instances the junctions have high permeability to
ions40,61,164,168 and perhaps to water.165,167 (2) The Na1,
K1-ATPase is distributed homogeneously in the lateral

cell membrane,99 not restricted to the apical region.
(3) Both morphometric studies and electrophysiologi-
cal computations yield short times for lateral space
solute diffusion,58,74,131,158,162 making longitudinal con-
centration gradients unlikely. (4) Realistic calculations
based on geometry predict that the transported fluid
must be hyperosmotic,131 because the spaces are not
sufficiently long and narrow. (5) The hypothesis pre-
dicted sizable hyperosmolality in the lateral intercellu-
lar spaces, but this was based on the early estimations
of transepithelial Pos, which were in error due to
unstirred-layer artifacts.11,62 (6) Measurements of trans-
epithelial voltage changes elicited by changes in solu-
tion osmolality revealed that the lateral intercellular
spaces are in virtual osmotic equilibrium with the
cell.124,125

An important point in this discussion is that for a
constant fluid transport rate, the magnitude of the
osmotic gradient and of the hyperosmolality of the
transported fluid is inversely proportional to the effec-
tive Pos of the osmotic barriers. In fact, many of the
above problems were solved with the development of
methods to measure the osmotic water permeability of
the cell membranes of leaky epithelia, which were
demonstrated to be very large. On these bases, some of
the above notions must be discarded, because they

M

A B

W

S
W

σs= 1 σs= 0

S

FIGURE 4.10 Three-compartment model of Curran and

MacIntosh.18 Solute entry (s, solid arrow) into the middle compart-
ment (compartment M) causes osmotic water flow (w, open arrow)
from compartment A to compartment M. The elevation of the hydro-
static pressure in compartment M causes solution flow from compart-
ment M into compartment B (w/s open/solid arrow). Hence, there is
water flux from A to B, although Cs(B).Cs(A). Darker tones in the
compartment denote higher solute concentrations. See text.
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FIGURE 4.11 Standing-gradient hypothesis of Diamond and

Bossert.23 Solute transport (s, solid arrows) into the channel (lateral
intercellular space) causes a local increase in osmolality; water flows
osmotically across the bounding membranes (w, open arrows),
“diluting” the solution in the channel. Transport toward the open
end is by bulk flow and diffusion. See text.
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were based on incorrect experimental data and a sim-
pler mechanism of transepithelial water transport has
emerged.

Near-Isosmotic Fluid Transport Model Solves
the Difficulties of Three-Compartment Models

Measurements of Pos in high water permeability
membranes give values ranging from 100 to 400 μm s21,
that is, 10- to 100-fold greater than early estimates.167

Hence, instead of a needed osmolality difference
of about 20 mosmol kg21, as predicted from
the standing-gradient hypothesis, a very small differ-
ence in osmolality, of only 1�2 mosmol kg21, quanti-
tatively accounts for the measured water transport
rates.23,111,167 As explained previously, the primary
event in transepithelial water transport is active salt
transport. Inasmuch as solute is removed from the
cis side and added to the trans side, there must be a
decrease in cis fluid and an increase in trans fluid
osmolality in the immediate vicinity of the respective
membranes, as well as opposite changes in osmolal-
ity at the intracellular surface of the two membranes:
an increase at the apical membrane and a decrease at
the basolateral membrane. The magnitude of these
changes will depend on the transport rate and geom-
etry of the systems, and can be generally expected to
be quite small. Measurements in fluid samples from
isolated, perfused renal tubules reveal small differ-
ences, supporting this view.10,46 In conclusion, recent
studies support the notion that so-called isosmotic
transepithelial water transport is not truly isosmotic,
but near-isosmotic. Further, the osmotic driving
forces required to account for water transport are
quite small, and hence difficult to determine in situ,
and substantial hyperosmotic compartments or siz-
able longitudinal standing gradients probably do not
exist121,141,167 (see Figure 4.12).

Solute Recirculation in the Paracellular Pathway
in Theory Explains Truly Isosmotic Transepithelial
Fluid Transport

Truly isosmotic transepithelial water transport147,148

may occur, in theory, if there is solute recirculation
across the epithelium. In other words, it is argued that
an epithelium cannot perform transepithelial truly
isosmotic transport if it is bathed by identical solutions
on both sides, and there are no differences in electrical
potential or hydrostatic pressure, unless part of the
transported solute recirculates to the solution of origin.
In frog skin glands, there is transcellular Cl2 secretion
(secondary active uptake at the basolateral membrane,
channel-mediated downhill Cl2 extrusion across the
apical membrane) and paracellular Na1 secretion
(driven by the lumen-negative transepithelial voltage
generated by Cl2 transport). As such, this transport

mechanism would cause secretion of a hyperosmotic
fluid, but it was proposed that this fluid can become
truly isosmotic. Larsen and co-workers81,82 developed
an interesting mathematical model for solute recircula-
tion in the epithelium of the small intestine. The essen-
tial points are as follows: the primary transport event
is active Na1 transport across the lateral cell mem-
brane (by the Na1,K1-ATPase). Water follows osmoti-
cally across the lateral cell membranes and the tight
junctions. With appropriate geometric and transport
parameters, the solution in the lateral intercellular
spaces would be hyperosmotic by a small amount. The
transported fluid would become isosmotic by uptake
(recirculation) of salt across the basal membrane, via
Na1-K1-2Cl2 co-transport. This model has been criti-
cized140 on two main grounds: the use of experimental
measurements of the Cs1 flux ratio to assess transcel-
lular and paracellular Na1 fluxes, and the energetic
cost of recirculation, namely the fact that about half of
the pump work would be wasted. However, both sides
agree that the model is amenable to further experimen-
tal testing.81,140
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FIGURE 4.12 Near-isosmotic transport model. Because of the
high osmotic water permeability of the cell membranes, the differ-
ences in solution osmolality needed to account for fluid transport are
small, probably localized at epithelium�solution interfaces. Salt
transport causes dilution of solution on cis side and concentration of
the solution on trans side at the two cell membranes. In the case of
fluid absorption, at the apical membrane the intracellular solution is
hyperosmotic to the lumen solution; at the basolateral membrane,
the intracellular solution is hyposmotic to the extracellular solution.
These small differences in osmolality, denoted in the figure by
shades of gray (hyperosmotic solution being darker), cause osmotic
water flow into the cell across the apical membrane and out of the
cell across the basolateral membrane. The magnitude of the paracel-
lular water flow is uncertain. Because of the high surface area of the
lateral membranes, and the small volume of the lateral intercellular
spaces, the space osmolality is “clamped” by the cell osmolality,
making longitudinal osmotic gradients in the spaces small at most.
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In Certain Epithelia Asymmetries in Solute
Composition Play Significant Roles

It is possible that factors other than the total osmo-
lalities of the solutions on either side of the epithelium
contribute to transepithelial water transport. Three
possibilities should be considered (see Whittembury
and Hill166 for a more detailed discussion). First is a
colloid-osmotic force: transepithelial differences in pro-
tein concentration can result in colloid-osmotic pres-
sure differences that can be significant in the case of
epithelia with high permeability to water and small
solutes. In the renal proximal tubule, this factor
accounts for a small portion of water reabsorption.48

Second is a difference in the effective osmolalities of
the solutions: if the epithelium is exposed to solutions
containing solutes of different reflection coefficients,
then there could be transepithelial effective osmolality
gradients, even if the solutions have the same total
osmolality. Under the conditions described there will
be osmotic water flow toward the side containing the
higher concentration of low permeability (high reflec-
tion coefficient) solutes.47 This has been proposed to
occur in the late renal proximal tubule because of reab-
sorption of organic solutes such as glucose, and prefer-
ential reabsorption of HCO3

2. Both have been claimed
to have higher reflection coefficients than Cl2.
However, the notion of low reflection coefficients in
epithelial cells has been disputed, and attributed to
errors caused by uncorrected unstirred-layer effects.154

Third are hydrostatic pressure differences: under most
conditions, these differences are small and hence do
not contribute significantly to water flow.

Pathways for Transepithelial Water Transport
are also Controversial

Is water transport transcellular and/or paracellular?
Epithelial transport pathways can be in series or in
parallel. The cells consist of pathways in series (apical
membrane, cytoplasm, and basolateral membrane), as
does the intercellular (paracellular) pathway (junction
in series with lateral intercellular space). In turn, the
transcellular pathway and the paracellular pathway
are in parallel with each other. A major problem in the
phenomenological description of transepithelial trans-
port has been to ascertain the portions of ion and
water fluxes occurring across each pathway. In the
case of ions, it has been clearly shown that in some
epithelia most passive permeation is paracellular
(leaky epithelia); whereas in others most passive per-
meation is transcellular (tight epithelia) (see Reuss123

for a review). In the case of water, there is convincing
experimental evidence demonstrating transcellular
transport, but paracellular transport is controversial.122

Transcellular Osmotic Water Transport
is Supported by High Cell-Membrane Pos

In high water permeability epithelia (mammalian renal
proximal tubule, Necturus gallbladder), apical and
basolateral membrane Pos values range from ,500 to
5000 μm s21 (renal tubule 17,18,19,45,167; gallbladder 23,111).
In both membrane domains, there can be considerable
“amplification,” by the presence of microvilli at the api-
cal membrane and infoldings at the basolateral mem-
brane. Hence, the Pos values expressed per unit surface
area of membrane are much smaller than those relative
to the idealized geometry of the tissue. Regardless of
this, the water permeability of these epithelia is high,
and attributable to the expression of water pores.

Paracellular Osmotic Water Transport is Supported
by Indirect Arguments

The paracellular Pos can be estimated in principle
from the transepithelial and cell membrane Pos. Given
that the transcellular and paracellular pathways are in
parallel:

Pt
os 5Pc

os 1Pp
os ð4:21Þ

where Pos denotes osmotic permeability, and the
superscripts t, c, and p refer to transepithelial, cellular,
and paracellular pathways, respectively. In the proxi-
mal tubule, Pt

os appears to be significantly higher than
Pc
os; suggesting that P

p
os is sizable.

167 The problems with
these calculations are the errors involved in the mea-
surements of transepithelial and cell membrane Pos

values.
Paracellular water transport is also supported by

quantitative assessments of the effect of organomercu-
rial compounds, presumed to be specific pore blockers,
on Pt

os and Pc
os: An agent such as pCMBS inhibits Pc

f by
more than 90%, but Pt

os is reduced by only 50%, which
strongly suggests a finite parallel water permeation
pathway.167 These calculations imply a single site of
action of pCMBS and other effects are, in principle,
possible.

Another argument suggesting paracellular water
flow is the observation of solvent drag and electroki-
netic phenomena. If osmotic water flow takes place
across large pores, which are also permeable to solute,
then there will be a frictional interaction between
water and solute, and the water flow will cause a sol-
ute flow in the same direction. This solute flux can
occur in the absence of a favorable solute electrochemi-
cal gradient between the solutions. It is usually dem-
onstrated using hydrophilic nonelectrolytes (e.g., small
sugars such as mannitol); the mannitol and water
fluxes correlate linearly, as predicted by Eq. (4.18).
Results suggesting solvent drag have been reported
for several epithelia.167 The simplest electrokinetic
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phenomenon to study is the streaming potential pro-
duced when, in the absence of a favorable electro-
chemical gradient, the solute is a permeant ion that
flows in the same direction as water. Streaming poten-
tials are generated if the water permeation pathway is
ion-selective, that is, more permeable to that ion than
to the counterion. The observation of this phenomenon
has been interpreted as supportive of solute�water
coupling in the paracellular pathway (reviewed in
Tripathi and Boulpaep146).

The main problem with experiments purporting to
demonstrate solvent drag or streaming potentials is
the complication introduced by unstirred layers. Water
transport in such a system causes changes in solute
concentrations next to the membrane surfaces, raising
the concentration on the cis side and lowering it on the
trans side. Therefore, even if the concentrations of a
given solute are the same in the bulk solution, there
will be a concentration gradient at the membrane sur-
faces (unstirred-layer polarization), which explains the
apparent solvent drag (pseudo-solvent drag). Pseudo-
streaming potentials can be similarly caused by ion
concentration changes elicited by the water flux. It is
possible to distinguish true from apparent streaming
potentials by comparing the time courses of the trans-
epithelial voltage changes caused by the addition
of nonelectrolyte or by a unilateral ionic substitu-
tion.120,124,125 This criterion could help confirm or
rule out the legitimacy of claimed true streaming
potentials.

One recent approach to assess the role of the para-
cellular pathway in water permeation has been the use
of genetic manipulation of claudins in mice and cul-
ture cells. Tight junctions are composed of several
membrane proteins, including occludin and clau-
dins.77,136 Claudin-2 is frequently located at tight junc-
tions of leaky epithelia that display high fluid
transport rates, and seems to be responsible for the cat-
ion selectivity of the paracellular pathway in these tis-
sues.77,105 Recent studies have shown that expression
of claudin-2 in an MDCK cell line increases water per-
meability,128 and that the proximal tubules of mice
deficient in claudin-2 display increased paracellular
electrical resistance with loss of cation selectivity.105

The decrease in net fluid transport in the claudin-2-
deficient mice parallels the decreases in NaCl reab-
sorption, and cannot be unambiguously ascribed to a
primary decrease in water permeability.105,128

In sum, the cellular pathway is certain to contribute
to transepithelial osmotic water transport, and there
are suggestions of a significant paracellular contribu-
tion. However, the latter is based on indirect evidence,
and is questionable because of possible unstirred-layer
artifacts. This problem will be definitively solved
only by direct measurements of transcellular and

paracellular water flows, which is a daunting task.
Recent elegant fluorescence microscopy studies76 sug-
gest that there is no significant water flow across tight
junctions of MDCK monolayers, relative to the trans-
cellular flow. However, in these experiments the rate
of transepithelial water flux was much smaller than
observed in native epithelia. Sachar-Hill and Hill130

have argued, on the basis of analyses of hydrophilic
probe and water fluxes, that the paracellular water
flux of several epithelia is quite high. However, the
problem of unstirred layers was neglected in their
analysis. Additional studies using genetic manipula-
tions, in combination with sophisticated imaging stud-
ies, may shed light into the long-standing issue of the
physiological role of water permeation through the
paracellular pathway.

Summary and Conclusions

Water transport in leaky epithelia occurs in
the same direction as solute transport and in near-
isosmotic proportions. The available experimental
evidence supports the view that the coupling
between solute and water transport is not molecular,
but thermodynamic, that is, osmotic. Solute transport
by pumps, carriers, and/or channels elicits differ-
ences in solute concentration at the membrane sur-
faces, with a decrease in concentration on the cis
side and an increase on the trans side. The establish-
ment of osmotic gradients is favored because of the
architecture of epithelia, which contain compart-
ments that do not mix well with the surrounding
fluids. The magnitude of the osmotic gradients is
small and difficult to measure, but sufficient to
account for the measured rates of fluid transport.
Osmotic water flow takes place predominantly
across the cell membranes, via both AQP pores and
the phospholipid bilayer, with a small or nil contri-
bution of other proteins. It is possible that part of
the water flow is paracellular via the tight junctions,
but this is likely to be relatively small.
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Cell Volume Control
Florian Lang

Department of Physiology, University of Tübingen, Tübingen, Germany

Cells must avoid gross alterations of volume in
order to survive. Obviously, excessive cell swelling
will jeopardize the integrity of the cell membrane, and
both cell swelling and cell shrinkage will interfere with
cytoskeletal architecture. Moreover, cellular function
critically depends on the hydration of cytosolic pro-
teins. Proteins and protein-bound water occupy a large
portion of the cell interior (macromolecular crowding),
leaving only a small fraction of cellular volume to free
water.1�6 Abstraction or addition of only a few per-
centage points of cellular water thus has profound
effects on protein function and cellular performance.

In most mammalian cells, the plasma membrane is
highly permeable to water,7,8 a property in large part
due to virtually ubiquitous expression of water chan-
nels in the cell membrane.9�11 In theory, driving forces
for movement of water include hydrostatic and osmotic
pressure gradients. However, the cell membrane is too
fragile to withstand significant hydrostatic pressure
gradients, and if extension of the cell is not prevented
by extracellular constraints the movement of water is
governed almost exclusively by osmotic gradients.12�15

Thus, to avoid swelling or shrinkage, a cell has to
achieve osmotic equilibrium across the cell membrane
(Figure 5.1). At excessive intracellular osmolarity, water
will enter following its osmotic gradient, and the cell
will swell. Conversely, at excessive extracellular osmo-
larity, water will leave, and the cell will shrink. As out-
lined in this chapter a wide variety of factors modify
intra- or extracellular osmolarity, and thus challenge
osmotic equilibrium across the cell membrane.

For maintenance of volume constancy, cells employ
a number of mechanisms, including metabolism and
altered transport across the cell membrane. These
mechanisms may also participate in the regulation of
cell function. Hormones and mediators may influence
cell volume regulatory mechanisms, and thus

manipulate cell volume. Alterations of cell volume will
in turn modify other cell volume-sensitive functions.
The interplay among cell volume regulatory mechan-
isms, cell hydration, and cell function does not only
contribute to physiological regulation of cellular func-
tion, but also participates in the pathophysiology of
a wide variety of diseases.

In this chapter a description of cell volume regula-
tory mechanisms will be followed by a synopsis of
factors challenging cell volume constancy, and a discus-
sion on the impact of cell volume regulatory mechan-
isms on the physiology and pathophysiology of cellular
function. Due to space constraints, many excellent
original papers on cell volume regulation could not be
cited, and the reader is referred to reviews instead. For
more detailed analysis of the pertinent original litera-
ture, the reader is encouraged to consult previous
reviews on cell volume regulation.16�41

CELLVOLUME REGULATORY
MECHANISMS

Cell volume constancy is challenged by alterations
of extracellular osmolarity, by intracellular metabolic
generation of osmotically active solutes and by trans-
port across the cell membrane.31 To counteract those
challenges, cells employ a variety of cell volume regu-
latory mechanisms.32 Following cell swelling, these
mechanisms decrease intracellular osmolarity and cell
volume, thus accomplishing regulatory cell volume
decrease (RVD). Upon cell shrinkage the mechanisms
increase intracellular osmolarity and cell volume,
thereby accomplishing regulatory cell volume increase
(RVI). Upon slow changes of extracellular osmolarity,
the volume regulatory mechanisms may be fast

121
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00005-7 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00005-7


enough to prevent significant alterations of cell vol-
ume, leading to isovolumetric volume regulation.42

The most powerful mechanisms of cell volume reg-
ulation are ion transporters in the cell membrane.32 As
outlined below, uneven ion composition of intracellu-
lar and extracellular fluid is one prerequisite for the
establishment of osmotic equilibrium across the cell
membrane. Furthermore, several ion transport systems
in the cell membrane are modified upon alterations of
cell volume. Following cell swelling they mediate
cellular ion release; upon cell shrinkage they allow
cellular ion accumulation to re-establish osmotic equi-
librium across the cell membrane.

However, the use of ions in cellular osmoregula-
tion is limited, since high inorganic ion concentra-
tions interfere with the stability of proteins.43 Beyond
that, altered ion gradients across the cell membrane
interfere with the function of gradient-driven trans-
porters. For instance, an increase of intracellular Na1

activity decreases the chemical gradient for Na1

across the cell membrane, and reduces the driving
force for Ca21 extrusion via the Na1/Ca21 exchanger,
which increases intracellular Ca21 activity. To avoid
excessive alterations of intracellular ion concentration,
cells also utilize organic osmolytes for osmoregula-
tion.20,21,44 Moreover, cells adapt a variety of
metabolic functions, and thus modify the cellular
generation or disposal of osmotically active organic
substances.

It should be pointed out that a single cell does not
usually employ all cell volume regulatory mechanisms
described in the following text. In most cases, it is not
clear why a given cell selects a certain set of ion

transporters and osmolytes without using other
mechanisms. Presumably, the large repertoire of cell
volume regulatory transporters and osmolytes avail-
able enables any given cell to regulate its volume with
relatively little impairment of its particular function.

Cell Volume Regulatory Ion Transport

To counterbalance the intracellular osmolarity due
to osmotically active organic solutes, such as amino
acids and carbohydrates, cell volume regulatory
mechanisms need to maintain intracellular concentra-
tions of inorganic ions below extracellular ion concen-
trations. In addition, cell volume regulatory ion
transport systems are employed to counteract altera-
tions of cell volume by appropriate transport of ions
across the cell membrane.

Ions in Cell Volume Maintenance

To compensate for the cellular accumulation of
organic solutes, cells maintain a low intracellular Cl2

concentration.31 In most cells, Cl2 may move across
the cell membrane through Cl2 channels. Cl2 move-
ment through those channels is governed by the cell’s
negative potential across the cell membrane, which is
built up by asymmetric cation gradients8: the cells
extrude Na1 in exchange for K1 by the Na1/K1-
ATPase. The cell membrane is, on average, less perme-
able to Na1 than to K1. K1 tends to leave the cell
through K1 channels following its chemical gradient.
The exit of K1 generates a cell-negative potential dif-
ference across the cell membrane, and thus establishes
the driving force for the exit of anions such as Cl2.
At a cell membrane potential of some 218 mV, for
instance, Cl2 is in equilibrium at a chemical gradient
of 1:2. Accordingly, at an extracellular Cl2 concentra-
tion of 110 mmol/L, the intracellular Cl2 concentration
is in electrochemical equilibrium at 55 mmol/L. In the-
ory, such a Cl2 distribution would allow the excess
accumulation of 55 mmol/L of organic solutes. In most
cells the potential difference across the cell membrane
is higher (more negative) than 218 mV, and intracellu-
lar Cl2 is even lower than 55 mmol/L.

As long as the cell membrane is perfectly imperme-
able to Na1, cell membrane potential, cytosolic Cl2

concentration, and cell volume could be maintained
constant without continued expenditure of energy.
Maintenance of the asymmetric cation distribution
requires, however, that any Na1 entering the cell is
subsequently extruded by Na1/K1-ATPase, an ATP-
consuming process.

Degradation

Proteins, Glycogen Aminoacids,
Glucose

Electrolytes

H2O

Σσ • c

Σσ • c

FIGURE 5.1 Determinants of cell volume. Water moves accord-
ing to osmotic gradients across the cell membranes, that is, differ-
ences between intracellular and extracellular

P
σ.c, where σ is the

reflection coefficient and c the concentration of each solute on either
side. Even at constant extracellular

P
σ.c, an osmotic gradient is gen-

erated by transport of osmotically active solutes across the cell mem-
brane and by metabolic generation or disposal of intracellular
solutes.
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Ion Release Following Cell Swelling

Ion transport is not only crucial for the establishment
of osmotic equilibrium across the cell membrane, but
accomplishes rapid correction of any osmotic imbalance
across the cell membrane. Following cell swelling, cells
must release ions to decrease their osmolarity. Most
cells release ions by activation of K1 channels and/or
anion channels (Figure 5.2). Cell volume regulation
requires the operation of both ion channel types, since
neither K1 nor anions can leave the cells without the
respective counterion. Several cell volume regulatory
ion channels have been identified at the molecular level,
including the K1 channels Kv1.3,45 Kv1.5,46 Kv4.2, 3,47

IsK or KCNE1/Q1,4,5,26,48�51 TWIK1,52 TASK2/
KCNK5,53 TREK1/KCNK2,26 TRAAK/KCNK4,26 inter-
mediate or MaxiK (Kca),26,54 and the anion channels
ClC-2,55�59 ClC-3,60,61 phospholemman,62 and bestro-
phins.63 The role of other ion channels in cell volume
regulation, such as ICln,

64�66 P-glycoprotein (MDR) ,67�70

and CFTR,71,72 has been a matter of controversy. Clearly,
many different ion channels are likely to contribute to

cell volume regulation in various tissues, and the molec-
ular identity of some of those channels is still elusive.
Some anion channels not only allow the exit of Cl2, but
also of HCO3

2, organic anions, and noncharged
osmolytes.73�80

Swelling of some cells activates unspecific cation
channels, including some transient receptor potential
(TRP) channels.15,32,81�87 Since the electrochemical gra-
dient favors entry rather than exit of cations, these
channels cannot directly serve cell volume regulation.
Instead, the channels allow the entry of Ca21, which in
turn activates Ca21-sensitive K1 channels and/or Cl2

channels.
Besides ion channels, the most important mecha-

nism contributing to regulatory cell volume decrease is
KCl co-transport by one of the four members of the
KCC family,88,89,90�94 which allows coupled cellular
release of both ions.

Some cells release cellular KCl via parallel activation
of K1�H1 exchange and Cl2�HCO3

2 exchange.95,96

The H1 and HCO3
2 thus taken up in exchange for KCl

react via H2CO3 to produce CO2, which can easily
leave the cell again.

Water efflux during volume regulatory decrease
could be fully accomplished by existing water chan-
nels. Nevertheless, aquaporins participate in cell vol-
ume regulation by modifying the activity of ion
channels.9

Ion Uptake upon Cell Shrinkage

Cell shrinkage activates the Na1�K1�2Cl2 co-trans-
porters NKCC1, and NKCC2,97�100 and/or the Na1/
H1 exchangers NHE1,101 NHE2102 or NHE4103 parallel
to the Cl2HCO3

2 exchanger AE1.36,104,105 The parallel
activation of Na1/H1 exchangers and Cl2/HCO3

2

exchangers leads to uptake of NaCl, while the H1 and
HCO3

2 lost in exchange for NaCl are replenished in the
cell from CO2 via H2CO3 (Figure 5.2). The epithelial
Na1/H1 exchanger NHE3 is inhibited by cell shrink-
age.106 The Na1 ions accumulated by either
Na1�K1�2Cl2 co-transport or Na1H1 exchange are
extruded by Na1K1-ATPase in exchange for K1.
Accordingly, the transporters eventually lead to cellular
KCl uptake.

Several cells activate Na1 channels or unspecific cat-
ion channels following cell shrinkage.107�112 The chan-
nels may include some members of the transient receptor
potential (TRP) channel family or ENaC.113�116,181

The resulting depolarization drives Cl2 into the cell,
so that the net effect is cellular accumulation of NaCl.
Other cells inhibit K1 and/or Cl2 channels to avoid
cellular ion loss.32
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CI– CI–

CI–

Cell swellingCell shrinkage

Osm Osm

CI–
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HCO3
–

HCO3
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HCO3
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Na+

Na+
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Na+

GPC

PDE
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FIGURE 5.2 Most widely employed mechanisms of regulatory
cell volume regulation. Left: Mechanisms of regulatory cell volume
decrease. Cell swelling leads to activation of KCl co-transport, anion
channels, K1 channels, cation channels, and channels releasing
organic osmolytes such as sorbitol, inositol, taurine, and betaine. The
cation channels do not directly serve cell volume regulatory
decrease, but rather increase of cytosolic Ca1 activity that triggers
activation of Ca21 sensitive K1 channels. Right: Mechanisms of cell
volume increase. Cell shrinkage leads to parallel activation of Na1/H1

exchanger and Cl2/HCO3
2 exchanger, Na1K12Cl2 co-transport, Na1

channels, and Na1-coupled accumulation of inositol, taurine, and
betaine. Furthermore, cell shrinkage leads to cellular accumulation of
glycerophosphorylcholine by inhibition of phosphodiesterase (PDE),
and of sorbitol by activation of aldosereducase (AR).
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Osmolytes

The most important osmolytes are polyols such as
sorbitol and myoinositol, methylamines such as beta-
ine and glycerophosphorylcholine, as well as amino
acids including taurine.3,21,28,41,44,117,118 In contrast to
inorganic ions, organic osmolytes do not destabilize
proteins, but rather stabilize them. They counteract the
destabilizing effects of inorganic ions, some organic
ions (e.g., spermidine), and urea.3,18 The stabilizing
potency of the diverse organic osmolytes is not identi-
cal. The destabilizing effects of urea are counteracted
most efficiently by betaine and glycerophosphorylcho-
line, and less efficiently by myoinositol.18 The stabiliz-
ing effects of osmolytes may protect proteins against
excessive ion concentrations, as well as against heat
shock, freezing, desiccation, and presumably
radiation.119�123

Osmolyte Accumulation by Metabolism

Sorbitol is generated from glucose under the cata-
lytic action of aldose reductase.124�126 Stimulation of
the transcription rate of the aldose reductase during
osmotic cell shrinkage leads to cellular accumulation
of sorbitol. The expression of the protein takes many
hours, and the appropriate increase of sorbitol concen-
tration requires hours to days.127

Glycerophosphorylcholine (GPC) is produced from
phosphatidylcholine under the catalytic action of
a phospholipase A2, which is distinct from the arachi-
donyl selective enzyme.21,128 GPC is degraded by
a phosphodiesterase to glycerol-phosphate and cho-
line. Inhibition of the phosphodiesterase during cell
shrinkage leads to cellular accumulation of GPC.129

Osmolyte Accumulation by Transport

Myoinositol (inositol),28,130�133 betaine134�136 and
taurine137 are taken up by specific Na1-coupled trans-
porters SMIT (inositol), BGT (betaine), and NCT (tau-
rine), respectively. The carriers accumulate Na1, the
respective organic osmolyte, and in the case of BGT
and NCT, Cl2 as well. Movement of excess positive
charge by the carriers depolarizes the cell membrane,
thus favoring entry of Cl2 via anion channels.
The transporters thus mediate uptake of NaCl parallel
to organic osmolytes. The transcription rate of the
transporters and the cellular accumulation of the
respective osmolytes are stimulated by osmotic cell
shrinkage. Expression of the transporters is slow, and
full adaptation requires hours to days. Moreover,
volume regulation by activation of transport systems
depends on the availability of osmolytes in the extra-
cellular fluid.

Analogous to osmolytes, some amino acids are
accumulated by cell volume-sensitive, Na1-coupled

transport.138�140 In addition, amino acids could be
generated by autophagic proteolysis, as discussed in
the next section.

Osmolyte Release

Cell swelling stimulates the rapid release of
GPC,27,141 sorbitol,142�144 inositol,27,145 betaine,27,145

and taurine.77,146�150 The mechanisms mediating
osmolyte release are still poorly understood. Clearly,
several mechanisms are simultaneously operative.
At least some of the release mechanisms are thought to
be anion channels. As shown for taurine,147 the osmo-
lyte release could be triggered by oxidative stress.

Metabolic Pathways Sensitive to Cell Volume

Alterations of cell volume influence a variety of
metabolic pathways. The effects of cell volume on
metabolism are accomplished in part by activation and
inhibition, and in part by altered expression of
enzymes.31

Protein and Glycogen Metabolism

Cell shrinkage stimulates the breakdown of pro-
teins to amino acids, and of glycogen to
glucosephosphate.24,151�154 Moreover, cell shrinkage
inhibits protein and glycogen synthesis.153,154 The
sum of amino acids generated during proteolysis is
osmotically more active than the osmolarity of the
respective protein. Thus, net formation of macromole-
cules decreases, and net degradation of macromole-
cules enhances, cellular osmolarity. Cell swelling
stimulates protein and glycogen synthesis, and inhi-
bits proteolysis and glycogenolysis, thus decreasing
the intracellular concentration of amino acids and
glucosephosphate.

Glucose and Amino Acid Metabolism

In addition to affecting protein and glycogen metab-
olism, alterations of cell volume influence several
pathways of glucose and amino acid metabolism.154

Cell swelling inhibits glucose uptake and glycolysis,
stimulates flux through the pentose phosphate path-
way, and favors lipogenesis from glucose, effects
reversed by cell shrinkage.154�156 Transcription of
phosphoenolpyruvate carboxykinase, a key enzyme for
gluconeogenesis, is decreased by cell swelling. Cell
swelling stimulates glycine and alanine oxidation and
glutamine breakdown, as well as formation of NH4

1

and urea from amino acids; these effects are reversed
by cell shrinkage.154
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Oxidative Metabolism

The stimulation of flux through the pentose phos-
phate pathway during cell swelling enhances NADPH
production, which favors the formation of glutathione
(GSH).154,156 Cell shrinkage decreases NADPH produc-
tion and GSH formation. Accordingly, cell swelling
increases and cell shrinkage decreases cellular resis-
tance to oxidative stress. On the other hand, cell
swelling stimulates, and cell shrinkage decreases, the
activity of NADPH-oxidase, thus modulating cellular
O2

2 formation.157,158 Accordingly, leukocyte oxidative
burst, and thus immune response, is blunted by the
high osmolarity of kidney medulla.159,160

Other Metabolic Pathways

Cell swelling stimulates ketoisocaproate oxidation,
acetyl CoA carboxylase, and lipogenesis, and inhibits
carnitine palmitoyltransferase I. It decreases cytosolic
ATP and phosphocreatine concentrations, and
increases respiration. Cell swelling stimulates RNA
and DNA synthesis. All of these effects are reversed
by cell shrinkage.31

Cell Volume-Sensitive Genes

Cell volume influences the transcription of a
wide variety of genes,31,44,117,161 leading to differential
expression of a wide variety of proteins.162,163

Transcription factors involved include AP1, c-FOS,
cJUN, tonicity-response enhancer binding protein
TONEBP, serum response factor (SRF), and myocardin
related transcription factor.26,161 Many of the cell
volume-regulated genes are related to cell volume
regulation. Accordingly, cell shrinkage stimulates
expression of enzymes or transporters engaged in
cellular formation or accumulation of osmolytes, such
as aldose reductase, and the Na1-coupled transporters
for betaine (BGT), taurine (NCT), myoinositol (SMIT),
and amino acids, as well as Na1,K1,2Cl2 co-transport
(see above). Moreover, cell shrinkage upregulates the
expression of the ATPase α1-subunit.164

The products of other genes may be involved in the
signaling of cell volume regulatory mechanisms, such
as the kinases ERK1, ERK2, and JNK-1, which are
expressed during cell swelling165 or the serum and
glucocorticoid inducible kinase SGK1166,167 and cyclo-
oxygenase-2,168 which are preferably expressed in
shrunken cells.31

Heat shock proteins serve to stabilize proteins, and
their expression in shrunken cells may counteract the
destabilizing effects of accumulated ions.169�173 Several
genes expressed in response to altered cell volume do
not have obvious roles in cell volume regulation.

Cell swelling stimulates the expression of the cytoskel-
etal elements β-actin and tubulin, the immediate early
genes c-jun and c-fos, the enzyme ornithine decarbox-
ylase, and the cytokine TNF-α.165,174,175

Cell shrinkage stimulates the expression of the
channels CIC-K1, the transporter P-glycoprotein, the
immediate early genes Egr-1 and c-fos, the GTPase
inhibitor α1-chimaerin, the CDβ antigen, the enzymes
phosphoenolpyruvate carboxykinase (PEPCK), argi-
nine succinate lyase, tyrosine aminotransferase,
tyrosine hydroxylase, dopamine β-hydroxylase, matrix
metalloproteinase 9, tissue plasminogen activator, as
well as matrix proteins including biglycan and laminin
B2.

31 Cell shrinkage stimulates both expression and
release of ADH, which serves to eliminate water and
thus increase extracellular osmolarity.176

The mechanisms mediating the altered gene expres-
sion are beginning to be understood. The promoter
region of the genes encoding aldose reductase, BGT,
TAUT, and SGK1 have been ascribed to contain osmo-
larity responsive (ORE), tonicity responsive (TonE)
or cell volume-responsive (CVE) elements, which are
required for osmolarity or cell volume-sensitive expres-
sion of the respective genes.125,177,178 TonE has been
shown to bind a tonicity-responsive element-binding
protein (TonEBP) for stimulation of expression.179�186

TonEBP is regulated by ataxia teleangiectasia-mutated
(ATM) kinase.181

Signaling of Cell Volume Regulation

The stimulation of effectors of cell volume
regulation requires that alterations of cell volume or
osmolarity are perceived and trigger a signaling
cascade, eventually leading to stimulation of cell
volume regulatory mechanisms.

Little is known about sensors of cell size and hydra-
tion. Circumstantial evidence points to the ability of
cells to determine cellular protein content or macromo-
lecular crowding.187 It has been speculated that macro-
molecular crowding directly or indirectly regulates
kinases which in turn influence the activity of cell vol-
ume regulatory KCl and Na1�K1�2Cl2 co-transport
(see below).31 Alternatively, alterations of ionic
strength or the concentration of individual ions such
as Cl2 modify volume regulatory mechanisms.26

Moreover, alterations of cell size are thought to impose
stretch on the cytoskeleton and/or cell membrane or
change the curvature of the cell membrane,188�190

again leading directly or indirectly to activation of cell
volume regulatory mechanisms.31,191,192 Cell swelling
leads to unfolding of the cell membrane and, if this
does not suffice, to endomembrane insertion.
Alterations of cell volume could be further sensed by
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cytokine193 and Ca21 sensing receptors,194 as well as
by integrins.26

A multitude of signaling pathways link the altera-
tions of cell volume and cell volume regulatory
mechanisms. The respective signaling varies consider-
ably between different cells or a given cell in different
functional states.

Intracellular Ca21

Cell swelling increases intracellular Ca21 activity
in many, but not all, cells. Ca21 enters through Ca21

channels in the plasma membrane, and/or is released
from intracellular stores triggered by 1,4,5-inositol-tri-
sphosphate. The channels involved include nonselec-
tive Ca21 channels, Ca21 permeable members of the
TRP (transient receptor potential) channel family, such
as TRPV4, and L-type voltage gated Ca21 chan-
nels.41,113,195,196 Ca21 in turn activates some cell vol-
ume regulatory K1 channels and Cl2 channels.197�199

In addition to its involvement in regulatory cell vol-
ume decrease, intracellular Ca21 may mediate some of
the functional consequences of cell shrinkage.

Cytoskeleton

Alterations of cell volume modify the architecture of
the cytoskeleton and the expression of cytoskeletal
proteins.200�204 Cell shinkage increases and cell swell-
ing decreases actin polymerization. Both microtu-
bules200 and actin filaments201 have been implicated in
cell volume regulation. In several cells, disruption of
actin filaments and/or the microtubule network have
been shown to interfere with cell volume regulation.31

Protein Phosphorylation

Cell swelling and cell shrinkage have both been
shown to modify the phosphorylation of a variety of
proteins. Kinases reported to be activated during cell
swelling include tyrosine kinases,205�209 protein
kinase-C,210,211 phosphoinositide (PI) 3 kinase,212

Jun-kinase, and extracellular signal-regulated kinases
ERK-1 and ERK-2,165,208,213�219 as well as focal adhe-
sion kinase (p121FAK).212 Activation of PI3 kinase leads
to stimulation of protein kinase B (Akt), and serum
and glucocorticoid inducible kinase isoforms, which
modify a wide variety of carriers and channels.220

Expression of SGK1 is, however, downregulated by
cell swelling, and thus SGK1 dependent signaling is
disrupted.220 In Jurkat lymphocytes, cell swelling leads
to activation of the src-like kinase lck,56 which in turn
activates the cell volume regulatory Cl2 channel
ORCC.206

Osmotic cell shrinkage stimulates WNK (with no
lysine kinase) 1 and 4, which in turn activate Ste-
20-related proline alanine rich kinase (SPAK) and
oxidative stress responsive kinase (OSR1).222�224 SPAK

and OSR1 activate the Na1-K1-2Cl2 co-transporters
NKCC1 and NKCC2.222,223,225 Conversely, WNK4 inhi-
bits KCl co-transporters.226 WNK1 activates SGK1,
which in turn inhibits WNK4.227,228 Osmotic cell
shrinkage further triggers several MAP (mitogen-
activated protein) kinase cascades, and activates
SAPK, p38 kinase, myosin light-chain-kinase (MLCK),
Jun kinase (JNK), p21-activated kinases PAKs Rho
kinase, LIM kinase, and casein kinase.193,229�239 MLCK
may modulate the cytoskeleton, and thus cell volume
regulatory ion transport. Moreover, the kinase
cascades lead to activation of transcription factors gov-
erning expression of cell volume-regulated genes.31

Hyperosmolarity activates the tyrosine kinase Fyn-
dependent phosphorylation of caveolin,240 which
in turn inhibits volume-sensitive Cl2 channels.241

Phosphatidylinositol 4,5,-Bisphosphate

Cell swelling decreases and cell shrinkage
increases the formation of phosphatidylinositol 4,5
bisphosphate (PtdIns(4,5)P2)

242 by the phosphatidyli-
nositol 4-phosphate 5-kinase beta isoform
(PIP5KIbeta).243 Among other effects, PtdIns(4,5)P2

stimulates the transient receptor potential channel
TRPV1, Na1/H1 exchanger NHE1, the Na1/Ca21

exchanger NCX, and the Na1 channel ENaC, and
inhibits the transient receptor potential channel
TRPC6.26,244 PtdIns(4,5)P2 may further foster actin
polymerization by inhibiting the monomer-binding
protein profilin, the severing protein cofilin, the cap-
ping protein gelsolin, as well as the Wiskott�Aldrich
syndrome protein (WASP).26,245

Phospholipase A2 and Eicosanoids

Cell swelling activates phospholipase A2 and subse-
quently stimulates the formation of the 15-lipoxygen-
ase product hepoxilin A3, and the 5-lipoxygenase
product leukotriene LTD4.

246 Phospholipase A2 is
phosphorylated by casein kinases CK1 and CK2,
protein kinase A, protein kinase C, and mitogen
activated kinases.247�249 In some cells the eicosanoids
generated following ativation of phospholipase A2

stimulate cell volume regulatory K1,Cl2 channels,
and/or taurine release.246 Enhanced formation of
leukotrienes parallels decreased formation of PGE2,
with subsequent decrease of Na1 channel activ-
ity.246,250 Conversely, osmotic cell shrinkage may
stimulate formation of PGE2, with subsequent activa-
tion of PGE2-sensitive Na1 channels.251 In other cells
PGE2 may activate volume regulatory K1 channels.252

In erythrocytes, activation of phospholipase A2 by
hyperosmotic shock leads to release of platelet-
activating factor PAF, which in turn activates a sphin-
gomyelinase, thus stimulating ceramide formation.253
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pH of Acidic Cellular Compartments

In all cells studied thus far, swelling alkalinizes and
cell shrinkage acidifies acidic cellular compartments,
presumably including endosomes, lysosomes, and
secretory granules.31,254 This effect is apparently medi-
ated by the microtubules, since it is abolished by dis-
ruption of the microtubule network. The alkalinization
of the acidic cellular compartments may contribute to
the antiproteolytic action of cell swelling, since the pH
optimum of lysosomal proteases is in the acidic range,
and lysosomal alkalinization has indeed been shown
to inhibit proteolysis.255

Others

Several G-proteins have been implicated in cell vol-
ume regulation including Rho, Rac, and Ras.26,256,257

Hyperosmotic cell shrinkage further activates ezrin/
radixin/moesin (ERM) proteins, which in turn mitigate
the shrinkage-induced activation of NHE1, augment
Rho activity, and presumably modify actin architec-
ture.258 Cell swelling may trigger release of ATP,
which in turn leads to autocrine stimulation of
purinergic receptors with the respective activation of
cell volume regulatory ion channels.259

CHALLENGES AND FUNCTIONS
AFFECTING CELLVOLUME

A wide variety of factors alters extracellular and/or
intracellular osmolarity, and thus challenges cell vol-
ume constancy. Due to the exquisite sensitivity of cell
function to even minor alterations of cell volume, those
factors may modify a multitude of physiological func-
tions and participate in several pathophysiological
conditions.

Alterations of Extracellular Fluid Osmolarity
and Composition

In mammals, most cells are usually bathed in well-
controlled extracellular fluid. However, both extracel-
lular osmolarity and composition could vary to an
extent, challenging cell volume regulation.

Osmolarity

Excessive alterations of extracellular osmolarity are
only encountered in kidney medulla, where extracellu-
lar osmolarity may approach 1400 mosmol/L in
humans (see Chapter 40). Renal medullary cells are
exposed to this excessive extracellular osmolarity dur-
ing antidiuresis, and have to cope with rapid changes
of extracellular osmolarity during transition from anti-
diuresis to diuresis. Blood cells passing the kidney

medulla experience high medullary osmolarity and
subsequent return to isoosmolarity within seconds (see
Chapter 40).

During intestinal absorption, intestinal cells are
exposed to anisosmotic luminal fluid, and liver cells to
minor alterations of portal blood osmolarity. Other tis-
sues are exposed to anisotonic extracellular fluid dur-
ing deranged regulation of extracellular osmolarity
(see Chapters 41 and 42). As Na1 salts (mainly NaCl)
contribute normally more than 90% to extracellular
osmolarity, hypernatremia is necessarily paralleled by
an increase in extracellular osmolarity (see
Chapter 42). During hypernatremia, cells defend them-
selves against increased extracellular osmolarity by
triggering regulatory cell volume increase involving
cellular accumulation of osmolytes. Owing to cell vol-
ume regulation, cell volume may become normal
despite enhanced extracellular osmolarity. Rapid cor-
rection of chronically enhanced osmolarity may then
lead to deleterious cell swelling, since the organic
osmolytes accumulated during hyperosmolarity cannot
be rapidly released. The most serious consequence is
cerebral edema.

Hyponatremia cannot be equated with hypoosmo-
larity, but may occur in isoosmolar or even hyperos-
molar states, as in hyperglycemia of uncontrolled
diabetes mellitus and ethanol poisoning (see
Chapter 44). When hyponatremia reflects a decreased
extracellular osmolarity, the cells must undergo regula-
tory cell volume decrease to escape cell swelling.
Among other mechanisms, cells release organic osmo-
lytes. Upon rapid correction of hyponatremia, cells are
unable to rapidly accumulate the osmolytes, and the
iatrogenic cell shrinkage may prove more harmful
than the untreated hypoosmolarity.

Hypoosmolar hyponatremia is observed following
burns, pancreatitis, and crush syndrome, which are
generally paralleled by cell shrinkage.24 In those condi-
tions, the primary event may be cell shrinkage leading
to ADH release with subsequent renal water retention
and to cellular catabolism with enhanced release of
organic solutes to the extracellular fluid.

Extracellular K1 Concentration

The potential difference across the cell membrane is
maintained by K1 flux through K1 channels, which in
turn depends on the electrochemical driving force for
K1. An increase of extracellular K1 concentration
decreases the chemical gradient for K1 ions, impedes
K1 efflux, depolarizes the cell membrane, and thus
favors Cl2 entry into the cell. The cellular accumula-
tion of KCl eventually leads to cell swelling.
Conversely, a decrease of extracellular K1 may lead to
cell shrinkage secondary to cellular loss of KCl.31
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H1 and HCO3
2 Concentration

On increase of extracellular HCO3
2 concentration,

cellular HCO3
2 release through anion channels and

Na1�HCO3
2 co-transport is blunted or even reversed,

and the decreased efflux of negative charge hyperpo-
larizes the cell membrane, and thus decreases the elec-
trochemical gradient for K1 efflux. As a result, the cell
may swell due to accumulation of K1 and HCO3

2.260

An increasing extracellular pH favors cellular H1

elimination through the Na1/H1 exchanger, and the
resulting cellular Na1 accumulation may lead to cell
swelling.261 During hyperkapnea, cellular CO2 dissoci-
ates to form H1, which is subsequently extruded by
the Na1/H1 exchanger. Again, cellular Na1 accumula-
tion is paralleled by cell swelling. Due to sensitivity of
the Na1/H1 exchanger to intracellular pH, cellular
acidification favors cell swelling, whereas cellular alka-
linization has the opposite effect.262

Organic Acids

Some organic anions, such as acetate, lactate, and
proprionate, may enter cells as unionized acids.
Intracellular dissociation of the acids then leads to
intracellular acidification, stimulation of Na1/H1

exchange, accumulation of Na1 and organic anions,
and subsequent cell swelling.31 Isotonic replacement of
Cl2 with impermeant gluconate, on the other hand,
leads to cell shrinkage due to cellular loss of Cl2.31

Urea, Drugs, and Toxins

Urea readily passes cell membranes, and does not
usually create osmotic gradients across them. On the

other hand, it has been shown that urea destabilizes
proteins, and thus shifts the cell volume regulatory set
point towards smaller cell volumes. Through activa-
tion of some cell volume regulatory mechanisms, such
as KCl co-transport, urea shrinks cells, as shown for
erythrocytes, hepatocytes, renal cells, and vascular
smooth muscle cells.31

Beyond these mechanisms, cell volume is influenced
by a wide variety of drugs and toxins, interfering with
cell volume regulatory mechanisms.31 For instance,
inhibition of K1 channels leads to cell swelling, and
inhibition of Na1�K12Cl2 co-transport and/or Na1/H1

exchanger leads to cell shrinkage.

Functional States Affecting Cell Volume
Control

Even at normal extracellular osmolarity and compo-
sition, osmotic gradients across the cell membrane
could arise from unbalanced transport across the cell
membrane, and from intracellular generation or dis-
posal of osmotically active solutes. Cellular conditions
and functions affecting intracellular osmolarity thus
impact on cell volume control (Figure 5.3).

Energy Depletion

Impairment of Na1/K1-ATPase function, such as
during pharmacological inhibition, energy depletion or
decrease of ambient temperature, eventually leads to
cell swelling due to cellular Na1 accumulation, dissi-
pation of the K1 gradient, depolarization, and subse-
quent accumulation of Cl2.31 In some cells, the

FIGURE 5.3 Synopsis of challenges

of cell volume constancy and functional

significance of cell volume regulatory
mechanisms. Cell volume is altered by
concentrative uptake of amino acids and
additional substrates, alterations of ion
transport by hormones and transmitters,
changes of extracellular osmolarity,
alterations of extracellular K1, HCO3

2

and organic acid concentrations, energy
depletion, and metabolic generation or
disposal of osmolarity. Altered cell vol-
ume, as well as cell volume regulatory
transport and metabolism, participate in
the regulation of cell proliferation, migra-
tion, apoptosis, hormone release and oxi-
dative burst, neuromuscular excitability,
epithelial transport, and metabolism.
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swelling is preceded by transient cell shrink-
age.263,264,265 The increase of intracellular Na1 concen-
tration reverses the driving force for the Na1/Ca21

exchanger; the increase of intracellular Ca21 activity in
turn leads to activation of Ca21-sensitive K1 channels
and/or Cl2 channels, as well as contraction of cyto-
skeletal elements.

Transport

Most epithelial cells are faced with large transcellu-
lar fluxes of osmotically active substances (see
Chapter 2). To cope with transcellular transport, the
cells have to coordinate the various transport systems
at the apical and basolateral cell membranes. In both
reabsorbing and secreting epithelia, cell volume parti-
cipates in the coupling of those transport processes.

In proximal renal tubules266 and intestine267 for
instance, Na1-coupled transport of substrates such as
amino acids or glucose across the luminal cell mem-
brane leads to cellular accumulation of Na1 and sub-
strate. Moreover, the entry of excess positive charge
leads to depolarization, impeding the exit of Cl2 and
HCO3

2, thus favoring cell swelling. In Na1 reabsorb-
ing epithelia, such as renal collecting duct and colon,
entry of Na1 via Na1 channels similarly challenges
cell volume constancy. Limitation of cell swelling
during stimulated Na1 transport requires the opera-
tion of cell volume regulatory mechanisms, including
activation of K1 channels, which in turn maintain the
electrical driving force for Na1 entry into the cell.266,267

Activation of Cl2 and/or K1 channels in several Cl2

secreting epithelia is paralleled by decrease of intracel-
lular Cl2 activity and cell shrinkage, which in turn
stimulate Na1�K1�2Cl2 co-transport and/or Na1H1

exchanger with Cl2/HCO3
2 exchanger.268�271

The influence of Na1-coupled transport on cell
volume is not limited to epithelial cells. In several epi-
thelial and nonepithelial cells, concentrated uptake of
substrates such as amino acids, glucose, taurine, and
taurocholate increases cell volume.31

Deranged transport participates in disordered func-
tion of erythrocytes in sickle cell disease. In this disor-
der, a point mutation of hemoglobin (HbS) favors
polymerization of desoxyhemoglobin, dramatically
decreasing erythrocyte deformability and increasing
blood viscosity.272 The depolymerization of hemoglobin
is critically dependent on cell volume. Cell shrinkage
due to enhanced ambient osmolarity, activation of KCl
co-transport by urea or activation of Ca21-sensitive K1

channels by a rise in intracellular Ca21 activity potenti-
ates polymerization of HbS. The high osmolarity and
urea concentration in kidney medulla thus contribute to
the particular vulnerability of this tissue to ischemia in
sickle cell anemia. Cell shrinkage and subsequent trig-
gering of erythrocyte cell membrane scrambling (see

below) presumably participate in accelerated erythro-
cyte turnover in various anemic conditions.273

Influence of Hormones and Transmitters on Cell
Volume

A wide variety of hormones and other mediators
have been shown to alter cell volume.31 Insulin swells
liver cells by activation of both Na1/H1 exchange and
Na1�K12Cl2 co-transport, and glucagon shrinks
hepatocytes, presumably by activation of ion chan-
nels.274 The effect of insulin depends partially on the
cell volume regulated serum and glucocorticoid induc-
ible kinase SGK1.275 The effect of the hormones on cell
volume accounts for several of their metabolic effects
(Figure 5.4). Notably, the swelling effect of insulin
accounts for its antiproteolytic effect, and the shrinking
effect of glucagon accounts for its proteolytic
effect.276,277

Virtually all known growth factors increase cell vol-
ume by stimulation of Na1/H1 exchange, and in some
cases by Na1K12Cl2 co-transport. As amplified below,
an increase of cell volume appears to be required for
cell proliferation.35

Several excitatory neurotransmitters, such as gluta-
mate, activate Na1 channels or nonselective cation
channels, the entry of Na1 and depolarization then
favor cell swelling.278�280 Other neurotransmitters,
such as GABA, activate K1 channels and/or anion
channels, and thus induce cell shrinkage.281

Mediators and hormones regulating epithelial trans-
port, such as ADH, adrenaline or acetylcholine, may
either swell or shrink epithelial cells, depending on
their effect on ion transport.31 Stimulation of Na1/H1

exchange, Na1�K12Cl2 co-transport or Na1 channels
tends to swell epithelial cells, whereas prevailing stim-
ulation of Cl2 and/or K1 channels shrinks epithelial
cells. Cell volume may in turn affect hormone and
transmitter release. In a variety of cells, swelling stimu-
lates and cell shrinkage inhibits the release of
hormones.282

Neuromuscular Excitability

Cell volume could affect neuronal excitability by
affecting ionic gradients, ion channel activity or cell
volume regulatory release of neurotransmitters.31

Dehydration enhances the neuronal expression of
SGK1, which in turn regulates channels and transpor-
ters relevant for neuroexcitability.283 Moreover, glial
cell swelling may impede glial cell function.284 In liver
insufficiency, for instance, formation of urea is
impaired, leading to accumulation of NH3. NH3 enters
the brain and is taken up by glial cells, which then sti-
mulates cellular formation and accumulation of gluta-
mine, resulting eventually in glial cell swelling.285,286

To counteract swelling, glial cells release inositol,
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a mechanism, however, limited by the availability of
inositol.287,288 Inhibition of glutamine synthase has
indeed been shown to protect against hepatic
encephalopathy.289

Metabolism

Any reaction resulting in an increase of osmotically
active solutes, such as degradation of proteins to
amino acids, glycogen to glucose phosphate or trigly-
cerides to glycerol and fatty acids, is expected to create
intracellular osmolarity.31 The degradation of the sub-
strates to CO2 and H2O then decreases intracellular
osmolarity.

Enhanced glycolysis, as it occurs during forced exer-
cise for instance, leads to cellular accumulation of lac-
tate and H1, subsequent activation of Na1/H1

exchanger, and cell swelling.290 Metabolic pathways
may influence cell volume indirectly through alteration
of transport across the cell membrane. A decrease of
cellular ATP could activate ATP-sensitive K1 channels,
and thus shrink susceptible cells.31 Similarly, cellular
formation of peroxides may shrink cells through acti-
vation of K1 channels, as shown for hepatocytes, pan-
creatic β-cells, and vascular smooth muscle cells.31

In endothelial cells, peroxides inhibit Na1�K12Cl2

co-transport, an effect similarly expected to shrink the
cells.291 On the other hand, oxidation leads to inhibi-
tion of n-type K1 channels in lymphocytes and IsK K1

channels in a variety of tissues, effects that tend to
favor cell swelling.31

In several hypercatabolic states, such as burns, acute
pancreatitis, severe injury, and liver carcinoma, a
decrease of muscle cell volume is observed that corre-
lates with urea excretion, an indicator of protein degra-
dation.24 Since cell shrinkage is known to stimulate
proteolysis, this correlation points to a causal role of
altered cell volume in these hypercatabolic states.
Conversely, hypercatabolism can be reversed by gluta-
mine, which is known to swell cells by Na1-coupled
cellular accumulation.24

Diabetic ketoacidosis may be paralleled by cell
swelling due to cellular accumulation of organic acids
and enhanced Na1/H1 exchange activity in response
to cellular acidosis.221,261,292�294 Furthermore, the
excessive glucose concentrations of hyperglycemia
stimulate cellular formation and accumulation of sor-
bitol through aldose reductase.17 As an attempt to
counteract swelling, cells decrease other osmolytes
such as myoinositol, an effect that can be reversed by
inhibition of aldose reductase with sorbinil.295�297 On
the other hand, hyperglycemia is paralleled by hyper-
osmolarity, and intriguing evidence has been gath-
ered pointing to cell shrinkage in hyperosmolar
diabetes mellitus, which increases cellular Ca21 con-
centration, and thus induces cell injury.298,299

Obviously, more experimental information is needed
to clarify the role of cell volume changes in the patho-
physiology of diabetic complications.
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FIGURE 5.4 Cell volume in the regulation of metabolism by

hormones. Insulin swells cells by KCl uptake via activation of Na1/H1

exchange, Na1�K1�2Cl2 co-transport, and Na1/K1-ATPase.
Glucagon shrinks cells by activation of K1 and anion channels. The cell
volume changes participate in the signaling of hormone action. Cell
swelling stimulates protein synthesis, and cell shrinkage stimulates
proteolysis. The diagram at the bottom illustrates the correlation
between inhibition of proteolysis and hydration of hepatocytes. Cell
swelling was induced by inhibition of K1 channels (Ba21) decrease of
extracellular osmolarity (hypotonic), insulin 6 Na1�K12Cl2 co-
transport inhibitor furosemide or concentrative uptake of amino acids
(glutamine 6 glycine). Cell swelling was counteracted or shrinkage
accomplished by (additional) application of glucagon or cyclic AMP.
The cell volume changes fully account for the effect of both hormones
on proteolysis, and contribute to the other effects on macromolecule
metabolism such as protein synthesis, as well as glycogen formation
and breakdown (modified from ref. [22]).
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In uremia, extracellular osmolarity is usually
enhanced due to accumulation of urea, which inter-
feres with protein stability and thus cell volume regu-
lation (see previous discussion). The high urea
concentrations in uremia stimulate the formation of
methylamines, which counteract the perturbing effect
of urea.300 Rapid alterations in urea concentration such
as during dialysis presumably do not allow full adjust-
ment of osmolyte concentration, and are thus expected
to disturb the balance of stabilizing osmolytes and
destabilizing urea.301 Alterations of cell volume may
participate in the progression of renal failure: TGF-β1
has been postulated to accelerate renal fibrosis by
inhibition of proteolysis and stimulation of protein
synthesis, which both lead to enhanced deposition of
matrix proteins.299,302

Cell Proliferation

Mitogenic factors are known to stimulate Na1/H1

exchange and Na1�K12Cl2 co-transport.35 As shown
in ras oncogene-expressing cells, activation of those
carriers leads to a shift of the set point for cell volume

regulation toward greater volumes (Figure 5.5).
In addition, activation of Na1/H1 exchange leads to
cellular alkalinization. Apparently, the increase of cell
volume is one of the prerequisites for cell proliferation,
which is impeded by pharmacological inhibition of
Na1/H1 exchange and Na1�K12Cl2 co-transport, as
well as osmotic cell shrinkage.31,303 Cell volume
changes parallel transition through the cell cycle,304

and cell proliferation requires further timely activation
of volume-sensitive Ca21 channels, K1 channels, and
Cl2 channels.305�307 Moreover, cell proliferation is
substantially influenced by the cell volume-sensitive
SGK1.308

Migration

Locomotion of cells requires alteration of cell shape,
and thus of cytoskeletal architecture. At the leading
edge actin filaments are polymerized, and at the rear
they are depolymerized.309,310 The movement of cells
is paralleled by movement of water that is driven by
osmotic gradients. Na1/H1 exchange and
Na1�K12Cl2 co-transport drive water entry at the
leading edge, and the activity of K1 channels and
anion channels drive water extrusion at the
rear.31,311�314 The respective water movement is facili-
tated by water channels.315 Activation of cell volume
regulatory mechanisms during migration is similar to
that of cell proliferation (Figure 5.6). However, the ele-
ments are polarized, and cells undergo cell volume
regulatory increase at the leading edge, and cell vol-
ume regulatory decrease at the rear.31

Apoptotic Cell Death

Cell shrinkage is one of the hallmarks of apoptotic
cell death, and marked osmotic cell shrinkage (. 30%)
has been shown to trigger this type of cell death.193

Apoptotic cell shrinkage requires the participation of
cell volume regulatory mechanisms (Figure 5.6).
Apoptotic death of Jurkat T-lymphocytes following
CD95 triggering is indeed paralleled by inhibition of
the Na1/H1 exchanger, as well as activation of the
anion channel ORCC and osmolyte release.316

The release of ions, and subsequent cell shrinkage, are
apparently a prerequisite for induction of
apoptosis.317�319 On the other hand, at an early stage
of CD95 triggering, the cell volume-regulatory K1

channel Kv1.3 is inhibited, and a moderate decrease of
cell volume (, 30%) has been shown to blunt receptor
(CD95)-triggered apoptotic cell death.320 The cellular
mechanisms triggered by moderate osmotic cell
shrinkage apparently interfere with the signaling of
the CD95 receptor, such as cellular O2

2-formation.
The triggering of cell death by hyperosmotic shock

has been attributed to upregulation or clustering and
subsequent activation of apoptosis-inducing receptors,
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FIGURE 5.5 Cell volume regulatory transport in regulation of

cell proliferation. The case of Ras oncogene expressing cells.
Application of mitogenic factors in cells overexpressing Ras onco-
gene triggers intracellular Ca1 release and Ca1 entry, leading to
oscillations of cytosolic Ca1 activity and cell membrane potential
(insert). Increased cytosolic Ca21 activity stimulates Ca21-sensitive
K1 channels and triggers initial cell shrinkage. Ca21 further leads to
depolymerization of the microfilaments, which disinhibits the Na1/
H1 exchanger and Na1�K1�2Cl2 co-transporter. The activation of
these carriers eventually leads to cell swelling, a prerequisite for cell
proliferation (from ref. [31]).
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such as CD95 or TNFα-receptor193,321�323 or to forma-
tion of their ligands, such as TNFα.324 Beyond
that, cell shrinkage could trigger cell death more
directly, by activating a signaling cascade of rac,
p38 kinase, p53, and subsequent upregulation of pro-
apoptotic proteins Bax/Bid.325 Conversely, osmotic
shrinkage may downregulate signaling supporting cell
survival, such as the PI3 kinase pathway leading to
protein kinase B-dependent phosphorylation, and thus
inactivation of Bad.236 In erythrocytes, hyperosmotic
shock stimulates a phospholipase A2 with subsequent
formation of PGE2

251 and PAF.253 PGE2 stimulates
a cation channel, allowing the entry of Ca21 and
subsequent triggering of Ca21-sensitive cell membrane
scrambling.251 PAF stimulates a sphingomyelinase
that leads to formation of ceramide, which sensitizes
the erythrocyte for the scrambling effect of Ca21.253

Cell membrane scrambling leads to breakdown of
phosphatidylserine asymmetry and exposure of phos-
phatidylserine at the outer surface of the cell mem-
brane, a typical feature of apoptotic cells (Figure 5.7).

Necrotic Cell Death

As pointed out above, energy depletion impairs the
function of the Na1/K1-ATPase, dissipates the Na1

and K1 gradients, depolarizes the cell membrane, and
leads to cellular accumulation of Cl2.31 During ische-
mia, the cell membrane is further depolarized by
increasing extracellular K1 concentrations. Cellular
Na1 and Cl2 accumulation eventually lead to cell
swelling. Moreover, the excessive formation and
reduced clearance of lactate during ischemia induces
cellular acidosis and enhanced Na1/H1 exchange
activity, compounding cell swelling. In the brain, the
depolarization triggers the release of glutamate, which
activates unspecific cation channels and thus induces
further cell swelling.31
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INTRODUCTION

The kidney must reabsorb more than 99% of
approximately 180 liters of water and 25,000 mmoles
of Na1 daily. To do this, the kidney consumes a large
amount of energy. Although the kidney is only 0.5% of
the total body weight, it utilizes approximately 7% of
the oxygen consumed by the body.1 In fact, the kidney
is the second only to the heart in terms of the rate of
energy consumption.1 In this chapter, first we describe
the energy consuming and production processes in the
kidney. Second, the mechanisms of mutual relation-
ships between energy consumption and production
will be described. Significant advances have been
made with regard to this issue, and AMPK (AMP-
activated kinase) is considered to be the central for the
regulation of energy consuming processes. Finally, we
also refer to the pathophysiological states in which
renal energy production is inhibited.

ENERGY CONSUMPTION

Na Transport and Energy Consumption
in the Kidney

Na1 Transport and O2 Consumption

The energy utilized in the kidney is primarily
required for the active reabsorption of Na1 from the
glomerular filtrate. This seems rational considering
that the amount of Na1 reabsorbed by the kidney is
much higher than that of HCO3

2 (4,000 mmole/day),
Ca21 (210 mmole/day), other electrolytes, and organic
substances. The active Na1 transport also energizes

the reabsorption of water and other solutes by the
osmotic gradient generated by Na1 transport, and by
the electrochemical gradient of Na1 across the plasma
membrane.

The data shown in Figures 6.1 and 6.2 indicate
another important point. Extrapolation of the regres-
sion line to the Y ordinate indicates the basal oxygen
consumption (Figure 6.1). This value is identical to the
energy used for cellular functions other than Na1

transport, and was estimated to be between 3 to 18%,2

while other studies indicated a higher value for this
basal O2 consumption in the kidney.

With regard to energy production, the kidney gener-
ates approximately 95% of the ATP produced via aero-
bic mechanism,3 while in some nephron segments
anaerobic metabolism also occurs efficiently. This is
reasonable because of the highly efficient ATP produc-
tion by mitochondrial oxidative phosphorylation com-
pared to anaerobic glycolysis. Thirty-six moles of ATP
are generated by the mitochondrial oxidative phos-
phorylation of one mole of glucose, whereas only two
moles of ATP are produced via glycolysis in the
absence of O2. Thus, historically, the relationship
between Na transport and O2 consumption (QO2) in
renal tissues has been extensively investigated.

Several investigators have examined Na1/O2 stoi-
chiomety in the kidney.4�6 Thurau demonstrated a lin-
ear relationship between Na1 transport and QO2 with
a ratio of 28 Na1/O2 in the whole dog kidney6

(Figure 6.1). This stoichiometry is equal to a ratio of 4.6
for Na1/ATP, which indicates more efficient transport
in the kidney compared to that in the frog skin and
toad bladder. The discrepancy has been studied by
many investigators and is attributed to the following.7
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First, there are alternative pathways for Na1 trans-
port in the nephron. In the leaky epithelia, such as
proximal tubule (PT), paracellular Na1 transport
occurs, while only transepithelial transport is possible
in the tight epithelia in cortical collecting duct (CCD)
cells. Second, coupling of Na1 transport to that of
other solutes occurs, such as bicarbonate transport in
PT, and Na1-K1-2Cl2 transport via NKCC2 in the
thick ascending limb of Henle (TAL). These two
mechanisms produce more efficient Na1 transport in
certain nephron segments compared to that observed
in frog skin and toad bladder, where only cellular
transport of Na1 driven by Na1,K1-ATPase occurs.
The different Na1/O2/ATP stoichiometry among indi-
vidual nephron segments will be described below.

Heterogeneity in Na1 Transport Efficiency
among Nephron Segments

Proximal Tubule

In the PT, the Na1/QO2 was reported to be 24 to 30,
corresponding to a Na1/ATP ratio of 4 to 5. In the
early portion of the PT (S1), preferential absorption of
bicarbonate occurs,8 resulting in a rise in the luminal
Cl2 concentration, defined as axial anionic asymme-
try.9,10 In the basolateral membrane of proximal tubu-
lar cells, a Na1-bicarbonate co-transporter (NBC)
extrudes Na1 with HCO3

211 with a stoichiometry of 1:
2B3.12 The electrochemical gradient of HCO3

2 across
the plasma membrane in the PT cells, which is gener-
ated by the coordinated function of carbonic anhydrase
and H1-ATPase or Na1-H1 exchanger, drives Na1

efflux via NBC. Because PT is more permeable to Cl2

than to HCO3
2, a driving force develops for isotonic

fluid transport. It was suggested that 30%13 to 50%14 of
Na1 transport in the PT is passive, and not directly
related to ATP consumption. In addition, in the early
part of the PT, glucose, amino acids, and phosphate
are actively reabsorbed by the Na1-co-transport mech-
anism, thereby rapidly reducing their concentration in
the lumen. This luminal hypotonicity also contributes
to the solvent drag which involves Na1. Thus, in the
PT, more than 3 Na1 could be transported via the
hydrolysis of one mole of ATP.

Thick Ascending Limb of Henle

In the TAL, the most efficient sodium transport
occurs, with the Na1-K1-2Cl2 co-transporter (NKCC2)
playing an important role. The transport by NKCC2 is
electrically neutral, and the K1 reabsorbed by NKCC2
in the TAL is leaked back into the tubular lumen via
the ROMK channel in the apical membrane. This K1

leakage results in a positive electrical potential differ-
ence in the lumen, which drives paracellular transport
of Na1 from the lumen to the plasma (Figure 6.3).
Although no direct measurement has been made of the
Na1/O2/ATP stoichiometry in the TAL, the results
obtained in the rectal gland15 and tracheal epithelium16

indicated that the Na1/ATP ratio could theoretically
be up to 6 in the TAL.

CCD

In the CCD, the efficiency of Na1 transport is the
lowest among the nephron segments. In this segment,
the junction between the epithelia is very tight, and
paracellular transport is minimal. In addition, Na1

entry from the luminal side into CCD cells is mediated
only by ENaC, which is not associated with any cou-
pled transport other than that of Na1. Thus, the Na1:
ATP ratio in the CCD is estimated to be 3.

Energy Cost of Primary Active Transport

The cellular transport of electrolytes and organic sub-
stances is classified into three types, namely, primary
active, secondary active, and tertiary active transport.
Primary active transport refers to that which directly uti-
lizes ATP hydrolysis energy to accomplish transepithe-
lial transport. The primary active transporter in the
plasma membrane of mammalian cells is further subdi-
vided into three subtypes, i.e., P-type-ATPase, V-type-
ATPase, and ABC transporter. The secondary active
transporters utilize the Na1 gradient across the plasma
membrane generated by the Na1,K1-ATPase. Na1-cou-
pled co-transporters (e.g., Na1-glucose co-transporter,
Na1-amino acid co-transporter) transport substrates
with Na1 in the same direction, while Na1-exchangers
(e.g., NHE: the Na1-H1 exchanger) transport substrate
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FIGURE 6.1 Oxygen consumption as a function of net sodium
reabsorption in whole dog kidneys. (Adapted from 6 with permission.)
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and Na1 in opposite directions. In addition, there exist
the tertiary active transporters. One example of this is
the anion exchangers (AE: Cl2/HCO3

2 exchanger). The
proton gradient generated by the coordinated function
of Na1,K1-ATPase (primary active transporter) and
NHE (secondary active transporter) is used as the driv-
ing force for the exchange of Cl2 and HCO3

2 by AE (ter-
tiary active transporter).

The energy cost for secondary and tertiary active
transport processes is attributed to the active transport
via Na1,K1-ATPase, which alone is accompanied by
hydrolysis of ATP. Primary active transporters other
than Na1,K1-ATPase are also related to the energy con-
sumption processes in the kidney. In general, the expres-
sion level of ATPases along the nephron segments
correlates well with the transport activity of each solute.

P-type-ATPases

P-type-ATPases (Figure 6.4), including Na1,K1-
ATPase, H1,K1-ATPase, and Ca21-ATPase, share

several common features: (1) they possess a seven
amino acid motif with aspartate to which ATP binds;
(2) they are transiently phosphorylated during the cat-
ion transport cycle (the term P-type derives from this
transient phosphorylation); and (3) they catalyze cation
transport between E1 and E2 conformations (P-type-
ATPase was previously called E1-E2-ATPase). The
transport activity of P-type-ATPases is commonly
inhibited by vanadate.

Na1,K1-ATPase

Na1,K1-ATPase extrudes 3 Na1 and takes up 2 K1

across the plasma membranes through the hydrolysis
of one ATP molecule in the presence of Mg21.
Na1,K1-ATPase generates an inwardly-directed Na1

gradient and inside a negative electrical gradient.
Na1,K1-ATPase accounts for approximately half of the
total Na1 reabsorption in the kidney.17

Na1,K1-ATPase is a heterodimeric integral mem-
brane protein, with a minimal composition of α- and
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β-subunits. The α-subunit possesses ten membrane-
spanning domains with a molecular mass of approxi-
mately 100 kDa. The β-subunit is a glycosylated type II
membrane protein with a molecular weight of approxi-
mately 55 kDa.18 In mammalian genomes, four α-subu-
nits and at least three β-subunits of Na1,K1-ATPase
have been identified.19,20 In addition, a γ-subunit, a
member of the FXYD family of type II transmembrane
proteins, constitutes an Na1,K1-ATPase.21 In the kid-
ney, two γ-subunit isoforms are expressed.19,20 The
combination of each isoform comprises a number of

Na1,K1-ATPase isozymes that are expressed in a tis-
sue- and cell-specific manner to evolve distinct proper-
ties to respond to cellular requirements.19 In the
kidney, α1β1 is predominantly expressed.20,22,23

The α-subunit is the catalytic subunit of the Na1,
K1-ATPase, and α1, α2, and α3 isoforms differ in their
affinities for ATP, Na1 and K1.24 β-subunits are sug-
gested to facilitate the correct membrane integration
and packing of the α-subunit, and β-subunits also par-
ticipate in the determination of the intrinsic transport
properties of Na1,K1-ATPase.25 The γ-subunit was
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shown to be a specific regulator of renal α1β1 iso-
zymes.26 A putative dominant-negative mutation in
the gene encoding the γ-subunit (FXYD2) which leads
to defective routing of the protein in a family with
dominant renal hypomagnesaemia indicates the physi-
ological importance of the γ-subunit.27 The overall
structure of the α-subunit of Na1,K1-ATPase
determined by electron crystallography using two-
dimensional crystals is similar to the X-ray structure of
Ca21-ATPase.28,29

The pump activity of Na1,K1-ATPase has been
investigated using direct measurement of hydrolysis
activity, and axial heterogeneity in the nephron seg-
ments was demonstrated30�34 (Figure 6.4). Na1,K1-
ATPase hydrolysis activity was high in the TAL, distal
convoluted tubule (DCT), and proximal convoluted
tubule (PCT), and low in the pars recta (PST) and col-
lecting tubule (CT).30�34 Ouabain binding studies
show the highest density of Na1,K1-ATPase
(20�30 fmol/mm length of tubule) in the DCT and the
MTAL, intermediate density (10 fmol/ mm) in the PCT
and connecting tubule (CNT), and lowest density
(2�7 fmol/mm) in the PST, CTAL, and CT.35 The
pump activity was proportional to the number of cata-
lytic units. α1β1 has a maximum turnover rate of
7,700/min.36 The measurement of Na1,K1-ATPase
hydrolytic activity at Vmax, and initial rates of ouabain-

sensitive Rb uptake indicated that in intact cells the
pump works at approximately 20�30% of its Vmax.

37

Western blotting analysis,38,39 RT-PCR using microdis-
sected nephron segments,39 in situ hybridization,23,40

and immunohistochemical analysis41�43 demonstrated
similar intranephron heterogenetic localization of
Na1,K1-ATPase consistent with those observed in the
studies on pump activity.

Regulation of Na1,K1-ATPase by dexamethasone,44

deoxycorticosterone,45 intracellular Na concentration,46

cAMP,47 potassium depletion,48 aldosterone and vaso-
pressin49,50 was demonstrated. Many of these modula-
tions influence the cell surface expression of Na1,K1-
ATPase,49,50 while MEK1/2 inhibitors changed the
intrinsic activity rather than cell surface expression.51

Ca21-ATPase

Renal calcium transport is comprised of two pro-
cesses: a paracellular, passive process that predomi-
nates in most nephron segments; and a transcellular,
energy-dependent step in the DCT. Transcellular cal-
cium transport involves: (1) entry into the DCT cell via
a Ca21 channel (ECaC) across the luminal membrane;
(2) intracellular Ca movement facilitated by the pres-
ence of the vitamin D-dependent calcium-binding
protein (calbindin D); and (3) extrusion by the Ca21-
ATPase located at the basolateral membrane.52
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The extrusion of Ca21, the final step in the transcellu-
lar transport of Ca21, is mediated by the plasma mem-
brane Ca21-ATPase (PMCA), which is a P-type-
ATPase.

PMCA is a monomeric protein consisting of approx-
imately 1,220 amino acids with a molecular mass of
140 kDa.53,54 The sequence contains the calmodulin-
binding domain, and two domains resembling calmod-
ulin, one of which may play a role in the binding of
Ca21.54 There are at least four isoforms of PMCA, and
isoforms 1 and 4 are more widely distributed than 2
and 3.55�57 The activity of renal PMCA showed two
saturable components: a high-affinity component with
a Km of 33 μM ATP, and a low-affinity component
with a Km of 0.63 mM ATP.58 PMCA is regulated by
calmodulin,55 estrogen and dihydrotestosterone,59

protein kinase C or A,55 extracellular ATP,60 and
pathophysiologic states such as hypercalciuria.61

RT-PCR,62,63 immunohistochemical analysis,64 and
Western blot analysis53 demonstrated high expression
of PMCA in the DCT. PMCA was also detected in
Madin�Darby canine kidney (MDCK) cells.65

Doucet and co-workers examined sodium azide-insen-
sitive plasma membrane Ca21-ATPase activity. The
Ca21-ATPase was maximally activated by Ca21 con-
centrations with an apparent Km of 0.3�0.4 μM.
Ca21-ATPase activity was found in all segments of the
nephron: activity was highest in the DCT and CCT,
intermediate in the PCT and MTAL, and lowest in the
PST, CTAL and MCT.66

In addition to PMCA, there exists another distinct
Ca21-ATPase, the sarco/endoplasmic reticulum Ca21-
ATPase (SERCA), which also belongs to the P-type-
ATPase. The SERCA family includes three gene pro-
ducts, SERCA1 (ATP2A1), SERCA2 (ATP2A2), and
SERCA 3 (ATP2A3),67 which function in the removal
of free cytosolic Ca21 into the sarco/endoplasmic retic-
ulum. Although thapsigarigin is known to be a specific
inhibitor of the endoplasmic reticulum Ca21-pump,68

no study has been reported on the relative energy con-
sumption rate of SERCA in the kidney.

H1,K1-ATPase

H1,K1-ATPase was originally characterized in a
study of gastric mucosa. The gastric H1,K1-ATPase is
located in the apical membrane of stomach parietal
cells, and mediates electroneutral exchange of K1 and
H1. Gastric H1,K1-ATPase activity is independent of
extracellular sodium, and is inhibited by vanadate.69

Molecular cloning identified two types of H1,K1-
ATPase: gastric and colonic type H1,K1-ATPase. H1,
K1-ATPase is comprised of α- and β-subunits. The cat-
alytic α-subunit of gastric H1,K1-ATPase shows struc-
tural similarity to that of Na1,K1-ATPase, and the
greatest homology occurs in the phosphorylation site

region, and domains presumably involved in nucleo-
tide binding and energy transduction.70 The α-subunit
of colonic H1,K1-ATPase exhibits 63% amino acid
identity to that of the gastric H1,K1-ATPase.71 The
β-subunit of H1,K1-ATPase shows 41% amino acid
sequence identity to the β2-subunit of Na1,K1-ATPase
in the rat.72

In the kidney, the existence of both gastric H1,K1-
ATPase70 and colonic H1,K1-ATPase71 was demon-
strated. Gastric H1,K1-ATPase is expressed constitu-
tively along the length of the collecting duct, is
responsible for H1 secretion and K1 reabsorption
under normal conditions, and may be stimulated with
acid�base perturbations and/or K1 depletion.73 The
level of expression of colonic H1,K1-ATPase is much
lower in the kidney than in the distal colon.71

Using in vitro microperfusion, Wingo and colleagues
provided evidence of the existence of omeprazole-sen-
sitive acidification and a K1-absorptive mechanism in
OMCD in rabbits.74 By enzymatic analysis, Doucet75

and Garg76 quantified the K1-stimulated, Na-insensi-
tive ATPase activity in the nephron segments. K1-
stimulated ATPase activity was identified in the CNT,
CCT, and MCT, although the activities were very low
compared to those of other P-type-ATPases in the kid-
ney.76 The renal K1-ATPase had a high affinity for K1

(Km of approximately 0.2B0.4 mM) and was inhibited
by vanadate, omeprazole, and SCH 28080, specific
inhibitors of gastric H1,K1-ATPase, but was insensi-
tive to ouabain.75,76 A correlation between the magni-
tude of enzymatic activity and the percentage of
intercalated cells in a given segment suggested that
K1-ATPase activity originates in intercalated cells.75

Immunohistochemical analysis revealed H1,K1-
ATPase in intercalated cells in the CCD and OMCD. In
all segments studied, except for the CCD, the percent-
age of H1,K1-ATPase-immunoreactive cells corre-
sponded to the percentage of intercalated cells.77 The
RT-PCR technique demonstrated the gastric H1,K1-
ATPase α-subunit in the CCD and IMCD, and a spe-
cific hybridization signal for the gastric H1,K1-ATPase
α-subunit cDNA was demonstrated.78 The colonic H1,
K1-ATPase α-subunit is specifically expressed in the
CCD and OMCD in K1-depleted rats.79 An increase in
the H1,K1-ATPase activity,75 and enhanced expression
of gastric H1,K1-ATPase α-subunit80 and colonic H1,
K1-ATPase73 in K1 depletion, suggests the physiologi-
cal adaptation of renal H1,K1-ATPase.

V-type ATPases

V-type (vacuolar) ATPases represent the second
family of ATP-dependent ion pumps. Vacuolar H1-
ATPase is primarily responsible for the acidification of
intracellular compartments such as endosomes, lyso-
somes, Golgi apparatus, and clathrin-coated vesicles.
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H1-ATPase is also expressed in the plasma membrane,
and functions in acid�base transport in epithelia. In
the kidney, vacuolar H1-ATPase mediates H1 secre-
tion, mainly in the PT and CCD.81,82

H1-ATPase is a multi-subunit complex composed of
two functional domains.83,84 The V(1) domain is a
570 kDa peripheral complex composed of eight subu-
nits of molecular mass 73�14 kDa (subunits A�H) that
is responsible for ATP hydrolysis. The V(o) domain is
a 260 kDa integral complex composed of five subunits
of molecular mass 100�17 kDa (subunits a, d, c, c’, and
c”) that is responsible for proton translocation.

H1-ATPase is insensitive to vanadate or ouabain,
but inhibited by bafilomycin A, N,N’-dicyclohexylcar-
bodiimide (DCCD: Ki5 50 μM) and N-ethylmaleimide
(NEM: Ki5 20 μM). Physiological experiments indi-
cated the existence of H1-ATPase in the PT. DCCD
caused a fall in CO2 absorption by 15% under eucap-
nia, and by 30% during acute hypercapnia in the PT.85

In other experiments, the S3 segment was shown to
possess plasma membrane H1-ATPase activity.86

The relative contribution of H1-ATPase to ATP
consumption by the kidney was examined by Noel
et al. In dog proximal tubules incubated under con-
trol conditions, 81% of the respiration was directly
related to oligomycin-sensitive ATP synthesis, and
29% of this amount was inhibited by bafilomycin A.
In rabbit and hamster PT, the bafilomycin-sensitive
ATP requirement involves only 5 and 10%, respec-
tively, of the total ATP turnover. Thus, the metabolic
cost of H1-ATPase in PT varies significantly among
species.87

Ait-Mohamed et al. examined the localization of
NEM-sensitive ATPase in all the segments of the rat
nephron; its activity was highest in the PCT; interme-
diate in the PST, TAL and CCT; and lowest in the
OMCD.88 Immunocytochemical analysis demonstrated
localization of rat H1-ATPase in the PCT, the initial
part of the thin descending limb, TAL, DCT, and
CT89 consistent with the aforementioned H1-ATPase
activity.

Garg and co-workers examined the effect of acid-
base balance90�92 and aldosterone93 on NEM-sensitive
ATPase activity, and demonstrated the modulation of
NEM-sensitive ATPase activity by metabolic acidosis
and administration of aldosterone, and these effects
were observed mainly in the CT.

The significance of H1-ATPase in final urinary acid-
ification along the collecting system has been con-
firmed by hereditary defects in H1-ATPase. Mutations
in the gene encoding the B1-subunit of H1-ATPase
cause distal renal tubular acidosis with sensorineural
deafness, and defects in the 116 kDa subunit ATP6N1B
cause recessive distal renal tubular acidosis with pre-
served hearing.94�96

ABC Superfamily

The third subgroup of primary active transporters is
the ABC (ATP-binding cassette) transporter family.
The prototype ABC transporter is the P-glycoprotein
(P-gp) encoded by the MDR gene. P-gp was originally
isolated as a drug extrusion pump in cancer
cells which confers multiresistance to antineoplastic
drugs.97,98 Later, P-gp was also shown to be expressed
in normal tissues such as the kidney, intestine, and
brain capillary cells, where it acts as a functional bar-
rier to xenobiotics by extruding them from the tissues.
Then, a subfamily of ABC transporters, the MRP (mul-
tidrug-resistance-associated protein) family, was iden-
tified, and the number of its isoforms is expanding
rapidly.99

The common molecular structure of ABC transpor-
ters is as follows; they possess two transmembrane
(TM) domains, each with six TM segments and two
nucleotide-binding domains, both of which can
hydrolyze ATP.100 The stoichiometry of two ATPs
hydrolyzed per molecule of drug transported was
proposed.97

Although the molecular properties of the members
of ABC transporters, such as tissue distribution and
substrate selectivity, have been extensively character-
ized, their significance in energy consumption in the
kidney remains to be investigated, and to date no
information is available.

Comparison of Ion Transporting ATPase Activities
and QO2 along the Nephron

In the upper panel of Figure 6.5 a comparison of the
ion transporting ATPase activities is shown. In the
lower part, relative distribution of QO2 along the neph-
ron segments is depicted.

METABOLIC BASIS IN THE KIDNEY

Energy Production Pathway in the Kidney

ATP synthesis in the kidney is mainly performed by
mitochondrial oxidative phosphorylation, and a vari-
ety of energy fuels, such as glucose, fatty acids, and
ketone bodies, are metabolized. Anaerobic glycolysis
also occurs in certain nephron segments. Because of its
heterogeneity in structural and functional properties,
metabolic pathways and preferred substrates are dis-
tinct among the nephron. In this section, metabolic
basis in the kidney and individual nephron segments
are described.

Mitochondrial Oxidative Phosphorylation

Mitochondrial oxidative phosphorylation (Figures 6.6,
6.7) is comprised of the following three steps: (1)
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production of reduced equivalents, i.e., NADH and
FADH2, mostly by the TCA cycle in the matrix of
mitochondria; (2) electron transfer via the mitochondrial
respiratory chain in the inner membrane of
mitochondria, associated with proton extrusion across
the inner membrane of mitochondria; and (3) ATP pro-
duction by F0F1-ATPase using the proton gradient

generated103 (Figures 6.6 and 6.7). The mitochondrial
respiratory chain catalyzes electron transfer via four
large multimeric integral membrane protein complexes
(complex I to IV), ATP synthase (alternatively called
complex V), and two relatively small hydrophobic
proteins, i.e., ubiquinone (Q: Coenzyme Q) and cyto-
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Tricarboxylic Acid Cycle

The tricarboxylic acid (TCA) (Figure 6.8) cycle is
present in all mammalian cells, except those lacking
mitochondria such as mature red blood cells. The TCA
cycle oxidizes acetyl CoA derived from carbohydrates,
fatty acids, amino acids, and ketone bodies, and pro-
duces NADH and FADH2. In addition, the TCA cycle
provides intermediates that are utilized for the forma-
tion of glucose, lipids, and amino acids. Thus, the TCA
cycle is central for metabolism, and is regulated to
meet a variety of cellular metabolic demands.

Le Hir et al. assayed three TCA cycle enzymes, i.e.,
oxoglutarate dehydrogenase, citrate synthase and isoci-
trate dehydrogenase, in dissected rat nephron seg-
ments. The activities of the enzymes were higher in
distal segments (TAL and DCT) than in the PT. The
distal versus proximal ratios of activities were about
1.5, 2.5, and 2 for oxoglutarate dehydrogenase, citrate
synthase, and isocitrate dehydrogenase, respectively.
Oxoglutarate dehydrogenase showed the lowest activ-
ity along the entire nephron segments, and appeared
to catalyze the rate-limiting step of the TCA cycle.104

Marver et al. determined citrate synthase levels in iso-
lated rabbit nephron segments. The order of relative

citrate synthase activities in normal rabbit nephron
segments (per kg of dry tissue) was as follows: DCT.
PCT. CTAL. CCD. PST. The activity in CCD was
regulated by aldosterone.105

β-Oxidation of Fatty Acids

Fatty acid is a major energy fuel in the kidney.
β-Oxidation of short-, medium- and long- chain fatty
acids (Figure 6.8) occurs in mitochondria, and that
of very long-chain fatty acids in peroxisomes. The
3-hydroxyacyl-CoA dehydrogenase activity, which
mainly represents the mitochondrial β-oxidation path-
way, is similarly distributed in all cortical proximal
and distal segments, and is much lower in glomeruli
and collecting ducts. The peroxisomal fatty acyl-CoA
oxidase is restricted to the PT, with a capacity compa-
rable to that in liver cells.106

Ketone Body Metabolism

The kidney, as well as the muscle and brain, utilizes
ketone bodies as metabolic fuel, while the liver cells do
not. Acetoacetate and β-hydroxybutyrate are converted
to acetyl CoA in the mitochondrial matrix. In this
process, three enzymes, i.e., D-3-hydroxybutyrate

ANT
ATP4 -

PiT
Pi

PyT

TCT

DCT

Oxidative phosphorylation

Pi

TCA cycle
malate

succucinate
pyruvate

CACT
Acyl-Car

Car

β-oxydation

OH-

OH–

KGTKGT AGT

NADH

malate

oxaloaceate

NAD+

Mitochondrial inner membrane

oxaloaceate

malate

asparagine

NAD+

α-KG glutamate

NADH
aspargine

malate

α-KG glutamate

ADP3–ADP3–

FIGURE 6.7 Mitochondrial solute transporters located in mitochondrial inner membrane. These transporters are divided into four
groups from the functional viewpoints. The lower left part indicates the interchange of ADP, Pi, and ATP between the inner membrane by
ANT and PiT. The left upper part indicates the malate-asparagine shuttle transporting the reducing potential from the cytosol to the matrix.
The right upper part indicates the transport of substrates of the TCA cycle. The right lower part indicates the acyl-CoA transport to the
mitochondrial matrix. Acyl-CoA is used for β-oxidation. In this figure, the ornithine transport system is not depicted.

151METABOLIC BASIS IN THE KIDNEY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



dehydrogenase, 3-ketoacyl CoA transferase (3-oxoacid
CoA- transferase), and acetoacetyl CoA thiorase, are
involved.

Guder and co-workers measured 3-oxoacid CoA-
transferase, and D-3-hydroxybutyrate dehydrogenase
in mouse nephron. The activities of these enzymes
were high in TAL and DCT, but decreased to nearly
20% in the CCD. In the PCT and PST, the 3-oxoacid
CoA-transferase activity was almost equal, while the
3-hydroxybutyrate dehydrogenase activity was five-
fold higher in PST than in PCT. In glomeruli and thin
descending limbs of Henle’s loop, the enzymatic

activities were markedly low. These results indicate
that 3-hydroxybutyrate and acetoacetate can be metab-
olized in all of the mouse nephron segments with dif-
ferent capacities. The enzymatic activity for ketone
body oxidation mirrors the distribution of mitochon-
dria along the nephron segment.107

Glycolysis

The role of glycolysis (Figure 6.8) as a metabolic
pathway is different among cells and the state of oxy-
gen supply. In the kidney, glycolysis occurs primarily
from glucose, since the storage of glycogen is
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FIGURE 6.8 (a) Distribution of enzymes involved in four major metabolic pathways: TCA cycle, β-oxidation of fatty acids, glycolysis
and gluconeogenesis. (Adapted from 101 with permission.) (b) Mitochondrial density distribution and ATP content along nephron segments.
(Adapted from 3 with permission.)
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minimal.108 The hexokinase activity in single microdis-
sected rabbit nephron segments was the lowest in the
PCT, and increased along the nephron segments. It
was the highest activity in the CNT.109 The activities of
phosphofructokinase and pyruvate kinase in the rat
nephron were ten-fold higher in the distal nephron
than in the proximal portion.110 Thus, the glycolytic
activity in the kidney is mostly distributed along the
distal part of the nephron. Lactate production from
glucose, with and without antimycin A, was investi-
gated in the rat nephron.111 PT produced no lactate,
and the distal segments all produced lactate.
Antimycin A, an inhibitor of mitochondrial oxidation,
increased lactate production significantly in all of the
distal segments. The increase was the largest in the
MTAL (1400%), cortical (798%), and outer medullary
collecting ducts (357%). Increments were smaller in
CTAL (98%) and DCT (98%), and were the lowest in
the IMCD (28%). Thus, anaerobic glycolysis is impor-
tant, particularly in the distal segments of the nephron.

Gluconeogenesis

The capacity of the kidney to conduct gluconeogen-
esis (Figure 6.8) was demonstrated more than 50 years
ago. Actually, the glucose synthesis rate of the kidney
is higher than that of the liver when they are com-
pared using the same tissue amount.112 The release of
glucose by the kidney has been reported to account for
B20% of all glucose released into the circulation in
postabsorptive healthy humans.113 Sustained hypogly-
cemia enhances the renal extraction of circulating pre-
cursors for gluconeogenesis, and stimulates renal
glucose production, which may represent an important
additional component of the body’s defense mecha-
nism against hypoglycemia in humans.114,115

Among the nephron segments, the PT is the only
site where net glucose synthesis occurs.101,116 The glu-
coneogenic enzyme PEPCK was exclusively found in
the PT, and the PST exhibited 50% of the enzyme activ-
ity in the PCT.109 All other renal structures exhibited
only negligible PEPCK activity.109 Thus, the activities
of glycolysis and gluconeogenesis are a mirror image.
Meyer et al. demonstrated that lactate is the most
important precursor in renal gluconeogenesis, which
exceeded the sum of renal gluconeogenesis from glyc-
erol, glutamine, and alanine.113 Gluconeogenesis from
these substrates accounts for B90% of renal glucose
release.

Kondou et al. demonstrated that renal gluconeogen-
esis is stimulated by short-term ischemia.117 They sug-
gested that such stimulating gluconeogenesis supplies
an energy fuel for further regeneration in nephron seg-
ments other than the PT.

There are several studies indicating a reciprocal rela-
tionship between Na1 transport and gluconeogenesis.

The inhibition of Na1,K1-ATPase by ouabain stimu-
lated gluconeogenesis.118�120 In contrast, the stimulation
of Na1,K1-ATPase by nystatin and monesin inhibited
gluconeogenesis.119,121 Silva et al. suggested that under
certain circumstances, gluconeogenesis competes with
Na1 reabsorption in an intact kidney.122,123

Metabolic Parameters along Nephron Segments

As described, aerobic and anaerobic metabolisms
are different among the nephron segments (Figure 6.8).
This difference is in good accord with the distribution
of mitochondria along the nephron. Pfaller and collea-
gues investigated the density of mitochondrial volume
(mitochondrial volume per unit volume of cytoplasm)
by stereoscopic analysis, and demonstrated PCT (33%),
PST (22%), thin limb (6�8%), MTAL (44%), DCT
(33%), CCD (20%), and MCD (10%)124,125 (Figure 6.8).

Intracellular ATP contents in various nephron seg-
ments were measured by several investigators.111,126,127

Uchida and Endou demonstrated that the cellular ATP
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content is largely dependent on the exogenous sub-
strates available (Figure 6.9).When appropriate exoge-
nous substrates are present, the cellular ATP content is
high in the PT, MTAL DT, and CCD, whereas it is low
in glomerulus, CTAL, and MCD.

Preference of Metabolic Substrates in Nephron
Segments (Figure 6.10a,b)

Substrate Preference Along the Nephron Segments

Ever since Gyoergy et al. identified differences in
metabolisms between the renal cortex and medulla in
1928,128 numerous studies identified different meta-
bolic profiles along the nephron. In the previous sec-
tion, the activities of metabolic enzymes in the
nephron were described. However, preferred sub-
strates for each segment do not always correlate well
with the distribution of specific enzymes. The substrate
preference in a specific nephron segment depends on
several factors other than the enzymatic activities, such
as the cellular uptake systems for substrates, oxygen
supply, hormonal stimuli, and the demand for meta-
bolic end products.

Knowledge of the preferred substrates for each seg-
ment has accumulated, especially from studies using

microdissected nephrons. The determination of 14CO2

production from distinct labeled substrates, in conjunc-
tion with the effects of the substrate on cellular ATP
level, QO2, redox state (NADH fluorescence), and
active ion transports provide evidence that a variety of
metabolic fuels, such as lactate, glucose, pyruvate, fatty
acids, ketone bodies, amino acids, and TCA cycle inter-
mediates energize cellular metabolism.

In this section, we briefly summarize the data on
the substrate preference in each nephron segment.

Proximal Tubule (PT)

Numerous studies examined the metabolic profiles
of the PT, and consistently indicated that the PT meta-
bolizes a variety of substrates, such as fatty acids,
ketone bodies, lactate, pyruvate, glutamine, glutamate,
and TCA cycle intermediates. One notable exception is
glucose: the PT, especially proximal convoluted tubule
(PCT), poorly metabolizes glucose.

Glucose: PT poorly metabolizes glucose, and there
is a difference in the utilization of glucose between
PCT and the proximal straight tubule (PST). 14CO2 pro-
duction from glucose in the PT was low,129�131 and
glucose was poorly converted to lactate under both
aerobic and anaerobic conditions.111 Uchida and
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Endou measured cellular ATP contents in mouse
nephron segments in the presence of several exoge-
nous substrates. When only glucose was supplied to
the PT, the cellular ATP content significantly
decreased in the S1 and S2 segments, while it was sus-
tained in the S3 segment (PST).127 A study using rabbit
PCT or PST suspensions demonstrated a similar meta-
bolic profile for glucose: the addition of glucose to the
rabbit PCT did not increase QO2, whereas that to the
rabbit PST increased it by 57%.130 The differences in
glucose utilization do not correlate with the distribu-
tion of glycolytic enzymes between the PCT and
PST,132 suggesting that a metabolic regulation mecha-
nism other than that by glycolytic enzymes may deter-
mine the ability of each segment to utilize glucose. It
should be noted that the gluconeogenic activity is high
in the PT.

Fatty acids: Short-chain fatty acids are important
fuels in the PT. Balaban and Mandel examined the
effects of various short-chain fatty acids, carboxylic
acids, and amino acids on NADH fluorescence and
QO2 in the rabbit PT.133 The short-chain fatty acids
(butyrate, valerate, and heptanoate) were the most
effective in increasing NADH fluorescence and QO2,
followed by the carboxylic acids and amino acids.
Butyrate supported mitochondrial respiration to a
greater degree than lactate, glucose, and alanine when
the Na1,K1-ATPase activity was maximally stimulated
by nystatin.134 Butyrate was also shown to enhance the
volume regulation of the isolated nonperfused PST
under hypoosmotic conditions by activating Na1 Cl2

transport.135 Ruegg et al. demonstrated that PT exhibits
maximal QO2 and ATP content when incubated in cul-
ture medium with 2 mM heptanoate.130 In contrast, pal-
mitate oxidation occurs minimally in the PCT.129 Thus,
short-chain fatty acids are one of the best substrates,
especially when active sodium transport is stimulated.

TCA cycle intermediates: The PCT demonstrated
marked 14CO2 production from labeled succinate,
2-oxoglutarate, glutamate, glutamine, and malate
(approximately 10 to 45 pmoles/mm/hr), and moder-
ate 14CO2 production from citrate (approximately
3 pmoles/ml/hr).129 Gullans et al. demonstrated that
succinate stimulates gluconeogenesis, and the hyper-
polarization of the plasma membrane potential, and
promotes intracellular K1 without altering Na1,K1-
ATPase activity.136 Since TCA cycle intermediates are
highly hydrophilic substances, cellular metabolisms of
TCA cycle intermediates require specific transporters
in the plasma membrane. The sodium-dicarboxylate
co-transporters, NaDCs encoded by the SLC13 family,
are expressed mainly in both the luminal and basolat-
eral membrane of the PT.137�140

Ketone bodies: Guder et al. reported that ketone
bodies, i.e., acetoacetate and β-hydroxybutyrate, are

presumably the most preferred substrate as kidney
fuel.141 In a study using kidney slices, acetoacetate was
estimated to support up to 80% of renal energy
demands.131 β-hydroxybutyrate supported ATP levels
to the same extent as lactate and glutamine in isolated
mouse S3, while S1 and S2 had a low capacity to
metabolize β-hydroxybutyrate. These results correlate
with the high enzyme activities for ketone bodies such
as 3-hydroxybutylate dehydrogenase in this
segment.101

Lactate: Lactate is also a preferred substrate for the
PT. Goldstein et al. investigated the extraction of sub-
strates from the blood by the rat kidney in normal,
acidotic, and diabetic ketoacidotic conditions, and
demonstrated that lactate accounts for 78% of the total
amount of substrates extracted in normal control
rats.142 Exogenous lactate maintained the cellular ATP
content in the mouse PT.127 However, Kline et al. indi-
cated that a negligible amount of 14CO2 was released
from the labeled lactate as well as glucose in the rat
PCT.129

Thus, the proximal tubule metabolizes a wide range
of substrates. This seems to be, at least in part, due to
the existence of cellular transport systems for various
substrates in the PT. PT cells possess Na-dependent
transport systems for most of the nutrients across the
luminal membrane. Nutrient transporters also exist in
the basolateral membrane of the PT. Recent molecular
studies have revealed the exclusive distribution of
these transporters in the PT.

In the rat PT, preferred substrates are ketone bodies,
short-chain fatty acids, lactate, and TCA cycle inter-
mediates. However, there are species differences: the
rabbit PT has a limited capacity to oxidize ketone
bodies.133

The PT normally conducts transport work at 50 to
60% of its maximal respiratory capacity, and has sig-
nificant amounts of endogenous fuels, probably neu-
tral lipids, which support about half of the energy in
the absence of exogenous substrates. Metabolism of
endogenous fuel is suppressed when there is an
adequate supply of exogenous substrates. The pre-
ferred substrates differ under different physiological
conditions.142

Thin Descending Limb of the Loop of Henle (TDL)

The data available regarding the metabolic profile of
the TDL is insufficient. The mitochondrial density of
this segment is low, and its oxidative metabolism is
limited. Jung and Endou measured the cellular ATP
content in the rat short loop of TDL (SDL) and the rat
long loop of TDL (LDL) in the presence of alanine, glu-
cose, glutamine, β-HBA, lactate, and pyruvate.143 They
demonstrated that the substrate preference in SDL
is pyruvate5 glucose . glutamine5 lactate5 β-HBA
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. alanine, and that in the LDL is pyruvate-
5 glucose5 glutamine . alanine5 β-HBA5 lactate.
They also demonstrated that ATP is depleted when
the TDL is incubated in the absence of exogenous
substrate, indicating a limited store of endogenous
fuels in this segment.

Cortical Thick Ascending Limb of the Loop of
Henle (CTAL)

In the TAL, the rate of Na1 transport and QO2 are
high, and the mitochondria are enriched, suggesting
there is active oxidative metabolism in this segment.
Klein et al. measured 14CO2 production from 14C-
labeled substrates in the rat MTAL and CTAL.129

MTAL and CTAL oxidized glucose, 2-oxoglutarate,
lactate, glutamate, and glutamine, but not malate, suc-
cinate, and citrate. Palmitate oxidation occurred in
MTAL and CTAL.129 Lactate production from glucose
in the rat nephron indicated that the distal segments
produce a significant amount of lactate from glucose,
and under anaerobic conditions (with antimycin A),
lactate production increased significantly in all of the
distal segments. The increase was the largest in the
MTAL (1400%), CCD (798%), and OMCD (357%),
whereas increments were smaller in CTAL (98%) and
DCT (98%), and were the lowest in the IMCD (28%).111

Thus, CTAL possesses modest anaerobic glycolysis
capacity. The ATP content in the mouse CTAL is main-
tained in the presence of glucose, β-OHB or lactate, but
not with glutamine.127

Wittner et al. investigated the substrate preference
by measuring the short circuit current (Isc) in the iso-
lated rabbit CTAL perfused in vitro.144 They further
examined which sides, i.e., luminal or basolateral, sub-
strates were taken up from. Isc rapidly decreased to
50% after 3 minutes and to 27% after 10 minutes with-
out any exogenous substrates, indicating that Na1

transport is strictly related to the presence of substrates
in CTAL segments.144 When substrates were added
from the luminal side, only butyrate sustained Isc,
while all other substrates tested (pyruvate, acetate,
β-OHB, D-glucose, and L-lactate) showed a marked
decrease in Isc. When the substrates were added from
the basolateral side, D-glucose, D-mannose, butyrate,
β-OHB, acetoacetate, L-lactate, acetate, and pyruvate
sustained the Isc, but citrate, α-ketoglutarate, succi-
nate, glutamate, glutamine, propionate, caprylate, and
oleate did not. This study clearly indicates that the cel-
lular uptake system is an important determinant in the
substrate metabolisms in the CTAL. In the CTAL, most
substrates, except for butyrate, are taken up by basolat-
eral nutrient transporters. In fact, cytochalasin B and
phloretin, inhibitors of the facilitated glucose trans-
porter (GLUTs), inhibited the sustained Isc by
glucose.144

Regarding fatty acids, the CTAL possesses mito-
chondrial β-oxidation activity (3-hydroxyacyl-CoA
dehydrogenase),106 and 14CO2 is produced from palmi-
tate,129 while oleate (C-18) does not sustain Isc in the
CTAL.144 Taken together, glucose, lactate, pyruvate,
ketone bodies, and fatty acids are the preferred exoge-
nous substrates for the CTAL.

Medullary Thick Ascending Limb of the Loop of
Henle (MTAL)

Chamberlin and Mandel measured QO2 in MTAL
suspensions.145 In the absence of exogenous sub-
strates, the control QO2 decreased only by 15%.
Torikai et al. demonstrate a similar result in the rat
MTAL.146 These results indicate that endogenous sub-
strates support most of the energy required for the
MTAL under normal conditions. However, nystatin-
stimulated QO2 was inhibited 36% in the absence of
exogenous substrates, indicating that the oxidation of
endogenous substrates cannot meet the ATP demand
when Na1 transport is fully stimulated. They also
investigated the role of endogenous substrates in the
MTAL. The inhibitors of fatty acid, carbohydrate or
amino acid metabolisms further inhibited QO2,
revealing that endogenous fatty acids, glycogen, and
amino acids (or proteins) contribute to energy pro-
duction in the MTAL. The addition of fatty acids or
acetoacetate increased QO2 in 10 mM glucose, indicat-
ing that the MTAL oxidizes exogenous fatty acids and
ketones in addition to glucose. In the MTAL, organic
acids failed to enhance QO2, possibly due to the
absence of transport systems for organic acids. The
rat MTAL generated 14CO2 from glucose, lactate, pal-
mitate, glutamate, glutamine, and α-ketoglutarate.
14CO2 from succinate, citrate, and malate was mini-
mal. Glucose, β-hydroxybutyrate, and lactate main-
tained the intracellular ATP content, whereas the
effect of glutamine on the ATP content was partial.127

The tight coupling of Na transport and QO2 was dem-
onstrated in the MTAL. Furosemide inhibited oxygen
consumption by 43%, and ouabain inhibited it by
42%147; 50% of the oxygen consumption of the MTAL
cells is related to the transport of Na1 and Cl2.148

In the MTAL, anaerobic glycolysis is also an impor-
tant energy source.149 Ten mimutes of anoxia led to
only a 15% decrease in potassium content in the rab-
bit MTAL, and an anaerobic metabolism maintained
73% of cellular ATP during 10 minutes of anoxia. The
exposure of anoxic tubules to iodoacetate produced a
57% decrease in ATP level, and a 33% decrease in
potassium content. Lactate production was remark-
ably enhanced in MTAL (1400%) under anaerobic
conditions with antimycin A.111
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Distal Convoluted Tubule (DCT)

Although studies have examined the metabolic and
transport properties in DCT, such as the mitochondrial
density, Na1,K1-ATPase activity, and enzymatic activ-
ities, data regarding its substrate preference is limited.
The ATP content of the DCT was maximal in the pres-
ence of β-OHB or lactate, and somewhat lower in the
presence of glucose. Glutamine did not increase the
ATP content in the DCT.127 The lactate production
rates from glucose under aerobic conditions were com-
parable to that observed in the CTAL, whereas under
anoxic conditions, the glycolytic lactate production
rate was increased two-fold as observed in CTAL.111

These results indicate that DCT utilizes both oxidative
metabolisms and anaerobic glycolysis.

Cortical Collecting Duct (CCD)

Torikai demonstrated that substrate deprivation for
30 minutes does not change the cellular ATP content in
the rat CCD and OMCD. However, a marked decrease
in the PT and medullary TDL, and a slight decrease in
CTAL and MTAL were observed, suggesting that CCD
and OMCD possess sufficient amount of endogenous
fuels.146 Hering-Smith et al. demonstrated the depen-
dence of CCD on oxidative metabolisms in the Na1

reabsorption and bicarbonate transport in the rabbit
CCD.150 There was no significant glycolysis or any dif-
ference in substrate-dependence of solute transport in
the CCD. Na1 reabsorption was optimally supported
by a mixture of basolateral metabolic substrates (glu-
cose, acetate, and fatty acid), whereas bicarbonate secre-
tion was fully supported by either glucose or acetate.
This result indicates that principal cells and intercalated
cells differ not only in their morphology and function,
but also in their metabolism. Alanine was not effective
in the CCD. Nonaka and Stokes examined the effects of
substrates on Na1 transport in the rabbit CCD, and con-
cluded that the majority of the energetic support of Na1

transport appears to come from an oxidative metabo-
lism. Glucose supports transport better than the other
substrates tested, and lactate, pyruvate and some
organic acids also provide near maximal support.151

The CCD synthesized modest amounts of lactate
from glucose under aerobic conditions, which increased
eight times under anaerobic conditions.111 The addition
of glucose, β-hydroxybutyrate or lactate, but not gluta-
mine, restored the cellular ATP content, and glucose
was the best substrate in CCD for maintaining the ATP
level.127 Natke showed that the rabbit nonperfused
CCD regulates the cellular volume against extracellular
hypertonic solution when exogenous butyrate is avail-
able,152 although rat CCD possesses a relatively low
enzymatic activity for β-oxidation.

Outer Medullary Collecting Duct (OMCD)

The OMCD cells play an important role in the final
acidification of urine, which is mediated by apical
H1-ATPase.89 The OMCD has a relatively low QO2,
which is inhibited only by 8% by ouabaine.153 Several
studies indicated the importance of anaerobic glycoly-
sis in this segment. The ATP content in the OMCD
did not significantly change with the addition of
antimycin A.146 Lactate production from glucose was
significantly increased in the outer medullary collect-
ing ducts by 357% under anaerobic conditions.111

Under aerobic conditions, the ATP content was sup-
ported equally well by glucose, glutamine, lactate or
β-hydroxybutyrate. Thus, glucose appears to be a pre-
ferred substrate for this segment, particularly under
hypoxic or anoxic conditions, but other alternative
substrates, such as glutamine, lactate or β-hydroxybu-
tyrate, can be metabolized under aerobic conditions.
The uptake of glucose by the OMCD, as well as that
by the TAL cells, is mainly through a facilitated baso-
lateral diffusion.154 Studies of H1 transport155 and
ATP content127 also indicated the existence of a signif-
icant amount of endogenous fuel, most likely glyco-
gen in the OMCD.

Inner Medullary Collecting Duct (IMCD)

Substrate metabolism in IMCD cells has not been
sufficiently analyzed. QO2 in IMCD is lower than that
in other nephron segments.156�158 Glycolysis under
aerobic and anaerobic conditions was examined by
several investigators. Addition of glucose to IMCD
cells stimulates both QO2 and lactate production, indi-
cating that glucose can be readily metabolized to both
CO2 and lactate under aerobic conditions.111,156,157,159

Lactate production in the IMCD under aerobic condi-
tions was three- to five-fold greater than that in other
nephron segments in the outer medulla, such as the
TAL or OMCD.111

To evaluate the relative contributions of aerobic and
anaerobic metabolism in the IMCD, the effects of spe-
cific inhibitors of mitochondrial oxidative phosphory-
lation and glycolysis were examined. Stokes et al.
examined metabolism in rat renal papillary collecting
duct cells, i.e., IMCD cells.157 In the presence of rote-
none, glycolysis increased by 56% and maintained the
cellular ATP level at 65% of the control. Without any
exogenous substrates, IMCD respiration was normal,
and had a nearly normal ATP content, but lactate pro-
duction was markedly decreased. At normal PO2 and
in the presence of D-glucose, the IMCD cells showed a
substantial amount of aerobic glycolysis, although
their mitochondrial respiration was not rate-limiting.
In the absence of glucose, the cells acquired the major-
ity of their energy from an endogenous substrate.157
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Kone and co-workers showed that the addition of glu-
cose to IMCD cells results in the accumulation of 12%
more intracellular K1, even in the presence of lactate
and glutamine.159 The data indicates that glucose is a
preferred substrate in IMCD.

COUPLING OF TRANSPORTAND
METABOLISM IN THE KIDNEY

As described in the section “Energy Consumption,”
Na transport and QO2 show a linear relationship in
the kidney. The nature of the cellular mechanism link-
ing active transport to energy production is a funda-
mental physiological question. Alterations in the rate
of active transport cause changes in the mitochondrial
state and/or concentrations of adenine nucleotides in
epithelia.7 Conversely, the cellular respiration rate
and/or ATP concentration affects active transport.
This section focuses on the coupling mechanism of
transport and energy production in the kidney.

The Effect of Active Transport on Metabolism

Whittam Model: Intracellular Signaling Between
Transport and Energy Production

Whittam and co-workers primarily proposed a sim-
ple model indicating the coupling of active transport
and mitochondrial respiration160,161(Figure 6.11). In
this model, the rate of active cation transport is a pace-
maker for cellular respiration in the renal cells:
increased ATP hydrolysis and elevated cytosolic levels
of ADP and Pi by Na1,K1-ATPase activity would acti-
vate mitochondrial oxidative phosphorylation and oxy-
gen consumption. Conversely, decreased Na1,K1-
ATPase activity would induce the opposite result
(Figure 6.11).

The validity of this model has been examined by:
(1) direct measurement of ATP, ADP, Pi; and/or (2)
monitoring of the mitochondrial redox state, in various
states of transport. Early investigations into the intra-
cellular nucleotide concentration failed to detect a
change in the intracellular ATP levels.162,163 This was
probably due to the rapid ATP turnover in the renal
cortex; the half-life of ATP in the anoxic state was
estimated to be as low as 3.3 seconds.164 Balaban and
co-workers measured the cellular ATP/ADP concen-
trations and the QO2 of a rabbit cortical tubule suspen-
sion under ideally designed conditions. They
demonstrated that: (1) ouabain caused a 54% inhibition
of QO2 and a 30% increase in the ATP/ADP ratio; and
(2) the addition of K1 (5 mM) to K1-depleted tubules
caused an initial 127% stimulation of QO2, followed by

a new steady-state QO2 50% above the control, and a
47% decrease in the cellular ATP/ADP ratio.165

The monitoring of the redox state by optical mea-
surements also demonstrated appropriate “mitochon-
drial state of transition.” Stimulation of Na1,K1-
ATPase activity stimulated QO2 and decreased NADH
fluorescence (in whole kidney and proximal tubules).
Inhibition of Na1,K1-ATPase with ouabain decreased
QO2 and increased NADH. Addition of rotenone to
proximal tubules decreased QO2, and ATP content net
fluid transport with increase of NADH fluorescence.165

Regulation of Mitochondrial Respiration

The precise mechanism by which the rate of mito-
chondrial oxidative phosphorylation is regulated is of
major interest in the field. There is much evidence sug-
gesting the importance of cytosolic ADP concentration.
Chance and Williams first proposed that the availability
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FIGURE 6.11 Schematic representation of Whittam model, and
dependence of Na1,K1-ATPase activity on ATP concentration. (a)
Schematic representation of Whittam model, MOP: mitochondrial
oxidative phosphorylation; (b) Dependence of Na1,K1-ATPase activ-
ity of proximal tubule membranes (solid line) and that of intact prox-
imal tubules (dashed line) on ATP concentration. (Adapted from 3

with permission.)
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of ADP determines the mitochondrial respiration
rate.166�168 The respiratory state of mitochondria was
classified into five states according to the supply of
ADP, Pi, substrates, and O2.

7,166 The addition of ADP to
the mitochondria with a sufficient amount of substrates
and O2 induces the maximal rate of respiration, called
“state 3 (active)” respiration. When all of the ADP is
phosphorylated to ATP, QO2 and ATP production
decrease (the phase called “state 4 resting” respiration).
The ratio of QO2 in state 3 and state 4 is termed the
“respiratory control index.” This change in respiration
was also demonstrated in proximal tubules permeabi-
lized to ADP by digitonin, in which QO2 was stimu-
lated by four- to five-fold by the addition of ADP.169

Nevertheless, the predominant parameter, (e.g., only
[ADP] itself, [ATP]/[ADP] ratio or [ATP]/[ADP][Pi]
ratio), should be determined by further studies using
mitochondria, and two conflicting hypotheses on mito-
chondrial phosphorylation have been proposed.

The first hypothesis indicated that the [ATP]/[ADP]
ratio is the rate-limiting step in oxidative phosphoryla-
tion.170 This hypothesis is founded on kinetic consid-
erations of adenine nucleotide translocase. Addition of
atractyloside, an inhibitor of ATP/ADP translocase,
caused inhibition of ADP influx into the mitochondrial
matrix and oxidative respiration.171 However, the data
from intact tissues with high oxidative phosphoryla-
tion capacities, i.e., heart, brain, and kidney, indicated
that the cytosolic concentration of ADP and Pi do not
change significantly with work.172

The second hypothesis, called the “near-equilibrium
theory,” stated that oxidative phosphorylation is depen-
dent on the phosphorylation potential.173,174 This
hypothesis suggested that oxidative phosphorylation is
regulated thermodynamically by four factors: (1)
[ATP]/[ADP][Pi] ratio; (2) intramitochondrial [NAD1]/
[NADH] ratio; (3) respiratory chain components, espe-
cially cytochrome c oxidase; and (4) oxygen concentra-
tion. This theory was partially correct, however,
oxidative phosphorylation is not always close to equilib-
rium, at least in isolated mitochondria.175

Furthermore, both of these hypotheses should be
re-evaluated by the determination of the cytosolic con-
centration of ATP, ADP, and Pi by nuclear magnetic
resonance (NMR) spectroscopy. NMR spectroscopy is
a method by which the radiofrequency signal of spe-
cific molecules (P, N, C, and H) in a strong magnetic
field can be recorded and quantified. There are partic-
ular features of this technology which can be applied
to the measurement of biological events as follows: (1)
the ability to define the chemical nature of phospho-
rus-containing molecules and follow their transition in
time; (2) completely nondestructive and repeated
determination is possible; (3) rapid determination over
a few seconds; and (4) wide application from isolated

mitochondria to intact kidney in vivo.176,177 Freeman
and colleagues quantified inorganic phosphate (Pi)
and high-energy phosphates in the isolated, function-
ing perfused rat kidney. Compared with enzymatic
analysis, 100% of ATP, but only 25% of ADP and
27% of Pi were visible by NMR spectroscopy,178 indi-
cating that a large proportion of both ADP and Pi are
bound to proteins in the intact kidney. The data
obtained by NMR spectroscopy, in conjunction with
biochemical assays, estimated the free concentration of
cytosolic ADP as approximately 30 μM178,179 and Pi as
0.6 mM.178 As a consequence, the [ATP]/[ADP][Pi]
ratio (phosphorylation potential) and [ATP]/[ADP]
ratio should be at least one order of magnitude higher
than previously estimated values.

There are several other theories on the regulation of
mitochondrial respiration. One claimed that the inter-
play of all aspects of oxidative phosphorylation affects
respiration control.180 Another new hypothesis implies
the regulation of respiration and ATP synthesis via
allosteric modification of respiratory chain complexes,
in particular of cytochrome c oxidase by metabolites,
cofactors, ions, hormones, and the membrane poten-
tial.181,182 At the moment, there seems no simple
answer to the question “what controls respiration?”
The answer varies with: (1) the size of the system
examined (mitochondria, cells or organs); (2) the con-
ditions (rate of ATP use, level of hormonal stimula-
tion); and (3) the particular organ examined.175

The Effect of Metabolism on Active Transport

Intracellular ATP and Cation Transport

The intracellular ATP content was reported
2B8 mM,165,183�187 and the Km value of α-subunits for
ATP was estimated to be 0.1 to 0.4 mM.188 Therefore,
Na1,K1-ATPase should be saturated for ATP under
physiological conditions. However, intact renal cells
normally function at almost half of their maximal
respiratory capacity.189 Harris measured cellular QO2

during stimulation and inhibition of the Na1,K1-
ATPase in mitochondria released from the rabbit renal
tubules by digitonin shock. In the presence of NADH-
linked substrates and fats, isolated renal cells respired
at 50 to 60% of the maximum occurring in state 3 res-
piration, and addition of ouabain resulted in a decline
in respiration to 25 to 30%. Stimulation of Na1,K1-
ATPase by nystatin resulted in increased respiration
with increased oxygen consumption.134 Gullans and
colleagues demonstrated that partial inhibition of oxi-
dative metabolism with rotenone caused proportional
reduction in QO2, ATP content, and absorption rates of
fluid and phosphate.190 The effect of inhibition of oxi-
dative metabolism on transport systems was also
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demonstrated using arsenate, which uncouples oxida-
tive phosphorylation.191

This inconsistency was explained through a study
by Soltoff and Mandel. In the membrane fraction of
the PT, Na1,K1-ATPase hydrolytic activity showed
saturated kinetics with a Km value of 0.4 mM for ATP.
In contrast, Na1,K1-ATPase activity was demonstrated

to have a linear, nonsaturating dependence on the
ATP concentration in the intact proximal cells
(Figure 6.11).186 The authors speculated that unknown
cytosolic factors in the intact renal cell, such as local
concentration of ADP, Pi, and Mg in the vicinity of
Na1,K1-ATPase may be different, which might
account for the discrepancy between the two

FIGURE 6.12 Structure and function of AMPK. (a) AMPK subunit composition. Details are described in the text. (b) Tertiary structure of
AMPK. (Adapted from 195 with permission).
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measurements. In contrast to Na1,K1-ATPase,
decreased concentration of cytosolic ATP does not sig-
nificantly alter the Ca21-ATPase activity, probably due
to its relatively high affinity for ATP.192

AMPK-Activated Protein Kinase (AMPK):
A Regulator of Energy Consumption
and Generation

For the last decade, numerous experimental data
have indicated the significant role of AMP-activated
kinase (AMPK) in the regulation of the energy con-
suming and producing process in the living cells.
AMPK appears to be the molecular entity which
Whittam had proposed as “the pacemaker of respira-
tion.” AMPK has been extensively analyzed in the reg-
ulation of metabolism of carbohydrate, lipid, protein,
and other cellular functions, such as cell polarity and
growth; several studies have demonstrated its critical
roles in solute transport in the kidney. In this section,
we will review AMPK, and thereafter describe its role
in the kidney.

AMP-Activated Protein Kinase (AMPK)

The AMP-activated protein kinase is an evolution-
arily conserved heterotrimeric kinase acting as an
ultrasensitive cellular energy sensor.193�195 AMPK is
activated by increased levels of cytoplasmic AMP, and
controls various energy-dependent cellular processes.
Recent studies have shown that the activities of mem-
brane proteins, such as epithelial Na1 channel (ENaC),
Na1-K1-2Cl2 co-transporter (NKCC2), cystic fibrosis
transmembrane conductance regulator (CFTR), and
vacuolar H1-ATPase, are regulated by AMPK.193 This
evidence strongly suggests that energy sensing by
AMPK would be a physiologically relevant mechanism
by which renal tubular cells maintain tight coupling
between energy metabolism and tubular transport.193

AMPK appears to be the molecule which couples cel-
lular respiration and solute transport proposed by
Whittam and colleagues (Figure 6.11). In this section
the biological basis of AMPK is briefly reviewed, and
the current information on AMPK in solute transport
in the kidney will be described.

Discovery of AMPK as an Ultrasensitive
Cellular Energy Sensor

In 1980, Yeh et al. demonstrated that the rate of
phosphorylation and inactivation of rat liver acetyl-
CoA carboxylase (ACC) was stimulated by AMP and
inhibited by high levels of ATP196. In 1988, Munday
and colleagues demonstrated that the enzyme formerly
called acetyl-CoA carboxylase kinase-3 (ACC kinase-3)

reduces the maximum velocity of ACC, and they pro-
posed the name of AMP-activated protein kinase for
ACC kinase-3.197 Mammalian AMPK was first purified
and sequenced by two groups from porcine or rat
liver.198,199 Subsequent studies revealed that AMPK
acts to balance energy status by stimulating pathways
leading to ATP synthesis and inhibiting those leading
to ATP consumption.

One of the best characterized pathways and sub-
strates regulated by AMPK is 3-hydroxy-3-methylglu-
taryl (HMG)-CoA reductase, the rate-limiting enzyme
for cholesterol synthesis.195 Other than enzymatic
activities, diverse biological processes have been
reported to be regulated by AMPK, such as cellular
nutrient uptake, protein synthesis, gene transcription,
inflammation, autophagy, cellular polarity, and nitric
oxide synthesis.195 In addition to these metabolic pro-
cesses, recent studies have indicated that solute trans-
port is also regulated by AMPK.193

Structure and Regulation of AMPK

Mammalian AMPK is a heterotrimeric protein that
comprises of two α-subunits, two regulatory β-sub-
units, and three regulatory γ-subunits allowing for
the generation of 12 different heterotrimeric
complexes193,195,200 (Figure 6.13). γ-Subunits have sev-
eral spliced variants.193 The AMPK α1- and α2-subu-
nits are approximately 550 residue proteins, and
comprise an N-terminal kinase domain, followed by
an auto-inhibitory sequence (AIS), and a β-subunit
interacting domain. Phosphorylation at Thr271 in the
α-subunit kinase domain is essential for activation of
AMPK, and significantly increases its kinase activ-
ity.201 β-Subunits have a carbohydrate-binding domain
(CBM) in their central region, which binds glycogen
and regulates AMPK activity. The C-terminus of
β-subunits is necessary for the formation of αβγ AMPK
heteromer. γ-Subunits possess the binding sites for
AMP, which is the key process for the regulation of
AMPK activity. In the c-terminus of γ-subunits, there
are four cystathione-β-synthase (CBS) domains, and
two CBS domains form one Bateman domain which
bind AMP or ATP.202 The Bateman domain has higher
affinity for AMP than ATP, and the Kd for ATP is
3.3-fold higher than that for AMP.202 The activity of
AMPK is regulated by the concentration of AMP and
an increase in the AMP/ATP ratio. As AMP levels
rise, there is a resulting AMP binding to the Bateman
domain of the regulatory γ-subunit.202

When ATP is utilized and its intacellular level
decreased, cellular concentrations of AMP increase
drastically, which leads to activation of AMPK, and
activated AMPK regulates the energy homeostasis by
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stimulating energy production and minimizing energy
consumption. AMPK activity is regulated by three
mechanisms.194 First, AMP allosterically activates
AMPK complex in mammalian cells.194 Second, AMP
binding to the Betaman domain of the γ-subunit
activates phosphorylation of Thr271 by upstream
AMPK kinases. The third is that AMP binding to
AMPK significantly reduces the dephosphorylation of
Thr172 by 2Cα dephosphorylation phosphatase.200

These three mechanisms make AMPK very sensitive to
energy status, i.e., changes of cellular AMP and ATP
concentration.

So far, three physiological kinases upstream of
AMPK have been identified, namely LKB1, CaMKKβ
(Ca21/calmodulin-dependent protein kinase kinase β),
and TAK1 (a member of the mitogen-activated protein
kinase kinase family).200

Expression of AMPK in the Kidney and
Localization along the Nephron Segment

Expression of the AMPK catalytic α-subunit and its
enzymatic activity was examined in various tissues.203

In the rat, mRNA of the α1-subunit of AMPK was
ubiquitously expressed among tissues including heart,
brain, spleen, lung, liver skeletal muscle, and kidney,

whereas the α2-subunit is strongly expressed in the
heart, liver, and skeletal muscle, but its expression was
comparatively weak in the brain, lung and kidney.
Expression of α1- and α2-subunit protein showed simi-
lar patterns to those of mRNA: mRNA of the α2-sub-
unit in the kidney was very weak. In terms of kinase
activity, AMPK activity was highest in the kidney, fol-
lowed by liver, lung, heart, and brain. Taken together,
the kidney possesses very high AMPK activity, and its
main α-subunit is α1.

Localization of AMPK subunits along the nephron
segments has been investigated in the rat.204,205

Immunoprecipitation and Western blot of protein
lysates from whole rat kidney showed that the α1 cata-
lytic subunit is expressed in the kidney, associated
with the β2- and either γ1- or γ2-subunits. Phospho-
Thr172 AMPK (pThr172) was expressed on the apical
surface of the cortical thick ascending limb of the loop
of Henle, including the macula densa, and some parts
of the distal convoluted tubule. α1-pThr172 AMPK was
also expressed on the basolateral surface of the cortical
and medullary collecting ducts, as well as some por-
tions of the distal convoluted tubules.204 In another
study, AMPK catalytic α2-subunits were expressed in
the isolated distal tubule.205 There seems some species
difference as to which isoform(s) of each subunit are
predominantly expressed in the nephron segment.193

At the moment, there is limited information on the
expression of AMPK isoforms in the kidney. Further
studies are required to elucidate the significance of
AMPK in the kidney, because there are remarkable dif-
ferences in the metabolic profile among the nephron
segments, as described in this chapter.

Regulation of Solute Transport by AMPK

Recently, regulation of renal solute transport by
AMPK has been examined in several important trans-
port and channel proteins. Low sodium and low chlo-
ride conditions activate AMPK in the murine macula
densa cells indicating a potential role of AMPK in salt
homeostasis in the body.204 As is been expected,
AMPK regulates the solute transport in accordance
with the energy status in the kidney cells.

NA1,K1-ATPASE

Considering the relationship between the cellular
energy status and solute transport activity, Na1,K1-
ATPase is the membrane protein whose regulation by
AMPK should first be elucidated in the kidney. So far,
no definite information on this relationship in the kid-
ney has been reported, while it was examined in the
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FIGURE 6.13 Proposed role for AMPK. Deduced role of AMPK
in the kidney. Catabolic pathway requiring ATP hydrolysis (primar-
ily sodium transport) and metabolic pathways leading to ATP syn-
thesis (primarily fatty acid and glucose oxidation) are depicted.
(Adapted from 193 with permission.)
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lung cells. Woollhead and colleagues examined the
effect of AMPK on Na1,K1-ATPase using H441 lung
cells.206,207 H441 human lung epithelial cells
express α1 and α2 catalytic subunits of AMPK, and
additional activators of AMPK, phenformin and
5-aminoimidazole-4-carboxamide-1-beta-D-ribofurano-
side (AICAR), to H441 cells increased AMPK activity
in a dose-dependent fashion. Both agents significantly
decreased basal ion transport (measured as short cir-
cuit current) across H441 monolayers by approxi-
mately 50% compared with that of controls.
Phenformin and AICAR significantly reduced amilor-
ide-sensitive transepithelial Na1 transport compared
with controls. This was a result of both decreased Na1,
K1-ATPase activity and amiloride-sensitive apical Na1

conductance.
Vadász et al. examined the mechanisms regulating

CO2-induced Na1,K1-ATPase endocytosis in alveolar
epithelial cells (AECs).208 They showed that elevated
CO2 levels are sensed by AECs, and that AMPK
mediates CO2-induced Na1,K1-ATPase endocytosis.
Elevated CO2 levels caused a rapid activation of
AMPK in AECs. Activation of AMPK was mediated by
a CO2-triggered increase in intracellular Ca21 concen-
tration and Ca21/calmodulin-dependent kinase
kinase-β (CaMKK-β). Chelating intracellular Ca21 or
abrogating CaMKK-β function prevented the CO2-
induced AMPK activation in AECs. Activation of
AMPK or overexpression of constitutively active
AMPK was sufficient to activate PKC-zeta and
promote Na1,K1-ATPase endocytosis. Inhibition or
downregulation of AMPK using dominant-negative
AMPK-α1 prevented CO2-induced Na1,K1-ATPase
endocytosis.

The Epithelial Na1 Channel (ENaC)

Oocytes microinjected with mouse ENaC (mENaC)
with either active AMPK protein or an AMPK activa-
tor inhibited mENaC currents relative to controls, as
measured by two-electrode voltage-clamp studies.209

In addition, pharmacological AMPK activation or over-
expression of an activating AMPK mutant in mpkCCD
(c14) cells inhibited amiloride-sensitive short circuit
currents via ENaC. However, AMPK did not bind
ENaC or phosphorylate ENaC in vitro.209 Furthermore,
they demonstrated that AMPK promotes ENaC-
Nedd4-2 interaction, thereby inhibiting ENaC by
increasing Nedd4-2-dependent ENaC retrieval from
the plasma membrane. The results indicated that
AMPK-dependent ENaC inhibition is mediated
through a decrease in the number of active channels at
the plasma membrane, presumably due to enhanced
Nedd4-2-dependent ENaC endocytosis. This regulation

of ENaC by AMPK was confirmed by AMPK α1-KO
mice.210 Almaça et al. demonstrated AMPK-α1 KO
mice showed enhanced electrogenic Na1 absorption,
and that AMPK uses the ubiquitin ligase Nedd4-2
to inhibit ENaC by increasing ubiquitination and
endocytosis of ENaC, leading to the enhanced
expression of ENaC detected in the colon, airways,
and kidney of AMPK-α1 KO mice.

Bhalla et al. examined the effects of AMPK activa-
tion on ENaC currents in Xenopus oocytes co-expres-
sing ENaC and wild-type (WT) or mutant forms of
Nedd4-2. ENaC inhibition by AMPK was blocked in
oocytes expressing either a dominant-negative or con-
stitutively active Nedd4-2 mutant, suggesting that
AMPK-dependent modulation of Nedd4-2 function is
involved.211 Moreover, cellular AMPK activation
significantly enhanced the interaction of the β-EnaC-
subunit with Nedd4-2, as measured by co-immunopre-
cipitation assays in HEK-293 cells.

Na1-K1-2Cl2 Co-transporter 2 (NKCC2)

It has been known that renal-specific NKCC2 (Na1-
K1-2Cl2 co-transporter 2) is regulated by changes in
phosphorylation state, however, the phosphorylation
sites and kinases responsible have not been fully eluci-
dated. Fraser et al. demonstrated a physical association
between AMPK and the N-terminal cytoplasmic
domain of NKCC2 by immunoprecipitation experi-
ments.212 Activation of AMPK in the mouse macula
densa-derived 1 cell line resulted in an increase in
Ser126 phosphorylation of NKCC in situ, suggesting
that AMPK may phosphorylate NKCC2 in vivo. When
exogenously expressed in Xenopus laevis oocytes,
S126A mutated NKCC showed a marked reduction in
co-transporter activity. Thus, Ser126 in the N-terminus
of NKCC2 was identified as a novel activating phos-
phorylation site by AMPK.

The Vacuolar H1-ATPase (V-ATPase)

V-ATPase subcellular localization in intercalated
cells by PKA and AMPK was examined in rat kidney
tissue slices ex vivo.213 Immunofluorescence labeling of
kidney slices revealed that the PKA activator induced
V-ATPase apical membrane accumulation in collecting
duct intercalated cells. Pre-incubation of kidney slices
with an AMPK activator blocked V-ATPase apical
membrane accumulation induced by PKA activator,
suggesting that AMPK antagonizes cAMP/PKA effects
on V-ATPase distribution.

The Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR)

The cystic fibrosis transmembrane conductance regula-
tor is an ATP-gated Cl2 channel that regulates other
epithelial transport proteins. Using a yeast two-hybrid
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screening technique, the α1- and α2-subunit of AMPK
was identified as a novel interacting protein. AMPK phos-
phorylated full-length CFTR in vitro, and AMPK co-
expression with CFTR in Xenopus oocytes inhibited
cAMP-activated CFTR whole-cell Cl2 conductance by
approximately 35�50%.214

Other Transport Proteins and Channels Regulated
by AMPK

Other than the above-mentioned transporters and
channels, several membrane proteins have been
reported to be regulated by AMPK. These include a
Na1-coupled glucose carrier SGLT1215 and an ATP-
sensitive K1 (KATP) channel.

216

Other Factors Linking Transport and Cellular
Metabolism

ATP-Sensitive Cation Channels

ATP-sensitive K1-channels (K1-ATP channels), the
activity of which are inhibited by micromolar to milli-
molar concentrations of ATP, contribute to the potas-
sium balance by coupling cellular metabolism with K1

transport.217�219 Tsuchiya of the Welling laboratory
identified K1-ATP channel activity at the basolateral
membrane in the PT, which is a major determinant of
the macroscopic K conductance.220 The open probabil-
ity of K1-ATP channel determined by the intracellular
ATP concentration altered the extent of K recycling: a
decrease in intracellular ATP by stimulation of Na1,
K1-ATPase activity increased the macroscopic K con-
ductance, and intracellular ATP loading uncoupled the
response. Wang and Giebisch demonstrated the effect
of ATP on the small-conductance potassium channel in
the apical membrane of CCD using the patch-clamp
technique.221 A dual effect of ATP was observed: low
concentrations of ATP (0.05�0.1 mM) restored channel
activity in the presence of cAMP-dependent PKA,
while high concentrations of ATP (1 mM) and ADP
(1.2 mM) blocked it completely. The dual effect of ATP
was explained by assuming: (1) ATP-dependent PKA-
mediated phosphorylation of the potassium channel
under physiological conditions; and (2) direct inhibi-
tory action of high concentrations of ATP on the chan-
nel activity. ATP-sensitive K1 channels, the open
probability of which was downregulated by ATP con-
centrations greater than 0.1 mmol/l, were also identi-
fied in the TAL.222 These studies indicate that ATP
acts as a coupling modulator between cellular metabo-
lism and K1-ATP channel activity, and regulates the
transepithelial transport of K1. Tsuboi and co-workers
investigated the molecular effect of ATP on a Kir6.2, a
K1-ATP channel. ATP inhibits the channel activity by
binding to a specific site formed by the N- and C-

termini of the pore-forming subunit. The structural
changes associated with the interaction of ATP with
Kir6.2 were as follows: (1) the interaction between the
N- and C-terminal domains was altered; (2) both intra-
subunit and intersubunit interactions were probably
involved; (3) ligand binding and not channel gating
was affected; and (4) these effects occurred in intact
cells when subplasmalemmal ATP concentrations
changed in the millimolar range.223

The regulation of cation transport by intracellular
ATP was also identified in a stretch-activated nonselec-
tive cation channel in the basolateral membrane of the
PT.224 This cation channel is primarily regulated by
stretching (membrane deformation), depolarization,
and hypotonic swelling. In addition, intracellular ATP
reversibly blocks this cation channel (Ki approximately
0.48 mM). Thus, this cation channel activity is coupled
to the metabolic state of the cell, particularly when
intracellular ATP is depleted, as occurs during
increased transepithelial transport or ischemia.

Purinergic Receptors

ATP and its metabolites, ADP, UTP, and UDP, act
as extracellular signaling molecules via purinergic P2
receptors.225�227 ATP is readily released from epithelial
cells across their luminal membrane when the cells are
damaged by ischemia or the toxic effects of exogenous
compounds. ATP released from the cells is metabo-
lized by ecto-nucleotidases, and thereby acts on the
epithelial cells as paracrine and autocrine regulators.
Mammalian P2 receptors are subdivided into P2Y
(G-protein-coupled) and P2X (ligand-gated channels).
In the kidneys, P2 receptors are expressed both in the
basolateral and luminal membranes, and induce a vari-
ety of biological effects. In the distal nephron, luminal
nucleotides inhibit Ca21 and Na1 absorption and K1

secretion via the P2Y2 receptor. In steroid-sensitive
cells, luminal ATP/UTP inhibits epithelial Na1 chan-
nel-mediated Na1 absorption. Adenosine generated by
ecto-nucleotidases may introduce further effects on ion
transport, often opposite to those caused by ATP.
Bailey demonstrated that activation of the P2Y1 recep-
tor impairs acidification in the PT through inhibiting
the reabsorption of bicarbonate.228 As well as having
effects on solute transport, P2 receptors also modulate
cellular metabolism. Cha and Endou demonstrated
that renal gluconeogenesis was increased via P2Y stim-
ulation.229 The suggested functions of luminal P2
receptors include: (1) an epithelial “secretory” defense;
(2) the regulation of cell volume when transcellular
solute transport is out of balance; and (3) autocrine/
paracrine regulators mediating cellular protection and
regeneration after ischemic cell damage.225

Nephrons are also equipped with adenosine/P1
receptors, which have been further subdivided into
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four subtypes, A1, A2A, A2B, and A3, all of which
couple to G-proteins.226 Adenosine is produced by bio-
chemical reactions, and by the extracellular cAMP-
adenosine pathway, in which cAMP effluxed from
cells is converted to adenosine by the serial actions of
ecto-phosphodiesterase and ecto-5’-nucleotidase.230

Adenosine modulates Na1,K1-ATPase via A1 and A2
adenosine receptors.231

Nitric oxide (NO)

In the kidney, nitric oxide participates in
several regulatory processes, including those for the
glomerular and medullary hemodynamics, the tubulo-
glomerular feedback, renin release, and the extracellu-
lar fluid volume.232,233 NO is formed from L-arginine
by NO synthases (NOSs), a family of related enzymes
encoded by separate unlinked genes. Three isoforms of
NOS, i.e., nNOS (or NOS I), eNOS (or NOS III), and
iNOS (or NOS III) were shown to be expressed in the
kidney with distinct localization.232,234 NO affects
transporters and channels, such as Na1,K1-ATPase,
NHE3, NKCC2, H1-ATPase, and K1-channels, in a
segment-specific manner.233 For examples, NO inhib-
ited Na1,K1-ATPase in PT cells, while it did not
change Na1,K1-ATPase activity in the TAL and
CCD.233 NO also affects mitochondrial QO2. Granger
and Lehninger initially observed an inhibition of mito-
chondrial electron transport in a murine cell line
exposed to endotoxin-stimulated macrophages,235 and
subsequently NO was suggested to mediate this phe-
nomenon.236 NO inhibits QO2,

237 and conversely nitro-
L-arginine, a NO synthesis inhibitor, increases QO2.

238

The inhibitory effect of NO on QO2 appears to occur
reversibly through the direct inhibition of the mito-
chondrial electron transport chain.239,240 Adler et al.
investigated the effects of renal NO production on
QO2 using eNOS KO mice.241 Basal QO2 in the renal
cortex was higher in eNOS KO mice than in the hetero-
zygous control mice. NO production stimulated by
bradykinin or ramiprilat decreased QO2 to a lesser
extent in eNOS KO mice than in the control mice.
These results indicate that NO production via eNOS
regulates the renal QO2. Laycock and colleagues indi-
cated that NO plays a role in maintaining a balance
between QO2 and sodium reabsorption in the dog.242

The administration of nitro-L-arginine decreased
sodium reabsorption, and increased renal QO2.

PATHOPHYSIOLOGICAL STATES IN
ENERGY PRODUCTION IN THE KIDNEY

Pathophysiological states, in which energy produc-
tion is inhibited, lead to significant alterations in renal

function. In this final section, we focus on these patho-
physiological states.

Mitochondrial Cytopathies

Mitochondrial cytopathies are metabolic diseases
caused by mutations in nuclear DNA or mitochondrial
DNA encoding the proteins involved in the mitochon-
drial oxidative chain. These genetic lesions alter mito-
chondrial oxidative phosphorylation, with a reduction
in energy produced for cell activity.243 The manifesta-
tion of mitochondrial cytopathies occurs in tissues
where energy requirement is high, such as skeletal
muscle and brain. Given the high energy utilization in
the kidney, it is not surprising that mitochondrial cyto-
pathies cause dysfunction of renal transport, and vari-
ous renal involvements in mitochondrial diseases have
been reported.

In most cases of Fanconi syndrome, a generalized
dysfunction of proximal tubular cells results in gluco-
suria, aminoaciduria, and phosphaturia.244�249 In
patients manifesting Fanconi syndrome, defects in
complex IV (CCO) activities are most commonly
detected.247 Bartter syndrome,250 acute renal failure,251

chronic renal failure,252 and chronic tubulointerstitial
nephritis253,254 were also reported. The renal tubule in
patients with mitochondrial disease may be susceptible
to renal hypoxic injury and acute renal failure. In the
renal tissues of patients with mitochondrial cytopa-
thies, giant and degenerated mitochondria are
observed by electron microscopy.255,256 Glomerular
involvement was occasionally reported.245,257�261

Renal Ischemia

Ischemia-induced renal dysfunction involves multi-
factorial events, and there are two effects regarding
tubular damage due to ischemia: effects that occur
during ischemia; and those occurring during reperfu-
sion (reoxygenation), although these two factors are
not always separable.262 If the ischemic damage is
severe, tubular cells undergo necrosis and/or
apoptosis.

Necrosis is characterized by the progressive loss of
cytoplasmic membrane integrity, rapid influx of Na1,
Ca21, and water due to the disturbance of several
ATP-dependent ion channels, which results in cyto-
plasmic swelling, the disruption of the actin cytoskele-
ton, nuclear pyknosis, and eventual collapse of the
cells.263,264 Necrosis is considered to be mediated by
ATP depletion,265 the redistribution of Na1,K1-
ATPase,266 an increase in free cytosolic Ca21,267 reac-
tive oxygen species generation,268 and activation of
several enzymes, such as proteases, phospholipases,
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and endonucleases. Apoptosis is a highly coordinated
process mediated by active intrinsic mechanism or
extrinsic factors.264

Both apoptosis and necrosis occur simultaneously in
acute renal failure (ARF),269 and the relative contribu-
tion of the two mechanisms depends on the severity of
the injury and the cell type.270 Lieberthal et al. investi-
gated the effect of graded ATP depletion ranging from
2 to 70% of control levels induced by either antimycin
or 2-deoxyglucose in mouse PT cells.271 The cells sub-
jected to ATP depletion to less than 15% of the control
level developed necrosis uniformly. In contrast, the
cells subjected to ATP depletion to between 25 and
70% of control levels developed apoptosis. A narrow
range of ATP depletion exists (15 to 25% of control
level), representing a threshold that determines
whether cells die by necrosis or apoptosis. The degree
of cellular GTP depletion plays also a crucial role in
determining the mode of cell death.272

ATP Depletion during Acute Ischemia and its
Consequence

After one minute of ischemia, whole kidney ATP
content decreased by 70%,273 and after 10 minutes
renal ischemia ATP levels fall quickly to less than 10%
of control values.274 During ischemia, tubular cells
should maintain ATP content by anaerobic metabo-
lisms, and the vulnerability of each nephron segment
depends partly on the glycolytic properties. The S3
(PST) segment of the PT is extremely susceptible to
ischemic injury, because of its low glycolytic capacity,
and severe ATP depletion leads to necrotic cell death
in this segment. In the rabbit PT, hypoxia (1% O2)
induced lactate production, whereas anoxia (0% O2)
failed to stimulate glycolysis. The addition of ouabain
during rotenone treatment reduced lactate production
by 50%, indicating that glycolytic ATP can be used to
fuel the Na1,K1-ATPase when mitochondrial ATP
production is inhibited. In addition, this study sug-
gested that mitochondrial inhibition is not obligatorily
linked to the activation of glycolysis.275

Weinberg and colleagues investigated anaerobic
metabolism other than glycolysis in the PT during
ischemia.276,277 A severe mitochondrial energy deficit
in the PT subjected to hypoxia/reoxygenation was pre-
vented, and reversed by supplementation with α-keto-
glutarate (α-KG) and aspartate. The anaerobic
metabolism of α-KG and aspartate generated ATP, and
maintained the mitochondrial membrane potential.
Malate and fumarate were also effective singly or in
combination with α-KG, while succinate showed a pro-
tective effect only during reoxygenation. In other stud-
ies, Weinberg and co-workers further demonstrated
that the events upstream of complex I are important
for the energetic deficit in the PT during hypoxia.278

The TAL possesses a relatively greater glycolytic
capacity than the PT, and is less vulnerable to ischemic
injury.279,280 In a suspension of rabbit MTAL under
anoxic conditions, anaerobic metabolism maintained
73% of cellular ATP during 10 minutes of anoxia, and
exposure of anoxic tubules to iodoacetate, an inhibitor
of glycolysis, resulted in a 57% decline in ATP levels,
indicating that glycolysis is an important pathway in
supplying energy during anaerobiosis in MTAL.149

The cellular damage of the TAL by ischemia is influ-
enced by cellular transport. The TAL develops a spe-
cific structural lesion during perfusion of the isolated
rat kidney. The fraction of the TAL showing severe
damage was reduced by furosemide, but not by acet-
azolamide, and the lesion was also eliminated by per-
fusion with ouabain or by preventing glomerular
filtration.281

Mitochondrial Injury during Reperfusion

It is known that cell death following ischemia-reper-
fusion is closely related to functional changes in the
mitochondria. Liu et al. revealed that apoptotic
programmed death is associated with the release of
cytochrome c (cyt c) due to caspase (cysteinyl aspar-
tate-specific proteinase) activity.282 Cyt c release is
dependent on the site and the type of mitochondrial
injury. Isolated mouse PT was subjected to mitochon-
drial oxidative phosphorylation inhibitors, rotenone
and antimycin A or hypoxia. Antimycin A caused a
significantly higher level of cyt c release from the PT
than rotenone or hypoxia.283 The efflux of cyt c and
other apoptosis-related compounds, such as apotosis-
inducing factor (AIF) and pro-caspases-2, -3, and -9, is
mediated by the disrupted mitochondrial membrane
or MPT (mitochondrial permeability transition).284

Although the precise molecular mechanism of MPT
remains to be elucidated, MPT occurs by a multipro-
tein channel composed of a voltage-dependent anion
channel (VDAC), which comprises a nonselective
channel for any substances with a molecular mass less
than 15 kDa,285 and adenine nucleotide translocase
(ANT).

ATP depletion causes an increase in cellular free
Ca21,286,287,288 and this phenomenon causes mitochon-
drial injury and apoptosis in renal tubular cells.
Tanaka and colleagues demonstrated that voltage-
dependent Ca21 channels are involved in cellular and
mitochondrial accumulation of Ca21 due to ATP
depletion.289

Chronic Ischemia

Recently, accumulating evidence has emphasized
the effects of chronic hypoxia on renal structure and
function.290 In the advanced stage of renal dysfunction
with tubulointerstitial damage, peritubular capillaries
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are lost, and the development of interstitial fibrosis
decreases oxygen diffusion to tubules. As a conse-
quence, nephron segments are exposed to chronic hyp-
oxia, and this in turn exacerbates renal insufficiency.
Diffuse cortical hypoxia was demonstrated in the
puromycin aminonucleoside-induced nephrotic syn-
drome and focal and segmental hypoxia in a remnant
kidney model.291

When cells are exposed to hypoxia, the activation of
hypoxia-inducible factor-1 (HIF-1) occurs, which is a
primary defensive mechanism against hypoxia.292,293

HIF-1 transcriptionally regulates many factors associ-
ated with hypoxia, such as the increased expression of
VDGF,294 erythropoietin,295 a glucose transporter
(Glut-1),296 and PGK,297 thereby chronic hypoxia alters
the cellular transport and metabolism via HIF-1 activa-
tion. It is suggested that the induction of the HIF sig-
nal, which adapts the renal cells to hypoxia, may be a
therapeutic option against the development of renal
dysfunction.

Nephrotoxicants

Several nephrotoxic drugs, such as certain cephalos-
porins,298 tacrolimus and sirolimus,299 cadmium metal-
lothionein,300 probenecid,301 prednisolone and
azathioprine,302 and cyclosporine A,303 were shown to
impair mitochondria and cellular metabolism.
Ochratoxin A, a mycotoxin, also inhibits mitochondrial
oxidative phosphorylation in the PT.304 In contrast,
enalapril and losartan attenuate mitochondrial
dysfunction.305

A Novel Technology Analyzing Renal Blood
Oxygenation

Recently, a novel technique called the Blood
Oxygen Level-Dependent (BOLD) MRI method has
been applied to renal physiology. The BOLD MRI
method measures blood deoxyhemoglobin, and indi-
rectly estimates intrarenal oxygenation in a noninva-
sive fashion, allowing sequential measurements in
humans as well as animals in response to a variety of
physiological or pharmacological stimuli with high
reproducibility.306,307 The effects of diuretics on renal
oxygenation were investigated using the BOLD
method. Furosemide, but not acetazolamide, increased
medullary oxygenation by inhibiting active transport
and QO2 in the medullary thick ascending limb, con-
sistent with their separate sites of action in the neph-
ron.308 The effect of furosemide on medullary
oxygenation was absent or slight in an elderly human
population.309 Moreover, the BOLD method was
applied to changes in intrarenal oxygenation in a

variety of pathophysiological states, such as an acute
reduction in RBF,310 the diabetic state,311 and the
administration of NO synthase inhibitor.312 BOLD-con-
trast imaging appears to predict the tissue at risk from
ischemia by revealing information on the balance
between tubular workload and delivery of oxygen.311

Refined methods with improved visualization and
more precise quantification have been developed.313

CONCLUSIONS

Most of the energy produced in the kidney is pri-
marily utilized for the active reabsorption of Na1,
which further drives the cellular and paracellular
transport of water and solutes. Renal metabolism for
energy production is regulated by transport activity,
and conversely, transport is affected by the cellular
energy status. The intracellular adenine nucleotide
level is an important regulatory factor for metabolism
and transport; however, the interactions of these two
processes are diverse and complex. For the last decade,
AMPK was identified as the critical molecule for
the regulator of cell metabolisms in various cells.
Although the current information on its importance in
the kidney is not abundant, emerging evidence has
demonstrated its significance in the kidney, especially
in energy metabolism in several solute transports.
Other regulators, such as ATP-sensitive cation chan-
nels, NO, and purinergic receptors, should play some
roles. Futher studies are required to elucidate the fine
regulatory mechanisms for renal transport and cellular
metabolisms. A novel methodology, BOLD MRI, will
provide some progress in this field.

From pathophysiological viewpoints, the susceptibility
of the kidney to ischemia and agents affecting energy
production are critical clinical issues. Not only the role of
acute ischemia, but also that of chronic ischemia in the
kidney is now beginning to be a novel research subject.
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INTRODUCTION

In this chapter we discuss electrophysiological
approaches to the study of renal function. The purpose
is to provide an overview of the available techniques,
with particular emphasis on what can be learned using
the latest methods. However, the chapter is neither a
technical manual nor a comprehensive review of the
literature. For this, we refer the reader to other sections
of the book which deal with specific nephron segments
and transport mechanisms. Finally, we will not derive
mathematical equations from first principles. Those
equations that are essential to the text are provided in
the main body of the chapter, while the more detailed
formulae are described in the appendices.

We have arbitrarily divided the field of epithelial
electrophysiology into three major sections. The first
describes measurements of transepithelial electrical
properties. The second section focuses on the use of
intracellular microelectrodes to discriminate apical
and basolateral membrane properties. The final section
deals with the technique of patch clamping to
investigate the functional characteristics of individual
ion channels, and in some cases their molecular
identification.

The interpretation of electrical signals from epithelia
is complicated by the geometry of the tissues. At least
three structures within an epithelium contribute to its
electrical properties: the apical plasma membrane; the
basolateral plasma membrane; and the paracellular
pathway. The individual cell membrane properties
will, in turn, be determined by various conductive

pathways, including those of passive or dissipative
pathways, through which ions flow driven by their
own electrochemical potential differences, and active
transport, which can use metabolic energy to drive
ions against these potential differences. The paracellu-
lar pathway, in turn, consists of the tight junctions con-
necting the epithelial cells and the lateral interspaces
between the cells.

The electrical properties of this complex structure can
be most easily understood in terms of equivalent circuits.
A comprehensive equivalent circuit of a generic reab-
sorbing epithelium is illustrated in Figure 7.1. Electrolyte
diffusion across the apical membrane can be separated
into its constituent ionic pathways, as shown by the
expanded view of the apical membrane in Figure 7.1.
Each ionic pathway is associated with an electromotive
force (EMF) or battery representing the chemical poten-
tial for each ion. Electrogenic carriers such as the Na-glu-
cose co-transporter can also be represented by an
additional resistor (Rglu) and EMF (Eglu) in parallel with
the diffusional elements. All of the batteries and resistors
can be lumped respectively into a single apical EMF
(Eap) and a single resistance Rap as shown in the center
diagram. The basal membrane has a similar set of ele-
ments: Rb and Eb which represent a dissipative ion path-
way in parallel with an active transport pathway,
represented by a resistor (Rap) and an EMF (Ep). Thus:

Ex 5 2
RT

ziF
Ln

½X1�
½X2�

ð7:1Þ

where [X1] and [X2] are the concentrations of ion X on the
two sides of the membrane, and zi is the charge on the
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ion. The weighting factor for each ion is the transference
number, tx, which expresses the fraction of membrane
conductance that is attributable to that particular ion:

tx 5
gx
gtot

ð7:2Þ

where g represents the conductance of the individual
ion pathways and gtot is the total ionic conductance of
the membrane. In most cases gtot will simply be the
sum of the Na, K, and Cl conductances of the barrier.
Hence, the total EMF can be generally expressed by
the equation:

E5 tNaENa 1 tKEK 1 tClECl

52
RT

F

X
x5Na;K;Cl

tx
zx

Ln
½X1�
½X2�

ð7:3Þ

The overall goal of classical electrophysiology,
described in the first two sections of this chapter, is to
evaluate the different elements of this equivalent

circuit, to quantify the various resistances and EMFs,
and to describe the extent to which they change
during regulation. To this end, it has often been desir-
able to use reductions of the main equivalent circuit
of Figure 7.1, and to work under conditions in
which these reduced circuits are applicable. Such
simplifications are discussed in more detail in the
sections entitled, “Transepithelial Measurements” and
“Intracellular Measurements.” Finally, the section enti-
tled, “Measurements of Individual Ion Channels”
describes application of the patch clamp technique to
epithelia, and permits a description of ion transport in
more molecular terms.

The rationale for representing the pump by a resis-
tance and an EMF is discussed further in the section
entitled “Intracellular Measurements.” Briefly, the Ep

represents the maximum amount of energy that the
pump derives from splitting ATP or, alternatively, the
maximum electrochemical potential difference against
which the pump can operate. The pump pathway
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FIGURE 7.1 Electrical equivalent circuit for a general epithelium. Each membrane or barrier is associated with an electromotive force (E)
that represents the weighted average of the ionic diffusion potentials at that barrier. Electrogenic carriers (such as the apical Na-glucose
co-transporter) and electrogenic pumps (such as the basolateral Na,K-ATPase) can also be formally represented by a series resistor and an
associated EMF. The lateral network takes into account the nonzero electrical resistance of the lateral intercellular spaces.
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must also include a non-zero internal resistance. The
magnitude of this internal resistance is determined by
the actual current�voltage relation for the membrane
bound Na-K-ATPase. To maintain generality, all mem-
brane resistances are shown as variable resistors to
include the possibility of intrinsic or extrinsic regula-
tion of ion channels.

Although the paracellular pathway is not a mem-
brane barrier, it can also be modeled by resistive (Rtj)
and electromotive elements (Epar). A lateral network
(indicated to the right of the main circuit) is also
included in the model. This network takes into consid-
eration the finite resistance of fluid in the lateral
spaces. This aspect of the circuit becomes important
for calculation of individual membrane resistances
from voltage deflection experiments (see Section enti-
tled “Intracellular Measurements”).

TRANSEPITHELIAL MEASUREMENTS

Measurements of transepithelial electrical properties
are by far the simplest to perform, and the most difficult
to interpret. They are easy to carry out because they are
non-invasive; only extracellular electrodes are employed.
They are difficult to interpret because the parameters
which can be measured reflect, in most cases, a combina-
tion of many of the circuit elements shown in Figure 7.1.
In this chapter we will describe how transepithelial tech-
niques are used to measure three basic parameters that
characterize an epithelium: transepithelial voltage; transe-
pithelial resistance; and short-circuit current. We will then
discuss a number of special extracellular approaches
which have been employed to gain additional insights
into epithelial properties.

Measurement of Transepithelial Voltage

Methods of measuring transepithelial voltage (Vte)
are conceptually simple. In principle, the potential dif-
ference between two electrodes placed on either side
of the epithelium is simply determined with an appro-
priate electrometer. With flat epithelia that can be
mounted in Ussing chambers, the transepithelial elec-
trodes are placed in the two bathing compartments.1

In cylindrical epithelia such as the renal nephron, clas-
sical measurements of transepithelial potential have
been performed in vivo using micropuncture techni-
ques. In this technique, a pipette filled with electrolyte
is introduced into the lumen of the tubule, and voltage
is measured relative to another electrode placed in a
capillary. Here, the presumption is that the voltage
reflects the properties of the impaled tubule, and is not
greatly influenced by those of neighboring segments.
Under most conditions this should be a reasonable

assumption. For a lumen of 10 μm diameter and an iso-
osmotic saline solution with a resistivity of around
60 Ω•cm, the axial resistance of the tubule will be
about 83 107 Ω/cm. This is much larger than the value
of the transepithelial resistance of around 100 Ω•cm2

(Table 7.1), which for the same 10 μm lumen is equiva-
lent to 33 104 Ω/cm. Thus, each part of the nephron
will be effectively electrically isolated from other parts
of the high resistance of the luminal pathway. If the
nephron segment can be isolated and perfused in vitro,
the perfusion and/or collection pipette can be used to
monitor the intraluminal voltage with respect to the
bath potential. This is illustrated in Figure 7.2.

Measurement of Transepithelial Resistance

For measurements of transepithelial resistance (Rte),
current must be injected across the epithelium to per-
turb Vte. This is most easily accomplished when the
epithelium can be mounted in Ussing chambers, where
current flow and voltage changes are assumed to be
uniform in the plane of the tissue. Resistance can then
be computed from Ohms law as the ratio of the change
in Vte to the amount of current passed:

Rte 5
ΔVte

ΔI
ð7:4Þ

Epithelia can be studied in open-circuited or
voltage-clamped conditions. In open circuit the tissue
is allowed to maintain its spontaneous transepithelial
voltage. In this case the resistance is determined from
the change in voltage produced by passing a known
amount of current. Under voltage-clamp conditions a
current is passed across the epithelium to maintain the
transepithelial voltage at a predetermined level. In the
case where this level is zero, so that the transepithelial
voltage is abolished, it is called the “short-circuited”
state. If the epithelium is voltage-clamped, resistance is
determined from the change in current produced by a
controlled voltage step. In open-circuited tubular epi-
thelia, transepithelial current flow is not constant along
the length of the tubule. In this case, cable analysis
must be used to estimate the transepithelial resistance
(see below).

Measurement of Transepithelial Resistance
in Open Circuited Renal Tubules

The measurement of overall transepithelial resis-
tance, Rte, in renal tubules under open circuit condi-
tions is best carried out with a double-barreled
perfusion pipette system similar to the one illustrated
in Figure 7.2. In this technique, the tubule is cannu-
lated at both the perfusion and collection ends. The
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double-barreled perfusion pipette, fabricated from
theta glass2�4 creates separate pathways for current
flow and voltage recording. An alternative technique
uses the same single-barreled pipette for both current
injection and voltage measurement. This is not nearly
as accurate as the double-barreled technique, because

the voltage deflection arising from the internal
resistance of the perfusion pipette must be nulled with
a bridge circuit. The microelectrodes in Figure 7.2
are for evaluation of individual cell membrane resis-
tances. This will be discussed in the section entitled,
“Intracellular Measurements.”

TABLE 7.1 Transepithelial Properties of Renal Epithelia

Tissue Vte (mV) Rte (Ωcm2) Rpar (Ωcm2) PNa/PCl Reference

Amphibians

Proximal tubule (Ambystoma) 210 70 70 0.25 4

Diluting segment (Amphiuma, frog) 110 290 306 4 to 5 135

Collecting duct (Amphiuma) 224 160 200 0.84 136

Urinary bladder (Toad) 294 8,900 50,000 � 22

Mammals

Proximal tubule (rabbit) 22 to 12 5 5 13

TALHa (rabbit) 13 to 110 10 to 35 10 to 50 2 to 4 12

CCDa (rabbit) 0 to 260 110 160 0.8 137

OMCDa (rabbit) 22 to 211 233 138

IMCDa (rabbit) 22 to 0 73 139

Urinary bladder (rabbit) 220 to 275 13,000 to 23,000 .78,000 � 140

aTALH, thick ascending limb of Henle’s loop; CCD, cortical collecting duct; OMCD, outer medullary collecting duct; IMCD, inner medullary collecting duct.

Perfusion side

Vte(x�0)

Current
for cell cable

V(x�0) V(x�L1)

Current for
transepithelial
cable

0 L1

V(x�L2)

Vte(x�L)

L2 L

Collection side

FIGURE 7.2 Experimental apparatus for determining electrophysiological properties of renal epithelia. The segment of isolated renal
tubule is held at both ends by constriction pipettes. The tubule perfusion pipette is fabricated from “theta” glass and has separate pathways
for both current injection and transepithelial measurement, Vte(x5 0). The transepithelial potential, Vte(x5L), can also be determined at the
collection side of the tubule. For determination of cell membrane resistance, current is passed into the cell layer via the microelectrode at loca-
tion x5 0 and the resultant voltage deflections are measured by intracellular microelectrodes at locations x5 0, L1, and L2.
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A thin fluid-exchange tubing (not shown) can be
inserted into one barrel of the perfusion pipette of
Figure 7.2 to permit rapid exchange of the perfusion
solution while measuring the transepithelial potential
Vte(x5 0). Current is passed from a chlorided silver
wire glued into the other barrel of the pipette. The
transepithelial length constant of the tubule λte is deter-
mined from the voltage deflections at the perfusion,
ΔVte(x5 0), and collection, ΔVte(x5 L), sides of the
tubule, resulting from a transepithelial current pulse,
Ite, through the current side of the perfusion pipette. For
a doubly cannulated, isolated tubule of length L, λte is
given by Eq. (7.5) from Sackin and Boulpaep5:

L

λte
5 cosh21 ΔVteðx5 0Þ

ΔVteðx5 LÞ

� �
ð7:5Þ

The transepithelial resistance Rte in Ωcm2 is given
by Eq. (7.6):

Rte 5 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πλ3

teRinRi

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tanhðL=λteÞ

p
ð7:6Þ

In the above equation, Rin is the input resistance
measured in ohms (Ω). It is operationally defined as
the voltage deflection at the perfusion end ΔVte(x5 0)
divided by the total injected current Ite. Typical
injected currents for proximal tubules are 100 nA
pulses of 1 to 5 seconds duration. Ideally, none of the
current injected into the lumen from the perfusion
pipette enters the compressed region of tubule within
the holding pipette, which presumably acts like an
electrical insulator when compared to the relatively
low resistance of the tubule. However, artifacts may
still arise from current leaks at either the perfusion or
collection ends of the tubule. These can be detected by
a “mismatch” between the calculated electrical radius
(re) of the tubule and its measured optical radius (ro).

re 5
2 Riλ2

te

Rte
ð7:7Þ

Use of a double-barreled perfusion pipette (Figure 7.2)
eliminates much of the uncertainty in Rin. Double-bar-
reled perfusion pipettes have the additional advantage
that Rte can be measured during changes in the perfusion
solution. This is practically impossible with a single-bar-
reled perfusion pipette, because the bridge circuit is
unstable during solution changes. Finally, the term Ri

(Ω•cm) is the volume resistivity of the perfusion solution,
as measured with a standard conductivity meter.

Measurement of Transepithelial Resistance
in Voltage Clamped Renal Tubules

There have been a number of early attempts to eluci-
date the electrical properties of renal tubules using

voltage clamp techniques similar to those originally
developed for flat epithelia. The basis of these methods is
to isolate a segment of tubule (usually with oil droplets)
that is short enough to permit a uniform current distribu-
tion across the epithelium. To accomplish this, metallic
axial electrodes are directly inserted into the lumen of the
tubule.6 These axial electrodes can also be used for AC
impedance analysis.7,50 However, one important problem
with metal electrodes is the release of ions into a
restricted space during continuous current flow.

An alternative technique employs segments of iso-
lated, perfused tubules that have been shortened to
such an extent that the current distribution within the
lumen is virtually homogeneous.8 In this case Rte is
essentially determined from the input resistance
according to Eq. (7.8):

Rte 5 2πroLURi ð7:8Þ
where ro is the optical radius, and Rte has units of
Ω•cm2.

Typical Results

Measurements of Vte and Rte in some representative
epithelia are shown in Table 7.1. The range of both
these parameters is large, with values of Vte ranging
from 6 2 mV in the proximal tubule to as much
as 260 to 280 mV in the CCT. Rte values vary from
less than 10 Ωcm2 in proximal tubule to more than
5000 Ωcm2 in urinary bladder. Despite the range of
values observed, the transepithelial voltages in all
cases reflect two factors: the conductance of the epithe-
lium to the major ions and the active transport of ions.
In general, a high value of Vte indicates that active
transport is taking place across a high resistance
epithelium, whereas low values of Vte can reflect either
a low Rte or a low rate of active transport.

Traditionally, epithelia have been divided into the
categories “tight” and “leaky,” according to their trans-
epithelial resistances. In leaky epithelia the low value
of Rte is thought to largely reflect the low resistance of
the tight junctions which constitute the major electrical
resistance of the paracellular pathway between the epi-
thelial cells.9 In tight epithelia the tight junctional resis-
tance, and therefore the transepithelial resistance, is
much higher. However, the resistance above which an
epithelium is considered “tight” is not precisely
defined.10 Even though the amphibian proximal tubule
and the mammalian collecting duct have similar abso-
lute values of paracellular resistance, the proximal
tubule is considered a leaky epithelium, whereas the
collecting duct is usually referred to as “tight.” Thus, a
better definition of a leaky epithelium is one in which
the paracellular resistance is low relative to that of the
cell membranes. For example, in Table 7.1 it can be
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seen that in leaky proximal tubules Rte is virtually
equal to Rpar, which is small compared to the parallel
transcellular resistance Rc. In tight epithelia Rpar is sig-
nificantly larger than Rte. This implies that Rpar is of
the same order of magnitude as Rc or even much
larger in the case of the urinary bladder. Another
feature of a tight epithelium is its ability to separate
two fluid compartments with very different ion com-
positions. High resistance tight junctions slow the
“backleak” of ions and other solutes down their con-
centration gradients. Thus, in a tight epithelium it is
harder to dissipate the ion gradients established by
active transport processes.

Interpretation of Measurements of Vte and Rte

As discussed above, transepithelial measurements
of voltage and resistance are difficult to interpret
because they lump together information from many
different electrical pathways arranged in parallel. To
analyze such data, it is often useful to use a simplified
equivalent electrical circuit.

The terms Rc and Ec represent the resistance and
electromotive forces across the transcellular pathway,
whereas Rti and Epar are respectively the resistance and
electromotive forces across the paracellular pathway. If
the potential differences Vte, Ec, and Epar are all defined
with respect to the bath or serosal side, the overall
measured transepithelial values Rte and Vte are related
to this circuit by Eqs (7.9) and (7.10):

Rte 5
RtjRc

Rtj 1Rc
ð7:9Þ

Vte 5
EcRtj 1EparRc

Rtj 1Rc
ð7:10Þ

The dissection of the measured parameters into the
appropriate contributions from cellular and paracellu-
lar pathways can sometimes be accomplished by using
maneuvers that affect only one of the pathways or
cause one pathway to dominate the other. Some of
these perturbations and special conditions will be dis-
cussed below.

Contribution of Active Transport to Vte

The major effect of the pump is to establish trans-
membrane ionic gradients, i.e., to keep cell Na low
and cell K high. As was first pointed out by
Koefoed-Johnsen and Ussing in their classic paper of
1958,11 the permeability properties of the apical and
basolateral membranes of the frog skin are quite dif-
ferent. Since the apical membrane is selectively per-
meable to Na, and the driving force for this ion is
inward, the entry of Na will tend to make the cell

voltage positive with respect to the mucosal solution.
Conversely, the basolateral membrane is selectively
permeable to K. This ion will tend to flow out of the
cell, making the cell voltage negative with respect to
that of the serosal fluid. The EMFs Eap (5RT/F Δln
[Na]) and Ebl (5RT/F Δln[K]) will be in the same
direction with respect to the epithelium and the
transepithelial EMF, and hence Vte, will reflect their
sum (Figure 7.4).

Although the Na-K-ATPase is ultimately responsi-
ble for the transepithelial potential in many Na-reab-
sorptive epithelia, the magnitude of Vte does not
correlate with the magnitude of active transport when
different tissues are compared. In general, the effect of
active ion transport will be shunted by the paracellular
resistance. This shunting is least in the tight epithelia
such as frog skin and toad urinary bladder, where Vte

can be over 100 mV. In leaky epithelia such as the
proximal tubule the shunting is considerable, and the
values of Vte are much lower.

In leaky epithelia, Epar will be much smaller than Ec

(Figure 7.3), since ion gradients across the tight junction
are relatively small. In tight epithelia where ion
gradients can be significant, Rtj.Rc so that the term
EparRc will be small compared to EcRtj, and Eq. (7.10)
becomes:

Vte 5
Ec

11Rc=Rtj
ð7:11Þ

The implication of Eq. (7.11) is that if Rtj..Rc, Vte

will approach Ec, a quantity which is limited by the
EMF of the Na-pump. In general, Vte will be reduced
according to the ratio Rc/Rtj. The contribution of active
transport to cell membrane potential is discussed in
the section entitled, “Estimation of renal Na,K pump
current and electrogenic potential.”

The mammalian TALH, and its amphibian counterpart
the diluting segment, have lumen-positive Vte despite the
fact that they are also Na-reabsorbing epithelia (Table 7.1,
Figure 7.4). This turns out to be the exception that proves
the rule. As discussed in detail by Greger,12 Na does not
enter the TALH cell through a conductive mechanism, as
in the frog skin and other epithelia, but through an

Lumen,
apical,

or
mucosal side

Bath,
basal,

or
serosal side

Rc

Rtj

Ec

Epar

FIGURE 7.3 Simplified equivalent electrical circuit for an
epithelium.
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electrically neutral co-transport system along with K and
Cl. Thus, Na entry does not contribute to a lumen-nega-
tive voltage, and in fact the membrane is more permeable
to K than to Na. Furthermore, the basolateral membrane
has a rather high permeability to Cl. This makes the
lumped EMF Eap less negative than Ebl, and the potential
difference between the cell and the blood side is less nega-
tive than the potential difference between the cell and the
lumen. Hence, the mechanism for the lumen-positive
potential in the TALH is accounted for by the different
permeability properties of the two membranes, just as in
the frog skin.

Contribution of Diffusion Potentials to Vte

Paracellular diffusion potentials can contribute signifi-
cantly to the overall transepithelial potential, especially
when Vte is small. For example, in the mammalian proxi-
mal tubule the early portion of the segment has a lumen-
negative Vte in vivo, which is thought to reflect active Na
reabsorption. Farther down the nephron, however, the
lumen becomes positive with respect to the blood.
Preferential luminal reabsorption of HCO3

2 relative to
Cl2 establishes opposing gradients for Cl2 and HCO3

2

across the tight junction (Figure 7.5). This results in a

lumen-positive potential since Cl2 diffuses more rapidly
across the junctions than HCO3

2.13

Diffusion potentials may also contribute to the nor-
mal lumen-positive Vte in the mammalian TALH
(Table 7.1). In this segment NaCl is reabsorbed but
water is not, leading to a dilution of the luminal fluid.
Since the tight junctions of the mammalian TALH are
cation-selective, Na diffuses back more rapidly than
the Cl, contributing to a lumen-positive diffusion
potential12 (Figure 7.5).

Contribution of Circulating Current to Vte

The different equivalent EMFs at the apical and baso-
lateral sides of the cell produce a circulating current
(I) which traverses both cell membranes in series,
and returns via the paracellular shunt (Figure 7.1). The
magnitude of this current depends on the relative
resistances of paracellular versus cell pathways, as well
as the active transport rate for the particular epithe-
lium.14,15 For example, in renal proximal tubules, the
low shunt resistance (compared to transcellular resis-
tance) characterizes this nephron segment as a leaky
epithelia with large circulating current.13,16 On the other
hand, tight epithelia like the urinary bladder or the frog
skin have shunt resistances comparable to or larger

Frog skin

Cell

Lumen Blood

Cell

Na� K�

�100 mV

�70 mV

0 mV

�70 mV

�8 mV 0 mV

K�

Cl�

Thick ascending limb

Cell

Cell

BloodLumen

Na, K, 2Cl

FIGURE 7.4 Contribution of transcellular potentials to the transepithelial potential. On the left is a tight epithelium such as the frog
skin or cortical collecting duct (CCD). Influx of Na across the apical membrane and efflux of K across the basolateral membrane create a
lumen-negative voltage which is not significantly shunted because of the high tight-junctional resistance. Consequently, most of the transe-
pithelial potential arises from diffusion potentials for Na and K that are established across the cell membranes by active transport, and by the
different ion-selectivities of the apical and basolateral membranes. The figure on the right is a model of a TALH cell. Here Na entry across the
luminal membrane is electrically silent. The dominant electrodiffusive ion movements are K efflux across both apical and basolateral mem-
branes, and Cl efflux across the basolateral membrane. The basolateral Cl conductance makes the cell less negative relative to interstitial fluid
versus luminal fluid.
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than the transcellular resistance, so that the circulating
current is small in comparison with proximal tubule.17

The effect of circulating current on renal trans-
epithelial potentials can be understood qualitatively
by considering the electrical profiles depicted in
Figure 7.6. In this figure, the serosal or blood side of
the epithelium is considered at ground and the voltage
at any point is displayed as a function of distance from
mucosa to serosa. For the sake of simplicity, we have
assumed that the apical membrane is primarily selec-
tive to sodium, the basolateral membrane is primarily
selective to potassium, and the interior of the cell is
isopotential. Therefore, in the absence of circulating
current, there is a “staircase” voltage profile through
the epithelium determined by the respective diffusion
potentials across the mucosal (or apical) membrane
and across the serosal (or basolateral) membrane
(Figure 7.6a). Under these conditions the measured Vte

(mucosa minus serosa) would actually be more nega-
tive than the basolateral cell membrane potential (EK).

In most epithelia the diffusion potential steps of
Figure 7.6a would be modified by the effect of circu-
lating current (I) across the resistance of the mucosal
and serosal barriers. Specifically, the mucosal to cell
step will be raised by an amount: I•Rap due to the cir-
culating current crossing the mucosal membrane

resistance (Figure 7.6b). The same current crossing
the basolateral side of the cell will decrease the size of
the cell-to-serosal step by I•R�

bl , where R�
bl is the effec-

tive basolateral resistance. The final values of Vte and
Vbl can be calculated by considering the complete
equivalent circuit (Appendix 7.1).

In most epithelia, the resistance of the apical mem-
brane is larger than the resistance of the basolateral
membrane, and the effect of the circulating current is
to transform the staircase potential (Figure 7.6a) into a
“well-type” potential (Figure 7.6c), where the intracel-
lular region is the most negative space and Vte is
directly dependent on the magnitude of the current
and the tightness of the epithelial cell layer. In some
tight epithelia (Necturus urinary bladder) with high
paracellular resistance and low circulating current, the
“staircase” potential profile is still maintained despite
“IR drops” at both membranes.18

Short-Circuit Current

It is also possible to measure transepithelial currents
while controlling the transepithelial voltage. A special
case of this voltage-clamp approach is the short-circuit
current technique1 in which Vte is maintained at zero.

Late proximal tubule

Lumen

Cell

Blood

Cell 0 mV�2 mV

Cl�
HCO3

�

Thick ascending limb

Cell

Lumen Blood

Cl�
Na�

Cell 0 mV�8 mV

FIGURE 7.5 Contribution of paracellular potentials to the transepithelial potential. The figure on the left corresponds to the late proxi-
mal tubule. Preferential reabsorption of HCO3

2 in the early proximal tubule produces opposite gradients for Cl2 and HCO3
2 across the tight

junction of late proximal tubule. Since the junctions are more permeable to Cl2 than to HCO3
2, a lumen-positive diffusion potential develops.

The paracellular contribution in the TALH is illustrated on the right. Here, reabsorption of NaCl across the water-impermeable epithelium
results in an accumulation of NaCl within the interspaces between the cells, producing a similar gradient for both Na1 and Cl2 across the
tight junction. Since the junctions in this epithelium are more permeable to Na1 than to Cl2, a lumen-positive diffusion potential develops.
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If the solutions on both sides of the epithelium are iden-
tical, there is no net movement of ions through the
paracellular spaces, since both electrical and chemical
driving forces are reduced to zero. The current across
the tissue, which must also pass through the external
circuit and can thus be readily measured, results only
from active transport processes (defined as those which
take place against an electrochemical activity gradient).
Thus this current (called the short-circuit current), will
equal the sum of all active ion transport processes.

The particular ion being actively transported can be
identified rigorously by measuring net fluxes at the
same time as the short circuit current. For some cases,
such as the frog skin and toad bladder,19,20 the short-
circuit current can be accounted for by the active trans-
port of only one ion species, namely Na (Table 7.2). In
general, the short-circuit current will represent the
sum of the net transport of Na, K, H, Cl, and HCO3.
Another way to identify actively transported ions is to
eliminate them from the bathing media and measure
the resulting effects on short-circuit current. This
approach is often experimentally much simpler, but it
is less rigorous since the apical and basolateral solu-
tions will not be identical. Furthermore, changing the
external environment of the tissue can lead to second-
ary changes in cell composition and volume. In any
case, once the transported species have been identified,

the technique becomes a very convenient way to ana-
lyze the regulation of the active transport systems.

An important limitation of the short-circuit current
technique is that it often requires unphysiological con-
ditions. For example, short-circuiting high resistance
epithelia like frog skin will reduce the normally large
Vte to values near zero. This will necessarily affect the
transmembrane voltage of one or both cell membranes,
which may in turn affect the ionic conductances of
those membranes.

The short-circuit technique also involves bathing the
apical side of the tissue with a solution that has an
electrolyte composition close to that of the blood. This
is a highly unphysiological condition for many tight
epithelia like the frog skin, which is normally in con-
tact with pond water, and the toad bladder, which is
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FIGURE 7.6 Electrical potential profiles across a simple epithelium. (a) In the absence of circulating currents, the electrical potential
from serosal to mucosal sides would be largely determined by the Na diffusion potential at the apical membrane, and the K diffusion poten-
tial at the serosal membrane. (b) Circulating currents that arise from a net (open-circuit) EMF produce additional voltage drops across both
the apical membrane (5I•Rap) and across the basolateral membrane (5I•Rbl). (c) This changes the “staircase” potential profile to a “well-type”
potential, where the cell is more negative than either the mucosal or serosal sides.

TABLE 7.2 Equivalence of Net Na1 Fluxes and Short-Circuit
Current in Model Epithelia, Transepithelial fluxes (nEq/cm2/min)

Type of

Epithelium

Mucosal to

Serosal

Serosal to

Mucosal Net

Short-circuit

Current

Frog skin 24.6 1.5 23.1 23.6

Toad urinary
bladder

35.7 9.5 26.2 26.8

Data are from 1 for frog skin and from 19 for toad bladder.
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normally in contact with dilute urine. Another impor-
tant problem with short-circuit experiments is that
short-circuited tissues do not have to maintain the
electroneutrality of the transported species. For exam-
ple, in Na-transporting epithelia, such as the frog skin,
Na ions can be reabsorbed only if another cation (e.g.,
K, H) is secreted or if an anion (Cl) is also reabsorbed.
Under physiological conditions these other ionic path-
ways can be rate-limiting for Na reabsorption.

Finally, the uniform current distribution required by
the short-circuit technique has largely restricted its use
to flat epithelia which can be mounted in Ussing
chambers. However, in some cases it has been possible
to voltage-clamp large-diameter amphibian tubules.21

Attempts have also been made to circumvent these
technical problems by defining an “equivalent short-
circuit current” for renal epithelia. In this method, the
current at Vte5 0 is estimated by dividing the sponta-
neous value of Vte by the transepithelial resistance Rte.
This approach assumes that Rte is constant; i.e., that
the current voltage relation of the epithelium is linear.
Even when this condition is satisfied, it is not always
possible to attribute the equivalent short-circuit current
to specific ion species, since net fluxes of the ions must
be measured under true short-circuited conditions.

Technical Problems

For epithelia that can be studied as flat sheets
in vitro, the major technical problem with transepithe-
lial measurements is avoiding edge damage to the tis-
sues, particularly when these tissues are mounted in
Ussing chambers.22,23 On the other hand, for renal
micropuncture experiments performed in situ, the
major technical problem is localization of the micro-
electrode tip within the tubular lumen.13

The most important general problem in the mea-
surement of transepithelial resistance is the choice of
the magnitude and duration of the applied perturba-
tions. Currents (or voltage changes) which are too
large can result in changes in the electrical properties
of the membranes due to voltage-dependent ion con-
ductances. Perturbations which are either too large or
too long can lead to redistribution of ions across the
cell membranes, which can also alter electrical proper-
ties. For example, in toad urinary bladder modest
changes in Vte in the order of 10 mV under voltage-
clamp conditions can result in time-dependent changes
in the tissue resistance.24 On the other hand, if pertur-
bations are too small they are difficult to measure
accurately, and if they are applied for too short a time
the capacitative, as well as the resistive, properties of
the epithelium will affect the response. There are no
generally accepted rules for determining the size and
duration of the perturbations.

Estimation of Membrane Parameters from
Transepithelial Measurements

Measurement of transepithelial electrical properties
does not, in general, give any direct, quantitative infor-
mation about the circuit elements of greatest interest,
namely the conductances of individual membranes to
specific ions. As emphasized throughout this section,
Rte is a lumped parameter determined by Rap, Rb, Rtj,
and in some cases Rlis (see Figure 7.1). Vte is deter-
mined by all the Rs and EMFs in the circuit. Clearly,
measuring two parameters is insufficient to determine
seven or eight unknowns.

However, in some cases it has been possible to
either use conditions which simplify the equivalent cir-
cuit or to use experimental perturbations that selec-
tively change only one electrical parameter. These
methods have provided a good deal of information
about epithelial properties from purely transepithelial
measurements. Some examples are given below.

Paracellular Resistance and Selectivity

When the paracellular (tight junction) resistance is
low compared to the transcellular resistance, the trans-
epithelial resistance is dominated by the resistance of
the paracellular pathway. This happens in a leaky epi-
thelium like the proximal tubule. This condition can
also be produced in some tight epithelia by blocking
the major conductive pathways at the apical mem-
brane. The most frequently used blockers are amilor-
ide, for the Na conductance, and Ba, for the K
conductance. In both of these cases the paracellular
resistance can then be estimated from transepithelial
measurements (Table 7.1), although intracellular
recordings are usually required to prove that the trans-
cellular resistance is high.

The ion selectivity of the paracellular pathway can
also be evaluated under these circumstances. This
involves measurement of the transference numbers for
various ions across the tight junction (see Eq. (7.12)).
The most important ions in this case are Na and Cl,
and their transference numbers can be estimated by
reducing the concentration of NaCl on one side of
the junction by diluting one of the bathing solutions.
If the transcellular resistance is sufficiently high
(i.e., Rap..Rtj, see Eq. (A2.3) in Appendix 2) and is
unaffected by the dilution, the measured change in Vte

will approximately reflect the change in Epar where:

ΔEpar 52
RT

F
ðtNa 2 tClÞLn

½NaCl�1
½NaCl�2

ð7:12Þ

If sodium and chloride are the only conducting ions
in the external solutions, the absolute transference
numbers can be calculated from Eq. (7.12) and the
requirement that tNa1 tCl5 1. Some measurements of
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paracellular selectivity in renal epithelia are listed in
Table 7.1. This parameter is of considerable physiologi-
cal interest. The results range from a significant
selectivity for anions (Cl) over cations (Na) in the
amphibian proximal tubule, to a cation selectivity in
the thick ascending limb of Henle’s loop or its counter-
part, the diluting segment, in the amphibian kidney.
If ions moved through the tight junctions as if they
were in free solution, a permeability ratio PNa/PCl of
0.8 would be expected. The variations in selectivity
result from differences in the expression of specific
members of the tight-junction proteins claudins.25

Membrane Selectivity

If the paracellular or tight junction resistance is
much greater than the transcellular resistance, it is pos-
sible to determine the ion selectivity of the individual
cell membranes. Specifically, if Rtj is very large com-
pared to Rap1Rbl, there will be negligible current
through either the paracellular pathway or the cell
pathway under open-circuit conditions. Under these
conditions, the circuit of Figure 7.1 predicts that
changes in Eap will parallel changes in Vap which, in
turn, can be estimated from the measured changes in
transepithelial potential ΔVte (see Equations (A1.8) and
(A1.11)�(A1.13) of Appendix 7.1). Such a situation
was studied by Koefoed-Johnsen and Ussing11 in their
classic paper on the frog skin, where pre-treatment of
the skins with low concentrations of Cu12 produced
very high values of Rte and Vte.

This permits evaluation of individual membrane
selectivities from transepithelial measurements alone if
the concentration of just one ion on one side of the epi-
thelium is replaced with an impermeant species, and
the conditions associated with Eq. (A1.13) (Appendix
7.1) are satisfied. If this is the case and Na is partially
replaced on the apical side, then:

ΔVte 5ΔEap 52
RT

F
tNaLn

½Na�expap

½Na�conap

for Rtj ..Rap 1R�
bl

ð7:13Þ
where the change in potential is measured as experi-
mental minus control. [Na]exp and [Na]con represent
the concentrations of Na under experimental and con-
trol conditions, i.e., after and before the solution
change.

Koefoed-Johnsen and Ussing11 found that changes
in mucosal Na produced changes in Vte close to those
which would be expected if tNa5 1. From this they
inferred that the apical membrane was primarily con-
ductive to Na ions. Similarly, changes in serosal K con-
centration produced changes consistent with the idea
that the basolateral membrane conducted only K. The

elegant conclusions of this study depended upon the
rather unusual conditions achieved, namely a very
high paracellular resistance and the absence of other
“leak” pathways due to other cell types. Except for the
case of the urinary bladder, such conditions are diffi-
cult to achieve in renal epithelia where paracellular
pathways are usually leakier than in the frog skin.

Selectivity of the epithelial basolateral membrane
has also been studied by using pore-forming polyene
antibiotics to reduce apical membrane resistance26 so
that Vte becomes a reasonable estimate of the basolat-
eral potential Vbl (see Equation A1.16 of Appendix 7.1).
For example, in the turtle colon, Germann et al.27 were
able to characterize two different conductances for K
across the basolateral membrane using the amphoteri-
cin-B permeabilized epithelium. This approach has
also been used mostly in flat epithelia rather than renal
tubules.

Impedance Analysis

Impedance analysis permits estimation of the elec-
trical properties of individual membranes using transe-
pithelial measurements.28 In principle, transepithelial
impedance can be measured from the time-course of
the response to any electrical perturbation. In practice,
it is usually obtained either under “current-clamp”
conditions, using sine wave current perturbations at
different frequencies or under voltage-clamp condi-
tions by applying voltage perturbations. Since the api-
cal and basolateral membranes will each have an
associated complex impedance that depends on fre-
quency, it is possible to distinguish contributions from
the two membranes if they have very different time
constants (τ5RC, where R is the resistance and C the
capacitance).

Typically four parameters (consisting of the ampli-
tudes and time-constants of the two membrane compo-
nents) are measured to fit a circuit with five
parameters (resistance and capacitance of apical and
basolateral membranes and the paracellular resis-
tance). To fully solve the system one model parameter
(e.g., the paracellular resistance) usually must be deter-
mined independently.

Impedance analysis has also been used to derive
detailed information about the paracellular pathway,
including the distribution of resistance across tight
junctions and along intercellular spaces. In this regard,
it has been used to estimate individual resistances and
capacitances of the apical and basolateral membranes
of flat epithelial sheets obtained from frog skin,
amphibian and mammalian urinary bladder, colon,
and cultured epithelial cells.29�32 The elegance of the
technique is that it is non-invasive, yielding informa-
tion about individual membranes without the need for
intracellular probes or electrodes. Because of the
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requirement of uniform currents or voltage fields, its
application to renal tubules has been very limited.7,33

CONCLUSIONS

Many important epithelial properties can be deter-
mined from transepithelial measurements alone. In
fact, the original Koefoed-Johnsen/Ussing model for
Na transport by the frog skin was based entirely on
transepithelial electrical and flux measurements, and
the ingenious use of special simplifying conditions.
Thus, a number of important physical and thermody-
namic properties of epithelia are still estimated from
transepithelial measurements, particularly in renal
tissues. These include the magnitude and selectivity
of the paracellular shunt pathway, the ion selectivity
of cell membranes (qualitatively in most instances),
and the currents and EMF’s associated with active
transepithelial transport. On the other hand, the
quantitative description of membrane properties
requires detailed intracellular measurements to spe-
cifically characterize the apical and basolateral mem-
brane components, as well as the contribution of the
paracellular pathway. These measurements will be
discussed in the next section.

INTRACELLULAR MEASUREMENTS

Intracellular measurements with voltage-sensitive
and ion-sensitive microelectrodes permit a more detailed
evaluation of individual membrane parameters than
transepithelial measurements. This has been essential to
our understanding of ion transport in epithelia. Three
important membrane characteristics that are amenable to
study with intracellular techniques are: (1) ionic selectiv-
ity; (2) membrane conductance; and (3) estimation of
pump current. Although there are significant differences
in the methodology of these measurements depending
on the particular tissue involved, much of the underlying
theory is similar in both flat epithelia and renal tubules.
The emphasis of this section will be on describing the
simplest and most straightforward methods for evalua-
tion of single-membrane parameters with emphasis on
renal epithelia, although much of the theory is applicable
to flat epithelia as well.

Cell Membrane Potentials in Epithelia

An epithelium is a sheet of polarized cells joined
together to function as a selective barrier between two
compartments. Epithelia not only structurally define
two compartments, but also maintain the composition

of those compartments via the specific transport of
electrolytes, non-electrolytes, and water. The electrical
voltage measured across either the apical or basolateral
membrane of an epithelium is the sum of the ionic dif-
fusion potentials across the membrane, and the voltage
drops arising from current flow across the resistance
of that membrane. This current flow (depicted by the
thick arrow in Figure 7.1) arises in part from the differ-
ences in membrane ionic diffusion potentials and the
sum of epithelial barrier electrical resistances
(Appendix 7.1).

In practice, cell membrane potentials are determined
by impaling the cell with fine tipped glass microelec-
trodes, filled with a highly conductive electrolyte solu-
tion (1 M or 3 M KCl). Uniform filling is often
accomplished by starting with glass tubing that con-
tains a thin glass filament, allowing solution to flow
smoothly from the back to the tip of the finished elec-
trode. The microelectrode is then mounted on a
stable micromanipulator. Given the elasticity of most
cell membranes, impalement usually requires a rapid
forward movement of the tip that can be accomplished
either mechanically or with piezoelectric headstage.
Sometimes a high frequency alternating current is
briefly applied to the tip to permit entry into the cell
with minimum damage.

A major technical problem with microelectrode
measurements is the damage to the cell that may be
produced by impalement. For a discussion of this topic
see Higgins et al.18 and Nelson et al..34 Cell damage
can be minimized by utilizing epithelia with large cells
(e.g., Necturus; Amphiuma), and by recording from the
basolateral rather than the apical membrane. This will
result in less electrical shunting of the membrane
potential, since in many cases the basolateral mem-
brane has a much lower resistance than the apical
membrane and an additional leak conductance at the
basal side will have a smaller overall effect.18

Furthermore, epithelia like the proximal tubule, whose
cells are electrically coupled, are less sensitive to
impalement artifacts, since the effective cell membrane
area is larger. Finally, the use of very fine-tipped
micropipettes can minimize membrane damage during
intracellular measurements. However, such pipettes
are more likely to produce artifacts due to changes in
the liquid-junction potentials (“tip potentials”) when
the tip enters the cytoplasm.

Use of microelectrodes to measure cell potential
may result in KCl leakage into the cell. Although these
tips are extremely small (, 0.2 μm), the use of concen-
trated KCl in the electrode to minimize liquid junction
potentials can lead to KCl influx into the cell, altera-
tions in cell composition, and cell swelling.34 Thus, the
choice of a filling solution is a trade-off between a con-
centrated KCl solution, which yields low tip potentials
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but possible KCl leakage, versus a low salt pipette
solution, which results in higher tip potentials but less
salt leakage into the cytoplasm.

Intracellular potential can also be measured with
relatively large diameter patch-clamp pipettes. In a
“whole-cell clamp” experiment, a high resistance seal
is formed between the pipette and the cell membrane.
This permits direct electrical contact between the
recording electrode and the cell interior with negligible
impalement damage. If the amplifier is used in
the voltage-clamp mode, the holding potential that
reduces the membrane current to zero becomes a good
measure of the cell potential. One disadvantage of
using the whole-cell clamp to measure cell potential is
that the cell is dialyzed with the pipette solution.35 The
exchange of vital cell constituents with the pipette
solution may alter the intracellular ion composition, as
well as change the normal cell membrane permeabil-
ities through the loss of regulatory factors. The latter
effect can be minimized by using the “perforated-
patch” technique, in which the patch is permeabilized
by the addition of pore-forming substances such as
nystatin to the pipette solution.36

Evaluation of Individual Membrane Resistances
from an Equivalent Circuit Analysis

The simplest technique for determining individual
cell membrane resistance is to measure intracellular
and transepithelial potential during an experimental
maneuver that produces only a single perturbation in
the parameters of the equivalent circuit. These techni-
ques have been particularly useful in mammalian
proximal tubules where multiple microelectrode impa-
lements are difficult or in nephron segments that are
not electrically coupled.

When only one microelectrode is used, the circuit of
Figure 7.1 must be simplified to permit an indirect
evaluation of the cell membrane resistances. This type
of reduction is illustrated in Figure 7.7, and is permis-
sible when most of the paracellular resistance is con-
tributed by the tight junction resistance (i.e., when
Rpar� Rtj), which is equivalent to the assumption that
Rtj is .. lateral interspace resistance (5Rlis). This is
particularly appropriate for mammalian proximal
tubule, where basal interdigitations of adjacent cells
greatly reduce the lateral space resistance, and most of
the paracellular resistance is contributed by the tight
junction resistance.

The circuit of Figure 7.7a can be further reduced
to the simpler form of Figure 7.7b by defining an
effective basolateral EMF (E�

bl) and an effective baso-
lateral resistance (R�

bl), as described in Appendix 7.1.
Although the electromotive forces or EMFs (Eap, Ebl,
Epar) in the circuit cannot be measured directly, the

potential differences across each barrier can be mea-
sured with intracellular or transepithelial electrodes.
These are defined as transepithelial potential
(lumen-bath)5Vte, apical cell membrane potential
(lumen-cell)5Vap, and basolateral potential (cell-
bath)5Vbl.

An important consequence of the circulating epithe-
lial current in Figure 7.7 is that alterations in any of the
electrical parameters on one side of the cell will pro-
duce changes in the measured electrical potentials on
the contralateral side. This actually provides an indirect
method for evaluating those resistances that remain
constant during a change in loop current, I. Individual
cell membrane resistances R�

bl and Rap can be evaluated
by any experimental maneuver that changes only the
parameters at one membrane. For example, rapid addi-
tion of amiloride or glucose to the apical solution pre-
sumably alters only the resistance and/or the EMF of
the apical membrane by blocking Na channels or stimu-
lating Na-glucose co-transport, respectively.

Amiloride causes a hyperpolarization of Vbl by both
increasing the measured apical resistance (Rap) and
decreasing the contribution of the Na gradient to the
value of Eap (see Appendix 7.1, Eq. (A1.7)). On the other
hand, addition of glucose to the luminal solution depo-
larizes Vbl by stimulating Na-glucose co-transport, which
effectively increases both the apical Na conductance and
the relative contribution of the Na gradient to the apical
diffusion potential. Since the primary effect of both
amiloride and glucose occurs at the apical membrane,
the ratio of basolateral to apical resistance is directly
related to the measured ratio of basolateral to transe-
pithelial voltage deflections according to Eq. (7.14),
which applies for addition of either apical-side amiloride
or apical-side glucose:

R�
bl

Rtj
52

ΔVbl

ΔVte
5 β ð7:14Þ

This equation implicitly assumes that neither glu-
cose nor amiloride affect the paracellular pathway, and
that the potential measurements can be performed
before any changes in cell composition have occurred
that would affect Eap, Ebl, and Rbl.

Similarly, measurement of the ratio of apical to
transepithelial potential change following addition of
barium to the basolateral solution permits estimation
of the apical membrane resistance via Eq. (7.15):

Rap

Rtj
52

ΔVap

ΔVte
5

ΔVbl

ΔVte
2 15α ð7:15Þ

Again, it has been assumed that basolateral applica-
tion of barium has no effect on the paracellular path-
way, and that the measurement can be performed
rapidly enough to avoid changes in cell composition.
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Finally, in cases where it is feasible to make changes
on only one side of the epithelium, the voltage divider
ratio can be used instead of either Eq. (7.14) or
Eq. (7.15). When current is injected into the tubule
lumen via the perfusion pipette, a certain fraction of
that current will cross the apical and basolateral cell
membrane in series, producing voltage deflections
ΔVap and ΔVbl. If the lateral and basal resistances of
Figure 7.1 are combined into a single effective resis-
tance R�

bl (defined in Appendix 7.1, Eq. (A1.4)) the ratio
of apical to basolateral resistance during transepithelial
injection of current is given by Eq. (7.16):

γ5
Rap

R�
bl

5
ΔVap

ΔVbl
5

ΔVte

ΔVbl
2 1 ð7:16Þ

The term “γ” is sometimes referred to as the voltage
divider ratio. An alternative to Eq. (7.16) is to define the
“fractional resistance” of either the apical (fRap) or baso-
lateral membranes (fRbl), according to Eqs. (7.17a), (7.17b):

fRap 5
Rap

Rap 1R�
bl

5 12
ΔVbl

ΔVte
ð7:17aÞ

fR�
bl 5

R�
bl

Rap 1R�
bl

5
ΔVbl

ΔVte
ð7:17bÞ

Since γ, α, β, and Rte are all measured quantities,
the individual resistances: R�

bl, Rap, Rtj, can be evalu-
ated by using any three of the four equations
Eqs. (7.14), (7.15), (7.16), and Eq. (A1.5).

An example of these methods is illustrated by the
experiment depicted in Figure 7.8.37 In this experi-
ment, changes in transepithelial (Vte) and basolateral
potential (Vbl) are shown during addition of 1 mM bar-
ium to the bath (Figure 7.8a), followed by addition of
8 mM glucose to the lumen (Figure 7.8b). The superim-
posed smaller deflections are due to periodic current
injection for evaluating “γ” from Eq. (7.16).

In both these experiments, ΔVbl and ΔVte were
taken as the initial changes in voltage resulting from a
particular maneuver. For example, in the barium
experiment, only changes in Vbl and R�

bl were pre-
sumed to occur, and ΔVbl was taken as the difference
between the baseline Vbl and the Vbl at the inflection
point (asterisk). The origin of the slow secondary
depolarization of Vbl in Figure 7.8a is not known.

Rp

(a) (b)

Rbl

EblEpip

ib

iap
Eap

Rap

Epar

Rtj

Cell

Basolateral side

Apical side

R*bl

E*bl

Eap

ib

ipar

Cell

iap

Rap

Epar

Rtj

I

FIGURE 7.7 (a) Reduced form of the general equivalent circuit, where the lateral resistive network has been neglected because most of the
paracellular resistance is assumed to reside at the tight junction (i.e., Rtj..Rlis). This situation applies in a number of epithelia and greatly
simplifies the equivalent circuit. (b) Reduced circuit in which the parallel diffusive and active transport paths across the basolateral membrane
have been combined into an effective basolateral EMF (E�

bl) and an effective basolateral resistance (R�
bl). “I” denotes direction of positive net cir-

culating current under open-circuit conditions.
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The above methods have been used to determine
individual cell membrane resistance in mammalian
proximal tubule. Some of these results are summarized
in Table 7.3. Although there are some differences in
the absolute values of cell resistances, there is general
agreement that in proximal tubule the resistance of the
cellular pathway is between 20 and 30 times higher
than the resistance of the shunt pathway. This factor is
even higher in amphibian proximal tubule.

Determination of individual membrane parameters
from Eqs. (7.14)�(7.16) involves certain practical pro-
blems. These methods require measurement of ΔVte and
ΔVbl in the same tubule at the same axial distance along
its length. As indicated in Figure 7.8, the small magni-
tude of the change in transepithelial potential renders
the two ratios α and β in Eqs. (7.14) and (7.15) particu-
larly susceptible to errors in ΔVte. Measurements ofΔVte

obtained by advancing a microelectrode into the lumen
are unreliable, because damage to the epithelium can
produce artificially low values of ΔVte. Since transe-
pithelial potential is measured only at the perfusion or
collection ends of the tubule, the value of ΔVte must be
calculated from the electrotonic voltage spread along the
tubule using a terminated cable analysis (see section
entitled, “Transepithelial Measurements”).

Evaluation of Individual Membrane Resistances
Using Multiple Intracellular Recordings

In the relatively large cells of amphibian proximal
tubule (30 μm diameter), direct electrical measurement
of cell membrane resistance is possible. Exploiting the
property of electrical coupling between adjacent proxi-
mal cells,16 it is possible to pass current from an intra-
cellular microelectrode through an annular syncytium,
with an outer specific resistance of R�

bl and an inner
specific resistance of Rap. This cannot be done in neph-
ron segments like the collecting duct, where adjacent
cells are not electrically coupled.38

The use of cellular cable analysis to evaluate the
individual resistances R�

bl, Rap, and Rtj still depends on
the definition of transepithelial resistance (Eq. (A1.5))
and the “voltage-divider” ratio (Eq. (7.16)) that were
discussed in the section entitled, “Cell Membrane
Potentials in Epithelia.” However, instead of relying
on the ratio ΔVbl/ΔVte, obtained during application of
barium or amiloride, the parallel resistance of the cell
layer (Rz) is computed directly from the electrotonic
voltage spread along the double core cable, where Rz

is defined by Eq. (7.18).

1=Rz 5 1=Rap 1 1=R�
bl ð7:18Þ

In practice, Rz is evaluated by injecting current Io
into the cell layer at x5 0 via a microelectrode and

measuring the voltage deflection ΔVx at two or more
locations “x,” downstream from the injection site. The
arrangement of microelectrodes is illustrated in
Figure 7.2. If x is at least twice the diameter of the
tubule, the electrotonic voltage spread along the cable
will be given by Eq. (7.19), where λc is the cellular
length constant of the tubule5:

Ln ΔVx½ �5 Ln
RzIo
4πrλc

� �
2

1

λc
x ð7:19Þ

The best fit for the two unknown parameters λc and
Rz is determined by evaluating Eq. (7.19) at a number
of locations along the tubule. The radius of the tubule,
ro, is measured with an optical micrometer. Combining
Eqs. (7.16), (7.18), (7.19), and (A1.5), the individual
membrane resistances Rap, R�

bl, and Rtj are uniquely
determined by the two parameters Rz, γ, and the mea-
sured value of Rte according to Eqs. (7.20)�(7.22):

Rap 5Rz 11 γ½ � ð7:20Þ

R�
bl 5Rz 11

1

γ

� �
ð7:21Þ

Rti 5
Rte½R�

bl 1Rap�
Rap 1R�

bl 2Rte
ð7:22Þ

The transepithelial resistance of the tubule, Rte, is
determined by passing current and measuring voltage
through a doubled-barreled perfusion pipette accord-
ing to the methods described in the section entitled,
“Transepithelial Measurements” and Figure 7.2.

In amphibian proximal tubule, most measurements
of individual cell resistances have been performed
using a cellular cable analysis with two or more intra-
cellular microelectrodes. On the other hand in mam-
malian tubules, the method of relative voltage
deflections (Eqs. (7.14) and (7.15)) have been used
exclusively. However, in Ambystoma proximal tubule, a
direct comparison of the two methods has been made
under similar conditions. These results are summa-
rized in the first two rows of Table 7.4. As indicated,
the absolute values of resistance are quite close consid-
ering the propagation of errors that occur with both
types of measurements. The remaining rows of
Table 7.4 summarize additional resistance measure-
ments in amphibian renal epithelia.

As with the mammalian proximal tubule, the ratio
of shunt to cell resistance clearly establishes the
amphibian proximal tubule as a “leaky” epithelium. In
contrast, the Necturus urinary bladder (a “tight” epi-
thelium) possesses a shunt resistance that is several
times larger than the cell resistance pathway. Neither
the diluting segment nor the collecting tubule of
the Amphiuma fall neatly into the “tight” or “leaky”
category, since both of these segments have cellular

191INTRACELLULAR MEASUREMENTS

1. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



(a)

Vte

(b)

5 mV

Vbl(mV)

Vte 5 mV

Vbl(mV)

Glucose

10 s

0

�90

Ba2�

1 min

0

�50

FIGURE 7.8 Effect of barium and glucose on membrane voltages in rabbit proximal convoluted tubule (from 37). (a) Reversible depolar-
ization of both the transepithelial (Vte) and the basolateral membrane potential (Vbl) produced by addition of barium to the basolateral side of
isolated proximal tubules. (b) Simultaneous depolarization of the transepithelial (Vte), and hyperpolarization of the basolateral membrane
potential (Vbl) produced by addition of glucose to the apical side of isolated proximal tubules. In both panels the superimposed periodic volt-
age deflections were produced by current pulses injected through the perfusion pipette.

TABLE 7.3 Cell Membrane Resistances in Mammalian Tubules (Ωcm2 Epithelium)

Segment Apical

Resistance

Basolateral

Resistance

Shunt

Resistance

Method Species Reference

PCT 238 68 16 Apical glucose Rabbit (PCT) 37

Basal Ba21

Voltage divider

PCT 118 39 8 Apical glucose Rabbit (PCT) 141

Voltage divider

PCT 255 92 5 Apical glucose Rat 142

Voltage divider

TALH 88 47 47 Apical high K1, Ba21 Rabbit 41

Voltage divider

TALH 57 21 37 Apical Ba21 Mouse 12

Voltage divider

CCD 149 123 166 Apical Ba21 Rabbit 143

Voltage divider

CCD 57 80 230 Apical amiloride, Ba211 Rabbit 144

Voltage divider

OMCD 707 176 393 Apical glucose Rabbit 138,145

Voltage divider

Urinary bladder 3700 to 154,000 5000 to 10,300 6500 to 38,000 Apical amiloride 146

Voltage divider Rabbit

Cell cable

Adapted from ref. 145. TALH, thick ascending limb of Henle’s loop; CCD, cortical collecting duct; OMCD, outer medullary collecting duct; PCT, proximal convoluted tubule.
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and paracellular resistances that are in the same order
of magnitude. Interestingly, both the diluting segment
and collecting duct have higher shunt resistances and
lower cellular resistances than the corresponding
membrane of the proximal tubule. Mammalian collect-
ing ducts and diluting segments also have higher
shunt resistances than mammalian proximal tubules,
although differences in cell resistance are less dramatic
along the mammalian nephron.

The resistances quoted for the Amphiuma diluting
segment in Table 7.4 assumed a single cell type
throughout the cable analysis.39 This greatly simplified
the calculation of membrane resistance. Unfortunately,
subsequent experiments indicated that this nephron
segment actually consists of two different cell types
with dissimilar conductive properties.40 One cell type
has a high basal K and Cl conductance (HBC), whereas
the other cell type (LBC) has a low basolateral conduc-
tance for both ions.40 There is also some evidence that
mammalian TALH may exhibit a certain amount of
cell heterogeneity as well.41 Since it is unlikely that dif-
ferent cell types in the same nephron segment are
directly coupled to each other, a unique value of cell
membrane resistance cannot be determined from cable
analysis on these nephron segments unless all record-
ings are made from the same cell type.

The cellular cable equations (Eqs. (7.18) and (7.19))
were originally derived for in situ proximal tubules, in
which the cables are effectively infinite in length.16

However, they should be reasonably valid for isolated
perfused tubules as long as the voltage recording
microelectrodes are several tubule diameters from
either end of the tubule. Under these conditions the
electrotonic voltage spread would be effectively the
same as for an infinite cable. The problem of “cross-
talk” or interactions between the transepithelial and
cellular cables has been suggested as a source of
error in these measurements.42 The complication of
cable�cable interactions would only be significant
if current injected into the cell layer leaks into the
lumen and then re-enters the cell layer at the some
point downstream. A thorough analysis by Guggino
et al.16 for Necturus proximal tubule suggests that
cross-talk will be negligible if intracellular voltage
deflections ΔVx are recorded at locations x.λc.

Evaluation of cell membrane resistance via Eqs.
(7.14)�(7.16) is only as accurate as the equivalent cir-
cuit of Figure 7.7. An important aspect of this electrical
model is the assumption that the tight junction consti-
tutes the principal resistance of the paracellular path-
way, or Rpar�Rtj. This is probably true in tight epithelia
like the urinary bladder, where the lateral intercellular
space has a negligible resistance compared to that of
the tight junction. However, the low transepithelial
resistance of the proximal tubule raises the possibility

that the resistivity of free solution in the lateral space
contributes significantly to overall shunt resistance. In
this case, evaluation of the divider ratio is complicated
by the lateral resistive network shown in Figure 7.1.
Current flow through a distributed network of this
kind will cause the measured value of ΔVap/ΔVbl to
underestimate the actual value of Rap=R�

bl by an amount
that depends on the ratio of lateral space resistance,
Rlis, to paracellular resistance Rpar (see Figure 7.9).

As illustrated in Figure 7.9, the larger the contribu-
tion of the fluid-filled interspace to the total paracellu-
lar resistance (i.e., the larger the ratio Rlis/Rpar),
the more the measured voltage ratio will underesti-
mate the actual resistance ratio, γ. In epithelia where
the paracellular resistance is essentially determined
by the resistance of the tight junction and Rlis/
Rpar, 0.01, the resistance ratio (γ) will be correctly given
by Eq. (7.16). On the other hand, if the lateral interspace
is long and narrow and constitutes a non-negligible
electrical resistance, Rpar will be related to Rte according
to a complicated function (see Eqs. (31�40)) of refer-
ence6 with R35Rpar). As can be seen in the figure, sig-
nificant deviations from Eq. (7.16) occur even if Rlis is as
little as 10% of Rpar. A detailed analysis regarding the
effect of lateral resistive networks on measurement
of cell membrane resistance has also been presented by
Weber and Frömter.43

Determination of individual cell membrane resis-
tances involves a number of technical difficulties. In
addition to those indicated above, positioning of the
intracellular electrodes is particularly tedious. If the
first cell voltage electrode is within one cell length
constant of the cell current electrode there may be sig-
nificant cross-talk between cell and luminal cables.
If the second cell voltage electrode is too far from the
current injection electrode, the size of the deflection
will be immeasurably small. Use of a third voltage
recording electrode gives a better definition of the
electrotonic voltage spread, but is often impractical.
If sequential voltage impalements are used, the first
recording should be made at the farthest distance from
the current electrode. In this manner, intracellular
recording at x5L1 will be insignificantly affected by
cell damage at x5L2, as long as L2.L1, and the cur-
rent electrode is maintained at x5 0 (see Figure 7.2).

A significant source of error in cellular cable mea-
surements arises from voltage-dependent membrane
conductances. These can result from asymmetry of
the electrolyte composition on the two sides of the
membrane (“Goldman rectification”). Furthermore,
patch-clamp experiments have indicated that a number
of renal channels are voltage-gated. The specific
magnitude and type of gating varies with each
nephron segment. Since the current injections used for
determination of cell membrane resistance often

193INTRACELLULAR MEASUREMENTS

1. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



TABLE 7.4 Cell Membrane Resistances in Amphibian Tubules (Ωcm2 Epithelium)

Segment Apical Resistance Basolateral Resistance Shunt Resistance Method Species Reference

Proximal tubule 2509 683 71 Apical glucose Ambystoma 37

Basal barium

Voltage divider

Proximal tubule 2305 591 53 2 electrode Ambystoma 5,147

Cable analysis

Proximal tubule 6957 2399 267 2 electrode Necturus 16

Cable analysis

Proximal tubule 2700 1900 — 2 electrode Frog 148

Cable analysis

Proximal tubule 1350 2100 166 2 electrode Triturus 149

Cable analysis

Dilute segmenta 550 219 306 2 electrode Amphiuma 39

Cable analysis

Collecting tubule 154 192b 454 Voltage clamp Amphiuma 53,150

Voltage divider

Urinary bladder 9000�65,000 1000�7000 100,000 Apical amiloride Necturus 151

Voltage divider

aThese measurements assumed that the Amphiuma diluting segment has only one cell type.
bThe basolateral conductance of this segment is strongly inward rectifying and quoted value applies only at a membrane potential of 260 mV.
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FIGURE 7.9 Relationship between the measured voltage divider ratio (ΔVap/ΔVbl) and the actual ratio of apical to basolateral resis-

tance (Rap/Rbl) at different values of fractional interspace resistance (Rlis/Rpar). Negligible values of Rlis result in the voltage divider ratio
being a good measure of Rap/Rbl (line of identity). In epithelia where Rlis is a significant fraction of the paracellular resistance, the voltage
divider ratio is not a good measure of the apical to basal resistance ratio.179
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produce 10 to 15 mV voltage deflections across the
basolateral membrane, the conductance could be
affected by the process of measurement. One solution
to this difficulty has been to take the average value of
ΔVbl determined from both positive and negative
going currents.

Evaluation of Ion Selectivities from Ion
Substitution Experiments

One of the most important membrane properties
that can be determined from electrophysiological mea-
surements is membrane selectivity. The basic equation
that defines the transference number of the membrane
for ion x is obtained by rearranging Eq. (7.3) to yield
Eq. (7.23) below:

tx 52
ΔE

RT

zxF
Ln

½Xexpt�
½Xcon�

� � ð7:23Þ

Eq. (7.23) can then be used to evaluate the ion selec-
tivity of the individual epithelial membranes from
changes in the total EMF ΔE (expt 2 control) pro-
duced by replacement of a specific apical ion X by an
impermeant ion. In Eq. (7.23), Xexpt and Xcon respec-
tively refer to the extracellular ion concentration of the
apical solution under experimental (expt) or control
(con) conditions. If ΔE is produced by a change in
basolateral composition, the transference numbers
would be calculated from the negative of Eq. (7.23). As
indicated in Figure 7.7b, the circulating current, I, pre-
vents a simple equivalence between the measured
change in potential difference (ΔV) and the actual
change in the EMF of the membrane (ΔE). The effects
of circular current flow on the actual changes in EMF
resulting from ion substitution, ΔE, are described in
detail in Appendix 7.2. These equations are essential
for evaluating membrane selectivities from ion substi-
tution experiments.

The partial conductance of the membrane for any
ion “x” (Gx) can be determined from the transference
number for the membrane and the total ionic conduc-
tance of that membrane (Gtot), according to Eq. (7.24):

Gx 5 txUGtot ð7:24Þ
There is no simple relation between the partial ionic

conductance and the permeability of the membrane to a
particular ion. However, it is possible to develop a
general relation between the conductance and the per-
meability of a particular ion (X). This is given by
Eq. (7.25), where hXi is a weighted average of the
concentrations of X on both sides of the membrane.
Its value depends on the particular assumptions about
ion permeation across the membrane.

Gx � Px
z2F2

RT
hXi ð7:25Þ

In the constant field assumption, hXi is a complicated
function of both the membrane potential and the ion
concentrations on both sides of the membrane. Explicit
forms of Eq. (7.25) are discussed in Appendix 7.3.
However, if the membrane is assumed to be permeant
to only three ions: Na, K, and Cl, the permeability
ratios PNa/PK and PCl/PK can be evaluated from
a two parameter fit to the general form of the
Goldman�Hodgkin�Katz equation.44 This procedure
has not been used extensively for renal epithelia
because of uncertainties in a simultaneous evaluation of
PNa/PK and PCl/PK.

On the other hand, if the membrane is primarily
selective to two rather than three ions, a closed form
expression can be obtained for the permeability ratio:

PK

PNa
5

½Na�o 2 ½Na�iexp Erev

RT=F

� �
½K�iexp Erev

RT=F

� �
2 ½K�o

ð7:26Þ

In Eq. (7.26) the term, Erev, is the potential differ-
ence, inside (i) minus outside (o), associated with zero
current across the membrane. The principle disadvan-
tage of Eq. (7.26) for kidney tubules is that determina-
tion of Erev requires voltage-clamping the individual
cell membranes of the epithelium. So far this has really
only been accomplished for the Amphiuma collecting
tubule.21

Since the specific conductance of a membrane for
ion X is generally a function of the concentration of
that ion (Eq. (7.25)), the values of tx obtained from
Eq. (7.23) only apply to the concentration range over
which the ion replacement is actually performed.
Consequently, any determination of normal transfer-
ence numbers requires that the ionic replacement:
Xcon2Xexpt be as small as possible, but still produce a
measurable ΔE. On the other hand, the permeability
ratio of Eq. (7.26) should (in theory) be less dependent
on external ion concentrations.

Estimation of Renal Na-K Pump Current and
Electrogenic Potential

The 3Na/2K stoichiometry and electrogenic nature
of the Na/K pump has been demonstrated in a num-
ber of non-epithelial tissues.45,46 Most studies on red
cells,47,48 squid axon,49 and Purkinje fibers50 indicate a
fairly consistent Na/K coupling ratio of 3/2 for the
Na-K-ATPase. This electrogenicity not only causes
the pump to contribute to total membrane potential,
but also requires that the pump itself be dependent on
membrane potential.
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Mullins and Noda51 and Ascher (cited in 52) have
derived an expression for the electrogenic contribution
to the membrane potential of nerve and muscle cells
which predicts a steady-state contribution of no larger
than about 11 mV. This theory depends on the obser-
vation that electroneutrality conditions on symmetric
cells require that there be no net macroscopic current
under open-circuit, steady-state conditions. The esti-
mate of 11 mV maximal electrogenic hyperpolarization
also depends on the assumption that the membrane
permeabilities are voltage independent, which is some-
what of an approximation, even for non-
excitable tissues.

In epithelial tissues, where current circulates around
a cellular and paracellular path (see Figure 7.7), the
electrogenic contribution to the membrane potential
may be larger than in symmetric cells, but it is also
more difficult to quantify. Early estimates of pump
current and electrogenic potential in epithelial tissues
were determined by comparing the observed change
in basolateral potential ΔVbl to the potential changes
predicted from the measured ion gradients and electri-
cal resistances, during rapid return of K to the basolat-
eral solution5 or application of cardiac glycosides.21,53

These experiments clearly demonstrated net transfer of
charge by the pump, but uncertainty about the potas-
sium concentration in unstirred layers outside the cell
made it difficult to determine pump stoichiometry
from these types of experiments.

In general, the calculation of the electrogenic poten-
tial in epithelial tissues requires explicit knowledge
of both membrane and pump resistances, which
may themselves be a function of pump activity (see
Appendix 7.4). This significantly complicates the
situation, and the electrogenicity of the pump is better
characterized by evaluating its I�V relation than by
evaluating its contribution to the open-circuit potential.

Since electrogenicity requires that pump current be
sensitive to membrane potential, the I�V relation for
the pump must intersect the voltage axis at some
reversal potential Ep. The reversal potential of the
pump should correspond to the membrane potential
against which the pump can no longer translocate a
net charge (i.e., 3Na for 2 K). The value of Ep can be
calculated from Eq. (7.27) using estimates of the free
energy of ATP hydrolysis (EATP) and the concentration
work involved in moving “m” sodium ions (mENa) and
“n” potassium ions (nEK) per molecule of ATP split.54

Ep 5EMFpump 5
EATP 1mENa 2 nEK

m2 n
ð7:27Þ

where EATP is the free energy of ATP hydrolysis
(about 2600 mV for m2n5 1, from ref 14), and ENa,
EK, are respectively the Na and K Nernst potentials
across the membrane. For amphibian tubules, ENa is

about 55 mV and EK is about 280 mV at room temper-
ature. According to Eq. (7.27), the predicted value of
Ep is about 2275 mV for a net translocation of one
(m2n) positive charge. This value of Ep corresponds
to the reversal potential of the current�voltage relation
for the pump.

The existence of a pump reversal potential defined
by Eq. (7.27) provides no information about the
sensitivity of pump current to membrane voltage. This
sensitivity is determined by the specific shape of the
current�voltage (I�V) relation of the pump. For exam-
ple, if the pump I�V relation exhibits a low angle
slope in the region of normal membrane potential, the
pump would be best represented as a (Norton equiva-
lent) constant current source. On the other hand, if the
I�V relation is linear between zero voltage and the
pump reversal potential, the pump would be best
represented as a (Thevenin equivalent) constant volt-
age source (Figures 7.1 and 7.7). Four examples of I�V
relations for the Na,K-ATPase are illustrated in
Figure 7.10.

These pump, current�voltage relations were deter-
mined by measuring either the strophanthidin (a, c) or
the ouabain (b, d)-sensitive currents at different
voltages. Figure 7.10a and 7.10b are I�V relations from
symmetric cell preparations, whereas Figure 7.10c
and 7.10d were measured in renal epithelia. In both
isolated guinea-pig ventricular myocytes55 and Xenopus
oocytes,56 pump current is linearly dependent on
membrane voltage with a reversal potential of at least
2150 mV. Saturation of current, with decreasing slope,
was only evident at positive membrane potentials.

On the other hand, voltage-clamp studies in
amphibian (Amphiuma) collecting tubules21 indicate a
curvilinear I�V relation (Figure 7.10c), which would
imply that (in this tissue) the Na,K pump behaves as a
constant current source at normal membrane potentials
(2 20 mV to 275 mV). Differences in the I�V curves of
Figures 7.10a, 7.10b, and 7.10c may indicate true dis-
tinctions between Na pumps of different preparations
or may simply reflect differences in experimental tech-
nique. The final I�V relation (Figure 7.10d)57 indicates
that the pump current in the mammalian CCD, like
that of symmetric cells, is sensitive to voltage in the
physiological range.

The variability in the shape of the I�V relations for
the Na,K-ATPase (Figure 7.10) implies some uncer-
tainty as to whether the Na pump of a particular tissue
behaves more like a constant current or a constant
voltage source. Nonetheless, we have chosen to repre-
sent the Na pump in the equivalent circuits of
Figures 7.1 and 7.7 as a voltage source (Ep) in series
with an internal resistance (Rp), because this is a some-
what more general form than a constant-current
source.
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CONCLUSIONS

With the use of microelectrodes to record intracellu-
lar voltages and voltage changes, it has been possible
to characterize renal epithelia according to the equiva-
lent circuit in Figure 7.1. Overall conductances of api-
cal and basolateral membranes can be computed, and
the contribution of various ions to these conductances
can be estimated. Our understanding of the major
nephron segments at this level is fairly secure. In the
next section we discuss how measurements at the
single-channel level have yielded a more detailed
description of renal ion transport processes.

Patch-Clamp and Single-Channel Analysis

Defining a Channel

The ability to measure currents through individual
ion channels in small “patches” of biological mem-
branes has, over the course of the last 25 years,
increased enormously the type of information that can
be gleaned about ion channels and the details of our
knowledge of how these transport proteins work. With
this technique we can find out how many different
types of channels there are in a membrane, and how
many of each type is present, without the need for spe-
cific pharmacological agents. It is possible to determine
what gene produces a given membrane conductance
by comparing the properties of the channels in that
membrane with those of the gene product when it is
heterologously expressed in another cells type. In other
cases a gene can be specifically deleted using genetic
techniques, and the disappearance of a channel type
from the membrane can be followed. The patch-clamp
technique can also be very useful to determine what
agents or second messengers directly or indirectly reg-
ulate ion channels.

An ion channel is defined in physical terms as a
membrane protein which forms a continuous path-
way for the diffusion of an ion from one side of the
membrane to the other. In contrast to active transpor-
ters, the direction of movement of the ion is deter-
mined by the electrochemical energy difference across
the membrane. Unlike more complex “carriers”
(including facilitated transporters and co- and counter-
transporters) a conformation change in the channel
protein is not required for the translocation of the ions.
This permits ions to move quite quickly through the
channels. While co-transporters or exchangers gener-
ally have maximal turnover rates of about 105/sec, and
metabolically driven pumps are even slower, channels
can achieve rates of 108/sec or more through individ-
ual units.58

Most channels exhibit gating; they switch between
distinct open and closed states, producing abrupt
transitions in current under voltage-clamp conditions.
Patch-clamp recording can generally resolve currents
of around 106/sec or 0.15 pA. Thus, the ability to see
an individual transport unit using the patch-clamp is a
reasonably good operating definition of a channel.
Although the appearance of current transitions is a
good operational definition of channel activity, this is
actually too restrictive since some channels may have a
low turnover rate. Nevertheless the definition is a
useful one, and most channels that we know about
have currents large enough � at least under optimal
conditions � to be seen by patch-clamp.

Most biologically important channels will also have
a density high enough to be observed frequently. For a
moderate membrane conductance of 1 mS/cm2, a sin-
gle channel conductance of 40 pS and an open proba-
bility of 0.5, the density of channels will be 53 107/
cm2 or 0.5/μm2. If a patch contains 5 μm2 it will have
on the average 2 to 3 channels. This simple calculation
illustrates that a patch pipette of average diameter will
usually contain at least one channel, making this tech-
nique a highly efficient method for studying the char-
acteristics of individual ion channels.

High resolution patch-clamp recording was devel-
oped in the early 1980s by Neher, Sackmann, and col-
leagues.35 The patch methodology consists of four
major configurations, three of which can be used to
study single channels. As illustrated in Figure 7.11, the
cell-attached patch consists simply of forming a seal
on the surface of a cell, and studying the resulting
piece of membrane in situ. This is obviously the most
physiological condition. The same patch can be excised
from the cell membrane, forming an inside-out patch
in which the cytoplasmic surface of the membrane
now faces the bathing medium. This is useful for
studying the effects of second messengers and other
cytoplasmic components which can be added back to
the medium to test for their ability to regulate the
channels. A cell-attached patch can also be broken
with suction, to form a whole-cell voltage-clamp. This
is a very convenient method for studying the total cur-
rent from the entire cell membrane. It is usually not
possible to resolve single-channel events in this config-
uration, although noise analysis of whole-cell record-
ings can give information about single-channel
properties (see below). Finally, withdrawing the
pipette from the cell under the whole-cell condition
often gives rise to the outside-out configuration, in
which a new patch is formed with the former extracel-
lular surface of the membrane facing the bath. This can
be used to study the effects of hormones, drugs, and
other ligands which interact with the external face of
the channel.
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PARAMETERS MEASURED ON
SINGLE CHANNELS

Single-Channel Current

The simplest measure of channel electrical activity
is the single-channel current (Figure 7.12). This is the
change in current under voltage-clamp conditions
which occurs when a channel opens or closes. It is gen-
erally quite reproducible for a given set of conditions,
but varies with ion concentration, temperature, and
voltage. It is common to characterize channels by their
single-channel conductance. This is defined as the
slope of the current versus the voltage relationship.
For some channels this conductance is roughly inde-
pendent of voltage. Many others, however, have
highly non-linear current-voltage relationships. In the

latter case, the voltage at which the conductance was
measured must always be specified.

Normally, the lowest single channel conductance
that can be reliably measured is in the neighborhood
of 1 pS. This would correspond to measuring a 0.1 pA
current at an electrical driving force of 100 mV. Most
channels can conduct much larger currents; an upper
limit of about 33 pA has been estimated from limita-
tions of diffusion rates.58 Eukaryotes have channels
with conductances up to about 400 pS.

Some channels have more than one conducting state.
Usually the largest one is chosen as the characteristic
conductance, and smaller ones are referred to as “sub-
conductance” states. Presumably these reflect different
conformations of the channel protein. In one special
case of the Cl channel CLC-0, the channel has two con-
ductance states, with one being precisely half of the

Heart muscle

(a)
(b)

(d)(c)

1.0

0.5

�150 �100 �50 0 50

Normalized-
pump current

Membrane potential (mV)

Amphibian CCT

[K]ext�3.0 mM

�200 �150 �100 �50 0

Membrane potential (mV)

60

40

20

Pump current
(�A/cm�2)

Xenopus oocyte

[K]ext�5.0 mM

�150 �100 50�50 0

1.25

1.0

0.75 Na/K-pump
current

(�A/cm�2)0.5

0.25

Membrane potential (mV)

�120 �80 40�40 0

Membrane potential (mV)

80

1.2

0.8

0.6

0.4

0.2

1.0

Mammalian CCT

Normalized-
pump current

FIGURE 7.10 (a) Current-voltage relation of the cardiac Na-K-ATPase as determined from the strophanthidin-sensitive pump current in
a whole-cell recording from a single isolated ventricular myocyte. Dissipative current pathways were blocked with Cs, Cd, TEA, and Ba
(from 55). (b) Current-voltage relation for the Na/K pump of Xenopus oocytes, bathed in a 90 mM Na, 5 mM K solution. Pump current was
determined as the difference between current measured at 5 mM external K and current measured in K-free solutions (from 180). (c) Current-
voltage relation of the basolateral Na pump of Amphiuma collecting tubule as determined from the strophanthidin-sensitive current in short
segments of voltage-clamped tubules (from 150). (d) Current-voltage relation of the rat principal cell Na-K-ATPase. Ouabain-sensitive currents
were normalized to their values at zero mV (from 57).
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other.59 The interpretation of these results was that two
identical conducting pores are linked together such that
they can close either separately or together. The “full”
conductance state represents both pores conducting
simultaneously, and the “sub” conductance state
reflects the opening of just one of them. In general, the
structural basis of subconductance states � which
can have any fraction of the full conductance � is not
well-understood.

Channel Selectivity

In addition to conductance, the ionic selectivity of the
channel can also be determined from single-channel i-V
plots under appropriate conditions. As in the case of
macroscopic currents discussed in the last section, the
selectivity of an individual ion channel can be defined
and measured in different ways. Inside-out and outside-
out patches are particularly well suited for measure-
ments of permeability ratios, since the ions on both sides
of the membrane can be set to known concentrations.

The ionic transference numbers for a channel can be
evaluated using the same relationships discussed pre-
viously (see Eq. (7.23)). However, instead of perturbing
the concentration of an ion across the membrane, it is
simpler in a patch-clamp experiment to change the
transmembrane voltage (see Eq. (7.26)). The reversal
potential (Erev) is then defined as the voltage at which
current flow through the channel changes direction.
Measurement of Erev is easiest to interpret in excised
patches, where ionic concentrations can be precisely
controlled. For measurement of cation versus anion

selectivity, dilution conditions are normally used, with
a single salt at different concentrations (S1 and S2) on
both sides of the membrane. For the case of a monova-
lent salt:

Erev 5 ðt1 2 t2Þ
RT

F
Ln

S1
S2

ð7:28Þ

where t1 and t2 are the transference numbers for ion
movement through the individual pore, and S1 and S2
are the salt concentrations on either side of the mem-
brane. This is equivalent to Eq. (7.12). Thus, if a chan-
nel has perfect selectivity for cations (or for anions) the
reversal potential will shift by 59 mV for a 10-fold con-
centration gradient (at 25�C).

The permeability ratio is a common measure of the
selectivity among ions of the same charge. In general,
the permeability ratio can be computed from a con-
stant-field equation similar to Eq. (7.26). This equation
reduces to a particularly simple and useful form under
bi-ionic conditions, with two different salts at the same
concentration on either side of the membrane (e.g.,
NaCl and KCl for an exclusively cation-selective
channel):

Erev 5
RT

F
Ln

Px

Py
ð7:29Þ

where Px and Py represent the permeabilities of the
two ions x and y. A selectivity (permeability ratio) of
10 will give rise to a reversal potential of 59 mV at
25�C. Notice that Eq. (7.29) does not involve the actual
salt concentration, as long as the concentration of salt
X on one side is the same as the concentration of salt Y
on the other side.

The relative permeability of a channel to different
ions can be measured in cell-attached patches, even
when the intracellular ion composition is not precisely
known, from changes in the single-channel reversal
potential associated with different patch pipette solu-
tions. When the highly selective renal K channel,
ROMK2, is expressed in K-depolarized Xenopus oocytes,
the single-channel (cell-attached) i-V curve intersects the
origin at a reversal potential of zero (solid line,
Figure 7.13). When the same experiment is performed
with Rb (rather than K) in the patch pipette, the single
channel i-V relation becomes less steep, and the reversal
potential shifts in a negative direction by 14 mV (dashed
line, Figure 7.13). Using Eq. (7.29), this change in reversal
potential implies a permeability ratio, PRb/PK5 0.63 for
ROMK2, expressed in Xenopus oocytes.

Ionic selectivity can also be estimated from single-
channel conductance ratios determined under different
ionic conditions. These can be compared with selectiv-
ity ratios derived from the permeability ratios
described above. In general, the conductance ratio will

Cell-attached

Cell

Excised (inside-out)

Pull

Pull

Excised (outside-out)Whole-cell clamp

Cell

Break patch

Cell-attached

Cell

FIGURE 7.11 Schematic of the patch-clamp technique, applied

to the apical membrane of an epithelium. Patch-clamping the baso-
lateral membrane involves a similar procedure. In a cell-attached
recording, the cell retains its original composition. Formation of a
(conventional) whole-cell clamp causes most of the cell contents to
be replaced by pipette solution. Withdrawal of the pipette from the
whole-cell configuration often produces an excised, outside-out
patch.
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differ from the permeability ratio, derived from rever-
sal potentials and Eq. (7.29). For example, using the
data of Figure 7.13, the ratio of inward Rb conductance
to inward K conductances is gRb/gK5 0.36. This differs
significantly from the permeability ratio, PRb/PK5 0.63
determined from reversal potentials. The discrepancy
is even larger when the selectivity of K versus NH4 is
considered. Here the shift in reversal potential implies
PNH4/PK5 0.1. However, the conductance to NH4

at large negative potentials is equal to or higher than
that to K at voltages driving inward currents, giving
gNH4/gK $ 1.60,61 Discrepancies of this kind may indi-
cate an interaction between the permeant ions and the
channel. Rb may bind tightly a particular site within
the pore, thus passing slowly through the channel.
However, this binding will displace K from the chan-
nel, also reducing K conductance. The permeability
ratio will reflect the relative affinity of the binding site
for the two ions. Conversely, NH4 may bind less
tightly than K within the conduction pathway.

Open Probability

A second fundamental parameter of an ion channel
that can be measured directly using single-channel
recording is the open probability (Po) or the fraction of
time the channel spends in the open state. If there is only
a single channel in the patch, Po is determined by divid-
ing the amount of time spent in the open state by the
total recording time. Po can also be measured in patches
with more than one channel, provided that the number
of channels (N) is known. This requires identification of
the states with all channels open and with all channels
closed, as discussed below.

A useful measure of overall channel activity in mul-
tichannel patches is the mean number of open chan-
nels, defined by Eq. (7.30):

NPo 5
XN
n51

nPn ð7:30Þ

where Pn equals (the dwell time with n channels
open)/(total time); and N is the total number of
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FIGURE 7.12 Example of single-channel current records and associated analysis. ROMK2 was expressed in Xenopus oocytes, and cur-
rents were recorded from a single channel in a cell-attached patch. The oocyte membrane potential was reduced close to zero by 100 mM KCl
in the bath. The patch pipette also contained 100 mM KCl. Neither divalent ions nor specific chelating agents like EDTA were added to the
pipette. (a) Currents recorded with the membrane potential clamped at 280 mV (cytoplasm relative to pipette). Upward deflections from the
closed state correspond to inward K currents. (b) Current voltage relation for ROMK2, constructed by recording currents at different
(clamped) membrane potentials. (c) Closed time distribution at 280 mV, showing two discrete closed states with time constants of 1.2 msec
and 47 msec. (d) Open time distribution at 280 mV, with mean open time of 19 msec (from 60).
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channels in the patch. Single-channel open probability
(Po) can be readily determined from Eq. (7.30), if the
number (N) of channels in the patch is known. One
caveat is that channels whose kinetics are very slow
relative to the recording time may not be counted by
Eq. (7.30).

An alternative method for estimating open probabil-
ity is to compare the total macroscopic current (I)
resulting from N channels to the single channel current
(i), using Eq. (7.31), assuming that the number of chan-
nel proteins (N*) can be measured independently.
Under these conditions, the open probability would be
given by (P*o):

P�
o 5 I=N�i ð7:31Þ

In Xenopus oocytes expressing ENaC channels, P*o
was estimated to be 0.05 with Eq. (7.31) (Table 7.5).
This is an order of magnitude lower than the Po of
about 0.5 that was determined by conventional electri-
cal methods.62 Presumably, this difference reflects a
large number of silent channels, which are electrically
invisible and therefore do not contribute to patch-

clamp determinations of Po. Equations (7.30) and (7.31)
yield comparable estimates of Po only for the special
case where all channels in the membrane are active
during the electrical measurements.

NUMBER OF CHANNELS

The number of channels in a patch (N) divided by
the area of the patch will reflect, on average, the den-
sity of channels in the membrane. In principle, N can
be observed. In practice, not all the possible current
levels will be visited during the lifetime of the record-
ing. This is particularly problematic when the Po of the
channels is either very low or very high. Sometimes
this difficulty can be mitigated by maximally activat-
ing or deactivating channels at the end of a recording
by applying voltage or chemical regulators.

If the properties of all channels are identical and are
independent of each other, then the percentage of time
spent in each state (e.g., 1 channel open, 2 channels
open, etc.) should follow the binomial distribution.
Fitting the measured distribution of times with a bino-
mial function can then be used to estimate channel
number.63 This method is less biased than that of
counting current levels, as the latter will always be an
underestimate. However, the assumption that channels
have identical kinetics is probably not always valid.

In some cases the kinetics of the channels can be
used to estimate N. If all channels have a high Po such
that the state with all channels open is clearly defined,
and a reproducible mean open time topen (see below),
then the mean time that an ensemble of N channels
will stay in the all-open state will be topen/N. Thus, N
can be estimated even if the current level with all
channels closed is never directly identified.64 A similar
procedure can be used on channels with a low Po if
the mean closed time is reproducible. This procedure
works only if the channels have a single open (or
closed) state (see below).

The area of patches is also difficult to quantify pre-
cisely. When the membrane patch can be seen in the
light microscope, it often appears to be drawn a con-
siderable distance into the patch-clamp pipette by the
process of seal formation.65,66 A typical patch geometry
might correspond to a membrane area of about 5 μm2.
Areas estimated from electrical capacitance measure-
ments varied from about 1 μm2 to over 15 μm2.65 The
area will depend on both the size of the micropipette
and the cell type. Perhaps the surest way of estimating
single-channel density is to combine single-channel
measurements with a macroscopic measurement. For
example, the number of Na channels in the apical
membrane of the rat CCD has been estimated from the
whole-cell, amiloride-sensitive conductance, and the
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FIGURE 7.13 Differences between relative conductances and
relative permeabilities. When Rb replaces K as the permeating cat-
ion of ROMK2, there is a shift in both the reversal potential (x inter-
cept) and single-channel conductance (slope) of the i-V relation. The
Rb/K permeability ratio calculated from the change in reversal
potential was 0.63, which is significantly larger than the Rb/K con-
ductance ratio of 0.36 determined from the inward slopes of the i-V
curves. Similarly, the NH4/K permeability ratio calculated from the
change in reversal potential was 0.12, compared to a NH4/K inward
conductance ratio of unity (from 60).
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average single-channel conductance and open proba-
bility measured under similar conditions (Table 7.6).

OPEN AND CLOSED TIMES

All channels that open and close can be character-
ized, not only by the percent time in the open state
(Po), but also by the mean times spent in these states
or, equivalently, the rates of transition between them.
The mean lifetimes of the open and closed states can
range from less than 1 msec to more than 1 second.
The lifetimes of a given state are presumed to be expo-
nentially distributed, similar to those of radioactive
isotopes. The transition rates can be estimated by plot-
ting the number of open (or closed) events of a given
duration as a function of that duration.

In the simplest kinetic scheme, a channel that has
just one open and one closed state can be diagrammed
as follows:

Open Closed

This will result in open- and closed-time histograms
which are monotonically decreasing functions of inter-
val length, and which can be fitted by a single expo-
nential decay curve.

In practice, the kinetic parameters of a particular
channel are usually estimated by fitting the open and
closed dwell time distributions with multiple expo-
nential components. In this regard, it has proved
most useful to generate event histograms with a log-
arithmic time axis and a square root transformation
of the ordinate.67 This greatly simplifies interpreta-
tion and fitting of distributions that contain multiple
exponential components. Examples of two such fitted
distributions are shown in Figure 7.12c and
Figure 7.12d, respectively, for the closed and open
times of single ROMK2 channels expressed in

Xenopus oocytes. In this type of representation, the
peaks of each of the skewed, bell-shaped curves cor-
respond to time constants for the open and closed
states of the channel.

Even after the number and duration of closed and
open states have been determined, the exact kinetic
scheme for the channel may still be ambiguous. Both
of the models depicted below are consistent with two
closed states and one open state. The first model corre-
sponds to transitions between a single open state and
a long-lived closed state (closed 2) that can only be
reached by passage through a short-lived closed state
(closed 1). In the second model, both the short and
long-lived closed states are accessible from the open
state. Even with this modest degree of complexity
these two patterns cannot readily be distinguished,
and the rate constants among the states cannot always
be unequivocally derived.

Open Closed 1 Closed 2

Open

or

Closed 1 Closed 2

Channels can have multiple open states as well as
multiple closed states. In Ca-activated BK channels, for
example, models with 50 different states are required
to portray channel kinetics.68 As the number of possi-
ble open and closed states increases, the difficulty of
the analysis increases as well, making it difficult to
assign values to individual rate constants or to distin-
guish alternative kinetic schemes.

The situation can be even more complicated if the
channel exhibits bursts of activity that are themselves
part of a larger pattern of activity. This behavior
requires even more states. Alternatively, a kinetic
scheme based on fractals has been proposed69 on the
basis that a burst within a burst pattern will continue
to be observed as the time domain over which

TABLE 7.5 Open Probability of Na Channels Expressed in
Xenopus Oocytesa

Direct measurement: Po5 0.42 Patch-clamp

Macroscopic current: I5 0.94 μA
(100 mV)

TEVC

Single-channel current: i5 0.60
(2 100 mV)

Patch-clamp

Channel number N*5 1.73 108/
cell

Ab binding (assume 4 subunits/
channel)

Open probability: Po*5 I/
N*i5 0.04

aData from 62.

TABLE 7.6 Computation of Na-Channel Density in Rata

Macroscopic conductance: INa5 510 pA/cell
(Vm52100 mV)

Whole-cell clamp

Apical membrane area: A5 185 μm2/cell Morphological
studies

Single channel conductance: iNa5 0.81 pA
(Vm52100 mV)

Patch-clamp

Open probability: Po5 0.5 Patch-clamp

Channel density N5 INa/[A � iNa �Po]

N5 1260/cell5 6.8 μm2

aData from 152�154.
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measurements are made becomes smaller or larger.
The relative merits of fractal models as opposed to
the more conventional discrete-state models are dis-
cussed in detail elsewhere.70�72 Although the fractal
approach is mathematically elegant, it is rarely used
in practice since discrete-state models more closely
correspond to the simple physical picture of a chan-
nel protein having several alternative conformations.
It emphasizes, however, that the kinetic models are
based on measurable time scales determined by tech-
nical limitations. Events of ,0.1 msec duration are
difficult to resolve with current instrumentation. On
the other side of the spectrum, it is difficult to record
a sufficient number of events of duration .10 sec to
analyze accurately.

In some cases multiple gating “modes” have been
distinguished from different kinetic states.73,74 Here a
channel will shift abruptly from one pattern of gating
to another. This can be thought of as preserving the
same open and closed states, but changing the rate
constants for moving from one state to another. In
some cases, changes in gating mode could reflect a
chemical modification of a channel, such as a change
in the phosphorylation state. However, reversible
mode switches have also been observed with channels
reconstituted into planar lipid bilayers.75 In these cases
the modes must be intrinsic to the channel proteins
themselves.

Channel Pharmacology

Another defining characteristic of a channel type is
its response to pharmacological agents, usually those
which block the channel. If a specific blocker can be
identified, it is also quite useful to compare single-
channel data with macroscopic currents, similar to
what was shown above for estimation of channel
density. Amiloride is a commonly used blocker for
epithelial Na channels, whereas Ba, TEA or Cs,
block K channels. The dihydropyridines and certain
divalent cations such as Cd12 block Ca-selective
channels, disulfonic stilbenes as well as a variety of
organic anions block Cl channels, and gadolinium
inhibits stretch-activated cation channels. A variety of
naturally produced toxins work by blocking ion chan-
nels; most are directed against voltage-gated channels
in excitable epithelia. However, tertiapin, a compo-
nent of honey-bee venom, is a potent and fairly
selective blocker of the renal K channel ROMK.76,77

In addition, high-throughput screening has been used
to identify novel inhibiters of specific ion channels.
This approach has identified small-molecule blockers
of ROMK channels that may be useful for in vivo or
clinical applications.78

Channel blockers can affect either the open proba-
bility of the channel or its (apparent) single-channel
conductance. The effect depends on the rates of asso-
ciation and dissociation of the blocker with the chan-
nel. In particular, if the off-rate is slow relative to the
bandwidth of the recording device and the duration
of the spontaneous open and closed states, the block-
ing action will be revealed as a new long-lived
closed state. Block of the maxi-K channel by Ba12 on
the cytoplasmic side is an example of this type of
interaction (Figure 7.14a). On the other hand, if the
blocking action is fast relative to the bandwidth,
it will show up as a decrease in the apparent
single-channel conductance. Block of the maxi-K
channel by extracellular TEA is a good example
(Figure 7.14b).

Often the on-rates for blocking ions are
diffusion-limited, i.e., very roughly in the range of
108 sec21 M21. In this case, the rates of unblocking are
inversely related to the affinities of block. For blockers
with affinities in the nM range, the off-rate will be
1021/sec. This is a slow block, with a mean lifetime of
the blocked state of 10 sec. For blockers with affinities
in the μM range the mean lifetime could be 10 msec,
corresponding to an intermediate blocking speed in
which the blocking events are readily observed
in patch-clamp recordings. For blockers with affinities
in the mM range, the mean lifetime of the closed state
would be 10 μsec, too fast to be resolved under most
conditions.

There are at least two basic mechanisms of block,
regardless of the blocking kinetics. In one, the
blocker enters the pore part way, and sticks there
by binding to a site within the pore. This type of
block is usually voltage-dependent, particularly if
the blocker is charged, since the transmembrane
electric field will tend to either pull it into the pore
or push it out. Voltage dependence may also arise if
the blocker displaces permeant ions from the electric
field. Examples of this type of block include those
of Mg12 and polyamines in inward-rectifier chan-
nels,79 Ba12 on several types of K channels,80 and
amiloride on the epithelial Na channel.81 Another
type of block involves an allosteric interaction with
the channel protein. This changes the conformation
of the protein to one in which the pore is closed or
stabilizing a spontaneously occurring closed confor-
mation. A well-studied example of this type of block
is that of dihydropyridines on voltage-dependent
Ca-channels.73 The second type of block may be
voltage-independent. However, a voltage-dependence
could arise if the conformational change involves
a movement of charge on the channel protein
with respect to the electric field across the
membrane.
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APPLICATION TO EPITHELIA

One of the major difficulties in the application of
the patch-clamp technique to renal epithelia has been
gaining access to the plasma membranes. Different
methods have been used for both apical and basolat-
eral membranes.

Apical Membranes

One successful approach to gaining access to the
apical membrane is to split the tubules mechanically
and flatten them onto their basolateral surfaces.82,83

The use of a transparent, non-toxic, molluscan adhe-
sive (Cell-Tak, Becton-Dickinson, Bedford, MA) has
greatly improved attachment of the basement mem-
brane to the bottom of the chamber and increased the
stability of the patch-clamp recording.82,84 An example
of a split, flattened proximal tubule from Necturus

maculosus is shown in Figure 7.15. Absence of staining
with Trypan blue, except around the edge of the tissue,
indicates viability of most of the hexagonal cells.
Gigaohm seals can be formed on the apical surface of
this preparation (shadow of a patch pipette can be
seen near the center of the field). Although splitting
individual nephron segments works best in large,
amphibian tubules,82,84�86 it has also been successfully
used in mammalian CCD and TALH.83,87,88

A second approach to patch-clamping the apical
surface of renal tubules has been to insert a micropi-
pette into the open lumen of a perfused tubule.89 This
has the advantage of maintaining the tubule in the per-
fused state, and theoretically permits independent con-
trol of the solution on both sides of the tubule.
However, this technique significantly increases the
complexity of the patch-clamp procedure and
decreases cell visibility, making it difficult or impossi-
ble to be absolutely sure which cell type is actually
being studied within a given nephron segment.

(a)

Barium
(�M)

(b)
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FIGURE 7.14 Comparison of (a) block of maxi-K channels by a slow blocker, Ba, which is effective at micromolar concentrations and
reduces the open probability, with (b) block by tetraethyl ammonium, which is effective at mM concentrations and reduces the apparent single
channel conductance (from 181).
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Another technique that preserves the separation of api-
cal and basolateral solutions entails the eversion of the
entire tubule, which can then be perfused with the
luminal surface on the outside.90�92 This approach has
the advantage of maintaining the integrity of the entire
tubule, but is technically demanding.

Finally, renal cells can be studied in culture, taking
advantage of the tendency of epithelial cells to attach to
a suitable substrate with their basolateral side down,
leaving the apical membranes facing up and accessible
for patch-clamping. Both continuous cell lines93�95 and
primary cultures of renal tubules34,84,86,96�98 have been
used. A problem with this approach is the difficulty of
preserving the properties of the original cells in culture.
One cell line which does appear to closely resemble
native epithelial cells from the distal nephron is the A6
line from Xenopus kidney.99 This has been a particularly
useful preparation for studying epithelial Na
channels.93,100�102 A mammalian cell line that also pre-
serves a distal nephron phenotype and has been used
for patch-clamp is the mouse line mpkCCDc14.95,103

Basolateral Membranes

Basolateral channels are difficult to study because
the basal surface is covered with a basement mem-
brane that must be removed to allow access to the
plasma membrane. With isolated amphibian tubules it
has been possible to gain access to the basolateral
membrane by manually removing a small segment of
basement membrane.84,104 This process has also been
applied to the mammalian collecting tubule.105

However, most patch-clamp studies on mammalian
basolateral membranes have used pre-treatment of the

tubules with a collagenase solution to remove enough
of the basement membrane to permit formation of a
high resistance patch-clamp seal.105�109

In an effort to circumvent the possible problems
associated with enzymatic digestion, the lateral cell
membranes of mammalian nephron segments have
been patch-clamped either on the open end of a per-
fused tubule89 or by mechanically removing an adja-
cent cell in an otherwise intact epithelium. The latter
method was used to study basolateral channels on the
lateral membrane of principal cells of rat CCD.110

Here, a suction pipette is used to remove an entire
intercalated cell from a split-open rat collecting tubule.
This exposes a clean, lateral surface of an adjacent
principal cell on which a high resistance seal can be
formed with a standard patch pipette (Figure 7.16).

Isolated Cells

Another way of gaining access to either the apical or
basolateral cell membranes is to use isolated, polarized
cells, derived by a brief collagenase or trypsin treatment
of the epithelium. This weakens the basement membrane
sufficiently so that individual, undamaged cells can be
obtained by moderate mechanical agitation. A number
of studies have been carried out using isolated cell pre-
parations of proximal tubules, since these cells often
retain their polarity for extended periods.111�115 Detailed
cytochemical studies on isolated cells of this type have
confirmed the stability of markers normally associated
with either the apical or basolateral membranes of intact
epithelia.115 An example of an isolated amphibian proxi-
mal tubule cell is illustrated in Figure 7.16.112,115 These
cells maintain their polarity by assuming a bi-spherical,

Patch pipette

60 �m

FIGURE 7.15 Light micrograph of split-open Necturus proximal tubule (apical side up), viewed from below with modulation contrast

optics. The tissue was attached with Cell-Tak. Nuclei of damaged cells at the periphery are readily identified by their uptake of Trypan blue.
Undamaged cells are approximately hexagonal in shape and exhibit well-defined boundaries with a diagonal diameter of about 30 μm.
The tip and shadow of a patch pipette are visible at the left of the figure.
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minimum energy configuration. In this picture the apical
surface, with brush border, is clearly visible as the smal-
ler hemisphere, whereas the larger spherical surface con-
sists of basolateral membrane.

NOISE ANALYSIS

Noise or fluctuation analysis provides an alternative
approach to obtaining information at the level of single
channels. In this technique the mean current level, as
well as the variations about the mean, is used to infer
single-channel properties. The principle behind the
measurement is that random openings and closures of
channels within a population will give rise to appreci-
able fluctuations in the overall number of open chan-
nels. The amplitudes of the fluctuations depend on the
number channels, their open probability, and the sin-
gle-channel current (see below). For a given mean cur-
rent level, the fluctuations will be larger for a small
number of channels (with large single-channel cur-
rents) than for a large number of channels (with smal-
ler single-channel currents), since opening or closing
one channel will produce a larger change in the mean
current. A major disadvantage of this approach versus
that of patch-clamp is that the single-channel events
are not observed directly, but need to be extracted
from the data using kinetic models, Fourier transforms,
and curve fitting. A second drawback is that informa-
tion on variations in channel behavior may be lost, and
only the mean properties of an ensemble of the chan-
nels are obtained. This loss of information can some-
times be a blessing in disguise, particularly when the

overall performance of the whole population of chan-
nels needs to be assessed, by focusing attention on the
quantitatively important aspects of channel function.
Another advantage is that the sampling of channel
properties is not biased by those of a few “good”
patches which may be easy to analyze, but are not nec-
essarily representative. A third advantage of noise
analysis over direct recording of single-channel events
is that it can resolve smaller single-channel currents.
For example, the inward-rectifier K channel Kir7.1 has
a single-channel conductance of B50 fS estimated
from noise analysis.116 Single-channel openings and
closings associated with this conductance would be
impossible to see using patch-clamp recordings.

Like single-channel recordings, noise analysis depends
on abrupt changes in currents which occur when chan-
nels open or close, giving rise to fluctuations. Although it
is possible to analyze noise due to spontaneous opening
and closing, in practice most uses of noise analysis in epi-
thelia have made use of blocker-induced noise in which
the fluctuations are promoted by addition of blocking
ions to the medium. This has two advantages. First, if the
blockers interact with the channel through a first-order
process, the kinetic scheme is particularly simple:

OpenClosed Blocked channel

In the frequency domain, such a scheme predicts
fluctuations which follow the form of a simple
Lorentzian equation117:

S5 So=½11 ðf=fcÞ2� ð7:32Þ
Where S is the power associated with a given fre-

quency f, So is the plateau power approached at low
frequencies, and fc is a constant called the corner fre-
quency, and is the frequency at which the power is
reduced to half that of the plateau (Figure 7.17).
Furthermore, fc is determined by the kinetics of the
blocking interaction:

2πfc 5 ½B�kon 1 koff ð7:33Þ
where [B] is the blocker concentration, and kon and koff
are the on and off rate constants, respectively for the
blocking reaction.

A second advantage of studying blocker-induced
noise is that both the blocker and its concentration can
be chosen to optimize the frequency of the fluctua-
tions. This is important because technical problems can
often limit the frequencies over which the noise can be
reliably measured. For example, although amiloride-
induced noise was originally used to study properties
of epithelial Na channels,117 recordings could be
improved by using a lower affinity analog which
produced fluctuations at higher frequencies.118

FIGURE 7.16 Scanning electron micrograph of split open CCD.

Arrow shows lateral membrane of a principal cell. The intercalated
cell adjacent to the principal cell was removed by mechanical suc-
tion, leaving the principal cell intact (from 110).
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The simplest piece of information that can be extracted
from the noise analysis is the single-channel current117:

i5 So2πfc=4IFB ð7:34Þ
Where FB represents the fraction of blocked channels

and I is the total (mean) current through the ensemble
of channels measured in the presence of the blocker.
FB can be determined from the ratio of kon/koff,
noting that FB5 1/(11 koff/kon•[B]). FB can also be esti-
mated from the macroscopic dose-response curve
(Figure 7.18a), although this may give different results
if the blocker increases the number of channels contrib-
uting to the noise. The quantity No (5mean number of
open1 blocked channels) can be calculated from:

No 5 I=½ið12 FBÞ� ð7:35Þ
In general, No will be smaller than the total number

of active channels N, since closed channels are not
included. Helman and colleagues have made use of
this discrepancy, and the finding that No increases
as the concentration of blocker is increased, to assess
Po, the open probability of unblocked channels. This
was analyzed in terms of a three-state model 118:

+Open Blocker Blocked channel

Assuming that closed channels cannot be
blocked, the number of open1 blocked channels is

increased by the blocker through the principal of
mass action.

A second approach to estimate Po is to measure the
fluctuations associated with the spontaneous opening
and closing.119 Again a simple model is assumed:

OpenClosed

In which the variance (σ2) of the current is given
by58:

σ2 5Ni2Poð12PoÞ5 Ið12PoÞi ð7:36Þ
Therefore, the three measurements of blocker-

induced noise, mean current, and variance in the
absence of blocker can be used to estimate the three
variables i, N, and Po.

Most noise analysis studies have used flat epithelia
in which the transepithelial voltage is clamped. Both
native tissues44,117,120,121 and cultured cells118,122 have
been successfully studied. In these instances blockers
have been added to the apical side of the epithelia to
measure properties of Na channels (using amiloride or
its analogs as blockers) or K channels (using Ba12).
More recently, fluctuation analysis has been applied to
whole-cell recordings of renal epithelia, particularly
the CCD, where the cells are not electrically coupled to
each other.38 Na channel fluctuations similar to those
of flat epithelial can be measured in this way.119

Another application involved characterization of baso-
lateral K channels which, as described above, are diffi-
cult to study directly.123 Similar techniques were also
used to examine cell-attached patches in which chan-
nel density was too high to resolve single-channel
events directly.124

Molecular Identification of Channels

Detailed information about channel properties
obtained from patch-clamp analysis can, in some cases,
be used to establish the molecular identity of the chan-
nels. Ideally this identification is corroborated using
biochemical and genetic techniques. Table 7.7 provides
a list of such channels for the mammalian nephron.

ROMK (Kir1.1), the apical K1 channel of the TAL
and CNT/CCD, provides a good example of this pro-
cess. The channel was observed characterized in both of
these segments125,126 before the cDNA encoding it
was cloned.127 Subsequent detailed comparison of the
biophysical properties of the native and cloned chan-
nels made it highly likely that the two were identical.61

This was supported by immunocytochemical evidence
demonstrating expression of the channel protein in the
luminal membrane of the appropriate segments of
the rat kidney.128�130 Finally, genetic deletion of ROMK

Apical surface Basolateral surface

Brush border

30 �m

FIGURE 7.17 Isolated Necturus proximal tubule cell. The cell is
bi-spherical in shape and about 30 microns in diameter. Evidence of
a brush border is apparent on the smaller apical sphere. The larger
spherical side of the cell consists of basolateral membrane. Isolated
amphibian proximal tubule cells retain their polarity much longer
than mammalian isolated epithelial cells. Patch-clamp recordings
from both apical and basal surfaces indicate channel types similar to
those found in native tubules.
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in the mouse led to the disappearance of the channels
from the apical membranes of both the CCD and
TALH.131

Although few channels have been examined as fully
as ROMK, the list of fully and partially identified
conductances is growing. In some cases, the genetic
identification cited in Table 7.7 entails the analysis of
phenotypes of human mutations such Bartter’s132 and
SESAME/EAST133,134 syndromes rather than a knock-
out line. This is a less direct approach, but one that
increases the pathophysiological relevance of the
channel.

CONCLUSIONS

The patch-clamp approach has made it possible to
study renal ion channels one molecule at a time.
Insights into ion transport mechanisms that have
emerged from these studies have greatly expanded the
information that was previously available from equiva-
lent circuit analysis. Although single-channel measure-
ments provide details about how ion channels work,
they do not provide complete information about how
an epithelium works. Achieving this goal requires mea-
surements of transepithelial, intracellular, and single
channel properties.

APPENDIX 1. THE BASIC EQUATIONS
FOR THE GENERAL EQUIVALENT

CIRCUIT

The lateral resistive network in the circuit of
Figure 7.1 makes it difficult to obtain a closed form
solution for the electrical parameters of interest.
However, if the lateral network is neglected, Figure 7.1
reduces to the simpler circuit of Figure 7.7a, which can
be evaluated as follows.

Since the pump and diffusional EMFs are in paral-
lel, the effective electromotive force of the cellular
pathway is the sum of the individual EMFs weighted
by their relative conductances:

E�
bl 5

Rbl

Rp 1Rbl
Ep 1

Rp

Rp 1Rbl
Ebl ðA1:1Þ

where Ep is the reversal potential of the pump and Ebl

is the total ionic diffusion potential across the basolat-
eral membrane, as given either by the mosaic mem-
brane equation (Eq. (A1.2)) or the constant field
equation (Eq. (A1.3)):

Ebl 52
RT

F
tNaLn

½Na�c
½Na�b

1 tKLn
½K�c
½K�b

1 tClLn
½Cl�b
½Cl�c

� �
ðA1:2Þ
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FIGURE 7.18 Noise analysis of whole-cell currents in a principal cell of the mouse CCD. The power density spectrum was obtained with
1 μM amiloride in the bath. The line represents a fit to a Lorentzian function with So5 3.06 pA2 sec and fc5 3.8 Hz (from 119).
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Ebl 52
RT

F
Ln

PNa½Na�c 1PK½K�c 1PCl½Cl�b
PNa½Na�b 1PK½K�b 1PCl½Cl�c

ðA1:3Þ

The effective basolateral resistance R�
bl is the parallel

sum of pump resistance (Rp) and the passive resistive
elements of the membrane (Rbl):

R�
bl 5

RpURbl

Rp 1Rbl
ðA1:4Þ

Transepithelial resistance (Rte) is a function of the
other resistances in the network as defined by:

1

Rte
5

1

Rtj
1

1

Rap 1R�
bl

ðA1:5Þ

Considering the circuit of Figure 7.7b, the total cir-
culating current (I) can be calculated from the total
EMF of the circuit divided by the total resistance
according to the equation:

I5
2E�

bl 2Eap 1Epar

R�
bl 1Rap 1Rtj

where E�
bl and Eap , 0 ðA1:6Þ

Under these conditions, the measured basolateral
potential will be given by:

Vbl 5E�
bl 1 IUR�

bl 5
E�
blðRap 1RtjÞ1R�

blðEpar 2EapÞ
R�
bl 1Rap 1Rtj

ðA1:7Þ

The measured apical membrane potential will be
given by:

Vap 5Eap 1 IURap 5
EapðR�

bl 1RtjÞ1RapðEpar 2E�
blÞ

R�
bl 1Rap 1Rtj

ðA1:8Þ
and the measured transepithelial potential will be
given by:

Vte 5Epar 2 IURpar 5
EparðRap 1R�

blÞ1RtjðEap 1E�
blÞ

R�
bl 1Rap 1Rtj

ðA1:9Þ

Equations (A1.7)�(A1.9) can be evaluated for the
limiting cases of very tight and very leaky epithelia. In
the case where the cell (rather than the interspace) is
the primary conductive pathway:

Lim Vbl 5E�
bl for Rtj ..Rap 1R�

bl

ðvery tight epitheliumÞ ðA1:10Þ

and:

Lim Vap 5Eap for Rtj ..Rap 1R�
bl

ðvery tight epitheliumÞ ðA1:11Þ

TABLE 7.7 Molecular Identification of Ion Channels in Renal Tubules

Channel Identification

Function Protein Genetic

PROXIMAL TUBULE

Basolateral K: KATP (Kir6?) 106, 107, 109, 155 � �
TALH

Apical K: Kir1.1 (ROMK) 126 128, 130, 156 131

Basolateral Cl: CLCK1(A)/2(B) 108, 157 158-160 132, 161

DCT

Basolateral K: Kir4.1/5.1 162 163, 164 133, 134

Cl: CLCK2(B) 165, 166 159 �
CNT/CD PRINCIPAL CELL

Apical Na: ENaC 87, 167 168, 169 170

K: Kir1.1 (ROMK) 125, 171 128, 130, 156 131

K: mSlo (BK) 83, 172 � �
Basolateral K: Kir4.1/5.1 173 173 �

K: Kir4.1 110, 123 173 �
Cl: CLCK2(B) 174 159 �

CNT/CD INTERCALATED CELL

Apical K: mSlo (BK) 175, 176 177 �
Basolateral Cl: CLCK2(B) 174, 178 158, 159 �
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If perturbations are confined to the apical membrane,
the additional limiting case is sometimes useful when
only transepithelial measurements can be performed:

Lim ΔVap 5ΔEap 5ΔVte for Rtj ..Rap 1R�
bl

ðvery tight epitheliumÞ
ðA1:12Þ

since:

Lim Vte 5Eap 1E�
bl for Rtj ..Rap 1R�

bl

ðvery tight epitheliumÞ
ðA1:13Þ

At the other extreme, if the paracellular pathway
has a much higher conductance than the cellular
pathway:

Lim Vte 5Epar for Rap 1R�
bl ..Rtj

ðvery leaky epitheliumÞ ðA1:14Þ

Finally, two other limiting cases of the general cir-
cuit equations permit determination of cell membrane
properties from transepithelial measurements under
special conditions. First, application of a high K solu-
tion to the serosal side of an epithelium having a pre-
dominantly K selective basolateral membrane reduces
both R�

bl and E�
bl to values close to zero. Under these

conditions, Eqs. (A1.8) and (A1.9) imply the following
simple relation between Vap and Vte.

Vap 5Vte 5
Rtj

Rap 1Rtj
Eap 1

Rap

Rap 1Rtj
Epar

ðK depolarized tissueÞ
ðA1:15Þ

Second, protocols that involve selective permeabili-
zation of the apical membrane reduce both Rap and Eap

to values near zero, and Eqs. (A1.7) and (A1.9) imply a
simple relation between Vbl and Vte:

Vbl 5Vte 5
Rtj

R�
bl 1Rtj

E�
bl 1

R�
bl

R�
bl 1Rtj

Epar

ðpermeabilized apical membraneÞ
ðA1:16Þ

APPENDIX 2. RELATION BETWEEN THE
REAL CHANGE IN EMF AND THE

MEASURED CHANGE IN POTENTIAL

Circular current flow in polarized epithelial cells
produces important discrepancies between the real
change in EMF at a particular barrier, ΔE, and the
change in voltage, ΔV, that can actually be measured
with electrodes (see Figure 7.7). In order to evaluate
individual ion selectivities, some assumption must be

made about the equivalent circuit of the epithelium. In
the simple model of Figure 7.7a, luminal replacement
of Na, K or Cl with an impermeant ion will produce
changes in the measured basolateral ΔVbl and transe-
pithelial potentials ΔVte that are related to the change
in apical membrane EMF according to:

ΔEap 5ΔVte 2ΔVbl 11
Rap

Rp
1

Rap

Rbl

� �
ðA2:1Þ

where Rap, Rbl, and Rp respectively refer to the apical
membrane resistance, the lumped basolateral mem-
brane resistance, and the intrinsic resistance of the baso-
lateral Na-K pump. In Eqs. (A2.1)�(A2.3), it is assumed
that the external ion replacements are performed rap-
idly enough so that the resistance ratios (Rap/Rp, Rap/
Rbl) are constant, and the ion composition of the cell is
essentially unchanged. The equations were derived by
noting that the total current entering the cell across the
apical membrane must equal the total current leaving
the cell across the basolateral membrane.

Basolateral replacement of Na, K or Cl with an
impermeant ion yields an analogous expression for the
relation between the change in basolateral EMF and
the measured potentials ΔV:

ΔEbl 5ΔVbl 11
Rbl

Rp
1

Rbl

Rap

� �
2

Rbl

Rap
ΔVte ðA2:2Þ

Finally, the paracellular EMF would be given by
Eq. (A2.3) for experiments involving basolateral
replacement of Na, K or Cl by an impermeant ion.

ΔEpar 5ΔVte 11
Rtj

Rap

� �
2

Rtj

Rap
ΔVbl ðA2:3Þ

Equations (A2.1)�(A2.3) would be used together
with Eq. (7.23) of the text to evaluate the ionic transfer-
ence numbers of the apical, basolateral, and paracellu-
lar barriers.

APPENDIX 3. EQUATIONS FOR PARTIAL
IONIC CONDUCTANCE

Specific expressions for the partial conductance Gx can
be obtained by differentiating the Goldman�Hodgkin�
Katz flux equation with respect to voltage:

Gx 5
@Ix
@V

5
@

@V
Px

z2F2

RT
VU

½X�o 2 ½X�iezFV=RT

ð12 ezFV=RTÞ

2
4

3
5

8<
:

9=
;

ðA3:1Þ

In the limiting case of zero membrane potential,
the complicated form of Eq. (A3.1) reduces to the
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arithmetic average of the concentrations on both sides
of the membrane. This equation does not depend on
the ion being distributed near its electrochemical
equilibrium:

Gx � Px
z2F2

RT

1

2
ðXo 1XiÞ ðA3:2Þ

At large negative membrane potentials, positive
ions will be driven from outside to inside, and the lim-
iting conductance will be:

Gx � Px
z2F2

RT
Xo ðA3:3Þ

Conversely, at large positive potentials, negative
ions will be driven from inside to outside, and the lim-
iting conductance will be:

Gx � Px
z2F2

RT
Xi ðA3:4Þ

Although the above relations reduce the compli-
cated general equation (Eq. (A3.1)) to a manageable
form, neither the assumption of zero membrane poten-
tial (Eq. (A3.2)) nor the assumption of very large mem-
brane potentials (Eqs. (A3.3), (A3.4)) are terribly
physiological.

For ions like K and Cl, which are often distrib-
uted close to their electrochemical equilibrium, it is
possible to simplify the algebraic form of the ‘X’
term in Eq. (7.25) of the text. Under these condi-
tions, the conductance would be given by the
equation:

Gx � Px
z2xF

2

RT

½X�i½X�o
½X�o 2 ½X�i

� �
Ln

½X�o
½X�i ðA3:5Þ

If more than one ion (X and Y) is distributed close
to equilibrium across the membrane, the ratios of
transference numbers, conductances and permeabilities
are given by the equation:

tx
ty

5
Gx

Gy
� Px

Py
U
½X�o
½Y�i

5
Px

Py
U
½X�i
½Y�o

ðA3:6Þ

APPENDIX 4. CONTRIBUTION OF THE
ELECTROGENIC Na-K PUMP TO THE

MEMBRANE POTENTIAL

The contribution of the Na-K pump to the cell
membrane potential of epithelial tissues is different
than its contribution to the membrane potential of
symmetric cells. The existence of circulating currents
in the open-circuited state places a different set of
constraints on the magnitude of the cell potential.
This can be derived from the reduced equivalent

circuit of Figure 7.7b. In this circuit, the electrogenic
and diffusive ion pathways are combined into an
effective EMF of the basolateral membrane (E�

bl), and
an effective basolateral resistance (R�

bl). These lumped
quantities are directly related to the individual para-
meters of the pump and the basolateral diffusion
potential according to standard equations of linear
circuit theory:

R�
bl 5

RblURp

Rbl 1Rp
ðA4:1Þ

E�
bl 5

Rbl

Rbl 1Rp
Ep 1

Rp

Rbl 1Rp
Ebl ðA4:2Þ

If the circulating currents of Figure 7.7b are also
considered, the measured membrane potential (Vbl)
can be described by Eq. (A4.3), which indicates the
specific contribution of the electrogenic pump (Ep), the
ionic diffusion potential (Ebl), and the apical and para-
cellular diffusion potentials (Eap, Epar).

Vbl 5 f
Rbl

Rbl 1Rp

2
4

3
5Ep

1 f
Rp

Rbl 1Rp

2
4

3
5Ebl 1 g Epar 2Eap

	 
 ðA4:3Þ

where the factors “f” and “g” arise from the circulating
current “I” in the model of Figure 7.7b:

f 5
Rap 1Rtj

R�
bl 1Rap 1Rtj

ðA4:4Þ

g5
R�
bl

R�
bl 1Rap 1Rtj

ðA4:5Þ

Equations (A4.3)�(A4.5) are the general equations
for the relative contributions of the electrogenic pump
(denoted by Ep), ionic diffusion (denoted by Ebl), and
circulating current (denoted by Epar2Eap) to the
observed basolateral membrane potential (Vbl). As
indicated by Eq. (A4.3), the membrane potential
depends critically on the relative magnitude of the
pump resistance (Rp) versus the diffusion resistance of
the membrane Rbl.

The term R�
bl can be determined from cable analy-

sis (as described in the text). This value can
then be used to calculate Rbl from Eq. (A4.1), assum-
ing that the internal resistance of the pump (Rp) can
be estimated from its I�V relation (see Figure 7.10).

If the internal pump resistance (Rp) is high compared
to the ionic resistance (Rbl), the ratio Rbl/( Rbl1Rp) will
be low, and the measured membrane potential Vbl

(given by Eq. (A4.3)) will be dominated by the diffu-
sional EMF term involving Ebl. Conversely, if the
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internal pump resistance is low, Vbl will be dominated
by the pump term involving Ep.
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1982;393:179�89.

[143] O’Neil RG, Sansom SC. Electrophysiological properties of cel-
lular and paracellular conductive pathways of the rabbit corti-
cal collecting duct. J Membr Biol 1984;82:281�95.

[144] Koeppen B, Giebisch G. Cellular electrophysiology of potas-
sium transport in the mammalian cortical collecting tubule.
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Renal Ion Channels, Electrophysiology
of Transport, and Channelopathies

James D. Stockand
Department of Physiology, University of Texas Health Science Center, San Antonio, TX, USA

The purposes of this chapter are to explain what an
ion channel is and how it works, provide an overview
of the contribution ion channel proteins make to renal
transport, and suggest how changes in the structure
and biophysical properties of renal ion channels cause
disease. Emphasis is placed on recent information
gained from the latest techniques. This chapter is nei-
ther a technical manual nor a comprehensive review. Its
goal, rather, is to demonstrate how appreciation of renal
physiology is expanded by considering the structure
and biophysical properties of ion channels. Important
equations are provided only in their simplest forms to
demonstrate how the understanding of channel bio-
physics informs us about the role played by these
proteins in the kidney. The goals of this chapter necessi-
tate coverage of a wide subject matter. Several topics
are introduced here in brief but are covered in more
depth in other chapters of this book and elsewhere.1,2,3

This chapter is about how we move from understand-
ing channel biophysics and structure to understanding
how changes in them cause disease.

Ion channels are central to renal transport. A diverse
group of ion channels, including Ca21, Cl2, K1, Mg21,
Na1, and non-selective cation channels, are expressed
along the length of the renal tubule and collecting duct
system. Figure 8.1 and Table 8.1 report the expression
profile for ion channels in the kidney at sites where
their functions have been firmly established. Channels
act as selective and regulated gateways, conducting
ions down electrochemical gradients via restrictive dif-
fusion. This enables channel proteins to serve as physi-
cal conduits for the movement of ions across epithelial
cell membranes. In addition to functioning as gateways
during transport, channel activity sets the electrical
and chemical forces driving the movement of ions and

coupled molecules, such as water and glucose, through
and between renal epithelial cells. As such, the activities
of renal ion channels often serve as the final arbiters
of the electrolyte content of urine and plasma. This is
true for Ca21, K1, Mg21, and Na1. Ion channels in the
kidney, consequently, are targets for hormones and
pharmacological agents to affect plasma ion content
and volume. Aberrant regulation of renal ion channels
or dysfunction of these proteins, moreover, cause
kidney disease with compromised tubule transport. For
instance, renal Mg21 excretion is fine-tuned in the early
distal convoluted tubule (DCT). Inactivating mutations
in the Mg21-selective transient receptor potential (TRP)
channel, TRPM6, causes hypomagnesemia with second-
ary hypocalcemia (HSH). This is a familial form of
an autosomal recessive renal Mg21- and Ca21-wasting
tubulopathy that ultimately leads to neurological dam-
age and dysfunction.4,5,6,7,8,9 Figure 8.2 shows models
of epithelial cells in different segments of the nephron,
and emphasizes the location of transport proteins and
ion channels.

Renal ion channels also play important roles in cell
signaling. They set membrane potential that modulates
intracellular signaling. They also allow access to the
ions involved in cell signaling, as typified by Ca21.
Involvement of renal channels in cell signaling is
highlighted by the role played by TRPC6 channels in
podocytes of Bowman’s capsule. Here, gain-of-function
mutations in TRPC6 facilitate Ca21 entry, leading to
prolonged changes in the dynamics of Ca21 signaling
ultimately causing a familial form of focal segmental
glomerulosclerosis (FSGS10,11,12,13).

Over the last few decades, the application of con-
temporary molecular genetics and gene knockout
technology to cell biology and physiological questions
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has revealed much about the roles played by renal ion
channels, and the diseases caused by their dysfunction.
An improvement in electrophysiological methods has
allowed the detailed study of single ion channel pro-
teins. Furthermore, the resolution of the crystal struc-
tures for several different channels has contributed
greatly to determining the mechanisms by which
channels gate and are regulated, facilitating our under-
standing at the atomic level of structure�function rela-
tions in these proteins. This allows the rationalization
of how mutations in the genes encoding renal channels
and channel regulators lead to disease, and how agents
used in the clinic to modulate renal channel activity
exert their pharmacological actions. For instance, it is
recognized now that the renal phenotype resulting
from decreased activity of the luminal Na1,K1,Cl2-
co-transporter (NKCC2) in the thick ascending limb
(TAL) shares many common features with those arising
from inactivation of the luminal renal outer medullary
K1 (ROMK) channel responsible for K1 recycling across
the apical membrane of TAL epithelial cells and sero-
sal ClC-Kb channels responsible for Cl2 exit from
these cells, in that they all cause Bartter syndrome
(BS) with hallmark NaCl wasting and compromised
urine-concentrating ability.14,15,16,17,18 Smilar salt- and
water-wasting stems from the inhibition of NKCC2 in
the TAL by furosemide and bumetenide loop diuretics.
Both are important clinical tools used in the treatment
of high blood pressure and heart failure.

As stated above, this chapter applies understanding
of channel biophysics to the understanding of physiol-
ogy, focusing on the role played by channels in renal
transport, and rationalizes how compromises in chan-
nel properties cause channelopathies and tubulopathy.
Important concepts are reinforced with specific exam-
ples. To facilitate discussion, a general appreciation
of the structure and functional properties of the renal
epithelium to include routes of transport, types of
transport proteins common to epithelial cell mem-
branes and forces driving transport are first developed.
These are covered in greater detail in Chapters 1 and

2. What an ion channel is, and the biophysical explana-
tion and atomic origins of gating, selectivity, and
permeation are also addressed. Again, this material
has some overlap with that presented in Chapter 7.
The rich understanding of renal ion channels that
has emerged over the last two decades makes it rea-
sonable to describe briefly the roles played by these
channels in transport and disease, and to discuss
how the biophysical properties of renal channels
determine their function in the kidney (see also
Chapters 30, 31, 47, 62 and 80). The number of crystal
structures now available for different types of chan-
nels makes it feasible to include a brief review of
channel structure, and to discuss how this determines
channel properties. Examples then can be examined
where known changes in the biophysical properties of
specific renal channels cause tubulopathies.

STRUCTURE�FUNCTION OF
TUBULE EPITHELIUM

The renal tubule is a single epithelial cell thick. It is
linear with ultrafiltrate and pro-urine separated from
interstitial fluid by epithelial cells coupled together
with tight junctions to form the epithelium. Fluid flows
down the tubule in one direction from Bowman’s
space to the collecting duct system, ultimately into the
ureter. Fluid flows down the tubule driven by hydro-
static pressure renewed by constant filtration at the
glomerulus.

The Tubule is a Barrier

The structure of the tubule provides a barrier func-
tion separating fluid compartments; pro-urine from
interstitial fluid. The electrical properties of the tubule
and transport across the tubule can be understood
in terms of equivalent circuits, such that ions cross
a resistive barrier driven by electrochemical forces

PT       Loop of Henle DCT           CNT               CD

TAL        early    late

ENaC

ClC-Ka

ClC-Kb

BKCa

ROMK

TASK-2

TRPM6

TRPV5

TRPV4

TRPC6

Kv1.1

Kir4.1

BKCa

FIGURE 8.1 Functional expression of ion channels

in the nephron. Expression in the apical membrane is
indicated by a darker to lighter gray scale. Expression in
the basolateral membrane is indicated by a lighter to dar-
ker gray scale.
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TABLE 8.1 Renal Ion Channels with Recognized Function

Channel Alternative Names Expression

Gene Pore/

Accessory

Chromosome

Location Function References

CALCIUM

TRPC3 TRP3 podocyte1CD
(ubiquitous)

TRPC3 4, 123.02-123.09 Receptor operated Ca21 entry
pathway in podocytes.

10, 11, 12

TRPC6 FSGS2, TRP6 podocyte1CD TRPC6 11, 101.32-101.45 Receptor operated Ca21 entry
pathway in podocytes; role in CD
less clear but may be involved
in mechanosensation.

10, 11, 12

TRPP2 PCL, PKD2L, PKDL TAL1DCT PKD2L1 10, 102.04-102.08 See chapter 80

TRPV4 OTRPC4, TRP12
VRL-2, VROAC,

AtL1TAL1

DCT1CNT
TRPV4 12, 108.71-108.76 Molecular osmoreceptor. 12

TRPV5 ECaC1, CAT2,
OTRPC3

late DCT1CNT TRPV5 7, 142.32-142.34 Apical entry pathway for Ca21

in the late DCT.
84, 85, 12, 49

CHLORIDE

ClC-Kaa ClC-K1 AtL, TAL CLCNKA1

BSND (Barttin)
1, 16.22-16.23
1, 55.24-55.25

Basolateral Cl- exit pathway. 79, 59, 71, 60

ClC-Kba ClC-K2 TAL1 early
DCT

CLCNKB1

BSND (Barttin)
1, 16.24-16.26
1, 55.24-55.25

Basolateral Cl- exit pathway. 79, 59, 71, 60

POTASSIUM

BKCa maxi K1, Slo podocytes,
CNT1CCD

α, KCNMα11
β1, KCNMβ1,
β4, KCNMβ4

10, 78.31-79.07
5, 169.74-169.75
12, 69.05-69.11

Stabilizes membrane potential in
podocytes to facilitate Ca21 entry via
TRPC6; flow-sensitive K1 secretion
in the distal nephron.

10, 11, 12

Kir4.1a BIRK-10,
KCNJ13-PEN,
Kir1.2

DCT1CNT KCNJ10 1, 158.27-158.31 Allows basolateral K1 recycling
facilitating Mg21 reabsorption via
TRPM6/TRPM7.

96, 92, 97, 98

Kv1.1 HUK1, RBK1,
AEMK, HBK1,
MK1

DCT KCNA1 12, 4.89-4.9 Hyperpolarizes the luminal
membrane to facilitate Mg21 influx
thru TRPM6/TRPM7.

20, 92

ROMK1 ROMK, Kir1.1 TAL1DCT1

CNT1CD
KCNJ1 11, 128.21-128.24 Apical K1 recycling in the TAL;

aldosterone and plasma K1-sensitive
K1 secretion from principal cells
in the CNT1CD

14, 23, 31, 33

TASK-2a K2P5.1 PT KCNK5 6, 39.26-39.31 Functions as a hyperpolarizing
influence to maintain favorable
conditions across the basolateral
membrane for electrogenic HCO3

-

reabsorption.

80, 99

MAGNESIUM

TRPM6 CHAK2, HMGX,
HSH, HOMG

early DCT TRPM6 9, 76.53-76.69 Apcial entry pathway for Mg21

in the early DCT.
10, 20, 12, 24, 9

TRPM7 CHAK1, TRP-PLIK ubiquitous TRPM7 15, 48.64-48.77 Apical entry pathway for Mg21

in the early DCT.
10, 20, 12, 24, 9

SODIUM

ENaC CNT1CCD α, SCNN1A
β, SCNN1B
γ, SCNN1C

12, 6.33-6.35
16, 23.22-23.3
16, 23.1-23.14

Apical entry pathway for Na1 in
CNT and CD principal cells.

41, 83

aExpressed in the basolateral membrane.
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through conductive pathways. Figure 8.3 shows a
simplified equivalent circuit representing tubule
epithelium. In this regard, ion channels and tight junc-
tions serve as conductive pathways across epithelial
cell membranes and the epithelial barrier, respectively,
with voltage and concentration gradients existing
across these membranes and the barrier. Because
channels, which are gated, make a significant contribu-
tion to membrane resistance, epithelial cell membranes
are best described as variable resistors. Accordingly,
channels affect the resistance of the epithelial cell
membrane and electrochemical driving forces across
these membranes and the epithelium.

Routes of Transport across the Tubule

Two different routes of transit from one fluid com-
partment to the other exist across the renal epithelial
barrier. Movement through the epithelial cell is termed
transcellular, and between epithelial cells across tight
junctions is termed paracellular. Transcellular

movement, as depicted in the simple equivalent circuit
shown in Figure 8.3, includes crossing both the apical
and basolateral membranes. Channels facilitate the
crossing of these membranes by ions. Tight junctions
serve a similar function for paracellular movement
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FIGURE 8.2 Models of renal epithelial cells lining the tubule emphasizing the location of transport proteins and ion channels.
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FIGURE 8.3 Tubule epithelium can be represented by an

equivalent circuit. (Abbreviations: ap: apical; bl: basolateral; par:
paracellular; tj: tight junction.)
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across the epithelium. Tight junctions, like channels, are
selectively permeable. Nothing to date, though, suggests
that tight junctions act in a gated manner; rather, they
function as doorways of fixed resistance that are selec-
tive in what they let pass. Diffusion through tight junc-
tions is passive, driven by electrochemical gradients.

Epithelial Cells are Polarized

Tubule epithelial cells, and thus the tubule epithe-
lium, are polarized with distinct membranes facing the
pro-urine, the apical membrane, and the interstitial
fluid, the basolateral membrane. These distinct mem-
branes have different protein profiles, including the
expression of ion channels. The net result is that each
cell membrane has different capability, selectivity, and
capacity for moving ions and other molecules. This,
combined with the barrier function of the epithelium,
provides epithelial cells with the ability to transport
in a directional manner. This process is often termed
vectoral transport.

Types of Transport and Transporters

Epithelial transport and specific transport proteins
are covered in more detail in Chapters 1 and 2. In
brief, transport across an epithelial cell can be divided
into those that do not require a protein, and those that
are protein-mediated. The former is termed simple
diffusion and is passive, being dependent on the con-
centration gradient and surface area. If a molecule is
capable of permeating the cell membrane, it will cross
according to its chemical gradient. Molecules that
move using this form of transport are exclusively small
and non-polar, and are capable of crossing a lipid
bilayer. Simple diffusion cannot be saturated and is

not regulated. The movement of NH3 in parts of the
tubule is a good example of this form of transport.
Mediated transport, in contrast, is capable of being
saturated, and is dependent on the presence of specific
proteins. Moreover, it often is regulated by cell signal-
ing. Figure 8.4 shows models representative of the
different classes of transport proteins common to renal
epithelial cells. Forces driving protein-mediated trans-
port are discussed in more detail below, but they can
include the concentration difference of the molecule
to be transported across the membrane or barrier, elec-
trical potential differences, and the activity of transport
proteins.

Facilitative diffusion, similar to simple diffusion, is
passive, allowing molecules to move down concen-
tration gradients. Facilitative transporters translocate
molecules across membranes. An example of a facilita-
tive transport protein in the kidney is the proximal
tubule glucose transporter, GLUT2.

Ion channels allow restrictive diffusion, a unique
form of passive transport. Channels form selective
pores in the membrane, allowing ions to cross the
membrane through permeation rather than being
translocated across the membrane. Restrictive diffusion
through ion channels is driven by electrochemical
gradients.

The two remaining types of transport proteins
allow active transport: the active movement of mole-
cules against gradients. This type of transport is
directly, in the case of primary active transport, and
indirectly, in the case of secondary active transport,
tied to the consumption of energy. Primary active
transporters require ATP to transport molecules
against their concentration gradients. As discussed
below, this ultimately energizes all transport across
the renal tubule. The Na1,K1-ATPase is a notable
primary active transporter in the tubule and

ATP

Simple Diffusion                                                Protein Mediated

Passive 2o Active 1o Active

facilitativerestrictive

FIGURE 8.4 Representative models of the different types of renal transport proteins.
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collecting duct system. Secondary active transporters
use gradients established by primary active trans-
porters. They couple the movement of one molecule
against its gradient to the movement of another
molecule down its gradient. NKCC2 in the TAL and
the thiazide-sensitive Na1,Cl2-co-transporter (NCC)
in the DCT are prominent secondary active trans-
porters in the kidney. The latter couples the inward
movement of Cl2 into the cell against its gradient to
the inward movement of Na1 into the cell with its
gradient. Thus, Na1 entering the cell downhill on this
transporter pulls Cl2 uphill with it.

Forces Driving Transport across the Tubule:
The Importance of Disequilibrium

Filtration at the glomerulus, as discussed in
Chapter 21, is governed by Starling forces. The differ-
ence in hydrostatic pressure between plasma in the
glomerular capillary and ultrafiltrate in Bowman’s
space, the beginning of the tubule, drives filtration.
The difference in oncotic pressure between these
fluids impedes filtration. The net result of filtration is
that ultrafiltrate entering the renal tubule is similar
in content to plasma minus blood cells and proteins.
Electrolytes or other small molecules, therefore, have
little gradient initially to cross the epithelial barrier,
leaving pro-urine for interstitial fluid or vice versa.
The activity of the Na1,K1-ATPase pump localized
to the basolateral membrane of all tubule epithelial
cells changes this by providing the motivation, ulti-
mately, for all transport. This protein consumes ATP
to generate disequilibrium for Na1 and K1 across cell
membranes. Because epithelial cell membranes are
effective at separating fluid compartments, this dis-
equilibrium can be maintained and converted into
voltage differences and differences in ion concentra-
tions by the activities of ion channels, other transport
proteins, and the capacitive nature of cell membranes.
Similarly, because epithelial cells, coupled together
by tight junctions, effectively separate fluid compart-
ments, disequilibrium across the tubule epithelium
is maintained. Urine flowing in only one direction
down the tubule also helps maintain disequilibrium,
by moving processed fluid too quickly for equilib-
rium to be reached. Ion channels and other transport
proteins tap these electrochemical gradients to trans-
port molecules across the epithelium. Thus, disequi-
librium enables modification of urine by tubule
epithelial cells. Renal transport ultimately, then, is the
movement of molecules through channels and other
transporters, tending towards an equilibrium that
is kept beyond reach by the continuous activity of the
Na1,K1-ATPase.

The Tubule Epithelium has Emergent Properties

The importance of the structure of the epithelial
barrier and state of disequilibrium maintained across
this barrier to transport is apparent when considering
the similar Ca21- and Mg21-wasting phenotypes arising
from inactivation in the TAL of NKCC2, ROMK,
claudin-16, and claudin-19.19,20,21,22,23,24 Dysfunction of
claudin-16 and -19 cause familial hypomagnesemia, with
hypercalciuria and nephrocalcinosis (FHHNC25,26,27,28).
These claudins are critical components of the tight junc-
tion in the TAL, where they provide cation-selectivity,
allowing Na1 back-flux into tubular fluid more rapidly
than Cl2, contributing to a lumen-positive diffusion
potential. The lumen-positive potential that results
from the combination of this Na1 back-flux with apical
K1 recycling mediated by the coordinated activities
of luminal ROMK channels and NKCC2 drives paracel-
lular Mg21 and Ca21 transport. Claudin dysfunction,
like dysfunction of ROMK or NKCC2, then compro-
mises the electrochemical gradient responsible for diva-
lent cation reabsorption in the TAL. This illustrates that
a break in function of any of several components of the
whole leads to the same disease. This is an important
concept: epithelial cells and epithelial barriers have
emergent properties that are dependent on the proper
functioning of each component part, including ion
channels.

Urine Flows down the Tubule

An additional point important to recognize about
renal transport is that urine flows in the tubule in one
direction; what happens upstream affects transport
downstream. This is so because the modification of
urine in upstream segments determines the constitu-
ents of urine in downstream segments. For instance,
inhibition of NKCC2 in the TAL by loop diuretics, in
addition to compromising urine-concentrating ability
by destroying the axial corticomedullary hyperosmotic
gradient, also leads to an increase in K1 secretion
at the collecting duct (CD), and ultimately to K1 excre-
tion by the kidney. This is due to increased urine flow
and Na1 delivery to the CD. Increased urine delivery
to the CD promotes flow-induced K1 secretion by
BKCa channels, which are activated by mechanical
stimuli.29,30 Increased Na1 delivery drives increased
Na1 reabsorption via the epithelial Na1 channel
(ENaC) across principal cells of the CD, due to a
change in the electrochemical gradient for Na1 across
the apical membrane. This increase in Na1 reabsorp-
tion in turn affects the electrochemical gradient across
the apical membrane, driving additional K1 secretion
through ROMK channels.31,32 For the same reasons,
any inactivating mutation in a TAL transport protein
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involved in NaCl reabsorption, including NKCC2,
ClC-Kb, and ROMK channels, causes the renal K1

wasting associated with Bartter syndrome.15,16,17,18

Moreover, disease resulting from inactivation of NCC
and the ClC chloride channel beta subunit barttin,
and diuretics such as thiazide inhibitors of the NCC
co-transporter that decrease NaCl reabsorption in the
DCT, also cause renal K1 wasting by this common
mechanism.

Transport does not Happen in a “Vacuum”

Another concept emerging from the above discus-
sion is that the transport of one type of ion through
renal ion channels influences the movement of differ-
ent ions through other distinct channels. This coupling
is a manifestation of ion channel activity influencing
electrochemical driving forces. An example of this, as
discussed above, is the electrogenic Na1 reabsorption
via ENaC influencing ROMK-mediated K1 secretion
in the CD. This will be touched upon again in more
detail below. Similarly, as mentioned earlier, Mg21

and Ca21 reabsorption in the TAL are positively cou-
pled to NaCl reabsorption with K1 recycling across
the luminal membrane via ROMK channels and para-
cellular Na1-back flux via claudin proteins, setting the
electrochemical driving forces moving these divalent
cations.21,22,26,31,33

ION CHANNELS: BIOPHYSICAL
PROPERTIES

An ion channel is an integral membrane protein or
protein complex that forms a continuous conductive
pore through a membrane. The pore spans the entirety
of the membrane with the conduction pathway
perpendicular to the plane of the lipid bilayer. The
mouths of an ion channel pore are in contact with the
aqueous solutions on both sides of the bilayer. As ions
enter the permeation pathway of a channel pore and
reach the selectivity-filter, they become partially dehy-
drated, moving through the channel only after losing
surrounding water molecules. Binding sites within the
pore then mimic solvation by water as ions permeate
across the membrane through the channel.

Channel pores are selective and gated. The basis
of selectivity is usually a defined sequence of resi-
dues at the narrowest part of the pore. Residues
in the selectivity-filter are highly conserved across a
channel family, and generally across a class of
channels. Most, if not all, K1-selective channels, for
instance, share the common signature selectivity
sequence TXGYG.32,34,35,36 Moreover, all known

K1 channels with this selectivity-filter use a common
mechanism of permeation to conduct K1 through the
pore, as discussed in greater detail below.

Ion Channels Provide a Unique Form
of Passive Diffusion

As emphasized in the simplified forms of transport
shown in Figure 8.5, ion channels differ from other
transport proteins, in that they form a physical hole
through the membrane. No other type of transport
protein does this. Rather, the molecule to be translo-
cated by transport proteins other than ion channels
interacts with a binding site on one face of the protein,
but does not actually move across the membrane until
a change in conformation takes place where the initial
entry site closes as the exit site opens to allow the
bound molecule to be released and egress out across
the opposite face of the protein from which it entered.
Ion channels also contain binding sites for permeant
ions. Ions transiently bind to these sites during perme-
ation, with the electrochemical gradient driving the
direction of transport. In conjunction with properties
of the pore and charge repulsion between permeant
ions, this gradient determines the magnitude of ion
flow.36,37,38 Because channels are pores that allow ions
to permeate through the membrane, they facilitate
crossing of the membrane with relatively little change
in overall conformation. Transporters, in comparison,
typically require greater relative changes in conforma-
tion to translocate molecules across the membrane.
The result is that single-channel proteins move a far
greater number of molecules per unit of time (107 to
108 ions/second) compared to any other single-trans-
port protein.

Recording Ion Channel Activity with
Patch-Clamp Electrophysiology

When open, a channel conducts the movement of
ions across the cell membrane. This manifests as a
decrease in resistance the membrane has to the per-
meant ion. Current through an ion channel is depen-
dent on the electrochemical driving force, whether

transporter channel

FIGURE 8.5 Simplified modes of transport used by transporters
versus ion channels. Translocation of molecules across the membrane
by transporters entails relatively large changes in conformation com-
pared to ion permeation across the membrane through ion channels.
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the channel is open or closed and the selectivity of
the channel, and how well a certain ion moves
through, or rather permeates through, the conduction
pathway. The activity and biophysical properties of
ion channels can be assayed in experiments with
electrophysiological tools, including sharp electrodes
and two-electrode voltage clamping. The most sophis-
ticated tool used to probe the biophysical properties
of channels is patch-clamp electrophysiology. Erwin
Neher and Bert Sakmann were awarded the Nobel
Prize in Physiology or Medicine in 1991, in part for
this development.3 Patch-clamp electrophysiology
enables the study of both macroscopic and single-
channel currents. It has a high degree of precision
and fidelity, allowing the resolution of the activity
of a single protein in real-time. Figure 8.6 shows the
different patch configurations available for the study
of ion channels, and sample data from experiments
investigating the single-channel properties of wild-
type ENaC (left) and macroscopic currents from a
mutant form of ENaC (right) that activates upon

hyperpolarization due to the voltage-dependent block
of the pore by intracellular Na1.39

Adaptation of Ohm’s Law to Biological
Systems: Explaining Current Carried
by Ion Channels

Current flow in an electrical circuit obeys Ohm’s
Law which, when reordered, states I5 gE, where
current (I) equals the product of the conductance (g)
and voltage difference (E) across the conductor, which
in biological systems is an ion channel protein. This
simple formula was adapted to Ix5 gx (E�Ex) by
Hodgkin and Huxley, in their seminal electrophysio-
logical studies (as explained by Hille and Cole in their
books2,40) to fit biological reality better where current
through an ion channel crosses a capacitive membrane
that separates fluid compartments of different ionic
activities. The gradient across the membrane acts like
a battery represented by an equivalent circuit with an

perforated

macroscopicsingle channel

cell-attached

whole-cell

inside-out

outside-out

excised

c
o1
o2
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o4

pA
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FIGURE 8.6 Patch-clamp configurations. This illustration depicts the five different seal configurations available for patch-clamp analysis:
three are amenable to single channel recording, cell-attached, excised inside-out and excised outside-out; and two for macroscopic current
recording, perforated and whole-cell. In this figure, the cell is represented as a circle and the recording pipette as a V. Gray shading defines
continuity between the solution in the recording pipette and intracellular solution. Arrows represent transition steps during seal formation
taken to establish the distinct types of seals. Shown below are representative current data from configurations with single channel (left)
and macroscopic (right) resolutions. Closed (C) and open (O) states are noted in the single channel trace. (Data from J.D. Stockand or published
previously in ref. [39].)
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electromotive force, Ex, in series with a channel
resistor, gx. This conductive branch is in parallel with
the capacitor representing the membrane. In this modi-
fied equation, E remains voltage across the membrane,
and the net driving force on ion X is now E2Ex. Thus,
current in biological systems is driven by an electro-
chemical gradient rather than by voltage alone.

Figure 8.7 shows a graphical representation of an
idealized current�voltage relation for an equivalent
circuit describing an open ion channel obeying this
modified Ohm’s Law. When voltage, E, is equal to Ex,

no net current flows through the channel. When
E,Ex, current flows into the cell. If this represents a
cation channel, for instance ENaC, and extracellular
[Na1] is greater than intracellular [Na1], as is the
normal case in physiological systems, this inward cur-
rent flow would be carried by Na1 entering the cell
through ENaC. This represents the normal conditions
under which ENaC functions in CD principal cells,
allowing Na1 to enter the cell across the apical mem-
brane during electrogenic Na1 reabsorption.41,42 The
typical concentration of ions in urine and intracellular
fluid combined with the activities of K1 channels in
the apical and basolateral membranes set the potential
(E) across the apical membrane lower than ENa. This
facilitates Na1 influx through ENaC. In contrast, when
E.Ex current flows outwards, Na1 exits the cell. This
explains the consequences of the electrochemical gradi-
ent driving Na1 through ENaC. Sodium movement
through ENaC across the membrane, in turn, influ-
ences electrochemical gradients. If no other parameter
changed, Na1 moving through ENaC would dissipate
the E2ENa difference, eventually arriving at equilib-
rium where E and ENa are equalized. Restated, net flux
through a channel occurs only as long as the system is
out of electrochemical equilibrium. This is where the
Na1,K1-ATPase and separation of fluid compartments
with different ionic activities by cell membranes come
into play. They enable epithelial cells to remain out
of equilibrium.

The Nernst Equation

In the above description, Ex is the equilibrium
potential (or reversal potential) for ion X, a state where
the tendency for further change vanishes, and all exist-
ing forces on X are in balance. This would be where
voltage across the membrane containing the channel
permeable to ion X equals the diffusion potential
developed by the ionic gradient for ion X across
this membrane. Mathematically, as noted above, this
is where E5Ex. Equilibrium potentials are easily
measured in the laboratory with electrophysiology.
Moreover, they can be calculated empirically using a
formula developed by Nernst in 1888.40,43 This led to
the equilibrium potential sometimes being referred
to as the Nernst potential. The Nernst equation states
Ex5 (RT/zF)ln([X]o/[X]i), where R and F are physical
constants having the usual meanings of Universal Gas
constant and Faraday’s constant, T is temperature in
kelvin, z accounts for the charge and valence of ion X,
ln indicates natural logarithm, and [X]o and [X]i are
the concentrations of ion X outside and inside the cell,
respectively. Accordingly, the equilibrium potential
falls to zero in the absence of a gradient, reverses signs
as the direction of the gradient is reversed (e.g., that
for Na1 compared to K1) and as the charge of the ion
is reversed, for example Na1 versus Cl2. Equilibrium
potentials across cell membranes for ions common
to physiological solutions are B130, 298 and 67 mV,
respectively, for Ca21, K1, and Na1 2. The equilibrium
potential for Cl2 is more variable, because [Cl2]i varies
more widely with cell type, but it usually is close to
the resting membrane potential of the cell, often being
slightly above or below that level. Calculating equilib-
rium potential across tubular epithelial cell membranes
is complicated by the luminal and serosal membranes
facing different solutions. The apical membrane may
have a different equilibrium potential for Na1 as com-
pared to that across the basolateral membrane, because
the concentration of this ion in urine may be greater
or less than that of plasma, depending on Na1 and
water transport along the length of the nephron.

The Goldman�Hodgkin�Katz Voltage Equation

Work performed by Hodgkin, Huxley, and
Goldman and others led to the realization that cell
membrane potential reflects the equilibrium potentials
of all permeant ions at a given time, and that this can
be mathematically represented.2,40 When calculating
membrane potential (Emem), the magnitude of ion
movement through any given class of channel, for
example K1 versus Na1 channels, is accounted for by
using weighted averages of each ion’s equilibrium
potential. These weighted averages convey the relative

gx

Ex

i

V CM

Ex

gx= m

Outside

Inside

FIGURE 8.7 An idealized I�V relation and equivalent circuit

describing a channel obeying Ohm’s Law. Conductance (g) is equal
to the slope of the I�V line. Ex is the reversal potential, and CM is
membrane capacitance.
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permeability (Px) of each ion to total ion permeabil-
ity (Ptot). By using the simplified condition of only
considering flux of monovalent cations through
channels, which is not too distant from reality,
the Goldman�Hodgkin�Katz (GHK) equation is
Emem5 (PK/Ptot)EK1 (PNa/Ptot)ENa. Figure 8.8 shows
an equivalent circuit representing the cell membrane
and individual ionic conductances contributing to this
membrane potential. Because K1 channel activity pre-
dominates at rest with PK approaching Ptot, mem-
brane potential is closest to EK. An increase in the
activity of Na1 channels, which increases the relative
permeability of this ion, causes the membrane to
become more depolarized, as represented by the volt
meter in Figure 8.8 moving Emem towards ENa as
ENaC becomes active.

What do Ohm’s Law, the Nernst Equation, and
the GHK Equation Tell us About Transport?

Reconsidering now Figure 8.7 and the scenario
described earlier, inward Na1 flow through ENaC
depolarizes the apical membrane, moving Emem

towards ENa. Because the ionic gradient for K1 across
the apical membrane is the reverse of that for Na1,
depolarizing the apical membrane would move Emem

further away from EK, driving more K1 out of the cell
through apical K1 channels, for instance, through
ROMK channels in the apical membrane of principal
cells.32 Figure 8.9 shows an idealized current�voltage
relation for an open K1 channel, and notes the influence
of membrane depolarization (moving from A to B)
on K1 current through this channel as the apical mem-
brane is depolarized by Na1 reabsorption through
ENaC, activated perhaps by the addition of aldosterone.
There is greater outward K1 current and greater K1

secretion. The idealized graphs of cumulative K1 secre-
tion, membrane voltage, and relative K1 and Na1 per-
meability shown in Figure 8.10 expand on this concept.
Basolateral leak K1 channels, which provide the major-
ity of ion permeability at rest, sets Emem of CD principal

cells to near EK. There is little electrochemical force,
therefore, for K1 to exit the cell through ROMK under
these conditions. This resting condition is time A, with
little K1 secretion across the apical membrane. The
introduction of aldosterone to the system activates
ENaC, increasing the relative permeability of Na1 and
allowing this ion to enter the cell down its electrochemi-
cal gradient. This begins to depolarize the apical mem-
brane, as Emem moves towards ENa. As Emem moves
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gK

FIGURE 8.9 Changes in membrane potential influence current

through open channels. Shown are an idealized I�V relation (left),
and associated equivalent circuit (right) for a K1 channel. Movement
from point A to B notes the effect on current through this channel as
the membrane becomes depolarized in response to the activation of
Na1 channels.
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FIGURE 8.8 A simplified equivalent circuit of a cell containing

Na1 and K1 channels contributing to membrane potential.Shown
to the right is the change in membrane potential resulting from
activation of Na1 channels.
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FIGURE 8.10 Activation of ENaC depolarizes the apical mem-
brane driving K1 secretion through ROMK. Shown are idealized
graphs representing changes in K1 secretion (top); apical membrane
potential (middle); and relative permeability (bottom) as ENaC
becomes activated by aldosterone to drive K secretion through
ROMK, moving from point A to point B.
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towards ENa, K1 exits the cell at an increased rate
across apical ROMK channels. This is time B.

Another consequence of ENaC opening is that the
relative permeability of K1 begins to fall as that
of Na1 rises; however, as K1 exits the cell through
ROMK, a new steady-state is reached where mem-
brane potential has increased, and PNa and PK have
stabilized with constant K1 secretion. Neither the K1

nor Na1 concentration gradients change substantially
across the apical membrane, due to the constant activ-
ity of the Na1,K1-ATPase pump. These gradients are
also protected by the constant flow of urine, bringing
Na1 to the cell and washing away K1 that has been
secreted through ROMK. This scenario is simplified
compared to the real-life situation, but it shows
how the equations described above can be used to
understand the role played by renal ion channels
better. This simplified description, moreover, reveals
the mechanistic underpinnings of why K1 secretion
from CD principal cells is tied in a positive manner to
Na1 reabsorption by these cells, as initially raised in
earlier sections. In addition, it explains why diuretics,
such as amiloride and triemterene, which block ENaC,
also have K1-sparing action.41,44 They retard the devel-
opment of the normal electrochemical driving forces
favoring K1 secretion from the CD, because they block
the entry of Na1 across the apical membrane necessary
to drive K1 from the cell. Because the CD is the final
site along the nephron where urinary [K1] is fine-
tuned, decreased secretion here leads to K1 retention
in plasma.

Channels are Selective

Ion channels need to be selective to perform their
role of converting chemical disequilibrium into electrical
signals. In epithelial cells, moreover, they need to be selec-
tive to facilitate vectoral transport. The chemistry of selec-
tivity (often called the selectivity sequence), for a channel
can also be empirically determined using the GHK
Voltage Equation discussed above. The extended equa-
tion is Erev5 (RT/F) ln {(PK[K]o1PNa[Na]o1PCl[Cl]i)/
(PK[K]i1PNa[Na]i1PCl[Cl]o)}.

2 This equation allows one
to calculate permeability ratios by measuring reversal
potential, but it does not allow the determination
of absolute permeabilities. Bi-ionic conditions, where
only one permeant ion is presented to either side of the -
channel, are the simplest when testing selectivity.
Under such conditions, the equation reduces to
Erev5 (RT/zF) ln {(Px[X]o)/(Py[Y]i)}. Figure 8.11 shows
predicted results from a hypothetical excised inside-out
patch-clamp experiment with bi-ionic conditions used
to determine that the channel within the patched
membrane is selective for Na1 over K1. With Na1 in

the bath and recording pipette, there is no gradient
across the membrane, and reversal potential is 0 mV
(condition 1). Next, when the bath contains K1 as the
sole cation, condition 2, the reversal potential moves
to ENa, which is B70 mV. Similarly, when the cations
in the pipette and bath are reversed, the equilibrium
potential again moves to ENa, which is B2 70 mV with
condition 3.

What provides a channel with selectivity? In the
simplest sense, it is how capable binding sites within
the pore are at coordinating an ion permeating through
the pore. If we view a channel pore as a tunnel with
consecutive constrictions followed by recesses, as shown
in Figure 8.12a, then the selectivity-filter is the tightest
constriction. A pore can also be understood by consider-
ing thermodynamics. As shown in Figure 8.12b, there
would be energy wells followed by energy barriers
along the length of the pore. The selectivity-filter then is
the greatest barrier that a permeant ion must cross to
move through the channel. Using equivalent circuits
to describe ion channels, as shown in Figure 8.12c,
a change in selectivity would be observed as a change
in the electromotive force driving current across the
channel upon ion substitution.

The physical basis of selectivity is set by the
selectivity-filter defining an internal diameter within
the pore, which prohibits molecules larger than this
diameter from crossing. This represents the idea that
ion channel pores are sieves, selecting on size. With
such a description, a selectivity-filter that passes large
ions, presumably, would also pass smaller ions, but
clearly this is not the case. There are, obviously, other
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FIGURE 8.11 A channel’s selectivity sequence can be experi-
mentally determined by quantifying how different ionic gradients

influence reversal potential.Shown at top are three different experi-
mental conditions with distinct Na1 and K1 concentrations in the
bath and pipette solutions for an excised inside-out patch containing
an ion channel. Below is the predicted I�V relation for a Na1 chan-
nel in this patched membrane under the three conditions.
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factors contributing to selectivity. Ions move through
channel-selectivity filters only after they shed their
layer of surrounding water.35,36,37,45,46 So, it is the
dehydrated diameter of an ion, and its ability to shed
surrounding water molecules, that are important
when moving through a selectivity-filter. Moreover,
selectivity-filters also select on the basis of charge: side
chains of amino acids defining or near the selectivity-
filter present as a charge barrier. The side chains and
backbone carbons of residues within or near the
selectivity-filter also form transient bonds with the per-
meant ion and, thus, there is a chemical component to
selectivity. Selectivity, then, is a culmination of several
factors, including size and charge, and the ability to
shed solvating water molecules and interact with resi-
dues at or near the selectivity-filter. The precision of
selectivity among ion channels varies widely from
ENaC having a PNa/PK. 100 being at the highly selec-
tive end of the spectrum, to some TRP channels with
PNa/PK�1 being at the other end of the spectrum of
non-selective channels.11,47,48,49

It is easiest to view selectivity as fixed and immuta-
ble. However, this is not exactly the case. Channel
selectivity can be influenced by experimental condi-
tions, and even the presence or absence of permeant
ions in the pore.50,51 Moreover, the selectivity-filter can
be involved in channel gating, as it is in ROMK and
ClC channels.32,52,53,54,55 Gating is discussed in more
detail below.

Ions Permeate Through Channels

Selectivity and permeation are related, but they are
not exactly the same thing. Selectivity, as emphasized
in Figures 8.12a and 8.12b, is set by the physical
properties of ion-binding sites within the pore, and
how well they coordinate permeant ions when bound.
Permeation refers to how fast or rather how many
ions move through the pore per unit of time, and
speaks of how well an ion surmounts energy barriers
within the pore. Stated another way, selectivity can be
viewed as a filter with certain physical properties, and
permeation is how well molecules cross this filter.
Experimentally, as shown in Figure 8.12d, permeation
is measured as conductance, where a channel passing
a more permeant ion has a higher conductance
relative to when it passes a less permeant ion. Ions
permeate through the narrowest portions of a channel
pore in a single-file manner.34,35,36,45,56 One then might
expect a channel that is less selective to have a higher
conductance compared to a highly selective channel.
In general, this rule is only loosely obeyed. The reasons
for this are discussed below. One might also expect that
the ion for which a channel is most selective would
permeate through the channel best. This is most often
the case, but it is not absolute.

Permeation is a result of how easily an ion sur-
mounts every energy barrier within the pore, as well
as interactions between permeant ions with each other
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FIGURE 8.12 Selectivity and permeation. Shown in (a) is an illustration of a channel pore acting as a filter selecting on size. Ions permeat-
ing through the channel pore are shown as black balls. Shown in (b) is a representation of a channel pore as understood by thermodynamics.
The I�V relation and equivalent circuit shown in (c) emphasize that selectivity is calculated experimentally by measuring changes in reversal
potential resulting from changes in ionic gradients. The I�V relation and equivalent circuit shown in (d) emphasize that permeation is
measured in experiments by calculating conductance in the presence of different permeant ions. The two-headed arrows in (a) indicate charge
repulsion between permeant ions within the pore. The dashed lines in (b) show decreases in energy barriers along the pore and also indicate
the effects of charge repulsion on permeation.
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when occupying the pore. Ions occupying the pore can
exert a pushing effect on each other, impeding and
propelling progression depending on the relative
order of these ions within the pore and opposing
energy barriers each ion is facing. Repulsion between
ions within a pore is indicated in Figures 8.12a and
8.12b with two-headed arrows and decreases in the
size of energy barriers, respectively. Such repulsion
contributes to highly selective channels passing large
numbers of ions per second. For instance, charge repul-
sion between the Cl2 ions occupying the pore of ClC
channels makes a significant contribution to the conduc-
tance of these channels.53,57 In addition, most channels
have large aqueous vestibules lined by polar residues
at the extracellular and intracellular mouths of their
pores.36,37,45,46,58 The vestibules act as reservoirs concen-
trating the permeant ion, increasing conductance.

The pores of ClC and ENaC channels contain three
binding sites for permeant ions.37,52,55,58 In ENaC, sites
immediately adjacent likely are not occupied simulta-
neously, due to charge repulsion between permeant ions
within the pore. This is also the case for K1 channels,
such as Kv and Kir, which use a single-file mode of
multiple ion permeation with four pause/binding sites
within the pore.35,36,45,56 As illustrated in Figure 8.13,
only two sites are occupied at any one time, with the

occupied pairs always separated by an empty site filled
with water.35,36,45,56

Channels Gate

Channels transition between closed and open states
as they gate.2,3 By definition, no current flows through a
closed channel. Upon opening, current flows through
the channel obeying i5 gx(E�Ex). The open current
level of a single channel then is a determinant of its con-
ductance, which is measured by taking the slope of i�V
curves for single-channel currents captured with a volt-
age-clamp recording (see Figure 8.12d). Current flow
through a channel, as shown in Figure 8.14, is an all-or-
nothing event: with no change in driving force, the
channel transitions from closed to open and back again,
always the same as defined by a normally distributed
Gaussian curve unitary step in single-channel current.

Channels gate in a stochastic manner: a new and
random pattern of openings is observed for each trial
period.2 The stochastic nature of gating makes it possi-
ble to describe gating in terms of probabilities, where
the sum of the probability of a channel being in either
the open (Po) or closed (Pc) state is equal to 1. Channel
open probability is calculated from single-channel
activity (NPo) defined as NPo5

P
(t11 2t21 . . . ntn),

where N and Po are the number of channels in a patch
and the mean Po of these channels, and tn is the frac-
tional open time spent at each of the observed current
levels. Po is calculated by dividing NPo by the number
of active channels (N) within a patch, as defined by
all-point amplitude histograms. Another common way
of representing this is:

NPo 5
XNA

i50

iti
T

where T is the total recording time, NA is the observ-
able number of current levels corresponding to channel
number as established with all-point histograms, i is
the number of channels open, and ti is the time during
which i channels are open. Po can be calculated as
above, by dividing NPo by the channel number.
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FIGURE 8.14 Channels gate in a stochastic manner. Shown here is a typical single-channel current trace for ENaC in an excised outside-
out patch containing a single channel. Open and closed states are indicated with O and C, respectively. Shown above is a kinetic scheme
describing gating. At a fixed driving force, the channel opening is always to the same unitary current level, and gating is stochastic.
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FIGURE 8.13 Modes of permeation. Shown here are representa-
tive modes of ion (represented by gray balls) permeation through
ENaC (left); and Kv and Kir (right) channels. Ions permeate through
channel pores in a single-file manner with several ions occupying
different binding/pause sites along the length of the pore at any one
time. However, charge repulsion often precludes neighboring sites
from being occupied by permeant ions simultaneously. Such
mechanisms of permeation allow highly selective channels to have
large conductance.
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Macroscopic channel current is related to unitary
current by I5 iNPo, where i is unitary single-channel
current at a given voltage. Similarly, macroscopic
conductance is G5 gNPo. This provides another means
for estimating NPo from experimental data where NPo

can be estimated as I/i. This latter estimation is often
used in experiments where N cannot be fixed with
certainty, but i can be or when N and I (and i) are
measured independently of each other.

All channels have inherent gating activity: with
time, they transition between open and closed states
in a random manner driven by thermal energy. So, all
channels have at least one gate. The physical nature
of a channel gate, though, may be different among
different kinds of channels. Moreover, channels often
have more than one distinct gate. This seems to be
the rule rather than the exception. For example, ClC
channels are double-barreled channels containing two
proto-pores, each having an independent gate .53,57,59,60

Both proto-pores, moreover, are also covered by a
common gate. For the channel to be open, both the
gate of the proto-pore and the common gate must be
open. Similarly, Kir channels, such as ROMK, have
fast and slow gating, showing the effects of at least
two different gates.32,34,35,45,56

Types of Gates

We typically think of a channel gate as a domain or
residue that occludes or covers the pore in a dynamic
manner. This may be the case for gates in many types
of channels typified by the regulated gate in Kv chan-
nels, the slow-gate in Kir, and the common gate in ClC
channels.37,52,61 The crystal structures of many ion
channels have recently advanced the understanding of
gates. As depicted in Figure 8.15, at least two types of
gates are now known to exist. Several channels contain
both types of gates, as typified by the fast and slow
gates in Kir channels.32 These two types of gates share
some properties, such as they both prevent further
permeation of the conductance pathway, but also
have important differences albeit sometimes subtle. In
addition to a physical gating particle that may obstruct
the pore, collapse of the pore around a permeant ion
prohibiting further permeation has also been identified
as a means of gating.32,35,36 During pore-gating, the
channel is open when the pore is open, and closed
when the pore is collapsed. So, there is no true gate
with a pore-gating mechanism, rather the physical
diameter of the pore is the gate.

In the pore-gating model, the selectivity-filter or
another portion of the pore is the working part. This is
the case for the fast gating seen in the ROMK channel,
where K1 occupancy of the pore has a profound

influence on the structure of the selectivity-filter.32 Fast
gating is characterized by the rapid transition between
the open and shortest-lived closed states. The role of
pore-gating and the selectivity-filter in this fast-gating
process was noticed because the rate of entering
the shortest-lived closed state varies as a function of
K1 concentration, and is proportional to current
amplitude.50,51,62�64 The crystal structures of bacterial
Kir channels, sharing structure with ROMK as dis-
cussed below, provides additional support for this
mechanism, showing how a pore may collapse around
a permeant ion to gate the channel. A similar relation
between extracellular Cl2 and gating of ClC channels
has also been noticed.65�68 This has led to speculation
that the proto-pores of ClC channels may also use a
pore-gating mechanism. This is supported by the crys-
tal structure of ClC channels.37,46,53,57

An alternative to mechanical collapse of the pore/
selectivity-filter around the permeant ion to explain
pore-gating is a variable energy-of-binding model.
Simply put, in some instances, such as that during the
shortest-lived closed state of ROMK channels, K1 may
be bound so tightly to the pore that it briefly plugs the
permeation pathway.63 This latter mechanism shares
similarities with a traditional gate, in that it is a mani-
festation of a particle physically clogging the pore to
prevent further permeation, but here the gating parti-
cle is also the permeant ion rather than a distinct
part of the channel. It is different from a pore-collapse
mechanism, in that the pore remains in an open state

C       O C       O

Modes of gating

pore-gating         orphysical barrier

C       O

variable energy
of binding

FIGURE 8.15 Two different general types of gates are known
to exist in channels. Illustrated are the two different types of channel
gates identified to date. The left shows a representation of a physical
barrier functioning as a gate where the barrier is a side chain, residue
or domain of the channel (represented by a black line connected to a
small black circle on the wall of the pore) that occludes the pore in
the closed state. The regulated common gate and slow gate in ClC
and Kir channels, respectively, are this type of gate. The middle and
right illustrations represent two different understandings of a pore-
gate where the pore collapses around a permeant ion (middle) or the
permeant ion sticks to a binding site within the pore (right) to
occlude the pore in the closed state. Fast gating of Kir channels and
fast gating of proto-pores in ClC channels represent gating of this
type. Closed-to-open transitions are shown below, and movement
of the permeant ion (gray ball) through the pore is indicated by
arrows.
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in the variable energy-of-binding model, merely being
clogged. Both the mechanical pore collapse and vari-
able energy-of-binding modes of gating result
from interactions between the ion permeating the pore
and pore residues.

Regulation of Gating

The inherent activities of gates can be influenced
by factors that change the kinetics and equilibrium
between the closed and open states. This change
can be reversible or irreversible. Only the former is
involved in the dynamic regulation of channel activity.
The latter permanently changes the gating state.
Factors that influence gating assume many forms.
They can be extracellular and intracellular ligands
that bind the channel, for instance Ca21 binding to
calcium bowls and RCK domains in the intracellular
portions of BKCa channels.69,70 They can be enzymes,
for instance kinases and proteases, which chemically
modify channels or change channel structure. For
instance, ROMK is activated and maintained in a high-
Po state by PKA phosphorylation, and inhibited by
intracellular acidification.32 Voltage also can influence
the gating of some channels. This represents a special
case as discussed below in the section titled “Some
Channels Rectify.” Channel oligomerization and associ-
ation with accessory subunits can also influence gating.
Barttin plays such a role for ClC-Ka and ClC-Kb chan-
nels.71 As shown in Figure 8.16, the presence of barttin
reverses the voltage-dependence of the rat ClC-Ka
ortholog, ClC-K1, switching it from being activated by
membrane depolarization to being activated by mem-
brane hyperpolarization. Such regulation of gating
allows ClC-Ka and ClC-Kb channels to be active under
physiological conditions, facilitating NaCl reabsorption
in both the TAL and DCT.72,73

Many factors that influence gating to change Po

work through an allosteric mechanism, using a bind-
ing or effector site that is away from the pore. With

such a mechanism, the effector molecule or influence
of voltage affects an allosteric site where the free
energy of interaction at this site is translated into a
change in conformation that alters gating kinetics,
equilibrium or both. As discussed further below,
channel subunits in the Kv channel family have a
core structure containing six transmembrane domains
with an extracellular pore-forming loop between
S5 and S6. In these channels, S4 is the voltage-sensor.
This transmembrane domain contains conserved pos-
itive charged residues that sense voltage and move
the S4 domain in response to a voltage-change across
the membrane. In this sense, S4 is a molecular volt-
meter. Movement of S4 is conveyed to the gate
to change its position. BKCa channels contain intra-
cellular Ca21-binding sites that also act as allosteric
regulators of gating.69,70 Occupancy of these sites by
Ca21 increases Po by making it more likely that the
channel will be in an open state.

Pore-gates, like those in ClC channels, can also be
influenced by modulators to change gating. For
instance, ClC channels are also voltage-dependent
(see Figure 8.16). Because of the nature of the gate in
these channels, regulation of ClC gating by voltage,
though, is not allosteric. Rather, voltage directly
influences the interaction of Cl2 with residues in the
pore.37,46,61

The Consequences of Regulation of Gating

Regulation of gating determines how active a
channel is, and the magnitude of the current through
the channel. For instance, the regulation of gating, as
noted above, enables ClC channels to be active under
physiological conditions. Because gating can be regu-
lated, channels act as variable resistors in equivalent cir-
cuits: their mode of gating can change, which causes Po
to be able to be changed in a dynamic manner. Recall
that I5 iNPo and G5 gNPo. In experiments quantifying
macroscopic current, like the idealized results shown in
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FIGURE 8.16 The regulatory subunit, barttin, reverses
the voltage-dependence of ClC-K channels, allowing them
to be active under physiological conditions. (Adapted from
Figure 1 in 72.) Voltage-step protocols and representative
current responses for cells expressing rat ClC-K1 alone (a)
or together with barttin (b).
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Figure 8.17, conductance changes as Po changes, as a
result of effectors influencing gating. The importance of
this to physiology is clear when considering that volt-
age-dependent activation of BKCa channels enables
them to conduct more current at depolarizing poten-
tials, which in turn prevents further membrane depolar-
ization by driving the membrane potential toward EK.
As noted previously, feedback activation of BKCa chan-
nels is critical to nearby TRPC6 channels functioning as
Ca21 entry pathways in podocytes.11

Some Channels Rectify

Rectification is when the macroscopic I�V relation
of a channel deviates from strictly obeying Ohm’s Law.2

A macroscopic I�V relation, as detailed in Figure 8.18,
is the sum of the single-channel i�V relation, and
effects of gating modulators on channel Po. Our discus-
sion of ion channels has been simplified, in that we
have presumed that they all rigorously follow Ohm’s
Law. This is not actually the case. As the concentration
gradient of the permeant ion across the membrane
increases, and as the concentration of the permeant
ion approaches 0, all channels show some degree of
rectification. This is referred to as Goldman rectification,
and is a manifestation of the asymmetrical distribution
of permeant ions across the membrane.2 As such, it
can be described by the GHK current equation. Further
discussion of this, though, is beyond the scope of our
discourse. Rectification that is of relevance here is

that caused by voltage-dependent gating, because it can
influence (as discussed immediately above) how active
a channel is under physiological conditions.

Modulation of gating by voltage represents a special
case. In this case, voltage has two affects. It influences
Po and the unitary current i of the channel. As such,
macroscopic I�V relations for voltage-gated channels
show rectification. Channels that rectify exhibit greater
conductance at either positive or negative potentials
applied across the membrane, meaning that they facili-
tate the movement of ions in a particular direction
(into the cell or out of the cell). Macroscopic I�V rela-
tions for such channels are illustrated in Figures 8.17
and 8.18. The voltage-dependence of gating is rou-
tinely described with a Boltzmann function where
Po5 1/[1 1 e2V2V1/2zF/RT].2 All symbols in this equa-
tion have their usual meaning as described in previous
sections, and V1/2 is the voltage at which Po is 0.5 or, if
used to describe macroscopic conductance, the voltage at
which conductance is half of the maximum. In most
cases, when fitting the voltage-dependence of macro-
scopic conductance, G is normalized to maximum con-
ductance (Gmax), giving G5Gmax/[1 1 e2V2V1/2zF/RT].
Fitting with a Boltzmann function provides two impor-
tant pieces of information describing the effects of
voltage on gating. It provides the voltage at which half
the channels are open, telling us about the threshold
for activation by voltage. It also describes the degree
to which a channel responds to voltage. This is the
slope of the fit, and informs us about the range over
which the channel responds to voltage and how tightly
channel gating is linked to changes in voltage: a
steeper slope indicates a tighter association.

Modeling Channel Gating

Gating of an ion channel is akin to an enzyme tran-
sitioning between an unbound and substrate-bound
active state, with rate constants determining the state
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FIGURE 8.17 Changes in gating influence channel activity. The idealized graph in (a) shows Po as a function of the effects of a modulator
of gating, which changes the resistance of the channel shown in the idealized equivalent circuit shown to the right. (The inset in (a) shows the
effects of a gating modulator on channel conductance.) The I�V relation in (b) shows the effects of the gating modulator changing Po on mac-
roscopic current, with point 1 being when the channel has low Po and point 2 when Po is approaching 1.
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FIGURE 8.18 A channel’s macroscopic I�V relation is a determi-
nant of the effects of gating modulators on Po and its single-channel
i�V relation.
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occupied. This allows gating to be viewed as a bio-
chemical reaction, where standard analysis of reaction
rates and kinetics can be used to describe the gating
process. The simplest mode of gating is one containing
forward and backward transitions between a single
closed and open state. Such a gating scheme with asso-
ciated kinetic constants is shown above the current
trace in Figure 8.14.

Kinetic models and state diagrams have explained
much about how factors influence gating. As we learn
more about the biophysical properties of channels,
these models have been becoming more complex,
but also they are better at explaining the features
and caveats of how channels transition and gate.
Figure 8.19 shows a kinetic model and state diagram
explaining the effects of voltage and Ca21 on BKCa

channel gating. Both models assume allosteric interac-
tion between the voltage-sensor and Ca21-binding site(-
s) with the channel gate. When expanded, these models
contain at least 50 different states. The kinetic model
originated from the investigation of macroscopic cur-
rents under extreme conditions used to isolate specific
effects of voltage and Ca21 away from intrinsic gating
events.69 The state diagram was derived from single-
channel data, including the analysis of single-channel
gating kinetics.70 These models have common features,
and do a good job of predicting the voltage- and Ca21-
dependence of BKCa-channel gating over a range of
[Ca21] and voltages, justifying their continued use for
explaining BKCa-channel activity and regulation.

Such models have important ramifications for how
we think about renal ion channels and understand
their role in physiology. BKCa channels are critical to
protecting membrane potential in podocytes during
TRPC6-mediated Ca21 influx, and are involved in K1

secretion from the CD.10,11,12 A detailed understanding
of how BKCa channels gate in response to voltage and
Ca21 then is critical to appreciating these processes.

Pore Block

Although not a true change in gating in that the
gate is not affected, a block of the pore by a factor
other than the permeant ion or gating particle may
also alter single-channel and macroscopic currents. For
instance, the blocking of the ENaC pore by amiloride
decreases the mean Po these channels have with chan-
nels spending briefer periods in the open state.47,48,74,75

In experiments, this appears as frequent transitions
between the open and open-blocked state, with the
latter appearing as a closed state. Block of a pore can
also be voltage-sensitive if the blocker interacts with
the blocking site in a voltage-dependent manner. For
instance, rectification of Kir channels results from voltage-
dependent block of the pore by Mg21 and polyamines.
This appears as an effect on gating.43,76,77 Because such
factors influence Po and the time channels spend in
the open state, their actions can also be assessed with
standard kinetic analysis and measurements of voltage-
dependence.

(a) (b)

FIGURE 8.19 Channel gating can be described with kinetic models and state diagrams. The kinetic model (a) and state diagram (b)
describing BKCa channel gating are from 69 and 70, respectively. The gating mechanism involves an allosteric interaction between channel
opening (C�O) and voltage sensor activation (R�A). L is the C�O equilibrium constant when all voltage sensors are in the resting (R) state.
J is the R�A equilibrium constant when channels are closed. D is the allosteric interaction factor where the C�O equilibrium constant
increases D-fold for each voltage sensor activated, and the R�A equilibrium constant increases D-fold when the channel opens. Subscripts for
closed and open states denote 0�4 activated voltage sensors of the tetrameric channel. The Ca21-binding transition (X�XCa) for each subunit
has an equilibrium constant K5 [Ca21]/KD when channels are closed and voltage sensors are not activated. Allosteric interactions of Ca21-
binding with channel opening and voltage sensor activation are determined by the allosteric factors C and E, respectively. In the state dia-
gram, a change in subunit conformation is indicated by the square-to-circle transition. The effects of voltage and Ca21 are noted on the axes,
with Ca21-binding indicated with gray shading. The open channel state is noted by a white circle in the center of the tetramer.
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FUNCTION OF RENAL ION CHANNELS

Interpreting experimental results from a biophysi-
cal perspective, as developed above, has been instru-
mental in defining the roles of many channels in
the kidney. In the next section, expression patterns
are discussed in terms of where function has been
established with some degree of certainty from
experimental results (see Figures 8.1 and 8.2 and
Table 8.1). Two channel proteins in the ClC trans-
porter/channel family are expressed in the kidney:
ClC-Ka in the basolateral membrane of ascending
thin limb (ATL) and TAL cells, and CLC-Kb in the
basolateral membrane of TAL and DCT cells.60,78,79

Barttin, a regulatory subunit obligatory for ClC-Ka
and ClC-Kb activity, is expressed along with these
channel proteins in the nephron.71,72,73 K1 channels
from at least four different families are functionally
expressed in the kidney. The inward rectifiers Kir1.1
and 4.1 are expressed in the apical membranes of
TAL, DCT, CNT and CD, and the basolateral mem-
brane of DCT cells, respectively.20 BKCa channels are
expressed in podocytes and the apical membranes
of CD cells.11,19,29,30,31,33 Proximal tubule epithelial
cells express the TWIK-related acid-sensitive K1-2
(TASK-2) channel, a member of the two-pore K1

channel family, in their basolateral membranes.80

Kv1.1 is expressed in the luminal membrane of
DCT cells.20 A single type of Na1 channel, ENaC, is
expressed in the kidney in the apical membrane of
CD principal cells.41,81,82,83 Several members of the
TRP channel family are expressed in the kidney.
TRPC6 is expressed in podocytes.11,13 The non-
selective TRPV4 channel is expressed in the apical
membranes of cells lining the water-impermeable
segments of the tubule, including the ATL, TAL, and
DCT.12 TRPP2 is expressed in the apical membranes
of TAL and DCT cells, as well as in other segments
of the nephron.12 Inactivating mutations in the gene
encoding this channel protein cause autosomal
dominant polycystic kidney disease. Coverage of this
area of research is broad and beyond the scope of
the current chapter. Chapter 80 discusses polycystic
kidney disease, and TRPP2. The Mg21-selective TRPM6
channel is expressed in the apical membrane of early
DCT cells.9,10,19,20 The epithelial Ca21 channel, TRPV5,
is expressed in the apical membrane of late DCT and
CNT cells.49,84,85,86

CLC (CLCN) Channels and Barttin (BSND)

The ClC proteins are members of a large family of
Cl2 transport proteins that serve diverse functions
(Chapter 31).59,60 These proteins are widely expressed

in every animal and most, if not all, bacteria. The ClC
family is divided into two branches depending on
function; three if sequence identity is the discriminator.
Members of one branch (two if using identity) function
as electrogenic anti-porters, moving 2Cl2 and H1 in
opposite directions in a secondary-active manner. This
branch is likely to be the older for most, if not all, ClC
proteins identified in bacteria belong to it. The younger
branch contains proteins that have lost their need
for H1 to move Cl2 in a coupled manner, and now
function as voltage-gated ion channels with anions
moving through the ClC channel pore via restrictive
diffusion.

ClC-Ka and ClC-Kb proteins form anion channels
selective for Cl2 with similar biophysical properties.
ClC-Ka and ClC-Kb have overlapping, but not identi-
cal, function in the kidney. This was revealed by the
different tubulopathies arising from the inactivation
of ClC-Ka (diabetes insipidus) versus ClC-Kb (Bartter’s
syndrome type III), and the realization that inactiva-
tion of barttin (BS type IV with sensorineural deafness)
recapitulates the entirety of the phenotype resulting
from loss of both ClC channels.14,18,71,87 In the TAL,
ClC-Ka and ClC-Kb serve as basolateral exit pathways
for Cl2 brought into the cell along with Na1 and K1

by apical NKCC2. ClC-Kb, but not ClC-Ka, serves a
similar function in the DCT, with the caveat that Cl2

enters these cells along with Na1 across the apical
membrane on NCC. Because ClC-Kb functions as a
basolateral Cl2 exit gateway in both the TAL and
DCT, inactivating mutations in this gene sometimes
can appear to result in a mixed Bartter�Gitleman’s
phenotype.14,18,88 Moreover, because both ClC-Ka and
ClC-Kb are expressed in the TAL, the phenotype
resulting from inactivation of ClC-Kb is not as severe
as that seen with inactivation of barttin (BS type IV)
or NKCC2 (BS type I).

Barttin, as indicated above, is required for ClC-Ka
and ClC-Kb activity, making mutations in this accessory
subunit also capable of causing disease.72,73 The effect
of barttin on ClC-K channels is complex and not fully-
understood. What is clear is that ClC-K channels are
the only members of the ClC family not to contain the
critical E166 gating moiety at the extracellular mouth of
the pore. Rather, these channels have a Val residue
here.46,57,61,72 This may contribute in part to why these
channels are not functional in the absence of barttin, for
this gating moiety enables other ClC channels to sense
and respond to voltage with activation. Mutagenesis
studies have shown that the transmembrane core of bart-
tin is necessary and sufficient to promote ClC-K
trafficking to the plasma membrane, a short cytoplasmic
segment following the second transmembrane domain
modifies the unitary conductance of ClC-K channels,
and the entire COOH-terminal cytoplasmic domain is
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involved in affecting channel Po.
73 The biophysical

mechanism whereby barttin affects ClC-K channel Po
involves locking the common gate covering the two
proto-pores open: in the presence of barttin, ClC-Ka
and ClC-Kb channels can reach full activity with their
proto-pore gates primarily modulating Po.

72 The physio-
logical importance of this is clear. Without barttin, there
is no ClC-K channel activity, concomitant K1 recycling
across the apical membrane of TAL cells or dependent
NaCl reabsorption, resulting in the compromise of the
axial corticomedullary hypertonic gradient necessary
to concentrate urine.

KCNA (Kv) Channels

The Kv1.1 channel is expressed in the luminal
membrane of DCT cells.20 Kv1.1 is best known as the
first cloned mammalian fast delayed rectifier channel
belonging to the Shaker subfamily, named so because
flies lacking the Shaker channel shake their legs while
under ether anesthesia.89,90,91 There is little difference
between the intracellular and extracellular concentra-
tions of ionized Mg21 in the renal tubule. The electro-
chemical force driving cell entry of Mg21 as a
consequence is mostly a result of the apical membrane
being hyperpolarized. Kv1.1 is K1-selective and voltage-
gated, rapidly activating upon membrane depolariza-
tion. Activation of Kv1.1 stabilizes the potential across
the luminal membrane hyperpolarized near EK. This
function makes Kv1.1 well-qualified to facilitate Mg21

reabsorption in the DCT. Inactivation of Kv1.1 leads to
autosomal dominant hypomagnesaemia resulting from
decreases in Mg21 reabsorption in the DCT.20,92

KCNM (BKCa) Channels

BKCa channels are expressed in both podocytes
and the apical membrane of CD epithelial cells. In
podocytes, BKCa channels co-localize with TRPC6
channels, where they serve in a feedback capacity to
facilitate and fine-tune receptor-operated Ca21 influx
mediated by TRPC6.11 The Ca21 and voltage-sensitiv-
ity of BKCa channels, as well as their selectivity and
the influence that activating these channels have on
membrane potential, makes them well-suited for such
a task. This function, though, is not definitive; rather
it is extrapolated from co-localization with TRPC6,
and the biophysical properties of BKCa and TRPC6
channels. It has not been determined yet whether BKCa

channel mutation causes any type of proteinuric
glomerulopathy akin to the FSGS arising from the
mutation of TRPC6.13

BKCa channels are also expressed in the apical
membrane of CD epithelial cells. Here, they function

as one of two discrete apical exit gateways for K1

secretion in the distal nephron.23,29,31,33 ROMK, as
discussed below, serves a similar function in the par-
allel secretory pathway. Although both pathways
mediating K1 secretion in the distal nephron coexist
and provide some redundancy and protection, they
do not have a complete overlap of function. The
ability of BKCa channels to respond to mechanical
stimuli with changes in gating and Po makes them
particularly well-suited to mediate flow-induced K1

secretion.29,30 In comparison, ROMK activity is not
sensitive to flow. Decreases in K1 excretion in electro-
lyte-balance studies during states of high K1 intake in
animals with compromised BKCa channel activity
resulting from gene deletion of the critical β1 regula-
tory subunit recapitulate findings testing the actions
of BKCa channel blockers on K1 secretion in isolated
perfused tubules.93

KCNJ (Kir) Channels

ROMK (Kir1.1) is the founding member of the
inward-rectifying K1 channel family.94 Inward-rectifying
K1 channels exhibit a non-linear I�V relation character-
ized by a larger inward current than outward current.
ROMK, though, is only weakly inwardly rectified.
ROMK is active at physiological potentials with electro-
chemical gradient, rectification, and other regulatory
factors fine-tuning the amount of outward current
carried by this channel. Under normal conditions,
activated ROMK is well-suited for K1 secretion, having
a Po approaching 0.9.

ROMK channels serve a dual role in the kidney.
In the TAL, ROMK channels provide the majority of
apical membrane K1 conductance. This activity
enables K1 recycling across the apical membrane,
to facilitate NaCl entry along with K1 on the NKCC2
driving NaCl reabsorption by this segment of the
tubule and, ultimately, creation of the axial corticome-
dullary hyperosmotic gradient necessary for concen-
trating urine.31,32,33 This function of ROMK was
revealed upon discovery of the genetic basis of Bartter
syndrome.

ROMK is also an essential component of one of two
parallel K1 secretory pathways in the CNT and
CD.31,32,33,95 As discussed above, BKCa channels replace
ROMK in the ROMK-independent K1 secretory path-
way. This explains how K1-wasting can happen in BS
type II, even in the absence of ROMK. In the same way,
upregulation of ROMK channels preserves K1 secretion
in BKCa channel knockout mice. It has been speculated
that this redundancy is a protective mechanism to ensure
high-capacity K1 excretion to guard against fatal
hyperkalemia.32
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Kir4.1 is another member of the inward rectifier
family of K1 channels expressed in the kidney.92,96,97,98

Compared to ROMK, less is known about the func-
tion of this channel in the kidney, but emerging evi-
dence supports that it acts as an important basolateral
K1 exit pathway in DCT cells. Potassium exiting
through this channel contributes to the extracellular
pool of K1 immediately available to serosal Na1,K1-
ATPases. This is necessary for Mg21 reabsorption in
the DCT, because Mg21 entry across the apical mem-
brane is intimately tied to membrane potential and
NaCl reabsorption where maximal Na1,K1-ATPase
activity is required to maintain the electrochemical
gradients driving Mg21 across the luminal membrane.
Proper Kir4.1 function in the DCT is critical, in that
the loss of this channel’s function causes disease,
SeSAME, with notable renal Mg21-wasting.92,96,97,98

Clearly, the unique biophysical properties this chan-
nel provides to the basolateral membrane of DCT
cells cannot be compensated for by the presence of
other K1 channels.

KCNK (K2P) Channels

TASK-2 is a member of the alkaline-activated
TALK sub-family within the larger two-pore K1 chan-
nel family.80 TASK-2 is expressed in the basolateral
membrane of PT epithelial cells. As revealed in
TASK-2 2/2 mice, this channel functions as an
alkali-activated counterbalance to the depolarizing
influence of the electrogenic Na1,3-HCO3

2-co-trans-
porter also in the basolateral membrane of PT cells.80,99

Outward K1 conductance through TASK-2 counteracts
the depolarizing effects of this co-transporter by hyper-
polarizing membrane potential back towards EK.
This function makes TASK-2 a key component of a
positive feedback pathway maximizing HCO3

2 reab-
sorption in the PT. Loss of TASK-2 function causes
metabolic acidosis, as expected but also modestly
increases Na1 and water excretion by the kidney.99,100

These effects on pH and renal salt and water handling
are akin to those seen with diuretic inhibitors of
carbonic anydrase, which promote a weak diuresis by
decreasing bulk fluid reabsorption in the PT due to
decreased NaHCO3

2 reabsorption. Although the role
of TASK-2 in the mouse is clear, it remains to be deter-
mined whether mutations in this channel account for
familial forms of proximal renal tubule acidosis in
humans.

SCNN (ENaC) Channels

ENaC is a member of the ENaC/Degenerin channel
family.101�103 Acid-sensing ion channels (ASIC) are

also in this family. ENaC/Deg channels are widely
distributed in epithelial and nervous tissues. These
channels are Na1- or non-selective cation channels.
Some of the non-selective ENaC/Deg channels also
conduct Ca21. ENaC, which is highly selective for Na1,
though, does not.41,83,104,141 The activity of ENaC
in the CNT and CD is limiting for electrogenic transcel-
lular Na1 reabsorption here.41,82,83 This reabsorption
fine-tunes urine and plasma Na1 content. Consequently,
ENaC is a physiologically important target for hormones
that control blood pressure through feedback regulation
of systemic Na1 and water levels, including those in
the renin�angiotensin�aldosterone system. As such,
ENaC mutation resulting in gain- and loss-of-function
cause improper Na1 retention and excretion, respec-
tively, leading to increases and decreases in blood
pressure.83,106,107 The prior is Liddle’s syndrome, and
the latter is pseudohypoaldosteronism (PHA) type-I.
Because the electrochemical gradients driving Na1

reabsorption and K1 secretion across the apical
membrane of CD principal cells are intimately tied to
each other, factors that change ENaC activity, including
the steroid hormone aldosterone, also affect renal K1

excretion.

TRP Channels

The TRP protein family is a diverse group of cation
channels that participate in a wide range of physiologi-
cal processes. The mono- and divalent cation conduc-
tance of TRP channels enables them to influence both
membrane potential and intracellular Ca21 signaling,
allowing them to function as important signal transduc-
tion switches and gateways for Ca21 and Mg21 entry
into the cell during transcellular transport. Mammalian
TRP proteins are organized into six subfamilies based
on sequence identity. These are C (Canonical, TRPC1-
TRPC7 with TRPC2 being a pseudogene in humans), V
(Vanilloid, TRPV1-TRPV6), M (Melastatin, TRPM1-
TRPM8), A (Ankyrin, TRPA1), P (Polycystin, TRPP1-
TRPP3), and ML (Mucolipin, TRPML1-TRPML3).

TRPC6

TRPC6 is a non-selective cation channel with finite
Ca21 permeability.10�12 This channel is expressed in
the foot processes of podocytes of Bowman’s capsule
in the vicinity of the slit diaphragm, as well as in the
cell body and major processes of these cells. TRPC6,
possibly oligomerized with TRPC3, functions as a
receptor-operated Ca21 entry channel in podocytes,
where activation leads to cell entry of Ca21 capable of
modulating a host of secondary cascades. TRPC6 is
only Ca21 permeable under hyperpolarizing condi-
tions. During depolarization Ca21 binds to an
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inhibitory site within the pore. Binding to this site
results in the block of the pore, with a dependent
decrease in Po and inward rectification of macroscopic
TRPC6 currents.108,109,110 Pore block of TRPC6 by a
permeant ion is accurately described by a standard sin-
gle binding site, two-barrier pore model, where the
binding site has a two-fold higher affinity for Ca21

than it does for monovalent cations.108 Consequently,
binding to the inhibitory site impedes Ca21 perme-
ation, causing a relative increase in permeation of
monovalent cations. The result is that, in the presence
of membrane depolarization, TRPC6 converts from a
Ca21 entry channel that affects cell signaling to a chan-
nel that depolarizes the membrane. BKCa channels co-
localize with TRPC6 channels in the foot processes and
other major structures of podocytes.11 This suggests a
tight relation between the function of these channels
with TRPC6 allowing Ca21 to enter the cell, which in
turn activates nearby BKCa channels to facilitate or
fine-tune further Ca21 entry through TRPC6 channels.
Gain-of-function mutations in TRPC6, leading to
increased activity and plasma membrane expression,
cause familial forms of FSGS.10,11,12,13 Mutation of
other proteins in the podocyte, including nephron and
podocin, that interact with TRPC6 also cause FSGS-like
proteinuric glomerulopathies.10,11 Similarly, the muta-
tion of PLC-ε, an important regulator of DAG-sensitive
TRPC6 channel activity, causes an FSGS-like disease.10

TRPM6

TRPM6 functions as a Mg21-selective channel in the
apical membrane of early DCT cells.4,19,20,24 TRPM6 may
possibly oligomerize with the more widely-expressed
TRPM7 to perform this function. Nevertheless, it is
clear that TRPM6 brings a unique component to the
channel for inactivating mutations in the gene encoding
TRPM6 leading to HSH and, thus, TRPM7 does not
fully recapitulate the properties of TRPM6.4,10,12,19,20,24

Macroscopic current through channels containing
TRPM6 is both outwardly and inwardly rectified, and
activated by deceases in intracellular Mg21. This activa-
tion serves as a feedback mechanism favoring Mg21

reabsorption. In addition to inactivating mutations
in TRPM6, mutations in the genes encoding regulators
of this channel cause hypomagnesemia.

Inactivation of the gene encoding pro-epidermal
growth factor (EGF), for instance, causes isolated
autosomal-recessive hypomagnesemia.9,10,19,20,24 EGF
is a magnesiotropic factor that controls the expression
of TRPM6 in the apical membrane of DCT cells.
Cetuximab, which is an inactivating monoclonal
antibody inhibitor of the EGF receptor used in the
treatment of colorectal cancer, causes pronounced
renal Mg21-wasting, also resulting from decreased
TRPM6 expression, an acquired form of isolated renal

hypomagnesemia.20,111,112 Magnesium reabsorption
via TRPM6 is dependent on NaCl reabsorption
and membrane potential in the DCT mediated by the
coordinated activities of the apical membrane
thiazide-sensitive NCC co-transporter and basolateral
Na1,K1-ATPase. Mutation of the FXYD2 gene, which
encodes the γb splice variant of the Na1,K1-ATPase
γ-subunit expressed in this segment of the tubule, causes
isolated dominant hypomagnesemia.9,19,20 Similarly, one
component of the complex renal salt-wasting phenotype
arising from the inactivation of NCC (Gitleman’s
syndrome) is Mg21-wasting.9,12,19,20,88

TRPV4

TRPV4 was originally described as an osmotically-
responsive monovalent cation-selective cation chan-
nel/current with the different names of OTRPC4,
VR-OAC, TRP12, and VRL-2.12 This channel is acti-
vated by hypotonic stimuli, resulting in an increase in
[Ca21]i. Increases in Ca21 are secondary to membrane
depolarization, rather than Ca21 flux through the
channel. TRPV4 is expressed in the water-impermeable
segments of the nephron and circumventricular nuclei
of the CNS, which governs vasopressin release. The
osmotic sensitivity of this channel and its expression in
the part of the CNS controlling AVP release led to the
idea that TRPV4 contributes to the sensing of osmotic
stress and plasma osmolarity. Such a function is sup-
ported by findings that AVP release is dysregulated
in TRPV4 knockout mice.113,114 The expression pattern
of this channel in the kidney is also consistent with
it acting as a cellular-level osmoreceptor that enables
epithelial cells to adapt and respond to changes in
osmolarity with a change in NaCl transport. Again,
findings in the knockout animal are consistent with
this.114,115

TRPV5

The activity of TRPV5 is voltage- and Ca21-depen-
dent. This channel is active at physiological potentials
and [Ca21]i concentrations, but quickly inactivates in
response to feedback regulation from intracellular
Ca21.12,49,84,85 TRPV5 is permeable to Ca21, and is
selective for this divalent cation over monovalent
cations. The relative permeability of Ca21 versus Na1

for channels containing TRPV5 is greater than 100.
This is fairly unique for TRP channels, with TRPV6
being the only other TRP channel to share this prefer-
ence for Ca21. The selectivity and activity of TRPV5
allows it to function as the apical gateway for Ca21

entry into late DCT and CNT epithelial cells. As such,
TRPV5 activity is rate-limiting for Ca21 reabsorption in
the nephron beyond the Loop of Henle, where urine
and plasma [Ca21] are fine-tuned. Inactivating muta-
tions of TRPV5 or proteins that regulate the activity
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of this channel, such as Klotho, cause hypercalcuria
and renal Ca21-wasting in mice.12,49,84 It has not been
established yet if mutations in human TRPV5 cause a
similar renal phenotype.

ION CHANNEL STRUCTURE

Ion channels are multimeric, made of component
subunits. There are two general types of channel subu-
nits: those that form the pore, termed pore-forming
or α-subunits, and those that do not directly contribute
to the pore, but rather modify the properties of the
channel proper or pore-forming subunits; these rou-
tinely are labeled accessory or β-subunits, but also
have been called auxiliary and regulatory subunits.
Pore-forming subunits must span the lipid bilayer to
create the conductive pore. As depicted in the ideal-
ized models of the different subunits making renal
channels shown in Figure 8.20, pore-forming subunits
contain two or more membrane-spanning domains.
Many, but not all, accessory subunits are also integral
membrane proteins. (These are not represented in
Figure 8.20.) The presence or absence of an accessory
subunit has significant consequence to the biophysical
and physiological function of a channel. For instance,
the activities and properties of the human ClC channels,

ClC-Ka and ClC-Kb, are greatly changed by interaction
with their β-subunit, barttin.71,72,73

Families of pore-forming channel subunits are com-
prised of homologous proteins that share amino acid
identity. The degree of similarity determines how
much overlapping function members within a family
have. The consequence of a channel family being
composed of homologous subunits is that they often
differentially assemble into homomeric and hetero-
meric channels containing a single type of subunit
or one with many different but related subunits. The
biophysical ramifications of this ability to assemble
differentially are profound, leading to differences in
channel gating, expression, and regulation to name
just a few. This greatly broadens the functional range
of channels within the same family. It also can impact
the ability to use redundancy to circumvent pathologi-
cal consequences when one subunit is compromised.
Moreover, it can confound the understanding of the
specific role played by a particular channel protein
within a channel family.

Pore-forming subunits oligomerize into one of
three general quaternary structures, as represented
in Figure 8.20. ClC family members dimerize into
channels containing two subunits, with each subunit
encompassing an independent pore.53,57,116 Most often,
as is the case for the renal ClC-Ka and ClC-Kb
channels, these dimers are made of identical subunits,

ClC* K2P BKCa Kir                    Kv ENaC              TRP

KCa, Kv,
Kir & TRP

ENaC ClC channelsK2P(a)

(b)

FIGURE 8.20 Channel structure. The idealized illustrations in (a) indicate how renal ion channel subunits assemble to form pores.
Subunits are indicated by gray circles or half circles with black lines representing the connection between the two subdomains within each
monomer of dimeric K2P and ClC channels. The position of the pore is represented by a black circle. Views are parallel to the plane of the
membrane. The idealized illustrations in (b) represent the topology of pore-forming subunits of renal ion channels. These views are perpendic-
ular to the plane of the membrane, which is represented by a solid black horizontal line. Transmembrane domains are represented by small
black barrels. Extracellular and cytoplasmic portions of these channel subunits are shown above and below the line representing the plasma
membrane, respectively, and only loosely correspond to the real structure of these domains. It is difficult to represent the structure of ClC sub-
units faithfully using such a diagram, as many intra-membrane helices in this channel do not fully span the membrane. Refer to Figures 8.21
and 8.23 for a better understanding of the secondary and tertiary structure of transmembrane helices in ClC channel subunits.
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being homodimers. ENaC is an obligatory heterotri-
meric channel containing one α-, β-, and γ-subunit
surrounding a central pore.117,118 (The Greek letters
referring to the subunits in ENaC are not indicative
of whether they contribute to formation of the pore or
not for they all do; rather, they reflect the order of
cloning.) In comparison, K1-channel subunits and TRP
subunits assemble into tetramers with identical or like
subunits forming homotetramic and heterotetramic
channels with a central pore. K2P channels are a slight
variation on this theme. These channels are homodi-
mers, with each component subunit containing two
pore-forming domains that contribute to a central
pore that has four-fold symmetry.119 Thus, K2P subu-
nits oligomerize into a channel with structure that is
reminiscent of that formed by Kir channel subunits.
Because good structural information exists for ClC,
ENaC, and Kir channels or channels closely related to
them, discussion in the next section focuses on these
channels as representative of the three types of gen-
eral structure renal channels assume.

The Architecture of ClC Channels

Every ClC protein, including both transporters
and channels, shares a conserved molecular architec-
ture consisting of a complex transmembrane transport
domain and soluble regulatory domain. Representative
crystal structures for both domains are available: the
transmembrane domains of two bacteria ClC homo-
logs, ClC-ec1 and ClC-st1, and a cyanobacterial ClC
protein, ClC-sy1, and the regulatory domains of three
eukaryote family members, ClC-0, ClC-Ka, and
ClC-5.53,57,116,120�122 ClC channels are unique for ion
channel proteins, probably reflecting their evolution-
ary roots as transporters, in that many of their intra-
membrane helices are of unequal size not completely
crossing the membrane. This places several intra-
membrane helices of ClC proteins at acute angles, rather
than right angles as is more common for channels, to
the plane of the lipid bilayer. This is clear in the crystal
structure for ClC-ec1 shown in Figure 8.21.52

Also clear in this structure is that the assembled
ClC channel is a homodimer containing two similar

FIGURE 8.21 Topology and structure of ClC proteins. (a) (Figure from 52.) Schematic representation of ClC channel proteins with
topology inferred from the known structure of the bacterial homolog ClC-ec1. The 18 α-helices in these proteins are labeled A�R. The two
similar halves within the transmembrane domain (α-helices B�I and J�Q), which have anti-parallel orientation, are colored in green and
cyan, respectively. The sequence and position of conserved residues that contribute to the Cl2 selectivity filter are noted with arrows and
peach highlighting. The two cytoplasmic CBS domains are shown as red and blue spheres. (b) (Figure from 79.) Crystal structure of the
Salmonella enterica serovar typhimurium ClC protein viewed parallel to the plane of the lipid bilayer. One subunit of the dimeric protein is
shown in blue and the other green. Cl2 ions in the pore are shown as yellow spheres. Residues comprising the selectivity filter (S106, E1148,
and Y445) are shown as red spheres. (c) (Figure from 52.) Structure of the Escherichia coli ClC protein, ClC-ec1, viewed from the extracellular
side. The two subunits of the homodimer are colored red and blue, with ions in the selectivity filter of each subunit represented as green
spheres. See color section at the back of the book.
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monomers, each having two topologically related halves,
which span the membrane in opposite directions in an
antiparallel arrangement. Despite their similarity in
structure, the two antiparallel halves of each monomer
share only weak conservation at the 1

�
amino acid

sequence level. The two monomers within the channel
are structurally related by an axis of two-fold symmetry
perpendicular to the membrane plane. When viewed
looking down on the plane of the extracellular leaflet of
the membrane, the two monomers appear triangular,
with a subunit interface at the bases of these triangles. A
pore is completely contained within the center of each
triangular subunit. That the assembled ClC homodi-
meric channel contains two independent pores with sep-
arate but identical ion permeation pathways has led to
these channels being referred to as double-barreled
channels. This is consistent with early electrophysiologi-
cal work on the ClC-0 channel predicting this double-
barreled architecture.52,61,79 Each pore, sometimes
termed proto-pore, has its own gate that functions inde-
pendently gating in a fast manner. Both pores also are
covered by a common gate that gates, in comparison,
slower. These types of gating are clear in the representa-
tive single-channel current trace of homodimeric ClC-0
shown in Figure 8.22. In comparison to this fully assem-
bled channel, the limiting functional unit of a ClC pore,
as recently proven by Jayaram and colleagues using a
molecularly “designed” ClC-ec1 protein mutating it
from a transporter to channel, is a monomer containing
the two antiparallel halves capable of conducting Cl2

through a single pore.123 Experiments on this designed
ClC-ec1 channel, moreover, addressed the line separat-
ing ClC channels from ClC transporters: it was shown
to be thin, involving replacement of only two amino
acids. Although the limiting functional unit is a mono-
mer, binding sites critical to regulation of gating, for
instance that for Ca21, are formed at the interface
between the two monomers of the homodimer.124

The Cl2 Permeation Pathway in ClC Channels:
The Molecular Basis of Selectivity

All known ClC channel subunits use a conserved
permeation pathway through the protein and common

binding sites to conduct Cl2.37,46 This vestigal pathway
is also present and used in ClC anti-porters to translo-
cate Cl2. The permeation pathway for anions was
unexpectedly revealed by the presence of Cl2 ions
bound within each pore in the first crystal structures
of bacterial ClC transporters.53,57 As recognized now
from this early work, and reflected in the ribbon struc-
tures shown in Figure 8.23, the permeation pathway
contains three Cl2-binding sites: an external binding
site, Sext; a central binding site, Scen; and an internal
binding site, Sint. The external binding site can be
occupied by Cl2 or the side chain of a conserved Glu
residue, E148 in bacterial ClC homologs.46,52,79 This
observation generated many of the initial hypotheses
regarding the molecular basis of fast gating in ClC
channels. This will be addressed further below.

Formation of a complete permeation pathway con-
taining a selectivity-filter with three Cl2-binding sites,
as depicted in Figure 8.23, is possible because the two
structurally related antiparallel halves of a monomer
are arranged in opposite directions, giving rise to a
pseudo two-fold axis of symmetry in the center of the
membrane. This makes it possible to bring together
loops at the end of helices from different parts of
the structure to form the pore in the center of the trian-
gular monomer. Moreover, in this arrangement, the
positive ends of the helix dipole point toward the
ions entering the pore and stabilize them by electro-
static interactions. Interestingly, nature seems to have
conserved this means of pore formation, because an
antiparallel architecture also forms the pore of the
unrelated aquaporins.125,126

Although scattered across the entire subunit, the
signature sequences defining the three Cl2-binding
sites, as noted in Figure 8.21, are conserved throughout
all ClC proteins.46�52 This speaks to the functional
importance of conserving key residues at critical sites
in the three-dimensional structure of the protein. The
pore of ClC channels is hourglass in shape, bound
by aqueous vestibules on the extracellular and intracel-
lular end narrowing in the middle at the selectivity-
filter. The intracellular Cl2-binding site is located at
the interface between the intracellular vestibule and

FIGURE 8.22 ClC subunits form double-

barreled Cl2 channels. (Figure from 61.) Shown
here is a representative single-channel current
trace of a ClC-0 channel. Slow gating by the com-
mon gate is noted by asterisks. Fast gating of the
proto-pore gates occurs between slow-gate clo-
sures: conductance level 0, both pores closed;
conductance level 1, one pore closed, one pore
open; conductance level 2, both pores open.
Below is part of the current trace shown with an
expanded timescale.
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selectivity-filter. The Cl2 ion occupying Sint is only
partly desolvated, and still hydrated where it is
exposed to the aqueous environment of the vestibule.
The desolvated surface of this Cl2 ion is coordinated
by backbone amide groups on the loop preceding
the D helix. The Cl2 ion at Scen has completely shed its
water shell, and is now coordinated by partial positive
charges from backbone amide nitrogen groups in
residues preceding the N helix. In addition, key inter-
actions are made here with selectivity-filter side chain
hydroxyls of S107 in the conserved GSGIP sequence
and of Y445 located at the beginning of the R helix.
When Sext is occupied by E148, not only is the pore
physically blocked by the residue side-chain, but a

negative charge is also placed within 4 Å of the
Cl2 ion occupying Scen. This provides two alternatives
to explain gating: a physical occlusion of the pore and
a repulsion mechanism involving pore-gating. When
the channel is conducting, E148 has moved from Sext,
opening this binding site to the Cl2 ion. Supporting
this are findings showing that, upon substituting E148
with either an Ala or a Gln, a Cl2 ion is bound to
this site coordinated by free backbone amide NH
groups of residues in the NH2-termini of the N and F
helices.37,46,57

ClC Channel Gating

The gating of ClC channels is complex and incom-
pletely understood. More is understood about the
mechanisms underpinning fast gating of proto-pores,
as compared to gating by the common gate. Gating of
both the fast and common gates is inextricably linked
to ion permeation.37,61,127 In addition to being modu-
lated by extracellular [Cl2] where increases in [Cl2]ex
increase Po, fast gating (and also slow gating) is modu-
lated in a positive manner by depolarizing voltages
and decreases in pH.61,67,128,129 Dependence on pH is
thought to be a remnant from its days as a transporter.
Compelling evidence has emerged that E148 mediates
the effects of pH on the fast gate. There is a real possi-
bility also, as supported by experimental evidence,
that the effects of voltage on the fast gate are felt by
the permeant Cl2 ion and/or modulatory H1.61,130

This likely arises from the fact that proto-pores use
some form of a pore-gating mechanism, with the
interaction between the permeant ion and permeation
pathway doing the “gating.” Working in combination
with this is the charged side chain of E148, which also
may be sensitive to voltage or even extracellular [Cl2]
and pH in a voltage-dependent manner.

An important point to note is that ClC-Ka and
ClC-Kb do not have a Glu at the position corre-
sponding to 148, which is 166 in ClC-Kb, but rather
have a Val at this site, yet both channels show fast
gating.46,79,131 This suggests that, while E148 and the
corresponding Glu residues in other ClC channels
may be involved in gating, it is not functioning in
isolation. In addition, ClC-K1 channels are voltage-
sensitive where interaction with the accessory subunit
barttin reverses the voltage-activation profile (see
Figure 8.1672,73). Chimeras of ClC-K1 and ClC-Kb retain
this barttin-dependent switch in voltage-sensitivity, sug-
gesting that ClC-Kb channels are also voltage-sensitive
in the absence of barttin and E148. The importance
of E148 to gating in most ClC channels, though, is not
trivial for mutation of the homologous residues in
ClC-0, ClC-1, and ClC-2 to neutral residues abolishes
voltage-dependent gating.57,132,133

FIGURE 8.23 The selectivity filter of ClC channels. (a)
(Figure from 52.) View of an EcClC monomer parallel to the plane
of the membrane. The two anti-parallel halves of the monomer are
colored blue and green. Their orientation in the membrane is indi-
cated by arrows and helices are labeled. Ions in the pore are shown
as red spheres. Regions of the protein contributing to the selectivity
filter are colored red. (b) (Figure from 55.) The selectivity filter of
wild-type EcClC (closed) and the EcClC mutant E148Q (open)
viewed parallel to the plane of the lipid bilayer. The protein back-
bone is shown as a ribbon with NH2-terminal ends of α-helices
colored cyan. Selected residues are shown as sticks. Ions in the pore
are represented as red spheres. The contoured (at 6σ) Br2 anomalous
difference density is shown superimposed (red). Aqueous cavities
from the extracellular (out) and intracellular (in) solutions are shown
as cyan mesh. Ion-binding sites in the pore are labeled. See color
section at the back of the book.
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The Architecture of ENaC/Deg Channels

The three-dimensional structure of ENaC awaits elu-
cidation, but much can be inferred with a degree of cer-
tainty from the known structure of chicken ASIC1.58,117

As discussed below, we can make predictions about
the selectivity-filter and permeation pathway of ENaC
and how the channel gates, which are supported by
electrophysiology studies.104,105,134�136

Subunits forming ENaC/Deg channels share a
common topology, which is shown in Figure 8.24, con-
taining a large extracellular domain with much sec-
ondary structure bound by two transmembrane (TM)
domains, TM1 and TM2, with intracellular NH2- and
COOH-termini.58,117 As noted above, ENaC is an
obligatory heterotrimer containing one α-, one β-, and
one γ-subunit contributing to a central pore.118 These

orthologs are encoded by different genes.101,102 The rel-
ative order of subunits within ENaC has yet to be
determined. Oligomerized ENaC likely appears as a
“chalice,” similar to that shown in Figure 8.25, with
extracellular domains forming the cup, the transmem-
brane domains the stem, and intracellular domains
the base.117,137 In comparison to K1 channels, the
ENaC/Deg pore and selectivity-filter, as defined by
the cASIC1 crystal, are not made of P-loops diving
back into the membrane, but rather are formed by the
TM2 domains of the three component subunits as they
run in a linear manner through the membrane. The
pore as defined by TM2 domains is “hourglass” in
shape, with wide extracellular and intracellular facing
vestibules and a narrowing in the middle. The extra-
cellular mouth of the pore is coupled to the extracellu-
lar domain by short linker sequences in the wrist
of the channel. TM1 domains lie just outside TM2
domains within the same subunit as they run the
length of the pore sheltering TM2 residues, with TM1
making most of the contact with the lipid bilayer.
There are extensive interactions between residues in
the adjacent TM1 and TM2 helices within the same
subunit, and also between TM domains in neighboring
subunits.

The Permeation Pathway in ENaC/Deg Channels:
Selectivity and Ion-Binding Sites

Similar to cASIC1, the ENaC pore likely has pseudo
three-fold symmetry around the central axis of the
pore, perpendicular to the plane of the lipid bilayer.
Ions enter the extracellular mouth of the pore proper
through a large vestibule that has profound negative
electrostatic potential where the lower half of this
molecular “basket” sits within the membrane plane.
The negative electrostatic potential of the vestibule
allows it to act as a cation reservoir, concentrating
cations around the mouth of the pore, contributing
to robust channel conductance.58 The bottom of this
vestibule in cASIC1 is defined by D433 corresponding
to N530 in γ-ENaC, which when substituted as dis-
cussed below causes disease.58,138 D433 has been pro-
posed to contribute to the desensitization gate in
cASIC1 in response to H1.58 The cytoplasmic mouth of
the pore, similarly, is bound by a large vestibule,
shaped like an inverted cone. This vestibule is lined by
residues with negatively charged side chains, again
possibly allowing the vestibule to act as a cation reser-
voir. Substitution leading to charge neutralization of
these negatively charged residues in ENaC eliminates
conductance through the channel.136

Figure 8.26 shows the three-dimensional structure
of cASIC1, including the radius of a possible conduc-
tion pathway along the three-fold axis. The cASIC1
pore, and likely that in ENaC, contains three Na1-

FIGURE 8.24 The topology of ENaC/Deg channel subunits.

(Figure from 117.) This cartoon shows the topology of a monomer
within the homotrimeric cASIC1 channel, as defined by the crystal
structure. The view is perpendicular to the plane of the membrane.
Transmembrane helices (TM1 and TM2) are shown in red. Location
of intra-subunit disulphide bridges are labelled 1�7. See color
section at the back of the book.
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binding sites that are occupied during permeation.
Adjacent sites are unlikely to be occupied at the same
time due to charge repulsion (see Figure 8.1558). In
open cASIC1, main chain carbonyl oxygen atoms from
the symmetry-related G436, G439, and G443 residues
coordinate Na1 permeating through the pore. As
shown in Figure 8.27, permeant ions are bound by six
ligands arranged in a trigonal antiprism geometry
arising from the three ligands on the upper triangular
plane being staggered in comparison to those in the
lower triangular plane. This geometry provides the
appropriate number of partial negative charges for coor-
dination of a Na1 ion, while perfectly accommodating
the underlying molecular symmetry of the trimeric
channel.

Several of the coordinating Gly residues in cASIC1
are replaced by Ser residues in ENaC subunits (see
Figure 8.27a). ENaC is about 10-fold more selective for
Na1 than ASIC.47,48,58,139 Although Gly and Ser are
structurally similar, the latter is larger, containing an
extra carbon and hydroxyl moiety. Thus, Ser occupies
a larger volume. Perhaps this larger volume introduces
a steric constraint that allows better accommodation

of Na1 in the permeation pathway over other cations.
This awaits experimental testing. Nevertheless, the
geometry and atomic volumes of the pore in cASIC1
suggest that Na1 sheds its hydration shell to perme-
ate through the channel. Electrophysiology findings
for ENaC support this. Mutations in and near the
ENaC selectivity-filter reduce both the Na1 conduc-
tance and Na1 to K1 selectivity, possibly because of a
perturbation of precise channel-ion hydration
geometry.104,105,140

The trigonal antiprism coordination of Na1 in the
pore of ENaC/Deg channels, as exemplified by cASIC1,
has been proposed to be the archetypal molecular basis
of permeation through cation-selective ion channels
containing three component subunits.58 The crystal
structure of the P2X4 channel, which also was
recently solved, agrees with this position.58,141 The
P2X4 channel is cation-selective, and has 2

�
, 3

�
, and 4

�

structures similar to those in ENaC/Deg channels,
but little 1

�
amino acid sequence identity. Yet, both

use identical modes and means of permeation and
coordination of permeant ions. The ideal ion-to-ligand
distance in the trigonal antiprism arrangement in

FIGURE 8.25 Predicted structure of

ENaC. (Figure adapted from Figure 3 in 137.)
View of the predicted ribbon and space-
filled structure of heterotrimeric ENaC
perpendicular (a and c) and parallel (b
and d), from the extracellular side, to the
molecular three-fold axis. ENaC subunits,
α- (red), β- (yellow), and γ- (blue), mod-
eled using the 2QTS structural coordi-
nates for the A, B, and C subunits of the
cASIC1 homotrimer.117
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FIGURE 8.27 The pore of ENaC/Deg channels. (Figures adapted from Figures 4 and 5 in 58.) (a) Sequence alignment of pore lining residues
in TM2 of cASIC1 and human ENaC subunits. Identity indicated with red, conservative substitutions yellow, and similarity light-blue color-
ing. Asterisks indicate residues thought to contribute to binding sites within the permeation pathway of the pore. “d” indicates the degenrin
site.144,145 (b) View of the cASIC pore from the extracellular side of the membrane, with the position of selected side chain residues shown. (c)
Key interactions between Cs1 ions, shown as purple balls, in the cASIC1 pore with main chain and side chain oxygen atoms of Gly 432 and
Asp 433, respectively. (d) Trigonal antiprism coordination of a Cs1 ion in the cASIC1 pore by the symmetry related Gly 432 carbonyl and Asp
433 carboxyl oxygens in the three momomers. Oxygen atoms are shown as red spheres. See color section at the back of the book.

FIGURE 8.26 The structure of ASIC.

(Figure from 58.) (a) An electrostatic poten-
tial surface and cartoon representation
of cASIC1 viewed along the molecular
three-fold axis of symmetry. Color is
based on electrostatic potential, ranging
from 250 kT (red) to 130 kT (blue). White
is 0 kT. (b) Illustration of the radius of
possible pathways along the three-fold
axis of cASIC1 where red ,1.4 Å ,green
,2.3 Å, purple. See color section at the
back of the book.
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ENaC/Deg channels, where six partial-charge ligands
coordinate cation binding, is stereochemically analo-
gous to the eight-fold square antiprism coordination
of larger K1 ions in K1 channels containing four
subunits.36,58 In both ENaC/Deg and K1 channels,
the symmetry of the pore and number of subunits
contributing to the pore are matched to the optimal
coordination requirements of the permeant ion.142,143

Moreover, although the linear pore of ENaC/Deg
channels lined by the three TM2 domains of compo-
nent subunits differs in general construction from
the pore of K1 channels, which is formed by the four-
component P-loops dipping back into the membrane,
the basic chemistry and physical tenets underpinning
the coordination of permeant ions within these pores
are conserved. This speaks to conservation by nature
of a workable blueprint.

The Gate in ENaC/Deg Channels

Compared to ASIC channels, which activate and
inactivate in response to H1 binding to an extracellular
allosteric site, ENaC is held to gate in a constitutive
manner, with gating modulated by regulatory fac-
tors.41,58,81,117 In cASIC1, a constriction formed by the
crossing of TM2 domains at D433 occludes the pore
acting as an inactivation gate. The channel is thought
to open by TM domains untwisting around the central
axis of the pore perpendicular to the plane of the lipid
bilayer, partially uncrossing TM2 domains and reliev-
ing obstruction of the pore by the inactivation gate.
The degenerin mutation that constitutively activates
ENaC/Deg channels by locking them in long-lived
open states is at 432 in cASIC1, one position upstream
of the crossing site of TM2 domains.144,145 Placement
of an amino acid larger than Gly at this site sterically
clashes with symmetry-related TM2 domains, provid-
ing a mechanism whereby mutations at the degenerin
site perturb gating.

It is interesting that Asn residues, as clear in the
alignment shown in Figure 8.27, occupy the positions
in ENaC subunits homologous to D433 in cASIC1.
This appears to be a signature feature of ENaC, as
most other non-ENaC subunits in the ENaC/Deg
family have Asp at this position. Moreover, it is
likely to be of biophysical importance, for Asn is the
uncharged derivative of Asp. This may explain why
ENaC constitutively gates and does not inactivate. In
ENaC, TM2 crossing at this Asn, for instance, may
not be as stable as that in cASIC1 and, thus, transient
or it may not obstruct the pore. In addition to an
inactivation gate, the crystal structure of cASIC1 sug-
gested that ENaC/Deg channels use a pore-gating
mechanism.58 This possibly explains constitutive
gating of ENaC.

The Architecture of K1 Channels and TRP
Channels: ROMK as a Representative

Subunits that form K1 channels have either two, four,
six or six-plus-one transmembrane domains, as typified
by Kir-, K2P-, Kv-, and BKCa-subunits, respectively
(see Figure 8.20). Whereas at first glance the apparently
different 2

�
and 3

�
structures of these subunits may

suggest that they assemble into channels of different
4
�
structure, the fact is they do not, but rather all form

channels having a similar core structure surrounding a
central pore with four-fold symmetry .35,36,45,56,146,147 The
canonical K1 channel pore is formed by transmem-
brane domains and the P-loop, as defined by the two
transmembrane domains of Kir channels. The crystal
structures of the bacterial KvAP, MthK, KirBac1.1,
KirBac3.1, and KcsA channels (and chimeras of KcsA-
Kv1.3 and Kir3.1-prokaryotic Kir channel) show slight
variations of a common K1 channel pore, informing
on the molecular basis of selectivity, permeation, and
gating.35,36,45,56,146,147 Segments definining this core
pore structure are repeated as a pair in the four trans-
membrane domains of K2P channels. This explains
why these channel subunits form a dimeric channel
with a central pore that has four-fold symmetry.80

Moreover, this core pore-forming structure is retained
in Kv and BKCa channels as the S5-P-loop-S6
domains.2 BKCa channels mirror the general structure
of Kv channels, with the exception that they have one
additional transmembrane domain placing their NH2-
terminus outside the cell. TRP channels are also
thought to assume this basic structure, often being
modeled on the six transmembrane Kv channel.2,119

The formal structure of TRP channels, however, awaits
crystallization studies.

To facilitate discussion of the molecular basis of
selectivity, permeation, and gating of the common K1

channel pore, we focus on ROMK. The reason for this
is that the ROMK channel is made of subunits having
two transmembrane domains containing all the com-
ponents comprising the core K1 channel pore and a
regulated gate.

The ROMK Channel Pore: Selectivity
and Permeation

Welling and Ho,32 in a recent review article,
reported a compelling atomic model for ROMK based
on known Kir channel structures, including regions
defined in the crystal structures of the bacterial
KirBac1.1 channel, a chimeric Kir3.1-prokaryotic Kir
channel, the pore region of the mammalian GIRK1
channel, and the cytoplasmic domains of Kir2.1 and
Kir3.1.35,56,146,147 This model is shown in Figure 8.28.32

ROMK contains the canonical transmembrane pore
common to all K1 channels, but also a unique central
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cavity contained by a large cytoplasmic domain, which
is characteristic of Kir channels.148,149

The four component subunits of ROMK assemble
around a central pore that has four-fold symmetry.
The helices of TM2 domains span the membrane at
a tilt, narrowing at the intracellular base of the pore.
The four TM2 helices of the component subunits frame
the pore as it spans the membrane, with TM1 domains
running along but outside TM2 domains of the same
subunit. The narrowest part of the open conduction
pathway is defined by P-loops of the four subunits.
These P-loops are linker regions that connect TM1 to
TM2 and contain short helical domains that dip back
into the mouth of the pore. The symmetry related
linkers contain the conserved K1-selectivity sequence,
T[V/I]GYG.35,36,45,56,146 This motif adopts a strand
conformation, as depicted in Figure 8.29, where the
NH2-terminal end is deepest in the pore and COOH-
terminal end at the mouth of the pore. The backbone
carbonyl oxygen of these T[V/I]GYG residues projects
into the central axis of the open pore. Similar to all
K1 channels, the carbonyl oxygen of residues in this
selectivity sequence from each symmetry-related sub-
unit form four equally spaced K1-binding sites in the
pore. Four oxygen atoms at the top and bottom of each
binding site cage a K1 ion with eight-fold square
antiprism coordination. Such coordination is similar
to the way water molecules surround K1 ions in

solution.36,142,143 This mimicry of water solvation at
the selectivity-filter creates an energetically favorable
means for K1 to diffuse into binding sites as they shed
their surrounding water shell. Because the volume
and ion coordination of these binding sites do not
accommodate smaller ions in a dehydrated state, like
Na1, this molecular structure provides high-fidelity
K1-selectivity.

The sequential arrangement of the four equally
spaced K1-binding sites in the linear ROMK pore facil-
itates a single-file multiple-ion conduction mechanism
in agreement with findings from early biophysical
measurements.150�152 As revealed in the crystal struc-
ture of the KcsA channel, K1 ions are simultaneously
absorbed to two binding sites at a time, with an empty
site positioned between the two occupied sites due to
electrostatic charge repulsion between permeant
ions.36,45,151,152 Conduction by K1 channels then, as
depicted in Figure 8.13, is the rapid jumping of K1

ions in a pair-wise manner from one to the other
paired-binding sites within the pore. Such movement
involves several rounds of dehydration and rehy-
dration, as the K1 ion moves into the pore and is
absorbed and released from each binding site, and
as it exits the pore. The energetics of this sequential
dehydration and rehydration as counterbalanced by
electrochemical driving forces and electrostatic repul-
sion between ions within the pore sets conductance.
Such a structure enables K1 ions to move through the
pore with high-throughput, but yet with remarkable
selectivity.151,153

Molecular Basis of Rectification
in ROMK Channels

A unique feature of ROMK and other inward
rectifier K1 channels, as their name suggests, is that
they have larger inward currents compared to outward
currents.32 The molecular basis of this rectification

FIGURE 8.28 Predicted structure of ROMK. (Figure from 32.) An
atomic model of ROMK was developed from known Kir channel
structures and an iterative optimization algorithm. Shown are two
subunits, one green and the other blue, of the tetrameric channel.
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FIGURE 8.29 The selectivity filter of ROMK. (Figure from 32.)
Backbone carbonyl oxygens of selectivity-filter residues T141IGYG
point into the pore, mimicking the hydration shell of potassium.
Rapid conformational movement of T141I142 likely underpins fast gat-
ing in ROMK. Residues in red are mutated in Bartter’s syndrome
type II. See color section at the back of the book.
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involves a pore-block mechanism, where Mg21 and
polyamines enter the pore at depolarizing voltages
through the intracellular mouth of the channel.76,77 Once
in the pore, Mg21 and polyamines interact with a bind-
ing site near the selectivity-filter, plugging the pore.
This gives rise to inward rectification, which actually is
a decrease in Po as a function of a voltage-dependent
block of the pore where channel Po is higher at hyper-
polarizing potentials compared to depolarizing poten-
tials, allowing greater inward as compared to outward
current flow. The degree of rectification is different
between distinct members of the Kir channel family,
depending on subtle differences in the binding sites
for blocking Mg21 and polyamines. ROMK only mar-
ginally rectifies. This rectification phenotype is largely
a factor of N171 in the pore lining TM2 domain of
ROMK or its equivalent in other Kir channels. This is
supported by the observation that the N171D substitu-
tion in ROMK produces strong rectification. The reverse
mutation, D172N, in the strong inward-rectifying
Kir2.1 channel weakens rectification, making it more
akin to that of ROMK.154 Figure 8.30 reports the relative
position of N171 in ROMK showing that its side
chain projects into the aqueous environment of the
pore, a position consistent with it being involved in an
intra-pore binding site for large blocking cations like
Mg21 and polyamines.

Molecular Basis of ROMK Gating

ROMK channels have, at least, two different types
of gates. The fast gating of ROMK, as discussed above,
involves a pore-gating mechanism. Potassium in the
pore of ROMK has profound influence on the structure
of the selectivity-filter and pore-binding sites.151,152 As
K1 binds to a particular position in the selectivity-filter
of ROMK (as seen in Figure 8.29), the energetics of
binding to this site cause a conformational change
at T141-I142, briefly shuttling the channel into a non-
conducting conformation.50,51 An alternative to this

physical mechanism, as mentioned above, is a chemical
mechanism where the pore does not change conforma-
tion but rather K1 binding affects the energy of binding
where the permeant ion is briefly stuck and is unable
to move along the pore.63

In addition to using a pore-gating mechanism for
fast gating, ROMK channels also use a distinct type of
gating mechanism that is slower and is regulated. As
shown in Figure 8.30, the side chain of L179 in the TM2
domain of ROMK subunits projects into the mouth
of the pore and obstructs permeation. It is widely
held that regulated K1 channel opening involves the
movement of the pore helixes (TM2) away from the
bundle-crossings (with TM1) at the intracellular base of
the pore, with extracellular G167 and G176 or their
equivalents acting as flexible “hinges” allowing this
opening pivot. This movement carries the putative L179
gate at the base of TM2 away from the pore, physically
removing this obstruction. Replacement of L179 with
small or charged residues stabilizes the open state, just
as would be predicted if this residue acts as a regulated
gate to obstruct the conduction pathway during the
closed state.155,156 Moreover, such a gating movement is
consistent with the differences identified in the crystal
structure “snap-shots” of KirBac3.1 in the open and
closed state.35 Figure 8.31 shows these structures. The
Y132 gating residue in KirBac3.1 corresponds to L179
in ROMK.

The regulated gate is actually a larger structure
involving complex interactions between residues in
TM2 and TM1, where an ε-nitrogen of K80 in TM1
forms a hydrogen bond with the backbone carbonyl
oxygen of A177 to control the energetics of gating as
performed by L179. Such a gating structure provides
the molecular basis for regulation, with information
arising from conformational changes in intracellular
domains translated to the gate via K80. K80 sits at the
base of TM1 at the bundle-crossing, which is posi-
tioned immediately above the G-loops of the cyto-
plasmic domains. The idea is that allosteric sites in the

FIGURE 8.30 The molecular determi-

nants of regulated gating and rectification
of ROMK. (Figure from 32.) ROMK gating
is thought to involve the twisting of mem-
brane helices pulling L179, the putative
gate, out of the pore. Hydrogen bonds
between K80 at the base of TM1, and A177,
in TM2 stabilizes the gate. Y79 is mutated
in Bartter’s syndrome. The side chain of
N171 projects into the pore and is a key
determinant of inward rectification.
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intracellular portion of the channel communicate to
the gate through the G-loop positioned just below the
intracellular mouth of the pore, although this remains
an open question.32

The cytoplasmic domains of ROMK assemble just
below the canonical transmembrane pore to form a
long water-filled cavity extending the length of the
conduction pathway. The characteristics of secondary
structures and position of side chains of residues
lining this water-filled cavity are consistent with it
being a pathway for permeation. For instance, this
intracellular pore is lined by residues that provide an
electrostatic environment favorable for efficient K1

transport and cation-blocker binding.157 In addition,
there is a high degree of concordance between residues
contributing to the electrostatic field, favoring transport
and binding with residues known from mutagenesis

studies to affect cation block and single-channel
conductance.43 Moreover, studies on the chimeric
ROMK-Kir2.1 channel, in addition to other mutagenesis
studies, revealed that residues lining the inner wall of
this intracellular pore, with N259 in ROMK playing the
most significant role, directly influence single-channel
conductance. This effect is independent of structures
in the transmembrane selectivity-filter, suggesting that
the symmetry related cytoplasmic domains provide
additional energy barriers to the flow of K1 through the
channel.157�159 The putative gate for this intracellular
pore is thought to be at the narrowing created by the
four G-loops as they coalesce just below the mouth
of the membrane-spanning pore. This gate is believed
to create a flexible diffusion barrier between the cyto-
plasmic and transmembrane pores. Supporting this are
findings that mutations in this region of Kir2.1 and
Kir3.1 alter channel gating and inward rectification.160

TUBULOPATHIES RESULTING
FROM CHANGES IN CHANNEL
BIOPHYSICAL PROPERTIES

The majority of channelopathies, including those
causing tubulopathy, result from loss of expression or
changes in the expression level of functional channels
at the membrane. These are not covered here. Less
common are channelopathies resulting from mutations
that affect the biophysical properties of an ion channel.
The latter are informative about residues and struc-
tures critical to function. Such mutations, as listed in
Table 8.2, are a focus of this discussion.

ClC-Kb: Barrter Syndrome Type III

Mutations in the gene CLCNKB encoding the
ClC-Kb Cl2 channel cause Bartter syndrome type III,
characterized by hypokalaemic metabolic alkalosis,
renal salt-wasting, and hyper-reninaemic hyperaldoster-
onism.14,18,161 The root cause of BS type III is abberant
transport in the TAL and DCT, stemming from patho-
logical changes in membrane voltage and diffusion
potentials resulting from loss of the basolateral exit
pathway for Cl2. Although several missense mutations
resulting in amino acid substitutions in ClC-Kb are
known to cause BS type III, the effects of these muta-
tions on the biophysical properties of this channel are
largely unexplored. The R351W Bartter mutation in
ClC-Kb is an exception.162

Homodimeric ClC-Ka and ClC-Kb channels contain
extracellular regulatory Ca21- and H1-binding sites at
inter-subunit interfaces.124 Increases in extracellular
[Ca21] and extracellular alkalinization increase ClC-K

FIGURE 8.31 “Snap-shots” of KirBac3.1 in the closed and open

state. (Figure from 35.) (a) View of the transmembrane section of
KirBac from the extracellular side of the membrane in a closed (top)
and open (bottom) conformation. Helices are shown as ribbons with
outer helices, purple; inner helices, green; and the slide helices, red.
The activation gate is displayed as yellow sticks. (b) Two monomers
of the closed (top) and open (bottom) channel are shown superim-
posed on a representation of the diameter of the central ion conduc-
tion pathway. Structural elements are colored as in (a). Red coloring
in the central conduction pathway indicates that there is not enough
space to allow a water molecule to pass; green shows where one
or two water molecules could fit; and blue where many water
molecules can fit. See color section at the back of the book.
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channel activity: Ca21 binding is stimulatory, whereas
H1 binding is inhibitory.

The R351W substitution in ClC-Kb abolishes sensi-
tivity to extracellular [Ca21], and markedly reduces
activation by alkaline pH.162 The consequence of these
changes in biophysical properties is that mutant

ClC-Kb is less active under physiological conditions.
The mechanism whereby mutation of R351 affects
Ca21- and pH-regulated gating has not been deter-
mined. R351 is positioned at the COOH-terminal end
of the linker coupling helices K and L. This positions
the residue near the extracellular surface of the

TABLE 8.2 Renal Channelopathies Caused by Changes in Biophysical Properties

Channel Disease Causing Mutationa Result Disease References

ENaC G37S in β-ENaC Decreased activity due to voltage-dependent block
of the pore by a permeant ion.

PHA-I 174, 134

S562P in α-ENaC Likely to affect ENaC selectivity or permeation. PHA-I 107, 181

N530S in γ-ENaC Likely to lock the channel in a high Po state. Liddle’s
syndrome

138

ROMK Y79H, A177T Disrupts the regulated gating-structure at the
bundle-crossing in ROMK.

BS-II 15, 189

T332fs Disrupts domains involved in sensing or conveying
pH-dependent effects to the regulated gate.

BS-II 195, 148, 185, 186

A306T Disrupts the gate in the cytosolic domain of the
channel.

BS-II 15

C49Y, I51T, A214V and L220Fb Disrupts PIP2-regulation of gating. BS-II 15, 194, 186

S219R and S313C Disrupts PKA phosphorylation sites essential for
modulating the effects of gating factors.

BS-II 194, 186

R311Q/Wb Disrupts a critical salt bridge. BS-II 15, 194

I142T Disrupts K1 selectivity filter sequence decreasing K1

conductance.
BS-II 185

A198T, Y314C and V315Gb Decreased activity due to entering a long
closed/inactive state.

BS-II 198, 185, 15

W99C, A103V, P110L and N124K Loss-of-function with dominant negative effect. BS-II 185

T71M, F95S, A156V and R324L Loss-of-function where the molecular mechanism is
undefined, but channels make it to the membrane
in some systems.

BS-II 15

ClC-Kb R351W Decreases activation by extracellular Ca21 and
alkaline pH.

BS-III 162

A77T, L139P, A204, S297R, S337F,
A349D, H357Q, R438C, R438H,
R438L and R538P

Loss-of-function where the molecular mechanism,
as yet, is undefined.

BS-III 161, 165, 166

K560M and S573Y Substitutions within the first CBS domain of ClC-Kb
possibly affecting regulation of gating.

BS-III 79, 161

P124L and Y432H Substitution near a Cl- binding site within the
permeation pathway possibly affecting permeabiton,
gating or selectivity.

BS-III 46, 79, 161, 165, 166

Barttin R8L, R8W and G10S Inactivating mutants in BSND causing loss of function
of membrane ClC-Ka and ClC-Kb channels.

BS-IV 71, 173, 73

G47R Decreased interaction with ClC-K channels leading to a
milder decrease in function and a milder phenotype.

BS-IV 71, 173

TRPM6 P1017R Decreases activity of membrane resident
TRPM6/TRPM7 channels.

HSH 4

aPositions noted for human sequences.
bThese mutations may also be involved in coupling to/from PKA phosphorylation sites or the state of phosphorylation � fs5 frameshift.

249TUBULOPATHIES RESULTING FROM CHANGES IN CHANNEL BIOPHYSICAL PROPERTIES

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



channel. Perhaps R351 plays a role in coupling Ca21-
and H1-binding to the channel gate or it is an essential
component of an allosteric regulatory binding site,
or integral to the structure of the gate itself. The
importance of this position to ClC channel function is
underscored by the fact that mutations in this region
of ClC-1, for instance F413C and A415V corresponding
to two and four positions downstream from R351 in
ClC-Kb, cause myotonia.163,164

In addition to R351W, a host of other point
mutations, as listed in Table 8.2, decrease ClC-Kb
channel activity to cause BS type III.161,165 As yet, no
experimental information is avaliable about how these
Bartter mutations cause ClC-Kb dysfunction. There is
circumstantial evidence, though, that some may affect
the biophysical properties of the channel, for they
involve nonconservative substitutions of residues
highly conserved across paralogs and orthologs. For
instance, L139 is conserved in most ClC proteins across
species ranging from C. elegans to man, and S297 and
S337 are conserved in all mammalian ClC-K channels.
The P124L substitution changes a conserved residue in
the first Cl2-binding site in the permeation pathway,
predicting a change in conductance, selectivity or even
gating, considering ClC channels use a pore-gating
mechanism.55,161,166 The S123P mutation in this region
of the ClC-0 channel, that corresponds to three resi-
dues upstream of P124 in ClC-Kb, increases nitrate
permeability.167 Moreover, covalent modification by
sulfhydryl reagents of a P126C mutant in ClC-0, which
corresponds to P124 in ClC-Kb, markedly reduces
Po.

168 The Y432H mutation, similarly, is four positions
downstream of residues forming the third Cl2-bind-
ing site, suggesting that it may also impact perme-
ation. Additional support comes from the fact that
several Bartter mutations in ClC-Kb occupy the same
sites or are near residues in ClC-1 that when mutated,
cause myotonia. For instance, the A349D mutation
in ClC-Kb is two positions downstream of the F413C,
and homologous with the A415V myotonia causing
mutations.161,163,164 The Bartter mutation H357Q is
one position upstream of the myotonia mutation
I424M. Futher investigation of these Bartter mutations
is of importance, moreover, for they cause disease
with varying degrees of severity, and several of them,
as typified by mutation of R438 and the P124L substi-
tuion, appear in unrelated families of different ethnic
origin in different geographical locations.161,165

The cytoplasmic COOH-terminal domains of all
mammalian ClC proteins contain two interacting
cystathionine-β-synthase CBS domains that form intra-
subunit dimers.121,122 CBS domains regulate ClC chan-
nel gating. For instance, ATP binding is coordinated at
the CBS1/CBS2 interface, as shown in the ClC-5 crystal
structure,169 and ATP is known to modulate gating of

ClC-1 and ClC-2 channels.170,171,172 The Bartter muta-
tions K560M and S573Y substitutions in ClC-Kb are
within the first CBS domain, predicting that they may
influence regulated gating.121

Barttin: Bartter Syndrome Type IV

Barttin is an obligatory accessory subunit for human
ClC-K channel activity.71 Inactivating mutations in
barttin cause corresponding loss of ClC-K channel
function, leading to BS type IV.18,71,173 This form of
Bartter syndrome has the hallmark renal salt-wasting
phenotype, but also a sensorineural deafness pheno-
type. The reason for the additional phenotype in BS
type IV is that, similar to their roles in renal epithelial
cells, ClC-K channels also serve as Cl2 exit pathways
in strial marginal cells.87 Barttin is required for this
activity, which in turn is required for active K1 secre-
tion into endolymph. In the ear, loss of ClC-Ka or
ClC-Kb individually can be compensated for by the
presence of the other protein; however, the loss of
both channel proteins or of barttin cannot be.87

Compensation also explains why loss of ClC-Kb, but
not ClC-Ka, causes BS type III without accompanying
deafness.14,87 Although ROMK mediates apical K1

secretion in TAL epithelial cells, KCNQ1 oligomerized
with KCNE1 mediates apical K1 secretion in marginal
cells.87 This explains why BS type II, which results
from loss-of-function of ROMK, as discussed below,
is not associated with deafness.

Several missense mutations causing substitutions
in barttin change the biophysical properties of ClC-K
channels to cause disease. The Bartter mutations R8L,
R8W, and G10S in barttin eliminate ClC-Ka and
ClC-Kb function, as shown in Figure 8.32, but they do
not prevent channel insertion into the membrane (not
shown71,173). This identifies changes in either channel
gating or permeation as the disease-causing defects.
It is not clear yet which of these two alternatives is
correct. However, investigation of chimeric hClC1-
ClC-Kb channels, as shown in Figure 8.33, revealed
that these mutations influence voltage-dependent acti-
vation, with channels containing mutant barttin having
less activity at hyperpolarizing potentials. This is most
consistent with an effect on gating.

The Bartter’s mutation G47R in barttin produces
a mild renal phenotype.71,173 The G47 residue is at the
intracellular COOH-terminus of the second transmem-
brane domain of barttin. This position, and the fact
that barttin containing the G47R substitution interacts
less effectively with ClC-Kb, suggests that association
of the accessory subunit with the pore-forming subunit
is compromised in some manner. Such interpretation
is consistent with the recent finding that the
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transmembrane core of barttin is necessary and suffi-
cient to promote ClC-K channel trafficking.73

Moreover, the fact that the G47R phenotype is milder
compared to that seen with complete loss or inactiva-
tion of barttin demonstrates that the physiological
effects of barttin can be titrated, indicating that there is
some finite threshold at which the loss of barttin activ-
ity causes disease.

ENaC

ENaC activity, as mentioned above, is the final arbi-
ter of renal Na1 reabsorption setting urinary and
plasma [Na1]82,83,106. This function makes ENaC an
important end-effector of feedback systems controlling
blood pressure. As such, ENaC activity is a critical
determinant of blood pressure in all mammals, includ-
ing humans. Loss- and gain-of-function mutations in
ENaC and modulators of this channel then cause a

host of diseases having pathological changes in renal
Na1 handling and blood pressure.

PHA-I: Loss of ENaC Function

Pseudohypoaldosteronism is a group of rare genetic
diseases presenting with hallmark hyperkalemia and
renal Na1 wasting in the presence of high aldoste-
rone.107,174 Renal Na1 wasting is a consequence of
decreased Na1 reabsorption in the CNT and CD. Such
a phenotype represents end-organ resistance, identify-
ing ENaC or cellular regulators of this channel as
dysfunctional.

Compared to ROMK, less is known about the struc-
ture of the cytoplasmic portions of ENaC. Therefore,
we do not have precise structural information to guide
the interpretation of recent electrophysiology findings
relevant to PHA. The missense mutation, G37S, in
human β-ENaC nonetheless causes PHA type-I.134,174

This Gly residue is in an absolutely conserved HG motif
located in the intracellular NH2-terminal portions of all
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FIGURE 8.32 Some disease-causing mutations in barttin decrease ClC-Ka and ClC-Kb channel activity. (Figure from173.) (a)�(d)
Representative macroscopic ClC-Ka ((a) and (b)) and ClC-Kb ((c) and (d)) currents with ((b) and (d)) and without ((a) and (c)) barttin.
Corresponding I�V relations for ClC-Ka and ClC-Kb with and without barttin are shown in (e) and (f), respectively. Steady-state currents
at 2135 mV for ClC-Ka and ClC-Kb expressed with wild-type and barttin containing Bartter mutations are shown in g and h, respectively.
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ENaC/Deg subunits. The HG motif is required for nor-
mal gating.134,135,174 The molecular mechanism whereby
the HG motif influences the gate is unknown, but in the
primary sequence of ENaC, the motif is in the NH2-
terminal cytoplasmic domain just preceding TM1. As
shown by the results in Figure 8.34 from whole-cell and
outside-out single-channel patch-clamp experiments
probing the effects on gating, substituting either the H
or G residue decreases Po to where ENaC is not active
under physiological conditions.175 Decreases in Po, as
supported by results shown in Figure 8.35, arise from
the voltage-dependent block of the pore by the per-
meant ion where the block is from the intracellular side
and relieved by hyperpolarization.39 A possible expla-
nation for this is that ENaC gates through a pore-gating
mechanism, and mutation of the HG motif destabilizes
the pore to where Na1 sometimes sticks to a binding
site in the permeation pathway or the pore collapses
around a Na1 ion moving through the pore. More
study is needed to determine if this is the case, but
the crystal structure of cASIC1 is consistent with
ENaC/Deg channels using a pore-gating mechanism.58

Moreover, the biophysical consequences of substituting
a Trp residue (W112 in α-mENaC) at the base of TM1
mimic the effects of substituting HG motif residues.39

Like the HG motif, this Trp is conserved in all

ENaC/Deg subunits. It is unknown at this time if
mutation of this key Trp also causes PHA-I.

Many ion channels contain similar interfacial Trp
residues at the intracellular bases of transmembrane
domains.176�178 Such Trp residues often modulate
gating. In cASIC1, the side chain of the homologous
Trp at the base of TM1 projects into the aqueous
environment of the pore.58 Interestingly, M2 proton
channels also contain a critical Trp residue at the
intracellular base of the transmembrane domain
lining the pore. The side chain of this Trp, akin to
that in ENaC/Deg channels, projects into the aqueous
mouth of the pore. Through Pi-bond interactions with
a nearby His, the critical Trp in a M2 proton channel
stabilizes the gating state.176,179,180 Perhaps the homol-
ogous Trp in ENaC interacting with the His in the HG
motif serves a similar function. This possibility seems to
reconcile the parallel findings that substitution of the
HG motif and interfacial Trp residues cause identical
changes in ENaC biophysical properties. Although
further research is required to clarify the structure�
function relation between the conserved HG motif and
interfacial Trp in ENaC if there is any, it is clear that a
pathological consequence of mutating the HG motif is
that ENaC gating becomes voltage-dependent, with Po
being extremely low at physiological voltages.

FIGURE 8.33 Some disease-causing mutations in barttin affect ClC-K channel gating. (Figure from 173.) (a)�(d) Representative macro-
scopic currents from human ClC-1 alone (a), ClC-Kb with barttin (b), and concatameric hClC-1-ClC-Kb without barttin (c), and with barttin
(d). (e) Normalized instantaneous macroscopic currents as a function of voltage for hClC-1-ClC-Kb concatamers alone and together with wild-
type and mutant barttin. The action of voltage on normalized current indicates that these mutations in barttin affect ClC-K channel gating.
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FIGURE 8.35 Intracellular Na1 can block mutant ENaC in a voltage-dependent manner to decrease macroscopic conductance.

(Figure from 39.) (a) Summary G�V curves for steady-state currents from mutant ENaC, containing the αW112C mutation, acquired in symmet-
rical 150, 50, 10, and 2 mm [Na1]. (b) Summary graph showing the voltage resulting in half-maximal activity at steady-state, as established
from G�V curves, for mutant ENaC as a function of [Na1]i.

FIGURE 8.34 Some disease-causing PHA-I mutations in ENaC affect channel gating. (Figure from 175.) (a) Representative macroscopic
Na1 currents for a mouse ENaC channel containing the γG40S PHA-I mutation. (b) Macroscopic current-voltage (I�V) relations for CHO cells
expressing wild-type (black lines) and mutant mENaC (gray lines) containing the γG40S mutation. For presentation, current normalized to
current at 2100 mV. The inset shows the G�V relation for mutant ENaC. (c) Representative single channel current traces for mouse ENaC
harboring a αH94C substitution in outside-out patches stepped from 80 mV to 280 mV. Inward Na1 current is downwards and closed states
noted with (c). (d) Plot showing ENaC open probability (Po) as a function of voltage for wild-type (black squares) and mutant mENaC
containing αH94C. Data fit with a Boltzman function.
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Decreased ENaC Po, then, is the biophysical cause of
this form of PHA-I.

A missense mutation, S562P, in α-ENaC also causes
familial PHA-I.181 S562 occupies the third position
in the selectivity-filter, GSS, sequence.104,105,136 Little
electrophysiology information is available for this
mutant, but understanding that channel function is
determined by its structural and biophysical properties
makes it reasonable to predict that the S562P substitu-
tion disrupts permeation, resulting in a disease-causing
loss-of-function.

Liddle’s Syndrome: Gain of ENaC Function

Gain-of-function mutations in ENaC cause an
inheritable form of hypertension, Liddle’s syndrome,
marked by high blood pressure in the presence of
low plasma renin and aldosterone, and uncontrolled
Na1 reabsorption in the distal nephron.106 This also
represents end-organ resistance, where ENaC activity
is inappropriately high in the presence of low aldoste-
rone. Amiloride, an inhibitor of ENaC, reverses the
high blood pressure and renal phenotype of Liddle’s
syndrome. The majority of mutations in ENaC that
cause Liddle’s syndrome retard retrieval of the channel
from the apical membrane of CNT and CD principal
cells.182�184 An exception to this common mechanism
is the Liddle mutation N530S in γ-ENaC, which
increases channel activity but not membrane expres-
sion level.138 Detailed biophysical experiments have
yet to be performed on this mutant. Its position in
the channel when considering the three-dimensional
structure of cASIC1,58 and previous findings from the
study of the activating Degenerin mutation in C. elegans
homologs,144,145 though, are informative. N530 is one
position downstream of the Deg position in the pri-
mary structure of ENaC (see Figure 8.27). This places
it at the extracellular apex of the TM2 pore-lining
transmembrane domain. This region of ENaC/Deg
channels is thought to be important for ion permeation
and gating. It is widely held that the Deg mutation
locks open ENaC/Deg channels, because it occupies
such a position. Perhaps the N530S Liddle mutation
does the same thing in ENaC. ENaC locked in an open
state would maximize Na1 reabsorption in the distal
nephron, moving it beyond the control of feedback
regulation, explaining the salt-sensitive hypertension
in this form of Liddle’s syndrome even in the presence
of low aldosterone. Supporting such a role are findings
that covalent modification by sulfhydryl reagents of
a N530C mutant in γ-ENaC and modification of Cys
substitutions of the corresponding residues in α- and
β-subunits increase activity of ENaC within the mem-
brane.140 In fact, this region of ENaC is particularly
sensitive to alteration. Modification of cysteines

substituted for residues throughout this region consis-
tently affect channel activity.105,136,140

ROMK: Bartter Syndrome Type II

A constellation of mutations in KCNJ1 leading to
loss-of-function of ROMK causes BS type II.14,15,23,185,186

Several of these mutations, as listed in Table 8.2, affect
channel gating and conductance. It is possible, with
our current understanding of ROMK structure and bio-
physical properties, to rationalize how these Bartter
mutations affect channel function to change physiology
and cause disease. Bartter mutations in ROMK that
change biophysical properties can be placed into several
groups. First are those that immediately disturb the
gate based around the interaction of K80 at the intracel-
lular base of TM1 with A177 at the intracellular base
of TM2 as it couples to the putative L179 gate. This
structure is held to be the regulated gate responsive to
pH, PKA phosphorylation, and PIP2-binding.

32 The
remaining types of Bartter mutations that change
the biophysical properties of ROMK interrupt regions
in cytoplasmic domains to affect gating. They include
those that disrupt PIP2 binding sites, critical PKA phos-
phorylation sites, domains important for a response to
pH, and inter- and intra-subunit salt-bridges required
for normal structure. In addition to these are Bartter
mutations that affect a distinct gate in the cytosolic
portion of the channel, and one that affects a key
residue in the selectivity-filter.

Mutation of the Regulated Gating Structure
at the Bundle-Crossing

A hallmark feature of ROMK, as emphasized in
Figure 8.36, is its sensitivity to intracellular pH, where Po

FIGURE 8.36 ROMK gates in a pH-dependent manner with

some Bartter mutations changing the apparent pKa of activation.

(Figure from 194.) Current-pHi relations are shown for wild-type
ROMK and channels containing Bartter mutations.
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increases as a function of increasing pHi with intra-
cellular acidification inducing a long-lived closed-
state.187,188 Residues and domains in ROMK involved
in sensing pH are yet to be identified. Nevertheless,
sensitivity to pH is routinely measured using titra-
tion experiments plotting relative current as a func-
tion of pH, and fitting the data with a modified
Hill equation, such as I/Imax5 1/(1 1 ([H1]/Ka)

nH),
where Ka is the half-maximal inhibitory proton con-
centration and nH is the Hill coefficient.148 As noted
above, the influence of pH on gating is manifested
by the regulated L179-gate coupled to A177 and
K80.32,148 The A177T Bartter mutation disrupts this
interaction, and causes a marked alkaline-shift in the
pH sensitivity of ROMK gating effectively turning
the channel off at physiological pHi.

15,189 The bio-
physical and physiological consequences are that,
although the driving force remains for K1 efflux
across the apical membrane of TAL cells through
ROMK, it cannot be harnessed, with the result that
NKCC2 cannot run at full capacity. This compromises
NaCl reabsorption in the loop of Henle, and breaks
down the axial corticomedullary hyperosmotic gradi-
ent, causing a pathological decrease in the ability to
concentrate urine. Substitution of K80 with residues
unable to form an H-bond with A177, in addition,
alters gating in a similar manner.190 Additional sup-
port for this mechanism of pathology is the finding
that the Bartter mutation Y79H also disrupts regulated
gating.15 The side chain of Y79 projects into the lipid
bilayer, possibly stabilizing the interaction of K80
with A177 and ultimately the L179 gate. Interestingly,
mutations in comparable residues in the Kir6.2 KATP

channel alter ATP-dependent gating, and cause neo-
natal diabetes.191 Such results summate to suggest
that the energetics of regulated K1 channel opening
are strongly influenced by H-bonds formed between
residues at the base of TM1 and TM2, and between
interactions of residues in TM1 with the inner leaflet.
Disruption of this gating structure, then, is one cause
of ROMK channel dysfunction in BS type II.

Mutation Leading to Loss of pH-Sensitivity

ROMK gates in a high Po state at normal intracellu-
lar pHi, with a pKa near neutral pH making the chan-
nel especially susceptible to pathological changes in
pHi. Interestingly, the pKa for activation of ROMK is
under physiological control, and can be dynamically
changed by PIP2 binding and PKA phosphorylation
of the channel.192,193 Bartter mutations disrupting the
normal regulation of pKa shift the pHi of activation.

194

Moreover, a Bartter mutation causing a frameshift
at T332 interrupts pH-dependent gating, moving the
apparent pKa at which ROMK opens markedly in
the alkaline direction outside the physiological

range.148,186,185 The biophysical consequence of this
is that the channel enters long-closed states for pro-
longed periods of time, greatly decreasing K1 exit
across the apical membrane. The structural basis for
this effect remains to be determined, but clearly,
this mutation involves changes in the intracellular
domains of ROMK likely resulting in destruction or
uncoupling of allosteric sites from the regulated gate.

Mutation of the Intracellular Gating Structure

The narrowing at the apex of the cytoplasmic pore
of ROMK where G-loops coalesce is also involved
in gating.32 The Bartter mutation A306T disrupts K1

conductance by ROMK.15 This residue is located in the
G-loop, possibly affecting the intracellular gate.
Underscoring the importance of this intracellular resis-
tance barrier to channel structure and function are
findings that disease (Andersen�Tawil syndrome)-
causing mutations in other Kir channels cluster in
G-loops.196,197 The Y314C, V315G, and A198T Bartter
mutations, as discussed below, may also affect gating
that involves the interactions of intracellular domains
of the channel with the bundle-crossing.15,185,198

Mutation of the PIP2-Binding Site

Phosphoinositide 4,5-bisphosphate (PIP2) is an
important physiological regulator of Kir channel
gating, including ROMK, which it stabilizes in a high
Po state.32,199,200,201 A comprehensive investigation of
ROMK mutants and mutants of its homolog, Kir2.1,
combined with the study of Kir1.1-Kir2.1 chimeric
channel proteins, identified several basic amino acids
corresponding to R48, K181, K184, K186, R188, R217,
K218, and R311 in ROMK that are required for
PIP2-dependent gating.201�203 Substitution that
neutralizes these charged residues reduces channel
activity. That the side chains of these residues carry a
positive charge is consistent with them contributing to
a bona fide allosteric PIP2-binding site. This was rein-
forced by findings that a portion of ROMK containing
four of these basic residues (aa. 183�221) has the
capacity in solution to bind PIP2.

204 Although these
four basic residues are in a portion of Kir for which
structure has not been resolved, their position in the
linear sequence suggests that they reside at the apex of
the cytoplasmic domains near the intracellular face of
the lipid bilayer.32 Moreover, modeling clusters R48,
R217, and R218 at the top of the cytoplasmic domain
where they are predicted to face the inner lipid leaflet.
Considering findings from functional studies and
lipid-binding studies, this position is consistent with
these residues having the capacity to interact in a
direct manner with membrane phospholipids. That
ROMK and other Kir channels contain a PIP2-binding
site capable of signaling to a gate becomes important
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when recognizing that a group of Bartter mutations,
C49Y, I51T, A214V, and L220F, disrupt PIP2-dependent
gating.15,186,194 In three-dimensional ROMK models, all
of these residues cluster on the membrane-facing sur-
face of the cytoplasmic domain near the putative PIP2-
binding pocket, suggesting that they modulate binding
to this site or transduction of information from this
site to the gate. Importantly, similar observations
made for Kir2.1, which when dysfunctional causes
the familial Andersen�Tawil form of long QT syn-
drome, have been interpreted to indicate that the
disruption of PIP2-binding underlies many Kir
channelopathies.200,201,205

Mutation of Salt-Bridges Critical to Structure

The cytoplasmic domain of ROMK is stabilized
by inter- (R311�E302) and intrasubunit (R41�E318)
salt-bridges. Compromise of these bridges uncouples
ligand binding in cytoplasmic domains from the regu-
lated gate.15,194 This is underscored by the dramatic
alkaline-shift in apparent pKa of activation for ROMK
containing the R311W or R311Q Bartter mutation.
A shift in pKa leads to these channels being in a pro-
longed closed state at physiological pHi.

Mutation of PKA Phosphorylation Sites

Similar to the secretory channel in native tissue,
ROMK in heterologous expression systems is also
responsive to PKA phosphorylation.206,207 In concert
with physiological pHi and PIP2 levels, PKA phosphor-
ylation sets ROMK to a high Po state.32 Biochemical
studies identified three discrete PKA phosphorylation
sites in the cytoplasmic NH2- and COOH-termini of
ROMK: S44, S219, and S313.208,209,210 Each of these
must be phosphorylated for full channel function. The
site in the NH2-terminus is an absolute requirement
for expression at the membrane. Those in the COOH-
terminus are necessary for the high Po state, modulat-
ing regulated-gating in response to pH, PIP2, and
ATP.192,211 These latter two phosphorylation sites are
strategically positioned in the channel to modulate
the effects of regulators of gating. S219 is positioned
between a PIP2-binding site, the G-loop, and an inter-
subunit (E311�E302) salt-bridge. In comparison, S313
is sandwiched between an intrasubunit (R41�E318)
and intersubunit (E311�E302) salt-bridge. Such posi-
tions provide a structural explanation for how phos-
phorylation may be involved in the functional
coupling of gating factors. As such, phosphorylation
of S219 and S313 provoke an acidic shift in the appar-
ent pKa activating ROMK at physiological pHi.

192 The
Bartter mutations S219R and S313C remove these
critical phosphorylation sites; consequently, ROMK
containing these mutations has decreased activity,
being in a low Po state under physiological

conditions.186,194 Two other Bartter mutations, Y314C
and V315G, are one and two positions downstream of
the critical Ser at 313.198 It is not clear yet, but the
Bartter mutations L220F and R311W may also influ-
ence the phosphorylation state or be involved in cou-
pling PIP2 binding and PKA phosphorylation. These
are reasonable expansions on the possibility that the
L220F mutation impacts PIP2 binding and R311W is
critical to salt-bridge formation, and is also possibly
involved in PIP2 binding as discussed above.

Mutation of a Selectivity-Filter Residue

ROMK channels, similar to all K1 channels, contain
the signature K1-selectivity sequence T[V/I]GYG in
the P-loop linking TM1 to TM2 (see Figure 8.29). The
Bartter mutation I142T substitutes the critical second
residue in this selectivity sequence, disrupting K1 per-
meation significantly and decreasing conductance.15

I142 is also involved in pore-gating of ROMK channels,
as discussed above.50,51 Therefore, this mutation
may also affect gating. Regardless, as a result of this
mutation, the ability to reabsorb NaCl in the TAL is
compromised, destroying the axial corticomedullary
hyperosmotic gradient necessary to concentrate urine.

Loss-of-Function Mutations with
Undefined Mechanism

There are several other mutations in ROMK that
also possibly change the channel’s biophysical pro-
perties to cause disease. For instance, the Bartter
mutations W99C, A103V, P110L, and N124K act in a
dominant negative manner. When co-expressed with
wild-type subunits, these mutant subunits decrease
channel activity.185 This is consistent with channels
containing both wild-type and mutant subunits mak-
ing it to the membrane, but having abnormal biophysi-
cal properties. Similarly, ROMK channels containing
the T71M, F95S, A156V, and R324L Bartter mutations
also traffic in a normal manner to the plasma mem-
brane in some expression systems, but have decreased
activity.15 Again, this points to a change in biophysical
properties as the disease-causing mechanism.

TRPM6: Hypomagnesemia with
Secondary Hypocalcemia

Genetic studies in patients with hereditary HSH
identified disease-causing mutations in TRPM6.9,10,19,20,24

The missense substitution, P1017R, in TRPM6 is one such
mutation.4,10 Although a crystal structure for TRP chan-
nels is currently not available, it is accepted that these
channels contain six transmembrane domains and
assume a tetrameric structure similar to voltage-gated K1

channels, with extracellular P-loops diving into the
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membrane to form the pore. Using the structural coordi-
nates of the KvAP channel to model the putative S5-S6
segment of TRPM6, including the putative P-loop, places
P1017 in the predicted pore region of the channel.4,212

A recent study by Chubanov and colleagues showed
that co-expression of wild-type TRPM6 with TRPM7
significantly increases current through the channel.4

In contrast, co-expression of TRPM6 containing the
P1017R mutation with wild-type TRPM7 suppresses
channel activity. Consistent with this dominant-
negative effect, co-expression of TRPM7 containing a
homologous P-to-R mutation decreases wild-type
TRPM6 activity. This action is restricted to changes
in the biophysical properties of the channel, for the
P1017R mutation has no effect on channel assembly
or trafficking. These results strongly suggest that the
P1017R mutation affects either permeation through
the channel or channel gating to decrease activity.
Decreases in TRPM6 channel activity would reduce
Mg21 reabsorption by the kidney, leading to the
disease phenotype.
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INTRODUCTION

Exchange through microvascular walls is both the
initial and the final step of transport of materials by
the circulation. In most tissues, microvascular
exchange is a passive process, driven by differences in
hydrostatic pressure and solute concentration between
the circulating plasma and the interstitial fluid that
flank microvessel walls. Lipophilic molecules and
small water-soluble molecules and ions can exchange
rapidly in most vascular beds, but microvascular walls
are a barrier to macromolecules, severely impeding
their exchange. The consequent differences in macro-
molecular concentration across microvascular walls are
responsible for differences in osmotic pressure, which
were identified over a century ago to play an essential
role in the balance of fluid between the circulating
blood and the tissues.121

Although small hydrophilic molecules can exchange
rapidly between the blood and the tissues, it is wrong
to assume that microvascular walls are no barrier to
them. The rate at which changes of concentration of
a solute in the blood can be reflected as changes in
interstitial fluid (ISF) concentration depends both on
the blood flow to the capillary beds, and on the perme-
ability of the capillary walls to the solute. It is often
assumed that for small molecules only blood flow is
important, but once flow has exceeded a certain mini-
mum range of values, the rate of equilibration of blood
and ISF becomes limited by permeability.

Microvascular exchange and microvascular perme-
ability are sometimes regarded as synonymous but
this in incorrect and it is important to distinguish
between them. Microvascular permeability to a sub-
stance is the conductivity of the microvessel wall and
the permeability coefficients which describe permeabil-
ity in functional terms are determined by the structure
and properties of the pathways through which its
molecules traverse the vessel wall. Microvascular
exchange rates and net transport through microvascu-
lar walls for a particular substance are determined by
microvascular permeability to that substance and also
by the value and direction of net fluid flow through
the vessel wall and by differences in concentration of
the substance between plasma and ISF. The difference
between microvascular exchange and microvascular
permeability is important when interpreting methods
that claim to demonstrate changes in permeability.
Many of these methods involve the measurement of
changes in net transport of macromolecules between
blood and tissues, without controlling the transcapil-
lary differences in hydrostatic pressure and macromo-
lecular concentration. We shall consider the potential
errors later in this chapter.

First, we consider microvascular permeability, and
then microvascular exchange. Not included in this chap-
ter is a consideration of transport through the walls of
microvessels of the central nervous system. The low per-
meabilities of these vessels and the specialized transport
mechanisms for certain solutes constituting the
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blood�brain barrier are atypical of other microvessels,
and resemble those of tight epithelia.

MICROVASCULAR PERMEABILITY

Microvascular Ultrastructure

Capillary walls consist of a single layer of flattened
endothelial cells, the endothelia, and these cells consti-
tute the barrier between the blood and the ISF. Electron
microscopy has revealed that endothelial cells in differ-
ent tissues are of two distinct types: “continuous” and
“fenestrated” (Figure 9.1). Continuous endothelium is
found in microvessels of skin, muscle, lung, and con-
nective tissues. Here, the endothelial cells are joined
together by tight junctions to form a continuous layer
surrounded by a continuous basement membrane. The
plasmalemmal membranes of the continuous endothe-
lia retain their integrity; even in areas where the cells
are flattened, reducing their thickness to less than
0.1 μm, the distinct luminal and abluminal membranes
are separated by a thin layer of cytoplasm.

Fenestrated endothelium is found in microvessels
associated with secretory and absorptive epithelia, e.g.,
the capillaries of the intestinal mucosae, glomerular,
and peri-tubular capillaries of the kidney. The walls of
fenestrated microvessels are also made of a single con-
tinuous layer of endothelial cells joined by tight junc-
tions and surrounded by a continuous basement
membrane, but in these vessels attenuated areas of

cells appear to be penetrated by circular openings 40
to 70 nm in diameter. These are the fenestrae (or fenes-
trations), and in most cases the fenestrations are closed
by a thin electron-dense diaphragm, which appears to
be arranged as a series of broad spokes with central
“hub”14 (Figure 9.2).

Covering the luminal surface of endothelial cells is
a layer of glycoprotein called the glycocalyx or endoca-
pillary layer (ECL). First identified by Luft in 196668

using ruthenium red staining, its importance has only
come to be widely appreciated in the past 15 years.
Although both continuous and fenestrated endothelia
have been found to contain the various inclusions
common to most cells (e.g., mitochondria, rough and
smooth endoplasmic reticulum) the dominating ultra-
structural feature seen in transmission electron micro-
graphs is the large number of small endoplasmic
vesicles (Figure 9.3). The majority of vesicles are
arranged in fused clusters that communicate with each
other and with flask like pits on either the luminal or
abluminal surfaces of the cells called the caveolae

FIGURE 9.1 Diagrams showing the ultrastuctural features of
microvascular walls in transverse section: (a) Vessel with continuous

endothelium; (b) Vessel with fenestrated endothelium. The basement
membrane (BM) forms a continuous layer around the outside of both
vessel types and the luminal surfaces of both endothelia are covered
with a negatively charged glycocalyx (SL) (EC: endothelial cell; J:
junction; F: fenestration (fenestra); N: endothelial cell nucleus).

FIGURE 9.2 En face view of fenestrated endothelium of peri-

tubular capillary of the kidney in a rapid freeze deep etch prepara-
tion. Scale bar5 0.1 μm. (From ref. [14].)
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intracellulares. Chains of fused vesicles forming
channels that pass through endothelial cells119 appear
to be relatively rare occurrences in unstimulated endo-
thelium, but are a feature of endothelium activated by
certain mediators.34,35

The intercellular clefts of continuous endothelia,
the fenestrae of fenestrated endothelia, and the small
vesicles have all been implicated as pathways through
the endothelia as a result of experiments using elec-
tron-dense tracers. Controversy surrounded the inter-
pretation of many of these experiments, but progress
has been made over the past 20 years as physiological
evidence clarified their interpretation. For this reason,
the ultrastructural basis of permeability is considered
after we have defined the permeability coefficients by
considering the principles of passive transport and
have discussed their values in different endothelia to
different types of molecules.

Passive Transport and Permeability Coefficients
of Porous Membranes

The mechanisms of transport are convection and
diffusion. Convection is equivalent to bulk flow of
solutions and the solutes within them. Thus, if a solu-
tion flows from a reservoir A at a high pressure to
a second reservoir, B, at a lower pressure, there is bulk
flow of the solution and transport of the solutes by
convection. If JV ml sec21 is the rate at which the
solution flows from A to B, it is proportional to the

difference in hydrostatic pressure, ΔP, between A and
B as follows:

JV 5KΔP ð9:1Þ
where K is the conductance of the system between A
and B.

If A and B are separated by a porous membrane, K
is proportional to the area of the membrane, Am,
through which fluid can flow. Thus:

JV 5 LPAmΔP

and

LP 5 ðJV=AmΔPÞ ð9:2Þ

where LP is the hydraulic conductivity or hydraulic
permeability of the membrane. LP is one of several
membrane permeability coefficients. It describes the
ease with which fluid flows through a unit area of
membrane when driven by a unit difference in pres-
sure. It can be thought of as describing the frictional
interactions between the membrane molecules and the
molecules of the solution (principally water), and like
the other permeability coefficients its value depends
on the structure of the membrane. If small water-filled
pores penetrate the membrane, LP is proportional to
the number of pores per unit area of membrane, to the
fluid viscosity, and to a function of the dimensions of
the pores. This function depends on the size and shape
of the pores and the nature of flow through them.

Equation (9.2) describes the flow of a solution
through a membrane only if the solute molecules can
pass through the membrane as easily as the water
molecules. If movement of solute is hindered to a
greater extent than the water, filtration of the solution
leads to the development of a solute concentration
difference across the membrane as water enters com-
partment B faster than solute. The difference in solute
concentration gives rise to a difference in osmotic pres-
sure which opposes filtration of the solution across
the membrane. The force driving solution through
the membrane is no longer just ΔP, but ΔP minus the
effective osmotic pressure between the solutions in A
and B. The magnitude of this osmotic pressure differ-
ence is related not only to the concentration difference
itself, but also to the degree to which the membrane
hinders the movement of solute relative to water.
This is described by a second membrane coefficient,
σd, referred to as the osmotic reflection coefficient. If
the channels in the membrane are permeable to water
but not solute molecules, filtration of a solution of this
solute through the membrane will separate the solute
from the water, with pure water leaving the membrane
and concentration of the solution upstream. Since all

FIGURE 9.3 Electron micrograph of microvascular endothelium
of frog. There are three mitochondria in the central part of the cell
and large numbers of plasmalemmel vesicles. Scale bar5 0.2 μm.
(Electron micrograph by H.Moffitt.)
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the solute molecules are reflected at the membrane, σd
has a value of 1.0. The osmotic pressure exerted by
differences in its concentration across this particular
membrane should be close to that calculated from
Van’t Hoff’s law, i.e., ΔΠ 5 RTΔC, depending on the
“ideality” of the solution. If, alternatively the solute
molecules are able to pass through the membrane
as easily as the water molecules, σd has a value of 0, as
none of the solute molecules are reflected. If the solute
passes the membrane more easily than water, σd has
a negative value. If only a fraction of the solute
molecules are “reflected” during ultrafiltration of the
solution, σd has a value between zero and one.

Only those molecules that are reflected at the
membrane during ultrafiltration can exert an osmotic
pressure across it. Thus, the osmotic pressure differ-
ence, ΔΠ, is related to the concentration difference,
ΔC, through the universal gas constant, R, and the
absolute temperature, T:

ΔΠ5σd RTΔC

and

σd 5
ΔΠ

RTΔC
ð9:3Þ

At microvascular walls, macromolecules such as
plasma proteins have high values of σd and σf

(0.8�0.999), whereas small ions (e.g., Na1, K1, Cl2)
and small hydrophilic molecules (e.g., glucose, lactic
acid, amino acids, urea) have values of σ less than 0.2
in most vessels.

Net fluid flow through microvascular walls carries
dissolved solutes by convection. The rate of solute
transport by convection from A to B depends on JV,
and also upon the value of σ for the particular solute
at the membrane. If σ has a value of zero, then JS is
equal to JVC (in moles per second), where C is the
solute concentration in the solution (in moles per ml),
i.e., the solution flowing out of the membrane into B
has the same concentration as that entering the mem-
brane from A. If, however, σ has a value between zero
and one, then the solution emerging from the mem-
brane into B will have a lower solute concentration
than that entering the membrane at A. Convective
transport of solute through the membrane is now
described by the relation:

JS 5 JVð12σf ÞC ð9:4Þ
where C now refers to the concentration entering the
membrane from A. Note that in Eq. (9.4) σ is
written as σf, whereas in describing the effective
osmotic pressure σ is written as σd. For “an ideal sol-
ute” σf 5 σd, but solutions of macromolecules deviate
from “ideal” behavior and σd is often measurably

greater than σf. Rearrangement of Eq. (9.3) provides a
definition of σf :

σf 5 12
JS
JVC

ð9:5Þ

If the only pathway for both water and solutes
through the membrane is a population of equally sized
channels, σd and σf are determined only by the ratio of
the dimensions of the solute molecules to those of the
channels, and are independent of the number of chan-
nels per unit area of membrane.

A second mechanism of transport through porous
membranes is diffusion. This is most important for the
transport of small molecules across microvascular
walls. In contrast to the stately progression of mole-
cules by convection, diffusion results from the random
jostling of all molecules in a solution that represents
their thermal energy. Diffusion is a mixing process,
and where there are differences in concentration in a
solution diffusion is responsible for the spontaneous
net transport of solute from regions of high to regions
of low concentration. On a macroscopic scale, Fick’s
first law of diffusion describes net transport of solute
by diffusion:

JS 5DA
2 dC

dx

� �
ð9:6Þ

where D is the diffusion coefficient of the solute in the
solution, A is the area through which diffusion occurs,
and the derivative (2 dC/dx) is the concentration gradi-
ent of solute down which diffusion occurs. The nega-
tive sign of the derivative is to indicate that diffusion
occurs from a region of high concentration (low value
of x) to a region of lower concentration (higher value
of x), i.e., the diffusion of a solute is directed down its
concentration gradient.

Diffusion coefficients of solutes in aqueous solutions
reflect the ability of solute molecules to slip past adja-
cent molecules of water. They are measured and
defined in terms of net movements of solute under
conditions in which there is no overall movement of
the solution. Thus, diffusion in solution is a displace-
ment process whereby the displacement of a solute
molecule in one direction is accompanied by the dis-
placement of an equal volume of water in the opposite
direction. Because the rate at which displacement
occurs is dependent on the thermal energy of the solu-
tion, the diffusion coefficient is directly proportional
to temperature. It is also inversely proportional to the
frictional interactions between the solute and water
molecules.

When diffusion of a solute occurs through a thin
porous membrane, the diffusional permeability of
the membrane to the solute, Pd, is defined in terms
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of the net solute flux, JS, the solute concentration dif-
ference across the membrane, ΔC, and the membrane
area, Am, under conditions where there is no volume
flow through the membrane. Thus:

Pd 5
JS

AmΔC

� �
JV50

ð9:7Þ

Pd has units of velocity (cm sec21), and like LP and
σf, it has meaning in terms of the interactions between
the solute molecules, the molecules of the membrane,
and the water within the membrane. Such interactions
depend critically upon the ultrastructure of the path-
ways for solute and water through the membrane, par-
ticularly when the width of the pathways is
comparable to the diameter of the diffusing molecules.

Diffusional permeability coefficients are defined
under conditions where there is no net volume flow
through the membrane. In measuring Pd of microvas-
cular walls, it is often convenient to use radioactive
isotopes or fluorescent tracers, because their fluxes can
be detected when their concentration differences are in
the micromolar range. Larger differences in concentra-
tion may set up significant differences in osmotic
pressure, which may complicate the estimation of Pd

by giving rise to net fluid flows in the opposite
direction to those of the diffusing molecules.

Permeability to Lipophilic Solutes

Solutes that can dissolve to a significant extent in
lipids have high cell membrane permeabilities, and
very high microvascular permeabilities. It is assumed
that these molecules diffuse directly through the entire
microvascular wall. This group of solutes includes gas
molecules, including O2 and CO2, as well as N2, the
inert gases, and molecules of general anesthetics,
although recent evidence suggests CO2 and NH3 may
cross membranes additionally through specialized
channels.15

So rapidly can small lipophilic solutes cross micro-
vascular walls that, under physiological conditions,
their transport between the blood and the tissues is
always limited by their rate of delivery or clearance
by blood flow through the microcirculation, and it has
been impossible to estimate their microvascular perme-
ability coefficients with accuracy with values for some
greater than 1022 cm.sec21.

Microvascular permeability to lipophilic molecules
is, however, sensitive to temperature. Renkin101

showed that antipyrene, which is fat-soluble at body
temperature, could exert substantial osmotic pressures
across the walls of capillaries in cat hind limbs when
the tissue was cooled to 15�C, but not when the tissue
was at 37�C. A similar phenomenon has been demon-
strated by Curry25 in single mesenteric capillaries.

Permeability Coefficients to Small Hydrophilic
Molecules

Microvascular permeability to macromolecules is
usually considered separately from permeability to
hydrophilic molecules smaller than serum albumin, as
different mechanisms of transport appear to be
involved. Evidence for this emerged in 1956 from
studies on the passage of a range of dextran polymers
between plasma and lymph.45 Some of the original
data are shown in Figure 9.4, where it is seen that the
steady-state concentrations of the smaller dextrans in
the lymph draining hind limb tissues of anesthetized
dogs relative to the plasma levels fall rapidly as their
molecular radii increase up to 4�5 nm; for the larger
molecules the decline of lymph concentration with
molecular size is so small as to appear barely signifi-
cant in these data.

This two-component relation between Pd and
molecular diameter is seen in nearly all microvascular
beds, suggesting that small molecules use different
mechanisms or pathways to cross microvascular walls
from those used by macromolecules.78,108,123

FIGURE 9.4 Relations between permeability (P) of dog hind

limb microvessels to hydrophilic solutes and the molecular diame-
ter of the solutes. The endothelium of these vessels is continuous
and P has been calculated assuming they have a surface area for
exchange of 7000 cm2 100g2 1 of tissue. Note that P, which has been
plotted on a logarithmic scale, declines sharply as molecular diame-
ter increases up to 70 Å (7 nm), which is approximately the diameter
of serum albumin. A less steep relation is seen for larger molecules.
(From ref. [78]. With permission)
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Permeability Coefficients to Small Hydrophilic
Molecules

In Figure 9.5, the values of Pd measured in micro-
vascular beds of skeletal muscle and single mesenteric
microvessels to some small water soluble solutes have
been plotted against solute molecular radius.
In mesenteric capillaries, values for Pd to the smallest
molecules and ions (e.g., Na1, K1, urea) are ten times
greater than values of Pd for the same solutes in mus-
cle capillaries. To make the comparison easier, both
the Pd values and values for molecular radius are
shown on logarithmic scales. The decline of Pd with
molecular radius for both types of microvessel is much
greater than the decline of diffusion coefficient (D) for
the same molecules in open aqueous solution. The
more rapid decline of Pd can be accounted for if mole-
cules were diffusing through water-filled channels
whose widths were comparable to their own dia-
meters.94 The smooth curves, which have been fitted to
the data, converge as molecular radius increases. If the
channels were cylindrical pores, the convergence
implies that the radii of the pores is very similar in
mesenteric and muscle capillaries, but there are ten
times more pores penetrating per unit area of the walls
of mesenteric capillaries than of muscle capillaries. The
value of molecular radius at which the curves intersect
provides an estimate of the pore radius � in this case
between 3.5 and 4 nm.

This pattern of declining Pd to small hydrophilic
solutes with increasing molecular diameter is seen in
all microvessels where it has been sought, and curves
based on the theory of diffusion through pores of radii
between 3.5 nm�5 nm can be fitted to these data.

The values of Pd to a particular small hydrophilic sol-
ute (e.g., Na1, K1, sucrose, and inulin) in different
microvascular beds correlate with the values of hydrau-
lic permeability (LP). This is shown in Figure 9.6, where
each point represents the mean value of LP plotted
against the mean value of Pd to Na1 or K1 in the same
microvessel or microvascular bed, different points
representing values for vessels in different tissues. The
data have been plotted on logarithmic scales so that
values covering two orders of magnitude can be com-
pared. The slope that has been drawn through the
points has been given a value of unity, to indicate that
direct proportionality is a reasonable description of the
relationship. The correlation is strong circumstantial
evidence for believing that the same pathways through
the endothelium serve both for the rapid exchange of
small hydrophilic solutes, and for most net fluid move-
ments. Furthermore, because Na1 ions are likely to fol-
low an extracellular route, it seems likely that this
shared pathway is extracellular. This line of reasoning
is greatly strengthened by the demonstration of similar
linear correlations between LP and Pd values for other
extracellular solutes, such as sucrose and inulin81 in
different microvascular beds.

Although the exchange of small hydrophilic mole-
cules occurs through the same channels that account
for most of LP, some water may also cross microvascu-
lar walls of continuous endothelium by channels not
available to solutes. This additional route has been
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ular radius for small to intermediate sized hydrophilic solutes in
capillaries of frog mesentery (filled circles) and cat skeletal muscle

(filled triangles). Data for frog obtained from measurements made
in single perfused microvessels in situ. Data from cat based on mea-
surements on perfused vascular bed. Both types of vessel have
continuous endothelium. Note whereas Pd for the smallest solutes is
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FIGURE 9.6 Variations in LP and Pd to small ions (Na1 and K1)
in different microvascular beds. The scales are logarithmic to
include values covering two orders of magnitude, and the line has a
slope of 1.0, indicating direct proportionality. Each point represents
the value for LP and Pd for one vascular bed; where several values of
Pd are available the largest has been used to minimize errors result-
ing from flow-limited transport. x, frog mesentery; r, frog muscle;
K, mammalian skeletal muscle; ϒ, mammalian heart muscle; ¢, dog
lung; ’, cat salivary gland. (From ref. [74]. With permission)
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identified by Pallone et al.92 as channels formed by the
membrane protein aquaporin-1, AQP-1.6 The first real
evidence for a “water only” pathway was indicated by
Yudilevich and Alvarez from measurements of the
rates of diffusion of triated water and Na1 through
dog heart capillaries. From measurements of σ to small
hydrophilic solutes, Curry and colleagues29 estimated
that in single perfused capillaries between 5 and 10%
of the pathways responsible for LP were available only
to water, and not to small solutes. More recently,
Turner and Pallone126 have shown that “water only”
channels account for a similar proportion of the LP of
descending vasa recta of rat kidney. It is worth empha-
sizing that although fluid movements through AQP-1
channels of the descending vasa recta are of physiolog-
ical importance, the channels contribute no more than
5 to 10% to the total LP of these vessels. Although it
has been suggested that AQP-1 channels might
contribute to as much as 30% of the LP of skeletal
muscle capillaries,137 the strong correlation between Pd

and LP shown in Figure 9.6 indicates that the contribu-
tion of AQP-1 channels to the LP of most exchange
vessels is small.

Although absolute values of LP and Pd to small
hydrophilic solutes vary greatly from one microvascu-
lar bed to another, the reflection coefficient to large
molecules are remarkably similar in different vessels
when the tissues are undamaged (or unstimulated).
This is shown in Figure 9.7, where the mean values of

σ to serum albumin have been plotted against the
mean value of LP for various tissues. Whereas LP varies
over three orders of magnitude, σ to albumin is usu-
ally in the range of 0.8 to 1.0. There is no trend in the
relation between σalbumin and LP. Vessels with high
values of LP have mean values of σalbumin that are as
high, if not higher, than in vessels with low values of
LP. This means that the channels or pores that are
largely responsible for the LP of vessels in different
tissues all restrict the passage of albumin to a similar
extent. Thus, both the variations of Pd with molecular
size and the variations in σalbumin and LP in different
capillary beds lead to the same conclusion: individual
channels for exchange of water and small hydrophilic
solutes are similar in different capillary types, but the
density of these channels in vessel walls varies
considerably.

Permeability Coefficients to Macromolecules

Apart from the sinusoids of the liver and spleen,
microvascular walls have high reflection coefficients
and low permeabilities to macromolecules. These per-
meability properties are essential if the circulating
blood is to be retained within the vascular system.
Although their permeabilities are low, macromolecules
do cross the walls of all microvessels at slow but finite
rates. Table 9.1 compares estimates of σ and Pd made
from the transport of macromolecules between blood
and lymph in the dog paw and the cat intestine.106

Although it is possible that the values given in this
table are actually overestimates of the permeability
coefficient of macromolecules, there are three impor-
tant points to note here. First, the values of Pd for
serum albumin are more than 3000 times less than the
permeabilities of the same vessels to Na1 and urea.
The diffusion coefficient of albumin in aqueous
solutions is only 20 times less than those of Na1 and
urea. This means that the diffusion of albumin mole-
cules through microvascular walls is hindered 150
times more than the diffusion of Na1 ions or urea
molecules. Second, compared with the changes seen
for small molecules, there is a relatively small decrease
in Pd and rise in σ with increases in molecular size.
The third point is the similarity of the values of Pd

to the same macromolecule at the predominantly con-
tinuous endothelium of the dog paw capillaries, and
also at the predominantly fenestrated endothelium of
vessels in the small intestine. The values of LP and Pd

to small hydrophilic solutes in these two microvascular
beds differ by nearly two orders of magnitude.
This would seem to be further evidence supporting the
belief that the transport pathways through microvascu-
lar walls are different for macromolecules from those
responsible for water small hydrophilic solutes.

10–8 10–7 10–6 10–5 10–4

log Lp (cm. sec–1 cm H2O–1)

1.0

0.5

0

σ 
A

lb
um

in

FIGURE 9.7 Relation between the reflection coefficient to
serum albumin (σ) and the LP in different microvascular beds.

Each point represents a mean value for one vascular bed: * dog
paw; & dog skeletal muscle; ’ rat skeletal muscle; ƒ dog lung; £
rabbit heart muscle; rat mesentery; & frog mesentery; x cat vary
gland; ¢ rat descending vasa recta; cat small intestine; K rabbit
synovium; § rat ascending vasa recta; dog renal glomerulus;
rat renal glomerulus. (With permission from ref. [74].)

269MICROVASCULAR PERMEABILITY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



It is possible that some of the values for Pd in
Table 9.1 are overestimates and those for σ are underes-
timates because, in calculating vascular permeability
coefficients from plasma to lymph transport, it is
assumed that a steady-state has been established
between the newly formed filtrate surrounding the
microvessels and the ISF entering the lymph. Simple
calculations suggest that in some tissues the time taken
to reach a steady-state after a change in microvascular
filtration rate can be many hours.78 This can be under-
stood by considering the events that follow an increase
in microvascular filtration. A rise in filtration rate is
accompanied by a rise in lymph flow and a fall in the
concentrations of macromolecules in the newly formed
interstitial fluid. It may, however, take several hours
before the lymph has the same composition as this new
filtrate, and if the lymph is sampled prematurely its
concentration of macromolecules will be greater than
that in the ultrafiltrate. The lymph flow, however, may
reach its new steady-state level before the lymph concen-
tration of macromolecules, and if flux of macromolecules
is estimated from values for the product of lymph flow
and lymph concentration of macromolecules at this
stage, its value will exceed the real rate of transport into
the tissue. Not only is macromolecular transport overes-
timated, but the mean concentration differences across
the microvascular walls are also underestimated.107

Since 1990, much work has been conducted on the
passage of macromolecules through monolayers of cul-
ture endothelial cells. In many of these studies,
changes in permeability to macromolecules have been
investigated, and relative rather than absolute values
of permeability coefficients have been reported. In
most but not all studies, absolute values for Pd of
monolayers of cultured endothelial cells to albumin lie
in the range of 1026 cm sec21, about 100 times greater
than the values of Pd to albumin at microvascular walls
in situ.9 In a few laboratories, values in the range of
1027 to 1026 cm sec21 have been reported, but even
these values are at the very high end of the range

found in microvessel walls in vivo. The reasons for this
difference are not understood at present. Although
studies on cultured endothelial cells have provided
essential information of intracellular processes, conclu-
sions from them relating to macromolecular permeabil-
ity should be viewed with caution.

Like smaller hydrophilic molecules, the microvas-
cular permeability coefficients to macromolecules
decrease as molecular size increases, although the
decline is considerably less steep. Molecular charge is
also more important as molecular size increases.
Evidence for the charge-selective nature of ultrafiltra-
tion in the renal glomerular capillaries is well-known,
but in other microvessels, charge selectivity has been
investigated in less detail. Areekul8 first provided
evidence for charge selectivity in systemic capillaries.
Working on the isolated perfused rabbit ear, he
showed that σd to sulfated dextran (which is nega-
tively charged) was always greater than σd to neutral
dextran of the same molecular weight. Work on single
perfused capillaries2 and on microvascular beds in rat
hind limbs also supported the view of microvascular
walls as a negatively-charged barrier.

This picture was temporarily confused by studies
on the transport of charged macromolecules between
plasma and lymph. Negatively-charged macromole-
cules appeared more rapidly in the lymph and at
higher concentration than positively-charged mole-
cules, suggesting a positively-charged barrier. It was
then appreciated that the large number of fixed
anionic sites in the interstitium (see 49) would reduce
the volume of distribution of the negatively-charged
molecules relative to cationic or neutral molecules of
the same molecular size. Parker and co-workers95

showed that the greater volume of distribution of
neutral and cationic molecules increased the time for
these molecules to reach a steady-state concentration
in the ISF. This delay accounted for the apparently
more rapid transport of the anionic molecules,
a conclusion reinforced by the recent study of

TABLE 9.1 Reflection Coefficients (σ) and Permeability Coefficients (Pd) to Macromolecules of Selected Molecular Radii (aES, nm) in
Microvascular Beds of Dog Paw and Cat Ileum

Dog Paw Cat Ileum

Molecule aES (nm) σ Pd3 108 (cm sec21) σ Pd 3 108 (cm sec21)

Serum albumin 3.55 0.89 1.0�4.7 0.9 3.0

Transferrin 4.3 0.89 6.3 � �
Haptoglobin 4.6 0.91 3.1 � 1.4

Immunoglobulin 5.6 0.91 3.3 0.95 �
Fibrinogen 10.0 0.94 1.6 0.98 0.7

Renkin, E. M. (1988). Transport pathways and processes. In “Endothelial Cell Biology,” 51�68, Simionescu, N., and Simionescu, M., (eds.) Plenum Publishing,

New York.104
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Gyenge and her co-workers49 on albumin distribution
in skin and muscle tissue. With this point clarified,
the evidence once again supports the concept of a
negatively-charged barrier at microvascular walls
hindering the transport of negatively-charged macro-
molecules greater than 3.0 nm in diameter.

The decline of Pd (and an increase in σ) with an
increase in molecular size led to the suggestion that
macromolecules cross the endothelium through a sys-
tem of large pores with radii in the range of 20�40 nm.
These pores would be few in number compared with
the small pores that act as a pathway for small hydro-
philic solutes.45 Calculations suggest that individual
capillaries in skeletal muscle may have an average of
only three large pores81 and with the usual variation
between microvessels this indicates that many vessels
will have no large pores at all. In a comprehensive
review, Taylor and Granger123 showed that microvas-
cular permeability to macromolecules in different
tissues could be described by transport through a pop-
ulation of small pores (radii 3.5�5 nm) and a set of
large pores (15�30 nm radii). If large pores do exist,
then transport of macromolecules through them will
be largely convective, sensitive to microvascular pres-
sure, and increase with fluid filtration rate.
Experiments by Rippe and his colleagues109 showed
that this is the case for the transport of labelled albu-
min from capillaries in skeletal muscle of an isolated

perfused rat limb preparation. Defining the clearance
of tracer from the blood into the tissue as the rate of its
accumulation divided by the perfusate concentration,
they not only showed that clearance of albumin
increased linearly with fluid filtration into the tissues,
but also that cooling the tissue from 36� to 14�C
reduced albumin clearance by only 40%. This was sim-
ilar to the reduction of the apparent hydraulic perme-
ability of the microvessels. The results of this classic
experiment are shown in Figure 9.8. A 40% reduction
in LP would be expected because the filtrate flow
through the water-filled channels through the vessel
walls is inversely proportional to fluid viscosity, and
the viscosity of water at 36�C is approximately 60% of
that at 14�C. Because albumin transported is propor-
tional to filtration rate and is reduced in parallel to JV
as the viscosity of water is increased, Rippe and his
colleagues109 concluded that albumin is transport
through water-filled channels in the microvascular
walls. Figure 9.8 shows that the clearance of albumin
from plasma to tissue is significant when fluid filtra-
tion is zero. Rippe and his colleagues109 accounted for
this by pointing out that, because the hydrostatic pres-
sure difference across microvascular walls is greater
than zero under these conditions, there would still be
fluid filtration through the large pores, and consequent
transport of albumin because σd to plasma proteins
here is low. This filtration through the large pores

Undiluted Horse Serum

Initial albumin
clearance, ml/min x 100g

Filtration rate,ml/min x 100g
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β  = 0.063 ± 0.011

FIGURE 9.8 The clearance of serum albumin from perfusate into tissues of rat skeletal muscle at different filtration rates in experi-
ments conducted at 36�C and 13�15�C. β is the slope of the relation. (From ref. [107]. With permission.)
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would not be detected in whole tissue, because it would
be balanced by an equal and opposite uptake of fluid
through the “small pores” where σd to plasma proteins
is high. As we shall see, the steady uptake of fluid from
tissues into capillary blood may peter out and become a
low level of filtration in tissues such as muscle.

Ultrastructural Basis of Permeability

Small Hydrophilic Solutes and Water

If the molecular sieving properties of microvascular
endothelia are determined by pores or channels of
similar dimensions, one might expect to find common
structural features in all endothelia that are more
frequent in the more permeable vessels. Unfortunately,
electron micrographs of endothelia do not reveal an
obvious structure that might fill this role.

The endothelia of the vessels with the four highest
values of LP in Figure 9.9 are fenestrated, while those
with the seven lowest LP values are continuous.
In some others (e.g., small intestine) values of LP and σ
represent those of a microvascular bed where there are
both fenestrated and non-fenestrated vessels. In a
quantitative analysis of permeability of fenestrated
vessels, Levick and Smaje66 found that variations in LP
and Pd to small hydrophilic solutes in fenestrated ves-
sels can be correlated with the number of fenestrations
per unit area of endothelium. From their analysis they
estimated the mean hydraulic conductance per unit
increment of area for fenestrations in a variety of
microvascular beds as 0.38 μm.sec21 mmHg21

(2.83 1025 cm.sec21 cmH2O
21). This means that the

addition of a single fenestration (diameter5 60 nm) to
one μm2 of the endothelium of a skeletal muscle

microvessel increases the LP of that area approximately
2.6 times. Although fenestrations appear as large pores
passing through the endothelium, the fenestrations
themselves are much too large to account for molecu-
lar sieving and their high reflection coefficients to
macromolecules. Molecular sieving is now thought to
be achieved by the endothelial glycocalyx, with signifi-
cant contributions to the hydraulic resistance from the
fenestral diaphragms and the basement membrane.

The luminal glycocalyx was proposed by Curry and
Michel30 as the structure responsible for molecular
sieving in microvessels with continuous endothelia. Its
wide acceptance came after direct observations of the
exclusion of macromolecules from the luminal surface
of living microvessels had been demonstrated 16 years
later by Vink and Duling.129 Whereas variations in LP
of fenestrated vessels results from variations in the
number of fenestrae per unit area of vessel wall, the
variations in LP and Pd to small hydrophilic molecules
in vessels with continuous endothelia appears to corre-
late with the numbers of breaks and complexity of the
junctional strands of the intercellular clefts. Although
evidence for this concept was available in 1978 from
the work of Wissig and Williams,136 progress was
hindered by the beliefs that: (1) the molecular sieve
consisted of pores or narrow openings in the tight
junction strands; and (2) that the breaks forming
a pathway through the junctional strands were too few
in number to account for permeability to water and
small hydrophilic solutes. Thus, Bundgaard19 recon-
structed the intercellular clefts of rat heart capillaries
from ultrathin serial sections and confirmed the
presence of a tortuous pathway through the cleft, but
rejected this as the route taken by water and small
hydrophilic solutes on the grounds that the dimen-
sions of the openings through the junctional strands
were too great to filter plasma proteins, and the num-
ber of breaks per unit length of junction were too few
to account for water and small solute permeabilities.

The question was clarified by Adamson and
Michel.4 Working on frog mesenteric capillaries in situ,
they perfused single capillaries briefly with solutions
containing lanthanum ions, before the tissues were
fixed for electron microscopy. Micrographs of serial
sections of the walls of the perfused vessels demon-
strated that lanthanum ions were only able to pass
through the intercellular clefts at breaks in the junc-
tional strands. In a second series of experiments, they
measured LP in individual capillaries in situ before
fixing the tissue for electron microscopy (EM). The
three-dimensional structures of the intercellular clefts
of that capillary were then reconstructed from long
runs of ultrathin sections of the vessel. Although the
breaks only represented 3�10% of the length of the
strands, Adamson and Michel4 used a mathematical

FIGURE 9.9 Diagram of the ultra-structure of an intercellular

cleft based on reconstructions from serial ultrathin sections
(A&M). Part of the cell in the foreground has been removed to
expose the interior of the cleft showing the junctional strands (heavy
lines), which correspond to points of close apposition between the
cells (tight junctions) in single sections. Lanthanum ions cannot dif-
fuse through the junctional strands, but pass through breaks in the
strands. Because there is usually only one continuous strand in the
junctions of mesenteric microvessels, each break provides a direct
pathway through the cleft.

272 9. MICROVASCULAR PERMEABILITY AND THE EXCHANGE OF WATER AND SOLUTES ACROSS MICROVASCULAR WALLS

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



model of Parker and colleagues to show that this was
more than sufficient to account for permeabilities that
were three times greater than those they had mea-
sured. The mathematical model provided a rigorous
argument for believing that a small break in the junc-
tional strands has a much greater effect upon LP than
its size might suggest. The pressure gradient driving
fluid flow through the intercellular cleft is steepest
across the tiny distance through the break in the
strand, and is much greater than that calculated for the
entire cleft. More detailed mathematical models have
been developed by Weinbaum and his collea-
gues38,55,133 and more recently, Adamson et al.3 have
shown that the fine structure of the tight junction in
intercellular clefts of rat mesenteric venules is very
similar to that seen in frog vessels.

The LP of mesenteric vessels is approximately three
times greater than the LP of heart muscle capillaries,
which is approximately three times greater than the LP

of capillaries in skeletal muscle. These differences in
permeability appear to correlate with the complexity of
the pathway through the tight junction in these differ-
ent types of capillary. This is illustrated in Figure 9.10
for pathways through the intercellular clefts of mesen-
teric, cardiac, and skeletal muscle capillaries. It seems
most probable that the wide variations in permeability
to fluid and small hydrophilic solutes that is found
in microvessels with continuous endothelium are
determined by the complexity of the tight junctional
architecture within the intercellular clefts.

As mentioned earlier, the glycocalyx on the luminal
surface of the endothelium that covers the entrances to
intercellular clefts and fenestrae is now considered to
be the barrier to macromolecules. When this was first
proposed30 there was indirect evidence to support it,
and more evidence of this kind accumulated during
the 1980s.81 In 1990, Adamson1 showed that the LP of
single vessels was doubled by brief perfusions of pro-
nase that disrupt the glycocalyx without having any
other detectable effects on endothelial ultrastructure

when electron micrographs of the same vessels were
inspected. General recognition of the concept of the
glycocalyx barrier resulted from some remarkable
in vivo observations of Vink, Duling, and their collea-
gues.52,128,129 Using confocal microscopy to visualize
capillaries in rat cremaster muscle, these authors
observed that FITC dextrans were excluded from the
endothelial cell membranes by a distance of 0.5 μm.
The exclusion layer was diminished or even abolished
by prolonged exposure to UV light and after perfusion
with hyaluronidase. Observations of this kind continue
to bolster the view of the glycocalyx as a barrier.

Direct evidence for how its structure acts as a molec-
ular filter comes from the analysis of electron micro-
graphs of glycocalyx.9,120 Examining very differently
prepared specimens, including some made by the rapid
freeze-deep etch technique in the absence of chemical
fixatives, Squire et al.120 have concluded that the glyco-
calyx may be regarded as a regular cubic lattice with
side length of 20 nm and a cubic internal space of side
length 8 nm (see Figure 9.11). Since serum albumin
molecules have diameter of 7�7.2 nm, the dimensions
of this internal space are consistent with the glycocalyx
acting as the molecular filter in microvascular walls.
The initial observations were all made on the glycocalyx
of continuous endothelia of the frog, but more recent
work has revealed very similar structural features to
the glycocalyx covering both continuous and fenes-
trated endothelia, including that over fenestrae in mam-
malian microvessels in a wide range of tissues.9

In summary, the main permeability pathways
through microvascular walls to water and small
hydrophilic solutes are located in the fenestrations of
fenestrated endothelium, and through the intercellular
clefts in vessels with continuous endothelium. In both
types of endothelia, the molecular filter that forms the
barrier to macromolecules at most microvascular walls
is in the luminal glycocalyx of the endothelial cells.

Macromolecules

Just how macromolecules cross the walls of small
blood vessels remains a controversial subject. Two
apparently conflicting hypotheses emerged from very
different lines of evidence more than 40 years ago, and
the question of which is more correct has not been finally
resolved. As summarized earlier, a purely functional
approach has led to the proposal that microvascular
walls were penetrated by a small number of “large
pores” (30�80 nm in diameter) through which macro-
molecules pass from plasma to interstitial fluid (ISF).45

The large pores are estimated to occur so infrequently
that their contribution to the Pd of small hydrophilic
solutes would be negligible, although they might make a
5 to 10% contribution to LP. The large pores, however,
would be entirely responsible for the permeability of

FIGURE 9.10 Variations in the complexity of arrangement of
junctional strands in intercellular clefts of microvessels with dif-

ferent hydraulic permeabilities. The dashed lines with arrows indi-
cate potential pathways through the breaks in the strands. (a)
Mesenteric capillary (based on 4 and 5); (b) Cardiac muscle capillary
(based on 19); (c) Skeletal muscle capillary (based on 136).
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macromolecules, and transport through them would be
largely by convection.

The alternative arises from electron microscopy, and
proposes that macromolecules cross endothelial cells
by transcytosis via the small vesicles.17,18 After their
injection into the blood, electron-dense macromole-
cules have been found labeling caveolae and small
vesicles of the endothelia. Initially it was suggested
that the vesicles acted as ferries, equilibrating with

plasma when they opened as caveolae at the luminal
surface, then budding off as small vesicles to travel
across the cell where they fused with the abluminal
surface of the endothelium and equilibrated with the
ISF. In the absence of evidence for active transport of
macromolecules through microvascular walls, it was
suggested that equal fluxes of vesicles occurred in
opposite directions across the cells, and the vesicles
moved as a result of Brownian motion.22 The size
dependence of macromolecular permeability arises in
vesicular transport from volume exclusion of the
macromolecules by the walls of the vesicles.103 The
exclusion effect is considerably enhanced if the caveolae
and small vesicles are lined with glycocalyx.67,118

A detailed examination of the labeling of vesicles with
ferritin molecules led to a more complicated model, in
which neighboring vesicles periodically fused transiently
for long enough for their contents to equilibrate.23 It was
also shown that cooling the tissue inhibited the labeling
of vesicles with ferritin.24 This fusion�fission hypothesis
was consistent with the detailed structural analysis
showing the vesicles to be arranged in fused clusters
communicating with caveolae at either the luminal or
the abluminal cell membranes.20,36 One extreme form of
the fusion�fission hypothesis is for the joined vesicles to
form channels through the endothelium. Evidence for
such vesicular channels has been reported,119 and these
could act as large pores.

Direct evidence for transport by vesicles through
normal endothelium has been reported by Wagner
and Chen,130 who demonstrated caveolae emptying
terbium label at the abluminal endothelial surface at
points distant from intercellular clefts. The demonstration
of membrane binding sites for transferrin,56 insulin,59

ceruloplasmin,122 and albumin42 on endothelia suggested
that the vesicle pathway might be involved in receptor
mediated transport. A series of papers by Schnitzer and
colleagues113�117 seemed to bolster the idea of vesicular
shuttling or fusion�fission as an important mechanism of
macromolecular transport through endothelium. The cho-
lesterol scavenger, filipin, removes caveolae in cultured
endothelial cells and in rat lung microvessels, and was
also reported to reduce the clearance of albumin from
perfusate to tissue in the isolated perfused rat lung.113

It was also reported that N-ethylmaleimide (NEM), which
inhibits fusion processes of vesicles and vacuoles in yeast,
in synaptic vesicles, and in transport vesicles operating
between the Golgi stacks and the endoplasmic reticulum,
inhibited transendothelial transport of macromolecules in
microvessels of mouse heart and rat lung.114 Schnitzer
and colleagues117 have reported that endothelial caveolae
from rat lung capillaries can bud away from their anchor-
age in the presence of GTP and extracts of cytosol. Critical
studies by Rippe and his colleagues, however, have cast
serious doubt on the relevance of these findings to

FIGURE 9.11 Models of glycocalyx based on image analysis of
electron micrographs. (a) An autocorrelation function of the glycoca-
lyx indicating the underlying regularity of structure with a periodic-
ity of approximately 20 nm both parallel and perpendicular to the
cell membrane. (b) A molecular interpretation of (a). It consists of
clusters of fibrous strands projecting perpendicular to the luminal
cell membrane with periodicity along the strand provided by equally
spaced globular proteins. It is suggested that adjacent clusters are
separated by approximately 100 nm (consistent with a longer range
periodicity) where they linked to the cortical cytoskeleton of the cell.
Figures 9.11(c) and (d) show luminal surface and saggital views of
the proposed structure. (From ref. [118].)
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macromolecular permeability.21,111 They found that
both filipin and NEM increased albumin transport in the
isolated perfused rat lung. NEM was found to reduce σ
to albumin. Reducing the tissue temperature from 35� to
22�C, however, lowered both albumin clearance and LPS
in rough proportion to increased water viscosity. NEM
also increased both albumin clearance and LPS in the
microcirculation of rat muscle,21 and increased pre-
capillary vascular resistance in both rat lung and rat mus-
cle. The authors suggested that increased resistance
would reduce microvascular perfusion, and this could
account for the earlier studies where NEM appeared to
reduce albumin clearance. Rippe and colleagues have
recently reviewed the controversy,110 and provided fur-
ther less direct evidence against endothelial transcytosis
of macromolecules from studies of peritoneal dialysis.112

Rippe’s arguments for convective transport of macro-
molecules via large pores are convincing. At present it
seems that whereas there is strong evidence favoring
convective transport of macromolecules (i.e., the large
pore hypothesis), evidence that transcytosis makes a
significant contribution to transendothelial transport
of macromolecules is lacking. It is possible that the
caveolae/small vesicle system is important for the
transport of specific molecules. The blood�tissue trans-
port of insulin, for example, appears to be anomalous
for a protein of its size,53 and is more consistent with
receptor-mediated transport.59 As mentioned already,
the large pores carrying most macromolecules could
be trans-endothelial channels formed by the fusion of
vesicles. At normal tissue temperatures they might be
continually forming and re-forming, accounting for the
progressive labeling of the vesicle system with tracer
macromolecules. On cooling the tissues, the open chan-
nels would remain open, but no new channels would
form, consistent with both the effects of cooling on albu-
min transport, and the reduced vesicle labeling reported
by electron microscopists.

The question of whether macromolecules are trans-
ported mainly by convection through large pores in
the walls of microvessels in normal healthy tissue has
implications for our understanding of fluid exchange
between the blood and the tissues.

THE EXCHANGE OF FLUID AND
SOLUTES BY CONVECTION
AND DIFFUSION THROUGH
MICROVASCULARWALLS

Coupling of Fluid and Solute Transport
during Ultrafiltration

In most tissues, ISF is formed by the ultrafiltration
of plasma, a process that is driven by the greater

hydrostatic pressure inside the microvessels than in
the surrounding tissues. As fluid begins to be filtered
through the vessel walls, its composition is determined
by the rates at which the different plasma solutes can
move with the filtrate by convection and diffusion.
If one considers the transport of a solute past a point
at a distance x cm along a pathway within the micro-
vascular wall, and of cross-sectional area, A, the net
flux of solute, JS, can be described by adding together
the contributions of convection and diffusion. Thus
from Eqs. (9.4)�(9.6):

Total transport5Convective transport 1 Diffusive
transport

JS 5 JVð12σf ÞC1D0Að2 dC=dxÞ ð9:8Þ
where C is the solute concentration of the solute at x,
D0 is solute diffusion coefficient, and (2) is the direc-
tion of the concentration gradient (from plasma to ISF).
The first term on the right hand side of Eq. (9.8) is the
convective component of transport, and the second
term is the diffusive component. The concentration
gradient that is responsible for net transport by diffu-
sion is equal to the solute concentration difference
between the plasma and the ISF, divided by the length
of the pathway through the wall only when fluid filtra-
tion is zero and there is no convection of solute. When
net fluid movements are present they distort the con-
centration gradients in the channels within the vessel
walls. Once a steady-state is established so the solute
flux, JS, is the same at all points along the diffusion
pathway (i.e., the rate of solute entry equals the rate of
its exit from the channels), then the extent of the dis-
tortion can be inferred by integrating Eq. (9.8). This
leads to a form of the Patlak expression96 which here
relates JS through an area of vessel wall, Am, to the
plasma concentration of solute, Cp, and the concentra-
tion emerging from the vessel walls into the peri-capil-
lary ISF, Ci :

JS
Am

5
JV
Am

ð12σf Þ
ðCp 2Cie2PeÞ
ð12 e2PeÞ ð9:9Þ

where

Pe5
JVð12σf Þ
PdAm

Pe is a dimensionless number, called the Péclet
number, which expresses the ratio of solute velocities
by convection and diffusion, Pd being the diffusional
permeability coefficient. Curry26 has recast Eq. (9.9) in
a form that allows the convective and diffusive compo-
nents of transport to be recognized:

JS
Am

5
JV
Am

ð12 σf ÞCp 1PdðCp 2CiÞ
Pe

ePe 2 1

� �
ð9:10Þ
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Equation (9.10) is analogous to Eq. (9.8), with the
first term on the right-hand-side describing convective
transport, and the second term describing diffusion.
The expression Pe/(ePe2 1) describes the effects of sol-
ute convection upon the mean concentration gradient
within the diffusion pathway by convective flow in the
same direction as net diffusion.

Earlier it was noted that ultrafiltration through
microvascular walls is driven by the hydrostatic pres-
sure difference, ΔP, between the plasma inside the
vessels and the surrounding ISF. If, initially, all the
solutes were at the same concentration in plasma and
ISF, the filtration rate per unit area of vessel wall (JV)
is LPAmΔP, as in Eq. (9.2). The process of ultrafiltra-
tion, however, soon leads to differences in solute
concentration between the plasma and the newly
formed ISF, as a consequence of the differences in σ
and the Péclet numbers of the different solutes. These
concentration differences give rise to osmotic pressure
differences that oppose ΔP. In this way, the rate of
fluid filtration per unit area of vessel wall becomes the
product of LP and the difference between ΔP and the
sum of all the osmotic pressures opposing it. Thus:

JV
A

5 LP ΔP2
X
n

σdnΔΠn

 !
ð9:11Þ

where σdnΔΠn is the effective osmotic pressure set up
across the vessel wall by the nth solute.

Equation (9.9) can be used to calculate the contribu-
tion of different plasma solutes to the osmotic term in
Eq. (9.11). When the filtration rate is steady, Ci

becomes equal to the ratio of the rate of solute trans-
port to the filtration rate i.e., Ci5 JS/JV. Combining this
relation with Eq. (9.9) leads to the following expres-
sions for Ci and ΔC5C p 2 Ci:

Ci 5
JS
JV

5CP
ð12σf Þ

ð12σf e2PeÞ ð9:12Þ

and:

ΔC5Cp 2Ci 5Cpσf
ð12 e2PeÞ
ð12σf e2PeÞ ð9:13Þ

Differences in concentration (and hence differences
in osmotic pressure) can only be sustained for those
solutes that have low permeabilities. If permeability is
high, concentration gradients are dissipated by diffu-
sion, and for differences of concentration and osmotic
pressure to be maintained both reflection coefficient
and Péclet number of the solute must be high. The
implication of this is that when Pe is zero (e.g., when
JV5 0) the concentration differences will dissipate,
even for those solutes that have very low
permeabilities.75

The message of Eq. (9.13) can be appreciated by
evaluating Pe for urea and serum albumin during
slow filtration (at a rate of 23 1027cm22sec21)
through the walls of skeletal muscle capillaries.75 For
urea, Pd is 2.73 1025 cm sec21 and σ is 0.1, so that Pe
is 0.0074; for serum albumin with Pd at 10

28 cm sec21

and σ at 0.95, Pe is 1. Thus, Ci would be more than
99.9% Cp for urea, and ΔC is therefore 0.1% Cp, so
that urea makes a negligible contribution to σdsΔΠ
(about 0.1 cmH2O). For serum albumin, however, Ci

is only 7.6% of Cp and ΔC is 92.4% Cp accounting for
the major contribution of albumin to σdsΔΠ (about
19 cmH2O). Similar calculations can be made for
microvessels in most other tissues (the exception
being those of the brain), and it is therefore the
osmotic pressure of the macromolecules that consti-
tute the osmotic pressure difference that acts as a
break on fluid filtration and holds the plasma in the
vascular system. The osmotic pressure of the macro-
molecules of plasma and other body fluids is often
referred to as the oncotic pressure.

Equations (9.12) and (9.13) indicate the close cou-
pling between microvascular fluid exchange and micro-
vascular solute permeability. The concentration of
plasma proteins in the ISF (and hence the ISF oncotic
pressure) is almost an inverse function of ultrafiltration
rate. This relation is of considerable significance in
interpreting microvascular fluid exchange, and its con-
sequences are discussed further below.

Fluid Movements through Microvascular Walls

General Approximation: Starling Forces

The principle that fluid is held in the vascular sys-
tem by a balance of hydrostatic and oncotic pressures
across capillary walls was recognized over a century
ago by Ernest Starling.121 Since then it has been dem-
onstrated to apply in a large number of vascular beds
in different animals, including humans, using a variety
of techniques. It remains the basis for understanding
fluid exchange between the blood and the
tissues.65,77,79,81,83

For most purposes, Eq. (9.11) can be written in a
simplified form, in which the effective osmotic pres-
sure term becomes the effective oncotic pressure differ-
ence across microvascular walls, σm(Πc2Πi), i.e.:

JV
A

5 LPðΔP2σmΔΠÞ5 LP ðPc 2PiÞ2σmðΠc 2ΠiÞ½ �
ð9:14Þ

The reflection coefficient, σm, refers to the mean (or
effective) reflection coefficient of microvascular walls
to macromolecules and the pressures, Pc, Pi, Πc, and Πi

are often referred to as the Starling pressures.
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Equation (9.14) is a clear statement of Starling’s
principle of fluid movement between the plasma and
the ISF. Under suitable experimental conditions it is
possible to compare fluid movements through micro-
vascular walls when ΔP is varied as ΔΠ is held
constant. This has been achieved most unambiguously
in single perfused microvessels (e.g., Figure 9.12).
Essentially similar results have been obtained by less
direct methods in perfused vascular beds93; see 79 for
review).

Experiments such as that shown in Figure 9.12
reveal several general features of the permeability of
microvascular walls.74 The linearity of the relation
between fluid flux and pressure suggests that the path-
ways conducting fluid through the vessel walls are not
stretched or deformed over this range of pressures.
If the channels were stretched and widened, their con-
ductivity, LP, would be raised and this would be seen
as an increase in the slope of the relation between JV/A
and ΔP (which is LP) with increasing pressure.
Furthermore, the value of LP is the same during fluid
absorption (negative values of JV/A) as it is during
filtration, indicating that there is no significant rectifi-
cation of flow within the conducting channels. (With
less careful experimental design, however, rectification
of flow may appear to occur.) A third feature of impor-
tance is the effect of changing the concentration of
macromolecules in the perfusate. The consequent
change in oncotic pressure results in a parallel shift of
the relation between JV/A and fluid pressure. The mag-
nitude of the displacement is equivalent to 70% of
the perfusate oncotic pressure, as measured in a

membrane osmometer. This indicates that σd is
greater than or at least equal to 0.7 in this vessel.
Overall, the experiment reveals that the permeability
coefficients LP and σm, can be regarded as indepen-
dent of the Starling forces. Although permeability
can be modulated, a background of constant perme-
ability provides a basis to discuss fluid movements
that occur physiologically as a result of changes in
the Starling pressures.

Changes in Microvascular Pressure

Although textbooks so often say that Pc has a mean
value that approximates to plasma oncotic pressure,
this is true only for systemic microvessels of small
mammals, and for systemic pressures at heart level in
larger mammals. In the pulmonary microcirculation of
all mammals investigated, mean Pc is more often
closer to a third of the value of plasma oncotic pres-
sure. In larger mammals, such as humans, mean Pc

varies with the vertical height between the vessel and
the heart. When a human subject lies horizontally,
mean Pc in most systemic microcirculations may
approximate to plasma oncotic pressure, but as soon
as the subject sits or stands, Pc in vessels below the
heart increases, and that in vessels above the heart
decreases. The changes in Pc above and below the
heart are not symmetrical; the decrease in Pc in vessels
in the upper parts of the body is checked as the local
venous pressure falls below atmospheric and the veins
collapse. Measurements of Pc in skin suggest that once
this happens, Pc becomes independent of position.60

Below the heart, arterial and venous pressures
increase in proportion to their vertical distance
beneath the heart providing the subject remains still,
and mean Pc in the feet also increases but to a lesser
extent than arterial and venous pressures (see
Figure 9.13). Movements of the legs increase venous
return from the feet, reducing the local venous pres-
sures and Pc.

The smaller increase in Pc than arterial and venous
pressure in tissues below heart level (see Figure 9.13)
suggests how Pc may be regulated. For blood to flow
through a vascular bed there must be a lower pressure
in the veins than in the capillaries, and in the capillar-
ies than in the arteries. The fall in pressure from arter-
ies to capillaries, Pa 2 Pc, is the product of the blood
flow from arteries to capillaries, and the resistance of
the vessels between them (i.e., the pre-capillary resis-
tance, ra). Similarly, the fall in pressure between the
capillaries to the veins, Pc 2 Pv, is the product of the
blood flow and the post-capillary resistance, rv.
Providing the blood flows into and out of the circula-
tion are equal, Pc can be related to Pa and Pv through
ra and rv:

FIGURE 9.12 Relation between net fluid movement per unit

area of microvascular wall (JV/A) and capillary pressure in a single

frog mesenteric capillary perfused with Ringer’s solution contain-
ing high (o) and low (K) concentrations of serum albumin.

Positive values of JV/A indicate fluid filtration from vessel to tissue
and negative values show movement from tissue into vessel. (From
ref. [72]. With permission.)
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ðPa 2PaÞ
ðPc 2PvÞ

5
ra
rv

which can be rearranged in the form derived by
Pappenheimer and Soto-Rivera93:

Pc 5
Pa 1Pvðra=rvÞ

11 ra=rv
ð9:15Þ

Equation (9.15) reveals how the value of Pc between
Pa and Pv is determined by the ratio of ra/rv, and since
local blood flow is regulated in most vascular beds by
alterations in ra, it also suggests how Pc might be regu-
lated. Even if Pa and Pv remain constant, arteriolar
vasodilatation, which reduces ra/rv, increases Pc and
enhances fluid filtration. Arteriolar vasoconstriction,
which increases ra/rv, reduces Pc consequently promot-
ing fluid absorption from the tissues. A sudden loss of
a substantial volume of blood (e.g., by hemorrhage or
blood donation) is followed by intensive vasoconstric-
tion, increasing ra/rv and leading to a shift of fluid
from ISF to plasma (largely in skin and muscle).

It is seen as a fall in hematocrit, and is usually com-
plete within 30 minutes of the cessation of bleeding.91

In most tissues a local increase in Pv is associated
with constriction of the local arterioles, increasing ra/rv
and tending to minimize the increase in Pc. This phe-
nomenon has been called the veno-arteriolar response,
and appears to be a local response dependent on the
presence, but not the central connections, of the sym-
pathetic nerves.51 It is largely responsible for the smal-
ler increase in Pc than either Pa or Pv in the skin of the
human foot as the subject moves from a supine to a
standing position (Figure 9.13). Although Pc has to
remain above Pv, it approaches Pv very closely when
the subject is standing still. As soon as the subject
moves, Pv falls. With an efficient muscle pump acting
on the veins in the leg, Pv may be reduced from 120 to
130 cmH2O when the person is standing still, to less
than 30 cmH2O in within a few seconds of starting to
walk, and Pc presumably is reduced.

Landis61 argued that Pc was the most variable of the
Starling pressures in human subjects, drawing atten-
tion to the large changes in its value that followed
changes in posture. Pc is also the one Starling pressure
that can be regulated quickly in parallel with the local
blood flow, inducing fluid shifts between the circula-
tion and the ISF that appear to improve the chances of
the organism’s survival.

0

0

50

100

150

200

50 100 150

B
lo

od
 p

re
ss

ur
e 

(c
m

 H
2O

)

Height of heart above blood vessel (cm)

Mean arterial pressure

Mean capillary pressure

Venous pressure

FIGURE 9.13 Relation between the local blood pressure in the

feet and the height of the heart above the feet in two normal sub-
jects in supine, sitting, and standing positions. Mean values for
capillary pressure were based on direct measurements (by micro-
puncture) of capillary loops in the nail fold of the great toe. (From ref.
[62]. With permission.)
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FIGURE 9.14 The effects of changes in interstitial fluid volume
(IFV) upon the interstitial fluid pressure (IFP) in cat skin. Mean
and standard deviations represent control values. IFV was varied by
intravenous infusion of saline or by peritoneal dialysis. (From ref.
[131]. With permission.)
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Plasma Oncotic Pressure

Although reduced levels of circulating plasma
proteins may be associated with edema, the steady-
state relations between edema formation and plasma
protein concentration are complicated by adjustments
of microvascular pressures, and of ISF hydrostatic and
oncotic pressures.90 There is evidence to suggest that
the oncotic pressure difference may be adjusted by
atrial natriuretic peptide regulating the transport of
proteins from plasma to ISF.31,127

In normal healthy subjects, oncotic pressure of the
arterial plasma may be regarded as constant in the
short-term. The plasma oncotic pressure, however, may
increase considerably as blood flows through the micro-
circulation under conditions where the filtration rate
becomes a significant fraction of the plasma flow. In
most microvascular beds, LP is too low for this to be sig-
nificant, but it does occur in the renal glomerular
capillaries, where LP is very high,16 and in the microcir-
culation of the feet of human subjects during prolonged
standing or sitting, where Pc is high and plasma flow is
very low.40,87,89 In the glomerular capillaries it underlies
the dependence of glomerular filtration rate upon renal
blood flow (see Chapter on Glomerular Filtration).

Interstitial Hydrostatic Pressure

Before 1963, Pi was believed to approximate to atmo-
spheric pressure in non-edematous tissues and steady
fluid filtration, which expanded ISF volume, was
thought to increase Pi proportionately. In this way, the
increase in Pi would reduce the difference in hydro-
static pressure across microvascular walls, and so limit
the rate of filtration protecting the tissues from edema.

The pioneering work of Guyton and colleagues
showed that Pi of subcutaneous tissues and many
others was 4 to 7 mmHg below atmospheric pres-
sure.46,47,48 After much controversy, sub-atmospheric or
negative values for Pi in non-edematous tissues have
been confirmed using a series of different techniques.
There is some variation from tissue to tissue, most nega-
tive values being found in the lung and positive values
being found in the kidney with the subcutaneous
tissues of many mammals being in the range of 20.5 to
22.0 mmHg.10,99

At an early stage in his investigations, Guyton47

showed that expansion of the ISF by filtration from the
microvasculature quickly raised Pi to atmospheric
pressure. Further expansion of the ISF volume, how-
ever, was accompanied by little change of Pi in most
tissues. These relations between Pi and ISF volume
have been extended and confirmed by others (see
Figure 9.14 and 134). Whereas there have been minor
differences in some of the absolute values reported by

different investigators, the general picture of a steep
relation between Pi and ISF volume (low interstitial
compliance) at normal and at low ISF volumes, and a
flat relation between Pi and ISF volume (high compli-
ance) when ISF volume is slightly expanded and Pi has
risen to atmospheric pressure, has been widely con-
firmed (see Figure 9.14). The renal interstitium appears
to be an exception to this general pattern. In the kid-
ney, Pi is 14 to 16 mmHg, and increases and
decreases linearly with ISF volume.41 It has been
argued that, in the kidney, Pi does fulfill the role of
limiting the expansion of ISF volume, and promotes
the uptake of fluid and solutes (including macromole-
cules) by the microcirculation.10,69,70 For a more
detailed discussion of the role of Pi in trans-capillary
fluid exchange the reader is referred to the recent
review of Reed and Rubin.100

Interstitial Oncotic Pressure

Measurements of ISF oncotic pressure are usually
global values for a particular tissue. The values of
importance for microvascular fluid exchange, however,
are those for the newly formed ISF in contact with the
abluminal surface of the ultrafilter within walls of the
microvessels. Here, we have to be guided by theory.
Equations (9.12) and (9.13) argue that if microvascular
permeability of a solute is finite, the concentration of
that solute in the ISF ultimately depends on its perme-
ability and the rate of fluid filtration through the
microvascular walls. If the Péclet number is zero (net
filtration5 0), the concentration of a protein such as
serum albumin in the interstitial fluid, Ci, will rise
until it equals its plasma concentration. In the presence
of net filtration from plasma to ISF, the concentration
of plasma protein in the newly formed ISF will fall,
reaching a plateau when Ci approximates to Cp(12 σf),
as shown in the upper panel of Figure 9.15. The effec-
tive osmotic pressure difference exerted by albumin
(and other large plasma protein molecules) across
microvascular walls (σΔΠ) under conditions of steady
fluid filtration varies with the filtration rate. This varia-
tion is shown in the lower panel of Figure 9.15. It can
be estimated as follows:

σΔΠ5σðΠc 2ΠiÞ5σdRTðγcCc 2 γiCiÞ ð9:16Þ
The symbols γc and γi are the osmotic coefficients of

albumin at its concentrations in capillary plasma and
ISF. If they are approximated by a single value γ,
Eq. (9.16) can be developed using Eq. (9.13)75:

σdΔΠ5σdRTγðCc 2CiÞ5σdσfRTCc
12 e2Pe

12σf e2Pe

� �
ð9:17Þ
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Equation (9.17) provides an explicit statement of the
effective osmotic pressure difference exerted by a
plasma protein across microvascular walls in terms of
the filtration rate and through the Péclet number, the
permeability coefficients Pd and σf of the vessel walls
to the protein. Increases in JV increase Pe and as e 2Pe

approaches zero, σdΔΠ approaches a limit of σdσf Πc,
or approximately σ2Πc.

Both Pi and πi change75 with fluid filtration rate,
and since they themselves influence JV, after a step
change in Pc, an initial change of JV is likely to be fol-
lowed by a further changes as Pi and Πi adjust to their
new steady-state values. Thus, we should expect there
to be differences between the initial transient changes
in JV and the steady-state values, and we shall consider
these differences next.

Transient and Steady-State Fluid Movements
through Microvascular Walls

Figure 9.16 shows the results of an experiment on a
single mesenteric capillary perfused with a Ringer
solution containing serum albumin and the macromol-
ecule Ficoll 70.84 Both the immediate (transient) and
steady-state values of fluid filtration were measured
following step changes in capillary pressure. The tran-
sient changes (open circles) were measured after the
vessel had been perfused at high pressure
(35�50 cmH2O) for several minutes, and then the pres-
sure lowered to a predetermined value. The steady-
state measurements (solid circles) were made after the
vessel had been perfused for several minutes at that
pressure, and preliminary measurement suggested
a steady-state had been achieved. The transient values
of JV/A are related to Pc in the same linear fashion pre-
dicted by the standard Starling equation (Eq. (9.14)),
and as shown by a similar experiment in Figure 9.12.
This is the expected relation between ΔP and JV/A
when ΔP is varied and σd ΔΠ remains constant. The
steady-state measurements (solid circles) can be
described by a non-linear (hockey stick) curve which
can be predicted using Eq. (9.17) to calculate σd ΔΠ.

Ci

Cc

Jv

Jv

Ci = Js/Jv

σΔπ

σΔπ = σ2πc 

πc 

(a)

(b)

FIGURE 9.15 (a) Steady-state relations between the concentration
of proteins (Ci) in capillary ultrafiltrate and the capillary filtration
rate, JV. The limiting value of Ci is Cc(12 σ) where Cc is the concen-
tration of protein in the capillary. (b) Steady-state relations between
the effective oncotic pressure across the walls of the microvessel
(σΔΠ) consequent to changes in Ci and JV. The oncotic pressure of
the plasma, Πc, is indicated as is the maximum value of σΔΠ. (From
[77]. With permission.)
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FIGURE 9.16 The relations between fluid filtration and absorp-

tion (JV/A) and microvascular pressure in a single frog mesenteric

microvessel under transient (o) and steady-state (K) conditions.
Perfusate oncotic pressure was 32 cmH2O. The oncotic pressure dif-
ference was the same at all values of JV/A under transient condi-
tions, but varied with JV/A in the steady-state in the way indicated
in Figure 9.15b. Note that absorption of fluid from the tissues is seen
only under transient conditions. (From ref. [82]. With permission.)
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Here, Πc is constant, but Πi varies with JV, which
changes Pe.

When Pc is greater than the effective osmotic pres-
sure opposing filtration, both transient and steady-
state values lie close together, and the linear portion of
the steady-state relation at these higher values of ΔP
has a slope of LP, and is described by the following
expression:

JV
A

5 LPðΔP2σ2
mΠcÞ ð9:18Þ

At low values of Pc the transient and steady-state
values of JV/A deviate considerably with no fluid
uptake from the tissue occurring under steady-state
conditions. Not only are these results consistent with
the theoretical picture, but analysis of the steady-state
data also allows estimates to be made for both σm and
Pd (the macromolecular permeability), which agree
quantitatively with other determinations.84 One sur-
prising observation made during the measurement of
the steady-state relations on single mesenteric capillar-
ies was the relatively short time (2�5 minutes)
required for a new steady-state to be established after
capillary pressure had been changed.84 This drew
attention to the importance of the value of Πi in the
small volume of ISF in contact microvessel, and the rel-
ative lack of importance of the value of Πi for the ISF
of the entire tissue.

Figure 9.17 summarizes the transient and steady-
state changes in fluid filtration and absorption in
a microvessel of constant permeability, perfused at
a rate sufficient to keep the plasma oncotic pressure

constant. The dashed lines are drawn with a slope5 LP
for the vessel. The solid line indicates the steady-state
relations between JV/A and ΔP. If Pc initially has
a value, A, which is less than the plasma oncotic pres-
sure, and remains constant for long enough for a
steady-state to be established (at point T), a subsequent
increase in Pc from A to B leads to a rapid increase in
filtration (T-W). JV then attenuates (to X), as Πi is
reduced and Pi increases. If Pc is then returned to A,
fluid uptake from the tissues occurs (X-S), and the
rate of absorption diminishes as Πi increases returning
JV to its initial level of T.

In the pulmonary microcirculation, mean values of
Pc are usually well below Πc, and fluid movements
fluctuate around a point half-way along the flat part of
the steady-state relationship. Small changes in Pc lead
to changes in filtration or absorption that are rapidly
checked as a new steady-state is established. So long
as Pc2Pi is greater than Πc2Πi, there is a low level of
fluid filtration into the tissues that is balanced by
lymph drainage.

The steady-state analysis predicts that when the
exchange vessels are finitely permeable to macromole-
cules, and there is no source of ISF other than the
ultrafiltrate from these vessels, fluid absorption from
the tissues is transient, and low levels of fluid filtra-
tion from blood to the tissues maintain the differences
in oncotic pressures between the plasma and the ISF.
The sustained levels of fluid filtration are matched by
lymphatic drainage from the tissue, so that ISF vol-
ume remains approximately constant. Providing that
the time-averaged mean Pc in most tissues approxi-
mates to the plasma oncotic pressure, this picture is
consistent with blood�tissue fluid balance. It is not
consistent, however, with the popular representation
of the Starling Principle, which depicts fluid being fil-
tered into the tissues from the arterial end of a capil-
lary and absorbed from the tissues at its venous end.
Quite apart from the lack of evidence for this picture,
the steady-state analysis predicts that rising concentra-
tions of macromolecules around the venular regions
of the vessel would bring absorption to a halt. The
experimental and theoretical arguments against this
textbook picture of the filtering-absorbing capillary
have been forcefully expressed in a series of publica-
tions by Levick.62,63

Steady-State Fluid Uptake into Microvessels
Associated with Absorptive Epithelia

Continuous uptake of fluid into the microcircula-
tion does occur in tissues such as intestinal mucosa,
the post-glomerular capillaries of the renal cortex,
and the ascending vasa recta of the renal medulla.
Here, however, the bulk of the ISF is not formed by
filtration from the capillaries, but by the secretion of
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FIGURE 9.17 Transient and steady-state relations between

fluid movements and microvascular (capillary) pressure. The
dashed lines have slopes equal to LP. The arrowed straight lines
show transient changes in fluid movements with changes in pres-
sure. The OTXZ (heavy line) represents the steady-state relation
between JV/A and capillary pressure. (From ref. [81]. With permission.)
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protein free fluid from the adjacent epithelia. In intes-
tinal mucosa and in renal cortex, the large fluid
uptake from the ISF into the blood capillaries
is accompanied by a very much smaller flow of ISF
into the lymphatics.43,44 Although only a fraction of
the fluid is absorbed from the ISF, the lymph flow is
sufficient to clear proteins and keep their ISF concen-
trations low.

The renal medulla, however, has no lymphatics
and special mechanisms appear to operate here. The
continuous addition of protein free fluid into the
medullary ISF is matched by the uptake of fluid into
the ascending vasa recta (AVR). The AVR have rela-
tively low σ to plasma proteins (0.7 to albumin). This
allows the absorbed fluid to carry protein from the
ISF into the blood. The uptake of labeled proteins
from medullary ISF into the blood has been demon-
strated directly,125 and estimates of Pc, Pi, Πc, and Πi

in and around the AVR indicate that these favor fluid
uptake.70 Theoretical studies have supported this
“bootstrap” mechanism, whereby plasma proteins are
carried up their own concentration gradient by the
osmotic flow that arises from that same gradi-
ent.70,131,138 In addition, unusual structural features of
the ascending vasa recta, and the low compliance of
the renal interstitium, ensure that fluid uptake is
maintained even if Πi increases. The low compliance
means that Pi is high, and rises if ISF volume expands
to levels that may equal or even exceed the pressure
in the ascending vasa recta. When this occurs the ves-
sels do not collapse as there are fine projections from
their endothelial cells, which are inserted into the
basal laminae of neighboring vessels and tubules,
holding them open.69 Because LP of these fenestrated
vessels is very high, an increment of Pi over Pc of
only 1.0 to 2.5 cm H2O is sufficient to account for the
clearance of all fluid entering the medullary ISF from
the loops of Henle and collecting ducts.69 A more
detailed discussion of the special features of the
extra-glomerular renal microcirculation is given else-
where in this volume.

Starling Pressures and Local Lymph Flow

In most tissues, ISF volume is maintained by a
low level of filtration from the microcirculation being
matched by an equal efflux of fluid from the tissue
in the lymph. From this, one would anticipate that
the magnitude of the lymph flow from a tissue could
be estimated from the mean Starling pressures, the
LP, and the exchange surface area of the microcircu-
lation. In an incisive review, Levick62 pointed out
that where the mean Starling pressures have been
measured, they predict much greater filtration rates

than the lymph flow and the lymph protein concen-
tration would indicate. From 15 sets of data, he esti-
mated P0, the net pressure opposing filtration from
the following relation:

P0 5σmðΠc 2ΠiÞ1Pi ð9:19Þ
When values of P0 are compared with direct mea-

surements of pressure in post-capillary venules, PVc, it
is found that PVc is nearly always greater than P0, and
in several cases PVc exceeds P0 by 5 to 10 mmHg
(Table 9.2). Net driving pressures for filtration of this
magnitude would be expected to result in high lymph
flows, but in most of the tissues concerned (e.g., subcu-
taneous tissue, muscle, and mesentery), the basal
lymph flows are so low that they are difficult to
measure.

To account for these discrepancies, Levick62 sug-
gested that vasomotion, the spontaneous contraction
and relaxation of arteriolar smooth muscle, might be
responsible for large variations in Pc, and that Pc

measurements tended to be made in vessels where
there was brisk flow and a higher than average Pc.
The few direct estimates of Pc during vasomotion,
however, suggest that the fluctuations are relatively
small.

An alternative hypothesis was put forward by
Michel79 and Weinbaum.132 Independently, they both
realized that if the filtrate leaving the “small pores”
was uncontaminated by fluid containing the higher
concentration of macromolecules, the effective σΔΠ
opposing filtration may approximate to that across the
small pores. This would be considerably greater than
that calculated from global values of Πi, and would
increase the force opposing filtration (P0), reducing
filtration rates to levels consistent with basal rates of
lymph flow. The significant deviations between P0 and
PVc reported by Levick62 are found in microvessels
with continuous endothelium, where the small pores
are the interstices of the glycocalyx lying above the
intercellular clefts. The downstream side of the

TABLE 9.2 Starling Pressures in Muscle, Mesentery, and
Subcutaneous Tissues at Heart Level

Species and Tissue Πc Πi Pi Po Pc Pc2Po

Dog, skeletal muscle 26.0 11.0 22.0 13.0 12�20 211 7

Cat, mesentery 19.1 6.1 0 13.0 23.5 10.5

Human, chest subcutis 26.8 15.6 21.5 9.7 .15.0 .5.3

Po is calculated from Eq. (9.17) assuming that σ 5 1 and thus is an

overestimate. Pc is based on direct measurements in venules or venular

capillaries, and is therefore an underestimate of mean Pc. The difference

(Pc2Po) is consequently the minimum difference based on available data.

From Levick, J. R. (1991). Capillary filtration�absorption balance reconsidered

in light of dynamic extravascular factors. Exp. Physiol. 76, 825�85.60
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microvascular ultrafilter is therefore the abluminal sur-
face of the glycocalyx, which is separated from the
ISF immediately outside the microvessel by the inter-
cellular cleft with its tortuous pathway through the
tight junctions. The pathway for macromolecules (the
large pores) is either through the endothelial cell
vesicles (via channels or by a fission�fusion mecha-
nism) or by the very occasional leaky intercellular
cleft. For the high protein concentration of this large
pore filtrate to mix with that emerging from the
small pores, protein molecules would have to diffuse
back through the intercellular clefts to the site of
ultrafiltration at the glycocalyx. Although this path-
way is short, diffusion has to occur against the flow
of fluid from the vessel lumen. The velocity of this
filtrate is increased ten-fold or more as it passes
through the breaks in the tight junctions. Rough cal-
culations79 and a detailed mathematical model55 both
indicate that, even with filtration rates driven by
pressure differences across the glycocalyx as small as
1�2 cm H2O, the fluid velocity through the breaks in
the tight junctions impose a major barrier to the dif-
fusion of proteins through the clefts in the luminal
direction. These levels of filtration, nevertheless, are
consistent with basal rates of lymph flow.

The hypothesis has been examined experimentally
in single frog mesenteric capillaries54 and in rat

mesenteric venules.3 In these studies, it was found that
even when the interstitial concentration of serum albu-
min in contact with the outside wall of a vessel was
the same as that in the perfusate, fluid movements
through the vessel wall were opposed by oncotic pres-
sures much greater than those estimated from global
values of Πi. The authors concluded that these obser-
vations were consistent with the oncotic pressures
opposing fluid filtration from continuous (non-fenes-
trated) capillaries are developed across the glycocalyx,
and that global values of Πi do not determine fluid
exchange directly. Some of their data are shown in
Figure 9.18.

Transient and steady-state fluid exchange and their
relations to local lymph flow have been reviewed
recently by Levick and Michel.64

Microvascular Blood Flow and Solute Transport

The rate of delivery of molecules, and the rate of
their clearance to and from a tissue, depends on both
microvascular blood flow and microvascular perme-
ability. Where permeability is very high, transport
depends on blood flow alone and is said to be “flow
limited.” Where solute permeability is low, increasing
blood flow increases transport to a progressively smal-
ler extent, and when further increases in blood flow no
longer increase transport, transport is said to be “diffu-
sion limited” or “permeability limited.” Renkin set out
the general principles of blood�tissue exchange in a
series of papers between 1955 and 1970.101,102,104,105

Figure 9.19 is taken from Renkin’s work, to illustrate
flow limited transport of antipyrene and permeability
limited transport of urea between the microcirculation
of skeletal muscle tissue. Both solutes are usually con-
sidered to have high permeabilities, but it is seen that
as flow increases, the transport of urea becomes inde-
pendent of flow. This maximum level of transport is
determined by the product of Pd to urea and the
surface area of the exchange vessels. Antipyrene is
lipid soluble and has a much higher permeability than
urea. Its transport remains proportional to flow over
the range investigated.

Insight into the relations between blood flow and
solute transport can be gained by considering the
plasma or blood concentrations of a diffusible solute as
it flows along an exchange vessel. If the Péclet number
for the solute is low (as it is for most small solutes), its
unidirectional transport through the vessel wall from a
small volume of plasma, ΔV, flowing along the vessel
is proportional to the product of its concentration, C,
in that volume and its permeability, Pd (Figure 9.20).
It is also proportional to the surface area, ΔS, with
which ΔV makes contact as it flows along the vessel.
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FIGURE 9.18 Steady-state relations between microvascular fil-

tration (JV/A) and pressure in rat microvessels when the interstitial

oncotic pressure is varied by superfusion. The vessel is perfused
with a 5% serum albumin solution (Πc 5 21.25 cmH2O). The points
are mean values from four experiments in which the ISF concentra-
tion of albumin in contact with the outside of the vessel was equal to
the perfusate concentration. The curve on the left is the relation pre-
dicted when the interstitial concentration of albumin in contact with
vessel is the same as the perfusate concentration; that on the right
shows the relations when no albumin is added to the superfusate.
Note that at high Pc, JV/A has values comparable with those
expected with no albumin present outside the vessel. Only at low
JV/A, when Pc is less than Πc, does Πi appear to influence the stea-
dy-state. (From ref. [3].)
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The changes in C resulting from unidirectional loss of
solute from ΔV are given by the following equation:

2ΔV
dC

dt
5PdΔA:C ð9:20Þ

For a cylindrical vessel, the ratio of ΔA/ΔV is con-
stant and is equal to the ratio of surface area to volume
for the entire vessel, A/V. Thus:

CðtÞ 5C0 exp
2PdA:t

V

� �
ð9:21Þ

where C05C at time5 0, that is the concentration of
solute at the point of entry to the vessel, and this
would usually be the arterial concentration, Ca. When
t5 τ, the transit time through the vessel, C5Cv, the
venous concentration of the solute. Furthermore, V/τ is
equivalent to the flow through the vessel, F, so that
Eq. (9.19) can be rewritten as:

CV 5Cae
2PdA=F ð9:22Þ

The net transport of solute from blood to tissue is
equal to JS:

JS 5 FðCa 2CvÞ5 FCað12 e2PdA=FÞ ð9:23Þ

Since the clearance of solute from blood to tissue is
JS/Ca, clearance becomes:

Clearance5 Fð12 e2PdA=FÞ ð9:24Þ
Renkin used expressions such as Eq. (9.24) to

describe data such as those shown in Figure 9.19.
Equation (9.21) can be used to give additional

insight into the nature of flow-limited and permeabil-
ity limited transport. In Figure 9.21, Eq. (9.21) has
been used to calculate the changes in concentration
that occur in a bolus of blood flowing along a single
vessel. The three curves represent the concentrations
for three solutes that have different values of Pd. It is
assumed that the flow is constant, so that distance
and time are directly proportional to one another.
The three curves start from the same value of Ca and
finish at three different points, the venous concentra-
tions. From Eq. (9.23), the net transport of solute
from blood to tissue, JS, for each solute is F(Ca 2 Cv).
F varies inversely with τ so that if F is doubled, τ is
halved. Because solute A reaches its end capillary
concentration before it has spent half its residence
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FIGURE 9.19 Relations between blood�tissue clearance and

blood flow for a small lipid soluble solute (antipyrene) and a small

hydrophilic solute (urea) in skeletal muscle. Whereas the clearance
of antipyrene is limited only by blood flow over the range of flows
investigated, clearance of urea is limited by its microvascular perme-
ability, and is independent of flow when this exceeds 5 ml min2 1
100 g2 1 tissue. (Re-plotted from ref. [102]. With permission.)

FIGURE 9.20 Model illustrating the principles of diffusion and
flow in microvascular exchange. Exchange of solute is considered to
occur from a small volume as it flows along a cylindrical
microvessel.
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FIGURE 9.21 Decrease in plasma concentration of three solutes

as they equilibrate with the tissues during their passage along a

microvessel. The vessel is more permeable to A than to B, and more
permeable to B than to C. Because equilibration is achieved for A
and B before the blood leaves the vessel, net transport for these sub-
stances can only be increased by increasing the flow (cf. curve for
antipyrene in Figure 9.20). Substance C does not equilibrate, and its
transport is said to be permeability- or diffusion-limited (cf. with
curve for urea in Figure 9.20). (From ref. [71]. With permission.)
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time in the vessel, doubling F will not change
(Ca � Cv). Doubling F will therefore double JS and
the relation between clearance and blood flow is lin-
ear so that transport is flow-limited over this range
of flows, and will resemble that for antipyrene in
Figure 9.19. By contrast, for solute C, halving τ
almost halves (Ca � Cv), so that the product, F
(Ca � Cv) remains almost constant as flow is
increased. Transport is now “permeability-limited,”
and the relation between clearance and flow resem-
bles that shown for urea at high blood flows in
Figure 9.19. In theory, the transport of all solutes is
limited by permeability if blood flow is high enough.
In practice, the permeability of microvascular walls
to some substances is so high that transport is always
flow-limited.

Although so far we have discussed only solute
transport from blood to tissue, equivalent expressions
describe the clearance of substances from tissues to
blood, so long as the barrier to diffusion through
microvascular walls is greater than the resistance to
diffusion through the tissues. The latter is certainly
not true when the clearance of highly diffusible lipid
soluble solutes is being considered. For these mole-
cules, transport between blood and tissues is deter-
mined more by the gradients of their concentration in
the tissues.

The Renkin expressions (e.g., Eqs. (9.22) and (9.24))
have provided the basis of understanding blood tis-
sue exchange, but Renkin himself has drawn attention
to their limitations.105 Considerations of heterogeneity
of microvascular flow and permeability in different
vessels in a microvascular bed have led to sophisti-
cated models for the analysis of blood tissue exchange
in intact tissues.13,105 These models may well have to
be revised in the light of observations on the relations
between flow and transport of small hydrophilic
solutes in single capillaries in situ. Indications that Pd

may itself vary with flow have been confirmed, and
greatly extended in a series of measurements on sin-
gle microvessels of frogs and rats.57,58,86 The increase
in Pd with flow can be inhibited in rat vessels with
NO-synthase blockers, and by procedures that raise
intracellular cAMP levels. The effects of flow Pd are
largest for small ions and hydrophilic molecules.
They appear to involve a pathway more selective
than the traditional small pores, and therefore make
little contribution to fluid exchange.86

The implications of these findings for blood�tissue
transport in the intact animal have yet to be assessed,
but it could mean that increases in PdA that, in the
past, have been interpreted as the consequence of
increases in A, are the result of changes in Pd, and a
common set of control mechanisms regulate the per-
meability and the perfusion of the microcirculation.

Increased Microvascular Permeability

Over 50 years ago Majno and Palade71 demon-
strated that the classical mediators of acute inflamma-
tion (e.g., histamine, serotonin) increased vascular
permeability by inducing openings in the endothelia of
the post-capillary venules. The openings were believed
to lie between the endothelial cells, and Majno72 sug-
gested that they were formed by the contraction of
adjacent endothelial cells away from each other.
This view, however, was controversial, and continues
to be so.5

Two groups working in the mid-1990s, recon-
structed openings in endothelium from electron micro-
graphs of ultrathin serial sections of venules exposed
to a range of mediators to increase their permeability.
Whereas with some stimuli (e.g., substance P and
PAF), the openings were predominantly paracellular
with other stimuli (e.g., VEGF and A23187), they
passed through the body of one cell close to the inter-
cellular cleft, but clearly separate from it.35,88 It seems
that transcellular openings may be derived from vesi-
cles or vacuoles in the endothelium.88 Dvorak and her
colleagues identified fused clusters of vesicles and
vacuoles, the vacuolar-vesicular organelles (VVOs) in
the highly permeable vessels of tumors as transcellular
pathways.33 Subsequent work revealed that VVOs
were present in normal (healthy) vessels, but did not
form a pathway for macromolecules until the tissues
were stimulated by mediators, when they develop into
transcellular openings.34

Considerable progress has been made unraveling the
signaling events that follow the binding of an agonist
with its receptor on the venular endothelial cell and the
appearance of openings in the vessel wall.27,28 From
studies both in cultured endothelial cells and in
intact vessels, it is clear that the early stages of signaling
involve a steep rise in the intracellular activity of free
Ca21. The agonist molecules, such as histamine and
ATP, bind to endothelial cell membrane
receptors linked to G-proteins, which then activate
phospholipases (particularly β and γ isoforms of
phospholipase-C) that release inositol tri-phosphate
(IP3) and di-acyl glyceric acid (DAG) from the mem-
brane lipids. IP3 releases Ca21 from the intracellular
Ca21 stores, and this in turn leads to the opening of
Ca21 channels in the cell membrane so that the Ca21

activity of the cytosol is rapidly raised by the combined
influx of Ca21 from both the stores and ISF (for review
see 28). Agonists such as VEGF bind to a tyrosine kinase
receptor that phophorylates PLC-γ, and activate a DAG
signal that opens membrane Ca21 channels directly.11,97

With VEGF, the rise in cytostolic Ca21 is achieved
entirely by influx from the ISF, and is independent of
its release from the intracellular Ca21 stores.

285THE EXCHANGE OF FLUID AND SOLUTES BY CONVECTION AND DIFFUSION THROUGH MICROVASCULAR WALLS

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



The sequence of events that follows the rise of cytos-
tolic Ca21 activity remains less clear, and this is partic-
ularly true of the final stages when the endothelial
openings are formed. Several different studies have
shown that, in intact venules, there is cascade involv-
ing NO and cGMP downstream from the initial peak
of intracellular Ca21 activity.12,27 The effects of PAF
and VEGF on permeability are prevented or greatly
attenuated if the enzymes of the NO-synthase � cGMP
cascade are blocked.50,135 The details of other events
are continually changing as new investigations are
published, and the reader is referred to a recent review
of Curry and Adamson,28 and other contributors to the
same issue of Cardiovascular Research.

Measuring Increases in Vascular Permeability

To assess the role of different molecules in signaling
or in the mechanics of increased permeability, it is nec-
essary to have trustworthy methods for measuring
permeability. Earlier we have seen that the permeabil-
ity coefficients, LP, σ, and Pd provide quantitative esti-
mates of the permeability properties of microvascular
walls. Figure 9.22 shows the results of an experiment
on a single rat venule where values of JV/A were mea-
sured at two different microvascular pressures before
and after exposure to histamine.82 From this experi-
ment, the values of LP and σ can be estimated and
interpreted in terms of endothelial openings forming
and closing.

While this practice of measuring permeability coeffi-
cients to chart increases in vascular permeability is
used by some investigators, and provides reliable
information, the great majority of reports of increased
permeability are based on estimates of the rates of
transport of macromolecules through endothelia. In
the latter case the results should be viewed critically
until the reader is satisfied that changes in permeabil-
ity really have been demonstrated. In this final section,
we discuss how results from two frequently used
assays of changes in permeability can be easily
misinterpreted.

A comparison of the rates of labeled serum albumin
transport through monolayers of cultured endothelium
in vitro in the absence and presence of various concen-
trations of a potential mediator are frequenty used to
assay the latter’s potency in increasing permeability.
The most important question to ask of these studies is
the absolute value of the permeability of the mono-
layer under control conditions. This is often unavail-
able, as authors have expressed their results as relative
increases in permeability. The reason for questioning
these assays is that most published control values of Pd

for endothelial monolayers to serum albumin are high7

(. 1026 cm.sec21). This leads one to suspect that endo-
thelial monolayers form leaky barriers to macromole-
cules. Strengthening this criticism is the finding that
thrombin, which increases permeability of endothelial
monolayers by inducing large openings between the
cells, has no effects on unstimulated microvascular
endothelium in vivo.1 Thrombin will increase perme-
ability in microvessels that are already in a pre-inflam-
matory state.32

Other studies compare transport rates of labeled
macromolecules into tissues in vivo. Many of these
derive from the method described by Miles and
Miles85 in 1952. Here, labeled protein is injected into
the circulation of an experimental animal (rat, mouse,
guinea pig or rabbit) in which a relatively large area of
its dorsal skin has been shaved. Small volumes of
varying concentrations of a potential mediator, suit-
ably diluted in physiological salt solution, are injected
into the skin. To act as a control, a similar volume of
the physiological salt solution containing no mediator
is also injected. If the potential mediator does increase
vascular permeability to macromolecules, label will
accumulate in the area where the injections have been
made, and these are then compared with the accumu-
lation of label at the control site over the same period.
Initially the labels used were blue dyes that bound to
plasma proteins, and the degree of accumulation was
estimated from the mean diameter of blue area around
the injection site. Later, the technique was made more
quantitative by extracting the dye from the tissue or by
using radioactive agents. A further refinement was
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FIGURE 9.22 Relations between fluid filtration (JV/A) and

microvascular pressure (Pc) before and following addition of hista-
mine to the solution washing a single venule in rat mesentery.

Note how the slope of the relation between JV/A and Pc (LP)
increases rapidly and the intercept with the Pc axis (σΔΠ) falls over
the first 6min of exposure to histamine. (From ref. [80].)
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measurement of the plasma concentration of labeled
macromolecule during the period that it was accumu-
lating in the tissue. From these data it was possible to
estimate the clearance of label from the plasma in the
test and control areas.

Although methods such as these are very widely
used, the belief that changes in the flux of macromole-
cules from blood to tissues reflect changes in perme-
ability quantitatively is only valid when all other
factors determining the flux rate are constant. It is
apparent from Eq. (9.10) that net transport has a con-
vective component, and while an increase in LP and
a fall in σ might both be responsible for increasing JV,
the increase will only be proportional to the permeabil-
ity change if Pc 2 Pi is unchanged. Many of the
molecules that increase permeability also cause vasodi-
latation of the arterioles, so that by reducing ra/rv they
will also raise Pc (see Eq. (9.15)). A vasodilator might
also open previously unperfused microvessels, increas-
ing the area available for exchange in Eq. (9.10). In
these ways, changes in local blood flow compromise
the quantitative relation between changes in net mac-
romolecular flux from blood to tissue and changes in
permeability, and mean that permeability assays based
macromolecular leakage can only be used as qualita-
tive guides of changes in permeability unless addi-
tional evidence is available. Sometimes molecules that
are vasodilators and have no action on vascular
permeability are erroneously reported as amplifying or
potentiating increased permeability. This error was
exposed in experiments by Williams and Peck,135 who
showed that the effects of prostaglandins E1 and E2

in enhancing protein leakage in inflammation were
due to its action as a vasodilator. Not only did the
effectiveness of the prostaglandins to enhance protein
leakage correlate with their potency as vasodilators,
but similar enhancement of protein leakage could be
produced by other vasodilators not associated with
inflammation. Finally, it is worth emphasizing that if σ
to a macromolecule is high in non-stimulated endothe-
lium, quite a modest fall in its value can have a large
effect on the convective transport to that macromole-
cule. For example, if under control conditions σ to
serum albumin at the wall of a venule is 0.98, and after
exposure to a possible mediator σ falls to 0.80 (a reduc-
tion of σ of less than 20%), the convective component
of albumin transport increases ten-fold in the presence
of the mediator, even if Pc and LP (and hence JV) are
unchanged. This is because the convective component
is proportional to (1 2 σ), which increases from 0.02
to 0.2.

In conclusion, large changes in the net flux of
macromolecules from blood to tissues usually indicate
increased vascular permeability, but information
obtained in this way is qualitative and should be

treated as such unless strict control of JV has been
maintained. If one wants to measure changes in vascu-
lar permeability one should measure the changes in
the permeability coefficients, for these are the func-
tional measures of the properties of the endothelial
barrier.
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This chapter will cover discussions on principles of
external balance for electrolytes, and for acids and
bases. The first section will deal with discussions on
principles of electrolyte balance in general, and the sec-
ond section discusses the acid�base balance.

PRINCIPLES OF ELECTROLYTE BALANCE

Introduction

Prolonged imbalance between input and output of
most quantifiable elements in a living organism is
incompatible with life. The duration of imbalance var-
ies, but eventually balance must be restored for main-
tenance of survival. This rule applies to all quantifiable
elements in vivo as well as in vitro. Red cell destruction
equals red cell production. Oxygen uptake equals oxy-
gen utilization. Sodium intake must equal sodium out-
put, and water input must match water loss. Yet
transient discrepancies occur regularly in living organ-
isms, but balance is ultimately achieved. The same rule
applies to the balance of any quantifiable elements in
nature. The duration of imbalance is usually quite
short in living organisms, because protracted imbal-
ance results in death. However, not limited by sur-
vival, the duration of imbalance in nature could be
more protracted.

The main aim of this chapter is to describe the
underlying principles for eventual restoration of bal-
ance in nature, and then to extrapolate these princi-
ples to the understanding of human physiology,
particularly the principles of fluid and electrolyte
balance.

WHY IS BALANCE ALWAYS RESTORED?

The underlying mechanism that allows eventual res-
toration of balance is perfect and foolproof. As an
example, the kidney is a central player in the restora-
tion and achievement of fluid and electrolyte balance
in living organisms, but the smartness of the kidney is
not the reason for perfect balance. The kidney merely
accelerates the process by utilizing a principle ubiqui-
tous in nature, but it does not determine its ultimate
outcome. The most crucial element of the control sys-
tem that restores ultimate balance is that a discrepancy
between intake and output inevitably leads to a change
in total content of the element in the system, and the
uncorrected imbalance is cumulative. When input is
greater than output the content increases, and the con-
tinued imbalance keeps increasing the content. When
output is greater than input the content decreases, and
the continuing imbalance keeps decreasing the content.
In a system with a limited capacity, a change in con-
tent of a substance alters its concentration; this invari-
ably affects output, and sometimes also input. The key
points here are: (1) an uncorrected balance invariably
leads to a change in content; (2) a change in content
leads to a change in concentration; (3) an altered con-
centration affects output or input; and (4) these effects
are cumulative.

IS THE CAPACITY OF ANY SYSTEM
ALWAYS LIMITED?

Is the capacity of any system always limited? The
answer is yes. We often say: the sky has no limit. Yet
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there is a limit even to the capacity of atmospheric air
volume. The apparent air volume is about 4.083 1021

liters. (The apparent air volume is calculated consider-
ing that air is denser at sea level, and density declines
progressively with rising altitude until there are no
more air molecules. Thus, the apparent air volume is
the theoretical volume that would be required if all the
gases in the air were contained at the same concentra-
tions as those at sea level at a pressure of 760 mmHg
when the 1 mole of gas is contained in 22.4 liters.)

In recent years, the rising CO2 concentration of the
atmosphere and its impact on global warming is the
source of a great deal of public concern. The rising
CO2 concentration implies that the amount of CO2

added to the atmosphere is more than the amount
eliminated from the atmosphere. However, the dis-
crepancy will not and cannot remain permanent,
because the CO2 concentration in the atmosphere has a
positive influence on the rate of its removal from the
atmosphere. The main source of CO2 addition to the
air is the burning of fossil fuels (oil, gas, and coal). The
total amount of CO2 added is about 30 billion tons per
year.1 This amount added to the air volume of
4.083 1021 liters would increase atmospheric CO2 con-
centration by about 3.74 ppm per year. Currently, the
actual rise in CO2 concentration is about 2 ppm per
year. The difference, 1.74 ppm, is absorbed by the
oceans, mostly by direct diffusion and some by diffu-
sion into rain water entering the ocean. In the ocean,
CO2 is in equilibrium with bicarbonate and carbonate.2

As the atmospheric CO2 concentration increases, the
amount entering the ocean would increase progres-
sively. Since the industrial revolution, the atmospheric
CO2 level has been rising rapidly, because the rate of
CO2 addition has been increasing rapidly with the pro-
gressively greater consumption of fossil fuel world-
wide. Once the rate of fossil fuel consumption stops
increasing further, the rate of CO2 removal will even-
tually equal the rate of CO2 addition. Of course, it is
quite likely that at the time of new balance, the earth
could be much warmer and the ocean much more
acidic, with major ecological changes. Nevertheless,
imbalance does not last forever, because imbalance
always leads to a new balance.

Many substances in the human body utilize the
same principles to reach a state of balance. For exam-
ple, if creatinine production is doubled in the absence
of any change in GFR, serum creatinine would exactly
double, at which point the renal excretion of creatinine
would also double. At this point a new balance is
reached between production and excretion. For some
substances, a new balance is accelerated by physiologi-
cal control mechanisms. For example, if sodium intake
is doubled, renal sodium excretion will also double,
but doubling of renal sodium excretion does not

require doubling of serum sodium or total body
sodium content, only a slight increase in sodium con-
tent of the body, because of the excellent renal regula-
tion of sodium balance. By the same token, a reduction
in sodium intake to 1/10 of the usual amount does not
require sodium content of the body to decrease to 1/10
of normal when the balance is restored.

In the human body, the capacity for most sub-
stances is quite limited, and daily variations for most
electrolytes are quite large in relation to total body
content. Furthermore, there is a limit to which the
organism can tolerate a deviation in the content of
these substances. Therefore, survival of the organism
demands the existence of certain physiological
mechanisms to accelerate the compensation processes,
to prevent a deviation from occurring to a lethal level.

Following is the sequence of events in the control
system: a certain amount of an element is contained in a
compartment, if input of the element into the compart-
ment exceeds its output, the content will increase. The
higher content influences the control mechanisms to
reduce input or to increase output. As long as the dis-
crepancy remains, the content will keep increasing,
because the consequence of discrepancy is cumulative;
the higher the content, the greater the effect on input or
output. A cumulative change stops only when input
equals output. When input is less than output, the oppo-
site sequence of events restores the balance (Figure 10.1).

Restoration of salt balance will be used as an exam-
ple. A person in a state of sodium balance has been
ingesting 10 g of salt per day, and excreting 10 g of salt
per day. Now, assume that a diuretic is given to this
person. On the first day of diuretic therapy, salt output
is 20 g per day, with net loss of 10 g of salt. The next
day, although the diuretic dosage remains unchanged,
salt excretion has to be less, for example, 15 g a day,
because the reduction in effective vascular volume
caused by the previous day’s salt loss has activated salt-
retaining mechanisms, and has reduced salt losing hor-
mones. Still, the overall result is an additional negative
balance of 5 g of salt. Although the negative balance is
less on the second day, the cumulative loss (15 g) is
greater on the second day than on the first, and the
effective vascular volume is even lower on the second
day than the first. The lower effective volume reduces
salt output further to 12 g per day on the third day,
with an additional negative balance of 2 g. The overall
cumulative loss is now 17 g, resulting in a further
decrease in effective vascular volume. As long as the
salt output remains greater than salt intake, cumulative
salt loss becomes larger and larger, albeit less steeply
than before. Cumulative salt loss stops only when salt
output equals salt intake. Indefinite net salt loss is theo-
retically impossible, because continued salt loss will
ultimately cause such severe volume depletion that the
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person will become hypotensive, and salt excretion
would stop completely. Of course, long before reaching
such an extreme state, renal excretion of salt would
decrease to a level equaling intake.

In the example given, what causes restoration of
balance is not the smartness of the kidney or the clev-
erness of humoral mechanisms, but the principle of
balance restoration, which is ubiquitous in nature. For
example, sodium balance in a person on chronic
diuretic therapy would still be restored in the absence
of aldosterone, in which case the person could be quite
sick with dehydration when balance is attained.

The same control mechanism explains why urinary
excretion of potassium does not remain greater than
intake in patients with primary hyperaldosteronism.
With increased aldosterone, K output will initially
exceed K intake. The resulting negative K balance causes
hypokalemia, which in turn reduces urine K excretion.
As long as K excretion exceeds K intake, serum K will
decrease progressively until K excretion equals K intake.
Occasionally, a patient dies of a cardiac arrhythmia
before balance is attained. In the vast majority of cases,
balance is achieved before the patient dies.

SPEED OF BALANCE RESTORATION

In a living organism, the speed of restoration of bal-
ance is teleologically determined. If an organism can

tolerate protracted imbalance of a particular element
without death or severe disability, balance need not be
restored promptly. If quick restoration of balance is
vital for survival, a mechanism for rapid restoration of
balance is necessarily acquired in the process of evolu-
tion. Thus, the acceptable duration of discrepancy or
alternatively speed with which restoration of balance
is achieved, depends on the importance of maintaining
the content of an element within a narrow range, in
order to prevent the demise or serious disability of the
organism. Four main factors influence the speed of bal-
ance restoration (Table 10.1).

For example, an adult of average size has about 40
liters of total body water, and daily intake and output
of water is about 2 liters. Obviously, water output
exceeding water intake by one liter a day would lead
to fatal dehydration in 10 days to two weeks.
Conversely, water intake exceeding water output by
the same magnitude would lead to water intoxication
and death. An opposite example is calcium balance.
The total body calcium content of an average adult
man is about 1,200,000 mg (60,000 mEq), and net daily
external flux is about 150 mg (7.5 mEq). A daily nega-
tive balance of calcium of 100 mg for one year would
reduce total body calcium by mere 36,500 mg; 3% of
total body calcium content. Obviously, a negative cal-
cium balance of such a magnitude, even for a pro-
tracted period, is not incompatible with life. Indeed,
during the period of development of osteoporosis,

Equilibrium
disturbed

Input < Output Input < OutputOr

Progressive decrease in
content

Progressive increase in
content

Decrease
in output

Decrease in
input

And / or And / or

Input = Output Input = Output

Equilibrium
restored

Increase in
input

Increase in
output

FIGURE 10.1 Mechanisms by which balance is restored.
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a substantial negative balance of calcium for 10 years
or longer is a common occurrence. Similarly, a positive
caloric balance of 500 calories a day for a year will
result in a total positive balance of 182,500 calories
(5003 3655 182,500). This amount would result in an
increase in adipose tissue weight of about 50 lbs, an
undesirable situation, but with no immediate effect on
survival.

A large storage capacity does not guarantee a pro-
tracted imbalance. A quantitative analysis must be
applied before that conclusion is reached. Once it was
widely accepted that a large store of alkali of the bone
was responsible for the maintenance of stable serum
bicarbonate concentrations in chronic renal failure,
despite a substantial daily positive balance of acid.3,4

However, this conclusion was reached without quanti-
tative analysis. The bone content of alkali is indeed
very large, but it is not sufficiently large to provide
19 mEq of alkali per day for six years in chronic renal
failure. Since the total content of acid in the bone is
about 25,000 mEq, a quick calculation would indicate
that at a rate of consumption at 19 mEq per day, the
entire bone content of alkali would be gone in about
3.6 years. Clearly, uremic patients with metabolic aci-
dosis are in states of good or near acid�base balance,
i.e., acid production equals acid excretion.

The cumulative net loss of a substance from the
body cannot exceed the total amount of that substance
contained in the body (Table 10.2). For example, one
can conclude with certainty that a person who has
total body sodium content of 3500 mEq could not have
been in daily negative balance of sodium by 10 mEq
per day for one year, since the total loss of 3650 mEq
(103 3655 3650) would exceed the total body store of
sodium. Even before exceeding the total body content,
one cannot exceed a physiological limit of deficit for
the substance. For example, potassium loss in excess of
a third of the body store (3000 mEq) is usually fatal.
Hence, you would reject a claim that a patient with
Conn’s tumor has been losing 20 mEq of potassium
daily for three months, since loss of such an amount
(203 303 35 1800 mEq) would certainly be lethal.
In contrast, the body can tolerate a greater fraction of
sodium loss. A person who loses half of the body’s
sodium would be gravely ill, but still alive.

While the total stored amount sets the absolute
upper limit on losses, the amount that can be gained

depends on the additional storage capacity, which var-
ies widely with electrolytes. In the case of sodium, the
storage capacity for additional Na1 in the body is
enormous. In certain edema-forming states, the Na1

content may increase by 300% of the basal amount.
Caloric balance is another example. In a normally-built
adult, the total stored in fat and protein is about
130,000 calories. At the caloric consumption rate of
1200 calories per day, about 50% of the stored calories
would be consumed in 55 days. In contrast, a person
can gain as much as 500 lbs of fat, which are equal to
4,500,000 calories, about 35 times the normal caloric
storage.

MECHANISM OF BALANCE
RESTORATION

All control mechanisms are activated by the intro-
duction of a new influence into a system that causes
imbalance between input and output of an element,
and this leads to an alteration in a parameter of the
element in the system. In biological systems, para-
meters that are most often disturbed are concentrations
of elements in the plasma. Other disturbed parameters
include pressure, volume, temperature, and body
weight. Alterations in a parameter affect either input
or output, which in turn affects the parameter directly
or indirectly. Examples of an element that is directly
responsible for a change in a parameter are balance of
potassium (element) affecting plasma potassium con-
centration (parameter), and balance of magnesium
(element) affecting the plasma magnesium

TABLE 10.1 Factors Influencing the Speed of Balance
Restoration

1. Magnitude of flux.
2. Basal store.
3. Capacity for additional storage.
4. The physiological limit for deviation of the body content.

TABLE 10.2 Major Elements of Human Body: Total Body
Content, Daily Turnover Rate, and Days Required for 50%
Turnover

Body

Elements

Total Body

Content

Usual Daily

Turnover

Days for 50%

Turnover

Na 3500 mEq 4% 12

K 3000 mEq 2.3% 22

Ca 60,000 mEq 0.01% 2700

Mg 2000 mEq 0.5% 100

P 18,000 mmol 0.17% 290

Water 40 L 5% 10

Alkali 28,000 mEq 0.2% 250

Calories 130,000 kcal 1.5% 33

Creatinine 400 mg 400% 0.12

Urea-N 4000 mg 250% 0.2
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concentration (parameter). Examples of an element that
is indirectly responsible for a change in parameter
include the balance of sodium (element) affecting the
effective vascular volume (parameter), and the balance
of calories (element) affecting body weight (parameter).

The effectiveness of the compensation mechanism
determines the degree of deviation of a parameter from
the baseline value when the balance is restored. A poor
compensation mechanism restores balance with the
parameter greatly deviated from the baseline value. An
example of a poor compensation mechanism is a change
in plasma urea concentration with a change in the rate
of urea production. When urea production doubles, the
renal excretion will eventually also double and equal
the increased production rate. However, at equilibrium
the plasma urea concentration will be twice the baseline
value. An example of a good compensation mechanism
is a change in a sodium content of the body in response
to a change in sodium intake. When salt intake is dou-
bled, renal excretion of salt will eventually double; at
this point the total body sodium content would be very
slightly greater than the baseline value.

MODELS OF EXTERNAL BALANCE

The pattern of restoration of new balance for control
of various elements in the human body is broadly clas-
sified into three models. The main source of input for
most electrolytes in our body is oral intake and the
main output the renal excretion, with some additional
output through the GI tract.

Model A

This model is depicted in Figure 10.2 as a cylinder
filled with water. Water enters from a faucet into the
cylinder, and leaves through a hole at the bottom. The
height of the water column depends on water input
and water output, and water output in turn depends on
the size of the hole at the bottom and the hydrostatic
pressure. The hydrostatic pressure in turn depends on
the height of water column. Under these conditions,
only two factors can change the height of the water col-
umn permanently; the rate of water input and the size
of the hole. If the rate of water input is doubled while
the size of the outlet hole is kept constant, water output
will also double when the balance is restored.

With the same size outlet hole, doubling of water
output would require doubling of hydrostatic pres-
sure, which in turn requires doubling of the water col-
umn height. Before balance is restored, the water
column height rises, because water input exceeds
water output. The rise in the water column height
gradually increases the hydrostatic pressure, and

therefore the water output. Hence the discrepancy
between the water input and the water output gradu-
ally lessens. However, as long as water input remains
greater than water output, the water level will keep
rising, and the rise will stop only when the water out-
put equals the water input; this occurs when the water
column height is exactly doubled.

Conversely, decreasing the size of the outlet hole to
double the resistance to water flow, with an
unchanged rate in the water input, would initially
reduce the water output to half. The ensuing imbal-
ance between the water output and the water input
would cause a rise in the water column height. A high-
er hydrostatic pressure resulting from the rise in the
water column would allow more water to come out
through a narrower hole. Thus, in this example, dou-
bling of the water column height will restore the water
output to the baseline value.

The main characteristic of this type of compensation
is that the alteration in content or concentration caused
by a disturbance is directly or inversely proportionate
to the magnitude of the alteration in input or output
function. For example, if the input of a substance is
doubled, the content or concentration of the substance
will be doubled when balance is restored. If input is
increased three-fold, the content or concentration will
be tripled. Similarly, if the output function is halved,
the content or concentration will be doubled when bal-
ance is restored. If the output function is reduced to
one tenth of the baseline, the content or concentration
will be increased ten-fold when balance is restored.

Many substances in the body follow this pattern of
compensation mechanism in order to achieve a new bal-
ance. When a substance follows this pattern of compen-
sation, the body must have a high degree of tolerance
for a large deviation in the body content or concentra-
tion for the substance. For example, if creatinine clear-
ance diminishes to half of the baseline value with an
unchanged creatinine production rate, serum creatinine
concentration will double in order to achieve the same
rate. Similarly, if creatinine production is reduced to
half of the baseline value with the same renal creatinine
clearance, serum creatinine concentration will be half of
the original value. Likewise, if urea production is dou-
bled, with unchanged kidney function, serum urea con-
centration is doubled when balance is restored.

Model B

In this model, the cylinder has a wedge-shaped slit
on its side instead of a hole at the bottom (Figure 10.3).
Water enters the cylinder from a faucet, and leaves
through the slit. As in model A, water output depends
on the height of the water column. But, because of the
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wedge shaped slit, the effect of a rise in water level on
water output is exponential. Therefore, when water
intake doubles, doubling of water output does not
require doubling of the water column height.
Depending on the shape of the slit, the water level
may rise only slightly before a new balance is restored.
In other words, an increase in water output in
response to a change in the height of water column is
magnified in this system. Furthermore, unlike model
A, when the water level drops below the lowest part
of the slit, water output stops altogether.

The regulation of the body content or plasma concen-
tration of most electrolytes and other essential body ele-
ments utilizes this type of compensation. For example,
when potassium intake is increased five-fold, plasma
potassium concentration does not increase five-fold
when balance is restored. In the presence of normal
renal function and normal aldosterone response, plasma
potassium concentration will increase only slightly.
Likewise, a five-fold increase in sodium intake causes
only a slight increase in body sodium content or plasma
sodium concentration; when sodium intake is greatly
reduced, the body sodium content decreases only
slightly before renal sodium excretion ceases.

Model C

The pattern of water excretion in model C
(Figure 10.4) is similar to model A, but in this model
two cylinders, one big (A) and the other small (B), are

connected at the bottom. Water enters only into cylin-
der A, but once it enters, it equilibrates with cylinder
B. Ordinarily, because cylinder A has a bigger hole
than cylinder B, the water output is determined pri-
marily by the size of hole A. However, as the size of
hole A decreases, the role of hole B increases. When
water input is doubled, the height of the water column
will have to be doubled in order to permit establish-
ment of a new steady-state. On the other hand, when
the resistance to flow through hole A is doubled, the
height of the water column will be less than doubled
when balance is restored, provided that the size of
hole B is unchanged.

When the excretion rate through hole A decreases,
the excretion through hole B becomes more important.
The regulation of plasma concentration of uric acid fol-
lows the pattern in model C. Uric acid is cleared by
the kidney, and is also cleared metabolically by colonic
bacteria. The renal clearance of uric acid is normally
about 8 liters per day, and the colonic clearance is
about 4 liters per day. Thus, 2/3 of the uric acid pro-
duced is cleared by the kidney and 1/3 by the colon.5

If the plasma concentration of uric acid is 5 mg/dl
(50 mg/L), renal excretion of uric acid would be
400 mg per day (uric acid clearance of 8 liters per day),
and the amount cleared by the colonic bacteria would
be 200 mg, with a total uric acid removal rate of
600 mg per day. If chronic renal disease reduces the
renal clearance of uric acid to 4 L a day (half of nor-
mal), total uric acid clearance would now be 8 liters

Input : 2 L/Min

Output : 2 L/Min

Input : 4 L/Min

Output : 2 L/Min

Input : 4 L/Min

Output : 4 L/Min

FIGURE 10.2 Model A. The input and output determines the balance, but the output changes in proportion to the height of the water col-
umn. When the water input doubles while the size of the output hole remains unchanged, the only way for the output to increase to the same
level as the input is to double the height of the water column. At this point, a new balance is struck between input and output. For example,
if creatinine production doubled while creatinine clearance remained unchanged, serum creatinine concentration will be doubled when a new
balance is achieved between creatinine production and creatinine excretion
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per day, if the colonic clearance remained unchanged
at 4 liters per day. If the rate of production remained
the same (600 mg/day), plasma uric acid concentration
would not double to 10 mg/dl, but would increase to
7.5 mg/dl, because total body uric acid clearance
would be 8 liters per day (41 45 8 liters); at this con-
centration, the total amount of uric acid cleared would
be 600 mg/day (75 mg/L3 8 L/day5 600 mg/day).

The regulation of plasma creatinine concentration fol-
lows the same type of compensation as shown in model
C. Normally, creatinine is cleared mainly by the kidney,
with a daily clearance of about 180 liters, but the colonic
bacteria also remove a small amount of creatinine, pro-
viding about 3 liters of creatinine clearance per day.6

Thus, normally the colonic clearance, which constitutes
less than 2% of the total creatinine clearance, has little
impact on the plasma concentration of creatinine.
However, in the presence of advanced renal failure,
which does not diminish the colonic clearance of creati-
nine, it could have a substantial impact on plasma con-
centration of creatinine. For example, in a person who
has 5 ml/min of renal creatinine clearance (7.2 liters per
day), 3 liters of colonic clearance would now represent
about 30% of the total creatinine clearance. For these
reasons, the rate of rise in serum creatinine in advanced
renal failure is not exactly inversely proportionate to
the reduction in renal clearance of creatinine.

INFINITE GAIN CONTROL MECHANISM

The ultimate aim of all compensation mechanisms is
restoration of balance between input and output, after
balance is disturbed by introduction of an abnormality.
In most instances restoration of balance is possible only
when the abnormality persists. For example, increased
renal excretion of potassium by primary hyperaldoster-
onism will result in imbalance between input and

Input : 2 L/Min

Output : 2 L/Min

Input : 4 L/Min

Output : 2 L/Min

Input : 4 L/Min

Output : 4 L/Min

FIGURE 10.3 Model B. As in model A, input and output determines the balance, and output depends on the height of water column.
However, unlike model A, a change in water output by the change in the height of water column is magnified. When the height of water col-
umn increases slightly, water output increases greatly, and a decrease in its height reduces water output markedly. Furthermore, when the
height of the water column decreases below a certain level, output ceases completely. Thus, doubling of input from 2 liters per minute to 4
liters per minute requires increases in water level only slightly before output also increased to 4 liters a minute.

Output
Output

Input

H

FIGURE 10.4 Model C. Two compartments A and B are con-
nected to each other, and each has an outlet hole. Water output from
both compartments depends on the height of water column. Because
hole A is much larger than hole B, the bulk of water output occurs
through hole A. When hole A becomes smaller, output through hole
B plays a greater role in water output.
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output, with output exceeding input. Development of
hypokalemia is needed for output to decrease to match
input, and hypokalemia is the price that must paid in
order to restore balance. Similarly, an increase salt
intake would result in chronic volume expansion, in
order for salt excretion to increase to equal the
increased intake. The infinite gain control mechanism,
to be discussed below, is unique in that the abnormality
is corrected completely when a balance is restored.

This principle is well illustrated in Figure 10.5.
In this model system, water enters the tank from a fau-
cet at the top, and leaves the tank through a hole at
the bottom. The input is independently regulated, but
the water output depends on two factors, the size
of the outlet hole and the hydrostatic pressure. The
hydrostatic pressure in turn depends on the water
level, which is determined by the balance between the
water input and water output. At equilibrium, the
water input is equal to the water output. What would
happen if the capacity of the tank is suddenly altered
at this point by, for example, placing a brick in the
tank, without a change in the water input or the size of
outlet hole (i.e., output function)? Initially, the water
level would rise and hydrostatic pressure at the bot-
tom of the tank would be increased. The higher pres-
sure with the same size outlet hole would cause the
output of water to exceed water input. The consequent
imbalance between the input and output would cause
a gradual decline in the water level. But, as long as the
water level is higher, even slightly, than the baseline
value, the water output will exceed the water input.
Only when the water level decreases to the original
level, will the water input equal the water output.
A sudden increase in the capacity of the tank, for
example by creating a pouch on the tank, would cause
an imbalance between the water input and the water
output because of the initial reduction in the water
level and the hydrostatic pressure, but the discrepancy
would be only transient. At equilibrium, the water
level will return to the original level.

This type of compensation mechanism is ubiquitous
in various physiological and pathological states in the
human body, but the importance of this mechanism
was first recognized by Guyton, who presented the
concept in his discussion of the regulation of arterial
blood pressure.7�10 He boldly predicted that in the
absence of an altered function of renal excretion of
salt, no abnormality will sustain hypertension chroni-
cally. This prediction was made on the basis of the
observation that the arterial blood pressure is normally
a powerful regulator of renal salt excretion, and that a
minute increase in blood pressure results in a large
increase in salt excretion, and salt excretion in excess
of salt intake will continue until the blood pressure
returns to normal9.

Suppose hypertension develops as a result of
increased systemic vascular resistance, while the
responsiveness of the kidney to changes in blood pres-
sure to influence salt output (i.e., renal function curve
in response to blood pressure) remains unchanged; the
higher the pressure, the higher the renal salt output.
Increased salt output caused by a higher blood pres-
sure in the absence of commensurate increase in salt
intake would lead to a negative salt balance. The nega-
tive salt balance would reduce effective vascular vol-
ume, circulating blood volume, and eventually cardiac
output. A lower cardiac output will reduce blood pres-
sure to a lower level, but as long as the blood pressure
is still higher than the baseline, salt output will remain
greater than the basal salt output. The salt output in
excess of salt intake progressively reduces the salt con-
tent of the body. Only when blood pressure returns to
the original value will the renal salt output return to
the baseline value. At this point, balance is restored
between salt intake and salt output, and the abnormal-
ity in blood pressure is completely dissipated.

In Guyton’s use, the term “gain” is defined as the
fraction of abnormality that has been corrected divided
by the fraction yet to be corrected.8 For example, if an
abnormality causes an increase in blood pressure, and
a control system brings it back halfway to the original
value, the feedback gain is one (0.5/0.55 1). Gain is
zero if a control system does not correct at all (0/
15 0). Gain is infinite if the abnormality is almost all
corrected completely with virtually nothing left to be
corrected, because division of a number with an infi-
nitely small number results in an infinitely large
number.

What is the reason why an abnormality disappears
completely in the infinite gain control mechanism, but
not in other control mechanisms? The main difference
is in the nature of the influence that causes distur-
bances in the system. When the disturbance affects
either input or responsiveness of the system to change
in a parameter for the output (i.e., output function),
the abnormality will not be corrected completely, and
the compensation mechanism does not involve the infi-
nite gain control mechanism. On the other hand, when
the disturbance introduced is not one of these two
kinds, the compensation mechanism is an infinite gain
control mechanism.

COMMON MISCONCEPTIONS AND NEW
INSIGHTS

A series of topics discussed in the following section
deals with widespread misconceptions regarding prin-
ciples related to restoration of balance states.
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There is no Set Point for Renal Salt Excretion

Hollenberg, citing the earlier writing on the same
subject by Straus and colleagues11proposed a hypothe-
sis for the existence of a set point for the regulation of
body sodium content by the kidney. The set point is
defined in his writings as the level of sodium content
in the body that the kidney tries to maintain as the
normal and desirable level. Henceforth, this hypothesis
will be called the set point hypothesis. The evidence for
the set point hypothesis follows.

First, when sodium intake is suddenly reduced, the
rate of decrease in urine sodium excretion is exponen-
tial. The authors of the hypothesis consider the expo-
nential decline thermodynamically unsound. If the
decline were in response to progressive volume deple-
tion, the authors argued, the decline should be acceler-
ating, not declining exponentially. Second, when
patients in sodium balance on a low sodium diet
(10 mEq/day) were given a small amount of extra
sodium (e.g., 30 mEq), the extra sodium was promptly
excreted. It is further argued that if the patient had
been volume depleted at the time, he should not have
excreted the extra sodium. Finally, when a patient who
was volume depleted by chronic diuretic therapy was
given sodium, no sodium diuresis occurred until the
body sodium content was brought back to the level
that was achieved on zero sodium intake.

On the basis of these observations, the set point for
renal sodium excretion was defined as the amount of

sodium in the body when the subject is in balance on a
salt-free diet. Accordingly, most humans are in a state
of sodium excess, and hence the unloading of excess
sodium diminishes the stimulus for sodium diuresis,
producing an exponential decrease in renal sodium
excretion. It was further argued that the absence of a
set point would lead to chaos, and a control system
without a reference point is unimaginable. The possi-
bility of a set point being higher or lower than the
level defined above was dismissed; the exponential
decrease in sodium excretion on a salt-free diet is con-
sidered to be evidence against a higher set point,
whereas the absence of sodium diuresis upon salt
administration in patients pretreated with a diuretic
was thought to be evidence against the existence of a
lower set point. The set point hypothesis has been
debated in the public forum previously12,13 - but the
uniqueness of the current argument against the
hypothesis is that it is advanced by the use of counter
examples (three counter examples follow).

1. When water intake is suddenly stopped after a
period of normal water intake, the pattern of urine
water output follows the same pattern as the renal
salt output after sudden curtailment of salt intake.
With increasing water deficit on a zero water intake,
urine output declines exponentially, not
accelerating, despite progressive water deficit and
progressive activation of the water-conserving
mechanism. Clearly, the water content of the body

Input : 2 L/Min

Output : 2 L/Min

Input : 2 L/Min

Output : 3 L/Min

Input : 2 L/Min

Output : 2 L/Min

FIGURE 10.5 An example of infinite gain control mechanism. Water input and water output determine the balance, but water output is
determined by the size of the hole at the bottom and the height of the water column. If water input and the size of the hole at the bottom
remain unchanged, any change in the capacity of the tank will alter the height of water column only temporarily. For example, putting a brick
into the tank reduces the capacity of the tank. This will increase the water column height only transiently. A higher level of water column
with the same size of outlet hole will increase water output. Water output in excess of water input gradually decreases the height of the water
column. Only when the height of the water column returns to the original level, is a balance restored between input and output.
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on zero water intake cannot be the desirable water
content.

2. When a patient is on a potassium-free diet, urinary
excretion of potassium declines exponentially, not
accelerating, despite a progressive increase in
potassium deficit. Again, no one would argue that
the potassium content of the body on zero
potassium intake is the desirable body potassium
content.

3. The arterial pCO2 declines exponentially with
increasing severity of metabolic acidosis, despite
metabolic acidosis becoming more and more severe.

These counter examples indicate that the finding that
urinary sodium declines exponentially neither supports
nor argues against the existence of a set point, as previ-
ously defined. When sodium intake is stopped, urine
sodium decreases progressively because effective vascu-
lar volume declines progressively, and as a result sodium
reabsorption mechanisms in the kidney are activated pro-
gressively. Whether the body sodium content at usual
sodium intake is normal or excessive is not a question
that can be decided by the pattern of renal sodium excre-
tion, just as we cannot decide the normal plasma potas-
sium concentration by the pattern of renal potassium
output in response to a change in potassium intake.

In an attempt to define a normal value in the set
point hypothesis, a special meaning has been attached
to the pattern of renal sodium excretion. However, nor-
malcy of any physiological values must ultimately be
decided by their relation to morbidity and mortality.
Given the well-known effects of the body salt content
on blood pressure, it may be more advantageous to
have a salt content that is achieved on a near salt-free
diet than the content attained on the current usual salt
intake. The fact that the body’s sodium content attained
on a near salt free diet is more advantageous to human
health is, in my opinion, pure chance, but may have
contributed to the set point hypothesis. At different
times in human history, a slight excess in sodium con-
tent might have been beneficial to survival, when salt
was not readily available in many parts of the world
and salt loss was a common occurrence from gastroen-
teritis and sweating. This scenario seems more plausi-
ble when one realizes that the main adverse effect of
excess salt content in the body is increase in blood pres-
sure, and hypertension was not the main cause of death
when the average lifespan was 30 to 40 years.
Normally, urine sodium excretion decreases when
effective vascular volume declines. Thus, the relation-
ship between effective vascular volume and renal
sodium excretion can be summed up in one sentence:
the lower the effective vascular volume, the lower the
renal sodium output, and the higher the effective vascu-
lar volume, the higher the renal sodium output.

As explained in model B (Figure 10.3), the relation-
ship between renal sodium excretion and effective vas-
cular volume is not continuous; below a certain level
of effective vascular volume, renal sodium output vir-
tually disappears, and this happens before any overt
signs of clinical dehydration. When effective vascular
volume decreases further, renal sodium excretion can-
not decrease further because renal sodium excretion
cannot be a negative number, even though the sodium
retaining mechanisms are even more activated.
Administration of sodium in such a state would not
cause sodium diuresis until effective vascular volume
increases to a higher level. The proponent of the set
point hypothesis asks the question: “if a subject is vol-
ume depleted on 10 mEq per day sodium diet, why
would he excrete the administered sodium?” The sim-
ple answer would be “because he is less volume
depleted now.”

It is the central core of the set point hypothesis that
the kidney stops excreting sodium at the set point, i.e.,
the salt content attained at near zero sodium intake, in
order to preserve the most desirable value of body
sodium content. However, that is not the consistent
behavior of the kidney. Urine output never becomes
zero until the kidney is completely shut off, despite
progressive water deficit and clear clinical evidence of
dehydration. Likewise, renal potassium output does
not cease on a zero potassium intake, despite clinically
evident hypokalemia.14

Renal Salt Output Does Not Exceed Salt Intake
in Salt Losing Nephropathy

An often-cited diagnostic criterion for salt losing
nephropathy is urine sodium excretion in excess of
sodium intake.15 This is obviously impossible on a
chronic basis, just as chronic diuretic therapy cannot
produce persistent net sodium loss. Salt intake must
equal salt output in the long run, but transient imbal-
ance often occurs. Salt output exceeds intake while vol-
ume depletion develops, but the reverse occurs when
volume depletion is being corrected. If a patient with
salt-losing nephropathy who had been on a high-salt
diet reduces salt intake because of an illness, the
patient will develop volume depletion, and during this
period urine salt output exceeds salt intake, and hence
a negative salt balance occurs. On the other hand,
when the same patient resumes his usual salt intake or
receives intravenous fluid, salt balance will be positive
during the period of recovery. The diagnosis of salt
losing nephropathy requires documentation of inap-
propriate urinary salt excretion in the presence of vol-
ume depletion.
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Mechanism of Low Urea Nitrogen
Concentration in Liver Disease

It is often stated that serum urea nitrogen level is
very low in chronic liver disease because urea is pro-
duced in the liver, and the diseased liver cannot pro-
duce urea at the normal rate.16 It is obvious that a low
serum urea concentration without increased urea clear-
ance must be due to reduced production, but impaired
liver function is not the reason for reduced production.
Once ingested protein is broken down to individual
amino acids, and is absorbed into the bloodstream, it
has three metabolic pathways: (1) metabolism to urea
to be excreted in urine; (2) metabolism to non-urea
nitrogen compounds to be excreted in urine; and (3)
protein synthesis. Patients with chronic liver disease
are not in a state of net protein synthesis, i.e., an ana-
bolic state. Major non-urea nitrogen compounds nor-
mally excreted in urine include ammonia, amino acids,
creatinine, and uric acid, and urinary excretion of these
compounds is not increased in chronic liver disease.
One might suggest that nitrogen could accumulate as
ammonia in the blood as metabolic conversion of
ammonia to urea is impaired in liver disease. In severe
liver disease, ammonia concentration in plasma is
indeed increased, but the total amount of nitrogen that
can accumulate in the body in the form of ammonia
without fatal consequences is extremely small. The
concentrations of ammonia in plasma are expressed in
micrograms per dl, whereas those of urea are in milli-
grams per dl. Accumulation of only 10% of ingested
nitrogen as ammonia instead of its conversion to urea
would lead to fatal hyper-ammonemia within hours.

The only logical explanation for low urea produc-
tion, therefore, is reduced protein intake. Chronic alco-
holics often have persistently low protein ingestion,
and they have low plasma urea nitrogen. However,
any normal person ingesting a low protein diet will
also have low urea nitrogen production, and therefore
low plasma urea nitrogen. A strict vegetarian often has
a low urea nitrogen concentration, for these reasons.
When a patient with a liver disease has a G-I hemor-
rhage, serum urea nitrogen concentration rises
promptly, indicating that the diseased liver can pro-
duce urea rapidly when substrate is available. If a per-
son with severe liver disease ingests a normal amount
of protein, urea production will be normal, but plasma
ammonia will be higher.

It is a general rule that an impaired metabolic path-
way does not reduce the output of its metabolic prod-
uct unless there is another pathway to which the
precursor of the product can be shunted. In the
absence of another pathway, at equilibrium the con-
centration of the precursor will be increased, and the
rate of output of the metabolic product will return to

the baseline. The situation is analogous to the quantity
of creatinine excretion in chronic renal failure. When
the kidney function is impaired, the amount of creati-
nine excreted in the urine does not decrease, as long as
creatinine production remains unchanged. The amount
excreted will decrease at the onset of renal failure, but
at equilibrium it will return to baseline. One does not
measure the rate of urinary creatinine excretion as a
means of determining renal function; one looks at
serum creatinine concentration instead. Likewise, the
rate of production of urea by the liver does not offer
any clue to the level of liver function, but serum
ammonia level does.

Sodium Intake and Sodium Balance are Poor
Predictors of Effective Vascular Volume

The assessment of effective vascular volume by uri-
nary sodium excretion is a widely used and useful
clinical tool. Most physicians, however, believe that
knowledge of both sodium intake and urine sodium
output provides a better clue to the status of effective
vascular volume. The following example explains why
this reasoning is flawed.

Question: Two subjects, A and B, have been admit-
ted to the hospital with unknown status of their effec-
tive vascular volume. Subject A is given a diet
containing 100 mEq of sodium per day, and subject B
gets a sodium intake of 20 mEq a day. In the next 24
hours, subject A excretes 60 mEq of sodium per day,
and subject B excretes 40 mEq of sodium per day. On
the basis of this information, which subject do you
believe has a higher effective vascular volume? You
should assume that neither subject has any renal or
hormonal disorder that would affect renal sodium
excretion.

Answer and discussion: The most common answer
is that A has a lower effective vascular volume than B.
The reasoning for the answer: person A is in positive
sodium balance because the “smart kidney,” sensing
volume depletion, retains sodium, whereas person B is
in negative sodium balance because the “smart kid-
ney,” sensing the volume expansion, compels him to
excrete the excess sodium. It is true that the balance
data indicates that A is in a state of sodium retention
and B in a state of sodium loss. However, sodium
retention need not indicate the presence of volume
depletion, and sodium loss not does prove the state of
expanded volume. The following examples will make
these points obvious.

A person in salt balance while ingesting 100 mEq of
sodium per day suddenly increased sodium intake to
200 mEq per day. Salt excretion will eventually
increase to the same level as intake, but not on the
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first day. If adjustment in salt excretion matched intake
immediately, there would be no retention of sodium,
and there would be no harmful effect of a high salt
intake. Instead, there would be some sodium retention.
On the first day he may excrete only 150 mEq, causing
net retention of 50 mEq of sodium. The positive
sodium balance in this instance is due to increased
intake, not to reduced excretion. Furthermore, a posi-
tive sodium balance increases the effective vascular
volume to a higher level than the previous day, and
the higher effective vascular volume is indeed the rea-
son for the greater urinary sodium excretion. Clearly,
positive sodium balance does not necessarily mean
low effective vascular volume.

In another example, a patient with intractable heart
failure is ingesting 50 mEq of sodium per day and
excretes only 10 mEq per day. He is retaining sodium
avidly, and hence the term renal sodium retention
would be appropriate in this setting, as positive
sodium balance in this instance is due to low effective
vascular volume. Frustrated by relentless sodium
retention, the physician prescribes a salt-free diet, and
urine sodium drops further to 5 mEq per day. At this
point, however, his overall sodium balance is 25 mEq
per day. Can we say, then, that his effective vascular
volume is no longer diminished, since he is no longer
retaining sodium?

Sodium intake itself has no direct effect on renal
sodium output. Any influence of sodium intake on
renal sodium output is always mediated through effec-
tive vascular volume, because balance between sodium
intake and sodium output influences effective vascular
volume. If we think of renal sodium output in terms of
model B (Figure 10.3), the height of the water column
represents effective vascular volume. Just as the only
factor that influences water output in model B is the
height of water column, the only factor that influences
renal sodium excretion directly is effective vascular
volume. The higher the effective vascular volume, the
higher is the urine sodium; the lower the effective vas-
cular volume, the lower is the urine sodium. Once this
relationship is understood, the question regarding sub-
jects A and B is easy; subject A has higher effective
vascular volume, because he is excreting more sodium
in urine than subject B.

The reason for the widespread belief that sodium
intake and output is a better predictor of effective vas-
cular volume is likely to be due to the misuse of the
term renal sodium retention. The train of logic goes as
follows. First, sodium intake in excess of sodium out-
put represents sodium retention. Second, sodium
retention in most clinical situations is due to reduced
renal excretion of sodium. Third, reduced renal excre-
tion of sodium is most often due to low effective vas-
cular volume. Fourth, therefore sodium retention is

most often due to low effective vascular volume.
Finally, any sodium retention, i.e., positive sodium bal-
ance, signifies low effective vascular volume. Although
the fatal error in reasoning is in the final step, the
major mistake occurred in the thinking that sodium
retention is always due to reduced renal sodium out-
put, instead of thinking that it is usually due to
reduced renal sodium output.17

Does Overflow Mechanism Explain
Ascites Formation?

The overflow theory of ascites formation states that
an important mechanism of sodium retention in ascites
formation in cirrhosis of the liver is primary renal
sodium retention due to a diseased liver. The argu-
ment is based on the data from drug-induced cirrhosis
of the liver in dogs, which developed ascites and salt
retention in the absence of signs of reduced effective
vascular volume, such as elevated PRA and plasma
aldosterone concentration. On the basis of these obser-
vations, the authors of the study concluded that renal
sodium retention could not have been a response to
volume depletion caused by loss of fluid to the perito-
neal cavity (i.e., under-filling), and therefore renal salt
retention was a primary event that led to increased
effective vascular volume resulting in the ascites for-
mation (i.e., overflow).18,19 Two major errors were
made in this line of thinking.

The first error is the assumption that the proof of
salt retention (i.e., positive salt balance) due to the
under-filling mechanism requires the presence of overt
volume depletion. The following example will demon-
strate how effective vascular volume could remain
“normal” during the period of positive salt balance by
an under-filling mechanism. Assume that a person,
who has been in salt balance while ingesting 15 g of
salt a day and excreting 15 g a day, develops chronic
diarrhea and loses 5 g of salt in the stool daily. The net
GI absorption of salt after subtracting the amount lost
in the stool would then be 10 g per day, and he would
excrete 10 g of salt in the urine per day. His effective
vascular volume during diarrhea will be lower than it
was before the start of diarrhea, but not lower than
that of a person ingesting only 10 g of salt per day
without diarrhea. Likewise, if a person ingesting 15 g
of salt per day develops ascites slowly, and sequesters
5 g of salt daily in the peritoneal space, his effective
vascular volume would not be lower than a person
who ingests 10 g of salt a day without development of
ascites. In both cases, ingestion of 15 g of salt, in the
absence of abnormal salt loss, would have resulted in
excretion of 15 g of salt. With ascites formation or diar-
rhea, the kidney excretes 10 g instead of 15 g, because
the effective vascular volume is slightly lower than in
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a person without ascites formation or diarrhea. In both
cases, the reduction in renal sodium output clearly
was in response to “under-filling,” even though there
would be no discernible volume depletion. In both
examples, effective vascular volume was maintained
sufficiently high to allow renal excretion of 10 g of salt
a day. If plasma renin activity were measured during
the period of sodium retention in these examples, it
would have been normal. The absence of apparent vol-
ume depletion in any edema-forming conditions does
not prove that the kidney did not retain sodium in
response to a volume stimulus.

The second error is the failure to recognize that the
infinite gain control mechanism operates in ascites for-
mation by the under-filling mechanism. If the salt intake
and the function curve for renal salt output remain
unchanged, effective vascular volume would return to
the baseline when steady-state is achieved. The sequence
of events would be as follows. Ascites formation by the
transudation of fluid from the vascular space into the
peritoneal cavity would reduce effective vascular vol-
ume, which reduces renal salt output. The normal salt
intake with reduced renal salt output causes salt reten-
tion, which would tend to increase effective vascular vol-
ume. However, as long as effective vascular volume
remains lower than the baseline value, renal salt output
will remain lower than the baseline, and the positive salt
balance will continue. Only when effective vascular vol-
ume returns to the baseline, will renal salt output return
to the baseline, and the salt retention will stop. Thus, at
equilibrium, effective vascular volume in any patient
with ascites would be normal, unless he is treated with a
low-salt diet or a diuretic.

Main Mechanism of Nephrotic Edema: Low
Oncotic Pressure versus Primary Renal Salt
Retention

It has been suggested that primary renal salt reten-
tion plays a more important role in the formation of
nephrotic edema than low oncotic pressure which
would cause secondary renal salt retention.20 This
belief is based on the observation that in untreated
subjects with nephrotic syndrome, plasma renin activ-
ity is often reduced. The reasoning goes this way: if
low oncotic pressure is the primary cause of edema
formation, transudation of fluid from the vascular
space into the interstitial space would reduce effective
vascular volume, which is expected to increase plasma
renin activity; the suppressed plasma renin activity,
therefore, is the evidence for primacy of primary salt
retention in the pathogenesis of nephrotic edema.

The flaw of this reasoning lies in the faulty assump-
tion that edema due to low oncotic pressure must
be accompanied by low effective vascular volume.

The truth is that nephrotic edema entirely due to low
oncotic pressure would not maintain low effective vas-
cular volume, unless the patient is treated with salt
restriction or a diuretic. The compensation mechanism
against a low effective vascular volume in such situa-
tions would be the infinite gain control mechanism.

Imagine a patient in a third world country develops
nephrotic syndrome. The patient is not treated with a
diuretic, and he does not know the value of a low-salt
diet in treating edema. He continues to ingest a diet
that contains the usual amount of salt. Yet almost
invariably, his renal salt output returns to the baseline
and salt retention stops. Otherwise, the patient will
develop relentless sodium retention and progressive
edema, and will die in a relatively short period with
massive edema. Since a slight reduction in effective
vascular volume diminishes renal sodium excretion to
virtually zero, restoration of renal sodium excretion to
a usual normal value is proof that effective vascular
volume has been restored to normal. Plasma renin
activity at this point would be normal.

If a patient now develops a renal disease that results
in primary renal salt retention, edema will be worse
and effective vascular volume will be greater than the
usual value, which would cause suppression of plasma
renin activity. When the natriuretic effect of the
increased effective vascular volume is sufficient to
counterbalance the sodium retaining effect of the renal
disease, renal sodium output will increase further to
achieve a new balance. At this point, edema will not
progress any further. The presence of suppressed
plasma renin activity in a patient with nephrotic syn-
drome is a strong indication for the presence of pri-
mary renal sodium retention, but it does not prove
that low oncotic pressure is not the main cause of
edema formation. Indeed, primary renal Na retention
alone, e.g., acute glomerulonephritis, rarely causes as
severe edema as a non-nephrotic cause of low oncotic
pressure, such as severe protein malnutrition.

CLINICAL APPLICATION OF EXTERNAL
BALANCE

A serious topic discussed below utilizes the princi-
ples of external balance to explain physiological con-
cepts and clinical manifestations of certain disorders of
fluid and electrolyte balance.

Determinants of Sodium Delivery to the
Cortical Collecting Duct and Renal K Excretion

According to the principles outlined at the begin-
ning of this chapter, in the steady-state, sodium output
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is equal to sodium intake, including all salt-retaining
and salt-wasting conditions, such as hyperaldosteron-
ism and hypoaldosteronism. One might therefore con-
clude that sodium delivery to the cortical collecting
duct cannot remain chronically abnormal unless intake
is altered. However, the principles discussed in earlier
sections predict that total sodium output will eventu-
ally equal intake; it does not predict that sodium deliv-
ery to any particular nephron site cannot remain
chronically altered.

In the steady-state, a patient receiving chronic
diuretic therapy or one with primary hyperaldosteron-
ism will excrete the same amount of sodium as before
the abnormalities developed, if the intake remains the
same. In both states, however, a greater amount of
sodium would be reabsorbed at the collecting duct
because of the increased aldosterone effect, but the
amount excreted in the final urine cannot be more
or less than the intake. To satisfy both conditions,
sodium delivery to the collecting duct at the time of
balance restoration must be increased in hyperaldos-
teronism, and decreased in hypoaldosteronism.
Primary hyperaldosteronism will be used as an exam-
ple to explain this.

The initial abnormality in primary hyperaldosteron-
ism is increased salt reabsorption, mainly at the corti-
cal collecting duct, resulting in reduced salt output.
The consequent positive salt balance increases effective
vascular volume, which inhibits the proximal tubular
salt reabsorption, resulting in increased delivery of salt
to the cortical collecting duct. With the increased deliv-
ery of salt, the amount of salt that escapes into the
urine is more now than at the beginning, but still less
than intake because of increased salt reabsorption in
the collecting duct. As long as urinary excretion of salt
is less than intake, net positive salt retention continues,
causing further increase in effective vascular volume.
A higher effective vascular volume further inhibits
proximal tubular salt reabsorption, causing even
greater increase in the distal delivery of salt. The pro-
cess will continue, with progressive increase in effec-
tive vascular volume and further increase in salt
excretion. Only when excretion of salt is equal to
intake will positive salt balance stop. At equilibrium,
salt output equals salt intake, but the quantity of salt
delivered to the collecting duct remains increased.

In the case of therapy with a loop diuretic or a thia-
zide diuretic, initially salt delivery to the collecting
duct would be greatly increased; during this period
salt balance will be negative. The ensuing volume
depletion activates salt-retaining mechanisms at the
proximal tubule, and also stimulates aldosterone
secretion causing increased reabsorption of salt in the
cortical collecting duct. One might predict that in a
steady-state, sodium delivery to the collecting duct

would be normalized as the two opposing effects can-
cel out each other’s effect. However, as long as the
increased aldosterone secretion caused by volume
depletion increases reabsorption of Na in the cortical
collecting duct, Na delivery to the collecting duct must
remain increased, in order to have a normal amount of
Na excretion in the final urine. In other words, the
combined effect of increased proximal Na reabsorption
and decreased Na reabsorption by the diuretics would
be chronic increase in Na delivery to the cortical col-
lecting duct. Normal delivery of sodium accompanied
by increased reabsorption of sodium at the cortical col-
lecting duct would result in reduced excretion of
sodium in the final urine; this is impossible.

For the same reasons, sodium delivery to the corti-
cal collecting duct remains reduced chronically in
states of hypoaldosteronism, such as Addison’s dis-
ease. Because the Na reabsorption at the cortical col-
lecting duct is reduced, the only way to have the same
normal amount of Na excretion in the final urine is to
have reduced delivery of Na to the collecting duct.

Two most important factors that influence renal K
excretion are the amount of Na delivery to the cortical
collecting duct and aldosterone concentration. Most
clinical states that cause increased renal excretion
of K are accompanied by increased Na delivery and
increased aldosterone, whereas conditions character-
ized by reduced renal K excretion are accompanied by
reduced Na delivery and a low plasma aldosterone or
an impaired aldosterone effect. Renal K excretion is
unaffected when these two factors are altered in oppo-
site directions. In a high-salt diet sodium delivery to
the cortical collecting duct is increased, but aldosterone
secretion is reduced, resulting in a normal K excretion.
A salt restriction reduces sodium delivery to the
cortical collecting duct, but the aldosterone secretion
is increased, resulting in a normal K excretion
(Table 10.3).

Enigma of Pendred Syndrome

Pendred syndrome is a genetic disorder character-
ized by goiter and sensorineural hearing loss, responsi-
ble for about 7.5% of congenital hearing loss. The
disease is named after Vaughan Pendred, an English
physician who first described the condition in 1896.21

The mechanism of the disease is a defect in an anion
exchanger pendrin, which is located in the inner ear,
thyroid gland, and the cortical collecting duct. The
exchanger, located on the luminal membrane of beta-
intercalated cells, appears to play an important role in
the reabsorption of chloride, and therefore indirectly of
sodium.22

Despite the common belief that chloride reabsorp-
tion in the collecting tubule duct depends mainly on
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the paracellular chloride channel, supportive evidence
is not very strong. For example, in severe volume
depletion states, urine chloride concentration is as low
as 2 mEq/L.23 The Nernst Equation would predict that
such a low chloride concentration, to be explained
entirely by a passive mechanism through the paracel-
lular pathway, would require the transepithelial volt-
age of over 100 mV. The highest transepithelial voltage
observed in states of high aldosterone effect is about
60 mV. It is likely that other mechanisms exist for reab-
sorption of chloride in the cortical collecting duct, and
the most likely one is pendrin-mediated chloride reab-
sorption.22 If pendrin were such an important trans-
porter for reabsorption of chloride in the cortical
collecting duct, why isn’t a pendrin defect associated
with any electrolyte abnormality? Indeed, the apparent
absence of electrolyte abnormalities is one of the rea-
sons why Pendred syndrome, well-known among spe-
cialists of ENT, is not widely appreciated among
nephrologists.

The most common and apparent electrolyte abnor-
mality associated with impaired renal salt transport is
hypokalemia, but Pendred syndrome is not known to
be associated with hypokalemia. The following is the
likely scenario. A pendrin defect would reduce the
overall reabsorption of NaCl in the cortical collecting
duct, and the ensuing volume depletion would stimu-
late renin and hence aldosterone. However, unlike
defects in salt transport caused by impaired salt reab-
sorption in the distal convoluted tubule (Gitelman’s
syndrome) or the thick ascending limb of Henle
(Bartter’s syndrome), both of which are characterized
by increased salt delivery to the cortical collecting
duct, the delivery of salt to the cortical collecting duct
in Pendred syndrome would be reduced. That is
because the site of defect in salt transport is the cortical
collecting duct itself. According to the principle of
external balance, in the long run salt intake must equal

salt output, no matter what and where defects in renal
salt transport may be. Thus, a patient with Pendred
syndrome would be excreting the normal amount of
salt in the final urine. The excretion of the normal
amount of salt and the reduced salt reabsorption at the
cortical collecting duct is possible if the amount deliv-
ered to the cortical collecting duct is reduced. The end
result is that patients with Pendred syndrome would
have hyperaldosteronism, but reduced delivery of salt
to the collecting duct. There has been no measurement
of plasma aldosterone in patients with Pendred syn-
drome, but effective vascular volume is likely to be
reduced and plasma aldosterone is likely to be
increased. As supportive evidence, in a study of 21
patients with Pendred syndrome, not a single subject
was shown to have hypertension.24

Is it possible that salt reabsorption at the cortical
collecting duct is not reduced in Pendred syndrome
because of the two opposite influences, a high aldoste-
rone state increasing salt reabsorption and a defective
pendrin impairing salt reabsorption? That is unlikely
because reduced salt delivery with normal salt reab-
sorption at the cortical collecting duct would mean
reduced salt excretion. Remember that in a steady-state
final urine sodium excretion is always normal. Is it
possible that salt delivery to the cortical collecting duct
is normalized in a steady-state? Again, it is unlikely,
because normal salt delivery would mean normal
effective vascular volume, and then aldosterone secre-
tion cannot be increased. In the end, in a steady-state
in Pendred syndrome, there must be some volume
depletion accompanied by hyperaldosteronism. At
equilibrium renal K excretion in Pendred syndrome
would be normal, because two main regulators of
renal K excretion are altered in opposite directions;
aldosterone is increased and Na delivery to the cortical
collecting duct is reduced. The situation would be
analogous to a person on a low-salt diet, in which
aldosterone is increased but sodium delivery is
reduced (Table 10.3). Thus, the patient with Pendred
syndrome would be normotensive (low normal blood
pressure) and normokalemic, and have no apparent
electrolyte abnormalities.

In a recent case report,25 a patient with Pendred
syndrome treated with a thiazide diuretic developed
severe hypokalemia (serum K 2.2 mEq/L) and signs of
profound volume depletion. The likely explanation for
severe potassium depletion is that the patient has
impaired salt transport in both the distal convoluted
tubule and collecting duct. Severe renal K-wasting
occurred because sodium delivery to the cortical col-
lecting duct was increased by a thiazide diuretic in the
setting of high aldosterone. In another report, a patient
with Pendred syndrome developed life-threatening

TABLE 10.3 Na Delivery to Cortical Collecting Duct (CCD)
and Aldosterone Affecting Urine K

Clinical States Na Delivery to
CCD

Aldosterone
Effect

Urine K
Excretion

Hyperaldosteronism Increased Increased Increased

Diuretics Increased Increased Increased

Hypoaldosteronism Decreased Decreased Decreased

K sparing diuretics Decreased Decreased Decreased

Pendred syndrome Decreased Increased Normal

High-salt diet Increased Decreased Normal

Low-salt diet Decreased Increased Normal
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metabolic alkalosis during intercurrent illnesses, indi-
cating the importance in chloride reabsorption.26

Hypoxemia is necessary to restore balance between
oxygen supply and oxygen demand

While the principle of external balance is most use-
ful in explaining homeostatic mechanisms of fluid and
electrolyte balance, the same principle applies to resto-
ration of balances in other homeostatic mechanisms.
The following example illustrates the mechanism by
which a patient with severe lung disease can maintain
the normal supply of oxygen necessary to sustain life.

The basal oxygen consumption of a person with
advanced lung disease is no less, perhaps slightly
greater because of the increased work of breathing,
than that of a healthy individual. This means that the
diseased lung somehow takes up a normal amount of
oxygen. How does this happen? Here is the explana-
tion. A normal person who has alveolar ventilation of
4 liters a minute needs an uptake of 200 ml of oxygen
per minute at the basal state. The oxygen content of
one liter of inspired air at an atmospheric pO2 of
150 mmHg is 200 ml, and the oxygen content the
expired air is about 150 ml per liter with the pO2 at
110 mmHg. With an alveolar�arterial pO2 gradient of
10 mmHg, the arterial pO2 would be about 100 mmHg.
This means that each liter of ventilated air has resulted
in uptake of 50 ml of oxygen or total of 200 ml of oxy-
gen by 4 liters of alveolar ventilation. When alveolar
ventilation is reduced to 2 liters per minute, how is it
possible to extract the same 200 ml of oxygen? A quick
calculation will indicate that, in order to extract the
same 200 ml of oxygen, each of 2 liters of alveolar ven-
tilation must result in an uptake of 100 ml of oxygen.
Since the inspired air has still the same oxygen content
at pO2 150 mmHg, the expired air must have a pO2 of
70 mmHg. This requires alveolar pO2 to decrease to
70 mmHg. Since arterial pO2 is about 10 mmHg lower,
it must decrease to 60 mmHg. In other words, hypox-
emia is a necessary condition for restoring oxygen
uptake to normal.

How does the body know to reduce the arterial pO2

precisely to the right level to restore oxygen balance?
The body does not know, but the general principle of
external balance allows automatic restoration of bal-
ance. Let us suppose that alveolar ventilation drops to
half that of normal. Initially there will be a discrepancy
between the body’s demand for oxygen and oxygen
supply. The reduced supply in the face of unchanged
demand will decrease arterial pO2. A lower arterial
pO2 means a lower alveolar pO2, which permits
greater uptake of oxygen for a given volume of alveo-
lar ventilation. As long as oxygen uptake is less than
oxygen demand, arterial pO2 will keep decreasing,
with further reduction in alveolar pO2. Only when the

alveolar pO2 decreases sufficiently to allow oxygen
uptake to meet oxygen demand, is a new balance
achieved between oxygen demand and oxygen uptake.

Will this mechanism of external balance restore oxy-
gen uptake at any severity of lung disease? The answer
is no. What would happen if the alveolar ventilation
decreased to 1 liter per minute? In order to have an
uptake of 200 ml of oxygen by 1 liter of alveolar venti-
lation, each liter now extracts the entire oxygen content
of the inspired air, since the total content of oxygen at
pO2 of 150 mmHg is 200 ml. This would mean that
alveolar pO2 must be 0 mmHg, clearly an impossible
situation, since arterial pO2, always lower than alveo-
lar pO2, must be a negative number. Long before the
alveolar pO2 drops to 0 mmHg, the person will die of
severe hypoxia.

Mechanism of Volume Expansion in SIADH

Ample evidence exists that patients with SIADH
with chronic hyponatremia are volume expanded.
Evidence for expanded volume includes low plasma
creatinine, low plasma urea, and low plasma uric
acid,27,28 all caused by increased renal clearances.
However, persistence of chronic volume expansion in
SIADH would seem paradoxical. In the absence of dis-
orders that cause primary renal Na retention, such as
renal diseases and primary hyperaldosteronism, would
the normal kidney not promptly eliminate the excess
Na until the volume is restored to normal?

The explanation for the persistence of volume
expansion in SIADH lies in the antinatriuretic effect of
hyponatremia.29,30 The sequence of events is as fol-
lows. Initially, water retention causes hyponatremia
and volume expansion. Volume expansion causes
sodium diuresis, resulting in further reduction in
serum sodium. But as serum sodium declines, the anti-
natriuretic effect of hyponatremia opposes the natri-
uretic effect of volume expansion. When these two
opposing effects are equal, renal Na excretion returns
to the baseline value, and a new balance is established,
with renal Na excretion equaling salt intake. In other
words, when renal Na excretion returns to the base-
line, the effective vascular volume must be expanded.

Mechanism of Volume Depletion in Chronic
Hypernatremia

In the presence of normal renal function, chronic
hypernatremia is always accompanied by reduced
effective vascular volume, and the degree of reduction
in effective vascular volume is proportionate to the
level of serum sodium.31,32 Exceptions are chronic
hypernatremia in renal failure or hypernatremia that
develops as a result of chronic administration of
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a large amount of sodium. Even in the latter condition,
the effective vascular volume would be lower with
high serum sodium than with normal serum sodium
for the same amount of sodium administered.
Although some authors postulate that the effective
vascular volume is normal in essential hypernatre-
mia,31 this rule applies to all hypernatremic states
including essential hypernatremia. The following anal-
ysis will elaborate on the mechanism.

As hyponatremia is antinatriuretic, hypernatremia is
natriuretic.33,34 For this reason, renal sodium excretion
would be increased in normovolemic hypernatremia, as
long as the kidney function is normal. Increased renal
sodium excretion with the usual intake of sodium
would reduce effective vascular volume. Volume deple-
tion would reduce renal sodium excretion and oppose
the natriuretic effect of hypernatremia. As long as renal
sodium excretion exceeds sodium intake, volume deple-
tion will become progressively greater. Only when vol-
ume depletion is sufficiently great to exactly oppose the
natriuretic effect of hypernatremia, does renal sodium
excretion return to the baseline, equaling the intake. At
this point, a new sodium balance is struck between
sodium intake and output, but at the expense of volume
depletion. Since the natriuretic effect of hypernatremia
is proportionate to the degree of hypernatremia, the
magnitude of volume depletion needed to counterbal-
ance the natriuretic effect of hypernatremia must also
be proportionately great, to match the degree of hyper-
natremia when the new sodium balance is achieved. In
other words, the more severe the hypernatremia, the
greater is the volume depletion in a steady-state.

It has been suggested that patients with essential
hypernatremia are euvolemic, because hypernatremia
in this condition is a result of the resetting of the osmo-
stat.31 Resetting means that the osmostat is regulated
normally, but at higher than usual serum sodium con-
centrations. More recent evidence indicates that essen-
tial hypernatremia is caused by defects in the
osmoreceptors, not the resetting.35 However, regard-
less of its pathogenetic mechanism, chronic volume
depletion is inevitable in essential hypernatremia if
renal function is normal. Mild volume depletion can
escape detection even by careful physical examination.
For example, a small amount of a diuretic, e.g., 50 mg
hydrochlorothiazide, can reduce effective vascular vol-
ume sufficiently for the kidney to sense a reduction in
volume, and thereby reduce clearances of urea, creati-
nine, and uric acid. Yet a careful physical examination
by an astute physician will not detect signs of dehy-
dration without the help of laboratory tests, e.g., a
higher serum urate. Indeed, it has been shown that
most patients with essential hypernatremia have labo-
ratory evidence of volume depletion when the data are
carefully analyzed.32

EXTERNAL BALANCE OF PROTONS

Determination of external balance of most univalent
ions such as sodium, potassium, and chloride is
straightforward; intestinal absorption is complete and
they are eventually eliminated from the body since
none is metabolized. Balance of polyvalent inorganic
ions such as calcium, magnesium and phosphate is
more complicated, because of incomplete intestinal
absorption. External balance of acids and bases is even
more complicated than that of polyvalent ions, because
of uncertainties in their intestinal absorption and varia-
tions in their metabolism after absorption.

In the steady-state, hydrogen ions enter the body
through ingestion of acid or are created endogenously
through metabolism. The pH of food offers little guid-
ance to its character as a donor of acid or alkali. Most
fruit juices have low pH because of the organic acids
in them, but overall they are contributors of alkali,
because organic acid is metabolized to CO2, while
organic anions are metabolized to bicarbonate. Sulfur-
containing amino acids are mostly metabolized to pro-
duce sulfuric acid, but not all sulfur is metabolized to
sulfuric acid.

Under steady-state conditions, net acid production
must equal net acid excretion, and the traditional view
of the external balance of acid�base has been as fol-
lows. Acids are produced from three main sources:
sulfuric acid derived from the metabolism of sulfur-
containing amino acids; incompletely metabolized
organic acids; and acid (or alkali) from the diet
absorbed in the intestine.36�38 Acids are excreted either
in the form of ammonium or titratable acid, while a
small amount of alkali is lost in the urine as bicarbon-
ate. Hence, the total acid excretion measured as the
sum of urine ammonium and titratable acid minus
bicarbonate is called net acid excretion. However, this
traditional view of the acid�base balance must be re-
evaluated in light of conceptual uncertainties of this
approach, and methodological limitations in the mea-
surement of parameters of acid�base balance by con-
ventional techniques.38 The following discussion will
shed some light on these uncertainties and limitations.

MEASUREMENT OF NETACID
EXCRETION

The concept of titratable acid is straightforward.
The pH of urine following glomerular ultrafiltration is
the same as that of plasma, but decreases progressively
with addition of H1 by tubular secretion. Most of the
secreted H1 is buffered by HCO3

2, and this represents
indirect reabsorption of HCO3

2. As urine pH falls
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further with tubular secretion of H1, other urinary buf-
fers are titrated to retard a fall in urine pH. Addition
of alkali to the urine until its pH is the same as that of
the plasma measures the titratable acid. This back-
titration of urine releases all the H1 titrated by non-
bicarbonate buffers except those in the form of NH4

1,
which is not titrated because of its high pK (9.2), and
therefore is measured separately.

However, the measurement of titratable acid, ammo-
nium, and bicarbonate does not accurately reflect net
acid excretion by the kidney, for the following reasons.
First, there is a technical problem with the measurement
of titratable acid.39 Addition of alkali to the urine causes
partial precipitation of some urine calcium with HPO4

22.
Selective depletion of HPO4

22 causes conversion of
H2PO4

2 to HPO4
22 with liberation of protons, leading to

overestimation of titratable acid. Furthermore, titration of
urine to the plasma pH results in titration of 1/64th of
urinary ammonium (calculated with the pKa of ammo-
nium of 9.2), resulting in further overestimation of
titratable acid; this error is usually negligible, but would
be substantial when urine contains a large amount of
ammonium.

A potentially more serious source of error is the
presence of buffers other than ammonium that are
not titrated when urine pH is increased to 7.4.40 The
original assumption that ammonium is the only uri-
nary buffer that escapes titration during the mea-
surement of titratable acid has not been fully proven.
Normal urine contains various amines such as etha-
nolamine, phosphoethanolamine, methylamine, and
dimethylamine. Urinary excretion of these sub-
stances would represent acid excretion, as does the
excretion of ammonium. However, titration of urine
to pH 7.4 would not detect the presence of such sub-
stances. The individual urine concentration of each
of these substances appears to be quite low individu-
ally, but the amount might be substantial
collectively.

SOURCES OF ACID

Sulfuric Acid

The metabolism of sulfur-containing amino acids
produces sulfuric acid:

RN2 S-CO2 1UREA1H2SO4:

The resulting H2SO4 is buffered by the body alkali,
mainly HCO3

2. Previously it was assumed that virtu-
ally all urinary sulfates originate from sulfur-contain-
ing amino acids. However, this assumption is wrong,
since soft drinks regularly contain sulfate as a preser-
vative, and persons consuming large quantities of soft

drinks could acquire a substantial amount of sulfate.
In one such study, the average amount of urinary sul-
fate originating from soft drinks was estimated to be
15 mEq/day.41 Furthermore, the metabolism of sulfur-
containing amino acids does not always result in pro-
duction of sulfuric acid,42,43 because some of the sulfur
is excreted in a neutral form, such as cystine, taurine
or sulfate conjugate.44�46 Each mmol of sulfur metabo-
lized to H2SO4 produces 2 mEq of protons in the fol-
lowing reaction:

H2SO4-SO5
4 1 2H1

On the other hand, the sulfate conjugation reaction
consumes a proton; the result is net production of only
1 mEq of proton for each mole of sulfur oxidized when
the final product is sulfate conjugate.

R2OH1 SO5
4 1H1-R2O2 SO3

2

Sulfate conjugation reaction is an important detoxici-
fication mechanism, and the reactions are regulated by
various enzymes, such as phenol sulfotransferase.44�46

The rate of sulfate conjugation reaction seems to
depend, in part, on the availability of inorganic sulfate.
For these reasons, the fraction of sulfur contained in
amino acids that is oxidized to sulfuric acid might vary
with individuals, and also with the amount of protein
intake. In one study, urinary sulfate recovered following
ingestion of methionine was shown to be 85�90% of
the sulfur content of the ingested amino acid.43 On the
other hand, urinary excretion of sulfate esters is shown
to be as much as 17% of total urinary sulfur excretion,47

and the amount might be higher in certain situations
such as renal insufficiency, in which plasma sulfate con-
centrations are much higher.48,49 Another common
pathway for sulfate conjugation is the formation of sul-
fated glycosaminoglycans, such as chondroitin sulfate
and heparin (Table 10.4).

The sulfur content of proteins of different food
sources varies greatly, and depends on the content of
methionine and cysteine.50 For example, the sulfur
content of human milk protein is only half of that of
most cereal proteins. The sulfur content of beef is less
than that of pork or lamb. In general, with the excep-
tion of grains, proteins of vegetable origin have lower
sulfur content than proteins from animal sources.50

The rate of excretion of sulfate in patients on CAPD
was shown to be much less than in normal subjects,48

suggesting the possibility that a greater fraction of
sulfur is excreted as sulfate conjugate and other
organic sulfur compounds.

In conclusion, the proper method for determining
the contribution of sulfur-containing amino acids to
the endogenous acid production would require the
measurement of sulfate, sulfate esters, and neutral
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sulfur in the urine. In addition, the dietary intake of
sulfate from soft drinks must be known.41

Organic Acid

Production of organic acid results in consumption
of HCO3

2 in the reaction:

RH1HCO3
2-R2 1H2CO3

If the organic anion is retained in the body, and sub-
sequently metabolized to HCO3

2, there is no net loss of
alkali. When the organic anion is not metabolized, is
not metabolizable (e.g., urate) or escapes metabolism
because it is excreted in the urine (e.g., citrate), this
represents a net loss of alkali. The nature of many of
these organic anions excreted in the urine is not
known,51�53 and therefore total organic acid produc-
tion cannot be determined by measuring individual
components. Instead, they are measured collectively
by titration of urine. However, the titration method
used most widely, the van Slyke and Palmer method,54

contains many potential sources of error, some of
which result in underestimation and some in
overestimation.55,56

When a metabolizable organic anion cannot be
excreted because of renal failure, it is eventually metab-
olized. Hence, renal function is an important consider-
ation in the overall contribution of organic acids to total
acid production. In the absence of renal excretion, only
non-metabolizable organic acids would accumulate. It is
not known what fraction of organic acids normally
excreted in urine is metabolizable. To the extent that
metabolizable organic anions are not excreted, patients
in renal failure would have reduced net acid produc-
tion, as shown in patients treated with maintenance
hemodialysis.57 On the other hand, net organic acid
production is greatly increased during hemodialysis
procedures, as a large quantity of organic anions are
lost into the dialysate during dialysis.57

Net organic acid production is also regulated by the
blood pH.58�60 The regulation of net production of
organic acids occurs in two ways. One way is the regu-
lation of its production, which is pH-dependent; acidic
systemic pH decreases production of both ketoacids
and lactic acid, while alkaline pH promotes their pro-
duction.60 Another mechanism is regulation of their
renal excretion. This effect is mediated mainly by the
proximal tubular cell pH. An acidic pH of the proximal
tubular cell increases reabsorption of organic anions,
and thereby reduces urinary excretion, while an alkaline
pH has the opposite effect.58 Usually the proximal cell
pH parallels the blood pH, but sometimes the two are
dissociated. In proximal (type II) renal tubular acidosis
(RTA) and type IV RTA, the systemic pH is low, but
the proximal tubular cell pH is not, and hence organic
anion excretion remains normal. On the other hand, in

K1 depletion, the tubular cell pH tends to be low (as
H1 enters the cell in exchange for K1), and therefore
organic anion loss is reduced, contributing to the patho-
genesis of metabolic alkalosis.

Phosphoric Acid

Phosphate is ingested as inorganic phosphate and
organic phosphate. Phosphates in milk and other dairy
products are mostly inorganic. Inorganic phosphates
in food usually exist at neutral pH, and hence their
influence on the acid�base balance depends mainly on
the absorption of phosphate relative to its accompa-
nying cation, calcium and magnesium.61 To the extent
that phosphate absorption exceeds calcium absorption,
it will add acid to the body.

Organic phosphates are ingested in food as compo-
nents of intracellular organic compounds. These
include creatine phosphate, ATP, ADP, AMP, cyclic
AMP, phospholipids in the cell membrane and intra-
cellular organelles, nucleic acids in DNA and RNA,
and phosphoproteins. Their eventual fate either as acid
or alkali depends on the number of non-metabolizable
cations that balance the phosphate anions. If the total
number of non-metabolizable cations in mEq is equal
to 1.8 times the number of phosphate in mM, the com-
pound is neutral upon complete metabolism. This pre-
diction is based on the fact the average balance of
phosphate at pH 7.4 is 1.8. When the number is greater
than 1.8 times phosphate, the compound is an alkali,
and when it is less than 1.8, it would be an acid. For
example, each molecule of ATP has three molecules of
phosphate (which has 5.4 negative charge equivalents
when metabolized completely) balanced by four cat-
ionic charges, two of which are usually provided by
magnesium. Hence, metabolic breakdown of each
mole of ATP to adenosine and phosphate results in
production of 1.4 mEq of acid. Likewise, metabolism of
ADP (3 cationic charges against anionic charges of 3.6
P) and cyclic AMP (1 cationic charge against anionic
charges of 1.8 P) produce acid, while breakdown of
AMP (2 cationic charges against 1.8 P) would produce
alkali (Table 10.5).

Conversion of ATP to ADP during exercise there-
fore represents an acid releasing process, as the net
acid value of 1.4 (ATP) is reduced to the net acid value
of 0.6 (ADP). Conversely, conversion of ADP to ATP
represents an alkali releasing process. On the other

TABLE 10.4 Major Sulfated Glycosaminoglycan in Human Body

Chondroitin sulfate
Keratan sulfate
Dermatan sulfate
Heparin sulfate
Heparan sulfate
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hand, breakdown of creatine-P to creatine and phos-
phate represents an alkali releasing process by a slight
extent, as it consumes 0.2 mEq of proton for each
mmol of creatine-P broken down.

It must be realized, however, that these calculations
are based on the mean valence of phosphate of 1.8,
which is the value at pH of 7.4. The value will change
at different pH values. For example, at the usual pH of
the cell, 7.1, the mean valence of phosphate is 1.67,
and at a pH of 6.8, the mean phosphate valence is 1.5.
Thus, at pH 6.8 (the likely muscle cell pH during exer-
cise), metabolism of each mole of ATP would yield
0.5 mole of acid and that of ADP would result in zero
acid production; the conversion of one mole of ATP to
ADP would produce 0.5 mole of acid.

Metabolism of phospholipids and nucleic acids in
DNA and RNA produces acid, whereas metabolism of
phosphoproteins and creatine phosphate produces
alkali (Table 10.5). The type of phosphate in the diet is
a factor determining the magnitude of intestinal
absorption. Phosphate present in phytic acid is poorly
absorbable, because the human body lacks the enzyme
phytase.62 However, its GI absoption is greatly
increased when phytic acid is broken down by bacte-
rial phytase in the colon.

Another way of determining the fate of phosphate
as a generator of acid or alkali is to examine the num-
ber of ester bonds. Phosphate has a total of three
anionic charges when it is fully dissociated. As phos-
phate forms an ester bond with an organic substance,
the number of anionic charges is reduced, and hence
the requirement for the number of non-metabolizable
cations such as potassium to balance the anion is also
reduced. Thus, when phosphate forms two ester bonds
(di-ester bonds) it has only one anionic charge remain-
ing to be balanced by a cation. Phosphates in ATP,
ADP, nucleic acids in the DNA and RNA, and phos-
pholipids all form di-ester bonds. This explains why
metabolism of AMP results in production of alkali,
whereas metabolism of cyclic AMP and cyclic GMP
(both are di-esters) result in production of acid. In the
case of ATP, first two phosphates form di-ester bonds,
and the third phosphate has a mono-ester bond. When
phosphate contains tri-ester bonds, it has no metaboliz-
able alkali, and its acid content is equal to the molal
content of phosphate3 1.8.

The effect of phosphate in the diet on acid�base
balance depends on the extent of GI absorption. The
fraction of phosphate absorbed depends greatly on
the type of cation that accompanies phosphate. When
phosphate is ingested from the usual diet, about 2/3
is absorbed because food contains calcium, and cal-
cium binds phosphate to form brushite (CaHPO4),
which is rapidly precipitated and excreted in stools.
On the other hand, phosphate ingested as Na or K

phosphate is nearly completely absorbed along with
sodium and potassium, as long as the amount
ingested does not exceed the capacity of the
sodium�phosphate transporter.63�65 When a large
amount of sodium phosphate is ingested, the excess
amount causes diarrhea. In summary, the contribu-
tion of phosphate to net acid production cannot be
determined from dietary intake or urinary excretion
of phosphate, but is included as part of net GI alkali
absorption, which will be discussed separately later
in this chapter.

Conversion of Creatine-P to ATP

During anaerobic metabolism, creatine-P is converted
to ATP, which results in the generation of one mole of
alkali for each mole of such conversion. The actual
chemical reaction that occurs can be summarized as fol-
lows: creatine-P1ADP1H1-ATP1 creatine. In other
words, conversion of creatine-P to creatine with the
simultaneous conversion of ADP to ATP results in the
consumption of a proton. This reaction can also be sum-
marized this way. Each molecule of creatine-P has two
negative charges, each molecule of ADP has three nega-
tive charges, but ATP has four negative charges. Hence,
one anionic charge must be buffered by the consump-
tion of H1. In other words, transfer of P from creatine-P
to ADP to form ATP is a hydrogen ion-consuming pro-
cess. If these reactions occurred at pH 6.8, conversion of
1 mmol of ADP to ATP would lead to production of
0.5 mmol of alkali, and the metabolism of creatine-P to
creatine and phosphate would result in the additional
production of 0.5 mmol of alkali. A hypothesis has been
proposed to explain hyperkalemia during vigorous exer-
cise as a response to the initial increase in intracellular
pH caused by these reactions. According to this hypoth-
esis, at the start of vigorous muscle exercise, a fall in
ATP concentration causes a conversion of creatine-P in
the muscle to ATP, and this is accompanied by an

TABLE 10.5 Alkali Value of Phosphate Compounds after
Complete Breakdown to Inorganic Phosphate at pH 7.4

ATP42: 3 P and 4 negative charges: 42 (33 1.8)521.4 (net acid)
ADP32: 2 P and 3 negative charges: 32 (23 1.8)520.6 (net acid)
AMP22: 1 P and 2 negative charges: 22 (13 1.8)5 0.2 (net alkali)
GMP22: 1 P and 2 negative charges: 22 (13 1.8)5 0.2 (net alkali)
Cyclic AMP2: 1 P and 1 negative charge: 12 (13 1.8)520.8
(net acid)
Cyclic GMP2: 1 P and 1 negative charge: 12 (13 1.8)520.8
(net acid)
Creatine-P22: 1 P and 2 negative charges: 22 (13 1.8)5 0.2
(net alkali)
DNA: 1 P and 1 negative charge: 12 (13 1.8)520.8 (net acid).
RNA: 1 P and 1 negative charge: 12 (13 1.8)520.8 (net acid)
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increase in intracellular pH.66 There are several flaws to
this hypothesis, for many reasons.

First, the actual gain in alkali by these reactions is
much less, because the overall reaction assumes gain
of ATP at the expense of creatine-P. However, if the
primary driving force of the reaction is low ATP, there
must be net conversion of ATP to ADP, which is an
acid-producing process. Second, the authors assumed
that creatine-P exists as a trivalent anion, resulting in
overestimation of alkali production upon conversion of
creatine-P to creatine and phosphate. Finally, the con-
sumption of creatine-P and ADP to produce creatine
and ATP during vigorous exercise is not mediated by
low ATP, but by low intracellular pH.67 There is very
little change in ATP concentration in the early stages
of muscular exercise, but a huge decrease in pH dur-
ing vigorous exercise. The initial intracellular shift of
hydrogen ion during the early stages of exercise may
be due to an extracellular shift of K, which in turn is
caused by repeated depolarization of muscle cells dur-
ing exercise. This, indeed, has been the traditional
explanation for exercise-induced hyperkalemia.68

Amino acids

Proteins are potential sources of acid, based mainly
on their sulfur content, which has already been dis-
cussed. Acidity or alkalinity of proteins also depends
on the relative content of basic and acidic amino acids.
Metabolism of cationic amino acids, arginine and
lysine, produces acid:

Arginine1Cl2-urea1CO2 1HCl:

On the other hand, metabolism of aspartic acid and
glutamic acid results in production of alkali:

Na1glutamate2 1H2CO3-NaHCO3 1CO2 1urea:

However, the net content of acid and base of pro-
teins cannot simply be determined from the total
amounts of basic amino acids relative to the total con-
tent of acidic amino acids. We can understand this
from plasma albumin. The total number of glutamate
and aspartate in a molecule of albumin is 99, and the
total number of arginine and lysine is 81, and the net
excess of acidic amino acid over basic amino acid
would be 18. The molecular weight of albumin is
66,5000 Da, and at a plasma concentration of albumin
of 4 g/dL, the concentration of albumin in molarity is
about 0.6 mmol/L. If each mole contains 18 negative
charges, the net negative charge would be 10.8 mmol/
L. In addition, albumin also contains 16 histidine mole-
cules, and some of these will be in a cationic form, and
therefore net negative charge should be less than
10.8 mmol/L. The actual measured net negative charge

of albumin is about 12 mmol/L,69 and the greater net
negative charges may be explained by the reaction of
cationic amino acids with various organic compounds.
For example, N-acetylation and glycosylation of amino
acids would reduce cationic charges and increase net
anionic charges. Furthermore, some of the cationic
charges of the amino groups of lysine are no longer
cationic at pH 7.4.

The imidazole group of histidine is present in either
of two forms: neutral or cationic. Metabolism of the
cationic histidine results in the production of acid,
whereas metabolism of neutral histidine has no effect
on acid balance. The ratio of the neutral histidine to
cationic histidine depends on the pK of the imidazole
group in the molecule, and the pH of the solution in
which histidine is dissolved. The pK of histidine varies
widely between 5 and 8, depending on the nature of
the molecule with which histidine is associated.70 The
pK is 6. 1 in histidine, but carnosine, a dipeptide com-
posed of beta-alanine and histidine, an important
intracellular buffer in the muscle of many vertebrates,
has a pK of 6.83.71 When histidine is part of a protein
molecule or peptide molecule, its pK depends on the
adjacent amino acid. Next to an acidic group, the pK
of histidine rises, and next to a basic group, the pK
decreases. Each of 16 histidine molecules in albumin
has different pK values because of the differing influ-
ences of neighboring amino acids.72

The histidine content of hemoglobin is particularly
high (38 per molecule of hemoglobin), this fact and a
very high concentration of hemoglobin (about 7 times
that of plasma albumin) explain the excellent buffering
capacity of hemoglobin.73 Oxygenation of hemoglobin at
the lung reduces the pK of the imidazole group, i.e., it
becomes a stronger acid. The acid reacts with bicarbonate
to create more CO2, which is eliminated by ventilation.

Even in the case of the basic and acidic amino acids,
their eventual acidity or alkalinity depends on the
nature of the counter-ions balancing the respective
amino or carboxyl groups; when these groups are bal-
anced by non-combustible ions such as Na1, K1, Cl2

or phosphate, their metabolism results in a net gain of
acid or alkali. If the counter-ions are organic ions, the
metabolism of the amino acid does not result in a net
gain of acid or alkali. In most foods the total number
of non-metabolizable cations exceeds that of non-
metabolizable anions,74 and therefore, apart from the
contribution of sulfuric acid production, their metabo-
lism would produce alkali.

Organic Acids in Meat

A substantial amount of organic anions, especially
lactate, has been found in meat, and it has been
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suggested that in the overall calculation of dietary net
acid production a role for lactic acid be included.75

However, most of lactate present in meat is produced
after the death of the animal. Initially, lactic acid is
formed and reacts with cellular alkali. When meat is
digested and absorbed, during the process of lactate
metabolism, exactly the same amount of protons is
consumed as were released during the production of
lactic acid. In the end, the net alkali or acid content of
the body is unaffected by the production of lactic acid.
By analogy, addition of acetic acid in the form of vine-
gar to food would produce acetate, but would not alter
the net acid or alkali value of the food. As long as the
content of non-combustible cations and anions remains
the same, the net acid or alkali of meat would not
change.

GI ABSORPTION OF ACIDS AND ALKALI

The normal diet contains large quantities of alkali,
potential alkali, acids, and potential acids, but their
ultimate impact on the body’s acid�base balance
depends primarily on their absorption. The pattern of
absorption depends not only on the nature of the sub-
stance, but also on its interaction with other chemicals,
both endogenous and exogenous.76,77 In general, the
amount absorbed is nearly equal to the amount
ingested, if the substance is soluble and is readily
absorbed. The examples include NaHCO3, Na1 citrate,
K1 citrate, and NH4Cl. An insoluble substance such as
CaCO3 must react with gastric acid or acid in food to
become soluble and absorbable. In some cases, only
the anionic part is absorbable (e.g., Cl2 in cholestyr-
amine chloride); in other cases, only the cationic part
(e.g., Na1 sodium polystyrene sulfonate) is absorbable.
The overall effects of these substances on the body’s
acid�base balance are complex, and are often unre-
lated to the acidity or alkalinity of the substance. The
following section describes two major categories of
chemical substances, and the effects of their ingestion
on acid�base balance.

Ingestion of a Poorly- or Non-Absorbable
Cation Accompanied by an Absorbable Anion

Intravenous CaCl2 is neutral, but ingested CaCl2 is
an acidifying agent. When ingested, virtually all of the
Cl2, but only a fraction of the Ca21, is absorbed. The
excess Ca21 remaining in the gut is excreted in the
stool after combining with CO3

5, organic anions or
HPO4

5. The type of anionic exchange determines the
effect on acid�base balance. Typically, ingested CaCl2
reacts with NaHCO3:

CaCl2 1 2NaHCO3-2NaCl1CaCO3 1H2CO3

NaCl is absorbed and the insoluble CaCO3 is
excreted in the stool, resulting in net loss of NaHCO3.
Thus, the net effect of oral ingestion of CaCl2 that
results in formation and fecal excretion of CaCO3 is
loss of two moles of alkali for each mole of Ca
ingested. On the other hand, when CaCl2 reacts with
Na2HPO4, NaCl is absorbed and CaHPO4 is excreted
in the stool:

CaCl2 1Na2HPO4-2NaCl1CaHPO4

The loss of one mole of Na2HPO4 changes the ratio
of Na2HPO4/NaH2PO4 from 4:1 to 3:1. In order to re-
establish the ratio of Na2HPO4/NaH2PO4 at 4:1, 0.2
mole of NaH2PO4 must be converted to 0.2 mole of
Na2HPO4, which would release of 0.2 mole of H1. The
new ratio would be 3.2 (31 0.2)/0.8 (12 0.2), the same
4:1 ratio. Thus, the net effect is the gain of 0.2 mole of
acid for each mole of CaCl2 ingested. CaCl2, if
absorbed, would have no effect on the acid�base
balance.

Since SO4
5 is more readily absorbed than Mg21, the

overall effect of MgSO4 ingestion would be similar to
that of ingestion of CaCl2. Similarly, FeSO4 could result
in a net gain of acid, to the extent that more SO4

22 than
Fe21 is absorbed.

When a person ingests salts consisting of a non-
absorbable or poorly absorbable cation, accompanied
by an absorbable and metabolizable anion, for exam-
ple, CaCO3, Al(OH)3, Ca acetate, and Ca citrate, the
amount of alkali gained depends on the absorption of
anions, either with the accompanying cations or in
exchange for non-metabolizable anions, such as phos-
phate. Absorption of CaCO3 is facilitated when it
reacts with HCl in the stomach or acid in food, because
CaCO3 is poorly soluble. The reaction in the stomach
will be:

CaCO3 1 2HCl-CaCl2 1H2CO3:

The fate of CaCl2 formed will be the same as that of
CaCl2 ingested. Absorption of Ca as CaCO3 or CaCl2
represents a gain of alkali. Absorption of CO3

5 in
exchange for HPO4

5 also represents a gain of
alkali. Loss of CaCO3 in the stool has no effect on the
acid�base balance. Ingestion of organic salts of cal-
cium, such as calcium citrate, calcium lactate, calcium
gluconate, and calcium acetate also result in a similar
gain of alkali. As with calcium carbonate, alkali gain
occurs when these organic anions are absorbed either
with calcium or in exchange with phosphate. The over-
all alkalinizing effect of various calcium antacids
depends more on the ability of calcium to bind phos-
phate than on the absorption of calcium, because the
amount of Ca21 absorbed is usually much less than
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the amount bound to phosphate to be excreted in the
stool. The phosphate-binding ability depends in part
on availability of soluble calcium.78 This might explain
why the amount of phosphate bound by calcium when
calcium is ingested as CaCl2 is comparable to that
bound by aluminum ingested as Al(OH)3,

79 whereas
calcium carbonate salt removes only half as much
phosphate for the same amount of calcium, because of
its poor solubility. Despite poor absorption of alumi-
num, net gain of alkali is greater with Al(OH)3 than
with CaCO3, because aluminum is a more effective
binder of phosphate than calcium.80

Anion exchange resins are other examples of non-
reabsorbable cations accompanied by absorbable
anions.79 As with calcium salts, they have either an
acidifying or alkalinizing effect, depending on whether
the accompanying anion is metabolizable or not. When
the counter-ion is non-metabolizable, such as chloride
(e.g., cholestyramine), its absorption in exchange for
organic anions, carbonate or bicarbonate represent loss
of alkali. When chloride is exchanged for phosphate, it
represents 0.2 mEq of alkali loss for each mmol of
phosphate lost as HPO4. When the counter-ion is
metabolizable (e.g., acetate), a net gain of alkali occurs
when the metabolizable anion is absorbed in exchange
for chloride or phosphate. An exchange of a metaboliz-
able anion with organic anions, carbonate or bicarbon-
ate is a neutral process (Table 10.6).

Ingestion of a Poorly- or Non-Absorbable Anion
Accompanied by an Absorbable Cation

An example is ingestion of Na1 or K1 phosphate.
Intestinal absorption of Na1 and K1 is nearly complete
as long as the accompanying anion can also be readily
absorbed. Absorption of phosphate, on the other hand,
is limited for two reasons. First, absorption of phos-
phate is achieved by sodium�phosphate co-trans-
porters,63�65 which have a limited capacity. When the
intake of phosphate is in excess of the transporter
capacity, unabsorbed phosphate is excreted in the
stool. This explains why an excessive amount of
sodium phosphate causes diarrhea. Second, some of
the ingested phosphate can form an insoluble complex
with calcium, which is precipitated and excreted in the
stool. Na1 or K1 will then be balanced by the anion
that is left behind, and the precipitated calcium will be
absorbed. If the anion that is absorbed with sodium or
potassium is an organic anion or carbonate, the result
will be net gain of alkali:

Na2HPO4 1CaCO3-Na2CO3 ðabsorbed after

conversion to NaHCO3Þ1CaPO4 ðexcreted in stoolÞ

Ingestion of a Cation-Exchange Resin Results in
Net Gain of Alkali by a Similar Mechanism

The unabsorbable polyanion in a cation exchange
resin is usually sulfonate attached to a polystyrene
skeleton balanced by an exchangeable and absorbable
cation, e.g., Na1 in sodium polystyrene sulfonate
(Kayexalate). When Na1 exchanges for K1, it has no
effect on acid�base balance. An exchange of Na1 for
NH4

1 or H1 results in gain of alkali. When it
exchanges with Ca21, the net effect is also gain of
alkali, because normally the bulk of Ca21 excreted in
the stool is insoluble calcium carbonate, which repre-
sents loss of alkali.80,81 When Ca21 in calcium carbon-
ate is exchanged for Na1 in sodium polystyrene
sulfonate (PSS), Na2CO3 is formed and then absorbed;
at physiological pH, Na2CO3 will react with H2CO3,
and two molecules of NaHCO3 will form, and then be
absorbed. This effect is more pronounced when the
resin is administered with calcium salts,80,81 aluminum
salts or magnesium salts. Exchange between Na1 and
Al31 or between Na1 and Mg21 results in formation of
NaOH or Na1 carbonate, which is readily absorbable
directly or indirectly.

Na2 2PSS1CaCO3-Ca2PSS ðexcreted in stoolÞ1
Na2CO3 ðabsorbed after conversion to NaHCO3Þ:
If sodium polystyrene sulfonate (PSS) is ingested

along with Al(OH)3, the following reaction will occur:

Na3 2PSS1AlðOHÞ3-Al2PSS ðexcreted in stoolÞ1
3NaOH ðabsorbed after conversion to 3NaHCO3Þ:

Calculation of Net Alkali in a
Complex System

Ingestion of, for example, 20 mmol of K1 citrate,
which is completely absorbable and metabolized to
KHCO3 in the body, would result in net gain of

TABLE 10.6 Effect on Acid�Base Balance of Anion Exchange
Resins (AER), Depending on its Accompanying Anion and Type
of Anion in the Gut to be Exchanged

• Resin with metabolizable anion, exchanged for non-metabolizable
anion: Gain of alkali

• Resin with metabolizable anion, exchanged for metabolizable
anion: Neutral

• Resin with non-metabolizable anion, exchanged for metabolizable
anion: Gain of Acid

• Resin with non-metabolizable anion, exchange for
non-metabolizable anion: Neutral
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20 mEq of alkali. Ingestion of 10 mmol of arginine Cl
would result in net gain of 10 mEq of acid. If a food
contained both, the net gain of alkali would be
10 mEq. The food contains numerous chemicals, and
their absorption depends not only on the type of che-
micals ingested, but also on interactions with gastric
acid and other chemicals in simultaneously ingested
food or drugs. Thus, prediction of the effect of food
ingestion on acid�base balance is nearly impossible.
Measurements are made, instead, by analyzing
net alkali content of food and feces. The difference
between these two represents net alkali absorbed.

Net alkali content of food and feces is estimated
by the electrolyte balance technique, i.e., the sum of
non-combustible cations (Na11K11Ca211Mg21)
minus the sum of non-combustible anions (Cl21 1.8
P).36 The assumption here is that when non-metabo-
lizable cations are accompanied by metabolizable
anions, the subsequent absorption and metabolism of
their anions would result in gain of alkali, and that
ingestion and absorption of non-metabolizable
anions accompanied by metabolizable cations would
lead to gain of acid. Hence, the difference between
the two represents a net gain of alkali or acid. The
concentrations of all of the electrolytes are expressed
in mEq, except phosphate, which is expressed in
mmol and then multiplied by the factor 1.8, the aver-
age valence of phosphate at pH 7.4. The pH of food
or feces is not a determinant in the calculation of
valency of phosphate, since that pH is relevant only
in reference to blood pH.

For the calculation of net alkali content of food
and feces, the only non-metabolizable ions pre-
sumed to be present are Na1, K1, Ca21, Mg21,
Cl2, and P, because no other ions in food are pres-
ent in significant amounts. Urinary excretion of
sulfate is substantial, but it is assumed to originate
almost exclusively from sulfur-containing amino
acids, and is measured separately.43 This assump-
tion does not appear valid any longer, because of
ingestion of inorganic sulfates that are contained in
substantial amounts in soft drinks. According to
one estimate, an average amount of sulfate
ingested per day in USA is about 15 mEq/day.41

Thus, the presence of inorganic sulfate in the diet
would lead to the estimation of a falsely increased
amount of net GI alkali content. On the other
hand, the inclusion of sulfate that originates from
inorganic sulfate in soft drinks in the calculation
of endogenous acid production would falsely
increase its estimation. Thus, these two errors
would cancel each other out.

Some organic anions found in food, e.g., tartarate,
are poorly metabolized by the human body, and such

anions would also result in a falsely increased estima-
tion of net GI alkali absorption. On the other hand, all
organic anions excreted in the urine estimated by the
titration method are assumed to originate from organic
acids produced in the body, and this assumption results
in a falsely increased measurement of organic acid gen-
eration by the presence of substances such as tartarate
in urine. These two errors would cancel each other
out. Furthermore, it has been shown that the bulk of
ingested tartarate in humans is actually metabolized by
colonic bacteria, and only about 14% of ingested tarta-
rate appear in urine unchanged.82 Choline is an exam-
ple of an incompletely metabolizable cation, but choline
is also mostly metabolized by colonic bacteria.83

The measurement of GI absorption of alkali by the
analysis of food and feces is difficult and prone to
inaccuracies for obvious technical reasons.
Measurements can be made only in inpatient settings
with controlled diet, and consequently no study has
measured net GI absorption of alkali on a normal
diet in an outpatient setting. In a simplified tech-
nique, net GI absorption of alkali is estimated as
urinary non-combustible cations minus urinary non-
combustible anions:84

NetGIAlkali absorption5Urine ðNa11K11Ca211

Mg21Þ2Urine ðCl21P31:8Þ:

The method is based on the assumption that the dif-
ference between the amounts of non-combustible
cations and non-combustible anions absorbed from the
gut equal the difference between the amounts excreted
in the urine under stable conditions. The validity of
this assumption is supported by empirical, as well as
theoretical, evidence. Theoretically, the amount of non-
metabolizable ions absorbed must equal the amount
excreted, for the following reasons. The total extracel-
lular content of divalent ions is small (about 45 mEq of
Ca21, 30 mEq of Mg21, and 30 mEq of P), and their
daily net flux with bone is negligible.38 Hence, the
amount of divalent ions excreted in the urine must be
quite close to the amount absorbed from the GI tract.
For univalent ions, Na1, K1, and Cl2, their GI absorp-
tion is nearly complete. Consequently, the amount
excreted in the urine would closely reflect the amount
absorbed from the GI tract in states of acid�base bal-
ance. In a non-steady-state with a net gain of acid by
the kidney, there would be excess excretion of Na and
K. In a non-steady-state with a net gain of alkali by the
kidney, there would be excess excretion of Cl.

Empirically, the measurement of net alkali absorp-
tion from the GI tract measured by the analysis of diet
and stool showed near perfect correlation with the mea-
surement made by urine electrolytes.84 The amount
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of net alkali absorbed on a usual diet by the latter tech-
nique is about 30 mEq/day.38

BONE BUFFERING IN METABOLIC
ACIDOSIS

Bone Buffering in Chronic Metabolic Acidosis

It was once widely believed that bone was very
important in maintaining stable serum HCO3

2 in
chronic renal acidosis. Studies have shown that
patients with chronic renal acidosis are able to main-
tain a stable serum HCO3

2, despite retention of
12�19 mEq of acid daily, with the average duration of
acidosis of six years. Because bone is known to have a
large alkali reserve, the maintenance of a stable serum
HCO3

2 in such settings has been attributed to the sus-
tained release of alkali from bone.3,4

However, there has been little direct evidence for
substantial bone buffering of acids in chronic acidosis
of such long duration. The best evidence against a sub-
stantial role of bone in chronic renal acidosis is the
lack of significant calciuria.85 Addition of alkali to the
body from Ca21 release by bone occurs only when
Ca21 is excreted in urine. Re-deposition of Ca21 salts
in tissues or excretion in the stool as alkaline Ca21 salts
would reclaim alkali released from bone.86 If the
released calcium is lost in the stool as CaCO3, it would
actually result in net loss of alkali. Each mmol of Ca
hydroxyapatite releases 10 mmol of Ca and 9.2 mEq of
alkali. Loss of 10 mmols of calcium as calcium carbon-
ate excreted in the stool removes 20 mmols of alkali
from the body. Hence, the net alkali loss would be
10.8 mmols. If calcium from bone is released as
CaCO3, and excreted in the stool as CaCO3, there will
be no loss or gain of alkali. Release of calcium from
hydroxy apatite with subsequent deposition as
hydroxy apatite represents no gain or loss of alkali.

Furthermore, the total amount of alkali reserve in
bone is insufficient to account for the buffering of acid
for such a protracted period. Assuming total bone con-
tent of Ca21 at 60,000 mEq, the total alkali content of
bone is estimated to be about 25,000 mEq. At the rate
of 19 mEq of acid buffering per day, the bone alkali
store would be exhausted in 3.6 years.38,87

Bone Buffering in Acute Metabolic Acidosis

It is also widely believed that bone plays an impor-
tant role in buffering in super-acute acidosis, but the
available evidence is not convincing. Fraley and Adler
showed that rats and dogs with total thyroparathyroi-
dectomy developed a much more severe metabolic

acidosis than those with intact organs.88 The authors
concluded that without intact parathyroid glands, non-
extracellular buffers were responsible for titrating only
3 and 22% of the administered acid in rats and dogs,
respectively. They concluded that the difference in
buffering capacity was due to a difference in bone
buffering. Arruda et al. concurred with Fraley and
Adler that PTH significantly affected the overall buff-
ering,89 but the data of Madias et al. did not show any
difference in buffering capacity.90 Buffering of acid by
bone could occur in three different ways: (1) release of
cations such as Na1, K1, Ca21, and Mg21 accompanied
by carbonate, hydroxide or phosphate; (2) exchange of
bone carbonate for extracellular phosphate; and (3)
deposition of extracellular non-metabolizable anion
such as Cl2 along with an H1.

The third mechanism has not been shown to exist.
For the first mechanism to operate, a cation must be
released from bone. Mg21 does not participate in acid
buffering of bone. Release of bone K1 cannot play a
quantitatively significant role, because the entire
bone content of K1 in adult humans is a mere
20 mEq.91 Evidence for Na1 release from bone exists in
acute metabolic acidosis, but the magnitude is a not
very substantial. Bettice and Gamble showed that the
bone content of exchangeable Na1 decreased by about
5% in 5 hours following acute acid loading in dogs.92

The bone Na1 content is about 1200 mEq, and about
40% of this, 480 mEq, is exchangeable. Thus, 5% of
480 mEq represents a mere 24 mEq (4803 0.055 24). In
conclusion, it seems highly improbable that bone con-
tributes substantially to the buffering in super-acute
metabolic acidosis (acidosis within a few hours).

Release of Ca21 from bone is an important mecha-
nism of bone buffering in acute metabolic acidosis.
Urinary excretion of Ca21 can increase by 80 mEq per
day. If the entire amount came from Ca21 carbonate,
that amount of calcium release would release 80 mEq
of alkali. If the same amount of Ca21 originated from
hydroxyapatite, alkali released is 36.8 mEq. Increased
excretion of Ca21 in metabolic acidosis reaches a
maximal value a few days after the start of acid
load.93

The likely explanation for the appearance of
impaired buffering in animals with thyroparathyroi-
dectomy is tissue under-perfusion due to circulatory
shock. Since the blood flow to the muscle in humans
is only about 700 ml per minute, it is obvious that
buffering by skeletal muscle would not be complete
in 30 minutes in a resting state. Reduced blood flow
by circulatory shock would further delay the buffer-
ing by both intra- and extracellular fluid of the mus-
cle, and could have given the impression that cell
buffering was virtually absent in this setting.

315BONE BUFFERING IN METABOLIC ACIDOSIS

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



In conclusion, bone is quantitatively an unimportant
source of alkali in chronic metabolic acidosis of several
years’ duration. In acute acidosis, contribution of bone
to acid buffering could be substantial, but its contribu-
tion in super-acute acidosis (that of several hours dura-
tion) appears negligible.
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INTRODUCTION

The first descriptions of the cilium are generally
attributed to Leeuwenhoek (as translated in 1). Cilia
were thought to be analogous to the flagellum used by
single cell organisms for motility. It soon became obvi-
ous that motile cilia also have a function in multiple
human tissues; motile cilia found in the respiratory
track are involved in clearance of mucus and debris,
cerebral spinal fluid movement is assisted by motile
cilia on ependymal cells lining the brain ventricles,
and flagella function to propel sperm through the
reproductive tract for fertilization. In fact, the first
human disease associated with cilia dysfunction was
Primary Ciliary Dyskinesia (“primary” here referring
to the fact that impaired movement of cilia was the
cause of the disease (PCD)2,3). These patients suffer
from chronic rhinitis, bronchiectasis, infertility, and
abnormal left�right body axis specification caused by
defects in cilia motility.

Most cell types in the mammalian body do not
have motile cilia; they possess a single immotile cil-
ium (referred to as the primary cilium). The functional
importance of the primary cilium remained enig-
matic, and the primary cilium was often considered
vestigial. It wasn’t until the mid-1990s and early
2000s that a number of essential observations were
made linking the primary cilium to disease pheno-
types, largely through studies in model organisms.
One of the initial breakthroughs came from a large-
scale insertional mutagenesis project conducted on
mice in the laboratory of Dr. Rick Woychik at the
Oak Ridge National Laboratories. This screen
resulted in the identification of the Oak Ridge
Polycystic Kidney (orpk) mouse,4 a genetic model for

autosomal recessive polycystic kidney disease
(ARPKD, OMIM# 263200). orpk mutants have multi-
organ defects, including cystic lesions in the kidney,
liver, and pancreas, hydrocephalus, anosmia, retinal
degeneration, skin and hair abnormalities, brain mal-
formation, and skeletal defects.5 Many of the pheno-
types observed in the orpk mutants have also been
reported in human disorders caused by mutations in
proteins associated with the cilium (Table 11.1).
These disorders are collectively referred to as “ciliopa-
thies,” and the orpk mutant mouse has become an
important mammalian model system for studying cil-
iary dysfunction and disease. The transgene insertion
in orpk mutant mice caused a hypomorphic mutation
in a gene called “Tg737” that encodes the protein
Polaris.4,6,7 Polaris localizes to the cilium, and in the
orpk mutants both motile and primary cilia were
stunted and malformed, although the function of the
protein remained unknown.8

Another major advance came from the proteomic
analysis of flagella isolated from the green alga
Chlamydomonas reinhardt.9 This study identified sev-
eral components of the intraflagellar transport (IFT)
particle that included intraflagellar protein 88 (Ift88),
the homolog of Polaris in Chlamydomonas.10 IFT is an
evolutionarily conserved transport system that med-
iates bidirectional movement of proteins between the
base and tip of the cilia/flagella, and is essential for
the construction and maintenance of cilia/flagella
(Figure 11.1; Table 11.2; see section “Intraflagellar
Transport (IFT) and IFT Motors”).11 In agreement
with a role in IFT, further studies in Caenorhabditis
elegans (C. elegans) on OSM-5, the IFT88/Polaris
homolog, revealed that mutations disrupting this pro-
tein also cause severe defects in cilia assembly.12
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TABLE 11.1 Ciliopathy Genes that Cause Known Renal Phenotypesa

Gene

Name

Gene

Location

Protein

Name

Aliases Overlapping

Loci

Associated

Ciliopathies

Protein Characteristics Subcellular

Localization

BBS1 11q13.2 BBS1 BBS2L2 BBS BBSome component Basal body; cilium

BBS2 16q12.2 BBS2 � BBS BBSome component Basal body; cilium

ARL6 3q11.2 Arl6 � BBS GTPase Basal body; cilium

BBS4 15q24.1 BBS4 � BBS BBSome component Basal body; cilium

BBS5 2q31.1 BBS5 � BBS BBSome component Basal body; cilium

MKKS 20p12.2 BBS6 � BBS Chaperonin-like Basal body

BBS7 4q27 BBS7 BBS2L1,
FLJ10715

BBS BBSome component Basal body; cilium

TTC8 14q31.3 BBS8 � BBS BBSome component Basal body; cilium

PTHB1 7p14.3 BBS9 � BBS BBSome component Basal body; cilium

BBS10 12q21.2 BBS10 � BBS Chaperonin-like Basal body

TRIM32 9q33.1 BBS11 HT2A BBS E3 ubiquitin ligase motif;
RING zinc finger

Cytosol; nucleus

BBS12 4q27 BBS12 FLJ35630 BBS Chaperonin-like Basal body

WDPCP 2p15 BBS15 Fritz BBS WD40 domains Cytosol

INPP5E 9q34.3 INPP5E CORS1,
MORMS

JBTS Inositol polyphosphate-5-
phosphatase

Cilium

AHI1 6q23.3 AHI1 Jouberin JBTS SH3 domain; W40 repeats;
coiled-coil domain

Cilium

ARL13B 3q11.1 ARL13B ARL2L1 JBTS GTPase Basal body; cilium

ACLS 15q26.1 Klf7 KIF7, Costal2 JBTS Kinesin-family protein Cilium

TCTN1 12q24.11 Tectonic TECT-1,
Tectonic 1

JBTS, MKS? Transmembrane domain Transition zone

MKS1 17q22 MKS1 MKS BBS13 MKS, BBS B9 domain Transition zone

TMEM216 11q12.2 MKS2 JBTSB,
CORS2

JBTS2 MKS, JBTS Transmembrane domain Transition zone

TMEM67 8q22.1 MKS3 Meckelin JBTS6, NPHP11 MKS, JBTS,
NPHP

7-pass transmembrane
domain protein

Transition zone

CEP290 12q21.32 Cep290 � NPHP6, BBS14,
JBTS5, SLSN6

MKS, BBS,
NPHP, JBTS,
SLSN

Coiled-coil domains/
bipartite NLS

Basal body/
centrosome

RPGR1P1L 16q12.2 MKS5 NPHP8 NPHP8, JBTS7 MKS, NPHP,
JBTS

C2 domains, coiled-coil
domains, bipartite NLS

Transition zone

CC2D2A 4p15.32 MKS6 � JBTS9 MKS, JBTS C2 domains, coiled-coil
domains

Transition zone

TCTN2 12q24.31 Tectonic-2 MKS Transmembrane domain Transition zone

B9D1 17p11.2 B9D1 MKS B9 domain Transition zone

B9D2 19q13.2 B9D2 MKS B9 domain Transition zone

NPHP1 2q13 NPHP1 JBTS4, SLSN1 NPHP, JBTS,
SLSN

SH3 domain/coiled-coil
domain

Transition zone,
adherens junctions

INVS 9q31.1 Inversin NPHP2 NPHP IQ calmodulin-binding
domain/ankyrin repeats

Inversin domain,
cilium

(Continued)
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Thus, the function IFT88 is highly conserved across
diverse species.

One of the most significant breakthroughs connect-
ing cilia dysfunction to human diseases came from
studies in C. elegans by Barr et al. They conducted a
genetic screen to identify genes involved in male mat-
ing behavior and uncovered mutations in lov-1 and
pkd-2, the homologs of human polycystin-1 (PC-1) and
polycystin-2 (PC-2), respectively.13 Importantly, muta-
tions in these two genes cause human autosomal dom-
inant polycystic kidney disease (ADPKD OMIM#
601313, # 173910); a disorder that affects nearly 1 in
1000 individuals and is a leading cause of end-stage
renal disease. In C. elegans, both lov-1 and pkd-2 pro-
teins localize to the cilium of male sensory neurons.14

Subsequently, the mammalian proteins were also

localized in the cilium of renal epithelium15,16 leading
to a paradigm shift in the understanding of the possi-
ble mechanisms involved in human PKD. Multiple
cystic kidney disease genes in mice, rats, and humans
have now been identified and in nearly every case,
the affected proteins encoded by these genes are asso-
ciated with the cilium (reviewed in 17�20).

These initial observations in model systems ushered
in a renewed interest into the functions and clinical
importance of the primary cilium. Even though
research into the role of primary cilia has now
extended to almost every tissue in the body, the
involvement of the cilium in the kidney has garnered
particular focus. In part this may reflect the morbidity
and mortality associated with PKD, as well as the high
incidence of PKD.

TABLE 11.1 (Continued)

Gene

Name

Gene

Location

Protein

Name

Aliases Overlapping

Loci

Associated

Ciliopathies

Protein Characteristics Subcellular

Localization

NPHP3 3q22.1 NPHP3 Nephrocystin-
3, NPH3

MKS7, SLSN3 NPHP, MKS,
SLSN

IQ calmodulin-binding
domain

Cilium

NPHP4 1p36.31 NPHP4 Nephroretinin SLSN4 NPHP, SLSN SH3 domain Transition zone,
adherens junctions

IQCB1 3q13.33 NPHP5 PIQ SLSN5 NPHP, SLSN IQ calmodulin-binding
domain

Inversin domain,
cilium

GLIS2 15p13.3 Glis2 � NPHP Kruppel-like zinc finger Cilium

NEK8 17q11.2 Nek8 NPHP9, JCK NPHP NIMA kinase Inversin domain,
cilium

SDCCAG8 1q43 SDCCAG8 NPHP10,
CCCAP

SLSN7 NPHP, SLSN Coiled-coil domains, colon
cancer auto-antigen

Basal body/
centrosome

XPNPEP3 22q13.2 NPHP-1L APP3 NPHP Peptidase Mitochondria

ATD 15q13 ATD1 ATD ATD Unknown Cilium?

IFT80 3q25.33 IFT80 WDR56 ATD IFT-B complex, WD40
domains

Cilium

DYNC2H1 11q22.3 Dync2H1 DHC2,
DHC1B

ATD Cytoplasmic dyenin
component

Cilium, cytosol

TTC21B 2q24.3 IFT139 THM1 JBTS11, NPHP12 ATD, NPHP,
JBTS

IFT-A complex, TPR
repeats

Cilium

IFT122 3q21.3�q22.1 IFT122 WDR10 CED IFT-A complex, WD40
domains

Cilium

WDR35 2p24.1 IFT121 TULP4,
Naofen

CED IFT-A complex, WD40
domains

Cilium

IFT43 14q24.3 IFT43 � CED IFT-A complex Cilium

OFD1 Xp22.2 Ofd1 � JBTS10 OFD, JBTS Coiled-coil domains Basal body/
centrosome

ALSM1 2p13.1 ALSM ALSS ALMS Trafficking protein? Cytosol

ATXN10 22q13.31 Ataxin 10 E46L, SCA10 MKS? ATTCT repeats Perinuclear

aGenes are categorized by ciliopathy based on Online Mendelian Inheritance in Man (OMIM, http://www.ncbi.nlm.nih.gov/omim) entries at time of writing.
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CILIAULTRASTRUCTURE
AND COMPONENTS

The primary cilium on renal epithelial cells is a
small, membranous, hair-like extension protruding
from the surface of the cell into the lumen of the neph-
ron tubule. This simple description, however, disguises
the high level of complexity that is necessary for the
cilium to function as an intricate signaling and sensory
organelle (Figure 11.1). Below the membranous cover-
ing of the cilium lies a precisely ordered series of axo-
neme microtubules. At the base of the cilium, the
axoneme microtubules are anchored to the cell and cell
membrane by a series of specialized structural compo-
nents including transition fibers, the transition zone,

ciliary necklace, and a modified centriole termed the
basal body. These structures are further defined below.

Centrosomes and Basal Bodies

Centrosomes are comprised of a pair of centrioles,
an older mother centriole and a daughter centriole, sur-
rounded by a proteinaceous matrix. Mother�daughter
centrioles are aligned orthogonally, with the mother
centriole aligned towards the cell surface. The mother
centriole becomes the basal body, which acts as a
microtubule-organizing center (MTOC) for axonemal
nucleation at the base of the extending cilium. Basal
bodies are comprised of a nine-ring helix of triplet
microtubules that contain γ-tubulin, in addition to α-
and β-tubulins (Figure 11.1d). Axoneme microtubule
polymerization is initiated by nucleation of γ-tubulin-
containing microtubules of the basal body.

In addition to their microtubule cores, basal bodies
are also comprised of numerous associated proteina-
ceous appendages that facilitate ciliogenesis. Although
the basal body appears symmetrical, the distribution of
centriolar appendages gives the basal body asymmetry
with respect to its proximal�distal axis. The basal foot
(also called sub-distal appendages) and the transition
fibers (also called distal appendages) extend from the
more distal end of the basal body. The formation of
transition fibers on the basal body is a distinct process
from that of ciliogenesis, yet it has been demonstrated
that transition fibers are necessary for cilia to form.21,22

Transition fibers appear necessary for tethering the
basal body to the membrane (see section “Transition
Fibers” and 23), thus establishing the basis for cilia
anchorage.

The proteinaceous matrix surrounding the basal
body is termed the pericentriolar material and contains
centriolar components. Although the pericentriolar
material does not form the structure of the centriole/
basal body, these proteins are necessary for centriolar
organization and control of mitosis. Puncta of proteins
surrounding centrioles (centriolar satellites) will often
be dynamically associated with the centrosome
depending on cell cycle stage.24

Ciliary Axoneme

The core of both motile and primary cilium is an
organized microtubule-based axoneme extending from
the basal body. Axonemal microtubules have (1) ends,
localized at the ciliary tip, and (�) ends anchored to
the basal body. These microtubules serve as tracks for
molecular motor protein transport of cargo along the
cilium (Table 11.2 and see section “Intraflagellar
Transport (IFT) and IFT Motors”).

FIGURE 11.1 Ultrastructure of the primary cilium. A microtu-
bule-based axoneme nucleates from the basal body and extends the
length of the cilium. IFT-A (maroon) and IFT-B (light blue) com-
plexes form IFT-A/B particle trains and travel along the axoneme
via IFT with their associated cargoes. Anterograde IFT (left side of
axoneme) occurs via Kinesin-2 (dark blue) and Kif-17 (purple) motor
proteins. IFT-A/B particle trains are disassembled and reassembled
at the ciliary tip. Retrograde IFT (right side of the axomene) removes
IFT-A/B particles and associated proteins from the cilium via the
cytoplasmic dynein-1 retrograde motor protein (red). Insets (a�d)
illustrate cross-sections of ciliary microtubule structure. (a) Distal
segment with 91 0 “A” axonemal microtuble singlets; (b) Proximal
segment with 91 0 “A/B” axonemal doublets; (c) transition zone
with Y-links (YL) and ciliary necklace (CN) respectively; (d) basal
body with “A/B/C” microtubule triplets; (e) scanning electron
micrograph of the primary cilium. (Image adapted from Alvaro, D. et al.
(2008). Am. J. Pathol. Feb; 172(2), 321�332, with permission.)
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Axonemal microtubules are arranged in a ring of nine
doublets (Figure 11.1b). Cryo-electron tomography imag-
ing of cilia axoneme microtubles by Sui and Downing25

illustrate that each doublet is comprised of a larger A-
tubule, and a smaller incomplete B-tubule. Both A and B
tubules of the axoneme microtubles are comprised of α-
and β-tubulin protofilaments similar to the cytoplasmic
microtubules. The axonemal microtubule doublet may
either extend the entire length of the cilium or terminate
into a mircotubule singlet that continues into the distal
cilium (Figure 11.1a). Most motile forms of cilia also con-
tain additional structures used in generating motility.
These include a central pair of microtubules, in addition
to their nine-ring doublet, radial spokes, inner and outer
dynein arms, and nexin links.26 The incorporation of a
central pair of microtubles in motile cilia is referred to as
a 91 2 arrangement. However, not all 91 2 cilia are
motile, as revealed by olfactory sensory neuron cilia.
Immotile primary cilia, such as those found in renal epi-
thelia, lack the central microtubule pair and many of the
motility components.27 Lack of a central microtubule
pair is referred to as a 91 0 axonemal microtubule
arrangement (Figure 11.1).

The Transition Zone

The cilium is not a simple extension of the cell
membrane or cytosol, but rather it has a distinct

complement of proteins necessary for its construction,
signaling, and sensory functions. The specialization is
established by structures located at the base of the cil-
ium that function to separate the ciliary compartment
from the rest of the cell.

At the proximal end of the cilium nearest the basal
body, the cilia membrane is closely associated with the
axonememicrotubules. This region is known as the tran-
sition zone. Ultrastructurally, the transition zone
(Figure 11.1c) is comprised of a radial array of Y-shaped
links, with the bottom of the “Y” attaching to each axo-
nemal microtubule doublet and top of the “Y” likely
forming attachments with the nearby cilia membrane.28

The molecular composition of the Y-links are unknown,
however, centrosomal protein 290 (CEP290)29 and the
protein p21030 were shown to localize to the distal end
of the basal body in the area of the transition zone Y-
links in Chlamydomonas. The transition zone appears to
be an important domain, as many proteins associated
with Meckel-Gruber Syndrome (MKS, OMIM# 249000)
and Nephronophthisis (NPHP, OMIM# 256100) func-
tion as part of genetically and biochemically inter-
acting complexes that also localize in this region.31,32 In
C. elegans, mutations disrupting the interactions
between the transition zone proteins involved in NPHP
andMKS cause the loss of Y-links, detachment of the cil-
iary membrane from the axoneme, abnormalities in reg-
ulating protein entry into the cilium, and defects in cilia
positioning, orientation, and assembly.32 It is not cur-
rently known whether the MKS and NPHP proteins are
a direct component of the Y-links or whether the loss of
the Y-links in nphp and mks mutants is a secondary
consequence.

The Ciliary Necklace

At the position where the Y-links attach to the
inside of the ciliary membrane, the outside of the
membrane is decorated with electron-dense proteina-
ceous nodules.28 These decorations are collectively
referred to as the “ciliary necklace” (Figure 11.1d;
denoted “CN”). When observed by electron micros-
copy, the ciliary necklace appears to restrict around
the axoneme, and somewhat resemble tight junctions
in epithelial cells. As such, the ciliary necklace, along
with the Y-links, may function as a barrier machinery
that is selective for ciliary transmembrane and mem-
brane associated proteins. The composition of the cili-
ary necklace remains to be defined, and the
mechanisms by which this region may function as cili-
ary barrier is a major focus of ongoing studies.

Transition Fibers

Through electron microscopy studies, it is apparent
that there are electron-dense fiber-like structures

TABLE 11.2 Intraflagellar Transport (IFT) Complex Proteins
and Motors (Known Disease Genes are Annotated)

IFTA-
Complex

IFTB-
Complex

IFT Anterograde
Motors

IFT Retrograde
Motors

IFT43* IFT20 KIF3A Cytoplasmic
dynenin2^

IFT121* IFT22 KIF3B

IFT122* IFT25 KAP3

IFT139^ IFT27

IFT140 IFT46

IFT144 IFT52

IFT54

IFT57

IFT70

IFT74

IFT80^

IFT81

IFT88

IFT172

*Mutated in CED.
^Mutated in ATD.
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extending from the distal end of the basal body that
tether the basal body to the base of the ciliary mem-
brane.23 These structures are known as transition fibers
(Figure 11.1). Nine transition zone fibers extend at an
angle from the distal tip of the basal body and connect
with membrane creating an elaborate pinwheel-like
conformation.23 Space filling models reconstructed
from electron micrographs suggest that the space
between transition fibers could accommodate particles
up to 60 nm,23 suggesting that this region could act as
part of a ciliary gating or barrier mechanism prevent-
ing soluble cytosolic protein from entering the cilia. It
has therefore been hypothesized that there must be
other, active mechanisms for ciliary entry that are
localized to this region.33 Data obtained from studies
in C. elegans suggest that the transition fibers are dock-
ing sites for the IFT particles (see section “Cilia
Transport and Trafficking”), and that the transition
fibers function in loading and unloading of ciliary cargo
onto the IFT particles for transport.34 Relatively few
transition fiber proteins have been identified. One can-
didate is Cep164, which localizes in the region of the
transition fibers and is necessary for ciliogenesis.21

Cilia Membrane

The cilium has a distinct composition with regards
to both protein and lipid content.35,36 Identifying the
composition of the primary cilia in mammalian cells
has been technically challenging, as the surface area of
the cilia membrane comprises a small fraction of the
total cell membrane. Initial analyses indicate that the
cilia membrane contains a high concentration of sterols
relative to phosphinostitides when compared to plasma
membrane.37 The high levels of sterols in cilia have led
some to speculate that cilia are enriched in lipid rafts,
which also have high sterol content. In fact, several cili-
ary and cystic kidney disease proteins, such as cystin,
associate with lipid raft components, and inhibiting this
association can impair their transport to the cilium.38

Information regarding the protein composition of
the cilium has been obtained through proteomic and
genetic studies in model systems, as well as comparing
the genomes of ciliated and non-ciliated organisms.39

Although proteomic analysis has been performed on
motile cilia and photoreceptor cilia isolated from mam-
malian cells, currently the most complete information
regarding the protein composition of the cilium/flagel-
lum come from Chlamydomonas.40 This is in part due to
the ease with which deflagellation can be induced in
this organism, allowing for purification and proteomic
analyses.

Proteomic data revealed that the cilium contains a
large number of transmembrane and membrane

associated proteins that in many cases are not found in
other regions of the cell. These proteins must be specif-
ically targeted to the cilium (see section “Cilia
Transport and Trafficking”). The localization of pro-
teins in the cilia membrane is necessary for normal
cilia mediated sensory functions and signaling activi-
ties (see section “Cilia Signaling in the Nephron”).
This has important implications in common renal dis-
orders, since transmembrane proteins, such as PC-1
and PC-215,16 localize in the cilium (see Chapter 81 for
a detailed description). Other cystic kidney disease
transmembrane proteins found in the cilium include
fibrocystin/polyductin, and the Meckel�Gruber syn-
drome proteins 241 and 342 (MKS2 and MKS3 respec-
tively) that localize to the transition zone region (see
section “Transition Fibers”).

CILIA TRANSPORTAND TRAFFICKING

For the cilium to function as a sensory and signaling
center, it requires the specific targeting and transport
of proteins into and out of the cilium. Although the
mechanism of ciliary targeting and protein transport
remain poorly understood, great advances have come
from seminal studies in model organisms and human
ciliopathy patients. We now know many of the core
components of the cilia trafficking machinery.
Machinery involved in cilia trafficking include the
microtubule motor driven intraflagellar transport (IFT)
proteins originally defined in Chlamydomonas, and the
BBSome, a complex of proteins disrupted in
Bardet�Biedl syndrome (BBS, OMIM# 209900), that
function in cilia membrane protein trafficking and
vesicular transport. It has become evident that ciliary
trafficking machinery often utilizes canonical endocytic
pathways involving the Rab-family of proteins
(reviewed in 43). Understanding how ciliary trafficking
falls into conventional trafficking modules is the focus
of many ongoing studies.

Intraflagellar Transport (IFT) and IFT Motors

The axoneme provides the cilium structure, and
also serves an important role in building the organelle
and trafficking proteins through the cilium. Axonemal
microtubules are used for trafficking components in
both anterograde (toward the cilia tip) and retrograde
(toward the basal body) directions in a process known
as intraflagellar transport (IFT).11 Coordinated, bidirec-
tional IFT movement is localized between the outer
doublet microtubules and the ciliary membrane.

IFT is required to build and maintain the primary
cilium through the movement of two interacting
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macromolecule complexes, IFT-A and IFT-B (summa-
rized in Table 11.2 and reviewed in 44,45). IFT-A
and IFT-B interact to form a large IFT-A/B particle
chain that moves together in both anterograde and
retrograde IFT. It has been documented that
mutations in IFT complex proteins can cause human
ciliopathies. Both Jeune Asphixiating Thoracic
Dystrophy (ATD, OMIM# 208500) and Sensenbrenner
syndrome (CED, OMIM# 218330) are caused by muta-
tions in IFT genes (Tables 11.1 and 11.2, and see sec-
tions “Jeune Asphyxiating Thoracic Dystrophy (ATD)”
and “Sensenbrenner Syndrome (Cranionectodermal
Dysplasia, CED).” In general, the mutations in IFT pro-
teins identified in human patients are thus far hypo-
morphic, suggesting that complete loss of IFT function
is not viable.

In addition to the proteins that make up IFT com-
plexes A and B proper, there is emerging evidence for
IFT associated proteins that are important for ciliary
protein trafficking and ciliary function. For example,
IFT20 is associated with trafficking of proteins from
the Golgi to the cilia base.46 Also, IFT27 (Rabl4) and
IFTA-2 (Rabl5) are both Rab-like proteins that associate
with the IFT-A/B complex.47,48 The function of these
proteins is poorly understood; however, in the absence
of Rabl5 in C. elegans, cilia regulated signaling path-
ways are affected even though Rabl5 is not required
for ciliogenesis.48 Thus, the current hypothesis is that
Rabls5 and other IFT associated proteins may function
to connect specific cargo with the IFT complex or in
more subtle regulation of cilia signaling and sensory
activities.

Specific motor proteins mediate IFT bidirectional
movement in the cilium (Table 11.2). Kinesin-2 associ-
ates with the IFT-A/B complex to move the IFT parti-
cle in the anterograde direction toward the cilia distal
segment.49,50 A second kinesin, Kif17, specifically
associates with the IFT-B complex, and appears to
function largely in movement of the IFT-A/B particle
along the distal segment of the cilium.51 The retro-
grade motor, cytoplasmic dynein-2, mediates move-
ment of the IFT-A/B particle with its associated cargo
in the retrograde direction toward the basal body.52

It should be noted that most of the data concerning
motor-microtubule specificity is largely based on stud-
ies using homologs of cilia motor proteins in C. elegans
and Chlamydomonas.

IFT builds and maintains its primary cilium by shut-
tling tubulin subunits to the growing (1) end of the
axoneme microtubules at the ciliary tip by anterograde
IFT, while cilia microtubles are cleared from the cilia
by retrograde IFT. This can be demonstrated both
in vivo and in vitro, where mutations in Kinesin-2 pro-
teins (anterograde motor) lead to the absence of
cilia,53,54 while mutations in cytoplasmic dynein-2

(retrograde motor) lead to bulbous, stumpy cilia
caused by an accumulation of IFT particles and other
ciliary proteins.52,55�57

Mechanisms of Cilia Protein Entry

The correct function of the primary cilium is depen-
dent on the localization or enrichment of receptors,
channels, and effectors in this specialized compart-
ment. As such, the mechanisms restricting or facilitat-
ing protein entry into the cilium remain an area of
intense research.

A ciliary barrier or gate, which is likely found at the
base of the cilium, could function to restrict entry of
non-ciliary proteins and/or impair exit of proteins
from the cilium. As indicated above, one of the current
models is that the transition zone, transition fibers,
and ciliary necklace constitute the barrier machinery
(Figure 11.1). Evidence supporting a diffusion barrier
at the base of the cilium comes from studies using a
glycosylphosphatidylinositol-anchored fluorescent pro-
tein that is targeted to the apical plasma membrane.36

This protein diffuses rapidly across the apical surface,
but is restricted from the cilium and a region around
the base of the cilium called the periciliary membrane
domain. Similarly, other membrane proteins localized
to the apical plasma membrane are not found in the
cilium.

Although there is evidence for a cilia barrier, there
are also data indicating that cilia access may in part be
determined by protein size and governed by diffusion.
GFP is a 27 kDal protein that rapidly equilibrates
between the cilium and cytosol. However, larger pro-
teins do not accumulate freely in the cilium, and are
dependent on IFT. This has led to the hypothesis that
the ciliary barrier may be analogous to nuclear pore
complex. Passage through the nuclear pore involves
the association of a protein containing a nuclear locali-
zation signal (NLS) binding to an importin-family pro-
tein for movement into the nucleus catalyzed by Ran
GTPase activity. Intriguingly, importin-β2 has been
localized to the basal body/transition zone in cultured
cells, and knockdown of importin-β2 inhibits cilia
localization of retinitis pigmentosa 2.58 Likewise, Ran
is found in the cilium, and experiments using mutated
Ran have shown that ciliary entry is mediated through
a Ran-GTP gradient.59 The question remains as to
whether there are specific cilia localization signals
(CLS) similar to the putative NLS sequence. Indeed,
NLS-like sequences have been reported in cilia pro-
teins, such the kinesin KIF17, and disruption of this
NLS motif inhibits Kif17 cilia localization.59

A sequence, V-x-P, necessary for ciliary localization60

has also been identified in the transmembrane proteins
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PC-2 and CNGB1b, and in several G-protein coupled
receptors (SSTR3, 5HT6, DRD1, Rhodopsin, and
MCHR1); however, the mechanism by which this motif
targets these proteins to the cilium is variable, and is
most likely protein-specific. Most other cilia transmem-
brane proteins do not have this signature, indicating
there is no universal sequence directing proteins into
the cilium.

An alternate hypothesis for ciliary enrichment was
proposed by Hu et al. and involves inhibition of lateral
diffusion. Ciliary proteins were highly mobile within
the cilium, but there was limited exchange between
the plasma membrane and the cilium. These data sug-
gest a barrier-impeded diffusion. Hu et al. demon-
strated that septin-2 is located around the base of the
cilium, and may function as this barrier.61 Septins
were originally identified as a family of guanosine tri-
phosphatases with diffusion barrier function.
Knockdown of septin-2 in embryonic fibroblasts and
renal epithelium resulted in a marked increase in dif-
fusion and exchange between cell and ciliary mem-
branes, defects in ciliogenesis, and inhibition of cilia
dependent signaling (e.g., Sonic Hedgehog (Shh) path-
way, see section “Renal Cilia and Hedgehog
Signaling”).61 Thus, one possible mechanism is that cil-
iary transmembrane proteins are continually trans-
ported into the cilium and accumulate there as a
consequence of slow outward diffusion.

Recently, another model for ciliary membrane pro-
tein entry was proposed from the laboratory of Ira
Mellman.62 Francis et al. analyzed gp135/podocalyxin,
which is a transmembrane protein localized to the api-
cal surface of renal epithelial cells that is also restricted
from the cilium and the periciliary membrane region
around the cilia base. gp135 is anchored to the corti-
cal actin cytoskeleton through its PDZ domain.
When this motif was disrupted, gp135 was now
present ectopically in the cilium. Conversely, pro-
teins that normally enter the cilia could be inhibited
from doing so if the gp135 PDZ domain was incor-
porated into the protein. These data suggested that
ciliary exclusion was dependent on attachment of
membrane proteins to the cytoskeletal network,
rather than the presence of a diffusion barrier. This
model is hard to reconcile with the septin-2 data
from Hu et al.,61 the evidence for the BBSome in
cilia membrane trafficking of specific GPCRs (see
section “Ciliary Targeting and the BBSome” and
60,63,64), and the presence of multiple membrane pro-
teins that are freely diffusible and have not been
detected in the cilium.36 Further, lipid content in the
cilium has been reported to be distinct from that of
cell membrane (reviewed in 65). In the absence of a
barrier, one would expect an equilibration between
the two compartments.

Vesicular Trafficking of Transmembrane
Proteins to the Cilium

Transmembrane proteins destined for the cilia are
dependent on the activity of Rab-GTPases. One of the
initial Rabs shown to be involved in ciliary targeting
was Rab8. Inhibition of Rab8 leads to accumulation of
vesicles at the base of the cilium, while Rab8 constitu-
tive activation causes elongated cilia.66 Rab8 utilizes
the ciliary localized exocyst complex and activity from
its guanine nucleotide exchange factor (GEF) Rabin8 to
dock and fuse vesicles at the cilia base. Although the
process of targeting transmembrane proteins to the cil-
iary base is still being fully deduced, one of the most
widely accepted models involves polarized exocytosis
through a Rab11-associated trafficking pathway.
Through this pathway, transmembrane proteins are
shuttled from a Rab11 positive compartment to a Rab8
positive vesicle, dependent on Rab11 activation of
Rabin8. Transmembrane proteins in these Rab8 posi-
tive vesicles are then transported to the cilia base, and
inserted directly into the periciliary membrane
domain.67,68 Importantly, although some vesicular
structures have been reported in olfactory and chon-
drocyte cilia,69,70 vesicles are not commonly seen in
most other cilia or flagella. These data indicate that if
polarized exocytosis occurs, the fusion of the vesicles
with the cilia membrane likely occurs at the base. In
support of this are ultrastructural studies showing
numerous vesicles containing putative ciliary-targeted
proteins located around the base of cilia and flagella
actively fusing with the membrane.71,72 How these
proteins then get across a ciliary barrier, if it exists, is
unknown.

It is also possible that the initial targeting of ciliary
transmembrane proteins is to the plasma membrane.
The ciliary protein would then translocate into the cil-
ium by either lateral diffusion or through an endocytic
pathway. This is best understood in the case of
Smoothened (Smo), the transmembrane effector pro-
tein of the Sonic hedgehog-signaling pathway (Shh). In
response to Shh stimulation, Smo translocates from the
cell membrane into the cilium. This translocation is not
inhibited by expression of a dominant negative form
of dynamin,73 a GTPase required for scission of vesi-
cles during endocytosis in eukaryotic cells. Thus, the
data indicate that at least in this case, ciliary targeting
is likely mediated through lateral diffusion, and does
not require endocytosis of vesicles from the plasma
membrane.

Ciliary Targeting and the BBSome

The BBSome is a protein complex involved in traf-
ficking of specific cilia membrane proteins.64,66
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Mutations affecting this complex of proteins cause
Bardet�Biedl Syndrome (BBS). BBS is a rare human
ciliopathy characterized by obesity, sensory defects,
and cystic kidney disease (see section “Bardet-Biedl
Syndrom (BBS)). The assembled BBSome shares struc-
tural similarities with the COP/clatherin family of coat
proteins, suggesting the BBSome functions as a coat
for ciliary cargos. The BBSome coat associates with the
GTPase Arl6 (also known as BBS3) when Arl6 is in its
GTP�bound, active state. The BBSome/Arl6 complex
recognizes the ciliary localization sequence (CLS) in
proteins such as SSTR3, and then escorts the protein
into the cilium. The BBSome may also function for
removal of proteins from the cilium. This is evidenced
by the abnormal accumulation of specific transmem-
brane proteins in the cilium of bbs mutant mice.63

CILIOGENESIS

Cilia are complex structures that require continual
maintenance74 and must be dissembled and subse-
quently reassembled at the beginning and end of each
cell cycle. The process of building a cilium (ciliogen-
esis) requires the coordination of centriolar modifica-
tion/maturation to form a basal body, the motor
driven process of IFT to build the cilia axoneme, and
carefully timed transcriptional events. These processes
are synchronized with cell cycle progression, as cilia
are assembled on quiescent cells.75 Likewise, during
mitosis the centrioles must be released from their posi-
tion below the cilia, and migrate to opposite spindle
poles for proper cell division. Ciliogenesis can also be
regulated by other factors, such as cell confluence,
fluid flow, mechanical stimuli, and injury.76

Transcriptional Control of Ciliogenesis

Cilia are extremely dynamic structures that grow
and reabsorb depending on physiological conditions.
Ciliogenesis is in part regulated through transcrip-
tional control. This is demonstrated in Chlamydomonas,
where experimentally induced deflagellation results
in a large increase in the expression of flagellar genes,
including the IFT proteins.39,40,72,77�79 In addition, in
C. elegans and mammalian systems, transcription fac-
tors of the RFX (regulatory factor X) family have been
shown to coordinately control expression of several
IFT genes through a motif called the X-box located in
their promoters.80 This process is evolutionarily con-
served, and was first reported in C. elegans. The RFX
transcription factor DAF-19 was needed for expression
of several IFT proteins, as well as a few proteins
known to be involved in human syndromes with cystic

kidney disease phenotypes.81,82 This includes transi-
tion zone proteins such as the NPHP genes nphp-1 and
nphp-4, and the MKS genes mks-1, b9d1(mksr1), and
b9d2(mksr2), as well as multiple BBS genes including
bbs-1, bbs-2, bbs-5, bbs-8, and bbs-9 (reviewed in 83).

Cilia and the Cell Cycle

The basal body (see section “Centrosomes and Basal
Bodies”) is generated from the centrioles that are also
components of mitotic machinery. Therefore, cell divi-
sion, cell differentiation, and ciliogenesis are inherently
linked. As cells exit mitosis, ciliogenesis is initiated in
the G1 or G0 phase of the cell cycle. This can be mod-
eled in vitro, as cells will become increasingly ciliated
as they reach confluence. Additionally, ciliogenesis can
be induced precociously in subconfluent cells when
cultured in serum-free medium. These data indicate
that cilia formation and mitosis are intertwined, and
has led to the proposal that the presence of the cilium
may act as a G0 checkpoint and thus as a tumor sup-
pressor.84 In addition, rapid or aberrantly dividing
cells, such as some tumor cells, frequently do not have
a cilium.85,86 Despite this connection, increased tumor
rates are uncommon in human ciliopathy patients or
mouse cilia mutants. An exception to this was recently
shown in the skin of cilia mutant mouse models in
tumors associated with Shh signaling, where cilia have
a direct role in pathway regulation.87

As cells re-enter the cell cycle, cilia begin to be dis-
mantled. This usually occurs by the G2 phase.
Deconstruction of the cilium can occur by either cilia
severing or resorbtion.75 These mechanism(s) regulat-
ing deciliation are still poorly understood. Work from
Chlamydomonas suggests that katanin, a microtubule-
severing protein, cleaves microtubules at the junction
between the axoneme and the basal body to facilitate
cilia release.88 In Chlamydomonas, the kinase activity of
Nek8 (NPHP9) is required for deflagellation.89 In
mammalian systems, HEF1 (human enhancer of fila-
mentation 1) in association with Aurora A kinase and
the tubule deacetylase (HDAC6) reduce axoneme
microtubule stability and induce deciliation.90

Cilia Extension

At the initiation of ciliogenesis, the centriole
migrates towards the cell surface and proteins
required for ciliogenesis, including the IFT proteins,
begin to aggregate at a preciliary patch. There appear to
be at least two mechanisms in which cilia initially
form. The first method requires the formation of a cili-
ary vesicle (CV),91 a Golgi-derived structure that forms
at the distal tip of the mother centriole. As the CV-
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mother centriole nears the cell surface, the cilium axo-
neme extends into the CV. The CV fuses with the
plasma membrane, allowing the cilium to extend from
the cell surface and emerge into the extracellular space.
As a consequence, the basal body and the cilium
remain in a small depression in the cell called the cili-
ary pocket.92,93 The functional importance of the pocket
is not certain, but it closely resembles the flagella
pocket present in some protists. In these organisms,
the pocket serves as a critical sight for vesicular traf-
ficking and endo- and exocytic activity. In the second
method, the cell forgoes forming a CV, and the centro-
some complex migrates to the cell surface. It is at the
cell surface that the mother centriole recruits materials
to begin forming the cilia from plasma membrane
components.

Post Ciliogenesis Growth Control

Cilia length is an actively controlled process, and is
important for normal function (reviewed in 44). In
motile cilia, the increase in cilia length alters beating
frequency and pattern, and thus disrupts fluid move-
ment. In primary cilia, it is less clear how changes in
length may influence many of the signaling activities.
Normal control of cilia length is important, as both
excessively short or elongated cilia in the kidney have
been shown to cause cysts.94�97

Cilia length control is best understood from studies
in Chlamydomonas, where genetic mutants have been
isolated that produce either short or long flagella.
Several genes involved in this process have been iden-
tified and encode kinases, such as cyclin-dependant
kinase,98 and a mitogen-activated protein kinase
(MAPK) member.99 The homologs for these proteins
are present in mammals, suggesting evolutionarily
conserved pathways; however, the targets of the
kinases are not known.

One of the initial functions assigned to primary cilia
in the kidney and several other tissues is that of a
mechanosensor (see section “Renal Cilia and
Mechanosensation”). Thus, cilia length could greatly
influence the response or sensitivity of the cell to
mechanical stimuli. As in some ciliated protists, mam-
malian cells are also able to modulate cilia length.
Recent studies have revealed that decreased Ca21 or
increased levels of cAMP can cause a marked increase
in cilia length.100,101 This length increase is in part
dependent on protein kinase A (PKA), and is associ-
ated with increased rate of anterograde IFT. Shear
stress across the surface of many cell types is able to
reduce cilia length. This was also shown to decrease
cAMP levels. Importantly, this adaptive response to
shear stress was not observed in cells that lack the

polycystins.102 Thus, it has been proposed that
dynamic regulation of cilia length is an important
regulatory process that controls sensitivity to extracel-
lular stimuli, and that in PKD this has been
disconnected.

In addition, cilia length in the kidney, pancreas, and
other tissues can be influenced by injury.103,104 Since
renal injury causes rapid cyst formation in the induc-
ible adult cilia mutant mice but not their controls,105,106

it is tempting to speculate that the cilium may have a
function in regulating a pathway involved in a tissue
repair process.

Other studies have revealed that cilia length can be
influenced by changes in the actin and microtubule
cytoskeleton. In a genomic screen for modulators of
cilia length, Gleeson and colleagues identified numer-
ous genes required for ciliogenesis, as well as for the
maintenance of cilia length.107 Among these were
genes involved in actin dynamics and organization.
This included ARP3, a protein necessary for actin poly-
merization at filament branches, that when knocked-
down caused cilia elongation. This effect was further
demonstrated using the actin polymerization inhibitor
cytochalasin D. These effects on actin are believed to
interrupt vesicular docking and stabilization of the
pericilary membrane domain at the ciliary base.
Further, Sharma et al. demonstrated that actin disrup-
tion leads to a concurrent increase in the levels of solu-
ble tubulin that can now be incorporated into the
elongating ciliary axoneme. This cilia elongation
was inhibited by pretreatment with the microtubule-
stabilizing drug paclitaxel.101 This phenomenon is fur-
ther supported by data showing that low levels of
nocodazole, a microtubule-depolymerizing agent,
could recapitulate the effects observed with actin
destabilization.

CILIA SIGNALING IN THE NEPHRON

The spectrum of processes regulated by the renal
cilium is not fully known. There are a large number of
receptors and channels that have now been localized
or enriched in the cilium.15,60,102,108�110 For several of
these proteins, their localization in the cilium has great
importance to their function. In many cases, loss of cili-
ary signaling leads to the formation of renal cysts.
Therefore, much of our understanding of cilia signal-
ing in the kidney comes from the study of cystic kid-
ney disease models. This section discusses some of the
major signaling pathways involved in renal develop-
ment and physiology in which the cilium is required
for efficient signal transduction, and how disruption of
these signals results in cyst formation.
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Renal Cilia and Mechanosensation

Data indicating that renal cilium function as a
mechanosensor came from studies in Ken Spring’s
laboratory.111�113 Fluid-flow induced deflection of the
cilium causes a transient increase in cytosolic calcium
(Figure 11.2). Furthermore, studies by Liu et al.114

demonstrated that in perfused tubules from the orpk
mutants, where cilia are severely truncated, this cal-
cium signal is abrogated. The proteins involved in this
signal are believed to be polycystin-1 (PC-1) and poly-
cystin-2 (PC-2), both of which localize to the primary
cilium. PC-2 is a transient receptor potential (TRP)-like
cation channel known to mediate calcium signals.
PC-1, which binds to PC-2, is suspected to be a regula-
tor of the channel. Mutations in PC-1 or PC-2 disrupt
this calcium signal, even in the presence of a fully
formed cilium.102 This led to a model of cystogenesis
where the loss of a cilia-mediated mechanical signal
was a driving force responsible for the development of
renal cysts.

Recently, data from inducible cilia and PKD1
mutant mice have raised concern about the cilia
mechanosensory model of cyst formation.106

Disruption of IFT88 or PKD1 using conditional alleles
and tamoxifen inducible Cre-deletor lines revealed
that cilia dysfunction induced prior to postnatal day 12
(P12) caused a rapid onset of the cystic kidney
phenotype.115�117 However, cyst formation is very pro-
tracted if induction of cilia loss occurred after P12. It is
difficult to reconcile how cyst development could be

delayed in the adult induced cilia mutants if cysts
arose due simply to the loss of a mechanosensory
signal.

Renal Cilia and Jak/STAT Signaling

The loss of the mechanosensory-based increase in
transient cellular Ca21 levels alone is not enough to
induce the formation of renal cysts, as revealed by the
large delay in cyst formation observed when cilia dys-
function is induced in adult mice. Recently, it has been
demonstrated that in addition to regulating PC-2 chan-
nel activity, PC-1 also plays a role in transducing a
flow-induced signal in the renal cilium through either
the Jak/STAT pathway or mTOR signaling (see section
“Renal Cilia and mTOR”). PC-1 activates the STAT-
family of transcription factors via dual mechanisms
(Figure 11.3a,b),118 depending on the proteolytic pro-
cessing and nuclear translocation of the PC-1 C-termi-
nal tail (PC-1 CTT).119,120 In a direct activation
pathway, PC-1 resides in the cilium and is able to bind
the Jak2 kinase.118 When luminal flow is lost, Jak2
kinase phosphorylates and activates STAT3, which
translocates to the nucleus (Figure 11.3b). Importantly,
this process requires the PC-1 CTT to remain mem-
brane-bound to activate STAT3.118 Also, when fluid
flow is lost in the nephron and PC1 is cleaved to
release the PC-1 CTT, the PC-1 CTT can bind and acti-
vate both P100 and STAT6, which can be found in the
cilium or at the basal body (Figure 11.3a).120 This com-
plex then enters the nucleus to influence gene expres-
sion. Alternatively, the PC-1-CTT has been shown to
translocate directly into the nucleus, where it enhances
the activity of cytokine activated STAT1 and/or
STAT3.118

The Jak/STAT pathway is canonically described in
the human immune response, driving differentiation
and proliferation in response to cytokines. So what is
the function of the Jak/Stat pathway in the cilium, and
how does this relate to cyst growth? Under loss of
flow conditions, such as injury, obstruction or cyst for-
mation, the kidney undergoes an inflammatory
response, which includes an increase in cytokine
levels,121,122 and infiltration of macrophages.123�125 The
increased cytokine levels trigger the upregulation of
the Jak/STAT pathway in the cilium, possibly through
association of PC-1 acting as a pseudo-cytokine recep-
tor for Jak2 kinase.118 This in turn begins the Jak/
STAT signaling cascade, where the PC-1 CTT is even-
tually cleaved and enters the nucleus leading to prolif-
eration. Indeed, high levels of nuclear PC-1 CTT have
been observed in the metanephric mesenchyme, devel-
oping tubules,119 and in cyst lining cells120 where pro-
liferation levels are high.

FIGURE 11.2 Cilia and mechanosensation. In low flow condi-
tions (a), the TRP-like cation channel, polycystin-2 (PC-2, red) loca-
lizes to the cilium and is regulated by polcysitin-1 (PC-1, maroon).
Under flow conditions (b), deflection of the primary results in an
opening of the PC-2 channel, allowing Ca21 ions to enter the cell,
and increasing cytosolic Ca21 levels. As a result of increased Ca21

concentration, adenylyl cyclase (AC, orange) becomes activated, con-
verts free ATP to cAMP, and cAMP activates protein kinase A (PKA)
which phosphorylates multiple downstream targets. See color section
at the end of the book.
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Further evidence to support the model of inflamma-
tion-based cyst growth has been demonstrated by
monitoring macrophage infiltration in renal ischemic
injury. The macrophage infiltrate found in ischemic
reperfusion injury mice are pro-proliferation instead of
pro-inflammatory.124 Furthermore, Karihaloo and col-
leagues demonstrated that depleting macrophages in
PKD1 mutant mice lowered cystic growth signifi-
cantly.123 Continued work on the contribution of the
immune response is needed to fully understand
the role of Jak/STAT- and cilia-regulated signaling in
the kidney.

Renal Cilia and Non-Canonical Wnt/Planar Cell
Polarity (PCP) Signaling

Non-canonical Wnt signaling (Figure 11.4b) is best
known for regulating planar cell polarity (PCP). PCP is
the ability of cells to position and orient themselves
along the plane of the tissue (Figure 11.5). This is
accomplished by modulating the cytoskeleton via the
Rho-kinase family, positioning of basal bodies, and the
asymmetric distribution of proteins to establish cell
orientation. Evidence from model organisms demon-
strates a role for cilia in controlling the PCP response,
most likely due to the close association of the cilium
with the basal body and cell cytoskeleton. Morpholino
knockdown of cilia or BBS genes in zebrafish give
defects in body axis elongation typical of altered con-
vergent extension during gastrulation.126 Similarly, bbs

and ift88 mutant mice have inner ear abnormalities
typical of PCP defects.126,127 Collectively, these find-
ings led to a model where cilia function to modulate
the strength and spatial activity of the non-canonical
Wnt pathway.

In the developing kidney, PCP likely has a role in
controlling orientated cell division, and for convergent
extension like movements that occur in the early devel-
oping nephron.128 Therefore, loss of cilia-regulated ori-
ented cell division could cause defects in development
of the nephron, and lead to cyst formation. Using
mouse and rat models of PKD, Fischer et al. demon-
strated that the orientation of the mitotic spindle
became randomized in cystic animals, rather than
being parallel to the nephron lumen as seen in the
control kidneys (Figure 11.5129). Similarly, the cystic
kidney phenotype observed in conditional cilia mutant
mice or mice with mutations in PCP genes, such as the
proto-cadherin Fat4, are associated with misorientated
cell division.130�134 The above data suggested that par-
allel divisions to the long axis of the nephron would
drive nephron elongation, whereas division perpendic-
ular to the long axis would result in tubule diameter
expansion and eventual cyst development. One pro-
posed model was that cilia function in establishing the
position of the mitotic spindle through a mechanical
signal, such as fluid flow. Loss of the signal resulting
from cilia dysfunction would then alter orientation of
cell division and eventually lead to cyst formation.

The connection between changes in orientation
of cell division and cyst formation must be considered

FIGURE 11.3 Cilia and Jak/

STAT signaling. (a) When luminal
flow is lost, the polycystin-1 C-termi-
nal tail (PC-1 CTT, maroon) is
cleaved and regulates the nuclear
localization and activity of STAT6
(gray) and p100 (green). The PC1-
CTT may also translocate into the
nucleus to enhance activity of nuclear
STAT1 (orange) and STAT3 (blue).
(b) Membrane-associated polycystin-1
also directly interacts with Jak2
kinase (purple) to activate STAT3
under low flow conditions. See color
section at the end of the book.
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in the context of proliferation rate in the devel-
oping tubule. As noted in “Renal Cilia and
Mechanosensation” there is a dramatic shift in the rate
of cyst progression in mouse cilia mutant kidneys after
day P12�13.115�117 Importantly, in mice there is a dra-
matic drop in proliferation that occurs in a wild-type
kidney as part of its maturation process around P12.
Thus, it has been proposed that a combination of a
highly proliferative environment, along with misorie-
nated cell division that occurs in cilia or PCP mutants,
leads to rapid cyst formation. The possible effect of
proliferation on cyst initiation and progression was
further analyzed using renal injury models. Through
either ischemia reperfusion or nephrotoxin induced
injury in the adult induced cilia mutants, several
groups have shown that insult and subsequent prolif-
eration induced by the repair process reinitiates a
program of rapid cyst development, similar to that
seen in the young (#P12) cilia mutants.105,135,136 This
injury model data must be viewed with caution, as the
injury also causes significant inflammation, apoptosis,
and dedifferentiation of the nephron segments as a
part of the repair process. The contribution of these
factors to the rate of cyst formation after injury is not
known, and could also contribute to cystogenic
mechanisms.

The connection between cilia, cyst development,
and oriented cell division was recently brought into
question as a result of analysis in the pkhd1 mutants.
PKHD1 mutations in humans cause ARPKD. In the
pkhd1 mouse mutants the orientation of cell division in
the nephron was abnormal, yet they do not develop
renal cysts.137 These data indicate that changes in ori-
entation of cell division are not sufficient to cause cys-
tic disease.

Renal Cilia and Canonical Wnt Signaling

In the canonical Wnt pathway, a Wnt ligand binds to
and activates a Frizzled-family receptor that stabilizes
β-catenin (Figure 11.4a). β-catenin then translocates into
the nucleus, where it combines with TCF/LEF to acti-
vate transcription of target genes. One of the initial
studies establishing a cilia-Wnt connection came from
analysis of nephrocystin-2 (NPHP2, Inv) a gene disrupted
in human patients with NPHP (see 138 and section
“Nephronophthisis (NPHP)”). NPHP2 localizes to cilia
and antagonizes Disheveled, a Wnt pathway compo-
nent regulating β-catenin stability. NPHP2 expression
was able to inhibit the ability of Disheveled to activate
Wnt signaling. Simmons et al. have demonstrated a link

FIGURE 11.4 Wnt signaling in the cilium. In the canonical Wnt pathway (a), Wnt ligands (gray) bind the Frizzled receptor (green).
Frizzled activates Disheveled (Dsh, blue) which in turn activates β-catenin (βcat, orange). βcat translocates to the nucleus (yellow), resulting in
transcription of TCF/LEF target genes. (b) In the presence of fluid flow, cilia bending causes Inversin/NPHP2 (Inv, red) to translocate from
the cilium to inhibit Dsh activation of the non-canonical Wnt pathway. Without Dsh activation, βcat is not activated and degraded. Rho-family
kinases and PCP genes then become activated. See color section at the end of the book.
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between fluid flow through the renal tubules and a
switch between canonical and non-canonical Wnt sig-
naling pathways.139 In this process, NPHP2 modulates
the balance between the two different Wnt signaling
pathways. Additionally, knockdown studies of the BBS
genes lead to an increase in canonical Wnt response,
and also inhibited non-canonical Wnts from repressing
the canonical response in cultured cells.140 Furthermore,
genetic mutations in the IFT genes kif3a, ift88 or ahi1, a
cilia gene involved in Joubert Syndrome (JBTS, OMIM#
21330), caused an increase in canonical Wnt activity
in vivo.141,142 Ahi1 mutant mice have vermis-midline
fusion defects, and these defects could be partially
restored by the canonical Wnt agonist lithium
chloride.142

In contrast, several studies have argued against
any direct role for cilia in Wnt signaling (see 143). This
is supported by the lack of clear canonical phenotypes
in most tissues of cilia mutant mice, and in zebrafish
maternal zygotic mutants in the ift88 (oval) gene. These
studies also analyzed Wnt signaling in mutant fibro-
blasts, and in direct contrast to the previous data did
not find changes in Wnt signaling.144

Renal Cilia and mTOR

The renal cilium has also been shown to be a regula-
tor of the mammalian target of Rapamycin (mTOR).

mTOR integrates multiple upstream signals to regulate
cell processes such as translation, cell growth, prolifer-
ation, and protein synthesis. In several of the cystic
kidney disease mouse models the mTOR pathway is
aberrantly activated.145�147 Intriguingly, mTOR activa-
tion was also shown to be downstream of PC-1 proteo-
lytic processing in the cilium (Figure 11.6a). Dere et al.
demonstrated that the C-terminal tail of PC-1 under-
goes cleavage in the absence of flow. This regulates the
localization of tuberous sclerosis complex 2 (TSC2) to
the cell membrane. Importantly, TSC2 is an inhibitor of
mTOR, and TSC2 inhibitor activity is controlled by its
membrane localization.148 Therefore, in the absence of
PC-1, the PC-1 tail does not undergo processing, which
in turn affects the ability of TSC2 membrane association
and inhibition of mTOR signaling.

Additional studies indicated that renal cells without
a cilium were markedly larger than cells with a cilium
when placed in fluid flow conditions. This was also
associated with changes in activity of the mTOR path-
way. The effect of flow on cell size could be inhibited
by treating cells with Rapamycin or inactivating
Raptor, a key component of the mTOR pathway.146

Surprisingly, this fluid flow/cell-size correlation was
not dependent on calcium signal mediated by PC-2 or
PC-1 cleavage, but rather the tumor suppressor kinase
LKB1. LKB1 localizes to the cilium, and has increased
activity in response to flow conditions (Figure 11.6b).
LKB1 inhibits the mTOR pathway through AMP-

FIGURE 11.5 Cilia influence planar cell

polarity (PCP). (a) Cilia (light blue) extend from
the apical surface (red) into the lumen of the
nephron tubule. Under normal conditions (b) cilia
may modulate signals controlling cell division,
either parallel to the long axis of the tubule to
increase tubular length or perpendicular to the
long axis of the tubule to increase tubule diame-
ter. In some cilia mutants, a PCP-like pathway is
disrupted (c) and cell division becomes random
and disorientated with respect to the axis of the
tubule. See color section at the end of the book.
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activated protein kinase (AMPK). Thus, the cell size
decrease induced by flow appeared to be regulated by
cilia deflection that promotes LKB1 activity to phos-
phorylate AMPK at the basal body to restrain mTOR
signaling.

Another connection between mTOR and the renal
cilium was reported by Bell et al., using the adult
induced cilia mutant mouse model and unilateral
nephrectomy.145 In contrast to the renal damage and
the complex repair process that occurs in the ischemia
reperfusion/nephrotoxin injury model, unilateral
nephrectomy predominantly leads to a hypertrophic
signal in the remaining kidney. In control mice,
nephrectomy caused normal activation of mTOR, and
produced appropriate structural and functional hyper-
trophy in the absence of cyst formation. In contrast, in
cilia mutant mice there was an exaggerated and pro-
longed activation of mTOR, increased renal hypertro-
phy, and accelerated cystogenesis.

The increase in mTOR activity reported in multiple
cystic kidney diseases, and its disregulation in cilia
mutants, suggested that mTOR inhibition was a poten-
tial common site for therapeutic intervention. This was
demonstrated in several cystic kidney mouse models

where Rapamycin treatment was shown to be a potent
inhibitor of cyst formation.149,150 However, initial clini-
cal trials of mTOR inhibitors in human PKD patients
have not been overly encouraging (see 149 for a sum-
mary of results).

Renal Cilia and Vasopressin Signaling

Vasopressin (ADH) is the major hormone responsi-
ble for regulating water homeostasis throughout the
body. The vasopressin type-2 receptor (V2R) localizes
to the primary renal cilium (Figure 11.7), in addition to
its normal basolateral localization in renal collecting
duct epithelia. In vitro assays confirmed that V2R in
the cilium is a functional G-protein coupled receptor
(GPCR) activating Gs.

109 The Gs subunit in turn acti-
vates adenyl cylclase (AC) in the presence of ADH.
AC initiates the conversion of ATP to cAMP, and
cAMP ultimately activates protein kinase-A (PKA).
PKA is responsible for the phosphorylation of
the water channel Aquaporin-2 (AQP2).151 The phos-
phorylation of AQP2 by PKA causes trafficking of the
AQP2 to the apical (luminal) surface to facilitate water

FIGURE 11.6 Cilia and mTOR signaling under no flow and flow conditions. Under static conditions (a), TSC2 (orange) is associated
with the plasma membrane and functions to inhibit mTOR (green) signaling. The polycystin-1 C-terminal tail (PC-1 CTT, maroon) undergoes
proteolytic cleavage by an unknown mechanism. The PC-1 CTT leaves the cilium, binds TSC2, and retains it at the plasma membrane, thus
enhancing the ability of TSC2 to inhibit mTOR signaling. Under flow conditions (b), the ciliary kinase LKB1 (blue) phosphorylates and acti-
vates AMP-activated protein kinase (AMPK, tan). AMPK in turn phosphorylates and restrains mTOR activity. See color section at the end of
the book.
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uptake and ultimately produce more concentrated
urine. As a consequence of V2R signaling and corre-
sponding downstream activation of cAMP, AQP2 gene
transcription is increased to further enhance cellular
response to dehydration.

Interestingly, mice with cilia dysfunction often have
defects in urine concentrating ability that may be asso-
ciated with altered V2R activity.152 Also, nearly all cys-
tic kidney mutant mice and human cystic patients
have marked elevation of intracellular cAMP levels
(reviewed in 153). The most recent therapeutic strate-
gies have targeted these elevated levels of cAMP using
V2R antagonists.110,154,155 In mouse models, this
approach has been remarkably successful in correcting
the cystic phenotype,110 and clinical trials in human
patients are currently underway.156

Renal Cilia and Hedgehog Signaling

During development, the Hedgehog (Hh) signaling
pathway is necessary for the establishment of body

pattern, cell and tissue differentiation, proliferation,
and growth. Components of the Hh signaling cascade
localize to, and function in, the primary cilium
(Figure 11.8). Defects in Hh signaling cause severe
developmental malformations in many systems,
including but not limited to the brain, skeleton, and
renal system, and in adults altered Hh signaling contri-
butes to basal cell carcinoma and other tumors. Hh sig-
naling defects have not been directly implicated in the
formation of renal cysts, although hydronephrosis
and other renal abnormalities are present in mice
where Hh signaling is disrupted. Regulation of the Hh
pathway is very complex (see 157 for a recent in-depth
review). Briefly, in the absence of an Hh ligand, the
receptor Patched1 (PTCH1) localizes to the primary cil-
ium. PTCH1 functions to inhibit a second transmem-
brane protein Smoothened (Smo). Binding of an Hh
ligand to PTCH1 in the cilium induces its translocation
out of the cilium, while Smo becomes enriched in the
ciliary compartment. Additional components of the Hh
pathway have also been reported in the cilium, includ-
ing the Gli transcription factors (Gli1-3), Suppressor of
Fussed (SuFu), and the kinesins Kif7/Kif27. When
Smo is activated, which appears to require the cil-
ium,158 it induces the pathway leading to the activation
of the Gli proteins. The activated Gli transcription fac-
tors enter the nucleus and induce expression of the
downstream target genes. In the absence of the Hh
ligand, the Gli proteins (Gli3 in particular) are proteo-
lytically processed to a smaller Gli3 repressor (Gli3R)
to keep the pathway off. The processing of the Gli pro-
teins into their repressor forms, as well as the initial
activating step are both dependent on the presence of
the cilium.159,160 Thus, in the absence of the cilium nei-
ther the Gli activator nor repressor proteins are
formed, leading to a deregulated pathway.

Multiple Hh signaling components are expressed in
the developing and adult kidney. Sonic Hedgehog
(Shh) is expressed in the embryonic distal epithelium
of the ureter and medulary collecting ducts, and muta-
tions in Shh cause renal aplasia.161 This in turn in-
fluences nephron number162 and renal patterning163

during continued development. Glis2 (NPHP7), a Gli-
like protein, transduces an Hh signal in the kidney,
and Glis2 mutant mice have severe renal fibrosis and
renal atrophy.164 Multiple syndromes associated with
Hh signaling defects have been identified in humans,
and in several cases these syndromes are associated
with renal malformation. For example, Pallister�Hall
syndrome (PHS) is caused by a mutation in the DNA
binding domain of Gli3R, and causes renal dysplasia,
hypoplasia, hydroureter, and hydronephrosis (see,165

and reviewed in 166). These data suggest an important
role for Hh signaling and the primary renal cilium
during normal kidney development.

FIGURE 11.7 Proposed mechanism for the cilium in vasopres-

sin (ADH) signaling. Luminal ADH signaling is believed to utilize
the primary renal cilium. Luminal vasopressin receptor (V2R, pur-
ple) localizes to the primary cilium and binds ADH (gray). Binding
of ADH triggers the canonical-ADH signaling pathway where Gs

activates adenylyl cyclase (AC, orange), causing an increase in cellu-
lar cAMP levels. cAMP activates PKA which phosphorylates inter-
nalized aquaporin-2 (AQP2, blue), and causes AQP2 trafficking to
the apical membrane and water uptake by the renal epithelium.
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MODEL SYSTEMS FOR THE STUDY
OF CILIOGENESIS AND CILIA DISEASE

Cilia are ancient organelles that have high levels of
evolutionary conservation from invertebrates to
humans. This high degree of conservation has allowed
for the extensive use of model systems to identify
molecular mechanisms of ciliogenesis, and has facili-
tated the analysis of how cilia function as specialized
signaling centers. Despite the fact that many of these
model systems do not have organs analogous to mam-
mals, they have contributed enormously to the identifi-
cation of novel ciliopathy genes and the
characterization of disease causing alleles. In this sec-
tion, we discuss some common model systems to
study cilia/flagella, and provide a brief description of
how these models are contributing to our understand-
ing of cilia function and cystic kidney disease.

Chlamydomonas reinhardtii

Chlamydomonas reinhardtii are single-celled, fresh
water, biflagellate alga (Figure 11.9a). One of the most
significant contributions to our understanding of cilia
biology from Chlamydomonas was the initial description
of the intraflagellar transport (IFT) system.11 The ease
with which flagella can be isolated from
Chlamydomonas then led to the isolation of the IFT

complex, the identification of individual IFT protein
components, and subsequently to the characterization
of the entire flagella proteome. Work by Pazour et al.
revealed that one of the IFT proteins in Chlamydomonas
was the homolog of a gene identified in the Oak Ridge
Polycystic Kidney (orpk) disease mouse model,10 and is
one of the seminal studies establishing the ciliary
hypothesis of cystic kidney disease. Importantly, many
of the proteins involved in human ciliopathies are
present in the proteome of the Chlamydomonas flagella.
This database of flagella/cilia proteins (http://labs.
umassmed.edu/chlamyfp/) continues to be a major
resource available to basic and clinical scientists to pri-
oritize candidate genes involved in human disorders
thought to be related to ciliary dysfunction.

Caenorhabditis elegans

C. elegans is a transparent soil nematode that pro-
vides a powerful genetic model for analysis of the cil-
ium (Figure 11.9b). Unlike mammalian systems, where
most cell types contain a cilium, C. elegans only have
cilia on a subset of sensory neurons. Several of these
cilia extend through small pores in the worm cuticle
and are exposed to the environment, where they medi-
ate sensory activities involved in chemotaxis and
repulsion. These cilia also allow males to locate
hermaphrodites and detect the vulva during mating,

FIGURE 11.8 Cilia and hedgehog

signaling. In the absence of Hh ligand
(a), ciliary Patched-1 (PTCH1, blue)
inhibits Smoothened (SMO, purple).
Without SMO activation, Supressor of
Fused (Sufu, orange) is in association
with full-length Gli (Gli-FL, yellow) at
the ciliary tip, where SuFu protects
Gli-GL from degradation. In an
unknown mechanism, Gli-FL is pro-
cessed to Gli-repressor (Gli-R, red).
Gli-R enters the nucleus and silences
transcription of Gli-target genes. In
the presence of Hh ligand (b), PTCH1
no longer inhibits SMO. PTCH1 trans-
locates from the cilium to the cytosol
and SMO enters the cilium. Ciliary
SMO activates Gli-FL (red arrow) at
the ciliary tip converting Gli-FL to
activated Gli (Gli-A, green). Gli-A
then translocates out of the cilium
and enters the nucleus to transcribe
Gli-target genes. See color section at
the end of the book.
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and to assess food status and population density.
Exposed sensory cilia able absorb fluorescent based
dyes and worms with cilia abnormalities are often
dye-filling defective (Dyf). Thus, C. elegans provides
easily quantifiable traits to probe behavioral defects
and structural phenotypes associated with cilia genes.

Even though C. elegans does not have the equivalent
of the mammalian kidney, this model system has been
responsible for another of the initial breakthroughs
connecting cilia to cystic kidney disease. This came
from a genetic screen by Barr et al. looking for muta-
tions that cause male mating defects. Two of the muta-
tions identified were in the gene lov-1 (Location Of
Vulva defective) and pkd-2, which are the homolog of
human PC-1 and PC-2.13 lov-1 and pkd-2 were placed
genetically in the same signaling pathway in C. elegans,
and the localization of these proteins in the cilium was
first reported in this model.14

Recently the Dyf phenotype has been utilized as a
means to analyze genetic interactions between muta-
tions in ciliopathy genes associated with cystic kidney
phenotypes.32 Ciliopathies (see “The Human Renal

Ciliopathies”) such as NPHP, MKS, and BBS are reces-
sive disorders; however, in many human patients
mutations are found in only one copy of the gene. This
raises questions regarding genetic causality, especially
in the case of polymorphisms resulting in missense
changes in the protein. This led to the hypothesis that
phenotype in ciliopathy patients can be influenced by
the overall mutational load in the cilia proteome.167

C. elegans is providing an important system to explore
this hypothesis. Single homozygous mutations in any
of the known nphp or mks genes in C. elegans does not
cause major cilia structural defects and have only
minor changes in cilia signaling activity. However,
combining mutations between an nphp and mks genes
caused a near complete Dyf phenotype. This synthetic
Dyf phenotype in nphp;mks double mutant worms is
amiable to chemical mutagenesis screens that will lead
to the identification of mutations in genetic loci that
interact with either an nphp or mks mutation
(Masyukova and Yoder, in prep).

Another area in which C. elegans is providing
important insights is in assessing the pathogenic
potential of missense mutations that were identified in
human ciliopathy patients. This is becoming a major
issue as a consequence of NextGen sequencing efforts
that have uncovered a large number of missense
changes in suspected ciliopathy patients. The contribu-
tion of these polymorphisms to disease pathogenesis
requires functional assessment. Since C. elegans has
easily quantifiable phenotypes associated with cilia
dysfunction, these phenotypes can be used to assay
the pathogenic outcome of these mutations. This has
recently been demonstrated for heterozygous missense
changes identified in NPHP4 in human NPHP
patients.168 Several of these missense changes altered
NPHP4 protein localization/function, enhanced phe-
notypes in the presence of other ciliopathy gene muta-
tions, and disrupted cilia mediated signaling, and thus
are likely to have pathogenic effects.

Danio rerio

Danio rerio, (zebrafish) has become one of the pri-
mary vertebrate model systems for analyzing cilia and
cilia related diseases (Figure 11.9c). A large number
of mutations affecting cilia proteins have now been
identified in zebrafish. Unlike C. elegans and
Chlamydomonas, zebrafish contains most of the same
basic organ systems as the human body. Thus, these
cilia mutants develop many of the same multi-organ
phenotypes as observed in human ciliopathy patients,
such as hydrocephalus, retinal degeneration, left�right
body axis defects, and cystic kidney disease. This is
true particularly in the zebrafish kidney, which con-
tains a highly simplified pronephros consisting of a

FIGURE 11.9 Model systems to study cilia structure and func-

tion. (a). Chlamydomonas reinhardtii expressing acetylated tubulin
(green) in the flagella and IFT72/74 (red) in the cell body and basal
bodies. (Adapted from Pedersen et al. (2005). Curr Biol. Feb 8; 15(3),
262�266. With permission.) (b) Dye filling of Control (CT) and (b0)
cilia double mutant (mut) Caenorhabditis elegans. Note the dye-filling
defective (dyf) phenotype of the mutant strain. (Image: J. Pieczynski,
unpublished.) (c) Wild-type (top) and seahorse mutant Dario reno
(zebrafish). The seahorse gene product, Lrrc6l, modulates Wnt and
non-canonical Wnt signaling in zebrafish, and when mutated results
in a cystic pronephros phenotype (red arrow). (Image adapted with
permission from Kishimoto et al. (2008). Dev. Cell Jun; 14(6),
954�961.) (d) Control (CT, left) and BBS mutant (mut, right) mice
(Mus musculus). Note the obesity phenotype found in BBS mutants.
(Image from Sharma et al. (2008). Curr. Top. Dev. Biol. 85, 371�427,
with permission.)

336 11. RENAL CILIA STRUCTURE, FUNCTION, AND PHYSIOLOGY

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



central glomerulus connected to two pronephric ducts
that extend along the body empting through the clo-
aca. This pronephric tubule consists of epithelial cells
with multiple motile cilia and single cilia. The function
of these cilia and the consequences of their dysfunction
have been well-characterized by Iain Drummond and
co-workers.169 The presence of similar multiciliated
cells is not observed in the normal mammalian kidney;
however, they have been reported in human diseased
kidneys, as well as in distended renal tubules from the
pkhd12/2 mutant rat.170 The formation of these motile
multiciliated cells in mammals is associated with the
induction of the transcription factor FoxJ1 in response
to tissue damage.171

Zebrafish has become a primary model system for
analysis of cilia, in part due to the ease of genetic
manipulation and the ability to conduct live, in vivo
imaging in embryos or high-resolution analysis in
fixed tissue. Cilia can easily be visualized with fluores-
cent tagged proteins using transgenic lines that allow
cilia orientation and beat to be evaluated through
high-speed video microscopy. Additionally, one of the
major uses of the zebrafish model is the ability to
conduct morpholino (MO) antisense oligonucleotide
knockdown studies utilizing high-throughput
approaches. This permits rapid analysis of gene func-
tion, and the analysis of the pathogenic effect of mis-
sense mutations associated with ciliopathy patients.
These studies are done utilizing MO knockdowns to
disrupt the function of the endogenous gene, followed
by assessing whether expression of the human gene
containing the specific missense mutation is able to
rescue the ciliary phenotypes. Using these techniques,
Nicolas Katsanis and co-workers have demonstrated
genetic interactions between ciliopathy genes involved
in BBS and assessed mutational load on disease pre-
sentation.172 These studies have also demonstrated a
connection between cilia and regulation of canonical
and non-canonical Wnt signaling (see sections “Renal
Cilia and Jak/STAT Signaling” and “Renal Cilia and
Non-Canonical Wnt/Planar Cell Polarity (PCP)
Signaling”) during convergent extension movements
and body axis elongation that may involve the planar
cell polarity pathway (reviewed in 173).

Mus musculus

The mouse (Figure 11.9d) has played a seminal role
as the in vivo model to assess ciliopathy phenotypes,
and was a key factor establishing the initial connection
between cilia dysfunction and renal cystic disorders
(reviewed in 5). As described earlier in this chapter,
this came from the orpk mutant mouse that had a hyp-
morphic mutation in the IFT88 gene.4,174 The orpk
mouse develops cystic kidney disease, along with
other ciliopathy phenotypes including biliary and

pancreatic duct cysts, hepatic and pancreatic fibrosis,
hydrocephlalus, skeletal patterning and osteogenic
abnormalities, retinal degeneration, anosmia, along
with skin, hair, and other ectodermal defects.5

Left�right body axis defects were subsequently
observed in mice with null mutations in IFT886 and
pkd2 mutant mice.175 The numerous conditional alleles
generated in cilia related genes, along with specificity
of Cre-deletor lines, are now providing the means to
assess cilia function in different developmental stages,
specific tissues, and in defined cell types.

THE HUMAN RENAL CILIOPATHIES

The renal ciliopathies are a complex group of oligo-
genic disorders that now include Polycystic Kidney
Disease (PKD, OMIM# 173900, described in Chapter 81),
Nephronophthisis (NPHP, OMIM# 256100), Joubert
Syndrome (JBTS, OMIM# 21330), Meckel�Gruber
Syndrome (MKS, OMIM# 249000), Bardet�Biedl
Syndrome (BBS, OMIM# 209900), Alstrom syndrome
(ALMS, OMIM# 203800), Orofaciodigital Syndrome
Type 1 (OFD1, OMIM# 311200), Jeune Asphyxiating
Thoracic Dystrophy (ATD, OMIM# 208500), and
Sensenbrenner Syndrome (Cranioectodermal Dysplasia,
CED, OMIM# 218330). The phenotypes associated with
the ciliopathies can include renal, hepatic, and pancre-
atic cysts (Figure 11.10a), mental retardation, obesity
(Figure 11.10b), neural tube closure and patterning
abnormalities, oculomotor apraxia, polydactyly and
other skeletal malformations (Figure 11.10c), retinal
degeneration, hypotonia, ataxia and cereberellar hypo-
plasia (Figure 11.10d), hydrocephalus, and cardiovascu-
lar defects. Other ciliopathies such as Leber Congenital
Amaurosis (LCA, OMIM# 611755) or Senior�Loken
syndrome (SLSN, OMIM# 266900), represent variations
of the above syndromes (including renal phenotypes)
and are not discussed below.

More than 45 human renal ciliopathy disease genes
have been identified (Table 11.1); however, in most
patients the underlying genetic defect remains
unknown. The pace with which ciliopathy mutations
are being identified is increasing rapidly due
to advances in whole genome sequencing and the
availability of cilia/flagella proteome databases.
Surprisingly, ciliopathy syndromes share loci
(Figure 11.11) despite having very distinct clinical pre-
sentations. It is thought that these disorders represent
a spectrum of related phenotypes, determined in part
by the gene affected and the nature of the mutation.
For example, missense mutations may lead to non-
lethal ciliopathies, such as NPHP or SLSN, while trun-
cating mutations or null deletions in the same gene
cause the lethal MKS. This genotype�phenotype
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correlation, however, has not held up in many ciliopa-
thy patients, leading to the possibility that strong
genetic interactions or modifier effects will ultimately
determine a phenotype based on the combination of
different ciliopathy mutations in the patient’s back-
ground (reviewed in 167). The contribution that muta-
tional load has on disease phenotypes will be
addressed in the near future through next-generation
sequencing of ciliopathy patients, the identification of
the full complement of ciliopathy genes, and the gener-
ation of informative animal models.

Polycystic Kidney Disease (PKD)

PKD is one of the most common and widely studied
ciliopathies. Nearly 1 in 1000 individuals are afflicted
with PKD. Most forms of PKD result from mutations in
three genes. Autosomal dominant PKD (ADPKD) is
caused by mutations in either PKD1 or PKD2, which code
for the proteins PC-1 and PC-2 respectively. Autosomal
recessive PKD (ARPKD) results from mutations in
PKHD1, the gene for fibrocystin/polyductin. PC-1, PC-2,
and fibrocystin/polyductin localize in the cilium, and

have been shown to be involved in the cilia mechanosory
signal (see section “Renal Cilia and Mechanosensation”).

Nephronophthisis (NPHP)

NPHP is an autosomal recessive cystic kidney dis-
ease associated with mutations in at least 13 loci
(NPHP1-12 and NPHP1L; Table 11.1 and Figure 11.11).
The most frequent mutation occurs in the gene NPHP1
(20%) with mutations in the other known genes
(NPHP2-NPHP12, and NPHP1L) accounting for
approximately 3% of the cases.176 In most patients
(B70%), the causative mutation is still unknown.

NPHP is the leading cause of heritable end-stage
renal failure (ESRF) in children and adolescents, and
depending of the genetic mutation,177 ESRF occurs in
infantile, juvenile or adolescent life. All NPHP cases
involve renal defects, but approximately 15% of NPHP
patients also experience extra-renal phenotypes includ-
ing mental retardation, retinal degeneration (character-
ized as SLSN; Figure 11.11), brainstem malformation,
situs inversus, cerebellar vermis aplasia (JBTS, see sec-
tion “Joubert Syndrome (JBTS)”), oculomotor apraxia
(Cogan Syndrome), and hepatic and pancreatic fibro-
sis. Unlike cysts associated with PKD, renal cysts in
NPHP patients are located in the corticomedullary
junction of the kidney, and the kidney remains normal
size or even reduced in size.178,179

NPHP proteins localize to the transition zone, cen-
trosome or in some cases cell�cell junctions, where
they may have scaffolding functions (reviewed exten-
sively in 20). Physical interactions link NPHP proteins
into functional complexes31 with several other ciliopa-
thy diseases proteins, such as TCTN1 (Tectonic, see
section “Joubert Syndrome (JBTS)”), MKS5, and B9D1
(see section “Meckel-Gruber Syndrome (MKS)”). In
general, mutations in NPHP proteins do not cause
ciliogenesis defects, and the phenotype in human
NPHP patients is thought to be due to abnormal cilia
mediated signaling or sensory function. However,
stunted cilia were reported in some NPHP shRNA
knockdown studies.180 Also, in nphp4 mutant mice
there is retinal degeneration and male sterility due to
photoreceptor cilia defects and loss of sperm flagella,
although no cysts are evident in the kidney.181

Mutations in either nphp2 or nphp3 cause more severe
instances of NPHP, often associated with extra-renal
developmental phenotypes (situs inversus, cardiac
ventricular septal defects), and are involved in modu-
lating Wnt signaling (see sections “Renal Cilia and
Jak/STAT Signaling” and “Renal Cilia and Non-
Canonical Wnt/Planar Cell Polarity (PCP) Signaling”
and 139). For a comprehensive review of NPHP the
reader is referred to Wolf and Hildebrandt.20

FIGURE 11.10 Common phenotypes associated with cilia dys-

function. (a) Cystic kidneys are a common phenotype to many cilio-
pathies. (Image adapted from Menon et al. (2011). Ann. Thorac. Surg.
Mar; 91 (3), 919�920. With permission.) (b) Obese BBS patient. (Image
adapted from Iannello et al. (2002). Obes. Rev. May; 3(2), 123�135. With
permission.) (c) Polydactyly associated with in an intra-familiar BBS
patient. (Image adapted from Riise et al. (1997). Br. J. Ophthalmol. May;
81(5), 378�385. With permission.) (d) Molar tooth malforma- tion
(MTM) found in the cerebral vermis of a JBTS patient. (Image adapted
from Gunay-Aygunetal. (2009). J. Pediatr. Sep; 155(3), 386�392, with per-
mission.)
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Joubert Syndrome (JBTS)

JBTS is a highly variable disorder with renal pheno-
types similar to juvenile NPHP patients (i.e., as small
cysts at the cortico-medullary junction and a potential
delay in ESRF). Additional phenotypes include vermis
hypoplasia, polydactyly, mental retardation, ataxia,
retinal degeneration, hypotonia, abnormal breathing
pattern, and oculomotor apraxia. The presence of dis-
tinct defects in the cerebellar vermis gives JBTS an
indicative Molar Tooth Malformation (MTM) that can
be clearly distinguished via MRI. There is significant
overlap of genetic loci between JBTS patients and those
loci associated with other ciliopathies (Table 11.1,
Figure 11.11), perhaps explaining why JBTS displays
such heterogeneous phenotypes. For this reason, JBTS
is often categorized as Joubert Syndrome Related
Disorders or JSRD.

There are currently 13 identified JBTS loci
(Table 11.1), with INPP5E (JBTS1), AHI1 (JBTS3),
ARL13B (JBTS8), and TCTN1 (JBTS13) being identified
solely in JBTS. INPP5E is involved in regulating phos-
phatidyl inostitol signaling,182 furthering the hypothe-
sis that the primary cilium function as complex
signaling centers. Consistent with signaling in cilia,
ARL13B (JBTS8) is a Ras-family GTPase localized to
the cilia that causes Shh mutant-like phenotypes and
lethality when mutated in mice.183,184 AHI1 interacts
with Rab8185 and with NPHP1,186 demonstrating a

physical linkage between NPHP and JBTS proteins,
and possibly explaining the similarity of phenotypes
between the syndromes. Likewise, TCTN1 is a trans-
membrane protein with physical interactions to NPHP
and MKS proteins.31 TCTN1 mutant mice also have Hh
signaling defects187 consistent with a role for JBTS pro-
teins in cilia signaling.

Meckel�Gruber Syndrome (MKS)

MKS is a prenatal lethal ciliopathy that displays
severe developmental defects, including occipital ence-
phalocole, postaxial polydactyly, and cystic kidneys.
Other common traits include CNS malformation,
underdeveloped genitals, oral/facial abnormalities,
and hepatic cysts. There are 10 identified MKS loci
that include both cytosolic and tramsmembrane pro-
teins (Table 11.1). A comprehensive review of MKS
can be found in .188

Many of the known the MKS proteins share similar
C2 (MKS5 and MKS6) and B9 (MKS1, B9D1, and
B9D2) domains thought to mediate calcium-dependent
lipid binding. In C. elegans, the B9/C2 domain proteins
form a complex (MKS complex) at the transition
zone. This complex was shown to genetically interact
with several genes encoding NPHP proteins to regu-
late cilia formation, positioning, and cilia protein
composition.189
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FIGURE 11.11 Overlapping genes

of ciliopathies. A four-way Venn dia-
gram showing the overlapping causa-
tive genes behind renal ciliopathies,
creating a spectrum of disease pheno-
types that include the kidney but may
extend to other organs.
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Since these MKS proteins co-localize in the transi-
tion zone, it has been hypothesized that they are com-
ponents of the ciliary necklace and Y-links (see section
“The Transition Zone”). MKS2, MKS3, and Tectonic-2
(TCTN2) all contain transmembrane domains, suggest-
ing they may be the anchors that connect the cilia
membrane to the microtubule axoneme. This hypothe-
sis is strengthened by data on Cep290 (MKS4) in
Chlamydomonas showing that it localizes to the Y-links
in the transition zone, and that in its absence the
Y-links are disrupted.29

Bardet�Biedl Syndrome (BBS)

BBS is a ciliopathy with extensive pleiotropy.
Phenotypes include hypertension, mental retardation,
obesity, retinopathy, hypogonadism, polydactyly,
anosmia, and renal malformations. Renal phenotypes
of BBS vary, and can include the formation of renal
cysts, urine acidification, and reduced filtration rate
with difficulties concentrating urine being the most
common phenotype.190,191 Renal mass, localization of
cysts, and tubule size can vary widely between BBS
patients. It has been demonstrated that ESRD often
occurs in BBS patients, and is a significant contribut-
ing factor towards mortality. For a comprehensive
review of BBS the reader is referred to Zaghloul
et al.192

BBS has been linked to at least 15 identified genetic
loci (Table 11.1). BBS1, BBS2, BBS4, BBS5, BBS7, BBS8,
and BBS9 are components of a complex called the
BBSome. The BBSome has important functions in regu-
lating cilia membrane composition, possibly as coat
proteins on vesicular structures, and for the transport
of specific transmembrane proteins into or out of the
cilium64,66 (see section “Ciliary Targeting and the
BBSome”).

Interestingly, a comparative histological analysis
of the renal phenotypes between bbs2 and bbs4 null
mice showed that although these two genes code for
components of the BBSome, they produce different
BBS associated renal phenotypes.193 Differences in
renal phenotypes between bbs2 and bbs4 mice argue
that BBS proteins may have tissue specific functions
that contribute to pleiotropy of the disease.193 Other
BBS proteins such as BBS6, BBS10, and BBS12 are not
components of the BBSome, and are believed to have
chaperone activity facilitating the formation of the
BBSome complex.194 In vitro analysis of BBS6, BBS10,
and BBS12 knockdown cell lines suggests that
these BBS proteins are essential for ciliogenesis, and
that dilute urine found in BBS patients could be
attributed to the inability to target V2R to the
cilium.152

Alstrom Syndrome (ALMS)

ALMS is a rare ciliopathy highly related to BBS,
with the main distinguishing feature being later onset
of symptoms than typically found in BBS patients.
There is currently one identified ALMS locus. The
majority of mutations in ALMS1 result in severe trun-
cations of the protein, however the protein still
appears to maintain partial function. Interestingly,
mutant mouse models of ALMS have no cilia structural
defects, yet in vitro knockdown studies show defects in
ciliogenesis.195

Orofaciodigital Syndrome Type 1 (OFD1)

OFD1 is a ciliopathy affecting the development of
the craniofacial region, central nervous system, and
limbs, in the form of postaxial polydactyl. In a few
cases of OFD1, patients presented cystic kidneys. The
OFD1 protein is expressed in the metanephric mesen-
chyme during development,196 and localizes to the
basal body24 where it is required for ciliogenesis.197

Ablation of the OFD1 gene in the kidney in mice
results in renal cyst formation, and cells lining these
cysts fail to form cilia.147 The cystic phenotype in
OFD1 animals was further associated with an upregu-
lation of the mTOR pathway (see section “Renal Cilia
and Canonical Wnt Signaling”), suggesting a mecha-
nism of cyst growth.147

Jeune Asphyxiating Thoracic Dystrophy (ATD)

ATD is a ciliopathy classified in the category of
autosomal recessive chondrodysplasias. Commonly
associated bone defects in ATD include a shortening of
long bones, polydactyly, and constriction of the tho-
racic rib cage. Approximately 30% of documented
ATD patients also display renal phenotypes consistent
with the loss or dysfunction of cilia.198 Causative genes
of ATD include IFT80,199 DYNC2H1,200 and TTC21B
(IFT139).201 Importantly, ATD represents one of the
first human ciliopathies with identified mutations in
IFT genes. These mutations are largely hypomorphic,
thus potentially explaining the phenotypic variability
found in ATD patients. The identity of genes mutated
in ATD suggests that ATD is related to defects in retro-
grade IFT. Evidence that mutations in TTC21B and
DYNC2H1 cause defects in Hh signaling, possibly
related to the inability to translocate Hh components
(see section “Renal Cilia and Hedgehog Signaling”)
from the cilia,57,199,202 are consistent with this hypothe-
sis. Recently, an ATD patient with a TTC21B mutation
and associated NPHP was uncovered.201 This study
demonstrated genetic interactions between TTC21B
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and other ciliopathy genes, and further extends the
hypothesis of the oligogenic nature of ciliopathies.

Sensenbrenner Syndrome (Cranionectodermal
Dysplasia, CED)

CED is a ciliopathy highly related to ATD, with cra-
niosynostosis being the distinguishing feature in
CED.202 Patients may also develop renal phenotypes
similar to NPHP. As with ATD, CED represents a cilio-
pathy with mutations in IFT genes. All currently known
CED loci are IFT-A components: IFT43,203 IFT122,204

and WDR35 (TULP4/IFT121),202 and are likely hypo-
morphic mutations. At the cellular level, CED appears
to be correlated with Shh signaling (see section “Renal
Cilia and Hedgehog Signaling”) defects that arise from
improper IFT203,204 similar to ATD.

CONCLUDING REMARKS

The primary cilium is an evolutionarily conserved
organelle, in terms of structure and its capacity to act
as a complex signaling and sensory center for the cell.
In the past 15�20 years, there have been remarkable
advances in our understanding of the role of primary
cilium in signaling and development. This is due, in
large part, to the multiple model systems available to
study the relationship between cilia structure and
function. Importantly, since the initial publication of
the orpk mouse model, the kidney has remained at the
forefront of cilia related research. Much of our under-
standing of cilia biology is due to the use of renal cystic
disease models that clearly demonstrate the develop-
mental consequences of cilia dysfunction. Current
advances in sequencing, proteomics, microscopy, and
molecular genetics will only serve to further our under-
standing of cilia biology in the kidney and beyond.
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TIGHT JUNCTIONS

Structure

General Structure

The tight junction is the most apical component of
the junctional complex (Figure 12.1). It is located at the
boundary between the apical and lateral membranes,
and encircles the cells to form a continuous belt-like
attachment. By transmission electron microscopy, it
appears morphologically as a series of appositions or
“kisses” between the lateral membranes of adjacent
cells (Figure 12.2a). The outer leaflet of the lipid bilayers
approach each other so closely that they appear to be
fused. In the technique of freeze-fracture electron
microscopy, the hydrophobic phospholipid interior of
the lipid bilayer is cleaved, allowing the tight junctions
to be visualized within the plane of the lateral mem-
brane. By this means, tight junctions appear as a series
of continuous, anastomosing intramembranous strands
on the protoplasmic or P-face, with complementary
grooves on the exoplasmic or E-face (Figure 12.5). It is
believed that these strands associate in pairs from
neighboring cells and obliterate the intercellular space,
thus accounting for the kissing points seen by transmis-
sion electron microscopy (Figure 12.2b).

Early models of the tight junction posited that it
was composed purely of lipid organized into inverted
cylindrical micelles, that constituted the tight junction
strands.2,3 There now exist three lines of evidence that
refute this. First, tight junction strands were found to
be resistant to deoyxcholate, an ionic detergent that
should solubilize lipids.4 Second, the lipid model

predicts that the outer leaflets of the bilayers of adja-
cent cells are continuous, yet no transfer of glycolipid
or a fluorescent probe could be demonstrated.5�7

Finally, the discovery of integral membrane proteins
within the tight junction now supports a model in
which tight junction strands are composed of proteins
embedded in the lipid membrane (see below).

Regional Differences in Structure

The structure of the tight junction varies consider-
ably in different regions of the kidney. This is summa-
rized briefly below. For further details, the reader is
referred to comprehensive surveys by Orci, Brown,
and colleagues.8,9

GLOMERULUS

The parietal epithelium of Bowman’s capsule is con-
stituted of squamous cells whose extensions overlap
obliquely (Figure 12.3). Their tight junctions consist of
networks of two to four anastomosing strands with
many discontinuities.10,11 The mature visceral epithe-
lial cell (podocyte) forms a specialized intercellular
junction, the slit diaphragm (Chapter 23). Short ele-
ments of incomplete tight junctions can sometimes also
be seen between the foot processes of adjacent podo-
cytes. True tight junctions do form between immature
podocytes in the fetal glomerulus and are of uncertain
functional significance.12,13 These disappear during
development, but can reappear during nephrotic
states, coincident with effacement of the foot processes
and obliteration of the slit pore14�16 (Figure 12.4).
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RENAL TUBULE

Tight junctions are found between the epithelial
cells of all tubules, but they vary considerably in
their morphology in different tubule segments
(Figure 12.5 and Table 12.1). In general, the more proxi-
mal segments tend to have simpler junctions, with fewer
strands and more discontinuities, correlating with a leaky
paracellular pathway, as judged by transepithelial resis-
tance (TER). By contrast, more distal segments tend to
have greater numbers of strands, with more continuity
and complex anastomosing patterns, loosely correlating
with higher TER. Indeed, Claude proposed a model in
which TER is dependent primarily on strand number.17

However, as discussed below, we now know that the
TER is also highly dependent on the composition of the
tight junction.

Physiological Functions

Gate Function

The gate function refers to the ability to regulate the
paracellular permeability. This determines the rate of pas-
sive diffusion of extracellular solutes and water between
the apical and basolateral aqueous compartments. Early
studies, using extracellular macromolecules and lantha-
num as electron-dense markers, clearly established the
tight junction as the site of the paracellular gate.1,18,19

In epithelia that mediate active, uphill transcellular
transport, such as the collecting duct of the kidney,
this gate must act predominantly as a barrier to pre-
vent backleak of solute gradients that have been gener-
ated. To do so, these so-called “tight” epithelia must
have very low paracellular permeability and conduc-
tance (typical transepithelial resistances (TER) range
from 1�2 k’Ω.cm2 for the renal collecting duct20 to
B8 k’Ω.cm2 for amphibian skin21).

In contrast, in epithelia that mediate bulk transport of
solutes via the paracellular pathway, the gate is predom-
inantly open. For example, in the late proximal tubule of
the kidney about one-third of NaCl reabsorption occurs
by the paracellular route,22 and in the thick ascending
limb of Henle, Ca21 and Mg21 are exclusively reab-
sorbed via the paracellular pathway.23 Characterization
of the properties of leaky epithelia have indicated that
there must be paracellular aqueous pores.24,25 Fromter
and Diamond were the first to prove that the paracellu-
lar leak is physically located at the intercellular junc-
tion.26 Thus, the tight junction is not always a complete
barrier, but must also have pores that pass through it.

Fence Function

In epithelia, the lipid and protein components of the
plasma membrane are separated into distinct apical and
basolateral domains at the tight junction, and this polar-
ity is critical for functions such as vectorial transport.
Apical�basolateral polarity is initially established by the
Par/aPKC, Crumbs, and Scribble complexes,27,28 while
the tight junction is primarily responsible for mainte-
nance of this polarity. Specifically, the tight junction
behaves like a fence, preventing diffusion within the
plane of the lipid bilayer. Interestingly, markers that are
confined to the exocytoplasmic leaflet cannot pass across
the tight junction, but markers that can flip-flop across
the bilayer freely diffuse across it,6,29 suggesting that the
fence is located in the exocytoplasmic half of the plasma
membrane. Several manipulations can dissociate the bar-
rier and fence functions of the tight junction. Transient
ATP depletion30,31 and depolymerization of the cortical
actin network32 disrupt the paracellular barrier while
preserving fence function. This suggests that the fence
function of the tight junction is mechanistically indepen-
dent of its gate function.

Biochemical Composition

The first tight junction-associated protein to be identi-
fied was ZO-1, in 1986.33 Since then, it has become clear
that the tight junction is actually a complex of many dif-
ferent proteins. These fall into one of four categories:
transmembrane proteins; scaffolding proteins; signaling
molecules; and transcriptional regulators. These mole-
cules are associated, through multiple protein�protein
interactions, with the scaffolding proteins serving to
anchor the complex to the cortical actin cytoskeleton.
Table 12.2 lists the known molecules in each category.
Here, we focus solely on the transmembrane proteins.
These are important because their transmembrane
domains traverse the lipid bilayer, while their extracellu-
lar domains protrude into the paracellular space. Thus,
tight junction membrane proteins are the leading candi-
dates to mediate both gate and fence functions.

FIGURE 12.1 Organization of the junctional complex in a typi-

cal monolayer of epithelial cells.
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Occludin

Occludin was the first integral tight junction
membrane protein to be identified.34 It has four trans-
membrane domains with intracellular N- and C-termini.
Occludin is ubiquitously expressed in epithelial cells,
localizing predominantly at bicellular junctions (junctions
where two cells meet). Its role is poorly understood.
Overexpression of a C-terminally truncated occludin pro-
tein increases TER, but paradoxically increases mannitol
flux, and also disrupts tight junction fence function.35,36

However, after knockdown or knockout of occludin, cells
can still form normally appearing tight junction
strands.37,38 In fibroblasts that do not have tight junctions,

occludin cannot reform tight junction networks, but it
does co-polymerize into strands with claudin-1.39

Knockdown of occludin in MDCK cells causes only a
slight increase in permeability to small inorganic and
organic cations.38 Interestingly, occludin null mice have
assorted unexplained abnormalities, including retarded
postnatal growth, male sterility, and chronic inflamma-
tion and epithelial hyperplasia in the gastric mucosa.40

Importantly, though, epithelial barrier function is normal
in these mice.41 Thus, occludin is neither necessary nor
sufficient to form tight junction strands and perform bar-
rier, pore or fence functions. However, occludin can
incorporate into claudin-based strands, in which case
dominant-negative occludin constructs are presumably
able to disrupt normal tight junction function.

Tricellulin

Tricellulin is a homolog of occludin that is localized
to tricellular junctions (junctions at the confluence of
three cells.42 It is clearly important for barrier function,
because knockdown of tricellulin increases paracellular
conductance and permeability to uncharged macromo-
lecules,42 and its overexpression reduces
macromolecular permeability.43 Mutations in tricellulin
cause a form of non-syndromic hereditary deafness,
indicating that it plays a critical role in inner ear func-
tion,44 but its role in the kidney has not been explored.

FIGURE 12.3 Section through Bowman’s capsule of rat kidney

showing two adjacent parietal epithelial cells (labeled 1 and 2).

The cells are flat, so that their extensions overlap obliquely to form
the tight junction. Arrows indicate points of close apposition
between their lateral membranes (BS: Bowman’s space; IS: interstitial
space; Mi: mitochondrion; 3 40,000). (Reproduced with permission
from Taugner et al. (1976). Cell Tissue Res. 172(4), 431�446.10)

FIGURE 12.2 Structure of the tight junction. (a) Transmission electron micrograph of the junctional complex in the epithelium of the rat
proximal convoluted tubule (Zo: zonula occludens (tight junction); Za: zonula adherens (adherens junction); D: desmosome; bb: brush border;
Il: lateral intercellular space). (b) Three-dimensional depiction of the tight junction. Tight junction strands of neighboring cells associate in a
pairwise manner at points where the lateral membranes are closely apposed, obliterating the intercellular space (“kissing points”). (rThe
Rockefeller University Press. The Journal of Cell Biology, (1963). 17, 375�412.1)
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Claudins

Claudins were discovered by Tsukita and collea-
gues.45 They are members of a multigene family
of B20�24 kDa tight junction proteins with four pre-
dicted transmembrane segments and two extracellular
domains (see refs 46�48 for several recent reviews).
When expressed in claudin-deficient cells such as
fibroblasts, claudins can form tight junction-like net-
works of strands, indicating that they polymerize in cis
(within the same cell membrane), and can mediate
intercellular adhesion, indicating the ability to interact
in trans (across two lateral membranes of adjacent
cells).39,49 Thus, claudins have all the properties
expected for a structural component of the paracellular
barrier. In 1999, Lifton’s group identified the culprit
gene mutated in familial hypercalciuric hypomagnese-
mia, an inherited disorder thought to be due to failure
of paracellular reabsorption of divalent cations in the
thick ascending limb of the renal tubule. This gene,
which was initially named paracellin, turned out to be
a claudin (claudin-16),50 and its involvement in this
disease strongly suggested that claudins play a role in
regulating paracellular transport. This is now
supported by numerous studies demonstrating that
overexpressing or ablating expression of various clau-
din isoforms in cultured cell lines or in mice affects
both the degree of paracellular permeability, and its
selectivity (reviewed in ref 51). Moreover, Colegio et al.
have convincingly shown that the net charge on
residues in the first extracellular domain of claudins
determines the charge selectivity of paracellular con-
ductance.52,53 This suggests fairly strongly that the first
extracellular domain of claudins actually forms the
lining of the paracellular pore. The permeability pro-
perties of different claudin isoforms, as inferred from
in vitro overexpression and knockdown studies, are
summarized in Table 12.3.

FUNCTIONAL DOMAINS OF CLAUDIN

The functions of several of the domains within the
claudin protein have been determined (Figure 12.6).
The first extracellular loop of claudin forms the lining
of the paracellular pore. Chimera studies have shown
that exchanging the first extracellular loop between
different claudin isoforms confers different pore selec-
tivity characteristics.53 Furthermore, point mutations
that reverse the charge on residues in the first extracel-
lular loop alter the charge selectivity of the paracellular
pore, as would be expected if this domain faced the
pore lumen.52 In claudin-2, a cation-selective pore, this
loop specifically contains an aspartate residue (Asp-65)
that acts as a Na1-binding site.54 Several other residues
in this domain have also been mapped by cysteine-
scanning mutagenesis.55

The second extracellular loop of claudin is postu-
lated to participate in trans-intermolecular interactions,
acting as the adhesion receptor between neighboring
cells. This is based on the finding that mutations of
selected residues in the second extracellular loop of
claudin-5 abolish its ability to concentrate at cell con-
tact sites when expressed in HEK cells.56

Claudins all have a long cytoplasmic C-terminal tail
that appears to be involved in protein trafficking and
degradation. Deletion of this tail in claudin-5 and -6
leads to accumulation of the protein in the cyto-
plasm.57,58 This domain also affects protein stability,
since swapping it between different claudins confers
different protein half-lives.59 The terminal dipeptide
motif in claudins (tyrosine-valine in the majority)
binds to PDZ domains on the scaffolding proteins,
ZO-1, 2, and 3,60 and MUPP1.61,62 However, deletion
of this motif does not seem to affect normal trafficking
of claudins to the tight junction.57,63

The cytoplasmic C-terminal tail in all claudin
isoforms also contains multiple potential

FIGURE 12.4 Morphologic changes in glomerular podocytes in the puromycin aminonucleoside nephrotic rat kidney. The membranes
of the foot processes appear to come into close apposition or to be fused (arrows), forming tight junction-like structures between neighboring
processes. The slit diaphragms (sd), which are normally located above the basement membrane (B), are found above the newly formed junc-
tions between the podocytes (3 74,000). (Reprinted from Am. J. Pathol. (1992), 141, 805�816.226 With permission from the American Society for
Investigative Pathology.)
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phosphorylation sites for a variety of protein kinases
(see ref 64 for a comprehensive review). The most com-
mon outcome of phosphorylation by protein kinases in
this domain is increased assembly at the tight junc-
tion,65,66 but there are examples of phosphorylation
leading to decreased assembly at the tight junction,67

and also to changes in paracellular permeability.68�70

Finally, all claudins have two pairs of conserved
cysteines immediately following the second and fourth
transmembrane domains. In claudin-14, these have

been shown to be palmitoylated, and this seems to be
required for efficient localization to the tight junction.71

Physiology of the Tight Junction in Different
Nephron Segments

Different nephron segments exhibit different tight
junction permeability characteristics that are important
for their specific function. These paracellular perme-
ability characteristics are likely a function both of the
general structure of the tight junction (discussed
above), and of the properties of the specific claudin
isoforms expressed in that segment. The nephron

FIGURE 12.5 Freeze-fracture morphology of tight junctions on

the P-faces of four regions of the urinary tubule. The tight junctions
of the proximal convoluted tubule (a) are characterized by fibrils that
are often ill-defined and discontinuous. In the ascending thin limb of
Henle (b), the tight junctions usually appear as one continuous
strand or two closely apposed strands that are covered with frag-
ments of E-face from the adjacent cell, giving the impression of a sin-
gle, thick strand. In the distal tubule (c), the junctions are composed
of several parallel elements. In the collecting duct (d), the tight junc-
tions are the most complex in the entire urinary tubule, and are
formed of multiple, branching fibrils (a�c: bar5 0.25 μm; d:
bar5 0.5 μm). (Reproduced with permission from Orci et al. (1981). Int.
Rev. Cytol. 73, 183�242.9)

TABLE 12.1 Morphology of the Tight Junctions Compared with
Transepithelial Resistance in Different Nephron Segments of the
Rat Renal Tubulea

Tubular segment Transepithelial

resistance (’Ω.cm2)b
Number of junctional

strands (typical range)

Proximal 5�7 1�2

Thin descending
limb of Henle

700c 1

Thick ascending
limb of Henle

10�35 5�6d

Distal convoluted
tubule

350

Collecting duct 867 8�9

aTable adapted with permission from Pricam et al.158
bValues from references.218�222

cValues measured in the rabbit.
dValues from both thick ascending limb and distal convoluted tubule.

TABLE 12.2 Composition of the Tight Junction Protein
Complex

Transmembrane

proteins

Scaffolding

proteins

Signaling

proteins

Transcriptional

regulators

Occludin ZO-1, 2, 3 aPKC ZONAB

Claudins Par-3, 6 GEF-H1 Symplekin

Tricellulin Pals1 Gαi-2, αo,
α12

AP-1

MarvelD3 PATJ Rab13, 3B

JAM MUPP1 c-Yes

CAR MAGI-2, 3 WNK3, 4

JACOP/
paracinguilin

CDK4

Cingulin

AF-6
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segment localization of different claudin isoforms is
summarized in Figure 12.7.

Bowman’s Capsule

The function of the parietal epithelium of Bowman’s
capsule is poorly understood, but one might assume

that it needs to act primarily as a barrier to contain the
glomerular filtrate, and direct flow into the proximal
tubule. The tight junction of parietal epithelial squa-
mous cells is unique among cells of the nephron in
expressing claudin-1,72,73 an isoform that has been
shown to act as a barrier to ion conductance, and
to permeation of 4�40 kDa dextran.36,74 Claudin-2, a
cation- and water-permeable claudin isoform predomi-
nantly expressed in the proximal tubule (see below),
has also been reported to be expressed in the parietal
epithelium.72,73 However, it is well-known that the
parietal epithelium at the urinary pole is constituted of
columnar cells that are distinct from the squamous
parietal epithelial cells, and morphologically and
functionally resemble proximal tubule cells.75,76 These
columnar cells can cover a substantial surface area of
Bowman’s capsule, for example, one-third of it in male
mice, and it is probably just these cells that express
claudin-2 (see, for example, Fig. 3A in ref 77).

Ohse recently showed that the parietal epithelium
in mice functions as a barrier to macromolecules, as
detected with 3 kDa dextran and 45 kDa ovalbumin as
tracers.78 After experimental induction of glomerulone-
phritis, this barrier is disrupted and the macromole-
cule tracers can be observed leaking into the space
between the parietal epithelium and the underlying
basement membrane of Bowman’s capsule, as well as
the extraglomerular space.

Proximal Tubule

The primary role of the proximal tubule is bulk rec-
lamation of solutes that evade the glomerular filter,
such as Na, K, Ca, Cl, HCO3, phosphate, glucose, and
water. Since the free concentration of these solutes in
the glomerular filtrate is similar to that of the peri-
tubular fluid, relatively little energy expenditure
should be needed to transport them across the epithe-
lium. To achieve this sort of energy efficiency, the
proximal tubule uses a two-step process. In the first
step, ATP consumed by the Na-K-ATPase is used to
generate a transmembrane Na gradient that drives sec-
ondary and tertiary active transcellular reabsorption of
Na and other solutes. The stoichiometry of the Na-
K-ATPase dictates that the hydrolysis of each ATP
molecule in this step should be coupled to the direct
transport of three Na ions. In the second step, the
transepithelial electrochemical gradients generated by
transcellular transport then provide the driving force
for passive diffusion of solutes across the paracellular
pathway. Measurements of whole kidney oxygen
consumption have been used to estimate that five Na
ions are transported per ATP molecule,79,80 demon-
strating that paracellular transport greatly enhances
the metabolic efficiency of the proximal tubule.

1st ECL:
Pore-lining loop

Na+-binding
site (D65)

2nd ECL:
Putative trans-interaction domain

Trafficking &
phosphorylation
signals

PDZ-binding
domain

COOH
Palmitoylation sites

NH2

-C
-C

-

FIGURE 12.6 Functional domains that have been mapped in

claudins. The Na1-binding site at D65 has been demonstrated in
claudin-2 (ECL: extracellular loop).

TABLE 12.3 Putative Ion Permeability Characteristics of
Claudin Isoformsa

Pore-forming claudinsb Refs Barrier-forming claudins Refs

Cation-selective pore Cation barrier

Claudin-2 54,86,87 Claudin-1 36,74

Claudin-10b 90 Claudin-3 114

Claudin-16 109�111 Claudin-4c 115,125

Anion-selective pore Claudin-5 223

Claudin-4c 125 Claudin-6d 93

Claudin-10a 90 Claudin-8 116,224

Claudin-11c 88 Claudin-9d 93

Claudin-17 108 Claudin-11c 88

Claudin-14 117

Claudin-18 118

Anion barrier

Claudin-15 52,88

Claudin-19e 112

aBased on in vitro overexpression or knockdown studies in cultured cell lines. We
assume that permeability and selectivity are properties intrinsic to individual claudin
isoforms, and ignore the possible confounding effect of heteromeric interactions

between isoforms. Claudin-7 is omitted because conflicting data exist suggesting that
it is either a Cl-barrier124,225 or a Na-barrier/Cl-pore.125
bPore-forming claudins refer to those that predominantly decrease TER or increase
solute permeability, while barrier-forming claudins refer to those that predominantly
increase TER or decrease solute permeability. The distinction is somewhat arbitrary,
since most claudins probably have some finite permeability to most solutes, and the
observable phenotype is highly dependent on the properties of the host cell line.87,222
cActs as a Na barrier in MDCK II cells, but as a Cl pore in LLC-PK1 cells.
dNet flux studies suggest that claudin-6 and -9 may also act as Cl-barriers.93
eConflicting data also exists suggesting claudin-19 can act as a Na barrier.105
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NaCL REABSORPTION

The underlying mechanism for paracellular NaCl
reabsorption in the proximal tubule was first proposed
by Rector.22,81 In this model, transcellular Na reabsorp-
tion in the early proximal convoluted tubule is coupled
primarily to reabsorption of most of the organic solutes
and significant amounts of bicarbonate, and followed
by isosmotic reabsorption of water. This leads to a
luminal fluid that is high in chloride, but low in bicar-
bonate. The late proximal tubule has a very high pas-
sive permeability (presumably due to the paracellular
pathway) both to Na and to Cl, but much less so to
HCO3.

82�84 Thus, Cl is reabsorbed paracellularly,
driven by its concentration gradient. This in turn gen-
erates a lumen-positive electrical potential which then
drives concomitant reabsorption of Na.

The claudin isoforms that are known to be
expressed in the proximal tubule are claudin-2, -10,
and -17.72,77,85 Claudin-2 behaves in vitro as a cation-
selective paracellular pore.54,86�88 Knockout of claudin-
2 in mice led to an approximately two-fold reduction
in transepithelial conductance, PNa/PCl, and passive
flux of Na, Cl, and water in perfused S2 segments, and

an exaggerated natriuretic response to a NaCl chal-
lenge.89 Thus, claudin-2 seems to be the primary route
for paracellular Na reabsorption. Claudin-10 exists in
two splice variants that differ in their first extracellular
domain, and hence charge selectivity.90 Claudin-10a
behaves as a Cl-selective pore, while claudin-10b is
Na-selective. The 10a splice variant is uniquely
expressed in the kidney, and by in situ hybridization
appears to be predominantly in the cortex, although
tubule localization could not be ascertained. Studies of
claudin-17 overexpression in MDCK-C7 cells and
knockdown in LLC-PK1 cells indicate that it functions
as a Cl pore.85 Thus, either claudin-10a or -17 could
potentially mediate paracellular Cl reabsorption in the
proximal tubule.

The neonate proximal tubule has a lower chloride
permeability than the adult, which may predispose it
to salt-wasting and dehydration.91 Claudins 6 and 9
are predominantly expressed in the neonatal proximal
tubule,92 but the published functional data are some-
what conflicting as to whether they primarily act as
Cl-barriers (which would be consistent with the tubule
physiology) or Na-barriers.93

FIGURE 12.7 Localization of claudin proteins in rodent kidney. Localization data were collated from the following studies: claudins 1, 3,
and 4,72 claudin-2,77 claudin-6,92 claudins 7 and 8,227 claudin-9,92 claudin-10,90 claudin-14,108 claudin-16,106 claudin-17,85 claudin-18,107 and
claudin-19.105,106 Macula densa claudin expression is from our own unpublished results. Tubule expression of claudins 6 and 9 are only found
in neonatal kidney.92 Localization of claudins in human kidney are essentially identical,50,228 except that claudin-1 is found in collecting duct
and distal tubule, claudin-10 is not found in the distal nephron, and claudin-14 is reportedly in the distal convoluted tubule.228 Many of these
claudins have not been rigorously examined in all nephron segments so the data shown are not comprehensive. Claudins 5 and 15 are con-
fined to endothelial cells of the vasculature and glomeruli,72 and so are not shown. Claudins 12, 18 and 20�24 have not yet been examined.
(Figure modified from Angelow, S. and Yu, A. S. (2007). Claudins and paracellular transport: an update. Curr. Opin. Nephrol. Hypertens. 16, 459�464.
Copyright Lippincott, Williams & Wilkins, 2007.)
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WATER REABSORPTION

A substantial amount of water is reabsorbed in the
proximal tubule. It is now clear that the majority of
water transport is transcellular and mediated by aqua-
porins. Nevertheless, knockout of AQP1 in mice only
reduces proximal tubule water transport by 80%, sug-
gesting that an alternative pathway for water transport
exists and is either active under normal conditions or
is upregulated to compensate for loss of AQP1.94

Weinstein has argued that the low reflection coefficient
for NaCl (B0.7)95 suggests the existence of a paracellu-
lar shunt pathway for water.96 However, Preisig and
Berry measured the permeability of the proximal
tubule to mannitol and sucrose and, assuming that
they were only transported paracellularly, modeled
the pore size with the Renkin equation to predict the
paracellular water permeability and concluded that it
was ,2% of transepithelial water permeability.97

Moreover, Spring measured water flow in the lateral
intercellular spaces of MDCK cells (admittedly not
necessarily a proximal tubule model cell line) by an
optical technique, and concluded that water transport
in these cells was entirely transcellular.98 Thus, the
existence of paracellular water reabsorption in the
proximal tubule has been quite controversial. Recently,
Rosenthal et al. reported that transfection of claudin-2
increases transepithelial osmotic water permeability.99

Interestingly, they found that when they imposed a
transepithelial Na1 concentration gradient, not only
was Na1 transported vectorially, but water flowed in
the same direction, suggesting that Na1 and water
movement are in some way “coupled,” and therefore
that they probably flow through the same pore.

REABSORPTION OF OTHER CATIONS

A substantial proportion of the filtered load of K,
Ca, and Mg are reabsorbed in the proximal tubule,
largely by the paracellular pathway. The driving force
in each case is probably both an increased concentra-
tion of the cation in the lumen due to water
reabsorption, and the lumen-positive voltage in the
mid-to-late proximal tubule. Claudin-2 is permeable to
both K and Ca (Mg has not been tested),54 and there-
fore likely mediates their reabsorption by diffusion
down their electrochemical gradients.

Thick Ascending Limb of Henle

The thick ascending limb of Henle is a quantita-
tively important site for paracellular reabsorption of
the divalent cations, Ca and Mg.100 In addition, some
of the Na reabsorbed in this nephron segment is also
thought to occur paracellularly, thus enhancing the
metabolic efficiency of transcellular Na reabsorption,
just as in the proximal tubule. The driving force for

paracellular reabsorption of each of these cations is a
lumen-positive electrical potential difference. This volt-
age is generated by two distinct and additive mechan-
isms: (1) transcellular reabsorption of NaCl through
the apical Na-K-2Cl co-transporter and basolateral
Na-K-ATPase and ClC-K chloride transporter occurs
concomitantly with apical recycling of K through the
apical K channel, ROMK, giving rise to a net move-
ment of positive charge apically; this generates a
3�9 mV lumen-positive transepithelial potential differ-
ence101; (2) because the paracellular pathway of the
thick ascending limb is highly cation-selective (PNa/
PCl5 2�6),101,102 accumulation of a high concentration
of reabsorbed NaCl basolaterally generates a diffusion
potential, adding another 10�15 mV to the transepithe-
lial voltage.103 The paracellular pathway of the thick
ascending limb is well adapted for this purpose. It is
characterized by a low TER (11�34 Ω.cm2),104 high
selectivity for Na over Cl, and high permeability to
divalent cations.23

The thick ascending limb is known to express
claudins 3, 10, 11, 14, 16, 18, and 19.50,72,90,105�108

Claudin-16 (also known as paracellin) and claudin-19
are of particular interest, because mutations in these
genes cause familial hypercalciuric hypomagnesemia
with nephrocalcinosis (FHHNC), an autosomal reces-
sive disorder characterized by renal Ca and Mg wast-
ing.50,106 There are two prevailing hypotheses as to the
physiological role of claudins 16 and 19. The first
hypothesis, initially suggested by Simon et al.,50 is that
they are divalent cation-permeable paracellular pore
proteins. In this model, Ca and Mg normally diffuse
through these claudins, driven by the lumen-positive
potential, but in FHHNC this pathway is abolished.
Consistent with this, Ikari et al. found that overexpres-
sion of claudin-16 increased Ca permeability, and
that this could be competitively inhibited by Mg,
while TER was paradoxically increased.109 Similarly,
Kausalya et al. found that claudin-16 increased Mg
permeability, but did not affect PNa/PCl.

110 The second
hypothesis is that claudin-16 and -19 together form a
pore that is highly selective for Na over Cl, and there-
fore facilitates the component of the lumen-positive
potential generated by the NaCl concentration gradient
(component (2) above). In other words, claudin-16 and
-19 are involved in creating the driving force for Ca
and Mg reabsorption, rather than being part of the per-
meation pathway. This second hypothesis is supported
predominantly by the work of Hou, Goodenough, and
colleagues. In their hands, claudin-16 acts like a cation
pore that is not selective between monovalent and
divalent cations,111 and claudin-19 acts like an anion
barrier.112 Hou et al. showed that the two isoforms
physically interact with each other, and have additive
effects to increase PNa/PCl when co-expressed
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together.112 Indeed, knockdown of both isoforms in
mice recapitulated the main features of FHHNC, and
was associated with decreased PNa/PCl as measured in
isolated, perfused thick ascending limbs.107,113

Claudin-14 appears to act as a negative regulator
that binds to claudin-16 to reduce the PNa/PCl of this
complex.108 Importantly, claudin-14 expression is upre-
gulated in response to high extracellular calcium or a
high-calcium diet, which stimulate the Ca-sensing
receptor in the thick ascending limb and thereby down-
regulate two micro-RNAs that normally suppress clau-
din-14 expression. This provides an elegant
homeostatic mechanism to increase renal calcium excre-
tion in the setting of calcium excess. The role of the
other claudins in this segment is not known at this time.

Aldosterone-Sensitive Distal Nephron

The aldosterone-sensitive distal nephron (ASDN)
encompasses the distal convoluted tubule, connecting
segment, and collecting duct. This is the last section of
the nephron, and is responsible for fine-tuning urinary
composition. The remaining excess Na in the tubular
fluid has to be reabsorbed here, and K and H1

secreted. These are active, highly energy-consuming
processes, because they need to drive transport uphill
against steep electrochemical gradients, utilizing trans-
cellular pathways. Transtubular concentration gradi-
ents for Na, K, and H1 (lumen:blood) of 1:3, 20:1, and
1000:1, respectively, are often achieved by the end of
the collecting duct. Thus, the major role of the tight
junction in the ASDN is to act as a very tight para-
cellular cation barrier to prevent dissipation of these
transtubular cation gradients. Consistent with this,
the ASDN (or at least the collecting duct) expresses
five claudins that function primarily as cation barriers:
claudins 3, 4, 8, 14, and 18.114�118 For claudin-8 and
-18, the ability to act as a barrier to acid permeation
has also been demonstrated.118,119

In the connecting segment and collecting duct, Na is
reabsorbed primarily electrogenically through epithe-
lial Na channels (ENaC), as distinct from the distal
convoluted tubule, which mediates electroneutral,
NaCl reabsorption. Thus, Cl in the connecting segment
and collecting duct must be reabsorbed either through
an independent transcellular pathway (e.g., via the
Na-driven Cl-bicarbonate exchanger and pendrin in
β-intercalated cells120,121) or paracellularly. Consistent
with a role in paracellular Cl transport, the cortical
collecting duct has been shown to have a substantial
paracellular permeability to Cl.122 A recent study sug-
gests that this paracellular Cl permeability may be
mediated by claudin-4 and -8, perhaps interacting with
each other to form a heteromeric pore.123

Claudin-7 is expressed in the ASDN. When over-
expressed in LLC-PK cells, it appeared to reduce Cl

permeability (i.e., acted as a Cl barrier).124 However,
knockdown of its expression paradoxically also
decreased Cl permeability, suggesting that claudin-7
might normally behave as a Cl pore, and might be
responsible for the paracellular Cl conductance in the
ASDN.125 Importantly, mice that had claudin-7 knocked-
out by gene targeting exhibited severe renal salt-wasting,
hypovolemia, and acute renal failure,126 which is consis-
tent with a role for claudin-7 in ASDN Cl reabsorption.

REGULATION BY ALDOSTERONE AND WNK KINASES

NaCl reabsorption in the ASDN is stimulated by
mineralocorticoids. This is achieved in part by stimulat-
ing transcellular Na transport. In addition, aldosterone
and other mineralocorticoids regulate paracellular per-
meability. For example, mineralocorticoids reduce Na
permeability in the inner medullary collecting
duct.127�129 This would serve to limit paracellular back-
leak of Na, and thereby enhance the efficiency of Na
reabsorption. Mineralocorticoids have also been shown
to reduce paracellular Cl permeability in the collecting
duct,129,130 but the physiological significance of this is
less clear. Interestingly, Le Moellic et al. found that in a
rat cortical collecting duct cell line, very brief (,1 hour)
aldosterone exposure actually increased paracellular
anion permeability.69 This correlated temporally with
phosphorylation of claudin-4 at a threonine residue,
although a causal relationship was not established.

NaCl reabsorption in the ASDN is also regulated by
WNK1 and WNK4. These are protein kinases that,
when mutated, cause pseudohypoaldosteronism,
type II (PHAII), a genetic disorder characterized by
salt-sensitive hypertension and hyperkalemia.131 The
normal physiological function of the WNKs is quite
controversial, but it is clear that PHAII mutations in
WNK4 lead to enhanced NaCl reabsorption in the
ASDN. This is partly transcellular and mediated by
stimulation of the thiazide-sensitive NaCl co-trans-
porter, NCC.132,133 However, there is also evidence
that WNK4 regulates paracellular Cl permeability.
WNK4 is localized to the tight junction in vivo.131

When overexpressed in cell lines, WNK4 (particularly
the PHAII mutant) stimulates paracellular Cl
conductance.68,70,134 The exact mechanism is unclear.
There is evidence both for68,70 and against135 direct
phosphorylation by WNK4 of several claudin isoforms,
including claudins 4 and 7, that are normally
expressed in the ASDN.

Tight Junction Dysfunction in Ischemic Acute
Kidney Injury

Ischemic injury to the kidney causes reversible dis-
ruption of renal tubule epithelial barrier function and
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polarity. Renal ischemia or ATP depletion in humans,
animal models, and cultured cells cause disruption of
the tight junction,30,136 with internalization of occludin,
ZO-1 and -2, and cingulin.137,138 Similar findings
have been demonstrated in renal allografts with post-
ischemic injury.139 One consequence of this is loss of the
epithelial barrier and backleak of filtrate into the inter-
stitium,139,140 which can partly explain the oliguria seen
in severe acute kidney injury. Renal ischemia also
impairs tight junction fence function, and disrupts epi-
thelial polarity, including mislocalization of the Na-K-
ATPase,141,142 which would be predicted to impair
transcellular tubular Na reabsorption. This probably
contributes to the inappropriately elevated fractional
excretion of Na (FENa) commonly observed clinically in
ATN, and may also stimulate tubuloglomerular feed-
back, and thereby contribute to the reduction in GFR.

GAP JUNCTIONS AND CONNEXIN
HEMICHANNELS

Structure and Biochemical Composition

Gap junctions are non-selective channels located in
the plasma membranes of adjacent cells, and are criti-
cal to intercellular communication in most cell types.
Functionally, they serve to couple non-excitable cells
by allowing the passage of small molecules (less than
1 kDa in size), such as inorganic ions and secondary
messengers, between the two cells.143 Gap junction
channels exhibit open and closed configurations, and
this gating can be regulated by intracellular molecule
concentration, mechanical stress, metabolic inhibition,
and transjunctional voltage.144�146

Each half of the gap junction, known as a connexon,
is composed of six transmembrane proteins from the
connexin (Cx) family. There are 21 known human Cx
isoforms, all of which present the same topology:
intracellular N- and C-termini; four transmembrane
domains; two extracellular loops with three cysteine
residues; and a single intracellular loop. The N-termi-
nus and position of the cysteine residues are con-
served. Variability among the Cx isoforms is found in
the intracellular loop and C-terminus. Consequently,
these regions appear to be responsible for differences
that exist in charge and size discrimination among iso-
forms.143 Two styles of nomenclature identifying these
isoforms are used. Cxs are most commonly identified
by their molecular weight in kiloDaltons (e.g., Cx45),
which presents a problem when discussing Cx expres-
sion in different species, as molecular weight of the
same isoform can vary. Alternatively, Cx isoforms are
sorted by class (alpha, beta, gamma), and assigned a
number (e.g., Gja1).147 For simplicity, we will adhere
to the first naming convention throughout the chapter.

Connexons may be composed of a single isoform
(homomeric) or a mix of Cxs (heteromeric), and their
trafficking can occur by two pathways. The first
involves formation of the connexon at the endoplasmic
reticulum, with trafficking through the Golgi appara-
tus to the plasma membrane. Alternatively, Cx pro-
teins may bypass the Golgi, and form the hexamer
once in the plasma membrane. In either case, the trans-
membrane domains appear to be involved in the oligo-
merization process. Within the plasma membrane,
connexons tend to group together to form a gap junc-
tion plaque. The plaque is a highly dynamic body,
with gap junction protein half-life in the order of 2�5
hours. This allows for rapid regulation of the composi-
tion of Cxs within the plaque in response to cellular
demands.143 Docking of the connexons in adjacent
cells creates the intercellular channel, and connexons
of different Cx isoforms can couple to form heterotypic
gap junctions. Since different Cx isoforms exhibit vari-
ation in terms of gating, regulation, and interaction,
the modular and combinatorial nature of gap junctions
allows a diversity of function within one type of
channel.148,149

Beyond the typical intercellular gap junction struc-
ture, there is evidence that Cxs can regulate intercellu-
lar communication without directly coupling cells.
Uncoupled connexons form transmembrane pores
known as hemichannels, and these Cx hemichannels
serve as a conduit between the intra- and extracellular
environments, facilitating the transport of signaling
molecules such as ATP.150,151 They are gated, since a
constitutively open channel would be lethal to the cell,
and are regulated by the same factors as gap junc-
tions.146,152 Cx hemichannels are thought to conduct
intercellular communication via calcium wave propa-
gation. In this model, mechanical or chemical stimula-
tion triggers the opening of Cx hemichannels in a cell
which allows ATP to passively move through the
hemichannel into the extracellular environment. The
newly released ATP binds to purinergic receptors on
local cells, triggering an increase in intracellular
calcium levels in these cells, thereby propagating the
calcium signal. The functionality of Cx hemichannels,
however, remains controversial and it is difficult to
prove their existence with certainty.151

Gap junctions play a vital role in many cellular pro-
cesses in nearly every cell type in the body, facilitating
normal development, physiology, and apoptosis.
Consequently, Cx mutations are associated with
pathophysiological conditions including Charcot Marie
Tooth disease, congenital deafness, and the skin dis-
ease erythrokeratoderma variabilis.147 Outside of
hereditary conditions, complex diseases including
diabetes and hypertension have been linked to changes
in the expression of Cxs.153�155
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Renal Localization

Renal intercellular channels were first identified in
afferent arteriole vascular smooth muscle cells (VSMC)
in the 1970s.156 Electron microscopy images later
provided evidence of gap junction channels in the
renal tubules, as well as in the renal vasculature.157,158

Specification of the Cx isoforms that made up renal
gap junctions came later, with mRNA expression
studies.159�164 Localization of Cx proteins in the kid-
ney has been limited by the availability of specific anti-
bodies, and by variation among species. As a result,
different studies present divergent results. More
recently, the development of Cx knockout and reporter
mouse models have provided new insight into the
expression of Cxs within the nephron, as well as sug-
gesting their significance in renal physiology.165�170

Table 12.4 summarizes the renal localization of connex-
in isoforms.

Vasculature

The renal vasculature expresses Cxs37, 40, 43, and
45, which are found in all vascular systems.159,166,171,172

Within vessels, gap junction coupling occurs between
endothelial cells, between the smooth muscle cells, and
at the myoendothelial junctions. Cx expression is best
defined in endothelial cells. In rodents, Cx40 is abun-
dantly expressed in the afferent arteriole endothelium,
with lower levels of Cx37 and 43 also detected.159,164,173

In the endothelial cells of the efferent arteriole, Cx37 is
expressed in rat, while mice express Cx43.172,173

Beyond the juxtaglomerular apparatus (JGA), all three
isoforms are expressed in the vasa recta and vascular
bundles.173 Cx43 is also expressed in the peritubular
capillaries and renal veins.171,173

The identity of the vascular smooth muscle Cx(s) is
less clear. Cx37 was detected in the VSMCs of murine
arcuate and interlobular arteries,173 but not in rats.159,174

Likewise, one study found evidence of Cx43 in the
preglomular media,161 but later reports have failed
to confirm this.159,164,174 Cx45, which is commonly
expressed in smooth muscle cells in other vascular
systems,175 appears to exhibit the same characteristic
localization in the kidney. Several studies have shown
Cx45 expression in VSMCs of the interlobular, afferent,
and efferent arterioles, both by immunohistochemistry
and reporter gene mouse methods.166,171,176 A lack of
Cx40 expression in renal VSMCs has been shown in all
studies.159,164,173

Glomerulus and Juxtaglomerular Apparatus

Both the glomerulus and juxtaglomerular apparatus
(JGA) express gap junction proteins abundantly.
Podocytes, endothelial cells, mesangial cells, and the
renin-producing JG cells are all characterized by gap

TABLE 12.4 Summary of the Localization of Connexin Isoforms
in the Kidney

Cx Renal Localization Cell Type Species

26 Proximal tubule* Epithelial Mouse

30 Distal nephron Epithelial Rat

Cortical CD, CNT Intercalated Mouse,
rabbit, rat

30.3 ATL Epithelial Mouse,
rabbit, rat

Cortical CD Intercalated Mouse,
rabbit, rat

32 Proximal tubule* Epithelial Mouse

37 Arcuate artery; IA* VSMC Mouse

RA; AA, EA Endothelial Mouse, rat

Vasa recta Pericytes Rat

Vascular bundles Endothelial Mouse

JGA* Granular, mesangial Mouse, rat

Proximal tubule,
TAL, DCT

Epithelial Mouse, rat

CNT, CD Principal . Intercalated Mouse, rat

40 RA; Arcuate artery;
IA; AA

Endothelial Mouse, rat

Vasa recta Endothelial Rat

Vascular bundles Endothelial Mouse

Glomerulus Endothelial*, mesangial Mouse

JGA Endothelial*, granular,
mesangial

Mouse, rat

43 RA, AA, EA Endothelial, VSMC* Mouse, rat

Peritubular
capillaries

Endothelial Mouse

Vascular bundles,
vasa recta

Endothelial Rat

Renal veins Endothelial Mouse

Glomerulus Podocytes Human

Proximal tubule Epithelial Human

Inner medullary CD* Epithelial Rat

45 IA, AA, EA VSMC Mouse

Glomerulus Mesangial, podocytes Mouse

JGA Granular*, mesangial Mouse

*indicates conflicting localization data; . indicates stronger than. (Table modified
with permission from Hanner, F., Sorensen, C. M., Holstein-Rathlou, N. H. and Peti-

Peterdi, J. (2010). Connexins and the kidney. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 298, R1143�1155. Copyright American Physiological Society).
ATL: Ascending thin limb of the loop of Henle; AA: afferent arteriole; CD:

Collecting duct; CNT: connecting tubule; DCT: Distal convoluted tubule; EA:

efferent arteriole; IA: interlobular artery. JGA: juxtaglomerular apparatus; RA:

renal artery; TAL: thick ascending limb of the loop of Henle; VSMC: vascular

smooth muscle cell.
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junction coupling. In addition, the different cell types
that constitute the JGA appear to be interconnected by
gap junctions. The macula densa cells, however, are
exclusive of gap junctions.157,177 Again, Cx isoform
localization has been primarily determined by anti-
body-based localization techniques, and as a result
many studies present differing data. In podocytes,
Cx43 is primarily expressed, although Cx45 has been
detected in these cells as well.178 Glomerular endothe-
lial cells showed expression of Cx40 in one study,164

but another report was unable to reproduce this
finding.173 Cx40 is, however, prominently expressed in
the intra- and extraglomerular mesangium, as well as
the renin-producing JG cells.159,171�173 Cx37 follows a
similar, if weaker, pattern of expression as Cx40.
Expression in the intraglomerular mesangium is lim-
ited to the vascular pole, and lower levels of Cx37
staining are found in the extraglomerular mesangium
and JG cells.172,173 The glomerulus also appears to be
positive for Cx45, and studies using reporter gene
mouse models indicated Cx45 expression was local-
ized to the mesangial cells. These studies also showed
Cx45-positive cells expressing renin, leading to the
conclusion that the JG cells express Cx45 alongside
Cx40.166 This study conflicts with antibody-based
approaches, where Cx45 labeling is only evident in JG
cells during embryogenesis.171 Finally, the endothelial
cells of the afferent and efferent arterioles closest to the
glomerulus lack any Cx protein expression or struc-
tural evidence of gap junction coupling.164

Tubules

Despite the recognition of gap junction channels in
the proximal tubules,179 attempts to localize Cx iso-
forms along the nephron present a complex picture,
with different techniques and species again producing
varying expression patterns. In the proximal tubules,
Cxs26, 37, and 43 have been detected in epithelial cells;
however, proximal tubule Cx expression appears weak
at best.180,181 The distal tubules present much stronger
levels of gap junction protein expression, but lack
any signs of gap junction coupling by freeze-fracture
microscopy.182 While no Cx isoforms have been found
in the descending limb of the loop of Henle,
the ascending portion expresses Cxs30 and 30.3 in the
apical membrane of the thin limb, and Cx37 in the
basolateral membrane of the thick limb.170,180,183

Continuing the pattern seen in Henle’s loop Cx30, 30.3,
and 37 are expressed along the connecting segment
and collecting duct, and are similarly localized to the
apical or basolateral membranes. Both Cx30 and
Cx30.3 were detected in the intercalated, but not the
principal, cells of connecting segment and cortical col-
lecting duct.170,180,183 The absence of gap junction
coupling between epithelial cells, as well as their

subcellular localization to apical or basolateral mem-
branes, suggests these Cx proteins may form hemi-
channels in this region of the nephron. This hypothesis
appears to be supported by a study of primary proxi-
mal tubular cells that expressed Cx43 and demon-
strated hemichannel activity.182

Physiological Function in the Kidney

As is the case with the localization of renal connex-
ins, the physiological significance of gap junction pro-
teins in the kidney is still emerging, and current
research does not always present a consistent story. To
study the functional roles of gap junction proteins in
the kidney, both specific methods and non-specific inhi-
bitors are used. In the latter category are chemical gap
junction uncouplers and blockers, such as heptanol and
carbenoxolone, that inhibit channel activity without
regard to their component proteins.184�186 More specific
approaches focus on the Cx isoforms involved, and
include the use of knockout mice and gap mimetic
peptides.187�190 These peptides mimic the extracellular
loop sequence of Cx isoforms and block gap junction
channels through an unknown mechanism.

Vascular Conduction and Myoendothelial
Communication

One key area where gap junction coupling influences
renal vascular physiology is in the propagation of a vaso-
motor response, either dilatory or constrictive, along ves-
sels in response to local stimulation. In rat preglomerular
arteries and vasa recta, vascular conducted responses
are inhibited by the gap junction uncouplers carbenoxo-
lone and 18α-glycyrrhetinic acid.185,186 Interestingly,
vasodilation and vasoconstriction responses appear to
involve gap junctions via independent mechanisms.
Studies with Cx40 knockout mice and Cx40 mimetic
peptides both demonstrated an inhibitory effect of Cx40
loss on vasodilation in mesenteric arteries.188,190

Conversely, Cx37, but not Cx40, knockout mice have
reduced vasoconstriction responses.190

Vasomotor stimulation may also spread between the
endothelium and the smooth muscle cells of renal ves-
sels via myoendothelial gap junctions. Vasodilation of
smooth muscle occurs in response to the hyperpolariza-
tion of endothelial cells, and this response can be inhib-
ited by non-specific gap junction blockers in rabbit
renal arteries.184 A similar effect was observed with
Cx40 and Cx43 mimetic peptides; however, the inhibi-
tion appears to be dependent on the agonist used.187,189

Tubuloglomerular Feedback and Renin Secretion

The JGA regulates renal hemodynamics through the
mechanism of tubuloglomerular feedback (TGF),
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whereby variations in tubular fluid flow and composi-
tion in the cortical thick ascending limb are detected
by the macula densa cells, and trigger changes in affer-
ent arteriole diameter and renin secretion in response
(see also Chapter 24). The TGF mechanism involves a
calcium wave (Figure 12.8) which propagates through
the JGA.191 The regulation of calcium signaling by Cxs
is well-established in other systems,143 and given the
extensive gap junction coupling in the JGA it appears
that this calcium wave is similarly controlled. The gap
junction uncoupler 18α-glycyrrhetinic acid and hepta-
nol inhibit the spread of calcium in the JGA in
response to an increase in flow.191 Two possible path-
ways explain how gap junction proteins coordinate
calcium signaling in the JGA. Calcium may spread in
coupled cells directly via intercellular gap junction
communication. Alternatively, the calcium wave may
propagate indirectly via purinergic signaling. In this
model, increased intracellular calcium triggers the
opening of Cx hemichannels and the release of ATP/
UTP to the extracellular environment, which subse-
quently binds purinergic receptors on neighboring
cells, increasing intracellular [Ca21].192 Several

observations point to the latter mechanism. Removal
of direct contact between cells did not inhibit calcium
signaling, and stimulation of cells led to the release of
ATP, as measured by a biosensor cell technique.
The use of purinergic receptor blockers and ATP sca-
vengers also inhibited the JGA calcium wave.191,193

Both Cx40 and Cx45 appear to function in the JGA cal-
cium wave. Cx40 siRNA reduced calcium signaling in
glomerular endothelial cells, while VSMCs isolated
from a conditional Cx45 knockout mouse model or
treated with a Cx45 gap mimetic peptide showed
reduced propagation speed.166,193

Renin secretion regulation and control of systemic
blood pressure also require gap junction protein
expression. Cx40 knockout mice have high blood pres-
sure and high plasma renin, due primarily to the lack
of negative feedback control of renin secretion by
blood pressure and angiotensin II. Regulation of renin
by beta adrenergic receptor stimulation and dietary
salt is not affected.194,195 These mice also show aber-
rant expression of renin in the preglomerular intersti-
tium, extraglomerular mesangium, and glomerular
tuft, while the afferent arteriole VSMCs are entirely
devoid of renin. Cx45-deficient mice, which lack Cx45
in afferent and efferent VSMCs, renin-producing gran-
ular cells, and mesangium have a similar phenotype as
the Cx40 knockout mouse.166 Replacement of Cx40 by
Cx45 (Cx40KI45) results in a reduction of blood pres-
sure and the return of renin regulation. Normal renin
cell recruitment in response to a low-salt diet is not
restored.176 These results indicate that cell�cell com-
munication via Cx channels is critical to renin secre-
tion, and that specifically Cx40 is required for renin
expression. Cx37 knockout mice have normal renin
regulation, while Cx43 knockout models are lethal.
Replacement of Cx43 by Cx32 (Cx43KI32) resulted in
reduced plasma renin content, loss of renin regulation,
and de novo renin expression in endothelial cells.196 An
endothelial-specific Cx43 knockout model, however,
does not show any changes to renin secretion.197

Tubule Function

The role of Cxs in tubular function remains largely
unclear despite the expression of Cx proteins along the
nephron and gap junction coupling in the proximal
tubules. The expression of Cxs 30 and 37 is regulated
by dietary salt, with high salt increasing Cx30 expres-
sion at the apical membrane of medullary collecting
ducts, and low salt increasing cortical expression of
Cx37, presumably along basolateral membranes.180,183

It is hypothesized that Cx hemichannels regulate epi-
thelial transport along the nephron via purinergic sig-
naling (Figure 12.9). Activation of P2 purinergic
receptors in the nephron is known to regulate renal
transporters, modulating sodium, potassium, and

FIGURE 12.8 Role of gap junctions in the juxtaglomerular

apparatus. Components of the TGF calcium wave include ATP
release from macula densa (MD) cells in response to elevations in
tubular NaCl and/or flow rate, and paracrine, purinergic calcium
signaling. Extracellular ATP-induced elevations in mesangial, vascu-
lar smooth muscle (VSMC), and renin-producing juxtaglomerular
cell (JGC) [Ca21]i are then propagated via gap junctions to distant
cells of the afferent arteriole (AA), efferent arteriole (EA), and glo-
merulus (G) away from the MD region, causing cell contractions. All
cell types of the JGA are abundant in gap junctions (�), except for
the cells of the MD. Vascular endothelial cells in the AA, EA, and G
are also connected with each other and JGCs and VSMCs via gap
junctions, and are involved in the calcium wave of TGF.
(Figure modified from Peti-Peterdi, J., Toma, I., Sipos, A. and Vargas, S. L.
(2009). Multiphoton imaging of renal regulatory mechanisms. Physiology
(Bethesda) 24, 88�96. Copyright American Physiological Society.)
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water reabsorption.198�200 The close proximity of ecto-
nucleotidases and purinergic receptors in the tubular
lumen implies local release of ATP.199,201 Supporting
this hypothesis is recent data which shows that Cx30
knockout mice have an impaired pressure natriuresis
response, and that at the cellular level, isolated cortical
collecting ducts from these mice release less ATP in
response to stimulation than their wild-type counter-
parts. Based on these findings, the study presented a
model suggesting a mechanism by which Cx30 plays a
role in pressure natriuresis. Increased pressure/flow in
the collecting ducts induces the opening of Cx30 hemi-
channels, allowing ATP to enter the local extracellular
environment and bind local P2 receptors. Activation of
these receptors inhibits salt and water reabsorption,
resulting in homeostasis.167

Roles in Renal Pathology

In the kidney, the role that Cxs plays in pathology is
relatively unknown and mostly hypothetical. Human
mutations in gap junction genes are linked to a variety
of diseases, with altered expression of Cxs leading to
the pathophysiology observed. Moreover, primary dis-
eases can result in changes to the levels and localization
of gap junction proteins. Global genetic knockouts of
several Cx genes are embryonically lethal, indicating
their importance during development.147 Despite the
widespread expression of gap junctions in the kidney,
mutations in Cx genes have only minor effects on renal
organogenesis.202 As described above, Cx40 knockout

mice show defects in JGA renin localization, but this is
only apparent after birth.168

In adult mutant mice, the predominantly observed
renal pathology is hypertension. Genetic loss of Cx40 or
Cx45 in the kidney leads to high blood pressure in
mice, as does the use of gap mimetic peptides in
rats.166,172,194,195 Knockin mice in which the coding region
of Cx43 is replaced by that of Cx32 (Cx43KI32) have a
protective phenotype, failing to develop renin-dependent
hypertension in response to clipping one renal artery
(two-kidney, one-clip model).196 As detailed in the previ-
ous section, it appears that the effect on systemic blood
pressure is due to the loss of gap junction communica-
tion, preventing renin�angiotensin system signaling.
There is no known effect of primary hypertension on
renal Cx expression in rats or mice. In humans, a variant
in the Cx40 promoter that results in lower gene activity is
associated with increased risk of high blood pressure, but
it is unclear what mechanism drives this correlation.203

An increase in vascular intercellular communication
and changes in renal Cx expression are also associated
with diabetes.204,205 In diabetic mice, endothelial cells
express Cx40 in place of Cx37, and Cx43 is expressed in
renin-producing cells de novo. The link between Cx
expression and diabetes appears to be the nitric oxide
(NO) pathway. Diabetes is associated with increased
NO availability, and when diabetes was induced in
endothelial nitric oxide synthase (eNOS) knockout
mice, no changes in Cx expression were observed.
Overexpression of eNOS caused changes in renal Cx
expression which mimic the pattern seen in diabetes.173

flow
ATP

pressure

basolateral

Na+ H2O

P2Y
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Reabsorption natriuresis

Na+ H2O

luminal

IC PCPC

FIGURE 12.9 Schematic illustration of mechanically induced, Cx30 hemichannel-mediated ATP release into the tubular lumen in the

cortical collecting duct (CCD), and its paracrine effects on salt and water reabsorption, natriuresis, and diuresis. Increases in intra-renal
pressure and/or tubular flow rate that accompany blood pressure elevations result in the opening of Cx30 hemichannels at the luminal mem-
brane of CCD intercalated cells (IC), and the release of ATP. Stimulation of luminal purinergic receptors (mainly P2Y2) in adjacent principal
cells (PC) results in the inhibition of salt and water reabsorption, and increased natriuresis and diuresis. This inhibitory mechanism is absent
in Cx302/2 mice, resulting in a salt retention phenotype. (Reproduced with permission from Sipos et al. (2009). J. Am. Soc. Nephrol. 20(8),
1724�1732.10)
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ADHERENS JUNCTIONS AND
DESMOSOMES

The adherens junction and desmosome are consid-
ered together here, because they share a similar func-
tion�to maintain the physical association between
cells�and similar arrangements of their molecular
components. These junctions are found in all epithelia,
and there is little about them that is unique to the kid-
ney, so we summarize here the general features of
adherens junctions and desmosomes, and refer the
reader to several recent reviews for more in-depth
discussions.206,207

Structure and Localization of the Adherens
Junction

The adherens junction in epithelia spans the lateral
plasma membranes of adjacent cells at a distance of
10�20 nm, and forms a continuous belt around the cir-
cumference of each cell (the “zonula adherens”)206

(Figure 12.2a). The calcium-dependent component is
formed by a classical (Type I) cadherin (such as E-cad-
herin or N-cadherin), a transmembrane protein whose
extracellular domain undergoes homophilic adhesion
in the presence of calcium, and whose cytoplasmic
domain binds to p120-catenin and either β- or γ-cate-
nin (plakoglobin) (Figure 12.10a). These catenins in
turn associate with a number of other cytosolic pro-
teins (e.g., α-catenin), some of which are responsible
for anchoring the adherens junction to the actin cyto-
skeleton. In addition, there is a calcium-independent

component to the adherens junction, which is formed
by members of the nectin family of transmembrane
proteins. Nectins, like cadherins, interact via their
extracellular domains, although preferentially in a het-
erotypic manner. Their cytoplasmic terminal has a
PDZ-binding motif that associates with afadin (AF6),
which can either bind actin directly or indirectly via
α-catenin and its partners.

As alluded to in the introduction to this chapter, the
mature glomerular slit diaphragm expresses several
adherens junction proteins,208 including P-cadherin,
FAT,209 α-, β-, and γ-catenin, and so it has been pro-
posed to represent a modified adherens junction.208 In
the adult renal tubule, there is differential localization
of classical cadherins. The proximal tubule predomi-
nantly expresses N-cadherin; the thick ascending limb,
distal tubule, and collecting duct predominantly
express E-cadherin; and Bowman’s capsule and the
thin limbs of Henle express both isoforms.210�212

However, the functional significance of this is
unknown. In contrast, the cytoplasmic catenins are
ubiquitously expressed in all tubule segments.213

Structure and Localization of Desmosomes

Desmosomes are specialized anchoring junctions
that serve as tethers for cytoplasmic intermediate fila-
ments.207 While they are particularly important for
maintaining the integrity of tissues subject to mechani-
cal stress, such as the epidermis and myocardium, they
are also present in all epithelia and are thought to play
roles in tissue morphogenesis. Desmosomes appear as

FIGURE 12.10 Molecular components
of the adherens junction (a) and desmo-

some (b). LM: lateral plasma membrane.
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pairs of dense, disc-shaped plaques on opposing lateral
membranes of adjacent cells (Figure 12.2a). The desmo-
somal cadherins, desmoglein and desmocollin, mediate
cell�cell adhesion via their extracellular domains
(Figure 12.10b). The armadillo proteins, plakoglobin/
γ-catenin, and plakophilin act as adaptor proteins that
link the cytoplasmic domain of the desmosomal cadher-
ins to desmoplakin, which in turn links the desmosomal
plaque to the intermediate filament cytoskeleton.

In mice, desmoplakin and plakoglobin are expressed
at highest levels in the distal tubule, connecting tubule,
and collecting duct,211 whereas in humans, plakoglobin,
like other catenins, is expressed along the entire
nephron.213

Adherens and Desmosomal Junctions in Kidney
Disease

In ischemic acute kidney injury, as discussed earlier,
there is disruption of the tight junction. This is also
associated with degradation of E-cadherin, and dis-
solution of the adherens junction complex.139,214

Polycystin-1, the product of the gene PKD1 that is
mutated in autosomal dominant polycystic kidney dis-
ease (ADPKD), is localized to adherens junctions and
desmosomes in renal epithelia, and participates in
cell�cell adhesion.215 In ADPKD, both adherens and
desmosomal junctions are abnormal in morphology.216

Most of the cysts are of distal tubule origin, yet they
lack E-cadherin at the adherens junction, and N-cad-
herin is expressed in its place.217
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Principles of Cell Signaling
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INTRODUCTION

The successful transition from single cells to complex
multicellular organisms has required the development
of mechanisms for cells to communicate with each other,
so as to act in concert during processes such as nutrient
acquisition, motility, and defense. The most fundamental
of these are cell�cell junctions that serve as structural
organizers, but also provide information that individual
cells can utilize to orient themselves in relation to the
remainder of the organism. In larger species that contain
multiple organs and cell types, the need to communicate
information over long distances has led to the develop-
ment of diffusible factors that are secreted by one cell
and travel to distant cells. These factors can be delivered
locally, via the circulation (e.g., hormones and cytokines)
or via the nervous system (e.g., neurotransmitters), and
are recognized by the appropriate cell surface receptor
on the recipient cell. The complex nature of the numer-
ous signals presented to the cell at any given point in
time has led to the development of an intricate array of
receptor-activated intracellular second messengers that,
by undergoing a coordinated series of interactions and
enzymatic alterations, can transduce the information
presented on the cell surface to effector molecules that
mediate the appropriate cellular response.

The kidney serves to protect the internal milieu of
higher organisms from perturbations due to the accu-
mulation of metabolic products, as well as those result-
ing from fluctuations in the intake or loss of water and
various salts. To regulate this intricate function, the
body must continuously monitor the composition and
quantity of the extracellular fluid, and then signal the
nephron to appropriately regulate glomerular filtration
and tubular cell function in response to changes in
these parameters. Regulation of these exquisitely pre-
cise events requires that the cells of the kidney are able
to respond to signals emanating from distant sites, and

then efficiently communicate in an intercellular and
intracellular manner to coordinate the response. This
chapter will provide an overview of several of the
most common receptors and intracellular second mes-
senger pathways that are utilized in this process.

CELL SURFACE RECEPTORS

In the best studied pathway of cell signaling, a first
messenger is secreted by one group of cells and travels
either to distant cells (endocrine factors) or to local
cells (autocrine or paracrine factors), where it binds to
a specific receptor. The first messengers in these classic
pathways are generally either proteins (growth factors,
cytokines), catecholamines (epinephrine, dopamine) or
steroids (mineralocorticoids, sex hormones), although
receptors have been identified for multiple circulating
factors including lipids (e.g., lysophosphatidic acid),
ions (e.g., calcium), eicosanoids (e.g., prostaglandin
E2), sugars (e.g., glucose), nucleosides (e.g., ATP), and
gases (e.g., nitric oxide). Most of these receptors are
located on the cell surface and have an extracellular
region (domain) that recognizes and binds to the spe-
cific ligand. This ligand-binding domain is connected
via one or more transmembrane segments to the intra-
cellular (cytosolic) domain that undergoes a change in
conformation or activity in response to ligand binding,
and thus initiates the activation and/or modification
of intracellular second messengers. In contrast to these
cell surface receptors, steroid receptors, which are dis-
cussed later in this chapter, are typically located in the
cytoplasm. The lipophilic steroid ligands are capable
of crossing the cell membrane and binding the recep-
tor, which then initiates signaling events by translocat-
ing into the nucleus where the ligand�receptor
complex can regulate gene transcription.
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Based on their structure, the type of ligand that
they bind, and the principle second messengers that
are activated, classical cell surface receptors can be
grouped into G-protein coupled receptors, receptor
tyrosine kinases (RTKs), serine/threonine kinase recep-
tors, and receptor-like phosphatases. However, it has
become increasingly clear that other surface proteins
serve as signaling initiators to transduce information
about the environment surrounding the cell. Thus,
cell�cell and cell�matrix adhesion molecules initiate
signaling cascades that regulate cell shape, differentia-
tion, proliferation, and survival. The following section
will provide a brief overview of these various signal-
ing initiators, focused on those presently considered to
be important in regulating normal renal development
and maintaining adult kidney homeostasis.

G-Protein Coupled Receptors

The receptor sub-type that is responsible for mediat-
ing the signaling responses of the greatest number of
ligands in the kidney is probably the G-protein-cou-
pled receptor (GPCR). GPCRs make up the largest
family of cell surface receptors, with over 800 members
predicted from the sequence of the human genome
(reviewed in 1) (Figure 13.1). GPCRs are transmem-
brane proteins with their amino terminus on the cell
exterior, seven transmembrane α helical segments,
and the carboxyl terminus in the cell interior. This
arrangement results in three extracellular loops and
three intracellular loops joining the transmembrane
segments. They bind to extracellular ligands such as
epinephrine, dopamine, angiotensin II, adenosine,
vasopressin, calcium, and parathyroid hormone, and
mediate their intracellular actions.

The extracellular loops serve as the primary binding
site for the specific GPCR ligand, with the amino termi-
nus also contributing to the binding site for some
ligands. The intracellular loops, most critically the 5�6
loop, serve as the binding site for the principal GPCR
intracellular effectors, the heterotrimeric G-proteins.
These small GDP/GTP-binding protein complexes are
made up of α-, β-, and γ-subunits, with the α-subunit
serving as the GDP/GTP-binding site, and the
βγ-subunits acting both as regulators of α-subunit locali-
zation, and independently as intracellular signaling
effectors. The existence of multiple different α-, β-, and
γ-subunits allows for hundreds of potential combina-
tions of heterotrimeric G-proteins, and thus imparts
specificity of response to the individual GPCR and its
ligand.

In the absence of receptor activation, the α-subunit is
bound to GDP, and associates with the βγ-subunits at
the membrane. However, following ligand binding to
the extracellular surface of the GPCR, a conformational
change of the receptor results in disassociation of GDP,
and binding of GTP to the α-subunit. The binding of
GTP stimulates disassociation of the α-subunit from the
βγ-subunits and the receptor. The GTP-loaded α-sub-
unit can then associate with its intermediary effectors
(such as adenylyl cyclase and phospholipase), while the
βγ-subunits can associate with and regulate indepen-
dent effectors, such as ion channels and the β adrener-
gic receptor kinase (βARK) (reviewed in 2,3).

The protein products of the 16 mammalian genes
encoding Gα-subunits have been grouped into four
classes, the Gsα (stimulatory for adenylyl cyclase), Giα

(inhibitory for adenylyl cyclase), Gq/11α (regulators of
phospholipase Cβ (PLCβ)), and G12α (regulators of
RhoGEF). Binding of the appropriate GTP-loaded
Gα-subunit to its primary effector results in the

FIGURE 13.1 GPCR signaling

through adenylate cyclase. Binding of the
extracellular ligand to the GPCR results in
the exchange of GTP for GDP on Gα, and
its disassociation from the αβγ heterotri-
mer. βγ can then associate with and acti-
vate downstream effectors such as the
β-adregeneric receptor kinase (BARK),
while the GTP-loaded α-subunit can bind
and regulate effectors including adenylate
cyclase (AC). In the example shown, Gsα
activates AC to convert ATP to cAMP,
and thus stimulates downstream PKA
signaling.
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activation or inhibition of effector function; for exam-
ple, adenylyl cyclase catalyzes the cyclation of ATP to
form 30,50-cyclic AMP (cAMP), an intracellular second
messenger that can bind and activate downstream sig-
naling proteins such as protein kinase A (PKA). This
reaction is activated by GTP-Gsα binding to adenylyl
cyclase and inhibited by GTP-Giα binding. In addition,
βγ binding to adenylyl cyclase can augment its activa-
tion by GTP-Gsα.

An important concept in all forms of signal trans-
duction is the ability of the cell to carefully control the
location, amplitude, and duration of the signal. Signal
amplification is the process whereby the cell can regu-
late the amplitude of the signal. For example, a single
GPCR can generate between tens and hundreds of
GTP-coupled Gα-subunits, which can subsequently
bind to and activate similar numbers of adenylyl
cyclase enzymes, which in turn generate multiple
copies of cAMP. The number and availability of the
intracellular effector enzymes and substrates thus
determines the level of signal amplification following
the activation of relatively few receptors on the cell
surface.

Just as important as signal amplification is the abil-
ity of the cell to downregulate the signaling pathway
once the desired response has been initiated. For
GPCRs, this occurs in several ways. First, the α-sub-
unit is itself a GTPase, meaning that it hydrolyzes GTP
to form GDP and inorganic phosphate. This hydrolysis
occurs spontaneously following GTP binding to Gα,
but can be augmented by the association of specific
RGS proteins (regulators of G-protein signaling) with
the GDP/Gα complex, as this interaction stabilizes the
inactivated state. Once the Gα-subunit is in the GDP-
bound state, it can associate again with the βγ-subunit
to regenerate the inactive heterotrimeric G-protein.

In addition, many GPCRs are themselves inacti-
vated by a process called homologous desensitization.
As has been noted above, the βγ-subunits can associate
with the cytosolic protein βARK. βARK, also known as
GRK2, is a member of the G-protein-coupled receptor
kinases (GRKs) that, following association with Gβγ,
phosphorylate the intracellular loops and/or C termi-
nus of ligand-associated GPCRs on serine and/or thre-
onine residues. This phosphorylation results in the
association of β-arrestin with the receptor, mediating
the uncoupling of the ligand�receptor complex from
the heterotrimeric G-proteins, and thus diminishing its
activity. Binding of β-arrestin has also been shown to
target the receptor�ligand complexes to clathrin-
coated pits on the cell surface, followed by internaliza-
tion and either lysosomal degradation or recycling of
the inactivated receptor to the cell surface.4

The downstream GPCR effector adenylyl cyclase is
also subject to phosphorylation-dependent inhibition.

As noted above, activated adenylyl cyclase catalyzes
the formation of cAMP, which in turn associates with
and activates PKA. This enzyme, an intracellular
serine/threonine kinase, has multiple phosphorylation
substrates within the cell. Phosphorylation of these
substrates can regulate their activity, cellular localiza-
tion, and/or their interaction with other proteins.
One phosphorylation substrate is adenylyl cyclase
itself, resulting in inhibition of cAMP production.
A second substrate is the GPCR. In a process known
as heterologous desensitization, activation of PKA by a
non-GPCR signal can result in phosphorylation of the
GPCR and subsequent inhibition of ligand-mediated
GPCR activation.5

Receptors for Dopamine and AVP are GPCRs that
Regulate Adenylyl Cyclase

A prototypic family of GPCRs in the kidney is the
dopamine receptors. There are five dopamine recep-
tors presently described (D1�D5), and they are further
sub-classified into D1-like (D1 and D5) or D2-like
(D2�D4). The D1-like receptors are associated with Gsα,
and therefore activate adenylyl cyclase, whereas the
D2-like receptors inhibit adenylyl cyclase activity
(reviewed in 6,7). In the kidney, D1-like and D2-like
receptors are expressed throughout the tubules. The
net effect of activating these receptors is the induction
of a salt and water diuresis, although by different
mechanisms in the different tubular segments.
Dopamine-mediated activation of D1 receptors in the
proximal tubule results in activation of adenylyl
cyclase, leading to cAMP-dependent inhibition of the
activity of NHE-3, NaPi-2, and the Na,K-ATPase, thus
inhibiting proximal sodium reabsorption. In contrast,
activation of the D2-like receptor D4 in the cortical col-
lecting duct leads to a water diuresis by preventing
vasopressin-stimulated adenylyl cyclase activation.
Dopamine receptors also mediate renal vasodilation,
and appear to regulate renin secretion. Due to these
effects, defects in dopamine receptor function in mice
are associated with salt retention, vasoconstriction, and
increased blood pressure.8�10

Arginine vasopressin (AVP, also known as anti-
diuretic hormone (ADH)) binds to three GPCRs, the
Gq/11α-linked V1a and V1b receptors, and the Gsα-
linked V2 receptor. V1 receptors are located on several
cell types, including smooth muscle cells of blood
vessels, where they mediate the vasoconstrictive
(“pressor”) response of vasopressin, while V2 recep-
tors are located on epithelial cells in the collecting duct
and mediate water reabsorption. Binding of vasopres-
sin to the V2 receptor stimulates adenylyl cyclase-
mediated cAMP production, which in turn causes
insertion of vesicles containing the water channel
aquaporin-2 into the apical membrane of collecting
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duct cells. By inhibiting adenylyl cyclase activation in
these cells, dopamine can partially counteract this
water-reabsorptive effect of vasopressin.

GPCRs Can also Signal through Phospholipase C
and MAPK

An example of a GPCR that is coupled to PLCβ
signaling is the type 1 receptor for angiotensin II
(AT1AR). Angiotensin II is the eight amino acid peptide
product of the angiotensin converting enzyme (ACE)-
mediated cleavage of angiotensin I. Angiotensin II is
capable of binding to and activating two distinct
G-protein coupled receptors, the type 1 receptor
(AT1R) and the type 2 receptor (AT2R). The predomi-
nant actions of angiotensin in the kidney and adrenal
gland are mediated by the AT1R, including vasocon-
striction, smooth muscle hypertrophy, sodium reten-
tion, and aldosterone secretion. Most data presently
support the idea that the AT2R receptor acts as an
antagonist to AT1R signaling,11 although exactly how
the AT2R signals has been much less apparent. The
topology of the AT2R is consistent with a seven trans-
membrane G-protein coupled receptor, yet it has been
controversial as to whether AT2R in fact signals via tra-
ditional G-proteins. There have been several reports
that AT2R can signal via Giα, although this has not
been universally accepted (reviewed in 12). Other
groups have suggested that AT2R signaling is pertus-
sis-toxin insensitive (i.e., not dependent on Giα), and is
instead mediated by production of cyclic GMP.13

It remains unclear whether the generation of cGMP is
a direct result of AT2R activation or is mediated in an
autocrine/paracrine fashion by AT2R-stimulated
bradykinin production.14

The AT1R is in the Gq/11α family of GPCRs, mean-
ing that binding of angiotensin II to the receptor stimu-
lates GTP-loading of Gqα which in turn associates with
and activates phospholipase Cβ (PLCβ) (Figure 13.2).
The active form of PLCβ mediates the hydrolysis of

phosphotidylinositol 4,5 bisphosphate (PI4,5P2) in the
membrane to produce diacylglycerol (DAG) and inosi-
tol trisphosphate (IP3). IP3 is hydrophilic and enters
the cytoplasm where it activates the IP3 receptor on
the surface of the endoplasmic reticulum, thereby stim-
ulating calcium release from internal stores. The simul-
taneous production of DAG at the membrane, and
local release of stored calcium, leads to the recruitment
and activation of the classic, calcium-dependent pro-
tein kinases C (PKCs). Activation of PKC appears to be
required for angiotensin II-mediated renal efferent
arteriole vasoconstriction,15 Na,K-ATPase recruitment
to the membrane in proximal tubule cells (resulting in
increased proximal sodium reabsorption),16,17 and
stimulation of aldosterone secretion by adrenal zona
glomerulosa cells.18

In addition to activation of PLCβ, a second signaling
pathway that is activated by the AT1R is the mitogen
activated protein kinase (MAPK) pathway. As men-
tioned earlier, phosphorylation of GPCRs by βARK
results in the recruitment of β-arrestin to the receptor
complex, and subsequent receptor internalization.
β-arrestin has been found to act as a binding scaffold
for the core components of the MAPK pathway,
including Raf, MEK, and ERK (see “Intracellular
Signaling Pathways,” below; reviewed in 19), resulting
in the activation of this pathway that mediates cell
growth and proliferation.20�22 This scaffolding func-
tion of β-arrestin appears to be both cell type and
receptor specific, and can mediate activation of addi-
tional intracellular signaling pathways, including the
phosphoinositide 3-kinase (PI 3-K) pathway that will
be discussed later in this chapter.23 Activation of these
signaling pathways appears to play an important role
during kidney development, since newborn mice null
for the type I angiotensin receptor or in which angio-
tensin signaling has been inhibited, have significant
renal developmental abnormalities, including renal
arterial hypertrophy and papillary atrophy.24,25

FIGURE 13.2 Signaling by the angiotensin

II (AII) receptor. Binding of AII results in GTP-
loading of the associated Gqα-subunit of the αβγ
heterotrimer, which in turn activates phospholi-
pase C β (PLCβ). Activated PLCβ stimulates the
hydrolysis of PI4,5P2 in the membrane to form
IP3 and diacylglycerol (DAG). IP3 can then bind
to its receptor on the endoplasmic or sarcoplas-
mic reticulum, activating calcium release. The
increase in cytosolic calcium can stimulate multi-
ple cellular responses, including activation of
PKC (which associates with DAG at the mem-
brane), influx of extracellular calcium via chan-
nels at the cell surface, and contraction via
actin�myosin coupling.
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A second means by which GPCRs can activate
MAPK signaling was discovered when the levels of
β-arrestin were depleted using RNA interference
(RNAi). Under these conditions, angiotensin II was
still able to activate MAPK, although to a lesser degree.
These experiments uncovered a β-arrestin-independent
pathway of angiotensin II-dependent MAPK stimula-
tion that occurs via activation of a second cell surface
receptor, a process known as receptor transactivation.
As noted above, stimulation of Gqα by the AT1AR leads
to activation of PKC. PKC, in addition to regulating
processes such as ion transport, can activate a cell sur-
face protein called heparin-binding epidermal growth
factor (HB-EGF). HB-EGF is one of the ligands for a
separate cell surface receptor, the epidermal growth
factor receptor (EGFR), and binding of HB-EGF to the
EGFR results in the stimulation of multiple signaling
events, including MAPK activation (see “Intracellular
Signaling Pathways”).18

Localization and Timing of Pathway Activation
Promotes Diverse Cell type Specific Responses

These two independent pathways for activating
MAPK signaling provide an example of how scaffold-
ing proteins can compartmentalize signaling within
the cell. The β-arrestin-mediated ERK activation is sus-
tained for several hours and occurs in the cytoplasm,
whereas the Gqα/PKC-dependent ERK activation
appears to be more transient and primarily within the
nucleus. This ability to localize activated ERK in differ-
ent cellular compartments allows the cell to differen-
tially regulate specific effector proteins, and thus direct
distinct cellular outcomes. In the heart, for example,
AT1R-mediated Gqα/PKC-dependent transactivation of
the EGFR, and ultimately MAPK nuclear signaling, is
believed to at least partially mediate angiotensin-
stimulated cardiac hypertrophy.26,27

Many GPCRs can activate multiple Gα-subunits,
depending on cellular location and availability. For
example, the parathyroid hormone (PTH) receptor can
potentially activate Gsα (thus activating adenylate
cyclase and PKA), Gqα (activating PLCβ and PKC),
and Gi (inhibiting adenylate cyclase). PTH is an 84
amino acid peptide hormone secreted by the parathy-
roid gland that acts on bone to increase calcium and
phosphate release into the circulation, as well as on
the proximal and distal tubules of the kidney to
inhibit phosphate reabsorption and stimulate calcium
reabsorption, respectively. PTH is proteolytically pro-
cessed to generate multiple fragments which can bind
to and activate the PTH receptor, a class B GPCR
(defined by the six conserved cysteine residues that
form disulfide bonds in the large extracellular amino
terminal domain).28 Expression of a mutant form
of the receptor that selectively fails to activate

Gqα-dependent PLCβ signaling in mice results in
abnormalities in bone ossification without a change in
serum calcium.29 The normal serum calcium in these
animals suggests that renal tubular calcium handling
in these mice is dependent on Gsα- or Gi-regulated
adenylate cyclase signaling, while bone ossification
appears to require Gqα-PLCβ signaling. In support of
this hypothesis, complete loss of PTH receptor signal-
ing results in hypocalcemia in addition to bone abnor-
malities.30,31 In humans, this is recapitulated by an
autosomal recessive mutation in the receptor in
patients with Blomstrand chondrodysplasia, a lethal
disorder characterized by excessive bone maturation
and mineralization.32

As noted previously, receptor internalization medi-
ated by β-arrestin is frequently a means by which
GPCR are uncoupled from their ligands and signaling
is downregulated. For example, PTH related protein
(PTHrP) can bind and activate the PTH receptor, lead-
ing to GTP-loading of Gsα and a transient increase in
cAMP followed by receptor desensitization. In con-
trast, PTH receptor ligands such as PTH1�34 (the first
34 amino acids of PTH) can induce a more sustained
increase in adenylyl cyclase activation and cAMP
levels, leading to systemic responses such as increased
vitamin D hydroxylation and higher serum calcium
levels. Investigation into the mechanism of this differ-
ence has demonstrated that binding of PTH1�34 to the
PTH receptor leads to internalization of the active
receptor�ligand complex in endosomes that also con-
tain adenylyl cyclase, leading to sustained signaling
from this intracellular site.33 These structures, referred
to as signaling endosomes, have been shown to medi-
ate signaling via multiple receptor types in addition to
GPCR, and to regulate complex cellular responses
such as migration, differentiation, and asymmetric
division.34,35

Kinase Receptors

A second class of transmembrane receptors is the
kinase receptors. These proteins typically contain an
extracellular ligand-binding domain at the amino ter-
minus, a single membrane-spanning domain, and an
intracellular carboxy terminus that includes the kinase
domain. In most cases, binding of the ligand to the
receptor results in homodimerization of two receptor
molecules, bringing the intracellular kinase domains
into close proximity where they phosphorylate sub-
strate residues on the adjacent receptor. This phos-
phorylation step generates binding sites for the
recruitment of intracellular signaling molecules, as
well as further activating the kinase domain so that
non-receptor substrates recruited to the complex can
also be phosphorylated.
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Tyrosine Kinase Receptors

The largest class of kinase receptors is the tyrosine
kinase receptors, also known as receptor tyrosine
kinases (RTKs) (Figure 13.3). These molecules fre-
quently serve as receptors for extracellular growth fac-
tors, circulating proteins that stimulate cell growth and
division. Examples of ligand�receptor combinations in
this family include epidermal growth factor (EGF) and
its receptors ErbB1 (or EGFR) and ErbB2; platelet-
derived growth factor (PDGF) and the PDGF receptor;
insulin and the insulin receptor; and vascular endothe-
lial growth factor and its major receptors VEGFR1 and
VEGFR2 (also called Flt1 and Flk1).

Once the growth factor has bound to and activated
the receptor, newly phosphorylated tyrosine residues on
the intracellular carboxy terminus of the receptor serve
as binding sites for cytosolic or membrane-associated

proteins that contain phosphotyrosine-binding domains.
The best characterized of these domains are the src-
homology 2 (SH2) domains that share characteristic fea-
tures first described in the phosphotyrosine-binding
region of the cytosolic tyrosine kinase Src. SH2 domains
are approximately 100 amino acids in length, and pro-
vide specificity of interaction in two ways. First, the
interaction of the binding pocket of the SH2 domain and
the tyrosine residue is only stabilized when the tyrosine
residue is phosphorylated. Second, the amino acids
immediately flanking the phosphorylated tyrosine resi-
due determine which SH2 domain interaction is pre-
ferred. For example, the SH2 domain on the p85 adaptor
protein, α-subunit of the lipid enzyme phosphoinositide
3-kinase (PI 3-K, see “Intracellular Signaling Pathways,”
below), strongly prefers to bind to phosphotyrosine
with a methionine residue at the 13 position.36

FIGURE 13.3 Schematic view of a receptor tyrosine kinase (RTK). In the inactive state, the receptor is primarily in the monomeric form.
Following binding of the extracellular ligand, the receptor dimerizes, bringing the kinase domains in close proximity where they cross-phos-
phorylate each other. This enhances the kinase activity and leads to phosphorylation of tyrosine residues outside of the kinase domain, which
in turn become binding sites for proteins that contain SH2 domains. In this manner, downstream signaling pathways can be regulated by
recruitment to the receptor. This recruitment can occur via direct association of the effector protein with the receptor (as is the case for phos-
pholipase Cγ (PLCγ)), via association with small adaptor proteins such as Grb2 (as is the case for the guanine exchange factor Sos) or via asso-
ciation with a larger docking protein such as Gab1 or Nck that mediates the association of multiple proteins with the receptor (as can be seen
with the phosphoinositide 3-kinase (PI 3K) or the tyrosine phosphatase SHP2). Some docking proteins are additionally stabilized at the mem-
brane via lipid binding domains, such as the pleckstrin homology (PH) domain on Gab1. In addition to SH2 domain interactions, multiple
other protein�protein interactions occur and regulate the recruitment of proteins into the complex, including interactions between SH3
domains and proline-rich regions in interacting partners. In this manner, multiple signaling effectors are brought into close proximity where
they can interact with each other, be phosphorylated or dephosphorylated (thereby altering their activity or interacting partners) or regulate
processes at the cell membrane.
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Thus, receptors containing the sequence pTyr-X-X-Met
(where X can be almost any amino acid) specifically
recruit and activate the PI 3-K.

In the kidney, tyrosine kinase receptors have been
implicated in controlling development, mediating
hypertrophy, regulating the balance between repair
and fibrosis after injury, and promoting the growth of
renal carcinomas. During development, glial derived
neurotrophic factor (Gdnf) is made by the embryonic
metanephric mesenchyme and activates the c-Ret tyro-
sine kinase receptor that is expressed on the epithelial
cells of the adjacent Wolffian duct. The activation of
Ret is somewhat unusual, since Gdnf does not directly
bind to Ret, but rather binds to a third membrane
protein, Gfrα, that mediates dimerization of Ret in
response to association with Gdnf (reviewed in 37).
Activation of Ret in this manner results in the activa-
tion of multiple intracellular signaling pathways,
including the Erk-MAPK pathway, the PI 3-K path-
way, members of the Src family of non-receptor tyro-
sine kinases, and phospholipase Cγ (PLCγ). Activation
of the MAPK and Src pathways (see “Intracellular
Signaling Pathways”) have been found to be critical
for the outgrowth and branching of the ureteric bud
from the Wolffian duct, the first step in the formation
of the metanephric kidney.38

Signaling by several other tyrosine kinase receptors
has been implicated in kidney development, including
the fibroblast growth factor (FGF) receptors, hepato-
cyte growth factor receptor (Met), and the epidermal
growth factor receptor.39,40 FGF signaling is a complex
process that includes 18 known ligands and 4 distinct
tyrosine kinase receptors (FGFR1-4) (reviewed in 41).
Like many receptor ligands, FGFs are secreted glyco-
proteins that are concentrated in proximity to their cell
surface receptor by binding to heparan sulfate proteo-
glycans on the cell and/or nearby matrix components.
The interaction between FGFs and their receptors can
be further regulated by cell- or tissue-specific expres-
sion of FGF co-receptors such as Klotho.42 Intracellular
signaling by the FGFR is regulated in part by the cyto-
solic adaptor protein FGFR substrate 2 (FRS2), which
is phosphorylated by the FGFR kinase domain, leading
to the recruitment and activation of downstream
MAPK and PI 3-K signaling. In the developing kidney,
FGF7 and FGF10, signaling via the IIIb isoform of
FGFR2,43 have been shown to be critical for normal
branching and extension of the collecting system,44

while FGF8 appears to be required for nephrogenesis
by the adjacent metanephric mesenchyme.45

Many growth factor receptors are expressed in the
mature kidney, and are believed to be critical for main-
tenance of normal tubule architecture and for regulat-
ing the cellular response to injury. Renal tubular
epithelial cells express EGF receptors as well as Met,

the receptor for hepatocyte growth factor (HGF). These
tyrosine kinase receptors directly bind their respective
ligands via their extracellular amino terminal domains,
followed by homodimerization and activation of intra-
cellular signaling. A major mediator of the intracellular
signaling mediated by EGF and HGF is the Gab1 dock-
ing protein, which functions in a manner similar to
that of FRS2 for the FGFR.46 Recruitment of Gab1 to
Met or the EGFR results in its phosphorylation on
multiple tyrosine residues and subsequent association
with p85, PLCγ, Grb2, a second adaptor protein known
as Crk, and the protein tyrosine phosphatase SHP2.47

Following acute kidney injury, the level of HGF
increases in the kidney, resulting in activation of Met,
mediating MAPK, PI 3-K, and PLC signaling.48,49

These pathways in turn are believed to be important
for inhibition of apoptosis (the PI 3-K pathway),
and stimulation of cell migration and proliferation
during the repair process (PI 3-K, MAPK, and PLC
pathways).50�52

Serine-Threonine Kinase Receptors

A second group of transmembrane kinase receptors
are the serine-threonine kinase receptors. Like the
non-receptor kinases PKA and PKC, these receptors
catalyze the phosphorylation of serine or threonine
residues in their substrate molecules. Perhaps the best
studied of these receptors in the kidney is the receptor
for transforming growth factor β (TGFβ), a member of
the TGFβ superfamily of secreted factors that also
includes the bone morphogenic proteins (BMPs) and
activin.53 TGFβ-like proteins signal into the cell via a
heterotetrameric complex comprised of two subclasses
of serine-threonine kinase receptors, the type I receptor
and the type II receptor.54 Like the tyrosine kinase
receptors, these proteins have an extracellular ligand
recognition domain, a single transmembrane spanning
domain, and an intracellular kinase domain. The dif-
ferent TGFβ-like ligands utilize distinct type I and II
receptor combinations. For example, TGFβ1-3 signals
via the combination of the type II receptor TβR-II and
the type I receptors activin receptor-like kinase 1
(ALK-1) or ALK-5,55,56 while BMPs signal through the
type II receptors ActR-II or BMPR-II and the type I
receptors ALK-2, ALK-3 or ALK-6.57

TGFβ receptor signaling begins when the ligand
binds to the extracellular domain of its cognate type II
receptor (Figure 13.4). The kinase domain of type II
receptors is constitutively active, and binding to the
extracellular ligand results in the recruitment of the
appropriate type I receptor to the complex, where it is
phosphorylated and activated by the type II receptor. In
this manner, the TGFβ1-dependent association of ALK-
5 with TβR-II allows the constitutively active TβR-II to
phosphorylate ALK-5 and activate its intracellular
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serine-threonine kinase domain. The specificity of sig-
naling by TGFβ family members is further regulated by
the presence in many cells of the accessory receptors
betaglycan and endoglin. These transmembrane pro-
teins lack intracellular kinase domains, and appear to
regulate the affinity of TGFβ proteins for the various
type II receptors, as well as modifying intracellular sig-
naling by the ligand�receptor complex.58,59

As opposed to tyrosine kinase receptors that signal
primarily via recruitment of SH2 domain containing pro-
teins to activate pathways such as MAPK and PI 3-K,
TGFβ receptors signal primarily via a distinct signaling
pathway, the Smad proteins. Smads are small cyto-
plasmic proteins that contain a DNA-binding domain
and a TβR-I/Smad4-interacting domain. Based on their
structure and function, Smads have been divided into
three groups, the receptor activated Smads (Smad1, 2, 3,
5, 8), a regulatory Smad (Smad4), and the inhibitory
Smads (Smad6, 7). Upon activation of TβR-I, the appro-
priate receptor activated Smads (e.g., Smad2 and 3 for
ALK-5) are phosphorylated on regulatory serine residues
in the TβR-I/Smad4 interacting domain, resulting in their
disassociation from the receptor and association with
Smad4. This Smad2�Smad4 complex then translocates to
the nucleus, where the Smad DNA-binding domain can
mediate direct association with Smad-binding elements
(SBE) in the DNA of the promotor region of target genes,
as well as association with other transcriptional
regulators.

One of the transcriptional targets that is regulated
by Smad2�4 signaling is another member of the Smad

family, Smad7. Smad7 is an inhibitory Smad that can
bind to TβR-I, and prevent Smad2 or Smad3 from asso-
ciating and being activated. In this manner, TGFβ stim-
ulation of Smad7 transcription provides a negative
feedback loop that acts to prevent sustained Smad2
and Smad3 activation by the TGFβ receptor.60

TGFβ Signaling in the Kidney

Studies in mice that have undergone genetic inacti-
vation of various TGFβ family members demonstrate
that Bmp2 and Bmp4 have important roles in normal
kidney development (reviewed in 57). In the mouse
embryo, Bmp4 is expressed in the metanephric mesen-
chyme surrounding the Wolffian duct and adjacent to
the ureteric bud (the epithelial structure that will
branch to form the entire collecting system of the
kidney), while Bmp2 is expressed in the condensing
mesenchyme at the tips of the ureteric bud (the region
that will differentiate into the glomerulus and proxi-
mal portions of the nephron through the connecting
segment). The Bmp receptors Alk3 and Alk6 are
expressed on the invading urteric bud itself.61 While
complete loss of Bmp2 or Bmp4 results in embryonic
lethality prior to kidney development,62 mice that are
heterozygous for loss of Bmp4 expression exhibit mul-
tiple defects in the collecting system of the kidney,
including doubling of the collecting system, hydro-
ureter, and dysplastic kidneys,61 and Bmp2 heterozy-
gotes demonstrate exaggerated uretic bud branching.63

FIGURE 13.4 Signaling by the TGFβ
family of serine-threonine kinase recep-

tors. Binding of the TGF ligand to the
constitutively active type II receptor
results in association of RII with the
appropriate type I receptor (in this case
ALK-1), which is phosphorylated and
activated. The activated type I receptor
can then phosphorylate the appropriate
Smad protein, which then disassociates
from the receptor complex, associates
with Smad 4, and translocates into the
nucleus. In the nucleus the Smad complex
can regulate RNA transcription by bind-
ing directly to the appropriate DNA
Smad-binding elements (SBE) or by bind-
ing to and regulating transcriptional reg-
ulators such as the cAMP response
element (CRE) binding protein (CBP).
One of the DNA targets induced by Smad
activation is the inhibitory Smad, Smad7.
Increased expression of Smad7 inhibits
further TβR signaling, providing negative
feedback to prevent sustained activation
of the pathway.
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Thus, it appears that Bmps normally act to inhibit
ureteric bud outgrowth and branching during
development.

In addition to their role in kidney development,
TGFβ proteins have been shown to play a major role in
regulating fibrotic responses of the adult kidney by
both increasing new matrix deposition and inhibiting
matrix degradation.53,64 In vitro studies have shown
that TGFβ-dependent Smad3�Smad4 nuclear signaling
can induce the expression of multiple collagen iso-
forms, along with their cellular binding partner β1
integrin,65�67 and activated Smad3 has been found to
mediate decreased transcription of the gene for matrix
metalloproteinase-1 (MMP-1)68. In support of an
important role for the TGFβ-Smad signaling pathway
in the development and progression of renal fibrosis
in vivo, genetic overexpression of TGFβ in the rat has
been shown to induce glomerulosclerosis due to
increased extracellular matrix deposition,69 while mice
lacking Smad3 demonstrate less fibrosis following ure-
teral obstruction.70

Receptor-Like Phosphatases

Much attention has been focused in the field of sig-
nal transduction on the role of substrate phosphoryla-
tion by receptor kinases in regulating protein�protein
interactions or altering the activity of effector proteins.
However, a second class of proteins, the phosphatases,
is emerging as equally important signaling regulators
in determining cellular responses. Similar to kinases,
phosphatases can be grouped into transmembrane
receptor-like phosphatases and intracellular (cytosolic)
phosphatases (to be discussed below). The receptor-
like phosphatases that have been identified to date are
protein tyrosine phosphatases (PTPs) with an extracel-
lular domain, single transmembrane spanning seg-
ment, and intracellular phosphatase domain.

The first receptor-like PTP to be cloned and
sequenced was the neutrophil antigen CD45. This pro-
tein was found to be necessary for both T-cell develop-
ment and T-cell activation following engagement of the
T-cell receptor (reviewed in 71). Although there has been
no activating ligand identified for CD45, binding to
extracellular galectin-1 inhibits CD45 phosphatase activ-
ity, resulting in T-cell death.72 Several intracellular sub-
strates for CD45 have been identified, including
members of the Src and JAK kinase families. One critical
substrate of CD45 in T-cell signaling is the cytosolic tyro-
sine kinase Lck73(Figure 13.5). Lck, like the related tyro-
sine kinase Src, is normally maintained in the inactive
state by the association of phosphotyrosine 505 near the
carboxy terminus with its own SH2 domain closer to
the amino terminus of the protein.74 This interaction

results in folding of Lck, and thereby prevents the inter-
vening tyrosine kinase domain from recognizing or
phosphorylating its substrates. Dephosphorylation of
phosphotyrosine 505 by CD45 following antigen presen-
tation by a nearby dendritic cell allows Lck to unfold,
and activates the kinase domain.75 The resultant phos-
phorylation of the ζ-chain of the T-cell receptor by acti-
vated Lck is necessary for recruitment of a second
cytosolic tyrosine kinase, ZAP70, to the complex, and
subsequent T-cell activation.76 The administration of
monoclonal antibodies that prevent activation of CD45
has been shown to markedly diminish the occurrence
of acute rejection in a rodent model of kidney
transplantation.77

In contrast to CD45, the receptor-like protein tyro-
sine phosphatase PTPζ/β is expressed on epithelial
cells, and has been found to bind to several putative
extracellular ligands, including contactin, neural cell
adhesion molecule (NCAM), and pleiotrophin.78,79

Rather than activating PTPζ/β, as is typical of most
ligand�receptor interactions, the association of pleio-
trophin with PTPζ/β inhibits the phosphatase activity
of PTPζ/β.80 In the kidney, pleiotrophin has been
shown to markedly increase branching by the
explanted ureteric bud, and thus is believed to play a
significant role in determining the number of nephrons
that form during kidney development.81 One substrate
for PTPζ/β is the cytosolic protein Git1,82 a multifunc-
tional adaptor protein that can regulate the signaling
pathways that control actin cytoskeletal rearrange-
ment.83 Dephosphorylation of Git1 by PTPζ/β is there-
fore proposed to play an important role in the
regulation of cell adhesion and migration, as well as
cytosolic vesicle trafficking.84

Receptors Activated by Proteolytic Cleavage

The previously described receptors bind to their
respective ligands and then signal into the cell via
activation of substrate protein phosphorylation or
dephosphorylation, thus regulating cytosolic signal-
ing pathways that in turn mediate the activation
or inhibition of downstream effectors. In contrast,
cleavage-activated receptors such as Notch signal
directly to the nucleus to regulate gene transcriptional
events. Notch is a cell surface protein that contains an
extracellular ligand-binding domain, a single trans-
membrane spanning segment, and an intracellular
domain capable of binding and activating nuclear tran-
scriptional factors (reviewed in 85). The classic Notch
ligands, Jagged and Delta, are also transmembrane
proteins that contain extracellular EGF-like repeats and
a unique domain for binding Notch. When Jagged on
one cell engages Notch on an adjacent cell, a cleavage
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site is exposed on the extracellular side of Notch near
the membrane, and Notch is cleaved by a member of
the A Disintegrin And Metalloproteinase (ADAM)
family of proteases.86 The remaining transmembrane/
intracellular portion of Notch then becomes a target
for further cleavage by presenilin (a member of the
γ-secretase complex) at a conserved site in the intra-
membranous domain of Notch.87 Cumulatively, this
process is termed regulated intramembranous proteoly-
sis (RIP) (Figure 13.6).

This final cleavage event releases the cytosolic
domain of Notch (called the Notch intracellular
domain (NICD)) that translocates to the nucleus where
it can directly bind and regulate transcription factors.
In mammals, Notch controls transcriptional regulation
by interacting with the DNA-binding protein CSL (also
called RBP-J), which in turn regulates transcriptional
expression of members of the Hairy and Enhancer of
Split (HES), and Hairy-Related Transcription factor
(HRT) family of transcription factors. These nuclear

proteins control the expression of genes that are critical
for regulating normal development.

In the kidney, activation of Notch signaling has been
implicated in the specification of the proximal tubule
and glomerular podocytes during development.88,89

The cleaved form of Notch is present in the developing
S-shaped body that ultimately differentiates into the
nephron, and inhibition of γ-secretase in organ culture
leads to the loss of the proximal nephron, even though
the distal nephron still develops and fuses to the collect-
ing duct.90 Genetic interruption of Notch expression has
revealed that nuclear signaling by Notch2, rather than
Notch1, is required for this proximal specification.91

In the mature kidney, Notch expression is normally
downregulated. However, in disease states such as dia-
betic nephropathy, re-expression of Notch can activate
the transcription of cell cycle genes, leading to increased
cell proliferation and ultimately exaggerated fibrosis.92

More recently, it has become clear that receptor
activation by regulated cleavage plays a role in

FIGURE 13.5 Signaling by the CD45 receptor phosphatase. CD45 is a single membrane spanning receptor phosphatase that is activated
by an unknown extracellular ligand. Ligand binding activates the intracellular phosphatase domains, possibly by clustering of the receptors,
which dephosphorylate the carboxy terminal tyrosine residue on the cytosolic non-receptor tyrosine kinase Lck. This allows a conformational
change in Lck that exposes the kinase domain and facilitates phosphorylation of the ζ chain of the multimeric T-cell receptor. In conjunction
with antigen presentation by an antigen presenting cell (APC) to the extracellular domain of the TCR, Lck phosphorylation of the TCR results
in recruitment of a second tyrosine kinase, Zap70, to the complex via binding of the Zap70 SH2 domains to the phosphorylated receptor.
Zap70 recruitment and activation are required for normal TCR activation, and for phosphorylation of the adaptor protein, Linker for
Activation of T cells (LAT). LAT in turn serves as the site for recruitment of multiple signaling pathways involved in the T-cell immune
response, including PLCγ (for activation of PKC and calcium signaling) and Grb2-Sos (for MAPK signaling).
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signaling by other cell surface proteins. For example,
the γ-secretase complex has been shown to cleave the
EGF tyrosine kinase receptor ErbB4 and the adherens
junction protein E-cadherin.93 In the case of ErbB4, this
cleavage event is required for the normal proapoptotic
effects of receptor activation, arguing that some cell
outcomes previously ascribed to activation of tyrosine
kinase cascades may in fact be due to receptor cleav-
age, and subsequent direct regulation of nuclear tran-
scriptional events.94 While the nuclear targets of some
of these cleaved receptors remain to be determined,
the likely importance of this pathway in normal cell
signaling is emphasized by the finding that the HGF
receptor c-Met undergoes a similar cleavage event that
regulates cell survival signaling.95

Recently recognized targets of regulated intramem-
brane proteolysis in the kidney include the proximal

tubule scavenger receptor megalin, as well as
polycystin-1. In the proximal tubule, megalin can
undergo ligand-dependent γ-secretase mediated cleav-
age,96 leading to release of the megalin intracellular
domain that in turn downregulates mRNA expression
for both megalin itself and the Na1/H1 exchanger 3
(NHE3).97 Polycystin-1, the protein product of the
PKD1 gene that is defective in the majority of patients
with autosomal dominant polycystic kidney disease
(ADPKD), has also been shown to undergo RIP, releas-
ing an intracellular carboxy-terminal tail (CTT) that is
believed to traffic to the nucleus, where it can regulate
gene expression.98,99 γ-Secretase-mediated cleavage of
polycystin-1 to generate the CTT appears to be depen-
dent on the presence of polycystin-2, as well as
mechanical stimuli such as those that might occur with
urinary flow.100

FIGURE 13.6 Notch signaling as an example of regulated intramembranous proteolysis (RIP). It is believed that Notch is proteolytically
processed in the ER (site 1 cleavage), and expressed on the cell surface as a disulfide-linked dimer of the extracellular domain and the trans-
membrane-intracellular domain. Binding of the extracellular domain to a Notch ligand (such as Jagged-1) on an adjacent cell exposes a juxta-
membrane cleavage site (site 2) for a member of the ADAM family of extracellular proteases. This second cleavage allows the γ-secretase
complex (containing presenilin) to cleave the remaining carboxy-terminus at a site within the membrane (site 3 cleavage), releasing the intra-
cellular domain (ICD) which translocates to the nucleus. In the nucleus, the ICD of Notch can bind to members of the CSL family of transcrip-
tional repressors, and in the presence of CSL-binding protein (CBP) and mastermind like protein-1 (MAML), activate transcription of the HES
family of genes.
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Receptors that Signal Cell Location

One of the most important roles of cell signaling is
to organize when a given cell should undergo differen-
tiation toward a highly specialized function (such as
the increase in sodium transporters in the brush border
of a proximal tubule cell in response to angiotensin II
signals mediated by volume depletion101) or should
revert to more basic processes such as cell division and
migration (e.g., during development of the embryonic
kidney or recovery of the adult kidney from acute kid-
ney injury). While these widely divergent responses
are primarily mediated by receptor�ligand interac-
tions such as those mentioned above, cells also have
surface proteins that provide important clues regard-
ing cell location and density, and thus establish their
level of differentiation, polarity, and responsiveness to
outside signals.

Cell�Matrix Interactions can Signal Cell Location

The cells of the nephron reside on a complex base-
ment membrane that provides specific clues regarding
cell location. In the glomerulus this structure is highly
specialized to not only support epithelial cell attach-
ment (the podocyte), but also endothelial cell attach-
ment, and to serve as a significant component of the
glomerular filtration barrier. The basement membrane
of the kidney has been shown to be composed of multi-
ple matrix proteins, including collagen, laminin, perle-
can, nidogen, nephronectin, and entactin. The specific
isoforms and relative contributions of these proteins
vary during the course of renal development, as well as
along the length of the adult nephron (reviewed in 102).
These matrix proteins interact with members of a large
family of specific cell surface receptors, the heterodi-
meric α/β integrins.

In the kidney, α1β1, α2β1, α3β1, α6β4, α8β1, and αVβ3
have been found to be highly expressed in developing
and/or adult renal tubular cells (reviewed in 103). The
binding of the heterodimeric integrin complex to its
matrix ligand in the basement membrane (α1β1 integrin
and type IV collagen, for example) results in clustering
of the integrins on the basal surface of the cell at contact
sites known as focal contacts or adhesions, and the con-
comitant accumulation of a large group of intracellular
signaling proteins at these sites known as the focal
adhesion complex. This complex typically includes the
focal adhesion scaffolding proteins paxillin and HEF1,
the non-receptor kinases Src, PI 3-K, integrin-linked
kinase (ILK) and focal adhesion kinase (FAK), the small
G-protein regulated signaling proteins PIX and PAK,
and actin-binding proteins such as vinculin, talin, and
actopaxin (reviewed in 104,105). Signaling through this
complex can occur in a traditional “outside-in” manner,
in which integrin binding to matrix results in formation

and activation of the signaling complex or in an
“inside-out” manner, in which signals from other sites,
such as activated growth factor receptors, can regulate
the affinity of the integrin complex for its matrix ligand,
for example during growth factor-stimulated cell adhe-
sion and/or migration.

Signals emanating from focal adhesions provide criti-
cal clues regarding cell location, establishment of cell
polarity, regulation of cell proliferation, and determina-
tion of cell differentiation. The recruitment of actin-bind-
ing proteins into the focal adhesion complex provides
important clues for cell polarity, while the regulation of
small G-proteins such as Rac and Cdc42 is critical for reg-
ulating cell differentiation and directed migration.106

Focal adhesion signaling through Src, FAK, and the P I3-
K are required to normally activate the ERK MAPK path-
way in response to proliferative growth factor stimuli,
and thus promote entry into the cell cycle and subse-
quent cell proliferation.107 In the event that cell�matrix
adhesion is lost, such as can occur in proximal tubule
cells following ischemic renal injury, growth factor sig-
naling is muted, the cells enter cell cycle arrest and even-
tually undergo anoikis (programmed cell death induced
by cell detachment) due to activation of the JNK MAPK
pathway (see “Intracellular Signaling Pathways”).108

The importance of providing the right matrix envi-
ronment for normal kidney development and function
has been demonstrated in mice lacking specific matrix
proteins and/or integrin receptors. For example, fail-
ure to express laminin-10 results in severe abnormali-
ties in glomerular development, as does loss of
expression of the laminin-10 receptor α3β1 integ-
rin,109,110 while loss of β1 integrin severely impairs
branching of the ureteric bud.111 In contrast, mice lack-
ing integrin α1 expression demonstrate normal kidney
development,112 but have increased fibrosis after glo-
merular injury, due to an increase in reactive oxygen
species (ROS) generation113 (Figure 13.7).

Cell�Cell Interactions such as Adherens Junctions
and Gap Junctions can Signal Cell Density and
allow Cells to act in Concert

A second means by which cells obtain clues about
their immediate environment is via cell�cell interac-
tions. Of the many types of cell�cell interactions, at
least three, adherens junctions, tight junctions, and the
gap junctions, play important roles in cell signaling.
Adherens junctions form at the lateral border of adja-
cent cells due to the intercellular interactions of cad-
herins, a family of cell type specific transmembrane
proteins (reviewed in 114). There are multiple cadherin
family members, including the classic epithelial cell
member E-cadherin, the endothelial cell cadherin VE-
cadherin, and the renal tubule associated cadherin
Ksp-cadherin.115 The extracellular portion of cadherins
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contains five repeat sequences (known as EC repeats),
that can interact in a homophilic, calcium-dependent
manner with the EC repeats present on cadherins in
adjacent cells. This interaction is important for provid-
ing cell sorting signals during tissue development.116

The intracellular domain of the cadherins associates
with a group of cytoplasmic proteins known as the
catenins. One of these proteins, β-catenin, has a dual
role in the cell. It directly binds to cadherins, and thus
participates in the formation of cell�cell junctions,
but it can also disassociate from adherens junctions
and translocate to the nucleus, where it regulates
signaling events involved in cell differentiation and
proliferation. Originally it was believed that the
direct interaction of cadherins with β-catenin created
a stable binding site for the actin-binding protein
α-catenin, thus generating a static site for lateral
attachment of the actin cytoskeleton. However, more
recent studies have demonstrated that this protein
complex is a dynamic structure that can support actin
filament rearrangement during the movement of cells,
while maintaining cell�cell junctional integrity.117

β-Catenin Signaling can Regulate Cell
Differentiation and Proliferation

As noted, β-catenin can leave the adherens junction
and enter the nucleus, where it acts as a transcriptional

regulator by binding to the TCF/Lef transcriptional
complex.118 Genes that are induced downstream of
β-catenin typically lead to increased cell proliferation
and regulation of differentiation, events that are
important during normal development, but that are
typically downregulated in the adult.119 This transcrip-
tional activity of β-catenin is tightly regulated by
controlling the free cytosolic pool of β-catenin that is
available for translocation into the nucleus. In the
adult renal tubule, the extensive array of intercellular
adherens junctions that forms in the confluent mono-
layer of epithelial cells results in sequestration of the
majority of β-catenin with cadherin. To further ensure
that free β-catenin levels remain low in the cytosol, a
serine-threonine kinase, glycogen synthase kinase-3β
(GSK-3β), phosphorylates cytosolic β-catenin and tar-
gets it for degradation by the proteosomal pathway.120

GSK-3β is associated with the adenomatous polyposis
coli (APC) protein, and mutations in this complex that
prevent β-catenin phosphorylation and degradation
lead to increased nuclear β-catenin signaling, cell
proliferation, and subsequent tumor formation.121

During organ development, and following some
types of organ injury, β-catenin nuclear signaling is
activated by destabilization of adherens junctions
(thereby releasing β-catenin into the cytoplasm)
and coincident inhibition of GSK-3β kinase activity.

FIGURE 13.7 Integrin signaling at the cell�matrix interface. The αβ integrin heterodimers on the cell surface bind to specific sequences
in the subcellular matrix (RGD domains in collagen for example), triggering a conformational change in the integrin, and the subsequent
recruitment of a large number of cytosolic and membrane-associated proteins (the focal adhesion complex). These proteins include the adaptor
and scaffolding proteins p130Cas, Paxillin, Crk, and Grb2. These adaptor proteins in turn mediate the interaction of large numbers of signaling
proteins, including tyrosine kinases such as Src, which can phosphorylate and activate other proteins in the complex (including the EGF recep-
tor), and FAK, which activates turnover of the focal adhesion so that cells can migrate. The formation of this complex also activates cell sur-
vival and proliferation signals, including the PI 3-kinase and MAPK pathways, and regulators of the actin cytoskeleton such as vinculin, talin,
integrin-linked kinase (ILK), and Rac.
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The classic developmental regulator that has been found
to activate β-catenin signaling in this manner is the
growth factor Wnt and its receptor Frizzled (Fz)122

(Figure 13.8). Frizzled is a member of the GPCR family
of seven membrane spanning cell surface receptors, and
has been proposed to signal, at least in part, by activation
of heterotrimeric G-proteins.123 However, in the canoni-
cal Wnt signaling pathway, binding of Wnt to Fz leads
to the GSK-3β-dependent phosphorylation of a second
membrane spanning protein, the Low-density lipopro-
tein Receptor-related Proteins 5 and/or 6 (LRP5/6),
which in turn mediate the recruitment/activation of the
cytosolic protein dishevelled (Dsh).124 This complex
appears to inhibit GSK-3β-dependent phosphorylation of
β-catenin and other substrates in the cytosol by seques-
tering GSK-3β into multivesicular endosomes, thus pre-
venting β-catenin degradation.125,126

During kidney development, Wnt4 and Wnt9b, act-
ing at least in part via activation of β-catenin, have
been shown to be required for both maintenance of the
nephron progenitor pool and normal differentiation of
these progenitor cells to form the nephron, suggesting
that careful titration of the level of activation of canoni-
cal Wnt signaling is critical during mesenchymal-to-
epithelial differentiation.127�129 In addition, multiple
Wnts are upregulated following kidney injury, where
they appear to play a role in normal repair, as well as
in the promotion of fibrosis.130,131

Podocyte Slit Diaphragms are Highly Specialized
Tight Junctions that Signal to the Cystoskeleton

Tight junctions are cell�cell junctions that are typi-
cally located at the interface of the apical and basolateral
membranes of epithelial cells, where they serve to regu-
late the composition of the fluid that moves between
cells into the interstitial space. In glomerular podocytes,
tight junctions have evolved into elaborate structures
that support the extensive interdigitation of adjacent
cells along the glomerular basement membrane, and
thus constitute a critical component of the glomerular fil-
tration barrier. These cell�cell junctions are termed slit
diaphragms, and form when Ig-like domains in the
extracellular portion of the transmembrane proteins
nephrin and Neph1 form homotypic and heterotypic
interactions with nephrin/Neph1 molecules in the adja-
cent podocyte.132 Dynamic regulation of these interac-
tions is critical for maintaining the integrity of the slit
diaphragm, which is achieved by signaling from the slit
diaphragm to the actin cytoskeleton (reviewed in 133,134).
This signaling involves phosphorylation of the intracel-
lular domain of nephrin by the Src-family kinase Fyn,
followed by recruitment of a signaling complex includ-
ing the adaptor proteins Nck1/2, Grb2, and p85, which
in turn mediate recruitment/activation of cytoskeletal
regulatory proteins including WASP, Pak, and Rac that

regulate actin polymerization/depolymerization in the
foot process. Mutations that alter nephrin/NEPH inter-
actions lead to disruption of this intracellular signaling
complex, destabilization of the actin cytoskeleton and
foot process retraction/fusion.

Gap Junctions Promote Rapid Signaling Between
Groups of Cells

A second type of cell�cell interaction that is impor-
tant for cell signaling is the gap junction. These junctions
are formed by the alignment of hemichannels on the lat-
eral borders of two adjacent cells to establish a direct
cytoplasmic link between the cells, thus allowing the
rapid movement of small molecules and electrical charge
through multiple cells within a specified region of the
organ.135 Gap junctions are primarily composed of a
family of proteins known as connexins, and have tradi-
tionally been studied for their ability to rapidly transmit
contraction signals through muscles. Investigation of
gap junction function within the kidney has demon-
strated that mesangial cells contain large numbers of gap
junctions comprised of connexin 43 (Cx43), and that
these are critical for mediating intercellular calcium-
dependent coordinated mesangial contraction.136 In
addition, tubular epithelial cells maintain intercellular
gap junctions that can be regulated by growth factors, as
well as by ischemic injury,137,138 although the precise
role of these channels in normal tubule function is pres-
ently not well-understood.

The Cilia as a Signaling Structure

Many cells of the body, including renal epithelial
cells, have a surface structure known as the primary cil-
ium. Cilia are elongated membrane protrusions that
surround a central core of microtubules arising from a
microtubule organizing center known as the basal body
(reviewed in 139,140). Cells that express cilia with a
microtubular arrangement of 91 2 (9 microtubule
doublets arranged in a cylinder around a core of 2
microtubule singlets), such as those lining the trachea,
are motile and can act to facilitate directional movement
of fluid (reviewed in 141). In other cells, such as those
lining the renal tubules, cilia have a 91 0 arrangement,
are non-motile, and were previously believed to be
rudimentary structures. However, the finding that
genetic mutations that interrupt cilia formation can
result in cystic kidney diseases in rodents,142,143 along
with the recent discovery that the two predominant
gene products known to cause human autosomal domi-
nant polycystic kidney disease, polycystin-1 (Pc-1) and
polycystin-2 (Pc-2), localize to cilia, has resulted in
intense investigations into the role of non-motile cilia as
renal epithelial mechanosensors.143,144
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These studies have demonstrated that Pc-2 acts as
a cation channel, and that regulation of this channel
activity can be mediated by its interaction with Pc-
1.145�147 In vitro studies have demonstrated that Pc-1
and Pc-2 co-localize on the primary cilium of the api-
cal cell membrane in renal epithelial cells, and that
physiological levels of fluid shear stress, such as that
created by urine flow in the renal tubule, may be suf-
ficient to stimulate cilia-dependent Pc-1/Pc-2-medi-
ated calcium signaling.143,148,149 It is presently
hypothesized that failure of this signaling pathway
can result in abnormalities in both the rate and orga-
nization of cell proliferation, and thus can lead to cyst
formation.150

INTRACELLULAR SIGNALING
PATHWAYS

As is clear from the preceding section, activation of
cell surface receptors results in the regulation of multi-
ple intracellular signaling pathways. Although numer-
ous studies from the past decade have emphasized the
vast amount of cross-talk between the proteins involved
in these pathways, it remains useful to identify core sig-
naling cascades that can transduce signals from the
receptor to effector proteins that mediate specific cellu-
lar responses. Several of these signaling cascades,
including the heterotrimeric G-protein-adenylate
cyclase-cAMP-PKA pathway, the TGFβ-Smad pathway,

FIGURE 13.8 Wnt/β-catenin signaling. Formation of stable cell�cell adherens junctions in mature epithelia occurs due to the lateral inter-
actions of cadherins on adjacent cells. This results in the formation of an intracellular complex of proteins comprised of β-catenin, α-catenin,
and p120. α-Catenin can interact with the actin cytoskeleton and the adherens junction complex in a dynamic manner, and thus serve as a
nidus for actin cytoskeletal arrangement along the lateral border of the cell. β-catenin can either be sequestered in the adherens junction or
released into the cytosol where it is capable of translocating to the nucleus and activating the transcription of multiple genes involved in cell
proliferation and dedifferentiation. In mature, non-proliferating cells, free cytosolic β-catenin is rapidly degraded, because phosphorylation by
GSK-3β targets β-catenin for ubiquitination and degradation in the proteosome. GSK-3β is found in a complex that includes the regulatory/tar-
geting proteins axin and APC. The kinase activity of GSK-3β can be inhibited following activation of several growth factor receptors. In the
best studied pathway, stimulation of the Wnt receptor Frizzled leads to phosphorylation of the membrane spanning protein Lrp6, which in
turn activates the Dishevelled (Dsh)-dependent sequestration and inhibition of GSK-3β. The resultant increase in free cytosolic β-catenin leads
to its nuclear translocation, where it serves as a scaffold for the association of a complex of proteins that bind and activate RNA polymerase
II, leading to gene transcription. There is data supporting a second signaling pathway downstream of Frizzled in which GTP-loading of the
Gαi-subunit of the heterotrimeric G-protein results in release of the βγ-subunit, which in turn activates phosphoinositide hydrolysis and
downstream calcium release.
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and the Wnt-Fz-Dsh-Gsk3β-β-catenin pathways, have
been described in some detail in the section “Cell
Surface Receptors.” This section will focus on several
other signaling cascades that are believed to be funda-
mental regulators of cell survival and function in
the kidney, including the PLC-Ca-PKC pathway,
the MAPK pathway, and the PI 3-kinase pathway.

The Phospholipase C Pathway Regulates
Intracellular Calcium Release and Activates
PKC Signaling

Phospholipase C (PLC) is an enzyme that catalyzes
the hydrolysis of the membrane lipid phosphoinositide
4,5 bisphosphate (PI4,5P2) to generate diacylglycerol
(DAG) in the membrane and release inositol trispho-
sphate (IP3) into the cytoplasm (reviewed in 151). DAG
provides a binding site to recruit protein kinase C
(PKC) to the membrane, while IP3 binds to its receptor
on the endoplasmic reticulum that mediates the intra-
cellular release of stored calcium. Thus, activation of
PLC regulates both PKC-dependent and calcium-
dependent intracellular signaling.

In mammals, there are four known families of phos-
pholipases C, PLCβ, PLCγ, PLCδ, and PLCε. While all
four groups share the catalytic X and Y lipase domains,
the regulatory domains are widely divergent, allowing
activation by distinct upstream receptors. For example,
PLCβ is activated following stimulation of certain
GPCRs, because it has a carboxy terminal domain that
recognizes and binds GTP-loaded Gqα, as well as the
free βγ heterodimer152,153 (see section “G-protein cou-
pled receptors”). Activation of PLCδ and PLCε are less
well-understood, although each appears to be mediated
by interaction with small GTP-binding proteins. PLCδ
can be activated by associating with the GTPase Ral,
whereas PLCε has a Ras-binding domain and can be
activated by associating with GTP-loaded Ras.154�157

In contrast, PLCγ family members lack the Gα- and
βγ-binding regions, but instead encode two SH2
domains and one SH3 domain that mediate their
recruitment and activation by receptor tyrosine kinases
(RTKs) such as the PDGF receptor, vascular endothe-
lial growth factor (VEGF) receptor, and HGF recep-
tor.158 Interestingly, PLCγ can also be phosphorylated
and activated by non-receptor protein tyrosine kinases,
such as Src family members. In this manner, PLCγ can
be secondarily activated in immune cells downstream
of T-cell receptor activation (see Figure 13.5), as well as
following activation of certain GPCRs, such as the
angiotensin II receptor.159

For PLC to hydrolyze PI4,5P2, it must be recruited to
the membrane. Members of both the PLCβ and PLCγ
families have pleckstrin homology (PH) domains at

their amino termini that promote membrane associa-
tion by binding to select membrane phospholipids,
such as PI4,5P2 and PI3,4,5P3.

160 PLCβ family members
are further stabilized at the membrane because their
PH domain can also interact with the membrane
bound βγ G-protein heterodimer, while the SH2
domains of PLCγ proteins enhance membrane associa-
tion by mediating recruitment to cell surface receptors.
In this manner, PLC is recruited to specific sites at the
membrane in the vicinity of the activating receptor,
allowing the cell to selectively upregulate DAG and
IP3 production in that area.

PLC-dependent generation of DAG provides a mem-
brane binding site for recruitment and activation of sev-
eral members of the protein kinase C (PKC) family of
non-receptor serine-threonine kinases (Figure 13.9).
PKCs are a large group of proteins that are subdivided
into the conventional PKCs, novel PKCs, and atypical
PKCs. The conventional PKCs (PKCα, PKCβ, PKCγ) are
activated in a calcium-dependent fashion following
recruitment to the cell membrane by binding to DAG
and phospholipids such as phosphatidylserine (PS). The
novel PKCs (PKCδ, PKCε, PKCη, and PKCθ) are also
recruited to the membrane by binding to DAG and
membrane phospholipids, but do not require calcium for
activation. The atypical PKCs (PKCλ, PKCζ, PKCμ, and
PKCι) lack both the DAG and calcium binding sites, and
instead appear to be associated with the membrane
and activated solely via their association with membrane
phospholipids (reviewed in 161). In addition to PS, it has
been found that the 3-phosphorylated lipid products of
the PI 3-K (such as PI3,4P2 and PI3,4,5P3) can bind and
activate both novel and atypical PKCs.162

Once activated, PKCs have multiple potential phos-
phorylation targets in the cell. The determination of
which targets are phosphorylated is dependent on cell
type, the isoform of PKC that is activated, and target-
ing proteins that specify subcellular localization of the
activated PKC. Proteins that are not phosphorylation
substrates of PKC, but serve only to target specific
PKCs to select sites in the cell, are collectively termed
RACKs (receptors of activated C kinase). For example,
the cell polarity proteins Par3 and Par6 associate with
atypical PKCs, such as PKCζ, and specifically target
them to epithelial tight junctions on renal tubular
cells.163 In this location, PKCζ has been shown to regu-
late both tight junction assembly and disassembly,
although the exact phosphorylation targets of PKCζ
have yet to be identified.164,165

Recent studies have demonstrated that PKC localiza-
tion to the basolateral membrane can regulate Na,K-
ATPase activity in the renal tubule as well. Several
phosphorylation sites for classical PKCs (such as
PKCα) have been identified in the amino terminus of
the Na,K-ATPase α-subunit, and phosphorylation of
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these sites appears to increase cellular sodium pump
activity by increasing membrane localization of the
enzyme.166,167 Interestingly, activation of PKC down-
stream of the D1-type dopamine receptors appears to
have the opposite effect, inhibiting sodium pump activ-
ity as part of the overall effect of the D1 receptor in inhi-
biting tubular sodium reabsorption.168 Exploration of
this response has demonstrated that novel PKCs such
as PKCθ and PKCε are likely to mediate this Na,K-
ATPase inhibitory effect.169 It is unknown whether
these PKCs phosphorylate different sites on the sodium
pump than PKCα or act indirectly via phosphorylation
of intermediate proteins such as the sodium hydrogen
regulatory factor Nherf-1.170

Another group of PKC regulatory targets are tran-
scription factors. PKC isoforms such as PKCδ, PKCε,
and PKCθ have been found to regulate the activity of
multiple transcription factors, including NF-κB
(involved in immune and inflammatory responses),
signal transducers and activators of transcription
(STATs, regulators of inflammatory responses, cell pro-
liferation, and differentiation), and Jun N-terminal

kinase (JNK, involved in cell stress response and sur-
vival) (reviewed in 171). By acting upstream of JNK as
well as the Raf-MEK-ERK pathway (see below), PKC
isoforms can cooperate to mediate increased activity of
the immediate early response genes Jun and Fos.172

An interesting example of convergence of PKC with
other signaling pathways is seen during the activation
of T-cells. The rise in intracellular calcium following T-
cell stimulation results in the activation of calmodulin
and binding of the calcium�calmodulin complex to the
non-receptor serine-threonine phosphatase calcineurin
(also known as protein phosphatase 2B or PP2B).
Activated calcineurin dephosphorylates and activates
the nuclear translocation of another protein, nuclear
factor of activated T-cells or NFAT (reviewed in 173,174).
While originally described in T-cells, NFATs are
expressed in multiple cell types and control the expres-
sion of genes such as Il-2, GM-CSF, interferon-γ, TNFα,
and Cox2 that regulate processes as diverse as T- and
B-cell proliferation in response to antigen stimulation,
cardiac myocyte differentiation and hypertrophy,
and sodium channel expression (reviewed in 175,176).

FIGURE 13.9 Phospholipase C-protein kinase C signaling. Activation of GPCRs coupled to Gαq can recruit PLCβ to the membrane and
activate its phospholipase activity via interactions with the GTP-loaded α-subunit, as well as the free βγ-subunit. PLCγ is classically activated
via binding of its SH2 domains to phosphotyrosine residues on RTKs, although PLCγ can also be activated by the non-receptor tyrosine kinase
Zap-70. Both PLCβ and PLCγ are stabilized at the membrane via their lipid-binding PH domain, where they hydrolyze PI4,5P2 (PIP2) to gen-
erate DAG and IP3. DAG serves as a binding site at the membrane for both conventional PKCs (such as PKCα) and novel PKCs (such as
PKCε). While novel PKCs are activated as a consequence of this membrane recruitment, conventional PKCs also require calcium-binding for
full activation. This calcium signal comes from IP3-mediated calcium release from intracellular stores. A third family of PKCs, the atypical
PKCs such as PKCζ, lack the DAG-binding domain, and are recruited to the membrane and activated by binding to phosphatidyl serine (PS)
as well as the lipid product of the PI3K, PI3,4,5P3 (PIP3). Specificity of signaling for this diverse family of serine-threonine kinases is provided
by association with receptors of activated C kinase (RACKs) which target the activated PKC isoform to the correct effector protein (such as the
α-subunit of the Na,K-ATPase in renal tubular cells).
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However, the DNA-binding sites of many of these gene
targets contain nearby AP-1 promoter sites, and are
only upregulated in an efficient manner following the
concerted actions of NFAT and the AP-1 binding ele-
ments Jun and Fos. Thus, concerted activation of PKC
(to activate Jun and Fos) and calcineurin (to activate
NFAT) leads to maximal gene expression and cellular
response. The importance of calcineurin in mediating
immune cell activation has led to the extensive use of
calcineurin inhibitors, such as cyclosporine and tacroli-
mus, for the prevention of transplant rejection.

The Mitogen Activated Protein Kinase (MAPK)
Pathway Regulates Cell Survival, Proliferation,
and Morphology

The MAPK pathway provides an excellent example
of the way in which different extracellular signals can
converge on the regulation of a single intracellular
signaling pathway, and demonstrates how targeting
of that pathway to specific sites in the cell via scaf-
folding proteins can determine which effector proteins
are regulated, and what cell responses are affected.
As the name implies, this protein cascade was origi-
nally identified based on its activation downstream of
pro-proliferative growth factors such as insulin and
EGF.177 In the classic MAPK cascade, binding of the
growth factor to its receptor tyrosine kinase (RTK)
initiates a series of protein�protein interactions that
ultimately result in activation of the cytosolic serine-
threonine kinase ERK, which can phosphorylate and
regulate diverse effector substrates including tran-
scription factors in the nucleus, focal adhesion pro-
teins at the cell surface, and contractile proteins in the
cytosol.178�180

The core proteins of this classic MAPK cascade are
three kinases, Raf, MEK, and ERK. Raf-1 (also called
MEK kinase (MEKK) or MAPK kinase kinase
(MAPKKK)) is a serine-threonine kinase that phos-
phorylates and activates two closely related MEK iso-
forms, MEK1 and 2. MEK1/2 are dual specificity
(tyrosine as well as serine/threonine) kinases that
phosphorylate ERK1 and 2 on a highly conserved
amino acid motif, Thr-Glu-Tyr, contained in the activa-
tion loop of the protein.181 The efficient activation of
ERK in this cascade requires that the three proteins
(Raf, MEK, and ERK) are brought into close proximity
on a single scaffolding protein. Present studies indicate
that several different proteins can serve this scaffold-
ing function, including β-arrestin, IQGAP, kinase
suppressor of Ras (KSR), and paxillin.20,182�184 The
location of the scaffolding protein and the regulation
of Raf/MEK/ERK association determines which effec-
tor proteins are likely to be regulated (reviewed in 185).

The core module of Raf, MEK, and ERK can be acti-
vated following binding of receptor tyrosine kinases to
their extracellular ligands. The initial step in RTK-
mediated MAPK activation is the recruitment of the
GRB2 adaptor protein to the tyrosine phosphorylated
receptor. GRB2 is a small molecule that is composed of
one SH2 domain and two SH3 domains.186 As noted
previously, proteins containing SH2 domains interact
with other proteins that contain phosphorylated tyro-
sine residues flanked by the appropriate amino acids.
The GRB2 SH2 domain preferentially binds to phos-
photyrosine residues with an asparagine at the 12
position, such as tyrosine 1096 in the activated c-Ret
receptor (pYANW) or tyrosine 1356 in activated c-Met
(pYVNV). In contrast, SH3 domains typically mediate
constitutive association with short proline-rich
sequences in target proteins. The guanine nucleotide
exchange factor (GEF) Sos contains such a sequence,
and associates with the GRB2 SH3 domain in a consti-
tutive fashion. Sos acts as a GEF for the membrane-
associated small GTP-binding protein Ras.187

Ras is structurally similar to the α-subunit of the
αβγ heterotrimer that associates with GPCRs.
However, Ras is activated by non-GPCR GEFs such as
Sos and, in the GTP-bound state, associates with and
activates Raf rather than adenylyl cylase. This activa-
tion step appears to involve the Ras-dependent
dephosphorylation of Raf by PP2A, a non-receptor
protein phosphatase.188 Thus, RTK activation results in
recruitment of the GRB2-Sos complex to the membrane
where it mediates GTP-loading of Ras, and activation
of the Raf-MEK-ERK signaling pathway (Figure 13.10).

In addition to this classic model of GRB2-Sos-Ras-
dependent MAPK activation mediated by RTKs,
several alternative mechanisms of MAPK pathway
activation have now been elucidated. For example, as
described in the section “G-protein coupled receptors,”
the recruitment of β-arrestin to activated GPCRs can
result in β-arrestin-dependent scaffolding of Raf, MEK,
and ERK, and thus can facilitate ERK activation
(reviewed in 189). Another pathway of MAPK activa-
tion is that of PKC-mediated Raf activation. As noted
previously, PKCs are activated downstream of GPCRs,
RTKs, and non-receptor kinases (such as the PI 3-K) by
associating with DAG and/or phospholipids at the cell
membrane. Once activated, one of the PKC phosphory-
lation targets is Raf,190 leading to Raf activation and
the downstream activation of MEK and ERK, even in
the absence of GTP-loaded Ras.191

ERK Activation is Regulated by the Cross-Talk of
Multiple Signaling Pathways

Classically, activated ERK has been shown to regu-
late gene transcription factors involved in promoting
cell survival and inducing cell proliferation. Careful
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control of these events is fundamental to normal organ
physiology, so it is not surprising that ERK activation
is regulated by a complex series of signals derived
from extracellular stimuli, such as growth factors and
cell�matrix interactions. It has long been known that
adherent cells, such as endothelial cells and epithelial
cells, can proliferate when attached to the proper base-
ment membrane, but undergo anoikis when they lose
their attachment. This type of cell death is common in
detached tubular epithelial cells following acute renal

injury, and it is believed that the loss of anoikis contri-
butes to the metastatic spread of tumor cells.192�194

As described earlier, the sites of cell attachment to the
basement membrane, focal adhesions, provide the
nidus for the aggregation of multiple signaling pro-
teins on the cytosolic face of the attachment. Among
the many proteins involved in this complex are the
MAPK scaffolding protein paxillin, the Rac-activated
protein p21 associated kinase (PAK), the EGF receptor,
and the non-receptor tyrosine kinases Src and FAK.

FIGURE 13.10 MAPK signaling. The prototypic MAPK pathway involves the growth factor stimulated activation of the small G-protein
Ras at the membrane, followed by Ras binding and activation of the serine-threonine kinase Raf (a MAPK kinase kinase or MAPKKK). This
process involves dephosphorylation of Raf at an inhibitory site by the serine-threonine phosphatase PP2A. In addition, Raf can be activated by
PKC-dependent phosphorylation or by recruitment to the GPCR scaffolding protein β-arrestin. The MAPK pathway can also be activated in a
growth factor-independent fashion via focal adhesion signaling when cells attach to the basement membrane. Activation of Raf results in
phosphorylation and activation of the downstream kinases MEK and ERK. Depending on the site of ERK activation, it can translocate to the
nucleus where it phosphorylates and activates transcription factors such as Elk1 or it can remain in the cytoplasm where it phosphorylates
and regulates proteins involved in actin cytoskeletal rearrangement and cell migration, such as Myosin Light Chain Kinase (MLCK) and paxil-
lin. Two other MAPK pathways present in most cells are the stress-activated protein kinases (SAPK) p38 and JNK. Multiple factors have been
shown to activate p38 and JNK, including oxidative or osmolar stress, heavy metals, cytokines, and growth factors such as EGF and TGFβ.
These stimuli induce the activation of a group of MAPKKKs including apoptosis signal-regulating kinase 1 (ASK1) and MEKK1/2. Activation
of the MAPKKK results in phosphorylation of the appropriate dual specificity MAPKK (MEK) such as MEK3, MEK4, and MEK6, which in
turn phosphorylate and activate JNK and p38. Small G-proteins such as Rac and Cdc42 can also activate the p38 and JNK pathways via bind-
ing and activating intermediate kinases such as the Mixed Lineage Kinase (MLK) family of serine-threonine kinases. There is considerable
cross-talk between these pathways, resulting in simultaneous activation of JNK and p38 under many conditions. Like ERK, activated JNK and
p38 translocate into the nucleus, where they phosphorylate regulatory transcription factors such as c-Jun, ATF-1, Elk-1, and Sap1. These in
turn regulate the RNA polymerase transcription initiation complex to activate the transcription of multiple genes including pro-survival and
pro-apoptotic factors, matrix proteins, heat shock factors, etc.
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Attachment of the cell to a subcellular matrix can
activate MAPK signaling, even in the absence of
extracellular growth factor or cytokine stimulation.
One mechanism for this activation is that attachment-
dependent activation of FAK results in the recruitment
and activation of the PI 3-kinase, which leads to the
local production of PI3,4,5P3. As noted earlier, PI3,4,5P3

binds and activates PKC, which in turn can phosphor-
ylate and activate Raf.195 Furthermore, the EGF recep-
tor localizes to focal adhesions in adherent cells, and
can be phosphorylated and transactivated by the non-
receptor tyrosine kinase Src even in the absence of
extracellular EGF, thus mediating ERK activation via
the classical Grb2-Sos-Ras pathway. In addition to the
ability of focal adhesions to directly activate MAPK
signaling, these signaling structures are also required
for growth factors to efficiently stimulate MAPK
signaling.196 Although the mechanism of this is not
entirely understood, recent studies suggest that activa-
tion of the focal adhesion associated serine-threonine
kinase PAK leads to phosphorylation of Raf that
is required for the efficient activation of Raf by
GTP-Ras.197 Thus, focal adhesions serve as sites to
directly activate ERK, as well as supporting ERK acti-
vation downstream of proliferative stimuli.

ERK Regulates both Nuclear and Cytosolic
Protein Actions

Translocation of activated ERK to the nucleus has
been found to signal both pro-proliferative and anti-
apoptotic responses. In the nucleus, ERK phosphory-
lates and activates transcription factors such as Elk-1
and RUNX2, which in turn regulate the mRNA expres-
sion of the cell cycle proteins cyclin D1 and
p21WAF1,198�200 (reviewed in 201). Furthermore, ERK
activation can downregulate the expression of pro-apo-
ptotic proteins such as Bim1, a process that is believed
to be critical for ERK-dependent inhibition of anoi-
kis.202 These effects of ERK depend on both the ampli-
tude and the duration of ERK activation. For example,
transient high level ERK activation in renal tubular
cells treated with the growth factor HGF results in acti-
vation of focal complex signaling and Rac-dependent
cell migration, but does not result in significant cell
proliferation.183 In contrast, sustained low level ERK
activation appears to be required for cell cycle entry
(leading to proliferation) and the anti-apoptotic effects
of ERK.203�205 For this reason, the degree of ERK acti-
vation is tightly regulated by a series of phosphoryla-
tion and dephosphorylation steps at the level of Raf.188

Activation of ERK can also lead to the phosphoryla-
tion of substrate proteins in the cytoplasm. ERK has
been shown to phosphorylate and activate myosin light
chain kinase (MLCK), resulting in stimulation of cell
motility.180 In addition, ERK activation at focal adhesions

in renal epithelial cells can mediate phosphorylation of
paxillin, and subsequent FAK and PI 3-K activation.52

This process plays a regulatory role in the local activa-
tion of another family of small GTP-binding proteins,
Rho, Rac, and Cdc42. These proteins are regulators of
actin cytoskeletal remodeling, and by binding to their
respective effector proteins (such as the Rho-kinase for
Rho), mediate the cytoskeletal changes required for cell
spreading, lamellipodia formation, and migration
(reviewed in 206). Besides activation downstream of ERK
and the PI 3-K, focal adhesion signaling can also activate
Rho family members by stimulating the guanine nucleo-
tide exchange factors Vav and/or PIX (reviewed in 207).
In the kidney, regulated activation of Rac and Rho are
fundamental for the morphogenic changes involved in
developmental tubulogenesis,208 and Rho activation
appears to be required for angiotensin II-dependent reg-
ulation of glomerular arteriolar tone.209

In addition to the classic ERK MAPK pathway, two
other well-conserved MAPK pathways, the JNK and
p38 pathways, have been extensively studied and
found to play important roles in regulating cell sur-
vival (reviewed in 210,211). Similar to the ERK pathway,
p38 and JNK signaling are mediated by a core complex
of three proteins, including a MEK kinase which phos-
phorylates a MEK family member (MEK3 or 6 in the
p38 pathway, MEK4 or 7 in the JNK pathway), which
in turn phosphorylates the effector kinase p38 or JNK,
respectively. Activated p38 or JNK can then translocate
to the nucleus, where they phosphorylate and regulate
transcription factors such as ATF-1, ATF-2, c-Jun, and
STAT-3.

Activation of the p38 and JNK signaling cascades
occurs in response to cell stress signals, including UV
irradiation, ischemia, and hypoxia, as well as following
cytokine stimulation (IL-1 and TNFα) and certain
growth factors (EGF, TGFβ).212,213 Based on in vitro
studies demonstrating increased extracellular matrix
production following p38 activation, it has been pro-
posed that p38 may play an important role in the devel-
opment of renal fibrosis following injury (reviewed in
214). In support of this, in vivo studies using p38 inhibi-
tors in rodents have demonstrated that activation of
p38 stimulates the progressive renal tubular fibrosis
seen in models of chronic ureteral obstruction.215

Similarly, mice that overexpress TGFβ exhibit p38-
dependent glomerular podocyte apoptosis, an early
component of the progression to glomerulosclerosis,213

and p38 activation may be required for the develop-
ment of proteinuria following acute glomerular
injury.216 Activation of the ERK, p38, and JNK path-
ways occurs during the oxidative stress of renal
ischemia/reperfusion. Under these conditions, JNK
activation appears to mediate the tubular cell apoptotic
response, while ERK activation can be protective.217�219
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The Phosphoinositide 3-Kinase Pathway
Regulates Diverse Events Including Glucose
Metabolism, Cell Migration, Cell Survival, and
Proliferation

Another major intracellular signaling pathway is
regulated by a lipid kinase known as the phosphoino-
sitide 3-kinase (PI 3-K).220 This enzyme is composed of
two subunits, the p85 adapter protein and the p110
catalytic-subunit. Recruitment of the p85/p110 com-
plex to the membrane occurs when p85 binds via its
SH2 domains to tyrosine phosphorylated receptors
(such as the PDGF receptor) or docking proteins (such
as the EGF receptor associated protein Gab1 or the
insulin receptor associated protein IRS-1). The p110
enzymatic-subunit is activated by this translocation
and phosphorylates target lipids, such as PI4,5P2

(PIP2), to form the 3-phosphorylated derivative
PI3,4,5P3 (PIP3). PIP3 then serves as a membrane-bind-
ing site for multiple proteins that contain lipid-binding
domains, such as the pleckstrin homology (PH)
domain, the PTB domain, and FYVE domains
(reviewed in 221).

As described previously, several PKC family mem-
bers are recruited to the membrane and activated by
binding to PIP3, as are the docking protein DOCK180
and the guanine nucleotide exchange factor Vav.222,223

However, the best described targets of PIP3 are the
PH-domain containing proteins 3-phosphoinositide
dependent kinase-1 (PDK1) and its major substrate
enzyme Akt (also known as protein kinase B (PKB)).
The generation of PIP3 at the membrane results in
recruitment and activation of PDK1, which in turn
phosphorylates and activates Akt.224 In addition to
Akt, activated PDK1 can phosphorylate and activate
IKK, the upstream regulator of NF-κB, as well as the
p70 and p90 ribosomal S6 kinases, and several PKC
isoforms.225,226

Akt is a serine-threonine kinase that regulates multi-
ple intracellular events, including protein ubiquitina-
tion/degradation, glucose metabolism, nitric oxide
generation, cell survival, and cell proliferation. To regu-
late these disparate processes, Akt associates with and
phosphorylates multiple cytosolic protein targets
(reviewed in 227). One of these targets is the constitu-
tively active cytosolic enzyme glycogen synthase kinase-
3β (GSK-3β), described earlier for its role as a regulator
of β-catenin ubiquitination and degradation downstream
of the Wnt signaling pathway.228,229 Phosphorylation of
serine 9 at the N-terminus of GSK-3β by Akt causes the
kinase domain of GSK-3β to recognize this region as a
pseudosubstrate, leading to autoinhibition of the GSK-3β
kinase activity and an increase in free cytosolic β-catenin
levels.230,231 β-catenin can then translocate into the
nucleus, where it regulates the transcriptional expression

of genes involved in stimulating cell proliferation and
dedifferentiation. In addition to β-catenin, GSK-3β has
also been shown to phosphorylate several other cellular
substrates that regulate cell proliferation as well as cell
survival. For example, GSK-3β can enter the nucleus
where it phosphorylates the cell cycle protein cyclin D1,
thus targeting it for rapid degradation.232 In addition,
phosphorylation of translation initiation factor eIF2B by
GSK-3β inhibits protein translation, leading to initiation
of apoptosis and ultimately cell death.233 Thus, activa-
tion of the PI 3-K/Akt pathway by inhibiting GSK-3β
results in increased cyclin D1 levels and eIF2B activation,
promoting entry into the cell cycle and preventing
apoptotis.

Besides these indirect effects of Akt in preventing cell
apoptosis, Akt activation directly inhibits apoptotic
responses by phosphorylating and inhibiting the pro-
apoptotic factors BAD and caspase 9, as well as the fork-
head transcription factor FKHRL1.234 In addition, Akt
activation can stimulate protein synthesis and cell
growth via its effects on mTOR, the mammalian target of
rapamycin (reviewed in 235). mTOR is a serine-threonine
kinase that phosphorylates and activates the ribosomal
protein translation initiators S6 kinase and 4EBP, leading
to increased protein translation and promoting cell
growth and division. Rapamycin, by inhibiting mTOR,
prevents protein translation and inhibits cell division,
leading to its use to suppress tumor growth, and as an
immune suppressant (due to inhibition of T- and B-cell
expansion).

The kinase activity of mTOR is activated by binding
to the small GTP-binding protein Rheb. Like Ras, Rac,
and Gα, Rheb is active when in the GTP-bound state,
and inactive when in the GDP-bound state.
Conversion of GTP-Rheb to GDP-Rheb is mediated by
a GTPase complex made up of two proteins, tuberin
and hammartin. The GTPase activity of these proteins,
which are mutated in many patients with tuberous
sclerosis, is in turn negatively regulated by phosphory-
lation of tuberin by activated Akt.236 In this manner,
activation of Akt downstream of the PI 3-K results in
stabilization of Rheb in the GTP-bound state, thereby
activating mTOR and accelerating cell growth and
division (Figure 13.11).

In addition to its fundamental role in regulating cell
survival and proliferation, another major physiologic
process regulated by the PI 3-K/Akt pathway is insu-
lin-dependent glucose metabolism (reviewed in 237).
Binding of insulin to its receptor tyrosine kinase results
in the tyrosine phosphorylation of a docking protein,
insulin receptor substrate (IRS-1), which in turn acti-
vates multiple intracellular signaling pathways includ-
ing the PI 3-K. Activation of the PI 3-K has been
shown to regulate insulin-dependent glucose uptake,
glycogen synthesis, and lipolysis. Glucose uptake is
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mediated by the transport protein GLUT4. In the
absence of insulin, GLUT4 is located in intracellular
vesicles, but fuses with the plasma membrane follow-
ing insulin stimulation. This translocation of GLUT4-
containing vesicles to the membrane is mediated by
PI3,4,5P3-dependent activation of both PKCζ and Akt
(reviewed in 238).

Once glucose enters the cell, it is rapidly seques-
tered by conversion into glycogen via the actions of
the enzyme glycogen synthase. In quiescent cells, the
constitutively active form of GSK-3β normally phos-
phorylates glycogen synthase, keeping it in the inactive
state. By stimulating the PI 3-kinase, insulin can
increase Akt activation, thereby inhibiting GSK-3β
activity and increasing glycogen synthase-dependent
incorporation of glucose into glycogen.239

EXAMPLES OF SIGNALING EFFECTORS
IN THE KIDNEY

The extraordinarily complex interactions that initi-
ate, regulate, and terminate intracellular second mes-
senger pathways, such as those described above,
ultimately lead to the change in location, function or
amount of effector proteins that actually mediate the
cellular response to the initial signal. These effector
proteins regulate fundamental cellular events such as
division, programmed cell death, migration, and dif-
ferentiation that are required for the development,
maintenance, and repair of all tissues. In the kidney,
signaling pathways are also critical for the precise reg-
ulation of glomerular filtration and for alteration of
tubular cell channel function in response to changes in

FIGURE 13.11 Signaling through the PI 3-kinase/Akt pathway. The activation of growth factor receptors results in the recruitment of
the p85/p110 PI 3-kinase heterodimer to the membrane via binding of the SH2 domains of p85 to phosphotyrosine residues on the recep-
tor or an associated docking protein such as IRS-1. Activation of the lipid kinase activity of p110 occurs, resulting in generation of
PI3,4,5P3 (PIP3) at the inner leaflet of the membrane. PIP3 serves as a binding site for proteins that contain lipid-binding domains, includ-
ing several PKC family members, docking proteins, and the serine-threonine kinase phosphoinositide-dependent kinase (PDK1). PDK1 has
several targets in the cell, including the protein translation activator p70 S6kinase and the cytosolic serine-threonine kinase protein kinase
B (PKB), also known as Akt. Akt phosphorylates multiple substrates in the cell (typically resulting in inhibition of their action) that pro-
mote cell growth and survival. Thus, phosphorylation of the tuberosis sclerosis complex (TSC1 and TSC2) inhibits their GTPase activity,
leading to accumulation of GTP Rheb and activation of mTOR. mTOR in turn activates p70 S6kinase and phosphorylates 4E-BP, resulting
in its disassociation from eukaryotic initiation factor 4E (eIF4E), and cumulatively stimulating increased protein translation. During times
of ATP depletion and AMP accumulation, mTOR activity is inhibited by the AMP activated kinase AMPK. AMPK phosphorylates and
activates the TSC complex, thus converting GTP Rheb to GDP Rheb and inactivating mTOR. Activated Akt also phosphorylates and inhi-
bits pro-apoptotic factors such as BAD and caspase 9, and inhibits degradation of intracellular proteins, such as glycogen synthase, by
phosphorylating and inhibiting GSK-3β.
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the internal milieu. While more detailed descriptions
of these regulatory events are presented in the appro-
priate chapters of this book, examples of several spe-
cific effector proteins are presented here in order to
provide general paradigms of the ways in which sig-
naling pathways can regulate effector protein function
in the kidney.

Angiotensin II Signaling in Glomerular Vascular
Smooth Muscle

Maintenance of GFR in the face of falling renal per-
fusion is achieved by the independent regulation of
afferent and efferent vascular tone, which is in part
determined by the arteriolar smooth muscle response
to locally produced angiotensin II. In the efferent arte-
riole of the glomerulus, stimulation of smooth muscle
contraction by angiotensin II requires the coordinated
regulation of both myosin light chain kinase (MLCK)
and myosin light chain phosphatase (MLCP, reviewed
in 240,241). Activation of the AT1 receptor on the effer-
ent arteriole results in activation of Gαq and the down-
stream second messenger PLCβ. As noted previously,
the hydrolysis of PIP2 by PLCβ results in the formation
of DAG and the release of IP3. In smooth muscle cells,
IP3 binds to its receptor on the sarcoplasmic reticulum,
stimulating intracellular calcium release, which in turn
activates calcium entry from outside the cell. The
resultant rise in intracellular calcium leads to calmodu-
lin-dependent activation of MLCK, which in turn
phosphorylates and activates the regulatory light chain
of smooth muscle myosin II, leading to actin�myosin
coupling and muscle contraction.

The phosphorylation sites on myosin II are targets
for subsequent dephosphorylation by MLCP (also
known as myosin phosphatase). In concert with its
activation of MLCK, activation of the AT1 receptor sti-
mulates two pathways that lead to inhibition of MLCP
(reviewed in 242). First, the formation of DAG in the
membrane, coupled with the rise in intracellular cal-
cium, leads to recruitment and activation of both con-
ventional and novel PKCs. One of the phosphorylation
targets of activated PKC in the smooth muscle cell is
CPI-17, and in the phosphorylated state CPI-17 associ-
ates with and inhibits MLCP via binding to the PP1Cδ
catalytic-subunit.

A second group of proteins phosphorylated by PKC
are the matrix metalloproteinases.243 These proteins
are involved in cleaving and shedding cell surface pro-
teins, including the cell attached growth factor
HB-EGF. Shedding of HB-EGF leads to activation of
the EGF receptor, with stimulation of downstream sig-
naling including the PI 3-kinase. This process of
GPCR-dependent activation of a nearby growth factor

receptor is termed transactivation. In smooth muscle
cells, one target of the activated PI 3-kinase is a Rho
GEF named leukemia-associated Rho guanine nucleo-
tide exchange factor (LARG).244 Activation of LARG
converts Rho to the GTP-bound state, mediating its
association with Rho kinase. This activation of Rho
kinase can inhibit MLCP activity, both by direct phos-
phorylation of MLCP at an inhibitory site, and via
phosphorylation of CPI-17 in conjunction with PKC.
By simultaneously increasing the phosphorylation of
the light chain of myosin II via activation of MLCK
and inhibiting its dephosphorylation via inactivation
of MLCP, angiotensin II can greatly augment myosin II
coupling with actin and subsequent smooth muscle
contraction. In addition to stimulating smooth muscle
contraction, sustained angiotensin II-dependent
increases in intracellular calcium can lead to calmodu-
lin�calcineurin interactions and subsequent activation
of NFAT, which in turn activates the transcription of
genes involved in promoting muscle cell hypertrophy
(reviewed in 245) (Figure 13.12).

Regulation of Ion Transport Channels

The regulation of GFR by controlling afferent and
efferent vascular tone must be coordinated with appro-
priate changes in solute reabsorption along the neph-
ron. Typically this regulation occurs in one of three
ways: regulation of the amount of the transporter in
the cell; regulation of the location of the transporter; or
regulation of the active state of the transporter at the
membrane. In most cases, more than one of these regu-
latory steps is utilized, allowing both short- and long-
term regulation of transporter function.

Sodium Reabsorption in the Collecting Duct can be
Regulated by Controlling Cellular Levels of ENaC

The epithelial sodium channel ENaC is expressed
on the apical membrane of principal cells of the col-
lecting duct. Regulation of ENaC function is one of
the major ways in which the kidney controls the
amount of sodium that is excreted in the urine each
day. ENaC is comprised of three subunits that are
synthesized in the ER and then transported to the
Golgi for proteolytic cleavage and activation, fol-
lowed by trafficking to the apical membrane. ENaC
channels present in the membrane can then be inter-
nalized where they are either degraded or main-
tained in a submembranous pool available for rapid
recycling back to the membrane. The principal fac-
tors that regulate the synthesis, location, and degra-
dation of ENaC are aldosterone and, to a lesser
degree, AVP.
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Steroid Hormones such as Aldosterone Bind to
Cytoplasmic Receptors and Regulate Nuclear
Transcription Events

Aldosterone is a steroid hormone that binds to and
activates the mineralocorticoid receptor (MR), which is
present in the principal cell, but also in other cell types
including intestinal epithelial cells, neuronal cells, and
cardiac myocytes. The MR is a member of the steroid/
thyroid family of ligand-inducible transcription factors
that includes the vitamin D receptor, glucocorticoid
receptor, thyroid receptor, and retinoic acid receptor
(reviewed in 246). Unlike the transmembrane receptors
discussed in the section “Cell Surface Receptors,” these
receptors reside in the cytoplasm. The ligand, such as
thyroid hormone or aldosterone, can cross the cell
membrane, bind the cytosolic receptor, and then trans-
locate as a ligand�receptor complex into the nucleus
and bind to specific DNA sequences known as steroid
response elements (SRE). In the case of aldosterone,
these regulatory sequences are found in the promoter

regions of target genes such as SCNN1A (the ENaC
α-subunit gene) and SGK-1 (encodes SGK, serum, and
glucocorticoid-induced kinase).

In the principal cell, the β- and γ-subunits of ENaC
are produced in excess, but do not traffic efficiently to
the cell surface until the α-subunit is made (reviewed
in 247). The increase in ENaC α-subunit protein expres-
sion that occurs following stimulation with aldosterone
leads to ER assembly of αβγ in a complex with the pre-
dicted stoichiometry of 2α:β:γ, and its subsequent pro-
teolytic activation in the Golgi. In this manner,
aldosterone directly increases the total number of
active ENaC transporters available in the cell, leading
to an increase in sodium reabsorptive capacity.

A second way in which aldosterone can increase the
number of ENaC channels available to reabsorb sodium
is by inhibiting ENaC degradation. This is mediated by
the transcriptional regulation of SGK expression.248 SGK
is a serine-threonine kinase that phosphorylates and
inactivates Nedd4-2, a ubiquitin�protein ligase that can

FIGURE 13.12 Angiotensin II regulation of vascular smooth muscle contraction. Binding of angiotensin II to the AT1A receptor results
in activation of PLCβ, and subsequent generation of IP3 and DAG. DAG production at the membrane can mediate the recruitment and activa-
tion of PKC, while IP3 binding to the IP3 receptor in the sarcoplasmic reticulum stimulates calcium release. Angiotensin II may also stimulate
extracellular calcium entry via cell surface calcium channels. Binding of the calcium to calmodulin (CaM) results in calmodulin-dependent
activation of myosin light chain kinase (MLCK), which phosphorylates myosin II to initiate actin�myosin contraction. Myosin II is depho-
sphorylated by myosin light chain phosphatase (MLCP) to end the contraction. However, during the period immediately after AT1A stimula-
tion, myosin II phosphorylation is maximized, because MLCP is inhibited by PKC-dependent phosphorylation of the MLCP inhibitory
binding protein CPI-17. In addition, GPCR activation can stimulate transactivation of nearby growth factor receptors (such as the EGFR) which
in turn can activate the PI 3-K. One mechanism of transactivation is the PKC-dependent activation of matrix metalloproteinases (MMP) which
cause shedding of the cell attached protein HB-EGF, which binds and activates the EGFR. The resultant PI 3-K activation mediates GTP load-
ing of the small G-protein Rho, and subsequent activation of Rho kinase. Rho kinase can directly phosphorylate MLCP at an inhibitory site,
and can phosphorylate CPI-17 and thus increase its inhibitory effect on MLCP. Sustained contractile stimuli result in the calmodulin-depen-
dent activation of calcineurin. Calcineurin is a phosphatase that binds to and dephosphorylates the nuclear factor of activated T-cells (NFAT),
resulting in NFAT-dependent transcriptional regulation of genes involved in smooth muscle cell hypertrophy.
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associate with ENaC and stimulate its internalization
and degradation249 (Figure 13.13). By increasing SGK
expression, aldosterone inhibits Nedd4-2-mediated
ENaC degradation, and thereby increases the amount of
ENaC present on the cell surface. Mutations in ENaC
that prevent its association with Nedd4-2 lead to sus-
tained increases in sodium reabsorption due to increased
ENaC expression, resulting in the progressive hyperten-
sion seen in Liddle’s syndrome.250

Regulation of Water Reabsorption in the Collecting
Duct is Achieved by Trafficking of Aquaporin-2.

The regulation of channel amount by altering rates
of synthesis and/or degradation is a relatively slow
process that typically takes hours to days to accom-
plish, and is believed to be most relevant in the adap-
tive responses to long-standing volume depletion or

volume excess. In contrast, regulation of channel loca-
tion provides a way to rapidly alter channel function
in the cell. Aquaporins, transmembrane channels that
provide a conduit for water movement across cell
membranes, are one of many proteins that can be regu-
lated in this fashion. In the kidney, aquaporin-2
(AQP2) is expressed in cells of the collecting duct, and
its ability to mediate water movement is regulated by
AVP (reviewed in 251). In contrast, AQP1 (present in
the proximal tubule and thin descending limb252) and
AQP3 (present on the basolateral side of collecting
duct cells253) are relatively insensitive to AVP.

In the absence of AVP, AQP2 is present primarily in
submembranous vesicles in the collecting duct.
Stimulation of V2 receptors by AVP results in the
fusion of these vesicles with the apical membrane of
the collecting duct cell. Mutations in either the V2

FIGURE 13.13 Regulation of ENaC. Aldosterone is a steroid hormone that can cross the cell membrane and bind to the mineralocorticoid
receptor (MR) in the cell cytoplasm. The aldosterone�MR complex translocates into the nucleus, where it binds to steroid response elements
in genes such as SCNN1A encoding the α-subunit of ENaC and SGK-1 encoding a cytosolic serine threonine kinase. Synthesis of the α-subunit
of ENaC promotes formation of the complete ENaC multimer in the ER and its translocation to the cell surface. At the membrane, the ubiqui-
tin ligase Nedd4-2 can bind to ENaC, targeting it for internalization and proteosomal degradation. Nedd4-2 function is inhibited following
phosphorylation by SGK, further increasing ENaC expression at the cell membrane, and therefore sodium reabsorptive capacity. Vasopressin
(AVP), acting through the V2 GPCR, can also increase collecting duct sodium reabsorption. V2 activation leads to cAMP production and sub-
sequent PKA activation. Like SGK, PKA can phosphorylate and inhibit Nedd4-2.
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receptor or AQP2 itself result in nephrogenic diabetes
insipidus, due to the failure of the collecting duct to
increase water reabsorption in response to AVP. The
translocation of AQP2 vesicles to the cell membrane is
dependent on AVP-stimulated production of cAMP,
and the subsequent activation of PKA. Activated PKA
is targeted to AQP2-containing vesicles via association
with A kinase anchoring proteins (AKAPs). AKAPs
comprise a large family of proteins that localize acti-
vated PKA to specific sites within the cell, thus provid-
ing specificity and compartmentalization of PKA
signaling. AKAP18δ, PKA, and AQP2 can be co-puri-
fied from vesicles isolated from the cytosol of inner
medullary collecting duct cells, suggesting that this
AKAP may be important for facilitating the recruit-
ment of PKA to AQP2-containing vesicles.254

Activated PKA directly phosphorylates serine 256 in
the carboxy terminus of AQP2, stimulating membrane
translocation of the AQP2-containing vesicles.255 How
phosphorylation of serine-256 in AQP2 mediates vesi-
cle fusion with the membrane is not yet fully-under-
stood (reviewed in 256). Based on present studies, it
appears that membrane targeting involves the actin
cytoskeletal-dependent association of SNARE proteins
(such as syntaxin-3 and -4) on the AQP2-containing
vesicles with SNAP23 at the cell membrane.257,258

The vesicles that mediate AQP2 translocation to the
membrane also carry signals for downregulation of the
pathway. Recently it has been found that these vesicles
contain cAMP-specific phosphodiesterase-4D (PDE4D),
an enzyme that can degrade cAMP, leading to inacti-
vation of PKA.259 In the presence of the AKAP18δ scaf-
fold, PKA can phosphorylate and activate PDE4D,
leading to decreased cAMP, loss of PKA activation,
and prevention of AQP2 phosphorylation and translo-
cation. In addition, the serine-threonine phosphatase
PP2B is present in these vesicles, and is capable of
dephosphorylating AQP2, thereby potentially inhibit-
ing channel translocation.260

AQP2 function can be regulated by mechanisms in
addition to membrane trafficking. In the setting of con-
tinuous stimulation by AVP, total cellular levels of
AQP2 message and protein increase, demonstrating that
AVP can induce transcription of the AQP2 gene. In vitro
experiments have suggested that this is due to transcrip-
tional activation of AQP2 mRNA expression via a cyclic
AMP response element (CRE) in the AQP2 promotor.261

Activation of multiple intracellular serine-threonine
kinases, including PKA, can stimulate phosphorylation
and activation of the CRE-binding protein (CREB),
which in turn binds CRE and activates transcription of
the appropriate target gene, in this case AQP2. Sustained
exposure to hypertonicity can also increase AQP2
mRNA expression in cultured collecting duct cells,
independent of AVP-mediated PKA activation.262

In addition to its ability to regulate AQP2-mediated
water absorption, AVP has been shown to regulate
ENaC-mediated salt absorption (see Figure 13.13).
Nedd4-2, the ubiquitin ligase that is inactivated by SGK-
mediated phosphorylation, can be phosphorylated at the
same sites by AVP-activated PKA, leading to inhibition
of the Nedd4-2/ENaC association and increased ENaC
protein stability.263 In addition, the cAMP-stimulated
activation of PKA by AVP can promote the translocation
of ENaC from a pool of internalized channels to
the membrane, similar to its effects on AQP2.264,265 The
increase in ENaC surface expression resulting from these
signaling events is believed to partially mediate the
observed increase in sodium reabsorption following
AVP treatment266 (reviewed in 267).

Transporters such as ROMK can be Regulated by
Changes in their Active State

A third way in which transporters can be regulated
is via alteration of the active state of the protein. For
membrane channels this typically means a change in
the open probability (Po) of the channel (the time that
the channel spends in the open configuration). ROMK
(also known as Kir1.1) is an apical membrane potas-
sium channel in thick ascending limb cells and princi-
pal cells that is required for potassium recycling in the
TAL, and potassium secretion in the collecting duct
(reviewed in 268). One of the major determinants of Po

for ROMK is the concentration of PIP2 in the mem-
brane in the vicinity of the channel, an effect that
appears to be due to an extensive series of interactions
between the basic amino acids in the carboxy terminus
of ROMK and the negatively charged head groups of
the membrane phospholipids (reviewed in 269). PIP2 is
produced by lipid kinases such as the PI(4)P5 kinase,
and degraded by phospholipases such as PLA2 and
PLC (reviewed in 270,271). Thus, it is speculated that
signals that enhance PIP2 production or inhibit its deg-
radation will increase ROMK activity at the membrane,
whereas pathways that reduce PIP2 levels, such as acti-
vation of PKC, will inhibit its activity.

Alterations in the Po for ROMK have also been found
to be due to direct phosphorylation of the channel by
PKA (reviewed in 269). In vitro studies have demon-
strated three PKA phosphorylation sites in ROMK, and
phosphorylation of two of those sites (serine 219 and
313) causes an increase in Po for the channel, without
changing the number of channels at the membrane. As
with other PKA effectors, the presence of the appropri-
ate AKAP is required to target activated PKA to ROMK
at the membrane. Although the precise mechanism by
which PKA phosphorylation regulates Po in ROMK has
yet to be determined, it appears that at least part of the
effect is due to an increased affinity of ROMK for PIP2,
thus reducing the concentration of PIP2 needed to
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support the channel in the open state.272 Based on these
studies, it is presently believed that the AVP-stimulated
increase in thick ascending limb potassium recycling is
due to V2-dependent activation of PKA, and subse-
quent phosphorylation and activation of ROMK.273

Similar to the regulation of aquaporin-2 and ENaC,
ROMK can also be regulated by altering channel loca-
tion or synthesis. Several kinases have been implicated
in regulating the trafficking of ROMK, including PKA,
SGK, and a recently described kinase WNK (with no K
(lysine)). As noted above, there are three PKA phos-
phorylation sites on ROMK. While two of the sites
directly regulate channel open probability, phosphory-
lation of the third residue (serine 44) increases the
number of channels present on the cell membrane. In
addition to PKA, SGK can phosphorylate ROMK on
serine 44 and increase channel activity in the oocyte
expression system.274 This appears to occur in concert
with a scaffolding protein, NHERF2, which increases
trafficking of ROMK to the membrane via its interac-
tion with the carboxy terminal PDZ-binding motif.275

Thus, the increased expression of SGK following aldo-
sterone stimulation can lead to sustained increases in
ROMK-dependent potassium excretion via increased
numbers of channels on the cell membrane.

Recently, another family of serine/threonine kinases,
the WNKs, have been found to play an important role
in regulating the activity of diverse ion channels in the
kidney (reviewed in 276). To date there have been four
WNK kinases described in humans, all sharing the
unusual substitution of a cysteine residue for the more
typical lysine in β strand 3 of the kinase domain.277 Of
these four, WNK1, WNK3, and WNK4 have been
directly implicated in regulation of tubular ion trans-
port, including the sodium-potassium-chloride co-
transporter in the TAL (NKCC2), the sodium-chloride
co-transporter in the distal convoluted tubule (NCC),
ROMK, EnaC, and the tight junctional proteins clau-
din1-4 that regulate paracellular chloride flux,(278�280

reviewed in 281). Mutations of WNK1 and WNK4 have
been shown to cause pseudohypoaldosteronism II
(PHAII), a syndrome consisting of hypertension with
increased sodium reabsorption and hyperkalemia.282

The mechanisms by which WNKs regulate ROMK
and NCC depend on distinct aspects of WNK function.
Mutations in WNK1 and WNK4 that cause PHAII
result in decreased ROMK at the membrane, and
therefore hyperkalemia due to decreased K secre-
tion.280,283 It has been shown that ROMK associates
with a complex including WNK1, WNK4, and the scaf-
folding protein intersectin, and that intersectin is
required for the endocytosis of ROMK in clathrin-
coated vesicles.284 The formation of this complex is
independent of WNK kinase activity, and instead
requires the association of proline-rich regions of

WNK1 and WNK4 with the SH3 domain of intersectin.
Mutations in WNK4 that cause PHAII appear to
increase the association of the ROMK�WNK1�WNK4
complex with intersectin, thereby augmenting ROMK
internalization and impairing potassium secretion.285

WNK kinases regulate sodium uptake by determin-
ing both the surface availability and activation state of
NCC. This process is complex and not yet fully eluci-
dated, but appears to involve a balance between
WNK4-dependent degradation of NCC and WNK1-
dependent activation of NCC that is present on the cell
surface (reviewed in 276). In the presence of active
WNK4, newly synthesized NCC is targeted via sortilin
for lysosomal degradation rather than cell surface
expression, thus reducing the pool of NCC available
for sodium transport.286,287 In contrast, WNK1 and
WNK3 activate the sodium transport function of NCC
that is on the cell surface by phosphorylating the intra-
cellular kinase SPAK, which then phosphorylates and
activates NCC. A second phosphorylation target of
WNK3 is WNK4 itself, resulting in inhibition of the
WNK4-mediated NCC degradation, and thus increas-
ing NCC surface expression. Mutations in WNK4 that
cause PHAII result in increased sodium reabsorption
at least in part due to increased NCC on the cell
surface.288
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Syntaxin specificity of aquaporins in the inner medullary collect-
ing duct. Am J Physiol Renal Physiol 2009;297:F292�300.

[259] Stefan E, et al. Compartmentalization of cAMP-dependent sig-
naling by phosphodiesterase-4D is involved in the regulation
of vasopressin-mediated water reabsorption in renal principal
cells. J Am Soc Nephrol: JASN 2007;18:199.

[260] Jo I, Ward DT, Baum MA, Scott JD, Coghlan VM, Hammond
TG, et al. AQP2 is a substrate for endogenous PP2B activity
within an inner medullary AKAP-signaling complex. Am J
Physiol Renal Physiol 2001;281:F958�965.

[261] Yasui M, Zelenin SM, Celsi G, Aperia A. Adenylate cyclase-
coupled vasopressin receptor activates AQP2 promoter via a
dual effect on CRE and AP1 elements. Am J Physiol 1997;272:
F443.

[262] Hasler U, Vinciguerra M, Vandewalle A, Martin PY, Feraille E.
Dual effects of hypertonicity on aquaporin-2 expression in

cultured renal collecting duct principal cells. J Am Soc
Nephrol 2005;16:1571.

[263] Snyder PM, Olson DR, Kabra R, Zhou R, Steines JC. cAMP
and serum and glucocorticoid-inducible kinase (SGK) regulate
the epithelial Na(1) channel through convergent phosphoryla-
tion of Nedd4-2. J Biol Chem 2004;279:45753.

[264] Snyder PM. Liddle’s syndrome mutations disrupt cAMP-
mediated translocation of the epithelial Na(1) channel to the
cell surface. J Clin Invest 2000;105:45.

[265] Butterworth MB, Edinger RS, Johnson JP, Frizzell RA. Acute
ENaC stimulation by cAMP in a kidney cell line is mediated
by exocytic insertion from a recycling channel pool. J Gen
Physiol 2005;125:81.

[266] Schnizler M, Mastroberardino L, Reifarth F, Weber WM,
Verrey F, Clauss W. cAMP sensitivity conferred to the epithe-
lial Na1 channel by alpha-subunit cloned from guinea-pig
colon. Pflugers Arch 2000;439:579�87.

[267] Stockand JD. Vasopressin regulation of renal sodium excre-
tion. Kidney international 2010;78:849.

[268] Welling PA, Ho K. A comprehensive guide to the ROMK
potassium channel: form and function in health and disease.
Am J Physiol Renal Physiol 2009;297:F849.

[269] Hebert SC, Desir G, Giebisch G, Wang W. Molecular diversity
and regulation of renal potassium channels. Physiol Rev
2005;85:319.

[270] Heath CM, Stahl PD, Barbieri MA. Lipid kinases play crucial
and multiple roles in membrane trafficking and signaling.
Histol Histopathol 2003;18:989.

[271] Doughman RL, Firestone AJ, Anderson RA. Phosphatidylinositol
phosphate kinases put PI4,5P(2) in its place. J Membr Biol
2003;194:77.

[272] Liou HH, Zhou SS, Huang CL. Regulation of ROMK1 channel
by protein kinase A via a phosphatidylinositol 4,5-bispho-
sphate-dependent mechanism. Proc Natl Acad Sci USA
1999;96:5820.

[273] Reeves WB, McDonald GA, Mehta P, Andreoli TE. Activation
of K1 channels in renal medullary vesicles by cAMP-depen-
dent protein kinase. J Membr Biol 1989;109:65.

[274] Yoo D, Kim BY, Campo C, Nance L, King A, Mauoyo D, et al.
Cell surface expression of the ROMK (Kir 1.1) channel is regu-
lated by the aldosterone-induced kinase, SGK-1, and protein
kinase A. J Biol Chem 2003;278:23066�75.

[275] Yoo D, Flagg TP, Ohlson O, Raghuram V, Foskett JK, Welling
PA. Assembly and trafficking of a multiprotein ROMK (Kir
1.1) channel complex by PDZ interactions. J Biol Chem
2004;279:6863�73.

[276] Hoorn EJ, Nelson JH, McCormick JA, Ellison DH. The WNK
kinase network regulating sodium, potassium, and blood pres-
sure. J Am Soc Nephrol: JASN 2011;22:605.

[277] Verissimo F, Jordan P. WNK kinases, a novel protein kinase
subfamily in multi-cellular organisms. Oncogene 2001;20:5562.

[278] Leng Q, Kahle KT, Rinehart J, MacGregor GG, Wilson FH,
Canessa CM, et al. WNK3, a kinase related to genes mutated
in hereditary hypertension with hyperkalemia, regulates the
K1 channel ROMK1 (Kir1.1). J Physiol 2005;15:15.

[279] Rinehart J, et al. WNK3 kinase is a positive regulator of
NKCC2 and NCC, renal cation-Cl2 cotransporters required for
normal blood pressure homeostasis. Proc Natl Acad Sci USA
2005;102:16777.

[280] Lazrak A, Liu Z, Huang CL. Antagonistic regulation of ROMK
by long and kidney-specific WNK1 isoforms. Proc Natl Acad
Sci USA 2006;103:1615.

[281] Kahle KT, Wilson FH, Lifton RP. Regulation of diverse ion
transport pathways by WNK4 kinase: a novel molecular
switch. Trends Endocrinol Metab 2005;16:98.

402 13. PRINCIPLES OF CELL SIGNALING

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



[282] Wilson FH, et al. Human hypertension caused by mutations in
WNK kinases. Science 2001;293:1107.

[283] Kahle KT, Gimenez I, Hassan H, Wilson FH, Wong RD,
Forbush B, et al. WNK4 regulates apical and basolateral Cl2

flux in extrarenal epithelia. Proc Natl Acad Sci USA
2004;101:2064�9.

[284] Huang CL, Yang SS, Lin SH. Mechanism of regulation of renal
ion transport by WNK kinases. Curr Opin Nephrol Hypertens
2008;17:519.

[285] He G, Wang HR, Huang SK, Huang CL. Intersectin links WNK
kinases to endocytosis of ROMK1. J Clin Invest 2007;117:1078.

[286] Subramanya AR, Liu J, Ellison DH, Wade JB, Welling PA.
WNK4 diverts the thiazide-sensitive NaCl cotransporter to the
lysosome and stimulates AP-3 interaction. J Biol Chem
2009;284:18471.

[287] Zhou B, Zhuang J, Gu D, Wang H, Cebotaru L, Guggino WB,
et al. WNK4 enhances the degradation of NCC through a
sortilin-mediated lysosomal pathway. J Am Soc Nephrol:JASN
2010;21:82�92.

[288] Lalioti MD, et al. Wnk4 controls blood pressure and potassium
homeostasis via regulation of mass and activity of the distal
convoluted tubule. Nat Genet 2006;38:1124.

403REFERENCES

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



This page intentionally left blank



C H A P T E R

14

Scaffolding Proteins in Transport
Regulation
Paul A. Welling

Department of Physiology, University of Maryland School of Medicine, Baltimore, MD, USA

PDZ-PROTEINS

PDZ domains (also known as DHR domains or
GLGF repeats) are B90 amino acid, protein�protein
interaction modules that bind short amino-acid motifs
(4�5 residues) generally found at the extreme COOH-
terminus of target proteins.1 More rarely, PDZ domains
recognize internal sequences that mimic the COOH-ter-
minal binding motif.2,3 The term PDZ is derived from
the names of the three proteins that the structure was
originally identified from (PSD 95, a post synaptic den-
sity protein), Dlg (Dropsophila Disc large tumor sup-
pressor), and ZO-1 (zona occludens, the tight junction
protein). Since its discovery as a region of sequence
homology in these few proteins,4 the PDZ domain has
become recognized as one of the most common interac-
tion modules. The human genome contains over 250
PDZ domains in nearly 100 human proteins. The struc-
ture is evolutionarily conserved, emerging largely in
metazoans, perhaps to accommodate the increased sig-
naling needs of multicellular organisms.5

PDZ domain containing proteins usually possess mul-
tiple protein�protein recognition modules. Because the
domains act independently and allow concurrent recruit-
ment of different binding targets, PDZ proteins function
as molecular scaffolds. Indeed, PDZ proteins facilitate
multi-protein complex formation, and organize expres-
sion of target proteins on specific membrane domains for
a wide range of physiological processes. A growing body
of work has strongly implicated PDZ proteins in targeting
and clustering various receptors, channels, transporters,
and signal transduction elements at specific plasma mem-
brane domains in different cell types, including neurons,6

muscle,7 and the visual system.8 PDZ proteins play espe-
cially important roles in epithelial transport processes.

CLASSES OF PDZ DOMAINS

PDZ domains have been traditionally divided into
three different classes, categorized by the nature of
their ligands.1 The different ligand classes are distin-
guished by differences in the binding residues found
at the extreme COOH of target proteins (Figure 14.1).
Type I domains recognize the sequence, X-S/T-X-Φ*
(where X5 any amino acid; Φ5hydrophobic amino
acid; *5COOH terminus). Type II domains bind to
ligands with the sequence X-Φ-X-Φ*. Type III domains
interact with X-D/E-X-Φ* sequences.9,10 Binding speci-
ficity within each domain class can be conferred by the
variant (X) residues, as well as residues outside the
canonical binding motif, especially at the -3 and -4
positions (where 0 position is the C-terminal residue).
Moreover, a few PDZ domains do not fall into any of
these specific classes.5

Based on large-scale proteomic analysis of PDZ-
ligand interactions, it has been suggested the tradi-
tional three-class definition be extended to include 16
distinct binding classes.11 Such a classification has
been proposed to predict specific interaction partners
of known PDZ domains with greater fidelity than the
traditional scheme.

STRUCTURAL BASIS FOR PDZ
INTERACTION

In recent years, the structures of over 20 different
PDZ domains have been solved at atomic resolution.
Like many protein�protein recognition modules, PDZ
domains are small globular structures. Comprised of
six β-strands (βA-βF) and two alpha helices (αA and
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αB), PDZ domains fold into a six stranded beta sand-
wich12,13 (Figure 14.1). The peptide ligand inserts into
a binding cleft, created by the βB strand and the αB
helix, effectively forming an additional antiparallel
beta strand. An extensive network of hydrogen bonds
and hydrophobic interactions stabilizes binding of the
peptide. For instance, the conserved glycine-leucine-
glycine-phenylalanine-alanine (GLGF) motif contained
within a βA-βB linker provides a cradle of main chain
amides, and confers recognition of the terminal carbox-
ylate group of the peptide.13 A hydrophobic pocket
accommodates the hydrophobic COOH-terminal resi-
due, thereby accounting for preferential interaction
with proteins ending with a hydrophobic residue (the
so-called P0 position).

Binding specificity among the different binding clas-
ses is determined partly by an interaction between the
P-2 residue of the target protein and the first residue of
the PDZ domain αB-helix.13 In Class I PDZ domains, a
conserved histidine residue forms hydrogen bonds

with the invariant P-2 serine or threonine residue in the
target protein. In class II PDZ domains, this position of
the PDZ domain and the P-2 residue of the target pro-
tein are usually occupied by a hydrophobic amino
acid.14

Binding specificity within each domain class is also
observed. At least three factors account for this.
First, unique residues within or adjacent to the peptide-
binding groove in the PDZ domain can interact
with the target at sites other than the P-2 and P0
residues.13,15�17 For example, the side chain of the P-1
target protein residue usually points away from the
invariant interaction surface but, in some cases, it can
bond with residues that are distinct to a particular PDZ
domain.15,17 Likewise, the P-3 side chain can make con-
tact with unique residues in the interaction groove.
Sites proximal to the archetypal, four amino acid-
binding motif can also interact with regions outside the
canonical-binding site, and thereby also contribute to
binding specificity and affinity.17,18 Second, because
interacting residues in PDZ domains can undergo large
ligand-dependent conformational changes,19,20 varia-
tions in binding pocket flexibility may contribute to
binding specificity. Such a mechanism has been pro-
posed to explain the different binding specificity of the
two highly homologous PDZ domains in NHERF1.21

Finally, genome-wide analysis of PDZ domain binding
suggests that PDZ domain selectivity is also achieved
by the cellular and subcellular context of the interac-
tion, and this may actually play a more important role
than inherent binding specificity.22

REGULATION OF PDZ BINDING

PDZ interactions can be dynamically regulated to con-
trol the composition and stoichiometry of different mul-
timeric complexes. Phosphorylation of the binding target
is the most common mechanism. This is explained by
the fact the P-2 serine or threonine in canonical type I
PDZ targets can be a substrate for phosphorylation. In
these cases, phosphorylation of the residue creates an
energetically unfavorable PDZ ligand. For example,
phosphorylation of the COOH-terminal site in the Kir
2.3 channel by Protein Kinase A inhibits its interaction
with the synaptic PDZ protein, PSD-95,23 to regulate the
channel.24 Likewise, phosphorylation of the P-2 serine in
the β2 adrenergic receptor uncouples the receptor from
the NHERF1 PDZ protein, and disrupts receptor recy-
cling in the post-endocytic pathway.25

Phosphorylation of sites within PDZ proteins is
emerging as an additional mechanism for modulating
PDZ binding. Evidence for this was first provided by
observations that the interaction of a PDZ protein,
NHERF1 (see below), with CFTR is negatively
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Type I X–S/T–X–Φ–COOH 
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Type III X–D/E–X–Φ–COOH 

(X–P–2 –X – P0) 

(a)

A.

(b)

FIGURE 14.1 PDZ-binding classes and structures. (a) PDZ-
binding motifs of the three different PDZ ligand classes are shown
(X: any amino acid; Φ: hydrophobic amino acid). Residues in PDZ
ligands are conventionally numbered from the final amino acid at
the extreme COOH terminus, the so-called P0 position. (b) Structure
of a type I PDZ domain with its ligand (third PDZ domain of PSD-95
is shown (PDB,1BFE) Doyle). The conserved GLGF motif in βA-βB
linker provides a cradle of main chain amides for interaction with
the terminal carboxylate group of the P0 residue. A hydrophobic
pocket accommodates the hydrophobic P0 side chain. The first resi-
due of the αB helix, a conserved histidine, forms hydrogen bonds
with the P-2 threonine residue in the target protein.
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regulated by phosphorylation of a residue in the
second PDZ domain.26 Phosphorylation of sites in or
near the first PDZ domain of NHERF1 also disrupt
interaction with the Na-phosphate co-transporter,
Npt2a.27�29 Phosphorylation of sites that are involved
in PDZ�PDZ protein oligomerization has also been
observed.30 This is believed to modulate the extent to
which some PDZ proteins can form higher order scaf-
folding complexes.31,32

Finally, switching interactions with different PDZ
proteins can differently regulate the activity and locali-
zation of target proteins. This occurs when the target
has the capacity to bind to several PDZ proteins that
have different properties. For example, TIP-1, a protein
that consists of a single PDZ domain and lacks other
protein�protein interaction modules, binds to certain
target proteins to antagonize the scaffolding functions
of canonical PDZ proteins.33

POLARIZED EXPRESSION OF PDZ
PROTEINS IN EPITHELIAL CELLS

A number of PDZ proteins are preferentially
expressed at polarized membrane domains or within
critical sorting compartments (Figure 14.2), where they
perform retention/sorting operations and organize local
signaling complexes at polarized locales.34 Examples of
PDZ proteins that predominately reside at the basolat-
eral membrane of certain intestinal and renal epithelia
include syntrophin35 (see “Dystrophin-Associated
Protein Complex,” below), Lin-736,37 (see “Lin-7/CASK/
SAP97,” below), the ErbB interacting protein, ERBIN,38

and certain members of the membrane associated guany-
late kinase family of PDZ proteins, such as CASK,39

PSD-93,40 and SAP97 (aka Discs large homolog 141).
Other PDZ proteins, including the sodium hydrogen
exchange regulator factors (see “NHERF, “below),
Shank2E,42 and PSD-95,40 are chiefly expressed on or
near the apical membrane. Some PDZ proteins, such as

zonula occludens, PALS1 (Stardust), and PATJ (Disc
lost),43 play important roles in the generation and main-
tenance of the tight junction.44 Still others, like CAL,
which is primarily located in the Golgi45 or SNX27,46 and
syntenin,47,48 which are found in endosomes, reside in
biosynthetic or endocytotic sorting compartments.

A PDZ-binding motif can serve as a polarized sort-
ing49 or retention signal.50 One of the first examples
evolved from studies with the GABA transporters or
GATs51; deletion of the PDZ-binding motif from the
apical isoform GAT-3 caused the transporter to localize
randomly to both apical and basolateral membranes.52

Basolateral membrane expression of several membrane
proteins has also been found to require a PDZ-binding
motif. For instance ERBB receptors, which play crucial
roles in morphogenesis and oncogenesis, interact with
a basolateral PDZ protein, called ERBIN, and require a
PDZ-binding motif for basolateral membrane expres-
sion.38 ERBIN is targeted to the basolateral membrane
by its leucine-rich repeat domain.53 Efficient basolat-
eral membrane expression of a number of transporters
that interact with the basolateral PDZ protein Lin-7
also require an intact PDZ-binding site (see below).

MAGUKS, THE ARCHETYPAL PDZ
SCAFFOLDS

Members of the MAGUK (membrane associated gua-
nylate kinase) family of PDZ proteins are the archetypal
PDZ scaffolds. MAGUK proteins are equipped to
assemble large molecular complexes, having one to
three PDZ domains, a SRC homology 3 domain (SH3),
and a catalytically inactive guanylate kinase-like (GK)
domain. In addition to the PDZ domains, the GK and
the SH3 domains function as independent protein�pro-
tein interaction modules; GK domains recruit scaffold
adaptor molecules called guanylate kinase-associated
proteins or GKAPs,54 while SH3 domains have been
shown to coordinate interaction with at least one non-

Lin-7/CASK/SAP97

Erbin

CAL

Syntropin

NHERF 1 & 3

NHERF 2 & 4

Shank2E

Syntenin

Basolateral Membrane 

SNX27

TJ

Apical

Endosome
ZO1,2,3

PALS1 (Stardust) 

PATJ (Disc lost)

FIGURE 14.2 Major PDZ proteins in epithelial

cells. PDZ domain containing proteins differentially
localize to epithelial cell brush borders, subapical
domains, endosomes, tight junctions, and basolat-
eral membranes.
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receptor tyrosine kinase.55 The SH3 and GK domains
can also interact with one another, forming a composite
SH3�GK structure56,57 that acts as an additional inter-
molecular protein�protein interaction domain with a
binding specificity that is distinct from either SH3 or
GK domains.58

The PSD-95 family, encoded by four genes (PSD-95/
SAP90, PSD-93/Chapsyn-110, SAP102, and SAP97),
exemplifies MAGUK proteins. Two of these, PSD-9340

and SAP97 (see below), are expressed in renal epithe-
lial cells. However, the best characterized member,
PSD-95, is largely expressed in excitable tissues, and
plays central roles in maintaining and modulating the
strength and structure of glutamatergic synapses.59

Generally, its properties and functions are likely to be
applicable to the other MAGUKs, including those
expressed in the kidney.

Like many scaffolds, PSD-95 not only contains mul-
tiple protein�protein interaction modules, it also
assembles into multimers, creating an extended
platform for efficient scaffolding.60,61 These qualities,
combined with palmitoylation-dependent membrane
tethering and synaptic localization signals,62 make
PSD-95 ideally designed to cluster ion channels, recep-
tors, trafficking proteins, and signal transduction
machinery at the post-synaptic membrane. In doing so,
PSD-95 influences trafficking, endocytosis, and activi-
ties of target proteins at the synapse.59 Organizing
local signaling complexes is one of the most important
clustering functions of PSD-95. For example, the PDZ
domains in PSD-95 independently interact with the
calcium/calmodulin-activated nitric oxide synthase,
nNOS, and NMDA (N-methyl-D-aspartate) receptors
to form a ternary complex.63,64 The organization is
thought to be important for regulated synthesis of
nitric oxide. Because NMDA receptors are permeable
to calcium, the physical linkage of nNOS with the
excitatory receptors is believed to allow nitric oxide
production to be efficiently coupled to receptor activa-
tion, calcium influx, and local changes in intracellular
calcium.65 Significantly, disruption of NMDAR interac-
tion with PSD-95 dissociates the receptors from down-
stream neurotoxic signaling, without blocking synaptic
activity or calcium influx.66

Local signaling complexes that control the produc-
tion of NOS in the kidney have been proposed.67

One may involve PSD-93, the predominate MAGUK in
renal epithelial cells.40 Similar to PSD-95, PSD-93
associates with the plasmalemma via palmitoylation-
dependent tethering signals,68 where it recruits and
clusters various target proteins, including nNOS.69 In
the kidney, PSD-93 is largely expressed along the baso-
lateral membrane of the thick ascending limb, macula
densa cells and the distal nephron.40 In the macula
densa, PSD-93 colocalizes with the pool of nNOS that

is associated with intracellular vesicles and the basolat-
eral membrane.40 It remains to be tested if PSD-93
interaction with nNOS in the macula densa coordi-
nates regulated NO production in the manner that is
observed with PSD-95 at the excitatory synapse.

FORM AND FUNCTION OF PDZ PROTEIN
FAMILIES IN THE KIDNEY

Apical Membrane PDZ Protein Complexes

NHERF

The Na/H exchange regulator factor PDZ proteins,
NHERF, are highly expressed in the kidney and small
intestine where they act as molecular scaffolds, associat-
ing with a number of transporters, channels, signaling
proteins, transcription factors, and receptors to regulate
apical membrane transport processes.70,71 There is a
family of four related NHERF proteins encoded by sepa-
rate genes72,73 (Figure 14.3). Originally known by many
names, a unifying nomenclature has been proposed,72,73

designating the genes as NHERF-174,75 (also known as
Ezrin Binding Protein-50, EBP-5076); NHERF-2 (also
known as NHE-3 kinase A (E3KARP)77); tyrosine kinase
activator-1 (TKA) and sex-determining region of the Y
chromosome (SRY-1)-interacting protein78; NHERF-3
(also called PDZK1,79 Cap70,80 DiPHOR or NaPi-Cap181);
and NHERF-4 (also called IKEPP,82 DIPHOR-2, and
NaPi-Cap 281). Each member of the NHERF family of pro-
teins is believed to play important roles in the regulation
of transport processes within the proximal tubule, as well
as other sites along the nephron, acting by three different
but not mutually exclusive mechanisms. Present evidence
indicates that the NHERFs function to: (1) organize local
signaling complexes; (2) control apical membrane traffick-
ing; and (3) couple apical membrane transport proteins
with other PDZ-binding targets. In this way, NHERFs
modulate transporter activity and/or apical abundance of
transporters, channels, and receptors. Importantly, each
NHERF isoform appears to have unique regulatory prop-
erties that are manifested in cell-specific manners.83

Studies in NHERF isoform knockout-mice have begun to
clarify their different physiologic roles in the renal proxi-
mal tubule, small intestine, and other epithelia.

Like other scaffolding proteins, the functions of the
NHERFs are made possible by the presence of their mul-
tiple protein�protein interaction domains. NHERF-1
and NHERF-2 contain two PDZ domains and a COOH-
terminal Ezrin/Radixin/Mosein/Merlin (ERM)-binding
domain. The latter coordinates interaction with the ERM
family of actin binding and A-kinase anchoring proteins
to direct linkage with the actin cytoskeleton84 and signal
transduction machinery.85 By contrast, NHERF-3 and
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NHERF-4 contain four PDZ domains, but no ERM
domain (Figure 14.3).

NHERF proteins can also interact with one another,
forming higher order protein networks. Indeed,
NHERF1 and NHERF2 associate as homodimers and
heterodimers.30,86�88 Interestingly, oligomerization of
NHERF-1, but not NHERF-2, is highly regulated by asso-
ciation with other proteins and by phosphorylation.30

NHERF3 has been reported to interact with NHERF1
and NHERF2 to form an extensive heteromeric com-
plex.87 Interaction between NHERF1 and NHERF3 and
ezrin is corroborative, providing a mechanism to regu-
late formation of a ternary scaffolding complex that con-
tributes to the organization microvilli.31,89,90

NHERF in Epithelial Transport

A growing body of evidence indicates each NHERF
isoform has individual and specialized activities in the

kidney. It some cases, specific roles of several NHERF
proteins may converge and act cooperatively to regu-
late target proteins. Here we review the state of knowl-
edge about each NHERF isoform.

NHERF1 was originally discovered as a co-factor
necessary for cAMP-kinase dependent phosphoryla-
tion and inhibition of NHE3, a brush border Na1/H1

exchanger.74,75 Biochemical studies and work in
heterologous expression systems established a likely
mechanism whereby NHERF1 organizes a local PKA
signaling complex, using its PDZ domains and the
ERM-binding domain (Figure 14.3b). The second PDZ
domain of NHERF1 directly interacts with NHE3,91

while the ERM-binding domain simultaneously
engages ezrin.92 By acting as an A-kinase anchor pro-
tein (AKAP, see below),85 ezrin recruits the regulatory
subunit of PKA II92 to the NHERF1 complex.
Consequently, NHERF1 juxtaposes PKA with NHE3
for efficient phosphorylation of the transporter and

PDZ2 PDZ1 PDZ3 PDZ4

PDZ2 PDZ1 PDZ3 PDZ4

NHERF1 

(EBP-50)

NHERF2 

(E3KARP, SIP-1, TKA-1)

NHERF3 

(PDZK1, CAP70,NaPi-CAP1)

NHERF4 

(NaPi-CAP2, IKEPP)

PDZ2
 ERM

Ezrin

Actin

PDZ1

Apical Membrane

NHE3

NHERF1 

 ERM

PDZ2 PDZ1  ERM

PDZ2 PDZ1  ERM

 PKA

(a)

(b)

FIGURE 14.3 NHERF. (a) Domain architecture of NHERF family members. NHERF 1 and NHERF 2 contain two PDZ domains and an
ERM-binding domain. NHERF 3 and NHERF 4 contain four PDZ domains, but no ERM-binding domain. (b) The protein�protein interaction
modules in NHERF1 allow it to assemble multi-protein complexes, consisting of PDZ-binding targets (such as NHE3, shown), ezrin, and PKA.
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inhibition of Na1/H1 exchange. Consistent with the
model, removal of the ERM-binding domain in
NHERF1 disrupts formation of NHERF1�ezrin signal
complex and attenuates the inhibitory effect of cAMP
on NHE3 activity.93 EPAC (the exchange protein
directly activated by cAMP) also participates in the
NHERF1-dependent inhibitory response in the proxi-
mal tubule, but it is not presently understood how
NHERF couples EPAC to NHE3.94

Direct evidence that the NHERF1 signal complex is
required for phospho-regulation of NHE3 has been pro-
vided by studies in NHERF1 gene knockout mice.95 In
this model, activation of PKA fails to phosphorylate
and inhibit NHE3 activity in the proximal tubule.96 The
response appears to be specific to NHERF1 removal, in
that other proximal tubule NHERF isoforms are not
affected by NHERF1 gene ablation. Moreover, the
inhibitory effect of PKA can be completely restored in
NHERF1-null proximal tubule cells upon adenoviral-
mediated delivery of wild-type NHERF1.97

The PKA coupling function of NHERF1 is believed to
be widespread, with a body of work indicating that the
NHERF1 can act as a nexus of signaling complex assem-
bly for efficient phosphorylation and regulation of a vari-
ety of transporters, channels, and receptors (reviewed in
98). For example, NHERF1 (as well as NHERF299) binds
to CFTR100,101 through a PDZ interaction to potentiate
PKA phosphorylation-dependent CFTR Cl(2) cur-
rents102 in an ezrin-AKAP dependent manner.

Simultaneous PDZ-dependent recruitment of
G-protein coupled receptors by NHERF proteins can fur-
ther focus local signaling around NHE3 and other trans-
port proteins.71 For instance, studies in heterologous
systems reveal that NHERF binds to the β2-adrenergic
receptor (BAR2) by means of a PDZ domain-mediated
interaction to recruit NHE3 and the receptor into a local
signaling complex for efficient receptor-mediated regula-
tion of sodium�hydrogen exchange. Removal of the
PDZ interaction motif in the BAR2 disrupts receptor
interaction with NHERF1, and markedly reduces β2-ade-
nergic receptor-mediated regulation of NHE3 without
altering activation of adenylyl cyclase.103 Likewise,
NHERF1 facilitates the assembly of a complex containing
the β2-adenergic receptor, ezrin, PKA, and CFTR at the
apical membrane of epithelial cells for compartmental-
ized and specific signaling of the channel.104 Other
examples have recently been extensively reviewed.71

The tandem PDZ domains in NHERF1 also provide
a structural framework to link PDZ-binding transport
proteins with PDZ-binding signal transduction
machinery. Indeed, several different kinases,105,106

phospholipase C isoforms,107 and the receptor for acti-
vated C kinase, RACK,108 have been identified as
NHERF1 PDZ-binding targets. Characterization of con-
sensus binding sequences of isolated NHERF-1 PDZ

domains by phage-display, affinity selection
techniques revealed that the two PDZ domains have
different ligand-binding specificities, with distinct pre-
ferences for residues at the 0, 21 and 23 positions of
type I PDZ ligands.101 Thus, NHERF1 has a biochemi-
cal capacity to tether different PDZ-binding targets
together. In addition, because NHERF1 interacts with
itself and links with the actin cytoskeleton, formation
of an extended network of NHERF1 molecules may
join different PDZ-interacting proteins to the same
locale. Such a mechanism has been proposed to
explain NHERF1-dependent coupling of phospholi-
pase C with the TRP4 channel.107

In some cases, the PDZ domains in NHERF1 can
support simultaneous interaction of two identical pro-
teins. The best-characterized example is CFTR, which
interacts with both PDZ domains in NHERF1, albeit
with different binding affinities.109 In this case,
NHERF1 has been reported to induce a high open
probability conformation of CFTR by cross-linking the
C-terminal tails of a CFTR dimer. Because CFTR binds
to the two PDZ domains with different kinetics and
affinities, channel gating is profoundly sensitive to
alterations in NHERF1 abundance. Moreover, the com-
position and stoichiometry of NHERF-CFTR interac-
tions can be dynamically regulated. Phosphorylation
of NHERF1 has been found to specifically disrupt
CFTR interaction with the second PDZ domain, uncou-
pling the tethered C-terminal tails and inducing a
low open-probability conformation.26 A similar PDZ-
dependent cross-linking mechanism has been
described with NHERF3.80

NHERF1-Dependent Apical Membrane Trafficking

In addition to co-localizing key components of sig-
nal transduction pathways, NHERF1 can also regulate
cell surface expression and localization of some of its
binding targets. It appears to function by controlling
trafficking operations in the post-endocytic recycling
pathway,25,110 as well as by anchoring target proteins
on the plasma membrane,100,111 likely by interactions
with the cytoskeleton.

Regulation of the Na-dependent phosphate trans-
porter, Npt2a, in the proximal tubule provides a
salient example. It is well-known that factors which
regulate proximal tubule Pi reabsorption and Pi
homeostasis do so by altering the density of Npt2a at
the apical membrane. NHERF1 plays an important role
in this process. Indeed, NHERF1 gene ablation causes
diminished expression of Npt2a at the apical mem-
brane and renal phosphate-wasting.95 In the NHERF1
knockout model, the Npt2a transporter is misrouted
into a subapical, intracellular compartment,95,112

indicative of a trafficking defect.
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Studies in model systems have begun to cast light
on the underlying mechanism. Npt2a binds to the first
PDZ domain of NHERF1 via a type 1 interaction,
requiring the last three amino acids of the co-trans-
porter.81 These residues are also necessary for efficient
apical expression of Npt2a,111,113,114 suggesting that
apical targeting and/or anchoring is specified by direct
NHERF1 interaction. Apical localization of the co-
transporter can be blocked by ectopic expression of
truncated NHERF1 proteins, which contain the first
PDZ domain and are able to interact with the trans-
porter, but lack the ERM-binding domain. Thus, it is
likely that NHERF1 coordinates localization of the co-
transporter by tethering Npt2a with the actin cytoskel-
eton through the ERM-binding domain.111

Exciting recent studies reveal that PTH induced
internalization and lysosomal degradation of Npt2a in
the proximal tubule are coincident with phosphoryla-
tion of NHERF1, and disruption of Npt2a/NHERF1
interaction.115 These observations strongly suggest that
Npt2a�NHERF1 interactions are physiologically
regulated to control Npt2a apical surface density for
maintenance of calcium and phosphate metabolism.
Recent live-cell imaging studies indicate NHERF1 reg-
ulates apical expression of Npt2a by a brush border
retention mechanism.116,117 A similar process controls
the localization of the PTH receptor.118 In other pro-
teins, such as CFTR110 and certain G-protein coupled
receptors,25,119 NHERF1 maintains surface expression
by driving recycling to the cell surface after
internalization.

Although NHERF1 effectively anchors NHE3 and
Npt2a within the microvilli by directly interacting with
the transporters and engaging the underlying microvil-
lar cytoskeleton, the transporters have different fates in
the renal proximal tubule when they disassociate from
NHERF1. In NHERF1 knockout mice, localization of
NHE3 is maintained within the microvilli, but Npt2a is
targeted to the lysosome. By contrast, when interaction
with NHERF1 become severed by physiological signal-
ing processes (e.g., PTH-dependent), a myosin VI
driven translocation process moves NHE3 and Npt2a
out of the microvilli.120�123 Because NHE3 selectively
assimilates with lipid rafts, the translocated NHE3
molecules are effectively excluded from clathrin-coated
pits and consequently are retained at the base of the
microvilli.121 By contrast, Npt2a transporters do not
partition into rafts, and are free to be internalized once
its ties with the microvillar anchor are broken.

Direct phosphorylation of NHERF1 is emerging as
an important mechanism for negatively regulating
PDZ-dependent binding interactions in the proximal
tubule. Two residues, threonine 95 and serine 77,
within the first PDZ domain are phosphorylated in
response to PTH and dopamine treatment in the renal

proximal tubule. This decreases the binding affinity
for the Npt2a transporter, and likely contributes to
the hormonal suppression of renal phosphate trans-
port.27�29 Additional phosphorylation-dependent
mechanisms have been reported to control binding at
the second PDZ domain in ways that are important for
regulating microvilli assembly.31

NHERF2

NHERF2 appears to have different functions than
NHERF1 in the kidney,72,124 even though the two PDZ
proteins share a common domain structure and
NHERF2 is equally effective as NHERF1 in mediating
cAMP inhibition of NHE3 in heterologous systems.77

Unlike NHERF1, which is exclusively expressed in the
human, rat, and mouse proximal tubule, expression of
NHERF2 in the proximal tubule is species-specific.
Found only in the mouse proximal tubule, NHERF2
predominantly localizes to a subapical, intermicrovillar
compartment that is distinct from NHERF1 in the
brush border.125 Importantly, NHERF2 does not sup-
port phosphorylation-dependent inhibition of NHE3 or
apical localization of Npt2a in the NHERF1 knockout
model, indicating that NHERF2 does not share physio-
logically redundant functions with NHERF1 in the
proximal tubule.124

The functions of NHERF2 are, in fact, better under-
stood at sites outside the proximal tubule. In the kid-
ney, NHERF2 is predominately expressed in the
glomerulus, vas recta, and the collecting duct.126

Physiologically important PDZ-binding partners have
been identified in each of these locales. In the glomeru-
lus, NHERF2 interacts with podocalyxin, possibly
functioning to retain podocalyxin at the apical surface
of the podocyte and provide a mechanism for linking
this important surface sialomucin to the actin cytoskel-
eton.127 NHERF2 associates with the TRPC4 channel in
the descending vasa recta, where it has been suggested
to control Ca21 signaling128 in a similar way that the
INAD PDZ protein controls TRP in the Drosophila
eye.129 In the collecting duct, NHERF2 co-localizes and
interacts with the ROMK channel. Studies in heterolo-
gous expression systems indicate that NHERF2 cou-
ples accessory proteins and signal transduction
machinery to ROMK for efficient channel regulation
and trafficking.130

The PDZ-binding specificity of NHERF2 also
undoubtedly contributes to its unique functions as
compared to NHERF1. While NHERF2 shares many of
the same PDZ-binding partners as NHERF1, with
nearly 60 having been identified,70 it also interacts
with several proteins that NHERF1 does not react
with. These include alpha-actinin-4131; cGMP kinase I
and II132; a putative Cl/HCO3 exchanger downregu-
lated in adenoma133; podocalyxin127; human Y-linked
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testis determining gene-binding factor78; serum gluco-
corticoid stimulated kinase, SGK-1134; and transcrip-
tional co-activation with PDZ-binding motif, TAZ.135

By organizing these unique partners into protein
complexes, NHERF2 can affect functions that are dis-
tinct from NHERF1. NHERF isoform-specific regula-
tion of NHE3 in heterologous systems provides an
excellent illustration. NHERF2 uniquely confers Ca21-
dependent inhibition on NHE3136 by scaffolding the
exchanger to PKCα and alpha-actinin-4.72 NHERF1
does not support this activity, presumably because it is
not capable of interacting with alpha-actinin-4.
Likewise, by acting as a unique protein kinase G-
anchoring protein, NHERF2 specifically confers cGMP
inhibition on NHE3.83,132 Finally, activation of NHE3
by dexamethasone requires NHERF2 rather than
NHERF1.134 In this case, the first PDZ domain of
NHERF2 uniquely recruits the serum- and glucocorti-
coid-induced protein kinase, SGK1, into a complex
with NHE3 to phosphorylate and enhance exchanger
activity. Such a mechanism has been suggested to offer
an explanation for glucocorticoid stimulation of
sodium absorption in ileum, proximal colon, and renal
proximal tubule.134

NHERF2-dependent scaffolding of SGK1 may also
play an important role in the collecting duct for the regu-
lation of the potassium secretory channel, ROMK.137,138

It has been reported that NHERF2 can synergize with
SGK1 to augment cell surface expression of ROMK in
oocyte expression experiments.138 Biochemical studies
indicate that NHERF2 has the capacity to recruit ROMK
and SGK-1 into a ternary complex by preferentially bind-
ing to the channel with the first PDZ domain,130 while
simultaneously recruiting the kinase by preferred inter-
action with the second PDZ domain.134 Formation of
such a complex would allow efficient phosphorylation
of a residue that is required for delivery of the channel to
the cell surface. Indeed, SGK1 directly phosphorylates
serine 44137 in ROMK1, creating a forward trafficking
signal139 that overrides an endoplasmic reticulum locali-
zation signal.140,139 Together the observations suggest a
potential molecular mechanism for the regulation of
ROMK density by dietary potassium, whereby the
NHERF2 scaffold juxtaposes the SGK-1 with ROMK for
efficient phosphorylation-dependent trafficking to the
apical membrane.

NHERF3

NHERF3 was first discovered as PDZK1, a PDZ
domain-containing protein that is upregulated in carci-
nomas, and abundantly expressed in the proximal
tubule brush border.79,87,141 Significantly, the four PDZ
domains of NHERF3 support interaction with many
proximal tubule apical membrane transporter proteins,
including Npt2a, the solute carrier SLC17A1 (NaPi-I),

NHE3, the organic cation transporter (OCTN1), chlo-
ride-formate exchanger (CFEX), and the urate-anion
exchanger (URAT1),87 as well as a protein kinase A
anchoring protein, D-AKAP2.142 Based on these obser-
vations and findings that NHERF1 can interact with
NHERF3, it has been suggested that NHERF3 and
NHERF1 may form an extended scaffolding network
in brush borders of proximal tubular cells for the regu-
lation of transport.

Although the NHERF3-NHERF1 scaffolding net-
work concept is an attractive hypothesis, it should be
pointed out that targeted disruption of the NHERF3
gene by homologous recombination does not143 cause
global alterations in the expression or localization of
most of its interacting transport proteins in the proxi-
mal tubule.144,145 Instead, the major effects of NHERF3
gene disruption presently appear to be very specific,
confined only to two interacting proteins. A selective
reduction in the abundance and functional activity of
the chloride-formate exchanger, CFEX, at the proximal
tubule brush border is observed in NHERF3-null
animals.145 Physiologic stimulation of the NaPi-IIc iso-
form by dietary phosphate restriction is also impaired
in NHERF3-null animals. A minor role of NHERF3 in
Npt2a regulation can be provoked by physiological
perturbations; while NHERF3 null animals on a normal
or low phosphate diet do not exhibit alterations in
Npt2a abundance or function, high dietary phosphate
unmasks a modest attenuation of Npt2a levels at the
proximal tubule brush border.146 Differences in affini-
ties of the NaPi-II isoforms for NHERF1(Npt2a) and
NHERF3 (Npt2c) have been proposed to account for
this behavior.147

NHERF4

This member of the NHERF family was originally
identified in independent screens for PDZ-binding part-
ners of the Npt2a transporter81 and the receptor guanylyl
cyclase.82 First dubbed as NaPi Cap-2 or IKEPP
(Intestinal and Kidney-Enriched PDZ Protein), it was
subsequently reclassified as NHERF4 based on sequence
homology modeling.73 In the proximal tubule where it is
abundantly expressed, NHERF4 localizes to a subapical
region, like NHERF2, that is distinct from the brush bor-
der and NHERF1.81 Little is known about the function of
NHERF4 except that it inhibits heat stable toxin induced
cGMP synthesis,82 by a mechanism suggested to involve
PDZ-dependent recruitment of inhibitory factors.73 Roles
in regulating the TRPV5 and TRPV6 calcium channels
have also been described.203 Based on its structural
similarities with other NHERF forms and the site of
expression in the kidney,73 it seems likely that NHERF4
also modulates apical membrane transport and cell
signaling in the proximal tubule.
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Shank (SH3 Domain and Ankyrin Repeating
Proteins, A.K.A Proline-Rich Synapse-Associated
Protein-1/Cortactin-Binding Protein 1 (ProSAP1/
CortBP1))

In addition to the established role as master scaffolds
at the postsynaptic density,148 members of the Shank
(SH3 domain and ankyrin repeating proteins) family of
proteins play roles as apical membrane-associated scaf-
folds in epithelial cells. The three known Shank genes
(Shank1, Shank2, and Shank3) are expressed in a tissue-
specific manner. Shank 1 is almost exclusively expressed
in the brain, products of the Shank2 gene are found in
brain, kidney, and liver, whereas Shank 3 is most abun-
dantly expressed in the heart.149 The prototypical Shank,
Shank1, is a relatively large protein (. 200 KDa) contain-
ing multiple ankyrin repeats,150 a SH3 domain, a PDZ
domain, and a long proline repeat domain. A self-oligo-
merization domain, called a sterile alpha motif (SAM),
assembles the scaffolds into head-to-tail helical sheets,
forming an extensive Shank network for protein complex
assembly.151 In neurons, Shank forms a polymeric struc-
ture with another protein, Homer, to serve as a platform
for assembling postsynaptic density proteins.152 Multiple
splice variants of each gene have been identified that
contain different combinations of protein�protein inter-
action domains (Figure 14.4). For example, Shank2E, a
form that is predominantly expressed in epithelial
cells,42 contains ankyrin repeats whereas the Shank2
splice form found in the brain does not.

Extensive studies in the brain provide models for
Shank function in epithelial cells. It is well-established
that Shank family members localize to the postsynaptic

density of excitatory synapses, where they act as master
scaffolds along with Homer and PSD-95.148 Here, the
Shanks physically couple the two major receptor com-
plexes, N-methyl-d-aspartate receptors (NMDAR) and
metabotropic glutamate receptors (mGluR), and recruit
associated signaling proteins. They do so by concur-
rently engaging two different adaptors through distinct
protein�protein interaction domains. The Shank PDZ
domain associates with the GUK-associated protein,
GKAP which, in turn, interacts with the PSD-95 com-
plex, containing NMDA receptors.148 At the same time,
the proline rich domain of Shank interacts with another
adaptor protein, Homer, to link with metabotropic gluta-
mate receptors. Proline rich domains often serve as bind-
ing sites for SH3 (SrC homology), WW (conserved two-
tryptophan domain), and EVH1 domains (enabled/
vasodilator-stimulated phosphoprotein homology 1).153

A single EVH1 domain in Homer directly interacts with
a PPXXF motif in the Shank proline-rich domain, as well
as with similar proline motifs in group 1 mGluR and
other proteins, such as the IP3 receptor.154 Because
Homer proteins self-associate in a head-to-tail fashion,
two EVH1 domains per dimer are available to bridge
Shank with group 1 mGluRs. Consequently, Shank
cross-links Homer and PSD-95 complexes in the PSD,
presumably to couple signaling transduction pathways
emanating from NMDAR and mGluR. Disruption in this
synaptic scaffolding mechanism may be responsible for
human disease, as mutations in SPAK2 have been associ-
ated with autism and mental retardation.155

More recently, Shank2 forms have been implicated
in the modulation of apical membrane transport

 PDZ SH3 Proline Rich Region  SAM Ankyrinx6

Shank1

Shank2

Shank3

CortBP1

ProSAP1

Shank2E

FIGURE 14.4 Shank family members. Domain architectures of Shank1, 2, 3, and Shank2 splice variants are shown. The major epithelial
form, Shank2E, contains six ankyrin repeats, a SH3 domain, a PDZ domain, a proline rich domain, and a self-oligomerization region called a
SAM domain.
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processes. In the kidney, Shank2E is concentrated at the
apical membrane of proximal tubule cells were it inter-
acts with NHE3 and Npt2a, similar to NHERF1. Present
evidence indicates that Shank2 and NHERF may con-
trol the activity of these transport proteins in divergent
manners. Studies with NHE3 in heterologous expres-
sion systems, for example, revealed that Shank2 posi-
tively regulates NHE3 membrane expression and
blunts the cAMP-dependent inhibition of NHE3, in part
by antagonizing the action of NHERF1. Likewise, in
pancreatic duct cells, Shank2E associates with CFTR at
the apical membrane and inhibits Cl channel activity,156

contrasting the positive effects of NHERF1 and
NHERF2 on CFTR (see above). Shank2 also positively
regulates NHE3 by recruiting BetaPix, a guanine nucle-
otide exchange factor for the Rho-GTPase.157 Because
retention and targeting of NHE3 in the apical microvilli
depends on the sustained activity of Rho-GTPases,158

the interaction between NHE3 and the Shank2-BetaPix
complex may allow NHE3 trafficking to be linked to
the maintenance of the microvilliar actin cytoskeleton.

Shank2E appears to regulate Npt2a in a different
manner than NHERF1. In the proximal tubule,
increased extracellular Pi triggers internalization and
degradation of Shank2E and Npt2a in parallel, but has
no effect on NHERF1 localization or abundance.159

Combined with observations that regulated endocyto-
sis of Npt2a is associated with disruption of Npt2a/
NHERF1 interaction at the brush border,115 one might
speculate that internalization of Npt2a involves a
NHERF1-to-Shank2E interaction switch. Importantly,
Shank redistributes with Npt2a during regulated endo-
cytosis,160 and interacts with dynamin II, a GTPase
that is critical for endocytic vesicle formation, via pro-
line-rich domain interaction.161 Thus, Shank2E is espe-
cially poised to facilitate Npt2a endocytosis and/or
lysosomal trafficking, in contrast to the apparent mem-
brane-retention and/or recycling function of NHERF1.
The molecular mechanisms underlying the function of
Shank2E in the proximal tubule remain to be firmly
established, however. It will be interesting to learn if
the activities of Shank2E in the kidney depend on scaf-
fold adaptors, such as Homer and GKAP, as has been
shown in excitatory synapses.

BASOLATERAL MEMBRANE PDZ
PROTEIN COMPLEXES

The Lin-7/CASK/PSD-97 System

Lin-7 and CASK (Lin-2) are components of an evolu-
tionarily conserved basolateral membrane scaffolding
complex, important for polarized targeting and control-
ling cell surface density of their PDZ-binding partners.

They were discovered along with another PDZ protein,
Lin-10 (Lin, from abnormal cell lineage), in a genetic
screen for components of the LET-23 receptor tyrosine
kinase signaling pathway in C. Elegans vulva progenitor
cells (VPC).162 These molecules form a tripartite protein
complex in VPC that interacts with a receptor tyrosine
kinase, LET-23, to coordinate receptor expression on the
basolateral membrane.162�164 Importantly, null mutations
in Lin-7, Lin-2 or Lin-10 cause the Let-23 receptor to
become mislocalized to the apical membrane, and conse-
quently disrupt LET-23 signaling and VPC development.

Orthologs of the C. elegans PDZ protein complex
have been identified in mammalian tissues (Lin-
75mLin7/Veli/MALS; Lin-25CASK; Lin-105Mint-
1/X11).37,165�167 In the mammalian kidney, a partially
conserved complex, consisting of mLin-7 and CASK
but not Lin-10,19 localizes to the basolateral mem-
brane36,37 where it coordinates polarized expression of
mLin-7-binding partners (Figure 14.5). It has been
implicated in basolateral expression of the epithelial
GABA transporter, BGT-1,168 the strong inward-rectify-
ing potassium channels, Kir 2.X,167,169,170 the EGF-like
receptor, ErbB-2/Her2,171 and the insulin receptor sub-
strate, p53.172 Present evidence suggests that the mLin-
7/CASK complex may offer a general mechanism for
polarized expression of basolateral membrane proteins
containing Type I PDZ-binding motifs.

Lin-7 acts as the upstream scaffolding molecule.
It binds directly to target molecules through a Type I
PDZ interaction while simultaneously engaging CASK
via another protein�protein interaction module,37,173

called a L27 domain (from Lin-2, Lin-7).174 L27
domains, which present a number of related PDZ pro-
teins (see PALS, below), are helical bundle struc-
tures175,176 that mediate heterotypic assembly,
important for polymerization of different scaffolds. In
fact, basolateral membrane localization of Lin-7 and its
PDZ-binding partners is afforded by the L27 domain
and CASK interaction.37,177,178

CASK associates with the basolateral membrane
through a web of interactions to function as the master
basolateral membrane attachment factor. As a member
of the MAGUK family (see above), CASK contains
multiple protein�protein interactions sites, allowing it
to simultaneously bind to Lin-7, extracellular matrix
receptors, adhesion molecules, the actin cytoskeleton
4.1-binding proteins,39 and another MAGUK protein,
SAP-97.173 The mLin-7 and SAP-97 L27 domains sepa-
rately assemble with two L27 domains of CASK, possi-
bly as a dimer of L27 heterodimers,175,176 to form a
mLin-7/SAP97/CASK complex.170,173 By linking extra-
cellular matrix receptors and the cytoskeleton, the Lin-
7/CASK/SAP97 complex has the capacity to act as a
stable anchor to retain Lin-7 interacting proteins on the
basolateral membrane.
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The mammalian counterpart of Lin-10 is actually
encoded by a family of proteins called the Mints or
X11s.179 Although all three members of the Mint family
share C-terminal PDZ and PTB domains, only Mint-1
contains a CASK interaction domain.165 In neuronal
tissues and the heart, which express the complete Lin-
7/CASK/Mint-1 complex, Mint-1 has been suggested
to provide an additional membrane trafficking func-
tion. Mint-1 interacts with microtubule motors, and
has been reported to transport N-methyl-D-aspartate
(NMDA)-type receptor vesicles along microtubules.180

In addition, Mint-1 interacts with Munc-18 docking
machinery.165,166,181 Importantly, mammalian epithelial
cells do not express Mint-1. In its absence, the Lin-2/
CASK system loses the obvious link to microtubule-
mediated trafficking and fusion, suggesting that Lin-
7/CASK plays a major role in retention rather than
directed-delivery in renal epithelia.

Consistent with this notion, present evidence indi-
cates that Lin-7/CASK primarily functions to retain
target proteins at the basolateral membrane of mam-
malian epithelia. For example, Perego et al. found that
removing the PDZ ligand in BGT-1 disrupted Lin-7
association in MCDK cells and dramatically increased
the internalization of the transporter from the plasma-
lemma.168 The retention function of Lin-7 depends on
its L27 domain, which directs interaction with a cog-
nate L27 domain in CASK.170,177 In this way, Lin-7 acts
as a PDZ-to-L27 adapter, mediating indirect associa-
tion of its PDZ-binding target proteins with the larger
basolateral membrane scaffold, CASK.

Although Lin-7 primarily operates as a component
of a basolateral membrane retention machine in mam-
malian epithelial cells, it should be pointed out that dis-
ruption of Lin-7 interactions can produce a wide range
of mis-localization phenotypes, depending on the
Lin-7-binding partner and the types of sorting signals

embedded within them. For instance, mutant BGT
transporters, lacking their PDZ-binding motif, are pre-
dominately localized on the basolateral membrane. In
this case, BGT-1 transporters are presumably directed
to the basolateral membrane by non-PDZ-dependent
sorting signals.182 On the other hand, mutant Kir2.3
channels, lacking the PDZ-binding motif, are largely
directed to an endosomal compartment, rather than the
basolateral membrane,167,177 consistent with strong
endosomal targeting signals. An apical-missorting phe-
notype is produced by removing the PDZ-binding site
from a chimeric LET-23/nerve growth factor receptor
protein.183 In this case, Lin-7 interaction may stabilize
the receptor on the basolateral membrane or limit post-
endocytic trafficking in such a way that it prevents
transcytosis to the apical membrane.

At present, it is not known if the Lin-7/CASK/
SAP97 scaffold also participates in signal complex
localization and organization at the basal membrane in
the way that has been described for the NHERF pro-
teins at the apical membrane. SAP97 has been shown
to recruit AKAP proteins to related PDZ protein com-
plexes in neurons,58 and the Drosophila CASK ortholog
protein, Camguk, functionally modulates Ether-a-go-
go potassium channels by a phosphorylation-depen-
dent mechanism.184 Interestingly, CASK contains an
unusual CAM-kinase like domain, which can phoso-
phorylate interacting proteins at the synapse.185

However, it remains to be established if similar
mechanisms are in place at the basolateral membrane
of renal epithelial cells, which express the Lin-7/
CASK/SAP97 complex.

Lin 7 Isoforms (Veli/MALS) and PALS (Partners of
Lin7) in the Kidney

Three different Lin-7 isoforms, encoded by separate
genes, have been identified. In mammalian systems,
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FIGURE 14.5 Lin-7/CASK/SAP-97 complex at the basolateral membrane (BLM). Lin-7 recruits PDZ-binding targets, such as the BGT-1
transporter and the inwardly rectifying potassium channels, Kir 2.X and Kir 4.X, to the basolateral membrane by interacting with CASK
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these are often called Veli/MALS 1,2,3 (Vertebrate Lin-
7 or Mammalian Lin Seven). Each of the MALS/Veli
isoforms are expressed in the kidney, but each are dif-
ferentially localized along the nephron.36 MALS/Veli 1
is predominately expressed in the glomerulus, thick
ascending limb of Henle’s loop (TAL), and the distal
convoluted tubule (DCT). MALS/Veli 2 is exclusively
expressed in the vasa recta. MALS/Veli 3 is largely
located in the proximal tubule, DCT, and collecting
duct. The subcellular localization of MALS/Veli pro-
teins can vary, depending on the isoform and the cell
type. In contrast to the predominate basolateral loca-
tion of MALS/Veli 1 in the TAL and DCT and MALS/
Veli 3 in the DCT, MALS/Veli 1 is found diffusely
throughout the cytosol of intercalated cells. In the col-
lecting duct, MALS/Veli 3 is chiefly located on the
basal membrane. Collectively, these results suggest
that different MALS/Veli isoforms may carry out cell
type-specific functions. MALS/Veli 1 and 2 isoforms
in the thick ascending limb and distal segments appear
to have the most significant capacity for a basolateral
membrane targeting mechanism. MAL3/Veli 3 has
been implicated in generation of polarity in the proxi-
mal tubule.186

The disparate subcellular localization patterns of
MALS/Veli isoforms are likely to arise from at least
two different factors. First, differences in the primary
structures provide reason to suspect that the MALS/
Velis may have specific binding preferences. In con-
trast to the nearly identical PDZ domains amongst the
MALS/Veli isoforms, the extreme NH2- and COOH-
termini are highly divergent. Most importantly, the
region believed to direct MALS/Veli subcellular locali-
zation, the L27 interaction module, exhibits only 57%
amino acid identity between isoforms, raising the pos-
sibility that different isoforms preferentially bind to
different L27 domain proteins. Second, cell-specific
expression of Lin-7-binding partners may account for
differences in isoform localization in different nephron
segments and cell-types. A group of CASK-like
MAUGK proteins, called PALS (Partners of Lin-7), that
contain L27 hetero-oligomerization domains, have
been identified as potential partners of Lin-7.187 The
different PALS might substitute for CASK under cer-
tain circumstances, forming MALS/Veli complexes
with different subcellular locations and disparate func-
tions. For instance, PALS1 targets Lin-7 to the tight
junction,188 in contrast to the basolateral membrane
location of the CASK/Lin-7 complex.

Dystrophin-Associated Protein Complex

The dystrophin-associated protein complex (DPC)
is a transmembrane scaffolding machine that is

expressed in a variety of tissues. Extensive studies in
skeletal muscle revealed the DPC serves structural and
signaling functions.189 In epithelia, the DPC localizes
to the basolateral membrane (Figure 14.6), where it is
organized in a manner similar to the skeletal muscle
complex, functioning to compartmentalize and tether
signaling and transport proteins.

In the sarcolemma, the DPC is nucleated by dystro-
phin, a flexible rod-like cytoplasmic protein containing
multiple spectrin-like repeats. Dystrophin directly
interacts with the transmembrane protein, β-dystrogly-
can, via a C-terminal cysteine-rich region, and connects
the complex to lammin through α-dystroglycan
(Figure 14.6). Because dystrophin also binds actin,
it effectively links the extracellular matrix with the
cytoskeleton, offering an architecture that protects the
sarcolemma from shearing forces of contraction. This
point is underscored by the link to disease. Specific
mutations in the X-linked dystrophin have been identi-
fied that disrupt dystrophin and consequently destabi-
lize DGC elements at the sarcolemma, producing
Duchenne muscular dystrophy, the milder Becker
muscular dystrophy, and X-linked dilated cardiomy-
opathy (reviewed in 189).

Dystrophin also interacts with the scaffolding
molecules dystrobrevin, and three isoforms of syntro-
phin (α1, β1 and β2), to organize local signaling com-
plexes in muscle. The syntrophrins contain several
protein�protein interaction domains, including two
pleckstrin homology domains and a PDZ domain. The
PDZ domains recruit a variety of proteins to the DPC,
including voltage-gated sodium channels190,191 and
nNOS.2 α-Dystrobrevin directly interacts with dystro-
phin via coiled-coil domains, while simultaneously
binding to the syntrophins through an independent
binding site.192

The basolateral membrane associated DRC in renal
epithelial cells exhibits the same basic design as in
skeletal muscle, but differs somewhat in molecular
composition.193,194 An autosomal homolog of dystro-
phin, called utrophin, along with less abundant
C-terminal dystrophin isoforms, Dp71 and Dp140,189

takes the place of the longer muscle-specific dystro-
phin in renal epithelia. In addition, differential expres-
sion of dystrobrevin and three syntrophin isoforms
along the nephron give rise to nephron segment-spe-
cific DPCs with distinct molecular properties.193 In the
connecting segment and the cortical collecting duct
where the DPC is especially enriched, the DPC
includes utrophin, β1-/β2 syntrophin, dystrobrevin,
and β-dystroglycan.193

Like dystrophin in muscle, utrophin directly interacts
with the actin cytoskeleton in epithelial cells,195 while
associating with laminin in the extracellular matrix via
the basolateral dystroglycans196 (Figure 14.6). Thus,
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utrophrin is poised to provide a secure anchoring point
for polarized expression of syntrophin. Consistent with
this notion, it has been reported that basolateral mem-
brane localization of β2-syntrophin depends on its utro-
phin-binding activity, requiring one of its pleckstrin
homology domains and the syntrophin unique (SU)
domain.35 Moreover, utrophin knockout mice exhibit a
selective reduction of β2-syntrophin at renal epithelial
basolateral membrane domains.193 Syntrophins also
interact with dystrobrevin via the PH and SU domains,
allowing recruitment of additional syntrophin molecules
to the same DPC.197

Importantly, the association of syntrophin with dys-
trobrevin, utrophin, and the basolateral membrane
occurs independently of the syntrophin PDZ domain.35

This leaves the Type I PDZ domain free to interact with
proteins containing a syntrophin PDZ recognition
motif. Basolateral membrane proteins, such as the
inward rectifying channel proteins Kir 2.X169 and Kir 4.
X,198 the AQP4 water channel,199 as well as nNOS, have
been shown to interact with the syntrophin PDZ-bind-
ing domain. At present, the functional relevance of
these interactions in the kidney is not well-understood.

Several clues about the roles of transport protein
interaction with syntrophin and the DPC are provided
by studies in other tissues. In astrocytes, for example,
α-syntrophin is required for the polarized expression
of AQP4199 and Kir 4.1198 at end-feet membranes adja-
cent to blood vessels for efficient water and potassium
siphoning.200,201 It will be interesting to learn if genetic
ablation of β2 syntrophin, the prevalent form in the
kidney, has similar effects on AQP4 in the proximal
straight tubule202 and Kir 4.1 in the distal nephron.203

Utrophin knockout animals have been generated.204

Unfortunately, expression of the shorter C-terminal
dystrophin forms in the kidney compensate for the
utrophin ablation, making it difficult to precisely
define the functional role of the renal DPC by a genetic

approach. Double utrophin/dystrophin knockout mice
exhibit a fragile phenotype with complete disintegra-
tion of the DPC and premature death.193 It will be
important to determine how much of the phenotype
can be attributed to impaired kidney function.

AKAP

AKAPs (A-kinase anchoring proteins) are a diverse
group of molecules that function as cell signaling scaf-
folds. Specifically, AKAPs organize and juxtapose pro-
tein kinase A (PKA) with specific substrates and other
signaling machinery at specific cellular locales. In
doing so, AKAP proteins can precisely control where
and when second-messengers will act on select cellular
effectors. Since the first discovery of an AKAP, a
microtubule anchoring protein that binds to the regula-
tory subunit of PKA with high affinity,205 nearly 50
AKAP proteins have been identified. Many of them
control phosphorylation of channels, receptors, and
membrane transport proteins.206 Several are suspected
of modulating renal tubule transport processes.

COMMON PROPERTIES OF AKAP
PROTEINS

AKAP proteins are structurally diverse, related only
by general signaling functions and three common
properties. First, classification as an AKAP protein
requires the presence of a PKA-anchoring domain.
Second, AKAPs contain cellular localization signals
that provide a means to spatially organize second-mes-
senger cascades at specific subcellular compartments.
Third, AKAPs possess other protein�protein interac-
tion domains, which specify interaction with select
effectors and/or other signaling molecules. While all
AKAPs have these common properties, they each have
distinct targeting signals and different scaffolding
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FIGURE 14.6 The dystrophin-associated protein

complex (DPC) at the basolateral membrane. The
PDZ protein, syntrophin, is recruited to the basolat-
eral membrane via its interaction with utropin and
possibly dystrobrevin, requiring one of its pleckstrin
homology (PH2) domains and the syntrophin unique
(SU) domain. This leaves the syntrophin PDZ
domain free to recruit basolateral membrane pro-
teins, such as the AQP4 water channel, potassium
channels, Kir 2.X and Kir 4.X, as well as nNOS.
Utropin/dystropin interacts with actin via N-termi-
nal spectrin repeats, with β-dystroglycan via a C-ter-
minal cysteine-rich region and with dystrobrevin via
coiled-coiled domains (H1, H2).
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motifs. Consequently, they have specialized functions,
modulating distinct intracellular signaling events.

AKAPs bind PKA by means of a small anchoring
domain, comprised of a short (13�18 amino acid),
amphipathic α-helix. NMR solution structures reveal
that the hydrophobic side of the amphipathic helix
makes numerous hydrophobic contacts within a
hydrophobic surface of a four-helix bundle formed by
the N-terminal domains of the PKA regulatory subunit
homodimer.208�210 Consequently, the AKAP�PKA
interaction occurs with relatively high affinity
(B1�10 nM). While most AKAPs interact with the RII
isotypes of the PKA regulatory subunit, several
AKAPs have been identified, D-AKAP1211 and D-
AKAP2,211 which can interact with both RI and RII
forms. Sphingosine kinase interacting protein (SKIP),
an AKAP that is enriched in the inner mitochondrial
membrane, exclusively interacts with RI.212

Importantly, AKAP function can be disrupted by exog-
enous expression of a peptide mimic of the amphi-
pathic helix.213 Regulatory subunit isotype specific
competitors have been developed.214

Specialized targeting sequences on anchoring pro-
teins compartmentalize different AKAPs to distinct
subcellular compartments, including plasma membrane
microdomains, intracellular vesicles, nuclei, mitochon-
dria, microtubules, and the actin cytoskeleton.215

Certain AKAPs contain polarized trafficking signals
that direct asymmetric localization in epithelial cells.
AKAP2 (AKAP-KL), for example, is compartmentalized
on the apical membrane216 by its PDZ-binding motif,
which specifies interaction with NHERF3.81 Similarly
ezrin, a low RII affinity AKAP, localizes to the apical
membrane through a protein�protein recognition
domain that directs interaction with NHERF1.217 In
many cases, different splice products of the same
AKAP gene can be differentially targeted to different
compartments. Splice forms of the AKAP18 gene, for
instance, are expressed on opposite plasma membrane
domains in epithelial cells; AKAP18-α is targeted to
basolateral membranes, whereas AKAP18-β localizes to
the apical membrane. In this case, a unique 23 amino
acid insert in AKAP18-β acts as an apical membrane
targeting determinant.218

As multivalent scaffolds, AKAPs can juxtapose the
right combination of enzymes with their substrates.
Consequently, AKAPs not only synchronize signal
transduction processes, but they can also orchestrate
signal termination events. The archetypal example is
provided by the AKAP75/150 family, which influences
the phosphorylation state of several different channels
and transporters, including the Npt2a co-trans-
porter,219 L-type calcium channels,220 M-type potas-
sium channels,221 and AMPA-type glutatamate
receptors.222,223 AKAP75 not only contains a binding

site for PKA, it also directly interacts with PKC and
the calcium-calmodulin-dependent phosphatase, PP2B
(calcineurin).224,225 Consequently, the same AKAP scaf-
fold can coordinate signal transduction processes by
phosphorylation as well as dephosphorylation. Thus,
AKAPs can influence the balance of signal transduc-
tion and termination by differentially tethering differ-
ent signaling components and effectors.226

Function of AKAPS in Kidney Transport
Processes

AKAP-Dependent AQP2 Water Channel Shuttling

A critical role for AKAPs in water channel traffick-
ing is strongly suggested by observations that cAMP-
dependent AQP2 translocation to the cell surface can
be inhibited with a synthetic peptide mimic of the
AKAP amphipathic helix, which prevents binding of
AKAPs to the PKA RII subunit.227 Several different
AKAPs appear to be associated with endosomal struc-
tures containing AQP2. Biochemical characterization of
inner medullary collecting duct (IMCD) heavy endo-
somes, containing AQP2, revealed the presence of an
associated multiprotein-signaling complex, composed
of a 90 kD AKAP, PKA, and protein phosphatase 2a.228

While the precise molecular identity of the 90 kD
AKAP is still not certain, a smaller anchoring protein,
AKAP18-δ, was subsequently discovered.229 In the kid-
ney, AKAP18-δ is mainly expressed in IMCD principal
cells, where it appears to be confined to intracellular
vesicles containing AQP2 and PKA. Observations that
vasopressin recruits AKAP18-δ with AQP2 to the
plasma membrane suggest that this AKAP is specifi-
cally involved in the PKA phosphorylation-dependent
AQP2 translocation process. Reminiscent of the multi-
factoral roles of AKAP75 (see above), the AKAP-
signaling complex in IMCD endosomes also contains
PP2B228 and phosphodiesterases.230 Thus, the endoso-
mal AKAPs in the collecting duct are also likely to
participate in maintaining AQP2 in a quiescent
dephosphorylated conformation in water diuresis.

AKAPs in the Proximal Tubule Apical Membrane
Scaffolding Complex

Two different AKAPs, D-AKAP2 and AKPA79,
have been implicated in the modulation of proximal
tubule sodium phosphate transport. AKAP2 has been
shown to interact with a PDZ scaffolding protein,
NHERF3, at the apical membrane where it has been
suggested to play an important role in the parathyroid
hormone (PTH)-mediated regulation of Npt2a, involv-
ing PKA compartmentalization.142 In a proximal tubule
model, OK cells, PTH-dependent regulation of Npt2a
can be uncoupled with a synthetic peptide mimic of
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the AKAP amphipathic helix, indicating that an AKAP
is required for PKA-dependent modulation of Npt2a
regulation. In this system, AKAP79 was shown to asso-
ciate with the Npt2a transporter, PKA, and the para-
thyroid hormone receptor.219 Because AKAP 79 also
has the capacity to interact with PDZ proteins in
neuronal systems,58 it may interact with the Npt2a
co-transporter and the PTH receptor through its inter-
action with the apical NHERF complex.

AKAP Control of the Potassium Secretory Channel
ROMK (Kir 1.1)

Studies of the renal potassium secretory channel,
ROMK, in heterologous expression systems have sug-
gested a potential role for AKAPs in the physiological
regulation of potassium secretion. Because open chan-
nel gating and cell surface expression of the ROMK
require direct phosphorylation by PKA231,232 and other
kinases,137 a critical role of an AKAP has been an
attractive idea. In fact, it has been reported that maxi-
mal activation of ROMK in Xenopus oocytes by forsko-
lin and/or 8-bromo-cAMP-dependent kinase requires
co-expression of an AKAP.233 High basal phosphoryla-
tion of the channel in this expression system makes the
effects of AKAPs modest. Nevertheless, the response
appears to be AKAP specific, being dependent on
AKAP-75 but not AKAP18, AKAP-2 (KL).234 AKAP-75
is not expressed with ROMK in the thick ascending
limb or collecting duct, however, so the AKAP in the
kidney that interacts with ROMK still remains to be
determined. Given observations that ROMK interacts
with NHERF1 and 2 (see above), the ERM proteins85

are obvious AKAP candidates.

CONCLUSION

Exciting discoveries in recent years have cast light
onto the molecular mechanisms of epithelial transport
modulation. The discovery of proteins that bring
together physiologically appropriate assemblages of
cell signaling and trafficking proteins with transport
molecules for efficient regulation has been especially
insightful. The molecular identities and functions of
many of these scaffolding molecules in the kidney
have now begun to come into focus. Still, there is
much more to be learned. For example, observations
that some transport proteins such as NHE1, the house-
keeping sodium-hydrogen exchanger,207 NHE3,235 and
the Na/K ATPase,236,237 might twilight as scaffolding
proteins is emerging as an intriguing possibility that
we certainly will hear more about in the future. Also,
with the application of powerful new tools in cell biol-
ogy, genomics, and proteomics, it is likely that more
scaffolding candidates will be identified. As they are,

it will be important not only to continue probing into
the mechanistic basis of function in model systems,
but also to rigorously explore how these fascinating
molecules work in their native cellular environments.
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Highly conserved through phylogeny, the renin�
angiotensin system (RAS) is an essential regulator of
blood pressure and fluid balance. This biological system
is a multi-enzymatic cascade in which angiotensinogen,
its major substrate, is processed in a two-step reaction by
renin- and angiotensin-converting enzyme (ACE), result-
ing in the sequential generation of angiotensin I and
angiotensin II. Along with its importance in maintaining
normal circulatory homeostasis, abnormal activation of
the RAS can contribute to the development of hyperten-
sion and target organ damage.

The importance of the RAS in clinical medicine is
highlighted by two sets of observations. First are associa-
tions between polymorphisms of genes encoding RAS
components and cardiovascular disease.1�6 Second, and
perhaps more compelling, is the impressive efficacy of
pharmacological agents that inhibit the synthesis or
activity of angiotensin II. For example, angiotensin con-
verting enzyme (ACE) inhibitors are very effective and
well-tolerated anti-hypertensive agents.7 Along with
their ability to lower blood pressure, these agents also
effectively prevent or ameliorate morbidity and mortality
associated with cardiovascular diseases. In this regard,
large clinical trials have demonstrated that ACE inhibi-
tors improve survival in patients with congestive heart
failure,8,9 and in patients with risk factors for coronary
artery disease.10 They also slow the progression of a vari-
ety of kidney diseases, including diabetic nephropathy.11

Angiotensin receptor blockers (ARBs), which block AT1

receptors, are similarly effective for treating these dis-
orders.12�14 The purpose of this chapter is to provide an
overview of the major physiological features of the RAS,
focusing on its role in the kidney.

THE COMPONENTS OF THE
RENIN�ANGIOTENSIN SYSTEM

Renin

The aspartyl protease renin was first isolated from the
kidney by Tigerstedt more than a century ago. Renin is
synthesized as a precursor protein, pro-renin, containing
an additional 43 amino acids at the N-terminus that block
the enzyme’s active site.15 Active renin is generated by
removal of this N-terminal peptide fragment, presumably
by proteases in the juxtaglomerular cells of the kidney.
Whether intact pro-renin has a distinct physiological role
remains to be determined; however, there is accumulat-
ing evidence suggesting specific contributions of the pro-
renin molecule in some normal and disease states.16�19

Active renin specifically cleaves the 10 amino acids
from the N-terminus of angiotensinogen to form angio-
tensin I. A substantial excess of angiotensinogen is pres-
ent in serum, and ACE is ubiquitous in the endothelium
and plasma.20 Accordingly, in the bloodstream, the
amount of renin is the rate-limiting step determining the
level of angiotensin II, and thus the activity of the sys-
tem. The primary source of renin in the circulation is the
kidney, where its expression and secretion are tightly
regulated at the juxtaglomerular apparatus by two dis-
tinct mechanisms: a renal baroreceptor21,22 and sodium
chloride delivery to the macula densa.23�25 Through
these sensing mechanisms, levels of renin in plasma can
be incrementally titrated in response to changes in blood
pressure and salt balance. These regulatory principles
provide a basis for many of the physiological characteris-
tics of the RAS, and regulation of renin release in the kid-
ney will be discussed in detail below.
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In addition to its protease activity, renin may also
bind specifically to other proteins or putative
receptors.19,26�28 This binding may induce physiologi-
cally significant intracellular signaling.27 It has been
suggested that the mannose-6-phosphate receptor
(M6P-R), also known as insulin-like growth factor II
receptor, binds renin and pro-renin, leading to internal-
ization and degradation.26 Nguyen et al. reported clon-
ing a receptor from human kidney expression library
that binds renin and pro-renin specifically and with
high affinity, termed the (pro)renin receptor (PRR).
Binding of PRR causes a conformational change of
renin that leads to increased renin catalytic activity.
Similarly, binding of PRR to pro-renin causes a confor-
mational change, resulting in an ezymatically active
pro-renin without the requirement for cleavage of the
pro-segment. Furthermore, binding of renin to this
receptor induces a rapid and sustained activation of
ERK1/ERK2, without affecting concentrations of
calcium or cAMP.27 It has been suggested that it may
mediate angiotensin II-independent effects of renin,
and might also indicate a functional role of pro-renin.29

Although the physiological significance of PRR remains
unclear, recent studies suggest PRR may have a role in
blood pressure regulation. Transgenic rats overexpres-
sing human PRR selectively in vascular smooth muscle
cells display elevated blood pressure and heart rate.30,31

In addition, human PRR gene polymorphism has been
shown to be associated with ambulatory blood pressure
in Japanese men.32 PRR may also play a role in develop-
ment. Deletion of PRR in mice results in early embry-
onic lethality.33 In a family with X-linked mental
retardation and epilepsy, linkage analysis identified an
exonic splice enhancer in the PRR gene as the only
mutation, and this resulted in the loss of the capacity of
renin to phosphorylate ERK1/2.34

The pro-renin receptor appears to have other func-
tions independent of the renin�angiotensin system.
For example, it is found as part of a complex required
for the normal function of V-ATPase in several cell
lineages, including cardiac myocytes.35 The pro-renin
receptor acts as an adaptor between the Wnt receptor
and V-ATPase in a Wnt/β-catenin signaling complex
required for normal CNS development.36 Thus, dele-
tion of the pro-renin receptor gene causes a lethal
phenotype at a very early embryonic stage, which con-
trasts significantly with the phenotype of renin knock-
outs,37 indicating important functions of the receptor
that are independent of its actions in the RAS. Two
groups have recently described studies of mouse lines
in which the pro-renin receptor was deleted specifi-
cally from podocytes. In both cases, there was a
similar, dramatic phenotype characterized by disrup-
tion of the glomerular filtration barrier, with marked
proteinuria and abnormal podocyte structure, perhaps

due to dysregulated autophagy.38,39 Thus, while this
molecule appears to play a critical role in the kidney,
much remains to be learned about its functions in nor-
mal kidney physiology and disease, including the
extent to which these functions are influenced by renin
or pro-renin binding.

Angiotensinogen

Angiotensinogen, the substrate for renin, is the
source of all angiotensin peptides. Angiotensinogen
in the circulation is derived primarily from synthesis
in the liver. In humans, plasma concentrations of
angiotensinogen are typically near the Km for renin,40

so that changes in plasma concentration may influence
the rate of angiotensin I generation at any given level
of renin. In human hypertensive siblings, Jeunemaitre
et al.2 showed that a specific variant of the human
angiotensinogen gene, M235T, was linked to hyperten-
sion, and was also associated with a modestly elevated
plasma angiotensinogen concentration, about 120% of
normal. They proposed that this variant of the AGT
gene leads to an increase in plasma angiotensinogen
levels and thereby eventually to increased blood
pressure. However, because amino acid 235 is in a
non-conserved portion of the angiotensinogen protein
and variation of this amino acid does not affect protein
stability, a mechanism to explain the physiological
consequences of the mutation was not clear. An appar-
ent explanation came later, when the M235T variant
was found to be in linkage disequilibrium with
another variant in the 50 untranslated region of the
AGT gene.41 This second variant, a single nucleotide
substitution in the promoter of the AGT gene, was
associated with increased transcriptional activity of the
gene.41 Higher levels of AGT mRNA were found in
patients carrying the variant allele.41 The causal capac-
ity of alterations in plasma angiotensinogen level to
affect blood pressure was demonstrated in studies of
mice engineered to carry from 0 to 4 copies of the AGT
gene.42 In these animals, there was a positive correla-
tion between the number of AGT gene copies, plasma
levels of angiotensinogen, and blood pressure.

In addition to its synthesis by the liver, angiotensi-
nogen is also produced by other tissues including the
brain, the immune system, and the kidney.43 In the
kidney, synthesis of angiotensinogen in proximal
tubules has been well-documented,44 and proximal
tubule synthesis may be regulated in part by the end-
product, angiotensin II.45 Along with angiotensinogen,
the kidney expresses all of the other components
of the RAS. Accordingly, it has been suggested that
regulation and functioning of autonomous “tissue”
renin�angiotensin systems in the kidney, as well as
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other organs, may contribute to the physiological func-
tions of the system, especially in disease states.46 This
hypothesis has been used to explain additional com-
plexity of the system, whereby the apparent activity of
the RAS is not reflected by measured plasma levels of
it major components. For example, in the broad popu-
lation of patients with hypertension, diabetes, and car-
diovascular disease, pharmacological antagonists of
the RAS lower blood pressure and prevent end-organ
damage, even in the absence of overt elevation of
plasma renin levels. However, the precise nature and
physiological contributions of these tissue systems has
been difficult to define experimentally.

Angiotensin Converting Enzyme

Angiotensin converting enzyme (ACE) is a carboxy-
peptidase that generates the vasoactive peptide
angiotensin II by cleaving two amino acids from the
c-terminus of the inactive precursor angiotensin I.47

There are two distinct forms of ACE, somatic and testic-
ular, both generated by alternative splicing of a single
gene.48�50 Somatic ACE is expressed as an ectoenzyme
on the surface of endothelial cells throughout the body,
and is particularly abundant in lung, intestine, choroid
plexus, placenta, and on brush border membranes in the
kidney. A soluble form of ACE that circulates in plasma
is formed by enzymatic cleavage of tissue-bound ACE at
its transmembrane domain.51 As with other components
of the RAS, molecular variants of ACE have been pro-
posed as candidate genes in hypertension, cardiovascu-
lar, and kidney diseases.52 Insertion (I) and deletion (D)
polymorphisms of the human ACE gene are common,
and have been associated with altered levels of ACE
in plasma.53,54 In some cohorts, but not others, these
ACE gene variants have been linked to differing suscep-
tibilities to hypertension, cardiovascular, and renal
diseases.52,55

In addition to angiotensin I, other biologically active
peptides are substrates for ACE. Perhaps the most
important of these is bradykinin.56 ACE degrades
bradykinin into an inactive peptide, representing a sig-
nificant biological pathway for bradykinin metabolism
in vivo57; in older literature, ACE was referred to as
kininase II. Since bradykinin has vasodilator and natri-
uretic properties,56 it has been suggested that one
mechanism of blood pressure reduction with ACE
inhibition is blockade of this kininase activity. This
was clearly demonstrated by Brown and associates,
who showed that the anti-hypertensive efficacy of
ACE inhibitors is attenuated by simultaneous adminis-
tration of a bradykinin receptor antagonist.58

Using genome-based strategies, homologs of ACE
have been identified.59�61 One of these, ACE2, exhibits

more than 40% identity at the protein level with the
catalytic domain of ACE.59,60 Similar to ACE, ACE2 is
expressed on the surface of certain endothelial cell
populations. However, compared to the ubiquitous
distribution of ACE, the expression pattern of ACE2 is
more limited, with most abundant expression in kid-
ney followed by heart and testis.59,60 Their substrate
specificities also differ; ACE2 hydrolyzes angiotensin
II with high efficiency, but has much lower activity
against angiotensin I.59,62 Hydrolysis of angiotensin II
by ACE2 generates another peptide with putative
biological actions: angiotensin 1-7.62 Accumulating evi-
dence indicates that this peptide causes vasodilation,
natriuresis, and may promote reduced blood pres-
sures63 via the Mas receptor.64 It has been further sug-
gested that ACE2 may be a major pathway for
synthesis of angiotensin 1-7.65 Thus, the functions of
ACE2 may be determined by its distinct actions
to metabolize angiotensin II and to generate angioten-
sin 1-7.

Although the precise physiological role of ACE2 is
not clear, it was originally identified and cloned from
a cDNA library prepared from ventricular tissue of a
patient with heart failure.59 Initial studies in ACE2-
deficient mice have suggested a role for ACE2 in
cardiac function364,365 and in blood pressure regula-
tion.66 More recent work by many groups has demon-
strated roles for ACE2 in renal diseases, such as
diabetic and non-diabetic kidney disease,67�70 and
hypertension67,71,72 in both experimental models and
human cohorts.

A third member of the ACE gene family, collectrin,
was identified as a gene that is upregulated in the sub-
total nephrectomy model of chronic kidney disease.73

Collectrin is highly homologous to the transmembrane
portion of ACE2, but lacks the carboxypeptidase
domain.61 Its physiological functions are emerging74,75

and appear to regulate amino acid transport by the
kidney.

Angiotensin Receptors

The biological actions of angiotensin II are mediated
by cell surface receptors that belong to the large family
of 7 transmembrane receptors.7,76 The angiotensin
receptors can be divided into two pharmacological
classes, type 1 (AT1) and type 2 (AT2), based on their
different affinities for various non-peptide antagonists
(Figure 15.1). Studies using these antagonists sug-
gested that most of the classically recognized functions
of the RAS are mediated by AT1 receptors.76 Gene
targeting studies have confirmed these conclusions.77

AT1 receptors from a number of species have been
cloned78�80 and two subtypes, designated AT1A and
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AT1B, have been identified in rat81�83 and mouse.84 In
the classical view, AT1 receptors signal through Gαq-
linked signaling pathways involving phospholipase C,
IP3, and increases in intracellular calcium.85 However,
the AT1 receptor has also been linked to JAK/STAT
activation,86 as well as β-arrestin-dependent pathways
linked to ERK activation.87�89 In addition, recent stud-
ies have shown that the AT1 receptor has the capacity
to transactivate the EGF receptor, which may be inde-
pendent of ligand.90,91 This pathway may contribute to
chronic kidney injury.92

The murine AT1 receptors are products of separate
genes and share substantial sequence homology.83,93,94

AT1A receptors predominate in most organs, except
the adrenal gland and regions of the CNS, where AT1B

expression may be more prominent.93,95,96 A single
report has suggested that AT1B receptors might also
exist in man,97 but this has not been confirmed in the
unpublished work of several independent groups, and
the consensus view is that there is no human counter-
part to the murine AT1B receptor. Thus, the AT1A

receptor is considered the closest murine homolog to
the single human AT1 receptor.

The binding signatures of the AT1A and AT1B recep-
tors are virtually identical,98 and it was difficult to dis-
criminate their in vivo functions pharmacologically.
Experiments using gene targeting have provided
insights into the discrete functions of the two AT1

receptor genes.99,100 Although the AT1B receptor has a
unique role to mediate thirst responses in the CNS,101

AT1A receptors have the predominant role in determin-
ing the level of blood pressure,102�104 and in mediating
vasoconstrictor responses.99,102 The phenotype of
markedly reduced blood pressures and profound
sodium sensitivity in mice lacking the AT1A recep-
tor102,105 underscores its importance in blood pressure
control.

Pharmacological and genetic studies have confirmed
that virtually all of the classically recognized functions of
the RAS are mediated by AT1 receptors. Until recently,
little was known about the physiological role of AT2

receptors. AT2 receptors are found in abundance during
fetal development,106,107 but their expression generally
falls after birth. However, persistent AT2 receptor
expression can be detected in several adult tissues
including the kidney, adrenal gland and the brain, and
absolute levels of AT2 receptor expression may be modu-
lated by angiotensin II and certain growth factors.108 AT2

receptors appear to signal by coupling to Gαi2 and Gαi3

proteins.109 Using site-directed mutagenesis, the inter-
mediate portion of the third intracellular loop of the AT2

receptor was found to be necessary for normal receptor
signaling.110,111 Moreover, it has been suggested that
activation of AT2 receptors stimulates bradykinin, nitric
oxide, and guanosine cyclic 30,50-monophosphate
(cGMP),112,113 and these pathways may mediate actions
of the receptor to promote natriuresis and blood pres-
sure lowering. Finally, there is also evidence to support
HETEs as second messengers for AT2 receptors in the
kidney, leading to ERK1/2 phosphorylation.114

Targeted disruption of the mouse Agtr2 gene did not
cause a dramatically abnormal phenotype. These ani-
mals clearly manifest increased sensitivity to the pressor
actions of angiotensin II.115,116 One of the AT2 deficient
lines manifested increased baseline blood pressure and
heart rate.115 Interestingly, behavioral changes were also
observed in AT2-deficient mice. They had decreased
spontaneous movements and rearing activity,115,116 and
impaired drinking response to water deprivation.116

Transgenic mice that overexpress the AT2 receptor gene
under control of a cardiac-specific promoter have
decreased sensitivity to AT1-mediated pressor and
chronotropic actions.117 Moreover, the pressor actions of
angiotensin II are significantly attenuated in these trans-
genic mice. This attenuation was completely reversed
following pretreatment with a specific AT2 receptor
antagonist. Taken together, these data suggest that a pri-
mary function of the AT2 receptor may be to negatively
modulate the actions of the AT1 receptor. Along similar
lines, the recently described non-peptide agonist, com-
pound 21, has been used to uncover additional functions
of the AT2 receptor, which appear quite diverse. Studies
with this agonist regarding blood pressure have been

FIGURE 15.1 Angiotensinogen is cleaved by renin to form angio-
tensin I, which is then cleaved by angiotensin-converting enzyme
(ACE) to form angiontesin II, the major effector molecule of the RAS.
The biological effects of angiotensin II are mediated by the G-protein-
coupled seven-transmembrane cell surface receptors AT1 and AT2.
Angiotensin II is hydrolyzed by angiotensin-converting enzyme 2
(ACE2), a homologue of ACE. This hydrolysis results in the genera-
tion of the angiotensin 1�7 peptide, the actions of which are mediated
by the Mas receptor. After: Le, TH and Coffman TM. Targeting genes in
the renin-angiotensin system. Current Opinion in Nephrology and
Hypertension 2008, 17:57-63. Lippincott Williams & Wilkins.
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variable, but it appears to have minimal effect on blood
pressure in normal situations; the potential to affect
blood pressure in disease states may be different.118

Aldosterone

Aldosterone is a steroid hormone synthesized in the
zona glomerulosa (ZG) of the adrenal gland. The two
dominant regulators of aldosterone synthesis and release
are angiotensin II and the level of serum potassium.119

The RAS-dependent component of aldosterone regula-
tion is triggered by binding of angiotensin II to AT1

receptors in the ZG.119 Stimulation of aldosterone release
by angiotensin II contributes to enhanced sodium reab-
sorption and anti-natriuresis. Independently of angioten-
sin II, hyperkalemia can control the release of aldosterone
through a process that involves the membrane depolari-
zation of ZG cells.120,121 In addition, adrenocorticotropic
hormone (ACTH) can stimulate aldosterone via its G-
protein coupled receptor.121 Elevations in ACTH influ-
ence aldosterone production only during short-term
stress, as this response is attenuated with persistent expo-
sure to ACTH. In contrast, angiotensin II and potassium
can both exert a chronic, sustained stimulation of aldoste-
rone generation by the zona glomerulosa.122

The classically recognized effects of aldosterone to
influence sodium handling in the distal nephron are
mediated by aldosterone binding to the mineralocorti-
coid receptor (MR). The MR is a 107 kD protein that
acts as a transcription factor to regulate gene expres-
sion in target tissues. The molecular mechanisms used
by the MR to drive epithelial sodium channel (ENaC)
function in the collecting tubule have been reviewed
recently.123 Cortisol actually exhibits a higher affinity
for the mineralocorticoid receptor than aldosterone,
but locally expressed 11ß-hydroxysteroid dehydroge-
nase type 2 “protects” the MR by converting cortisol to
cortisone, which does not activate the MR.124 The bind-
ing of aldosterone to the MR in the principal cell of the
collecting tubule epithelium induces transcription of
the α-subunit, the multimeric coupling of the α-, β-,
and γ-subunits of the EnaC, and the translocation of
the ENaC complex to the luminal surface of the
tubule.125,126 Aldosterone-induced expression of the
αENaC-subunit, in particular, follows a diurnal varia-
tion pattern that depends on the circadian transcrip-
tion factor Period1.127

Aldosterone stimulates ENaC transcription and
activity largely through the upregulation of serum-
and glucocorticoid-regulated kinase 1 (sgk1).128�130 At
the transcriptional level, Sgk1 phosphorylates ALL1-
fused gene from chromosome 9 (Af9), which in turn
blocks the repressor effects of the histone H3 Lys79
methyltransferase disruptor of telomeric silencing

alternative splice variant a (Dot1a) on αENaC gene
transcription.131 At the post-translational level, Sgk1
phosphorylates Nedd4-2, causing ENaC proteins to
remain in the apical membrane of the principal
cell.132,133 Once inserted into the luminal membrane of
the principal cell, ENaC permits cellular uptake of
intraluminal sodium, generating an electronegative
potential in the distal tubular lumen which favors
secretion of potassium from the principal cell into the
urinary filtrate via the renal outer medullary potas-
sium channel (ROMK). Sgk1 may also phosphorylate
ROMK, similarly increasing its apical density, further
facilitating the kaliuresis induced by aldosterone.134

In addition, aldosterone appears to directly increase
ROMK expression.135 Finally, aldosterone modulates
sodium transport in the distal nephron independently
of ENaC by enhancing expression and activity of
the thiazide-sensitive Na-Cl co-transporter (NCC).
Sgk-1 mediates this effect by phosphorylating serine/
threonine kinase with-no-lysine 4 (WNK4), thereby
diminishing the inhibitory effects of WNK4 on
NCC activity.136 Through these pathways, the MR reg-
ulates sodium and potassium transport within the
mineralocorticoid-responsive segments of the distal
nephron.

Recent human phenotyping studies and animal
studies using gene-targeting strategies have confirmed
the contribution of the MR to tubular function and salt
balance. For example, in humans with a mutation lead-
ing to a constitutively active MR, early onset hyperten-
sion develops,137 whereas heterozygosity for an
inactivating mutation of the MR leads to salt-wasting,
hypotension, metabolic acidosis, and hyperkalemia.138

Mice genetically deficient for the MR similarly develop
severe salt-wasting that leads to neonatal death,139

whereas mice with genetic deletion of the MR
restricted to the principal cell waste salt and lose body
weight only when exposed to a low-sodium diet,140

suggesting that at baseline the late distal convoluted
tubule and early connecting tubule may be able to
compensate for a lack of ENaC activity in the distal
nephron. Alternatively, the discrepancy in phenotypes
between the global and conditional knockout mice
may be due to discrete functions of aldosterone to
modulate solute transport in the proximal tubule141,142

and/or medullary thick ascending limb.143 Mutations
that activate the ENaC may cause hypertension,144�146

whereas global inactivation of the subunits of the
ENaC in mice causes sodium-wasting, potassium
retention, and early mortality, and in humans pseudo-
hypoaldosteronism type 1 with severe salt-wasting.147

In contrast, inactivation of the α-ENaC gene only in
the collecting duct does not impair sodium and
potassium balance,148 again indicating that the regula-
tion by aldosterone of ENaC in the latter regions of
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the distal convoluted tubule and/or the connecting
tubule may also contribute to sodium and fluid
homeostasis.149

In addition to its physiologic effects on renal solute
handling, aldosterone has the capacity to mediate
direct cellular injury in the kidney.150 In this regard,
pathologic functions of aldosterone in non-tubular
renal compartments become increasingly relevant. For
example, aldosterone impairs vascular reactivity by
diminishing expression of glucose-6-phosphate in the
endothelium151 and mediates direct vascular injury via
a placental growth factor-dependent pathway.152 In
mesangial cells, aldosterone activates sgk-1, NF-kB,
and MAP kinases, leading to cellular proliferation,
generation of oxidative stress, and connective tissue
growth factor expression.153�155 Emerging evidence
suggest aldosterone may also promote oxidative stress
and apoptosis directly within podocytes.156,157

Consistent with these pathologic effects of aldosterone
in several cell lineages of the kidney glomerulus,
human studies have now demonstrated a role for aldo-
sterone blockade in ameliorating the progression of
proteinuric kidney disease.158

Integrated Actions of the RAS in the Kidney

The important role of the kidney in regulation of
blood pressure has been long recognized,159 and the
relationship between alterations in systemic blood pres-
sure and changes in renal sodium excretion is well-
documented.160 For example, an elevation in perfusion
pressure in the renal artery results in a rapid increase in
sodium and water excretion by the kidney, so-called
“pressure natriuresis”.160 Based on such observations,
Guyton and co-workers suggested that whenever arte-
rial pressure is elevated, activation of this pressure-
natriuresis mechanism will cause sufficient excretion of
sodium and water to return systemic pressures to nor-
mal.161 They further hypothesized that the substantial
capacity for sodium excretion by the kidney provides a
compensatory system of virtually infinite gain to
oppose processes, including increases in peripheral vas-
cular resistance, which would tend to increase blood
pressure. It follows that defects in renal excretory func-
tion would therefore be a pre-requisite for sustaining a
chronic increase in intra-arterial pressure.

The RAS has potent actions to modulate pressure-
natriuresis relationships in the kidney162,163 and these
actions shape the characteristics of RAS-dependent
blood pressure regulation in normal physiology and in
disease states. For example, as depicted in Figure 15.2,
chronic infusion of angiotensin II causes a shift of the
pressure natriuresis curve to the right, suggesting that
when the RAS is activated, higher pressures are

required to excrete an equivalent sodium load164

(Figure 15.2). Conversely, administration of ACE inhi-
bitors or ARBs shifts the curve to the left, meaning that
natriuresis is facilitated at lower levels of blood pres-
sure (Figure 15.2). The basic features of endogenous
control of the RAS are consistent with these homeo-
static functions. As shown in Figure 15.2, the system is
activated at low levels of salt intake, stimulating renal
sodium reabsorption and conservation of body fluid
volumes and blood pressure. In contrast, with high
sodium intake, the system is suppressed, facilitating
natriuresis.

REGULATION OF RENIN

As discussed above, the concentration of renin in
plasma is the rate-limiting step in the production of
angiotensin II. Accordingly, the activity of the RAS in
the circulation is largely determined by the factors that
regulate renin. The kidney is the major source of renin,
where its generation and secretion are primarily con-
trolled by renal perfusion pressure and by the luminal
delivery of sodium chloride to the macula densa in the
distal nephron. The major features of these regulatory
processes are described in the sections that follow.

Sources of Renin

The major source of renin in the circulation is the
kidney. Following bilateral nephrectomy, plasma levels
of renin and angiotensin II fall precipitously.165 In the
kidney, the location of renin-expressing cells varies
from development through adulthood, and in response
to homeostatic challenges. During embryonic develop-
ment, renin-expressing cells are found in the undiffer-
entiated metanephric mesenchyme.166 In the fetal
kidney, these cells are present in the large intrarenal
arteries, glomeruli, and interstitium.166 In the adult
kidney, renin expression is primarily restricted to
granular cells which are modified smooth muscle cells
within the juxtaglomerular apparatus (JGA). The JGA
is located in the region where the afferent arteriole
enters the glomerulus.167,168 As shown in Figure 15.3,
the JGA is a highly organized structure composed of
three distinct anatomical parts: granular cells, the mac-
ula densa, and the extraglomerular mesangial cells.169

The macula densa is a specialized tubular area that
marks the transition from the ascending loop of
Henle to the distal tubule lying in direct contact with
the vascular pole of the glomerulus from which it
originated.169 By light microscopy, the unique charac-
teristics of the macula densa epithelial cells can be dis-
cerned by their narrow, columnar shape and apparent
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accumulation of nuclei, distinguishing them from cells
in the adjacent parts of the distal tubule.167 By electron
microscopy, the basement membrane of the macula
densa appears to be fused with the vacular component,
and continuous with the basement membranes sur-
rounding the granular and agranular cells in the extra-
glomerular mesangium.167 As described below, the
macula densa acts as a sensor of chloride concentration
in the distal tubule, providing signals that are impor-
tant for control of renin.169 The anatomical organiza-
tion of the JGA facilitates the regulation of renin
secretion in response to critical environmental cues.

Although JG cells are clearly the primary source of
renin in the adult kidney, studies by Gomez and
associates suggest that renin-expressing cells are not
terminally differentiated, but can be recruited during
periods of homeostatic pertubations such as dehydra-
tion and hypotension. For example, in angiotensino-
gen-deficient mice, renin is expressed extensively
along the entire length of the afferent arteriole and
intrarenal arteries.170 Similarly, in mice subjected to a
low-sodium diet combined with captopril treatment,
renin-expressing cells can be found throughout the
length of the afferent arteriole, in the glomerular and
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FIGURE 15.2 Chronic infusion of
angiotensin II causes a shift of the pressure
natriuresis curve to the right. Conversely,
administration of ACE inhibitors or ARBs
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FIGURE 15.3 The juxtaglomerular
apparatus (JGA). Integration of the regu-
lated secretion of renin is carried out at the
JGA. There are three major pathways regu-
lating the secretion of renin by granular
cells at the JGA: the baroreceptor, the mac-
ula densa mechanism, and direct stimula-
tion by the sympathetic nervous system.
The renal baroreceptor monitors renal per-
fusion pressure and signals an increase in
renin when renal perfusion pressure falls.
In the macula densa mechanism, macula
densa cells sense the decrease in chloride
ions in the filtrate in the distal tubule,
thereby stimulating release of renin.
Increased activity of renal sympathetic
nerves directly stimulates renin release
via activation of adrenergic receptors.
Sympathetic innervation also modulates
both the baroreceptor and macula densa
mechanisms. After: Francois H and Coffman
TM. Prostanoids and blood pressure: which
way is up? J Clin Invest. 2004; 114(6):757-
759. American Society for Clinical
Investigation.
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extraglomerular messangium, and in the glomerular
capsule.170 Studies by Lalouel and associates suggest
that renin is also present in the connecting tubule, at
least in the mouse kidney. Moreover, their studies
indicate that renin expression in the connecting tubule
may be regulated by sodium intake.171 Although its
physiological role is unclear, it has been suggested that
renin expressed in the distal nephron may contribute
to regulation of angiotensin peptide concentrations in
the tubular lumen.

Expression of renin outside the kidney has also
been documented. Levi and associates have recently
shown that mast cells express renin mRNA and con-
tain large quantities of renin protein, apparently within
the secretory granules.172 Mast cell-derived renin can
efficiently convert angiotensinogen to angiotensin I
after mast cell degranulation.172 Moreover, release of
renin by cardiac mast cells can be triggered by ische-
mia, producing pathophysiologic consequences such
as release of norepinephrine and generation of cardiac
arrhythmias.173 Taken together, this work has sug-
gested that resident mast cells in the heart and perhaps
other organs, upon appropriate stimulation, are capa-
ble of generating ample quantities of renin to activate
the RAS locally, and thereby affect organ function.
Furthermore, it appears the factors controlling renin
release from mast cells will be quite different from
those that regulate JG cells, and are likely to involve
signals associated with inflammation and injury.174

Nonetheless, it remains to be determined whether this
alternative pathway for RAS activation plays any
major role in physiology or disease pathogenesis.

Baroreceptor Regulation of Renin Release

The baroreceptor theory was developed to explain
observations that renin secretion is directly stimulated
by reduced renal perfusion. This theory was first
developed in the context of experimental observations
that granularity of the JG cells was inversely correlated
with the magnitude of renal perfusion pressure.175

Since then, numerous studies have shown that renin
secretion is inversely related to renal perfusion pres-
sure or pulse amplitude.21,176�179 This relationship is
preserved in denervated kidneys180,181 and in isolated
perfused kidneys with a non-functioning macula densa
mechanism.182�184 Thus, the baroreceptor is an inde-
pendent mechanism for controlling renin, residing
within the kidney and clearly separate from regulation
by the sympathetic nervous system.179 In renovascular
hypertension, the baroreceptor is the primary mecha-
nism for stimulating renin release. In the presence of a
critical stenosis of the renal artery, renal perfusion
pressure drops, stimulating renin and generating
hypertension.185

While the independent nature of the baroreceptor
mechanism and its localization to the kidney has been
clearly established, identification of its precise nature
has been elusive. Various models have been proposed
to explain the mechanism for pressure sensing and
consequent signal transduction, including direct
stretch of the JG cells due to transmural pressure
across the afferent arteriole22,186 or indirect pathways
involving secondary release of autocoids.187

Some of these candidate soluble factors include nitric
oxide188�190 and prostanoids,191,192 which are stimula-
tory or endothelins, which are inhibitory.193

Gene-targeting in the mouse has been utilized to
examine the role of some of these mediators in the
baroreceptor response. In one study, genetic deletion
of endothelial nitric oxide synthase (eNOS) had no
effect on renin release in response to change in renal
perfusion pressure, suggesting that eNOS-derived
nitric oxide is not a mediator of the barorecep-
tor�renin coupling.194 On the other hand, the absence
of the IP receptor, the single known receptor for PGI2
(prostacyclin), conferred substantial resistance to
hypertension and hyperreninemia after unilateral renal
artery stenosis.195 This suggests an absolute require-
ment for PGI2 in triggering renin release after barore-
ceptor activation. A number of questions remain
concerning the mechanism and cell lineages control-
ling synthesis of key mediators such as prostacyclin,
and the cellular targets for these mediators affecting
renin release.196

Over the past 40 years, much deliberation has been
rendered regarding the existence and location of a
baroreceptor for renin release. The mechanism by
which renal perfusion pressure regulates renin secre-
tion remains poorly understood. However, this mecha-
nism appears to be dependent on extracellular calcium
concentration. Kurtz and colleagues demonstrated that
when the extracellular level of calcium is lowered, the
inhibitory effect of renal perfusion pressure on renin
release is abolished.197 A potential mediator in this
process may involve connexin proteins that form gap
junctions between JG cells and adjacent endothelial
cells. Disruption of connexin40 (Cx40) in the mouse,
either through gene deletion or point mutation, results
in hyperreninemia and hypertension, and loss of pres-
sure control of renin release198,366-368; similar to the
effect observed with the lowering of extracellular cal-
cium concentration.197 Other connexin proteins have
been demonstrated to also play a role in renin release.
Connexin45, another gap junction protein, can replace
the function of connexin40, since genetic substitution
of the coding region of connexin40 by connexin45
resulted in the attenuation of hypertension and near
normalization of the pressure control of renin secre-
tion.200 Replacement of connexin43 by connexin32 in
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the mouse resulted in decreased renin levels that did
not change in response to a high-salt diet and protec-
tion from hypertension induced by a 2-kidney-1clip
model.201 A consensus remains to be established
regarding whether connexin proteins (and which one
(s)), are indeed the elusive baroreceptor, but the evi-
dence suggests that connexins play an essential role in
the regulation of renin release in response to change in
perfusion pressure. Future studies are required to
determine whether these connexins interact in coordi-
nation with other mediators mentioned above in the
baroreceptor response.

Macula Densa Mechanism for Renin Regulation

The second major pathway for physiological regula-
tion of renin is the so-called macula densa mechanism,
whereby cells at the macula densa sense a reduction in
chloride ions in the filtrate of the distal tubule, triggering
renin release.25 In this circumstance, release of renin and
the consequent generation of angiotensin II are believed
to serve as a mechanism for enhancing renal sodium
reabsorption in states of fluid volume depletion. The
anatomical association of the macula densa with the JG
cells stimulated the first speculation by Goormaghtigh of
its physiological function.202 As mentioned above, the
macula densa is made up of specialized epithelial cells at
the terminal portion of the thick ascending limb. Their
basolateral membrane is in contact with glomerular
mesangial cells which, in turn, are contiguous with gran-
ular cells in the JGA.24 The role of the macula densa in
renin regulation was initially hypothesized by Vander in
1967,169 and there is now general consensus that this
mechanism provides a control of renin secretion that is
directly determined by sodium chloride delivery to the
distal nephron.203,204 Moreover, several studies indicate
that chloride flux through the Na-K-2Cl transporter
(NKCC2) regulates the signaling pathways linked to
renin secretion.205,206 Increased chloride delivery to the
MD inhibits, whereas reduced chloride delivery stimu-
lates, renin release.23,197,207

In addition to the well-studied NKCC2 transporter,
the Na1/H1 exchanger isoform 2 (NHE2) expressed
on the apical surface of the macula densa also plays a
role in renin release, perhaps through its effect on mac-
ula densa cell volume. A recent study by Peti-Peterdi
and colleagues demonstrated that NHE2-deficient
mice have significant mechanisms responsible for
increased renin levels which are macula-densa spe-
cific,208 since these mice have been characterized to
have normal blood pressure.209

Several candidate signaling pathways linking distal
tubule solute concentration to control of renin have
been proposed. These include adenosine, nitric oxide,
and prostanoids.210 The most compelling current evi-
dence suggests that MD stimulation of renin involves

activation of cyclo-oxygenase (COX)-2211 constitutively
expressed at high levels in the macula densa, generat-
ing the prostanoid PGE2.

212,213 PGE2 then activates an
EP receptor on granular cells in the JGA to stimulate
renin release.214 The EP4 receptor is likely the major
EP receptor that mediates the actions of PGE2 in this
process. Facemire et al. demonstrated that EP4 recep-
tor-deficient mice display a B70% reduction in renal
renin expression and plasma renin concentration com-
pared to wild-type mice after treatment with furose-
mide.215 In contrast, deletion of EP2 receptors in the
mice has no effect on renin stimulation by furosemide.
Interestingly, this study also suggested that the source
of PGE2 in this pathway is not dependent on micro-
somal PGE synthases 1 and 2 (mPGES1, mPGES2). The
capacity for prostaglandins to directly stimulate renin
secretion has been long recognized.216,217 Moreover,
studies using specific inhibitors and COX-2 deficient
mice have clearly demonstrated the importance of
COX-2 in the macula densa pathway.218,219 In addition,
the activity of various components of this system has
been demonstrated in the isolated perfused macula
densa segments220 and JG cell lines.221 However, at
least one study195 has failed to confirm a non-redun-
dant role for individual EP receptors for PGE2 in furo-
semide-stimulated renin release in vivo.

Initial evidence suggesting a role for adenosine in
MD signaling came from studies using the selective
A1AR antagonist 8-cyclopentyl-1,3-dipropylxanthine.
The major effect of the inhibitor was to attenuate the
actions of increasing luminal NaCl concentrations
to inhibit renin release.222 Later studies using A1AR-
deficient mice confirmed that the role of adenosine is
primarily restricted to the arm mediating inhibition of
renin release. In A1AR-deficient mice, renin-inhibitory
actions of enhanced sodium chloride delivery to the
macula densa are blocked, whereas stimulation of
renin secretion caused by reduced sodium chloride
transport at the macula densa is unaffected.223

Macula densa cells express high levels of neuronal
nitric oxide synthase (nNOS).224,225 The role of NO in
regulation of renin was first tested using nonselective
inhibitors of nitric oxide synthesis, which attenuated
renin release stimulated by reduced luminal sodium
chloride concentrations.226,227 The specific roles of the
individual NOS isoforms have been examined using
mice with targeted deletion of nNOS or eNOS. In these
studies, activation of the macula densa pathway was
achieved by administration of NKCC2 blocking loop
diuretics in vivo and in isolated perfused mouse kid-
neys. Deficiency of either nNOS or eNOS alone did not
significantly affect macula densa-dependent renin
secretion,228 while nonspecific NOS blockade attenu-
ated renin stimulation by loop diuretics. This suggests
that nitric oxide plays a permissive, rather than a
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primary, role in the macula densa control of renin
release.228

Short Loop Feedback: Regulation of Renin by
Angiotensin II

Angiotensin II also contributes to the regulatory
pathways for renin and may control its own synthesis
by activating AT1 receptors, highly expressed at the
JGA, thereby suppressing renin release.229,230 Evidence
supporting the existence of this so-called short-loop
feedback mechanism includes studies in the isolated
perfused kidney, where infusion of angiotensin II sup-
presses renin release.179 Administration of ACE inhibi-
tors and angiotensin receptor blockers increases renin
mRNA expression and causes JGA hypertrophy.231

Similarly, mice lacking AT1A receptors also develop
marked JGA hypertrophy.103,230 However, in Agtr1a2/2

chimeric mice,103 and in kidney cross-transplantation
experiments,232 JGA hypertrophy correlated with blood
pressure, but not with the absence of AT1 receptors at
the JGA, indicating a significant role for baroreceptor
mechanisms in this response. Nonetheless, a role for
the short-loop feedback mechanism to alter the sensitiv-
ity of baroreceptor or MD mechanisms would be consis-
tent with current data.

Role of Sympathetic Nerve Activity

The capacity for sympathetic nerve activation to
stimulate renin has been long recognized. For example,
β-adrenoceptors are abundant in the JGA of kidneys
from various species.233 Furthermore, numerous stud-
ies have demonstrated that β-adrenergic agonists stim-
ulate renin release.234 Chronic renal nerve activation
also stimulates renin,235,236 along with its affects to
modulate renal blood flow and tubular function. In
experiments controlling for these factors, a clear rela-
tionship between increasing renal sympathetic nerve
activity and renin secretion is maintained.237,238

However, as discussed above, renal denervation does
not abolish the capacity of the baroreceptor181,239 or
macula densa mechanisms to stimulate renin.182�184

Accordingly, it appears likely that β-sympathetic tone
has a modulatory, rather than primary, role in regula-
tion of renin. Recently, a randomized controlled clini-
cal trial demonstrated that renal sympathetic
denervation is more effective than medical manage-
ment alone in patients with resistant hypertension.240

The original report did not mention any measurement
of renin, but it will be of significant interest to deter-
mine the effect of the procedure on plasma renin levels
in patients who did or did not have a significant
reduction in blood pressure.

Regulation of Cellular Release of Renin

At the JGA, renin is stored in cytoplasmic granules
within granular cells. In response to activating stimuli,
renin is released into the circulation by exocytosis. This
process of renin secretion is carried out by fusion events
between the secretory granules and cell membrane of
afferent arterioles.241 Furthermore, the extent of secre-
tory activity or exocytosis can be assessed using
electrophysiological techniques that directly measure
cell membrane capacitance of single mouse JG cells.242

The control mechanisms for renin, described above, act
by triggering this exocytotic pathway. Compared to the
relative wealth of available information about physio-
logical regulation of renin, much less is known about
the precise intracellular pathways involved in renin
secretion, and how these mechanisms are controlled
in the granular cell. The general consensus is that the
environmental signals regulating renin act through a
limited number of intracellular second messengers,
including calcium and cyclic AMP.214,243

The cyclic AMP pathway appears to be the major
trigger for cellular release of renin. In a variety of
experimental models, maneuvers causing an elevation
of intracellular concentrations of cyclic AMP cause
rapid stimulation of renin secretion.243,244 In this
regard, most of the documented secretagogues for
renin, including PGE2, PGI2, dopamine, and β-adrenor-
eceptor, act via 7 transmembrane receptors linked to
Gs-proteins that increase cyclic AMP levels in JG
cells.244 The specific biochemical pathways by which
cyclic AMP acts to stimulate renin secretion are
unclear, but likely involve protein kinase A, since inhi-
bition of protein kinase A attenuates the stimulatory
effect of β-adrenoreceptors on renin secretion.190

By contrast, increases in intracellular calcium levels
may inhibit renin release. For example, experimental
maneuvers that reduce intracellular calcium concentra-
tion stimulate renin release.243 Moreover, several med-
iators with putative actions to inhibit renin release,
such as angiotensin II, α-receptor agonists, vasopressin,
and endothelins, have receptors that couple to Gq-pro-
teins, and activation of these receptors by ligand
increases intracellular calcium concentrations in JG
cells.214,243 The inhibitory effect of calcium on renin
release appears to be mediated by protein kinase C,
since stimulation of protein kinase C inhibits renin
secretion,245�247 whereas blockade of protein kinase C
attenuates the inhibitory effect on renin secretion.245�247

There is also evidence that the effects of calcium on
renin release are mediated in part by a calmodulin-
dependent process, since inhibition of calmodulin activ-
ity stimulates renin secretion.248,249 Antagonistic inter-
actions between the cyclic AMP and intracellular
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calcium may ultimately determine the final conse-
quences of extracellular signals on renin release.243,250

Regulation of Renin Gene Expression

The steady-state activity of the RAS is generally
reflected by renin mRNA levels in the kidney.
During chronic stimulation of the RAS, for example,
upregulation of renin gene expression is required to
sustain over time the enhanced release of renin protein
by the JGA. Understanding of tissue-specific control of
renin gene expression has been complicated by the dif-
ficulty of developing tractable cell culture preparations
derived from JG cells. Thus, transgenic mice have been
used extensively to assess in vivo regulation of renin
gene expression.251,252 Using this approach, minimal
segments of the human renin gene sufficient to recapit-
ulate temporal- and cell-specific patterns of gene
expression have been identified.251,252

There is strong sequence conservation of 50 proximal
promoter regions between the renin genes of the human,
rat, and mouse.253 This region contains a cyclic AMP
(cAMP) response element (CRE),254�256 which is
required for cAMP stimulation of transcription.254,257 In
addition, there are at least seven transcription factor-
binding sites within the proximal promoter, including a
binding site for HOX proteins that play critical roles in
specifying positional information along embryonic
axes.253 The renin promoter is relatively weak in isola-
tion,254,257,258 but is strengthened up to 80-fold by a distal
enhancer element.259,260 This enhancer contains at least
eleven transcription factor-binding sites responsive to a
variety of signal transduction pathways.261 Inhibitory
factors, including endothelin-1, angiotensin II, mechani-
cal stretch, and inflammatory cytokines, may act through
target sequences within the enhancer.261

Post-transcriptional mechanisms also play a key role
in determining steady-state renin mRNA levels. cAMP
appears to be a critical mediator in this process. For
example, in cell systems, cAMP has only a modest
effect in inducing renin gene transcription of the renin
gene, but nonetheless it causes marked induction of
renin mRNA levels.262 This augmentation is associated
with enhanced stability of renin mRNA.263 cAMP also
increases levels of RNA-binding proteins targeting the
30UTR of the human renin gene,264 suggesting a poten-
tial mechanism for its effects to promote renin mRNA
stability.

Control of Renal Hemodynamics by the RAS

Angiotensin II, acting via its AT1 receptor, is a
potent vasoconstrictor. Stimulation of AT1 receptors in
vascular smooth muscle cells initiates a signaling

cascade including increased intracellular calcium con-
centration and alterations in cytoskeleton, inducing
contraction with consequent increases in vascular
resistance.265 Studies in mice deficient in both the
AT1A and AT1B receptor isoforms have confirmed the
importance of AT1 receptors in this response.102,100 The
pressor response to acute angiotensin II infusion
is completely abolished in these double-knockout
animals100; whereas response to another pressor agent,
epinephrine, is not affected. These vasoconstrictor
actions of angiotensin II play a central role in main-
taining circulatory homeostasis in a number of tissues,
including the kidney. In the kidney, the hemodynamic
actions of angiotensin II impact renal blood flow, glo-
merular filtration rate, excretion of salt and water, and
progression of renal damage in disease states.

Glomerular Microcirculation

The coordinated regulation of resistances in the
afferent and efferent arterioles plays a critical role in
determining and maintaining the glomerular filtration
rate (GFR). The RAS has potent effects on glomerular
hemodynamics. Angiotensin II causes constriction of
both the afferent and efferent arterioles. However, the
effect of high levels of angiotensin II is to induce a
more profound constriction of the efferent
arteriole.266�268 The reasons for this disproportionate
effect of angiotensin II on the efferent arteriole are not
clear, but may include differences in levels of AT1

receptor expression,269 modulating actions of vasodila-
tors such as prostaglandins and nitric oxide on pre-
glomerular vessels270,271 or differences in calcium
responses to angiotensin II in the afferent versus
efferent arterioles.272�274 In mice, the AT1A and AT1B

receptor isoforms have distinct actions in the
glomerular circulation. Both AT1A and AT1B receptors
contribute to the afferent arteriolar response to angio-
tensin II, whereas the efferent arteriolar response is
mediated exclusively by AT1A receptors.275

The overall effect of angiotensin II on glomerular
hemodyamics is a predominant increase in post-glo-
merular resistance, resulting in an increase in glomeru-
lar hydrostatic pressure. These actions serve to protect
GFR in states of intravascular volume depletion.
Because angiotensin II also simultaneously reduces
renal blood flow, there will be a coincident increase in
filtration fraction, and a decrease in peritubular capil-
lary pressure276 promoting an increase in sodium reab-
sorption in the proximal tubule.277,278 The importance
of angiotensin II in maintaining GFR when renal perfu-
sion is threatened is illustrated by the effect of ACE
inhibitors in patients with critical bilateral renal artery
stenosis or critical stenosis in the renal artery of a
single functioning kidney. When blood pressures in
such patients are reduced to equivalent levels with
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a non-specific vasodilator, such as nitroprusside,
compared to an ACE inhibitor, the ACE inhibitor
causes a much more marked deterioration in
GFR.279,280

The glomerular hemodynamic responses to angio-
tensin II may be modified significantly by other circu-
lating factors. For example, the vasoconstrictor actions
of angiotensin II may be substantially augmented in
the presence of elevated adenosine levels.281�285 This
can occur in pathologic states including malignant
hypertension, renal artery stenosis, and in some exper-
imental models of renal ischemia.286�288 When both
angiotensin II and adenosine are present at high con-
centrations, there is a dramatic increase in preglomeru-
lar resistance that does not occur with either agent
alone. Other mediators, such as prostanoids289 and
nitric oxide, may also modulate the actions of angioten-
sin II in the glomerular microcirculation, particularly in
disease states such as diabetes.290 In angiotensin II-
induced hypertension, for example, nitric oxide attenu-
ates afferent arteriolar constriction.291

In kidney disease, abnormal activation of the RAS
and coincident increases in glomerular hydrostatic
pressure have been suggested to contribute to progres-
sive renal injury.292,293 For example, in the remnant
kidney model of chronic kidney disease, post-glomeru-
lar resistances are increased, and this is associated
with increased glomerular hydrostatic pressures.294,295

This abnormal glomerular hemodynamic pattern is
reversed with RAS blockade. These observations
formed the basis of the rationale for using ACE inhibi-
tors or angiotensin receptor blockers in chronic kidney
diseases. Reduction of glomerular hemodynamic pres-
sure may be a key mechanism explaining the renopro-
tective effects of these agents in diseases such as
diabetic nephropathy.11,13,14

Renal Medullary Circulation

Along with its effects on the glomerular circulation
angiotensin II, acting through AT1 receptors, has
important regulatory functions in the renal circulation
in general. In the mouse, regulation of renal blood
flow by angiotensin II is primarily mediated by AT1A

receptors.296 Moreover, effects of AT1 receptors to
modulate blood flow in the medulla significantly
impact the kidney’s excretory capacity for sodium.297

In this regard, it has been suggested that regulation of
medullary blood flow by angiotensin II represents a
critical pathway for modulating the pressure-natriure-
sis response discussed earlier in the chapter.161,276

Thus, regulation of medullary blood flow by the RAS
is likely to be a key pathway used by the kidney to
maintain blood pressure homeostasis.

The mechanisms controlling medullary blood flow
in the kidney are complex. As in the glomerulus,

vasodilator effects of mediators such as nitric oxide
and prostanoids act to counterbalance the actions of
angiotensin II. For example, a subpressor dose of
angiotensin II, which by itself has a negligible effect on
the medullary circulation, significantly reduces medul-
lary blood flow when combined with the NO inhibitor
L-NAME.298 Cortical blood flow is unaffected in this
circumstance. Nitric oxide also protects medullary
blood flow during chronic infusion of angiotensin II.299

In the outer medulla, angiotensin II stimulates NO pro-
duction by tubular epithelium, potentially as a com-
pensatory mechanism, and this may be an example of
“tubulo-vascular cross-talk,” whereby the effects of
angiotensin II on tubular epithelium may modify its
vasoconstrictor actions.300 Similarly, renal prostaglan-
dins also appear to modulate pressure natriuresis by
altering renal medullary hemodynamics.301 These
hemodynamic changes from the inhibition of prosta-
glandin production lead to increased chloride reab-
sorption in the loop of Henle and collecting duct.302,303

Alterations in the balance of angiotensin II and NO
in the medulla may have significant consequences on
systemic blood pressure regulation. For example,
angiotensin II-stimulated NO production is impaired
in Dahl-sensitive hypertensive rats,263,304,305 and atten-
uated generation of NO in kidneys of these animals is
associated with reduced medullary blood flow.306,307

Furthermore, delivery of L-NAME directly into the
renal medulla of Dahl salt-sensitive rats reverses the
hypertensive actions of angiotensin II,305 as does intra-
venous infusion of L-arginine.308

RENAL EPITHELIAL ACTIONS
OF THE RAS

Along with its hemodynamic actions, angiotensin II
may modulate fluid and solute excretion through two
distinct pathways: (1) an indirect pathway involving
stimulation of aldosterone release from the adrenal
gland; and (2) through direct effects of AT1 receptors
expressed by renal epithelia.162

In the adrenal cortex, activation of AT1 receptors
stimulates the release of aldosterone119 which in turn
promotes sodium reabsorption by binding to mineralo-
corticoid receptors in the mineralocorticoid-responsive
segments of the distal nephron.125 The biology of the
aldosterone system is described elsewhere, and histori-
cally was thought to be the major effector system used
by the RAS to control renal sodium handling.123 Direct
actions of angiotensin II in the kidney were defined later
using isolated perfused tubules309�314 and micropunc-
ture studies.315�318 Using these approaches, renal epithe-
lial responses to angiotensin II were documented in
several nephron segments. However, it has been
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difficult, in the intact animal, to separate the effects of
AT1 receptors in renal epithelium from other renal and
systemic effects of angiotenson II, and to determine
their contribution to integrated control of blood
pressure. Nonetheless, recent studies using renal cross-
transplantation and regional genetic deletion clearly
indicate significant, non-redundant contributions of AT1

receptors within the kidney to determining the level of
blood pressure.232,319 Activation of AT1 receptors in the
nephron can have physiologic or pathophysiologic
effects depending on the clinical context. For example,
stimulation of AT1 receptors in the proximal tubules
helps to prevent circulatory collapse at baseline by pro-
moting sodium retention,319 whereas the accumulated
stimulation of AT1 receptors on tubular cells that occurs
over the span of a normal lifetime downregulates pro-
survival genes including sirtuin 3, such that AT1 receptor
deficiency is associated with enhanced longevity in
mice.320 In the next section, we will provide an overview
of tubular actions of the RAS.

Tubular Effects of Angiotensin II

Proximal Tubule

Direct actions of angiotensin II in the proximal
tubule are perhaps the best characterized. These
actions were first implied in whole animal
studies,321�323 and then were specifically defined
using in vitro perfused proximal tubules313 and micro-
puncture studies.317 Taken together, these studies sug-
gest that angiotensin II, acting through AT1 receptors
on the basolateral surface of proximal tubules, pro-
motes sodium reabsorption by coordinately stimulat-
ing the sodium-proton anti-porter on the luminal
membrane along with the sodium-potassium-ATPase
on the basolateral surface.310,313,317 These actions result
in enhanced basolateral sodium bicarbonate flux.310

In addition, although angiotensin II is thought to regu-
late renal water handling primarily through actions
in the collecting tubule (discussed below), data are
emerging to suggest that AT1 receptor activation also
modulates proximal tubular expression of the aqua-
porin 1 channel, heretofore considered to be constitu-
tively expressed.324

The capacity for proximal tubular actions of the RAS
to influence blood pressure was first demonstrated in
elegant experiments by Sigmund and associates.325 In
these studies, isolated co-expression of human renin
and angiotensinogen in the proximal tubule caused
hypertension without any detectable increase in circu-
lating angiotensin II levels. In more recent work from
this group, overexpression of the type AT1 receptor in
the proximal tubule raised baseline blood pressure
levels.326 Inversely, Gurley and colleagues showed that

deletion of AT1 receptors selectively from the proximal
tubular epithelium using a Cre/loxp approach reduces
the baseline level of blood pressure by diminishing
fluid reabsorption from the proximal tubule, and pro-
tects from angiotensin II-induced hypertension by miti-
gating sodium reabsorption.319 These studies also
illustrated that angiotensin II regulates the abundance
of key apical membrane sodium transporters, as AT1

receptor deletion in the proximal tubule allowed the
downregulation of the NHE3 exchanger and the NaPi2
co-transporter, thereby facilitating hypertension-
induced natriuresis.319 Complementary studies in a rat
model demonstrated that angotensin II directs these
transporters to redistribute within the luminal mem-
brane microvilli of the proximal tubular cell to promote
sodium and water reabsorption.327

AT1 receptors are also present on the luminal brush
border of the proximal tubular epithelium.328�330

Moreover, angiotensin II is secreted into, and endocy-
tosed from, the proximal tubular lumen where its levels
may not correlate with plasma angiotensin II levels.331�333

It has been suggested that control of angiotensin II gener-
ation in this luminal compartment might provide separate
regulation of epithelial function that is independent of the
systemic RAS.334 Moreover, activation of AT1 receptors
on the luminal membrane of the proximal tubular cell can
promote sodium reabsorption, in part through a Gi-pro-
tein-mediated reduction in cyclic AMP.313,317,333 There is
some evidence for an independent regulation of luminal
concentrations of angiotensin II. For example, although
both whole kidney and proximal tubular angiotensin II
levels are elevated in response to reduced renal perfu-
sion,335 angiotensin II levels in proximal tubular fluid are
not suppressed with acute volume expansion, and may
even increase in this setting.335,336

The net effect of angiotensin II on bicarbonate han-
dling in the proximal tubule appears to be neutral.
Coordinating with its stimulation of the apical mem-
brane sodium-proton exchanger, angiotensin II
enhances the activity of the sodium-bicarbonate co-
transporter on the basolateral surface of the early prox-
imal tubule.310,313 As such, angiotensin II acts as a
potent stimulus for proximal acidification, coupled to
reclamation of bicarbonate from the early proximal
tubule.310,337,338 Nevertheless, the resulting reduction
in delivery of bicarbonate to the late proximal tubule
leads to less bicarbonate reabsorption in that segment.
Moreover, at higher concentrations, angiotensin II par-
adoxically inhibits sodium-bicarbonate transporter
activity,339 such that overall the bicarbonate concentra-
tion in the urinary filtrate reaching the distal convo-
luted tubule is not altered by angiotensin II
stimulation.340 Thus, the contribution of the RAS to
acid�base regulation is primarily mediated by aldoste-
rone in the distal nephron.341�345

439RENAL EPITHELIAL ACTIONS OF THE RAS

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



Loop of Henle

Compared to the proximal tubule, the functions of
angiotensin II in the medullary thick ascending limb
(MTAL) are not as well-characterized. AT1 receptors
are expressed on both the luminal and basolateral
membranes of the MTAL epithelium.346,347 In vitro
studies addressing the role of angiotensin II in MTAL
ion transport suggest that cellular responses may dif-
fer, depending on the local concentrations of angioten-
sin II.348,349 At lower concentrations of angiotensin II,
inhibition of the sodium-potassium-chloride co-trans-
porter (NKCC2) may be seen,348,349 whereas stimula-
tion of NKCC2 can be seen at higher concentrations.348

In vivo microperfusion experiments have also demon-
strated physiological consequences of angiotensin II in
the MTAL, including increased bicarbonate transport
out of the urinary filtrate.350 This heightened bicarbon-
ate flux is likely due to an increase in sodium�hydro-
gen exchange, as has been observed in the proximal
tubule, suggesting that angiotensin II increases sodium
reabsorption from the MTAL. These data are consistent
with the finding that in vivo administration of angio-
tensin II leads to heightened expression of both the
NHE3 sodium-hydrogen exchanger and NKCC2 in the
MTAL.351

Distal Nephron

SOLUTE TRANSPORT

Although angiotensin II indirectly influences distal
and collecting tubular function through the generation
of aldosterone, more recent studies have demonstrated
that angiotensin II also has direct effects in modulating
ion flux along the distal nephron. As in other nephron
segments, all the elements of the RAS are present
along the distal nephron, and relatively high concen-
trations of angiotensin II can be detected in the tubular
fluid of these segments.171,330,332 Angiotensin II, acting
via AT1 receptors, stimulates sodium�hydrogen
exchange in the cortical and outer medullary collecting
tubule by increasing the density of the vacuolar
sodium-hydrogen-ATPase in the apical membrane of
the type A intercalated cell, which in turn leads to an
increase in bicarbonate reabsorption.315,316,352,353

On the apical membrane of the principal cells in the
cortical collecting duct (CCD), luminal angiotensin II
stimulates amiloride-sensitive sodium transport by
increasing activity of the epithelial sodium channel
(ENaC) through an AT1 receptor-dependent mecha-
nism.312,318 Furthermore, activation of AT1 receptors
on the basolateral membrane of CCD cells stimulates
the activity of potassium channels via a nitric oxide-
dependent pathway.354 As the distal nephron ulti-
mately determines urine flow and composition, actions

of angiotensin II to modulate sodium handling at this
site may impact blood pressure homeostasis.164,312

WATER HANDLING

Recent studies suggest a role for the RAS in the con-
trol of urinary concentrating mechanisms and free
water handling. For example, the complete absence of
angiotensinogen, ACE or AT1A/AT1B receptors in mice
is associated with atrophy of the renal papilla and a
marked urinary concentrating defect.230,355,356 Mice
lacking AT1A receptors are also unable to generate
maximally concentrated urine, despite having appar-
ently normal renal papillae.357 These animals generate
vasopressin normally in response to water restriction,
but are resistant to dDAVP.357 Administration of an
AT1 receptor-antagonist to wild-type mice, and even
selective deletion of AT1 receptors from the collecting
duct using a Cre/loxp approach, recapitulates this uri-
nary concentrating defect.357,358 Similarly, AT1 receptor
blockade also blunts the maximal urine concentrating
capacity in DDAVP-challenged rats, and this effect is
associated with reduced expression of aquaporins-1
and -2.359 In the medullary collecting duct, angiotensin
II upregulates gene expression for the V2 vasopressin
receptor, and the expression and apical membrane tar-
geting of the aquaporin-2 channel.360�363 These effects
are mediated through a protein kinase A-dependent
pathway.360 Thus, direct effects of angiotensin II on
expression of water channels and perhaps vasopressin
receptors may contribute to its actions on renal water
handling.

References

[1] Tiret L, Bonnardeaux A, Poirier O, Ricard S, Marques-Vidal P,
Evans A, et al. Synergistic effects of angiotensin converting
enzyme and angiotensin II type I receptor polymorphisms on
risk of myocardial infarction. Lancet 1994;344:910�3.

[2] Jeunemaitre X, Soubrier F, Kotelevtsev YV, Lifton RP, Williams
CS, Charru A, et al. Molecular basis of human hypertension: role
of angiotensinogen. Cell 1992;71(1):169�80.

[3] Bonnardeaux A, Davies E, Jeunemaitre X, Féry I, Charru A,
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RENAL SYMPATHETIC NERVES

Introduction

One of the first observations of a potential neural
control of kidney function was made by Claude
Bernard in the middle of the 19th century, who
reported a unilateral diuresis following section of the
greater splanchnic nerve of the anesthetized dog.17

However, the critical role of the sympathetic nervous
system in the control of renal function was long
questioned due to the views of Homer Smith,244 who
regarded the renal innervation to be of little impor-
tance in determining the function of the kidney. It was
not until the 1960s that the innervation of the kidney
and its regulation of renal function came under
detailed scrutiny. Over the following three-to-four dec-
ades a wealth of information has been generated and
concepts developed which have provided the founda-
tion for how the renal sympathetic nerves regulate all
aspects of vascular, tubular, and secretory functions of
the kidney, both normally and in pathophysiological
states of cardiovascular diseases. A number of major
reviews have brought together the most significant
pieces of information about the renal sympathetic
nerves over this period.51,52,58,189 This knowledge is
now being translated into therapeutic approaches in
man, particularly in relation to hypertension, heart
failure, and renal disease.53,234 The recent reports by
Esler and co-workers76,172,173,234 that bilateral renal
denervation in patients with resistant hypertension
resulted in a profound and sustained ($2 years)
reduction in blood pressure reinforces the important
contribution of the autonomic control of the kidney in
determining cardiovascular homeostasis and how it

may be involved in pathophysiological states. These
findings are set to reinforce the drive to gain knowl-
edge of both the efferent and afferent innervations
of the kidney, and to stimulate the development of
further therapeutic avenues to modulate the neural
control of the kidney.

NEUROANATOMY, PHARMACOLOGY,
AND PHYSIOLOGY

Extrinsic Innervation

The efferent innervation of the kidney comprises
pre-ganglionic fibers which arise from spinal segments
T11�L3, and traverse to both pre-vertebral (thoraco-
lumbar sympathetic chain) and para-vertebral ganglia
(aortico-renal, splanchnic, coeliac, superior mesenteric
ganglia) which give rise to the post-ganglionic fibers.
There is great species variation in the overall contribu-
tion from the various ganglia, for example, with 80%
arising from the ipsilateral para-vertebral ganglia
(T11�L2) in the rat and hamster, but only 50% for the
cat and monkey (T11�L3).

58 Figure 16.1 gives a brief
outline of these different neural pathways. Tracer
studies with horseradish peroxidase and herpes virus
have been used to demonstrate the neural pathways
for the sympathetic innervation. The pre-ganglionic
sympathetic nerve fibers in the rat are primarily
located in the intermediolateral column of the spinal
cord, from T9�T13, suggesting that they descend three
to four segments before exiting the spinal column at
T11�L3. A number of nuclei within the central nervous
system project to these intermediolateral areas of the
spinal cord, including the raphe nuclei, rostral
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venterolateral medulla, an A5 group, and the paraven-
tricular hypothalamic nucleus.42 Together, there is a
view that descending projections from the supra-spinal
systems are the primary regulators of sympathetic out-
flow to the kidney.

There has been a continuing evaluation of the size
and type of nerves forming the efferent innervation of
the kidney. Analyses performed in the rabbit utilizing
electron microscopy have demonstrated two types of
nerve fibers with different diameters in the renal cor-
tex,49,183 suggesting that different functionalities may
exist within these different nerve populations. Detailed
counts of fiber number and diameter in the rat67,233

have found that the majority of the fibers are unmyleli-
nated (96%) with the remainder being myelinated. The
average diameter of the unmyelinated fibers was
approximately 1.3 μm, and while DiBona and collea-
gues67 reported a bimodal distribution, this was not
observed in the report of Sato and co-workers.233 More
recently, Fazan and colleagues81 investigated the situa-
tion in the mouse and found that, although the nerve
fibers had a similar mean diameter, 0.766 0.02 μm,
compared to the rat, the distribution was clearly uni-
modal. Together, these observations provide no consis-
tent support for the argument that different nerve
fibers are directed towards the innervation of specific
cell types (vascular, epithelial or granular) in order to
control selected functions.

Intrinsic Innervation

The sympathetic nerves generally traverse from the
ganglia, running alongside the renal artery, and enter
the hilus of the kidney where they begin to divide, with
smaller nerve bundles approximately following the

major divisions of the blood vessels. The sympathetic
nerves begin to divide into smaller bundles which pen-
etrate and form a network throughout the cortical and
juxta-medullary areas. Early studies by Barajas and
co-workers9,10 demonstrated discrete neuro-effector
junctions present at the afferent and efferent arterioles,
the granular cells of the juxtaglomerular apparatus, the
proximal and distal tubules, and the thick limb of the
ascending limb of the loop of Henle. This group of
investigators, utilizing electron microscopy, went on to
show that the sympathetic nerves were typical auto-
nomic fibers having varacosities associated with the
neuro-effector junctions that contained dense cored
vesicles. Using a tritiated noradrenaline radiographic
approach they9,10 clearly showed the presence of
noradrenaline, and although there was a suggestion
that acetylcholine esterase was present, there was no
indication that the fibers were cholinergic. Later, more
detailed studies indicated that there was a variation in
the number of neuro-effector junctions along the neph-
ron, with the greatest number being at the proximal
tubule, fewer at the thick ascending limb of the loop of
Henle, and the smallest number at the distal tubules
and collecting duct.58 Interestingly, when calculated as
the density of neuro-effector junctions per unit length,
the density was found to be greatest in the thick
ascending limb of the loop of Henle and progressively
less in the distal and proximal tubules.9,10 There is also
a regional variation, with the innervation being greatest
along the cortico-medullary border and becoming less
in the outer cortex and deeper regions of the medulla.
This regional variation in innervation density is
paralleled in both the vascular and tubular structures.
Figure 16.2 illustrates the cell types where neuro-
effector junctions have been described and the func-
tions they may regulate.

FIGURE 16.1 This shows the main

ganglia providing the sympathetic post-

ganglionic fibers which innervate the

kidney.
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Pharmacology

Neurotransmitters

A large body of evidence from biochemical and
pharmacological studies indicates that the primary neu-
rotransmitter arising from the sympathetic innervation
is noradrenaline. Functional studies have shown that
renal denervation, in the initial stages, is associated
with a marked decrease in noradrenaline content of
some 95%,58 while activation of the renal sympathetic
nerves results in an elevation in noradrenaline produc-
tion or spillover into the renal venous blood.75,76 The
role of dopamine and potential dopaminergic nerve-
mediated influences remains unclear, as all adrenergic
nerve varicosities contain dopamine as an intermediary
in noradrenaline biosynthesis, but there is little evi-
dence that dopamine acts as a neurotransmitter58 in
the neural regulation of either renal hemodynamic
function, renin release or fluid reabsorption.

Adrenoceptors

Multiple types of adrenoceptors are present within
the kidney mediating the actions of noradrenaline
released from the nerve varicosities, and a range of α1-
and α2-adrenoceptors subtypes exist along the renal vas-
culature and nephrons. At a functional level, stimulation
of the α-adrenoceptors causes a vasoconstriction of vas-
cular smooth muscle and reabsorption of fluid at tubular
epithelial cells. Stimulation of β-adrenoceptors increases
renin release at the juxtaglomerular granular cells. A
number of molecular biological and cloning investiga-
tions have defined α1-adrenoceptors into α1A-, α1B-,
and α1D-subtypes, α2-adrenoceptors into α2A-, α2B-,
and α2C-subtypes, and β-adrenoceptors as β1-, β2-, and

β3-subtypes, all of which are G-protein coupled receptors
comprising a superfamily of membrane proteins that
signal the actions of adrenaline and noradrenaline.251

The α1-adrenoceptors utilize a range of signaling path-
ways including activation of phospholipases A and C,
mobilization of intracellular calcium stores, as well as
opening of voltage-dependent and independent calcium
channels225 which results in a rapid vascular smooth
muscle contraction. Interestingly, noradrenaline binding
to α1-adrenoceptors also activates the MAP kinase
pathways which, in the longer term, are responsible for
regulating growth and hypertrophy of the vascular
smooth muscle.263 There are reports that α1A- and
α1B-adrenoceptors are present to a similar degree in the
cortex and outer stripe of the medulla, while in the inner
stripe of the medulla the α1B-adrenoceptor subtype
appears to predominate.83 However, in terms of hemo-
dynamic functionality, α1A-adrenoceptors are more
effective than the α1B-adrenoceptor subtypes in causing
renal vasoconstriction.

α-Adrenoceptors are also present on the epithelial
cells of the nephron, where they modulate fluid re-
absorption. There is evidence, at least in the proximal
tubule, that α1-adrenoceptor stimulation engages both
the phospholipase C and MAP kinase264 pathways, but
these signal to different end-points, that is to the
sodium/hydrogen exchanger, isoforms-1 (NHE1) and
isoform-3 (NHE3), respectively.179 At the more distal
sections of the nephron, the distal tubule and collect-
ing duct, α2-adrenoceptors are the primary subtype,
and in this segment their activation results in a
decrease in cAMP which blunts the action of other
factors signaling through this pathway. A key example
is AVP,223 which stimulates both water reabsorption

FIGURE 16.2 Neuro-effector junctions

are formed at the renin-containing cells, the

vascular smooth muscle cells (interlobular

arteries, afferent, and efferent arterioles)
and the epithelial cells of the proximal

tubule, thick ascending limb of the loop of

Henle, and the distal tubule. Noradrenaline
(NA) is contained in granules within varicosi-
ties which are exocytosed following passage
of an action potential.
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and ENaC insertion in this region where these
actions are blunted by α2-adrenoceptor agonists.8

β1-adrenoceptors are found primarily on the granular
renin-containing cells of the afferent arteriole, and their
activation stimulates adenylyl cyclase which increases
intracellular levels of cAMP. The β2-adrenoceptors
found on the tubules, primarily collecting duct, also
utilize cAMP production as the signaling molecule,
but their function at this site has not been resolved.

PHYSIOLOGY

Activation of the various signaling pathways via
ligand binding to the adrenoceptors increases fluid
reabsorption at the level of the proximal tubule. In the
proximal tubule, the catecholamines stimulate Na/K-
ATPase at the basolateral membrane,4 resulting in
increased sodium reabsorption from the tubular lumen
across the apical membrane. There is evidence from
micropuncture studies,212 as well as in vitro studies,180

that the sodium�hydrogen exchanger is activated,
particularly isoform 3 (NHE3), the isoform primarily
responsible for the regulation of sodium entry into the
epithelial cells at the proximal tubule.179,180 The NHE3
protein in the proximal tubule appears to be present in
the microvillae, either incorporated into the plasma
membrane273 where it is likely to be active or inter-
nally in the subapical vesicles, where it is considered
to be inactive in terms of a transporting protein. The
mechanisms involved in the translocation of the NHE3
from the plasma membrane into the subapical vesicles
are complex197 and require the interaction of a number
of proteins (NHERF1, myosin VI, ezrin, raft, non-raft,
and myosin). McDonough197 has recently reviewed the
evidence showing that when blood pressure is ele-
vated acutely273 or when the sympathetic nervous sys-
tem is reflexly activated there is increased movement
of NHE3 into the subapical compartment where the
transporter is inactive. McDonough and co-workers
have put forward the concept that translocation of the
NHE3 into the subapical regions is a key element
whereby sodium reabsorption may be regulated by
catecholamines, both in the short-term as well as over
a longer timeframe, thereby contributing to cardio-
vascular homeostasis.197,198

Autocrine and Paracrine Influences on
Neurotransmission

The interstitium of the kidney contains a complex
milieu of hormones and factors which may vary across
the cortex and medulla, but can determine the level of
functions of all cell types, vascular smooth muscle,

renin containing, and epithelial cells. There are mod-
ulator influences at the neuro-effector junction which
can come into play and influence the amount of nor-
adrenaline released in response to depolarization
caused by the passage of an action potential. An out-
line of potential interactions with various agents is
illustrated in Figure 16.3.

Adrenoceptors

At an early stage it was recognized that pre-synaptic
α2-adrenoceptors were able to act in an auto-inhibitory
fashion, whereby when activated by noradenaline
released into the neuro-effector junction, they decreased
neurotransmitter release caused by subsequent depo-
larizations. There is evidence that this situation pertains
at the kidney. α2-adrenoceptors are present in the
kidney,18,19 and their blockade enhances noradrenaline
release and renal nerve induced vasoconstriction in the
dog.113 In the rabbit109 blockade of α2-adrenoceptors
peripherally has little effect on renal nerve-induced
vasoconstrictions, but potentiates the renal nerve-
mediated antidiuresis and antinatriuresis.

Angiotensin II

A second important neuro-modulator is angiotensin
II, which is present in the renal interstitium at high levels
in conditions of increased endogenous angiotensin II
production.122,211,243 Activation of pre-synaptic AT-1
receptors facilitates the release of noradrenaline. This
was first reported by Boke and Malik21 using the isolated
perfused rat kidney. They found that renal nerve-
induced catacholamine release into the renal vein was
facilitated when angiotensin II was added to the perfus-
ate. At a functional level, studies in the anaesthetized rat
using both direct and reflex activation of the renal
nerves, at levels which had little or no effect on renal
hemodynamics, caused decreases in fluid excretion
which were blocked in the presence of an angiotensin-
converting enzyme inhibitor,102 and restored following
administration of exogenous angiotensin II.129 Similar
observations were reported by Veelken and colleagues258

in the conscious rat, where administration of the AT1-
receptor antagonist ZD 7155 blunted the renal nerve-
dependent antidiuresis and antinatriuresis in response
to an air-jet stress test. Together, these findings support
the view that at both renal vascular and epithelial cell
neuro-effector junctions occupation of pre-synaptic AT1
receptors enhances neurotransmission. It would seem
that these receptors are fully occupied, even at low
endogenous levels of angiotensin II256,258 and under nor-
mal conditions the facilitation is maximal but when pro-
duction is prevented, then neurotransmission will be
blunted. There may be other interactions at the post-syn-
aptic membranes of the epithelial cells. Quan and collea-
gues228,229 demonstrated that the ability of angiotensin II
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to stimulate proximal tubule fluid reabsorption was
blunted following acute renal denervation, but aug-
mented if the renal sympathetic nerves were stimulated
at low levels not affecting filtration rate. A comparable
interaction was reported by Abdulla and co-workers,1,2

who found that the renal vasoconstriction caused by
close renal arterial infusion of angiotensin II was blunted
following acute renal denervation. Thus, these observa-
tions demonstrate that angiotensin II has modulatory
activities at the neuro-effector junction, both pre-synapti-
cally and post-synaptically, which determine the effec-
tiveness of the neural control of renin release, fluid
reabsorption, and vascular tone in the kidney.

Nitric Oxide

A third potentially important factor determining nor-
adrenaline release, and hence its impact on functional
end-points, is nitric oxide (NO). All isoforms of nitric
oxide synthase (NOS), endothelial (eNOS), neuronal
(nNOS), and inducible (iNOS) are present in the kidney.
eNOS has been found along the vasculature and
glomerular capillaries,7,194 nNOS is present in the renal
nerves,156,181 at low concentrations along the tubules24

and high concentrations in the macula densa,7 while
iNOS is expressed constitutively in the medulla.142 It is
possible that in the environment of the neuro-effector
junction, NO may have both pre-synaptic and post-
synaptic actions, and this probably contributes to the
conflicting findings which have been reported. Thus, in
the anaesthetized dog, the low level renal nerve stimu-
lated noradrenaline output was enhanced following
NOS inhibition and suppressed in the presence of an
NO donor, consistent with an inhibitory pre-synaptic
action.71,188 In contrast in the rat, NOS blockade sup-
pressed renal nerve mediated noradrenaline output and
neurally induced renal vasoconstriction.253,259 In terms
of the influence of NO on renal nerve stimulated
increases in sodium reabsorption, there is a lack of
consistency. It is evident that NOS inhibition increases,
and exogenous NO decreases, proximal tubule fluid

reabsorption,72,213 suggesting an inhibitory action of NO
on reabsorptive processes. Importantly, this action of
NO is only evident if the renal nerves are intact.266 In an
apparent conflict with these studies are the findings that
renal nerve-induced increases in fluid reabsorption are
prevented by NOS blockade, consistent with a facilitat-
ing action of NO.268 In attempting to clarify these
differing reports, it is possible that NO could act in two
ways, directly within the post-synaptic cell, either
vasculature or epithelial cells, where it may blunt the
neurally controlled cell function, or indirectly by facili-
tating neurotransmitter release. The differing balances
between these two sites of action may simply reflect how
the NO generating systems may be activated by the vari-
ous experimental conditions of the investigations.

Reactive Oxygen Species

The generation of cellular energy results in the pro-
duction of reactive oxygen species which comprise
radicals that can damage both nuclear and cytoplasmic
proteins and phospholipids. A raised output of reac-
tive oxygen species is recognized as a state of oxidative
stress that is associated with a range of metabolic
and cardiovascular diseases. Reactive oxygen species
comprise superoxide anions, H2O2, and other reactive
radicals which are able to influence both neurotrans-
mission and the responsiveness of the target cells to
the neurotransmitter. The actions of the reactive
oxygen species may be either direct or indirect, as a
consequence of their ability to reduce the bioavailabil-
ity of NO. There are reports that systemic infusion of
tempol, a synthetic diffusible superoxide dismutase
mimetic which scavenges superoxide anions,239,272

reduced blood pressure and renal sympathetic nerve
activity to the same extent before and following
NOS blockade. These findings would be compatible
with the argument that in states of oxidative stress,
for example hypertension, increased production of
superoxide anions could enhance the activity of the
sympathetic nervous system, and hence the level at

FIGURE 16.3 Noradrenaline (NA) acts on the epi-

thelial cells to activate phospholipase C, increases intra-

cellular calcium (Ca1) which initiates MAP kinase

signaling pathways stimulating both the apical
sodium�hydrogen exchanger isoform 3 (NHE3) and the

basolateral sodium/potassium-ATPase. Noradrenaline
exerts an auto-inhibitory feedback action on further
release (2) while nitric oxide (NO) and angiotensin II
(AII) exert an action (1) to increase the amount of nor-
adrenaline release on passage of each action potential.
Reactive oxygen species (ROS) appear to directly facilitate
noradrenaline release and indirectly to modulate the
action of NO.
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which it influences kidney function. The enzymes
NAD(P)H and superoxide dismutase are present in
both the cortex and medulla of the kidney,133 with
the level of the latter being somewhat higher in the
medulla. This group133 demonstrated that oxidative
stress increased the activity of NAD(P)H, but not
superoxide dismutase, in the cortex but not the
medulla. This would suggest that in renal oxidative
stress whereas superoxide anion generation would
increase, the level of scavenging would remain unal-
tered, implying greater activity of the reactive oxygen
species. This is important in terms of renal sympathetic
nerve activity, as Shokoji et al.239 demonstrated that
direct application of tempol or DETC, a blocker of
superoxide dismutase, directly onto renal sympathetic
nerve fibers decreased and increased nerve traffic,
respectively. These findings imply that oxidative stress
in the kidney can itself alter the level of reactive oxy-
gen species in the local environment, which may
directly affect the level of renal sympathetic nerve
activity and renal nerve-dependent function.

CONTROL OF THE RENAL
CIRCULATION

Activation of Renal Sympathetic Nerves

The earliest studies by Cohnheim and Roy38 using a
renal plethysmograph, demonstrated that renal volume
was decreased following asphyxia or when the cut ends
of the renal nerves were stimulated. Indeed, these early
plethysmographic studies also identified the spinal ori-
gin of the vasoconstrictor fibers. The advent of the mod-
ern flowmeters to measure renal blood flow
dynamically allowed studies in anaesthetized dogs,
cats, rabbits, and rats58 which convincingly demon-
strated that direct electrical stimulation of the renal
nerves caused frequency related reductions in renal
blood flow. Furthermore, reflex activation of the renal
sympathetic nerves, either as a consequence of activa-
tion of the baroreceptor reflex by reduction in carotid
sinus pressure54,69 or activation of the somatosensory
system45,255 resulted in a renal nerve-mediated reduc-
tion in renal blood flow. Together, these reports indi-
cate that renal nerves cause contraction of the vascular
smooth muscle of the resistance vessels, thereby reduc-
ing blood flow. While the innervation of the afferent
arteriole would cause a reduction in renal blood flow
because it is the major resistance bed within the kidney,
the impact and relative importance of a neurally
induced vasoconstriction at the efferent arteriole is less
clear cut in terms of its overall contribution to the
reduction in renal blood flow. Luff and co-workers49,183

were able to identify at the ultrastructural level two

types of fibers in the rabbit that were differentially dis-
tributed, one type solely innervating the afferent arteri-
ole and a second type evenly distributed to both
afferent and efferent arterioles, which they argued
enabled an independent regulation of the two resis-
tance vasculatures. However, an alternative view is that
because of the differing wall thicknesses and lengths of
the afferent and efferent arterioles, even if both vessels
constricted to a similar degree, the efferent arteriolar
constriction would have a greater impact on glomerular
filtration pressure,48,50 and hence filtration rate.

A number of studies have reported a disparity in the
magnitudes of the reduction in renal blood flow and
glomerular filtration rate produced by renal nerve stim-
ulation. Studies in the anaesthetized rabbit,108 cat,131

and rat102 demonstrated that modest neurally induced
reductions in renal blood flow (of 15�20%) were
accompanied by either no change or a small 2�5%
reduction in glomerular filtration. However, if angio-
tensin II activity was reduced by converting enzyme
inhibitors, angiotensin II type 1 (AT-1) receptor block-
ing drugs or β-adrenoceptor antagonists, the neural
impact on glomerular filtration rate became greater,
with the magnitude of reductions in glomerular filtra-
tion rate becoming roughly proportionate with renal
blood flow.128 These reports gave rise to the important
concept that the renal nerves, indirectly via locally pro-
duced angiotensin II acting at the efferent arteriole,
could ensure that over a modest range of variation in
renal blood flow, the glomerular filtration rate, and
hence filtered load presented to the nephrons, was
maintained at a relatively constant level.

Renal Denervation

An important question is whether under basal,
unstressed conditions the renal sympathetic nerves
have a tonic influence on basal blood flow through the
kidney. The reasons for this uncertainty reside in the
manner of the experimental studies, whether anaesthe-
tized or conscious preparations were used, the degree
of surgical stress and type of anaesthesia used, and, to a
degree, the species under study. Thus, in a number of
reports in the anaesthetized rat, there was very little
change in renal blood flow following acute renal dener-
vation.58 However, in these studies there was often a
relatively long period of time between basal measure-
ments, the surgical manipulation and denervation of
the kidney, and the post-surgery measurements, with
the result that it was difficult to determine whether
changes had taken place. In an attempt to resolve this
issue, Kompanowska-Jezierska and colleagues141

inserted an electro-cautery wire around the bulk of the
nerves, and instantaneous denervation occurred when
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a current was passed to destroy the neural tissue.
Under these conditions, it was found that over the first
10 to 20 minutes an increase of some 20% in blood per-
fusing the outer cortex occurred when measured by
laser Doppler flowmetry, suggesting there was suffi-
cient activity within the renal nerves to decrease basal
renal blood flow. This view was to a degree supported
by the conscious rabbit reports of Malpas and co-
workers,190 who found that seven days after renal
denervation, renal blood flow was some 55% to 65%
higher in the denervated compared to the innervated
kidney, the large difference most likely indicative of
greater basal sympathetic outflow in the rabbit.

The studies of Miki and co-workers277 using the con-
scious rat showed that while basal renal blood flow in
the groups of animals with either intact or denervated
kidneys could not be distinguished, an increase in renal
sympathetic nerve activity during grooming and move-
ment caused a proportionate decrease in blood flow to
the intact kidneys of some 15%, whereas that to the
denervated kidneys tended to increase in line with blood
pressure. The relationship between renal blood flow and
stress-induced activation of the sympathetic nervous sys-
tem was the basis of the study undertaken by Brod and
co-workers.25 They demonstrated in man that, in the
unstressed state, administration of an adrenergic block-
ing drug, dibenamine, had no effect on para aminohip-
purate (PAH) clearance (effective renal plasma flow),
but if the patients were tense, anxious, and stressed, the
dibenamine administration was associated with a rise in
PAH clearance compatible with the view that there was
a tonic renal nerve-induced reduction in renal blood
flow. Thus, the degree of tonic influence of the renal
sympathetic nerves on basal hemodynamics is depen-
dent on the level of stress impinging on the subjects, and
in the normal conscious state the renal sympathetic
nerves have relatively little impact.

Neural Regulation of Intra-Renal
Hemodynamics

Measurement of Intra-Renal Hemodynamics

The measurement of blood flow through the cortical
and medullary regions of the kidney is difficult and
fraught with technical limitations. Videomicroscopic tech-
niques have been used to evaluate blood flow through
single vasa recta vessels.41 The limitation of many techni-
ques used such as the Rhubidium-86 methodology is sin-
gle estimations from one kidney,107 the H2-washout
method is the accuracy of curve fitting of the data,5,6 and
the trapping of labeled microspheres in glomerular is
only two to three measurements per kidney.37 More
recently, there has been greater use of laser-Doppler tech-
nology, which allows continuous measurements of blood

perfusion through the cortex and medulla of the same
kidney. The limitations of this technique are that the
values recorded are not flow, but are a flux measurement
derived from the product of the velocity as well as the
number of red cells moving through the volume of tissue
illuminated by the laser. Consequently, the values arising
from this technique represent qualitative rather than
quantitative evaluations of blood flow.

Activation of the Renal Nerves

There have been a series of investigations addressing
how and whether the renal sympathetic nerves may dif-
ferentially regulate blood flow through the cortex and
medulla. Early studies in this area applying the H2-
washout approach in the anaesthetized dog5,6 indicated
that adrenergically-mediated decreases in flow were of
comparable magnitude in both cortical and medullary
regions. Similar findings were reported using the
Rhubidium-86 methodology,107 in that stimulation of the
renal sympathetic nerves caused equivalent decreases in
flow through both cortex and medulla. By contrast in
later reports, Rudenstam et al.231 used laser-Doppler
flowmetry in the rat and observed a relative resistance
of medullary perfusion to decrease in response to
renal sympathetic nerve stimulation. Evans and
co-workers,74,97,177 using the same technique in the
anaesthetized rabbit, demonstrated smaller reductions of
the perfusion in the medulla than in the cortex or total
renal blood flow. Further studies in rabbits96 showed
that the magnitude of reduction was similar across the
medullary region, irrespective of the depth at which
measurements were made (inner or outer medulla).
This, to a degree, contrasts with the findings in the
anaesthetized rat,259 where the inner medullary perfu-
sion was less responsive than the outer medullary area
to renal nerve stimulation. The reasons underlying the
differences reported in the sensitivity of the two vascular
regions (cortex versus medulla) to adrenergic stimula-
tion are unclear, but they may reside in the differing
characteristics of the afferent and efferent arterioles
(which may also vary between outer and inner cortical
regions), possible variations in innervation density, spe-
cies variation or the mix of paracrine and autocrine fac-
tors residing in the interstitium in these different
regions. The potential interactions of all these factors
have been considered in detail in recent reviews.78,79

CONTROL OF RENALTUBULAR SOLUTE
AND WATER TRANSPORT

Renal Denervation

Claude Bernard17 first noted that section of the
splanchnic nerve of the anaesthetized dog caused an
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increase in urine flow. Questions arising from this
finding were whether the raised fluid excretion was
due indirectly to an increase in glomerular filtration
rate, whether it was the result of a direct action on the
tubular reabsorptive processes of the epithelial cells or
a combination of these mechanisms. This problem was
addressed by Bonjour and co-workers22 using the
anaesthetized dog, who convincingly demonstrated
that the elevated urine flow and sodium excretion sub-
sequent to the section of the renal sympathetic nerves
was independent of any changes in glomerular filtra-
tion rate. They concluded that the raised fluid excre-
tion reflected a direct influence of the nerves on
tubular function. Thereafter, this view was supported
by a series of reports using micropuncture techniques
which directly examined reabsorptive rates along
accessible segments of the nephron. Bello-Reuss and
colleagues14,15 observed in the anaesthetized rat that
section of the splanchnic nerves had a minimal effect
on single nephron glomerular filtration rate, but was
associated with significant decreases in both absolute
and fractional sodium and water reabsorption at the
proximal tubule. These conclusions were supported by
other investigators at that time, using comparable tech-
niques to directly measure tubular function.252,267,268

Renal Nerve Stimulation

The removal of the influence of the renal sympathetic
nerves represents only one way of illustrating their
action, and to fully appreciate their influence a corre-
sponding series of studies were necessary in which the
renal nerves were activated. In a ground-breaking
study, LaGrange and co-workers,175 using the anaesthe-
tized dog, found that direct electrical stimulation of the
nerves at levels that were sub-threshold for changing
either renal blood flow or glomerular filtration rate,
caused a 30�40% fall in water and sodium excretion,
which was interpreted as a direct action of the renal
nerves on tubular fluid reabsorption. A similar situa-
tion was found to exist in the rabbit108 and rat,132 in that
electrical stimulation of the renal nerves at levels sub-
threshold for decreasing renal blood flow, decreased
both urine flow and sodium excretion. These observa-
tions were supported by micropuncture studies which
more directly evaluated the tubular actions of the
nerves. These studies16 demonstrated that the absolute
and fractional sodium and water reabsorption of the
proximal tubule was increased by low frequency direct
electrical stimulation of the renal nerves which was
without effect on single nephron filtration rate.
Moreover, DiBona and Sawin62 found in the anaesthe-
tized rat that low frequency stimulation of the renal
nerves, at rates which did not alter renal blood flow or

glomerular filtration rate, also increased fluid reabsorp-
tion at the thick limb of the ascending loop of Henle.

Thus, there is a large body of information which sub-
stantiates the view that the renal sympathetic nerves,
when activated at low rates which have minimal effects
on renal hemodynamics, have a direct action on the
transport processes of the epithelial cells of the proxi-
mal tubule and the thick ascending limb of the loop of
Henle. The situation regarding the distal tubule and the
collecting duct has not been investigated in depth, pri-
marily because of the technical hurdles required to
evaluate reabsorption in these segments in vivo.
Interestingly, Bankir and colleagues8 have reviewed
evidence for the concept that activation of vasopressin
V2 receptors along the collecting duct not only
increases water abstraction, but also activates epithelial
sodium channels (ENaC) in the principal cells of this
nephron segment. The EnaC-mediated antinatriuresis
takes place in association with V2-induced increases in
cAMP, and occurs at high plasma levels of vasopressin
typically seen in pathophysiological states. The possi-
bility arises that activation of α2-adrenoceptors along
this nephron segment,222,223 which are known to sup-
press cAMP, could interact with vasopressin to deter-
mine the level not only of water retention, but also of
the sodium due to ENaC insertion. The relationship
between vasopressin and adrenoceptor activation at
this nephron segment remains a source of investigation.

NEURAL CONTROL OF RENIN RELEASE

Renin Containing Cells

Renin Production

The granular cells of the juxtaglomerular apparatus
contain renin. These cells are found in the afferent arter-
ioles at increasing density as the vessel approaches the
glomerulus.98 The origin of these cells has been exam-
ined in a study by Sequeira-Lopez et al.236 using single
cell PCR and double immunostaining combined with
lineage markers. By transplanting embryonic kidneys
between genetically lineage marked mice containing
cells for renin, smooth muscle, and endothelial cells with
wild-type mice, they showed two distinct populations of
cells expressing either renin or smooth muscle cell
markers, but never both in the same cell. During the
course of maturation, the renin cell began to express the
smooth muscle cell markers, suggesting that renin cells
could progress into smooth muscle cells and, if required,
back into renin cells. Importantly, it appears that the
transformation the other way round cannot happen, that
is, the smooth muscle cells do not transform into renin
cells.220,236 The situation seems to be that when demand
for renin is high, for example as a consequence of
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reduced renal perfusion pressure or following a low die-
tary sodium intake, some smooth muscles will transform
back into renin producing cells. Expression of the renin
gene generates a specific mRNA which translates into a
large protein, pre-pro-renin, which then undergoes
processing to generate pro-renin.98 The pro-renin then
undergoes one of two fates, it can be secreted constitu-
tively in an unchanged form, which represents
“inactive” renin or it is incorporated into the secretory
granules, where it undergoes further modification into
mature renin. The secretion of renin occurs when exo-
cytosis of the granules is stimulated. The exocytosis of
the granular cells is regulated by two main intracellular
signaling molecules, cAMP which stimulates renin
release and intracellular calcium ion concentration
(Ca21) which inhibits renin secretion.

Renin Cell Electrophysiology

The membrane potential of the granular cells is
determined by a variety of ion channels influenced by
cAMP and Ca21. Large conductance calcium-sensitive
voltage-activated channels (BKa) are opened by
increased intracellular cAMP, resulting in hyperpolari-
zation. L-type voltage-dependent calcium channels
(Cav1.2) which inhibit cAMP-mediated exocytosis.85,86

The normal physiological process is one where the
cAMP stimulation of renin granule exocytosis is pro-
tected against activation of L-type calcium channel by
the hyperpolarization that results from the cAMP
induced opening of the BKa. In this way, renin secre-
tion can occur in a regulated manner independent of
intracellular Ca21. These relationships and interactions
are illustrated in Figure 16.4.

There are three primary intracellular signaling
pathways which interact to determine the rate of renin
secretion: cAMP; cGMP; and cytosolic calcium. Good

evidence exists13 that cAMP is the key signaling
molecule. In mice with deletion of the G-protein Gsα in
juxtaglomerular cells,30 plasma renin is low and the mice
are unresponsive to stimuli such as β1-adrenoceptor
stimulation which utilize cAMP. On the other hand in
intact mice, challenges that stimulate adenyl cyclase or
suppress phosphodiesterase enzymes result in increased
renin release. The role of intracellular calcium in the reg-
ulation of renin secretion is only now becoming clear.235

Angiotensin II-, endothelin-, and ADH- receptor-medi-
ated increases in intracellular calcium suppress the exo-
cytosis of the renin granules. Indeed, the intracellular
calcium levels are inversely proportional to those of
cAMP, that is, as intracellular calcium decreases there is
an increase in cAMP and renin release, and vice
versa.98,221 It would seem that adenylyl cyclase isoforms
5/6 are inhibited by increased intracellular calcium,
thereby determining the rate of cAMP generation. Taken
together, the scenario put forward235 is that cAMP is the
primary intracellular signaling molecule eliciting renin
release, and this occurs through activation of β1-adreno-
ceptors. The other factors and mechanisms, which exert
their actions via changes in calcium entry into the granu-
lar cells and therefore the activity of adenyl cyclase 5/6,
will serve to modulate the sensitivity of the cAMP-
dependent pathways for renin secretion.

Activation of the Renal Nerves

The stimulation of renal secretion and the exocytosis
of the granules are regulated through three main
routes, the renal baroreceptor mechanism, the macula
densa and the renal sympathetic nerves. Many of the
early investigations utilized either electrical stimula-
tion or reflex activation of the renal sympathetic
nerves, and showed that plasma renin activity or renin

FIGURE 16.4 Noradrenaline-adrenoceptor on a

renin-containing cell to increase (NA) stimulates intra-

cellular cAMP which then initiates exocytosis of renin-
containing granules, releasing renin. At the same time,
cAMP acts at the BKCa channel to cause a hyperpolariza-
tion which to a degree suppresses the CaV channel offset-
ting calcium entry, an effect tending to inhibit renin
secretion.
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secretion was increased58,143 which could be prevented
by administration of β-adrenoceptor antagonists. Often
interpretation of these findings was complicated by the
concomitant reductions in renal blood flow and glo-
merular filtration rate which could have also contrib-
uted to the rise in renin release. The reports by Kopp
et al.143 and Osborn et al.215 demonstrated that electri-
cal stimulation of the renal sympathetic nerves at low
frequencies producing no or small decreases in renal
blood flow resulted in increases in renin release that
were prevented by administration of a β1-adrenoceptor
antagonist in anesthetized dogs. This view of renin
release from the granular cells being due to a direct
action of neurally released noradrenaline has been
supported by comparable observations in the rabbit
and rat, as well as man.128,269

It is now clear that the neurally-induced renin
release is associated with a rise in renal renin mRNA.
This effect becomes measurable at relatively high
levels of renal nerve stimulation over an extended
period of time, of approximately an hour, causing
large increases in plasma renin activity.207

Interestingly, a number of reports have indicated that
cAMP stimulates renin gene expression by binding to
an enhancer region upstream of the gene,218,240 as well
as increasing the stability of renin mRNA.221,242,261 The
mechanisms involve cAMP-dependent phosphoryla-
tion mediated by ERK kinases.98 Thus, the nerve-medi-
ated increase in cAMP may act in several ways, first to
cause an immediate release of renin as a result of exo-
cytosis of the granules; second to increase renin gene
expression; and third to cause a stabilization and pro-
longation of the action of renin mRNA, all actions to
ensure that sufficient renin is available and stores are
replenished.

Neural and Non-Neural Interactions and Renin
Release

A number of early observations gave rise to the con-
cept that a background level of renal nerve activity
was necessary to allow the differing renin releasing
mechanisms to operate normally. It was the initial
studies of Stella et al.248 in the anaesthetized cat that
demonstrated that increased renin secretion as a result
of reductions in renal perfusion pressure or renal
blood flow were blunted in the denervated compared
to the innervated kidneys. Furthermore, Johns130 dem-
onstrated that during reflex activation of the sympa-
thetic nervous system following reduction of perfusion
pressure at the carotid sinus, the magnitude of renin
release when renal perfusion pressure was reduced
was greater in the innervated than denervated kid-
neys. These findings were extended by Holdaas

et al.114 and Osborn et al.216 using the anaesthetized
dog, who found that furosemide-induced renin release
was enhanced when the renal sympathetic nerves
were intact compared to that obtained when the kid-
neys were denervated. Indeed, Kopp and DiBona160

clearly demonstrated in the dog that the relationship
between the magnitude of renin released in response
to a particular level of electrical stimulation of the
renal nerves was dependent on the prevailing level of
renal perfusion pressure. The mechanisms involved at
the cellular level remain undefined.

INTEGRATION OF RENAL NERVE
ACTIVITY AND FUNCTION

Recruitment of Functionalities

An important consideration after having defined the
exact mechanisms by which the renal nerves exert
their influence on the different end-points of kidney
function, renin release, fluid reabsorption, and renal
hemodynamics, is the relationship between the recruit-
ment of these functionalities under normal conditions.
At low levels of renal nerve stimulation, which is sub-
threshold for changing fluid reabsorption and renal
hemodynamics, there is an increase in renin secretion.
At somewhat higher levels of renal nerve activation,
but again sub-threshold for impacting on renal hemo-
dynamics, not only are there larger increases in renin
secretion, but there is also an antidiuresis and antina-
triuresis which has been demonstrated in the anaesthe-
tized dog, rabbit, and rat.58 It is clear that the renal
nerve-induced sodium and water retention under
these conditions reflects a direct action on proximal
tubule reabsorptive processes, as described in micro-
puncture studies using the anaesthetized rat.16,266,267

At high levels of renal nerve stimulation, the raised
renin release and fluid retention is enhanced, but is
now accompanied by a reduction in renal blood flow
and, depending on the actual level of stimulation, a
decrease in glomerular filtration rate.58 Indeed, this
progressive recruitment of renal functionalities has
been shown to occur in man in an elegant study by
Wurzner et al.269 who used lower body negative pres-
sure (LBNP) to reflexly activate the sympathetic ner-
vous system. They found that as LBNP was
progressively reduced, there were associated propor-
tionate increases in plasma noradrenaline and plasma
renin activity, while sodium excretion was only
reduced at the lowest LBNP used. During these chal-
lenges neither renal blood flow nor glomerular
filtration rate were changed. The way in which
these functionalities are recruited is illustrated in
Figure 16.5.
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There are two important considerations which arise
from this pattern of responses. At low levels of renal
sympathetic nerve activity, the major impact will be on
renin release and sodium and water reabsorption. At
these low levels of activity there will only be small
increases in circulating renin (50�70%) and reductions
in sodium excretion of some 20�40%. However, if these
effects persist over a long timeframe, they could have a
profound impact on extracellular fluid volume, and
thereby on the level at which blood pressure is set.
Again, it is worth reiterating that these renin releasing
and sodium retaining responses can occur with little
evidence of major reductions in renal hemodynamics.

By contrast, when renal sympathetic nerve activity
is raised to higher levels by major stressors (for exam-
ple emotional challenges, severe exercise), then blood
flow through the kidney will be markedly reduced.
However, it is important to emphasize that these are
short acting events, and therefore they are likely to
have only minor influences on overall cardiovascular
homeostasis.

Patterns of Electrical Stimulation of the Renal
Nerves

Patterns of Efferent Activity

The concepts of how the renal nerves influence
kidney function have been based largely on experiments

in which the sympathetic nerves to the kidney have been
dissected out, placed on electrodes, and stimulated using
square wave pulses of defined width and voltage at
increasing frequencies and constant current delivery.
It has been recognized that this pattern of stimulation
bears no relation to that passing down the nerves natu-
rally to reach the kidney. Indeed, multifiber nerve
recordings have shown the signal to be composed of a
bursting nature where larger or smaller numbers of
fibers fire together in a coordinated or disparate fashion,
with the result that complex patterns are generated. The
issue is whether the effectiveness or impact of the nerves
on one or more functions might be different if they were
stimulated in a way more representative of that occur-
ring under natural conditions.

Lacroix et al.176 and Nilsson et al.,210 using isolated
mesenteric and nasal vessels, demonstrated that larger
sympathetically-mediated vasoconstrictions were pro-
duced using high frequency bursts of impulses com-
pared to the delivery of the same number of impulses
as a continuous train. This was to a degree reinforced
by the observations of Hardebo,103 who found that the
high frequency bursting pattern caused a greater
release of noradrenaline from cerebral vessels than
that achieved with the same number of impulses deliv-
ered as a continuous stream. Thus, the amount of neu-
rotransmitter released can be influenced by the exact
pattern of stimulation used.

Electrical Activation with Frequency
Enriched Stimuli

HEMODYNAMICS AND FUNCTION

The question therefore arises as to whether the effec-
tiveness or impact of the renal sympathetic nerves
could be influenced by the pattern of the stimulation
parameters. This was investigated by DiBona and
Sawin66 in the anaesthetized rat using a complex com-
puter generated stimulus pattern basically of a sine
wave, within which was embedded a randomly gener-
ated white noise signal. The patterned stimulus was
designed to approximate that which the kidney might
normally be expected to receive. The authors used two
levels of intensities, one impacting on renal hemody-
namics and one at a lower level which only influenced
excretory function. Importantly, they showed that for
the same integrated voltage applied to the nerves, the
magnitude of reduction in renal blood flow was greater
with the sinusoidal patterned stimulus than with the
square wave stimulus at all frequencies tested. This
data is presented in Figure 16.6, where there is a clear
shift of the frequency�response curve to the left with
the sinusoidal stimuli compared to the square wave
stimuli. In a similar way, application of sub-threshold
stimuli for changing renal hemodynamics had no effect

FIGURE 16.5 At the lowest level of renal nerve stimulation

(0.6 Hz), there are significant increases in plasma renin activity

(stippled bars) and decreases in sodium excretion (open bars), but
no effect on either renal blood flow (hatched bars) or glomerular

filtration rate (filled bars). As the frequency of stimulation is
increased there are larger increases in all variables, particularly the
decreases in renal hemodynamics which become significant.
Importantly the frequency�response relationships are much steeper
for plasma renin activity and sodium excretion than for renal blood
flow or glomerular filtration rate. (Modified from ref. [109].)
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on sodium excretion if delivered in a square wave
form, but did cause an antidiuresis and antinatriuresis
at the same integrated voltage if the sinusoidal signal
was used, and this is illustrated in Figure 16.7. Thus,
together these reports serve to emphasize that the way
in which the neural signals are delivered into the kid-
ney can determine the impact on end-organ function.

HEMODYNAMICS

Malpas and colleagues,95,191,192 using the anaesthe-
tized rabbit, investigated whether the bursting pattern of
naturally occurring renal nerve activity could in any
way determine the dynamic regulation of renal blood
flow. Utilizing a similar patterned stimulus, i.e., a sine
wave of varying voltage within which square wave
pulses were embedded, as against steady square wave
pulses, they showed that the frequency of the sine wave
could determine the degree of reduction in renal blood
flow, even though the total current delivered was the
same.191 The authors proposed that the low frequency
pulses in renal sympathetic nerve activity were likely to
result in an enhanced dynamic gain to allow the renal
blood flow to respond rapidly to normal everyday varia-
tions in blood pressure. Interestingly, this hypothesis
was not supported by an investigation in the rat63 in
which the renal nerves were similarly stimulated with
sine wave modulation with embedded high frequency
pulses. These investigators found that there were reduc-
tions in renal blood flow with superimposed low fre-
quency oscillations, but that the magnitude of these
vasoconstrictor responses were not altered when basal
tone was increased by exogenous administration of

noradrenaline or angiotensin II. The reasons why there is
a disparity between these reports are unclear, but may
reflect a fundamental difference in the regulation of the
renal vasculature in the rabbit versus the rat.

Analysis of Renal Nerve Activity

The central mechanisms involved in the generation,
regulation, and analysis of the sympathetic outflow
have been reviewed in detail by Malpas.189 It has
become possible to resolve the frequency and ampli-
tude components, phase relationships, and coherence
between renal sympathetic nerve activity, renal blood
flow, and blood pressure. These techniques have been
applied to gain insight into how low levels of renal
sympathetic nerve activity may influence renal func-
tion. It is evident that renal sympathetic nerve activity
is at a level which tonically reduces renal blood flow, at
least, in the rabbit.96,190 Moreover, following power
spectral analysis of the renal blood flow signal it has
become apparent that at a spectral frequency range
above 0.6 Hz in the renal sympathetic nerve signal, the
nerves exert a tonic vasoconstrictor action on the renal
vasculature.191 However, the lower frequency power
spectral peaks, below 0.6 Hz, cause slow cycles of
vasoconstriction and vasodilation which, it has been
argued, may enhance the responsiveness of the vascula-
ture to other stimuli to allow renal blood flow and
glomerular filtration rate to dynamically adapt to
ensure constancy of filtered load, and hence fluid
processing by the nephron.192 Indeed, it has been
emphasized that this role of the renal nerves is integral
to the maintenance of cardiovascular homeostasis.12

FIGURE 16.6 This figure (taken from
ref. [66] with permission) demonstrates that
delivery of an electrical stimulus as a
square wave pulse (NOISE-SQUARE) is
less efficient in decreasing renal blood
flow (RBF) at every integrated voltage
step compared with stimuli delivered as a
sinusoidal wave containing either noise
(NOISE/SINC-DIAMOND) or fixed fre-
quency within the sinusoidal wave
(SINC/NOISE-DIAMOND).
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The situation in the rat appears somewhat different,
as many reports58 demonstrate that under basal condi-
tions the renal sympathetic nerves have a much smal-
ler, if any, influence on basal renal blood flow. DiBona
and Sawin61,65 evaluated the transfer function gain
between blood pressure and renal blood flow under a
variety of conditions where renal sympathetic nerve
activity was removed or enhanced. There was a char-
acteristic pattern to the transfer function gain under
basal conditions. The transfer function gain decreased
below zero over the frequency range 0.02 and 0.06 Hz,
which was taken to represent a slower tubuloglomeru-
lar feedback mechanism of autoregulation, and
increased above zero with a plateau region over the
higher frequency range 0.1 to 0.2 Hz, which was taken
to reflect the myogenic component of autoregulation.

They found that acute denervation had little impact on
the overall pattern of transfer function gain over the
whole frequency range.61 In contrast, in two patho-
physiological states, congestive heart failure and in the
spontaneously hypertensive rat where basal renal sym-
pathetic nerve activity is elevated, transfer function
gain was suppressed over both these frequency ranges,
but was relatively normalized following acute renal
denervation.63 The authors concluded that in the rats
with elevated renal nerve activity, the coupling
between blood pressure and renal blood flow was
overridden such that autoregulation of renal blood
flow was impaired. These authors went on to show
that this effect was mediated via angiotensin II, as
blockade of angiotensin AT1 receptors with losartan
depressed the transfer function gain in rats fed on low
or normal dietary sodium intake, but not a high die-
tary sodium intake.59,63 Indeed, the outcome of these
studies indicated that the renin�angiotensin system
enhanced the tubuloglomerular feedback component
of autoregulation, but not the myogenic component,
and that the elevated angiotensin II increased the effi-
ciency of transfer of the neural signal to control the
renal vasculature.

Reflex Regulation of the Renal Nerves

Activity within the renal sympathetic nerves repre-
sents an integration of a number of sensory inputs aris-
ing from different regions of the body by the central
nervous system. Malpas has recently reviewed the cen-
tral mechanisms regulating sympathetic outflow to the
periphery, including that to the kidney.189 The chang-
ing output of renal sympathetic nerve activity repre-
sents a means by which renal functionalities, that is,
renin release, sodium reabsorption, and renal hemo-
dynamics are regulated at an appropriate level. The
different sensory systems sending information into the
central nervous system are shown in Figure 16.8.

Cardiovascular Baroreceptors

HIGH PRESSURE BARORECEPTORS

A number of early studies demonstrated that the
high pressure baroreceptors in the carotid sinuses
exerted an important influence on the neural regula-
tion of the kidney. Studies undertaken in anaesthetized
and conscious dogs in which carotid sinus pressure
was reduced mechanically94,278 or as a consequence of
periods of head up tilt54,201,202 increased renal nerve
activity, renin secretion, and caused a renal nerve-
dependent antidiuresis and antinatriuresis with rela-
tively little change in renal hemodynamics. This means
that during everyday activity, the baroreflex control of
blood pressure will impact on kidney function; renin

FIGURE 16.7 Electrical stimulation of the renal sympathetic

nerves with the diamond wave stimulus, which had no effect on
either renal blood flow (RBF) or glomerular filtration rate, (GFR) sig-

nificantly decreased sodium excretive (UNAV), whereas delivery of

the same integrated voltage as a square wave stimulus was without

effect on any of the measured variables. (Taken with permission from
ref. [66].)
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release and sodium and water retention to a greater
degree than vasomotor tone. However, what has
become evident from the conscious rat studies of Miki
and colleagues, is that the baroreflex control of renal
sympathetic nerve activity is shifted towards a higher
blood pressure as muscle activity increases, for exam-
ple during grooming and exercise on a
treadmill.204,206,277

LOW PRESSURE BARORECEPTORS

The low pressure baroreceptors are contained in the
cardiopulmonary areas, and are mechanosensitive
nerves embedded in the atria and great veins (superior
and inferior venae cavae and pulmonary vein) which
respond to stretch. Activation of these sensory nerves
by inflation of balloons in the left atria results in a reflex
decrease in renal sympathetic nerve activity associated
with a rise in water and sodium excretion.90,178 While
many of these studies were undertaken in anaesthe-
tized preparations, DiBona and Sawin68 demonstrated
in the conscious rat that volume expansion decreased
and volume depletion increased renal sympathetic
nerve activity. These observations correlated with a key
report by Miki et al.201 in the conscious dog showing
that head-out total body water immersion, a maneuver
that shifts fluid into the more central compartments of
the cardiovascular system, caused a reflex renal sym-
patho-inhibition associated with a diuresis and natri-
uresis. The cardiopulmonary receptors were
demonstrated to be essential in this reflex, as following
chronic cardiac denervation both the renal sympatho-
inhibition and excretory responses were markedly
blunted when these dogs were subjected to the water
immersion challenge.202

Somatosensory System

There are mechanosensory nerve fibers in the joints
and tendons, chemosensitive nerves within the muscle
tissue itself depolarized by metabolites.127,128 The skin
contains nociceptors and thermoreceptors. Each of these

classes of sensory nerves sends important afferent infor-
mation into the central nervous system to be integrated.
At the level of the kidney, an early study by Thames and
Abboud255 demonstrated that sciatic nerve stimulation
caused profound reductions in renal blood flow. In the
anaesthetized rat, electrical stimulation of the brachial
nerves, application of capsaicin subcutaneously to depo-
larize afferent nerve endings or inhalation of noxious
fumes45,46,279 caused increases in renal sympathetic
nerve activity and a renal nerve-mediated antidiuresis
and antinatriuresis with little change in renal hemody-
namics. Interestingly, the magnitude of the renal sympa-
thetic nerve activity responses is under tonic inhibitory
control by the cardiopulmonary receptors, as suggested
by studies showing that activation of the cardiopulmo-
nary receptors blunts the sympatho-excitatory and anti-
natriuretic responses to capsaisin-induced activation of
the afferent nerves.279 These studies illustrate the point
that the somatosensory system does provide an impor-
tant input to the brain, but its impact is modulated by
input from the cardiovascular baroreceptors.

Visceral System

Less well-studied, but nonetheless important, are
the chemo- and mechano sensory nerves in the visceral
system. In early studies, Weaver and co-workers262

demonstrated that activation of chemosensitive nerve
fibers in the small intestine of the cat, by bradykinin,
caused a reflex activation of the renal sympathetic
nerves. Furthermore, they demonstrated that the effec-
tiveness of this sensory input from the gut was under
a tonic inhibitory influence from both the low and
high pressure cardiovascular baroreceptor.

Chemo- and mechanosensory nerves are also present
within the liver, where they modulate renal sympa-
thetic nerve activity and renal nerve mediated fluid
excretion.110,111,171,205 A reduction in plasma sodium
concentration in the hepatic portal vein, but not hepatic
artery, resulted in increased adrenaline secretion, indic-
ative of a sympatho-excitation, which was blocked by

FIGURE 16.8 The figure summarizes the

input from different sensory system which are

integrated by the central nervous system to deter-

mine the degree of renal sympathetic nerve activ-
ity to regulate renin secretion, sodium excretion

and renal hemodynamics.
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denervation of the hepatic portal vein.110,111 Moreover,
infusion of a hypertonic solution in the hepatic portal
vein205 caused a renal sympatho-inhibition and a renal
nerve-dependent increase in sodium and water excre-
tion. Taken together, these observations lay the founda-
tion of important reflexes whereby food and fluid
absorption from the gut initiates an appropriate neural
regulation of kidney function to ensure that sodium
and water homeostasis is maintained.

The spleen has also been found to be a source of
sensory information which can modulate renal sympa-
thetic nerve activity and its functional end-points.
Hamza and Kaufman99�101 reported that an increase in
splenic venous pressure resulted in small rises in
blood pressure and reductions in renal blood flow,
with the latter being prevented following surgical sec-
tion of the renal sympathetic nerves. It can be specu-
lated that this relationship becomes important in
portal hypertension and liver cirrhosis in eliciting a
reflex renal sympatho-excitation which will contribute
to the sodium retention associated with these disease
states.

Higher Cortical Centers

The role of psychological stress in regulating renal
sympathetic nerve outflow and renal function is less
clear-cut and far more difficult to study. Nonetheless,
chronically instrumented rats have been used and sub-
jected to a range of challenges to engage the higher corti-
cal centers. An arousal stimulus of an air jet stress has
been found to reflexly increase renal sympathetic nerve
activity along with a renal nerve-dependent antinatriur-
esis and antidiuresis.64,258 However, studies to determine
potential control by the cardiovascular baroreceptors of
physiological stresses have been difficult to achieve in
conscious studies. Nonetheless, the recent observations
of Miki and his group have revealed a number of impor-
tant findings. First, it was apparent that renal sympa-
thetic nerve activity was lower during rapid eye
movement sleep than in non-rapid eye movement sleep
and became higher as the level of physical activity rose,
from quiet awake to grooming.277 At the same time, there
was an adaptation of the baroreflex to function over a
higher blood pressure range as the activity of the animal
increased.277 Second, during treadmill exercise,204 there
was an increased sensitivity of the baroreflex relation-
ship, which they interpreted as important in buffering
the raised blood pressure under conditions of increased
muscular activity. This group has also evaluated the car-
diovascular changes induced during “freezing” behavior,
when conscious rats are exposed to a high level of white
noise.203,276 Under these conditions, there was a minimal
change in blood pressure, but heart rate decreased while
renal sympathetic nerve activity increased, and lumbar
sympathetic nerve activity did not change. The

alterations in renal sympathetic nerve activity and heart
rate during the freezing behavior were largely prevented
by prior sino-aortic denervation, which indicated their
important contribution to this pattern of responses. Thus,
the cardiovascular and sympathetically-mediated
responses during the freezing behavior prepare the ani-
mal for an active response to the threatening
situation. Taken together, it is apparent that in all these
different behavioral states central command exerts an
important differential regulatory influence on the barore-
flex control of sympathetic outflow to many organs,
including that to the kidney.

Reflex Control of Selective Functions

Attention has been focused on whether the renal
innervation could selectively regulate either renal hemo-
dynamics or tubular fluid reabsorption or renin secretion.
The findings of Luff et al. in the rabbit183 and DiBona and
Sawin in the rat67 demonstrated that two types of struc-
turally different nerve fibers exist within the nerve bun-
dles and within the kidney itself. Evidence has been
produced in the rabbit, where glomerular capillary pres-
sure was measured as an indirect estimate of pre- and
post-glomerular resistances.48�50 Using an angiotensin II
clamp, to remove any confounding influences of changes
in endogeneous angiotensin II levels, a hypoxic challenge
increased glomerular filtration pressure. The authors’
interpreted these observations as reflecting a selective
neural regulation post-glomerular vascular resistance,
possibly via one of the subtypes of nerve fiber, indepen-
dent of the renin�angiotensin system.

DiBona and colleagues51,67 using the rat analyzed
the strength-duration relationship during direct electri-
cal renal nerve stimulation in relation to renal blood
flow, urine flow, and sodium excretion. They found a
higher stimulation threshold for the nerve fibers
involved in regulating renal blood flow than for those
involved in regulating fluid excretion. Moreover, activ-
ity in single sympathetic fibers innervating the kidney
could be selectively modified by different reflexes.
Thus, stimulation of arterial baroreceptors, central
chemoreceptors, and thermoreceptors activated a large
proportion (88%) of spontaneously active fibers,
whereas thermoreceptors only increased the firing rate
of those fibers which had no spontaneous activity. In a
different series of studies, examining patterns of renal
sympathetic nerve activity by evaluating the peaks of
activity and time between peaks, DiBona and co-work-
ers were able to show that although somatosensory
(pinch) and heat stimuli resulted in similar increases in
total renal sympathetic nerve activity, it was only the
heat stimulus that caused a decrease in renal blood
flow. The authors took these responses to indicate that
two different stimuli could result in a distinctly
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different control of sympathetic outflow regulating
renal hemodynamics.

It would seem that there is a small, but persuasive,
body of evidence for the view that there may be a
degree of selectivity of functional control in the neural
control of the kidney. There is a need for more investi-
gation of this particular topic.

Central Nervous System

Central Processing

The processing of this sensory information within
the central nervous system to generate an appropriate
level of sympathetic outflow, not only to the kidney
but to other organs, is complex and attention has been
directed towards the cardiovascular baroreceptors
which exert a major influence on autonomic control.44

The sensory information from both the high and low
pressure baroreceptors pass to the nucleus tractus soli-
tarius (NTS) for initial processing, and subsequently
via multiple pathways to the caudal and rostral ven-
trolateral medulla (CVLM and RVLM) where a com-
plex interaction takes place before the pre-ganglionic
fibers are stimulated. The way in which the major sen-
sory inputs feed into these pathways is illustrated and
summarized in Figure 16.9.

The situation regarding the somatosensory and vis-
ceral systems and their inputs to the areas regulating
the autonomic nervous system are much less defined.
The somatosensory system appears to have a direct
input at three levels, NTS, CVLM, and RVLM,42 but
the actions exerted at each of these sites, whether excit-
atory or inhibitory, and the neurotransmitters
involved, have not been resolved.

There is now a body of evidence that autonomic con-
trol is organized in a patterned manner. Micro-injection
of glutamate onto the RVLM elicited an increase in car-
diac, splenic, and renal sympathetic nerve activities that
were very different in magnitude.195,196 In conscious rat
studies there is a relatively low degree of autonomic con-
trol of lumbar sympathetic nerve activity during tread-
mill exercise or in the freezing behavior,203,204,276

whereas there are large dynamic responses in renal sym-
pathetic nerve activity. There is also a clear differential
control of cardiac and renal sympathetic outflow in the
conscious sheep. Thus, following an infusion of hyper-
tonic saline icv, renal sympathetic nerve activity
markedly decreased, whereas cardiac sympathetic nerve
activity did not change.195 By contrast, in a model of pac-
ing-induced heart failure, there was a large elevation in
cardiac sympathetic, but not renal sympathetic, nerve
activity. It was also reported in conscious rats275 that icv
infusion of angiotensin II reduced renal, but not lumbar,
sympathetic nerve activity. A fuller analysis of the

evidence has been presented by Malpas189 in a recent
review. The exact way in which information from each
sensory system is integrated to provide an appropriate
output of renal sympathetic nerve activity and neural
control of renal function in order to ensure cardiovascu-
lar homeostasis remains to be explored.

Brain Angiotensin II

ANGIOTENSIN II AND AUTONOMIC PATHWAYS

There is accumulating evidence that the renin�
angiotensin system and angiotensin II can influence the
reflex responses in sympathetic nerve activity gener-
ated by the central nervous system. This can arise in
two ways, either via circulating angiotensin II or by
means of angiotensin II generated locally within the
brain at specific nuclei. Moreover, angiotensin II recep-
tors have been demonstrated in many regions of the
brain, and particularly at those nuclei involved with
cardiovascular control.3 It is now accepted that in the

FIGURE 16.9 This illustration indicates how input from the

baroreceptors, somatosensory system, and higher cortical centers

act at the nucleus tractus solitarus (NTS), which feeds into the cau-
dal and rostal venterolateral medulla (CVLM and RVLM). This
determines the level of excitability of pre-ganglionic neurones and
thereby sympathetic outflow to the kidney and other vascular beds.
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areas of the circumventricular organs the blood�brain
barrier is leaky,200 enabling angiotensin II to act on
nuclei within this region which have been shown to
contain a high density of angiotensin II receptors. At
these sites the peptide is able to influence fluid balance;
it stimulates drinking, induces ADH release, and causes
increased sodium reabsorption and renin release.199

The second route whereby angiotensin II may influence
autonomic control is that generated within the brain
itself, as all components of the renin�angiotensin sys-
tem are present, that is renin, angiotensinogen, convert-
ing enzyme, and angiotensin II receptors.265 It is also
necessary to emphasize that immunocytochemical,
in situ hybridization studies, and mRNA measurements
of angiotensin II receptors and angiotensinogen have
shown them to be present or their genes expressed at
those nuclei involved with autonomic control, that is
the NTS, RVLM, and CVLM, and the paraventricular
nucleus (PVN),199 as well as those other nuclei of the
subfornical organ and the area postrema which are
most likely subject to the action of circulating angioten-
sin II. Neurophysiological studies have shown that local
administration of angiotensin II onto the NTS and
RVLM is excitatory and produces a sympathetically-
mediated pressor response, but when applied to the
CVLM it causes a sympatho-inhibition43,105; thus,
angiotensin II may have different actions and conse-
quences depending on its site of production and action.

BRAIN ANGIOTENSIN II AND NEURAL CONTROL OF

THE KIDNEY

The functional role played by angiotensin II within
the brain in modulating autonomic control, both nor-
mally and in pathophysiological states, is only now
being elucidated. There are now a number of reports
showing that the baroreflex control of renal sympa-
thetic nerve activity was suppressed by angiotensin II
in conscious normotensive Wistar rats,120 and enhanced
in the spontaneously hypertensive rat (SHR).117,174 In
terms of the somatosensory reflex, angiotensin II within
the central nervous system is important, in that losartan
given icv blocked the renal nerve-mediated antinatriur-
esis and antidiuresis resulting from nociceptor
stimulation118 and angiotensin II icv restored the renal
nerve-dependent functional responses119 which could
be correlated with marked changes in the pattern with
which energy was distributed within the renal nerve
signal.127,279 The central issue which arises is to under-
stand which factors could affect the level of angiotensin
II within the central nervous system which would then
impact on the degree of autonomic control exerted
peripherally and particularly at the kidney. Indeed, it is
important to distinguish between acute bolus adminis-
tration of angiotensin II administered systemically and
the application of the peptide as an icv infusion which

may be associated with increases in blood pressure and
a renal sympatho-excitation.

The level of dietary sodium intake can modulate
this very important link between the autonomic con-
trol of the cardiovascular system and brain angiotensin
II. An early report by Huang and Leenen117 demon-
strated that raised levels of dietary sodium intake in
normotensive rats from four to eight weeks-of-age, led
to an increase in baroreflex gain associated with a
resetting to a higher pressure for renal nerve activity,
but not for heart rate. The importance of dietary
sodium intake during development has been rein-
forced by the studies of Osborn and his group,27,214

who showed that in rats fed a high-salt diet from four
to eight weeks-of-age, low dose infusion of angiotensin
II into the brain (icv) over five days caused a sustained
increase in blood pressure associated with a renal
nerve-dependent antinatriuresis. This was not
observed in rats fed a normal or low-salt diet. Further
evidence for this role of the renal sympathetic nerves
was reported by Houghton and co-workers115,116 who
found that a bolus injection of angiotensin II icv had
vasopressor and renal sympatho-excitatory actions, the
magnitudes of which were enhanced in rats fed a
high-sodium diet over the period of growth and devel-
opment that was in part mediated by vasopressin
release both systemically and within the spinal cord.

This influence of dietary sodium intake on the con-
tribution of angiotensin II in the brain on central path-
ways regulating renal sympathetic nerve activity has
received some attention. DiBona and co-workers56,57

using rats subjected to a low, normal or high dietary
sodium intake for two weeks, microinjected an AT-1
receptor antagonist onto the RVLM, and observed a
decreased blood pressure and a shift in the baroreflex
gain curve for renal nerve activity to a lower pressure
in the animals fed a low-sodium diet, but not in those
animals fed the normal or high-sodium intakes.
Furthermore, it was evident that administration of an
AT-1 receptor antagonist to the RVLM blunted the
increases in blood pressure, heart rate, and renal sym-
pathetic nerve activity produced by bicuculline, a
GABA receptor antagonist, injected onto the PVN.
Importantly, the renal sympathetic nerve responses to
the bicuculline administration into the PVN were
enhanced in the rats subjected to the low-sodium diet,
but blunted in those fed the high salt intake.55

Together, these findings highlight the importance of
the brain renin�angiotensin system and the signifi-
cance of angiotensin II in determining the sensitivity of
neural pathways regulating sympathetic outflow to the
kidney. They also emphasize how alterations in dietary
sodium intake may impact on these neural control path-
ways, which may reset kidney function to a level which
could predispose the individual to a hypertensive state.
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Neural Regulation of the Kidney in Man

Knowledge of the sympathetic nerve control of the
kidney in experimental animals under normal physiolog-
ical conditions is now extensive in relation to the regula-
tion of renal hemodynamics, renin secretion, and tubular
sodium reabsorption. Indeed, although not touched upon
in this chapter, there is an extensive body of work in rela-
tion to the role of the renal sympathetic nerves in patho-
physiological states.53,58,124,189 However, knowledge of
the importance and significance of the renal sympathetic
nerves in man remains a relatively unexplored area,
although their contribution to cardiovascular and renal
diseases is increasingly recognized and alluded to above
in different sections. The most striking demonstration of
their importance in man has come in a report by Krum
et al.,172,173 who utilized an angioplasty catheter inserted
into the renal arteries with a probe at the tip which emit-
ted radiofrequencies with sufficient intensity to disrupt
the renal nerves passing alongside the renal artery. In a
group of patients with hypertension that was resistant to
conventional drug based therapy, bilateral ablation of the
renal nerves in this way resulted in a reduction in systolic
blood pressure of some 30 mmHg which was maintained
for at least 24 months after the manoeuvre. Currently,
these initial observations are being further investigated in
randomized multicenter trials. DiBona and Esler53 have
emphasized that the knowledge gained from the experi-
mental studies is now being successfully translated into
therapeutic approaches, and that the role of the renal
sympathetic nerves in heart failure, renal failure, and
metabolic diseases of diabetes and obesity will now be
explored.

AFFERENT RENAL SENSORY NERVES

Introduction

Not much focus has previously been placed on the
afferent sensory innervation of the kidney and its physi-
ological importance in the cardiovascular regulation
compared to the efferent renal sympathetic innervation
of the kidney. However, recent studies in man showing
long-term depressor effects following renal nerve abla-
tion which reduces both efferent and afferent renal nerve
activity have highlighted a possible role for the afferent
renal nerves in hypertension.53 As will be discussed in
more detail below, in healthy animals activation of the
afferent renal sensory nerves elicits an inhibitory renore-
nal reflex response consisting of increases in afferent
renal nerve activity, the nerve signals going from the
kidney to the neuraxis, causing decreases in efferent
renal sympathetic nerve activity which in turn result in a
natriuresis (Figure 16.10). Available evidence would

suggest that in many pathological conditions the nature
of the renorenal reflexes is switched from being of an
inhibitory to an excitatory nature (vide infra).

NEUROANATOMY

In the kidney, the majority of the afferent renal nerves
containing substance P and calcitonin gene-related pep-
tide (CGRP) are located in the renal pelvic wall,147,156,182

where their circumferential orientation make them ide-
ally suitable for sensing stretch (Figure 16.11). The major-
ity of the renal sensory nerves are unmyelinated.139

FIGURE 16.10 Increasing renal pelvic pressure $ 3 mmHg
stretches the renal pelvic wall, leading to activation of the afferent

renal mechanosensory nerves. The increase in afferent renal nerve
activity leads to decreases in efferent renal nerve activity, which in
turn increases urinary sodium excretion, i.e., a renorenal reflex
mechanism.

FIGURE 16.11 In the kidney, the majority of the substance P

containing nerve fibers (arrows) is located in the muscular layer of
the renal pelvic wall.
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Depending on the species, the cell bodies of the afferent
renal nerves are located in ipsilateral dorsal root ganglia
(DRG) from T6�L4, with predominance in T12�L3.

58

Viral tracing studies combined with dorsal rhizotomy
(DRX) at T10�T13 have provided evidence for the affer-
ent renal nerves projecting from the DRG to the ipsilat-
eral dorsal horn mainly in Laminae I, III�V,36 where
they synapse with interneurons projecting to sites within
the central nervous system which are associated with
cardiovascular regulation, including nucleus tractus soli-
tarius, rostral ventrolateral medulla, subfornical organ,
and paraventricular nucleus of hypothalamus.247 There
is also evidence for a monosynaptic projection of the
afferent renal nerves to areas within the brainstem.270

Stimulation of the afferent renal nerves may activate
spinal and supraspinal pathways.29,35,138,241 Electrical
stimulation of the afferent renal nerves results in wide-
spread decreases in efferent renal sympathetic nerve
activity, including renal, cervical, and cardiac nerves,
in association with decreases in arterial pressure.232 A
majority of the neurons in the ventral lateral medulla
that decrease their activity in response to afferent renal
nerve stimulation also respond to stimulation of the
central portion of the aortic nerves, with a decrease in
efferent renal sympathetic nerve activity.232 These neu-
rons are also responsive to inputs from the carotid
sinus nerves.254 In addition, activation of the afferent
renal nerves alters the activity of vasopressin and oxy-
tocin neurons in the paraventricular nucleus of hypo-
thalamus in rats,35 resulting in increases in arterial
pressure and plasma vasopressin and oxytocin concen-
trations. These effects are abolished by prior denerva-
tion of the stimulated kidney.

The convergence of the afferent signals from the
renal and carotid sinus nerves on neurons in several
brain areas involved in cardiovascular control26,82,247

provides an anatomical basis for possible interactions
among the afferent signals deriving from various
organs, including the kidney.

Two classes of renal sensory nerves have been identi-
fied neurophysiologically: renal mechanosensory nerves
responding to stretch of the renal pelvic wall; and renal
chemosensory nerves responding to renal ischemia and/
or changes in the chemical environment of the renal
interstitium. The electrophysiology of the renal sensory
nerves has previously been reviewed extensively.58,249

Isotonic saline volume expansion results in a differential
activation of renal mechano- and chemosensitive
nerves.33 Whereas volume expansion increased the activ-
ity of mechanosensitive nerves, it decreased the activity
of the chemosensitive nerves, type R2 chemoreceptors.
Stretch is associated with an increase in muscle spindle
cell membrane sodium permeability, resulting in an
inward flux of sodium and depolarization.121,217 The
afferent renal nerve activity responses to increased renal

pelvic pressure are reduced by renal pelvic administra-
tion of amiloride and lidocaine,165,169 agents known to
reduce sodium influx by different mechanisms.
Conversely, inhibition of Na1-K1-ATPase by ouabain
increases the afferent renal nerve activity response to
increased renal pelvic pressure.170 These studies suggest
that changes in intracellular sodium concentration may
modulate the responsiveness of renal pelvic mechano-
sensitive nerves.

RENORENAL REFLEXES

The identification of a reflex originating in one kidney
and affecting contralateral renal function was first
demonstrated in the early 1980s. In healthy normotensive
animals, the afferent renal nerves were activated by
increases in renal pelvic pressure of a magnitude
$ 3 mmHg, commonly seen during high urine flow
rate,33,88,151 suggesting that the afferent renal nerves were
tonically active in conditions of high-sodium diet and/or
volume expansion. Supporting this argument were stud-
ies in anesthetized volume expanded rats showing that
increases in ipsilateral urinary sodium excretion pro-
duced by total, i.e., efferent plus afferent, unilateral renal
denervation were accompanied by decreases in contralat-
eral urinary sodium excretion. The contralateral antina-
triuresis was caused by increases in contralateral efferent
renal sympathetic nerve activity; this is called a renorenal
reflex response39,60 (Figure 16.12). Because unilateral renal
denervation results in an ipsilateral diuresis and natriure-
sis, total (ipsilateral plus contralateral) urine flow rate
and urinary sodium excretion are unchanged. Thus, the
afferent renal nerves exert tonic inhibitory effects on con-
tralateral efferent renal sympathetic nerve activity.

Selective Afferent Renal Denervation:
Dorsal Rhizotomy

The overall importance of the natriuretic inhibitory
renorenal reflexes can be evaluated by selective bilat-
eral afferent renal denervation produced by dorsal rhi-
zotomy (DRX) at T9�L1. Cutting the dorsal roots from
T9�L1 interrupts the afferent renal neural input to the
central nervous system.70 Both DRX and sham-DRX
rats are able to establish external sodium balance on
both a normal dietary sodium intake and a four-fold
higher dietary sodium intake. However, this is achieved
at markedly different levels of arterial pressure.150 On a
normal or low-sodium diet, the levels of mean arterial
pressure are similar in DRX and sham-DRX rats.126,150

However, the process of achieving external sodium bal-
ance while consuming an increased dietary sodium
intake resulted in a mean arterial pressure in DRX rats
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that was some 30 mmHg greater than that in sham-
DRX rats150 (Figure 16.13). These findings support the
view that the afferent renal nerves are tonically active
in high-sodium dietary conditions.151 Thus, the afferent
renal nerves are essential for achieving sodium balance
during increased dietary sodium intake. Rats lacking
intact afferent renal innervation can only achieve
sodium balance at the cost of increased mean
arterial pressure. Thus, afferent renal denervation leads
to salt-sensitive hypertension. Among the mechanisms
contributing to the development of salt-sensitive hyper-
tension in DRX rats are increased efferent renal sympa-
thetic nerve activity and increased responsiveness of
efferent renal sympathetic nerves to various sympa-
thetic stimuli due, at least in part, to impairment of the
arterial baroreflex function.164

Wang and co-workers have presented evidence for
salt-sensitive hypertension in rats neonatally treated
with capsaicin to destroy the sensory innervation of all
organs.260 The salt-sensitive hypertension in DRX rats
would suggest that the lack of intact afferent renal
innervation in the capsaicin treated rats may contrib-
ute to the increased arterial pressure in these rats
when fed a high-sodium diet.

Activation of Renal Mechanosensory Nerves:
Physiological Conditions

The inhibitory nature of the afferent renal nerves in
healthy normal rats has been further demonstrated in
studies examining the functional responses to activa-
tion of the afferent renal nerves. The renal mechano-
sensory nerves respond to stretch of the smooth
muscle layer in which many of the sensory nerves are
embedded. Studies in cats showed that the increased

urine flow rate produced by volume expansion
resulted in parallel increases in renal pelvic pressure
and afferent renal nerve activity.88 Importantly, the
activation threshold of the mechanosensory nerves was
,5 mmHg above baseline pelvic pressure, suggesting
that the renal pelvic mechanosensory nerves are acti-
vated by increases in renal pelvic pressure within the
physiological range and below that required for sensa-
tion of pain. Studies to examine the mechanisms
involved in the activation of the renal sensory nerves
in the absence of changes in the renal circulation uti-
lized a fluid-filled ureteral catheter elevated to differ-
ent levels above the kidney. These studies, performed
in rats, showed that graded increases in renal pelvic
pressure resulted in graded increases in afferent renal
nerve activity, with the activation threshold being
between 3 to 5 mmHg,170 i.e., a similar activation
threshold as that produced by volume expansion. The
increase in afferent renal nerve activity produced bilat-
eral decreases in efferent renal sympathetic nerve
activity and increases in urinary sodium excre-
tion166,169,187 (Figure 16.10). Ipsilateral renal denerva-
tion blocks the increases in urinary sodium excretion,
demonstrating that stimulation of renal mechanosen-
sory nerves activates an inhibitory bilateral renorenal
reflex mechanism. The afferent renal nerves are not
responsive to NaCl concentrations within the physio-
logical range, as shown by lack of increases in afferent
renal nerve activity in response to renal pelvic perfu-
sion with NaCl at ,900 mM.170

The natriuretic nature of the renorenal reflexes
would suggest that this reflex mechanism contributes
to total body sodium and fluid volume balance by
assisting in the excretion of sodium and water. In this
case, it would be expected that this reflex mechanism
would be enhanced or upregulated during conditions

FIGURE 16.12 In normotensive

healthy rats, denervation of one kidney

(ipsilateral kidney) results in increases

in ipsilateral urinary sodium excretion,
and decreases in contralateral urinary

sodium excretion. The decreases in con-
tralateral urinary sodium excretion are
the result of increases in contralateral
efferent renal sympathetic nerve activity,
i.e., the afferent renal nerves exert a tonic
inhibition of sympathetic nerve activity to
the contralateral kidney. (Modified from
ref. [58].)
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of sodium and volume-loading. Indeed, studies exam-
ining the responsiveness of the renal mechanosensory
nerves in rats fed various sodium diets showed that, in
comparison to low-sodium dietary intake, high-sodium
dietary intake enhances the renorenal reflex
responses.151 At every level of renal pelvic pressure,
the increases in both afferent renal nerve activity and
urinary sodium excretion were greater in rats fed high-
sodium diet compared to rats fed low-sodium diet
(Figure 16.14). Importantly, in rats fed high-sodium
diet, the threshold of activation of the renal mechano-
sensory nerves was 2�3 mmHg, suggesting that the
afferent renal nerves are tonically active in high-
sodium dietary conditions.

Interaction between Efferent and Afferent Renal
Nerve Activity

Not only is the renal pelvic wall innervated by affer-
ent sensory nerves, but it is also innervated by efferent
sympathetic nerves which are in close contact with the
sensory nerves in the renal pelvic wall157

(Figure 16.15). These findings provide anatomical sup-
port for a functional interaction between the efferent
and afferent renal nerves. As discussed above in nor-
motensive rats, activation of the afferent renal sensory
nerves leads to decreases in efferent renal sympathetic
nerve activity and natriuresis, an inhibitory renorenal
reflex response.166 However, not only do increases in
afferent renal nerve activity decrease efferent renal
sympathetic nerve activity, but increases in efferent

renal sympathetic nerve activity increase afferent renal
nerve activity157,163,158 (Figure 16.16). The increased
afferent renal nerve activity will, in turn, decrease
efferent renal sympathetic nerve activity via activation
of the renorenal reflexes, a negative feedback mecha-
nism, to maintain low-level efferent renal sympathetic
nerve activity (Figure 16.17). Similar to the responsive-
ness of the renal mechanosensory nerves being modu-
lated by dietary sodium, the interaction between
efferent renal sympathetic nerve activity and afferent
renal nerve activity is also modulated by dietary
sodium. Reflex increases in efferent renal sympathetic
nerve activity results in much larger increases in affer-
ent renal nerve activity in rats fed high-sodium diet
than in rats fed low-sodium diet (Figure 16.14).

Thus, in high-sodium dietary conditions, the
enhanced afferent renal nerve activity responses to
increases in efferent renal sympathetic nerve activity
and/or increases in renal pelvic pressure would lead
to enhanced inhibitory renorenal reflex control of effer-
ent renal sympathetic nerve activity to minimize
sodium retention. Conversely, in low-sodium dietary
conditions, the suppressed afferent renal nerve activity
responses to increases in efferent renal sympathetic
nerve activity and/or increases in renal pelvic pressure
would result in little or no inhibition of efferent renal
sympathetic nerve activity, which eventually would
lead to sodium retention. It is important to note that
these are physiologically appropriate responses to
changes in dietary sodium in the overall goal of main-
taining sodium balance.

Mechanisms Involved in Activation of Renal
Mechanosensory Nerves

SUBSTANCE P

Substance P is produced in the neural cell bodies in
the dorsal root ganglia and transported along the affer-
ent nerves towards the peripheral nerve endings, where
it is stored in vesicles and released in response to vari-
ous stimuli. The presence of substance P-containing
sensory nerves in the renal pelvic wall156 (Figure 16.11)
suggested a role for this neuropeptide in the activation
of the renal sensory nerves. Single unit recordings of
afferent renal nerve activity showed that the same sin-
gle nerve fiber could be activated by increases in renal
pelvic pressure and substance P administered directly
into the renal pelvic area, suggesting an important role
for substance P in the inhibitory renorenal reflex
responses to increased renal pelvic pressure.185

Substance P is released from the renal pelvic sensory
nerves by a calcium (Ca21)-dependent mechanism
requiring influx of Cai

21 via N-type Cai
21 channels in

response to prostaglandin E2 (PGE2),
146 a known activa-

tor of sensory neurons.31,112,257

FIGURE 16.13 Recording mean arterial pressure in conscious

rats fed either normal or high-sodium diet for three weeks follow-
ing dorsal rhizotomy at T9�L1 to remove the afferent renal innerva-

tion showed markedly elevated mean arterial pressure in the

afferent renal denervated rats fed a high-sodium diet compared to

the sham-operated litter mates. Mean arterial pressure was similar
in the two groups of rats fed normal sodium diet. Thus, afferent
renal denervated rats are characterized by salt-sensitive hyperten-
sion. (Modified from references [53,152]).
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FIGURE 16.14 High-sodium diet

enhances the afferent renal nerve activ-

ity (ARNA) responses to increases in

renal pelvic pressure (a) and reflex
increases in efferent renal sympathetic

nerve activity produced by thermal

cutaneous stimulation (b). The activation
threshold for the renal mechanosensory
nerves is 2�3 mmHg in rats fed high-
sodium diet suggesting that the afferent
renal nerves are tonically active in high-
sodium dietary conditions. (Modified from
references [151,158].)

FIGURE 16.15 Applying antibodies against the norepinephrine transporter (NE-t) and the neuropeptide calcitonin gene-related pep-

tide (CGRP) to kidney tissue to identify sympathetic and sensory nerve fibers, respectively (arrows) showed that the sympathetic nerves

in the renal pelvic wall (a); are in close contact with the sensory nerves (b); as indicated by the color yellow (c). Higher magnification
showed that the sympathetic and sensory nerves are separate fibers in close contact in the same nerve bundle (d). (Modified from reference [157].)
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Functional support for a role of substance P in the
activation of renal pelvic sensory nerves is derived from
in vivo studies showing that activation of renal mechano-
sensory nerves results in renal pelvic release of

substance P.155,161,162 Renal pelvic administration of sub-
stance P receptor antagonists abolishes the renorenal
reflex responses to increased renal pelvic pressure.167

On the other hand, the role of CGRP in the activa-
tion of renal sensory nerves is unclear. Although
CGRP is colocalized with substance P in the majority
of the sensory nerves in the renal pelvic wall and
released in response to stimuli that also release sub-
stance P,154,156 blocking CGRP receptors does not
reduce the responsiveness of the afferent renal nerves
to various stimuli. Rather, available evidence would
indicate that CGRP plays a role in delaying the catabo-
lism of substance P, thereby prolonging the effects of
neurally released substance P.92,93

There is considerable evidence for the transient recep-
tor potential vanilloid type 1 (TRPV1) channels in the
renal pelvic wall which, upon activation, elicits a similar
inhibitory renorenal reflex response as activation of renal
mechanosensory nerves. The TRPV1 channels are nonse-
lective cation channels that can be activated by capsaicin,
resiniferatoxin, noxious heat or a low pH. In the kidney,
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FIGURE 16.16 Thermal cutaneous stimulation by placing the rat’s tail in 47�C water results in a general increase in sympathetic nerve

activity, as indicated by the increases in mean arterial pressure (MAP) and efferent renal sympathetic nerve activity (ERSNA). The
increases in ERSNA produced the increases in afferent renal nerve activity (ARNA), see text for further details. (Modified from reference [157].)

FIGURE 16.17 There is a reciprocal interaction between effer-

ent renal sympathetic nerve activity (ERSNA) and afferent renal

nerve activity (ARNA). Increases in ERSNA increase ARNA, the
increase in ARNA would in turn decrease ERSNA via activation of
the inhibitory renorenal reflexes in the overall goal of maintaining
low ERSNA to minimize sodium retention. Norepinephrine (NE) is
involved in the ERSNA-induced increase in ARNA.
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activation of the TRPV1 channels by capsaicin or a capsa-
icin analog activates renal mechanosensory nerves
resulting in increases in substance P release, afferent
renal nerve activity, and a contralateral natriuresis. The
physiological importance of the TRPV1 channels is cur-
rently not known, although it has been proposed that
they serve as an integral part of the mechanosensory
nerve complex.84,280

PROSTAGLANDIN E2 (PGE2)

There is considerable evidence for prostaglandins
(PGs) enhancing the responsiveness of various sensory
nerve fibers.208,219 The kidney, especially the renal
medulla, is an active PG-producing tissue.23 A role for
PGs in renal sensory receptor activation by reduced
renal perfusion pressure was demonstrated by the
finding that PG synthesis inhibition reduced the affer-
ent renal nerve activity and reflex pressor responses to
reduction in renal blood flow.11,80

Stretching the renal pelvic wall leads to activation of
protein kinase C (PKC) via activation of bradykinin 2
(B2) receptors (vide infra) and induction of cyclooxy-
genase-2 (COX-2) mRNA in the renal pelvic wall, with
a resultant increase in renal pelvic release of
PGE2

146,147,154,162 (Figure 16.18). PGE receptors have
been classified into four general subtypes, EP1, EP2,

EP3, and EP4, based on cloning and pharmacological
interventions.20 Immunohistochemical studies together
with functional studies have provided evidence for a
role of EP4 receptors in the activation of renal pelvic
mechanosensory nerves.147 It is well-established that
PGE2 activates the cAMP-protein kinase A (PKA)
transduction cascade in DRG neurons, leading to
depolarization of the cell membrane and a release of
substance P and CGRP.73,209,245 Using various activa-
tors and inhibitors of cAMP and PKA it was shown
that PGE2 increased the release of substance P and
stimulated renal mechanosensory nerves by activating
the cAMP/PKA transduction cascade in renal pelvic
tissue.154

ANGIOTENSIN II

In normal rats, low-sodium diet reduces the respon-
siveness of renal mechanosensory nerves,151 i.e., simi-
lar to the well-known reduced responsiveness of
carotid baroreceptors in healthy low-sodium diet
rats.57,117 The reduced afferent renal nerve activity
response to increased renal pelvic pressure in low-
sodium diet rats was associated with impaired PGE2-
mediated release of substance P from the isolated renal
pelvic wall preparation. These data suggested that the
reduced responsiveness of the renal sensory nerves
was, at least in part, due to a mechanism at the periph-
eral sensory nerve endings.

A low-sodium diet is characterized by increased activ-
ity of the renin�angiotensin system.56�58 Angiotensin II
present in the renal pelvic wall is modulated by dietary
sodium.149 Renal pelvic administration of angiotensin II
reduces, and renal pelvic administration of the AT1
receptor antagonist losartan enhances, the PGE2-mediated
release of substance P and activation of renal mechano-
sensory nerves.151 Because the effects of losartan on the
PGE2-mediated release of substance P were observed in
response to acute administration of losartan to an isolated
renal pelvic wall preparation, these data suggest that
endogenous angiotensin II exerts its inhibitory effect on
renal mechanosensory nerves by a mechanism at the
peripheral renal sensory nerve endings. Further studies
showed that endogenous angiotensin II in the renal pelvic
tissue reduces the responsiveness of the renal sensory
nerves by suppressing the PGE2-mediated activation of
cAMP by a pertussis toxin sensitive mechanism149

(Figure 16.18).

ALPHA-ADRENOCEPTORS

The increases in afferent renal nerve activity produced
by reflex increases in efferent renal sympathetic nerve
activity are reduced by renal pelvic administration of
prazosin, an α1-adrenoceptor antagonist, and enhanced
by rauwolscine, an α2-adrenoceptor antagonist

157 in rats
fed normal-sodium diet, demonstrating that changes in

FIGURE 16.18 Mechanisms involved in the activation of renal

mechanosensory nerves. Stretching the renal pelvic wall by
increasing renal pelvic pressure activates bradykinin (BK) 2 recep-

tors, leading to activation of protein kinase C (PKC) and induction

of cycloxygenase-2 (COX-2) with a resultant increase in renal pelvic

release of PGE2. PGE2 activates EP4 receptors on/close to the renal
sensory nerves which leads to activation of adenylyl cyclase (AC)/
cAMP/protein kinase A (PKA) transduction pathway, resulting in a
calcium-dependent release of substance P and increases in afferent
renal nerve activity. In conditions of increased endogenous angioten-
sin (ANG) II activity, e.g., low-sodium diet, the responsiveness of the
renal mechanosensory nerves is suppressed due to ANG II reducing
the PGE2-mediated activation of AC by a pertussis toxin sensitive
mechanism. (Data derived from references [146,147,151,154,162].)
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efferent renal sympathetic nerve activity modulate affer-
ent renal nerve activity by the release of norepinephrine
(Figure 16.17). The presence of α1-adrenoceptors on the
renal sensory nerves modulating their activation was
demonstrated in an isolated renal pelvic wall prepara-
tion. These studies showed that norepinephrine resulted
in a release of substance P that was blocked by prazosin
and dependent on intact renal PG synthesis. Prazosin
reduced the norepinephrine-induced release of PGE2.
Taken together these findings suggest that increases in
efferent renal sympathetic nerve activity increases the
release of norepinephrine which activates α1-adrenocep-
tors on or close to the renal sensory nerves, resulting in
increases in PGE2 synthesis leading to release of sub-
stance P and increases in afferent renal nerve activity.

Similar to the responsiveness of the renal mechano-
sensory nerves being modulated by dietary sodium,
the interaction between efferent renal sympathetic
nerve activity and afferent renal nerve activity is also
modulated by dietary sodium. Examining the mechan-
isms involved in the reduced responsiveness of the
renal sensory nerves to increases in efferent renal sym-
pathetic nerve activity in rats fed low-sodium diet it
became clear that renal pelvic administration of losar-
tan alone failed to enhance the efferent renal sympa-
thetic nerve activity-induced increase in afferent renal
nerve activity or the norepinephrine-induced increase
in substance P. These findings suggested that the
impaired responsiveness of the renal sensory nerves to
increases in efferent renal sympathetic nerve activity
may involve additional mechanisms upstream of
PGE2. Because activation of renal pelvic α2-adrenocep-
tors reduces the activation of renal sensory nerves in
rats fed normal-sodium diet,157 one of the mechanisms
contributing to the suppressed responsiveness of the
renal sensory nerves in low-sodium diet rats likely
involved increased activation of renal α2-adrenocep-
tors. The involvement of α2-adrenoceptors in the cen-
tral nervous system in the cardiovascular regulation
has long been known.224,226 Of the three subtypes of
α2-adrenoceptors, the α2

A- and α2
C-adrenoceptors are

expressed on primary afferent neurons in the spinal
cord and DRG.237,238 Whether α2B-adrenoceptors are
also expressed on DRG is not clear.34,91,238 In the kid-
ney, α2A- and α2C-adrenoceptors are localized on or
close to sensory nerve fibers in the renal pelvic wall158

(Figure 16.19). A role for increased activation of these
receptors in the suppressed responsiveness of the renal
sensory nerves to increases in efferent renal sympa-
thetic nerve activity was subsequently shown by stud-
ies which showed that a combination of losartan plus
rauwolscine enhanced the responsiveness of the renal
sensory nerves to norepinephrine towards that seen in
high-sodium diet rats.158 Importantly, rauwolscine has
no effect in rats fed a high-sodium diet.

Taken together in low-sodium dietary conditions,
increased activation of α2-adrenoceptors together with
increased endogenous angiotensin II activity suppress
the norepinephrine-mediated activation of the renal sen-
sory nerves. The consequence is decreased PG synthesis
and reduced PGE2-mediated activation of the adenylyl
cyclase/cAMP/PKA transduction pathway, leading to
little or no increase in substance P release, and afferent
renal nerve activity, and thereby no inhibition of efferent
renal sympathetic nerve activity. In high-sodium dietary
conditions, the enhanced norepinephrine-mediated acti-
vation of renal sensory nerves is due, at least in part, to
little or no activation of renal α2-adrenoceptors and very
low endogenous angiotensin II opposing the norepi-
nephrine-mediated increase in afferent renal nerve activ-
ity which will eventually lead to renorenal reflex
decreases in efferent renal sympathetic nerve activity
(Figure 16.20).

BRADYKININ

Among the various mechanisms involved in the
release of substance P and activation of renal mechano-
sensory nerves is bradykinin (vide supra). Bradykinin is
a well-known activator of sensory nerve fibers.89

Bradykinin receptors have been localized on sensory
nerve fibers250 and in the lamina propria of the tissue
lining the pelvis.193 Bradykinin increases afferent
renal nerve activity when administered into the renal
pelvis in association with an increased renal pelvic
release of PGE2 and substance P, and a contralateral
natriuresis. B2 receptor antagonists block the
renorenal reflex responses to either bradykinin per se
or increases in renal pelvic pressure.161,162

Interestingly, the responses to bradykinin are depen-
dent on the route of administration. In contrast to the
inhibitory reflex response elicited by renal pelvic
administration of bradykinin,161,162 administration of
bradykinin into the renal artery (i.r.a.) elicits an excit-
atory reflex which includes activation of neurosecre-
tory vasopressin cells in the supraoptic nucleus,47

increases in plasma ADH concentration, and increased
arterial pressure and vascular resistance in most circu-
latory beds.246 The sympatho-excitatory effects of i.r.a.
bradykinin were due to activation of afferent renal
nerves since they were abolished by denervation of the
infused kidney. This reflex has been suggested to be of
importance during renal ischemia, which is likely to be
associated with increased release of bradykinin.

These findings suggest that bradykinin activates
different reflex pathways, one excitatory and one
inhibitory, when administered into the renal artery
and pelvis, respectively. The physiological or patho-
physiological significance of these different reflexes is
currently not known.
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ENDOTHELIN

Endothelin is abundantly expressed throughout the
body, including the brain and the kidney.106

Endothelin exerts its effects by activating two G-pro-
tein coupled receptors, endothelin-A (ETA) and
endothelin-B (ETB) receptors.230 Both ETA and ETB
receptors are localized in the renal pelvic wall, the
ETA receptors on smooth muscle cells and the ETB
receptors on or close to the afferent renal sensory
nerves,163 suggesting a role for endothelin in modulat-
ing the activation of afferent renal sensory nerves.
Studies examining the role of endothelin in the activa-
tion of afferent renal sensory nerves by increased renal
pelvic pressure or reflex increases in efferent renal
sympathetic nerve activity suggested an important role
for endothelin in modulating the responsiveness of the
renal sensory nerves. The nature of the endothelin-
induced activation of the afferent renal sensory nerves
is dependent on dietary sodium intake.163 In low-
sodium dietary conditions, activation of ETA-receptors
contributes to the suppressed responsiveness of the
renal sensory nerves, whereas in high-sodium dietary
conditions activation of ETB-receptors plays a major

role in the enhanced responsiveness of the renal sen-
sory nerves. These findings are of interest in view of
the well-documented hypertension in ETB-receptor
deficient rats and mice fed high-sodium diets.87,227

Together, these studies may suggest that impairment
of the inhibitory renorenal reflexes contributes to the
salt-sensitive hypertension in conditions of renal ETB-
receptor deficiency. Further support for this hypothesis
is derived from studies in rats treated neonatally with
capsaicin to destroy all sensory nerves.274 These rats
develop salt-sensitive hypertension which is reduced
by ETA receptor antagonists in a similar fashion to
that seen in ETB receptor deficient rats.87,227

The similar effects of an ETA-receptor antagonist
and an AT1-receptor antagonist in low-sodium diet
rats to restore the suppressed activation of renal sen-
sory nerves towards that seen in rats fed normal-
sodium diet151,163 suggested an interaction between
angiotensin II and endothelin. Comparing the effects
of inhibitors of ETA-receptors and AT-1 receptors on
the responses to activation of the renal mechanosen-
sory nerves showed that ETA receptors play an impor-
tant contributory role to the angiotensin II-induced

FIGURE 16.19 Applying antibodies against α2A-adrenoceptors (AR) (a) and α2C-(AR) (d) labels nerve fibers (arrows) in the renal pel-
vic wall that are also labeled with an antibody against CGRP, a marker for sensory nerve fibers (b,e) as shown by the color yellow in (c)

and (f). (Reference [158].)
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suppression of the responsiveness of the afferent renal
mechanosensory nerves148 in low-sodium diet rats.
These findings are supported by the considerable evi-
dence showing that angiotensin II increases the expres-
sion of preproendothelin-1 mRNA in various tissues,
including the kidney and urinary bladder,123 increases
endothelin-1 protein expression and secretion in vascu-
lar smooth muscle cells, cardiomyocytes and mesan-
gial cells,125,140,271 and increases ETA expression in
cardiomyocytes.125

Activation of Renal Mechanosensory Nerves:
Pathohysiological Conditions

Impairment of the Inhibitory Renorenal Reflexes in
Various Diseases

Activation of the renal mechanosensory nerves is
impaired in various pathological conditions of increased
efferent renal sympathetic nerve activity and sodium
retention, including congestive heart failure, spontaneous

hypertension, diabetes type I, ischemia-induced acute
renal failure, obstructive nephropathy, cirrhosis, and
chronic hypoxia.32,33,145,152,153,159,168,185�187 Impairment of
the inhibitory renorenal reflexes in pathological condi-
tions would aggravate and/or contribute to further
increases in efferent renal sympathetic nerve activity and
sodium retention. Many of these pathological conditions
are characterized by increased angiotensin II activity.
Importantly, renal pelvic administration of an AT-1
receptor antagonist has been shown to markedly improve
the responsiveness of the renal mechanosensory nerves
in rats with congestive heart failure, hypertension, and
diabetes type I.145,153,159 The marked enhancement of the
renorenal reflex mechanism produced by AT1 receptor
antagonists may contribute to the well-known beneficial
effects of inhibiting the renin�angiotensin system in
heart failure and hypertension.

In addition to the impaired responsiveness of the
renal mechanosensory nerves in spontaneous hyper-
tensive rats, the interaction between efferent renal
sympathetic nerve activity and afferent renal nerve

FIGURE 16.20 In low-sodium dietary conditions, increased activation of α2-adrenoceptor (AR) together with increased endogenous

angiotensin (ANG) II activity suppresses the norepinephrine-mediated activation of the renal sensory nerves by decreasing PG synthesis,

leading to reduced PGE2-mediated activation of adenylyl/cAMP/PKA transduction pathway resulting in little or no increase in substance

P release and increase in afferent renal nerve activity, and thereby no inhibition of efferent renal sympathetic nerve activity (ERSNA). In
high-sodium dietary conditions, the enhanced norepinephrine-mediated activation of renal sensory nerves is due, at least in part, to little or
no activation of renal α2-AR and very low endogenous ANG II activity opposing the norepinephrine-mediated increase in PGE2 synthesis,
substance P release, and increase in afferent renal nerve activity, leading to renorenal reflex decreases in ERSNA. Modulation of the interac-
tion between efferent and afferent renal nerve activity is an appropriate physiological response to changes in dietary sodium intake in the
overall goal of maintaining water and sodium balance.
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activity is also impaired. The impaired interaction
between efferent renal sympathetic nerve activity and
afferent renal nerve activity is related to increased acti-
vation of renal pelvic α2-adrenoceptors, in addition to
increased activation of AT-1 receptors,152 i.e., similar
mechanisms as those contributing to the suppressed
responsiveness of the renal sensory nerves in low-
sodium diet rats.

Excitatory Reflexes Originating in Injured/
Diseased Kidneys

The depressor effects of (T9�L1)DRX observed in rats
with one-kidney, one-clip hypertension,137 5/6 nephrec-
tomy,28 and in rats exposed to i.v. infusion of cyclospor-
ine184 would appear to contradict the notion of the
afferent renal nerves exerting a tonic inhibitory effect on
efferent renal sympathetic nerve activity. However, it is
likely that different mechanisms are involved in the acti-
vation of renal sensory nerves in normal and diseased
kidneys. Whereas in normal kidneys activation of renal
sensory nerves elicits inhibitory renorenal reflexes (vide
supra), in diseased kidneys when the inhibitory renorenal
reflexes are impaired, activation of renal sensory nerves
may result in excitatory reflexes. Studies in 2-kidney
1-clip rats would support this notion. The responsiveness
of the renal mechanosensory nerves in the clipped ische-
mic kidney is impaired.144 Interestingly, renal denerva-
tion of the clipped kidney increased urinary sodium
excretion from both the clipped and the contralateral
non-clipped kidney, which is in contrast to the findings
in normal healthy rats in which unilateral renal denerva-
tion decreases contralateral urinary sodium excretion.39,60

In 2-kidney 1-clip rats, the contralateral natriuretic
response was associated with decreases in contralateral
efferent renal sympathetic nerve activity, suggesting that
the balance between inhibitory and excitatory reflexes
originating in the kidney was shifted from mainly being
of an inhibitory nature to being of an excitatory nature in
ischemic kidneys.144 Thus, these data suggest that the
afferent renal nerves in the ischemic kidney exert an
excitatory influence on the sympathetic nervous system,
in contrast to the inhibitory reflexes originating from nor-
mal healthy kidneys.39,60 Further support for excitatory
reflexes originating in an ischemic kidney derives from
long-term blood pressure recordings in conscious rats
following the onset of hypertension in 2-kidney 1-clip
hypertension rats. Whereas renal denervation of the
clipped kidney (six weeks after renal artery clipping)
reduced arterial pressure almost to the same level as
removing the clip from the renal artery, denervation of
the contralateral non-clipped kidney had no effect on
arterial pressure.136 Further studies suggested an impor-
tant role for adenosine in the excitatory reflexes originat-
ing in the ischemic kidneys. Intrarenal administration
of adenosine deaminase reduced arterial pressure in

1-kidney 1-clip hypertensive rats, but had no effect in
healthy normal rats.134 Also, administration of adenosine
into one renal artery resulted in increases in contralateral
efferent renal sympathetic nerve activity and arterial
pressure which were abolished by renal denervation of
the infused kidney in healthy dogs.135 Taken together,
these studies suggest that excitatory reflexes originating
in ischemic kidneys involve adenosine activating chemo-
sensitive afferent renal nerves.

Further evidence for excitatory reflexes originating
in diseased/injured kidneys is derived from studies in
humans and rats with renal failure. Comparing arterial
blood pressure and muscle sympathetic nerve activity
in hemodialysis patients with and without their native
diseased kidneys intact showed markedly reduced
arterial pressure and muscle sympathetic nerve activ-
ity in patients with bilateral nephrectomy compared
with patients who had their kidneys intact.40 These
findings were subsequently confirmed and extended
in studies comparing arterial pressure and muscle
sympathetic nerve activity in patients with kidney
transplants, with and without their native kidneys
intact.104 None of the patients were uremic, thus they
all had well-functioning renal grafts. However, muscle
sympathetic nerve activity was increased in all patients
versus healthy controls, except in the patients in which
bilateral nephrectomy had been performed. In a sub-
group of transplant patients, muscle sympathetic nerve
activity was measured before and after the second kid-
ney was removed, and was found to be reduced fol-
lowing removal of the second diseased kidney. Thus,
these studies provide strong evidence for the diseased
kidneys exerting an excitatory effect on sympathetic
nerve activity. Studies in rats with chronic renal failure
would support the notion that excitatory effects
exerted by the diseased kidneys are related to activa-
tion of the afferent renal nerves in the diseased/
injured kidney.28 These rat studies showed that
chronic renal failure increased arterial pressure and
norepinephrine turnover in posterior hypothalamus
and locus coeruleus. Importantly, prior dorsal rhizot-
omy to remove the afferent renal innervation pre-
vented the increases in arterial pressure and
norepinephrine turnover in the various brain regions.

Thus, local renal injury may result in sympatho-
excitatory reflexes involving afferent renal nerves, cen-
tral cardiovascular regulatory areas, and efferent sys-
temic and renal sympathetic nerve activity, eventually
leading to hypertension.

The notion of excitatory reflexes originating in dis-
eased/injured kidney may provide an explanation to
the marked prolonged decrease in arterial pressure in
drug-resistant hypertensive patients following the one-
time renal denervation procedure.53,77,173 The reduc-
tion in arterial pressure following renal denervation is
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associated with reduction in whole body norepineph-
rine spillover and reduction in muscle sympathetic
nerve activity, indicative of removal of excitatory
reflexes originating in the kidneys.

SUMMARY

The efferent renal sympathetic and afferent renal
nerves constitute a significant control system for the
physiological regulation of renal function. Efferent renal
sympathetic nerve activity is governed by a centrally-
based reflex control system which responds to diverse
peripheral and central afferent inputs. The kidney is
densely innervated by sympathetic nerves, including the
renal vasculature, the nephron, the juxtaglomerular cells,
and the renal pelvic wall, enabling the renal nerves to
contribute to one of the major tasks of the kidney, the
homeostatic regulation of body fluid volume.

Activation of the afferent renal nerves located in the
renal pelvic wall leads to decreases in efferent renal
sympathetic nerve activity and increases in urinary
sodium excretion, a renorenal reflex response. Changes
in efferent renal sympathetic nerve activity modulate
the responsiveness of the renal sensory nerves.
Increases in efferent renal sympathetic nerve activity
increase afferent renal nerve activity. The increased
afferent renal nerve activity will, in turn, decrease
efferent renal sympathetic nerve activity via activation
of the renorenal reflexes, a negative feedback mecha-
nism, to maintain low-level efferent renal sympathetic
nerve activity. Thus, there is an interaction between
efferent renal sympathetic nerve activity and afferent
renal nerve activity in the renal neural control of body
fluid and sodium homeostasis wherein activation of
the afferent renal nerves buffers the antinatriuretic
effects of increases in efferent renal sympathetic nerve
activity. This is most clearly evident in conditions of
high-sodium dietary intake, when the afferent renal
nerves are tonically active to suppress efferent renal
sympathetic nerve activity to minimize sodium reten-
tion. Conversely, in low-sodium dietary conditions
when increased efferent renal sympathetic nerve activ-
ity is essential for maintaining sodium balance, the
activity of the afferent renal nerves are suppressed.

In pathophysiological sodium-retaining states, effer-
ent renal sympathetic nerve activity is inappropriately
increased in the presence of sodium retention. It has
long been known that impairment of the aortic and
arterial baroreflexes contributes to the inappropriately
increased efferent renal sympathetic nerve activity in
these pathological conditions. What has previously
been overlooked is an impairment of reflexes originat-
ing in the kidneys, per se. However, there is now con-
vincing evidence that impairment of the inhibitory

renorenal reflexes contributes to the increased efferent
renal sympathetic nerve activity and sodium retention
prevalent in hypertension and various disease models
of sodium retention. In conditions of renal injury/dis-
ease, available data would suggest that there is a shift
from inhibitory to excitatory renorenal reflexes which
would contribute to the increased efferent renal sym-
pathetic nerve activity, leading to increased sodium
retention and arterial pressure prevalent in these
pathophysiological conditions.
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Perhaps nothing underscores the special relationship
between the kidney and the eicosanoids better than the
profound clinical effects non-steroidal anti-inflamma-
tory drugs (NSAIDS) have on kidney function. NSAIDs
are widely used to treat pain and inflammatory dis-
eases, and work by blocking the enzymatic synthesis of
prostaglandins, a type of eicosanoid, from arachidonic
acid. However, chronic NSAID use is often complicated
by major side effects, including renal sodium retention,
resulting in edema, hypertension, and congestive heart
failure.1,2 Conversely, in the sodium depleted state,
NSAIDs can reduce renal blood flow, glomerular filtra-
tion rate, and cause acute renal failure.3�5 These obser-
vations underscore the critical role cyclooxygenase-
derived arachidonic acid metabolites play in maintain-
ing normal kidney function � particularly in the setting
of physiological stress.

CELLULAR ORIGIN OF EICOSANOIDS

Eicosanoids are a family of biologically active, oxy-
genated metabolites derived from arachidonic acid
(AA). AA is comprised of 20 carbon atoms configured
as a polyunsaturated fatty acid chain with four double
bonds (C20:4). Mammals lack the enzymatic machinery
to synthesize AA de novo, instead it must be formed
from dietary linoleic acid (C18:2) by addition of two
carbons and further desaturation.6,7 Essential fatty acid
(EFA) deficiency occurs in the absence of dietary lino-
leic and other fatty acid AA precursors, depleting the
hormone-responsive pool of AA metabolite products.8,9

Of the approximate 10 gm of linoleic acid ingested per
day, only about 1 mg/day is eliminated as end pro-
ducts of AA metabolism.10�12 Following its formation,
AA is esterified into cell membrane phospholipids,

principally at the 2 position of the phosphatidylinositol
fraction (i.e., sn-2 esterified AA). This source comprises
the major hormone-sensitive pool of AA that is suscep-
tible to release by phospholipases.

Phospholipase-Mediated Arachidonic Acid Release

Multiple stimuli lead to release of membrane-
phospholipid esterified AA via activation of cel-
lular phospholipases, principally phospholipase A2s
(PLA2).

13,14 This cleavage step is rate-limiting in the
production of arachidonate metabolites. Activation of
phospholipase C or PLD, on the other hand, releases
AA via the sequential action of the phospholipase
C-mediated production of diacylglycerol (DAG), with
subsequent release of AA from DAG by DAG lipase.15

The physiological significance of AA release by these
other phospholipases remains uncertain since, at least
in the setting of inflammation, phospholipase A2 action
appears to be essential for the generation of biologi-
cally active AA metabolites.16 Cellular levels of
free arachidonic acid available for eicosanoid produc-
tion are primarily controlled by phospholipase A2
(PLA2).16�18 So far, more than 30 enzymes with PLA2

activity have been identified, and have been classified
into four groups: secretory PLA2 (sPLA2); cytosolic
PLA2 (cPLA2); calcium-independent PLA2 (iPLA2);
and PAF acetylhydrolases (PAF-AH).14,19 The activity
of cPLA2 is regulated by diverse cell membrane recep-
tors, including the EGF receptor, and transmembrane
guanine-nucleotide protein coupled (GPCRs) including
adrenergic receptors, angiotensin II receptors, and pur-
inergic receptors.20�25 These receptors activate gua-
nine nucleotide-binding (G) proteins, leading to
PLA2-mediated release of AA from membrane phos-
pholipids.20,26,27 Alternatively, these receptors may
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activate cPLA2 via mitogen-activated protein kinases
(MAPK), protein kinase C (PKC), and Ca21-calmodu-
lin-dependent kinases.

Ambient physical conditions in the kidney including
hypoxia, oxidative stress, and mechanical stretch can
also activate PLA2 activity.

28�32 Dysregulated renal PLA2

activity with attendant change in AA release results in
altered substrate availability for the production of down-
stream metabolic products. This activation is believed to
contribute to pathologic processes including acute kid-
ney injury, diabetic nephropathy, and inflammatory
glomerulonephritis.33�35 Some snake and bee venoms
are imbued with high levels of secretory PLA2 activity
and, in part through this activity, can induce acute renal
failure36,37. A role for secretory PLA2 in the pathogenesis
of acute ischemic-reperfusion renal injury has also been
supported by studies showing that sPLA2 neutralizing
antibodies protect rats from this form of injury.36,38

Phospholipase A2 Receptors

Recently, an important role for a transmembrane
cell surface secretory PLA2 receptor (PLA2R) has been
recognized in the pathogenesis of human idiopathic
membranous nephropathy.39 Auto-antibodies to PLA2R
are detected in B70% of cases of human idiopathic
membranous nephropathy.39 The antigen appears to
be selectively expressed in podocytes39; however, the
mechanism by which the auto-antibodies induce pro-
teinuria and how these auto-antibodies arise remains to
be determined. PLA2R is a type I transmembrane recep-
tor and one of four mammalian members of the man-
nose-receptor family.40 PLA2R was initially identified as
a binding protein for secreted phospholipase A2 (PLA2)
that now has been expanded to a PLA2R family
that exhibit different affinities for the secreted PLA2.

41

New studies suggest these receptors could play addi-
tional transmembrane signaling roles, and may promote
terminal cell differentiation and mitotic arrest.42

Arachidonic Acid Metabolism

Following its release from membrane phospholipids,
AA is usually rapidly re-esterified into the membrane
or avidly bound by intracellular proteins, becoming
unavailable for further metabolism. Should AA escape
re-esterification and protein binding, it may be metabo-
lized through one of three major enzymatic transforma-
tions, the common result of which is the incorporation
of oxygen atoms at various sites of the fatty acid back-
bone, with accompanying changes in its molecular
structure (such as ring formation). This results in the
formation of biologically active molecules, collectively
referred to as “eicosanoids.” The specific nature of the
products generated is a function of the initial stimuli

for AA release, as well as the metabolic enzymes avail-
able, as determined by the cell type involved.43,44

Enyzmes capable of mediating AA metabolism
through all three known pathways are present in the
kidney, including cyclooxygenases 1 and 2, lipoxy-
genases, and cytochrome P450s (Figure 17.1).
Cyclooxygenase (COX, also called Prostaglandin
H2 synthase or PGHS)-mediated AA metabolism
comprises the first committed step in the formation
of prostaglandins (PGs), prostacyclin, and thrombox-
ane.45 The lipoxygenase pathway mediates the forma-
tion of mono-, di-, and trihydroxyeicosatetraenoic
acids (HETEs), leukotrienes (LTs), and lipoxins
(LXs),46,47 and the cytochrome P450-dependent oxy-
genation of AA mediates the formation of epoxyeico-
satrienoic acids (EETs), their corresponding diols,
HETEs, and monooxygenated AA derivatives.48�50

Fish oil diets, rich in n-3 polyunsaturated fatty acids
(n-3 fatty acids are those in which the double bond is
three carbons from the terminal, i.e., n carbon, that
is furthest from the carboxy-group atom, AA is thus
an n-6 fatty acid) interfere with metabolism via all
three pathways by competing with AA oxygenation,
resulting in the formation of biologically inactive
end-products.51,52 Interference with the production of
pro-inflammatory lipids has been hypothesized to
underlie the beneficial effects of fish-oil in IgA
nephropathy, membranous nephropathy, and other
cardiovascular diseases.7,53,54

CYCLOOXYGENASE DERIVED
PROSTANOIDS

Prostanoids, including the prostaglandins PGE2,
PGF2α, and PGD2, as well as the non-prostaglandin
molecules thromboxane A2 (TxA2) and prostacyclin
(PGI2), are derived from arachidonic acid via its di-
oxygenation by cyclooxygenases 1 and 2 (COX1 and
COX2).52 Cyclooxygenases exist as homodimers that
are physically associated with, but do not pass
through, the intracellular endoplasmic reticular mem-
brane.55�57 Cyclooxygenases mediate a two-step reac-
tion, initially converting free arachidonic acid to the
unstable intermediate PGG2 via a bis-oxygenase activ-
ity. PGG2 is converted to PGH2 via the peroxidase
activity of COX.52,58�63 PGH2 is subsequently metabo-
lized to more stable primary biologically active prosta-
noids PGE2, PGF2α, PGD2, PGI2, and TxA2 by distinct
enzymatic prostanoid synthases. These prostanoids
exit the cell through uncharacterized mechanisms,
where they exert paracrine or autocrine activity on
specific and distinct cell surface G-protein coupled
receptor(s).64,65 There is also less definitive evidence
that prostanoids may provide physiologically relevant
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ligands for nuclear hormone receptors, including
peroxisome proliferator activated receptors.66�68

Two isoforms of COX have been identified, desig-
nated COX1 and COX2.69�71 Based on transcriptional
elements in its 50 upstream sequence, COX1 is believed
to serve a constitutive housekeeping role, responsible for
maintaining basic physiological function such as cyto-
protection of the gastric mucosa, and control of platelet
aggregation.72,73 Conversely, COX2 upstream promoter
region has NF-κB, NFAT, and its expression is potently
induced by inflammatory mediators and mitogens, con-
sistent with its role in pathophysiologic processes includ-
ing angiogenesis, inflammation, and tumorigenesis.74�77

The major phenotype of COX2 knockout mice is
renal dysgenesis,78�80 underscoring the special role
COX2 plays in the kidney. This defect is characterized
by a structurally normal medulla, but hypotrophic
renal cortical development with small glomerular
size,79 due to a defect occurring relatively late in par-
tuition.79 The mechanism is undetermined, but may be
related to the particular expression pattern of COX2
in the kidney since normally it is focally expressed
adjacent to the glomerulus in the macula densa and
the surrounding thick ascending limb cells.81�83

As in other organs, the housekeeping gene is COX1,

which is also constitutively expressed at high levels in
the kidney but in cellular compartments distinct from
COX2, especially in the collecting duct and glomerular
parietal epithelium.84,85 Low levels of COX1 are also
detected in medullary interstitial cells,81,86,87 but these
cells are also uniquely characterized by high endoge-
nous levels of COX2.81,88,89

Clinical pharmacologic studies are also consistent
with a critical role of COX2 for maintaining cardiovas-
cular homeostasis and normal renal function.90�92

Indeed, most of the clinically observed side effects
associated with the use of non-selective NSAIDs,
including edema, hypertension, increased congestive
heart failure, hyperkalemia, and acute renal failure,
have also been observed with COX2 selective inhibi-
tors.3 COX2-dependent PGE2 production is inversely
related to luminal chloride concentration delivered
to the macula densa,93 so that in volume depleted
states high PGE2 production rates may exert a vasodi-
lator effect on the afferent arteriole, contributing to
maintenance of glomerular blood flow. Impairment of
renal function is presumed due to loss of specific pros-
tanoids, derived from the metabolism of the common
cyclooxygenase product PGH2.

FIGURE 17.1 Prostaglandin synthesis and the family of G-protein coupled receptors that mediate their functional effects. (With permis-
sion from Yuhki et al. 348.)
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Prostanoid Function

Once formed, the COX-derived arachidonate metabo-
lite PGH2 is further metabolized by prostanoid synthases
into at least five primary biologically active prostanoids.
Prostanoid synthases include PGE2 synthase (PGES),
prostacyclin synthase (PGIS), PGD synthase (PGDS),
PGF synthase (PGFS), and thromboxane synthase,
responsible for PGE2, PGI2, PGD2, PGF2α, and TxA2
biosynthesis respectively.77,94,95

Most prostanoids are short lived, being highly
susceptible to enzymatic inactivation, thereby limiting
their effect to the immediate vicinity of their synthesis.
The paracrine and autocrine biologic effects of COX-
derived prostanoids are diverse and complex, depending
on which prostanoid is produced and which receptor is
available.96,97 Thus, the effects of prostanoids on kidney
function rely on distinct enzymatic machinery that cou-
ples phospholipase and COX to specific prostanoid
synthase in specific cells, yielding a specific prostanoid
which acts locally through specific G-protein coupled
receptors, exerting its particular effect.96

At steady-state PGE2 is the most abundant prosta-
noid in the mouse kidney, followed by PGI2, PGF2α,
and TxA2.

98 Under basal conditions, both COX1 and
COX2 pathways are responsible for the biosynthesis
of these prostanoids.98 Similarly, PGE2 is the most
abundant prostanoid in human urine, and under basal,
non-stressed conditions is produced by both COX1
and COX.99,100 In contrast, COX2 primarily contributes
to angiotensin II-induced PGE2 and PGI2 generation in
the kidney,98 and under conditions of low-sodium diet
in humans.101 The intrarenal cellular sites where COX1
and COX2 prostanoids are synthesized remain to be
fully defined.

Following their synthesis, these prostanoids become
available to exert their biological effects via a diverse
family of membrane spanning G-protein coupled prosta-
noid receptors. These include the DP, EP, FP, IP, and TP
receptors, each of which is selectively activated by a spe-
cific ligand � PGD2, PGE2, PGF2α, PGI2 or TXA2, respec-
tively.97,102 PGE2 receptors, designated EP receptors, are
unique in that they are encoded by four distinct genes
encoding the proteins for EP1, EP2, EP3, and EP4 recep-
tors.102,103 Each prostanoid receptor activates a distinct
G-protein coupled signaling pathway. The IP, DP1, EP2,
and EP4 receptors are coupled to the stimulatory G-
protein (Gs) and signal by increasing intracellular cAMP
levels, whereas the TP, FP, and EP1 receptors induce cal-
cium mobilization.96,97 The FP, DP2, and EP3 receptors
can couple to an inhibitory G-protein (Gi) and reduce
cAMP synthesis.97,102,104

Restricted cellular expression of prostanoid recep-
tors provides an important mechanism by which
a COX-derived prostanoid can exert differential actions

in physiological and pathophysiological processes.
In the kidney the EP receptors map to distinct seg-
ments of the nephron.96,105 Similarly, all four EP recep-
tors have been described in major inflammatory cells
including T-lymphocytes, B-lymphocytes, macrophage,
and mast cells106; however, whether these receptors
are simultaneously expressed in individual cells is
uncertain. It has been proposed that activation of dif-
ferent receptors on different cells at different stages of
inflammation may account for the pro- or anti-inflam-
matory action of PGE2.

107,108

Prostaglandin E2

PGE2 is synthesized by at least three forms of
PGE synthases, including microsomal PGE synthase 1
(mPGES1), microsomal PGE synthase 2 (mPGES2), and
cytosolic PGE synthase (cPGES1).109�111 The two mem-
brane associated PGE2 synthases are 33 kDa and
16 kDa enzymes designated mPGES1 and mPGES2,
respectively. Microsomal PGES1 displays a higher cat-
alytic activity relative to other PGE synthases and, like
COX2, its expression can be induced by cytokines and
inflammatory stimuli.109 In contrast, the expression of
cPGES and mPGES2 do not seem to be inducible and
may play housekeeping functions.

Genetic disruption confirms that mPGES12/2 mice
exhibit a marked reduction in inflammatory responses
compared with mPGES11/1 mice,112 and indicates
that mPGES1 is critical for the induction of inflamma-
tory fever.113 It has been proposed that mPGES1 cou-
ples primarily to the inducible COX2 in inflammatory
cells.114 In contrast, intrarenal expression of mPGES1
maps to cells of the collecting duct that primarily
express COX1 with lower expression in medullary
interstitial cells and macula densa that express
COX284,115�117 (Figure 17.2). Thus, in the kidney
mPGE1 co-localizes with both cyclooxygenase 1 and 2.

FIGURE 17.2 Expression of COX1, COX2, and microsomal pros-

taglandin E synthase 1 in the kidney. (With permission from ref. 84.)
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The renal phenotype of the mPGE1 knockout mouse is
relatively subtle, and is characterized by increased
blood pressure sensitivity to high-sodium diet and
mineralocorticoids, as well as increased vascular reac-
tivity to angiotensin-II,118,119 although not all investiga-
tors have seen these effects.120 These results are
consistent with a role for mPGES1-derived PGE2 in
buffering physiologic stresses that tend to increase
blood pressure. Notably, the kidneys of mPGES12/2

mice are normal and do not exhibit the renal dysgene-
sis observed in COX22/2 mice.78,80 Nor do these mice
exhibit perinatal death from patent ductus arteriosus
observed with the prostaglandin EP4 receptor knock-
out mouse,121 suggesting other sources of PGE2 pro-
duction are sufficient to provide adequate receptor
activation. These sources could include cPGES and
mPGES2.122 Both cPGES and mPGES2 are expressed in
the kidney123; however, their intrarenal role(s) have
not yet been elucidated. In addition, several cytosolic
glutathione-S-transferases have the capacity to convert
PGH2 to PGE2; however, their physiologic role in this
process remains uncertain.122

E-Prostanoid Receptors

All four E-Prostanoid receptors (EP receptors) are
expressed in the kidney (Figure 17.3). Each exhibits a

distinct mRNA expression profile along the nephron.
The EP4 receptor predominates in the glomerulus,
while the EP3 and EP1 receptors are primarily
detected in the thick limb and collecting duct.105,124

The EP2 receptor is expressed at lower levels in the
renal vaculature and stroma.125,126 Each receptor plays
a distinct role in these regions, mediating many of the
well-defined physiologic actions of PGE2 that have
been identified over the past several decades.

EP1 Receptor

The EP1 receptor was originally identified pharma-
cologically via its smooth muscle constrictor activity in
guinea pig ileum, and its unique profile of response to
a series of prostanoid analogs.127�130 The EP1 receptor
cDNA has been cloned from numerous species, includ-
ing human, dog, mouse, rat, and rabbit.131�135 The
human EP1 receptor cDNA encodes a 402 amino acid
polypeptide with a predicted molecular mass of
41,858 kDa.131 This receptor signals via a mechanism
linked to increased cell Ca21, and is accompanied by
modest increases in IP3 generation.

Studies of EP1 receptors have taken advantage of sev-
eral relatively selective antagonists that block their acti-
vation, including SC-19220, SC-53122,136,137 and
ONO-8130.138�141 A significant impetus behind the
development of clinically active EP1 receptor antagonists
derives from evidence that the EP1 receptor plays an
important role in prostaglandin-mediated pain,140,142,143

and that EP1 receptor antagonists have EP1 proper-
ties.136,137,139,144,145 These antagonists provide useful
tools to study EP1 receptor physiology in vivo.

The EP1 receptor is highly expressed in the kidney,
where it primarily localizes to the collecting duct with
an increasing mRNA expression gradient from the cor-
tical to the medullary collecting duct.105,132,146 In the
collecting duct, activation of the EP1 receptor inhibits
Na1 and water reabsorption via a Ca21-coupled mech-
anism.132 These results suggest that renal EP1 receptor
activation contributes to PGE2-dependent natriuresis
by inhibiting Na1 transport in the collecting duct.
Despite this in vitro demonstration, these natriuretic
effects have been difficult to demonstrate in vivo.132,143

Genetic disruption of the EP1 receptor does not lead
to a significant impairment of sodium excretion; how-
ever, EP1 knockout mice do exhibit increased renin
and aldosterone levels, consistent with maintenance
of normotension at the expense of activation of the
renin�angiotensin system.132,143 EP1 receptor knockout
mice not only exhibit reduced blood pressure on
normal chow, but also impaired pressor response to
angiotensin II.145 These studies identified EP1 mRNA
expression in small resistance vessels of mice including
the afferent arterioles of the glomerulus, and are

FIGURE 17.3 Distribution of EP1, 2, 3, 4, and FP receptors in

the kidney.
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consistent with more recent studies suggesting Ang II-
stimulated vasoconstriction may in part be mediated by
activation of vascular EP1 receptors.147 EP1 receptors
have also been identified in glomerular mesangial cells,
where they may contribute to mesangial contraction.
Inhibition of the EP1 receptor slows the progression
of mesangial expansion in experimental models
of diabetic nephropathy.139 EP1 receptor knockout mice
are resistant to the pressor effects of angiotensin II, and
EP1 receptor antagonists can also block the Ang II pres-
sor activity.145,147�149 It is instructive to consider the
role of PGE2 as a vasoconstrictor through its actions on
the EP1 receptor, as opposed to its classically character-
ized role as a vasodilator/vasodepressor. This under-
scores the capacity of PGE2 to serve as a physiological
buffer of blood pressure, either in support or reduction
of blood pressure (see below).

EP2 Receptors

In contrast to the smooth muscle constrictor activity
of the EP1 receptor, the EP2 receptor was originally
defined by its relaxant activity in smooth muscle.128

The human EP2 receptor cDNA encodes a 358 amino
acid polypeptide, which signals through increased
cAMP and is selectively activated by butaprost.150 The
EP2 receptor may be distinguished from the EP4 recep-
tor, the other major cAMP stimulating and vasorelax-
ant EP receptor, by its selective activation by butaprost
and relative insensitivity to the EP4 agonist PGE1-
OH.150 Literature prior to 1995 may be confusing
regarding the EP2receptor, because before the human
EP2 receptor was cloned, the previously cloned EP4

receptor was classified as the EP2 receptor.
150,151

The physiological processes mediated by the EP2
receptor include important roles in reproduction
and blood pressure regulation. The precise tissue

distribution of the EP2 receptor has only been charac-
terized by Northern blot analysis of mRNA distribu-
tion. This reveals a major mRNA species of B3.1 kb
that is most abundant in the uterus, lung, and spleen,
exhibiting only low levels of expression in the kid-
ney.135,150,152 EP2 knockout mice exhibit a fertility
defect and the development of hypertension on a high
NaCl diet (these latter effects are significantly influ-
enced by the genetic background of the mouse
strain).153,154 In the kidney, despite incomplete histo-
logical characterization, a preponderance of functional
and mRNA expression evidence suggests the EP2
receptor is expressed in stromal cells of the kidney,
including renal medullary interstitial cells,125 vascular
pericytes along the vasa recta,126,155,156 and glomerular
arterioles where it contributes to afferent arteriolar
dilation (Figure 17.4).126,157 Evidence suggests that
deletion of the EP2 receptor in renal medullary inter-
stitial cells,158 combined with the absence of its sys-
temic vasodilator activity, contributes to salt-sensitive
hypertension in the EP2 knockout mouse.

EP3 Receptor

In smooth muscle the EP3 receptor generally acts as a
constrictor.159,160 This receptor is unique, in that at least
seven alternatively spliced variants defined by unique
COOH-terminal cytoplasmic tails exist in humans alone,
and over 22 unique variants have been observed in rats,
rabbits, mice, cows, and humans.161�164 These splice var-
iants encode proteins of a predicted molecular mass
between 40 and 45 kDa.161�164 All the EP3 splice variants
bind PGE2 and the EP3 specific prostanoid analogs with
similar affinity, and inhibit cAMP generation via a per-
tussis toxin-sensitive Gi-coupled mechanism; however,
additional signaling mechanisms may be differentially
activated by the different COOH-terminal tails.165

FIGURE 17.4 Schematic of prostanoid receptor action at the afferent arteriole including EP1, EP2, EP3, EP4, and IP receptors. (From ref.
157, with permission from Am J. Physiol.)
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Mice with targeted deletion of the EP3 receptor
exhibit an impaired febrile response to lipopolysaccar-
ide and PGE2, suggesting that the EP3 receptor antago-
nists could be effective antipyretic agents.166 In the
kidney the EP3 receptor is highly expressed in the cor-
tical and outer medullary collecting duct, where it
antagonizes vasopressin-stimulated water absorption
via pertussis toxin-sensitive inhibition of cAMP
generation.167,168 Despite relatively high levels of EP3

receptor in the kidney collecting duct, mice with tar-
geted disruption of this receptor only display a subtle
alteration with altered urinary concentrating ability in
mice treated with NSAIDs.169 These findings raise the
possibility that prostaglandin receptors other than the
EP3 receptor exert overlapping effects that also (such
as the EP1 and FP receptor) modulate the urinary con-
centration and dilution by this segment of the
nephron.

EP4 Receptor

The EP4 receptor can be distinguished from the EP1

and EP3 receptors by its insensitivity to sulprostone, and
from EP2 receptors by its insensitivity to butaprost and
relatively selective activation by PGE1-OH.129,150,170,171

The human EP4 receptor cDNA encodes a 488 amino
acid polypeptide with a predicted molecular mass of
B53 kDa.171 Like the EP2 receptor, EP4 signals through
increased cAMP, but may also engage other signaling
mechanisms including PI3K activation.172,173 EP4 recep-
tor mRNA is relatively highly expressed compared with
the EP2 receptor and widely distributed, with a major
species of B3.8 kb detected by Northern analysis in
thymus, ileum, lung, spleen, adrenal gland, and kid-
ney.133,174,175 In contrast to other EP receptor knockouts,
EP4 receptor knockout mice exhibit a profound perinatal
lethal phenotype due to impaired closure of the ductus
arteriosus,121,176 consistent with its robust expression in
this vessel.

In the kidney, EP4 receptor mRNA is predomi-
nantly expressed in the glomerulus105,124,126 where it
modulates glomerular hemodynamics through oppos-
ing direct vasodilator activity,157,177 and an indirect
vasoconstrictor activity via stimulation of renin release
(Figure 17.4).178 The ability of PGE2 to increase
renin release is well-established178�181 and of clinical
relevance, since NSAID blockade of prostaglandin
synthesis can be associated with hyporeninemic
hypoaldosteronism,182 and COX2 inhibitors can block
the hyper-reninemia associated with volume deple-
tion or Bartter’s syndrome.101,183,184 Accumulating evi-
dence supports a role for COX2-mediated PGE2

production, and subsequent activation of juxtaglo-
merular EP4 receptor in mediating renin release.93,181

As mPGES-specific inhibitors and EP4 receptor antago-
nists become increasingly available it will be important
to determine the relative contribution of PGE2-depen-
dent renin release versus prostacyclin-dependent effects
(see below).

In volume depletion,185 congestive heart failure,186

and shock, intrarenal PGE2 production helps maintain
glomerular perfusion via afferent arteriolar vasodilator
EP2 receptors157 (Figure 17.4), while simultaneously
maintaining systemic blood pressure by stimulating
renin release through EP4 receptors.187,188 Genetic
deletion of the EP4 receptor or EP4 inhibitors impairs
renin release in mice following furosemide-induced
volume depletion.181 Inhibition of PGE2 synthesis
using NSAIDs or COX2 inhibition in these settings can
actually drop blood pressure by inhibiting renin
release,189 and lead to acute renal failure due to
decreased glomerular perfusion.190�192

The EP4 receptor is also abundant in glomerular
podocytes.124,193,194 In podocytes EP4 receptor activa-
tion may impair their ability to withstand mechanical
stress, since podocyte selective overexpression of EP4
receptors accelerates renal injury in a mouse renal
ablation model of kidney disease.195

Other roles for the EP4 receptor in controlling
blood pressure have been suggested, including the
ability to stimulate aldosterone release from zona glo-
merulosa cells.196 It remains to be determined whether
the adrenal EP4 receptor plays any role in hyperkale-
mia and hyporeninemic hypoaldosteronism associated
with NSAID blockade of prostaglandin synthe-
sis182,197,198 or whether this is primarily due to hyporeni-
nemia.199 Important vasodilator effects of EP4 receptor
activation in venous and arterial beds have been
described.130,200 Roles for EP4 receptors in immune cell
activation and osteoblast function have also been
reported.201�203

Prostaglandin F Synthesis

PGF2α may derive either directly from PGH2 via
a PGF synthase204 or via a NADPH-dependent 9 keto-
reductase, which converts PGE2 into PGF2α. This enzy-
matic activity is typically cytosolic,204 and may be
detected in homogenates from renal cortex, medulla or
papilla.204,205 Another more obscure pathway for PGF
formation is by the action of a PGD2 ketoreductase,
yielding a stereoisomer of PGF2α, 9α,11ß-PGF2 (11epi-
PGF2α).

204 This reaction, and conversion of PGD2

into the biologically active metabolite (9α,11β-PGF2α)
has been documented in vivo.206 This PGF2α isomer
can also ligate and activate the FP receptor.207 The
physiologically relevant enzymes responsible for
PGF2α formation in the kidney remain incompletely
characterized.
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Prostaglandin 9-Ketoreductase (PG9KR) and
PGF2α Synthesis

Prostaglandin F synthase activity may be mediated
via several distinct, and incompletely defined, enzymes.
One major synthetic pathway appears to occur via a
member of the aldo-ketoreductase 1C family.208 Renal
PGE2 9-ketoreductase also exhibits 20α-hydroxyl-steroid
reductase activity that may be involved in steroid metab-
olism.204 PG9KR activity appears to be particularly
robust in suspensions from the thick ascending limb of
Henle (TALH).

Interestingly, some studies suggest activity of a
9-ketoreductase may be modulated by salt intake and
the angiotensin AT2 receptor.209 This activity may
play a role in the development of salt-sensitive hyper-
tension.210 AT2 receptor knockout mice exhibit salt-
sensitive hypertension associated with increased PGE2

production and reduced production of PGF2α,
209 con-

sistent with decreased 9-ketoreductase activity. Other
studies suggest increased dietary potassium intake
may also enhance the activity of conversion from
PGE2 to PGF2α.

211 The intrarenal sites of expression of
this enzymatic activity remain to be characterized.

F-Prostanoid Receptors

Once formed, PGF2α is available to interact with
the intrarenal FP receptors. The human FP receptor
mRNA is predicted to encode 359 amino acid resi-
dues with a molecular mass of B40 kDa.212 In fibro-
blasts and smooth muscle the FP receptor signals
through increased cellular calcium, and its activation
is associated with muscle contraction.213�215 The FP
receptor is highly expressed in the ovarian corpus
luteum, and mice lacking the FP receptor exhibit a
major reproductive defect due to failure of partuition
because of impaired reduction of progesterone
at term.216 FP receptor antagonists have been devel-
oped, and their use proposed as a means of delaying
pre-term delivery.217,218 The FP receptor is highly
expressed in the ocular ciliary body and FP selective
agonists including travaprost, latanoprost, and bima-
toprost are in use for clinical treatment of glaucoma
d.214,219 In the kidney, the FP receptor is highly
expressed in the distal convoluted tubule, connecting
tubule, and cortical collecting duct, where it inhibits
vasopressin-stimulated renal water transport104,220

consistent with recent studies that the FP receptor
knockout mice exhibit mild polyuria and polydip-
sia.221 Interestingly, in the rabbit cortical collecting
duct epithelium the FP receptor appears to signal
through a pertussis toxin-sensitive Gi-coupled mecha-
nism, rather than the classical Ca21-coupled signaling
mechanism observed in smooth muscle cells.104

Vascular expression of FP receptor in pre-glomerular
arterioles and other resistance vessels has also been
demonstrated, and studies in FP receptor knockout
mice show they are relatively hypotensive.221 These
studies also provide evidence that renal JGA FP
receptor activation directly stimulates renin release.221

Prostaglandin D2 is derived from PGH2 via the
action of specific enzymes designated PGD synthases.
Two major enzymes are capable of transforming PGH2

to PGD2 � a lipocalin type PGD synthase and
a hematopoietic type PGDS.222,223 RT-PCR showed that
L-PGDS is strongly expressed in kidney cortex and
outer medulla, including in nearly all segments of the
nephron,224 while H-PGDS mRNA is only detected in
microdissected outer medullary collecting duct.224

Lipocalin PGD synthase (L-PGDS) is a multifunc-
tional molecule, and on addition to prostaglandin H2
it binds a variety of small lipophilic molecules includ-
ing bilirubin and biliverdin.225 Mice lacking the
lipocalin D synthase gene exhibit pain sensation.226

LPGDS-mediated PGD2 synthesis also appears to play
an important role in the sleep/wake cycle,225 but its
role in renal PGD2 synthesis has not been studied.
Urinary levels of L-PGDS, also known as beta-trace
protein, have been increasingly studied as a biomarker
of acute and chronic renal injury.227�230 LPDGS knock-
out mice appear to be more susceptible to diabetic
nephropathy.231

PGD2 is the major prostanoid released from mast
cells following challenge with IgE, and this synthesis
appears to be mediated by the hematopoietic form
of PGDS.223,232,233 The precise role of hematopoietic
PGDS in the kidney remains uncertain, as does the
significance of its reported localization in the outer
medullary collecting duct.224

D-Prostanoid Receptors

Once synthesized, PGD2 is available to interact with
either the DP1 or DP2 (originally identified as CRTH2)
receptors or undergo further metabolism to a PGF2-
like compound that can interact with the FP receptor
(see above). The human DP1 receptor is a cAMP-cou-
pled GPCR with a predicted molecular mass similar to
other prostanoid receptors (B40 kDa).234,235 It exhibits
a relatively selective tissue distribution, with particu-
larly high expression in retina and small intestine,
where it appears to be highly expressed in mucus
secreting goblet cells.235 The DP2 receptor is a GPCR
that is also activated by PGD2, but it is unrelated
in sequence to the classic prostanoid receptor family,
being more closely related to members of the N-formyl
peptide receptor (FPR) subfamily.236,237 DP2 is selec-
tively expressed in Th2 cells, cytotoxic T-cells,
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eosinophils, and basophils. DP and DP2 receptors are
intimately involved in the immune allergic response.236,238

Neither DP1 receptors nor DP2 receptors appear to be
highly expressed in the kidney, and while infusion of a
DP1 selective agonist lowers blood pressure these effects
appear to be primarily due to peripheral vasodilation and
not by directly affecting renal blood flow.239

Prostacyclin (PGI2)

The biological effects of prostacyclin are numerous
and include nocioception, anti-thrombosis, and vasodi-
lator actions, which have been targeted therapeutically
to treat pulmonary hypertension.240 Prostacyclin (PGI2)
is derived from the enzymatic conversion of PGH2 via
prostacyclin synthase (PGIS) to PGI2. The PGIS cDNA
is comprised of a 1500 bp open reading frame that
encodes a 500 amino acid protein of approximately
56 kDa.241 Northern blot analysis shows prostacyclin
synthase mRNA is widely expressed in human tissues
and is particularly abundant in ovary, heart, skeletal
muscle, lung, and prostate. PGI synthase expression
exhibits segmental expression in the kidney, especially
in kidney inner medulla tubules and interstitial
cells.224,242

PGI2 synthase-null mice exhibit a profound renal phe-
notype with nephrosclerosis and areas of renal infarc-
tion.243 PGI2 levels in the plasma, kidneys, and lungs
were reduced, documenting the role of this enzyme as
an in vivo source of PGI2. Blood pressure and blood urea
nitrogen and creatinine in the PGIS knockout mice were
significantly increased, and renal pathological findings
included surface irregularity, fibrosis, cysts, arterial scle-
rosis, and hypertrophy of vessel walls. Thickening of the
thoracic aortic media and adventitia were observed in
aged PGIS-null mice.243 Interestingly, this is a phenotype
different from that reported for the IP receptor knockout
mouse,244 which failed to exhibit abnormal kidney mor-
phology. These differences suggests the presence of
additional IP receptor independent PGI2 activated sig-
naling pathways � possibly through nuclear receptors
such as PPARdelta.245,246 Regardless, these findings
demonstrate the importance of PGI2 in the maintenance
of blood vessels and to the kidney.

IP Receptor

The IP receptor mRNA is highly expressed in the
afferent arteriole, where it may combine with the effects
of EP2 and EP4 receptors to dilate renal arterioles and
stimulate renin release.247,248 IP receptor deficient mice
exhibit reduced renin and are resistant to the develop-
ment of hypertension following unilateral renal artery
stenosis, consistent with an impaired IP receptor-

mediated renin release.249 COX2-derived prostacyclin
from the endothelium also appears to serve an athero-
protective role in mice, and its loss could contribute
to the cardiovascular risks associated with the use of
COX2 inhibitors.250 Conversely, thromboxane receptors
may counteract the effects of these protective effects of
prostacyclin and accelerate atherosclerotic lesions, as
well as increasing vascular resistance.

Thromboxane A2

Thromboxane A2 (TxA2) is produced from PGH2 by
thromboxane synthase (TxAS), a microsomal protein of
533 amino acids with a predicted molecular weight of
B60 kDa. The human gene is located on chromosome
7q, and the enzyme exhibits homology to the cyto-
chrome P450s and is now classified as CYP5A1.251

TxAS mRNA is highly expressed in hematopoietic
cells, including platelets, macrophages, and leukocytes,
as well as thymus, kidney, lung, spleen, prostate, and
placenta.252,253 Immunolocalization of TxA synthase
demonstrates high expression in the dendritic cells of
the interstitium, with lower expression in glomerular
podocytes of human kidney.254 In the kidney, throm-
boxane synthase is mainly detected in the glomeruli.224

TxA2 synthase expression is regulated by dietary salt
intake.255 Furthermore, experimental use of ridogrel, a
specific thromboxane synthase inhibitor, reduced
blood pressure in spontaneously hypertensive rats.256

The clinical use of TxA2 synthase inhibitors is compli-
cated by the fact that its endoperoxide precursors
(PGG2/PGH2) are also capable of activating its down-
stream target, the TP receptor,257 so thromboxane
receptor antagonists would be expected to more defini-
tively interfere with this pathway.

TP Receptor

The thromboxane receptor (TP) was the first member
of the prostanoid receptor family cloned.258 This GPCR
has a predicted molecular mass B37.5 kDa, and is
highly expressed in platelets and vascular tissue where
its activation increases intracellular calcium.258 In the
kidney TP receptor mRNA is predominantly expressed
in the glomerulus and vascular tissue,224,259 where
it contributes to vasoconstrictor activity following
Ang II infusion260 and following renal injury.261�263

Prostaglandin Transport

One of the major areas of uncertainty in eicosanoid
research is precisely how prostanoids, synthesized
inside the cell, transit the cell membrane to become
available to interact with cell surface receptors.
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Recent studies have identified several transmembrane
proteins capable of facilitated transport of prostaglan-
dins across cell membranes.264 Schuster’s group identi-
fied a lactate/PGE2 exchanger they designated
prostaglandin transporter or PGT.265 The importance
of PGT in mediating the in vivo effects of PGE2 has
been substantially bolstered by studies showing
genetic disruption of the PGT gene is associated with
perinatal death due to persistence of a patent ductus
arteriosus266 recapitulating the phenotype of the EP4
receptor knockout.121,176 Although this prostaglandin
transporter appears poised primarily to provide a
PGE2 re-uptake mechanism, it is notable that the trans-
porter is expressed in renal cells that are major sites of
prostaglandin synthesis,267 rather than those renal cells
involved in PGE2 inactivation.264 These findings are
consistent with the possibility that PGT plays an
important role in directing vectorial PGE2 release.
Nevertheless, it seems unlikely that this protein com-
prises the pathway mediating PGE2 release. More
recent evidence supports a role for the multi-drug
resistance protein 4 (MRP4) as a potential PGE2 efflux
mechanism.268 MRP4 knockout mice exhibit low levels
of circulating PGE2 and reduced inflammatory pain,269

consistent with a role in PGE2 extrusion.

Prostaglandins and the Pathogenesis of
Kidney Disease

Renal Inflammation

Increased glomerular COX1 or COX2 expression has
been reported in patients with nephritis, and in animal
models of nephritis.270,271 Glomerular expression of
COX2 is upregulated in patients with active lupus
nephritis and in lupus nephritis animal models.270,272

COX2 inhibition has shown beneficial effects on
passive Heymann nephritis (PHN), a model of
membranous nephropathy.273 Cell culture studies
show that thromboxane A2 contributes to comple-
ment-induced cytotoxicity of glomerular epithelial
cells.273 In contrast, in anti-Thy1.1 glomerulonephritis
model, an animal model of mesangioproliferative
glomerulonephritis (MPGN) that is characterized by
endothelial injury, COX2 inhibition is associated with
increased mesangiolysis, albuminuria, and delayed
recovery from glomerular injury.274 Further studies
suggest that healing of injured glomerular capillary
endothelium in this model may depend on COX2-
derived prostanoids, and COX2 inhibition may lead
to impaired capillary endothelium healing.274 The role
of COX-derived prostanoids in autoimmune and
inflammatory disease has been well-documented.275,276

COX2 expression and prostanoid biosynthesis can be
induced in macrophages and dendritic cells by

inflammatory agents, such as LPS, IL-1ß, and inter-
feron.74,75 PGDS expression or activity has been
described in dendritic cells, macrophage, eosinophil,
neutrophil, and mast cells.106 Prostanoids, particularly
PGE2 and PGI2, have been shown to enhance inflam-
matory reactions.106 Conversely prostanoids also exert
anti-inflammatory effects. The pro- or anti-inflammatory
effect of prostanoids is dependent on specific prosta-
noid, receptor subtype, cell population, and context of
activation.106 Additional studies are required to define
the precise roles of prostanoids in different forms of
glomerulonephritis.

Renal COX-Derived Prostanoids and
Diabetic Nephropathy

Diabetic nephropathy is characterized by microalbu-
minuria, glomerular hypertrophy, mesangial expansion
with glomerular basement membrane thickening, arte-
riolar hyalinosis, and global glomerular sclerosis, which
ultimately lead to the progression to proteinuria and
renal failure.277,278 Supra-normal GFR (hyperfiltration)
typifies the early stages of diabetic nephropathy.279�282

Studies in diabetic humans and streptozotocin (STZ)-
induced type I diabetic rats show increased renal PGE2,
PGI2, and TxB2 levels.282�285 COX2 expression is
increased in the thick ascending limb and macula densa
in diabetic humans and rodents.286�288 Selective COX2
inhibition reduces glomerular hyperfiltration in strepto-
zotocin-induced diabetic rats, consistent with COX2-
derived prostanoids increasing renal blood flow in
the diabetic kidney.288 The identity of the specific
COX2-derived prostanoids and their cognate receptors
involved in pathogenesis of diabetic hyperfiltration
has not been completely characterized. EP1 receptor
antagonist treatment ameliorates renal and glomerular
hypertrophy, and decreases mesangial expansion.139

A thromboxane receptor (TP) antagonist has also been
reported to attenuate proteinuria and ameliorate histo-
logical changes of diabetic nephropathy in diabetic
apolipoprotein E-deficient mice.289 It has not been
determined whether similar beneficial effects might be
observed in human diabetic nephropathy.

Prostaglandins and Progression of Kidney
Disease

COX-derived prostanoids may also modify renal
function and glomerular damage in non-diabetic
chronic renal disease.290,291 After subtotal renal abla-
tion, renal cortical COX2 expression is increased,
predominantly in the macula densa and surrounding
cTAL.291,292 Selective COX2 inhibition decreases pro-
teinuria and inhibits the development of glomerular
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sclerosis.291,292 These studies are consistent with a role
of COX2-derived prostanoids in the pathogenesis of
structural and functional deterioration of kidney in
chronic kidney disease.

LIPOXYGENASE DERIVED
EICOSANOIDS: 5-, 12-, AND 15-HETES

AND LEUKOTRIENES

Arachidonic acid may be metabolized to form leu-
kotrienes and hydroxyeicosatetraenoic acids (HETEs)
by a family of enzymes designated lipoxygenases293,294

(Figure 17.5). Leukotriene arachidonic acid metabolites
play a major role in inflammatory disease, especially
asthma and other inflammatory pulmonary diseases
where cysteinyl leukotriene receptor antagonists have
found a place as a standard of care.295,296 In contrast to
the prostaglandins, it has been difficult to demonstrate
a major role for leukotrienes in the normal kidney.

Lipoxygenases (LOX) are comprised of non-heme iron
containing enzymes that insert molecular oxygen into
polyunsaturated fatty acids such as arachidonic acid and
linoleic acid.294,297 Six functional human lipoxygenases
have been cloned: 5-lipoxygenase (gene name: ALOX5);
platelet-type 12-lipoxygenase (gene name: ALOX12); 12/
15-lipoxygenase (leukocyte-type 12-LO for mice, 15-LO
type 1 for human, gene name: ALOX15); epidermal-type
12-lipoxgenase (gene name: ALOXE3); 12(R)-lipoxygenase

(gene name: ALOX12B); and 15-lipoxygenase type 2 (gene
name: ALOX15B, 8-lipoxygenase in mice).293,297

5-Lipoxygenase is the key enzyme in leukotriene
biosynthesis.293,296,297 In the presence of 5-LO-activat-
ing protein (FLAP)298 5-lipoxygenase catalyzes the
generation of leukotriene A4 (LTA4). LTA4, in turn, is
converted by LTA4 hydrolase to LTB4, capable of acti-
vating LTB4 receptors. LTB4 is a potent chemotactic
substance, and increases polymorphonuclear leuko-
cytes (PMN) aggregation and adhesion to the endothe-
lium.299,300 Alternatively, LTA4 can be converted to
cysteinyl (cys) leukotrienes (LTC4, LTD4, and LTE4)
through leukotriene C4 synthase.297 LTC4 and LTD4
contract vascular smooth muscle cells and increase
vascular permeability.301�304 These leukotrienes are
usually released locally by leukocytes. Mice with 5-LO
gene disruption exhibit a reduced inflammatory
reaction,305�307 supporting the pro-inflammatory action
of 5-LO-derived metabolites. Recently, increased expres-
sion of leukotriene C4 synthase and formation of cystei-
nyl-leukotrienes have been reported in human
abdominal aortic aneurysm.308

As might be predicted from its expression in inflam-
matory cells, 5-LO-derived products appear to play
an important role in glomerular immune injury.309�311

5-LO mRNA and 5-LOX-activating protein (FLAP)
mRNA are detected in the glomeruli and vasa recta.312

Both leukotriene receptor B4 and the cysteinyl leukotri-
ene receptor type 1 are selectively expressed in the

FIGURE 17.5 Leukotriene synthetic
pathway.
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glomerulus,312 suggesting 5-LO products are involved
in glomerular function. Glomerular synthesis of LTB4
and LTC4/LTD4 is markedly enhanced in both
human disease and experimental glomerular immune
injury.313�315 LTD4 may contribute to the reduction of
GFR in the acute phase of injury by virtue of its potent
vasoconstrictor action and contraction of mesangial
cells.314 LTD4 may also increase intraglomerular pres-
sure, contributing to proteinuria.315 LTB4, a potent pro-
moter of PMN attraction, participates in glomerular
damage by amplifying PMN-dependent mechanisms
of injury.314

The biological functions of the other members of
the lipoxygenase family are more obscure. The 12-LO,
catalyzes the formation of oxidized lipids 12(S)-
hydroxyeicosatetraenoic acid [12(S)-HETE]. Human
15-LO type 1 shares high homology with rodent
leukocyte-type 12-LO; both can mediate the formation
of 12(S)-HETE and 15(S)-HETE from arachidonic acid,
and are thus classified as 12/15-LO.293,297,316 Some
evidence suggests that 12(S)-HETE and 15(S)-HETE
play important roles in systemic homeostasis and
renal�cardiovascular pathology317,318; however,
specific receptors for these products have not yet
been identified. A recent study implicates ALOX15
as playing a role in bone mineralization.319

12/15-Lipoxygenase products also appear to be
involved in the pathogenesis of atherosclerosis.320

12/15-Lipoxygenase-derived products may contrib-
ute to the pathogenesis of diabetic complications,
including diabetic nephropathy.321,322 12/15-LO is
detected in renal microvessels, glomeruli, and mesan-
gial cells.312,323,324 12/15-LO levels are increased in the
glomeruli of experimental diabetic animals.321,325 The
12/15 LO pathway has been shown to be a critical
mediator of TGFβ and angiotensin II (ANG II)-induced
mesangial cell hypertrophy and extracellular matrix
accumulation.322,326,327 These studies also suggest that
ANG II-induced mesangial cell hypertrophy and extra-
cellular matrix synthesis in cultured rat mesangial cells
can be blocked by an LO inhibitor or targeted 12/15
LO gene deletion.

CYTOCHROME P450 MONOOXYGENASE-
DERIVED EICOSANOIDS:

20-HETE AND EETS

Free arachidonic acid can also be metabolized by
the cytochrome P450 monooxygenases (CYP450) to
produce hydroxy- and epoxy-arachidonic acid deriva-
tives.328,329 The major CYP450-catalyzed reactions in
most tissues are mediated by epoxygenase and
ω-hydroxylase activities of the CYP450 family, which
are responsible for biosynthesis of epoxyeicosatrienoic

acids (EETs) and 20-hydroxyeicosatetraenoic acid
(20-HETE), respectively328,329(Figure 17.6). These meta-
bolites have been shown to possess biological activity,
but the mechanisms mediating these biological effects
remain obscure since specific receptors have not been
identified.48,330,331

Members of the P450 CYP2C, and 2J subfamilies
have been identified as functionally relevant epoxy-
genases, while members of 4A and 4F are ω-hydroxy-
lases, respectively.48,331�333 20-HETE is a potent
vasoconstrictor.334�336 EETs are produced in the vascu-
lar endothelium, and are potent vasodilators.337,338

EETs are also produced in tubules, including the prox-
imal tubule and collecting ducts in the rodent kid-
ney.335,339 EETs have been shown to inhibit ENaC
activity,339,340 which may contribute to their natriuretic
effect. EETs have also been shown to mediate the natri-
uretic effect of angiotensin II.339,341 Studies of knockout
mice have supported a role for CYP450 metabolism in
the regulation of blood pressure, but the mechanisms
of these effects remain incompletely understood.
Genetic disruption of CYP2J8 was associated with
hypertension in females, but it is uncertain whether
this effect is related to its arachidonate epoxygenase
activity in mice or an effect on estrogen metabolism.342

Genetic disruption of cyp4a10 and 4a14 are also associ-
ated with hypertension,343,344 adding to uncertainty
regarding the distinct roles of epoxygenase and
ω-hydroxylase activity of arachidonic acid in regulat-
ing vascular tone and blood pressure.

Role of Renal CYP450-Derived Arachidonate
Metabolites in Renal Damage

Increased EET formation has been reported in the
kidney of rats with liver cirrhosis. While it is well-
documented that renal vasoconstriction leading to
impaired renal function occurs during cirrhosis, this
result suggests increased EET synthesis may be a
homeostatic response to help preserve renal perfu-
sion.345 Reduced CYP arachidonate hydroxyglase
activity and 20-HETE levels have been reported in the
kidney following ischemia and reperfusion. Reduced
CYP4A protein expression and enzyme activity in
ischemia/reperfusion was suggested as an adaptive
mechanism to preserve renal vasculature from exces-
sive vasoconstriction.346 Other studies suggest that the
CYP hydroxylase-derived product 20-HETE plays an
important role in the maintenance of the glomerular
protein permeability barrier.347 An in vitro glomerular
albumin permeability study using isolated rat glome-
ruli shows that puromycin aminonucleoside (PAN)
significantly increases glomerular albumin permeabil-
ity.347 20-HETE treatment blocks PAN-induced increase
in albumin permeability.347
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SUMMARY

Eicosanoids exert diverse and sometimes self-oppos-
ing functions. The specific effect of each eicosanoid
depends on sequential enzymatic machinery in a spe-
cific cell, yielding a specific eicosanoid, exerting its dis-
tinct function. The biosynthesis of each eicosanoid is
regulated at multiple levels from phospholipase A2
that catalyzes the release of arachidonic acid to specific
enzymes that catalyze the formation of bioactive eico-
sanoids. Arachidonate-derived eicosanoids including
prostanoids, leukotrienes, 12/15-HETEs, EETs, and
HETEs, and sphingomyelin-derived ceramide play
important roles in maintaining normal renal function.
They are also involved in the pathophysiology of dia-
betic nephropathy, and inflammatory or toxic glomer-
ular injury. Those signaling pathways should provide
a fruitful area to identify targets for intervention in the
pharmacologic treatment of renal disease.
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Historically, the control of renal vascular and tubular
function has been attributed solely to neural and endo-
crine regulation. However, in addition to these extrinsic
factors, it is now recognized that several complex
humoral control systems exist within the kidney that act
in an autocrine and/or paracrine manner. One of these
is the extracellular nucleotide/P2 receptor system.

Although physiological actions of extracellular
adenine nucleotides were reported as long ago as 1929,34

it was not until many years later (1972) that the impor-
tance of ATP as a transmitter for non-adrenergic, non-
cholinergic neurones of the autonomic nervous system
was proposed by Geoffrey Burnstock.13 Since then it has
become apparent that the function of extracellular
nucleotides is not confined to neurones: rather, they are
ubiquitous autocrine/paracrine agents regulating
diverse physiological processes in almost every tissue in
the body. Information on their roles in the kidneys has
only really begun to emerge in the last decade.

P2 RECEPTORS

Extracellular nucleotides exert their effects by bind-
ing to and activating cell surface located receptors; P2
receptors. These are subdivided into P2X receptors, of
which seven mammalian subunits have been cloned
(P2X1�7), and P2Y receptors, of which eight mamma-
lian subtypes are currently recognized, P2Y1, 2, 4, 6, and
P2Y11�14.

14

P2X Receptors

P2X receptor subunits are proteins with two trans-
membrane-spanning regions, the N- and C-termini being
within the cell.114 Three P2X subunits assemble to form a
P2X receptor ion channel that, when activated, is perme-
able to small cations (Na1, K1, Ca21). Each of the seven
P2X subunits can make homomeric ion channels, and
can also form heteromeric assemblies involving more
than one type of subunit. Until recently it had been
thought that P2X7 subunits could only make homomeric
assemblies, but a P2X4/7 heteromer has now been
described.51 As well as a non-selective ion channel, the
P2X7 receptor can form a larger membrane pore, and ini-
tiate cell death by necrosis or apoptosis.

The principal natural ligand for all P2X subunits is
ATP. The P2X1 subunit is the most sensitive (requiring
sub-micromolar concentrations of ATP); P2X2�6 subu-
nits require micromolar concentrations, while the P2X7

subunit is easily the least sensitive, requiring almost
millimolar concentrations.

P2Y Receptors

P2Y receptors are G-protein-coupled receptors with
seven transmembrane-spanning regions; the C-terminus
is inside the cell and the N-terminus extracellular. In
rodents, ATP is probably the principal natural ligand for
P2Y2, 4, and P2Y11 subtypes and, at sufficiently high dose
and/or receptor density, can activate P2Y1, 12, and P2Y13
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subtypes. However, the natural ligand for P2Y1, 12, and
P2Y13 subtypes is ADP. Although P2Y6 receptors can
also be activated by ADP, UDP is much more potent.
In rodents, UTP activates P2Y2 and P2Y4 subtypes with
similar potency to ATP, an observation often used in
physiological studies as an initial pointer to receptor
identity. Human P2Y4 receptors, however, are activated
primarily by UTP (50-fold more potent than ATP178).
This is a particularly striking example of species differ-
ences, serving to highlight the need for caution before
extrapolating from findings in one species to another.
The P2Y14 receptor is exceptional in that its natural
ligand is UDP-glucose; although originally believed to
be unaffected by unglycosylated purine- or pyrimidine-
based nucleotides, it is now known that UDP is also a
full agonist at rat and human P2Y14 receptors.

55

P2Y receptors are coupled to either Gq or Gi signaling
proteins. P2Y1, 2, 4, 6, and P2Y11 subtypes are coupled to
Gq/G11, resulting in PLC-β activation and increased
[Ca21]i, while P2Y12�14 are coupled to Gi/Go, resulting
in adenylyl cyclase inhibition and reduced cAMP levels.
The P2Y11 subtype is unusual, in that it can couple to
both Gq and Gs, resulting in both PLC-β and adenylyl
cyclase activation, causing increased cAMP levels.172

Heterodimeric Receptors and Dinucleotide
Receptors

A further layer of complexity has been added to the
picture with the finding that adenosine A1 receptors can
be co-expressed with P2Y1 or P2Y2 receptors (and possi-
bly other P2Y subtypes) as a discrete receptor type, at
least in non-renal cells. The chimeric nature of such
receptors is reflected in their mixed pharmacological and
signaling properties.200,201 The possible functional signif-
icance of these heterodimeric P1/P2Y receptors with
regard to the kidneys is currently unknown.

Finally, a number of dinucleotides, in which the 50-
carbon positions of two nucleosides are linked by a poly-
phosphate chain, occur naturally in the body. These
dinucleotides can be symmetrical (e.g., Ap4A, where two
adenosine moieties are linked by a chain of four phos-
phates) or asymmetrical (e.g., Up4A, where a uridine
moiety and an adenosine moiety are similarly linked).
Dinucleotides can have both vascular and tubular effects
within the kidneys (vide infra), but the receptors respon-
sible are unknown; evidence for dinucleotide-specific
receptors has been provided in other tissues, but several
P2Y receptors (P2Y1, 2, 4, and P2Y6) and P2X receptors
(P2X1�5) are known to be dinucleotide-sensitive.81,143

It is likely that both adenine-based and uracil-based
nucleotides are released from most cells in the body
(including renal cells); moreover, ecto-enzymes that
metabolize nucleotides, either inactivating them or

converting them to molecular forms that can stimulate
different P2 receptor subtypes, are ubiquitous (vide
infra). Figure 18.1 shows the molecular structures of
some of the principal nucleotides involved, and
Figure 18.2 provides a simplified overview of nucleo-
tide release, degradation, and purinoceptor (i.e., P1
(adenosine) receptor and P2 receptor) activation.

Synthetic Agonists and Antagonists of
P2 Receptors

Agonists

An ever-increasing range of synthetic nucleotide ana-
logs and non-nucleotide agonists is being developed in
an attempt to find agents that, unlike naturally occurring
nucleotides, are not subject to degradation by ectonu-
cleotidases, and can act as selective agonists for given
receptor subtypes. Such exclusivity is rarely achieved,
although substantial progress is now being made.
Unfortunately, many of the initial observations on P2
receptor stimulation and renal function were made at a
time when information on the selectivity of agonists was
incomplete, and the agonists used were often more pro-
miscuous than was appreciated, giving rise to mislead-
ing interpretations. Thus, although 2 meSADP, for
example, has been used as an agonist for P2Y1 receptors,
it also activates P2Y12 and P2Y13 subtypes; the same
applies to 2 meSATP which, additionally, can stimulate
a number of P2X receptors, while ATPγS, originally used
as a P2Y2 and/or P2Y4 agonist, is now known as a
broad-spectrum agonist, being effective in a range
of P2Y and P2X receptors. Another ATP analog, 2030-O-
(4-benzoylbenzoyl)ATP (BzATP), has often been used as
a “selective” P2X7 agonist, given that it is more potent
than ATP at this receptor subunit, but it is also effective
at P2X1, 3 and P2Y5 subunits, so it is in reality only a non-
selective P2X agonist. Furthermore, BzATP has been
shown to act as an antagonist at P2Y4 receptors.

185

As our knowledge of truly selective P2 agonists
expands, future investigations should provide more
precise information about the purinoceptor subtype(s)
involved in a given physiological response. That knowl-
edge, however, is still limited. The N-methanocarba-
ADP derivative MRS2365 is selective for P2Y1 receptors;
MRS2698 and INS365 (Up4U or “diquafosol”) are
selective P2Y2 agonists; and UDPβS, INS48823, and
MRS2693 are selective P2Y6 agonists.

14,72,178 At the time
of writing, a selective agonist for P2Y4 receptors has not
been identified. Similarly, a truly selective agonist for
any of the P2X subunits is still lacking.

Antagonists

As with agonists, nucleotide receptor-selective antago-
nists are something of a rarity. Probably the compound
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most commonly used to inhibit P2 receptors is suramin,
although it also affects a variety of other cellular pro-
cesses. In sufficient concentration, suramin antagonizes
practically every P2 receptor subtype, be it P2Y or P2X.
The same comment applies to PPADS (pyridoxal-5-phos-
phate-6-azophenyl 20,40-disulphonic acid) and, to a lesser
extent, reactive blue 2 (RB-2). However, a clutch of

selective and potent antagonists is now available. Thus,
the ADP derivatives MRS2179, MRS2279, and MRS2500
are selective P2Y1 antagonists; AR-C126313 and AR-
C118925 are selective P2Y2 antagonists; MRS2578 is a
selective P2Y6 antagonist; INS49266, INS50589, and
AZD6140 are selective P2Y12 antagonists; and MRS2211
is a selective P2Y13 antagonist.

14,72,178

FIGURE 18.1 Molecular structures of some of the principal nucleotides and their parent nucleosides and purine/pyrimidine bases.

FIGURE 18.2 The renal purinoceptor system and its modulation by the major renal ectonucleotidases. The mechanism of ATP release
from renal cells is still a matter of debate (see text for details). It is important to note that nucleotides derived from other bases are also likely
to be secreted and are also hydrolyzed/synthesized by ectonucleotidases, but have been omitted for clarity. Uracil-based nucleotides are par-
ticularly significant: UTP is a potent agonist of P2Y2 and P2Y4 subtypes, and its derivative UDP is the major naturally occurring agonist of the
P2Y6 subtype.
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For P2X subunits, the list is shorter. Ip5I is a selec-
tive P2X1 antagonist,

14 and A-740003 and A-438079 are
selective P2X7 antagonists.33 Trinitrophenyl-ATP
(TNP-ATP) “selectively” antagonizes P2X1�5 subunits
without affecting P2Y receptors.

Assignment of Physiological Responses to
Specific P2 Receptor Subtypes

The plasma membranes of any renal cell, be it vascu-
lar or tubular, can contain a variety of P2 receptor sub-
types. Moreover, epithelial cells can have different (as
well as the same) subtypes on their apical and basolat-
eral membranes. This raises the question of how to attri-
bute a given functional response to a particular subtype.
A number of approaches can be used. First, it is useful to
identify immunologically the subtypes present in the
region of interest (although this, of course, depends on
the availability of suitable antibodies) and, if possible, to
localize the receptor to apical and/or basolateral
membrane. In some cases, instead of the immunohisto-
chemical approach, determination of mRNA has been
used, although this obviously does not guarantee the
presence of the receptor protein itself. Second, it is possi-
ble to try to mimic the effect of the naturally occurring
nucleotide using “selective” agonists and antagonists.
However, as indicated above, only a few of these are
truly selective (although the situation is improving).
Consequently, it is usually necessary to compare the
individual responses to a variety of agonists (both natu-
ral and synthetic) to provide a pharmacological profile
from which tentative conclusions can be drawn, but
even then their effects will depend not only on agonist/
antagonist concentration, but also on the number and
distribution of receptor subtypes. Moreover, naturally
occurring agonists are degraded by ectonucleotidases,
making it difficult to control their absolute concentra-
tions at the receptor site. A further limitation is the use
of intracellular Ca21 transients to assess responses to
direct application of agonists, since these are not invari-
ably associated with recognizable functional changes.

A completely different, and superficially more attrac-
tive, approach is to use “knockout” mice in which the
gene encoding the receptor of interest has been deleted.
However, this is not without its own potential problems.
Life-long, global deletion of a receptor subtype that per-
forms a vital function is likely to lead to compensatory
changes in several organ systems. The P2 receptor profile
within the kidney may then change in order to restore
overall excretion rates, which could then lead to mis-
leading conclusions about the role of the receptor.
The Cre-loxP system adds a degree of refinement to the
gene-targeting approach, permitting tissue- or cell-type-
specific deletion. Nevertheless, compensatory changes in

up- or downstream nephron segments cannot be
excluded, and this approach is further complicated by
incomplete (knockdown rather than knockout) and off-
target deletion. Furthermore, genetically-engineered
deletions have so far been restricted to mice, where P2Y2

receptors seem to predominate in the renal tubule. There
are important differences in the distributions of receptor
subtypes between mice and rats � and presumably
between mice and other species. Thus, for the foreseeable
future it seems that we will need to continue to rely on a
combination of approaches; as yet, there is no “silver bul-
let” when it comes to defining P2 receptor function.

Finally, to obviate the need for working with complex
renal tubules, many investigators have made use of sim-
pler systems: immortalized cell lines originally derived
from renal-like tissue (e.g., Madin�Darby canine kidney
(MDCK) cells). Unfortunately, these cell lines often
express membrane proteins that differ from those found
in native tissue. Consequently, in this chapter we will
avoid deductions based solely on observations concern-
ing P2 receptors in non-native renal tissue.

P2 RECEPTORS AND RENAL FUNCTION

The Renal Vasculature

Figure 18.3 summarizes current knowledge about the
distribution of P2 receptors in renal vascular and tubular
structures. P2 receptors are expressed widely in the renal
vasculature, in the glomerulus, and in the extraglomeru-
lar mesangium. Immunohistochemical and Western
analyses indicate that P2X1 receptors are present in the
vascular smooth muscle of the rat renal artery, arcuate
and interlobular arteries, and the afferent arteriole, but
not in the efferent arteriole.19,171 Functional approaches
have confirmed the expression of a P2X1-like receptor in
the afferent arteriole.70 P2X2 subunits have been immu-
nolocalized in the smooth muscle of larger arteries and
veins within the kidney,66,171 and molecular evidence
has recently been provided for P2X4 subunits, at least in
arcuate and interlobular arteries.56 Of the P2Y receptors,
P2Y1 has an extensive distribution, being expressed in
the endothelium of the large arteries, and both afferent
and efferent arterioles.171

Most information concerning P2 receptor expression
in the glomerulus comes from cell culture systems. On
the basis of mRNA detection and/or agonist profiling,
P2Y1, 2, 4, and P2Y6 subtypes and P2X2, 3, 4, 5, and P2Y7

subunits have been identified in glomerular mesa-
ngial cells53,65,132,151; P2Y1, 2 and P2Y6 subtypes
in podocytes41; and P2Y1 and P2Y2 subtypes in glomer-
ular endothelial cells.12 Studies performed on
RNA extracted from pools of intact glomeruli from
rats found messages encoding P2Y1, 2, 4 and P2Y6
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subtypes7; the expression of other P2Y receptors was
not assessed. Immunohistochemical analysis and
measurements of agonist-induced phosphoinositide
production confirmed the presence P2Y1 and P2Y2

subtypes in the rat glomerulus. On the basis of co-
localization with cell-specific markers, P2Y1 receptors
were localized in mesangial cells and P2Y2 receptors in
podocytes7,171; expression of P2Y4 and P2Y6 receptor
protein could not be confirmed, either functionally or
immunologically. Of the P2X subtypes, only a low and
variable expression of P2X7 immunoreactivity was
found in the rat glomerulus.171

Physiological Responses

Infusion of ATP into the renal artery has long been
known to alter renal vascular resistance, although the
nature and magnitude of the response are dependent
upon species, basal vascular tone, and to some extent
the experimental approach.67 The larger renal arteries

serve principally as conductance vessels,202 and renal
vascular resistance (and therefore renal blood flow) is
regulated primarily through pressure-dependent
vasoactivity of the preglomerular arterioles153 and, to a
lesser extent, the small interlobular arteries.58 The
responsiveness to ATP of the arcuate and interlobular
arteries and the glomerular arterioles has been evalu-
ated in rats using the isolated perfused kidney prepa-
ration.70 The preglomerular arteries were relatively
insensitive to ATP, with micromolar concentrations
evoking transient vasoconstriction (Figure 18.4). In
contrast, the afferent arteriole underwent sustained
contraction at concentrations in the submicromolar
range, whereas the efferent arteriole was unresponsive
to extracellular ATP. Thus, in the isolated perfused rat
kidney, intrarenal administration of ATP is normally
vasoconstrictive. This vasoconstriction can be potenti-
ated by inhibition of nitric oxide (NO) synthesis.37

However, when baseline renal vascular resistance is
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FIGURE 18.3 P2 receptors in the vasculature and tubules of the rat kidney. Those receptors in the rat kidney for which firm evidence
from immunohistochemical studies and/or Western blotting has been obtained are shown in black. Those receptors for which expression of
mRNA has been documented are shown in red. Where possible, apical (a), basolateral (b) or intracellular (intra) location is indicated.
*The antibody used to detect P2Y11 was raised against an epitope of human, not rat, P2Y11 receptors. Information is taken from ref.
4�7,19,41,53,83,132,151,171,187,203
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high, ATP induces vasodilatation, due to P2Y-mediated
production of NO.40 Thus, P2 receptor “tone” can
influence renal vascular resistance, with P2Y/NO-
mediated vasodilatation exerting a counterbalancing
influence on P2X1-mediated vasoconstriction. The
dominant receptor pool, as well as the source and local
concentration of extracellular nucleotide, will therefore
influence the net physiological response to extracellu-
lar nucleotides. ATP released from renal nerve term-
inals, for example, will act directly on the vascular
smooth muscle, promoting P2X1-mediated vasocon-
striction.139,162 Conversely, release of ATP in the vicin-
ity of the endothelial P2Y receptors would be expected
to promote NO synthesis and vasodilatation.

Renal Autoregulation

The majority of vascular beds stabilize blood flow in
the face of fluctuating blood pressure. This

autoregulation of blood flow is an intrinsic property of
the vasculature, and in the kidney it is highly efficient:
over the physiological range, renal blood flow can be
effectively independent of blood pressure.26 Whole-kid-
ney autoregulation is governed through the combined
influence of at least two mechanisms, tubuloglomerular
feedback (TGF) and the intrinsic myogenic response
of the vascular smooth muscle; these regulatory sys-
tems have different, but overlapping, operational fre-
quencies. Computational analysis of the dynamic
frequencies of the two systems indicates a degree
of interaction; constriction of the terminal afferent arte-
riole by TGF increases pressure in the upstream vascu-
lature and the myogenic response is enhanced.180

Myogenic Responses to Altered Perfusion Pressure

Of the two major components, only the intrinsic
myogenic response to altered perfusion pressure is both
necessary and sufficient for full, whole kidney autoregu-
lation.26 The myogenic response operates along the preg-
lomerular vascular tree, reacting to increased transmural
pressure by channel-mediated calcium influx and reflex
vasoconstriction of the vascular smooth muscle. The
exact signaling mechanisms are not defined, but local
release of ATP is implicated. In the afferent arteriole,
pressure-mediated vasoconstriction is markedly blunted
by PPADS or suramin, or by the saturation and subse-
quent desensitization of the P2 receptor system.69 The
central role of the P2 system is further underscored by
experiments in P2X1-deficient mice, in which pressure-
induced reductions in afferent arteriole diameter are
abolished68 (Figure 18.5). Similarly, pharmacological119

or pathological50 maneuvers that impair P2X1 receptor
signaling significantly attenuate whole kidney autoregu-
lation of blood flow both in vivo and in vitro.
Furthermore, mice with a targeted deletion of the ecto-
nucleotidase NTPDase1 (thereby prolonging the half-life
of extracellular ATP � vide infra) exhibit enhanced pres-
sure-induced vasocontriction in the mesenteric artery,78

consistent with a key role for local nucleotide signaling
in the general myogenic response.

Tubuloglomerular Feedback and the
Juxtaglomerular Apparatus

Tubuloglomerular feedback (TGF) is a dynamic pro-
cess whereby changes in the concentration of NaCl
in the fluid emerging from the loop of Henle elicit
inverse changes in the glomerular filtration rate of the
nephron of origin. TGF is mediated by the juxtaglo-
merular apparatus (JGA), which includes a sensor, the
macula densa, and an effector, the granulated cells
of the afferent arteriole; other components of the JGA
(e.g., mesangial cells) also play a role.

Bell and colleagues demonstrated the release of
ATP across the basolateral membrane of the macula

FIGURE 18.4 ATP concentration�response relationships for

pre- and post-glomerular vasculature. The figure shows average
segmental diameter responses evoked by ATP applied to the adven-
titial surface of arcuate arteries, interlobular arteries, afferent arter-
ioles, and efferent arterioles of rat juxtamedullary vascular segments.
After the control period (Con), increasing concentrations of ATP
were applied at 5 min intervals; each protocol ended with a 5 min
recovery period (Rec). Each data point is normalized as a percentage
of the control diameter (from ref. [67]).

516 18. EXTRACELLULAR NUCLEOTIDES AND RENAL FUNCTION

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



densa plaque in response to altered luminal NaCl con-
centration within the physiological range,11,87 and the
concentration of ATP in the cortical interstitium was
shown to respond appropriately to inhibition or activa-
tion of TGF in vivo.112 This compelling evidence sug-
gests that ATP is the primary signaling molecule for
TGF, the effects of which might well be modulated by
other paracrine agents produced in the macula densa
cell, such as nNOS- (NOS1-) derived NO and COX2-
derived prostaglandin E2.

10 Gene-targeting experi-
ments, however, suggest that ATP may not be the ulti-
mate signal through which TGF causes constriction of
the afferent arteriole; hydrolysis of ATP to adenosine
appears to be critical. In vivo TGF responses are attenu-
ated in mice lacking either adenosine A1 receptors157

or ecto-50-nucleotidase, the enzyme catalyzing the final
stage of the degradation of ATP to adenosine.15 This
proposition is supported by a recent in vivo study in
which the TGF response in mice (as assessed by
changes in stop-flow pressure in the proximal tubule)
was unaffected during intravenous infusion of PPADS
or suramin.136

It would be rash, however, to conclude that the P2
receptor system has no role in TGF. Desensitization of
this system inhibits TGF in rats,113 and it is
notable that in vivo manipulations of TGF affect the
interstitial concentration of ATP, but not of adeno-
sine.67 Furthermore, an anatomical consideration
argues strongly for involvement of the P2 receptor sys-
tem in the TGF response: the ATP released from mac-
ula densa cells cannot directly activate P2 receptors in
the afferent arteriole, being physically separated in
most species by the extraglomerular mesangium. An
intact mesangium is required for TGF responses,129

and Peti-Peterdi has demonstrated that TGF activation

causes a wave of increased cytosolic calcium to pass
through the mesangium, to the granulated cells of the
afferent arteriole and into the glomerular podocytes.121

Propagation of this calcium wave was abolished by
suramin, but not by adenosine receptor antagonism.
The P2 receptor response was later shown to be depen-
dent on gap junctional coupling, being inhibited
by specific antagonists against connexins 37 and 40159

(vide infra for discussion of connexins).
The basolateral membrane of macula densa cells

expresses a P2Y2-like receptor, the function of which is
not yet known.10 It is possible that this provides a neg-
ative feedback loop for TGF signaling or a mechanism
through which ATP release can be coupled to
production.

Glomerular and Medullary Microcirculation

Infusions of nucleotide analogs into the renal artery
exert powerful effects on regional blood flow, which can
be measured by laser-Doppler flow probes inserted into
specific regions of the kidney. In the rabbit, ATP evokes a
biphasic response, with vasoconstriction of the medullary
blood flow being followed by hyperemia.39 On the basis
of relative agonist potency, the vasoconstriction was
attributed to P2X1 receptors; the secondary vasodilata-
tion, which was independent of NO, was partially medi-
ated by adenosine receptors. In the rat, the net effect of
ATP is influenced by sodium status. In sodium-restricted
rats, ATP increased medullary blood flow in a nitric
oxide-dependent manner.32 In rats fed a high-salt diet,
ATP caused vasoconstriction in the outer medulla, with-
out affecting inner medullary flow. The authors’ specu-
lated that the inner medullary vasodilatation reflected an
effect of nucleotides on vasa recta pericytes. However,
preliminary data from Peppiatt-Wildman’s laboratory,
obtained in slices of rat kidney, suggest that P2 receptor
activation promotes vasoconstriction in this setting.79

Renin Release

The renin�angiotensin system is influenced by
many factors, the final pathways of which con-
verge at the level of altered [Ca21]i in the granular cell;
renin secretion is inversely related to [Ca21]i. The com-
bined use of receptor-selective agonists and antago-
nists has demonstrated that A1 receptors exert a tonic
inhibitory effect on renin secretion at the level of the
granular cell.110 However, the adenosine receptor sys-
tem is not vital for the control of renin secretion, since
A1 receptor knockout mice are able to raise their secre-
tion appropriately in response to a low-salt diet,140 a
regimen that increases two-fold the sensitivity to lumi-
nal NaCl of ATP release by the macula densa.87

FIGURE 18.5 Autoregulatory responses in P2X1 knockout (KO)

mice versus wild-type (WT) mice. The normal autoregulatory vaso-
constrictor response to increases in perfusion pressure is absent in
the KO mice. (from ref. [68]).
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The role of the P2 receptor system in the regulation
of renin release is not entirely clear, and is to some
extent contradictory. Purinoceptor signaling is a pre-
requisite for synchronization of the intercellular cal-
cium wave that controls renin secretion in the JGA,198

and infusion of ATP into the isolated perfused rat kid-
ney causes profound inhibition of renin secretion.198

On the other hand, activation of an ADP-selective
receptor, thought to be P2Y1, was shown to stimulate
renin secretion in rat renal cortical slices via a nitric
oxide-dependent mechanism.21 Resolution of this issue
awaits further investigation.

Proximal Tubule

Immunohistochemical studies have identified apical
expression of P2Y1 and P2X5 receptors in the S3 seg-
ment of the rat pars recta, and basolateral expression
of P2Y4 and P2X6 receptors in the proximal convoluted
tubule (PCT); low-level expression of P2X4 protein was
also seen in the PCT, although the membrane domain
was not identified.171 Western blot analysis has addi-
tionally shown the presence of P2Y1 receptors in
brush-border membrane vesicles from the S2 segment
of rat PCT6 (see Figure 18.3). Messenger RNA expres-
sion has been assessed for only four P2 receptor sub-
types: P2Y1, 2, 4 and P2Y6 are all present in rat
proximal tubule.4,5 In terms of Ca21 transients
following application of P2 receptor agonists of vary-
ing selectivity, supportive evidence has been provided
for apical P2Y1-like receptors in an immortalized cell
line with a proximal phenotype,76 and for basolateral
P2Y1 receptors in native rat PCT4,17; Bailey and collea-
gues5 also reported that basolateral UDP was effective
in increasing [Ca21]i, corroborating the presence of
P2Y6 receptors. Finally, ATP and UTP were equally
effective in stimulating Ca21 transients when applied
to rat or rabbit basolateral membranes,4,196 implying
mediation by P2Y2 or P2Y4 receptors; the immunohis-
tochemical evidence in rats favors P2Y4 receptors.

171

Using a stationary microperfusion technique in rat
PCT in vivo, Bailey2 showed that addition of adenosine
nucleotides to the lumen inhibited bicarbonate reab-
sorption. ADP was more effective than ATP, implicat-
ing P2Y1 receptors; this was supported by the
observation that the P2Y1 agonist 2 meSADP also had
a potent inhibitory effect, which was blocked by the
P2Y1-selective antagonist MRS2179. (When the tubule
was perfused with MRS2179 alone, a small increase in
bicarbonate reabsorption was seen, suggesting a tonic
inhibitory effect of endogenous nucleotides acting via
P2Y1 receptors.) The P2Y1-mediated effect on bicarbon-
ate reabsorption involved inhibition of the Na1/H1

exchanger NHE3, since it was not additive to that of
EIPA. The effect was blocked by either U73122 or H89,
indicating involvement of phospholipase C and

protein kinase A. In apparent contrast to these findings
from intraluminal perfusions, Diaz-Silvester et al.31

found that addition of ATP to peritubular capillaries
perfused in vivo caused an increase in transepithelial
bicarbonate reabsorption in rat PCT. Conceivably,
given the presence of ectonucleotidases in peritubular
capillaries and the peritubular space (vide infra), degra-
dation of ATP through to the nucleoside adenosine
(which stimulates proximal tubular bicarbonate reab-
sorption29) could not be ruled out. However, increas-
ing the viscosity of the peritubular perfusate also
stimulated bicarbonate reabsorption, and this effect
was blocked by peritubular suramin, suggesting P2
receptor mediation. (Shear stress was proposed as the
activating factor.) Interestingly, the increase in bicar-
bonate reabsorption induced by ATP or by raised vis-
cosity could be blocked by a nitric oxide synthase
inhibitor.

In a preliminary study of membrane transporters in
the tubules of P2Y2 receptor knockout mice, Listhrop
et al.99 reported increased expression of NaPT2 protein
in the proximal tubule (but no change in NHE3 abun-
dance). In line with this, ATP has been shown to
inhibit phosphate uptake (and mRNA for NaPT2) in
primary cultures of rabbit PCTs.94 Interestingly, in the
same preparation, ATP stimulates sodium-glucose
co-transport by increasing both SGLT1 and SGLT2 pro-
tein expression.93

A renal clearance study in rats, using lithium clear-
ance as an index of end-proximal tubular fluid deliv-
ery,165 reported remarkable effects of the naturally
occurring diadenosine polyphosphate Ap4A. When
infused intravenously, Ap4A increased lithium clear-
ance almost two-fold, despite a fall in GFR, indicating a
profound reduction in fractional proximal tubular reab-
sorption.154 Although a fascinating observation, it is
debatable whether intravenous infusion of relatively
high-dose exogenous nucleotide provides physiologi-
cally useful information about normal autocrine/para-
crine control by endogenous agents. It is also difficult to
know which P2 receptor(s) is/are involved, since Ap4A
can stimulate a number of subtypes, including P2Y1

and P2Y4 receptors,143,185 which are both expressed in
the rat proximal tubule (P2Y1 apically, P2Y4 basolater-
ally); intravenous delivery of the agonist does not allow
differentiation between these possibilities.

In addition to effects on proximal tubular transport,
both adenine-based and uracil-based nucleotides can
stimulate gluconeogenesis, an important metabolic
function of this nephron segment.16,109 Diadenosine
polyphosphates also have this effect.35 As these experi-
ments were performed using tubule suspensions or
isolated tubules, the agonists will presumably
have gained access to both apical and basolateral
membranes; moreover, ectonucleotidase-mediated

518 18. EXTRACELLULAR NUCLEOTIDES AND RENAL FUNCTION

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



metabolism of the nucleotides is a possibility, hinder-
ing identification of the receptor subtype(s) responsi-
ble. However, ATP and UTP were equipotent in
stimulating gluconeogenesis, implicating P2Y2 or P2Y4

receptors.109 Although these authors plumped for P2Y2

mediation, the fact that P2Y2 receptors have not been
found in rat proximal tubules, whereas P2Y4 receptors
have (vide supra), makes a basolateral P2Y4-mediated
effect more likely.

Loop of Henle

The pars recta (also called the thick descending limb
of Henle), has been dealt with in the preceding section.
In the rat thin descending limb there is some immuno-
histochemical evidence for P2X4 and P2X6 receptors
(membrane domain not stated171), and indications,
from measurements of [Ca21]i transients during super-
fusion of isolated segments with various agonists, of a
basolateral pyrimidine receptor,4 although no P2Y2 or
P2Y4 protein has yet been identified. Messenger RNA
is expressed for P2Y1 and P2Y6,

4,5 but again immuno-
histochemical evidence of receptor protein is lacking.
In the rat thin ascending limb, similar evidence for a
basolateral pyrimidine receptor4 is in this case accom-
panied by immunohistochemical confirmation of
(intracellular) P2Y2 receptor protein; low-level P2X4

and P2X6 protein expression has also been reported.171

Hardly surprisingly, given the paucity of information
regarding normal transport processes in these nephron
segments, the functional significance of P2 receptors in
the thin limbs is unknown.

Consideration of P2 receptors in the thick ascending
limb (TAL) of the loop of Henle must take account of
species differences between rat and mouse. In the rat
TAL, binding sites for ATPγS are present on the baso-
lateral membrane3; this agonist stimulates several P2Y
and most P2X subtypes. Immunohistochemistry has
identified P2Y2 (intracellularly), P2X4, and P2X6 (mem-
brane domain not stated) receptor proteins.171 In addi-
tion, mRNA is expressed for P2Y1, 2, 4, and P2Y6

subtypes.4,5,83 It has been reported that rat TAL seg-
ments are poorly responsive to basolateral application
of nucleotides, at least in terms of Ca21 transients,4,5

which is in marked contrast to the situation in mice,
where basolateral ATP and UTP were each found to
evoke large Ca21 transients, consistent with activation
of P2Y2 receptors.3,120 A major role for P2Y2 receptors
in mice was supported by Jensen et al.75 who showed,
in mouse medullary TAL (mTAL) perfused in vitro,
that luminal application of ATP or UTP caused almost
identical increases in Ca21i and, importantly, that these
increases were absent in P2Y2 knockout mice. In the
same study, however, significantly different results
were obtained when the nucleotides were applied
basolaterally: both ATP and UTP caused an initial

peak in [Ca21]i followed by a sustained plateau, but
whereas both phases were virtually abolished in
mTAL from P2Y2 knockout mice treated with UTP, the
plateau phase in mTAL from P2Y2 knockout mice trea-
ted with ATP persisted, suggesting the presence of
an additional basolateral P2 receptor. Since the plat-
eau phase was dependent on extracellular Ca21, the
authors proposed a Ca21-permeable P2X receptor.75

Some information, albeit circumstantial, on the
effects of P2Y2 receptors on transport processes in
the TAL has come from a comprehensive study of the
renal phenotype of P2Y2 knockout mice by Vallon’s
group. These animals were shown to exhibit increased
expression of the apical Na1K12Cl2 co-transporter
(NKCC-2) in mTAL, associated with an increased
natriuretic response to furosemide.130 The obvious
implication is that nucleotide activation of P2Y2 recep-
tors inhibits NaCl transport in mouse TAL.

During the last decade, in a series of meticulously
controlled experiments using cell suspensions or neph-
ron segments perfused in vitro, Garvin’s group has
begun to piece together evidence for a functional role
of ATP on TAL function in the rat. Using suspensions
of rat mTAL, Silva et al.146 showed that ATP increased
intracellular NO production in a concentration-depen-
dent manner, and that the response was significantly
inhibited by suramin. Although the EC50 value for the
NO response to ATP was high, at 37 μM, prevention of
ATP hydrolysis by administration of the ectonucleoti-
dase inhibitor ARL67156 reduced the EC50 to 0.8 μM.
On the basis that the ATP analog βγmeATP caused an
increase in NO production, it was argued that the
response was mediated primarily by P2X receptors,
although it was noted that UTP also had a weak effect.
A recent study from the same group148 has provided
some insight into the signaling cascade involved in
ATP-stimulated NO production. Confirmation that
endothelial nitric oxide synthase (eNOS; or NOS3) is
the enzyme responsible came from the finding that
ATP was unable to stimulate NO production in TAL
cells from NOS3 knockout mice, whereas a normal
response was seen in wild-type mice given NOS1- or
NOS2-selective inhibitors. The PI3 kinase inhibitor
LY294002 caused a major reduction in the response to
ATP, and a similar reduction was seen in the presence
of an Akt-selective inhibitor. This finding, together
with the observation that ATP stimulated Akt1 (serine
threonine kinase; also called protein kinase B) phos-
phorylation, whereas phosphorylation of Akt2 and
Akt3 was either unchanged or reduced, led the authors
to conclude that ATP increases NOS3-derived NO via
activation of Akt1. A possible functional link between
the recently observed effect of increased flow on nucle-
otide release in the TAL75; (vide infra) and the produc-
tion of NO can be drawn from an earlier study by
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Ortiz et al.,118 in which increasing flow (in the physio-
logical range) in isolated perfused TALs from rat
caused markedly increased NO production (which
was all but blocked by the NOS inhibitor L-NAME).
Notably, increasing luminal flow caused a redistribu-
tion of NOS3 within the TAL cells, with translocation
towards the apical membrane. It was already known
that NO (and presumably therefore ATP) can reduce
TAL transport by inhibiting NKCC-2 activity117 and
(to a lesser extent) Na1/H1 exchange,45 but a recent
study from this group explored the possibility that
ATP might have a primary effect in reducing basolat-
eral Na1K1-ATPase activity, and thereby Na1 extru-
sion from the TAL cell.149 Using rat mTAL
suspensions, it was found that ATP reduced oxygen
consumption in a dose-dependent manner and that
this was blocked by suramin, but not by the adenosine
receptor antagonist theophylline; it was also blocked
by the NOS inhibitor L-NAME. The “2P2X-selective”
agonist βγmeATP also reduced oxygen consumption
concentration-dependently, while the “P2X-selective”
antagonist NF023 blocked ATPs action. (However, as
with nucleotide-stimulated NO production, it was
found that UTP had a (weak) inhibitory effect on oxy-
gen consumption, suggesting some P2Y involvement.)
When NKCC-2 and Na1/H1 exchange were blocked
with a combination of furosemide and dimethyl
amiloride, oxygen consumption fell, and was no longer
affected by ATP; while the Na1 ionophore nystatin
increased oxygen consumption to a similar extent in
TALs treated with ATP or vehicle alone. These experi-
ments provide powerful confirmatory evidence that
ATP, by increasing NO production, can inhibit Na1

transport in the rat TAL, not by inhibiting basolateral
Na1K1-ATPase activity, but principally by reducing
apical Na1 entry, particularly via the Na1K12Cl2

co-transporter. Whilst this series of in vitro findings is
strongly suggestive of a physiological role for nucleo-
tides in autocrine/paracrine control of TAL function
(a putative schema is shown in Figure 18.6), a full
assessment awaits a comprehensive investigation of
electrolyte transport in the loop of Henle in vivo.

Distal Tubule

Little is known about P2 receptor distribution in this
nephron segment (which, here, we arbitrarily define as
distal convoluted tubule (DCT) plus connecting tubule
(CNT); the final segment of the properly defined distal
tubule � the initial collecting tubule � will be included
under “Cortical Collecting Duct”). Immunohistochemical
studies have identified P2X4 and P2X6 receptors on the
basolateral membrane in rat distal tubule171 (although it
is not clear which region of the distal tubule was
involved, as no markers of cell types were used in this
study), and basolateral application of ATP to

microdissected rat DCTs resulted in (weak) Ca21 transi-
ents,4 but no corresponding investigations have been
made in other species or in CNT. Furthermore, no direct
studies of distal tubular transport function have been
made in native tissue, either in vitro or in vivo; the only
information we have from whole-animal studies is that
thiazide-sensitive sodium excretion is unaffected in P2Y2

knockout mice, corresponding with a lack of change in
Na1-Cl2 co-transporter (NCC) abundance.99,130

Consequently, our knowledge of the role of P2 receptors
in these nephron segments is fragmentary and largely
restricted to findings from studies of primary cultures of
native cells or immortalized distal or “distal-like” cell
lines.

Considerable evidence exists for the expression of a
number of P2 receptor subtypes and for a range of P2-
mediated actions in Xenopus A6 cells and Madin�Darby
canine kidney (MDCK) cells, both widely used as
“distal-like” cell lines. However, as indicated above, for
reasons of physiological relevance it will not be consid-
ered here, as such cell lines often express membrane pro-
teins different from those found in native tissue. Similar
considerations may apply to immortalized cell lines
derived from DCT: activation of apical receptors, charac-
terized pharmacologically as P2Y2 subtype, in immortal-
ized rabbit DCT was shown to increase apical chloride
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FIGURE 18.6 Putative effects of flow-induced stimulation of

ATP release in thick ascending limb of Henle (TAL). According to
this hypothesis, an increase in tubular flow is most likely detected by
the primary cilium, and the consequent increase in Ca21 influx sti-
mulates ATP release. ATP, acting on apical and basolateral P2 recep-
tors, stimulates (via intracellular 2nd messengers) PI3 kinase which,
in turn, phosphorylates Akt1. This kinase phosphorylates NOS3
(which itself may be translocated towards the apical membrane);
thus activated, the enzyme stimulates the production of nitric
oxide, which inhibits apical sodium entry into the cell via the
Na1K12Cl2 co-transporter and the Na1/H1 exchanger, thereby
inhibiting net Na1 reabsorption. Information compiled from refer-
ences 44,45,64,75,118,127,146,148,149. P2Y2R, P2Y2 receptor; P2XR, P2X
receptor; NO, nitric oxide; NOS3, nitric oxide synthase 3.
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conductance134; while activation of receptors (membrane
domain not stated) characterized pharmacologically as
P2X, rather than P2Y, in immortalized mouse DCT was
shown to inhibit magnesium reabsorption.27 Finally, cul-
tured cells from rabbit CNTs responded to extracellular
ATP with an increase in [Ca21]i and inhibition of sodium
and calcium absorption, although these inhibitory effects
were not dependent on the Ca21 transient.88,173 Either
apical or basolateral application of ATP was effective
and, when ATP was added to both compartments, the
inhibitory effects were additive. On the basis of pharma-
cological profiling, P2Y2 receptors were implicated.88

It is difficult to build a coherent picture from these
disparate findings. As with the loop of Henle, a com-
prehensive in vivo assessment of distal tubular function
is required.

Collecting Duct

A large array of P2 receptor subtypes has been
reported in rat collecting duct (CD) (Figure 18.3).
Immunohistochemistry has indicated the expression of
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, and P2Y13 subtypes, and
P2X1 (sodium-restricted rats only, intercalated cells
only), P2X2, P2X4, P2X5, and P2X6 subunits

83,171,187 with,
in some cases, differential expression in the different
subsegments of the CD. With respect to membrane local-
ization in principal cells, P2Y4, 6, and P2Y11 were
reported to be exclusive to the apical membrane,
whereas P2Y2 and P2X4 and P2X6 were found in both
apical and basolateral membranes; staining for P2Y12

and P2Y13 subtypes and P2X2 and P2X5 subunits was
designated “intracellular”.187 In the mouse, immunohis-
tochemistry has localized P2X1 and P2X4 subunits to the
apical membrane of medullary CD cells.97

Expression of P2 receptor mRNA in the rat
kidney broadly agrees with the immunohistochemical
findings � at least in the one study in which both meth-
odologies were used.187 Messenger RNA has been identi-
fied for P2Y1, 2, 4, and P2Y6 subtypes, and P2X4 subunits
in cortical (CCD) and outer medullary CD (OMCD),4,5,187

and for P2Y1, 2, 4 and P2Y6 subtypes in inner medullary
CD (IMCD).83,203 Additionally, mRNA for P2X1 and P2X6

receptors has been reported in CCD and OMCD follow-
ing dietary sodium restriction.187 Messenger RNA levels
for P2Y11, 12, 13, and P2Y14 receptors have not yet been
investigated. Studies using mice have so far focused on
P2X receptors, and have identified mRNA for P2X1, 4, 5, 6,

and P2X7 subunits in CCD and OMCD,46,97 suggesting a
species difference. As far as the human kidney is con-
cerned, the only published information we have comes
from a heroic study by Charbardès-Garonne and co-
workers, in which the transcriptome from human kid-
neys was characterized using serial analysis of gene
expression (SAGE). They found that, of tags for 258 genes

conferring transport properties, the only P2X receptor
detected in significant amounts in the CD was P2X4.

18

A complex picture is beginning to emerge concern-
ing the role of P2 receptors in the CD. A combination
of approaches has demonstrated that extracellular
nucleotides, acting from both apical and basolateral
sides, can have significant effects on water and electro-
lyte handling in this important nephron segment � the
final site of regulation of urinary output.

Water

In the mid-1990s it was shown that activation of baso-
lateral P2 receptors in rabbit CCD and rat IMCD, per-
fused in vitro, reversibly inhibited vasopressin-stimulated
osmotic water permeability.82,133 On the basis that UTP
and ATP were equipotent, whereas other nucleotides
were without effect, the inhibition found in the rat
was attributed to basolateral P2Y2 receptors82; this P2
receptor-mediated inhibition has been found to be PKC-
dependent, and to result from decreased intracellular
cAMP and increased PGE2 levels.

181 The inhibitory action
(at least in IMCD) appeared to be mediated only by baso-
lateral receptors, since luminal application of ATP was
without effect in this nephron segment.36 Enhanced
expression of P2Y2 mRNA, and of the receptor protein
itself, in the inner medulla of hydrated versus dehy-
drated rats, has provided additional evidence for a regu-
latory role for P2Y2 receptors in modulating CD water
reabsorption,85 and this view is supported by the obser-
vation that chronic vasopressin V2 receptor stimulation
with dDAVP reduces inner medullary P2Y2 mRNA and
protein expression.158 Gene deletion studies further sub-
stantiate a role for the P2Y2 receptor in ATP-evoked inhi-
bition of AVP-stimulated osmotic water permeability in
the CD. Under basal conditions, P2Y2

2/2 mice concen-
trated their urine to a greater degree, and their renal
medullary aquaporin-2 (AQP2) abundance was signifi-
cantly higher, compared with values in wild-type mice,
despite almost identical plasma vasopressin levels,130,205

and following chronic dDAVP treatment, inner medul-
lary AQP2 expression was increased to a markedly
greater extent in the P2Y2 knockout animals.205 In sum-
mary, the overall picture is that P2Y2 receptor activation
inhibits vasopressin-stimulated, AQP2-mediated water
transport in the CD, and this results from decreased
intracellular cAMP and increased intracellular PGE2;
the latter, in turn, can reduce cAMP levels and effect the
retrieval of AQP2 from the apical membrane.86

A recent study from our laboratory, albeit in a
cultured, immortalized mouse CCD cell line
(mpkCCDc14), has provided additional evidence that
P2 receptor activation may exert its inhibitory effect on
water transport via altered AQP2 trafficking.
Application of dDAVP to the basolateral membrane
for four days resulted in marked AQP2
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immunofluorescence in the apical membrane, but
when ATP or ATPγS was then added to the medium,
either apically or basolaterally, the AQP2 was internal-
ized.186 Treatment with dDAVP induced gene expres-
sion of P2X1 in the apical domain, and led to
translocation of P2X2 and P2Y2 to the apical and basolat-
eral membranes, respectively. When these three sub-
types were co-expressed with AQP2 in Xenopus oocytes,
their activation reduced cell membrane AQP2 abun-
dance and consequently reduced water permeability.186

These findings suggest that: (1) in addition to basolateral
P2Y2 receptors, apically located P2 receptors can con-
tribute to the downregulation of AQP2-stimulated
water transport; (2) altered trafficking of AQP2 is
involved; and (3) vasopressin itself can increase mem-
brane abundance of P2 receptors (c.f. 158). However, it
must be stressed that the observations were confined to
in vitro systems using a mouse CD-derived cell line and
Xenopus oocytes. As such, they must be viewed with
caution.

Potassium

Although early studies in MDCK cells reported that
ATP activates K1 channels,42 evidence in native CD
suggests that K1 secretion by principal cells is inhibited
by nucleotides. A patch-clamp investigation of split-
open mouse CCDs (allowing access to the apical mem-
brane) demonstrated that ATP reversibly inhibits the
activity of the small-conductance K1 (SK; also called
ROMK) channels, which are believed to mediate most
potassium secretion in the distal nephron.104 On the
basis of equipotency of ATP and UTP, and the absence
of effect of αβmeATP and 2 meSATP, it was concluded
that apical P2Y2 receptors were responsible. That P2Y2

knockout mice maintain a robust potassium excretion
despite mild hypokalemia is consistent with this
hypothesis.130 It is worth noting that the inhibitory
effect of ATP on SK channel activity observed by Lu
and colleagues104 could be blocked by the NOS inhibi-
tor L-NAME, which implies that the NO-dependency
of nucleotide-induced physiological actions may not be
confined to the TAL (vide supra).

K1 secretion in the distal nephron is generally
enhanced when tubular flow rates are increased. This
flow-induced increase in K1 secretion is now thought
to be mediated not by SK channels, but by large-con-
ductance, maxi-K (big K; BK) channels.191 Activation
of BK channels is through increased [Ca21]i,

100 and
there is good evidence for a causal link between
increased tubular flow rate, increased tubular nucleo-
tide secretion, and increased [Ca21]i (vide infra).
Although highly speculative at this stage, one implica-
tion of these various observations is that nucleotides
may have conflicting effects on SK and BK channels.

Sodium

Studies into the effects of extracellular nucleotides
on CD Na1 transport have generally used sensitivity to
amiloride as a basis for identifying ENaC-mediated
transport; although occasionally sensitivity to benzamil
� a more selective inhibitor of ENaC � has been
employed. Koster and colleagues were the first to
report that benzamil-sensitive transcellular Na1 trans-
port is inhibited by nucleotide activation of P2 recep-
tors.88 Using primary cultures of rabbit CD (and CNT)
cells grown to confluence, they demonstrated that api-
cally or basolaterally applied ATP inhibited benzamil-
sensitive short circuit current (SCC; used as an index of
Na1 transport) across cell monolayers; the mechanism
involved activation of PKC and/or PLC. The P2 recep-
tor responsible for this inhibition was equally sensitive
to ATP and UTP, but was insensitive to ADP. On this
basis, the inhibition of ENaC was attributed to activa-
tion of P2Y2 receptors. Subsequent studies using the
mouse M1 cell line reported similar findings, except
that the mechanism did not involve PKC.25,164 Another
CD cell model, the mouse mIMCD-K2, responded simi-
larly to apical (but not basolateral) nucleotides,
although in this case, on the basis of pharmacological
profiling and mRNA expression, P2X receptors (P2X3

and P2X4) as well as P2Y receptors (P2Y1 and P2Y2)
were thought to be responsible.107 A more recent study,
using the mouse IMCD-3 cell line, provided an excep-
tion to the “rule” of nucleotide-induced inhibition of
CD transport: apical application of ATP induced an
increase in SSC,97 although sensitivity to amiloride or
benzamil was not tested. Since this effect could be
reproduced by the P2X agonist BzATP, it was inferred
that the receptors responsible were P2X1 and/or P2X4,
as located in native medullary collecting duct (vide
supra), although UTP was able to increase SCC to some
extent, implying a contribution from P2Y receptors.

Investigations of nucleotide effects on CD sodium
transport are not limited to cell cultures: nucleotide-
induced inhibition of Na1 reabsorption in the CD has
also been reported in native tissue. In mouse CCD per-
fused in vitro, ATP and UTP, applied either luminally
or basolaterally, caused an increase in [Ca21]i (and
subsequent activation of PKC), and inhibition of
amiloride-sensitive SCC, an effect attributed to P2Y2

receptor activation.28,95 Subsequent single-channel
patch-clamp experiments, using both rat and mouse
CCD, showed that activation of apical P2 receptors
with ATP decreased ENaC open probability (Po), via
PLC-dependent breakdown of PIP2.

123 Although not
tested in rats, it was found that in mice UTP was able
to reduce Po to the same extent as ATP. Further phar-
macological profiling led to the conclusion that P2Y2

receptors were responsible (at least in mice). The fact
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that in P2Y2
2/2 mice the effect of ATP on ENaC Po

was severely blunted provided strong support for this
conclusion,123 although a residual effect was still
evident, suggesting partial involvement of other P2
receptors. A follow-up study from the same laboratory
showed that increased dietary sodium causes a lower-
ing of ENaC Po in wild-type mice, but not in P2Y2

knockout mice, implying a central role for P2Y2 recep-
tors in the CD response to changes in sodium intake.124

More recently, the same group has extended this con-
clusion to implicate P2Y2 receptors in the phenomenon
of aldosterone escape � the restoration of normal
sodium excretion rates in the face of chronically raised
mineralocorticoid levels. Hitherto, aldosterone escape
had been thought to rely on compensatory changes in
more proximal segments of the nephron delivering an
increased sodium load to the aldosterone-sensitive
sites. However, Stockand and colleagues found that
whereas wild-type mice on a high-sodium diet
excreted appropriately high levels of sodium in the
face of three days of deoxycorticosterone acetate treat-
ment, owing partly to reduced ENaC activity, in
P2Y2

2/2 mice the reduction in ENaC activity was
much less pronounced, and the natriuresis correspond-
ingly compromised.155

At the time of writing, only one study of the effect
of nucleotides on CD Na1 reabsorption in vivo has been
published.144 Late distal tubules of rats were microper-
fused with artificial tubular fluid containing 22Na, the uri-
nary recovery of which was recorded. In animals fed a
low-sodium diet (to upregulate ENaC activity), addition
of ATPγS to the luminal perfusate was found to inhibit
CD 22Na reabsorption. Despite firm evidence from
in vitro studies in mice for P2Y2 mediation, “selective”
P2Y2/P2Y4 agonists were ineffective in vivo in rats, and a
P2X heteromer-mediated effect was suggested.144 A
recent patch-clamp investigation of split-open rat CCD
(allowing access to the apical membrane) has provided
evidence that both apical P2X and P2Y receptors
can affect ENaC activity.187 Activation of P2Y receptors,
molecularly and pharmacologically characterized as P2Y2

and/or P2Y4 subtypes, inhibited ENaC activity by a PLC-
dependent mechanism. Notably, activation of P2X recep-
tors, characterized as P2X4 and/or P2X4/6 receptors,
either inhibited or potentiated ENaC activity, depending
on the luminal concentration of sodium. When luminal
sodiumwas 145 mM (which is the concentration typically
used in this type of in vitro experiment), P2X4 and/or
P2X4/6 activation with 2 meSATP inhibited ENaC activ-
ity, whereas when luminal sodium concentration was 50
mM (which mimics the normal sodium concentration of
fluid entering the CD in vivo), P2X4 and/or P2X4/6 activa-
tion with 2 meSATP potentiated ENaC activity
(Figure 18.7). These findings led us to propose that P2X4

and/or P2X4/6 receptors might act as apically expressed

sodium sensors for the local regulation of ENaC activity
in the rat CD.187 The situation is almost certainly more
complex, since preliminary data from our laboratory,
using the same electrophysiological techniques, have
demonstrated that P2X4 and P2X4/6, and P2Y2 and P2Y4

receptor-mediated regulation of ENaC is also depen-
dent on nucleotide concentration, duration of exposure
to nucleotide, and tubular pH: higher nucleotide
concentrations and prolonged exposure favor P2Y-
mediated inhibition, while reducing tubular fluid acid-
ity favors P2X-mediated increases in ENaC activity.183

Staying with the P2X4 theme, a causal link has been
established between P2X activation, the apical insertion
of ENaC, and enhancement of sodium transport, albeit
in a “distal-like” cell line; activation of a basolateral
P2X4-like receptor in Xenopus A6 cells alters cell shape
by a rearrangement of the cytoskeleton, which results
in increased Na1 transport204 brought about by the
unruffling of the apical membrane and insertion of
ENaC.49

Gene deletion studies have so far concentrated on
murine P2Y2 knockout models, although studies using
the P2X4

2/2 mouse (which, like the P2Y2 knockout, is
hypertensive197) are afoot. Unsurprisingly (on the basis
of the studies cited above), P2Y2 gene deletion was found
to result in facilitated Na1 reabsorption in the kidney
but, unexpectedly, this appeared to stem from increased
expression of the Na1K12Cl2 co-transporter in the TAL
(vide supra); expression of α-ENaC was reduced, while no
overall change in amiloride-sensitive sodium transport
was seen.130 Subsequent studies using the P2Y2

2/2

mouse have proposed that the P2Y2 receptor tonically
regulates ENaC activity by reducing ENaC Po.

124 It has
been suggested that in P2Y2 knockout mice, the increase
in ENaC Po is compensated for in the longer-term by sup-
pression of the renin�angiotensin�aldosterone system,
resulting in downregulation of ENaC expression.172

In summary, a variety of approaches leaves little
room for doubt that apical and basolateral nucleotides
can alter ENaC-mediated Na1 reabsorption in the CD,
and more than likely play a role in blood pressure reg-
ulation. In simplistic terms, it appears that activation
of P2Y2 receptors inhibits ENaC activity, and activation
of P2X4 receptors stimulates ENaC activity. In reality,
however, P2 receptor and ENaC interactions in the CD
are complex, with an interplay between P2X and P2Y
receptors dependent on a variety of factors yet to be
unraveled.

Secretion of Nucleotides

As indicated earlier, it is thought that virtually all
cells are able to release nucleotides,127 renal vascular
and epithelial cells included. Initial support for the
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latter came from studies using epithelial cultures and
cell lines,141,142,174 but clear evidence now exists that
native renal tubules are also able to secrete ATP.
(Cellular secretion of UTP and diadenosine polypho-
sphates also occurs,74,199 but has not yet been firmly
established in renal tubules.) The question of whether
nucleotide release from renal tubular epithelia is con-
stitutive (raising the concept of “purinergic tone”127) or
is triggered by mechanical or agonist-induced stimuli,
now appears to be resolved: both are likely.

Vekaria et al.176 reported intraluminal ATP concen-
trations in rat PCTs in vivo of 200�300 nmol/l; these
concentrations were markedly higher than those in the
glomerular filtrate, suggesting secretion of ATP by PCT
cells. Intraluminal concentrations in distal tubules were
only B30 nmol/l; the possibility that this ATP was
merely flushed downstream, rather than secreted by
distal tubular cells, could not be discounted. Using
mouse medullary thick ascending limbs (mTALs) per-
fused in vitro, Leipziger’s group demonstrated sponta-
neous oscillatory increases in [Ca21]i that appeared to
require tubular nucleotide release.47 An increase in
intraluminal pressure from 10 to 80 cm H2O also
resulted in elevations in [Ca21]i.

75 Convincing evidence
was provided that this flow-induced Ca21 transient

was itself dependent on nucleotide release, being pre-
vented by luminal or basolateral application of either
apyrase (an ATP scavenger) or the P2 receptor blocker
suramin. Moreover, both the oscillatory and flow-
induced increases in [Ca21]i were greatly reduced in
P2Y2 receptor knockout mice. In an elegant follow-up
study, the same group assessed agonist-induced, rather
than flow-induced, nucleotide release in mouse mTAL,
and made use of 132-1N1 astrocyte cells transfected
with human P2Y2 receptors, positioned at the outflow
of perfused mTAL to act as biosensors for ATP116;
these transfected cells respond dose-dependently to
extracellular ATP by increasing their [Ca21]i. Using this
preparation, spontaneous nucleotide secretion was
documented, while intraluminal vasopressin or
dDAVP (10 nM) triggered [Ca21]i bursts. Since the 132-
1N1 cells’ response was mediated by P2Y2 receptors, it
was impossible to distinguish between ATP and UTP
as the nucleotide in question, but calibration of the
response to vasopressin revealed peak intraluminal
nucleotide concentrations of 200�300 nmol/l, remark-
ably similar to in vivo ATP concentrations in the PCT.176

In the same study, Odgaard et al.116 found that vaso-
pressin also triggered nucleotide secretion from mouse
CCD perfused in vitro; intraluminal ATP/UTP

(a) (b)‘Low’ concentrations of luminal Na+ ‘High’ concentrations of luminal Na+

Na+ Na+ Na+

Na+ Na+

ATP
ATP

ATP
UTP ATP UTP

PLC
?

PLC

Principal
cell

Principal
cell

PI3K

= P2X4 and/or 4/6

= ENaC

= P2Y2 and/or 4

Gq

Gq

C
Ca

= stimulatory

= inhibitory

Ca
Ca+ Na+ Na+ Na+Na+

Na+Ca
C

Ca
Ca+

Gq

FIGURE 18.7 Proposed regulation of ENaC activity by P2 receptors in principal cells of rat CD. The hypothesis is that ENaC activity in
the rat CD is differentially regulated by P2X4 and/or P2X4/6 receptors, depending on the concentration of luminal Na1; i.e., that P2X4 and/or
P2X4/6 receptors act as Na1 sensors. Real time-PCR and immunohistochemistry suggest that levels of P2Y4 and P2X4 and/or P2X4/6 are
increased when ENaC is expressed. (a) When the concentration of luminal Na1 is low (i.e., at 50 mM in our experiments), activation of apically
expressed P2X4 and/or P2X4/6 receptors (which are highly permeable to Ca21 and to a lesser extent to Na1) increases ENaC activity through
the activation of PI3K. In contrast, activation of apically expressed P2Y2 and/or P2Y4 receptors inhibits ENaC activity through the activation
of PLC. N.B.The overall effect of P2 receptor activation (i.e., both P2X and P2Y, by using ATP) is a small degree of ENaC inhibition. (b) When
the concentration of luminal Na1 is high (i.e., at 145 mM in our experiments), activation of P2X4 and/or P2X4/6 receptors results in inhibition
of ENaC activity by an unidentified mechanism, possibly involving an influx of Na1. As before, activation of apically expressed P2Y2 and/or
P2Y4 receptors inhibits ENaC activity through activation of PLC. The overall effect of P2 receptor activation (i.e., both P2X and P2Y, by using
ATP) is a much larger degree of ENaC inhibition. (from ref. [187]).
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concentrations again reached values approaching 300
nmol/l. Unfortunately, no parallel studies in P2Y2

knockout mice were reported.
It is open to debate whether the nucleotide concen-

trations measured intraluminally in the above studies
reflect those in the vicinity of the P2 receptors in the
cell membrane. Membrane-bound and soluble ectonu-
cleotidases (vide infra) will rapidly metabolize secreted
nucleotides, and it has been estimated that bulk-phase
measurements could underestimate concentrations at
the cell membrane by more than 20-fold, at least in
astrocytes.77

Role of Primary Cilium in Flow-Induced
Nucleotide Release

A discussion of nucleotide secretion in the tubule
would be incomplete without reference to the possible
role of the primary cilium. Most renal cells possess a
primary cilium protruding from the centriole into the
lumen; in the absence of fluid flow it is perpendicular
to the cell membrane, but flow causes the cilium to
bend, with a consequent increase in [Ca21]i in the rele-
vant cell.128 The question is whether this increase in
[Ca21]i is triggered by nucleotide release. In vitro stud-
ies using a cell line (MDCK cells) provided support for
nucleotide involvement, as ciliated cells released ATP
(detected by biosensor cells downstream) in response
to an increase in flow, whereas cells deciliated by
means of chloral hydrate did not; apical apyrase or
suramin also abolished the response.127 It is thought
that the link between the bending of the cilium
and the release of ATP involves a member of the tran-
sient receptor potential vanilloid (TRPV) channels �
TRPV4 � which is expressed along the TAL and all
subsequent nephron segments.166 Silva and Garvin147

provided strong evidence that secretion of ATP by cell
suspensions of mTAL in response to reduced tonicity
depends on activation of TRPV4 channels: the
response was reduced by B75% after blockade of
TRPV4 with ruthenium red, while treatment with
siRNA against TRPV4 had a similar inhibitory effect.
In MDCK cells, ruthenium red also inhibited flow-
stimulated Ca21 transients,89 and it was noted that in
these cells TRPV4 co-localizes in cilia with TRPP2
(polycystin 2), an ion channel that is required for cilia-
mediated Ca21 transients, but has no mechanosensitive
properties. When these two channels were co-
expressed in Xenopus oocytes, hypotonicity-induced
cell swelling was found to cause a bigger increase in
membrane currents than that seen when TRPV4 was
expressed alone (no currents were sustained by TRPP2
alone).89 The implication is that TRPV4 and TRPP2
form a sensory channel complex in the primary cilium,

which mediates Ca21 influx when the cilium is bent,
thereby triggering the release of nucleotides into the
surrounding extracellular space which, in turn, acti-
vate P2 receptors and cause a more general increase
in [Ca21]i.

127

Further support for a role of the primary cilium
came from a study of collecting duct principal cells
derived from the Oak Ridge polycystic kidney (orpk)
mouse model. These cells lack a well-formed apical
cilium; however, they can be genetically rescued with
the wild-type orpk gene. Constitutive ATP release under
basal conditions was not different in mutant versus res-
cued monolayers of cells, but hypotonicity or increased
flow rate induced markedly greater responses from the
rescued cells than from those lacking primary cilia.64

The evidence thus far, then, favors a crucial role for
the primary cilium, but the key question is whether it is
equally important in native tissue. In this connection,
Woda et al.192 found comparable flow-induced
increases in [Ca21]i in principal and intercalated cells of
rabbit CCD, despite the fact that intercalated cells in
rabbit CCDs do not have cilia.101 However, the
increases in [Ca21]i did not appear to depend on nucle-
otide secretion, since they were unaffected by suramin.
It might be, therefore, that rabbits are a special case.

Mechanism of Nucleotide Release

The mechanism of secretion of nucleotides from
renal tubular cells is not yet resolved. A large intracel-
lular pool of ATP is available, but the exit route for the
nucleotide is controversial, and it may well differ from
segment to segment. In neurones and neuroendocrine
cells, exocytosis of vesicles containing ATP is well-
established, and circumstantial evidence has been pro-
vided for a similar mechanism in a proximal tubular
cell line,174 but confirmation is lacking. A variety of
channels/transporters has been implicated in nucleo-
tide release. A notable example is the ATP transport
across the basolateral membrane of macula densa cells
in response to increased NaCl delivery to this nephron
site, which is mediated by maxi-anion channels (vide
supra10). Speculation that CFTR channels can also
mediate ATP release in the kidney152 has not received
firm support.126

In recent years, attention has focused on the possi-
ble role of connexin hemichannels in ATP release from
renal cells. Connexins (Cxs) are a family of trans-
membrane proteins comprising approximately 20
members. Messenger RNA and immunohistochemistry
studies indicate that several members of the connexin
family are expressed in the renal vasculature and
tubules.52 When six connexins assemble, either as
homomers or heteromers, they form a connexon. When
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two connexons from neighboring cells dock, they form
a gap junction; a channel with a central pore. Undocked
connexons (“hemichannels”) can also function indepen-
dently as transmembrane channels. Although their
functional role, if any, in the tubule remains to be clari-
fied, it has been shown that dietary sodium intake can
influence Cx30 and Cx37 expression in tubular
cells,108,156 and evidence is beginning to accumulate for
involvement of connexin hemichannels in tubular ATP
secretion, as has already been established in other cell
types.24 Evidence for such a role in the distal nephron
has come from a recent study using Cx30 knockout
mice.150 Partially split-open CCDs were microperfused
in vitro and PC12 cells (expressing P2X2 receptors and
used as ATP biosensors) were placed in direct contact
with the apical membranes of principal cells and inter-
calated cells. In wild-type mice, increases in tubular
flow or reductions in osmolality of the bathing solution
evoked increases in [Ca21]i in the PC12 cells.
Interestingly, these increases were much greater in
PC12 cells placed in the vicinity of intercalated cells
than in those placed in the vicinity of principal cells,
which correlates with the observation that in the mouse
distal nephron, immunohistochemical labeling for Cx30
is restricted to the apical membrane of intercalated
cells.108 Also notable was the calculated ATP concentra-
tion of 10�50 μmol/l, far in excess of concentrations
measured in the bulk phase,116 thus corroborating the
view that bulk-phase measurements may be wide of the
physiological mark. Responses were abolished by pre-
incubation of the PC12 cells with suramin, and were
almost absent in Cx30 knockout mice. These observa-
tions in themselves were striking enough, but the same
study went on to assess their physiological significance
by comparing pressure�natriuresis curves in wild-type
and Cx30 knockout mice. While both groups responded
to an imposed increase in renal perfusion pressure (to
B150 mmHg) by a natriuresis, the response in knock-
out mice was significantly blunted, despite almost iden-
tical GFRs in the two groups.150

There can be little doubt that these findings provide
powerful evidence not only for a crucial role of Cx30 in
ATP release in the CCD, but also for an important auto-
crine/paracrine function of nucleotides in the tubular
response to elevations in blood pressure, at least under
the conditions of the study. However, a cautionary note
should be sounded concerning the physiological signifi-
cance of the observations: the perfusion rates employed
in vitro (2�20 nl/min) were far in excess of those found
in mouse CCD in vivo, and it is clear that the authors
used tubular flow rates in the rat, rather than in the
mouse, as their reference point. Furthermore, con-
nexin hemichannels appear to open only under
non-physiological conditions, such as removal of
extracellular divalent cations or major membrane

depolarization.127 In contrast, another group of pro-
teins � the pannexins, which are structurally homol-
ogous to connexins and can also form
hemichannels8,135 � is permeable to ATP and can be
activated by membrane depolarizations in the physi-
ological range.102 Further studies will be needed to
determine their physiological or pathophysiological
role in the kidney.

Ectonucleotidases

As indicated above, the nucleotides that are released
from the renal vasculature and from apical and basolat-
eral membranes of renal epithelial cells elicit a variety of
autocrine/paracrine actions via P2 receptors. However,
these nucleotides are rapidly degraded by surface-
located and soluble enzymes (ectonucleotidases) to other
nucleotides or nucleosides. Four families of ectonucleoti-
dases, with differing but partly overlapping properties,
exist: ectonucleoside triphosphate diphosphohydrolases
(NTPDases); ectonucleotide pyrophosphatase phospho-
diesterases (NPPs); ecto-50-nucleotidase; and alkaline
phosphatases. Members of all four families have been
identified in the kidney,145 where they will have a pro-
found influence on the stimulation of purinoceptors, not
only because the availability of nucleotide agonists is
regulated by their hydrolysis, but also because the gener-
ation of other nucleotides (e.g., ADP) preferentially tar-
gets different P2 receptor subtypes, while the nucleoside
derivative adenosine targets P1 (adenosine) receptors
(Figure 18.2).

In addition to enzymes that break down nucleo-
tides, two families of phosphorylating enzymes exist:
nucleoside diphosphate kinases, which catalyze
the transfer of the terminal phosphate of nucleoside
50-triphosphates to nucleoside 50-diphosphates (e.g.,
ATP1GDP"ADP1GTP), and adenylate kinases,
which catalyze the production of ADP from ATP and
AMP or vice versa, depending on the concentrations of
the respective nucleotides (ATP1AMP"2ADP).
Although initially believed to be restricted to the cell
cytosol, there is evidence that nucleoside diphosphate
kinases are also present in the cell membrane199;
mRNA and protein for these enzymes have been
identified in rat kidney,80 but their distribution is
unknown. Adenylate kinases are also largely intracel-
lular but, again, ecto-adenylate kinase activity has
also been identified.199 Adenylate kinase enzyme
action has been documented along the nephron,22

although the relative contributions of intracellular
and extracellular activity could not be differentiated.

The principal catalytic activities of the ectonucleoti-
dases and phosphorylating enzymes expressed in the
kidney are summarized in Table 18.1. Since no
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information is yet available on the possible functional
relevance of the phosphorylating enzymes, in the
account below we will restrict ourselves to ectonucleo-
tidases. More detailed information can be found in
recent reviews.145,199

Although the NTPDase family comprises eight mem-
bers, only four of these (NTPDases 1, 2, 3, and 8) hydro-
lyze extracellular nucleotides. NTPDase1 hydrolyzes
ATP and ADP with almost equal preference, whereas
NTPDase2 has a much greater preference for ATP,
therefore causing accumulation of ADP; NTPDases 3
and 8 are intermediate in their preference.145 The possi-
ble functional consequence is that if NTPDase1 is pres-
ent, P2 receptor stimulation will be abruptly
terminated, whereas if NTPDase2 (and to some extent

NTPDases 3 and 8) is expressed in the absence of
NTPDase1 (or of NPPs), local production and accumu-
lation of ADP would be expected to stimulate P2Y1

(and P2Y12 and P2Y13) receptors.172 In rats and mice,
NTPDase1 is prominent throughout most of the renal
vasculature (interlobular arteries, afferent arterioles,
glomeruli, mesangial cells, peritubular capillaries) and
is also present in the thin ascending limb of Henle and
medullary CD.84,175 NTPDase2 has been immunoloca-
lized to Bowman’s capsules and to most nephron seg-
ments beyond the proximal tubule84,175; the intrarenal
expression of NTPDase3 has been investigated only
in the rat where, like NTPDase2, it was found in TAL,
distal tubule and CD.175 Information on NTPDase8 is
confined to porcine kidney and is incomplete.

The NPP family comprises seven members, but only
NPPs 1�3 are able to hydrolyze nucleotides. NPPs can
hydrolyze not only ATP and ADP to AMP, but also
dinucleoside polyphosphates (again to AMP; see
Table 18.1). Information on the intrarenal distribution
of NPPs is limited. Staining for NPP1 protein has been
identified in mouse proximal tubules and (more
strongly) in basolateral membranes of distal tubules,54

while prominent staining for NPP3 has been found in
rat glomeruli and in the apical membrane of the pars
recta, but not in more distal segments.175

Ecto-50-nucleotidase catalyzes the final stage of
nucleotide hydrolysis to nucleoside (e.g., AMP -
adenosine 1Pi). It has a high level of expression in the
kidney; it is found in apical membranes of rat PCT and
in intercalated cells throughout the distal nephron, as
well as the peritubular space.43,92,175

An alkaline phosphatase has been identified in the
apical membrane of PCT and pars recta of rat kidney.9

Although alkaline phosphatases have broad substrate
specificity, capable of breaking down ATP right
through to adenosine, the Km values for adenine
nucleotides are in the low millimolar range, raising
questions about the physiological significance of this
enzyme, at least in relation to nucleotide degradation.

A summary of existing knowledge of the distribution
of ectonucleotidases in the kidney is shown in
Figure 18.8.

Given that our knowledge of ectonucleotidase loca-
tion is incomplete, we can only make a limited number
of speculations concerning their possible function in
the kidney. The NTPDase1 located in the renal vascu-
lature seems likely to fulfill an important function of
that found elsewhere in the body: termination of the
platelet aggregation response to extracellular ADP.38

This enzyme may also terminate the vasoconstrictive
action of locally produced ATP on P2X1 receptors in
afferent arterioles (vide supra) and, along with glomeru-
lar NPP3, may modulate the action of ATP on mesan-
gial cells,73 thereby influencing the ultrafiltration

TABLE 18.1 Catalytic Activities of the Ectonucleotidases and
Phosphorylating Enzymes Expressed in the Kidney

Enzyme Hydrolysis Pathways

NTPDases

NTPDase1 ATP-ADP1Pi-AMP1 2Pi

ADP-AMP1Pi

NTPDase2 ATP-ADP1Pi

ADP-AMP1Pi

NTPDase3 ATP-ADP1Pi

NTPDase8 ADP-AMP1Pi

NPPs

NPP1 ATP-AMP1PPi

NPP3 ADP-AMP1Pi

30,50-cAMP-AMP

ApnA-AMP1Apn-1

NPP2 ATP-AMP1PPi

ADP-AMP1Pi

30,50-cAMP-AMP

ApnA-AMP1Apn-1

Ecto-50-nucleotidase AMP-adenosine1Pi

Alkaline phosphatases ATP-ADP1Pi

ADP-AMP1Pi

AMP-adenosine1Pi

Nucleotide diphosphate kinases ADP1NTP " ATP1NDP

Adenylate kinases ATP1AMP " 2ADP

(Adapted from ref. [145].)

Major pathways are shown in black, others in gray. NB: In many cases,

nucleotides derived from other bases (UTP, GTP, TTP, CTP, UDP, GDP, TDP,

and CDP) can also act as substrates (NDP: nucleoside diphosphate; NTP:

nucleoside triphosphate).
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coefficient. The possible roles of ATP and adenosine in
mediating TGF have already been discussed. In this
context, NTPDase1, expressed in the peritubular space,
and/or NPP1, present in basolateral membranes of
mouse distal tubule, together with ecto-50-nucleotidase,
also expressed in the peritubular space, are available
for the conversion of ATP to adenosine.

As yet, no enzymes that initiate the degradation of
ATP have been identified in the PCT (although it
should be noted that no suitable antibodies to rat
NPP1 or NPP2 are available) and, as already indicated,
it is unlikely that proximal tubular alkaline phospha-
tase could effect ATP degradation at the normal physi-
ological concentrations of the nucleotide. However, it
is worth noting that ATPase and ADPase activities
have been described in porcine PCT apical mem-
branes.96 Any AMP produced in the proximal tubule
will be converted rapidly to adenosine by the apical
ecto-50-nucleotidase present throughout this part of the
nephron. The adenosine could then either activate

adenosine A1 receptors, increasing proximal tubular
fluid reabsorption,182 be converted to inosine or be
transported into proximal tubular cells for reuse.106

Finally, given the effects of extracellular nucleotides on
solute and water transport in the distal nephron (vide
supra), and the inhibitory effect of A1 receptor activa-
tion on sodium reabsorption in the medullary collect-
ing duct,195 the NTPDases and ecto-50-nucleotidase
present throughout the distal nephron are likely to be
of considerable functional significance.

In conclusion, although our knowledge of the intrar-
enal location of ectonucleotidases is still incomplete, it
seems clear that their distribution varies along the
nephron, and this provides scope for the rapid termina-
tion of the actions of locally produced ATP and/or initi-
ation of ADP-mediated or adenosine-mediated effects.

Role of P2 Receptors in Renal Pathophysiology

The well-documented release of ATP from injured
and dying cells at sites of injury and inflammation, and

Glomerulus

 Peritubular capillaries/
peritubular space

NPP3
NTPDase1

NTPDase2

NTPDase1

Ecto-5’-nucleotidase
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NPP3

NTPDase2
NTPDase3

NTPDase2
NTPDase3

Ecto-5’-nucleotidase
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FIGURE 18.8 Distribution of ectonucleotidases along the rat nephron. Information compiled from 22,43,84,92,175. N.B. No information is
yet available concerning NPPs 1 and 2 in the rat. (Adapted from ref. [145]).
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from red cells and platelets during thrombus formation,
suggests that the P2 receptor system could be involved
in the pathophysiology of renal disease.20 Aswell as pro-
ducing changes in vascular tone and in fluid and electro-
lyte reabsorption or secretion (vide supra), stimulation of
P2 receptors can influence renal cell growth53,71,138

and � especially in the case of the P2X7 receptor � can
also result in cell death and promote inflammation.59,137

The published work supporting a pathophysiologi-
cal role for P2 receptors in the kidney is still limited
and remains somewhat speculative. Two disease mod-
els have been the main focus of interest: (1) renal cystic
disease; and (2) glomerular injury and inflammation.
The first stems from work on P2 receptors in secretory
epithelia,91 in particular the airway epithelium in cys-
tic fibrosis,115 and has been extrapolated to a potential
role for these receptors in renal cyst growth in polycys-
tic kidney disease.142 The second concerns the broadly
pro-proliferative effect of stimulating various P2Y
receptor subtypes,132 and the pro-apoptotic effect of
activating the P2X7 receptor, particularly when
expressed by renal glomerular cells,179 inflammatory
macrophages,167 and interstitial fibroblasts.125

Polycystic Kidney Disease

Mutations in polycystin 1, a membrane receptor, or
polycystin 2, a putative Ca21 channel (vide supra), give
rise to polycystic kidney disease (PKD), a condition asso-
ciated with uncontrolled proliferation of renal epithelial
cells and disordered fluid transport, leading to tubular
dilatation and formation and expansion of fluid-filled
cysts, which eventually compress and destroy adjacent
normal tissue.189 Cyst-lining cells are thought to exhibit:
(1) disordered regulation of proliferation and apoptosis;
(2) abnormal secretion of fluid and electrolytes; and
(3) disturbed polarity of membrane transport proteins
and receptors, which is also believed to relate to a defect
in mechanosensation (including detection of the flow of
tubular fluid) due to mislocalization and dysfunction of
the epithelial cell primary cilium.193

In culture, human PKD cells have been shown to
release more ATP than normal proximal tubular cells,
predominantly from their apical surface.190 The cysts
themselves accumulate and concentrate ATP
(0.5�10 μM) and their ecto-ATPase activity appears to
be diminished.142 This extracellular ATP, acting on P2Y
(and possibly P2X) receptors on cyst-lining cells, may
not only promote cell growth and fluid secretion, but
also, by activating the P2X7 receptor, increase cell loss
by apoptosis as part of the remodeling necessary for
progressive cyst expansion (Figure 18.9); in this regard
it is worth noting that inhibition of caspase-mediated
apoptosis slows PKD progression.161 However, much
of the evidence in support of this appealing hypothesis
is indirect and circumstantial. Schwiebert and

colleagues performed an in vitro analysis of P2 receptor
signaling in cyst-derived epithelial cells. They con-
firmed ATP release and P2 receptor-mediated stimula-
tion of SCC (Cl2 secretion), and they also documented
mRNA expression for several P2Y and P2X receptor
subtypes.142 At the same time Hillman and co-workers
demonstrated expression of the P2X7 receptor (at
mRNA and protein levels) in the cystic epithelium of
the cpk/cpk mouse model of autosomal recessive PKD.60

Using cells isolated from the cpk/cpk mouse, a three-
dimensional (3D) suspension model of cyst
development was used to study the effects of P2X7

receptor activation on cyst development. The widely
used P2X receptor agonist BzATP reduced cyst number,
but not cyst size, in this model61 (although BzATP is
not selective for P2X7 and can act as an antagonist at
some P2Y receptors). In another 3D model of cyst for-
mation using MDCK cells, cyst expansion was inhibited
by BzATP; however, this appeared to depend on P2Y,
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FIGURE 18.9 Proposed role of P2 receptor signaling in cyst

growth. (a) Remodeling of the normal renal tubule (top left) into an
enclosed cyst (top right) allows ATP to accumulate. Reduced nucleo-
tidase activity, coupled with the large representation of P2 receptor
subtypes likely to be present in these cyst lining epithelial cells,
would allow an amplifying loop of autocrine signaling to occur that
might promote osmotically driven fluid accumulation and cellular
proliferation. (b) Exploded view of the apical cell membrane lining a
hypothetical renal cyst. G-protein-coupled P2Y receptor activation
triggers release of Ca21 from the endoplasmic reticulum or produc-
tion of cAMP via adenylyl cyclase (AC) and subsequent activation of
calcium-sensitive chloride channels (CaCC) or CFTR, respectively.
The facilitated transcellular transport of Cl2 creates a solute gradient
that promotes the osmotic flow of water into the cyst lumen. The
increase in [Ca21]i and cAMP can modulate the ERK pathway and
consequently cellular proliferation. (from ref. [167]).
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rather than P2X, stimulation.168 In a rat model
(Han-SPRD) of autosomal dominant PKD, although the
P2X7 subtype was detected in cyst-lining cells and its
mRNA level increased, other P2X and P2Y receptors
were also detected, with particular increases in P2Y2, 4,

and P2Y6 subtypes.
169 All this suggests a complex inter-

play of P2 receptor subtypes in PKD, with perhaps dif-
fering effects on cyst number and cyst size.

More mechanistically, expression of a C-terminal
polycystin 1 construct, fused to a membrane expres-
sion cassette in a mouse CD cell line (M1), upregulated
ATP-stimulated Cl2 secretion, which was associated
with a rise in [Ca21]i due to an increase in Ca21

entry.63,184 However, more recent studies of cultured
human PKD cells have described a loss of flow-medi-
ated ATP release and the flow-dependent rise in
[Ca21]i, and this was attributed to reduced P2X7

expression and function.193,194 In this same model,
expression of the ectonucleotidase NTPDase1 was also
reduced, which would be expected to lead to an
increase in local ATP levels. These human PKD cells
have also been shown to have defective cilia, which
are presumed to be the sensors for flow-activated cell
signaling; in ciliated airway epithelia, cilial motion is
increased by ATP and these cilia express a P2X recep-
tor that is probably a heteromer of P2X4/7,

105 P2X sub-
types that are also found in PKD cells. However,
although tantalizing, these findings provide more
questions than answers, and the exact role of P2 recep-
tors in PKD pathogenesis is still unclear.

The P2X7 Receptor and Renal Inflammation

As already indicated, P2X7 receptor expression is
barely detectable in normal healthy kidney. However, its
expression is increased in rodent models of glomerular
injury, diabetes mellitus, and renin-dependent hyper-
tension.179 As well as the ability to form a non-selective
cation channel or a larger membrane pore leading to cell
death by necrosis or apoptosis, the P2X7 receptor can
mediate an inflammatory response by causing release of
interleukin (IL)-1β (Figure 18.10).30 Factors that deter-
mine whether P2X7 receptor stimulation will cause cell
necrosis or apoptosis, and/or inflammatory cytokine
release, include the cell type, the concentration of ATP
and duration of exposure to the nucleotide, as well as
the level of P2X7 receptor surface expression. In cultured
human embryonic kidney cells expressing P2X7 recep-
tors, membrane blebbing and microvesiculation are seen
within seconds-to-minutes of receptor stimulation,
which is associated with cell death by apoptosis.188 More
prolonged receptor stimulation leads to formation of
a large membrane pore that permits leakage of vital
intracellular components (including ATP) and loss
of membrane potential, ultimately leading to cell death
and necrosis114; somewhat paradoxically, lower

concentrations of ATP (and perhaps tonic stimulation of
P2X7) in at least some cell types seem to be able to
enhance cell proliferation, rather than cause cell death.1

Activation of the P2X7 receptor promotes release of
mature IL-1β, IL-6, and IL-18 from activated macro-
phages, and both interferon-γ and tumor necrosis fac-
tor-α (TNF-α) can increase expression of P2X7

receptors,53,90,98,177 suggesting that this receptor can
both regulate, and is regulated by, inflammatory cyto-
kine processing and release. Moreover, we have
observed a marked increase in glomerular expression
of P2X7 receptors in a rodent model of proliferative
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FIGURE 18.10 Putative role of the P2X7 receptor in inflamma-

tory glomerular disease. Following initial injury to the kidney, ATP
released from damaged cells, possibly together with endogenous Toll-
like receptor 4 (TLR4) ligands such as High Mobility Group Box 1
(HMGB1) and lipopolysaccharide (LPS), stimulates the NALP3
inflammasome. Inflammasome activation leads to the maturation of
caspase 1, which in turn promotes cleavage, maturation, and release
of IL-1β and IL-18 from resident macrophages. Released cytokines
promote leukocyte influx and stimulate upregulation of P2X7 on
intrinsic renal cells. Prolonged P2X7 stimulation results in cell death
with release of intracellular pro-inflammatory mediators such as ATP,
IL-1α, and HMGB1, resulting in further rounds of P2X7 stimulation.
(from ref. [167]).
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glomerulonephritis, reaching a peak that coincides
with the onset of proteinuria.170 Macrophage infiltra-
tion and release of inflammatory cytokines are charac-
teristic features of glomerular damage in many forms
of glomerulonephritis.160 P2X7 receptor gene knockout
or treatment with a P2X7 receptor antagonist signifi-
cantly reduced the severity of proliferative glomerulo-
nephritis in mouse and rat models, respectively, as
shown by reduced renal expression of CC chemokine
ligand 2 (CCL2; monocyte chemoattractant-1 (MCP-1)),
reductions in glomerular macrophage infiltration,
glomerular capillary thrombosis and proteinuria, and a
smaller rise in serum creatinine concentration.163 In the
rat diabetic model, both glomerular epithelial
(podocytes) and mesangial cells express P2X7 recep-
tors179; damaged podocytes have been shown to release
IL-13111; and both IL-13 and TNF-α are increased in
diabetic glomeruli.57 Thus, ATP, acting via the P2X7

receptor, could interact with, and control, the inflam-
matory response, eventually leading to cell death, per-
haps as a mechanism for deleting damaged cells
without dispersal of their potentially toxic contents.
Two auto-inflammatory rheumatic diseases, SAPHO
and Schnitzler’s syndrome, involve an enhanced inter-
action and dysregulation of the P2X7 receptor with the
inflammasome, leading to excessive IL-1β production
and release,23,122 which suggests a wider and more fun-
damental role for this receptor in tissue inflammation.

Fibrosis often follows inflammation, and it has
always been a major goal to determine which factors
during inflammation determine its resolution and
repair, and which ones lead to chronicity and progres-
sive fibrosis. The potential role of the P2X7 receptor in
renal fibrosis has been investigated in a mouse model
of unilateral ureteric obstruction. Transient expression
of P2X7 receptors was detected in tubular epithelial
cells following ureteric obstruction, and the severity of
tubulo-interstitial macrophage infiltration, and expres-
sion of TGF-β and fibrosis, were reduced in P2X7

receptor knockout mice.48 In the kidney, interstitial
fibroblasts are important in normal repair, and their
P2X7-mediated loss might contribute to post-injury
fibrosis and scarring in this model.125 A similar protec-
tive effect of P2X7 gene deletion has been reported
recently in a model of lung fibrosis.131

In another model of proliferative glomerulonephritis,
the P2Y1 receptor has been implicated.62 Interestingly,
the acute injury was similar in P2Y1 knockout and wild-
type mice (cf. P2X7), but there was less glomerular capil-
lary loss and fibrosis in the P2Y1 knockouts at later time
points (10 and 28 days). It would clearly be useful to
explore the relationship and possible interaction between
P2Y1 and P2X7 receptors in this and related models of
acute glomerulonephritis, and whether there might be
synergy in targeting therapeutically both receptors.

Finally, P2 receptor activation has also been impli-
cated in the renal injury resulting from ischaemia-
reperfusion (IR), a major cause of clinical acute renal
failure. Such injury can result from a wide variety of
insults, including transplantation, and a common uni-
fying mechanism is therefore difficult to define.
Nevertheless, the broad-spectrum P2 inhibitor suramin
was found to attenuate the renal infiltration of leuko-
cytes and tubular cell apopotosis that usually follows
IR injury.206 Furthermore, gene deletion of ecto-5’-
nucleotidase also ameliorated IR-induced apoptotic
and histological renal damage, while deletion of
NTPDase1 aggravated it.103

CONCLUDING REMARKS

For extracellular nucleotides to be effective auto-
crine/paracrine agents, there are three fundamental
requirements: release of nucleotides from cells; con-
trolled degradation of the nucleotides once released;
and the presence of specific nucleotide receptors that
can initiate transduction of the signal to a functional
response. In the fourth edition of this textbook it was
established that these conditions were met, both in the
vasculature and the tubule. Since then, significant
advances have been made in all three areas, and the
many and varied functions of nucleotides in the kid-
neys have received increased attention. Consequently,
in some areas the situation is becoming clearer. For
example, nucleotide-induced NO synthesis can
account for an inhibitory effect on transport in the
TALH; and, given NOs putative actions in the proxi-
mal tubule and CD, this might provide a unifying
hypothesis to explain nucleotide-induced effects in
these segments. On the other hand, several areas con-
tinue to defy understanding � for example, the mecha-
nism(s) of release of nucleotides and the apparently
differential effects of P2Y and P2X receptors on ENaC
activity. As more and more sophisticated techniques
are brought to bear, it is to be hoped that ongoing
research will solve even the most intransigent pro-
blems. Furthermore, although much of the work on
renal pathophysiology remains at a descriptive stage,
altered P2 receptor signaling is strongly implicated,
and the potential for novel therapeutic targets is high.
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collecting duct. Pflügers Arch 1994;427:225�32.

[196] Yamada H, Seki G, Taniguchi S, Uwatoko S, Suzuki K,
Kurokawa K. Mechanism of [Ca21]i increase by extracellular
ATP in isolated rabbit renal proximal tubules. Am J Physiol
1996;270:C1096�104.

[197] Yamamoto K, Sokabe T, Matsumoto T, et al. Impaired flow-
dependent control of vascular tone and remodeling in P2X4-
deficient mice. Nat Med 2006;12:133�7.

[198] Yao J, Suwa M, Li B, Kawamura K, Morioka T, Oite T. ATP-
dependent mechanism for coordination of intercellular Ca21

signaling and renin secretion in rat juxtaglomerular cells. Circ
Res 2003;93:338�45.

[199] Yegutkin GG. Nucleotide- and nucleoside-converting ectoen-
zymes: important modulators of purinergic signaling cascade.
Biochim Biophys Acta 2008;1783:673�94.

[200] Yoshioka K, Saitoh O, Nakata H. Heteromeric association cre-
ates a P2Y-like adenosine receptor. Proc Natl Acad Sci USA
2001;98:7617�22.

[201] Yoshioka K, Saitoh O, Nakata H. Agonist-promoted hetero-
meric oligomerization between adenosine A1 and P2Y1 recep-
tors in living cells. FEBS Lett 2002;523:147�51.

[202] Zamir M, Phipps S. Morphometric analysis of the distributing
vessels of the kidney. Can J Physiol Pharmacol
1987;65:2433�40.

[203] Zhang Y, Kohan DE, Nelson RD, Carlson NG, Kishore BK.
Potential involvement of P2Y2 receptor in diuresis of postob-
structive uropathy in rats. Am J Physiol Renal Physiol
2010;298:F634�42.

[204] Zhang Y, Sanchez D, Gorelik J, Klenerman D, Lab M,
Edwards C, et al. Basolateral P2X4-like receptors regulate the
extracellular ATP-stimulated epithelial Na1 channel activity
in renal epithelia. Am J Physiol Renal Physiol 2007;292:
F1734�40.

[205] Zhang Y, Sands JM, Kohan DE, Nelson RD, Martin CF,
Carlson NG, et al. Potential role of purinergic signaling in uri-
nary concentration in inner medulla: insights from P2Y2 recep-
tor gene knockout mice. Am J Physiol Renal Physiol 2008;295:
F1715�24.

[206] Zhuang S, Lu B, Daubert RA, Chavin KD, Wang L,
Schnellmann RG. Suramin promotes recovery from renal ische-
mia/reperfusion injury in mice. Kidney Int 2009;75:304�11.

537REFERENCES

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



This page intentionally left blank



C H A P T E R

19

Paracrine Regulation of Renal Function
by Dopamine

Pedro A. Jose1, Robin A. Felder2 and Gilbert M. Eisner3
1Division of Nephrology, Department of Medicine, University of Maryland School of Medicine, USA

2University of Virginia Health Sciences Center, USA
3Georgetown University Medical Center, USA

HISTORICAL PERSPECTIVE

Classical transmitter ligands evolved about 1000 mil-
lion years ago.1 The role of dopamine as a neurotrans-
mitter has evolved with time. In primordial and plant
cells, dopamine is present, even though catecholamine
signaling is not used. In invertebrate neural systems,
dopamine is the pre-eminent catecholamine. In verte-
brates, the catecholamine pathway terminates in norepi-
nephrine and epinephrine.2 Endogenous dopamine was
mainly recognized as a precursor to norepinephrine and
epinephrine3 until the late 1950s, when Carlsson demon-
strated that dopamine itself had a transmitter role.4 This
finding, for which he was awarded the Nobel Prize in
Physiology or Medicine 2000, was revolutionary for the
understanding of various central functions of the brain,
including memory, learning, drug abuse, cognition, and
attention; it has also enlightened us regarding the patho-
genesis and treatment of various psychiatric and neuro-
logical disorders.

Since 1910, dopamine has been known to be a vaso-
constrictor, but less potent than norepinephrine and
epinephrine. However, in 1942 Holtz et al. reported
that dopamine, via its oxidized form, decreases blood
pressure in the guinea pig and rabbit.5 In 1958,
Hornykiewicz reported that the vasodepressor effect of
dopamine is due to dopamine per se.6 Goldberg et al.
confirmed the depressor effect of low doses of dopa-
mine in 1959, and demonstrated a direct negative
effect of dopamine on vascular resistance in 1962.7,8

The same group reported that dopamine increased

renal blood flow, glomerular filtration rate, and
sodium excretion in dogs and humans. In 1977,
Lokhandwala and Buckley subsequently reported that
presynaptic dopamine receptors may be responsible
for the dopaminergic inhibition of renal neurogenic
vasoconstriction.10 In 1981, Morgunov and Baines
demonstrated a positive relationship between renal
sodium and dopamine excretion that was independent
of renal nerves,11 indicating that the kidney can syn-
thesize dopamine. Dopamine had been shown to
increase cAMP production in the canine renal artery in
1973,12 and in renal particulate preparations containing
tubules, glomeruli, and blood vessels in 1977.13 In 1980
Nakajima and Kuruma reported that renal particulate
preparations had two binding sites to a radio-labeled
dopamine receptor antagonist, indicating two types of
dopamine receptors.14 In 1984, Felder et al. reported
that renal tubules and glomeruli express D1-like and
D2-like receptors, respectively.15 That dopamine can
directly inhibit sodium transport in the renal proximal
tubule was demonstrated by Bello-Reuss et al. in
198216; Aperia et al. in 198717 showed that this occurs,
in part, by inhibition of Na1,K1-ATPase activity.
Subsequently, renal endogenous dopamine was shown
to be important in the regulation of renal sodium
excretion18�20 in normotensive rats, but not in sponta-
neously hypertensive rats (SHRs).21 In mice, deletion
of any of the dopamine receptor gene subtypes pro-
duces hypertension, the mechanism of which is spe-
cific to the particular dopamine receptor subtype
deleted.22�27
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OVERVIEW

Pharmacological doses of dopamine, such as those
administered intravenously to increase blood pressure,
achieve concentrations that stimulate other G-protein-
coupled receptors (GPCRs) (e.g., α- and β-adrenergic
receptors) in addition to dopamine receptors. In this
dose range, the vasoconstrictor action of α-adrenergic
receptors completely overcomes any vasodilatory
effect of dopamine. Normal circulating concentrations
of dopamine (picomolar range) are not sufficiently
high to activate vascular dopamine receptors, but high
nanomolar to low micromolar concentrations can be
attained in dopamine-producing tissues.10,28�32 The Ki
of dopamine for its receptors may be as low as 5 nM33

and as high as 2.5 μM.34

Dopamine is important in the regulation of water
and electrolyte balance, and blood pressure,29�31 partly
by regulation of the secretion/release of hormones and
humoral agents that affect water and electrolyte bal-
ance. Dopamine also modulates water and electrolyte
intake via the “appetite” centers in the brain,35 and reg-
ulates ion and water transport in the kidney29�31 and
gastrointestinal tract.32 Physiological concentrations of
locally produced dopamine, acting in an autocrine or
paracrine manner, inhibit ion transporter/channel/
pump activity directly by actions on enzyme or channel
kinetics, and indirectly by regulating their protein
expression and cellular distribution. The physiological
effects of dopamine occur by occupation of its specific
receptors, as well as via synergistic interaction with
natriuretic agents/receptors such as atrial natriuretic
peptide (ANP)/ANPA,36 eicosanoids,37,38 endothelin/
ETBR,39 nitric oxide,40 prolactin,41 urodilatin,36 angio-
tensin III/AT2R,

42 and negative interaction with anti-
natriuretic agents/receptors such as insulin,43 renin,44

angiotensin II/AT1R,
45,46 and aldosterone.37,47,48 In gen-

eral, under normal conditions and especially when
extracellular fluid volume is moderately expanded,
dopamine impedes ion and water transport and facili-
tates their excretion. During normal or moderately
increased NaCl intake, inhibition of D1-like receptors
decreases sodium chloride excretion by about
60%.18�22,29�31,49 Dopamine, however, is not important
in natriuresis with marked volume expansion with iso-
tonic saline20,49 or even moderate volume expansion
with albumin50 or hypotonic saline.51 With volume defi-
cit renal dopamine production decreases52�54; this may
allow sodium retaining mechanisms to work more effec-
tively. The decrease in renal dopamine production dur-
ing volume depletion has been related to a decrease in
angiotensin II-mediated renal tubular uptake of
dopamine,55 and an increase in renal MAO activity and
dopamine turnover, without altering COMT

activity.52,55 Indeed, during volume deficit, exogenous
dopamine may actually decrease sodium excretion,
apparently caused by an increase in sodium reab-
sorption in the distal nephron.56

RENAL DOPAMINE PRODUCTION

Plasma dopamine is freely filtered through the glo-
merulus, but the concentration of free dopamine in the
plasma is normally too low (below 1 nmol/L)57 to
account for any significant contribution to urinary dopa-
mine, which is in the high nanomolar to low micromolar
range.23,32,58�63 Renal deconjugation of circulating conju-
gated dopamine probably does not occur and, therefore,
cannot account for the free dopamine in the urine.64

Intact afferent vagal pathways have been shown to medi-
ate the increase in renal dopamine production during
acute volume expansion with isotonic saline.65 However,
renal dopaminergic nerves66 contribute less than 30% of
renal dopamine production.11,30,31 Moreover, renal dener-
vation does not prevent the dopaminergic-mediated
increase in sodium excretion associated with volume
expansion with isotonic saline.67

The synthesis of dopamine differs between renal
tubular and neural cells. Neural cells express
tyrosine hydroxylase (TH), which converts tyrosine to
L-3,4-dihydroxyphenylalanine (L-DOPA) that is subse-
quently decarboxylated to dopamine by aromatic acid
decarboxylase (AADC). Non-neural tissues, such as the
renal tubules (Figure 19.1), do not express TH,68 and
therefore cannot synthesize L-DOPA. Rather, L-DOPA is
taken up intracellularly by renal tubule cells and con-
verted to dopamine by AADC, which is expressed in
many non-neuronal tissues, such as immune cells,69

kidney,68,70,71 liver,72 adrenal,72 spleen,72 pancreas,73 and
thyroid,74 among others. There is sexual dimorphism in
the levels of AADC in mice; AADC protein expression
and activity are higher in the kidneys of females than in
males, while the converse is true in the intestines.71

Renal dopamine production is regulated by several
factors, including the availability and renal tubular
uptake of L-DOPA, activity of AADC, transport of
dopamine from inside the proximal tubule cell into the
tubular lumen and perivascular space, and metabolism
of dopamine. However, sodium intake and intracellu-
lar sodium are probably the major stimuli in the renal
tubular synthesis/release of dopamine in normal
adults.23,54,63,75

Sources of L-DOPA

As previously mentioned, the major source of renal
dopamine production is the renal tubular
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decarboxylation of L-DOPA taken up by renal tubule
cells from the glomerular filtrate and circulation.76

Plasma L-DOPA, which is about 2 μM, reflects cate-
cholamine turnover from sympathetically innervated
tissues, such as skeletal muscle, heart, adrenal gland,
and gut.75,76 There are non-neuronal sources of plasma
L-DOPA, because patients with pure autonomic failure
have normal plasma levels of L-DOPA.77 Indeed, L-
DOPA is produced by non-neuronal cells that express
TH in mesenteric organs (gastrointestinal tract, spleen,
and pancreas78). Plasma L-DOPA sulfate levels
increase after meals, possibly related to the amount of
DOPA in the food.79�83 Inhibition of the decarboxyl-
ation of L-DOPA during a protein meal doubles its
plasma levels, indicating that normally a protein meal-
induced increase in plasma L-DOPA is immediately
decarboxylated.82 Tyrosinase activation,83 decreased
degradation of L-DOPA, and renal demethylation of 3-
O-methyl DOPA may be additional sources of urinary
dopamine.84�86

Renal Tubular Uptake of L-DOPA

As already indicated, the rate-limiting step in the
synthesis of dopamine by the kidney is the uptake of
L-DOPA by renal tubule cells from the circulation and
glomerular filtrate.76,87 The conversion of L-DOPA to
dopamine66,88,89 occurs mainly in the proximal tubule,
since AADC activity is highest in this nephron

segment,68,90 although AADC is also present in more
distal nephron segments.90�92 L-DOPA is taken up by
the renal tubules via organic cation transporters87,93

located at both apical and basolateral membranes.94

These include sodium-dependent amino acid transpor-
ters, L-amino acid transporter-2 (LAT-2), and related
to b0,1 amino acid transporter (rBAT), sodium-
dependent L-amino acid transporters, ASCT2 and
B0AT1, and as yet unidentified transporters.95,96 rBAT
is predominantly expressed at the apical membrane,
while LAT-2 is expressed at both apical and basolateral
membranes. In normotensive rats, LAT-2 and rBAT
may account for more than 50% of the L-DOPA uptake
in renal proximal tubules, while ASCT2 and B0AT1
may account for the rest.95,96 In contrast in SHRs, 50%
of L-DOPA uptake occurs via LAT-1, 25% via LAT-2,
and 25% via ASCT2 and B0AT1.95,97 Aging is associ-
ated with a decreased tubular uptake of L-DOPA
resulting in a decrease in urinary dopamine produc-
tion, the mechanism of which has not been
determined.98

Aromatic Amino Acid Decarboxylase (AADC)
Activity

Renal AADC activity is dependent on L-DOPA con-
centration and not on its Km. However, the increase in
urinary dopamine in sodium-replete states may be
caused, in part, by increased AADC activity.89,99,100

FIGURE 19.1 Dopamine synthesis inside a renal proximal tubule cell (scanning electron microscopy). The principal source of renal
dopamine is from circulating L-dihydroxyphenylalanine (L-DOPA) which is found in the general circulation and is freely filtered by the glo-
merulus. Dopamine is produced in renal tubules following uptake by a sodium-independent and pH-sensitive L-type amino acid transporter
(LAT2) and rBAT (related to Bo amino acid transporter and other transporters, including ASCT2, B0AT1, among others.), which is rate-limit-
ing of the renal tubular dopamine synthesis. Renal proximal tubules convert L-DOPA to dopamine, via L-aromatic amino acid decarboxylase
(AADC). In renal tubules, dopamine is produced from tyrosine and not converted to norepinephrine, because unlike neural tissue renal
tubules do not express tyrosine hydroxylase or dopamine β-hydroxylase (COMT: catechol-O-methyl transferase; MAO: monoamine oxidase;
3MT: 3 methoxytyramine; HVA: homovanillic acid; DOPAC: 3,4 dihydroxymandelic acid).
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Patients with AADC deficiency have normal or
increased levels of urinary dopamine that may be
explained, in part, via tyramine hydroxylation by renal
CYP2D6.101 Hypertonic saline can increase the expres-
sion of AADC, that is mediated, in part, by TonEBP.

Dopamine Transporters

The accumulation of monoamines from the cyto-
plasm to storage organelles and their secretion are
dependent on vesicular monoamine transporters 1 and
2 (VMAT-1, VMAT-2). VMAT-2 is expressed in neu-
rons and certain neuroendocrine cells, while VMAT-1
is expressed in endocrine and rat renal proximal
tubule cells.60 VMAT-1 may participate in the dopami-
nergic regulation of renal ion transport, because renal
tubular VMAT-1 mRNA and protein expression are
increased by a high sodium diet.60 However, dopa-
mine synthesized in renal tubules is not stored, but is
transported both to the basolateral membrane and into
the tubular lumen, where it acts on its receptors
locally.31 Dopamine is secreted into the basolateral
space via organic acid cationic transporters,102 while
dopamine probably diffuses into the lumen where it is
concentrated, reaching high nanomolar to low micro-
molar concentrations (see above), as a result of water
reabsorption and can stimulate its receptors in more
distal nephron segments.28�31

Dopamine Metabolism

Dopamine that is synthesized in the renal tubule cells
is probably not converted to norepinephrine or epineph-
rine. Dopamine β-hydroxylase (DBH) mRNA is not
expressed in bovine or rat kidneys.103 However, DBH is
expressed in adrenergic nerves supplying the kidney,
and inhibition of DBH increases renal dopamine concen-
tration three-fold.104 In tissues expressing phenylethano-
lamine-N-methyl transferase (PNMT) (e.g., adrenal
medulla, heart, and some areas of the brain) norepineph-
rine is converted to epinephrine (Figure 19.1). PNMT is
also not expressed in human renal proximal tubules, but
is expressed in glomeruli, renal distal tubules, and endo-
thelial cells.105 Non-specific NMT, which is expressed in
non-neuronal tissues including the kidney, enables the
synthesis of epinephrine even after denervation.106 More
recent studies have also shown that TH and DBH are
expressed in mesangial and renal proximal tubule cells
in culture, in a pig renal tubular cell line (LLCPK) with
proximal tubule and distal tubule characteristics,107 in a
canine distal tubular cell line, MDCK, and mouse inner
medullary collecting duct cells.91 Because TH is not
expressed in renal proximal tubules,68 the presence of
TH in LLCPK could be indicative of its distal tubular
characteristics.107 Although dopamine may have access

to non-specific NMT,106 the increase in urinary dopa-
mine with salt loading is not accompanied by an increase
in urinary norepinephrine or epinephrine.23,25,51,58

In renal tubules, dopamine is degraded both
by deamination via monoamine oxidase (MAO) to
3,4-dihydroxyphenylacetic acid (DOPAC), and by
methylation via COMT to 3-methoxytyramine. Newly
formed dopamine is metabolized predominantly by
MAO-A rather than MAO-B, especially in the proximal
tubule.108 In contrast, dopamine is metabolized by
COMT in more distal nephron segments.109,110 A novel
flavin adenine dinucleotide-dependent amine oxidase
named renalase or MAO-C has been identified in the
kidney, but its role in the intrarenal metabolism of
renal dopamine is unknown.111 Acute inhibition of
COMT activity may be more important than MAO in
the short-term,112 while the converse is true for chronic
inhibition.110 The inhibition of dopamine degrading
enzymes can increase its concentration. However, the
increase in urinary dopamine with high salt intake is
probably not related to any decrease in dopamine
degradation.62,99

Dietary Influence Including Salt Intake

Feeding increases urinary dopamine that have been
related to the amount of sodium in the diet. Most stud-
ies have shown that a low sodium intake is associated
with low urinary dopamine, while the converse occurs
with a high sodium diet.31,50,53,58,62�65,92,113�117 This
could be due to an increased spillover of L-DOPA into
the arterial blood,53,61 as ingestion of food/protein
which contains sodium causes an increase in circulat-
ing L-DOPA.80�84 However, plasma L-DOPA levels
may not be increased by a high sodium diet.32 Even if
circulating L-DOPA is not increased by salt intake, the
increase in urinary dopamine with salt loading is asso-
ciated with an increase in urinary excretion of
L-DOPA.61 Therefore, the increase in urinary excretion
of dopamine appears to be secondary to an increase
in the uptake of L-DOPA by renal proximal tubules,
presumably from the glomerular filtrate and
circulation.61,88,93�99,118�120 There may also be a mecha-
nism by which L-DOPA is delivered to the kidney
independent of circulating L-DOPA (e.g., via the
adrenal gland).121,122

Chloride may be more important than sodium in the
regulation of renal dopamine production, because an
increase in the intake of chloride without sodium
increases urinary dopamine, while sodium bicarbonate
does not.115 An increase in the intake of phosphate112 or
calcium115,123 also increases renal dopamine production.
Blockade of N-type, but not L-type, calcium channels
can decrease urinary dopamine excretion.124,125
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An important factor in the increase in urinary
dopamine caused by sodium loading is the preferential
egress of dopamine into the renal tubular lumen,
rather than into the interstitium.62,126 In LLC-PK1
cells dopamine egresses at the apical surface by a non--
saturable process, while its egress at the basolateral
surface is saturable, with the latter 5�7-fold higher
than the former.94 The egress of dopamine in LLC-PK1
is probably not related to VMAT-1, because the egress
of dopamine is not inhibited by dopamine transporter
inhibitors.94 However, chronic sodium loading
increases the expression of the VMAT-1 in the renal
proximal tubule, which may contribute to the modifi-
cation of the polarity of dopamine secretion during
sodium loading.60 Inhibition of sodium hydrogen
exchanger (NHE) activity decreases efflux of dopamine
into the peritubular space, which presumably favors
luminal outflow. Thus, dopamine, by inhibiting proxi-
mal tubular luminal NHE activity,127�133 may facilitate
its own egress into the tubular lumen. The preferential
luminal efflux and tubular fluid reabsorption result in
high nanomolar to low micromolar concentrations31,134

of dopamine in the tubular lumen, concentrations that
approach the EC50 of dopamine and D1-like receptor
agonists to stimulate adenylyl cyclase and phospholi-
pase C activity.127,131,135�143 This mechanism, and the
fact that dopamine can also be synthesized in more
distal nephron segments, albeit to a lower extent rela-
tive to the proximal tubule, enables dopamine to stim-
ulate its receptors in more distal nephron segments.

There may not always be a relationship among die-
tary sodium, urinary dopamine, and sodium
excretion.143�153 Mühlbauer and colleagues have claimed
that food intake rather than sodium is responsible for
the increase in urinary dopamine.145�147 However, all
the acute saline loading studies were performed in rats
in which food, but not water, was withheld for 24
hours.20,21,49,117 Differences in the amount49,117 and
duration116,148�150 of the sodium load in the food, as
well as differences in the strains of rats studied (see
below) are possible explanations. In humans, increasing
sodium intake from 20 to .200 mmol/day increases
renal dopamine production that peaks by the second
day, followed by a gradual decline to 50% of the peak
value by the 5th day.116 In rats, sodium chloride loading
maximally increases dopamine excretion on the first few
days, with the excretion decreasing close to control
levels at 1 week, only to gradually increase again from 2
to 4 weeks.148,149 Renal dopamine concentrations are not
higher in non-salt loaded rats than in rats loaded with
salt for 6 weeks.150 There may also be an interaction
between sodium and other substances in food, e.g., pro-
tein. Ingestion of food with very low sodium content
(,0.02% sodium) is not associated with an increase in
sodium excretion (unpublished data).

The renal production of dopamine is strain-depen-
dent in rodents. Urine dopamine is lower in Sprague-
Dawley than in Dahl salt-sensitive or -resistant rats61

or in WKY and SHRs.151 A strain of WKY rat increases
urinary dopamine after 24 hours of salt loading at 4
weeks, but not at 12 weeks of age.61 Uninephrectomy
increases urinary dopamine in Wistar-Han from
Harlan, but not from Charles-Rivers or WKY rats from
Harlan.97,152 The increase in urinary dopamine
with chronic sodium chloride loading is less in the
salt-sensitive C57BL/6 than the salt-resistant SJL
mice from Jackson Laboratory.153

The renal production of dopamine is also age-depen-
dent. Renal dopamine synthesis increases with devel-
opment.92 However, in contrast to the stimulatory effect
of sodium intake on dopamine excretion in normal
adult humans,53,58,113,115,116 in pre-term infants sodium
supplementation prevents, while sodium restriction
increases, urinary dopamine154; the significance of this
in terms of sodium balance remains to be determined.
The stimulatory effect of increased dietary sodium on
renal dopamine production and ability to excrete salt
load are diminished with aging.98,100,155�157 Urinary
dopamine excretion is also decreased in patients with
chronic renal failure, but due to loss of nephron number
rather than an inability to synthesize dopamine.158

Gender may influence the urinary dopaminergic
response to a sodium load. For example, sodium load-
ing has been reported to increase urinary dopamine
excretion in Chinese females, but not Chinese males.159

Ethnic differences in the relationship between urine
dopamine and sodium have been reported.160�162 The
blunted increase in urinary dopamine in response to
acute volume expansion in blacks may be caused by
reduced decarboxylation of L-DOPA.125

Patients with type 1 or type 2 diabetes have decreased
basal urinary dopamine,163,164 as well as a deficient
response to high sodium chloride diet165 or infusion.166

Decreased dopamine production in human adults164,167

and children168 with type 2 diabetes169 may affect the
ability to excrete a sodium load. Rats with type 1 diabetes
also have decreased renal dopamine production.170

Patients with salt-sensitive, low renin or non-modu-
lating hypertension, and some with normal renin
hypertension161,171�174 have a blunted increase in uri-
nary dopamine in response to salt loading, despite
higher rates of L-DOPA excretion.173 Protein intake171

or high dietary sodium intake may not increase uri-
nary dopamine in essential hypertensive patients or
even normotensive subjects with a family history of
hypertension.159,165,172,175�177 However, salt-sensitive173

and normal renin essential hypertensives178 have nor-
mal basal urinary dopamine. Mild exercise has been
reported to increase renal dopamine production in
Stage 1 hypertensive subjects.179 Borderline and young
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hypertensives180,181 have higher basal urinary dopa-
mine than control subjects or stable hypertensive
patients,181,182 suggesting that the renal dopaminergic
system may act as an early defense against hyperten-
sion that fails during its progression.183

There are also abnormalities in renal dopamine pro-
duction in animal models of genetic hypertension.
Renal dopamine production may be decreased in adult
spontaneously hypertensive and Dahl salt-sensitive rats
relative to their normotensive controls, the WKY and
Dahl salt-resistant rat, respectively.63,184 However, uri-
nary free dopamine and renal tissue dopamine are actu-
ally increased in young SHRs in comparison with WKY
rats,184,185 but the difference disappears at age 16 weeks.
In the young Dahl salt-sensitive rat, urinary dopamine
is normal and increases with salt intake, as in Dahl salt-
resistant rats,63,186 although kidney levels of dopamine
are lower in Dahl salt-sensitive than in salt-resistant rats
on a high salt diet.186 In adult Dahl salt-sensitive rats,
the urinary excretion of dopamine is not increased or
may even be decreased in response to acute volume
expansion or salt loading.185,187 Mice deficient of D2

dopamine receptors have salt-sensitive hypertension
and decreased renal dopamine production.23,24

Dopamine Receptor Subtypes

Dopamine receptors probably evolved from a com-
mon ancient ancestor over 750 million years ago, before
the divergence of vertebrates and invertebrates.188

Dopamine receptors belong to the α group of the rho-
dopsin-like family of GPCRs,29�31,189�193 characterized
by seven transmembrane domains. Based on their abil-
ity to stimulate or inhibit adenylyl cyclase, dopamine
receptors have been classified into two families
(Table 19.1): D1-like receptors stimulate adenylyl
cyclases, while D2-like receptors inhibit adenylyl
cyclases.29�31,189�193 There are two D1-like receptors in
eutherian mammals, D1A and D1B, also known as D1

and D5 in humans; archosaurs have four D1-like recep-
tors, D1A, D1B, D1C, and D1D; all other jawed vertebrates
have three D1-like receptors, D1A, D1B, and D1C.

194 The
D2-like receptors include D2 (D2R), D3 (D3R), and D4

(D4R).
29�31,189�193 The rank order affinity of dopamine

to its receptors is: D3R$D4R.D5R$D2R.D1R.
195

Based on site-directed mutagenesis and protein
modeling of some GPCRs, including D2R, the binding
of their respective agonist has been suggested to occur
at the hydrophobic transmembrane domains, i.e., aspar-
tate residues in transmembrane domains II and III, two
serine residues in transmembrane V, and a phenylala-
nine residue in transmembrane VI.190 Dopamine recep-
tors have not been crystallized, but studies of the
crystallized β2-adrenergic receptor suggest that agonist

binding occurs at the extracellular ends of helices III,
IV, V, and VII, with the cytosolic ends mediating
G-protein activation.196 Nuclear magnetic resonance
spectroscopy has revealed three distinct conformations
of the β2AR: unliganded receptor or neutral antagonist,
inverse agonist, and agonist.197 The binding pocket of
the A2A adenosine receptor is slightly different, with
the binding pocket closer to helices VI and VII, suggest-
ing GPCR specificity.198

Dopamine Receptor Signaling

Receptor activation, at least for rhodopsin, occurs
by a disruption of the Arg135/Glu134 ionic bond in
transmembrane VI resulting in the formation of a new
Arg135/Tyr223 interaction in transmembrane V261.
This causes the GPCR to function as a guanine nucleo-
tide exchange factor promoting the exchange of GDP
with GTP on the Gα-subunit, resulting in the dissocia-
tion and release of the Gα-subunit from the Gβγ-sub-
unit.189,199 The dissociated G-protein-subunits then
initiate the activation or inhibition of downstream
effectors. Hydrolysis of GTP by the intrinsic GTPase
activity of Gα promotes the reassociation of the G-pro-
tein-subunits. RGS (regulators of G-protein signaling)
acting as a GTPase-activating protein (GAP), stimulate
the hydrolysis of GTP and, therefore, the reassociation
of the G-protein-subunits. RGS act as a GAP for GαS,
Gαi and Gαq. While a primary function of RGS is to
suppress G-protein signaling via GAP activity, RGS
have non GAP actions such as direct antagonism of
Gα and binding of Gβ/γ. Specific RGS have been
reported to regulate dopamine receptors. For example,
RGS7 with Gβ5 can regulate dopamine receptor signal-
ing200 and RGS9-2, but not RGS4, inhibits D2R internal-
ization,201 while RGS19 inhibits D2R signaling.202 RGS4
may be involved in D1R signaling.203 In contrast, RGS2
may be regulated by both D1R and D2R.

204

In some instances, agonist specific ligand binding
does not cause dissociation of the protein subunits,
but rather a conformational change.205 Heterotrimeric
G-proteins can also interact with proteins other than
GPCRs to regulate physiological processes.206 These
include activators of G-protein signaling (AGS) which
promote guanine nucleotide exchange independent
of GPCRs and activate or inhibit adenylyl cyclase or
phospholipase C. Dopamine receptors have been
reported to decrease AGS1 expression.207 In addition,
GPCR signaling can be independent of G-protein-
subunits.208 For example, the inotropic effect of angio-
tensin II with occupation of AT1aR in cardiomyocytes
occurs via a Gαq/PKC-independent, but GRK6/
β-arrestin 2-dependent, mechanism.209

Both D1-like receptors, D1R and D5R couple to
GαS

29�31,189�193and Gαq.135,136,138�142 There are also
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differences in G-protein linkage between D1R and D5R.
For example, the D1R, but not D5R, also couples to
Go210 and GαOlf,

211 which is expressed in renal tubules
and macula densa.212 In contrast, D5R, but not D1R,
couples to Gz and Gα12/13.

211,213 Gα12/13 proteins may
have functions different from those ascribed to GPCR
activation, including cell movement, actin cytoskele-
ton, and protein phosphatase 2A activity.214 Because
the recycling of D1R is partly under the control of
protein phosphatase 2A or a protein phosphatase
2-like enzyme,215,216 this may be a mechanism for D5R
and D1R cross-talk.

The linkage of G-protein-subunits to the specific
D1-like receptor may be tissue-specific. This apparently
discordant linkage of D1-like receptors to G-protein-
subunits can be explained by recent observations that
a specific ligand acting on the same receptor recruits
specific signaling proteins that elicit a specific pheno-
type.217 For example, most D1-like receptor agonists
stimulate both adenylyl cyclase and phospholipase C.
However, there are exceptions; SKF83822 stimulates
adenylyl cyclase but not phospholipase C,218 whereas
SKF83959 stimulates phospholipase C but actually
inhibits adenylyl cyclase.219

Adenylyl Cyclase and Protein Kinase A (PKA)

As indicated above, D1-like receptors are linked to
stimulation of adenylyl cyclase which leads to the for-
mation of cAMP. There are at least 10 isoforms of ade-
nylyl cyclase (adenylyl cyclases I-IX and adenylyl
cyclase short). In the neostriatum, the D1R is linked to
adenylyl cyclase V.191 However, adenylyl cyclase V is
not expressed in the rat renal proximal tubules220 (but
may be expressed in humans, unpublished observa-
tions). In kidney tubule cells, D1R is linked to adenylyl
cyclase VI, while D5R is linked to adenylyl cyclase
IV.221 cAMP binds to the regulatory subunits of PKA
resulting in the activation (disinhibition) of its catalytic
subunits. There are two PKA isoforms, but D1-like
receptors, specifically D1R, may utilize PKA II rather
than PKA I.222,223 There are several PKA substrates,
among which are dopamine and cAMP-regulated
32 kDa phosphoprotein (DARPP-32) which inhibits
protein phosphatase 1.224 In contrast to the stimulatory
effect of the D1R/PKA pathway on DARPP-32, the
D1R/phospholipase C pathway inhibits DARPP-32.225

The roles of PKA, DARPP-32, and protein-phospha-
tases in renal sodium transport are discussed below.

Phospholipase C

Phospholipase C catalyzes the formation of diacyl-
glycerol and inositol phosphates. D1-like receptors are

linked to phospholipase C, via Gαq, independent of
adenylyl cyclase, a phenomenon that was initially
described in renal cortical tubules.135,136,138�142 There
are several isoforms of phospholipase C; the D1R
directly stimulates phospholipase Cβ1 in renal corti-
cal140 but not in medullary membranes, and indirectly
stimulates phospholipase Cγ via PKA and PKC, in
fibroblasts.139

In neuroblastoma cells, the D1R is not linked to Gq
210

and in neurons, D1R-mediated stimulation of phospho-
lipase C may require the presence of D2R

226 while D5R,
by itself, can increase phospholipase C-mediated cal-
cium mobilization that is inhibited by D2R.

227 However,
in a pituitary adenoma rat cell line (GH4C1) transfected
with the D5R, the D5R activation actually decreases ino-
sitol phosphate production.228 The report that D1-like
receptor-stimulated phospholipase C persists in D1

2/2

mice229 has been taken to indicate that there is a D1-like
receptor other than D1R that can stimulate phospholi-
pase C. This is indeed the case, as the D5R is also linked
to phospholipase C activation in neural tissue (hippo-
campus, cortex, and striatum).230

Phospholipase D

Phospholipase D (PLD) hydrolyzes phospholipids,
such as phosphatidylcholine, to form phosphatidic
acid and the free polar head group of the phospholipid
substrate. Phosphatidic acid can be cleaved by phos-
phatidic acid phosphohydrolase to produce diacylgly-
cerol; both are important second messengers in the
“late” response of cells to certain stimuli.231 The two
mammalian isoforms of PLD (PLD1 and PLD2) have
B50% identity, and are distributed widely in mamma-
lian tissues and cells. They are believed to play an
important role in the regulation of cell function and
cell fate by a variety of extracellular signals.231 D5R
inhibits PLD2 activity in renal proximal tubule cells,232

while both D1R and D5R can inhibit phospholipase D
activity in vascular smooth muscle cells.233 These
actions lead to inhibition of the production of reactive
oxygen species (ROS).232�234 The D3R heterologously
expressed in HEK293 cells has been reported to acti-
vate PLD, via Rho and independent of Gi/Go.235

The relationship between PLD and endogenously
expressed D3R remains to be determined.

Protein Kinase C

Protein kinase C (PKC) isoforms are classified into
three groups: (1) conventional PKCs (cPKC-α, -βI, -βII,
and -γ); (2) novel PKCs (nPKC-δ, -ε, -θ, and -η/G); and
(3) atypical PKCs (aPKC-λ(ι) and -ξ) and PKCμ, also
called PKD which consists of PKD1, PKD2, and
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PKD3.236 In renal tubule cells, D1-like receptors can
stimulate PKCθ237 and PKCξ,237,238 and inhibit PKCδ.237

The D1R increases the phosphorylation of PKCθS676 in
human embryonic kidney (HEK293) cells.239 D1-like
receptors can also translocate specific PKC isoforms.
Thus, D1-like receptors translocate conventional (α, β)
and novel (ε) PKCs from renal tubule cytosol into mem-
branes,240,241 and the novel PKC-δ from membranes to
cytosol.240 Some studies have shown that the stimula-
tion of PKC by dopamine may be secondary to PKA
activation.139,242

While PKA and PKC mediate the actions of D1R,
both can also regulate D1R signaling. PKC activation
can produce differential D1R and D5R signaling. PKC
can increase the membrane expression of D1R in vas-
cular smooth muscle cells.243 In HEK293 cells, novel
PKC isoforms stimulate D1R signaling, but inhibit D5R
signaling.244 However, in HEK293T cells, PKCα, β1, γ,
δ, and ε constitutively phosphorylate and dampen D1R
signaling.245 Ethanol enhances D1R signaling by inhi-
biting PKCγ and PKCδ.246 PKA and PKC have been
reported to phosphorylate D1R, modulating the rate of
agonist-induced D1R desensitization and intracellular
trafficking.243�248 RanBP9 and RanBP10 interact with
both PKCδ/γ to increase the phosphorylation and
desensitization of D1R in neural and renal proximal
tubule cells.248 RanBP9 and RanBP10 may function as
scaffolding proteins to regulate the spatial and tempo-
ral organization of D1R and PKC. In renal proximal
tubule cells, NHERF-1 is necessary for the D1R-medi-
ated stimulation of cAMP accumulation and PKC
activity.249

D2-Like Receptors

The D2-like receptors couple to G-proteins Gαi and
Go, and inhibit adenylyl cyclases.29�31,189�193

There are two isoforms of D2R; postsynaptic D2R
effects are mediated by the long isoform, D2LR, while
the presynaptic D2R effects are mediated by the short
isoform, D2SR.

192,250 The D2SR is localized at the
plasma membrane, while the D2LR is localized in the
perinuclear region in several cell lines heterologously
expressing D2SR and D2LR.

251 However, in renal prox-
imal tubule cells that express the D2LR rather than the
D2SR, the D2LR is expressed mainly at the plasma
membrane.252 The particular G-protein-subunit that
interacts specifically with either D2R isoform is not
clear.253 The D2R can couple to the same extent to Gαi
(Gαi2 and Gαi3) and Gz,253 but Gαo may be the major
G-protein that is activated by D2SR and D2LR

254; nei-
ther D2SR nor D2LR subtype is linked to Gq11 or
Gα12/13. A splice variant of Gαi2, sGαi2, is important
in the intracellular localization of D2R, and its

dissociation from D2R following D2R agonist stimula-
tion increases cell surface D2R expression.254

The D4R, like the D2R, couples to Gαi (Gαi2 and
Gαi3), Gαo, Gz, and Gαt2.191,255 Different numbers of
16 amino acid repeats in the third cytoplasmic loop
cause several human D4R isoforms (e.g., D4-2, D4-4,
and D4-7).256 The role of these D4R isoforms in cell
function remains to be determined. However, the D4R
long (at least one 7 to 10 repeat) has been reported to
be associated with higher diastolic and systolic blood
pressure.257

The D3R linkage to Gαi is not robust, in contrast to
that observed for D2R and D4R.

258 In rat renal proxi-
mal tubule cells the D3R stimulation of phospholipase
C is via Gαi3.

259 The signaling of D3R, like the D2R and
D4R, may be mediated by Gαo.191 The utilization of
G-proteins in D2R and D3R-mediated stimulation of
extracellular signal-regulated kinase differs, D2R uti-
lizes Gαi while D3R utilizes Gα/o and the βγ-subunit
of Gi.

260 The D3R also couples to Gz and, in the pres-
ence of pertussis toxin, the D3R can also couple to
Gαs.253 The D3R can also couple to Gq11.259 The link-
age of the D3R to other effectors, such as inhibition of
K1 and Ca21, may be more sensitive than its weak
linkage to G-proteins.258 The D3R is also insensitive to
GTP, relative to the other dopamine receptor sub-
types.191 There could be seven distinct alternatively
spliced D3R variants.261 The full-length D3R and a
shorter receptor isoform, the D3S, bind to dopamine.
The five other alternatively spliced D3R variants do
not bind dopamine, but one of them, D3Rnf, regulates
receptor dimerization.

Adenylyl Cyclase

Although D2-like receptors inhibit adenylyl cyclase
activity, in many cell lines heterologously expressing
the D3R, its linkage to Gαi is not robust.258 However,
the D3R robustly inhibits adenylyl cyclase isoform
V,258 but because this adenylyl cyclase isoform is not
expressed in the rat renal proximal tubule,220 it is
expressed in human renal proximal tubule cells
(unpublished data). D3R action in this rat nephron
segment is not due to Gαi signaling. Because D3R can
couple to Gαs in the presence of pertussis toxin,253 the
D3R could increase adenylyl cyclase activity in this
nephron segment in the rat. This has not been directly
tested, but D1R and D3R dimerization increases the
ability of dopamine to stimulate adenylyl cyclase activ-
ity.262 In contrast, the co-expression of D2R with D3R
increases the ability of D2-like agonists to inhibit ade-
nylyl cyclase activity.263 This becomes a conundrum in
cells expressing these dopamine receptor subtypes, but
at least in renal proximal tubules there is no evidence

546 19. PARACRINE REGULATION OF RENAL FUNCTION BY DOPAMINE

I. EPITHELIAL AND NONEPITHELIAL TRANSPORT AND REGULATION



of D1R and D2R or D2R and D3R heterodimerization
(unpublished data). However, in the kidney and
vascular smooth muscle D1R and D3R do interact, and
this interaction probably predominates over the
other possible D1-like and D2-like interactions.264�266

While D2R, by itself, stimulates Na1K1-ATPase activ-
ity,267 simultaneous stimulation of D1-like and other
D2-like receptors inhibits Na1K1-ATPase activity.268

Furthermore, D2LR and D4.4R can potentiate PKC-stim-
ulated adenylyl cyclase II activity through the release
of β/γ-subunits,269 and D2LR can sensitize adenylyl
cyclase VI.270 Although these adenylyl cyclase isoforms
are expressed in renal proximal tubule cells, this inter-
action probably does not occur in renal proximal
tubule cells because quinpirole, a D2-like receptor
agonist with preference for the D3R and D4R over the
D2R, does not stimulate adenylyl cyclase activity
(unpublished studies). As stated above, there are spe-
cies differences because adenylyl cyclase V is
expressed in the human (unpublished data) but not in
the rat renal proximal tubule.220

Phospholipase C

In neural cells, D2R, via Gβ/γ, stimulates phospholi-
pase C191 and specifically phospholipase Cβ4 in the
intermediate lobe of the pituitary gland271

. D1R and
D2R can interact to stimulate phospholipase C in neu-
ral cells,226 but as stated above there is no evidence for
D2R and D3R interaction in renal proximal tubule cells.
D2R and D5R can also heterodimerize to stimulate
phospholipase C in neural tissue and HEK-293 cells.227

The D2SR can also stimulate phospholipase D,272 but
the latter enzyme is inhibited by D5R.

232 These effects
need not be counter-regulatory, because as previously
mentioned the D2SR is presynaptic, while the D5R inhi-
bition of phospholipase D is postsynaptic in renal
proximal tubule cells (in particular). In addition,
presynaptic inhibition of adrenergic neurotransmitters
by D2SR facilitates the inhibitory effects of dopamine
on ion transport.

Dopamine Regulation of Ion Channels

D1-like receptors inhibit voltage-gated K1 channels
and G-protein-regulated inward rectifying channels,
but stimulate L-type Ca21 channels.191 D1-like recep-
tors inhibit G-protein-dependent inward rectifier K-
like channels in medial prefrontal cortex via PKC.273 In
contrast, D2-like receptors stimulate voltage-gated K1

channels and G-protein-regulated inward rectifying
channels, but inhibit L-type Ca21 channels. Both D1-
like and D2-like receptors inhibit N-, P-, and Q-type
Ca21 channels and transient sodium channels, but

stimulate persistent P sodium channels.191 We have
reported that the D3R-mediated vasorelaxation of rat
mesenteric arteries is due to stimulation of small- and/
or large-Ca21-activated K1 channels.264 In human coro-
nary vascular smooth muscle cells, D5R stimulates
Ca21-activated big K1 channel,274 via cAMP-mediated
stimulation of PKG.

Dopamine Regulation of Mitogen-Activated
Protein (MAP) Kinase and other Kinases

D1-like receptors may activate MAP kinases, includ-
ing p38MAP kinase, and c-jun amino-terminal
kinase.191 In the brain, D1-like receptors can also acti-
vate ERK,275 but ERK1/2 is actually inhibited by D5R
but not by D1R in human renal proximal tubule
cells.276 D2-like receptors can also activate MAP kinase
via Gβ/γ.277 D2-like receptor-mediated stimulation of
Na1 K1-ATPase in the kidney is linked to the p44/42
MAP kinase pathway.278 Aberrant D1R activation of
ERK1/2/MAP kinase has been reported in D1R super-
sensitivity.279 However, in the kidney, MAP kinase
reduces D1R affinity and G-protein coupling.280

Dopamine inhibits DNA synthesis of cultured
human mesangial cells.281 In rat vascular smooth mus-
cle cells, D1R or D3R does not affect vascular smooth
muscle cell proliferation, but inhibits the proliferative
effect of insulin and norepinephrine.282,283 D2R, via
inhibition of MAP kinase, inhibits angiotensin
II-induced hypertrophy of cultured neonatal rat ventri-
cular myocytes.284 However, dopamine increases the
phosphorylation of and activates p44/42 MAP kinases
in rabbit renal proximal tubule cells in primary
culture.285 In human renal proximal tubule cells and
Chinese hamster ovary cells, the D3R promotes mito-
genesis or cell proliferation through the activation of
MAP kinases.191,286,287 The variable effects of dopa-
mine on MAP kinase in smooth muscle and epithelial
cells may be related to tissue- or cell-specificity.

DARPP-32

As stated above, DARPP-32 was identified initially
as a major target for dopamine-activated adenylyl
cyclase in striatum.224 Since the mid-1980s, DARPP-32
has been acknowledged as a crucial mediator of the
biochemical, electrophysiological, transcriptional, and
behavioral effects of dopamine.288 The state of
DARPP-32 phosphorylation has been shown to pro-
vide a mechanism for integrating information arriving
at dopaminoceptive neurons, in multiple brain
regions, via a variety of neurotransmitters, neuromo-
dulators, neuropeptides, and steroid hormones.
Activation of PKA or PKG stimulates DARPP-32
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phosphorylation at Thr,34 and thereby converts
DARPP-32 into a potent inhibitor of protein phospha-
tase-1 (PP1). Protein phosphatase-2B (PP2B) is the
most effective protein phosphatase in dephosphory-
lating DARPP-32 at Thr.34 Thus, DARPP-32 acts as an
amplifier of PKA and PKG-mediated signaling when
it is phosphorylated on Thr,34 which converts it into
an inhibitor of PP1. The role of DARPP-32 in signal-
ing has turned out to be very complex. Under basal
conditions, DARPP-32 is phosphorylated at Thr75 and
inhibits PKA. Thus, DARPP-32 has the unique prop-
erty of acting either as an inhibitor of PP1 or an inhib-
itor of PKA. However, under hyperdopaminergic
conditions, the phosphorylated state of Thr75 is
reduced, allowing increased phosphorylation at Thr.34

This positive feedback loop acts as a switch to poten-
tiate dopaminergic signaling. Cdk5, a cyclin-depen-
dent kinase family member, also phosphorylates
DARPP-32 at Thr.75 Furthermore, protein phospha-
tase 2A dephosphorylates DARPP-32 both at Thr34

and Thr,75 and the state of phosphorylation of
DARPP-32 at Thr34 depends on the phosphorylation
state of two serine residues, Ser102 and Ser.137

DARPP-32 has been demonstrated with biochemical,
immunohistochemical, and in situ hybridization tech-
niques to have an anatomical distribution similar to
that of dopaminoceptive cells possessing D1Rs in the
central nervous system.289�291 DARPP-32 is also
expressed in several peripheral tissues, including
brown fat cells, parathyroid, retina, and renal
tissue.289,291�293 The ability of D1R to stimulate pro-
tein phosphatase 2A215,294 may serve as a negative
feedback in the D1R and DARPP-32 relationship, and
prevent the inhibitory effect of DARPP-32 on PKA.

Regulation of Dopamine Receptor Function

Effect of Sodium on Dopamine Receptor Expression

While acute sodium loading generally increases
renal dopamine production,31,50,53,58,62�65,92,99,113,114,119

it may decrease brain295 and renal D1-like and D2-like
receptor density.296,297 However, the decrease in renal
D1-like receptor expression occurs after 7�28 days of
increased sodium intake during peak renal dopamine
production.148,149 In C57BL/6 mice, increasing NaCl
diet to 6% for 5�7 days decreases renal D1R expres-
sion, but increases renal D3R expression without affect-
ing the renal expression of D2R, D4R or D5R
(unpublished observations).

Dopamine Receptor Recycling

As with other GPCRs, dopamine receptor signal trans-
duction is precisely regulated.189�193,195,298,299 In the basal
state, in human renal tubules, human D1Rs exist as homo-

oligomers in lipid raft microdomains.300 Occupation of
D1Rs increases the amount of D1R monomers associated
with a transient increase in D1R function, as a result of the
recruitment of D1R from an intracellular pool of D1R to
the lipid rafts of plasma membranes.215,300�304 Following
the transduction of the GPCR signals, there is a transient
loss of receptor responsiveness (desensitization). This
mechanism dampens short-term agonist effects following
repeated agonist exposure. At least three families
of regulatory molecules contribute to GPCR desensitiza-
tion: second messenger-dependent protein kinase;
G-protein-coupled receptor kinases (GRKs); and
arrestins.141,189�191,195,280,286,298,299,305�308 Homologous
desensitization, in response to agonist stimulation, occurs
via action of a member(s) of the GRK family.
Heterologous desensitization, mediated by second mes-
senger-dependent kinases, occurs when a decrease in
receptor responsiveness is induced by a ligand other than
its own specific ligand. The phosphorylation of GPCRs,
including the D1R, leads to the binding of a member(s) of
the arrestin family, uncoupling of the receptor from its
G-protein complex, and a decrease in its functional
response. Desensitization of GPCRs involves phosphory-
lation, sequestration/internalization, and degradation of
receptors. The D1R (but not D5R), expressed endoge-
nously in renal proximal tubule cells,288,299�307 is regu-
lated to a lesser extent by GRK2 and to a greater extent by
GRK4 in human kidneys,299 but the converse may be true
in rat kidneys.305 Moreover, GRK4 may constitutively
phosphorylate D1R.

307 GRK3 regulates rat D1R overex-
pressed in HEK293 cells.308 It is not clear whether or not
GRK5 regulates the rat D1R.

308 GRK6 is not important in
the regulation of D1R in the kidney (unpublished), but it
is important in the desensitization of the D1R in intestinal
crypt cells,309 emphasizing the importance of cell type in
D1R regulation. The desensitization of D5R, in contrast,
does not involve GRKs, but rather sorting nexin 1.310

Similarly, GRK is not involved in the first 20 minutes of
D1R desensitization in human renal proximal tubule
cells,299 but could be related to sorting nexins (unpub-
lished data). It has also been suggested that GRK2 may
negatively regulate D2R signaling by a phosphorylation-
independent mechanism.311

Heterologously expressed D1Rs, after ligand stimula-
tion, rapidly (but not completely) internalize (5�12
minutes) in cell lines (HEK-293 and Neuro2A neuroblas-
toma cells).307 In HEK-293 cells heterologously expres-
sing rat D1R, 15 minutes of agonist stimulation does not
completely desensitize D1R.

307 Presumably, the internal-
ized D1R continues to function until it is completely
desensitized.312 Phosphorylation, desensitization, and
internalization cannot be directly equated.216,298,299

GPCR desensitization cannot be completely explained
by phosphorylation; ubiquitination may also play a
role.46,313 AT1R,

46 D1R, and D5R (unpublished data) are
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ubiquitinated within the first 15 minutes following
ligand stimulation; AT1R and D5R,

46 but not D1R, are tar-
geted for degradation following ligand occupation.
Thus, desensitization may also occur at the plasma mem-
brane.216 Cell membrane invagination and endocytosis
are important in D1R trafficking; prevention of endocyto-
sis with hypertonic sucrose abrogates ligand-induced
D1R desensitization in human renal proximal tubule
cells.314 The phosphorylated GPCR/β-arrestin complex
undergoes endocytosis/internalization via clathrin-
coated pits into a series of endosomal units, where it is
dephosphorylated and recycled back to the plasma
membrane or degraded. Dopamine receptors belong to
Class A receptors that are rapidly recycled to the plasma
membrane. In contrast, AT1R receptors belong to Class B
receptors that are slowly recycled to the plasma mem-
brane, and some are actually degraded.315 Protein phos-
phatases are involved in the resensitization of GPCRs in
endosomes316 and at the plasma membrane.216 Protein
phosphatases, including protein phosphatase 2A
(PP2A),215,294,317,318 a GPCR phosphatase,216 and PP2B
(calcineurin)319 have been reported to resensitize D1R,
but PP2A is probably the major protein phosphatase
involved in D1R function and/or resensitization in renal
tubule cells.215,294,317

The D2R, like some GPCRs, is not desensitized by
phosphorylation but rather by association with β-arrest-
in, but phosphorylation is required for its recy-
cling.256,311,320 The GRK regulating D2R in renal tubule
cells is not known, but D2R in other cells is regulated by
GRK2, GRK3, GRK5, and GRK6,256,287,311,320 and consti-
tutively desensitized by GRK2. GRK2 and GRK3 prefer-
entially sequester D2SR over D2LR, while β-arrestin 2
has the converse effect.256 GRK2 or GRK3, but not
GRK5 or GRK6, is involved in the desensitization of the
calcium signal mediated by the interaction of D1R/D2R
heterologously expressed in HEK293TSA cells.321 The
desensitization of D3R is weakly regulated by GRK2
and GRK3,322 but robustly by GRK4 (GRK4γ.GRK4α);
GRK4 and D3R colocalize and interact in human renal
proximal tubule cells.286 D4R, like some GPCRs, e.g.,
AT2R and β1R, may not undergo internalization and is
resistant to desensitization.256,323 The GRK regulating
D4R is not clear, but does not seem to involve either
GRK2 or GRK3. The GRK regulating D5R is also not
clear, but does not seem to involve GRK4.

Membrane Microdomains

Cholesterol rich domains in membranes are called
lipid rafts and the rest are called non-lipid rafts.324,325

Lipid rafts serve as signaling platforms for several sig-
naling molecules such as G-protein-subunits, enzymes,
and adaptor proteins. Lipid rafts can affect the func-
tion of GPCRs by inducing a conformational change
and/or alteration of the physical properties of the

membrane in which the GPCR is embedded. We have
reported that angiotensin II does not affect the differ-
ential expression of AT1R in lipid and non-lipid rafts
in renal proximal tubule cells from normotensive rats,
but increases the amount of glycosylated AT1R in lipid
rafts in renal proximal tubule cells from SHRs; this
may lead to an increased ability of angiotensin II to
stimulate the Cl2/HCO3

2 exchanger.326 D1-like recep-
tors also regulate NADPH oxidase activity and subunit
expression in lipid microdomains of renal proximal
tubule cells.327 The D2-like receptor antagonist, halo-
peridol, has been reported to disrupt lipid rafts.328

Interestingly, high doses of simvastatin, a cholesterol
depleting reagent, increase dopamine receptor expres-
sion in the rat prefrontal cortex.329 In human renal
tubule cells, heterologously or endogenously expressed
D1R exists as homo-oligomers; agonist stimulation
increases the amount of D1R monomers300,330,331 con-
sistent with other GPCRs.332�334 D1R oligomers exist in
caveolae-like microdomains; decreasing caveolin
expression or depleting cholesterol impairs D1R-medi-
ated generation of cAMP and oligomer formation.300

Renal inhibition of caveolin-1 expression, an important
component of lipid rafts, via caveolin-1 siRNA in the
kidney impairs D1-like receptor-mediated natriuresis
in salt-loaded rats and produces hypertension.335

Thus, the function of GPCRs, including dopamine
receptors, can be regulated by cholesterol membrane
microdomains.

Regulation of GPCR Membrane Expression

Plasma membrane expression of GPCRs requires
proper folding that is aided by chaperones.336

Homodimerization has been suggested to help in
GPCR folding. Indeed, folding efficiency has been sug-
gested to regulate the expression of D4R.

337 A proper
amount of calnexin, an endoplasmic reticulum chaper-
one, is important in the proper trafficking of both D1R
and D2R to the plasma membrane.338

D1R

Dopamine receptor interacting protein 78 (DRiP78)
is an endoplasmic reticulum protein that regulates the
transport of D1R and other GPCRs, including AT1R,
and the assembly of G-protein β- and γ-subunits.339

Increased expression of DRiP78 impairs the transport
of D1R from the endoplasmic reticulum to the plasma
membrane.340 In contrast, DRiP78 increases the plasma
membrane expression of AT1R,

341 another example of
how certain proteins have contrasting effects on AT1R,
and dopamine receptor trafficking and expres-
sion.45,46,342,343 Neurofilament-M specifically decreases
the cell surface membrane expression of D1R (not with
D2-like receptors and weakly with D5R).

344 Calcyon is
another D1R interacting protein that may be important
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in D1R-calcium-mediated signaling in neural tissue.345

Whether these proteins regulate D1R endogenously
expressed in renal tissue remains to be determined.
However, RanBP9/10 which colocalizes with D1R in
renal and neural tissues, phosphorylates and impairs
D1R function.248

D2R

Cbl-interacting protein of 85 kDa (CIN85) may be
important in the trafficking of D2R, at least in striatal
tissue.346 Absence of striatal CIN85 is associated with
decreased endocytosis of D2R and implicated in the
hyperactivity of CIN85-deficient mice. A Ca21-binding
protein, S100B, increases the ability of D2R to inhibit
adenylyl cyclase and stimulate ERK activity.347 Two
D2R interacting proteins decrease the expression and/or
function of D2R, including neuronal calcium sensor 1348

and protein kinase Cξ-interacting protein.349 In neural
cells, a spliced variant of the Gαi2 may also be impor-
tant in the plasma membrane expression of the D2R

350

and protein 4.1N for both D2R and D3R.
351

D3R

The D3R has been reported to interact with proteins
that affect plasma membrane localization. Filamin-A
interacts with D2R and D3R, linking them to the cyto-
skeleton and increasing their plasma membrane locali-
zation.322,352 In contrast, paralemmin specifically
interacts with the D3R decreasing its localization to the
plasma membrane.353 The role of these interacting pro-
teins on D3R function in renal proximal tubules or
blood vessels remains to be determined.

D4R

KLHL12, which can act as a ubiquitin ligase, inter-
acts with the D4R, but its ubiquitination does not result
in its degradation.354 Indeed, the D4R is resistant to
agonist-induced internalization and degradation.323

D5R

The D5R, but not the D1R, requires N-glycosylation
for membrane localization in transfected HEK-293
cells. However, it does not contribute to the radioli-
gand-binding properties of D5R.

355

Renal Distribution of Dopamine Receptors

The expression of the dopamine receptors in the
kidney (Table 19.1) of several mammals has been
reported.

Tubular Distribution

The dopamine receptor subtypes are differentially
expressed along the mammalian nephron.213,252,356�365

However, their expression in the medulla is species-
dependent. In the rat, the D2R and D4R are expressed
in the inner medulla357,365 (Table 19.1). The mouse kid-
ney has no dopamine receptors in the inner medulla360

(unpublished observations). High concentration of
dopamine (100 μM) stimulates prostaglandin E2 pro-
duction in the inner medulla and thin limb of
Henle.358 The dopamine receptor subtype expressed in
the thin limb of Henle is not known, although dopa-
mine (100 μM) stimulates prostaglandin E2 production
in rat thin ascending limb cells366.

Immunohistochemical studies in human and rodent
kidneys have shown expression of D1R in the apical
and basolateral membranes, as well as in the cyto-
plasm of proximal tubules (mouse:S3. S15 S2), distal
convoluted tubules, medullary thick ascending limb
(mTAL) of Henle, macula densa, and cortical collecting
duct.356,361,364,365 The presence of D1R in the rat outer
or inner medulla has not been shown consistently
using immunohistochemistry356,361,362,365 or in situ
mRNA amplification,367 and dopamine does not stimu-
late cAMP production via dopamine receptors,368,369 in
this nephron segment. Moreover, there is no D1-like
receptor radioligand-binding in the rat inner or outer
medulla.370,371 The human372 and mouse kidney360

(unpublished observations), do not express dopamine
receptors in the inner medulla.

D2LR mRNA is expressed in the rat cortex, and
outer and inner medulla.252 Immunoreactive D2R is
present in rat357 and human (unpublished observa-
tions) proximal tubule (mouse:S2. S1/S3), distal con-
voluted tubule, and cortical and outer medullary
collecting duct. The D2R is expressed in the interca-
lated cells of the medullary collecting duct in the
rat,357 but not in the mouse (unpublished data). D2R
protein is also expressed in the OK cell, an opossum
proximal tubule cell line that also exhibits distal tubu-
lar cell characteristics.373

D3R mRNA is expressed in the rat cortex, and outer
medulla and inner medulla.252 Immunoreactive D3R is
expressed in rat apical and subapical areas, but not in
the basolateral membrane of proximal tubules
(S1.. S2/S3) in three reports357,373,375; one study also
showed immunoreactive D3R in the distal convoluted
tubule,375 and two studies showed D3R protein in
the cortical collecting duct.357,375 One357 of three
reports374,375 found D3R immunostaining in the inner
medulla. Immunoreactive D3R is present in mouse
proximal tubule, thick ascending limb of Henle, and
distal convoluted tubule, but not in the cortical collect-
ing or outer and inner medullary collecting ducts
(Table 19.1).

D4R is present in the rat proximal tubule
(S1. S2. S3), distal convoluted tubule, and especially
in the cortical357,376 and outer and inner medullary
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collecting ducts, where it is more abundant at the
luminal than at the basolateral areas.365 In the mouse,
D4R is present in the proximal convoluted tubule (but
not proximal straight tubule), thick ascending limb of
Henle, and cortical and outer medullary collecting
duct (unpublished observations). D4R mRNA is
expressed in the human kidney, but its expression
along the nephron has not been reported.377

D5R is expressed in the rat and mouse proximal
tubule (S1. S2/S3), thick ascending limb, and distal
convoluted tubule and cortical and outer medullary col-
lecting duct.213,360,364 The expression of D5R protein has
not been reported in human kidney, but is expressed in
human renal proximal tubule cells in culture,46,276 and
D5R may be expressed preferentially over the D1R in
the thick ascending limb of Henle and the cortical col-
lecting duct, while the D1R is preferentially expressed
in the proximal tubule378(unpublished data).

VASCULAR RECEPTORS

D1-Like Receptors

The D5R may have chemo- and mechano sensory
roles in primary cilia of mouse vascular endothelial
cells.379 D1Rs, and to a greater extent D5Rs, are
expressed in the tunica media of rat mesenteric, pial,
and renal arteries.361,380,381 They are mainly located
postjunctionally, which has been confirmed by insensi-
tivity to chemical sympathectomy.381 In the rat kidney,
D1R mRNA is also found in smooth muscle cells of
large and small arteries, and afferent and efferent
arterioles.367 In humans D1R protein is also present in
vascular smooth muscle cells in the large intrarenal
arteries, but not in renal veins.372

D2-Like Receptors

The D2-like receptors are expressed in the adventitia
and adventitia�media border of arteries. D2R and
D4R, but not D3R, are expressed in rat mesenteric and
pial arteries. Rat renal arterial branches express D2R
and D3R.

380 Although renal arteries and arterioles in
Wistar rats were not found to express D4R,

380 a subse-
quent study in Sprague-Dawley rats showed expres-
sion of D4R in large segmental, arcuate, interlobar,
interlobular, and afferent and efferent arterioles.376

Bilateral superior cervical ganglionectomy and renal
denervation confirmed the prejunctional localization of
the D2-like receptors, and the location of D2-like recep-
tors in the renal artery suggest their prejunctional
localization.376,380 However, we have reported that
D3R stimulation relaxes mesenteric arterial rings, inde-
pendent of the endothelium.264 The failure of the

endothelium to influence the vasorelaxant effect of
D3R stimulation is in agreement with the absence of
D2-like receptor expression in the intima.380 One study
could not find D3R expression in renal vessels,374

although another study found D3R immunostaining in
medial and adventitial layers of renal arteries378 in
agreement with the report of D3R mRNA in renal
microvessels.252

GLOMERULAR RECEPTORS

Radioligand binding and autoradiographic studies
using D1-like receptor ligands that recognize both D1R
and D5R have failed to detect specific binding in rat
and human glomeruli.370,371,381,382 D1R mRNA studied
by in situ mRNA amplification is not detected in rat
renal glomeruli367 (Table 19.1). Immunoreactive
D1R

361,372 or D5R
360,364 has not been demonstrated in rat

or human glomeruli. In rat glomeruli isolated by siev-
ing, two383,384 of three15 studies showed that dopamine,
via an uncharacterized dopamine receptor, increased
cAMP production. Dopamine increases cGMP, but not
cAMP production in isolated dog glomeruli, also
obtained by sieving.385 However, because afferent and
efferent arterioles express D1R and D5R (Table 19.1) it is
possible that glomerular preparations that contain arte-
rial vessels may confound the results. Nevertheless, rat
glomerular mesangial cells386 and mouse glomerular
podocytes,387 in culture, express D1-like receptors,
assessed by an increase in cAMP production in
response to dopamine or D1-like receptor agonist. Rat
glomerular epithelial cells in culture do not increase
cAMP production in response to dopamine.386

D2-like receptors, D2LR, D3R, and D4R, are present in
rat glomeruli252,357,375,381,388 (Table 19.1). Specifically,
immunoreactive D2R and D3R have been reported in rat
mesangial cells in one study357 and in podocytes in
another study.375 However, there are three reports of
the absence of D4R receptors in rat glomeruli.357,365,376

D2-like receptor stimulation decreases cAMP produc-
tion in rat glomeruli.15 Dopamine attenuates the con-
tractile response to angiotensin II in rat isolated
glomeruli, but the receptor mediating this effect is not
known.389

Receptors in Juxtaglomerular Apparatus

Rat361,390 and mouse (unpublished observations)
but not human372 juxtaglomerular cells, in situ, and rat
juxtaglomerular cells in culture390 express D1R
(Table 19.1). Rat361 and mouse (unpublished studies) but
not human372 macula densa cells express D1R. Rat

364 but
not mouse360 juxtaglomerular or macula cells express
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D5R. Rat
361 but not mouse (unpublished studies) macula

densa cells express D1R. D5R expression in human juxta-
glomerular or macula cells has not been reported.

Rat, mouse, and human (unpublished studies) juxta-
glomerular cells, in situ, do not express D2R. Mouse jux-
taglomerular cells, in situ, express D3R (Table 19.1). In
contrast, rat juxtaglomerular cells, in situ, also do not
express D3R

374,375 or D4R,
365,376 but express D3R and

D4R in culture.391 Rat macula densa cells were found to
express D3R in one375 of two reports.374 Mouse macula
densa cells express D3R and D4R (unpublished studies).
D2R is not expressed in human or mouse macula densa
cells, but is expressed in rat macula densa (unpublished
studies; Table 19.1); D3R and D4R expression has not
been studied in human macula densa.

DOPAMINE AND RENAL
HEMODYNAMICS

D1-Like Receptors

Dopamine, administered in low doses intravenously
or directly into the renal artery, increases renal blood
flow and decreases renal vascular resistance.9,392,393

The renal vasodilatory effect of dopamine is mimicked
by D1-like receptor agonists and blocked by the D1-like
receptor antagonists.394�397 The contribution of D1R
and D5R in this action remains to be determined.
Dopamine and D1-like receptor agonists dilate afferent
and efferent arterioles to the same extent.398,399

However, afferent arterioles are preferentially dilated
in the hydronephrotic kidney.400 Dopamine induces a
greater vasodilatory effect in the renal artery than in
the coronary artery,401 mesenteric,402 in agreement
with the receptor density data.403

cAMP/PKA12,404�406 is the primary signaling path-
way of the renal vasodilatory effect of dopamine via
D1-like receptors. However, a dopamine-mediated stim-
ulation of PKC is associated with increased expression
of D1-like receptors that enhances cAMP production in
renal vascular smooth muscle cells.243 However, as
stated earlier in HEK293 cells, novel PKC isoforms stim-
ulate D1R

244 but inhibit D5R signaling, while conven-
tional PKCs and two of the novel PKCs (δ and ε) impair
D1R signaling.245 In coronary arteries, the vasorelaxant
effect of D1-like receptors has also been attributed to
PKA/PKG-dependent activation of K1-ATP, calcium-,
and voltage-activated K1 channels.274 Prostacyclins may
also contribute to dopamine- and D1-like receptor-medi-
ated renal vasodilation.407

The effect of D1-like receptors in the rat aorta and
tail artery is complex. Dopamine has been reported to
decrease both sodium influx and efflux by inhibition
of NHE and Na1/K1-ATPase activity, respectively, in

part via PKA, in rat aorta smooth muscle cells.408

A predominant inhibitory effect on NHE activity
would result in a decrease in intracellular sodium and
a decrease in vessel tone, while a predominant inhibi-
tory effect on Na1/K1-ATPase activity would result in
an increase in intracellular sodium and an increase in
vascular tone. The latter situation may explain the
apparent vasoconstrictor action of a D1-like receptor
agonist in the rat tail artery.409 In the rat tail artery,
dopamine and SKF 38393, a D1-like receptor agonist,
inhibited Na1/K1-ATPase and increased vascular
tone, an effect that was associated with activation of
phospholipase C.409 Since the effects were abolished
by pertussis toxin, the D1-like receptor in the rat tail
artery is must be different from the D1-like receptor in
renal proximal tubules, because in this tissue phospho-
lipase C is pertussis-toxin resistant and linked to
Gq.142,410 When phospholipase Cβ1 is not expressed,
D1-like agonists can be indirectly linked to phospholi-
pase Cγ1 via PKA.139 The effect of dopamine in resis-
tance vessels may not be the same as that in conduit
vessels (e.g., aorta) and in the rat tail artery, which
may subserve a thermoregulatory function.

D2-Like Receptors

Both the D2SR and D2LR may act as autoreceptors in
certain nerves (GABA transmission), while the D2SR but
not the D2LR regulates glutamate release.411 However,
the D2SR but not the D2LR is involved in presynaptic
dopamine transmission, while postsynaptic dopamine
transmission is via the D2LR.

412 The D3R
413 but not the

D4R
414 can also function as an autoreceptor (presumably

located in prejunctional areas) and inhibit catecholamine
release. Prejunctional D2-like receptors in the kidney
inhibit norepinephrine release.415,416 This effect may
explain the ability of bromocriptine (D2R and D3R ago-
nist), but also with D1-like antagonistic properties, to
increase renal blood flow in the anesthetized rat,417,418

and the renal vasodilatory effect of endogenous dopa-
mine in humans on a low-sodium diet.419

The effect of postjunctional D2-like receptors on the
renal vasculature is inconsistent. When both α- and
β-adrenergic receptors are blocked in the dog kidney,
the renal vasodilatory effect of dopamine is antago-
nized by D1-like but not by D2-like receptor blockade.

395

However, in a similar preparation, bromocriptine has
been reported to decrease renal blood flow.420 In the
conscious, chronically instrumented dog on a moderate
sodium intake (40 mmol/day), low (picomolar) concen-
trations of quinpirole, a D2-like receptor agonist with
selectivity for the D3R and D4R over the D2R, also pro-
duces vasoconstriction.421 This result agrees with the
report that D3R stimulation constricts renal vessels in
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volume-loaded rats.422 In humans, D2-like receptor
blockade with L-sulpiride does not affect renal plasma
flow but potentiates the renal vasoconstrictor effect of
NO inhibition with L-NAME.423 D4R stimulation also
enhances the contractile response of guinea pig vas
deferens.424

In contrast to the above observations that D2-like
receptors induce vasoconstriction, in the preconstricted
isolated perfused rat kidney bromocriptine (D2R/D3R
agonist) induces vasodilation via postjunctional D2-like
receptors.425 In the norepinephrine- or high-potassium-
preconstricted rat mesenteric arterial rings, D3R stimu-
lation induces vasorelaxation.264,426 The vasodilatory
effect of D3R is caused by activation of potassium
channels (small- and/or large-conductance calcium-
activated potassium channels).264,426 Although the D3R
is present in the intima, the vasodilatory effects of the
D1R and D3R agonists are endothelium independent;
D1R is not expressed in the intima.264,426 In humans,
the renal vasodilatory effect of D2-like receptors is
reduced during sodium loading and increased during
sodium restriction.419 This is in contrast to the lack of
effect of sodium loading on the renal vasodilatory
effect of D1-like receptors.427

The D3R can augment the vasodilatory effect of the
D1R by mechanisms independent of signal transduc-
tion. In embryonic thoracic aortic smooth muscle cells
and coronary artery smooth muscle cells, stimulation
of the D1R increases D1R and D3R expression.264,426

However, the additive vasorelaxant effects of D1R and
D3R could not be explained by the increased expres-
sion of those two receptors, because the vasorelaxant
effect occurs within minutes following agonist
stimulation. Rather, the D1R and D3R may acutely and
physically interact with each other; D1R and D3R
co-immunoprecipitate within minutes after agonist
stimulation, consistent with the timeframe of the addi-
tive vasodilation effect of D1R and D3R.

264

The published studies show that D1-like receptors
cause renal vasodilation. Stimulation of pre-junctional
D2-like receptors should cause vasorelaxation, while
stimulation of post-junctional D2-like receptors can
result in either vasodilation or vasoconstriction. With
chronic sodium chloride loading, basal reactivity of
renal vessels may be enhanced by an increase in levels
of endogenous Na1/K1-ATPase inhibitor, e.g., oua-
bain, and an increase in intracellular sodium and cal-
cium.428 Ouabain, per se, can decrease renal D1R
expression and function.429 Under these conditions,
dopamine can further increase intracellular sodium by
stimulating NHE1 activity via D2-like receptors.430 The
increase in intracellular sodium increases sodium cal-
cium exchanger activity. The increase in intracellular
calcium increases vascular reactivity and, thus, dopa-
mine, via D2-like receptors which can then elicit

vasoconstriction. When renal nerve activity is
increased, as seen in renal nerve stimulation, low-
sodium diet, hypovolemia or during anesthesia, the
vasodilator effect of dopamine occurs via prejunctional
D2-like receptors,415,416 presumably of the D3R sub-
type.264,426 In addition, when renal vascular resistance
is increased, the D2-like receptor effect at postjunc-
tional sites would be that of vasodilation, since D2-like
receptors inhibit Ca21 channels and stimulate K1 chan-
nels, both of which can lead to vasorelaxation. Under
these conditions, a synergistic effect between D1- and
D2-like receptors may become evident.264,394,398,426 The
effect of dopamine on vascular tone may differ
between conduit (e.g., aorta) and resistance (e.g.,
mesenteric and renal arterioles) vessels. The increase
in vascular tone produced by D1-like receptor agonists
in conduit vessels may serve to increase perfusion in
downstream vessels dilated by D1-like receptors.

Glomerular Filtration

Although low concentrations (nM) of dopamine
consistently increase renal blood flow, this is not the
case for glomerular filtration rate.427,431,432 Normally,
low concentrations of dopamine dilate afferent and
efferent arterioles to the same degree, and therefore
transglomerular pressure remains unchanged.368

However, dopamine can ameliorate the reduced glo-
merular filtration rate caused by amphotericin B,433

radiocontrast material, and hypovolemic states.434 This
could be a direct effect on glomerular cells, since dopa-
mine can attenuate the contractile effect of angiotensin
II in isolated glomeruli.389 This effect is probably
exerted via D2-like receptors, because D1-like receptors
are not expressed in glomerular mesangial cells,
in situ.15,360,361,364,367,370�372,381,382 It is only after culture
that glomeruli express D1-like receptors and their stim-
ulation increases cAMP production.383,384,386,387 In iso-
lated dog glomeruli, dopamine increases cGMP
formation385 and in isolated rat glomeruli, dopamine
decreases adenylyl activity,15 in keeping with the pres-
ence of D2-like receptors252,357,376,381,388 (Table 19.1). In
vivo, D2-like receptors can decrease or increase glomer-
ular filtration rate, depending upon the state of renal
vascular D2-like receptor activation. When the interac-
tion of D1- and D2-like receptors results in a greater
vasodilatory effect on afferent than efferent arterioles,
glomerular filtration rate can increase.435 D2-like recep-
tors are involved in the increase in glomerular filtra-
tion rate associated with amino acid infusion, an effect
that is mediated by renal nerves.436 The D2-like recep-
tor-mediated decrease in renal blood flow is associated
with greater constriction of afferent than efferent arter-
ioles, resulting in a greater decrease in glomerular
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filtration rate than renal blood flow and, therefore, a
fall in filtration fraction.421,437

Tubuloglomerular Feedback

Tubuloglomerular feedback describes a mechanism
by which changes in distal tubular sodium chloride
delivery induce changes in afferent glomerular arteriolar
resistance mediated by the adenosine A1 receptor.

438�441

Tubuloglomerular feedback is initiated by transport of
sodium via sodium potassium 2 chloride transporters
type A (NKCC2A) and type B (NKCC2B) at the macula
densa.441 Because dopamine stimulates NKCC2 activ-
ity,442 it would be expected that dopamine should
promote the tubuloglomerular feedback. However,
dopamine inhibits tubuloglomerular feedback443 by
occupation of luminal D1R but not D2R on macula densa
cells that may be more evident during sodium surfeit.444

How can this be done when D1R stimulates NKCC2?442

There are several possible explanations. D1-like receptors
counteract the effect of adenosine A1 receptors on the
tubuloglomerular feedback.134 The heterodimerization of
the D1R and adenosine A1 receptor445 and D2-like and
adenosine A2A receptors446 inhibit dopamine receptor
function (see adenosine and dopamine receptor interac-
tion). Adenosine A2A receptors counteract the effect of
adenosine A1 receptors on tubuloglomerular feedback447

and dopamine (probably via D2-like receptors) counters
the effects of adenosine A2A receptors.446 Superoxide
anion activates 50-nucleotidase, thereby increasing aden-
osine generation in the kidney. Dopamine also induces
ecto-50nucleotidase in glomeruli448 and because ecto-50-
nucleotidase catalyzes the formation of adenosine, dopa-
mine should enhance tubuloglomerular feedback.438,440

However, the ability of dopamine receptors to inhibit
ROS production449 may also play a role, because ROS is
also involved in tubuloglomerular feedback.439 These
counteracting effects of dopamine on adenosine forma-
tion, adenosine receptor action, NKCC2, and ROS may
explain the variable effect of dopamine on tubuloglomer-
ular feedback.

RENIN, ANGIOTENSINOGEN, AND
ALDOSTERONE SECRETION

Dopamine can increase, decrease or have no effect
on renin secretion, in vivo.44 Dopamine can alter renin
secretion directly or indirectly by effects on blood pres-
sure and renal tubular ion transport. As indicated
above, rat and mouse juxtaglomerular cells express the
D1R

361,367,390 (Table 19.1). The D1R stimulates secretion
of renin in rat primary cultured cells.390,450 In pithed
rats and anesthetized dogs, dopamine and D1-like

receptor agonists increase renin release.451,452

However, in non-pithed rats, dopamine or a D1-like
receptor agonist inhibits renin secretion on a low or
normal salt diet, by inhibiting cyclooxygenase 2
expression.44 However, when cyclooxygenase 2 expres-
sion44 is already inhibited, as is the case with salt-load-
ing, D1-like receptor stimulation increases renin
secretion.44 In humans on low or high sodium
(300 mmol/day) intake D1-like receptor stimulation
does not affect renin secretion,427 in agreement with
the absence of D1R in human juxtaglomerular cells.372

D1-like receptor stimulation also does not affect plasma
renin activity in subjects with mild essential hyperten-
sion on an unmonitored sodium intake,453 but
increases it in hypertensive humans on a high
(150 mmol Na)454 or normal sodium intake.455 The role
of D5R on renin secretion in the rat remains to be
determined; D5R is expressed in rat364 but not in
mouse360 juxtaglomerular cells and deletion of Drd5
does not affect plasma or renal renin levels.360

In salt replete humans, D2-like receptor blockade
with metoclopramide does not affect plasma renin
activity456 but another D2-like receptor antagonist, dom-
peridone, inhibits the fall in plasma renin activity
induced by intravenous γ-L-glutamyl-L-dopa in
humans on an unmonitored salt intake.457 Disruption of
the Drd3 in mice leads to increased renin release and
renin-dependent hypertension.25 In contrast, deletion of
Drd4 does not affect plasma or renal renin levels.26 D2R
also probably do not play a role in renin secretion,
because they are not expressed in the juxtaglomerular
cell in rat,357 mouse or human kidney (unpublished
observations). Whether or not the reported effects of
dopamine and D1-like and D2-like receptors on renin
secretion are exerted at the macula densa remains to be
confirmed, but all the dopamine receptor subtypes have
been found in macula densa cells, albeit with species
variability (Table 19.1). These studies would suggest
that in humans, the predominant effect of dopamine
receptors on renin secretion is inhibitory, via D2-like
receptors. A stimulatory effect could occur in hyperten-
sive humans (see above), similar to that suggested in
Sprague-Dawley rats44, which are salt-sensitive.

D1R is expressed in the zona glomerulosa of rat
adrenal glands458 and increases aldosterone secretion
in isolated and cultured rat adrenal glomerulosa
cells.459 In humans, dopamine does not affect aldoste-
rone secretion in the salt-replete state460 but dopa-
mine461 inhibits angiotensin II-induced aldosterone
secretion. This would be in keeping with the attenua-
tion of angiotensin II-induced aldosterone secretion by
bromocriptine (D2R/D3R agonist) in human adrenal
cortical and adenocarcinoma cells.462 These observa-
tions are confounded by the report that stimulation of
D4R enhances463 angiotensin II-stimulated aldosterone
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TABLE 19.1 Renal Dopamine Receptor Subtype Expression (Normal Sodium Intake)

Dopamine

Receptor

Subtype

Species
Glomerulus

Proximal

Tubule

TDL,

ATL

TAL DCT
Collecting Duct

Juxtaglomerular

Apparatus

Arterial

Vessel

MC Podocytes PCT PST CCD OMCD IMCD JGC MD

D1R
mRNA mouse

rat No367 No367 Yesa,367 No367 No367 Yes367 Yes365,367 No367 No367 Yes367,390 No367 Yes367

human

Protein mouse Yes387* Yesb Nob Yesb Yesb Yesb Yesb Nob Yesb Yesb Yesb

rat Yes356c

No361, 364,365,
381,382

No356,361,364,365 Yes356,361,364 No361 No361

Yes364
Yes361, 364 Yes356,

361,364d
No361

Yes364d
No361

Yes356
Yesa,
361

Yes361 Yes361

human No372, 381,382 No372,381,382 Yes372 Yes372 Yes372 Yes372 Yes372d No372 No372 Yes372

D2R
mRNA mouse

rat Yes252 Yes252 Yes252 Yes252

human

Protein mouse Nob Nob Yesb Yesb Nob Yesb Yesb Yesb Nob Nob Nob Nob Nob

rat Yes357 No357 Yes357 No357 Yesb Yesb Yes357 Yes357,f Nob Yesb

human Nob Yesb Yesb Yesb Nob Yesb Yesb Yesb Yesb Nob Nob Nob Yesb

D3R
mRNA mouse

rat Yes252,388 Yes252,388 Yes252,388 Yes252

human

Protein mouse Yesb Yesb Yesb Yesb Yesb Nob Nob Nob Yesb Yesb

rat Yes357g,375

No374
Yes375

No374
Yes374,375 No374 No374 No374 Yes357,375

No374
Yes357, 375

No374
No374, 375 Yes357

No374,375
No374,
375

Yes391,i

Yes375

No374
Yes375

No374

human

(Continued)



TABLE 19.1 (Continued)

Dopamine
Receptor

Subtype

Species
Glomerulus

Proximal
Tubule

TDL,
ATL

TAL DCT
Collecting Duct

Juxtaglomerular
Apparatus

Arterial
Vessel

MC Podocytes PCT PST CCD OMCD IMCD JGC MD

D4R
mRNA mouse

rat Yes365

human

Protein mouse Yesb Yesb Nob Nob Yesb Yesb Yesb Yesb Nob Yesb Yesb

rat No357,365,376 Yes357,376 No376 Yes376 Yes357,365,.376 Yes365,376 Yes357,365,376 No365,
376

No365,
376

Yes376h

human

D5R
mRNA mouse Yes387*

rat Yesb Yesb Yesb Yesb

human

Protein mouse No360 No360 Yes360 Yes360 No360 Yes360 Yes360 Yes360 Yes360 No360 No360 No360 Yes360

rat No364 Yes213,364 Yes364 Yes364 Yes364d Yes364d Yes364 Yesb Yesb

human

*did not distinguish D1R from D5R
aYamaguchi I, Jose PA, Mouradian MM, et al. Expression of dopamine D1A receptor gene in proximal tubule of rat kidneys. Am J Physiol. 1993 Feb;264(2 Pt 2):F280�5.
bUnpublished data.
cNot universally expressed in the WKY rat, not expressed in the SHR.356

dNot indicated as to location in outer or inner medulla.
eExpressed in the WKY, not expressed in the SHR.357
fExpressed in intercalated cells.
gMore in SHR than in WKY.357
hDisappeared with renal denervation.
iIn culture.
The renal expression of dopamine receptor subtypes is species dependent. In the rat, all the dopamine receptors except the D5R are expressed in the outer and inner medulla213,252,356-365. The mouse kidney has

no dopamine receptors in the inner medulla360 (unpublished observations).

Abbreviations: Glom: glomerulus; MC: mesangial cell; PCT: proximal convoluted tubule; PST: proximal straight tubule; TDL: thin descending limb; ATL: ascending thin limb; TAL: thick ascending limb; DCT:

distal convoluted tubule, CCD: cortical collecting duct, OMCD: outer medullary collecting duct; IMCD: inner medullary collecting duct; JGC: Juxtaglomerular cell; MD: Macula densa.



secretion in the same human adrenal cortical and ade-
nocarcinoma cells. However, in hypertensive subjects,
the D2-like receptor agonist bromocriptine (D2R/D3R
agonist) decreased renin and aldosterone secretion
which was reversed by metoclopramide, a non-selec-
tive D2-like receptor antagonist.464 Metoclopramide
did not affect aldosterone levels in saline-loaded nor-
mal and heart failure subjects.465 Because saline load-
ing normally decreases aldosterone levels, this study
suggests that dopamine does not normally stimulate
aldosterone secretion.465 However, the inhibitory effect
of D2R on aldosterone secretion is consistent with the
increase in urinary aldosterone in D2

2/2 mice.47 In con-
trast, urinary aldosterone is not different between D4

2/

2 and D4
1/1 mice, D3

2/2 and D3
1/1 mice (unpub-

lished studies) or D5
2/2 and D5

1/1 mice.360 Thus,
dopamine probably normally is inhibitory of aldoste-
rone secretion, mainly via the D2R.

Autocrine/Paracrine Regulation of Renal
Function by Dopamine

The autocrine/paracrine regulation of renal tubular
sodium transport, via D1-like receptors, is mediated by
tubular and not by hemodynamic mechan-
isms18�21,371,466,467 (also see below). Systemically
administered dopaminergic drugs may not mimic the
autocrine/paracrine function of dopamine. The quanti-
tative contribution of each dopamine receptor subtype
on renal sodium transport remains to be determined.
However, the D1R is responsible for �80% of D1-like
receptor activity in renal proximal tubule cells468; D5R
may be more important in the distal nephron,360 while
the D3R may regulate glomerular dynamics.422 Each of
the dopamine receptor subtypes, alone or via interac-
tion with the other dopamine receptor subtypes or
other GPCRs, regulates sodium transport in a unique
fashion.30 Indeed, disruption of any of the dopamine
receptor genes results in hypertension, the pathogene-
sis of which is specific for each subtype.22�27

REGULATION OF ION AND WATER
TRANSPORT

Ion Transport

Euvolemia and Moderate Volume Expansion

Dopamine and its receptors are important in the reg-
ulation of ion transport during euvolemia or moderate
volume expansion, but have a minor role under marked
volume expansion.49,117 Inhibition of renal dopamine
production by pharmacological inhibition of DOPA
decarboxylase activity469 or silencing of Ddc in mouse
proximal tubule470 impairs the ability to excrete a

sodium load. In contrast, inhibition of the breakdown of
renal tubular dopamine by inhibition of COMT but not
MAO activity increases sodium excretion.471 Deletion of
Comt in mice, however, decreases the natriuretic
response to an acute sodium load, apparently because
in these mice, basal renal dopamine production is
increased and is not futher increased by saline load-
ing.472 The increase in ion excretion caused by dopa-
mine or D1-like receptor agonists cannot be entirely
ascribed to its ability to increase renal blood flow or glo-
merular filtration rate.21,371,427,431,432,466,467,473 Reduction
in renal blood flow to control values decreases but does
not abolish the natriuretic effect of the D1-like receptor
agonist fenoldopam administered into the renal
artery.396 Rather, dopamine can directly inhibit renal
tubular ion transport by inhibition of ion
transporters, sodium channels, and sodium pump
activity.18�21,28�31 The short-term inhibition of ion trans-
port by dopamine involves alteration in enzyme kinet-
ics89,474 and internalization of ion transporters/
pump.132,242,249,301,302,475�482 The long-term inhibition of
sodium transport by dopamine may involve regulation
of protein expression by decreasing gene transcription
and translation, and increasing their degradation.360

The inhibitory effect of dopamine on ion transport is
not simply a direct effect, but is modulated by its regula-
tion of the release or secretion of other hormones/
humoral substances. Hormones which directly inhibit
ion transport interact with dopamine to increase (e.g.,
angiotensin III/AT2R,

43 ANP/ANPA,36,483�485 eicosa-
noids,37,38,358,486 nitric oxide,41,423,487,488 prolactin,42,489 and
urodilatin36) their inhibition of ion and water transport. In
addition, dopamine negatively interacts with hormones
that increase ion transport (e.g., angiotensin II,45,46,490�494

insulin,495,496 renin,44 angiotensin II/AT1R,
45,46 and aldo-

sterone37,47,48,461,463) and water transport (e.g.,
vasopressin51,365,497�499). The natriuretic effect of D1-like
receptor stimulation persists even after renal
denervation.67

The inhibitory effects of dopamine, via D1-like recep-
tors, on renal ion transport in vivo is well-established
(vide infra). In contrast, the effect of D2-like receptor ago-
nists on ion transport in vivo has not been consistent;
reports have found no effect,395,418 a decrease421,437,500

or an increase in sodium excretion.24,419,501,502 The effect
of blockade of D2-like receptors may not become evi-
dent unless the nitric oxide mechanism is impaired.423

The D2R and D2-like receptors have been reported to
stimulate Na1K1-ATPase.267,278,503,504 The D2R/D3R
agonist, bromocriptine, transiently increases basolateral
chloride transport in the isolated mTAL.505 However,
D2-like receptor stimulation inhibits the stimulatory
effect of angiotensin II on Na1K1-ATPase.493

Stimulation of D3R also inhibits NHE3 activity.506

The apparent discrepancies in these studies may be
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related, in part, to the status of the extracellular fluid
volume.24,419 For example, a two-day administration of
quinpirole, a D2R/D3R agonist, increased while a D2R
antagonist decreased sodium excretion in D2

1/1 mice
fed high but not normal sodium diet.24 Because D1-like
receptor effect is increased with moderate sodium
loading,18�22,29�31,49,466,507 this would indicate the need
of D1-like receptors for D2-like receptors to inhibit Na1

transport.268,473,508,509 A selective D3R agonist, 7-OH-
DPAT, increases sodium excretion in rats on a normal
and high salt diet.501 The natriuresis in rats with strepto-
zotocin-induced diabetes is decreased by D3R antago-
nist.502 However, the natriuretic effect of another D3R
agonist, pramipexole, is blocked by a D1-like receptor
antagonist.266 The natriuretic effect of dopamine has
also been shown to depend on the activation of both D1-
like and D2-like receptors.508 Therefore, the inhibitory
effect of D2-like receptors on sodium transport may not
be observed, unless the animals are salt-loaded, a state
that enhances the natriuretic effect of D1-like receptors.

In hypovolemic or euvolemic states where vasopres-
sin levels are elevated, the ability of D2-like receptor
agonists, probably acting via the D4R, to inhibit the
effects of vasopressin498,510 may obscure any stimula-
tory effect of D2-like receptors, probably via the D2R,
on water and ion transport in more proximal parts of
the nephron. However, preliminary studies suggest
that D4R stimulation inhibits NCC activity in mouse
renal distal convoluted tubule cells.511

Dopamine inhibits ion and water transport in the
proximal and distal nephron,427,512�514 as estimated
from lithium clearance studies. It must be noted that
the renal tubular site of action of endogenous dopa-
mine and its agonists on ion transport may not always
match that given exogenously. Most of the renal dopa-
mine is produced in the proximal tubule, and so its
effects in the distal nephron could be limited while
exogenously administered dopamine would reach all
nephron segments equally.

Luminal Membrane

Proximal Tubule

As stated earlier, all the dopamine receptor subtypes
are expressed in the proximal tubule. The stimulation
of D1-like receptors decreases the activity of several ion
transporters, including the sodium hydrogen exchanger
3 (NHE3, SLC9A3),22,127�133,515 sodium phosphate co-
transporter (NaPi-IIa/SLC34A1 and NaPi-IIc/
SLC34A3)242,476,482,516�519 and Cl2/HCO3

2 exchanger
(SLC26A6)520 at the luminal membrane. G-protein-
dependent, cAMP/PKA-, PKC-, NHERF-1-, and phos-
phatase-dependent and -independent mechanisms are
involved in the dopamine or D1-like receptor inhibition

of NHE3, Na1/Pi2, Na1/HCO3, and Cl2/HCO3
2

exchanger activity, including their translocation out of
the brush border membranes into the
cytosol.127,130�133,249,476�482,515,518 The signaling path-
ways by which D1-like receptors inhibit NHE3 activity
may be species-specific, involving PKA only in rat and
human renal proximal tubule cells (Figure 19.2), but
involving both PKA and PKC in renal opossum kidney
cells.521 Specific PDZ domains of Pals-associated tight
junction protein (PDZ 2, 4 or 5) or NHERF-1 (PDZ 2)
may be important in organizing the signaling pathways
by which dopamine inhibits sodium transporter/pump
activity.249,477�480,518,522 In contrast, NHERF3/4 regu-
lates the internalization of NaPiIIa.482

The D3R
506 and D4R may also regulate NHE3

(Table 19.2) because its expression is increased in
D3

2/2 and D4
2/2 mice on normal salt intake.523

However, the inhibitory effect of the D3R on NHE3
activity in renal proximal tubules is not linked to Gαs
because pretreatment of the cells with cholera toxin
did not prevent the D3R effect. Rather, the D3R-medi-
ated inhibition of NHE3 activity in renal proximal
tubules is related to Gαi3, stimulation of PKC, and
modulation of intracellular calcium.259 The effect of
the D3R, in the rat, is probably independent of
changes in intracellular cAMP because renal proximal
tubules do not express adenylyl cyclase V.220 In
mesenteric arteries, D3R causes vasodilation that is
mediated by inhibition of Ca21 channels and modula-
tion of K1 channels,264 in agreement with the sugges-
tion that the linkage of the D3R to other effectors,
such as inhibition of K1 and Ca21 may be more sensi-
tive than the weak linkage to G-proteins.258

Loop of Henle

The mTAL expresses the D1R, D3R (in the mouse
but not in the rat), D4R, and D5R. D1-like and D2-like
receptor agonists administered to the apical membrane
of the rat mTAL do not affect chloride transport.
However, their application to the basolateral mem-
brane decreases chloride transport via D1-like recep-
tors505 that is unrelated to PKA or PKC, but rather to
PLA2-mediated formation of 20-HETE.524 Incubation
of mTAL suspensions with dopamine increases
sodium potassium 2 chloride co-transporter (NKCC2,
SLC12A1) activity.442 Indeed, NKCC2 activity is stimu-
lated by PKA and PKC, but inhibited by 20-HETE.525

The PKA-mediated stimulation of Na1/K1-ATPase
activity is observed only under oxygenated conditions,
but is overridden by PLA2 inhibitory pathways under
hypoxic conditions.526 Therefore, overall ion transport
is inhibited, probably because of inhibition of basolat-
eral chloride505 transport and Na1/K1-ATPase activ-
ity.442,527 The D1-like receptor-mediated stimulation of
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NKCC2 may be important in K1 recycling in the
mTAL.442 Bromocriptine (D2R/D3R agonist) increases
chloride transport, albeit transiently,505 reminiscent of
the ability of this agonist to increase Na1/K1-ATPase
activity in renal proximal tubules.267 However, the
D4R and D5R may negatively regulate NKCC2 expres-
sion because its expression is increased in D4

2/2

(unpublished) and D5
2/2 mice.360 NKCC2 expression

is not altered in D2
2/2 and D3

2/2 mice and has not
been reported in D1

2/2 mice (Table 19.2).

Distal Convoluted Tubule

The distal convoluted tubule expresses all the dopa-
mine receptor subtypes, but their effect on ion trans-
port in this nephron segment has not been reported,
except for D4R which inhibits NCC.511 However, the
D2R, D3R, D4R, and D5R may regulate NCC because its
expression is increased in D2

2/2, D3
2/2, D4

2/2 and
D5

2/2 mice360,528 (unpublished data). NCC expression
has not been reported in D1

2/2 mice (Table 19.2).

Cortical Collecting Duct

D1-like receptor stimulation of the rabbit cortical col-
lecting duct depolarizes the luminal membrane and

increases cAMP production.363,530 D5R may regulate
ENaC because α- and γ-subunit expressions
are increased in D5

2/2 mice360; sodium transporters in
D1

2/2 mice have not yet been quantified. Dopamine, via
D4R, at the basolateral membrane decreases sodium
transport in the rabbit cortical collecting duct.529 The
D4R may also inhibit the increase in sodium transport
mediated by vasopressin, via a decrease in cAMP.365,498

αENaC is increased in D4
2/2 mice but only following a

high salt diet (unpublished observations). ENaC expres-
sion is not altered in D2

2/2 and D3
2/2 mice. ENaC

expression has not been reported in D1
2/2 mice

(Table 19.2).

Medullary Collecting Duct

The D1R is expressed in the collecting duct or in the
outer but probably not in the inner medulla, while the
D5R is also expressed in the outer but not in the inner
medullary collecting duct in the mouse kidney.360,528

Indeed, dopamine does not stimulate cAMP produc-
tion in the rat inner medullary collecting duct.369 D2-
like receptors are expressed in the medullary collecting
duct; the D2R is expressed in the intercalated cells,357

while D3R and D4R are not differentially expressed
between intercalated and principal cells.357,528 A D2-like

FIGURE 19.2 Schematic model of the intracellular 2nd messenger pathways known for the dopamine-1 and dopamine-5 receptors
(D1R, D5R) in the human renal proximal tubule cell. The D1R is coupled through Gas to stimulate adenylyl cyclase activity which converts
ATP to cAMP. cAMP dependent protein kinase A (PKA) then inhibits the sodium hydrogen exchanger type 3 (NHE3); GaS can also directly
inhibit NHE3. The D5R interacts with Gaq to stimulate phospholipase C (PLC)230 which converts phosphatidylinositol 4,5-bisphosphate (PIP2)
to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (The co-activation of D1R and D2R can also increase PLC activity.226) DAG and
IP3, through its release of intracellular calcium (Ca21), stimulate protein kinase C (PKC). Na1/K1-ATPase is then inhibited via a c-Src-medi-
ated pathway. The inhibitory effect of D1-like receptors on Na1/K1-ATPase also involves PKA in the distal convoluted tubule and cortical col-
lecting duct, while eicosanoids are involved in all nephron segments, including the mTAL241,522,530,539,540�544; PKC may also be involved in the
inhibition of Na1/K1-ATPase in the mTAL.527 (The authors acknowledge Robby Van Sciver for producing this diagram.)
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receptor has been shown to stimulate PGE2 production
in rat inner medullary collecting duct cells.358,359 The
specific D2-like receptor involved is not known, but
only the D4R is expressed in the inner medullary col-
lecting duct; the expression of the D2R has not been
consistently shown (Table 19.2).528 It is not clear if
dopamine regulates ion transport in the medullary col-
lecting duct. Indeed, the inhibitory effect of dopamine
on vasopressin-induced water permeability and cAMP
accumulation in the rat inner medullary collecting
duct is mediated by the α2 adrenergic receptor.368

Basolateral Membrane

D1-like receptors inhibit the electrogenic Na1/
HCO3

2 co-transporter (NBCe1A, SLC4A4) expressed
in the basolateral membrane of the proximal tubule481

and Na1/K1-ATPase expressed at the basolateral
membrane in all nephron segments studied (proximal
tubule, thick ascending limb of Henle, cortical collect-
ing duct).17,38,89,268,293,301,304,318,319,477�480,495,522,526�543

Although stimulation of D2-like receptors may increase
Na1/K1-ATPase activity,267,373,503 the inhibitory effect
of dopamine on Na1/K1-ATPase activity may require
simultaneous stimulation of D1-like and D2-like recep-
tors,268 and could result in a potentially greater inhibi-
tion of the sodium pump caused by D1-like receptors.
For example, in the rat proximal tubule (but not in the
mTAL or cortical collecting duct) D2-like receptors act
in conjunction with D1-like receptors to inhibit Na1/
K1-ATPase activity and decrease sodium transport,
similar to that proposed for NaPiII545 and NHE3.546

Under normal circumstances, dopamine receptors
probably do not regulate the expression of the α-sub-
unit of Na1/K1ATPase, because its expression is not
altered in D2

2/2, D3
2/2, D4

2/2, and D5
2/2 mice on a

normal salt intake360,523,528 although this has not been
studied in D1

2/2 mice.
The inhibitory effect of D1-like receptors on Na1/

K1-ATPase is mediated by cAMP/PKA, certain PKC
isoforms, and 20-HETE. The overall consequence of
D1-like receptor stimulation is internalization of Na1/

TABLE 19.2 Characteristics of Mice With Knockout of Dopamine Receptor Subtype Gene (Normal Sodium Intake Unless Indicated)

Variable D1
-/- D2

-/- D3
-/- D4

-/- D5
-/-

Blood Pressure High22 High23,47 High25, Normal560* High26 High27,232,234

Salt Sensitivity
(chronic
NaCl load)

Yes# BP increased only with
sodium load24

Yes#, No560* Yes# Yes234,360

Increased Na1

transporter/
exchanger,
channel

ND NHE3, NCC# NHE3, NCC# NHE3,
NKCC2,
NCC#

NKCC2, NCC, α &
β ENaC subunits360

Na1K1ATPase,
a subunit

ND Low activity23 and protein# Normal# High# Normal360

GPCR (kidney) ND Normal AT1R
#, normal

response to ARB, increased
ETBR23

High AT1R
342, High

AT1R
26

High AT1R
a,46, 360

Renin-
Angiotensin

ND ND High25 Normal26 Normal360

Aldosterone ND High47 Normal# Normal# Normal360

Reactive
Oxygen Species

ND High47 Normal# Normal# Higha, 234

Inflammation ND High# Normal Normal# ND

Body Weight Low 22,561 Normal23,24,47, Lowb Normal25,560, Fat load increases body weight in
males; increased body fat in males and
femalesc

Normal26 Normal360

ND 5 not determined, # unpublished, *chronic administration of D3R antagonist causes salt-dependent hypertension in rats.501 Please read text for important

details.

a. Asico L, Zhang X, Jiang J, et al. Lack of renal dopamine D5 receptors promotes hypertension. J Am Soc Nephrol. 20;22(1):82�89.
b. Kim KS, Yoon YR, Lee HJ, et al. Enhanced hypothalamic leptin signaling in mice lacking dopamine D2 receptors. J Biol Chem. 2010;285

(12):8905�8917.
c. McQuade JA, Benoit SC, Xu M, Woods SC, Seeley RJ. High-fat diet induced adiposity in mice with targeted disruption of the dopamine-3

receptor gene. 2004;151(1�2):313�319.
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K1-ATPase subunits.301,477�480,533�536,540 The inhibitory
effect of D1-like receptors on Na1/K1-ATPase involves
PKC in the proximal convoluted tubule (Figure 19.2)
and PKA in the distal convoluted tubule and
cortical collecting duct, while the eicosanoids are
involved in all nephron segments, including the
mTAL,241,522,530,539,540,544 PKC may also be involved in
the inhibition of Na1/K1-ATPase in the mTAL.527

20-HETE is important in the ability of dopamine to
inhibit Na1/K1-ATPase activity in rat renal cortex,
because it overrides the stimulatory effect of PKA.38,544

In the renal medulla, but not in the renal cortex,
PKA544 and phosphatase inhibition also contribute to
the inhibition of Na1,K1-ATPase activity that may be
related to DARPP-32 inhibition of PP-1,293,317,543 in the
case of dopamine.

The effect of dopamine on Na1/K1-ATPase is
tissue-specific. As stated above, dopamine inhibits
Na1/K1-ATPase activity in renal cortical and medul-
lary tubules.17,38,89,268,293,301,304,318,319,477�480,495,522,526�543

However, the regulation of the phosphorylation of
Na1/K1-ATPase at Ser-23 is different between the
proximal convoluted tubule and thick ascending limb
of Henle; PKC phosphorylates Na1/K1-ATPase at
Ser-23 in the proximal tubule but not in the mTAL.527

D1-like receptors may actually stimulate Na1/K1-
ATPase activity in human ciliary nonpigmented epi-
thelial547 and pulmonary alveolar cells.548 D2LR also
stimulates Na1/K1-ATPase in murine fibroblasts.503

D1R and D2R, on the one hand, and Na1/K1-ATPase,
on the other, can also negatively regulate each other in
HEK293T cell by direct protein�protein interaction.549

While the inhibition of Na1/K1-ATPase in the kidney
by dopamine under conditions of sodium chloride
excess is beneficial, inhibition of Na1/K1-ATPase
activity in neuronal cells by high concentrations of
dopamine can lead to cell death.550 Inhibition of Na1/
K1-ATPase activity in vascular smooth muscle cells
would increase vascular resistance, as has been
reported in the rat tail.409 Low concentrations of dopa-
mine, however, decrease systemic vascular resistance
probably by mechanisms other than via regulation of
sodium transporter or pump activity,264,551,552 e.g.,
opening of potassium channels274,553�555 (vide supra,
“Dopamine and Renal Hemodynamics”).

Water Transport

Dopamine may also regulate water transport.497

Dopamine inhibits arginine vasopressin-mediated
increase in water transport,510 via the D4R in the rat
cortical collecting duct.498 Dopamine has been reported
also to inhibit vasopressin-stimulated increase in water
permeability in inner medullary collecting duct
cells.368 Although it has been claimed to be exerted at

a2-adrenergic receptors, the effect could be498 inhibited
by clozapine, a D4R antagonist. The dopamine-medi-
ated reversal of vasopressin-mediated increase in
water transport has been related to a decrease in
expression, and increase in phosphorylation, of aqua-
porin 2 at the apical plasma membrane.499 In addition,
dopamine, via D4R, increases the ubiquitin-mediated
degradation of aquaporin 2 in lysosomes and
decreases the aquaporin 2 transcription by decreasing
vasopressin-induced increase in cAMP production.497

D1-like receptors probably do not play a role in the
vasopressin-mediated transport, at least in the rat
inner medullary collecting duct, because dopamine
does not increase cAMP levels in this nephron seg-
ment.369 Aquaporin 4-mediated increase in basolateral
permeability is also impaired by dopamine, via a yet
to be determined receptor subtype that is linked to
PKC.556 The D2R can regulate aquaporin 4 in glial
cells,557 but is probably not the dopamine receptor
involved in the medullary collecting duct because the
D2R is not expressed in principal cells of this nephron
segment.357 The diuresis associated with hypotonic
saline loading has been related to the ability of D1-like
receptor antagonist to decrease vasopressin release.51

However, dopamine is known to increase vasopressin
secretion from the hypophysis.558 This discrepancy
could be taken to indicate that the dopamine-mediated
release of vasopressin may be influenced by the state
of volume expansion.

Hypovolemia

In contrast to the natriuretic effect of endogenous
renal dopamine in euvolemic and in moderately
volume-expanded states, in sodium-depleted states the
D1-like agonist, fenoldopam, does not affect sodium
excretion,427 while dopamine actually decreases sodium
excretion.56 A limited number of studies have assessed
the dopamine receptor subtype that may increase renal
sodium reabsorption in hypovolemic states. In con-
scious, chronically instrumented dogs on a sodium
intake of 40 mmol/day, quinpirole (D3R and D4R ago-
nist) decreased sodium excretion as a consequence of
both a decrease in renal blood flow and an increase in
tubular sodium reabsorption.421 Dopamine has also
been reported to stimulate NHE3 and Na1/K1-ATPase
activity in rabbit renal proximal tubule cells559 and
NKCC2 in mTAL442; bromocriptine (D2R/D3R agonist)
stimulates Na1/K1-ATPase activity in rat renal proxi-
mal tubule cells267 and increases chloride transport in
the mTAL.505 Stimulation of the D2SR or D2LR heterolo-
gously expressed in murine LTK-cells increased Na1/
K1-ATPase503 and NHE1430 activity. These may be the
mechanisms by which dopamine increases sodium
transport during hypovolemia.56
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Dopamine Receptor Subtype Mutant Mice

The deletion of dopamine receptor subtype in mice
has helped to determine the role of each dopamine
receptor subtype in the regulation of renal function
and blood pressure.22�27,30,232,234,360,511,523,528,560 Each
dopamine receptor subtype participates in the regula-
tion of blood pressure by mechanisms specific for the
subtype. As described above, some receptors influence
epithelial transport. Others, as described below, regu-
late blood pressure by influencing the central and/or
peripheral nervous system and regulating the secretion
and receptors of several humoral agents (Table 19.2).

D1R Mutant Mice

D1
2/2 mice are growth retarded without obvious

neurological defects, but exhibit a decrease in rearing
behavior.561 The low survival after weaning is caused
by decreased feeding ability. D1

2/2 mice and D1
2/1

mice (C57BL/6 background) on a normal NaCl diet
have higher systolic and diastolic blood pressures
than D1R wild-type (D1

1/1) mice.22 Homozygous
D1

2/2 mice do not increase renal tubular cAMP accu-
mulation in response to dopamine stimulation, but
the response to parathyroid hormone is intact. These
data indicate D1R specificity in the increased blood
pressure in mice.22 However, it is not clear why the
other D1-like receptor, D5R, is unable to compensate
for the lack of D1R; D5R expression is not altered in
D1

2/2 mice193,229 and D1R expression is not altered in
D5

2/2 mice.27 The hypertension of D1
2/2 mice is

aggravated by an increase in salt intake (Table 19.2).
The hypertension of D1

2/2 mice is aggravated by an
increase in salt intake (Table 19.2).

D2R Mutant Mice

D2
2/2 mice in C57BL/6J background have

decreased motor activity but rotarod performance is
not impaired.192 D1-like receptor binding may be
decreased, while D3R is transiently increased after
birth in D2

2/2 mice.192 D2
2/2 and D2

2/1 mice
(C57BL/6J) on a normal NaCl diet have higher systolic
and diastolic blood pressures than D2 wild-type
(D2

1/1) mice.23 α-Adrenergic blockade decreases
blood pressure to a greater extent in D2

2/2 mice than
in D2

1/1 mice, but acute adrenalectomy decreases
blood pressure to a similar level in D2

2/2 and D2
1/1

mice. ETB receptor expression is greater in D2
2/2 mice

than in D2
1/1 mice, and ETB receptor blocker

decreases blood pressure in D2
2/2 mice but not D2

1/1

mice. D2
2/2 mice also have increased production of

ROS; increasing antioxidant activity with hemin nor-
malizes the increased blood pressure.47 These data
indicate that D2

2/2 mice may have enhanced vascular
reactivity caused by increased sympathetic and ETB

receptor activities, and oxidative stress.47 The D2
2/2

mice also have increased production of aldosterone,
and treatment with a mineralocorticoid receptor
blocker normalizes blood pressure but not the
increased oxidative stress in these mice,47 indicating
that the increased mineralocorticoid activity is distal to
the increased oxidative stress. In an unspecified strain
of D2

2/2 mice, blood pressure is increased only when
the mice are fed a high-salt diet; this is associated with
a decrease in renal AADC activity and renal dopamine
production. Sympathetic activity is not increased in
these D2

2/2 mice.24 The differences between the two
strains of D2

2/2 mice could be related to differences in
the genetic background,153 similar to the differences in
behavior of D2

2/2 mice from different genetic
backgrounds.192,193

D3R Mutant Mice

The locomotor phenotype of D3
2/2 mice does not

resemble that of D2
2/2 mice. D3

2/2 mice may show a
transient locomotor hyperactivity in a novel environ-
ment.562 The D3R may be involved in seeking behavior
for natural reinforcers such as food in rodent models
of obesity563; D3

2/2 mice fed a high fat diet become
obese.564 D3

2/2 and D3
2/1 mice (C57BL/6J) on a nor-

mal NaCl diet have both higher systolic and diastolic
blood pressure than their wild-type (D3

1/1) litter-
mates.25 These D3

2/2 and D3
2/1 mice have increased

renal renin production, but sustained decrease in
blood pressure with AT1R blockade is observed in the
D3

2/2 but not D3
2/1 or D3

1/1 mice.25 An unspecified
strain of D3

2/2 mice has normal blood pressure
regardless of salt intake.560 Nevertheless, these two
strains (C57BL/6 and an unspecified strain) of D3

2/2

mice have decreased sodium excretion after an acute
or chronic sodium chloride load. Differences in pheno-
types can occur depending on the genetic background,
and even the same mouse strain from different com-
mercial sources. For example, the blood pressure of
C57BL/6 from Jackson Laboratories is salt-sensitive
while the blood pressure of C57BL/6 mice from
Taconic is salt-resistant.153 The salt-sensitive hyperten-
sive phenotype of human G-protein-coupled receptor
kinase type 4 (GRK4) 486V transgenic mice is depen-
dent on the percentage of genetic background from
salt-resistant SJL mice.565

D4R Mutant Mice

D4R deficient (D4
2/2) mice have impaired photore-

ceptor response, reduced response to novelty, but atten-
uated locomotor response to amphetamine, but not to
methylphenidate or cocaine.192 Congenic D4

2/226 but
not D4

2/1 (Table 19.2) mice have increased systolic and
diastolic blood pressures. The blood pressure is
increased further with increased sodium intake in
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D4
2/2 mice (Table 19.2) but the effect of sodium intake

on blood pressure in D4
2/1 has not been tested. D4

2/2

mice do not have altered circulating or renal renin or
aldosterone levels.26 Renal and brain, but not cardiac,
AT1R expression is increased in D4

2/2 mice. The hypo-
tensive effect of a bolus intravenous injection of the
angiotensin type 1 receptor blocker, losartan, persists
longer in D4

2/2 than in D4
1/1 mice. Thus, the hyper-

tension brought about by the absence of the D4R is
mediated, in part, by increased AT1R expression , simi-
lar seen in D3

2/2 and D5
2/2 (vide infra).26

D5R Mutant Mice

D5
2/2 mice have no impairment in learning and

memory.27,192 D5
2/2 mice have normal expression of

the other dopamine receptors, including the D1R, a fea-
ture found in the other dopamine receptor subtype
knockout mice except for the D2

2/2 mice.192 D5
2/227

and D5
2/1 mice are hypertensive. As with the D4

2/2

mice (Table 19.2), the blood pressure is increased further
with increased sodium intake in D5

2/2 mice.360

Epinephrine/norepinephrine ratio and the hypotensive
response to the acute administration of an α-adrenergic
blocker are greater in D5

2/2 mice than their D5
1/1 lit-

termates, indicating that increased sympathetic activity
plays a role in the elevated blood pressure observed
with deletion of the Drd5 gene.27 Central nervous sys-
tem pathways involving glutaminergic, oxytocin, vaso-
pressin, and adrenergic receptors are important in the
pathogenesis of hypertension in D5

2/2 mice.27 Besides
these central nervous system mechanisms, renal
AT1R

46,567 and increased production of ROS are also
involved232,234 in the hypertension of D5

2/2 mice.

DOPAMINE RECEPTOR INTERACTIONS

Interaction among the Dopamine Receptors and
with Other GPCRs in the Regulation of Renal
Function and Blood Pressure

Dopamine Receptor Subtype Interaction

D1-like and D2-like receptors266,473,508,509 interact to
enhance the natriuretic effect of dopamine in sodium-
replete states. In sodium-replete states, the synergistic
interaction between D1-like and D2-like receptors to
increase sodium excretion occurs by inhibiting
NHE3546 and Na1/K1-ATPase38,268,362 activity, as
stated above.

D1R and D3R

D1R and D3R synergistically interact to decrease
sodium transport in renal proximal tubule
cells265,266,426 and to relax vascular smooth muscle
cells.264,283 D1R and D3R reciprocally regulate each

other’s function and trafficking in HEK293 cells heter-
ologously expresses tagged D1R and D3R, but not
D5R.

262 This has to be reconciled to the fact that GαS,
which by itself decreases NHE3 activity independently
of PKA,130 is linked to both D1R

30,183�193,687 and
D3R.

253 Gαq/11, involved in the D1-like receptor inhi-
bition of Na1/K1-ATPase,410 can also be linked to
D3R.

568 The natriuretic action of the D3R agonist pra-
mipexole is partially blocked by a D1-like receptor
antagonist.266 The D3R co-localizes with D1R in renal
proximal tubule cells of WKY rats and in these cells,
stimulation of D3R increases both the co-immunopre-
cipitation of D1R with D3R, and the protein expression
of D1R.

265 The individual inhibitory effect of either D1-
like receptors or the D3R on transporters is not 100%,
not always on the same transporter or in the same
nephron segment, and thus, additive or even synergis-
tic effects are possible with co-stimulation. In mouse
brain, the ALG-2 interacting protein 1 may be impor-
tant in the interaction between D1R and D3R.

569

Whether or not this protein is also important in D1R
and D2R interaction in the kidney remains to be
determined.

The D3R promotes natriuresis, in the short-term,
alone388,501,502 and by interacting with the D1R.

266 In
the long-term, the D3R increases the expression of
D1R.

426 The interaction between D1R and D3R recep-
tors is absent or impaired in hypertension, and results
in defective inhibition of sodium transport and relaxa-
tion of vascular smooth muscles and ultimately in the
development or maintenance of high blood
pressure.264,265,283,426

D2R and D3R

In HEK293 cells, activation of heterologous D2R
inhibits both adenylyl cyclases V and VI, while activa-
tion of D3R inhibits only adenylyl cyclase V and does
not affect the activity of adenylyl cyclase VI.258

However, when D2R and D3R are co-expressed in a
monkey kidney cell line, lower concentrations of a D2-
like receptor agonist are needed to induce inhibition of
adenylyl cyclase VI than those needed in cells expres-
sing only the D2R.

263 This suggests that the D2R/D3R
heterodimer may enable the G-protein coupling of the
D3R to adenylyl cyclase VI. The D3R, however, cannot
inhibit adenylyl cyclase V in the rat renal proximal
tubule, because this isoform is not expressed in this rat
nephron segment.220

D1R, D5R, and D2R

D1R and D2R heterodimerize in expression sys-
tems570 and neural tissues,571 and the degree of recep-
tor protein�protein interaction is significantly
enhanced by concomitant addition of D1R and D2R
receptor subtype-specific agonists.570 The physical
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interaction between D1R and D2R is increased by the
chaperone, calnexin.338 The co-activation of D1R and
D2R increases phospholipase C products571 and eicosa-
noids572 which inhibit sodium transport. In the brain
striatum, the D1R and D2R complex activates cal-
cium�calmodulin-dependent protein kinase 2α.573 The
D1R can inhibit the cellular sequestration of D2R and
could explain the synergy between these two dopa-
mine receptor subtypes.256 The D2R also hetero-
oligomerizes with D5R, which causes a decrease in
D5R-mediated increase in intracellular calcium
levels.227 However, there is no evidence of a D1R and
D2R or D5R and D2R heterodimerization in renal
tubule cells. It remains to be determined whether or
not D1R and D5R interact to regulate renal ion.

D4R and Other Dopamine Receptor Subtypes

A direct interaction between D4R and the other dopa-
mine receptor subtypes has not been reported.
However, the dopaminergic regulation of glutamate
N-methyl-D-aspartate receptor activity in the amygdala
may be due to a functional interaction between D1R
and D4R.

574 Gene�gene interaction between D2R and
D4R is associated with the development of conduct dis-
order and adult antisocial behavior in males.575

Dopamine Interaction with Other GPCRs

The dopamine receptor subtypes interact with sev-
eral GPCRs, e.g., D1R and μ opioid receptor,576 and N-
methyl-D-aspartic acid glutamate receptor.577�579 Only
those receptors that have been shown to be involved
or have the potential to be involved in the regulation
of renal function are included in this review.

Adenosine Receptors

Stimulation of renal adenosine receptors lowers glo-
merular filtration rate by constricting afferent arterioles,
and exerts differential effects on NaCl transport along
the nephron, depending upon the adenosine receptor
subtype; the adenosine type 2 receptor decreases (adeno-
sine A2b promotes chloride secretion), while the adeno-
sine A1 receptor increases sodium transport. Adenosine
antagonizes some effects of dopamine. The dopamine-
mediated inhibition of tubuloglomerular feedback is
antagonized by adenosine via the regulation of adenylyl
cyclase activity in the macula densa.134 In opossum kid-
ney cells, low concentrations of an adenosine analog, via
the adenosine A1 receptor, stimulate NHE3 activity and
attenuate dopamine-mediated inhibition of NHE3.580

Adenosine A1 receptor modulates D1R; co-administra-
tion of adenosine A1R receptor and D1R agonists
in HEK293 cells stably expressing both receptors

potentiate the D1R-mediated desensitization of D1R.
581

Interestingly, adenosine A1 receptor and D1R have been
shown to physically interact in the central nervous sys-
tem, with the formation of a heteromeric complex that
leads to the uncoupling of the D1R from its Gs-like pro-
tein complex.445,581 However, in COS-7 cells and fibro-
blasts heterologously expressing adenosine A1 receptor,
D1R, and D5R, activation of adenosine A1 receptor blocks
the desensitization of D1R but not D5R,

582 another
instance of cell-specific effects or related gene overex-
pression. In contrast, in HEK293 cells heterologously
expressing adenosine A1 receptor, D1R, activation of
adenosine A1 receptor desensitizes the D1R.

581 These
studies illustrate the importance of studying receptor
function in cells where such GPCRs are endogenously
expressed.

The adenosine A2 receptor isoform, A2A receptor,
heterodimerizes with D2R in striatal membranes and
reduces the high affinity state of D2Rs, especially the
high-affinity agonists.583 The heterodimerization of
adenosine A2A receptor and D3R or D4R also results in
an impairment of D3R and D4R function.584

Adrenergic Receptors

β-Adrenergic receptor agonists interact with dopa-
mine in the regulation of Na1/K1-ATPase activity in the
rat kidney. Activation of β-receptors with isoproterenol
increases D1R translocation from the cytosol to the mem-
branes and D1R-mediated inhibition of Na1/K1-ATPase
activity in renal proximal tubule cells.585 However, as
stated above, stimulation of β2Rs reduces the uptake of
L-DOPA and the production of dopamine.586 Thus,
endogenous renal β-adrenergic receptors may not always
enhance the dopaminergic inhibition of sodium
transport.

Dopamine receptors may counter-regulate the actions
of α-adrenergic receptors on renal sodium transport
(unpublished data) and vascular proliferation.
Stimulation of α1Rs increases proliferation of vascular
smooth muscle cells. However, in the presence of D1-like
or D3R agonists, the proliferative effect of norepinephrine,
via α1Rs, is inhibited, although D1-like or D3R agonists
have no effect by themselves. Moreover, co-stimulation of
D1-like or D3R has an additive inhibitory effect on norepi-
nephrine-mediated vascular smooth muscle cell contrac-
tion and proliferation.264 The failure of dopamine to
induce natriuresis in sodium-depleted states may be a
consequence of increased sympathomimetic activity.56

Angiotensin II and Angiotensin Receptors

AT1R and Dopamine Receptors

There are several areas of interaction between the
dopamine and the renin�angiotensin system (RAS).
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The D3R, D4, and D5R D4R and D5R or D2R (Table
19.2), but not D1R, decrease AT1R expression in the
kidney.26,46,276 In contrast, the D2R may negatively reg-
ulate the expression of AT1R,

587 and angiotensin II
may increase D2R expression in neural cells.588

Angiotensin II inhibits the uptake of dopamine by
rat renal tubule cells589 and the intravenous infusion of
angiotensin II in humans reduces urinary dopamine.590

Angiotensin II, via AT1R, causes renal vasoconstriction
while at low concentrations of dopamine, D1-like
receptors cause vasodilation.405,591 Activation of the
RAS may cause the development of tolerance to the
hypotensive action of D1-like receptor agonists.592 In
the rat, dopamine attenuates the glomerular mesangial
contractile response to angiotensin II independently of
eicosanoids.389 D1-like receptor agonists block angio-
tensin II-induced afferent and efferent arteriolar con-
striction.399,591 Blockade of AT1R normalizes the
impaired renal vasodilator effect of D1-like receptor
stimulation in the SHR.492 The increased vasodilatory
effect of a D3R/D4R agonist (quinpirole) after renal
denervation may also depend on decreased activity of
the RAS).593

Activation of the RAS has been suggested to cause
attenuation of the natriuretic effect of the D1-like recep-
tor agonist, fenoldopam, in sodium-deplete states.427

When angiotensin II generation is inhibited or AT1Rs are
blocked, the natriuretic effect of dopaminergic drugs is
enhanced.490,491,492 In humans, this effect is seen mainly
in subjects on a low salt diet (Natarajan et al., unpub-
lished studies). D1- and D2-like receptor agonists also
antagonize the stimulatory effect of angiotensin II, acting
on AT1R, on renal proximal tubule sodium trans-
port.45,397,493,494,589 These counterbalancing effects of
dopamine and angiotensin II on sodium transport occur
by the regulation of sodium transporter/channel/pump
activity in the short-term, and the regulation of receptor
expression in the long-term.477,534,528 The short-term
counteracting actions may occur by differential cell
membrane trafficking. Thus, angiotensin II, via the
AT1R, in renal proximal tubule cells, induces recruitment
of Na1/K1-ATPase to the plasma membrane. At an
intracellular concentration of sodium of 9 mM, angioten-
sin II increases Na1/K1-ATPase activity534; dopamine is
without effect. Increasing intracellular sodium to 19 mM
is associated with an increasing inhibition of Na1/K1-
ATPase activity by dopamine and blunting of the stimu-
latory effect of angiotensin II. This is associated with the
recruitment of D1R to the plasma membrane and a
reduction in plasma membrane AT1R.

534

The mechanism by which dopamine receptors interact
with the angiotensin receptors is receptor subtype-spe-
cific. The D1R

45,343 and the D3R
342 inhibit angiotensin II

effects via physical interaction (heterodimerization) with
the AT1R. In contrast, the D5R and AT1R can also

heterodimerize but negatively regulate each other’s
expression. In renal proximal tubule cells, the D5R (not
the D1R) decreases AT1R expression and AT1R-mediated
extracellular signal-regulated kinase phosphorylation.
The D1-like receptor-induced decrease in AT1R expres-
sion is reversed by tyrosine-kinase inhibition and protea-
some inhibitor, demonstrating that the D5R-mediated
decrease in total cell AT1R expression is a result of a
c-Src- and proteasome-dependent process.45,46,276,567

Dopamine has also been reported to decrease AT1R
mRNA expression in renal proximal tubules.594 The D4R
also negatively regulates AT1R expression, but the mech-
anism remains to be determined.26

AT2R and Dopamine Receptors

In the rat striatum, AT2R stimulation decreases dopa-
mine synthesis.595 However, stimulation of D1-like
receptors induces an AT2R-dependent natriuresis.596

Selective intrarenal activation of D1-like receptors
induces sustained natriuresis and diuresis in sodium-
loaded Sprague-Dawley rats that is abolished by intrare-
nal AT2R inhibition. D1-like receptor-mediated
natriuresis is accompanied by recruitment of both D1Rs
and AT2Rs to the plasma membrane of renal proximal
tubular cells. These observations suggest that D1-like
receptor-induced natriuresis and diuresis are modulated
by functional AT2Rs that are translocated from intracel-
lular compartments to the plasma membrane of renal
proximal tubule cells in response to D1-like receptor acti-
vation, and that dopamine-induced natriuresis requires
AT2R activation.596 Therefore, in the normotensive state,
dopaminergic stimulation favors natriuresis not only via
specific dopamine receptor subtype mechanisms, but
also by enhancing AT2R function596; D1R increases AT2R
expression. In addition, dopamine impairs AT1R func-
tion by decreasing AT1R expression via D3R,

342 D4R,
27

and D5R,
46,276,567 and a negative interaction of AT1R with

D1R,
45,343 D3R, and D5R.

46,276,567

Atrial Natriuretic Peptide (ANP)

The inhibition of dopamine synthesis or uptake
impairs the ability of ANP to inhibit renal tubular
Na1K1-ATPase activity.597 The inhibitory effect of ANP
on NHE3 activity becomes manifest in the presence of
dopamine.598 However, the ability of carbidopa to affect
sodium excretion or the natriuretic effect of ANP in
humans has not been consistent.599�603 This could be
related to the state of hydration.599�603 The renal dopami-
nergic system is not responsible for the natriuresis caused
by marked volume expansion,49,117 and dopamine does
not affect sodium excretion in subjects fed a low salt
diet427 and may actually decrease sodium excretion dur-
ing hypovolemia.56 The natriuretic effects of dopamine
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and ANP are additive in humans.604 Carbidopa or dopa-
mine receptor blockade, especially by D1-like receptor
blocker, attenuates the natriuretic effect of ANP in
rats605�608 and the natriuretic effect of ANP is abolished
in mice lacking Ppp1r1b, which is also involved in D1R
signaling.224,225,288�293 The potentiation of the natriuretic
effect of dopamine by ANP may be due to its ability to
recruit D1R to the plasma membrane.609 The conflicting
effects of carbidopa on the natriuretic effect of ANP may
also be related to the fact that ANP can increase or
decrease renal tubular dopamine synthesis.597,610

Cholecystokinin Receptors

There are two cholecystokinin receptors, namely,
cholecystokinin type A receptor (CCKAR) and chole-
cystokinin type B receptor (CCKBR). Cholecystokinin
modulates dopamine release in the nucleus accumbens
through CCKAR. Cholecystokinin may also modulate
D2R expression in the nucleus accumbens; D2R expres-
sion is higher in CCKAR2/2 and lower in CCKBR2/2

mice than in wild-type controls.611 Also, activation of
CCKBR reduces the affinity of the D2R in the
brain.612,613 Cholecystokinin at low concentrations acti-
vates Na1/K1-ATPase activity via the CCKAR.614

CCKBR is expressed in the kidney, and the postpran-
dial increase in sodium excretion may be mediated by
an increase in serum gastrin acting at CCKBR in the
kidney to decrease Na1/K1-ATPase activity.615

Endothelin Receptors

There are two endothelin receptors, endothelin A
receptor (ETAR) and endothelin B receptor (ETBR).616 In
the brain striatum, stimulation of the ETBR increases
dopamine release, but dopamine does not increase
endothelin-1 levels.617 The ETB and dopamine receptors
can interact to regulate renal function and blood pressure.
Stimulation of the D3R increases ETBR protein expression
and D3R/ETB receptor co-immunoprecipitation and co-
localization in renal proximal tubules.39,618 The interac-
tion between D3R and ETBR has physiological signifi-
cance, because pretreatment with a D3R agonist increases
the ETBR-mediated inhibitory effect on Na1/K1-ATPase
activity in renal proximal tubule cells from WKY
rats.39,618 Conversely, stimulation of ETBR increases D3R
expression and function in renal proximal tubule cells
from WKY rats (unpublished data). The natriuretic effect
of D3R may be, in part, mediated by ETBR, because the
natriuretic effect is attenuated in WKY rats when the
renal ETBR is blocked.39,618 In renal proximal tubule cells,
the ability of D3R to stimulate ETB expression is blocked
by an L-type calcium channel blocker.39

The D2R may also regulate ETB receptor expression.
D2R

2/2 mice have increased ETBR expression and an
ETBR blocker normalized blood pressure in these
mice, but did not affect blood pressure of D2R wild-
type littermates.23 GPR37, a parkin-associated endothe-
lin-like receptor, can associate with D2R in HEK-293
cells.619 In rat lactotrophs, D2-like receptor stimulation
antagonizes the ETAR-mediated activation of large-
conductance K1 channels.620 The functional conse-
quences of D2R and ETBR interaction on renal ion
transport remain to be determined.

Insulin and Insulin Receptors

Insulin and dopamine have opposite effects on
Na1/K1-ATPase activity in renal proximal tubule
cells, and may counter-regulate each other. Chronic
exposure of renal proximal tubule cells to insulin
causes a reduction in D1R abundance and uncoupling
from G-proteins, resulting in impairment of the inhibi-
tory effect of dopamine on Na1/K1-ATPase.621 This
suggests a direct role of insulin in D1R regulation.495,622

Insulin causes renal D1R desensitization via GRK2-
mediated receptor phosphorylation (vide infra) involv-
ing PI3 kinase and PKC.305 Hyperinsulinemic animals
and patients with type 2 diabetes have a defective
renal dopaminergic system.623 In obese Zucker rats, a
model of type 2 diabetes or in insulin-induced hyper-
tension, renal D1Rs are downregulated and dopamine
fails to produce diuresis and natriuresis.621 Treatment
with an insulin sensitizer, rosiglitazone, decreases
plasma insulin levels and restores D1R function in
obese Zucker rats.622,624 Insulin has also been shown to
increase the expression of the D5R in renal proximal
tubular cells from WKY rats, probably a compensatory
response. In HEK293 cells heterologously expressing
the D5R, pretreatment with insulin increases the D5R-
mediated inhibition of Na1/K1-ATPase.496 Both PKC
and PI3 kinase are involved in the signaling pathway
leading to increased D5R expression.

Dopaminergic activity may influence insulin secre-
tion, and vice versa. Insulin has been reported to
increase renal proximal tubule uptake of L-DOPA,
which should increase dopamine synthesis,625 but this
could be an attempt to compensate for the ability of
insulin to decrease and uncouple D1R.

621 The D1-like
receptor agonist fenoldopam improves peripheral insu-
lin sensitivity and renal function in streptozotocin-
induced type 2 diabetes in rats.626 Normalizing blood
sugar levels with insulin also normalizes renal D1R
expression and function in rats with sreptozotocin-
induced diabetes.627 D2-like receptors in pancreatic
β-cells inhibit628 or stimulate glucose-stimulated insulin
secretion, depending on dopamine concentration; an
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inhibitory effect occurs at higher dopamine concentra-
tion (1027�1024 M), while the effect is stimulatory
at lower dopamine concentrations (,1028 M).629

Bromocriptine (D2R/D3R agonist) decreases insulin
levels and ameliorates several metabolic features in
obese women.630 The counter-regulatory actions of the
insulin and dopamine receptors extend to their effects
on vascular proliferation. Bromocriptine (D2R/D3R
agonist) inhibits the insulin-like growth factor-medi-
ated proliferation in rat vascular smooth muscle cells
(A7r5) and human aortic smooth muscle cells.631

Stimulation of D1-like receptors or D3R inhibits insu-
lin receptor expression and insulin-mediated prolifer-
ative effects in vascular smooth muscle cells,
showing an interaction between dopamine (D1-like
and D3R) and insulin receptors.40,632 A D3R antago-
nist was found to be protective of renal injury in
hypertensive type II diabetic SHR/Ncp rats.633 In
these rats, a D3R antagonist ameliorated glomerulo-
sclerosis and prevented mesangial cell proliferation.
These apparent contradictory interactions between
D3R and insulin may be related to the biphasic effect
of dopamine on insulin secretion.

Dopamine and Mineralocorticoid Receptor

Aldosterone increases catecholamine production in
a pheochromocytoma cell line.634 In the rabbit cortical
collecting duct D2-like, but not D1-like, receptor stimu-
lation at the basolateral surface depolarizes transe-
pithelial voltage and decreases sodium transport.529 It
is possible that this effect is related to D4-like negative
interaction with the non-genomic effects of
aldosterone.48

Dopamine and Prolactin

D2R inhibits prolactin secretion by the pituitary
gland.189,193 However, prolactin is also expressed in
the renal cortex and induces a natriuresis that requires
an intact renal dopaminergic system. Prolactin recruits
D1Rs to the plasma membrane in renal proximal
tubules which inhibits Na1K1-ATPase activity that
involves activation of PKA, PKC, and PI-3 kinase.42

Dopamine and Prostaglandins

Earlier studies have suggested that the renal vasodi-
latory effect of dopamine is independent of prostaglan-
dins because indomethacin, an inhibitor of
prostaglandin synthase, did not affect the renal vasodi-
latory effect of dopamine or the D1-like receptor
agonist fenoldopam in the dog, rat635 or humans.636

The intrarenal arterial infusion of the D1-like receptor

agonist fenoldopam is also not associated with an
increase in urinary prostaglandin E2 (PGE2) and F2α
in the dog.396 Subsequent studies in normotensive
humans revealed that the renal vasodilatory effect of
dopamine was also not associated with an increase in
urinary excretion of PGE2, but rather with 6-keto-
PGF1α, a stable metabolite of prostacyclin. The effect
of dopamine was blocked by metoclopramide or dom-
peridone, D2-like receptor antagonists, and two cyclo-
oxygenase inhibitors.407 These studies suggest that the
dopamine and prostaglandin communication is via the
D2-like rather than D1-like receptors. D2-like but not
D1-like receptors may also regulate PGE2 synthesis in
rat inner medullary collecting cells.358 Dopamine sti-
mulates medullary prostaglandin production, and may
be involved in the attenuation of deoxycorticosterone
acetate/high salt-induced increase in blood pressure.37

Eicosanoids may act synergistically with D1-like
receptors to inhibit Na1/K1-ATPase activity in the
proximal tubule, mTAL, and cortical collecting
duct.38,524,530,539,541 Moreover, the renal cortical
expression of COX-2 is tonically suppressed by the
renal D1-like receptors secondary to inhibition of prox-
imal tubular reabsorption.44,637

Regulation of Reactive Oxygen Species (ROS)

Dopamine regulates ROS production, stimulating
production at high concentrations ($10 μM) but physi-
ological concentrations of dopamine decrease ROS pro-
duction via D1-like receptors.233,638,639 All the
dopamine receptor subtypes are capable of decreasing
ROS production. However, deletion of Drd2 or Drd5
but not Drd3 or Drd4 in mice is associated with
increased ROS production. The D1R inhibits NADPH
oxidase activity via PKA and PKC cross-talk239; the
D5R inhibits NADPH oxidase directly and also indi-
rectly, by inhibiting phospholipase D activity and
independent of cAMP.232,234 The D5R may also posi-
tively regulate antioxidants such as heme oxygenase 1
(HO-1).640 Plasma thiobarbituric acid-reactive sub-
stances (TBARS), an index of systemic oxidative stress,
and PLD and NADPH oxidase subunit expression and
activity are higher in D5R

2/2 mice than in D5R
1/1

mice232,234 (Table 19.2). Chronic administration of
apocynin, an NADPH inhibitor, normalizes blood
pressure, plasma TBARs, and NADPH oxidase activity
in the brain and kidney of D5R

2/2 mice, suggesting
that the D5R keeps blood pressure in the normal range
by preventing excessive ROS production.234 The redox
status of the D1R

2/2 mice remains to be determined.
ROS impair the function of renal D1-like receptor. Rat
renal proximal tubules treated with hydrogen perox-
ide, and those from streptozotocin-treated or old rats,
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have increased oxidative stress and impaired D1-like
receptor function.449,641�643 Oxidative stress causes the
nuclear translocation of NFκB and subsequent activa-
tion of PKC and GRK2, which in turn increases D1R
phosphorylation, impairing its activity.641,642

The D2R has also antioxidant activity. The neuro-
protective effect of D2R may be related to its ability to
decrease ROS production by the mitochondria.644 D2R,
similar to the D1-like receptors, decreases oxidative
stress by inhibition of NADPH oxidase and stimula-
tion of HO-2,47 D2

2/2 mice are hypertensive and have
increased urinary excretion of 8-isoprostane, a parame-
ter of oxidative stress, as well as increased activity and
expression of NADPH oxidase and decreased expres-
sion of the antioxidant enzyme HO-2 in the kidney.
Apocynin (an NADPH inhibitor) or hemin (an inducer
of HO) normalizes blood pressure in D2

2/2 mice.
Spironolactone normalizes the blood pressure in D2

2/

2 mice, but does not normalize the renal expression of
NADPH oxidase, indicating that the increased ROS
production is proximal to the increased aldosterone
secretion in D2

2/2 mice.47

The effect of D3R receptors on ROS production is
controversial. The D3R has been reported to increase a
dopamine autotrophic factor that has an antioxidant
action, and thus the D3R has antioxidant effect, albeit
indirectly.645 The selective D3R agonist pramipexole
inhibits lipid peroxidation,646 increases the activity of
antioxidant enzymes (glutathione peroxidase and cata-
lase), and inhibits the production of ROS by the mito-
chondria, but this effect is not related to its dopamine
agonist properties.647 Moreover, the D3R has been
reported to stimulate PLD activity in HEK293 cells het-
erologously expressing the human D3R.

235 The D3R
and D4R may also have neuroprotective effects by inhi-
bition of ROS production.648,649

Regulation of Inflammation

Lymphocytes can synthesize catecholamines, includ-
ing dopamine.650 All the dopamine receptor subtypes
are expressed in normal human leukocytes, with the
highest expression in B-lymphocytes and natural killer
cells, followed by neutrophils and eosinophils,
with least expression in T-lymphocytes and mono-
cytes.650�653 Dopamine, D1- and D2-like receptor
subtype agonists can regulate the immune response
and inhibit the inflammatory reaction,654�657 the
extent of their involvement is tissue-dependent.
Dopamine inhibits the release of pro-inflammatory
cytokines (e.g., interleukin-2 (IL-2), interferon (IFN)γ,
IL-4,657 but stimulates the production of the anti-
inflammatory IL-10 in immune cells.658 The D1-like
receptors and D3R but not D2R or D4R can also

stimulate TNFα secretion.658 Indeed, the D2R may
actually decrease lipopolysaccharide-induced release
of TNFα.659 Dopamine or bromocriptine (D2R/D3R
agonist), inhibits lymphocyte proliferation,660

decreases the antigen-induced macrophage activation
and the secretion of IL-2, IL-4 and IFNγ.661

Renal tubule cells produce pro-inflammatory cyto-
kines and chemokines (e.g., IL-1, TNFα, IL-6, IL-8,
IL-12, and macrophage chemoattractant protein
(MCP)-1), as well as anti-inflammatory cytokines (e.g.,
IL-10).662�664 Both pro-inflammatory and anti-
inflammatory cytokines are secreted by tubular cells
across their apical or basolateral membranes.664 The
pro-inflammatory cytokines contribute to the develop-
ment and progression of glomerular and tubular
injury.662�664 Lipopolysaccharide causes dysfunction of
renal D1R and salt-sensitive hypertension,665 but the
D2R may protect the kidney from the adverse effects of
inflammation.666 Silencing the D2R in renal proximal
tubule cells increases the expression of TNFα and
MCP-1; expression of TNFα, MCP- 1, IL-6, and IL-10
are increased in the renal cortex of D2

2/2 mice. These
mice show renal injury and increased urinary albumin,
suggesting that impaired D2R function results in renal
inflammation and injury.666 The role of the other dopa-
mine receptor subtypes in inflammation remains to be
determined.

Dopamine and Essential Hypertension

About 50% of human essential hypertension is
thought to be heritable, but the genetic causes of essen-
tial hypertension have been difficult to identify.667

More than one gene is undoubtedly involved, because
Mendelian dominant and recessive traits are not readily
discernible in hypertensive subjects, except in those
with monogenic forms of hypertension. Indeed, recent
genome-wide association studies (GWAS) have been
able to identify 2% of genetic factors believed to influ-
ence blood pressure.668�674 However, the GWAS were
not designed to identify predisposing genes engaged in
a complex network of gene�gene and gene/environ-
ment interactions.675 One example is salt sensitivity, a
dietary sodium-induced increase in blood pressure that
may or may not produce elevation in the hypertensive
range. Several criteria have been suggested to link gene
(s) to complex diseases such as hypertension and salt
sensitivity, but the definitive evidence is swapping one
phenotype for another (i.e., transgenic studies).676

Many genes have been proposed to be causal of hyper-
tension; however, their gene variants, including those
identified in the GWAS, have not been shown to pro-
duce hypertension in mice. Many gene overexpression
and deletion studies are performed in mice without
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taking into account the salt sensitivity of the strain.
C57BL/6 mice from Jackson Laboratories have an
impaired ability to excrete a salt (NaCl) load with a
resultant increase in blood pressure, while others are
salt-resistant (e.g., SJL mice).153

GRK4 regulates renal D1R
298 and D3R.

286 Renal D1-
like receptor function is impaired in C57BL/6 Jackson
mice, and is associated with increased expression of
GRK4 upon salt loading.153 Deletion of the Grk4 gene
in C57BL/6 mice prevents the development of salt-sen-
sitive hypertension.677 Renal cortical silencing of Grk4
attenuates the increase in blood pressure with age in
SHRs, but not in normotensive WKY rats.306 Aging
and obesity are associated with decreased D1-like
receptor dysfunction.100,532,542 In obese rats, the D1-like
receptor dysfunction is acquired and has been related
to increased GRK4 expression and membrane translo-
cation of GRK2 due to insulin resistance.624

The GRK4 locus on human chromosome 4p16.3 is
linked with hypertension.678,679 Interestingly, adoles-
cents with GRK4 65L, 142V, and A486 haplotype have
a greater increase in blood pressure with age than
those with the wild-type GRK4 haplotype.680 GRK4
gene variants (65L, 142V, and 486V) are associated
with essential hypertension in several ethnic groups:
Caucasians, Chinese, Ghanaians, and Japanese.681�686

In salt-sensitive hypertensive Japanese, the presence of
three GRK4 variants impaired the natriuretic effect of
a dopaminergic drug and predicted salt-sensitive
hypertension correctly in 94% of cases.683 In
Ghanaians, the combination of angiotensin-converting
enzyme insertion/deletion polymorphism and GRK4
65L has an estimated predictive accuracy for hyperten-
sion of 70%.685,686 A meta-analysis revealed a signifi-
cant association of GRK4 486V with hypertension with
an odds ratio of 1.5 (95% CI: 1.2 to 1.9).687 A re-
analysis of a negative study in Han Chinese688 found
an association of GRK4 486V and other genes
(GNB3A-350G) with essential hypertension.682 One
study, however, did not find an association of GRK4
486V with the top fifth percentile of diastolic blood
pressure of subjects with white European ancestry;
however, the authors did not test the association of
GRK4 gene variants with hypertension.689 Another
study did not find an association between GRK4 142V
and hypertension, but did find an association between
variants of the promoter region of D1R and hyperten-
sion.690 The discordance of this report in European
Caucasians690 with other populations may be the influ-
ence of ethnicity in the phenotypic expression of a
quantitative trait such as essential hypertension.
Interestingly, low-renin hypertension is less frequent
in Caucasians (15�20%)708 than in other ethic groups
(e.g., 40�60% in Japanese).709 In the Japanese, the sin-
gle best genetic model for low-renin hypertension

included only GRK4 A142V, by itself, or GRK4 A142V
and aldosterone synthase gene, CYP11B2, with an esti-
mated predictive accuracy of 78%.683 Ethnicity may
also explain some of the discordances. GRK4 65L and
GRK4 142V are less frequent, while GRK4 486V is
more frequent in Asians than in African-Americans.
GRK4 486V is also more frequent in Hispanic and non-
Hispanic whites than in African-Americans.710 The
recent GWAS did not identify GRK4 as associated
with hypertension.669�673 This is probably because salt
sensitivity was not taken into account and because pre-
vious studies have shown that it was critical to assess
the role of GRK4 in conjunction with other single
nucleotide polymorphisms and genes, e.g., ACE with
GRK4 65L,685,686 and ADRB2 and TH with GRK4
486V.682 While GRK4γ142V transgenic mice are hyper-
tensive even on a normal salt diet,298,691 GRK4γ486V
transgenic mice develop hypertension only when
stressed by a high salt diet.692 Depending upon the
genetic background of the mouse, overexpression
of human GRK4γ wild-type converts a salt-sensitive
phenotype to a salt-resistant phenotype, while
overexpression of human GRK4γ486V converts a
salt-resistant phenotype to a salt-sensitive
phenotype.692

Polymorphisms in the non-coding region of the
human D1R gene are associated with decreased690,693

and increased blood pressure.694 However, D1R and
D3R expression is not always decreased in hyperten-
sion.29,30,141,298,343,426,695 Polymorphisms in the coding
region of D1R and D3R genes690,694,696 have also not
been associated with essential hypertension. A D2R
variant may be associated with salt-sensitive human
essential hypertension (unpublished studies). The D4R
long (at least one 7 to 10 repeat) has been reported to
be associated with higher diastolic and systolic blood
pressure.697 There are inactivating mutations of D5R,

698

but their association with hypertension has not been
studied. D1-like and D2-like receptor functions are
impaired in other rodent models of human essential
hypertension, such as in the spontaneously hyperten-
sive rat (SHR) and the Dahl salt-sensitive rat (DSS). As
indicated earlier, deletion of any of the dopamine
receptor genes causes hypertension,22�27 and dopa-
mine receptor dysfunction is found in several animal
models of hypertension.29,30

Dopamine and Blood Pressure Regulation:
Peripheral versus Central Nervous System

The effect of dopamine in the regulation of blood
pressure differs in the kidney from that in the central
nervous system. Overactivity of the dopaminergic sys-
tem in the brain, e.g., the amygdala, is associated with
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hypertension.699 Hypertension induced in rats by
decreasing blood flow to one kidney is also associated
with increased levels of dopamine and dopamine
metabolites in the brain striatum.700 However, mon-
keys made hypertensive by constricting the aorta have
decreased D1-like receptor binding in the pre-frontal
cortex,701 and decreased post-synaptic dopaminergic
and cholinergic functions in the ventrolateral striatum
of SHR,702 reinforcing the similarities and differences
in the regulation of blood pressure between the dopa-
minergic system inside and outside the central nervous
system.

Dopamine Pharmacogenetics and Hypertension

Current treatment of essential hypertension is
empirical. It is not based on the molecular mechanisms
of essential hypertension. Theoretically, drugs pre-
scribed based on one’s genetic make-up would be
more effective, with fewer and lesser side-effects than
empirical treatment. In African-American men with
early hypertensive nephrosclerosis, GRK4 65L and
142V are associated with a poor response to
β-adrenergic blockers, while GRK4 142V is associated
with a good response to a β-adrenergic blocker.703 In
another study in two cohorts, GRK4 142V, but not
GRK4 486V, was also associated with a blood pressure
response to a β-adrenergic blocker.704 There are at least
two mechanisms by which β-adrenergic blockers may
be beneficial in hypertensive subjects with GRK4 142V
polymorphisms. The activity of GRK4, which
decreases plasma membrane β-adrenergic receptor
expression, can be blocked by β-adrenergic receptor
antagonists.705 As indicated above, normally the D3R
may be important in the negative regulation of renin
secretion, at least in mice,25 and because GRK4 142V
can impair D3R function, this may provide an explana-
tion for the good response of subjects to β-adrenergic
blockers. In an African hypertensive population, GRK4
142V is associated with a poor response to reduction
in sodium intake,706 in agreement with the report that
human GRK4142V transgenic mice develop hyperten-
sion even on a normal salt intake.298,691 In a Japanese
population with essential hypertension (n5 881,
unpublished data), carriers of the GRK4 142V allele
had a larger drop in systolic blood pressure than non-
carriers in response to angiotensin receptor block-
ade.707 The addition of a diuretic to the non-respon-
ders (n5 94) decreased blood pressure which was
associated with GRK4A486V,707 in agreement with the
reports that human GRK4γ 486V transgenic mice
develop salt sensitivity that is dependent on genetic
background.692 Japanese with at least three GRK4
polymorphisms have salt-sensitive hypertension.683

CONCLUSION

Dopamine, one of the oldest hormones in phylog-
eny, serves not only as a precursor to norepinephrine
and epinephrine, but also as a neurotransmitter.
However, in non-neural cells, dopamine acts indepen-
dently of the other catecholamines. Dopamine controls
water and electrolyte balance and blood pressure by
regulating the secretion/release of hormones and
humoral agents that affect water and electrolyte bal-
ance, salt “appetite” centers in the brain, and ion and
water transport in the kidney and gastrointestinal
tract. Independent of innervation, the kidney and
intestines synthesize dopamine from circulating or fil-
tered L-DOPA (kidney only) that is not metabolized to
norepinephrine or epinephrine. Sodium intake and
intracellular sodium are probably the major determi-
nants of the renal tubular synthesis/release of dopa-
mine. In mammals, the actions of dopamine occur by
occupation of two families of cell surface receptors, D1-
like receptors (D1R and D5R), and D2-like receptors
(D2R, D3R, and D4R). The dopamine receptor subtypes
interact among themselves, resulting in new signaling
pathways. They also interact extensively with other
GPCR, hormones, and humoral agents. D1-like recep-
tors are linked to vasodilation, while the effect of D2-
like receptors on the renal vasculature is probably
dependent upon the state of renal nerve activity. The
dopamine-induced increase in renal blood flow is not
consistently associated with an increase in glomerular
filtration rate. The autocrine/paracrine regulation of
renal tubular sodium transport, mainly via D1-like
receptors, is mediated by tubular and not by hemody-
namic mechanisms. The dopamine receptor subtypes
are differentially expressed along the nephron and
species-specific; all the five dopamine receptor sub-
types are expressed in the proximal tubule, mTAL dis-
tal convoluted tubule, and cortical collecting duct, and
only D4R in the cortical TAL, D1R, D2R, D4R, and D5R
in the outer medullary collecting duct, and only the
D2-like receptors, D2R, D3R, and D4R in the inner med-
ullary collecting duct. Dopamine inhibits ion transport
in the proximal and distal nephron. D1-like receptors
inhibit NHE3, NaPi2 co-transporter, Cl2/HCO3

2

exchanger, and ENaC at the apical membrane, and the
electrogenic Na1/HCO3

2 co-transporter and Na1/K1-
ATPase at the basolateral membrane. Dopamine may
also inhibit NCC but stimulates NKCC2, the latter
effect for K1 recycling. The inhibitory effects of dopa-
mine and its receptors on ion transport are important
under conditions of euvolemia and moderate volume
expansion, but play a minor role under marked vol-
ume expansion. D2-like receptors also participate in
the inhibition of ion transport during conditions of
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euvolemia and moderate volume expansion, but
may increase ion transport in hypovolemic states.
Dopamine also controls sodium transport and blood
pressure by regulating the production of ROS and the
inflammatory response. Aging, obesity, metabolic syn-
drome, and essential hypertension are associated with
abnormalities in dopamine production, and receptor
number, post-translational modification, and function.
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[94] Soares-Da-Silva P, Serräo MP, Vieira-Coelho MA. Apical and
basolateral uptake and intracellular fate of dopamine precur-
sor L-dopa in LLC-PK1 cells. Am J Physiol 1998;274(2 Pt 2):
F243�51.

[95] Pinho MJ, Serrão MP, Gomes P, Hopfer U, Jose PA, Soares-da-
Silva P. Over-expression of renal LAT1 and LAT2 and
enhanced L-DOPA uptake in SHR immortalized renal proxi-
mal tubular cells. Kidney Int 2004;66(1):216�26.
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JA, et al. Reduced natriuretic response to acute sodium load-
ing in COMT gene deleted mice. BMC Physiol 2002;2:14.

[473] Ladines CA, Zeng C, Asico LD, et al. Impaired renal D1-like
and D2-like dopamine receptor interaction in the spontane-
ously hypertensive rat. Am J Physiol Regul Integr Comp
Physiol 2001;281(4):R1071�8.

[474] Gomes P, Soares-da-Silva P. Dopamine acutely decreases type
3 Na1/H1 exchanger activity in renal OK cells through the
activation of protein kinases A and C signalling cascades.
Eur J Pharmacol 2004;488(1-3):51�9.

[475] Amaral JS, Pinho MJ, Soares-da-Silva P. Regulation of amino
acid transporters in the rat remnant kidney. Nephrol Dial
Transplant 2009;24(7):2058�67.

[476] Bacic D, Capuano P, Baum M, Zhang J, Stange G, Biber J, et al.
Activation of dopamine D1-like receptors induces acute inter-
nalization of the renal Na1/phosphate co-transporter NaPi-IIa

in mouse kidney and OK cells. Am J Physiol Renal Physiol
2005;288(4):F740�7.

[477] Chen Z, Leibiger I, Katz AI, Bertorello AM. Pals-associated
tight junction protein functionally links dopamine and angio-
tensin II to the regulation of sodium transport in renal epithe-
lial cells. Br J Pharmacol 2009;158(2):486�93.

[478] Cinelli AR, Efendiev R, Pedemonte CH. Trafficking of
Na-K-ATPase and dopamine receptor molecules induced
by changes in intracellular sodium concentration of renal
epithelial cells. Am J Physiol Renal Physiol 2008;295(4):
F1117�25.

[479] Gomes P, Soares-da-Silva P. Dopamine-induced inhibition of
Na1-K1-ATPase activity requires integrity of actin cytoskele-
ton in opossum kidney cells. Acta Physiol Scand 2002;
175(2):93�101.

[480] Khundmiri SJ, Weinman EJ, Steplock D, Cole J, Ahmad A,
Baumann PD, et al. Parathyroid hormone regulation of Na1,
K1 -ATPase requires the PDZ 1 domain of sodium hydrogen
exchanger regulatory factor-1 in opossum kidney cells. J Am
Soc Nephrol 2005;16(9):2598�607.

[481] Kunimi M, Seki G, Hara C, Taniguchi S, Uwatoko S, Goto A,
et al. Dopamine inhibits renal Na1:HCO3

2 co-transporter in
rabbits and normotensive rats but not in spontaneously hyper-
tensive rats. Kidney Int 2000;57(2):534�43.

[482] Lanaspa MA, Giral H, Breusegem SY, Halaihel N, Baile G,
Catalan J, et al. Interaction of MAP17 with NHERF3/4 induces
translocation of the renal Na/Pi IIa transporter to the trans-
Golgi. Am J Physiol Renal Physiol 2007;292(1):F230�42.

[483] Correa AH, Choi MR, Gironacci M, Aprile F, Fernández BE.
Atrial natriuretic factor decreases renal dopamine turnover
and catabolism without modifying its release. Regul Pept
2008;146(1-3):238�42.

[484] Marin-Grez M, Angchanpen P, Gambaro G, Schnermann J,
Schubert G, Briggs JP. Evidence for an involvement of dopa-
mine receptors in the natriuretic response to atrial natriuretic
peptide. Klin Wochenschr 1987;65(Suppl. 8):97�102.

[485] Hegde SS, Chen CJ, Lokhandwala MF. Involvement of endoge-
nous dopamine and DA-1 receptors in the renal effects of
atrial natriuretic factor in rats. Clin Exp Hypertens A 1991;
13(3):357�69.

[486] Bughi S, Horton R, Antonipillai I, Manoogian C, Ehrlich L,
Nadler J. Comparison of dopamine and fenoldopam effects on
renal blood flow and prostacyclin excretion in normal and
essential hypertensive subjects. J Clin Endocrinol Metab
1989;69(6):1116�21.

[487] Costa MA, Elesgaray R, Loria A, Balaszczuk AM, Arranz C.
Vascular and renal effects of dopamine during extracellular
volume expansion: role of nitric oxide pathway. Life Sci
2006;78(14):1543�9.

[488] Venkatakrishnan U, Chen C, Lokhandwala MF. The role of
intrarenal nitric oxide in the natriuretic response to dopa-
mine-receptor activation. Clin Exp Hypertens 2000;22
(3):309�24.

[489] Ibarra F, Crambert S, Eklöf AC, Lundquist A, Hansell P,
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KIDNEY TYPES AND RENAL PELVIS

The mammalian kidney is multiform. The basic
architecture is best understood in the unipapillary kid-
ney, which is common in all small species. A coronal
section of this kidney shows the main structural parts
(Figure 20.1a). The renal cortex, as a whole, is cup-
shaped with inverted margins, and surrounds the renal
medulla. The medulla can be roughly compared to a
pyramid; its top portion, the papilla, projects into the
renal pelvis. The pelvis is located within the renal
sinus, which opens through the renal hilum to the
medial surface of the kidney.

The cortical parenchyma is divided into the cortical
labyrinth and the medullary rays. The uppermost part
of the cortex, a continuous layer that covers the tops of
the medullary rays, is called the cortex corticis. The
medulla is divided into an outer medulla (subdivided
into outer and inner stripes) and an inner medulla. The
innermost part of the inner medulla generally forms
the papilla.

The unipapillary kidney is the most simple kidney
type; in comparative anatomy, such a kidney as a
whole corresponds to a renculus. All other kidney
types may be regarded as adaptations to larger body
sizes. The crest kidney and the kidney with tubi
maximi are magnifications of a one-reniculus unit. The
multipapillary kidney (Figure 20.2) and the reniculus
kidney multiply this unit.1,2,3 The human kidney is a
multipapillary kidney; however, it is particular because
a variable number of papillae are generally fused,
forming compound papillae.4

The renal pelvis (Figures 20.1a and b) or the renal
calyces (Figure 20.2) are anchored to the renal paren-
chyma by connective and smooth-muscle tissues that
follow the intrarenal arteries. The cavity of the pelvis
and calyx surrounds the renal papilla (or its equivalent
in other kidney types). In many species the pelvic cavity
forms different kinds of pelvic extensions
(Figure 20.1b).5,6 Leaf-like extensions called “specialized
fornices” accompany the large vessels for some distance
along their entry into the renal parenchyma. Secondary
pouches protrude toward the hilus, communicating
with the primary pelvic cavity only above the free semi-
lunar borders of the pelvic septa. These extensions
increase the contact area between the pelvic cavity and
the renal medulla, especially the outer medulla.7

RENALVASCULATURE

Close to the renal hilum and afterwards within the
renal sinus the renal artery undergoes several divi-
sions, finally establishing the interlobar arteries which
then enter the renal tissue at the border between the
cortex and medulla (Figures 20.1a and 20.2). From
there they follow an arc-like course and are therefore
called arcuate arteries. They give rise to the cortical
radial arteries, which ascend radially within the corti-
cal labyrinth. The cortex is very densely penetrated by
arteries; in contrast, no arteries enter the medulla. The
renal veins (cortical radial (interlobular) veins, arcuate
veins) accompany the corresponding arteries. In some
species (cat, dog, man) the venous blood from the outer
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cortex drains into veins on the renal surface (in man
called “stellate veins”) which are connected by addi-
tional cortical radial veins (interlobular veins) to arcu-
ate veins. Such additional veins are not accompanied
by arteries.8

The microvasculature pattern of the kidney appears
to be very similar among mamma*lian species; a basic
pattern can be described (Figures 20.3 and 20.4a).9�11

The afferent arterioles arise from the cortical radial
arteries (a minor portion from the arcuate arteries) and
supply the glomerular tufts of the renal corpuscles.
The efferent arterioles drain the glomeruli. Several
types of efferent arterioles have been described.11,12

Basically, a distinction between superficial, midcortical,
and juxtamedullary renal corpuscles is essential
(Figures 20.3 and 20.5). The efferent arterioles of juxta-
medullary glomeruli turn toward the medulla; they
supply the medulla. Juxtamedullary glomeruli are best
defined by this type of efferent arteriole. The superfi-
cial efferent arterioles extend to the kidney surface
before dividing. Again, superficial glomeruli are best
defined because of the typical pattern of their efferent
arterioles. The efferent arterioles of midcortical
nephrons (defined by exclusion) vary in length
between those that branch abruptly near the glomeru-
lus and others that extend to a medullary ray before
splitting off into capillaries. All the efferent arterioles
together (superficial, midcortical, and also small
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FIGURE 20.1 Schematics of a coronal and two transverse (b)

sections through the rabbit kidney. The inset in the right lower cor-
ner indicates the section plane. The general architecture of the kidney
and the renal pelvis is demonstrated. (a) Arterial vessels, including
glomeruli and descending vasa recta, are shown in black, venous ves-
sels are gray, and lymphatics are hatched. (b) The section plane of the
main drawing runs through the middle part of the inner medulla; a
deeper section through the papilla (PA) is shown in the upper right
quarter. The cross-sectioned pelvic septa are stippled. The leaf-like
extensions of the pelvic cavity are marked by a star, the free semilu-
nar edges of the main pelvic septa by an arrow (in a and b). (Adapted
from Kaissling, B., and Kriz, W. (1979). Structured analysis of the rabbit
kidney. Adv. Anat. Embryol. Cell Biol. 56, 1�123, with permission.)

FIGURE 20.2 Schematic illustration of a compound multipapil-

lary kidney (coronal section) similar to the human kidney. The
renal cortex as a whole encloses several papillae; fused papillae typi-
cal for the human kidney are not shown. The central region, the renal
sinus, contains the calyces and the pelvis (stippled), the pattern of
branching arteries (black), and joining veins (white). The arcuate
arteries, running at the cortico-medullary border, do not form true
arches, but rather represent end-arteries. In contrast, the veins do
form anastomoses at the level of the arcuate and interlobar veins. In
the human kidney there are two types of cortical radial veins (inter-
lobular veins); one group starting as stellate veins drains the most
superficial cortex, the second group starts at deeper levels in the cor-
tex; both drain into arcuate veins.
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branches of the juxtamedullary efferent arterioles) sup-
ply the cortical peritubular capillaries. Direct aglomer-
ular arterial supplies to the peritubular capillaries or to
the medulla are sparse13 and have frequently been
shown to be the result of degeneration of the corre-
sponding glomeruli.14

Within the capillary network of the cortex
(Figures 20.3 and 20.4), a differentiation between two
parts is necessary: namely, the dense, round-meshed

FIGURE 20.4 Microvasculature. (a) Rat kidney; silicon rubber
(Microfil) filling of the arterial vessels. Cortex (C), outer stripe (OS),
inner stripe (IS), and inner medulla (IM) are clearly distinguishable
by their vessel patterns. The vascular bundles take shape along the
OS and are best developed within the IS. Only a minor part of the
descending vasa recta of each bundle enter the IM, where they gradu-
ally decrease in number toward the papilla. Note the scantiness of
capillaries in the OS (38). (b) Rabbit kidney; silicon rubber filling of
the venous vessels. The interlobular veins (IV) accept the cortical
capillaries and a major part of the ascending vasa recta. Note the den-
sity of ascending vasa recta within the OS. In the IS, ascending vasa
recta are found within the bundles (mostly originating from the IM)
and between the vascular bundles (draining the interbundle regions
of the IS) (AV: arcuate vein; 314). (In cooperation with L. Bankir.)

FIGURE 20.3 Schematic of the microvasculature of the rat kid-
ney (C: cortex; OS: outer stripe; IS: inner stripe; IM: inner medulla).
The left panel shows the arterial vessels and capillaries. An arcuate
artery (arrow) gives rise to a cortical radial (interlobular) artery, from
which afferent arterioles originate to supply the glomeruli. The effer-
ent arterioles of the juxtamedullary glomeruli descend into the
medulla and divide into the descending vasa recta, which, together
with ascending vasa recta, form the vascular bundles of the renal
medulla. At intervals, descending vasa recta leave the bundles to
feed the adjacent capillaries. The right panel shows the venous ves-
sels. The interlobular veins start in the superficial cortex. In the inner
cortex they, together with the arcuate veins, receive the ascending
vasa recta from the medulla. The vasa recta ascending from the inner
medulla all traverse the inner stripe within the vascular bundles,
whereas most of the vasa recta from the inner stripe ascend outside
the bundles. Both of these types of ascending vasa recta traverse the
outer stripe as wide, tortuous channels. (Adapted from Kriz, W., and
Lever, A. F. (1969). Renal countercurrent mechanisms: Structure and func-
tion. Am. Heart J. 78(1), 101�118 and Rollhaeuser, H., and Kriz, W.
(1964). The vascular system of the rat kidney. Z. Zellforsch. Mikrosk. Anat.
64, 381�403, with permission.)
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capillary plexus of the cortical labyrinth (including the
cortex corticis); and the less dense, long-meshed plexus
of the medullary rays, both associated with the course
of the tubules. Functionally these two plexuses are dif-
ferent with respect to their drainage. The blood from
the medullary ray plexus has to pass the plexus of the
cortical labyrinth to gain access to the interlobular
veins. Therefore, the blood that has perfused the
straight tubules within the medullary rays mixes with
the blood that perfuses the convoluted tubules of the
cortical labyrinth.

The medulla (Figures 20.3, 20.4, and 20.5) is ex-
clusively supplied by the efferent arterioles of the
juxtamedullary glomeruli.5,8,10,11,15,16 These efferent
arterioles descend through the outer stripe and divide
into the descending vasa recta. In addition, the efferent

arteriole and its first divisions give rise to small side
branches that supply the sparse capillary plexus of the
outer stripe of the outer medulla. This plexus is contin-
uous with the cortical capillary plexus above and the
capillary plexus of the inner stripe below. The descend-
ing vasa recta then penetrate the inner stripe of the
outer medulla in cone-shaped vascular bundles. At
intervals, descending vasa recta leave the bundles to
join the capillary plexus at the adjacent medullary
level, most leaving the bundle within the inner stripe.
Only a small portion of the descending vasa recta pen-
etrate the inner medulla, and even fewer reach the tip
of the papilla.

The capillary plexuses of the renal medulla
(Figures 20.3 and 20.4a) differ in the three regions. That
of the outer stripe is sparse. In contrast, the capillary
plexus of the inner stripe is very dense and characteris-
tically round-meshed in appearance. In the inner
medulla the capillary plexus is less dense and long-
meshed.

The ascending vasa recta are the draining vessels of
the renal medulla (Figures 20.3 and 20.4b). In the inner
medulla they arise at every level and ascend as
unbranched vessels to the border between the inner
and outer medulla. At this point, they join the vascular
bundles and traverse the inner stripe of the outer
medulla within the vascular bundles. The ascending
vasa recta, which drain the inner stripe, behave differ-
ently. Those of the lowermost part of the inner stripe
(and therefore probably a minor portion) join the bun-
dles as they pass through this region. Those from the
middle and upper part (and thus probably the major-
ity) do not join the bundles, but ascend directly within
the interbundle regions to the outer stripe. There are,
however, interspecies differences; in the sand rat
(Psammomys obesus), all ascending vasa recta that drain
the inner stripe ascend directly to the outer stripe with-
out joining the bundles.17

Within the outer stripe, the vasa recta ascending
within the bundles spread out and, together with the
directly ascending vasa recta, traverse the outer stripe
as individual tortuous channels with wide lumina
(Figure 20.4b). They contact the tubules like true
capillaries, and because the true capillaries which are
derived from direct branches of efferent arterioles are
few in the outer stripe (Figure 20.3a), they mainly affect
the blood supply to the tubules in this region. At the
corticomedullary border, the ascending venous vessels
of the medulla empty into the arcuate veins or into the
basal parts of interlobular veins. In some species, such
as rat, guinea pig, and especially the sand rat
(Psammomys obesus) some of the venous medullary ves-
sels continue to ascend within the medullary rays of
the cortex and finally empty into middle or even upper
parts of interlobular veins.

FIGURE 20.5 Arterial vessels after filling with silicone rubber;

rabbit kidney. The broken lines show the renal surface and the corti-
co-medullary border. Arcuate arteries (AA) give rise to cortical radial
arteries which split into the afferent arterioles. The efferent arterioles of
superficial glomeruli (arrow) ascend unbranched to the kidney surface
before splitting into capillaries. The efferent arterioles of juxtamedul-
lary nephrons (arrowheads) descend into the outer stripe and devide
into the descending vasa recta (380). (From ref. [5].)
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Wall Structure of Intrarenal Vessels

The intrarenal arteries and the proximal portions of
the afferent arterioles appear to be similar to arteries
and arterioles of the same size elsewhere in the body.
The terminal portions of the afferent arterioles are
unique because of the occurrence of granular cells
(renin producing cells) which replace ordinary smooth
muscle cells in their wall.18 It is generally agreed that
granular cells are modified smooth muscle cells.
Compared to proper smooth muscle cells, granular
cells contain less myofilaments; thus, the contractile
capacity of the very last portion of the afferent arteriole
appears to be considerably decreased.19 The endocrine
function of granular cells will be considered later in the
context of the juxtaglomerular apparatus. The glomeru-
lar capillaries will be described together with the
glomerulus.

Efferent arterioles are already established inside
the glomerular tuft. Thus, in contrast to afferent arter-
ioles, efferent arterioles have an intraglomerular seg-
ment which passes through the glomerular stalk20,21

(Figure 20.6a). After this, efferent arterioles have a seg-
ment which is narrowly associated with the extraglo-
merular mesangium (details will be given later in the
context of the glomerulus). Thereafter, the efferent
arterioles are established as arterioles with a proper
media made up of smooth muscle cells.

Efferent arterioles from juxtamedullary glomeruli
differ considerably from those of cortical (midcortical
and superficial) glomeruli (compare Figures 20.6b and
20.6c). Juxtamedullary efferent arterioles are larger in
diameter than cortical efferent arterioles; their size
even exceeds that of their corresponding afferent arter-
ioles. In the rabbit, the diameters of afferent arterioles
throughout the cortex average approximately 20 μm;
juxtamedullary efferent arterioles average 28 μm, and
cortical efferent arterioles average only 12 μm.22 Similar
differences have been found in dog,12 rat,23 and
human24 kidneys.

Cortical efferent arterioles (Figure 20.6b) are only
sparsely equipped with smooth muscle cells (generally
not more than one layer). A striking feature of efferent
arterioles (including those from juxtamedullary glo-
meruli) is the thick, irregular basement membrane. In
contrast to the usual appearance of a basement mem-
brane, basement membrane-like material fills the wide
and irregular spaces between the endothelium and the
muscle layer. The juxtamedullary efferent arterioles
(Figure 20.6c) are surrounded by two to four layers of
smooth muscle cells. Their endothelium is composed
of a strikingly large number of longitudinally arranged
cells; up to 30 individual cells may be found in cross-
sections.23,25

In the descending vasa recta (Figure 20.6d) the
smooth muscle cells are gradually replaced by

c d

a b FIGURE 20.6 Efferent arteriole. (a)
Intraglomerular segment of the efferent
arteriole. Between the basement mem-
brane (GBM) and the endothelium a
mesangial layer is interposed. Note the
intimate relationships of the afferent arte-
riole (AA) to the mesangium. PO: podo-
cyte (Rat; TEM 3B4600). (b) Efferent
arteriole of a superficial glomerulus. Note
the irregular basement membrane-like
material beneath the endothelium (*). One
to two layers of smooth muscle cells (SM)
are encountered (Rabbit; TEM 3B3400).
(c) Efferent arteriole of a juxtamedullary
glomerulus. Note the many profiles of
endothelial cells (*); the tight junctions
between them are shallow (Rat; TEM
3B2450). (d) Descending (DV) and
ascending (AV) vasa recta of a vascular
bundle are shown. The continuous endo-
thelium of the descending vas rectum is
surrounded by a pericyte (P). The endo-
thelium of the ascending vas rectum is
highly fenestrated (arrows) (Rabbit; TEM
3B2400).

599RENAL VASCULATURE

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



pericytes, which form an incomplete layer around the
vessel trunk. Pericytes should be regarded as contrac-
tile cells. The pattern of these cells, which encircle the
endothelial tube-like hoops, and their dense assemblys
of microfilaments strongly imply that they have a con-
tractile function. In contrast to smooth muscle cells,
they are not contacted by nerve terminals. The des-
cending vasa recta finally lose their pericytes, and the
concurrent appearance of endothelial fenestrations
marks their gradual transformation into medullary
capillaries.

The ultrastructure of the capillaries in the kidney is
similar in both the cortex and the medulla (with the
exception of glomerular capillaries; vide infra). The
capillaries of the kidney are of the fenestrated type
(Figure 20.7). The capillary wall consists of an
extremely flat endothelium surrounded by a thin base-
ment membrane. In non-nuclear regions the endothelial
cells contain densely and regularly arranged fenestra-
tions that (in contrast to the glomerular capillaries) are
bridged by a thin diaphragm. An estimated 50% of the
capillary circumference is composed of these fenestra-
tion-bearing areas.23 The fenestrations themselves are
of rather complex structure. In normal TEM sections
the diaphragm appears as a very thin (5�6 nm) single-
layered proteinaceous membrane provided with a cen-
tral knob. Deep-etch freezing techniques have revealed

a composition of radial fibrils converging to the central
knob.26 So far only one protein, PV1, a caveolar trans-
membrane protein, has been attributed to the dia-
phragm.27 The diaphragm is considered to be permeable
to water and small water-soluble substances.

The wall structure of the ascending vasa recta
(Figure 20.6d) is similar to that of the capillaries. These
draining vessels, with wide lumina, are bound for their
entire length by an extremely flat endothelium with
extensive fenestrations. The same structure is found in
the large veins of the cortex and at the corticomedul-
lary border (Figures 20.8 and 20.15). The interlobular
and arcuate veins are not veins in the classic sense, but
they have a wall structure fundamentally the same as
that of the renal capillaries.9,23 This wall consists solely
of an extremely flattened, partly fenestrated endothe-
lium that rests on a basement membrane.

NEPHRONS AND COLLECTING DUCT
SYSTEM

The specific structural units of the kidney are the
nephrons. In the rat, each kidney contains 30,000 to
35,000 nephrons28; each human kidney has an esti-
mated 1 million,29 but great interindividual differences
exist.30,31

The nephron consists of a renal corpuscle connected
to a complicated and twisted tube that finally drains
into a collecting duct. Based on the location of the renal
corpuscles within the cortex, three types of nephrons
are distinguished: superficial; midcortical; and juxta-
medullary nephrons. Exact definitions of these types,
grounded on more than arbitrary decisions, can be
based on the different patterns of the efferent arterioles
(vide supra).

The tubular part of the nephron consists of a proxi-
mal and a distal portion connected by a loop of Henle.
For details of subdivisions, see Figures 20.9 and 20.10.

According to the lengths of the loops of Henle, two
types of nephrons are distinguished (Figure 20.9): those
with long loops and those with short loops (including
those with cortical loops). Short loops turn back in the
outer medulla. In many species (rat, rabbit), the bends
of the short loops are all located roughly at the same
level of the inner stripe, namely, near the junction to
the inner medulla. In other species (pig and human),
short loops may form their bends at any level of the
outer medulla, and even in the cortex (cortical loops).

The long loops turn back at successive levels of the
inner medulla, many at its start; others reach interme-
diate levels, and only a few reach the tip of the papilla.
Thus, the number of loops is successively reduced
along the inner medulla toward the papilla. This
decrease is paralleled by a decrease in collecting ducts

FIGURE 20.7 Freeze-fracture electron micrograph demonstrat-
ing the dense arrangement of fenestrations within the wall of a

peritubular capillary (rabbit). Pinocytotic vesicles (arrows) are found
within areas of thicker cytoplasm, which connect the perikaryon and
the more voluminous areas along the cell borders (not shown)
(37600). (In cooperation with A. Schiller and R. Taugner.)
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and vasa recta, leading to the characteristic form of the
inner medulla, which in all species tapers from a broad
basis to a papilla (or crest).

The division of nephrons according to the position
of their corpuscles in the cortex does not coincide with
the division based on the length of their loops. Among
species, all three types of renal corpuscles may be
attached to both short and long loops. However, within
a given species (with short and long loops), the
long loops always belong to the deeper renal corpuscles
(i.e., juxtamedullary and deep midcortical) and the short
loops to the more superficially situated corpuscles.

The number of short and long loops varies among
species. Some species have only short loops (mountain
beaver, muskrat), and consequently lack an inner
medulla, which results in a poor ability to concentrate
urine.6 Only two species, cat and dog, are known to
have just long loops. In comparison with other species,
their urine concentrating ability is considered to be
average. In the cat, however, many long loops pene-
trate into the inner medulla for a very short distance
(less than 0.5 μm. Defining a loop by ultrastructural cri-
teria (vide infra), a feline kidney does contain many
loops resembling the short loops in other species. The
formerly held presumption that rodent species with
the most powerful ability to concentrate urine, like
Psammomys or Meriones, have only long loops has been
proved incorrect.32 Most species have short and long

loops whose ratio varies from species to species.
A correlation between the ratio of short and long loops
and urine concentrating ability is not obvious. Most
rodent species that have a high urine concentrating
ability (rat, mouse, golden hamster, Psammomys,
Meriones) have more short loops than long loops.32�34

The collecting ducts are formed in the renal cortex
by the joining of several nephrons (Figures 20.9 and
20.10). The location of the exact border between a
nephron and a collecting duct is disputed. According
to cytological criteria, a connecting tubule is interposed
between a nephron and a cortical collecting duct.
Whether this connecting tubule derives from the
nephrogenic blastema, and therefore must be consid-
ered as a part of the nephron, or from the ureteral bud,
and therefore is part of the collecting ducts, remains an
open question.

Microanatomically, the connecting tubules of deep
and superficial nephrons differ (Figure 20.9). The con-
necting tubules of deep nephrons generally join to form
an arcade before draining into a collecting duct; superfi-
cial nephrons drain via an individual connecting tubule.
The numerical ratio between nephrons draining through
an arcade and those draining individually varies greatly
among species. In rat, rabbit, and pig, the majority of
nephrons drain via arcades; as Sperber3 observed, some
arcades probably exist in all mammalian kidneys. An
arcade ascends within the cortical labyrinth before

FIGURE 20.8 Scanning electron micrographs of the inner surface of an arcuate artery and vein (Rat). (a) The tubules underneath the
venous wall are clearly discernible through the endothelium, which covers the tubules as a thin coat. (b) Higher magnification of the venous
endothelium. The openings in the endothelial wall (arrows) mark the positions where venous vasa recta and capillaries empty into the vein.
(a) 3B120; (b) 3B1900. (From Frank, M., and Kriz, W. (1988). The luminal aspect of intrarenal arteries and veins in the rat as revealed by scanning elec-
tron microscopy. Anat. Embryol. (Berl) 177(4), 371�376, with permission.)
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draining into a cortical collecting duct (Figure 20.9).
Functionally, an arcade appears to serve as a device that
prevents the addition of dilute distal urine to collecting
ducts at the corticomedullary junction.35

The cortical collecting ducts descend within the med-
ullary rays of the cortex and then, as unbranched tubes,

traverse the outer medulla (outer medullary collecting
ducts). On entering the inner medulla (inner medullary
collecting ducts), they fuse successively. In the human
kidney, an average of eight fusions has been found,36 a
number that may also be a good approximation for
other species.37 Because a cortical collecting duct in the
human kidney accepts 11 nephrons on average, it can
be calculated that a papillary duct (opening into the
renal pelvis) drains a total of 2750 nephrons. In the rab-
bit kidney, which has only 6 nephron tributaries to a
cortical collecting duct,5 approximately 1000 nephrons
are drained by a terminal collecting duct. It must be
emphasized that an inner medullary collecting duct is
not a single unbranched tube, but rather is a system of
tubules that fuse successively.

INTERSTITIUM

Definition, Volume Fraction

The space between the basement membranes of the
renal epithelia and the peritubular capillaries
(Figure 20.11) is called the “interstitial space.” Cells and
extracellular matrix within this space constitute the
“interstitium.” The fractional volume of the interstitium
in the cortex in healthy kidneys has been estimated
between 4 to 9%,38�41 in the outer stripe of the outer
medulla and in the vascular bundle compartment
B3�5%. In the interbundle compartment of the inner
stripe the fractional volume amounts to 10% in rat,42,41

and in the inner zone the relative interstitial volume
continuously increases from the base (10�15% frac-
tional volume in rat, 20�25% in rabbit) to the tip of the
papilla (B30% in rat; more than 40% in rabbit42,43).
Reabsorption and secretion of fluid and solutes, as well
as the transport for many regulatory substances from
their site of production to their target site, implies a
transit across the interstitial compartment.44 In the cor-
tex only about 26%39 or 42%40 of the total outer tubular
surfaces are directly apposed to capillaries.

Cellular Constituents

The majority of cells in the interstitium of healthy
kidneys are interstitial fibroblasts and dendritic cells
(Figure 20.12). Other cell types (macrophages and lympho-
cytes) are scarce in healthy kidneys,45 but they invade
the interstitial spaces under inflammatory conditions.46

Interstitial Fibroblasts

Interstitial fibroblasts provide the scaffolding of the tis-
sue, take part in the modeling of the extracellular
matrix, and play a role in the production of regulatory

Cortex

9*

8

1

2
7

3Outer
Stripe

Inner
Stripe

Inner
Medulla

O
ut

er
 M

ed
ul

la

6

6

3

10

7 1 2

89

11

4

5

12

4

FIGURE 20.9 Schematic of nephrons and collecting duct. This
scheme depicts a short-looped and a long-looped nephron, together
with the collecting system. Not drawn to scale. Within the cortex a
medullary ray is delineated by a dashed line. (From Kriz, W., and
Bankir, L. (1988). A standard nomenclature for structures of the kidney.
The Renal Commission of the International Union of Physiological Sciences
(IUPS). Kidney Int, 33, 1�7, with permission.) 1: Renal corpuscle includ-
ing Bowman’s capsule and the glomerulus (glomerular tuft); 2:
Proximal convoluted tubule; 3: Proximal straight tubule; 4:
Descending thin limb; 5: Ascending thin limb; 6: Distal straight
tubule (thick ascending limb); 7: Macula densa located within the
final portion of the thick ascending limb; 8: Distal convoluted tubule;
9: Connecting tubule; 9*: Connecting tubule of the juxtamedullary
nephron that forms an arcade; 10: Cortical collecting duct; 11: Outer
medullary collecting duct; 12: Inner medullary collecting duct.
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FIGURE 20.10 Segmentation of the renal tubule. This table summarizes the nomenclature of segments and cells of the renal tubule. A continuous serpentine arrow means that the
transition between the two structures is gradual. An interrupted serpentine arrow means that the transition is gradual in some species, abrupt in others. Abbreviations marked by a star
were introduced by Morel and co-workers: Functional segmentation of the rabbit distal tubule by microdetermination of hormone-dependent adenylate cyclase activity. Kidney Int. 1976; 9, 264�277
(DCTa: Distal convoluted tubule, initial portion; DCTb: Distal convoluted tubule, bright portion; DCTg: Distal convoluted tubule, granular portion; DCTl: Distal convoluted tubule, light
portion; CCTg: Cortical collecting tubule, granular portion; CCTl: Cortical collecting tubule, light portion). (From ref. [542].)



FIGURE 20.11 Peritubular interstitium of the renal cortex with

narrow (arrows) and wide (stars) portions. Interstitial cells are resi-
dent fibroblasts (1) and temporarily sojourning dendritic/mononu-
clear cells (2) (rat kidney; TEM 3B720).

FIGURE 20.12 Schematic representation of cortical interstitial
fibroblast (F) and dendritic cell (D) in the cortical interstitial space

of a healthy kidney. The dark outline of fibroblasts indicates the f-
actin layer under the plasma membrane (except for nuclei no cell
organelles are shown); the fibroblasts are affixed to tubules and
capillaries (C); the arrow heads indicate interconnection of fibroblasts
by adhering junctions; the extensions of dendritic cells are narrowly
intermingled with fibroblast cell processes.

FIGURE 20.13 Interstitial cells, labeled by immuno-
gold staining for ecto-50-nucleotidase (a,b) and MHC

class II (c,d) on consecutive (a,c) cryostat sections. P:
Proximal tubule; D: Distal convoluted tubule; G:
Glomerulus; C: Capillary; Arrowheads: Fibroblasts;
Arrows: Dendritic cells. (a) 50NT labeling highlights the
abundance of interstitial fibroblasts (arrow) and the brush
border of proximal tubules. Insert: Higher magnification
of a fibroblast, labeled for 50NT by enzyme-histochemis-
try, demonstrating the far extending processes within the
interstitial space. (b) Fibroblasts (arrowheads) bridge the
interstitial space between the basement membranes of
tubules and capillaries. Insert: Detail of the attachment of
a fibroblast process to a tubular basement membrane. (c)
Dendritic cells (arrow) labeled for MHC class II, share the
interstitial space with fibroblasts. (d) and insert:
Differential interference contrast shows the narrow con-
tact of dendritic cells and their extensions (arrow) to fibro-
blasts (arrowhead) (a,c 3B340; b,d 3B1200; Bars a,c
B50 μm; b,d B10 μm).
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substances. Interstitial fibroblasts bridge the interstitial
space (Figures 20.12, 20.13 and 20.14). They are physi-
cally affixed to the basement membranes of tubules,
renal corpuscles, and peritubular capillaries, they are
interconnected by adhering junctions44,45,47�49

(Figures 20.12 and 20.14), and narrowly contact all types
of migrating cells within the interstitial space
(Figures 20.12 and 20.13).

Cortical Interstitial Fibroblasts

In transmission electron microscopic (TEM) images
(Figure 20.14), cortical interstitial fibroblasts display
a heterochromatin-rich angular nucleus which is sur-
rounded by a narrow organelle-free cytoplasmic rim.

Filiform and leaf-like, perforated and filiform processes
spread from the cell body, traverse the interstitial space
and are affixed to the basement membranes of tubules,
enveloping glomerular arterioles and cells of the
immune system.50 Characteristic for fibroblasts is the
dense layer of f-actin filaments immediately under the
plasmalemma (Figures 20.12 and 20.14). In the filiform
processes and the pedicle- or spine-like attachments to
the basement membranes, the f-actin is markedly
dense48 (Figures 20.12 and 20.14).

The anchorage of fibroblasts to tubular and capillary
basement membranes and their interconnections sug-
gests the possibility that each configurational change of
tubules or capillaries (e.g., related with tubular/capil-
lary growth, tubular/capillary dilatation or collapse)
exerts mechanical forces on the f-actin frame of the fibro-
blasts and induces signaling pathways.51,52 In concert
with chemokines and other factors53 the mechanical
forces might be essential components in the cross-talk
between fibroblasts and epi- or endothelia,

The production of extracellular matrix is another dis-
tinguishing characteristic of fibroblasts. The morpho-
logical correlate for matrix production is the prominent
apparatus for protein synthesis, i.e., abundant large
profiles of rough endoplasmic reticulum filled with
flocculent, rather electron-dense material, as well as
several sets of Golgi-fields. These organelles, including
mitochondria, are predominantly located in the periph-
eral thicker parts of the leaf-like processes, close to the
sites of release of matrix and collagen fibrils into the
interstitial space (Figure 20.14).47,48

The extracellular matrix of the interstitium is composed
of a network of fibers, proteoglycans, glycoproteins, and
interstitial fluid.44,54 Several types of fibers are found,
among them typical interstitial collagen fibers (type 1,
type 3, and type 6).55 Microfibrils (collagen type 1) are
found throughout the renal interstitium. Type 3 fibers
correspond to the reticular fibers which form a network
enveloping individual tubules. Proteoglycans are an
important component of the interstitial matrix in the kid-
ney.56 As elsewhere in the body, various glycoproteins
(fibronectin, laminin, and others) are found associated
with tubular basement membranes, as well as with fibril-
lar structures. All these substances contribute to the scaf-
folding function of the interstitium. Furthermore, they
are important substrates for migrating immune cells in
the interstitial space.

Fibroblasts can accumulate lipid droplets. These are
not common in cortical fibroblasts (in contrast to med-
ullary fibroblasts, see below) of healthy kidneys; yet,
they may also appear in cortical fibroblasts under spe-
cific functional conditions (e.g., anemia38). Lysosomal
bodies are rarely observed under control conditions.

Cortical interstitial fibroblasts play important roles
in the adaptive response to local and systemic hypoxia.

FIGURE 20.14 (a) Fibroblast with sharply outlined pericaryon in
the cortical interstitium of a rat kidney; a filiform processes (1) is
interconnected with another fibroblast by intermediate junctions
(Insert 1); pedicle-like processes of the same fibroblast adhere to the
basement membrane of a capillary (c) (2; Insert 2) and of a proximal
tubule (PT) (3; Insert 3; Star: Extracellular matrix) with pedicle-like
processes that reveal dense stress-fiber-like F-actin filaments; (Insert
4): collagen fibrils (asterisk) closely associated with a fibroblast
extension (F) which encloses part of a dendritic cell (D); (Insert 5)
the broad cytoplasmic extensions show abundant cisterns of rough
endoplasmic reticulum (TEM 3B11,800; Inserts: 1 3B50,000; 2,3
3B23,000; 4 3B11,800; 5 3B23,000). (b) Fibroblast (F) in focal
peritubular inflammation, caused by a lesion in a distal tubule; the
fibroblast bridges the space between a healthy proximal tubule (PT),
and a diseased distal tubule (DT), extends with thin processes
closely along the basement membrane of the DT, partially encloses
a profile of a peritubular capillary (C), and has close contact to
migrating cells of the immune system (L: lymphocyte; D: dendritic
cell; Insert: Higher magnification of the contact (“kiss”) of the exten-
sion of the dendritic cell and a lymphocyte; TEM 3B6000; Insert
3B23,000).
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The cleavage of AMP by ecto-50-nucleotidase (50NT) on
the plasmalemma of cortical fibroblasts generates extra-
cellular adenosine (ADO) in the cortical interstitium.57

ADO has been widely implicated in adaptive responses
to local hypoxia58 and in regulating local hemodynam-
ics.59 The particularly narrow sheathing of glomerular
arterioles by 50NT-positive fibroblasts48,60 suggests a
role of ADO in the regulation of glomerular blood flow
and glomerular filtration rate. Indeed, purinergic
receptors in afferent and efferent glomerular arterioles
are implicated in the regulation of renal functions and
hypertension.61 Studies on 50NT-deficient mice have
confirmed that ADO mediates the vascular response
elicited by changes in NaCl concentration at the macula
densa.62 Cortical fibroblasts also exhibit soluble guany-
lyl cyclase (sGC),63 and a b-type cytochrome 558.64

Interstitial fibroblasts in the deep cortex are the
source of renal erythropoietin.65�67 The hypoxia-induc-
ible factor (HIF Hif-2), which has also been located to
50NT-positve fibroblasts,68,69 mediates regulation of
transcription of erythropoietin following changes in
oxygen supply.70 In conditions of anemia38 and hyp-
oxia, cortical interstitial fibroblasts from all cortical
regions are rapidly recruited for EPO-synthesis.71

Extensive phenotypical modulations of cortical
peritubular fibroblasts in vivo occur under the con-
certed action of inflammatory cytokines and growth
factors.72�74 Under these conditions, the interstitial
fibroblasts proliferate and transform into myofibro-
blasts.75 Morphologically myofibroblasts differ from
interstitial fibroblasts of the healthy renal interstitium,
having rounded, euchromatin-rich nuclei and large
irregularly-shaped cellular extensions containing dra-
matically expanded cisterns of rER,75 and by increased
junctional coupling.76 Differing from healthy intersti-
tial fibroblasts, myofibroblasts express αSMA and
vimentin, and 50NT is internalized from the plasma
membrane into the cytoplasm. Functionally, myofibro-
blasts have an increased capacity for quantitatively
and qualitatively different matrix production,72�74

and a reduced potential for erythropoietin gene
expression.70

Medullary Interstitial Fibroblasts

The phenotype of fibroblasts in the medulla is basi-
cally the same as in the cortex, yet their three-dimen-
sional configuration50 changes in correlation with the
change in tubular arrangement, from convolutions in
the cortex to the strictly parallel course of tubules and
vessels in the inner zone. The longitudinal axis of the
pericaryon of inner medullary fibroblasts is oriented
perpendicularly to the longitudinal axis of tubules and
vessels (Figure 20.15), and in two-dimensional micro-
scopic images they appear like “rungs of a ladder”.44

One noticeable change in the ultrastructure of medul-
lary fibroblasts is the progressive increase in cytoskele-
tal elements towards the deep inner zone; actin
filaments form a very prominent layer under the
plasma membrane of the pericaryon (Figure 20.16) and
the processes. The latter may be interconnected by a
composite type of intercellular junction.49 The increase
in cytoskeletal elements in the cells in the inner zone
most probably contributes to withstanding the increas-
ing osmotic pressure towards the papillary tip.
Furthermore, the occurrence of lipid granules increases
progressively from the outer medulla towards the
inner medulla where they may be so prominent that
the cells were designated as “lipid-laden cells.”
However, inner medullary fibroblasts may also lack
lipid droplets.44 In vitro studies have revealed that the

FIGURE 20.15 Interstitial fibroblasts of the inner medulla,

demonstrated in longitudinal sections. The fibroblasts (asterisks) are
arranged like the rungs of a ladder between parallel running tubules
or vessels. The fibroblasts contain numerous lipid granules (black) of
different sizes (visible in a). (L: loop limb; V: vessel; (a) Psammomys;
TEM 3B1350; (b) Rat; SEM 3B3400). (In cooperation with J. M.
Barrett.)
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occurrence and amount of lipid droplets in the inner
medullary fibroblasts depends on the specific environ-
ment of the cells, conditioned by the presence of inner
medullary collecting duct cells, and that inner medul-
lary fibroblasts can transform to myofibroblasts with
upregulation of alpha smooth muscle actin and des-
min.77 In medullary fibroblasts the cisterns of rough
endoplasmic reticulum, including the perinuclear
cistern, are often strikingly enlarged and they may
narrowly enclose mitochondria (Figure 20.16).
Occasionally the rER membranes are in direct contact
with the plasma membrane (Figure 20.16). The func-
tional interpretation of these particular features, only
rarely observed in cortical fibroblasts, is still to be
resolved.

The medullary fibroblasts do not display 50NT or
mRNA for EPO. A role of medullary interstitial cells
has been proposed in the regulation of urinary

osmolarity. Glycosaminoglycans are particularly abun-
dant in the inner medullary interstitium,78 and con-
densed hyaluronate-proteoglycan aggregates are
associated with basement membranes, with collagen
fibers, as well as with diffuse reticular structures.

The inner medulla has the greatest capacity for renal
prostaglandin (PG) synthesis.79,80 Cyclooxygenase (COX)
isoforms, rate-limiting enzymes in PG biosynthesis, are
expressed at substantially higher levels in the inner
medulla than in the renal cortex.81�84 COX-2 is found
predominantly in inner medullary interstitial fibro-
blasts, and its expression increases under chronic salt
loading.84

Dendritic Cells

Dendritic cells (DC) belong to the mononuclear
phagocyte system and constitute the major antigen-
presenting cell population in the healthy kidney.85

Interstitial DCs continually probe the surrounding
environment through dendrite extensions, and readily
respond to insults to the parenchyma.86�88 DCs have
been recognized by their expression of MHC class II
(Figures 20.12 and 20.13) and CD11c. In the healthy
kidney DCs are present in their immature phenotype
with comparatively low levels of MHC class II and
of co-stimulatory proteins,89 but with a high capacity
for uptake of antigens.86

Similar to fibroblasts, DCs form an organ-spanning
network,88 located in very close contact with fibroblasts
(Figures 20.12, 20.13 and 20.14).45,47 DCs are constantly
moving. Unlike fibroblasts, the pericaryon of DCs is
large and confines the often rounded or elongated
nucleus together with most cell organelles. The rER
profiles of dendritic cells are narrow and less abundant
than in fibroblasts. The intermediate filament protein
vimentin is regularly present in the pericaryon of DCs,
whereas it is absent in fibroblasts in the healthy renal
cortex. Dendritic cells have, in comparison to macro-
phages and lymphocytes, more mitochondria, more
rER, and a large Golgi apparatus. Lysosomes are less
apparent than in macrophages. The so-called Birbeck
granules, which are characteristic for dendritic cells,
are a special formation of the endocytotic compartment
serving as a loading compartment and/or reservoir of
antigens before DC maturation.90

The ramified “veil-like” and perforated cellular
extensions (Figure 20.12) lack the prominent stuffing
with f-actin filaments, and are largely devoid of cell
organelles, in marked contrast to fibroblasts. The long
filiform processes of DCs have approximately the same
diameter as the filiform fibroblast processes, but due to
the lack of f-actin filaments are much less electron-
dense (Figure 20.14). In contrast to fibroblasts, DCs

FIGURE 20.16 Medullary fibroblasts, (a, b, d) human fibro-
blasts from a renal biopsy; (c) fibroblast from a perfusion-fixed rat

kidney. (a) Human fibroblast at the cortico-medullary border; stellate
pericaryon and microfilament-rich cell processes (small arrows),
extending between immune cells. (b) Part of a human fibroblast in
the inner stripe of the outer medulla; the cisterns of the rough endo-
plasmic reticulum are widened and filled with flocculent material
(Asterisk: Dilated perinuclear cistern; Small arrows: Accumulations
of microfilaments along the plasma membrane). (c) Rat fibroblast
from the inner medulla showing dilated perinuclear and endoplasmic
reticulum cisterns (asterisk); infoldings of the ER into the cistern
(arrow head) (L: Lipid droplets). (d) Fibroblast in the outer stripe of
the outer medulla; a profile of rough endoplasmic reticulum in direct
contact with the plasma membrane (arrow) (TEM (a): 3B4760; (b):
3B8500; (c) 3B37,400; (d) 3B33,150; Bars: (a,b): B2 mm; (c,d):
B0.2 mm). (From ref. [47].)
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have no junctional connections among each other or
with tubules or vessels. However, frequently the
plasma membranes of dendritic cells and of fibroblasts
or dendritic cells and lymphocytes form points of
membrane adhesion, so-called “kisses” (Figure 20.14).
Parts of dendritic cells are often nestled into the hol-
lows of the pericaryon or the processes of fibroblasts.
The narrow intermingling of both cell types
(Figures 20.12, 20.13 and 20.14) suggests the possibility
of extensive cross-talk between them.

Dendritic cells are abundant in the inner stripe in
the outer medulla and, as in the cortex, are narrowly
associated with fibroblasts. Accumulations of dendritic
cells are particularly striking around collecting ducts
and thick ascending limbs.

In the inner medulla the pericaryon of dendritic cells
is often situated in the spaces between the “ladder
rungs” formed by the fibroblasts, and their processes
may extend over several “ladder rungs.” In the lower
two-thirds of the inner medulla bone marrow-derived
cells are not detected in the healthy kidney.45,47

Macrophages and Lymphocytes

Macrophages and lymphocytes are rarely found in
the healthy renal interstitium, but they massively invade
the interstitial spaces under inflammatory conditions.46

A large proportion of the invading mononuclear cells
display the established “marker proteins” (CD 45, CD3,
CD4, CD 8; ED1, ED2, CD44, etc.) and the protein
S100A4.35,91 Neutrophil granulocytes are found occa-
sionally, basophil and eosinophil granulocytes and
plasma cells are rare in the healthy cortical renal
interstitium.

PERIARTERIAL CONNECTIVE TISSUE
AND LYMPHATICS

The periarterial tissue is a sheath of loose connective
tissue, surrounding the intrarenal arteries (arcuate arter-
ies, cortical radial arteries). The considerable thickness
of the periarterial sheath is apparent in quick-frozen
specimens,92 and in perfusion fixed tissue. It attenuates
towards the end of the cortical radial arteries and termi-
nates along the afferent arteriole at the vascular pole of
the glomerulus (Figures 20.17, 20.18 and 20.19). The peri-
arterial sheath is continuous with the peritubular inter-
stitium and with the connective tissue underlying the
epithelium of the renal pelvis and ureter at all sites.
The renal veins are apposed to the periarterial sheath.92

The periarterial sheath constitutes wide meshes of
the extremely attenuated processes of 50NT-negative,
but weakly alpha-smooth muscle actin- and vimentin-
positive fibroblasts.47 The meshes are filled with thick

bundles of collageneous fibers and interstitial fluid and
regularly confine some macrophages and dendritic cells.

The periarterial connective tissue sheath provides
the path for renal nerves (see below) and for renal lym-
phatics.92 Lymphatics start in the vicinity of the glomer-
ular vascular pole25 or at a more proximal level of the
afferent arteriole, depending on the species, and travel
along the branches of the renal arteries towards the
renal hilum (Figures 20.17 and 20.18). Their recognition
and distinction from blood capillaries at light micro-
scopic levels is facilitated by their specific expression
of podoplanin.93 Also, 50NT labels in rat and mice lym-
phatics, but not in blood vessels. Lymphatic endothe-
lial cells secrete chemokines that attract dendritic cells.
An increase in lymphatic microvessels has been
observed, e.g., in tubulointerstitial fibrosis and progres-
sion to end-stage renal failure in remnant kidney.93

Regulatory substances that are released into the peri-
tubular interstitium might access the systemic blood
circulation via the lymphatics in the periarterial sheath.
This suggestion has been made for renin,92 and it may

FIGURE 20.17 Cross-section through the deep cortex (rat). The
cortical radial artery (A) is surrounded by a layer of loose connective
tissue that contains the lymphatics (LY). The cortical radial vein is
only partly shown; its lumen and those of direct tributaries have
been highlighted by a dotted pattern. Note the intimate relationships
of the artery, vein, and lymphatic, mediated by the periarterial loose
connective tisue (TEM: 3B360).
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FIGURE 20.19 The renal nerves accompany (a) the intrarenal arteries. A cortical radial artery (arrow) is seen which is associated with
three nerve bundles, identified by staining with a monoclonal antibody against protein gene product 9.5 (PGP 9.5) which is a universal marker
for vertebrate neurons. Among the tubules no nerves are found. A medullary ray is delineated by a hatched line (Rat; LM 3B240). (In coopera-
tion with M. Siry, W. Kummer and S. Bachmann). (b) A large terminal nerve accompanying an afferent arteriole. Several axons (arrows) and a var-
icosity (star) with synaptic vesicles are seen (SM: Smooth muscle cell; CO: Collagen; C: Capillary; Rabbit kidney: TEM 3B12,000).
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FIGURE 20.18 Schematics to show (a) the distribution, and (b) the topographical relationships of the periarterial connective tissue

sheath. Not drawn to scale. (a) The periarterial sheath is schematically indicated as a wide “stocking” drawn over the intrarenal arteries and
lymphatics. In reality this stocking has no limiting tissue that separates the interior from the surroundings. An arcuate artery transforms into a
cortical radial artery, which gives rise to afferent arterioles. These segments are surrounded by the periarterial connective tissue sheath. The
efferent arterioles, as well as the veins (drawn in black), are not included. The lymphatics (stippled) originate and travel within the periarterial
sheath. Note there are no lymphatics coming up from the medulla. Within the cortex, medullary rays are indicated by a broken line. In (b) a
transverse section through an cortical radial artery (A) shows the relationships of the periarterial sheath and the possibilities for functional
exchanges (double-headed arrows) with surrounding structures: (1) with the peritubular interstitium; (2) with the accompanying vein (V); and
( 3 ) with lymphatics (Ly). The single-headed arrows indicate the flow of the respective fluid. Note the nerves (N) traveling through the periar-
terial tissue. In addition, two neighboring tubules, including an arcade and a proximal tubule, together with peritubular capillaries, are drawn.
(From ref. [92], with permission.)
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apply to other protein hormones such as erythropoie-
tin. The periarterial tissue sheaths have been inter-
preted as a mixing chamber for a variety of vasoactive
substances, ultimately determining the contractile sta-
tus of the renal resistance vessels. In addition to the
lymphatics, the periarterial tissue itself constitutes a
pathway for interstitial fluid drainage. Indeed, a tracer
injected under the renal capsule can be followed within
the periarterial tissue, as well as within the lymphatics.

While a fraction of cortical interstitial fluid gains
access to the periarterial tissue, and eventually to lym-
phatics, there is no direct pathway for regulatory sub-
stances released in the cortical interstitium to reach
medullary targets. It has been proposed that the inti-
mate relationships between cortical radial arteries and
veins permits countercurrent exchange of O2, being
responsible � at least in part � for the low partial pres-
sure of O2 in the superficial cortex.94,95

NERVES

The efferent nerves of the kidney are composed of
sympathetic nerves and terminal axons, which accom-
pany the intrarenal arteries, and the afferent and effer-
ent arterioles (Figures 20.18 and 20.19).96 The nerve
fibers are monoaminergic. Norepinephrine97�99 and
dopamine have been identified.100 In addition, several
neuropeptides are co-localized with norepinephrine in
renal nerves.101 The presence of acetylcholinesterase in
renal nerves cannot be taken to indicate cholinergic
nerves, but rather that monoaminergic nerves obvi-
ously possess acetylcholinesterase activity.97

The nerve fibers run in the loose connective tissue
around the arteries and arterioles. The descending vasa
recta within the medulla are also innervated by adren-
ergic nerve terminals as far as they are enveloped by
smooth muscle cells.102,103 A dense assembly of nerves
and terminal axons is found around the juxtaglomeru-
lar apparatus99 which is described in more detail along
with the JGA.

Tubules have direct relationships to terminal axons
only when they are located around the arteries or arter-
ioles.96,99 Tubules adjacent to the juxtaglomerular appa-
ratus (terminal portion of the cortical thick ascending
limb) are more frequently touched by terminal axons
than at other sites.99 The density of nerve contacts to
convoluted proximal tubules (located in the cortical
labyrinth) is low104; nerve contacts to straight proximal
tubules (located in the medullary rays and the outer
stripe) have never been encountered. The overwhelm-
ing majority of tubular portions have no direct relation-
ships to nerve terminals.

Consequently, morphologists are left with the
question of how the neuronal influence on tubular

function105 is mediated. In addition to a systemic distri-
bution of catecholamines, a more specific, but also indi-
rect, mode seems possible for certain tubular
segments.5 Because nerve fibers do pass along the vas-
cular pole of each glomerulus from afferent to efferent
arterioles, the distribution of nerves in the renal cortex
is dense. Catecholamines (and other transmitters)
released from nerve terminals at the vascular poles and
at the efferent arterioles may gain access to peritubular
capillaries, and in this way may perfuse the convoluted
tubules of the cortical labyrinth. Tubules arranged
around the cortical radial arteries would be reached
most easily by transmitters released from periarterially
located nerve terminals. This may be of relevance
with respect to arcades (connecting tubules), which
have been shown to be sensitive to isoproterenol.106

Exposure of the straight tubules within the medullary
rays of the cortex to neural transmitters reaching them
directly by diffusion from nerve terminal is improbable.

Tubules in the outer medulla may only be reached
by neurotransmitters if they are either situated adjacent
to vascular bundles (a minority of tubules) or secondar-
ily, by a capillary distribution of the transmitters from
nerve terminals accompanying the vascular bundles.
The tubules of the inner medulla cannot be reached by
neurotransmitters directly delivered from nerve term-
inals in the medulla.

Little is known about the afferent nerves of the kid-
ney; they are commonly believed to be sparse, but the
issue remains unresolved.102,105,107�110

TOPOGRAPHICAL RELATIONSHIPS

Cortex

The architectural pattern of the renal cortex is best
understood when viewing a cross-section through the
midcortex (Figures 20.20 and 20.21). Two portions
within the cortical parenchyma, the labyrinth and the
medullary rays, are distinguishable. Within the cortical
labyrinth, the vascular axes, which consist of the cortical
radial (interlobular) artery, vein, and a lymphatic, are
regularly distributed. The renal corpuscles and the cor-
responding convoluted tubules (proximal and distal)
are situated around each vascular axis. Barriers separat-
ing the population of renal corpuscles and convoluted
tubules belonging to another vascular axis are not dis-
cernible. Thus, the cortical labyrinth is a continuous
parenchymal layer that contains the vascular axes of the
cortex and the medullary rays in a regular pattern. The
straight tubules (proximal and distal), together with
the collecting ducts, are located within the medullary
rays. Because the number of straight tubules increases
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toward the corticomedullary border, the medullary rays
increase in width toward the outer stripe.

A regular pattern of the convoluted tubules within
the labyrinth is not apparent. Proximal and distal con-
voluted tubules (the latter constitute only a minor por-
tion of profiles in comparison with proximal tubules)
are equally embedded in the dense capillary plexus of
this region. A strikingly constant position is occupied
by the arcades (if they are present). They ascend within
the cortical labyrinth and are grouped immediately
around the vascular axes. The topographical

relationships within the juxtaglomerular apparatus will
be described later.

Within the medullary rays the straight tubules of
superficial nephrons (proximal and distal) generally
occupy a central position, and those of midcortical
nephrons occupy a peripheral position. The collecting
ducts are situated between the two groups, and there-
fore are situated neither in the center nor at the very
border of a medullary ray. Efferent arterioles do not
enter the medullary rays, but frequently break off into
capillaries just at the border between the labyrinth and

FIGURE 20.20 Schematics of histotopography. Histotopography of the kidney as revealed by four successive cross-sections through: (a)
cortex; (b) outer stripe; (c) inner stripe; and (d) inner medulla. The simple type of the medulla (rabbit, man) is shown. (From Koushanpour, E.,
and Kriz, W. (1986). In “Renal Physiology. Principles, Structure and Function.” Springer-Verlag, New York, with permission.) In the cortex the cortical
labyrinth (shaded area) and the medullary rays (white) are shown. The labyrinth contains the cortical radial (interlobular) blood vessels, glo-
meruli, and the convoluted tubular portions (the latter are not shown). The arcades accompany the interlobular vessels. The medullary rays
contain the collecting ducts and the straight proximal and distal tubules. Note the typical grouping of collecting ducts within a medullary ray.
In the outer stripe, vascular bundles replace the interlobular vessel axis of the cortex. The continuations of the medullary rays are surrounded
by hatched lines. Within these areas the collecting ducts and the loop limbs of superficial and midcortical nephrons are found. The loop limbs
of juxtamedullary nephrons are situated around the vascular bundles. In the inner stripe, the vascular bundles are fully developed. Like in the
outer stripe, the loop limbs of juxtamedullary nephrons are situated near the bundles, and those from superficial and midcortical nephrons
together with the collecting ducts are located distant from the bundles. Note the heterogeneity of the thin limbs: Those of juxtamedullary
nephrons lie near the bundles and are thicker in diameter, whereas those of the superficial nephrons lie distant from the bundles. Inner
medulla. The area defined by the dashed rectangle corresponds to the entire area shown in section (c). This reduction in size is because short
loops and many vasa recta have turned back in the inner stripe. Note the grouping of collecting ducts reflecting their medullary ray arrange-
ment in the cortex. Thin limbs (both descending and ascending) are associated with vasa recta or collecting ducts.
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the medullary rays. As a result, the blood supply of the
medullary ray tubules is as direct as that of the tubules
within the cortical labyrinth. However, blood that per-
fuses the straight tubules of the medullary rays mixes
afterwards with the blood that perfuses the convoluted
tubules (vide supra).

Medulla

The three regions of the medulla contain different
populations of nephron segments. The outer stripe con-
tains straight parts of the proximal tubule (S3 seg-
ments), straight parts of the distal tubule (thick
ascending limbs), and collecting ducts. The inner stripe
is composed of descending thin limbs, ascending thick
limbs (distal straight tubules), and collecting ducts.
The inner medulla contains thin descending and
ascending limbs, and collecting ducts.

The architectural organization of the medulla can
best be described by considering the vascular bun-
dles as central axes and studying how the tubules are
arranged around them.33,112 A “simple” and a
“complex” type of renal medulla are distinguished
(Figure 20.22); the differences between both are mainly
found in the inner stripe.

The vascular bundles develop in the outer stripe
(Figures 20.20 and 20.23). At the very beginning of the
bundles the straight proximal and distal tubules of
juxtamedullary nephrons are grouped immediately
around the bundles. In the continuation of the medul-
lary rays, the tubules of superficial and midcortical
nephrons, together with the collecting ducts, fill the
spaces between the bundles and their adjacent juxta-
medullary tubules. In the outer stripe straight proximal
tubules and straight distal tubules (thick ascending
limbs) should theoretically be present in equal num-
bers; however, a cross-section through the outer stripe
shows that proximal tubular profiles are much more
numerous than distal tubules. In the rat, proximal
tubules occupy roughly 68% of the space in the outer
stripe, in contrast to approximately 13% by the thick
ascending limbs, and 5% by the collecting ducts.41 The
dominance of the proximal tubules is rooted in the fact
that the straight proximal tubules of juxtamedullary
nephrons are not straight (as their name indicates), but
rather take a tortuous course when descending through
the outer stripe; this holds true for the mouse
kidney.113 In addition, straight proximal tubules are
much thicker in diameter than the straight distal
tubules, and proximal tubules of juxtamedullary
nephrons are even thicker than those of the midcortical
and superficial nephrons.5

The tubules of the outer stripe are perfused by a spe-
cific “capillary” plexus. “True” capillaries, derived
from direct branches of efferent arterioles, are few; the
dominating “capillary” vessels in the outer stripe are
the ascending vasa recta (Figures 20.3 and 20.4b). They
traverse the outer stripe as wide tortuous channels
closely contacting the tubules like proper capillaries.
Because these vessels carry the entire venous blood
from the medulla, the outer stripe tubules are mainly
supplied by venous blood from deeper parts of the
medulla.

The outer stripe varies considerably in thickness
among species; in the rat33 and mouse,34 it is very well-
developed and constitutes approximately one-third of
the outer medulla. In contrast, in Psammomys,32 cat,37

dog,114 and humans,37 the outer stripe is very thin.
The inner stripe (Figures 20.20 and 20.24) of the

outer medulla is the most constant part of the renal
medulla, consisting of the regularly distributed vascu-
lar bundles (VB) leaving between them the interbundle
region (IBR). Two types of vascular bundles can be dis-
tinguished, which form the basis for the discrimination
of a “simple” and a “complex” type of medulla.

In most species5,115 vascular bundles of the simple
type are present, which exclusively contain descending
and ascending vasa recta. The tubules are found in the
IBR and are arranged around the bundles in a pattern
similar to that found in the outer stripe. The loops of

FIGURE 20.21 Renal cortex of the rat; 1 μm cross-section. The
architectural pattern of the cortex is demonstrated. A medullary ray
is delineated by a dashed line. It contains the straight proximal
tubules (P), the straight distal tubules (thick ascending limb; aster-
isks), and the collecting ducts (C). The cortical radial vessels (A:
Artery; V: Vein), glomeruli (G), and convoluted proximal (Pc) and
distal (D) tubules establish the cortical labyrinth. Arcades (stars)
ascend close to the cortical radial vessels (3B200).
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Henle, originating from juxtamedullary nephrons (gen-
erally the longest long loops), lie nearest to the bun-
dles, whereas the loops derived from superficial and
midcortical nephrons (in most species, short loops) lie
distant from the bundles. The collecting ducts are gen-
erally arranged in distant rings around the bundles,
and are intermingled with loops derived from superfi-
cial and midcortical nephrons. Altogether, they are per-
fused by the dense capillary plexus of the IBR.

The complex type of vascular bundle (Figure 20.25)
is present in several rodent species with a high urine
concentrating ability, including rat,33 mouse,16,34

Meriones,116 and Psammomys.32 It differs from the

simple type in that the descending thin limbs of short
loops (only of short loops!) descend within the vascular
bundle (Figure 20.26). Consequently, the bundles
within the inner stripe change from the classic counter-
current arrangement of a rete mirabile, consisting of
DVRs and AVRs, to a system in which one ascending
tube (AVRs) is closely packed together with two des-
cending tubes (DVRs and SDTLs). In addition, the vas-
cular bundles in the complex type of medulla tend to
fuse and to form larger bundles, up to giant bundles
(Psammomys). These complex bundles are developed at
the transition from the outer stripe to the inner stripe,
and are maintained only throughout the inner stripe.

FIGURE 20.22 Schematic to demonstrate the difference between the simple (a and a1) and complex (b and b1) types of medulla. In the
simple medulla (a), loops of Henle surround the vascular bundle according to the pattern established in the cortex. The long loops lie nearest
to the bundle, the short loops of superficial nephrons farthest away. The collecting ducts are situated at a distance from the bundle. The bundle
itself (a1) contains only descending (black) and ascending (white) vasa recta. In the complex medulla (b), the descending thin limbs of short
loops descend within the vascular bundles. The complex bundle (b1) contains, in addition to descending (black) and ascending (white) vasa
recta, the descending thin limbs of short loops (hatched). (From ref. [133], with permission.) (c�c3): Schematics of cross-sections through vascular
bundles to show different degrees of bundle fusing and loop integration in the complex type of renal medulla (c1�c3) compared with the sim-
ple type (c) (Large circle: Vascular bundle; Small hatched circles: Descending thin limbs of short loops). In the simple type of medulla (c), the
descending thin limbs of short loops are all located outside the bundle. Complex bundles (c1�c3) may be established in different degrees. In rat
(c1), descending thin limbs of short loops are arranged in the periphery of the bundles; bundles generally do not fuse. In mouse (c2), bundles
frequently fuse; descending thin limbs of short loops have penetrated deeper into the bundle. In Psammomys or Meriones (c3), bundle fusing has
produced giant bundles; descending thin limbs of short loops are distributed over the entire bundle area. (From ref. [115], with permission.)
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FIGURE 20.23 Outer stripe of rat kidney; 1 μm cross-section. The
vascular bundle (VB) is surrounded by the straight proximal tubules
of juxtamedullary nephrons (asterisk), which are larger in diameter
than those of superficial and midcortical nephrons (P), which lie dis-
tant from the bundles (Asterisks: thick ascending limb; C: collecting
duct). Interstitial spaces are sparsely developed (3B220).

FIGURE 20.24 Inner stripe of rabbit kidney (simple medulla);

1 μm cross-section. The vascular bundles (VB) are regularly distrib-
uted. The collecting ducts (C) lie distant from the bundles.
Descending thin limbs (asterisks) and thick ascending limbs (stars)
are situated within the interbundle regions (3B200).

FIGURE 20.25 Inner stripe of Meriones shawii kidney (complex
medulla); paraffin cross-section. The large vascular bundle origi-
nates by fusing of primary bundles. In addition to descending (D)
and ascending (A) vasa recta, complex vascular bundles contain des-
cending thin limbs of short loops (L). Collecting ducts (some are
marked by asterisks) are situated distant from the bundles (3B190).

FIGURE 20.26 Longitudinal section through a vascular bundle
in the inner stripe of a gerbil kidney (complex medulla); paraffin

section. One superficial nephron has been injected with microfill; at
the transition from the outer (OS) to the inner stripe (IS) the proximal
tubule transforms to the intermediate tubule (thin descending limb;
left arrow) which descends within the vascular bundle; the tubule
leaves the bundle at the border between the inner stripe and the inner
zone (IZ), and ascends as thick ascending limb (right arrows) within
the interbundle region (RP: Extension of the renal pelvis; 3B200).
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At the border to the inner medulla, the SDTLs leave
the bundles, and the fused bundles split into the origi-
nal number of bundles. The characteristics of the com-
plex type are developed to different degrees in the
species so far investigated. A somewhat “gradual”
transition from the rat, via the mouse, to Meriones and
Psammomys is observed.

The tubular pattern around these complex bundles
is different from that of the simple type. At the border
between the outer stripe and inner stripe, the SDTLs
leave their position distant from the bundles, then turn
toward a bundle and descend within the bundle.
Their TALs maintain a position distant from the bun-
dles and near to a collecting duct throughout the outer
medulla. As observed in the simple type, the tubules of
the interbundle regions are embedded in the dense
capillary plexus of the IBR. In contrast to what is
observed in the simple type, it is worthwhile to stress
the fact that in the complex type only the LDTLs, scat-
tered among the TALs of short and long loops, traverse
IBR. Specific variations of this pattern in mice117 and
Psammomys17,32 are described elsewhere.

To understand the possible functional implications
of the inner stripe architecture, as well as the differ-
ences between the simple type and the complex type,
we have to consider precisely the composition of the
vascular bundles. The vascular bundles of the simple
type contain all descending and all ascending vasa recta
servicing the inner medulla. Furthermore, they contain
most of the descending vasa recta, which service the
inner stripe, but only few of the ascending vasa recta,
which drain the inner stripe. The numerical relation-
ship between descending and ascending vasa recta is
about 1 to 1 (at the level of the inner stripe). Thus, in the
simple type of vascular bundle, the venous blood from
the inner medulla contacts the arterial blood that sup-
plies both the inner medulla and the inner stripe of the
outer medulla in a countercurrent arrangement.
Therefore, inner medullary venous blood may
exchange not only with the arterial blood that is prede-
termined for the inner medulla, but also with blood pre-
determined for the inner stripe. Substances originating
from the inner medulla could be trapped by counter-
current exchange to the inner medulla, but could also
be shifted to the inner stripe capillary plexus, and
thereby be offered to inner stripe tubules (see below).

In the complex type of medulla, the vascular bun-
dles incorporate the descending thin limbs of short
loops. In Psammomys, at the level of the inner stripe,
the bundles consist of approximately 10% descending
vasa recta, 45% ascending vasa recta, and 45% des-
cending thin limbs,32 with the descending thin limbs
being completely surrounded by ascending vasa recta.
The difference between the simple and the complex
types of bundles is even more pronounced when it is

realized that the bundles in Psammomys no longer
contain any vasa recta servicing the inner stripe. All
vasa recta present in the giant bundles of Psammomys
either descend to the inner medulla or ascend from
the inner medulla. The vasa recta servicing the inner
stripe in Psammomys descend or ascend, respectively,
independent of the bundles. Thus, the giant bundles
of the inner stripe in Psammomys appear to form a
countercurrent trap for the inner medullary blood that
is located in the inner stripe. In other species with com-
plex bundles (rat, mouse), vasa recta servicing the
inner stripe are not as strictly excluded from the
bundles as in Psammomys; even in these species
the vascular bundles appear to be a countercurrent
trap for mainly the inner medullary circulation.

The inner medulla develops very differently among
species. Species with only short loops of Henle6 do not
have an inner medulla; their urine concentrating ability
is poor. All species with high urine concentrating abil-
ity have a well-developed inner medulla.3,118 It is char-
acteristic for the inner medulla to taper from a broad
basis to a papilla (or crest). The mass of the inner
medulla is therefore unevenly distributed along the
longitudinal axis. A study in the rat2,119 has shown that
the decrease in the mass of the inner medulla along the
longitudinal axis follows an exponential function. The
upper half of the inner medulla accounts for roughly
80% of the total inner medullary volume, and conse-
quently only 20% are left for the papillary half.

With regard to the ratio between Henle’s loops and
collecting ducts along the inner medulla, considerable
differences are found when comparing the base
with the tip of the inner medulla, as well as
notable interspecies differences.42 In the rat, the ratio is
about 2.5 (2.5 loops per one collecting duct) at the
beginning of the inner medulla; this ratio rapidly
decreases to about 1 toward the papilla. In the rabbit,
the ratio increases from 3 at the beginning of the inner
medulla to 9 within the papilla, then later decreases to
5 in the papillary tip. These data all await functional
interpretation, thus indicating the limitation of our
knowledge concerning structure�function correlations
in the inner medulla.

An architectural pattern within the inner medulla is
less apparent than in the outer medulla.5,34,120 Constant
histotopographical relationships between certain struc-
tures or spatial separations of others do not seem to be
as important to the function of the inner medulla com-
pared to the outer medulla. When entering the inner
medulla, the vascular bundles already contain a drasti-
cally decreased number of vasa recta. Towards the
papilla, this number continues to decrease; finally sin-
gle descending vasa recta enter the tip of the papilla.
Ascending vasa recta in the inner medulla generally
ascend independent of the bundles, which they finally
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join at the border of the inner stripe. Thus, in the inner
medulla, the vasa recta are never as closely packed to
bundles as they are in the inner stripe.

As far as vascular bundles are discernible, the col-
lecting ducts are generally distanced from them. At the
very beginning of the inner medulla, collecting ducts
are still arranged in groups that reflect their grouping
within the medullary rays of the cortex (Figure 20.27).
Joining of collecting ducts first occurs among the ducts
of one group. Descending and ascending thin loop
limbs, together with individually running vasa recta
and capillaries, fill the spaces between the bundle cen-
ters and the collecting ducts. DTLs in general tend to be
more distant from CDs, whereas ATLs tend to be posi-
tioned more closely to CDs120,121; a thin limb of Henle,
regardless of whether descending or ascending, may be
associated with both collecting ducts and/or vasa recta.
Obviously, the interactions of the structures in the inner
medulla are mediated through the wide interstitial
spaces.

With regard to the functional connections of the
inner medulla with the outer medulla, it is notable that
all descending vasa recta servicing the inner medulla
have already been established as individual vessels in
the outer stripe and traverse the inner stripe within the
bundles. All ascending vasa recta from the inner
medulla traverse the inner stripe within the bundles

without joining with ascending vasa recta from the
inner stripe. The blood flow of the inner stripe and that
of the inner medulla are apparently distinct from each
other. In the outer stripe, however, venous vasa recta
coming up from the inner medulla and those from the
inner stripe finally take a similar route. Both traverse
the outer stripe as wide capillary channels representing
the major capillary supply of the outer stripe tubules.

GLOMERULUS (RENAL CORPUSCLE)

The renal corpuscle consists of a tuft of specialized
capillaries that protrudes into Bowman’s space (uri-
nary space) surrounded by Bowman’s capsule (BC).
The tuft consists of specialized capillaries held together
by the mesangium and covered � as a whole � by the
glomerular basement membrane (GBM), followed by a
layer of unique epithelial cells, the podocytes.
Traditionally, this layer is called the visceral epithelium
of BC, which � at the vascular pole of the glomerular
tuft � reflects into the parietal epithelium of BC.
Nowadays, the term Bowman’s capsule is generally
used only for this parietal cell layer which � together
with its basement membrane (parietal, BM, PBM) �
forms the outer wall of a glomerulus. At the urinary
pole, BC transforms into the proximal tubule epithe-
lium, Bowman’s space opens into the tubular lumen
(Figures 20.28 and 20.29).

The diameters of the � more or less � spherical
renal corpuscles in different species range from
approximately 100 μm (mouse) up to 300 μm (ele-
phant), in humans they are approximately 200 μm, in
rat 120 μm, and in rabbit 150 μm.29,36,37 In many species
(rodents) the diameter of juxtamedullary renal corpus-
cles may exceed that of midcortical and superficial
nephrons by up to 5022,29,34,37; this does not hold true
for the human kidney.122

Architecture of the Glomerulus

The reflection of the parietal epithelium of
Bowman’s capsule into the visceral epithelium creates
an oval opening in the glomerulus, which is called the
glomerular hilum. Actually, it is the reflection of the
GBM into the PBM (i.e., the basement membrane of
the parietal epithelium of Bowman’s capsule) that bor-
ders the opening. Through it the glomerular arterioles,
together with the glomerular mesangium, enter the
inner space of the GBM, which forms a complex folded
sack. Inside this sack the glomerular capillaries pursue
a tortuous course around centrally located mesangial
axes. Together, capillaries and mesangium totally fill
the labyrinthine spaces inside the GBM. The outer

FIGURE 20.27 Inner medulla of the rabbit kidney; 1 μm cross-

section through the upper part. The collecting ducts are still
arranged in groups, reflecting the pattern in the medullary rays of
the cortex. Vascular bundles (dashed circles) are poorly delineated.
Thin loop limbs (asterisks) lie near collecting ducts (C), as well as
near vasa recta of the vascular bundles (3B240).
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aspect of the GBM is covered by the visceral epithe-
lium, i.e., by the podocytes. The glomerular tuft there-
fore consists of the glomerular capillaries and the
mesangium inside the sack of the GBM (frequently
called the “endocapillary compartment”), and the

podocytes covering this sack from outside (“exocapil-
lary compartment”).

The glomerular capillaries are derived from the
afferent arteriole which � strictly at the entrance
level � divides into several (two to five) primary capil-
lary branches.20,123 Each of these branches gives rise to
an anastomosing capillary network which runs toward
the urinary pole and then turns back, running toward
the vascular pole. Thereby, the glomerular tuft is sub-
divided into several (2�5) lobules, each of which con-
tains an afferent and efferent capillary portion. The
lobules are not strictly separated from each other; some
anastomoses between lobules occur. The efferent por-
tions of all lobules together establish the efferent
domain of the capillary network out of which the effer-
ent arteriole develops.

In contrast to the afferent arteriole, the efferent arte-
riole is already established inside the glomerular tuft;
thus, the efferent arteriole has a significant intraglo-
merular segment which runs through the glomerular
stalk (Figures 20.30, 20.31 and 20.32).20 At this site, the
efferent arteriole has close spatial relationships to the
first branching of the afferent arteriole. After leaving
the tuft, the efferent arteriole has a segment which is
narrowly associated with the extraglomerular mesan-
gium (see below). The intraglomerular segment is

FIGURE 20.28 Diagram of a longitudinal section through a glo-

merulus and its juxtaglomerular apparatus (JGA). The capillary tuft
consists of a network of specialized capillaries, which are outlined by
a fenestrated endothelium. (From Cunningham, R. et al. (2005). Am. J.
Physiol. Renal Physiol. 289(4), F933�938.) Defective PTH regulation of
sodium-dependent phosphate transport in NHERF12/2 renal proxi-
mal tubule cells and wild-type cells adapted to low-phosphate media.
At the vascular pole, the afferent arteriole (AA) branches into
capillaries immediately after its entrance; the efferent arteriole (EA) is
established inside the tuft and passes through the glomerular stalk
before leaving at the vascular pole. The capillary network, together
with the mesangium, is enclosed in a common compartment
bounded by the glomerular basement membrane (GBM). Note that
there is no basement membrane at the interface between the capillary
endothelium and the mesangium. The glomerular visceral epithelium
consists of highly-branched podocytes (PO) which, in a typical inter-
digitating pattern, cover the outer aspect of the GBM. At the vascular
pole, the visceral epithelium and the GBM are reflected into the pari-
etal epithelium (PE) of Bowman’s capsule, which passes over into the
epithelium of the proximal tubule (PT) at the urinary pole. At
the vascular pole, the glomerular mesangium is continuous with the
extraglomerular mesangium (EGM) consisting of extraglomerular
mesangial cells and an extraglomerular mesangial matrix. The extra-
glomerular mesangium, together with the granular cells (G) of the
afferent arteriole and the macula densa (MD), establish the JGA. All
cells which are suggested to be of smooth muscle origin are shown in
black (F: foot processes; N: sympathetic nerve terminals; US: urinary
space). (Adapted from Kriz, W., and Sakai, T. et al. (1988). Morphological
aspects of glomerular function. In “Nephrology,” A. M. Davison, Vol. 1,
Proceedings of the X International Congress of Nephrology,” 3�23.
Bailliere Tindall, London.)

FIGURE 20.29 Longitudinal section through a glomerulus (rat).

At the vascular pole the afferent arteriole (AA), the efferent arteriole
(EA), the extraglomerular mesangium (EGM), and the macula densa
(MD) are seen. At the urinary pole the beginning of the proximal
tubule is seen (P) (PE: Parietal epithelial of Bowman’s capsule; US:
Urinary space; LM 3B490).
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made up by a continuous endothelium which is fully
separated from the GBM by a “mesangial layer” con-
sisting of mesangial cell processes and matrix. Thus,
this initial segment of the EA is fully embedded
into the mesangium. Along the course through the
extraglomerular mesangium, the mesangial and/or
extraglomerular mesangial cells in its wall are gradu-
ally replaced by smooth muscle cells.20 Thereafter, the
efferent vessel is established as a proper arteriole.

Glomerular capillaries are a specific type of blood
vessel whose wall is made up of an endothelial tube
only. A small strip of the outer circumference of this
tube is in contact with the mesangium, the major part
bulges toward the urinary space and is covered by the
GBM, followed by the layer of podocyte foot processes.
Taken together, these peripheral portions of the capil-
lary wall represent the filtration area. The small juxta-
mesangial portion of the capillary wall is not underlain
by a basement membrane, but directly abuts the
mesangium.124 The glomerular mesangium constitutes
the axis of a glomerular lobule, to which the glomeru-
lar capillaries are attached by their juxtamesangial por-
tion. Apart from this attachment site, the mesangium is

bounded by the perimesangial part of the GBM. Like
the peripheral GBM, it is covered at its outer aspect by
podocyte processes. At the turning points of the GBM
the opposing parts of the GBM are interconnected by
podocyte processes that are strongly armed with actin
filaments.

The Glomerular Basement Membrane (GBM)

The glomerular basement membrane represents the
skeletal backbone of the glomerular tuft. Topographically,
the GBM consists of a peripheral (pericapillary) and a
perimesangial part. At the border between both parts, the
GBM changes from a convex pericapillary into a concave
perimesangial course; the turning points are called
mesangial angles.124

During development, the GBM originates from the
fusion of an endothelial and a podocytic basement
membrane. In the adult, the collagen component of the
GBM is solely derived from podocytes, whereas the
laminin component originates from both podocytes
and endothelial cells.125 The GBM is a remarkably
stable structure; the in vivo loss of protein radioactivity
suggests a half-life of more than 100 days.126

Nevertheless, a continuous turnover occurs,127,128 but
few details are known about where and how new

FIGURE 20.30 Schematic to show the branching pattern of the
glomerular tuft. Immediately after its entrance into the tuft, the affer-
ent arteriole splits into large superficially located capillaries which
are the supplying vessels of glomerular lobules (three are shown).
The capillaries run toward the urinary pole. After turning back they
unite to establish the efferent arteriole still inside the glomerular tuft.
Thus, in contrast to the afferent arteriole, the efferent arteriole has an
intraglomerular segment (stippled). An afferent and an efferent capil-
lary domain are distinguished. The efferent capillary domain occu-
pies roughly a quarter sector of the tuft; it is partly covered by the
afferent domain. (From Winkler, D., and Elger, M. et al. (1991).
Branching and confluence pattern of glomerular arterioles in the rat. Kidney
Int. Suppl 32, S2�8, with permission.)

FIGURE 20.31 Scanning electron micrograph of a vascular cast

of a dog glomerulus with afferent (A) and efferent (E) arterioles.

Note the superficially located branching pattern of the afferent arteri-
ole, out of which the afferent capillary domain is supplied. The effer-
ent arteriole emerges from inside of the glomerular tuft.
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components are added, and others removed and
degraded. Several extracellular matrix degrading
enzymes have been found to be produced by podocytes
and mesangial cells129�131; however, the relevance of
these enzymes to the turnover of the GBM remains to be
established.

The GBM varies in width among species. In humans
the thickness ranges between 240 and 370 nm, in rat
and other experimental animals it is between 110 and
190 nm. In electron micrographs of traditionally fixed
tissue the GBM appears as a trilaminar structure made
up of a lamina densa bounded by two less dense

layers � the lamina rara interna and externa. Recent
studies using freeze techniques reveal only one dense
layer directly attached to the bases of the epithelium
and endothelium.132

The major components of the mature GBM include
type IV collagen, type II laminin (5 laminin 521),
heparan sulphate proteoglycans (agrin, perlecan), and
the glycoproteins entactin/nidogen133,134; type V and
VI collagen have also been demonstrated.135

The mature GBM is established during the develop-
ment of a glomerulus from the S-shaped body to the
capillary loop stage. During this transition, the collagen

FIGURE 20.32 (a) Narrow association between the afferent arteriole (AA) and the intraglomerular segment of the efferent arteriole (*, EA)
as seen in a section approximately 15 μm inside a glomerulus. The afferent arteriole (AA) splits into primary branches. The branching point of
the AA has a narrow spatial relationship to the inraglomerular segment of the EA (asterisk), which is located in the center of the tuft. The
intraglomerular segment of the EA is enclosed � together with the AA � in a common compartment bordered by the GBM. (b) Higher magni-
fication of the intraglomerular segment in a subsequent section with several conspicuous features: the lumen is narrow; the continuous endo-
thelium consists of four cell bodies that bulge into the lumen; the endothelium is surrounded by a mesangial envelope made up of mesangial
cells (MC) and matrix; a few smooth muscle cell processes (SM) are interspersed. AA and EA are separated only by mesangial tissue (M); there
is no basement membrane separating the AA and EA. P, cell body of a podocyte attached to the GBM surrounding the EA. (c) Schematic of a
cross-section through the glomerular vascular pole, showing the spatial relationships of the AA and EA within the glomerular stalk corre-
sponding to the situation in (a). Immediately after its entry into the glomerulus, the AA splits into wide capillary branches with open endothe-
lial pores. The branching point of the AA has a narrow spatial association with the outflow segment of the EA. The outflow segment is
enclosed, together with the AA, in a common compartment bordered by the GBM. The EA is completely surrounded by a layer of mesangial
tissue (shown in gray), and is separated from the AA only by this layer; there is no basement membrane between AA and EA. Broken arrows
represent blood flow from afferent branches through the capillary network to the outflow segment (TEMs: (a) 3B1500; (b) 3B4300). (From
ref. [20], with permission.)
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IV α1 and α2 chains are replaced by α3, α4, and α5

chains, and the laminin α1 and β1 chains are replaced
by α5 and β2 chains, the γ1 chain remains preserved,
together forming laminin 521.136,137 The components of
the mature GBM are all synthesized by the podocytes.
The functional importance of this specific composition
of the GBM compared to basement membranes else-
where in the body becomes evident when looking at
their involvement in glomerular diseases: the various
forms of Alport syndrome are caused by mutations in
the genes encoding the α3, α4, and α5 chains of collagen
type IV; Goodpasture syndrome is mediated by antibo-
dies against the α3 collagen IV chain.138

Current models depict the basic structure of the
basement membrane as a three-dimensional network
of collagen type IV.139 Monomers of type IV collagen
consist of a triple helix of α3, α4, and α5 chains measur-
ing 400 nm in length which, at its carboxy-terminal
end, has a large non-collagenous globular domain,
called NC1. At the amino-terminus the helix possesses
a triple helical rod 60 nm in length, the 7S domain.
Interactions between the 7S domains of two triple heli-
ces or the NC1 domains of four triple helices allow col-
lagen type IV monomers to form dimers and tetramers.
In addition, triple helical strands interconnect by lateral
associations via binding of NC1 domains to sites along
the collagenous region.

Fibronectin, laminin, and entactin are the glycopro-
teins of the GBM140; the major one is laminin 521.
Laminin forms a second network that is superimposed
onto the collagenous network. Laminin is a noncolla-
genous glycoprotein consisting of three polypeptide
chains, two of which are glycolylated and cross-linked
by disulfide bridges.137 Laminin, via entactin, binds to
specific sites on the polymerized network of type IV
collagen, as well as to integrin and dystroglycan surface
receptors of the podocytes and endothelial cells (see
later). This combined network of type IV collagen and
laminin is considered to provide mechanical strength to
the basement membrane, and to serve as a scaffold for
alignment of other matrix components.

The proteoglycans of the GBM consist of core pro-
teins and covalently bound glycosaminoclycans which
are concentrated in the laminae rarae internae and
externae. The electronegative charge of the GBM is
mainly due to these polyanionic proteoglycans.141 The
major proteoglycans of the GBM are heparan sulfate
proteoglycans; most prominent is agrin but perlecan is
also present.142,143 Proteoglycan molecules aggregate to
form a meshwork that is kept highly hydrated by water
molecules trapped in the interstices of the matrix.
Within the GBM heparan sulfate proteoglycans may
act as an anticlogging agent to prevent hydrogen bond-
ing and adsorption of anionic plasma proteins and
maintain an efficient flow of water through the
membrane.

The Cells of the Glomerular Tuft

Within the glomerular tuft three cell types
(Figure 20.33) are found which all contact the GBM: (1)
mesangial cells; (2) endothelial cells; and (3) podocytes
(visceral epithelial cells).

Mesangial cells, together with the mesangial matrix,
establish the glomerular mesangium (Figure 20.34).
Mesangial cells are quite irregular in shape, with many
processes extending from the cell body towards the
GBM.144,145 In these processes (to a lesser extent also in
cell bodies) dense assemblies of microfilaments are found
which have been shown to contain actin, myosin, and
α-actinin.146

The processes of mesangial cells run towards the
GBM, to which they are attached either directly or medi-
ated by the interposition of microfibrils (see below). The
GBM represents the effector structure of mesangial con-
tractility.124,147 Mesangial�cell�GBM connections are

FIGURE 20.33 Schematic to show the arrangement of the struc-

tures in the glomerular tuft. Part of a glomerular lobule is shown
with three glomerular capillaries (two are only partly shown)
attached to a mesangial center. The glomerular capillary is made up
of a fenestrated endothelium. The peripheral part of the endothelial
tube is surrounded by the GBM which, at the mesangial angles
(arrow), deviates from a pericapillary course and covers the mesan-
gium. The interdigitated pattern of the podocyte (PO) foot processes
form the external layer of the filtration barrier. Note the subcell body
space (star). Podocyte foot processes are also found covering the
paramesangial GBM. In the center a mesangial cell (M) is shown. Its
many processes contain microfilament bundles and run towards
the GBM, to which they are connected. The mesangial matrix (MM)
contains an interwoven network of microfilaments. (From
Venkatachalam, M. A., and Kriz, W. (1992). In “Anatomy of the Kidney.
Pathology of the Kidney,” 1�92, Heptinstall, R. Little, Brown and
Company, Boston, with permission.)
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especially prominent alongside the capillaries. At these
sites mesangial cell processes (densely stuffed with
microfilament bundles) extend underneath the capillary
endothelium towards the mesangial angles of the GBM
where they are anchored. Generally, these processes
interconnect the GBM from two opposing mesangial
angles (Figure 20.35b). Functionally, the microfilament
bundles bridge the entire distance between both mesan-
gial angles. In the axial mesangial region as well, numer-
ous microfilament bundles extending through mesangial
cell bodies and processes bridge opposing parts of the
GBM. The connection of mesangial cell processes to the
GBM is mediated by the integrin α3β1 and the Lutheran
glycoprotein, which both adhere to the laminin α5
chain.148

The mesangial matrix fills the highly irregular
spaces between the mesangial cells and the perimesan-
gial GBM (for review see 147,149). A large number of
common extracellular matrix proteins have been dem-
onstrated within the mesangial matrix, including sev-
eral types of collagen (III, IV, V, and VI), heparin
sulfate proteoglycans (including the small proteogly-
cans biglycan and decorin),150 fibronectin, laminin, and
entactin, as well as fibrillin 1 and other specific elastic
fiber proteins.140,151�153 Among these components,
fibronectin is the most abundant, and has been shown
to be associated with microfibrils.151,154

The basic ultrastructural organization of the matrix
is a network of microfibrils. In specimens prepared for
TEM by routine methods a fine filamentous network is
seen, which possibly corresponds to collagenous fila-
ments. In specimens prepared by a technique that
avoids osmium tetroxide and uses tannic acid for stain-
ing, the mesangial matrix is seen to contain abundant
elastic microfibrils.124,155 Microfibrils are unbranched,
noncollagenous tubular structures that have an inde-
finite length and are about 15 nm in diameter.
They form a dense three-dimensional network estab-
lishing a functionally continuous medium anchoring
the mesangial cells to the GBM.147,153 Distinct bundles
of microfibrils may be regarded as “microtendons” that
allow the transmission of contractile force of mesangial
cells to specific sites of the GBM, predominantly to the
mesangial angles.124,155 α-8 integrin serves as a specific
matrix receptor in the mesangium.156

Glomerular endothelial cells (Figures 20.33, 20.34 and
20.35) are large flat cells consisting of a cell body (which
contains all the usual cell organelles) and densely perfo-
rated peripheral parts. These regions are extremely
attenuated and characterized by round to oval pores
varying in diameter between 50 and 100 nm. Unlike
fenestrae (unfortunately, these pores are frequently also
called “fenestrae”), the pores of glomerular endothelial
cells lack a diaphragm, they are virtually open26;
(Figures 20.36b and 20.37b). Fenestrae bridged by dia-
phragms in glomerular capillaries are only found along
the intraglomerular segment of the efferent arteriole and
its tributaries.20 In rat, about 60% of the capillary surface
is covered by the porous regions; the total area of pores
occupies about 13% of the capillary surface.157

Micropinocytotic vesicles are very rare in glomerular
endothelial cells, corroborating the fact that the open
pores make transcytotic processes unnecessary.

Glomerular endothelial cells contain the usual
inventory of cytoplasmic organelles, generally located
within the cell body cytoplasm. The endothelial skele-
ton comprises intermediate filaments and microtu-
bules; individual pores are lined by clusters of
microfilaments.158

The luminal membrane of endothelial cells is highly
negatively charged, due to a cell coat that also fills the

FIGURE 20.34 Section through a glomerular lobule (rat). The
relationships of glomerular capillaries to the mesangium in the lobule
center are seen. Glomerular capillaries (C) and the glomerular mesan-
gium occupy a common compartment enclosed by the glomerular
basement membrane (GBM). The mesangial cell body (M) gives rise to
several processes (some are marked by stars) which extend toward the
peripherally located capillaries. Note the abundant mesangial matrix
(triangles). The layer of podocytes (PO) covers the outer aspect of the
GBM. Thus, neither the GBM, nor the podocyte layer encircle the
capillaries completely; both together form a common surface cover
around the entire lobule. Therefore, two subdomains of the GBM (as
well as of the podocyte layer) can be delineated: the pericapillary
(peripheral) GBM (cGBM; faced by podocytes and the endothelium);
and the perimesangial GBM (mGBM) bordered by podocytes and the
mesangium. The peripheral part of the capillary wall establishes the fil-
tration barrier. Note the mesangial cell body (M) giving rise to many
cell processes (some are marked by stars) which are embedded in the
mesangial matrix (triangles) (US: Urinary space; TEM: 3B5500).
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pores like “sieve plugs”.159 It consists of several polya-
nionic glycoproteins including a sialoprotein called
podocalyxin, which is considered as the major surface
polyanion of glomerular endothelial as well as epithelial
cells.160 Endothelial cells are active participants in the
processes controlling coagulation, inflammation and
immune processes. Glomerular endothelial cells synthe-
size and release endothelin-1, endothelium-derived
relaxing factor (EDRF),161 and PDGF B.162 Glomerular
endothelial cells have receptors for VEGF A and angio-
poetin that are produced by podocytes.163,164 The contin-
uous stimulation of glomerular endothelial cells by
podocyte-derived VEGF A has major relevance for the
maintenance of glomerular capillaries and the formation
of pores instead of fenestrae.165

Within the conspicuously narrow portion of the
efferent arteriole (outflow segment) the endothelial
cells are arranged in an eye-catching pattern: their cell
bodies bulge into the lumen being longitudinally
stretched, suggesting a specific shear stress receptor of
glomerular capillaries.20,166

Mature podocytes are highly-differentiated cells. In
the developing glomerulus at the S-shaped body stage,
podocytes are a simple polygonal shape connected by

apical tight junctions. At the transition to the capillary
loop stage the mitotic activity of the cells is completed,
the interdigitating foot process pattern with basally
located slit membranes instead of apical tight junctions
is established, and the final number of podocytes is
determined. In rat this point is reached soon after
birth, in man it is established during prenatal life.
Differentiated podocytes are unavailable for regenera-
tive cell replication167; thus in the adult, lost podocytes
cannot be replaced by division of the remaining cells.
The only way to replace the function of lost podocytes
is the hypertrophy of the remaining podocytes.

Podocytes have a voluminous smooth surfaced cell
body (Figures 20.36a and 20.37a), which floats within
the urinary space; it appears to adapt in shape to the
surrounding flow conditions created by the filtrate.
The cells give rise to long primary processes (fre-
quently branching another time) that extend towards
the capillaries, finally splitting apart into terminal pro-
cesses, called foot processes, which affix to the GBM
(Figures 20.36 and 20.37a). The foot processes of neigh-
bouring podocytes regularly interdigitate with each
other, leaving meandering slits (filtration slits) between
them, which are bridged by an extracellular structure,

FIGURE 20.35 (a) Overview of a glomerular capillary (mouse). Within the mesangium, a mesangial cell (MC) is seen whose processes
extend toward the peripherally located capillary (C). Microprojections (arrowheads) originating from the primary process extend toward the
GBM. Note that the GBM (as well as the podocyte layer) deviates from its pericapillary course at the two mesangial angles (marked by arrows),
continuing as a cover of the mesangium. Thus, the juxtamesangial part of the glomerular capillary lacks a basement membrane; at this site the
endothelium is directly exposed to the mesangium. The capillary endothelium is thin and fenestrated. The podocyte layer consists of interdigi-
tating foot processes (FP) which abut the GBM on its outside surface (TEM: 3B13,500). (b) Capillary�mesangium interface (rat). At this site a
basement membrane is not developed. Beneath the endothelium, tongue-like mesangial cell processes (MP) are found which run toward both
opposing mesangial angles. They contain microfilament bundles, which obviously interconnect the GBM of both mesangial angles (marked by
arrows) (CL: capillary lumen; US: urinary space; MM: mesangial matrix; FP: foot processes; TEM: 3B23,000).
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the so-called slit diaphragm. Podocytes are polarized
epithelial cells with a luminal and a basal cell mem-
brane domain; the latter corresponds to the sole plates
of the foot processes which are embedded into the
GBM to a depth of 40 to 60 nm. The border between
basal and luminal membrane is represented by the
insertion of the slit diaphragm.167

The cell body contains a prominent nucleus, a well-
developed Golgi system (Figure 20.36a), abundant
rough and smooth endoplasmic reticulum, prominent
lysosomes (including abundant multivesicular bodies),
and many mitochondria. In contrast to the cell body,
the cell processes contain only a few organelles (except
from multivesicular bodies). The density of organelles
in the cell body indicates a high level of anabolic, as
well as catabolic, activity. In addition to the work nec-
essary to sustain the structural integrity of these spe-
cialized cells, all components of the GBM are
synthesized by podocytes.133,143

A well-developed cytoskeleton accounts for the
complex shape of the cells. In the cell body and the
primary processes, microtubules and intermediate
filaments (vimentin, desmin) dominate, whereas

FIGURE 20.37 (a) Outer surface of glomerular capillaries (rat).

Processes (P) of podocytes run from the cellbody (CB) toward the
capillaries where they ultimately split into foot processes. By inter-
digitation, foot processes from neighbouring cells create the filtration
slits (SEM: 3B3400). (b) Inner surface of a glomerular capillary

(rat). The open fenestrations (not bridged by a diaphragm) are shown
(SEM: 3B16,000).FIGURE 20.36 (a) Podocyte (rat). The cell body contains a large

nucleus with indentations. The cytoplasm contains a well-developed
Golgi apparatus (arrows), and a conspicuous lamellated inclusion body
(arrowhead). The cell processes run toward the GBM forming the inter-
digitating pattern of foot processes (FP) there. Note the subcellbody
space (stars) (C: capillary; TEM: 3B7600). (b) Filtration barrier (rat).
The peripheral part of the glomerular capillary wall comprises three
layers: the endothelium with large open pores; the basement mem-
brane (GBM); and the layer of interdigitating podocyte foot processes.
The GBM consists of a lamina densa, a lamina rara interna toward the
endothelium, and a lamina rara externa toward the epithelium. Note
the slit diaphrams bridging the floor of the filtrations slits (arrows)
(CL: capillary lumen; CB: cell body of a podocyte; TEM: 3B57,000).
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microfilaments are densely accumulated in the foot
processes. In addition, in the cell body and the primary
processes, microfilaments are seen as a thin layer
underlying the cell membrane.168,169

The prominent bundles of microtubules in the large
processes are associated with microtubule-associated
proteins, including MAP3/MAP4 and tau.170

Moreover, like in neuronal dendrites, the microtubules
of the podocyte foot processes are non-uniformly
arranged with peripheral plus- and minus-end micro-
tubules associated with the specific protein CHO1/
MKLP1.171 In addition, the large processes contain the
intermediate type filament protein vimentin.168

In the foot processes a complete microfilament-based
contractile apparatus is present. The microfilaments
form loop-shaped bundles, with their limbs running in
the longitudinal axis of the foot processes. The bends of
these loops are located centrally at the transition to the
primary processes, and are probably connected to the
microtubules by “tau” which is concentrated at those
sites.172 Tau is known from other places to mediate con-
nections between microtubules and microfilaments.173

The microfilament bundles contain actin, myosin II,

α-actinin, and synaptopodin168,174,175; synaptopodin, a
novel podocyte-specific actin-associated protein inter-
acts with α-actinin inducing the formation of long
unbranched parallel bundles of microfilaments.176

Peripherally, the actin bundles anchor in the dense cyto-
plasm associated with the basal cell membrane of podo-
cytes, i.e., the sole plates of foot processes.167

Anchoring of the sole plates to the GBM is achieved
by specific transmembrane receptors; two systems are so
far known (Figure 20.38). First, a specific integrin hetero-
dimer, consisting of α3β1 integrins, which bind within the
GBM to collagen type IV, fibronectin, and laminin
521.177�179 Second, a dystroglycan complex connects the
intracellular molecule utrophin to laminin 521, agrin, and
perlecan in the GBM.180,181 Both integrins and dystrogly-
cans are coupled via adapter molecules (paxillin, vincu-
lin, α-actinin) to the podocyte cytoskeleton, allowing
outside-in and inside-out signaling, as well as transmis-
sion of mechanical force in both directions. A major role
in this issue is played by the integrin-linked kinase.182

A huge body of data has been accumulated in recent
years concerning the inventory of receptors and signal-
ing processes starting from podocytes. cGMP signaling
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FIGURE 20.38 Glomerular filtration barrier. (Modified from Endlich, K. H., Kriz, W., and Witzgall, R. (2001). Update in podocyte biology. Curr.
Opin. Nephrol. Hypertens. 10, 331�340.) Two podocyte foot processes bridged by the slit membrane, the GBM, and the porous capillary endothe-
lium are shown. The surfaces of podocytes and of the endothelium are covered by a negatively-charged glycocalyx containing the sialoprotein
podocalyxin (PC). The GBM is mainly composed of collagen IV (α3, α4, and α5), of laminin 11 (α5, β2, and γ1 chains) and the heparan sulphate
proteoglycan agrin. The slit membrane represents a porous proteinaceous membrane composed of (as far as is known) Nephrin, Neph1, 2, and
3, P-cadherin, and FAT1. The actin-based cytoskeleton of the foot processes connects to both the GBM and the slit membrane. With regard to
the GBM, β1/α3 integrin dimers specifically interconnect the TVP complex (talin, paxillin, vinculin) to laminin 11; the β and α dystroglycans
interconnect utrophin to agrin. The slit membrane proteins are joined to the cytoskeleton via various adaptor proteins, including Podocin,
Zonula occludens protein 1 (ZO-1; Z), CD2-associated protein (CD), and catenins (Cat). TRPC6 associates with podocin (and nephrin; not
shown) at the slit membrane. Among the many surface receptors only the angiotensin II (ANG II) type 1 receptor (AT1) is shown (Additional
abbreviations: Cas: P130Cas; Ez: ezrin; FAK: focal adhesion kinase; ILK: integrin-linked kinase; M: myosin; N: NHERF2 (Na1-H1 exchanger
regulatory factor); NSCC: Non-selelctive cation channel; S: Synaptopodin).
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(stimulated by ANP, BNP, and CNP, as well as by NO),
cAMP signaling (stimulated by prostaglandin E2, dopa-
mine, isoproterenol, PTH/PTHrP), and Ca21 signaling
(stimulated by a huge number of ligands including angio-
tensin II, acetylcholine, PGF2, AVP, ATP, endothelin, his-
tamine) have been identified. Among the cation channels,
TRPC6, a nonselective Ca21 channel, has recently
received attention, since mutations in the respective gene
lead to hereditary FSGS.183,184 The major target of this sig-
naling orchestra is the cytoskeleton, the concrete effects,
however, are poorly-understood. Other receptors, such
as for C3b,185 TGFß,186,187 FGF2,188 and various other
cytokines and chemokines have been shown to be
involved in the development of podocyte diseases (for
details see 189). Megalin, a multi-ligand endocytotic recep-
tor, is associated with coated bits190�192; it represents
the major antigen of rat Heymann nephritis.193

The filtration slits are the site of convective fluid flow
through the visceral epithelium. They have a width of
30 to 40 nm and are bridged by the slit membrane.
The structure and molecular composition of this pro-
teinaceous membrane is insufficiently understood.
Chemically fixed and tannic acid treated tissue reveals a
zipper-like structure with a row of “pores” approxi-
mately 4 3 14 nm on either side of a central bar.194

According to its dimension and its components (as far as
is known) the slit diaphragm may be considered as a
specific adherens-like intercellular junction. Intensive
research in recent years has uncovered several trans-
membrane proteins that participate in the formation of
the slit membrane, including nephrin,195 Neph1,196

P-cadherin,197 and FAT198 (Figure 20.38). Other
molecules, such as ZO1,199 Podocin,200 CD2AP,201 and
catenins mediate the connection to the actin cytoskeleton
(see below). Nephrin is a member of the immunoglobin
superfamily (IgCAM); its gene NPHS1 has been identi-
fied as the gene whose mutations cause congenital
nephritic syndrome of the Finnish type.195 In addition to
its role as a structural component, nephrin acts as a sig-
naling molecule that can activate MAP kinase cas-
cades.202 Neph1 is considered as a ligand for nephrin.
Podocin belongs to the raft associated stomatin family,
whose gene NPHS2 is mutated in a subgroup of patients
with autosomol-recessive stereoid-resistent nephrotic
syndrome.200 These patients show disease onset in early
childhood and rapid progression to end-stage renal fail-
ure. Podocin interacts with nephrin and CD2AP.203 FAT
is a novel member of the cadherin superfamily, with 34
tandem cadherin-like extracellular repeats and a molecu-
lar weight of 516 kDa.204 Because FAT has a huge extra-
cellular domain, it is speculated that it dominates the
molecular structure of the slit membrane198; the FAT
mutant mouse fails to develop a slit membrane.205 P-cad-
herin197 is thought to mediate the linkage to ß- and
γ-catenin with its intracellular domain, a complex which
then connects to the actin cytoskeleton via α-catenin and

α-actinin. Taken together, many components of the slit
membrane are known, but an integrative model of its
substructure including all components is so far lacking.

The luminal membrane and the slit diaphragm are
covered by a thick surface coat which is rich in sialogly-
coproteins (including podocalyxin, podoendin, and
others) that are responsible for the high negative surface
charge of the podocytes.206,207 Podocalyxin is anchored
to the actin cytoskeleton beneath the cell membrane via
the linker protein NHERF 2 (Na1/H1 exchanger regula-
tory factor 2) and ezrin.208,209 The surface charge of
podocytes contributes to the maintenance of the interdig-
itating pattern of the foot processes. In response to neu-
tralization of the surface charge by cationic substances
(e.g., protamine sulfate), the foot processes retract, result-
ing in what is called “foot process effacement”.210

Filtration Barrier

The walls of glomerular capillaries represent a spe-
cific barrier which is very permeable to water, and yet
able to prevent all but very minute losses of serum
albumin and other major plasma proteins from the cir-
culation. The glomerular capillary wall consists of three
distinct layers (Figures 20.36b and 20.37). Starting at
the capillary lumen, there is the porous endothelium,
followed by the GBM, and the layer of interdigitating
foot processes with the filtration slits in between.

The high hydraulic permeability of this barrier sug-
gests that the filtrate pathway is entirely extracellular,
passing through the endothelial fenestrae, across the
GBM, and through the slit diaphragms of the filtration
slits. According to a calculation by Drumond and
Deen,211 the hydraulic resistance of the endothelium is
negligible. The GBM and the filtration slits each make
up roughly one half of the total hydraulic resistance of
the filtration barrier.

Charge, size, and shape determine the specific per-
meability of a macromolecule. It is now generally
accepted that the charge barrier plays an important
part in preventing polyanionic macromolecules such as
albumin from passing through the glomerular filter. All
components of the glomerular filter are heavily laden
with negative charges.212 Recent investigation213,214

suggests that the negative residues of the endothelium
play the major role in establishing a negative charge
field which considerably decreases the entry of polya-
nionic macromolecules, i.e., albumin, into the filter.

With regard to the size selectivity, direct experimen-
tal findings,211,215,216 as well as recent findings about
the molecular composition of the slit membrane (see
above) and the consequences of genetic mutations in
these components, suggest that it is for the major part
the slit membrane which is responsible for the size
selectivity; it appears to be the main barrier for
uncharged large molecules.
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There is another major unresolved problem in glomer-
ular physiology, namely the regulation of the ultrafiltra-
tion coefficient Kf. Kf is the product of the local hydraulic
permeability and the filtration area. There has been a
widespread belief that Kf is regulated through changes in
the filtration area due to an action of the mesangium.217

However, the structural arrangement of the mesan-
gium,124 as well as several morphometric studies,218,219

do not support such an assumption. Dimensional
changes in just the slit membrane area have also been
regarded as a reasonable and, theoretically, very effective
site to change Kf.220 In pathological conditions, e.g., in
membranous nephropathy,221 the decrease in Kf corre-
lates perfectly with the decrease in total slit length. With
respect to acute regulatory mechanisms under physiolog-
ical conditions, however, no convincing morphometric
data have been published showing that changes in Kf are
correlated with corresponding dimensional changes in
the slit membrane. Thus, the question of where and how
Kf is regulated remains an open problem.

Stability of the Glomerular Tuft

The glomerular tuft is constantly exposed to
comparably high intraglomerular pressures within
glomerular capillaries and mesangium. The high intra-
glomerular pressures challenge not only the glomerular
capillaries themselves, but also the folding pattern of
the glomerular tuft. Increased pressures lead to loss of
the folding pattern, and to dilation of the glomerular
capillaries. Therefore, we have to ask what are the spe-
cific structures and mechanisms that counteract the
expansile forces in the glomerular tuft. To answer this
question we have to distinguish between the structures
and mechanisms maintaining: (1) the folding pattern of
the glomerular tuft; and those maintaining (2) the
width of glomerular capillaries (Figure 20.39).

The folding pattern of the glomerular tuft is primar-
ily sustained by the mesangium.124,147,222 Mesangial
cells are connected to the GBM by their contractile

processes (see above); by centripetal contractions they
maintain the infoldings of the GBM, thereby allowing
the capillaries to arrange in the peripheral expansion of
the GBM. This supporting role of mesangial cells is
best illustrated under circumstances with loss of
mesangial cells, such as Thy-1 nephritis.223 Under those
circumstances the folding pattern of the GBM is pro-
gressively lost, finally resulting in mesangial aneur-
ysms. Podocytes clearly contribute to the maintenance
of the folding pattern by specific cell processes that
interconnect opposing parts of the GBM from outside
within the niches of the infoldings. This function is
again clearly illustrated in Thy-1 nephritis under cir-
cumstances with loss of mesangial support: podocytes
are capable of maintaining a high degree of the GBM
folding pattern for 2�4 days, after which they fail and
mesangial aneurysms become prominent.223

The width of glomerular capillaries, in the long run,
is probably controlled by growth processes accounting
for different-sized capillaries. The width of a given cap-
illary, in an acute situation being exposed to changes in
blood pressure, appears to be stabilized by the GBM
which is a strong elastic structure224 and, together with
the mesangial cell bridges (see above), is capable of
developing wall tension.147,225 In addition, the tensile
strength of the GBM is reinforced by podocytes.
Podocytes are a kind of pericyte; their foot processes
represent a unique type of pericyte process which,
like elsewhere in the body, counteract the dilation of
the vessel. Podocyte processes are firmly attached to
the underlying GBM (see above); their cytoskeletal
tonus counteracts the elastic extension of the GBM.
Podocytes cannot be replaced by any other cell; failure
in this function will lead to capillary dilation.

Parietal Epithelium of Bowman’s Capsule

The parietal layer of Bowman’s capsule consists
of squamous epithelial cells resting on a basement

FIGURE 20.39 Schematic to show the
mechanisms that stabilize the glomerular tuft

against expansion (relevant structures are

highlighted in dark gray). The folding pattern of
the GBM is thus stained by mesangial cells from
inside, and by specific podocyte processes located
in the depth between two capillaries from outside.
The width of capillaries against transmural pres-
sure gradients is maintained by wall tension,
which is generated by the rigidity of the GBM, by
the mesangial cell processes that interconnect
opposing turning points of the GBM, and by the
tonus of podocyte foot processes.
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membrane (Figure 20.29). The cells are of polygonal
shape and contain prominent bundles of actin filaments
running in all directions. Microfilament bundles are espe-
cially prominent in the parietal cells surrounding the vas-
cular pole, where they are located within cytoplasmic
ridges that run in a circular fashion around the glomeru-
lar entrance.20

The basement membrane of the parietal epithelium
(PBM) is, at variance with the GBM, composed of sev-
eral dense layers which are separated by translucent
layers and contain bundles of fibrils.226 Recent studies
suggest a role of type XIV collagen in the organization
of the multilayered PBM.227 In contrast to the GBM,
the predominant proteoglycan of the PBM is a chon-
droitin sulfate proteoglycan.149 The transition from
the GBM to the PBM borders the glomerular entrance.
This transitional region is mechanically connected to
the smooth muscle cells of the afferent and efferent
arterioles as well as to extraglomerular mesangial cells.

At the urinary pole, the flat parietal cells transform into
proximal tubule cells. In some cases the flat cells may con-
tinue for a certain distance as a so-called neck segment of
the tubule (rabbit)228 or the typical proximal tubule epithe-
lium generally starts within the glomerular capsule. This
is the case in the mouse,824 most pronounced in males.

In rare cases, parietal epithelial cells may be
replaced by podocytes (“parietal podocytes”) which
display a process pattern identical to that of podocyte
proper of the tuft.229 At such sites, the PBM is similar
to the GBM and capillaries may attach from outside.
As shown recently, parietal podocytes are regularly
found when ß-catenin is deleted in renal epithelial cells
during development at the S-shaped body stage.230

Recent observations suggest that a niche of glomerular
epithelial stem cells resides within the parietal epithe-
lium at the transition to the proximal tubule.231,232

It is an intriguing hypothesis that proliferating stem
cells from this locus may transform into podocytes and
may reach the tuft via the transitions of the epithelia at
the glomerular vascular pole. Migration of parietal cells
via the vascular pole and subsequent transition into
podocytes has been shown to occur in the new-born
mouse.233 However, evidence that such a process may
be of any relevance in the adult has so far not been
presented.233

STRUCTURAL ORGANIZATION OF
RENAL ELECTROLYTE TRANSPORTING

EPITHELIA

General Overview of Renal Epithelial
Organization

The renal tubular epithelia function as selective
barriers between the tubular fluid in the luminal

compartment and the interstitial compartment that
communicates with the blood compartment. The epi-
thelium consists of a single layer of cells, resting on a
basement membrane composed of extracellular matrix.
The cells are interconnected by junctional complexes that
encircle each individual cell like a belt. The tight junc-
tion (zonula occludens) separates the luminal compart-
ment from the lateral intercellular space and is the
boundary between the apical plasma membrane
domain, facing the tubular fluid, and the basolateral
membrane domain, which lines the intercellular com-
partments and is in contact with the basement mem-
brane. The intermediate junctions (zonula adherens),
and the patches of desmosomes (maculae adherentes)
provide mechanical adherence. Gap junctions that pro-
vide intercellular communication exist exclusively in
the proximal tubule.

This basic organization of the epithelium
(Figure 20.40) implies two transepithelial transport path-
ways for solutes and macromolecules: (1) the paracel-
lular pathway across the tight junctions and the lateral
intercellular spaces (the passage of solutes through the
paracellular pathway is driven by the transepithelial
electrochemical and oncotic gradients); (2) the trans-
cellular pathway across the luminal membrane
domain, the cellular cytoplasm and the basolateral
membrane domain, and vice versa (the passage of
solutes via the transcellular pathway occurs mostly
against electrochemical gradients and is energy-
dependent).

Luminal
plasma membrane

Tight junction

Lateral
intercellular
space

Basolateral
plasma membrane

Basal lamina

1 2

FIGURE 20.40 Schematic drawing, demonstrating the essential

structural features of renal transporting epithelia. (1) Paracellular
route through the tight junction and the lateral intercellular spaces;
(2) Transcellular route, across the apical plasma membrane, which
may be augmented by short microvilli, microfolds (not shown) or
long microvilli of uniform length, called “ brush border,” across the
cytoplasm, and across the basolateral plasma membrane; the latter
may be augmented by infoldings of the basal plasma membrane or
by basolateral processes of the cells, which narrowly interdigitate
with each other. The lateral interdigitating processes contain large
mitochondria.

627STRUCTURAL ORGANIZATION OF RENAL ELECTROLYTE TRANSPORTING EPITHELIA

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



Paracellular Pathway

As seen in freeze-fracture replicas, tight junctions
are composed of globular particles, arranged in one
or several roughly parallel strands or in a net-like
pattern234 (Figure 20.41a). The more-or-less densely
packed particles in the strands presumably represent
the transmembrane proteins that participate in the
junction’s formation.

The tight junctions function as barriers between the
luminal compartment and the lateral intercellular
spaces. At the same time they allow a selective, regu-
lated paracellular flow of small inorganic cations,235,236

and the passage of some large organic cations and of
some uncharged molecules.234,237 The selectivity of
tight junctions for different solutes varies among the
different tubular epithelia.238,239 Claudins, a large fam-
ily of integral membrane proteins, make up the bulk of
tight junctional strands,240�243 and play a key role
in determining and regulating the paracellular perme-
ability for small inorganic cations.244 They act as size-,
charge-, ion concentration- and pH-dependent
channels or pores in the intercellular space,245�247 and
seem to be targets of the serine-threonine kinases
WNK1 and WNK4.248�251 The dynamic regulation of
paracellular flux does not seem to involve structural
changes of the tight junctional complexes. Mutations in
claudin members252,253 or defects in the WNK-signal-
ing cascades may have major implications on volume
homeostasis.250,251,254�257 Occludin, another integral
membrane protein, is interspersed with claudins in the
tight junctional strands. The cytoplasmic domain of
occludin is associated with ZO1, thereby providing a
linkage for the membrane to its scaffolding actin

cytoskeleton.234,244 The interaction of occludins with
the actin skeleton may be important in regulating the
paracellular passage for larger molecules, and for
“macropermeation” across the epithelium, as well as in
the transduction of signals from apoptotic cells.258

Further, ZO1 seems to be associated with the “fence”
function of tight junctions,258 i.e., the ability of the tight
junction to prevent diffusion of lipids from the apical
to the basolateral membrane domain. Via transcription
factor zonula occludens 1 (ZO-1)-associated nucleic
acid binding protein (ZONAB), it can also be involved
in controlling cell proliferation.259

Cell adhesion proteins at the extracellular face of the
basolateral surface of renal tubular cells maintain a
basal level of cell�cell adhesion, in addition to strong
cellular adhesion provided by the junctional complexes
and/or desmosomes. The cell adhesion proteins in
the intercellular spaces can be made visible by electron-
microscopy with specific fixation procedures.260

The “classical” cell adhesion proteins N- and E-
cadherin,261�264 as well as the “atypical” kidney-spe-
cific (ksp) cadherin 16265,266 have been located by
immunostainings on the basolateral membranes all
along the tubular system. The classical cell adhesion
molecules are linked to the scaffolding actin skeleton,
as well as to β-catenin, at the cytoplasmic face of the
basolateral cell membranes.267 This connection
provides a pathway for coupling extracellular signals
(among others, binding of a hormone to its receptor,
mechanical stresses) to intracellular signaling cascades
that control various cellular responses, such as endocy-
tosis, ubiquitination of proteins, transcription, prolifer-
ation or apotosis.267

Transcellular Pathway

The prerequisite for transcellular vectorial transport
of solutes across epithelia is the asymmetric or polar-
ized allocation of co-transporters, exchangers, chan-
nels, and enzymes, to the luminal and basolateral
plasma membrane

LUMINAL MEMBRANE DOMAIN

The uptake of most solutes into the cell is coupled to
passage of sodium via solute-specific co-transporters,
via channels or via exchange against protons (H1) in
the luminal plasma membrane. The given assembly of
transport proteins in the luminal membrane of the cells
of a segment determines the segment-specific solute
transport pattern. Enzymes (e.g., phosphatases, pepti-
dases) in the luminal membrane hydrolyze poorly per-
meable organic compounds to readily permeable ones,
and various receptor proteins (e.g., megalin, cubilin
etc.268) mediate the uptake of their ligands into the cell.

Many of the apical transport proteins are linked
to the actin-based cytoskeleton under the plasma

FIGURE 20.41 Tight junction and intercellular space. (a)
Freeze-fracture electron micrograph of thick ascending limb cells. (b)
The tight junction (TJ) consists of several densely arranged parallel
strands (BL: basolateral membrane; L: luminal membrane; Rabbit:
3B45,000). (Cooperation with A.Schiller and R.Taugner).
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membrane via adaptor proteins containing PDZ inter-
active domains,269�273 namely NHERF1, 2, 3, and are
thereby maintained in the specific cell membrane
areas.274

The given assembly of transport proteins in the
apical plasma membrane of a segment confers the
specificity for transported solutes. The rate of solute per-
meation across the membrane critically depends on
type (co-transporter, exchanger, channels) and quantity
of active transport systems in the apical cell membrane
domain. The latter is ultimately related to the available

surface area. Thus, in many epithelia with high trans-
port rates the apical membrane area is much larger
than the area of a virtual plane at the level of the tight
junctional belt.

Three modes of amplification of apical plasma mem-
brane surface are distinguished (Figure 20.40): (1)
densely arranged finger-like microvilli, all of similar
dimensions, evenly distributed over the entire cell
surface, forming the so-called “brush border”
(Figures 20.42 and 20.44). The microvilli have an axial
cytoskeleton of actin filaments, arranged in a 6 1 1

FIGURE 20.42 Augmentation of apical and basolateral plasma membrane surfaces by microvilli and interdigitating lateral cell pro-

cesses. (a) Three-dimensional model of a rabbit proximal tubule cell. (From Welling, L. W., and Welling, D. J. (1975). Surface areas of brush border
and lateral cell walls in the rabbit proximal nephron. Kidney Int. 8(6), 343�348 ,with permission.) The dark line indicates the position of the tight junc-
tional belt between the apical and basolateral membrane domains; the apical membrane domain is amplified by microvilli, which form a brush
border; the basolateral membrane domain is augmented by interdigitating lateral cell processes that split in an apico�basal direction to pri-
mary and secondary processes and basal plicae; the latter are anchored in the basement membrane. (b) and (c): Sections through S1 proximal
tubule (Psammomys obesus); the dark contrast of the intercellular spaces (black lines), and the differential contrast of adjacent cells result from
fixation with reduced osmium; (b) the section, cut approximately in parallel to the basement membrane through the center of the cell reveals
the complex interdigitation of the lateral cell processes; (c) in the section in an apico�basal direction apical interdigitation by lateral processes
is revealed by the different contrast in the brush border; the lateral interdigitating processes increasingly split up towards the cell base; the
larger ones are filled out with mitochondria (TEM: 3B9000).
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pattern, associated with villin and fimbrin in the micro-
villar core.275 The actin filaments extend into the
terminal web, located in the subapical cytoplasm
immediately beneath the base of the microvilli. Brush
border formation characterizes the proximal tubule: (2)
short microvilli, found on all other tubular cells; their
density and distribution on the cell surface varies con-
siderably; (3) microfolds, found on cells in which regu-
lation of the permeation rates for given solutes is
associated with rapid transient modulation of the lumi-
nal cell surface area (subtypes of intercalated cells and
occasionally also in collecting duct cells; see below).

BASOLATERAL MEMBRANE DOMAIN

The entry of sodium-coupled solutes across the
luminal membrane is driven by the enzymatic splitting
of ATP by the Na-K-ATPase, the so-called sodium
pump.276 In renal epithelia ATP is mainly made avail-
able by mitochondria. The Na-K-ATPase is inserted in
the basolateral membrane domain of all tubular cells,
and is firmly linked to the actin cytoskeleton by inter-
acting proteins, such as ankyrin, spectrin/fodrin, and
NHERF.277

Segment-specific differences in Na-K-ATPase activ-
ity/protein278,279 per unit tubular length rely on cell
type-specific differences in the density of the enzyme
molecules per area basolateral membrane, and on the
available surface area of basolateral membrane per unit
tubular length.280,281 Basically two modes of increases
of the basolateral membrane surface per unit tubular
length are distinguished in renal epithelia:

1. Lateral folding and interdigitation (basolateral
interdigitations): this mode increases the lateral
membrane area282 and implies an increase of the
lateral intercellular space, the common compartment
of para- and transcellular transport routes.40 The
width of the lateral intercellular spaces (about
20�50 nm) varies little with function.
In interdigitated epithelia the tight junctions are
composed of one or several parallel strands with
more-or-less high particle density. The tall lateral
plasma membrane folds, equipped with Na-K-
ATPase, narrowly enclose large mitochondria. The
folds split into complex basal ridges with densely
packed actin filaments (but no Na-K-ATPase283,284),
arranged in a circular manner,285�287 which provide
attachment to the underlying basememt membrane.
This arrangement prevails in proximal
(Figures 20.42, 20.43 and 20.44) and distal tubules
(Figures 20.52, 20.53, 20.54, 20.56 and 20.57), and
causes the characteristic basal striation of these
segments in histological sections.

2. Infoldings of the basal plasma membrane into the cell
body; the spaces between the infolded (Na-K-

ATPase carrying) membranes open via so-called
basal slits directly towards the underlying basement
membrane, and have no continuity with the lateral
intercellular spaces. Consequently, trans- and
paracellular solute transport pathways are largely
separated. The tight junctional belt consists of
networks of anastomosing strands with high
particle density. The width of the intercellular
spaces can be narrow or dilated, depending on the
functional conditions. The lateral membranes carry
small finger-like villi or folds, and are often
interconnected by small desmosomes, These might
help to maintain mechanical cohesion under
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FIGURE 20.43 Survey on location and ultrastructure of proxi-

mal tubule segments. (a) S1 segments start at the urinary pole of the
renal corpuscle in the cortex, and transform gradually to S2 segments
within the labyrinth, S2 segments give way to S3 at different levels
(depending on the nephron generation) within the medullary rays; S3
terminates at the border (dashed line) of the outer stripe (OS) and the
inner stripe. (b) Salient features of S1, S2, and S3 proximal tubule
cells; neighbouring cells are shaded in order to reveal the interdigita-
tion by lateral cell processes; the vacuolar apparatus in the subapical
cytoplasm, mitochondria, ER, Golgi apparatus, lysosomes (black
spots), and peroxisomes (cross-hatched) are indicated; in rat S3 seg-
ments (c) the brush border micovilli are the highest, in rabbit (d) and
most other species they are the shortest. (Adapted from ref. [5], with
permission).
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functionally-induced dilation of the intercellular
space. This epithelial organization characterizes the
collecting duct system. Increases in membrane area
by lateral interdigitating folds and basal infoldings
may well be found in the same cell (e.g., connecting
tubule cells; Figures 20.56 and 20.58).

Correlation Between Structure and Transport

In defined nephron segments rather constant ratios
have been found between Na-transport rates, Na-K-
ATPase activity, basolateral plasma membrane surface
area, and mitochondrial density.276,279�281,288�294

Acute changes in flow rates for a given solute across
the luminal cell membrane may be sensed by local pur-
inergic signaling and responded to by rapid adjust-
ment in transport rates.295,296 They depend on the

availability of active transport systems in the cell, and
can be effected by several mechanisms, e.g., by gating
of transport channels (e.g., ENaC in collecting duct
cells), that are present in the luminal plasma mem-
brane,277 by redistribution of the given protein between
microdomains in the apical membrane (e.g., NHE3 in
the brush border of proximal tubuli,297,298 by cycling of
luminal and vesicular membrane domains containing
the respective transport proteins (e.g., AQP2 in collect-
ing duct cells; H1ATPase in intercalated cells) between
the cell surface and intracellular vesicles299 or by exo-
cytotic insertion and endocytotic retraction of specific
transport proteins into and from, respectively, the
luminal membrane (e.g., ENaC300; NaPiIIa301,302).

Prolonged duration of increased transcellular flow
rates stimulates, in addition to the acute responses, the
transcription rates for the given transport proteins,303

and finally results in cellular and epithelial hypertrophy,
including cell proliferation.304,305 Inversely, chronic
decreases in Na-transport rates may result in epithelial
hypotrophy, including a reduction of cell mass by
apoptosis.293,305�307 On this background it is tempting to
interpret the internephron heterogeneity as a reflection
of their different filtration and transport rates. In rats the
juxtamedullary nephrons with the largest glomeruli and
highest filtration rates308 display the largest tubular
diameter, the largest basolateral membrane area,
Na-K-ATPase activity, and mitochondrial volume den-
sity.41 The superficial nephrons have the smallest glo-
meruli, filtration rates, and tubular dimensions.

Primary Single Cilia

All renal cell types, except the intercalated cells, carry
a central single primary cilium on their luminal surface.
Primary cilia are regarded as mechanosensors that sense
changes in luminal flow rate and circumferential
stretch.309�312 The extracellular mechanical stimulus
caused by the urinary flow is transduced via the trans-
membrane proteins Polycystin 1 (PC-1) and Polycystin 2
(PC-2),313 located in the membrane of the cilium.314,315

Both together form a complex required for flow-medi-
ated calcium entry in response to the deflection of the
axoneme.316 This subsequently results in release of cal-
cium stores from the endoplasmic reticulum, possibly
mediated by Polycystin 2.309,311 On the one hand, this
might induce local purinergic signaling and modulate
renal tubular transport317; on the other hand, the pri-
mary cilia may be involved in the functional differentia-
tion of polarized cells,318 in the maintenance of normal
tubular architecture,309 in regulation of tissue morpho-
genesis,319 and in gene transcription.320 Cilia seem also
to help to regulate and control mTOR and temper the
response of this pathway to growth factors.321 Loss-of-

FIGURE 20.44 Proximal tubule (rat). (a) Profiles of S1, S2, and S3
segments of juxtamedullary proximal tubules; note the differences in
brush border length, in cell height, cytoplasmic density, and outer
diameter (c: Peritubular capillaries; Rat: 1 mm Epon section;
3B1000). (b) Ultrastructure of S1, S2, and S3 proximal tubule cells
(Rat). The mitochondria in S1 and S2 are located in lateral cell pro-
cesses, in S3 they are mainly scattered throughout the cytoplasm; the
endocytotic apparatus in the subapical cytoplasm (roughly delimited
by broken lines) is most prominent in S1 and early S2; endosomes
(stars) and lysosomes (L) are located deeper in the cytoplasm; in S3
the vacuolar apparatus and lysosomes are virtually absent, whereas
peroxisomes (P) are more frequent than in S1 and S2; interdigitation
by lateral folds is almost lacking (TEM: 3B5400).
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function mutations in the genes for PC-1 or PC-2 cause
ciliary abnormalities322 and the autosomal dominant
form of polycystic kidney disease (ADPKD).315,323

PROXIMALTUBULE

The proximal tubule takes up the glomerular filtrate
and recovers the major fraction of water, sodium, and
solutes by reabsorption from the tubular lumen back to
the blood compartment, and it clears the blood of
various organic compounds by uptake from the blood
compartment and secretion into the tubular
lumen.324,325 Furthermore, the epithelium removes
almost completely filtered proteins from the tubular
fluid by endocytosis.

The proximal tubule begins at the urinary pole of
the renal corpuscle, and ends at the transition to the
descending thin limb of Henle’s loop which defines the
border between the outer and the inner stripes. It has a
convoluted part, situated in the cortical labyrinth, and
a straight part (pars recta: the thick descending limb of
Henle’s loop), located in the cortical medullary rays
and in the outer stripe (Figure 20.43). The volume frac-
tion of proximal tubules is about 48% in the rat cortex
and about 54% in the outer stripe.41 From the collected
tubular volume in the cortical labyrinth of an adult
rat the convoluted proximal tubule takes a fraction of
80 to 85%.38

Morphology of Proximal Tubular Epithelium

The proximal tubule is lined by cells with complex,
interdigitating folding of the basolateral plasma mem-
brane and characteristic formation of a brush border
at the apical pole. The largely amplified apical and
basolateral plama membrane surfaces correspond to
the high transcellular solute transport rates (see
“Organization of Electrolyte Transporting Epithelia”).
The lateral foldings narrowly ensheath large mitochon-
dria. At the base the foldings are split into numerous
basal ridges, which are densely filled with circular
running f-actin filaments, and provide the anchoring of
the cell to the underlying extracellular basement mem-
brane. The tight junctions are shallow, mostly consist-
ing of a single strand with low particle density,275 in
agreement with the low-resistance shunt pathway in
parallel with a high-resistance pathway across the lim-
iting cell membranes.326,327 The proximal tubule cells
are electrically coupled by gap junctions.

The subapical cytoplasm immediately under the
base of the brush border microvilli is a membrane-rich
region, called the “vacuolar apparatus”.268 It is the
structural correlate of the early endocytotic apparatus

(Figure 20.45a) and contains intermicrovillar more or
less deep infoldings (“clefts”) into the cytoplasm,
small clathrin-coated vesicles, uncoated “dense apical
tubules” (DAT) 70�90 nm in diameter, and large
uncoated vesicles. The dimensions of the vacuolar
apparatus are very variable, and depend on the rate of
endocytosis (see below). The more or less abundant
lysosomes, present in the center of the cells, are func-
tionally related with the degradation of proteins.
The nucleus is encircled in its equatorial plane by well-
developed Golgi apparatus. Cisterns of rough ER are
preferentially extended in parallel with the lateral cell
membranes; ribosomes are abundant throughout the
cytoplasm. Fenestrated cisterns of smooth ER are par-
ticularly abundant. In the terminal portions of the
proximal tubule the cisterns of smooth ER contain
xenobiotc-metabolizing enzymes328 which contribute to
detoxification processes. The cisterns of the smooth ER
often extend along the lateral membranes and nar-
rowly enwrap mitochondria and peroxisomes.329 The
latter are generally situated in the basal portions of the
cells.330 The amount of lysosomes, peroxisomes, and
lipid droplets in proximal tubule cells strongly varies
with the functional stage of the animal, food intake,
and sex hormones.331�333

The proximal tubule is subdivided into three seg-
ments, S1, S2 and S3.334,335 The subdivision is based
on more-or-less gradually occurring quantitative
changes along the proximal tubule. S1 cells line the
initial half of the convoluted portion, and have the
largest basolateral plasma membrane surface, Na-K-
ATPase activity per unit membrane area, and mito-
chondrial density. They transform to S2 cells within
the second half of the convoluted portion. All proxi-
mal tubule segments touching the renal capsule are S2
cella,336 and S2 cells also form the beginning of the
straight part in the medullary rays. In rats and rabbits
the microvilli in S2 are markedly shorter than in S1 (in
rat S1: B4.5 to 4.0 μm; S2:B4.0 to 1.5 μm). S2 cells usu-
ally have very prominent lysosomes. The basolateral
surface area, Na-K-ATPase activity per unit membrane
area, and mitochondrial density decrease from S1 to
S3. S3 cells supersede S2 cells at various levels
(depending on the nephron generation) in the medul-
lary rays34,113,268,336 and line the terminal portion of
the proximal tubule. In rabbits, dog, and human the
height of microvilli further decreases along
S3.5,114,334,335 In mice differences in the length of the
brushborder microvilli among the three segments are
little apparent,113 whereas in rats the brush border
microvilli of S3 are the longest from the three proxi-
mal tubule subsegments (Figure 20.44a). Lateral fold-
ing of the plasma membrane is lacking, and the S3
cells usually have a polygonal outline and a compara-
bly small basolateral plasma membrane surface and
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Na-K-ATPase activity. Yet, the volume density of
mitochondria in S3 of rat and mice is rather high. The
mitochondria are scattered throughout the cytoplasm.
Structural correlates for endocytosis and lysosomes are
almost absent in S3, whereas amount and size of per-
oxisomes increases from S2 towards S3.

Functional Aspects

Structural Correlate for Receptor-Mediated
Endocytosis

Receptor-mediated endocytosis (Figure 20.45a) is the
most efficient mechanism for cellular uptake of filtered
proteins268,337,338 and plays an important role in the
acute downregulation of transport rates by selective
retraction of transport proteins from the microvillous
membrane rapid (e.g., NaPiIIa, Figures 20.45b,c,d; see
below). By multiphoton microscopy the passage of

proteins across the different endocytotic compartments
has been directly observed in vivo.339,340

The first requirement for cellular uptake of a protein
by endocytosis is binding of a ligand to a receptor pro-
tein on the surface of the tubular cell. The multirecep-
tors megalin, cubilin, and amnionless341,342 have all
been located in the proximal tubule, mainly on the
base of the microvillous plasma membrane, in the
intermicrovillar membrane invaginations (“clefts”),
and in subapical clathrin-coated pits. Megalin belongs
to the LDL-receptor family, and is bound with its cyto-
plasmic tail to cytoplasmic adaptor proteins.343,344 It
forms a tandem with the peripheral protein cubilin
which is associated with the membrane by amnion-
less.345,346 Megalin is responsible for the internalization
of its own ligands and of cubilin with its ligands.338

The receptor�ligand complexes are gathered in the
clathrin-coated membrane pits, and are directed by cla-
thrin-coated vesicles to larger, uncoated early and late

FIGURE 20.45 (a) Schematic representation of receptor-mediated endocytosis in the proximal tubule, exemplified for the megalin- and
cubilin-mediated uptake of three vitamin carrier protein complexes: DBP-vitamin D3, TC-vitamin B12, and RBP-retinol in renal proximal
tubule. Likewise, the cubilin chaperone protein amnionless, AMN, is indicated. Following receptor-mediated endocytosis via apical coated
pits, the complexes accumulate in lysosomes for degradation of the proteins, while the receptors recycle to the apical plasma membrane via
dense apical tubules. Megalin mediates the uptake of cubilin and its ligands. The mechanisms for the cellular release of the vitamins remain to
be clarified. (From ref. [346].) (b)�(d) Transmission electron micrographs of S1 cells of the proximal tubule of rats; (b) control; (c) 15 min and (d)
60 min after a single PTH-injection; PTH induces rapid downregulation of the sodium phosphate co-transporter NaPi-IIa in the brush border
membrane by endocytotic mechanisms, associated with a transient expansion of the vacuolar apparatus (between arrows) in the subapical
vesicular compartment (TEMB10,000). (Modified from ref. [356].)
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endosomes, located slightly deeper in the cytoplasm. In
the endosomes the receptors are cleaved from the
ligands and travel back to the luminal membrane via
uncoated “dense apical tubules” (DAT).347�350 The
DAT form an elaborate, moving dynamic network of
anastomosing tubules,348,351 which are transiently con-
nected to the larger endosomes, and which display at
their other end small clathrin-coated domains.352�354

From the endosomes the ligands are sorted either for
degradation to lysosomes or for ubiquitination via the
proteasome pathway.

The trafficking of internalized material from the vacu-
olar apparatus to lysosomes critically depends on the
microtubular system.355 Microtubules normally form a
loose network across the proximal tubule cells, and
become highly oriented in the apico�basal direction
during vesicular transport of endocytosed cargo to lyso-
somes.356 The dimensions of the vacuolar apparatus and
the abundance of megalin in proximal tubule cells are
correlated with the rate of endocytosis. If endocytosis
does not take place, either due to paucity of ligands in
the tubular fluid (e.g., normally in S3) or due to lack or
low levels of the endocytosis receptor,338,357,358 the vacu-
olar apparatus is barely developed.

The processing of material in the vesicular compart-
ments of the endocytotic pathway relies on acidifica-
tion. NHE3, the proton-ATPase, and the chloride
channel ClC-5 (for a review see 359), are all highly
expressed and co-localized in the intermicrovillous
clefts and in the vesicular membranes of the early
endocytotic pathway.360�362 Dysfunction of one or sev-
eral of these acidifying proteins may cause primary
defects in endocytosis. Knockout of the ClC-5 channel,
for instance, impairs the clearance of PTH from the
tubular fluid, bringing about hyperphosphaturia and
hypercalciuria.361,362 This mechanism can explain the
high incidence of kidney stones in Dent’s disease, with
functionally impaired ClC-5 channels.363�367

The role of basolateral endocytosis is interesting,
since the basolateral cell membrane is the site of differ-
ent hormone receptors,368 e.g., the insulin receptor.
After binding to the receptors peptide hormones seem
to be, at least in part, taken up by the cells and are
transported to the lysosomes.369

Sodium Proton Exchange

Apical Na1-H1 exchange in the proximal tubule
and the reabsorption of the bulk of filtered sodium is
mediated by the sodium/hydrogen exchanger NHE3
in the microvillous plasma membrane361,370�372 and
in the plasma membrane of the intermicrovillous
invaginations.297 The sodium/hydrogen exchanger is
enriched in the intermicrovillar microdomain,370 where
it interacts with the scavenger receptor megalin (see
above, 298). Changes in Na/H exchange activity

correlate with changes in cell surface expression of
NHE-3, mediated by sgk2.373 Rapid and reversible
redistribution of NHE3 between the two microdomains
in the microvillous plasma membrane domain and the
intervillous plasma membrane invaginations (“clefts”)
may also alter the surface expression of NHE3 and
activity of Na/H exchange.298,374�377

Reabsorption of Water and Solutes

The plasma membrane of the microvilli is covered by
a glycocalyx containing hydrolases (phosphatases, pepti-
dases, nucleotidases) which cleave their substrates in the
tubular fluid (ecto-enzymes). The microvillous mem-
brane holds a large variety of transport proteins for
uptake of water and solutes from the tubular fluid. The
density of a given transport protein in the microvillous
membrane can be dissimilar along the segments of the
proximal tubule and among nephron generations. Many
of the transport proteins are anchored by adaptor pro-
teins, such as PDZ-proteins and NHERF1/2, to the
underlying apical scaffold.372,373,378,379

Transcellular water reabsorption in the proximal tubule
is mediated by the constitutive water channel, aquaporin
1 (AQP1) located in the microvillous- and basolateral
plasma membrane domains.380�384 Orthogonal arrays of
intramembrane particles in the basolateral membranes of
S3 of mice385 are associated with another water channel,
AQP4, AQP7, which is probably involved in the reabsorp-
tion of glycerol (see review in 386) and is expressed in the
brush border, especially of S3 in rats and mice, as shown
by immunocytochemistry.387,388

Sodium-coupled solute uptake from the lumen into the
cells is mediated by co-transport proteins located in the
plasma membrane of the microvilli. The proximal tubule
usually recovers all filtered glucose. The sodium�glucose
co-transporter SGLT2 is found primarily in S1, and is
responsible for 90% of glucose reabsorption. SLGT1 is
located in S3, and is responsible for only 10% of reabsorp-
tion (reviewed by Hediger and Rhoads389,390). SGLT1 is
more highly expressed in females than in males.391 The
exit of glucose across the basolateral plasma membrane
occurs by the glucose transporters GLUT2 (low affinity in
S1) and GLUT1(high affinity in S3).392

Inorganic phosphate (Pi) transport is mediated by at
least three different brush border Na1/P(i) co-trans-
porter proteins, the electrogenic transporter NaPi IIa,
Pit-2, and the electroneutral transporter NaPi Iic.393,394

Their expressions and activities appear to be tightly
regulated.

Low dietary intake of Pi increases mRNA and brush
border expression of NaPi IIa.395 High dietary Pi
intake, parathyroid hormone (PTH) and activation of
dopamine receptors358 rapidly downregulate NaPiIIa-
mRNA395 and NaPiIIa in the brush border,396�398 and
induce phosphaturia. Downregulation of NaPiIIa in
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the brush border involves receptor-mediated endocyto-
sis (see above) and subsequent lysosomal
degradation.355,356,358,399,400

The passage of NaPi-IIa across the successive endo-
cytotic compartments namely, the megalin-containing
clefts, the clathrin-coated-vesicle compartment,401

through the early and late endosomal compartment,
and finally its disposal in lysosomes, where NaPi-IIa is
degraded, has been tracked by immunofluorescence.301

The shifting of the protein through the early endocy-
totic compartments goes along with a dramatic,
rapidly transient expansion and remodeling of the vac-
uolar apparatus in the subapical compartment356

(Figure 20.45). PTH also reduces Pit-2 expression
and activity, whereas NaPi-IIc is inhibited and internal-
ized with a delay of several hours after PTH
application.394

Recently Klotho has been recognized as a phospha-
tonin, and an important regulator of phosphate homeo-
stasis. In partnership with the FGF-R, Klotho functions
as an obligate co-receptor for FGF23.402 Secreted solu-
ble Klotho inhibits Pi transport by altering the traffick-
ing of the proximal tubule Na-coupled phosphate
transporter.402

Neutral amino acids, which represent about 80% of
circulating amino acids, are transported by the low
affinity Na1-co-transporter B(0)AT1, located in the
early proximal tubule. The high affinity transporter B
(0)AT3 is located in the late proximal tubule, at least in
mice. In addition, there are several other apical and
basolateral amino acid transporters (for a recent review
see 403). Similarly the short-chain peptide, di-, and tri-
peptide carriers PEPT1, high capacity, low affinity, and
PEPT2 low capacity, high affinity are located in mainly
S1 and S3, respectively.404,405

Secretion of organic amphiphilic electrolytes from
the blood into the tubular fluid is a pathway for clear-
ance and detoxification of xenobiotics and drugs,
including diuretics.325,406�410 The uptake into the proxi-
mal tubule epithelium proceeds via multispecific
organic anion transporters (OAT) and organic cation
transporters (OCT) in the basolateral membrane
domain. The majority of members of the OAT- and
OCT-family have been immunolocalized to the basolat-
eral cell membrane of S3 proximal tubule,411�413 yet
OAT 1 has been detected mainly in S2,414 a few also in
S1. The expression of the OATs and OCTs is strongly
regulated by sex hormones.415�420

The export into the tubular lumen of both conju-
gated and unconjugated lipophilic anionic substrates
involves various OATs and primarily active trans-
porters with ATP-binding casette motifs, belonging
to the MRP-family,421 and located in the brush bor-
der membrane of S1, S2, and S3 proximal tubule
segments.421,422

The role of basolateral endocytosis is interesting,
since the basolateral cell membrane is the site of differ-
ent hormone receptors,368 e.g., the insulin receptor.
After binding to the receptors peptide hormones seem
to be, at least in part, taken up by the cells and are
transported to the lysosomes.369

THIN LIMBS OF HENLE’S LOOP
(INTERMEDIATE TUBULE)

The intermediate tubule comprises the thin tubular
portions, interposed between the proximal and the dis-
tal tubules (Figure 20.46). Ultrastructurally, the inter-
mediate tubule has four structurally different
segments: (1) the descending thin limbs of short loops
(SDTL); (2) the upper part; (3) the lower part of des-
cending thin limbs of long loops (LDTLup and LDTL
lp); and (4) the ascending thin limbs (ATL). This pat-
tern has been observed in various species, including
rat,423,424 mouse,34,425 golden hamster,426 rabbit,5,427

Perognathus,428 Octodon degus,429 Meriones shawii,116 and
Psammomys obesus.430�432 An additional subsegment of
thin limbs has been identified in Chinchilla.433 The thin
limbs in human have so far not been studied in compa-
rable completeness.434�436

Surprisingly, by lightmicroscopy these simple-look-
ing epithelia are strikingly different from each other
with respect to ultrastructure and function, not only
the ascending from the descending limbs but, most
remarkably, the descending limbs of short from those
of long loops. Furthermore, within the descending seg-
ments (SDTL, LDTLup, LDTLlp) the proximal portion,
although structurally no different from the distal por-
tion, displays considerable functional differences. In
the IM a high percentage of thin limbs was found that
consisted of a patchwork of descending and ascending
type epithelia.437,438 Beyond all these heterogeneities,
there are prominent differences among species. This
complex situation appears to account for the persistent
discussion about the integrated function of thin limbs
in the urine concentrating process.

The type I epithelium (Figure 20.47), which is char-
acteristic for descending thin limbs of short loops
(SDTL), has a simple and uniform organization. It is
composed of flat, non-interdigitating cells reposing on
a thin basement membrane. The luminal cell mem-
brane bears only a few short microvilli that are mainly
found along the cell borders. The tight junction consists
of several anastomosing junctional strands; desmo-
somes are frequently encountered. The SDTLs in the
rat have, among all other thin limb segments, a particu-
larly prominent cytoskeleton with a high content of
cytokeratins and desmoplakins.439 Cell organelles, such
as mitochondria, profiles of rough and smooth
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endoplasmic reticulum, etc., are exceedingly sparse in
type I epithelium.

Apart from an initial stretch of maximally 400 μm in
about 10% of SDTLs in mouse, these nephron segments
do not show any labeling for aquaporin 1 (AQP1), thus
they are rather impermeable to water.440 The lower
parts of SDTLs contain the urea transporter UT-A2 in
its cell membranes.382,441,442 In species with complex
vascular bundles (e.g., rat, mouse), the short descend-
ing limbs lie within the vascular bundles115; in these
surroundings, the thin limbs are in an ideal position to
recycle urea from the ascending vasa recta into the
short loop nephrons (see below).

1

Short
Loop

2

3

1

2

3

Simple

Complex

4

4

Long
Loop

FIGURE 20.46 Survey of thin limb ultrastructure. Four thin limb
segments are discernible: (1) Descending thin limb of short loops. (2)
Descending thin limbs of long loops, upper part. This segment is differ-
ently developed among species: a complex type (upper panel) found e.g.,
in rat, mouse, and Psammomys is distinguished from a simple type (lower
panel) found e.g., in rabbit and guinea pig. (3) Descending thin limb of
long loops, lower part. The transition between upper and lower parts is
gradual. (4) Ascending thin limb. (Adapted from Kriz, W., and Schiller, A.
et al. (1980). In “Comparative and Functional Aspects of Thin Loop Limb
Ultrastructure. Functional Ultrastructure of the Kidney,” 239�250,
Maunsbach, A. B. Academic Press, London, and Kaissling, B., and Kriz, W.
(1992). In “Morphology of the Loop of Henle, Distal Tubule and Collecting
Duct. Handbook of Physiology: Section on Renal Physiology,” 109�167,
Windhager, E. E. Oxford University Press, New York, with permission).

FIGURE 20.47 Thin descending limbs of short loops. (a) Cross-
sectional profile (rat; TEM: 3B4100). (b) The simplicity of the
epithelium is demonstrated (J: Junctional complex; Rat: TEM:
3B11,000). (c) Freeze-fracture electron micrograph. The tight junc-
tion consists of several anastomosing strands (L: luminal mem-
brane; BL: basolateral membrane; D: desmosome; Rabbit:
3B71,000).
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This simple type I epithelium is also found in many
descending loop profiles in the inner stripe of feline
and canine kidneys which, by microanatomical defi-
nition, possess only “long” loops. Consequently, it
may be assumed that these simple profiles belong to
those long loops that descend into the inner medulla
for only very short distances, frequently less than
500 μm.443 The epithelial characteristics of these loops
may be more important than their short descent into
the inner zone for determining their functional role.
From this point of view, “short loops” are also pres-
ent in the cat kidney. The short descending thin
limbs of cortical loops � studied in the minipig444

and guinea pig (unpublished results from our labora-
tory) � are also established by the simple type 1
epithelium.

The descending thin limbs of long loops are gener-
ally much larger in diameter, and have a thicker epi-
thelium than those of short loops. Moreover, the
LDTLs are heterogeneous; obviously, those of the “lon-
gest” long loops begin in the inner stripe as a much
thicker tubule than those of “shorter” long loops. The
character of the epithelium gradually changes as
the limbs descend toward and into the inner medulla.
The subdivision of these thin limbs into an upper part
(type 2 epithelium) (Figure 20.48a) and a lower part
(type 3 epithelium) (Figure 20.48b) is an approxima-
tion, and reflects the gradual change to a more and
more structurally simplified epithelium. Moreover, this
process of epithelial simplification appears to be indi-
vidually related to the length of each loop. It occurs
earlier and more quickly in “short” long loops and is
delayed in the longest of the long loops.34,260,424,432,445

This explains the heterogeneity among descending thin

limb profiles in a given cross-section through the
medulla: profiles lined with the lower-part epithelium
(type 3) may already be found at the end of the inner
stripe. Even deep in the inner medulla, profiles with
the upper part epithelium (type 2; in reduced elabora-
tion) are still present.

Furthermore, considerable interspecies differences,
concerning in particular the upper parts of LDTLs,
complicate understanding of the long descending thin
limbs. Two patterns may be distinguished260; in one
group of species (mouse, rat, golden hamster,
Perognathus, Psammomys, O. degus, cat), the epithelium
(type 2) of the LDTLup is characterized by an
extremely high degree of cellular interdigitation. In a
single cross-section, more than 100 cell processes may
be encountered (Figures 20.48a and 20.49a,b). The tight
junctions are extremely shallow, usually consisting of
one junctional strand. Thus, the most characteristic fea-
tures of this epithelium are the prominent paracellular
pathways. The junctions are “leaky,” and the amount
of junctional area available per unit area of epithelial
surface is increased several-fold by the tortuosity of the
junction due to cellular interdigitation. The lateral cel-
lular spaces form an elaborate “labyrinth,” bordered by
correspondingly amplified basolateral membranes.
Additional structural characteristics of the epithelium
are numerous apical microvilli, considerable numbers
of mitochondria, and a strikingly high density of uni-
form intramembranous particles in the luminal and
basolateral membrane. In addition, cytochemical and
immunohistochemical studies have revealed that the
LDTLup exhibits a sodium�potassium ATPase in both
membranes,446,447 suggesting active salt secretion. In
addition, salt transport may occur through the tight

FIGURE 20.48 Descending thin limbs of long loops, upper part. (a) Complex type; note the many tight junctions (arrows) (Psammomys:
TEM: 3B3000). (b) Simple type; only three junctions are encountered (arrows) (rabbit: TEM: 3B3000).
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junctions, which contain claudin 2.261,448 LDTLups are
highly permeable to water due to the abundancy of the
constitutive water channel aquaporin 1 (AQD1) in both
membranes,449 probably correlating with the high den-
sity of intramembrane particles. Carbonic anhydrase
activity was found in both short and long descending
thin limbs.450

In a second group of species that includes rab-
bit,427,451 minipig444 and guinea pig (unpublished data
from our laboratory), the upper parts of LDTLs are
more simply organized. The prominent paracellular
pathway typical of the first group is lacking. The
epithelial cells in this group do not interdigitate, and
are joined by much deeper tight junctions consisting
of several anastomosing junctional strands

(Figures 20.48b and 20.49c). In other respects, however,
the epithelia are similar in the two groups. Numerous
luminal microvilli, many mitochondria, and the dense
assembly of intramembrane particles in luminal and
basolateral membranes are present in type 2 epithelium
also in this group. The high density of intramembrane
particles may be partially due to the high density of
aquaporin 1 (AQP1) channels in both membranes; cor-
responding to the decrease of particle density along its
descending course the density of AQP1 channels
decreases.452�454

The epithelium of the lower part of LDTL (type 3
epithelium) is comparably simple (Figure 20.50); inter-
species differences are no longer prominent. The epi-
thelium consists of relatively flat, noninterdigitating

FIGURE 20.49 Descending thin limbs of long loops, upper part. (a) The complex epithelium is characterized by numerous tight junctions
(arrows) indicating the extensive intercellular digitation. The interdigitation of the basolateral membrane forms a “labyrinth” of extracellular
spaces within the cell body (*) (rat: TEM: 3B11,000). (b) Freeze-fracture electron micrograph exhibiting the luminal aspect of the complex epi-
thelium demonstrating the extensive cellular interdigitation. The tight junction consists of one strand only (arrow) (L: lumen of the tubule; Rat:
TEM: 3B13,000). (From Kriz, W., and Schiller, A. et al. (1980). In “Comparative and Functional Aspects of Thin Loop Limb Ultrastructure. Functional
Ultrastructure of the Kidney,” 239�250, Maunsbach, A. B. Academic Press, London, with permission.) (c) Freeze-fracture electron micrograph of the
simple type epithelium. The tight junction (T) consists of several junctional strands. Note the dense pattern of intramembrane particles on the P
face of luminal (L) and basolateral (BL) membranes (an equally dense particle pattern is also found in the complex type) (L: Tubular lumen;
Rabbit: 3B66,000). (From Schiller, A., and Taugner, R. et al. (1980). The thin limbs of Henle’s loop in the rabbit. A freeze fracture study. Cell Tissue Res.
207(2), 249�265, with permission.)
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cells bearing some sparse microvilli; in the rat it is cov-
ered by an unusually thick surface coat.424 The tight
junctions are of an intermediate apicobasal depth, com-
posed of several junctional strand (in rabbit: 138
6 37 nm and 3.5 6 0.7 strands; in Psammomys, 51 6
28 nm).260 The basolateral membrane regularly forms
basal infoldings, similar to those found in the simple
type of LDTLup.260 The fluid spaces between the
infoldings are not continuous with the lateral intercel-
lular spaces, and thus they are not part of a paracellu-
lar pathway route. The pattern and density of
intramembrane particles in the luminal and basolateral
membranes are inconspicuous; the dense packing,

typical for the upper parts, has disappeared. This
appears to correlate with the decrease in density of
AQP1 channels that, in the terminal portions of this
segment, may completely disappear. Thus, the water
permeability probably decreases toward the loop
bend452,453; the terminal segment may accordingly be
thought to have a very low water permeability.
Regarding the permeability to urea and the distribu-
tion of the urea transporter UT-A, conflicting data
are published, especially when comparing data from
different species.438,442,452,455�457 In the mouse in anti-
diuretic conditions, the UTA2 urea transporter is
upregulated in LDTLep.458 Also, claudin 8 has been
found in this segment.240

With respect to the descending thin limbs of the
human kidney, the published data do not allow a final
conclusion. In an older TEM investigation459 a thin
limb profile is shown with a heavily interdigitated epi-
thelium corresponding to the thin limb epithelium
described above as the complex type in other species.
However, in the text the descending thin limbs in the
human kidney are described as being outlined by a
simply structured epithelium. In 1967, when this paper
was published, it was not yet known that there were
four different thin limb epithelia.

The axial, the internephron, as well as the interspe-
cies differences in descending thin limb epithelia, is
surprisingly prominent compared to all other nephron
segments. Differences among thin limb segments were
also found with respect to the cholesterol content of
their cell membranes.460 Binding studies with various
lectins have revealed distinct labeling patterns in the
descending, as well as the ascending, thin limbs in rat
and rabbit.461�463

The ascending thin limb is present only in long loop
nephrons, and is uniformly organized among mam-
mals (Figure 20.51). Generally, the transition from the
type 3 epithelium of the descending limb to the type 4
epithelium of the ascending limb occurs a short, but
fairly constant, distance before the bend (“pre-bend
segment34,120,121,431). Therefore, functionally, the entire
bend should be regarded as part of the ascending thin
limb. The type 4 epithelium is characterized by very
flat but heavily interdigitating cells joined by shallow
tight junctions, consisting of only one prominent
junctional strand. This leaky organization of the para-
cellular pathways corresponds with functional stud-
ies,464,465 which all demonstrate that the ascending thin
limbs are highly permeable for ions.

The change from the type 3 epithelium to the type 4
epithelium coincides with the disappearance of the
urea transporter UT-A 2, and the abrupt beginning of
the expression of the chloride channel ClC-K1437,452,466;
aquaporins are completely lacking. Thus, the ascending
thin limb is water- and urea-impermeable, but highly

FIGURE 20.50 Descending thin limbs of long loops, lower part.
(a) Cross-sectional profile (rat: TEM: 3B3800). (b) The epithelium is
simply organized; basal infoldings (arrow) are regularly encountered
(J: Junctional complex; Rabbit: TEM: 3B10,200). (c) Freeze-fracture
electron micrograph demonstrating the regular pattern of basal
infoldings within the basal cell membrane (*) (Psammomys:
3B12,800). (In cooperation with A. Schiller and R. Taugner.)
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permeable for Cl2 and also Na1. The relevance of
the expression of claudin 4261 is poorly-understood.
Surprisingly, in mouse, rat, and rabbit a high fraction of
“mixed” thin limbs was found consisting of alternating
stretches of descending and ascending type epithelia.

In most species the transition from the ascending
thin limb to the thick ascending limb (distal straight
tubule) is abrupt over the length of one cell. The level
of this transition defines the border between the inner
medulla and the inner stripe of the outer medulla. In

the canine467 and human kidney,459 a gradual transi-
tion between the thin and thick ascending parts of the
limb has been observed.

THICK ASCENDING LIMB OF HENLE’S
LOOP

The Thick Ascending Limb (TAL 5 distal straight
tubule � DST) absorbs NaCl in excess of water.468 The
subtraction of salt from the tubular fluid contributes to
rendering the surrounding interstitium hypertonic, a
crucial prerequisite for the urinary concentration pro-
cess. The tubular fluid delivered by the segment into
the cortex becomes progressively diluted. In addition,
the TAL plays a prominent role in acid�base homeo-
stasis, and recovers important fractions of filtered
Mg21 and Ca21 via the paracellular transport route.

The beginning and end of the TAL epithelium are
sharply demarcated from the preceding thin limb epi-
thelium, and the successive DCT epithelium. The TAL
of nephrons with long loops begins at the border
between inner and outer medulla, and that of nephrons
with short loops at various levels within the inner
stripe of the outer medulla (in cortical loops even in
the medullary rays in the cortex). It ascends through
the outer medulla and the cortical medullary rays,
enters the cortical labyrinth for a short distance, and
contacts with the “macula densa,” the vascular pole of
its parent glomerulus (Figure 20.52). After a short
“post-macula” segment the TAL transforms to the dis-
tal convoluted tubule (DCT). The length of the
post-macula segment varies not only among species
(, 500 μm in rabbits), but also among nephrons within
the same kidney.5,37,260 An association of its length with
nephron types has not been established.

Long-looped nephrons have a thinner epithelium
than nephrons with short loops.5,308,469 The thickness
of the epithelium decreases gradually, although con-
siderably in the flow direction along the segment
(Figures 20.52 and 20.53).308

The organization of the TAL-epithelium is exem-
plary for electrolyte transporting epithelia (see above:
“Organization of Electrolyte Transporting Epithelia”)
(Figure 20.52). The cells display prominent lateral
membrane foldings (Figure 20.22a)5,470 which
narrowly interdigitate with adjacent cells and enclose
plate-like large mitochondria, and occasionally a few
cisterns of rough endoplasmic reticulum (rER)470

(Figure 20.53). Except in the deep inner stripe the lat-
eral folding extends over the entire cell height. Hence,
the luminal outline and tight junctional belt are much
longer in upstream portions than in the deep inner
stripe,471 evident by the very frequent hits of the tortu-
ous tight junctional belt in sections of cortical TAL

FIGURE 20.51 Ascending thin limbs. (a) Cross-sectional profile;
note the many junctions (arrows) (Psammomys: TEM: 3B3500). (b)
Epithelium exhibiting extensive intercellular interdigitation; numer-
ous tight junctions are encountered (arrows) (C: Capillary; Golden
hamster: TEM: 3B13,500). (c) Freeze-fracture electron micrograph.
Luminal aspect of the tubule demonstrating the mode of cellular
interdigitation and the shallow tight junction (arrow) (L: luminal
membrane; BL: basolateral membrane; Psammomys: 3B4800). (From
Kriz, W., and Schiller, A. et al. (1981). Freeze-fracture studies on the thin
limbs of Henle’s loop in Psammomys obesus. Am. J. Anat. 162(1), 23�33,
with permission.)
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epithelium (Figure 20.53b). The tight junction is orga-
nized by a few strands, arranged in parallel, and with
a high particle density (Figure 20.41a).

The large nucleus usually (except in the deep inner
stripe) spans the entire cell height. The cytoplasm in the
nuclear region displays small, round mitochondrial pro-
files, a particularly extensive Golgi apparatus,308 polyri-
bosomes, and some short cisterns of rER. The varying
amounts of narrow tubular profiles and smooth vesicles
in the subapical cytoplasm might be related with traf-
ficking of apical transport proteins (see below). The api-
cal membrane of the cells carries short stubby
microvilli,114,472 which usually border the tight junc-
tional belt471 and are less abundant in the center of the
cell and in the vicinity of the single cilium. Scanning
electron microscopy revealed that “rough” cells with
numerous microvilli may be present side-by-side with
rather smooth cells with only a few microvilli.469 The
latter cells display strong immunoreactivity for EGF,
which seems to play a role in the regulation of growth
and differentiation of cells in the loop of Henle.473

Role of the TAL in NaCl Reabsorption

The major fraction of salt reabsorption by the TAL
(including the macula densa cells) proceeds via the

Na1,K1,2Cl2 (NKCC2) symporter468 in the luminal
membrane474�476 which is specifically inhibited by
loop diuretics, such as bumetanide and furosemide.477

The apical entry of Na1,K1 and 2Cl2 is driven by the
Na-K-ATPase in the basolateral plasma membrane.
The density of Na-K-ATPase in the TAL exceeds by far
that of more proximal tubular sites.278,279

The inwardly rectifying renal outer medullary K
channel, ROMK, which recycles the K1 ions entering
the cell via NKCC2 over the apical membrane, is par-
ticularly abundant in the apical plasma membrane of
TAL cells.365,478�483 The basolateral extrusion of Cl2

occurs passively through ClC-K and ClC-Kb
channels.479,484

Role in Bicarbonate Reabsorption

In addition to its role in salt reabsorption, the TAL
has also an important function in maintaining acid-
�base homeostasis. It reabsorbs about 15�20% of the
filtered bicarbonate485�488 via the sodium/hydrogen
exchangers NHE3 and NHE2 in the luminal plasma
membrane of the TAL cells370,489�491 and the NEM-
sensitive vacuolar H1-ATPase.492 The apical Na/H
exchange is tightly coupled with the basolateral Cl2/
HCO3

2 exchange that proceeds by the Cl2/HCO3
2
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FIGURE 20.52 Survey on location and ultrastructure

of the thick ascending limb of Henle’s loop. (TAL: distal
straight tubule, including macula densa; C: cortex; IS:
inner stripe; OS: outer stripe; IZ: inner zone.) The direc-
tion of the urinary flow is indicated by white arrows,
interdigitated cells with large mitochondria, enclosed in
the lateral processes; (a) medullary part; (b) cortical part;
(c) macula densa; note the difference in the organization
of the lateral intercellular spaces between macula densa
cells and other TAL cells. (Adapted from Kaissling, B., and
Kriz, W. (1979). Structural analysis of the rabbit kidney. Adv.
Anat. Embryol. Cell Biol. 56, 1�123, and Kaissling, B., and
Kriz, W. (1992). In “Morphology of the Loop of Henle, Distal
Tubule and Collecting Duct. Handbook of Physiology: Section
on Renal Physiology,” 109�167, Windhager, E. E. Oxford
University Press, New York, with permission).

641THICKASCENDING LIMB OF HENLE’S LOOP

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



exchanger AE2.493,494 The abundance of the NHE3
protein in the apical plasma membrane of the TAL
has been shown to increase with functional adapta-
tion to reduced renal mass,487 under metabolic acido-
sis,495 and with high levels of glucocorticoids.496

Role in Mg21 and Ca21 Recovery

Although virtually impermeable to water, the junc-
tions in the TAL display a selective permeability for
Mg21 and Ca21. 40�70% of the filtered Mg21 is recov-
ered by the TAL in a passive paracellular manner
facilitated by tight junction proteins claudin-16 and
claudin-19 protein.252,497The much greater length of the
tight junctional belt in the CTAL than in the MTAL
might explain the higher paracellular movement of
Mg21 and Ca21 in the CTAL than in the MTAL.497,498

Impaired function of paracellin 1 (claudin 16) leads
to urinary losses, specifically of magnesium and
calcium.499�506

Regulation of salt transport rates in the TAL
involves peptide hormones, among them vasopressin
and glucagons, which bind to receptors on the

basolateral plasma membranes. Via the cAMP messen-
ger system they increase the abundance of the NKCC2
co-transporter and the K-channel in the luminal
membrane.106,117,474,468,507�512

The acute response to decreases or increases of
cAMP seem to involve endocytotic and exocytotic,
respectively, membrane translocation.513 The various
amounts of NKCC2-displaying vesicular and tubular
structures in the apical cytoplasm of TAL cells270,510,514

might well be part of the membrane pool, available
for translocation. Similar to the proximal tubule, endo-
cytosis requires NHE3-mediated acidification, and
needs the chloride channel CLC5. NHE3 and ClC5 are
both located in the apical cytoplasm of TAL cells.480,515

The basolateral extrusion of Cl occurs passively
through ClC-K and ClC-Kb channels.479 The trafficking
of ClC-K to the basolateral membrane depends on the
protein barttin.479

Cyclooxygenase 2 (COX2) has been located in
the TAL cells, including the macula densa cells,
and contributes through local production of
prostaglandins479,516�518 to the handling of ions by the
TAL.

All maneuvers that chronically affect the salt trans-
port rates by the TAL finally result in structural hyper-
or hypotrophy of the TAL epithelium. The plasticity of
the TAL epithelium in response to variations in plasma
levels of vasopressin (ADH) or cAMP had been
revealed by studies on Brattleboro rats, which geneti-
cally lack ADH and suffer from diabetes insipidus
(DI).519 In these rats the medullary and cortical portion
of the TAL are equally thin.520 In healthy rats with
chronic low plasma levels of ADH due to chronic high
water intake the structural appearance of the TAL
resembles that seen in DI-rats.521 Several weeks of
substitution of ADH in DI rats or of endogeneously
increased ADH-levels, associated with chronic water
restriction, restore the normal axial heterogeneity.522,523

The transport rates by the TAL epithelium are corre-
lated with the DNA synthesis rate of TAL cells.
Specific inhibition of NaCl reabsorption in the TAL of
rats by furosemide transiently reduces the incidence of
TAL cells showing DNA synthesis (assessed by nuclear
detection of the proliferating cell nuclear antigen,
PCNA, and incorporation of the thymidine analog bro-
modesoxyuridine) from about 1%, the basal rate in the
rat TAL epithelium, to zero.305

With the given background it is likely that the struc-
tural heterogeneity regarding cell height, mitochon-
drial density, and basolateral plasma membrane
surface along the TAL represents the physiologically
lower tubular salt load, and ensuing lower transport
rates in the cortical than in the medullary portions.468

In rabbits the overall reduction of the cell height, mem-
brane area and mitochondrial volume (per unit tubular

FIGURE 20.53 Thick ascending limb cells. (a) Deep level of the
inner stripe; the lateral interdigitated foldings contain large mito-
chondria and do not reach up to the lumen; (b) Cortical part; in the
much lower cells the lateral interdigitated foldings reach up to the
lumen, causing a folded course of the tight junctions (arrows) (rat:
TEM: 3B14,500). (Adapted from and Kaissling, B., and Kriz, W. (1992).
In “Morphology of the Loop of Henle, Distal Tubule and Collecting Duct.
Handbook of Physiology: Section on Renal Physiology,” 109�167,
Windhager, E. E. Oxford University Press, New York, with permission).
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length) along the TAL is much more pronounced than
in rats and mice.

Disruption of genes coding for NKCC2 (SLC12A1)
or for one or several proteins and/or channels associ-
ated with the NaCl-transport via NKCC2 (e.g., chloride
channels ClCKA, ClCkB or the Barttin subunit, CLC5,
NHE3), involved in regulation of its surface expression,
or of the respective signaling cascades causes more
or less severe renal salt-wasting, characteristic of
“Bartter” syndrome. Symptoms of the Bartter syn-
drome are, e.g., lowered blood pressure, hypokalemic
metabolic alkalosis, and hypercalciuria, with variable
risk of kidney stones.479,483�484,524�527

The Tamm-Horsfall glycoprotein (THP), the most
abundant urinary protein in mammals, is synthesized
exclusively by the renal TAL epithelium. It is located
in high density on the apical plasma membrane, in
low density also on the basolateral plasma mem-
brane.528,529 Uromodulin has been linked to water�
electrolyte balance and to kidney innate immunity.530

THP is thought to be relevant in the pathogenesis of
cast nephropathy and urolithiasis. By its property to
compete efficiently with urothelial cell receptors, such
as uroplakins, in adhering to type I fimbriated
Escherichia coli, it may play a role in defense against
urinary tract infection.531 Mutations in the gene encod-
ing uromodulin lead to rare autosomal dominant dis-
eases, collectively referred to as uromodulin-associated
kidney diseases.532 Recently, it has been shown that
THP-deficient (THP2/2) mice showed moderately
impaired urinary concentrating abilityuromodulin
plays a permissive role in TAL reabsorptive fu/uro-
modulin plays a permissive role in TAL reabsorptive
function.533

SEGMENTS DOWNSTREAM OF THE TAL:
DISTAL CONVOLUTED TUBULE,
CONNECTING TUBULE, AND

COLLECTING DUCT

Electrolyte transports by the tubular epithelia distal
of the loop of Henle provide the fine tuning of urinary
electrolyte- and water-excretion. Located downstream
of the macula densa, their transepithelial solute trans-
port rates are no more directly submitted to tubulo-
glomerular feedback control but, rather, they are reg-
ulated by systemic hormones and a multitude of
local factors.296,317

The structural subdivision of these portions in the
cortex into the distal convoluted tubule (DCT), the con-
necting tubule (CNT), and the cortical collecting duct
(CCD) goes back to light microscopic observations
made in sections and microdissected tubules from kid-
neys of rabbits, human, mouse, sheep, cat, pig, beef,

and dolphin by Karl Peter early in the 20th century.37

More than half-a-century later, microdissection stud-
ies of nephrons from rabbits and mice by the group
of Morel534 revealed that the distribution of sensitivities
for several peptide hormones was bound to the mor-
phological segmentation. Detailed electron microscopic
investigations of the distal tubular portions in rabbits,5

rats,291,535,536 Psammomys obesus,35 and mice537,538

further confirmed and extended the earlier findings.
The few studies on the human nephron459,539�541 agree
with the data obtained from experimental animals.

In contrast to the preceding tubular portions, the
epithelial lining of each of the segments following the
TAL display at least two distinct cell types: one cell
type is segment-specific and called accordingly DCT
cell, CNT cell, and CD cell; the other one, the interca-
lated cell (IC cell), is interspersed in differing amounts
among the specific cells of each segment.542 The transi-
tion from one segment to the next may be sharp and
unequivocally definable, e.g., as in rabbits5,268 or they
may develop gradually, involving more-or-less long
transitional portions with a mixture of cells from the
successive segments or with cells showing features
intermediate between the segment-specific cell types of
the given segments.535 The presence of a rather long
transitional portion between the definite DCT and CNT
in rats,543,544 in mice,537,538 and in humans539 claimed a
subdivision of the DCT in these species into the “early”
DCT and the “transitional portion”538,545 or the DCT 1
and the DCT 2,537 respectively. Taken the morphologi-
cal data of the various species (except rabbits!) together
it is obvious that the segmentation of the cortical tubu-
lar portion distal of Henle’s loop is a matter of defini-
tion.544 The nowadays conventionally-used segment
definitions for the DCT, the CNT and the CCD
(Figure 20.55) take into account the structural data and
the distribution of the major apical salt and water
transport proteins (Figure 20.55). The uptake by the
cell type-specific transport proteins in the luminal
plasma membrane into the cell and the movement
across and out of the cell is facilitated by a bunch of
“auxiliary” cytoplasmic and/or basolateral membrane
proteins (e.g., Na-K-ATPase, Ca-binding proteins,
K-channels, hormone receptors, etc.). These “auxiliary”
proteins are not restricted to the given cell type
and thus, are not segment-specific. The inventory of
gene expressions (in situ hybridization of mouse kid-
ney sections with annotations) in given segments
can be looked up in the “Euregene Expression
Database.” “The Kidney Atlas” (http://www.euregene.
org/portal/pages/index.html).

The segmentation of the CD into cortical (CCD),
outer medullary (OMCD), and inner medullary CD
(IMCD) is based mainly on the location in the given
zones. The structural differences between the CCD and
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OMCD cells are quantitative rather than qualitative.
Usually, the IMCD does not display any more IC cells
in its two lower thirds and the lining cells (IMCD cells)
are regarded as a separate cell type546 (Figure 20.54).

Distal Convoluted Tubule (DCT)

The DCT reabsorbs 5�10% of the filtered Na-load547

and determines the final urinary Mg21 concentration
through active transcellular transport.548 In addition,
the transitional portion (DCT2) participates (together
with the subsequent CNT; see below) in regulation of
calcium excretion by transcellular calcium reabsorp-
tion.538,549 The DCT epithelium is water-impermeable,
similar as the preceding TAL.

The abrupt increase in epithelial height
(Figure 20.56)550,544 marks the beginning of the DCT.
This prominent feature in the tubular epithelium has
been observed in all mammalian species investigated
so far, and it coincides exactly with the replacement in
the luminal membrane of the NKCC2, characterizing
the TAL cells, by the thiazide-inhibitable sodium chlo-
ride co-transporter, NCC, characterizing the DCT
cells.547 The NCC characterizes all DCT cells (DCT1
and DCT2). The breaking off of NCC expression
defines the end of the DCT.537 It is sharp in rabbits,551

but it drops off over a more or less long distance in
mice and rat.538

The DCT epithelium is organized by laterally inter-
digitating cells (Figures 20.57 and 20.58a) similar to the
TAL, yet the lateral folding excludes the apical cell por-
tion in DCT cells. The amount of Na-K-ATPase,279 the
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FIGURE 20.54 Survey on organization

of the cortical distal segments and collect-

ing ducts (left panel) and on ultrastructure

of the segment-specific cells (right panel).
(C: cortex; OS: outer stripe; IS: inner stripe
of the outer medulla; IM: inner medulla;
Dashed line: delimits the medullary ray;
(a): distal convoluted tubule (DCT) and
DCT-cell; (b): connecting tubule (CNT) and
CNT-cell; (c): CCD and CCD cell; (d): inner
medulla (IM) and IMCD cell; Black semicir-
cles indicate the occurrence of intercalated
(IC) cells.) Each DCT opens into one CNT.
In superficial nephrons the CNT opens
directly into a CCD; connecting tubules of
deeper nephrons join to form an arcades
which ascend in the cortical labyrinth,
before they open into a CCD. The collecting
ducts descend in the medullary rays and
through the outer and inner stripes of the
outer medulla; the lower two-thirds of the
collecting duct are lined by IMCD cells
exclusively; the IMCD open as papillary
ducts on the renal papilla. (Adapted from
and Kaissling, B., and Kriz, W. (1992). In
“Morphology of the Loop of Henle, Distal
Tubule and Collecting Duct. Handbook of
Physiology: Section on Renal Physiology,”
109�167, Windhager, E. E. Oxford University
Press, New York, with permission).
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surface area of basolateral membranes and the volume
density of mitochondria280 are the highest of all tubular
cells41 (Figure 20.26). The large lamella-like mitochon-
dria are narrowly enveloped by the lateral interdigitat-
ing plasma membrane foldings, all other cell organelles
are situated in the apical cytoplasm: the nucleus; the
distinct Golgi apparatus; numerous small mitochondrial
profiles; short cisterns of rough endoplasmic reticulum;
and abundant smooth small, invaginated vesicles
closely beneath the apical plasma membrane.260,552

Lysosomes are less frequently observed in DCT cells.
The microtubular system in DCT cells is much more
prominent than in proximal tubule cells. The tight junc-
tional belt has a similar organization as in the TAL, but
is shorter since the apical portions of the DCT cells have
a polygonal outline.The intercellular space has a regular
width of about 50 nm and is bridged by an intercellular
skeleton.553 The apical plasma membrane carries numer-
ous stubby microvilli. Single cilia are present on the cen-
ter of all DCT cells.

In the transitional portion (DCT-2) the lateral folding
is progressively superseded by infoldings of the basal
plasmalemma which may extend into the apical cell
pole. The infolded membranes carry a few caveolae on
their cytoplasmic face.260 This structural observation is
confirmed by the finding of caveolin in late DCT
cells.554,555 Size and volume density of mitochondria
slightly decrease along the DCT2.

In rats, mice, and humans the appearance of basal
plasmalemma infoldings of the DCT cells coincides
with the most upstream appearance of intercalated
cells. In rabbits, a species that lacks a transitional seg-
ment (DCT2), infoldings of the basal plasmalemma and

the most upstream appearance of IC cells mark the
beginning of the CNT.

Functional Data

Sodium chloride reabsorption by the DCT proceeds
via the electro-neutral Na1-Cl2 co-transporter (NCC)
in the apical plasma membrane of DCT cells. NCC is
specifically inhibitable by thiazide diuretics,547,556

which are frequently used in the treatment of hyper-
tension.547 The driving force for influx of NaCl via
NCC is generated by the Na-K-ATPase activity in the
basolateral membrane of DCT cells. The basolateral
chloride channel, subunit b (ClC-Kb),479,556,557 extrudes
Cl2 ions at the basolateral side of DCT cells. Potassium
handling, associated with NCC-mediated transport,

FIGURE 20.55 Schematic distribution of the major apical trans-

port proteins (NKCC2, NCC, TRPM6, TRPV5, ENaC, and AQP2)

along the cortical distal segments. (1) In rabbit; and (2) in rat, mouse,
and human (MR: medullary ray; TAL: thick ascending limb; G: renal
corpuscle; DCT: distal convoluted tubule; CNT: connecting tubule;
CCD: cortical collecting duct). Sharp beginning and stop of a trans-
porter along the cortical nephron is indicated by vertical bars, the
continuation along the CD by arrows.

FIGURE 20.56 Distal tubular segments beyond the macula den-
sa. Small arrowheads delimit the macula densa, large arrowheads
point to the transition from the epithelium of the thick ascending
limb to the distal convoluted tubule (DCT) (CNT: connecting tubule;
CD: cortical collecting duct). The tubule profile in the upper portion
of the micrograph has a mixed cell population, composed of CNT
cells (arrow), CD cells (double arrow), and IC cells (asterisk) and
represents the transition from a CNT to a cortical CD (rat: TEM:
3B500).
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involves ROMK, detectable by immunomethods in the
cytoplasm of DCT1,481,558 and in the apical membrane
of DCT2 cells, and BK channels.558,559

The NaCl transport rates by the DCT epithelium are
linked with NCC surface expression. It is regulated
(among others) by the luminal NaCl-load,560 dietary
salt,561 by angiotensin II,562�564 and by sex hor-
mones.565 Although mineralocorticoid receptors have
been detected in the DCT,547 aldosterone has no effect
on NCC-mediated transport since beta hydroxy-
steroid-dehydrogenase, which confers mineralocorti-
coid specificity to the receptor, is lacking in DCT1.562

Changes in NCC surface expression are effected by
trafficking of the co-transporter from the subapical
vesicular compartment into564 and removal by endocy-
tosis566 from, respectively, the apical plasmalemma,
and by altering the NCC degradation rate through the
lysosomal pathway.567,568

Kinases, such as the serum- and glucocorticoid-
inducible kinase, SGK1, with-no-lysine kinases WNK1
and WNK4, both themselves controlled by
NaCl intake, play an important role in this reg-
ulation.559,561,569�571 WNKs promote NCC-targeting to
the lysosome for degradation.572 WNK signaling is
implicated in the coordination of transcellular and
paracellular flux to achieve NaCl and K1

homeostasis.250

Recent data obtained in genetically vasopressin-defi-
cient Brattleboro rats suggest that vasopressin and the
vasopressin-V2 receptor-NCC signaling cascade might
play a role in the short-term regulation of NCC in the
apical plasmalemma of DCT cells.573,574Vasopressin-
dependent increases in cAMP had not been recorded
in the DCT of rats and other species.534,575

Chronic increases in the NaCl-transport rates in the
DCT, induced in rabbits by high dietary Na-intake
combined with low K-intake280,281 or in rats by rises in
NaCl-delivery due to impaired NaCl-reabsorption in
the preceding TAL, provoke extensive structural com-
pensatory hypertrophy in the DCT,290,292,304,576,577

including substantial increases in the DNA synthesis
rate in DCT cells.305,578 These changes occur in the
presence, but also in the absence, of increased plasma
levels of mineralocorticoids,578 and are mediated most
probably by angiotensin II.562

In line with these earlier structural observations are
recent studies in a ROMK-deficient mice model for
Bartter’s syndrome with loss of TAL function. The
ROMK-deficient mice reveal hypertrophy of the DCT
epithelium, with compensatory upregulation of NaCl
reabsorption via the thiazide-sensitive NCC co-
transporter.579,580

The renal abundance and the NCC-labeling in DCT
were found to be profoundly and selectively decreased
in aldosterone-escape rats, suggesting that the thiazide-
sensitive NaCl co-transporter may be the chief molecu-
lar target for regulatory processes responsible for
mineralocorticoid escape via a post-transcriptional
mechanism.581

The DCT determines the final urinary Mg21 concen-
tration through active transcellular trans-
port.504,548,582,583 The transient receptor potential
channel melastatin subtype 6 (TRPM6),548,584 co-loca-
lizes with NCC, at least in the early DCT (DCT1), and
is regarded as a likely candidate for influx of Mg21

across the luminal membrane. This influx apparently
requires the presence of the gamma subunit of the
renal Na-K-APTase in the basolateral membrane of the

FIGURE 20.57 Organization of distal
and collecting duct cells in the renal cor-
tex; (a) and (b) Psammomys obesus; (c) rat;
fixation by reduced osmium. (a) DCT cell,
interdigitating, lateral cell processes
(arrows) narrowly enclose large mito-
chondria; (b) CNT cell, displaying a few
interdigitating lateral cell processes and
abundant infoldings of the basal plasma
membrane (arrows), extending up into
the apical cell half; most mitochondria are
aligned between the infolded membranes;
(c) non-interdigitating CCD cell; all
infoldings of the basal plasma membrane
are restricted to the basal cell portion; the
location of mitochondria above the basal
rim of infolded membranes is characteris-
tic for CD cells (TEM: 3B10 000).
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DCT cells.276,585 Transcription factor HNF1B (hepato-
cyte nuclear factor 1 homeobox B) is proposed
to regulate the expression of the g-subunit of the Na1/
K1-ATPase.586 In addition to the Na-K-ATPase, the
DCT cells weakly display the plasma membrane
Ca21(Mg21)-ATPase (PMCA)307,587 and the sodium�
calcium exchanger (NCX).544

The epidermal growth factor (EGF) expressed by
the DCT epithelium473,588,589 seems to be involved
in TRPM6-mediated regulation of active Mg21 reab-
sorption. Transcellular magnesium reabsorption via
TRPM6 seems to critically depend on low levels of
free intracellular magnesium, putatively kept low by
the cytoplasmic calcium-binding protein parvalbumin
(PV). PV has a several-fold higher binding capacity
for magnesium than the calcium-binding protein

calbindinD28k, and is prominent in the early part
of the DCT of mice.537,538 PV seems also to play a role
in the endogeneous NCC expression in DCT cells
by modulating intracellular Ca21 signaling in response
to ATP.590

The key players for paracellular Mg21-transport,
Claudin 16 (paracellin1) and Claudin 19, are both
detected in the DCT tight junction,497 and may enable
paracellular Mg21-movement across the DCT epithe-
lium in addition to the transcellular Mg21-transport.
The tight junction protein Claudin 7 has been found to
be highly expressed in the distal convoluted tubules
(and collecting ducts) of the mature kidney, suggesting
that it may play a role in paracellular NaCl and K
handling.240,591,592

DCT 2

This transitional segment expresses, in addition to
NCC, the amiloride-sensitive epithelial sodium chan-
nel, ENaC. The onset of ENaC in the apical plasma
membrane coincides with the most upstream appear-
ance of intercalated cells (see below), apical immunoex-
pression of ROMK. The eyecatching beginning of
prominent cytoplasmic immunostaining for Vitamin D-
dependent calbindin-D28k, and the marked increase in
immunostaining for PMCA and NCX in the basolateral
plasma membrane go along with the onset in the lumi-
nal membrane of the epithelial calcium channel,
TRPV5,538 the gatekeeper for renal epithelial Ca21

transport.593 ENaC and TRPV5 are coexpressed in the
CNT and will be discussed there.

Rabbits have no DCT2; in this species the transition
from the DCT to the CNT is sharp and marked by an
abrupt change in cell structure,280 coinciding with the
abrupt onset of ENaC538 in the apical membrane, as
well as the onset of the TRPV5594 (Figure 20.55), and
also the appearance of IC cells.

Dysfunctions of NaCl Reabsorption in the DCT

Inhibition of NCC in rats treated for three to four
days with thiazide diuretics induces massive rates of
apoptotic cell death of DCT cells in the early part of the
DCT, while the late part of the segment with the addi-
tional sodium entry pathway ENaC remains intact.307

If the transport activity of the early DCT cells is inhib-
ited for only a few days, the epithelium rapidly and
fully recovers within a few days after removal of the
drug.

In loss-of-function mutations of the NCC gene in
mice,595 permanent, dramatic atrophy of the early DCT
portion is seen.545 These data highlight the eminent
importance of the transport activity in maintaining and
modeling the tubular epithelium. Loss-of-function muta-
tions in the NCC-gene in humans cause “Gitelman’s
syndrome.” This syndrome is characterized by mild

FIGURE 20.58 Ultrastructure of distal convoluted tubule cells

(rat kidney). (a) Cell in the early and (b) late portion of the DCT; in
(a) characteristic apical position of the nucleus and location of the
mitochondria in basolateral interdigitating cell processes; the volume
density of mitochondria is high; in (b) the amount of basal plasma
membrane infoldings is higher than in (a), the amount of mitochon-
dria is lower; the most upstream appearance of intercalated cells (IC)
is in the late DCT (TEM: 3B5400).
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renal sodium-wasting, hypocalciuria, hypomagnesae-
mia, hypokaliemic alkalosis, and reduced blood pressure
in humans.596�599

Mutations in the NCC-regulating WNK1 and WNK4
increase NCC activity, and cause Gordon’s Syndrome
(Pseudohypoaldosteronism type II - PAH II). The
symptoms of this disease comprise arterial hyperten-
sion, hyperkaliaemia, hypercalciuria and hypermagne-
saemia, and mirror Gitelman�s disease.251,567,600 Loss-
of-function mutations of one or several of the genes
involved in Mg21 reabsorption are associated
with hypomagnesemia,601 characteristic for Gordon’s
syndrome.602

Connecting Tubule (CNT)

In all species the epithelium of the CNT is lined by
two distinct cell types (Figure 20.59): the segment-spe-
cific CNT cells; and the intercalated cells (IC cells) (see
below). The segment-specific CNT cells display the cal-
cium channel TRPV5 and the amiloride-sensitive epi-
thelial sodium channel (ENaC) in their apical plasma
membrane. In rats, mice, and humans they display, in
addition, the vasopressin-regulated water channel,
aquaporin-2 (AQP2) (Figure 20.55). In these species the
emergence of AQP2 in the apical plasmalemma in the
epithelial lining defines the beginning of the CNT,
since TRPV5 and ENaC already appear in the transi-
tional region (DCT2) (see Figure 20.55). Contrastingly,
in rabbits vasopressin-regulated water channels are
lacking in the CNT. In rabbits the beginning of the
CNT is defined by a distinct change in epithelial struc-
ture, expression of TRPV5 and ENaC, and the first inci-
dence of intercalated cells544 (Figure 20.55). Evidently,
the CNT shares cytological and functional features
ascribed to both the nephron (derived from the meta-
nephrogenic blastema) and the collecting duct (derived
from the ureteric bud). The assignment of the CNT
to either the nephron or the collecting ducts is
disputed.36,37,603,604

CNT Cell Organization

The organization of CNT cells (Figures 20.54b,
20.57b, and 20.59b) is similar to that of DCT2 cells, i.e.,
intermediate between the DCT cells with basolateral
membrane surface augmentation by interdigitating lat-
eral folds and the non-interdigitating epithelia (CD
cells) with basal plasma membrane infoldings.

The apical and the basal outlines of CNT cells
approach a polygonal shape, and the cells are smoothly
apposed to each other. The basolateral plasma mem-
brane area is increased predominantly by folding of
the basal plasma membrane into the cell. The infolded
plasma membranes may extend into the most apical

cell portion, and are endowed with abundant caveolae
on their cytoplasmic face260,554 (Figure 20.59). The
extracellular spaces between the basal plasma mem-
brane foldings and the lateral intercellular spaces
have no direct continuity and are usually narrow.260

The apical plasma membrane with short slender
microvilli is delimited from the lateral plasma mem-
brane by rather deep tight junctions, composed of
several anastomosing strands.427 The nucleus, the
Golgi apparatus, polyribosomes, very short profiles of
rER, and elongated and small round mitochondrial
profiles are located in the cytoplasm between or above
the infolded membranes. Smooth vesicles are particu-
larly abundant in the apical half of CNT cells. In
contrast to DCT cells, small lysosomes are frequent
in CNT cells.

FIGURE 20.59 Connecting tubule (rat kidney). (a) The epithe-
lium is composed of CNT cells and IC cells, (asterisks). (b)
Characteristic CNT cell with abundant infoldings of the basal cell
membrane; the arrows point to the tight junction. Insert: The infolded
plasma membranes reveal numerous caveolae (TEM (a): 3B1400;
(b): 3B6100).

648 20. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



From the beginning to the end of the segment, the
height of the CNT cells, the extent of basal plasma
membrane, and their volume density of mitochondria
decrease. The steepness of the axial changes is more
pronounced in rabbits280 and mice than in rats, and
varies with the functional conditions.605,606

Functional Aspects

Calcium Reabsorption

Microperfusion607 and micropuncture studies had
located active Ca21 reabsorption to the distal convolu-
tion, including the DCT and CNT (for review see 608) a
long time before the specific Ca21-channel in the distal
segments, TRPV5, was known.. The localization of
TRPV5609 in the apical plasmalemma of the late distal
tubule (DCT2 cells and CNT cells538) (Figure 20.55)
unequivocally identified these segments as sites for
active transcellular Ca21 reabsorption in the kidney.
The paracellular pathway in these segments is imper-
meable for Ca21.

The cytoplasmic calcium-binding protein, calbindin
D28k, the sodium calcium exchanger, NCX, and the
plasma membrane calcium-Mg ATPase, PMCA,
located in the basolateral plasma membrane, are auxil-
iary proteins necessary for TRPV5-mediated transcellu-
lar calcium movement. All three reveal very heavy
immunostaining in DCT2 and CNT cells.537,538 Upon
its entry into the cell via TRPV5, calbindinD28k buffers
Ca21 and the basolateral Ca21 transporters NCX and
PMCA extrude Ca21 into the interstitial compart-
ment.593 Interestingly, in tubular flow direction immu-
nostaining for TRPV5 progressively shifts from the
apical plasma membrane into the cytoplasm,538 asso-
ciated with parallel decreases of immuno-traceability
for cytoplasmic calbindinD28k, for basolateral PMCA
and for NCX. These changes most probably indicate
respective changes of transcellular calcium transport
rates.

Regulation of transcellular Ca21 transport rates
involves changes in the apical channel abundance and
direct TRPV5 channel activation.610 Via binding to its
receptor (PTH/PTHrP) in the basolateral plasma mem-
brane of CNT cells,611�613 parathyroid hormone (PTH)
increases the protein expression of TRPV5593,614 and
via a cAMP-PKA signaling pathway PTH increases the
channel opening probability.615 Transcription of the
Ca21 channel is regulated by the active form of vitamin
D3, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3).

594,616 The
male and female sex hormones, estrogens and andro-
gens, also play a role in renal Ca21 handling.617

Urinary klotho stimulates TRPV5 channel activity at
the apical membrane, whereas intracellular klotho
enhances basolateral Na-K-ATPase surface expression

that activates NCX-mediated Ca21 efflux.593 Urinary
tissue kallikrein (TK) activates a bradykinin receptor
(BK2) in the apical membrane of segment-specific CNT
cells,618 and thereby stimulates TRPV5-mediated Ca21

influx.615,619�621 The sites of TK synthesis in the kidney
are approximately congruent with the sites of calcium
reabsorption, i.e, the late DCT and CNT.618

These findings suggest that TK may be a physiologic
regulator of renal tubular calcium transport.622,623

Kallikrein synthesis in the CNT and its subsequent
release into the urine are stimulated by aldosterone,624

dietary Na1 restriction,618 and in particular by dietary
K1 loading.625,626 TK knockout mice display a some-
what delayed kaliuretic response to potassium
loading.623,627

Sodium Reabsorption

The amiloride-sensitive sodium channel, ENaC, is
the key player in the final sodium recovery by the kid-
ney.628,629 ENaC is a heteromultimeric channel com-
posed of three homologous subunits (α, β, γ).630 Full
activity of ENaC requires the co-expression of all three
subunits in the luminal membrane.

The activity of amiloride-sensitive transport is
under the tight control of aldosterone.631 Therefore, all
segments with ENaC-mediated sodium reabsorption �
DCT2, CNT, and CD � are collectively designated as
“aldosterone-sensitive distal nephron” (ASDN632).
While the mineralocorticoid receptor (MR) is expressed
in all distal segments,633 only the renal ENaC-expres-
sing portions display the enzyme 11-β-hydroxysteroid
dehydrogenase type 2 (11βHSD2),605,606,634�639 which
confers mineralocorticoid specificity to the MR. The
rate-limiting factor for transepithelial Na1 transport in
the ASDN is the activity and abundance of ENaC in
the luminal membrane of the ENaC-expressing cells.

Under control conditions605,606 all three EnaC subu-
nits are well detectable by immunostainings in the
apical plasma membrane of the DCT2- and CNT-
cells.605,606 Along the course of the CNT and CD-seg-
ments all three subunits become undetectable in the
apical plasmalemma, but heavily accumulate in the
cytoplasm.605,606,639 The decline in available channels
in the luminal membrane is paralleled by reduction
of basal infoldings and of mitochondria, most evident
along the CNT epithelium and by a respective pro-
gressive decline of Na1 transport activity along the
axis of the ASDN (CNT.CCD).604,640 The physiologi-
cal relevance of ENaC-mediated Na1 transport in the
CNT is highlighted by the observation that the collect-
ing duct-specific deletion of the alpha ENaC gene in
mice604 is fully compensated by the residual activity of
ENaC in the upstream located CNT (and in the
DCT2).604
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In fact, recent data on the three-dimensional recon-
struction of the mouse nephron show that five to seven
nephrons are connected via a CNT to a single CCD.34

Thus, the collected luminal surface for ENaC-mediated
sodium reabsorption in the late DCTs and the
CNT,37,641 is several-fold greater than that available in
the CCD itself.

All factors involved in regulation of sodium trans-
port rates in the ASDN (hormones, proteases, intra-,
and extracellular ion concentrations, tubular flow rate,
as well as kinases and interacting proteins (for review
see 562,642�644), ultimately target the ENaC channel
activity or abundance in the apical plasma membrane.
Changes in ENaC abundance in the luminal plasma
membrane involve channel synthesis, exocytotic deliv-
ery of subunits to the cell surface, and endocytotic
retrieval of channels from the luminal membrane and
their degradation.300,562,628,644,645

Endogeneous increases in plasma aldosterone levels
rapidly induce (within hours) activation and redistri-
bution of ENaC subunits from intracellular compart-
ments to the apical plasma membrane605,631,639,646 and
a decrease of internalization of ENaC through the syn-
thesis of SGK1.647�649 Prolonged changes in EnaC-
mediated sodium transport promote respective
changes in cell height, abundance of basolateral plasma
membrane infoldings, and the density of mitochon-
dria,280,290,292,293 which all together reflect the changes
in Na1 transport rates.

ENaC channel activity and abundance in the apical
plasma membrane of the ASDN is also target of other
hormones. The co-expression of ENaC with vasopres-
sin receptors (V1 and V2) and vasopressin-sensitive
water channels AQP2 in rat-, mice-, and human-seg-
ment-specific CNT (not in rabbit CNT cells) suggests
the mutual interaction of sodium and water trans-
port.650,651 Indeed, vasopressin facilitates the transloca-
tion of ENaC to the apical membrane652 and on
removal of a V2R agonist ENaC is endocytosed from
the membrane surface and reorganized into recycling
vesicles, with a mechanism similar to that described
for AQP2 regulation.653 The delivery of somewhat
water-depleted tubular fluid from the CNTs to the cor-
tical collecting duct might enhance the urinary concen-
tration process in the CD. Interestingly, in rabbits, in
which the CNT lacks vasopressin-sensitive water chan-
nels, the arcades open at a much higher cortical level
into the cortical collecting duct than in rats, mice or
humans.37

Insulin and insulin-like growth factor,610 angiotensin
II654�656 kinases, interacting proteins, intra-, and extra-
cellular ion concentrations, osmolarity (for review
see 645), locally released nucleotides, and tubular flow
rate (for review see 657) have also been shown to modu-
late ENaC-mediated Na-transport activity.

Potassium Transport

In all ENaC-displaying cells renal outer medulla
potassium channel ROMK is strongly expressed in the
luminal membrane, where it co-localizes with PDZ
proteins (NHERF2).272 ENaC-mediated sodium reab-
sorption is coupled in a fixed ratio with K secretion via
the ROMK. K1 enters the cell by the activity of the Na-
K-ATPase in the basolateral membrane, and exits into
the tubular fluid via ROMK. The ratio of sodium-reab-
sorption and K-secretion by the segment-specific (CNT;
CD cells)658 can be modulated by intercalated cells
which are bound to ENaC-displaying epithelia. The
proton secretion by IC cells via a H-K-ATPase can
apparently be coupled with K reabsorption.659

Therefore, the ASDN is also the tubular site for net
renal potassium (K1) excretion.482,660 The main factors
regulating K1 secretion are dietary K1 intake and aldo-
sterone (for review see 562).

Mutations in the genes coding for ENaC subu-
nits,628,629 and for proteins involved in ENaC-associ-
ated K-secretion (ROMK),661 as well as the correct
targeting into or removal from the membrane (e.g.,
SGK1, Nedd4-2; for review see 645) are associated with
severe disturbances of blood pressure regulation.662

Transition From CNT tO CCD

In rodents and humans no marked structural change
indicates the transition from the CNT to the CCD.
Morphologically, the CCD can be defined by its loca-
tion in the medullary ray. In difference, in rabbits the
clear-cut onset of vasopressin-regulated water perme-
ability marks the beginning of the CCD. It is associated
with the appearance of dilated intercellular spaces in
the epithelium5,280 and the change of segment-specific
cells, i.e., from CNT- to CD-cells.

By immunostaining, the beginning of the CCD is
defined in rodents and rabbits by the break-off of
TRPV5 (Figure 20.55) and related proteins (NCX, cal-
bindin D28k538,544). In humans, NCX and calbindin
D28k have also been detected in the CCD.539

Collecting Ducts

The CCD, the OMCD, and the upper part of the
IMCD are composed of segment-specific cells (CD
cells) and intercalated cells (IC cells; see subsequent
sections) (Figure 20.54). The CD cells (Figures 20.54,
20.57, 20.60 and 20.61) have simple polygonal basal
and apical outlines. Their most characteristic feature
is the narrowly arranged basal plasmalemma infold-
ings of uniform height (Figures 20.54, 20.57, and
20.60) at the base of the cells, easily recognizable in
light- and electron-microscopy as a basal light rim.
All major cell organelles � the nucleus, small
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mitochondria, numerous small Golgi-fields, abundant
profiles of smooth ER, and a few of rough ER, lyso-
somes, multivesicular bodies, and occasional glycogen
accumulations � are located in the zone above the
infolded membranes. The subapical zone often
reveals small round or elongated vesicles, oriented
either perpendicularly or at an oblique angle to the
luminal membrane (Figure 20.61c). These vesicles
contain aggregates of AQP2, and are called aggre-
phores. Many of the aggrephores carry spherical cla-
thrin-coated heads. The tight junctional belt is deep
and consists of anastomosing strands with high parti-
cle density.663 The apical plasma membrane generally
bears only a few short slender microvilli or micro-
folds. The prominent central single cilia on the col-
lecting duct-specific cells (Figure 20.62a) have been
proposed as the key structural element in the Ca21

response to fluid shear stress.312,664 Short microvilli
or folds of the lateral plasma membrane project into

the intercellular space, and are connected by small
desmosomes with those of adjacent cells
(Figure 20.62b). In marked contrast to the water-
impermeable epithelia of the TAL and the DCT, the
width of the intercellular spaces between CD cells as
well as the space between the infolded basal plasma
membranes may be largely dilated or narrow, corre-
lating with bulk water flow across the epithelium
(see below).

The cytoskeleton is particularly prominent in CD
cells. Actin filaments and microtubules form a dense
meshwork along the apical and lateral plasma mem-
brane. The cytoskeleton is essential for the shuttling of
AQP2 to and from the plasmalemma (see below).
Furthermore, the prominent cytoskeleton may be one
mean, among others, to withstand the varying osmotic
pressure in the collecting duct.

The CD cell undergoes gradual, although consider-
able, changes from the deep cortex (CCD) downstream
to the upper third of the inner zone (IMCD)
(Figure 20.61). The extent of basal plasma membrane
foldings and the volume density of mitochondria
decrease from the cortex towards the inner zone,
whereas the volume density of lysosomes and the den-
sity of cytoskeletal proteins increase. The degree of
changes along the CD differs among species.5,260,540

The CD cells in the lower two-thirds of the inner
medulla are distinguished as inner medullary collect-
ing duct cells (IMCD cells).552 In rabbit5 and guinea
pig, IMCD cells increase in height toward the papilla
up to 20-fold. A substantial, albeit less dramatic,
increase occurs in rhesus monkey665 and in human kid-
ney.540 In other species (e.g., rat, mouse, Psammomys,
and dog260) the epithelium near the tip of the papilla is
cuboidal or low columnar. The luminal membrane of
IMCD cells is covered by numerous stubby microvilli,
and generally lacks the central cilium.546 The lateral
intercellular spaces are conspicuous by their dense
assembly of microvilli and microfolds, projecting
from the lateral cell membranes. In the beginning of
the inner medullary collecting duct (IMCD) the tight
junctions are complex and consist of several anasto-
mosing strands.260 Toward the papillary tip in rat and
rabbit, there is a considerable decrease in the number
of strands, and in the apico�basal depth of the
junction.260

Sodium Reabsorption in the Collecting Duct

Together with the vasopressin-regulated water-
channel AQP2, the CD cells consistently express the
amiloride-sensitive Na-channel ENaC (see CNT)666

(Figure 20.55) and ROMK. The coexistence of the dif-
ferentially regulated pathways for water- and Na-reab-
sorption in the same cell suggest the possibility for
mutual interactions.650,666,667

FIGURE 20.60 Cortical collecting duct (rat kidney). (a) The epi-
thelium is composed of CD cells and IC cells. (b) CCD cell � infold-
ings of the basal plasma membrane are restricted to the basal cell
portion; all mitochondria and cell organelles are located above the
infolded membranes (Arrows: Tight junctions; TEM (a): 3B2700;
(b): 3B8500). (Adapted from and Kaissling, B., and Kriz, W. (1992). In
“Morphology of the Loop of Henle, Distal Tubule and Collecting Duct.
Handbook of Physiology: Section on Renal Physiology,” 109�167,
Windhager, E. E. Oxford University Press, New York, with permission).
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Recently, a second pathway for electroneutral NaCl
absorption has been revealed in the collecting duct epi-
thelium, This pathway is located in the intercalated
cells (see below) and is insensitive to amiloride but
inhibited by thiazides, and couples 2 anion exchangers,
pendrin and Na-driven chloride/bicarbonate exchanger
(NDCBE)668,669 (see “Intercalated Cells”).

Paracrine and autocrine regulation by the purinergic
system296,657,670,671 mediates flow-and metabolic rate-
dependent changes of Na1 and water transport in the
collecting duct.

Vasopressin-Regulated Water and Urea
Reabsorption in the Collecting Duct

Collecting ducts are the canonical targets for vaso-
pressin-sensitive water and urea reabsorption.672 They
display receptors for vasopressin (V1 and V2) in the
basolateral plasma membrane of the segment-specific
cells, the CD cells,519 and vasopressin-sensitive water
channels AQP2. Water permeability of the luminal
membrane is achieved by exocytotic insertion of the
vasopressin-regulated water-channel AQP2 from sub-
apical vesicles (aggrephores) into the apical cell

membrane. The exocytosis is triggered by binding of
vasopressin (ADH) to the V2-receptor at the basolateral
membrane of CD cells and the subsequent signal trans-
duction cascade. The aggregates of AQP2 in the aggre-
phores are colocalized with dynein and dynactin.673

Many of the aggrephores carry spherical clathrin-
coated heads. With low levels of vasopressin, the
AQP2-containing membrane portions recycle back into
the subapical cytoplasm.299,674�676 The movement of
aggrephores critically depends on microtubules and
actin filaments in the apical cytoplasm.

High levels of vasopressin-independent AQP2 sur-
face expression have been observed under long-term677

and acute678 exposure of rats and mice to statins.
Applied chronically, statins decrease membrane cho-
lesterol679 and clathrin-mediated endocytosis of AQP2.
Acutely, the statins seem to decrease endocytosis of
AQP2 and vesicle trafficking by modulating Rho-
GTPase,678 which is involved in regulation of the cyto-
skeleton, endocytosis, and vesicle trafficking.680,681 The
water channels AQP3 and AQP4 are both located in
the basolateral membrane of CD cells.682 AQP3 is per-
meable to glycerol, urea, and water; AQP4 is associated
with orthogonal arrays of intramembrane particles, as

a b

c d

FIGURE 20.61 Inner medullary collecting duct. (a) Tubular profile showing the homogenous epithelium (rat: TEM: 3B3400). (b)
Epithelium of the middle portion of an IMCD. Within the epithelium three zones are seen: a basal zone with basal infoldings, a middle zone
containing Golgi fields, mitochondria and lysosomal elements, and a thin apical zone with tubular and vesicular profiles. Note the deep tight
junction (rat: TEM: 3B17,000). (c) Apical zone of a CD cell with many elongated tubular profiles (arrows) which are believed to represent
agrophores (rat: TEM: 3B38,000). (d) Freeze-fracture electron micrograph to show the multistranded tight junction of the collecting duct epi-
thelium (L: luminal membrane; BL: basolateral membrane; Rabbit: 3B34,000).
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revealed by freeze-fracture studies in the outer medul-
lary collecting duct.683,684

The IMCD cells co-express, in addition to vasopres-
sin-regulated AQP2, the vasopressin-regulated urea
transporters UT-A1/3 and possibly UT-A4 (for review
see 148). The abundance of UT-A1/3 in the apical mem-
brane is rate-limiting for transepithelial, vasopressin-
dependent urea reabsorption.571,685 The basolateral
membranes of the IMCD cells display the water chan-
nel AQP3. The abundance of UT-A1/3 in the apical
membrane is rate-limiting for transepithelial, vasopres-
sin-dependent urea reabsorption.571,685 In the basolat-
eral membranes of the IMCD cells the water channels
AQP3,682 permeability to glycerol, urea and water,686

and AQP4683,687 with an apparently low urea perme-
ability have been demonstrated.

The genes coding for proteins, which are involved in
cellular accumulation of organic osmolytes, such as
the vasopressin-regulated urea transporter UT-A and

heat shock protein 70,688 are target genes of the tonicity-
response enhancer binding protein (TonEBP), a tran-
scriptional activator of the REL-family. During kidney
development, expression of TonEBP precedes that of
the urea transporter. It is first detected in the renal
medulla of mice at the fetal age of 16 days and increases
up to postnatal day 21, when the medulla is fully
developed and the urinary concentrating ability is
achieved.689

Intercalated Cells (IC Cells)

Intercalated cells (IC cells) are interspersed as single
cells among the epithelium of the ASDN (i.e., among
ENaC-displaying epithelia, the late DCT (DCT2), the
CNT (Figure 20.59a), and the CD (Figure 20.60a). IC
cells play a decisive role in the final regulation by the
collecting system of acid�base excretion, in potassium
reabsorption and secretion, in ammonia excretion and,
as discovered recently, intercalated cells participate
together with the segment-specific cells in electro-
neutral sodium reabsorption.

Consistent Structural Features of Intercalated Cells

Intercalated cells reveal conspicuous structural het-
erogeneity (Figure 20.61). IC cells usually do not form a
continous epithelial layer, but at least their luminal
poles are entirely surrounded by the segment-specific
cells. The luminal outline of IC cells is in most cases
rather circular (Figure 20.62a),291,540,690�692 IC cells gen-
erally reveal a specific surface pattern of microprojec-
tions (Figure 20.62a) and lack, at least in the cortex, the
central cilium which is apparent on other cells
(Figure 20.62b). Among the most consistent distin-
guishing intracellular features is the distribution pat-
tern of mitochondria: the often rounded mitochondrial
profiles lack the systematic association to basolateral
cell membranes35,693,694 evident in other tubular cells.
The generally small, more or less round vesicles often
reveal an invagination bordered by a thin smooth
membrane (“invaginated vesicles”5); they participate in
endocytosis695�697; the elongated slender profiles �
“tubules” � probably represent sections through flat
saccules or collapsed large spherical vesicles (“flat vesi-
cles”).5 Occasionally they are found to be continuous
with the luminal membrane, and are often in close jux-
taposition with mitochondria.5 Transitional forms
between the two vesicle types can be seen; the presence
of specific particles in one or several membrane
domains (luminal, basolateral, and/or tubulo-vesicu-
lar) have been observed. In TEM preparations the
membranes reveal a coat of densely arranged, approxi-
mately rectangular large particles, so-called “studs,” on
their cytoplasmic face. The “studs” are 10 nm spherical

FIGURE 20.62 Intercalated cells from the rabbit. (a) Scanning
electron micrograph of a cortical collecting duct with collecting duct-
specific CD cells (CD) and intercalated cells (IC). The CD cells carry
single cilia (C) and short microvilli (arrowhead). The straight ridges
(open arrow) represent the cell borders between CD cells. From the
IC cells one (IC 1) has a narrow, constricted apical cell pole, the other
one (IC 2) a large apical cell pole, both adorned with numerous long
microvilli (TEM: 3B13,000). (b) Section across corresponding cells.
Note the position and accumulation of flat vesicles (asterisk) in the
apical cell pole of the IC cells (TEM: 3B7500).
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structures (Figure 20.65a,c,d), which represent the H1-
ATPase.698,699 In freeze-fracture preparations dense
arrays of intramembrane particles, so-called “rod-
shaped” particles appear on the P-face of the mem-
branes (Figure 20.65b).543,700 The presence of “studs”
and of “rod-shaped” particles on the cytoplasmic mem-
brane faces often coincides. Clathrin-coated pits on
either the luminal or the basal cell membrane and
clathrin heads on the “studded” vesicles are regu-
larly found. The nucleus generally reveals more hetero-
chromatin condensations and looks darker than that of
the adjacent CNT or CD cells.

Proteins Related to Intercalated Cell Functions

All intercalated cells display high levels of cabonic
anhydrase II in the cytoplasm.450,472,701�704 All IC cells
express the electrogenic V-type proton-ATPase, the
proton pump698 in at least one of their membrane
domains, and all express an anion exchanger, either
anion exchanger 1 (AE1, gene Slc4A1; band 3705) or
Pendrin (Slc 26A4706) in one membrane domain.
Pendrin is an aldosterone-sensitive Na1-independent
Cl2/HCO3

2 exchanger that mediates Cl2 absorption
and HCO3

2 secretion in the cortical collecting duct
(CCD).669 Furthermore, studies on isolated CCDs sug-
gested that the parallel action of the Na1-driven
Cl2/HCO3

2 exchanger (NDCBE/SLC4A8) and the
Na1-independent Cl2/HCO3

2 exchanger (pendrin/
SLC26A4) account for the electroneutral thiazide-sensi-
tive sodium transport in the CCD (where the thiazide
sensitive electroneutral NaCl co-transporter NCC is
not expressed), a finding that challenges the current
concept of a functional separation between principal
cells for the regulation of sodium and potassium bal-
ance, and intercalated cells for acid�base regulation.668

All IC cells express the Rhesus glycoproteins, Rh B
Glycoprotein (Rhbg707) and Rh C Glycoprotein
(Rhcg708). These proteins are recently recognized
ammonia transporters in the distal tubule and collect-
ing duct. Rhcg is present in both the apical and basolat-
eral plasma membrane, is expressed in parallel with
renal ammonia excretion, and mediates a critical role
in renal ammonia excretion and collecting duct ammo-
nia transport. Rhbg is expressed specifically in the
basolateral plasma membrane.709

Subtypes of Intercalated Cells

By morphological criteria and distribution patterns
of specific transport proteins (Table 20.1) three differ-
ent manifestation of IC cells have been described, type
A cells, type B cells,694 and type nonA-nonB cells.710

TYPE A IC CELLS

Morphologically, the type A IC cells usually have a
broad protruding apical cell pole, which is adorned
with numerous slender microfolds and/or finger-like
microvilli giving rise to a very complex surface
pattern5,691,694(Figures 20.63a and 20.64a). The cyto-
plasmic membrane face of the microprojections and of
the esicles in the apical cell pole are “studded”594

(Figure 20.65a). “Rod-shaped” particles (Figure 20.64b)
have also been demonstrated.700 The mitochondria are
particularly numerous, and are accumulated in the
apical cell pole above the large round nucleus
(Figure 20.64a). They are often found very closely adja-
cent to the luminal cell membrane. They possess
narrower cristae, and their matrix appears more elec-
tron-dense than in other cell types. The Golgi appara-
tus and other cell organelles are only slightly apparent
among the numerous mitochondria. Polyribosomes
may be exceedingly frequent. Some profiles of RER are

TABLE 20.1 Proteins with Defined Functional Relevance (see text) in Renal Intercalated Cell (IC) Subtypes

Intercalated Cells

Protein Type A Type B Type nonA-nonB References

Carbonic anhydrase II yes; a yes; c yes; c 450,812�819

H1-ATPase yes; a yes; b yes; diff 698,699,714�719

AE1 (Slc4A1; Band 3) yes; a absent absent 705,709,721,740,820

Pendrin(Slc 26A4) absent yes; a yes; a 740,820

RhBG yes; b absent yes; b 494,709,730

RhCG yes; a absent yes; a 709,730,732,821,822

H1 -K-ATPase (gastric and non-gastric) yes; a ? ? 823�830

50NT yes; a yes; a (b) ? 57,753

Localization in: a: apical membrane domain; b: basolateral membrane domain; (b): occasionally; diff: diffuse vesicular; c: cytoplasmic; ?: not determined.

bold: marker combination for IC subtype diagnosis.
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generally found in basal cell portions. Basal infoldings
can be extensive in the rat,694,711 yet in the rabbit they
are virtually absent.712

Some structural variation within type A cells exist
among and even within individuals. They concern
essentially the extent of studded membrane projections
on the luminal cell surface, and the abundance of stud-
ded tubulo-vesicular profiles in the apical cell pole.
The membrane surface area of the microfolds seems to
be inversely related that of the tubular-vesicular pro-
files; both vary with functional conditions. For
instance, under acute metabolic and respiratory acido-
sis711 and/or potassium depletion the vesicular pool
decreases and the apical membrane increases.
Mitochondria with rather short profiles and narrowly
arranged cristae are amassed in the apical cell pole, in
particularly close vicinity to the apical cell membrane.
Many microtubules and clathrin-coated vesicles
are apparent between the tubulo-vesicular profiles and

the mitochondria. The nucleus is shifted to the basal
cell portion (Figures 20.63a and 20.64a) (for review
see 492,698,713).

IC cells in the outer medulla and the initial part of
the inner medullary CD (rats) appear slightly different
from the cortical type A cells. In rats, the apical cell
pole is often narrower than the basal cell pole.268 The
mitochondrial profiles are fewer and smaller than in
cortical type A, the Golgi apparatus and the SER are
less apparent than in cortical type A cells, the basal
infoldings are less extensive compared to cortical type
A cells and the nucleus has a characteristic elongated
flattened profile. Among the “studded” vesicles in the
apical cell pole very large round profiles and

FIGURE 20.63 Survey of ultrastructure of intercalated cells. (a)
A-type IC cell; (b) B-type IC cell. . (Adapted from and Kaissling, B., and
Kriz, W. (1992). In “Morphology of the Loop of Henle, Distal Tubule and
Collecting Duct. Handbook of Physiology: Section on Renal Physiology,”
109�167, Windhager, E. E. Oxford University Press, New York, with
permission) FIGURE 20.64 Intercalated cells (rat). (a) Type A cell with many

luminal microfolds and abundant mitochondria in the apical cell
pole. (b) Type B cell with a rather narrow apical cell pole, a narrow
rim of dense cytoplasm with no vesicles under the apical plasma
membrane, abundant smooth-surfaced vesicles in the apical cyto-
plasm, and a huge Golgi complex (G), with abundant mitochondria
along the basolateral plasma membrane (Arrows: Tight junction;
TEM: 3B7000).
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particularly long flat vesicles often predominate over
other cell organelles.

Type A IC cells are considered as the proton-secreting
cells. Their apical membrane domain possesses various
subunits of H1-ATPase, among them the B1- and d-sub-
units which possess a high selectivity for intercalated
cells.698,699,715�719 The proton-ATPase functions in series
with a bicarbonate/Cl (HCO3

2 /Cl2) exchanger located
in the basolateral membrane domain (for review see 492).
In type A IC cells the HCO3

2 /Cl2 exchanger is the anion
exchanger AE1 (SLC4A1, band 3), a splice variant prod-
uct of the erythrocyte band 3 gene.705,720 The presence of
AE1 in the basolateral membrane is decisive for diagno-
sis of type A IC cells.705,721

In addition to the V-type proton-ATPase type A IC
cells � at least in the outer stripe � also display a
P-type (gastric-type) K-H-ATPase, shown so far in rat
and rabbit.578,659,722�726 This K-reabsorbing ATPase
seems to be associated with clusters of rod-shaped par-
ticles, revealed by freeze-fracture studies on the P-face
of cell membranes in rabbit IC cells.700 Thus, the type
A IC cells could be involved in recovering potassium,
secreted via ROMK, in association with EnaC-mediated
Na-reabsorption by the segment-specific cells. Type A
cells also express the chloride channel ClC 5.727 The
secretory isoform of the Na-K-Cl-co-transporter, NKCC
1, has been detected in the basolateral membrane of
type A cells in the outer stripe.728

The type A IC cells express apically and basolater-
ally non-erythroid Rh-associated glycoproteins Rhcg
and basolaterally Rhbg,492,494,709,729�731 which mediate
transport of ammonia/ammonium (NH4

1/NH3)
494,732

when expressed in Xenopus laevis oocytes.733

In chronic metabolic acidosis and prolonged high
proton secretion the type A IC cells hypertrophy (for
review see 492), and IC cells in the OMCD and IMCD
show increased RhCG expression.734 However, genetic
ablation of the RhBG gene is not a critical determinant
of NH4

1 excretion by the kidney under acidic or under
control conditions.729 Under chronic acidosis the type
A IC cells proliferate, as evidenced by upregulation of
cell cycle proteins, by incorporation of the thymidine
analog bromo-deoxyuridine (BrdU) and mitotic
figures.735

TYPE B IC CELLS

Morphologically, Type B IC cells reveal a relatively
small, occasionally slightly polygonal luminal outline
and protrude only slightly into the lumen
(Figures 20.60a, 20.63b, and 20.64b711). The cells seem
to be partly covered by the adjacent CD cells, and their
sectional profiles often appear almost elliptical
(Figures 20.63b and 20.64b). The luminal membrane,
with only a few short microprojections, lacks
“studs”.736 In contrast, “studs” may be apparent on

a

b

c

d

FIGURE 20.65 Intercalated cells (rat). (a) Luminal membrane; its
cytoplasmic face is coated with studs (arrows) (TEM: 3B61,000). (b)
Freeze-fracture electron micrograph showing the rod-shaped intra-
membrane particles (stars) of a luminal membrane (TEM: 3B32,000).
(c) Apical cytoplasm of a type A cell. The specific vesicles are coated
with studs (TEM: 3B64,000). (d) Membrane of basal infoldings of
type B cell; its cytoplasmic face is covered with studs (arrows) (TEM:
3B61,000).
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fragments or even along the entire lateral and often
extensive formation of infoldings of the basal plasma
membrane (Figure 20.65d). The small short mitochon-
dria are accumulated in the basal cell portion and
along the lateral cell faces (Figures 20.63b and 20.64b),
but they are never found immediately beneath the
luminal membrane. The cytoplasm above the plane of
the tight junctional belt may be completely devoid of
any cell organelles. The nucleus often reveals some
basal indentations,711 and is often situated eccentri-
cally. The center of the cell is occupied by a conspi-
cously developed Golgi apparatus, a few short
profiles of RER, polyribosomes, and microtubules,
as well as lysosomes of varying dimensions, and
autophagosomes containing frequently recognizable
remnants of mitochondria or membranes. A striking
feature of these cells is the high abundance of narrow-
meshed profiles of smooth ER, often with clathrin-
coated heads.329 The SER is intermingled with a great
amount of small, generally “unstudded” invaginated
vesicles, which are preferentially found in the apical
cell portion, but may be accumulated also in the direct
vicinity of the basal cell membrane. “Studded” vesicles
are sparse or lacking.

The type B cells also display different manifesta-
tions. Between cells which are densely stuffed with
SER and display very few mitochondria and very few
“studded” membrane domains, and cells which con-
tain large amounts of mitochondria, of “studded” vesi-
cles, and which may be even densely covered with
short microvilli, all intermediates can be found.
Another configuration of possibly type B cells is found
in the cortex of rabbits. These cells appear “con-
stricted” at the level of the tight junctional belt where a
prominent web of microfilaments is evident. Some
elongated profiles of “studded” vesicles are found
within and beneath this web. The narrow, apical cell
pole is adorned with a tuft of long microvilli.260

Type B IC cells mediate secretion of HCO3
2 through

apical Cl2/ HCO3
2 exchange, which functions in series

with H1-ATPase-mediated H1 efflux across the baso-
lateral plasma membrane.737 They are characterized by
apical pendrin (Slc4A1)738�740 and basolateral H1-
ATPase. Type B cells reveal less carbonic anhydric
activity than type A cells,702 and they express the chlo-
ride channel ClC 3727 in the apical cell pole.

Metabolic alkalosis is compensated in the kidney by
reducing bicarbonate reabsorption and increased bicar-
bonate secretion by type B IC cells. Type B IC cells
adapt under chronic metabolic alkalosis with cellular
hypertrophy.741 DNA synthesis and mitoses of type B
cells have been recorded under this situation.742

Adaptive downregulation of pendrin in metabolic aci-
dosis indicates the important role of this exchanger in
acid�base regulation in the CCD.741 The type B

intercalated cell does not express either Rhbg or Rhcg
detectable by immunohistochemistry.

NON A-NON B CELLS

A third type of IC cells without evident polarity
with respect to proton-APTase, and so far with unde-
fined function, are called “non A-non B” cells.738 These
cells are often much larger and protrude much more
into the lumen than type A or B.709 In contrast to type
A and B IC cells, neither the luminal nor the basolatreal
plasma membranes reveal “studs,” at best “studs” are
found on membranes of vesicular profiles in the cyto-
plasm. In mice this latter population of intercalated
cells is more frequent than in rats.743 It decreases in
either pronounced chronic metabolic acidosis or pro-
nounced chronic metabolic alkalosis.492,711,744

On their apical plasma membrane they display, sim-
ilar to type B IC cells, the anion exchanger pendrin
(Slc4A1) and diffusely distributed H1-ATPase, occa-
sionally also in the apical membrane. They express api-
cal, but not basolateral, Rhcg and basolateral Rhbg.709

The observations on non A-non B cells, the striking
structural diversity713,745 and the apparent plasticity of
IC cells raised the question whether one, two or more
distinct cell types are subsumed in the IC cell popula-
tion or whether the different appearances are manifes-
tations of different functional stages of the same cell
type. Based on studies in collecting ducts in vitro from
adult rabbits and IC cells cultured in vitro,746�749 (IC
cells with the morphology of type B were identified by
apical binding to peanut lectin),750 it was speculated
that the IC cells might reverse their polarity in response
to specific functional environmental conditions. Type A
would present the terminal differentiation of IC cells.
This hypothesis received support from studies in vitro
showing that the matrix protein hensin could reverse
the functional phenotype of cultured intercalated cells
(for review see 492), and induce the type A IC cells. The
non A-non B cells might represent intermediate stages.
The diminution of this latter population under chronic
acidotic or alkalotic conditions would agree with this
hypothesis.

Another view was that the non A-non B cells could
be precursors for either A or B cells or only of B cells
(for review see 492). This hypothesis would also be sup-
ported by the finding of a diminution of non A-non-B
cells under chronic acidosis or alkalosis. The observa-
tions on mitosis in fully-differentiated type A,735,751 as
well as in type B IC cells742 do not agree with the
hypothesis on reversal of polarity, nor with the hypoth-
esis claiming a common precursor cell of type A and B.

Most IC cells also display on at least one membrane
domain (more often on the luminal and vesicular
than on the basolateral) the AMP-degrading phosphati-
dyl-inositol-anchored ecto-enzyme 50nucleotidase

657SEGMENTS DOWNSTREAM OF THE TAL: DISTAL CONVOLUTED TUBULE, CONNECTING TUBULE, AND COLLECTING DUCT

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



(50NT)57,60,740,752,753 and the protein Connexin 30, that
might function as plasma membrane ATP channel.754 It
has been shown that increased flow in the distal neph-
ron induces K secretion through the large-conductance,
calcium-activated K channel (BK), which is primarily
expressed in intercalated cells (IC). High distal flows
and shear stress induce BK-dependent K efflux and
ATP release from IC cells.295 These mechanisms might
play a role in the purinergic autocrine and/or para-
crine regulation of salt and water reabsorption.317

The intergral membrane proteins syntaxin 3755 and
synaptotagmin VIII demonstrated in the basolateral
membrane of IC cells,756 are possibly involved in the
targeting of acid�base transporters and may partici-
pate in the basolateral membrane remodeling of IC
cells in response to systemic acid�base perturbations.

Interestingly, it had been reported that IC cells lack
significant levels of Na-K-ATPase in the basolateral
membranes.283 However, more recently, weak to mod-
erate Na-K-ATPase was revealed in cortical and outer
medullary IC cells, whereas IC cells in the upper part
of the inner medullary collecting duct showed a stain-
ing intensity that was similar or even stronger to that
in adjacent IMCD cells.757

Distribution of IC Cells

The ratio of intercalated cells to other tubular cell
types varies among and within species, and along the
distal segments (DCT, CNT, upper and lower half of
cortical collecting duct, outer and inner stripe collect-
ing duct). Possibly, it may be altered by some func-
tional conditions.744 Discrepancies in reported data for
a given species may be rooted in poor definition of the
investigated kidney region, and also in the criteria
used for the recognition of cells. The relative number
of intercalated cells (all forms) in the various segments
is roughly B25�30% in the CNT, B40% in the CCD
and OMCD, and B10% in the initial IMCD.699,718,743,758

IC cells are absent in deeper levels of the inner medulla
in most species.

In the rat, taking the morphological, cyto-, and
immunochemical data together, it can be deduced that
among the IC cells in the CNT the type A cells prevail.
Type B cells are in the minority among the IC cells in
the CNT in rat, but not in mouse. Type B IC cells con-
stitute the majority of IC cells in the CCD, of which a
varying proportion may present proton-ATPase in the
basolateral cell membrane. Based on the different dis-
tribution of the proton-ATPase in non-type A interca-
lated cells, it has been suggested type B IC cells with
only basolateral proton-ATPase staining and non-A/
non-B IC cells with bipolar or luminal proton-ATPase
staining should be distinguished.743 However, both
subpopulations carry pendrin staining, and may repre-
sent different states of activity.

In the CCD type A cells are in the minority, and
often appear in their apparently functionally less active
form, with less microprojections, but more intracellular
“studded” vesicles than type A cells in the CNT.759

Accordingly, they display a slightly weaker luminal,
but often a diffuse cytoplasmic, staining for the proton-
ATPase. Apparently only one type of IC cells exists in
the OMCD of rats, mice, and humans. It resembles the
type A cells in the cortex.

Disruption of IC Cell Characteristic Genes

Inheritable forms of distal renal tubular acidosis
(dRTA) most often affect the physiology of type A IC
cells.760 Disruption of one of the IC cell characteristic
genes leads to profound structural alterations of IC cell
types. In mice with functional deletion of carbonic
anhydrase II, the frequency of IC cells is drastically
reduced.701

The genetic disruption of pendrin (Slc26a4) leads to
marked reduction of type B cell size, with reduced
H1/OH2 transporter expressions.506,738 In mice with
disruption of the Foxi1 gene, upstream of several anion
transporters, proton pumps, and anion exchange pro-
teins expressed by intercalated cells, and of the collect-
ing ducts cells, the normal collecting duct epithelium
with its two major cell populations � collecting ducts
cells (principal) and intercalated cells � has been
replaced by a single cell type positive for both principal
and intercalated cell markers.761

ARCHITECTURAL�FUNCTIONAL
RELATIONSHIPS

So far we have always emphasized the relationships
between structure and function. However, we have
neglected the important relationships between architec-
ture and function � i.e., arrangements through which
the close relationships between certain nephron and
vascular portions permit the carrying out and coordi-
nation of complex regulatory functions. The two most
obvious examples in this respect are the juxtaglomeru-
lar apparatus (JGA), regulating glomerular perfusion
and renin secretion, and the renal medulla permitting
the production of urine, varying in dilution and
concentration.

Juxtaglomerular Apparatus

The juxtaglomerular apparatus (JGA) is a composite
assembly of specialized structures at the vascular pole
of the glomerulus (Figures 20.28 and 20.29). The thick
ascending limb of Henle’s loop (TAL) returns to its
parent glomerulus and extends through the angle
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between afferent and efferent arterioles, where it is
firmly attached to the extraglomerular mesangium
(Figure 20.66a). At the attachment point, the TAL
changes its character: a plaque of specialized cells,
known as the macula densa (MD), represents the con-
tact site of the tubule. Around this attachment, other
specialized structures are developed which, together
with the macula densa, comprise the JGA. These are:

the terminal portion of the afferent arteriole housing
the renin producing granular cells; the initial portion
of the efferent arteriole; and the extraglomerular
mesangium (EGM). The latter is in continuity with
the intraglomerular mesangium, and has intimate rela-
tionships with the parietal epithelium of Bowman’s
capsule.20 The JGA, more precisely the granular cells
and the smooth muscle cells of afferent and efferent
arterioles, are richly innervated by sympathetic
nerves.

Macula Densa

Shortly before its end, the TAL passes between the
afferent and efferent arterioles of its original glomeru-
lus. At this site the basal face of the tubule is affixed to
the extracellular matrix, enveloping the cells of the
extraglomerular mesangium (EGM), tying together
both arterioles. The TAL cells in contact with the EGM
are transformed into the “macula densa” (MD). The
MD is a cell plaque comprising some 20 to 30 special-
ized epithelial cells (in juxtamedullary nephrons more
than in superficial nephrons). The MD completely and
consistently overlaps the EGM, and may extend over
variable portions of the afferent and efferent arter-
ioles.429,762 The specific histo-topographical relation-
ship of the epithelial tubular cells and the other
components of the JGA at the glomerular vascular pole
are established already during nephron formation. The
prospective MD cells are affixed to the mesenchymal
cells accompanying the capillary loops that invade the
distal cleft of the S-shaped body of the nephron-anlage
to form the glomerular tuft.763 This occurs before the
epithelial cells of the prospective loop of Henle have
elongated into a tubule.

The cells of the MD (Figure 20.66) differ from the
surrounding cells of the thick ascending limb in sev-
eral aspects. The most eye-catching feature of the
MD are the closely packed nuclei, usually located in
the apical cell pole.5,764 This feature, well recogniz-
able even in light microscopic preparations at low
magnification, conferred the name “macula densa” to
the cell plaque.

Most importantly, and in marked contrast to the
cells of the thick ascending limb, MD cells do not inter-
digitate with each other by large lateral folding; rather,
the lateral cell membranes of MD cells run in a fairly
straight fashion from the tight junction toward the base
of the epithelium.5,764 They possess slender microplicae
or microvilli that protrude into the lateral intercellular
spaces, and contact (frequently by desmosomes) corre-
sponding protrusions from opposite cells. At the very
base the cells ramify into slender processes. They are
fixed to the basement membrane of the MD cells which
is fused with the basement membrane-like material

FIGURE 20.66 Juxtaglomerular apparatus. (a) Meridional sec-
tion through a glomerulus which runs through both glomerular
arterioles (rat). The macula densa (MD) is attached to the extraglo-
merular mesangium (EGM), which fills the angle between the affer-
ent (AA) and efferent (EA) arteriole. Within the wall of the afferent
arteriole granular cells (G) are seen. Note the intraglomerular seg-
ment of the efferent arteriole (TEM: 3B1850). (b) Meridional sec-
tion through a glomerulus running in between both arterioles
(rabbit). The macula densa (MD) is a prominent cell plaque within
the thick ascending limb. It covers the extraglomerular mesangium
(EGM). Within the glomerular stalk the EGM continues into the
mesangium (M). The EGM interconnects opposing parts of the GBM
(one arrow) to the basement membrane of Bowman’s capsule
(BCBM) (two arrows), as well as the first parts of the BCBM (three
arrows). Note the dilated intercellular spaces between macula densa
cells (TEM: 3B8100).

659ARCHITECTURAL�FUNCTIONAL RELATIONSHIPS

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



surrounding the extraglomerular mesangial cells. The
tight junctions are morphologically similar as in the
TAL, but they may be slightly deeper (e.g., in rabbit).
Like all other TAL cells, MD cells do not display gap
junctions.

The cytoplasm of MD cells is relatively sparse and
displays the usual organelles comprising some small
mitochondria. The Golgi apparatus is large, smooth
endoplasmic reticulum and free ribosomes are abun-
dant, but rough endoplasmic reticulum is infrequent.

The luminal cell membrane is densely studded by
short stubby microvilli and displays, like the other
tubular cells, single cilia. In some species (e.g., rabbit5)
the MD cells are distinctly taller than the surrounding
TAL cells, so that the entire plaque of the MD pro-
trudes into the tubule lumen.

The inventory of transport proteins in MD cells is
essentially the same as in the other TAL cells, i.e., they
display the bumetanide-sensitive NKCC2 co-trans-
porter,537,765,766 ROMK,767,768 and NHE3769 in the apical
plasma membrane, and express cyclooxygenase-1.516

They specifically express cyclooxygenase-2516 and
nitric oxide synthetase 1.770,771 In contrast to the TAL,
MD cells lack the Tamm-Horsfall protein.528

Recent findings772 detected by RT-PCR and by
immunohistochemistry demonstrated olfactory-related
adenylate cyclase 3 (AC3) and the olfactory G-protein
limited to the distal convoluted tubule and especially
the MD.772 These findings suggest a role of the olfac-
tory machinery in the regulation of renin secretion and
glomerular filtration rate.772

In contrast to all other TAL cells, the lateral intercel-
lular spaces in the MD epithelium have been found to
be dilated under most physiological conditions, usually
regarded as “normal” conditions.754,764,773�776 In agree-
ment with the suggestion that water flow through the
MD-epithelium is secondary to active sodium reab-
sorption, compounds that block sodium transport by
MD cells (e.g., furosemide), as well as high osmolalities
of impermeable solutes in the tubular fluid (e.g., man-
nitol), are associated with narrow intercellular
spaces.764,773 These observations suggested that the MD
epithelium might be a water-permeable cell plaque
within the water-impermeable TAL epithelium,764 but
so far direct evidence for this suggestion is missing.
The lack of immunoreactivity for TRPV4, a nonselec-
tive cation channel of the transient receptor potential
(TRP) family, gated by hypotonicity, had been inter-
preted as indirect support for this assumption.777

The granular cells (often termed juxtaglomerular
cells) (Figure 20.67)778 are assembled in clusters (up to
15 cells, but generally not more than 4 or 5) within the
wall of the terminal portion of the afferent arteriole,
replacing ordinary smooth muscle cells. Occasionally,
they are also found within the wall of the efferent arteri-
ole, again occupying the space where one would other-
wise expect to find an ordinary smooth muscle cell. In
rare cases, extraglomerular mesangial cells may also be
replaced by granular cells. The name “granular” cell
points to the specific cytoplasmic granules which may
densely fill the cell body cytoplasm. They are electron-
dense, membrane-bound, and irregular in size and

FIGURE 20.67 (a) Juxtaglomerular portion of an afferent arteriole. Smooth muscle cells are replaced by two granular cells (rabbit: TEM:
3B2700). (b) Granular cell. Renin granules are membrane-bound. Granules with a crystalline substructure are considered as “protogranules”
which will develop into mature amorphous granules (rat: TEM: 3B48,000).
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shape. Small granules with crystalline substructure
represent protogranules, which are developed within
the prominent Golgi apparatus and are then trans-
formed into the major amorphous granules.
Immunocytochemical studies with two antibodies
against the renin prosegment and against mature renin
have shown that only protogranules are prosegment-
positive, whereas a signal of mature renin was found in
mature as well as protogranules. These findings show
that the cleavage of the prosegment, i.e., the maturation
of renin, takes place in the juvenile granules; mature
renin is then stored in the electron-dense granules.
However, it is suggested that a major fraction of pro-
renin never matures to renin, but is constitutively
secreted as pro-renin � together with an unknown frac-
tion of renin. Mature renin is segregated into storage
granules for regulated release. The release mode of
renin is not fully-understood. In addition to classic exo-
cytosis, other mechanisms may also be involved.18 It is
important to know that renin release occurs into the
surrounding interstitium, not into the lumen of the
afferent arteriole, as has been frequently suggested.

Granular cells are modified smooth muscle cells.
Within the peripheral parts of the cytoplasm, especially
within the many cell processes, granular cells contain
myofibrils. In situations that require enhanced renin
synthesis (e.g., volume depletion or stenosis of the
renal artery) additional smooth muscle cells located
upstream in the wall of the afferent arteriole transform
into granular cells.19

Granular cells have processes of manifold shapes.99

Because of them, granular cells have extensive

membrane contacts to all surrounding cells, e.g., other
granular cells, smooth muscle cells, and extraglomeru-
lar mesangial cells. At these contacts, gap junctions are
frequently encountered.19 Like ordinary smooth muscle
cells, granular cells also have membrane contacts to
endothelial cells, in the manner that foot-like processes
of endothelial cells penetrate the basement membrane
and come into contact with granular cells; gap junc-
tions are found at these contact sites.99

Peripolar cells have first been described in sheep,
where they are regularly found779; in most other spe-
cies, including man, they are rare.780 Peripolar cells are
parietal cells of Bowman’s capsule which are located
around the glomerular hilum (i.e., at the vascular pole,
therefore: peripolar), and which contain numerous
cytoplasmic membrane-bound granules filled homo-
geneously with electron-dense fibrillogranular mate-
rial.779 Subsequent studies have shown that these
granules contain a neuron-specific enolase-like pro-
tein781 and transthyretin782; their function is unknown.
The number of cells and the number of granules per
cell vary greatly among species and, furthermore, are
dependent on age.780 In the rat kidney, granulated peri-
polar cells have only rarely been found.780

Extraglomerular mesangial cells (EGM-cells,
Goormaghtigh cells, lacis cells) together with the sur-
rounding matrix establish the extraglomerular mesan-
gium (polar cushion). The EGM represents a solid cell
complex that is not penetrated by blood vessels or lym-
phatic capillaries. Nerves pass on both sides of it from
the afferent to the efferent arteriole, but do not enter
the cell complex.99

FIGURE 20.68 (a) Schematic of the extraglomerular mesangium (EGM). The glomerulus is shown as a globe. Its outer aspect is represented
by the parietal basement membrane of Bowman’s capsule (PBM). The EGM lies between the two arterioles above the opening of Bowman’s
capsule (broken line). It is attached to the PBM and has extensive contacts with the two arterioles. The macula densa and the smooth muscle
layers of the arterioles are not shown. (b) Schematic cross-section through the vascular pole just above Bowman’s capsule. Afferent and efferent
arterioles (AA, EA) are cut transversely. Extraglomerular mesangial cells (EGM) are shown in moderate gray, smooth muscle cells in dark gray,
and endothelial cells in light gray. Note differences in the walls of AA and EA; the AA already displays endothelial fenestration on the side fac-
ing the EGM. Conversely, the EA has a continuous endothelium with many cell bodies. In both AA and EA the smooth muscle layer (SM) is
not complete; towards the center of the EGM the SM cells are replaced by EGM cells. (Elger, M., and Sakai, T. et al. (1998). The vascular pole of the
renal glomerulus of rat. Adv. Anat. Embryol. Cell Biol.139, 1�98, with permission).
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The EGM is located within the triangular space bor-
dered by the two glomerular arterioles and the macula
densa (Figures 20.66 and 20.68).778 Reconstruction stud-
ies have shown that EGM-cells are flat and elongated,
separating into two bunches of long cell processes at
their poles.783 They are arranged in several layers par-
allel to the base of the macula densa. The cells nearest
to the glomerular stalk, thus filling the deepest portion
of the triangle, lose this parallel grouping, but extend
into the stalk of the glomerular tuft mixing with
mesangial cells proper. The cells are separated by a
conspicuous matrix which appears to be different from

the intraglomerular mesangial matrix by the fact that
microfibrils are rarely found in the EGM20; details are
largely unknown.

EGM cells are characterized by the scantness of
their cytoplasm and their extensive ramifications
(Figure 20.69).778,784 A Golgi apparatus and some pro-
files of granulated endoplasmic reticulum are regu-
larly encountered. Although direct evidence is
lacking, EGM-cells can be expected to be contractile
for several reasons. First, they contain a good amount
of microfilaments, mainly in their processes and
peripherally within cell bodies. Second, intimate
structural similarities are found among arteriolar
smooth muscle cells, granular cells, and intra- and
EGM cells, suggesting that they have the same origin.
Third, they are extensively coupled by gap junctions.
Gap junctions not only bridge different cells, but also
regularly bridge individual processes of the same
cell.785 Moreover, gap junction contacts consistently
occur to all other cells of the JGA (except the macula
densa!), i.e., to granular cells, to ordinary smooth
muscle cells of both arterioles, and to the mesangial
cells proper.19

From a biomechanical point of view, the contractile
apparatus of EGM cells is conspicuous.
Microfilament bundles are contained within the
periphery of cell bodies and within the cell processes,
which are connected to the walls of both glomerular
arterioles and to the basement membrane of the pari-
etal layer of Bowman’s capsule (PBM) surrounding
the glomerular hilum (Figures 20.68 and 20.69).
As a whole, the EGM can be considered as a spider-
like contractile clamp sitting above the glomerular
entrance interconnecting all structures at this site.20

The EGM probably represents some sort of closure
device of the glomerular entrance, maintaining the
structural integrity of the entrance against the dis-
tending forces exerted on it by the high intraglomeru-
lar pressure. Moreover, from the viewpoint that the
glomerular mesangium represents a high pressure
compartment (mesangial interstitial pressures are
expected to range in the same magnitude as glomeru-
lar capillary pressures147), the EGM would seem to
be the structure which mediates a gradual pressure
drop toward the cortical interstitium and toward the
base of the macula densa.20

The function of the EGM cells is obscure. Because of
their central position within the JGA, their constant
relationships to the macula densa and their gap junc-
tion coupling to all smooth muscle-derived cells of the
JGA, the EGM cells have repeatedly been considered as
the necessary functional link between the macula densa
and any possible effector cell within the regulatory
mechanisms of the JGA.20,99 Thus, they are widely con-
sidered as an integrating system of signals derived

a

b c

FIGURE 20.69 Flat section through the extraglomerular mesan-

gium (rat). (a) The section crosses the afferent (AA) and the efferent
(EA) arteriole; it grazes the top of Bowman’s capsule, showing the
basement membrane of Bowman’s capsule (BCBM), and the parietal
epithelium (PE), as well as the urinary space (US). The extraglomeru-
lar mesangium forms a complicated texture by which the structures
of the vascular pole are interconnected. Note that toward their inser-
tion in the BCBM the extraglomerular mesangial cells fall apart into
many processes (stars) (G: Granular cells; TEM: 3B2650). (b) Higher
magnification of extraglomerular mesangial cells. Note the microfila-
ment bundles within the periphery of cell bodies, as well as within
cell processes (arrows). Note the irregular extracellular spaces filled
with a matrix of varying appearance (star) (TEM: 3B6000). (c) Gap
junction between two mesangial cells (rat: TEM: 3B147,000).
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from the reabsorptive function of the MD and the func-
tion of the EGM as a pressure sentinel mirroring the
blood pressure in the afferent�efferent arteriolar sys-
tem, but details are unknown.

The intimate and systematic juxtaposition of tubular
and vascular cells within the JGA has given rise to
early speculations about a feedback system between
tubular and glomerular function.786 It has now become
clear that the JGA serves two different functions: it reg-
ulates the flow resistance of afferent arterioles in the
so-called tubuloglomerular feedback mechanism; and
it participates in the control of renin synthesis and
release from granular cells in the afferent arteriole.787

Researchers originally assumed that the two responses
might be related to each other, in that renin released
from the granular cells not only has systematic rele-
vance, but locally triggers the formation of angiotensin
II, and thus is responsible for afferent vasoconstriction
as well; however, it now appears that the final activa-
tion of smooth muscle and granular effector cells
occurs through largely independent pathways. Renin
release from granular cells is the major source of sys-
temic angiotensin II, and thus plays an essential role in
controlling extracellular volume and blood pressure,
whereas the vasoconstriction of the afferent arteriole
locally serves to modulate the filtration of this
nephron.

For both mechanisms, it is well-established that a
change in NaCl concentration in the tubular fluid at
the MD initiates the appropriate signal. Thus, the
MD, situated at the very end of the TAL, controls
the work of the TAL; the short postmacula segment
of the TAL may be interpreted to guarantee that the
composition of the tubular fluid at the MD might
not be influenced by the function of the subsequent
DCT. Expressed in general terms, the MD translates
changes in the tubular fluid Na-Cl concentration
into a graded release of mediators that reach their
target by diffusion, thus acting in a paracrine fash-
ion. Note that the extraglomerular mesangium that
mediates the contact between the MD and the effec-
tor cells is not vascularized, so that the build-up of
any paracrine agent would not be perturbed by
blood flow.

With respect to renin release, the most likely para-
crine mediators of this process are prostaglandin E 2
and nitric oxide.18,788�790 With respect to the vaso-
constrictor response purinergic mediators, either
ATP or adenosine, as first suggested by Oswald and
colleagues791 appear to play the major role.62,787,792

For an up to-date discussion of the function of
the JGA see the reviews by Schnermann and
Levine,787,793 Persson and colleagues,794 and Komlosi
and colleagues.795,796

THE RENAL MEDULLA

During phylogeny the renal medulla has developed
in response to the necessity to conserve water by
excreting concentrated urine.29 Loops of Henle, collect-
ing ducts, and a specific blood supply through vascular
bundles have developed into a complex structural sys-
tem that accounts for this function. However, the
details are insufficiently understood.

The overall mechanism (Figure 20.70) is clear: reab-
sorption of NaCl from the MTALs in the outer medulla
represents the driving force to produce an interstitial
cortico-medullary osmotic gradient that provokes
osmotic water withdrawal from the collecting duct
when the latter descend toward the papillary tip.
The reabsorbed water is brought back into the systemic
circulation by venous vasa.2,797

The unresolved problem is the generation of a cor-
tico-papillary solute gradient, notably in the inner
medulla. In discussions concerning the formation of a
medullary solute gradient “countercurrent multiplica-
tion” has occupied a center-stage as the decisive
mechanism. This mechanism has been experimentally
established in artificial tubes,798 and has been
imposed on the renal medulla, conceding immense
deviations from the original conditions. From a struc-
tural point of view, the preconditions for countercur-
rent multiplication in the renal medulla would
appear to be quite incompletely developed: at no site
are the limbs of Henle’s loop juxtaposed to each
other. Even when allowing a mediating interstitial
space between both loop limbs, the DTLs do not case
behave homogenously in an adequate way, but they
change their function gradually on their descent, and
even change their transport characteristics to the
ascending limb type a considerable distance before
the bend; most relevant in the present context is that
the terminal third of the SDTLs in the mouse kidney
is equipped with TAL epithelium.16,34 Without going
into more details, everyone who has been engaged in
this problem knows that the principle of countercur-
rent multiplication has been extensively bent to make
it fit with the structural organization of the renal
medulla � in our view, with little benefit in facilitat-
ing the understanding of the function of the renal
medulla. If at all, this principle can only be applied
to describe the mechanism in the outer medulla. In
the inner medulla, a process that could be regarded
as a “single concentrating effect” is not apparent.
Several “passive models”452,799�802 attempting to
explain the concentrating mechanism in the inner
medulla have greatly refined our understanding of
the problem, but have never reached the level of a
convincing theory.
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In this situation it might be worth an attempt,
opposite to the usual, to start with the available func-
tional data � including the recent data on the distribu-
tion of transporters � confronting them with the
structure, i.e., the architecture of the renal medulla, as
well as the cellular organization of the individual

components, in order to arrive at a novel view of
“function�structure�correlation.”

Let us first regard the three regions of the medulla
with such an approach. The most constant region is the
IS; there is no renal medulla known without an IS. In
contrast, an OS is frequently quite incompletely devel-
oped, and an IM may be fully absent.

FIGURE 20.70 Schematic to show the

functional interactions in the medulla as they

are derived from the histotopography of the

structures, the distribution of channels and
transporters and direct measurements of trans-

port characteristics in the various tubular and

vessel segments. A long looped nephron, a
short looped nephron, and a collecting duct are
shown in light gray. Descending vasa recta
(DVRs) derived from the efferent arteriole of a
juxtamedullary glomerulus are shown in white
(including the capillaries), ascending vasa recta
(AVRs) in dark gray: both together establish a
vascular bundle. The osmolar concentration in
the medulla rises from the cortico-medullary
border to the papillary tip from 300 to
12,000 mosmol/l, mainly established by the
increase in the concentration of salt (indicated
by dark dots) and urea (indicated by open cir-
cles). The driving force of the concentrating
mechanism is the dumping of salt into the
medullary interstitium from TALs (thick black
arrows), leaving behind a diluted fluid (indi-
cated by an osmolar concentration of 100 mos-
mol/l at the re-entry into the cortex). Osmotic
water withdrawal from CCDs (slim arrows)
into the cortical circulation again elevates the
tubular urine to 300 mosmol/l upon re-entry
into the medulla. Continuous water reabsorp-
tion along the MCDs (slim arrows) will pro-
duce a final urine concentration of about
12,000 mosmol/l (in humans). The source for
the inner medullary solute gradient is shown
to consist of: (1) dragging of salt from the IS
into the IM by LDTLs (arrow heads); and (2)
re-entry of urea from the CDs into the terminal
portion of the IM (hatched arrows). The gain in
osmotic energy by urea re-entry originates
from urea recycling, which starts with a shift of
urea from the AVRs into the SDTLs in the IS
(follow the hatched arrows), and concentration
of this urea by water reabsorption in the CCDs,
OMCDs, and starting portions of IMCDs (see
text for further explanation). The removal of
the water from the medulla regained from the
CDs (thus the final step in urine concentration)
is effected by AVRs (follow the slim arrows).
These vessels are the core structures in the
complex countercurrent exchange system of the
medulla equilibrating at any level with the
local concentrations of salt and urea. Open
thick arrows show passive movements of salt
(see text).
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The Inner Stripe of the Outer Medulla

The IS (Figures 20.20 and 20.24) is made up of two
portions: the vascular bundles (VBs) and the interbun-
dle region (IBR). The IBR contains the tubules (DTLs,
TALs, CDs) supplied by a dense capillary plexus which
is drained upwards by the gradual transition of
capillaries into AVRs that directly ascend into the OS.
Since all the salt reabsorbed by MTALs accumulates in
this area, the interstitium of the IBR is rich in salt.803

The VBs, structurally, are part of the IS but, func-
tionally, they belong to the IM. They represent a quite
perfectly developed countercurrent exchange system
primarily handling the blood descending to and
ascending from the IM by respective DVRs and AVRs.
However, since the DVRs also supplying the capillary
plexus of the IBR of the IS are contained within the
VBs (not the respective AVRs), the VBs provide the
possibility of shifting solutes coming up from the IM
into the IBR of the IS. Since the dominating solute of
the IM is urea, the VBs are rich in urea. The handling
of urea as a main function of the VBs becomes most
obvious in the complex bundles (see below).

The Inner Medulla

The IM (Figures 20.20 and 20.27) including the
papilla, at the transverse level, is homogenously orga-
nized; a separation into VBs and an IBR is no longer
possible. Even if there may be a certain prevalence that
the ATLs are more frequently gathered around CDs
than DTLs,34,804 it appears quite doubtful that this is of
any functional relevance. The AVRs (including the
capillaries) are homogenously distributed among all
other components and, most importantly, a wide
homogenous interstitial space permits the interaction
of every descending tube with every ascending tube.
The IM provides strict countercurrent arrangements of
all involved structures, but without giving prevalence
to any specific lateral interaction. Thus, the IM as a
whole may be considered as a countercurrent system
that allows countercurrent exchange � mediated by
the interstitium � between all descending (DVRs,
DTLs, CDs) and all ascending tubes (AVRs, ATLs),
according to the transport characteristics of the individ-
ual tubes.

A most important feature of the IM is its particular
shape reflecting its longitudinal organization. The inner
medulla tapers from a broad basis to a tiny papilla2 (see
also above). This shape perfectly reflects what happens
with the structures within the inner medulla: loops of
Henle, vasa recta, and collecting ducts (by fusing
together) all decrease rapidly in number from the base
to the tip of the papilla.119,805 For the rat, it has been cal-
culated that, of an estimated 10,000 long loops entering

the inner medulla at its base, only about 1500 reach the
papillary half of the inner medulla, and only a few of
these the papillary tip.2 The majority of long loops, the
“short” long loops, turn back shortly after entering the
inner medulla, a smaller but still substantial number of
long loops reach the middle part of the inner medulla,
and only a small population of “long” long loops really
reach the papilla.

The Outer Stripe of the Outer Medulla

The OS (Figures 20.20 and 20.23) is a transitional
region which separates the medulla from the cortex,
mediating the transition between an hyperosmotic and
an isoosmotic environment. The OS does not seem to
make any particular contribution to the creation of the
cortico-medullary solute gradient, but it greatly helps
to maintain it. The OS contains the nascent
(or dissolving) VBs (performing the same function as
in the IS but quantitatively of minor importance) and
the AVRs which are directly coming up form the IBR
of the IS (Figure 20.71). Together with the AVRs
spreading out from the dissolving VBs, the AVRs as a
whole traverse the OS as individual vessels intimately
associated with the tubules of this region; actually they
represent the major “capillary” supply of the OS (see
above). In addition, among all regions of the kidney,
the OS exhibits the smallest fraction of interstitial
space, thus the vessels are most closely juxtaposed to
the tubules (note: lymphatics are absent from the entire
medulla25). Since the PSTs of juxtamedullary nephrons,
in contrast to their name, take a tortuous course when
descending through the OS, the majority of tubular
profiles in the OS consists of PSTs (S3 segments). This
arrangement � AVRs closely associated with descend-
ing PTs (and, to some extent, also CDs) represent an
ultimate countercurrent trap to prevent the loss of
osmotic energy into the systemic circulation
(Figure 20.71 right panel). Since reabsorption from PTs
is isoosmotic, the hypertonic environment created by
AVRs will allow water withdrawal not only from CDs
(starting the concentrating process), but also from the
PTs, increasing their osmolarity already at the level of
the OS � with a clear prevalence of the PTs of juxtame-
dullary nephrons (tortuous course!) that give rise to the
“long long loops.” The TALs of the OS are already of
the cortical type (equipped with a comparably flat epi-
thelium; see above) capable of maintaining and even
increasing a large salt gradient, but incapable of trans-
porting large quantities.308

So far, we have a summary of the essential architec-
tural features of the three medullary regions; let us now
talk about the functional connections between them.
This needs, first, to talk about the overall mechanism
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underlying urine concentration in somemore detail, and
afterwards to talk about the individual mechanisms.

The Basic Mechanism in Some Detail

The renal medulla contains the phylogenetically
ancient “diluting segments” of the nephron, i.e., the
TALs which separate salt from water (Figure 20.70). The
salt is dumped into the medullary interstitium, the water
is carried up into the cortex and � in the case that ADH
is available � is recovered by the systemic circulation
through osmotic withdrawl from the CCDs. Thus, the
tubular urine that re-enters the renal medulla in the
collecting duct is isoosmotic with respect to plasma
concentration, and considerably reduced in quantity
compared to the amount that originally entered the
renal medulla in descending limbs after filtration.

Thus, the salt that is available to drive the concen-
trating mechanism has emerged from a much larger
quantity of isoosmotic fluid than the quantity of iso-
osmotic fluid that is subject to concentration.
Moreover, along with the increasing concentration of
the CD urine, less and less water has to be reclaimed
to achieve the same increment in concentration; the
work that is necessary to account for a progressively
increasing urine concentration decreases steeply
toward the tip of the papilla.

In the IM, in addition to salt, urea is a major solute
accounting for the solute gradient toward the tip of the
papilla. Since in the IM neither any up-hill transport of
salt nor of urea is known, the crucial problem consists
of explaining the increasing concentration of salt (flat
increase) and of urea (steep increase) in the IM toward

C

(a) (b) (c)

OS
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IM

FIGURE 20.71 Schematics to demonstrate the possible recycling routes within the medulla. A short loop and a long loop of Henle and a
collecting duct are shown. The straight proximal tubules are hatched; the thin limbs, collecting ducts, and capillaries are white; the thick
ascending limbs are gray. Ascending vasa recta are drawn black en bloc (C: cortex; OS: outer stripe; IS: inner stripe; IM: inner medulla). (a)
Simple type of medulla: recycling route from the ascending vasa recta in the inner stripe, via descending vasa recta, to inner stripe tubules. (b)
Complex type of medulla: recycling route from ascending vasa recta in the inner stripe to descending thin limbs of short loops. (c) Recycling
route from the ascending vasa recta in the outer stripe to descending tubules (proximal tubules and collecting ducts); valid for both the simple
type and the complex type of medulla. (Adapted from Kaissling, B., and Kriz, W. (1979). Structural analysis of the rabbit kidney. Adv. Anat. Embryol.
Cell Biol. 56, 1�123, and Kriz, W., and Barrett, J. M. et al. (1976). The renal vasculature. In “Anatomical�Functional Aspects. Kidney and Urinary Tract
Physiology II, 1�21, Thruau, K. Tokyo University Park Press, Baltimore, London.)
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the papillary tip. If both depend on the work of the
TALs in the OM, how can part of the osmotic energy
be carried down from the OM into the IM and piled up
there to a steep solute gradient toward the tip of the
papilla?

In our view, three major mechanisms have become
apparent that are responsible for the distribution of salt
and urea into a cortico-papillary gradient in the IM
(Figure 20.70). They all depend on salt reabsorption by
TALs in the OM; they all fit with the morphology, even
more: specific structural elaborations in highly concen-
trating species support their relevance. These are: (1)
salt dragging by flow to deeper medullary levels; (2)
countercurrent exchange of solutes and water to main-
tain the cortico-papillary gradient; and (3) urea recy-
cling by short loops of Henle as a major mechanism to
create the solute gradient toward the papilla.

Dragging of Solutes by Flow to Deeper Medullary
Levels

In all descending tubes of the renal medulla (DVRs,
DTLs, CDs) solutes are dragged by flow to deeper
medullary levels. This appears to be relevant for salt
in the DTLs and for urea in the CDs (see urea
recycling).

Continuous uptake and dragging of salt by SDTLs
down to their bends at the end of the IS has been con-
sidered as an essential mechanism in the original
countercurrent multiplication concept. In the light of
current knowledge such a mechanism in short DTLs
may not be of crucial importance. In contrast to previ-
ous reports, SDTLs (apart from some of them; see
above) do not express aquaporin, and thus must be
considered as fairly water-impermeable. Also, the Na1

and Cl2 permeability was found to be low.806 Thus, the
increasing concentration towards the bend of SDTLs
seems to be predominantly accounted for by urea entry
into the lower part (see below: urea recycling).
However, in any case the salt left from filtration at the
end of the proximal tubule that enters the SDTLs in the
OS will be dragged down by flow until the loop bends
and will return in the TALs to be reabsorbed there. In
case that, despite low salt permeability, a small part
of the reabsorbed salt may � via the interstitium �
re-enter the descending limb, thus being trapped
within the SDTLs, this salt transfer from the TALs to
the SDTLs represents the only esssential step that
would be left from the countercurrent multiplication
principle.

In contrast, continuous uptake of salt by LDTLs in
the OM and dragging it by flow down into the IM
appears to be the essential mechanism for salt accumu-
lation in the IM; no other source of salt (apart from a
small quantity reabsorbed by IMCDs) for the IM is

obvious. Available models of the inner medullary con-
centrating process do not put so much emphasis on
this mechanism, but the structural data strongly do
suggest it. Layton and colleagues452 were the first to
include this idea into a model. The structural argu-
ments are the following:

1. The upper portions of the LDTLs, most obvious in
the IS, have an epithelial organization that suggests
ion transport through extensively developed
(Figure 20.48a) claudin 2 (cation pore) and claudin
10 (anion and cation pore) containing tight
junctions.261,807 Since the salt concentration is
certainly higher outside the LDTLs (see below), salt
can readily be expected to diffuse into the lumen.
This process may become reinforced by active salt-
secretion into the lumen, based on the abundant
occurrence of Na1-K1-ATPase in the upper portions
of LDTLs.446,447 Moreover, the LDTLups are the only
thin limb segments with abundant expression of
aquaporin 1 channels (see below). No question, the
salt concentrations within LDTLs at the transition
from the OM to the IM may be expected to be quite
high. Measured data are not available, but it seems
reasonable to suggest considerably higher salt
concentrations inside than outside.

2. The LDTLs on their descent through the inner stripe
always pass through the sodium richest area, i.e.,
distant from the vascular bundles among the TALs
of short loops803 (Figure 20.22). In the mouse kidney,
two specific modifications in this system appear to
reinforce the ability of LDTLs for salt uptake. First,
the LDTLs take a tortuous course when descending
through the IS (increasing their length by 27%34)
and, second, at the end of the IS before entering
the IM, they traverse the so-called “innermost
stripe,” which has a thickness of about half of the IS
proper and in which the SDTLs are already
equipped with the TAL epithelium.16,34 Thus, the
density of TALs dumping salt into the interstitium
at this level is dramatically higher (5 versus 3 per
unit area) than at any other level of the OM.
Consequently, the interstitial salt concentration
should be very high. The LDTLs traverse this region
and may readily be expected to take up some of the
accumulated salt.

3. After challenging urine concentration in rats by
water deprivation (or treatment with ADH) the
TALs hypertrophy, with the most prominent
increase in epithelial salt transport capacity of the
initial portions in the deep IS.520,808 Thus again, a
prominent “surplus” in salt accumulation occurs
just at the border to the inner medulla.

4. As described above, the LDTLs are quite
heterogeneous with respect to their actual length,
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and with respect to the epithelial differentiation of
their upper parts.435,803 Most important, the actual
length of an LDTL strictly correlates with the degree
of epithelial elaboration of its upper part in the IS.
The small fraction of longest long loops extending
down into the papilla clearly have the most
prominent upper parts in the IS: they are thicker,
with larger lumina and with more elaborate
epithelia composed of heavily interdigitating cells;
also their abundance in Na-K-ATPase is
spectacular.446 Comparing these longest long loops
with those extending down into the IM for only
short or intermediate distances, there is a
continuous spectrum also with respect to the
epithelial elaboration in the IS. Thus, the idea is
plausible that salt is taken up by the upper portions
of LDTLs, and subsequently carried down through
the salt impermeable lower portions to the bend
region. Beginning abruptly with a prebend segment,
the loop becomes ion-permeable, allowing the salt to
be dumped into the interstitium. In the mouse, the
prebend segments are quite prominent comprising a
length up to 700 μm.34 Thus, the entire loop bend
appears to represent a loop segment that delivers
salt into the interstitium.

Since the lower portions of LDTLS are also water-
permeable (to what extent is not clear452,453), water
withdrawal may further increase the salt concentration
in these segments. The problem consists of the driving
force for such a process. A possibility offered from a
structural view is that the heterogeneous longitudinal
distribution of loops within the inner medulla (as
describe above) might account for a cascade-like trans-
port of salt toward the papilla. The large fraction of
“short” long loops carries salt into the first third of the
IM. Together with some urea (emerging from reab-
sorption by papillary CDs and subsequent recycling;
see later) the total interstitial osmolality will be ele-
vated above DTL fluid osmolality at the respective
level allowing reclaimation of water from DTLs, ele-
vating the total osmolality and salt concentration in all
the DTLs underway to deeper medullary levels. A
major fraction of those will reach an intermediate level
of the IM before bending, dumping a major fraction of
its salt at this level into the interstitium. Again,
together with some urea a driving force will be estab-
lished accounting for some water withdrawal from the
small fraction of “long” long loops that will carry their
salt into the papillary tip. No question, this is quite a
hypothetical idea, but from a structural point of view
would be worth modeling. Ideas in this direction have
been published previously,435 and also mathematical
models for some features of such a mechanism have
been presented.452

Countercurrent Exchange of Solutes and Water

Countercurrent exchange in a U-type countercurrent
exchanger may have two functions: (1) trapping of
solutes within the system by transfer of solutes from
the ascending to the descending limb; and (2) prevent-
ing water from entering the system by short circuiting
from the descending to the ascending limb. Both
mechanisms per se do not build up any solute gradient;
they are only capable of maintaining a gradient (with
little loss). However, incorporated into the complex
countercurrent arrangement of the renal medulla they
decisively participate in the creation of the cortico-pap-
illary gradient. In agreement with others,797 in our
view, the relevance of countercurrent exchange has
always been underestimated compared to countercur-
rent multiplication in the urine concentrating mecha-
nism. Actually, from a structural point of view, the
renal medulla should best be considered as an
extremely complex countercurrent exchange system
that is fuelled by two mechanisms at two sites: by salt
reabsorption through TALs in the OS; and by urea
addition through terminal CDs in the IM. These solutes
are distributed by countercurrent exchange into a corti-
co-medullary gradient that � due to continuous fueling
� allows water withdrawal from CDs and the transport
of this water into the systemic circulation in the cortex.

As already discussed above, a more-or-less direct
countercurrent exchange between juxtaposed counter-
current tubes may only occur within the VBs of the IS.
In contrast, in the IBR of the IS, and within the entire
IM, the countercurrent tubes are consistently separated
from each other by comparably wide interstitial spaces,
thus any exchange at a transverse level is mediated by
the interstitium. No doubt, this decreases the effective-
ness of the exchanges, but allows countercurrent
exchanges between more than two structures. Any sol-
ute dumped into the inner medullary interstitium, i.e.,
predominantly salt from LDTLs (at their bends) and
urea from CDs (at their terminal portion) or left in ATL
and AVRs at their beginning in the IM, will be subject
to countercurrent trapping (or used to drive counter-
current short-circuiting of water; see below), between
AVRs and ATLs on the one site and DVRs and DTLs
on the other.

In addition to solute trapping, countercurrent
exchange of water preventing the flow of water to dee-
per levels by short circuiting seems of major relevance.
The recent elucidation of the distribution of aquaporins
in medullary structures has shed considerable light on
the handling of water in the urine concentrating pro-
cess. Among the thin limbs only the LDTLups have
regularly been found to be equipped with aquaporin 1
channels; in rat, also, the LDTLlps have been reported
to express AQP1453; DVRs are abundantly equipped
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with AQP1 channels453; the water permeability of CDs
is ADH-dependent (see above). The only ascending
structures that are water-permeable are the AVRs
(based on the hydrophilic fenestrae providing a direct
route of water flow through the endothelium). Thus,
any water withdrawn from any descending structure
finally enters an AVR, by which it is brought back to
the cortex. This cardinal function of AVRs has recently
been analyzed in detail by Pallone and colleagues.797

The ability of AVRs to take up water appears to be
based on an elevated oncotic pressure (resulting from
short circuiting of water between DVRs and AVRs
within the VBs), and on the reasonable assumption that
the blood in capillaries at any level of the medulla is in
osmotic equilibrium with the interstitial fluid (due to
the hydrophilic fenestrae in capillary and AVR endo-
thelia). Thus, when capillary blood at any level of the
medulla starts to assemble in AVRs and to ascend, it
will � after any small ascent � become hyperosmotic
compared to the surrounding interstitium. Due to the
abundant hydrophilic fenestrae of the AVR endothe-
lium osmotic equilibrium will most easily be achieved
by water uptake.

The water to be taken up originates mainly from the
CDs, but water may also originate from DTLs. In
LTDLs, the upper parts have abundant aquaporins
(type 1) in both membranes surprisingly contained in
an epithelium that exhibits the features of an ion-per-
meable epithelium, i.e., an extremely lengthened leaky
tight junction due to extensive cellular interdigitation.
Thus, this epithelium, in addition to being water-per-
meable, obviously allows the transport of large
amounts of ions. From what we have argued above,
that salt dragging by flow in LDTLs appears to be the
only mechanism to bring down the salt into the IM,
large volumes of salt-enriched urine would be the best
precondition for this goal. It appears to us that the
actual transport capabilities of the upper portions of
LDTLs have not been completely elucidated. Along the
lower portions of LDTLs in the IM, the water perme-
ability progressively decreases and fully ceases at the
transition to the prebend segment.437,438 This offers the
possibility (described already above) that water with-
drawal from the LDTLs by an osmotic driving force
established at each medullary level by salt and urea
might lead to a “cascade-like” transport of salt toward
the tip of the papilla.

Urea Recycling

Solute recycling is a different mechanism compared
to solute trapping by countercurrent exchange; this dif-
ference is rarely appreciated. Urea appears to be the
only solute, recycling of which plays an essential role

in the urine concentrating process. Recycling of urea
defines a process that starts with a molecule of urea in
the inner medullary interstitium and brings this mole-
cule back into the IM via the normal tubular route,
finally re-entering the inner medullary interstitium via
exit from the terminal IMCD (Figure 20.70). As
described above, the terminal portion of the IMCDs
contains the urea transporters UTA1 and UTA3 which
allow the facilitated diffusion of urea from the CD into
the surrounding interstitium.809 A precondition for this
reuptake of urea is that the concentration of urea in the
tubular urine of IMCDs has reached a higher level than
in the medullary interstitium at the same level. This is
achieved by water removal through urea-impermeable
tubular segments, i.e., CNTs and CCDs in the cortex,
OMCDs and upper IMCDs in the medulla. The reab-
sorption of urea through IMCDs compromises the
reclaiming of water through IMCDs, decreasing urine
concentration instead of increasing it. Thus, urea does
both: on the one hand, reabsorption of urea increases
the inner medullary solute gradient, thereby decreasing
urine osmolality; on the other hand, the increased sol-
ute gradient increases the driving force for water reab-
sorption, thereby increasing urine osmolality. This
sounds like a story from Baron Münchhausen, who
was able to help himself getting out of a swamp by
pulling on his own hairs.

However, the two opposing functions of urea have
a solid base: a given molecule of urea may become
active a second (or a third) time, this is what urea
recycling means. After entering the inner medullary
interstitium from an IMCD, a given molecule of urea
will travel towards the cortex within an AVR, thereby
balancing (together with other molecules and other
solutes) a certain amount of water that enters the
AVR along its ascent, and that finally has to be deliv-
ered into the systemic circulation at the cortico-medul-
lary border. However, this specific molecule of urea
participates in water balancing on its way from a
hyperosmotic to an isoosmotic environment only up
to an intermediate level, i.e., up to the IS. Here it re-
enters the nephron; its relevance in balancing water
that continuously enters the AVR and needs to be
transported further up into the cortex is taken over by
salt which, due to the active Na1 reabsorption by
TALs, is available in abundance at this level. Thus,
the urea molecule has spent only part of its osmotic
energy for the transport of water before it re-enters
the nephron, precisely the SDTL, and becomes again
subject of a concentrating process in subsequent urea-
impermeable, but water-permeable, tubular segments.
This urea molecule started the intratubular concentrat-
ing process at a higher energy level than a urea mole-
cule that entered the tubule by filtration. In our view,
this difference in osmotic energy between a recycling
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and a freshly filtered urea molecule, entering the
nephron in the IS versus in the cortex, and becoming
subject to a concentrating process by water removal
along the DCT, CNT, CCD, OMCD, and upper IMCD
represents a real gain in osmotic energy that is finally
available for water reabsorption in the inner medulla.
Entry of urea to the LTDLs somewhere in the IM (i.e.,
recycling of urea via long loops) would not have a
similar effect, simply because at this site there is no
surplus salt available to replace urea in its role of
water balancing.

At the present stage of knowledge, urea recycling
via short loops appears as an essential process in urine
concentration, and represents the most obvious evi-
dence for the numerical dominance of short loops of
Henle in every highly concentrating species. Note that
also species which by definition are commonly
reported to have 100% long loops (e.g., Psammomys obe-
sus) in reality have a majority of short loops.

Moreover, as described above, the SDTLs in such
highly concentrating rodent species are directly incor-
porated into the vascular bundles, and thus provide a
more direct route for urea recycling than the simple
bundles (Figures 20.22, 20.25, 20.26, and
20.71).16,32,115,435 Within the VBs of such species, AVRs
coming up from the IM are arranged in a countercur-
rent fashion not only with DVRs but, most promi-
nently, also with the SDTLs. Thus urea, by
countercurrent exchange, may directly enter the SDTLs
through the urea transporter UT-A2441,809 (the hydro-
philic fenestrae of the endothelium of the AVRs may
readily be expected to be highly permeable for urea).
In a renal medulla with “simple” vascular bundles (as
they are found in most species) countercurrent
exchange of urea first occurs from AVRs to DVRs
(which contain the urea transporter UT-B1810,811),
which afterwards will deliver their blood to the capil-
lary plexus of the IBR in the IS, which perfuses the
SDTLs on their descending way. Thus, even if probably
much less effective, urea from the inner medulla has
access to the SDTLs435,803,809 and may start its recycling
route to the terminal CD in the papilla.435,809,811

The locus of urea redelivery, i.e., in the papilla, thus
at the “ultimate bend” of the complex countercurrent
exchange system in the papilla, is optimal, since by
countercurrent exchange in vasa recta and thin limbs,
urea is largely trapped and distributed in a longitudi-
nal gradient within the inner medulla. The fraction of
urea that escapes this process in the inner medulla is
subject to recycling via short loops (starting in the IS)
back into the inner medulla, and is thus available
another time within the papillary interstitium ready to
withdraw and/or to balance water reabsorption from
the collecting duct.

CONCLUSION

The urine concentrating mechanism certainly does
not belong to the most urgent of problems in medi-
cine, but it represents a highly challenging biological
enigma. We are aware that several aspects of our
view are hypothetical, but they are based on particu-
lar structural features (the ultrastructural organization
and particular histotopographical relationships of
LDTLs, the incorporation of SDTLs into the VBs in
highly concentrating rodent species) for which no
better functional relevance is available. Whether the
proposed mechanisms are sufficient to build up an
effective solute gradient in the IM (in rodents up to
several osmoles) or whether there are additional
sources complementing the solute gradients (continu-
ous production of osmotic active substances) is pres-
ently unknown.
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lapin. Arch Anat Microsc Morphol Exp 1973;62:281�91.

[23] Dieterich H. Die Struktur der Blutgefäbe in der Rattenniere.
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[150] Schaefer L, Gröne H, Raslik I, Robenek H, Ugorcakova J,
Budny S, et al. Small proteoglycans of normal adult human
kidney: distinct expression patterns of decorin, biglycan, fibro-
modulin, and lumican. Kidney Int 2000;58:1557�68.

[151] Courtoy P, Timpl R, Farquhar M. Comparative distribution of
laminin, type IV collagen, and fibronectin in the rat glomeru-
lus. J Histochem Cytochem 1982;30:874.

[152] Madri J, Roll F, Furthmayr H, Foidart J. Ultrastructural locali-
zation of fibronectin and laminin in the basement membranes
of the murine kidney. J Cell Biol 1980;86:G82�7.

[153] Sterzel R, Hartner A, Schlotzer-Schrehard U, Voit S,
Hausknecht B, Doliana R, et al. Elastic fiber proteins in the glo-
merular mesangium in vivo and in cell culture. Kidney Int
2000;58:1588�602.

[154] Schwartz E, Goldfischer S, Coltoff-Schiller B, Blumenfeld O.
Extracellular matrix microfibrils are composed of core proteins
coated with fibronectin. J Histochem Cytochem 1985;33: 268�74.

[155] Mundel P, Elger M, Sakai T, Kriz W. Microfibrils are a major
component of the mesangial matrix in the glomerulus of the
rat kidney. Cell Tissue Res 1988;254:183�7.

[156] Bieritz B, Spessotto P, Colombatti A, Jahn A, Prols F, Hartner
A. Role of alpha8 integrin in mesangial cell adhesion, migra-
tion, and proliferation. Kidney Int 2003;64:119�27.

[157] Bulger R, Eknoyan G, Purcell D, Dobyan D. Endothelial
characteristics of glomerular capillaries in normal, mercuric
chloride-induced, and gentamicin-induced acute renal failure
in the rat. J Clin Invest 1983;72:128�41.

[158] Vasmant D, Maurice M, Feldmann G. Cytoskeleton ultrastruc-
ture of podocytes and glomerular endothelial cells in man and
in the rat. Anat Rec 1984;210:17�24.

[159] Rostgaard J, Qvortrup K. Sieve plugs in fenestrae of glomeru-
lar capillaries � site of the filtration barrier? Cells Tissues
Organs 2002;170:132�8.

[160] Horvat R, Hovorka A, Dekan G, Poczewski H, Kerjaschki D.
Endothelial cell membranes contain podocalyxin: the major
sialoprotein of visceral glomerular epithelial cells. J Cell Biol
1986;102:484�91.

[161] Savage C. The biology of the glomerulus: endothelial cells.
Kidney Int 1994;45:314�9.

[162] Betsholtz C, Lindblom P, Bjarnegard M, Enge M, Gerhardt H,
Lindahl P. Role of platelet-derived growth factor in mesangium
development and vasculopathies: lessons from platelet-derived
growth factor and platelet-derived growth factor receptor muta-
tions in mice. Curr Opin Nephrol Hypertens 2005;13:45�52.

[163] Eremina V, Quaggin S. The role of VEGF-A in glomerular
development and function. Curr Opin Nephrol Hypertens
2004; 13:9�15.

[164] Satchell S, Anderson K, Mathieson P. Angiopoietin 1 and vas-
cular endothelial growth factor modulate human glomerular
cell barrier properties. Am Soc Nephrol 2004;15: 566�74.

[165] Ballermann B. Glomerular endothelial cell differentation.
Kidney Int 2005;67:1668�71.

[166] Fretschner M, Endlich K, Fester C, Parekh N, Steinhausen M.
A narrow segment of the efferent arteriole controls efferent
resistance in the hydronephrotic rat kidney. Kidney Int 1990;
37:1227�39.

[167] Mundel P, Kriz W. Structure and function of podocytes: an
update. Anat Embryol 1995;192:385�97.

[168] Drenckhahn D, Franke R. Ultrastructural organization of con-
tractile and cytoskeletal proteins in glomerular podocytes of
chicken, rat, and man. Lab Invest 1988;59:673�82.

[169] Ichimura K, Kurihara H, Sakai T. Actin filament organization
of foot-processes in rat podocytes. J Histochem Cytochem
2003;51:1589�600.

[170] Huber G, Matus A. Microtubule-associated protein 3 (MAP3)
expression in non-neuronal tissues. J Cell Sci 1990;95:
237�46.

[171] Kobayashi N, Reiser J, Kuriyama R, Kriz W, Mundel P.
Nonuniform microtubular polarity established by CHO1/
MKLP1 motor protein is necessary for process formation of
podocytes. J Cell Biol 1998;143:1961�70.

[172] Sanden W, Elger M, Mundel P, Kriz W. The architecture of
podocyte cytoskeleton suggests a role in glomerular filtration
dynamics. Ann Anat 1995;177:44�5.

[173] Cross D, Vial C, Maccioni R. A tau-like protein interacts with
stress fibers and microtubules in human and rodent cultured
cell lines. J Cell Sci 1993;105:51�60.

[174] Lloyd C, Minto A, Dorf M, Proudfoot A, Wells T, Salant D, et
al. RANTES and monocyte chemoattractant protein-1 (MCP-1)
play an important role in the inflammatory phase of crescentic
nephritis, but only MCP-1 is involved in crescent formation
and interstitial fibrosis. J Exp Med 1997;185:1371�80.

[175] Volk K, Sigmund R, Snyder P, McDonald F, Welsh M, Stokes J.
rENaC is the predominant Na1 channel in the apical mem-
brane of the rat renal inner medullary collecting duct. J Clin
Invest 1995;96:2748�57.

[176] Asanuma K, Kim K, Oh J, Giardino L, Chabanis S, Faul C, et al.
Synaptopodin regulates the actin-bundling activity of alpha-acti-
nin in an isoform-specific manner. J Clin Invest 2005;1:1.

[177] Adler S. Characterization of glomerular epithelial cell matrix
receptors. Am J Pathol 1992;141:571�8.

[178] Cybulsky A, Carbonetto S, Huang Q, McTavish A, Cyr M.
Adhesion of rat glomerular epithelial cells to extracellular
matrices: role of b1 integrins. Kidney Int 1992;42:1099�106.

[179] Kreidberg J, Symons J. Integrins in kidney development, func-
tion, and disease. Am J Physiol Renal Physiol 2000;279(2):
F233�42.

[180] Raats C, van den Born J, Bakker M, Oppers-Walgreen B, Pisa
B, Dijkman H, et al. Expression of agrin, dystroglycan, and
utrophin in normal renal tissue and in experimental glomeru-
lopathies. Am J Pathol 2000;156(5):1749�65.

[181] Regele H, Fillipovic E, Langer B, Poczewki H, Kraxberger I,
Bittner R, et al. Glomerular expression of dystroglycans is
reduced in minimal change nephrosis but not in focal seg-
mental glomerulosclerosis. J Am Soc Nephrol 2000;11(3):
403�12.

[182] Blattner S, Kretzler M. Integrin-linked kinase in renal disease:
connecting cell�matrix interaction to the cytoskeleton. Curr
Opin Nephrol Hypertens 2005;14:404�10.

[183] Reiser J, Polu K, Moller C, Kenlan P, Altintas M, Wei C, et al.
TRPC6 is a glomerular slit diaphragm-associated channel
required for normal renal function. Nat Genet 2005;37:
739�44.

[184] Winn M, Conlon P, Lynn K, Farrington M, Creazzo T,
Hawkins A, et al. A mutation in the TRPC6 cation channel
causes familial focal segmental glomerulosclerosis. Science
2005;308:1801�4.

674 20. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



[185] Kazatchkine M, Fearon D, Appay M, Mandet C, Bariety J.
Immunohistochemical study of the human glomerular C3b
receptor in normal kidney and in seventy-five cases of renal
diseases. J Clin Invest 1982;69:900�12.

[186] Schiffer M, Schiffer L, Gupta A, Shaw A, Roberts I, Mundel P,
et al. Inhibitory smads and TGF-ß signaling in glomerular cells.
J Am Soc Nephrol 2002;13:2657�66.

[187] Wogensen L, Nielsen C, Hjorth P. Under control of the Ren-1c
promoter, locally produced transforming growth factor-beta1
induced accumulation of glomerular extracellular matrix in
transgenic mice. Diabetes 1999;48:182�92.

[188] Kriz W, Haehnel B, Rosener S, Elger M. Long-term treatment
of rats with FGF-2 results in focal segmental glomerulosclero-
sis. Kidney Int 1995;48:1435�50.

[189] Pavenstadt H, Kriz W, Kretzler M. Cell biology of the glomeru-
lar podocyte. Physiol Rev 2003;83:253�307.

[190] Kerjaschki D, Exner M, Ullrich R, Susani M, Curtiss L,
Witztum J, et al. Pathogenic antibodies inhibit the binding of
apolipoproteins to megalin/gp330 in passive Heymann
nephritis. J Clin Invest 1997;100:2303�9.

[191] Kerjaschki D, Farquhar M. Immunocytochemical localization
of the Heymann antigen (gp 330) in glomerular epithelial cells
of normal Lewis rats. J Exp Med 1983;157:667�86.

[192] Orlando R, Rader K, Authier F, Yamazaki H, Posner B,
Farquhar M. Megalin is an endocytic receptor for insulin. J Am
Soc Nephrol 1998;9:1759�66.

[193] Saito A, Pietromonaco S, Loo A, Farquhar M. Complete clon-
ing and sequencing of rat gp330/“megalin,” a distinctive
member of the low density lipoprotein receptor gene family.
Proc Natl Acad Sci USA 1994;91:9725�9.

[194] Rodewald R, Karnovsky M. Porous substructure of the glomer-
ular slit diaphragm in the rat and mouse. J Cell Biol
1974;60:423�33.

[195] Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U,
Kestila M, Jalanko H, et al. Nephrin is specifically located at
the slit diaphragm of glomerular podocytes. Proc Natl Acad
Sci USA 1999;96(14):7962�7.

[196] Donoviel D, Freed D, Vogel H, Potter D, Hawkins E, Barrish J,
et al. Proteinuria and perinatal lethality in mice lacking
NEPH1, a novel protein with homology to nephrin. Mol Cell
Biol 2001;21:4829�36.

[197] Reiser J, Kriz W, Kretzler M, Mundel P. The glomerular slit
diaphragm is a modified adherens junction. J Am Soc Nephrol
2000;11:1�8.

[198] Inoue T, Yaoita E, Kurihara H, Shimizu F, Sakai T, Kobayashi
T, et al. Fat is a component of glomerular slit diaphragms.
Kidney Int 2001;59:1003�12.

[199] Schnabel E, Anderson J, Farquhar M. The tight junction protein
ZO-1 is concentrated along slit diaphragms of the glomerular
epithelium. J Cell Biol 1990;111:1255�63.

[200] Boute N, Gribouval O, Roselli S, Benessy F, Lee H, Fuchshuber
A, et al. NPHS2, encoding the glomerular protein podocin, is
mutated in autosomal recessive steroid-resistant nephrotic syn-
drome. Nat Genet 2000;24:349�54.

[201] Li C, Ruotsalainen V, Tryggvason K, Shaw A, Miner J. CD2AP
is expressed with nephrin in developing podocytes and is
found widely in mature kidney and elsewhere. Am J Physiol
Renal Physiol 2000;279(4):F785�92.

[202] Huber T, Kottgen M, Schilling B, Walz G, Benzing T.
Interaction with podocin facilitates nephrin signaling. J Biol
Chem 2001; 276:41543�6.

[203] Schwarz K, Simons M, Reiser J, Saleem M, Faul C, Kriz W, et
al. Podocin, a raft-associated component of the glomerular slit
diaphragm, interacts with CD2AP and nephrin. J Clin Invest
2001;108:1621�9.

[204] Dunne J, Hanby A, Poulsom R, Jones T, Sheer D, Chin W, et al.
Molecular cloning and tissue expression of FAT, the human
homologue of the Drosophila fat gene that is located on chro-
mosome 4q34-q35 and encodes a putative adhesion molecule.
Genomics 1995;30:207�23.

[205] Ciani L, Patel A, Allen N, ffrench-Constant C. Mice lacking the
giant protocadherin mFAT1 exhibit renal slit junction abnor-
malities and a partially penetrant cyclopia and anophthalmia
phenotype. Mol Cell Biol 2003;23:3575�82.

[206] Huang T, Langlois J. Podoendin. A new cell surface protein
of the podocyte and endothelium. J Exp Med 1985;162:
245�67.

[207] Sawada H, Stukenbrok H, Kerjaschki D, Farquhar M.
Epithelial polyanion (podocalyxin) is found on the sides but
not the soles of the foot processes of the glomerular epithe-
lium. Am J Pathol 1986;125:309�18.

[208] Hugo C, Nangaku M, Shankland S, Pichler R, Gordon K,
Amieva M, et al. The plasma membrane-actin linking protein,
ezrin, is a glomerular epithelial cell marker in glomerulogen-
esis, in the adult kidney and in glomerular injury. Kidney Int
1998;54:1934�44.

[209] Takeda T, McQuistan T, Orlando R, Farquhar M. Loss of
glomerular foot processes is associated with uncoupling of
podocalyxin from the actin cytoskeleton. J Clin Invest 2001;
108:289�301.

[210] Seiler M, Rennke H, Venkatachalam M, Cotran R. Pathogenesis
of polycation-induced alteration (fusion) of glomerular epithe-
lium. Lab Invest 1977;36:48�61.

[211] Drumond M, Deen W. Structural determinants of glomerular
hydraulic permeability. Am J Physiol 1994;266:F1�12.

[212] Kanwar Y, Venkatachalam M. Renal Physiology. In: Windhager E,
editor. Handbook of physiology. New York: Oup; 1992. p. 3�40.

[213] Bolton G, Deen W, Daniels B. Assessment of the charge selec-
tivity of glomerular basement membrane using Ficoll sulfate.
Am J Physiol 1998;274:F889�96.

[214] Daniels B. Increased albumin permeability in vitro following
alterations of glomerular charge is mediated by the cells of the
filtration barrier. J Lab Clin Med 1994;124(2):224�30.

[215] Drumond M, Deen W. Hindered transport of macromolecules
through a single row of cylinders: application to glomerular fil-
tration. J Biomech Eng 1995;117:414�22.

[216] Edwards A, Daniels B, Deen W. Hindered transport of
macromolecules in isolated glomeruli. II. Convection and
pressure effects in basement membrane. Biophys J 1997;72:
214�22.

[217] Dworkin L, Brenner B. Biophysical basis of glomerular fil-
tration. In: Seldin D, Giebisch G, editors. The kidney:
physiology and pathophysiology. New York: Raven Press;
1992. p. 979�1016.

[218] Anderson W, Alcorn D, Gilchrist A, Whiting J, Ryan G.
Glomerular actions of ANG II during reduction of renal artery
pressure: a morphometric analysis. Am J Physiol 1989;256:
F1021�6.

[219] Denton K, Fennessy P, Alcorn D, Anderson W. Morphometric
analysis of the actions of angiotensin II on renal arterioles and
glomeruli. Am J Physiol 1992;262:F367�72.

[220] Andrews P. Morphological alterations of the glomerular (vis-
ceral) epithelium in response to pathological and experimental
situations. J Electron Microsc Tech 1988;9:115�44.

[221] Drumond M, Kristal B, Myers B, Deen W. Structural basis for
reduced glomerular filtration capacity in nephrotic humans. J
Clin Invest 1994;94:1187�95.

[222] Kriz W, Elger M, Lemley K, Sakai T. Structure of the glomeru-
lar mesangium: a biomechanical interpretation. Kidney Int
1990;38:S2�9.

675REFERENCES

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



[223] Kriz W, Haehnel B, Hosser H, Ostendorf T, Kränzlin B, Gretz
N, et al. Pathways to recovery and loss of nephrons in anti-
Thy-1 nephritis. J Am Soc Nephrol 2003;14:1904�26.

[224] Welling L, Zupka M, Welling D. Mechanical properties of
basement membrane. News Physiol Sci 1995;10(1):30�5.

[225] Kriz W, Mundel P, Elger M. The contractile apparatus of podo-
cytes is arranged to counteract GBM expansion. Contrib
Nephrol 1994;107:1�9.

[226] Mbassa G, Elger M, Kriz W. The ultrastructural organization
of the basement membrane of Bowman’s capsule in the rat
renal corpuscle. Cell Tissue Res 1988;253:151�63.

[227] Lethias C, Aubert-Foucher E, Dublet B, Eichenberger D, Font
B, Goldschmidt D, et al. Structure, molecular assembly and tis-
sue distribution of facit collagen molecules. Contrib Nephrol
1994; 107:57�63.

[228] Schonheyder H, Maunsbach A. Ultrastructure of a specialized
neck region in the rabbit nephron. Kidney Int 1975;7:145�53.

[229] Gibson I, Downie I, Downie T, Han S, More I, Lindop G. The
parietal podocyte: a study of the vascular pole of the human
glomerulus. Kidney Int 1992;41:211�4.

[230] Grouls S, Iglesias D, Wentzensen N, Moeller M, Bouchard M,
Kemler R, et al. ß-catenin/wnt-signaling is required for lineage
specification of parietal epithelial cells of the glomerulus. J Am
Soc Nephrol 2011;: in press:nn.

[231] Ronconi E, Sagrinati C, Angelotti M, Lazzeri E, Mazzinghi B,
Ballerini L, et al. Regeneration of glomerular podocytes by
human renal progenitors. J Am Soc Nephrol 2009;20:322�32.

[232] Sagrinati C, Netti G, Mazzinghi B, Lazzeri E, Liotta F, Frosali
F, et al. Isolation and characterization of multipotent progeni-
tor cells from the Bowman’s capsule of adult human kidneys.
J Am Soc Nephrol 2006;17:2443�56.

[233] Appel D, Kershaw D, Smeets B, Yuan G, Fuss A, Freye B, et al.
Recruitment of podocytes from glomerular parietal epithelial
cells. J Am Soc Nephrol 2008;20:333�43.

[234] Schneeberger E, Lynch R. Sodium transport deficiency and
sodium balance in gene-targeted mice. Am J Physiol Cell
Physiol 2004;286:C1213�28.

[235] Mitic L, Anderson J. Molecular architecture of tight junctions.
Annu Rev Physiol 1998;60:121�42.

[236] Tsukita S, Furuse M. Multifunctional strands in tight junctions
4437. Nat Rev Mol Cell Biol 2001;2:285�93.

[237] Matlin K. Clues to occludin. Focus on “Knockdown of occludin
expression leads to diverse phenotypic alterations in epithelial
cells.”. Am J Physiol Cell Physiol 2011;288:C1191�2.

[238] Denker B, Sabath E. The biology of epithelial cell tight junc-
tions in the kidney. J Am Soc Nephrol 2011;22:622�5.

[239] Madara J. Regulation of the movement of solutes across tight
junctions. Annu Rev Physiol 1998;60:143�59.

[240] Li W, Huey C, Yu A. Expression of claudin-7 and -8 along the
mouse nephron. Am J Physiol Renal Physiol 2004;286:F1063�71.

[241] Peter Y, Goodenough D. Claudins. Curr Opin Cell Biol
2004;14:R293�4.

[242] Yu A. Claudins and epithelial paracellular transport: the end
of the beginning 4441. Curr Opin Nephrol Hypertens
2003;12:503�9.

[243] Yu A, Enck A. Claudin-8 expression in Madin�Darby canine
kidney cells augments the paracellular barrier to cation perme-
ation. J Biol Chem 2003;278:17350�9.

[244] Tsukita S, Furuse M. Claudin-based barrier in simple
and stratified cellular sheets. Curr Opin Cell Biol 2002;14:531�6.

[245] Colegio O, Van Itallie C. Claudins create charge-selective
channels in the paracellular pathway between epithelial cells.
Am J Physiol Cell Physiol 2002;283:C142�7.

[246] Colegio O, Van Itallie C. Claudin extracellular domains deter-
mine paracellular charge selectivity and resistance but not

tight junction fibril architecture. Am J Physiol Cell Physiol
2003;284:C1346�54.

[247] Tang V, Goodenough D. Paracellular ion channel at the tight
junction. Biophys J 2003;84:1660�73.

[248] Clarke H, Marano C. Modification of tight junction function by
protein kinase C isoforms. Adv Drug Delivery Rev
2000;41:283�301.

[249] Hopkins A, Li D. Modulation of tight junction function by G
protein-coupled events. Adv Drug Delivery Rev 2000; 41:329�40.

[250] Kahle K, Gimenez I. WNK4 regulates apical and basolateral
Cl2 flux in extrarenal epithelia. Proc Natl Acad Sci USA
2004;101:2064�9.

[251] Yang C, Angell J. WNK kinases regulate thiazide-sensitive Na-
Cl co-transport. J Clin Invest 2003;111:1039�45.

[252] Simon D, Lu Y. Paracellin-1 a renal tight junction protein
required for paracellular Mg21 resorption. Science 1999;
285:103�6.

[253] Wilcox E, Burton Q. Mutations in the gene encoding tight junc-
tion claudin-14 cause autosomal recessive deafness. Cell
2001;104:165�72.

[254] Choate K, K. Kahle. WNK1 a kinase mutated in inherited
hypertension with hyperkalemia, localizes to diverse Cl2-
transporting epithelia. Proc Natl Acad Sci USA
2003;100:663�8.

[255] Kahle K, Wilson F. WNK4 regulates the balance between
renal NaCl reabsorption and K1 secretion. Nat Genet
2003;35:372�6.

[256] Wilson F, Disse-Nicodeme S. Human hypertension caused by
mutations in WNK kinases. Science 2001;293:1107�12.

[257] Wilson F, Kahle K. Molecular pathogenesis of inherited hyper-
tension with hyperkalemia: the Na-Cl co-transporter is inhib-
ited by wild-type but not mutant WNK4. Proc Natl Acad Sci
USA 2003;100:680�4.

[258] Yu A, McCarthy K. Knockdown of occludin expression leads
to diverse phenotypic alterations in epithelial cells. Am J
Physiol Cell Physiol 2005;288:C1231�41.

[259] Lima WR, Parreira K, Devuyst O, Caplanusi A, N’kuli F,
Marien B, et al. ZONAB promotes proliferation and represses
differentiation of proximal tubule epithelial cells. J Am Soc
Nephrol 2010;21:478�88.

[260] Kaissling B, Kriz W. Morphology of the loop of Henle, distal
tubule and collecting duct. In: Windhager E, editor. Handbook
of physiology: section on renal physiology. New York, N.Y.:
Oxford University Press; 1992. p. 109�67.

[261] Kiuchi-Saishin Y, Gotoh S, Furuse M, Takasuga A, Tano Y,
Tsukita S. Differential expression patterns of claudins, tight
junction membrane proteins, in mouse nephron segments.
J Am Soc Nephrol 2002;13:875�86.

[262] Piepenhagen P, Nelson W. Differential expression of cell�cell
and cell�substratum adhesion proteins along the kidney neph-
ron 4461. Am J Physiol 1995;269:C1433�49.

[263] Piepenhagen P, Peters L, Lux S, Nelson W. Differential
expression of Na(1)-K(1)-ATPase, ankyrin, fodrin, and E-cad-
herin along the kidney nephron. Am J Physiol 1995;269:
C1417�32.

[264] Prozialeck W, Lamar P, Appelt D. Differential expression of E-
cadherin, N-cadherin and beta-cadherin in proximal and distal
segments of the rat nephron. BMC Physiol 2004;4:10.

[265] Rybak J, Ettorre A, Kaissling B, Giavazzi R, Neri D, Elia G.
In vivo protein biotinylation for identification of organ-specific
antigens accessible from the vasculature. Nat Methods 2005;
2:291�8.

[266] Thomson R, Aronson P. Immunolocalization of Ksp-cadherin
in the adult and developing rabbit kidney. Am J Physiol Renal
Physiol 1999;277:F146�56.

676 20. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



[267] Nelson W, Nusse R. Convergence of Wnt, beta-catenin, and
cadherin pathways. Science 2004;303:1483�7.

[268] Christensen E, Wagner C, Kaissling B. The uriniferous tubule:
structural and functional organization. In: American
Physiological Society, editor. Compr physiol. Wiley Blackwell;
2012. p. 1�57.

[269] Donowitz M, Cha B, Zachos N, Brett C, Sharma A, Tse C, et al.
Family and NHE3 regulation 4469. J Physiol 2005;567:3�11.

[270] Ecelbarger C, Kim G, Wade J, Knepper M. Regulation of the
abundance of renal sodium transporters and channels by vaso-
pressin 4467. Exp Neurol 2001;171:227�34.

[271] Wade J, Stanton B, Brown D. Structural correlates of transport
in distal tubule and collecting duct segments. In: Windhager E,
editor. Handbook of physiology: renal. New York: Oxford
Univerity Press; 1992. p. 1�10.

[272] Wade J, Welling P, Donowitz M, Shenolikar S, Weinman E.
Differential renal distribution of NHERF isoforms and their
colocalization with NHE3, ezrin, and ROMK. Am J Physiol
Cell Physiol 2001;280:C192�8.

[273] Weinman E, Cunningham R, Wade J, Shenolikar S. The role of
NHERF-1 in the regulation of renal proximal tubule sodium-
hydrogen exchanger 3 and sodium-dependent phosphate
co-transporter 2a 4470. J Physiol 2005;567:27�32.

[274] Cha B, Kenworthy A, Murtazina R, Donowitz M. The lateral
mobility of NHE3 on the apical membrane of renal epithelial
OK cells is limited by the PDZ domain proteins NHERF1/2,
but is dependent on an intact actin cytoskeleton as determined
by FRA. J Cell Sci 2004;117:3353�65.

[275] Rodman J, Mooseker M, Farquhar M. Cytoskeletal proteins of
the rat kidney proximal tubule brush border. Eur J Cell Biol
1986;42:313.

[276] Geering K. FXYD proteins: new regulators of Na-K-ATPase.
J Physiol Renal Physiol 2006;290:F241�50.

[277] Brown D. Targeting of membrane transporters in renal epithe-
lia: when cell biology meets physiology. Am J Physiol Renal
Physiol 2000;278:F192�201.

[278] Doucet A, Katz A, Morel F. Determination of Na-K-ATPase
activity in single segments of the mammalian nephron 4474.
Am J Physiol 1979;237:F105�13.

[279] Katz A, Doucet A, Morel F. Na-K-ATPase activity along the
rabbit, rat and mouse nephron. Am J Physiol 1979;237:
F114�20.

[280] Kaissling B, Le Hir M. Distal tubular segments in the rabbit
kidney after adaptation to altered Na- and K-intake.
I. Structural changes. Cell Tissue Res 1982;224:469�92.

[281] Le Hir M, Kaissling B, Dubach U. Distal tubular segments of
the rabbit kidney after adaption to altered Na- and K-intake. II.
Changes in Na-K-ATPase activity. Cell Tissue Res 1982;
224:493�504.

[282] Welling D, Urani J, Welling L, Wagner E. Fractal analysis and
imaging of the proximal nephron cell. Am J Physiol 1996;270:
C953�63.

[283] Kashgarian M, Biemesderfer D, Caplan M, Forbush B. Monocloal
antibody to Na,K-ATPase: immunocytochemical localization
along nephron segments. Kidney Int 1985; 28:899�913.

[284] Koob R, Zimmermann M, Schoner W, Drenckhahn D.
Colocalization and coprecipitation of ankyrin and Na1,K1-
ATPase in kidney epithelial cells. Eur J Cell Biol 1988; 45:230�7.

[285] Rostgaard J, Kristensen B, Nielsen L. Electron microscopy of
filaments in the basal part of rat kidney tubule cells, and their
in situ interaction with heavy meromyosin. Z Zellforsch
Mikrosk Anat 1972;132:497�521.

[286] Rostgaard J, Thuneberg L. Electron microscopic evidence sug-
gesting a contractile system in the base of tubular cells of rat
kidney. J Ultrastruct Res 1969;29:570�7.

[287] Trenchev P, Dorling J, Webb J, Holborrow E. Localization of
smooth muscle-like contractile proteins in kidney by immu-
noelectron microscopy. J Anat 1976;121:85�95.

[288] Guder W, Wagner S, Wirthensohn G. Metabolic fuels along the
nephron: pathways and intracellular mechanisms of interac-
tion. Kidney Int 1986;29:41�5.

[289] Kaissling B. Structural aspects of adaptive changes in renal
electrolyte excretion. Am J Physiol 1982;243:F211�26.

[290] Kaissling B, Stanton B. Adaptation of distal tubule and collect-
ing duct to increased sodium delivery. I. Ultrastructure. Am
J Physiol 1988;255:F1256�68.

[291] Madsen K, Verlander J, Tisher C. Relationship between struc-
ture and function in distal tubule and collecting duct.
J Electron Microsc Tech 1988;9:187�208.

[292] Stanton B, Kaissling B. Adaptation of distal tubule and and col-
lecting duct to increased Na delivery. II. Na1 and K1 transport.
Am J Physiol 1988;255:F1269�75.

[293] Stanton B, Kaissling B. Regulation of renal ion transport and
cell growth by sodium. Am J Physiol 1989;257:F1�10.

[294] Wade J, O’Neil R, Pryor J, Boulpaep E. Modulation of cell
membrane area in renal collecting tubules by corticosteroid
hormones. J Cell Biol 1979;81:439�45.

[295] Holtzclaw J, Cornelius R, Hatcher L, Sansom S. Coupled ATP
and potassium efflux from intercalated cells. Am J Physiol
Renal Physiol 2011;300:F1319�26.

[296] Praetorius H, Leipziger J. Intrarenal purinergic signaling in the
control of renal tubular transport. Annu Rev Physiol 2010;
72:377�93.

[297] Biemesderfer D, DeGray D. Active (9.6 s) and inactive (21 s)
oligomers of NHE3 in microdomains of the renal brush border
4478. J Biol Chem 2001;276:10161�7.

[298] McDonough A, Biemesderfer D. Does membrane trafficking
play a role in regulating the sodium/hydrogen exchanger
isoform 3 in the proximal tubule? Curr Opin Nephrol
Hypertens 2003;12:533�41.

[299] Brown D. The ins and outs of aquaporin-2 trafficking. Am
J Physiol Renal Physiol 2003;284:F893�901.

[300] Butterworth M. Regulation of the epithelial sodium channel
(ENaC) by membrane trafficking. Biochim Biopyhs Acta
2010;1802:1166�77.

[301] Bacic D, Le Hir M, Biber J, Kaissling B, Murer H, Wagner C.
The renal Na1/phosphate co-transporter NaPi-IIa is internal-
ized via the receptor-mediated endocytic route in response to
parathyroid hormone. Kidney Int 2006;69:495�503.

[302] Thomas C, Itani O. New insights into epithelial sodium channel
function in the kidney: site of action, regulation by ubiquitin
ligases, serum- and glucocorticoid-inducible kinase and proteol-
ysis 4482. Curr Opin Nephrol Hypertens 2004; 13:541�8.

[303] Ecelbarger C, Knepper M. Increased abundance of distal
sodium transporters in rat kidney during vasopressin escape.
J Am Soc Nephrol 2001;12:207�17.

[304] Kaissling B, Bachmann S, Kriz W. Structural adaptation of the
distal convoluted tubule to prolonged furosemide treatment.
Am J Physiol Renal Fluid Electrolyte Physiol 1985;248:F374�81.

[305] Loffing J, Le Hir M, Kaissling B. Modulation of salt transport
rate affects DNA sythesis in vivo in rat renal tubules. Kidney
Int 1995;47:1615�23.

[306] Kaissling B, Loffing J. Cell growth and cell death in renal distal
tubules, associated with diuretic treatment. Nephrol Dial
Transplant 1998;13:1341�3.

[307] Loffing J, Loffing-Cueni D, Hegyi I, Kaplan M, Hebert S, Le
Hir M, et al. Thiazide treatment of rats provokes apoptosis in
distal tubule cells. Kidney Int 1996;50:1180�90.

[308] Bankir L, Bouby N, Trinh-Trang-Tan M, Kaissling B. The thick
ascending limb of Henle’s loop. Anatomical and functional

677REFERENCES

II. STRUCTURAL ORGANIZATION OF THE MAMMALIAN KIDNEY



characteristics and role in the urine concentration mechanism.
In: Crosnier J, Funck-Brentano J, Bach J, Grünfeld J, editors.
Actualités nephrologiques de l’Hopital Necker. Paris:
Flammarion Medicine-Sciences; 1987.

[309] Calvert J. New insights into ciliary function: kidney cysts and
photoreceptors 4484. Proc Natl Acad Sci USA 2003;100:
5583�5.

[310] Liu W, Xu S, Woda C, Kim P, Weinbaum S, Satlin L. Effect of
flow and stretch on the [Ca21]i response of principal and inter-
calated cells in cortical collecting duct. Am J Physiol Renal
Physiol 2003;285:F998�1012.

[311] Luo Y, Vassilev P, Li X, Kawanabe Y, Zhou J. Native polycys-
tin 2 functions as a plasma membrane Ca21-permeable cation
channel in renal epithelia. Mol Biol Cell 2003;23:2600�7.

[312] Weinbaum S, Duan Y, Satlin L, Wang T, Weinstein A.
Mechanotransduction in the renal tubule 4491. Am J Physiol
Renal Physiol 2010;299:F1220�36.

[313] Yoder B, Hou X, Guay-Woodford L. The polycystic kidney dis-
ease proteins, polycystin-1, polycystin-2, polaris, and cystin,
are co-localized in renal cilia. J Am Soc Nephrol 2002;13:
2508�16.

[314] Li Q, Montalbetti N, Shen P, Dai X, Cheeseman C, Karpinski E,
et al. Alpha-actinin associates with polycystin-2 and regulates
its channel activity. Hum Mol Genet 2005;14:1587�603.

[315] Zhang Q, Taulman P, Yoder B. Cystic kidney diseases: all
roads lead to the cilium 4489. Physiology 2004;19:225�30.

[316] Davenport J, Yoder B. An incredible decade for the primary
cilium: a look at a once-forgotten organelle 4486. Am J Physiol
Renal Physiol 2005;289:F1159�69.

[317] Leipziger J. Luminal nucleotides are tonic inhibitors of renal
tubular transport. Curr Opin Nephrol Hypertens 2011;
20:518�22.

[318] Hou X, Mrug M, Yoder B, Lefkowitz E, Kremmidiotis G,
D’Eustachio P, et al. Cystin, a novel cilia-associated protein, is
disrupted in the cpk mouse model of polycystic kidney dis-
ease. J Clin Invest 2002;109:533�40.

[319] Nauli S, Alenghat F, Luo Y, Williams E, Vassilev P, Li X, et al.
Polycystins 1 and 2 mediate mechanosensation in the primary
cilium of kidney cells 4494. Nat Genet 2003;33:129�37.

[320] Zhou J. Polycystins and primary cilia: primers for cell cycle
progression. Annu Rev Physiol 2009;71:83�113.

[321] Bell P, Fitzgibbon W, Sas K, Stenbit A, Amria M, Houston A, et
al. Loss of primary cilia upregulates renal hypertrophic signal-
ing and promotes cystogenesis 4496. J Am Soc Nephrol 2011;
22:839�48.

[322] Igarashi P, Somlo S. Genetics and pathogenesis of polycystic
kidney disease. J Am Soc Nephrol 2002;13:2384�98.

[323] Nishio S, Hatano M, Nagata M, Horie S, Koike T, Tokuhisa T,
et al. Pkd1 regulates immortalized proliferation of renal tubu-
lar epithelial cells through p53 induction and JNK activation.
J Clin Invest 2005;115:910�8.

[324] Orlando R, Takeda T, Zak B, Schmieder S, Benoit V, McQuistan
T, et al. The glomerular epithelial cell anti-adhesion podocalyxin
associates with the actin cytoskeleton through interactions with
ezrin. J Am Soc Nephrol 2001;12:1589�98.

[325] Wright S, Dantzler W. Molecular and cellular physiology of
renal organic cation and anion transport. Physiol Rev
2004;84:987�1049.

[326] Grandchamp A, Boulpaep E. Pressure control of sodium reab-
sorption and intercellular backflux across proximal kidney
tubule. J Clin Invest 1974;54:69.

[327] Lutz M, Cardinal J, Burg B. Electrical resistance of renal proxi-
mal tubule perfused in vitro. Am J Physiol 1973;225:729.

[328] Lock E, Reed C. Xenobiotic metabolizing enzymes of the
kidney. Toxicol Pathol 1998;26:18�25.

[329] Bergeron M, Gaffiero P, Thiery G. Segmental variations in
the organization of the endoplasmic reticulum of the rat nephron.
A stereomicroscopic study. Cell Tissue Res 1987;247: 215�25.

[330] Zaar K. Structure and function of peroxisomes in the mamma-
lian kidney. Eur J Cell Biol 1992;59:233�54.

[331] Daigeler R. Sex-dependent changes in the rat kidney after
hypophysectomy. Cell Tissue Res 1981;216:423�43.

[332] Schiebler T, Danner K. The effect of sex hormones on the
proximal tubules in the rat kidney. Cell Tissue Res 1978;
192:527�49.

[333] Zabel M, Schiebler T. Histochemical, autoradiographic and
electron microscopic investigations of the renal proximal
tubule of male and female rats after castration. Histochemie
1980;69:255�76.

[334] Maunsbach A. The influence of different fixatives and fixation
methods on the ultrastructure of rat kidney proximal tubule
cells: I. Comparison of different perfusion fixation methods
and of glutaraldehyde, formaldehyde and osmium tetroxide
fixatives. J Ultrastruct Res 1966;15:242�82.

[335] Maunsbach A. The influence of different fixatives and fixation
methods on the ultrastructure of rat kidney proximal tubule
cells: II. Effects of varying osmolality, ionic strength, buffer
system and fixative concentration of glutaraldehyde solutions.
J Ultrastruct Res 1966;15:283.

[336] Dorup J, Maunsbach A. Three-dimensional organization and
segmental ultrastructure of rat proximal tubules. Exp Nephrol
1997;5:305�17.

[337] Birn H, Willnow T, Nielsen R, Norden A, Bönsch C, Moestrup
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Biophysical Basis of Glomerular Filtration
Scott C. Thomson and Roland C. Blantz

University of California and VA San Diego Healthcare System, San Diego, CA, USA

INTRODUCTION

Marcello Malpighi (1628�1694) discovered the renal
corpuscle and proposed that each glomerular body
embraces the ampullar extremity of a tubule to form a
“glandular follicle”.81 Thereafter, progress toward under-
standing the structure and function of the nephron
stalled for two centuries, until William Bowman finally
established the proper anatomic relationship between the
glomerular arterioles, capillary tuft, and uriniferous
tubule in 1842.1,16 In that same year, Carl Ludwig, in his
Habilitations thesis, addressed the driving force that sepa-
rates the watery and crystalloid constituents of the
plasma from its “proteid” constituents. He dismissed
both the “nonexistent” vital force and chemical theories
for converting blood to urine, and deduced from geomet-
ric considerations that local hydraulic forces drive filtra-
tion of blood plasma through porous glomerular
capillary walls78 (Figure 21.1). Ludwig’s theory was not
universally accepted at the time and other influential fig-
ures, such as Heidenhain, continued to advocate the
secretory formation of urine.54 Ludwig also had the fore-
sight to envision that the hyperproteinemia resulting
from glomerular filtration causes concentration of the
urine by endosmosis into the peritubular capillaries.79

Several decades later, vant Hoff and others began to
describe osmosis in terms of pressure using thermody-
namic principles,143 which inspired Ernest Henry
Starling to contemplate a role for the osmotic pressure of
the plasma colloids in glomerular filtration. Starling won-
dered whether the minimum blood pressure below
which formation of urine ceases might equal the osmotic
pressure of the plasma colloids that oppose filtration.
In 1897, he tested this hypothesis using a colloid
osmometer of his own design131 with which he estimated
the osmotic pressure of the blood plasma protein to be
25�30 mmHg or about 0.4 mmHg-gram21/liter21. Then

he observed that raising the ureteral pressure to within
30�45 mmHg of the arterial blood pressure would stop
the flow of urine in a dog undergoing diuresis. Thus, the
hydraulic pressure across the glomerular epithelium
must exceed the plasma colloid osmotic pressure by
some small amount in order for urine to form. On this
basis, Ludwig’s filtration hypothesis was deemed credi-
ble. Further evidence for glomerular filtration was pub-
lished in 1924 by Wearn and Richards, who directly
visualized the passage of indigo carmine into Bowman’s
space from the blood in the course of performing the
first-ever micropuncture experiments. Wearn and
Richards interpreted their own findings as “indirect evi-
dence that the process in the glomerulus is physical”.148

Glomerular filtration eventually received theoretical
consideration as a case of coupled transport, subject to
the basic rules of non-equilibrium thermodynamics,
which were articulated by Onsager in 193195 and
adapted to describe the permeability of biological mem-
branes by several investigators in the 1950s. Prior to the
1950s, the conventional description of transport through
membranes simply combined Fick’s diffusion equation
for solute flux with Darcy’s equation for water flux, such
that the function of a membrane which is to “prescribe
the road along which the system strives toward equilib-
rium”,132 was defined by two permeability coefficients,
one for diffusion of solute and one for bulk flow of
water. By the 1950s it had become clear that these “con-
ventional” permeability equations for solute and volume
flow could not fully describe the physical behavior of
membranes, so attempts were made to supplement
them. The most cited contribution in this area came
from Kedem and Katchalsky,69 who pointed out that the
prior approach was incomplete due to the fact that it
included only two coefficients, whereas Onsager’s the-
ory calls for exactly three coefficients to characterize per-
meability for a solute�solvent system. Qualitatively, the
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hydrodynamic resistance to free diffusion is due to fric-
tion between solute and solvent alone, and is determined
by a single diffusion coefficient. But passage through a
membrane involves two additional factors, namely, the
friction between solute and membrane, and the friction
between solvent and membrane. Hence, three processes
are at play, and three coefficients are required to account
for them all. Kedem and Katchalsky then proceeded
with a formal argument, starting from the rate of entropy
production and invoking Onsager’s theory for a solute�
solvent system which is paraphrased as follows:

For present purposes, we are interested in the trans-
membrane flux of a two-component system consisting of
a water (w) and a non-electrolyte solute (s). Each of these
components is driven by a conjugate force equivalent
to its difference in free energy across the membrane.
The conjugate forces for water and non-electrolyte
solute are:

Δμw 5VwΔP1RTΔlnγwXw ð21:1aÞ
Δμs 5VsΔP1RTΔlnγsXs ð21:1bÞ

where V is a partial molar volume, ΔP is the pressure
difference, X is the mole fraction, and γ is an activity
function, empirically derived as a function of X. Since
water flux affects Xs and solute flux affects Xw, the two
conjugate forces and fluxes are coupled. For a small
deviation from equilibrium this coupling can be taken
into account by the following linear flux equations:

Jw 5 L11Δμw 1 L12Δμs ð21:2aÞ

Js 5 L21Δμw 1 L22Δμs ð21:2bÞ

where Lxy are the so-called phenomenological con-
stants. Onsager’s theory says that L215 L12. Therefore,

if the three coefficients, L11, L22, and L215 L12 are
known, along with baseline values of Jw and Js, then
one can predict the changes in Jw and Js that will arise
from any alteration in Δμw or Δμs. However, the phys-
ical meanings of the phenomenological constants are
difficult to appreciate, and a more familiar form of the
Onsager equations was provided in 1958 by Kedem
and Katchalsky to describe transport across biological
membranes69:

Jv 5 LPUðΔP2σsΔΠÞ ð21:3aÞ
Js 5PsUΔCs 1 JVð12σsÞUCs ð21:3bÞ

When applied to movement across a capillary wall,
Jv and Js denote respectively the flux of volume (substi-
tuting volume for water is allowable for dilute solu-
tions) and solute; ΔP, ΔΠ, and ΔC are differences in
hydrostatic pressure, osmotic pressure, and concentra-
tion integrated across the membrane; σs is the reflection
coefficient of the membrane for s; Lp is the hydraulic
permeability per unit area of membrane; and Ps is the
diffusive permeability of the membrane to s; Cs is the
mean concentration of s within the membrane. Π is a
function of C. σs assumes a value between zero and
one. Three of these parameters, Lp, Ps, and σs, are char-
acteristics of the membrane, in keeping with the
Onsager theory which requires exactly three coeffi-
cients to describe the coupled transport of the two enti-
ties, v and s. Equation (21.3a) is often referred to as the
“Starling equation.” Equation (21.3b) expresses Js as
the sum of diffusive and convective components.
Equations (21.3a) and (21.3b) are coupled. Js explicitly
depends on Jv. Jv depends on Js because Js affects ΔΠ.

There are limitations to irreversible thermodynamics
and to the simplified equations, beginning with the
assumption of a linear relationship between fluxes and
forces. For example, one can imagine how increasing ΔP
might cause a capillary wall to stretch, thereby changing
the geometry of its pores and altering Lp. Also, Cs can
take a variety of forms, depending on whether σ is taken
to be active throughout the membrane or to be a mem-
brane entrance phenomenon, and this will affect how Js
is parsed into its diffusive and convective components.67

Finally, protein accumulates near the capillary wall dur-
ing filtration, which could raise the local colloid osmotic
pressure at the wall and cause Lp to be underestimated
when calculated based on Π for the bulk plasma.
Nonetheless, these equations remain the basis for all cur-
rent understanding of the physical factors that determine
transport of water and solutes between the glomerular
capillary plasma and the urinary space.

Depending on the context, different simplifying
assumptions are made that streamline the description
of capillary flux in the glomerulus. For example, when
considering Jv (i.e., glomerular filtration), the solutes

FIGURE 21.1 Ludwig’s representation of renal microvasculature
(a) and (b) pressure profiles along the glomerular capillary (from ref.
[56]).
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are divided into two groups, large and small. Large
solutes are the colloids, and it is assumed that Ps for
these is zero and σs is unity. All other solutes are
assumed to be small, and it is assumed that σs (and ΔC)
for these is zero. Solutes with intermediate permeability
are ignored. Therefore, ΔΠ can be substituted by the
colloid osmotic pressure of the glomerular plasma, and
a full description of Jv is provided by Eq. (21.3a). This
obviates the need to consider coupled transport.
Although the contribution of filtered macromolecules
to the transcapillary oncotic pressure may be negligible,
there are times when it is critical to understand the siev-
ing properties of the glomerulus for large molecules. In
such cases, simplifying assumptions are made regard-
ing the geometry of the filtration barrier and the shape
of the solute molecules, so that the process can be con-
veniently described using hydrodynamic theory.

THE MAGNITUDE OF RENAL BLOOD
FLOWAND GLOMERULAR FILTRATION

In humans, the kidneys constitute 0.5% of the body
weight, but receive 20% of the cardiac output. The
low resistance to renal blood flow is owing to the
large number of parallel conductances, with each
human kidney containing about 1 million glomeruli.124

Approximately 8000 liters per day of blood plasma
transits the extrarenal organs, of which about 20 liters
is filtered into interstitial spaces and returned to the
blood as lymph.71 In contrast, the kidneys form 180
liters per day of glomerular filtrate from 900 liters of
blood plasma. The high rate of filtration by the kidney
relative to other organs is due to a greater ultrafiltra-
tion coefficient, not to greater Starling force.44,99,149 The
surface area available for filtration in the human kid-
ney is in the order of 1.2 m2 overall or 0.6 mm2 per glo-
merulus. A meaningful number is difficult to assign to
the capillary surface area in other major organs where
the number of capillaries perfused at any given
moment is highly variable. The hydraulic permeability
Lp of fenestrated glomerular capillaries has been esti-
mated from 2.5�4.0 μl/min/mmHg/cm2 in rats and
humans,33,114,115 which is 50-fold higher than Lp for
non-fenestrated skeletal muscle.123

GLOMERULAR HEMODYNAMICS BY
INFERENCE

Having first identified inulin and PAH as a markers
of GFR renal plasma flow (RPF),121,126 Homer Smith
and colleagues used clearance of these markers to make
logical judgments about the regulation of GFR. Smith
observed a reciprocal relationship between RPF and

filtration fraction in human subjects injected with pyro-
gens,23 and recognized that this is contrary to what
should occur if the changes in RPF were mediated by a
preglomerular resistance. He used equations to argue
that the renal resistance changed in these experiments
due to dilation and constriction of the efferent arteriole.
His formulation required a strong inverse effect of effer-
ent resistance on filtration fraction, which could be
achieved by assuming that the net ultrafiltration pres-
sure vanishes at some point along the capillary, as
hydrostatic pressure declines and plasma oncotic pres-
sure increases. Based on knowledge that this occurs in
the mesenteric circulation, Smith was willing to assume
that this also happens in the kidney, and coined the
term “filtration pressure equilibrium” in reference to
the phenomenon125 (see Figure 21.2). Smith later
recanted his notion of filtration pressure equilibrium in
the glomerular capillary, arguing on teleologic grounds
that the hydrostatic null point should occur in the prox-
imal portion of the efferent arteriole in order to promote
maximal GFR and maximal reabsorption in the peritub-
ular capillary.124 His revised thinking was likely influ-
enced by the contemplations of Gomez.47

GLOMERULAR HEMODYNAMICS AND
MICROPUNCTURE

A full and direct assessment of the filtration forces
and hydraulic permeability in a mammalian glomerulus
was first published by Brenner et al. in 1971.19 Three

FIGURE 21.2 Filtration equilibrium illustrated in the glomeru-

lus (from ref. [29]).
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developments made this possible. First, a mutant rat
strain (Munich Wistar) was discovered with glomeruli
on the kidney surface making them accessible for glo-
merular micropuncture. Second, a servo-null device was
invented that enabled accurate and rapid pressure mea-
surements in capillaries and tubules.41 Third, a microa-
daptation of the Lowry method77 was developed for
measuring the protein concentration in a few nanoliters
of plasma which could be obtained by micropuncture
from a postglomerular arteriole.17

Given values for the pressure in the glomerular cap-
illary PGC and Bowman’s space PBS, pre- and postglo-
merular plasma protein concentrations c0 and c1, single
nephron 3H-inulin clearance SNGFR, and a simple
mathematical model for computing changes in the
ultrafiltration pressure PUF along the glomerular capil-
lary, it is possible to obtain values for the glomerular
plasma flow Q0 and ultrafiltration coefficient LpA. LpA
is the product of the hydraulic permeability Lp (see
Eq. (21.3a)) and the filtration surface area A.

The mathematical model for computing the physical
determinants of SNGFR from micropuncture data was
developed by Deen, Robertson, and Brenner in 1972.31

This model treats the glomerular capillary as a circular
cylinder of unit length and surface area, uniform per-
meability to water and small solutes, and zero perme-
ability to protein (see Figure 21.3). As in Eq. (21.3a), the
filtration flux at any point along the capillary is equal
to the product of the Starling force, ΔP2ΔΠ, and the
hydraulic permeability, Lp. SNGFR is obtained by inte-
grating the flux along the capillary length:

SNGFR5

ð1
0

JvUdx

5 LpA

ð1
0

ðΔP2ΔΠÞdx
5 LpAhPUFi

ð21:4Þ

where ΔP5PGC2PBS, ΔΠ1ΠGC2ΠBS and hPUFi is the
mean ultrafiltration pressure. The term LpA represents
the product of the hydraulic permeability Lp and filtra-
tion surface area A. For the non-dimensionalized
capillary, A equals unity. For the real capillary, micro-
puncture data do not distinguish between changes in
Lp and changes in A.

To perform the integration in Eq. (21. 4) it is nec-
essary to know how the integrand varies along the
capillary. In theory, both ΔP and ΔΠ should change
along the capillary, since PGC must decline due to
axial flow resistance and ΠGC must rise as water
moves from the plasma into Bowman’s space. It has
always been assumed that the decline in PGC along
the capillary is small relative to the increase in ΠGC.
This assumption was eventually justified by a three-
dimensional reconstruction of the rat glomerulus sub-
mitted to computational analysis.104 It is our custom
to ignore the small axial pressure drop and represent
ΔP as a constant, since including a 1�2 mmHg axial
pressure drop in the model has a minimal effect on
hPUFi. However, to better illustrate certain principles
in this chapter, we have incorporated a 1 mmHg
decline in PGC from the beginning to the end of the
glomerular capillary.

For the purposes of determining ΔΠ it is assumed
that all solutes in the system are either completely
impermeant plasma proteins that exert their full
osmotic potential (σ5 1, Ps5 0) and reside solely in the
plasma or small molecules that are freely filtered (σ5 0)
and contribute nothing to ΔΠ. Thus, ΔΠ is reduced to
the plasma oncotic pressure, ΠGC. The oncotic pressure
in a plasma sample is determined from the protein con-
centration c, according to an empiric relationship devel-
oped by Landis and Pappenheimer:

Π5α1c1α2c
2 ð21:5Þ

The values of α1 and α2 in Eq. (21.5) vary according
to the ratio of albumin to globulin in the plasma. When
Π is expressed in mmHg and c in grams per 100 ml,
for rat plasma, α1 and α2 are 1.73 and 0.28, respec-
tively.71 According to Eq. (21.5), ΠGC will increase from
18 to 35 mmHg along the length of a glomerular capil-
lary if the systemic plasma contains 6 g/dl of protein
and the nephron filtration fraction is 0.29. Such values
are typical of the rat.

LpA is computed from SNGFR and hPUFi, according
to Eq. (21.4). To obtain hPUFi it is necessary to know the
profile for ΠGC along the capillary. This profile is com-
puted from the following mass balance considerations
for protein and water. First are three conservation of
mass equations:

Q0 5 SNGFR
c1

c1 2 c0

� �
ð21:6aÞ

cQ5 c0Q0 ð21:6bÞ

Jv 52
dQ

dx
ð21:6cÞ

where Q0 is the nephron plasma flow and c0 and
c1 are the pre- and post-capillary plasma protein

FIGURE 21.3 Glomerular capillary represented by a homoger-

ous circular circular cylinder with unit length and surface area

(Q: Plasma flow; Jv: Filtration water flux; X: Axial position along
the capillary).
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concentrations. Differentiating Eq. (21.6b) and substi-
tuting Eqs. (21.6c), (21.5), and (21.3a):

dc

dx
5

c2

c0Q0
Jv ð21:7aÞ

5
LpUc2

c0Q0
ðΔP2 ðα1c1α2c

2ÞÞ ð21:7bÞ

A standard root-finding algorithm is used to obtain
a value for LpA by numerical integration of Eq. (21.7)
along the entire capillary to obtain an estimate for the
plasma protein concentration at the end of the capillary
(c1*) and adjust the value of LpA until c1* is arbitrarily
close to the measured value of c1.

c�1 5 c0 1
LPA

c0Q0

ð1
0

c2ðΔP2 ðα1c1α2c
2ÞÞUdx ð21:8Þ

In a typical experiment, SNGFR, ΔP, and c1 are mea-
sured in several nephrons. Most often, these para-
meters are not obtained from the same nephrons. The
mean values for an experiment are inserted into the
model to calculate the determinants of SNGFR for an
idealized nephron.

From the foregoing description, we see that SNGFR
is fully determined by ΔP, Q0, c0, and LpA. Typical

values for these parameters are shown in Table 21.1 for
Munich Wistar rats from two different breeding colo-
nies under different volume states. Conceptually,
SNGFR can be made to increase by raising ΔP, Q0 or
LpA or by reducing c0. But the magnitude of the depen-
dence on each of the four determinants depends on the
values of the other three. Some of these interactions are
shown in Figures 21.4�21.7 and discussed below.

Ultrafiltration Coefficient, LpA, and Filtration
Pressure Equilibrium

If the ratio of LpA to Q0 is great enough, then ΠGC will
rise to become arbitrarily near to ΔP at some point along
the glomerular capillary, resulting in filtration pressure
equilibrium. The remaining capillary surface downstream
from the equilibration point will not contribute to the
flux. It is possible to infer the presence of filtration equi-
librium from micropuncture data, but it is not possible to
know at what point along the length of the capillary equi-
librium occurs. Therefore, it is not possible to compute
actual values for hPUFi or LpA for nephrons in filtration
equilibrium. When Eqs. (21.4)�(21.8) are applied to data
from a nephron in filtration pressure equilibrium, the
values generated for LpA and hPUFi are respective

TABLE 21.1 Representative Micropuncture Data in Munich Wistar Rats from the Blantz Lab in San Diego and Brenner Lab in Boston.

Laboratory State of Hydration SNGFR
(nl/min)

ΔP
(mmHg)

Π0

(mmHg)
Q0

(nl/min)
LpA
(nl/s/mmHg)

Filtration Pressure
Equilibrium

Reference

Blantz Hydropenia 30 30.5 18.3 86 0.08* Yes 9

Euvolemia 31 37.2 19.7 121 0.06 No 137

Acute 2.5% plasma volume
expansion

45 42.2 18.2 177 0.05 No 137

Brenner Hydropenia 21 35.3 19.4 65 0.08* Yes 19

Euvolemia 32 33.4 19.4 114 0.08* Yes 59

Acute 5% plasma volume expansion 50 41.2 22.9 201 0.08 No 33

*Minimum estimate due to filtration pressure equilibrium. LpA values that show differently from the original papers were originally calculated based on a linear estimate of the
oncotic pressure profile and are recalculated here using the non-linear model.
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FIGURE 21.4 Pressure (left) and total flux

(right) along the length of the glomerular capil-

lary. In left panel solid curves represent plasma
oncotic pressure which rises due to removal of
water, while dashed line represents ΔP, which
declines by 1 mmHg along the capillary due to
flow resistance. SNGFR is the total amount fil-
tered at position 1. Other inputs include sys-
temic plasma protein concentration 5.8 mg/dl,
and LpA 0.08 nl/s/mmHg. Filtration ceases
where oncotic pressure rises to equal ΔP, which
occurs when incoming plasma flow, Q0, is low.
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minimum and maximum estimates for actual LpA and
hPUFi. If a change in LpA occurs while a nephron remains
in filtration pressure equilibrium, the equilibrium point
will shift along the capillary, but SNGFR will not be
affected. In order for SNGFR to be affected by a change in
LpA, the nephron must not be in filtration equilibrium.

A debate over whether filtration pressure equilibrium
occurs dates back to Homer Smith, who used conjecture
and teleology to argue both sides of the issue at different
points in his career (vide supra). Brenner and colleagues
found filtration equilibrium in each of 12 consecutive

published series, suggesting that filtration equilibrium is
universal for hydropenic or euvolemic Munich Wistar
rats. However, contrary data were generated by other
micropuncture laboratories. At one point, this led to con-
sternation.92 The issue was resolved after experiments
done with rats exchanged between different laboratories
led to the conclusion that filtration equilibrium prevails
in some rat strains or breeding colonies but not in others,
and that the difference is attributable to differences in
LpA.4 This finding detracts somewhat from teleologic
arguments for or against filtration pressure equilibrium.
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Left panel: Q05 50 nl/min. Right panel:
Q05 150 nl/min. Other inputs include sys-
temic plasma protein concentration 5.8 g/dl,
and LpA5 0.06 nl/s/mmHg. ΔP has little
effect on whether or not filtration pressure
equilibrium is achieved. In contrast, increas-
ing Q0 from 50 to 150 nl/min eliminates fil-
tration equilibrium regardless of ΔP.
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Nephron Plasma Flow, Q0

Q0 does not appear in the Starling equation for
water flux (Eq. (21.3a)) or in the flux integral that
defines SNGFR (Eq. (21.4)). Nonetheless, Q0 is an
important determinant of SNGFR. In fact, increased
renal plasma flow underlies many of the physiologic
increases in GFR that occur in the normal course of life,
such as during pregnancy6 or after protein feed-
ing.57,103,120 SNGFR is the simple product of LpA and
hPUFi (Eq. (21.4)). hPUFi becomes greater if the average
plasma oncotic pressure along the capillary is less.
Removing a given amount of water from the plasma
will cause a lesser increase in the plasma oncotic pres-
sure if that water is subtracted from a larger initial
plasma volume. Hence, increasing Q0 will cause onco-
tic pressure to rise more slowly along the capillary.
Therefore, increasing Q0 causes hPUFi to increase. The
precise effect of Q0 on the rate of rise in plasma protein
concentration along the nephron is described mathe-
matically in Eq. (21.7). SNGFR will be most sensitive to

changes in Q0 under conditions of filtration pressure
equilibrium where the filtration fraction remains con-
stant as Q0 increases. In filtration disequilibrium, c1,
ergo filtration fraction, will decline with increasing Q0

to reduce the impact of Q0 on SNGFR. Homer Smith
recognized that renal plasma flow should affect GFR
by this mechanism, and that his experiments (vide
supra) failed to confirm a plasma flow dependence of
GFR only because the particular tools that he employed
to manipulate the renal blood flow were confounded
by offsetting effects on PGC.

125

Systemic Plasma Protein Concentration, c0

In the idealized glomerulus, an isolated change in c0
will cause opposite changes in hPUFi and, therefore,
SNGFR. However, it is difficult to demonstrate this
experimentally because it is nearly impossible to manip-
ulate oncotic pressure of the arterial plasma without
affecting the neurohumoral milieu of the entire body,
thereby altering other determinants of SNGFR. In fact,
the circumstances associated with low oncotic pressure
in real life (e.g., generalized capillary leak, sepsis, malnu-
trition or nephrosis) are generally associated with a low
GFR. When c0 is manipulated by whatever means,
changes in other determinants occur to offset the impact
on SNGFR. These changes are discussed below under
“Interactions Among the Determinants of SNGFR.”

Hydrostatic Pressure, PGC, and ΔP

Whereas SNGFR is insensitive to LpA when Q0 is
low and insensitive to Q0 when LpA is low, SNGFR
will always be sensitive to an isolated change in ΔP
unless ΔP is so low as to be exceeded by the incoming
plasma oncotic pressure, in which case SNGFR will be
zero. This is true because the proportional increase in
hPUFi brought about by any increment in ΔP2Π0 is
relatively insensitive to the other determinants of
SNGFR. This is illustrated in Figure 21.5 and in the
lower half of Figure 21.6.

The interposition of the efferent arteriole between
the glomerulus and peritubular capillary provides a
simple mechanism for regulating ΔP independently of
Q0. Furthermore, this arrangement provides an oppor-
tunity to elicit reciprocal changes in PGC and pressure
in the downstream peritubular capillary PPTC. Tying an
increase in PGC to a decrease in PPTC has teleologic
appeal, as this will facilitate homeostasis of the effec-
tive circulating blood volume while stabilizing GFR. If
the efferent arteriole reacts to sustain PGC and reduce
PPTC during a decline in renal perfusion pressure or
effective circulating blood volume, then GFR will be
relatively spared from declining while filtration
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FIGURE 21.7 Effects of efferent arteriolar resistance (RE) on

SNGFR, nephron plasma flow (Q0), and glomerular capillary pres-

sure (PGC). In top right panel, PGC is made an independent variable
by manipulating RE. Effects on Q0 and PGC are nonlinear, because the
filtration fraction rises along with RE such that a lesser fraction of the
blood flow transits the efferent arteriole. The Q0 and PGC curves (bot-
tom) are insensitive to LpA. The apex of the SNGFR curve occurs
within the physiological range of PGC (48�52 mmHg). Medical treat-
ments for glomerular capillary hypertension that reduce RE until PGC

is normal will not reduce SNGFR. However, for PGC ,48 mmHg,
reducing RE will cause SNGFR to decline.
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fraction will increase, thus affecting both the hydraulic
and oncotic components of the Starling force that
drives reabsorption by the peritubular capillary.

Regulating the efferent arteriole in this way is
largely the purview of the renin�angiotensin system,
which figures prominently among the myriad neuro-
humoral mechanisms contained in models of blood
pressure and salt homeostasis. Angiotensin II is antina-
triuretic and constricts arterioles throughout the body
but, on balance, its effect on the glomerulus is always
to elevate ΔP.52,55,119,142 Thus, in spite of being a renal
vasoconstrictor, angiotensin II protects GFR from total
decline when the arterial blood pressure is low or
when the preglomerular resistance is high.

While unduly low PGC must impair glomerular fil-
tration, PGC and SNGFR are poorly correlated under
normal circumstances, as are PGC and arterial blood
pressure. This implies that the kidney generally pro-
tects PGC against the influence of arterial blood pres-
sure and employs determinants other than ΔP to effect
physiologically those changes in SNGFR that normally
occur throughout life. Furthermore, it has recently
been demonstrated that the preglomerular myogenic
elements, long associated with static renal blood flow
autoregulation, efficiently buffer the glomerular
capillary against systolic pressure pulses delivered at
the heart-rate frequency.76 Teleologic reasoning
behind sheltering the glomerular capillary from high
pressure is that high PGC augments wall stress in the
glomerular capillary, which elicits a trophic response.
If unchecked, this response will ultimately sclerose and
destroy the glomerulus. Therefore, high PGC is always
pathologic, and treating glomerular capillary hyperten-
sion has been a cornerstone of nephrology practice for
more than two decades. Some examples of glomerular
capillary hypertension include angiotensin II-mediated
hypertension,46 experimental glomerulonephritis,10,45

and residual nephrons after subtotal nephrectomy.3

It has been asserted, and commonly accepted, that
glomerular capillary hypertension also underlies glo-
merular hyperfiltration in early diabetes mellitus.58,151

However, there are more than 10 published micro-
puncture studies in which diabetic hyperfiltration
occurred in the absence of glomerular capillary hyper-
tension or in which glomerular capillary hypertension
was treated with no mitigating effect on diabetic hyper-
filtration.27,62,79,83,84,89,90,106,118,122,141,152 This does not
detract from the salutary effect of therapy to reduce
PGC, which applies to all glomerular diseases.5,73,82,136

Interactions Among the Determinants
of SNGFR

According to the standard model of Deen and
Brenner, SNGFR is completely determined by a set of

four parameters, which include P, Q0, LpA, and c0 (or
Π0). To state that SNGFR can be calculated from these
four determinants is a mathematical truism which
requires no consideration of how the four determinants
might correlate in actual physiology. In fact, the indi-
vidual components of the glomerular microvasculature
that influence determinants of SNGFR generally affect
more than one of them at a time. For example, an iso-
lated increase in resistance of the preglomerular arteri-
ole will directly reduce both ΔP and Q0 and will
reliably reduce SNGFR. In contrast, an isolated increase
in resistance of the efferent arteriole will directly aug-
ment ΔP and reduce Q0. Since these two effects exert
opposing influences on SNGFR, increasing efferent
arteriolar resistance might cause SNGFR to increase,
decrease or remain the same, depending on other cir-
cumstances. For example if PGC is low enough to be at
or below ΠGC, then raising the efferent resistance can
only cause SNGFR to increase whereas, if efferent resis-
tance increases toward infinity, Q0 must tend toward
zero while PGC cannot exceed the arterial blood pres-
sure and, therefore, SNGFR must decline. The point
where the impact of increasing the efferent resistance
switches from positive to negative is within the domain
of values that occur in vivo. Much of the acute renal
failure encountered in contemporary medical practice
occurs when drugs that reduce the ratio of efferent:
afferent resistance are taken by patients who operate to
the left of that point (see Figure 21.7).

There are other correlations between determinants
of SNGFR that are more difficult to explain. For exam-
ple, since LpA is computed as the ratio of SNGFR to
hPUFi, random uncorrelated errors in ΔP and SNGFR
will cause an inverse correlation to appear between ΔP
and LpA. Also, an isolated reduction in LpA, if suffi-
cient to reduce SNGFR, will remove a shunt pathway
for fluid to bypass the efferent arteriole, thereby
increasing ΔP. Furthermore, the physical orientation of
the glomerular mesangium relative to the intraglomer-
ular portion of the efferent arteriole allows activation
of the same contractile elements to simultaneously
reduce LpA and constrict the efferent arteriole.40 This
appears to explain why angiotensin II, the prototype
effector of glomerular hemodynamics, simultaneously
increases ΔP and reduces LpA,12 and why lyzing
mesangial cells with an antibody negates the effects of
angiotensin II on both ΔP and LpA.11

Another interesting interaction among two determi-
nants of SNGFR involves ΔP and the systemic plasma
oncotic pressure Π0. As mentioned above, experi-
ments targeted at confirming the role of Π0 as a
determinant of SNGFR are encumbered by the diffi-
culty in manipulating the plasma protein concentra-
tion independent of the neurohumoral environment.
To get around this, Brenner7 and Blantz9,13,140 drew
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upon a wide variety of infusion and exchange proto-
cols to alter the systemic plasma protein concentration
in multiple ways that were likely to yield contrary
effects on the effective circulating volume and hemat-
ocrit. These differences were roughly intended to can-
cel each other out and reveal the underlying impact
of Π0 on SNGFR, ΔP, Q0, and LpA. Both groups of
investigators confirmed that the four determinants of
SNGFR are not independent of one another. In partic-
ular, they discovered that, regardless of the experi-
mental means for invoking a change in Π0, a change
in Π0 causes a parallel change in ΔP, and reciprocal
change in LpA. In contrast, neither SNGFR nor Q0 are
predictably tied to Π0. Most remarkably, ΔP is so
strongly dependent on Π0 that the afferent effective
filtration pressure, ΔP2Π0, is independent of Π0. A
biophysical or anatomic explanation for this interac-
tion between Π0 and ΔP has not been forthcoming. It
seems, instead, that a physiological mechanism is
involved in autoregulating the afferent effective filtra-
tion pressure (see Table 21.2).

Brenner and Blantz also both observed an inverse
correlation between Π0 and LpA. It is possible that this
is an artifact of concentration polarization which causes
plasma proteins to accumulate near the capillary wall.
Concentration polarization will lead to an overestimate
of PUF, because the calculation of PUF will be based on
a lower value of Π than is present at the plasma inter-
face with the capillary wall. Using an overestimate of
hPUFi in Eq. (21.4) will lead to an underestimate for
LpA. If concentration polarization occurs in the glomer-
ular capillary, the effect will be greatest when c0 is
least. Hence, the appearance could arise of an inverse
dependence of LpA on c0, even though c0 has no actual
effect on the capillary wall. However, there is likely to
be enough scrubbing by red blood cells to prevent con-
centration polarization. Furthermore, concentration
polarization cannot explain the correlation between Π0

and ΔP. Finally, we have already discussed a mecha-
nism for the inverse relationship between ΔP and LpA.

Therefore, the inverse correlation of between LpA and
Π0 might arise because LpA is affected, as an innocent
bystander, by a mechanism that is postulated to autore-
gulate afferent PUF.

THE FILTRATION BARRIER AND
FILTRATION OF MACROMOLECULES

A striking feature of glomerular filtration is the abil-
ity of the capillary wall to discriminate among mole-
cules of varying size. Solutes up to the size of inulin
pass freely from the plasma to Bowman’s space, while
passage becomes progressively difficult for substances
that are larger such that all but the smallest plasma
proteins are screened almost entirely. Hence, when
describing the determinants of SNGFR, the concen-
tration of macromolecules in the filtrate is low enough
that these contribute negligibly to the Starling
forces. However, the filtration of small amounts of
macromolecules is important for other reasons. For
example, the plasma transiting a normal pair of human
kidneys in one day contains 50,000 grams of protein,
while the appearance of one gram per day of protein in
the urine is sufficient to establish the presence of glo-
merular disease. Discerning how this small amount of
protein winds up in Bowman’s space is key to explain-
ing how the filtration barrier operates normally, and to
understanding the physical aspects of glomerular
disease.

The filtration of a macromolecule is most often
quantified in terms of its sieving coefficient, Θ, which
is the ratio of solute concentration in the filtrate relative
to filtrand. The earliest direct test for protein in mam-
malian glomerular filtrate was performed by Walker in
1941, who reported that micropuncture fluid obtained
from Bowman’s space in rat, guinea pig or opossum
contained “either no protein or, at most, very small
amounts.” The assay in use at the time would have
detected an overall sieving coefficient for protein of
0.4%, which made it insensitive by later standards.146

Several subsequent micropuncture studies during the
1970s yielded widely varying amounts of albumin in
proximal tubular fluid, even within an experiment.
This variability was reasonably ascribed to contamina-
tion of samples by extratubular proteins, since only 1%
contamination of a tubular fluid sample with plasma
from the peritubular capillary would markedly alter
the apparent result.93 Performing micropuncture with
a system of concentric pipettes to reduce contamina-
tion, Tojo succeeded in confirming a strong inverse
relationship between TF/P inulin and albumin concen-
tration in fluid collected from rat proximal tubules due
to removal of filtered albumin along the proximal
tubule. By linear extrapolation to TF/P inulin of unity,

TABLE 21.2 Multivariate Regression Applied to Combined
Micropuncture Data from Brenner7 and Blantz126 to Test for
Interactions between ΔP and the other Determinants of SNGFR*

Dependent Variable Independent Terms in Multivariate

Regression

P (mmHg) Π0

(mmHg)
LpA
(nl/sec/mmHg)

Q0

(nl/min)

Regression coefficient 0.846 0.09 2726 10 B0

P-Value associated with
regression coefficient

23 10210 13 10210 0.750

*The original regression model included the protocol for manipulating the systemic
plasma protein and the lab where the work was performed, neither of which influenced
the result.
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which represents Bowman’s space, the sieving coeffi-
cient for albumin was estimated at 0.062%. Meanwhile,
the sieving coefficient of low molecular weight proteins
was almost 99%, confirming the size-selective nature of
protein sieving138 (see Figure 21.8). However, micro-
puncture remains an unwieldy technique for studying
glomerular sieving of macromolecules, and most of
what is known about glomerular sieving has been
learned by other means (vide infra).

Pore Theory

The glomerular capillary wall clearly screens solutes
according to size, and it is usually taught that the glo-
merulus also screens macromolecules according to
charge. The physical basis of molecular sieving is often
modeled using pore theory. In pore theory, the coupled
flux equations (Eq. (21.3a,b)) are modified to fit an
idealized model of the glomerular capillary wall. The
usual model consists of a solid barrier perforated by
cylindrical pores. In some models, the pores form a
homogenous population, while other models employ a
mixture of pores of different sizes. This paradigm for
describing the flow of material through porous mem-
branes was applied to diffusion and filtration of solutes
by capillaries, and an early review of the subject was
published by Pappenheimer in 1953.98 Mathematical
descriptions were developed for pores shaped like cir-
cular cylinders or rectangular slits. At about the same
time, theories were developed by others to explain the
migration of large solutes through fibrous gels.91 Given
what is now known about the physical structure of the

glomerular capillary wall, pores, slits, and fibrous gels
are all relevant to glomerular sieving. Hence, descrip-
tions based solely on cylindrical pores have become
more obviously phenomenological. Nonetheless, pore
theory remains the most popular paradigm for describ-
ing nuances of glomerular sieving in humans.13,29,72,86

Pore theory builds on the Kedem�Katchalsky flux
equations (Eq. (21.3a,b)) by associating the three mem-
brane parameters, Lp, Ps, and σs with an idealized
physical structure. This structure incorporates the
membrane geometry, the Stokes�Einstein radius of
the solute molecules, temperature, viscosity, and the
Boltzman constant. The solutes are represented by
rigid spheres that interact with the solvent medium
and with the pores, but not with each other. This
makes the problem mathematically tractable. The filtra-
tion properties of a membrane with circular pores turn
out to depend on two things: (1) the ratio of pore diam-
eter to membrane thickness; and (2) the overall fraction
of the membrane area covered by pores.

An explanation begins with Fick’s first law of diffu-
sion for a solute s:

Jdiffusions 52Ds
dCs

dx
ð21:9Þ

where:

Ds 5
RT

fN
ð21:10Þ

is the diffusion coefficient, N is Avogadro’s number,
and f is the frictional force that opposes diffusion of s.

According to Stokes’ law, a sphere of radius a falling
at unit velocity in a medium of viscosity:

Jdiffusions 5D0
Ap

δ
ΔCs

η faces a frictional force given by:

f 5 6πηa ð21:11Þ
Einstein39 combined Fick’s law of diffusion and

Stokes law to derive the diffusion coefficient for a
spherical molecule in free solution, D0, in terms of its
molecular radius a:

D0 5
RT

6πηaN
ð21:12Þ

Since actual molecules are not spherical, the
Stokes�Einstein radius, a, of a molecule is a virtual
quantity represented by a sphere of equivalent radius.
Using the Stokes�Einstein radius of a marker solute to
estimate the size of pores in a membrane will overesti-
mate the actual pore radius if the marker solute is flexi-
ble and can squeeze through a smaller pore than a
rigid sphere with the same Stokes-Einstein radius.

FIGURE 21.8 Albumin (a) and low molecular weight protein

(LMWP) delivery (b) along the nephron. Linear regression over the
domain of TF/Pinulin from 1 to 2 was used to calculate the protein
concentration in Bowman’s space (from ref. [80]).
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For the diffusion of small molecules through a mem-
brane that contains large pores, Fick’s first law is
rewritten:

Jdiffusions 5D0
Ap

δ
ΔCs ð21:13Þ

where Ap is the fraction of the membrane surface covered
by pores and δ is the membrane thickness. Therefore, the
diffusion through a membrane of a small solute with
known D0 is a convenient method to determine the ratio
of pore area to thickness for the membrane.

However, when the molecular radius of the solute
molecule is on the same scale as the pore size, diffusion
through the membrane is less than predictable from
Eq. (21.13). In other words, mobility of the solute is
restricted. There are two factors that contribute to
restricted mobility. First, there is steric hindrance to the
solute entering or residing within the pore. Second, sol-
ute molecules within the pore experience greater fric-
tion than predicted by Stokes’ law for solute molecules
in free solution. While it makes sense to us to represent
the steric hindrance by a reduced effective pore area
and the increased friction as a reduced effective diffu-
sion coefficient, most of the literature combines both
effects into an expression for the effective pore area.
This is described below.

Diffusion through a Porous Membrane: Steric
Hindrance and Altered Friction

Restricted passage of solutes of increasing molecular
radius is a basic property of membrane structures
made of impermeable matrix with pores or fibrous
gels. The basis for molecular sieving in all cases is the
exclusion of large solute molecules from a portion of
the membrane that is otherwise available to be occu-
pied by water and other small molecules. The formulae
for describing steric hindrance are different for pores
than for gels. Here we will describe the phenomenon
for cylindrical pores.

The center of a spherical molecule cannot approach
any closer than its own radius to the edge of any pore.
Hence, the fraction of a cylindrical pore, area Vp and
radius r, that is available to be occupied by a solute
with molecular radius a, is:

V

Vp
5

πðr2aÞ2
πr2

5 12
a

r

� �2
ð21:14Þ

Introducing solvent flow makes the steric hindrance
more complex. This was first addressed by Ferry who
added a term to account for laminar flow within the
pore43:

V

Vp
5 12

a

r

� �2
U 22 12

a

r

� �2� �
ð21:15Þ

The frictional drag on a solute molecule moving
through a pore is also different from that described by
Stokes’ law for a solute in an unbounded free solution.
The drag according to Stokes’ law for the unbounded
condition and the drag encountered in a pore are given
by Eq. (21.16a,b) for a solute moving with velocity u in
a fluid with velocity v. k1 and k2 are component drag
coefficients that weight the contributions of the particle
and fluid velocities. k1 and k2 are functions of a/r.

Theoretical treatments have provided approximate
solutions for k1 and k2 for particles in cylindrical
tubes.51 Determining values for k1 and k2 is computa-
tionally intense. For this reason, k1 and k2 were origi-
nally provided for only a few values of a/r and a
polynomial equation was fit to these points to allow
interpolation. This approximation expression was inac-
curate for a/r. 0.6, but this was the only method avail-
able until better computers were built in the 1970s.97

funbounded 5 6πηaðu2 vÞ ð21:16aÞ
fpore 5 6πηaðuUk1 2 vUk2Þ ð21:16bÞ

Accounting for steric hindrance and dividing
Eq. (21.16b) by Eq. (21.16a) to correct for the departure
from Stokes’ law, the diffusive flux is rewritten from
Eq. (13) to become:

Jdiffusions 5D0
Ap

δ
12

a

r

� �2
22 12

a

r

� �2� �� �

� u2 v

uk1 2 vk2

� �
ΔCs

5D0

Aeff

δ
ΔCs

ð21:17Þ

where Aeff represents the “effective” pore area and
depends on a/r as well as the solute and bulk flow
velocities. The combined effects of steric hindrance and
friction on Aeff are illustrated in Figure 21.9 using pub-
lished values for k1 and k2.

97 The approximation equa-
tion used by Landis and Pappenheimer in 1963 is also
shown71 where:

funbounded
fpore

5 12 2:104U
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� �
1 2:09

a

r

� �3
2 0:95

a

r

� �5
1?

ð21:18Þ
From Figure 21.9 it is clear that restricted diffusion

will cause a membrane to discriminate between two
solute molecules of different radii, even when the radii
of both are considerably less than the radius of the
pore. Also, note that Eq. (21.17) reduces to Eq. (21.13)
in the absence of bulk flow and as a/r approaches zero.

Pore Theory and Hydrodynamic Flow

It is allowable to describe bulk flow within a cylin-
drical pore using Poiseulle’s law as long as the pore
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radius is several-fold the radius of a water molecule.
Accordingly:

q5
2πr4

8η
dP

dy
ð21:19Þ

where q represents bulk flow within a single pore and
dP/dy is the axial pressure gradient along the pore. For
flow per unit area across a membrane, pressure is
replaced by the Starling forces113,117 such that:

Jv5
nπr4

8ηδ
ðΔP2ΔΠÞ5 Awr2

8ηδ
ðΔP2ΔΠÞ ð21:20Þ

where n is the number of pores per unit area and Aw is
the restricted pore area available to water. Comparing
Eq. (20) to Eq. (3a), the hydraulic permeability Lp for
an isoporous membrane is given in terms of the pore
radius r and the ratio of total pore area to membrane
thickness Aw/δ.

Lp 5
Awr2

8ηδ
ð21:21Þ

Combining Bulk Flow and Restricted Diffusion

The solute flux equation (Eq. (21.3b)) includes terms
for diffusion and advection. Advective transport and
restricted diffusion occur simultaneously in the glo-
merulus, and each contributes to the presence of large
molecules in the filtrate. Furthermore, convection and
diffusion are coupled, and this coupling must be unra-
veled for a full understanding of glomerular sieving.
We shall present two approaches to this that are both
based on pore theory and rely on the sieving coeffi-
cient, Θ, to draw inferences regarding the filtration bar-
rier. The first approach is the early work of
Pappenheimer, and the second approach is that of

Chang and Deen who based their method on the prior
work of Patlak. It is the latter approach to interpreting
sieving data that is used by most authors who publish
in the physiology or clinical literature nowadays.

There are some intuitive features of glomerular siev-
ing, and some that are not so intuitive. First, it is intuitive
that Θ cannot be a negative number, nor can it exceed
unity. If Θ exceeds unity, a model other than pore theory
is required to explain the flux. It is also intuitive that Θ
will approach unity for small solutes, and that Θ will
equal zero for any solute that is larger than the largest
pore. A feature that is not so intuitive is how intermediate
Θ can arise from an isoporous membrane, although we
have shown intermediate Aeff for an isoporous membrane
in Figure 21.9. Intermediate Θ also owes to the effect of
filtration rate on molecular sieving, which appears as the
second term in Eq. (21.3b). If the passage of a solute is
restricted relative to the passage of water, then the filtrate
will become diluted during filtration. This will give rise
to a concentration gradient for diffusion. Thus, the overall
sieving coefficient is determined by competition between
the filtration rate, which tends to dilute the filtrate, and
the restricted diffusion, which fights to reduce the con-
centration difference that arises from molecular sieving.

It is intuitive that, if Aeff is non-zero and Jv is low
enough, then solute will eventually equilibrate between
the plasma and Bowman’s space (Θ5 1). It is also intui-
tive that, at high rates of Jv, Θ will approach the ratio of
restricted pore area for solute relative to water.
Pappenheimer provided a quantitative expression for
Θ that satisfies these two conditions.71 This derivation
begins with a bulk-flow sieving step to create an initial
filtrate to plasma concentration ratio:

Cfitrate

Cplasma
5 ð12σsÞ5

As

Aw
ð21:22Þ
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FIGURE 21.9 Ratio of effective pore area Aeff to physical pore area AP that applies to diffusion of solute with radius a through circular

pore with radius r. The model accounts for steric hindrance and for friction; u and v are respective solute and bulk flow velocities. Friction is
calculated based on published coefficients.97 L�P refers to result generated by older method of Landis and Pappenheimer, which works well
for a/r ,0.6. Results shown in semi-log (left) and linear (right) formats.
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where C is the concentration of the solute in question,
Aw and As are the effective pore areas for water and
solute, and σs is the sieving coefficient from Eq. (21.3).
Next, diffusion is superimposed according to Fick’s
law. Assuming that the concentration gradient is con-
stant within the membrane:

Jdiffusions 5D0
As

δ
ðCplasma 2CfiltrateÞ ð21:23Þ

where D0 is the free solute diffusion coefficient and δ is
the membrane thickness. Summing the effects of bulk-
flow sieving and diffusion:

Cfiltrate 5
As

Aw

� �
Cplasma 1

J
diffusion
s

Jv
ð21:24Þ

Inserting Eq. (21.23) into Eq. (21.24) and rearranging
yields:

Θ5
Cfiltrate

Cplasma
5

11 D0Aw
Jvδ

� �
Aw

As
1 D0Aw

Jvδ

� � ð21:25Þ

The assumption of a constant solute gradient within
the membrane is a shortcoming of Pappenheimer’s
approach. This shortcoming was later overcome, based
on the work of Patlak100 who developed a more rigorous
approach for quantifying filtration�diffusion interac-
tions in isoporous membranes. Variations on the Patlak
approach form the basis for the pore models that are
applied to animal and clinical investigations of glomeru-
lar sieving nowadays.2 A modified Patlak equation for
solute flux begins again with the Kedem�Katchalsky
solute flux equation (Eq. (21.3b)). Diffusion-advection
coupling in Eq. (21.3b) is contained in the parameter Cs ,
which is the average value of Cs within the membrane.
However, Cs can’t be measured or derived without prior
knowledge of the coupled flux that we are trying to
determine. Therefore, the challenge is to come up with a
form of Eq. (21.3b) that doesn’t contain Cs . The first step
toward accomplishing this is to divide the capillary wall
of thickness δ into a series of infinitesimally thin laminae.
The Kedem�Katchalsky equation for a thin lamina is:

Js 52Ds
dCs

dy
1 Jvð12σsÞCs ð21:26Þ

where y is the position along the length of the pore,
which runs perpendicular to the membrane surface.
Next, separating variables and integrating across the
membrane yields:ðfiltrate

plasma

dy

2Ds
5

ðfiltrate
plasma

dCs

Js 2 Jvð12σsÞCs
ð21:27aÞ

δ
2Ds

5
1

2Ps
5

1

2Jvð12σsÞ
½lnðJs2Jvð12σsÞCsÞ� filtrateplasma

ð21:27bÞ

exp
Jvð12σsÞ

Ps

� �
5

Js 2 Jvð12 σsÞCfiltrate

Js 2 Jvð12 σsÞCplasma

� �
ð21:27cÞ

Making the substitutions:

Pe 5
Jvð12σsÞ

Ps
and Cfiltrate 5

Js
Jv

ð21:28Þ

and rearranging Eq. (21.24c) to solve for Js yields:

Js 5
CplasmaJvð12σsÞ
12 σsexpð2PeÞ

ð21:29Þ

Equation (21.29) expresses the solute flux as a func-
tion of plasma solute concentration, filtration rate, and
the membrane characteristics σs and Ps, without refer-
ring to Cs anywhere inside the membrane. Pe is the
Peclet number, which represents the ratio of advective
to diffusive solute flux.

The remaining steps involve relating Ps and σs to the
idealized membrane geometry using the equations for
the hydrodynamics of cylindrical pores developed above.

Ps 5
D0As

δAp
and σs 5 12

As

Aw
ð21:30Þ

PORE THEORY AND EXPERIMENTS IN THE

GLOMERULUS

To characterize the filtration properties of a particular
membrane by applying pore theory as described above,
one begins with tracer solute(s) of known concentration
(s) and Stokes�Einstein radii and a membrane of
unknown microscopic dimensions. The water flux and
sieving coefficient of the tracer solute(s) are measured
along with the filtrand tracer concentration(s) and trans-
membrane pressure. A best fit of these data is made to
the theoretical model, in order to determine the size and
density of idealized pore(s). A better fit can always be
achieved by allowing subpopulations of pores with vari-
ous sizes. This is often justifiable on grounds of common
sense. For example, in glomerular disease there is
increased permeability to macromolecules, but not to
water. This is easily explained by the appearance of a
small population of large pores (sometimes called
“shunts”) that allow for the passage of macromolecules
that are excluded from the main population of small
pores. A scant population of shunt pores could account
for most of the macromolecular sieving, but contribute
negligibly to the ultrafiltration coefficient, LpA, because
the pore area available to water is much larger.

To convert solute flux to overall sieving for the glo-
merulus, flux must be integrated over the entire capillary
surface. Using Cplasma to represent the plasma concentra-
tion of s and x as the position along the capillary:

Θs 5
1

Cplasmað0Þ
U

Ð 1
0 JsdxÐ x
0 Jvdx

ð21:31Þ
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But the forces driving Jv and Js change along the
length of the capillary, since Cplasma rises as filtration
occurs and Jv declines as oncotic pressure in the capil-
lary pressure rises. For the idealized cylindrical capil-
lary of unit length:

CplasmaðxÞ5
Cplasmað0ÞQ0 2

Ð x
0 JsðzÞdz

Q0 2
Ð x
0 JvðzÞdz

ð21:32aÞ

JvðxÞ5 LpðΔP2ΠðxÞÞ ð21:32bÞ
where Q0 is the incident plasma flow, and the oncotic
pressure Π is given by Eq. (21.5).

To solve for the total sieving of solute by a glomeru-
lar capillary, Eq. (21.32) is iterated to provide the
inputs for Eq. (21.29), which is then integrated along
the capillary according to Eq. (21.31). Although the
actual glomerular capillary bed is a complex and het-
erogeneous network of branching blood vessels, the
sieving coefficients predicted for the idealized homoge-
neous circular cylinder differ negligibly from those
predicted from a reconstruction that incorporates the
complex anatomy.105

SIEVING CURVES

In order to compute the size-selective properties of
the glomerular barrier it is necessary to know the siev-
ing coefficient Θ for multiple tracer solutes with differ-
ent radii. Therefore, tracer solutes are required whose
concentration in Bowman’s space can be measured or
inferred. Direct sampling from Bowman’s space is
inconvenient or impossible in most circumstances, so it
is usually necessary to infer sieving coefficient(s) from
urinary clearance(s). The sieving coefficient of a tracer
solute is equal to its urinary clearance divided by the
GFR, as long as the test solute is not secreted, reab-
sorbed or metabolized by the tubule. Polysaccharides
fulfill this criterion of being impervious to processing
by the tubule. Also, it is possible to generate mixtures
of polysaccharides with a range of Stokes�Einstein
radii. These mixtures can be used to plot Θ as a func-
tion of Stokes�Einstein radius with many data points
in a single experiment. These sieving curves can be
used to determine pore size and relative abundance of
different pores in heteroporous models.

The most commonly used tracer polysaccharide is
dextran, an inert polymer of glucopyranose. There are
over 50 published human and animal studies in which
the size selective characteristics of the glomerular bar-
rier have been analyzed from dextran sieving curves.
As a rule, dextran sieving data are consistent with a
two pore model109 of the glomerular capillary wall
where the vast majority are small pores with radius of
4.8�6.0 nm and the remainder are shunt pores with
radius exceeding 10 nm (reviewed in 144). However,

this use of dextran is seriously encumbered because
the equations of pore theory were developed for rigid
spheres, whereas dextran exists as a flexible random
coil.48 Due to its flexibility, a dextran molecule is far
less hindered at crossing the filtration barrier than a
rigid spherical molecule of equivalent Stokes�Einstein
radius.108 Based on pore sizes computed from dextran
sieving data, Θ for albumin (Stokes�Einstein radius
3.6 nm) should exceed the experimental value by
roughly 500-fold. The realization that this discrepancy
in Θ between albumin and 3.6 nm neutral dextran
owes mainly to the flexibility of the dextran molecule
has reduced the need explain the low sieving coeffi-
cient for albumin based on something other than size.
Hence, there is a lesser emphasis placed on the charge
selectivity of the glomerular capillary wall these days
than there was during the 1970s. Clearly, one must be
cautious when using dextran sieving data to predict
the sieving of non-dextrans. Nonetheless, dextran siev-
ing is reproducible and precise, and predicts the struc-
tural changes that befall diseased glomeruli, even
though they give a biased estimate of pore size.

Ficoll is an inert spherical sucrose polymer with
internal cross-linking that confers some rigidity.14

Ficoll has been tested against dextran in rats and found
to have a sieving coefficient substantially less than
size-matched dextran for Stokes�Einstein radii greater
than 3 nm.15,94 Lower sieving coefficients for Ficoll rela-
tive to size-matched dextran have also been confirmed
in healthy and nephrotic humans.1,13 However, Ficoll is
less convenient to use than dextran in humans, because
potential toxicity limits the amount that can be given.
Also, Ficoll molecules are more compressible than
globular proteins, such that pore sizes estimated from
Ficoll sieving data will overestimate the sieving coeffi-
cients of like-sized globular proteins, albeit to a lesser
degree than dextran.144

The glomerular sieving of polysaccharides is useful
to the extent that it helps explain the permselectivity for
endogenous proteins. Ultimately, however, the predic-
tions based on polysaccharide sieving must be verified
for proteins. As already discussed, the direct approach
of measuring protein sieving by micropuncture is diffi-
cult. There are other strategies that have been employed
to estimate sieving coefficients for proteins without
requiring micropuncture. We will mention two of these.
One alternative to micropuncture is to reduce the tubu-
lar processing of proteins by cooling the isolated per-
fused rat kidney to 8�C (cold IPK) to stop the tubule
from degrading or transporting filtered proteins, then
assuming that the filtered protein equals the protein
excretion. Adding furosemide and nitroprusside to the
cold IPK eliminates water reabsorption almost
completely, and reportedly yields stable values for albu-
min fractional clearance. However, GFR is low in the
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cold IPK and perfusate flow is high, which means that
the determinants of glomerular filtration are quite dif-
ferent than in vivo. This should pose a problem for the
cold IPK, since fractional solute clearance must depend
on the determinants of glomerular filtration rate given
that convection and diffusion both contribute to solute
transport.22 Nonetheless, cooling seems to have mini-
mal effect on the urine to plasma ratio for Ficoll, and the
cold IPK has been used to address a variety of issues
related to glomerular protein sieving.53,64�66,74,75,128

More recently, Tenstad et al. have made direct esti-
mates of glomerular sieving coefficents for proteins
based on tracer radioactivity retained in the kidney six
minutes after administering radiolabeled proteins to
rats. The rationale behind this approach is that there
exists a several-minute window of opportunity when a
tracer protein will remain in the kidney after being fil-
tered and taken up by the proximal tubule, and before
being degraded or reabsorbed back into the body. An
estimate of this time window was first made using
cystatin C, which is a freely filtered protein that is
completely degraded by the tubule. As such, the rate at
which cystatin C enters the urinary space is equal to its
plasma concentration3GFR. Administering a bolus of
labeled cystatin C along with a GFR marker, then stop-
ping the experiment at various time points and count-
ing tracer activity in the kidney, revealed that cystatin
C remains in the kidney for at least six minutes after
undergoing filtration.135 In tracer uptake experiments
using neutral horseradish peroxidase, myoglobin, and
charge-neutralized albumin, the sieving coefficients for
each of these proteins was significantly less than for
Ficoll or dextran of equal hydrodynamic radius.80 The
principle pore radius computed by pore theory is 3.75,
4.6, and 5.5 nm for protein, Ficoll, and dextran, respec-
tively144 (see Figure 21.10).

COMBINING FIBER MATRIX THEORY WITH THE

PORE MODEL

Using a wider range of dextran radii than previously
employed by others, Katz generated dextran sieving
curves that were not uniformly convex upward, but
flattened out slightly above 4 nm.68 This nuance could
be explained by a two-pore model in which the pores
were filled with a fiber matrix, but it could not be
explained by any open-pore model of equal complexity.
Citing the location of albumin molecules found in glo-
merular sections112 and confocal tracking of dextran in
isolated glomeruli,25 it was hypothesized that the albu-
min barrier does not reside in the GBM anyway, and
that the endothelial fenestrae, filled with fibrous glyco-
calyx, justify the mathematical model. The pore-matrix
model has features corresponding to the pore theory
model described above. For example, there is steric

hindrance due to the presence of the gel fibers. There is
also reduced solute mobility due to the gel fibers. The
specific formulae for these were developed from the
theoretical groundwork for gel permeation by solutes
provided by Ogston,91 and combined with pore theory
by Katz.68

Intravital Microscopy and Albumin Sieving

Glomerular permeability to albumin has also been
examined using intravital dual-photon microscopy. The
first measurements of glomerular albumin sieving by
the dual-photon method were reported in 2007 by
Russo et al. who administered fluorophore-labeled
albumin to rats, compared fluorescence intensity in
Bowman’s space to plasma, and concluded that the
albumin sieving coefficient is approximately 0.03,
which is 50-fold higher than previously reported by
any other method dating from the 1940s.113 Subsequent
application of the dual-photon technique by Tanner,
who used the same facility but a different brand of
microscope, failed to reproduce the finding, instead cor-
roborating the traditional view of an albumin sieving
coefficient less than 0.004, which was his lower limit of
detection.133 Peti-Peterdi also examined the filtration
barrier using dual-photon microscopy and came to the
same conclusion as Tanner, namely that the Russo find-
ing was in error.101 Peti-Peterdi has also argued that
fluorescence imaging is poorly suited to measuring glo-
merular sieving coefficients, because light absorption
and scattering by RBCs suppresses the apparent fluo-
rescence of plasma proteins, which will lead to an over-
estimate of Θ.102 So, after initial excitement over the
Russo finding, the prevailing opinion among

FIGURE 21.10 Sieving curves for dextran, Ficoll, and neutral
proteins constructed from the literature (taken from ref. [98]).
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investigators in this field remains that the glomerular
sieving coefficient of albumin is approximately 0.0006.

Charge Selectivity of the Filtration Barrier

Since the 1970s it has been generally accepted that
the glomerular capillary wall is less permeable to
proteins that are negatively charged. In addition to
the low Θ for albumin compared to neutral dextran
for equivalent Stokes�Einstein radius, the impression
of charge selectivity was supported by experiments
that compared sieving of anionic, neutral, and cat-
ionic dextrans.18,21 It has since been learned that
anionic dextran sulfate can be taken up by glomeru-
lar cells, desulfated, then secreted to appear in the
urine as neutral dextran.134,145 In addition, sieving of
dextran sulfate is reduced through binding to plasma
proteins.49 These effects could create the appearance
of charge selectivity of the filtration barrier where
none exists. Furthermore, other experiments using
Ficoll or hydroxyethyl starch failed to show a
charge-selective barrier to either of these alternative
polysaccharide molecules.50,116

Although the notion of charge selectivity for poly-
saccharides has lost some of its currency, the bulk of
evidence still favors the notion that charge selectivity
applies to the filtration of globular proteins. Rennke
showed a lesser sieving coefficient for anionic horse-
radish peroxidase (HRP) than neutral HRP in rats,107

allowing that part of the effect may have been due to
degradation of anionic HRP during filtration.96

Lindström showed charge selectivity for the somewhat
larger protein, lactate dehydrogenase.75 Making use of
the tissue tracer uptake technique described above,
Lund calculated sieving coefficients and reflection coef-
ficients for several proteins, including charge-neutral-
ized and native anionic human serum albumin. Θ for
anionic albumin was remarkably similar to the micro-
puncture result of Tojo (vide supra) while Θ for neutral
albumin was 10-fold higher80 (Table 21.3).

Theory of Charge Selective Sieving

Deen presented a theory for glomerular filtration of
charged solutes based on a homogeneous distribution
of fixed negative charges within the glomerular capil-
lary wall32 as idealized in Figure 21.11. The mathemati-
cal description of this model begins with an equation
for flux through an imaginary thin surface within a
membrane. This is the same as Eq. (21.26), except that
the full electrochemical potential is included in the dif-
fusion force to yield:

Js52Ds
dCs

dx
1 zsCs

dψ
dx

� �
1 Jvð12σsÞCs ð21:33Þ

where Ds5D0 �Aeff, zs is the valence of s and ψ is a
dimensionless electrical potential.

Next, it is assumed that there is electrochemical
equilibrium at both membrane-solution interfaces. This
allows the step change in Cs at each interface to be cal-
culated from the Nernst equation and the steric
hindrance:

Cs
0ð0Þ5Cplasmað12σsÞexpðzsðψplasma 2ψ0ð0ÞÞÞ

Cs
0ðδÞ5Cfiltrateð12σsÞexpðzsðψB:S: 2ψ0ðδÞÞÞ ð21:34Þ

where (’) refers to values within the membrane just
inside its interface with the plasma or Bowman’s space,
and B.S. refers to Bowman’s space. Within the mem-
brane, dψ/dx is small so that the same integration can
be done as was done to Eq. (21.27). Integrating from 0
to δ within the membrane and substituting and rear-
ranging yields the following charged-solute flux equa-
tion which is analogous to Eq. (21.29):

Js 5
CplasmaJvð12σÞexpðzsðψplasma 2ψ0ð0ÞÞÞ

12 expð2PeÞð12 ð12σÞexpðzsðψB:S: 2ψ0ðδÞÞÞÞ
ð21:35Þ

TABLE 21.3 Charge Permselectivity of the Glomerulus in Rats
Confirmed by the Tracer Uptake Method Using Neutralized or
Native Anionic Human Serum Albumin

Stokes�Einstein

Radius (Å)

Isoelectric

pH

Θ σ

neutral
albumin

35.0 7.4 0.0055 0.996

anionic
albumin

35.5 4.9 0.0006 0.9997

Adapted from data in Lund et al. (2003). Am. J. Physiol.80

Θ: glomerular sieving coefficient; σ: Staverman reflection coefficient. Since

these experiments were performed in vivo, they reflect the normal

contributions of diffusion and convection to albumin flux.

FIGURE 21.11 Idealized capillary wall with fixed negative

charge density Cm, which causes Donnan potentials (Ψ2Ψ’) to

form at interfaces of the membrane with the capillary lumen and

Bowman’s space. These Donnan potentials retard the flux of anionic
tracer T2 and accelerate the flux of cationic tracer T1 according to for-
mulae developed in the text (An: mobile anions; P2: anionic proteins)
(adapted from ref. [125]).

708 21. BIOPHYSICAL BASIS OF GLOMERULAR FILTRATION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



The two electrical potential differences in Eq. (21.35)
are next to be determined. These cannot be measured,
but are given by the Donnan potentials for Na1:

ψ2ψ0 5 ln
C0
Na1

CNa1

� �
ð21:36Þ

Since there must be zero net charge in each
compartment:

CNa 5CAn and C0
Na 5C0

An 1Cm ð21:37Þ
where An refers to mobile anions and Cm is the density
of negative charges in the membrane. At Donnan
equilibrium:

C0
An

CAn
5

CNa

C0
Na

ð21:38Þ

Combining Eqs. (21.37) and (21.38) yields a qua-
dratic equation for C0

Na with the positive root:

C0
Na1 5

Cm 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
m 1 4CNa1CAn2

p
2

ð21:39Þ

Inserting Eq. (21.39) into the numerator of
Eq. (21.36) gives the Donnan potentials. Inserting these
into Eq. (21.35) gives an expression for solute flux that
incorporates the effect of Cm. If Cm or zs is zero, this
reduces to Eq. (21.29), as it should. Θs for the glomeru-
lus is obtained by integrating Js along the capillary sur-
face as per Eq. (21.31).

Deen’s model predicts that a single parameter, Cm,
can account for charge selective sieving. This is shown
in Figure 21.12, where the theory was applied to
anionic dextran sulfate based on other model inputs
from the normal rat in which neutral dextran was used
to determine a pore radius.

This theory of charge-selective filtration has been
criticized, because isolated GBM was found to have too
low a density of anionic charge to satisfy model predic-
tions for what is required of the GBM to operate as bar-
rier to albumin.24 However, the inflated 5 nm pore
radius calculated from neutral dextran sieving may
account for the discrepancy. It should also be noted
that this model explains charge-related sieving entirely
on the basis of Donnan potentials at the two membrane
interfaces. It makes no allowance for any effect that the
fixed membrane charges might have on the steric hin-
drance or friction within the pore. Such effects are
likely, and would further reduce the amount of fixed
negative membrane charge required to account for any
degree of charge selectivity. To date, there is no theory
for quantifying this, although it has been argued that
the phenomenon of “charge screening” can be used to
show reduced partitioning of anionic proteins in the
glomerular capillary wall (vide infra). Furthermore, the
relevant Donnan potential may arise at the plasma

interface with the negatively charged endothelial gly-
cocalyx rather than the basement membrane, in which
case the charge density of the GBM is not the appropri-
ate straw man for arguments against charge-based
sieving (vide infra).

Endothelial Glycocalyx as the Barrier to
Macromolecules

It has been a challenge to determine which individ-
ual layer of the glomerular filtration barrier contributes
most to macromolecular sieving. Various investigators
at various times and with various methods have
argued for the GBM,20,42,60 filtration slit diaphragm,139

and endothelium.112 Overall, the glomerular endothe-
lium has received less attention than GBM and slit dia-
phragm with respect to permselectivity. Nonetheless, it
is arguably unwise to ignore the possibility of a proxi-
mal barrier, since the filter should clog if albumin is
allowed to permeate downstream and wedge against
the slit diaphragm.127

The glomerular endothelium is perforated with
fenestrae 20 times the diameter of albumin. So if the

FIGURE 21.12 Sieving coefficent (Θ) for dextran sulfate as

function of Stokes�Einstein radius, a. Cm-membrane fixed negative
charge density in mEq/liter. Valence, z, of dextran 5 0.2453 a. z5 0
is curve for neutral dextran (from ref. [126]).
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endothelium serves as a selective barrier to filtration
of macromolecules this property owes to the glycoca-
lyx that fills these fenestrae. Information about the
molecular dimensions and electrical properties of the
endothelial glycocalyx has accrued slowly, and lack
of such information has forestalled a definitive analy-
sis. Nonetheless, both experimental data and logical
arguments have emerged for the glycocalyx as an
important size and charge-selective barrier. The endo-
thelial glycocalyx forms a hydrated gel within the
fenestrae, and contains fixed negative charges on its
gel fibers. The effective permeability of a solute in a
gel relative to free solution (Deff) can be expressed as
the product of its diffusion coefficient in the gel rela-
tive to free solution (Dgel/D0) and the fraction of the
gel volume available to be occupied by the protein
(e.g., its partition coefficient, Φ).

Deff 5
Dgel

D0
Φ ð21:40Þ

Considering charge selectivity, it is conceivable that
electrostatic interactions with a negatively charged gel
might impede the transit of like-charged molecules by
reducing Dgel or Φ.

One way to study the role of electrostatic interac-
tions between proteins and gels is to inhibit these inter-
actions by increasing the ionic strength of the solvent,
which is the standard method for separating proteins
by size and charge on agarose gels in the laboratory.
Ions in the solvent have the effect of screening the
charged solute protein from the coulomb forces that
would otherwise be exerted on it by the fixed charges
on the gel fibers.

The following brief digression into the physical the-
ory of colloids (also known as Debye�Hückel theory)
explains how this phenomenon works. Adding a point
charge at a fixed position in any medium generates an
electric field that attracts mobile ions of opposite
charge. An electric field formed by those charges will
offset the field associated with the fixed charge so that
at some distance from the fixed charge, one can no lon-
ger “sense” its presence. If a fixed charge is added,
mobile charges will reposition in response, and it can
be shown from the density of repositioned charges that
the influence of the fixed charge decays exponentially
with distance. The reciprocal of the decay constant is
known as the Debye length. The Debye length can be
deduced by rearranging the equation for electrochemi-
cal potential into a Boltzman distribution for the con-
centration of redistributed charges, using a linear
approximation for the Boltzmann distribution to obtain
charge concentration as a function of voltage, then
inserting the result into the Poisson equation from clas-
sical electrical theory, which expresses the second

derivative of voltage as a function of charge density.
This yields:

CðrÞ5 l

d
exp

2r

d

� �
where d5

ffiffiffiffiffiffiffiffiffiffi
kBTε
q2C0

s
ð21:41Þ

C(r) is the probability density of relocated charges at
distance r from the fixed charge, d is the Debye length,
kB is Boltzmann’s constant, ε is the permittivity, q is the
elementary charge, and C0 is the baseline concentration
of mobile charges, e.g., the ionic strength of the buffer.
Accordingly, increasing the salinity of the buffer will
shorten the Debye length and the influence of the fixed
charge wanes almost completely beyond two or three
Debye lengths. For a material with a typical dielectric
constant and 0.15 molar mobile charges, the Debye
length is about 0.2 nm, which is similar to the differ-
ence between the main pore radius estimated from
sieving of neutral proteins (3.75 nm, vide supra) and the
molecular radius of albumin (3.6 nm).

Johnson et al. made use of charge screening to exam-
ine the role of electrostatic interactions on diffusion
and partitioning of bovine serum albumin in 6% sul-
fated agarose gels by varying the ionic strength of the
buffer from 0.01 to 1.0 molar. Increasing the ionic
strength to shorten the Debye length and reduce the
distance over which repulsive coulomb forces from gel
anions can be “felt” had minimal effect on the diffusion
coefficient for albumin, but caused a major increase in
its partitioning coefficient, Φ. Therefore, the anionic gel
poses a selective barrier to sieving of anionic proteins
not because it restricts the diffusive mobility of albu-
min within the gel, but because electrostatic forces
reduce the amount of space available within the gel to
be occupied by albumin.63

The notion of altering buffer strength to manipulate
the Debye length has also been applied to study the fil-
tration of charged proteins in the cold isolated perfused
kidney.129 Perfusion with physiologic concentration of
buffer salts (152 mM) yielded respective sieving coeffi-
cients of 0.11 and 0.045 for neutral and anionic horserad-
ish peroxidase (HRP). Reducing the total salts in the
buffer from 152 to 34 mM did not affect the sieving of
neutral HRP, but reduced the sieving coefficient for
anionic HRP by about half. Thus, there appears to be
selective screening-out of anionic HRP by the glomeru-
lus that increases along with the distance over which
coulomb forces between the barrier and albumin are
able to act. A note of caution is warranted when ascrib-
ing the effect of buffer salinity to charge screening within
the membrane, since increasing the buffer salinity will
also reduce the Donnan potential at the membrane�
solution interface, according to Eqs. (21.35)�(21.39).

Glomerular sieving properties have also been exam-
ined in the cold isolated perfused kidney of mice
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treated with glycosaminoglycan-degrading enzymes
intended to disrupt the endothelial glycocalyx. This
treatment was estimated to reduce the fiber charge
density by 10% and increased the sieving coefficient
for albumin by five-fold, but only increased sieving of
Ficoll by 1.5-fold, thus demonstrating that hyaluronic
acid, chondroitin sulfate, and heparan sulfate are
important for glomerular charge selectivity.61 If the
endothelial glycocalyx contributes to the screening of
albumin, this removes some of the burden of showing
how the GBM can do this when it appears that the
GBM contains too few fixed charges. Screening by the
glycocalyx at the interface with the well-stirred plasma
also reduces the burden on the epithelial slit dia-
phragm which might otherwise clog.

Recent inroads to understanding the filtration proper-
ties of the endothelial glycocalyx have also been made
with mathematics. Using computed autocorrelation
functions of electron micrographs, Squire et al. found
quasi-periodic 20 nm spacing of 10 nm fibers in the
endothelial glycocalyx of frog mesentery, and suggested
that the glycocalyx in fenestrated glomerular capillaries
could be similarly organized.131 Inspired by Squire et al.,
Zhang developed a formula for reflection coefficients in
a periodic array of parallel fibers. The Zhang model pre-
dicts a reflection coefficient for albumin of approxi-
mately 0.6, but it does not account for electrical charge,
and requires that flow occurs parallel to the fiber axis.150

Bhalla and Deen also developed a model based on
Squire’s version of glycocalyx geometry in which they
applied Debye�Hückel theory to incorporate the effects
of charge on osmotic reflection coefficients of macromo-
lecules in a membrane of parallel fibers bearing like sur-
face charge with flow parallel to the fiber axis.8 This
involved computing the electrostatic free energy for a
charged sphere interacting with a hexagonal array of
charged fibers. The sphere was assigned a size and sur-
face charge resembling albumin (20.2 coulomb-m22).
Charge densities were ascribed to the fiber array up to
the predicted charge density on chondroitin sulfate. At
zero fiber charge, the reflection coefficient matched the
prediction of the Zhang model. The reflection coefficient
was steeply dependent on fiber charge, rising almost to
unity within the tested range. So the current idealized
models suggest that the endothelium is a major barrier
to albumin, whereas the GBM is probably not.

Serial Membrane Models

The glomerular filtration barrier is built of multiple
layers arranged in series. The sieving coefficient for the
whole assembly differs from what is predicted by
deriving individual sieving coefficients for each layer
based on its own physical properties, then multiplying

these coefficients together. Conversely, the physical
characteristics of a given layer cannot be inferred from
its sieving coefficient as measured in situ. This is
because the sieving coefficient of a given layer is deter-
mined by its own physical characteristics, and by the
physical characteristics of all downstream layers. In
other words, for a filtration barrier consisting of two
layers arranged in series with upstream and down-
stream layers denoted by respective subscripts 1 and 2
and overall sieving coefficient Θ5Θ1Θ2, it can be
shown that Θ1 depends on Θ2. There are several conse-
quences of this. The most striking is that placing a less
selective layer upstream of a more selective layer actu-
ally causes the upstream sieving coefficient to exceed
unity, and causes the overall barrier function to deteri-
orate. This counterintuitive result can be deduced from
the solute flux equation, as follows.

We wish to describe the sieving of a solute that
exists in low concentration in the plasma. Solute con-
centration at the boundary interface between the
two layers is CB. By conservation of mass, Js and Jv are
constant throughout the barrier and solute concentra-
tion in the terminal filtrate is Js/Jv. Θ25Cfiltrate/CB rear-
ranges to CB5 Js/(JvΘ2). Starting with the solute flux
equation for the downstream layer, separating vari-
ables, integrating, defining the Peclet number, and
rearranging to solve for Θ2 gives:

expð2Pe2Þ5
Js2 Jvð12σ2ÞCB

Js2 Jvð12σ2ÞCfiltrate

Θ2 �
Cfiltrate

CB
5

12σ2

12 expð2Pe2Þ1 ð12 σ2Þexpð2Pe2Þ
ð21:42Þ

Next, we take the same approach to the upstream
layer and substitute Js/(JvΘ2) for CB to yield

expð2Pe1Þ5
Js2 Jvð12σ1ÞCplasma

Js2 Jvð12σ1Þ Js
JvUΘ2

� �
Θ1 �

CB

Cplasma
5

12σ1

Θ2ð12expð2Pe1ÞÞ1 ð12 σ1Þexpð2Pe1Þ
ð21:43Þ

Note that the expression for Θ2 (Eq. (21.42)) contains
no reference to upstream events, whereas Θ1 is affected
by Θ2 (Eq. (21.43)) such that reducing the sieving coef-
ficient of the downstream membrane increases the siev-
ing coefficient of the upstream membrane without
altering any of its physical properties Extending this
approach to the ith component of a membrane with n
series components gives:

Θi 5
12σi

Θi11Θi12. . .Θnð12 expð2PeiÞÞ1 ð12 σiÞexpð2PeiÞÞ
ð21:44Þ
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Some implications of the double layer filtration bar-
rier are shown graphically in Figure 21.13. Note that all
components of Θ approach unity as the Peclet number
approaches zero. This corresponds to zero SNGFR,
where the solute comes to diffusion equilibrium across
the membrane. For a single layer membrane at high
Peclet number (corresponding to high SNGFR) diffu-
sion becomes irrelevant, and Θ approaches 12 σ.
Placing a more selective layer downstream of a less
selective layer actually causes the upstream sieving
coefficient, Θ1, to exceed unity, and the overall barrier
function deteriorates. Adding an upstream layer of
equivalent selectivity to the downstream layer is equiv-
alent to doubling the thickness of a homogeneous
membrane. As expected, this halves the diffusion per-
meability, as manifest by Θ1� 0.5 at low Peclet num-
ber. Peclet numbers haven’t been measured for cell
layers of the glomerular filtration barrier, but Deen has
presented a logical argument against small Pe for albu-
min in the endothelial or epithelial layers.28

Structure-Based Models of the Glomerular
Capillary

Since the 1990s there has been progress toward relat-
ing the filtration properties of the glomerulus to its
actual physical structure. This is mainly the work of
Deen and colleagues, who apply modern numerical

methods in fluid mechanics to a specific structural
model that is based on morphometry.30,35 The defined
structural elements of the model include the endothe-
lial cells and fenestrae, the GBM represented as homo-
geneous porous material, and the epithelial cell foot
processes with filtration slits bridged by slit dia-
phragms. These elements form a filtering subunit
that is repeated many times to comprise the glomerular
capillary. Each filtration subunit consists of one
filtration slit, several fenestrae, and the GBM in
between (see Figure 21.14). Water movement is
assumed to be paracellular. In some instances
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FIGURE 21.13 Sieving coefficients for a filtration barrier consisting of two layers shown over a range of Peclet numbers. The upstream
and downstream layers are designated 1 and 2, respectively. Each layer has its own inherent reflection coefficient, σ. Cplasma, Cfiltrate, and CB are
the respective solute concentrations in plasma, filtrate, and at the boundary between the two layers. When the Peclet number is zero, there is
no bulk flow and the system comes to diffusion equilibrium with equal solute concentrations everywhere (all sieving coefficients 5 unity). (a)
One layer has σ5 0.99 and the other has σ5 0.90. The overall efficiency as a filtration barrier is markedly diminished when the less restrictive
layer is placed upstream of the more restrictive layer. (b) Placing a permeable layer (σ5 0) upstream of a restrictive layer yields a barrier that is
less efficient than the restrictive layer alone. (c) The sieving coefficient of the upstream layer (CB/Cplasma) is strongly influenced by the reflec-
tion coefficient of the downstream layer. Remarkably, when the downstream layer is only 10% more restrictive than the upstream layer, the
upstream sieving coefficient can exceed unity by several-fold. In other words, there is concentration polarization in the upstream layer. This
acts like a force for diffusion through the downstream layer, and explains the separation of the two curves in panel (a).

FIGURE 21.14 Left: Idealized structural unit of glomerular capil-
lary wall corresponding to one filtration slit. Right: Idealized struc-
ture of slit diaphragm in relation to GBM. Dimensions in nm: W 360,
L 200, w 39, rf 30, rc 2, 2u 206 15, Δ 500, fractional area of fenestrae
0.2, fractional area of filtration slits 0.11 (from ref. [145]).

712 21. BIOPHYSICAL BASIS OF GLOMERULAR FILTRATION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



consideration is given to the endothelial glycocalyx,
although untestable assumptions are required for this,
since the permeability characteristics of the glycocalyx
are not known.

The hydraulic conductances of the endothelium,
GBM and filtration slits are treated as separate conduc-
tances arranged in series such that the overall conduc-
tance is given by a reciprocal of summed resistance:

PUF

Jv
5

1

k
5

1

kendo
1

1

kGBM
1

1

kepi
ð21:45Þ

where PUF is the ultrafiltration pressure and k is the
hydraulic permeability.

By analogy to the first term in Eq. (21.3a), the
hydraulic permeability for a single endothelial fenestra
is equal to:

kendo 5
εFvZ

ðPG 2P0Þ
ð21:46Þ

where z is the direction perpendicular to the mem-
brane, vZ is the average z-component of the flow veloc-
ity within the fenestra, P0 is the average pressure at the
outflow, PG is the capillary pressure, and εF is the frac-
tion of the endothelial surface covered by fenestrae. P0

and vZ are determined from pressure and velocity
fields calculated by finite element analysis applied to a
simplified Navier�Stokes’equation, which relates fluid
flow to pressure and external forces acting on a fluid.

Hydraulic permeability of the basement membrane
is estimated from Darcy’s law, which describes the
flow of water through porous media when the struc-
tural details of the media are unknown:

v52rP kD
μ

ð21:47Þ

where v is the velocity vector, μ is the viscosity and
kD is the so-called Darcy permeability of the medium.
The Darcy permeability is related to Lp in Eq. (21.3a),
and must be determined empirically. Values for kD/μ
are available from measurements made on isolated glo-
merular basement membrane.26,37,110 It is a complicated
problem to solve for the pressures and flows within the
GBM due to streaming and bulging of the velocity and
pressure fields that arise, because fluid must enter only
through fenestrae and leave only through epithelial
slits that cover only part of the basement membrane.
These pressure and flow fields are determined numeri-
cally after setting the appropriate conditions for zero
flow in the z-direction at boundary areas covered by
cells, and setting the divergence of flow equal to zero
to satisfy conservation of mass for a noncompressible
fluid. Calculating kGBM in this way is somewhat artifi-
cial, inasmuch as the apparent conductance of the
GBM will increase along with the fraction of its surface

that is covered by fenestrae and filtration slits.
Therefore, as the number of fenestrae and filtration slits
declines, the apparent hydraulic resistance of the GBM
will increase even though there has been no actual
change to the GBM.

Hydraulic permeability of the epithelial layer
is calculated, again by applying the simplified
Navier�Stokes’ equation, this time to an ultrastructural
model of the filtration slit as a rectangular channel
bridged by fibers.34 This particular geometry for the
slit diaphragm is based on microscopy of Rodewald
and Karnovsky, who suggested that the filtration slit
consists of a central fiber connected by bridging fibers
to the cell membranes on either side (see
Figure 21.15).111 Solving the model reveals that the slit
diaphragm is the main site of resistance to flow
through the filtration slit, and that there is little resis-
tance to flow along the remainder of the filtration slit,
which is a channel whose walls are formed by two
adjacent foot processes. One caveat to these predictions
has arisen from molecular sieving data, which suggest
that the true pore dimensions provided by the
Rodewald�Karnovsky model are too small, and are
better explained if the slit diaphragm is represented by
a single row of parallel cylindrical fibers rather than
two rows of pores separated by a central fiber.38

However, a more detailed image of the slit diaphragm
has now been obtained by electron tomography which
validates the basic zipper-like configuration with
pores on each side that approximate the dimension of

110 Å

70 Å

110 Å

40 × 140 Å

390 Å

FIGURE 21.15 Schematic drawing of the epithelial slit dia-

phragm. Typical cross-sectional dimensions of pores between cross-
bridges are 403 140 D (from ref. [144]).
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albumin. As depicted by electron tomography, these
pores appear more irregular and tortuous than previ-
ously imagined.147

The morphometric parameters and hydraulic perme-
abilities calculated from the ultrastructural model of
Deen et al. are shown in Table 21.4, which also shows
that the hydraulic permeability predicted by the model
is consistent with values obtained by micropuncture in
normal rats. Some other predictions of the model can-
not be tested by micropuncture. For example, a main
prediction of the model is that the GBM and epithelial
layers contribute equally and, together, account for
most of the resistance to glomerular filtration. The
endothelial fenestrae pose little resistance to bulk flow,
except that reducing their fractional area reduces the
apparent permeability of the GBM. Furthermore, as
already mentioned, most resistance of the filtration slit
is due to the slit diaphragm, rather than to drag along
the length of the slit.

An important test of the model is that it predicts
changes in the ultrafiltration coefficient that occur
when the glomerular structure is altered. The model
has successfully forecast changes in ultrafiltration coef-
ficient brought about by manipulating dietary protein
and/or renal mass to alter glomerular morphology in
rats with adriamycin nephrosis.85

Computation based on morphometry has also been
employed to estimate glomerular ultrafiltration coeffi-
cient from renal biopsies in patients with reduced GFR
due to membranous or minimal change nephropthies36

and pre-eclampsia.70 In each of these conditions, GFR
was reduced in spite of normal PAH clearance. In

order for GFR to decline while nephron plasma flow
remains constant, there must be a decrease in either
glomerular ultrafiltration pressure or ultrafiltration
coefficient. While it is not possible to measure ultrafil-
tration pressure in humans, the determinants of
SNGFR have been extensively evaluated in a wide
range of animal models of glomerular disease. With
the single exception of cyclosporine toxicity,137 low
pressure in the glomerular capillary does not provide
the basis for low SNGFR in any of these models.
Therefore, it is reasonable to assume that ultrafiltration
pressure is not reduced in humans with idiopathic
nephrotic syndrome or pre-eclampsia, and that the low
filtration fraction in these patients is likely to be the
consequence of a decline in ultrafiltration coefficient.
Once this premise is accepted, there are several poten-
tial explanations for an apparent decline in ultrafiltra-
tion coefficient in a glomerulus. First, this could be due
to a loss of capillary surface area. Second, it could
result from mismatched blood flow among capillary
loops within the glomerulus, such that those loops
with low flow manifest filtration equilibrium early in
their course, which eliminates their latter portions from
contributing to the working area. A third mechanism
for reducing ultrafiltration coefficient could be to alter
the chemical composition of the GBM or slit diaphragm
to make them less permeable to water. Finally, ultrafil-
tration coefficient could decline due to changes in
geometry of the individual filtration unit. The latter of
these possibilities is amenable to testing by applying
computational fluid dynamics to morphometry. Based
on this approach, changes in geometry of the filtration
unit predict that the ultrafiltration coefficient will be
different between normal subjects and those with mini-
mal change disease, membranous nephropthy, and
pre-eclampsia. Although each disease has its own mor-
phology, reduced frequency of filtration slits, increased
basement membrane thickness, loss of fenestral area or
loss of capillary surface area predicted changes in the
ultrafiltration coefficient consistent with what would
be necessary to explain the associated declines in GFR,
given the reasonable assumption that glomerular capil-
lary pressure was not profoundly reduced, and a less
certain assumption that the Darcy permeability for the
GBM is unaffected. One interesting prediction of the
model is that, while the GBM is thickened in membra-
nous nephropathy, this has little importance to the
GFR because an even greater augmentation of the aver-
age distance traveled from fenestra to slit diaphragm
results from the lower filtration slit density, which
requires much of the filtrate to stream obliquely
through the GBM rather than crossing it directly.

In 2005 it was recognized that the visceral epithelial
cell body attaches to the GBM in such a way as to cre-
ate a semi-confined space downstream of the filtration

TABLE 21.4 Microstructural Parameters and Ultrafiltration
Coefficient in the Rat used by Drumond et al.*

Width of filtration unit 360 nm

Thickness of GBM 200 nm

Width of filtration slit 39 nm

Fractional area of fenestrae 0.2

Number of fenestrae per unit 3

Fractional area of slits 0.11

Darcy permeability of GBM 2.7 nm2

kendo 2.03 1027 m-s21-Pa21

kGBM 8.33 1029 m-s21-Pa21

kepi 8.63 1029 m-s21-Pa21

k 4.13 1029 m-s21-Pa21

k estimated from micropuncture
and morphometry

33 1029�53 1029 m-s21-Pa21

*Drumond et al. (1994). Am. J. Physiol. Renal Fluid Electrolyte Physiol. 266,
F1�F12.35 See also Figure 21.14.
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slit and upstream of the rest of Bowman’s space87 (see
Figure 21.16). It was further estimated that 60% of the
filtration surface is covered by this subpodocyte space,
and that the space between attachments constitute
pores through which filtrate must pass en route to
Bowman’s space. When analyzed in greater detail and
subject to mathematical modeling, it was estimated
that the resistance encountered by filtrate in exiting the
subepithelial space is likely to exceed that of the tradi-
tional 3-layer filtration barrier, and that pressure in this
space could, therefore, be three-fold greater than in
Bowman’s space.88 This poses a problem for prior
structure-based models, which accurately predict the
hydraulic permeability without this contribution to the
barrier.

SUMMARY

Details about the physics of glomerular filtration
have become known over the past century. Different
approaches to describing glomerular filtration employ
different admixtures of phenomenology and structural
detail. The spectrum of useful models extends from the
glomerular capillary as an idealized circular cylinder
with homogenous permeability to water and small
solutes and zero permeability to macromolecules, to a
tube perforated by discreet cylindrical pores with dif-
ferential permeability to solutes based on size and elec-
trical charge, to fiber matrix models based on the
physical theory of colloids, to representations that
incorporate actual physical dimensions to determine
the contributions of endothelial, basement membrane,
and epithelial layers to the filtration barrier.
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CELL BIOLOGY OF THE GLOMERULUS

Structure and Function of the Glomerulus
(Renal Corpuscle)

The glomerulus or renal corpuscle is comprised of
the glomerular tuft surrounded by Bowman’s capsule
and space. The tuft is a specialized microvascular bed
which contains three cell types including the fenes-
trated or sinusoidal glomerular endothelial cells, the
visceral epithelial cells known as podocytes, and
mesangial cells. The glomerular filtration barrier is
made up of the endothelial cells and podocytes
together with an intervening glomerular basement
membrane, and is the site of formation of the primary
urinary filtrate. In the average adult human with nor-
mal renal function, 180 L of primary urinary filtrate is
formed each day. The filtration barrier must permit
free passage of water and small solutes into the urine,
while retaining larger macromolecules in the blood.
The demands of such “high flux” filtration require that
the cell types of the glomerulus exhibit many special-
ized features, which will be discussed in this chapter.

In all mammals, the renal corpuscle appears as a
spherical structure, although its diameter varies to
some degree with the size of the organism. In humans,
glomeruli are approximately 200 μm in diameter, in
elephants 300 μm, in rats 120 μm, and in rabbits
150 μm.209,215,271 A normal human kidney contains
approximately one million individual glomeruli.

The central component of the renal corpuscle is com-
posed of a plexus of sinusoidal or fenestrated capillar-
ies that extend into Bowman’s space where the
primary urinary filtrate accumulates. The capillary

loops are held together by the mesangial cells, and
they are covered by a continuous layer of podocytes
(Figure 22.1). At the vascular pole, the podocyte layer
is continuous with the parietal epithelium of
Bowman’s capsule. Cells with intermediate phenotypes
(between podocyte and parietal epithelium) can be
observed at the transition zone. At the urinary pole of
the renal corpuscle, the parietal epithelium is continu-
ous with the epithelium of the proximal tubule
(Figure 22.2c).

At the site of transition between parietal and visceral
epithelium, the afferent and efferent arterioles enter
and exit the glomerulus respectively, this is known as
the glomerular hilum. After entering, the afferent arte-
riole branches to form a complex plexus of fenestrated
capillaries with loops at the urinary pole.64,197 The
mesangium is required for proper structure and forma-
tion of this plexus, and in its absence only a single bal-
looned capillary loop forms.64 The capillary loops
come into direct contact with the mesangium at dis-
crete points in a small region known as the juxtamesan-
gial portion. However, the majority of the loops are
found within Bowman’s space and are covered entirely
by the glomerular basement membrane and podocyte
foot processes.246 This is the surface area across which
filtration occurs. The branches of the afferent arteriole
give rise to individual vascular lobules within the glo-
merular tuft; each of these lobules contains its own
afferent and efferent capillary with some connections
between lobules. After looping at the urinary pole, the
efferent capillaries join to form the larger efferent arte-
riole, which exits the tuft at the glomerular hilum.
Along the length of the efferent arteriole, the

721
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00022-7 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00022-7


extraglomerular mesangium is gradually replaced by
typical smooth muscle cells64 (Figures 22.3 and 22.4).

GLOMERULAR ENDOTHELIAL CELLS

General Description

Glomerular endothelial cells are large, highly flat-
tened cells that form the innermost layer of the glomer-
ular capillary. Peripherally these cells are extremely
thin, and the cell body contains the nucleus and all the
cell organelles. The peripheral portions of the endothe-
lial cells contain numerous fenestrae, which are
50�100 nm pores that penetrate the cytoplasm158,241

(Figure 22.5). The luminal side of endothelial cells is
covered by a thick layer consisting of glycoproteins that
form “sieve plugs” in the fenestrae and the
glycocalyx.241

Formation of Glomerular Capillaries

Several transplantation studies have demonstrated
that the glomerular capillaries are formed largely by
vasculogenesis: endothelial cells are derived from
angioblasts believed to be intrinsic to the metanephric
mesenchyme.120,234,235 At E12.5, in mice before the for-
mation of immature vasculature, kinase insert domain
receptor (Kdr, also known as vascular endothelial
growth factor receptor 2 (Vegfr-2) or Flk-1) positive
angioblasts are present in the metanephric mesen-
chyme.235 In the S-shaped stage of the developing
nephron, immature podocytes start expressing vascular

endothelial growth factor-A (Vegfa), thereby attracting
Kdr-expressing endothelial cells to migrate to the vas-
cular cleft.65,68,225 Transforming growth factor-β1
(Tgfb1) induces apoptosis of the endothelial cells and
opens the capillary lumens.73

Fenestrae and Diaphragms

Ultrastructural analysis demonstrates that dia-
phragms are often observed in fenestrae of glomerular
endothelial cells in rodent embryos. Diaphragmed
fenestrae are formed in the S-shaped stage, and then
the diaphragms disappear from the capillary loop stage
onwards.121 The main component of the fenestration
diaphragm is type II transmembrane glycoprotein plas-
malemmal vesicle-associated protein-1 (Pv-1), but its
precise function is still unknown.249 Fenestrae in adult
glomerular endothelial cells do not have diaphragms121

(Figure 22.5); however, fenestrae bridged by dia-
phragms can be found along the intraglomerular seg-
ment of the efferent arteriole and its derivatives.64

Diaphragms can also be observed in a drug-induced
nephritis model, suggesting that diaphragms are
required in the development and remodeling of fenes-
trations, thereby compensating for the immaturity of
the barrier function in these settings.121

Glycocalyx/Sieve Plugs

The luminal membrane of endothelial cells is cov-
ered by a highly negatively-charged layer called the
endothelial surface layer (ESL). The relatively dense,
membrane-associated part of this layer is called the
glycocalyx, and the larger, less compact component is
known as the endothelial cell coat (Figure 22.6). The
main components of the ESL are glycoproteins, glycoa-
minoglycans (GAGs), and membrane-associated and
secreted proteoglycans.104 Ultrastructural examinations
with sophisticated specialized fixation techniques have
revealed that this layer also fills the fenestrae with slit
diaphragm-like “sieve plugs”.241 The thickness of the
glycocalyx is estimated to be 50�100 nm, and that of
the loose endothelial cell coat is considered to be
200�400 nm.115,129,165,242 The relative importance of the
ESL and sieve plug in the glomerular filtration barrier
is still controversial.

Functional Maintenance of Glomerular
Endothelial Cells: Insights from Studies of
Angiogenic Factors

A number of factors are involved in the maintenance
of glomerular endothelial structure and function, and
coordinate an elaborate cross-talk between endothelial

FIGURE 22.1 Scanning electron micrograph of a normal mouse
glomerulus. Glomeruli are spherical bundles of capillary loops, cov-
ered by structurally unique podocytes and their foot processes
(SEM3 1900). (Courtesy of Dr. Marie Jeansson, Mount Sinai Hospital,
Toronto, ON.)
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cells and other cell types of the glomerulus
(Figure 22.7).

Pdgfb/Pdgfrb

Platelet-derived growth factor B (Pdgfb) is secreted
from endothelial cells and binds its receptor (Pdgfrb)
on mesangial cells.161,165,272 Pdgfb or Pdgfrb knockout
mice have a defect in mesangial migration and a single,
dilated glomerular capillary loop14,161,272 (Figure 22.8).
Endothelial specific deletion of Pdgfb results in the
same phenotype as that seen in mice with a systemic
knockout.14,166 Also, this paracrine system requires
retention of the ligands in the pericellular space,
because mutants with deletion of the Pdgfb retention
motif demonstrate delayed mesangial migration and,
later on, proteinuria and glomerulosclerosis.69,166

Vegfa

Vegfa facilitates the formation of fenestrae in
cultured glomerular endothelial cells.67,69 Podocytes
produce large amounts of Vegfa that can bind to Kdr
on endothelial cells.67,68 Cell-selective deletion of Vegfa
from podocytes demonstrates that Vegfa signaling
is required for formation and maintenance of the
glomerular vasculature, its fenestrated phenotype and
the filtration barrier. Mice treated with soluble fms-
related tyrosine kinase-1 (sFlt-1, discussed below), a
decoy receptor of Vegfa, show striking attenuation
of endothelial fenestration, highlighting the necessity
for Vegfa in the maintenance of fenestration132

(Figure 22.5). In mutant mice that carry a podocyte-
specific gene deletion of Vegfa, a few endothelial cells
migrate into the developing glomeruli but they fail

FIGURE 22.2 (a): Histology of normal
human glomerulus. Hematoxylin-eosin
(HE) staining showing patent capillary
loops (CL) and vascular hilum (VH)
(LM3 600). (b): Histology of normal
human glomerulus. Periodic acid Schiff
(PAS) staining (LM3 600). (c): Rat glo-
merulus sectioned through the vascular
pole and the urinary pole. The afferent
arteriole (AA), the efferent arteriole (EA),
the extraglomerular mesangium (EGM),
and the macula densa (MD) can be
observed in this section. The orifice of
proximal tubule (P) can be seen at the uri-
nary pole (PE: parietal epithelial cells of
Bowman’s capsule; US: urinary space;
LM3 490). (d): Immunostaining shows
the three cell types found within the glo-
merular tuft (mouse glomerulus is shown)
(Green: Zo-15podocytes; red:
CD315 endothelial cells; yellow: des-
min5mesangial cells). The capillary
loops are outlined by podocytes.
Mesangial cells are located within the
capillary tuft and connect capillary loops
with each other (3 400). (a and b: Courtesy
of Dr. Paul S. Thorner, The Hospital for Sick
Children, Toronto, ON.)
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to develop fenestrations and rapidly disappear, caus-
ing renal failure and neonatal death.67,68 The deletion
of one allele of the Vegfa gene from podocytes leads
to a glomerular defect known as endotheliosis, charac-
terized by endothelial swelling and loss of fenestra-
tions � a universal feature found in thrombotic
microangiopathies. Overexpression of the major an-
giogenic Vegfa 164 isoform in podocytes results
in collapse of the glomerular tuft.67,98 Additionally,
patients receiving anti-VEGF therapy may
develop proteinuria due to thrombotic microangiopa-
thy (TMA) of the glomerulus with prominent
endotheliosis66,98 (Figure 22.9). Indeed, deletion of
Vegfa in mature podocytes of adult mice leads to
TMA.66,162 Taken together, these results indicate an
indispensable role for Vegfa in the development,
maintenance, and function of the glomerular vascula-
ture and filtration barrier. They also highlight the
importance of Vegfa paracrine signaling from the
podocyte to Kdr on glomerular endothelial cells.

sFlt-1 is an alternatively spliced soluble form of
VEGF receptor 1 (VEGFR-1)/Flt-1, and binds to VEGF
as a decoy, thereby acting as a potent inhibitor of
VEGF activity. Treatment of mice with adenoviral-

induced sFlt-1 leads to a massive reduction of endothe-
lial fenestrae133 (Figure 22.5b). sFlt-1 blood levels are
elevated in patients with pre-eclampsia162,179 and
administration of sFlt-1 to pregnant rats causes hyper-
tension and proteinuria with histological glomerular
endotheliosis. The endothelium is the most common
glomerular region affected in pre-eclampsia,157,179 sug-
gesting a functional role for sFlt-1 in the function of the
glomerular endothelium. A recent study also impli-
cated sFlt-1 in the pathogenesis of PR3-ANCA-associ-
ated vasculitis affecting the glomeruli.157,167

Tgfb1

Infusion of a neutralizing antibody against trans-
forming growth factor β1 (Tgfb1) to neonatal rats
causes a delay in glomerular capillary formation,
including the development of fenestrations.167,173 In the
choroid plexus, neutralization of both Tgfb1 and Vegfa
leads to decreased cerebral perfusion, vascular thorom-
bi, and a defect of fenestration, which does not occur
when either of these treatments are administered indi-
vidually.173,279 Thus, Tgfb1 also plays a crucial role in
the development and maintenance of glomerular endo-
thelial cells, and may work in concert with Vegfa.
Additionally, blood levels of soluble endoglin, an
antagonist of Tgfb1 are elevated in patients with pre-
eclampsia, and correlate with disease severity.
Administration of soluble endoglin in combination
with sFlt-1 to pregnant rats results in severe pre-

FIGURE 22.3 Schematic diagram shows the branching pattern
of glomerular capillaries. As soon as the afferent arteriole enters the
glomerulus, it divides into two to five branches to form the glomeru-
lar capillaries. The capillaries run toward the urinary pole, continuing
to branch, and then loop back to the vascular pole to unify and form
the efferent arteriole within the glomerular tuft. The efferent arteriole
possesses a significant intraglomerular portion (stippled), whereas the
afferent arteriole does not. (From Winkler, D., Elger, M., et al. (1991).
Branching and confluence pattern of glomerular arterioles in the rat. Kidney
Int. Suppl. 32: S2�8, with permission.)

FIGURE 22.4 Scanning electron micrograph of a glomerular

vascular cast. Afferent (A) and efferent (E) arterioles can be seen.
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eclampsia, including HELLP syndrome (hemolysis, ele-
vated liver enzymes, and low platelets).292

Angiopoietins

Another family of angiogenic factors required for
the development and homeostasis of glomerular endo-
thelial cells is the Angiopoetin�Tek signaling system.
Angiopoietin 1 (Angpt1) and Angiopoietin 2 (Angpt2)
are ligands for Tek tyrosine kinase (Tek/Tie-2). Angpt1
binds to the Tek receptor expressed on endothelial
cells, and causes its phosphorylation. This signal leads
to enhanced survival of endothelial cells, stabilization
of the endothelial cell-to-cell connection, and reduced

permeability.174,253,279 Angpt2 is considered to be a
competitive antagonist of Angpt1 by binding Tek but
not activating any intracellular signaling.174,253,320

There is some data, however, that suggests that Angpt2
can activate Tek signaling under certain condi-
tions.319,320 Angpt1, Angpt2 and Tek are all expressed
in developing kidneys.319 Angpt1 is expressed widely
in the condensing mesenchyme in the developing kid-
ney and its derivatives,250,319 and in mature podo-
cytes.250,318 Angpt2 shows a more restricted expression
pattern, localizing to endothelial cells, pericytes,
smooth muscle cells of cortical and large blood vessels,
and immature mesangial cells.318,319 Tek is expressed

FIGURE 22.6 Schematic diagram showing the endothelial surface layer (ESL). The relatively dense part of the layer close to the endothe-
lial cells form the glycocalyx, which consists of membrane-bound proteoglycans (PG), including syndecan and glypican. Syndecan carries both
chondroitin sulfate (CS) and heparan sulfate (HS) side chains, and glypican carries HS side chains. The ESL is comprised of secreted proteogly-
cans such as perlecan (mainly HS) and versican (mainly CS), as well as secreted glycosaminoglycans (GAG) including hyaluronan. It also traps
some plasma proteins such as albumin. (Modified from Haraldsson, B., Nystrom, J., and Deen, W. M. (2008). Properties of the glomerular barrier and
mechanisms of proteinuria. Physiol. Rev. 88: 451�487, with permission.)

FIGURE 22.5 (a): Scanning electron micro-
graph shows the inner surface of a healthy glo-
merular capillary and its beautifully fenestrated
endothelium. (B): Endothelial fenestrae are
largely reduced after 14 days treatment of mice
with soluble Flt-1 (SEM3 18,000). (From Kamba,
T., and McDonald, D. M. (2007). Mechanisms of
adverse effects of anti-VEGF therapy for cancer.
British Journal of Cancer 96: 1788�1795, with
permission.)
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both in mature and immature glomerular endothelial
cells.279,319 Angpt1 conventional knockout mice die at
embryonic day 12.5, thus precluding any analysis of its
role in the glomerular vasculature.146,279 In mouse
metanephric organ culture, recombinant Angpt1
enhances the growth of interstitial capillaries.146,247 A
recent report demonstrated that Angpt1 treatment of

isolated rat glomeruli reduced vascular permeability
and increased the depth of the glycocalyx layer.159,247

Cell type-specific/inducible knockout approaches,
however, have revealed a crucial role for Angpt1 in
glomeruli. Deletion of Angpt1 at E10.5 leads to a single,
dilated glomerular capillary loop without mesangial
migration in a portion (B10%) of glomeruli that is remi-
niscent of the Pdgfb/Pdgfrb mouse mutant phenotype
(Figure 22.10a,b). Although deletion of Angpt1 after
E13.5 doesn’t cause any immediate vascular pheno-
type, streptozotocin-induced diabetic mice with global
or glomerular-specific Angpt1 deletion develop
increased urinary albumin excretion, severe mesangial
expansion, glomerular sclerosis, and early mortality
(Figure 22.10c,d). Another report also demonstrated
that treatment of diabetic mice with Angpt1 recombi-
nant protein is protective for renal function.127,159

Angpt1 is therefore dispensable in quiescent, mature
glomeruli, but is essential in development and in the
vascular response to injury.80,127,217

Angpt2 knockout mice are briefly viable in the post-
natal period, and exhibit increased pericyte coverage of
peritubular capillaries. The mice die soon after birth
however, precluding analysis of the role of Angpt2 in
more mature capillary beds.52,80,217 Angpt2 overexpres-
sion in podocytes causes proteinuria and podocyte
apoptosis in formed glomeruli.52,308

Angiopoietin ligands seem to function in concert
with Vegfa. In Vegfa-rich conditions, Vegfa and
Angpt2 work together to promote sprouting.84,299,308

The precise degree of cross-talk between these path-
ways is still under investigation.

Ephrin-Eph Family

Ephrin-Eph molecules are another family of tyrosine
kinase signaling factors that are widely expressed in
the developing kidney. In other organs, they are
involved in the specification of arteries and veins, as
well as in neural development.84,282,299 In the develop-
ing kidney, the Ephrin B2 ligand is expressed in podo-
cyte precursors, but later it is expressed by endothelial

FIGURE 22.7 Soluble factors involved in the maintenance of

endothelial cells and the glomerular capillary structure. Schematic
diagram shows the location of secretion of soluble factors, and where
the associated receptors are expressed. Vegfa from podocytes is
required for the recruitment, survival, and maintenance of the endo-
thelial cells, and binds to its receptor Kdr. sFlt-1 works as a decoy,
but its precise function is still unknown. Angpt-1 is expressed in
podocytes and binds to the endothelial Tie-2/Tek receptor in a para-
crine fashion, whereas its antagonist, Angpt-2 is secreted from endo-
thelial cells and binds to the Tie-2/Tek receptor in an autocrine
fashion. Cxcl12 is secreted from podocytes and interstitial cells, and
acts on Cxcr4 in endothelial cells to regulate vascular development
and function. Pdgfb secreted by endothelial cells signals to the
Pdgfrb receptor expressed by mesangial cells, and is a critical factor
for their migration and maintenance. Endothelial cells also express
some vasoactive factors including NO and endothelins. Expression of
growth factors such as Tgfb, Ctgf, Igf, and Fgf are increased in dis-
ease conditions such as diabetic nephropathy, but their precise func-
tions under normal conditions are still unclear.

FIGURE 22.8 PAS stain of glomeruli from

E17.5 mouse embryos. (a): Normal mouse glo-
merulus. Arrows show normal fold of the base-
ment membrane. (b): Pdgfb2/2 glomerulus
shows a single open aneurysm-like capillary
loop without any mesangium (failure of mesan-
gial migration). There is no fold of basement
membrane (arrows).(From Betsholtz, C. (1995).
Role of platelet-derived growth factor in mouse devel-
opment. Int. J. Dev. Biol. 39: 817�825 with permis-
sion.)
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and mesangial cells.282,307 In adults, the EphB4 receptor
is mainly expressed in podocytes.5,307 Overexpression
of the EphB4 receptor causes defects of glomerular
arteriolar formation.5,307 Deletion of Ephrin B2 from
Pdgfrb-expressing pericytes and the mesangial cell
population results in abnormal glomerular tuft forma-
tion.7,76 Pharmacologic inhibition of EphB4 leads to
delayed recovery and extended injury of endothelial
cells and podocytes in a rat mesangial injury
model.280,307 Therefore, it seems this family is involved
in glomerular tuft formation and maintenance, but the
precise mechanism is still unclear.

CXCR4/CXCR7/CXCL12 Axis

Chemokine CXC motif receptor type 4 (CXCR4),
CXCR7, and Chemokine CXC motif ligand 12
(CXCL12) are also critical factors in the development
and maintenance of glomerular vasculature. Cxcr4 and
Cxcr7 are seven-transmembrane G-protein coupled
receptors, and Sdf-1/Cxcl12 is their cognate chemokine
ligand.7,281 A deficiency of Cxcr4 or Cxcl12 leads to a

FIGURE 22.9 A glomerulus showing thrombotic microangiopa-
thy from a patient who received anti-VEGF therapy, showing frag-
mentation of erythrocytes (FE: arrows) and foamy change (FC:
arrow) of endothelium.(Courtesy of Dr. Laura Barisoni, New York
University School of Medicine, New York, NY.)

FIGURE 22.10 Conditional deletion
of Angpt1 results in glomerular develop-

mental defects and enhanced diabetic

glomerular injury. (a): A normal glomeru-
lus at embryonic day 17.5 (E17.5). (b):
Early conditional deletion of Angpt1 gene
at embryonic day 10.5 (midgestation)
results in some abnormal glomeruli with
single open capillary loops similar to that
of Pdgfb-null mouse at E17.5. (c) and (d):
Late deletion of Angpt1 at E16.5 doesn’t
lead to any immediate phenotype.
However, after 20 weeks of streptozoto-
cin-induced diabetes, the diabetic mutant
mice that carry Angpt1 deletion show an
increase in mesangial matrix expansion
and sclerosis (d) compared with that
of diabetic controls (c) (LM3 1000).
(Courtesy of Dr. Marie Jeansson, Mount Sinai
Hospital, Toronto, ON.)
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failure of vasculogenesis and embryonic lethality.55,280

During renal development, Cxcr42/2 or Cxcl122/2

knockout mice show a ballooning of the glomerular
capillary loops which is reminiscent of Pdgfb/Pdgfrb
knockout mice.51,251,281 On the other hand, activation of
the CXCR4/CXCR7/CXCL12 axis appears to underlie
some glomerular diseases, such as rapidly progressive
glomerulonephritis (RPGN),55,216 diabetic nephropa-
thy,51,251,281 and hemolytic uremic syndrome
(HUS).116,212,216 It appears that Cxcl12 is secreted from
podocytes or interstitial cells, and acts on Cxcr4
expressed by the endothelial cells to regulate vascular
development and function.212,281

Glomerular Endothelial Cells as a Source of
Vasoregulators

Glomerular endothelial cells produce both nitric
oxide, a vasodilator, and endothelin-1, a vasoconstric-
tor. Nitric oxide is produced by NO synthases. Both
endothelial and inducible NO synthases are expressed
by glomerular endothelial cells in vitro and
in vivo.116,212,288,310 eNOS expression and activation is
at least partially influenced by Vegfa.212,288 In many
rodent disease models and human patients with kid-
ney diseases, overproduction of NO and its derivatives
has been observed.116,288,310 It is considered that exces-
sive NO production generated by inducible NO
synthase (iNOS) results in glomerular injury, whereas
NO generated from endothelial NO synthase (eNOS) is
protective by preserving endothelial survival and func-
tion.200,288,324 In diabetic patients, eNOS expression is
increased in renal endothelial cells, whereas iNOS
expression is preferentially upregulated in inflamma-
tory cells. The degree of eNOS expression is related to
the severity of the glomerular lesion and protein-
uria.116,286 Diabetic eNOS knockout mice develop more
severe glomerular lesions and greater albumin-
uria.114,200,324 In addition, excretion of NO-related pro-
ducts is often reduced in diabetic patients with
nephropathy.286,305

Endothelin-1 is a potent vasoconstrictor which binds
to one of two receptors: endothelin receptor type A
(Ednra); and endothelin receptor type B (Ednrb).
Binding of endothelin-1 to Ednra results in vasconstric-
tion, while binding to Ednrb causes vasodilation.114,315

In glomerular endothelial cells, Ednrb is dominant,
whereas Ednra is expressed by mesangial cells.71,305

Glomerular endothelial cells are also involved in the
renin�angiotensin�aldosterone system (RAAS). They
express angiotensin-converting enzyme (ACE) and
produce angiotensin II.63,315 The relative contribution
of the glomerular endothelium compared to the sys-
temic endothelium with regard to angiotensin II

production, however, is still unknown. Furthermore,
the potential role of angiotensin receptors in endothe-
lial cells is also unknown.

Summary

Glomerular endothelial cells form the first perm-
selective barrier in the glomerulus. The relationship
between their elaborate, fenestrated cell shape and
function is maintained by a network of various angio-
genic factors. Glomerular endothelial cells also contrib-
ute to the charge-selective barrier through the
negatively-charged glycocalyx.

MESANGIAL CELLS

Description

Mesangial cells are irregularly shaped cells which
extend processes from their cell body towards the glo-
merular basement membrane (GBM). The “mesan-
gium” refers to the mesangial cells together with the
mesangial matrix they produce71,141 (Figures 22.11 and
22.12). Mesangial cells provide structural support to
the glomerular tuft, produce and maintain mesangial
matrix, communicate with other glomerular cells by
secreting soluble factors, and may contribute to the glo-
merular capillary flow via their contractile properties.

Mesangial Cells Provide Structural Support to
the Glomerular Tuft

The mesangium forms the central core of the glo-
merular tuft. The processes which they extend towards
the GBM are densely populated by bundles of actin,
myosin, and β-actinin microfilaments.63,152 These pro-
cesses attach directly or by interposition of microfibrils
to the GBM. They also extend underneath glomerular
endothelial cells toward the mesangial angles of the
GBM, anchoring two opposing mesangial angles
together through their microfilament bundles
(Figure 22.12b). These microfilament bundles cross the
mesangial cells to tether opposing parts of the GBM
through α3β1 integrin and the basal cell adhesion mol-
ecule (BCAM) glycoprotein, which bind laminin α5 in
the GBM.141 These structures are believed to supply
protection from hydraulic pressure by providing
inward-directed tension.152

Mesangial Cells Produce and Maintain
Mesangial Matrix

The mesangial matrix fills the remaining spaces
between the mesangial cells and the perimesangial
glomerular basement membrane (GBM, for review
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see 152). This matrix is composed of a diverse array of
common matrix proteins including collagens type III,
IV, V, and VI; heparan sulfate proteoglycans including
biglycan and decorin252; and the elastic fiber proteins
fibronectin, laminin, entactin, and fibrillin-1, among
others.42,87,172,177,276 Fibronectin is the most abundant
of these, and is associated with microfibrils which net-
work to form the basic ultrastructure of the matrix.42,260

These microfibrils are unbranched and non-collage-
nous with a diameter of 15 nm, and form a dense
three-dimensional network that contributes to the
anchoring of mesangial cells to the GBM.152 It is
thought that these microfibrils allow for the transmis-
sion of mesangial cell contractile forces to the GBM.

Mesangial phenotypic changes are a hallmark of cer-
tain glomerular diseases such as diabetic nephropathy.
This condition is characterized by glomerular sclerosis
due to an accumulation of mesangial matrix and thick-
ening of the GBM. The sclerotic lesion contains an
abundance of type IV collagen normally present in the
glomerulus, but also contains types I and III collagen
which are usually absent but are produced by injured
mesangial cells.175

Signaling Molecules Involved in Mesangial
Cell Biology

Integrins

In addition to α3β1 integrin observed in connections
between the GBM and mesangial processes, α1β1,
α2β1, and fibronectin receptors α5β1 and α8β1 integ-
rins are expressed in the mesangial cells,13,142 and are
able to activate integrin-linked cell signaling. In the

FIGURE 22.12 (a): Transmission electron
micrograph showing a mouse glomerular capil-
lary. A mesangial cell (MC) extends its processes
to a capillary loop (C). Microprojections (arrow-
heads) from the primary process run toward the
glomerular basement membrane (GBM). As
shown by arrows, the endothelial cells are directly
connected to the mesangium. Podocyte foot pro-
cesses (FP) and fenestrated endothelium (E) are
shown (TEM3 13,500). (b): High magnification of
the juxtamesangial part of the capillary loop
showing direct contact of mesangium to endothe-
lium. Endothelial cells are attached to the mesan-
gial cell processes (MP) that connect opposing
mesangial angles. (arrows) (CL: capillary lumen;
US: urinary space; MM: mesangial matrix; FP:
foot processes; TEM3 23,000).

FIGURE 22.11 Transmission electron micrograph showing all
components of the glomerular tuft. The glomerular tuft is marked
by the GBM, which includes the pericapillary GBM (cGBM; between
podocytes and the endothelium) and the perimesangial GBM
(mGBM; between podocytes and mesangium). Glomerular capillaries
(C) are covered by podocytes at the periphery, and connected to the
mesangium, proximally. The mesangial cell body (M) possesses sev-
eral processes (some are marked by stars) which extend toward the
peripherally located capillaries. In the mesangial area, abundant
mesangial matrix (triangles) can be seen (US: urinary space;
TEM3 5500).
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absence of α1 integrin, cultured mesangial cells show
decreased proliferation, increased matrix production,
and altered intracellular signaling. Mice lacking α1
integrin exhibit more severe Adriamycin and diabetes-
induced glomerular injury,34,323 highlighting the
importance of matrix-related signaling. On the other
hand, removal of α2 integrin in mice leads to ameliora-
tion of glomerular damage in an Adriamycin and par-
tial renal ablation model.18 α8 integrin seems to
promote adhesion, but inhibits migration and prolifera-
tion of mesangial cells in vitro.13

Pdgfrb

Pdgfb is secreted from endothelial cells and binds to
Pdgfrb expressed in mesangial cells, where it exerts a
crucial role in mesangial migration and glomerular tuft
formation. Without mesangial cell migration, the loop-
ing of glomerular capillaries does not occur. This inter-
action is discussed further in the endothelial section.

Ephrin B2

As mentioned in the section on the glomerular endo-
thelium, deletion of Ephrin B2 from mesangial cells
and pericytes leads to abnormal glomerular tuft forma-
tion and reduced numbers of capillary loops.76 It’s
receptor, EphB4 is expressed in podocytes, suggesting
an interaction between the mesangium and podocytes.

Other Secretary Molecules and Receptors

Mesangial cells produce, and are also influenced by,
many growth factors including Tgfb1,257 connective tis-
sue growth factor (Ctgf),44,297 insulin like growth factor
(Igf),220,221 fibroblast growth factor (Fgf),75,221 and
hepatocyte growth factor (Hgf).46,48 Among these fac-
tors, Hgf antagonizes the pro-fibrotic actions of Tgfb1,
whereas the other factors are upregulated by mesangial
cells in disease conditions including diabetes or Thy1.1
nephritis, and facilitate glomerular matrix accumula-
tion.75,297 Vasoactive factors such as angiotensin II and
endothelins promote mesangial proliferation, and this
effect may be mediated by transactivation of the Egf
receptor.54,118 However, because of the lack of effective
tools for deleting genes specifically from mesangial
cells, the precise functions of these factors in normal
physiology remain to be determined.

Contractile Ability of Mesangial Cells

Because of the microfibrils and the contractile ability
of cultured mesangial cells, it has been assumed that
the mesangial cells regulate glomerular filtration by
controlling the capillary surface area, but concrete
in vivo evidence is lacking.85

THE GLOMERULAR BASEMENT
MEMBRANE

Description

The glomerular basement membrane (GBM) is a spe-
cialized extracellular matrix that sits between the podo-
cytes and vascular side of the filtration barrier. During
glomerulogenesis, components of the GBM are synthe-
sized by both the glomerular endothelial cells and
podocytes, forming a bilayered structure that later
fuses.189 Compared to basement membranes in other
tissues the GBM is unusually thick, measuring
240�370 nm in adults.189,210,274 Ultrastructural analysis
of the mature GBM shows a trilaminar structure made
up of a lamina densa surrounded by the lamina rara
interna and externa, which appear less dense.

Similar to other basement membranes, the GBM is
primarily made up of laminin, collagen type IV, nido-
gen, and heparan sulfate proteoglycans. However, the
GBM contains different members of some of these fam-
ilies compared to other basement membranes, includ-
ing laminin-521, collagen a3a4a5(IV), and agrin.2

Laminin and collagen type IV appear to be particularly
important for function of the GBM, as mutations in
these factors are associated with glomerular filtration
defects and renal disease.189 Components of the GBM
are continuously “turned over”,1 but it is not yet clear
how new components are added and old ones
removed.

Given the location of the GBM between the rela-
tively “open pores” of the endothelium and the podo-
cyte foot processes and filtration slits bridged by the
slit diaphragms, a major role for the GBM is to restrict
the passage of plasma proteins into Bowman’s space.
From the time of classic electron micrographic studies
of the GBM in the 1950s attempting to define the spe-
cific characteristics of the GBM that impart its perm-
selective properties, to the current molecular era, it is
still hotly debated which component represents the
major barrier. Current models suggest that all three
layers of the filtration barrier are likely important
(including the glycocalyx of the endothelial layer), but
relative contributions remain unknown. However, it is
clear that mutations in genes encoding specific GBM
proteins are sufficient to cause proteinuria and renal
failure, underscoring the importance of this layer to the
barrier.189

Laminin

Laminins are secreted as heterotrimers, which are
stabilized by disulfide interchain bonding. Each lami-
nin heterotrimer is composed of α, β, and γ chains that
combine with each other in nonrandom combinations
to form at least 15 different heterotrimers. The laminins
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are named by their composition; for example: α5β2γ1 is
named laminin-521 or LM-521.40,192 The heterotrimer
structure appears as a “cross” with one longer and
three shorter arms. At the COOH end of all α chains is
a laminin globular chain (LG) that extends beyond the
long arm. This LG domain interacts with cell surface
receptors such as integrins and dystroglycans that are
expressed by the podocytes.

Interactions between the laminin heterotrimers
themselves are mediated by subdomains found in the
shorter arms of the “cross.” Laminin also binds to the
network of type IV collagen via nidogen, and to agrin,
a heparan sulfate proteoglycan of the GBM.189 The
combined network of type IV collagen (see below) and
laminin provides mechanical properties to the base-
ment membrane, serving as a scaffold for the place-
ment of other matrix components.

During glomerular formation, laminin trimer com-
postion changes from LM-111 to LM-511, and finally to
LM-521.150,187,192 In the adult, laminins continue to be
produced by both endothelial cells and podocytes, as
the protein can be identified in the endoplasmic reticu-
la of both cell types.273

A series of reports confirm an important role for
laminins in GBM function. A mutation of laminin β2
results in Pierson syndrome in humans that is charac-
terized by ocular and neurological symptoms, and con-
genital nephrotic syndrome.204 This observation was
confirmed using knockout mice of laminin β2 that
develop proteinuria even before the onset of visible
ultrastructural changes to the podocytes.125 Recently,
the phenotype of the laminin β2 knockout mouse was
rescued by overexpression of laminin β1, suggesting
redundancy between laminin β1 and β2.117 Also, dele-
tion of laminin α5 in mice prevents the transition from
LM-111 to the mature LM-521 that leads to breakdown
of the GBM and failure of glomerular vasculariza-
tion.185 A mouse carrying a hypomorphic mutation of
laminin α5 also shows glomerular proteinuria, hematu-
ria, and cystic kidneys, suggesting the gene dosage of
the laminin α5 chain is crucial for the maintenance of
the GBM.119

Type IV Collagen

Collagen IV is another major component of the
GBM. Similar to other collagens, collagen IV is a tri-
meric extracelluluar matrix component made up of α
chains that are rich in Gly-X-Y amino acid
repeats.119,154 The type IV collagen family includes six
genetically distinct α chains that trimerize with each
other in specific combinations to make three types of
trimers with each other: (α1)2α2; α3α4α5; and (α5)2α6.
Each of these trimers is referred to as a protomer.
Protomers are secreted into the extracellular matrix,

where they self-polymerize and are subsequently
cross-linked by specific enzymes.188

Similar to laminin, the composition of type IV colla-
gen trimers undergoes a developmental switch in the
GBM. Early in glomerulogenesis (S-shaped stage), the
GBM is composed of α2/α1 chains, which are replaced
at the capillary loop stage by α3α4α5.3 Although a
basement membrane can form in the absence of type
IV collagen its structure is compromised, resulting in
variable defects in the filtration barrier depending on
the specific genetic mutation.188 In the adult kidney,
the type IV collagen α3α4α5 network is produced only
by podocytes.3

Mutations in any of the α3, α4 or α5 genes are asso-
ciated with glomerular disease in patients, emphasiz-
ing the key role that type IV collagen plays in
glomerular barrier function. The defects can be mini-
mal, as observed in patients with thin basement mem-
brane disease (also known as benign familial
hematuria). This disease is inherited in an autosomal
dominant fashion, and patients present with isolated
microscopic hematuria. As suggested by its name, the
GBMs show thinning. Thirty to forty per cent of the
patients exhibit mutations in COL4A3 or COL4A4.
Although originally assumed to be benign, FSGS has
been reported in Cypriot families with this disease.295

The same mutations in COL4A3 and COL4A4 inher-
ited in a homozygous fashion as an autosomal reces-
sive disease result in a more severe disease known as
Alport’s syndrome, a hereditary basement membrane
disease associated with progressive glomerulopathy
that leads to renal failure, and is associated with deaf-
ness and ocular abnormalities. The commonest form of
Alport syndrome is X-linked, caused by mutations in
the α5 chain (Figure 22.13). Goodpasture syndrome, an
autoimmune disease characterized by glomerulone-
phritis and lung hemorrhage, is mediated by antibo-
dies against the type IV collagen α3 chain.119

FIGURE 22.13 Transmission electron micrograph of the GBM

in a patient with Alport syndrome. Thickening, splitting and lamina-
tion of the GBM can be seen (TEM3 14,900). (From Rumpelt, H. J.
(1987). Alport’s syndrome: Specificity and pathogenesis of glomerular base-
ment membrane alterations. Pediatr. Nephrol. 1: 422�427, with
permission.)
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Intriguingly, recent studies have shown that a muta-
tion of the type IV collagen α1 chain causes hereditary
angiopathy with nephropathy, aneurysms, and muscle
cramps (HANAC syndrome); the renal manifestations
are characterized by hematuria and large bilateral
cysts.107 A rodent model of this mutation leads to
defects of the GBM,89 suggesting a functional role for
the α1 chain in the GBM, despite the prominence of
a3a4a5 trimers in mature type IV collagen.

Nidogen

Nidogen-1 and -2 (previously known as entactin-1
and entactin-2) are virtually ubiquitous basement
membrane glycoproteins. Nidogen-1 binds both lami-
nin and type IV collagen,77 suggesting that it is
involved in forming the GBM. However, it was dem-
onstrated that a single knockout of either nidogen-1
or nidogen-2 in mice results in no GBM pheno-
type.199,262 Although deletion of both nidogen genes
results in perinatal lethality, suggesting some over-
lapping roles of the two genes,11 the glomerular
basement membrane still forms apparently normally.
The exact role and requirement of nidogen in the
GBM is not yet known.

Proteoglycans

Heparan sulfate proteoglycans of the GBM are con-
centrated in the laminae rarae internae and externae,
and provide an electronegative charge to the
GBM.136,277 The major proteoglycans of the GBM are
heparan sulfate proteoglycans; most prominent is
agrin, but perlecan is also present.92,205 Although clas-
sical studies suggested that the negative charge of the
GBM was essential to retard passage of neutral and
negatively-charged macromolecules across the barrier,
this model has been challenged due to results obtained
from genetically modified mice. Podocyte-specific
knockout mice for agrin and/or perlecan, either in iso-
lation or together, does not result in proteinuria or
overt filtration defects.88,108 Current thoughts on the

glomerular charge barrier are discussed later in the
chapter.

PODOCYTES

Podocyte Morphology

Mature podocytes are highly-differentiated, polar-
ized epithelial cells that sit on the glomerular basement
membrane in Bowman’s space. They function as vascu-
lar support cells, wrapping around the underlying glo-
merular capillaries, providing growth factors necessary
for endothelial health and survival. Podocytes are char-
acterized by a highly arborized and unique cytoskele-
ton. They have a large cell body (Figure 22.14a) that
gives rise to a complex network of processes including
primary, major processes, which then continue to
branch as they extend around the glomerular capillary
loops until they form terminal foot processes. The foot
processes are the only point of contact between the
podocyte and the GBM (Figure 22.15a). The foot pro-
cesses of neighbouring podocytes interdigitate
(Figure 22.14b), and are connected to one another
through a specialized intercellular junction known as
the slit diaphragm (SD). The SD bridges the porous
filtration slits; these structures have been recently visu-
alized at high magnification79,236 (Figures 22.14b, and
22.15b). In disease, these structures can be dysregu-
lated, causing a disorganization of foot processes and
breakdown of the GFB (Figure 22.15c,d).

While the podocyte is terminally differentiated and
largely post-mitotic, the podocyte cell body contains a
number of organelles that are crucial to maintain its
high metabolic activity and secretory function, includ-
ing a large nucleus, abundant lysosomes, and many
mitochondria.196 In addition to producing factors nec-
essary for maintaining their own specialized architec-
tural cytoskeleton and protecting adjacent endothelial
cells, podocytes must synthesize many of the compo-
nents of the GBM in the mature glomerulus (reviewed
in 189).

FIGURE 22.14 Scanning electron micro-

graph shows podocytes wrapping around glo-
merular capillary loops. (a): Mouse podocytes
have a large, smooth-surfaced cell body (CB)
which branches into primary processes (PP),
which continue to branch as they wrap around the
capillary loop forming the actin-based foot pro-
cesses (SEM3 5600). (b): Scanning electron micro-
graph of rat podocytes. The filtration slits are
created between the interdigitating foot processes,
the terminal ends of the branching processes (FS)
(SEM3 5670). (Courtesy of Dr. Monika Wnuk,
Mount Sinai Hospital, Toronto, ON.)
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The structure of the cell body and the primary major
processes is determined by microtubules and interme-
diate filaments (vimentin, desmin, and nestin), while
the shape (width and length) of the foot processes is
largely determined by actin microfilament bundles.
The actin bundles form continuous loops that run lon-
gitudinally in the foot processes and end at the sole
plates, connecting adjacent foot processes associated
with a single, primary, major process (Figure 22.15b).
The loops of actin bundles are tethered to the microtu-
bules and intermediate filaments of the major pro-
cesses.196 This connection is thought to be mediated by
Tau, which is known to form connections between
microtubules and microfilaments and is concentrated
at these areas.145 In the foot processes, a complex sys-
tem links the slit diaphragm proteins, GBM receptors

on the basolateral side, and the actin cytoskeleton to
regulate the functional morphology of podocytes; this
will be discussed at greater length later.

Podocyte Development, Transcription Factors,
and Notch

Podocyte precursors first appear in the “S-shaped
body” phase of glomerular development as a columnar
epithelium attached along their lateral membrane by a
cadherin junction containing P-cadherin.36 This nascent
glomerulus is also populated by a thin epithelial layer
called the Bowman’s capsule, and a capillary loop that
begins to enter the glomerular cleft. As glomerular
development progresses, the primitive podocytes

FIGURE 22.15 Transmission electron micrograph of a normal and abnormal human podocytes. (a): Coronal section of a podocyte inti-
mately associated and lining a glomerular capillary loop (CL) cell body (CB) can be seen. Note the space (*) between the cell body and the base-
ment membrane as the foot processes are the only point of contact between the podocyte and the GBM. (b): High power transmission EM
shows podocyte foot processes (FP) attached to the glomerular basement membrane (GBM). Foot processes contain actin bundles (AB), and
adjacent foot processes are attached by their slit diaphragms (SDs). (c): Transmission electron micrograph of podocyte foot process effacement
in human focal segmental glomerulosclerosis (FSGS). (d): Scheme of podocyte foot process flattening. Left panel shows normal podocyte foot
processes, actin cytoskeleton supports its elaborated shape. Once the actin cytoskeleton is disorganized, podocytes are no longer able to keep
the foot process assembly, which results in fusion and flattening of foot processes (right panel). ((a)�(c): Courtesy of Dr. Dontscho Kerjaschki,
Medical University Vienna, Vienna, Austria; (b): From Ronco, P. (2007). Proteinuria: Is it all in the foot? J. Clin. Invest. 117: 2079�2082, with permis-
sion.)
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extend themselves around the capillary loop by an
unknown mechanism and differentiate into mature
podocytes. A number of transcription factors have
been identified that are expressed in the immature and
mature podocytes, including Wt-1, Pod1 (Tcf21),
Lmx1b, Kreisler (Maf1), and Foxc2.

Wt-1

The transcription factor Wt-1 is first expressed in the
metanephric mesenchyme, which contains progenitors
of the tubular and glomerular epithelium. As renal
development continues, its expression becomes
restricted to the renal vesicle, comma, and the S-shaped
body. Later on, its expression is observed in immature
and mature podocytes, which persists throughout life.

Wt-1 is a transcription factor with four zinc fingers
that can bind both DNA and RNA.24,25,61 There are
four major splice variants of Wt-1 mRNA, which may
be responsible for its variety of functions in develop-
ment and normal physiology.99 Embryonic loss of Wt-1
in mice leads to complete renal and gonadal agene-
sis,149 defects in the epicardium, lack of sub-epicardial
mesenchymal cells, and adrenal agenesis,194 suggesting
its important role in multiple organs.

Several mouse models underscore the importance of
Wt-1 function during nephrogenesis and in podocytes.
Postnatal deletion of the Wt-1 gene results in glomeru-
losclerosis with loss of podocyte foot processes and
molecular markers of differentiation such as nephrin,
atrophy of the exocrine pancreas and spleen, severe
reduction in bone and fat mass, and failure of erythro-
poiesis.30 In Wt-1 knockout mice, restitution of Wt-1
expression using a human derived Wt-1-YAC trans-
gene leads to a rescue of cardiac defects, but incom-
plete glomerular development.194 Furthermore, Wt-1
haploinsufficient mice develop adult onset mesangio-
sclerosis and glomerulonephritis.96,184

In humans, Wt-1 mutations are associated with two
glomerulopathies: Denys�Drash syndrome (DDS) and
Frasier syndrome (FS), which can both present early in
life and cause abnormal glomerular development. DDS
is caused by heterozygous mutations of the Wt-1 gene
that predominantly affect the zinc finger regions in
exons 8 (zinc finger II) and 9 (zinc finger III), and
directly interfere with the DNA-binding capacity of
Wt-1.214 The characteristic clinical picture of DDS is a
triad of congenital nephrotic syndrome, XY pseudoher-
maphroditism, and Wilm’s tumor.53,59 The chara-
cteristic renal lesion in these patients is diffuse
mesangiosclerosis due to increased matrix deposition
on the vascular side of the glomerular basement mem-
brane. Expression of the DDS mutation in mice, either
in podocytes or systemically, leads to various glomeru-
lar lesions similar to those of humans. Wt-1 is expressed
in podocytes, which are found on the opposite side of

the glomerular basement membrane (GBM) to the
mesangium. The glomerular lesion in DDS therefore
highlights the importance of interactions that occur
between podocytes on one side of the GBM and endo-
thelial cells or mesangial cells on the other side of the
GBM. Frasier syndrome (FS) is characterized by focal
segmental glomerular sclerosis, male-to-female sex
reversal, but no tumors. It results from a dominant
mutation that causes an inability to include an alterna-
tively spliced lysine-threonine-serine (KTS) sequence
after the third zinc finger102 of Wt-1. Interestingly, mice
engineered to exclusively express the variant that is
1KTS or 2KTS display normal induction of the meta-
nephric mesenchyme by the ureteric bud, but have mal-
formed glomeruli. These findings suggest different
roles for the alternatively spliced variants of Wt-1 in
glomerular development and maintenance.

While the contribution of Wt-1 to renal development
and maintenance is undeniable, its precise role is still
being elucidated. Human and animal models seem to
indicate it plays a role in regulating the expression of a
number of developmental genes. During early renal
development the regulatory gene Pax-2 is expressed in
the induced metanephric mesenchyme and ureteric
bud, but is absent in the mature renal epithelium. In
podocytes, the expression of Wt-1 coincides with a
downregulation of Pax-2, suggesting a role for Wt-1 in
transcriptional repression of this gene.244 Indeed, in
patients with DDS, downregulation of Wt-1 was associ-
ated with increased Pax-2 expression311; however, it is
unclear if this increased Pax-2 expression is pathogenic.
Recent advances in high-throughput technology for
assessing transcription factor activity have elucidated a
number of other Wt-1 regulated genes that are known
to play a role in renal development, including Six2,
Bmp7, Sall1, and HeyL.107

Wt-1 also plays a role in maintaining podocyte
homeostasis beyond development. The essential podo-
cyte slit diaphragm protein nephrin has been identified
as a transcriptional target of Wt-1, and is downregu-
lated in the glomeruli of mice lacking the Wt-1(2KTS)
splice variant.95,298 Furthermore, Wt-1 modulates the
podocyte glycocalyx through transcriptional regulation
of Podocalyxin213 and 6-O-endosulfatases Sulf1 and
Sulf2,259 which play a role in maintaining the charge of
the glomerular filtration barrier, podocyte foot process
separation, and bioavailability of essential growth fac-
tors such as vascular endothelial growth factor-α
(Vegfa) and fibroblast growth factor (Fgf)-2. In addition
to post-translational regulation of Vegfa bioavailability,
Wt-1 can also directly regulate expression of Vegfa,
which is essential to the maintainenance of the glomer-
ular vasculature.103,107 Given this wide range of regula-
tory functions, it is still unclear what is responsible for
the pathology observed in DDS and FS patients, but it
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is likely a convergence of a number of these signaling
networks.

Lmx1b

Lmx1b encodes a Lim-domain protein that is
mutated in Nail�Patella syndrome.31,60 In mice lacking
Lmx1b, podocytes retain their immature cuboidal phe-
notype, fail to form foot processes or endothelial fenes-
trations, and have a split glomerular basement
membrane.237 These findings are associated with a con-
comitant downregulation of Vegfa, Synaptopodin,
Nphs2, type III collagen α4 (Col3a4), and type IV colla-
gen α4 (Col4a4). Lmx1b-binding elements in the Nphs2
and Col4a4 promoter regions suggest that this occurs
through direct transcriptional regulation.191,237

Tcf21

Tcf21 (also known as Pod1/Capsulin/Epicardin)
encodes a basic helix-loop-helix transcription factor
that is highly-expressed in the developing kidney,
lung, intestine, and pancreas at sites of mesenchy-
mal�epithelial interaction.224 In the developing mouse
kidney, it is expressed in the condensing mesenchyme,
and knockdown of Tcf21 expression in renal explants
causes decreased mesenchymal condensation and ure-
teric bud branching.224 Subsequently, Tcf21 expression
is restricted to the primitive podocytes of the S-shaped
bodies, and genetic deletion of Tcf21 in mice leads to
failure of podocyte terminal differentiation223

(Figure 22.16). Tcf212/2 knockout mice have a marked
reduction in glomerular number, and the remaining
glomeruli are developmentally arrested between S-
shaped body and capillary loop stages.

Kreisler

Kreisler (Mafb) encodes a basic domain leucine zip-
per transcription factor that is expressed in podocytes
at the capillary loop stage of glomerular develop-
ment.245 Mice with a homozygous enu mutation of
Kreisler show a similar but milder phenotype to those
with a Tcf21 deletion. They are born with glomeruli
arrested at the capillary loop stage, and podocytes that
adhere to the GBM but fail to form foot processes.245

Kreisler mutants, however, express Tcf21, suggesting
that Tcf21 is either upstream of Kreisler in podocyte
development or acts by a different mechanism.

Foxc2

Foxc2 is a winged helix transcription factor that was
identified during a screen of enriched genes in mRNA
isolated from glomeruli at different stages of develop-
ment.284 Foxc2 is first expressed in putative podocytes
during the comma shaped body stage of glomerular
development, and as such is the earliest known podo-
cyte marker. Glomeruli from Foxc22/2 mice display
aberrant podocyte foot process formation, mesangial
cell clustering at the base of the glomerular tuft, and
swollen endothelial cells lacking fenestrae,284 similar to
Tcf212/2 mutant mice. In these mice, the endothelial
and mesangial defects are thought to be secondary to
the podocyte defects. Gene array of Foxc22/2 glomeru-
li identified over 700 differentially regulated genes.
Notably, however, there was a strong downregulation
of Nphs2, Col4α3, and Col4α4, which are fundamental
to slit diaphragm assembly and GBM formation.

Notch

The Notch family includes four well-conserved
genes that encode transmembrane receptors involved
in cell fate specification and development from inverte-
brates to mammals. Notch is fundamental in the seg-
mentation of the metanephric mesenchyme into 20
functionally-distinct cell types segregated into different
compartments along the nephron.

During normal development, Notch2 is expressed in
condensing structures of the metanephric mesen-
chyme, such as the metanephric vesicles, comma-
shaped bodies, and S-shaped bodies, but is eventually
restricted to differentiating podocytes in more mature
glomeruli.181 Jag1 is the Notch2 ligand thought to be
important for glomerular differentiation. During devel-
opment, it is expressed in renal vesicles, comma-
shaped bodies, and S-shaped bodies.32 In more mature
glomeruli it then localizes to the inner region of the
glomerular tuft to endothelial and/or mesangial
cells.181 Mice homozygous for a hypomorphic mutation

FIGURE 22.16 Transmission electron

micrograph of podocyte foot processes at

E18.5. Normal mouse podocytes show
organized foot processes assembly (a),
whereas Tcf21 null mouse podocytes dem-
onstrate defects of foot process develop-
ment (b).
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in the Notch2 gene exhibit hypoplastic kidneys, and an
arrest of glomerular development prior to the capillary
loop stage.181 A conditional inactivation of Notch2
from nephron progenitor cells results in a more severe
“distal tubule only” phenotype, with a complete failure
of glomerulogenesis and proximal tubule formation.35

In humans, mutations in Jag1 or Notch2 cause
Alagille syndrome, an autosomal dominant disorder
characterized by the presence of cholestatic liver dis-
ease, cardiac disease, ocular abnormalities, skeletal
abnormalities, and characteristic facial fea-
tures.164,182,206 A large proportion of Alagille patients
also develop renal disease characterized by glomerular
lesions, cystic kidneys, and ultimately renal failure.182

Taken together these studies suggest an important role
for Notch signaling in establishing the proximal�distal
orientation of the nephron, and segmentation of the
proximal structures.

Recent evidence also reports a crucial role for the
Notch pathway in the maintenance of mature podo-
cytes. In patients with a variety of proteinuric nephrop-
athies, including diabetic nephropathy and FSGS,
activation of the Notch pathway was observed in podo-
cytes.198,202 Furthermore, upregulation of Notch
expression in podocytes of transgenic mice results in
severe proteinuria and glomerulosclerosis with dedif-
ferentiation of podocytes.300

Podocyte Slit Diaphragm Assembly

The attachments between foot processes are com-
prised of the “slit diaphragm” (SD). SD assembly is an
important part of glomerular development, as it is inte-
gral to the correct interdigitation of podocyte foot pro-
cesses. The SD, which is visible by high power electron
microscopy, is a structure that connects adjacent foot
processes. It consists of a complex of transmembrane
proteins and cytoskeletal adaptor proteins that link
adjacent foot processes to the complex actin cytoskele-
ton of the podocyte and make up a component of the
protein barrier (reviewed in 101,115,129,242,289). While the
relative importance of the endothelial layer versus the
glomerular basement membrane versus the podocyte
SD in maintaining the perm-selectivity of the glomeru-
lar filtration barrier is debatable, studies in humans
and mice have shown that SD components are essential
to this function.

In 1974 Rodewald and Karnovsky described the slit
diaphragm as rod-like units connected in the center to
a linear bar forming a zipper-like pattern with
pores.76,236 They hypothesized that because of the size
of these pores (40 Å3 140 Å), the slit-diaphragm was
the principal filtration barrier to plasma proteins in the
kidney.

Nephrin

While this first description of the SD shed light on
the filtration function of podocytes, the molecular com-
position of the SD remained poorly-defined. However,
the discovery that a mutation in the NPHS1 gene
causes Congenital Nephrotic syndrome of the Finnish
variety143,160 suggested that dysregulation of SD struc-
ture can cause glomerular disease. This disease is char-
acterized by massive proteinuria in utero, lack of a slit
diaphragm, and abnormal foot process formation. The
NPHS1 gene encodes a 180 kDa transmembrane pro-
tein of the immunoglobulin superfamily called nephrin
that is expressed in the glomerular podocyte, and loca-
lizes specifically to the SD.117,243 These findings defined
the importance of nephrin to the formation and mainte-
nance of a normal SD, and led to the postulation of a
“zipper-like model” of nephrin assembly in the SD.
Accordingly, it is considered that the SD is the princi-
ple structure of the glomerular filtaration barrier and
nephrin is its main component. Subsequent work, how-
ever, has also elucidated an important role for nephrin
as a mediator of actin cytoskeletal organization by
binding Src homology domain SH2/SH3 containing
Nck adaptor proteins.131 The cytoplasmic tail of
nephrin contains three tyrosine-aspartic acid-x-valine
(YDxV) residues which, when phosphrylated by Src
family kinases, recruit the SH2 Nck adaptor proteins
and induce local actin polymerization15 (Figure 22.17).
Following the identification of nephrin, intensive
research has led to the discovery of several other trans-
membrane proteins that participate in the formation of
the slit diaphragm (Figure 22.18).

Podocin

NPHS2 is a gene that is mutated in some forms of
steroid-resistant nephrotic syndrome19 that cause early
onset proteinuria, and focal and segmental glomerulo-
sclerosis. This gene encodes a protein called podocin,
which associates in podocyte lipid rafts with nephrin
and another SD component, CD2AP, via its C-terminal
domain.163,261,268 Nephrin is thought to contribute
directly to the formation of the SD, while podocin and
CD2AP are thought to mediate its connection to the
podocyte actin cytoskeleton. Mouse models in which
any of these three components are disrupted lead to a
congenital nephrotic syndrome.222,239,269

Neph Proteins

The C-terminal domain of podocin also interacts
with another group of three immunoglobulin super-
family transmembrane proteins called Neph1, 2, and 3
that bear significant homology to nephrin. This family
is defined by their well-conserved cytoplasmic tail
with a centrally located tyrosine residue required for
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interacting with podocin.265 The extracellular domain
of Neph1 interacts with nephrin in the SD, and is
essential for the regulation of glomerular perm-selec-
tivity.168 In addition to podocin, the C-terminal (intra-
cellular) domain binds the tight junction protein-1
(Tjp-1/ZO-1), which in turn tethers it to the podocyte
actin cytoskeleton.168 Like nephrin, Neph1 plays a role
in intracellular signaling, and is tyrosine phosphory-
lated at the SD, particularly in certain disease mod-
els.105 Mutations in Neph1 result in proteinuria and
perinatal lethality in mice, but the phenotype is less
dramatic than that observed in nephrin knockout mice,
suggesting that nephrin may be more crucial to main-
tain the SD.57 This Nephrin-centric view of the slit dia-
phragm was called into question by a recent study
showing that chickens and developing chicks lack
nephrin, but express all three Neph proteins.296

Ultrastructurally, however, chickens are still able to

assemble a SD in the glomerular filtration barrier. These
SDs lacking nephrin still express P-cadherin and the
large protocadherin Fat-1, suggesting that heterophilic
interactions between Neph proteins and these other
cadherins may be sufficient to allow SD assembly.190

Cadherin and Catenins

In addition to these atypical junctions, the slit
diaphragm contains adherens junction proteins P-cad-
herin, and α, β, γ catenins.230 P-cadherin is a transmem-
brane protein, and the extracellular domain is thought
to contribute to slit diaphragm formation, while its
cytoplasmic tail connects to β or γ catenin. Linkage of
this complex to the actin cytoskeleton is believed to
occur through an interaction between α catenin and
Tjp-1/ZO-1 or α-actinin-4, both of which can directly
bind actin.

FIGURE 22.17 Transmission electron micrograph of distinct mouse podocyte foot-processes present at 4 days of birth (a), but absent in
Nck knockout mice (b). (c)�(g): Cellular immunostaining showing co-localization of Nck2, nephrin at the actin tail. Nck-nephrin interaction is
required for nephrin-dependent actin reorganization (Green: nephrin; purple: Nck2; red: palloidin5 actin). (d), (e), and (f) show actin, nck2,
and nephrin staining, respectively. ((a) and (b): From Jones, N., et al. (2006). Nck adaptor proteins link nephrin to the actin cytoskeleton of kidney podo-
cytes. Nature 440: 818�823, with permission; (c)�(g): Courtesy of Drs. Tony Pawson and Nina Jones.)
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The occludens protein Tjp-1/ZO-1 is expressed spe-
cifically at the points of insertion of the slit diaphragms
in mature glomeruli.256 Tjp-1/ZO-1 appears early on in
podocyte development when the apical junctional com-
plexes between podocytes are composed of typical
tight and adherens junctions, and persists as these
junctional complexes migrate to the basolateral side
and ultimately form the SDs. These findings suggest
that tight junction proteins play a role in podocyte SD
development and function, independent of their ability
to form tight junctions.

α-Actinin-4

In humans, mutations in α-actinin-4 result in an
autosomal dominant familial FSGS.111,137 In vitro the
mutant form of α-actinin-4 binds F-actin more strongly
than wild-type. This is thought to reduce the podo-
cytes’ ability to respond dynamically to the hydrostatic
pressure required for normal glomerular filtration, and
ultimately leads to podocyte injury.303 In addition,
α-actinin-4 is thought to mediate the interaction
between the actin cytoskeleton and integrins to regu-
late podocyte adhesion to the glomerular basement
membrane.50

FAT1

FAT1 is another member of the cadherin superfam-
ily expressed in the podocyte at the SD, and has 34

tandem cadherin-like extracellular repeats. With its
large extracellular domain, FAT1 is a major molecular
component of the SD, and is required for normal foot
process formation as FAT1 knockout mice lack
SDs.37,123 Because of its localization to the cell�cell con-
tact sites and tips of cellular processes, FAT1 may be
involved in the initial steps of cell�cell interaction
between podocytes.313

Rho GTPases

Given the actin rich nature of the podocyte cytoskele-
ton, it is not surprising that Rho GTPases � master regu-
lators of cytoskeletal dynamics � are important in
podocyte biology. At the leading edge, Rac1 and Cdc42
promote lamellipodia and fillipodia formation, thus
enhancing cell motility. In contrast, RhoA promotes a
contractile phenotype by inducing formation of actin-
myosin stress fibers.70,227 In this sense, it is believed that
a balance between the opposing activities of RhoA and
Cdc42/Rac1 regulates podocyte cytoskeletal dynamics.
Both overexpression and inhibition of these small Rho
GTPases in podocytes causes glomerular injury in mouse
models. Podocyte-specific deletion of Cdc42 leads to a
congenital nephropathy in transgenic mice by impairing
actin polymerization at sites of nephrin clustering263

(Figure 22.19), while RhoA deletion does not result in
proteinuria. By contrast, overexpression of RhoA in
podocytes results in an FSGS phenotype in mice.325

FIGURE 22.18 Schematic diagram of the podocyte foot process and slit diaphragm with associated molecules.
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Recently, dysregulation of Rho-GTPase signaling
has also been linked to human glomerular disease.
ARHGAP24 is a RhoA-activated Rac1 GTPase-activat-
ing protein (Rac1-GAP); a mutation that impairs Rac1-
GAP activity results in FSGS in humans.4 Two recent
reports also showed that mutations in the Inverted
Formin 2 (IFN2) gene result in autosomal dominant
FSGS.20,82 INF2 interacts with other diaphanous related
formins such as Cdc42; disease causing mutations in
INF2 result in decreased CDC42 targeting to the
plasma membrane, and impaired actin polymerization
and depolymerization in podocytes.20

Podocyte�GBM Interaction

The podocyte actin cytoskeleton is not only required
for formation of podocyte foot processes and the slit
diaphragm, but is also involved in a dynamic and bidi-
rectional cross-talk with the glomerular basement
membrane (GBM). In addition to production of GBM
components, podocytes also express transmembrane
molecules on their basolateral surface which interact

with the GBM to regulate intracellular signaling. These
include α3β1 integrin, αvβ3 integrin, and α- and
β-dystroglycans.

α3β1 Integrin

α3β1 integrin is a heterodimeric cell adhesion recep-
tor with specificity for collagen types I and VI, lami-
nins, fibronectin, and nidogen.147 α3β1 integrin is
highly-expressed on the basolateral surface of mature
and developing podocytes, and plays an important
role in the development and maintenance of podocyte
foot processes.147,228 Mice with a targeted mutation of
the α3 integrin gene lack podocyte foot processes, and
have a reduced number of capillary loops.148

Furthermore, the podocyte-derived basement mem-
brane fails to fuse with the endothelium-derived base-
ment membrane and becomes fragmented and
disorganized. A recent paper reported three paediatric
patients who have mutations in ITGA3, which encodes
α3 integrin; they presented with congenital nephrotic
syndrome and severe basement membrane abnormali-
ties.109 Taken together, these findings indicate that

FIGURE 22.19 Scanning ((a) and (b)) and transmission ((c) and (d)) electron micrograph of murine podocytes. (a) and (c): Normal
appearance of podocytes. (b) and (d): Podocytes lacking Cdc42 show extensive effacement of foot process at postnatal day 5 ((a), (b)3 11, 000;
(c), (d)3 27,000). (From Scott, R. P., et al. (2012) Podocyte-specific loss of Cdc42 leads to congenital nephropathy. J. Am. Soc. Nephrol. 23(7): 1149�1154
with permission.)
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α3β1 integrin is not only a receptor for GBM compo-
nents, but is also required for its development and
maintenance. Similarly, podocyte specific ablation of
the β1 integrin gene in mice results in massive protein-
uria, abnormal capillary morphogenesis, podocyte foot
process effacement, and podocyte apoptosis.134,219

αvβ3 Integrin

While α3β1 integrin is the primary integrin
expressed in podocytes, more recent work has identi-
fied a role for αvβ3 integrin in podocyte homeostasis.
αvβ3 integrin is a vitronectin receptor that localizes to
podocyte foot processes, and is predominantly associ-
ated with non-lipid raft fractions of the cell membrane.
Genetic deletion of β3 integrin does not result in an
overt renal phenotype, but these mice are protected
from LPS-induced proteinuria,302 suggesting that αvβ3
integrin activation may play a role in the pathogenesis
of proteinuria in the setting of glomerular injury.
Further work by Wei et al. showed that activation of β3
integrin by soluble urokinase receptor (suPAR) may
occur in primary focal segmental glomerular sclerosis;
the authors suggest that suPAR may be the circulating
factor responsible for recurrence of FSGS after trans-
plant.301 While these data suggest that αvβ3 integrin
activation may injure the podocyte, other work shows
that αv integrins act as receptors for osteopontin,
which is a protective factor in stretch-induced podo-
cyte injury.258

Dystroglycan

Integrins are not the only adhesion proteins to be
expressed in podocyte foot processes. The dystro-
phin�glycoprotein complex (DGC) is a group of pro-
teins that includes α- and β-dystroglycan, utrophin,
and dystrophin, and plays a central role in stabilizing
skeletal muscle cell membranes by tethering the cyto-
skeleton to the basement membrane components lami-
nin, perlecan, and agrin. α- and β-dystroglycan have
also been localized to podocyte foot processes, and
their expression is diminished in several mouse models
of glomerular disease and human minimal change dis-
ease.226,229 However, recent studies have shown that
genetic deletion of dystroglycan from podocytes in
mice does not result in a glomerular phenotype or
increased susceptibility to injury, suggesting that integ-
rins may be the primary functional extracellular matrix
receptors in the podocyte.126

Integrin-Linked Kinase

Given the central, non-redundant role of α3β1 integ-
rin in the development and maintenance of the glomer-
ular filtration barrier, it is of interest to identify its
interacting proteins in podocytes. Integrin-linked
kinase (ILK) is a serine/threonine kinase with kinase-

dependent and -independent functions that interact
with the cytoplasmic domains of β1 and β3 integrins.309

Detailed molecular studies have elucidated a role for
ILK in podocyte morphology and health. ILK forms a
complex with Pinch1 and α-Parvin to regulate matrix
adhesion, foot process formation, and inhibit podocyte
apoptosis.312 ILK also forms a ternary complex with
α-actinin-4 and α3β1 integrin, providing a link between
the GBM, the actin cytoskeleton, and nephrin in the
SD.47 ILK was first identified as a potential mediator of
glomerular disease by two groups showing that it is
upregulated in glomeruli of patients with diabetic
nephropathy,97 congenital nephrotic syndrome of the
Finnish type, and two proteinuric mouse models.151

Indeed, activation of ILK in vivo using a rodent model
of puromycin-associated nephropathy, and in vitro by
overexpression of a kinase-active ILK transgene,
caused activation of β-catenin, podocyte detachment
and apoptosis, and transcriptional repression of the SD
components P-cadherin and Cd2ap.285 However, while
ILK activation may contribute to podocyte injury in
disease, it also plays a fundamentally important role in
normal podocyte physiology. Mice with a podocyte-
specific deletion of the ILK gene appear normal at
birth, but develop focal segmental glomerular sclerosis
with GBM thickening, and podocyte foot process
effacement characterized by an aberrant distribution of
α-actinin-4 and nephrin.47,62,134 The deletion of ILK
causes an upregulation of focal adhesion kinase
(FAK),134 a non-receptor tyrosine kinase which is
involved in focal adhesion turnover, cell spreading,
and motility. This result is supported by recent work
showing that FAK is activated in LPS and anti-GBM
models of podocyte injury, and genetic deletion of
FAK protects mice from proteinuria.171

Tetraspanin CD151

CD151 is a tetraspanin family protein with affinity
for α3β1 integrin314 that is expressed abundantly in
the glomerulus.275 While CD151 is not absolutely
required for α3β1 integrin binding to the extracellular
matrix, it stabilizes the active conformation of α3β1
integrin and strengthens this interaction.203 A non-
sense mutation in CD151 causes hereditary nephropa-
thy in patients characterized by a splitting and
thickening of the GBM, along with pretibial epidermis
bullosa, sensorineural deafness, and thalassemia.138 A
podocyte specific knockout mouse model recapitulates
this renal phenotype. Mechanistically, CD151 causes a
redistribution of α3β1 integrin at the interface between
the podocyte and GBM, increasing its binding affinity
for laminin-511/521. These findings suggest that
CD151 may strengthen the adhesion of podocytes to
the GBM, protecting them from higher glomerular
pressures.
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Negative Charge on the Surface of Podocytes

Although heparan sulfate proteoglycans are key
components of the GBM and endothelial cell layer (as
discussed above), they are also expressed by podo-
cytes. The two major families of heparan sulfates
expressed by the podocyte are Podocalyxin and
Syndecans (primarily Syndecan I and Syndecan IV).
Podocalyxin and Syndecans are transmembrane pro-
teins involved in regulation of the podocyte actin cyto-
skeleton through regulation of signaling pathways (see
below). While heparan sulfates provide a negative
charge to the surface of the podocyte, sialyation of gly-
coproteins (including podocalyxin) and gangliosides
also imparts a negative charge. Both are important
components of glomerular barrier function.33

Podocalyxin

Podocalyxin is a CD34-related sialomucin protein
that is highly-expressed by podocytes and also by
mesothelia, vascular endothelial cells, hematopoietic
stem cells, and platelets. Mice with a conventional
knockout of the podocalyxin gene die within the first
24 hours of life from renal failure. Importantly, podo-
cyte foot processes do not form, and intercellular junc-
tions between adjacent foot processes are abnormal
and appear immature. These data provide functional
evidence that podocalyxin is a key molecule in podo-
cyte development.58 Cell biologic experiments have
shown that podocalyxin interacts with the Na1/H1

exchanger regulatory factor 2 (NHERF2) and phos-
phorylated ezrin in a complex, connecting it to the
actin cytoskeleton of the podocyte foot process.
Disruption of this interaction results in nephrotic syn-
drome.178,255,283 Podocalyxin appears to regulate foot
process architecture through activation of the small
Rho-GTPase, RhoA, mediated by its interaction with
the NHERF/Ezrin complex.255

Sialyation Defects and the Podocyte

Podocytes express a number of sialyated proteins
including podocalyxin (as described above), other pro-
teoglycans, and gangliosides. Loss of sialyation of
podocalyxin has been identified in various nephrotic
syndrome experimental models, such as in rodents
injected with sialidase, puromycin aminonucleoside or
protaimine sulfate, which neutralizes negative
charges.140,153,264 All of these compounds cause an
abrupt onset of proteinuria, together with foot process
effacement. Simultaneous infusion of sialic acid pre-
vents the proteinuria and podocyte foot process fusion
observed with puromycin injection, presumably due to
resialylation of critical glomerular proteins.195 More
recently, loss of sialyation of podocalyxin was observed

in a transgenic rat model of minimal change disease
due to overexpression of Anptl4.39

Although many studies have focused on sialylation
defects of podocalyxin, the podocyte expresses other
sialylated glycoproteins and gangliosides. Mutations in
sialylating enzymes have also been associated with glo-
merular defects and proteinuria. For example, a point
mutation in a gene encoding one of the key enzymes
needed for sialic acid biosynthesis (uridine dispho-
spho-N-acetylglucosamine (UDP-GlcNAc) 2-epimer-
ase/N-acetyl-mannosamine (ManNAc) kinase (GNE/
MNK)) results in severe perinatal glomerular disease
in mice, characterized by splitting of the glomerular
basement membrane, hematuria, and proteinuria.81

The phenotype was partially rescued by dietary sup-
plementation with ManNAc. Intriguingly, ManNAc
supplementation also appeared to rescue the Anptl4-
induced sialyation defect in rats, suggesting it might
represent a new therapy for certain forms of glomeru-
lar disease.

Podocytes and Metabolism

Although the majority of podocyte studies to date
have focused on its unique cytoskeletal architecture
and its role as a structural component of the filtration
barrier, recent studies have highlighted the importance
of metabolic regulatory pathways in podocyte function.

mTOR

The mechanistic target of rapamycin (mTOR) is an
evolutionarily-conserved serine-threonine kinase that
interacts with regulatory associated protein of mTOR
(Rptor) or Rptor-independent companion of MTOR
(Rictor) to form mTORC1 and mTORC2 complexes,
respectively. mTORC1 is a key regulator of cellular
metabolism, including protein translation, ribosomal
biogenesis, cell growth and proliferation, and suppres-
sion of autophagy in response to amino acids, growth
factors, and elevated cellular ATP levels.326 mTORC2 is
regulated primarily by growth factors to promote actin
cytoskeletal rearrangement, cell survival, and cell cycle
progression.124 Rapamycin is an mTOR inhibitor that is
used clinically and is thought to specifically inhibit
mTORC1 function.94 In certain cell types including the
podocyte, however, chronic inhibition of mTORC1 by
rapamycin also results in downregulation of mTORC2
functions.248,294,321 The importance of mTOR in podo-
cyte biology was first suggested by the clinical observa-
tion that rapamycin causes proteinuria.23,266

Deletion of mTOR itself or Rptor in podocytes of
mice results in proteinuria.38,90 Conversely, ectopic
mTORC1 activation in mouse podocytes, accomplished
by deletion of its suppressor Tsc1, results in kidney
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disease with many of the features of diabetic nephropa-
thy (DN), including podocyte hypertrophy and loss
and proteinuria, and is attributed to endoplasmic
reticulum stress.122 Although mTORC1 appears to be
crucial for podocyte function, loss of Rictor from podo-
cytes of mice does not result in a phentoype.90

Given its central role in cellular metabolism, mTOR is
likely to play multiple roles in podocyte biology.
Regulation of autophagy is one pathway regulated by
mTOR that appears to be crucial for podocyte function.
Autophagy is a lysosomal-dependent cellular survival
response to starvation or lack of growth factors in which
cells degrade cellular constituents from proteins to entire
organelles, such as mitochondria, in order to provide a
supply of nutrients under conditions of stress. A basal
level of autophagy is, however, necessary to remove
damaged organelles, excessive lipids, and long-lived or
misfolded proteins. The basal level of autophagy

appears to be increased in podocytes,106,201 and it has
been suggested that autophagy may be required to pro-
tect this long-living cell from injury. In keeping with this
model, deletion of Atg5, a key component of the autop-
hagic pathway, results in late onset of glomerular disease
in mice at 20 to 24 months of age due to the accumula-
tion of damaged organelles and ubiquitinated protein
complexes.106 In contrast, deletion of mTOR from podo-
cytes results in disruption of autophagic flux, with sub-
sequent accumulation of autophagolysomes in the
podocyte38 (Figure 22.20). Clinically, dysregulation of
autophagy is observed in patients with lysosomal
storage diseases such as Fabry’s disease,
Aspartilglucoseaminuria or Scheie’s disease, where the
inability to acidify lysosomes causes a failure of lyso-
somal reformation317; these patients are prone to devel-
oping proteinuria,74 providing additional support that
the autophagic pathway is clinically relevant.

FIGURE 22.20 (a) and (b): Transmission electron micrographs of podocytes from 3 week old podocyte-specific mTor knockout mice show-
ing an accumulation of autophagosomal vesicles (AV) and autophagolysosomal vesicles (ALV). (From Cina, D. et al. (2012). Inhibition of MTOR
disrupts autophagic flux in podocytes. J. Am. Soc. Nephrol. 23: 412�420, with permission.) (c): LC3 positive autophagosomes are visualized by green
fluorescent protein in cultured human podocyte. (d): Treatment of the podocytes with rapamycin induces massive activation of autophagy.
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Insulin Signaling

mTORC1 hyperactivation is associated with a phos-
phorylation of IRS1/2 and decreased insulin sensitiv-
ity, suggesting that podocytes might be a direct cellular
target for insulin.155 A recent study confirmed this
hypothesis; genetic deletion of the insulin receptor
from podocytes recapitulates many of the features of
diabetic nephropathy (DN).304 In vitro, insulin binds
the insulin receptor on podocytes and acts through the
mitogen-activated protein kinase and phosphor-inosi-
tol-3-kinase pathways to induce cytoskeletal rearrange-
ment.43,304 Taken together, these findings suggest that
strategies aimed at increasing insulin sensitivity in
podocytes may be a therapeutic option in DN.

Calcium Signaling

TRPC6

The identification of mutations in the Transient
Receptor Potential Cation Channel 6 (TRPC6) in
patients with autosomal dominant familial FSGS231,306

emphasizes the key role that calcium signaling plays in
glomerular function. Atlhough a variety of different
mutations were identified, a number of them result in
enhanced calcium signaling within the podocyte. These
human genetic findings helped explain results why
other factors (such as complement 5b-9,45 protamine
sulfate,264 bradykinin,8 and angiotensin (ANG) II112),
which are associated with increased cytosolic Ca21

concentrations in cultured podocytes, also cause injury.
Furthermore, ANG II was shown to signal to the non-
selective cation channels TRPC5 and TRPC6 through
the AT1 receptor,287 suggesting that these channels
may play a role in podocyte injury beyond the familial
FSGS described by Winn et al.306

Calcineurin and Synaptopodin

Calcineurin-mediated, NFAT-independent72 and
-dependent254 signaling pathways in podocytes have
also been associated with activating mutations of
TRPC6. The link between Ca21, calcineurin, and synap-
topodin provided a clue that TRPC channels may be
involved in regulating the actin cytoskeleton, as synap-
topodin is known to regulate small Rho GTPases �
master regulators of actin cytoskeletal dynamics. The
opposing action of RhoGTPases � RhoA which pro-
motes F-actin stabilization, and Cdc42 or Rac1 that pro-
mote F-actin turnover � are thought to maintain the
podocyte FP dynamic.91 Podocyte-specific overexpres-
sion of TRPC6 led to a Ca21-mediated increase in
RhoA activity,130 while genetic deletion of TRPC6 led
to increased Rac1 activity and podocyte motility.287

This cumulative body of work outlines an important
role for intracellular Ca21 in regulating the actin

cytoskeleton of podocytes, and more work in the area
will yield interesting insights into the intersection of
metabolism, Ca21 signaling, and cytoskeleton in
podocytes.

GLOMERULAR PARIETAL EPITHELIUM

Description

The parietal layer of Bowman’s capsule consists of a
heterogenous population of squamous and cuboidal
epithelial cells resting on a basement membrane.100 The
heterogeneity of this population is rendered more com-
plex by the identification of a peripolar cell population,
which by morphology86 and molecular markers12

resemble visceral podocytes, and extend up to 100 μm
along Bowman’s capsule. The glomerular parietal epi-
thelial cells (PECs) are rich in actin microfilament bun-
dles which are particularly prominent in the cells
surrounding the vascular pole.64 In this cell popula-
tion, the actin bundles are located in cytoplasmic
grooves that run circularly around the vascular
stalk.64

As the visceral and parietal layers of the glomerulus
are continuous, so are the basement membranes. The
transition region occurs around the vascular stalk, and
is connected to the smooth muscle cells of the afferent
and efferent arterioles and the extraglomerular mesan-
gial cells. Despite this continuity, however, the parietal
basement membrane layer is considerably different.
Ultrastructurally, the parietal basement membrane is
multilayered, with translucent laminae on the extracel-
lular matrix.180 Further immunohistochemical studies
have identified type I, III, IV, and V collagens, heparin
sulfate proteoglycans, laminin, enactin, fibronectin, and
nidogen.180 Of these, however, only type IV and V col-
lagen238 and heparin sulfated proteoglycans277 have
been confirmed by electron microscopy. Compared to
the tubular and glomerular basement membrane, the
parietal basement membrane is particularly enriched in
collagen type IV as opposed to laminin.238

Podocyte Progenitors

It has been long assumed that because of podocytes’
limited replicative ability, podocyte loss is a largely
irreversible event, ultimately leading to end-stage kid-
ney disease. However, under physiologic conditions
and in the event of reversible glomerular disease in
humans and animals, podocytes are reportedly shed
into the urine at a rate that is not compatible with
recovery.78,176,293,316 This would suggest that there is
another mechanism allowing for the replenishment of
podocytes. Indeed, seminal experiments involving
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irreversible triple labeling of parietal epithelial cells in
the Bowman’s capsule of mice show the existence of a
population of cells near the glomerular vascular stalk
that can migrate into the glomerulus and differentiate
into podocytes.6

Parietal Epithelial Cell-Fate Specification and
Wnt Signaling

Given the presence of podocyte progenitors in the
parietal epithelium and the podocyte-like cells that
seem to populate the transition zone between visceral
and parietal epithelium, it is important to understand
the developmental cues that push their common pro-
genitors in the S-shaped body stage of glomerular
development towards either phenotype. To elucidate
this, a conditional deletion of β-catenin from the renal
epithelium and developing collecting ducts showed
that in the absence of β-catenin/Wnt signaling, well-
differentiated podocytes replace the parietal epithelium
of Bowman’s capsule.93 These “parietal podocytes”
were not a result of podocytes migrating from the glo-
merular tuft, but rather were derived from parietal pre-
cursors in the S-shaped body phase by direct lineage
switch.

PECs in Glomerular Injury

Glomerulosclerosis

While PECs can promote recovery from physiologic
podocyte loss or milder forms of injury, they can also
contribute to sclerotic lesions in certain mouse models
of glomerulosclerosis.270 Lineage tracing of podocytes
in a mouse model of podocyte depletion showed that
PECs, but not podocytes, avidly proliferated and
migrated into the visceral side, developing a lesion that
is similar to idiopathic FSGS.10

Crescent Formation

A role for PECs has also been demonstrated in cres-
centic formation in inflammatory models of murine
glomerular injury. Unlike in the sclerotic lesions, anti-
GBM glomerular nephritis induced the proliferation of
both podocytes and PECs.193 In this model, podocytes
undergo a profound phenotypic change, losing all their
typical markers, and form a bridge between the tuft
and Bowman’s capsule.156,193 This bridging event then
induces the proliferation of PECs, and both cell types
can be found in the cellular crescents that are the hall-
mark of severe inflammatory glomerular injury.270

Glomerular Permeability

In the setting of inflammatory injury, the tight junc-
tions between PECs are also disturbed and become

permeable to texas-red labeled dextran and ovalbu-
min.207 These findings suggest that, along with their
basement membrane, PECs also form a second barrier
to protein, and the perturbation of this cell layer may
be responsible for the periglomerular inflammation
typical of anti-GBM glomerulonephritis.

THE GLOMERULAR FILTRATION
BARRIER

As discussed above, the glomerular filtration barrier
has multiple components that contribute to its size and
charge perm-selectivity.104 It begins at the glomerular
capillary loop with its fenestrated endothelium, endo-
thelial surface layer, and glycocalyx, then progresses to
the glomerular basement membrane, and finally to the
podocyte foot processes with their filtration slits
bridged by the slit diaphragms.

Size Barrier

Many classical experiments using dextrans,29

ficolls,16 and proteins170 have incontrovertibly estab-
lished the existence of a size barrier to permeability.
Some reports support the idea that the GBM is the
principle filtration barrier. Infusion of dextrans with
different molecular weights in rats shows that the par-
ticles can reach the subendothelial part of the GBM,
but cannot go further.26 Knockout mice for laminin β2,
a major component of the GBM, develop massive pro-
teinuria, even before the onset of visible ultrastructural
changes to the podocytes.125 Mutations in this gene
cause Pierson syndrome in patients, an autosomal
recessive condition characterized by nephrotic syn-
drome and ocular abnormalities.322 Mutations in the
gene encoding type IV collagen α5 chain (COL4A5)
cause X-linked Alport syndrome, characterized by
hereditary nephrotic syndrome, hearing loss, and lens
defects. Furthermore, homozygous mutations in
COL4A3 or COL4A4 also affect the collagen network of
the GBM structure, and result in an autosomal reces-
sive form of Alport syndrome.139

On the other hand, the sieve-like structure of the slit
diaphragm290 also seems to be of paramount impor-
tance to the size-selective glomerular filtration barrier.
Evidence from human mutations and genetic mouse
models which affect slit diaphragm components (dis-
cussed above), leads to massive proteinuria, providing
evidence that the slit membrane plays a major role in
size selectivity. Therefore, current literature supports a
role for both the GBM and the podocyte slit diaphragm
in size perm-selectivity.
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TABLE 22.1 Genetic Mutations that Result in Glomerular Disease (Humans)

Gene Protein Disease Inheritance Clinical Features Reference

NPHS1 Nephrin Congenital nephrotic
syndrome of the
Finnish type

AR Massive proteinuria in utero and treatment
resistant nephrotic syndrome

143

NPHS2 Podocin Steroid-resistant
nephrotic syndrome

AR Variable onset nephropathy that is steroid
resistant

19

CD2AP CD2AP Sporadic FSGS n/a FSGS 144

ACTN4 α-Actinin-4 FSGS AD Progressive proteinuria starting in adolescence
with adult onset FSGS (variable penetrance)

137

COQ2 Coenzyme Q10
biosynthesis
mono-oxigenase 2

Steroid-resistant
nephrotic syndrome

AR Steroid resistant nephrotic syndrome,epileptic
encephalopathy

56

COQ6 Coenzyme Q10
biosynthesis
mono-oxigenase 6

Steroid-resistant
nephrotic syndrome

AR Nephrotic syndrome with sensorineural
deafness

110

PLCE1 PLCε1 Inherited nephrotic
syndrome

AR Nephrosis and diffuse mesangial sclerosis
leading to renal failure

113

LAMB2 Laminin β2 Pierson’s syndrome AR Congenital nephrosis, mesangial sclerosis, and
microcoria

322

ITGA3 Integrin α3 Congenital nephrotic
syndrome

AR Congenital nephrotic syndrome, interstitial lung
disease, and skin fragility

109

TRPC6 TRPC6 FSGS AD High grade proteinuria with adult onset, and
progression to renal failure

306

MYH9 MYH9 Epstein syndrome
Fechtner’s syndrome

AD Proteinuria, microhematuria, thrombocytopenia,
and sensorineural deafness

9

LMX1B LMX1B Nail�Patella syndrome AD Nephrotic syndrome with nail and skeletal
abnormalities in children

60

WT1 WT1 Denis�Drash
syndrome (DDS)
Frasier syndrome (FS)

AD Pseudohermaphroditism, diffuse mesangial
sclerosis and renal failure with varying onset
depending on the mutation

214

SYNPO Synaptopodin Sporadic FSGS n/a FSGS risk in Chinese patients 49

MYOE1 Myosin 1E Childhood FSGS n/a Childhood onset FSGS 183

APOL1 Apolipoprotein L-1 Sporadic FSGS n/a Risk of FSGS in African-American patients 83

GPC5 Glypican 5 Acquired nephrotic
syndrome

n/a Increased risk of nephrotic syndrome 208

INF2 Formin Charcot�Marie Tooth AD Adolescent onset proteinuria with progression
to FSGS and renal failure

20,82

PTPRO/
GLEPP1

Protein-tyrosine
phosphatase
receptor
type O [PTPRO
or GLEPP1]

FSGS AR Childhood nephrotic syndrome with FSGS and
progression to renal failure

211

COL4A1 Collagen IV α1 Alport’s syndrome X-linked Nephrotic syndrome with hematuria and
sensorineural hearing loss (α1,3,4,5)

41,169,186,218,233

COL4A3 Collagen IV α3 AR

COL4A4 Collagen IV α4 AR

COL4A5 Collagen IV α5 Intracerebral hemorrhage and strokes (α1)

ARHGAP24 Arhgap24 FSGS AD Early onset FSGS 4

AR: autosomal recessive; AD: autosomal dominant.
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Charge Barrier

The presence of a charge barrier was demonstrated
by sequential classical analyses that show retardation
of anionic macromolecules from passing through the
glomerular filtration barrier as compared to neutral
molecules with a similar size.21,22,28

GBM as a Charge Barrier

Electron microscopy with perfusion of cationic lyso-
zyme demonstrated the presence of anionic sites in all
three layers of the GBM.27 Studies using ferritins with
different isometric points showed that cationic ferritin
could distribute widely into the GBM, whereas filtra-
tion of its neutral counterpart was restricted at the level
of the endothelium and subendothelial layer of the
GBM.232 Treatment of rats with heparinase reduced the
restriction of neutral ferritin and allowed the ferritin
particles135 and bovine albumin240 into the GBM. These
results were considered to be conclusive evidence that
the negative charges of heparan sulfate proteoglycans
in the GBM play a major role in maintaining the charge
barrier. Recently, however, podocyte-specific genetic
deletion of agrin, both agrin and the heparan sulfated
side chains of perlecan, and a systemic deletion of
COLXVIII88,108,291 were reported. Although they are
the main components of heparan sulfate proteoglycans
in the GBM, none of the mutant mice developed signif-
icant proteinuria, as discussed above in the section on
GBM. Moreover, a study using isolated GBM showed
the sieving coefficients of negatively-charged ficoll sul-
fate were not different from those of neutral ficoll at
physiological ionic strength.17 Given these recent
results, it is unlikely that the GBM is the main charge
selective barrier in the glomerulus.

Endothelial Surface Layer as a Charge Barrier

Several experiments have been performed to reduce
the endothelial charge barrier by enzymatic digestion
of glycosaminoglycans (GAGs). GAGs are major contri-
butors to the GBM negative charge, but they are also
expressed on the endothelial surface layer. Perfusion of
mice with heparanase, chondroitinase, and hyaluroni-
dase reduces the charge density and thickness of the
endothelial surface layer and increases the fractional
clearance of albumin.128,129 In these studies the authors
assume that it is most unlikely that the enzymes affect
the GBM or podocytes, because they are large mole-
cules and are therefore restricted largely to the vascular
lumen. Indeed, the ultrastructure of the endothelium,
GBM, and podocytes were not affected by this enzy-
matic digestion. Since the GBM is no longer considered
as the principal charge barrier, these data support the
notion of an endothelial charge barrier.
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[109] Has C, Spartà G, Kiritsi D, Weibel L, Moeller A, Vega-Warner
V, et al. Integrin α3 mutations with kidney, lung, and skin dis-
ease. N Engl J Med 2012;366(16):1508�14.

[110] Heeringa SF, Chernin G, Chaki M, Zhou W, Sloan AJ, Ji Z, et al.
COQ6 mutations in human patients produce nephrotic
syndrome with sensorineural deafness. J Clin Invest 2011;121
(5):2013�24.

[111] Henderson JM, Alexander MP, Pollak MR. Patients with
ACTN4 mutations demonstrate distinctive features of glomer-
ular injury. J Am Soc Nephrol 2009;20(5):961�8.

[112] Henger A, Huber T, Fischer KG, Nitschke R, Mundel P,
Schollmeyer P, et al. Angiotensin II increases the cytosolic cal-
cium activity in rat podocytes in culture. Kidney Int 1997;52
(3):687�93.

[113] Hinkes B, Wiggins RC, Gbadegesin R, Vlangos CN, Seelow D,
Nürnberg G, et al. Positional cloning uncovers mutations in
PLCE1 responsible for a nephrotic syndrome variant that may
be reversible. Nat Genet 2006;38(12):1397�405.

[114] Hirata Y, Emori T, Eguchi S, Kanno K, Imai T, Ohta K, et al.
Endothelin receptor subtype B mediates synthesis of nitric
oxide by cultured bovine endothelial cells. J Clin Invest
1993;91(4):1367�73.

[115] Hjalmarsson C, Johansson BR, Haraldsson B. Electron micro-
scopic evaluation of the endothelial surface layer of glomerular
capillaries. Microvasc Res 2004;67(1):9�17.

[116] Hohenstein B, Hugo CPM, Hausknecht B, Boehmer KP, Riess
RH, Schmieder RE. Analysis of NO-synthase expression and
clinical risk factors in human diabetic nephropathy. Nephrol
Dial Transplant 2008;23(4):1346�54.
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al. Mammalian TOR complex 2 controls the actin cytoskeleton
and is rapamycin insensitive. Nat Cell Biol 2004;6(11):1122�8.

[125] Jarad G, Cunningham J, Shaw AS, Miner JH. Proteinuria pre-
cedes podocyte abnormalities inLamb22/2 mice, implicating
the glomerular basement membrane as an albumin barrier. J
Clin Invest 2006;116(8):2272�9.

[126] Jarad G, Pippin JW, Shankland SJ, Kreidberg JA, Miner JH.
Dystroglycan does not contribute significantly to kidney

749REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



development or function, in health or after injury. Am J
Physiol Renal Physiol 2011;300(3):F811�20.

[127] Jeansson M, Gawlik A, Anderson G, Li C, Kerjaschki D,
Henkelman M, et al. Angiopoietin-1 is essential in mouse vas-
culature during development and in response to injury. J Clin
Invest 2011;121(6):2278�89.

[128] Jeansson M, Haraldsson B. Glomerular size and charge selec-
tivity in the mouse after exposure to glucosaminoglycan-
degrading enzymes. J Am Soc Nephrol 2003;14(7):1756�65.

[129] Jeansson M, Haraldsson B. Morphological and functional evi-
dence for an important role of the endothelial cell glycocalyx
in the glomerular barrier. Am J Physiol Renal Physiol 2006;290
(1):F111�6.

[130] Jiang L, Ding J, Tsai H, Li L, Feng Q, Miao J, et al. Over-expres-
sing transient receptor potential cation channel 6 in podocytes
induces cytoskeleton rearrangement through increases of intra-
cellular Ca21 and RhoA activation. Exp Biol Med (Maywood)
2011;236(2):184�93.

[131] Jones N, Blasutig IM, Eremina V, Ruston JM, Bladt F, Li H, et
al. Nck adaptor proteins link nephrin to the actin cytoskeleton
of kidney podocytes. Nature 2006;440(7085):818�23.

[132] Kamba T, McDonald DM. Mechanisms of adverse effects of
anti-VEGF therapy for cancer. Br J Cancer 2007;96(12):1788�95.

[133] Kamba T, Tam BYY, Hashizume H, Haskell A, Sennino B,
Mancuso MR, et al. VEGF-dependent plasticity of fenestrated
capillaries in the normal adult microvasculature. Am J Physiol
Heart Circ Physiol 2006;290(2):H560�76.

[134] Kanasaki K, Kanda Y, Palmsten K, Tanjore H, Lee SB, Lebleu
VS, et al. Integrin beta1-mediated matrix assembly and signal-
ing are critical for the normal development and function of the
kidney glomerulus. Dev Biol 2008;313(2):584�93.

[135] Kanwar YS, Linker A, Farquhar MG. Increased permeability of
the glomerular basement membrane to ferritin after removal of
glycosaminoglycans (heparan sulfate) by enzyme digestion. J
Cell Biol 1980;86(2):688�93.

[136] Kanwar YS, Danesh FR, Chugh SS. Contribution of proteogly-
cans towards the integrated functions of renal glomerular
capillaries: a historical perspective. Am J Pathol 2007;171
(1):9�13.

[137] Kaplan JM, Kim SH, North KN, Rennke H, Correia LA, Tong
HQ, et al. Mutations in ACTN4, encoding alpha-actinin-4,
cause familial focal segmental glomerulosclerosis. Nat Genet
2000;24(3):251�6.

[138] Karamatic Crew V, Burton N, Kagan A, Green CA, Levene C,
Flinter F, et al. CD151, the first member of the tetraspanin
(TM4) superfamily detected on erythrocytes, is essential for the
correct assembly of human basement membranes in kidney
and skin. Blood 2004;104(8):2217�23.

[139] Kashtan CE. Alport syndromes: phenotypic heterogeneity of
progressive hereditary nephritis. Pediatr Nephrol 2000;14
(6):502�12.

[140] Kerjaschki D. Polycation-induced dislocation of slit dia-
phragms and formation of cell junctions in rat kidney glomeru-
li: the effects of low temperature, divalent cations, colchicine,
and cytochalasin B. Lab Invest 1978;39(5):430�40.

[141] Kerjaschki D, Farquhar MG. Immunocytochemical localization
of the Heymann nephritis antigen (GP330) in glomerular epi-
thelial cells of normal Lewis rats. J Exp Med 1983;157
(2):667�86.

[142] Kerjaschki D, Ojha PP, Susani M, Horvat R, Binder S, Hovorka
A, et al. A beta 1-integrin receptor for fibronectin in human
kidney glomeruli. Am J Pathol 1989;134(2):481�9.
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[294] Vollenbröker B, George B, Wolfgart M, Saleem MA,
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[302] Wei C, Möller CC, Altintas MM, Li J, Schwarz K, Zacchigna S,
et al. Modification of kidney barrier function by the urokinase
receptor. Nat Med 2008;14(1):55�63.

[303] Weins A, Schlondorff JS, Nakamura F, Denker BM, Hartwig
JH, Stossel TP, et al. Disease-associated mutant alpha-actinin-4
reveals a mechanism for regulating its F-actin-binding affinity.
Proc Natl Acad Sci USA 2007;104(41):16080�5.

[304] Welsh GI, Hale LJ, Eremina V, Jeansson M, Maezawa Y,
Lennon R, et al. Insulin signaling to the glomerular podocyte is

754 22. GLOMERULAR CELL BIOLOGY

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



critical for normal kidney function. Cell Metab 2010;12
(4):329�40.

[305] Wendel M, Knels L, Kummer W, Koch T. Distribution of
endothelin receptor subtypes ETA and ETB in the rat kidney. J
Histochem Cytochem 2006;54(11):1193�203.

[306] Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T,
Hawkins AF, et al. A mutation in the TRPC6 cation channel
causes familial focal segmental glomerulosclerosis. Science
2005;308(5729):1801�4.

[307] Wnuk M, Hlushchuk R, Janot M, Tuffin G, Martiny-Baron G,
Holzer P, et al. Podocyte EphB4 signaling helps recovery from
glomerular injury. Kidney Int 2012;81(12):1212�25.

[308] Woolf AS. Angiopoietins: Vascular growth factors looking for
roles in glomeruli. Curr Opin Nephrol Hypertens 2010;19
(1):20�5.

[309] Wu C, Dedhar S. Integrin-linked kinase (ILK) and its interac-
tors: A new paradigm for the coupling of extracellular matrix
to actin cytoskeleton and signaling complexes. J Cell Biol
2001;155(4):505�10.

[310] Yamagishi S-I, Matsui T. Nitric oxide, a janus-faced therapeutic
target for diabetic microangiopathy: friend or foe? Pharmacol
Res 2011;64(3):187�94.

[311] Yang Y, Jeanpierre C, Dressler GR, Lacoste M, Niaudet P,
Gubler MC. WT1 and PAX-2 podocyte expression in
Denys�Drash syndrome and isolated diffuse mesangial sclero-
sis. Am J Pathol 1999;154(1):181�92.

[312] Yang Y, Guo L, Blattner SM, Mundel P, Kretzler M, Wu C.
Formation and phosphorylation of the PINCH-1-integrin
linked kinase-alpha-parvin complex are important for regula-
tion of renal glomerular podocyte adhesion, architecture, and
survival. J Am Soc Nephrol 2005;16(7):1966�76.

[313] Yaoita E, Kurihara H, Yoshida Y, Inoue T, Matsuki A, Sakai T,
et al. Role of Fat1 in cell�cell contact formation of podocytes
in puromycin aminonucleoside nephrosis and neonatal kidney.
Kidney Int 2005;68(2):542�51.

[314] Yauch RL, Kazarov AR, Desai B, Lee RT, Hemler ME. Direct
extracellular contact between integrin alpha(3)beta(1) and
TM4SF protein CD151. J Biol Chem 2000;275(13):9230�8.

[315] Ye M, Wysocki J, William J, Soler MJ, Cokic I, Batlle D.
Glomerular localization and expression of Angiotensin-con-
verting enzyme 2 and Angiotensin-converting enzyme:

Implications for albuminuria in diabetes. J Am Soc Nephrol
2006;17(11):3067�75.

[316] Yu D, Petermann A, Kunter U, Rong S, Shankland SJ, Floege J.
Urinary podocyte loss is a more specific marker of ongoing
glomerular damage than proteinuria. J Am Soc Nephrol
2005;16(6):1733�41.

[317] Yu L, McPhee CK, Zheng L, Mardones GA, Rong Y, Peng J,
et al. Termination of autophagy and reformation of lyso-
somes regulated by mTOR. Nature 2010;465(7300):942�6.

[318] Yuan HT, Suri C, Landon DN, Yancopoulos GD, Woolf AS.
Angiopoietin-2 is a site-specific factor in differentiation of
mouse renal vasculature. J Am Soc Nephrol 2000;11
(6):1055�66.

[319] Yuan HT, Suri C, Yancopoulos GD, Woolf AS. Expression of
angiopoietin-1, angiopoietin-2, and the Tie-2 receptor tyrosine
kinase during mouse kidney maturation. J Am Soc Nephrol
1999;10(8):1722�36.

[320] Yuan HT, Khankin EV, Karumanchi SA, Parikh SM.
Angiopoietin 2 is a partial agonist/antagonist of Tie2 signaling
in the endothelium. Mol Cell Biol 2009;29(8):2011�22.

[321] Zeng Z, Sarbassov DD, Samudio IJ, Yee KWL, Munsell MF,
Ellen Jackson C, et al. Rapamycin derivatives reduce mTORC2
signaling and inhibit AKT activation in AML. Blood 2007;109
(8):3509�12.

[322] Zenker M, Aigner T, Wendler O, Tralau T, Müntefering H,
Fenski R, et al. Human laminin beta2 deficiency causes con-
genital nephrosis with mesangial sclerosis and distinct eye
abnormalities. Hum Mol Genet 2004;13(21):2625�32.

[323] Zent R, Yan X, Su Y, Hudson BG, Borza D-B, Moeckel GW.
Glomerular injury is exacerbated in diabetic integrin alpha1-
null mice. Kidney Int 2006;70(3):460�70.

[324] Zhao HJ, Wang S, Cheng H, Zhang M-Z, Takahashi T, Fogo
AB, et al. Endothelial nitric oxide synthase deficiency produces
accelerated nephropathy in diabetic mice. J Am Soc Nephrol
2006;17(10):2664�9.

[325] Zhu L, Jiang R, Aoudjit L, Jones N, Takano T. Activation of
RhoA in podocytes induces focal segmental glomerulosclero-
sis. J Am Soc Nephrol 2011;22(9):1621�30.

[326] Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal
integration to cancer, diabetes and ageing. Nat Rev Mol Cell
Biol 2011;12(1):21�35.

755REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



This page intentionally left blank



C H A P T E R

23

Function of the Juxtaglomerular
Apparatus: Control of Glomerular

Hemodynamics and Renin Secretion
Jürgen B. Schnermann1 and Hayo Castrop2

1National Institute of Diabetes, and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD, USA
2Institute of Physiology, University of Regensburg, Germany

CELLULAR ELEMENTS OF THE
JUXTAGLOMERULAR APPARATUS (JGA)

More than a century ago, Golgi observed that “the
ascending limb of the loop of Henle returns with invari-
able constancy to its capsule of origin”.1 At this point of
contact at the glomerular hilum, the afferent and efferent
arterioles together with the adherent distal tubule form a
wedge-shaped compartment which contains the three
defining cell types of the juxtaglomerular apparatus (JGA)
(Figure 23.1). The macula densa (MD) cells in the wall of
the tubule abut on a cushion of closely packed interstitial
cells called Goormaghtigh or lacis cells. These cells are
indistinguishable in their fine structure from mesangial
cells2 and are also referred to as extraglomerular mesan-
gial (EGM) cells. The third specialized cell type of the JGA
is the juxtaglomerular granular (JG) cell, a modified smooth
muscle cell in the media of the arteriolar wall.

The anatomical relationships in the vicinity of the
JGA have been extensively studied, since they may
reveal pathways for functional connections. The most
extensive and regular contact of the MD cells is with
the underlying extraglomerular mesangium.3 Regions
of adherence between the afferent arteriole and the
thick ascending limb outside the MD, and between
afferent arterioles and the distal and connecting tubule,
have also been observed.4�7 Less extensive and consis-
tent contacts exist between the MD and efferent arter-
ioles, although the efferent arteriole can be adjacent to
the distal tubule and to the thick ascending limb, either
immediately before or immediately after the MD.2,8

Macula Densa Cells

Morphology

The MD cells form an elliptical plaque of epithelial
cells located at the distal end of the thick ascending limb,
approximately 100 to 200 μm upstream from the transi-
tion to the distal convoluted tubule.2,9 An MD plaque has
been reported to consist of 14 cells in rat and about 25
cells in rabbit.10,11 Cellular plasticity is suggested by the
finding that this number increased by about 30% follow-
ing chronic angiotensin II receptor blockade, probably by
transdifferentiation of adjacent TAL cells.11 MD cells are
morphologically characterized by a high nucleus-to-cyto-
plasm ratio, absence of basal infoldings, and numerous
mitochondria that are typically not in contact with the
basal membrane.2,12 The basement membrane is thinner
than that found in other areas of the tubule, and shows
discontinuities in scanning electron micrographs.13 The
difference in basement membrane appearance is paral-
leled by a macromolecular composition that differs from
that of adjacent TAL cells.14

NaCl and Water Movement

Although morphologically distinct, MD cells and
neighboring thick ascending limb (TAL) cells share sim-
ilar NaCl transport mechanisms (Figure 23.2). As in
TAL cells, NaCl uptake is mostly through the apical
Na,K,2Cl co-transporter (NKCC2/BSC1). Conventional
electrophysiology and patch-clamp evidence has estab-
lished its presence functionally.15�17 Presence of the
NKCC2 co-transporter has also been shown at mRNA
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and protein expression levels.18�20 Of the three full
length isoforms of the co-transporter, both the A and
the B types are expressed in the MD.20�23 In contrast to
TAL cells, in which NKCC2 phosphorylation is strongly
enhanced by vasopressin, MD cells have a constitu-
tively high presence of phospho-NKCC2 even in the
complete absence of vasopressin.24 From the rates of
MD cell acidification by luminal ammonium it has been
concluded that apical NKCC2-mediated flux rates are
not markedly different from those in TAL cells.25

Apical membranes of MD cells are rich in low conduc-
tance K channels of the ROMK type that are required
for K recycling.16,17,26�28 Na/H exchange through
NHE2 provides a second pathway for a smaller fraction
of Na uptake by MD cells.29�32 In the rabbit, the apical
membrane may also be a site of active Na extrusion,
since the luminal presence of ouabain has been found
to elevate intracellular Na concentration in both MD

and TAL cells; in addition, luminal ouabain prevented
the recovery of intracellular Na from the elevated levels
resulting from increased luminal NaCl.33 Apical Na
efflux in MD cells may be mediated by a luminal H,K-
ATPase, as colonic H,K-ATPase has been shown previ-
ously to mediate active Na efflux.34 Its presence in MD
cells is supported by immunocytochemical and func-
tional evidence.33,35

Na,K-ATPase abundance and activity in the basolat-
eral membrane of MD cells in rabbit kidneys appears
to be low compared to neighboring TAL cells, a finding
that is probably mainly due to the absence of basolat-
eral membrane infoldings.33,36,37 In the rat, basolateral
membranes of MD cells identified by nNOS counter-
staining clearly express α1 Na,K-ATPase, together with
β1- and γ-subunits.38�43 Cl exit across the basolateral
membrane occurs through abundant Cl channels.17,44

Immunocytochemical evidence indicates the presence
of the AE2 anion exchanger in basolateral membranes
of MD cells in both the rat and the mouse, and Cl/
HCO3 exchange activity has been observed in isolated
rabbit JGA preparations.45,46 Together with the apical
Na/H exchanger, basolateral AE2 may play a role in
the absorption of HCO3 or it may act as a pHi-
controlling housekeeping gene.

The effect of changes in luminal fluid composition
on the volume of macula densa cells has remained a
controversial issue. At constant luminal osmolarity of
around 300 mOsm, changes in luminal NaCl concentra-
tion caused parallel changes in the volume of MD
cells.47�49 Changes in volume were to some extent tran-
sient, indicating some ability of MD cells for volume
regulation.49 Both increases and decreases in MD cell
volume have been observed with concomitant incre-
ments in Na (25 to 135 mM) and osmolarity (210 to
300 mOsm).10,47 When NaCl concentration was kept
constant, MD cells behaved like osmometers, swelling
with a reduction and shrinking with an increase in
osmolarity.49 Transcellular osmotic water permeability
of MD cells, assessed from the initial cell volume
change in response to an osmotic step change, was esti-
mated to be similar to that of cortical collecting tubules
in the absence of ADH.50,51 The main restriction to
water movement resides in the apical membrane.50

Transmembrane channels for water movement have
not been identified; apical membranes of MD cells lack
aquaporin 1,52 and the presence of other aquaporins
has not been established. Vasopressin receptors of both
the V1a and V2 varieties have been found in MD cells,
but there is no evidence that MD water permeability is
regulated.24,53

Other Cellular Characteristics

Nitric oxide synthase type I (NOS I or nNOS), a con-
stitutive and Ca-dependent NOS isoform, is highly and

FIGURE 23.2 Representation of transport proteins and receptors

in apical and basolateral membranes of macula densa cells.
Experimental evidence comes from work in both rats and rabbits.

FIGURE 23.1 Low power electron micrograph of the juxtaglo-

merular apparatus and surrounding cortical tissue (mag. 3320)
(AA: afferent arteriole; EA: efferent arteriole; MD: macula densa;
EGM: extraglomerular mesangium). (Courtesy of Brigitte Kaissling and
Wilhelm Kriz.)
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selectively expressed in MD cells, and has become a
useful marker of this cell type.54,55 Alternative splicing
leads to the generation of several nNOS variants with
NO synthase activity.56 The presence of three of these
variants, nNOSα, β, and γ in MD cells and their regula-
tion by salt intake has recently been demonstrated.57

Catalysis of the conversion of L-arginine to NO and L-
citrulline by NOS requires the participation of a num-
ber of co-factors. One of these co-factors is NADPH,
and it is possible that the relatively high activity of
glucose-6-phosphate dehydrogenase (G6PDH) in MD
cells is related to the NADPH requirement of NOS.58 A
functional connection between nNOS and G6PDH is
suggested by the parallel upregulation of the expres-
sion of both enzymes during NaCl restriction.58�60

Alternatively, the high pentose shunt activity sug-
gested by the abundance of G6PDH may serve to pro-
vide ribose-5-phosphate for nucleic acid synthesis.
Avid uptake of labeled uridine has been shown to
occur in MD cells, a process inhibited by actinomycin
D, and therefore indicative of incorporation of the
pyrimidine precursor into the RNA pool.61

Cyclooxygenase-2 (COX-2), typically induced by
LPS and cytokines in the inflammatory process, is con-
stitutively expressed both in the renal medulla and to a
lesser extent in the cortex.62,63 Cortical expression of
COX-2 in the mature rat and rabbit kidney is restricted
to a subgroup of MD and perimacular cells of the
TAL.62,64�66 MD expression of COX-2 has also been
observed in humans older than 60 years, and in
patients with Bartter syndrome.67,68 Condensation of
COX-2 expression is the remnant of a more intense
expression in early postnatal kidneys, where the
enzyme can be found in a more contiguous pattern in
TAL cells proximal and distal of the MD. At this early
stage, COX-2 appears to be specifically excluded from
MD cells.69 Conversion of PGH2 into the bioactive
PGE2 is catalyzed by prostaglandin E2 synthases, of
which both a microsomal and cytosolic isoform have
been described.70 Immunocytochemical evidence has
demonstrated the presence of a membrane-associated
PGE2 synthase in MD cells of both rats and rabbits.71,72

Co-localization of COX-2 with phospholipase A2 has
been described in the MD at the level of single cells.66

Table 23.1 lists a number of other differences in the
expression pattern of MD compared to surrounding
TAL cells where the function has remained unclear.

Extraglomerular Mesangial (EGM) Cells

Morphology

The EGM cells (Goormaghtigh or lacis cells are
synonyms) are the cells of the JGA which have the
most intimate and regular contact with the MD.3 MD

cells and EGM cells are separated by an interstitial cleft
of variable width that does not appear to be bridged by
gap junctional connections. In three-dimensional recon-
structions EGM cells are elongated cells with long cyto-
plasmic processes, which in general run parallel to the
base of the MD cells.73 Commensurate with extensive
gap junctional coupling of EGM cells with each other
as well as with mesangial cells and granular cells,74,75

connexins 40, 37, and perhaps 43 or 45 are expressed to
various degrees in extra- and intraglomerular mesan-
gium.76,77 The presence of myofilaments in EM cells
suggests that EGM cells, like mesangial cells, have con-
tractile potential.78

The extraglomerular mesangial cell field is free of
capillaries, lymph terminals or nerve fibers. The
absence of blood capillaries may cause a retardation of
fluid entry and fluid removal from this compartment.
In fact, the interstitial volume density of the EGM cell
field increased from 17% during volume depletion to
29% during volume expansion, while no changes were

TABLE 23.1 List of Proteins with an Expression Pattern that
Differs between Macula Densa and Surrounding Tubular Cells

Macula Densa Comments Reference

Tamm-Horsfall
protein

Neg, ideal negative selection
marker

596

Epidermal growth
factor

Neg, present in TAL and DCT 597

Hepcidin Neg, present in TAL, apical 598

PKD2 Neg, present in TAL, mostly
basolateral

599

TRPV4 Neg, present in TAL and DCT 600

Oxytocin receptors Pos, not in TAL, mostly
basolateral

601

Angiotensin II
receptors

Pos, apical and basolateral 602

Benzodiazepine
receptors

Pos, peripheral type receptors 603

Ca-sensing receptor Pos, basolateral 604

PTHrP Pos, microvessels, PCT and DCT 605

Stanniocalcin Pos, also in TAL, DCT, and CD 606

Integrin-β6 Pos, fibronectin receptor 607

P2Y receptors Pos, basolateral 608

WNK4 Pos also in TAL and DCT 609

P38 MAP Kinase Pos more than other tubular
segments

610

SGLT1 Pos also in cTAL 611

IQGAP1 Pos apical, also in DCT, less
inTAL

612
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noted in the peritubular interstitium.79 Nevertheless,
recent studies of the flow dynamics across the JGA
interstitium using lucifer yellow as a fluorescent
marker indicate rapid exchange between afferent arter-
ioles and tubular lumen, presumably mediated by bulk
fluid flow.80

Biochemical and Functional Aspects

Localization studies using histochemical, autoradio-
graphic or immunological methods usually do not dis-
tinguish between intra- and extraglomerular mesangial
expression patterns. Nevertheless, in some cases it
seems justified to assume parallel expression in both
cell types. For example, autoradiographic localization
of angiotensin II and atrial natriuretic factor binding
suggests the presence of receptors on both intra- and
extraglomerular mesangial cells.81,82 Relative predomi-
nance of AT1 receptor mRNA in EGM cells has been
observed by in situ hybridization.83 While EGM cells
normally do not synthesize renin, they can be recruited
to form renin with long-standing stimulation such as
chronic diuretic abuse.7,84

Differential expression patterns in intra- and extra-
glomerular mesangium are relatively discrete. EGM
cells do not stain with antibodies against Thy-1, while
the glomerular mesangium does.85 Conversely, decay
accelerating factor (DAF), a glycoprotein that limits
complement activation on cell surfaces, is restricted to
the EGM cells, at least in the human kidney.86 HSP 25
expression has also been reported in extraglomerular,
but not intraglomerular, mesangium.87 Of unknown
significance is the observation that two Na,K-ATPase-
associated proteins, the FXYD protein phospholemman
(FXYD1) and the β2-subunit, are expressed in the extra-
glomerular mesangium, while being excluded from
both MD cells and intraglomerular mesangial cells.43

Conventional mesangial cell cultures have been used
as a model to study JGA-specific issues such as NO
and PGE2 production, but whether or not this approach
permits inferences about the JGA signaling mechan-
isms in vivo has remained unclear.88�90

Granular Cells

Morphology

The granular cells in the arteriolar walls are the
main renin-producing cells of the kidney. With a rough
endoplasmic reticulum, a well-developed Golgi appa-
ratus, and numerous cytoplasmic granules, they have
the fine structure of protein-secreting cells.2,78 The
renin-containing granules are membrane-bound. Some
granules, believed to be the more newly formed, have
a crystalline lattice appearance and may mainly contain
pro-renin; others, with an amorphous electron-dense

content, are believed to represent the mature form.7,91

Myofibrils and smooth muscle myosin are sparse, and
may be even absent in granular cells at the vascular
pole.92 In the mature rat kidney under control condi-
tions, granular cells are clustered at the vascular pole
over a length of about 30 μm or about 20% of the affer-
ent arteriole, but single ring-like renin-positive regions
in more proximal locations are sometimes seen.93 In
the developing kidney, as well as during stimulation of
renin synthesis, for example with converting enzyme
blockade, renin-positive cells can be found all along
the afferent arteriole and also in larger vessels.94,95

Coexistence of renin and angiotensin II in granules
of rat and human epithelioid cells has been shown by
light and electron microscopy.96,97 Granular angioten-
sin II appears to increase in parallel to renin following
adrenalectomy and renal artery stenosis.97,98 Granular
angiotensin II may reflect uptake through either non-
specific endocytosis, receptor internalization or intra-
cellular de novo generation.99,100 Not unexpectedly,
granular cells contain AT1 receptor mRNA, with rats
expressing both AT1A and AT1B receptor mRNA and
mice expressing only AT1A receptor mRNA.101,102

Granular cells express the mRNA for both D1-like and
D2-like dopamine receptors mediating stimulation and
inhibition of renin secretion.103,104 The gap junctional
connexins 40 and 37 have been shown to co-localize
with renin, indicating functional connections among
granular cells.105�107 Other proteins found in JG cells
include cyclic guanylate kinase II,108 the ubiquitous
basolateral form of the Na,2Cl,K co-transporter
NKCC1/BSC2,109 and GLUT4.110

Functional Aspects

Renin release has been found to be episodic or quan-
tal, an observation most consistent with granule exocy-
tosis.111 Nevertheless, EM images rarely document the
classic omega configuration with an open pore to the
cell exterior,7 and no evidence in support of the pres-
ence of vesicle or target membrane SNARE proteins in
JG cells has been published. On the other hand, isopro-
terenol and cAMP caused an increase in membrane
capacitance in isolated JG cells, an observation usually
interpreted to be the result of an exocytotic membrane
fusion event.112 An attempt to observe exocytosis has
been made in dissected glomerulus/vessel prepara-
tions using optical labeling of renin granules with
quinacrine and LysoTracker-Red, fluorophores that are
taken up into acidic organelles. When stimulated by
isoproterenol or a low arteriolar pressure, labeled gran-
ules disappeared at a rate of about 5�10 granules per
minute.113 In renin-releasing As4.1 cells, the extinction
of individual granules was followed by the appearance
of an extracellular quinacrine cloud, presumably repre-
senting the released granule contents.113
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Studies of the membrane characteristics of JG cells
in the hydronephrotic mouse kidney by the whole cell
patch-clamp technique have identified an inward recti-
fying K current whose inhibition was shown to be
partly responsible for the depolarizing effect of angio-
tensin II.114 In addition, JG cells expressed Ca-activated
Cl channels in high density.114 In contrast, inwardly
rectifying K channels were not detected in isolated JG
cells from rat kidneys.115 Instead, Ca-dependent and
voltage-gated large conductance K channels (BKCa)
were identified that largely determined the resting
potential of 232 mV.115 Presence of BKCa channels was
verified at the mRNA level by RT-PCR, and at the
protein level by immunocytochemistry. The increased
outward current caused by cAMP was also due to acti-
vation of BKCa channels, suggesting that they were of
the cAMP-stimulated ZERO splice variant.115 There is
also evidence for the presence of K-ATP channels in JG
cells, but their functional role is not clear.116 While ear-
lier studies failed to obtain functional evidence for the
presence of voltage-dependent Ca channels,117 the
presence of L-type Ca channels and their activation by
strong depolarizations has been established in isolated
JG cells.118 JG cells express NKCC1, the ubiquitous iso-
form of the Na,K,2Cl co-transporter, and its inhibition
by furosemide stimulates renin exocytosis, as evi-
denced by increased membrane capacitance.119

MACULA DENSA CONTROL OF
VASCULARTONE

The Tubuloglomerular Feedback Loop

Effect of Distal Tubule Flow Perturbations on
SNGFR

The tubuloglomerular feedback (TGF) response is
defined as the change of SNGFR resulting from a
change in tubular fluid flow exiting the proximal con-
voluted tubule, a practical experimental variable to
predictably alter tubular fluid composition in the MD
segment of the tubule.120 The average reduction of
SNGFR in superficial nephrons of rats caused by a sat-
urating flow increase in 15 independent studies was 13
6 1 nl/min or 40 6 3%.52 In addition to the rat, TGF
responses were found in all mammalian species tested
thus far (dog, hamster, mouse, humans), as well as in
two non-mammalian species (Amphiuma means and
Necturus maculosus).52 Fitting SNGFR measurements at
eight different loop perfusion rates to a four parameter
logistic equation (Figures 23.3 and 23.4) revealed that
TGF responses occur over a defined flow range and
show nonlinear saturation kinetics.121 V1/2, the flow
resulting in the half-maximum response, was 17.5 nl/
min, a value close to the ambient end-proximal flow

rate in the rat (Figure 23.3). The precise location of the
TGF operating point has been determined by adding or
withdrawing small volumes of fluid from the proximal
tubule and determining the resulting changes in proxi-
mal flow rate.122 In these studies, small increases and
decreases in loop flow rate were equally and maxi-
mally effective in altering SNGFR, an observation that
directly demonstrates the position of the operating
point at the midpoint of the feedback function
curve.122,123 Consistent with the conclusion of tonic
suppression of GFR by TGF are observations showing

FIGURE 23.3 Relationship between SNGFR and loop of Henle

perfusion rate (VLP). The diagram shows mean values from 9 tubules
in which SNGFR was determined at 8 different flow rates121 (Δmax:
maximum reduction of SNGFR; V1/2: perfusion rate causing half-maxi-
mal reduction of SNGFR).

FIGURE 23.4 Four parameter equation (logistic equation) used

to describe the sigmoidal relationship between SNGFR and lat
proximal flow rate (VLP). Parameters are SNGFRmax, SNGFRmin, V1/2,
the flow rate at which the response is half-maximum, and f0 V1/2, the
slope at the midpoint.594
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that SNGFR based on fluid collections in the proximal
tubule where the TGF signal is eliminated is usually
higher than SNGFR based on distal collections where
the TGF signal is intact (Figure 23.552). Systematically
higher values of SNGFR of superficial nephrons deter-
mined in proximal compared to distal tubule segments
have also been demonstrated in the dog and
mouse.124,125 TGF responses were also observed in jux-
tamedullary nephrons of both rats and hamsters,
where increased flow past the MD by perfusion of thin
ascending limbs produced a reduction in SNGFR by
about 25 nl/min or approximately 50%.126,127

The vasoconstriction elicited by TGF at the level of the
JGA may be partially offset by a tubular vasodilator
effect that appears to be mediated by a tubulovascular
contact area at the level of the connecting tubule.128 This
dilator mechanism, called cTGF, is activated by high Na
concentrations and inhibited by amiloride or benzamil,
suggesting that it is initiated by activation of ENaC-
dependent Na transport.128 Activation of cTGF seems to
require relatively high flow rates, and may therefore
play an important role only under special circum-
stances.129 Nevertheless, the implications of these obser-
vations are potentially far-reaching for the interpretation
of previous microperfusion studies, and for the under-
standing of the physiology of TGF regulation of GFR.

TGF Oscillations

In both rats and mice the operation of the TGF system
in the closed-loop mode can result in stable oscillations of
filtration pressure and filtration rate with a periodicity of
2�3 cycles/min (30�50 mHz).125,134,135 Synchronous
pressure oscillations were seen in efferent arteriolar blood
flow, with blood flow leading tubular pressure by about
a 1 second lag. This phase shift suggests that oscillations
in blood flow were the cause of changes in tubular pres-
sure.130 Oscillations were principally of single nephron
origin, since oscillations in random nephrons were not
in phase.131 However, synchronized pressures were

observed in adjacent nephrons whose afferent arterioles
originate from the same interlobular artery.132,133 The
simultaneous assessment of the oscillatory pattern of
many nephrons on the surface of the kidney using the
novel approach of laser speckle contrast imaging has
shown that synchronized TGF oscillations can sometimes
be observed among nephrons that are not located in the
immediate vicinity of each other.134 Pressure oscillations
were abolished by loop diuretics, and they were absent
in mice that lack TGF responses, suggesting that they
were generated by the TGF system.125,135 This contention
was further supported by the finding that distal flow rate
and Cl concentrations oscillate with the same frequency,
but with a fixed phase shift.136 Mathematical modeling of
the TGF system indicates that oscillations are the result of
a relatively high feedback gain, in combination with
delays in the transmission of the signal across the JGA
and along the nephron.137,138

In addition to the slow TGF-dependent oscillations,
laser-Doppler velocimetry identified oscillations in star
vessel blood flow with a frequency of about
100�200 mHz, probably reflecting myogenic vessel activ-
ity.130 Since TGF and myogenic mechanisms are targeted
to identical arteriolar smooth muscle cells, they are
expected to interact and become synchronized. As an
expression of the interaction, the power of the myogenic
oscillations increased during inhibition of TGF, and
decreased during TGF saturation.130,139 In contrast to the
synchronized oscillations of normal animals, irregular
fluctuations of proximal tubular pressure have been
observed in spontaneously hypertensive as well as
Goldblatt hypertensive rats, but not in salt-sensitive Dahl
rats with hypertension.140�142 Mathematical modeling
has shown that desynchronizations like those seen in the
hypertensive models can result from parameter varia-
tions of the TGF system or from increases in interaction
strength, particularly when nephrons are electrotonically
coupled.143,144 Oxygen tension on the renal surface has
also been found to oscillate at the 30 mHz TGF frequency,

FIGURE 23.5 (a) Difference between
SNGFR measured in the distal and in the
proximal tubule (Δ proximal�distal); its mag-
nitude is an index of the SNGFR-reducing
effect of ambient flow rates past the macula
densa. (b) Relationship between measure-
ments of SNGFR in proximal and distal
segments of the same nephron. Each point is
the mean of an experimental series taken from
the literature (for references see 52). Proximal
SNGFR exceeded distal SNGFR by an
average of 6.0 6 0.54 nl/min, suggesting TGF-
dependent suppression of the GFR of superfi-
cial nephrons by about 16%
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and it has been speculated that a switch of TAL cell
energy production from aerobic to anaerobic metabolism
may cause the instability in MD NaCl concentration that
activates TGF oscillations.145

The Tubular Signal and the Sensing Mechanism

Effect of Loop of Henle Flow on MD NaCl
Concentration

Although flow rate changes are frequently used to
activate TGF, their mechanical consequences per se do not
appear to be sufficient cause for vasomotor responses
in vivo. Flow rate changes do not elicit TGF responses as
long as they are not accompanied by changes in NaCl,
and conversely, full TGF responses can be induced by
low flows, as long as NaCl is supplied at sufficiently high
concentrations.120,146�148 Furthermore, widely varying
TGF responses can be observed at identical flow
rates.148,149 However, in a recent study using the isolated
perfused JGA preparation, changes in flow even in the
absence of NaCl were observed to elicit vasoconstriction
and increases of cytosolic calcium in vascular cells at the
glomerular pole, an effect attributed to the consequences
of mechanical deflection of the central cilium of MD
cells.150,151 The reasons for this major discrepancy
between the in vivo and in vitro effects of flow are not
known.

Nevertheless, extensive experimental evidence
in vivo favors the notion that the MD cells respond to
changes in luminal NaCl concentration, and that the
flow dependency of TGF responses reflects flow
dependence of luminal [NaCl] in the MD region of the
nephron.152 In situ microperfusion of loops of Henle
has revealed a biphasic relationship between flow rate
and distal [NaCl] measured 300�600 μm downstream
from the MD, the earliest accessible site along the distal
convoluted tubule.120,153,154 The increase of distal solute
concentrations at subnormal flow rates is the result of
modifications of tubular fluid between the MD region
and the distal tubule. NaCl influx along the early post-
MD epithelium causes [NaCl] to increase over the
levels existing at the MD, and the effect of this addition
of NaCl is particularly evident at low flow rates.153,155

Effect of MD NaCl Concentration on SNGFR

The precise relationship between MDNaCl concentra-
tion and SNGFR was established by perfusing loops of
Henle from their distal ends in a retrograde direction.148

In this approach, the distance between perfusion and
sensing sites is greatly shortened, the changes in perfus-
ate composition by tubular transport activities are mini-
mized, and the effects of perfusate composition on
SNGFR can be studied at constant flow rate and pres-
sure. At a flow rate of 20 nl/min, SNGFR varied

inversely with changes in perfusate NaCl concentration
between 15 and 60 mM (or 30 and 120 mOsm), values
which extend over the hypotonic range normally occur-
ring at the end of the thick ascending limb.146,148,156

Increments in NaCl concentration above 60 mM did not
further suppress filtration rate. Maximum changes of
SNGFR caused by saturating flow rates during ortho-
grade perfusion and by saturating NaCl concentrations
during retrograde perfusion were identical. Fitting the
equation of a hyperbolic tangent to these results
(Figure 23.6) indicates that the half-maximum decrease
in SNGFR is caused by a NaCl concentration of 33.5 mM,
and that the maximum slope is about 0.5 nl/min mM.

Studies designed to discriminate between ionic or
osmotic effects of the perfusion fluid indicate that total
solute concentration at the MD does not seem to
measurably participate in TGF-mediated reductions of
SNGFR. Orthograde perfusion with isotonic mannitol
solutions in the rat is usually not associated with sus-
tained reductions in SNGFR, even though distal tubu-
lar fluid osmolality is greatly increased.120,147,157 TGF
responses correlating with alterations in osmolality
have been observed during orthograde perfusion with
various perfusion solutions, but the variations in distal
osmolality were outside the critical osmolality range of
30 to 120 mOsm observed in retrograde perfusion stud-
ies.158 In retrograde perfusion experiments in which
fluid osmolality and NaCl concentration were varied
independently, TGF responses were exclusively deter-
mined by NaCl concentration, and not by osmolality in
a range between 130 and 400 mOsm.149 Finally, the pat-
tern of SNGFR responses during retrograde perfusion
with isotonic solutions in which either Na or Cl was
replaced, but in which osmolality was kept constant,
indicates dependence on the ionic composition and
independence of osmolality.148,156

FIGURE 23.6 Logistic equation describing the relationship
between NaCl at the macula densa and early proximal flow rate

(VEP), a close correlate of SNGFR. Changes in NaCl concentration at
the macula densa were produced by retrograde microperfusion.148

[NaCl]1/2, NaCl concentration causing half-maximum reduction of VEP.
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TGF Response and NaCl Transport

EFFECTS OF LOOP DIURETICS

The observation that inhibition of NaCl transport
along the loop of Henle is associated with blockade of the
TGF mechanism has been of fundamental importance in
understanding the initiation of the TGF signaling path-
way.159 TGF inhibition has been rather uniformly
observed in the presence of loop diuretics such as furose-
mide, bumetanide, piretanide, ethacrynic acid, triflocin
or l-ozolinone.52 Concentrations causing half-maximal
inhibition of transport and feedback appear to be similar,
about 53 1025 M for furosemide and about 1026 M for
bumetanide160 (own unpublished data). Furosemide also
blocked TGF responses during retrograde perfusion, sug-
gesting that metabolic consequences of TAL inhibition
are not transmitted by convective transport to the MD
cells.161,162 Since distal Na and Cl concentrations are
greatly elevated during loop NaCl transport inhibition,
TGF responses do not appear to be caused by luminal
NaCl concentration changes per se, but by changes in
cellular NaCl uptake mediated by the furosemide-
inhibitable Na,K,2Cl co-transporter NKCC2. The
concentration dependence of feedback responses is prob-
ably the result of concentration dependence of NaCl
uptake. Studies in mice with selective deletions of the A
or B isoform of NKCC2 indicate that NKCC2B mediates
TGF in the low NaCl concentration range, while
NKCC2A is required for responsiveness to higher NaCl
concentrations.22,163 Thus, the presence of two isoforms
of NKCC2 in the macula densa extends the NaCl range
over which TGF operates (Figure 23.7). The concept that
TGF responses are generated by the successive activation
of NKCC2B and NKCC2A is supported by expression
studies in Xenopus oocytes that have shown a higher Cl

affinity of NKCC2B than NKCC2A, 9 mM versus
45 mM.21 Other aspects, such as the dependence of the
inhibitory potency of furosemide on Cl concentration,
have also been found to hold true for the TGF
response.162,164 Diuretic agents with primary actions out-
side the loop of Henle such as acetazolamide, chlorothia-
zide, and amiloride do not possess TGF-inhibitory
properties.159,165

EFFECT OF K CHANNEL BLOCKADE

Retrograde application of the K channel blocker
U37883A caused an almost complete inhibition of TGF
responses.166 This effect is mediated by inhibition of
ROMK type K channels, since TGF responses were
largely absent in mice with targeted ROMK deletion,167

a finding that has been confirmed in mice in which
selective breeding of surviving animals has generated
ROMK-deficient mice with less compromised kidney
function and well-maintained blood pressure.168,169

The observation that inhibition of NKCC2 and ROMK
has similar effects on TGF responses argues against a
specific “sensor” function of these transport proteins,
and for a critical role of some consequence of MD NaCl
transport. Since ambient distal K concentrations near
the MD are close to the K affinity of the co-transporter,
it is possible that variations in luminal K may in part
regulate TGF response magnitude.166 Nevertheless, the
increase in distal K concentration accompanying acute
hyperkalemia was associated with attenuation, not
enhancement, of TGF responses.170

ION SUBSTITUTION STUDIES

That NaCl uptake by NKCC2 is the initial step in the
feedback transmission pathway is further supported by
parallels in the ionic requirements for both TGF- and
NKCC2-mediated NaCl transport across TALH. During
retrograde perfusion of the MD segment (Figure 23.8a),
TGF responses were not seen during perfusion with iso-
tonic or hypotonic solutions of Na salts such as
NaHCO3, NaNO3, NaI, NaSCN, Na acetate, Na gluco-
nate or Na isethionate.148,156 In contrast, isotonic solu-
tions of Cl salts (Figure 23.8b) accompanied by small
monovalent cations such as K, Rb, Cs or NH4 elicited
full TGF responses, as did the bromide salts of Na and
K148. It is to be noted that some of these small cations
have been found to be substrates for either the Na or
the K site on the NKCC2 co-transporter.164,171

The requirement for sizable Cl or Br concentrations,
and the apparent lack of dependence on Na concentra-
tion, are consistent with an involvement of Na,K,2Cl co-
transport, since the apparent overall affinity of NKCC2
for Cl in both TAL and MD cells is much lower than that
for Na or K.172,173 Thus, the relatively low Cl affinity
would predictably create an apparent Cl dependency of
transport, while the small amounts of Na or K entering

FIGURE 23.7 Relationship between loop of Henle perfusion rate
and the relative reduction of PSF (6 SEM) in mice lacking NKCC2B
(circles: (A) only) or NKCC2A (dots: (B) only). Dashed lines indicate
the positions of V1/2, the flow rates causing half-maximum reduction
of PSF; bars indicate the flow ranges over which 90% of the total
responses occur. (Data from .22,163)
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initially Na- or K-free solutions are sufficient to sustain
near normal NKCC2 activity. When Na was replaced
with large cations such as choline or TMA, TGF responses
of normal magnitude were not seen, even though Cl was
present in sufficiently high concentrations.148,156

Considering the cationic selectivity of the paracellular
shunt, replacing luminal Na for choline will result in a
sizable lumen positive Na diffusion potential172 that is
predicted to reduce NaCl absorption by increasing Cl
backflux. This explanation is consistent with the observa-
tion that NaCl transport rates of isolated TAL were found
unaltered when studied under symmetric conditions
with high choline Cl on both sides of the epithelium.172 In
this case, Na backdiffusion and voltage-dependent inhibi-
tion of NaCl absorption is not to be expected as long as
low concentrations of Na and K are present.

ACTIVE NaCl TRANSPORT

Transport inhibition caused by metabolic inhibitors
such as cyanide, antimycin A or uncouplers of oxida-
tive phosphorylation has also been found to reduce
TGF responsiveness.159,174 TGF responses are not
affected by peritubular application of ouabain, and this
is probably related to the fact that the α1 Na,K-ATPase
in rodents is rather insensitive to cardiac glycoside
inhibition.175 In fact, when α1 Na,K-ATPase was genet-
ically engineered to become ouabain-sensitive, intrave-
nous or luminal administration of the glycoside caused
marked reductions of TGF responses.176 The effect of
luminal ouabain may not be related to H,K-ATPase
inhibition, since TGF responses were unaltered in H,K-
ATPase-deficient mice.176 The striking effect of loop
transport blockade suggests that NaCl uptake through
the furosemide sensitive Na,K,2Cl co-transporter, and
Na extrusion through an energy-dependent pathway
are critical steps in generating feedback responses.

The Vascular Effector Mechanism

The vascular response to a change in perfusion of
single loops of Henle occurs without alterations in sys-
temic arterial pressure, renal sympathetic tone or in the
resistance of larger renal vessels such as the cortical
radial arteries (interlobular arteries). Therefore, the
alteration in the hemodynamic determinants of filtra-
tion must be caused by a change in the contractile state
of glomerular vascular elements. To determine the
effect of TGF on glomerular arteriolar resistance, both
the pressure fall and the rate of arteriolar blood flow
have to be assessed while the perfusion in the loop of
Henle of the same nephron is altered.

Pressure Gradients

GLOMERULAR CAPILLARY PRESSURE (PGC)

Direct measurements in superficial glomeruli of
Munich-Wistar rats have shown that saturating flow
increments cause a significant fall in PGC, with frac-
tional decreases ranging between 15 and 22%.123,177�180

The slope of the PGC change in the most sensitive flow
range was 1.3 mmHg min/nl.123 PGC measured directly
in an in vitro preparation of juxtamedullary nephrons
also fell during TGF activation.181 PGC in nephrons
without superficial glomeruli can be estimated from
measurements of stop flow pressure (PSF).

182 In
response to a saturating increase in loop flow, mean
PSF of 23 studies fell by 22%, from 39.06 0.8 to
30.36 0.8 mmHg.52 A reduction in PSF was also
observed in the dog when loop flow was increased
from zero to normal and supranormal values.183,184 In
the mouse, TGF responses of PSF are similar in magni-
tude as those seen in rats, but the sensitivity range is
shifted to lower flows.185 Since multiple determinations
of PSF can be made in the same nephron with small

FIGURE 23.8 (a) Effect of Na salts
with various anionic substitutions on
the response of VEP to retrograde per-
fusion of the macula densa segment.
(b) Effect of Cl and Br salts with vari-
ous cationic substitutions on the
response of VEP to retrograde perfu-
sion of the macula densa segment.
(Data from ref. [148]).
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perfusion flow increments, the nonlinear relationship
between loop of Henle flow and PSF was apparent long
before a similar feedback function for SNGFR was
defined.186 In 15 experimental series, the maximum PSF

decrease averaged 7.96 0.6 mmHg, with a mean V1/2 of
20.16 1.1 nl/min. The maximum sensitivity varied
substantially between different studies, but in general
was between 1 and 2 mmHg min/nl.52 Two laborato-
ries have reported that the TGF-induced change in PSF

was identical to the TGF-induced change in PGC.
178,179

The main uncertainty in the determination of
feedback-induced changes in the glomerular arteriolar
pressure drop results from the evidence that, at least in
the rat, a portion of the preglomerular resistance
resides in the cortical radial arteries rather than in the
afferent arterioles.187,188 As a consequence, afferent
arteriolar resistance, calculated from the artery-to-glo-
merulus pressure difference, overestimates true affer-
ent resistance, while the relative change caused by the
TGF mechanism is underestimated. If preglomerular
resistance is equally apportioned between interlobular
artery and afferent arteriole, the TGF-induced resis-
tance change along the afferent arteriole would be
about 15% greater.

Glomerular Plasma Flow

Estimation of glomerular plasma flow (GPF) by
micropuncture requires measurements of SNGFR and
single nephron filtration fraction (SNFF), with SNFF
being derived from the increase in protein concentra-
tion or hematocrit in collected samples of early postglo-
merular blood. Increasing loop perfusion rate reduced
plasma flow entering the glomerulus by about 20%, a
change accompanied by a fall in SNFF.189,190 Laser-
Doppler shift analysis showed that saturation of the
TGF mechanism caused about a 40% reduction in effer-
ent arteriolar blood flow, while TGF inhibition with
furosemide increased blood flow by about 25%.130

Supportive evidence for TGF-induced reductions in
GPF came from the observation that glomerular blood
flow, estimated from the change in the arrival of fluo-
rescent particles in a single glomerular capillary,191 fell
by about 25�30% when loop flow was increased (M.
Steinhausen and J. Schnermann, unpublished). A 30%
reduction in afferent arteriolar blood flow was also
seen in Amphiuma and Necturus kidneys when distal
flow rate was increased.192,193

Effector Site

PREGLOMERULAR RESISTANCE

The micropuncture studies agree that increasing
loop of Henle flow produces a 30�40% increase in
preglomerular resistance.189,190 TGF-induced reduc-
tions in afferent arteriolar diameter have been directly

observed in the blood-perfused juxtamedullary neph-
ron preparation, and in an isolated perfused tubule/
vessel preparation.181,194,195 TGF-induced resistance
changes estimated from such diameter observations
are consistently much larger than those measured with
the micropuncture approach. As suggested above, the
location of a sizable resistance along large intrarenal
arteries would lead to an underestimation of the TGF-
induced resistance change. It is also possible that in the
small preglomerular arterioles resistance estimates
may deviate from Poiseuille’s law. Finally, cTGF, the
vasodilator effect at the level of the connecting tubule,
may blunt TGF in vivo, but would be absent in the per-
fused tubule.128,196

The ultimate cause for TGF-induced vasoconstric-
tion is a rise in intracellular calcium that, at least to a
large extent, is mediated by activation of voltage-
dependent calcium channels. Depolarization of afferent
arteriolar smooth muscle cells during TGF activation
has recently been demonstrated using voltage-sensitive
dyes.197 A role for the resulting activation of L-type Ca
channels in TGF is supported by the TGF inhibitory
effects of intravenous or peritubular application of Ca
channel blockers.198�200 A decrease in protein kinase A
activation may be an additional component of TGF-
mediated vasoconstriction of the afferent arteriole,
since Db-cAMP in the presence of 50 μM IBMX or the
luminal application of forskolin, a stimulator of adenyl
cyclase, significantly reduced the TGF response
magnitude.201,202

Observation of the TGF response indicates that the
afferent arteriole immediately adjacent to the glomeru-
lum is the main direct target of the TGF mediator.181

The glomerular entrance segment of the vessel is the
part of the afferent arteriole in which agents affecting
TGF response magnitude, such as adenosine and angio-
tensin II, exert their largest constrictor action.203,204

TGF-induced local constriction may elicit a vascular
conducted response that spreads to proximal portions
of the arteriole by electrotonic coupling or myogenic
excitation.205,206 Spreading of contractile responses dur-
ing local application of KCl has been observed in juxta-
medullary nephrons, indicating electrotonic coupling of
afferent arteriolar smooth muscle cells.207 Upstream
propagation of TGF-induced vasoconstriction is also
responsible for the functional coupling of nephrons that
are supplied by a common interlobular artery.132,208,209

It is probable that conducted vasoconstriction relies on
the presence of various connexins in endothelial and
smooth muscle cells.76,210 In view of the functional con-
nection between afferent arteriolar smooth muscle cells,
one may conclude that the total vasoconstrictor
response to a NaCl step-change is composed of a local
MD-generated effect and an upstream myogenic con-
strictor component.
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POSTGLOMERULAR RESISTANCE

Evidence for a concomitant constriction of efferent
arterioles during TGF activation has been obtained by
micropuncture studies showing a reduction of GFR
with unaltered glomerular capillary pressure, therefore
suggesting proportional increases in the tone of afferent
and efferent vessels.179,190,211 Furthermore, an increase
of flow within the low-to-ambient flow range is associ-
ated with a greater change of SNGFR than of PSF, sug-
gesting that either there was balanced afferent and
efferent vasoconstriction, with the SNGFR fall being a
consequence of the reduced plasma flow or that total
resistance did not change and the SNGFR change was a
consequence of a reduced Kf.

123,212 Direct observations
of juxtamedullary efferent arterioles during TGF activa-
tion did not reveal any vasoactivity.181 In contrast to
these observations, luminal NaCl has been observed to
dilate efferent vessels in the double-perfused nephron
preparation of the rabbit, an effect that was prevented
by antagonists of A2 adenosine receptors.213 There is
some experimental evidence in support of the possibil-
ity that a reduction in the filtration coefficient may con-
tribute to TGF-induced reduction of GFR.190

Purinergic Mediation of the Vascular Response

As discussed in the previous sections, an increase in
loop of Henle flow rate produces increases in NaCl
concentration and NaCl transport at the MD, and this
functional alteration elicits a vasoconstrictor response
of the glomerular microvasculature, as well as a reduc-
tion in the rate of renin secretion. Propagation of the
signal across the JGA interstitium and subsequent
changes in vasomotor tone occurs through the trans-
port-dependent generation and action of purinergic
mediators (Figure 23.9).

ADENOSINE

Adenosine was originally proposed as a mediator of
the TGF response, since it provided a conceptual link
between the energy expended for NaCl transport and
the generation of a vasoactive ATP metabolite.214,215

Stimulation of Na transport in the proximal tubule is in
fact associated with a decrease in cellular ATP, and
increased NaCl secretion in the shark rectal gland
causes a decrease in ATP, as well as an increase in
adenosine release.216,217

The vasomotor action of adenosine in most organs
and vascular beds consists of vasorelaxation that
reflects the wide distribution of the two types of A2
adenosine receptors, A2aAR and A2bAR. Although the
kidney is usually considered an exception to this
rule,218 several studies have shown that the steady-state
response to an intravenous administration of adenosine
is a clear reduction of renal vascular resistance, whereas

the initial constrictor response is only short-lasting.219

In contrast, persistent vasoconstriction of afferent arter-
ioles by adenosine and A1 adenosine (A1) analogs was
observed in the hydronephrotic kidney and in isolated
perfused afferent arterioles when adenosine receptors
were activated from the interstitial aspect of the
vessel.203,220�222 The constrictor effect was absent in
arterioles from A1 adenosine receptor (A1AR)-deficient
mice.203,223 Thus, adenosine causes a lasting vasocon-
striction only when the nucleoside is generated in a
restricted interstitial region so that A1AR can be
accessed without general activation of the more domi-
nant A2 receptors. Expression data, as well as func-
tional observations, indicate that the terminal afferent
arteriole is a vessel with high representation of
A1AR.222,224 A1AR-mediated vasoconstriction of affer-
ent arterioles is initiated by Gi-dependent activation of
phospholipase C, release of Ca from intracellular stores,
and subsequent Ca entry through L-type Ca chan-
nels.203,225,226 The A1AR-mediated vasoconstrictor
effect of adenosine in afferent arterioles was stable for
extended periods of time, indicating absence of rapid
receptor desensitization.203,225 Tubular administration
of A1AR agonists augments the vasoconstrictor
response to increased loop flow rates.161,227 This effect
does not appear to be mediated through apical A1AR,
but rather to reflect a direct interaction with A1AR on
afferent arterioles, and it thereby demonstrates the
vasoconstrictor potency of A1AR activation and its
effect on glomerular capillary pressure in vivo.228

FIGURE 23.9 Schematic summary of our current understanding

of the pathway by which an increase in luminal NaCl at the macula

densa causes activation of vascular smooth muscle cells (VSMC) in

the afferent arteriole. Some consequence of NaCl uptake is linked to
the release of ATP, subsequent generation of adenosine, interaction
with adenosine 1 receptors (A1AR), Gi-dependent activation of PLC,
and increases in Ca by release from stores and opening of Ca chan-
nels. Angiotensin II is an important co-factor that augments the
impact of A1AR activation. NO is a response-attenuating factor
whose levels are to some extent modulated by reactive oxygen spe-
cies (ROS).
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Two laboratories have independently generated
mouse strains with targeted deletion of A1AR, and
both groups observed a complete absence of TGF
responses in A1AR2/2 animals using micropuncture
measurements of stop flow pressure or single nephron
GFR (Figure 23.10).229,230 Furthermore, specific A1AR
antagonists such as 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX) or PSB-36 inhibit TGF responses when added
to either the tubular lumen or the peritubular
blood.228,231 A similar effect has been seen earlier with
non-specific blockers such as theophylline or 3-isobu-
tyl-1-methylxanthine, IBMX.161,201,214,232 Addition of
the nonxanthine A1 receptor antagonist FK838 to the
perfusate or bath also eliminated TGF responses in an
isolated tubule preparation.233 There is evidence that
adenosine generated during TGF activation may also
interact with A2 adenosine receptors, but the site of
action is unclear. Enhanced TGF responses have been
observed during A2AR blockade, suggesting that acti-
vation of A2AR tonically diminishes A1AR-mediated
vasoconstriction of afferent arterioles, perhaps through
the release of nitric oxide.231,234 On the other hand,
adenosine is able to vasodilate preconstricted efferent
arterioles through A2AR, and A2AR inhibition has
been found to block TGF-mediated vasodilatation of
efferent arterioles in the isolated perfused JGA prepa-
ration.213,235 The latter findings are difficult to reconcile
with the absence of in vivo evidence for a reduction of
efferent arteriolar resistance during TGF activation.

ATP

The preponderance of current evidence indicates
that extracellular ATP serves as the major source for
the generation of adenosine in the JG interstitium.

Strong support for this notion is furnished by the dem-
onstration that basolateral membranes of MD cells
appear to have an ATP release pathway that is modu-
lated by changes in luminal NaCl. Release of ATP by
MD cells is suggested by the observation that PC12 or
mesangial cells placed near the basolateral MD cell
membrane responded to changes in luminal NaCl over
the 20�60 mM range with an increase in cytosolic cal-
cium.236,237 This Ca response of the biosensor cells
reflects P2 receptor activation, since it was inhibited by
suramin.236,237 Patch-clamp studies in cell-attached and
excised patches of the basolateral membrane of MD
cells showed the presence of an anion channel of
380 pS whose activity was dependent on the presence
of extracellular NaCl, and that was active in the pres-
ence of ATP as the only anion.236,237 Channel activity
was blocked by gadolinium, but not by the Cl channel
inhibitors DPC or NPPB.236 The molecular nature of
this large conductance anion channel has not been
identified, but it may be identical to a functionally
described maxi-anion channel that is widely expressed
throughout the body.238 Release of ATP across connex-
in hemichannels would be another possibility, but the
evidence for the presence of connexins in the basolat-
eral membrane of MD cells is weak.76,239

It is likely that ATP released into the JGA intersti-
tium serves as substrate for membrane-bound ecto-
ATPases and nucleotidases, ultimately resulting in the
formation of the vascular mediator adenosine. In fact,
TGF responses have been found to be greatly reduced
in mice with deletion of NTPDase1/CD39, the major
renal ecto-ATPase that dephosphorylates both ATP
and ADP to AMP.240 Furthermore, evidence has
been obtained suggesting that adenosine formation by
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FIGURE 23.10 (a) Mean responses of stop flow pressure to an increase in loop of Henle perfusion rate from 0 to 30 nl/min in wild-type
(A1AR1/1) and in adenosine 1 receptor-deficient mice (A1AR2/2). Gene targeting and phenotypic studies were performed by two independent
groups of investigators (Closed symbols: data from 229; Open symbols: data from 230). (b) Recordings of stop-flow pressure (PSF) and arterial
blood pressure (AP) in a wild-type mouse (A1R1/1) and in an adenosine 1 receptor-deficient mouse (A1R2/2). During periods indicated by
black bars, loop of Henle perfusion rate was increased to activate the TGF mechanism. Note absence of perfusion-related changes of PSF in the
nephron of the A1 receptor-deficient animal.

768 23. FUNCTION OF THE JUXTAGLOMERULAR APPARATUS: CONTROL OF GLOMERULAR HEMODYNAMICS AND RENIN SECRETION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



e-50NT/CD73 may be critical in the generation of aden-
osine during the TGF response. Blocking adenosine for-
mation with the e-50NT-inhibitor α,β-methylene
adenosine 50-diphosphate (MADP) significantly
reduced the compensatory TGF efficiency and the
slope of the TGF relationship.241 When the level of TGF
activation was fixed by saturating concentrations of
CHA, TGF efficiency was further reduced, and retro-
grade administration of MADP in combination with
CHA caused vasoconstriction and abolition of TGF
response.241 Consistent with these data are observa-
tions in mice with targeted deletion of e-50NT/CD73 in
which TGF responses were found to be markedly com-
promised.242,243 Finally, in the double-perfused JGA
preparation, bath addition of the ecto-ATPase apyrase
enhanced, and MADP abolished, TGF responses, sug-
gesting that extracellular generation of adenosine from
ATP is critical for JGA signaling.244 Exogenous e-50NT
was also found to improve the defective TGF compo-
nent of renal autoregulation in Thy-1 nephritic rats.245

Dephosphorylation of ATP and AMP is likely to occur
through enzymes anchored to the surface of mesangial
cells.246,247 Whether adenosine levels in the JG intersti-
tium are regulated by adenosine release across equli-
brative nucleoside transporters (ENT) is unclear, since
evidence based on the effect of ENT inhibitors such as
dipyridamole or dilazep on TGF responses is
inconclusive.214,248,249

As an alternative to a role of ATP as precursor for
adenosine, it has been proposed that ATP may directly
elicit TGF responses, most likely through activation of
P2 receptors on extraglomerular mesangial cells and
gap junctional transmission of the resulting increase of
cytosolic Ca to the afferent arteriole.150,236,250,251 ATP
may also directly activate arteriolar P2 receptors, with
P2X1 receptors being the most likely receptor subtype
since its presence in afferent arterioles has been well-
documented.252 In fact, ATP causes rapid and revers-
ible constriction of afferent arterioles, an effect that
may be more pronounced in juxtamedullary than
superficial nephrons.222,250 A similar effect is seen with
the P2X receptor-specific ligand α,ß-methylene ATP,
suggesting mediation of vasoconstriction by P2X puri-
noceptors.250 Nevertheless, unequivocal evidence in
support of a P2 receptor-mediated action of ATP in
TGF in vivo is not available. TGF responses in superfi-
cial nephrons of P2X1 knockout mice were not statisti-
cally distinguishable from wild-type animals.169

Likewise, TGF responses were not significantly affected
by the infusion of the broad-spectrum inhibitors of P2
receptors PPADS or suramin, although these agents
clearly diminished the blood pressure response to the
P2 agonist α,ß-methylene ATP.253 Results from the
double-perfused JGA preparation are controversial. In
an earlier study on rabbit tissue, suramin had been

without effect on the response of afferent arteriolar
diameter to an increase of luminal NaCl.244 Since accel-
eration of ATP breakdown enhanced, and inhibition of
50-ecto nucleotidase and of A1 adenosine receptors
blocked, the arteriolar diameter response, these results
were consistent with the ATP dephosphorylation/
adenosine paradigm.233,244 However, in similar pre-
parations from rabbit or mouse, suramin was recently
found to abolish afferent arteriolar Ca and constrictor
responses, while the A1AR antagonist DPCPX was
without effect.150,151 The reasons for this divergence are
presently unclear, but it is to be noted that a novel
approach was used in at least part of the latter study,
in that only the macula densa cells of the perfused
nephron were maintained, while all thick ascending
limb cells were removed by microdissection.151 While
it is conceivable that the presence of thick ascending
limb cells is required for the “conventional” TGF
response that is flow-independent, NaCl-dependent,
and affects vascular tone through A1AR activation, the
possibility of technical reasons for the obvious discre-
pancies cannot be excluded.

LINK BETWEEN NaCl TRANSPORT AND TGF

Exactly how an increase of NaCl transport by MD
cells is coupled to the release of ATP or the subsequent
activation of the purinergic signaling pathway is one of
the major open questions in TGF physiology. Cell
swelling is a very common cause for eliciting ATP
release, and this mechanism may be the critical factor
for linking NaCl transport to ATP egress in MD cells.
Nevertheless, as discussed above, the relationship
between the compositional changes associated with ele-
vated loop flow rates and MD cell volume is not
entirely clear. ATP release could also be related to any
of the changes caused by stimulation of NaCl transport
acrosss apical or basal membranes of MD cells. NKCC2
activation is followed by increases in cytosolic Na and
Cl concentrations, increases in cytosolic pH, and mem-
brane depolarization.16,30,33,173,254 MD depolarization
by about 30 mV following an increase of luminal
[NaCl] to 150 mM occurs over the 20�60 mM range,
and it therefore parallels the TGF response curve.255

Depolarization may be directly involved in TGF
responses, since the cation ionophore nystatin elicited
afferent arteriolar vasoconstriction in the presence of
low luminal NaCl and furosemide.256 TGF responses
were also seen when MD cells were depolarized by
luminal application of the K ionophore valinomycin,
together with 50 mM KCl. The valinomycin-induced
vascular response was not affected by the Cl channel
inhibitor NPPB (5-nitro-2-(3-phenylpropylamino) ben-
zoic acid), whereas the normal NaCl-induced response
was fully blocked by NPPB.256 Thus, it appears that
TGF responses depend upon MD cell depolarization
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independent of the specific mechanism underlying the
PD change, but evidence is needed to establish that the
depolarization by valinomycin or nystatin is restricted
to MD cells, and does not affect arteriolar smooth mus-
cle cells.

MD cell depolarization may be linked to TGF respon-
siveness through its effect on MD cytosolic calcium [Ca]i.
Transport-induced changes in MD [Ca]i have been
suggested to play a specific role in coupling the luminal
electrolyte signal to the vascular response.257 The Ca ion-
ophore A 23187 in the presence of luminal Ca enhanced
TGF responsiveness, whereas blocking Ca release from
intracellular stores with 8-(N,N-diethyl-amino)-octyl-
3,4,5-trimethoxybenzoate (TMB 8) and chelation of Ca
with BAPTA-AM diminished it.257�259 Ca entry may
occur through a voltage-activated and nifedipine-sensi-
tive Ca channel in the basolateral membrane,260 but
increased flux across a 20 pS non-selective cation channel
with finite Ca permeability reduced Ca extrusion by Na/
Ca exchange, and utilization of a conductive Ca entry
pathway across the apical cell membrane is an alternative
possibility.259,261,262 Despite the evidence supporting an
important role of [Ca]i it is far from certain that the [Ca]i
changes occurring in response to fluctuations of luminal
NaCl between 20 and 60 mM in vivo are large and consis-
tent enough to establish a systematic and causal associa-
tion between MD [Ca]i and the TGF response. In fact, the
relationship between luminal NaCl and MD cytosolic cal-
cium has been described as positive,260 negative49 or
entirely absent,150 perhaps indicating that the changes of
[Ca]i in MD cells may be too small to be safely distin-
guishable from experimental noise in this technically
demanding experimental approach.

A novel role for MD cell depolarization may be acti-
vation of NADPH oxidase and generation of superox-
ide that may directly or by scavenging NO enhance
TGF.263 An increase in NaCl delivery to the MD in the
isolated perfused JGA preparation caused about a
three-fold increase in superoxide production that
was largely inhibited by tempol or apocynin.264,265

Activation of NADPH oxidase appears to be the direct
result of depolarization, since depolarization with vali-
nomycin increased superoxide production and the
hyperpolarization following furosemide-induced inhi-
bition of NaCl uptake reduced it.265 The enhanced
activity of the NOX2 isoform of NADPHase oxidase
following membrane depolarization may be associated
with translocation of the small GTP-binding protein
Rac to the plasma membrane.266�268

Integrated Function of the TGF Mechanism

The JGA control system is constructed as a negative,
homeostatic feedback loop. The physiological purpose

of this regulatory loop has been the subject of a sub-
stantial body of investigation using both experimental
approaches and mathematical modeling. One potential
effect of the operation of the TGF feedback loop is to
reduce fluctuations of NaCl concentration at the MD,
thus reducing the variability in the delivery of NaCl
into the relatively low-capacity transport system of the
distal nephron. Another role hypothesized for the TGF
loop is in the autoregulatory adjustments in vascular
resistance that promote constancy of GFR when arterial
pressure changes.

The two hypothesized roles, regulation of distal salt
delivery and control of GFR, are functionally interre-
lated; the feedback loop may contribute to stabilization
of NaCl excretion, rendering it relatively independent
of fast and irregular fluctuations in perturbing forces
that are not the expression of an adaptation to a change
in body Na balance. Such variations are represented,
for example, by the marked fluctuations in blood pres-
sure that have been observed to occur throughout the
day and with changing body activities.269 In the
absence of tight control of vascular resistance, glomeru-
lar capillary pressure, and hence GFR, would be
expected to fluctuate in parallel with blood pressure,
causing changes in Na excretion unrelated to the NaCl
status of the organism. Since, however, changes in GFR
will in general be followed by parallel changes in distal
NaCl concentration, the TGF system can dampen the
amplitude of the predicted GFR changes. Similar rapid
hemodynamic adjustments will occur with other acute
perturbations of MD NaCl concentration resulting
from variations in cardiac output, renal blood flow or
proximal tubular transport. As discussed below, the
TGF mechanism changes its response characteristics
when perturbations of MD NaCl concentration are sus-
tained for extended periods of time.270 The homeostatic
efficiency of TGF in the regulation of distal salt deliv-
ery and SNGFR is greatest in the vicinity of the operat-
ing point where fractional compensations of small
input perturbations may be between 0.6 and 0.75, cor-
responding to an open loop gain of around 3.122,271

Participation of TGF in autoregulation

Acute changes in mean arterial pressure induce
adjustments in renal vascular resistance which stabilize
renal blood flow and glomerular filtration rate over a
wide range of pressures. Pressure-induced resistance
changes in the kidney have been proposed to be TGF-
mediated.272,273 A role of TGF in steady-state autoregu-
lation was first supported by the observation in both
dogs and rats that interruption of the TGF loop in sin-
gle nephrons causes SNGFR and PSF to vary directly
with arterial pressure.124,184,274�279 Pressure depen-
dency of SNGFR was noted regardless of whether the
TGF loop was physically disrupted by injecting an oil
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block, blocked acutely by adding furosemide to the
perfusate274 or inhibited by chronic treatment with
DOCA and a high salt diet.274 In contrast, arterial pres-
sure had little effect on GFR when the TGF loop was
intact.124,274�278 In the in vitro perfused juxtamedullary
nephron preparation, interference with the TGF mecha-
nism by furosemide or physical interruption of the
feedback loop markedly diminished autoregulatory
diameter alterations of afferent arterioles,195,280,281 and
constancy of afferent arteriolar blood flow was no lon-
ger maintained.281

There is equally solid evidence for the existence of
TGF-independent autoregulatory resistance changes.
Glomerular arterioles in kidney tissue transplanted to
the cheek pouch of the hamster showed marked auto-
regulation of vessel diameters.282 In the hydronephrotic
kidney model which does not possess an operating
TGF system, a decrease in arterial pressure increased
vessel diameters along the entire preglomerular vascu-
lature, except for the portion of the afferent arteriole
near the glomerulus.283 Isolated afferent arterioles and
interlobular arteries of the rabbit maintained their
diameter when luminal pressure increased,284,285 while
perfused afferent arterioles from the mouse showed an
11% diameter reduction with a doubling of perfusion
pressure from 40�80 mmHg accompanied by a linear
increase in wall tension.286 The nature of the TGF-inde-
pendent regulator is unclear, but an intrinsic myogenic
mechanism responding to wall tension or mechanical
stress is the most likely possibility.

Existence of at least two regulators is further sup-
ported by studies in which the dynamic response of
renal blood flow to random fluctuations of blood pres-
sure has been analyzed. Frequency domain analysis of
renal blood flow using linear techniques revealed the
presence of a regulator with a frequency response com-
patible with the TGF mechanism, about 0.01 Hz, and a
faster mechanism with a frequency characteristic con-
sistent with myogenic vasomotion, about 0.1 Hz.287�289

Since the TGF system is nonlinear, it is important that
a similar conclusion has been reached from the more
recent application of nonlinear system analysis.290�292

The existence of two regulators with similar frequen-
cies has also been established in spontaneously hyper-
tensive and Dahl rats.293�295 There is evidence for the
operation of two regulating mechanisms in conscious
dogs and mice.296,297 Interference with the slow compo-
nent was observed in a number of experimental mod-
els of TGF interruption, including A1AR-deficient
mice, ureteral obstruction, converting enzyme inhibi-
tion, and the perfused hydronephrotic
kidney.294,298�300 Temporal resolution of the adjust-
ment of renal vascular resistance to step-changes in
renal arterial pressure is consistent with the sequential
operation of several mechanisms with different

response times.301�303 Various approaches and analy-
ses have concluded that the quantitative contribution
of TGF to autoregulation may be between 30 and
60%.181,274,275,278,281,302 In addition to the TGF and myo-
genic components, evidence for the presence of a third
mechanism with a slow response time has been
obtained that may be of particular importance at low
perfusion pressures.302,303 Furthermore, an afferent
arteriolar constrictor mechanism has been identified
that responds to the systolic pressure peaks rather than
to mean arterial pressure, and therefore must possess a
response time in the frequency of the heart rate.304,305

This mechanism is thought to protect the glomerular
vasculature against the high pressures exerted during
systole.

Interaction between the two autoregulatory mechan-
isms may lead to amplification of vascular responses.
Models of autoregulation suggest that a TGF-depen-
dent vasoconstriction can induce a myogenic response
in upstream vascular regions and amplify the resis-
tance increase.206,306,307 In fact, mathematical modeling
suggests that a myogenic contribution from proximal
vascular segments is necessary for distal mechanisms
such as TGF to contribute to resistance regulation.308

Spatial separation between the two regulatory mechan-
isms along the afferent arteriole has been noted, with
TGF being most effective in the region of the afferent
arteriole close to the glomerulus, and the myogenic
component being more pronounced in more proximal
portions of the afferent arteriole.195 Interactions
between the myogenic response and TGF have been
demonstrated at both the single nephron and the whole
kidney level,290,309 and they have been the subject of
extensive mathematical modeling.292,310,311 One of the
conclusions is that elimination of a variable TGF signal
enhances myogenic responsiveness.301,309,310,312 Recent
evidence indicates that the restraining effect of TGF on
the myogenic mechanism is mediated by nitric
oxide.313,314 Functional coupling of small ensembles of
nephrons by ascending myogenic or conducted vascu-
lar responses adds to the complexity of regulation of
preglomerular vascular tone.132,209 Enhanced nephron-
to-nephron coupling has been suggested to be respon-
sible for the more efficient dynamic autoregulation in
spontaneously hypertensive rats.133,207,293

Role of TGF in Response to Transport Alterations

HYPERTONIC NaCl

Administration of hypertonic NaCl causes vasodila-
tation in most vascular beds, but in the kidney it results
in an anomalous vasoconstriction.315 This response
may be a whole kidney equivalent of the response of
SNGFR to increased loop flow rate. Both TGF- and
NaCl-induced vasoconstriction are enhanced by salt
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depletion316,317 and inhibited by furosemide, theophyl-
line or DOCA-salt treatment.159,232,318�320 Furthermore,
hypertonic non-chloride containing solutions usually
do not produce vasoconstriction.317 A micropuncture
study in the rat revealed that an infusion of hypertonic
NaCl reduced proximal tubular fluid absorption and
increased loop flow rate, and that SNGFR fell as a
result of these changes.321

PROTEIN FEEDING

The vasodilatation caused by acute and chronic pro-
tein feeding may include a TGF-dependent component.
In conscious dogs, furosemide and ethacrynic acid
blocked the acute rise in GFR following a meat meal,
suggesting that the postprandial vasodilatation may be
TGF-dependent.322 It has been proposed that the rise in
filtered amino acids causes an increase in proximal Na
and fluid absorption, and a decrease in MD Na
delivery.322

Chronic consumption of a high-protein diet induced
a rightward resetting in the feedback curve of normal
and Goldblatt hypertensive rats, so that higher flows
were necessary to suppress GFR than in control or low-
protein fed animals.323,324 In normotensive animals the
response amplitude and the slope of the feedback func-
tion were unaltered.324 These effects appear to be due
to alterations in transport along the loop of Henle,
since NaCl concentrations in distal tubular fluid during
loop perfusion were 30% lower in rats on a high-pro-
tein diet than in rats on a low-protein diet.325

Consistent with this notion is the observation that TGF
responses were the same in the two groups of rats
when loops of Henle were perfused in a retrograde
fashion, indicating that functional changes in the loop
of Henle rather than at the level of the JGA were
responsible for the protein-induced changes in TGF
characteristics. The increased rate of NaCl transport
along the loop of Henle caused by high-protein feeding
may result from structural adaptations.326

INHIBITION OF PROXIMAL TRANSPORT

Diuretics that inhibit predominantly proximal tubu-
lar fluid absorption may cause a TGF-dependent
decrease in GFR as a result of increased distal NaCl
delivery. In support of this hypothesis, several studies
using carbonic anhydrase inhibitors, as well as chloro-
thiazide, suggest that these agents cause SNGFR to fall
more with the TGF loop intact than with the TGF loop
interrupted.165,211,327 In view of the Cl dependency of
TGF, however, the acute TGF activation by carbonic
anhydrase inhibition is unexpected since these drugs,
while causing an increase of early distal [Na], do not
elevate distal Cl concentrations.165,327 There is no evi-
dence to show that HCO3 can substitute for Cl in initi-
ating TGF responses. In fact, recent studies have

shown that the effect of benzolamide to reduce GFR
and RBF was maintained in A1AR2/2 mice which are
unable to generate a TGF response.328 Thus, the mecha-
nism of the renal vasoconstriction caused by CA inhibi-
tors is not entirely clear, but a rise in tubular pressure
may be an important contributor.329,330 In addition,
studies in rats and mice indicate that major increases in
urine flow, including those caused by furosemide, may
lead to increases in total renal vascular resistance even
when participation of TGF is a priori unlikely.331,332

SNGFR of mice with targeted deletion of AQP1 was
found to be significantly reduced compared to wild-
type when it was determined in distal nephron seg-
ments with the TGF pathway intact.333 The fall in GFR
was dependent upon distal fluid delivery, since it was
not observed when SNGFR was measured in the proxi-
mal tubule with the TGF loop interrupted.333 Mice defi-
cient in both AQP1 and A1AR which combine a
proximal transport defect with absent TGF responsive-
ness, have been found to have a normal distal SNGFR,
supporting the notion that the fall of GFR in AQP12/2

mice is TGF-mediated.334

Very similar results were obtained in mice with a
knockout mutation in the apical Na/H exchanger
NHE3, another model of established proximal tubular
NaCl and fluid malabsorption.335 Considering that dis-
tal flow rates were not different between wild-type and
AQP1 or NHE3 knockout mice, it seems unlikely that
TGF activation is due to an increased NaCl concentra-
tion at the MD. Resetting of the TGF function curve
(discussed below) subsequent to extracellular volume
depletion seems to be more likely as causation for
enhanced TGF engagement.

Adaptation of TGF Response Characteristics

EXTRACELLULAR FLUID VOLUME

Adaptations in the TGF function occur whenever
MD NaCl concentrations deviate from normal for an
extended period of time. Typically, such deviations
result from alterations in body Na content, with vol-
ume expansion associated with persistently increased,
and volume depletion associated with decreased, MD
NaCl concentrations. Formally, two types of adaptation
in the TGF relationship can be distinguished. TGF reset-
ting refers to a shift in the range over which the system
is operating, either a shift to the right, to higher flows
or concentrations or a shift to the left, to lower flows or
concentrations. A change in TGF response sensitivity
refers to an altered response, either altered slope and/
or maximum response magnitude. By and large, vol-
ume depletion is associated with a left shift and an
increase in response magnitude, and volume expansion
with the opposite, but the actual adaptation observed
has varied with the protocol used.
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A number of studies have established that acute
expansion of the extracellular space by infusion of iso-
tonic saline or plasma reduces the TGF response mag-
nitude and slope, and increases V1/2 in both superficial
and juxtamedullary nephrons.127,336�341 Impaired TGF
responses have been observed during chronic volume
expansion caused by the administration of DOCA
together with isotonic saline as drinking fluid.274,320,342

The combination of a right shift and a reduced
response magnitude is not invariant. Short-term vol-
ume expansion by a bolus injection of dilute rat plasma
shifted the responsive range to higher flows, although
this protocol produced an increase rather than a
decrease in the maximum response magnitude343;
SNGFR at zero loop flow rose 60%, whereas kidney
GFR and free flow SNGFR rose only moderately with
the position of the operating point and a large
proximal�distal SNGFR difference indicating that the
suppressing effect of the TGF mechanism was greater
than normal. Thus, in these studies, the TGF mecha-
nism appeared to counteract TGF-independent vasodi-
lator influences on the renal vasculature. These data
are consistent with closed-loop studies in which acute
volume expansion with plasma did not reduce the
maximum homeostatic efficiency, but shifted it away
from ambient flows to lower flows, enhancing its dila-
tory and reducing its constrictor potency.122

The effects of an acute decrease of ECV have been
studied in rats after acute hypotensive hemor-
rhage,344,345 and in dehydrated rats.346 In general, these
interventions are accompanied by an increase in TGF
response magnitude. Hypotensive hemorrhage induced
a shift of the feedback curve to the left.344,345,347 Since
proximal absorption increased at the same time, the
operating point tended to move toward the shoulder of
the reset feedback function.344 Thus, in this circum-
stance, the resetting results in reduced dilatory and
enhanced constrictor capacity.

Studies have been performed to determine the time
course of TGF adaptation. When single nephrons were
perfused for extended periods of time, resetting devel-
oped over the initial 30�40 minutes of hyperperfusion,
whereas changes in response magnitude were slower,
requiring 40�60 minutes.270 Similarly, acute volume
depletion by furosemide restored TGF responses in
chronically volume-expanded rats within 60�120
minutes.342

Other Conditions Associated with TGF Adaptation

URETERAL AND NEPHRON OBSTRUCTION

In the first few hours following complete unilateral
ureteral obstruction (UUO), TGF reactivity appears to
be completely abolished.348�350 Elimination of the
restraining effect of TGF is reflected by increased renal

and glomerular plasma flows and elevated glomerular
capillary pressures.351 After persistence of ureteral
obstruction for 24 hours, TGF activity is restored and
possibly slightly enhanced, as indicated by a reduced
V1/2.

350,352 Augmentation of TGF responses in hydrone-
phrotic kidneys appears to be caused by increased
superoxide formation and NO deficiency, since nNOS
blockade was without effect and tempol administration
normalized TGF responsiveness in hydronephrotic ani-
mals.353,354 The dominant effect of prolonged ureteral
obstruction is a marked reduction of glomerular capil-
lary pressure and glomerular plasma flow, changes
which result in a dramatic reduction of GFR.349,355 The
apparent absence of a luminal signal suggests that
vasoconstriction is not equivalent to the standard TGF
response discussed so far. On the other hand, obstruc-
tion of a single nephron for 4 hours also causes marked
vasoconstriction, indicating that persistent interruption
of distal delivery produces a local constrictor signal of
unknown nature.356�358

Following release of short-lasting ureteral obstruc-
tion TGF reactivity is increased,349 and it is maintained
in its somewhat activated state after release of an
obstruction of 24 hours duration.350,352 It is possible
that the activated TGF mechanism is in part responsi-
ble for the continued vasoconstriction following release
of both ureteral and single nephron obstruction.352

However, additional mechanisms appear to contribute
to the reduction in filtration after release of obstruction,
since SNGFR at zero flow increased only slightly above
distal values.352 Furthermore, nephron and kidney fil-
tration rates were also markedly suppressed after
release of bilateral ureteral obstruction, even though in
this experimental condition TGF responses were
blunted rather than enhanced.350,352

During partial unilateral ureteral obstruction for
3�6 weeks, TGF reactivity appears to be in the normal
range.359,360 During volume expansion, on the other
hand, TGF reactivity increased in the hydronephrotic
kidney whereas it was strongly inhibited in the non-
obstructed contralateral kidney.359 The enhanced TGF
reactivity seen in hydronephrotic kidneys during vol-
ume expansion could be prevented by thromboxane
synthase inhibition.360 A similar paradoxical enhance-
ment of TGF reactivity by volume expansion was less
pronounced during chronic bilateral ureteral
obstruction.361

LOSS OF RENAL MASS

In the first hours following unilateral nephrectomy,
TGF responses in the residual kidney may be enhanced
and ambient distal flows may exert a GFR-depressing
effect as judged from an increase in the proxi-
mal�distal SNGFR difference, without a change in the
proximal value.362 However, at later time points
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uninephrectomy or 5/6 ablation has been shown to
shift the TGF function to the right, with363 or without
increasing the maximum response.364,365 A similar
response to nephrectomy was noted in transplanted
kidneys.364 On the other hand, a striking variability in
SNGFR responses to loop of Henle perfusion was noted
in rats with subtotal nephrectomy, in which the aver-
age TGF response was zero. Unexpectedly, AT1 block-
ade restored TGF responses for reasons that are not
clear.366 To the extent that the most striking change is a
TGF-independent increase in GFR (Y-intercept of the
TGF function or proximal SNGFR) these results are
reminiscent of the findings during growth-related
increases in renal weight, and suggest an adaptation of
the TGF function curve to a primary increase in
GFR.121,367

HYPERGLYCEMIA

Moderate hyperglycemia produced by either acute
glucose infusion368 or streptozotocin-induced diabetes
mellitus369 reduced the amplitude of the TGF response
and shifted V1/2 to higher flow rates.368 Type 2 diabetic
rats of the OLETF strain have significantly diminished
TGF responses accompanied by reduced autoregula-
tory efficiency even in the pre-diabetic stage.370

Reduced TGF responses have also been observed in the
Akita mouse model of type 1 diabetes mellitus, as well
as in hydrated db/db mice, a model of type 2 diabe-
tes.371,372 This reduced capacity to compensate for
experimentally-induced perturbations was also demon-
strable under closed-loop conditions.373 The reduction
in the TGF response magnitude may in part be caused
by a reduction in NaCl concentration, and the presence
of glucose in tubular perfusion fluid.368,374,375

It has been suggested that the hyperfiltration of
early diabetes is caused by TGF, as a result of excessive
salt reabsorption in nephron segments upstream from
the MD and the resulting reduction in MD NaCl con-
centration.376,377 This hypothesis is supported by the
demonstration that tubular transport proximal to the
macula densa is in fact enhanced in diabetic ani-
mals.378,375 Structural adaptations participate in tubular
hyper-reabsorption; inhibition of the enzyme ornithine
decarboxylase blocked the renal hypertrophy in a rat
model of diabetes mellitus,379 and attenuated both the
enhanced proximal reabsorption and the increase in
GFR.378 On the other hand, it has been argued that
TGF may actually prevent excessive hyperfiltration in
diabetes.380 A protective action of TGF is supported by
the finding that diabetic mice of the Akita strain dis-
play an exaggerated hyperfiltration when TGF is ren-
dered inoperative by A1AR deletion.371 Hyperfiltration
in alloxan-diabetic mice deficient in A1AR also sug-
gests that TGF is not the primary cause of hyperfiltra-
tion in this diabetic model.381

Both in streptozotocin-treated rats and in diabetic
humans, a paradoxical relationship between salt intake
and GFR or renal plasma flow has been observed, with
high salt intake producing a decrease instead of the
expected rise of GFR,375,382 an effect which was absent
when kidney growth was suppressed by inhibition of
ornithine decarboxylase.383 These observations are con-
sistent with the notion that the TGF adaptation during
changes in extracellular fluid volume may be defective
in diabetic animals. Whereas TGF desensitization nor-
mally prevents a non-homeostatic reduction of GFR
during volume expansion, absent or incomplete reset-
ting of TGF in diabetes appears to permit persistent
GFR deviations. Altered resetting in diabetic animals
could be a consequence of abnormal RAS activation or
dysregulation of NO generation, factors thought to be
involved in TGF adaptation.372,384,385 Nevertheless, the
paradoxical low salt-induced increase and high salt-
induced decrease of GFR has not been found in all
studies of diabetic patients and animals.386�388

Differences in the dietary background, aside from
NaCl content, may be an important modifying
factor.389

RENAL SYMPATHETIC NERVE ACTIVITY

Whereas some experiments did not detect an effect
of acute denervation or renal nerve stimulation on the
TGF function curve in normotensive animals,390,391

other studies have reported that denervation causes a
time-dependent resetting of TGF to higher values of
V1/2 without changes in the maximum response.392

Changes in TGF function persisted for at least one
week, and were associated with increased GFR and Na
excretion.393

Mechanisms of TGF Adaptation

RENIN�ANGIOTENSIN SYSTEM

The local activity of the renin�angiotensin system
appears to be the most consistent determinant of TGF
sensitivity. Converting enzyme inhibitors or angioten-
sin-receptor blockers in relatively high doses cause a
reduction of the TGF response magnitude by about
50�60%.394�398 An essentially complete inhibition of
TGF responsiveness was seen in mice with a null muta-
tion in the AT1A receptor, the major renal receptor for
angiotensin I185. Similarly, TGF responses were essen-
tially absent in ACE knockout mice, an effect that was
in part reversible with infusion of subpressor doses of
angiotensin II.399 Studies in mice with deletion of tissue
ACE or with selective expression of ACE in either
blood vessels or proximal tubules suggest that the
angiotensin II that is required for full TGF responsive-
ness is derived both from the action of membrane-asso-
ciated ACE in endothelial cells, and from systemic
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ACE,400 while exclusive expression of ACE in proximal
tubules is unable to sustain normal TGF responses.401

This conclusion is consistent with earlier observations
that angiotensin infusion partly restored feedback
responsiveness during captopril-induced TGF inhibi-
tion.402,403 Intravenous or peritubular infusion of angio-
tensin II enhanced TGF responses in untreated control
rats, a property not shared by other vasoconstrictors
such as vasopressin and norepinephrine.404,212

Conversely, the arteriolar constrictor response to angio-
tensin II was greater during simultaneous TGF
activation in both the isolated afferent arteriole/MD
double-perfusion approach, and in the blood-perfused
juxtamedullary nephron preparation.405,406 Since local
adenosine levels are thought to increase during TGF
activation, this augmentation is possibly due to the
effect of adenosine in preventing angiotensin II desen-
sitization.407 In accordance with the role of TGF in
autoregulation, angiotensin II has been noted to
enhance the TGF component of dynamic auto-
regulation.408�410 The suppression of TGF responsive-
ness caused by acute volume expansion could be fully
overcome by the infusion of angiotensin II at doses that
restored normal plasma angiotensin II levels.341 Taken
together, these results indicate that an AT1A receptor-
mediated effect of angiotensin II is a required
constituent of the TGF pathway. The requirement for
angiotensin II may result from the well-described
synergistic interaction between the vascular effects
of angiotensin II and of the TGF mediator
adenosine.223,226,411�413 The mechanism of this interac-
tion has been suggested to result from an intracellular
action of adenosine that enhances the calcium sensitiv-
ity of myosin light chain phosphorylation or prevents
desensitization of angiotensin II receptors.407,414

Contributing factors may be upregulation of MD NaCl
transport by angiotensin II or enhanced production of
feedback-enhancing superoxide radicals.266,415

The TGF-modifying effect of angiotensin II gains
special importance in view of the fact that changes in
NaCl in the tubular fluid in the MD region not only
affect vascular tone, but also regulate renin secretion
(see below). This dual effect of MD NaCl has the poten-
tial to automatically adjust TGF sensitivity to the NaCl
status of the organism. When the combined external
forces determining GFR and proximal and loop of
Henle absorption cause deflections in MD NaCl con-
centration which exceed the range over which TGF
operates effectively, persistent changes in MD NaCl
occur which will cause an inverse change in renin
secretion. The change in angiotensin II concentration
resulting from the altered rate of renin secretion, in
turn, is predicted to alter TGF sensitivity. For example,
an increase in MD NaCl resulting from extracellular
volume expansion will decrease renin secretion, and

the decrease of angiotensin II concentration expected to
gradually develop is then predicted to uncouple GFR
from MD control.

EICOSANOIDS

The presence of both isoforms of cyclooxygenase
(COX) in the juxtaglomerular region raises the possibil-
ity of a participation of prostaglandins in JGA cell-to-
cell signaling. COX-1 is expressed in mesangial cells
and in endothelial cells of afferent arterioles,416

whereas COX-2 activity has been demonstrated in epi-
thelial cells of thick ascending limb and MD.417

Maximum TGF responses have been found to be inhib-
ited by the intravenous or luminal application of high
concentrations of non-specific COX inhibitors, as well
as specific inhibitors of both COX-2 and COX-1.418�422

The conclusion that the net effect of PGs on TGF is
enhanced vasoconstriction is supported by the finding
that arachidonic acid elicits a constrictor rather than a
dilator response when administered by retrograde
luminal infusion.423 Thromboxane (TP) is a vasocon-
strictor prostaglandin that has been implicated in TGF
on the basis of the finding that the intravenous admin-
istration of inhibitors of TP receptors or of TP synthesis
reduced the magnitude of the TGF-induced vasocon-
strictor response.360,398,422 TP receptor blockade also
interfered with the TGF reducing effects of COX-2 and
COX-1 inhibitors, indicating that these effects were TP-
dependent.418 Conversely, activation of TP receptors by
U-46,619 or by the isoprostane 8-isoprostaglandin F2α
enhanced TGF responses,424 and COX-1 generated
prostaglandins, presumably TP, may contribute to the
TGF-enhancing effects of angiotensin II.425 Low levels
of glomerular thromboxane synthase may limit throm-
boxane formation under basal and low-salt condi-
tions426,427; in fact, attenuation of TGF responses by
systemic or luminal application of blockers of TP recep-
tors or of TP synthesis has not been found in all labora-
tories,360,398,422,423 and normal TGF responses have
been observed in TP receptor knockout mice.428

Administration of a high-salt diet, on the other hand,
caused a 20-fold increase of thromboxane synthase
expression, as well as a stimulation of TP receptor
levels.426,429 These observations provide an explanation
for the finding that the TGF response in the presence of
the TP mimetic U-46,619 is augmented in high-salt fed
animals.426 TP receptor activation may also contribute
to the exaggerated TGF responses observed in young
spontaneously hypertensive rats (SHR).430 In contrast
to these conclusions, studies in the blood-perfused jux-
tamedullary nephron preparation indicate that TGF
activation is accompanied by nNOS-dependent
enhancement of COX-2 activity and subsequent gener-
ation of vasodilatory PG metabolites which counteract
TGF-mediated vasoconstriction.431
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There is some evidence that 20-hydroxyeicosatetrae-
noic acid (20-HETE), an arachidonic acid metabolite
endogenously generated in afferent arterioles by the
4A family of cytochrome P450 enzymes, may be
involved in the TGF response.432 Two inhibitors of
cytochrome P450 enzymes, 17-octadecynoic acid
(ODYA) and clotrimazole, caused a marked attenua-
tion of the TGF response when added to the luminal
perfusate for an extended period of time, and this inhi-
bition could be overcome by the administration of
exogenous 20-HETE.433 The presence of the mRNAs
for cytochrome P450 4A2, 4A3, and 4A8 has recently
been demonstrated by RT-PCR in glomeruli and most
segments of the tubule, while preglomerular arterioles
appear to express only the 4A2 isoform.434

Immunocytochemistry with a polyclonal non-specific
P450 4A antibody showed cortical presence of P450 4A
protein in proximal tubules, thick ascending limbs, glo-
meruli, and preglomerular arterioles.434 Exactly how
locally formed 20-HETE affects the TGF pathway is
unclear. In addition to its vasoconstrictor properties,
20-HETE has been shown to inhibit TAL NaCl trans-
port by blocking Na,K,2Cl co-transport, Na,K-ATPase,
and by closing K channels.435 This combination of
effects should result in a powerful inhibition of NaCl
transport in thick ascending limb and presumably MD
cells, so that increments in 20-HETE production would
be expected to attenuate, not enhance, TGF responses.
It is conceivable, therefore, that ODYA and clotrima-
zole inhibit the TGF response in a non-specific way by
causing a reduction in baseline afferent arteriolar
tone.436 It is also possible that 20-HETE acts as an intra-
cellular second messenger for the TGF-mediating
agent.432,437

NITRIC OXIDE

Luminal application of non-specific and nNOS-selec-
tive inhibitors of NO synthases has been shown to
enhance MD-mediated vasoconstrictor responses both
in vivo and in vitro.55,438�441 These findings demon-
strate tonic attenuation of TGF responsiveness by NO
generated by nNOS in MD cells, an effect that is
cGMP-dependent.442 TGF responses of stop flow pres-
sure in situ and afferent arteriolar diameter reductions
in vitro in response to elevated MD [NaCl] were similar
in nNOS-deficient and wild-type mice,443,444 but the
specific mutation in these mice does not exclude the
possibility of maintained expression of β and γ splice
variants of nNOS.57 Nevertheless, the proximal�distal
SNGFR difference was significantly higher in the
nNOS2/2 animals, and luminal administration of a
non-specific NOS inhibitor (NLA 1023 M) caused an
augmentation of TGF responses only in wild-type, but
not in nNOS knockout, mice.444 Luminal and systemic
administration of NOS inhibitors reversed the

attenuation of TGF responses caused by an acute saline
infusion, suggesting that NO contributes to the TGF
resetting caused by volume expansion.445

NO may affect TGF by altering the function of MD
cells. In the isolated double-perfused JGA preparation,
inhibition of soluble guanylate cyclase or cGMP-
dependent protein kinase mimicked the TGF-potentiat-
ing effect of a nNOS inhibitor when administered from
the tubular side, whereas there was no effect when
inhibitors were added to the vascular perfusate.446 The
cGMP-dependent mechanism may be inhibition of
NaCl uptake, since inhibition of Cl fluxes by NO is
mediated by soluble guanylate cyclase in TAL cells.447

Formation of NO may occur in MD cells, but a contri-
bution of NO produced by eNOS in TAL cells appears
to also affect MD cell function.448

The relationship between luminal NaCl concentra-
tion and NO formation in MD cells has been addressed
by using the NO-binding agents DAF-AM DA and
DAF-AM. Two independent studies agree that an
increase in luminal NaCl causes an increase in fluores-
cence in MD cells, as well as in their surroundings, and
that this increase was prevented by an inhibitor of
nNOS.48,449,450 Since the concentration steps causing
increased NO formation were between 35 and 135 mM
in one study and between 60 and 150 mM in the other,
it has been concluded that supraphysiological NaCl
changes are necessary to stimulate NOS.449 That the
stimulation of nNOS activity by high luminal NaCl is
Ca-dependent is unlikely, since NaCl does not consis-
tently elevate [Ca]i, and since an activation of NOS was
seen in Ca-free medium.48 Another explanation for the
increased formation of NO is based on the fact that the
pH optimum of NOS is in the slightly alkaline range.451

Since an increase in luminal NaCl caused cell alkaniza-
tion, it is conceivable that pH-dependent disinhibition
of nNOS is responsible for the enhanced NO genera-
tion.30 This notion is supported by the observation that
dimethyl amiloride increased TGF responses, and that
an nNOS-specific inhibitor in the presence of the NHE
blocker did not further enhance the TGF reaction.450,452

Furthermore, amiloride as well as 7-nitroindazole
blunted the increase in NO formation caused by ele-
vated luminal NaCl.450 Stimulation of NO formation by
high-luminal NaCl is consistent with the earlier obser-
vations that the effect of NOS blockade on TGF-depen-
dent vasoconstriction is greater at high than at low
flows.453 Increases in luminal flow rate also stimulate
NO formation by TAL cells, but in contrast to MD cells
stimulation is strictly shear stress-dependent, and inde-
pendent of NaCl transport.454,455 NaCl independence is
difficult to reconcile with direct NO measurements per-
formed with carbon fiber electrodes in the distal tubule
which have shown an increase in the amount of NO
and in NO concentration during perfusion of loops of
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Henle with furosemide, suggesting that transport inhi-
bition along the entire loop of Henle stimulates emis-
sion and downstream convection of NO.456 These
results seem consistent with observations in an MD cell
line showing increased NO generation during exposure
to low chloride or furosemide.457

In the absence of hemoglobin, the biological half-life
of NO in relation to the diffusion distance across the
JGA would seem long enough to permit a direct inter-
action of NO released by MD cells with smooth muscle
cells of the afferent arterioles. Nevertheless, NO inacti-
vation may be an important modulator of the effect of
NO on TGF. Reactive oxygen species have been identi-
fied as a factor that can markedly reduce bioactive NO
levels. MD cells express NADPH oxidase isoforms
NOX2 and NOX4, together with the required constitu-
ents of the active enzyme complex p47phox, p67phox,
p22phox, and Rac.268,458 A high-luminal NaCl appears
to activate NADPH oxidase, and this activation is pH-
dependent since blocking Na/H exchange with
dimethyl amiloride or acidification of the luminal per-
fusate diminished superoxide production.459

Production of the NO scavenger may limit the impact
of NO that is stimulated in MD cells at the same time
by the same mechanism. The membrane-permeant
superoxide dismutase mimetic tempol can diminish
TGF responses in vivo and in the perfused JGA prepa-
ration, but this effect is usually not very pronounced
under control conditions.263,354,460,461 Since tempol had
no effect in the presence of a NOS inhibitor, it appears
that any effect is due to an increase in NO bioavailabil-
ity.263,460 In spontaneously hypertensive rats (SHR) the
expression of NADPH oxidase subunits is elevated,
and the TGF-inhibiting effect of tempol is enhanced
compared to normotensive controls, suggesting
increased oxidative stress in SHR and reduced bio-
availability of NO.458,461 This observation is in accor-
dance with the earlier finding that inhibition of nNOS
did not enhance TGF responses in SHR.462 Angiotensin
II may be in part responsible for the activation of
NADPH oxidase in SHR, since candesartan restored
normal TGF responses to NOS inhibition.463 A high
salt intake may be another situation in which the gen-
eration of superoxide is increased as indicated by
increased expression of NADPH oxidase subunits, and
increased excretion of isoprostanes.464 However, the
TGF-enhancing effect of NOS inhibition was aug-
mented rather than reduced in rats on a high-salt
diet.465,466 NO availability may also be regulated by
ADMA (asymmetric dimethylarginine), an endogenous
NOS inhibitor that also inhibits cellular uptake of the
NOS substrate arginine. In fact, ADMA in the luminal
perfusate enhanced TGF responses, and this effect
appears to be the result of both inhibition of arginine
uptake and of NOS activity.467,468 Finally, NO may

reduce TGF responses by inhibition of ecto-50-nucleo-
tidase, an intervention that would be predicted to
reduce extracellular adenosine levels.469,470

OTHER VASOACTIVE FACTORS

A reduction in TGF reactivity has been observed sub-
sequent to the systemic administration of renal vasodila-
tors such as atrial natriuretic factor,471,472 histamine,436

dopamine,473 high concentrations of PGI2,
474 bradyki-

nin,348 uroguanylin,475 and a number of vasodilating
drugs.199,200,436,476 Inhibition of heme oxygenase with
stannous mesoporphyrin enhanced TGF-induced vaso-
constriction in the isolated tubule/vessel preparation,
and the administration of the CO-releasing agent CORM-
3 (tricarbonylchloro[glycinato]rutheniumII) inhibited it,
suggesting that carbon monoxide reduces TGF.477 Since
the presence of heme oxygenases in the MD has not been
established, it is likely that carbon monoxide affects TGF
by its vasodilatory properties.478,479 Furthermore, TGF
reactivity is decreased by an acute reduction of arterial
blood pressure,309 probably as a consequence of non-
TGF-mediated autoregulatory vasodilatation. It seems
unlikely that all these agents specifically interact with the
TGF mechanism at the JGA level to cause a reduction of
renal vascular resistance. Rather, the adjustment of TGF
responsiveness may be the non-specific consequence of
vasodilatation, reflecting a dependency of vascular resis-
tance changes on the initial wall thickness�radius
ratio.480 Since the predominant effector of the TGF
response is the afferent arteriole, a resistance change at
this site would appear to be most likely to modulate TGF
sensitivity.

INTERSTITIAL PRESSURE

TGF reactivity has been shown to increase during
peritubular capillary perfusion with a hyperoncotic
solution, whereas perfusion with protein-free solutions
reduced TGF responses.481 Changes in response were
seen after a time delay of about 20 minutes.481 Based
on these observations, the concept was developed that
net interstitial pressure (the difference between intersti-
tial hydrostatic pressure and interstitial oncotic pres-
sure) may be an important determinant of TGF
reactivity in general. It was subsequently shown that
TGF reactivity correlated inversely with net interstitial
pressure during acute NaCl infusion,336,337,339,482 dur-
ing short-lasting ureteral obstruction,349 and after con-
tralateral nephrectomy.363,483 In all these conditions,
V1/2 increased and the TGF response amplitude
decreased. Conversely, net interstitial pressure was
found to be reduced by 24 hours of dehydration,346,482

and before and after release of 24 hour unilateral ure-
teral occlusion.350 TGF reactivity was increased in these
experimental situations. Exactly how net interstitial
pressure affects TGF reactivity is unclear.
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RESETTING BY LUMINAL FACTORS

There are a number of circumstances in which
unidentified factors in tubular fluid have been shown to
modify responses. During chronic dietary salt-loading,
TGF control was inhibited when native tubular fluid was
used as perfusate, whereas responses were only slightly
blunted during perfusion with an artificial fluid.484 A
luminal factor has also been reported to modify TGF
during the infusion of atrial natriuretic peptide,485 but
this factor appears to enhance TGF responses compared
to the blunting observed with artificial solutions. Loop of
Henle perfusion with electrolyte-free plasma dialysates
from patients with acute renal failure and liver dysfunc-
tion produced exaggerated TGF responses which could
not be blocked by furosemide,486 suggesting that the
plasma in certain disease states contains a factor which
can elicit NaCl-independent vasoconstriction when pres-
ent in the tubular lumen.

MACULA DENSA CONTROL OF RENIN
SECRETION

Following Goormaghtigh’s early speculation,487

Vander suggested that renin release might be influenced
by tubular fluid composition at the macula densa.488

During a variety of experimental conditions, plasma
renin activity and sodium excretion appeared to be
inversely correlated, whereas there was no correlation
between renin and mean arterial pressure or renal blood
flow.489,490 The overall conclusion from these studies was
that an increased delivery of NaCl to the MD cells inhi-
bits renin secretion. These early observations have now
been corroborated by additional evidence from whole
animal studies and from isolated in vitro systems which
have established the concept that a high NaCl concentra-
tion at the macula densa inhibits renin secretion.488,491

Evidence for Macula Densa Control of Renin
Secretion

Studies in Intact Animals

Vander’s proposal that renin secretion depends upon
MD NaCl concentration was studied more directly by
comparing renin secretion from normal or nonfiltering
kidneys. In dogs in which basal levels of renin were ele-
vated by thoracic caval constriction, intrarenal infusion
of NaCl or KCl inhibited renin secretion, but such a
response was not seen in similarly treated animals in
which the infused kidney had been rendered nonfilter-
ing by ureteral occlusion.492 In conscious mice, acute
infusion of isotonic saline, a maneuver that has been
shown to result in increased distal tubular NaCl concen-
trations, leads to a suppression of renin secretion.493,494

Attempts have been made to evaluate the effect of
changes in MD NaCl concentration at the single neph-
ron level in vivo. In these studies in rats, renin concen-
tration in proximal tubular fluid and in postglomerular
blood collected by micropuncture was found to vary
inversely with changes in distal NaCl.495

Studies in the Isolated Perfused TAL/Glomerulus
Preparation

With the isolated perfused tubule technique it has
been possible to study MD-dependent renin secretion
in the absence of baroreceptor and regulated adrener-
gic inputs, and during precise control of tubular fluid
composition.491 Another important aspect of the iso-
lated JGA preparation is that it limits the possible sites
of tubulovascular information transfer to MD cells and
possibly a small number of surrounding TAL cells as
the only cells present in the area of contact. In this
preparation (Figure 23.11) there is unequivocal
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FIGURE 23.11 (a) Isolated perfused thick ascending limb (TAL)
with attached glomerulus (glom); macula densa (MD) cells can be
seen to protrude into the luminal space. (b) The perfused specimen is
superfused through an outer glass pipette; emerging superfusate con-
taining the secreted renin is collected under oil in defined time inter-
vals.595 (c) Macula densa-mediated changes in renin secretion
showing the time course of changes in renin release to an increase
(top) and decrease (bottom) in perfusate NaCl concentration.497,498
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evidence that increasing NaCl concentration in the
tubular perfusate suppresses renin secretion and
reducing NaCl concentration stimulates it.496�499 MD-
dependent renin secretion is characterized by a rapid
onset and offset following step-changes in NaCl con-
centration, and by reversibility of the induced
changes.497,499 Renin responses were independent of
whether the tubule was perfused in an orthograde
fashion from the TALH or in a retrograde fashion from
the distal convoluted tubule.497 Similar to the TGF
response, MD-dependent renin secretion was not
altered when NaCl concentration was reduced from
isotonicity to about 80 mM, but the full renin response
was seen when NaCl concentrations were varied
between 7 and 61 mM of Cl and between 26 and
80 mM of Na, i.e., within the range that is physiologi-
cally relevant.500 In the most sensitive concentration
range between 7 and 47 mM of Cl, renin secretion
increased by about 2 nGU/min per mM, whereas it fell
by 0.4 nGU/min per mM when NaCl concentration
was raised from 47 to 87 mM.500 The NaCl concentra-
tion causing a half-maximum renin response is
between 25 and 30 mM, values close to the estimated
ambient NaCl concentration and close to the NaCl con-
centration causing a half-maximum TGF response.
Although both decreases and increases of NaCl concen-
tration are predicted to affect renin secretion, MD-
dependent renin secretion is asymmetric around the
operating point, with most of the responses occurring
in the subnormal concentration range. Quantitative
extrapolation from this in vitro system to the in vivo
response must be made with caution, mainly because
renin secretory responses in vitro are assessed in the
absence of stabilizing feedback loops that may dampen
MD-dependent changes in renin secretion in vivo.

Sensing Mechanism for Macula Densa-Mediated
Renin Secretion

Renin Secretory Response and NaCl Transport

Early studies in intact animals suggested that, in cer-
tain conditions, renin secretion correlates more closely
with distal tubular NaCl load than NaCl concentration,
for example, during the infusion of hypertonic manni-
tol.490,501,502 However, a reinvestigation of early distal
NaCl concentration during mannitol diuresis showed a
clear concentration decrease, in agreement with the
stimulation of renin release typically seen in this condi-
tion.503 In the isolated JGA preparation, an 80% reduc-
tion in luminal NaCl load by decreasing perfusate flow
at constant NaCl concentration caused only a small,
approximately two-fold increase in the rate of renin
secretion. In contrast, when NaCl load was reduced to
a similar degree by decreasing perfusate NaCl

concentration, renin secretion increased nearly eight-
fold, indicating that NaCl concentration is a more
important determinant of renin release than NaCl
delivery.497

Based on the stimulatory effect of loop diuretics in
intact animals, it was concluded that MD NaCl trans-
port plays a critical role as an early step in NaCl-
dependent control of renin secretion.488,490,504�507

Recent studies in mice deficient in the NKCC2A iso-
form of the co-transporter have shown that the inhibi-
tory effect of an acute volume load on renin release is
absent, supporting the notion that intact salt transport
is required for salt-sensing by MD cells.163 Direct evi-
dence for an MD-mediated effect of transport inhibi-
tion on renin secretion was obtained in non-perfused
afferent arterioles in which furosemide stimulated
renin release only when the MD segment was included
in the dissected specimen, but not in its absence.508 In
the isolated perfused JGA preparation, luminal appli-
cation of bumetanide at 1026 M increased renin secre-
tion during perfusion with high NaCl solutions.498

Furthermore, the presence of furosemide at 53 1025 M
essentially abolished the dependence of renin secretion
on luminal NaCl concentration.500

Although NKCC2 mediates the bulk of MD Na reab-
sorption, apical expression of the Na1/H1 exchanger 2
(NHE2) may contribute to Na1 transport, as well as to
the regulation of intracellular pH.30,32 In NHE2-
deficient mice, renal renin content and plasma renin
concentration were elevated compared to wild-type
controls, and the stimulation of the renin system by a
salt-depleted diet was blunted.509 Increased baseline
renin secretion in NHE22/2 mice was paralleled by
enhanced MD COX-2 and mPGES expression. Recent
studies have shown that plasma renin concentration is
significantly elevated in NKCC1-deficient compared to
wild-type mice.510 Studies in isolated JG cells indicate
that NKCC1 exerts a direct inhibitory effect on basal
renin release.119 This effect appears to be independent
of the NKCC2-dependent inhibitory pathway through
the macula densa, since the stimulatory effect of furo-
semide on renin release was essentially normal in
NKCC12/2 mice.

Ion Specificity of Renin Secretion

MD control of renin secretion shows an apparent Cl
dependency that is reminiscent of that described for
TGF responses. Whereas the acute or chronic adminis-
tration of various Cl or Br salts without Na inhibited
renin secretion, Na salts without Cl as the accompa-
nying anion had no effect.493,511 Furthermore, changes
in renin secretion under these conditions correlated
with loop of Henle Cl absorption.512 Conversely, an
acute selective depletion of Cl by peritoneal dialysis
increased plasma renin activity,513 and substitution of
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Cl by nitrate or thiocyanate in the perfusate of isolated
kidneys stimulated renin secretion.514 In the isolated
perfused JGA, ion selectivity has been examined by
measuring the inhibitory effect of adding various Na
and Cl salts to a low NaCl perfusate. The inhibitory
response was unchanged when most luminal Na was
replaced by choline or rubidium.498 On the other hand,
substituting Cl by isethionate or acetate virtually elimi-
nated the response to increased Na concentration.498 Cl
dependency is supported by studies in conscious mice
showing that suppression of renin secretion following
acute intravenous salt-loading is observed with infu-
sion of NaCl, but not NaHCO3.

515 These results sup-
port the hypothesis that the initiating signal for MD
control of renin secretion is a change in the rate of
NaCl uptake predominantly via a luminal Na,K,2Cl co-
transporter whose physiological activity is determined
by a change in luminal Cl concentration.

Organic Compounds and Renin Secretion

In addition to their function as sensors of TAL Cl
concentration, MD cells are equipped with receptors for
organic compounds, like the citric acid intermediate
succinate. The succinate receptor GPR91 (succinate
receptor 1, SUCNR1) has been shown to be localized in
the apical membrane of cells of the cortical TAL, includ-
ing the MD.516 Increases in tubular succinate concentra-
tion result in the induction of the same intracellular
signaling pathways that are activated by a low NaCl
concentration. Incubation of cultured MD cells with
succinate induced phosphorylation of p38 and Erk1/2
MAP kinases, and subsequent stimulation of COX-2
activity and expression in MD cells and enhanced PGE2

release.517 During streptozotocin-induced diabetes mel-
litus, renocortical COX-2 and renin content were upre-
gulated in wild-type mice, and this stimulation of the
renin system was markedly reduced in GPR91-deficient
mice.517 GPR91 expression in the vicinity of the JG cells,
however, is not restricted to MD cells. GPR91 is also
present in endothelial cells of the afferent arteriole, and
may mediate renin release by stimulating endothelial
prostanoid and NO formation.518,519

Furthermore, components of the olfactory system
are present in MD cells.520 MD cells rather specifically
express the olfactory adenylate cyclase isoform 3
(AC3), as well as the olfactory trimeric G-protein Golf.
The olfactory receptor Olfr90 was detected in a MD cell
line, and was also present in the native kidney.520

Plasma renin concentration in AC3-deficient mice was
reduced by about 50% compared to wild-types, despite
increased MD COX-2 expression and augmented
nNOS activity. The reason for these alterations of the
MD�JG axis is unclear, and the ligands that may acti-
vate olfactory receptors on MD cells in vivo remain to
be determined.

The Stimulus�Response Coupling Mechanism

Nitric Oxide

The presence of NOS I in MD cells raises the possibil-
ity that NO may act as an epithelium-derived factor
that participates in MD control of renin secretion. This
notion is supported by observations showing that the
expression of MD nNOS changes in parallel with renin
expression in a number of circumstances. MD cells of
rats on a low-salt diet have increased levels of nNOS
mRNA and protein expression.59,60,521�523 Furthermore,
the administration of furosemide also causes a marked
increase in MD nNOS expression,59,521 as does renal
artery constriction.59,521 The mechanism responsible for
the upregulation of nNOS expression in these states is
unclear, but a reduced NaCl transport at the MD is a
common feature. Since the expression and secretion of
renin is known to be elevated in these conditions, it is
possible that NO generation is an upstream signal in
the control of the RAS. The suggestion that a chroni-
cally reduced NaCl transport may stimulate MD nNOS
expression is not immediately reconcilable with the evi-
dence discussed earlier that acute increases in NaCl
concentration appear to increase nNOS activity and NO
formation. The expression of nNOS in MD cells is stabi-
lized by negative feedback influences exerted by angio-
tensin II and PGE2, since nNOS expression was
markedly upregulated in mice with AT1 receptor or
angiotensinogen deficiencies, as well as in COX-22/2

mice.524�526

Understanding the role of NO in renin secretion is
complicated by the fact that NO can elicit both stimula-
tory and inhibitory effects. The inhibitory effect
appears to result from activation of cGMP-dependent
protein kinases (cGK), while the stimulatory effects are
related to changes in intracellular cAMP levels. Two
isoforms of cGK have been identified, cGK I and cGK
II, and both isoforms have been found in granular
cells.108 A direct activator of cGK, 8-para-chlorophe-
nylthio-cGMP, has been shown to inhibit isoproterenol-
or forskolin-stimulated renin secretion in isolated
perfused rat kidneys and microdissected afferent
arterioles, and this stimulation could be reversed by an
inhibitor of cGK.527 A role for cGKII is suggested by
the finding that 8-bromo-cGMP reduced basal and for-
skolin stimulated renin secretion in JG cells isolated
from wild-type and cGK I2/2 mice, but that it had no
effect in cultures from cGK II2/2 mice.528

The mechanism of the stimulatory effect of NO on
renin secretion is related to an activation of the cAMP/
protein kinase A pathway, and this activation results
from an inhibition of PDEIII, a cAMP degrading phos-
phodiesterase that is inhibited by cGMP.529 An early
report showing that the PDEIII inhibitor milrinone
increased basal and isoproterenol stimulated renin
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release in conscious rabbits has now been corroborated
by substantial additional evidence.530 In the isolated
perfused rat kidney, Na nitroprusside increased renin
secretion, and this increase was attenuated by the pro-
tein kinase A inhibitor Rp-8-CPT-cAMPS. Since mem-
brane-permeable cGMP analogs also reduced the
stimulatory effect of SNP, stimulation of renin secretion
by NO was clearly related to the A kinase, not G kinase
pathway.531 Inhibition of PDE IV, a phosphodiesterase
with predominant effects on cGMP degradation, also
increased renin secretion,532 and this effect was blunted
by nNOS inhibition suggesting that nNOS contributed
to cGMP formation.

NO IN MD-DEPENDENT RENIN RELEASE

In view of the dual effects of NO on renin secretion
and the ambiguity about the directional changes of jux-
taglomerular NO with changes in loop of Henle flow
rates, it is not surprising that the precise role of NO in
MD control of renin release has remained equivocal. In
the isolated perfused JGA preparation during perfu-
sion with a low NaCl concentration, the luminal addi-
tion of l-arginine stimulated renin secretion and this
stimulation was abolished by NOS blockade, suggest-
ing that in this setting NO is renin-stimulatory.533

Consistent with this conclusion is the observation that
the NaCl dependency of renin secretion was essentially
abolished in the presence of an NOS blocker in the
tubular lumen, a change that was due entirely to pre-
vention of the rise of renin secretion caused by a low
luminal NaCl.533 The conclusion that a low NaCl con-
centration at the MD stimulates renin secretion in an
NO-dependent fashion is also supported by findings
showing that the increased renin secretion caused by a
reduction in arterial or perfusion pressure in kidneys
of conscious dogs and in isolated rat kidneys was
markedly and consistently blunted by NOS inhibi-
tion.534,535 In other studies, the administration of a loop
diuretic has been used to simulate a reduction in MD
NaCl concentration. In dissected rat renal microvessels,
NOS inhibition abolished the increase in renin release
caused by furosemide pretreatment.536 Similarly, the
stimulation of renin secretion by furosemide in vivo
was inhibited by the administration of NOS inhibi-
tors.504,537,538 Plasma renin activity in nNOS knockout
mice and basal renin secretion in isolated perfused kid-
neys from nNOS2/2 or eNOS2/2 mice were found to
be consistently lower than in wild-type animals, sug-
gesting that tonic release of NO enhances renin release
in mice.505,526 The relative increases of renin secretion
by furosemide were essentially normal in nNOS2/2 or
eNOS2/2 mice, but were markedly reduced by general
NOS inhibition.505 Furthermore, the administration of
the NO donor SNAP in kidneys in which endogenous
NO production was blocked by L-NAME completely

restored the stimulatory effect of loop diuretics.
According to this recent evidence, it would appear that
exposition of JG cells to NO regardless of its exact cel-
lular source is necessary for the MD pathway to oper-
ate normally. The nature of this permissive effect of
NO may be to inhibit PDEIII, and thereby to sensitize
the renin secretory mechanism to the renin mediator
that we assume to act through activation of the cAMP/
PKA pathway (Figure 23.12).

Prostaglandins

Starting with the early observations by Larsson et al.
that arachidonic acid increases and indomethacin
reduces plasma renin activity,539 various metabolites of
arachidonic acid, most notably prostaglandins, have
been established as potent regulators of renin secretion
in a variety of experimental conditions.506 Stimulation
of renin secretion is most consistently seen with admin-
istration of prostaglandins of the E and I series.540 The
effect of prostaglandins on renin secretion are medi-
ated by Gs-protein-coupled receptors, IP receptors in
the case of PGI2, and EP2/EP4 receptors in the case of
PGE2.

541 Selective deletion of floxed Gsα in JG cells by
cre recombinase driven by the endogenous renin pro-
moter was associated with marked reductions of
plasma renin concentration.542

RELATIONSHIP BETWEEN MD COX-2 AND RENIN

Cyclooxygenases catalyze the hydroxylation and oxy-
genation of arachidonic acid that lead to the generation
of endoperoxides (or PGH2). Subsequent processing by
a number of enzymes converts PGH2 into the biologi-
cally active spectrum of prostaglandins. The potential of
prostaglandins to regulate renin secretion became highly
relevant for the MD-dependent pathway by the demon-
stration that one of the cyclooxygenases, the inducible
isoform COX-2, was constitutively expressed in MD

FIGURE 23.12 Schematic representation of the pathways by
which nitric oxide can inhibit or stimulate renin secretion.

Inhibition of PDEIII by cGMP and subsequent reduced degradation
of cAMP appears to be the dominant pathway under many condi-
tions. Milrinone, an inhibitor of PDEIII, consistently stimulates renin
secretion.
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cells.62 The abundance of COX-2 in the MD and adjacent
TAL cells is highly regulated, and the pattern of COX-2
regulation parallels that of nNOS in the macula densa
and of renin in JG cells. Parallel increases in COX-2 and
renin have been observed in rats treated chronically with
furosemide, and in patients with Bartter syndrome, sug-
gesting that COX-2 expression, like nNOS, may be in
some way linked to NaCl uptake by MD cells.543�547 An
increase of MD COX-2 expression and of JG cell renin is
induced by administration of a low NaCl diet or by renal
artery stenosis.62,63,548�550 Stimulation of COX-2 expres-
sion has also been found following partial renal ablation
and in active lupus nephritis.551,552 A low NaCl diet also
caused a two- to three-fold increase in the expression of
PGE2 synthase in MD cells.71 Conversely, mice with
genetic COX-2 deficiency have a marked reduction of
renin expression and of plasma renin concentra-
tion.553,554 On the other hand, angiotensin II appears to
play the role of a negative feedback regulator of COX-2
synthesis: a strong and consistent stimulation of COX-2
expression is induced by ACE inhibition or AT1 receptor
blockade, and COX-2 expression is increased in AT1
receptor knockout mice,543,555,556 as well as in other states
of low angiotensin action.542

REGULATION OF PGE2 PRODUCTION

The application of a biosensor technique has provided
a missing piece of evidence linking MD NaCl delivery to
local PGE2 release.557 In this approach, HEK293 cells
were stably transfected with the mouse PGE2 receptor
EP1, a receptor subtype that is coupled to the IP3 path-
way, and whose activation therefore causes an increase
in cytosolic Ca. In perfused TAL/MD preparations dis-
sected from kidneys of salt-restricted rabbits, a trans-
fected and fura-2 loaded sensor cell was positioned at
the basolateral aspect of MD cells, and changes in [Ca]i
were used as an index of PGE2 release. In this prepara-
tion, removal of luminal NaCl caused a significant
increase in sensor cell [Ca]i, while no effect was seen
when NaCl was reduced to zero in the presence of lumi-
nal furosemide (Figure 23.13b). This effect appeared to
be cell-specific, since the positioning of the sensor cell
close to a TAL cell had no effect on [Ca]i. Of major
importance is the observation that most of the change in
[Ca]i occurred in a NaCl concentration range of between
20 and 40 mM, exactly the concentration range in which
NaCl concentration affects renin secretion in a similar
preparation (Figure 23.13a).

Studies in the isolated rabbit JGA have shown that
acute, non-specific COX inhibition with flufenamic
acid or flurbiprofen virtually completely abolished the
increase in renin secretion caused by a decrease in MD
NaCl concentration.496 Since the concentration change
from minimal to maximal was done in a single step, it
is not clear whether the effect of these agents was

symmetrical around the midpoint or whether it mainly
affected the stimulation in the subnormal concentration
range. Direct evidence for a role of COX-2 has been
obtained in an extension of these studies in which the
specific COX-2 inhibitor NS-398 was also found to pre-
vent the stimulation of renin secretion by low NaCl,
while the putative COX-1 blocker valerylsalicylate did
not have this effect (Figure 23.13c).558 The significance
of these findings is substantial since as pointed out ear-
lier, the isolated perfused rabbit JGA preparation is the
only currently available technique capable of assessing
MD-dependent renin release unencumbered by simul-
taneous sympathetic and baroreceptor input.

The mechanisms by which a reduction in luminal
NaCl may cause stimulation of PGE2 release and COX-
2 expression have been studied in cell lines derived
from the MD and from TAL cells.559,560 In both lines of
cells a reduction in medium NaCl caused a prompt
and dose-dependent increase in PGE2 release that was
essentially completely inhibited by NS-398, and was
therefore largely mediated by COX-2. The onset of this
response preceded any increase in COX-2 expression,
suggesting that it was the result of an increase in COX-
2 activity and/or of an activation of PLA2 followed by
increased availability of arachidonic acid. Presence of
PLA2 in macula densa cells and regulation of PLA2 in
parallel to that of COX-2 has recently been demon-
strated.66 In both TAL and MD cells in culture, a reduc-
tion in medium NaCl also augmented the expression of
the mRNA and protein expression of COX-2.559,560 Ion
substitution studies indicate that the extracellular sig-
nal for COX-2 stimulation appears to be a reduction in
Cl rather than in Na concentration, a finding that is
remarkably concordant with the Cl-dependency of
renin secretion shown earlier in an entirely different
preparation. The intracellular signaling events leading
to the stimulation of COX-2 activity and expression are
initiated by rapid phosphorylation of p38 and Erk1/2
kinases (Figure 23.14).560 Participation of MAP kinases
in COX-2 expression is supported by the inhibitory
effects of SB 203580 and PD 98059, inhibitors of p38-
and Erk1/2-mediated signaling events.559,560 The role
of the MAP kinase pathway in Cl-dependent COX-2
expression that appears to reflect both a transcriptional
activation and an increased stability of the mRNA561 is
similar to the involvement of MAP kinases in mediat-
ing the effects of cytokines, growth factors, and hyper-
tonicity on COX-2 expression in other cell types.562�564

Chronic interference with COX-2 signaling is associ-
ated with a reduction of renin expression that has sec-
ondary consequences for acute renin secretory
responses. Thus, COX-2-deficient mice have been
shown to have a markedly reduced renin mRNA
expression and plasma renin, and this effect was
greater on 129J or C57Bl/6 than on mixed genetic
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background.553,554,565 Chronic administration of COX-2
blockers, on the other hand, did not consistently reduce
renin expression.566�568 Acute stimulation of renin
release by furosemide, hydralazine or isoproterenol
was markedly reduced in COX-2-deficient compared to
wild-type mice, suggesting that the acute release
response was dependent upon basal renin expression
levels.553 Thus, when low renin release in COX-2-defi-
cient mice was overcome by chronic prestimulation of
their renin system, acute renin secretory responses to
various stimuli were reconstituted to levels observed in
wild-type animals. Furthermore, stimulation of renin
release by angiotensin converting enzyme or AT1
blockers was also markedly reduced in animals with

genetic or pharmacologic COX-2-deficiency.553,555,565

Overall these studies reveal that the level of renin
expression is an important and non-specific determi-
nant of the acute secretory response, independent of
whether the stimulus acts through the MD, barorecep-
tor, sympathetic or any other pathway. The strong rela-
tionship between basal levels of renin release or its
surrogate, plasma renin, and the acute release response
suggests the existence of an acutely releasable renin
pool in JG cells whose magnitude depends on renin
synthesis.553,569

In addition to the MD, the renal vasculature includ-
ing the afferent arteriole appears to be a significant
source of prostanoids in the vicinity of the JGA in
some species. In humans, expression levels of COX-2 in
the MD are low and are exceeded by vascular COX-2
expression, in particular in close vicinity to the JG
cells.570 In patients with renal artery stenosis this vas-
cular expression of COX-2 was enhanced, and therefore
prostaglandins from non-MD sources may contribute
to enhanced renin secretion in this condition. In addi-
tion, stimulation of the renin system in vivo after loop
diuretics may not be exclusively mediated by the MD
pathway, but may be at least partly related to enhanced
vascular prostanoid formation.571 Furthermore, the
reduced stimulatory capacity of loop diuretics on renin
secretion in the presence of COX inhibitors appears to
be to some extent related to blockade of vascular pros-
tanoid formation.572,573

Adenosine

In general, exogenous adenosine inhibits renin release
in intact rats or dogs,574�576 an effect that is produced by
activation of A1AR.575 Nevertheless, it is unclear to what
extent adenosine participates in the renin inhibition
caused by high luminal NaCl concentrations. In the

FIGURE 23.13 (a) Relationship between perfusate Cl concentration and renin release in the isolated perfused JGA preparation; data
from 500. (b) Relationship between perfusate NaCl concentration and PGE2 release by macula densa cells.557 The PGE2 equivalent corre-
sponds to the EP1-mediated increase in cytosolic Ca in HEK cells transfected with EP1 receptor cDNA, and placed at the basolateral aspect
of macula densa cells.557 (c) Renin secretion in the perfused thick ascending limb/glomerulus preparation of the rabbit in response to perfu-
sion with solutions containing high and low NaCl concentrations during control conditions, during inhibition of COX-2 with NS-398, and
during inhibition of COX-1 with valerylsalicylate.558

FIGURE 23.14 Schematic summary of the pathway by which a

decrease in luminal NaCl concentration causes stimulation of renin

secretion. Activation of several MAP kinases causes activation of
COX-2, as well as transcriptional upregulation of COX-2 synthesis,
augmented release of PGE2, and stimulation of the cAMP/PKA path-
way through EP4 receptors. Nitric oxide, derived from both NOS I
and NOC III, supports renin secretion by stabilizing cAMP.
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isolated perfused JGA, the selective A1AR blocker 8-
cyclopentyl-1,3-dipropylxanthine (CPX) blunted the fall
in renin secretion caused by an elevation in luminal
NaCl, but did not abolish it.499 Adenosine itself was
found to be only a weak inhibitor of MD-stimulated
renin secretion when added to the bathing fluid.577 This
may reflect effective degradation of exogenous adeno-
sine, since the addition of the adenosine deaminase
inhibitor pentostatin (deoxycoformycin) augmented the
renin-inhibitory effect of adenosine somewhat.577

Additional studies may have clarified the role of adeno-
sine in MD-dependent renin release. In isolated perfused
kidneys, it was found that the stimulation of renin
release by bumetanide was not measurably different
between wild-type and A1AR-deficient mice.578 This
observation argues against a role of A1AR and adeno-
sine in the stimulation of renin secretion during inhibi-
tion of NaCl transport below ambient levels. On the
other hand, renin secretion fell when NaCl at the MD
was acutely increased by a bolus injection of NaCl, and
this effect was not seen in A1AR-deficient mice, suggest-
ing that the renin-inhibitory effect of increased NaCl
concentrations is mediated by adenosine, whereas the
renin-stimulatory effect is not (Figure 23.15).

The cellular mechanisms of inhibition of renin
release by adenosine are not clear, but it is likely that
an increase in [Ca]i may play a role. Considerable prog-
ress has been made in understanding the paradoxical
inhibition of renin release by elevated [Ca]i. In primary
cultures of JG cells it has been observed that an
increase of [Ca]i by thapsigargin, angiotensin II or
endothelin was associated with a marked decrease in
isoproterenol- or forskolin-stimulated cellular cAMP
and a decrease of renin release.579 Conversely, a
decrease of [Ca]i by the Ca chelator BAPTA-AM caused
an increase in cellular cAMP, accompanied by an

increase in renin release.580 The inverse relation
between [Ca]i and cAMP was suggested to reflect regu-
lation of adenylyl cyclase (AC) by [Ca]i. In fact, the Ca-
inhibitable AC5 and AC6 isoforms were shown to be
expressed in JG cells,579,580 and siRNAs directed
against AC5 and AC6 were able to prevent cAMP stim-
ulation by forskolin or isoproterenol ,as well as renin
secretion in As4.1 cells (Figure 23.16).579

Ionic and Osmotic Effects

Changes in external juxtaglomerular osmolarity may
mediate the renin secretory response to a change of
luminal NaCl. In a number of different preparations
hypoosmolarity stimulates and hyperosmolarity inhi-
bits renin secretion, and such changes would seem to
be directionally plausible in mediating MD-dependent
renin release.581�584 Hypotonicity-stimulated renin
secretion appears to be initiated by AQP1-mediated
water flux leading to COX-2-dependent PGE2 produc-
tion and cAMP formation.585 However, a recent study
in isolated perfused rat or mouse kidneys established a
direct rather than an inverse relationship between renin
release and external osmolarity,569 a finding that con-
firms an earlier in vivo observation.586 Osmotic stimula-
tion of renin release was not prevented by L-NAME,
indomethacin or bumetanide, and was therefore

FIGURE 23.15 Control of macula densa-dependent renin secre-

tion by PGE2 and adenosine, with PGE2 being responsible for the

larger stimulatory effect during reduced luminal NaCl, and adeno-

sine causing a smaller inhibitory effect during increases in macula
densa NaCl.

FIGURE 23.16 Schematic summary of the pathways by which

an increase in TAL/macula densa NaCl reabsorption mediates Ca-

dependent suppression of renin secretion. TAL/macula densa
transepithelial NaCl transport and concomitant K recycling generate
a lumen-positive potential which drives paracellular Ca absorption.
Ca-sensing receptors on JG cells translate changes in interstitial Ca
into a modulation of Cai. Cell coupling by calcium-permeable con-
nexins (Cx), activation of Cai-mobilizing P2 receptors by ATP, and
A1AR activation in JG cells are additional pathways for raising JG
cell calcium. Ca-inhibited adenylyl cyclases (AC5 and AC6) link the
increase of Cai to a reduction of cAMP formation in JG cells.
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suggested to reflect a direct effect on JG cells.569 In addi-
tion to changes in interstitial osmolarity, direct ionic
effect may influence renin secretion. Thus, JG cells
express the calcium receptor CaR which renders renin-
producing cells capable of translating changes in extra-
cellular calcium into changes in intracellular calcium.587

In fact, the calcimimetic R-568 partially blunted the
stimulation of renin secretion in response to isoprotere-
nol, furosemide, and enalapril, while having little effect
on basal renin release.588 It remains to be determined
under which conditions changes in interstitial Ca con-
centrations may occur in vivo. In theory, increased
TAL/MD NaCl reabsorption would be expected to aug-
ment the tubular lumen-positive potential, and would
enhance the driving force for paracellular Ca uptake;
this would result in an increased interstitial Ca concen-
tration. In line with this concept, interstitial renal corti-
cal Ca concentration as determined by in situ
microdialysis techniques in Wistar rats was shown to
rise by 25% during chronic oral salt loading.589 A role
of Ca in the MD-JG signal transmission is further sup-
ported by the finding that an increased tubular flow
rate triggers a Ca wave that originates around the MD,
spreads throughout the JGA, and eventually increases
Cai of the JG cells. Both cell�cell coupling in the JGA
via connexins and ATP-dependent mechanisms appear
to participate in the propagation of this Ca wave.150,590

Gap junction uncoupling by α-glycyrrhetinic acid and
ATP degradation by apyrase markedly diminished
changes in Cai in the most distal portion of the afferent
arteriole.150 Connexin 45 expression was detected in
vascular smooth muscle cells of the afferent and effer-
ent arteriole, the mesangium, and JG cells. In cultured
vascular smooth muscle cells from mice with local dele-
tion of connexin 45 the speed of a cell-to-cell Ca wave
was reduced by 60% compared to wild-type controls.590

Furthermore, mice with deletion of connexin 45 in the
JGA showed increased PRC accompanied by elevated
blood pressure suggesting an inadequate inhibitory
input on renin secretion.590 However, connexin 45 prob-
ably is not the only connexin involved in a Ca-depen-
dent signal transmission from MD cells to renin
granular cells. In particular, connexin 40 was shown to
mediate Ca transmission from endothelial to JG cells,591

a finding consistent with major derangements in JG cell
renin secretion and topology in connexin 40-deficient
mice.592,593
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Renal Cortical and Medullary
Microcirculations: Structure

and Function
Thomas L. Pallone and Chunhua Cao
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ANATOMY OF THE RENAL
CIRCULATION

Cortical Microcirculation

The basic vascular pattern of the kidney is preserved
across mammalian species1,3�9 (Figure 24.1). The renal
artery branches into interlobar arteries that ascend
within the renal pelvis to enter the parenchyma.
In multipapillate organisms, the interlobar arteries
travel toward the cortex along the columns of Bertin.
These vessels change direction and follow an arc-like
course near the corticomedullary border to become
arcuate arteries. The arcuate artery gives rise to the
interlobular arteries that ascend, in radial fashion,
toward the cortical surface. Afferent arterioles arise
from interlobular arteries at angles that vary with their
cortical depth. Afferents that supply deep glomeruli
near the corticomedullary junction (juxtamedullary glo-
meruli) leave the interlobular artery at a recurrent
angle. In contrast, superficial afferent arterioles that
supply glomeruli near the surface of the kidney line up
with the interlobular artery at its termination.

In some species (rat, cat, dog, and Meriones) a pair of
intra-arterial “cushions” exist as parallel ridges that
project from the origin of the juxtamedullary afferent
arteriole into the lumen of the parent intralobular
artery (Figure 24.2a).10,11 The cushions are 18�30 μm in
length, composed of a ground substance in which
smooth muscle cells are embedded and covered by a
layer of continuous endothelium (Figure 24.2b).12 The
cushions are ideally placed to regulate blood flow

distribution within the cortex. Given that blood flow to
the renal medulla arises largely from the efferent flow
of juxtamedullary glomeruli, it is also plausible that the
cushions play a role in the regulation of blood flow to
the medulla. The cushions have been hypothesized to
separate plasma and red blood cells, and alter med-
ullary hematocrit by “skimming” plasma from a red
cell-free layer near the vessel wall.10,13

The structure of afferent and efferent arterioles var-
ies with cortical location. Afferent arterioles are com-
posed of one to three layers of smooth muscle cells.
Muscle and elastic tissue diminish near the glomerulus
and the media is replaced by granular cells of the juxta-
glomerular apparatus. The diameters of efferent arter-
ioles vary from as small as 12 μm in the superficial
cortex to 28 μm for juxtamedullary glomeruli. Efferent
arterioles in the superficial cortex branch to form a
dense peritubular capillary plexus. Ten different
branching patterns have been described.14 In contrast
to the efferent arterioles of superficial glomeruli, those
of juxtamedullary glomeruli most frequently cross the
corticomedullary junction to enter the outer stripe of
the outer medulla, where they give rise to descending
vasa recta (DVR). DVR are transitional vessels along
which smooth muscle is replaced by contractile peri-
cytes.8,15 A small fraction of blood flow to the renal
medulla may bypass juxtamedullary glomeruli in
“shunt” vessels (dashed line, Figure 24.1). Casellas and
Mimran have described variations of those shunts as:
(1) branches of afferent arterioles; (2) continuous ves-
sels from which afferent arterioles arise as side
branches; (3) short vascular connections between
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afferent and efferent arterioles; and (4) pelvic arterioles
derived from afferent arterioles near the renal hilus
(Figure 24.3).16 Several reviews of arteriolar patterns in
the renal cortex have been written.4,11,17

The bulk of glomerular filtrate is reabsorbed by the
proximal convoluted tubule. That reabsorbate is con-
ducted through the cortical interstitium and taken
up by peritubular capillaries. The peritubular intersti-
tium of the cortex has been divided into “narrow” and
“wide” portions comprising 0.6 and 3.4% of tis-
sue volume.18,19 The narrow interstitium is flanked by
a highly fenestrated capillary wall on one side and the
basolateral membrane of the PCT on the other
(Figure 24.4).9,20 Since only 26% of the tubular surface
faces the narrow interstitium it follows that substantial
quantities of fluid must flow from the wide to the nar-
row portion, implying that hydrostatic pressure gradi-
ents exist within the cortical interstitium.18,21

Medullary Microcirculation

Blood flow to the renal medulla is supplied by DVR.
Descending vasa recta (DVR) arise largely from efferent
arterioles of juxtamedullary glomeruli and supply all
blood flow to the renal medulla (Figure 24.1). The afferent
arterioles that supply juxtamedullary glomeruli arise
from interlobular arterioles (cortical penetrating arter-
ioles) at recurrent angles. Muscular intra-arterial cushions
exist at the origins of afferent arterioles (Figure 24.2), par-
ticularly near the corticomedullary junction, and have
been proposed to participate in reduction of medullary
hematocrit by “plasma skimming” (see below).10,11

Juxtamedullary efferent arterioles are larger, longer, and
have a more robust smooth muscle layer than those
derived from superficial or midcortical glomeruli
(Figure 24.5).15,17 They often divide into branches that
either remain in the cortex to supply cortical peritubular
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FIGURE 24.1 Microcirculation of the renal cortex and medulla. Within the renal
cortex, interlobular arteries, derived from the arcuate artery, ascend toward the corti-
cal surface. Superficial and midcortical glomeruli arise at obtuse and right angles,
while juxtamedullary glomeruli arise at an acute, recurrent angle from the interlobu-
lar artery. The majority of blood flow to the medulla arises from juxtamedullary effer-
ent arterioles. A minor fraction might also be derived from periglomerular shunt
pathways (dashed lines). In the outer stripe of the outer medulla, juxtamedullary
efferent arterioles give rise to DVR that combine with AVR, and sometimes thin des-
cending limbs of Henle, to form vascular bundles. Vascular bundles are the promi-
nent feature of the inner stripe of the outer medulla. DVR on the periphery of
vascular bundles perfuse the interbundle capillary plexus that supplies nephrons
(thick ascending limb, collecting duct, long looped thin descending limbs, not
shown). DVR in the center of the bundles continue across the inner�outer medullary
junction to perfuse the inner medulla. In some species, thin descending limbs of short
looped nephrons migrate toward or become associated with vascular bundles. In the
inner medulla, vascular bundles disappear and vasa recta become dispersed with
thin loops of Henle and collecting ducts. Blood from the interbundle capillary plexus
is returned without rejoining vascular bundles. DVR have a continuous endothelium
(inset) and are surrounded by contractile pericytes. Like cortical peritubular capillar-
ies, the AVR endothelium is highly fenestrated. As blood flows toward the papillary
tip, NaCl and urea diffuse into DVR and out of AVR. Transmural gradients of NaCl
and urea drive water efflux across the DVR wall via aquaporin-1 water channels. The
increasing size of the circled “P” is to represent the rise in DVR plasma protein
concentration with medullary depth. (Reproduced with permission from ref. [31].)
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capillaries or, alternatively, descend into the medulla to
form DVR.14,22,23 DVR are about one half of the diameter
of parent juxtamedullary efferent arterioles, in the range
of 12 to 18 μm; some may be as large as 20 μm. DVR
branch from their parent efferent arteriole in the outer
stripe of the outer medulla and then coalesce within vas-
cular bundles in the inner stripe of the outer
medulla4,5,8,24,25 (Figure 24.1). Larger diameter DVR lie in
the center of vascular bundles and penetrate to the dee-
pest regions of the inner medulla.15,17,26 DVR are transi-
tional vessels, wherein smooth muscle is replaced by
contractile pericytes.27 Pericytes become increasingly
scarce with medullary depth, but are retained well into
the inner medulla28 (Figure 24.6). DVR have a continuous
endothelium with tight junctions. In contrast, ascending
vasa recta (AVR) that arise from DVR are highly
fenestrated25,29,30(Figure 24.7). DVR peel off from the
periphery of the vascular bundles as they pass through
the inner stripe to supply the interbundle capillary plexus
(Figure 24.8a,b,c). AVR within vascular bundles are only
those that originate from the inner medulla.24 Blood flow
from the outer medullary interbundle capillary plexus
returns to the cortex without rejoining vascular bundles.
Thus, countercurrent exchange in the vascular bundles of
the inner stripe of the outer medulla involves all DVR,
but only those AVR that return from the inner medulla.

FIGURE 24.2 The intra-arterial cushion. (a) In some species intra-arterial cushions are present where juxtamedullary afferent arterioles
arise from interlobular arterioles. (b) A longitudinal section through an afferent arteriole shows an intra-arterial cushion at its origin from the
interlobular artery (inset: 3 160). The cushion protrudes into the lumen of the parent vessel. Smooth muscle cells of the cushion are embedded
in a copious matrix (3 4000). Intra-arterial cushions might affect the relative volume fraction of RBCs versus plasma (hematocrit) that is
directed from intralobular arterioles to juxtamedullary glomeruli and renal medulla. It is also conceivable that they regulate the relative distri-
bution of blood flow between the superficial and juxtamedullary cortex (see text). (Reproduced with permission from ref. [11,12]).

FIGURE 24.3 Corrosion cast showing a periglomerular shunt

vessel at the corticomedullary junction. The afferent arteriole (AA)
of a juxtamedullary glomerulus gives rise to a side branch (AV)
which forms descending vasa recta (VR). The efferent arteriole (EA)
of the juxtamedullary glomerulus is visible (Arrowhead: 16 μm
sphere; Bar: 100 μm). It is probable that some blood flow that reaches
the renal medulla bypasses juxtamedullary glomeruli by shunts such
as the one illustrated, but the overall fraction of medullary blood
flow derived from shunts is probably small (i.e., ,10%). (Reproduced
with permission from ref. [16]).
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The most striking characteristic of the outer medullary
circulation is its separation into vascular bundles and the
dense capillary plexus that supplies the interbundle
region of the inner stripe4,5,15,17,24�26,31 (Figures 24.1, and
24.8). Species variation exists with respect to the associa-
tion of nephrons with vascular bundles. The “simple”
vascular bundle of the rabbit, guinea pig, dog, cat, mon-
key, and man is comprised only of DVR and AVR,
excluding nephrons.4,17,26 The “complex” vascular bun-
dle of some rodents incorporates the descending thin
limbs of short looped nephrons (nephrons that return
from the inner�outer medullary junction). The degree to
which thin descending limbs of Henle are incorporated
into vascular bundles varies with species, and is highly
developed in the mouse4,17,26,32 (Figure 24.9). Psammomys
obesus is a desert-dwelling rodent in which vascular
bundles combine in the outer stripe of the outer medulla
to form “giant” vascular bundles (Figure 24.8a).5 By ana-
tomical inference, the parallel arrangement of DVR
within vascular bundles of all species contributes to the

regulation of regional blood flow distribution in the kid-
ney. Constriction of DVR on the vascular bundle periph-
ery should favor perfusion of the inner medulla.
Conversely, constriction of DVR in the bundle center
should preferentially favor flow to the capillary plexus
of the interbundle region. Experimental evidence that
supports such differential regulation of perfusion of the
outer and inner medulla is sparse, because few studies
have simultaneously measured outer and inner medul-
lary blood flow.33

The vascular bundles that are characteristic of the
inner stripe of the outer medulla disappear below
the inner�outer medullary junction. Throughout the
medulla, AVR are larger and more numerous than DVR.
As a consequence, during passage of blood from the

FIGURE 24.5 Structure and transition of cortical and medullary

vessels. The proximal afferent arteriole is composed of at least two
layers of smooth muscle cells. The muscularity and size of cortical
efferent arterioles differ with location. Note the difference between
the superficial and juxtamedullary efferent arterioles. The juxtame-
dullary efferent arteriole is larger, has a thicker, multilayered media,
and its endothelium is composed of more numerous endothelial cells.
In the illustration, a descending vas rectum (DVR) in a vascular bun-
dle is adjacent to three fenestrated ascending vasa recta (AVR). The
DVR wall is surrounded by a contractile pericyte. At the bottom
right, DVR and AVR from the inner medulla are shown. Inner med-
ullary DVR have a continuous endothelium through most of their
length as pericytes become scarcer with medullary depth. Terminal
DVR and the entire AVR wall is fenestrated. (Reproduced with permis-
sion from ref. [15]).

FIGURE 24.4 Peritubular interstitium of the renal cortex. The
narrow portion of the cortical interstitium (arrows) lies immediately
adjacent to the basement membrane of the proximal tubule. The wide
portion (stars) lies between peritubular capillaries and cortical
nephrons. Interstitial cells are fibroblast-like780 or rounded746 (EA:
efferent arteriole (3 1000). (Reproduced with permission from ref. [20]).
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juxtamedullary efferent arteriole to DVR and then AVR,
single vessel flow rate falls as overall microvessel cross-
sectional area increases.17,31,34�36 The latter increases
transit time, presumably to favor greater equilibration of
solute concentrations between AVR blood and intersti-
tium. Outer medullary vascular bundles have little
interstitial space. In contrast, the fraction of medullary
cross-section attributable to interstitium rises substan-
tially toward the deepest regions of the inner medulla,
particularly near the papillary tip.17,20,37 In some species,
renal medullary interstitial cells (RMIC) of the inner
medulla appear to be tethered between thin limbs of

Henle and vasa recta20,25,36 (Figure 24.10). It is likely that
the horizontal arrangement of RMIC helps to preserve
corticomedullary solute gradients by limiting axial diffu-
sion along the medulla.20,38 RMIC have receptors for
vasoactive peptides such as angiotensin II, bradykinin,
and endothelin. In addition, they release vasoactive
agents such as PGE2 and medullipin. RMIC are contrac-
tile and respond to various paracrine factors.39�42

Three-dimensional computer reconstructions of
images derived from immunostained serial sections
have yielded insight into relationships between tubules,

FIGURE 24.6 Distribution of descending vasa recta pericytes.

(a) (b) Immunofluorescent staining of DVR pericytes using anti
α-smooth muscle actin as primary antibody. The pericytes are pres-
ent on DVR from outer medullary vascular bundles (Panel a), and
those from the inner medulla (Panel b) (31000). (c) Low power image
of immunofluorescent staining of DVR pericytes using anti α-smooth
muscle actin antibody. Some vessels show pericytes throughout their
length to the papillary tip. Black vessels are filled with Indian ink
(3100). (Reproduced with permission from ref. [28]).

FIGURE 24.7 Electron micrograph of DVR and AVR. Electron
micrograph of DVR and AVR in rat vascular bundles. DVR have a
continuous endothelium and AVR are fenestrated. Note the minimal
interstitium that exists between vessels in this region (312,400).
(Reproduced with permission from ref. [111]).
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FIGURE 24.8 Arterial injection of Psammomys obesus.
(a) Photograph of the microvasculature of the desert rodent
Psammomys obesus obtained by injecting the arteries of the kidney with
Microfil and digesting the tissue. The distinct arteriolar patterns of the
cortex, outer, and inner medulla are apparent. In Psammomys, the sep-
aration of the outer medulla into vascular bundles and the dense capil-
lary plexus of the interbundle region (*) is striking, because vasa recta
coalesce into giant vascular bundles (OM: outer medulla; IM: inner
medulla). Designations on the original figure are: c: cortex; TR: transi-
tional region (outer stripe of the outer medulla); IS: inner stripe of the
outer medulla; IZ: inner zone (inner medulla).(Reproduced with permis-
sion from ref. [5]). (b),(c) Indian ink injection study of vascular bundles
in the outer medulla of the rat. In contrast to Psammomys, individual
vascular bundles do not coalesce into giant bundles. The bundles are
more evenly dispersed throughout the inner stripe of the outer
medulla. This pattern is typical of many mammalian species including
the rat, mouse and human. (Reproduced with permission from ref. [790]).
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collecting ducts, and the vasculature in rats and
mice.25,32,43�46 Specifically, collecting ducts (CD), des-
cending thin limbs of Henle (DLH), ascending thin limbs
of Henle (ALH), descending vasa recta (DVR), and
ascending vasa recta (AVR) are identified by their respec-
tive expression of aquaporin 2 (AQP2), aquaporin 1
(AQP1), chloride channel (ClCK1), urea transporter type
B (UTB), and the fenestral protein, PV-1. Thin DLH fre-
quently lack AQP1 expression, and are identified as thin
limbs lacking ClCK1 but expressing α,β-crystallin, an
antigen that is present along the entire loop of Henle.47,48

Thin DLH include an entirely AQP1-null group that
turns early in the inner medulla, and longer limbs that
are AQP1-positive for the first B40% of their length; the
latter turn to form thin ALH within deeper regions of
the inner medulla. More than 50% of the AQP1-positive
DLH also express ClC-K1. AQP1-positive segments have
semilunar cell bodies that regularly jut into the lumen.49

Murine tubulovascular relationships in the outer medulla
may exhibit an important characteristic, in that some
thick ascending limbs of long looped nephrons may lie
within vascular bundles. In that species, short looped
thin DLH are known to be incorporated into the more
peripheral parts of vascular bundles.4,20,26,32

Pannabecker and colleagues have described clustering
of collecting ducts that eventually coalesce to form single
large collecting ducts in the deep medulla (Figure 24.11).
The tubules and vessels that surround the collecting
duct clusters occupy structured patterns.43,46�48 DVR
and DLH occupy regions outside the clusters, while
AVR and ALH are diffusely distributed both within the
central regions of the CD clusters and throughout the
surrounding inner medulla. Within clusters, four AVR
abut individual CDs.25 AVR closely approach the CD
wall and appear to be tethered to it. That arrangement
may be critical to vascular reabsorption in the medulla,
allowing interstitial pressure to exceed AVR luminal
pressure without inducing collapse.38,50,51 The implica-
tions of those tubulovascular relationships have been
examined in mathematical simulations.52�55 The organi-
zation of the outer medulla into vascular bundles and
the peribundle region enhances the delivery of high
osmolality fluid to the inner medulla by long looped
DLH and CD. Reduction of the number of DVR that
reach the inner�outer medullary junction is predicted to
favor enhancement of urinary concentration, as is a high
AVR solute permeability. The striking observation of
thick ascending limbs of Henle within vascular bundles
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FIGURE 24.9 Tubular-vascular relationships in the outer medulla. Organization of the inner stripe of the outer medulla. Top and bottom
panels show longitudinal and cross-sectional views, respectively. The extent to which the thin descending limbs (tDLH) of short looped
nephrons associate with vascular bundles varies between species. In the rabbit (a) no association exists, whereas in the rat (b) and mouse (c),
the tDLH migrates to the periphery or becomes incorporated within vascular bundles, respectively (Abbreviations: VB: vascular bundle; IB:
interbundle region; 1 and 2: thin descending and thick ascending limbs of long looped nephrons; 3 and 4: thin descending and thick ascending
limbs of short looped nephrons.) (Reproduced with permission from ref. [4]).
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of the mouse32 may have important implications for uri-
nary concentration, because sodium chloride reabsorp-
tion from those structures might raise vicinal osmolality
to favor water uptake from AQP1-expressing DVR,
thereby concentrating their contents en route to the inner
medulla.

TRANSPORT FUNCTIONS AND
PROPERTIES

The Renal Cortex and Capillary Uptake of
Tubular Reabsorbate

Cortical peritubular capillaries are fenestrated, have
a large surface area and high hydraulic conductivity. It
is generally accepted that fluid is driven into the corti-
cal interstitium from the PCT due to the generation of a
locally hypertonic fluid within the lateral intercellular
space between PCT epithelial cells. The local hyperto-
nicity results from the secretion of small hydrophilic
solutes by proximal tubular cells. Dilution of the inter-
stitium in the vicinity of the capillary wall with protein-
free fluid both lowers interstitial oncotic pressure and

raises interstitial hydraulic pressure. These effects gen-
erate Starling forces that favor capillary reabsorption.

A substantial body of evidence has demonstrated that
modulation of cortical peritubular capillary oncotic pres-
sure alters PCT reabsorption. Intra-aortic injection or
peritubular perfusion of colloid free or hyperoncotic
fluid leads to decreases or increases proximal reabsorp-
tion, respectively.56�58 While it seems inviting to surmise
that protein oncotic pressure acts directly to enhance
fluid movement out of the PCT, several lines of evidence
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FIGURE 24.11 Relationship between vasa recta and collecting

duct clusters. Upper panel: A single collecting duct (blue) with adja-
cent AVR (red) is shown in four 90� rotated views (Bar 5 100
microns). Lower panel: (a�c) Electron micrographs of sections
through a collecting duct (CD) and adjacent AVR, demonstrating the
close apposition and interstitial space (IS). (d) Close approximation of
AVR and CD where the two appear to be tethered with microvilli
(arrows). (Reproduced with permission from ref. [25]).

FIGURE 24.10 Renal medullary interstitial cells (RMIC). RMIC
from the rat kidney appear to be tethered between thin limbs and
vasa recta in the inner medulla. Interstitial spaces lie between the
cells, and the cells are stacked like rungs of a ladder. RMIC are con-
tractile and secrete vasoactive paracrine agents (see text). The stacked
arrangement or RMICs in some species has been suggested to help
retard axial diffusion that would otherwise tend to dissipate cortico-
medullary gradients of NaCl and urea (V: venous or ascending vasa
recta; Arrows point to lipid droplets within RMIC). (Reproduced with
permission from ref. [20]).
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suggest otherwise. Oncotic pressure changes fail to mod-
ulate reabsorption when active transport by PCT epithe-
lia is inhibited,59 PCT reabsorption rates correlate with
GFR (glomerulotubular balance) but not with interstitial
Starling forces,60 hydropenia blunts the capacity of
hyperoncotic albumin to enhance PCT reabsorption,61

and elevation of luminal pressure in the PCT fails to
enhance reabsorption.62 The osmotic water permeability
of the proximal convoluted tubule (Pf 5 0.12 0.4 cm/s)
is probably too low for small oncotic pressure changes to
substantially affect transmembrane water flux.63,64 It has
been suggested that peritubular oncotic pressure might
modulate PCT volume reabsorption by affecting solute
reabsorption rate65,66 or by enhancing paracellular back-
leak into the PCT lumen.67 More recently, attention has
turned to mechanosensation of luminal shear forces as a
transducer of glomerulotubular balance.68�70

Whatever mechanisms converge to influence PCT
reabsorption it is immense, and its removal from the
interstitium is the task of the cortical microcirculation.
Since lymphatics remove less than 1% of the reabsor-
bate,71 the route for return to the systemic circulation
must be via peritubular capillaries. As reviewed by
Aukland et al., the high oncotic pressure of postglomer-
ular plasma cannot be invoked as the primary driving
force for capillary uptake in all cases. Older rats in
which renal lymphatic (and therefore presumably inter-
stitial) protein concentration is equal to that of plasma
continue to reabsorb tubular fluid.18,71 Furthermore,
PCT reabsorption occurs even in kidneys perfused with
colloid free solutions.72 Particularly in the latter case, it
is apparent that interstitial pressure must exceed intra-
capillary luminal pressure to provide the driving force
for transcapillary volume flux. It also follows that the
peritubular capillaries must be tethered to the intersti-
tium in a way that prevents an inwardly directed trans-
mural pressure from collapsing the lumen.

The Renal Medulla and Countercurrent
Exchange

Like the capillary bed of other organs, the renal med-
ullary microcirculation supplies oxygen and nutrients to
the surrounding tissue. Additionally, however, cortico-
medullary gradients of NaCl and urea must be pre-
served to enable urinary concentration. This task is
accommodated by countercurrent exchange between
DVR and AVR.17,31,73,74 Countercurrent exchange is an
adaptation found throughout nature. The maintenance
of high gas tensions in swim bladders of deep sea fish,
and the minimization of heat loss from the extremities of
aquatic and arctic animals relies upon this strategy.31,75

The microcirculation of the renal medulla traps NaCl
and urea deposited to the interstitium by the loops of
Henle and collecting ducts. Countercurrent exchange

provides the means by which blood flow through the
medulla is concentrated and then diluted to preserve
corticomedullary solute gradients established by coun-
tercurrent multiplication. The hypothesis that vasa recta
are a purely “U-tube” diffusive countercurrent
exchanger implies the following function. NaCl and urea
diffuse from interstitium into DVR plasma en route from
the corticomedullary junction toward the papillary tip.
The solutes diffuse out from AVR plasma to be returned
to the interstitium as blood returns to the cortex. That
theory predicts that countercurrent exchanger efficiency
will be enhanced if permeability to solute is high.

In fact, vasa recta probably do not function as a purely
diffusive countercurrent exchanger. Several features
point to greater complexity. Tubulovascular relation-
ships in the outer and inner medulla differ markedly
(Figures 24.1, 24.9, 24.11), and the endothelium of DVR
and AVR are continuous and fenestrated, respectively
(Figure 24.7). The discoveries of aquaporin-1 (AQP1)
water channels and the facilitated urea carrier, UTB, in
DVR endothelia (see below) shows that transcellular as
well as paracellular pathways involving water and urea
are involved in equilibration of DVR plasma with the
interstitium. Efflux of water across the DVR wall to the
medullary interstitium occurs across AQP1 water chan-
nels, and AQP1 excludes NaCl and urea implying that
both water removal and diffusive influx of solute con-
tribute to transmural equilibration.31,76�78 Expression of
AQP1 within the vasculature has been found to vary
with axial location, greater in those DVR that turn in the
outer portion of the inner medulla.45,46

Transport of Small Solutes and Water by Vasa
Recta and Red Blood Cells

Transport of Water across the DVR Wall: Small
Solutes, Osmotic Pressure, and Starling Forces

Mass balance dictates that water, NaCl, and urea
must be removed from the medullary interstitium at a
rate that equals deposition by the loops of Henle
and collecting tubules.17,79 Papillary micropuncture
studies in the hydropenic rat80 and hamster81,82 have
shown that DVR and AVR plasma osmolality rises in
parallel with tubular fluid from the loops of Henle and
collecting ducts. DVR plasma protein also becomes
concentrated along the direction of flow, implying that
water is lost from DVR lumen to the interstitium
(Table 24.1, Figure 24.1).83,84 Uptake of fluid into AVR
exceeds that lost from DVR, accounting for mass bal-
ance in the medulla.15,85�88 Volume efflux from the
DVR occurs despite an intracapillary oncotic pressure
that exceeds hydraulic pressure, so that “Starling
forces” cannot fully explain transmural volume efflux.
According to Starling, volume flux (Jv) across a
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TABLE 24.1 Vasa Recta Plasma Protein Concentration, Hydraulic and Oncotic Pressures Measured in Rats and Hamsters

Location VR/P Cp (g/dl) Oncotic Pressure (mmHg) Hydraulic Pressure (mmHg) Osmolality (mOsm) Condition (Reference)

DVR-base 1.76 7.1 26.0 9.2 Hydropenia

DVR-tip � � � � 83

AVR-base 1.38 5.6 18.1 7.8

DVR-base 1.43 7.1 26.0 6.6 688 Hydropenia

DVR-tip 1.66 6.4 21.8 7.4 759 84

AVR-base � � � �

DVR-base 1.0 to 1.8a Hydropenia

DVR-tip 2.1 to 2.9 87

DVR-base 1.42 5.1 16.0 � Hydropenia

DVR-tip � � � � 88

AVR-base 1.11 4.0 11.2 �

DVR-base 15.7 Hydropenia

DVR-tip 11.4 429

AVR-base 10.2

DVR-base 1.08 5.2 16.7 9.5 573 Hydropenia

DVR-tip 1.42 6.8 18.2 9.1 1011 86

AVR-base � � � � �

DVR-base 1.10 5.4 17.6 12.2 356 Furosemide

DVR-tip 1.12 5.5 18.2 11.2 377 86

AVR-base � � � � �

DVR-base 1.19 5.7 18.6 11.7 380 Furosemide

DVR-tip � � � 11.2 386 187

AVR-base 1.17 5.6 18.4 9.6 �

AVR-mid 5.2 16.7 8.0 Hydropenia

AVR-mid 5.2 16.7 16.0 Furosemide

143

DVR-mid 9.1 to 15.5b Plasma/ANPc

AVR-mid 7.8 to 14.3 Plasma/ANP

DVR-mid 8.4 to 10.8 Plasma/Furosemide

AVR-mid 7.8 to 10.0 Plasma/Furosemide

792

aRatio measured from 131I-albumin activity.
bValues refer to changes before and after administration of either ANP or furosemide.
bMeasured after replacement of surgical fluid losses with plasma.
Abbreviations: VR/P: vasa recta to plasma ratio; Cp: plasma protein concentration; DVR: descending vasa recta; AVR: ascending vasa recta; base, mid, tip,

micropuncture site along exposed papilla (inner 1/3 of the inner medulla, blood flows from base to tip in DVR and tip to base in AVR); ANP: atrial natriuretic

peptide.
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capillary wall is a function of capillary (Pc) and intersti-
tial hydraulic pressure (Pi), and luminal (πc) and inter-
stitial (πi) oncotic pressure.

89

JV 5LP½ðPc 2PiÞ2 ðπc 2πiÞ� ð24:1Þ
where Lp is the hydraulic conductivity. In order to
explain volume efflux from the DVR in a manner com-
patible with Eq. (24.1), a negative interstitial hydraulic
pressure or very high interstitial oncotic pressure has
to be postulated. In either of those cases, however,
interstitial driving forces would prevent volume
uptake by AVR violating mass balance. Neither possi-
bility can be the explanation.17,84,90

Due to the lag in equilibration of DVR plasma with
the interstitium, NaCl and urea concentrations in the
interstitium exceed those in DVR so that a transen-
dothelial osmotic gradient favors water efflux across
the DVR wall. That driving force could account for
water efflux only if there is a transendothelial pathway
across which small solutes are effective to drive water
movement.84 Volume flux across a membrane can be
simulated by Eq. (24.2) that accounts for osmotic reflec-
tion coefficients (σ) to individual solutes. In the current
context, small solutes (σss) and proteins (σpr) are of
importance, leading to91:

JV 5 LP½ΔP2 σprΔπpr 2 σssΔπss� ð24:2Þ

where ΔP is transmembrane hydraulic pressure, and
Δπpr andΔπSS are the transmembrane osmotic pressure
due to protein and small solutes, respectively.84 The
hypothesis that small solutes act to promote volume
movement across the DVR is equivalent to postulating
that σss. 0. Support for this was readily obtained.
Volume efflux from DVR was prevented by elimination
of corticomedullary (and therefore transendothelial)
NaCl and urea gradients by furosemide,86 and in vivo
microperfusion of DVR with buffers made hypertonic
or hypotonic to the papillary interstitium generated vol-
ume uptake or efflux, respectively (σNaCl. 0).92

DVR Hydraulic Conductivity and Osmotic Water
Permeability

The predominant pathway that conducts water
efflux across the DVR is the AQP1 water channel.
AQP1 but not other aquaporins are expressed by DVR
endothelia.36,45,93,94 Diffusional water permeability (PD)
of isolated, microperfused DVR, measured by efflux of
3H2O, was reduced by the AQP1 blocking mercurial
agent p-chloromercuribenzene sulfonate (pCMBS).
Dramatic confirmation was provided by the demonstra-
tion that osmotic water permeability (Pf) of microper-
fused DVR, measured by driving water flux with
transmural gradients of NaCl, was driven from
B1100 μm/s to nearly zero by pCMBS (Figure 24.12a).

In contrast, when albumin rather than NaCl was used
to drive water flux, Pf was much higher, B16,700 μm/s
and insensitive to pCMBS, implying that a different
pathway conducts transmural volume flux driven by
oncotic pressure.77,78 The results support the notion
that NaCl and urea drive water flux across the DVR
wall exclusively through AQP1 (contribution to total
transmural water conductivity is Pf B1100 μm/s),
while hydraulic pressure and oncotic pressure drive
most water flux through a high conductivity parallel
pathway (paracellular or other). Mathematically, the
AQP1 and parallel pathways are best stimulated as85,95:

JV;P 5LP;P½ΔP2 σprΔπpr� and; JV;C 5LP;C½ΔP2
P

iΔπi�
ð24:3a;bÞ

where the additional subscript “P” (probably pericellu-
lar) refers to the high conductivity pathway for which
σNaCl 5 σurea 5 0,96 and the subscript “C” refers to the
transcellular AQP1 pathway for which σNaCl 5 σurea 5
1. Hydraulic conductivity (Lp) and osmotic water per-
meability (Pf) are related according to Lp 5 (Pf 3 Vw)/
(RT), where VW is the partial molar volume of water.
Existing measurements of DVR osmotic water perme-
ability are summarized in Table 24.2. A rigorous discus-
sion of the measurement of, and relationships between,
these transport parameters has been provided.78,96

The AQP1 knockout mouse provided additional con-
firmation of the role of AQP1 in DVR water transport.
Pf of DVR in AQP1 knockout mice, driven by NaCl,
was indeed very low (Figure 24.12b). An intriguing
finding was that urea and larger solutes (raffinose, MW
594, glucose, MW97) drive significant water flux despite
AQP1 deletion, a finding that implies the existence of a
non-AQP1 route across which those solutes are osmoti-
cally active. A potential candidate for the non-AQP1,
pCMBS insensitive pathway is the UTB urea trans-
porter (see below) which is expressed by the DVR endo-
thelium and can function as a water channel.98�102

Insights from Modeling: AQP1 and the
Enhancement of Exchanger Efficiency

Mathematical models of urinary concentration have
played an important role in the evolution of our under-
standing. Simulation of both nephrons and the micro-
circulation is difficult, so that investigators prefer to
account for one while neglecting the other. Vasa recta
models typically assume specified corticomedullary
solute concentrations, and simulate transport properties
of the vessel wall. Wang and Michel revised this
approach by specifying the rate of deposition of NaCl,
urea, and water to the medullary interstitium as though
they are generated within the interstitium. In agreement
with electron probe measurements, they predicted an
exponential increase in corticomedullary solute
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TABLE 24.2 Hydraulic Conductivity, Osmotic Water Permeability and Solute Reflection Coefficients of Vasa Recta

Parameter Driving Force OMDVR IMDVR IMAVR Reference

Lp 3 102613

(cm•s2780•mmHg2780)
Albumin Gradient 1.4a 187

Lp 3 102613

(cm•s2780•mmHg2780)
Albumin Gradient 1.6 96

Lp 3 102613

(cm•s2780•mmHg2780)
NaCl Gradient 0.12b 76,77

Lp 3 102613

(cm•s2780•mmHg2780)
Hydraulic Pressure 12.5 50,92

Parameter Method OMDVR IMDVR IMAVR Reference

σalbumin Sieving 0.89c 96

σalbumin Sieving 0.78 128

σalbumin Osmotic 0.70 50

σNa Osmotic ,0.05d 0.00d 92,129

σNa Osmotic B0.03d 78

σNa Sieving B1.0e 78

σRaffinose Sieving B1.0e 78

aAssumes a reflection coefficient to albumin of 1.0.
bEvidence shows that transmural NaCl gradients drive water flux exclusively through water channels, whereas albumin drives water flux predominantly through water channels
along with a small component via other pathway(s), see text and references .77,78,96

cNot significantly different from 1.0.
dMeasurement of σNa for the vessel wall as a whole.
eσNa, σRaffinose for the putative aquaporin-1 water channel pathway through which NaCl gradients drive water flux, see text and references 77,78.

FIGURE 24.12 Osmotic water permeability (Pf) of outer medullary DVR. (a) Pf was measured in glutaraldehyde-fixed rat DVR by mea-
suring the rate of transmural water flux generated by a bath . lumen NaCl gradient. Sequential measurements in controls were stable. In con-
trast, exposure to p-chloromercuribenzene sulfonate (pCMBS, 2 mM), an agent that covalently binds to cysteine residues on aquaporin-1,
reduced Pf to nearly zero. In these experiments, glutaraldehyde fixation was necessary to prevent deterioration of the vessel caused by pCMBS
and other harsh conditions of the experiment. (b) Pf was measured in AQP1-null(2/2) or replete(1/1) murine DVR by transmural gradients of
NaCl, urea, glucose or raffinose. When NaCl was the solute used to drive water flux, deletion of AQP1 reduced Pf from B1100 μm/s to nearly
zero. Water flux driven by raffinose (MW 564) was markedly reduced by AQP1deletion (compare AQP12/2 to 1/1), but remained unexpect-
edly high. Similarly, glucose (MW 180) and urea (MW 60) gradients drove measurable water flux across AQP1(2/2) DVR. (Reproduced with
permission from ref. [76,77]).
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concentration in the medulla.103�105 A weakness of
models that neglect simulation of loops of Henle and
collecting ducts is that solute generation rates in the
interstitium are assigned as inputs and interstitial sol-
ute concentrations calculated as predictions. Variations
of blood flow and transport properties cannot affect the
interstitial appearance of NaCl, urea, and water from
nephrons as would occur in vivo. Convincing evidence
has been provided that structure and properties of
nephrons can abruptly vary with medullary
depth.28,40,49,106,107

Many key parameters needed to simulate microvas-
cular exchange in the renal medulla (solute permeabil-
ities, reflection coefficients, hydraulic conductivities)
have been measured. That data has been combined
with more complete simulations of transcellular path-
ways for urea and water transport to perform addi-
tional simulations. The models predict that AQP1
might play an important role to raise medullary inter-
stitial osmolality by driving water efflux from DVR to
the medullary interstitium across AQP1 water channels
(see above); that water movement effectively shunts
DVR plasma volume to the AVR reducing blood flow
to the deep medulla; and that favors high diffusive
exchanger efficiency in the deep inner medulla where
urea is added to the interstitium from the collecting
duct. Stated another way, it reduces the lag in equilibra-
tion that leads to solute “washout” from the deep
medulla.76,108,109 The net effect is to enhance interstitial
osmolality (Figure 24.13). Interest in this intriguing pre-
diction is heightened by the observation that transmur-
al water flux can be driven across the wall of AQP1-null
mice by solutes other than NaCl (Figure 24.12b). If the
non-AQP1 pathway is important in vivo, it might also
enhance shunting of water from DVR to AVR.31,76,108

Transport of Small Hydrophilic Solutes across
the DVR Wall

It is likely that the majority of NaCl and urea equilibra-
tion across the DVR wall occurs by diffusive influx. AQP1
contributes to the process of equilibration through molec-
ular sieving. Evidence supports the notion that small
hydrophilic solutes (NaCl, urea) diffuse through the same
“shared” pathway that conducts the component of water
flux driven by Starling forces, because DVR permeability
to tracers (22Na, 36Cl, 3Hraffinose, 14Cinulin) correlate
with each other and hydraulic conductivity.31,96,110,111

Urea transport across the DVR wall is more complicated,
because it diffuses both via paracellular and transcellular
routes. A summary of available solute diffusive perme-
ability measurements is provided in Table 24.3.

Facilitated Transport of Urea across DVR and RBCs

Transmural flux of urea across the DVR wall is com-
plicated, because DVR endothelia express a facilitated

urea carrier.112,113 Sodium and urea have similar free
water diffusivity, and are therefore expected to have
the same transvessel permeability if they diffuse, steri-
cally unrestricted, through a large pore. In contrast to
this, some outer medullary DVR have low or moderate
PNa but high PU (Figure 24.14). DVR permeability to
14C urea can be partially inhibited by phloretin,
pCMBS, and structural analogs of urea, verifying the
presence of an endothelial carrier.111,112 Histochemical
evidence and in situ hybridization studies have shown
that the DVR urea carrier is the same as that in the
RBC (urea transporter type B, UTB), and is distinct
from the urea carrier in the thin limbs of Henle (UTA2)
and collecting duct (UTA1, UTA3, UTA4).100,114�118

Rat UTB carries the Kidd blood group antigen, has
62% identity to UTA2, and is expressed in RBCs, DVR
endothelium, papillary surface, and pelvic epithelium
of the kidney.100,119 The presence of UTB in the DVR
endothelium and RBCs facilitates medullary urea recy-
cling. Urea tends to exit the renal medulla in AVR
plasma and RBCs. To prevent associated dissipation of
corticomedullary urea gradients, urea recycles from
AVR into DVR plasma and RBCs via UTB, and into
thin limbs of Henle via UTA2 (Figure 24.15). Those
processes are highly evolved in the outer medullary
inner stripe where DVR and AVR are closely

FIGURE 24.13 Effect of AQP1 deletion on predictions of renal

medullary interstitial osmolality. A mathematical simulation of the
renal medulla was solved to predict interstitial osmolality. Interstitial
osmolality is shown as a function of corticomedullary axis (x/L 5 0
is the corticomedullary junction; x/L 5 1 is the papillary tip).
Various curves denote predictions for different values of Pf (DVR
osmotic water permeability). Pf was varied between 0 (equivalent to
AQP1 deletion) and 2000 μm/s. AQP1 expression in DVR is pre-
dicted to enhance concentrating ability by conducting water flux
from DVR to interstitium where after it is taken up by AVR. The
net result is a secondary reduction of blood flow in the deepest
regions of the inner medulla (papillary tip). (Reproduced with permis-
sion from ref. [76]).
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positioned in vascular bundles. Many water-conserv-
ing species also incorporate UTA2 expressing thin
limbs of Henle within or on the periphery of vascular
bundles5,6,15,24,26 (Figure 24.9). Interesting insights into
function have been obtained from the study of UTB-
null mice. UTB deficiency results in reduced urinary
concentrating ability, reduced urea clearance, and an
increased plasma urea concentration.100,114,118 In con-
trast to wild-type mice, infusion of urea into UTB-null
animals fails to enhance urinary concentrating abil-
ity.114 Acute regulation of UTB by vasopressin or other
factors has not been demonstrated. In contrast to upre-
gulation of UTA transporters,119 chronic vasopressin
treatment may reduce UTB expression.99,120 UTB
expression in the renal medulla increases during
osmotic diuresis induced by urea, but not NaCl or
glucose infusion.121 In contrast, UTB expression is
depressed by ureteral obstruction, lithium treatment,
potassium deficiency, and cyclosporine toxicity.122�125

UTB expression in RBCs should limit AQP1-mediated
water transport and the associated osmotic shrinking and
swelling that would otherwise accompany RBC transit
through the medulla. Macey and Yousef proposed that
this might prevent osmotic lysis.126 Against this hypothe-
sis is the finding that humans devoid of Kidd antigen
have mildly depressed urinary concentrating ability,
but no hemolytic anemia. It seems most likely that RBC
expression of UTB serves to increase the overall mass
of urea that is efficiently recycled from the AVR and
DVR lumens in the renal inner medulla.98,100,102

Transport of Solutes and Water across the AVRWall

Transport of solutes and water in AVR has not been
as thoroughly evaluated as that in DVR, because AVR
cannot be isolated for in vitro microperfusion.
Measurements of AVR transport properties have been
performed by in vivo micropuncture and microperfusion
of vessels on the surface of the exposed papilla (inner

TABLE 24.3 Diffusional Permeability of Vasa Recta to Hydrophilic Solutes

Permeability

3 102590 cm/s

Species OMDVRa IMDVRb IMAVRb Reference

PNa Hamster 28 51 35

PNa Rat 76 75 115 111

PNa Rat 67 116 92,129

PNa Mouse 207� 314 76

PUrea Rat 47 130

PUrea Rat 360 76 121 111

PUrea Rat 343 - 191c 112

PUrea Mouse 661d 76

PD Rat 476e 93,110

Praffinose Rat 40 110,96

Praffinose Mouse 80, 111d 76

Permeability Ratio Species OMDVRa IMDVRb IMAVRb Reference

PUrea/PNa Rat

Moused

4.7

3.2

1.1 0.98 76,110,111

PCl/PNa Rat 1.3

Praffinose/PNa Rat

Mouse

0.35

0.35, 0.39d

PInulin/PNa Rat

Mouse

0.22

0.31d

aValues obtained with in vitro microperfusion are highly dependent upon perfusion rate, see text and references 77,110,96.
bValues obtained with in vivo microperfusion in the exposed papilla, probably underestimated due to boundary layer effects, see text.
cValues are before and after inhibition with 50 mM thiourea.
dValue from DVR of AQP1 null mice.76
eDiffusional water permeability measured with 3H2O efflux.
Abbreviations: OMDVR: outer medullary descending vasa recta; IMDVR: inner medullary descending vasa recta; IMAVR: inner medullary ascending vasa recta.
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third of the inner medulla) of rats. Some reliable
measurements of AVR hydraulic conductivity (Lp) have
been obtained. Consistent with the highly fenestrated
endothelium, Lp is high, about 12.5 3 102613 cm/
(s•mmHg) (Pf 5 13.4 cm/s).50,127 The reflection coeffi-
cient of the AVR wall to albumin has been measured by
molecular sieving128 and by osmosis.50 Mean values of
0.78 and 0.70 were obtained, respectively. A summary of
AVR hydraulic conductivity and reflection coefficient
measurements is provided in Table 24.2.

When blood ascends toward the cortex in AVR it
encounters decreasing NaCl and urea concentrations,
so that luminal osmolality exceeds that of the adjacent
interstitium. Perfusing AVR in vivo with buffers made
hypertonic or hypotonic to the papillary interstitium
with NaCl generated no measurable water flux, sug-
gesting that, for the AVR wall, σSS 5 0
(Eq. (24.2)).129 Transmural AVR NaCl and urea gradi-
ents in vivo are likely to be smaller than those in
DVR, because AVR blood flow rates are lower. AVR
are larger in diameter and more numerous than
DVR.34,35,88 Consequently, high permeability, high
surface area, and an increased transit time of blood
all favor a high degree of equilibration between AVR
plasma and interstitium.90,95

Vasa recta diffusional solute permeabilities, mea-
sured in the rat129,130 and hamster,35 are higher than
those in DVR (Table 24.3). Even so, AVR permeabilities

have probably been underestimated, because all mea-
surements relied upon 22Na and 14Curea efflux during
microperfusion in vivo. That method probably underes-
timates permeability, because accumulation of tracers
near the abluminal surface during microperfusion vio-
lates the assumption that abluminal tracer concentra-
tions are zero.92,129

Transport of Macromolecules in the Cortex and
Medulla

It is generally accepted that lymphatics are sparse in
the outer medulla, and absent from the inner
medulla.79,131 It has long been recognized that proteins
permeate the walls of capillaries89,132,133 to be drained
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FIGURE 24.15 UTB and urea recycling in the medulla.
Schematic of vascular and tubular urea recycling in the kidney. Short
and long loops of Henle and vasa recta are shown. The UTA2 urea
transporter is expressed in the thin descending limbs of Henle. The
UTB urea transporter is expressed in DVR endothelium and red
blood cells (not shown). Thin descending limbs of short looped
nephrons become associated with vascular bundles (see Figure 24.9)
so that urea recycling from thin limbs to DVR via UTA2 and UTB
is accommodated. UTB is not expressed by the AVR endothelium,
but AVR are fenestrated and urea permeability is high. Thus, urea
in AVR plasma and RBCs can readily recycle back to DVR in vas-
cular bundles using UTB in the RBC membrane and DVR endothe-
lium. The UTA1, A3, and A4 collecting duct conduct urea
transporters conduct urea from the lumen to the inner medullary
interstitium (C: cortex; OS: outer stripe of outer medulla; IS: inner
stripe of outer medulla; IM: inner medulla). (Reproduced with permis-
sion from ref. [100]).

FIGURE 24.14 Vasa recta solute permeabilities. [14C]urea per-
meability (PU, ordinate) versus 22Na permeability (PNa: abscissa) is
shown for outer medullary DVR (OMDVR) isolated from Sprague-
Dawley rats and perfused in vitro. Results are also shown for inner
medullary DVR and AVR (IMDVR, IMAVR) perfused on the surface
of the exposed papilla of Munich-Wistar rats in vivo. The dashed line
is identity. PU and PNa are highly correlated and nearly equal in inner
medullary vasa recta. In contrast, PU of outer medullary DVR is
always very high and is not correlated with PNa. The dissociation of
PNa and PU in OMDVR results (at least in part) from the expression
of the UTB facilitated urea carrier. In separate experiments (not
shown), PU of OMDVR was inhibited by exposure to urea analogs or
phloretin. (Data reproduced with permission from ref. [111]).
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by lymphatics and returned to the systemic circulation.
Given the absence of lymphatics in the inner medulla,
the mechanisms that regulate interstitial oncotic pres-
sure and protein trafficking through the interstitium
have been enigmatic. Early studies led to the conclu-
sion that a large extravascular pool of albumin is pres-
ent within the medulla.134�136 Leakage of fluorescent
albumin137,138 and Evans blue dye-labeled albu-
min139,140 into the medullary interstitium were
observed. Ultrastructural studies with horseradish per-
oxidase (molecular radius 50 Å), catalase (elliptical
molecule, 240,000 Da, major axis 240 Å), and ferritin
(spherical molecule, 500,000 D, 110 Å) demonstrated
that these markers can cross the fenestrations of corti-
cal peritubular cortical capillaries141 and medullary
AVR.142

Measurements of albumin transport rates across
the DVR and AVR walls have been technically lim-
ited. Using molecular sieving of Texas red-labeled
albumin, Turner estimated the reflection coefficient of
the DVR wall to albumin to be 0.89 (not significantly
different from unity).96 In separate studies with dif-
ferent methods, the reflection coefficient of the AVR
wall to albumin was estimated to be 0.7 and
0.78.50,128 No reliable measurements of the diffusional
permeability of either the DVR or AVR wall to albu-
min exist. Attempts have been made to determine
Starling forces within the medullary interstitium
through direct measurement of interstitial protein
concentration. Using a differential centrifugation tech-
nique, MacPhee and Michel obtained a mean value
of 0.9 g/dl.50 By an alternative approach, interstitial
protein concentrations of 4 to 6 g/dl were predicted
and interstitial hydraulic pressures in the range of 5
to 10 mmHg were found.143

Whatever the concentration of albumin in the med-
ullary interstitium, the fundamental question remains,
in the absence of lymphatics, how is medullary intersti-
tial protein deposited and cleared by the microcircula-
tion? Protein transport into the AVR lumen by
convective influx is the most likely answer.50,74,143

Michel pointed out that molecular sieving at the AVR
wall would indicate convective movement of protein
into the AVR lumen, were it not for continuous deposi-
tion of protein-free fluid by medullary nephrons.74 The
plausibility of convective protein uptake is also sup-
ported by the finding that papillary AVR withstand an
inwardly-directed hydraulic pressure without collaps-
ing.51 Pinter and colleagues have suggested that the
combined effects of negative charge exclusion resulting
from compartmentation of hyaluron and albumin,
Donnan equilibrium, and hydrostatic pressure
variation from ureteral contractions provide key driv-
ing forces for fluid movements and urinary
concentration.144,145

INTRARENAL HEMATOCRIT

When the volumes of distribution of plasma and red
blood cells within the kidney were examined by inject-
ing labeled albumin and red blood cells (RBCs), intrar-
enal hematocrit was found to be less than systemic
hematocrit. Given the observation of Fahraeus that red
cells migrate to the center of small vessels,
Pappenheimer and Kinter proposed that cell free blood
is “skimmed” from the periphery of the interlobular
arteries to enter the afferent arterioles of deep glomeru-
li,13,146 an effect which might be facilitated by intra-
arterial cushions10�12 (Figure 24.2). This possibility was
tested by Lilienfield et al. who found that RBC transit
time was shorter than plasma transit time, and that tis-
sue hematocrit varies with medullary axis.147

Rasmussen performed a technically superior examina-
tion using 131I-IgM, a larger and therefore more reliable
plasma marker. Simultaneous injection with 51Cr-
RBCs, led to the estimates of tissue hematocrit shown
in Figure 24.16.148 Using videomicroscopic techniques,
Zimmerhackl estimated the “dynamic” or “tube”
hematocrit of the papillary DVR and AVR to be 26 and
25%, respectively.149 Direct measurements with micro-
puncture gave similar results. A low microvessel
hematocrit in the renal medulla has been consistently
found.

In addition to plasma skimming,10,13 other mechan-
isms could reduce medullary hematocrit. Fahraeus
demonstrated that the hematocrit of a microvessel is
reduced by migration of RBCs to the centerline where
the velocity of flow is highest.146 Based on this alone,

FIGURE 24.16 Distribution of hematocrit in the kidney. 51Cr-
RBC’s and 131I-IgM (plasma volume marker) were simultaneously
infused into the kidney. An equilibration period of either 1 or 10 min-
utes followed before ligation of the renal artery and vein. The distri-
bution of RBCs and plasma were inferred by measuring activity of
the isotopes in tissue and dividing their ratio by the systemic ratio.
Results show that the hematocrit of inner medullary blood is lower
than that whole kidney, cortex or outer medulla. (Data redrawn with
permission from ref. [148]).
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vasa recta (10�20 μm diameter) are expected to have
hematocrits reduced by 40 to 50% of that in a large ves-
sel.150 Pries et al. have shown that a “network”
Fahraeus effect can further reduce microvessel hemato-
crit by as much as 20%. When a vessel bifurcates, the
higher flow branch receives blood of higher hematocrit.
Conservation of RBC and plasma dictates that the
increase of hematocrit in one branch must be less than
the reduction in the other branch, tending to reduce
average capillary hematocrit.151 Shrinkage of RBCs in
the hypertonic medulla must also tend to lower medul-
lary microvessel hematocrit.17

METHODS FOR MEASUREMENT OF
REGIONAL BLOOD FLOW TO THE

CORTEX AND MEDULLA

The relative contribution of various renal microves-
sels to renal vascular resistance can be inferred from the
luminal hydrostatic pressure profile. As shown in
Figure 24.17, the largest pressure drop, and therefore
the dominant resistance, is the afferent arteriole.
Glomerular capillaries, due to their large combined
cross-sectional area, are thought to offer little resistance
to flow. Efferent arterioles and DVR contribute signifi-
cantly to renal vascular resistance, but less than that

attributed to afferent arterioles. Vasoactivity of the
afferent arteriole is governed by myogenic autoregula-
tion and tubuloglomerular feedback via the macula
densa, important topics that are covered by other chap-
ters of this text. The afferent and efferent arterioles may
also be influenced by other nephron to vascular cross-
talk mechanisms.152,153 Measurement of regional blood
flows in the kidney that result from the actions and dis-
tributions of resistance arterioles has been the fre-
quently pursued. Early approaches to the measurement
of regional blood flow within the kidney relied upon
tracers, gave widely varying estimates of tissue blood
flow, and have fallen into disfavor. Results from those
methods are summarized in Table 24.4 from which one
can conclude that inner medullary tissue blood flow
rate is much lower than that of the cortex.34,148,154�173

The associated details have been reviewed in prior
versions of this text and other sources.1,17,174

Videomicroscopic measurement of RBC velocity is a
more reliable means for calculating single vessel blood
flow rates, but it is limited to surface microvessels in
the cortex or exposed papilla.149,175 Use of a pencil lens
camera for measurement of glomerular and cortical
peritubular RBC velocities has been described by
Goligorsky and colleagues.176 It has been used to exam-
ine effects of pharmaceutical calcium channel blockers
on glomerular arteriolar tone in situ.177 Laser-Doppler
flowmetry is the dominant method for examining
regional blood flow, due to the ease of applying optical
fibers to the kidney surface or inserting them into other-
wise inaccessible regions within the parenchyma167;
laser speckle178,179 and ultrasound imaging of micro-
bubbles180,181 may offer future improvements.

Videomicroscopy

Measurement of microvessel diameter and RBC
velocity (VRBC) can be combined to calculate single ves-
sel blood flow rates.35 Gussis and colleagues measured
VRBC in vasa recta on the surface of the exposed renal
papilla, following which Holliger and co-workers cou-
pled VRBC with diameter measurement to calculate sin-
gle vessel blood flow rates.34,182 In later refinements,
contrast between red cells, plasma, and the capillary
wall was enhanced by injection of fluorescein isothio-
cyanate-labeled gamma globulin, and VRBC was deter-
mined from the video images captured with a silicon
intensified target camera. Additionally, the Fahraeus
effect146 was accounted for by calibrating RBC stream-
ing effects in quartz capillaries.175 Application of video-
microscopy to measurement of renal blood flow is
limited by regional accessibility. Observation of the
medulla for videomicroscopy is limited to the papilla
(distal third of the inner medulla) because only that

FIGURE 24.17 Microvessel pressure distribution within the

kidney. The values on the ordinate were obtained by micropuncture
and servo-nulling pressure measurements using the juxtamedullary
nephron preparation. Pressure falls successively from the arcuate
artery to vasa recta (ArA: arcuate artery; AfA1 and AfA2: early and
late afferent arteriole; GC: glomerular capillaries; EfA: efferent arter-
ioles; VR1: descending vasa recta; VR2: ascending vasa recta).
(Reproduced with permission from ref. [202]).
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part of the medulla can be exposed for visualization by
excising the ureter of young rodents.

Laser-Doppler

The laser-Doppler method for measuring tissue
blood flow rates relies upon the frequency shift of light
emitted from a laser due to scattering by flowing
RBCs.183 Among other advantages, sequential measure-
ments in the same region are possible, and signals can
be obtained on the renal surface or from optical fibers
implanted into the parenchyma. The counterflow

arrangement of vasa recta within the medulla would
appear to violate the requirement that the laser-
Doppler receive random backscattered light. Despite
this concern, agreement between laser-Doppler and
videomicroscopy184 or 51Cr-RBC accumulation167 has
been demonstrated. The laser-Doppler device provides
a voltage proportional to tissue perfusion in the imme-
diate vicinity of the fiber-optic probe. Calibration to
convert the signal to absolute units that quantitatively
describe local perfusion is generally not possible. This
limits absolute comparisons of measurements between
regions of the kidney of the same or different animals.

TABLE 24.4 Regional Tissue Plasma Inflow Rates Measured in the Kidney

Inflow Rate, ml• min• g2780

Method Species Cortex Outer Medulla Inner Medulla Reference

Dye Transit Dog 1.3 0.2�0.7 171

Dog 5.35 3.22 0.38 165

32P Transit Dog 1.8 0.5�0.7 172

85Kr Washout Dog 4.72 1.32 0.17 170

H2 Washout Dog 2.6�5.0 154

86Rb Uptake Dog 4.4�7.4 1.2�2.3 1.1 169

Dog 4.84 2.81 0.8 155

Rat 4.76 1.35 0.66 163

Rat 0.60�0.88a 0.2�0.3a 159

Rat 5.2 1.5�2.2 0.69 164

Rat 4.7�7.3 2.4 2.4 173

Albumin Accumulation Dog 0.25 166

Dog 0.22 160

Dog 0.23 157

Rat 0.38�0.42 161,162

Rat 0.32 168

Rat 0.27 156

Rat 0.36 158

Rat 0.38�0.64 148

Rat 0.06�0.08b 148

Rat 0.18c,d 167

Rat 0.31c,e 167

RBC velocity Rat 1.3�5.9c,f 34

aProbably underestimated.
bRBC inflow rate.
cTotal blood (RBC and plasma) inflow rate.
dYoung rats.
eOld rats.
fProbably overestimated.

Abbreviations: RBC: red blood cell.
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METHODS FOR DIRECT MEASUREMENTS
OF MICROVESSEL REACTIVITY

Other important methods for investigation of the
regulation of regional blood flow examine the effects of
vasoactive agents on pressurized microvessels.
Important information on the sites of action, the con-
centrations at which specific hormones modulate reac-
tivity, and receptor subtypes responsible for mediating
vasoactivity can be obtained. Extrapolation of results to
arrive at conclusions concerning the effects of hor-
mones and autocoids on regional blood flow within the
kidney is fraught with uncertainty. This topic has been
frequently reviewed.1,2,15,185�188

In Vitro Microperfusion

The in vitro microperfusion method commonly used
for study of transport processes in renal tubules has
also been applied to microvessels189,190(Figure 24.18).
The first applications of this method were in canine
glomeruli.191 Subsequent adaptations in rabbits permit-
ted examination of vasomotor tone in afferent and
efferent arterioles.192�196 Using this approach, it has
been possible to measure effects of vasoactive agents
on afferent arterioles (Figure 24.19a) and vasa
recta111,197,198 (Figure 24.19b,c). As with all methods,
limitations exist. Hormones that cause vasoconstriction
often activate compensatory mechanisms that inhibit
their actions. Endothelium-dependent vasodilators
such as nitric oxide, prostacyclin, and hyperpolarizing
factors199 might be blunted, substrate-limited200 or sim-
ply diluted into the bathing buffer. The actions of nitric
oxide (NO) might be enhanced in vitro due to the
absence of hemoglobin, a NO scavenger201 or reduced
by endothelial damage during vessel isolation.

Juxtamedullary Nephron Preparation

The ingenious blood-perfused juxtamedullary neph-
ron preparation was devised by Casellas and Navar
(Figure 24.20, top panel). The surgically isolated kid-
ney, perfused with artificial buffers or blood, is hemi-
sected. Dissection of perihilar fat and reflection of the
papilla exposes the juxtamedullary circulation to
enable observation of RBC flow and microvessel dia-
meters. Advantages of the method are many, including
relative preservation of tubulovascular relationships,
continuous oxygenation of the tissue under study, the
ability to measure pressures by servo-nulling, and the
ability to control hormone concentrations in the perfus-
ate and superfusate.202

The Split Hydronephrotic Kidney

Steinhausen et al. developed a method for reducing
the kidney to a transparent layer of tissue within which
transilluminated microvessels are readily visualized.
After transient ischemia to the kidney, ureteral ligation
is performed, inducing hydronephrosis. Weeks later,

FIGURE 24.19 In vitro microperfusion. (a) An afferent arteriole
is cannulated with concentric pipettes and perfused toward the glo-
merulus. (Reproduced with permission from ref. [197]). (b), (c) Perfusion
of an isolated DVR. Images obtained before (b) and after (c) exposure
to angiotensin II. Compare the thick smooth muscle layer of the affer-
ent arteriole to the sporadically distributed pericyte cell bodies of
DVR.

holding
smooth muscle/

pericyte

perfusion

endothelia

collection(a)

(b)

FIGURE 24.18 In vitro microperfusion. (a) An isolated microves-
sel is cannulated on concentric pipettes by drawing the vessel into an
outer holding pipette and cannulating its orifice with a perfusion
pipette. By pressurizing the perfusion pipette, fluid is forced to flow
through the vessel lumen into a collection pipette. (b) The collection
end can be crimped to create a “stop-flow” condition in which the
lumen is pressurized to that of the holding pipette in the absence of
flow. (Reproduced with permission from ref. [393]).
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the hydronephrotic kidney, reduced to a thin layer, can
be split along its curvature and suspended on a micro-
scope stage for study203,204 (Figure 24.20, bottom
panel). The actions of vasoactive agents can be studied
by infusing them into the rat or by applying them
directly onto the preparation. Changes in blood flow
rate can be measured by videomicroscopy, and the
reactivity of microvessels quantitated as changes in
luminal diameter. The possibility of phenotypic drift in
the altered tissue has to be considered.

VASOACTIVITY OF THE RENAL
MICROCIRCULATION: ION CHANNEL

ARCHITECTURE

Voltage-Gated Ca21 Channels

Contraction of microvessels is generally tied to eleva-
tion of cytoplasmic calcium ([Ca21]CYT) of smooth

muscle cells (SMC). The increase of [Ca21]CYT is often
mediated by influx through voltage-gated channels that
are activated by membrane depolarization. This is
observed experimentally, exposing SMC to high extra-
cellular KCl induces depolarization by raising the K1

equilibrium potential (Keq), activating voltage-gated
Ca21 entry and inducing vasoconstriction. Studies have
shown that KCl depolarization constricts afferent arter-
ioles more than efferent arterioles.205�207 A role for high
voltage-gated, L-type channels to mediate afferent SMC
contraction is supported by the observation that both
[Ca21]CYT elevation and vasoconstriction are blocked
by diltiazem.208,209 In the split hydronephrotic kidney
preparation, angiotensi II constricts both afferent and
efferent arterioles, but depolarizes only the former.210

Application of agonists such as angiotensin II, endothe-
lin, and ATP to preglomerular smooth muscle prepara-
tions consistently elicits [Ca21]CYT and current
responses that are sensitive to L-type antagonists.211�215

Taken together, sensitivity of the preglomerular micro-
circulation to L-type calcium channel blockade
has been a very consistent finding.216�221 Reduction
of afferent vasoconstriction due to impairment of L-
channel function could conceivably lead to transmis-
sion of elevated pressures to the glomerulus, resulting
in injury. Such a mechanism has been invoked in rodent
models of diabetes and hypertension.222�224

Voltage-gated Ca21 channels (CaV) exist as a variety
of subtypes and splice variants thereof. The nomencla-
ture has evolved. Modern CaV classification follows
the identity of the pore forming α-subunit (Table 24.5).
Isoforms of classic high voltage-activated (HVA),
L-channels are CaV 1.1� 1.3, and those of low voltage-
activated (LVA) T-type channels are CaV 3.1�3.3.
Other HVA types, originally identified in neurons, are
the P/Q, R, and N which are CaV 2.1�2.3. Recently,
RT-PCR and immunochemistry have been used to
examine the distribution of voltage-gated Ca21 channel
α-subunits in the kidney. In addition to the anticipated
expression of L-type (CaV 1.x) in the afferent circula-
tion, T-type as well as unexpected P/Q-type Ca21

channels were found.206,225�229 Consistent with the ear-
lier literature (see above), superficial efferent arterioles
were not found to express L-type channels.206

Functional confirmation of CaV expression in the
afferent and efferent circulation has been obtained in
various studies. The CaV 1.x, L-type blocker diltiazem,
partially reversed angiotensin II vasoconstriction and
[Ca21]CYT elevation in DVR pericytes.230,231 Similarly,
the L-type blocker calciseptine and nonselective T-type
blockers nilvadipine, mibefradil, pimozide, and Ni21

reversed KCl and angiotensin II-induced constriction
of afferent and efferent arterioles.206,227,228,232,233

Elegant patch-clamp recordings by Gordienko et al.
demonstrated signature currents consistent with both

FIGURE 24.20 Juxtamedullary nephron and split hydronephro-
tic kidney preparations. Top panel: The juxtamedullary nephron
preparation is created by perfusing the kidney, sectioning it longitudi-
nally and reflecting the papilla to expose the underlying microvascula-
ture (RA: renal artery; A and E: afferent and efferent arterioles;
OMDVR: outer medullary descending vasa recta). Bottom panel: The
split hydronephrotic kidney preparation is created by ligating the ure-
ter for 3 to 10 weeks prior to isolation of the kidney. Ureteral ligation
eventually reduces the kidney to a thin sheet of tissue in which tubules
have atrophied but the vasculature remains. The kidney is exposed,
split along the greater curvature, and sutured onto a chamber for obser-
vation and experimentation. (Reproduced with permission from ref. [2]).
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high (L-type) and low (T-type) voltage-gated Ca21

entry into isolated preglomerular smooth muscle.234

Glomerular mesangial cells have a smooth muscle phe-
notype and express L-type dihydropyridine-sensitive
voltage-gated Ca21 channels.235

It is now clear that CaV are not just confined to the
preglomerular circulation; juxtamedullary efferent arter-
ioles and DVR express them. Despite positive immunos-
taining for T-type and P/Q-type channels in DVR
pericytes,206,225 a rigorous search for signature currents
found only L-type activity.236 Feng and colleagues exam-
ined the roles of arteriolar CaV with the juxtamedullary
nephron preparation. Pimozide and mibefradil (T-type
blockers) reduced basal tone of both afferent and efferent
arterioles. In contrast, successful blockade with diltiazem
(L-type blocker) occurred only in afferent arteriole,
except when generation of NO was prevented by NO
synthase inhibition. In their hands, T-type channel block-
ade with pimozide reversed both afferent and efferent
contraction by angiotensin II.232,237,238 Elegant studies in
the renal cortex, performed in vivo using a pencil lens
camera, have also documented that efferent arterioles
are dilated by nonselective CCB, such as efonidipine and
mibefradil.239 Taken together, a role for CaV, particularly
T-type channels, to participate in myogenic tone and
agonist-induced contraction of juxtamedullary efferent
arterioles is well-supported, and the ability of combined
T- and L-type blockade to provide renoprotection
through efferent dilation has thus become the subject of
clinical investigation.240�242

Nonselective Cation Channels, Store Operated
Channels, TRP Channels

Early study of store operated Ca21 entry (SOC) in
mast cells pointed to a highly Ca21 selective pathway of
immeasurably low single channel conductance that was
referred to as a “calcium release activated current”
(CRAC or ICRAC).

243 That pathway is been attributed to
the ER anchored stromal interacting molecule (STIM1) as
the putative sensor and Orai, possibly interacting with
TRPC1 as the selective pore.244�247 Other pathways may
participate in cellular Ca21 entry in response to receptor
activation and intracellular Ca21 store depletion.248 The
routes involved are not always highly selective for Ca21,
but instead also conduct other cations including Na1.
Their promiscuous transport of cations led to the designa-
tion “nonselective cation channels” (NSCC). Both recep-
tor operated and store operated Ca21 entry into cells can
occur via NSCC, and channels of the transient receptor
potential (TRP) families are now recognized as the major
participants.249 Fellner and Arendshorst showed that
store operated Ca21 entry into renal SMCs occurs and
may be increased in the spontaneously hypertensive
rat,223,250 and that using SKF-96365 as an NSCC blocker, it
has been shown that angiotensin II induced Ca21

responses215 and vasoconstriction251 of the efferent arteri-
ole involves NSCC. Assigning subtype-specific functional
roles to the ubiquitously expressed TRP channel family
members has proven generally difficult.249 Takenaka and
colleagues demonstrated that TRPC1 is expressed in glo-
merular arterioles and might conduct store or receptor
operated Ca21 entry.249,251 The presence and activation of
SOC has been most thoroughly examined in glomerular
mesangial cells. Sansom and colleagues identified a small,
2.1 pS cation channel that is activated by thapsigargin-
induced store depletion.249,252 In whole cell patch-clamp
experiments, identical currents were elicited by either
thapsigargin or epidermal growth factor activation.253,254

Activation of the pathway requires signaling through
PKCα.255,256 TRPC1 and TRPC4 are expressed in the
murine mesangium, where antisense-induced suppres-
sion of TRPC4 was accompanied by inhibition of store
operated currents.257 TRPC4 has also been identified in
DVR pericytes and endothelium, where it is in physical
association with isoform 2 of the Na1/H1 exchange regu-
latory factor (NHERF-2), a scaffolding protein that facili-
tates protein�protein interactions.258 The function of the
NHERF-TRPC4 association is unknown.

Chloride Channels

For CaV to mediate Ca21 entry into smooth muscle,
they must depolarize the cell membrane to potentials
greater than the CaV activation threshold. The equilib-
rium potential for K1 ion is about 290 mV and SMC

TABLE 24.5 Expression of Voltage Activated Ca21 Cannels
(CaV) in the Renal Microcirculation225,206,226,227,228,355,320,236

CaV α-subunit Renal SMCa Locations Found

HVA L 1.1 1S 2 Preglomerular SMC

L 1.2 1C 1 Afferent arteriole

L 1.3 1D 2 Mesangial cells

L 1.4 1F 2 JM efferent arteriole

DVR

HVA P/Q 2.1 1A 1 Afferent arteriole

N 2.2 1B 2 Mesangial cells

R 2.3 1E 2 DVR

LVA T 3.1 1G 1 Afferent arteriole

T 3.2 1H 1 Efferent arteriole

T 3.3 1I 2 DVR

aDetection by immunochemistry, polymerase chain reaction.
Abbreviations: SMC: smooth muscle cell; HVA: high voltage activated by

depolarization to .2 40 mV; LVA: low voltage activated by depolarization to

.2 55 mV.
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membrane potential is held at negative values because
overall conductance of the cell membrane is dominated
by permeability to K1. In many SMCs, depolarization
that presages CaV-mediated Ca21 entry is achieved by
increasing the conductance to Cl2 ion, the equilibrium
potential of which is generally 235 to 220 mV. This is
accomplished through activation of Ca21-dependent Cl2

channels (CaCC).259,260 The identity of CaCC had been
confusing and enigmatic, but has recently been traced to
TMEM16A and the family of proteins dubbed “anocta-
mins”.261,262 It seems likely that anoctamins are SMC
CaCC, but confirmatory evidence in the renal vascula-
ture is currently lacking. In the kidney, activation of
CaCC channels has been described to participate in
angiotnsin II-, endothelin-, and adenosine-induced con-
striction of afferent but not efferent arterioles.263�267

Presumably, based on the juxtamedullary efferent
expression of CaV,206 CaCC plays a similar role in that
location, but this has not been demonstrated. DVR peri-
cyte depolarization and constriction is dependent upon
CaCC activation.268�270 In pericytes, cyclic CaCC stimu-
lation participates in angiotensin II-induced oscillations
of membrane potential,271,272 and CaCC activity can be
regulated by kinase blockade.273 It has also been shown
that high concentrations of angiotensin II also depolarize
DVR pericytes by inhibiting K1 channels.274 The extent
to which Cl2 channel activity regulates overall renal vas-
cular resistance is uncertain.229,248,275

Potassium Channels

Most smooth muscle cells (SMC) express an array of
K1 channels. These include inward rectifier (KIR),
calcium-dependent (KCa), voltage-dependent (KV), and
ATP-dependent (KATP) varieties.276 SMC of renal ves-
sels are no exception, and many studies have been ded-
icated to the determination of their distribution and
function (Table 24.6).

KCa channels are activated by depolarization and ele-
vation of [Ca21]CYT. They can be further subdivided into
larger conductance (maxiKCa or BKCa) channels sensitive
to charybdotoxin and iberotoxin, and medium and low
conductance channels blocked by apamin. KCa channels
are ubiquitous in smooth muscle. When stimulated by
Ca21 entry, they may provide a “breaking” function that
opposes depolarization and deactivates CaV.

KV channels, also refered to as delayed rectifiers, acti-
vate with depolarization, are insensitive to [Ca21]CYT, and
are specifically blocked by 4-aminopyridine. KV can con-
tribute to resting potential, and their voltage-dependent
activation probably limits membrane depolarization.

KIR are named for their avid permeation of K1 at
membrane potentials that lie below Keq. Above Keq,
where the physiological function of KIR occurs, KIR

conduct K1 efflux from cells in a complex manner.
Conductance, at membrane potentials greater than Keq,
declines as the difference between membrane potential
and Keq increases. The latter property imparts a very
important characteristic. Small elevations of extracellular
K1 (e.g., 5�20 mM) raise Keq to a level that enhances KIR

conductance, but still lies below the resting membrane
potential. The result is hyperpolarization of the mem-
brane that favors inhibition of Ca21 entry and vasodila-
tion.277 That mechanism may enable extracellular K1 ion
to function as an endothelium-dependent hyperpolariz-
ing factor (EDHF). The increase in extracellular K1

needed for the EDHF process to occur is thought to arise
from endothelial K1 secretion. Vasodilators, such as bra-
dykinin and acetylcholine, increase [Ca21]CYT and stimu-
late endothelial KCa channels so that they secrete K1 ion
into the extracellular space of adjacent SMCs.97,278�280

Stated another way, K1 may be an EDHF, the function of
which depends upon endothelial K1 secretion and SMC
KIR expression. Extracellular K1 can also activate electro-
genic Na1K1-ATPase activity in SMCwhich, by exchang-
ing 3Na1 for 2K1, favors hyperpolarization. Participation
of Na1 pumps versus KIR in SMC hyperpolarization
must be experimentally distinguished, generally by
examining the component that is sensitive to ouabain.

SMC KATP channels are generally comprised of four
KIR 6.1 α-subunits combined with four type 2B sulfonurea

TABLE 24.6 Potassium Channel Expression in the Renal
Microcirculation

Site KCa Kv KIR KATP Reference

Main renal
artery

1 1 N.D. N.D. 281,284,285

Preglomerular
SMCs

1 1 1 1 283,291,292,299,301,302,307

Interlobular
artery

1 1 N.D. N.D. 234,282,296,300

Arcuate artery 1 1 1 N.D. 234,282,286,289,290

Interlobular
arteriole

1 1 N.D. N.D. 287,288,293,294

Afferent
arteriole

1 1 1 1 298,303�306,308�310�316

Mesangial
cells

1 1 N.D. 1 320�328,330�334,793

Efferent
arteriole

1 N.D. 1 1 311,317

DVR 1 N.D. 1 1 231,274,318,319,467

Table entries are1 for existence of functional evidence based on

electrophysiology, vasoactivity and use of specific channel blockers.

Abbreviations: KCa: small, medium or large/maxi calcium dependent

potassium channel; Kv: voltage-gated (delayed rectifier) potassium channel;

KIR: inward rectifier potassium channel; KATP: ATP-dependent potassium

channel; N.D.: no data; DVR: descending vasa recta.
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receptors (SUR2B). Despite the participation of KIR 6.1,
KATP channels lack the strongly inward rectifying charac-
teristics of other KIR isoforms. KATP channels are widely
expressed in SMC and, with high specificity, are inhibited
by antagonists such as glybenclamide that bind to the
SUR-subunits. KATP channels are named for their inhibi-
tion by intracellular ATP. In addition to ATP, nucleotide
diphosphates (NDPs) regulate most KATP channels.
It was historically thought that reduction of cellular ATP
related to metabolic stress activates KATP channels favor-
ing hyperpolarization, microvessel dilation, and enhance-
ment of perfusion. It is now recognized that this is an
oversimplification, because KATP channels can contribute
to resting potential and are sensitive to a variety of regu-
latory influences.277

SMC of the main renal artery, interlobular, and arcu-
ate arteries have been shown to express both BKCa and
KV channels that exhibit slow inactivation after
depolarization.234,281�286 Preglomerular renal microves-
sels of varying caliber obtained by hand dissection or by
filling them with iron oxide particles and isolating them
from collagenase-digested tissue with a magnet have
provided preparations for study. SKCa, BKCa, and KV

channels have been observed in afferent SMCs.287�289

The P450 cyclooxygenase constrictor, 20-hydroxyeicosa-
tetraenoic acid (20-HETE), inhibits preglomerular KCa

channel activity,290�292 probably through activation of
MAP kinase.293 Preglomerular KCa channels can be acti-
vated by NO,294 11,12-epoxyeicosatrienoic acid (11, 12-
EET),295 and CO generated by hemoxygenase.296 The
cytochrome P450 synthesis of epoxyeicosatrienoic acids
(EETs) has been shown to activate BKCa, and may partic-
ipate in the function of EETs as an EDHF.297�299

NO-mediated inhibition of 20-HETE synthesis may be
the primary mechanism (versus cyclic GMP generation)
that favors BKCa activation in preglomerular SMC.291,300

Preglomerular expression of KATP component subunits
has been variably observed.301,302

Afferent arterioles are the dominant resistance of the
renal microcirculation, and play vital roles in autoregu-
lation through myogenic constriction and tubuloglo-
merular feedback. The K1 channel architecture of
afferent arterioles has been intensely studied, and evi-
dence for expression of KCa, KIR, KV, and KATP chan-
nels has been obtained. Afferent dilation by
acetylcholine during inhibition of NO and prostaglan-
din synthesis has been traced to the participation of
KIR and KCa channels, because it is blocked by the com-
bined KCa inhibitors, charybdotoxin and apamin.298,303

As described above, the EDHF response may be related
to local elevations of K1 outside the SMC membrane.
Direct participation of KIR has been demonstrated by
Chilton and Loutzenhiser, who found that small eleva-
tions of K1 dilate afferent arterioles. The dilation is
sensitive to low concentrations of Ba21 (,100 μM) that

selectively blocks KIR channels.304�306 Juxtaglomerular
cells express the strong inward rectifier, KIR 2.1, where
it plays a role in setting membrane potential.307

Vasodilation of afferent arterioles by the K1 channel
activator, NS-1619, supports a role for KCa channels in
that structure.307,308 Myogenic constriction appears to
be modulated through PKC that acts, at least in part,
by inhibiting 4-aminopyridine sensitive KV channels.309

A role for KATP channel activity to affect afferent arter-
ioles has been repeatedly verified. KATP channels
activated by hypoxia, pinacidil, calcitonin gene
related peptide (CGRP) or adenosine modulate
constriction310�313 and levakromlin hyperpolarizes
renin-secreting cells of the afferent arteriole.314 KATP

expression in afferent arterioles is supported by the
observation of [3H]P-1075 binding to membranes.315

Multiple classes of K1 channels contribute to resting
tone of afferent arterioles, and enhancement of KIR and
KATP activity may contribute to vasodilation and glo-
merular hypertension in diabetes.316

The role of K1 channels in the activity of the efferent
circulation has not been as thoroughly explored as that
of afferent smooth muscle. The KATP opener, pinacidil,
dilates the efferent arteriole.311 Pinacidil both dilates
DVR and hyperpolarizes DVR smooth muscle/peri-
cytes.231 High concentrations of angiotensin II inhibit
DVR K1 channel activity.274 A modulatory role for KIR

and KCa channels to affect [Ca21]CYT signaling by
angiotensin II in efferent arteriolar smooth muscle has
been described.317 Roles for strong KIR isoforms to
modulate contraction and membrane potential of glo-
merular arterioles and vasa recta pericytes have been
verified.304,318,319

Mesangial cells are smooth muscle pericytes that con-
tract to modulate filtration by glomerular capillaries.320

The ability to study mesangial cells in culture has permit-
ted study of their channel architecture. Molecular evi-
dence exists for expression of KV, KATP, and KCa channels
in rat primary and immortalized murine mesangial
cells.321,322 Both medium and large conductance KCa

channels are present.289,323�328 The BKCa channel in
mesangial cells is activated by arachidonic acid329 and
Ca21-calmodulin-dependent protein kinase.330 Atrial
natriuretic peptide331 or nitric oxide, acting through
cGMP-dependent protein kinase, also activatesKCa chan-
nels through phosphorylation of the β1-subunit.332

Mesangial BKCa activation is favored by protein phos-
phatase 2A inhibition,333 and enhancement of activity
and expression by insulin-induced MAPK activation.334

Connexins

In addition to permitting exchange of ions with the
extracellular space, specialized channel proteins, the
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connexins, electrically couple smooth muscle and
endothelia in the vascular wall. Of more than 20 con-
nexins, Cx37, Cx40, Cx43, and Cx45 have been found
in the vasculature where they form endothelial and
myoendothelial gap junctions. Connexins are four
transmembrane spanning proteins with two extracellu-
lar loops that combine as homomeric or heteromeric
hexamers. Docking of the extracellular loops combines
two hexameric hemichannels from adjacent cells into
the transcellular “connexon” conduit that mediates
cell�cell communication. Mimetic peptides have been
designed that interfere with binding of the extracellular
loops.335 Connexons are true channels that generally
have high conductivity (15�300 pS), high open proba-
bility, and can occupy multiple subconductance states.
They are regulated by pH, Ca21, signaling molecules,
and phosphorylation events. Their pores are suffi-
ciently large to pass signaling molecules, anions, and
cations. Communication between cells is often docu-
mented by cell-to-cell spreading of fluorescent mole-
cules (e.g., Lucifer yellow 457 Da).336�338 The
physiological roles of vascular gap junctions are under
study. A role for endothelial to smooth muscle transfer
of vasodilators has been postulated.97,278 This has
received support from the observation that Cx40 defi-
cient mice are hypertensive, have abnormal vasomo-
tion, and deficient spreading of vasodilation.336,339,340

Endothelial deficiency of Cx43 also leads to abnormal
spreading of vasodilation,341,342 and targeting of Cx43
and Cx37 with the extracellular peptide mimetic,
Gap27, inhibits myogenic responses.343

The renal microcirculation expresses gap junctions
Cx37, Cx40, Cx43, and Cx45.29,344�352 NO- and COX-
independent (EDHF-mediated) dilation of the main
renal artery with carbachol was shown to be sensitive
to Gap27.353 Similarly, arachidonic acid- and bradyki-
nin-mediated, NO- and COX-independent dilation of
arcuate and interlobar arterioles was inhibited by the
gap junction blocker, 18-α glycyrrhetinic acid.354

Salmonsson and colleagues have documented Ca21

spreading along interlobular arterioles that is likely to
be mediated by gap junctions.355 Cx40 is highly
expressed in endothelial cells of renal vessels and glo-
meruli,347,356 and may play an important role in tubulo-
glomerular feedback and autoregulation.348 Endothelial
cells of preglomerular arteries and arterioles also
express Cx37 and Cx43. Cx37 is found in arcuate and
interlobular arteries, and afferent arterioles.352 Cx40
bridging endothelial cells are most abundantly local-
ized in large intrarenal arteries, including interlobular
artery and the proximal portion of the afferent arteriole,
but then markedly decreases as the arteriole approaches
a glomerulus.347 Deficiency of Cx40 leads to ectopic
renin production.357�359 Afferent arterioles have con-
siderably more connexin expression than efferent

arterioles where Cx43 is largely present in the endothe-
lium. Cx37 and Cx40 are expressed in juxtaglomerular
cells and extraglomerular mesangial cells.352 Cx43 is
localized to extraglomerular mesangium and is found
in isolated glomeruli.360,361,362 Intraglomerular mesan-
gial cells have primarily Cx40.352,363 In the renal medul-
lary microcirculation, DVR pericytes express Cx37
while the endothelia express Cx40 and Cx43
(Figure 24.21). DVR endothelia, but not pericytes, are
highly connected as an electrical syncytium. DVR con-
duct Ca21 responses to mechanical stimulation that can
be inhibited by gap junction blockade.364

REGULATION OF BLOOD FLOWAND
MICROVESSEL CONTRACTION

The most effective locations at which regional perfu-
sion of cortex and medulla can be controlled are readily
inferred from renal microanatomy (Figure 24.1). For
example, constriction of intralobular arterioles should
favor redistribution of blood flow toward the medulla
via the juxtamedullary glomeruli. Similarly, closure of
juxtamedullary intra-arterial cushions (Figure 24.2) or
constriction of juxtamedullary afferent or efferent arter-
ioles should favor perfusion of the superficial cortex.
DVR are the final resistance vessels involved in the

FIGURE 24.21 Connexin staining in DVR. Immunostaining with
antibody directed against α-smooth muscle actin (SMA red, pericyte
marker) or Cx40 (green) along with corresponding white light micro-
graph. Cx40 is linear and confined to the endothelium with very little
SMA colocalization. Abluminal pericyte cell bodies (*) protrude from
the outer rim of the vessel (Bar 5 10 microns). (Reproduced with permis-
sion from ref. [364]).
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control of medullary perfusion. The fraction of the total
resistance to blood flow into the renal medulla
accounted for by DVR, versus juxtamedullary afferent
and efferent arterioles, is uncertain. The parallel arrange-
ment of DVR within vascular bundles does, however,
imply a probable role for them to modulate regional per-
fusion to the outer versus inner medulla. For example,
contraction of DVR that are destined to perfuse the inner
medulla should favor redirection of blood flow toward
the outer medullary interbundle capillary plexus.
Factors that control regional perfusion within the kidney
are the subject of intense investigation.

Autoregulation and Pressure Natriuresis

Blood flow to the kidney remains relatively constant
despite physiological variation of renal perfusion pres-
sure (RPP), a phenomenon called autoregulation. Two
major mechanisms account for renal autoregulation.
The first is “myogenic,” whereby stretch of the afferent
arteriole leads to reflex vasoconstriction.365 The second
component, that reacts more slowly than the myogenic
reflex, is tubuloglomerular feedback (TGF). TGF occurs
when an increase in renal perfusion pressure, tran-
siently transmitted to glomerular capillaries, results in
a rise in glomerular filtration rate. After a delay tra-
versing the nephron, the increased tubular fluid deliv-
ery is sensed at the macula densa, where a signaling
cascade leads to release of ATP and adenosine forma-
tion via 50-ecto-nucleotidase. The adenosine so formed
constricts the afferent arteriole, thereby reducing filtra-
tion pressure and returning glomerular filtration rate
to its set point.366�371

The phenomenon of “pressure natriuresis” may be
tied to variation of medullary autoregulation. Pressure
natriuresis refers to the observation that elevation of
renal perfusion pressure (RPP) causes natriuresis even
in isolated, denervated kidneys.372,373 Increased RPP
leads to increased sodium delivery to papillary thin
descending limbs of Henle, implying that a mechanism
exists to inhibit reabsorption by the proximal tubule of
deep nephrons.374,375 Internalization of proximal
Na1/H1 exchanger from the apical membrane might
participate. Pressure natriuresis has been traced to
alteration of renal interstitial hydrostatic pressure
(RIHP). An increase in RIHP occurs when RPP is ele-
vated,376 and both the increase in RIHP and natriure-
sis can be blunted through renal decapsulation.377

Garcia-Estan and Roman have suggested that resid-
ual effects after decapsulation might be traced to the
inability of decapsulation to modulate interstitial
pressure in the renal medulla.378 A role for RIHP in
the phenomenon of pressure natriuresis is supported
by experiments in which it has been altered without
changing RPP. Infusion of 2.5% albumin into the

renal interstitium increases RIHP and causes natri-
uresis through inhibition of sodium reabsorption by
superficial and deep nephrons.379,380

It is accepted that renal cortical blood flow is autoregu-
lated over a physiological range of renal perfusion pres-
sure. In contrast, the extent to which medullary blood
flow is autoregulated is controversial. It has been pro-
posed that lack of medullary autoregulation is essential to
pressure natriuresis, and the control of salt and water
excretion.76,184,381�385 The renal medulla is largely per-
fused by postglomerular blood. Flow through a small
population of shunt vessels that bypass glomeruli has
been invoked to explain the escape of the medulla from
tubuloglomerular feedback-mediated autoregulation
(Figures 24.1 and 24.3).16,381 Nearly 50 years of investiga-
tion have failed to completely support or refute the
hypothesis that blood flow to the renal medulla lacks
autoregulation. Work with microvascular transit time
indicators favored lack of autoregulation,171 but several
early studies favored its presence.183,386,387 Studies per-
formed in the rat suggest that the efficiency of medullary
autoregulation is a function of volume status.
Measurement of blood flow to the cortex and medulla
using videomicroscopy or laser-Doppler probes placed on
the renal surface388 or within the parenchyma389 showed
that medullary blood flow of volume-expanded rats does
not autoregulate, but instead increases with perfusion
pressure (Figure 24.22). Both an increase in single vessel
blood flow rate and recruitment of flow through

FIGURE 24.22 Autoregulation in different regions of the kid-

ney. An electromagnetic flow device on the renal artery was used to
measure total renal blood flow. Laser-Doppler flow probes were
inserted into the renal parenchyma at various depths to measure
regional blood flow in the outer and inner medulla. Total renal blood
flow and cortical tissue blood flow shows intact autoregulation (sta-
bility of blood flow over a range of perfusion pressure). In contrast,
in these volume-expanded rats (see text) the small fraction of blood
flow that reaches the outer or inner medulla is not autoregulated.
(Reproduced with permission from ref. [389]).
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previously unperfused vasa recta may contribute to the
process.388 In contrast to volume-expanded animals,
hydropenic rats autoregulate medullary blood flow and
minimal pressure natriuresis381,382,384,390(Figure 24.23).
Studies of regional blood flow in sodium-replete dogs by
Majid, and in rabbits by Eppel et al. support intact medul-
lary autoregulation.391,392 Zhang and colleagues recently
demonstrated that pressurizing the DVR lumen leads to
endothelial [Ca21]CYT elevation and generation of NO.393

If transmission of pressure to the medulla is a key event
in pressure natriuresis, release of NO could conceivably
inhibit salt reabsorption by adjacent nephrons generating
pressure natriuresis. Such a paracrine role for NO to sig-
nal between the vasculature and nephrons is frequently
postulated.382,394�397

Blood flow to the renal medulla is dependent on gen-
eration of NO.382,384 This is particularly true in the spon-
taneously hypertensive rat (SHR).398 Roald and
colleagues observed poor autoregulation of juxtamedul-
lary blood flow in the SHR. They proposed that the ten-
dency toward early tissue damage in the juxtaglomerular
cortex is due to poor autoregulation.399 The superoxide
dismutase mimetic, tempol, enhances tissue NO levels by
eliminating its reaction with superoxide.400 Feng and col-
leagues found that tempol reduced blood pressure and
enhanced medullary blood flow in the SHR.401

Vasopressin and Excretion of Water

Changes in medullary blood flow might have a
diuretic effect by reducing the efficiency of countercur-
rent exchange, leading to “solute washout” and loss of
corticomedullary axial gradients of NaCl and urea.17 The
role of vasopressin to modulate medullary blood flow
during antidiuresis has been the focus of much investi-
gation.2,381,390,402 Early studies, based on indicator transit
times, showed that vasopressin reduces medullary blood
flow.171 Homozygous Brattleboro rats that lack vasopres-
sin secretion have elevated papillary plasma flow.156 The
effect of vasopressin and specific V1 (vasoconstrictor)
and V2 (antidiuretic) receptor subtype inhibitors on vasa
recta blood flow was studied with videomicroscopy.
Vasopressin reduces vasa recta blood flow in a manner
that was partially blocked with either vasopressin V1 or
V2 receptor subtype inhibitors.403�405

Studies with laser-Doppler and implantable probes
confirmed that intrarenal infusion of a selective V1

receptor agonist reduces inner medullary blood flow
more than outer medullary blood flow.406 Similarly,
elevation of circulating vasopressin, stimulated by
depriving conscious rats of water, led to selective
reduction of only inner medullary blood flow, sparing
perfusion of the cortex and outer medulla. Infusion of
a V1-antagonist into the medullary parenchyma
blocked the decline in inner medullary perfusion and
interfered with urinary concentration.33 When vaso-
pressin was infused into decerebrate rats to maintain
plasma levels within a physiological range of 2.9 to
11.2 pg/ml (about 1 to 10 pM), inner medullary blood
flow fell to an extent that correlated with urinary
osmolality33 (Figure 24.24). Those studies support the
V1-mediated vascular effect of vasopressin as a mod-
ulator of inner medullary blood flow favoring antidiur-
esis. The renal cortex might be spared from V1
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FIGURE 24.23 Pressure natriuresis. Panel a: Medullary blood
flow is autoregulated in hydropenic but not volume-expanded rats.
Panel b: Renal interstitial hydrostatic pressure (RIHP) is higher and
increases to a greater degree with renal perfusion pressure in vol-
ume-expanded animals. Panel c: When renal perfusion pressure is
increased, urinary sodium excretion (UNaV) increases much more
markedly in volume-expanded than in hydropenic animals.
(Reproduced with permission from ref. [381]).

FIGURE 24.24 Effect of arginine vasopressin (AVP) on inner
medullary blood flow and urine osmolality. To control plasma vaso-
pressin concentrations, decerebrate rats were infused with AVP.
Increasing AVP concentration within the physiological range caused
a reduction of inner medullary blood flow and an improvement in
urinary concentration. (Reproduced with permission from ref. [33]).
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receptor-mediated vasoconstriction by reflex genera-
tion of vasodilator epoxyeicosatrienoic acids.407

Vasopressin reduces inner medullary perfusion by
acting at various sites. It constricts juxtamedullary affer-
ent (1 pM�1 nM) and efferent (1 nM) arterioles in iso-
lated, perfused rat kidneys.408 Afferent AVP constriction
is dependent upon voltage-gated Ca21 entry, whereas
efferent constriction may be related to Ca21 mobilization
from stores.409 Vasopressin also constricts rabbit afferent
arterioles,410 efferent arterioles (0.1 pM�100 nM), and rat
outer medullary DVR (100 pM�1 microM) in vitro.411,412

Correia and colleagues showed that vasopressin V1-
agonist reduced medullary blood flow in rabbits, but
did not constrict either juxtamedullary afferent or
efferent arterioles. They concluded that DVR might be
the primary site at which vasopressin acts to regulate
inner medullary blood flow.413

In addition to the constrictor effects of vasopressin,
mediated by the V1 receptor, it has been demonstrated
that vasodilation of some vessels can be mediated
through vascular V2 receptors, leading to elevation of
nitric oxide.414�417 Selective V2 agonists have been
shown to dilate preconstricted afferent arterioles418 and
outer medullary DVR412 in vitro. In contrast, however,
efforts to date have failed to show V2 receptor mRNA
in dissected renal microvessels by RT-PCR.419 Chronic
infusion of the V2 agonist dDAVP was shown to ele-
vate renal medullary nitric oxide and increase medul-
lary blood flow,420 an effect that may be related to
release of NO by collecting duct.421,422 Blockade of NO
production during vasopressin elevation leads to
hypertension. That finding suggests that V2-mediated
NO production in the medulla serves as a buffer to
protect the outer medulla from ischemia, as well as to
prevent salt retention and hypertension.423,424

The probable source of V2-mediated NO production is
the inner medullary collecting duct.421

Angiotensins

Studies that employ isolated microvessel perfu-
sion,193,194,198,396,410,421,425,426 the juxtamedullary nephron
preparation205,263,427 or the split hydronephrotic kid-
ney,204,210 have all shown that angiotensin II constricts
afferent arterioles, efferent arterioles, and DVR. Cultured
mesangial cells also contract in response to angiotensin
II.320 Angiotensin II tonically constricts the juxtamedul-
lary microcirculation in vivo160,428�430 in a manner that is
modulated by vasodilators and renal nerves.431�435

Several vasodilators modulate angiotensin II-induced
vasoconstriction. Blockade of NOS induces basal con-
striction of afferent arterioles and DVR, and intensifies
constriction by angiotensin II stimulation.193,194,436�438

Paracrine agents such as prostaglandin E2 (PGE2) and

adenosine counteract angiotensin II constriction of glo-
merular arterioles and DVR.198,439�441 Blockade of pros-
taglandin production may have a greater effect in
augmenting constriction of juxtamedullary than superfi-
cial glomerular arterioles.439

Angiotensin II exerts its effects through type 1 (AT1A
and AT1B) and type 2 (AT2) receptors. AT1 stimulation
activates phospholipase C (PLC) to generate inositol tri-
sphosphate (IP3) and elevate [Ca21]CYT.

211,215 AT1A
receptor-null mice have blunted afferent and absent effer-
ent arteriolar responses to angiotensin II .442 Study of the
distribution of receptors on juxtamedullary efferent arter-
ioles revealed expression of AT1A, AT1B, and AT2 on
muscular efferents destined to perfuse the medulla. In
contrast, the AT1B subtype was absent in efferent arter-
ioles that give rise to juxtamedullary capillary plexus in
the cortex.443 AT2 receptor activation has been reported
to favor vasodilation via generation of nitric oxide.444,445

In the afferent arteriole, however, AT2 stimulation favors
synthesis of vasodilatory CYP450 epoxygenase products
(EETs)436,437,446 rather than NO. The evidence favors com-
pensatory NO generation due to AT1 stimulation.447,448

AT2 activation also vasodilates efferent arterioles449 and
DVR, where it both inhibits reactive oxygen species for-
mation and facilitates endothelium-dependent [Ca21]CYT
signaling in response to vasodilators.395,450,451 The vasodi-
latory response to AT2 receptors may be impaired in
forms of hypertension.452,453 Both AT1 and AT2 receptors
are widely expressed in vascular and tubular elements of
the kidney.454

The role of angiotensin II AT1 and AT2 receptors to
modulate regional perfusion in the kidney has been
investigated. Angiotensin II constricts DVR that supply
the medulla,198,395 but angiotensin II infusion largely
reduces blood flow to the renal cortex, sparing the
medulla.432,434,435 Moreover, there are reports that angio-
tensin II enhances medullary perfusion in rats and rab-
bits.431,455,456 The resistance of the renal medulla to
angiotensin II-induced vasoconstriction has been traced
to reflex generation of compensatory vasodilators, partic-
ularly NO.394,395,455,457�459 Recent studies favor the role of
endothelial nitric oxide synthase (eNOS, NOS3) to main-
tain basal perfusion and stimulation of neuronal nitric
oxide synthase (nNOS, NOS1) to blunt vasoconstriction
by angiotensin II .460 Pressure natriuresis has been tied to
renal medullary perfusion (see above). Possibly related to
this, AT2 receptor-null mice are hypertensive and lack
the pressure natriuretic response.461

Angiotensin II constricts renal microvessels over a
broad range of concentrations, with efferent arterioles
and DVR showing the greatest sensitivity (EC50

B0.5 nM). Although circulating plasma angiotensin II
concentrations are in the range of 100 pM, renal inter-
stitial and intratubular concentrations approach 1 to
10 nM, implying that there is an intrarenal mechanism
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for generation and sequestration (Figure 24.25).
Interstitial concentrations are greatest in the renal
medulla, where angiotensin II receptor density is
high.462�466 At very high concentrations of 1 to 10 nM,
angiotensin II acting via the AT1 receptor blunts DVR
endothelial [Ca21]CYT responses to bradykinin and ace-
tylcholine, an effect that is partially counteracted by
concomitant AT2 receptor activation.395,450 At high
concentrations, angiotensin II inhibits K1 channel
activity of DVR pericytes274,467,468 while stimulating
Ca21-dependent Cl2 channel-mediated depolariza-
tion268,270,273 to favor voltage-gated Ca21 entry.231,236 In
DVR pericytes, angiotensin II often induces oscillations
of [Ca21]CYT and Cl2 ion conductance.271,272 Taken
together, the results favor the interpretation that high
levels of angiotensin II prevent vasodilatory compensa-
tion within vasa recta by blocking NO generation and
K1 channel activation, while stimulating NO genera-
tion by adjacent nephrons. Hypothetically, DVR on the
vascular bundle periphery dilate in response to NO
from adjacent epithelia to preferentially maintain outer
medullary perfusion.394,459,469�471

Angiotensin II is derived from angiotensin I through
the actions of angiotensin-converting enzyme (ACE).

Angiotensin II has a short half-life, and is itself degraded
by angiotensinases to form several fragments, including
angiotensin [1�7] and angiotensin [3�8]. Angiotensin-
converting enzyme type 2 (ACE2) is a metalloprotease
that hydrolyzes angiotensin I and angiotensin II to form
the heptapeptide, angiotensin [1�7]. ACE2 is not
blocked by conventional converting enzyme inhibitors.
ACE2 reduces formation of angiotensin II by degrading
angiotensin I to other fragments.444,464,472 Angiotensin
[1�7] is a dilator of the renal and other capillary beds,473

and accumulates during ACE inhibition, potentially con-
tributing to antihypertensive actions of those pharma-
ceuticals.474 In the kidney, angiotensin [1�7] specifically
binds to the Mas receptor. Mas-null mice lack binding,
aortic relaxation, and antidiuretic response to angioten-
sin [1�7].475 Renoprotective roles for angiotensin [1�7]
are emerging.476�478

Aldosterone

Aldosterone increases transcription of molecular
machinery dedicated to salt reabsorption in the distal
nephron. It has been shown to increase mRNA for
renin in juxtaglomerular cells in a manner that is
blocked by the mineralocorticoid receptor antagonist,
spironoloactone.479 Recently, it has also been shown
that aldosterone acts as a paracrine agent in the vascu-
lature to have acute “nongenomic” effects on vasoactiv-
ity.480 This was uncovered by Schmidt and colleagues,
who showed that aldosterone increased human fore-
arm blood flow. With NOS inhibition, aldosterone
enhanced blood flow reduction mediated by phe-
nyephrine. The data were interpreted to show that
aldosterone causes vasoconstriction via smooth muscle
activation and compensatory vasodilation via release
of NO.481 Similarly, Arima et al. showed that aldoste-
rone caused concentration-dependent constriction of
both afferent and efferent arterioles, an effect that was
insensitive to spironoloactone. The constriction was
prevented by PLC inhibition, involved voltage-gated
Ca21 entry mediated principally by L-type and T-type
channels in the afferent and efferent arterioles, respec-
tively, and is partially offset by NO generation.482�485

Adrenomedullin

Adrenomedullin and adrenomedullin-2/intermedin
are peptide hormones with homology to calcitonin
gene related peptide (CGRP). It circulates in picomolar
concentrations and is widely synthesized by tissues
including vascular smooth muscle and endothelium.
It has potent vasodilatory and hypotensive effects,
at least partially mediated by NO.486�488 Deletion of
the gene for adrenomedullin is lethal in utero.
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FIGURE 24.25 Intrarenal angiotensin II concentrations. (a)
Graph shows a comparison of angiotensin II concentration in plasma
and renal interstitial fluid obtained by microdialysis. Cortical intersti-
tial angiotensin II concentrations are markedly higher than plasma
values. (b) Comparison of immunoreactive angiotensins in systemic
plasma and star vessel plasma (efferent arteriolar, precapillary blood)
by micropuncture of the rat kidney. Angiotensin II concentration is
estimated to be B10�25% of the immunoreactive angiotensins in var-
ious compartments. (Results redrawn from published data [465,466]).
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Heterozygotes live to adulthood but are hypertensive,
have defective synthesis of NO, and are vulnerable to
renal ischemia.489,490 Renal synthesis of adrenomedul-
lin is enhanced by hypoxia.491 Intrarenal infusion
induces vasodilation that is attenuated by NO synthase
inhibition492�494 and was found to increase canine cor-
tical and medullary blood flow.493 Adrenomedullin has
been shown to dilate both afferent and efferent arter-
ioles of the hydronephrotic kidney preparation.495

Chronic infusion of adrenomedullin was found to limit
hypertensive injury in deoxycorticosterone (DOCA)
salt hypertensive rats496,497 and limits injury during
ureteral obstruction.498 It may partially act by limiting
generation of reactive oxygen species.499

Intermedin, also known as adrenomedullin-2, shares
many of the properties of adrenomedullin. Its receptor
profile overlaps that of CGRP and adrenomedullin, and
its adult expression is largely in the hypothalamus,
pituitary, and kidney.500,501 Intra-arterial infusion
enhances renal blood flow and induces diuresis.502 Like
adrenomedullin, intermedin has been found to amelio-
rate renal tissue damage in pathological models,503 and
its expression is reduced in forms of renal injury.504

Nitric Oxide

Endothelia and transporting epthelia secrete para-
crine modulators of vascular tone, including nitric
oxide (NO), prostacyclin (prostaglandin I2, PGI2), and
endothelium-derived hyperpolarizing factors (EDHF).
Nitric oxide regulates vessel tone, regional distribution
of blood flow, autoregulation, pressure natriuresis,
tubuloglomerular feedback, and salt reabsorption. Its
effects on the microcirulation of the kidney are protean
and have been frequently reviewed.382�385,457,505�517

Nitric oxide synthase (NOS) isoforms are expressed by
nephrons and vessels throughout the kid-
ney,384,385,510,513 but expression is greatest in the inner
medullary collecting duct and vasa recta.518 It has also
been shown that NO generation by collecting duct is
regulated by uptake of L-arginine via the CAT1 cat-
ionic amino acid transporter.519�522 Infusion of compet-
ing cationic amino acids reduced medullary NO,
reduced medullary blood flow, and induced hyperten-
sion.519 Asymmetric dimethyl arginine (ADMA) is an
endogenous NOS inhibitor that is metabolized by
dimethylaminohydrolase (DDAH).523�525 ADMA equi-
librates with the cytoplasm via cationic amino acid
transporters (CATs), competes with their ability to
transport L-arginine, and inhibits NOS.524 The DDAH2
isoform predominates to remove ADMA in the vascu-
lature. The role of ADMA and DDAH in endothelial
function and dysfunction is the subject of much current
investigation.526,527

Infusion of the NO synthase inhibitor Nw-nitro-L-
arginine methyl ester (L-NAME) into the renal artery
of rats and dogs increases renal vascular resistance and
blunts pressure natriuresis.528,529 NOS inhibition con-
stricts the preglomerular microcirculation of the juxta-
medullary nephron preparation, an effect that is
enhanced when RBCs, that consume NO, are included
in the perfusate.530,531 The ability of NO to modulate
afferent arteriolar tone results both from its synthesis
by the endothelium193�195,532 and signaling in the mac-
ula densa.196 Similar to cortical microvessels, NOS inhi-
bition constricts isolated DVR, largely by preventing
the consumption of superoxide by NO.425,438

NOS inhibition interferes with pressure natriure-
sis.531,533 Infusion of an NO synthase inhibitor into rats
was found to restore medullary autoregulation and
blunt the pressure natriuretic response.383 Similarly,
infusion of L-arginine both altered medullary autore-
gulation and normalized pressure natriuresis in the
spontaneously hypertensive rat (SHR).534 Exogenous
L-arginine increases NO production in cultured cells
and the isolated perfused kidney.535 Moreover, it can
abrogate hypertension and renal damage in hyperten-
sion induced by chronic angiotensin II infusion.536,537

Chronic, global NOS inhibition causes a selective
reduction of renal medullary blood flow.538,539 Nitric
oxide (NO) production in the renal medulla exceeds
that in the cortex.385,540�543 L-arginine supplementation
enhances NO levels in the renal medullary intersti-
tium,543 and abrogates hypertension in the Dahl rat
and SHR.534,544,545 In contrast to global NOS inhibition,
reduction of nNOS activity induces hypertension with-
out affecting medullary perfusion, suggesting that the
saliuretic effects of NO generated by those isoforms is
of predominant importance.546�549 Thus, NO generated
by eNOS may primarily affect basal vascular resis-
tance, while NO derived from other NOS isoforms,
particularly nNOS, affects renal epithelial Na1 reab-
sorption and adaptation to a high-salt diet.550�552

NO is released in response to administration of the
vasoconstrictor agents norepinephrine, angiotensin II,
and vasopressin.420,424,458,459,553,554 Evidence also favors
an important role for NO to abrogate tissue hypoxia
that would otherwise arise from the action of vasocon-
strictors. Low dose, subpressor infusion of L-NAME
into the renal interstitium does not affect MBF or
pO2, but enables otherwise ineffective doses of angio-
tensin II,459 norepinephrine553,554 or vasopressin424,555

to reduce those parameters. Reduced expression of
NOS isoforms and NO generation in the Dahl rat may
contribute to its sensitivity to angiotensin II and hyper-
tension.458 In the absence of NOS blockade, constrictors
enhance medullary NO levels, implying that a reflex
increase in medullary NO probably serves to protect
the hypoxic medulla from ischemia. NO generation has
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also been found to protect the medulla from the blood
flow redistribution induced by endotoxemic hypoten-
sion556,557 and radiocontrast agents.558

Given that NO has both vasodilatory and saliuretic
effects and is widely synthesized by nephrons and
endothelium, attention has been drawn to possible
tubulovascular interactions. NO generated by the med-
ullary thick ascending limb has been proposed to influ-
ence DVR tone to mitigate medullary hypoperfusion
and hypoxia.269,382,394,395,450,559,560 NO generation by
DVR is highly perfusion-dependent,393 and NOS inhi-
bition constricts in vitro perfused DVR, implying a sub-
stantial tonic role for intrinsic endothelial NO
generation to modify DVR function.425 The bioavail-
ability and actions of NO are predicted to be under the
influence of opposing generation of reactive oxygen
species.471,561 Mathematical simulations of NO and
superoxide trafficking in the medulla favor a role for
DVR endothelial NO generation to influence tissue NO
levels,469,470 leading to the consideration that DVR
might influence salt reabsorption by adjacent
nephrons. The latter might mechanistically link medul-
lary perfusion and pressure natriuresis.393 Stated
another way, hemoglobin in outer medullary vascular
bundles degrades NO so that NO from transporting
epithelia and DVR endothelium must generate gradi-
ents directed toward the vascular bundle centers.
Accordingly, elevation of NO outside vascular bundles
in the vicinity of nephrons is likely to arise from both
epithelial and endothelial NO generation.

Reactive Oxygen Species

Oxygen free radicals are generated by one and two
electron reductions of O2 that generate superoxide
(O2

2) and hydrogen peroxide (H2O2). In turn, reactions
of those species yield hypochlorous acid and hydroxyl
radical (OH). Reaction of NO with O2

2 forms peroxyni-
trite (ONOO2), reducing the availability of NO to act
as a vasodilator. Oxygen-derived radicals are collec-
tively referred to as “reactive oxygen species” (ROS).
ROS can be generated through many pathways. Auto-
oxidation of cysteine can generate O2

2 and H2O2.
Oxygen utilizing enzymes such as cyclooxygenase,
lipoxygenase, epoxygenase, and xanthine oxidase can
generate ROS. When oxidative stress reduces the ratio
of the NOS co-factor tetrahydrobiopterin (BH4) relative
to dihydrobiopterin (BH2), NOS produces O2

2 rather
than NO. It is generally accepted that the dominant
source of ROS for bacterocidal activity in leukocytes
and signaling in other cells is NADPH oxidase.
NADPH oxidase consists of cytosolic components
(p47phox, p67phox), a G-protein (Rac1 or Rac2), and
membrane-associated cytochrome b558 comprised of

p22phox and gp91phox. In nonphagocytic cells, the
gp91phox-subunit may be substituted by another iso-
form, such as RENOX/NOX4.400 Antioxidant systems
exist within all cells. Superoxide dismutase (SOD) cata-
lyzes the conversion of O2

2 to H2O2 which is then con-
verted to water by catalase. Extracellular, cytoplasmic
(Cu/ZnSOD), and mitochondrial (MnSOD) forms of
SOD participate in the control of oxidative stress.
Endogenous free radical scavengers also serve to limit
the potential for oxidative damage to cellular
macromolecules.562

Tissue NO levels are modulated through reaction
with ROS. Generation of oxygen free radicals is known
to affect agonist-induced constriction of renal micro-
vessels in cortex and medulla,563�565 and play a promi-
nent role in hypertension.516,566 The cell permeant
superoxide dismutase (SOD) mimetic, tempol, prevents
afferent arteriolar constriction by the TxA2/prostaglan-
din H2 (TP) receptor agonist U-46,619.567 Similarly,
tempol increased detection of NO in bradykinin stimu-
lated DVR and vasodilated DVR preconstricted with
angiotensin II.560 Zhang et al. found that ROS are gen-
erated upon stimulation of DVR with angiotensin II
and protein kinase C agonists, and angiotensin II-stim-
ulated ROS generation was enhanced when AT2 recep-
tors were blocked with PD123,319.451 The role of ROS
in the mediation of vasoconstriction probably varies
with the vasoactive stimulus.568 Studies of ROS genera-
tion by the medullary thick ascending limb show that
reactions with superoxide from the mTAL might limit
NO delivery and vasodilation of vascular bundle
DVR.394,569,570

Intrarenal generation of ROS plays a role in vasoac-
tivity and generation of hypertension.506,515,566,571,572

Blood pressure elevation in the SHR is associated with
enhanced urinary excretion of the ROS marker, 8-iso
prostaglandin F2α. Both hypertension and 8-Iso PGF2α
excretion are blunted by the superoxide dismutase
(SOD) mimetic, tempol. Infusion of L-NAME elimi-
nates the antihypertensive effect of tempol, implying
that reduction of NO availability through reaction with
O2

2 partially underlies the genesis of SHR hyperten-
sion.573,574 Slow pressor hypertension due to chronic
infusion of angiotensin II is also associated with an
increase in cortical ROS generation,575 but the medulla
may be spared in that model.576 Intrarenal oxygen ten-
sion and the efficiency of renal oxygen utilization are
low in rodent models of hypertension, suggesting a
shunt of oxygen toward formation of ROS.577�579

Enhancement of renal medullary ROS generation
occurs in hypertensive models and intramedullary
infusion of the SOD inhibitor, diethylthiocarbamate,
reduces medullary blood flow and raises arterial blood
pressure.580�582 Conversely, infusion of the SOD
mimetic, tempol, increases medullary blood flow and
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sodium excretion, an effect that is enhanced when
H2O2 is eliminated with catalase.580,581,583 A role for
renal medullary generation of ROS was reinforced by
Meng et al. who showed that hypertension of Dahl
salt-sensitive rats is accompanied by reduced expres-
sion of Cu/Zn SOD and Mn SOD in the medulla.584 In
contrast to those findings, slow pressor hypertension
generated by chronic angiotensin II infusion failed to
increase ROS generation by isolated DVR.576 Instead,
angiotensin II hypertension was accompanied by
increased DVR generation of NO, a finding that agrees
with earlier reports by Zou and Cowley.382,459 It is pos-
sible that ROS production by medullary nephrons con-
tributes to angiotensin II, slow pressor hypertension.
NO is an endogenous diuretic, and its consumption by
ROS could favor hypertension.550,551 Enhanced genera-
tion of ROS may also play a role in enhancing arteriolar
constriction in diabetes.316,585�589

Carbon Monoxide and Hemoxygenase

Hemoxygenases-1 and -2 (HO-1, HO-2) are micro-
somal enzymes that degrade heme to form carbon mon-
oxide (CO) and biliverdin. CO, like NO, induces
vasodilation via cGMP generation, while biliverdin is
converted to bilirubin by biliverdin reductase. Bilirubin
is a highly effective free radical scavenger and inhibits
ROS generation via NADPH oxidase and protein kinase
C.590 Constitutive expression of HO isoforms in the kid-
ney predominate in the medulla591 under transcrip-
tional control of oxygen and superoxide anion.
Hypoxia inducible factor α1,592,593 urea concentration,
and medullary hypertonicity594 all influence HO
expression. HO inhibition with zinc deuteroporphyrin
2,4-bis glycol via the renal interstitium reduces medul-
lary blood flow and cGMP content.591 Treatment with
cobalt protoporphyrin upregulates HO-1, reduces
intrarenal levels of 20-HETE, and ameliorates SHR
hypertension.595 Exacerbation and protection of the kid-
ney from ischemic injury can be accomplished by inhi-
biting or upregulating HO-1.596 Acute HO inhibition
blunts pressure natriuresis, and chronic inhibition
raises blood pressure.597�599 HO pre-induction blocks
slow-pressor angiotensin II-induced hypertension.600,601

Inducing HO also minimizes radiocontrast injury.602,603

The protean and beneficial effects of HO upregulation
have attracted considerable attention, pointing to a
potential target for therapeutic intervention.590,604

Adenosine and P1 Purinoceptors

Adenosine acts via A1, A2A, A2B, and A3 receptors
(P1 purinoceptors). In the kidney, A1 and A2 receptors
predominate, A2A are primarily vascular, and A3 may

be absent.605,606 Through its action, adenosine modulates
vasoactivity and epithelial transport.605,607�610 Acting via
the P2X1 receptor, adenosine may be a primary mediator
of renal autoregulation.611 The microvascular effects of
adenosine vary with intrarenal location.612 Adenosine
A1 receptor activation transiently reduces cortical and
medullary blood flow, and constricts afferent
arterioles.613�615 When afferent A1 receptors are blocked,
however, A2 mediated vasodilation can be elicited.616

The effects of adenosine in the efferent arteriole may be
primarily vasodilatory.153,617,618 Afferent constriction by
adenosine is of particular importance, because evidence
supports it as a key mediator of tubuloglomerular feed-
back (TGF).619�624 ATP release from macula densa cells
via maxi-anion channels followed by ecto-50-nucleotid-
ase-mediated hydrolysis are the likely steps in its for-
mation.366�368,370,625 A role for adenosine to act on both
afferent and efferent arterioles has been proposed as
integral to the TGF response.153,626 Adenosine constric-
tion of the afferent arteriole is complex, because proxi-
mal portions away from the glomerulus may be
regulated by both A2-mediated dilatory and A1-medi-
ated contractile interactions. In contrast, the afferent arte-
riole near the glomerlar hilus may lack A2 receptors, so
that it constricts as adenosine concentration is
increased.264,607

Adenosine A2 receptor stimulation leads to preferen-
tial vasodilation, saliuresis, and enhanced perfusion of
the medulla612,613,627(Figure 24.26). Both A1 and A2
receptors are expressed by DVR,628 and their respective
stimulation induces constriction or dilation.396

Interstitial adenosine concentrations are near the affin-
ity for the A2 receptor, so that changes should modulate
vasodilatory and saliuretic effects.629 In preglomerular
vessels, A1-induced constriction is mediated by pertus-
sis toxin sensitive Gi-protein and phospholipase C acti-
vation.630 A2-mediated dilation has been traced to
activation of KATP channels,313 probably activated
through 11,12-epoxyeicosatrienoic acid.631

Evidence for and against synergism between angio-
tensin II and adenosine exists.197,625 Several studies
have favored the interdependence of adenosine A1
receptor- and angiotensin II AT1 receptor-mediated
constriction,632�636 while others have not.614,637,638 The
availability of adenosine A1 and angiotensin II AT1A
receptor-deficient mice have permitted re-examination
of the issue. Infusion of angiotensin II led to less reduc-
tion of renal blood flow and less constriction of afferent
arterioles in A1 knockout mice.197 Similarly, favoring
synergism, intranephron infusion of an adenosine A1
agonist induced greater reduction of stop-flow pres-
sure (reflecting afferent constriction) in wild-type than
in angiotensin II AT1A receptor-deficient mice.639

A consequence of countercurrent exchange is that
renal medullary oxygen tensions (pO2) are low640
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(Figure 24.27). During hypoxia, the medullary thick
ascending limb of Henle (mTAL) synthesizes adeno-
sine.641 That finding, coupled with the close proximity
of the mTAL to outer medullary vascular bundles, led
to the hypothesis that adenosine, like NO and prosta-
glandins (see above), acts as a paracrine vasodilator to
preserve medullary perfusion, raising medullary
pO2.

642 Inhibition of mTAL transport by adenosine A2
receptor activation, like the effects of furosemide, prob-
ably raises medullary pO2 by reducing O2 consump-
tion.642,643 Rats fed a high-salt diet increase tissue
adenosine levels and downregulate A1 receptor expres-
sion, the activation of which encourages sodium
reabsorption.644

Extracellular ATP and Renal P2 Purinoceptors

In addition to the actions of adenosine mediated by
P1 purinoceptors (A1, A2 adenosine receptors),

micromolar concentrations of ATP modulate vasoactiv-
ity through P2 purinoceptors.611,625,638,645�647 P2 recep-
tors are subdivided into P2X and P2Y families,
encoded by separate genes, that yield either ligand-
gated nonselective cation channels or seven trans-
membrane spanning G-protein coupled receptors,
respectively. Unlike adenosine receptors, P2 receptors
seem confined to the preglomerular micro-
circulation.648�650 P2 antagonists such as suramin are
somewhat nonselective, however α,β-methylene-ATP
and β,γ-methylene-ATP are relatively selective agonists
for P2X receptors. UTP largely stimulates
P2Y.638,648,651,652 The experimental effects of ATP on
the vasculature are variable, depending upon luminal
versus abluminal application, the preparation, and spe-
cies.651 Both constrictor and dilator effects can be
observed. Intrarenal infusion of α,β-methylene-ATP
leads to constriction, but ATP (mixed P2X, P2Y agonist)
and UTP (selective P2Y agonist) yield NO dependent
dilation at low concentrations or constriction at high
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FIGURE 24.26 Effect of intrarenal infusion of adenosine receptor A1 or A2 subtype agonists. Top and bottom panels show the effect of
adenosine agonist infusions on intrarenal blood flow. Cortical and medullary measurements were obtained using laser-Doppler flowmetry
with optical fibers placed on the kidney surface or inserted into the renal parenchyma, respectively. Left and right panels show the respective
effects of either A1 or A2 receptor stimulation with subtype specific agonists. At time 5 0, the A1 agonist N6-cyclopentyladenosine (left panels)
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mission from ref. [613,465]).
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concentrations.653 Exposure of preconstricted afferent
arterioles of rabbit and human kidneys to ATP leads to
dilation via NO generation.647,651,654 In the juxtamedul-
lary nephron preparation of the rat, activation of P2X
leads to afferent but not efferent constriction that is
dependent upon generation of 20-HETE and Ca21

influx involving L-type Ca21 channel blockade.655�658

Stimulation of P2Y receptors yields sustained constric-
tion that is independent of 20-HETE, and dependent
upon Ca21 release from cellular stores.213,659,660

Of great importance, myogenic autoregulatory
constriction of afferent arterioles has been traced to
activation of P2 receptors (Figure 24.28). In the juxta-
medullary nephron preparation, prior desensitization
or nonspecific blockade of P2 receptors attenuated
pressure-induced afferent constriction.661 Similarly,

infusion of excess ATP into the dog kidney during NO
sythase blockade eliminated autoregulatory constric-
tion.662,663 Finally, P2X1 receptor-deficient mice were
shown to retain tubuloglomerular feedback responses,
but to lack autoregulatory adjustments to changes in
perfusion pressure.611,645,664 Pharmacological blockade
of P2X1 receptors eliminates renal whole-organ autore-
gulation in the rat.611

Arachidonic Acid Metabolites

Once liberated from the membrane by phospholi-
pases, arachidonic acid undergoes metabolism to a
very large array of metabolites that function as para-
crine, autocrine, and intracellular signaling molecules
(Figure 24.29). These metabolites have profound effects
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on vascular tone, as well as on solute and water excre-
tion. Three generalized pathways are recognized,
cyclo-oxygenases (COX) that generate prostaglandins
(PG) and thromboxanes (TBX), lipoxygenases that gen-
erate leukotrienes (LT) and hydroxyeicosatetraenoic
acids (HETE), and cytochrome P450 pathways that syn-
thesize HETEs and epoxyeicosatrienoic acids (EET).

Prostaglandins

Prostaglandins (PGs) are generated from arachido-
nic acid by cyclooxygenase (COX) (Figure 24.29a) and
exert wide effects on solute reabsorption, tubuloglo-
merular feedback, and intrarenal hemodynamics.
When injected into the renal artery, PGE2 and PGI2
enhance renal blood flow.665 Early efforts showed that
stimulation of PG synthesis redistributes blood flow
toward the juxtamedullary cortex.666,667 A consistent
finding has been that renal medullary perfusion is

protected from vasoconstrictors by NO (see above) and
PGs.668,669 Nonselective COX blockade decreased vasa
recta blood flow,670 and augmented the ability of
angiotensin II infusion to decrease single vessel blood
flow in the exposed papilla.428 Laser-Doppler studies
indicate that COX blockade reduces medullary blood
flow with relative sparing of cortical perfusion.671�674

Radiocontrast agents can lower cortical and medullary
oxygen content, predisposing to hypoxic insult.
Indomethacin potentiates medullary hypoxia and the
parenchymal damage induced by either radiocontrast
agents or ureteral excision.675�677

COX-1 and COX-2 isoforms contribute to renal PG
synthesis. Of the two, COX-1 is expressed to a greater
extent, while COX-2 is more highly regulated.678�682 In
a manner that predicts the effects of its inhibition, COX-
2 expression is pronounced in macula densa.678 Release
of renin by juxtaglomerular cells and release of PGE2 by
the macula densa is COX-2-dependent.683�685 In the
macula densa, COX-2 is co-expressed with NOS1.
Simultaneous inhibition of COX-2 and NOS in the dog
markedly enhances sensitivity to vasoconstriction.
Norepinephrine infusion, which otherwise has minor
effects, induces a remarkable rise in renal vascular
resistance and sharp reduction of GFR.686 COX-2 block-
ade blunts adaptation of tubuloglomerular feedback687

and augments afferent constriction associated with ben-
zolamide inhibition of proximal transport.688

Renomedullary interstitial cells express receptors for
vasoconstrictors, release paracrine substances such as
PGE2 and medullipin, and express both COX-1 and
COX-2.41,678 Zhang et al. showed that COX-2 expression
is stimulated by medullary tonicity.689 Genetic defi-
ciency of COX-2 or its inhibition leads to reduction of
medullary perfusion, salt-sensitive hypertension, and
enhanced response to infusion of angiotensin II.690�694

In isolated vessels, Edwards first showed that pros-
taglandins dilate in vitro perfused rabbit afferent (PGE2

and PGI2) and efferent (PGI2) arterioles.
695 In contrast,

Inscho et al. found that PGE2 enhanced angiotensin II
and norepinephrine constriction of the afferent arteri-
ole, while PGI2 counteracted their effects.696 In rabbit
afferent arterioles, indomethacin enhanced vasocon-
striction when perfusate passed through the glomeru-
lus, but not during retrograde perfusion, implying that
glomerular PGs influence efferent vasoactivity.697

Abluminal PGE2 blunts angiotensin II-induced con-
striction of DVR.198,397 Few studies of the effects of
selective COX-2 inhibition in isolated vessel prepara-
tions are available. Wang et al. determined that aug-
mented constriction of afferent arterioles during slow
pressor angiotensin II hypertension is partially medi-
ated by a COX-2 product from the endothelium.698

PGE2 is very abundant in the kidney, and its local
actions are governed by the receptor subtype activated.

FIGURE 24.28 Autoregulation and purinoceptors. (a) Panel
shows the effect of a P2X receptor blocker (NF279) on autoregulatory
afferent arteriolar constriction resulting from step-changes in perfu-
sion pressure from 100 to 120 and 160 mmHg. P2X blockade elimi-
nates the afferent myogenic response associated with autoregulation.
(b) Summary of the changes in murine afferent arteriolar diameter
elicited by graded change of perfusion pressure. Autoregulatory
vasoconstriction occurs in wild-type (WT) but not P2X1 receptor-null
mice. Data obtained using the juxtamedullary nephron preparation.
(Reproduced with permission from ref. [664]).
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For example, stimulation of the EP3 receptor inhibits
cAMP formation, favoring vasoconstriction, while
stimulation of EP2 and EP4 receptors increases cAMP,
favoring vasodilation.297 The ability of PGE2 to act as a
vasoconstrictor has also been observed,696 and EP3
receptor deficiency leads to reduction of renal vascular
resistance.297,699

COX products can be metabolized by thromboxane
synthase to stimulate the thromboxane/PGH2 receptor
and induce vasoconstriction. In the afferent arteriole
and DVR, angiotensin II-induced constriction is
reduced by TP receptor blockade, inhibition of COX
with indomethacin or inhibition of thromboxane
synthesis.440,700�702 Thromboxane-mediated constric-
tion may be exaggerated during angiotensin II slow
pressor hypertension, due to enhanced sythesis of reac-
tive oxygen species.698,703

Cytochrome P450 Metabolites of Arachadonic Acid

Vasoactive products of arachidonic acid are generated
by cytochrome P450 (CYP) isoforms (Figure 24.29B) in
the form of epoxyeicosatrienoic acids (EETs), the hydro-
xyeicosatetraenoic acids (HETEs) and their products,
dihydroxyeicosatetraneoic acids (DHETs).704 More than
400 CYP isoforms are recognized in various species.
Those that have .40% homology are classified by an
Arabic numeral and those with .55% homology by a
capital letter. CYP monooxygenases metabolize aracha-
donic acid to 19- and 20-HETE (ω/ω-1 hyroxylase) and

to 5,6-, 8,9-, 11,12-, and 14,15-EETs (epoxygenases). For
the purposes of focusing on the microvasculature of the
kidney, it is important to recognize that CYP2C and
CYC2J isoforms are largely responsible for synthesis of
EETs, and CYP4A isoforms for synthesis of the HETEs.
This topic has been frequently reviewed.280,291,704�714

The 20 ω-hydroxylation product, 20-HETE, is a
potent vasoconstrictor the synthesis of which is rate-
limited by O2.

715,716 20-HETE depolarizes and increases
[Ca21]CYT in smooth muscle290 and mediates constric-
tion by angiotensin II,436,717 endothelin-1,708,718 and
ATP via P2X stimulation.658 20-HETE plays an impor-
tant role in blood flow autoregulation of the cerebral
and renal microcirculations.704,719 20-HETE inhibits KCa

channel activity292�294,299,713,716 through the actions of
tyrosine and MAP kinases.293 It is generally recognized
that NO inhibits vascular smooth muscle contraction
through cGMP formation. Roman and colleagues have
shown that the majority of NO effects in the kidney
involve inhibition of CYP4A and reduction of 20-HETE
synthesis.300,720 20 ω-Hydroxylation products play a
role in blood pressure regulation, and blockade of
20-HETE synthesis interferes with pressure natriure-
sis.721 Chronic inhibition of 20-HETE synthesis induces
salt-sensitive hypertension in the rat,722,723 and exacer-
bates ischemia reperfusion injury.711 Similarly, disrup-
tion of murine CYP4A14 leads to hypertension, and a
variant of the CYP4A11 homolog in humans has been
associated with essential hypertension.724�726

FIGURE 24.29 Arachidonic acid metabolites. (a) Abbreviated schematic showing signaling molecules generated from arachadonic acid by
cyclo-oxygenase (COX). Prostaglandins (PG) and thromboxanes (Tx) are vasoactive end products. (b) Abbreviated schematic showing signaling
molecules generated cytochrome P450 metabolism of arachidonic acid (COX). Hydrolases generate the potent constrictor 20-hydroxyeicosate-
traenoic acid (20-HETE), and epoxygenases generate the epoxyeicosatrienoic acids (EETs) that most often function as vasodilators. The lipoxy-
genase pathway of arachidonic acid metabolism is not shown.
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The EET epoxygenase metabolite arachidonic acid
has several important roles in the renal microcircula-
tion. In addition, EETs have been broadly identified as
endothelium-dependent hyperpolarizing factors
(EDHF).97,278 The EETs are largely vasodilatory, but
some of their metabolites can induce COX-dependent
vasoconstriction.297,727,728 Stimulation of preglomerular
arteriolar A2A adenosine receptors leads to enhanced
synthesis of EETs and vasodilation.631 Similarly, angio-
tensin II dilation via AT2 receptor stimulation has been
traced to these epoxygenase products.436,446 Afferent
vasodilation by 11,12-EET is partially mediated by
PKA.729 In contrast to inhibition by 20-HETE, 11,12-
EET and 5,6-EET are associated with KCa channel
activation.292,295,713,730�732

The ability to activate large conductance KCa channels
may be tied to the role of 11,12-EET as an EDHF.
Putative EDHFs are agents that elevate endothelial
[Ca21]CYT, hyperpolarize endothelium and smooth mus-
cle and vasodilate, independent of NO and COX. Work
in this area has failed to identify a single EDHF, but
much evidence points to a role for EET formation and
KCa channel activation in the endothelium. Adjacent
smooth muscle hyperpolarization may be tied to diffu-
sion of secondary signaling molecules or electrogenic
spread of current from the endothelium via myoen-
dothelial gap junctions.279,280 It might also be tied to
release of K1 ion into the myoendothelial intercellular
space via EET-stimulated endothelial KCa channels,
resulting in hyperpolarization via activation of smooth
muscle KIR or Na1,K1-ATPase.97,278 In the kidney, evi-
dence points to a role for afferent arteriolar EET forma-
tion in the EDHF related actions of bradykinin733 and
acetylcholine.298 Evidence for KIR expression in afferent
smooth muscle has been provided.304,305 Reduction of
vasodilatory EET formation may accompany hyperten-
sion. Imig et al. showed that enhanced afferent constric-
tion during slow pressor angiotensin II hypertension is
reversed by an 11,12-EET analog, and that reduction of
EET degradation through soluble epoxide hydrolase
inhibition reverses angiotensin II hypertension.734,735

Lack of ability to upregulate CYP2C and CYP2J isoforms
of P450 might underlie the abnormality.736 Similarly, it
has been found that enhancement of EET through inhibi-
tion of soluble epoxide hydrolase reverses hypertension,
and protects the kidney from damage.694,706,707,737,738

Endothelins

Endothelins are 21 amino acid vasoactive peptides
synthesized by a variety of cell types in the kidney.
Three ETs have been identified (ET1, ET2, ET3). These
agents are autocrine/paracrine hormones derived from
B200 amino acid preproendothelins that undergo

successive proteolytic cleavage to form large (Big ET)
intermediates that are processed by endothelin-con-
verting enzymes. ETs stimulate ETA and ETB receptors
on smooth muscle to induce potent vasoconstriction.
Endothelia express ETB receptors, stimulation of which
leads to synthesis of NO. In addition to their vascular
actions, ETs have an important role to inhibit sodium
reabsorption through inhibition of transport by NO
and downregulation of the epithelial Na1 of the collect-
ing duct.739�742 Renal ET receptors have been identified
on collecting ducts, vascular bundles, and RMIC.743�745

The highest concentrations of ET1 occur in the renal
medulla where it is synthesized by collecting duct and
other cells.746,747 ET1 is a potent vasoconstrictor and
reduces overall renal blood flow via combined ETA
and ETB stimulation. Isolated ETB receptor stimulation,
however, can have net vasodilatory effects.748 In the
renal cortex, ET1 constricts afferent and efferent arter-
ioles, arcuate and interlobular arteries.2,749�754 Afferent
constriction by ET1 partially depends upon voltage-
gated Ca21 entry, is modulated by endothelial genera-
tion of NO,195,755 and is mediated by 20-HETE and COX
products.708,718 Preglomerular smooth muscle cells
show biphasic [Ca21]CYT responses to ETA agonists,
but small or absent responses to ETB agonists.756�758

Isolated DVR from the outer medulla are intensely con-
stricted by low concentrations of endothelins.27,269,397

The actions of ETB stimulation in the medulla favor
natriuresis and vasodilation, at least partially by acti-
vating NO generation through NOS1.743,759,760 Bolus
injection of ET1 (a mixed ETA and ETB receptor ago-
nist) selectively reduced cortical blood flow while tran-
siently increasing medullary blood flow. Medullary
vasodilation and saliuresis is abrogated by blocking
ETB receptors or synthesis of NO.423,752,753,761,762 The
effects on medullary blood flow may vary with dietary
salt intake.763 ETB receptor deficient “spotted lethal”
rats have been identified that have been rescued from
lethal abnormalities by selective ETB gene replacement
into ganglionic cells of the intestine. Those rats have
salt-sensitive hypertension.764,765 Injection of Big ET1
into ETB receptor-deficient rats or wild-type rats in
which ETB receptor has been blocked fails to elicit sal-
iuresis.753,766 Chronic angiotensin II infusion, combined
with salt-loading, increases cortical and medullary
immunoreactive ET.767,768 Reduction of endothelin-
induced saliuresis may play a role in human and rodent
models of hypertension.740,767,769�771 ETs might play
a significant roles in other pathological states.743,747,772

Natriuretic Peptides

The diuretic effect of injection of extracts of atrial tis-
sue extracts into rats led to the discovery of atrial
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(ANP), brain (BNP), and C natriuretic peptides (CNP).
Each is derived by proteolytic cleavage of different
gene products. They act through stimulation of guany-
lyl cyclase A (GC-A) (ANP, BNP ligands), GC-B type
(CNP ligand), and GC-C receptors. GC-C may play a
role in peptide clearance and inhibition. Deletion of
ANP or its receptor leads to hypertension, while over-
expression results in hypotension.773 In the kidney,
expression and alternate processing of ANP proho-
rmone yields urodilatin.774,775 Studies showed that that
ANP infusions increased renal blood flow, glomerular
filtration rate, papillary plasma flow, and sodium excre-
tion. Diuresis and natriuresis, however, begin before
the increase in medullary blood flow, so that medullary
dilation is not required for the natriuretic effect.776�779

Examination of the vasoactive effects of natriuretic pep-
tides generally uncovered dilation of preglomerular
vasculature.780�783 Edwards and Weidley found no
effect of ANP on in vitro perfused rabbit afferent or
efferent arterioles.784 In the efferent arteriole, either a
lack of effect783,784 or constriction785 was reported,
while urodilatin mediated vasodilation.786 Vasodilatory
effects of ANP may be mediated through cGMP forma-
tion, activation of smooth muscle KCa channels, hyper-
polarization and inhibition of Ca21 signaling.320,332

Natriuresis from an oral salt load is more brisk than
that from an intravenous route, a finding that may be
related to intestinal release of guanylin and uroguany-
lin, peptide hormones that activate ANP receptors. Like
ANP, these agents inhibit tubuloglomerular feedback,
but their specific effects on renal arterioles have not
been reported.787,788 Trials of ANP as a renoprotective
agent have yielded inconclusive results.789

Acknowledgments

Efforts have been supported by NIH R37 DK42495, R01 DK67621,
and P01 HL078870.

References

[1] Navar LG, Arendshorst WJ, Pallone TL, Inscho EW, Imig JD,
Bell PD. The Renal Microcirculation. In: Tuma RF, Duran WN,
Ley K, editors. Handbook of physiology: microcirculation.
San Diego: Elsevier; 2008. p. 550�683.

[2] Navar LG, Inscho EW, Majid SA, Imig JD, Harrison-Bernard
LM, Mitchell KD. Paracrine regulation of the renal microcircula-
tion. Physiol Rev 1996;76:425�536.

[3] Bankir L, Bouby N, Trinh-Trang-Tan MM. Heterogeneity of
nephron anatomy. Kidney Int Suppl 1987;20:S25�39.

[4] Bankir L, de Rouffignac C. Urinary concentrating ability:
insights from comparative anatomy. Am J Physiol 1985;249:
R643�66.

[5] Bankir L, Kaissling B, de Rouffignac C, Kriz W. The vascular
organization of the kidney of Psammomys obesus. Anat Embryol
(Berl) 1979;155:149�60.

[6] Kaissling B, de Rouffignac C, Barrett JM, Kriz W. The structural
organization of the kidney of the desert rodent Psammomys obe-
sus. Anat Embryol (Berl) 1975;148:121�43.

[7] Kaissling B, Kriz W. Structural analysis of the rabbit kidney.
Adv Anat Embryol Cell Biol 1979;56:1�123.

[8] Kriz W. Structural organization of the renal medulla: compara-
tive and functional aspects. Am J Physiol-Regul, Integr Comp
Physiol 1981;241:R3�16.

[9] Kriz W, Napiwotzky P. Structural and functional aspects of the
renal interstitium. Contrib Nephrol 1979;16:104�8.

[10] Fourman J, Moffat DB. The effect of intra-arterial cushions on
plasma skimming in small arteries. J Physiol 1961;158:374�80.

[11] Fourman J, Moffat DB. The blood vessels of the kidney.
Blackwell Scientific, Oxford, UK. 1971.

[12] Moffat DB, Creasey M. The fine structure of the intra-arterial
cushions at the origins of the juxtamedullary afferent arterioles
in the rat kidney. J Anat 1971;110:409�19.

[13] Pappenheimer JR, Kinter WB. Hematocrit ratio of blood within
mammalian kidney and its significance for renal hemodynam-
ics. Am J Physiol 1956;185:377�90.

[14] Beeuwkes III R. The vascular organization of the kidney. Ann
Rev Physiol 1980;42:531�42.

[15] Jamison RL, KrizW. Urinary concentrating mechanism: structure
and function.NewYork-Oxford,OxfordUniversityPress, 1982.

[16] Casellas D, Mimran A. Shunting in renal microvasculature of
the rat: a scanning electron microscopic study of corrosion casts.
Anat Rec 1981;201:237�48.

[17] Pallone TL, Robertson CR, Jamison RL. Renal medullary micro-
circulation. Physiol Rev 1990;70:885�920.

[18] Aukland K, Bogusky RT, Renkin EM. Renal cortical interstitium
and fluid absorption by peritubular capillaries. Am J Physiol
1994;266:F175�84.

[19] Pedersen JC, Persson AEG, Maunsbach AB. Ultrastructure and
quantitative characterization of the cortical interstitium in the
rat kidney. Functional ultrastructure of the kidney. London:
Academic Press; 1980443�457

[20] Lemley KV, Kriz W. Anatomy of the renal interstitium. Kidney
Int 1991;39:370�81.

[21] Wolgast M, Larson M, Nygren K. Functional characteristics of
the renal interstitium. Am J Physiol 1981;241:F105�11.

[22] Beeuwkes III R, Bonventre JV. Tubular organization and
vascular�tubular relations in the dog kidney. Am J Physiol
1975;229:695�713.

[23] Evan AP, Dail Jr WG. Efferent arterioles in the cortex of the rat
kidney. Anat Rec 1977;187:135�45.

[24] Lemley KV, Kriz W. Cycles and separations: the histotopography
of the urinary concentrating process. Kidney Int 1987;31:538�48.

[25] Pannabecker TL, Dantzler WH. Three-dimensional architecture
of inner medullary vasa recta. Am J Physiol Renal Physiol
2006;290:F1355�66.

[26] Kriz W. Structural organization of the renal medulla: compara-
tive and functional aspects. Am J Physiol 1981;241:R3�16.

[27] Pallone TL, Silldorff EP. Pericyte regulation of renal medullary
blood flow. Exp Nephrol 2001;9:165�70.

[28] Park F, Mattson DL, Roberts LA, Cowley Jr AW. Evidence for
the presence of smooth muscle alpha-actin within pericytes of
the renal medulla. Am J Physiol 1997;273:R1742�8.

[29] Mink D, Schiller A, Kriz W, Taugner R. Interendothelial
junctions in kidney vessels. Cell Tissue Res 1984;236:567�76.

[30] Schwartz MM, Karnovsky MJ, Vehkatachalam MA.
Ultrastructural differences between rat inner medullary des-
cending and ascending vasa recta. Lab Invest 1976;35:161�70.

[31] Pallone TL, Turner MR, Edwards A, Jamison RL.
Countercurrent exchange in the renal medulla. Am J Physiol
Regul Integr Comp Physiol 2003;284:R1153�75.

838 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[32] Zhai XY, Thomsen JS, Birn H, Kristoffersen IB, Andreasen A,
Christensen EI. Three-dimensional reconstruction of the mouse
nephron. J Am Soc Nephrol 2006;17:77�88.

[33] Franchini KG, Cowley Jr AW. Renal cortical and medullary
blood flow responses during water restriction: role of vasopres-
sin. Am J Physiol 1996;270:R1257�64.

[34] Holliger C, Lemley KV, Schmitt SL, Thomas FC, Robertson CR,
Jamison RL. Direct determination of vasa recta blood flow in
the rat renal papilla. Circ Res 1983;53:401�13.

[35] Marsh DJ, Segel LA. Analysis of countercurrent diffusion
exchange in blood vessels of the renal medulla. Am J Physiol
1971;221:817�28.

[36] Pannabecker TL, Dantzler WH. Three-dimensional architecture
of collecting ducts, loops of Henle, and blood vessels in the
renal papilla. Am J Physiol Renal Physiol 2007;293:F696�704.

[37] Knepper MA, Danielson RA, Saidel GM, Post RS. Quantitative
analysis of renal medullary anatomy in rats and rabbits. Kidney
Int 1977;12:313�23.

[38] Takahashi-Iwanaga H. The three-dimensional cytoarchitecture
of the interstitial tissue in the rat kidney. Cell Tissue Res
1991;264:269�81.

[39] Hughes AK, Barry WH, Kohan DE. Identification of a contrac-
tile function for renal medullary interstitial cells. J Clin Invest
1995;96:411�6.

[40] Thomas CJ, Woods RL, Evans RG, Alcorn D, Christy IJ,
Anderson WP. Evidence for a renomedullary vasodepressor
hormone. Clin Exp Pharmacol Physiol 1996;23:777�85.

[41] Zhuo JL. Renomedullary interstitial cells: a target for endocrine
and paracrine actions of vasoactive peptides in the renal
medulla. Clin Exp Pharmacol Physiol 2000;27:465�73.

[42] Zusman RM, Keiser HR. Prostaglandin biosynthesis by rabbit
renomedullary interstitial cells in tissue culture. Stimulation by
angiotensin II, bradykinin, and arginine vasopressin. J Clin
Invest 1977;60:215�23.

[43] Kim J, Pannabecker TL. Two-compartment model of inner
medullary vasculature supports dual modes of vasopressin-
regulated inner medullary blood flow. Am J Physiol Renal
Physiol 2010;299:F273�9.

[44] Pannabecker TL. Loop of Henle interaction with interstitial
nodal spaces in the renal inner medulla. Am J Physiol Renal
Physiol 2008;295:F1744�51.

[45] Pannabecker TL, Henderson CS, Dantzler WH. Quantitative
analysis of functional reconstructions reveals lateral and axial
zonation in the renal inner medulla. Am J Physiol Renal Physiol
2008;294:F1306�14.

[46] Yuan J, Pannabecker TL. Architecture of inner medullary
descending and ascending vasa recta: pathways for
countercurrent exchange. Am J Physiol Renal Physiol 2010;
299:F265�72.

[47] Pannabecker TL, Abbott DE, Dantzler WH. Three-dimensional
functional reconstruction of inner medullary thin limbs of
Henle’s loop. Am J Physiol Renal Physiol 2004;286:F38�45.

[48] Pannabecker TL, Dantzler WH. Three-dimensional lateral and
vertical relationships of inner medullary loops of Henle and
collecting ducts. Am J Physiol Renal Physiol 2004;287:F767�74.

[49] Pannabecker TL, Dahlmann A, Brokl OH, Dantzler WH. Mixed
descending- and ascending-type thin limbs of Henle’s loop in
mammalian renal inner medulla. Am J Physiol Renal Physiol
2000;278:F202�8.

[50] MacPhee PJ, Michel CC. Fluid uptake from the renal medulla
into the ascending vasa recta in anaesthetized rats. J Physiol
1995;487(Pt 1):169�83.

[51] MacPhee PJ, Michel CC. Subatmospheric closing pressures
in individual microvessels of rats and frogs. J Physiol 1995;
484(Pt 1):183�7.

[52] Layton AT, Layton HE. A region-based mathematical model of
the urine concentrating mechanism in the rat outer medulla. I.
Formulation and base-case results. Am J Physiol Renal Physiol
2005;289:F1346�66.

[53] Layton AT, Layton HE. A region-based mathematical model of
the urine concentrating mechanism in the rat outer medulla. II.
Parameter sensitivity and tubular inhomogeneity. Am J Physiol
Renal Physiol 2005;289:F1367�81.

[54] Layton AT, Pannabecker TL, Dantzler WH, Layton HE. Two
modes for concentrating urine in rat inner medulla. Am J
Physiol Renal Physiol 2004;287:F816�39.

[55] Layton AT, Pannabecker TL, Dantzler WH, Layton HE.
Functional implications of the three-dimensional architecture of
the rat renal inner medulla. Am J Physiol Renal Physiol
2010;298:F973�87.

[56] Brenner BM, Falchuk KH, Keimowitz RI, Berliner RW. The rela-
tionship between peritubular capillary protein concentration
and fluid reabsorption by the renal proximal tubule. J Clin
Invest 1969;48:1519�31.

[57] Brenner BM, Troy JL. Postglomerular vascular protein concen-
tration: evidence for a causal role in governing fluid reabsorp-
tion and glomerulotublar balance by the renal proximal tubule.
J Clin Invest 1971;50:336�49.

[58] Spitzer A, Windhager EE. Effect of peritubular oncotic pressure
changes on proximal tubular fluid reabsorption. Am J Physiol
1970;218:1188�93.

[59] Sapirstein LA. Regional blood flow by fractional distribution of
indicators. Am J Physiol 1958;193:161�8.

[60] Tucker BJ, Blantz RC. Determinants of proximal tubular reab-
sorption as mechanisms of glomerulotubular balance. Am J
Physiol 1978;235:F142�50.

[61] Ott CE, Haas JA, Cuche JL, Knox FG. Effect of increased peritu-
bule protein concentration on proximal tubule reabsorption in
the presence and absence of extracellular volume expansion.
J Clin Invest 1975;55:612�20.

[62] Grantham JJ, Qualizza PB, Welling LW. Influence of serum pro-
teins on net fluid reabsorption of isolated proximal tubules.
Kidney Int 1972;2:66�75.

[63] Andreoli TE, Schafer JA, Troutman SL. Perfusion rate-
dependence of transepithelial osmosis in isolated proximal con-
voluted tubules: estimation of the hydraulic conductance.
Kidney Int 1978;14:263�9.

[64] Green R, Giebisch G. Luminal hypotonicity: a driving force for
fluid absorption from the proximal tubule. Am J Physiol
1984;246:F167�74.

[65] Baum M, Berry CA. Peritubular protein modulates neutral
active NaCl absorption in rabbit proximal convoluted tubule.
Am J Physiol 1985;248:F790�5.

[66] Green R, Giebisch G, Unwin R, Weinstein AM. Coupled water
transport by rat proximal tubule. Am J Physiol 1991;261:F1046�54.

[67] Imai M, Kokko JP. Effect of peritubular protein concentration
on reabsorption of sodium and water in isolated perfused
proxmal tubules. J Clin Invest 1972;51:314�25.

[68] Du Z, Yan Q, Duan Y, Weinbaum S, Weinstein AM, Wang T.
Axial flow modulates proximal tubule NHE3 and H-ATPase
activities by changing microvillus bending moments. Am J
Physiol Renal Physiol 2006;290:F289�96.

[69] Wang T. Flow-activated transport events along the nephron.
Curr Opin Nephrol Hypertens 2006;15:530�6.

[70] Weinstein AM, Weinbaum S, Duan Y, Du Z, Yan Q, Wang T.
Flow-dependent transport in a mathematical model of rat
proximal tubule. Am J Physiol Renal Physiol 2007;292:F1164�81.

[71] Pinter GG, Gartner K. Peritubular capillary, interstitium, and
lymph of the renal cortex. Rev Physiol Biochem Pharmacol
1984;99:184�202.

839REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[72] Schurek HJ, Alt JM. Effect of albumin on the function of per-
fused rat kidney. Am J Physiol 1981;240:F569�76.

[73] Kuhn W, Ryffel R. Herstellung konzentrierter Losungen aus
verdunnten durch blosse Membranwirkung. (Ein
Modellversuch zur Function der Niere). Hoppe-Seylers Z
Physiol Chem 1942;276:145�78.

[74] Michel CC. Renal medullary microcirculation: architecture and
exchange. Microcirculation 1995;2:125�39.

[75] Scholander PF. The wonderful net. Scient Am 1957;196:96�107.
[76] Pallone TL, Edwards A, Ma T, Silldorff EP, Verkman AS.

Requirement of aquaporin-1 for NaCl-driven water transport
across descending vasa recta. J Clin Invest 2000;105:215�22.

[77] Pallone TL, Kishore BK, Nielsen S, Agre P, Knepper MA.
Evidence that aquaporin-1 mediates NaCl-induced water flux
across descending vasa recta. Am J Physiol 1997;272:F587�96.

[78] Pallone TL, Turner MR. Molecular sieving of small solutes by
outer medullary descending vasa recta. Am J Physiol 1997;272:
F579�86.

[79] Kriz W, Dieterich HJ. [The lymphatic system of the kidney in
some mammals. Light and electron microscopic investiga-
tions]. Z Anat Entwicklungsgesch 1970;131:111�47.

[80] Johnston PA, Battilana CA, Lacy FB, Jamison RL. Evidence for a
concentration gradient favoring outward movement of sodium
from the thin loop of Henle. J Clin Invest 1977;59:234�40.

[81] Gottschalk CW, Mylle M. Micropuncture study of the mamma-
lian urinary concentrating mechanism: evidence for the coun-
tercurrent hypothesis. Am J Physiol 1959;196:927�36.

[82] Marsh DJ, Azen SP. Mechanism of NaCl reabsorption by ham-
ster thin ascending limbs of Henle’s loop. Am J Physiol
1975;228:71�9.

[83] Sanjana VM, Johnston PA, Deen WM, Robertson CR, Brenner
BM, Jamison RL. Hydraulic and oncotic pressure measure-
ments in inner medulla of mammalian kidney. Am J Physiol
1975;228:1921�6.

[84] Sanjana VM, Johnston PA, Robertson CR, Jamison RL. An
examination of transcapillary water flux in renal inner
medulla. Am J Physiol 1976;231:313�8.

[85] Edwards A, Pallone TL. A multiunit model of solute and water
removal by inner medullary vasa recta. Am J Physiol 1998;274:
H1202�10.

[86] Pallone TL, Yagil Y, Jamison RL. Effect of small-solute gradi-
ents on transcapillary fluid movement in renal inner medulla.
Am J Physiol 1989;257:F547�53.

[87] Thurau K, Sugiura T, Lilienfield LS. Micropuncture of renal
vasa recta in hydropenic hamsters. Circ Res 1960;8:383.

[88] Zimmerhackl B, Robertson CR, Jamison RL. Fluid uptake in
the renal papilla by vasa recta estimated by two methods
simultaneously. Am J Physiol 1985;248:F347�53.

[89] Landis EM, Pappenheimer JR. Exchange of substances through
the capillary wall. Handbook of physiology. Circulation.
Washington: Am. Physiol. Soc; 1963962�1034.

[90] Pallone TL, Morgenthaler TI, Deen WM. Analysis of microvas-
cular water and solute exchanges in the renal medulla. Am J
Physiol 1984;247:F303�15.

[91] Kedem O, Katchalsky A. Thermodynamic analysis of the per-
meability of biological membranes to non-electrolytes. Biochim
Biophys Acta 1958;27:229�46.

[92] Pallone TL. Effect of sodium chloride gradients on water flux
in rat descending vasa recta. J Clin Invest 1991;87:12�9.

[93] Nielsen S, Pallone T, Smith BL, Christensen EI, Agre P,
Maunsbach AB. Aquaporin-1 water channels in short and long
loop descending thin limbs and in descending vasa recta in rat
kidney. Am J Physiol 1995;268:F1023�37.

[94] Nielsen S, Smith BL, Christensen EI, Agre P. Distribution
of the aquaporin CHIP in secretory and resorptive

epithelia and capillary endothelia. Proc Natl Acad Sci U S A
1993;90:7275�9.

[95] Edwards A, Pallone TL. Facilitated transport in vasa recta: the-
oretical effects on solute exchange in the medullary microcircu-
lation. Am J Physiol 1997;272:F505�14.

[96] Turner MR, Pallone TL. Hydraulic and diffusional permeabil-
ities of isolated outer medullary descending vasa recta from
the rat. Am J Physiol 1997;272:H392�400.

[97] Fleming I. Cytochrome P450 epoxygenases as EDHF synthase
(s). Pharmacol Res 2004;49:525�33.

[98] Layton AT. Role of UTB urea transporters in the urine concen-
trating mechanism of the rat kidney. Bull Math Biol
2007;69:887�929.

[99] Promeneur D, Bankir L, Hu MC, Trinh-Trang-Tan MM. Renal
tubular and vascular urea transporters: influence of antidiure-
tic hormone on messenger RNA expression in Brattleboro rats.
J Am Soc Nephrol 1998;9:1359�66.

[100] Yang B, Bankir L. Urea and urine concentrating ability: new
insights from studies in mice. Am J Physiol Renal Physiol
2005;288:F881�96.

[101] Yang B, Verkman AS. Urea transporter UT3 functions as an
efficient water channel. Direct evidence for a common water/
urea pathway. J Biol Chem 1998;273:9369�72.

[102] Zhang W, Edwards A. Theoretical effects of UTB urea trans-
porters in the renal medullary microcirculation. Am J Physiol
Renal Physiol 2003;285:F731�47.

[103] Koepsell H, Nicholson WA, Kriz W, Hohling HJ.
Measurements of exponential gradients of sodium and chlo-
rine in the rat kidney medulla using the electron microprobe.
Pflugers Arch 1974;350:167�84.

[104] Wang W, Michel CC. Effects of anastomoses on solute transca-
pillary exchange in countercurrent systems. Microcirculation
1997;4:381�90.

[105] Wang W, Parker KH, Michel CC. Theoretical studies of steady-
state transcapillary exchange in countercurrent systems.
Microcirculation 1996;3:301�11.

[106] Chou CL, Knepper MA. In vitro perfusion of chinchilla thin
limb segments: segmentation and osmotic water permeability.
Am J Physiol 1992;263:F417�26.

[107] Chou CL, Nielsen S, Knepper MA. Structural�functional cor-
relation in chinchilla long loop of Henle thin limbs: a novel
papillary subsegment. Am J Physiol 1993;265:F863�74.

[108] Edwards A, Delong MJ, Pallone TL. Interstitial water and sol-
ute recovery by inner medullary vasa recta. Am J Physiol
Renal Physiol 2000;278:F257�69.

[109] Thomas SR. Cycles and separations in a model of the renal
medulla. Am J Physiol 1998;275:F671�90.

[110] Pallone TL, Nielsen S, Silldorff EP, Yang S. Diffusive transport
of solute in the rat medullary microcirculation. Am J Physiol
1995;269:F55�63.

[111] Pallone TL, Work J, Myers RL, Jamison RL. Transport of
sodium and urea in outer medullary descending vasa recta.
J Clin Invest 1994;93:212�22.

[112] Pallone TL. Characterization of the urea transporter in outer
medullary descending vasa recta. Am J Physiol 1994;267:
R260�7.

[113] Promeneur D, Rousselet G, Bankir L, Bailly P, Cartron JP,
Ripoche P, et al. Evidence for distinct vascular and tubular urea
transporters in the rat kidney. J Am Soc Nephrol 1996;7:852�60.

[114] Bankir L, Chen K, Yang B. Lack of UT-B in vasa recta and red
blood cells prevents urea-induced improvement of urinary con-
centrating ability. Am J Physiol Renal Physiol 2004;286:F144�51.

[115] Shayakul C, Knepper MA, Smith CP, DiGiovanni SR, Hediger
MA. Segmental localization of urea transporter mRNAs in rat
kidney. Am J Physiol 1997;272:F654�60.

840 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[116] Shayakul C, Steel A, Hediger MA. Molecular cloning and char-
acterization of the vasopressin-regulated urea transporter of
rat kidney collecting ducts. J Clin Invest 1996;98:2580�7.

[117] Xu Y, Olives B, Bailly P, Fischer E, Ripoche P, Ronco P, et al.
Endothelial cells of the kidney vasa recta express the urea
transporter HUT11. Kidney Int 1997;51:138�46.

[118] Yang B, Bankir L, Gillespie A, Epstein CJ, Verkman AS. Urea-
selective concentrating defect in transgenic mice lacking urea
transporter UT-B. J Biol Chem 2002;277:10633�7.

[119] Sands JM. Renal urea transporters. Curr Opin Nephrol
Hypertens 2004;13:525�32.

[120] Trinh-Trang-Tan MM, Lasbennes F, Gane P, Roudier N,
Ripoche P, Cartron JP, et al. UT-B1 proteins in rat: tissue distri-
bution and regulation by antidiuretic hormone in kidney. Am J
Physiol Renal Physiol 2002;283:F912�22.

[121] Kim D, Klein JD, Racine S, Murrell BP, Sands JM. Urea may
regulate urea transporter protein abundance during osmotic
diuresis. Am J Physiol Renal Physiol 2005;288:F188�97.

[122] Jung JY, Madsen KM, Han KH, Yang CW, Knepper MA,
Sands JM, et al. Expression of urea transporters in potassium-
depleted mouse kidney. Am J Physiol Renal Physiol 2003;285:
F1210�24.

[123] Klein JD, Gunn RB, Roberts BR, Sands JM. Down-regulation of
urea transporters in the renal inner medulla of lithium-fed
rats. Kidney Int 2002;61:995�1002.

[124] Li C, Klein JD, Wang W, Knepper MA, Nielsen S, Sands JM, et al.
Altered expression of urea transporters in response to ureteral
obstruction. Am J Physiol Renal Physiol 2004;286:F1154�62.

[125] Lim SW, Li C, Sun BK, Han KH, Kim WY, Oh YW, et al. Long-
term treatment with cyclosporine decreases aquaporins and
urea transporters in the rat kidney. Am J Physiol Renal Physiol
2004;287:F139�51.

[126] Macey RI, Yousef LW. Osmotic stability of red cells in renal
circulation requires rapid urea transport. Am J Physiol
1988;254:C669�74.

[127] Pallone TL. Resistance of ascending vasa recta to transport of
water. Am J Physiol 1991;260:F303�10.

[128] Pallone TL. Molecular sieving of albumin by the ascending
vasa recta wall. J Clin Invest 1992;90:30�4.

[129] Pallone TL. Transport of sodium chloride and water in rat
ascending vasa recta. Am J Physiol 1991;261:F519�25.

[130] Morgan T, Berliner RW. Permeability of the loop of Henle,
vasa recta, and collecting duct to water, urea, and sodium. Am
J Physiol 1968;215:108�15.

[131] Bell RD, Keyl MJ, Shrader FR, Jones EW, Henry LP. Renal lym-
phatics: the internal distribution. Nephron 1968;5:454�63.

[132] LeBrie SJ. Renal peritubular capillary permeability to macro-
molecules. Am J Physiol 1967;213:1225�32.

[133] Renkin EM. Capillary transport of macromolecules: pores and
other endothelial pathways. J Appl Physiol 1985;58:315�25.

[134] Lassen NA, Longley JB, Lilienfield LS. Concentration of albu-
min in renal papilla. Science 1958;128:720�1.

[135] Lilienfield LS, Maganzini HC, Bauer MH. Blood flow in the
renal medulla. Circ Res 1961;9:614�7.

[136] Slotkoff LM, Lilienfield LS. Extravascular renal albumin. Am J
Physiol 1967;212:400�6.

[137] Carone FA, Everett BA, Blondeel NJ, Stolarczyk J. Renal locali-
zation of albumin and its function in the concentrating mecha-
nism. Am J Physiol 1967;212:387�93.

[138] Pomerantz RM, Slotkoff LM, Lilienfield LS. Histochemical and
microanatomical differences between renal cortical and medul-
lary interstitium. In: Kass EH, editor. Progress in pyelonephri-
tis. Philadelphia: F.A. Davis Co.; 1965. p. 434�525.

[139] Moffat DB. Extravascular protein in the renal medulla. Q J Exp
Physiol Cogn Med Sci 1969;54:60�7.

[140] Wilde WS, Vorburger C. Albumin multiplier in kidney vasa
recta analyzed by microspectrophotometry of T-1824. Am J
Physiol 1967;213:1233�43.

[141] Venkatachalam MA, Karnovsky MJ. Extravascular protein in
the kidney. An ultrastructural study of its relation to renal
peritubular capillary permeability using protein tracers. Lab
Invest 1972;27:435�44.

[142] Shimamura T, Morrison AB. Vascular permeability of the renal
medullary vessels in the mouse and rat. Am J Pathol
1973;71:155�63.

[143] Pallone TL. Extravascular protein in the renal medulla: analy-
sis by two methods. Am J Physiol 1994;266:R1429�36.

[144] Pinter GG, Shohet JL. Two fluid compartments in the renal inner
medulla: a view through the keyhole of the concentrating pro-
cess. Philos Transact A Math Phys Eng Sci 2006;364:1551�61.

[145] Pinter GG, Shohet JL. An inner medullary concentrating pro-
cess actuated by renal pelvic/calyceal muscle contractions:
assessment and hypothesis. Nephron Physiol 2009;113:1�6.

[146] Fahraeus R. The suspension stability of blood. Physiol Rev
1929;9:241�74.

[147] Lilienfield LS, Rose JC, Lassen NA. Diverse distribution of red
cells and albumin in the dog kidney. Circ Res 1958;6:810�5.

[148] Rasmussen SN. Red cell and plasma volume flows to the inner
medulla of the rat kidney: determinations by means of a step
function input indicator technique. Pflugers Arch 1978;373:153�9.

[149] Zimmerhackl B, Dussel R, Steinhausen M. Erythrocyte flow
and dynamic hematocrit in the renal papilla of the rat. Am J
Physiol 1985;249:F898�902.

[150] Gaehtgens P. Flow of blood through narrow capillaries:
Rheological mechanisms determining capillary hematocrit and
apparent viscosity. Biorheology 1980;17:183�9.

[151] Pries AR, Ley K, Gaehtgens P. Generalization of the Fahraeus
principle for microvessel networks. Am J Physiol 1986;251:
H1324�32.

[152] Ren Y, Garvin JL, Liu R, Carretero OA. Crosstalk between the
connecting tubule and the afferent arteriole regulates renal
microcirculation. Kidney Int 2007;71:1116�21.

[153] Ren Y, Garvin JL, Liu R, Carretero OA. Possible mechanism of
efferent arteriole (Ef-Art) tubuloglomerular feedback. Kidney
Int 2007;71:861�6.

[154] Aukland K, Bower BF, Berliner RW. Measurement of local
blood flow with hydrogen gas. Circ Res 1964;14:164�87.

[155] Balint P, Bartha J, Fekete A. Intrarenal distribution of blood
flow in the dog. Acta Physiol Acad Sci Hung 1969;36:1�11.

[156] Bayle F, Eloy L, Trinh-Trang-Tan MM, Grunfeld JP, Bankir L.
Papillary plasma flow in rats. I. Relation to urine osmolality in
normal and Brattleboro rats with hereditary diabetes insipidus.
Pflugers Arch 1982;394:211�6.

[157] Chou SY, Spitalewitz S, Faubert PF, Park IY, Porush JG. Inner
medullary hemodynamics in chronic salt-depleted dogs. Am J
Physiol 1984;246:F146�54.

[158] Chuang EL, Reineck HJ, Osgood RW, Kunau Jr RT, Stein JH.
Studies on the mechanism of reduced urinary osmolality after
exposure of renal papilla. J Clin Invest 1978;61:633�9.

[159] Coelho JB. Heterogeneity of intracortical peritubular plasma
flow in the rat kidney. Am J Physiol 1977;233:F333�41.

[160] Faubert PF, Chou SY, Porush JG. Regulation of papillary
plasma flow by angiotensin II. Kidney Int 1987;32:472�8.

[161] Ganguli M, Tobian L, Azar S, O’Donnell M. Evidence that
prostaglandin synthesis inhibitors increase the concentration
of sodium and chloride in rat renal medulla. Circ Res 1977;40:
I135�9.

[162] Ganguli M, Tobian L, Dahl L. Low renal papillary plasma flow
in both Dahl and Kyoto rats with spontaneous hypertension.
Circ Res 1976;39:337�41.

841REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[163] Harsing L, Pelley K. [The determination of renal medullary
blood flow based on Rb-86 deposit and distribution]. Pflugers
Arch Gesamte Physiol Menschen Tiere 1965;285:302�12.

[164] Karlberg L, Kallskog O, Ojteg G, Wolgast M. Renal medullary
blood flow studied with the 86-Rb extraction method.
Methodological considerations. Acta Physiol Scand
1982;115:11�8.

[165] Kramer K, Thurau K, Deetjen P. [Hemodynamics of kidney
medullary substance. Part I. Capillary passage time, blood vol-
ume, circulation, tissue hematocrit and oxygen consumption of
kidney medullary substance in situ.]. Pflugers Arch Gesamte
Physiol Menschen Tiere 1960;270:251�69.

[166] Lilienfield LS, Maganzini HC, Bauer MH. Renal medullary
blood flow. Fed Proc 1960;19:363�5.

[167] Roman RJ, Smits C. Laser-Doppler determination of papillary
blood flow in young and adult rats. Am J Physiol 1986;251:
F115�24.

[168] Solez K, Kramer EC, Fox JA, Heptinstall RH. Medullary
plasma flow and intravascular leukocyte accumulation in acute
renal failure. Kidney Int 1974;6:24�37.

[169] Steiner SH, King RD. Nutrient renal blood flow and its distri-
bution in the unanesthetized dog. J Surg Res 1970;10:133�46.

[170] Thorburn GD, Kopald HH, Herd JA, Hollenberg M,
O’Morchoe CC, Barger AC. Intrarenal distribution of nutrient
blood flow determined with krypton 85 in the unanesthetized
dog. Circ Res 1963;13:290�307.

[171] Thurau K. Renal hemodynamics. Am J Med 1964;36:698�719.
[172] Wolgast M. Studies on the regional renal blood flow with p32-

labelled red cells and small beta-sensitive semiconductor
detectors. Acta Physiol Scand Suppl 1968;313:1�109.

[173] Yarger WE, Boyd MA, Schrader NW. Evaluation of methods of
measuring glomerular and nutrient blood flow in rat kidneys.
Am J Physiol 1978;235:H592�600.

[174] Pallone TL. The extraglomerular circulation of the kidney.
In: Seldin DW, Giebisch G, editors. The kidney: physiology
and pathophysiology. Philadelphia, PA: Lippincott Williams
and Wilkins; 2000. p. 791�822.

[175] Zimmerhackl B, Tinsman J, Jamison RL, Robertson CR. Use of
digital cross-correlation for on-line determination of single-
vessel blood flow in the mammalian kidney. Microvasc Res
1985;30:63�74.

[176] Yamamoto T, Tada T, Brodsky SV, Tanaka H, Noiri E, Kajiya F,
et al. Intravital videomicroscopy of peritubular capillaries in
renal ischemia. Am J Physiol Renal Physiol 2002;282:F1150�5.

[177] Hayashi K, Wakino S, Sugano N, Ozawa Y, Homma K,
Saruta T. Ca21 channel subtypes and pharmacology in the
kidney. Circ Res 2007;100:342�53.

[178] Draijer M, Hondebrink E, van LT, Steenbergen W. Review of
laser speckle contrast techniques for visualizing tissue perfu-
sion. Lasers Med Sci 2009;24:639�51.

[179] Humeau A, Steenbergen W, Nilsson H, Stromberg T. Laser-
Doppler perfusion monitoring and imaging: novel approaches.
Med Biol Eng Comput 2007;45:421�35.

[180] Correas JM, Claudon M, Tranquart F, Helenon AO. The
kidney: imaging with microbubble contrast agents. Ultrasound
Q 2006;22:53�66.

[181] Sullivan JC, Wang B, Boesen EI, D’Angelo G, Pollock JS,
Pollock DM. Novel use of ultrasound to examine regional
blood flow in the mouse kidney. Am J Physiol Renal Physiol
2009;297:F228�35.

[182] Gussis GL, Jamison RL, Robertson CR. Determination of eryth-
rocyte velocities in the mammalian inner renal medulla by a
video velocity-tracking system. Microvasc Res 1979;18:370�83.

[183] Stern MD, Bowen PD, Parma R, Osgood RW, Bowman RL,
Stein JH. Measurement of renal cortical and medullary blood

flow by laser-Doppler spectroscopy in the rat. Am J Physiol
1979;236:F80�7.

[184] Fenoy FJ, Roman RJ. Effect of volume expansion on papillary
blood flow and sodium excretion. Am J Physiol 1991;260:
F813�22.

[185] Aukland K. Methods for measuring renal blood flow: total
flow and regional distribution. Annu Rev Physiol
1980;42:543�55.

[186] Carmines PK, Fleming JT. Control of the renal microvascula-
ture by vasoactive peptides. FASEB J 1990;4:3300�9.

[187] Pallone TL, Work J, Jamison RL. Resistance of descending vasa
recta to the transport of water. Am J Physiol 1990;259:F688�97.

[188] Roman RJ, Carmines PK, Loutzenhiser R, Conger JD. Direct
studies on the control of the renal microcirculation. J Am Soc
Nephrol 1991;2:136�49.

[189] Burg M, Grantham J, Abramow M, Orloff J. Preparation and
study of fragments of single rabbit nephrons. Am J Physiol
1966;210:1293�8.

[190] Pallone TL. Microdissected perfused vessels. Methods Mol
Med 2003;86:443�56.

[191] Osgood RW, Patton M, Hanley MJ, Venkatachalam M, Reineck
HJ, Stein JH. In vitro perfusion of the isolated dog glomerulus.
Am J Physiol 1983;244:F349�54.

[192] Edwards RM. Segmental effects of norepinephrine and angio-
tensin II on isolated renal microvessels. Am J Physiol 1983;244:
F526�34.

[193] Ito S, Arima S, Ren YL, Juncos LA, Carretero OA.
Endothelium-derived relaxing factor/nitric oxide modulates
angiotensin II action in the isolated microperfused rabbit affer-
ent but not efferent arteriole. J Clin Invest 1993;91:2012�9.

[194] Ito S, Johnson CS, Carretero OA. Modulation of angiotensin II-
induced vasoconstriction by endothelium-derived relaxing fac-
tor in the isolated microperfused rabbit afferent arteriole.
J Clin Invest 1991;87:1656�63.

[195] Ito S, Juncos LA, Nushiro N, Johnson CS, Carretero OA.
Endothelium-derived relaxing factor modulates endothelin
action in afferent arterioles. Hypertension 1991;17:1052�6.

[196] Ito S, Ren Y. Evidence for the role of nitric oxide in macula
densa control of glomerular hemodynamics. J Clin Invest
1993;92:1093�8.

[197] Hansen PB, Hashimoto S, Briggs J, Schnermann J. Attenuated
renovascular constrictor responses to angiotensin II in adeno-
sine 1 receptor knockout mice. Am J Physiol Regul Integr
Comp Physiol 2003;285:R44�9.

[198] Pallone TL. Vasoconstriction of outer medullary vasa recta by
angiotensin II is modulated by prostaglandin E2. Am J Physiol
1994;266:F850�7.

[199] Newby AC, Henderson AH. Stimulus-secretion coupling in
vascular endothelial cells. Annu Rev Physiol 1990;52:661�74.

[200] Buckley BJ, Mirza Z, Whorton AR. Regulation of Ca(21)-depen-
dent nitric oxide synthase in bovine aortic endothelial cells.
Am J Physiol 1995;269:C757�65.

[201] Martin W, Villani GM, Jothianandan D, Furchgott RF. Selective
blockade of endothelium-dependent and glyceryl trinitrate-
induced relaxation by hemoglobin and by methylene blue in
the rabbit aorta. J Pharmacol Exp Ther 1985;232:708�16.

[202] Casellas D, Navar LG. In vitro perfusion of juxtamedullary
nephrons in rats. Am J Physiol 1984;246:F349�58.

[203] Steinhausen M, Ballantyne D, Fretschner M, Parekh N. Sex dif-
ferences in autoregulation of juxtamedullary glomerular blood
flow in hydronephrotic rats. Am J Physiol 1990;258:F863�9.

[204] Steinhausen M, Kucherer H, Parekh N, Weis S, Wiegman DL,
Wilhelm KR. Angiotensin II control of the renal micro-
circulation: effect of blockade by saralasin. Kidney Int
1986;30:56�61.

842 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[205] Carmines PK, Morrison TK, Navar LG. Angiotensin II effects
on microvascular diameters of in vitro blood-perfused juxtame-
dullary nephrons. Am J Physiol 1986;251:F610�8.

[206] Hansen PB, Jensen BL, Andreasen D, Skott O. Differential
expression of T- and L-type voltage-dependent calcium chan-
nels in renal resistance vessels. Circ Res 2001;89:630�8.

[207] Loutzenhiser R, Hayashi K, Epstein M. Divergent effects of
KCl-induced depolarization on afferent and efferent arterioles.
Am J Physiol 1989;257:F561�4.

[208] Conger JD, Falk SA. KCl and angiotensin responses in isolated
rat renal arterioles: effects of diltiazem and low-calcium
medium. Am J Physiol 1993;264:F134�40.

[209] Inscho EW, Mason MJ, Schroeder AC, Deichmann PC, Stiegler
KD, Imig JD. Agonist-induced calcium regulation in freshly
isolated renal microvascular smooth muscle cells. J Am Soc
Nephrol 1997;8:569�79.

[210] Loutzenhiser R, Chilton L, Trottier G. Membrane potential
measurements in renal afferent and efferent arterioles: actions
of angiotensin II. Am J Physiol 1997;273:F307�14.

[211] Arendshorst WJ, Brannstrom K, Ruan X. Actions of angioten-
sin II on the renal microvasculature. J Am Soc Nephrol 1999;10
(Suppl. 11):S149�61.

[212] Helou CM, Marchetti J. Morphological heterogeneity of renal
glomerular arterioles and distinct [Ca21]i responses to ANG II.
Am J Physiol 1997;273:F84�96.

[213] Inscho EW, Schroeder AC, Deichmann PC, Imig JD. ATP-
mediated Ca21 signaling in preglomerular smooth muscle
cells. Am J Physiol 1999;276:F450�6.

[214] Iversen BM, Arendshorst WJ. ANG II and vasopressin stimu-
late calcium entry in dispersed smooth muscle cells of preglo-
merular arterioles. Am J Physiol 1998;274:F498�508.

[215] Loutzenhiser K, Loutzenhiser R. Angiotensin II-induced Ca(21)
influx in renal afferent and efferent arterioles: differing roles of
voltage-gated and store-operated Ca(21) entry. Circ Res
2000;87:551�7.

[216] Carmines PK, Navar LG. Disparate effects of Ca channel block-
ade on afferent and efferent arteriolar responses to ANG II.
Am J Physiol 1989;256:F1015�20.

[217] Fleming JT, Parekh N, Steinhausen M. Calcium antagonists
preferentially dilate preglomerular vessels of hydronephrotic
kidney. Am J Physiol 1987;253:F1157�63.

[218] Loutzenhiser R, Epstein M, Horton C. Inhibition by diltiazem
of pressure-induced afferent vasoconstriction in the isolated
perfused rat kidney. Am J Cardiol 1987;59:72A�5A.

[219] Loutzenhiser RD, Epstein M, Fischetti F, Horton C. Effects
of amlodipine on renal hemodynamics. Am J Cardiol
1989;64:122I�7I.

[220] Navar LG, Inscho EW, Imig JD, Mitchell KD. Heterogeneous
activation mechanisms in the renal microvasculature. Kidney
Int Suppl 1998;67:S17�21.

[221] Takenaka T, Ohno Y, Hayashi K, Saruta T, Suzuki H.
Governance of arteriolar oscillation by ryanodine receptors.
Am J Physiol Regul Integr Comp Physiol 2003;285:R125�31.

[222] Carmines PK, Ohishi K, Ikenaga H. Functional impairment of
renal afferent arteriolar voltage-gated calcium channels in rats
with diabetes mellitus. J Clin Invest 1996;98:2564�71.

[223] Fellner SK, Arendshorst WJ. Store-operated Ca21 entry is exag-
gerated in fresh preglomerular vascular smooth muscle cells of
SHR. Kidney Int 2002;61:2132�41.

[224] Iversen BM, Arendshorst WJ. Exaggerated Ca21 signaling in
preglomerular arteriolar smooth muscle cells of genetically
hypertensive rats. Am J Physiol 1999;276:F260�70.

[225] Hansen PB, Jensen BL, Andreasen D, Friis UG, Skott O.
Vascular smooth muscle cells express the alpha(1A) subunit of
a P-/Q-type voltage-dependent Ca(21) channel, and it is

functionally important in renal afferent arterioles. Circ Res
2000;87:896�902.

[226] Jensen BL, Friis UG, Hansen PB, Andreasen D, Uhrenholt T,
Schjerning J, et al. Voltage-dependent calcium channels in
the renal microcirculation. Nephrol Dial Transplant
2004;19:1368�73.

[227] Ozawa Y, Hayashi K, Nagahama T, Fujiwara K, Saruta T.
Effect of T-type selective calcium antagonist on renal microcir-
culation: studies in the isolated perfused hydronephrotic kid-
ney. Hypertension 2001;38:343�7.

[228] Ozawa Y, Hayashi K, Nagahama T, Fujiwara K, Wakino S,
Saruta T. Renal afferent and efferent arteriolar dilation by nil-
vadipine: studies in the isolated perfused hydronephrotic kid-
ney. J Cardiovasc Pharmacol 1999;33:243�7.

[229] Salomonsson M, Sorensen CM, Arendshorst WJ, Steendahl J,
Holstein-Rathlou NH. Calcium handling in afferent arterioles.
Acta Physiol Scand 2004;181:421�9.

[230] Rhinehart K, Zhang Z, Pallone TL. Ca(21) signaling and mem-
brane potential in descending vasa recta pericytes and endo-
thelia. Am J Physiol Renal Physiol 2002;283:F852�60.

[231] Zhang Z, Rhinehart K, Pallone TL. Membrane potential con-
trols calcium entry into descending vasa recta pericytes. Am J
Physiol Regul Integr Comp Physiol 2002;283:R949�57.

[232] Feng MG, Navar LG. Angiotensin II-mediated constriction of
afferent and efferent arterioles involves T-type Ca channel acti-
vation. Am J Nephrol 2004;24:641�8.

[233] Hayashi K, Ozawa Y, Wakino S, Kanda T, Homma K,
Takamatsu I, et al. Cellular mechanism for mibefradil-induced
vasodilation of renal microcirculation: studies in the isolated
perfused hydronephrotic kidney. J Cardiovasc Pharmacol
2003;42:697�702.

[234] Gordienko DV, Clausen C, Goligorsky MS. Ionic currents and
endothelin signaling in smooth muscle cells from rat renal
resistance arteries. Am J Physiol 1994;266:F325�41.

[235] Hall DA, Carmines PK, Sansom SC. Dihydropyridine-sensitive
Ca(21) channels in human glomerular mesangial cells. Am J
Physiol Renal Physiol 2000;278:F97�103.

[236] Zhang Z, Lin H, Cao C, Khurana S, Pallone TL. Voltage gated
divalent currents in descending vasa recta pericytes. Am J
Physiol Renal Physiol 2010.

[237] Feng MG, Li M, Navar LG. T-type calcium channels in the reg-
ulation of afferent and efferent arterioles in rats. Am J Physiol
Renal Physiol 2004;286:F331�7.

[238] Feng MG, Navar LG. Nitric oxide synthase inhibition activates
L- and T-type Ca21 channels in afferent and efferent arterioles.
Am J Physiol Renal Physiol 2006;290:F873�9.

[239] Honda M, Hayashi K, Matsuda H, Kubota E, Tokuyama H,
Okubo K, et al. Divergent renal vasodilator action of L- and T-
type calcium antagonists in vivo. J Hypertens 2001;19:2031�7.

[240] Hart P, Bakris GL. Calcium antagonists: do they equally
protect against kidney injury? Kidney Int 2008;73:795�6.

[241] Saruta T, Kanno Y, Hayashi K, Konishi K. Antihypertensive
agents and renal protection: calcium channel blockers. Kidney
Int Suppl 1996;55:S52�6.

[242] Sasaki H, Saiki A, Endo K, Ban N, Yamaguchi T, Kawana H, et al.
Protective effects of efonidipine, a T- and L-type calcium channel
blocker, on renal function and arterial stiffness in type 2 diabetic
patients with hypertension and nephropathy. J Atheroscler
Thromb 2009;16:568�75.

[243] Parekh AB. Store-operated Ca21 entry: dynamic interplay
between endoplasmic reticulum, mitochondria and plasma
membrane. J Physiol 2003;547:333�48.

[244] Cioffi DL, Barry C, Stevens T. Store-operated calcium entry
channels in pulmonary endothelium: the emerging story of
TRPCS and Orai1. Adv Exp Med Biol 2010;661:137�54.

843REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[245] Putney Jr JW. Capacitative calcium entry: sensing the calcium
stores. J Cell Biol 2005;169:381�2.

[246] Putney JW. Capacitative calcium entry: from concept to mole-
cules. Immunol Rev 2009;231:10�22.

[247] Vaca L. SOCIC: the store-operated calcium influx complex.
Cell Calcium 2010;47:199�209.

[248] Fellner SK, Arendshorst WJ. Angiotensin II-stimulated Ca21

entry mechanisms in afferent arterioles: role of transient recep-
tor potential canonical channels and reverse Na1/Ca21

exchange. Am J Physiol Renal Physiol 2008;294:F212�9.
[249] Clapham DE. TRP channels as cellular sensors. Nature

2003;426:517�24.
[250] Fellner SK, Arendshorst WJ. Capacitative calcium entry in

smooth muscle cells from preglomerular vessels. Am J Physiol
1999;277:F533�42.

[251] Takenaka T, Suzuki H, Okada H, Inoue T, Kanno Y, Ozawa Y,
et al. Transient receptor potential channels in rat renal
microcirculation: actions of angiotensin II. Kidney Int
2002;62:558�65.

[252] Ma R, Smith S, Child A, Carmines PK, Sansom SC. Store-
operated Ca(21) channels in human glomerular mesangial
cells. Am J Physiol Renal Physiol 2000;278:F954�61.

[253] Li WP, Tsiokas L, Sansom SC, Ma R. Epidermal growth factor
activates store-operated Ca21 channels through an inositol
1,4,5-trisphosphate-independent pathway in human glomeru-
lar mesangial cells. J Biol Chem 2004;279:4570�7.

[254] Ma R, Sansom SC. Epidermal growth factor activates store-
operated calcium channels in human glomerular mesangial
cells. J Am Soc Nephrol 2001;12:47�53.

[255] Ma R, Kudlacek PE, Sansom SC. Protein kinase C-alpha parti-
cipates in activation of store-operated Ca21 channels in human
glomerular mesangial cells. Am J Physiol Cell Physiol
2002;283:C1390�8.

[256] Ma R, Pluznick J, Kudlacek P, Sansom SC. Protein kinase C
activates store-operated Ca(21) channels in human glomerular
mesangial cells. J Biol Chem 2001;276:25759�65.

[257] Wang X, Pluznick JL, Wei P, Padanilam BJ, Sansom SC. TRPC4
forms store-operated Ca21 channels in mouse mesangial cells.
Am J Physiol Cell Physiol 2004;287:C357�64.

[258] Lee-Kwon W, Wade JB, Zhang Z, Pallone TL, Weinman EJ.
Expression of TRPC4 channel protein that interacts with
NHERF-2 in rat descending vasa recta. Am J Physiol Cell
Physiol 2005;288:C942�9.

[259] Kitamura K, Yamazaki J. Chloride channels and their func-
tional roles in smooth muscle tone in the vasculature. Jpn J
Pharmacol 2001;85:351�7.

[260] Large WA, Wang Q. Characteristics and physiological role of
the Ca(21)-activated Cl2 conductance in smooth muscle. Am J
Physiol 1996;271:C435�54.

[261] Duran C, Thompson CH, Xiao Q, Hartzell HC. Chloride chan-
nels: often enigmatic, rarely predictable. Annu Rev Physiol
2010;72:95�121.

[262] Hartzell HC, Yu K, Xiao Q, Chien LT, Qu Z. Anoctamin/
TMEM16 family members are Ca21-activated Cl2 channels.
J Physiol 2009;587:2127�39.

[263] Carmines PK. Segment-specific effect of chloride channel
blockade on rat renal arteriolar contractile responses to angio-
tensin II. Am J Hypertens 1995;8:90�4.

[264] Hansen PB, Friis UG, Uhrenholt TR, Briggs J, Schnermann J.
Intracellular signalling pathways in the vasoconstrictor
response of mouse afferent arterioles to adenosine. Acta
Physiol (Oxf) 2007;191:89�97.

[265] Hansen PB, Jensen BL, Skott O. Chloride regulates afferent
arteriolar contraction in response to depolarization.
Hypertension 1998;32:1066�70.

[266] Jensen BL, Ellekvist P, Skott O. Chloride is essential for con-
traction of afferent arterioles after agonists and potassium. Am
J Physiol 1997;272:F389�96.

[267] Takenaka T, Kanno Y, Kitamura Y, Hayashi K, Suzuki H,
Saruta T. Role of chloride channels in afferent arteriolar con-
striction. Kidney Int 1996;50:864�72.

[268] Pallone TL, Huang JM. Control of descending vasa recta peri-
cyte membrane potential by angiotensin II. Am J Physiol Renal
Physiol 2002;282:F1064�74.

[269] Pallone TL, Zhang Z, Rhinehart K. Physiology of the renal
medullary microcirculation. Am J Physiol Renal Physiol
2003;284:F253�66.

[270] Zhang Z, Huang JM, Turner MR, Rhinehart KL, Pallone TL.
Role of chloride in constriction of descending vasa recta by
angiotensin II. Am J Physiol Regul Integr Comp Physiol
2001;280:R1878�86.

[271] Edwards A, Pallone TL. Mechanisms underlying angiotensin
II-induced calcium oscillations. Am J Physiol Renal Physiol
2008;295:F568�84.

[272] Zhang Q, Cao C, Zhang Z, Wier WG, Edwards A, Pallone TL.
Membrane current oscillations in descending vasa recta peri-
cytes. Am J Physiol Renal Physiol 2008;294:F656�66.

[273] Lin H, Pallone TL, Cao C. Murine vasa recta pericyte chloride
conductance is controlled by calcium, depolarization
andkinase activity. Am J Physiol Regul Integr Comp Physiol
2010 .

[274] Pallone TL, Cao C, Zhang Z. Inhibition of K1 conductance in
descending vasa recta pericytes by ANG II. Am J Physiol
Renal Physiol 2004;287:F1213�22.

[275] Steendahl J, Holstein-Rathlou NH, Sorensen CM,
Salomonsson M. Effects of chloride channel blockers on rat
renal vascular responses to angiotensin II and norepineph-
rine. Am J Physiol Renal Physiol 2004;286:F323�30.

[276] Nelson MT, Quayle JM. Physiological roles and properties of
potassium channels in arterial smooth muscle. Am J Physiol
1995;268:C799�822.

[277] Quayle JM, Nelson MT, Standen NB. ATP-sensitive and
inwardly rectifying potassium channels in smooth muscle.
Physiol Rev 1997;77:1165�232.

[278] Busse R, Edwards G, Feletou M, Fleming I, Vanhoutte PM,
Weston AH. EDHF: bringing the concepts together. Trends
Pharmacol Sci 2002;23:374�80.

[279] Popp R, Brandes RP, Ott G, Busse R, Fleming I. Dynamic mod-
ulation of interendothelial gap junctional communication by
11,12-epoxyeicosatrienoic acid. Circ Res 2002;90:800�6.

[280] Quilley J, Fulton D, McGiff JC. Hyperpolarizing factors.
Biochem Pharmacol 1997;54:1059�70.

[281] Betts LC, Kozlowski RZ. Electrophysiological effects of
endothelin-1 and their relationship to contraction in rat renal
arterial smooth muscle. Br J Pharmacol 2000;130:787�96.

[282] Fergus DJ, Martens JR, England SK. Kv channel subunits that
contribute to voltage-gated K1 current in renal vascular
smooth muscle. Pflugers Arch 2003;445:697�704.

[283] Gebremedhin D, Kaldunski M, Jacobs ER, Harder DR, Roman
RJ. Coexistence of two types of Ca(21)-activated K1 channels in
rat renal arterioles. Am J Physiol 1996;270:F69�81.

[284] Gelband CH, Hume JR. Ionic currents in single smooth muscle
cells of the canine renal artery. Circ Res 1992;71:745�58.

[285] Gelband CH, Ishikawa T, Post JM, Keef KD, Hume JR.
Intracellular divalent cations block smooth muscle K1 chan-
nels. Circ Res 1993;73:24�34.

[286] Prior HM, Yates MS, Beech DJ. Functions of large conductance
Ca21-activated (BKCa), delayed rectifier (KV) and background
K1 channels in the control of membrane potential in rabbit
renal arcuate artery. J Physiol 1998;511(Pt 1):159�69.

844 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[287] Martens JR, Gelband CH. Alterations in rat interlobar artery
membrane potential and K1 channels in genetic and nonge-
netic hypertension. Circ Res 1996;79:295�301.

[288] Martens JR, Gelband CH. Ion channels in vascular smooth
muscle: alterations in essential hypertension. Proc Soc Exp Biol
Med 1998;218:192�203.

[289] Prior HM, Yates MS, Beech DJ. Role of K1 channels in A2A
adenosine receptor-mediated dilation of the pressurized renal
arcuate artery. Br J Pharmacol 1999;126:494�500.

[290] Ma YH, Gebremedhin D, Schwartzman ML, Falck JR, Clark JE,
Masters BS, et al. 20-Hydroxyeicosatetraenoic acid is an endog-
enous vasoconstrictor of canine renal arcuate arteries. Circ Res
1993;72:126�36.

[291] Maier KG, Roman RJ. Cytochrome P450 metabolites of arachi-
donic acid in the control of renal function. Curr Opin Nephrol
Hypertens 2001;10:81�7.

[292] Zou AP, Fleming JT, Falck JR, Jacobs ER, Gebremedhin D,
Harder DR, et al. 20-HETE is an endogenous inhibitor of the
large-conductance Ca(21)-activated K1 channel in renal arter-
ioles. Am J Physiol 1996;270:R228�37.

[293] Sun CW, Falck JR, Harder DR, Roman RJ. Role of tyrosine
kinase and PKC in the vasoconstrictor response to 20-HETE in
renal arterioles. Hypertension 1999;33:414�8.

[294] Sun CW, Alonso-Galicia M, Taheri MR, Falck JR, Harder DR,
Roman RJ. Nitric oxide-20-hydroxyeicosatetraenoic acid inter-
action in the regulation of K1 channel activity and vascular
tone in renal arterioles. Circ Res 1998;83:1069�79.

[295] Imig JD, Dimitropoulou C, Reddy DS, White RE, Falck JR.
Afferent arteriolar dilation to 11,12-EET analogs involves PP2A
activity and Ca21-activated K1 channels. Microcirculation
2008;15:137�50.

[296] Kaide JI, Zhang F, Wei Y, Jiang H, Yu C, Wang WH, et al.
Carbon monoxide of vascular origin attenuates the sensitivity
of renal arterial vessels to vasoconstrictors. J Clin Invest
2001;107:1163�71.

[297] Imig JD. Eicosanoid regulation of the renal vasculature. Am J
Physiol Renal Physiol 2000;279:F965�81.

[298] Wang D, Borrego-Conde LJ, Falck JR, Sharma KK, Wilcox CS,
Umans JG. Contributions of nitric oxide, EDHF, and EETs to
endothelium-dependent relaxation in renal afferent arterioles.
Kidney Int 2003;63:2187�93.

[299] Zou AP, Fleming JT, Falck JR, Jacobs ER, Gebremedhin D,
Harder DR, et al. Stereospecific effects of epoxyeicosatrienoic
acids on renal vascular tone and K(1)-channel activity. Am J
Physiol 1996;270:F822�32.

[300] Alonso-Galicia M, Sun CW, Falck JR, Harder DR, Roman RJ.
Contribution of 20-HETE to the vasodilator actions of nitric
oxide in renal arteries. Am J Physiol 1998;275:F370�8.

[301] Li L, Wu J, Jiang C. Differential expression of Kir6.1 and
SUR2B mRNAs in the vasculature of various tissues in rats.
J Membr Biol 2003;196:61�9.

[302] Sun X, Cao K, Yang G, Huang Y, Hanna ST, Wang R.
Selective expression of Kir6.1 protein in different vascular
and non-vascular tissues. Biochem Pharmacol 2004;67:147�56.

[303] Wang X, Trottier G, Loutzenhiser R. Determinants of renal
afferent arteriolar actions of bradykinin: evidence that multiple
pathways mediate responses attributed to EDHF. Am J Physiol
Renal Physiol 2003;285:F540�9.

[304] Chilton L, Loutzenhiser K, Morales E, Breaks J, Kargacin GJ,
Loutzenhiser R. Inward rectifier K(1) currents and Kir2.1
expression in renal afferent and efferent arterioles. J Am Soc
Nephrol 2008;19:69�76.

[305] Chilton L, Loutzenhiser R. Functional evidence for an inward
rectifier potassium current in rat renal afferent arterioles. Circ
Res 2001;88:152�8.

[306] Eckman DM, Nelson MT. Potassium ions as vasodilators: role
of inward rectifier potassium channels. Circ Res 2001;88:132�3.

[307] Leichtle A, Rauch U, Albinus M, Benohr P, Kalbacher H, Mack
AF, et al. Electrophysiological and molecular characterization
of the inward rectifier in juxtaglomerular cells from rat kidney.
J Physiol 2004;560:365�76.

[308] Fallet RW, Bast JP, Fujiwara K, Ishii N, Sansom SC, Carmines
PK. Influence of Ca(21)-activated K(1) channels on rat renal
arteriolar responses to depolarizing agonists. Am J Physiol
Renal Physiol 2001;280:F583�91.

[309] Kirton CA, Loutzenhiser R. Alterations in basal protein kinase
C activity modulate renal afferent arteriolar myogenic reactiv-
ity. Am J Physiol 1998;275:H467�75.

[310] Loutzenhiser RD, Parker MJ. Hypoxia inhibits myogenic reac-
tivity of renal afferent arterioles by activating ATP-sensitive
K1 channels. Circ Res 1994;74:861�9.

[311] Reslerova M, Loutzenhiser R. Divergent mechanisms of ATP-
sensitive K1 channel-induced vasodilation in renal afferent
and efferent arterioles. Evidence of L-type Ca21 channel-
dependent and -independent actions of pinacidil. Circ Res
1995;77:1114�20.

[312] Reslerova M, Loutzenhiser R. Renal microvascular actions of
calcitonin gene-related peptide. Am J Physiol 1998;274:
F1078�85.

[313] Tang L, Parker M, Fei Q, Loutzenhiser R. Afferent arteriolar
adenosine A2a receptors are coupled to KATP in in vitro per-
fused hydronephrotic rat kidney. Am J Physiol 1999;277:
F926�33.

[314] Russ U, Rauch U, Quast U. Pharmacological evidence for a
KATP channel in renin-secreting cells from rat kidney.
J Physiol 1999;517(Pt 3):781�90.

[315] Metzger F, Quast U. Binding of [3H]-P1075, an opener of ATP-
sensitive K1 channels, to rat glomerular preparations. Naunyn
Schmiedebergs Arch Pharmacol 1996;354:452�9.

[316] Troncoso Brindeiro CM, Fallet RW, Lane PH, Carmines PK.
Potassium channel contributions to afferent arteriolar tone in
normal and diabetic rat kidney. Am J Physiol Renal Physiol
2008;295:F171�8.

[317] Marchetti J, Praddaude F, Rajerison R, Ader JL, Alhenc-
Gelas F. Bradykinin attenuates the [Ca(21)](i) response to
angiotensin II of renal juxtamedullary efferent arterioles via
an EDHF. Br J Pharmacol 2001;132:749�59.

[318] Cao C, Goo JH, Lee-Kwon W, Pallone TL. Vasa recta pericytes
express a strong inward rectifier K1 conductance. Am J
Physiol Regul Integr Comp Physiol 2006;290:R1601�7.

[319] Cao C, Lee-Kwon W, Payne K, Edwards A, Pallone TL.
Descending vasa recta endothelia express inward rectifier
potassium channels. Am J Physiol Renal Physiol 2007;293:
F1248�55.

[320] Stockand JD, Sansom SC. Glomerular mesangial cells: electro-
physiology and regulation of contraction. Physiol Rev
1998;78:723�44.

[321] Barber RD, Woolf AS, Henderson RM. Potassium conduc-
tances and proliferation in conditionally immortalized renal
glomerular mesangial cells from the H-2Kb-tsA58 transgenic
mouse. Biochim Biophys Acta 1997;1355:191�203.

[322] Szamosfalvi B, Cortes P, Alviani R, Asano K, Riser BL,
Zasuwa G, et al. Putative subunits of the rat mesangial
KATP: a type 2B sulfonylurea receptor and an inwardly rec-
tifying K1 channel. Kidney Int 2002;61:1739�49.

[323] Grimm PR, Sansom SC. BK channels in the kidney. Curr Opin
Nephrol Hypertens 2007;16:430�6.

[324] Matsunaga H, Yamashita N, Miyajima Y, Okuda T, Chang H,
Ogata E, et al. Ion channel activities of cultured rat mesangial
cells. Am J Physiol 1991;261:F808�14.

845REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[325] Sansom SC, Stockand JD. Physiological role of large, Ca21-acti-
vated K1 channels in human glomerular mesangial cells. Clin
Exp Pharmacol Physiol 1996;23:76�82.

[326] Stockand JD, Sansom SC. Large Ca(21)-activated K1 channels
responsive to angiotensin II in cultured human mesangial cells.
Am J Physiol 1994;267:C1080�6.

[327] Stockand JD, Sansom SC. Activation by methylene blue of
large Ca(21)-activated K1 channels. Biochim Biophys Acta
1996;1285:123�6.

[328] Stockand JD, Sansom SC. Role of large Ca(21)-activated K1

channels in regulation of mesangial contraction by nitroprus-
side and ANP. Am J Physiol 1996;270:C1773�9.

[329] Stockand JD, Silverman M, Hall D, Derr T, Kubacak B, Sansom
SC. Arachidonic acid potentiates the feedback response of
mesangial BKCa channels to angiotensin II. Am J Physiol
1998;274:F658�64.

[330] Sansom SC, Ma R, Carmines PK, Hall DA. Regulation of
Ca(21)-activated K(1) channels by multifunctional Ca(21)/
calmodulin-dependent protein kinase. Am J Physiol Renal
Physiol 2000;279:F283�8.

[331] Cermak R, Kleta R, Forssmann WG, Schlatter E. Natriuretic
peptides increase a K1 conductance in rat mesangial cells.
Pflugers Arch 1996;431:571�7.

[332] Kudlacek PE, Pluznick JL, Ma R, Padanilam B, Sansom SC.
Role of hbeta1 in activation of human mesangial BK channels
by cGMP kinase. Am J Physiol Renal Physiol 2003;285:F289�94.

[333] Sansom SC, Stockand JD, Hall D, Williams B. Regulation of
large calcium-activated potassium channels by protein phos-
phatase 2A. J Biol Chem 1997;272:9902�6.

[334] Foutz RM, Grimm PR, Sansom SC. Insulin increases the activ-
ity of mesangial BK channels through MAPK signaling. Am J
Physiol Renal Physiol 2008;294:F1465�72.

[335] Dhein S. Peptides acting at gap junctions. Peptides
2002;23:1701�9.

[336] De Wit C. Connexins pave the way for vascular communica-
tion. News Physiol Sci 2004;19:148�53.

[337] Evans WH, Martin PE. Gap junctions: structure and function
(Review). Mol Membr Biol 2002;19:121�36.

[338] Figueroa XF, Isakson BE, Duling BR. Connexins: gaps in our
knowledge of vascular function. Physiology (Bethesda)
2004;19:277�84.

[339] De Wit C, Roos F, Bolz SS, Kirchhoff S, Kruger O, Willecke K,
et al. Impaired conduction of vasodilation along arterioles in
connexin40-deficient mice. Circ Res 2000;86:649�55.

[340] De Wit C, Roos F, Bolz SS, Pohl U. Lack of vascular connexin
40 is associated with hypertension and irregular arteriolar
vasomotion. Physiol Genomics 2003;13:169�77.

[341] Figueroa XF, Paul DL, Simon AM, Goodenough DA, Day KH,
Damon DN, et al. Central role of connexin40 in the propaga-
tion of electrically activated vasodilation in mouse cremasteric
arterioles in vivo. Circ Res 2003;92:793�800.

[342] Liao Y, Day KH, Damon DN, Duling BR. Endothelial cell-
specific knockout of connexin 43 causes hypotension and bra-
dycardia in mice. Proc Natl Acad Sci USA 2001;98:9989�94.

[343] Earley S, Resta TC, Walker BR. Disruption of smooth muscle
gap junctions attenuates myogenic vasoconstriction of mesen-
teric resistance arteries. Am J Physiol Heart Circ Physiol
2004;287:H2677�86.

[344] Arensbak B, Mikkelsen HB, Gustafsson F, Christensen T,
Holstein-Rathlou NH. Expression of connexin 37, 40, and
43 mRNA and protein in renal preglomerular arterioles.
Histochem Cell Biol 2001;115:479�87.

[345] Braunstein TH, Sorensen CM, Holstein-Rathlou NH. Connexin
abundance in resistance vessels from the renal microcirculation
in normo- and hypertensive rats. APMIS 2009;117:268�76.

[346] Gustafsson F, Mikkelsen HB, Arensbak B, Thuneberg L,
Neve S, Jensen LJ, et al. Expression of connexin 37, 40 and 43
in rat mesenteric arterioles and resistance arteries. Histochem
Cell Biol 2003;119:139�48.

[347] Hwan SK, Beyer EC. Heterogeneous localization of connexin40
in the renal vasculature. Microvasc Res 2000;59:140�8.

[348] Just A, Kurtz L, de WC, Wagner C, Kurtz A, Arendshorst WJ.
Connexin 40 mediates the tubuloglomerular feedback contri-
bution to renal blood flow autoregulation. J Am Soc Nephrol
2009;20:1577�85.

[349] Silverstein DM, Thornhill BA, Leung JC, Vehaskari VM,
Craver RD, Trachtman HA, et al. Expression of connexins in
the normal and obstructed developing kidney. Pediatr
Nephrol 2003;18:216�24.

[350] Takenaka T, Inoue T, Kanno Y, Okada H, Hill CE, Suzuki H.
Connexins 37 and 40 transduce purinergic signals mediating
renal autoregulation. Am J Physiol Regul Integr Comp Physiol
2008;294:R1�11.

[351] Takenaka T, Inoue T, Kanno Y, Okada H, Meaney KR, Hill CE,
et al. Expression and role of connexins in the rat renal vascula-
ture. Kidney Int 2008;73:415�22.

[352] Zhang J, Hill CE. Differential connexin expression in preglo-
merular and postglomerular vasculature: accentuation during
diabetes. Kidney Int 2005;68:1171�85.

[353] Karagiannis J, Rand M, Li CG. Role of gap junctions in endo-
thelium-derived hyperpolarizing factor-mediated vasodilata-
tion in rat renal artery. Acta Pharmacol Sin 2004;25:1031�7.

[354] Udosen IT, Jiang H, Hercule HC, Oyekan AO. Nitric
oxide�epoxygenase interactions and arachidonate-induced
dilation of rat renal microvessels. Am J Physiol Heart Circ
Physiol 2003;285:H2054�63.

[355] Salomonsson M, Gustafsson F, Andreasen D, Jensen BL,
Holstein-Rathlou NH. Local electric stimulation causes con-
ducted calcium response in rat interlobular arteries. Am J
Physiol Renal Physiol 2002;283:F473�80.

[356] Haefliger JA, Krattinger N, Martin D, Pedrazzini T, Capponi
A, Doring B, et al. Connexin43-dependent mechanism modu-
lates renin secretion and hypertension. J Clin Inves
2006;116:405�13.

[357] Kurtz L, Gerl M, Kriz W, Wagner C, Kurtz A. Replacement of
connexin 40 by connexin 45 causes ectopic localization of
renin-producing cells in the kidney but maintains in vivo con-
trol of renin gene expression. Am J Physiol Renal Physiol
2009;297:F403�9.

[358] Kurtz L, Madsen K, Kurt B, Jensen BL, Walter S, Banas B, et al.
High-level connexin expression in the human juxtaglomerular
apparatus. Nephron Physiol 2010;116:1�8.

[359] Kurtz L, Schweda F, De Wit C, Kriz W, Witzgall R, Warth R,
et al. Lack of connexin 40 causes displacement of renin-pro-
ducing cells from afferent arterioles to the extraglomerular
mesangium. J Am Soc Nephrol 2007;18:1103�11.

[360] Barajas L, Liu L, Tucker M. Localization of connexin43 in rat
kidney. Kidney Int 1994;46:621�6.

[361] Guo R, Liu L, Barajas L. RT-PCR study of the distribution of
connexin 43 mRNA in the glomerulus and renal tubular seg-
ments. Am J Physiol 1998;275:R439�47.

[362] Hillis GS, Duthie LA, Mlynski R, McKay NG, Mistry S,
MacLeod AM, et al. The expression of connexin 43 in human
kidney and cultured renal cells. Nephron 1997;75:458�63.

[363] Haefliger J-A, Demotz S, Braissant O, Suter E, Waeber B,
Nicod P, et al. Connexins 40 and 43 are differentially regulated
within the kdineys of rats with renovascular hypertension.
Kidney Int 2001;60:190�201.

[364] Zhang Q, Cao C, Mangano M, Zhang Z, Silldorff EP,
Lee-Kwon W, et al. Descending vasa recta endothelium is an

846 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



electrical syncytium. Am J Physiol Regul Integr Comp Physiol
2006;291:R1688�99.

[365] Loutzenhiser R, Bidani AK, Wang X. Systolic pressure and the
myogenic response of the renal afferent arteriole. Acta Physiol
Scand 2004;181:407�13.

[366] Bell PD, Lapointe JY, Peti-Peterdi J. Macula densa cell signal-
ing. Annu Rev Physiol 2003;65:481�500.

[367] Bell PD, Lapointe JY, Sabirov R, Hayashi S, Peti-Peterdi J,
Manabe K, et al. Macula densa cell signaling involves ATP
release through a maxi anion channel. Proc Natl Acad Sci USA
2003;100:4322�7.

[368] Castrop H, Huang Y, Hashimoto S, Mizel D, Hansen P,
Theilig F, et al. Impairment of tubuloglomerular feedback reg-
ulation of GFR in ecto-50-nucleotidase/CD73-deficient mice.
J Clin Invest 2004;114:634�42.

[369] Komlosi P, Fintha A, Bell PD. Current mechanisms of macula
densa cell signalling. Acta Physiol Scand 2004;181:463�9.

[370] Ren Y, Garvin JL, Liu R, Carretero OA. Role of macula densa
adenosine triphosphate (ATP) in tubuloglomerular feedback.
Kidney Int 2004;66:1479�85.

[371] Schnermann J, Homer W. Smith Award lecture. The juxtaglo-
merular apparatus: from anatomical peculiarity to physiologi-
cal relevance. J Am Soc Nephrol 2003;14:1681�94.

[372] Granger JP, Alexander BT, Llinas M. Mechanisms of pressure
natriuresis. Curr Hypertens Rep 2002;4:152�9.

[373] Kaloyanides GJ, DiBona GF, Raskin P. Pressure natriuresis in
the isolated kidney. Am J Physiol 1971;220:1660�6.

[374] Haas JA, Granger JP, Knox FG. Effect of renal perfusion
pressure on sodium reabsorption from proximal tubules
of superficial and deep nephrons. Am J Physiol 1986;250:
F425�9.

[375] Roman RJ. Pressure-diuresis in volume-expanded rats.
Tubular reabsorption in superficial and deep nephrons.
Hypertension 1988;12:177�83.

[376] Khraibi AA, Haas JA, Knox FG. Effect of renal perfusion pres-
sure on renal interstitial hydrostatic pressure in rats. Am J
Physiol 1989;256:F165�70.

[377] Khraibi AA, Knox FG. Effect of renal decapsulation on renal
interstitial hydrostatic pressure and natriuresis. Am J Physiol
1989;257:R44�8.

[378] Garcia-Estan J, Roman RJ. Role of renal interstitial hydrostatic
pressure in the pressure diuresis response. Am J Physiol
1989;256:F63�70.

[379] Granger JP, Haas JA, Pawlowska D, Knox FG. Effect of direct
increases in renal interstitial hydrostatic pressure on sodium
excretion. Am J Physiol 1988;254:F527�32.

[380] Haas JA, Granger JP, Knox FG. Effect of intrarenal volume
expansion on proximal sodium reabsorption. Am J Physiol
1988;255:F1178�82.

[381] Cowley Jr AW. Role of the renal medulla in volume and arte-
rial pressure regulation. Am J Physiol 1997;273:R1�15.

[382] Cowley Jr AW, Mori T, Mattson D, Zou AP. Role of renal NO
production in the regulation of medullary blood flow. Am J
Physiol Regul Integr Comp Physiol 2003;284:R1355�69.

[383] Fenoy FJ, Ferrer P, Carbonell L, Garcia-Salom M. Role of nitric
oxide on papillary blood flow and pressure natriuresis.
Hypertension 1995;25:408�14.

[384] Mattson DL. Importance of the renal medullary circulation in
the control of sodium excretion and blood pressure. Am J
Physiol Regul Integr Comp Physiol 2003;284:R13�27.

[385] Mattson DL, Wu F. Control of arterial blood pressure and renal
sodium excretion by nitric oxide synthase in the renal medulla.
Acta Physiol Scand 2000;168:149�54.

[386] Cohen HJ, Marsh DJ, Kayser B. Autoregulation in vasa recta of
the rat kidney. Am J Physiol 1983;245:F32�40.

[387] Galskov A, Nissen OI. Autoregulation of directly measured
blood flows in the superficial and deep venous drainage areas
of the cat kidney. Circ Res 1972;30:97�103.

[388] Roman RJ, Cowley Jr AW, Garcia-Estan J, Lombard JH.
Pressure-diuresis in volume-expanded rats. Cortical and med-
ullary hemodynamics. Hypertension 1988;12:168�76.

[389] Mattson DL, Lu S, Roman RJ, Cowley Jr AW. Relationship
between renal perfusion pressure and blood flow in different
regions of the kidney. Am J Physiol 1993;264:R578�83.

[390] Cowley Jr AW. Control of the renal medullary circulation by
vasopressin V1 and V2 receptors in the rat. Exp Physiol
2000;85: Spec No:223S-231S

[391] Eppel GA, Bergstrom G, Anderson WP, Evans RG.
Autoregulation of renal medullary blood flow in rabbits. Am J
Physiol Regul Integr Comp Physiol 2003;284:R233�44.

[392] Majid DS, Godfrey M, Omoro SA. Pressure natriuresis and
autoregulation of inner medullary blood flow in canine kidney.
Hypertension 1997;29:210�5.

[393] Zhang Z, Pallone TL. Response of descending vasa recta to lumi-
nal pressure. Am J Physiol Renal Physiol 2004;287:F535�42.

[394] Dickhout JG, Mori T, Cowley Jr AW. Tubulovascular nitric
oxide crosstalk: buffering of angiotensin II-induced medullary
vasoconstriction. Circ Res 2002;91:487�93.

[395] Pallone TL, Silldorff EP, Zhang Z. Inhibition of calcium signal-
ing in descending vasa recta endothelia by ANG II. Am J
Physiol Heart Circ Physiol 2000;278:H1248�55.

[396] Silldorff EP, Kreisberg MS, Pallone TL. Adenosine modulates
vasomotor tone in outer medullary descending vasa recta of
the rat. J Clin Invest 1996;98:18�23.

[397] Silldorff EP, Yang S, Pallone TL. Prostaglandin E2 abrogates
endothelin-induced vasoconstriction in renal outer medullary
descending vasa recta of the rat. J Clin Invest 1995;95:2734�40.

[398] Racasan S, Joles JA, Boer P, Koomans HA, Braam B.
NO dependency of RBF and autoregulation in the spontane-
ously hypertensive rat. Am J Physiol Renal Physiol 2003;285:
F105�12.

[399] Roald AB, Ofstad J, Iversen BM. Attenuated buffering of renal
perfusion pressure variation in juxtamedullary cortex in SHR.
Am J Physiol Renal Physiol 2002;282:F506�11.

[400] Taniyama Y, Griendling KK. Reactive oxygen species in the
vasculature: molecular and cellular mechanisms. Hypertension
2003;42:1075�81.

[401] Feng MG, Dukacz SA, Kline RL. Selective effect of tempol on
renal medullary hemodynamics in spontaneously hypertensive
rats. Am J Physiol Regul Integr Comp Physiol 2001;281:
R1420�5.

[402] Bankir L. Antidiuretic action of vasopressin: quantitative
aspects and interaction between V1a and V2 receptor-mediated
effects. Cardiovasc Res 2001;51:372�90.

[403] Gussis GL, Robertson CR, Jamison RL. Erythrocyte velocity in
vasa recta: effect of antidiuretic hormone and saline loading.
Am J Physiol 1979;237:F326�32.

[404] Kiberd B, Robertson CR, Larson T, Jamison RL. Effect of V2-
receptor-mediated changes on inner medullary blood flow
induced by AVP. Am J Physiol 1987;253:F576�81.

[405] Zimmerhackl B, Robertson CR, Jamison RL. Effect of arginine
vasopressin on renal medullary blood flow. A videomicro-
scopic study in the rat. J Clin Invest 1985;76:770�8.

[406] Nakanishi K, Mattson DL, Gross V, Roman RJ, Cowley Jr AW.
Control of renal medullary blood flow by vasopressin V1 and
V2 receptors. Am J Physiol 1995;269:R193�200.

[407] Rajapakse NW, Roman RJ, Falck JR, Oliver JJ, Evans RG.
Modulation of V1-receptor-mediated renal vasoconstriction by
epoxyeicosatrienoic acids. Am J Physiol Regul Integr Comp
Physiol 2004;287:R181�7.

847REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[408] Harrison-Bernard LM, Carmines PK. Juxtamedullary micro-
vascular responses to arginine vasopressin in rat kidney. Am J
Physiol 1994;267:F249�56.

[409] Fallet RW, Ikenaga H, Bast JP, Carmines PK. Relative contribu-
tions of Ca21 mobilization and influx in renal arteriolar con-
tractile responses to arginine vasopressin. AJP - Renal
Physiology 2005;288:F545�51.

[410] Weihprecht H, Lorenz JN, Briggs JP, Schnermann J.
Vasoconstrictor effect of angiotensin and vasopressin in iso-
lated rabbit afferent arterioles. Am J Physiol 1991;261:F273�82.

[411] Edwards RM, Trizna W, Kinter LB. Renal microvascular effects
of vasopressin and vasopressin antagonists. Am J Physiol
1989;256:F274�8.

[412] Turner MR, Pallone TL. Vasopressin constricts outer medullary
descending vasa recta isolated from rat kidneys. Am J Physiol
1997;272:F147�51.

[413] Correia AG, Denton KM, Evans RG. Effects of activation of
vasopressin-V1-receptors on regional kidney blood flow and
glomerular arteriole diameters. J Hypertens 2001;19:649�57.

[414] Aki Y, Tamaki T, Kiyomoto H, He H, Yoshida H, Iwao H, et al.
Nitric oxide may participate in V2 vasopressin-receptor-medi-
ated renal vasodilation. J Cardiovasc Pharmacol 1994;23:
331�6.

[415] Liard JF. L-NAME antagonizes vasopressin V2-induced vaso-
dilatation in dogs. Am J Physiol 1994;266:H99�106.

[416] Naitoh M, Suzuki H, Murakami M, Matsumoto A, Ichihara A,
Nakamoto H, et al. Arginine vasopressin produces renal vaso-
dilation via V2 receptors in conscious dogs. Am J Physiol
1993;265:R934�42.

[417] Rudichenko VM, Beierwaltes WH. Arginine vasopressin-
induced renal vasodilation mediated by nitric oxide. J Vasc
Res 1995;32:100�5.

[418] Tamaki T, Kiyomoto K, He H, Tomohiro A, Nishiyama A,
Aki Y, et al. Vasodilation induced by vasopressin V2 receptor
stimulation in afferent arterioles. Kidney Int 1996;49:722�9.

[419] Park F, Mattson DL, Skelton MM, Cowley Jr AW. Localization
of the vasopressin V1a and V2 receptors within the renal corti-
cal and medullary circulation. Am J Physiol 1997;273:R243�51.

[420] Park F, Zou AP, Cowley Jr AW. Arginine vasopressin-
mediated stimulation of nitric oxide within the rat renal
medulla. Hypertension 1998;32:896�901.

[421] Mori T, Dickhout JG, Cowley Jr AW. Vasopressin increases
intracellular NO concentration via Ca(21) signaling in inner
medullary collecting duct. Hypertension 2002;39:465�9.

[422] O’Connor PM, Cowley Jr AW. Vasopressin-induced nitric
oxide production in rat inner medullary collecting duct is
dependent on V2 receptor activation of the phosphoinositide
pathway. Am J Physiol Renal Physiol 2007;293:F526�32.

[423] Evans RG, Madden AC, Denton KM. Diversity of responses of
renal cortical and medullary blood flow to vasoconstrictors in
conscious rabbits. Acta Physiol Scand 2000;169:297�308.

[424] Szentivanyi Jr M, Park F, Maeda CY, Cowley Jr AW. Nitric
oxide in the renal medulla protects from vasopressin-induced
hypertension. Hypertension 2000;35:740�5.

[425] Cao C, Edwards A, Sendeski M, Lee-Kwon W, Cui L, Cai CY,
et al. Intrinsic nitric oxide and superoxide production regulates
descending vasa recta contraction. Am J Physiol Renal Physiol
2010.

[426] Yuan BH, Robinette JB, Conger JD. Effect of angiotensin II and
norepinephrine on isolated rat afferent and efferent arterioles.
Am J Physiol 1990;258:F741�50.

[427] Harrison-Bernard LM, Carmines PK. Impact of cyclo-oxyge-
nase blockade on juxtamedullary microvascular responses to
angiotensin II in rat kidney. Clin Exp Pharmacol Physiol
1995;22:732�8.

[428] Cupples WA, Sakai T, Marsh DJ. Angiotensin II and prosta-
glandins in control of vasa recta blood flow. Am J Physiol
1988;254:F417�24.

[429] Goransson A, Sjoquist M, Ulfendahl HR. Superficial and juxta-
medullary nephron function during converting enzyme inhibi-
tion. Am J Physiol 1986;251:F25�33.

[430] Roman RJ, Kaldunski ML, Scicli AG, Carretero OA. Influence
of kinins and angiotensin II on the regulation of papillary
blood flow. Am J Physiol 1988;255:F690�8.

[431] Evans RG, Head GA, Eppel GA, Burke SL, Rajapakse NW.
Angiotensin II and neurohumoral control of the renal
medullary circulation. Clin Exp Pharmacol Physiol 2010;
37:e58�69.

[432] Mori T, Cowley Jr AW, Ito S. Molecular mechanisms and ther-
apeutic strategies of chronic renal injury: physiological role of
angiotensin II-induced oxidative stress in renal medulla.
J Pharmacol Sci 2006;100:2�8.

[433] Navar LG, Prieto-Carrasquero MC, Kobori H. Molecular
aspects of the renal renin�angiotensin system. In: Re R,
DiPette DJ, Schiffrin EL, Sowers JR, editors. Molecular mechan-
isms in hypertension. Taylor & Francis group. 2006. p. 3�14.

[434] Patzak A, Persson AE. Angiotensin II�nitric oxide interaction
in the kidney. Curr Opin Nephrol Hypertens 2007;16:46�51.

[435] Sadowski J, Badzynska B. Specific features and roles of renal
circulation: angiotensin II revisited. J Physiol Pharmacol
2006;57(Suppl. 11):169�78.

[436] Kohagura K, Arima S, Endo Y, Chiba Y, Ito O, Abe M, et al.
Involvement of cytochrome P450 metabolites in the vascular
action of angiotensin II on the afferent arterioles. Hypertens
Res 2001;24:551�7.

[437] Kohagura K, Endo Y, Ito O, Arima S, Omata K, Ito S.
Endogenous nitric oxide and epoxyeicosatrienoic acids modu-
late angiotensin II-induced constriction in the rabbit afferent
arteriole. Acta Physiol Scand 2000;168:107�12.

[438] Yang S, Silldorff EP, Pallone TL. Effect of norepinephrine and
acetylcholine on outer medullary descending vasa recta. Am J
Physiol 1995;269:H710�6.

[439] Matsuda H, Hayashi K, Arakawa K, Kubota E, Honda M,
Tokuyama H, et al. Distinct modulation of superficial and jux-
tamedullary arterioles by prostaglandin in vivo. Hypertens Res
2002;25:901�10.

[440] Silldorff EP, Pallone TL. Adenosine signaling in outer medul-
lary descending vasa recta. Am J Physiol Regul Integr Comp
Physiol 2001;280:R854�61.

[441] Tang L, Loutzenhiser K, Loutzenhiser R. Biphasic actions of
prostaglandin E(2) on the renal afferent arteriole: role of EP(3)
and EP(4) receptors. Circ Res 2000;86:663�70.

[442] Harrison-Bernard LM, Cook AK, Oliverio MI, Coffman TM.
Renal segmental microvascular responses to ANG II in AT1A
receptor null mice. Am J Physiol Renal Physiol 2003;284:
F538�45.

[443] Helou CM, Imbert-Teboul M, Doucet A, Rajerison R, Chollet C,
Alhenc-Gelas F, et al. Angiotensin receptor subtypes in thin
and muscular juxtamedullary efferent arterioles of rat kidney.
Am J Physiol Renal Physiol 2003;285:F507�14.

[444] Carey RM. Update on the role of the AT2 receptor. Curr Opin
Nephrol Hypertens 2005;14:67�71.

[445] Carey RM, Jin X, Wang Z, Siragy HM. Nitric oxide: a physio-
logical mediator of the type 2 (AT2) angiotensin receptor. Acta
Physiol Scand 2000;168:65�71.

[446] Arima S, Endo Y, Yaoita H, Omata K, Ogawa S, Tsunoda K,
et al. Possible role of P-450 metabolite of arachidonic acid in
vasodilator mechanism of angiotensin II type 2 receptor in
the isolated microperfused rabbit afferent arteriole. J Clin
Invest 1997;100:2816�23.

848 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[447] Patzak A, Kleinmann F, Lai EY, Kupsch E, Skelweit A,
Mrowka R. Nitric oxide counteracts angiotensin II induced
contraction in efferent arterioles in mice. Acta Physiol Scand
2004;181:439�44.

[448] Patzak A, Lai EY, Mrowka R, Steege A, Persson PB, Persson
AE. AT1 receptors mediate angiotensin II-induced release of
nitric oxide in afferent arterioles. Kidney Int 2004;66:1949�58.

[449] Endo Y, Arima S, Yaoita H, Omata K, Tsunoda K, Takeuchi K,
et al. Function of angiotensin II type 2 receptor in the postglo-
merular efferent arteriole. Kidney Int Suppl 1997;63:S205�7.

[450] Rhinehart K, Handelsman CA, Silldorff EP, Pallone TL. ANG
II AT2 receptor modulates AT1 receptor-mediated descending
vasa recta endothelial Ca21 signaling. Am J Physiol Heart Circ
Physiol 2003;284:H779�89.

[451] Zhang Z, Rhinehart K, Kwon W, Weinman E, Pallone TL. ANG
II signaling in vasa recta pericytes by PKC and reactive oxygen
species. Am J Physiol Heart Circ Physiol 2004;287:H773�81.

[452] Endo Y, Arima S, Yaoita H, Tsunoda K, Omata K, Ito S.
Vasodilation mediated by angiotensin II type 2 receptor is
impaired in afferent arterioles of young spontaneously hyper-
tensive rats. J Vasc Res 1998;35:421�7.

[453] Goto M, Mukoyama M, Sugawara A, Suganami T, Kasahara
M, Yahata K, et al. Expression and role of angiotensin II type 2
receptor in the kidney and mesangial cells of spontaneously
hypertensive rats. Hypertens Res 2002;25:125�33.

[454] Miyata N, Park F, Li XF, Cowley Jr AW. Distribution of angio-
tensin AT1 and AT2 receptor subtypes in the rat kidney. Am J
Physiol 1999;277:F437�46.

[455] Badzynska B, Grzelec-Mojzesowicz M, Dobrowolski L,
Sadowski J. Differential effect of angiotensin II on blood circu-
lation in the renal medulla and cortex of anaesthetised rats.
J Physiol 2002;538:159�66.

[456] Duke LM, Eppel GA, Widdop RE, Evans RG. Disparate roles
of AT2 receptors in the renal cortical and medullary circula-
tions of anesthetized rabbits. Hypertension 2003;42:200�5.

[457] Navar LG, Ichihara A, Chin SY, Imig JD. Nitric oxide-angioten-
sin II interactions in angiotensin II-dependent hypertension.
Acta Physiol Scand 2000;168:139�47.

[458] Szentivanyi Jr M, Zou AP, Mattson DL, Soares P, Moreno C,
Roman RJ, et al. Renal medullary nitric oxide deficit of Dahl S
rats enhances hypertensive actions of angiotensin II. Am J
Physiol Regul Integr Comp Physiol 2002;283:R266�72.

[459] Zou AP, Wu F, Cowley Jr AW. Protective effect of angiotensin
II-induced increase in nitric oxide in the renal medullary circu-
lation. Hypertension 1998;31:271�6.

[460] Mattson DL, Meister CJ. Renal cortical and medullary blood
flow responses to L-NAME and ANG II in wild-type, nNOS
null mutant, and eNOS null mutant mice. Am J Physiol Regul
Integr Comp Physiol 2005;289:R991�7.

[461] Gross V, Schunck WH, Honeck H, Milia AF, Kargel E, Walther
T, et al. Inhibition of pressure natriuresis in mice lacking the
AT2 receptor. Kidney Int 2000;57:191�202.

[462] Navar LG. The intrarenal renin�angiotensin system in hyper-
tension. Kidney Int 2004;65:1522�32.

[463] Navar LG, Nishiyama A. Why are angiotensin concentrations
so high in the kidney? Curr Opin Nephrol Hypertens
2004;13:107�15.

[464] Nishiyama A, Seth DM, Navar LG. Renal interstitial fluid
angiotensin I and angiotensin II concentrations during local
angiotensin-converting enzyme inhibition. J Am Soc Nephrol
2002;13:2207�12.

[465] Nishiyama A, Seth DM, Navar LG. Angiotensin II type 1
receptor-mediated augmentation of renal interstitial fluid
angiotensin II in angiotensin II-induced hypertension.
J Hypertens 2003;21:1897�903.

[466] Seikaly MG, Arant Jr BS, Seney Jr FD. Endogenous angiotensin
concentrations in specific intrarenal fluid compartments of the
rat. J Clin Invest 1990;86:1352�7.

[467] Cao C, Lee-Kwon W, Silldorff EP, Pallone TL. KATP channel
conductance of descending vasa recta pericytes. Am J Physiol
Renal Physiol 2005;289:F1235�45.

[468] Pallone TL, Turner MR. Ion channel architecture of the renal
microcirculation. Current Hypertension Reviews 2006;2:69�81.

[469] Edwards A, Layton AT. Nitric oxide and superoxide transport
in a cross-section of the rat outer medulla. I. Effects of low
medullary oxygen tension. Am J Physiol Renal Physiol 2010.

[470] Edwards A, Layton AT. Nitric oxide and superoxide transport
in a cross-section of the rat outer medulla. II. Reciprocal inter-
actions and tubulo-vascular cross-talk. Am J Physiol Renal
Physiol 2010.

[471] Zhang W, Edwards A. A model of nitric oxide tubulovascular
cross talk in a renal outer medullary cross section. Am J
Physiol Renal Physiol 2007;292:F711�22.

[472] Ferrario CM, Chappell MC. Novel angiotensin peptides. Cell
Mol Life Sci 2004;61:2720�7.

[473] Sampaio WO, Nascimento AA, Santos RA. Systemic and
regional hemodynamic effects of angiotensin-(1�7) in rats. Am
J Physiol Heart Circ Physiol 2003;284:H1985�94.

[474] Stegbauer J, Oberhauser V, Vonend O, Rump LC. Angiotensin-
(1�7) modulates vascular resistance and sympathetic neuro-
transmission in kidneys of spontaneously hypertensive rats.
Cardiovasc Res 2004;61:352�9.

[475] Santos RA, Simoes e Silva AC, Maric C, Silva DM, Machado
RP, de BI, et al. Angiotensin-(1�7) is an endogenous ligand for
the G protein-coupled receptor Mas. Proc Natl Acad Sci USA
2003;100:8258�63.

[476] Batlle D, Soler MJ, Wysocki J. New aspects of the renin�
angiotensin system: angiotensin-converting enzyme 2 � a
potential target for treatment of hypertension and diabetic
nephropathy. Curr Opin Nephrol Hypertens 2008;17:250�7.

[477] Chappell MC. Emerging evidence for a functional angiotensin-
converting enzyme 2-angiotensin-(1�7)-MAS receptor axis: more
than regulation of blood pressure? Hypertension 2007;50:596�9.

[478] Dilauro M, Burns KD. Angiotensin-(1�7) and its effects in the
kidney. Scientific World Journal 2009;9:522�35.

[479] Klar J, Vitzthum H, Kurtz A. Aldosterone enhances renin gene
expression in juxtaglomerular cells. Am J Physiol Renal
Physiol 2004;286:F349�55.

[480] Uhrenholt TR, Jensen BL, Skott O. Rapid nongenomic effect of
aldosterone on vasoconstriction. Hypertension 2004;43:e30.

[481] Schmidt BM, Oehmer S, Delles C, Bratke R, Schneider MP,
Klingbeil A, et al. Rapid nongenomic effects of aldosterone on
human forearm vasculature. Hypertension 2003;42:156�60.

[482] Arima S. Aldosterone and the kidney: rapid regulation of renal
microcirculation. Steroids 2006;71:281�5.

[483] Arima S. Rapid non-genomic vasoconstrictor actions of aldo-
sterone in the renal microcirculation. J Steroid Biochem Mol
Biol 2006;102:170�4.

[484] Arima S, Kohagura K, Xu HL, Sugawara A, Abe T, Satoh F, et
al. Nongenomic vascular action of aldosterone in the glomeru-
lar microcirculation. J Am Soc Nephrol 2003;14:2255�63.

[485] Arima S, Kohagura K, Xu HL, Sugawara A, Uruno A, Satoh F,
et al. Endothelium-derived nitric oxide modulates vascular
action of aldosterone in renal arteriole. Hypertension
2004;43:352�7.

[486] Brain SD, Grant AD. Vascular actions of calcitonin gene-related
peptide and adrenomedullin. Physiol Rev 2004;84:903�34.

[487] Bunton DC, Petrie MC, Hillier C, Johnston F, McMurray JJ.
The clinical relevance of adrenomedullin: a promising profile?
Pharmacol Ther 2004;103:179�201.

849REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[488] Hinson JP, Kapas S, Smith DM. Adrenomedullin, a multifunc-
tional regulatory peptide. Endocr Rev 2000;21:138�67.

[489] Nishimatsu H, Hirata Y, Shindo T, Kurihara H, Kakoki M,
Nagata D, et al. Role of endogenous adrenomedullin in the
regulation of vascular tone and ischemic renal injury: studies
on transgenic/knockout mice of adrenomedullin gene. Circ
Res 2002;90:657�63.

[490] Shindo T, Kurihara Y, Nishimatsu H, Moriyama N, Kakoki M,
Wang Y, et al. Vascular abnormalities and elevated blood pres-
sure in mice lacking adrenomedullin gene. Circulation
2001;104:1964�71.

[491] Nagata D, Hirata Y, Suzuki E, Kakoki M, Hayakawa H,
Goto A, et al. Hypoxia-induced adrenomedullin production
in the kidney. Kidney Int 1999;55:1259�67.

[492] Gardiner SM, Kemp PA, March JE, Bennett T. Regional haemo-
dynamic effects of human and rat adrenomedullin in conscious
rats. Br J Pharmacol 1995;114:584�91.

[493] Majid DS, Kadowitz PJ, Coy DH, Navar LG. Renal responses
to intra-arterial administration of adrenomedullin in dogs. Am
J Physiol 1996;270:F200�5.

[494] Minami K, Segawa K, Uezono Y, Shiga Y, Shiraishi M, Ogata J,
et al. Adrenomedullin inhibits the pressor effects and decrease
in renal blood flow induced by norepinephrine or angiotensin
II in anesthetized rats. Jpn J Pharmacol 2001;86:159�64.

[495] Hirata Y, Hayakawa H, Suzuki Y, Suzuki E, Ikenouchi H,
Kohmoto O, et al. Mechanisms of adrenomedullin-induced
vasodilation in the rat kidney. Hypertension 1995;25:790�5.

[496] Mori Y, Nishikimi T, Kobayashi N, Ono H, Kangawa K,
Matsuoka H. Long-term adrenomedullin infusion improves
survival in malignant hypertensive rats. Hypertension
2002;40:107�13.

[497] Nishikimi T, Mori Y, Kobayashi N, Tadokoro K, Wang X,
Akimoto K, et al. Renoprotective effect of chronic adrenome-
dullin infusion in Dahl salt-sensitive rats. Hypertension
2002;39:1077�82.

[498] Ito K, Yoshii H, Asano T, Seta K, Mizuguchi Y, Yamanaka M,
et al. Adrenomedullin increases renal nitric oxide production
and ameliorates renal injury in mice with unilateral ureteral
obstruction. J Urol 2010;183:1630�5.

[499] Oba S, Hino M, Fujita T. Adrenomedullin protects against oxi-
dative stress-induced podocyte injury as an endogenous anti-
oxidant. Nephrol Dial Transplant 2008;23:510�7.

[500] Bell D, McDermott BJ. Intermedin (adrenomedullin-2): a novel
counter-regulatory peptide in the cardiovascular and renal sys-
tems. Br J Pharmacol 2008;153(Suppl. 1):S247�62.

[501] Fujisawa Y, Nagai Y, Miyatake A, Miura K, Shokoji T,
Nishiyama A, et al. Roles of adrenomedullin 2 in regulating the
cardiovascular and sympathetic nervous systems in conscious
rats. Am J Physiol-Heart Circ Physiol 2006;290:H1120�7.

[502] FujisawaY, Nagai Y,MiyatakeA, Takei Y,Miura K, Shoukouji T,
et al. Renal effects of a new member of adrenomedullin family,
adrenomedullin2, in rats. Eur J Pharmacol 2004;497:75�80.

[503] Hagiwara M, Bledsoe G, Yang ZR, Smith Jr RS, Chao L,
Chao J. Intermedin ameliorates vascular and renal injury by
inhibition of oxidative stress. Am J Physiol Renal Physiol
2008;295:F1735�43.

[504] Hirose T, Totsune K, Mori N, Mori T, Morimoto R, Metoki H,
et al. Expression of adrenomedullin 2/intermedin, a possible
reno-protective peptide, is decreased in the kidneys of rats
with hypertension or renal failure. Am J Physiol Renal Physiol
2010;299:F128�34.

[505] Baylis C. Nitric oxide deficiency in chronic kidney disease.
Am J Physiol Renal Physiol 2008;294:F1�9.

[506] Cowley Jr AW. Renal medullary oxidative stress, pressure-
natriuresis, and hypertension. Hypertension 2008;52:777�86.

[507] Goligorsky MS, Brodsky SV, Noiri E. NO bioavailability, endo-
thelial dysfunction, and acute renal failure: new insights into
pathophysiology. Semin Nephrol 2004;24:316�23.

[508] Goligorsky MS, Li H, Brodsky S, Chen J. Relationships
between caveolae and eNOS: everything in proximity and the
proximity of everything. Am J Physiol Renal Physiol 2002;283:
F1�10.

[509] Kone BC. Nitric oxide synthesis in the kidney: isoforms,
biosynthesis, and functions in health. Semin Nephrol
2004;24:299�315.

[510] Kone BC, Baylis C. Biosynthesis and homeostatic roles of nitric
oxide in the normal kidney. Am J Physiol 1997;272:F561�78.

[511] Kone BC, Kuncewicz T, Zhang W, Yu ZY. Protein interactions
with nitric oxide synthases: controlling the right time, the right
place, and the right amount of nitric oxide. Am J Physiol Renal
Physiol 2003;285:F178�90.

[512] Majid DS, Navar LG. Nitric oxide in the control of renal
hemodynamics and excretory function. Am J Hypertens
2001;14:74S�82S.

[513] Mattson DL, Lu S, Cowley Jr AW. Role of nitric oxide in the
control of the renal medullary circulation. Clin Exp Pharmacol
Physiol 1997;24:587�90.

[514] Pallone TL, Mattson DL. Role of nitric oxide in regulation
of the renal medulla in normal and hypertensive kidneys.
Curr Opin Nephrol Hypertens 2002;11:93�8.

[515] Wilcox CS. Effects of tempol and redox-cycling nitroxides in
models of oxidative stress. Pharmacol Ther 2010;126:119�45.

[516] Wilcox CS, Pearlman A. Chemistry and antihypertensive
effects of tempol and other nitroxides. Pharmacol Rev
2008;60:418�69.

[517] Zou AP, Cowley Jr AW. Reactive oxygen species and molecu-
lar regulation of renal oxygenation. Acta Physiol Scand
2003;179:233�41.

[518] Mattson DL, Wu F. Nitric oxide synthase activity and isoforms
in rat renal vasculature. Hypertension 2000;35:337�41.

[519] Kakoki M, Kim HS, Arendshorst WJ, Mattson DL. L-Arginine
uptake affects nitric oxide production and blood flow in the
renal medulla. Am J Physiol Regul Integr Comp Physiol
2004;287:R1478�85.

[520] Kakoki M, Wang W, Mattson DL. Cationic amino acid trans-
port in the renal medulla and blood pressure regulation.
Hypertension 2002;39:287�92.

[521] Wu F, Cholewa B, Mattson DL. Characterization of L-arginine
transporters in rat renal inner medullary collecting duct. Am J
Physiol Regul Integr Comp Physiol 2000;278:R1506�12.

[522] Zewde T, Wu F, Mattson DL. Influence of dietary NaCl on
L-arginine transport in the renal medulla. Am J Physiol Regul
Integr Comp Physiol 2004;286:R89�93.

[523] Palm F, Onozato ML, Luo Z, Wilcox CS. Dimethylarginine
dimethylaminohydrolase (DDAH): expression, regulation, and
function in the cardiovascular and renal systems. Am J Physiol
Heart Circ Physiol 2007;293:H3227�45.

[524] Teerlink T, Luo Z, Palm F, Wilcox CS. Cellular ADMA: regula-
tion and action. Pharmacol Res 2009;60:448�60.

[525] Tojo A, Welch WJ, Bremer V, Kimoto M, Kimura K, Omata M,
et al. Colocalization of demethylating enzymes and NOS and
functional effects of methylarginines in rat kidney. Kidney Int
1997;52:1593�601.

[526] Wang D, Gill PS, Chabrashvili T, Onozato ML, Raggio J,
Mendonca M, et al. Isoform-specific regulation by NG,NG-
dimethylarginine dimethylaminohydrolase of rat serum asym-
metric dimethylarginine and vascular endothelium-derived
relaxing factor/NO. Circ Res 2007;101:627�35.

[527] Wang D, Strandgaard S, Iversen J, Wilcox CS. Asymmetric
dimethylarginine, oxidative stress, and vascular nitric oxide

850 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



synthase in essential hypertension. Am J Physiol Regul Integr
Comp Physiol 2009;296:R195�200.

[528] Beierwaltes WH, Sigmon DH, Carretero OA. Endothelium
modulates renal blood flow but not autoregulation. Am J
Physiol 1992;262:F943�9.

[529] Majid DS, Williams A, Navar LG. Inhibition of nitric oxide
synthesis attenuates pressure-induced natriuretic responses in
anesthetized dogs. Am J Physiol 1993;264:F79�87.

[530] Imig JD, Gebremedhin D, Harder DR, Roman RJ. Modulation
of vascular tone in renal microcirculation by erythrocytes: role
of EDRF. Am J Physiol 1993;264:H190�5.

[531] Imig JD, Roman RJ. Nitric oxide modulates vascular tone in
preglomerular arterioles. Hypertension 1992;19:770�4.

[532] Juncos LA, Ito S, Carretero OA, Garvin JL. Removal of endo-
thelium-dependent relaxation by antibody and complement in
afferent arterioles. Hypertension 1994;23:I54�9.

[533] Hoffend J, Cavarape A, Endlich K, Steinhausen M. Influence of
endothelium-derived relaxing factor on renal microvessels and
pressure-dependent vasodilation. Am J Physiol 1993;265:
F285�92.

[534] Larson TS, Lockhart JC. Restoration of vasa recta hemodynam-
ics and pressure natriuresis in SHR by L-arginine. Am J
Physiol 1995;268:F907�12.

[535] Kakoki M, Kim HS, Edgell CJ, Maeda N, Smithies O, Mattson
DL. Amino acids as modulators of endothelium-derived nitric
oxide. Am J Physiol Renal Physiol 2006;291:F297�304.

[536] Rajapakse NW, De MC, Das S, Mattson DL. Exogenous L-
arginine ameliorates angiotensin II-induced hypertension and
renal damage in rats. Hypertension 2008;52:1084�90.

[537] Rajapakse NW, Mattson DL. Role of L-arginine in nitric oxide
production in health and hypertension. Clin Exp Pharmacol
Physiol 2009;36:249�55.

[538] Mattson DL, Lu S, Nakanishi K, Papanek PE, Cowley Jr AW.
Effect of chronic renal medullary nitric oxide inhibition on
blood pressure. Am J Physiol 1994;266:H1918�26.

[539] Nakanishi K, Mattson DL, Cowley Jr AW. Role of renal medul-
lary blood flow in the development of L-NAME hypertension
in rats. Am J Physiol 1995;268:R317�23.

[540] Biondi ML, Dousa T, Vanhoutte P, Romero JC. Evidence for
the existence of endothelium-derived relaxing factor in the
renal medulla. Am J Hypertens 1990;3:876�8.

[541] McKee M, Scavone C, Nathanson JA. Nitric oxide, cGMP, and
hormone regulation of active sodium transport. Proc Natl
Acad Sci USA 1994;91:12056�60.

[542] Moridani BA, Kline RL. Effect of endogenous L-arginine on
the measurement of nitric oxide synthase activity in the rat
kidney. Can J Physiol Pharmacol 1996;74:1210�4.

[543] Zou AP, Cowley Jr AW. Nitric oxide in renal cortex and
medulla. An in vivo microdialysis study. Hypertension
1997;29:194�8.

[544] Miyata N, Cowley Jr AW. Renal intramedullary infusion of L-
arginine prevents reduction of medullary blood flow and hyper-
tension in Dahl salt-sensitive rats. Hypertension 1999;33:446�50.

[545] Miyata N, Zou AP, Mattson DL, Cowley Jr AW. Renal medul-
lary interstitial infusion of L-arginine prevents hypertension in
Dahl salt-sensitive rats. Am J Physiol 1998;275:R1667�73.

[546] Kakoki M, Zou AP, Mattson DL. The influence of nitric oxide
synthase 1 on blood flow and interstitial nitric oxide in the kid-
ney. Am J Physiol Regul Integr Comp Physiol 2001;281:R91�7.

[547] Mattson DL, Bellehumeur TG. Neural nitric oxide synthase
in the renal medulla and blood pressure regulation.
Hypertension 1996;28:297�303.

[548] Mattson DL, Maeda CY, Bachman TD, Cowley Jr AW.
Inducible nitric oxide synthase and blood pressure.
Hypertension 1998;31:15�20.

[549] Mattson DL, Meister CJ. Sodium sensitivity of arterial blood
pressure in L-NAME hypertensive but not eNOS knockout
mice. Am J Hypertens 2006;19:327�9.

[550] Garvin JL, Ortiz PA. The role of reactive oxygen species in the
regulation of tubular function. Acta Physiol Scand
2003;179:225�32.

[551] Ortiz PA, Garvin JL. Role of nitric oxide in the regulation of
nephron transport. Am J Physiol Renal Physiol 2002;282:
F777�84.

[552] Ortiz PA, Garvin JL. Superoxide stimulates NaCl absorption
by the thick ascending limb. Am J Physiol Renal Physiol
2002;283:F957�62.

[553] Szentivanyi Jr M, Zou AP, Maeda CY, Mattson DL, Cowley Jr
AW. Increase in renal medullary nitric oxide synthase activity
protects from norepinephrine-induced hypertension.
Hypertension 2000;35:418�23.

[554] Zou AP, Cowley Jr AW. Alpha2-adrenergic receptor-mediated
increase in NO production buffers renal medullary vasocon-
striction. Am J Physiol Regul Integr Comp Physiol 2000;279:
R769�77.

[555] Yuan B, Cowley Jr AW. Evidence that reduced renal medullary
nitric oxide synthase activity of Dahl S rats enables small ele-
vations of arginine vasopressin to produce sustained hyperten-
sion. Hypertension 2001;37:524�8.

[556] Heyman SN, Rosen S, Darmon D, Goldfarb M, Bitz H,
Shina A, et al. Endotoxin-induced renal failure. II. A role
for tubular hypoxic damage. Exp Nephrol 2000;8:275�82.

[557] James PE, Bacic G, Grinberg OY, Goda F, Dunn JF, Jackson SK,
et al. Endotoxin-induced changes in intrarenal PO2, measured
by in vivo electron paramagnetic resonance oximetry and mag-
netic resonance imaging. Free Radic Biol Med 1996;21:25�34.

[558] Sendeski M, Patzak A, Pallone TL, Cao C, Persson AE, Persson
PB. Iodixanol, constriction of medullary descending vasa recta,
and risk for contrast medium-induced nephropathy. Radiology
2009;251:697�704.

[559] Mori T, Cowley Jr AW. Angiotensin II-NAD(P)H oxidase-
stimulated superoxide modifies tubulovascular nitric oxide
cross-talk in renal outer medulla. Hypertension
2003;42:588�93.

[560] Rhinehart KL, Pallone TL. Nitric oxide generation by isolated
descending vasa recta. Am J Physiol Heart Circ Physiol
2001;281:H316�24.

[561] Zhang W, Pibulsonggram T, Edwards A. Determinants of basal
nitric oxide concentration in the renal medullary microcircula-
tion. Am J Physiol Renal Physiol 2004;287:F1189�203.

[562] Droge W. Free radicals in the physiological control of cell func-
tion. Physiol Rev 2002;82:47�95.

[563] Araujo M, Welch WJ. Oxidative stress and nitric oxide in kid-
ney function. Curr Opin Nephrol Hypertens 2006;15:72�7.

[564] Schnackenberg CG. Physiological and pathophysiological roles
of oxygen radicals in the renal microvasculature. Am J Physiol
Regul Integr Comp Physiol 2002;282:R335�42.

[565] Welch WJ. Angiotensin II-dependent superoxide: effects on
hypertension and vascular dysfunction. Hypertension
2008;52:51�6.

[566] Wilcox CS. Oxidative stress and nitric oxide deficiency in the
kidney: a critical link to hypertension? Am J Physiol Regul
Integr Comp Physiol 2005;289:R913�35.

[567] Schnackenberg CG, Welch WJ, Wilcox CS. TP receptor-mediated
vasoconstriction in microperfused afferent arterioles: roles of O
(2)(

2) and NO. Am J Physiol Renal Physiol 2000;279:F302�8.
[568] Ozawa Y, Hayashi K, Wakino S, Kanda T, Homma K,

Takamatsu I, et al. Free radical activity depends on underlying
vasoconstrictors in renal microcirculation. Clin Exp Hypertens
2004;26:219�29.

851REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[569] Abe M, O’Connor P, Kaldunski M, Liang M, Roman RJ,
Cowley Jr AW. Effect of sodium delivery on superoxide and
nitric oxide in the medullary thick ascending limb. Am J
Physiol Renal Physiol 2006;291:F350�7.

[570] Mori T, O’Connor PM, Abe M, Cowley Jr AW. Enhanced
superoxide production in renal outer medulla of Dahl salt-
sensitive rats reduces nitric oxide tubular-vascular cross-talk.
Hypertension 2007;49:1336�41.

[571] Palm F, Onozato M, Welch WJ, Wilcox CS. Blood pressure,
blood flow, and oxygenation in the clipped kidney of chronic
2-kidney, 1-clip rats: effects of tempol and angiotensin block-
ade. Hypertension 2010;55:298�304.

[572] Sedeek M, Hebert RL, Kennedy CR, Burns KD, Touyz RM.
Molecular mechanisms of hypertension: role of Nox family
NADPH oxidases. Curr Opin Nephrol Hypertens
2009;18:122�7.

[573] Schnackenberg CG, Welch WJ, Wilcox CS. Normalization of
blood pressure and renal vascular resistance in SHR with a
membrane-permeable superoxide dismutase mimetic: role of
nitric oxide. Hypertension 1998;32:59�64.

[574] Schnackenberg CG, Wilcox CS. Two-week administration of
tempol attenuates both hypertension and renal excretion of
8-Iso prostaglandin f2alpha. Hypertension 1999;33:424�8.

[575] Chabrashvili T, Kitiyakara C, Blau J, Karber A, Aslam S,
Welch WJ, et al. Effects of ANG II type 1 and 2 receptors on
oxidative stress, renal NADPH oxidase, and SOD expression.
Am J Physiol Regul Integr Comp Physiol 2003;285:R117�24.

[576] Zhang Z, Rhinehart K, Solis G, Pittner J, Lee-Kwon W, Welch
WJ, et al. Chronic ANG II infusion increases NO generation by
rat descending vasa recta. Am J Physiol Heart Circ Physiol
2005;288:H29�36.

[577] Welch WJ. Intrarenal oxygen and hypertension. Clin Exp
Pharmacol Physiol 2006;33:1002�5.

[578] Welch WJ, Baumgartl H, Lubbers D, Wilcox CS. Renal oxygen-
ation defects in the spontaneously hypertensive rat: role of
AT1 receptors. Kidney Int 2003;63:202�8.

[579] Welch WJ, Blau J, Xie H, Chabrashvili T, Wilcox CS.
Angiotensin-induced defects in renal oxygenation: role of
oxidative stress. Am J Physiol Heart Circ Physiol 2005;288:
H22�8.

[580] Chen YF, Cowley Jr AW, Zou AP. Increased H(2)O(2) counter-
acts the vasodilator and natriuretic effects of superoxide dis-
mutation by tempol in renal medulla. Am J Physiol Regul
Integr Comp Physiol 2003;285:R827�33.

[581] Makino A, Skelton MM, Zou AP, Cowley Jr AW. Increased
renal medullary H2O2 leads to hypertension. Hypertension
2003;42:25�30.

[582] Makino A, Skelton MM, Zou AP, Roman RJ, Cowley Jr AW.
Increased renal medullary oxidative stress produces hyperten-
sion. Hypertension 2002;39:667�72.

[583] Zou AP, Li N, Cowley Jr AW. Production and actions of super-
oxide in the renal medulla. Hypertension 2001;37:547�53.

[584] Meng S, Roberts LJ, Cason GW, Curry TS, Manning Jr
RD. Superoxide dismutase and oxidative stress in Dahl
salt-sensitive and -resistant rats. Am J Physiol Regul Integr
Comp Physiol 2002;283:R732�8.

[585] Carmines PK. The renal vascular response to diabetes. Curr
Opin Nephrol Hypertens 2010;19:85�90.

[586] Ishii N, Patel KP, Lane PH, Taylor T, Bian K, Murad F, et al.
Carmines PK. Nitric oxide synthesis and oxidative stress in the
renal cortex of rats with diabetes mellitus. J Am Soc Nephrol
2001;12:1630�9.

[587] Kanwar YS, Wada J, Sun L, Xie P, Wallner EI, Chen S, et al.
Diabetic nephropathy: mechanisms of renal disease progres-
sion. Exp Biol Med (Maywood ) 2008;233:4�11.

[588] Pollock JS, Carmines PK. Diabetic nephropathy: nitric oxide
and renal medullary hypoxia. Am J Physiol Renal Physiol
2008;294:F28�9.

[589] Schoonmaker GC, Fallet RW, Carmines PK. Superoxide anion
curbs nitric oxide modulation of afferent arteriolar ANG II
responsiveness in diabetes mellitus. Am J Physiol Renal
Physiol 2000;278:F302�9.

[590] Abraham NG, Kappas A. Heme oxygenase and the cardiovas-
cular�renal system. Free Radic Biol Med 2005;39:1�25.

[591] Zou AP, Billington H, Su N, Cowley Jr AW. Expression and
actions of heme oxygenase in the renal medulla of rats.
Hypertension 2000;35:342�7.

[592] Yang ZZ, Zhang AY, Yi FX, Li PL, Zou AP. Redox regulation
of HIF-1alpha levels and HO-1 expression in renal medullary
interstitial cells. Am J Physiol Renal Physiol 2003;284:
F1207�15.

[593] Yang ZZ, Zou AP. Transcriptional regulation of heme oxyge-
nases by HIF-1alpha in renal medullary interstitial cells. Am J
Physiol Renal Physiol 2001;281:F900�8.

[594] Tian W, Bonkovsky HL, Shibahara S, Cohen DM. Urea and
hypertonicity increase expression of heme oxygenase-1 in
murine renal medullary cells. Am J Physiol Renal Physiol
2001;281:F983�91.

[595] Abraham NG, Botros FT, Rezzani R, Rodella L, Bianchi R,
Goodman AI. Differential effect of cobalt protoporphyrin on
distributions of heme oxygenase in renal structure and on
blood pressure in SHR. Cell Mol Biol (Noisy-le-grand)
2002;48:895�902.

[596] Akagi R, Takahashi T, Sassa S. Cytoprotective effects of
heme oxygenase in acute renal failure. Contrib Nephrol
2005;148:70�85.

[597] Li N, Chen L, Yi F, Xia M, Li PL. Salt-sensitive hypertension
induced by decoy of transcription factor hypoxia-inducible fac-
tor-1alpha in the renal medulla. Circ Res 2008;102:1101�8.

[598] Li N, Yi F, dos Santos EA, Donley DK, Li PL. Role of renal
medullary heme oxygenase in the regulation of pressure
natriuresis and arterial blood pressure. Hypertension
2007;49:148�54.

[599] Li N, Yi F, Sundy CM, Chen L, Hilliker ML, Donley DK, et al.
Expression and actions of HIF prolyl-4-hydroxylase in the rat
kidney. Am J Physiol Renal Physiol 2007;292:F207�16.

[600] Vera T, Kelsen S, Stec DE. Kidney-specific induction of heme
oxygenase-1 prevents angiotensin II hypertension.
Hypertension 2008;52:660�5.

[601] Vera T, Kelsen S, Yanes LL, Reckelhoff JF, Stec DE. HO-1
induction lowers blood pressure and superoxide production in
the renal medulla of angiotensin II hypertensive mice. Am J
Physiol Regul Integr Comp Physiol 2007;292:R1472�8.

[602] Curtis LM, Agarwal A. Hope for contrast-induced acute kid-
ney injury. Kidney Int 2007;72:907�9.

[603] Goodman AI, Olszanecki R, Yang LM, Quan S, Li M, Omura S,
et al. Heme oxygenase-1 protects against radiocontrast-
induced acute kidney injury by regulating anti-apoptotic pro-
teins. Kidney Int 2007;72:945�53.

[604] Jarmi T, Agarwal A. Heme oxygenase and renal disease. Curr
Hypertens Rep 2009;11:56�62.

[605] Jackson EK, Zhu C, Tofovic SP. Expression of adenosine recep-
tors in the preglomerular microcirculation. Am J Physiol Renal
Physiol 2002;283:F41�51.

[606] Vitzthum H, Weiss B, Bachleitner W, Kramer BK, Kurtz A.
Gene expression of adenosine receptors along the nephron.
Kidney Int 2004;65:1180�90.

[607] Hansen PB, Schnermann J. Vasoconstrictor and vasodilator
effects of adenosine in the kidney. Am J Physiol Renal Physiol
2003;285:F590�9.

852 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[608] Jackson EK, Dubey RK. Role of the extracellular cAMP-
adenosine pathway in renal physiology. Am J Physiol Renal
Physiol 2001;281:F597�612.

[609] Vallon V, Muhlbauer B, Osswald H. Adenosine and kidney
function. Physiol Rev 2006;86:901�40.

[610] Vallon V., Osswald H. Adenosine receptors and the kidney.
Handb Exp Pharmacol 2009;(193):443�70.

[611] Osmond DA, Inscho EW. P2X(1) receptor blockade inhibits
whole kidney autoregulation of renal blood flow in vivo. Am J
Physiol Renal Physiol 2010;298:F1360�8.

[612] McCoy DE, Bhattacharya S, Olson BA, Levier DG, Arend LJ,
Spielman WS. The renal adenosine system: structure, function,
and regulation. Semin Nephrol 1993;13:31�40.

[613] Agmon Y, Dinour D, Brezis M. Disparate effects of adenosine
A1- and A2-receptor agonists on intrarenal blood flow. Am J
Physiol 1993;265:F802�6.

[614] Carmines PK, Inscho EW. Renal arteriolar angiotensin
responses during varied adenosine receptor activation.
Hypertension 1994;23:I114�9.

[615] Weihprecht H, Lorenz JN, Briggs JP, Schnermann J. Vasomotor
effects of purinergic agonists in isolated rabbit afferent arter-
ioles. Am J Physiol 1992;263:F1026�33.

[616] Nishiyama A, Inscho EW, Navar LG. Interactions of adenosine
A1 and A2a receptors on renal microvascular reactivity. Am J
Physiol Renal Physiol 2001;280:F406�14.

[617] Al-Mashhadi RH, Skott O, Vanhoutte PM, Hansen PB.
Activation of A2 adenosine receptors dilates cortical efferent
arterioles in mouse. Kidney Int 2009;75:793�9.

[618] Blantz RC, Vallon V. Tubuloglomerular feedback responses of
the downstream efferent resistance: unmasking a role for aden-
osine? Kidney Int 2007;71:837�9.

[619] Brown R, Ollerstam A, Johansson B, Skott O, Gebre-Medhin S,
Fredholm B, et al. Abolished tubuloglomerular feedback and
increased plasma renin in adenosine A1 receptor-deficient mice.
Am J Physiol Regul Integr Comp Physiol 2001;281:R1362�7.

[620] Castrop H. Mediators of tubuloglomerular feedback regulation
of glomerular filtration: ATP and adenosine. Acta Physiol
(Oxf) 2007;189:3�14.

[621] Oppermann M, Mizel D, Kim SM, Chen L, Faulhaber-Walter
R, Huang Y, et al. Renal function in mice with targeted disrup-
tion of the A isoform of the Na-K-2Cl co-transporter. J Am Soc
Nephrol 2007;18:440�8.

[622] Oppermann M, Qin Y, Lai EY, Eisner C, Li L, Huang Y, et al.
Enhanced tubuloglomerular feedback in mice with vascular
overexpression of A1 adenosine receptors. Am J Physiol Renal
Physiol 2009;297:F1256�64.

[623] Schnermann J. Adenosine mediates tubuloglomerular feed-
back. Am J Physiol Regul Integr Comp Physiol 2002;283:
R276�7.

[624] Thomson S, Bao D, Deng A, Vallon V. Adenosine formed by
50-nucleotidase mediates tubuloglomerular feedback. J Clin
Invest 2000;106:289�98.

[625] Inscho EW, Cook AK, Imig JD, Vial C, Evans RJ. Renal autore-
gulation in P2X1 knockout mice. Acta Physiol Scand
2004;181:445�53.

[626] Blantz RC, Deng A. Coordination of kidney filtration and tubu-
lar reabsorption: considerations on the regulation of metabolic
demand for tubular reabsorption. Acta Physiol Hung
2007;94:83�94.

[627] Miyamoto M, Yagil Y, Larson T, Robertson C, Jamison RL.
Effects of intrarenal adenosine on renal function and medul-
lary blood flow in the rat. Am J Physiol 1988;255:F1230�4.

[628] Kreisberg MS, Silldorff EP, Pallone TL. Localization of adeno-
sine-receptor subtype mRNA in rat outer medullary descend-
ing vasa recta by RT-PCR. Am J Physiol 1997;272:H1231�8.

[629] Baranowski RL, Westenfelder C. Estimation of renal interstitial
adenosine and purine metabolites by microdialysis. Am J
Physiol 1994;267:F174�82.

[630] Hansen PB, Castrop H, Briggs J, Schnermann J. Adenosine
induces vasoconstriction through Gi-dependent activation of
phospholipase C in isolated perfused afferent arterioles of
mice. J Am Soc Nephrol 2003;14:2457�65.

[631] Cheng MK, Doumad AB, Jiang H, Falck JR, McGiff JC, Carroll
MA. Epoxyeicosatrienoic acids mediate adenosine-induced
vasodilation in rat preglomerular microvessels (PGMV) via
A2A receptors. Br J Pharmacol 2004;141:441�8.

[632] Dietrich MS, Endlich K, Parekh N, Steinhausen M. Interaction
between adenosine and angiotensin II in renal microcircula-
tion. Microvasc Res 1991;41:275�88.

[633] Hall JE, Granger JP. Adenosine alters glomerular filtration con-
trol by angiotensin II. Am J Physiol 1986;250:F917�23.

[634] Osswald H, Schmitz HJ, Heidenreich O. Adenosine response
of the rat kidney after saline loading, sodium restriction and
hemorrhagia. Pflugers Arch 1975;357:323�33.

[635] Spielman WS, Osswald H. Blockade of postocclusive renal
vasoconstriction by an angiotensin II antagonists: evidence for
an angiotensin�adenosine interaction. Am J Physiol 1979;237:
F463�7.

[636] Weihprecht H, Lorenz JN, Briggs JP, Schnermann J. Synergistic
effects of angiotensin and adenosine in the renal microvascula-
ture. Am J Physiol 1994;266:F227�39.

[637] Barrett RJ, Droppleman DA. Interactions of adenosine A1
receptor-mediated renal vasoconstriction with endogenous
nitric oxide and ANG II. Am J Physiol 1993;265:F651�9.

[638] Inscho EW. Modulation of renal microvascular function by
adenosine. Am J Physiol Regul Integr Comp Physiol 2003;285:
R23�5.

[639] Traynor T, Yang T, Huang YG, Arend L, Oliverio MI,
Coffman T, et al. Inhibition of adenosine-1 receptor-mediated
preglomerular vasoconstriction in AT1A receptor-deficient
mice. Am J Physiol 1998;275:F922�7.

[640] Dinour D, Brezis M. Effects of adenosine on intrarenal oxygen-
ation. Am J Physiol 1991;261:F787�91.

[641] Beach RE, Watts III BA, Good DW, Benedict CR, DuBose Jr
TD. Effects of graded oxygen tension on adenosine release by
renal medullary and thick ascending limb suspensions. Kidney
Int 1991;39:836�42.

[642] Beach RE, Good DW. Effects of adenosine on ion transport in
rat medullary thick ascending limb. Am J Physiol 1992;263:
F482�7.

[643] Brezis M, Agmon Y, Epstein FH. Determinants of intrarenal
oxygenation. I. Effects of diuretics. Am J Physiol 1994;267:
F1059�62.

[644] Zou AP, Wu F, Li PL, Cowley Jr AW. Effect of chronic
salt loading on adenosine metabolism and receptor expression
in renal cortex and medulla in rats. Hypertension 1999;
33:511�6.

[645] Guan Z, Osmond DA, Inscho EW. P2X receptors as regulators
of the renal microvasculature. Trends Pharmacol Sci 2007;28:
646�52.

[646] Guan Z, Osmond DA, Inscho EW. Purinoceptors in the kidney.
Exp Biol Med (Maywood ) 2007;232:715�26.

[647] Inscho EW. Renal microvascular effects of P2 receptor stimula-
tion. Clin Exp Pharmacol Physiol 2001;28:332�9.

[648] Bailey MA, Hillman KA, Unwin RJ. P2 receptors in the kidney.
J Auton Nerv Syst 2000;81:264�70.

[649] Chan CM, Unwin RJ, Bardini M, Oglesby IB, Ford AP,
Townsend-Nicholson A, et al. Localization of P2X1 purinocep-
tors by autoradiography and immunohistochemistry in rat kid-
neys. Am J Physiol 1998;274:F799�804.

853REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[650] Lewis CJ, Evans RJ. P2X receptor immunoreactivity in different
arteries from the femoral, pulmonary, cerebral, coronary and
renal circulations. J Vasc Res 2001;38:332�40.

[651] Inscho EW. P2 receptors in regulation of renal microvascular
function. Am J Physiol Renal Physiol 2001;280:F927�44.

[652] Ralevic V, Burnstock G. Receptors for purines and pyrimi-
dines. Pharmacol Rev 1998;50:413�92.

[653] Churchill PC, Ellis VR. Pharmacological characterization of the
renovascular P2 purinergic receptors. J Pharmacol Exp Ther
1993;265:334�8.

[654] Rump LC, Oberhauser V, von KI. Purinoceptors mediate renal
vasodilation by nitric oxide dependent and independent
mechanisms. Kidney Int 1998;54:473�81.

[655] Inscho EW, Ohishi K, Cook AK, Belott TP, Navar LG. Calcium
activation mechanisms in the renal microvascular response to
extracellular ATP. Am J Physiol 1995;268:F876�84.

[656] Inscho EW, Ohishi K, Navar LG. Effects of ATP on pre- and
postglomerular juxtamedullary microvasculature. Am J
Physiol 1992;263:F886�93.

[657] Zhao X, Falck JR, Gopal VR, Inscho EW, Imig JD. P2X recep-
tor-stimulated calcium responses in preglomerular vascular
smooth muscle cells involves 20-hydroxyeicosatetraenoic acid.
J Pharmacol Exp Ther 2004;311:1211�7.

[658] Zhao X, Inscho EW, Bondlela M, Falck JR, Imig JD. The
CYP450 hydroxylase pathway contributes to P2X receptor-
mediated afferent arteriolar vasoconstriction. Am J Physiol
Heart Circ Physiol 2001;281:H2089�96.

[659] Inscho EW, LeBlanc EA, Pham BT, White SM, Imig JD.
Purinoceptor-mediated calcium signaling in preglomerular
smooth muscle cells. Hypertension 1999;33:195�200.

[660] White SM, Imig JD, Kim TT, Hauschild BC, Inscho EW.
Calcium signaling pathways utilized by P2X receptors in
freshly isolated preglomerular MVSMC. Am J Physiol Renal
Physiol 2001;280:F1054�61.

[661] Inscho EW, Cook AK, Navar LG. Pressure-mediated vasocon-
striction of juxtamedullary afferent arterioles involves P2-puri-
noceptor activation. Am J Physiol 1996;271:F1077�85.

[662] Majid DS, Inscho EW, Navar LG. P2 purinoceptor saturation
by adenosine triphosphate impairs renal autoregulation in
dogs. J Am Soc Nephrol 1999;10:492�8.

[663] Majid DS, Navar LG. Suppression of blood flow autoregulation
plateau during nitric oxide blockade in canine kidney. Am J
Physiol 1992;262:F40�6.

[664] Inscho EW, Cook AK, Imig JD, Vial C, Evans RJ. Physiological
role for P2X1 receptors in renal microvascular autoregulatory
behavior. J Clin Invest 2003;112:1895�905.

[665] Chatziantoniou C, Arendshorst WJ. Prostaglandin interactions
with angiotensin, norepinephrine, and thromboxane in rat
renal vasculature. Am J Physiol 1992;262:F68�76.

[666] Itskovitz HD, Stemper J, Pacholczyk D, McGiff JC. Renal
prostaglandins: determinants of intrarenal distribution of
blood flow in the dog. Clin Sci Mol Med Suppl 1973;45(Suppl.
1):321s�4s.

[667] Larsson C, Anggard E. Increased juxtamedullary blood flow
on stimulation of intrarenal prostaglandin biosynthesis.
Eur J Pharmacol 1974;25:326�34.

[668] Gomez SI, Strick DM, Romero JC. Role of nitric oxide and
prostaglandin in the maintenance of cortical and renal medul-
lary blood flow. Braz J Med Biol Res 2008;41:170�5.

[669] Sadowski J, Badzynska B. Intrarenal vasodilator systems: NO,
prostaglandins and bradykinin. An integrative approach.
J Physiol Pharmacol 2008;59(Suppl. 9):105�19.

[670] Lemley KV, Schmitt SL, Holliger C, Dunn MJ, Robertson CR,
Jamison RL. Prostaglandin synthesis inhibitors and vasa recta
erythrocyte velocities in the rat. Am J Physiol 1984;247:F562�7.

[671] Badzynska B, Grzelec-Mojzesowicz M, Sadowski J.
Prostaglandins but not nitric oxide protect renal medullary
perfusion in anaesthetised rats receiving angiotensin II.
J Physiol 2003;548:875�80.

[672] Oliver JJ, Eppel GA, Rajapakse NW, Evans RG. Lipoxygenase
and cyclo-oxygenase products in the control of regional kidney
blood flow in rabbits. Clin Exp Pharmacol Physiol
2003;30:812�9.

[673] Parekh N, Zou AP. Role of prostaglandins in renal medullary
circulation: response to different vasoconstrictors. Am J
Physiol 1996;271:F653�8.

[674] Roman RJ, Lianos E. Influence of prostaglandins on papillary
blood flow and pressure-natriuretic response. Hypertension
1990;15:29�35.

[675] Agmon Y, Peleg H, Greenfeld Z, Rosen S, Brezis M. Nitric
oxide and prostanoids protect the renal outer medulla from
radiocontrast toxicity in the rat. J Clin Invest 1994;94:1069�75.

[676] Heyman SN, Brezis M, Epstein FH, Spokes K, Silva P, Rosen S.
Early renal medullary hypoxic injury from radiocontrast and
indomethacin. Kidney Int 1991;40:632�42.

[677] Heyman SN, Fuchs S, Jaffe R, Shina A, Ellezian L, Brezis M,
et al. Renal microcirculation and tissue damage during acute
ureteral obstruction in the rat: effect of saline infusion, indo-
methacin and radiocontrast. Kidney Int 1997;51:653�63.

[678] Campean V, Theilig F, Paliege A, Breyer M, Bachmann S. Key
enzymes for renal prostaglandin synthesis: site-specific expres-
sion in rodent kidney (rat, mouse). Am J Physiol Renal Physiol
2003;285:F19�32.

[679] Cheng HF, Harris RC. Cyclooxygenases, the kidney, and
hypertension. Hypertension 2004;43:525�30.

[680] Harris RC, Breyer MD. Physiological regulation of cyclooxy-
genase-2 in the kidney. Am J Physiol Renal Physiol 2001;281:
F1�11.

[681] Harris RC, Zhang MZ, Cheng HF. Cyclooxygenase-2 and the
renal renin�angiotensin system. Acta Physiol Scand
2004;181:543�7.

[682] Yang T. Regulation of cyclooxygenase-2 in renal medulla. Acta
Physiol Scand 2003;177:417�21.

[683] Fujino T, Nakagawa N, Yuhki K, Hara A, Yamada T,
Takayama K, et al. Decreased susceptibility to renovascular
hypertension in mice lacking the prostaglandin I2 receptor IP.
J Clin Invest 2004;114:805�12.

[684] Paliege A, Mizel D, Medina C, Pasumarthy A, Huang YG,
Bachmann S, et al. Inhibition of nNOS expression in the mac-
ula densa by COX-2-derived prostaglandin E(2). Am J Physiol
Renal Physiol 2004;287:F152�9.

[685] Peti-Peterdi J, Komlosi P, Fuson AL, Guan Y, Schneider A, Qi Z,
et al. Luminal NaCl delivery regulates basolateral PGE2 release
frommacula densa cells. J Clin Invest 2003;112:76�82.

[686] Lopez R, Llinas MT, Roig F, Salazar FJ. Role of nitric oxide and
cyclooxygenase-2 in regulating the renal hemodynamic
response to norepinephrine. Am J Physiol Regul Integr Comp
Physiol 2003;284:R488�93.

[687] Deng A, Wead LM, Blantz RC. Temporal adaptation of
tubuloglomerular feedback: effects of COX-2. Kidney Int
2004;66:2348�53.

[688] Ichihara A, Imig JD, Inscho EW, Navar LG. Cyclooxygenase-2
participates in tubular flow-dependent afferent arteriolar tone:
interaction with neuronal NOS. Am J Physiol 1998;275:
F605�12.

[689] Zhang MZ, Sanchez LP, McKanna JA, Harris RC. Regulation
of cyclooxygenase expression by vasopressin in rat renal
medulla. Endocrinology 2004;145:1402�9.

[690] Birck R, Krzossok S, Knoll T, Braun C, Der Woude FJ,
Rohmeiss P. Preferential COX-2 inhibitor, meloxicam,

854 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



compromises renal perfusion in euvolemic and hypovolemic
rats. Exp Nephrol 2000;8:173�80.

[691] Green T, Rodriguez J, Navar LG. Augmented cyclooxygenase-
2 effects on renal function during varying states of angiotensin
II activity. Am J Physiol Renal Physiol 2010;299(5):F954�962.

[692] Qi Z, Hao CM, Langenbach RI, Breyer RM, Redha R, Morrow JD,
et al. Opposite effects of cyclooxygenase-1 and -2 activity on the
pressor response to angiotensin II. J Clin Invest 2002;110:61�9.

[693] Zewde T, Mattson DL. Inhibition of cyclooxygenase-2 in the
rat renal medulla leads to sodium-sensitive hypertension.
Hypertension 2004;44:424�8.

[694] Zhao X, Yamamoto T, Newman JW, Kim IH, Watanabe T,
Hammock BD, et al. Soluble epoxide hydrolase inhibition pro-
tects the kidney from hypertension-induced damage. J Am Soc
Nephrol 2004;15:1244�53.

[695] Edwards RM. Effects of prostaglandins on vasoconstrictor action
in isolated renal arterioles. Am J Physiol 1985;248:F779�84.

[696] Inscho EW, Carmines PK, Navar LG. Prostaglandin influences
on afferent arteriolar responses to vasoconstrictor agonists.
Am J Physiol 1990;259:F157�63.

[697] Arima S, Ren Y, Juncos LA, Carretero OA, Ito S. Glomerular
prostaglandins modulate vascular reactivity of the down-
stream efferent arterioles. Kidney Int 1994;45:650�8.

[698] Wang D, Chabrashvili T, Wilcox CS. Enhanced contractility of
renal afferent arterioles from angiotensin-infused rabbits: roles
of oxidative stress, thromboxane prostanoid receptors, and
endothelium. Circ Res 2004;94:1436�42.

[699] Audoly LP, Ruan X, Wagner VA, Goulet JL, Tilley SL, Koller
BH, et al. Role of EP(2) and EP(3) PGE(2) receptors in control
of murine renal hemodynamics. Am J Physiol Heart Circ
Physiol 2001;280:H327�33.

[700] Hayashi K, Loutzenhiser R, Epstein M. Direct evidence that
thromboxane mimetic U44069 preferentially constricts the
afferent arteriole. J Am Soc Nephrol 1997;8:25�31.

[701] Silldorff EP, Hilbun LR, Pallone TL. Angiotensin II constriction
of rat vasa recta is partially thromboxane dependent.
Hypertension 2002;40:541�6.

[702] Wilcox CS, Welch WJ, Snellen H. Thromboxane mediates renal
hemodynamic response to infused angiotensin II. Kidney Int
1991;40:1090�7.

[703] Kawada N, Dennehy K, Solis G, Modlinger P, Hamel R,
Kawada JT, et al. TP receptors regulate renal hemodynamics
during angiotensin II slow pressor response. Am J Physiol
Renal Physiol 2004;287:F753�9.

[704] Harder DR, Campbell WB, Roman RJ. Role of cytochrome P-
450 enzymes and metabolites of arachidonic acid in the control
of vascular tone. J Vasc Res 1995;32:79�92.

[705] Fleming I. Cytochrome p450 and vascular homeostasis. Circ
Res 2001;89:753�62.

[706] Imig JD. Eicosanoids and renal vascular function in diseases.
Clin Sci (Lond) 2006;111:21�34.

[707] Imig JD. Targeting epoxides for organ damage in hyperten-
sion. J Cardiovasc Pharmacol 2010;56(4):329�35.

[708] Imig JD, Pham BT, LeBlanc EA, Reddy KM, Falck JR, Inscho
EW. Cytochrome P450 and cyclooxygenase metabolites con-
tribute to the endothelin-1 afferent arteriolar vasoconstrictor
and calcium responses. Hypertension 2000;35:307�12.

[709] McGiff JC, Quilley J. 20-HETE and the kidney: resolution of
old problems and new beginnings. Am J Physiol 1999;277:
R607�23.

[710] Ortiz PA, Garvin JL. Intrarenal transport and vasoactive sub-
stances in hypertension. Hypertension 2001;38:621�4.

[711] Regner KR, Zuk A, VanWhy SK, Shames BD, Ryan RP, Falck JR,
et al. Protective effect of 20-HETE analogues in experimental
renal ischemia reperfusion injury. Kidney Int 2009;75:511�7.

[712] Roman RJ. P-450 metabolites of arachidonic acid in the control
of cardiovascular function. Physiol Rev 2002;82:131�85.

[713] Roman RJ, Maier KG, Sun CW, Harder DR, Alonso-Galicia M.
Renal and cardiovascular actions of 20-hydroxyeicosatetrae-
noic acid and epoxyeicosatrienoic acids. Clin Exp Pharmacol
Physiol 2000;27:855�65.

[714] Sarkis A, Lopez B, Roman RJ. Role of 20-hydroxyeicosatetrae-
noic acid and epoxyeicosatrienoic acids in hypertension. Curr
Opin Nephrol Hypertens 2004;13:205�14.

[715] Harder DR, Narayanan J, Birks EK, Liard JF, Imig JD,
Lombard JH, et al. Identification of a putative microvascular
oxygen sensor. Circ Res 1996;79:54�61.

[716] Imig JD, Zou AP, Stec DE, Harder DR, Falck JR, Roman RJ.
Formation and actions of 20-hydroxyeicosatetraenoic acid in
rat renal arterioles. Am J Physiol 1996;270:R217�27.

[717] Alonso-Galicia M, Maier KG, Greene AS, Cowley Jr AW,
Roman RJ. Role of 20-hydroxyeicosatetraenoic acid in the renal
and vasoconstrictor actions of angiotensin II. Am J Physiol
Regul Integr Comp Physiol 2002;283:R60�8.

[718] Hercule HC, Oyekan AO. Cytochrome P450 omega/omega-1
hydroxylase-derived eicosanoids contribute to endothelin(A)
and endothelin(B) receptor-mediated vasoconstriction to
endothelin-1 in the rat preglomerular arteriole. J Pharmacol
Exp Ther 2000;292:1153�60.

[719] Zou AP, Imig JD, Kaldunski M, Ortiz de Montellano PR, Sui Z,
Roman RJ. Inhibition of renal vascular 20-HETE production
impairs autoregulation of renal blood flow. Am J Physiol
1994;266:F275�82.

[720] Alonso-Galicia M, Drummond HA, Reddy KK, Falck JR,
Roman RJ. Inhibition of 20-HETE production contributes to
the vascular responses to nitric oxide. Hypertension
1997;29:320�5.

[721] Williams JM, Sarkis A, Lopez B, Ryan RP, Flasch AK, Roman
RJ. Elevations in renal interstitial hydrostatic pressure and 20-
hydroxyeicosatetraenoic acid contribute to pressure natriure-
sis. Hypertension 2007;49:687�94.

[722] Hoagland KM, Flasch AK, Roman RJ. Inhibitors of 20-HETE
formation promote salt-sensitive hypertension in rats.
Hypertension 2003;42:669�73.

[723] Stec DE, Mattson DL, Roman RJ. Inhibition of renal outer
medullary 20-HETE production produces hypertension in
Lewis rats. Hypertension 1997;29:315�9.

[724] Capdevila JH, Falck JR. The CYP P450 arachidonic acid mono-
oxygenases: from cell signaling to blood pressure regulation.
Biochem Biophys Res Commun 2001;285:571�6.

[725] Capdevila JH, Nakagawa K, Holla V. The CYP P450 arachido-
nate monooxygenases: enzymatic relays for the control of kid-
ney function and blood pressure. Adv Exp Med Biol
2003;525:39�46.

[726] Gainer JV, Bellamine A, Dawson EP, Womble KE, Grant SW,
Wang Y, et al. Functional variant of CYP4A11 20-hydroxyeico-
satetraenoic acid synthase is associated with essential hyper-
tension. Circulation 2005;111:63�9.

[727] Imig JD, Navar LG, Roman RJ, Reddy KK, Falck JR. Actions of
epoxygenase metabolites on the preglomerular vasculature.
J Am Soc Nephrol 1996;7:2364�70.

[728] Spiecker M, Liao JK. Vascular protective effects of cytochrome
p450 epoxygenase-derived eicosanoids. Arch Biochem Biophys
2005;433:413�20.

[729] Imig JD, Inscho EW, Deichmann PC, Reddy KM, Falck JR.
Afferent arteriolar vasodilation to the sulfonimide analog of
11,12-epoxyeicosatrienoic acid involves protein kinase A.
Hypertension 1999;33:408�13.

[730] Fukao M, Mason HS, Kenyon JL, Horowitz B, Keef KD.
Regulation of BK(Ca) channels expressed in human embryonic

855REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



kidney 293 cells by epoxyeicosatrienoic acid. Mol Pharmacol
2001;59:16�23.

[731] Pomposiello SI, Quilley J, Carroll MA, Falck JR, McGiff JC. 5,6-
Epoxyeicosatrienoic acid mediates the enhanced renal vasodilation
to arachidonic acid in the SHR. Hypertension 2003;42:548�54.

[732] Regner KR, Zuk A, Van Why SK, Shames BD, Ryan RP,
Falck JR, et al. Protective effect of 20-HETE analogues in exper-
imental renal ischemia reperfusion injury. Kidney Int
2009;75:511�7.

[733] Imig JD, Falck JR, Wei S, Capdevila JH. Epoxygenase metabolites
contribute to nitric oxide-independent afferent arteriolar vasodi-
lation in response to bradykinin. J Vasc Res 2001;38:247�55.

[734] Imig JD, Zhao X, Capdevila JH, Morisseau C, Hammock BD.
Soluble epoxide hydrolase inhibition lowers arterial blood
pressure in angiotensin II hypertension. Hypertension
2002;39:690�4.

[735] Imig JD, Zhao X, Falck JR, Wei S, Capdevila JH. Enhanced
renal microvascular reactivity to angiotensin II in hypertension
is ameliorated by the sulfonimide analog of 11,12-epoxyeicosa-
trienoic acid. J Hypertens 2001;19:983�92.

[736] Zhao X, Pollock DM, Inscho EW, Zeldin DC, Imig JD.
Decreased renal cytochrome P450 2C enzymes and impaired
vasodilation are associated with angiotensin salt-sensitive
hypertension. Hypertension 2003;41:709�14.

[737] Yu Z, Huse LM, Adler P, Graham L, Ma J, Zeldin DC, et al.
Increased CYP2J expression and epoxyeicosatrienoic acid for-
mation in spontaneously hypertensive rat kidney. Mol
Pharmacol 2000;57:1011�20.

[738] Yu Z, Xu F, Huse LM, Morisseau C, Draper AJ, Newman JW,
et al. Soluble epoxide hydrolase regulates hydrolysis of vasoac-
tive epoxyeicosatrienoic acids. Circ Res 2000;87:992�8.

[739] Kotelevtsev Y, Webb DJ. Endothelin as a natriuretic hormone:
the case for a paracrine action mediated by nitric oxide.
Cardiovasc Res 2001;51:481�8.

[740] Krum H, Viskoper RJ, Lacourciere Y, Budde M, Charlon V. The
effect of an endothelin-receptor antagonist, bosentan, on blood
pressure in patients with essential hypertension. Bosentan
Hypertension Investigators. N Engl J Med 1998;338:784�90.

[741] Naicker S, Bhoola KD. Endothelins: vasoactive modulators of
renal function in health and disease. Pharmacol Ther
2001;90:61�88.

[742] Plato CF, Garvin JL. Nitric oxide, endothelin and nephron
transport: potential interactions. Clin Exp Pharmacol Physiol
1999;26:262�8.

[743] Kohan DE. The renal medullary endothelin system in control
of sodium and water excretion and systemic blood pressure.
Curr Opin Nephrol Hypertens 2006;15:34�40.

[744] Terada Y, Tomita K, Nonoguchi H, Marumo F. Different locali-
zation of two types of endothelin receptor mRNA in microdis-
sected rat nephron segments using reverse transcription and
polymerase chain reaction assay. J Clin Invest 1992;90:107�12.

[745] Zhuo J, Dean R, Maric C, Aldred PG, Harris P, Alcorn D, et al.
Localization and interactions of vasoactive peptide receptors in
renomedullary interstitial cells of the kidney. Kidney Int Suppl
1998;67:S22�8.

[746] Abassi ZA, Ellahham S, Winaver J, Hoffman A. The intrarenal
endothelin system and hypertension. News Physiol Sci
2001;16:152�6.

[747] Kohan DE. Endothelins in the normal and diseased kidney.
Am J Kidney Dis 1997;29:2�26.

[748] Just A, Olson AJ, Arendshorst WJ. Dual constrictor and dilator
actions of ET(B) receptors in the rat renal microcirculation:
interactions with ET(A) receptors. Am J Physiol Renal Physiol
2004;286:F660�8.

[749] Bloom IT, Bentley FR, Wilson MA, Garrison RN. In vivo effects
of endothelin on the renal microcirculation. J Surg Res
1993;54:274�80.

[750] Cavarape A, Bartoli E. Effects of BQ-123 on systemic and renal
hemodynamic responses to endothelin-1 in the rat split hydro-
nephrotic kidney. J Hypertens 1998;16:1449�58.

[751] Endlich K, Hoffend J, Steinhausen M. Localization of
endothelin ETA and ETB receptor-mediated constriction in
the renal microcirculation of rats. J Physiol 1996;497(Pt 1):
211�8.

[752] Kitamura K, Tanaka T, Kato J, Eto T, Tanaka K. Regional distri-
bution of immunoreactive endothelin in porcine tissue: abun-
dance in inner medulla of kidney. Biochem Biophys Res
Commun 1989;161:348�52.

[753] Konishi F, Okada Y, Takaoka M, Gariepy CE, Yanagisawa M,
Matsumura Y. Role of endothelin ET(B) receptors in the renal
hemodynamic and excretory responses to big endothelin-1.
Eur J Pharmacol 2002;451:177�84.

[754] Loutzenhiser R, Epstein M, Hayashi K, Horton C. Direct visu-
alization of effects of endothelin on the renal microvasculature.
Am J Physiol 1990;258:F61�8.

[755] Edwards RM, Trizna W, Ohlstein EH. Renal microvascular
effects of endothelin. Am J Physiol 1990;259:F217�21.

[756] Fellner SK, Arendshorst WJ. Endothelin A and B receptors of
preglomerular vascular smooth muscle cells. Kidney Int
2004;65:1810�7.

[757] Pollock DM, Jenkins JM, Cook AK, Imig JD, Inscho EW. L-type
calcium channels in the renal microcirculatory response to
endothelin. Am J Physiol Renal Physiol 2004.

[758] Schroeder AC, Imig JD, LeBlanc EA, Pham BT, Pollock DM,
Inscho EW. Endothelin-mediated calcium signaling in preglo-
merular smooth muscle cells. Hypertension 2000;35:280�6.

[759] Nakano D, Pollock DM. Contribution of endothelin A recep-
tors in endothelin 1-dependent natriuresis in female rats.
Hypertension 2009;53:324�30.

[760] Nakano D, Pollock JS, Pollock DM. Renal medullary ETB
receptors produce diuresis and natriuresis via NOS1. Am J
Physiol Renal Physiol 2008;294:F1205�11.

[761] Gurbanov K, Rubinstein I, Hoffman A, Abassi Z, Better OS,
Winaver J. Differential regulation of renal regional blood flow
by endothelin-1. Am J Physiol 1996;271:F1166�72.

[762] Hoffman A, Abassi ZA, Brodsky S, Ramadan R, Winaver J.
Mechanisms of big endothelin-1-induced diuresis and natri-
uresis: role of ET(B) receptors. Hypertension 2000;35:732�9.

[763] Vassileva I, Mountain C, Pollock DM. Functional role of ETB
receptors in the renal medulla. Hypertension 2003;41:1359�63.

[764] Gariepy CE, Ohuchi T, Williams SC, Richardson JA,
Yanagisawa M. Salt-sensitive hypertension in endothelin-B
receptor-deficient rats. J Clin Invest 2000;105:925�33.

[765] Gariepy CE, Williams SC, Richardson JA, Hammer RE,
Yanagisawa M. Transgenic expression of the endothelin-B recep-
tor prevents congenital intestinal aganglionosis in a rat model of
Hirschsprung disease. J Clin Invest 1998;102:1092�101.

[766] Pollock DM. Contrasting pharmacological ETB receptor block-
ade with genetic ETB deficiency in renal responses to big ET-1.
Physiol Genomics 2001;6:39�43.

[767] Pollock DM. Renal endothelin in hypertension. Curr Opin
Nephrol Hypertens 2000;9:157�64.

[768] Sasser JM, Pollock JS, Pollock DM. Renal endothelin in chronic
angiotensin II hypertension. Am J Physiol Regul Integr Comp
Physiol 2002;283:R243�8.

[769] Dhaun N, Goddard J, Kohan DE, Pollock DM, Schiffrin EL,
Webb DJ. Role of endothelin-1 in clinical hypertension: 20 years
on. Hypertension 2008;52:452�9.

856 24. RENAL CORTICAL AND MEDULLARY MICROCIRCULATIONS: STRUCTURE AND FUNCTION

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



[770] Dhaun N, Goddard J, Webb DJ. The endothelin system and its
antagonism in chronic kidney disease. J Am Soc Nephrol
2006;17:943�55.

[771] Molero MM, Giulumian AD, Reddy VB, Ludwig LM, Pollock
JS, Pollock DM, et al. Decreased endothelin binding and
[Ca21]i signaling in microvessels of DOCA-salt hypertensive
rats. J Hypertens 2002;20:1799�805.

[772] Kohan DE. Biology of endothelin receptors in the collecting
duct. Kidney Int 2009.

[773] Kuhn M. Molecular physiology of natriuretic peptide signal-
ling. Basic Res Cardiol 2004;99:76�82.

[774] Levin ER, Gardner DG, Samson WK. Natriuretic peptides.
N Engl J Med 1998;339:321�8.

[775] Vesely DL. Atrial natriuretic peptides in pathophysiological
diseases. Cardiovasc Res 2001;51:647�58.

[776] Janssen WM, Beekhuis H, de Bruin R, de Jong PE, de Zeeuw D.
Noninvasive measurement of intrarenal blood flow distribu-
tion: kinetic model of renal 123I-hippuran handling. Am J
Physiol 1995;269:F571�80.

[777] Kiberd BA, Larson TS, Robertson CR, Jamison RL. Effect of
atrial natriuretic peptide on vasa recta blood flow in the rat.
Am J Physiol 1987;252:F1112�7.

[778] Takezawa K, Cowley Jr AW, Skelton M, Roman RJ.
Atriopeptin III alters renal medullary hemodynamics and the
pressure-diuresis response in rats. Am J Physiol 1987;252:
F992�1002.

[779] Tsuchiya K, Sanaka T, Nitta K, Ando A, Sugino N. Effects of
atrial natriuretic peptide on regional renal blood flow mea-
sured by a thermal diffusion technique. Jpn J Exp Med
1989;59:27�35.

[780] Aalkjaer C, Mulvany MJ, Nyborg NC. Atrial natriuretic factor
causes specific relaxation of rat renal arcuate arteries. Br J
Pharmacol 1985;86:447�53.

[781] Hayashi K, Epstein M, Loutzenhiser R. Determinants of renal
actions of atrial natriuretic peptide. Lack of effect of atrial
natriuretic peptide on pressure-induced vasoconstriction.
Circ Res 1990;67:1�10.

[782] Marin-Grez M, Fleming JT, Steinhausen M. Atrial natriuretic
peptide causes pre-glomerular vasodilatation and post-glomerular
vasoconstriction in rat kidney. Nature 1986;324:473�6.

[783] Veldkamp PJ, Carmines PK, Inscho EW, Navar LG. Direct
evaluation of the microvascular actions of ANP in juxtamedul-
lary nephrons. Am J Physiol 1988;254:F440�4.

[784] Edwards RM, Weidley EF. Lack of effect of atriopeptin II on
rabbit glomerular arterioles in vitro. Am J Physiol 1987;252:
F317�21.

[785] Endlich K, Steinhausen M. Natriuretic peptide receptors medi-
ate different responses in rat renal microvessels. Kidney Int
1997;52:202�7.

[786] Endlich K, Forssmann WG, Steinhausen M. Effects of urodila-
tin in the rat kidney: comparison with ANF and interaction
with vasoactive substances. Kidney Int 1995;47:1558�68.

[787] Lorenz JN, Nieman M, Sabo J, Sanford LP, Hawkins JA,
Elitsur N, et al. Uroguanylin knockout mice have increased
blood pressure and impaired natriuretic response to enteral
NaCl load. J Clin Invest 2003;112:1244�54.

[788] Wang T, Kawabata M, Haneda M, Takabatake T. Effects of
uroguanylin, an intestinal natriuretic peptide, on tubuloglo-
merular feedback. Hypertens Res 2003;26:577�82.

[789] Ejaz AA, Heinig ME, Kazory A, Bihorac A, Hobson CE, Beaver
TM. The rise and fall of natriuretic peptides in acute kidney
injury: a misunderstood relationship? Rev Cardiovasc Med
2007;8(Suppl 5):S32�7.

[790] Moffat DB, Fourman J. The vascular pattern of the rat kidney.
J Anat 1963;97:543�53.

[791] Brezis M, Heyman SN, Dinour D, Epstein FH, Rosen S. Role of
nitric oxide in renal medullary oxygenation. Studies in isolated
and intact rat kidneys. J Clin Invest 1991;88:390�5.

[792] Mendez RE, Dunn BR, Troy JL, Brenner BM. Atrial natriuretic
peptide and furosemide effects on hydraulic pressure in the
renal papilla. Kidney Int 1988;34:36�42.

[793] Ma R, Pluznick JL, Sansom SC. Ion channels in mesangial cells:
function, malfunction, or fiction. Physiology (Bethesda)
2005;20:102�11.

857REFERENCES

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



This page intentionally left blank



C H A P T E R

25

Molecular and Cellular Mechanisms
of Kidney Development

Kevin T. Bush1, Hiroyuki Sakurai2 and Sanjay K. Nigam1,3,4,5

1Departments of Pediatrics, University of California San Diego, La Jolla, CA, USA
2Kyorin University School of Medicine, Mitaka, Tokyo, Japan

3Cellular and Molecular Medicine, University of California San Diego, La Jolla, CA, USA
4Medicine (Division of Nephrology and Hypertension), University of California San Diego, La Jolla, CA, USA

5Bioengineering, University of California San Diego, La Jolla, CA, USA

OVERVIEW

In the course of its development, the mammalian
kidney goes through three distinct forms: the proneph-
ros; the mesonephros; and the metanephros, ultimately
leading to the formation of the mature kidney
(Figure 25.1). At day 22 of gestation in humans or at
day 8 in mice, an epithelial streak called the pronephric
duct arises in the cervical region of the developing
embryo from intermediate mesodermal cells induced
to undergo the transition to epithelial cells in response
to signals arising from the somite and surface
ectoderm.1�3 The pronephric duct then extends cau-
dally to form the nephric duct or Wolffian duct. The
most primitive kidney, the pronephros, is formed as
the pronephric duct induces surrounding mesenchyme
to form the pronephric tubules. Glomerulus-like
structures (glomera) are also seen, but are not physi-
cally connected to the tubules forming a non-integrated
nephron.4 The pronephros is functional only in fish
and amphibians; it is thought to be rudimentary and
non-functional in higher vertebrates.

Next, a more complex “protokidney,” the meso-
nephros, arises just caudal to the pronephros at day 24
in humans or day 9.5 in mice. As with the pronephros,
mesonephric development starts with induction of the
surrounding mesenchyme by the Wolffian duct. Unlike
the pronephros, however, the mesonephros glomeruli
are linked to the Wolffian duct via mesonephric
tubules. In humans, about 30 nephrons are observed in

the mesonephros; their function is unclear. The meso-
nephric duct and some tubules persist, and are ulti-
mately integrated into the male genital system
forming, in part, the vas deferens and tubules of the
epididymis.5 In females, the mesonephros degenerates
and disappears.

The permanent kidney of amniotes, the metaneph-
ros, starts to form at day 28 in humans or day 11
in mice. Unlike the pronephros and mesonephros,
which are induced by the Wolffian duct, metanephric
tubules are induced by an epithelial structure derived
from the Wolffian duct: the ureteric bud. The ureteric
bud is induced to evaginate from the Wolffian duct
in response to signals arising from the metanephric
mesenchyme, a loose aggregation of intermediate
mesodermal cells.6,7 The emergence of this epithelial
progenitor tissue of the metanephric kidney is a
key initiating event, and depends upon differentiation
of the metanephric mesenchyme from the intermedi-
ate mesodermal cells.8,9 As the ureteric bud invades
the surrounding mesenchyme, it induces the mesen-
chymal cells to form epithelial metanephric tubules
that eventually differentiate into the proximal through
distal portions of the nephron. The ureteric bud, recip-
rocally induced by the metanephric mesenchyme,
undergoes branching morphogenesis, eventually giving
rise to the collecting system. Morphologically, neph-
ron formation is completed by birth in humans,
although only after birth does the nephron become
fully functional.7
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DEVELOPMENT OF THE METANEPHROS

Here, the development of the metanephros is
described in more detail (Figure 25.2), since it becomes
the final kidney in mammals. As discussed in the

previous section, the ureteric bud, the inducer of meta-
nephric development, is formed from the Wolffian
duct. This structure invades the metanephric mesen-
chyme, whereupon mesenchymal cells condense at the
tip of the ureteric bud. The condensed mesenchymal
cells then differentiate into epithelial cells: the so-called
mesenchymal-to-epithelial transformation (MET). The
newly formed epithelial cells gradually develop into
distinct structures called “comma-shaped bodies,”
which subsequently become “S-shaped bodies.” The
S-shaped bodies, which begin to exhibit tubular
morphology, continue to elongate; the end closest to
the ureteric bud connects to it, while the opposite end
forms podocytes and Bowman’s capsule. The middle
part ultimately differentiates into the proximal through
distal tubules of the nephron. At the same time, the
tips of the ureteric bud, induced by the metanephric
mesenchyme, continue to branch to ultimately form the
collecting ducts, renal pelvis, calyces, and papillae.

The process of collecting system development has
been studied in detail by microdissection of the human
kidney.10,11 Initial ureteric bud branching is dichoto-
mous and symmetric; the ureteric bud takes on a T-
shape in this early stage of metanephrogenesis.
Subsequently, the ureteric bud elongates and bifurcates
at the tips, and eventually branches again dichoto-
mously. At later branching events, the angle between
branches lessens and branching may not be completely
symmetrical, so that somehow the ureteric tree struc-
ture “fits” into the final shape of the kidney.8 The
initial branches become dilated to form the renal
pelvis, while terminal branches become collecting

FIGURE 25.1 Schematic illustration of mammalian kidney
development. The pronephros appears at a relatively higher position
in the embryo. Then the mesonephros forms caudally around the
nephric duct (ND) or Wolffian duct. In the male, the mesonephric
tubules become a part of the genital system. The permanent kidney,
the metanephros, forms caudally to the mesonephros. The ureteric
bud (UB) derives from the Wolffian duct, ultimately becoming the
collecting system. The metanephric mesenchyme, induced by the ure-
teric bud, forms nephron tubules and glomeruli.

FIGURE 25.2 Schematic illustration of metanephros development. Top panels show a macroscopic view of kidney collecting system
development through ureteric bud branching morphogenesis. Bottom panels show nephron development from metanephric mesenchyme.
adapted from ref. [82]).
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ducts. As the ureteric bud undergoes branching mor-
phogenesis, its tips continue to induce more nephrons
from the metanephric mesenchyme.

Vascular development occurs along with nephron
development. Dissection of the developing kidney
reveals that large vessels branch off from the dorsal
aorta invading into the kidneys.12 As will be discussed
later, the extent to which the microvasculature of the
kidney is derived from cells of the metanephric mesen-
chyme versus cells from outside the kidney is still
unclear (reviewed in 13). The origin of the mesangial
cells, which closely associate with the endothelial cells
in the glomerulus, also remains uncertain.

Thus, the reciprocal mutual induction and feed-
back between the ureteric bud and the metanephric
mesenchyme represent key events in metanephric epi-
thelial tissue development leading to a functional kid-
ney. These reciprocal interactions induce branching
morphogenesis of the ureteric bud, together with epi-
thelialization and tubulogenesis of the metanephric
mesenchyme (Figure 25.3). To better understand the
mechanisms underlying induction, it is necessary to
identify and analyze the key molecules that mediate
signals between the metanephric mesenchyme and the
ureteric bud.

EXPERIMENTAL APPROACHES TO
KIDNEY DEVELOPMENT

Over the years, a variety of experimental approaches
have been used for evaluation of the mechanistic
details of the induction process between the ureteric
bud and metanephric mesenchyme. For example, the

developing kidney has been found to be amenable
to extensive in vitro analysis. In addition to this “whole
embryonic kidney organ culture,” it has been demon-
strated that progenitor tissues (i.e., Wolffian duct, ure-
teric bud, and metanephric mesenchyme) can be
isolated and cultured individually. Advances in genetic
manipulation have allowed the analysis of kidney
development in vivo in genetically-engineered mice.
As in vitro culture techniques and in vivo genetic
manipulation become increasingly sophisticated, it is
becoming clear that these approaches should be
viewed as complementary.

Organ Culture

Whole Embryonic Kidney Organ Culture

The transfilter culture system, used by Grobstein
and co-workers in the 1950s,14�16 has been the mainstay
of in vitro organ culture work in the developing kidney.
In this system, microdissected kidneys, from as early as
the beginning of metanephrogenesis (gestational day
11.5 in mice or day 13.5 in rats), are cultured on top of
filters for several days. In the presence of appropriately
defined serum-free medium, kidney rudiments grow
and differentiate.17 It is possible to observe branching
morphogenesis of the ureteric bud, induction of the
metanephric mesenchyme, and formation of nephrons
by microscopy as the cultured embryonic kidneys
develop (Figure 25.4a). Only vascular development
does not occur to an appreciable extent. Thus, not only
does the whole embryonic kidney culture resemble
in vivo developmental processes, but it also appears to
retain the inherent spatiotemporal complexity.

In this whole embryonic kidney culture, it is possi-
ble to manipulate humoral factors that play a role in
nephrogenesis. The effects of growth factors or their
inhibitors on kidney development can be evaluated
in vitro by analysis of total kidney size, ureteric bud
branching events, and metanephric mesenchyme tubu-
logenesis. For example, ureteric bud branching can be
assayed by staining with a fluorescently-labeled lectin
from Dolichos biflorus, which has been shown to bind
specifically to the cells derived from the ureteric bud18

(Figure 25.4b). However, the organ culture method
is not without its limitations. For example, when anti-
bodies and antisense oligonucleotides are used to per-
turb in vitro nephrogenesis, care must be taken to
ensure that the agent is delivered to the sites of inter-
est, since antisense oligonucleotides do not seem to
penetrate the ureteric bud as well as the metanephric
mesenchyme.19 In addition, oligonucleotide toxicity
may, in some instances, nonspecifically inhibit kidney
growth.19 However, recent development of RNAi tech-
nology to perturb specific gene function may prove
useful in this setting.20,21

FIGURE 25.3 Schematic illustrations of mutual induction. The
metanephric mesenchyme cells become epithelial nephron tubules
(induced by the ureteric bud), while the ureteric bud undergoes
branching morphogenesis to form the collecting system (induced by
the metanephric mesenchyme).
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Isolated Wolffian Duct Culture

It is possible to culture the entire mesonephros
�metanephros area on top of transfilters. Addition
of humoral factors can induce outgrowth of ureteric
bud-like structures from the Wolffian duct.22�26

For example, the addition of glial cell-derived neuro-
trophic factor (GDNF) induces numerous budding
events at multiple foci along the length of the cultured
Wolffian duct (Figure 25.5). The epithelial Wolffian
ducts can also be dissected away from most of the
non-epithelial mesoderm and cultured in the presence
of soluble growth factors to induce the outgrowth
of ureteric bud-like structures.23�25,27�30 However, in
this culture system GDNF alone is insufficient to
induce the outgrowth of ureteric bud-like structures,
and supplementation with other growth factors is
required23,24 (Figure 25.6). The Wolffian duct can also
be cultured as a “naked” epithelial tube cleared of all
surrounding mesodermal cells, although these isolated
ducts must be cultured within a three-dimensional
extracellular matrix.25 The ureteric bud-like structures
can be excised from the Wolffian duct and induced to
branch in culture (Figure 25.7), indicating that the
in vitro ureteric bud possesses the ability to branch and
grow in a manner similar to that seen with the in vivo
ureteric bud (see below). These ex vivo culture systems
have proven useful in the elucidation of the mecha-
nism of ureteric bud budding, and have allowed
for the identification of multiple modulators/regula-
tors (e.g., growth factors, signal transduction pathways,
etc.) of this process.23�25,27�30

Isolated Ureteric Bud Culture

Since the 1950s, in vitro culture of the two individual
components of metanephros, the ureteric bud and the
metanephric mesenchyme, has been attempted. Of the
two progenitor tissues, in vitro growth of the isolated
ureteric bud proved to be more difficult, and it was
argued that cell�cell contact between the ureteric bud

FIGURE 25.4 (a) Embryonic rat kidney isolated at embryonic day 13 and cultured for 3 days on Transwell filter. Ureteric bud branches
and epithelial nephron formation (arrows) are visible. (b) Cultured kidney stained with fluorescent-labeled lectin from Dolichos biflorus

to visualize ureteric bud-derived structures (Bars: 100 μm). See color plate section at the end of the book.

FIGURE 25.5 (a), (b) Photomicrographs of whole mesonephros
(Meso) with attached Wolffian duct (WD) cultured for 4 days in the
absence (a) or presence (b) of GDNF. (c) Graph depicting quantitative
analysis of ureteric bud emergence (Scale bar: 200 μm; Arrowheads:
ectopic ureteric buds). (from ref. [24]).
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FIGURE 25.6 (a�f) Photomicrographs of isolated mesonephric tissues at Day 0 (a, c, e) or after 3 days of culture in the presence of GDNF
(b, d, f). (a), (b) Entire mesonephros with attached Wolffian duct (WD). (c), (d) Wolffian duct (WD) dissected free from most of surrounding
mesonephros. (e), (f) Wolffian duct (isolated WD) isolated free of surrounding mesonephros and mesodermal cells which must be cultured
within an extracellular matrix gel (Scale bar: 500 μm). (from ref. [25]).

FIGURE 25.7 (a) Wolffian duct dissected free from
most of mesonephros cultured for 4 days in the presence
of GDNF. (b) High magnification view of a single ureteric
bud-like structure isolated from cultured Wolffian duct
in (a). (c) Single ureteric bud-like structure in (b) cultured
within a three-dimensional extracellular matrix gel in
the presence of branch-inducing growth factors. (from
ref. [25]).
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and metanephric mesenchyme was an important com-
ponent in the process of ureteric bud branching.
However, the isolated ureteric bud has since been
shown to grow and branch extensively in the presence
of appropriate extracellular matrix and soluble factors
in the absence of direct contact with the metanephric
mesenchyme31 (Figure 25.8). The epithelial cells of
the ureteric bud in this culture system appear to
retain similar morphological characteristics to those of
the ureteric bud in the whole embryonic kidney cul-
ture.32 This system has allowed for the isolation and
identification of numerous molecules, including solu-
ble factors that modulate ureteric bud branching
morphogenesis.31�47

Isolated Metanephric Mesenchyme Culture:
Recombination with Heterologous Inductive
Tissues

Another setting in which organ culture has been
used focuses on metanephric mesenchyme induction
and transformation to an epithelial phenotype. In this
system, the isolated mesenchyme is cultured on one
side of a filter while, on the other side of the filter, het-
erologous inducing tissues are placed. Various stages
of metanephric mesenchyme induction (i.e., condensa-
tion, epithelialization, and tubulogenesis) can be
observed, depending on the inductive capacity of the
tissue. Using this method, it has been shown that

embryonic spinal cord, salivary gland, and other tissues
can induce the metanephric mesenchyme.48,49 As is the
case for isolated ureteric bud branching described pre-
viously, a key question here is the relative contribution
of humoral factor(s) or cell�cell contact in this process.
Electron microscopic examination revealed that the
inducing tissue can contact the metanephric mesen-
chyme via cellular processes extending through the fil-
ter.50 In fact, filters with pore sizes greater than 0.1 μm
are unable to block cell-to-cell contact completely,7 indi-
cating the importance of cell�cell contact. However,
complete mesenchymal induction has been demon-
strated in the presence of soluble factors without
cell�cell contact with inductive tissue.51,52

Isolated Metanephric Mesenchyme Culture:
Recombination with Isolated Ureteric Bud

It has been shown that when co-cultured with freshly
isolated metanephric mesenchyme, the isolated ureteric
bud in culture (as described previously) is capable of
inducing nephron tubules from the metanephric mesen-
chyme.31 At the same time, the pattern of ureteric bud
growth is altered by the presence of the metanephric
mesenchyme; it is only through contact with metaneph-
ric mesenchyme that the ureteric bud undergoes vecto-
rial branching with elongation and tapering of newly
induced branches, similar to those seen in cultured
whole embryonic kidneys44 (Figure 25.9). Although this

FIGURE 25.8 (a1) Illustration of isolated ureteric bud culture system. (b1) Cultured ureteric buds stained with fluorescein-conjugated lectin
from Dolichos biflorus at (a) 0 days; (b) 3 days; (c) 6 days; and (d) 12 days. Arrows indicate branch points. (adapted from ref. [31]).
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patterning effect on the ureteric bud appears to be mod-
ulated, in part, by soluble factors, cell contact with the
metanephric mesenchyme and/or short-acting factors
produced by the interaction of these two progenitor tis-
sues plays a key role in determining the arborization
pattern.44 Another potential application of this “recombi-
nation” system is to pinpoint the defective tissue in
knockout mice with a kidney phenotype. Through
recombination of wild-type and gene knockout tissues
(e.g., wild-type ureteric bud with knockout metanephric
mesenchyme), it may be possible to determine the
source of the kidney defect. For example, kidneys lack-
ing heparan sulfate 2-O sulfotransferase (Hs2st2/2) dis-
play renal agenesis, presumably due to defects in the
inductive responsiveness of the ureteric bud to undergo
branching morphogenesis.53 However, examination of
cultures of recombined wild-type and Hs2st2/2 ureteric
buds and metanephric mesenchyme (Figure 25.10) pro-
vided evidence that the key defect in the knockout kid-
ney is the inability of the metanephric mesenchyme to
undergo induction.46

The aforementioned tissue culture systems allow
one to observe certain key phenomenon in metanephric
kidney development in vitro/ex vivo. The analysis of
genetically-engineered kidneys (and/or their compo-
nent tissues) in these in vitro systems, in combination
with an advanced method of gene perturbation

(e.g., RNAi), will undoubtedly provide a more mecha-
nistic picture of kidney development.

Genetically-Engineered Mice

Genetically-engineered mice allow one to manipu-
late the process of kidney development in vivo.
Introducing null mutations of the gene of interest into
mouse embryonic stem cells can be used to generate
gene knockout mice.54�56 Generally speaking, knockout
mice grow from conception without normal expression
of the gene product. If the mice develop beyond the
stage of kidney development, the effect of the gene dis-
ruption on nephrogenesis can be observed in vivo by
direct examination of the tissue histology. In such
cases, the abnormal kidney phenotype can be directly
or indirectly ascribed to disruption of the gene. In
fact, many important molecules involved in kidney
development have been identified by gene knockout
technology.57,58 In particular, the contribution of many
transcription factors, molecules acting in the nucleus to
regulate gene expression in the cell, have been demon-
strated by this technique. However, knockout technol-
ogy has its limitations. For example, although gene
knockout mice can demonstrate the indispensability of
a particular gene, how the gene product acts in the
complex process of kidney development often remains
unclear, owing to the spatiotemporal complexity of the

FIGURE 25.9 (a�c) Photomicrogrpahs of uninduced metanephric mesenchyme (MM) placed around the cultured UB (a); and co-cul-
tured for 7 days (b�c). (d�f) UB and MM recombinations after 8 days of co-culture visualized with UB-specific lectin (Dolichos biflorus)
and antibody against E-cadherin. Structures derived from mesenchymal-to-epithelial transformation, including cap-condensate (b: arrows)
and coronas (indicated by asterisks) are observed. (f) Boxed area indicates elongation of UB branches and vectorial growth toward the
MM; arrow indicates an area of the UB that has not undergone recombination with the MM and maintains its original architecture.
(adapted from ref. [44]).
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developing organ. Thus, if one observes defective ure-
teric bud branching in knockout mice, the deleted/dis-
rupted gene product could be affecting the ureteric
bud directly or it could be affecting the metanephric
mesenchyme, resulting in incompetent induction of the
ureteric bud. To resolve this problem, some have used
organ culture type approaches (“recombination”).46,59

Another limitation of gene knockouts is that the mice
may not have an apparent phenotype due to redun-
dancy. In other words, the expression of other mole-
cules with features or functions that overlap with the
targeted gene could compensate for the defect from the
gene knockout.

Perhaps the major drawback of conventional knock-
outs for studying genes involved in development of the
kidney is the possibility that the targeted gene is critical
for early embryonic survival, rendering the analysis of
kidney development impossible as the embryo dies
before organogenesis. In recent years, this issue (as well
as some of the others listed above) has been overcome
by the use of tissue-specific knockout technologies
which provides the means for gene disruption in a
time- and organ-specific manner.60 This gene targeting
system utilizes site-specific recombinases to excise out
genes or portions of genes from the genomic DNA,
resulting in the inactivation of the gene of interest.61

Cre-loxP is the most commonly employed site-specific
recombinase for these “conditional” deletions, although
other site-specifc recombinases are available, including
Flp-FRT and Dre-Rox. In the case of the Cre-loxP sys-
tem (although the general principles are shared), condi-
tional deletion of a gene of interest is performed by
crossing two transgenic mouse lines: (1) “floxed” mice
that carry the gene of interest with flanking loxP sites

which can be cleaved by the enzyme; and (2) Cre-
recombinase transgenic mice under the control of a tis-
sue-specific promoter.62 For example, deletion of β1
integrin from the epithelial cells destined to become the
ureteric bud using Cre recombinase under the control
of the HoxB7 promoter disrupts ureteric bud branching
morphogenesis, and variably retards kidney growth,
leading in a few instances to renal agenesis.45,63 While
such approaches have proven useful, the main draw-
back of these conditional deletions in the study of the
kidney is the availability of cell-specific promoters.61

The use of tet-operon and tamoxifen to induce recombi-
nase activity and the modulation of gene activity have
also proven to be useful.61 In these systems, animals
are exposed to tetracycline or tamoxifen which activates
the site-specific recombinase under its control, resulting
in the modulation of gene activity. These systems have
the advantage of being under the control of the investiga-
tor; however, they are not without problems, including
the toxicity of the inducing agent.61 Nevertheless, these
spatiotemporal conditional deletions have rapidly estab-
lished themselves as an invaluable tool for investigating
the development of the kidney.

Cell Culture

Cell culture models have the advantage of simplic-
ity. Since they use homogenous cell populations grown
under controlled conditions, it is possible to perform
biochemical analysis in great detail. Moreover, gene
introduction by plasmid transfection and gene knock-
down by RNAi is simpler in comparison to the organ
culture system. Here, the most relevant system for
branching morphogenesis of the ureteric bud, the
three-dimensional cell culture system, is discussed.

FIGURE 25.10 (a�f) Confocal photomicrographs
of mix-and-match recombination cultures between
heparan sulfate 2-O-sulfotransferase (Hs2st) knockout
and control tissues. E-cadherin staining reveals epi-
thelial structures derived from either ureteric bud
(UB) or metanpehric mesenchyme (arrows). Mutual
induction can be seen in co-cultures of control tissues
recombined with control (a) or Hs2st2/2 tissues (b),
(c), (e), (f). Recombination of UB and MM from
Hs2st2/2 kidneys results in no mutual induction (d)
(Scale bars: 100 μm). (from ref. [46]).
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When certain kidney-derived epithelial cells are
suspended in an extracellular matrix gel (type I colla-
gen or a collagen�Matrigel mixture) in the presence of
morphogenetic humoral factors, they form tubules and
undergo branching morphogenesis in vitro. The tubules
in the three-dimensional culture have lumens and
retain apical�basolateral polarity.64 The effect of
humoral factors in epithelial tube and/or branch for-
mation can be studied here. In addition to the humoral
factors, the effect of extracellular matrix composition
on morphogenesis and the cellular details of morpho-
genesis can be examined in this system. MDCK cells
and murine inner medullary collecting duct (mIMCD3)
cells have been used in the past,65�68 but these have
the limitation of being derived from mature renal epi-
thelial cells. To address this issue, an in vitro cell cul-
ture system using ureteric bud (UB) cells directly
derived from embryonic day (E) 11.5 mouse ureteric
bud has also been established.69 Although there is
some difference in the responsiveness of the different
cell lines to growth factors, all three cell lines respond
to soluble factors produced by the metanephric mesen-
chyme by forming branching tubules.

A detailed mechanism of hepatocyte growth
factor (HGF)-induced MDCK cell tubulogenesis
model has been described.70 There appear to be two
steps involved in this process of invasion: epithe-
lial�mesenchymal transition; and the re-establishment
of epithelial intercellular junctions. However, it has
also been shown that ureteric buds in in vitro culture
undergo branching morphogenesis through budding, a
process in which epithelial cells never lose their junc-
tions.32 It remains to be seen where and when these
two morphogenetic processes, branching through inva-
sion (“invadopodia”) and branching through budding,
are utilized in vivo.71

MOLECULAR APPROACHES TO KIDNEY
DEVELOPMENT

The development of high-density DNA microarray
technology and global gene profiling has made it pos-
sible to analyze patterns of gene expression through-
out embryonic and postnatal development and into
adulthood in the whole developing rodent kidney.72,73

It has also been possible to analyze gene expression
changes in in vitro culture systems such as the
isolated UB and MM.39,42,74 For example, initial
microarray analysis of a global time series of gene
expression in the developing rat kidney revealed five
discrete patterns or groups of gene expression72

(Figure 25.11). mRNA encoding transcription factors
and growth factors were found to be upregulated
early in organogenesis (group 1). Among the genes

whose expression level peaked in the middle of kid-
ney organogenesis (group 2), many extracellular
matrix related genes were found.72 Further represent-
ing the global time series gene expression data as
self-organizing maps (SOMs) made it possible to
define roughly six stages of gene expression during
pre- and postnatal kidney development in the rat.73

Computational analysis suggested points of stability
and transition based solely on gene expression and
correlations where classically described anatomical
changes were not intuitively obvious73 (Figure 25.12).
The most profound changes appear to occur at birth,
when there is a sudden burst in the expression of
many genes involved in redox metabolism and trans-
port, including multispecific drug transporters such
as Oat1 and Oct1.75

There has also been a massive effort to create an
atlas of gene expression in the developing kidney, the
genitourinary developmental molecular anatomy proj-
ect or GUDMAP.76�80 This multi-group international
project is still continuing and has not only provided
an atlas of localization information (e.g., ureteric
bud, comma-shaped bodies, S-shaped bodies, renal
vesicle), but has also yielded specific gene signatures
for developing structures like branching ureteric bud
tips. Although the function of many of these genes
remains unknown, at a minimum they represent useful
markers.

FIGURE 25.11 Hierarchical clustering of 873 genes identified as

changing significantly at some point in kidney development (out
of 8740 genes examined). Numbers at the bottom indicate group
numbers derived from k-means clustering. Group 1 genes are upre-
gulated (red) in the early embryonic period and decrease thereafter.
Group 2 genes rise to a mid-late embryonic peak. Group 3 genes
peak in the neonatal period. Group 4 genes rise somewhat linearly
throughout development. Group 5 genes display a distinct peak in
the adult versus all earlier times (13, 15, 17, 19: embryonic days; N:
newborn; W: 1 week old; A: adult). (from ref. [72]).
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One of the key tasks in the future will be to place
this localization information in the context of global
gene expression time series data, to obtain a more accu-
rate picture of the dynamics of kidney organogenesis
and suggest new points of regulation. Growth factor-
selective heparan sulfation interactions have been pro-
posed as important regulators of the switching
between stages.46,47 Moreover, based on current knock-
out and in vitro data, it has been suggested that key
“hubs” in the network of genes regulating kidney
development include the process of GDNF-dependent
budding early on, and late tubulogenesis involving
cilia-associated genes such as those implicated in vari-
ous types of cystic kidney disease.81,82 It is becoming
increasingly clear that an abundance of knockouts
reported to have “renal phenotypes” cluster around
these processes. In vivo branching morphogenesis,
especially in the middle phases, appears largely pro-
tected from disruption in many knockouts of gene pro-
ducts known to be involved in in vitro branching.
When branching phenotypes are reported, it is usually
in the form of a small reduction in nephron number.
One interpretation, supported by a wealth of in vitro
data, is that there are many growth factor�heparan
sulfate-dependent pathways regulating branching, and
deletion of any single one is likely to be compensated
by another. Double knockouts, for example of the EGF
receptor and the HGF receptor (c-met), are beginning
to provide support for this view.83

In addition to these high-throughput gene profiling
approaches, epigenetic transcriptional controls are becom-
ing rapidly appreciated. These dynamic cell-inheritable
processes alter transcriptional activity without affecting
DNA sequence, and include covalent modifications of
DNA and histones, DNA packaging, chromatin folding,
and regulatory noncoding microRNAs (miRNAs).84,85

For example, conditional deletion of Dicer, the RNase
involved in the production of miRNAs (which control
gene expression at the post-transcriptional level), from
cells of the nephron lineage lead to elevated apoptosis

and premature termination of nephrogenesis.86 In addi-
tion, deletion of Dicer from ureteric bud epithelium
disrupts branching morphogenesis, and leads to the
development of renal cysts.86 Together with other studies
on Dicer and miRNAs, the data clearly indicate a role for
Dicer and Dicer-dependent miRNA activity in the devel-
opment of the kidney, as well as in the development
and progression of kidney disease.84,86�93

Ultimately, high-throughput gene profiling, together
with a thorough epigenetic analysis, may provide
mechanistic insight into the very complex system of
gene expression regulating kidney development.
This may enable the development of a systems per-
spective on nephrogenesis. Attempts at creation of
“coarse grained” models of kidney development have
clearly begun.40,82,94,95 In the following section, a num-
ber of molecules which have been shown to be
involved in kidney development are discussed. Over
the past two decades, a large number of developing
kidney phenotypes has been reported in gene knockout
studies. Together with in vitro studies, they provide a
great deal of functional information. We will highlight
some of the results below. Several recent reviews
describe them in much more detail.96�98 Moreover, we
do not discuss in great detail the impressive amount of
work that has been done in relation to the formation of
the glomerular filtration barrier (reviewed in 99), poly-
cystic kidney disease (reviewed in 100) or late nephron
differentiation and acquisition of mature transport
function (reviewed in 96�98,101). We focus largely on the
WD, UB, and early MM-derived structures.

TRANSCRIPTION FACTORS IN
METANEPHROGENESIS

Transcription factors bind to DNA and regulate
the expression of other genes that are involved in,
among other things, morphogenesis and differentia-
tion. As a result of many gene disruption studies,

FIGURE 25.12 Representative SOMs from each stage (Stage 1: e12; stage 2: e13 to e16; stage 3: e17 to e18; stage 4: e19 to e22; stage 5: nb

(P0 to P1); stage 6: w1; stage 7: w4 to ad). Curved arrows represent putative negative feedback loops that potentially stabilize the previous
stage. (from ref. [73]).
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several important transcription factors in kidney devel-
opment have been demonstrated. With careful molecu-
lar marker analysis, it will soon be possible to draw a
whole network of these molecules in this process.

Transcription Factors Regulating Glial Cell
Line-Derived Neurotrophic Growth Factor

As will be described later, a key molecule in the pro-
cess of the initial stage of metanephros development
(i.e., ureteric bud formation and outgrowth from the
Wolffian duct) is glial cell line-derived neurotrophic
growth factor (GDNF). Many transcription factors reg-
ulating expression of this growth factor affect ureteric
bud development, and thus kidney development.

Hox Genes

Hox genes, mammalian homologs of Drosophilia
homeotic genes, have been shown to be critically
important for early nephrogenesis. While null mutants
for Hoxa11 or Hoxd11 mice do not have a kidney phe-
notype, double knockouts of Hoxa11 and Hoxd11 show
kidney agenesis or hypogenesis.102 Moreover, complete
elimination of Hox11 paralogs (Hoxa11, Hoxc11, and
Hoxd11) result in a lack of ureteric bud outgrowth from
the Wolffian duct.103 In this mutant, expression of
another transcription factor, Six2 as well as Gdnf is
lacking, suggesting that Hox11 paralogs regulate Gdnf
expression.

Pax Genes

Additional members of the homeotic gene family,
the Pax genes, have been implicated in nephrogenesis.
Compared with Hox genes, Pax genes appear to be
restricted to certain tissues or organs. Pax2 and Pax8
have been shown to be expressed in the kidney. These
Pax genes can be considered as early nephric lineage
specification genes, as they are first expressed in the
pronephric duct, and their simultaneous disruption
causes failure in the formation of the epithelial
pronephric duct from the intermediate mesoderm.1

After the pronephric duct, Pax2 expression is sequen-
tially found in its extension, the Wolffian duct, the ure-
teric bud, as well as the condensed metanephric
mesenchyme and the newly formed nephron tubules.
As the kidney tubules mature, Pax2 expression
decreases.104,105 The expression pattern suggests a role
for Pax2 in mesenchymal�epithelial transformation.
Homozygous null mutant mice lacking Pax2 show only
a partially developed Wolffian duct, leading to kidney
agenesis.106 It has also been shown that the mutant
Wolffian duct does not respond to GDNF to form the
ureteric bud. Furthermore, the mutant metanephric

mesenchyme not only lacks Gdnf expression, it is not
competent to form nephron tubules in response to
wild-type spinal cord.22 Heterozygous Pax2 mutant
mice have hypoplastic kidneys.106 In fact, there are
Pax2-binding sites in the promoter region of Gdnf, and
Pax2 can promote Gdnf expression in vitro.22 Pax2 has
also been shown to promote the assembly of an H3K4
methyltransferase complex, which is involved in epige-
netic transcriptional regulation.85

Pax8 has a similar tissue expression pattern to Pax2;
however, Pax8 expression peaks later than Pax2.107

Although kidney development is apparently normal in
Pax8 knockout mice,108 double knockouts of Pax2 and
Pax8 show a complete absence of a urogenital system,
due to failure in the formation of the pronephric duct
from the intermediate mesoderm,1 suggesting some
overlap in the roles of these two Pax genes in proneph-
ric duct induction. Analysis of kidney development in
mice heterozygous for Pax2 and for Pax8, which form
kidneys (albeit hypodysplastic with fewer ureteric bud
tips and a reduced nephron number), indicates a dra-
matic reduction in the expression levels of Lim1.109

Although normal levels of Ret and Gdnf were seen,
Wnt11 (an important downstream target of Gdnf sig-
naling, see below) was reduced. Thus, it has been
postulated that Pax2 and Pax8 play a key cooperative
role in nephron differentiation and branching of the
ureteric bud.109

Eya1, Six1, and Six2 Genes

These genes have been implicated in Drosophila eye
development together with Pax6,110 and are expressed
in the metanephric mesenchyme in the kidney.
Homozygous null mutants for Eya1 show kidney agen-
esis with loss of Gdnf and Six expression,111 suggesting
that EYA1 acts upstream of SIX, and together they reg-
ulate Gdnf expression. In fact, EYA1 is shown to act as
a co-activator111 of the genes regulated by SIX.112

In Six1 knockouts, which show various kidney pheno-
types ranging from hypogenesis to agenesis, Gdnf
expression is reduced, but Eya1 expression is pre-
served.112,113 Interestingly, metanephric mesenchyme
derived from Six1 knockout mice is not competent in
nephron tubule formation when it is cultured with spi-
nal cord, a potent inducer of nephron tubulogenesis,
suggesting that these factors not only control Gdnf
expression, but also have a role in maintaining certain
characteristics of metanephric mesenchyme.113 As
described previously, another member of the Six fam-
ily, Six2 appears to regulate Gdnf expression down-
stream of Hox11 paralogs.103 Although Six1 and Six2
show overlapping areas of expression, the fact that
Six2 expression is reduced in Six1 knockouts112,113 sug-
gests a close relationship between these two molecules.
Six2 expression in vivo has been found to be directly
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activated by a novel protein complex composed of the
Hox11 paralogous proteins, Pax2 and Eya1, which
clearly demonstrates that Six2 and Gdnf are down-
stream targets of the Hox11 paralogs.114 Moreover, Six2
defines nephron progenitor populations in the meta-
nephric mesenchyme and it cell-autonomously main-
tains progenitor populations.6

Sall1

Sall1 is a transcription-related protein expressed in
the metanephric mesenchyme of the developing kid-
ney.115 It is also expressed in extrarenal tissues such as
the limb buds and central nervous systems. Knockout
of this gene results in failure of the ureteric bud to
undergo branching after invading the metanephric
mesenchyme.116 Although Gdnf expression just before
ureteric bud formation is reported to be normal, its
expression in the metanephric mesenchyme subse-
quently decreases.115 It is unclear whether this reduc-
tion of Gdnf expression is due to a direct effect of the
Sall1 mutation or if it is secondary to a loss of a ureteric
bud-derived signal. Interestingly, exogenous Gdnf was
unable to rescue branching in cultures of Sall1 knock-
out kidneys despite expression of Ret, suggesting that
the ureteric buds are unable to respond to Gdnf.116

In situ hybridization demonstrates the expression of
the stalk-specific marker, Wnt9b, as well as the β-cate-
nin target gene Axin2, in the ureteric bud tips of Sall1
knockout kidneys.116 Since reduction of β-catenin levels
in Sall1 mutants rescued ureteric bud branching and
overexpression of Wnt9b-inhibited branching in normal
ureteric buds, the data indicate that Sall1-dependent
signals regulate the initiation of ureteric bud branching
by modulating the expression of ureteric bud tip-spe-
cific genes.116 In addition, among metanephric mesen-
chyme cells, only those cells which express high levels
of Sall1 are capable of nephron formation, suggesting
the possibility that activation of this gene is key for
nephron-forming capacity in the metanephric mesen-
chyme.117 Given the fact that Six2 maintains nephron
progenitor cells, Sall1 may act together with Six2 to
ensure multipotency of nephron progenitors.

Foxc1

Although some of the aforementioned genes affect a
number of other genes, they all normally stimulate
Gdnf expression. However, it is also important to
restrict the area of Gdnf expression, to avoid multiple
kidneys arising from a single Wolffian duct. In
this regard, a member of the forkhead transcription
factor superfamily, Foxc1, appears to restrict Gdnf
expression to the intermediate mesoderm around the
Wolffian duct (i.e., metanephric mesenchyme). Foxc1
homozygous null mutants display ectopic ureteric bud

outgrowth resulting in duplex kidneys.118 In this
mutant, the restrictive expression pattern of Gdnf as
well as Eya1 is perturbed, and is abnormally extended
along the Wolffian duct.

Transcription Factors Regulating Ureteric Bud
Formation (or Early Kidney Development)

Lim1

Lim1 is a homeotic gene expressed in both the cen-
tral nervous system and kidneys. By whole-mount in
situ hybridization, its transcript is detected from the
pronephric stage to the metanephros.119 In the meta-
nephros, its expression is detected in the renal vesicles,
S-shaped bodies, and ureteric bud branches.119

Knockout of Lim1 leads to kidney agenesis, suggesting
its distinct role in early nephrogenesis.120 Since Pax2
expression in the mesonephros is detected in Lim1
knockouts,121 and the ectopic expression of Pax2 was
found to induce Lim1 in the intermediate mesoderm,1

it is likely that Lim1 acts downstream of Pax2 in pro-
nephros development. However, the exact role of Lim1
in metanephrogenesis remains to be determined.

Wt1

One of the Wilms tumor suppressor genes, Wt1, a
zinc-finger transcription factor, is required for kidney
development. Wt1 generally acts as a transcriptional
repressor, and has been shown to repress Igf2,122

Igf1 receptor,123 Pax2,124 Myc,125 and Bcl2125 expression.
Most of these genes are related to cell proliferation,
supporting the notion that loss of Wt1-mediated
repression could lead to disregulated proliferation (i.e.,
cancer). It seems paradoxical that the Wt1 knockout
suffers from kidney agenesis, not tumors.126 In the
homozygous deletion mutant of Wt1, the ureteric bud
fails to form, despite relatively normal development
of the mesonephros and in the presence of Gdnf expres-
sion,127 suggesting that factor(s) other than GDNF
might be required for ureteric bud initiation. In normal
embryonic kidneys, Wt1 is expressed in uninduced
mesenchyme, renal vesicles, and glomerular podo-
cytes.128 Wt1 mutant mesenchyme is not responsive to
the inductive signal from wild-type spinal cord, while
the mutant Wolffian duct can induce wild-type meta-
nephric mesenchyme, suggesting that the primary
defect is in the mesenchyme.127 Interestingly, the mech-
anism(s) of WT1 remain to be fully elucidated.
Genome-wide expression profiling analysis in cells
expressing inducible WT1 identified some direct WT1-
target genes, including EGF receptor ligands, chemo-
kines, and transcription factors.129
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Limb Deformity Gene/Fmn1

Kidney agenesis is observed in mice homozygous
for the limb deformity (ld) gene, Fmn1, mutation. The ini-
tial outgrowth of the ureteric bud is not observed in
mutant mice. The metanephric mesenchyme from
Fmn1 mutant mice is induced by embryonic spinal
cord, suggesting that the defect is in the ureteric
bud.130 The Fmn gene encodes formin, a gene product,
which is present in both the ureteric bud and the meta-
nephric mesenchyme.131,132 Although knockouts of
certain formin isoforms display limb deformity and
kidney defects, specific elimination of isoform 4 results
in a pure kidney phenotype.133

Myc Genes

The Myc family members were first recognized as
proto-oncogenes that function as transcription factors.
While Myc is expressed in the uninduced metanephric
mesenchyme and newly formed epithelium, Nmyc1 is
transiently expressed in the area of mesenchy-
mal�epithelial transformation.134 Another Myc family
member, Lmyc1, is expressed in ureteric bud-derived
structures, and its expression increases as these
structures mature.134 Both Myc and Nmyc1 gene knock-
outs are lethal at E9.5�10.5 and E10.5�12.5,
respectively.135�137 Myc mutants apparently have no
specific kidney phenotype. In Nmyc1 mutants, meso-
nephric development is affected. In both cases, mice
die before metanephric development, which therefore
cannot be assessed. The distinct pattern of expression
of the various Myc genes makes them useful as mar-
kers: mesenchymal stromal cells are negative for Myc;
Nmyc1 is a marker for induced mesenchyme or early
mesenchymal epithelialization; Lmyc1 is a marker for
the collecting duct.

Transcription Factors Regulating Ureteric Bud
Survival/Branching

Emx2

Disruption of a homeotic gene, Emx2 results in uro-
genital defects in mice.59 In mutant mice, the initial
formation of the Wolffian duct and ureteric bud is
normal, as is the initial induction of the metanephric
mesenchyme. Normal Pax2 expression is observed in
these structures. However, the ureteric bud starts to
degenerate around E12.5. At the same time, the expres-
sion of Pax2 and Ret, a receptor tyrosine kinase nor-
mally expressed at the tip of growing ureteric bud, is
greatly reduced. Recombinant organ culture between
wild-type and mutant ureteric bud and metanephric
mesenchyme indicates a defect in the ureteric bud.
Emx2 expression is observed at a later stage of

epithelialization than Pax2 in normal mice. The expres-
sion pattern suggests that Emx2 regulates maturation
and/or survival of epithelial cells, rather than forma-
tion of epithelial cells.

Timeless

By differential gene expression screening in the epi-
thelial cell three-dimensional culture system for
branching tubulogenesis, the mammalian ortholog of
Timeless gene was identified as a candidate for regula-
tion of epithelial branching morphogenesis. Its expres-
sion is detected in the active region of ureteric bud
branching in the developing kidney. Selective inhibi-
tion of this gene in various in vitro culture models
resulted in inhibition of ureteric bud branching.33

Deletion of this gene is embryonic lethal prior to
the onset of kidney development.138 The kidney (or
ureteric bud)-specific knockout data are needed to pro-
vide a definitive role of this molecule in kidney
development.

ETS Transcription Factor Genes

Etv4 and Etv5, two members of the Pea3 family of
E-twenty six (ETS) domain transcription factors, which
are believed to function as transcriptional activator
proteins,139 were identified in an analysis of gene
expression in ureteric buds cultured in the absence or
presence of Gdnf.140,141 Etv4 and Etv5 were found to
have overlapping expression in ureteric bud tips which
was positively enhanced by Gdnf.140,141 Gene dosage
reductions and/or deletions of these transcription fac-
tors indicated a role in the formation of the ureteric
bud tip domain.140,141

Sox Genes

Sox genes are developmental regulators containing a
DNA-binding domain with high homology with the
HMG box of the sex-determining gene Sry. Mice with
double deletions of Sox9 and Sox8 have kidney defects,
including renal agenesis.142 In situ hybridization demon-
strates reduced expression of a number of downstream
targets of Gdnf-Ret signaling, including Etv4, Etv5, Met,
and Spry1 in the ureteric bud tips. Together, the data
indicate that Sox8 and Sox9 have key roles in Gdnf-Ret
signaling regulating/modulating ureteric bud branching
morphogenesis.142

Transcription Factors Regulating Stroma
Development

Foxd1

Study of one of the forkhead box transcription factor
superfamily members, Foxd1 (Bf2), shed light on the
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role of the third cellular component of the developing
kidney, the stroma. In developing kidneys, Foxd1 is
expressed by the cortical stromal mesenchyme.
Homozygous null mutants for Foxd1 die soon after
birth due to renal failure. Mutant kidneys are small,
fused, and located in the pelvis.143 Both ureteric bud
branching morphogenesis and kidney tubulogenesis in
the metanephric mesenchyme-derived segments are
perturbed. Further analysis of this knockout mouse
reveals that the mutant kidney capsule abnormally
contains cells expressing bone morphogenetic protein
(BMP) 4 or PECAM (endothelial marker). Abnormal
signals from these cells are likely to cause disruption of
normal ureteric bud branching and nephrogenesis.144

One of the target genes for this transcription factor is
placental growth factor, a family member of vascular
endothelial growth factor.145

Pod1

The Pod1 gene, a transcription factor expressed in
mesenchymal cells surrounding the ureteric bud and
visceral glomerular podocytes in the developing kid-
ney,146 also plays a role in regulating ureteric bud
branching and nephron formation. Null mutants for
this gene exhibit a phenotype similar to that seen in
Foxd1 knockouts; initial ureteric budding and mesen-
chymal condensation occurs, but the process appears
to slow down beyond this point.147 By chimeric mouse
analysis, Pod1 expression was shown to be critical for
the medullary stroma.148

Pbx1

Pbx1 gene encodes a homeodomain containing tran-
scription factor expressed in metanephric mesenchyme,
and both cortical and medullary stroma in the develop-
ing kidney. The kidney phenotype of Pbx1 knockouts is
similar to that of Pod1/Foxd1 knockouts.149 It appears
that expression of these genes is not dependent upon
the others, and all three genes are required for the
functioning stroma to be capable of supporting ureteric
bud branching and nephron differentiation. Identifying
the molecular nature of this “stromal effect” will pro-
vide considerable insight into kidney development.

Retinoic Acid Receptor Genes

One possible mechanism for control of ureteric bud
branching morphogenesis by the stromal cells is
through the vitamin A/retinoic acid pathway. Vitamin
A deficiency has been known to result in small kid-
neys.150 Dietary vitamin A is converted to its active
form, retinoic acid, and its signal is mediated through
the retinoic acid receptor, which acts as a transcription
factor. Retinoic acid synthesizing enzyme localizes to

the cortical stromal cells,151 and double knockout of
retinoic acid receptor Rara and Rarb2 results in Ret
downregulation and impaired ureteric branching.152

Transcription Factors Regulating Functional
Maturation of Nephron Tubules

Hnf1

Hepatocyte nuclear factor (Hnf)-1 is a homeotic gene
mainly expressed in liver and kidney. Hnf1 knockout
mice have an enlarged liver and Fanconi syndrome,
resulting in urinary wasting of sugars, amino acids,
and electrolytes that normally are reabsorbed in the
renal proximal tubules,153 suggesting an important role
for Hnf1 in regulating the expression of proximal
tubule transporters.

Brn1

Maturation of Henle’s loop and distal tubule is con-
trolled by Brn1, a POU transcription factor. Brn1 is
expressed only in part of the mesenchymal condensate,
then the prospective Henle’s loop and distal tubule in
the maturing kidney. There is no expression in the glo-
merulus, proximal tubule or collecting duct. Knockout
of this transcription factor results in an elongation and
maturation defect of the Henle’s loop, macula densa,
and distal tubule.154

URETERIC BUD OUTGROWTH FROM
THE WOLFFIAN DUCT

Outgrowth of the ureteric bud from the Wolffian
duct in response to signals arising from the metaneph-
ric mesenchyme is the initiating event in the develop-
ment of the mammalian kidney.7 The major growth
factor involved in this process is Glial-derived neuro-
trophic factor (Gdnf) (see below).There are several
levels of regulation surrounding the GDNF pathway.

Restriction of GDNF Expressed Region by Slit-
Robo

The secreted protein Slit2 and its receptor Robo2,
previously reported as a chemo-repellant factor for
axon guidance,155 also functions to restrict Gdnf expres-
sion. Null mutations of either Slit2 or Robo2 result in
supernumerary ureteric buds, caused by an abnormally
extended Gdnf expression area.156
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Regulators for GDNF Signaling Pathway

Sprouty

Sprouty (Spry) is an intercellular protein that acts as
a negative feedback regulator for FGF and other recep-
tor tyrosine kinase-mediated signaling.157 Knockouts of
Spry1 display multiple ureters and multiplex kid-
neys.158 It appears that mutant Wolffian ducts are
abnormally more sensitive to GDNF, as reduction of
Gdnf expression rescues the phenotype.158 Double
knockouts of Spry and Gdnf (Spry2/2; Gdnf2/2) rescue
normal ureteric bud outgrowth and kidney develop-
ment.159 When Fgf10 was also deleted from these mice
ureteric bud outgrowth failed to occur, suggesting that
Fgf10 is likely to function as the receptor tyrosine
kinase responsible for ureteric bud outgrowth in the
absence of Spry and Gdnf.159

Activin and FGF

One of the puzzles in early nephrogenesis has been
that a substantial fraction of Ret knockouts develop
very rudimentary kidneys, suggesting the existence of
a “bypass” pathway for ureteric bud formation. A
GDNF-independent pathway for in vitro budding has
been described that appears to involve a FGF,22 but it
is possible that inhibition of activin signaling also
enables a “bypass” of the GDNF-ret pathway.23,24 The
FGF-dependent bypass pathway has been recently sup-
ported by in vivo evidence.159

NPY and BMP through PKA

Utilizing ex vivo cultured Wolffian ducts, microarray
analysis of ducts maintained in the absence or presence
of Gdnf identified neuropeptide Y (Npy) as a novel
modulator of ureteric bud outgrowth.28 Npy also res-
cues budding in Bmp4-treated Wolffian ducts, suggest-
ing that this neuropeptide is reciprocally regulated by
Gdnf and Bmps.28 Comparison of budded and non-
budded portions of Gdnf-induced cultured Wolffian
ducts also reveals an almost 15-fold increase in protein
kinase A (PKA) activity in non-budded Wolffian
ducts.30 Microarray analysis reveals a marked decrease
in the expression of Ret following activation of the
PKA pathway in cultured Wolffian duct. Bmp2 expres-
sion is also increased in unbudded Wolffian ducts, and
exogenous Bmp2 inhibits ex vivo budding from the
Wolffian duct with a three-fold increase in PKA activ-
ity.30 Taken together, the data suggest a role for PKA
in regulating the site of ureteric bud outgrowth, poten-
tially via a Bmp-dependent downregulation of Ret/
Gfrα1 co-receptor expression.30

GDF11

Another member of this family, growth/differentia-
tion factor (Gdf)11 is expressed in the Wolffian duct
and the metanephric mesenchyme. Knockouts of this
gene result in kidney hypoplasia to agenesis, thought
to be caused by downregulation of Gdnf in the mesen-
chyme.160,161 In these mice, molecules known to regu-
late Gdnf expression such as Eya1, Six2, Pax2, and Wt1
are expressed in the metanephric mesenchyme region,
and the metanephric mesenchyme from this mutant
undergoes nephron tubule formation when it is cul-
tured with embryonic spinal cord. Molecular markers
for the Wolffian duct such as Ret, Pax2, Emx2, and Lim1
were expressed in the right place, and mutant Wolffian
duct responds to exogenous GDNF.160 Thus, GDF11 is
likely to be indispensable for Gdnf expression.

Outside the kidney, this mutant mouse shows
deranged anterior/posterior patterning, with alteration
of Hox gene expression pattern.161 Given the fact that
Hox11 paralogs control Gdnf expression,103 downregu-
lation of Gdnf in Gdf11 mutants may be mediated
through Hox11 expression. GDF11 acts through the
activin receptor (ACVR) IIA and IIB,162 and knockouts
of Acvr2b result in a similar though milder phenotype
than that of Gdf11 knockouts.163

Unidentified Signal(s) from Metanephric
Mesenchyme

Another pathway involved in the regulation of ure-
teric bud outgrowth is revealed by single deletions of
Fgfr2 (but not Fgfr1, which appeared to be normal)
from the metanephric mesenchyme, which leads to the
outgrowth of duplicated ureteric buds from the
Wolffian duct.164 Although it is not clear which factors
are secreted from metanephric mesenchyme, this result
suggests that certain FGF signaling plays a role in the
metanephric mesenchyme to suppress ectopic ureteric
bud formation.

URETERIC BUD BRANCHING
MORPHOGENESIS

As discussed previously, ureteric bud branching
morphogenesis is induced by signals from the meta-
nephric mesenchyme. Soluble growth factors, direct
cell-to-cell contact, and cell�matrix contact play key
roles in the process. The molecules likely to be
involved in ureteric bud branching morphogenesis are
summarized in Table 25.1.
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Growth Factors

The embryonic kidney or isolated metanephric mes-
enchyme can induce branching morphogenesis of
MDCK, mIMCD3 or UB cells grown in type I collagen
gels in the absence of apparent cell contact.65,69,165

Moreover, isolated ureteric buds from E13 rats have
been shown to undergo branching morphogenesis in
the presence of soluble factors.31 This suggests that the
metanephric mesenchyme elaborates soluble growth
factors capable of inducing branching morphogenesis

in the ureteric bud. A number of key growth factors
have been identified.

Glial Cell Line-Derived Neurotrophic Factor

The importance of GDNF and its receptors GFRa1
and RET in kidney development is strongly supported
by gene knockout data. Kidney agenesis or severe kid-
ney hypogenesis is found in Gdnf,166�168 Gfra1169 or Ret
knockout mice.170,171 GDNF is expressed in the pro-
spective metanephric mesenchyme area, while GFRa1
and RET are expressed in the Wolffian duct at the time
of ureteric bud induction. As discussed previously, a
wide variety of genetic manipulations affecting the
transcription of the GDNF/GFRα1/Ret axis lead to dis-
ruption of kidney development. Moreover, in vitro
application of GDNF-soaked beads to the whole geni-
tourinary tract culture induces ectopic budding of the
Wolffian duct.172 GDNF is also important in subse-
quent branching morphogenesis of the ureteric bud, as
inhibition of this factor perturbs further branching of
the isolated ureteric bud in vitro.31 Gene dosage of Gdnf
is important, as heterozygous null mutants of this gene
have smaller kidneys.173 However, unlike ureteric bud-
ding from the Wolffian duct, where GDNF appears
necessary and sufficient, GDNF is necessary but not
sufficient to support ureteric bud branching morpho-
genesis, at least in the isolated ureteric bud culture
system.31

Fibroblast Growth Factors and Receptors

Many fibroblast growth factors (FGFs) and their
receptors are expressed in the developing kidney.174

Initial demonstration of the importance of this signal-
ing pathway came from an analysis of transgenic mice
that overexpress a soluble chimera of FGFR 2IIIb and
human IgG Fc. In these animals, where FGF signaling
is broadly inhibited, kidney agenesis or severe hypo-
genesis ensues.175 In addition, minor kidney defects are
reported in Fgf7,176 Fgf10,177 and Fgfr2IIIb178 knockout
mice. In the isolated ureteric bud culture system, FGF2
and FGF7 induce a less branched globular ureteric bud
growth, while FGF1 and FGF10 support branching
growth,36 suggesting that FGFs may play a role in ure-
teric bud morphogenesis. Consistent with this, a ure-
teric bud-specific knockout of Fgfr2, (but not Fgfr1) was
found to result in abnormal ureteric bud growth, as
well as abnormally thickened cortical stroma.164 Three-
dimensional reconstructive imaging reveals decreases
in ureteric bud tip number and increases in the length
of the ureteric bud segments.179,180

TABLE 25.1 Molecules Likely to be Involved in Ureteric Bud
Outgrowth and Branching Morphogenesis

Process Soluble
Factors

Transcription
Factors

ECM/
Protease/

Integrin

Initiation GDNF Pax2

WNT2b Lim1

Slit/Robo Six1, 2

Activin
(inhibitory)

Eya1

BMP2/4
(inhibitory)

Wt1

Sprouty
(intracellular
molecule)

Hox11 paralogs

Formin

Foxc1

Sox9

Sall1

Branching
morphogenesis

GDNF Sall1 Proteoglycans

Pleiotrophin Timeless MMP9

Wnt11 Sox9 Integrin α3β1

Gremlin Etv4 Integrin β1

TGFβ
superfamily

Etv5

HGF

IGF

FGFs

FGFR2

Maintenance/
maturation
of collecting
system

EGFR ligands Emx2

Wnt9b, Wnt7b Foxd1

Pbx1

Pod1

ECM: extracellular matrix; EGFR: epidermal growth factor receptor; GDNF:

glial cell line-derived neurotrophic growth factor; HGF: hepatocyte growth

factor; IGF: insulin-like growth factor; TGF: transforming growth factor.
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Pleiotrophin

This heparin-binding growth factor has been impli-
cated in neurite outgrowth181 and mesenchymal�
epithelial interaction during organogenesis.182 In the
context of kidney development, pleiotrophin (isolated
from the conditioned medium made by metanephric
mesenchyme-derived cells) was found to induce ure-
teric bud branching morphogenesis in the presence of
GDNF in the in vitro culture system.37 It is present in
the developing kidney at the basement membrane of
the ureteric bud. Although pleiotrophin may act as a
mitogen for the ureteric bud after its budding through
GDNF action, knockout of this gene does not appear to
have a major affect in kidney development.183

Wnts and Related Molecules (Frizzled-Related
Proteins)

A member of the WNT family of secreted glycopro-
tein, WNT2b is expressed in the stroma, and its pres-
ence promotes ureteric bud branching in vitro.184 Null
mutants of the gene encoding another member of WNT
family, Wnt11, result in decreased ureteric bud branch-
ing with reduced Gdnf expression in the mesen-
chyme.185 Ret knockout mice also show reduced
expression of Wnt11.185 In the trunk or stalk region of
the ureteric bud, Wnt9b is expressed, and genetic dele-
tion of this molecule results in cystic kidneys, presum-
ably due to the disruption of the planar cell polarity
(non-canonical beta catenin-independent) pathway of
Wnt signaling.186 Later in collecting duct development,
collecting duct-specific inactivation of Wnt7b displays a
similar phenotype.187

Secreted frizzled-related proteins (sFRPs) are secreted
proteins that function as WNT modulators. sFRP1 is
expressed in the stroma and periureter area; sFRP2
is expressed in early mesenchymal condensates and also
in the periureter area in the developing kidney.188,189

Exogenous administration of sFRP1 to embryonic kidney
organ culture leads to decreased ureteric bud branching
and nephron induction. While exogenous sFRP2 alone
does not have a major effect, its administration to the
organ culture treated with sFRP1 partially reverses the
inhibitory effect of sFRP1.189

Transforming Growth Factor β Superfamily

Most of the soluble factors discussed thus far facili-
tate ureteric bud branching and growth. However,
unopposed proliferation and branching is not desirable
for normal kidney development. Potential candidates
for these “negative regulators” include members of
the transforming growth factor (TGF) β superfamily.
Generally, TGFβ inhibits epithelial cell growth. In organ

culture, exogenous TGFβ1 or another member of the
TGFβ superfamily, activin, inhibits ureteric bud devel-
opment and/or disrupts the branching pattern,190 sug-
gesting their role not only in regulating proliferation,
but also in correct patterning. In this regard, it is inter-
esting that TGFβ selectively inhibits HGF-induced
mIMCD3 branching events with little effect on tubule
formation67; HGF plus TGFβ induces long, straight
tubules, whereas HGF alone induces branching tubules.
Furthermore, detailed image analysis reveals alteration
in the ureteric bud branching pattern in embryonic kid-
neys treated with TGFβ superfamily members.40 In iso-
lated ureteric bud culture, administration of TGFβ
superfamily members causes growth inhibition, as well
as morphological changes similar (although not so strik-
ing) to that observed in mIMCD cell culture.40

Heterozygous mutation of another family member,
bone morphogenetic protein (Bmp) 4 reveals loss of
ureteric bud elongation, together with ectopic budding
from the Wolffian duct.191 Its expression is detected at
the intermediate mesoderm surrounding the Wolffian
duct and metanephric mesenchyme surrounding the
stalk of the ureteric bud.191,192 Taken together, these
data suggest that TGFβ superfamily members inhibit
branching events, but have somewhat less effect on
ureteric bud elongation (and may even facilitate it in
the presence of stimulatory growth factors), and play
a role in regulating the pattern of ureteric bud
branching.

Gremlin

Gremlin is a secreted BMP antagonist193 expressed
initially in the Wolffian duct, followed by induced mes-
enchyme in metanephros development.194 Knockout of
this gene results in kidney agenesis. The ureteric bud
forms but fails to invade the metanephric mesen-
chyme.194 Subsequently, the metanephric mesenchyme
undergoes apoptosis. Although the kidney phenotype
of Gremlin1 knockouts resembles that of Sall1 knock-
outs, Sall1 expression is unchanged in Gremlin1 knock-
outs.194 However, inactivation of one copy of the Bmp4
gene or the complete absence of Bmp7 in gremlin
knockout animals rescues ureteric bud invasion and
branching.191,192 Thus, it possible that gremlin antago-
nization of BMP activity at ureteric bud tips acts to
restrict and guide ureteric bud outgrowth and branch-
ing, although the mechanism remains unclear.195,196

Furthermore, treatment of embryonic kidneys from
Six1 knockout animals with gremlin restores ureteric
bud branching morphogenesis, while heterozygous
inactivation of Bmp4 (Bmp41/2) also rescues ureteric
bud branching morphogenesis and kidney develop-
ment in Six1 knockout animals.197 Taken together, the
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data indicate that interplay between Bmps, gremlin,
and Six1 likely plays a key role in the regulation/mod-
ulation of ureteric bud growth and branching.197

Hepatocyte Growth Factor

Embryonic kidneys express HGF and its receptor
Met.165 Neutralizing anti-HGF antibodies inhibit the
growth of the embryonic kidney and disrupt ureteric
bud branching morphogenesis in serum-free organ cul-
ture.165 These results support the notion that HGF is an
important morphogen for the ureteric bud that is
secreted from metanephric mesenchyme. However,
kidney development appears to be unaffected up to
embryonic day 14 in Hgf or Met knockout mice, which
die around this time from liver failure.198,199 Although
HGF may act at later stages of ureteric bud branching
morphogenesis, it is probably not critically important
in the initial stages.

Epidermal Growth Factor Receptor Ligands

Epidermal growth factor (EGF), transforming
growth factor α (TGFα), heparin-binding epidermal
growth factor-like growth factor (HBEGF), amphiregu-
lin, and betacellulin all bind and activate the EGF
receptor.200 TGFα is present in the embryonic kidney,
and disruption of TGFα signaling by neutralizing anti-
bodies results in a small, less well-developed kidney in
organ culture.201 As mentioned above, when mIMCD3
cells grown in collagen gels are co-cultured with
embryonic kidney, the cells undergo branching mor-
phogenesis. Unlike MDCK cells, which only undergo
branching morphogenesis in the presence of HGF,165,202

mIMCD3 cells respond to EGF receptor ligands as
well.65,68 Similar results are obtained with the UB cell
three-dimensional culture system.69 Moreover, Met
(HGF receptor) knockout kidney epithelial cells grown
in three-dimensional extracellular matrix (ECM) gels
undergo in vitro tubulogenesis in response to EGF or
TGFα.203 A conditional deletion of Met from the ueteric
bud results in kidneys with a reduced number of
nephrons and increased epidermal growth factor (EGF)
receptor expression.83 Mice which lack both normal
Egfr and Met signaling have decreased ureteric bud
branching and small kidneys with a reduced number of
glomeruli, suggesting that Met and Egfr can act cooper-
atively to regulate ureteric bud branching.83 Although
Tgfα knockout mice do not have a kidney pheno-
type,204,205 knockout of the EGF receptor in mice with a
certain genetic background leads to dilated collecting
ducts and renal dysfunction.206 These results suggest
an important role for EGF receptor ligands in later
collecting duct development.

Insulin-Like Growth Factors

In serum-free organ culture, the embryonic kidney
produces insulin-like growth factors (IGFs) 1 and 2.207

When neutralizing antibodies against IGFs are added
to the culture, kidney growth is suppressed.207 The ure-
teric bud expresses IGF1 receptor.208 Addition of anti-
sense oligonucleotides against IGF1 receptor to the
embryonic kidney in organ culture leads to a small kid-
ney with disrupted ureteric bud branching morphogen-
esis.208 However, knockout mice for either Igf1 or Igf2
do not display a kidney phenotype.209,210 Molecular
redundancy may be part of the explanation; however,
as with HGF, the apparent discrepancies between the
in vitro and in vivo data need to be addressed
experimentally.

Extracellular Matrix

Soluble growth factors are not the only molecules
involved in ureteric bud branching morphogenesis.
Cells of the ureteric bud are surrounded by ECM pro-
teins, and to form branching tubules the cells must
digest the ECM. Cells have receptors for ECM proteins,
such as integrins, as well as other specific receptors.
Integrins can transmit signals to cytosolic and intranuc-
lear proteins in a fashion similar to growth factor
receptors. The cell modifies its behavior in response to
the combined signals from growth factors and ECM
proteins.211

The importance of the specific composition of the
ECM in kidney epithelial cell branching morphogene-
sis has been shown using the three-dimensional cell
culture model. When MDCK cells are cultured in type
I collagen gels in the presence of HGF, the cells
undergo branching morphogenesis. When MDCK cells
are suspended in growth factor-reduced Matrigel, a
basement membrane protein mixture secreted by EHS
sarcoma cells, HGF-induced tubulogenesis is inhib-
ited.212 By mixing individual Matrigel component pro-
teins into type I collagen gels, it was found that
collagen I, laminin, fibronectin, and entactin facilitate
MDCK cell tubulogenesis, whereas collagen IV, vitro-
nectin, and heparan sulfate proteoglycan inhibit it.212

However, a mixture of type I collagen and Matrigel,
not pure type I collagen, is the optimum ECM for UB
cell (a cell line derived from embryonic kidney tissue)
tubulogenesis. Interestingly, when these cells are
cultured in growth factor-reduced Matrigel alone, UB
cells develop into cystic structures (Figure 25.13).69

Together with the fact that isolated ureteric buds can
be cultured in an ECM containing Matrigel but not in
pure type 1 collagen gels,31 this indicates that ECM
composition modulates tubulogenesis and branching
morphogenesis.
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Laminin

Laminins are the major component of the mature
basement membrane. The role of laminin in epithelial
branching morphogenesis has been shown in lung
organ culture in vitro. Antilaminin antibodies perturb
branching morphogenesis of embryonic lung in cul-
ture.213 In the kidney, studies have shown a role for
laminin in epithelial cell formation from the induced
metanephric mesenchyme. It is known that antibodies
against nidogen, a basement membrane protein
secreted by mesenchymal cells, perturb epithelial mor-
phogenesis in lung and kidney.214 Nidogen binds
to the γ1 chain of laminin. Thus, it is conceivable
that the mesenchyme regulates epithelial branching
morphogenesis through nidogen�laminin interaction.
Moreover, knockouts of one of the laminin receptors,
α3β1 integrin, result in decreased ureteric bud branch-
ing morphogenesis.215 In in vitro whole organ culture
and isolated ureteric bud culture, branching is inhibited
in the presence of blocking antibodies against integrins
α3, α6, β1 or β4. Interestingly, a common ligand for
α3β1 and α6β4, laminin-5, is present in the developing
ureteric bud, and its inhibition results in decreased
branching in both whole embryonic kidney culture and
isolated ureteric bud culture.38

Proteoglycans

Proteoglycans are protein molecules containing
many bound glycosaminoglycan (GAG) chains.216 The
common GAG chains include chondroitin sulfate, der-
matan sulfate, heparan sulfate, heparin, and keratan
sulfate. Proteoglycans are mostly found at the cell sur-
face or in the extracellular matrix. In embryonic kid-
neys, sulfated proteoglycans are concentrated around
the tip of the ureteric bud, and perturbation of their

synthesis by β-D-xyloside results in the inhibition of
ureteric bud branching morphogenesis.217,218 This per-
turbation also abolishes the expression of Wnt11 at the
tip of the ureteric bud.219 As described previously, loss
of Wnt11 expression at the tip of the ureteric bud can
lead to loss of Gdnf expression in the metanephric mes-
enchyme. However, the linking mechanism between
inhibition of sulfated proteoglycan and the loss of
Wnt11 expression is unclear. Along the same lines,
genetic inactivation of an enzyme, heparan sulfate 2-O-
sulfotransferase, involved in heparan sulfate proteogly-
can synthesis results in kidney agenesis.53 In this case,
the ureteric bud forms from the Wolffian duct, but sub-
sequent invasion of the metanephric mesenchyme is
perturbed. As for the mesenchyme, initial specification
of the metanephric mesenchyme appears intact, but
subsequent mesenchymal condensation is affected.
Consistent with the in vitro result described above,
heparan sulfate biosynthesis perturbation results in
loss of Wnt11 expression and reduced Gdnf expression.
Given the fact that many growth factors that regulate
branching morphogenesis of the ureteric bud are hepa-
rin (a heavily sulfated form of GAG chain)-binding, it
is likely that global inhibition of GAG chain synthesis
or its sulfation could compromise actions of these hep-
arin-binding growth factors.

In contrast, inhibition of specific heparan sulfate
proteoglycans results in less clear effects. One excep-
tion is glypican (Gpc) 3, a gene encoding a heparan
sulfate proteoglycan linked to the cell surface via a gly-
cosyl-phosphatidylinositol anchor. Gpc3 knockout
mice display enhanced ureteric branching and dysplas-
tic kidneys.220 Gpc3 is expressed in the ureteric bud
cells and modulates BMP and FGF action on the ure-
teric bud.220 A potent angiogenesis inhibitor, endosta-
tin, a breakdown product of extracellular proteoglycan,
collagen XVIII, inhibits ureteric bud branching

FIGURE 25.13 Photomicrograph of ureteric bud (UB) cells cultured in three-dimensional extracellular matrix (ECM) gels. In the pres-
ence of conditioned medium from metanephric mesenchyme cells, UB cells form branching cordlike structures in 3 to 5 days (a). In 10 to
15 days tubules with clear lumens can be observed (b). UB cells form multicellular cysts when cultured in pure Matrigel (c) instead of collagen
I/Matrigel mixture (A and B) (Bars: 50 μm). (from ref. [69]).
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morphogenesis.35 Interestingly, this action is likely to
be mediated through its binding to glypicans.35

Although it is not a proteoglycan in the strict sense,
because it lacks a protein core, hyaluronic acid (HA)
also plays a role in branching morphogenesis.
Synthetic enzymes for this GAG are expressed in the
developing kidney, and the addition of HA to three-
dimensional culture of UB cells promotes tubulogen-
esis and survival of cells. Blocking antibodies against
its receptor CD44 abolishes this effect.221 In addition,
supplementation of cultures of isolated ureteric bud or
whole kidneys with hyaluronidase inhibited branching
morphogenesis.222 Specific sizes and concentrations of
HA were also found to act independently in regulating
UB branching, and in tubular maturation.222

While the protein core of proteoglycans, particularly
the heparan sufate proteoglycans, play important roles
in many developmental and physiologic processes,
most of the function of these proteoglycans are medi-
ated by the variably sulfated heparan sulfate GAG
chain. For example, mice deficient in heparan sufate
2-O sulfotransferase, a heparan sulfate biosynthetic
enzyme, display renal agenesis.53 As described above,
this is likely due to a defect in the induction of the
metanephric mesenchyme.46 On the other hand, ure-
teric bud branching morphogenesis appears to be more
dependent upon 6-O sulfated heparan sulfate.47

Fibrillin1

Fibrillin1 is made in the metanephric mesenchyme
and binds to integrin α3β1, which is expressed in the
ureteric bud. Antisense oligonucleotides directed
against this extracellular matrix molecule induce dys-
morphogenesis of cultured metanephros,223 suggesting
a role for this protein in kidney development.

Extracellular Proteinases and their Inhibitors

The idea that ECM-degrading proteases are
involved in branching morphogenesis is supported by
work from in vitro three-dimensional culture and organ
culture. Two classes of proteases appear to be involved:
metalloproteases (MMPs) and serine proteases. In
HGF-induced MDCK cell tubulogenesis, inhibitors of
collagenase (MMP1) perturb the morphogenetic events
when the cells are suspended in type I collagen gels.224

The broadly active MMP inhibitor, 1,10-phenanthro-
line, inhibits TGFα- or HGF-induced mIMCD3 cell
tubulogenesis in collagen gels.68 Furthermore, tubulo-
genic growth factors, such as HGF or EGF receptor
ligands, upregulate the expression of MMPs and
urokinase in the epithelial cells as they undergo tubulo-
genesis.68,71 Interestingly, in the case of long, non-

branching mIMCD3 cell tubules induced by HGF plus
TGFβ, the balance between proteases (MMP1 and uro-
kinase) and their inhibitors (TIMP1 and PAI1)
expressed by mIMCD3 cells changes in parallel with
tubular morphology.67 In embryonic ureteric bud-
derived UB cells, expression of MMPs and TIMPs
changes in response to surrounding ECM and soluble
factors.34 These results suggest that tubulogenic growth
factors act, at least in part, through changing the
expression patterns of extracellular proteases and their
inhibitors in in vitro tubulogenesis. It has also been
shown that “tubulogenic ECM” and highly tubulogenic
conditioned medium secreted by metanephric mesen-
chyme-derived cells contain MMP activity, and that the
expression level of regulators for these MMPs in UB
cells alters as branching morphogenesis progresses,34

suggesting local control of proteolytic activity is impor-
tant in the morphogenetic process. In the embryonic
kidney in organ culture, antibodies against MMP9, but
not MMP2, inhibit the branching morphogenesis of the
ureteric bud.225 Although Mmp9 knockout mice do not
show a kidney phenotype in some genetic back-
grounds,226 in the C57BL/6 background deletion of
Mmp9 results in a B30% reduction in nephron num-
ber.227 This is most likely through its anti-apoptotic
effect in the mesenchyme, and its ability to stimulate
ureteric bud branching morphogenesis.227 Both of these
enzymes act as a gelatinase, which is required to digest
ECMs in basement membranes. In another study, how-
ever, antisense oligonucleotides against mesenchymal
MMP2 or epithelial cell surface-expressed membrane
type (MT)1-MMP inhibit metanephrogenesis in organ
culture.228

In summary, ureteric bud branching outgrowth and
morphogenesis is modulated in large part by a combi-
nation of positive and negative soluble growth factors
secreted by the metanephric mesenchyme that act syn-
ergistically. In many cases, these pathways are more
parallel than interdependent. These growth factors sub-
sequently regulate downstream effector molecules such
as ECM or ECM-degrading proteinases (Figure 25.14).

TUBULOGENESIS AFTER INDUCTION OF
THE METANEPHRIC MESENCHYME

Early mesenchymally-derived nephrons, which will
go on to form Bowman’s capsule, as well as the proxi-
mal and distal tubules, are induced in the metanephric
mesenchyme by the ureteric bud. In the process, mes-
enchymal cells transform into epithelial cells. The
induced epithelial cells differentiate into kidney
tubules. This transformation can be induced by a num-
ber of inducer tissues other than the ureteric bud,
including embryonic spinal cord, embryonic salivary
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mesenchyme, and embryonic bone.48,49,229 Many
embryonic epithelial, neural or mesenchymal tissues
can thus induce the metanephric mesenchyme,
although various tissues have different potency. For
example, brain can only induce metanephric mesen-
chyme to the condensation stage, while spinal cord can
induce tubule formation.230 Thus, it is conceivable that
there are several steps in the induction process: (1) res-
cue of metanephric mesenchyme and/or later tubular
structures from apoptosis; (2) mesenchymal cell con-
densation; (3) epithelial polarization and junction for-
mation; and (4) tubule formation. The molecules likely
involved in the process are summarized in Table 25.2.

Prevention of Apoptosis

During kidney tubule development, apoptosis is
observed among cells surrounding newly formed epi-
thelial tubules.231 In fact, significant levels of apoptosis
appear to be occurring in many parts of the kidney
during development.232 When the metanephric mesen-
chyme is cultured with inducer tissues or EGF, apopto-
sis becomes less prominent.231,232 These results suggest
that an important early signal from the inducer tissue
prevents metanephric mesenchyme cell apoptosis.
In in vitro culture of metanephric mesenchyme,

conditioned medium from UB cells also exhibits an
anti-apoptotic effect.233 One of the anti-apoptotic mole-
cules in UB-conditioned medium is FGF2.234 Consistent
with these findings, RUB cell (derived from rat ureteric
bud)-conditioned medium requires supplementation of
FGF2 and TGFα to induce kidney tubule formation in
the absence of inductive tissues.235

In addition, analysis of bone morphogenetic protein
(Bmp)7-deficient mice suggests that BMP7 may act as
an anti-apoptotic factor.236,237 BMP7 belongs to the
TGFβ superfamily and is expressed in the Wolffian
duct, ureteric bud, and nephron structures after induc-
tion.236 Bmp7 knockout mice exhibit defects in eye and
kidney development. Although there is a difference in
the early kidney phenotype between knockout mice
created by different groups, ureteric bud formation
and initial induction appears unaffected; at least a few
comma- and S-shaped bodies are observed at
E12.5.236,237 However, soon after this, both the ureteric
bud and the metanephric mesenchyme start to degen-
erate, ultimately resulting in nonfunctioning disorga-
nized kidneys. This raises the possibility that BMP7
maintains induced tubules, inhibiting them from apo-
ptosis rather than directly inducing the metanephric
mesenchyme.236 On the other hand, in vitro application
of BMP7 has been reported to induce E11.5 mouse
metanephric mesenchyme to form epithelial glomeruli

FIGURE 25.14 Model for ureteric bud branching morphogenesis. After induction of the ureteric bud (UB), in which GDNF appears to
play a critical role, branching may be guided by gradients of promoting (GF1 ) and inhibiting growth factors (GF2 ). Distal effector molecules
probably include facilitating and inhibiting extracellular matrix (ECM) components, together with signal transducing�cell adhesion molecules
such as integrins, CD44, membrane-bound proteinase activators such as MT1-MMP, and active proteinases (e.g., MMP9), as well as proteinase
inhibitors such as TIMP3, which binds to the ECM and could protect the matrix around the stalks from degradation. (Reprinted with permission
from the Annual Review of Physiology, Volume 62 r 2000 by Annual Reviews www.annualreviews.org.)
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without inductive tissues.238 Whether BMP7 directly
induces the metanephric mesenchyme remains to be
determined.

Molecules Involved in Metanephric Mesenchyme
Induction and Nephron Tubule Formation

As discussed in the transcription factor section, cer-
tain transcription factors such as Pax2, Wt1, Six1, Six2
or Sall1 are necessary to retain competency of the meta-
nephric mesenchyme to respond to the signals from
the ureteric bud. Early experiments using transfilter co-
culture of the metanephric mesenchyme with various
inductive tissues defined several expected characteris-
tics of “inductive molecules”.7 Experiments using dif-
ferent pore-size filters and multiple filters to separate
the metanephric mesenchyme and inducer suggest that
inductive molecules do not simply diffuse, rather, they

seem to require close association of cells. In other
words, direct cell-to-cell contact and/or soluble mole-
cules associated with the cell surface are likely to be
required for induction. In fact, direct interaction
between the inductive tissue and the metanephric mes-
enchyme cells have been observed through the filter
pores by electron microscopy.239

However, in vitro work indicates that combinations
of soluble factors are sufficient to induce tubulogenesis
of the metanephric mesenchyme. Leukemia inhibitory
factor (LIF), FGF2, and TGFβ51 or this combination plus
TGFβ252 can induce nephron tubules in metanephric
mesenchyme cultured in the absence of inductive tis-
sues. A member of the lipocalin superfamily, 24p3, has
also been shown to induce epithelialization of meta-
nephric mesenchyme in the presence of FGFs,240 and to
deliver iron to the cell (iron is required for mesenchy-
mal induction by this molecule240).

Cell surface glycoproteins of the Wnt family are can-
didate molecules for coordinating morphogenesis at
the interface of metanephric mesenchyme and induc-
tive tissues, as WNT1-expressing fibroblasts induce
the metanephric mesenchyme to form glomeruli.241

Although the Wnt1 gene is not expressed in embryonic
kidneys,242 this result raises the possibility of an impor-
tant role for other Wnt family members in nephrogen-
esis. Another Wnt family member, Wnt4, is expressed
in the embryonic kidneys; it first appears in condensed
metanephric mesenchyme, and its expression continues
in comma- and S-shaped bodies, finally becoming
restricted to the area where newly formed epithelial
tubules are connected to collecting ducts.243 WNT9b,
secreted from the ureteric bud, triggers mesenchymal
epithelial transformation, as metanephric mesen-
chyme induction is not observed in Wnt9b2/2 mice.244

Six2, a transcription factor important for nephron pro-
genitor maintenance, counteracts WNT9b signaling.6

Downstream of WNT9b, WNT4 plays an important
role in metanephric mesenchyme induction as an auto-
crine factor for metanephric mesenchymal cells.244 The
metanephric mesenchyme of mutant mice lacking the
Wnt4 gene is able to condense around the branching
ureteric bud, but fails to form peritubular aggre-
gates.243 There is no apparent kidney tubule develop-
ment in these knockout animals. The expression of
markers for early mesenchymal induction, Pax2 and
Nmyc, does not seem to be affected in Wnt4 mutant
mice, suggesting that Wnt4 acts at a later stage than
Pax2 or Nmyc. However, Pax8 expression by metaneph-
ric mesenchyme-derived structures cannot be detected
in the mutant mice.

Another autocrine factor for metanephric mesen-
chyme induction is FGF8. Site specific, conditional dele-
tion of Fgf8, either in the metanephric mesenchyme245

or in all mesodermal tissues,179,246 results in hyoplastic,

TABLE 25.2 Molecules Likely to be Involved in Metanephric
Mesenchyme Induction

Process Transcription
Factors

Soluble
Factors

ECM/Other
Molecules

Define Wt1

nephrogenic Pax2

mesenchyme Six1 Six2 Sall1
high

Myc
(uninduced
MM)

Rescue from
apoptosis

FGF2,
FGF8

EGFR
ligands

BMP7

Condensation/
epithelialization

Pax2 Wnt9b Laminin

Pax8 LIF (γ1chain)/laminin
receptor

Nmyc TGFβ2 (α6β1 integrin,
nonmuscle
dystroglycan)

Foxd1 Lipocalin

Pod1 Wnt4

Pbx1 α8β1 integrin

Tubule formation Hnf1
(proximal
tubule)

Laminin
(γ1chain)/laminin

Brn1 (Henle,
distal)

receptor

ECM: extracellular matrix; LIF: leukemia-inhibiting factor; TGF: transforming

growth factor.
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dysmorphic kidneys displaying disruptions in nephron
formation. Conditional deletion of both Fgfr1 and Fgfr2
from the metanephric mesenchyme results in renal dys-
genesis, due to defects in the formation of the meta-
nephric mesenchyme and early ureteric bud.247

The cell-surface-signaling molecule Notch has also
been implicated in tubulogenesis. Binding of Notch
by its ligands (Jagged1 (Jag1), Jag2, Delta-like (Dll) 1,
Dll3 or Dll4)) results in the shedding of its extracellular
domain, cleavage of its transmembrane domain by
γ-secretase, and translocation of its intracellular domain
to the nucleus where it promotes transcription of tar-
get genes (reviewed in 248�250). Notch 1, 2, and 3 have
been shown to be expressed in the developing
kidney.58,251�255 Notch2 mutation leads to hypoplastic
kidneys with glomerular defects,256 while conditional
deletion of Notch2, but not Notch1, causes the loss of glo-
meruli and proximal tubules.248 However, proteolytic
cleavage of Notch1 by γ-secretase is required for Notch
activation, and this inhibition in kidney organ culture
results in decreased S-shaped bodies despite having
normal condensation.257 Knockout and partial rescue of
Presenilin1 and 2 that are required for γ-secretase activity
lead to a similar phenotype.258 In addition, augmenting
Notch1 signaling by inactivating Mint (an inhibitor of
Notch-mediated transcription250,259�262) has the ability
to partially rescue nephron development in Notch2
knockout kidneys.250 Taken together, the data suggest
that Notch1 and Notch2 likely act in concert to regulate
proximal tubule and glomerular development.250

Extracellular matrix proteins are important for main-
taining epithelial tubular structures. Much work has
been done on the basement membrane glycoprotein
laminin and the integrins that bind laminin. Laminin1
is composed of three chains: α1; β1; and γ1. Of these,
β1- and γ1-expression increases early (day 1) when the
metanephric mesenchyme is induced, while the α1
chain is expressed after epithelial cell polarization
begins.263,264 The laminin α1 chain is exclusively
expressed by the epithelial cells,263 and perturbation of
this chain by antibodies inhibits kidney tubulogenesis
in vitro.265 The kidney epithelial cell has at least two
laminin receptors: α6β1 integrin and nonmuscle dystro-
glycan. Perturbation of these receptors inhibits kidney
tubulogenesis in vitro.38,266 Moreover, in in vitro culture
of embryonic lung, it has been demonstrated that het-
erotypic cell-to-cell contact between epithelial cells and
mesenchymal cells is required to synthesize the laminin
α1 chain.

267 If this result is applicable to embryonic kid-
ney, further differentiation after cell-to-cell contact may
be a function of expression of the laminin α1 chain.

In addition to laminin-binding integrins, knockouts
of integrin α8 have been shown to produce severe
defects in kidney development.268 The ureteric bud ini-
tiation and initial mesenchymal induction appear

unaffected; the metanephric mesenchyme cells con-
dense around the ureteric bud and start to express
Pax2 and p75 NGFR. However, further steps toward
epithelialization and tubule formation are not
observed. In normal mice, α8β1 integrin is transiently
expressed in the condensing mesenchymal cells. Both
spatiotemporal localization and knockout phenotype
suggest that α8β1 integrin plays an important role after
the initial induction step of mesenchymal�epithelial
transformation.

Evidence is beginning to accumulate on the func-
tional maturation of the kidney tubules. Kidney
tubules further differentiate into several segments. In
each segment the tubular cells express different sets of
transporters. For example, Northern blot analysis
shows that the organic anion transporter Oat1 begins
to be expressed at around E16 kidney.269 It is likely
that expression of many transporters, characteristic of
mature tubules, is tightly regulated. In this regard, elu-
cidation of the roles of transcription factors Hnf1 (prox-
imal tubules) and Brn1 (Henle’s loop and distal tubule)
is important, and other unknown factors may be
involved in this process.

VASCULAR AND GLOMERULAR
DEVELOPMENT

The origin of glomerular endothelial cells and
mesangial cells, and how the vascular system is inte-
grated in the developing kidney, has been an area of
controversy for years (reviewed in13). Vascular devel-
opment occurs by: (1) angiogenesis, in which new
vessels arise from existing vasculature; and/or (2) vas-
culogenesis, in which de novo endothelial cells are
formed. As mentioned previously, in vitro kidney
organ culture gives rise to epithelial glomerular struc-
tures, not mesangial cells nor endothelial cells, sug-
gesting that either the culture conditions are not
suitable for endothelial cell growth or there are no
angioblasts in the metanephric mesenchyme. To study
kidney vascular development, interspecies grafting
techniques have been used in which E11 murine
embryonic kidneys are transplanted into chick chorio-
allantoic-membranes (CAM).270 When E11 mouse kid-
neys, which have no apparent vascular development,
are grown in chick CAM, the kidneys form glomeruli
containing blood vessels from the chick, as determined
by staining with species-specific antibodies against
basement membranes.271,272 However, when E11
mouse kidneys are grafted into the rat anterior eye
chamber, newly formed glomerular endothelial cells
appear to be derived from the graft.273 Moreover, the
same group has demonstrated that vascular endothelial
cell growth factor (Vegf) receptor FLK1-positive cells are
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found in the E12 mouse kidney, and these cells are
likely to be angioblasts, which differentiate into blood
vessels in the glomeruli.274 Thus, depending on the cul-
ture and grafting conditions, glomerular capillaries can
be derived by an angiogenic process (i.e., outside of the
metanephric mesenchyme or a vasculogenic process;
inside of the metanephric mesenchyme). Which of these
processes is more important in vivo remains uncertain,
and it is of course possible that both are important.

The origin of mesangial cells also remains uncertain,
although it has been recently proposed that they are
derived from cap mesenchymal cells.6,275 In the afore-
mentioned different kidney graft systems, mesangial
cells appear to behave similarly to glomerular endothe-
lial cells: in CAM grafts, the mesangial cells are derived
from the hosts276,277; while in the anterior eye chamber
grafts, they are derived from the grafts.273 Platelet-
derived growth factor (Pdgf)-B receptor knockout mice
do not have mesangial cells, and exhibited dilated cap-
illary loops resulting in defective glomeruli.278,279

Recently, genetic fate tracing of Six2-positive neph-
ron progenitor cells revealed that neither vasucular
endothelial cells nor mesangial cells are derived from
nephron progenitors.280 This does not mean that blood
vessel and mesangial cells are extrarenal in origin,
because metanephric mesenchyme contains non-neph-
ron progenitor cells. Nevertheless, it should be noted
that endothelial and mesangial cells and nephron epi-
thelial cells are derived from distinct sources.

In addition, deletion of Crim1, a transmembrane
protein expressed in mesangial cells and podocytes,
was found to induce abnormal glomerular develop-
ment, characterized by simplified glomerular capillary
networks with dilated capillaries.281�283 Together
with the observed mislocalization of Vegf-A, as well as
increased activation of Flk1, Crim1 appears to regulate
the spatial distribution of Vegf-A during glomerular
development.282 Knockout of Semaphorin3a (Sema3a)
also disrupts kidney vascular patterning.101,284,285

Decreased apoptosis of endothelial cells is observed in
kidneys from Sema3a knockout animals, while whole
organ culture also indicates that Sema3a is a chemore-
pellant and inhibits endothelial cell migration.101,284,285

Together with the fact that Vegf-A promotes endothe-
lial cell survival and acts as a chemoattractant for endo-
thelial cells,286,287 the data suggest that endothelial cell
number and vascular patterning is regulated by a
balance of Vegf-A and Sema3a signaling.284,285

TERMINATION OF KIDNEY
DEVELOPMENT

Despite the wealth of literature describing the
molecules and mechanisms regulating the various

morphogenetic processes involved in the development
of the metanephric kidney, how the overall process is
brought to an end has received little attention. In
humans, kidney organogenesis is complete before
birth; however, in other mammals, including rats and
mice, kidney development continues into the postnatal
period. Examination of this postnatal period in mice
reveals the loss of nephrogenic mesenchyme by day
three after birth.288 This was not due to an increase in
apoptosis, but rather appeared to result from the syn-
chronous conversion of the remaining nephrogenic
mesenchyme into new nephrons.288 Since, during this
time, the ureteric bud tips retain the capacity to induce
nephrogenesis in vitro, this indicates that this loss of
nephrogeneic mesenchyme demarcates the beginning
of the end of kidney development.288 This time period
also correlates with the observed sudden burst in the
expression of many genes involved in redox metabo-
lism and transport, including multispecific drug trans-
porters such as Oat1 and Oct1.75 Together, the data
suggest that parturition and the end of kidney develop-
ment is characterized by rapid changes in: (1) the
remaining metanephric mesenchyme, leading to the
formation of new nephrons (which completes metane-
phrogenesis and sets the final nephron number); and
(2) the differentiation state of existing nephrons.75,288
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Among all of the capillaries in the body, the glomer-
ulus is arguably the most unusual and important, if
not the most aesthetically interesting. In this chapter,
we review the morphogenesis of this unique capillary,
discuss the origins of its cells and extracellular matri-
ces, and describe some of the primary regulatory
events that occur during glomerular development.

GLOMERULAR MORPHOGENESIS

Formation of the permanent, metanephric kidney
begins at embryonic day 11 in mice, day 12 in rats, and
during the 4th-5th week of gestation in humans. As the
ureteric bud projects from the mesonephric duct and
enters the metanephric anlage, mesenchymal cells con-
dense around the bud’s advancing tip. Soon thereafter,
the condensed mesenchyme converts to an epithelial
phenotype and proceeds through a developmental
sequence of nephric structures, which are termed vesi-
cle, comma-, and S-shaped, developing capillary loop,
and maturing glomerulus stages.1,2 Bud tip stimulation
of mesenchymal cell induction and aggregation, con-
version to epithelium, and glomerular and tubule dif-
ferentiation occur repeatedly until the full complement
of nephrons has developed. Nephrogenesis concludes
B1 week after birth in rodents,2 and during the 34th
gestational week in humans.3

Vesicle Stage

At the inception of the vesicle stage of nephron
development, the aggregated mesenchymal cells near

the ureteric bud tips convert to a cluster of epithelial
cells (vesicle), and begin assembling a basement mem-
brane matrix containing collagen type IV, laminin, and
basement membrane proteoglycans around the basal
surface of the vesicle.4�6 As development progresses
through the comma- and then S-shaped stages, a
groove (vascular cleft) forms in the lower aspect of the
vesicle, into which endothelial precursor cells (angio-
blasts) migrate (Figure 26.1). Two epithelial layers can
be distinguished beneath the vascular cleft: visceral
epithelial cells (which ultimately differentiate into
podocytes); and parietal epithelial cells (which will
become the thin epithelium lining Bowman’s capsule
of the mature nephron). Epithelial cells above the vas-
cular cleft ultimately develop into proximal, Henle’s
loop, and distal tubule epithelium. During the S-
shaped phase of nephron development, the distal seg-
ment fuses with the same ureteric bud branch tip that
initially induced the nephric structure, so that the
lumen of the forming nephron is now continuous with
that of the developing collecting system. Continued
growth and branching of the ureteric bud leads to the
induction of new mesenchymal aggregates, and glo-
merulo- and tubulogenesis continues until the full
complement of nephrons is achieved.2

Vascular Clefts of Comma- and S-Shaped
Stage

With the progressive invasion and differentiation of
endothelial cells, the developing capillary endothelium
assembles a subendothelial basement membrane matrix.
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Similarly, the developing podocyte cell layer assembles
a subepithelial basement membrane, so that two distinct
basal laminae can be seen between the endothelial and
epithelial cells (Figure 26.2). As nephrons develop fur-
ther, these two basement membranes layers merge to
form the glomerular basement membrane (GBM), with
endothelial cells lining its inner surface, and podocytes
adherent to its outer surface.7

Capillary Loop

As glomerular capillary loops begin to form, the endo-
thelial cells gradually flatten and become extensively
fenestrated (Figures 26.3 and 26.4). Initially, the

fenestrations are spanned by diaphragms, but these
structures soon disappear. The epithelial podocytes,
which originally were columnar with apical junctional
complexes, also begin to flatten and begin sending out
basolateral cytoplasmic projections that interdigitate with
similar projections from neighboring cells (Figure 26.3).
As glomeruli mature, these projections go on to develop
into the podocyte pedicels or foot processes (Figures 26.3
and 26.4). The apical junctional complexes migrate baso-
laterally between these cellular projections and, although
the mechanism is not fully-understood (see below),
convert into the slit diaphragm complex between foot
processes8 (Figure 26.4). Metabolic labeling studies,
histochemical and immunohistochemical techniques,
and inter-species transplantation experiments6,9�12 have
all shown that both the endothelium and epithelium are
actively synthesizing glomerular basement membrane
(GBM) proteins at this time.4

Maturing Glomeruli

Here, capillary loop diameters expand, and endothelial
and podocyte cell layers differentiate further until the

FIGURE 26.1 Sections of developing kidney from a heterozy-
gous Flk1/LacZ transgenic mouse. Blue reaction product reflects
cellular sites of Flk1 (VEGFR2) gene transcription. (a) Kidney cortex
contains a range of glomeruli at different stages of development
(arrows) that are lined by endothelial cells expressing Flk1. Vascular
endothelium throughout the cortex also express Flk1 (arrowheads)
(C: capsule). (b) Higher magnification view of outer cortex. Note blue
cells scattered in mesenchyme (arrowheads) (UB: branch of ureteric
bud). (c) Nephric figure at S-shaped stage. Endothelial cells expres-
sing Flk1 can be seen migrating into the vascular cleft (arrow), which
is the initial site of glomerular formation. (d) Two capillary loop stage
glomeruli can be seen (arrows). (e) Maturing stage glomerulus with
attached arteriole (arrowheads) (A: small artery). (Reprinted from ref.
[26], with permission).
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FIGURE 26.2 Diagram showing spatial relationships during

development of glomerular capillary wall. During initial glomerular
development, endothelial cells (En) migrate into vascular clefts of
comma- and S-shaped nephrons. Dual sheets of subendothelial (1) and
subepithelial (2) basement membranes separate the endothelium from
the developing podocyte (Po) cell layers. Areas of basement membrane
fusion can be seen (3). The immature GBM contains laminin α1,β1,γ1,
laminin α4,β1,γ1 and collagen α1,α2(IV) at this time point. Apical tight
junctional complexes (TJ) exist between immature podocytes.
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fully mature glomerular morphology is achieved.
Unfused basement membranes are rarely seen in matur-
ing glomeruli. On the other hand, complex, irregular pro-
jections of basement membrane are commonly found
beneath podocytes at this stage, particularly in areas
where foot processes are broad and their formation into
relatively narrow pedicels is still incomplete. In vivo

labeling studies have shown that these subepithelial base-
ment membrane segments are somehow spliced or
inserted into the existing fused GBM, possibly to provide
the additional GBM material necessary for the inflating
capillaries.13,14 Shortly after the initial, vascular cleft stage,
and continuing into maturing glomeruli, modification
and remodeling of the GBM occurs, with the appearance
of new basement membrane protein isoforms and the dis-
appearance of earlier species. As discussed later, how-
ever, we do not understand how these events are
regulated at either the gene or protein level. Additionally,
once the glomerulus is fully mature (Figure 26.4), matrix
synthesis and cell morphogenesis virtually halt (except
for some poorly-understood activities responsible for
GBM “maintenance” or “turnover”), and how these pro-
cesses are downregulated is also not known.

ORIGIN OF THE GLOMERULAR
ENDOTHELIUM

Extrarenal Origins

Although compelling evidence has accumulated
showing that nephron epithelial cells, including the vis-
ceral and parietal epithelium of Bowman’s capsule, all
derive originally from the metanephric mesenchyme, the
origin of vascular endothelial cells during kidney organ-
ogenesis has been more difficult to understand.15 Studies
conducted nearly 30 years ago convincingly showed that
cells of extrarenal origin grew into the metanephros and
established the microvasculature, including the glomeru-
lar capillary tufts. These studies involved the grafting of
embryonic, avascular mouse or quail kidney rudiments
onto avian chorioallantoic membranes. After culturing in
ovo, the kidney grafts contained glomerular endothelial
and mesangial cells stemming from host chorioallantoic
tissues, therefore signifying the ingress of vessel progeni-
tors from sites outside the kidney.12,16

Intrarenal Origins

Contrary to the results discussed above, several lines
of evidence from a number of more recent experiments
have shown that the metanephros contains its own pool
of endothelial progenitors (angioblasts) capable of vascu-
larizing nephrons in vivo.17 The first clues about the exis-
tence of these intrinsic metanephric angioblasts came
from transplantation studies between mice and rats. For
example, when E12 mouse kidneys are grafted into ante-
rior eye chambers of rats, the vascular and glomerular
basement membranes that develop within the grafts after
transplantation are almost entirely of mouse (graft) ori-
gin.18 Similarly, when E12 kidneys are transplanted under
kidney capsules of adult ROSA26 mice (which bear a

Laminin α5, β2, γ1
Collagen α3, α4, α5 (IV)

FIGURE 26.4 As glomeruli approach full maturation, the endo-

thelium becomes extensively fenestrated, and the mature GBM

laminin and collagen type IV isoforms are now in place. In the
podocyte layer, foot process extension and interdigitation finalizes,
and epithelial slit diaphragms completely span the filtration slits.
Inset shows structure of SD viewed en face.
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FIGURE 26.3 During intermediate, capillary loop and maturing
stages of glomerular development, fenestrae form in the endothe-

lial cells. Foot process (fp) extension occurs between podocytes and
epithelial slit diaphragms (SD) first appear. Remodeling and splicing
of newly synthesized GBM into existing, fused, GBM takes place, and
new isoforms of GBM laminin and type IV collagen are seen.

893ORIGIN OF THE GLOMERULAR ENDOTHELIUM

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



ubiquitously expressed LacZ reporter gene useful as a
cell lineage marker), all of the microvascular and glomer-
ular endothelial cells within grafts are derived from the
engrafted kidney, not from the host.19 Furthermore, when
kidneys from E12 ROSA26 mice are grafted into the
nephrogenic renal cortices of newborn wild-type hosts,
endothelial cells stemming from the grafts can be seen
integrating into host vasculature.19 In additional experi-
ments, when embryonic kidneys from Flk1 (VEGF recep-
tor-2)�LacZ heterozygous mice are grown under routine
organ culture conditions, Flk1-LacZ-positive microvessels
do not develop in vitro, despite the extensive formation of
metanephric tubules and avascular glomerular epithelial
tufts.20 When these same cultured kidneys are then trans-
planted into anterior eye chambers of wild-type host
mice, the grafts develop microvessels and vascularized
glomeruli lined by Flk1-LacZ-expressing cells, indicating
again that the endothelium originates from the engrafted
kidney itself, and not from the host.20 Several other
research groups have reached similar conclusions inde-
pendently. For example, when avascular metanephroi
from E11 Tie1/LacZ transgenic mice are transplanted
into newborn wild�type hosts, widespread expression of
Tie1/LacZ is found within glomeruli developing within
grafts.21 Others have immunolocalized putative angio-
blasts in the metanephric mesenchyme of prevascular
embryonic rat kidney.22

Although current evidence shows that the embryonic
kidney contains a pool of angioblasts capable of estab-
lishing the glomerular endothelium, whether these pro-
genitors originate initially from outside the metanephric
blastema or instead stem directly from metanephric mes-
enchyme is not yet clear. Nevertheless, immunolabeling
experiments in developing rat kidney shows that endo-
thelial, as well as mesangial, cell precursors share com-
mon markers during glomerulogenesis (RECA-1 and
Thy1.1, respectively), suggesting that they may indeed
derive from metanephric mesenchyme.23 Other immu-
nolocalization and transplantation experiments have
shown that juxtaglomerular cells in developing kidney
also originate from metanephric mesenchyme, although
they appear to stem from a different lineage than endo-
thelial and mesangial cells.24

ENDOTHELIAL CELL RECRUITMENT
AND DIFFERENTIATION

Mechanisms controlling vascular development are
highly complex and involve several different transcrip-
tion factors, cell-cell and cell-matrix interactions, and
many membrane receptor�ligand signaling cascades.
Although our knowledge of these systems in a variety
of vascular beds has improved dramatically during the
past several years, many key questions regarding

temporal and spatial controls still persist. With respect
to the formation of glomerular capillaries, the process
can be considered to progress through four interrelated
events: (1) angioblast survival, proliferation and differ-
entiation into endothelium; (2) glomerular endothelial
cell recruitment; (3) initial assembly of the glomerular
capillary tuft and associated mesangium; and (4) glo-
merular capillary stabilization and maturation.25,26

VEGF Signaling

Among all of the mechanisms involved with develop-
ment of the systemic vasculature, signals evoked by
binding of VEGF to its cellular receptors, VEGFR-1 and
VEGFR-2, are singularly critical. Mice with homozygous
Vegfa gene deletions die by E9.5 with severe vascular
deficits. Remarkably, Vegfa heterozygote mutants also
succumb by E12 with vascular phenotypes, indicating
that a single Vegfa allele is insufficient to direct normal
vascular development.27,28 Homozygous (but not hetero-
zygous) Vegfr1 and Vegfr2 mutants die at mid-
gestation, due to failure of endothelial differentiation29

and vessel integrity,30 respectively.
Developing podocytes are key sources of VEGF,31

and its secretion and binding to angioblasts bearing
VEGF receptors may initiate their recruitment into the
vascular cleft of comma- and S-shaped nephrons,32

which is the initial site of glomerulogenesis. Because
Vegfa and Vegfr2 knockout mice die with vascular phe-
notypes before glomerulogenesis commences, the pre-
cise role of this ligand-receptor pair in mediating
glomerular endothelial development has been difficult
to analyze fully. Nevertheless, and underscoring the
importance of the VEGF signaling system, injection of
VEGF-blocking antibodies into developing mouse kid-
ney cortex inhibits glomerular capillary formation
in vivo.33 With the advent of cell selective and/or induc-
ible gene deletion technologies, additional evidence for
the importance of podocyte-derived VEGF has been
obtained. For example, homozygous deletion of Vegfa
selectively in podocytes (obtained in bi-transgenic mice
carrying nephrin-cre recombinase and floxed Vegfa
alleles) results in animals which die perinatally with
non-vascularized glomeruli.34 Heterozygous deletion of
Vegfa causes no evident phenotype initially. By 2.5
weeks of age, however, mice become proteinuric, and
glomeruli contain swollen endothelial cells and hyaline
deposits similar to those seen in patients with pre-
eclampsia. By contrast, overexpression of the VEGF164
isoform specifically in podocytes leads to collapsing
glomerulopathy and death at B5 days of age.35 When
Vegfa is selectively deleted in podocytes of adult mice
(using a Tet-On conditional expression model), mice
become severely proteinuric and hypertensive, and
glomeruli resemble those of humans with thrombotic

894 26. MOLECULAR AND CELLULAR MECHANISMS OF GLOMERULAR CAPILLARY DEVELOPMENT

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



microangiopathy (mesangiolysis, endothelial swelling,
red cell fragmentation, and fibrin deposition).196

Clearly, the cellular controls for maintaining
VEGF protein expression within an optimal range
are critically important for the appropriate estab-
lishment and maintenance of the glomerular
capillary.

Regulation of Endothelial Development

Hypoxia-Inducible Transcription Factors (HIFs)

Transcription of VEGF and VEGFR genes is acti-
vated by hypoxia-inducible transcription factors
(HIFs), which consist of heterodimers of HIF α- and
β-subunits.36 Under normal oxygen concentrations, the
HIF α-subunit undergoes prolyl hydroxylation, bind-
ing to von Hippel Lindau protein (VHL), polyubiquiti-
nation, and proteasomal degradation. In hypoxia, the
prolyl hydroxylase enzyme is inhibited, and HIF α
chain degradation is avoided. Hypoxia-stabilized HIF
α/β heterodimers bind to hypoxia-responsive elements
(HREs) located in promoter/enhancer regions of induc-
ible genes,37 many of which are proteins expressed in
response to hypoxic stress. For example, erythropoie-
tin, transferrin, VEGF, VEGFR1, and VEGFR2 are
among the more than 70 distinct genes known to be
transcriptionally activated by HIFs.36

There are at least three distinct HIF α- and two
β-subunits known at present, making a variety of dif-
ferent HIF isoforms possible. Because HIF stabiliza-
tion is enhanced in cells experiencing subnormal
oxygen tensions, such as those in rapidly growing tis-
sues, robust VEGF and VEGFR synthesis commonly
occurs during organogenesis. Increased VEGF/
VEGFR signaling stimulates mitosis in endothelial
progenitor cells, phosphorylation of the antiapoptotic
kinases Akt/PKB38 and focal adhesion kinase (FAK),39

and upregulation of the survival factors Bcl2 and
A1.38 In time, these events can lead to the creation of
new blood vessels, which can then provide appropri-
ate levels of oxygen specifically to the formerly
hypoxic tissue sites.

Renal HIF Expression

The expression patterns for several of the different
HIF α- and β-subunits have been documented in devel-
oping human, rat, and mouse kidney using in situ
hybridization and immunohistochemistry. In general,
both HIF-1 and HIF-2α are found in glomeruli, with
specific immunolocalization of HIF-2α protein to
immature podocytes (which are rich sources of
VEGF).40,41 HIF-2α is also expressed by developing
vascular endothelial cells in the kidney (most of which

express VEGFR-2), whereas HIF-1α is found in cortical
and medullary collecting duct epithelium. HIF-1α and
HIF-2α protein are undetectable in fully mature glo-
meruli. Mice with a global deletion of Hif2α show no
defects in glomerular development or function, and no
deficits in VEGF or Flk1 expression.197 Interestingly,
HIF-1β is apparently ubiquitously expressed by all cells
in the kidney, but HIF-2β distribution is greatly
restricted during development and, in mice, becomes
confined to nuclei in cells of the thick ascending limb
of Henle’s loop.42

The selective expression of certain HIF isoforms in dif-
ferent tissue compartments of developing kidney may
reflect the coordinated regulation of different sets of HIF
target genes.43 Importantly, individuals with mutations
in VHL, a key protein in mediating HIF α chain degrada-
tion, and thereby reducing expression of HIF target
genes, are prone to developing hemangioblastomas and
clear cell-renal cell carcinomas.44�46 Some studies have
shown that HIF-1α and HIF-2α had differential and
sometimes antagonistic effects on the growth of clear
cell-renal cell carcinomas, with HIF-1α retarding and
HIF-2α promoting tumor growth.47 These findings pro-
vide further evidence for differential effects of different
HIF isoforms, and call for more studies examining the
expression of HIF and HIF gene targets in the develop-
ing kidney. Surprisingly, when Vhl is selectively deleted
in podocytes, glomerular vascularization patterns are
not affected, and kidneys develop normally.198 On the
other hand, mice become proteinuric by 4 weeks of age,
and there is ectopic deposition of collagen (α1)2α2(IV) in
peripheral loop GBMs, and upregulation of an ancient
oxygen-binding protein, neuroglobin, specifically in
podocytes.198

Once glomeruli are vascularized and fully mature,
podocytes still continue VEGF synthesis. Likewise,
expression of Flk1 is also maintained by glomerular
endothelial cells of mature kidneys. VEGF-Flk1 signal-
ing in glomeruli therefore probably exerts functions
extending well beyond those needed for mobilization
of angioblasts and initial formation of the capillary tuft.
For example, in co-cultures of epithelial cells with
endothelium, epithelial-derived VEGF has been shown
to induce fenestrae formation in the endothelium.48

When Vegfr2 is inducibly deleted in adult mice,
podocytes appear normal, but there is loss of viable
glomerular endothelial cells.199 Perhaps the continued
expression of VEGF by podocytes and Flk1 by glomer-
ular endothelial cells in vivo is necessary for mainte-
nance of the highly-differentiated state seen in the
endothelium.

Other Growth Factor/Receptors

Beyond VEGF and VEGFR, several other growth
factor-receptor signaling systems important for vessel
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development systemically are also crucial for glomeru-
lar capillary formation, including the Tie/angiopoietin
and PDGFR/PDGF families.25,26 Developing glomeru-
lar endothelial cells express Tie-2, and and one of its
ligands, angiopoietin-1, is important for vascular orga-
nization and remodeling. Another Tie-2 ligand, angio-
poietin-2, may mediate vascular integrity and
permeability. The coordinated expression of these two
angiopoietins may therefore regulate the maturation
and stabilization phases of glomerular development
(reviewed in 49). Additionally, Tie-2 and at least some
members of the angiopoietins contain defined HREs in
their promoters, making their transcriptional regula-
tion by hypoxia/HIFs seem likely.36 Similarly, an HRE
is found in the PDGFB gene promoter, although this
may not necessarily be responsive to hypoxia.50 During
early glomerular development, PDGFB protein is
expressed by podocytes. This may be important for the
glomerular recruitment of immature mesangial cells,
which express the PDGFB receptor, PDGFRβ.51 In later
developmental stages, both PDGF and PDGFRβ expres-
sion becomes confined to the mesangium, which may
provide autocrine signals required for mesangial cell
proliferation and/or maturation51 (see below).

Like other developing vessels, at least some neuro-
nal axon guidance receptors and ligands are also found
in developing glomeruli.52�54 For example, neuropilin-
1 (Np1), which is a co-receptor with VEGFR2 for
VEGF164 (but lacks a cytoplasmic signaling domain),
immunolocalizes to glomerular endothelial cells.
Semaphorins-3A and -3F, which are ligands for Np1,
have been found on podocytes, suggesting that sema-
phorin-Np1 signaling between podocytes and endothe-
lium may help pattern glomerular morphogenesis.55

One study, however, has also reported that Np1 is
expressed by podocytes in vivo.56 Recent experiments
also showed that podocyte-derived VEGF may act as
an autocrine survival factor for cultured podocytes
in vitro.57 Additionally, these same studies found an
upregulation of VEGFR2 in cultured podocytes, sug-
gesting that VEGF/VEGFR2 signaling is important not
only for glomerular capillary formation and mainte-
nance, but also for podocyte differentiation.57

Other receptor-ligand signaling systems probably cru-
cial for glomerular capillary formation include members
of the Eph/ephrin receptor/counter-receptor fami-
lies.20,25 Specifically, the receptor tyrosine kinase EphB1
and its ligand, ephrin-B1, which itself is also a trans-
membrane protein receptor, are both expressed in simi-
lar distribution patterns in developing kidney
microvasculature.58 Although the precise roles for Eph/
ephrin signaling in the glomerulus are still uncertain,
knockout mice display lethal vascular phenotypes,
including defects in vessel patterning, sprouting, and
remodeling (reviewed in 25). Reciprocal gradients of Eph

and ephrin protein concentrations have been identified
in the developing brain, where they appear to direct
accurate neuronal patterning in the visual system.
Perhaps analogous events take place in the developing
glomerulus, where spatial signals conveyed between
endothelial cells help target them to correct microana-
tomical domains.25

DEVELOPMENT OF THE MESANGIUM

Fundamentals regarding the development of the
intercapillary mesangium, as well as the origin and
recruitment of mesangial cell progenitors, are still
largely unresolved issues in glomerular biology.
Nevertheless, we have known for some time that
PDGFB and its receptor, PDGFRβ, are both expressed
by mesangial cells of mature glomeruli.51 Additionally,
studies in developing kidney have shown that imma-
ture podocytes produce PDGFB which may help
recruit mesangial cell progenitors expressing PDGFRβ
into glomeruli. Later, podocyte expression of PDGF
declines, and the synthesis of both PDGF and PDGFRβ
becomes confined to the mesangial cells, perhaps to
promote their proliferation or maturation.51 Gene dele-
tion studies in mice have conclusively shown an abso-
lute requirement for PDGFB/PDGFRβ signaling. Null
mutants for either genes die perinatally, with massive
hemorrhaging systemically.59,60 Importantly, glomeruli
in these mutants entirely lack mesangial cells and con-
sist of one or only a few large, swollen capillary
loops.59,60

Interestingly, once the glomerulus has fully matured,
there appears to be a small population of extraglomeru-
lar mesangial cells capable of completely repopulating
the glomerulus if the intraglomerular mesangium
becomes severely injured. These mesangial reserve cells
reside in the juxtaglomerular apparatus, and are dis-
tinct from renin-secreting cells, macrophages, vascular
smooth muscle cells, and endothelial cells.61 In an anti-
Thy-1 model of proliferative glomerulonephritis in rats,
these extraglomerular mesangial reserve cells migrate
into the glomerulus and entirely restore the depleted
intraglomerular mesangium.61 Alternatively, some
studies suggest that bone marrow hematopoitic stem
cells can be a source of mesangial cells.62 Perhaps addi-
tional studies based on these fascinating observations
can shed more light on the origin and development of
mesangial cells during glomerulogenesis. Similarly,
much more work needs to be done on the assembly and
maintenance of the mesangial matrix. Although this
matrix undergoes morphologic and compositional
changes throughout glomerulogenesis, it has not yet
been the topic of thorough study. Whether the mesan-
gial matrix is produced exclusively by mesangial cells
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or whether glomerular endothelial cells and podocytes
also contribute components, are also not understood.
On the other hand, and as discussed later, considerable
progress has been made in understanding the assembly
of the GBM (see below).

FACTORS REGULATING PODOCYTE
DIFFERENTIATION

Determination of podocyte identity and regulation
of podocyte differentiation are fundamental aspects of
glomerulogenesis about which much remains to be
learned. Although the podocyte transcription factors
described below have been shown to be crucial for
proper differentiation, exactly how these regulators
interact to orchestrate the complex acquisition of the
podocyte phenotype remains a mystery. Studies aimed
at defining the entire glomerular transcriptome63,64

have been very useful for defining what genes may
play important roles in podocyte determination, differ-
entiation, and function; however, we have only just
begun to gain an understanding of how the podocyte
achieves its unique and important properties through
interacting pathways.65

WT1

The protein that likely has one of the earliest roles in
podocyte differentiation is Wilms tumor 1 (WT1), a
zinc-finger protein that is involved in both transcrip-
tion and RNA processing.66 WT1 is expressed at the
initial stages of nephrogenesis, when it has been shown
to regulate such developmentally important genes as
Bmp7, Six2, and Sall1.67 But once glomerulogenesis
begins, there is a dramatic increase in the level of WT1
in podocyte precursors, and podocytes continue to
express WT1 throughout life (reviewed in 68). One
potentially important function of WT1 is to downregu-
late expression of Pax2 in the immature podocytes of
S-shape stage nephrons,69 as artificial overexpression
of Pax2 widely, including in podocytes, causes severe
nephrotic syndrome.70 In addition, WT1 has been
shown to regulate a number of genes, including
NPHS1,71,72 the gene encoding nephrin (discussed
below). This provides a clear mechanism whereby
alteration in WT1 function directly affects glomerular
function.

Several lines of investigation reveal important roles
for WT1 in promoting proper podocyte differentiation
(reviewed in 66,68,73). Most notable is that heterozygous
mutations that affect the zinc-finger structure of WT1
cause Denys�Drash syndrome in humans. This rare
disease is characterized by proteinuria, nephrotic

syndrome, diffuse mesangial sclerosis, and ESRD.
Expression of mutant WT1 forms associated with
Denys�Drash syndrome in transgenic mice, either
globally or specifically in podocytes, causes various
glomerular and podocyte defects that are consistent
with the human pathology.66,74 Moreover, heterozy-
gous mutations in WT1 that affect the normal pattern
of WT1 RNA alternative splicing to generate the so-
called 1KTS and 2KTS isoforms of WT1, cause
Frasier syndrome.75 The renal component of this dis-
ease includes proteinuria that begins in early childhood
and progresses to FSGS, but the course to ESRD is
slower than observed in Denys�Drash syndrome. Mice
engineered to express only the 1KTS or the 2KTS iso-
forms develop severe podocyte and glomerular defects,
further emphasizing the important role that WT1 and
these specific splice variants play in glomerular devel-
opment and function.76

Lmx1b

Lmx1b, a LIM-homeodomain protein, is another
transcription factor expressed in podocytes that is
affected in human disease. Heterozygous mutations in
LMX1B cause Nail�Patella syndrome,77 an autosomal
dominant disease with skeletal abnormalities, nail
hypoplasia, and variably penetrant nephropathy asso-
ciated with accumulation of fibrillar material in the
GBM that appears to be collagen type III.78 Although
Lmx1b1/2 mice do not exhibit a phenotype, Lmx1b2/2

mice die shortly after birth with abnormalities in dorsal
limb structures, including absence of nails and patellae,
abnormal glomeruli, attenuated podocyte maturation
with lack of normal slit diaphragms, and tubular pro-
tein casts.79 Analysis of gene expression in Lmx1b2/2

podocytes has revealed decreases in collagen α3 and
α4(IV), podocin, and CD2AP,80�82 which are all known
to be important for proper glomerular filtration. The
reduced expression in Lmx1b2/2 mice suggests a basis
for the partially penetrant nephropathy in LMX1B1/2

humans, but gene expression studies in affected indivi-
duals do not support this hypothesis.78 Thus, exactly
how LMX1B haploinsufficiency causes nephropathy in
humans remains a mystery. If there really is no reduc-
tion in the expression of relevant podocyte genes, then
perhaps there is a lack of repression, either direct or
indirect, of genes injurious to glomerular function, as
previously proposed.83

Pod1/Tcf21

Pod1, a basic helix-loop-helix transcription factor
also known as epicardin, capsulin, and Tcf21, is highly
expressed early during kidney development in
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condensing metanephric mesenchyme and in stromal
cells. In the developing nephron, Pod1 is expressed in
podocyte precursors at the S-shaped stage, and persists
in adult podocytes.73,84 The kidney phenotype in
Pod12/2 mice, which die at birth due to heart and
lung defects, is complex, but it is clear that there are
fewer glomeruli associated with defects in ureteric bud
branching. In addition, there is a striking arrest of glo-
merular development at the capillary loop stage, and
podocytes fail to mature properly, elaborating only
rudimentary foot processes.85 Gene expression profil-
ing studies of Pod12/2 glomeruli revealed 3986 genes
expressed differently than in wild-type glomeruli,
demonstrating that Pod1 has profound effects on gene
expression.86

Kreisler/Mafb

Kreisler/Mafb is a basic domain leucine zipper tran-
scription factor expressed in podocytes from the capil-
lary loop stage onwards.87 Mice that are homozygous
for a point mutation affecting the kreisler DNA-
binding domain die within 24 hours of birth. The podo-
cytes of these mice fail to extend foot processes or
establish slit diaphragms, and there is a significant
reduction in expression of nephrin, podocin, and
CD2AP.88 Interestingly, whereas Pod1 is expressed in
kreisler2/2 podocytes, kreisler is not expressed in
Pod12/2 podocytes. This suggests the existence of a
transcriptional hierarchy in which Pod1 may activate
expression of kreisler.87

Foxc2

Foxc2 is a member of the forkhead/winged-helix
family of transcription factors. During nephrogenesis,
Foxc2 is first expressed in a subset of cells in the
comma-shaped body and then is expressed in develop-
ing podocytes at the S-shaped and capillary loop
stages, and more weakly at maturity.89 Foxc22/2 mice
exhibit small kidneys and reduced numbers of
glomeruli with ballooned capillaries, suggesting a
defect in adhesion of mesangial cells (which are pres-
ent) to the glomerular basement membrane (GBM).
Ultrastructural analyses revealed that podocytes fail to
extend processes or assemble slit diaphragms, and
endothelial cells fail to become fenestrated, suggesting
an arrest of differentiation of these two cell types. Gene
expression profiling studies of Foxc22/2 glomeruli
showed reductions in a number of known podocyte
genes, such as kreisler/Mafb, Nphs2 (podocin), and
Podxl1 (podocalyxin), although others, such as Nphs1,
Wt1, and Cd2ap, were not affected.89 Interestingly, in
the Xenopus pronephros, the combined knockdown of

WT1 and Foxc2 resulted in the loss of all podocyte
marker gene expression.65

Notch2

Notch2 is expressed in developing podocytes from
as early as the comma-shaped stage.90 Although the
total absence of Notch2 in mice results in embryonic
lethality at E11.5 before glomerulogenesis begins,
homozygosity for a hypomorphic Notch2 allele allows
survival until 24 hours after birth. These latter
Notch22/2 mice exhibit small kidneys with cortical
vascular lesions. Some glomeruli arrested before the
capillary loop stage and were not vascularized,
whereas others became vascularized but had ballooned
capillaries due to an absence of mesangial cells. In
addition, genetic interaction studies demonstrated that
Jagged1, a Notch ligand, is required for proper Notch2
signaling during glomerulogenesis.90 Additional stud-
ies using a conditional Notch2 allele showed that
Notch2 (but not Notch1) is required for acquisition of
podocyte and proximal tubule cell fates.91,92

FORMATION OF THE SLIT DIAPHRAGM
COMPLEX

In mature glomeruli, the slit diaphragm (SD) repre-
sents the only known connection between adjacent
podocytes and podocyte foot processes. The SD spans
the space between the interdigitated foot processes
(Figure 26.4), and has been proposed to play a crucial
role in glomerular filtration by serving as the major
barrier to albumin,93 although some data do not sup-
port this view.94,95 The SD has also been shown to
mediate important signaling events that are responsible
for maintaining podocyte survival and differentia-
tion,96,97 suggesting that it plays dual roles in ensuring
proper glomerular function. But interestingly, mutant
mice without slit diaphragms due to lack of nephrin
have dramatic leakage of albumin into the urine, but
they do not have major alterations in podocyte survival
or gene expression.98

Slit Diaphragm Components

Nephrin and the Neph Family

The explosion of research into SD composition and
function began with the identification of the nephrin
gene (NPHS1), as mutated in congenital nephrotic syn-
drome of the Finnish type,99 and the nephrin protein as
an integral component of the SD100,101 (Figure 26.5).
Nephrin is an immunoglobulin superfamily member
containing eight extracellular Ig-like domains, a
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fibronectin type III domain, a single-pass transmem-
brane domain, and a cytoplasmic tail of B155 amino
acids, including several tyrosines that have been pre-
dicted to be important for its function, perhaps by inter-
acting with actin-binding Nck adapter proteins.102�106

Humans and mice lacking nephrin never establish SDs,
demonstrating the importance of nephrin for SD forma-
tion. A group of three related Ig superfamily molecules
that interact with nephrin, Neph1-3, are also found at
the SD, as well as in other tissues, and it is clear that at
least Neph1 is required for maintenance of the filtration
barrier.107 Interestingly, nephrin interacts directly with
the Neph proteins108�110 (Figure 26.5), and disturbing
their association in vivo causes proteinuria.111

Further evidence for the importance of nephrin-
Neph interactions come from the model organisms
Drosophila (fruitflies) and C. elegans (nematodes), which
have conserved homologs of nephrin and Neph pro-
teins. In both these invertebrates, a nephrin homolog on
one cell interacts with a Neph homolog on another cell
to promote a developmental event.112�114 Amazingly,
all three mouse Neph proteins can partially compensate
for the nematode Neph-like protein SYG-1.115 Together
with data from mouse, these results suggest that
nephrin-Neph interactions are conserved across phyla.

ZO-1 and Podocin

Before the identification of nephrin, zonula occlu-
dens-1 (ZO-1), an epithelial tight junction protein, was
shown to be localized to the cytoplasmic face of the
SD.116 ZO-1 has recently been shown to interact with
Neph1�3, which may serve to anchor it to the SD.
In turn, podocin, whose encoding gene (NPHS2) is
mutated in familial steroid resistant nephrotic syn-
drome, appears important for anchoring nephrin
and the Neph family to the SD (Figure 26.5). Podocin is
a hairpin-shaped integral membrane protein that

interacts with the cytoplasmic tails of nephrin and
Neph family members,117 and is required to target
nephrin to lipid raft microdomains, which have been
proposed to be crucial for SD organization and
function.118

Cadherins

Consistent with the notion that the SD is a modified
adherens junction,119 two cadherins, P-cadherin and
the FAT1 protocadherin, have been localized to the SD.
P-cadherin was found to associate with ZO-1 and the
catenins at the SD, but the functional importance of
P-cadherin at the SD has yet to be demonstrated, and
humans with mutations in the P-cadherin gene (CDH3)
are not reported to have kidney disease. FAT1, an
extremely large member of the cadherin family, is
involved in regulating actin cytoskeleton dynamics and
cell polarization.120 Mice lacking FAT1 die within two
days of birth, and their podocytes lack SDs and signifi-
cant foot process formation. This underscores the
importance of FAT1 in the establishment or mainte-
nance of SDs. A model of the SD that can accommodate
the very large extracellular domain of FAT1 has not yet
been presented, but FAT1 may somehow contribute to
the central density of the SD that is apparent in ultra-
structural analyses.93,121

CD2AP

CD2-associated protein (CD2AP) is a modular cyto-
plasmic docking protein that interacts with multiple slit
diaphragm components, including nephrin and podo-
cin, as well as with the actin cytoskeleton122,123

(Figure 26.5). Mice lacking CD2AP exhibit congenital
nephrotic syndrome with progressive loss of SDs and
foot processes, and they die at 6�7 weeks of age.124 In
addition, CD2AP haploinsufficiency has been associated
with renal disease in both mice and humans,125,126 and a

FIGURE 26.5 Diagram showing clustering of the slit diaphragm complex proteins at the basolateral surfaces of podocyte foot processes,

which are attached to the underlying GBM (shown in blue). Molecules are not drawn to scale, but many known extracellular and intracellular
protein:protein interactions are represented. Exactly how the several protein ectodomains interact to form the characteristic SD ultrastructure is
not yet fully defined. See text for details. See color section at the end of the book.
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patient homozygous for a premature stop codon muta-
tion (R612X) lacking the final 28 amino acids of 639 total
exhibited proteinuria, FSGS, and kidney failure by 3
years of age.127 CD2AP is thought to be an adaptor that
forms a bridge between the SD and the cytoskeleton,128

but it also appears to play a role in the trafficking of
endocytic vesicles.122,126 Although CD2AP is very
widely expressed, it seems to be required only in the
podocyte129; this could be due to compensation by a
paralog of CD2AP, CIN85, although CIN85 activity in
podocytes appears to be detrimental.130

Nck

That mice lacking CD2AP are able to form normal
foot processes and SDs initially suggests the existence
of other adaptor proteins in podocytes that might play
an earlier role in organizing SDs and linking them to
the cytoskeleton. Indeed, the Nck adaptor proteins
(Nck1 and Nck2), which contain three Src homology 3
(SH3) domains and one SH2 domain, bind to phospho-
tyrosine-containing motifs in the cytoplasmic tail of
nephrin via their SH2 domains. In addition, clustering
of nephrin-Nck complexes reorganized the actin cyto-
skeleton in transfected cells.102,105 Importantly, geneti-
cally-engineered mice lacking Nck1 and Nck2 in
podocytes failed to elaborate foot processes or assem-
ble SDs,102 and inducible deletion of Nck1 and Nck2 in
adult podocytes rapidly leads to proteinuria and glo-
merulosclerosis.131 These exciting findings establish a
potentially pivotal role for the Nck adaptor proteins in
organizing and maintaining SDs, and suggest one
mechanism whereby the Fin minor mutation in
NPHS1, which results in a nephrin protein lacking
most of its cytoplasmic tail and all of the intracellular
tyrosines,99 causes congenital nephrotic syndrome.

TRPC6

TRPC6 is a member of the transient receptor poten-
tial family of cation channel proteins, and is associated
with the SD. Mutations in TRPC6 have been shown to
cause autosomal dominant FSGS in several different
families, and this was associated with increased cal-
cium current amplitude in some cases.132,133 Calcium
flux mediated by TRPC6 could have an important role
in regulating podocyte and SD homeostasis, perhaps
by regulating actin dynamics and motility134 and
calcium-sensitive transcription factors such as those in
the NFAT family.135

Slit Diaphragm Assembly Mechanisms

As mentioned earlier, the slit diaphragm bears some
relationship to adherens junctions, and ZO-1 immuno-
localizes to the cytoplasmic domains on the lateral

surfaces of podocytes adjacent to the extracellular dia-
phragm spanning the slit pore. The synthetic patterns
of all of the SD components during glomerular devel-
opment have not yet been studied in detail. However,
nephrin and podocin first appear during the late
S-shaped and early capillary loop stages of nephron
development, which is when foot process interdigita-
tion first occurs, simultaneous with the first ultrastruc-
tural appearance of SDs.100,136 Also occurring at this
stage of development is the apical-to-basal transloca-
tion of protein complexes involved in cell polarity, an
event crucial for proper slit diaphragm and foot
process formation.137,138 The precise sequence of SD
assembly, including how the linkages between the
ectodomains of SD proteins are made, as well as con-
nections with the internal cytoskeleton and associated
elements, are not known. Similarly, the extent to which
the SD may be dynamic and undergo modification
with age is poorly-understood. Nevertheless, an
increasing number of studies have shown that the SD
does not merely represent a static component of the
glomerular filtration barrier, but it also functions to
influence podocyte behavior.97

Signaling at the Slit Diaphragm

The first evidence that the SD complex may have a
signaling role came from studies of nephrin activity in
cultured cells. Transfection of cells with nephrin
increased activator protein-1 (AP1)-mediated transcrip-
tional activation, and this effect on intracellular signal-
ing was augmented by cotransfection with podocin, to
which nephrin binds.139 These authors later showed that
podocin recruits nephrin to lipid rafts,118 which are cho-
lesterol-enriched plasma membrane microdomains asso-
ciated with high concentrations of signaling proteins
and high levels of signaling activity. Furthermore, as
alluded to above, nephrin contains multiple tyrosines in
its cytoplasmic tail. Some of these can be phosphory-
lated by the Src-family tyrosine kinase, Fyn,106 and clus-
tering of nephrin by Fyn increases phosphorylation.103

Phosphorylation of nephrin both augments its interac-
tion with podocin104 and allows Nck adaptor proteins to
bind its tail and influence the organization of the adja-
cent actin cytoskeleton.102,105 Consistent with this,
Fyn2/2 mice have variably coarsened or effaced foot
processes.106 In addition, trans-heterozgyous Fyn1/2;
Cd2ap1/2 mice exhibit marked proteinuria and FSGS,
and CD2AP can be immunoprecipitated with Fyn from
glomerular lysates. These findings demonstrate that
Fyn-mediated signaling likely depends upon interac-
tions with CD2AP.125

Nephrin-mediated signaling has also been shown to
involve stimulation of phosphoinositide 3-OH kinase
(PI3K). Nephrin and CD2AP interact with the p85
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regulatory subunit of PI3K, recruit PI3K to the plasma
membrane and, in conjunction with podocin, stimulate
PI3K activation of AKT signaling in podocytes.140 This
is proposed to regulate the behavior of podocytes and
protect them from detachment�induced apoptosis
(anoikis), which suggests that proper signaling at the
SD is important for maintaining podocyte health.

Neph family proteins, like nephrin, have cyto-
plasmic tails containing tyrosines that can be
phosphorylated. Also like nephrin, Neph1 can induce
AP-1-mediated transcriptional activation.117 ZO-1,
which binds to the cytoplasmic tail of Neph proteins,
enhances tyrosine phosphorylation of Neph1 and aug-
ments AP-1 activation.141 As ZO-1 can also interact
with the actin cytoskeleton, one can envisage how
the podocin-CD2AP-nephrin-Neph-ZO-1 complex can
activate signaling in podocytes and provide stability to
the SD via linkage to actin (Figure 26.5). Interfering
with any of these interactions likely leads to abnormal
podocyte behavior and proteinuria; in this regard, the
actin cytoskeleton in podocyte foot processes also
has specialized components. These include α-actinin-4,
which is mutated in autosomal dominant FSGS,142

and synaptopodin, which regulates α-actinin’s actin
bundling activity143 and binds to CD2AP.125 That
trans-heterozygous Synpo1/2; Cd2ap1/2 mice develop
proteinuria and FSGS-like lesions125 underscores the
importance of the SD-actin cytoskeleton linkage in
maintaining podocyte health, structure, and function.
Further support comes from a study showing that the
action of cyclosporine A in reducing proteinuria has to
do with a protective effect on synaptopodin and on the
podocyte’s actin cytoskeleton.144

DEVELOPMENTAL-ORGANIZATIONAL
ROLE OF THE GLOMERULAR BASEMENT

MEMBRANE

An important extracellular matrix component of
developing and mature glomeruli is the glomerular
basement membrane (GBM). Basement membranes are
the thin sheets of specialized extracellular matrix that
underlie all epithelial cells, including the vascular
endothelium. The GBM is somewhat unique in that it
is an unusually thick basement membrane that forms
by fusion of two independent basement membranes,
one secreted by podocytes and one by endothelial cells.
Thus, both cell types contribute components to the
GBM. Like all basement membranes, the GBM contains
laminin, type IV collagen, nidogen/entactin, and sul-
fated proteoglycans.145 These are all relatively large
glycoproteins of which there are multiple isoforms, but
only specific ones are found in the GBM.146 These iso-
forms are thought to impart properties to the GBM that

are important for maintaining glomerular structure
and function.

Laminin

Most laminins are cruciform heterotrimers consist-
ing of evolutionarily related α, β, and γ chains.147 There
are five α, four β, and three γ chains that associate non-
randomly and become disulfide bonded to each other
to form at least 15 different heterotrimers, most of
which are B800 kDa.148 Assembly of trimers occurs
intracellularly within the endoplasmic reticulum, and
then trimers are secreted into the extracellular space
where they interact with cellular receptors, such as
integrins and dystroglycan, and polymerize with each
other to form laminin networks.149 This network pro-
vides the foundation of the basement membrane; as
shown in knockout mice, basement membranes do not
form without laminin.148

Only a subset of the known laminin heterotrimers
are expressed in glomeruli, and only a single heterotri-
mer, laminin α5β2γ1 (designated LM-521),147 is found
in the mature GBM146 (Figure 26.4). The mesangial
matrix, on the other hand, which is structurally and
compositionally similar but distinct from basement
membranes, contains an assortment of laminins,
including LM-111, LM-211, LM-411, and LM-511.146

Whether these mesangial laminins have any specific
functions in glomerular biology is not yet clear, but
they could certainly influence the behavior of mesan-
gial cells and interact with laminins or other compo-
nents of the GBM to strengthen the adhesion of the
mesangium to GBM segments at the bases of the glo-
merular capillary loops. In contrast, as discussed
below, the laminin content of the GBM is well-known
to be extremely important for both glomerular develop-
ment and function.

Developmental Transitions in GBM Laminin
Composition

During glomerulogenesis there are well-character-
ized developmental transitions in the deposition of
laminin isoforms in the GBM and its precursor.150

From the comma-shape through the S-shape stage,
LM-111 and LM-411 are present, but they are elimi-
nated from the GBM during the transition to the capil-
lary loop stage (Figures 26.2 and 26.3). At the S-shape
stage, LM-511 is first deposited in the nascent GBM
by the presumptive podocytes and the invading endo-
thelial cells. At the capillary loop stage, both LM-511
and LM-521 are present in the maturing GBM, but
LM-511 is gradually eliminated as the glomerulus
begins functioning as a filter. LM-521 is from then on
the major GBM laminin.150 While little is known about
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the transcriptional control of these isoform transitions
during glomerular development, it is clear that the
in vivo setting is important, as metanephroi grown
ex vivo do not deposit LM-521. This deficiency is res-
cued upon reimplantation and subsequent glomerular
vascularization in vivo, suggesting that glomerular
endothelial cells are required for proper laminin iso-
form substitution.151

LAMININ A CHAIN TRANSITIONS

Experiments primarily in knockout mice have
revealed the importance of some of these developmen-
tal transitions for successful glomerulogenesis and
proper glomerular function. A targeted mutation in
Lama5, the gene encoding laminin α5, results in break-
down of the GBM at the stage when LM-511 should
begin to replace LM-111 (late S-shape stage).152 In the
absence of LM-511, LM-111 is still eliminated from the
nascent GBM, and without a full-size laminin trimer,
GBM architecture cannot be maintained. The loss of
the GBM at this critical stage of glomerulogenesis has
severe consequences, as podocytes lose their cup-
shaped arrangement and instead contract into a ball of
cells, leaving no place for the endothelial and mesan-
gial cells to form capillaries. Thus, glomerular vascular-
ization completely fails.152 Additional studies aimed at
defining the function of the laminin α5 COOH-terminal
globular (α5LG) domain in glomerulogenesis showed
that this domain is not important for maintenance of
GBM integrity, but rather serves as a ligand for mesan-
gial cells to adhere to the GBM at the bases of the glo-
merular capillary loops so that they can maintain and
perhaps modulate capillary loop structure and diame-
ter, as previously proposed.153 When this ligand is
missing, the capillaries balloon in a fashion similar to
that observed in the absence of mesangial cells (dis-
cussed above), yet here mesangial cells are clearly pres-
ent but apparently unable to adhere to the GBM under
the stress of capillary blood flow.154 These studies
show that the GBM and the laminin that it contains
serve important organizational roles, both during and
after glomerulogenesis.

LAMININ β CHAIN TRANSITIONS

In contrast to the requirement for laminin α5 for suc-
cessful glomerulogenesis, laminin β2 is dispensable.
This is best demonstrated by the structurally normal
glomeruli that form in Lamb22/2 mice, which corre-
lates with maintenance of GBM integrity during glo-
merulogenesis.155 The GBM is able to remain intact
without LM-521, the only isoform normally found in
mature GBM, because of the persistence or continued
expression of laminin β1, resulting in a GBM contain-
ing LM-511 instead of LM-521. However, despite
normal glomerulogenesis, Lamb22/2 mice exhibit

congenital nephrotic syndrome and are proteinuric.155

Similarly, humans with mutations in LAMB2 exhibit
congenital nephrotic syndrome and diffuse mesangial
sclerosis that is sometimes associated with distinct ocu-
lar and other abnormalities, a disease entity called
Pierson syndrome.156�158 Together these results show
that laminin β2 in the GBM (as part of LM-521) is
uniquely qualified to ensure that the glomerular barrier
to protein is intact. This could be due to either direct
effects on GBM porosity or indirect effects on behavior
of the attached endothelium and overlying podocytes,
as well as assembly and function of the slit diaphragm
complex.

Post-fixation immunoelectron microscopy of wild-
type mouse kidney has shown that the laminin α1, α5,
β1, and β2 chains all originate in both glomerular
endothelial cells and podocytes during glomerular
development.151 Similarly, in transgenic mice that over-
express human LAMA5, endothelial cells and podo-
cytes were both positive for human laminin α5
protein.200

Collagen Type IV

There are six genetically distinct collagen IV chains,
called α chains, that assemble in a defined fashion to
form three different triple helical protomers.159,160

These are designated (α1)2α2, α3α4α5, and (α5)2α6.
Like all collagen chains, collagen IV chains contain
long stretches of Gly-X-Y amino acid triplet repeats
that favor formation of a triple helix. However, unlike
most other collagens, type IV contains interspersed
interruptions of the triplet repeats that provide flexibil-
ity both to the protomers and to the collagen IV net-
work. This is in turn thought to impart needed
flexibility to basement membranes.161

Collagen IV protomers interact with each other via
both covalent and non-covalent interactions to form a
chicken wire-like network, and a substantial amount of
cross-linking stabilizes the network. Surprisingly,
knockout mice demonstrate that collagen IV is not
absolutely required for basement membrane formation,
but it is crucial for basement membrane maintenance
and stability.162

Most basement membranes in the body contain the
α(1)2α2 protomer, and this is also true of the early
nephrogenic epithelial structures (Figure 26.2). As is
the case for the laminins, α1α2α1 collagen(IV) origi-
nates in both endothelial cells and podocytes.163

However, at the capillary loop stage, the α3, α4, and
α5 chains become detectable in the GBM150

(Figure 26.3), and have been shown to be made exclu-
sively by podocytes.163 At maturity, the α3α4α5 proto-
mer represents the major collagen IV component of the
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GBM (Figure 26.4), although apparently small amounts
of presumably residual (α1)2α2 can also be detected,
more so in human than in mouse GBM. On the other
hand, the α1 and α2(IV) chains are abundant in the
mesangial matrix, whereas the α3, α4, and α5 chains
are absent.146 Interestingly, the basement membrane of
Bowman’s capsule contains (α1)2α2 and (α5)2α6
protomers.164

As implied by the existence of only three different
collagen IV protomers in vivo, the α3 and α4(IV) chains
exist exclusively in combination with α5(IV) to make
the α3α4α5 protomer.159,160 Thus, if any one of the
three genes encoding these chains is altered by genetic
mutation, this protomer is affected. Mutations that pre-
vent proper assembly of this protomer cause Alport
syndrome or hereditary glomerulonephritis, in
humans, dogs, and mice,159,160 as discussed in detail in
Chapter 90. In the absence of the α3α4α5 protomer,
there are no defects in glomerulogenesis, primarily due
to compensation by the collagen IV network containing
the (α1)2α2 protomer. However, as affected individuals
age, the abnormal GBM develops characteristic lesions,
including thickening and splitting, that eventually lead
to renal failure in most cases.165 Heterozygous muta-
tions in human and mouse Col4a1 have also been
shown to cause disease that includes defects in kidney
function.166�169

Nidogen�Entactin

Nidogens are dumbbell-shaped molecules.145 There
are two isoforms of nidogen, nidogen-1 and -2, and
both have been reported to be present in the GBM.170

Nidogen-1 was previously considered to be an obliga-
tory link between the laminin and collagen IV net-
works, because it binds well to each of them.145

However, mutant mice lacking both nidogens-1 and -2
survive to birth with most basement membranes intact,
demonstrating that nidogen is not required for the
integrity of all basement membranes.171 Although the
double knockouts died on the day of birth, urine
removed from their bladders showed only a marginal
increase in low molecular weight proteins,171 suggest-
ing that the glomerular barrier to albumin was intact
and therefore not dependent on the presence of nido-
gen in the GBM.

Nidogen-1 binds to laminin trimers via a high-affin-
ity interaction with a specific domain of the laminin γ1
chain.172 To determine the biological importance of this
interaction, 56 amino acids encompassing this domain
of γ1 were deleted in mice such that nidogen-1 could
no longer bind laminin.173 Interestingly, the result was
a phenotype that is in many ways more severe than the
total absence of both nidogen-1 and -2. For example,

homozygotes died immediately after birth rather than
surviving for many hours. Renal agenesis was very
common, and glomerular capillary aneurisms and
hydronephrosis occurred in those few kidneys that did
form.173 Together, the results of these two studies171,173

suggest that the alteration to laminin γ1 affects more
than just its ability to bind nidogens, but the phenotype
of this Lamc1 mutant also underscores the importance
of laminin for proper glomerulogenesis.

Sulfated Proteoglycans

Proteoglycans consist of a core protein with cova-
lently attached glycosaminoglycan side chains (GAGs).
Those proteoglycans present in basement membranes
are usually modified further on their GAGs by addi-
tion of heparan sulfate and/or chondroitin sulfate. The
anionic character of these sulfate-containing adducts
provides much of the basement membrane’s net nega-
tive charge. A large number of experiments performed
in animals suggest that the glomerular filtration barrier
possesses charge selectivity, and the sulfated proteo-
glycans that are present in the GBM are attractive can-
didates to provide the basis for at least part of this
selectivity against the passage of negatively charged
molecules into the urine. However, recent studies sug-
gest that anionic charges within the GBM may not be
involved in establishment of the glomerular filtration
barrier under normal circumstances.174,175

Perlecan

There are four major sulfated proteoglycans with
relevance to the glomerulus, and the best-studied bio-
chemically is perlecan. Perlecan consists of a 400 kDa
core protein with three heparan sulfate chains linked to
residues near the NH2-terminus. It is widely found in
basement membranes, and is abundant in the mesan-
gial matrix, but perlecan is only weakly detected in the
GBM.176 Cleavage of the COOH-terminus of perlecan
produces a fragment with antiangiogenic activity
called endorepellin.177

Knockout mice lacking perlecan die during embryo-
genesis or in the neonatal period with multiple devel-
opmental defects. Most basement membranes form
normally, but mechanical stress causes disruptions in
meningeal and cardiomyocyte basement membranes.
Perlecan is also normally found in cartilage extracellu-
lar matrix, and this matrix is severely disrupted in per-
lecan mutants.178,179 No defects in kidneys were noted
in these mice.

To investigate further the function of perlecan as a
heparan sulfate proteoglycan, a deletion was made that
affects only the small part of the protein to which the
GAGs are normally attached. Mice carrying this
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mutation are viable, but they have defects in the lens
capsule.180 Neither functional nor structural defects
were noted in kidney glomeruli under normal circum-
stances, but these mice exhibit elevated levels of uri-
nary protein after bovine serum albumin overload.181

Because little perlecan is detectable in the GBM, it is
somewhat surprising that removal of its GAGs can
have an effect on the filtration barrier.

Agrin

Agrin is a widely expressed modular proteoglycan
that consists of a core protein of B220 kDa with two
glycosaminoglycan side chains that carry heparan sul-
fate and/or chondroitin sulfate. These increase the
molecular weight of agrin to greater than 400 kDa.
Agrin exhibits robust binding to the coiled-coil domain
of the laminin γ1 chain in vitro,182 and this might indi-
cate that agrin is involved in organization of basement
membrane architecture.

Agrin has been intensively studied by the neuro-
science community because a specific splice form of
agrin is deposited by motor neurons on developing
skeletal muscle fibers, where it serves as a signal that
is in part responsible for maintaining the aggregation
of acetylcholine receptors to ensure the proper
assembly of the neuromuscular junction.183,184 In
kidney, agrin is highly concentrated in the GBM,185

significantly more so than perlecan, but there is as
yet no evidence that it serves any signaling functions.
Agrin has, however, been proposed to be responsible
for the anionic charge that is present in the GBM,
and that is presumed to be involved in establishing
the charge-selective aspect of the glomerular barrier
to protein.

Several different mutations have been made in the
mouse agrin gene. Whereas all but the most subtle of
these have dramatic effects on the differentiation of
the neuromuscular junction, no defects in the kidney
have been found. Because agrin mutant mice die at
birth due to an inability to breathe, agrin-null kidneys
beyond the neonatal period have not been studied.
Nevertheless, no defects in glomerulogenesis were
noted in agrin-deficient kidneys at perinatal stages.175

In addition, a conditional knockout of agrin in podo-
cytes using the Cre/loxP system was successful at
removing both agrin and fixed anionic sites from
the GBM, yet there were no detectable defects in glo-
merular filtration.175 These results show that agrin
likely plays no role either in glomerulogenesis or in
establishment of the glomerular barrier to protein.
Further, these findings suggest that glomerular charge
selectivity may be contributed by podocyte and endo-
thelial cell surface molecules, rather than by GBM
proteoglycans.

Other Proteoglycans

Although perlecan and agrin are the best-studied
GBM proteoglycans, two others have been shown to be
present. Collagen XVIII, the COOH-terminus of which
is cleaved to form the antiangiogenic molecule endosta-
tin,177 is unique in that it is a basement membrane col-
lagen with heparan sulfate glycosaminoglycan side
chains.186 It is present in the GBM, but its function
there, if any, is unknown. Mutant mice lacking collagen
XVIII have no reported glomerular defects, but do
exhibit abnormal blood vessel formation in the eye
and retinal defects.187 Consistent with this, Knobloch
syndrome in humans is caused by mutations in
COL18A1.188

A basement membrane chondroitin sulfate proteo-
glycan that exhibits transient deposition in postnatal
rat GBM has been described.189 Although nothing is
known about the function of this protein, of potential
interest is the fact that increased levels of this proteo-
glycan were detected in the GBM of diabetic rats, com-
pared to the normal situation where it is not detected
in mature GBM.190

RECEPTORS AND RECEPTOR-
ASSOCIATED PROTEINS MEDIATING
GLOMERULAR CELL INTERACTIONS

WITH THE GBM

In order for glomerular cells to interact appropri-
ately with the GBM, they must express the required
matrix receptors and the associated cytoplasmic pro-
teins that mediate responses to the engagement of
ligand. While there is a plethora of these molecules,
only a limited set have been studied in the context of
glomerulogenesis and glomerular function.

The best characterized matrix receptors are the
integrins. Integrins are a large family of transmem-
brane αβ heterodimers that bind to extracellular matrix
proteins, mediate adhesion, and transduce signals that
govern cell proliferation, survival, and migration. The
most studied integrin in the glomerulus is α3β1. This is
primarily a laminin-binding integrin, although it has
also been shown to bind collagen IV. Biochemical stud-
ies suggest that α3β1 preferentially binds laminins con-
taining the α3 and α5 chains. This would include the
LM-511 and LM-521 heterotrimers that, as discussed
above, are so important for glomerular development
and function.

The first indication that integrin α3β1 is important
for glomerulogenesis came from studies of Itga3
mutant mice, which lack integrin α3.191 These mice die
in the neonatal period due to defects in both kidney
and lung. Glomerulogenesis occurs in a mostly normal
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fashion, but ultrastructural analysis reveals that forma-
tion of podocyte foot processes is defective, and the
GBM appears highly disorganized.191 These data are
consistent with the fact that podocytes express integrin
α3β1 at a high level, and suggest that α3β1 is involved
in organizing GBM architecture, perhaps by modulat-
ing polymerization of secreted laminins, and in regu-
lating foot process extension. Integrin α3β1 also serves
as a mesangial cell receptor for the COOH-terminal LG
domain of laminin α5 in the GBM. Their interaction at
the base of the glomerular capillary loops allows
mesangial cells to maintain loop structure. If this inter-
action is impaired, either by alteration of the composi-
tion of the LG domain or by deletion of integrin α3,
then capillary ballooning occurs.154,191 Ballooning is
more severe in the former case, indicating that there is
likely a receptor on mesangial cells besides integrin
α3β1 that mediates binding to the GBM. One possibility
is integrin α8β1, as older Itga82/2 mice exhibit widen-
ing of the glomerular capillaries, although the effect is
mild.192

Integrin α3β1 is one of many integrins that use the
integrin-linked kinase (ILK) as an intermediate in sig-
nal transduction. ILK binds to integrins and to various
actin-binding proteins, and therefore serves to bridge
the actin cytoskeleton with the cell’s major linkage to
the extracellular matrix. Whereas mice lacking ILK die
as very early peri-implantation embryos, mice with a
podocyte-specific deletion of ILK survive for a few
months, but they eventually succumb to an end-stage
renal disease that begins with thickening and broaden-
ing of the GBM, followed by focal segmental glomeru-
losclerosis.193 Mutation of CD151, a tetraspanin family
protein expressed by podocytes that interacts with and
modulates integrin function, can also cause GBM
defects and glomerular disease.194,195 These data fur-
ther underscore the importance of the podocyte in
organizing GBM architecture.

CONCLUDING REMARKS

Although much progress has been made in under-
standing certain aspects of glomerular development,
many important questions remain. First and foremost,
the fundamental morphogenic events that initiate, pro-
pel, and conclude glomerulogenesis are still poorly-
defined. In this chapter, we discussed a series of differ-
ent transcription factors, intracellular and transmem-
brane proteins, growth factors, and various signaling
mechanisms associated with glomerular endothelial
cell and podocyte biology. With only a few exceptions,
however, most of these individual proteins and pro-
cesses are expressed by many other cells and tissues
throughout the body, and therefore are not likely to be

solely or directly responsible for development of the
glomerulus. On the other hand, there are a few features
of the glomerulus that are both compositionally and
structurally distinct, and these include the GBM and
epithelial slit diaphragm. Similarly, the intercapillary
mesangial cell and its matrix are also unusual struc-
tures not found in other vascular beds. We believe that
more research aimed at investigating the regulation of
the synthesis, assembly, and maintenance of the GBM,
SD, and mesangium specifically may yield detailed
new insights into how the glomerulus develops and is
maintained normally. Perhaps new therapies that
retrace parts of the normal developmental pathway
could then be designed and used successfully to repair
injured glomeruli.
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RENAL BLOOD FLOWAND
GLOMERULAR FILTRATION RATE

Renal Blood Flow

The renal blood flow in the adult human is 660 ml/
min which is 20�25% of the cardiac output. In contrast,
the fetal kidney receives only 2% of the cardiac output
from mid-gestation to term.178 The developmental
increase in renal blood flow is due in part to an increase
in cardiac output, but predominantly to a decrease in
renal vascular resistance.92,117,220 When corrected for a
body surface area of 1.73 m2, the human neonate has a
renal blood flow of only 15�20% of that measured in
adults.51,177 Renal blood flow doubles in the first month
of life, and is comparable to adults by one to two years of
age when corrected for body surface area.177 The matura-
tional changes in renal vascular resistance are due to ana-
tomical changes in the renal vasculature, as well as
changes in the balance between vasoconstrictors, such as
catecholamines and angiotensin II, and vasodilators, such
as nitric oxide.169 The kidney develops in a centrifugal
fashion. Juxtamedullary nephrons are formed before
those in the superficial cortex. The renal blood flow dis-
tribution, measured by both xenon washout and injection
of microspheres, shows a paucity of blood flow to the
outer cortex compared to the deep cortex in neo-
nates.18,117,155 During postnatal maturation there is a
redistribution of blood flow, with enhanced perfusion of
the outer cortex due to a decrease in renal vascular
resistance.18,117,155

Autoregulation

Renal blood flow (RBF) and glomerular filtration
rate (GFR) remain stable over a wide range of

perfusion pressures.251 As perfusion pressure falls
there is vasodilatation of the afferent arteriole and
vasoconstriction of the efferent arteriole which main-
tains RBF and GFR. As blood pressure increases during
development, the range in pressure where autoregula-
tion of renal blood flow and GFR occurs shifts accord-
ingly.118 While neonates can autoregulate GFR in
response to changes in blood pressure, this protective
mechanism is far less developed than the autoregula-
tory capability of adults due, at least in part, to an
attenuated release and efferent arteriolar response to
angiotensin II.251

Glomerular Filtration Rate

Initiation of glomerular filtration, as evidenced by
the flow of urine, begins between nine and twelve
weeks gestation in the human.85 The glomerular filtra-
tion rate (GFR) is lower in neonates than adults, even
when corrected for body surface area.15,177 In prema-
ture human infants creatinine clearance increases as a
function of postconceptual age (the sum of gestational
age and postnatal age).15 GFR is constant at B0.5 ml/
min in infants with a postconceptional age of 28�34
weeks, despite the increase in renal size.14 GFR
increases to 1.0 ml/min at 34�37 weeks and to 2 ml/
min at a postconceptional age of 40 weeks.14 In abso-
lute terms, the GFR increases 25-fold from birth to
adulthood. Corrected for a surface area of 1.73 m2, the
GFR in the human term neonate is 30 ml/min/1.73 m2

in the first week of life.15,67 GFR continues to increase
during the first B1�2 years of life to reach adult levels
when factored for body surface area177(Figure 27.1).

At birth, juxtamedullary glomeruli have a larger vol-
ume and greater single nephron GFR than superficial
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nephrons.219 In the guinea pig there is a 7-fold increase
in GFR in the first month of life.219 The increase in total
kidney GFR during the first week of life, a time when
superficial nephron GFR is relatively constant, is pre-
dominantly due to an increase in juxtamedullary neph-
ron GFR.219 After two weeks of age, however, the rise in
total kidney GFR is predominantly due to an increase in
GFR in superficial nephrons219(Figure 27.2).

The increase in single nephron GFR with postnatal
maturation is due to a number of factors. Single nephron
GFR is the product of the net ultrafiltration pressure and
the glomerular ultrafiltration coefficient, Kf. The effective
ultrafiltration pressure is the difference between the
hydrostatic and oncotic pressures across the glomerular
capillary bed. Studies comparing newborn rats and
guinea pigs to adults have shown a maturational increase
in effective ultrafiltration pressure.3,220 However, these
changes contribute at most 10% to the 20-fold increase in
single nephron GFR.113,220,232 The maturational increase
in GFR is predominantly the result of the increase in Kf,
which is the product of the hydraulic permeability of the
glomerular capillary and the glomerular capillary surface
area.88,115,129,232 Studies using neutral dextrans have found
that the permeability characteristics change only slightly
with maturation.88 The increase in Kf, and thus single
nephron GFR, is predominately due to the 7.5-fold
increase in glomerular capillary surface area during renal
maturation.115,129

SODIUM CHLORIDE TRANSPORT

The transition from fetal to neonatal life is character-
ized by a dramatic decrease in urinary sodium

excretion, despite an increase in GFR. The early fetus
excretes B20% of the filtered sodium, while the late
gestation fetus excretes only B0.2%.173,211 Term neo-
nates are able to maintain a positive sodium balance
over a wide range of sodium intake which is essential
for growth.9,218 Compared to adults, neonates have a
limited capacity to excrete an acute sodium load, and
will develop volume expansion and hypernatremia
with a sodium load.9,65 This phenomenon is exempli-
fied in a study where adult and neonatal dogs were
given an isotonic saline infusion equal in volume to
10% of the animal’s weight.87 The results of the cumu-
lative excretion of sodium with time are shown in
Figure 27.3. Adult dogs had a brisk natriuresis and
diuresis, excreting 50% of the sodium within two hours
of the infusion. Dogs less than one week of age
excreted less than 10% of the sodium infused by two
hours. The limited ability to excrete a sodium load in
neonates was not explained by a low GFR, since there
was a comparable change with volume expansion in
neonates and adults. Premature neonates have high
urinary sodium losses and fractional excretion of
sodium compared to term neonates.2,7,9,75 The follow-
ing section discusses the maturation of tubular trans-
port, which maintains the positive sodium balance in
growing neonates.

Glomerulotubular Balance

Glomerulotubular balance remains fairly constant
under a number of conditions which alter the GFR in the
adult. During postnatal development, the maturational
increase in the GFR is paralleled by a concomitant
increase in the rate of tubule solute absorption.109,219

If this did not occur, there would be loss of essential
solutes which would jeopardize the life of the neonate as
GFR increases during development.109,219
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In the fetus, however, the GFR and delivery of solutes
and water to the tubules can surpass the reabsorptive
capacity of the tubules. In a clearance study examining
the fractional reabsorption of volume and sodium after
salt-loading in fetal, young, and adult guinea pigs, the
fractional reabsorption of volume and sodium were lower
in the fetus and in one-day-old animals. By 2�5 days of
age, the fractional reabsorption of sodium and water
were at the adult level.149 The glomerular�tubular imbal-
ance is not only present in the fetus, but can also be mani-
fest in the premature neonate. This is exemplified by the
fact that glucosuria is frequently present in premature
human neonates born before 30 weeks of gestation.14,235

In human neonates born before 34 weeks gestation, 93%
of the filtered glucose is reabsorbed,14 which is compara-
ble to the fractional reabsorption in the guinea pig
fetus.149 By 34 weeks of gestation, the human neonate can
reabsorb over 99% of the filtered glucose load.14

Maturation of Proximal Tubule Volume
Reabsorption

The developing kidney exhibits a centrifugal pattern
of nephron maturation, with juxtamedullary nephrons

being formed before superficial nephrons.76 The glo-
merular and tubular morphology of juxtamedullary
nephrons are more mature than those in the superficial
cortex.76 In many species, including the mouse, rat,
and rabbit, nephrogenesis continues after birth in the
superficial cortex. Nephrogenesis also continues post-
natally in humans born prior to 34 weeks gestation.

The reabsorptive capacity of the neonatal superficial
and juxtamedullary proximal tubule is less than that of
adults. The rate of volume absorption in superficial
proximal convoluted tubules increases two-fold
between a 22�24-day-old weanling and a 40�45-day-
old adult rat.11 In rabbit superficial proximal tubules
the rate of volume absorption increased four-fold
between one week and one month of age,130 while the
rate of volume absorption in rabbit juxtamedullary
proximal convoluted tubules did not change appreci-
ably during that time.190 However, there is a two-fold
increase in volume absorption in juxtamedullary
nephrons between 4 and 6 weeks of age in the rabbit.190

Proximal tubule transport for each solute is the sum of
transport mediated by passive diffusion, solvent drag,
and active transport, which are discussed below.

Na1/K1-ATPase Activity

The basolateral Na1/K1-ATPase provides the driv-
ing force for all sodium-dependent transport along the
nephron by generating and maintaining a low intracel-
lular sodium concentration. Inhibition of Na1/K1-
ATPase with ouabain reduces the rate of volume
absorption to zero in neonatal and adult isolated rabbit
proximal convoluted tubules.190 Thus, maturation of
Na1/K1-ATPase activity plays a key role in the matu-
ration of solute transport along the nephron.

The Na1/K1-ATPase is made up of an α-subunit
and a regulatory ß-subunit. There are four α isoforms
and three ß isoforms.41 The α-subunit is the catalytic
subunit, and has an ATP-binding site as well as the
binding site for cardiac glycosides. The adult kidney
predominantly expresses the α1 and ß1 isoforms.
There is a postnatal increase in renal Na1/K1-ATPase
activity.12,13,188,191 In dissected rabbit tubules, the neo-
natal Na1/K1-ATPase activity is lower than the adult
in each nephron segment examined188 (Figure 27.4).
The Vmax Na1/K1-ATPase activity increases five-fold
during renal maturation, with no change in the Km for
sodium, potassium or ATP.

The increase in Na1/K1-ATPase activity in the rab-
bit juxtamedullary proximal convoluted tubule lags
behind the maturational increase in bicarbonate and
volume absorption by one week,188 consistent with the
maturational increase in apical membrane transport
being the driving force for the increase in basolateral
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Na1/K1-ATPase. Several studies have supported this
hypothesis. In rat proximal tubule cells in culture,
stimulation of the Na1/H1 exchanger increases intra-
cellular sodium and leads to an increase in Na1/K1-
ATPase activity.101 An increase in intracellular
sodium not only increases pump activity, but also
increases α and ß Na1/K1-ATPase subunit mRNA
and protein abundance.61 Chronic increases in Na1/
H1 exchanger activity in rats induced by metabolic
acidosis result in an increase in Na1/K1-ATPase
activity in growing but not adult rats, an effect not
seen when the rats were administered amiloride, an
inhibitor of the Na1/H1 exchanger.81 Thus, the matu-
rational increase in Na1/H1 exchanger activity may
be responsible for the increase in Na1/K1-ATPase
activity.

Maturation of Proximal Tubule NaCl Transport

In the early proximal tubule there is preferential
reabsorption of bicarbonate over chloride ions. This
leaves the proximal tubule luminal fluid with a higher
chloride concentration and a lower bicarbonate concen-
tration than the peritubular fluid. Chloride transport is
the sum of active transcellular reabsorption and chlo-
ride diffusion across the paracellular pathway down its
concentration gradient. In the adult rabbit proximal
convoluted tubule, two-thirds of NaCl transport is
active and transcellular and one-third is passive and
paracellular.23 In the adult rat proximal convoluted

tubule one-third of NaCl transport is active, and two-
thirds is mediated by passive diffusion.4

Active chloride transport by the proximal convo-
luted tubule is mediated by the parallel operation of
the Na1/H1 and Cl2/base exchangers.17,204,208 Cl2/
OH2, Cl2/oxalate, and Cl2/formate exchange have
all been found to mediate chloride uptake into the
proximal tubule17; however, the relative importance
of these transporters remains controversial. In the rab-
bit superficial convoluted tubule there is evidence for
both Cl2/OH2 and Cl2/formate exchangers.208

However, in juxtamedullary proximal convoluted
tubules only Cl2/OH2 exchange is present.208 In the
guinea pig there is a large increase in Na1/H1

exchanger activity and Cl2/formate exchange in
brush border membrane vesicles during the transition
from fetus to newborn.93 In isolated perfused rabbit
proximal straight tubules the rate of active NaCl
transport was two-fold greater in adult proximal
straight tubules compared to neonatal tubules.203 Both
Cl2/OH2 and Na1/H1 exchange activities were five-
fold less in neonatal tubules compared to that in adult
tubules.203

The relative contribution of passive chloride trans-
port to total NaCl transport may be species-specific. In
the adult rat the late proximal tubular chloride concen-
tration is significantly higher than that in the glomeru-
lar ultrafiltrate.133 However, in the neonatal rat, the
proximal tubule luminal chloride concentration
remains the same as that in the glomerular ultrafiltrate.
The constant luminal chloride concentration could be
due to equal rates of chloride and bicarbonate reab-
sorption by the immature segment or to a higher chlo-
ride permeability in the neonate mediating higher rates
of passive chloride transport than in adults.133 Direct
measurements of chloride permeability and the relative
contributions of passive chloride transport have not
been examined in vivo. Thus, the reason for the lack of
the chloride gradient in neonatal rat proximal tubules
is unknown.

Developmental Changes in the Paracellular
Transport

Direct measurements of rabbit proximal convoluted
tubule chloride and bicarbonate permeabilities demon-
strate that neonatal segments have a lower permeabil-
ity to both solutes than in the adult.162,165,206 In
addition, the resistance of the proximal tubule is higher
in the neonatal rabbit proximal tubule than the adult,
providing further evidence that there are developmen-
tal changes in the paracellular pathway.165 Finally,
studies have demonstrated that solvent drag does not
contribute significantly to volume absorption in the
neonatal tubule, as the reflection coefficients for both
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NaCl and NaHCO3 were not different from one.164

Passive chloride transport has been characterized in
the rabbit using in vitro microperfusion.165,203,206 In
both neonates and adults chloride permeability is
extremely low, indicating that passive chloride trans-
port does not contribute significantly to chloride
absorption in this nephron segment.206 The permeabil-
ity of chloride in neonatal juxtamedullary proximal
convoluted tubules is more than 10-fold lower than
that of the adult segment.206 In adult rabbit proximal
straight tubules there is a substantive rate of passive
chloride transport165,203; however, the neonatal rabbit
proximal straight tubule is impermeable to chloride.
Thus, there is no passive NaCl transport in the neona-
tal proximal straight tubule.165,203

The maturational changes in passive paracellular
transport indicate there must be a developmental
change in the composition of tight junction proteins.
The tight junction creates a barrier and mediates the
paracellular properties of the paracellular pathway.236

Occludin, a protein with a ubiquitous distribution, and
claudins, a family of tight junction proteins that num-
ber over 20, have four membrane spanning domains
forming two extracellular loops that adjoin with their
partner on the neighboring cell.236 The permeability
properties, including the ion permeability and resis-
tance of epithelia, are determined predominantly by
the isoforms of the claudins in the tight junction. Using
semiquantitative real-time PCR of individually dis-
sected tubules, there was no difference in the mRNA
expression of claudins 1, 2, 10a, 12, and occludin in
neonates compared to adult proximal tubules.
However, claudins 6 and 9 were present in neonatal
proximal tubules, but were absent in the adult seg-
ment.1 Expression of claudins 6 and 9 in Madin�Darby
canine kidney II (MDCK II) cells, which have a low
resistance and do not express these claudin isoforms,
resulted in an increase in the paracellular resistance
and increased sodium-to-chloride and bicarbonate-to-
chloride permeability ratios.179 In addition, expression
of claudin 6 and claudin 9 in MDCK II cells resulted in
a decrease in the transepithelial chloride permeabil-
ity.179 Thus, the expression of claudin 6 and 9 in neona-
tal proximal tubule is likely the cause for the higher
resistance and the lower chloride permeability than in
the adult tubule.

Distal Tubule NaCl Transport

The thick ascending limb and distal convoluted tubule
reabsorb NaCl, and are impermeable to water. The osmo-
lality of the luminal fluid collected by micropuncture of
rat early distal tubules is 40% lower in adults compared
to neonates,253 and the fraction of filtered sodium
remaining in the early distal tubule is higher in neonatal

than adult rats,10 consistent with a maturational increase
in the rate of sodium transport in the thick ascending
limb. In vivo micropuncture of 13- to 39-day-old rats
showed an increase in loop NaCl reabsorption during
postnatal maturation,133 and in vitro microperfusion of
the rabbit cortical thick ascending limb demonstrated
that the rate of sodium transport in the adult segment is
five-fold greater than that of the neonate.107 Both rat
and rabbit cortical and medullary thick ascending limb
Na1/K1-ATPase activity increase approximately
four-fold during postnatal maturation, consistent with a
large developmental increase in sodium reabsorption by
both segments.167,188 A direct comparison of NaCl trans-
port in neonatal and adult medullary thick ascending
limb has not been performed; however, there is a matura-
tional increase in Na1/K1-ATPase activity in this
segment.69,167,188

Compared to adults, neonates have a limited capac-
ity to excrete a sodium load which is not due solely to
a lower GFR.9,65,87 None of the nephron segments dis-
cussed thus far is responsible for this phenomenon, as
this requires a segment where the relative transport
rates are higher in neonates than in adults. The adult
distal convoluted tubule reabsorbs only 5% of the fil-
tered sodium, but sodium transport rates are higher in
neonates.10 In an in vivo micropuncture study, distal
tubule transport was assayed during hydropenia and
during volume expansion in 24- and 40-day-old rats.
While 24-day-old hydropenic rats had a higher fraction
of filtered sodium remaining in the early distal tubule
than 40-day-old animals, this difference had disap-
peared by the late distal tubule puncture site. With vol-
ume expansion there was a comparable fraction of
filtered sodium remaining in the early distal tubule in
the two age groups, but there was enhanced late distal
tubule sodium reabsorption in the younger rats.10 Thus
this segment is, at least in part, responsible for the
blunted natriuresis with salt-loading in neonates.

The cortical collecting duct is the nephron segment
responsible for the final modulation of sodium trans-
port under the control of aldosterone. In the isolated
perfused cortical collecting tubule, there is a three- to
five-fold increase in sodium transport between one-
week-old and adult rabbits.180,237 Most of the matura-
tional increase occurs between the first and second
weeks of life. Sodium entry in the neonatal and adult
cortical collecting tubule is via an apical sodium chan-
nel termed ENaC. ENaC is the rate-limiting step in col-
lecting tubule sodium transport, and neonatal cortical
collecting ducts have fewer apical conducting sodium
channels than adult segments112,184(Figure 27.5). ENaC
is composed of α-, ß-, and γ- subunits, and the mRNA
and protein abundance of each increases during post-
natal life.112,238,241,254 The driving force for conductive
sodium entry across the apical conductance is the

915SODIUM CHLORIDE TRANSPORT

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



basolateral Na1/K1-ATPase, which increases in activ-
ity two-fold during maturation in this segment.188

Interestingly, the fetal collecting duct expresses the
Na1/K1-ATPase on the apical membrane; the signifi-
cance of this is unknown.50,108

REGULATION OF SODIUM TRANSPORT

Renin�Angiotensin�Aldosterone

Plasma renin activity is higher in the neonate than
the adult, and increases appropriately to a reduction in
extracellular fluid volume in the fetus, premature
infant, and neonate.71,86,141,225 Plasma aldosterone
levels are also significantly higher in preterm and term
neonates than in adults.8,34,141,210,225 Cord blood from
term infants born to mothers who ingested a normal
salt diet had significantly lower plasma aldosterone
levels than those whose mothers ingested a low-salt
diet or who were taking diuretics.34 These data imply
that the human fetus can also respond to volume con-
traction with an increase in serum aldosterone. The
plasma aldosterone level has also been shown to vary
inversely with sodium intake in preterm infants with
respiratory distress syndrome.210 Although the

newborn can increase aldosterone secretion, the effect
of aldosterone to increase distal tubule sodium reab-
sorption and potassium secretion is blunted compared
to adults.8,141,225 For example, in adult rats, adrenalec-
tomy produces a 40-fold increase in urinary Na/K
ratio, but in neonatal rats adrenalectomy has no effect
on urinary electrolyte excretion.222 Administration of
exogenous aldosterone to adult adrenalectomized rats
decreases the urinary Na/K ratio profoundly, but
administration of aldosterone has no effect on urinary
electrolytes in adrenalectomized neonatal rats.222

Isolated perfused cortical collecting tubules from
adult rabbits treated with mineralocorticoid had a sig-
nificant increase in sodium absorption compared to
control rabbits, but neonatal cortical collecting tubules
were unaffected by prior mineralocorticoid treat-
ment.237 This resistance to aldosterone in neonatal rats
is not due to a paucity of mineralocorticoid receptors,
but is a postreceptor phenomenon.222 However, in the
mouse the blunted effect of aldosterone may also be
due to fewer mineralocorticoid receptors compared to
adults.141

Angiotensin II augments proximal and distal tubule
sodium reabsorption by binding to both basolateral and
luminal receptors. While neonatal rats have a blunted
diuresis and natriuresis in response to volume expansion,
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this was not the case in neonates which received
Losartan, an ATI receptor blocker, consistent with angio-
tensin II playing an important role in the regulation of
sodium absorption in the neonate.56

Renal Nerves and Catecholamines

Renal nerve stimulation produces an increase in
renal vascular resistance and reduction in renal blood
flow in the fetus and newborn, although the effect is
less in immature animals compared to adults.174 Renal
denervation of the fetal and neonatal lamb does not
significantly alter renal blood flow, GFR or renal
sodium handling, indicating that basal renal function is
not significantly affected by renal nerves.172,214,215

However, in the transition from fetal to neonatal life,
renal nerves play a role in the decrease in sodium
excretion that occurs during this period.216 Sheep with
denervated kidneys had a greater urine volume and
sodium excretion in the first 24 hours after birth, as
well as lower plasma atrial natriuretic peptide and
renin levels.216 There is no difference in urinary
sodium or volume excretion after the first day of life,
indicating that other unknown variables play an
important role in mediating the profound decrease in
urinary sodium and volume excretion after birth.216

Dopamine is a natriuretic hormone whose plasma
levels are increased with volume expansion. Dopamine
increases renal blood flow and GFR, and inhibits
sodium transport in the proximal tubule, thick ascend-
ing limb, and collecting duct.6 The concentration of
dopamine is higher in fetal rat plasma and amniotic
fluid than in the maternal blood.39 Administration of
exogenous dopamine to human premature neonates
with respiratory distress syndrome increases GFR, and
produces a natriuresis and diuresis.234 However, com-
parative studies demonstrate that the effect of dopa-
mine on the Na1/H1 exchanger and Na1/K1-ATPase
is less in neonatal than adult tubules.6,82,119,136

RENAL ACIDIFICATION

The serum bicarbonate concentration in human
infants in the first year of life averages 22 mEq/l, a
value significantly less than that of adults.74 Premature
human neonates can have serum bicarbonate levels as
low as 14.5 mEq/l.193 The lower serum bicarbonate
concentration in neonates and infants is due to a lower
threshold for bicarbonate by the immature kidney.74

This section will discuss the salient differences between
the neonatal and adult kidney with regard to renal
acidification.

Proximal Tubules

The adult proximal tubule reabsorbs 80% of the fil-
tered bicarbonate. The lower bicarbonate threshold in
neonates is, in large part, due to a lower bicarbonate
reabsorptive capacity of the neonatal proximal tubule.
In rabbit juxtamedullary proximal convoluted tubules
perfused in vitro, the rate of bicarbonate reabsorption
in proximal tubules from one-week-old rabbits is one-
third that of the adult proximal tubule.190 The rate of
bicarbonate absorption does not change significantly
until the time of weaning at four weeks of age. At six
weeks of age, the rate of bicarbonate absorption is com-
parable to the adult. The maturational pattern of glu-
cose and total volume reabsorption is quite similar to
that for bicarbonate absorption.190 The rate of bicarbon-
ate absorption has not been directly measured in
superficial nephrons. However, micropuncture studies
in rats and in vitro microperfusion studies in rabbits
have demonstrated a similar maturational increase in
the rate of volume absorption in these seg-
ments.11,130,133 Since a substantial fraction of volume
absorption reflects bicarbonate absorption, a similar
maturational pattern for bicarbonate is likely.

There are several potential explanations for the
lower rate of bicarbonate transport in neonatal proxi-
mal tubules. In the adult proximal tubule there is a
preferential reabsorption of bicarbonate over chloride
ions. This leaves the luminal fluid with a higher chlo-
ride concentration and a lower bicarbonate concentra-
tion than that in the peritubular capillaries. This
bicarbonate concentration difference could potentially
allow bicarbonate to diffuse from the peritubular
capillaries back to the luminal fluid. The amount of
bicarbonate passive backflux is dependent upon the
permeability of the paracellular pathway of the neona-
tal proximal tubule to bicarbonate.123,162,165,203,205,206

However, bicarbonate permeability in juxtamedullary
rabbit proximal convoluted tubules is less in neonatal
juxtamedullary proximal tubules perfused in vitro than
that of the adult segment.162 Thus, the lower rate of
bicarbonate transport in neonatal juxtamedullary prox-
imal tubules is not explained by enhanced back diffu-
sion, but is entirely due to a lower rate of active
transcellular bicarbonate transport.

In the adult proximal tubule, two-thirds of apical
proton secretion is mediated by the Na1/H1

exchanger and one-third is via an H1-ATPase.21,160 The
driving force for the Na1/H1 exchanger is the low
intracellular sodium concentration generated by the
Na1/K1-ATPase. In the adult proximal tubule bicar-
bonate, exit is via the Na(HCO3)3 co-transporter.
A lower rate of bicarbonate reabsorption by the neona-
tal proximal tubule could be due to a lower activity of
any of these transport processes.
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Studies using a variety of different techniques have
demonstrated a maturational increase in proximal
tubule apical membrane Na1/H1 exchanger activ-
ity.20,21,31,202 In isolated perfused rabbit juxtamedullary
proximal convoluted tubules the rate of Na1/H1

exchanger activity is approximately one-third that of
the adult rate, and adult values are reached at six
weeks of age.20 These results compare well to the mat-
urational changes in bicarbonate absorption measured
in isolated perfused rabbit convoluted tubules.190

While this study solely examined juxtamedullary prox-
imal tubules, similar findings have been demonstrated
in brush border membrane vesicles from the renal cor-
tex.31 Na1/H1 exchanger activity in late rabbit fetal
kidney cortex is 25% that of the adult cortex. This dif-
ference is entirely due to a lower Vmax, and not to a dif-
ference in the KM for sodium.31

The H1-ATPase, present on the apical membrane
of the adult proximal tubules, does not contribute
significantly to bicarbonate absorption in the neona-
tal proximal tubule. To study the relative contribu-
tion of the Na1/H1 exchanger and the H1-ATPase
to proximal tubule acidification, the rates of these
two transporters were assayed by measuring proton
secretory rates in adult and neonatal proximal con-
voluted tubules in response to an intracellular acid
load.21 As has previously been demonstrated, the
rate of neonatal Na1/H1 exchanger activity is less
than that in the adult. In the adult rabbit proximal
tubule two-thirds of the pH recovery from an acid
load is due to the Na1/H1 exchanger, and one-

third is due to the the H1-ATPase. In the neonate,
95% of pH recovery is due to the Na1/H1

exchanger, and only 5% is due to a sodium-
independent mechanism. Thus, both the Na1/H1

exchanger and the H1-ATPase undergo a significant
increase in activity during maturation, and presum-
ably limit bicarbonate absorption by the neonatal
proximal tubule.

Three isoforms of the Na1/H1 exchanger, NHE1,
NHE3, and NHE8 have been localized to the proximal
tubule.39,40,91,255 NHE1 has a ubiquitous distribution
in tissues, and is found on the basolateral membrane
of the proximal tubule.40 NHE1 protein abundance
does not vary significantly with postnatal matura-
tion.24 NHE3 is the apical membrane Na1/H1

exchanger mediating most luminal proton secretion
by the adult proximal tubule.39,249 There is a substan-
tive postnatal maturational increase in NHE3 mRNA
and protein abundance.24 Interestingly, neonates
have Na1/H1 exchanger activity at a time when
NHE3 protein abundance is barely detectable.202 The
disparity between the presence of Na1/H1 exchanger
activity and the paucity of NHE3 in the proximal
tubule of neonates is due to the presence of
NHE8.33 NHE8 is predominantly an intracellular
sodium�hydrogen exchanger that is also abundantly
expressed on the apical membrane in neonates. Brush
border membrane NHE8 decreases in abundance dur-
ing postnatal maturation33 (Figure 27.6). The factors
responsible for this isoform switch will be discussed
below.
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The basolateral membrane Na(HCO3)3
co-transporter facilitates bicarbonate exit from the
proximal tubule. Na(HCO3)3 symporter activity in
neonates is only slightly less than that of adults.20

This transporter not only plays a role in bicarbonate
exit, but is also the predominate mechanism for the
defense against changes in intracellular pH by the
proximal tubule.20

Distal Tubule Acidification

The adult cortical collecting duct can absorb or
secrete bicarbonate depending on the acid�base status
of the animal.146 Proton and bicarbonate secretion are
mediated by α- and β-intercalated cells, respectively,
which are far fewer in number than principal cells, the
predominant cell in the cortical collecting duct. The
number of α- and β-intercalated cells per millimeter of
tubular length increases several-fold during maturation
of the rabbit cortical collecting duct.77,183 β-intercalated
cells start to appear in the mouse cortical collecting
tubule in the first week of life.217 While β-intercalated
cells are present in the outer medullary collecting duct
of the neonate, they disappear by apoptosis and are no
longer present in this segment by 2�3 weeks of
age.48,217

Net bicarbonate transport in the cortical collecting
tubule is dependent on the relative rates of bicarbonate
absorption and secretion. In isolated perfused cortical
collecting tubules from neonatal rabbits there is no net
bicarbonate transport, whereas adult cortical collecting
ducts secrete bicarbonate.147 Bicarbonate secretion by
the β-intercalated cell is via an apical chloride-
bicarbonate exchanger that functions at a reduced rate
in the neonatal segment.183 Removal of bath chloride
inhibits basolateral membrane chloride-base exchange
on α-intercalated cells and inhibits luminal proton
secretion. Removal of bath chloride had no effect on
the rate of bicarbonate transport in cortical collecting
tubules from neonatal rabbits, but increased net bicar-
bonate secretion in adult segments, indicating that
there is a maturational increase in the cortical collecting
tubule to secrete bicarbonate.147 The bicarbonate
absorptive capacity of the α-intercalated cell in the cor-
tical collecting duct also increases during postnatal
maturation.183,186 The outer medullary collecting duct
is an important segment for urinary acidification.
Unlike the cortical collecting tubule, the number of
intercalated cells per millimeter of tubular length does
not change significantly with postnatal develop-
ment.77,186 The rate of bicarbonate absorption is only
slightly less in the neonatal outer medullary collecting
ducts compared to the adult rabbit segment.147 Thus,
there is a significant difference in the relative maturity
of the cortical and medullary segments in neonates.

Titratable Acid and Ammonia Excretion

In addition to reclaiming the filtered load of bicar-
bonate, the kidney must excrete an amount of acid
equivalent to the acid generated from metabolism. The
growing animal must also excrete protons liberated
during the formation of bone.125,126 This is in part com-
pensated for by the gastrointestinal absorption of alkali
in the neonate,125,126,240 but as in the adult, the neonatal
kidney plays a major role in acid excretion. Thus, the
kidney of the growing neonate must excrete 50�100%
more acid per kg than the adult.

To excrete the quantity of acid generated from
metabolism of proteins and growing bones, there must
be urinary buffers to accept the secreted protons.
If there were no titratable acids and ammonia in our
urine, the secretion of a few protons would decrease
the urine pH to levels that would inhibit further proton
secretion. Net acid excretion, the sum of ammonium
and titratable acid excretion per kg body weight, is sig-
nificantly less in neonates than adults.144 However, by
seven days of age cows milk formula-fed infants have
comparable rates of ammonium and titratable acid
excretion as that of adults when normalized per kg of
body weight.142,144 Breast milk-fed infants, however,
have significantly less phosphate intake and lower
rates of titratable acid excretion than infants fed cows
milk formula.66,80,102,144 Thus, the rate of renal matura-
tion of net acid excretion is quite brisk. However,
unlike adults, human neonates function at near maxi-
mal capacity of net acid excretion to eliminate metabol-
ically generated acid,142 and have a limited ability to
respond to an exogenous acid-load by increasing
titratable acid and ammonia excretion.142 In compari-
son to adults, neonates given an acid-load have a smal-
ler increase in both titratable acid and ammonium
excretion, making them more prone to develop acidosis
when so challenged.60,102 By one month of age the rate
of net acid excretion in response to an acid-load is com-
parable to that of adults.74,90,152,158,228 However, young
infants respond to an acid-load with higher rates of
titratable acid excretion to compensate for the lower
rates of ammonium excretion.74,152 In vitro studies have
shown that the rate of renal ammonia production in
kidney slices is lower in neonates compared to
adults.105 The low rate of ammonia production is in
part due to lower glutamine synthetase activity limit-
ing glutamine availability, but predominantly due to
lower glutaminase activity.89,239 As in adults, glutamin-
ase activity increases substantively in response to an
acid-load.36 Premature neonates have significantly
lower rates of titratable acid and ammonia excretion
than term infants.124,226,229 Preterm infants are thus less
tolerant of a high protein formula than term infants,
because sulfur containing amino acids generate an
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acid-load which cannot be eliminated due to the low
rates of net acid excretion.63,228 Administration of
NH4Cl to premature infants resulted in an increase in
net acid excretion, but premature infants had lower
rates of ammonium and titratable acid excretion, and a
higher urine pH, than term neonates.90,124,226,227,229 As
with term infants, there is a rapid maturation of the
ability of premature infants to excrete an exogenous
acid-load.124,226,229

Carbonic Anhydrase Activity

Carbonic anhydrase facilitates the reversible hydra-
tion of CO2 to H2CO3.

161,192 Carbonic anhydrase is
localized to all acidifying nephron segments, where it
plays an important role in acidification. For example,
carbonic anhydrase inhibition results in a 90% decrease
in the rate of proximal tubule bicarbonate reabsorp-
tion.139 There are 15 carbonic acid isoforms, with both
species- and nephron segment-specificity.161

Carbonic anhydrase II is located in the cytosol of all
acidifying renal tubules, and comprises 95% of car-
bonic anhydrase activity in the kidney.120 Carbonic
anhydrase IV comprises approximately 5% of total
renal carbonic anhydrase activity, and is located on the
apical and basolateral membrane of the proximal
tubule and on the apical membrane of acid-secreting
cells in the distal nephron.192,194,195,245 Carbonic anhy-
drase XII is present on the basolateral membrane of
acidifying segments.156 In rodents, carbonic anhydrase
XIV is also expressed on the apical membrane of the
proximal tubule and thick ascending limb.161 Carbonic
anhydrase II protein abundance, normalized per milli-
meter of tubular length, increases approximately 10-
fold in rat proximal convoluted tubules, cortical collect-
ing tubules, and outer medullary collecting tubules
between one and twelve weeks of age.120 In the rabbit,
carbonic anhydrase II increases only two-fold during
postnatal maturation compared to carbonic anhydrase
IV, which undergoes a ten-fold increase in mRNA and
protein abundance with cortical maturation.195,245

Thus, the developmental increase in carbonic anhy-
drase may be a factor in the postnatal increase in renal
acidification.

INDUCTION OF NEPHRON
MATURATION

As noted above, there are a number of quantitative
and qualitative changes that occur in all nephron seg-
ments during postnatal development. Most of the stud-
ies examining the factors responsible for the postnatal
changes during development come from studies of the

proximal tubule, which will be the focus here. There
are a number of potential factors which may be respon-
sible for the postnatal maturational changes in proximal
tubule transport. The maturational increase in GFR may
induce the maturation of transporters on the apical
membrane by increasing solute delivery. As previously
discussed, an increase in apical membrane sodium
transport could increase intracellular sodium and play a
potential role in the maturational increase in Na1/K1-
ATPase activity.61,101,131 There are also significant post-
natal maturational changes in several hormones which
affect proximal tubular transport, including thyroid hor-
mone and glucocorticoids, which increase 3-fold and
20-fold, respectively, in the postnatal period.104

Glucocorticoids increase renal cortical Na1/H1

exchanger activity. This effect can, in part, be mediated
by an increase in GFR which will increase sodium
delivery to the proximal tubule. However, glucocorti-
coids and thyroid hormone have a direct epithelial
action on the proximal tubule to increase the rate of
bicarbonate absorption and Na1/H1 exchanger activ-
ity.22,25 This effect of glucocorticoids and thyroid hor-
mone on NHE3 is due to an increase in NHE3
transcription.22,52 However, glucocorticoids also
increase apical membrane NHE3 by increasing the rate
of exocytosis.42 Administration of glucocorticoids to
pregnant rabbits two days prior to the delivery
increases the Vmax of the Na1/H1 exchanger in neo-
nates to levels the same as those seen in adults.31 The
Km for sodium is comparable in neonates and adults.
Similarly, proximal convoluted tubules from neonatal
rabbits whose mothers received dexamethasone before
delivery had infants with an almost two-fold increase
in the rate of bicarbonate absorption to levels compara-
ble to that measured in adult animals.27 In addition,
the rate of Na1/H1 exchanger and Na(HCO3)3 activity
in proximal tubules increased two-fold in dexametha-
sone treated neonates.27 The effect of dexamethasone is
specific for the NHE3 isoform, the isoform present on
the apical membrane of the proximal tubule and
responsible for the majority of Na1/H1 exchanger
activity in adults.24 Prevention of the maturational
increase of either glucocorticoids or thyroid hormone
prevents the maturational increase in Na1/H1

exchanger activity and NHE3 protein abundance.26,95

While glucocorticoids are the most important factor
causing the maturational increase in NHE3, adrenalec-
tomy in the neonatal period does not totally prevent an
increase in both Na1/H1 exchanger activity and NHE3
protein and mRNA abundance, suggesting that thyroid
hormone can compensate, to some extent, in the
absence of glucocorticoids.95 This was definitively
demonstrated in studies using hypothyroid-
glucocorticoid-deficient rats, where the maturational
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increase in both hormones was prevented, and where
Na1/H1 exchanger activity, NHE3 protein, and
mRNA abundance remained at neonatal levels into
adulthood.94 As noted, there is an isoform switch from
NHE8 to NHE3 during postnatal development.33 The
maturational decrease in NHE8 on the apical mem-
brane of the proximal tubule is due the postnatal
increase in thyroid hormone.84 Administration of thy-
roid hormone to neonates resulted in a premature
decrease in NHE8 and increase in NHE3 on brush bor-
der membranes, while prevention of developmental
increase in thyroid hormone prevented the decrease in
brush border membrane NHE8 abundance.84 The regu-
lation of NHE8 by thyroid hormone is due to a direct
epithelial effect to decrease NHE8 surface expression,
likely by post-transcriptional regulation.84

As will be discussed, there is a maturational
decrease in the rate of phosphate transport during
postnatal maturation.57,66,106 This is observed at a time
when there is an increase in serum glucocorticoid
levels.104 Administration of glucocorticoids to neonatal
rats produced a significant inhibition in the rate of
sodium-dependent phosphate uptake. This is due to a
reduction in the Vmax with no change in the KM for
phosphate.16 This glucocorticoid-induced decrease in
phosphate uptake was not accompanied by a change in
NaPi-2a mRNA abundance; however, there was a
three-fold decrease in NaPi transporter protein abun-
dance.16 Thus, glucocorticoids play a role in the matu-
rational decrease in phosphate transport.

Thyroid hormone appears to play an important role
in postnatal development of mitochondrial enzymes in
the rat proximal convoluted tubule. The normal matu-
rational increase in the proximal tubule mitochondrial
enzymes 3-keto acid-CoA transferase, an enzyme
involved in ketone body oxidation, and citrate synthase
and carnitine acetyltransferase were impaired in hypo-
thyroid rats.243 The enzyme activities were restored
with thyroid replacement. Acetoacetyl-CoA thiolase,
however, is not decreased in 21-day-old hypothyroid
rats.243 Finally, thyroid hormone plays a role in the
maturational changes that occur in the permeability
properties of the paracellular pathway.28,205 As noted
above, the adult rabbit proximal straight tubule has a
high chloride permeability which results in high rates
of passive chloride transport.205 The neonatal rabbit
proximal straight tubule is impermeable to chloride.165

Neonatal proximal straight tubules have higher PNa/
PCl (sodium to chloride permeability ratio) and PHCO3/
PCl ratios than adult segments. Many, but not all, of the
maturational changes in paracellular permeability
properties of the proximal tubule can be accelerated by
administration of thyroid hormone to neonates205 or
prevented if the neonates are made hypothyroid.205

PHOSPHATE TRANSPORT

Phosphate is essential for growth, and unlike adults
growing animals are in positive phosphate balance.
Human neonates and infants have a higher serum
phosphate concentration than that of adults. While the
high serum phosphate in neonates could be due to the
lower GFR compared to adults, this is not the case.
Studies have demonstrated that increasing the GFR by
arginine infusion in young rats does not increase phos-
phate excretion, and lowering the GFR in adult rats by
constricting the abdominal aorta does not increase the
rate of phosphate absorption to that seen in the neo-
nate.99 The tubular reabsorptive capacity for phosphate
is higher in neonates and infants than in
adults.57,66,106,171 Approximately 90�95% of the filtered
phosphate is reabsorbed in human neonates during the
first week of life, and growing children continue to
maintain a higher maximal tubular reabsorption of
phosphate than adults.57,106

A number of variables, such as intrinsic properties
of phosphate transport in the proximal tubule, dietary
phosphate content, parathyroid hormone, and growth
factors can modulate phosphate transport, and could
potentially explain the higher rate of phosphate trans-
port by the neonatal kidney. The role of these factors
has been extensively studied and will be reviewed in
this section. A higher intrinsic rate of renal phosphate
transport has been demonstrated in the isolated per-
fused guinea pig kidney where other in vivo factors
were eliminated.116 The maximal tubular reabsorption
of phosphate per volume of glomerular filtrate in 3�7-
day-old neonatal guinea pig kidneys is 40% greater
than that measured in adult animals.107 A higher
intrinsic rate of proximal tubular phosphate reabsorp-
tion was also directly demonstrated in micropuncture
studies, where 5�14 day neonatal guinea pigs reab-
sorbed a higher fraction of filtered phosphate than
adults.122 The maximal rate of phosphate uptake in
brush border membrane vesicles (Vmax) is five-fold
higher in neonates than in adults, in the absence of a
maturational change in the KM for phosphate in grow-
ing animals.154

In addition to the difference in the rate of sodium-
dependent phosphate co-transport with maturation,
other intrinsic proximal tubular factors may play a role
in the higher rates of phosphate transport in growing
animals. The intracellular phosphate concentration (Pi)
measured in isolated perfused kidneys using NMR
was 40% lower in growing animals than in adults.19

This provides a greater driving force for phosphate
transport in growing animals. The lower intracellular
phosphate concentration in the presence of a higher
rate of apical phosphate transport implies that the rate
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of basolateral phosphate exit is also higher in growing
animals, although this has not been directly examined.

Membrane fluidity also has been shown to affect
phosphate transport.134,135,151 The brush border mem-
brane content of cholesterol, sphingomyelin, and phos-
phatidylinositol increases with age.135 This change in
lipid composition decreases membrane fluidity,135,151

which directly decreases the rate of phosphate trans-
port.134,151 Thus, the lipid composition and high mem-
brane fluidity of the neonate and growing animal
provides an environment which increases the Vmax of
the NaPi co-transporter. Glucocorticoids, which
increase during the time of weaning, decrease mem-
brane fluidity, and likely play a role in the postnatal
decrease in phosphate transport.16

There are two sodium-dependent phosphate
co-transporters, designated as NaPi-2a and NaPi-2c, pres-
ent on the apical membrane of the proximal tubule that
are primarily responsible for phosphate reabsorp-
tion.140,197 In mice, NaPi-2a has been identified as the
most important phosphate transporter in the kidney,
responsible for B70% of phosphate reabsorption.32 NaPi-
2a mRNA is first detected in early proximal convolutions
in the post S-shaped body segment of the developing
nephron.189 However, NaPi-2a protein is not detected
until the proximal tubules have a distinct brush border
membrane.231 Brush border membrane NaPi-2a expres-
sion is two-fold higher in 4-week-old juvenile rats than in
adult rats, consistent with the higher rate of phosphate
transport in growing animals.246 A growth-specific NaPi
co-transporter was postulated to be responsible for the
increased phosphate transport in the weaning animals,213

which was later identified as NaPi-2c.197 NaPi-2c mRNA
and protein expression is highest in the brush border of
the convoluted proximal tubules of weanling rodents,197

whereas it plays a negligible role in renal phosphate
absorption in adults.150,199,200 In contrast to rodents, NaPi-
2c plays an important role in phosphate transport in
humans. Mutations in NaPi-2c result in an autosomal
recessive disorder termed hereditary hypophosphatemic
rickets with hypercalciuria that is characterized by hypo-
phosphatemia, due to renal phosphate-wasting, rickets,
hypervitaminosis D, hypercalcemia, and
hypercalciuria.37,114

Dietary phosphate content regulates renal phosphate
transport in adult and in growing animals.54,121,153,246

Thyroparathyroidectomized growing rats had a greater
increase in their maximal tubular capacity for phos-
phate reabsorption in response to a low-phosphate diet
and a blunted decrease in phosphate reabsorption on a
high-phosphate diet compared to adult thyroparathyr-
oidectomized rats.54,153 In addition, the adaptive
increase in maximal tubular capacity of phosphate
reabsorption in response to phosphate deprivation
took longer to occur in adult animals than in growing

animals.54 A low phosphate diet increases the rate of
sodium-dependent phosphate uptake by brush border
membrane vesicles in growing rats.55 In addition,
ingestion of a low-phosphate diet increases the abun-
dance of Na-Pi transporters on the apical membrane of
the proximal tubule, whereas a high-phosphate diet
produces the opposite effect.246 The dietary changes in
phosphorus affect both brush border membrane NaPi-
2a and NaPi-2c expression.197,198

The plasma concentration of PTH is lower in
human neonates than in adults.64 Fetal and neonatal
rats can respond to changes in serum calcium with
appropriate changes in PTH levels,230 although there
is a blunted response to PTH secretion.242 Infusion of
PTH in one-day-old human neonates produces no
increase in urinary phosphate excretion.57,137 By three
days of age, infusion of parathyroid hormone results
in an increase in phosphate excretion and increase in
urinary cAMP.57,137,145 However, the phosphaturic
response to PTH is markedly lower in neonates than
adults.137 Furthermore, in micropuncture studies, the
proximal tubule response to infusion of pharmaco-
logic doses of PTH is attenuated in young rats com-
pared to adults.246 Despite the fact that PTH did not
significantly increase phosphate excretion in young
animals, the urinary cAMP corrected for GFR in
response to PTH infusion was similar in all ages.242

Thus, there is clearly a disassociation between the
PTH-induced increase in cAMP production in neo-
nates and the effect on phosphate excretion. The
blunted response to PTH in the neonate compared to
the adult is due to lower levels of phospholipase A2
activity in response to PTH and cAMP.207

Growth hormone administration can result in an
increase in serum phosphate.103 Brush border mem-
brane vesicle phosphate transport is increased in dogs
that received growth hormone compared to controls.97

The effect of growth hormone on phosphate transport
is mediated by IGF-1.163 While growth hormone is not
a significant regulator of phosphate transport in the
adult, this may not be the case in the growing animal.
Administration of growth hormone-releasing factor
antagonist, which suppresses growth hormone secre-
tion, has no effect on the maximal rate of phosphate
absorption in adult rats, but significantly reduces phos-
phate absorption in growing rats.100

In addition to PTH, there are a number of hormones,
known as phosphatonins, that regulate phosphate
transport, including fibroblast growth factor-23
(FGF23),29,209 secreted frizzled-related protein 4 (sFRP-
4),38 matrix extracellular phosphoglycoprotein,49 fibro-
blast growth factor 7 (FGF7),53 and dentin matrix
protein-1(DMP1).78 These hormones are dysregulated
in a number of diseases with aberrant phosphate regu-
lation, incuding X-linked hypophosphatemia and
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tumor-induced osteomalacia.83 The role of these phos-
phatonins in the developmental changes in phosphate
transport remains to be elucidated.

POTASSIUM TRANSPORT

Potassium is transported actively across the pla-
centa from mother to fetus,201 ensuring that the fetal
plasma potassium concentration is maintained at
levels exceeding 5 mEq/L, even in the face of mater-
nal potassium deficiency.62,201 Both premature and
term neonates have very low rates of renal potassium
excretion, which maintains a positive potassium bal-
ance necessary for growth.68,225 The low rate of renal
potassium excretion is also responsible, at least in
part, for the higher serum potassium concentration in
neonates than in adults.225 Renal potassium clearance
in infants less than one year of age is less than that of
older children, even if corrected for GFR.181,225

Neonates can respond to potassium-loading with net
tubular secretion, but this response is less than that of
adults.138,233

The proximal tubule of neonatal and adult rats reab-
sorbs approximately 50% of the filtered potassium.133

There is a maturational increase in potassium reabsorp-
tion by the loop of Henle.70,133 The loop of Henle of
adult rats has been shown to reabsorb 79% of the deliv-
ered load, while only 56% was reabsorbed by 13�15-
day-old neonates.133 The limited capability of the thick
ascending limb of the neonate to reabsorb potassium
will increase distal delivery of potassium. Thus, neither
the proximal tubule nor the loop of Henle is responsi-
ble for the limited capability of the neonate to excrete
potassium.

The distal convoluted and connecting tubules and
cortical collecting duct ultimately regulate potassium
excretion in adults and neonates. Clearance studies in
dogs have demonstrated that the amiloride-sensitive
(i.e., EnaC-dependent) component of potassium secre-
tion is substantially less in neonates than adults, pro-
viding indirect evidence for a limited distal nephron
potassium secretory capacity.138 The developmental
maturation of potassium transport in the distal neph-
ron has been directly examined in the rabbit cortical
collecting duct by in vitro microperfusion.180 Baseline
potassium secretory rates are not different than zero
during the first three weeks of life, and did not reach
mature rates until six weeks of age.180

The limited capacity of the distal nephron for net
potassium secretion could be due to either an unfa-
vorable electrochemical gradient across the apical
membrane and/or a limited apical potassium perme-
ability. The rate of net sodium absorption in the corti-
cal collecting duct of the two-week-old animal is

approximately 60% of that measured in the adult,81

reflecting the rapid appearance of conducting ENaC
channels in the apical membrane of this segment
between the first and second weeks of life.184 Thus,
the electrochemical gradient is not considered to be
limiting for potassium secretion at this age. While low
rates of luminal flow and distal sodium delivery can
limit potassium secretion in adults, these are unlikely
to be significant variables in neonates, which have
high rates of distal nephron flow and sodium
delivery.10,133

In support of the notion that a paucity of plasma
membrane potassium channels limits potassium secre-
tion early in life is the observation that the intracellular
potassium concentration in the distal nephron at birth
is comparable to that measured in the adult,182 despite
Na1/K1-ATPase activity that is only 50% of that mea-
sured in adult.59,188 Direct analysis of the apical potas-
sium conductance of CCDs isolated from maturing
rabbits showed that the mean number of open channels
per patch (NPo) increased progressively after birth185

(Figure 27.5).
Two populations of apical potassium channels have

been identified by patch-clamp analysis in the collect-
ing duct. The secretory K (SK) channel, encoded by
ROMK and restricted to principal cells, is a small con-
ductance channel with a high open probability. The
SK/ROMK channel is considered to mediate baseline
potassium secretion.185 High conductance BK channels,
present in both principal and intercalated cells, are acti-
vated by increases in intracellular calcium concentra-
tion and stretch, but are rarely open at physiological
membrane potentials. BK channels mediate flow-
induced potassium secretion, which does not appear
until the fifth week of postnatal life.247,248 The temporal
delay between the postnatal increases in SK/ROMK
and BK channel activity accounts for the sequential
appearance of basal- and then flow-induced net potas-
sium secretion at 3 and 5 weeks, respectively, of post-
natal life in the rabbit. Specifically, SK/ROMK channel
activity increases progressively after the second week
of postnatal life,185 whereas functional BK channel
activity does not appear until 5 weeks of age in the cor-
tical collecting duct.248 Both developmental processes
closely parallel increases in channel-specific mRNA
levels and immunodetectable protein at the apical
membrane of the CCD.35,248,254

The H1/K1-ATPase is a third potassium trans-
porter, present in the apical membrane of intercalated
cells in the distal nephron. The H1/K1-ATPase has lit-
tle functional role except under conditions of potas-
sium deficiency and metabolic acidosis, when it
mediates potassium absorption and proton secretion.
The activity of this transporter is comparable in neo-
nates and adult collecting tubules.58
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URINARY CONCENTRATING AND
DILUTING ABILITY

Deprived of water for sufficient time, an adult human
can concentrate urine to 1200 mOsm/Kg water, while
the term and premature neonatal kidney can achieve
urine osmolalities of only 400�600 mOsm/Kg
water.79,98,157,159 By six months of age, the human infant
can increase the urine osmolality to 600 mOsm/Kg
water159 and by 1 to 1.5 years the human infant can con-
centrate the urine to levels comparable to that of an
adult.159,244 The neonate also has a limited capacity to
excrete free water compared to that of adults.132,143

However, both term and premature infants can excrete
dilute urine with an osmolality approaching 50 mOsm/
Kg water.176 Thus, the primary limiting factor in the
ability of the neonate to excrete free water is the low
GFR that limits the distal delivery of fluid.

The ability to maximally concentrate urine requires
vasopressin secretion from the neurohypophysis, a
hypertonic renal medulla and a renal collecting duct
that responds to vasopressin by increasing water per-
meability. In the developing human, there are a num-
ber of factors in the concentrating mechanism that limit
the ability to maximally concentrate urine. The neonate
and late gestation fetus respond to changes in plasma
osmolality and volume with appropriate changes in
plasma vasopressin.96,168 These changes in plasma
vasopressin are of comparable magnitude to that mea-
sured under similar conditions in the adult.168

Perinatal stress also results in the secretion of vasopres-
sin.96,170 However, infusion of vasopressin in the late
gestation fetal sheep resulted in a smaller increase in
urinary osmolality than that measured in adult ani-
mals.175 Thus, while the fetus and neonate can secrete
vasopressin at concentrations comparable to the adult,
there is a hyporesponsiveness to the renal effect of
vasopressin to increase urinary osmolality.

The osmotic gradient in the renal medulla is com-
posed of urea and sodium chloride. The urea concentra-
tion in the neonatal renal medulla is limited in part by
the low dietary protein intake and the high volume of
fluid ingested.72,73 Augmentation of protein or addition
of urea to the diet of neonates increases their maximal
concentrating ability, albeit not to the levels measured in
adults.72,73 Urea must get into the interstitium, which is
facilitated by the urea transporter (UTA) located in the
inner medulla. The abundance of UTA-1, which is also
regulated by vasopressin, increases during postnatal
maturation.128 The capacity of the thick ascending limb
to reabsorb sodium chloride, necessary to generate a
hypertonic medulla, is less in the neonate compared to
that of an adult.10,107,110,167,188,253 The developmental
changes that occur in transport with age in the thick

ascending limb are paralleled by an increase in the con-
centration of sodium and urea in the medulla and
papilla.168,221 In addition, the sorbitol concentration in
the inner medulla, a major intracellular osmolyte formed
by aldose reductase, is significantly less than that in the
adult.196 Fluid restriction increases aldose reductase
activity in the adult medulla, but not in the neonate.196

The urinary concentrating ability of neonatal rats
can be induced prematurely by the administration of
glucocorticoids,168,224 likely due to the premature
induction of the NKCC2 in the medullary thick
limb.224,252 Adrenalectomy in rats on day 16 of life pre-
vents the maturational increase in papillary sodium
and urea concentration, but not the growth of the
papilla, consistent with a role of glucocorticoids in the
maturation of the tubular transport processes responsi-
ble for development of maximally concentrated
urine.168 However, adrenalectomy at 10 days of life in
rats results in a poorly-developed papilla and an
increase in medullary cyclooxygenase-2 protein abun-
dance and PGE2 levels. Administration of glucocorti-
coids alone to adrenalectomized neonatal rats
increased, but did not normalize, urine osmolality,223

which required both glucocorticoid and mineralocorti-
coid replacement.223 The requirement for mineralocor-
ticoids may be due to their effect of decreasing
medullary cyclooxygenase-2 levels, since prostaglan-
dins cause a natriuresis and diuresis.223

The osmotic water permeability of the adult and
neonatal inner medullary collecting duct are very low
in the absence of vasopressin.212 Vasopressin causes an
increase in cAMP that increases protein kinase A activ-
ity. Protein kinase A phosphorylates aquaporin 2,
resulting in trafficking of the protein to the apical
membrane and an increase in apical membrane water
permeability.43 In both the outer and inner medullary
collecting collecting duct, vasopressin results in an
increase in osmotic permeability, yet the response is far
less than that measured in the adult segment.111,212

The limited response to vasopressin by the neonatal
collecting tubule is due to several factors. There are
fewer vasopressin-binding sites in the medullary and
cortical collecting duct in the neonatal rat compared to
the adult,5,43 but is not likely to be a significant factor
limiting renal concentrating ability.30,166 Aquaporin-2 is
less abundant in the renal medulla of neonatal rats
than in adult animals.45,250,252 Both aquaporin-2 mRNA
and protein abundance increase with neonatal beta-
methasone administration,252 providing further evi-
dence that glucocorticoids are important in the
maturation of the urinary concentrating mechanism. In
the neonatal rat kidney aquaporin-2 expression and
trafficking increase appropriately in response to both
water deprivation and vasopressin administration.45 The
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basolateral water channels, aquaporin-3 and -4 do not
change significantly with postnatal development.30,127,250

The basal cAMP level is comparable in immature
and adult cortical collecting ducts. However, there is a
diminished stimulation of cAMP production in
response to vasopressin in neonates compared to that
of adults.46 Forskolin, which directly activates adeny-
late cyclase, does not stimulate cAMP levels in the cor-
tical collecting duct to the same extent as the adult
tubule,46 due to elevated phosphodiesterase activity
which degrades cAMP in neonatal tubules compared
to adult tubules.166 In the presence of inhibitor of phos-
phodiesterase IV, the neonatal collecting duct water
permeability was comparable to the adult in response
to vasopressin.166 Thus, developmental change in phos-
phodiesterase plays an important role in the develop-
ment of the concentrating ability by degrading the
generated cAMP. The limited vasopressin-mediated
increase in cAMP levels in the neonatal collecting
tubule due to increased degradation is the predomi-
nant factor impairing the action of vasopressin to
increase water permeability.46

Prostaglandins could also play a role in the limited
response of the neonatal collecting duct to vasopressin,
since prostaglandins impair cAMP production.46 While
one study showed decreased PGE2 production in
neonatal cortical collecting tubules,187 others have
demonstrated both higher rates of production and
greater abundance of Gi-coupled EP3 (prostaglandin)
receptors.44,148 cAMP production in response to forskolin
and vasopressin in neonatal and adult tubules are com-
parable when incubated with indomethacin to inhibit
prostaglandin production.44 However, when neonatal
collecting ducts were perfused in vitro, there was no dif-
ference in water permeability in the response to vaso-
pressin in presence or absence of indomethacin.47 Thus,
the role of prostaglandins in the limited response to vaso-
pressin in the neonatal collecting duct remains unclear.
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INTRODUCTION

The tight regulation of cell growth and division
within an organ is essential for the development and
maintenance of correct structure and function.
Perturbations of renal growth occurring either devel-
opmentally or following injury to mature renal cells
contribute to the abnormalities observed in a wide
range of diseases. The changes in growth are increas-
ingly recognized as an influence on the progression of
the initial disease process, and the ultimate clinical
outcome. Abnormal cell growth is classified according
to the presence of an increase in cell number or cell
size. Hyperplasia refers to abnormal growth resulting
in an increased absolute number of cells, whereas
hypertrophy refers to an increase in individual cell
size. Both processes may be present in a given cell
population and contribute to the increase in overall
kidney size.

Of particular interest to clinical nephrologists and
renal pathologists is the fact that the kidney has several
different resident cell types. Within the glomerulus, the
growth responses of the mesangial cell, podocyte, pari-
etal epithelial cell, and endothelial cell differ. The tubu-
lointerstitial cells and vascular smooth muscle cells
also vary in their growth responses following injury.
Thus, characterizing the mechanisms that regulate each
cell’s growth response enables the potential develop-
ment of specific therapies that will modify the response
to injury. We recognize that renal cell hyperplasia and
hypertrophy are regulated by numerous pathways,
involving growth factors, signaling pathways, and
transcription factors. However, the focus of this review
is to update the reader on recent advances in the regu-
lation of these growth processes at the level of the cell

cycle. We will first describe cell cycle regulation by
specific cell cycle proteins, and then discuss hyperpla-
sia and hypertrophy for individual glomerular and
tubular cell types.

Although highly metabolically active, under normal
conditions the cells of the mature kidney are relatively
quiescent with respect to cell cycle entry. Following
injury to either the glomerulus or the tubules, cell cycle
progression with proliferation is often an essential part
of the reparative process. However, if unchecked, pro-
liferation can lead to compromise of renal function.
Similarly, renal hypertrophy may occur as a compensa-
tory physiological response, but unregulated hypertro-
phy is maladaptive, and is one of the hallmarks of
diabetic nephropathy.

Cell proliferation is ultimately regulated at the level
of the cell cycle, which occurs within the nucleus.
Within the kidney, the control of the cell cycle is partic-
ularly intriguing, given the contrasting responses of
the various resident cell types to injury. For example,
the mesangial cell is capable of marked proliferation,
often accompanied by the deposition of extracellular
matrix. In contrast, the podocyte has been considered a
relatively inert cell, although this view has recently
been challenged, and the reparative proliferation of
glomerular endothelial cells following injury has also
been described. Renal tubular cells readily undergo
both proliferative and hypertrophic responses follow-
ing injury. The last decade has seen a rapid expansion
in our understanding of the molecular mechanisms
underlying the cell cycle, and therapeutic options for
its manipulation are becoming available. There is cur-
rently increasing awareness of the need to reduce the
progression of renal diseases. Knowledge of the cell
cycle and an understanding of how this can be
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influenced may be crucial to the prevention, control,
and amelioration of a wide range of renal diseases.

MEASUREMENT OF CELL GROWTH

Hyperplasia

During a hyperplastic response, the number of pro-
liferating cells is increased. A number of methods are
available for measuring this increase, both in vivo and
in cell culture. The majority of these have as their basis
the detection of increased DNA synthesis. This may be
done by determining the presence of proteins known
to be associated with DNA synthesis, such as prolifer-
ating cell nuclear antigen (PCNA) or Ki-67, or by exog-
enously labeling cells with a compound known to be
incorporated into newly synthesized DNA, such as 3H
thymidine or bromodeoxyuridine (BrdU). In cell cul-
ture, a convenient and high-throughput method for
determining cell number is the MTT assay, in which
the yellow tetrazolium salt is reduced in metabolically
active cells to form insoluble formazan crystals, which
are solubilized by the addition of detergent. The color
intensity may then be quantified spectrophotometri-
cally, allowing quantification of changes in prolifera-
tion. A caveat for this method is that a decrease in cell
viability will mimic a decrease in proliferation, and
concomitant apoptosis should be excluded. Analysis
by fluorescent activated cell sorting (FACS) is a valu-
able tool for the assessment of hyperplasia, because it
also allows quantification of the number of cells in
each phase of the cell cycle.

Hypertrophy

Cellular hypertrophy may be defined as an increase
in cell size due to an increase in protein and RNA con-
tent without DNA replication,1,2 and this forms the
basis for the majority of methods for detection of
hypertrophy. Upon entry into G1, cells undergo a
physiologic increase in protein synthesis prior to the
DNA synthesis of S-phase. Thus, one mechanism
underlying hypertrophy is cell cycle arrest at the G1/S
checkpoint, so that while protein synthesis and hence
content, increase, there is no subsequent increase in
DNA. Hypertrophy may also occur independently of
the cell cycle, due to an inhibition of protein synthesis,
and this mechanism is considered to contribute to
tubular cell hypertrophy.3,4 Measurement of leucine or
proline incorporation and comparison to 3H thymidine
incorporation allow determination of cell protein/
DNA content, and hence assessment of hypertrophy.
FACS analysis is also useful and enables direct mea-
surement of cell size. Defining the growth response to

a given stimulus as either hyperplastic or hypertrophic
is important, as each will result from different altera-
tions in cell signaling pathways, with implications for
possible interventions.

CELL CYCLE AND CELL CYCLE
REGULATORY PROTEINS

Cell Cycle

The cell cycle is divided into distinct phases, each
representing a different function, and each being regu-
lated by specific proteins5 (Figure 28.1). Quiescent cells
are termed as in G0, and upon mitogenic stimuli enter
the cell cycle at early G1. Cells pass through the restric-
tion point in late G1, beyond which they are typically
unresponsive to extracellular cues, and are committed
to complete the cell cycle despite the withdrawal of
mitogenic stimuli. DNA synthesis occurs in S-phase.
Cells then progress through G2, in preparation for mito-
sis (M-phase). Ultimately, cell division follows during
cytokinesis. Our current understanding suggests there
are at least two checkpoints to ensure fidelity of DNA
duplication, at G1/S and G2/M, where cell cycle pro-
gression may be arrested. The length of the cell cycle is
cell-type-specific, but this variability is largely due to
differences in the duration of G1. For mammalian cells,
the typical duration of G1 is approximately 12 hours, S-
and G2-phases 6 hours, and mitosis 30 minutes.

Hypertrophy

Apoptosis

Mitogens

Quiescent cell
G0

Differentiation

Cell cycle
progression

G1

G2

M

S

FIGURE 28.1 The cell cycle and possible consequences of cell

cycle exit. Mitogens stimulate quiescent cells to engage the cell cycle
at G1-phase. Hyperplasia then requires a coordinated and sequential
series of events, including DNA synthesis at S-phase, followed by a
resting G2-phase and mitosis in M-phase. This is followed by cell
division. Cells that then exit the cell cycle and are quiescent again are
in many cases differentiated. Of note is that if cells arrest at the G1/
S-phase, they can develop a hypertrophic phenotype. Cell cycle exit
with apoptosis may also occur.
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Cyclins and Cyclin-Dependent Kinases: Positive
Regulators of the Cell Cycle

Overview

The progress of a somatic cell through the cell cycle is
dependent on the sequential and coordinated activation
of the cyclin-dependent kinases (Cdks) by their specific
partners, called cyclins (Figure 28.2). Cdks belong to the
family of proline-directed serine/threonine kinases with
a specific (K/R) (S*/T*) PX (K/H/R)-phosphorylation
motif. Once active, Cdks phosphorylate downstream tar-
gets, ultimately to induce DNA synthesis.6 While the
levels of the Cdk catalytic subunits remain constant
throughout the cell cycle, they are only functional fol-
lowing the binding of their specific cyclin partners. In
contrast, cyclins are unstable proteins that are sequen-
tially expressed and subsequently degraded by ubiquiti-
nation throughout the cell cycle,7 which activate their
partner Cdks by inducing conformational changes.
Originally described for their fluctuation during the cell
cycle,8 members of the cyclin family are now defined by
the presence of a conserved 100 amino acid cyclin box,
which binds their complementary Cdk. In addition, the
binding of inhibitors and accessory proteins, subcellular
localization, and both inhibitory and activating phos-
phorylations influence the functional activity of the
Cdk�cyclin complex.9

Jumpstarting the Cycle

The cell cycle is initiated by the mitogen-driven
induction of cyclin D.10�12 Depending on the cell type,
three forms of cyclin D have been described (D1, D2,
and D3), which interact allosterically with Cdk4 and
Cdk6. Receptor-activated Ras signaling pathways lead
to accumulation of cyclin D by three mechanisms: gene
transcription; assembly; and stabilization of the cyclin
D�Cdk complex.13 The Ras-Raf-1-mitogen-activated,
protein kinase kinase (MEK), extracellular signal-
related protein kinase (ERK) pathway both induces
cyclin D transcription and promotes assembly of cyclin
D�Cdk.14,15 The rate of degradation of cyclin D is con-
trolled by a separate Ras signaling pathway involving

phosphatidylinositol 3-kinase (PI3K) and protein
kinase B (PKB/Akt), which inhibits the phosphoryla-
tion of cyclin D on threonine-286 (Thr-286) by glycogen
synthase kinase 3β (GSKβ).16 Thr-286 phosphorylated
cyclin D would otherwise be exported to the cytoplasm
for ubiquitination and degradation.17 This requirement
for mitogen signaling prevents the cell from autono-
mous cycling. Although ectopic expression of cyclin D
is insufficient to drive cell cycle progression, constitu-
tive activation of the cyclin D pathway can reduce the
reliance of the cell on mitogenic stimulation, and lower
the threshold for oncogenic transformation.18 The
cyclin D�Cdk4/6 complex enters the cell nucleus and
is phosphorylated by Cdk-activating kinase (CAK).19

Once DNA replication begins, active cyclin
D-dependent kinase activity is not required until mito-
sis is complete, and the cell re-enters the next G1
phase.20 In continuously dividing cells, cyclin D1 is
exported to the cytoplasm during S-phase, and its turn-
over is accelerated.16,21 However, cyclin D1 synthesis
stimulated by Ras is stabilized in G2 as described
above, allowing reaccumulation before cells divide.22

Hence, in the presence of continuous mitogen stimu-
lation, the second and subsequent cell cycles are short-
er than the first. Withdrawal of mitogens results in
a rapid decline in cyclin D kinase activity, and cell
cycle exit.

Active cyclin D-dependent kinases phosphorylate the
retinoblastoma protein (pRb), which in quiescent cells
has a growth-inhibitory effect.23,24 In its hypophos-
phorylated state, pRb suppresses the transcription of
several genes whose proteins are required for DNA syn-
thesis, including the E2F transcription factors. Upon
phosphorylation of pRb, the E2Fs are released from inhi-
bition, leading to the transcription of cyclins E and A,
and many genes whose products are required for DNA
replication.25 Furthermore, cyclin D�Cdk4 complexes
also phosphorylate Smad3, negatively regulating the
functions of transcriptional proteins responsible for
mediating the growth inhibitory effects of transforming
growth factor β (TGFβ).26 Cyclin D-dependent kinases
therefore affect the activity of at least two pathways that

CDK inhibitors

Cyclin-CDK complexes

Cell cycle phase

INK4
(p16, p15
p18, p19)

Cdk4/6
Cyclin D1, 2, 3

Cip/Kip
(p21, p27,

p57)

Cdk2
Cyclin E

Cdk2
Cyclin A

Restriction
point

G1 S G2

p21

Cdc2
Cyclin A

Cdc2
Cyclin B

M

Checkpoints

FIGURE 28.2 Cell cycle progres-

sion: timing of activation of cyclins

and Cdks, and site of action of Cdk
inhibitors. Each Cdk is activated by a
partner cyclin in each phase of the cell
cycle, and the resulting cyclin�Cdk
complex can be inhibited by specific
Cdk inhibitors.
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independently inhibit the expression of cell cycle pro-
moting genes.

The activity of cyclin E�Cdk2 is maximal at the
G1- to S-phase transition,27,28 when its function to fur-
ther phosphorylate pRb releases the cell from mito-
gen dependency.29,30 In addition to preferentially
phosphorylating pRb on different sites to the cyclin
D-dependent kinases, which may modify the interac-
tion with E2Fs,31 cyclin E�Cdk2 phosphorylates a
second set of substrates involved in cell replication,
thus affecting histone gene expression, and centro-
some duplication.32 The timing of expression and
wider range of substrates suggest a role for cyclin
E�Cdk2 in coordinating G1 regulation and the core
cell cycle machinery.

The abrupt decline in cyclin E�Cdk2 activity in
early S-phase results from cyclin E degradation.
Phosphorylation by GSK-3β and Cdk2 itself target
cyclin E for ubiquitination by the SCFFbw7 E3 ligase,
leading to proteasomal destruction.33�35

Low levels of cyclin A�Cdk2 activity are first
detected in late G1-phase, increase as cells begin to repli-
cate their DNA, and decline as cyclin A is degraded in
early mitosis. The substrate specificity of cyclin A�Cdk2
is different from that of cyclin E�Cdk2. In S-phase,
cyclin A�Cdk2 is thought to phosphorylate substrates
that control the start of DNA replication from preassem-
bled replication initiation complexes,36�38 and control
the integration of the end of S-phase with the activation
of the mitotic Cdks.39 The apparently central role of
Cdk2 in coordinating cell cycle progression through S-
phase and entry into mitosis has been challenged by the
surprising observation that Cdk2 null mice are via-
ble.40,41 The possibility that other Cdks compensate for
the loss of Cdk2 is currently a focus of intense research.

The entry to mitosis is controlled by cyclin
B�Cdc2.42,43 Cell cycle-regulated transcription of cyclin
B begins at the end of S-phase. Phosphorylation on
Thr161 by CAK parallels cyclin B binding to Cdc2.44

During G2, cyclin B�Cdc2 complexes are maintained
in an inactive state by phosphorylation on two inhibi-
tory sites, Thr14 and tyrosine 15 (Tyr15) (Figure 28.3).
Phosphorylation on Tyr15 is mediated by the nuclear
Wee1 kinases,166 and that on Thr14 by the membrane-
bound Myt1.45 In late G2 phase, both Thr14 and Tyr15

are dephosphorylated by Cdc25, thus activating cyclin
B�Cdc2, and initiating mitosis.46 Inappropriate trigger-
ing of mitosis is also prevented by the translocation of
cyclin B to the cytoplasm by the nuclear export factor
CRM1 (exportin 1) during S- and G2-phases.47

Phosphorylation of cyclin B is thought to promote
nuclear import at the G2/M transition.48 Cyclin
B�Cdc2 phosphorylates numerous downstream targets
responsible for the structural reorganization of the cell
to enable mitosis.

Although what is described above represents the
basic paradigm of the control of cell cycle progression
in mammalian cells, recent studies of knockout mice
have demonstrated that much fetal development can
occur normally despite the absence of cyclins and Cdks
formerly considered to be vital.49 Clearly, individual
cyclins and Cdks are able to act more promiscuously
than previously appreciated to enable compensation
for the lack of a specific cell cycle protein.

Stopping the Cell Cycle: Cdk Inhibitors Act as
Negative Regulators

In essence, Cdk inhibitors bind and inhibit target
cyclin�Cdk complexes. Two classes of Cdk inhibitors
have been described, the INK4 proteins and the Cip/Kip
family.50,51 Within each family, individual proteins are
named according to their molecular weight. INK4 pro-
teins were originally named for their ability to inhibit
Cdk4. This family comprises four proteins, namely
p16INK4a, p15INK4b, p18INK4c, and p19INK4d. Structurally
these proteins are made up of multiple ankyrin repeats,
and bind only to the catalytic subunits Cdk4 and Cdk6,
thus inhibiting G1 progression. An alternate reading
frame of the genetic locus encoding p16INK4a also
encodes a second structurally and functionally unre-
lated protein named p19ARF in the mouse (p14ARF in the
human).52 Whereas p16INK4a acts to stabilize Rb by inhi-
bition of Cdk4/6, p19ARF stabilizes p53 by binding its
negative regulator, Mdm2.53 Data from knockout mice
suggest that p19ARF, rather than p16INK4a, is responsible
for the tumor suppressor function of this locus.54

The second class of Cdk inhibitors is the Cip/Kip
family, which includes p21Cip1, p27Kip1, and p57Kip2,

Cdc25 phosphatase
CAK

Kap1 phosphatase
Wee1, Myt1 kinases

Thr14

Tyr15

Cdc2
Cyclin B

Thr161 P
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Tyr15

Cdc2 Thr161

Cyclin B
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P

P

FIGURE 28.3 Regulation of the phosphorylation
status of Cdc2. Wee1 and Myt1 kinases phosphory-
late Cdc2 on Thr14 and Tyr15, inhibiting activity.
Phosphorylation by CAK on Thr161 results in a 200-
fold increase in kinase activity. Cdk2 is similarly
phosphorylated on Thr160.

936 28. RENAL HYPERPLASIA AND HYPERTROPHY

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



which share a conserved N-terminal Cdk-binding
domain.50 They are capable of binding a wider range
of targets, and can variably affect the activities of cyclin
D-, E-, A-, and B-dependent kinases.43,51,55,56 Although
potent inhibitors of cyclin E- and A-dependent CDK2,
and to a lesser extent Cdc2, the Cip/Kip proteins have
recently also been characterized, paradoxically, as posi-
tive regulators of the cyclin D-dependent kinases.57

The first member of the family to be identified was
p21Cip1,58�60 and it is usually present at a low level in
quiescent cells. As the cell enters the replicative cycle,
p21Cip1 levels rise, displace INK4 proteins from bind-
ing to Cdk 4/6, and promote the assembly of cyclin D-
Cdk complexes.61,62 This stabilizes the active complex
and additionally provides a nuclear localization signal
(NLS). The transcription of p21Cip1 is increased by both
p53-dependent27 and -independent63 pathways, such
as those mediated by TGFβ.64 The inhibitory role of
p21Cip1 becomes dominant later in the cell cycle, and
levels are also increased in senescent cells.65

In contrast to p21Cip1, the level of p27Kip1 is usually
high in quiescent cells, where its primary role is as an
inhibitor of cell division.66,67 Whereas p21Cip1 is a prin-
cipal mediator of the p53-dependent G1 arrest that
occurs following DNA damage,37 p27Kip1 appears to be
primarily responsible for mediating extracellular anti-
proliferative signals.66,67 The levels and activity of
p27Kip1 are post-transcriptionally regulated by changes
in the rates of translation, ubiquitination, and phos-
phorylation.68,69 As cyclin D levels rise in response to
mitogens, both p21Cip1 and p27Kip1 are sequestered by
cyclin D�Cdk complexes, and therefore are unable to
inhibit Cdk2.51 Cyclin E�Cdk2 phosphorylates p27Kip1

on Thr 187,70,71 proving a recognition motif for an E3
ligase that targets p27Kip1 for ubiquitination and pro-
teasomal degradation.72,73

The most recently identified member of the family,
p57Kip2, was cloned in 1995.74,75 While tissue expres-
sion of p21Cip1 and p27Kip1 is widespread, that of
p57Kip2 is restricted to placenta, muscle, heart, brain,
lung, and kidney. In addition to the Cdk inhibitory
domain and putative C terminal NLS, p57Kip2 also has
a proline-rich domain containing a consensus ERK
phosphorylation site, and an acidic domain, the func-
tions of which are not known.74,75 A role for p57Kip2 in
the cell cycle exit that accompanies terminal differenti-
ation has been suggested.

Despite their structural similarities, knockout studies
have demonstrated divergent roles for the three Cip/
Kip Cdk inhibitors. While p21Cip1 and p27Kip1 are not
essential for normal embryogenesis,50,76,77 lack
of p57Kip2 results in profound developmental
abnormalities.78�80 Most p57Kip2 null mice die shortly
after birth and have severe cleft palates, abdominal wall
and gastrointestinal tract defects, and abnormal skeletal

ossification. Unlike adult p21Cip12/2 mice,81,82

p27Kip12/2 mice are larger than wild-type animals, and
have hyperplasia of organs that usually express high
levels of p27Kip1, such as the thymus, spleen, adrenal
and pituitary glands, testes, and ovaries.50,76 In contrast,
only 10% of p57Kip22/2 mice survive the weaning
period and are much smaller than wild-type.78 The kid-
neys of p57Kip22/2 mice have medullary dysplasia,
although glomerular development appears normal.

HYPERPLASIA: AN INCREASE IN CELL
NUMBER DUE TO PROLIFERATION

Glomerular Hyperplasia

Mesangial Cell Proliferation

Mesangial cell proliferation characterizes many
forms of both experimental and human glomerular dis-
ease, including IgA nephropathy, lupus nephritis,
diabetic nephropathy, and other forms of membrano-
proliferative glomerulonephritis (Figure 28.4). It is fre-
quently associated with, and likely underlies, matrix
expansion and subsequent glomerulosclerosis, the sig-
nificance of which has been shown in a range of experi-
mental models.83�89 This simple observation provides
the impetus for understanding what switches mesan-
gial proliferation on and what switches it off. Several
growth factors and cytokines are mitogens for mesan-
gial cells, including platelet-derived growth factor
(PDGF),90,91 basic fibroblast growth factor (bFGF),92

interleukin 6,93,94 and the product of growth arrest-
specific gene 6 (Gas6).95 Intervention to reduce
mesangial proliferation also reduces matrix

FIGURE 28.4 Global mesangial cell proliferation occurring in
the context of membranoproliferative glomerulonephritis (haema-

toxylin and eosin 3 400). (Histology courtesy of Dr Meryl Griffiths,
Addenbrooke’s Hospital, Cambridge.)
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expansion, confirming the tight link between these
two processes. This has been achieved in experimental
models using complement depletion,96,97 heparin infu-
sion,91 blocking the action PDGF92,98 and bFGF,83 and
inhibiting their specific intracellular signaling path-
ways with phosphodiesterase inhibitors.86 Warfarin
has been used with mixed results in the treatment of
glomerular diseases since the 1970s, and was origi-
nally hypothesized to reduce fibrin deposition.
However, low-dose warfarin may also be effective,
suggesting a mechanism of action not directly related
to anticoagulation. Gas6 is a vitamin K-dependent
growth factor for mesangial cells, and its inhibition by
warfarin is likely to underlie the reported benefits of
this treatment in human disease.95 Careful research
since the mid-1990s has delineated the role of individ-
ual cell cycle proteins in mesangial cell proliferation,
and also its resolution by apoptosis (Figure 28.5).

ROLE OF CDK2 IN MESANGIAL CELL PROLIFERATION

Cdk2 protein and kinase activity increase in cultured
mesangial cells in response to mitogenic growth

factors.99,100 The Thy1 model of experimental mesangial
proliferative glomerulonephritis, induced in rats by an
antibody directed against the mesangial Thy1 antigen,
has provided an opportunity to study the regulation
and consequences of mesangial cell proliferation
in vivo.101,102 The initial complement-dependent mesan-
giolysis is followed by a phase of marked mesangial
proliferation, paralleled by an increase in extracellular
matrix accumulation and a decline in renal function.
This model is useful as not only may the fluctuations of
cell cycle proteins during proliferation be defined, but
also the effect of their manipulation. Mesangial cell pro-
liferation is associated with an increase in cyclin D1
and A, and their partners Cdk4 and Cdk2.103 Cdk2
expression is absent in the normal rat glomerulus.
Proliferation is associated with increased Cdk2 activity,
measured by the histone H1 kinase assay on protein
extracted from isolated glomeruli. Bokemeyer et al.
identified activation of the map kinase ERK as an
upstream regulator of Cdk2 activity in the Thy1
model.104 Inhibition of ERK was associated with
decreased cell proliferation by 67%.105 Cdk2 protein
levels are also increased in the remnant kidney model,
a nonimmune glomerular disease associated with
mesangial proliferation.106 Taken together, these studies
show that in contrast to most nonrenal cells,103 Cdk2
protein is at low levels in quiescent mesangial cells,
and its levels and activity increase following injury.

Cdk Inhibitors and Mesangial Cell Proliferation

The Cdk inhibitor p27Kip1 is constitutively expressed
in quiescent mesangial cells both in vitro107 and
in vivo,103 whereas p21Cip1 and p57Kip2 are essentially
absent.103,108 In cultured mesangial cells, proliferation
induced by mitogenic growth factors reduces p27Kip1

levels.107 Mesangial cells derived from p27Kip12/2 mice
have augmented proliferation in response to mito-
gens,109 and lowering p27Kip1 levels with antisense oli-
gonucleotides has a similar effect in rat mesangial
cells.107

Complement-induced injury in the Thy1 model is
associated with a marked decrease in p27Kip1 levels.103

However, there is de novo synthesis of p21Cip1 in the
resolution phase of the disease, coincident with a
decrease in proliferation. To further explore the role of
p27Kip1 in inflammatory disease, we induced experi-
mental glomerulonephritis in p27Kip12/2 mice.110 Our
results showed a marked increase in the onset and
magnitude of glomerular cell proliferation and cellular-
ity in nephritic p27 Kip12/2 mice compared to control
nephritic p27Kip11/1 mice. Moreover, this was associ-
ated with increased extracellular matrix proteins and a
decline in renal function. To demonstrate that this

Baseline expression

Change in expression
of cell cycle proteins

Response to injury

Mesangial cell

p21–, p27+, p57–

Injury

•    Cyclin D1/Cdk4

•    Cyclin A/Cdk2

•    p27

•    p21,    p27

Proliferation

Resolution

FIGURE 28.5 Changes in cell cycle protein activity following

injury to glomerular mesangial cells. At baseline, quiescent mesan-
gial cells express p27Kip1, but not p21Cip1 or p57Kip2. Following injury,
there is an increase in the positive cell cycle regulators cyclin D1/Cdk4
and cyclin A/Cdk2, with a decline in p27Kip1, resulting in promotion
of cell cycle progression and proliferation. During the resolution
phase, there is an increase in the Cdk-inhibitors p21Cip1 and p27Kip1,
with cessation of proliferation.
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result was not specific to glomerular cells or immune-
mediated injury, we also obstructed a ureter by ligation
to induce nonimmune injury to tubuloepithelial
cells.110 Our results showed that tubuloepithelial prolif-
eration was increased in obstructed p27Kip12/2 mice
compared to obstructed p27Kip11/1 mice. Taken
together, these studies were the first to show that in
inflammatory diseases, renal cell proliferation is regu-
lated by the CKI p27Kip1, supporting a role for p27Kip1

in controlling the threshold at which proliferation
occurs.

Little is known about the role of the Cdk inhibtiors
p21Cip1 and p57Kip2. In an immune-mediated model of
MC disease, the absence p21Cip1 was associated with
increased focal segmental tuft necrosis, mesangiolysis,
and mesangial hypercellularity.111

Role of Cell Cycle Proteins in Resolution of
Mesangial Hyperplasia: Apoptosis

Although a characteristic response to mesangial cell
injury is proliferation, apoptosis is often simulta-
neously increased.85 Studies have shown that apoptosis
is a vital mechanism required to normalize cell number
in the reparative phase of injury.112 However, the cellu-
lar pathways linking these opposing responses remain
unclear. Many cells undergoing apoptosis have entered
the cell cycle, but rather than completing their replica-
tion, they are destined to leave by programmed cell
death. This suggests a role for the cell cycle proteins in
directing these alternative outcomes.

Evidence to support this hypothesis was the obser-
vation that the resolution phase of Thy1 mesangial
proliferation in the rat is characterized by mesangial
cell apoptosis, a process that peaks when the levels
of p27Kip1 are at their lowest.103 Considering glomer-
ulonephritis or unilateral ureteric obstruction in
p27Kip12/2 mice as described above, in addition to the
increase in either glomerular or tubuloepithelial cell
proliferation following injury, there was a marked
increase in apoptosis in the p27Kip12/2 mice compared
to wild-type disease controls.110 Moreover, apoptosis
was also increased in p27Kip12/2 mesangial cells in
culture following growth factor deprivation or cyclo-
heximide, and reconstituting p27Kip1 levels by transfec-
tion-rescued cells from apoptosis.109 In wild-type rat
mesangial cells, apoptosis was increased following
treatment with anti-p27Kip1 antisense oligonucleo-
tides.109 These results showed for the first time that
p27Kip1 has a role beyond the regulation of prolifera-
tion, in that it also protects cells from apoptosis.
This dual role of regulating the proliferative threshold
and governing apoptosis makes p27Kip1 a potent regu-
lator of overall mesangial cell numbers. In contrast,
p21Cip1 showed no effect on MC apoptosis.111

HOW DOES P27KIP1 PROTECT CELLS FROM

APOPTOSIS?

A clue to a possible mechanism was the increase in
Cdk2 activity in p27Kip12/2 mesangial cells when
deprived of growth factors.109 The increase was due
specifically to cyclin A�Cdk2, and not cyclin E�Cdk2.
Moreover, inhibition of cyclin A�Cdk2 activity by ros-
covitine or a dominant negative mutant reduced apo-
ptosis in mesangial cells and fibroblasts. In apoptotic
p27Kip12/2 mesangial cells, Cdk2 was bound to cyclin
A, without a preceding increase in cyclin E�Cdk2
activity. We suggest that, in the absence of p27Kip1,
uncoupling of Cdk2 activity from the scheduled
sequence of cell cycle protein expression may lead to an
inappropriate and premature initiation of G1/S-phase
transition, causing the cell to respond by undergoing
apoptosis, rather than inappropriately progressing
through an unscheduled cell cycle.

HOW MIGHT Cdk2 CONTROL GROWTH AND

APOPTOTIC FATE OF CELLS?

Apoptosis typically begins in the cytoplasm,
whereas DNA synthesis and mitosis are nuclear events.
Accordingly, we tested the hypothesis that the sub-
cellular localization of Cdk2 determines if cells undergo
apoptosis or proliferation.113 As expected, Cdk2 protein
was cytoplasmic in quiescent, and nuclear in proliferat-
ing, mesangial cells. However, in proliferating cells
injured by an apoptotic stimulus, Cdk2 localized to the
cytoplasm, was no longer nuclear, and importantly,
remained active. Our results also showed that cyclin A,
and not cyclin E, co-localized to the cytoplasm with
Cdk2 in apoptotic cells, to form an active cytoplasmic
cyclin A�Cdk2 complex. The translocation of Cdk2 is
not p53-dependent, and inhibiting the nuclear localiza-
tion signal has no effect. That inhibiting Cdk2
decreased apoptosis provides further support for a crit-
ical role for cytoplasmic Cdk2 in triggering pro-
grammed cell death. Thus, the subcellular localization
of active Cdk2 determines the fate of a cell: when
nuclear, cells proliferate; when cytoplasmic, cells die by
apoptosis. The mechanism by which nuclear Cdk2 is
translocated to the cytoplasm remains to be elucidated.
These studies provide the novel paradigm that specific
cell cycle regulatory proteins have a role in glomerular
disease beyond the regulation of proliferation.

Therapeutic Inhibition of Mesangial Proliferation
at Cell Cycle Level

In vitro and animal studies have recently revealed
the potential of several novel therapies to modulate
glomerular cell proliferation: the purine analog roscov-
itine, which inhibits Cdk2 activity; retinoids, derived
from vitamin A; and lipoxins, endogenously produced
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eicosanoids. Roscovitine and retinoids have also been
used to beneficial effect in the treatment of podocyte
diseases, discussed in the next sections.

ROSCOVITINE

The significance of increased Cdk2 activity in
mesangial proliferation was demonstrated by Pippin
et al.,114 using roscovitine to inhibit Cdk2 in rats with
Thy1 mesangioproliferative gomerulonephritis. Given
immediately after disease induction, roscovitine signifi-
cantly reduced mesangial cell proliferation. Moreover,
administering roscovitine to rats once mesangial prolif-
eration was already established also reduced prolifera-
tion. This inhibition of Cdk2 activity was accompanied
by a marked reduction in the accumulation of glomeru-
lar extracellular matrix proteins (collagen IV, laminin,
and fibronectin), and an improvement in renal function
compared to controls. These results suggest that inhi-
biting Cdk2 may be a potential therapeutic target in
glomerular diseases characterized by proliferation.

RETINOIDS

Retinoic acid (RA) has an established role in kidney
development.115,116 RA binds to specific nuclear recep-
tors, and the RA receptor complex then binds to
DNA�RA response elements to cause the transcription
of target genes.117 RA is used therapeutically in acute
promyelocytic leukemia to slow proliferation and pro-
mote differentiation. RA-induced cell cycle arrest in
nonrenal cells has been reported to involve reduction
in c-Myc, cyclin D1, and cyclin E levels, with upregula-
tion of p21Cip1 and p27Kip1.118�120 The treatment of rats
with experimental Thy1 glomerulonephritis with RA
reduced mesangial cell proliferation, glomerular
lesions, and albuminuria.121 In addition to a direct anti-
proliferative action, RA has also been reported to mod-
ulate both the renin�angiotensin system122 and TGFβ
signaling,123 in addition to anti-inflammatory and
immune modulatory effects.116 The efficacy of RA in
the treatment of glomerulonephritis is likely due to its
pleiotropic effects on these numerous pathways.

LIPOXINS

Lipoxins are endogenously produced eicosanoids
with potent anti-inflammatory actions,124 and are gen-
erated during the resolution phase of an acute inflam-
matory insult.125 Lipoxin A4 biosynthesis has been
demonstrated in glomerulonephritis,126 and its effects
include modulation of leukocyte trafficking and phago-
cytic clearance of apoptotic cells.124,125 In vitro, lipoxin
A4 inhibits PDGF-induced activation of Akt/PKB in
human mesangial cells, and modulates PDGF-induced
decrements of p21Cip1 and p27Kip1.127 PDGF-induced
increases in Cdk2�cyclin E complex formation are
also inhibited by lipoxin A4. Prolonged exposure

of mesangial cells to PDGF is associated with autocrine
TGFβ production, and this is ameliorated by
lipoxin A4.

In vivo, lipoxins are rapidly metabolized. To enable
study of these compounds in disease models,
stable synthetic analogs have been developed that are
modified at C-15, C-16, and/or C20.128 These com-
pounds retain the biological activity and receptor-bind-
ing affinity of the native lipoxin. The effect of a lipoxin
A4 analog, 15-epi-16-(FPho)-LXA-Me, has been studied
in the immediate phase of experimental anti-GBM
nephritis in mice, and found to inhibit neutrophil infil-
tration and glomerular nitrotyrosine staining.129

Although animal studies with lipoxins are at an earlier
stage than those with roscovitine or retinoids, their
potential to augment the resolution phase of glomeru-
lonephritis suggests that they may in the future have
an important therapeutic role.

The Podocyte and Cell Cycle: Why Is Lack of
Podocyte Proliferation Important?

The podocyte, or visceral glomerular epithelial cell,
is a highly specialized, terminally differentiated cell
overlying the outer aspect of the glomerular basement
membrane. In contrast to the mesangial cell, numerous
studies of both animal models and human disease
have shown that aside from a few specific conditions,
podocytes do not typically proliferate in vivo
(Figure 28.6). Indeed, following injury, podocyte num-
bers may become depleted, because following cell loss
by detachment or apoptosis, the lack of proliferation
prevents normalization of podocyte number. Although
initially the remaining podocytes may undergo a
degree of compensatory hypertrophy, the decrease in
podocyte number will eventually result in areas of
“denuded” basement membrane, which is thought to
predispose to the formation of synechiae between the
GBM and Bowman’s capsule, leading to the develop-
ment of secondary focal glomerulosclerosis and subse-
quent decline in renal function.130�134 Podocytes
provide a size- and charge-dependent barrier to protein
leakage into the urine, and are therefore a critical com-
ponent of the glomerular filtration apparatus. Several
studies in diverse renal diseases have shown a close
correlation between the onset and progression of pro-
teinuria and reduced podocyte number.135�141 These
events provide a compelling rationale to define the
mechanisms underlying the lack of podocyte
proliferation.

MATURE PODOCYTE HAS EXITED CELL CYCLE AND

IS POSTMITOTIC

During glomerulogenesis, immature podocytes are
capable of proliferation.108,142 However, during the crit-
ical S-shaped body stage of glomerular development,
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podocytes exit the cell cycle in order to become termi-
nally differentiated and quiescent, which are necessary
requirements for normal function. Thus, in podocytes,
proliferation and differentiation are closely linked, akin
to neurons and cardiac myocytes. In both mouse and
human glomerulogenesis, immunostaining for p27Kip1

and p57Kip2 is absent in proliferating podocytes during
the S-shaped body stage.108,142 On cessation of prolifer-
ation, there is strong expression of both Cdk inhibitors,
so that p27Kip1 and p57Kip2 are constitutively expressed
in mature podocytes. The Cdk inhibitors p21Cip1,
p27Kip1, and p57Kip2 alone are not required for normal
glomerular development because, as described previ-
ously, the glomeruli from null mice are histologically

normal. However, functional redundancy of p27Kip1

and p57Kip2, at least within the podocyte, has been sug-
gested by studies of E13.5 embryonic metanephroi
from double p27Kip1/p57Kip22/2 mice. Glomeruli from
these mice have been reported to be significantly larger
than those from wild-type or single mutants, due to an
increase in podocyte number. Differentiation of podo-
cytes was judged to be normal by electron microscopy
and immunostaining for WT-1, suggesting a synergistic
role for p27Kip1 and p57Kip2 in determining the final
complement of podocytes.

RESISTANCE OF PODOCYTES TO PROLIFERATION:

ROLE OF CELL CYCLE REGULATORY PROTEINS

Studies have shown that the frequently observed
lack of podocyte proliferation may be due to abnormal-
ities in DNA synthesis or mitosis and cytokinesis
(Figure 28.7).

The passive Heymann nephritis (PHN) model,
induced by the administration of an antibody reactive
against the Fx1A antigen on the rat podocyte,
has many similarities to human membranous
nephropathy.143,144 In common with the Thy1 model of
mesangial proliferative glomerulonephritis, PHN is
complement (C5b-9)-dependent. However, in contrast
to the observed mesangial cell proliferation in response

(a)

(b)

FIGURE 28.6 The podocyte response to injury in human

glomerulonephritis � to proliferate or not to proliferate? (a) No
proliferation, with development of segmental sclerosis, as occurs in
idiopathic focal and segmental. (b) Proliferation, with the glomerulo-
sclerosis (Periodic Acid Schiff, development of a cellular crescent in a
patient with vasculitis (haematoxylin and eosin 3 400). (Histology
courtesy of Dr Meryl Griffiths, Addenbrooke’s Hospital, Cambridge.)

Baseline expression

Change in expression
of cell cycle proteins

Response to injury

Podocyte

p21 , p27 , p57

Injury

•    Cyclin A/Cdk2
•    Cyclin B/Cdc2

• No proliferation
• Maintenance of terminal

differentiation

•    p21,    p27       p57

•    Chk1/Chk2

•    p21,    p27    p57

• Proliferation
• De-differentiation

FIGURE 28.7 Changes in cell cycle protein activity following
injury to glomerular podocytes: the critical role of Cdk inhibitors

in determining podocyte fate. In contrast to mesangial cells, at base-
line quiescent podocytes express both p27Kip1 and p57Kip2. Following
injury, there is an increase in the positive cell cycle regulators cyclin
A/Cdk2 and cyclin B/Cdc2; however, this is accompanied by an
increase in checkpoint kinases 1 and 2. The subsequent podocyte
response depends on changes in the Cdk inhibitors. If p21Cip1 and
p27Kip1 increase, cell cycle entry remains inhibited, there is no prolif-
eration, and terminal differentiation is maintained. However, if there
is a decline in the levels of p21Cip1, p27Kip1, and p57Kip2, then the cell
cycle is engaged and proliferation and de-differentiation occur.
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to complement-mediated injury, there is no increase in
podocyte number. Mitotic figures and an increase in
ploidy are seen in the acute phase of disease, but over
time the number of podocytes decreases. The compari-
son of patterns of expression of cell cycle proteins
between the PHN and Thy-1 disease models has pro-
vided an opportunity to elucidate the role of cell cycle
proteins in experimental podocyte disease.

Following C5b-9-induced injury in PHN rats, pro-
tein levels for cyclin A and Cdk2 rise,145 indicating
engagement of the cell cycle. However, only a limited
increase in DNA synthesis occurs, suggesting the pres-
ence of an inhibitor to cell cycle progression. Indeed,
the levels of the Cdk inhibitors p21Cip1 and p27Kip1

increase specifically in podocytes following the induc-
tion of PHN.145 The increase in p21Cip1 is attenuated by
administering the mitogen bFGF to PHN rats, and this
augments the increase in podocyte DNA synthesis and
ploidy. Furthermore, upregulation of M-phase cell
cycle proteins Cdc2 and cyclin B is also observed in
PHN podocytes, suggesting that a disturbance in cyto-
kinesis is ultimately responsible for the development of
polynucleated cells and lack of podocyte proliferation
in this experimental glomerular disease.146

Cell culture studies have further explored the inabil-
ity of podocytes to proliferate following C5b-9-induced
injury, and support the hypothesis of a defect in com-
pleting mitosis. When cultured podocytes are exposed
to sublytic C5b-9 attack, the cells engage the cell cycle.
However, there is a delay or inhibition in entering mito-
sis, suggesting a block in the G2/M transition, and
involvement of mechanisms that regulate this check-
point. This response is typical of that following DNA
damage, to which podocytes appear to be particularly
susceptible. The occurrence of DNA damage following
exposure to sublytic C5b-9 has subsequently been con-
firmed,147 together with increased checkpoint kinase-1
and -2 protein levels, thus arresting cells at G2/M. The
mechanism by which DNA damage occurs in podocytes
is not currently well-understood, but is thought to
involve the generation of reactive oxygen radicals.

A key role for p21Cip1 in limiting the proliferative
response of podocytes has been demonstrated in studies
using p21Cip1 knockout mice.148,149 The administration
of an antiglomerular antibody to induce experimental
podocyte injury caused podocyte dedifferentiation and
proliferation in p21Cip12/2 mice compared to control
mice receiving the same antibody. Glomerular extracel-
lular matrix accumulation was also increased in
p21Cip12/2 mice, and was associated with a significant
decrease in renal function. Additional in vitro data could
link the pro-apoptotic effect of TGF-beta1 in podocytes
to p21Cip1.150 Podocyte apoptosis induced by TGF-beta1
required sufficient p21Cip1 levels.

Intravenous application of the podocyte toxin
Adriamycin resembles the histological findings of focal
segemental glomerulosclerosis (FSGS) in mice.
Diseased p21Cip12/2 mice presented with increased
podocyte apotosis and decreased podocyte number,
leading to aggravated glomerular disease including
worse albuminuria, glomerulosclerosis, and increased
BUN compared to control animals.151

The resistance of podocytes to proliferation in the
majority of animal models has been confirmed in
human diseases, and similar underlying mechanisms
have been observed. Normal quiescent podocytes
express p27Kip1 and p57Kip2, and immunostaining for
these proteins is maintained in conditions without pro-
liferation, namely minimal change diseases and mem-
branous glomerulopathy.152 In contrast, expression of
both these proteins is uniformly decreased in diseases
characterized by podocyte proliferation, that is, cellular
FSGS, collapsing glomerulopathy, and HIV-associated
nephropathy. This is accompanied by the de novo
expression of p21Cip1. The mechanisms by which the
podocyte eludes the usual constraints on proliferation
are discussed below.

RESISTANCE OF PODOCYTES TO PROLIFERATION:

ROLE OF MECHANICAL STRETCH

An additional factor reported to influence the prolif-
erative capacity of the podocyte is the presence of
mechanical stress.153 Independent of the site of initial
injury, a common pathway to progressive glomerulo-
sclerosis is an increase in intraglomerular pressure,
also known as glomerular hypertension.130,132,154

Lowering intraglomerular pressure reduces progres-
sion in a number of glomerular diseases, including dia-
betic nephropathy.155 Glomerular hypertension is
associated with glomerular hypertrophy (see below),
and the resultant mechanical stretch causes injury to all
three glomerular cell types. Whereas applying mechan-
ical stretch to cultured mesangial cells increases prolif-
eration,156 the opposite response is seen in cultured
podocytes.157,171 Stretching mouse podocytes in culture
decreased the levels of cyclins D1, A, B1, and Cdc2, in
association with an increase in the Cdk inhibitors.
Stretch caused an early increase in p21Cip1, followed by
an increase in p27Kip1 at 24 hours and p57Kip2 at 72
hours. In contrast to the growth arrest seen in wild-
type cells exposed to stretch, p21Cip12/2 podocytes
exposed to stretch continued to proliferate, suggesting
a role for p21Cip1 in the inability of the podocyte to
progress through the cell cycle in response to stretch.
These studies show that in addition to being injurious
to mesangial cells, mechanical stretch affects podocytes
and reduces their proliferative potential by altering
specific cell cycle proteins.
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PODOCYTE PROLIFERATION

Although the majority of both experimental animal
models of podocyte injury and human podocyte dis-
eases are not associated with proliferation, this has
been reported to occur in a limited number of settings.
The true ability of the mature podocyte to proliferate
remains controversial, principally because glomerular
cells believed to be proliferating podocytes frequently
lack defining cell-type-specific markers.158 However,
the use of transgenic animals has been invaluable in
resolving the debate. A well-studied animal model of
podocyte proliferation is crescentic glomerulonephritis
in the mouse, which has been examined in detail by
several groups. In this model, predictable proliferation
of glomerular cells occurs, and early in the course of
the disease this is not associated with rupture of
Bowman’s capsule, nor with the presence of infiltrating
cells.159 It is therefore a useful model for studying the
contribution of intrinsic glomerular cells to crescent
formation. Moeller et al. generated a mouse with con-
stitutive expression of β galactosidase specifically in
podocytes in vivo.160 Experimental crescentic nephritis
was induced by injecting rabbit IgG ip, followed six
days later by an intravenous injection of rabbit anti-
mouse GBM antibody. The crescents contained numer-
ous β-galactosidase-expressing cells, confirming their
podocyte origin. Furthermore, expression of the
nuclear proliferation marker Ki-67 by these cells dem-
onstrated the capability of these podocyte-derived cells
to undergo proliferation. Matsusaka et al. generated a
transgenic mouse with podocyte-specific expression of
human CD25.161 Injury was then induced using an
immunotoxin, resulting in a proliferative glomerular
lesion. However, immunohistochemistry indicated
that the proliferating cells were of parietal epithelial
origin, not podocytes. The disparity between these
two results likely results from the different initiating
injuries used, but illustrates the ongoing debate
which was further fueled by recent data.162 Smeets
et al. could show, by lineage tracing of either podo-
cytes or parietal epithelial cells (PECs), that the
majority of cells within extracapillary proliferative
leasions were PECs, and only a minority were of
podocyte origin. This held true in the nephrotoxic
nephritis model of inflammatory crescentic glomeru-
lonephritis, and in the Thy-1.1 transgenic mouse
model of collapsing glomerulopathy. As described
above, once podocytes proliferate they lose several of
their defining characteristic proteins, such as WT-1,
making identification difficult. However, there is
broad agreement that the proliferating resident glo-
merular cells making up crescents are of epithelial
origin, although the relative contributions of parietal
cells and podocytes remains disputed.

In human disease, podocyte proliferation is consid-
ered to occur in collapsing glomerulopathy, cellular
focal segmental glomerulosclerosis, and HIV-associated
nephropathy.163,164 In these diseases, there is increased
expression of cyclin A and the proliferation marker Ki-67,
with a marked reduction in p27Kip1 and p57Kip2.152,164

In contrast, all other diseases of podocytes in humans,
including membranous nephropathy, minimal change
disease, and focal segmental glomerulosclerosis, are
not associated with a decrease in Cdk inhibitor levels,
and typical markers of proliferation are absent.
Interestingly, the rate of progression to end-stage renal
failure is increased in glomerular diseases character-
ized by podocyte proliferation.165,166 The pathogenesis
of HIV-associated nephropathy has been further
detailed using transgenic mice expressing HIV-1
genes.167�169 The Tg26 mouse model develops murine
HIVAN secondary o renal expression of HIV-1 mRNAs
from the HIV-1 NL4-3 gag-pol proviral transgene.169

This model has enabled characterization of the cellular
effects of HIV-1 using both the intact animal and condi-
tionally immortalized podocytes in culture. HIV-1
induces loss of contact inhibition in podocytes,170 and
expression of cyclin D1 and phosphorylation of pRb.171

The cells become dedifferentiated, with loss of specific
podocyte-expressed proteins.167,172 Interestingly, there
have been reports of reversibility of HIV nephropathy
in both mice (discussed below) and human disease173

following treatment with highly active antiretroviral
therapy, suggesting that once the virus is cleared the
podocyte is capable of exiting the cell cycle and redif-
ferentiating to its mature phenotype.

ATYPICAL EFFECTS OF CELL CYCLE PROTEINS ON

PODOCYTES

The traditional view of cell cycle proteins focuses on
the regulation of cellular proliferation. The view on cell
cycle proteins has since been broadened by the discov-
ery of atypical cyclin proteins and dependent kinases.
These include cyclin C-Cdk8, cyclin H-cdk7, cyclin K-
Cdk9, cyclin T-Cdk9 or cyclin I-Cdk5.174 We could
show that cyclin I null mice are normal consistent with
the notion that cyclin I is not required for cell differen-
tation. Cyclin I is predominantly expressed in termi-
nally differentiated cells, including neurons and
podocytes. Lack of cyclin I rendered podocytes more
susceptible to apoptosis.175 A potential mechanism
included a decreased expression and protein stability
of p21.

The Cdk partner of cyclin I remained elusive
since its discovery. We could identify Cdk5 as the
Cdk partner of cyclin I.176 Cdk5 itself is essential for
normal development, as Cdk5 null mice die from
developmental deficits, but little is known about its
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function in the kidney. Cdk5 is mainly activated by
the non-cyclin proteins p35 and p39. The latter is
not expressed in podocytes, but p35�Cdk5 has been
shown to be present in podocytes.177 In 2004, Griffin
et al. demonstrated an essential role for p35�Cdk5
in podocyte differentation, proliferation, and mainte-
nance. Cdk5 levels decline in experimental disease
associated with podocyte dedifferentation and prolif-
eration, including anti-glomerular antibody disease
and HIV-associated nephropathy. More recent in vivo
and in vitro data support the model that Cdk5 is
central to podocyte survival, and is dually regulated
by cyclin I and p35. Downstream targets of Cdk5
were the pro-survival proteins Bcl-2 and Bcl-
XL.174,176,178

Therapeutic Inhibition of Podocyte Proliferation at
Cell Cycle Level

As with glomerular diseases principally affecting
the mesangial cell, both roscovitine and retinoids have
shown promise as therapeutic agents in modulating
the podocyte response to injury. In addition, recent
data suggest a direct effect of glucocorticoids on podo-
cytes at the cell cycle level.

ROSCOVITINE

We hypothesized that inhibition of podocyte prolif-
eration with the Cdk2 inhibitor roscovitine in a mouse
model of crescentic glomerulonephritis would improve
renal outcome,179 similar to that observed following
inhibition of mesangial cell proliferation in Thy 1
nephritis described previously.114 Inhibition of Cdk2
activity was confirmed by a histone kinase assay, and
podocyte DNA synthesis measured by incorporation of
BrdU. Compared to control nephritic animals receiving
the vehicle, in mice treated with roscovitine there was
a significant decrease in BrdU at day 5 of nephritis.
This was accompanied by less accumulation of laminin
at day 14, and significantly improved renal function,
suggesting a similar intervention may be beneficial in
human diseases. Roscovitine has also been demon-
strated to be beneficial in the treatment of Tg26 mice at
doses that did not decrease HIV-1 transgene expres-
sion, suggesting an effect mediated by inhibition of cell
cycle progression.180

RETINOIDS

Retinoids are particularly attractive agents for the
treatment of podocyte disease, as it has been demon-
strated that following podocyte injury, both decrease
podocyte proliferation and maintain the expression of
markers of differentiation.181,182 The promoter region
of the human nephrin gene (NPHS1) contains three
putative retinoic acid-response elements, and shows
enhancer activity in response to all-trans-retinoic acid

(ATRA) in a dose-dependent manner. We have
recently demonstrated that ATRA in vitro significantly
retards podocyte proliferation, as measured by the
MTT assay, while inducing process formation and
increasing the expression of both nephrin and podo-
cin.182 Similarly, in mice with antiglomerular antibody
nephritis, treatment with ATRA both reduces podocyte
proliferation and prevents the decreases in nephrin,
podocin, and synaptopodin in experimental animals.
This was accompanied by a reduction in proteinuria.
The dual roles of retinoids to both inhibit proliferation
while promoting differentiation underscore their
potential value as therapeutic agents for human podo-
cyte diseases.

GLUCOCORTICOIDS

Glucocorticods are the clinical backbone to treat
patients with glomerular diseases. Their mode of action
is poorly-understood, particularly in patients with ste-
roid-sensitive nephritic syndrome which lacks any
signs of inflammation in the glomerulus. In vitro data
in human podocytes revealed direct effects of dexa-
methasone on human podocytes.183 Incubation with
steroids led to decreased expression of p21 and sup-
pression of inflammatory chemokines (IL-6/IL-8), but
did not induce apoptosis.

Parietal Epithelial Cell Proliferation

As outlined above, there is an ongoing debate on the
cellular origin of extracapillary proliferative lesions in
glomerular disease. The parietal epithelial cell (PEC)
has long been neglected, but recently moved into the
center of glomerular research.184 PECs share a common
lineage with podocytes until the S-shaped stage of glo-
merulogenesis. Between the S-shaped body and capil-
lary loop stages, each cell begins to express distinct
genes, used as “cell-specific markers.” For example,
Wilm’s tumor suppressor protein 1 (WT-1) expression
is no longer detected in PECs, whereas podocytes
maintain WT-1 and gain vimentin expression. In mice,
PECs express CD10 in the capillary loop stage of devel-
opment.158 Potential mechanisms underlying PEC pro-
liferation result from studies of cell cycle proteins. In
contrast to podocytes, expression of the Cdk inhibitors
p21Cip1 and p57Kip2 were not detected in healthy PECs,
whereas p27Kip1 was expressed at low levels. In experi-
mental and human forms of FSGS, PECs showed
increased DNA-synthesis. The increased expression of
Ki-67 and cyclin A were accompanied by decreased
p27Kip1 expression in the absence of p21Cip1 and
p57Kip2.185 Suzuki et al. recently showed in a mouse
model of FSGS, that PEC proliferation was in part reg-
ulated by p21Cip1.186
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Glomerular Endothelial Cell Proliferation

The endothelial cells of mature glomeruli are quies-
cent, but retain the capacity to proliferate and form
new capillaries following injury.187 The degree of pro-
liferation appears to be dependent on the local balance
of proangiogenic factors, such as vascular endothelial
growth factor (VEGF), and antiangiogenic factors, such
as thrombospondin-1. An inadequate proliferative
response may lead to loss of the glomerular microvas-
culature, and contribute to glomerulosclerosis and pro-
gressive renal impairment. The beneficial effects of
VEGF administration have been demonstrated in ani-
mal models of acute glomerulonephritis,188�190 sug-
gesting that amelioration of human diseases may be
achieved by augmenting the reparative potential of the
glomerular endothelial cells. However, the underlying
role of individual cyclins, Cdk, and Cdk inhibitors in
these cells remains unknown.

Tubular Cell Hyperplasia

Renal tubular hyperplasia is most frequently
encountered during the reparative phase following an
acute injury, such as ischemia or toxin exposure.191

Tubular injury results in cell loss by either necrosis or
apoptosis, and therefore there is a requirement for the
remaining cells to spread and migrate to cover the
exposed basement membrane. These cells then dedif-
ferentiate and proliferate to restore cell number, and
finally differentiate again to restore the functional
integrity of the nephron. Interestingly, the tubular
repair recapitulates organogenesis in patterns of gene
expression, including vimentin, neural cell adhesion
molecule, growth factors such as IGF-1, fibroblast
growth factor, and hepatocyte growth factor; and
matrix molecules such as osteopontin.191 This dediffer-
entiated phenotype is likely to be important for the
spreading and proliferative properties of the viable
tubular epithelial cells as they cover the denuded base-
ment membrane to replace lost cells. However, the fac-
tors controlling the reversion to a less-differentiated
phenotype, and the subsequent re-establishment of the
mature phenotype, remain poorly-understood.

As might be expected, the proliferation observed fol-
lowing a transient ischemic injury is associated with an
increase in the mRNA and protein expression of
cyclins D1, D3, and B, mRNA expression of cyclin A,
and protein expression of Cdks 2 and 4.192 Both cyclin-
D and -E kinase activities are increased.192 Thus, the
proliferative response is due to increased expression of
both the regulatory and catalytic subunits of the G1
kinases, and an increase in their activity.

The Cdk inhibitors appear to have a critical role in
limiting the proliferative response. Following acute

renal injury induced by ischemia, ureteral obstruction
or cisplatin, p21Cip1 protein expression is increased in
the thick ascending limb of the loop of Henle, and in
the distal convoluted tubule.193 Induction of the same
injury in p21Cip12/2 mice was associated with
increased proliferation, as assessed by BrdU incorpo-
ration and PCNA staining.194 The p21Cip2/2 mice had
a more rapid onset of acute renal failure, developed
more severe morphological damage, and had a higher
mortality, emphasizing the requirement for prolifera-
tion following injury to be at a controlled and appro-
priate level.

HYPERTROPHY

Hypertrophy has been described in most segments
of the nephron, but proximal tubular hypertrophy is
observed most frequently. Hypertrophy of the proxi-
mal tubule has been described in compensatory renal
growth, chronic metabolic acidosis and chronic hypo-
kalemia, diabetes mellitus, and during protein-load-
ing.195 In compensatory renal growth, there is also
hypertrophy of the glomerulus and collecting tubules;
in diabetes, hypertrophy of glomerular cells is well-
described, and with prolonged protein-loading hyper-
trophy of the initial segments of the thick ascending
limb occurs.

As mentioned previously, cellular hypertrophy may
result from either cell cycle-dependent or -independent
mechanisms. Within the glomerulus, an increase in cell
size is predominantly due to cell cycle re-entry without
progression, whereas in the tubules there appears to be
a more significant contribution from the inhibition of
protein synthesis.

Glomerular Hypertrophy

Glomerular cell hypertrophy occurs during many
forms of chronic renal disease, and may herald the
development of glomerulosclerosis.130,196,197 Glomerular
diseases associated with glomerular hypertrophy
include diabetic nephropathy,198 minimal change
nephropathy,199 focal segmental glomerulosclero-
sis,200,201 and a reduction in renal mass.202 However,
there are clear differences in the prognosis of glomeru-
lar hypertrophy, depending on the underlying disease.
Following uninephrectomy, the hypertrophy is com-
pensatory, and is not typically associated with the
development of glomerulosclerosis. In contrast, the
hypertrophy of diabetic nephropathy antecedes and
probably underlies the development of glomerulo-
sclerosis.169 Diabetic nephropathy is the leading cause
of end-stage renal disease in Western countries, and is
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discussed further below. Pathological glomerular
hypertrophy leads to progressive glomerulosclerosis
and scarring by a number of different mechanisms.196

The increased metabolic rate of cells undergoing
hypertrophy results in enhanced mitochondrial oxy-
gen consumption, which may lead to tissue injury
due to the generation of reactive oxygen radicals and
the subsequent peroxidation of proteins and lipids.
The hypertrophy is often initiated by growth factors
that also stimulate the cells to increase production of
extracellular matrix components, such as type IV
collagen.

Diabetic Nephropathy

Diabetes mellitus is now the most frequent cause of
end-stage renal failure in Western countries, and the
pathogenesis of diabetic nephropathy is discussed in
detail elsewhere in this book. The focus of this chapter
is on the disordered cell growth seen in association
with diabetic renal involvement. The hallmarks of
human diabetic nephropathy are similar in both type I
and type II diabetes, and consist of mesangial cell
hypertrophy and podocyte loss, with accumulation of
extracellular matrix in the mesangium and tubulointer-
stitium, resulting in glomerulosclerosis and tubuloin-
terstitial fibrosis.203�205 Research has concentrated
principally on the ability of hyperglycemia and TGF-β
to induce mesangial cell hypertrophy, and more
recently the roles of RAGE206 and hyperinsulinemia207

have also been studied.

DIABETES AND MESANGIAL CELLS

HYPERGLYCEMIA In vitro culture of mesangial
cells in high glucose media causes cell cycle entry and
a biphasic growth response.208 Following initial prolif-
eration, the cells arrest in G1-phase, and there is pro-
gressive hypertrophy. Both kidney and glomerular
hypertrophy induced by hyperglycemia are associated
with an early and sustained increase in expression of
cyclin D1 and activation of Cdk4.209 An arrested cell
cycle suggests a role for the Cdk inhibitors in mediat-
ing hypertrophy, and indeed high glucose increases
the levels of both p21Cip1 210 and p27Kip1 211 in cultured
mesangial cells. This is mediated by a number of fac-
tors, including glucose itself, TGF-β, which then acts in
an autocrine fashion,212,213 and CTGF.214 High glucose
directly stimulates the transcription of p21Cip1,215 and
activates MAP kinases, which prolong the half-life of
p27Kip1 by phosphorylation on serine residues.216

Lowering p21Cip1 217 or p27Kip1 211 levels with antisense
oligonucleotides reduces the hypertrophic effects of
high glucose. Moreover, hypertrophy is not induced by
high glucose in p21Cip12/2 (unpublished observations)
and p27Kip12/2218 mesangial cells in vitro. Indeed, high
glucose increases proliferation in p27Kip12/2 mesangial

cells, whereas it arrests cell cycle progression in
p27Kip11/1 mesangial cells.218 Reconstituting p27Kip1

levels in p27Kip12/2 mesangial cells by transfection
restores the hypertrophic phenotype.218 These studies
show a compelling role for the Cdk inhibitors p21Cip1

and p27Kip1 in mediating the hypertrophy induced by
high glucose.

These in vitro findings have been confirmed in
experimental models of both type I and type II diabetic
nephropathy. Considering type I diabetes, the glomer-
ular protein levels of p21Cip1 are increased in the strep-
tozotocin (STZ)-induced model in the mouse,210 and
both p21Cip1 and p27Kip1 levels are increased in the glo-
meruli of diabetic BBdp rats.64 A similar increase was
noted in glomeruli of db/db mice215 and the Zucker dia-
betic fatty rat,219 models of type II diabetic nephropa-
thy. Diabetic p21Cip12/2 mice are protected from
glomerular hypertrophy.220 Diabetic p27Kip12/2 mice
have only mild mesangial expansion and no glomeru-
lar or renal hypertrophy compared to control diabetic
p27Kip11/1 mice, despite upregulation of glomerular
TGF-β.221 These results support a critical role for the
Cdk inhibitors p21Cip1 and p27Kip1 in mediating the
glomerular hypertrophy seen not only in association
with diabetes, but also as described in the following, a
reduction in nephron number.

TRANSFORMING GROWTH FACTOR β The cyto-
kine TGF-β has been shown in numerous settings to be
a key mediator of progressive fibrosis in renal dis-
ease.222�224 TGF-β also decreases proliferation in
mesangial cells, an effect that appears to be indepen-
dent of p21Cip1 and p27Kip1, and induces cell
hypertrophy.225�227 To determine the role of Cdk inhi-
bitors in mediating the hypertrophic effects of TGF-β,
mesangial cells derived from single and double null
mice were studied.226 Compared to wild-type mice,
hypertrophy was significantly reduced in double
p21Cip1/p27Kip12/2 mesangial cells. A less marked
reduction in hypertrophy was seen in the single
p21Cip12/2 and p27Kip12/2 cells. These results show
that although p21Cip1 and p27Kip1 each contribute to
the hypertrophic action of TGF-β, the presence of both
is required for maximal effect.

The expression of Cdk inhibitors has also been
explored in response to CTGF, considered to be a prin-
ciple mediator of the downstream effects of TGF-β.
Abdel Wahab et al.214 demonstrated that CTGF is a
hypertrophic factor for human mesangial cells, and
that this hypertrophy is associated with the induction
of p15INK4b, p21Cip1, and p27Kip1, with the maintenance
of pRb in a hypophosphorylated state.

Diabetes and Podocytes

Morphometric analyses have demonstrated that the
podocyte undergoes hypertrophy early in the course of
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both animal models of diabetic nephropathy219,228�230

and in human disease.140,231 This hypertrophy may be
in direct response to the metabolic changes associated
with diabetes or compensatory, consequent to the loss
of podocytes that is known to occur.232,233

At the level of the cell cycle, mRNA and protein
expression of p27Kip1 is increased in both cultured
podocytes exposed to high glucose, and in glomeruli
isolated from streptozotocin-induced diabetic rats.230

The p27Kip1 gene appears to be haplo-insufficient, as
diabetic p27Kip11/2 mice exhibited an intermediate
degree of functional and structural renal injury.234

High glucose also significantly increased angiotensin II
levels both in cell lysates and media compared with
normal glucose, and exogenous angiotensin II
increased p27Kip1 mRNA and protein expression.
Exposure of cultured cells and treatment of diabetic
rats with an angiotensin II receptor antagonist (ARB)
inhibited the increase in p27Kip1. Glomerular hypertro-
phy was also significantly prevented by ARB treat-
ment. It appears likely that similar cell cycle
mechanisms drive both mesangial cell and podocyte
hypertrophy in diabetic nephropathy, suggesting that
podocytes in this setting are also capable of engaging
the cell cycle.

Compensatory Glomerular Hypertrophy

A reduction in nephron number results in compen-
satory hypertrophy in the remaining viable nephron.235

Uninephrectomy does not alter the protein expression
of cyclins D1 or D2, nor of Cdk2 or Cdk4, when total
renal lysates are studied at day 7.236 However, there
may be a differential effect in specific renal compart-
ments,187 and an increase in tubular cyclin E�Cdk2
activity was demonstrated during compensatory
hypertrophy following uninephrectomy. Prior to
hypertrophy, severe renal ablation produced by 5/6
nephrectomy resulted in an early proliferative glomer-
ular response, associated with an increase in cyclin E
expression and phosphorylation of pRb.106

A role for the Cdk inhibitors is now emerging in the
pathogenesis of glomerular hypertrophy. Following
partial renal ablation, p21Cip12/2 mice develop glomer-
ular hyperplasia rather than hypertrophy and
increased intraglomerular pressure, with protection
from the development of progressive renal failure.237

Increased intraglomerular pressure is a final pathway
toward glomerulosclerosis in systemic hypertension,
diabetes, and focal segmental glomerulosclerosis
(FSGS). This glomerular hypertension causes stress-ten-
sion, or stretch, on resident glomerular cells, with dif-
fering consequences for the different cell types.
Exposure of mesangial cells to cyclical mechanical
stretch results in cell cycle entry and proliferation.238 In
contrast, mechanical stretch reduces cell cycle

progression and induces podocyte hypertrophy
in vitro.157 This is unchanged in p27Kip12/2 cells, but
hypertrophy was not induced in p21Cip1 and double
p21Cip1/p27Kip12/2 podocytes, indicating a require-
ment for p21Cip1. Stretch-induced hypertrophy
required cell cycle entry, and was prevented by specifi-
cally blocking Erk1/2 or Akt. However, it is not clear
whether podocyte hypertrophy represents a beneficial
adaptive response to raised intraglomerular pressure
or whether this change in podocyte phenotype is
accompanied by a disturbance in function that is detri-
mental to the glomerulus.

TUBULAR HYPERTROPHY

The compensatory growth capacity of the kidney
was known to the ancient Greeks: Aristotle (384�322 BC)
described that animals born with a single kidney have
a larger organ compared to those born with two. More
contemporary studies have documented that the
increase in renal size following nephron reduction by
disease or surgical resection is due primarily to proxi-
mal tubular epithelial hypertrophy.183,239 The initial
hypertrophic response is considered adaptive;77,235,240

however, with time persistent hypertrophy is associ-
ated with the infiltration of macrophages, T-cells, and
fibroblasts into the tubulointerstitial space.87,196 This
hypertrophy is no longer beneficial to organ function,
and the cellular infiltrate results in tubular atrophy and
tubulointerstitial fibrosis, the final convergent pathway
of many renal diseases of diverse etiologies.

Cell Cycle-Dependent Tubular Cell Hypertrophy

TRANSFORMING GROWTH FACTOR β

As in the glomerulus, TGF-β is an important media-
tor of tubular cell hypertrophy. The hypertrophy
induced by both angiotensin II and high glucose241 is
also dependent on TGF-β. TGF-β converts a mitogen-
induced proliferative response to cellular hypertrophy,
and this has been studied in detail in cultures of proxi-
mal tubule cells by examining the effects of epidermal
growth factor (EGF) plus TGF-β. TGF-β alone has an
antiproliferative effect on tubular cell growth, but does
not induce hypertrophy.242 EGF-induced hyperplasia is
associated with cell cycle entry, hyperphosphorylation
of pRb, and an increase in thymidine incorporation,
but no change in cell size or protein/DNA ratio.242 In
the presence of additional TGF-β, cell cycle entry is not
impaired and cyclin-E protein levels increase, but there
is no increase in DNA synthesis and pRb remains
hypophosphorylated, with arrest of the cells in mid- to
late-G1. Inactivation of pRb by expression of either
SV40 large-T antigen (inactivates both pRb and p53) or
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HPV E7 (inactivates pRb alone) prevents TGF-β from
converting EGF-induced hyperplasia to hypertrophy.
In contrast, inactivation of p53 alone with HPV E6 has
no effect on the induction of hypertrophy, confirming
the importance of pRb in the cell cycle arrest of tubular
cells resulting from TGF-β.

The maintenance of pRb in its hypophosphorylated
state suggests TGF-β modifies the activity of G1 kinases.
Consistent with the observation that cell cycle entry is
not impaired in the presence of TGF-β, TGF-β has no
effect on EGF-induced increase in Cdk4/6�cyclin D
kinase activity.243,244 However, there is no increase in
cyclin E kinase activity, with a decreased number of
Cdk2�cyclin E complexes and retention of p57, but not
p27 or p21, in those complexes that do form.

In summary, the proposed paradigm for the devel-
opment of hypertrophy in response to TGF-β in renal
tubular cells is as follows. After a proliferative stimu-
lus, there is cell cycle entry and activation of cyclin D
kinase. This is associated with an increase in protein
synthesis, and hence cell size. As the cell reaches mid-
to late-G1, if cyclin E kinase is sufficiently activated,
pRb is further phosphorylated and becomes inacti-
vated, allowing the cell to progress to S-phase and
hyperplasia to occur. However, in the presence of TGF-
β, cyclin E kinase is not sufficiently activated, pRb
remains hypophosphorylated, the cell is arrested, and
hypertrophy results.

ANGIOTENSIN II

Angiotensin II has an established role in stimulating
hypertrophy of proximal tubular cells, mediated by the
high-affinity AT1 receptor.245 Both angiotensin II and
EGF induce the expression of early immediate genes in
tubule cells, suggesting that angiotensin II-mediated
hypertrophy is also dependent on cell cycle entry.246

Indeed, angiotensin II-treated cells are arrested in G1,
and do not progress to S-phase,245,247 reminiscent of
cells exposed to TGF-β. It has subsequently been shown
that angiotensin II stimulates the transcription and pro-
tein synthesis of TGF-β in proximal tubule cells.248

Exposure of cells to a neutralizing antibody to TGF-β
abrogated the ability of angiotensin II to induce hyper-
trophy, demonstrating its dependency on the induction
and autocrine activity of TGF-β.248 In contrast to proxi-
mal tubules cells exposed to EGF and TGF-β, angioten-
sin II increases protein (but not mRNA) levels for
p27Kip1.249 To characterize the functional role of p27Kip1

in angiotensin II-mediated hypertrophy, proximal
tubule cells were cultured from p27Kip1 null mice,250

which responded to angiotensin II with cell cycle pro-
gression but no hypertrophy. Cdk4/6�cyclin D kinase
activity was stimulated in both wild-type and null
cells, but Cdk2�cyclin E kinase activity only increased
in the null cells, indicating that p27Kip1 inhibits this

complex, and is required for angiotensin II-mediated
hypertrophy of proximal tubular cells.

The mechanism by which angiotensin II increases
p27Kip1 expression has been studied in detail.251

Angiotensin II upregulates p22phox, a subunit of mem-
brane-bound NADPH oxidase, and hence increases the
concentration of intracellular reactive oxygen species.
This results in phosphorylation and activation of the
mitogen-activated protein kinases Erk 1,2, that in turn
leads to serine phosphorylation of p27Kip1.216,252 Serine
phosphorylated p27Kip1 has increased stability and
decreased degradation by the ubiquitin pathway.216

Atrial natriuretic peptide attenuates angiotensin
II-mediated p27Kip1 expression and proximal tubule
cell hypertrophy, by a mechanism that appears to
involve activation of the phosphatase MKP-1, which
dephosphorylates Erk1,2.253 The importance of this
pathway has also been shown in vivo.254 Infusion of
angiotensin II into normal rats for 7 days increased the
formation of reactive oxygen species in tubular cells
and augmented p27Kip1 expression. Immunostaining
for PCNA decreased, indicating G1 cell cycle arrest,
although hypertrophy was not observed.

As occurs with mesangial cells, a role for CTGF has
been described in mediating tubular cell hypertrophy
in response to angiotensin II. Systemic infusion of
angiotensin II into normal rats induced overexpression
of CTGF in glomeruli, tubules, and renal arteries, with
associated tubular injury and increase in fibronectin
expression.255 A similar effect was demonstrated in cul-
tured tubular cells, with angiotensin II acting through
the AT1 receptor. The importance of CTGF in angioten-
sin II-mediated hypertrophy was explored in detail by
another group using HK2 cells.256 Angiotensin II
induced CTGF expression, G1 cell cycle arrest, and cell
hypertrophy, which were reversed by treatment with
an anti-CTGF antibody. In addition to the well-
described roles in apoptosis and fibrosis, further detri-
mental renal effects of angiotensin II are likely to be
secondary to its recently described effects of cell cycle
arrest and hypertrophy.

A summary of the changes in cell cycle proteins occur-
ring in glomerular and tubular hyperplasia, and in cell
cycle-dependent hypertrophy, is shown in Table 28.1.
Data from knockout mice are shown in Table 28.2.

Cell Cycle-Independent Tubular Cell Hypertrophy

In addition to increased new protein synthesis, a
decrease in the rate of protein breakdown may contrib-
ute to cell hypertrophy.3 Within the kidney, this is best
characterized for tubular cells. Although diabetes and
acidosis are catabolic states, both are associated with
decreases in renal proteolysis, which makes a signifi-
cant contribution to the associated growth of the
kidney.257�259
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TABLE 28.1 Summary of Cell Cycle Proteins in Hyperplasia and Hypertrophy of Renal Cells

Cyclin CDK CDK Inhibitor

Experiment Increased Decreased No
Change

Increased Decreased No
Change

Reference

MESANGIAL CELL

Proliferation In vitro exposure to mitogens
(PDGF, bFGF)

D1, E, A p21 p27 p57 176,193,99

Animal models Cdk4,2

Thy1 D1, E Cdk4,
2

p15, p21 p27 200

Remnant kidney E, Cdk2 Cdk4 199

Suppression of
proliferation
hypertrophy

In vitro exposure to antimitogens
(TGFβ, SPARC, heparin)

D1, E, A
Cdk4, 2

p15, p21,
p27

193,203,246

In vitro exposure Glucose Cdk2 p21, p27 112,245

TGFβ p16, p21,
p27

201,248

CTGF p15, p21,
p27

1

Animal models

Type I diabetes (STZ mouse,
BBdp rat)

E, A p21, p27 112,248

Type II diabetes (db/db mouse,
Zucker rat)

Cdk2 p27 88,243

Apoptosis Cytoplasmic location of Cdk2 85

PODOCYTE

Immune injury In vitro exposure to C5b9 p21 43

Animals models

PHN A, Cdk2 p21 p57 176,98

Antiglomerular antibody A, Cdk2 p21, p27 p57 203

Proliferation In vitro exposure to HIV-1 D1 151

Human disease

Collapsing GN A p27, p57 10,202

Response to stretch In vitro D, A, B D, A p21,
p27, p57

171

TUBULAR EPITHELIAL CELL

Proliferation Animal models

Uninephroctomy E, Cdk2 122

Ischemic injury D1, D3, A,
B Cdk2, 4

137,164

UUO, cisplatin p21 164

Hypertrophy In vitro exposure EGF1TGFβ D, Cdk4 E 62,120
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An estimated 60% of total intracellular proteolysis in
renal tubular cells occurs by the ubiquitin�proteasome
pathway;260 however, this does not appear to be a
major factor in the regulation of proteolysis during the
hypertrophic response of renal tubular cells. Two lines
of evidence support an alteration in lysosomal function
as underlying the reduced proteolysis observed in cer-
tain cases of tubular hypertrophy, and a possible mech-
anism by which this occurs has recently begun to be
clarified.261 First, in addition to stimulating cell cycle
entry, EGF increases protein half-life by approximately
30% in cultured primary proximal tubular cells, pri-
marily by affecting lysosomal proteolysis.260 Second,
exposure of tubular cells to ammonia leads to alkalini-
zation of acidic intracellular compartments, including
lysosomes, thus modifying their function, and stimu-
lates hypertrophy that is independent of cell cycle
entry.262

Several studies have demonstrated proximal tubule
cell hypertrophy in response to ammonia in vitro,262�264

and renal ammonia synthesis is increased in several
apparently diverse clinical conditions associated with
hypertrophy.195,265 In chronic metabolic acidosis and
chronic hypokalemia, mitochondrial ammoniagenesis
is directly stimulated. In contrast, the increase in
ammonia in diabetes mellitus, following uninephrect-
omy and during protein-loading, is thought to be stim-
ulated by an increase in single-nephron glomerular
filtration rate (SNGFR). Cell culture studies involving

either reducing the media pH182 or lowering potassium
concentration266 do not induce hypertrophy, indicating
that it is not changes in the extracellular milieu per se
that initiate the hypertrophic growth response.
The results from direct application of ammonium chlo-
ride suggest that the accumulation of this molecule,
in response to acidosis or hypokalemia, drives the
development of hypertrophy. This hypothesis is sup-
ported by studies of hypertrophy in the setting
of chronic hypokalemia in the rat.267 In this model,
renal ammonia production is significantly increased.
Administration of bicarbonate both decreases the rate
of ammonia synthesis and the hypertrophy. Renal gen-
eration of ammonia has recently been studied in
patients with metabolic acidosis and normal renal
function.263 Compared to individuals with normal
acid� base balance, kidney protein degradation was
significantly lower and urinary ammonia excretion sig-
nificantly higher. As with cell and animal studies, it
was suggested that in human metabolic acidosis the
increased ammonia synthesis drives the decrease in
protein degradation, and is potentially responsible for
kidney hypertrophy.

What is the mechanism by which altered lysosomal
function affects protein degradation? Chaperone-medi-
ated autophagy allows lysosomal import of proteins
containing a specific consensus sequence, KFERQ, by
the binding of heat-shock cognate protein 73 (Hsc73) to
lysosomal membrane protein 2a (LAMP2a). In cultured

TABLE 28.2 Data from Knockout Mice

Experiment Outcome Reference

p212/2 Mesangial cells exposed to high glucose in vitro Resistant to hypertrophy —a

Animal models STZ diabetes Antiglomerular antibody
Remnant kidney Acute tubular injury (ischemia, UUO, cisplatin)

Reduced glomerular hypertrophy 3

Increased podocyte proliferation 100

Glomerular hyperplasia, not hypertrophy 135

Increased proliferation, worse renal function,
increased mortality

136

p272/2 Mesangial cells exposed to high glucose in vitro Resistant to hypertrophy 244

Mesangial cells deprived of growth factors Increased apoptosis 84

Animal models STZ diabetes Antiglomerular antibody Reduced glomerular hypertrophy 5

Increased mesangial cell proliferation and apoptosis 158

UUO Increased tubular apoptosis 158

p572/2 Unmanipulated animal Normal glomerulogenesis in embryonic mice 217,257,263

aUnpublished.
UUO: Unilateral ureteral obstruction.
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NRK-52E cells (a rat kidney epithelial cell line) exposed
to EGF or ammonia (but not TGF-β alone), there was
an increase in the half-life of KFERQ-containing pro-
teins261 associated with a decrease in total cellular and
lysosomal LAMP2a. Furthermore, declines in LAMP2a
and Hsc73 have also been demonstrated in lysosomes
isolated from the hypertrophied cortex of acutely dia-
betic rats, and was accompanied by an increase in
KFERQ-containing proteins.268 Other lysosomal path-
ways may also be affected during renal hypertrophy.3

EGF-induced suppression of proteolysis in NRK-52E
cells was prevented by inhibitors of Ras and PI-3
kinase, but not by inhibitors of MAP kinase or Src.269

PI-3 kinase and Akt activities are increased in the renal
cortex of diabetic db/db mice and correlate with hyper-
trophy.270 Products of the PI-3 kinase pathway control
membrane and protein trafficking, and the suppression
of chaperone-mediated autophagy may be part of a
generalized abnormality in trafficking to and from
lysosomes.

CONCLUSIONS

The last two decades have seen an explosion in our
understanding of the underlying mechanisms govern-
ing renal hyperplasia and hypertrophy which has liter-
ally burgeoned since 1991. The goal for the next 15
years will be to identify specific modifiable targets to
alter or even reverse these pathological processes.
Numerous agents have been demonstrated to be bene-
ficial in ameliorating the course of animal models of
disease, and the hope is that certain of these will trans-
fer to be of use in human disease. Indeed, Cdk2 inhibi-
tors are now in human trials for treatment of
proliferative glomerulonephritis. With the discovery of
drugs that target either the network of mitogens
responsible for stimulating abnormal cell growth or
specific cell cycle-regulatory proteins, potential thera-
pies may be on the horizon for patients with renal dis-
eases in which hyperplasia or hypertrophy is a
dominant feature. Much has been learned, but in addi-
tion to characterizing the role of conventional cyclins,
Cdks, and Cdk inhibitors, the challenge remains to
identify novel cell cycle proteins, determine their role
in renal disease, and the consequences of their
manipulation.
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EMBRYONIC ORIGIN OF RENAL CELLS

The idea that the kidney is an organ needs to be tem-
pered by the realization that it is the nephron that is the
organ. Each nephron, as far as we know, is independent
from other nephrons, and the kidney is to a first approx-
imation a collection of these mini-organs put together in
a complex three-dimensional assembly. The nephrons of
all mammals are remarkably similar in size, function,
and origin (as far as we know), and the differences
among species are largely if not entirely due to the num-
ber of these units in the assembly, with mice having
10,000 and whales having 250 million in each kidney.
But while the epithelial character of the nephron garners
most of the attention, one needs to be reminded that the
kidney has a very extensive vascular network with mul-
tiple distinct morphological and functional domains, as
well as an abundant interstitial cell population that
unfortunately is still poorly understood (see Kaissiling
and Le Hir1 for a review). While the taxonomy of the
renal epithelial cells is nearly complete, that of the cells
of the vascular and interstitial compartments awaits
detailed characterization. Hence, analysis of renal regen-
eration after injury, as well as search for putative renal
stem cells in the adult kidney, has essentially been
restricted to the epithelial compartment. However, as
epithelial cells are likely instructed by mesenchymal sig-
nals and epithelia-mesenchymal cross-talk is critical for
renal epithelial differentiation and function,2 there is a
need for deeper understanding of the cell types that
comprise the renal vascular and interstitial compart-
ments, and their roles in kidney homeostasis and repair
from injury. For example, in many organs including the
kidney, mesenchymal cells with characteristics of

precursor/stem cells have been found to reside near or
in the vascular wall,3�5 but the exact origin and normal
function of these cells is unknown.

The different cellular compartments of the adult kid-
ney have been traditionally recognized by their mor-
phological characteristics or by their embryonic origin,
since it was long ago recognized that the adult (meta-
nephric) kidney derives from two distinct elements of
the intermediate mesoderm: the metanephric mesen-
chyme and the ureteric bud. Within the kidney, the
ureteric bud gives rise to the collecting duct cells, while
some metanephric mesenchyme cells give rise to the
rest of the nephron.6 However, over the last few dec-
ades, the discovery of several genes that are expressed
in the restricted group of cells of the renal anlage has
allowed a different taxonomic approach that has
greatly illuminated our understanding of the distinct
cell populations in the adult kidney. Moreover, it has
allowed development of research tools with which it is
possible to probe in the adult kidney the function of
specific cells, of specific genes in specific cells, and
importantly for the present discussion, to identify the
daughter cells of different cell types by in vivo genetic
cell lineage methods. Thus, we briefly review the
embryonic origin of the distinct cells in the adult kid-
ney, emphasizing those aspects that might clarify the
origin of new cells in the adult organ.

Epithelial Cells

All epithelial cells of the adult kidney are believed
to derive from the intermediate mesoderm, from which
both the ureteric bud (a branch of the Wolffian duct)
and the metanephric mesenchyme originate. Renal

959
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00029-X © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00029-X


morphogenesis starts when the ureteric bud invades
the metanephric mesenchyme and starts branching.
The cells in the tip of each ureteric bud branch give
rise to the collecting duct cells and the metanephric
mesenchyme cells in contact with each ureteric bud tip
give rise, after a series of morphogenic steps, to the
cells of the remaining nephron segments spanning
from the connecting tubule to the glomerulus. The ure-
teric bud, like the Wolffian duct, expresses the homeo-
box gene HoxB7,7 and transgenic mice expressing
HoxB7-GFP or HoxB7-Cre recombinase have been used
to label most, if not all, of the cells in the ureteric bud
branches of the embryonic collecting duct,8 and their
progeny in the adult kidney.

The metanephric mesenchymal cells undergo simul-
taneous differentiation (to generate a nephron for each
ureteric bud tip) and growth, so that the appropriate
number of nephrons will be generated for the branches
of the ureteric bud. It was recently found that the meta-
nephric mesenchymal cells that are in contact with the
tips of the ureteric bud, referred to as the cap mesen-
chyme, are the progenitor cells of all nephron epithelia
(except the collecting duct). These cells were found to
express the transcription factors Cited19 and Six2,10

thereby allowing generation of transgenic mice that
label all nephron epithelial cells except those of the col-
lecting ducts. More relevant to the present discussion
is that these mice can be used to permanently identify
the progeny of adult nephron epithelial cells,9,10 thus
providing an invaluable tool for analysis of epithelial
cell regeneration after kidney injury and/or disease,11

as discussed below.

Mesenchymal/Stromal Cells

Like renal epithelial cells, the vast majority of the
stroma cells in the adult kidney derive from the inter-
mediate mesoderm12 that in the kidney gives rise to a
cell population that expresses the forkhead transcription
factor Foxd1.2,13,14 These cells generate many renal inter-
stitial cells, as well as mesangial cells, vascular smooth
muscle, pericytes, and renal capsule, and likely mesen-
chymal stem cells.5 Foxd1-expressing cells are absolutely
required for normal kidney development,2,13,14 and their
adult progeny is of extreme interest because it likely
contains pluripotent MSC5 and pericytes,4 although a
clear-cut distinction between these two cell types is not
yet possible. In addition, identification of Foxd1 as
marker of these cells has made it possible to develop
transgenic mice that can be used to label the stroma cell
progeny in the adult kidney.15

Another population of renal stromal cells derives
from the paraxial mesoderm,16 but the precise contri-
bution of these cells to the interstitial and mesenchymal
cell populations of the adult kidney remains to be

defined. Finally, an area of the intermediate mesoderm
located ventro�lateral to the dorsal aorta generates
renal interstitial cells that express the stem cell factor
receptor (c-kit).17 During embryogenesis, these cells
appear to be involved in the maintenance of the meta-
nephric mesenchyme-derived cells, but identification
of their progeny in the adult kidney remains to be
established.

Endothelial Cells

The renal circulation is both anatomically and func-
tionally complex, and likely contains many types of
endothelial cells. Their exact origin is still poorly-
understood. It is clear that once kidney development
starts, the renal anlage contains angioblats18,19 that give
rise to endothelial cells. It is currently unknown
whether these endothelial precursors migrate into the
developing kidney or differentiated from cells that
reside in the metanephric mesenchyme. The latter
appears more likely, as we found that many cells in the
renal anlage express tyrosine kinases that are character-
istic of adult endothelial cells.20 Interestingly, in addi-
tion to being endothelial precursors, angioblasts in the
renal anlage appear to provide signals important for
development and differentiation of the metanephric
mesenchyme.21 It is currently unknown if there exists
interaction in the adult kidney between endothelial
cells and either interstitial or epithelial cells that might
be involved in maintaining kidney homeostasis or
repair from injury. Recent work by Lin et al.22 suggests
that endothelial-to-pericyte cross-talk is involved in the
generation of kidney myofibroblats, as detailed below.

NEW CELLS IN THE ADULT KIDNEY

Normal Conditions

As assayed by a variety of methods, the normal
adult kidney has a low rate of cellular prolifer-
ation.23�26 Using antibodies to Ki67, a nuclear protein
expressed in cycling cells during G0 and G1, between
0.4�1% of all cells were cycling in the adult rat kid-
ney.24,25 Interestingly, age has a profound effect in the
abundance of proliferating cells found in the kidney.
Vogesterder et al.25 found that while only B0.4% of all
renal cells were positive for Ki67 in the kidneys of 16-
to 20-week-old rats, in animals that were only 4 weeks
old the number of cycling cells was B5%. This sug-
gests that in the kidney there is an age-dependent pro-
gressive decline in the number of cycling cells, and that
workers examining renal cell proliferation should take
into account the age of the animal as an important
variable.
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Proliferating cells in the renal cortex of 4-week-old
rats were found preferentially located to the S3 seg-
ment of the proximal tubule, when compared to the
S1 and S2 segments.25 This interesting result might
have important implications in designing strategies to
identify renal stem cells, a subject to which we will
return below. In contrast, in 1-year-old rats, we found
that most of the kidney parenchyma had a homo-
geneous fraction of B1% of Ki67 positive cells
Figure 29.1. There were two exceptions to this, how-
ever, the body of the papilla where there were
extremely low numbers of cycling cells (, 0.1% of the
cells were positive for Ki67), and the upper part of the
papilla (at the papilla�medullary junction), where we
found the highest frequency of cycling cells (B2.5%),24

indicating that it is an area of privileged cellular pro-
liferation in the adult rat. Detailed morphological
observations indicate that terminally differentiated
tubular epithelia cells can generate new cells,27,28 but
these observations don’t exclude the possibility that
there are epithelial stem cells.

Organ Repair from Injury

In contrast to normal conditions, the kidney displays
a remarkable proliferation capacity shortly after tran-
sient injury. For example, injury induced by 30�45 min-
utes of complete renal artery occlusion in rodents causes
functional failure, and widespread cellular apoptosis
and necrosis that are followed by diffuse cellular prolif-
eration and functional recovery. What is the origin of
these new cells? While the kidney has multiple cell
types, studies on the generation of new cells after injury
have fundamentally focused on the epithelial cells,
likely because of their better-understood functional
importance and easier identification. It is now estab-
lished that the new epithelial cells after kidney injury
develop from within the parenchyma, rather than being
derived from extrarenal sources such as the bone mar-
row,29,30 and thus three possibilities appear likely:
(1) any surviving terminally differentiated epithelial cell
can generate identical cells; (2) there exist kidney epithe-
lial stem cells capable of generating any epithelial cell
type, similar to what was found in the interfollicular
epidermis;31,32 and (3) pluripotent renal stem cells gen-
erate epithelial as well as other cell types, as in the case
of the stem cells in the bulge of the skin.33�36

Morphological observations35,37 and functional stud-
ies with nucleotide analogs27,38 have provided strong
evidence that terminally-differentiated epithelial cells
generate new epithelial cells after injury. More recent
elegant genetic cell fate-mapping studies have con-
firmed this suspicion; Humpreys et al.11 used reporter
mice in which the renal epithelial cell compartment
was labeled by a Cre recombinase driven by the pro-
moter of Six2, a gene that is specifically expressed in
embryonic epithelial precursors (see above), and exam-
ined their response to acute kidney injury. They found
that injury induced massive cellular proliferation, and
that all new epithelial cells expressed the reporter gene
(Figure 29.2). Since RT-PCR of adult kidney tissue
could neither detect Six2 nor Cre, it is apparent that the
labeled cells originated from epithelial cells labeled
previously during kidney development, thus excluding
the interstitial/stroma cell compartment as the origin
of new epithelial cells. Needless to say, this experiment
does not address whether there exists a group of
restricted epithelial cells that are responsible for all the
new epithelia generated after injury; these cells could
function as adult renal epithelial stem cells. In a recent
study, Humphreys et al.39 examined this possibility by
labeling cycling cells after transient kidney injury with
two different thymidine analogs administered sequen-
tially. Since the number of epithelial cells that were
positive for both nucleotides was very low, these work-
ers concluded that surviving epithelial cells repopulate
the nephron epithelium in a stochastic manner,
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FIGURE 29.1 Cellular proliferation in adult kidney. Top:
Kidney regions were examined for cellular proliferation. Bottom:
Fraction of Ki67-positive cells in different kidney regions. Cortex and
medulla had a similar number of Ki67-positive cells, but the lateral
side of the papilla had significantly more Ki67-positive cells than the
cortex and medulla, as well as the other regions of the papilla. The
middle and tip of the papilla had significantly fewer Ki67 positive
cells than other regions of the kidney. (From ref. [27].)
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suggesting that the nephron epithelia has no stem
cells.39 However, while control experiments clearly
showed appropriate specificity of both antibodies,
detection of closely related thymidine analogs during
conditions that, unlike in the control experiments,
probably result in incorporation of very different
amounts of the two analogs in a given cell are fraught
with potential problems. More importantly, their con-
clusion is based on the implicit assumption that a puta-
tive population of epithelial stem cells would be a
small fraction of the total number of cells. Under these
conditions, to repopulate the damaged epithelia the
stem cell progeny would need to divide rapidly, and
would thus incorporate both nucleotide analogs.
However, as detailed below, stem cells in Drosophila
Malpighian tubules are a very large fraction of the total
cells, and there is no reason why this may not also be
the case in mammalian kidneys. Similarly, in organs
other than the kidney such as the adult airway epithe-
lia, stem cells account for about one-third of the total
number of cells.40,41

Identification of the site where cellular proliferation
first starts after transient injury could potentially
facilitate identification of precursor/stem cells.
Unfortunately, for most insults that cause acute kidney
injury with functional failure, cellular proliferation has
most often been examined one or a few days after-
wards, at which time cell proliferation, while very
prominent in the S3 segment of the proximal tubule, is
also widespread in other parts of the kidney paren-
chyma, particularly the medulla.38,42�44

Following acute kidney injury by renal artery occlu-
sion we could not detect proliferating cells until B24
hours later when we examined kidney sections of
B5 μm thickness, as is done routinely. However, with

100 μm vibrotome sections, one hour after injury we
found that the upper part of the papilla had more pro-
liferative cells than other parts of the kidney24

(see Figure 29.3), suggesting that this is the site of ini-
tial cellular proliferation after kidney injury, which we
previously found to be the site of enhanced cell cycling
under normal conditions (see above). Interestingly,
Vinsonneau et al.45 reported that the first cells that they
found cycling after ischemia reperfusion injury to the
kidney were uro-epithelial cells in the upper part of
the urinary (intrarenal) space and neighboring intersti-
tial cells; detailed analysis with Ki67 and BrdU incor-
poration showed that these cells were proliferating
B16 hours after ischemic injury and B4 hours before
proliferation could be detected elsewhere in the kid-
ney. The site identified by Vinsonneau et al.45 is where
the base of the papilla attaches to the medulla, it is in
close proximity to the cortex, and appears to be the
same proliferating site we identified in the upper
papilla. Needless to say, identification of these “early”
proliferating cells and of their progeny would be of
extreme interest.

An additional observation merits mention. In the few
studies that identified the cells that first started prolifer-
ating after injury, either after transient ischemic injury44

or aminoglycoside toxicity,46,47 it is remarkable that in
all instances they were interstitial cells, perhaps suggest-
ing that some interstitial cell plays a critical role in
initiating epithelial regeneration. Indeed, the likelihood
of renal functional recovery after injury was found to
correlate with increases in the number of interstitial
cells, many of which were likely myofibroblasts.43,48,49

Although these results raise the possibility that myofi-
broblasts might be involved in epithelial regeneration,
other interstitial cells such as macrophages are known

Labeled
tubule Injury
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FIGURE 29.2 Surviving epithelial cells after injury generate new epithelial cells. (Left) New cells after acute kidney injury in mice with
genetically labeled epithelial tubules will not carry the label if they derive from cells outside the epithelial cell compartment (#1), but will carry
the label if they derive from terminally differentiated epithelial cells (#2). (Right) Fifteen days after transient ischemic injury and repair, there
was no dilution on the number of labeled cells (dark) despite marked cellular proliferation, indicating that they derived from epithelial cells.
(From ref. [14].)
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to be involved in kidney repair,50 and a detailed charac-
terization of the interstitial cell compartment following
transient kidney injury is lacking.

Effect of Age

For many organs, including the kidney,51 the capac-
ity to recover from injury decreases with age, an obser-
vation familiar to most practicing nephrologists. In
most organs, it remains to be determined whether this
is due to a decrease in the number of organ-specific
stem cells or to the inability of the stem cells to be acti-
vated, but recent work suggest that the latter is more
likely (reviewed by Liu and Rando52). For example, it
was recently found that aging muscle had a normal
number of satellite cells, but the cells failed to activate
in response to exercise.53 Interestingly, progenitor/
stem cells in advanced age can display a “young”
response by exposure to a young systemic environ-
ment,54 indicating that the changes responsible for the
functional decrease of precursor/stem cells are poten-
tially reversible.

While the effect of age on the renal proliferative
capacity after injury has not been studied in detail,
it appears that cell proliferation after acute kidney
injury decreases with age,55 in agreement with the
poor prognosis of recovery from acute kidney injury in
elderly patients.51 Mechanisms that could account
for these observations include telomere shortening56

and increased expression by renal epithelial cells of

zinc-α2-glycoprotein (Zag), an adipokine associated
with cachexia.58 To examine whether the poor regener-
ative capacity of the aging kidney is due to a decrease
in the numbers or in the functionality of putative renal
stem/progenitor cells awaits definitive identification of
these cells.

In sum, both during normal conditions and particu-
larly after transient kidney injury, the S3 segment of
the proximal tubule is a site of intense cell prolifera-
tion, suggesting the presence of progenitor cells in this
part of the nephron. In addition, the upper part of the
papilla and close to the urinary space is also a site of
robust cell cycling, both under normal conditions24 and
after transient kidney injury.24,45

IDENTIFICATION OF POTENTIAL
PRECURSOR/STEM CELLS IN THE

ADULT KIDNEY

Studies from several laboratories have presented
evidence characterizing renal precursor cells in
the adult kidney, but none of these cells meet strict
criteria for traditional adult, organ-specific stem cells;
i.e., asymmetric cell division and multipotency.
Nonetheless, since our ultimate aim is to understand
the origin of new cells in the adult kidney so that the
responsible mechanisms might be manipulated, these
studies are worth reviewing. In addition, the results of
these studies are likely to be useful for future work to
identify adult renal stem cells. Several strategies have
been used to identify and characterize adult kidney
precursor/stem cells, and the robustness of the
obtained results varies widely. In our view, the meth-
odological approach used for cell identification and/
or isolation of the cells best separates these studies.

Cellular Markers

Several workers have isolated cells from the adult
kidney using a candidate gene approach. For example,
Busolatti et al.59 used the transmembrane glycoprotein
Cd133, which is expressed in hematopoietic stem
cells, endothelial progenitor cells, neuronal, glial, and
glioblastoma stem cells, as well as some other cell
types (see Mizrak et al.60 for a review), to select cells
from the adult human kidney. The isolated cells
showed strong clonogenic capacity, and when subcu-
taneously transplanted to SCID mice formed tubules
which expressed some renal epithelial markers.
Finally, when the cells were injected intravenously
into mice with glycerol-mediated acute kidney injury,
they integrated into tubules. However, the functional
significance of the integration was not explored.

Upper papilla

Cortex
US

Medulla

BrdU

FIGURE 29.3 Cellular proliferation was first detected in the

upper papilla following kidney injury. There was a selective
increase of cells in S-phase in the upper papilla during the first hour
after transient ischemic injury. Note abundant BrdU-labeled cells in
the upper papilla, whereas the cortex and medulla revealed very rare
BrdU-labeled cells (US: urinary space). Photomicrographs were done
in 100 μm tissue sections obtained with a vibratome.(From ref. [27].)
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Using a somewhat similar approach, Dekel et al.61

used Sca-1, a protein identified in several progenitor
cells, to isolate a cell population from mouse kidneys.
However, because Sca-1 is also expressed in renal epi-
thelia, these workers used a collagenase digestion
approach that appeared to yield interstitial cells. The
in vitro differentiation of these cells suggested that
they were mesenchymal-like stem cells, since they dif-
ferentiated into myogenic, osteogenic, adipogenic,
and neural lineages. When injected into kidneys with
acute kidney injury, they also incorporated into
tubules.

In Vitro Growth Behavior

Several laboratories have isolated cells from adult
kidneys based on their characteristics when cultured
in vitro. For example, cells were selected because of
their high clonogenic potential, ability to outlast all
other cultured cells or their ability to change their phe-
notype. For example, Gupta et al.,62 cultured cells from
collagenase digested rat kidneys, and after B5 weeks
in culture they obtained a cell population with substan-
tial proliferative potential (which in fact was the char-
acteristic that lead to isolation of the cells) and
expressing transcription factors such as Pax-2 and Oct4
that are either involved in renal development or in
determining cell fate. When the cells were injected into
the subcapsular space of normal kidneys, some of them
incorporated into tubules.

Kitamura et al.63 used a slightly different strategy by
isolating single nephrons from adult rat kidneys and
culturing them in vitro. Cells growing out from these
nephrons were harvested and individually cultured;
and the clone with the fastest proliferation capacity
was characterized. These clonal cells expressed several
proteins important in kidney development and pro-
teins characteristic of mature nephrons. When the cells
were injected in the subcapsular region of a kidney
with acute kidney injury, the cells engrafted into renal
tubules.

More recently, Lee et al.64 used a mouse with a tar-
geted mutation in which GFP is expressed under the
control of Myh9, a gene expressed in interstitial cells
(among others). After isolation of the GFP1 cells from
the kidney and subsequent culture for eight weeks,
they isolated a cell line that expressed renal embryonic
or stem cell markers such as Oct-4, Pax-2, Wnt-4, and
WT-1. Immunolocation of the endogenous Oct-41 and
GFP1 cells in the kidney found them in the interstitial
space of the medulla and papilla. Finally, when the
cells were injected directly into kidneys after acute kid-
ney injury, they incorporated into tubules and partially
decreased the functional consequences of the injury.

In Vivo Growth Behavior

The hypothesis that adult, organ-specific stem
cells divide infrequently has been a powerful tool in
locating and identifying several stem/precursor cells.
According to this hypothesis, due to their low cycling
behavior, stem cells retain S-phase labels (tradition-
ally 3H-Thymidine or a thymidine analog such as
BrdU) when given as a short pulse followed by a
long time of chase. Recent work has, however, dem-
onstrated that there is more complexity than origi-
nally thought65�67 (see Fuchs68 for an informed
discussion), as not all stem cells are low cycling and
“label retention” experiments identify a heteroge-
neous group of cells. Nonetheless, populations of
“label-retaining cells” from several organs are
enriched for stem cells,66,69�72 and identification of a
“label-retaining” group of cells is of great interest. To
detect low cycling cells, an S-phase label is only
administered during a short period of intense growth
(e.g., embryonic life or shortly after birth), so that all
cells are cycling and incorporate the label; during the
subsequent period of chase the label is diluted and
lost by the progeny of dividing cells and selectively
retained by low- or non-cycling cells. Cells cycling
infrequently were thus named “label-retaining cells”
(LRC). Several investigators have used this approach
in the kidney.

Maeshima et al.38 administered BrdU for one week
to adult rats that were then “chased” for two weeks,
and found that there were many BrdU-retaining cells
the kidney parenchyma, particularly in the proximal
tubules. Following transient ischemic injury, most of
the tubular cells that were proliferating (expressing
proliferating nuclear antigen; PCNA) were also BrdU-
labeled cells. These results led Maeshima et al.38 to con-
clude that a “label-retaining” cell population was the
precursor of new cells during kidney repair from
injury. However, the long pulse and short period of
chase complicate the interpretation of these results. In
addition, the increased number of BrdU-labeled cells
after injury was likely due to detection of the cells
loaded with BrdU during the “pulse” plus their imme-
diate progeny after injury. Nonetheless, because a rela-
tively small population of cells were labeled during the
one-week “pulse” and many of these cells were also
PCNA positive after injury, this experiment suggests
that both during normal conditions and during repair
from injury a group of renal epithelial cells cycles at a
much higher frequency that most other epithelial cells.
This raises the possibility that these cells could be
adult, renal epithelial precursors.

We exploited the low cycling frequency of adult
stem cells by giving BrdU to newborn rats or mice
during a short pulse, and “chased” the animals to

964 29. STEM CELLS AND GENERATION OF NEW CELLS IN THE ADULT KIDNEY

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



adulthood.73 In addition, to circumvent the use of
BrdU, we24 also followed the suggestion of Tumbar
et al.74 and used transgenic mice that expressed a
fusion protein of histone 2B and GFP (referred as H2B-
GFP mice) under the control of a tetracycline-respon-
sive element. Pregnant females given doxycycline give
birth to pups where all cells are GFP1 cells, but when
these pups are chased to adulthood, only low-cycling
cells remain GFP1. As shown in the Figure 29.4, after
2�3 months of chase, label-retaining cells were only
found in the kidney papilla. When isolated, the cells
showed pluripotency and, like other stem cells, formed
spheres.24,73

Under normal conditions, most of these papillary
label-retaining cells (LRC) in the adult kidney are,
unsurprisingly, in growth arrest, but we found in the
upper papilla a small population of them that were
cycling24 (see Figure 29.5), indicating that they gener-
ate new cells and explaining that the number of papil-
lary LRC slowly decreased with age. In marked
contrast to the normally low-cycling frequency of the
papillary LRC, many of these cells proliferated shortly
after acute kidney injury, likely generating many
daughter cells, since after a few weeks the S-phase
label disappeared from the papilla (see Figure 29.6).
Hence, the cells we identified in the kidney papilla
showed two cycling characteristics: first, during nor-
mal homeostasis, the cells are low-cycling (and thus
they are LRC) except for a small population of them
that are cycling in the upper papilla; second, and in
marked contrast to normal conditions, may of the
papillary LRC start cycling shortly after injury. These
results strongly suggest that the population of LRC
of the kidney papilla is involved in kidney repair,
and that within the LRC cells are renal stem/precur-
sor cells.

Because the renal capsule contains a population of
nestin-expressing cells,75 and this intermediate filament
protein has been found in a variety of precursor cells,76

Park and co-workers77 searched for low-cycling cells in
this part of the kidney. They administered a short pulse
of BrdU to 4-week-old mice, and followed the pulse by
a chase period of two months. They found that the kid-
ney capsule had a sparse population of BrdU-retaining
cells which further characterization showed them to be
CD291, Sca-11, vimentin1, and nestin1, but that did
not express hematopoietic or endothelial markers.
These cells showed marked proliferative and clono-
genic capacities, and could differentiate towards
adipogenic, chondrogenic, and osteogenic lineages,
suggesting that they were MSC or MSC-like. The func-
tion of these cells in vivo remains unknown, and it
would be of great interests to determine whether kid-
ney injury induces their proliferation.

Cellular Function

Since first used to enrich for hematopoietic stem
cells,78�80 the Side Population discrimination assay has
been used to identify stem cells and progenitor cells in
a variety of organs and tumors.81 The assay can be use-
ful when stem cell-specific markers are not available,
and it is based on the differential ability of cells to
efflux a lipophilic fluorescent dye via the ATP-binding
cassette transporter protein ABCG2. Many stem/pre-
cursor cells rapidly efflux the Hoechst 33342 dye, a
process that can be blocked with ABC transporter inhi-
bitors. By flow cytometry, such cells are recognized as
being “Hoechst low” (versus “Hoechst high”) and as
they are a very small fraction of the total cells, they
were termed side population (SP) cells. Because the
assay is dependent on normal cellular metabolic func-
tion in freshly isolated cells, it is extremely challenging
(for a detailed discussion see Golebiewska et al.81), and
uncertainty exists about the significance of some of the
results. Nonetheless several workers have isolated SP
cells from the adult kidney.82�85 The frequency of
these cells has been reported to vary from B5%84 to
B0.1%.83,85 In one study, exogenous administration of
the isolated cells to mice with cisplatin-induced acute
kidney injury improved the kidney’s functional
response.84 These provocative results need further
analysis, particularly because the SP of the kidney
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FIGURE 29.4 Papillary LRCs in mice expressing histone 2B-

GFP. The kidney of an 11-week-old mouse pulsed with doxycycline
during embryonic life showed low cycling cells (i.e., GFP- retaining)
in the papilla but not the cortex or medulla. (From ref. [27].)
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appears to show considerable heterogeneity.83

However, the kidney is a transporting organ with a
large number of ABC-type transporters expressed in
several of its segments including ABCG2, the putative
transporter of the Hoechst33342 dye. Hence, the pres-
ence of cells that pump the dye out may not be the best
marker for progenitor cells.

Another cellular function that has been exploited to
isolate putative renal stem/precursor cells is the alde-
hyde dehydrogenase activity (ALDH). This enzyme oxi-
dizes intracellular aldehydes (for a review see Sophos
and Vasiliou86), and it is believed to have a role in cel-
lular differentiation by its ability to oxidize retinol to
retinoic acid.87 Hematopoietic, neural, and some cancer
stem/precuror cells were found to have high ALDH
enzymatic activity.88 Similarly, Lindgren et al.89

recently isolated from the human kidneys cells with
progenitor characteristics. Using an ALDH enzymatic

assay in suspensions of renal cortical cells deprived
of glomeruli, they separated the cells into ALDHlow

and ALDHhigh populations. Interestingly, transcription
analysis of the populations showed that one of the
most upregulated genes in the ALDHhigh cells was
Cd133, a membrane protein found in some progenitor/
stem cells and used to isolate other renal progenitors
(see above and the section on podocyte precursors
next). In vitro, the cells showed some stem/precursor
cell characteristics, but of particular interest is their
finding by immunohistochemistry that there is a popu-
lation of Cd133-positive cells scattered through the
proximal tubule, clearly showing that there is some
heterogeneity in the proximal tubular cells. Analyses of
kidney biopsies of patients with acute tubular necrosis
showed that in areas of regeneration tubular cells posi-
tive for Cd133 in their luminal membrane were fre-
quently found to be also positive for vimentin in their

GFP GFPKi67 Ki67
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FIGURE 29.5 LRC in the upper papilla from chains of proliferating cells. LRCs (GFP1: top) and proliferating cells (Ki67-positive: middle)
in the upper papilla. The merged image shows that several cells are positive for both Ki67 and GFP (arrows). Broken white line depicts papil-
lary edge (US: urinary space). (From ref. [27].)

FIGURE 29.6 Proliferation of papillary LRC after transient ischemic injury. Cellular proliferation of papillary LRC after transient renal
ischemia. Thirty-six hours after ischemic injury, many LRC of the papilla (FITC fluorescin) were cycling and labeled by a Ki67 antibody (rhoda-
mine) (Scale bars: 50 μm). (From ref. [76].) .
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basolateral membrane. Since tubular epithelial cells
expressing vimentin have been observed during the
recovery phase of acute kidney injury,90,91 it is possible
that these Cd133- and vimentin-expressing cells might
be specialized epithelial precursors.

Podocyte Precursors

It had long been assumed that in adult kidneys
podocytes, the specialized epithelial cells that surround
the glomerular capillary loops, have extremely low or
no cycling activity. Yet, these cells are clearly renewed
because they can be captured in the urine of normal
subjects.92 Interest in the origin of podocytes and their
life cycle has been spurred by observations that their
numbers can decrease during diseases caused by sev-
eral mutations that disrupt their proteins, leading to
glomerular sclerosis (reviewed by D’Agati93). In addi-
tion, it was recently found that a variable fraction of
the cells in the glomerular “crescents” (layers of abnor-
mal cells attached to the Bowman’s capsule) often pres-
ent in glomerulonephritis were found to express
nestin.94 Since normal podocytes express nestin, these
results raised the possibility that cells in crescents
might derive from podocytes or that podocytes and
cells in crescents share a common lineage. Regardless,
these interesting observations suggested that both
podocyte loss and/or their uncontrolled proliferation
might be involved in renal diseases.

Analyzing human kidney sections, Sagrinati et al.95

found that a subpopulation of the parietal epithelial
cells of Bowman’s capsule expressed Cd24 and Cd133,
two cell surface proteins found in a variety of adult
stem cells. Isolation of these cells from glomerular cul-
tures showed them to possess high cloning efficiency
and some differentiation potential. In addition, when
the cells were intravenously administered to mice with
acute kidney injury, there was improvement in the
morphological and functional renal response.95,96 The
observation that some epithelial cells in the parietal
side of the Bowman’s capsule had progenitor charac-
teristics led to the hypothesis that these cells could be
podocyte precursors.97,98 With this in mind, Ronconi
et al.98 analyzed human kidneys sections, and con-
firmed that a group of cells in the parietal epithelia of
the Bowman’s capsule expressed Cd133 and Cd24
and that, in contrast, fully differentiated podocytes
only expressed proteins used to identify them such
as nestin, complement receptor-1, and podocalyxin.
Interestingly, they also identified a third cell popula-
tion that expressed Cd133, Cd24, and podocyte mar-
kers, suggesting that it could be a podocyte precursor.
Isolation of these three different cell populations by
FACS using Cd133, Cd24, and podocalyxin and their

culture in vitro showed that a cell clone derived from a
cell only positive for Cd133 and Cd24 contained cells
that expressed both tubular epithelial markers and
podocyte markers. In contrast, clones of cells derived
from cells positive for Cd133, Cd24 plus podocalyxin
only expressed podocyte markers. When these two dif-
ferent types of cells were intravenously administered
to mice that had received the podocyte toxin adriamy-
cin, they found that cells only positive for Cd133 and
Cd24, but not cells positive for Cd133, Cd24, and podo-
calyxin, were capable of reducing urinary protein
excretion and morphologic damage. Finally, labeling
the cells with vital dyes showed that the former, but
not the latter, localized to glomeruli. These results
were interpreted as indicating that in adult kidney,
podocytes derive from a precursor cell population that
resides in the parietal epithelium of Bowman’s capsule.
One might conclude that the study shows heterogene-
ity in the parietal epithelial cells of Bowman’s capsule,
and that in vitro these cell types express different
genes. The mechanism responsible for the functional
recovery after cell injection and its significance is hard-
er to define, since the large majority of epithelial cells
administered intravenously are likely to lodge into the
lung vascular bed.

The hypothesis that parietal epithelial cells might
migrate into the glomerular capillaries and differenti-
ate into podocytes was also examined by Appel et al.97

in a detailed and elegant study. These authors reported
that in adult rats, cells that had morphological charac-
teristics of both glomerular parietal epithelial cells and
podocytes could be detected by electron microscopy in
the glomerular vascular stacks. That these cells could
be transitional cells between parietal epithelial cells
and podocytes was examined in 10-day-old mice with
a variety of approaches. By immune-detection they
found that some cells had markers of both parietal epi-
thelial cells and podocytes. Administration of BrdU to
young rats for two weeks showed that, while a sub-
stantial number of parietal epithelial cells were labeled
with BrdU, only B0.5% of podocytes were labeled.
However, as the animals aged, the number of BrdU1

parietal epithelial cells decreased, while that of BrdU1

podocytes increased, suggesting that the latter derived
from the former. In a final genetic fate-mapping experi-
ment, these workers generated triple-transgenic mice
in which labeling of the parietal epithelial cells and
their progeny could be temporarily controlled by doxy-
cycline administration. In 5-day-old and 10-day-old
mice they found that the number of podocytes that
derived from parietal epithelial cells increased as the
animals aged. This elegant study provides strong evi-
dence that podocytes derive from parietal epithelial
cells, at least in the young. This is a very exciting result,
because even if this process only occurs at very young

967IDENTIFICATION OF POTENTIAL PRECURSOR/STEM CELLS IN THE ADULT KIDNEY

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



ages, understanding of its controlling mechanisms
might allow its modulation. An additional conclusion
appears also important; it is clear that as our under-
standing of the homeostasis of the renal cell popula-
tions advances, the distinction between embryonic and
adult lives is becoming less clear-cut than previously
believed (i.e., “development” appears to be a life-long
process), a subject to which we return below.

Because a variety of glomerulonephritis types are
associated with hyperplasia of Bowman’s capsule (a
histological finding long ago termed “crescents”), the
possibility that unregulated proliferation of a precursor
cell could be responsible for their generation was
examined. In a study of human kidney biopsies, the
hypercellular lesions of crescentic glomerulonephritis
were analyzed with antibodies and RT-PCR after laser
capture of the lesions.99 The authors found that these
lesions contained three kinds of cells: Cd1331, Cd241,
podocalyxin2 and nestin2 (presumed podocyte precur-
sors), Cd1331, Cd241, podocalyxin1 and nestin1

(named intermediate cells), and finally, Cd1332, Cd242

but podocalyxin1 and nestin1 (same profile as that of
differentiated podocytes). When the lesions were
examined for the presence of proliferating cells with a
Ki67 antibody, most of the cells that were cycling were
only positive for Cd1331, Cd241. Further, in vitro,
Cd1331, Cd241, podocalyxin2 and nestin2 cells
responded robustly to TGFβ induction of extracellular
proteins. These results were taken as evidence that gen-
eration of glomerular crescents is likely due to
proliferation of “podocyte progenitors.” In a related
experimental study, Smeets et al.100 induced crescentic
glomerulonephritis in triple-transgenic mice in which
parietal epithelial cells and their progeny could be
labeled by the administration of doxycycline. In these
mice, “crescents” could be detected to be positive by
enzymatic X-gal staining, strongly suggesting that
these cells derived from epithelial cells of the
Bowman’s capsule. In contrast, podocyte genetic label-
ing experiments did not show that the cells in the cres-
cents derived from podocytes. These interesting results
strongly suggest that some cells in the parietal epithe-
lium of the Bowman’s capsule, and not the podocytes,
proliferate in response to injury.

However, in a fascinating study, Ding et al.101 found
that deletion of the product of the von Hippel-Lindau
gene (Vhlh, encoding VHL) specifically in podocytes
caused glomerulonephritis with crescent formation.
Loss of VHL stabilizes the hypoxia-inducible factor
(HIF) α-subunit and activates hypoxia-response genes.
Of great interest is their finding that the cells in the
crescents were derived from podocytes; this was ele-
gantly shown by laser-capture of the crescents and
PCR demonstrating the rearrangement of the genomic
DNA induced in the podocytes (a tour de force control

experiment which unfortunately is rarely done). In
addition, because the gene expression profile revealed
induction of Cxcr4 expression in glomeruli, Ding and
co-workers overexpressed this receptor in podocytes;
this resulted in podocyte proliferation and glomerulo-
nephritis. This extremely interesting study therefore
indicates that under some conditions, podocytes can
proliferate, likely by the effect of Cxcl12 (SDF-1) the
ligand of Cxcr4, and that their proliferation can lead to
“crescent” formation.

Renal Mesenchymal Stem Cells and/or Pericytes

Mesenchymal stem cells (MSC) from the bone mar-
row were originally characterized by their ability to
adhere to culture surfaces and when cultured with
appropriate differentiation media, by their differentia-
tion potential into adipocytes, osteoblasts, chondro-
cytes, and, sometimes, myoblasts. In other organs
including the kidneys, MSC identification and charac-
terization remains to be formalized, since they might
be a heterogeneous population that expresses a variety
of cell surface markers.5 Nonetheless, there is wide-
spread interest in MSC because, in addition to their dif-
ferentiation potential, they appear to be present in
most if not all organs4,5 including the kidney,5,102 and
their precise function remains to be defined. They pref-
erentially locate in the perivascular space4,5 of even
large blood vessels such as the aorta and vena cava,5

and have pericycte-like characteristics.3 In the kidney,
mesangial cells also have MSC-like characteristics,5 and
might be the glomerular cells that express Cd1461 and
Cd1332 found by Bruno et al.103 in glomeruli. Because
of their perivascular location and mesenchymal origin,
pericytes are difficult to distinguish from MSCs, and
how these two cells differ and relate is still poorly-
understood. Although true renal pericytes can only be
unambiguously identified by their anatomical location
surrounding capillary endothelial cells, these cells have
been implicated in myofibrobalst generation during
renal fibrogenesis,15 and are discussed in detail below.
In organs other than the kidney, pericytes have been
found to have MSC-like characteristics,104 and in the
most detailed study to date, perivascular cells from
skeletal muscle, bone marrow, and adipose tissue were
found to express several pericyte markers, as well as
MSC markers and MSC differentiation potential,4 sug-
gesting that MSC and pericytes might be the same cells
in different locations. It has been shown that during
tooth growth and in response to injury, pericytes can
give rise to MSC, although in the same organ MSC
have an additional, pericyte-independent origin,105 so
that lineage analysis between MSC and pericytes is
likely to be complex. In the kidney, mesangial cells,
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vascular smooth muscle, pericytes, and likely, MSC
derive from the Foxd1 embryonic cellular compartment
described above but as stated, the exact relationship
among these different cells remains to be defined.

It is currently unknown whether renal pericytes/
MSCs generate daughter cells important for normal
kidney homeostasis or for repair from injury.
However, recent studies showing that pericytes cha-
racterized as Cd731, platelet-derived growth factor
receptor1 and smooth muscle actin negative, give rise
to myofibroblasts during renal fibrosis15 have gener-
ated a great deal of interest, a finding that we discuss
below. However, morphological observations indicat-
ing the transient presence of myofibroblasts after tran-
sient kidney injury43,106 suggest that these cells, long
studied from a pathogenic perspective, might also be
involved in organ repair, a possibility that we believe
deserves attention. Regardless, since like other organs,
the kidney contains perivascular cells that are peri-
cytes, MSC or their immediate progenitors,15 their full
characterization and role in normal renal homeostasis
and if any, in organ repair from injury, would be of
great interest.

POTENTIAL SITES HARBORING RENAL
STEM CELLS

Given the kidney’s anatomical complexity, identifi-
cation of stem cells within it might be facilitated by
focusing on sites that might harbor them. Several strat-
egies are possible to locate candidate sites, but we
believe that current evidence already suggests the pres-
ence of sites likely to contain stem cells.

Highly Proliferative Regions

Because many adult stem cells are low-cycling (see
37 and 107 for recent reviews), to generate needed new
cells they frequently give rise to an immediate progeny
that experience several “transit amplifying” (TA) divi-
sions prior to their differentiation. In this way, many
new cells can be regenerated from infrequent stem cell
cycling. Hence, adult stem cells can be located close to
sites of increased cell cycling. Indeed a seminal discov-
ery in this field showed that there was postnatal
neurogenesis in the granular zone of the dentate gyrus
in the hippocampus,57 and led to the discovery that the
subgranular zone harbored neural stem cells (reviewed
in Zhao et al.108). Hence, proliferative regions during
normal homeostasis or after kidney injury are good
candidates to harbor renal stem cells.

After nephrogenesis is completed in young rats and
during normal homeostasis, it was found that the S3

segment of the proximal tubule displayed high cycling
activity25,28: over a two-week period in 4-week-old rats,
90% of the cells of the S3 segment had cycled, a
remarkable rate of proliferation. While this may reflect
morphogenetic requirements of a growing kidney, the
high proliferative capacity of these cells raises the pos-
sibility that they could be “transit amplifying” daugh-
ter cells of a proximal tubule stem cell. Other findings
support that the S3 segment of the proximal tubule
might contain stem cells. Shortly after several types of
kidney injury, high proliferation activity was particu-
larly prominent in cells from the S3 segment.25,42,43

Moreover, Gupta et al.62 found cells in the cortico�
medullary junction which expressed Oct-4 and had
progenitor characteristics, and Kitamura et al.63 iso-
lated a highly proliferative cell type from the S3 seg-
ment of rat kidneys that, at least in vitro, also expressed
precursor cell markers. Whether these putative stem
cells relate to the recently described podocyte precur-
sor (see above) or renal proximal tubule progenitors95

remains to be determined.
The S3 segment of the proximal tubule is of addi-

tional interest as a potential site to harbor renal stem
cells, because indirect determinations of oxygen ten-
sion have shown that this part of the nephron surpris-
ingly exists in a hypoxic environment quite different
from other parts of the kidney cortex.109 A low oxygen
tension is characteristic of sites where stem cells in
other organs reside, a subject that we discuss below.

To determine whether the adult kidney contained
regions of increased cell proliferation, we used kidneys
of one-year-old rats, because we reasoned that fully
grown older animals would not have proliferating cells
needed for organ growth. We found cycling cells by
staining for Ki67, a marker of cellular proliferation.24

As shown in Figure 29.1, Ki67-positive cells were rare
in the cortex and medulla, and were solitary and of a
similar frequency (B1 % of the total cells). In contrast,
the papilla showed marked heterogeneity in its abun-
dance of Ki67-positive cells; they were extremely rare
in its tip and middle part (B0.1 %), but were readily
apparent in the upper part of the peripheral papilla,
adjacent to the urinary space (US) where the kidney
parenchyma forms a narrow angle which provides an
easily identifiable landmark and the papilla meets the
medulla; it is also very close to the kidney cortex. In
this region, and unlike other areas of the kidney, Ki67-
positive cells frequently formed chain-like structures
and accounted for B2.5 % of the total cells, a signifi-
cant difference from other parts of the kidney. When
cellular proliferation was assayed 24 hours after label-
ing cells in S-phase by administration of a single dose
of BrdU, proliferating cells were very rarely detected in
the cortex and medulla but again, the lateral part of the
upper papilla consistently contained cycling cells; i.e.,
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BrdU-labeled (not shown). We also obtained similar
results in kidney of six-month-old rats.

Interestingly, after acute kidney injury, the lateral
part of the upper papilla is also the site in which we
first detected the increased cell cycling that follows
injury; rats were subjected to 45 minutes of unilateral
kidney ischemia, following which were given a single
dose of BrdU and sacrificed one hour later. Thus, only
cells that were in S-phase during this hour could be
labeled, and using 5 μm kidney sections, we saw only
equally rare labeled cells in normal kidneys or in the
kidneys subjected to ischemia. However, examination
of 100 μm vibratome sections showed abundant cells in
S-phase in the upper papilla (Figure 29.3), next to the
urinary space (US) only in the kidneys subjected to
ischemia. In the aggregate, these results indicate that
the lateral upper part of the kidney papilla contains
more proliferating cells than other parts of the kidney
under normal conditions, and that it contains the first
cells that start cycling in response to transient injury.
As reviewed above, Vinsonneau et al.45 found that the
first intrarenal area that contains Ki67 positive cells
after ischemia reperfusion injury was the uro-epithe-
lium and adjacent interstitial space in the upper part of
the urinary space at the papilla�medullary junction.

In sum, because of their proliferative behavior, both
under homeostatic conditions and during repair from
several types of kidney injury, the S3 segment of the
proximal tubule and the lateral part of the upper
papilla are domains of the kidney where stem cells
appear likely to reside.

Stem Cell “Niches”

Adult stem cells receive critical signaling from their
immediate microenvironment, a domain that is distinct
from the rest of the organ (see Morrison and
Spradling110 for a review). In these locations (referred
to as “niches”), stem cells interact with other cells and
the extracellular matrix, a process that is best under-
stood in the Drosophila germline stem cells (see Fuller
and Spradling for a review111). The stem cell “niche”
provides positional information that regulates both
proliferation activity and cell fate identity, and in fact it
can even redirect cell fate similar to what often hap-
pens during embryogenesis.112 While characterization
of mammalian stem cell niches is still very limited,
some common motifs are emerging that might be use-
ful to identify the location of renal stem cells. Among
those, a hypoxic environment is a prominent character-
istic. Several organ-specific stem cells such as hemato-
poietic stem cells113�115 and neural stem cells116 reside
in hypoxic regions, and a large body of in vitro work
has shown the critical role of oxygen on stem cell

regulation (see Mohyeldin et al.117 for a review).
Moreover, in both hematopoietic stem cells and neural
stem cells, it was recently found that regulation of the
oxygen-sensitive gene HIF-1α is critical for the cells’
maintenance and fate decisions.114�116,118

The kidney parenchyma possesses steep oxygen gra-
dients,119 and variations in renal oxygenation are
undoubtedly sensed as they regulate erythropoietin
synthesis. While direct determinations of oxygen ten-
sion in the kidney papilla have not been reported, it is
likely that papillary pO2 ranges are B4�10 mmHg.119

The presence of low-cycling cells in this very hypoxic
environment24,39,73,120 and that many of these cells
express nestin,24 an intermediate filament protein iden-
tified in a variety of progenitor/stem cells,76 suggests
that the papilla harbors renal stem cells. Interestingly,
using a nestin-GFP-expressing mouse,75 nestin1 cells
were detected in large clusters within the papilla, along
the vasa rectae and, at least in vitro, these papillary nest-
ing-expressing cells were found to migrate upwards in
the papilla towards the cortex, an observation compati-
ble with our in vivo experiments with vital dyes in
which we found upward migration of papillary cells,
some of which were “label-retaining cells”.24

Several other findings also suggest that the kidney
papilla is a niche for renal stem/precursor cells. Dekel
and co-workers61 isolated a population of purportedly
renal stem cells from the renal interstitium that
expressed the stem cell antigen-1 (Sca-1) and were
enriched for β1-integrin; when the cells were located
in vivo, they were found to be particularly abundant in
the renal papilla. Using a different approach, Lee
et al.64 identified a renal interstitial cell that expressed
several potential renal progenitor cell markers, such as
Oct-4, Pax-2, Wnt-4, and WT-1. In vivo, Oct-41 cells
were located in the medulla as well as in the papilla,
leading these authors to suggest that the interstitium in
these regions of the kidney is a “niche” for renal stem
cells. Finally, and with a very different approach,
Curtis et al.121 examined whether cells from different
regions of the kidneys were equally capable of contrib-
uting to cell regeneration after acute kidney injury.
These workers isolated from mice constitutively
expressing β-galactosidase in certain cells from the kid-
ney cortex, medulla or papilla, and implanted them
under the capsule of kidneys subjected to ischemia-
reperfusion injury. Seven days later, implanted cells
deriving from the three different regions of the kidney
could be detected in the tubules of the renal medulla,
but cells obtained from the papilla exhibited the most
robust engraftment. These results suggest that cells
deriving from all regions of the kidney might contrib-
ute to the reparative response of the organ after injury,
and that some cells in the papilla are particularly capa-
ble of contributing to repair and might be stem cells.
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RENAL STEM CELLS IN NON-MAMMALS

Renal Progenitors in Fish

Unlike mammals, fish appear to be capable of gener-
ating new nephrons during adult life, and their kid-
neys possess a clearly identifiable “nephrogenic
zone”.122 This zone decreases in volume as the animal
ages, likely because the nephron number increases
with age.123 In addition and of great interest, the
nephrogenic zone can be stimulated in adult fish. For
example, in the little skate the cellular proliferation and
morphological complexity of the zone increased after
partial nephrectomy,122 a process that resembled
embryonic nephrogenesis in mammals. While this mor-
phological response strongly suggests de novo genera-
tion of nephrons, confirmation that new and functional
nephrons developed remains to be established.
Following acute kidney injury due to gentamicin, zeb-
rafish can regenerate their nephrons, a process that
starts shortly after injury with expression of wt1b (the
zebrafish homolog of Wilm’s Tumor 1) in individually
dispersed cells of the mesonephric interstitium.123

These studies suggest that the fish could be a useful
model to explore mechanisms of kidney repair where
one can derive information that might facilitate identi-
fication of mammalian adult renal stem cells. Indeed,
in a recent elegant study, Diep et al.124 used zebrafish
to search for potential nephron precursor cells. They
reasoned that if adult kidney contains nephron pro-
genitors these cells could be transplanted. They
induced acute kidney injury by gentamicin administra-
tion, and performed a series of transplant experiments
using cells from transgenic fish expressing reporters
such as EGFP or Cherry with cdh17, thereby locating
the fluorescent reporters in the distal nephron. When
they injected unpurified whole kidney marrow cells
(53 102 cells), mostly comprised of non-tubular inter-
stitial cells, they found that the donor cells generated
new nephrons in the host in 100% of the cases
(Figure 29.7). Nephron number increased with time
after injection and at later times, donor-derived
nephrons were found at sites distal from the injection
site, indicating that the cells migrated. Importantly,
they found that these donor-generated nephrons con-
nected to the host renal tubules and to the host’s circu-
lation, as shown by the fact that they could filter
fluorescent dextran. Because in cell transplantation
experiments it is frequently impossible to be certain
that fusion of donor and recipient cells did not occur,
to exclude this possibility Diep et al.124 injected Cherry
labeled cells into EGFP recipients and found that all
engrafted nephrons were Cherry1 and EGFP negative,
indicating that cell-to-cell fusion did not take place. To
identify the cells responsible for the genesis of new

nephrons, the authors examined the zebrafish homo-
logs of transcription factors know to be expressed in
the mammalian renal vesicles (the precursors of the
nephron). They found that kidneys from adult zebra-
fish transgenics expressing lhx1:EFGP (the homolog of
Lh1/Lim 1125,126) contained B100 aggregates of B30
EGFP1 cells per kidney. Examination of the evolution
of these aggregates showed that they emerged from the
assembly of B3-4lhx1:EFGP1 cells that expanded to
form a renal vesicle (expressing wt1b, the homolog of
mammalian WT1), which in turn elongated into a
nephron. Interestingly, laser ablation of a single aggre-
gate of lhx1:EFGP1 cells prevented nephron formation
without affecting neighboring nephrons, indicating
that lhx1:EFGP1 cells are required for nephrogenesis.
However, transplantation of single lhx1:EGFP1 cells to
conditioned hosts failed to engraft, but transplantation
of aggregates of lhx1:EFGP1 cells generated nephrons.
Thus, lhx1:EFGP1 aggregates contain nephron progeni-
tors and several cells are needed to generate a nephron.
Whether the cell aggregates are clonal or contain
several nephron progenitors with more restrictive
differentiation potential is unclear. Nonetheless, dem-
onstration in adult zebrafish of nephron progenitors
capable of kidney regeneration and identification of
their “genetic signature” is likely to facilitate design of
new studies searching for renal stem cells in adult
mammalian kidney.

Renal Progenitors in Invertebrates

The nephron is the basic structure of the vertebrate
kidney, but many insects have tubular excretory sys-
tems with “nephron-like” features, suggesting that at
least some components of the vertebrate kidneys derive
from invertebrate ancestors. In addition, to regulate the
composition of hemolymph, Drosophila has filtration
cells that possess fly orthologs of the major compo-
nents of the slit diaphragm, indicating that these cells
are podocyte-like.127 The similarity of the fly’s excre-
tory system to that of the nephron in vertebrates sug-
gests that analysis of renal stem cells in Drosophila
might be of considerable interest. Indeed, Singh
et al.128 used lineage tracing, molecular marking analy-
sis, and BrdU incorporation to follow the fate of the
different cells in the Malpigian tubules of adult flies.
These tubules contain four types of cells, and Singh
et al.128 found that one type of cell was multipotent
and could generate all the cell types of the Malpigian
tubules of adult flies, indicating that they are renal
stem cells. Singh et al. additionally found that auto-
crine JAK-STAT signaling in the renal stem cells regu-
lated their renewal, and absence of signaling promoted
their differentiation with loss of the stem cell
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population. Of great interest was their additional find-
ing that these stem cells are present in the lower
tubules and ureters, very much resembling the initial
location of the nephron precursors recently identified
in zebrafish,124 and raising the possibility that the
sharp distinction currently being made in mammalian
adult kidneys between collecting ducts and the rest of
the nephron might require re-evaluation. Also remark-
able is that these stem cells are a large fraction of the
total number of cells of the Malpighian tubules, rather
than the anticipated small minority, another character-
istic worth noting for workers on the renal stem field.

NEW CELLS IN DISEASED KIDNEYS

Renal Fibroblast and Myofibroblasts

In addition to dendritic cells, the normal adult kid-
ney contains a network of interstitial fibroblasts and
other cells that remain poorly-characterized, as they
are technically difficult to detect and there is no general
agreement on markers that identify them.1 However,
during many kidney diseases the renal interstitial com-
partment changes dramatically, with a marked increase
in the number of renal fibroblasts and the invasion of
the interstitium by a new type of cell called a myofibro-
blast. Myofibroblasts have fibroblast-like characteris-
tics, but also express α smooth muscle actin (αSMA),
and are believed to have great migratory capacity. It is
currently thought that the marked proliferation of
fibroblasts and myofibroblasts plus the expansion of
their secreted extracellular matrix, i.e., renal fibrogen-
esis, is itself pathogenic as it disrupts the normal renal
architecture and is the final common pathway of many
kidney diseases. Indeed, expansion of the fibroblast
and myofibroblast populations and the extracellular
matrix are tightly correlated with the slow and

inexorable progressive loss-of-function that charac-
terizes many kidney diseases. There is thus great inter-
est in the mechanisms responsible for appearance of
these cells during diseases.

Several possibilities have attracted attention. First,
the cells might derive from resident renal interstitial
“fibroblasts.” In this view, the disease process induces
fibroblast proliferation and in some of them, a change
in their phenotype that results in expression of αSMA.
Detailed morphological studies suggest that at least in
some forms of renal fibrosis, such as that due to unilat-
eral ureteral obstruction (UUO), this is likely the
case.129 More recent genetic cell fate tracing studies by
Humphreys et al.15 have suggested that myofibroblasts
after unilateral ureteral obstruction (UUO) or after
acute ischemic kidney injury derive from interstitial
cells that are likely pericytes, since they were positive
for Cd73 and platelet-derived growth factor receptor β
(PGDFR β). Interestingly, pericyte differentiation and
proliferation appears to be dependent on endothelial
cell action, since blockade of their VEGF receptor 2
attenuates the fibrogenic process.22 However, while
Cd73 and PGDFR β appear to be present in most peri-
cytes, there is no definitive marker profile for these
cells, as they can only be unambiguously identified by
their location around capillary endothelium. Moreover,
new studies have shown that most, if not all, organs
possess a population of perivascular mesenchymal
stem cells,4,5 and the distinction between these cells
and pericytes is poorly-understood (see Corselli
et al.130 for a review). Hence, whether myofibroblasts
solely derive from resident interstitial fibroblasts, peri-
cytes, mesenchymal stem cells or from a combination
of these cells remains to be clarified, and must await a
detailed characterization of these three interstitial cell
types.

Another possibility is that myofibroblasts could
derive from bone marrow mesenchymal stem cells

FIGURE 29.7 The kidney of the adult zebrafish contains progenitor cells that generate new nephrons. (a) Transplantation assay. Whole
kidney marrow cells mostly comprising interstitial cells were isolated from genetically labeled donors. (b) Injection of the cells into recipients
with damaged nephrons due to genatmicin injection resulted in donor-derived nephrons. (From ref. [127].)
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(MSC); i.e., cells characterized by their ability to differ-
entiate into adipocytes, osteoblasts, chondrocytes, and,
sometimes, myoblasts. While Iwano et al.131 found a
small number of bone marrow-derived fibroblasts in
the renal interstitium, little additional evidence has
been obtained to support that bone marrow precursor
cells could be the origin of the myofibroblasts.

Another possible origin of the renal fibroblasts and
myofibroblasts found in kidney diseases is that they
derive from renal epithelial cells by epithelial-mesen-
chymal transition (EMT), a process in which epithelial
cells lose the ability to maintain close contacts with
their neighbors as well as apico�basal polarity, and
instead develop a mesenchymal phenotype that
includes migratory capacity. The process of EMT is of
course widely used during embryogenesis and in some
disease processes, particularly cancer (for a recent
review see Thiery et al.132). It is of great interest that in
nonrenal cells, it has been found that EMT might gen-
erate cells with the properties of stem cells,133 but this
possibility appears not to have been examined in the
kidney.

There is little doubt, at least in vitro, that epithelial
cells from both embryonic134 and adult kidneys15,135

can undergo EMT. However, there is currently a
debate whether this process might generate fibroblasts
and myofibroblasts in vivo (see Kapus and Quaggin136

and Kriz et al.137 for informed discussions).
Morphological and cell marker studies during renal
fibrosis have provided some evidence supporting EMT
in vivo, both in experimental models90,138�142 and in
human diseases,90,91,143,144 but other studies have failed
to support this.129,145 The most robust method cur-
rently to determine whether myofibroblasts might
derive from renal epithelial cells is based on studies
using genetic cell fate analysis. In these studies epi-
thelial cells are genetically labeled so that their progeny
(e.g., fibroblasts or myofibroblasts) can be easily identi-
fied. Using the UUO model of renal fibrogenesis,
Iwano et al.131 found that a substantial number of renal
fibroblasts derived from renal epithelial cells.
However, three subsequent studies with UUO plus
other models of renal fibrogenesis and using different
epithelial genes to drive Cre recombinase and label epi-
thelial cells in reporter mice found no evidence that
renal fibroblasts and myofibroblasts derived from epi-
thelial cells.15,146,147 There is currently no clear explana-
tion for these conflicting results, and it is apparent that
additional studies are needed.

Finally, another potential origin of renal fibroblasts
and myofibroblasts are endothelial cells. Genetic cell
fate experiments have shown that Cre recombinase
driven by Tie2 (a tyrosine kinase receptor believed to
be endothelial-specific in the adult) identified a
reporter gene in renal fibroblasts in UUO and

streptozotocin-induced renal fibrogenesis.148,149 This
unexpected result is of particular interest, because
adult endothelial cells have been shown to have the
capacity to transform into mesenchymal stem-like cells
by activation of activin-like kinase-2,153 and two
ligands well-known to be involved in renal fibrogen-
esis, TGFβ and BMP4, phosphorylated activin-like
kinase-2 and induced a mesenchymal phenotype in
cultured endothelial cells.150

This brief survey shows that the precise origin of the
renal fibroblasts and myofibroblasts during renal dis-
eases remains undefined, and given the medical impor-
tance of this issue additional studies are needed.
Needless to say, it is also likely that these cells might
have more than one origin. While studies based on
morphology and/or cell identification by cell-specific
markers offer at best indirect evidence, genetic-based
cell lineage tracing experiments have their own poten-
tial pitfalls (see the review by Matthaei151). In particu-
lar, two potential problems might complicate their
interpretation. The first is that it is assumed that the
reporter gene is expressed in all cells and for the dura-
tion of the animal’s life, as well as during the disease
process. Definitive proof of this is lacking and, for
example, in the adult kidney, the robustness of the
reporter expression in the Rosa26 locus (frequently
used to introduce the reporter gene) was found to be
less than anticipated (152 and our unpublished results).
In addition, cell fate-mapping studies can give
markedly different results depending on the genetic
construct of the reporter.153 The second, and potentially
more confounding, problem in the interpretation of
genetic cell-fate analyses is that the gene used to acti-
vate the reporter gene is chosen because of its restricted
expression to a specific cell type during embryogenesis,
and lack of expression during adult life and after
injury, when the analysis is done. However, the possi-
bility that the gene is activated later in life or by the
disease process in a small number of cells might be
very difficult to detect.

KIDNEY REPAIR BY EXOGENOUS
STEM/PRECURSOR CELLS

While analysis of the kidney’s ability to repair from
injury has naturally focused on the intrinsic renal cell
population, reports that cells derived from the bone
marrow could generate new renal cells and perhaps
contribute to organ repair generated a great deal of
interest.154�157 However, subsequent studies have
firmly established that most if not all the new cells gen-
erated after kidney injury derived from other renal
cells.29,30 Nonetheless, and stimulated from work in
other organs, the possibility that exogenous cells might
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either facilitate kidney repair or diminish the conse-
quences of injury has been examined in multiple stud-
ies. Indeed, clinical trials with bone marrow-derived
MSC are already underway or in planned stages in a
variety of diseases, particularly for myocardial infarc-
tion, but also including the kidney (http://www3.
niddk.nih.gov/fund/other/akiworkshop/). In experi-
mental animals, the potential therapeutic effect of sev-
eral cell types in acute kidney injury has been
examined under a variety of protocols.

Mesenchymal Stem Cells (MSC)

When HSC and bone marrow-derived MSC were
administered to mice it was found that the latter, but
not the former, protected the animals from the func-
tional consequences of acute kidney injury due to cis-
platin.156 Multiple studies have confirmed that
extrarenal MSC can either diminish the functional con-
sequences of acute kidney injury or accelerate recovery
of kidney function after injury. In addition to MSC
derived from the bone marrow,23,158�161 MSC from
human cord blood162 or even the kidney163 have been
shown to be effective. In these studies, acute kidney
injury was induced by several methods and the cells
were administered through a variety of routes: intrave-
nously, intra-arterially and by direct intrarenal injection.

What are the potential mechanisms by which exoge-
nous MSC might protect the kidney from injury or facili-
tate its repair? Although initial observations suggested
incorporation of the cells into the renal parenchyma,156

more recent studies have shown that their mechanism
of action is likely to be that the cells provide endocrine/
paracrine factors, perhaps growth factors23,161,164 or
chemokines such as IL10.161 In this view, the mechanism
of action of the MSC would be similar to that of directly
delivering growth factors in transient kidney injury
(reviewed by Hammerman and Miller165). Unfortunately,
very little information is available on the identity of
these beneficial factors, and whether MSC are more or
less effective than isolated growth factors alone.

Another possible mechanism is that the transplanted
MSC might modulate the host immune response by
effects on macrophages,166,167 dendritic cells,168,169

T-cells168 or B-cells.170 Given the complexity of the kid-
ney’s response to the insults used to induce functional
acute renal failure, it is apparent that there might be
multiple mechanisms whereby exogenous cells could
protect this organ from injury or facilitate its repair. An
additional problem complicating analysis of these stud-
ies is that because MSC are identified a posteriori (based
on a variety of characteristics such as high proliferation
capacity and ability to differentiate into several mesen-
chymal lineages) there are no strict identification

criteria for the administered cells, making comparison
across studies extremely difficult.

Regardless, given the clinical severity and epidemio-
logical importance of acute kidney failure, the finding
that MSC can improve its evolution is of extreme inter-
est, and studies that illuminate their mechanisms of
action are urgently needed. Work in other organs has
begun to provide answers. In an elegant study in myo-
cardial repair from ischemic myocardial infarction, Lee
et al.171 found that human MSC (hMSC) administered
intravenously acutely embolized into the lungs where
they upregulated multiple genes, including the anti-
inflamatory protein TSG-6 (the product of tumor
necrosis factor-stimulated gene 6). Similar to the obser-
vations in kidney injury, the injected hMSC reduced
the myocardial inflammatory response to ischemia,
decreased infarct size, and improved myocardial func-
tion. Administration of recombinant TSG-6 had similar
effects as hMSC, but hMSC that were transduced with
TSG-6 siRNA did not. This interesting study provides a
detailed mechanistic explanation of why hMSC facilitate
myocardial repair without engraftment into the organ,
and opens new therapeutic avenues for research.

Other Bone Marrow-Derived Cells

Earlier experiments with bone marrow-derived stem
cells (other than MSC) suggested that they could ame-
liorate the functional consequences of transient acute
kidney injury.154 While the possibility that these cells
exerted this effect by generating significant numbers
of renal epithelia cells has been ruled out,29,30 their
mechanism of action remains unexplained and little
explored. Lie et al.172 used human Cd341 hematopoi-
etic stem/progenitor cells isolated from peripheral
blood after granulocyte colony stimulating factor mobi-
lization, and injected them into mice. They found that,
whereas the cells did not localize to normal kidneys,
they did so in injured kidneys. Moreover, administra-
tion of the cells increased cellular proliferation in the
injured kidneys, accelerated kidney functional recov-
ery, and increased animal survival. The exact mecha-
nism(s) whereby these cells exerted these effects
remain to be determined, and many possibilities exist.
For example, in the heart where bone marrow-derived
cells also had significant regenerative effects, their
action appears to be mediated by resident cardiac stem
cells. In a model of myocardial infarction by coronary
ligation, Loffredo et al.173 administered a population of
purified c-kit1 bone marrow-derived cells and found
that they stimulated endogenous cardiomyocite pro-
genitors. These progenitors are capable of differentiat-
ing into several cell types, including cardiac muscle
cells, and their stimulation resulted in improved
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cardiac repair and enhanced function. In contrast, MSC
were unable to stimulate endogenous myocardial
progenitors.

Kidney Cells

A variety of studies have examined whether admin-
istration of cells derived from the kidney might facili-
tate this organ’s repair from injury. All the cells used in
these studies possess some “precursor/stem” charac-
teristics, but were poorly-characterized and even their
exact in vivo location is somewhat uncertain.
Administration of cells derived from the S3 segment of
the proximal tubule had no effect on the functional
response to acute kidney injury due to ischemia-reper-
fusion.62,63 However, when the kidney was injured by
cisplatin, subcapsular transplantation of the cells facili-
tated kidney functional recovery.174

Several studies have used cells from the kidney that
were captured by their expression of Cd24 and Cd133,
either from embryonic kidney175 or adult kidneys.95,96

In these studies, intravenous administration of the cells
facilitated kidney functional recovery from rhabdomy-
olysis induced by glycerol administration. Lee et al.64

used a renal interstitial cell population expressing
Oct4, Pax2, Wnt 4, and WT1 (discussed above), and
found that intrarenal injection of the cells markedly
blunted the functional consequences of kidney injury
from transient ischemia.

What is to be concluded form these experiments
with exogenous cells? That the administration of MSC
might improve the kidney’s functional response to
injury appears well-established; however, that of other
bone marrow cells or renal-derived cells appears to be
less robust. Significant problems in many of these stud-
ies include: (1) poor characterization of the cell popula-
tion used; (2) less than ideal monitoring of the kidney
functional response, notoriously difficult to do in mice;
and (3) lack of analysis of where the majority of the
injected cells locate. Most cells injected into the renal
artery are retained by glomeruli176 and the vast major-
ity of intravenously injected cells remain in the
lungs.171 The recent discovery that under specific cul-
ture conditions, MSC reduce their size such that when
they are injected intravenously they can cross the pul-
monary circulation166 is a finding that may allow the
systemic delivery of MSC to the kidney. It is of course
possible that injected cells that locate at sites other than
the kidney might be responsible for the observed bene-
ficial effects on renal function. Regardless of the loca-
tion and potential mechanism of action of the injected
cells, these initial results suggesting that exogenous cell
therapy might be beneficial in acute kidney injury need
confirmation and further analysis.

CONCLUDING REMARKS

Whether the adult mammalian kidney contains stem
cells that self-renew and are pluripotent is currently
unknown. However, given its multiple cell types and
by analogy with other organs, it is very likely that renal
stem cells might indeed be present. In contrast to
the mammalian kidney, it is established that the
Malpighian tubule of Drosophila contains true stem
cells, and that the zebrafish kidney can be regenerated
from a small number of specialized epithelial precursor
cells, strongly suggesting that it also contains stem
cells. Most work searching for a renal stem cell has
focused on the epithelial cellular compartment, likely
because of its understood important functional role
and the relative ease with which it can be identified.
However, the adult kidney also contains an abundant
population of interstitial cells that are just now begin-
ning to be understood; the discovery that the transcrip-
tion factor Foxd1 (Bcl2) is expressed during embryonic
development in many of these cells has provided an
important new research tool that should illuminate
their role.

While bona fide adult stem cells in the mammalian
kidney remain to be identified, several observations
suggest that some stem/precursor cells exist in
several locations. Perhaps the best evidence that a
specialized precursor exists is in the glomerular
podocytes, although it also appears likely that, at least
under pathological conditions, podocytes themselves
can generate other cell types. Perhaps podocytes are
not solely terminally-differentiated cells, but can
give rise to other cell progeny. A surprisingly variable
cell identity was recently discovered in some of the
progeny of hair follicle stem cells; these daughter cells
were found to return to the stem cell niche and serve
as future stem cells.177

Confirming classical morphological observations,
new genetic cell lineage tracing experiments have pro-
vided strong evidence that after acute kidney injury
epithelial cells give rise to new epithelia cells, but it
remains unclear whether there exist distinct epithelial
stem/precursor cells. In fact, multiple observations are
compatible with the presence of specialized epithelial
progenitors/stem cells in the S3 segment of the proxi-
mal tubule. Is it possible that some of the conflicting
results could be explained by the presence of two types
of stem/precursor cells: one that normally divides to
provide new cells during homeostatic conditions and a
low-cycling stem cell that is activated during organ
repair, as appears to be the case in other organs (see
Fuchs68 and Li and Clevers107 for reviews)?

Finally, several lines of evidence strongly suggest
that the kidney papilla is a “niche” for renal stem cells.
This very hypoxic part of the kidney contains many

975CONCLUDING REMARKS

II. STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE KIDNEY



low-cycling cells (identified as “label-retaining cells”)
that slowly disappear as the animal ages, and that after
acute kidney injury quickly start cycling and markedly
decrease in number after repair. While in vitro charac-
terization of these cells has shown them to have many
properties of stem/precursor cells, no array of specific
cell markers can yet identify them, so that their identity
and the identity of their progeny remains to be defined.
It is our hope that genetic cell lineage analysis will
allow us to answer these questions.
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INTRODUCTION

From the late distal convoluted tubule, connecting
tubule, and throughout the collecting duct, Na1 exits
the urinary space by passive diffusion through an api-
cal membrane epithelial Na1 channel, referred to as
ENaC. Na1 exits cells across basolateral membranes
via the Na1,K1-ATPase. Koefoed-Johnson and Ussing
initially proposed this model of electrogenic transe-
pithelial Na1 transport, with diffusion of Na1 across
an apical membrane conductance pathway, in 1958.1

Studies using both noise analysis and single channel
recordings demonstrated the presence of apical mem-
brane Na1 selective ion channels.2�4 Subsequent to the
cloning of ENaC, knockout studies have confirmed
the role of ENaC in the reabsorption of filtered Na1 in
the distal nephron, as well as its role in facilitating
renal K1 secretion.5�7

Electrophysiologic Characteristics

The basic electrophysiologic characteristics of epi-
thelial Na1 channels have been defined using both
macroscopic and single channel studies, and are pre-
sented in Figure 30.1. ENaCs are Na1- and Li1-perme-
able channels that exhibit negligible K1 conductance,
with a single channel conductance of 4 to 5 pS at room
temperature with Na1 as the charge carrier.3,8,9 These
channels exhibit a slight increase in open probability
under hyperpolarizing membrane potentials.10,11

ENaCs characteristically exhibit long open and closed
times, in the order of seconds to tens of seconds,
although a population of ENaCs has been described
that has brief open times and long closed times
that likely represent channels that have not been
processed by proteases.11�13 Channels are blocked by

submicromolar concentrations of amiloride, a pyrazi-
noylguanidine derivative.14,15 Amiloride is a weak base
and has a pKa of 8.8 in water. It is the charged, or pro-
tonated, form of amiloride that blocks ENaC.15 Other
organic weak bases, including triamterene, trimetho-
prim, and pentamidine also inhibit ENaC.16�19

Biochemical and Molecular Characteristics of
ENaC

Amiloride was first demonstrated to inhibit electro-
genic transepithelial Na1 transport in 1968.14 With an
IC50 of B100 nM, amiloride and several related com-
pounds proved to be highly selective Na1 channel
inhibitors.15 Prior to the cloning of ENaC subunits, sev-
eral different approaches were used to isolate a Na1

channel complex.20�22 The relationship of this channel
complex to ENaC is still unclear, although antibodies
raised against a subunit of the cloned Na1 channel
have been observed to recognize a polypeptide within
the purified channel complex.23

The molecular characteristics of this channel were
elucidated in studies from Canessa and co-workers
and Lingueglia and co-workers in 1993 and 1994.9,24�26

An expression cloning technique led to the identifica-
tion of a cDNA, termed α ENaC, whose cRNA induced
expression of amiloride-sensitive Na1 currents when
injected into Xenopus oocytes.24,25 However, Na1 cur-
rents were lower than expected. Two subsequent
cDNA clones were isolated based on their ability to
complement α ENaC cRNA in the expression of
amiloride-sensitive Na1 currents in Xenopus oocytes,
and were termed β and γ ENaC.9 Xenopus oocytes co-
injected with the three cRNA species expressed amilor-
ide-sensitive Na1 channels with characteristics nearly
identical to that of Na1 channels expressed in renal
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cortical collecting tubules and in cultured cell lines
derived from the distal nephron. Na1 currents were
not observed when either the β- or γ-subunits were
expressed alone.

The three ENaC subunits are likely derived from a
common ancestral gene, given their limited (B30 to
40%) sequence identity. ENaC subunits have been
cloned from a variety of species, including rat, human,
mouse, rabbit, guinea pig, chicken, cattle, sheep, sala-
mander, clawed African frog (Xenopus laevis), and
bullfrog.9,24�34 The human α-subunit gene Scnn1a
spans 17 kb on human chromosome 12p13. The β- and
γ-subunit genes Scnn1b and Scnn1g are closely linked
on human chromosome 16p12-p13.35,36 The genes
encoding the three ENaC subunits have a conserved
exon�intron architecture, with 13 exons.37,38 Splice var-
iants have been described that alter the cytoplasmic N-
termini or alter the extracellular domains.39�41 Variants
that result in a termination codon in the region coding
the extracellular domain of the α-subunit have also
been reported.41�43 Some of these variants are associ-
ated with a reduction or loss of channel activity when
expressed in heterologous systems, and with an auto-
somal recessive loss of function phenotype (pseudohy-
poaldosteronism) in humans.42

ENaC/Degenerin Gene Family

Canessa and co-workers noted that ENaC subunits
were related to genes identified in Caenorhabditis elegans
that participate in mechanosensation specific mutations
of which result in degeneration of selected neu-
rons.44�46 ENaCs belong to the ENaC/Degenerin gene

family (Figure 30.2). There are two additional ENaC
subunits, referred to as δ and ε, that appear to be func-
tionally related to the α-subunit. δ ENaC is a proton-
activated channel expressed in primates, although its
physiologic role is still unclear.47,48 The ε-subunit was
identified in Xenopus, and has an altered Na1 self-inhi-
bition response suggesting altered gating properties.49

Members of this family also include genes identified in
C. elegans that are involved in mechanosensation (mecs
and degs) or control of defecation rhythm (flrs);
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FIGURE 30.1 Biophysical properties of epithelial Na1 channels. (a) Whole-cell currents were recorded in Xenopus oocytes expressing αβγ
ENaC that were bathed with NaCl, LiCl or KCl solutions. Current-voltage curves are shown on the right. (b) Single channel recording was per-
formed with cell-attached patch and NaCl in the pipette (Recordings in part (a) are reprinted with permission from ref. [170]).
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FIGURE 30.2 Phylogenetic tree of the ENaC/DEG superfamily.

Family members are grouped into six subfamilies: ENaCs: RPK
(ripped pocket)/PPK (pickpocket), expressed in Drosophila; FLR:
expressed in C. elegans; ASICs or acid-sensing ion channels; FaNaCh:
a peptide-gated channel expressed in marine snails; and degenerins:
expressed in C. elegans.
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H1-gated channels (referred to as acid-sensing ion
channels (or ASICs)) that are expressed in mammalian
central and peripheral nervous systems and have a role
in nociception, mechanosensation, fear-related behav-
ior, and seizure termination;50�55 a family of 16 genes
expressed in Drosophila, referred to as pickpocket,
that may have roles in airway fluid clearance,
mechanosensation, salt sensation, and detection of
pheromones;56�61 and peptide-gated channels expres-
sed in marine snails.62�64

Structure and Function of ENaC

Each ENaC subunit has only two predicted mem-
brane spanning domains, similar to the topology of
members of the Kir family of K1 channels, and mem-
bers of the P2X family of purinergic receptors that are
ligand-gated ion channels65,66 (Figure 30.3). Three inde-
pendent groups published topologic analyses of ENaC
subunits.67,68 Each subunit has intracellular amino and
carboxyl termini and two α helical membrane spanning
domains connected by a large extracellular domain.
The cytoplasmic domains have kinase phosphorylation
sites, as well as protein�protein and protein�lipid
interaction motifs that affect channel gating or
trafficking.

Jasti and colleagues resolved the crystal structure of
ASIC1, a member of the ENaC/Degenerin family.69,70

Although initially lacking the N- and C-terminal cyto-
plasmic regions, this structure provided important
insights into the structural organization of ASIC and
related family members, including ENaC. ASIC1 is a
trimer, suggesting that ENaC has a subunit stoichiome-
try of α1β1γ1, in contrast to the higher ordered stoichi-
ometry that had been proposed based on biophysical
and biochemical studies.71�74 The extracellular region
is a highly ordered structure that resembles an out-
stretched hand containing a ball, and has clearly
defined domains termed wrist, finger, thumb, palm,
knuckle, and β-ball69 (see Figure 30.3). Jasti et al. sug-
gested that ASIC1 proton-dependent gating occurs in
conjunction with conformational changes within the
thumb and finger domains, which are transmitted to
the transmembrane domains.69 The three ENaC subu-
nits contribute residues that line the channel’s pore.
The resolved ASIC1 structure suggests that the chan-
nel’s gate resides in the outer part of the pore,70,75 in
the vicinity of the “degenerin” site where the introduc-
tion of bulky residues in: (1) ENaC subunits; (2) mec4
or mec10 (a component of the mechanosensitive chan-
nel in C. elegans); and (3) ASIC subunits result in a dra-
matic increase in channel open probability.46,76�79

ASIC1 is the only member of the ENaC/Degenerin
gene family whose structure has been resolved.69 This

structure provides a starting point to generate models of
ENaC subunits. Kashlan and co-workers have built mod-
els of the extracellular region of the α-subunit of ENaC
based, in part, on homology to ASIC1.80�82 The extracel-
lular regions of ENaC subunits and ASIC1 are reason-
ably homologous, except in the finger domain. For
example, the α-subunit of ENaC has 73 additional resi-
dues when compared to ASIC (see 81,82). The α-subunit
is proteolytically processed at specific sites within its fin-
ger domain, releasing an inhibitory tract.83�85 To deter-
mine the molecular architecture of the α-subunit finger
domain, sites within α ENaC that interact with an 8 resi-
due inhibitory peptide derived from the portion of the

N C
ECD

TM1

(a) Linear model of ENaC

(b) Structure of ASIC1mfc

(d) Model of ENaC subunit orientation

(c) Structure of ASIC1 subunit

Knuckle

Finger

Palm
Thumb

Wrist

TM2TM1

β-ball

TM2

FIGURE 30.3 Structural features of ENaC subunits. (a) Linear
model of an ENaC subunit (TM1, TM2: the first and second trans-
membrane domains; ECD: extracellular domain connecting TM1 and
TM2; N: amino terminus; C: carboxyl terminus). Several glycosylation
sites are shown as branched lines. (b) Structure of the minimally
functional chicken ASIC1.70 Three identical ASIC1 subunits are
shown as ribbons with colors of red, green, and blue for the three
subunits. (c) Defined subdomains within the large extracellular
domain. (d) Proposed subunit orientation of ENaC, viewed from
above.187,191 Surface rendering of the relative locations of the α- (red),
β- (blue), and γ- (green) subunits are shown. The structural models in
this figure were generated from coordinates of ASIC1.70
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α-subunit that is removed by furin cleavage were deter-
mined.86 The working hypothesis was that the inhibitory
tract within a non-cleaved α-subunit and the 8 residue
inhibitory peptide share common binding sites. Distance
constraints were introduced to construct a model of the
α-subunit.81,82 The model places the inhibitory tract at an
interface of the finger and thumb domains. Kashlan and
co-workers suggested that the inhibitory tract blocks
channel activity by stabilizing the movement of the fin-
ger domain relative to the thumb domain.81,82

Stockand and co-workers have also generated a
model of an ENaC trimer, based on the structure of
ASIC1.87 To generate the model areas that lacked
sequence similarity within the finger regions of ENaC
subunits were removed. Although this limits the utility
of the model, the model provides important insights
regarding sites of intersubunit interactions.

ENaC Biogenesis

Na1 channel subunits likely undergo assembly in
the endoplasmic reticulum (ER), where core, high man-
nose Asn- (or N)-linked glycans are added at specific
sites.88�97 Each subunit is modified by N-linked glyco-
sylation at multiple sites. For example, rat α-, β-, and
γ-subunits have six, twelve, and five consensus sites
(Asn-X-Ser/Thr) for N-linked oligosaccharide addition,
respectively. Exit of assembled channels from the ER
appears to be inefficient.96,98 A motif that facilitates the
exit of ENaC from the ER was found in the proximal
cytoplasmic carboxyl terminus of the α-subunit.98

Channel subunits that do not exit the ER are likely
degraded via proteasome-mediated ER associated deg-
radation (ERAD).99�102 Integral membrane proteins
such as ENaC are co-translationally inserted into the
ER. The proper folding and assembly of polypeptides
synthesized in the ER involves interactions with a
variety of chaperone proteins.103�105 Specific chaper-
ones that participate in ENaC folding and assembly or
targeting misfolded subunits for degradation are
starting to be defined. These include members of the
luminal Hsp40s, the small heat shock protein alpha
A-crystallin, and calreticulin.100�102,106,107 Cytoplasmic
Hsp70s also have roles in channel trafficking, although
at present it is unclear whether their roles are related
to facilitating ER exit or post-ER trafficking events.106

The half-life of newly synthesized subunits, deter-
mined by metabolic labeling/pulse-chase experiments,
is approximately an hour,89,91�93,96,99,108 consistent with
the notion that the majority of ENaC subunits synthe-
sized within the ER are targeted for degradation via
ERAD. A longer-lived pool of channels is apparent in
pulse-chase studies, which likely reflects properly
assembled channels that have exited the ER.99 Several

groups have determined the half-life of channels that
have reached the surface. The rate of degradation of
channels that have reached the surface may be in the
order of many hours to days,92,109�111 although some
investigators have reported a shorter half-life for chan-
nels that have reached the cell surface of A6 cells and
MDCK cells expressing exogenous ENaCs.91,93 These
differences in the half-life of channels that have
reached the cell surface could result from differences in
cell type, and whether ENaCs are expressed endoge-
nously or exogenously.

ENaC Processing in the Biosynthetic Pathway

As assembled ENaCs exit the ER, it has been
thought that channels follow the route used by other
proteins in the secretory pathway. This involves traf-
ficking through the Golgi where most N-glycans are
processed, and the trans-Golgi network where channels
are sorted into endosomes that are delivered to the api-
cal membrane. N-glycan processing is often monitored
by the enzyme endoglycosidase H, an enzyme that
removes high mannose N-linked glycans prior to pro-
cessing events that occur in the medial Golgi complex.

N-glycans on all three subunits of assembled chan-
nels are modified to complex-type Endo H-resistant
forms.93,97 Surprisingly, subunits with endoglycosidase
H sensitive N-glycans have also been described.97

Hughey and co-workers reported that two distinct
pools of ENaC subunits were expressed at the plasma
membrane: subunits with processed N-glycans and
cleaved α- and γ-subunits; and full-length subunits
that have non-processed N-glycans.97 Processing of
subunits within a channel complex appears to be an
all-or-nothing event.112 These findings suggest that a
population of channel complexes exiting the ER tran-
sits through Golgi and post-Golgi compartments where
subunits are processed (Figure 30.4). These processed
channels likely represent the pool of active, functional
channels. A distinct population of channels exiting the
ER appears to bypass Golgi and post-Golgi processing
events. This distinct pool of non-processed channels is
likely a functionally inactive pool, as proteolysis of
ENaC subunits appears to have a dramatic effect on
increasing channel open probability.13,83,113�115

Proteolytic cleavage of these inactive channels provides
a potential mechanism to increase rates of Na1 trans-
port in the distal nephron. The role of proteolysis of
ENaC subunits in regulating channel gating is dis-
cussed in detail later in this chapter.

Intracellular Trafficking of ENaC

Functional channels are delivered to the apical
plasma membrane via the traditional secretory
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pathway112 (Figure 30.4). The exocytic insertion of
channels into the apical plasma membrane occurs as a
regulated process that is increased in response to a
variety of hormones, including vasopressin, aldoste-
rone, and insulin. Vesicle and target SNAREs (soluble
N-ethylmaleimide sensitive factor attachment protein
receptors) participate in this process, and overexpres-
sion of specific SNARE proteins disrupts the intracellu-
lar trafficking of ENaC subunits.116�119 Channels at the
plasma membrane appear to reside within specific
compartments. Several groups have reported that a
population of channels resides within lipid-rich micro-
domains, referred to as lipid rafts,120,121 although other
groups have not confirmed this finding.91 While lipid
rafts have been reported to facilitate the co-localization
of membrane proteins and signaling molecules, the
functional consequences of ENaCs within lipid rafts
are still unclear. ENaCs interact with cytoskeletal ele-
ments, including actin and α-spectrin, which may have
a role in localizing the channel to the plasma mem-
brane and in modulating ENaC activity.122�125

The residency time of channels at the plasma
membrane has been examined by several groups,
with reported half-lives in the order of minutes to
hours.91,93,110,111,126,127 Mutations within a carboxyl-

terminal PY motif within the β- and γ-subunits are asso-
ciated with increases in the half-life of the channel at
the plasma membrane via mechanisms that are dis-
cussed later in this chapter.126,128 Internalization of
channels from the plasma membrane has been proposed
to occur via a dynamin-dependent process.126 Dynamin
is required for clathrin-dependent endocytosis, as well as
for caveolae-dependent endocytosis.129�131 Ubiquitin con-
jugation of defined lysine residues within ENaC subunits
at the plasma membrane targets the channels for endocy-
tosis,132 presumably via a clathrin-dependent mechanism
(Figure 30.4).133 Once internalized, some channels are tar-
geted for degradation via proteasomes or possibly lyso-
somes.93,108,132 A significant fraction of the pool of
endocytosed channels may undergo recycling to the
plasma membrane in a regulated manner111 (Figure 30.4).
Specific deubiquitination enzymes have a role in remov-
ing ubiquitin from internalized channels, facilitating the
recycling of channels to the plasmamembrane.134�136

Localization within the Kidney and Other
Organs

The aldosterone-sensitive distal nephron is the final
site of Na1 reabsorption within the nephron. ENaCs

FIGURE 30.4 Model of ENaC biogenesis and intracellular trafficking. ENaC subunits are assembled and undergo addition of high man-
nose asparagine (N)-linked glycans within the endoplasmic reticulum (ER). The majority of newly synthesized subunits are targeted for ER
associated degradation (ERAD) that occurs within proteasomes. Assembled ENaCs that exit the ER transit to the apical plasma membrane via
distinct routes. ENaCs traffic through the Golgi, where most N-glycans are processed, and through the trans-Golgi network (TGN), where
channels are processed by the protease furin prior to delivery to the apical membrane. Alternatively, ENaCs exiting the ER may be delivered
directly to the apical plasma membrane, bypassing processing steps that occur in the Golgi and TGN. These non-processed channels are func-
tionally inactive, but are potentially activated by proteases present at the plasma membrane or within the urinary space. ENaCs at the plasma
membrane are targeted for internalization following Nedd4-2-dependent ubiquitination (Ubi). Internalized channels are degraded within lyso-
somes or proteasomes. Alternatively, internalized channels are likely deubiquitinated by specific deubiquitinating enzymes (DUBs), and
recycled to the plasma membrane in a regulated manner.
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are expressed in principal cells in the late distal convo-
luted tubule, connecting tubule, and through the col-
lecting duct, and are the major pathway for Na1 entry
across the apical plasma membrane. In the more proxi-
mal segments of the aldosterone-sensitive distal neph-
ron, Na1 reabsorption via ENaC is coupled to K1

secretion mediated by apical membrane K1 channels,
including Kir1.1 (or ROMK) and the large conductance
Ca21-activated K1 channel (maxi-K).137�139 ENaC-
dependent reabsorption of Na1 in the distal nephron
has a major role in the control of extracellular fluid vol-
ume, blood pressure, and renal K1 secretion.

The cellular localization of individual ENaC subu-
nits may differ within the nephron. When maintained
on normal laboratory diet, β- and γ-subunits were
localized within an intracellular compartment in prin-
cipal cells within the cortical and outer medullary
segments of the rat aldosterone-sensitive distal neph-
ron.140 One group reported that the α-subunit was
localized primarily to apical part of principal cells,140

whereas other groups have observed either modest
cytoplasmic localization or have failed to detect the
α-subunit.141,142 Within the inner medullary collecting
duct, all three ENaC subunits were localized primarily
within an intracellular compartment.140 When placed
on a low-Na1 diet or following administration of aldo-
sterone, all three subunits were expressed at the apical
membrane of principal cells.141,143

Mice lacking expression of the β- or γ-subunits or
that have reduced expression of the α-subunit
exhibit renal Na1-wasting.5�7,144 Mice that lack
expression of the α-subunit are unable to clear air-
way fluids at birth, leading to death in the early
postnatal period.145 Recent work suggests that the
density of ENaC expression may be greatest in
the connecting tubule, an early segment within the
aldosterone-sensitive distal nephron that connects
the distal convoluted tubule to the collecting
tubule.146 Mice that lack expression of α ENaC
beyond the connecting tubule are able to maintain
Na1 and K1 balance, even in the setting of dietary
Na1 restriction or K1-loading.147

In addition to its expression in the nephron,
ENaCs are expressed within numerous other organs.
They are expressed throughout the airways, as well
as in both type I and type II alveolar cells.148�152

ENaC has a key role in the reabsorption of airway
fluids.145,153 Maintaining an appropriate volume of
airway surface liquids has an important role in facili-
tating mucociliary clearance.153,154 ENaCs are also
expressed in the distal colon, sweat ducts, salivary
ducts, inner ear, lingular epithelium, keratinocytes,
lymphocytes, and vascular smooth muscle. ENaC
expression has also been reported in endothelia and
in various sites within the eye, including epithelia

within the retina, lens, and pigmented ciliary body
and iris.9,155�162 The functional roles of ENaCs
within many of these tissues are unclear.

ENaC STRUCTURE AND FUNCTION

Specific structural features within channel subu-
nits have key roles in defining the biophysical prop-
erties of ENaC. All three ENaC subunits contribute
to the formation of the conduction pore, as pore
properties are altered by mutations within each of
the three subunits.163 The published structures of
ASIC1 reveal a homomeric trimer69,70 (Figure 30.3).
The structures of the extracellular domain (ECD)
and transmembrane domain (TM) are well-defined,
while the cytoplasmic amino- and carboxyl-terminal
domains are not resolved in the crystal structures.
The cASIC1 structures confirm a longstanding notion
that the channel pore is formed largely by the sec-
ond transmembrane domain (TM2s) that determines
the basic biophysical properties of ENaC. Both the
extracellular and cytoplasmic domains have roles in
modulating channel-gating and trafficking. The func-
tional roles of individual domains within ENaC sub-
units, and potential mechanisms of ion permeation,
ion selectivity, channel-gating, and amiloride block
are reviewed below with insights from the ASIC1
structures.

Functional Domains within ENaC Subunits

Amino-Terminus

The cytoplasmic amino-termini have regions that
affect channel-gating, trafficking, and regulation by
intracellular factors. Chalfant and co-workers identified
a Lys-Gly-Asp-Lys tract within the rat α-subunit corre-
sponding to residues 47�50, that may function as an
endocytic signal that regulates the number of channels
in the plasma membrane.164 A domain that affects
channel-gating has been characterized within the distal
portion of the amino-terminus of the α-subunit, which
includes a highly-conserved His-Gly tract.165,166 A
mutation in the corresponding Gly in the β-subunit
was described in a patient with pseudohypoaldoster-
onism. Reduced channel activity attributed to a
decreased open probability was observed with a muta-
tion of the conserved Gly in each subunit, suggesting
that the His-Gly tract within the amino termini of all
three subunits influences channel-gating.42,165,166 A
recent study showed that mutations of this Gly in the α
and γ ENaC subunits induced a strong inward rectifi-
cation in the whole cell currents, reflecting voltage-
dependent gating.167 Mutations at other sites have also
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been found to reduce channel activity and induce volt-
age-dependent gating.168�171

Phosphatidylinositol 4,5-bisphosphate (PIP2) acti-
vates ENaCs,172,173 an effect that reflects an increase in
channel open probability as a result of direct interac-
tions between PIP2 and ENaC. Several groups have
proposed that the amino-termini of the β- and γ-subu-
nits of ENaC harbor putative PIP2-binding domains
containing basic amino acid residues.172,174,175 In addi-
tion, Helms and co-workers suggest that PIP3 mediates
aldosterone-induced ENaC activity and trafficking, and
interacts with γ ENaC.176 The ENaC amino-termini
also contain Cys residues that may interact with intra-
cellular metals (Cd21 and Zn21) and thiol-reactive che-
micals, leading to a reduction in channel open
probability.177 Palmitoylation of amino-terminal Cys-43
and carboxyl-terminal Cys-557 of mouse β ENaC
enhances channel open probability (see below).98

First Transmembrane Domain (TM1)

The ASIC1 structures were apparently resolved in a
desensitized state. In these structures, the channel pore
is primarily lined by TM2 helices from three identical
subunits, with the three TM1 helices packed tangen-
tially behind the TM2 helices and contacting the lipid
bilayer. The TM1 helix from an individual subunit also
makes extensive interactions with the TM2 helix of the
same subunit, as well as specific contacts with helices
from an adjacent subunit.70 The closed-pore conforma-
tion of ENaC may be similar to that of ASIC1. A Trp
scanning of the TM1 of α ENaC showed that mutations
within the amino-terminal portion of αTM1 alter chan-
nel activity, selectivity, and gating,178 consistent with
the extensive intrasubunit interaction between TM1
and TM2 helices revealed in the ASIC1 structures.69,70

A recent Cys scanning of ASIC1 TM domains is also
consistent with the relative locations of TM1 and TM2
helices in the resolved structures.75

Extracellular Domain (ECD)

Each ENaC subunit has a large, B450 residue extra-
cellular region with 16 conserved Cys residues clus-
tered within two Cys-rich domains.179 Other members
of the ENaC/DEG family also possess extracellular
Cys-rich domains.180 The size and the apparently con-
served structural organization of the extracellular
domain suggest that this region has important func-
tional roles. Recent studies have examined the role of
the ECD in modulating channel-gating in response to
proteases, sheer stress, external Na1, metals, H1, and
Cl2.49,80,97,179,181�193 These functional studies and
insights from the ASIC1 structure suggest that the ECD
of ENaC functions as a sensor or receptor for a variety
of extracellular signals. The extracellular domains also
facilitate the assembly of the heteroligomeric channel

complex within the endoplasmic reticulum, and influ-
ence intracellular trafficking.179,193,194

Several proteases, including prostasin and related
channel-activating proteases, furin, trypsin, chymo-
trypsin, and elastase have been shown to activate
ENaC.83,113,114,195�199 Activation of ENaC by proteases
is a result of proteolytic cleavage of ENaC sub-
units within their extracellular domains at defined
sites, releasing intrinsic inhibitory tracts.81,84,85,200

Mechanisms by which proteases activate ENaCs are dis-
cussed below.

ENaCs are inhibited by extracellular Na1, which
presumably binds to sites within the ECD. This
response, referred to as self-inhibition, reflects a reduc-
tion in channel open probability.2,115,182,185,201,202 The
structural basis of Na1 self-inhibition has begun to
emerge from mutagenesis studies.80,182,185,186,188,190�193

At present, the sites of Na1-binding, as well as the sub-
sequent allosteric changes that lead to a reduction in
channel open probability, have not been defined. In
addition to Na1, other external cations such as Ni21,
Zn21, Cu21, Cd21, and Hg21 affect ENaC activity, pre-
sumably by binding to sites within the ECDs and alter-
ing channel open probability.181,184,187,203�206 The
effects of these metals on ENaC are both metal- and
species-specific.

Extracellular anions also interact at sites within the
extracellular domains of ENaC subunits and alter
ENaC gating. Collier and Snyder found that external
Cl2 regulates ENaC activity in part through enhancing
Na1 self-inhibition. Their findings provide a mecha-
nism by which changes in extracellular Cl2 modulates
epithelial Na1 absorption.190 They identified two Cl2

inhibitory sites in ENaC, one formed by residues in the
thumb domain of the α-subunit and the palm domain
of the β-subunit, and the other formed by residues at
the interface of the thumb domain of the β-subunit and
the palm domain of the γ-subunit. Based on the effects
of mutagenesis on Cl2 inhibition, the additive nature
of mutations, and on differences in the mechanisms of
Cl2 inhibition, the authors propose a model in which
ENaC subunits assemble in an αγβ-orientation when
viewed from above191 (Figure 30.3). This subunit
arrangement is also suggested by Chen et al., based on
the identification of a putative Cu21-binding site at the
α- and β-subunit interface within the ECD of human
ENaC.187 However, the model is based on the
assumption that the functional ENaC complex is a het-
erotrimer. The possibility that multiple arrangements
co-exist needs to be tested.

Within the ENaC extracellular domains are 16 Cys
residues, which are largely conserved among other
members of the ENaC/degenerin family. Firsov and
colleagues proposed that specific Cys residues (the first
and sixth Cys in all three subunits, as well as the
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eleventh and twelfth Cys in the α- and β-subunits)
have an essential role in the efficient transport of
assembled channels to the plasma membrane.179 A
mutation of the first cysteine residue in the human
α-subunit (aC133Y) is associated with PHA-1.207 Sheng
et al. proposed that there are several intrasubunit disul-
fide bonds, based on analyses of additivity of double
Cys mutations and responses to sulfhydryl reagent of
single and double mutants.183 These predicted disul-
fide bonds (Cys1-Cys6, Cys4-Cys5, Cys7-Cys16, Cys11-
Cys12, Cys10-Cys13, and Cys8-Cys15 (conserved Cys
numbered sequentially)) were present in the resolved
ASIC1 structure.69 ASIC subunits have 14 conserved
Cys residues within the ECD that form seven intrasu-
bunit disulfide bonds, one in β-ball, one in palm, and
five in thumb domain.69 The locations of the disulfide
bonds are consistent with their roles in stabilizing the
conformations of these domains.

Second Transmembrane Domain (TM2)

The TM2 region is thought to be the segment
that lines the conduction pore and contains impor-
tant functional sites, including the degenerin (DEG)
site, amiloride-binding site, and selectivity filter
site169,208,209 (Figure 30.5). The structure of the ENaC
pore is expected to be similar to that of ASIC1, given
the high degree of sequence homology and similar bio-
physical properties. For example, three ENaC TM2s
likely line the channel pore, while TM1s contact the
lipid bilayer. As the resolved ASIC1 structures likely
represent non-conducting states, they provide limited
information regarding the roles of TM2 residues in ion
permeation and selectivity. Two distinct TM domain
structures of ASIC1 have been described,69,70 adding
an additional layer of complexity in interpreting struc-
ture and function relationships of the TM2 domains
from the resolved ASIC1 structures. Here we discuss
mutagenesis results, mainly in reference to the most
recent ASIC1 structure.70

AMILORIDE BINDING

Schild and co-workers identified a ring of residues
at homologous positions within each of the three
subunits (αS583, βG525, and γG537 in rat ENaC) as a
putative amiloride-binding site163 (Figure 30.5). The
substitution of βG525 or γG537 weakened amiloride
IC50 by about three orders of magnitude. In contrast,
the substitution of αS583 with amino acids bearing
side chains with different functional groups (e.g., Gly,
Leu, Asn, Gln) had only a slight effect on amiloride
block, suggesting that the side chain of αS583 does
not participate in amiloride binding.171 However,
amino acids with aromatic side chains introduced at
αS583 led to a large reduction in amiloride affinity,
suggesting that large side chains at position α583

protrude into the pore, and limit access of amiloride
to this site.171 The effects of Cys substitutions at the
amiloride-binding ring on the inhibitory constant
largely reflected an increase in the microscopic koff
rate, consistent with an effect on the bound com-
plex.210 An adjacent three residue Gly/Ser-X-Ser tract
that forms the primary selectivity filter may also have
an important role in amiloride binding. Mutations
introduced in the first position of this tract in the α-
or β-subunit were associated with a large reduction in
amiloride affinity,211�213 suggesting that amiloride
also interacts with this site.

The introduction of Cys residues at the amiloride-
binding ring rendered channels sensitive to block
by external Zn21-, Cd21-, and sulfhydryl-reactive
methanthiosulfonate (MTS) derivatives.72,76,163,209,212

Moreover, mutations of these residues reduced single
channel conductance.163,171 This site was also shown to
be located within the membrane electrical field.76,163,171

These observations suggest that this ring of residues

(a) TM2 sequence alignments

αmEMaC (571)
βmEMaC (513)
γ mEMaC (530)
cASIC1 (427)

(b) TM2 structure of ASIC1

Amiloride
binding

Selectivity
filter
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FIGURE 30.5 ENaC/ASIC pore structures. (a) Sequence align-
ments of the second transmembrane domains (TM2) of mouse α-, β-
and γ-subunits and chicken ASIC1. Identical residues are shown as
boxed and bold letters and the similar residues are shaded. Key func-
tional sites are labeled. Selected ASIC1 residues are identified below
by residue numbers. Location of the proposed desensitization gate of
ASIC170 is indicated by a square bracket. (b) Model of the TM2 bun-
dles of ASIC1.70 The three TM2 helices are shown. Spheres represent
α-carbons of ASIC1 residues identified in panel (a).
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line the conducting pore, as was observed in the
homologous residue in the resolved ASIC1 structure.70

SELECTIVITY FILTER

A three residue tract (Gly/Ser-X-Ser) starting four
residues distal to the amiloride-binding site has a key
role in conferring cation selectivity (Figure 30.5).
Systematic examination of the ENaC TM2 domains by
several groups found that mutations of either the first
and/or third residue within the Gly/Ser-X-Ser tract of
the α-, β-, and γ-subunits resulted in significant K1 per-
meation.169,208,209,211,212,214 Certain substitutions of the
third residue within this tract in the α-subunit allow
for permeation of divalent cations.208

It is unclear whether backbone carbonyl oxygens or
side chains within this three residue Gly/Ser-X-Ser
tract face the lumen.213�215 Kellenberger et al. initially
proposed that carbonyl oxygen atoms from third posi-
tion Ser residues provide a Na1-binding site, based on
a positive correlation between increases in K1 perme-
ability and the volumes of several substituted resi-
dues at αSer589.214 Alternatively, Sheng et al.
proposed that the side chains of the selectivity filter
residues faced the pore lumen, based on the sensitiv-
ity of channels with an introduced Cys at the first or
third residue in the selectivity filter to externally
applied Cd21.213 This proposed side chain orientation
is also consistent with the need for a hydroxyl group
at position α589 to prevent K1 permeation.169 The
dispute regarding the orientation of residue side
chains within the selectivity filter will likely remain
until a high-resolution structure of ENaC or ASIC in
an open state is available.

The distal (C-terminal) portions of the TM2 domains
have three well-conserved negatively charged residues
that likely line one face of an α helix. The introduction
of mutations at specific sites containing acidic residues
has been reported to reduce channel activity without
altering surface expression216 and result in K1 perme-
ation, suggesting that some of these residues may also
have a direct or indirect role in conferring cation
selectivity.170

CHANNEL GATE

A five residue motif (G432DIGG436) in the outer part
of the ASIC1 TM2 domain has been proposed to func-
tion as the desensitization gate70 (Figure 30.5). Gly432
is conserved among ASICs and is homologous to
Ala442 in MEC4, the degenerin site where substitutions
with a bulky residue result in degeneration of specific
neurons in Caenorhabditis elegans.217,218 The three ENaC
subunits bear a Ser at this site. Mutations at the degen-
eration site in MECs, ASICs, and ENaCs have the
common phenotype of an increase in channel open
probability,76,78,79,219 suggesting similar gating

machinery. ENaCs with a Cys substitution at the
degenerin site are activated by externally applied sulf-
hydryl reagents.76,79,219 Modification of Cys residues at
the degenerin site is dependent on channels being in
an open state, suggesting that either: (1) there is an
extracellular gate controlling access to the degenerin
site or (2) that this site undergoes a conformational
change in association with channel-gating that alters
the accessibility of the cysteine side chain to chemical
reagents.79 The desensitization gate of ASIC1 is formed
by a helical bundle crossing, which favors the second
possibility.70

In addition to the degenerin site, external sulfhydryl
reagents activate channels with Cys substitutions at
nearby sites with a periodicity suggestive of an α-heli-
cal structure,76 suggesting that an extended helical
region functions as a gating domain.76 Consistent with
the hypothesis, the sulfhydryl reactive agent MTSET
transitions channels with an introduced Cys distal to
the α-subunit degenerin site to a high open probability
state. Furthermore, these modified channels lose their
response to external Na1 and to laminar shear
stress.182,220 Carattino and co-workers reported that
mutations at multiple sites within the TM2 of the
α-subunit altered the magnitude and time course of
ENaC activation by laminar shear stress, suggesting
that this region has a role in the channel’s response to
external mechanical forces.221 While ENaCs do not
undergo desensitization, these results suggest that the
primary gate within ENaCs is located in the same
region as the ASIC1 desensitization gate.

Previous studies also suggest that there are addi-
tional sites within the TM1 and TM2 domains that
affect rates of ion permeation or channel-gating.
Several amiloride-binding site mutants (see above)
exhibited an altered single channel conductance,
although cation selectivity was preserved.72,163,171

Moreover, channels with a cysteine residue at the
γ-subunit amiloride-binding site (γG537) had a high
open probability, failed to respond to shear stress stim-
ulus, and lacked a Na1 self-inhibition response.222

These results suggest that the αS583-βG525-γG537 ring
participates, either directly or indirectly, in ion perme-
ation and channel-gating, in addition to its role in
amiloride-binding. The carboxyl-terminal portion of
TM2 may also have a role in the regulation of
gating.223,224

STRUCTURE OF THE PORE

Analogous to the ASIC1 pore structure, the ENaC
pore is likely lined primarily by the TM2 helices. The
TM1 helices may insulate the TM2 helices from
the lipid bilayer. However, uncertainties regarding the
ENaC pore structure remain, due in part to the distinct
pore structures of the two ASIC1 structures that
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apparently were resolved from channels in the desensi-
tized state.69,70 It is not clear which structure represents
the native pore conformation and the extent to which
structural distortion was generated by crystal lattice
contacts. It remains possible that these two structures
represent two native conformations that are captured
at different stages of desensitization. The TM domains
in the original structure69 are asymmetric with the TM2
helices of two of the subunits showing a B30�33� kink
at Gly 435, with the third subunit being nearly straight.
The kinks bring the TM2 helices close together, allow-
ing Leu 440 side chains to occlude the pore and sepa-
rate the outer and inner vestibules. In contrast, the
second structure has a symmetric pore design with all
TM helices tilted at B50� relative to the membrane nor-
mal, with the TM2 helices crossing at the proposed
desensitization gate (G432DIGG436) that separates the
extracellular and intracellular vestibules.70 The defined
degenerin site is located at the top of the
gate. Assuming that the ENaC pore has a similar struc-
ture, the amiloride-binding and selectivity filter
sites would be located within the intracellular vesti-
bule. Mutagenesis studies of the ENaC pore are
consistent with an asymmetric open state pore
structure.76,163,169,171,208,210�213,219

Cytoplasmic Carboxyl-Terminus

The region immediately following TM2 contains
clusters of basic residues that effect channel-gating
through interactions with acidic phospholipids, such as
PIP3, as well as cation selectivity.175,225�228 A major
function of the carboxyl-termini appears to be related
to the internalization of the channel complex, through
a well-characterized Pro-Tyr (PY) motif (PPPXYXXL)
that interacts with the ubiquitin ligase Nedd4-
2.128,132,229,230 ENaC subunit ubiquitination serves as a
signal for channel internalization from the plasma
membrane.132 It is unclear whether the YXXL sequence
within this motif serves as an independent signal for
channel internalization. Other sites within the carboxyl
termini may influence rates of channel endocytosis. For
example, an A663T polymorphism in the α-subunit of
the human ENaC affects rates of channel internaliza-
tion from the plasma membrane.231,232 ER exit of ENaC
is regulated by a signal within the α-subunit carboxyl
cytoplasmic tail.99

The carboxyl-termini have sites that are targeted by
specific protein kinases that modulate ENaC activity via
phosphorylation. These kinases include an extracellular
regulated kinase (ERK), casein kinase 2 (CK2), a serum
and glucocorticoid regulated kinase (SGK1), and a
G-protein-coupled receptor kinase (Grk2).233�237 ERK1/
2-dependent phosphorylation of the carboxyl-termini of
the β- and γ-subunits enhances ENaC’s interactions with
Nedd4.233 Both forskolin and phorbol 12-myristate

13-acetate (PMA) have been reported to enhance phos-
phorylation of the β- and γ-subunits, although the target
residues that are phosphorylated have not been identi-
fied.238 A region in the proximal part of the carboxyl-ter-
minus of the α-subunit has a role in conferring
sensitivity to a staurosporine-sensitive kinase that has
not been identified.239 The carboxyl termini also
bind α spectrin and possibly actin, linking the channel
to the cytoskeleton.122,124 Grk2 activates ENaC by phos-
phorylating the carboxyl terminus of the β-subunit, and
prevents Nedd4-2-dependent inhibition of ENaC.236

Cysteine residues in the amino and carboxyl termini of
ENaC subunits may participate in the inhibition of
ENaC that is observed with intracellular thiol reactive
reagents.177 Selected cytoplasmic cysteine residues in
the β- and γ-subunits are targets of modified palmitoyla-
tion.98 β-Subunit palmitoylation modulates channel-gat-
ing, possibly by facilitating interactions between
cytoplasmic domains and the plasma membrane.98

Cation Permeation and Selectivity

While a detailed understanding of the molecular
mechanisms underlying permeation and selectivity
awaits a high-resolution structure of ENaC in the open
state, there is a growing body of information regarding
ion permeation and selectivity.81,240,241 Organic or inor-
ganic cations larger than Na1 are unable to pass
through the channel, in contrast to voltage-gated Na1

channels, suggesting that permeant cations must dehy-
drate to cross the narrowest part of the channel pore
(i.e., the selectivity filter).242,243 Within the Gly/Ser-X-
Ser tract that comprises ENaCs selectivity fil-
ter,169,211,214 backbone carbonyl oxygens or hydroxyl
oxygens present on the side chains of Ser residues
may coordinate permeating Na1 or Li1 ions.213,214

The selectivity sequence of ENaC (Li1.Na1 ...
K1, organic cations) suggests that the relative perme-
ability of an ion is inversely related to its ionic size, a
relationship consistent with a mechanism in which
ENaC discriminates cations through molecular siev-
ing.208,214 Alternatively, cation selectivity could be
achieved by placing a negatively (or partially nega-
tively) charged site with strong field strength that pref-
erentially binds small cations within the channel
pore.242,243 In this regard, the selectivity sequence for
ENaC corresponds to sequence XI of Eisenman. This
sequence was determined based on the presence of
strong electrostatic interactions between ions and the
selectivity site that override differences in dehydration
energies for ions.244 Interestingly, the selectivity filter
of a voltage-gated Na1 channel has a high-field-
strength anionic coordination site.245

Selectivity filters appear to be flexible, not static,
structures.246�250 A dynamic selectivity filter of ENaC
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has been suggested,76 and appears to be likely in the
light of the resolved ASIC1 structures. Both ASIC1
structures likely represent a desensitized state, and the
selectivity filter residues are not in close proximity.81

We speculate that these residues are brought suffi-
ciently close in the open state to interact with permeat-
ing cations. A recent study of ASIC1 is consistent with
this notion.75

Mechanisms of ENaC-Gating

ENaC-gating is characterized by unusually long
open and closed times (up to seconds or even tens of
seconds) compared to other channels such as voltage-
gated channels (Figure 30.1). This gating pattern seems
appropriate for this channel, given its major physiolog-
ical role of mediating bulk Na1 transport across the
apical membrane of epithelial cells, for which slow
transitions between open and closed states may be
beneficial for transport efficiency. Transitions between
open and closed states appear to occur spontaneously.
Another feature of ENaC-gating is the high variability
in open probability observed in patch-clamp record-
ings.11,251,252 Subunit composition and regulatory
factors that affect gating may account for this variabil-
ity.252,253 As discussed in detail below, proteolytic
cleavage of ENaC subunits converts channels that have
a low open probability to channels that exhibit either
an intermediate or high open probability.13,83,97,113

Mechanical forces, external metals, and temperature
have also been shown to affect channel-gat-
ing.181,182,184,202,220,221 Studies on Na1 self-inhibition
and effects of metals on ENaC-gating have raised the
question of whether ENaCs should be considered a
ligand-gated channel, similar to FaNaCh and
ASIC.81,184,254

A detailed understanding of ENaC-gating mechan-
isms is lacking, despite the identification of several
sites within ENaC where the introduction of mutations
affects ENaC-gating kinetics. These sites are present
within the amino-terminal domain,165,166 the extracellu-
lar domain,13,83,113,181,182,184,255 TM2,76,79,219,221,224 and
the intracellular carboxyl-terminal domain.226,227,256

However, it is unclear whether these different regions
control channel-gating in an independent or coordi-
nated manner, nor is it known whether there is a single
gate or multiple gates. The location of the ENaC gate is
another open question, although the region corre-
sponding to the desensitization gate of ASIC1 is an
attractive candidate.

Several recent studies have suggested that the pore
helix of cation channels may be a central gating
structure.221,257�260 Yeh and co-workers suggested that
the regulation of TRPV5 (a member of the transient

receptor potential channel subfamily)-gating by extra-
cellular and intracellular protons is mediated by a rota-
tional movement of the pore helix, and the subsequent
closing of a gate within the selectivity filter gate.260 As
the amino-terminal helical portion of the TM2 helices
of ENaC participates in channel-gating,76,79,219 it is pos-
sible that rotation of the TM2 helix that is initiated by
conformational changes at other sites of the channels
alters ENaC-gating kinetics, as suggested for ASIC1.261

Li and co-workers proposed a gating motion for ASIC1
involving a straightening of the tilt of TM2 without
significant rotation.75

Permeation and gating of ion channels were pro-
posed to be two independent processes 60 years ago.262

While previous studies have supported this concept,
recent studies suggest that connections exist between
permeation and gating.263,264 For example, channel gat-
ing is often modulated by permeant or blocking
ions.265,266 Mutations within selectivity filters are asso-
ciated with changes in gating kinetics in K1 channels,
voltage-gated Na1 channels, and ENaC.168,211,221 Lu
and co-workers provided evidence suggesting confor-
mational changes of the selectivity filter contribute
directly to the spontaneous gating of an inward recti-
fier K1 channel (Kir2.1).267 Significant differences in
the selectivity filter structure of KcsA K1 channel were
observed when the crystals were soaked in low-K1 and
high-K1 solutions,268 suggesting that the selectivity fil-
ter of this channel is flexible. Molecular simulations
using the high resolution structures of bacterial K1

channels support this idea of a flexible selectivity fil-
ter.269,270 Conformational changes in the selectivity fil-
ter have been proposed to occur in the ligand-initiated
gating of cyclic nucleotide-gated ion channels.271 A
similar notion has been proposed for inward rectifier
K1 channels.272,273 We anticipate that future studies
will examine whether ENaC’s selectivity filter also
serves as a gate.

ENaC REGULATION

ENaC is subject to a wide variety of regulatory influ-
ences that alter channel activity over long or short time
periods in order to respond to the physiologic needs of
the organism. In the kidney, these regulatory influ-
ences determine the final Na1 concentration of urine,
which may vary from virtually Na1 free to .100 mM.
Abnormalities in these regulatory mechanisms in the
cortical collecting duct have been convincingly linked
to excess Na1 reabsorption and hypertension, when
disordered regulation leads to gain-of-function; and
salt-wasting, hypotension and hyperkalemia when
abnormal regulation leads to loss-of-function.207

Altered or abnormal regulation of ENaC in the lung
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has been linked to abnormal alveolar fluid clearance in
disease states such as cystic fibrosis, high altitude pul-
monary edema, and acute lung injury.153,154,274�276 In
many cases, studies of abnormal ENaC function in dis-
ease states have complemented basic observations con-
cerning channel function made in experimental
settings, and led to remarkable insights concerning
molecular mechanisms of regulation of channel
activity.

Channel activity is subject to regulation through
alteration of one of its intrinsic kinetic properties, either
its number, open probability or single channel conduc-
tance. Since significant changes in single channel con-
ductance are not found under physiologic conditions,
channel regulation may be considered primarily as a
matter of alterations in channel number and/or open
probability. Thinking about channel regulation from
this perspective would seem to simplify the subject,
and certainly provides a framework within which reg-
ulation may be considered. However, the subject
remains enormously complex given the number of reg-
ulatory influences that may modify either channel
number or open probability.

There has been a significant paradigm shift, in that
we now recognize that “near silent” channels are pres-
ent in the membrane, in addition to constitutively
active channels.11�13 These “near silent” channels are
capable of activation and may be viewed as the
extreme case of open probability regulation, where
channels move from very low to a measurable open
probability, giving the appearance of increased num-
bers of channels.13 The levels of “near silent” channel
expression in the distal nephron under various physio-
logical and pathological conditions are currently
unclear. Channel regulation serves to either enhance or
diminish Na1 reabsorption from luminal fluids of the
distal nephron, lung or colon, in accord with the needs
of the organism. Given the wide variations in rates of
Na1 reabsorption and luminal Na1 gradients that this
involves, other intrinsic regulatory influences are
required to maintain constant cell volume and ion gra-
dients. To respond to these needs under normal physi-
ologic conditions, channel activity is regulated by a
number of hormones, including steroids, vasopressin,
and insulin; by a variety of accessory proteins; by
kinases, proteases, methyltransferases, and other sig-
naling mediators; by other channels such as CFTR; and
by ion concentrations and pH.

Cellular Regulation

Ubiquitination and Deubiquitination

Liddle syndrome is a hereditary form of salt-sensi-
tive hypertension associated with increased ENaC

activity.207,277,278 The most common defects in ENaC
primary structure leading to this disorder involve the
proline-rich regions in carboxyl-termini of the β- or
γ-subunit.277,279�281 Rotin and colleagues used this
region of the β-subunit as bait in a yeast two-hybrid
screen to identify proteins that interact with ENaC and
might regulate ENaC expression. They isolated the
protein Nedd4 (Neuronal precursor cells Expressed
Developmentally Downregulated) using this technique.
In a series of elegant studies they examined the role of
this protein in the regulation of ENaC expres-
sion.132,282,283 Nedd4 is an E3 ubiquitin ligase com-
posed of a C2 domain, three or four WW domains that
are protein interaction modules, and a ubiquitin ligase
Hect domain. The WW domains of Nedd4 bind ENaC,
with the strongest interaction being between the car-
boxyl-terminus of the β-subunit and the third WW
domain.284 The Hect domain is an E3 ligase that
receives ubiquitin from an E2 protein and transfers ubi-
quitin to lysines on target proteins. The C2 region is a
Ca21- and phospholipid-binding domain. It is not pres-
ent on all Nedd4 isoforms and, based on oocyte stud-
ies, does not appear to be essential for inhibition of
ENaC expression.230,285,286 This domain does, however,
serve to localize Nedd4 to plasma membrane in
response to an increase in cytosolic [Ca21],287 and med-
iates association with annexin XIIIb, which may be
involved in apical membrane targeting in epithelia.288

Nedd4-2, the isoform most active in binding ENaC,
is detected in tissues that express ENaC. The Nedd4-2
WW domains interact in vitro with the proline-rich
region of carboxyl terminus of the β- and γ- (and possi-
bly α-) subunits of ENaC.289�291 Considerable evidence
indicates that the interaction between Nedd4-2 and
ENaC results in ubiquitination of the channel
(Figure 30.6). ENaC has been shown to be ubiquiti-
nated in endogenously expressing A6 cells, and when
overexpressed along with Nedd4-2 in HEK-293
cells.108,132 Co-expression studies with Nedd4-2 and
ENaC in oocytes demonstrated that Nedd4-2 decreases
ENaC surface expression, and that this is dependent
both on the E3 ligase domain of Nedd4-2 and on the
presence of Lys residues on the amino-termini of the
target subunits.132 Taken together, these studies
strongly support the model that surface expression of
ENaC is regulated by ubiquitination, which serves as a
signal for retrieval from the plasma membrane. It is
likely that ENaC is ubiquitinated at other cellular sites,
including the endoplasmic reticulum. Unassembled
subunits are likely degraded by the proteasome by a
process involving polyubiquitination, while fully
assembled trimeric channels are degraded by either
the proteasome or lysosomal�endosomal pathway fol-
lowing ubiquitination at the cell surface.93,95,108,132 At
present, it is unclear whether monoubiquitination of
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ENaC occurs at the cell surface. However, there is con-
siderable evidence suggesting that ubiquitination is a
signal for channel internalization from the plasma
membrane,292 and that channel internalization is a
dynamin-dependent,126 clathrin-dependent,133 as well
as caveolin-dependent process.293

The interaction between Nedd4-2 and ENaC is
itself subject to regulation by specific hormones and
kinases.233,236,294�300 The regulation of ENaC by
Nedd4-2 represents a final common pathway of several
regulatory influences affecting ENaC surface expres-
sion, providing further evidence for the importance of
this interaction in ENaC regulation (see below).

Recent work has elucidated an important role for
deubiquitinating enzymes (DUBs) in the regulation of
ENaC expression and trafficking in cells.134,135

Specifically, the DUB Usp2-45 was found to be upregu-
lated by aldosterone in mouse polarized collecting duct
(mpkCCDc14) cells, which causes deubiquitination of
ENaC, and an increase in ENaC surface expression and
activity.134 The subcellular site(s) of action of Usp2-45
on ENaC and its precise physiological role are cur-
rently unclear. Butterworth and colleagues identified
another DUB, UCH-L3, in the early endosomal com-
partment of these cells, which also deubiquitinates
ENaC, and enhances the recycling of ENaC to the api-
cal membrane.135 UCH-L3 may play an important role
in reversing Nedd4-2-mediated ubiquitination of ENaC
upon retrieval from the plasma membrane, thereby res-
cuing ENaC from degradation and promoting apical
recycling of the channel (Figure 30.4). Finally, Usp10
was recently identified as a vasopressin-stimulated
DUB, leading to enhanced ENaC abundance and activ-
ity at the plasma membrane.301 In summary, DUBs
may respond to hormonal inputs and appear to antago-
nize Nedd4-2-dependent ubiquitination and inhibition
of ENaC, promoting ENaC stabilization and function
at the plasma membrane.302

Kinases

Protein phosphatase inhibitors, such as okadaic acid,
activate ENaC,303 while nonspecific kinase inhibitors,
such as staurosporine, inhibit basal channel activ-
ity,239,304 suggesting that kinases play an important
role in regulating the channel. In many cases, the regu-
lation of ENaC by a protein kinase is indirect, with
kinase activation occurring within a pathway of hor-
monal regulation or cellular stress. Examples of this
are: (1) SGK1 activation by steroid hormones induces
SGK1-dependent phosphorylation of Nedd4-2 (the sub-
sequent binding of 14-3-3 proteins to phosphorylated
Nedd4-2 prevents the interaction of Nedd4-2 with
ENaC subunits, and reduces ubiquitin-based retrieval
of channels from the plasma membrane305�309)
(Figure 30.7); (2) insulin-dependent activation of phos-
phatidyl-inositol 3 kinase and 3-phosphoinositide-
dependent kinase 1 results in the phosphorylation and
activation of SGK1 and ENaC;307,310 (3) activation of
protein kinase A by adenylate cyclase and cAMP in
response to vasopressin or beta-adrenergic agonists
leads to phosphorylation of Nedd4-2 at sites that over-
lap the SGK1 phosphorylation sites, and a reduction in
ENaC endocytosis,297 as well as exocytotic insertion of
Na1 channels into the plasma membrane;111,311,312 (4)
activated IKKβ, the kinase-regulating NF-κB, interacts
with the cytoplasmic carboxyl terminus of β ENaC313

and phosphorylates Nedd4-2 at a residue that is also
targeted by SGK1 and PKA, reducing channel endocy-
tosis300 (IKKβ provides a mechanism of integrating
inflammatory cascades and ENaC activation); (5)
endothelin-dependent activation of Src kinase results
in a decrease in channel open probability without
directly phosphorylating channel subunits314; (6)
selected protein kinase C isoforms also reduce channel
open probability in a Ca21-dependent manner,
protein kinase C also decreases expression of the
β- and γ-subunits, which is dependent on activated

FIGURE 30.6 Nedd4-2-dependent regulation of ENaC surface expression. Nedd4-2 binding to ENaC subunits is facilitated through inter-
actions between WW domains on Nedd4-2 and the PY motifs on the β- and γ-subunits. Nedd4-2-dependent ubiquitination of ENaC subunits
targets the channel for internalization and degradation. (adapted from ref. [295]).
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ERK kinase315�317; (7) AMP-activated protein kinase
(AMPK) is a ubiquitous metabolic sensor that phos-
phorylates Nedd4-2, enhances Nedd4-2 binding to β
ENaC, and inhibits ENaC activity and surface
expression.77,299,318

ENaC is also a substrate for kinases that are
involved in its regulation. Studies of ENaC expressed
in MDCK cells have demonstrated increased phosphor-
ylation of the β- and γ-subunits in response to stimula-
tion by aldosterone and insulin.238 Phosphopeptide
mapping indicated that the phosphorylated sites were
carboxyl terminal Ser and Thr residues.238 Shi and
colleagues described phosphorylation of Ser631 in the
β-subunit and Thr599 in the γ-subunit by the pleiotro-
pic but essential kinase CK2.234 Kunzelmann and col-
leagues found that a specific CK2 inhibitor blocked
ENaC activity, and expression of a trimeric channel
lacking both CK2 sites inhibited ENaC conductance
and rendered ENaC insensitive to CK2.237 They con-
cluded that phosphorylation by CK2 is essential for
ENaC activation and partly regulates ENaC surface
expression. Garty and colleagues also described phos-
phorylation of βThr613 and γThr623 by the extracellu-
lar regulated kinase (ERK).233 ERK-dependent
phosphorylation of ENaC facilitates interactions
between the channel and Nedd4-2, thereby inhibiting
ENaC activity. SGK1 increases channel open probabil-
ity by directly phosphorylating the carboxyl-terminus
of the α-subunit at Ser-621.235 Finally, insulin has been
described to increase phosphorylation of a fully mature
65 kDa form of α ENaC in cultured epithelial cells,
which correlated with an increase in channel activ-
ity.319 The kinase-mediating of this effect was not
directly identified, but the protein kinase C inhibitor

chelerythrine blocked the insulin stimulation of trans-
port and subunit phosphorylation.

It has also been reported that the G-protein-coupled
receptor kinase, Grk2, phosphorylates Ser-633 in the
carboxyl-terminus of the β-subunit.236 Phosphorylation
at this site renders the channel insensitive to regulation
by Nedd4-2, resulting in increased surface expression
and channel activity. This finding is intriguing, as: (1)
it is the first report of a G-protein receptor kinase
directly regulating an ion channel; and (2) increased
Grk2 activity has been associated with hypertension.320

Grk2 may also phosphorylate Nedd4-2, although the
relevant site(s) and functional significance of this phos-
phorylation are unclear.321 A recent study suggests that
Grk2 may also stimulate ENaC via a kinase-indepen-
dent mechanism that requires its interaction with
α-subunits of the Gq/11 family.322

Another family of kinases linked to human hyper-
tension is the WNK (with no lysine) family of serine-
threonine kinases.323 These kinases are prominently
expressed in the distal convoluted tubule, connecting
segment, and cortical collecting duct of the kidney (i.e.,
the aldosterone-sensitive distal nephron), where they
coordinate with angiotensin II and aldosterone signal-
ing pathways.324 WNK mutations lead to hypertension
and hyperkalemia typical of pseudohypoaldosteronism
type II (PHA II).325 WNK4 inhibits the renal Na,Cl co-
transporter (NCC) and ROMK, and mutations associ-
ated with hypertension relieve the inhibition of NCC,
but enhance inhibition of ROMK.323 These observations
suggested that under normal physiologic conditions,
WNK4 regulates the balance between renal Na1 reab-
sorption and K1 excretion, but mutations would lead
to exaggerated Na1 reabsorption and hypertension

FIGURE 30.7 Aldosterone modulates the interaction between Nedd4-2 and ENaC. Sgk1 is targeted to Nedd4-2 through interactions
between a PY motif on Sgk1 and WW domains on Nedd4-2. Sgk1-dependent phosphorylation of Nedd4-2 results in the recruitment of a 14-3-3
protein that prevents Nedd4-2 binding to ENaC. (adapted from ref. [295]).
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with hyperkalemia, due to impaired K1 excretion. In
addition to NCC and ROMK, one group found that
WNK4 also inhibits ENaC in vitro, and this inhibition
by WNK4 is relieved by SGK1 phosphorylation near
the WNK4 C-terminus.326 In contrast, another group
suggested that WNK4 activates ENaC.327 Another
member of this family, WNK1, has also been impli-
cated in activating ENaC.327 Interestingly, intronic
deletions that could lead to hypertension and hyperka-
lemia result in overexpression of WNK1.328

Aldosterone has also been shown to stimulate expres-
sion of a kidney-specific isoform of WNK1, and overex-
pression of this kinase stimulates Na1 reabsorption in
cultured collecting duct cells, and in overexpression
systems.329 WNK1 expression activates SGK1 in a PI-3
kinase-dependent manner, indicating that the kinase
activates ENaC by increasing its expression at the
apical membrane of collecting duct cells, contributing
to the human hypertension seen in association with
PHA II.327,330

As suggested above, the E3 ubiquitin ligase Nedd4-2
has emerged as a central convergence point for the reg-
ulation of ENaC and other transport proteins in cells.
A growing number of kinases have been shown to
phosphorylate Nedd4-2, modulate Nedd4-2 function,
and thereby regulate ENaC.331 These include the
aldosterone-induced kinase SGK1,306 vasopressin-
stimulated PKA,297 the metabolic sensor AMPK,299

the NF-κB inflammatory mediator IKKβ,300 Grk2,321

and the insulin-stimulated kinase Akt1.332 In general,
these kinases modulate the apparent binding affinity of
Nedd4-2 for ENaC and/or 14-3-3 scaffolding proteins.
Of note, additional putative Nedd4-2 phosphorylation
sites have been recently identified by mass spectrome-
try that may be targets of the c-Jun N-terminal kinase
(JNK1), and possibly other kinases.333 Unlike the above
paradigm, where kinases regulate protein�protein
interactions involving Nedd4-2, these novel target
phosphorylation sites appear to play an important role
in regulating Nedd4-2 catalytic function.333

Proteases

Proteolysis of ENaC subunits has an important role
in regulating ENaC activity. The first hint that pro-
teases modulated ENaC activity was that serine prote-
ase inhibitors reduced transepithelial Na1 transport
across toad urinary bladder.334 Subsequent studies
identified a channel-activating protease, or CAP,195

and demonstrated that extracellular trypsin activated
ENaC by increasing channel open probability.114

Following these initial observations, other proteases
have been identified that activate ENaC when either
co-expressed with the channel in heterologous expres-
sion systems or when added to a solution bathing cells
expressing ENaCs. These channel activating proteases

include prostasin (also referred to as CAP1), TMPRSS4
(transmembrane protease serine 4 or CAP2), and
matriptase (or CAP3), elastase, chymotrypsin, kalli-
krein, and plasmin.113,114,195,199,335�339

Proteolytic processing of ENaC subunits occurs
within the biosynthetic pathway. This is likely medi-
ated by furin, a member of the proprotein convertase
family of serine proteases that is expressed primarily
in the trans-Golgi network.83,340 There are two furin
cleavage sites within the extracellular domain of the
α-subunit, and a single site within the extracellular
domain of the γ-subunit.83,85 Furin-dependent cleavage
of the α-subunit excises a 26 residue inhibitory frag-
ment. Simply deleting this 26 residue tract from the
α-subunit in the absence of subunit cleavage was suffi-
cient to activate the channel.84 Furthermore, a synthetic
peptide corresponding to the released fragment is a
reversible channel inhibitor.84 An 8 residue tract,
embedded within the 26 residue fragment, is responsi-
ble for the inhibitory properties of this fragment.86

While the α-subunit is cleaved by furin twice, releas-
ing an inhibitory fragment, the γ-subunit is cleaved
only once by furin. As was observed with α-subunit
processing by furin, cleavage at two sites spanning an
inhibitory tract within the γ-subunit increases channel
activity. While furin cleaves the γ-subunit at a site pre-
ceding an embedded inhibitory tract,200 multiple pro-
teases have been shown to cleave the γ-subunit at sites
distal to the inhibitory tract. Among the proteases that
cleave the γ-subunit distal to the inhibitory tract are
prostasin, TMPRSS4 (CAP2), elastase, and plas-
min.199,200,338,339,341 Deleting the γ-subunit inhibitory
tract dramatically increases channel activity, even in
the absence of γ-subunit cleavage.200,342 An 11 residue
tract is responsible for the inhibitory properties of the
released fragment.342 With regard to channel activa-
tion, release of the γ-subunit inhibitory tract has a more
profound effect than release of the α-subunit inhibitory
tract.343

At the single channel level, ENaCs exhibit a highly
variable open probability. While ENaCs often exhibit
open and closed times in the order of seconds to tens
of seconds, a distinct population of ENaCs have very
brief open times and long closed times.11�13 Caldwell
and co-workers have shown that this latter population
of channels responds to external trypsin, with a dra-
matic increase in channel open probability.13 These
inactive channels likely represent a population of chan-
nels whose subunits have not been processed by pro-
teases. Channels with α-subunit furin site mutations
that have retained α- and γ-subunit inhibitory tracts
have a very low open probability that reflects a dra-
matically enhanced reduction in ENaC activity in
response to external Na1 (referred to as Na1 self-inhi-
bition). When these channels are examined in the
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presence of a low external [Na1], their activity dramati-
cally increases.115

Both processed (i.e., cleaved) and unprocessed subu-
nits are expressed at the cell surface.93,112 These non-
processed channels provide a pool of ENaCs that could
be activated by proteases in a regulated manner. In this
regard, rats placed on a low-Na1 diet or receiving
exogenous aldosterone have increased levels of whole
kidney expression of the processed form of the
γ-subunit.142,344�347

The sites of protease cleavage in the α- and γ-subu-
nits are located with the finger domain. A model of the
α-subunit generated by Kashlan and co-workers sug-
gests that the α-subunit inhibitory tract binds to sites at
an interface of the finger and thumb domains. They
proposed that the inhibitory tract reduces channel
activity by stabilizing the movement of the finger
domain relative to the thumb domain.81,82

Syntaxins

The factors regulating ENaC delivery to the apical
membrane in epithelial cells have not been fully-
defined. The SNARE proteins (soluble N-ethylmalei-
mide sensitive factor attachment protein receptors)
have been linked to directed exocytosis and intracellu-
lar trafficking in a number of tissues.348 A typical
interaction involves binding of vesicle-associated
v-SNARES to target membrane-associated t-SNARES.
These interactions may be regulated by accessory pro-
teins such as Munc 18.349 The t-SNARE syntaxin 1A
has been demonstrated to interact directly with ENaC
in co-immunoprecipitation experiments, and overex-
pression of this protein inhibited ENaC expression in
oocytes.116,350 This effect was blocked by co-expression
of Munc 18. These findings implicate the SNARE
proteins in the process of exocytosis of ENaC, but are
somewhat counterintuitive in that overexpression of
the trafficking partners results in downregulation
of the channel. The results suggest that the balance of
t- and v-SNAREs may regulate this process, and that
overexpression alters this interaction in a negative
fashion.

The direct interaction of syntaxin 1A and ENaC sug-
gests that there are cargo-specific interactions between
SNARE proteins and apical membrane resident pro-
teins such as ENaC. In a series of studies, Condliffe
and colleagues identified domain-specific interactions
between the carboxyl-termini of ENaC subunits and
the H3 domain of syntaxin 1A. Interestingly, there was
an effect of the H3 domain to decrease ENaC open
probability, suggesting that SNARE proteins may regu-
late both channel exocytosis and gating.118,119 A more
recent study suggests that syntaxin 1A regulates ENaC
function by multiple mechanisms that include PKA,
phospholipase C, PI-3 kinase, and MAP kinase

signaling systems.351 Distinct inhibitory and stimula-
tory domains of syntaxin 1A interact with ENaC subu-
nits, and the overall effect of syntaxin 1A on ENaC
function depends on distinct physiological conditions.

Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR)

Patients with cystic fibrosis (CF) have increased
amiloride-sensitive transport in airway epithelia.352

Indeed, increased ENaC activity in airway epithelia
has been proposed as one mechanism for the drying of
airway fluids, which promotes progression of airway
disease. Lung specific overexpression of β ENaC or
knockout of Nedd4-2 in mice results in a phenotype
similar to CF airway disease in humans.153,353 CF is
caused by function impairing mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR),
an ATP-gated Cl2 channel.354 On the basis of studies
comparing ENaC activity in the presence and absence
of CFTR expressed in MDCK cells, Stutts and collea-
gues proposed that CFTR functions as a cAMP-depen-
dent regulator of ENaC, and the absence of this
function in CF airways explained the increased ENaC
activity in CF patients.355,356 Ling and co-workers dem-
onstrated that inhibiting CFTR expression in a renal
distal nephron cell line (A6) led to an increase in ENaC
open probability.357 Studies in Xenopus oocytes or other
overexpression systems have demonstrated that CFTR
inhibits ENaC activity,355,358,359 although this has been
disputed.360,361 However, several recent studies have
questioned the role of CFTR in modulating ENaC activ-
ity.362,363 There is also evidence that ENaC enhances
the activity of CFTR, due to an increase in the number
of channels expressed at the plasma membrane, as well
as an increase in CFTR open probability.364

It is unclear if the interaction between CFTR and
ENaC is indirect or results from a direct physical inter-
action. Changes in the intracellular [Cl2], as well as
electrochemical coupling, have been proposed
as potential mechanisms by which CFTR regulates
ENaC.360,365 One group has proposed that there are
interactions between the regulatory domain of CFTR
and ENaC,366 although the manner in which this inter-
action results in ENaC regulation is not clear.
Moreover, ENaC�CFTR interactions appear to vary
depending on the tissue of expression. For example, in
sweat ducts, CFTR enhances ENaC activity.367

Although both CFTR and ENaC are expressed in col-
lecting duct principal cells, no significant abnormalities
of renal Na1 handling have been described in CF
patients. In airway epithelial cells, CFTR and ENaC co-
immunoprecipitate, and interestingly expression of the
most common CF-causing ΔF508 CFTR mutation was
recently found to increase the proportion of cleaved to
uncleaved α ENaC that was bound to CFTR.368 These
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findings suggest that wild-type CFTR may normally
impede the proteolytic stimulation of ENaC in airway
cells, although mechanistic details of how this may
occur are unclear. Elastase is one of perhaps several
proteases that are present in inflamed CF airways and
could contribute to an increase in the extent of γ ENaC
subunit proteolysis.113,199,337 Another recent study sug-
gested that CFTR regulates the whole cell and surface
expression of ENaC in airway epithelial cells, and that
absence of this regulation may foster ENaC hyperactiv-
ity in CF airway epithelia.369 In summary, with current
data it is difficult to explain the regulatory interactions
between CFTR and ENaC solely on the basis of physical
interactions or alterations in electrochemical driving
forces or the intracellular Cl2 concentration. The regu-
latory interactions may reflect changes in ENaC open
probability (cleavage status) and surface expression,
and vary among differing tissues, suggesting that other
proteins or factors not yet recognized may be critical for
functional CFTR�ENaC interactions.370

Methyltransferases

Methylation reactions have long been implicated
in the activation of ENaC by aldosterone.371,372

Aldosterone stimulates carboxylmethylation of pro-
teins and phospholipids, and inhibition of these
reactions blunts the ENaC response to steroid stimula-
tion.373 A few potential targets of methyltransferases
have been identified: k-ras, β ENaC, and more recently,
histones involved in the aldosterone-dependent control
of transcription. Aldosterone induces k-ras in a
Xenopus distal nephron cell line (A6) cells, and this
small G-protein is methylated by isoprenylcysteine
carboxylmethyltransferase (PCMTase). PCMTase is not
induced by aldosterone, but is regulated by the enzyme
S-adenosyl-homocysteine hydrolase that is stimulated
by aldosterone and results in increased activity of
PCMTase.374 The enzyme (PCMTase) itself does not
appear to stimulate ENaC, so it is unlikely to directly
methylate the channel. Induction and processing of
k-ras appears to be important for regulation of ENaC
in A6 cells, but it is not clear that this occurs in mam-
malian tissues.375 Direct methylation of β ENaC has
been demonstrated using a partially purified mem-
brane preparation as a source of enzyme, but the
enzyme itself has not been identified. Methylation of
ENaC in planar lipid bilayers has been shown to lead
to an increase in open probability of the channel.376

Edinger and co-workers identified a methyltransferase
that activates ENaC when co-expressed with the chan-
nel in oocytes.377 Methylation does not appear to play
a role in basal channel activity.

Several recent studies have explored the role of
Dot1a, which has histone H3K79 methyltransferase
activity and is widely expressed in the kidney,378 in the

transcriptional control of α ENaC in response to aldo-
sterone.379 Aldosterone releases repression of α ENaC
by reducing expression of Dot1a and its partner
AF9,380 and by impairing Dot1a�AF9 interaction via
SGK1-mediated AF9 phosphorylation.381 This network
also appears to regulate transcription of several other
aldosterone target genes, including SGK1.382

Calcium

Increases in intracellular calcium have been shown
to inhibit ENaC activity by several groups.252,383�385

This appears to happen as a biphasic process with a
very quick early response and a slower downregulation
after 5 minutes.385 This is likely an indirect effect on the
channel, as the activity of channels from cortical collect-
ing ducts in excised patches exposed to increased cyto-
solic [Ca21] was not altered.383 Activation of protein
kinase C has been suggested to mediate the Ca21-
dependent inhibition of ENaC, since this is known to
decrease channel activity.315 A second intriguing possi-
bility, related to the delayed effect of Ca21 on ENaC
activity, is Ca21-dependent recruitment of Nedd4-2 iso-
forms that possess the Ca21-binding C2 domain to the
plasma membrane,285,286 with a subsequent increase in
channel retrieval from the apical membrane.

pH and Oxidative Stress

Acidic intracellular pH, below 7.2, has been shown
to decrease amiloride-sensitive Na1 transport in iso-
lated epithelial tissues, suggesting that intracellular pH
may act as an intrinsic regulator of ENaC activ-
ity.383,386,387 In conditions of ischemia or hypoxia where
intracellular pH might fall, activation of AMPK might
act to decrease channel activity, as noted above.77

Hypoxia is known to decrease activity of ENaC
through a decrease in channel expression in cultured
type II alveolar cells, but the mechanism of this
response is unknown. The effect of pH on channel
activity appears to be direct. In excised, inside-out
patches from apical membranes of rat cortical collect-
ing tubule, a fall in pH from 7.4 to 6.4 resulted in a pro-
gressive and dramatic fall in open probability of the
channel. The mechanism of this regulation is unknown.
However, ENaC activity is clearly downregulated
under cellular conditions where ATP is limiting.388 It
has been proposed that ENaC may be sensitive to
changes in intracellular redox potential through oxida-
tion of intracellular cysteine residues.177 It has also
been shown that transcription and expression of α
ENaC subunit variants are suppressed by oxidative
stress in lung epithelial cells.389 Conversely, oxidative
stress induced by hydrogen peroxide exposure appears
to stimulate ENaC activity through a PI 3-kinase-
dependent pathway in cultured kidney collecting duct
cells.390 Such oxidative stress-induced stimulation of
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ENaC has been proposed to contribute to the patho-
genesis of salt-sensitive hypertension. Similarly, super-
oxide formation and release by NADPH oxidase
(NOX2) downstream of epidermal growth factor and
Rac1 has been reported to stimulate ENaC open proba-
bility in the lung.391

Nitric Oxide

Several studies have shown that nitric oxide (NO)
inhibits ENaC activity in both alveolar type II (AT II)
cells and in cultured renal epithelial cells.392�394 This
effect may be important in inflammatory conditions
such as acute respiratory distress syndrome, where NO
levels may be elevated due to increased expression of
inducible nitric oxide synthase (iNOS).393 NO appears to
inhibit the open probability of the channel in a cGMP-
dependent manner.392 Interestingly, aldosterone has also
been shown to inhibit NO production from ATII cells,
and this appears to be related to an effect of SGK1.395

These results suggest a second, novel mechanism by
which SGK1 could enhance ENaC activity through
downregulation of iNOS activity, and a decrease in NO
inhibition of ENaC open probability. In addition, the
superoxide generation that occurs with oxidative stress
appears to antagonize the NO-mediated inhibition of
ENaC in lung slice patch-clamp experiments.396

Lipids

A number of membrane lipids and lipid intermedi-
ates have been shown to modify ENaC activity, often
in complex ways. Inhibition of phospholipase A2
(PLA2) by aristolochic acid reduced arachidonic acid
(AA) levels and increased ENaC activity in both
Xenopus oocytes and A6 cells in culture.127,397 Direct
application of AA to rat cortical collecting ducts
markedly reduced ENaC activity in a dose-dependent
manner. While this effect was not reproduced by appli-
cation of a non-metabolized analog of AA, 5,8,11,14-
eicosatetraynoic acid (ETYA), it was reproduced by the
CYP-epoxygenase metabolite 11,12-epoxyeicosatrienoic
acid (EET).398 A recent study found that, along with
11,12-EET, 8,9-EET, and 14,15-EET are additional eico-
sanoids that inhibit ENaC activity downstream of
CYP2C8.399 These results suggest that arachidonic acid
effects are mediated by CYP epoxygenase metabolites.
In contrast, in A6 cells current stimulation by PLA2
inhibition was blocked by ETYA, suggesting a direct
effect of arachidonic acid on the channel, rather than
the effect of a metabolite. The effect of ETYA on ENaC
was to reduce open probability.397 In oocytes, however,
both arachidonic acid and ETYA inhibited ENaC, and
this was due to an alteration in the number of surface
channels. Analysis of ENaC surface expression showed
a downregulation of channels consistent with a traf-
ficking effect mediated by both increased endocytosis

and decreased exocytosis.127 Taken together, these
experimental observations indicate that PLA2 activity
leads to increased arachidonic acid levels that inhibit
ENaC activity, but the precise molecular mechanisms
remain in dispute.

Cellular phosphoinositides also affect ENaC func-
tion. Phosphatidylinositol-4,5-bisphosphate (PIP2) is a
signaling molecule related to a number of intracellular
processes, including endocytosis400 and exocytosis.401

It has also been implicated in the activation of several
ion channels.401 Patch-clamp studies have shown that
anionic phospholipids, including PIP2 and PI-3,4,5-P3,
can directly alter channel activity presumably by bind-
ing to cationic sequences within β and γ ENaC.172,173 A
distinct PIP3-binding site has been identified in the ini-
tial part of the carboxyl-terminus of the γ-subunit.227

PIP2 also directly interacts with ENaC at a site distinct
from the PIP3 binding site, and may be permissive for
channel gating.228 Interestingly, increases in cellular
PIP2 levels have also been shown to increase surface
expression of ENaC, presumably by stimulating exocy-
tosis.402 Kunzelmann and colleagues demonstrated that
purinergic inhibition of ENaC by extracellular ATP in
tracheal epithelia resulted in depletion of PIP2 from
cells, and appeared to require a PIP2-binding region of
the amino-terminus of the β-subunit.174

There are three isoforms of phosphoinositide-5-
kinase, which produces PI-4,5-P2 from PI4P. These
kinases have differing effects on cellular processes
such as endocytosis.400,403 PIP2 may thus induce vary-
ing effects on ENaC function, depending on the iso-
form of PI5K that is activated or the spatial localization
of kinases and phosphatases that regulate PIP2 activity
within the cellular microenvironment.404 In summary,
phosphoinositides functioning either as signaling
agents or directly binding to ENaC affect channel
activity.

Intracellular cytoplasmic Cys residues in β- and
γ-subunits are modified by palmitoylation. Two Cys
residues (Cys43 and Cys557) in the mouse β-subunit
were shown to be modified by palmitoylation.
Mutation of these Cys to Ala to prevent palmitoylation
at these sites was associated with a reduction in chan-
nel open probability.98 Secondary structural predic-
tions suggest that Cys557 is within an amphipathic α
helix near the second transmembrane domain, while
Cys43 is in proximity to the first transmembrane α
helix. Mueller and co-workers suggested that β-subunit
palmitoylation modulates channel-gating by enhancing
interactions between cytoplasmic domains and the
plasma membrane.98

Intracellular Na1

Since ENaC is present in epithelia that generate a
steep lumen-to-bath Na1 gradient, it is potentially
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exposed to significant variations in both internal and
external [Na1]. ENaC is modulated by both intracellu-
lar and extracellular [Na1]. Low levels of extracellular
[Na1] increase ENaC activity while elevated levels
decrease activity, a process known as Na1 self-inhibi-
tion.405 Cytoplasmic [Na1] is usually maintained quite
low through the action of the Na1,K1-ATPase on the
basolateral surface of epithelial cells. Since the pump is
normally functioning well below its maximum capac-
ity, Na1 entry into cells is the rate-limiting step for
Na1 reabsorption. Under conditions of rapid increases
in ENaC activity, regulation may also be achieved
through increases in the intracellular [Na1], a process
referred to as feedback inhibition. This phenomenon
has been observed in epithelial cells and Xenopus
oocytes.385,406 Feedback inhibition in response to an
increase in the intracellular [Na1] is a slow process
that occurs over a period of minutes, in contrast to Na1

self-inhibition, which occurs over seconds.252 Studies in
rat cortical collecting ducts suggested that PKC activa-
tion plays an important role in ENaC feedback inhibi-
tion.407 Studies in oocytes indicated that this feedback
inhibition was not readily seen in cells expressing
ENaC with Liddle mutations that inhibit Nedd4-2-
binding and ubiquitin-dependent internalization.408

This finding focused attention on Nedd4-2 as the
potential mediator of Na1 feedback inhibition. In a
series of studies in mouse mandibular duct cells, it was
demonstrated that Na1 feedback inhibition was depen-
dent on Nedd4-2, and required binding of the second
and third WW domains to carboxyl termini of β and γ
ENaC.409,410 More recent studies have suggested that
the A-kinase anchoring protein 15 (AKAP-15) may
bind to PKC and act in concert with PKC to regulate
Na1 feedback inhibition411 or that intracellular [Na1]
may directly modulate the proteolytic activation of
ENaC.412 In summary, a few potential signaling path-
ways/mechanisms have been implicated in ENaC
feedback inhibition by intracellular [Na1], although the
relative contributions for each and how they may inte-
grate with one another in different cell types are still
unclear.

Extracellular Na1

Increases in extracellular [Na1] inhibit ENaC activ-
ity, a process referred to as Na1 self-inhibition. This
phenomenon was originally observed in studies of
native epithelial tissues in the setting of a rapid
increase in extracellular Na1 concentration.413 This
process reflects a decrease in channel open probability,
and is not dependent on Na1 influx.2,182,201,202 Chraibi
and Horisberger demonstrated that Na1 self-inhibition
is an intrinsic property of EnaC, and can be abolished
by treatment with extracellular proteases.202 Na1 self-
inhibition is a temperature-dependent phenomenon

and has a large activation energy, suggesting that a
conformational change occurs in association with the
inhibition of channel activity by extracellular Na1 that
is presumably initiated by Na1-binding to an extra-
cellular site.202,414 Numerous sites within the extracel-
lular domains of the α- and γ-subunits have been
identified where mutations alter Na1 self-inhibi-
tion.80,182,185,186,188,191,192 A number of important ques-
tions remain to be addressed regarding the Na1

self-inhibition response, including: (1) where are the
external Na1-binding site(s); (2) what are the confor-
mational changes that occur in response to Na1-bind-
ing that result in a reduction in channel open
probability; and (3) how do external proteases, presum-
ably by cleaving ENaC subunits, diminish the Na1

self-inhibition response?

Peroxisome Proliferators-Activated Receptors
(PPARs)

The peroxisome proliferators-activated receptors
(PPAR) have been implicated in the regulation of a
wide variety of cellular processes. PPARγ is the phar-
macological target of thiazolidinediones (TZDs) that
have been used in the management of hyperglycemia
associated with type II diabetes mellitus.415 PPARγ is
localized along the collecting duct in kidney,416 and it
is known that a side-effect of PPAR stimulation by
TZDs is fluid retention.417 It has been shown that TZD-
induced weight gain was prevented in mice by amilor-
ide or by deletion of the gene encoding PPARγ from
collecting duct.417 These studies suggested that TZDs
increase ENaC activity in collecting duct cells, and
increased mRNA for γ ENaC. These interesting results
implicate PPARs in the regulation of transcription of at
least one ENaC subunit that apparently leads to
increased ENaC activity. More recent studies have sug-
gested that the PPARγ-induced Na1 reabsorption via
ENaC in the kidney may be mediated through
increased SGK1 expression.418,419 In contrast, work
from other groups suggest that PPARγ agonists do not
activate ENaC420 in cultured principal cells or decrease
ENaC expression in the kidney.421

ATP

Luminal ATP signals through P2Y2 receptors and
inhibits ENaC activity through activation of phospholi-
pase C, activation of protein kinase C, and reducing
cellular levels of PIP2 and channel open
probability.228,422,423 Recent studies suggest that this
signaling pathway may have an important role in aldo-
sterone escape, and the enhanced rates of Na1 excre-
tion in animals on a high-Na1 diet.424�426 Cellular
release of ATP may be occurring through connexin 30
hemi-channels.426
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Hormonal Regulation

Aldosterone

The major hormones regulating ENaC activity in a
broad variety of tissues are corticosteroids. ENaC regu-
lation by steroids is the subject of a separate chapter in
this volume, and will not be discussed in detail here.
Although non-genomic actions of aldosterone
have been described in vascular and non-absorptive tis-
sues,427 the bulk of the available evidence supports the
notion that steroid regulation of ENaC in Na1-absorp-
tive epithelia is mediated by processes dependent on
transcription and translation. This transcriptional activ-
ity is driven by translocation of the steroid receptor to
the nucleus following binding to its cognate ligand,
and binding to specific domains within the genome.
Interestingly, ENaC regulation varies somewhat by tis-
sue. Steroid regulation of ENaC activity is largely due
to an increase in the number of active channels in the
apical membrane, although there is evidence for effects
on open probability as well.12,428,429 The increase in the
number of active channels is not apparently a simple
one-step procedure. An early increase in channels
appears to be a trafficking event, with altered insertion
or retrieval of already synthesized subunits.142,143 A
large part, but not all, of this effect is regulated by the
aldosterone-induced proteins SGK1 and GILZ1 altering
Nedd4-2-ENaC interactions and leading to increased
membrane expression of the channel305�307,430�433

(Figure 30.7). Synthesis and delivery of new channel
subunits can be detected somewhat later in the course
of steroid action in responsive tissues and, interest-
ingly, also varies somewhat by tissue. In kidney, the
predominant induced subunit is α, while in colon, the
β- and γ-subunits are primarily induced.434 This is true
both at the mRNA and protein level. This phenomenon
has been referred to as non-coordinate regulation, and
suggests a degree of complexity of ENaC trafficking
that is still not fully-understood.92,435

Vasopressin

Vasopressin has been shown to stimulate ENaC
activity in the kidney and a number of epithelial cell
lines derived from kidney.252,312,436 The response is rel-
atively rapid, with a time course of minutes, and does
not appear to depend on transcription or translation of
new proteins, at least in its initial phase.252 Vasopressin
binds to V2 receptors on the basolateral surface of
responsive epithelia, and activates adenylate cyclase. In
almost all tissues studied, the action of vasopressin on
Na1 transport is fully reproduced by exogenous
cAMP, and is felt to be secondary to activation of pro-
tein kinase A (PKA).252,437,438 PKA has not been shown
to phosphorylate any subunit of the channel, so its
actions are felt to be indirect.437 There has been no

consistent demonstration of an effect of PKA on ENaC
open probability, so it is likely that the primary effect
of PKA on ENaC is to increase the number of channels
at the plasma membrane. Indeed, there are now
numerous demonstrations that PKA stimulation leads
to an increase in surface expression of ENaC
by biochemical, immunohistochemical, and electro-
physiologic techniques.111,312,439�441 By analogy to its
well-described effects on insertion of aquaporins in
kidney cortex and medulla, it seems reasonable to
expect that the primary event in PKA stimulation of
ENaC is the exocytosis of channels into the apical
membrane from some pre-existing cytoplasmic pool.
Strong evidence supports this likelihood. Studies by
patch-clamp indicate a rapid increase in the number of
surface channels in response to cAMP stimulation.442

Stimulation of adenylate cyclase by forskolin or by
addition of cAMP analogs leads to an increase in bio-
chemical and immunohistochemically measured apical
channel number,312,439 and this increase is temporally
associated with an increase in apical membrane capaci-
tance typical of exocytic events.111,441 Butterworth and
colleagues have recently proposed that cAMP stimula-
tion leads to exocytic insertion of channels from a sub-
apical recycling pool of channels that is distinct from
constitutive turnover of the channel, analogous to vaso-
pressin regulation of water channels111 (Figure 30.4).

It is also likely that vasopressin, acting through
cAMP and Nedd4-2, alters channel retrieval. Snyder
and colleagues reported that Nedd4-2 is a substrate for
PKA phosphorylation, and they related cAMP regula-
tion of ENaC to inhibition of Nedd4-ENaC interac-
tions.297 Indeed, PKA appears to phosphorylate
Nedd4-2 at sites that overlap the SGK1 target phos-
phorylation sites, suggesting a similar mechanism of
action in promoting the sequestration of Nedd4-2
through binding to 14-3-3 proteins.308,309 There is an
obvious interplay between the hormonal regulation of
ENaC by aldosterone and vasopressin, and it is possi-
ble that it occurs at the point of kinase regulation.
However, the fact that aldosterone and vasopressin are
synergistic, and that ENaCs with Liddle’s mutations
which should be unresponsive to Nedd4-2 inhibition
are still responsive to vasopressin stimulation,436 sug-
gests that, at a minimum, some distinct pathways are
involved in the regulation of ENaC by these two hor-
mones. It is also interesting to note that a long-term
(days) effect of vasopressin to stimulate transcription
of ENaC subunits would clearly complement and be
synergistic with aldosterone effects in situations of sig-
nificant Na1 avidity.443

Insulin

Insulin stimulates ENaC activity in renal epithe-
lia.252,444 The exact mechanism(s) of this effect are a
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subject of considerable controversy. This would seem
odd, as it is clear that insulin stimulates phosphoinosi-
tide 3-kinase (PI3K), which in turn regulates the activity
of 3-phosphoinositide-dependent kinase 1. The latter
kinase phosphorylates SGK1 and converts it to an active
form.445 This represents an obvious convergence point
for the effects of aldosterone and insulin, which have
been shown to be synergistic, on the stimulation of
ENaC activity.445�447 Indeed, noise analysis indicates
that the primary effect of insulin is to increase the num-
ber of active apical membrane channels, with little effect
on open probability.446 All of these observations are
consistent with insulin increasing ENaC activity via
decreasing Nedd4-2-dependent retrieval.

It is possible, however, that the action of insulin is
more complex. Stimulation of ENaC activity by insulin
is quite rapid (minutes), and has been associated with
exocytosis and delivery of preformed channels to the
apical membrane in a PI3K-dependent manner.310

Additionally it has been proposed that insulin may
directly activate channels by phosphorylation that is
dependent on protein kinase C319 or by interaction
with active metabolites of PI3K, phosphoinositol 3,4
phosphate, and phosphoinositol 3,4,5 phosphate, both
of which activate ENaC in excised patches.448 As with
aldosterone and vasopressin, although a great deal
has been learned about the regulation and trafficking
of ENaC, the final control mechanisms by which
hormones regulate the channel are complex and only
partially-understood.

Angiotensin II

Angiotensin II activates ENaC by signaling through
angiotensin II type 1 receptors.449�451 The signaling
mechanism appears to involve activation of a Ca21-
independent protein kinase C isoform and activation of
NADPH oxidase, leading to an increase in channels at
the plasma membrane, as well as an increase in chan-
nel open probability.450,451

Endothelin

Endothelin-1 signaling through ETB receptors
results in a decrease in ENaC open probability. The
intracellular signaling pathways subsequent to ETB
receptor activation involve Src kinase and MAP kinase
1/2 signaling pathways.314,452,453

Regulation by Mechanical Forces

Members of the ENaC/DEG family expressed in
C. elegans are mechanosensitive ion channels. Early
studies directed at examining the mechanosensitivity
of ENaC produced conflicting results that have led
to lively debates.454 Different responses of ENaC

expressed in Xenopus oocytes to cell swelling or shrink-
ing have been reported.455,456 Application of a negative
hydrostatic pressure to rat CCD cells by patch pipettes
led to a variable increase in the open probability of
Na1 channels.11

The distal nephron is subject to varying flow rates
and volumes, dependent in part on extracellular vol-
ume status and the use of pharmacologic agents, such
as loop and thiazide diuretics. Changes in flow rates
within the distal nephron affect ENaC activity.
Micropuncture and microperfusion studies of distal
nephron segments have demonstrated that increases in
flow rates within the physiologic range led to increases
in the rates of net transepithelial Na1 flux.457�459

Increases in tubular flow rates expose channels to a
variety of mechanical forces, including hydrostatic
pressure and shear stress. Carattino and co-workers
demonstrated that ENaCs expressed in oocytes are acti-
vated when exposed to laminar shear stress at levels
that are likely to be present at the surface of principal
cells within collecting ducts exposed to flow rates
within a physiologic range.220,221 The increase in ENaC
activity is due to an increase in channel open probabil-
ity.204,220,221,460 While mutations introduced at sites
within the channel pore alter the channel’s response to
shear stress, evidence suggest that the large extracellu-
lar regions function as flow sensors.188,221,461,462 ENaC
subunits are also expressed in vascular smooth muscle,
where they are also exposed to mechanical forces.
ENaC subunits, possibly in conjunction with ASIC sub-
units, form mechanosensitive channels that function as
arterial baroreceptors and participate in the myogenic
response in vascular beds.160,463�470

ENaC AND HUMAN DISORDERS

Liddle syndrome is a rare, autosomal dominant dis-
order characterized by extracellular fluid volume expan-
sion, hypertension, and hypokalemia. Mutations have
been described in patients with this disorder in genes
encoding the β- or γ-subunits of ENaC that result in
either a truncation or frameshift within the intracellular
carboxyl termini or amino acid substitutions within the
PY motifs.277,279�281 These mutations disrupt the bind-
ing of Nedd4-2 to ENaC, prevent Nedd4-2-dependent
ubiquitination of ENaC subunits, and significantly
retard rates of channel internalization from the plasma
membrane and degradation.126,128,282,471,472 Liddle’s
mutations are also associated with an increase in chan-
nel open probability that may reflect an increase in the
proteolytic processing of subunits, in association with
an increased residency time at the plasma membrane.473

It is likely that rare mutations that result in a Liddle
syndrome phenotype that are not associated with the
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PY motif will be identified. These mutations would
result in either an increase in channel open probability
or an increase in surface expression. For example, a
γ-subunit N530K mutation has been described in a
patient with diabetic nephropathy.474 This mutation is
within a region where mutations or chemical modifica-
tion of substituted cysteine residues lead to an increase
in channel open probability.76,79,219 Common human
epithelial Na1 channel polymorphisms segregate with
blood pressure, including βT594M and αA663T,475,476

and are associated with altered channel activ-
ity.231,477,478 A homozygous missense mutation in the
gene encoding SCNN1A (α-subunit) resulting in a
Ser243Pro mutation was noted in an infant with severe
renal Na1-wasting.479 This mutation was associated
with enhanced Na1 self-inhibition, as well as enhanced
Na1 feedback inhibition (an inhibition of channel activ-
ity due to an increase in intracellular [Na1]). Another
report described an individual with atypical cystic
fibrosis who was heterozygous for the ΔF508 CFTR
mutation.192 This individual also had a mutation in
the α-subunit (αW493R) that resulted in a profound
loss in Na1 self-inhibition. While it is unclear whether
the αW493R mutation contributed to the pulmonary
symptoms, individuals who are heterozygous for the
ΔF508 mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) generally lack overt
pulmonary symptoms. Specific disorders of mineralo-
corticoid and glucocorticoid metabolism are also asso-
ciated with increases in ENaC activity and
hypertension.

A decrease in airway fluid volume has been
observed in patients with cystic fibrosis. As discussed
above, it has been suggested the CFTR, a cAMP-regu-
lated Cl2 channel, inhibits ENaC activity in airway epi-
thelia. In the absence of functional CFTR, the activity of
ENaC in airways appears to be increased,352,355,357

although conflicting observations have been
reported.362,363

Renal Na1 retention occurs in nephrotic syndrome,
even in the absence of activation of known volume reg-
ulatory hormones. Recent studies suggest that plasmin-
ogen is filtered by damaged glomeruli, and is
converted to plasmin by urokinase that lines kidney
tubules.338,339,480 Plasmin cleaves the γ-subunit and
activates ENaC, raising the possibility that aberrant
activation of ENaC by plasmin may have an important
role in the activation of renal Na1 retaining mechan-
isms in nephrotic syndrome.338,339,480

ENaC loss-of-function mutations have been described
in the autosomal recessive variant of type I pseudo-
hypoaldosteronism. This disorder is characterized by
volume depletion, hypotension, and hyperkalemia.
Many of the mutations described to date are due to a
frameshift or premature stop codon.42 A missense

mutation within the β-subunit G37S led to the identifica-
tion of an N-terminal domain that affects channel-
gating.165,166

References

[1] Koefoed-Johnson V, Ussing HH. The nature of frog skin poten-
tial. Acta Physiol Scand 1958;42:298�308.

[2] Van Driessche W, Lindemann B. Concentration dependence of
currents through single sodium-selective pores in frog skin.
Nature 1979;282(5738):519�20.

[3] Palmer LG, Frindt G. Epithelial sodium channels: characteriza-
tion by using the patch-clamp technique. Fed Proc 1986;45
(12):2708�12.

[4] Hamilton KL, Eaton DC. Single-channel recordings from
amiloride-sensitive epithelial sodium channel. Am J Physiol
1985;249(3 Pt 1):C200�7.

[5] Hummler E, Barker P, Talbot C, Wang Q, Verdumo C, Grubb B,
et al. A mouse model for the renal salt-wasting syndrome pseu-
dohypoaldosteronism. Proc Natl Acad Sci USA 1997;94
(21):11710�5.

[6] McDonald FJ, Yang B, Hrstka RF, Drummond HA, Tarr DE,
McCray Jr PB, et al. Disruption of the beta subunit of the epithe-
lial Na1 channel in mice: Hyperkalemia and neonatal death
associated with a pseudohypoaldosteronism phenotype. Proc
Natl Acad Sci USA 1999;96(4):1727�31.

[7] Pradervand S, Barker PM, Wang Q, Ernst SA, Beermann F,
Grubb BR, et al. Salt restriction induces pseudohypoaldosteron-
ism type 1 in mice expressing low levels of the beta-subunit of
the amiloride-sensitive epithelial sodium channel. Proc Natl
Acad Sci USA 1999;96(4):1732�7.

[8] Hamilton KL, Eaton DC. Single-channel recordings from two
types of amiloride-sensitive epithelial Na1 channels. Membr
Biochem 1986;6(2):149�71.

[9] Canessa CM, Schild L, Buell G, Thorens B, Gautschi I,
Horisberger JD, et al. Amiloride-sensitive epithelial Na1 chan-
nel is made of three homologous subunits. Nature 1994;367
(6462):463�7.

[10] Palmer LG, Frindt G. Conductance and gating of epithelial Na
channels from rat cortical collecting tubule. Effects of luminal
Na and Li. J Gen Physiol 1988;92(1):121�38.

[11] Palmer LG, Frindt G. Gating of Na channels in the rat cortical
collecting tubule: effects of voltage and membrane stretch. J
Gen Physiol 1996;107(1):35�45.

[12] Kemendy AE, Kleyman TR, Eaton DC. Aldosterone alters the
open probability of amiloride-blockable sodium channels in A6
epithelia. Am J Physiol 1992;263(4 Pt 1):C825�37.

[13] Caldwell RA, Boucher RC, Stutts MJ. Serine protease activation
of near-silent epithelial Na1 channels. Am J Physiol Cell Physiol
2004;286(1):C190�4.

[14] Bentley PJ. Amiloride: a potent inhibitor of sodium transport
across the toad bladder. J Physiol 1968;195(2):317�30.

[15] Kleyman TR, Cragoe Jr EJ. Cation transport probes: the amilor-
ide series. Methods Enzymol 1990;191:739�55.

[16] Salako LA, Smith AJ. Effects of the diuretics, triamterene and
mersalyl on active sodium transport mechanisms in isolated
frog skin. Br J Pharmacol 1971;41(3):552�7.

[17] Choi MJ, Fernandez PC, Patnaik A, Coupaye-Gerard B,
D’Andrea D, Szerlip H, et al. Brief report: trimethoprim-
induced hyperkalemia in a patient with AIDS. N Engl J Med
1993;328(10):703�6.

[18] Schlanger LE, Kleyman TR, Ling BN. K(1)-sparing diuretic
actions of trimethoprim: inhibition of Na1 channels in A6 distal
nephron cells. Kidney Int 1994;45(4):1070�6.

1004 30. EPITHELIAL Na1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



[19] Kleyman TR, Roberts C, Ling BN. A mechanism for pentami-
dine-induced hyperkalemia: inhibition of distal nephron
sodium transport. Ann Intern Med 1995;122(2):103�6.

[20] Benos DJ, Saccomani G, Brenner BM, Sariban-Sohraby S.
Purification and characterization of the amiloride-sensitive
sodium channel from A6 cultured cells and bovine renal
papilla. Proc Natl Acad Sci USA 1986;83(22):8525�9.

[21] Benos DJ, Saccomani G, Sariban-Sohraby S. The epithelial
sodium channel. Subunit number and location of the amiloride
binding site. J Biol Chem 1987;262(22):10613�8.

[22] Kleyman TR, Kraehenbuhl JP, Ernst SA. Characterization and
cellular localization of the epithelial Na1 channel. Studies using
an anti-Na1 channel antibody raised by an antiidiotypic route. J
Biol Chem 1991;266(6):3907�15.

[23] Ismailov II, Berdiev BK, Bradford AL, Awayda MS, Fuller CM,
Benos DJ. Associated proteins and renal epithelial Na1 channel
function. J Membr Biol 1996;149(2):123�32.

[24] Canessa CM, Horisberger JD, Rossier BC. Epithelial sodium
channel related to proteins involved in neurodegeneration.
Nature 1993;361(6411):467�70.

[25] Lingueglia E, Voilley N, Waldmann R, Lazdunski M, Barbry P.
Expression cloning of an epithelial amiloride-sensitive Na1

channel. A new channel type with homologies to Caenorhabditis
elegans degenerins. FEBS Lett 1993;318(1):95�9.

[26] Lingueglia E, Renard S, Waldmann R, Voilley N, Champigny G,
Plass H, et al. Different homologous subunits of the amiloride-
sensitive Na1 channel are differently regulated by aldosterone. J
Biol Chem 1994;269(19):13736�9.

[27] Ahn YJ, Brooker DR, Kosari F, Harte BJ, Li J, Mackler SA, et al.
Cloning and functional expression of the mouse epithelial
sodium channel. Am J Physiol 1999;277(1 Pt 2):F121�9.

[28] McDonald FJ, Price MP, Snyder PM, Welsh MJ. Cloning and
expression of the beta- and gamma-subunits of the human epi-
thelial sodium channel. Am J Physiol 1995;268(5 Pt 1):
C1157�63.

[29] McDonald FJ, Snyder PM, McCray Jr PB, Welsh MJ. Cloning,
expression, and tissue distribution of a human amiloride-sensi-
tive Na1 channel. Am J Physiol 1994;266(6 Pt 1):L728�34.

[30] Fuller CM, Awayda MS, Arrate MP, Bradford AL, Morris RG,
Canessa CM, et al. Cloning of a bovine renal epithelial Na1

channel subunit. Am J Physiol 1995;269(3 Pt 1):C641�54.
[31] Puoti A, May A, Canessa CM, Horisberger JD, Schild L, Rossier

BC. The highly selective low-conductance epithelial Na channel
of Xenopus laevis A6 kidney cells. Am J Physiol 1995;269(1 Pt 1):
C188�97.

[32] Jensik P, Holbird D, Cox T. Cloned bullfrog skin sodium
(fENaC) and xENaC subunits hybridize to form functional
sodium channels. J Comp Physiol [B] 2002;172(7):569�76.

[33] Goldstein O, Asher C, Garty H. Cloning and induction by low
NaCl intake of avian intestine Na1 channel subunits. Am J
Physiol 1997;272(1 Pt 1):C270�7.

[34] Schnizler M, Mastroberardino L, Reifarth F, Weber WM, Verrey
F, Clauss W. cAMP sensitivity conferred to the epithelial Na1

channel by alpha-subunit cloned from guinea-pig colon.
Pflugers Arch 2000;439(5):579�87.

[35] Voilley N, Bassilana F, Mignon C, Merscher S, Mattei MG, Carle
GF, et al. Cloning, chromosomal localization, and physical link-
age of the beta and gamma subunits (SCNN1B and SCNN1G)
of the human epithelial amiloride-sensitive sodium channel.
Genomics 1995;28(3):560�5.

[36] Brooker DR, Kozak CA, Kleyman TR. Epithelial sodium channel
genes Scnn1b and Scnn1g are closely linked on distal mouse
chromosome 7. Genomics 1995;29(3):784�6.

[37] Ludwig M, Bolkenius U, Wickert L, Marynen P, Bidlingmaier F.
Structural organisation of the gene encoding the alpha-subunit

of the human amiloride-sensitive epithelial sodium channel.
Hum Genet 1998;102(5):576�81.

[38] Thomas CP, Auerbach SD, Zhang C, Stokes JB. The structure of
the rat amiloride-sensitive epithelial sodium channel gamma
subunit gene and functional analysis of its promoter. Gene
1999;228(1�2):111�22.

[39] Thomas CP, Auerbach S, Stokes JB, Volk KA. 50 heterogeneity in
epithelial sodium channel alpha-subunit mRNA leads to dis-
tinct NH2-terminal variant proteins. Am J Physiol 1998;274(5 Pt
1):C1312�23.

[40] Chraibi A, Verdumo C, Merillat AM, Rossier BC, Horisberger
JD, Hummler E. Functional analyses of a N-terminal splice vari-
ant of the alpha subunit of the epithelial sodium channel. Cell
Physiol Biochem 2001;11(3):115�22.

[41] Tucker JK, Tamba K, Lee YJ, Shen LL, Warnock DG, Oh Y.
Cloning and functional studies of splice variants of the alpha-
subunit of the amiloride-sensitive Na1 channel. Am J Physiol
1998;274(4 Pt 1):C1081�9.

[42] Chang SS, Grunder S, Hanukoglu A, Rosler A, Mathew PM,
Hanukoglu I, et al. Mutations in subunits of the epithelial
sodium channel cause salt wasting with hyperkalaemic acido-
sis, pseudohypoaldosteronism type 1. Nat Genet 1996;12(3):
248�53.

[43] Bonny O, Chraibi A, Loffing J, Jaeger NF, Grunder S,
Horisberger JD, et al. Functional expression of a pseudohypoal-
dosteronism type I mutated epithelial Na1 channel lacking the
pore-forming region of its alpha subunit. J Clin Invest 1999;104
(7):967�74.

[44] Huang M, Chalfie M. Gene interactions affecting mechanosen-
sory transduction in Caenorhabditis elegans. Nature 1994;367
(6462):467�70.

[45] Corey DP, Garcia-Anoveros J. Mechanosensation and the DEG/
ENaC ion channels. Science 1996;273(5273):323�4.

[46] Goodman MB, Ernstrom GG, Chelur DS, O’Hagan R, Yao
CA, Chalfie M. MEC-2 regulates C. elegans DEG/ENaC chan-
nels needed for mechanosensation. Nature 2002;415(6875):
1039�42.

[47] Waldmann R, Champigny G, Bassilana F, Voilley N, Lazdunski
M. Molecular cloning and functional expression of a novel
amiloride-sensitive Na1 channel. J Biol Chem 1995;270
(46):27411�4.

[48] Yamamura H, Ugawa S, Ueda T, Nagao M, Shimada S. Protons
activate the delta-subunit of the epithelial Na1 channel in
humans. J Biol Chem 2004;279(13):12529�34.

[49] Babini E, Geisler HS, Siba M, Grunder S. A new subunit of the
epithelial Na1 channel identifies regions involved in Na1 self-
inhibition. J Biol Chem 2003;278(31):28418�26.

[50] Waldmann R, Champigny G, Bassilana F, Heurteaux C,
Lazdunski M. A proton-gated cation channel involved in acid-
sensing. Nature 1997;386(6621):173�7.

[51] Price MP, Snyder PM, Welsh MJ. Cloning and expression of a
novel human brain Na1 channel. J Biol Chem 1996;271(14):
7879�82.

[52] Wemmie JA, Askwith CC, Lamani E, Cassell MD, Freeman Jr
JH, Welsh MJ. Acid-sensing ion channel 1 is localized in brain
regions with high synaptic density and contributes to fear con-
ditioning. J Neurosci 2003;23(13):5496�502.

[53] Wemmie JA, Coryell MW, Askwith CC, Lamani E, Leonard AS,
Sigmund CD, et al. Overexpression of acid-sensing ion channel
1a in transgenic mice increases acquired fear-related behavior.
Proc Natl Acad Sci USA 2004;101(10):3621�6.

[54] Ziemann AE, Allen JE, Dahdaleh NS, Drebot II, Coryell MW,
Wunsch AM, et al. The amygdala is a chemosensor that detects
carbon dioxide and acidosis to elicit fear behavior. Cell 2009;139
(5):1012�21.

1005REFERENCES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



[55] Ziemann AE, Schnizler MK, Albert GW, Severson MA, Howard
III MA, Welsh MJ, et al. Seizure termination by acidosis
depends on ASIC1a. Nat Neurosci 2008;11(7):816�22.

[56] Adams CM, Anderson MG, Motto DG, Price MP, Johnson
WA, Welsh MJ. Ripped pocket and pickpocket, novel
Drosophila DEG/ENaC subunits expressed in early develop-
ment and in mechanosensory neurons. J Cell Biol 1998;140(1):
143�52.

[57] Darboux I, Lingueglia E, Pauron D, Barbry P, Lazdunski M. A
new member of the amiloride-sensitive sodium channel family
in Drosophila melanogaster peripheral nervous system. Biochem
Biophys Res Commun 1998;246(1):210�6.

[58] Take-Uchi M, Kawakami M, Ishihara T, Amano T, Kondo K,
Katsura I. An ion channel of the degenerin/epithelial sodium
channel superfamily controls the defecation rhythm in
Caenorhabditis elegans. Proc Natl Acad Sci USA 1998;95
(20):11775�80.

[59] Liu L, Johnson WA, Welsh MJ. Drosophila DEG/ENaC pick-
pocket genes are expressed in the tracheal system, where they
may be involved in liquid clearance. Proc Natl Acad Sci USA
2003;100(4):2128�33.

[60] Liu L, Leonard AS, Motto DG, Feller MA, Price MP, Johnson
WA, et al. Contribution of Drosophila DEG/ENaC genes to salt
taste. Neuron 2003;39(1):133�46.

[61] Lin H, Mann KJ, Starostina E, Kinser RD, Pikielny CWA.
Drosophila DEG/ENaC channel subunit is required for male
response to female pheromones. Proc Natl Acad Sci USA
2005;102(36):12831�6.

[62] Lingueglia E, Champigny G, Lazdunski M, Barbry P. Cloning of
the amiloride-sensitive FMRFamide peptide-gated sodium
channel. Nature 1995;378(6558):730�3.

[63] Cottrell GA. The first peptide-gated ion channel. J Exp Biol
1997;200(Pt 18):2377�86.

[64] Jeziorski MC, Green KA, Sommerville J, Cottrell GA. Cloning
and expression of a FMRFamide-gated Na(1) channel from
Helisoma trivolvis and comparison with the native neuronal
channel. J Physiol 2000;526(Pt 1):13�25.

[65] Ho K, Nichols CG, Lederer WJ, Lytton J, Vassilev PM,
Kanazirska MV, et al. Cloning and expression of an inwardly
rectifying ATP-regulated potassium channel. Nature 1993;362
(6415):31�8.

[66] Valera S, Hussy N, Evans RJ, Adami N, North RA, Surprenant
A, et al. A new class of ligand-gated ion channel defined by
P2x receptor for extracellular ATP. Nature 1994;371
(6497):516�9.

[67] Renard S, Lingueglia E, Voilley N, Lazdunski M, Barbry P.
Biochemical analysis of the membrane topology of the amiloride-
sensitive Na1 channel. J Biol Chem 1994;269(17):12981�6.

[68] Canessa CM, Merillat AM, Rossier BC. Membrane topology of
the epithelial sodium channel in intact cells. Am J Physiol
1994;267(6 Pt 1):C1682�90.

[69] Jasti J, Furukawa H, Gonzales EB, Gouaux E. Structure of acid-
sensing ion channel 1 at 1.9 A resolution and low pH. Nature
2007;449(7160):316�23.

[70] Gonzales EB, Kawate T, Gouaux E. Pore architecture and ion
sites in acid-sensing ion channels and P2X receptors. Nature
2009;460(7255):599�604.

[71] Firsov D, Gautschi I, Merillat AM, Rossier BC, Schild L. The het-
erotetrameric architecture of the epithelial sodium channel
(ENaC). Embo J 1998;17(2):344�52.

[72] Kosari F, Sheng S, Li J, Mak DO, Foskett JK, Kleyman TR.
Subunit stoichiometry of the epithelial sodium channel. J Biol
Chem 1998;273(22):13469�74.

[73] Snyder PM, Cheng C, Prince LS, Rogers JC, Welsh MJ.
Electrophysiological and biochemical evidence that DEG/ENaC

cation channels are composed of nine subunits. J Biol Chem
1998;273(2):681�4.

[74] Anantharam A, Palmer LG. Determination of epithelial Na1

channel subunit stoichiometry from single-channel conduc-
tances. J Gen Physiol 2007;130(1):55�70.

[75] Li T, Yang Y, Canessa CM. Outlines of the pore in open and
closed conformations describe the gating mechanism of ASIC1.
Nat Commun 2011;2:399.

[76] Sheng S, Li J, McNulty KA, Kieber-Emmons T, Kleyman TR.
Epithelial sodium channel pore region. Structure and role in
gating. J Biol Chem 2001;276(2):1326�34.

[77] Carattino MD, Edinger RS, Grieser HJ, Wise R, Neumann D,
Schlattner U, et al. Hallows KR. Epithelial sodium channel inhi-
bition by AMP-activated protein kinase in oocytes and polar-
ized renal epithelial cells. J Biol Chem 2005;280(18):17608�16.

[78] Adams CM, Snyder PM, Price MP, Welsh MJ. Protons activate
brain Na1 channel 1 by inducing a conformational change that
exposes a residue associated with neurodegeneration. J Biol
Chem 1998;273(46):30204�7.

[79] Snyder PM, Bucher DB, Olson DR. Gating induces a conforma-
tional change in the outer vestibule of ENaC. J Gen Physiol
2000;116(6):781�90.

[80] Kashlan OB, Boyd CR, Argyropoulos C, Okumura S, Hughey
RP, Grabe M, et al. Allosteric inhibition of the epithelial Na1

channel through peptide binding at peripheral finger and
thumb domains. J Biol Chem 2010;285(45):35216�23.

[81] Kashlan OB, Kleyman TR. ENaC structure and function in the
wake of a resolved structure of a family member. Am J Physiol
Renal Physiol 2011;301(4):F684�96.

[82] Kashlan OB, Adelman JL, Okumura S, Blobner BM, Zuzek Z,
Hughey RP, et al. Constraint-based, homology model of the
extracellular domain of the epithelial Na1 channel alpha sub-
unit reveals a mechanism of channel activation by proteases.
J Biol Chem 2011;286(1):649�60.

[83] Hughey RP, Bruns JB, Kinlough CL, Harkleroad KL, Tong Q,
Carattino MD, et al. Epithelial sodium channels are activated by
furin-dependent proteolysis. J Biol Chem 2004;279(18):18111�4.

[84] Carattino MD, Sheng S, Bruns JB, Pilewski JM, Hughey RP,
Kleyman TR. The epithelial Na1 channel is inhibited by a pep-
tide derived from proteolytic processing of its alpha subunit.
J Biol Chem 2006;281(27):18901�7.

[85] Kleyman TR, Carattino MD, Hughey RP. ENaC at the cutting
edge: regulation of epithelial sodium channels by proteases.
J Biol Chem 2009;284(31):20447�51.

[86] Carattino MD, Passero CJ, Steren CA, Maarouf AB, Pilewski JM,
Myerburg MM, et al. Defining an inhibitory domain in the
alpha-subunit of the epithelial sodium channel. Am J Physiol
Renal Physiol 2008;294(1):F47�52.

[87] Stockand JD, Staruschenko A, Pochynyuk O, Booth RE,
Silverthorn DU. Insight toward epithelial Na1 channel mecha-
nism revealed by the acid-sensing ion channel 1 structure.
IUBMB Life 2008;60(9):620�8.

[88] Adams CM, Snyder PM, Welsh MJ. Interactions between subu-
nits of the human epithelial sodium channel. J Biol Chem
1997;272(43):27295�300.

[89] May A, Puoti A, Gaeggeler HP, Horisberger JD, Rossier BC.
Early effect of aldosterone on the rate of synthesis of the epithe-
lial sodium channel alpha subunit in A6 renal cells. J Am Soc
Nephrol 1997;8(12):1813�22.

[90] Prince LS, Welsh MJ. Cell surface expression and biosynthesis
of epithelial Na1 channels. Biochem J 1998;336(Pt 3):705�10.

[91] Hanwell D, Ishikawa T, Saleki R, Rotin D. Trafficking and cell
surface stability of the epithelial Na1 channel expressed in
epithelial Madin�Darby canine kidney cells. J Biol Chem
2002;277(12):9772�9.

1006 30. EPITHELIAL Na1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



[92] Weisz OA, Wang JM, Edinger RS, Johnson JP. Non-coordinate
regulation of endogenous epithelial sodium channel (ENaC)
subunit expression at the apical membrane of A6 cells in
response to various transporting conditions. J Biol Chem
2000;275(51):39886�93.

[93] De La Rosa DA, Li H, Canessa CM. Effects of aldosterone
on biosynthesis, traffic, and functional expression of epithe-
lial sodium channels in A6 cells. J Gen Physiol 2002;119(5):
427�42.

[94] Cheng C, Prince LS, Snyder PM, Welsh MJ. Assembly of the
epithelial Na1 channel evaluated using sucrose gradient sedi-
mentation analysis. J Biol Chem 1998;273(35):22693�700.

[95] Rotin D, Kanelis V, Schild L. Trafficking and cell surface stabil-
ity of ENaC. Am J Physiol Renal Physiol 2001;281(3):F391�9.

[96] Valentijn JA, Fyfe GK, Canessa CM. Biosynthesis and proces-
sing of epithelial sodium channels in Xenopus oocytes. J Biol
Chem 1998;273(46):30344�51.

[97] Hughey RP, Mueller GM, Bruns JB, Kinlough CL, Poland PA,
Harkleroad KL, et al. Maturation of the epithelial Na1 channel
involves proteolytic processing of the alpha- and gamma-subu-
nits. J Biol Chem 2003;278(39):37073�82.

[98] Mueller GM, Maarouf AB, Kinlough CL, Sheng N, Kashlan
OB, Okumura S, et al. Cys palmitoylation of the beta subunit
modulates gating of the epithelial sodium channel. J Biol
Chem 2010;285(40):30453�62.

[99] Mueller GM, Kashlan OB, Bruns JB, Maarouf AB, Aridor M,
Kleyman TR, et al. Epithelial sodium channel exit from the
endoplasmic reticulum is regulated by a signal within the car-
boxyl cytoplasmic domain of the alpha subunit. J Biol Chem
2007;282(46):33475�83.

[100] Kashlan OB, Mueller GM, Qamar MZ, Poland PA, Ahner A,
Rubenstein RC, et al. Small heat shock protein alphaA-crystal-
lin regulates epithelial sodium channel expression. J Biol Chem
2007;282(38):28149�56.

[101] Buck TM, Kolb AR, Boyd CR, Kleyman TR, Brodsky JL. The
endoplasmic reticulum-associated degradation of the epithelial
sodium channel requires a unique complement of molecular
chaperones. Mol Biol Cell 2010;21(6):1047�58.

[102] Kolb AR, Buck TM, Brodsky JL. Saccharomyces cerivisiae as a
model system for kidney disease: what can yeast tell us about
renal function? Am J Physiol Renal Physiol 2011;301(1):F1�11.

[103] Kopito RR. ER quality control: the cytoplasmic connection.
Cell 1997;88(4):427�30.

[104] Ellgaard L, Molinari M, Helenius A. Setting the standards:
quality control in the secretory pathway. Science 1999;286
(5446):1882�8.

[105] Fewell SW, Travers KJ, Weissman JS, Brodsky JL. The action of
molecular chaperones in the early secretory pathway. Annu
Rev Genet 2001;35:149�91.

[106] Goldfarb SB, Kashlan OB, Watkins JN, Suaud L, Yan W,
Kleyman TR, et al. Differential effects of Hsc70 and Hsp70 on
the intracellular trafficking and functional expression of epi-
thelial sodium channels. Proc Natl Acad Sci USA 2006;103
(15):5817�22.

[107] Sugahara T, Koga T, Ueno-Shuto K, Shuto T, Watanabe E,
Maekawa A, et al. Calreticulin positively regulates the expres-
sion and function of epithelial sodium channel. Exp Cell Res
2009;315(19):3294�300.

[108] Malik B, Schlanger L, Al-Khalili O, Bao HF, Yue G, Price SR, et
al. ENaC degradation in A6 cells by the ubiquitin-proteosome
proteolytic pathway. J Biol Chem 2001;276(16):12903�10.

[109] Kleyman TR, Zuckerman JB, Middleton P, McNulty KA, Hu B,
Su X, et al. Cell surface expression and turnover of the alpha-
subunit of the epithelial sodium channel. Am J Physiol Renal
Physiol 2001;281(2):F213�21.

[110] Mohan S, Bruns JR, Weixel KM, Edinger RS, Bruns JB,
Kleyman TR, et al. Differential current decay profiles of epithe-
lial sodium channel subunit combinations in polarized renal
epithelial cells. J Biol Chem 2004;279(31):32071�8.

[111] Butterworth MB, Edinger RS, Johnson JP, Frizzell RA. Acute
ENaC stimulation by cAMP in a kidney cell line is mediated
by exocytic insertion from a recycling channel pool. J Gen
Physiol 2005;125(1):81�101.

[112] Hughey RP, Bruns JB, Kinlough CL, Kleyman TR. Distinct
pools of epithelial sodium channels are expressed at the
plasma membrane. J Biol Chem 2004;279(47):48491�4.

[113] Caldwell RA, Boucher RC, Stutts MJ. Neutrophil elastase acti-
vates near-silent epithelial Na1-channels and increases airway
epithelial Na1-transport. Am J Physiol Lung Cell Mol Physiol
2005;288(5):L813�9.

[114] Chraibi A, Vallet V, Firsov D, Hess SK, Horisberger JD.
Protease modulation of the activity of the epithelial sodium
channel expressed in Xenopus oocytes. J Gen Physiol 1998;111
(1):127�38.

[115] Sheng S, Carattino MD, Bruns JB, Hughey RP, Kleyman TR.
Furin cleavage activates the epithelial Na1 channel by relieving
Na1 self-inhibition. Am J Physiol Renal Physiol 2006;290(6):
F1488�96.

[116] Saxena S, Quick MW, Tousson A, Oh Y, Warnock DG.
Interaction of syntaxins with the amiloride-sensitive epithelial
sodium channel. J Biol Chem 1999;274(30):20812�7.

[117] Berdiev BK, Jovov B, Tucker WC, Naren AP, Fuller CM,
Chapman ER, et al. ENaC subunit-subunit interactions and
inhibition by syntaxin 1A. Am J Physiol Renal Physiol 2004;286
(6):F1100�6.

[118] Condliffe SB, Zhang H, Frizzell RA. Syntaxin 1A regulates
ENaC channel activity. J Biol Chem 2004;279(11):10085�92.

[119] Condliffe SB, Carattino MD, Frizzell RA, Zhang H. Syntaxin
1A regulates ENaC via domain-specific interactions. J Biol
Chem 2003;278(15):12796�804.

[120] Hill WG, An B, Johnson JP. Endogenously expressed epithelial
sodium channel is present in lipid rafts in A6 cells. J Biol
Chem 2002;277(37):33541�4.

[121] Shlyonsky VG, Mies F, Sariban-Sohraby S. Epithelial sodium
channel activity in detergent-resistant membrane microdo-
mains. Am J Physiol Renal Physiol 2003;284(1):F182�8.

[122] Rotin D, Bar-Sagi D, O’Brodovich H, Merilainen J, Lehto VP,
Canessa CM, et al. An SH3 binding region in the epithelial
Na1 channel (alpha rENaC) mediates its localization at the api-
cal membrane. Embo J 1994;13(19):4440�50.

[123] Zuckerman JB, Chen X, Jacobs JD, Hu B, Kleyman TR, Smith
PR. Association of the epithelial sodium channel with Apx and
alpha-spectrin in A6 renal epithelial cells. J Biol Chem 1999;274
(33):23286�95.

[124] Copeland SJ, Berdiev BK, Ji HL, Lockhart J, Parker S, Fuller
CM, et al. Regions in the carboxy terminus of alpha-bENaC
involved in gating and functional effects of actin. Am J Physiol
Cell Physiol 2001;281(1):C231�40.

[125] Berdiev BK, Latorre R, Benos DJ, Ismailov II. Actin modifies
Ca21 block of epithelial Na1 channels in planar lipid bilayers.
Biophys J 2001;80(5):2176�86.

[126] Shimkets RA, Lifton RP, Canessa CM. The activity of the epi-
thelial sodium channel is regulated by clathrin-mediated endo-
cytosis. J Biol Chem 1997;272(41):25537�41.

[127] Carattino MD, Hill WG, Kleyman TR. Arachidonic acid regu-
lates surface expression of epithelial sodium channels. J Biol
Chem 2003;278(38):36202�13.

[128] Schild L, Lu Y, Gautschi I, Schneeberger E, Lifton RP, Rossier
BC. Identification of a PY motif in the epithelial Na channel
subunits as a target sequence for mutations causing channel

1007REFERENCES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



activation found in Liddle syndrome. Embo J 1996;15
(10):2381�7.

[129] Takei K, McPherson PS, Schmid SL, De Camilli P. Tubular
membrane invaginations coated by dynamin rings are induced
by GTP-gamma S in nerve terminals. Nature 1995;374
(6518):186�90.

[130] Henley JR, Krueger EW, Oswald BJ, McNiven MA. Dynamin-
mediated internalization of caveolae. J Cell Biol 1998;141
(1):85�99.

[131] Oh P, McIntosh DP, Schnitzer JE. Dynamin at the neck of
caveolae mediates their budding to form transport vesicles by
GTP-driven fission from the plasma membrane of endothe-
lium. J Cell Biol 1998;141(1):101�14.

[132] Staub O, Gautschi I, Ishikawa T, Breitschopf K, Ciechanover A,
Schild L, et al. Regulation of stability and function of the epi-
thelial Na1 channel (ENaC) by ubiquitination. Embo J 1997;16
(21):6325�36.

[133] Wang H, Traub LM, Weixel KM, Hawryluk MJ, Shah N,
Edinger RS, et al. Clathrin-mediated endocytosis of the epithe-
lial sodium channel. Role of epsin J Biol Chem 2006;281
(20):14129�35.

[134] Fakitsas P, Adam G, Daidie D, van Bemmelen MX, Fouladkou
F, Patrignani A, et al. Early aldosterone-induced gene product
regulates the epithelial sodium channel by deubiquitylation. J
Am Soc Nephrol 2007;18(4):1084�92.

[135] Butterworth MB, Edinger RS, Ovaa H, Burg D, Johnson JP,
Frizzell RA. The deubiquitinating enzyme UCH-L3 regulates
the apical membrane recycling of the epithelial sodium chan-
nel. J Biol Chem 2007;282(52):37885�93.

[136] Oberfeld B, Ruffieux-Daidie D, Vitagliano JJ, Pos KM, Verrey
F, Staub O. Ubiquitin-specific protease 2-45 (Usp2-45) binds to
epithelial Na1 channel (ENaC)-ubiquitylating enzyme Nedd4-
2. Am J Physiol Renal Physiol 2011;301(1):F189�96.

[137] Xu JZ, Hall AE, Peterson LN, Bienkowski MJ, Eessalu TE,
Hebert SC. Localization of the ROMK protein on apical mem-
branes of rat kidney nephron segments. Am J Physiol 1997;273
(5 Pt 2):F739�48.

[138] Woda CB, Miyawaki N, Ramalakshmi S, Ramkumar M, Rojas
R, Zavilowitz B, et al. Ontogeny of flow-stimulated potassium
secretion in rabbit cortical collecting duct: functional and
molecular aspects. Am J Physiol Renal Physiol 2003;285(4):
F629�39.

[139] Woda CB, Bragin A, Kleyman TR, Satlin LM. Flow-dependent
K1 secretion in the cortical collecting duct is mediated by a
maxi-K channel. Am J Physiol Renal Physiol 2001;280(5):
F786�93.

[140] Hager H, Kwon TH, Vinnikova AK, Masilamani S, Brooks HL,
Frokiaer J, et al. Immunocytochemical and immunoelectron
microscopic localization of alpha-, beta-, and gamma-ENaC in
rat kidney. Am J Physiol Renal Physiol 2001;280(6):F1093�106.

[141] Loffing J, Pietri L, Aregger F, Bloch-Faure M, Ziegler U,
Meneton P, et al. Differential subcellular localization of ENaC
subunits in mouse kidney in response to high- and low-Na
diets. Am J Physiol Renal Physiol 2000;279(2):F252�8.

[142] Masilamani S, Kim GH, Mitchell C, Wade JB, Knepper MA.
Aldosterone-mediated regulation of ENaC alpha, beta, and
gamma subunit proteins in rat kidney. J Clin Invest 1999;104
(7):R19�23.

[143] Loffing J, Zecevic M, Feraille E, Kaissling B, Asher C, Rossier
BC, et al. Aldosterone induces rapid apical translocation of
ENaC in early portion of renal collecting system: possible
role of SGK. Am J Physiol Renal Physiol 2001;280(4):
F675�82.

[144] Barker PM, Nguyen MS, Gatzy JT, Grubb B, Norman H,
Hummler E, et al. Role of gammaENaC subunit in lung liquid

clearance and electrolyte balance in newborn mice. Insights
into perinatal adaptation and pseudohypoaldosteronism. J
Clin Invest 1998;102(8):1634�40.

[145] Hummler E, Barker P, Gatzy J, Beermann F, Verdumo C,
Schmidt A, et al. Early death due to defective neonatal lung
liquid clearance in alpha-ENaC-deficient mice. Nat Genet
1996;12(3):325�8.

[146] Frindt G, Palmer LG. Na channels in the rat connecting tubule.
Am J Physiol Renal Physiol 2004;286(4):F669�74.

[147] Rubera I, Loffing J, Palmer LG, Frindt G, Fowler-Jaeger N,
Sauter D, et al. Collecting duct-specific gene inactivation of
alphaENaC in the mouse kidney does not impair sodium and
potassium balance. J Clin Invest 2003;112(4):554�65.

[148] Burch LH, Talbot CR, Knowles MR, Canessa CM, Rossier BC,
Boucher RC. Relative expression of the human epithelial Na1

channel subunits in normal and cystic fibrosis airways. Am J
Physiol 1995;269(2 Pt 1):C511�8.

[149] Talbot CL, Bosworth DG, Briley EL, Fenstermacher DA,
Boucher RC, Gabriel SE, et al. Quantitation and localization of
ENaC subunit expression in fetal, newborn, and adult mouse
lung. Am J Respir Cell Mol Biol 1999;20(3):398�406.

[150] Matsushita K, McCray Jr PB, Sigmund RD, Welsh MJ, Stokes
JB. Localization of epithelial sodium channel subunit mRNAs
in adult rat lung by in situ hybridization. Am J Physiol
1996;271(2 Pt 1):L332�9.

[151] Jain L, Chen XJ, Malik B, Al-Khalili O, Eaton DC. Antisense oli-
gonucleotides against the alpha-subunit of ENaC decrease
lung epithelial cation-channel activity. Am J Physiol 1999;276(6
Pt 1):L1046�51.

[152] Borok Z, Liebler JM, Lubman RL, Foster MJ, Zhou B, Li X, et
al. Na transport proteins are expressed by rat alveolar epithe-
lial type I cells. Am J Physiol Lung Cell Mol Physiol 2002;282
(4):L599�608.

[153] Mall M, Grubb BR, Harkema JR, O’Neal WK, Boucher RC.
Increased airway epithelial Na1 absorption produces cystic
fibrosis-like lung disease in mice. Nat Med 2004;10
(5):487�93.

[154] Boucher RC. Regulation of airway surface liquid
volume by human airway epithelia. Pflugers Arch 2003;445
(4):495�8.

[155] Duc C, Farman N, Canessa CM, Bonvalet JP, Rossier BC. Cell-
specific expression of epithelial sodium channel alpha, beta,
and gamma subunits in aldosterone-responsive epithelia from
the rat: localization by in situ hybridization and immunocyto-
chemistry. J Cell Biol 1994;127(6 Pt 2):1907�21.

[156] Kretz O, Barbry P, Bock R, Lindemann B. Differential
expression of RNA and protein of the three pore-forming
subunits of the amiloride-sensitive epithelial sodium channel
in taste buds of the rat. J Histochem Cytochem 1999;47(1):
51�64.

[157] Brouard M, Casado M, Djelidi S, Barrandon Y, Farman N.
Epithelial sodium channel in human epidermal keratinocytes:
expression of its subunits and relation to sodium transport and
differentiation. J Cell Sci 1999;112(Pt 19):3343�52.

[158] Grunder S, Muller A, Ruppersberg JP. Developmental and cel-
lular expression pattern of epithelial sodium channel alpha,
beta and gamma subunits in the inner ear of the rat. Eur J
Neurosci 2001;13(4):641�8.

[159] Couloigner V, Fay M, Djelidi S, Farman N, Escoubet B,
Runembert I, et al. Location and function of the epithelial Na
channel in the cochlea. Am J Physiol Renal Physiol 2001;280(2):
F214�22.

[160] Drummond HA, Gebremedhin D, Harder DR. Degenerin/epi-
thelial Na1 channel proteins: components of a vascular
mechanosensor. Hypertension 2004;44(5):643�8.

1008 30. EPITHELIAL Na1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



[161] Mirshahi M, Nicolas C, Mirshahi S, Golestaneh N, d’Hermies
F, Agarwal MK. Immunochemical analysis of the sodium chan-
nel in rodent and human eye. Exp Eye Res 1999;69(1):21�32.

[162] Bubien JK, Watson B, Khan MA, Langloh AL, Fuller CM,
Berdiev B, et al. Expression and regulation of normal and poly-
morphic epithelial sodium channel by human lymphocytes. J
Biol Chem 2001;276(11):8557�66.

[163] Schild L, Schneeberger E, Gautschi I, Firsov D. Identification of
amino acid residues in the alpha, beta, and gamma subunits of
the epithelial sodium channel (ENaC) involved in amiloride
block and ion permeation. J Gen Physiol 1997;109(1):15�26.

[164] Chalfant ML, Denton JS, Langloh AL, Karlson KH, Loffing J,
Benos DJ, et al. The NH(2) terminus of the epithelial sodium
channel contains an endocytic motif. J Biol Chem 1999;274
(46):32889�96.

[165] Grunder S, Firsov D, Chang SS, Jaeger NF, Gautschi I, Schild
L, et al. A mutation causing pseudohypoaldosteronism type 1
identifies a conserved glycine that is involved in the gating of
the epithelial sodium channel. Embo J 1997;16(5):899�907.

[166] Grunder S, Jaeger NF, Gautschi I, Schild L, Rossier BC.
Identification of a highly conserved sequence at the N-termi-
nus of the epithelial Na1 channel alpha subunit involved in
gating. Pflugers Arch 1999;438(5):709�15.

[167] Kucher V, Boiko N, Pochynyuk O, Stockand JD. Voltage-
dependent gating underlies loss of ENaC function in
Pseudohypoaldosteronism type 1. Biophys J 2011;100
(8):1930�9.

[168] Waldmann R, Champigny G, Lazdunski M. Functional degen-
erin-containing chimeras identify residues essential for amilor-
ide-sensitive Na1 channel function. J Biol Chem 1995;270
(20):11735�7.

[169] Sheng S, Li J, McNulty KA, Avery D, Kleyman TR.
Characterization of the selectivity filter of the epithelial sodium
channel. J Biol Chem 2000;275(12):8572�81.

[170] Sheng S, McNulty KA, Harvey JM, Kleyman TR. Second trans-
membrane domains of ENaC subunits contribute to ion perme-
ation and selectivity. J Biol Chem 2001;276(47):44091�8.

[171] Kashlan OB, Sheng S, Kleyman TR. On the interaction between
amiloride and its putative alpha-subunit epithelial Na1 chan-
nel binding site. J Biol Chem 2005;280(28):26206�15.

[172] Yue G, Malik B, Yue G, Eaton DC. Phosphatidylinositol 4,5-
bisphosphate (PIP2) stimulates epithelial sodium channel
activity in A6 cells. J Biol Chem 2002;277(14):11965�9.

[173] Ma HP, Saxena S, Warnock DG. Anionic phospholipids regu-
late native and expressed epithelial sodium channel (ENaC).
J Biol Chem 2002;277(10):7641�4.

[174] Kunzelmann K, Bachhuber T, Regeer R, Markovich D, Sun J,
Schreiber R. Purinergic inhibition of the epithelial Na1 trans-
port via hydrolysis of PIP2. Faseb J 2005;19(1):142�3.

[175] Pochynyuk O, Tong Q, Medina J, Vandewalle A, Staruschenko
A, Bugaj V, et al. Molecular determinants of PI(4,5)P2 and PI
(3,4,5)P3 regulation of the epithelial Na1 channel. J Gen
Physiol 2007;130(4):399�413.

[176] Helms MN, Liu L, Liang YY, Al-Khalili O, Vandewalle A,
Saxena S, et al. Phosphatidylinositol 3,4,5-trisphosphate med-
iates aldosterone stimulation of epithelial sodium channel
(ENaC) and interacts with gamma-ENaC. J Biol Chem 2005;280
(49):40885�91.

[177] Kellenberger S, Gautschi I, Pfister Y, Schild L. Intracellular
thiol-mediated modulation of epithelial sodium channel activ-
ity. J Biol Chem 2005;280(9):7739�47.

[178] Kashlan OB, Maarouf AB, Kussius C, Denshaw RM,
Blumenthal KM, Kleyman TR. Distinct structural elements in
the first membrane-spanning segment of the epithelial sodium
channel. J Biol Chem 2006;281(41):30455�62.

[179] Firsov D, Robert-Nicoud M, Gruender S, Schild L, Rossier BC.
Mutational analysis of cysteine-rich domains of the epithelium
sodium channel (ENaC). Identification of cysteines essential
for channel expression at the cell surface. J Biol Chem 1999;274
(5):2743�9.

[180] Mano I, Driscoll M. DEG/ENaC channels: a touchy superfam-
ily that watches its salt. Bioessays 1999;21(7):568�78.

[181] Sheng S, Perry CJ, Kleyman TR. External nickel inhibits epithe-
lial sodium channel by binding to histidine residues within the
extracellular domains of alpha and gamma subunits and
reducing channel open probability. J Biol Chem 2002;277
(51):50098�111.

[182] Sheng S, Bruns JB, Kleyman TR. Extracellular histidine resi-
dues crucial for Na1 self-inhibition of epithelial Na1 channels.
J Biol Chem 2004;279(11):9743�9.

[183] Sheng S, Maarouf AB, Bruns JB, Hughey RP, Kleyman TR.
Functional role of extracellular loop cysteine residues of the
epithelial Na1 channel in Na1 self-inhibition. J Biol Chem
2007;282(28):20180�90.

[184] Sheng S, Perry CJ, Kleyman TR. Extracellular Zn21 activates
epithelial Na1 channels by eliminating Na1 self-inhibition. J
Biol Chem 2004;279(30):31687�96.

[185] Maarouf AB, Sheng N, Chen J, Winarski KL, Okumura S,
Carattino MD, et al. Novel determinants of epithelial sodium
channel gating within extracellular thumb domains. J Biol
Chem 2009;284(12):7756�65.

[186] Winarski KL, Sheng N, Chen J, Kleyman TR, Sheng S.
Extracellular allosteric regulatory subdomain within the
gamma subunit of the epithelial Na1 channel. J Biol Chem
2010;285(34):26088�96.

[187] Chen J, Myerburg MM, Passero CJ, Winarski KL, Sheng S.
External Cu21 inhibits human epithelial Na1 channels by bind-
ing at a subunit interface of extracellular domains. J Biol Chem
2011;286(31):27436�46.

[188] Shi S, Ghosh DD, Okumura S, Carattino MD, Kashlan OB,
Sheng S, et al. Base of the thumb domain modulates epithelial
sodium channel gating. J Biol Chem 2011;286(17):14753�61.

[189] Collier DM, Snyder PM. Extracellular protons regulate human
ENaC by modulating Na1 self-inhibition. J Biol Chem 2009;284
(2):792�8.

[190] Collier DM, Snyder PM. Extracellular chloride regulates the
epithelial sodium channel. J Biol Chem 2009;284(43):29320�5.

[191] Collier DM, Snyder PM. Identification of epithelial Na1 chan-
nel (ENaC) intersubunit Cl2 inhibitory residues suggests a tri-
meric alpha gamma beta channel architecture. J Biol Chem
2011;286(8):6027�32.

[192] Rauh R, Diakov A, Tzschoppe A, Korbmacher J, Azad AK,
Cuppens H, et al. A mutation of the epithelial sodium channel
associated with atypical cystic fibrosis increases channel open
probability and reduces Na1 self inhibition. J Physiol 2010;588
(Pt 8):1211�25.

[193] Edelheit O, Hanukoglu I, Dascal N, Hanukoglu A.
Identification of the roles of conserved charged residues in the
extracellular domain of an epithelial sodium channel (ENaC)
subunit by alanine mutagenesis. Am J Physiol Renal Physiol
2011;300(4):F887�97.

[194] Bruns JB, Hu B, Ahn YJ, Sheng S, Hughey RP, Kleyman TR.
Multiple epithelial Na1 channel domains participate in subunit
assembly. Am J Physiol Renal Physiol 2003;285(4):F600�9.

[195] Vallet V, Chraibi A, Gaeggeler HP, Horisberger JD, Rossier BC.
An epithelial serine protease activates the amiloride-sensitive
sodium channel. Nature 1997;389(6651):607�10.

[196] Vuagniaux G, Vallet V, Jaeger NF, Pfister C, Bens M, Farman
N, et al. Activation of the amiloride-sensitive epithelial sodium
channel by the serine protease mCAP1 expressed in a mouse

1009REFERENCES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



cortical collecting duct cell line. J Am Soc Nephrol 2000;11
(5):828�34.

[197] Adachi M, Kitamura K, Miyoshi T, Narikiyo T, Iwashita K,
Shiraishi N, et al. Activation of epithelial sodium channels by
prostasin in Xenopus oocytes. J Am Soc Nephrol 2001;12
(6):1114�21.

[198] Guipponi M, Vuagniaux G, Wattenhofer M, Shibuya K,
Vazquez M, Dougherty L, et al. The transmembrane serine
protease (TMPRSS3) mutated in deafness DFNB8/10 activates
the epithelial sodium channel (ENaC) in vitro. Hum Mol Genet
2002;11(23):2829�36.

[199] Adebamiro A, Cheng Y, Rao US, Danahay H, Bridges RJ. A
segment of gamma ENaC mediates elastase activation of Na1

transport. J Gen Physiol 2007;130(6):611�29.
[200] Bruns JB, Carattino MD, Sheng S, Maarouf AB, Weisz OA,

Pilewski JM, et al. Epithelial Na1 channels are fully activated
by furin- and prostasin-dependent release of an inhibitory pep-
tide from the gamma-subunit. J Biol Chem 2007;282
(9):6153�60.

[201] Garty H, Benos DJ. Characteristics and regulatory mechanisms
of the amiloride-blockable Na1 channel. Physiol Rev 1988;68
(2):309�73.

[202] Chraibi A, Horisberger JD. Na self inhibition of human epithe-
lial Na channel: temperature dependence and effect of extracel-
lular proteases. J Gen Physiol 2002;120(2):133�45.

[203] Segal A, Cucu D, Van Driessche W, Weber WM. Rat ENaC
expressed in Xenopus laevis oocytes is activated by cAMP and
blocked by Ni(21). FEBS Lett 2002;515(1�3):177�83.

[204] Althaus M, Bogdan R, Clauss WG, Fronius M. Mechano-sensi-
tivity of epithelial sodium channels (ENaCs): laminar shear
stress increases ion channel open probability. FASEB J 2007;21
(10):2389�99.

[205] Chen J, Winarski KL, Sheng S. Mutations in extracellular
domains reverse Zn21. Activation of human epithelial Na1

channels. Biophys J 2010;98(3, Suppl. 1):532a.
[206] Yu L, Eaton DC, Helms MN. Effect of divalent heavy metals

on epithelial Na1 channels in A6 cells. Am J Physiol Renal
Physiol 2007;293(1):F236�44.

[207] Rossier BC, Pradervand S, Schild L, Hummler E. Epithelial
sodium channel and the control of sodium balance: interaction
between genetic and environmental factors. Annu Rev Physiol
2002;64:877�97.

[208] Kellenberger S, Gautschi I, Schild L. A single point mutation in
the pore region of the epithelial Na1 channel changes ion selec-
tivity by modifying molecular sieving. Proc Natl Acad Sci USA
1999;96(7):4170�5.

[209] Snyder PM, Olson DR, Bucher DB. A pore segment in
DEG/ENaC Na(1) channels. J Biol Chem 1999;274(40):
28484�90.

[210] Kellenberger S, Gautschi I, Schild L. Mutations in the epithelial
Na1 channel ENaC outer pore disrupt amiloride block by
increasing its dissociation rate. Mol Pharmacol 2003;64
(4):848�56.

[211] Kellenberger S, Hoffmann-Pochon N, Gautschi I, Schneeberger
E, Schild L. On the molecular basis of ion permeation in the
epithelial Na1 channel. J Gen Physiol 1999;114(1):13�30.

[212] Li J, Sheng S, Perry CJ, Kleyman TR. Asymmetric organization
of the pore region of the epithelial sodium channel. J Biol
Chem 2003;278(16):13867�74.

[213] Sheng S, Perry CJ, Kashlan OB, Kleyman TR. Side chain orien-
tation of residues lining the selectivity filter of epithelial Na1

channels. J Biol Chem 2005;280(9):8513�22.
[214] Kellenberger S, Auberson M, Gautschi I, Schneeberger E,

Schild L. Permeability properties of ENaC selectivity filter
mutants. J Gen Physiol 2001;118(6):679�92.

[215] Takeda AN, Gautschi I, van Bemmelen MX, Schild L.
Cadmium trapping in an epithelial sodium channel pore
mutant. J Biol Chem 2007;282(44):31928�36.

[216] Langloh AL, Berdiev B, Ji HL, Keyser K, Stanton BA, Benos DJ.
Charged residues in the M2 region of alpha-hENaC play a role
in channel conductance. Am J Physiol Cell Physiol 2000;278(2):
C277�91.

[217] Driscoll M, Chalfie M. The mec-4 gene is a member of a family
of Caenorhabditis elegans genes that can mutate to induce neuro-
nal degeneration. Nature 1991;349(6310):588�93.

[218] Hong K, Driscoll M. A transmembrane domain of the puta-
tive channel subunit MEC-4 influences mechanotransduction
and neurodegeneration in C. elegans. Nature 1994;367
(6462):470�3.

[219] Kellenberger S, Gautschi I, Schild L. An external site controls
closing of the epithelial Na1 channel ENaC. J Physiol 2002;543
(Pt 2):413�24.

[220] Carattino MD, Sheng S, Kleyman TR. Epithelial Na1 channels
are activated by laminar shear stress. J Biol Chem 2004;279
(6):4120�6.

[221] Carattino MD, Sheng S, Kleyman TR. Mutations in the pore
region modify epithelial sodium channel gating by shear
stress. J Biol Chem 2005;280(6):4393�401.

[222] Carattino MD, Sheng S, Kleyman TR. Mutations in the pore
region modify epithelial sodium channel gating by shear
stress. J Biol Chem 2005;280(6):4393�401.

[223] Zhang P, Fyfe GK, Grichtchenko II, Canessa CM. Inhibition of
alphabeta epithelial sodium channels by external protons indi-
cates that the second hydrophobic domain contains structural
elements for closing the pore. Biophys J 1999;77(6):3043�51.

[224] Fyfe GK, Zhang P, Canessa CM. The second hydrophobic
domain contributes to the kinetic properties of epithelial
sodium channels. J Biol Chem 1999;274(51):36415�21.

[225] Ji HL, Parker S, Langloh AL, Fuller CM, Benos DJ. Point muta-
tions in the post-M2 region of human alpha-ENaC regulate cat-
ion selectivity. Am J Physiol Cell Physiol 2001;281(1):C64�74.

[226] Booth RE, Tong Q, Medina J, Snyder PM, Patel P, Stockand JD.
A region directly following the second transmembrane domain
in gamma ENaC is required for normal channel gating. J Biol
Chem 2003;278(42):41367�79.

[227] Pochynyuk O, Staruschenko A, Tong Q, Medina J, Stockand
JD. Identification of a functional phosphatidylinositol 3,4,5-tri-
sphosphate binding site in the epithelial Na1 channel. J Biol
Chem 2005;280(45):37565�71.

[228] Pochynyuk O, Bugaj V, Stockand JD. Physiologic regulation of
the epithelial sodium channel by phosphatidylinositides. Curr
Opin Nephrol Hypertens 2008;17(5):533�40.

[229] Snyder PM, Price MP, McDonald FJ, Adams CM, Volk KA,
Zeiher BG, et al. Mechanism by which Liddle’s syndrome
mutations increase activity of a human epithelial Na1 channel.
Cell 1995;83(6):969�78.

[230] Kamynina E, Debonneville C, Bens M, Vandewalle A, Staub O.
A novel mouse Nedd4 protein suppresses the activity of the
epithelial Na1 channel. Faseb J 2001;15(1):204�14.

[231] Samaha FF, Rubenstein RC, Yan W, Ramkumar M, Levy DI,
Ahn YJ, et al. Functional polymorphism in the carboxyl termi-
nus of the alpha-subunit of the human epithelial sodium chan-
nel. J Biol Chem 2004;279(23):23900�7.

[232] Yan W, Suaud L, Kleyman TR, Rubenstein RC. Differential
modulation of a polymorphism in the carboxyl terminus of the
alpha subunit of the human epithelial sodium channel by pro-
tein kinase C {delta}. Am J Physiol Renal Physiol 2005;290(2):
F279�88.

[233] Shi H, Asher C, Chigaev A, Yung Y, Reuveny E, Seger R, et al.
Interactions of beta and gamma ENaC with Nedd4 can be

1010 30. EPITHELIAL Na1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



facilitated by an ERK-mediated phosphorylation. J Biol Chem
2002;277(16):13539�47.

[234] Shi H, Asher C, Yung Y, Kligman L, Reuveny E, Seger R, et al.
Casein kinase 2 specifically binds to and phosphorylates the
carboxy termini of ENaC subunits. Eur J Biochem 2002;269
(18):4551�8.

[235] Diakov A, Korbmacher C. A novel pathway of epithelial
sodium channel activation involves a serum- and glucocorti-
coid-inducible kinase consensus motif in the C terminus of the
channel’s alpha-subunit. J Biol Chem 2004;279(37):38134�42.

[236] Dinudom A, Fotia AB, Lefkowitz RJ, Young JA, Kumar S,
Cook DI. The kinase Grk2 regulates Nedd4/Nedd4-2-depen-
dent control of epithelial Na1 channels. Proc Natl Acad Sci
USA 2004;101(32):11886�90.

[237] Bachhuber T, Almaca J, Aldehni F, Mehta A, Amaral MD,
Schreiber R, et al. Regulation of the epithelial Na1 channel by
the protein kinase CK2. J Biol Chem 2008;283(19):13225�32.

[238] Shimkets RA, Lifton R, Canessa CM. In vivo phosphorylation
of the epithelial sodium channel. Proc Natl Acad Sci USA
1998;95(6):3301�5.

[239] Volk KA, Snyder PM, Stokes JB. Regulation of epithelial
sodium channel activity through a region of the carboxyl ter-
minus of the alpha-subunit. Evidence for intracellular kinase-
mediated reactions. J Biol Chem 2001;276(47):43887�93.

[240] Palmer LG. Epithelial Na channels: the nature of the conduct-
ing pore. Ren Physiol Biochem 1990;13(1�2):51�8.

[241] Kellenberger S, Schild L. Epithelial sodium channel/degenerin
family of ion channels: a variety of functions for a shared
structure. Physiol Rev 2002;82(3):735�67.

[242] Benos DJ, Mandel LJ, Simon SA. Cationic selectivity and com-
petition at the sodium entry site in frog skin. J Gen Physiol
1980;76(2):233�47.

[243] Palmer LG. Ion selectivity of the apical membrane Na channel
in the toad urinary bladder. J Membr Biol 1982;67(2):91�8.

[244] Eisenman G. Cation selective glass electrodes and their mode
of operation. Biophys J 1962;2((2)Pt 2):259�323.

[245] Payandeh J, Scheuer T, Zheng N, Catterall WA. The crystal
structure of a voltage-gated sodium channel. Nature 2011;475
(7356):353�8.

[246] Khakh BS, Lester HA. Dynamic selectivity filters in ion chan-
nels. Neuron 1999;23(4):653�8.

[247] Roux B. Ion conduction and selectivity in K(1) channels. Annu
Rev Biophys Biomol Struct 2005;34:153�71.

[248] Berneche S, Roux B. A gate in the selectivity filter of potassium
channels. Structure (Camb) 2005;13(4):591�600.

[249] Cuello LG, Jogini V, Cortes DM, Pan AC, Gagnon DG, Dalmas
O, et al. Structural basis for the coupling between activation
and inactivation gates in K(1) channels. Nature 2010;466
(7303):272�5.

[250] Cuello LG, Jogini V, Cortes DM, Perozo E. Structural mecha-
nism of C-type inactivation in K(1) channels. Nature 2010;466
(7303):203�8.

[251] Chalfant ML, Peterson-Yantorno K, O’Brien TG, Civan MM.
Regulation of epithelial Na1 channels from M-1 cortical collect-
ing duct cells. Am J Physiol 1996;271(4 Pt 2):F861�70.

[252] Garty H, Palmer LG. Epithelial sodium channels: function,
structure, and regulation. Physiol Rev 1997;77(2):359�96.

[253] Fyfe GK, Canessa CM. Subunit composition determines the
single channel kinetics of the epithelial sodium channel. J Gen
Physiol 1998;112(4):423�32.

[254] Horisberger JD, Chraibi A. Epithelial sodium channel: a
ligand-gated channel? Nephron Physiol 2004;96(2):p37�41.

[255] Kelly O, Lin C, Ramkumar M, Saxena NC, Kleyman TR, Eaton
DC. Characterization of an amiloride binding region in the

alpha-subunit of ENaC. Am J Physiol Renal Physiol 2003;285
(6):F1279�90.

[256] Ji HL, Fuller CM, Benos DJ. Intrinsic gating mechanisms of epi-
thelial sodium channels. Am J Physiol Cell Physiol 2002;283(2):
C646�50.

[257] Liu J, Siegelbaum SA. Change of pore helix conformational
state upon opening of cyclic nucleotide-gated channels.
Neuron 2000;28(3):899�909.

[258] Alagem N, Yesylevskyy S, Reuveny E. The pore helix is
involved in stabilizing the open state of inwardly rectifying K1

channels. Biophys J 2003;85(1):300�12.
[259] Seebohm G, Westenskow P, Lang F, Sanguinetti MC.

Mutation of colocalized residues of the pore helix and trans-
membrane segments S5 and S6 disrupt deactivation and
modify inactivation of KCNQ1 K1 channels. J Physiol 2005;
563(Pt 2):359�68.

[260] Yeh BI, Kim YK, Jabbar W, Huang CL. Conformational
changes of pore helix coupled to gating of TRPV5 by protons.
Embo J 2005;24(18):3224�34.

[261] Tolino LA, Okumura S, Kashlan OB, Carattino MD. Insights
into the mechanism of pore opening of acid-sensing ion chan-
nel 1a. J Biol Chem 2011;286(18):16297�307.

[262] Hodgkin AL, Huxley AF. A quantitative description of mem-
brane current and its application to conduction and excitability
in nerve. Journal of Physiology 1952;117:500�44.

[263] Zheng J, Sigworth FJ. Selectivity changes during activation of
mutant Shaker potassium channels. J Gen Physiol 1997;110
(2):101�17.

[264] Zhang ZR, McDonough SI, McCarty NA. Interaction between
permeation and gating in a putative pore domain mutant in
the cystic fibrosis transmembrane conductance regulator.
Biophys J 2000;79(1):298�313.

[265] Swenson Jr. RP, Armstrong CM. K.1 channels close more
slowly in the presence of external K1 and Rb1. Nature
1981;291(5814):427�9.

[266] Demo SD, Yellen G. Ion effects on gating of the Ca(21)-acti-
vated K1 channel correlate with occupancy of the pore.
Biophys J 1992;61(3):639�48.

[267] Lu T, Ting AY, Mainland J, Jan LY, Schultz PG, Yang J.
Probing ion permeation and gating in a K1 channel with back-
bone mutations in the selectivity filter. Nat Neurosci 2001;4
(3):239�46.

[268] Zhou Y, Morais-Cabral JH, Kaufman A, MacKinnon R.
Chemistry of ion coordination and hydration revealed by a K1

channel-Fab complex at 2.0 Å resolution. Nature 2001;414
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INTRODUCTION

The mammalian kidney evolved to allow for the
efficient secretion of metabolic waste without excess
loss of water in terrestrial environments, for the main-
tenance of the ionic balance in the extracellular milieu,
for the regulation of blood pressure, and for the recap-
ture of essential solutes like proteins and sugars. These
functions all deferentially depended on the conduc-
tance/transport of Cl2 and other anions across indi-
vidual cell membranes. A classic example is NaCl
reabsorption in the distal nephron, where Na1, Cl2,
and K1 enter the cell across the apical membrane via the
NKCC2 co-transporter, driven by the Na1 gradient estab-
lished by the Na1/K1-ATPase, and the Cl2 gradient
maintained by basolateral ClC-Kb Cl2 channels.
Mutations in these basolateral Cl2 channels result in the
severe salt-wasting characteristic of Type III Bartter’s syn-
drome. As more of the major Cl2 channel family molecu-
lar identities are resolved, our understanding of the role
of Cl2 channels in kidney disease will increase propor-
tionally, and hopefully shed light on some of the long-
standing mysteries of kidney function.

Although anions and negatively charged organic
solutes were appreciated as necessary to balance the
charges accumulated by the cations, Na1, K1, and
Ca21, they were believed to be passive players. Cl2, by
far the most abundant physiological anion, was
believed to be balanced across the membrane, a belief
supported by early studies of skeletal muscle, where
the resting Cl2 permeability was found to be very
high,27 and thus Cl2 was mostly known for its contri-
bution to the “leak” current.131 Even as later studies
demonstrated that Cl2 was being actively transported
in squid axons or secreted as HCl in the stomach,27 less
interest was given to anion conductances. Initial patch-

clamp studies of Cl2 channels discovered that Cl2

channels are not really even Cl2 channels; their general
promiscuity toward all anions makes them more accu-
rately described as anion channels. The tide first began
to change as neuroscientists found, and later cloned,
the GABA- and glycine-gated Cl2 channels that
worked to inhibit synaptic transmission, proving that
Cl2 was not in equilibrium at rest and could be har-
nessed by cells to do work. But it was the cloning of
two major classes of Cl2 channels, the CLCs and CFTR,
which lead to an explosion of interest in Cl2 channels,
and exponentially increased our understanding of their
ubiquity, importance in human disease, and function
in the mammalian kidney.

Anion channels are usually grouped into five major
classes, based on how they are activated or regulated.
There are the voltage-dependent Cl2 channels (the
CLCs); ligand-gated Cl2 channels (the GABA and gly-
cine receptor channels); cAMP-activated channels
(CFTR); Ca21-activated Cl2 channels (the TMEM16
channels); and the volume-regulated anion channels
(the VRAC channels). This chapter will examine the
expression and function of these major classes of Cl2

channels in the kidney, but will also discuss at length
Cl2 channels that are expressed ubiquitously or for
which expression and functional information does not
yet exist. The chapter dives right in to survey the major
anion channel families and their relevance in the kid-
ney, focusing on the CLC, CFTR, TMEM16, VRAC, and
SLC26A7/9 Cl2 channels. However, the chapter will
also look at a number of less well-understood anion
channel genes that have currently unclear physiologi-
cal relevance. Lastly, we will delve deeply into Cl2

channelopathies that affect the kidney both directly
and indirectly, seeking insight into how Cl2 channels
contribute to normal kidney physiology.
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What’s “New”?

Recent work on Cl2 channels has paid dispropor-
tionate dividends for Cl2 channel researchers, includ-
ing advances in our understanding of Cl2 channel
structure, molecular identity, and discovery of new
Cl2 channels in familiar but surprising places. The
most important advance in Cl2 channel knowledge
came in 2008, when three independent groups using
three novel approaches all identified the TMEM16A
gene as the molecular identity of the classic Ca21-acti-
vated Cl2 channel (CaCC). The TMEM16 family of
genes has 10 human homologs that are expressed
widely, including in the kidney. As more and more
work is done describing their function, biophysical
characteristics, and expression patterns, the more cer-
tain it becomes that TMEM16a is the classic CaCC.
Second, crystal structures solved for bacterial orthologs
of the voltage-dependent CLC Cl2 channel family
revealed via homology that a number of the human
CLCs (ClC-3, 4, 5, 6, and 7) are not in fact channels,
but H1/Cl2 exchangers, a finding with ramifications
in the kidney. And third, two members of a well-
known anion transporter family, SLC26A7 and A9,
appear to behave almost exclusively as anion channels,
with no appreciable transport of bicarbonate. Which,
taken in conjunction with the recent reclassification of
a number of the CLC channels as exchangers, suggests
a fine line between anion transporter and anion chan-
nel. Each of the recent advances mentioned above will
be discussed in depth in the following chapter.

MAJOR CLASSES OF IDENTIFIED ANION
CHANNELS

Similar to the study of other ion channels, extensive
research into the biophysical and physiological charac-
teristics and functions of Cl2 channels preceded the
identification of their molecular identity or their corre-
sponding human genes. One reason that the molecular
identification of Cl2 channels lagged far behind that of
cation channels is that there were no highly specific inhi-
bitors that could be used for cloning Cl2 channels in a
manner similar to that done for many cation channels.
However, with a considerable amount of effort, more
and more of the Cl2 channels recognized for their bio-
physical characteristics now have mammalian gene can-
didates, identifications of which have quickly expanded
our knowledge of the roles of Cl2 channels in cellular
functions and in human disease. The molecular identifi-
cation has also shown just how difficult identification of
all the Cl2 channels is. There is no homology between
any of the identified gene families containing Cl2 chan-
nels, and very little commonality in structure.27 Their
demonstrated convergence of function, so different from
the common homology of many of the families of cation
channels, presents no easy bioinformatic road map to the
discovery of Cl2 channel identities. Instead, a narrowly
focused approach has been used on each of the func-
tional classes of Cl2 channels to identify the known Cl2

channel families (Figure 31.1), a growing list that now
includes the CLC voltage-dependent channels, CFTR,
TMEM16/Anoctamins Ca21-activated Cl2 channels,
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FIGURE 31.1 Anion Channels of the human kidney.
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SLC26A7/9, GABA and glycine receptor channels,
VDAC, and a myriad of less well-studied groups includ-
ing the bestrophins, intracellular CLICs, CLCA, and twe-
ety (hTTYH3). The long search for molecular identities
of the Cl2 channels has lead to many ambiguous discov-
eries, dead ends, and great success stories. Below we
review the Cl2 channels with known molecular identi-
ties, and known physiological and kidney specific func-
tions, but we will also discuss those genes that code for
proteins that can conduct Cl2, but do not yet have
known physiological functions.

CLC Cl2 Channels

Our discussion about the specific families of Cl2

channels begins with CLC Cl2 channels (Figure 31.2).
Unlike CFTR, which was not immediately recognized
as a Cl2 channel and appeared to be a very divergent
type of ABC transporter,27 the canonical ClC-0 shared
close homology with proteins from a large gene family
with members expressed across all phyla, including
nine members expressed in humans. Two decades of
subsequent work have revealed much about the CLC
family, their biophysical properties, and their impor-
tance in human disease, yet many of the mammalian
orthologs still only have vaguely defined physiological
functions. However, the relevance of the CLCs in the
human kidney is clear. Eight of nine human CLC
orthologs are expressed in the kidney, and their dys-
function leads directly to Dent’s disease and Type III
Bartter’s syndrome.25

For years the mammalian CLCs were divided into two
classes, based on cellular localization with ClC-1, 2, and
ClC-Ka, b channels being expressed in the plasma mem-
branes, and the remaining ClC-3, 4, 5, 6, and 7 all being
expressed on intracellular membranes. Recent evidence
has substantially shifted this paradigm of understanding,
with the plasma membrane CLCs now simply classified
as the voltage-dependent Cl2 channel CLCs with the rest
now classified as Cl2/H1 exchangers. It turns out that
the vast majority of all CLC family members across all
phyla are Cl2/H1 exchangers and not Cl2 channels. For
the mammalian CLC proteins this has meant a revision
of functions and physiological roles for the previously
designated intracellular CLCs. Intrinsically, the difference
between a CLC Cl2 channel and a CLC Cl2/H1

exchanger is little more than a few strategically placed
glutamate residues; extrinsically, their thermodynamic
properties are completely different.79 These newly classi-
fied exchangers will be covered briefly below, but this
section will mostly focus on the remaining CLC Cl2

channels and their functions in the kidney.
The early work investigating CLC Cl2 channels

found they have very distinct biophysical properties,

which immediately set them apart from the known cat-
ion channels and would later set them apart from all
other known Cl2 channels. ClC-0 can be described as
voltage-dependent, pH-dependent, and dependent on
the Cl2 gradient across the pore, as can most of the
CLC Cl2 channels.19 The “kidney” Cl2 channels, ClC-
Ka and ClC-Kb, are additionally dependent on a smal-
ler beta-subunit, barttin (BSND); a dependence with
ramifications for NaCl reuptake in the thick ascending
loop and Bartter’s syndrome. The halide selectivity
sequence for ClC-0 is Cl2.Br2. I2, and in most phys-
iological circumstances it forms functional homodi-
mers, although heterodimers from ClC-0, 1, and 2 can
be formed heterologously.19,54 ClC-0 single channel cur-
rents appeared at first glance to be two separate chan-
nels, albeit with identical conductances; however, even
though the two conductances or protopores appeared
to open and close independently, sporadically they
both closed simultaneously and remained closed for
prolonged periods before opening again.19,70a,78 The co-
expression of ClC-0 and ClC-2 heterodimers resulted in
the same strange phenomenon, but this time the two
protopore conductances were different. The difference
in protopore conductances correlated with the varying
protopore size between ClC-0, 1, and 2, being 10 pS,
1.5 pS, and 3 pS respectively.27 This prompted the con-
clusion that ClC Cl2 channels function as dimers, with
two separate protopores, each independently gated by
a separate “fast” gate, but both gated simultaneously by
a “slow” gate.55

This hypothesis was proven correct after the crystal-
lization of the prokaryotic CLC proteins from E. coli
and Salmonella typhimurium.28 These prokaryotic CLCs
formed dimers, with each subunit forming its own pro-
topore. Each subunit consists of 18 membrane “embed-
ded” domains, where many of the helices do not project
completely through the bilayer.28 Interestingly, each
subunit has structurally similar halves that “twist” in
an antiparallel structure that forms an hourglass shaped
protopore toward the center.28 Further work on the
E. coli CLC, EcClC-1, crystal revealed that there are
three Cl2-binding sites within the hourglass shaped
pore, and in the outermost site the Cl2 appears to com-
pete with the carboxyl group of a negatively-charged
glutamate.29 When this glutamate is replaced with a
non-charged amino acid in the ClC-0 channel, the volt-
age-dependent gating properties are altered.29 This sug-
gests that the central “gating” glutamate is key in the
voltage- and Cl2-dependence of CLC gating,55 and
represents the fast gate regulating each protopore. The
possible protonation of the gating glutamate, thereby
allowing Cl2 to enter the pore, may also help explain
the pH-dependence observed for many CLCs.27

The reconstitution of EcClC-1 in lipid bilayers
revealed that it is not a Cl2 channel, but a Cl2/H1
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exchanger, where two Cl2 ions are substituted for one
H1.55 Further mutational studies discovered the H1

exchange depended on both the gating glutamate, and
a second glutamate near the cytosolic surface, but not

in the protopore.79 These characteristics suggest that
both protons and Cl2 are gated by the “gating” gluta-
mate, after which they travel separate permeation
paths to the cytoplasm. This theory is supported by
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experiments where this second glutamate was mutated
in the EcClC-1, making the protein exclusively a Cl2

channel, not an exchanger.1 The human CLCs ClC-3, 4,
5, 6, and 7 all have this second glutamate marking
them as exchangers, and mutating both glutamates in
ClC-4 and 5 converted them into Cl2 channels,96,109

demonstrating just how fine the line is between Cl2

channel and exchanger.
The pharmacology of CLC Cl2 channels, like many

of the other anion channels, has been plagued by the
lack of specific high affinity inhibitors. Although the
mammalian CLCs are highly conserved, they do differ
somewhat in their susceptibility to the classic Cl2 chan-
nel inhibitors. ClC-0, ClC-1, and ClC-2 all differ in their
affinity for 9-anthracene carboxylic acid (9-AC), with
ClC-1 effectively blocked by 100 μM, whereas ClC-0
and ClC-2 require mM levels.118,125 The CLCs are also
affectively inhibited by the clofibric acid derivatives
2-(-p-chlorophenoxy) propionic acid (CPP) and 2-(-p-
chlorophenoxy) acetic acid (CPA).19,131 Stilibenes can
also be weakly inhibitory and can block ClC-2, as can
DPC and NPPB at 0.5 to .1 mM concentrations.131

ClC-2 is also inhibited by divalent cations like zinc and
cadmium with IC50 in the μM range131 as the other
CLC Cl2 channels can be. Because of their human dis-
ease relevance the kidney CLCs, Ka and Kb have been
scrutinized more than the others. Specifically, inhibi-
tors could regulate dieresis and possibly blood pres-
sure, and therapeutic activators could aid patients with
Bartter’s Syndrome.70 The close shared homology of
the ClC-Ks obviously suggested similar sensitivities to
inhibitors, but both CPP and DIDS are more affective
at blocking CLC-Ka than Kb.28,131 Niflumic acid (NFA),
another classic Cl2 channel inhibitor, was actually
shown to activate the CLC-Ks at low concentrations
(50�100 μM),70 but inhibit them at higher concentra-
tions,131 a finding that prompted Liantonio et al.70 to
manipulate the CPP structure to recapitulate character-
istics of the NFA molecule, in order to create a better
inhibitor. They found that their rationally designed
benzofuran carboxyl acid derivatives could inhibit both
ClC-Ka and Kb with low μM IC50s.

70 Their work, and
the insight provided by the EcClC-1 crystal structure,
make finding potential therapeutic activators and inhi-
bitors of the CLC-Ks a real likelihood, therapies that
could impact millions of patients.

Physiological Function of Mammalian CLC Cl2

Channels

With the recent identification of the intracellular
CLCs as exchangers, only four human CLCs remain for
further in-depth discussion: ClC-1, ClC-2, and the
CLC-Ks. ClC-1 (the human gene is CLCN1), is the only
CLC that is not expressed in the kidney.25 It is a plasma
membrane localized Cl2 channel found almost

exclusively in skeletal muscle. There it represents about
80% of the resting conductance of the muscle.55 When
the muscle depolarizes along the T-tubule, and Ca21 is
released from the sarcoplasmic reticulum, ClC-1 is fur-
ther activated. The ClC-1 activation repolarizes the
muscle cell and brings it back to its negative resting
potential. Cl2 and not K1, as in most other
excitable cells, is used for repolarization because it is
thought that in the microdomains of T-tubules extracel-
lular K1 would quickly build up, causing unsolicited
depolarizations.55 The physiological importance of
ClC-1 became clear after causal ClC-1 mutations were
found first in myotonic mice and later in humans.55

The human form of the disease, myotonia or “muscle
stiffness” is characterized by muscles that suffer pro-
longed contractions, exactly the phenotype expected if
repolarization cannot occur after the initial depolariz-
ing stimulus. Humans can have either the recessive
form of the disease (Becker type) with complete ClC-1
functionality loss or the dominant form (Thomsen’s)
with the retention of some ClC-1 function and less
severe debilitation.55,131

ClC-2

ClC-2 is broadly expressed in many different tissues,
but is prominent in epithelium (including kidney), neu-
rons, glia, and heart muscle.125 Unlike ClC-1, ClC-2 is
inwardly rectifying and hyperpolarization acti-
vated.108,131 It can also be activated by cell swelling,
but is clearly not the ubiquitous VRAC current, which
differs in selectivity, voltage-dependence, rectification,
and single channel conductance.55 Unfortunately, little
is yet known about its function. Even the development
of Clnc22/2 knockout mice has provided only minimal
hints at its broad functions. Clcn22/2 mice did display
some disease phenotypes; however, knockout mice dis-
played degeneration of photo receptors and seminifer-
ous tubules in testicles.131 There is also some evidence
that ClC-2 is involved in Cl2 secretion in lung epithe-
lium, and that it could provide an alternative source of
Cl2 secretion in patients with aberrant CFTR func-
tion.112 To that end, the FDA approved lubiprostone,
the only CLC-targeted drug yet approved, for treat-
ment in cystic fibrosis (CF).23,131 More recent work sug-
gests that ClC-2 may be localized more on the
basolateral membrane and not apical, at least in gut
epithelium,55 and that lubiprostome may also activate
CFTR or other apical Cl2 channels, not necessarily just
ClC-2.6,131 Unfortunately, Clcn22/2 mice have no kid-
ney phenotype, even though ClC-2 is believed to be
expressed in the proximal tubule.128 It is possible that,
like in the gut, they may be expressed on the basolat-
eral membrane and involved in the reabsorption of Cl2

along the nephron, but to what extent is unclear.
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CLC Exchangers

Before progressing to the in-depth analysis of the
remaining kidney CLC Cl2 channels, it is necessary to
briefly touch on the CLC intracellular exchangers, in
particular ClC-5 because of its relevance in kidney
function. Like most other CLCs, ClC-5 is a Cl2/H1

exchanger that exchanges two Cl2 for every H1. ClC-5
is localized to the proximal tubule and to the α-interca-
lated cells of the cortical collecting duct.25 ClC-5 is spe-
cifically localized to the endosomes in these cell types,
alongside the v-type H1-ATPase.25,43,98 The human
ClC-5 gene CLCN5 was identified independently, first
through positional cloning in families with Dent’s dis-
ease,25 and confirmed through homology cloning.55

Dent’s disease is an X-linked renal tubular disorder
characterized by low molecular weight proteinuria
(LMWP), hypercalciuria, nephrocalcinosis, kidney
stones, and renal failure.25 More than 40 mutations
have been identified in human CLCN5 that cause
Dent’s disease, with a wide range of severity.55

Recapitulating some of the disease-causing mutations
in ClC-5 expressed in heterologous systems showed
they almost universally resulted in reduction or loss of
Cl2 conductance (ClC-5 when overexpressed reaches
the plasma membrane).25 This, along with its known
localization to subapical endosomes alongside H1-
ATPases, prompted the hypothesis that ClC-5 was
functioning to provide Cl2 influx to offset the positive
charge build-up from the acidification of the endo-
somes.25,98 A Cl2 shunt would prevent a slowdown of
H1 pumping into the endosomes from positive charge
build-up. Importantly, the then presumed channel
characteristics of ClC-5 didn’t match this function well,
ClC-5 is outwardly rectifying, and most importantly is
inhibited by acidic pH.25 The creation of a Clcn52/2

knockout mouse allowed the testing of the role ClC-5
plays in endosomal acidification. The two models97,135

both reproduced the LWMP and defective apical endo-
cytosis, seemingly supporting the hypothesis that
ClC-5 aids in acidification.25,55,128 In addition, in vitro
disruption of ClC-5 function caused reduced acidifica-
tion of the endosomes.87 But with the discovery that
ClC-5 is not in fact a Cl2 channel, but a Cl2/H1

exchanger it became far less clear how it could provide
the shunt current for acidification, and how it could be
influencing the endocytosis of low molecular weight
proteins. Recent work by Noarino et al.87 addressed
this question directly by comparing mouse models
with either Clcn52/2 knockout or the knockin of a
mutated Clcn5 (Clcn5unc) that removed the “gating”
glutamate, uncoupling the Cl2/H1 exchange and
thereby creating a ClC-5 Cl2 channel, not exchanger.
They found, as reported previously, endosomes from
the Clcn5 knockout showed reduced acidification and

defective endocytosis; however, the Clcn5unc knockin
mice showed normal acidification, but still had defec-
tive endocytosis.87 These data strongly suggest that
ClC-5 plays a role in acidification by acting as a charge
shunt; however, as a Cl2/H1 exchanger it plays a fur-
ther yet to be explained role in endocytosis unrelated
to its role as a shunt. Novarino et al.87 suggest the
intra-endosome absolute Cl2 concentration may be key
in regulating endocytosis, not just the negative charge.

CLC-Ks

There are two mammalian CLC-K channels, named
because of their localization to kidney tissues, although
they are now also known to be expressed in the inner
ear. Mammals possess two CLC-Ks, ClC-K1 and K2,
and the human orthologs are termed ClC-Ka and -Kb,
respectively. The CLC-Ks are highly conserved with
the rodent homologs, ClC-K1 and K2, sharing 80%
homology and the human pair being over 90% homolo-
gous.61 After the homology cloning of rodent ClC-K1
and -K2, they were heterologously expressed in
Xenopus oocytes, but only ClC-K1 expression
resulted in Cl2 currents.127 These ClC-K1 currents dis-
played a linear I/V relationship, with little
voltage-dependence.133 Like the rodent ClC-K2 that
failed to produce currents, the heterologous expression
of the human ClC-Ka and -Kb failed to yield any Cl2

currents,61 prompting the supposition that a β-subunit
may be necessary for function. The discovery of the
subunit came tangentially from the successful posi-
tional cloning of a gene mutated in human type IV
Bartter’s syndrome, BSND, which codes for the protein
barttin.14 Barttin has two transmembrane domains, and
both N- and C-termini located in the cytoplasm.32 The
expression of barttin along with either of the human
CLC-Ks resulted in robust Cl2 currents with ion selec-
tivity similar to that of other CLC Cl2 channels, inhib-
ited by low extracellular pH, and stimulated by
extracellular Ca2162. The main function of barttin
appears to be to increase dramatically the amount of
CLC-Ks that make it to the plasma membrane,
although it also appears to subtly alter gating.134

Interestingly, the voltage-dependence described for
other CLCs is absent in the CLC-Ks,128 a phenomenon
that appears connected to the “gating” glutamate
described in the EcClC-1 exchanger; the two ClC-K
channels in humans lack the gating glutamate and
instead have a valine at the same position. However, if
the valine is mutated to a glutamate, strong voltage
dependence is recapitulated.133

Although human CLC-Ks share close homology and
do have overlapping kidney expression patterns, there
does appear to be some divergence in localization that
is supported by a divergence in function as well. ClC-
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K1 (and presumably ClC-Ka) is expressed in the cortex,
inner, and outer medulla, specifically localized in the
thin ascending limb (tAL) of the loop of Henle; ClC-K2
is expressed in the cortex, inner, and outer medulla, spe-
cifically localizing to the thick ascending limb (TAL),
distal convoluted tubule, and the α-intercalated cells of
the collecting duct. Barttin expression is co-localized
with the two CLC-Ks.25,55,61,130 All three proteins, ClC-
Ka, b, and barttin, are also expressed together in the
stria vascularis of the inner ear.61

Function of the CLC-Ks

The discussion on function will concentrate on three
areas, the tAL, the TAL, and the inner ear. These are
not the only areas of the nephron where the CLC-Ks
have significant function, but they are the areas most
directly attributed to their roles in human disease. An
additional discussion of Bartter’s syndrome and CLC-
Kb will come at the end of the chapter.

Currently there are no described human diseases
with an isolated defect in the ClC-Ka gene, CLCNKA.61

Although there has been one report of an association
between salt-sensitive hypertension and single nucleo-
tide polymorphisms in humans CLCNKA,7 it is not
clear how the SNPs or resulting haplotypes would alter
ClC-Ka function. This lack of recognized human dis-
eases from mutant ClC-Ka may be due to functional
redundancies or poor sampling, because evidence has
accumulated suggesting that ClC-Ka plays an impor-
tant role in the urine concentrating mechanism of the
loop of Henle. As mentioned above, ClC-K1 (Ka) is
localized to the tAL, the area of the nephron with the
highest Cl2 permeability,25 and early studies compar-
ing the characteristics of heterologously expressed ClC-
K1/barttin currents versus those described from
in vitro perfusion studies found striking similarities.128

Subsequent work demonstrated that ClC-K1 was
expressed in both the basolateral and apical mem-
branes of tAL epithelium,25 and interestingly, dehydra-
tion appears to increase the tAL expression of ClC-K1
in rats.61 This loose connection between volume sens-
ing and ClC-K1 expression in the tAL may be through
the skg1 protein kinase. The SKG1 gene and protein
expression increases when the cell volume diminishes
and, in turn, can upregulate ClC-K1/barttin currents.31

Barttin has a PY site on its C-terminus which facilitates
the binding of WW domain-containing ubiquitin
ligases like Nedd4-2; sgk1 can phosphorylate Nedd4-2,
preventing the ubquitination of barttin and increasing
the half-life of ClC-K1/barttin at the plasma mem-
brane.31 Upregulation of Cl2 vectorial transport in the
tAL in times of dehydration would work to increase
the concentrating mechanism of the inner medulla, and
allow for increased water reabsorption via Aquaporin-
2 in the collecting duct principle cells. However, it

wasn’t until the creation of the Clcnk12/2 knockout
mouse that the physiological significance of ClC-K1
was clearly demonstrated.

Clcnk12/2 mice display no physical phenotypes, no
renal organ phenotype or changes in plasma creatinine,
Na1, K1 or HCO3

2. However, they do display a four-
to five-fold increase in the volume of excreted urine
and other symptoms similar to the human condition
nephrogenic diabetes insipidus (NDI).77,128 The concen-
trating of urine depends on the reuptake of water in
the collecting duct, a process which in turn depends on
the osmolarity gradient across the inner medulla.25 The
high interstitial osmolarity of the inner medulla
depends on the reabsorption of NaCl2 and the recy-
cling of urea in the tAL. The dysfunction of any part of
the complicated concentrating mechanism will lead to
diabetes insipidus, qualified as “nephrogenic” if the
application of vasopressin (AVP) has no effect on the
water lost in urine.25 The Clcnk12/2 mice demon-
strated an increase in urinary AVP secretion, no tAL
Cl2 transport, and reduction in papillary osmolarity
due to decreased accumulation of NaCl and urea in the
inner medulla.77 These results clearly and unambigu-
ously demonstrated that ClC-K1 (Ka) is solely responsi-
ble for the vectorial Cl2 transport of the tAL, and that
it constitutes an important part of the urine concentrat-
ing mechanism.

The function of ClC-K2 (Kb) became clear after the
mapping of human mutations in the CLCNKB in
patients with Bartter’s syndrome, a condition that
includes renal salt-wasting.61 This discovery, coupled
with the localization of ClC-Kb to the TAL, prompted a
model of NaCl reapportion in the TAL, where the ClC-
K2 (Kb) is responsible for the basolateral Cl2 conduc-
tance out of the cell. More specifically, in TAL cells, the
apical membrane contains the NKCC2 co-transporter
(SLC12A1) and ROMK K1 channels; Na1, Cl2, and K1

all enter the cell via the NKCC2, K1 exits again apically
via the ROMK channel, Na1 is pumped into the inter-
stitium via the Na1/K1-ATPase, and the Cl2 moves
down its gradient through basolateral ClC-Kb channels
into the interstitium.61 This model is well-supported by
the human genetics underlying Bartter’s syndrome, and
will be discussed further at the end of the chapter. In
contrast, gain-of-function mutations have also been
identified in the human CLCNKB, most notably the
T481S polymorphism prevalent in both African and
Caucasian populations, with minor allele frequencies of
0.22 and 0.12 respectively.53 The T481S mutation in
ClC-Kb increases currents 20-fold, possibly by altera-
tions to the channels open probability,53 and was
thought therefore to lead to increased salt reabsorption
and thus hypertension; however, studies have mostly
shown that there is no association between the T481S
mutation and hypertension.55
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More recently, ClC-Ka, ClC-Kb, and barttin have all
been shown to be expressed outside the kidney, in the
stria vascularis of the inner ear. This was discovered
only after a connection between deafness in some
patients suffering from Bartter’s syndrome was made
to a mutation in the barttin protein. Barttin and the
CLC-Ks are expressed on the basolateral membrane of
the stria vascularis epithelium, where they function to
reduce the Cl2 concentration in the stria vascularis.
The fluid of the stria media has a very high concentra-
tion of K1, and an unusually low concentration of Na1.
The excess K1 is necessary to depolarize the hair cells
via mechanosensory apical K1 channels. The high K1

is established by the movement of K1 out of the stria
vascularis epithelium via apical KCNQ1/KCNE1 K1

channels. The K1 enters the stria vascularis cells via
basolateral Na1/K1-ATPases and the NKCC1 trans-
porter, which imports two Cl2 for every K1. Excess
Na1 is pumped out via the Na1/K1-ATPase and the
Cl2 is extruded through basolateral CLC-K chan-
nels.55,61 Human mutations in either one or the other
CLC-K does not result in deafness, only in the dysfunc-
tion of their common barttin subunit or in very rare
cases an individual has a mutation in both CLC-K
genes.55 This suggests redundancy in function that
may also occur in the kidney and help explain why
human disease does not result from CLCNKA muta-
tions. Intriguingly, individuals carrying at least one
copy of the T481S ClC-Kb gain-of-function mutation
mentioned above display a lower hearing threshold
than wild-type individuals.35

CFTR

Cystic fibrosis (CF) is the most common autosomal
recessive genetic disease in Caucasians, and is debili-
tating and fatal; thus, long before the cloning of
the Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) gene, CF had been the focus of exten-
sive physiological study. It was apparent that lung
epithelium from patients with CF was lacking cAMP-
activated Cl2 conductance, as well as dramatically
increased apical Na1 conductance.25 These seemingly
irreconcilable phenotypes resulted in the naming of the
“CF” gene as a regulator of conductances, not as a Cl2

channel.103 In fact, even after the successful cloning of
the CFTR gene in 1989,57,103,104 it wasn’t until the crea-
tion of a CFTR2/2 knockout mouse in 1993 that CFTR
was definitively described as a Cl2 channel.38 The
CFTR2/2 knockout demonstrated that there are actu-
ally two Cl2 conductances that are dysfunctional in CF
patients and in the CFTR2/2 mouse, and that the
CFTR biophysical characteristics did not match the
large outwardly rectifying currents (ORCC) that were
for years believed to be the dominant Cl2

conductance.38 Instead, CFTR regulated these ORCC
currents.25 Later work demonstrated that CFTR could
regulate other channels like the epithelial sodium chan-
nel ENaC and the ATP sensitive K1 channel
ROMK2.113

CFTR (Figure 31.3) is now known to be a member of
the ABC (ATP-binding cassette) superfamily of trans-
porters; a vast gene family found in all phyla, responsi-
ble for transporting everything from metabolic
products, lipids, and sterols, to drugs3 and uric acid.140

CFTR is a member of the C branch of the ABC family
(ABCC7), characterized by having two large multi-
helix transmembrane domains (TMD) and two intracel-
lular nucleotide-binding domains (NBD).3 CFTR,
uniquely among the ABC proteins, also possesses an
extra, highly-charged cytoplasmic domain, termed the
regulatory or “R” domain.103 Perhaps not coinciden-
tally, CFTR is also the only ABC transporter, among 48
expressed in humans,3 shown to conduct Cl2. Both the
N- and C-terminus of the protein are cytosolic, and the
C-terminus contains the amino acid sequence DTRL, a
sequence that is known to interact with the “PDZ”
domains often found on scaffolding and linker proteins
upon which regulatory protein complexes can be
built.41,82 CFTR is therefore a single channel among a
large family of anion transporters, much like the CLC
and SLC26A gene families, further demonstrating the
relative uniqueness of proteins that are Cl2 channels
and how many appear to be derivatives of exchangers
or transporters.

CFTR can most aptly be characterized as activated
by cAMP-dependent phosphorylation, although the
activation of the channel is actually a complicated and
slow process. First, the R domain needs to be phos-
phorylated by the catalytic subunit of protein kinase A
(PKA) (activated directly by cAMP-binding)38; second,
ATP needs to be bound (and hydrolyzed) within the
conserved walker A- and B-binding sites of the NBD
domains.39 Once activated, the Cl2 currents show little
or no voltage-dependence, display a linear I/V rela-
tion, show no Ca21-dependence, and have an anion
selectivity sequence of Br2.Cl2. I2. F2.3,131 Single
channel properties are reflective of the whole cell cur-
rent characteristics: linear I/V relationship under sym-
metrical Cl2 concentrations; 10�11 pS single channel
conductance; activation by catalytic subunit of PKA;
and channel-gating coupled to ATP hydrolysis.145

In a reccurring theme that may be the single com-
mon characteristic among the various identified Cl2

channels, for many years there was no identified high
affinity or specific CFTR inhibitors. Common Cl2 chan-
nel inhibitors like glibenclamide, DPC, NPPB, and
niflumic acid provided low affinity pore blocking, but
DIDS and other stilbene derivatives have little effect. In
the CF lung there would be little use for CFTR
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inhibitors therapeutically; however, CFTR expression
has also been linked to fluid secretion in the kidney
(see discussion of polycystic kidney disease below) and
in the human gut. Specifically, toxin from Cholera
increases cAMP levels and induces secretory diarrhea,
a loss of fluids and salts that can be lethal.74,131 The
severity and pervasiveness of cholera has led to a sub-
stantial commitment of time and money to finding spe-
cific inhibitors of the cAMP-dependent Cl2 secretion of
the gut epithelium. High-throughput screens of small
drug-like molecules, using a fluorescent halide-based
assay has yielded two classes of specific CFTR inhibi-
tors.74,131 The first class includes members of the
2-thioxo-4-thiazolidinone chemical class, in particular a
compound named CFTRinh-172 with an IC50 of
300 nM.74 CFTRinh-172 inhibits by blocking the intra-
cellular pore in a voltage-independent fashion and pro-
longs the channels closed time, is non-toxic at high
concentrations, is excreted with little metabolism,131

and has been shown to effectively reduce Cholera-
induced fluid loss by 90% in mouse models.74 The sec-
ond class of inhibitors includes the glycine hydrazides,
and specifically GlyH-101.83 It appears to block the
CFTR pore from the extracellular side, is voltage- and
Cl2 concentration-dependent, and in a closed loop
model of cholera, GlyH-101 reduced fluid secretion by

80%.83,131 Both classes and their lead compounds,
CFTRinh-172 and GlyH-101, appear to represent thera-
peutic avenues for cholera and polycystic kidney dis-
ease; however, the assays used to find them also
present the possibility of finding CFTR activators.
The past decade has seen the discovery of a number of
correctors and potentiators, small molecules targeted to
bind directly to the CFTR molecule and aid in folding
or in changing the gating characteristics. A number of
these compounds have begun clinical trials for treating
CF patients, and represent a valid avenue for chronic
CF therapy.

Before progressing to a discussion of CFTRs specific
role in the kidney, it is appropriate to introduce CFTR
function first in the context of the human lung. CFTR
was originally cloned as the gene responsible for cystic
fibrosis, a disease characterized by chronic lung infec-
tion, deteriorating lung function, pancreatic exocrine
insufficiency, male infertility, meconium ileus, and gas-
trointestinal complications.131 In each phenotype the
dysfunction stems from the reduction in fluid secretion
at each relevant epithelium. CFTR is normally apically
localized, and when activated Cl2 leaves the cells and
enters the lumen or airway this drives paracellular
Na1, leading to water movement into the lumen.68 In
the lung, the loss of the CFTR Cl2 conductance lowers
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the airway surface liquid volume (ASL), reduces the
activity of the epithelial cilia, and reduces or abolishes
the mucus clearance, leading to chronic infection.124

Currently, over 1500 CFTR mutations have been
found in CF patients, representing a spectrum of dis-
ease severity directly proportional to the level of resid-
ual CFTR function. Null mutations result in no protein
being produced, whereas other mutations can result in
minor changes to channel-gating or cell surface expres-
sion. By far the most common CFTR mutation is the
deletion of phenylalanine residue at position 508
(Δ508), carried by 90% of CF patients,131 a mutation
that causes misprocessing and trafficking, and results
in no CFTR being expressed at the cell surface. Human
CFTR mutations have been classified based on their
severity into five classes. Class I mutants produce no
CFTR, Class II includes the folding and processing
mutants like Δ508, and Class III mutants produce
CFTR that is trafficked to the membrane but have dys-
functional Cl2 conductance; all three classes result in
severe lung disease and pancreatic insufficiency. Class
IV mutants display less pronounced conductance
abnormalities and often have no lung phenotypes, and
Class V mutants are often asymptomatic and diag-
nosed only after they are found to be infertile or pres-
ent with idiopathic pancreatitis.20,21

CFTR in the Kidney

CFTR expression is abundant in the human kidney.
Early studies looking at CFTR mRNA or using RT-PCR
found evidence for CFTR expression generally in the
cortex and outer medulla. More specifically, CFTR was
found all along the nephron, including proximal and
distal tubules, thin and thick ascending limbs, and the
collecting duct.80,81 Immunostaining of CFTR protein
showed CFTR expression again in the proximal and
distal tubules, the tAL, and the cortical and inner med-
ullary collecting ducts.81 Functional studies using
patch-clamp have identified CFTR-like currents in the
proximal and distal tubules and the collecting ducts.81

CFTR is also known to be expressed in the embryonic
kidney, with upregulation in the ureteric bud during
the later stages of branching morphogenesis.25

Intriguingly, a large proportion of the overall CFTR
expression in the kidney consists of a CFTR splice vari-
ant termed TNR-CFTR.80 The TNR-CFTR mRNA is
missing the final 145 bp including exons 13 and 14, cre-
ating an early stop codon. The splicing may be regu-
lated by snRNAs U11 and U12, which co-localize to the
same areas of the kidney as the TNR-CFTR isoform.117

This truncation corresponds to a loss of the second
TMD and NBD, as well as 7% of the R domain in the
final protein. The TNR-CFTR is therefore a “half”
transporter, similar to many other members of the ABC
family, and like those other ABC transporters, the

remaining half molecule is enough to give the protein
function. When expressed in Xenopus oocytes the TNR-
CFTR is a functional Cl2 channel, is still activated my
cAMP and PKA, and possesses many of the same bio-
physical traits as the wild-type CFTR.80 Its processing,
however, seems less efficient,80 and little makes it to
the plasma membrane, but instead it localizes to intra-
cellular vesicles.81 More generally, TNR-CFTR is found
mostly in the renal medulla, and has an interesting
developmental expression pattern. In mice, the expres-
sion of TNR-CFTR increases throughout embryonic
kidney development, reaching its highest level at
birth.81 The functional significance of TNR-CFTR
remains a complete mystery.

CFTR as a Kidney Cl2 Channel

Although the expression levels of CFTR in kidney
are comparable to those of the lung, there is no clear
CF kidney phenotype, with the exception of increased
risk of hyperoxaluria or insufficient citrate-induced
kidney stones; a fact that many have taken as evidence
that CFTR is not very important in salt handling in the
kidney, and yet CFTR is known to play important roles
in renal diseases like ADPKD. Many have attributed
the lack of phenotypes to a redundancy in Cl2 chan-
nels present in the kidney. Mouse CFTR2/2 knockout
models often show little or no lung CF phenotype, a
discrepancy explained by the upregulation of Ca21-
activated Cl2 channels (TMEM16s; 62) to compensate
for the loss of CFTR Cl2 conductances. Likewise in the
kidney, other types of Cl2 channels could be compen-
sating for the missing functional CFTR in CF patients.
However, CFTRs functional role in the kidney could be
more regulatory, thus CF renal phenotypes more sub-
tle. Recent work looking at CFTR in the apical mem-
brane of mouse cortical collecting duct principal cells
demonstrates the difficulty in establishing CFTRs func-
tion as a Cl2 channel and not as a regulator of other
channels. Lu et al.72 definitively demonstrated CFTR
Cl2 channel activity on the apical membrane of mouse
principal cells, and plausibly suggest that it could rep-
resent a short-circuit current meant to regulate Na1

absorption and K1 secretion. However, they concede
that it is just as likely that phosphorylation of CFTR
could act as a modulatory switch on ROMK activity,
and thus exert an influence on K1 secretion.72 To com-
plicate matters further, the prevailing model of ion
movement in principal cells has Cl2 being reabsorbed
mainly through a paracellular pathway, suggesting
that for CFTR to have an effect it would need to repre-
sent a very large conductance, much larger than that
measured by Lu et al. in mouse principal cells.72 In
fact, there is ample evidence that in the kidney and
elsewhere CFTRs main function may be to regulate
other ion channels.
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CFTR as a Regulator of ENaC

From before its initial molecular identification,
CFTR has been shown to regulate an ORCC Cl2 con-
ductance and a Na1 conductance.113 In the airway of
CF patients (but not in the sweat ducts), increased Na1

absorption via the epithelial sodium channel, ENaC, is
observed due to loss of the normal CFTR-mediated
inhibition; however, the mechanism of regulation
remains unclear. Currently, there are multiple hypothe-
ses to explain how CFTR regulates ENaC. One possibil-
ity is that intracellular Cl2 regulates ENaC activity.
This is supported by data showing that CFTR Cl2 con-
ductance is necessary for ENaC regulation, and in
some but not all cell types replacing CFTR Cl2 current
with CLC-mediated Cl2 currents can also inhibit ENaC
currents.12 These data are conflicted by the lack of
identified Cl2-binding sites on ENaCs intracellular
domains, and by studies showing that alternative Cl2

channels like CaCCs cannot inhibit ENaC.12

A second theory proposes CFTR exerts its regulatory
effects through intermediary proteins as part of a large
protein complex. CFTR contains a PDZ-binding
domain that enables it to interact with linking proteins
like ezrin-binding phosphoprotein 50 (EB50) and
NHERF1. NHERF1, through its PZD2 region, can bind
YAP65 which recognizes the PY motif on the
C-terminus of ENaC, creating a complex with both
CFTR and ENaC. C-Yes, a c-Src kinase, is a known
inhibitor of ENaC and can bind to YAP65. Thus, CFTR,
in aiding the assembly of the protein complex, inhibits
the activity of ENaC and the dissolution of the com-
plex, e.g., from CFTR dysfunction or mutation, liber-
ates ENaC from C-Yes inhibition.42 However, this
possibility has not been demonstrated in heterologous
expression systems.12

A third possibility involves CFTR interacting
directly with ENaC to cause inhibition. Patch-clamp
studies of ENaC subunits and CFTR in proteolipo-
somes, presumably free of contaminating complex pro-
teins, showed that CFTR directly affects the gating of
ENaC single channels. FRET studies have demon-
strated an association of less than 10 nM of the two
proteins in vitro, and co-immunoprecipitation experi-
ments show the two physically interact.12 However,
with the exception of the single channel results, the evi-
dence does not strictly rule out the possibility of CFTR
and ENaC interacting indirectly as part of a protein
complex.

The relationship between CFTR and ENaC in the
kidney appears as conflicting as that found for the air-
ways and seat ducts. Some work has shown that CFTR
inhibits ENaC in the kidney, similar to the relationship
found in airways. Experiments in M-1 cortical collect-
ing duct cells showed that activation of PKA reduced

the amiloride-sensitive apical Na1 current.66 However,
other studies have found CCD cells from mice carrying
a mutation in ENaC, known to cause Liddles’s syn-
drome (deletion of the PY motif in the c-terminus as
the β-subunit ENaC), display increased Na1 absorption
as compared to wild-type when treated with
dD-arginine vasopressin. A similar increase is seen in
the CFTR-mediated apical current, implying vasopres-
sin causes increases in both conductances,130 an idea
consistent with the cAMP-induced increases in both
CFTR and ENaC seen in sweat ducts.101 Simply put,
the evidence for CFTR regulating ENaC in the kidney
is sparse, and it remains unknown whether or not it
acts as an inhibitor, activator or neither. It may require
a final determination of how CFTR regulates ENaC in
airway tissue before a renewed focus can be brought
on CFTR and ENaC in the kidney.

CFTR as a Regulator of ROMK

The inward rectifier potassium channel ROMK
(Kir1.1) and its isoforms are expressed highly in the
distal nephron, where it plays a major role in ATP sen-
sitive K1 secretion.72 Some of their defining traits are
lack of sensitivity to the common K1 channel blocker
tetraethylammonium (TEA), and inhibition by ATP
and sulfonylureas like glibenclamide.113 But when the
ROMK2 isoform was expressed in the Xenopus oocytes,
it was no longer sensitive to glibenclamide. Other
ATP-sensitive K1 channels require ABC transporter
subunits, SUR1 and SUR2 (ABCC8 and ABCC9), for
glibenclamide sensitivity, but neither SUR1 nor SUR2
is known to be expressed in the kidney. However,
CFTR is expressed in the same distal nephron cells as
ROMK channels, and when CFTR and ROMK2 are
co-expressed in Xenopus oocytes, the glibenclamide
sensitivity is restored.113 Subsequent work has demon-
strated that CFTR is also necessary for ROMK’s sensi-
tivity to Mg-ATP in CCD mouse cells. Lu et al.72

hypothesize that water diuresis and the resulting low
cAMP-PKA would promote the CFTR�ROMK interac-
tion, and so cytoplasmic ATP would inhibit excessive
K1 secretion. However, during antidiuresis when PKA
levels are high, the phosphorylation of CFTR will free
ROMK from ATP sensitivity and promote K1 secre-
tion.72 The specifics of the ROMK�CFTR interaction
are unknown, but it is probably similar to the better-
understood Kir6.x/SUR complex of pancreatic β-cells.
Kir6.x-subunits form tetramers, with each subunit asso-
ciated with a SURx subunit to create an eight unit com-
plex.2 Although the CFTR regulation of ROMK appears
functionally very important, there is no reported K1

secretion phenotype in the distal nephron in CF
patients.
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CFTR as a Regulator of SLC26As

CFTR is also a demonstrated regulator of transpor-
ters from the SLC family of anion transporters. Earlier
research showed that CFTR could interact with and
activate SLC26A3 and A6, conferring cAMP sensitivity
on these two transporters.116 In the pancreatic ducts,
HCO3 secretion is a critical component of the function
of the secretory epithelium, a function disrupted in
patients with severe CF. Wang et al.136 showed specifi-
cally that the SLC26A6 HCO3

2/Cl2 exchanger was
critical for HCO3

2 secretion, and that its function was
regulated by co-localized CFTR expression in the lumi-
nal membrane. Further work demonstrated that a con-
served region of the SLC26A transporters, the STAS
domain, interacted directly with the R domain of
CFTR.59 The binding of the STAS and R domains acti-
vates SLC26A6, but also dramatically increase the Cl2

conductance of CFTR by increasing the channels open
probability six-fold.59 Interestingly, SLC26A6 is
expressed throughout the kidney, but appears most
prominently in the apical�luminal membrane of the
proximal tubule where it is responsible for Cl2,
HCO3

2, oxalate, and formate exchange.59 CFTR expres-
sion is also reported in the proximal tubule, and
although there is no current evidence of their interac-
tion in the kidney it seems plausible.

CFTR more recently has also been demonstrated to
be a regulator of one of the two true Cl2 channel mem-
bers of the SLC26A family, SLC26A9. Both SLC26A9
and CFTR co-localize to the apical membrane of human
bronchial epithelial (HBE) cells, where cAMP leads to
the co-activation of SLC26A9 and CFTR Cl2 channels.13

The nature of the CFTR�SLC26A9 interaction is similar
to the other CFTR�SLC interactions, the conserved
STAS domain of SLC26A9 binds directly to the R
domain of CFTR.17 However, there are conflicting
reports as to the exact regulatory nature of the
CFTR�SLC26A9 relationship. Bertrand et al.13 report
that endogenous SLC26 currents in HBE cells are acti-
vated by functional CFTR; whereas Chang et al.17

report heterologous co-expression of an NBD1R
domain CFTR construct with SLC26A9 in Xenopus
oocytes results in the inhibition of SLC26A9 currents.
What is clear is that the conserved STAS domain of the
SLC26A channels and transporters strongly interacts
with CFTR, an interaction that may extend to many of
the SLC26A members. SLC26A9 is expressed mainly in
the lung, but the other described SLC26A pure Cl2

channel, SLC26A7, is expressed throughout the kidney,
and in particular cells of the cortical collecting ducts,
an area also high in CFTR expression. The role of a
possible interaction between SLC26A7 and CFTR in the
cortical collecting duct is an important area for future
investigation.

CFTR and Endocytosis

A new area of CFTR research has begun investigating
CFTRs role in acidification of endosomes of the proximal
tubule. Generally, CF patients have shown increased
renal clearance of some drugs including aminoglycosides,
and more specifically a cohort of patients with at least
one copy of the Δ508 CFTR mutation showed signifi-
cantly higher levels of albuminuria and LMW protein-
uria.56 CFTR2/2 knockout mice have significantly
increased excretion of LMW Clara Cell protein (CC16),
and decreased uptake of radio-labeled 124I-β2microglobu-
lin and aminoglycosides, similar to human CF patients.
Significantly, the CFTR2/2 mice also demonstrated
decreased cubilin expression in the S3 segment of the
proximal tubule, a finding correlating with the observed
increase of cubilin excretion.56 Cubilin is a lipoprotein
receptor and, along with megalin, is critical for the uptake
of LMW proteins. In the CFTR2/2 mouse, however,
megalin is not affected, thus it appears CFTR is specifi-
cally reducing cubilin expression. Cubilin recycling to the
apical membrane via endosomes is critical to maintain
apical cubilin expression and for LWM protein uptake.
The sorting and recycling of endosomes is pH-depen-
dent.56 CFTR has been localized to the apical region in
proximal tubule cells and specifically it co-distributes
with ClC-5 and Rab5a in endosomes,56 where it is pro-
posed to aid in providing a negative current shunt for the
interior of the endosomes. CFTR would offset the build-
up of positively-charged H1 during acidification, a role
similar to that proposed for the Cl2/H1 exchanger ClC-
5.56 The evidence of CFTRs involvement in receptor-
mediated endocytosis from CF patient studies and
CFTR2/2 mice is compelling, but the mechanism remains
unconfirmed, although it seems likely CFTR, along with
ClC-5 and possibly other Cl2 channels, all contribute to
the pH regulation of the proximal tubule endosomes.

Ca21-Activated Cl2 Channels (CaCC):
TMEM16/Anoctamin

For 30 years Ca21-activated Cl2 channels (CaCC)
with similar biophysical characteristics have been stud-
ied in a wide range of tissue and cell types, including
secretory epithelia, egg cells, cardiac, smooth, and skel-
etal muscles, neurons, olfactory and photoreceptors,
hepatocytes, and beta cells.45,47 The classic CaCC char-
acteristics are best described by the endogenous CaCCs
of Xenopus oocytes or the CaCCs of acinar cells in the
salivary gland (Figure 31.4). These classic CaCC chan-
nels are activated by small amounts of cytosolic Ca21

(0.2�5 μM)45 either from extracellular influx or store
release. Activation appears to occur through direct
binding of Ca21 to the channel. When cytosolic Ca21 is
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limiting, CaCC shows an outward rectifying I/V rela-
tionship, but as cytosolic Ca21 increases the rectifica-
tion diminishes.45,85,138,139 The open probability
appears to be voltage-dependent and the single chan-
nel conductance is small 1�3 pS, although a variety of
conductance sizes has been reported.45 Classic CaCCs,
like other anion channels, are relatively non-selective,
with Na1 permeability being roughly 10% that of Cl2.
Among anions the selectivity sequence is
SCN2.NO3

2. I2.Br2.Cl2. F2.45

The ubiquitous nature of CaCC channels makes
describing their physiological function difficult; it plays
different roles in each cell type. In Xenopus oocytes
CaCC plays a major role in blocking polyspermy fertili-
zation of the egg. Fertilization generates a Ca21 wave
across the membrane, activating the CaCC channels
and depolarizing the egg.45 In secretory epithelia Cl2

secretion is critical to draw Na1 and water across the
apical membrane, and CaCCs appear to contribute to
the Cl2 conductance across the apical membrane, often
in an ATP-dependent manner.45

Similar to many other epithelial cell types, kidney
epithelia have demonstrated CaCC currents and chan-
nels, including rabbit distal convoluted tubules, proxi-
mal convoluted tubules, and cortical collecting duct.

However, most of the work has been done on a mouse
medullary collecting duct cell line, IMCD-K2.15,99 Using
the IMCD-K2 line, Qu et al.99 described CaCC currents
that they suggested were the same as those found
endogenously in Xenopus oocytes. These currents can be
activated by ATP and rely on intracellular Ca21 store
release for activation.15 They are co-expressed in IMCD-
K2 cells with CFTR, and while their specific function in
the collecting duct is not known, it may be similar to the
Cl2 secretory role they play in airway epithelium.
Because CaCC currents may be controlled by hormones,
the CaCC-mediated Cl2 secretion in the distal kidney
may help fine-tune urine composition.45

The molecular identity of the CaCC channels was
for decades an elusive dream, with a stream of poten-
tial candidates including the CLCAs and the bestro-
phins, whose biophysical characteristics matched some
of the classic CaCC characteristics, but not all.
Recently, a new family of genes has been proposed to
represent the CaCCs, the TMEM16 or Anoctamin gene
family which, unlike previous candidates, shares all of
the biophysical characteristics of the classic CaCC
channels. The confidence in this new family of proteins
as CaCC comes from a number of factors, not the least
of which was the methods used to discover their
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identities. Three different research groups, using three
totally different methodologies, each independently
arrived at the conclusion that TMEM16A/Aco 1 was
the classic CaCC. Schroeder et al.111 took advantage of
the unique property of Axolotl (Ambystoma mexicanum)
salamander oocytes of not having any CaCC currents.
They used these oocytes to screen a cDNA library from
size fractionated RNA isolated from Xenopus oocytes
resulting in the identification and cloning of a gene
that coded for a 979 amino acid protein, the Xenopus
ortholog to the human TMEM16A gene. Expression of
TMEM16A in the Axolotl oocytes produced Cl2 cur-
rents identical in most of the biophysical properties
that define the classic CaCCs. Schroeder et al.111 also
showed that TMEM16s are expressed in salivary
glands, as expected if they are the CaCCs. A second
group, Yang et al.146 used a bioinformatic search target-
ing putative channel or transporter-like genes with
more than two transmembrane domains. Their search
turned up TMEM16A, which met their criteria but
became their focus because it had no described func-
tion, and the TMEM16 family has 10 human homologs.
They renamed the TMEM16s anoctamins because the
channels appeared to be anion selective with eight
(OCT) transmembrane domains.47 Yang et al.146 tested
the biophysical properties of TMEM16A when
expressed in HEK cells, and like Schroeder et al.111

found their properties to be very similar to those
described above for the classic CaCCs, although the
pharmacological sensitivities of the overexpressed
TMEM16A channels in HEK cells were far more sensi-
tive to the classic anion channel blockers DIDS, NPPB,
and NFA than their endogenous counterparts.47 Yang
et al.146 went further, and showed that mutating the
putative poor region, between TM5 and TM6, dis-
rupted anion permeability markedly. Importantly, like
Schroeder et al. they showed that TMEM16s were
expressed in tissues where classic CaCCs have been
described, and demonstrated that knocking-down
TMEM16A in acinar cells of the salivary gland reduced
the endogenous CaCC currents, and reduced saliva
production upon pilocarpine application. And finally,
a third group, Caputo et al.,16 identified TMEM16s
through a microarray screen of airway epithelial cells
treated with IL-4, a treatment known to increase CaCC
currents in these cells. They isolated a group of mem-
brane proteins with no known function, including
TMEM16A, then generated RNAi against each of the
most likely candidates and attempted to knock-down
the endogenous CaCC activity inCFPAC-1 and
CFBE410 cells. Activity was assayed using a halide sen-
sitive YFP protein and short-circuit currents, and
siRNA TMEM16A was found to very effectively reduce
the endogenous CaCC currents. Caputo et al.16 went
on to express TMEM16A in FRT cells, and again

described their biophysical properties as being almost
identical as those known for the classic CaCC currents.

The TMEM16 family of genes is well-conserved,
with members found throughout eukaryotic phyla;
however, there appears to be an increased representa-
tion in mammals.47 Humans have 10 members of the
TMEM16 family (A�H, J�K) or Ano 1�10, and their
predicted topology has both N- and C-termini intracel-
lular, eight transmembrane domains, and the pore
region located between TM5 and TM6.146 Interestingly,
no clear Ca21-binding domain has yet been discovered
in the TMEM16s. In TMEM16A there is no EF hand
region or CaM-binding sites.47 However, there does
appear to be a Ca21 bowl structure, similar to that
found in BK Ca21-activated K1 channels. This same
structure was predicted by Hartzell et al.45 for classical
CaCCs before the identification of the TMEM16 genes
based on the demonstrated μmolar range Ca21 affin-
ity.45 The molecular diversity of the TMEM16 family
could help explain the differences in described bio-
physical properties of endogenous CaCCs in different
cell and tissue types. Members of the TMEM16 family
may have different channel properties or they may het-
erodimerize to create chimera channels. The TMEM16s
also exhibit multiple splice variants, TMEM16A has at
least four,16 and these variants were found to have dif-
ferent channel properties.16 The likelihood that mem-
bers of the TMEM16 family other than TMEM16A are
anion channels is high, because of the close sequence
homology among the members. And although most of
the descriptive work has focused on TMEM16A, Cl2

currents have also been described for TMEM16B
(Ano2) which is found in olfactory receptors,27 and for
TMEM16F and TMEM16K (Ano 6 and 10).110 In each
case, like TMEM16A they share many similarities with
the classic CaCC, but each has some differences as
well, supporting the idea that the diversity of the
TMEM16 family corresponds to the diversity of
CaCCs.

The TMEM16s are only now getting the in-depth
attention necessary to discern how TMEM16s function
as CaCCs, which ones are expressed in which cell and
tissue type, and what role if any they may play in
human disease. Even before TMEM16A was known to
be a Cl2 channel it had been observed to be upregu-
lated in tumors, but why is unknown.27,47 Initial
reports on the Cl2 channel functions of TMEM16A
have focused on tissues and cells historically known to
have large CaCC currents, including airway epithelial
cells. In these cells CaCC currents have long been seen
as a potential target in treating cystic fibrosis; by upre-
gulating CaCC currents the lost anion conductance
from dysfunctional CFTR could be replaced, and dis-
ease severity lessened. Mouse models of CF, strangely
devoid of the debilitating lung systems found in
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humans, have been shown to express TMEM16A at
much higher levels than in wild-type airway epithelia,
strongly supporting the targeting of TMEM16A in
humans as a CF treatment.62 It is not clear what func-
tional role the TMEM16s play in the kidney.
Presumably they underlie the known CaCC currents
identified in the kidney, but which ones and how
remains unknown. Yang et al.146 showed specifically
that TMEM16A is expressed in the epithelia of proxi-
mal tubules and the distal renal tubules. In mice
TMEM16F mRNA was found in the kidney at high
levels, as were slightly lower levels of TMEM16K and
H. Going forward it will be exciting to learn more
about the TMEM16 family, and specifically their role in
anion regulation in the kidney and the role they play in
diseases such as ADPKD.

Solute Carrier 26 Transporters

As discussed earlier, the distinction between Cl2

transporter and Cl2 channel can be the position of one
or two amino acids, and just as recently resolved crystal
structures revealed members of the CLC Cl2 channel

family to be transporters, recent studies of the large
SLC26 transporter family revealed at least two of its
members bear the hallmarks of Cl2 channels, not trans-
porters. Specifically, SLC26A9 and SLC26A7 appear to
operate solely as Cl2 channels, and have little or no
bicarbonate permeability.89 The SLC26 family is large
and very diverse, much like the CLC gene family, and
many of its members still lack identified physiological
function, including SLC26A7 and SLC26A9
(Figure 31.5). However, present work does suggest both
may play important roles in secretory epithelia in areas
of the lung and kidney. As discussed earlier, SLC26A9
is expressed highly in lung epithelia, and may be regu-
lated by CFTR13 via the highly-conserved SLC26 STAS
domain.17 When expressed in HEK cells or Xenopus
oocytes, the SLC26A9 channel is constitutively active,
with a linear to slight inward rectification I/V relatio-
n,13,17,26,26a,89 is only slightly permeable to bicarbonate,
and is not pH sensitive.26,26a,89 And while SLC26A9 is
most highly expressed in ciliated bronchial airway epi-
thelial and alveolar cells, its expression is widespread.26

SLC26A7, on the other hand, is very highly
expressed in the human kidney, including in the renal
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outer medullary collecting duct, the thick ascending
limb, and the apical membrane of proximal tubule.26

Like SLC26A9, SLC26A7 is constitutively active, has a
linear I/V relation, is not permeable to bicarbonate,58

but unlike SLC26A9, SLC26A7 is very sensitive to
pH.26,89 Acidic pHi increases the selectivity of
SLC26A7 to Cl2,58 apparently through intracellular H1

regulation of the channel. SLC26A7s pHi sensitivity
has prompted the hypothesis that it may function as a
pHi sensor89 or function in Cl2-loading in parietal
cells. The physiological function of SLC26A7 in the kid-
ney remains unknown, although it is expressed on the
basolateral membrane of the alpha-intercalated cells of
the outer medullary collecting duct, cells that secrete
acid116,120 as part of the kidney’s role in regulating the
blood’s acid�base balance (Figure 31.5). It would seem
that the pHi sensitivity of SLC26A7 would make it an
affective pHi sensor in alpha-intercalating cells just as
in parietal cells, and it could again function as a Cl2-
loading mechanism and therefore would be important

in the apical secretion of H1 from the cells. Currently
no human diseases are associated with SLC26A7 or
SLC27A9 dysfunction; however, it seems likely that
further work will reveal their importance in human
and kidney physiology.

Volume-Regulated Anion Channels

The recent success in discovering the molecular
identity of the CaCC only highlights the need to iden-
tify the last remaining functional group of Cl2 chan-
nels, the volume-regulated anion channels (VRAC)
(Figure 31.6). VRACs are found in every cell type as
part of the normal housekeeping functions possessed
by all cells. In mammalian cells when an osmotic
imbalance occurs and water moves into the cell, threat-
ening the integrity of the membrane, the cell initiates
the regulatory volume decrease (RVD) response con-
sisting of the efflux of K1 and Cl2 ions, as well as
bicarbonate and amino acids; through the loss of these
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osmolites the osmotic balance can be regained and the
cell shrinks. In the dynamic osmotic conditions along
the mammalian nephron the VRAC channels may play
a dominant role in the RVD response, protecting the
cells from osmotic harm. In addition to cell volume
regulation, VRAC channels are known to play roles in
maintaining resting potentials, aiding in vectorial Cl2

transport, salt and fluid secretion, cell proliferation and
differentiation,85 cell migration,92 apoptosis,91 and ATP
secretion.85,92 In addition to VRACs role in RVD in kid-
ney cells, another role has been described for the large
conductance maxi-anion type of VRAC channels which
appear concentrated in the macula densa cells of the
thick ascending limb (TAL). Macular densa cells func-
tion to sense changes in the luminal NaCl concentra-
tion, and signal the regulator mechanism necessary to
bring salt levels back to normal via tubuloglomerular
feedback (TGF).10 Bell et al.10 found that maxi-anion
channels in the macula densa cells could conduct ATP,
and did so under conditions of experimentally high
luminal NaCl. It is not yet clear how the maxi-anion
channels are activated by the high luminal NaCl con-
centrations, nor is it clear exactly what role ATP plays
in signaling as compared to NO and PGE2.11 But it is
clear that ATP is important, and that the maxi-anion
channels are the only described mechanism for its
secretion from the macula densa cells, implying a very
important role for the VRAC channels in the TAL.
Ultimately only the molecular identity of the VRAC
channels will further our understanding of their func-
tion in the kidney.

The general biophysical characteristics of the VRAC
channels are similar to other known anion channels,
including its relative non-selectivity, and its outward
rectification. The most unique characteristics of VRAC
channels are their voltage-dependence: depolarization
above 160 mV causes time and voltage inactivation,
with negative potentials removing inactivation.84,85

Intracellular Mg21 and extracellular protons appear to
accelerate this inactivation. The anion selectivity
sequence is SNC2. I2.NO3

2.Br2.Cl2. F2, but
VRAC channels are also permeable to amino acids like
glutamate and aspartate, polyols, and ATP.84,85 This
promiscuity is in part due to the large calculated pore
size of B11 Å.85 Pharmacologically, the usual nonspe-
cific anion channel blockers also work on VRAC chan-
nels, NPPB.DIDS.NFA,84 some, like DIDS, show a
strong voltage-dependence to its block, demonstrating
it can only block from one direction. The single channel
properties suggest VRAC channels are a heterogeneous
group consisting of mini-anion channels (0.1�8 pS),
volume-sensitive outwardly rectifying channels
(VSOR: 20�80 pS), and maxi-anion channels
(100�400 pS), although most fall into either the VSOR
or maxi-anion groups.

Because of their extremely important physiological
role in TGF, a further look at the maxi-anion channel
subclass of VRAC channels is deserved. As mentioned
above, maxi-anion channels have very large single
channel conductances that increase with saturating
concentrations of Cl2 in excess of 640 pS.107 In contrast
to the characteristics described above for the classic
VSOR type of VRAC channels, the maxi-anion channels
have a much larger pore size of 1.16�1.42 nm, which
again helps to explain its ability to conduct ATP. Like
other VRAC channels, maxi-anion channels are volt-
age-dependent with inactivation at depolarizing poten-
tials, but unlike other VRAC channels it also
inactivates at hyperpolarizing potentials, resulting in a
bell shaped voltage-dependence of open channel prob-
ability.107 At potentials with little or no inactivation,
the I/V relationship is linear. Further questions about
maxi-anion channel structure and function in both the
kidney and beyond will, as for the entire VRAC group,
depend on resolving its molecular identity. This is per-
haps the most pressing issue in all of anion channel
research currently, and remains a gaping hole in our
fundamental understanding of how anion conduc-
tances shape cellular function and life.

Other Cl2 Channels

GABA and Glycine Receptor Channels

The GABA (GABAA, GABAC) and glycine receptor
(GlyR) Cl2 channels represent the only examples of
anion channels within the cation channel gene families.
Both GABA- and glycine-gated channels are members
of the ligand-gated ion channel (LGIC) superfamily,18

and share a large amount of structure homology with
cation members of the same LGIC family, including the
nicotinic acetylcholine (nACh) receptor channels and
the 5HT3 receptors.18 Like nACh channels, both the
GABA and glycine receptor channels have a 5 subunit
structure, with two alpha-, two beta-, and one gamma-
subunit.88 There are two GABA receptor channel
groups that conduct anions, GABAA and GABAC,
both are important for inhibitory synaptic transmission
in the nervous system, and both have a I2.Cl2 per-
meability.131 GABA receptors may play key roles in
human disorders including epilepsy, multiple sleep
disorders, and Alzheimer’s.18 GlyR channels are also
important in synaptic inhibition in the nervous system,
and have been linked to hyperekplexia73,131 or human
startle disease. GlyR channels have an ion selectivity
sequence, I2.Br2.Cl2. F2, similar to the GABA
channels, with a pore size around 5�6 Å,88 slightly
smaller than the other cation members of the LGIC
family. The GlyR single channel conductance is vari-
able depending on the arrangement and type of
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subunits, but most frequently is around 90 ps.88

Though the GABA and GlyR channels play significant
roles in human disease and are very important in the
function of the human nervous system, they have not
been shown to express in the human kidney and there-
fore their discussion will remain superficial.

Voltage-Dependent Anion-Selective Channel
(VDAC)

Often in a discussion of anion channels the voltage-
dependent anion selective channels (VDAC) are
omitted, because of their believed confinement to the
outer membranes of the mitochondria (hence their
alternative name of mitochondria porins),24 loose anion
selectivity, and giant poor size. Thus, the logic goes,
the VDAC channels are not comparable to the Cl2

channels that inhabit the other cellular membranes.
However, their recent localization to the plasma
membrane has elevated them to Cl2 channel status, if
just barely. VDACs were first discovered on the mem-
brane in human B-lymphocytes, and the subsequent
development of an antibody lead to the description of
VDAC surface localization in numerous cell types
including epithelium. Subsequent work confirmed
VDAC1 to be located within caveolins, or plasma mem-
brane subcompartments, and found VDAC in proteo-
mic surveys of the plasma membrane of human cells.24

Perhaps most convincingly, VDAC proteins have been
purified from both the plasma membrane (using a NH-
SS-biotin label) and from the mitochondria, and com-
pared via electrophoretic mobility, antibodies, and
electrophysiological recordings in reconstructed lipid
bilayers.8,9,52 The question remained, however, what
were they doing there? In the mitochondria, the VDAC
family of proteins resident in the outer mitochondrial
membrane is responsible for a number of functions,
but probably not the regulation of Cl2 conductance.
The VDAC proteins are 30�35 kDa proteins that con-
tain a single alpha helix and 13, 16 or 19 transmem-
brane beta sheets.24,114 When reconstituted in a lipid
bilayer VDAC forms a very large 2�3 nm pore,114 and
is loosely voltage-dependent (40% of the initial conduc-
tance persists in the “closed” state).107 Its Cl2/K1 per-
meability ratio is an astoundingly low 1.7�1.9,107 but
its single channel conductance of Cl2 is linear up to
10 nS with no saturation.107 However, its primary func-
tion in mitochondria is probably more related to
metabolite flux (including ATP, cytochrome c, and
superoxide anions),105 membrane composition, and an
important role in apoptosis.40

There are a number of hypotheses as to the nature of
the VDAC function on the plasma membrane. The volt-
age-dependence of VDAC means that at most resting
potentials the channel should be closed,24 alleviating
the obvious lethal potential of a large, relatively

nonselective pore in the plasma membrane. There is
some evidence that VDAC may be an ATP release
channel,90,114 although there is also evidence that
VDAC may inhibit ATP release.24 Other proposed
functions include plasma membrane VDAC1 as a
redox enzyme which reduces extracellular ferricyanide
in the presence of NADH.5 Its role as a redox enzyme
is supported by evidence that transfection of COS-7
cells with a VDAC1 construct increased the plasma
membrane NADH:ferricyanide reductase activity
40-fold.5 This VDAC1 function may play a role in the
reductive activation of the anticancer drug 2-methyl-
furanonaphthoquinone.115 Finally, plasma membrane
VDAC has been long hypothesized to be the maxi-
anion channel found in many tissue types including
the kidney. There exist many superficial similarities in
the biophysical properties of each, which has lead for
years to the acceptance that VDAC was the molecular
identity of maxi-anion channels, even though there
appear to be some vast differences in characteristics
and localization. For instance, surface VDAC has been
shown in epithelium,24 but not specifically in kidney.
Recently this hypothesis was tested directly by Sabirov
et al.,106 where they either knocked-out or knocked-
down expression of the three VDAC isoforms, and
found the endogenous maxi-anion channel of mouse
embryonic fibroblasts (MEFs) unaltered, strongly argu-
ing against VDACs being the molecular identity of
maxi-anion channels. However, it is worth noting that
expression of surface VDAC channels is not universal
and could be very cell type-specific, thus in cell types
other than MEFs VDAC could still be the previously
identified maxi-anion channels that are critical for renal
salt balance in the human kidney (see discussion
above).

Tweety (Human Homolog hTTYH3)

The VDAC proteins are not the only recent entrant
in the race to win the title “identity of maxi-anion
channel.” Using a rather novel bioinformatic methodol-
ogy Susuki122 screened for Drosophila genes that coded
for proteins with four or more predicted transmem-
brane domains and a described behavioral abnormal-
ity. Suzuki found a gene, tweety, within the flightless
locus, which matched his criteria, and its knockout
resulted in loss of normal flight. Suzuki further found
that tweety has a human homology, hTTYH3, a gene
encoding a 523 amino acid protein. mRNA expression
of mouse TTYH3 is found in most excitable tissues as
well as kidney, fat cells, thymus, and uterus, and also a
number of cell lines including kidney epithelial cells
(OK, HEK, and MDCK lines).122 Using a c-terminal
antibody, TTYH3 was positively localized in the glo-
merulus of the kidney.122 Other tweety genes may also
be important in the human kidney, hTTYH2 mRNA
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has been shown to be upregulated in renal cell
carcinoma.48

The electrophysiological characteristics of hTTYH3
do certainly show similarities to maxi-anion channels,
but also to large conductance Ca21-activated Cl2 chan-
nels. Expression of hTTYH3 in CHO cells in the pres-
ence of ionomycin results in large linear Cl2

currents.122 The ion selectivity for the hTTYH channel
is I2.Br2.Cl2, and the mutations of positively-
charged amino acids in the pore region result in an
appropriate reduction in the gluconate/Cl2 permeabil-
ity ratio.122 The large linear Cl2 currents of hTTYH3-
expressing cells were not blocked by niflumic acid,
DTT, ZnCl or SITS; however, the hTTYH3 currents
were blocked by DIDS (10 μm).122 Suzuki122 also
reports the single channels characteristic of the human
tweety channel: large single channel conductance
(250 pS) in the presence of high cytosolic Ca21; and a
linear I�V relationship.

Although, like the VDAC channels, tweety channels
share characteristics with the well-defined maxi-anion
channels, but like the VDAC channels, recent experi-
ments suggest they probably do not represent the
molecular indentity of the maxi-anion channels.107

They could, however, represent a novel class of large
conductance CaCC channels or a prototype Cl2 chan-
nel based on its 6TMD topology and homology to other
Drosophila cation channels.122 Their localization to kid-
ney epithelium and upregulation in renal cell carci-
noma demands further exploration for this very
interesting, newly discovered group of Cl2 channels.

CLCAs

Despite early promise, the possibility that the family
of proteins called the Ca21-activated Cl2 channels
(CLCAs) function as anion channels has become very
remote. The CLCAs were the first cloned proteins to
demonstrate CaCC characteristics under experimental
conditions.37 Specifically, expression of the bovine
homolog, bCLCA1, in Xenopus oocytes resulted in an
increase in CaCC current.37 Single channel characteris-
tics also seemed to fit with those previously described
for CaCC channels: a single channel conductance of
25�30 pS; a mostly linear I�V relationship; and a selec-
tivity profile of I2.Br2.Cl2.22,123 CLACs possible
CaCC activity, its expression in airway epithelia, and
its connection to airway inflammation in cystic fibrosis
attracted a lot of research attention to the new family
of proteins.36 Unfortunately, the increased scrutiny
brought with it increased evidence that the structure of
the CLCA proteins made them unlikely candidates as
integral channel proteins.93 Newly performed structure
and sequence analysis now predicts that CLCA are sol-
uble proteins that may be secreted from the cell as sig-
naling molecules.93 More recent work has focused on

the very real connection between the CLCAs and
chronic obstructive disease (COPD), and CLCAs
revised localization to the airway mucal cells, not epi-
thelium. Specifically, mouse Clca3 expression was suf-
ficient to drive mucin production in vitro, and in
multiple animal models CLCAs were found to play an
important role in mucal cell metaplasia and airway
hyperactivity.93 Thus, now yoked with an unfortunate
name, it seems a consensus exists concluding that
CLCAs do not function physiologically as anion
channels.

Bestrophin

Until the discovery of the TMEM16/Anoctamin
gene, the four mammalian bestrophin genes, Best 1�4,
were the most obvious candidate for the CaCC chan-
nel. There is overwhelming evidence that bestrophins
are Cl2 channels, and recent clear evidence that they
are critical in a number of channelopathies. However,
slight discrepancies in their characteristics and localiza-
tion always created questions as to their identity27 as
the classic CaCC. The identification of this new family
of Cl2 channels came from a study of the disease Best
Vitelliform Macular Dystrophy (BVMD) within a large
Swedish family.86 Linkage analysis identified a region
of chromosome 11 (11q13) as the locus for BVMD,
which lead to the cloning of the VMD2 gene.34,76,95,119

Subsequent syntax revision has renamed VMD2 as Best
1, and the other mammalian members of the gene fam-
ily as Best 2, 3, and 4.

All the members of the Best gene family code for
Cl2 channels. Early recordings done in HEK cells dem-
onstrated novel Cl2 conductances in cells expressing
the Best genes; however, the biophysical characteristics
varied for each, strongly supporting the idea that each
is a Cl2 channel and not a regulatory or support
protein.46 In HEK cells, Best 1 proved to be Ca21-
dependent; removal and chelation of Ca21 in the
pipette substantially reduced current amplitudes. The
currents showed some outward rectification, but were
not time-dependent.46 However, other Best channels
display linear I�V (Best 2), strong inward rectification
and time-dependence (Best 3), and linear I�V but with
time-dependent inactivation.46 The Best channels are
weakly inhibited by niflumic acid and stilbenes131

including DIDS (at 500 μM). The selectivity sequence is
I2.Br2.Cl2. Mutagenesis of the Best proteins pro-
vides further evidence that the Best proteins are Cl2

channels. A mutation W93H in mbest2 changes the
channel gating, the I�V relation from linear to
inwardly rectifying, and activates slowly upon hyper-
polarization100,126; whereas an S79C mutation in
mbest2 increases the IC50 of DIDS blockage by a factor
of 5.100 Regulation of the Best channels by calcium has
also received recent attention. Extensive work has
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demonstrated that Ca21 can activate bestrophins with a
KD of 200 nM without the need for any diffusible inter-
mediate,27 suggesting that Ca21 can bind bestrophins
directly. Structural analysis revealed an EF-hand
region in the C-terminus of the bestrophin proteins,
and mutation of the region reduces the channels Ca21

affinity 20-fold.27

Clearly, bestrophins are Cl2 channels, but where
they function and their role in human disease has
become increasingly controversial. Best gene mutations
were known from the beginning to cause the human
disease BVMD, and were known to be expressed
highly in the retinal pigment epithelium (RPE). BVMD
results in increased fluid in the subretinal and sub-RPE
spaces, and an abnormal electro-oculogram46; pheno-
types that appeared to be related to the function of
basolateral CaCC channels in the RPE cells. hBest1
seemed a logical candidate channel to mediate these
important Cl2 currents. However, recent studies using
mouse knockout models of mBest1 do not phenocopy
the human disease, and the mice have no retinal dys-
function.75 Further, it appears that the newly discov-
ered TMEM16/Anoctamin CaCC channels are also
expressed in the basolateral membrane of RPE cells,
and are now thought more likely to mediate the CaCC
currents of these cells.27 So although hBest1 is a Cl2

channel, in this case it does not appear to be essential
for the conductance of Cl2. Subsequent work suggests
that hBest1 may regulate other channels (voltage-gated
Ca21 channels) or be a HCO3

2 channel, and therefore
be important in cellular pH regulation.27

The characteristics of the four hBest channels are
similar to a number of Cl2 currents identified in the
kidney, and mRNA expression of all four hBest genes
has been demonstrated in large mRNA expression sur-
veys. However, there is currently no specific evidence
that hBest proteins are expressed in the kidney or have
any involvement in kidney function.

Chloride Intracellular Channel (CLIC)

Chloride intracellular channels (CLICs) were ini-
tially discovered in an attempt to identify the elusive
Cl2 channel responsible for cystic fibrosis. Landry
et al.64 affinity purified a 64 kDa protein from bovine
kidney cortex membrane vesicles using a weak Cl2

channel inhibitor, IAA-94 (indanyloxyacetic acid), and
found when reconstituted into a lipid bilayer it pro-
duced a novel Cl2 conductance. Using an antibody
against the 64 kDa protein, they localized it to the api-
cal membrane and to intracellular vesicles in CFPAC-1
cells.102 Using the same antibody, the 64 kDa protein
was cloned63 from a kidney cDNA library, and subse-
quent work showed it to be a member of a large family
of proteins that became known as the CLICs, with the
original 64 kDa protein becoming CLIC5B. In humans,

six homologs exist, each representative of a highly-con-
served paralog; however, the most extensive research
has been done on CLIC1 and CLIC4.

The early work on CLICB showed that it could
insert into the membrane and can act as a Cl2 channel,
but only in a reconstituted bilayer system, presumably
because the protein was exclusively in intracellular
membranes. Experiments overexpressing human
CLIC1 in CHO-K1 cells managed to record a novel Cl2

current, and were able to measure some single channel
characteristics.4 The overexpressed CLIC1 localized to
both the nuclear and plasma membrane, and patch
recordings were done from both. CLIC1 demonstrated
a slight inward rectification and voltage-dependent
inactivation,71 a selectivity sequence of F2.Cl2. I2

(unfortunately from a single experiment), a single
channel conductance of approximately 30 pS,4,71 and
was reversibly inhibited by 10 μM IAA-94.4 Further
work demonstrated that CLIC1 actually forms tetra-
mers, each with a pore conductance of approximately
8 pS.71 Importantly, a single point mutation in CLIC1
(C24A) changes the channel characteristics, demon-
strating that CLIC1 is unambiguously a Cl2 channel
when inserted into a membrane.71 In contrast, overex-
pression of CLIC4 in HEK cells produces channels
with a significantly smaller single channel conduc-
tance, 1 pS, but a similar selectivity sequence,
I2.Cl2,4 although CLIC4 appears to be poorly selec-
tive generally with K1 and Cl2 having similar
permeability.71

The most interesting recent CLIC protein discovery
concerns their switch hitting life-style. It is clear that
CLIC1 can be both a stable globular soluble protein,
and an integral membrane protein. The solved crystal
structure of CLIC1 demonstrated its nature as a soluble
protein, and more importantly marked it as a member
of the superfamily of glutathione s-transferase (GST)
genes.71 This revelation dramatically altered the
hypothesized function of the CLICs; they may not act
as Cl2 channels, but instead as soluble enzymes like
the rest of the GST family. It appears their putative
function depends on whether the CLIC proteins insert
into the membrane or not, and recent work has concen-
trated on environmental factors that can manipulate
CLIC tertiary structure. It turns out that, like other GST
proteins, oxidation can drastically alter the structure of
CLIC1, creating a second stable tertiary structure,
marking it as a metamorphic protein.71 This second
oxidized stable state appears likely to insert into mem-
branes, thus oxidation may control the function of
CLIC1, channel or enzyme. Separate unfolding experi-
ments on soluble CLIC1 suggest that low pH “primes”
the protein for insertion into membranes.33 These two
environmental modulators of CLIC1 may point to its
possible in vivo physiological function. The localization
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of CLIC1 and CLIC4 to acidified intracellular vesicles
and endosomes may imply a coupling of CLIC Cl2

channel activity to the acidification by a proton pump
reminiscent of CLC5 or CFTR. A link between CFTR
and CLIC1 is supported by work done by Edwards,30

who demonstrated in Xenopus oocytes that the co-
expression of CFTR and CLIC1 lead to a synergistic
increase in cAMP-activated current, part of which was
IAA-94 sensitive. A similar regulator relationship
between CLIC1 and CFTR could be even further
enhanced in the acidic environment of endosomes,
where more of the CLIC1 protein would form Cl2

channels. As genetic tools continue to evolve, a number
of mouse knockout models have been developed to test
the physiological role of CLIC in vivo. Both the
CLIC12/2 and CLIC42/2 showed very slight pheno-
types; however, a study of the intracellular vesicles of
the CLC42/2 mice revealed that the large intracellular
vesicles were less acidic than wild-type, although the
endosomes demonstrated no change in acidification.129

The potential redundancy of the CLICs may have
masked many phenotypic changes from single CLIC
knockouts. To further grasp the role of the CLICs spe-
cifically in the intracellular vesicles, multiple knockout
models are needed.

ANION CHANNELOPATHIES OF THE
KIDNEY

Thus far, only a single anion channelopathy has been
described in human kidney, dysfunction of ClC-Kb
which causes type III and IV Bartter’s syndrome. Recent
evidence has shown that ClC-5 is a Cl2/H1 exchanger,
and thus has removed Dent’s disease from the ranks of
anion channelopathies, so it will be discussed elsewhere.
In fact, the dearth of anion channelopathies in the kidney
does not suggest that Cl2 conductances are not impor-
tant in the nephron, but perhaps instead is illustrative of
our limited knowledge of Cl2 channels’ functional roles.
The physiological functions of the newly identified
TMEM16 Cl2 channel family are only beginning to be
understood, and the missing molecular identities of the
vast collection of volume-sensitive Cl2 channels still rep-
resent a significant hole in our understanding. Learning
more about Cl2 channels in the kidney will undoubtedly
teach us more about the cause of human diseases and
how to treat them.

Bartter’s Syndrome

Bartter’s syndrome is a collection of kidney diseases
that result in mishandling of salts in the thick ascend-
ing limb (TAL), and result in renal salt-wasting, hypo-
kalemic metabolic alkalosis, elevated rennin and
aldosterone levels, normal or low blood pressure, and

hypercalciuria.50 Traditionally, Bartter’s was divided
into two classes based on the age of the onset of symp-
toms: either neonatal or classic Bartter’s. More recent
genetic analysis of Bartter’s patients revealed that
mutations in five separate genes could cause the symp-
toms associated with Bartter’s, prompting a further
division into five classes, each demonstrating a sepa-
rate dysfunction in the NaCl absorption pathway of the
TAL55 (Figure 31.7). Na1, K1, and Cl2 anions are
imported across the apical membrane from the tubule
lumen in the cells of the TAL via the NKCC2 co-trans-
porter; mutations causing dysfunction in the NKCC2
co-transporter result in type I Bartter’s syndrome. The
K1 leaves the cell via apical ROMK K1 channels to
return to the lumen; mutations in the ROMK K1 chan-
nels result in type II Bartter’s. The Cl2 exits the cell
across the basolateral membrane through the ClC-Kb/
Barttin channel complex; mutations in the ClC-Kb
channel cause type III Bartter’s, and mutations in the
ClC-Kb channel subunit Barttin cause type IV.55

Type V Bartter’s syndrome results from gain-of-func-
tion mutations in the calcium sensing receptor protein,
CaSR, a member of the G-protein receptor superfam-
ily.50 CaSR is activated by high extracellular Ca21, and
in turn inhibits salt transport, thus overactive CaSR
inappropriately inhibits salt absorption, resulting in
symptoms typical in Bartter’s syndrome.49

Interestingly, type III and type IV Bartter’s does not
result in the same phenotype, which would be
expected if only the ClC-Kb�Barttin complex was
being affected. Patients with mutations in the Barttin
subunit have more severe salt-wasting than those with
type III, in addition to sensorineural deafness. The
deafness is now known to be caused by dysfunction of
both ClC-Ka and ClC-Kb channels in the inner ear (see
previous CLC section), demonstrating that Barttin is a
required subunit for both ClC-Ks. In humans, the
increased severity of type IV Bartter’s therefore sug-
gests a role of ClC-Ka in salt absorption in the TAL,
although dysfunction in ClC-Ka alone is not associated
with any renal disease phenotype.61

Polycystic Kidney Disease

Unlike type III and IV Bartter’s syndrome, autoso-
mal dominant polycystic kidney disease (ADPKD) is
not a Cl2 channelopathy; however, the progress of
ADPKD depends directly on an inappropriate increase
in Cl2 channel function. ADPKD is the most common
genetic disorder found in humans, effecting 1 out of
800 births.137 It results in the slow and progressive
accumulation of fluid filled cysts in the kidney and the
liver, which by adulthood can result in renal failure
and necessitate kidney transplantation or result in
patient death.137 Two genes have been causally associ-
ated with ADPKD, the two polycystin genes, PKD1
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and PKD2137; how mutations in these genes and their
gene products, PC1 and PC2/TRPP2 respectively, lead
to cyst development remains unclear. PC1 is a large
membrane protein that includes an extensive extracel-
lular domain and may be part of focal adhesion com-
plexes at the plasma membrane,60 but it has also been
shown to cleave into numerous functional products
including P100, which has been shown to inhibit the
ER Ca21 sensor protein STIM1.141 PC1 may also regu-
late the function of PC2. PC2 is a calcium channel that
may reside on either the ER or plasma membranes.
PC2 has been shown to be a key regulator of ER Ca21

stores and ATP-mediated Ca21 release.60,69 A PC1�
PC2 complex on an extended non-motile cilium has

been proposed to detect intertubule flow, a key devel-
opmental signal during tubulogenesis. Under this
hypothesis, a dysfunction in flow directionality may
lead to abnormal tubule growth and the creation of
cysts.148 Alternative hypotheses have PC1 and PC2
playing key roles in regulating proliferation and apo-
ptosis, both key elements in normal tubulogenesis, and
being co-opted for cyst development.121

Although the mechanism that begins cytogenesis is
not yet understood, the mechanisms contributing to
cyst growth and enlargement are better understood.
The development of ADPKD cysts requires the prolif-
eration of epithelial cells and fluid accumulation within
the cyst cavity.67 Both of these are accelerated by the
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cAMP signal transduction pathway.68 In studies of pri-
mary cultures of ADPKD cells, apical cAMP-activated
Cl2 conductances were identified using the patch-
clamp technique. These currents were sensitive to
glibenclamide and DPC, but not DIDS, and had a selec-
tivity sequence of Br2.Cl2. I2; these are all hallmark
characteristics of the CFTR Cl2 channel.44

Immunohistochemistry showed CFTR to be in the api-
cal membranes of ADPKD cells and in cyst linings of
ADPKD kidneys.44 The movement of fluid, therefore,
is believed to be facilitated by Cl2 secretion into the
lumen of the cysts by apical CFTR channels, pulling
both Na1 and water along with it via paracellular path-
ways (Figure 31.7). This model of CFTR-mediated
secretion is very similar to the role of CFTR in the air-
way, where it maintains the airway surface liquid
(ASL). The apical Cl2 secretion in cyst epithelia is
made possible by the accumulation of cytosolic Cl2 via
the basolateral NKCC1 co-transporter, which trans-
ports in two Cl2 for every Na1 and K1 ion.65 More
recent work has also confirmed a more direct connec-
tion between CFTR and the polycystin proteins. Ikeda
et al.51 demonstrated in a MDCK model system that
the expression of PC1 downregulated the amount of
apical CFTR expression, concluding that mutant PC1
would promote increased CFTR plasma membrane
expression, and increased Cl2 and fluid secretion into
the cyst lumen. Thus, the increased function of CFTR
may lead to fluid accumulation in the cysts; perhaps
demonstrating better than any of the numerous experi-
ments mentioned earlier in the CFTR section that CFTR
is in the kidney and it functions there just as it does
elsewhere: facilitating salt and fluid secretion.

To test the role CFTR plays in cyst growth in
humans, researchers looked specifically at families
with members who suffered from both ADPKD and
CF. Although very few of these individuals have been
studied, it does appear that ADPKD patients who also
suffer from CF have fewer and smaller renal and
hepatic cysts than do their age-matched siblings with
ADPKD but not CF.143 However, in another study
where a single CF (Δ508CFTR) patient with ADPKD
was compared to non-siblings with ADPKD but no CF,
there appeared to be no difference in kidney volume or
renal function.94 Obviously, in humans it will require
further accumulation of the very rare occurrence of
families with both ADPKD and CF before we can really
know whether CF patients receive some renal protec-
tion. Surprisingly, CFTR2/2 knockout mice have not
been crossed with any ADPKD mouse models to see if
cytogenesis or cyst growth is diminished; this type of
experiment could increase our understanding of
CFTRs role in ADPKD.

Recent work has focused on CFTR as a target for a
therapeutic approach to control ADPKD-mediated cyst

growth and expansion using specific, high-affinity
CFTR inhibitors. MDCK cells with endogenous CFTR
and low levels of PC1 will form cysts when grown in
a collagen matrix and given the cAMP agonist forsko-
lin, but cyst growth is inhibited with the application of
the specific CFTR inhibitor CFTRinh-172.67 Similarly,
when CFTR inhibitor compounds CFTRinh-172 and
Ph-GlyH-101 were used to treat embryonic cystic
mouse kidneys in a 4 day culture model system, they
reduced cyst number and growth by more than 80%.
Further, direct treatment of PKD1 knockout mice with
the CFTR inhibitor slowed the normally fast develop-
ment of kidney cysts and preserved kidney func-
tion.144,131 These studies strongly support targeting
CFTR as a therapy for ADPKD patients that may
prove efficacious in decreasing cyst size and preserv-
ing kidney function.

SUMMARY

Recent years have marked an exciting time in the
field of Cl2 channel research. More and more of the
molecular identities of the functional Cl2 channel
groups have been discovered, and this new knowledge
has given us an expanded view of the importance of
Cl2 channels in both kidney physiology and human
physiology. So, too, we must acknowledge the shifting
landscape that has redefined many anion channels as
exchangers, and accept that perhaps that the character-
istics that separate the two groups are far less signifi-
cant than previously believed. But what hasn’t
changed is the importance of anion channels in kidney
function. Each year increases our understanding of
their role in secretion of waste, water retention, ionic
balance, blood pressure regulation, and the recapture
of essential solutes. We can now add the TMEM16 and
SLC26a gene families to those expressed in the kidney
that conduct anions, and look forward to what these
newly discovered Cl2 channels can tell us. But not all
recent discoveries have been on the large-scale, many
incremental but significant discoveries have also been
made that slowly progress our understanding of
human diseases like Bartter’s Syndrome and PKD, and
bring us one step closer to developing more effective
therapies. The same questions persist: how do anion
channels work in the context of the human kidney?
How does their dysfunction lead to human disease?
Can we develop new or more effective pharmacologic
therapies for human kidney disease? But we now have
even greater tools, knockout animals, siRNA, vast drug
libraries, and the ability for large-scale molecular
screens with which to answer these fundamental
questions.
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INTRODUCTION

There are four types of electroneutral co-transporter
systems that have been identified: (1) the sulfamoylben-
zoic (or bumetanide)-sensitive Na1-K1-2Cl2 co-transpor-
ter; (2) the sulfamoylbenzoic (or bumetanide)-sensitive
Na1-Cl2 co-transporter; (3) the benzothiadiazine (or
thiazide)-sensitive Na1-Cl2 co-transporter; and (4) the
dihydroindenyloxy-alkanoic acid (DIOA)-sensitive K1-
Cl2 co-transporter. All these possibilities are encoded
by members of the family of solute carriers SLC12,
according to the classification of the Human Genome
Organization.1 Two genes of this family, SLC12A1
encoding the apical Na1:K1:2Cl2 co-transporter,
NKCC2 (also known as BSC1), and SLC12A3, encoding
the Na1:Cl2 co-transporter, NCC (also known as
TSC1), are particularly relevant to kidney physiology,
pharmacology, and pathophysiology. NKCC2 and
NCC play a key role in salt reabsorption of the thick
ascending limb of Henle’s loop and distal convoluted
tubule, respectively, with consequent effects in potas-
sium, calcium, and acid�base homeostasis. They also
serve as receptors for the loop diuretics (furosemide,
bumetanide, ethacrinic acid) and thiazide-type diuretics
(chlortalidone, hydrochlorothiazide, metolazone),
respectively, that are heavily used in the management
of patients with arterial hypertension or edematous
states, such a cardiac failure, chronic liver disease,
chronic renal disease or nephrotic syndrome.
Inactivating mutations of NKCC2 cause Bartter syn-
drome type I, and of NCC cause Gitelman’s
syndrome. Additionally, dysregulation of NCC is

implicated in the genesis of pseudohypoaldosteronism
type II, and it is proposed that both co-transporters
belong to the hypertension susceptibility genes. In this
chapter we will discuss the cation-coupled chloride co-
transporters, with particular emphasis on NKCC2 and
NCC.

The SLC12A family was identified in the early 1990s
with the cloning of the thiazide-sensitive Na1-Cl2 co-
transporter,2,3 followed by two genes encoding the
Na1-K1-2Cl2 co-transporters,3�6 and is composed of
nine related genes.7,8 Later, the four genes encoding
K1:Cl2 co-tranporters that were named KCC1,9

KCC2,10 KCC3,11,12 and KCC412 were identified.
Figure 32.1 depicts a phylogenetic tree of all mem-

bers of the SLC12 family for which functional proper-
ties are known, as well as the chromosome to which
each gene has been mapped in humans, the inherited
disease that results from inactivating mutations of the
gene, and the consequence of knocking-out each gene
in the mouse. Two branches within the family are
clearly identified. The Na1-driven branch encompasses
three genes: SLC12A1 and SLC12A2 encode the Na1:
K1:2Cl2 co-transporters, NKCC2 and NKCC1, respec-
tively. NKCC2 is a kidney-specific gene, with expres-
sion restricted to the apical membrane of the thick
ascending limb of Henle’s loop (TAL).3,5,13,14 In con-
trast, NKCC1 is a ubiquitously expressed protein that
is located at the basolateral membrane of secretory epi-
thelial cells, as well as in many non-epithelial cells
(neurons, fibroblasts, erythrocytes, etc.).15,16 SCL12A3 is
the third gene of the Na1-driven branch, and
encodes the thiazide-sensitive Na1:Cl2 co-transporter,
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NCC.2,3,17 It is mainly expressed in the apical mem-
brane of the distal convoluted tubule (DCT). Initially it
was thought that NCC is a gene with restrictive expres-
sion in the kidney; however, later it was demonstrated
to be expressed at the protein level along the gut,18 in
bone,19 and in the lens.20 Although a thiazide-sensitive
Na1-Cl2 co-transporter has been postulated to exist in
other tissues,21 blood vessels,22 pancreas,23 peripheral
blood mononuclear cells,24 gallbladder25 and heart,26

its presence at the molecular level has not been demon-
strated. In bone, NCC activity is associated with the
rate of bone formation. Many clinical studies have
shown that thiazide diuretics in elderly subjects pro-
mote an increase in bone mineral density and help to
prevent pathological fractures.27,28 Consistent with this
beneficial effect of thiazides, NCC is expressed in
osteoblasts of rat and human bones, and addition of
thiazides to osteoblasts in culture increases the forma-
tion of mineralized nodules. This effect of thiazides
was not present after NCC expression was reduced by
transfecting cells with an NCC antisense plasmid.19

The degree of identity at the protein level between
NKCC1 and NKCC2 is B60%, and between NCC and
the NKCCs is B50%. The degree varies, however,
within specific domains of the co-transporters. It is
.80% in some of the central hydrophobic membrane
spanning domains, B50% in the carboxyl terminal
domain, and ,10% in the amino terminal domain and
most of the interconnecting loops that are oriented
toward the extracellular side.

The K1-driven branch is composed of four genes,
SLC12A4 to SLC12A7, encoding the K1:Cl2 co-trans-
porters KCC1 to KCC4, respectively. KCC1 is

ubiquitously expressed, while KCC2 is only present in
neurons. KCC3 and KCC4 are expressed in several tis-
sues, including the kidney.7,8,29 Along the nephron
KCC3 has been shown to be present only in the proxi-
mal tubule, while KCC4 is also expressed in the baso-
lateral membrane of TAL and the intercalated cells of
collecting duct (CD).30�32 The degree of identity is
about 60% between KCCs and about 25% with the
members of the Na1-driven branch.

Two additional genes are classified within the
SLC12A family (not shown in Figure 32.1) due to a
degree of identity of B20% with either the Na1-driven
or the K1-driven branches. SLC12A8 gene (human
chromosome 3) encodes a protein of 714 amino acid
residues that has been identified as a psoriasis suscep-
tibility gene by two independent groups.33,34 One
report suggests that this protein may translocate polya-
mines and amino acids across the plasma membrane.35

SLC12A9 (human chromosome 7) encodes a 918 resi-
due protein originally named as co-transporter inter-
acting protein (CIP) for its ability to modulate the
activity of NKCC1.36 Its topological similarity and the
25% identity with other members of the family suggest
that it is likely that CIP transports substrates that have
not been identified.

THE PHYSIOLOGY OF NaCl
CO-TRANSPORTERS IN THE KIDNEY

The electroneutral cation�chloride co-transporters
translocate Cl2 ions together with a cation, which can
be Na1, K1 or both, maintaining the requirement of

Na+– Chloride

K+– Chloride

50 %

25 %

65 %

60 %

Human
Chromosome

5

15

15

20

16

16

5

70 %

70 %

SLC12A1-NKCC2

SLC12A2-NKCC1

SLC12A3-NCC

SLC12A4-KCC1

SLC12A6-KCC3

SLC12A5-KCC2

SLC12A7-KCC4 No disease.
KO with tubular acidosis

No disease.
KO with epilepsy

No disease.
KO no phenotype

Andermann disease
KO with hypertension

No disease
KO with hypotension

Bartter disease

Gitelman disease

FIGURE 32.1 SLC12 phylogenetic

tree. The family is divided in two
branches: the Na-coupled and the
K-coupled co-transporters. The degree of
identity between members is shown in
percentages. Chromosome location,
inherited diseases, consequences in corre-
sponding knockout mice, and the tissue
specific expression is shown.
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electroneutrality: 1Na1-1Cl2, or 1K1-1Cl2 or 1Na1-
1K1-2Cl2 stoichiometry. The direction of the trans-
port process is defined by the cation gradient.
Therefore, NKCC1, NKCC2, and NCC move ions
inward across the plasma membrane, while KCCs
move ions outward. Because Na1 and K1 are
returned to the steady-state by the Na1:K1-ATPase,
the activity of the SLC12A co-transporters is consid-
ered to be primarily regulation of the intracellular
chloride concentration [Cl2]i, a role that is critical to
some physiological processes. One of these is cell
volume regulation. During cell shrinking, due to
increased osmolarity of the extracellular medium, the
regulatory volume increase response stimulates trans-
port mechanisms to enhance the intracellular osmo-
larity, including activation of NKCC1 . NKCC2 .
NCC. In contrast, during cell swelling, the regulatory
volume decrease promotes the activation of KCCs to
reduce intracellular osmolarity. Because basically
every cell expresses NKCC1 and KCC1, this cell vol-
ume regulatory mechanism is universal.37

Another major function of electroneutral
cation�chloride co-transporters is the setting of the
intraneuronal chloride concentration, either above or
below its electrochemical equilibrium potential. For
this reason, the activity of these co-transporters is
critical in determining the polarity and magnitude of
the effect of neurotransmitters that gate Cl2 channels
in postsynaptic membranes, such as GABA.16,38 It is
known that before birth GABA behaves mostly as an
excitatory neurotransmitter, in neurons in which
intracellular chloride is above the electrochemical
equilibrium due to more prominent expression of
NKCC1 than KCC2. After birth, however, GABA
becomes predominantly an inhibitor transmitter, due
to the inversion of NKCC1/KCC2 ratio of expression
that lowers intracellular chloride below
equilibrium.39

A third major role of the SLC12A co-transporters
that will occupy our interest for the rest of this chap-
ter is the transepithelial movement of ions. NCC and
NKCC2 are polarized to the apical membrane of DCT
and TAL, respectively, where they participate in renal
salt reabsorption. NKCC1 is expressed in the basolat-
eral membrane of several chloride-secreting epithelia,
where its activity is critical to provide the cell with
chloride ions to be secreted in the apical membrane.
The K1:Cl2 co-transporters are also involved in epi-
thelial movement of ions. One example is KCC4 that
is expressed in the intercalated cells of the CD, where
it plays a role in the chloride efflux required to
maintain hydrogen secretion and thus, acid�base
homeostasis.31

The Thiazide-Sensitive Na2-Cl2

Co-Transporter

NCC is the major salt transport pathway in the api-
cal membrane of mammalian DCT cells40�44 which
mediates reabsorption of 5�10% of glomerular filtrate.
In the early DCT (DCT1) NCC is fully in charge of salt
reabsorption, while in the late DCT (DCT2) it shares
the responsibility with the sodium channel ENaC.45�49

This is an important difference, since DCT1 is not con-
sidered to be part of the aldosterone-sensitive distal
nephron, due to the lack of 11β-hydroxysteroid dehy-
drogenase type 2 (11β-HSD2), which prevents illicit
occupation of the mineralocorticoid receptor by
cortisol.46,49�52 Thus, NCC is susceptible to aldosterone
regulation only in DCT2 cells. The molecular mecha-
nism of salt reabsorption in DCT is illustrated in
Figure 32.2. The Na1 gradient that drives transport
from the lumen to the interstitium is generated and
maintained by the intense activity of Na1/K1-ATPase
that is polarized to the basolateral membrane.53

Potassium entering the cell through the Na1/K1 pump
is secreted by the luminal membrane via K1 channels54

and by an apical K1-Cl2 co-transporter.55 Thus, potas-
sium secretion rate is determined, at least in part, by
the rate of Na1-Cl2 reabsorption. In addition, NCC
modulates magnesium and calcium reabsorption, the
latter in an inverse relationship with sodium reabsorp-
tion. The lower the sodium reabsorption, the higher the
calcium reabsorption, and vice versa.42 As shown in
Figure 32.2, NCC is the target for thiazide-type diure-
tics (metolazone, hydrochlorothiazide, chlortalidone,
bendroflumethiazide).3,43,56 Because thiazides are
recommended for the treatment of arterial hyperten-
sion, some edematous states, and renal stone dis-
ease,57,58 this group of drugs are among the most
commonly prescribed medicines in the world.

The Loop-Diuretic-Sensitive Na1-K1-2Cl2

Co-Transporter 2 (NKCC2)

NKCC2 is the major salt transport pathway in the
apical membrane of the mammalian TAL, a nephron
segment where 15�20% of glomerular filtrate is
reabsorbed.59�64 In addition to its role in salt reabsorp-
tion, NKCC2 activity also serves to keep the countercur-
rent multiplication mechanism by promoting salt
concentration in the renal medulla and thus, the renal
ability to concentrate urine. Divalent cation (Ca21 and
Mg21) and ammonium (NH4

1) reabsorption in the TAL
also requires the activity of NKCC2 (for reviews
see 64�66). As shown in Figure 32.2, in the case of Ca21

and Mg21 this is due to the fact that simultaneous
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operation of NKCC2 with the basolateral chloride chan-
nels CLC-KB, the Na1/K1-ATPase, and the apical
inwardly rectifying K1 channel known as ROMK, pro-
motes the generation of positive voltage within the TAL
lumen, which in turn drives the reabsorption of a sec-
ond cation via a paracellular pathway, which could be
Na1, Ca21 or Mg21. Thus, in contrast to what occurs in
DCT, in the TAL reducing salt reabsorption is associated
with reducing calcium reabsorption. Because of this,
loop diuretics are often used in the clinical setting for
the management of life-threatening hypercalcemia. In
the case of ammonium, this is due to the fact that NH4

can use potassium transport pathways for its transloca-
tion through the plasma membrane. Thus, NKCC2 can
also operate as the Na1:NH4

1:2Cl2 co-transporter.67,68

NKCC2 is an important target in cardiovascular and
renal pharmacology, because inhibition of this co-trans-
porter is the base of the loop diuretic actions that are
the most potent natriuretic agents available for clinical
use (furosemide, ethacrinic acid, bumetanide). Loop
diuretics decrease the salt reabsorption in TAL, pro-
ducing significant natriuresis and diuresis. Because
loop diuretics reduce interstitial osmolarity of the renal
medulla, another mechanism of action is to reduce the
concentration capacity of the kidney. Any increase in
salt delivery to the macula densa is expected to be

compensated by reducing the glomerular filtration rate
due to the tubuloglomerular balance.69 This compensa-
tion is absent, however, in the presence of loop diure-
tics, because the salt-sensing protein in macula densa is
also NKCC2.70 Since the B variant of NKCC2 is the
most abundant variant in macula densa cells,71 and it
is not expressed in shark kidney, which also lacks a
macula densa,72 it has been proposed that NKCC2B is
the Cl2 sensor in TAL cells. It has been difficult to
prove this hypothesis because the variant-specific
knockout mice lacking NKCC2B developed a compen-
satory increase in NKCC2A expression in the TAL
cells, and only exhibited a very slight shift to the right
of the tubuloglomerular feedback curve.73 Similarly,
the isoform-specific null mice for NKCC2A variant also
showed slight changes in tubuloglomerular feedback.74

These observations suggest that both isoforms working
together compose the Cl2 sensor in the macula densa.

Increasing net NaCl reabsorption in TAL by hor-
mones generating cAMP via Gs-coupled receptors
such as vasopressin, glucagon, parathyroid hormone,
β-adrenergic, and calcitonin is a fundamental mecha-
nism for regulating salt transport in this nephron seg-
ment.75,76 Of these hormones, the most important is the
antidiuretic hormone vasopressin, which increases NaCl
absorption by TAL through a mechanism that appears
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to involve trafficking of NKCC2 to the apical plasma
membrane.77�79 Supporting this proposal it has been
observed in medullary TAL that most NKCC2 protein is
located in intracellular vesicles, and that addition of
cAMP increases the expression of NKCC2 in the apical
membrane by activating the exocytosis, rather than by
inhibiting the endocytosis of NKCC2-containing vesi-
cles.80,81 Additionally, long-term increases in vasopres-
sin are associated with increased expression of NKCC2
and maximal urinary concentration ability.82,83

The Loop-Diuretic Sensitive Na1-K1-2Cl2

Co-Transporter 1 (NKCC1)

NKCC1 is the Na1-K1-2Cl2 co-transporter that is
present in secretory epithelium, as well as in many
non-epithelial cells. At the cellular physiology level,
NKCC1 is very important for cell volume and [Cl2]i
regulation.7,15,37,84 The diverse phenotypes of NKCC1
knockout mice illustrate the role of this transporter in
numerous physiological processes.85-87 NKCC1 knock-
out mice feature deafness due to both disrupted epithe-
lial secretion in the labyrinth and a sensorineural
defect, infertility due to a deficiency in spermatocyte
production, cecum bleeding and blockade of the
colon due to impaired intestinal secretion, salivation
impairment, and low blood pressure due to vascular
and renal effects.88 Blood pressure in NKCC1 null mice
is decreased due to reduced vascular tone.86,88�90 In
this regard, the loop diuretic bumetanide decreased
blood pressure in normal mice by inhibiting the activ-
ity of NKCC1 in vascular beds, and reduced the vascu-
lar smooth muscle cells’ myogenic tone. Both effects
are not present in the NKCC1 null mice, strongly sug-
gesting that are the results of inhibiting NKCC1 in
blood vessels.91,92 Of note, however, one study using
telemetry to monitor blood pressure day and night for
several days failed to confirm hypotension in the
NKCC1 knockout mice, and suggested a salt-sensitive
component because a significant increase in blood pres-
sure was produced by a high-salt diet.93 Finally,
NKCC1 is expressed in the basolateral membrane of
the macula densa cells,94 where it has been suggested
that it modulates renin secretion.95

MOLECULAR BIOLOGY OF THE
SODIUM-DEPENDENT CHLORIDE

CO-TRANSPORTERS

The Thiazide-Sensitive Na1-Cl2

Co-Transporter

Following an expression cloning strategy using the
functional expression system of Xenopus laevis oocytes,

NCC cDNA was first identified at the molecular level
from the winter flounder (Pseudopleuronectes ameri-
canus) urinary bladder.2 This clone was named as TSC
(for thiazide-sensitive co-transporter), and later chan-
ged to NCC. The flounder’s transcript produced a
3.7 kb cDNA clone containing a 3609 bp open reading
frame that predicted a 1023 amino acid residues pro-
tein with a core molecular mass of 112 kDa. The com-
puter-based analysis hydrophobicity/hydrophylicity96

suggested the putative basic topology of the Na1-cou-
pled-Cl2 co-transporters shown in Figure 32.3a. The
short amino terminal domain is followed by a central
hydrophobic domain containing what appear to be 12
α-helices compatible with transmembrane-spanning
segments. A long carboxyl terminal domain follows
this. The amino and carboxyl terminal domains are
predicted to be located within the cell. The long loop
between transmembrane segments 7 and 8 is glycosy-
lated in NCC97,98 and NKCC2,99 and thus presumably
in all members of the SLC12A family. In flounder, a
shorter 3.0 kb transcript due to alternative splicing is
expressed in several tissues including the brain, eye,
heart, intestine, gonads, and skeletal muscle.2 The func-
tional consequence of this variant remains elusive.100

After the cloning of NCC from the flounder urinary
bladder, cDNAs encoding NCC from a variety of mam-
malian sources were isolated, including rat (Rattus nor-
vegicus),3 mouse (Mus musculus),177 rabbit (Oryctolagus
cuniculus),101 and human (Homo sapiens).102,103

Additionally, the NCC cDNA sequence has been
deposited in gene databases for at least another 10 spe-
cies, mostly mammalians and one birth.104 The degree
of identity between mammalian NCCs is B90%, and of
any mammalian with flounder is B60%. Molecular
identification of putative NCC sequences in eel sug-
gests the existence of two different NCC genes.105

NCCα is expressed only in eel kidney, while NCCβ
was observed in many tissues, but more abundantly in
intestine. The amino acid residues of NCCα and NCCβ
are 1027 and 1043, respectively. No functional expres-
sion was analyzed, but the extend of identity of NCCα
or NCCβ with any NCC, NKCC1 or NKCC2 supports
the proposition that these eel sequences probably cor-
respond to NCC, since degree of identity of NCCα or
NCCβ with any NCC sequence is higher than with any
NKCC1 or NKCC2. In mammals, rabbit and human
NCC is longer than other species due to the presence
of 17�26 amino acid residues in the carboxyl terminal
domain. These extra residues were shown to be
encoded in humans by a separate exon (exon 20) which
is not present in rodents.7,104 It is noteworthy that in
humans, there is a putative protein kinase A (PKA) site
(RPS) within the extra fragment. No functional signifi-
cance for this extra exon in humans has been reported,
but an extensive proteomic analysis of human urinary
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exosomes revealed, among may proteins found, the
presence of several fragments of NCC, some of which
have the serine 811 phosphorylated, that correspond to
the putative protein kinase A site RPS contained by the
human exon 20.106 The expression of NCC protein has
been confirmed using specific antibodies in intestine,18

bone cells,19 and lens.20 Additionally, in silico analysis
of NCC expression revealed that NCC transcripts are
abundantly present in sensory ganglia, such as trigemi-
nal and dorsal root ganglion.104 No report has con-
firmed the presence of NCC protein in this tissue, and
its functional significance is unknown.

The Loop-Diuretic-Sensitive Na1-K1-2Cl2

Co-Transporter 2 (NKCC2)

The product of SLC12A1 is the Na1-K1-2Cl2 co-
transporter known as NKCC2, and it has been located

exclusively in the apical membrane of the TAL. Two
groups simultaneously identified the cDNA encoding
both Na1:K1:2Cl2 co-transporter isoforms. Hebert and
co-workers cloned the cDNA encoding NKCC2/BSC1
from rat renal outer medulla, and then NKCC1/BSC2
from a mouse inner medullary collecting cells cDNA
library,6 while Forbush and co-workers first identified
NKCC1/BSC2 cDNA from a shark rectal gland cDNA
library,4 and later NKCC2/BSC1 from rabbit renal
outer medulla.5 Later, human and mouse NKCC2
sequences were reported.14,107 Isolated cDNA clones
were about 4.5 kb in size, with an open reading frame
of 3285 bp encoding a 1095 residue protein. The pre-
dicted NKCC2 topology (Figure 32.3A) is highly simi-
lar to NCC, featuring the central hydrophobic domain
with 12 putative membrane-spanning segments that is
flanked by the predominantly hydrophilic amino ter-
minal domain (B165 amino acids) and carboxyl termi-
nal domain (B450 residues). Functional expression
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analysis in Xenopus laevis oocytes demonstrated that
NKCC2 encodes a bumetanide-sensitive Na1-K1-2Cl2

co-transporter.3 It was observed, in a tissue distribution
analysis using Northern blot, that NKCC2 transcripts
are exclusively present in the renal outer medulla. All
other tissues were negative and, until today, no study
has confirmed the presence of NKCC2 protein in any
other tissue or culture cell. It was proposed that this is
due to the presence of a tissue-specific promoter.108

Interestingly, however, as shown for NCC, in silico dis-
tribution analysis suggests the existence of NKCC2
transcripts in the sensory ganglia, such as trigeminal
and dorsal root ganglion.104

SLC12A1 gives rise to a number of alternative splic-
ing variants. At least six isoforms have been suggested
to be present in the mouse kidney. Two independent
alternatively splicing mechanisms are responsible7,13,109

(Figure 32.3a,b). One splicing event was first observed
in rabbit,5 and later also in mouse,14 rat,110 and
human107 kidney. Three isoforms or variants arise from
this splicing mechanism that involve the existence of
three mutually-exclusive cassette exons nominated as
A, B, and F (Figure 32.3a). These cassettes are com-
posed of 96 bp encoding a 32 amino acid that is part of
the second part of the transmembrane segment 2 and
the first part of the intracellularly-located interconnect-
ing segment between TM2 and 3 (Figure 32.3c). Thus,
three NKCC2 proteins are produced differing only in
the 32 amino acid residues, and all three are present in
the mammalian NKCC2s known to date.104 Only var-
iants A and F have been identified from Squalus
acanthias (shark) kidney.72

Another splicing of SLC12A1 gene that was
observed in the mouse kidney is due to the presence of
a poly-adenylation site located in the intron between
exons 16 and 17, resulting in a shorter C-terminal
domain with an extra 55 amino acid residues, not pres-
ent in the long isoform (Figure 32.3b).13 Thus, two
NKCC2 proteins are produced. These are identical
from the first residue in the amino terminal domain to
residue 74 of the carboxyl terminal domain. After this
point, the longer isoform contains 383 residues not
present in the shorter isoform, while the shorter con-
tains 55 residues not present in the longer variant
(Figure 32.3c). The existence of the shorter isoform in
mouse kidney was demonstrated by a specific poly-
clonal antibody directed against the 55 unique piece of
the shorter isoform.13 By means of RT-PCR, it was
shown that mouse kidney exhibits transcripts of the
three isoforms A, B, and F, combined with both possi-
bilities for the carboxyl terminal domain, suggesting
that both splicing mechanisms are independent of each
other and thus, that a total of six isoforms are predicted
to be produced in mouse kidney: three long NKCC2
isoforms (A, B, and F), and three short NKCC2

isoforms (A, B and F).13 The possible functional signifi-
cance of spliced isoforms is discussed below.

The Ubiquitous Bumetanide-Sensitive
Na1-K1-2Cl2 Co-Transporter (NKCC1)

The SLC12A2 gene encodes the ubiquitously
expressed Na1-K1-2Cl2 co-transporter. NKCC1 is
expressed in the plasma membrane of both epithelial
and non-epithelial cells. In the first case, it is limited to
the basolateral membrane in which the activity NKCC1
serves to provide the cell with the potassium or chlo-
ride ions to be secreted through the apical membrane.
The only exception is the choroid plexus, in which both
the Na1-K1-ATPase and NKCC1 are expressed in the
apical membrane.111 NKCC1 has been identified at the
molecular level in several species, including mouse,6

rat,112 human,113 Bos taurus (bovine),114 shark,4 Anguilla
anguilla (eel),115 and Dicentrarchus labrax (sea bass),116

and even from the plant Arabidopsis thaliana.117 The
existence of one alternatively-spliced isoform of
NKCC1 has been suggested.118 This is a slightly shorter
splice variant present in mouse brain total RNA due to
the lack of 48 bp corresponding to the entire exon 21.
This exon contains a potential PKA phosphorylation
site. The existence of a splice transcript was supported
by an RNAse protection assay. Distribution analysis
within the brain showed that an NKCC1 transcript
lacking exon 21 is present in all areas examined except
in the choroid plexus, where only the full-length iso-
form containing exon 21 is expressed. Functional
expression in heterologous systems revealed that the
shorter variant behaves as a Na1-K1-2Cl2 co-trans-
porter.119 Interestingly, it was recently shown that exon
21 of NKCC1 is implicated in differential sorting in
polarized epithelial cells.120

Genes, Promoters, and Phylogenetic Analysis

The location of SLC12A1, the gene encoding NKCC2
in humans is within chromosome 15,107 in rat within
chromosome 3,121 and in mouse within chromosome
2.122 SLC12A1 is composed of more than 80 kb and 26
exons have been clearly described to encode for the full
length 1095 amino acid residue protein.104 Mouse is the
only species from which the SLC12A1 promoter region
has been cloned.108 The NKCC2 transcript starts with
the first exon of 34 bp that is non-coding, followed by a
first intron of 1101 bp and a second exon containing
the translation start codon. The promoter is composed
of 2255 bp. There is a TATA box located at position -29
and consensus recognition sites for several transcrip-
tion factors, of which the most interesting could be a
binding site for HNF-1 at -211 bp. In developing mouse
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kidney, the expression of HNF-1 precedes the expres-
sion of NKCC2.123 HNF-1 has been implicated in the
regulation of tissue-specific expression of genes in
liver, pancreas, kidney, and intestine. Deletion of
22255 to 21529 bp of the promoter resulted in a
Bthree-fold increase in gene transcription rate, sug-
gesting the presence of negative regulatory elements in
this segment. No further effect was observed by delet-
ing 21529 to 2469 bp, but a significant reduction in
gene expression was obtained by elimination from
2 469 to 2 190, suggesting that this region contains
positive regulatory elements. An HFN-1-binding site is
located in this region. A cAMP response element-bind-
ing protein is located at nucleotide 21111, and this
could be of major importance because it is known that
NKCC2 expression is stimulated by vasopressin.75,82,124

The gene SLC12A2 encodes NKCC1 and is located to
chromosome 5q23 in humans,113 and to chromosome 18
in mouse.6 The complete gene encompasses a region of
75 kb118 and is made up of 28 exons. Significant lucifer-
ase activity was produced by transfection of mouse
IMDC3 cells with a 2063 bp promoter region, together
with a luciferase reporter gene. Deletions of .1 kb that
reduced the promoter region to 702 or 516 bp resulted
in a significant increase in luciferase activity, suggesting
the existence of silencer sequences in the deleted bases.
Additional deletions resulted in progressive reduction
of luciferase activity, suggesting the presence of
enhancer elements. Expression of NKCC1 in vascular
smooth muscle cells has been suggested to be associated
with the development of hypertension in rat models of
hypertension. In this regard, a recent report showed that
SLC2A2 gene promoter hypomethylation upregulates
NKCC1 expression in aorta and heart of spontaneously
hypertensive rats.125,126

SLC12A3, the gene encoding the thiazide sensitive
Na1-Cl2 co-transporter, is located in humans to chro-
mosome 16q13,102,103 in rat to chromosome 19p12-14,127

and in mouse to chromosome 8.128 Human SLC12A3 is
55 kb long and contains 26 exons.102 Transcription initi-
ation is confined to an area from -18 to -6 bp upstream
of the translation start codon. The promoter activity
observed in the mouse distal convoluted cell line
(MDCT),129 with a construct containing 1019 bp of the
5’ flanking region was reduced only 25% by eliminat-
ing the first 885 bp. Sequence analysis of the promoter
revealed the presence of a TATA element, two Sp-bind-
ing sites, and potential binding sites for NF-1/CTF or
NY-I/CP-I. Interestingly, the promoter activity of the
rat NCC gene is inhibited by acidosis. This is consistent
with a marked fall in renal cortical abundance of NCC
protein assessed by Western blot,130 and by [3H]
Metolazone-binding to plasma membranes from the
renal cortex131 of rats exposed to chronic NH4Cl-
loading.

FUNCTIONAL PROPERTIES

The member of the family that has been more exten-
sively characterized is NKCC1. This is because it is
expressed in many different cell types that, on one
hand, made it accessible for functional characterization,
even before the cDNA was identified, and on the other
hand, it attracted the interest of many groups of
researchers in a variety of fields such as neuroscience,
cell volume regulation, red blood cell, and epithelial
transport mechanism (for an in-depth review see 15). In
contrast, before identification of the corresponding
genes, functional characterization of NKCC2 and NCC
was relatively scarce,57,132,133 and most of the knowl-
edge came from analysis of renal outer medulla or
cortical plasma membrane-binding of tracer [3H]
Bumetanide or [3H]Metolazone, respectively.134�136

With the cloning of cDNAs encoding the SLC12A co-
transporter proteins and several variants, in-depth
characterization of their major functional, pharmaco-
logic, and some regulatory properties has been made
possible.

The Thiazide-Sensitive-Na1-Cl2

Co-Transporter

Heterologous expression of teleost, rat, mouse, and
human NCC has been achieved in Xenopus laevis
oocytes.2,3,137�140 Oocytes are not epithelial cells; how-
ever, this expression system is a useful tool for robust
and reproducible NCC expression. Unfortunately,
expression of NCC in mammalian cells transfected
with NCC cDNAs has been almost impossible to
achieve, and so far has been reported only by two
independent groups in MDCK141 and HEK-293.142

However, in both cases, the level of NCC expression
was low, and not sufficient for that required to define
the functional properties of the co-transporter. Thus,
Xenopus laevis continued to be the best cells to assess
NCC activity, and basically all of what is known today
regarding the functional properties and regulation of
NCC activity comes from studies performed in oocytes.
Recent reports from Hoover and co-workers143,144

showed that a subcloned version of the immortal
mouse DCT cell line originally produced by Gesek,
Friedman and co-workers145 exhibit what appears to be
a robust expression of endogenous NCC, promising an
excellent tool for NCC functional analysis in a mamma-
lian cell system.

As shown in Table 32.1, a number of interesting dif-
ferences have been observed between fish (flounder)
and mammalian (rat and mouse) NCC. The affinity for
Na1 and Cl2 in rat137 or mouse NCC proteins139 is sig-
nificantly higher than the affinity observed in the
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flounder NCC.146 In addition, the Km values for Na1

and Cl2 in mammalian NCCs are similar, whereas in
flounder the Km value for extracellular Cl2 is lower
than the value for Na1. NCC activity is inhibited by
thiazide-type diuretics with the following profile: poly-
thiazide . metolazone . bendroflumethiazide . tri-
chloromethiazide . chlorthalidone. However, for all
thiazides, flounder’s NCC exhibited lower affinity. At
a concentration of 100 μM, the thiazides with lower
potency, trichloromethiazide and chlorthalidone,
reduced flounder NCC activity by only 68 and 46%,
respectively,146 whereas the same concentration of all
thiazides inhibited rat NCC by .95% .137

Two proposals for the order of ion-binding to NCC
have been suggested. By assessing the [3H]metolazone-
binding to membranes extracted from rat renal cortex,
Tran and collaborators147 observed that Na1 increased
tracer-binding to the putative thiazide-sensitive trans-
port protein. In contrast, Cl2 decreased the affinity for
metolazone. Thus, the model that was proposed
included two binding sites within the thiazide receptor:
one selective for Na1; and the other that recognizes
either Cl2 or metolazone in a competitive fashion. In
this model, occupation of the Na1 site increases the
affinity of the second site for either Cl2 and/or
metolazone.148

The second model was based on observations of
functional properties of NCC as expressed in Xenopus
laevis oocytes. Monroy et al.137 observed that affinity
for Na1 or Cl2 changed as a function of counterion
concentration. The lower the extracellular Na1 concen-
tration, the lower the Cl2 affinity, a relationship that
supports the initial conclusions of Tran et al.147

However, it was also observed that lower extracellular
Cl2 concentrations coincided with lower Na1 affinity.
In addition, it was observed that the IC50 for metola-
zone inhibition increased when the thiazide
dose�response curves were measured in lower Na1 or
Cl2 conditions, suggesting that both ions compete with
metolazone for binding to the co-transporter. Thus, the
proposed model included a random order of binding,
with both ions affecting affinity for the counterion and

competing with thiazide diuretics.137 Supporting this
model, data produced later that is discussed below
suggest that affinity-defining domains or residues for
Cl2- and thiazide-binding are located in different parts
of the protein.98

The Loop-Diuretic-Sensitive Na1-K1-2Cl2

Co-Transporter 2 (NKCC2)

Several NKCC2 splice variants in different species
have been analyzed at tissue-specific expression and
functional level, including shark,72 rat,3 mouse,78 rab-
bit,5 and human.149 As previously discussed, there
are three variants of NKCC2 named A, B, and F
(Figure 32.3c). The three variants from mouse perform
as Na1-K1-2Cl2, suggesting that the difference
between variants could be in the kinetic properties for
ion transport and/or bumetanide affinity.78 This
hypothesis was supported by intrarenal localization
studies that demonstrated axial distribution of these
variants along TAL.5,14,110 As shown in Figure 32.3d,
the A isoform is present in both cortical and medul-
lary TAL. In contrast, the B isoform is present only in
cortical TAL, and the F variant is expressed only in
the inner stripe of the outer medulla. Early
studies150�152 demonstrated that the NaCl transport
rate in mTAL is significantly more rapid than in the
cTAL, but with greater diluting power in the later seg-
ment. Thus, the possibility for heterogeneity of the
transport process was suggested. Evidence supporting
this hypothesis was obtained simultaneously by Plata
et al. 153 and Gimenez et al.71 using mouse and rabbit
NKCC2 variants, respectively (Figure 32.3e). NKCC2F
exhibits the lowest affinity for co-transported ions,
and is more sensitive to changes in extracellular
osmolarity. As shown in Figure 32.3d, NKCC2F is pre-
dominantly expressed in the inner stripe of the outer
medulla, where the salt concentration is very high,
and where greater changes in extracellular osmolarity
occur. NKCC2A exhibits the highest transport capac-
ity and is expressed along all TAL. Finally, NKCC2B,
the variant that is expressed only the cTAL where ion
concentration of the tubular fluid has decreased to
values even below those in plasma, is the variant with
the highest affinity for the co-transported ions. Thus,
the dilution power along TAL is explained by the
presence of three alternatively-spliced variants of
NKCC2 with distinct functional characteristics. The
NKCC2 influx data from Plata et al.153 were later used
to construct a mathematical model for the NKCC2 co-
transporter isoforms.154

As discussed above, a shorter variant containing 55
amino acid residues at the end that are not present in
the longer NKCC2 isoform has been described

TABLE 32.1 Ion Transport and Thiazide-Sensitive Kinetics of
Mammalian and Flounder NCC Expressed in Xenopus laevis
Oocytes

Rat NCC98,137 Mouse NCC139 Flounder NCC98,137

Na1 Km (mM) 5.56 1.0 7.26 0.4 30.06 6.0

Cl2Km (mM) 2.66 0.6 5.66 0.6 15.26 2.0

Metolazone
IC50 μM

0.36 0.001 0.46 0.001 4.06 0.08

Modified from references 98,137,139.
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(Figure 32.3b,c). This variant is only present in
mTAL, not in cTAL13 and performs as a K1-indepen-
dent, but nevertheless, loop diuretic-sensitive Na1-
Cl2 co-transporter that is activated by hypotonicity
and inhibited by cAMP.155 Therefore, the shorter
NKCC2 variant may provide a molecular explanation
for previous physiological studies that suggested a
switch from Na1-Cl2 to Na1-K1-Cl2 co-transporter
mode in TAL by extracellular osmolarity or by the
presence of vasopressin. Eveloff and co-work-
ers156,157 observed, in rabbit TAL cells, the existence
of a K1-independent, furosemide-sensitive Na1-Cl2

co-transporter in hypotonic conditions that became
K1-dependent, constituting the Na1-K1-2Cl2 co-
transporter, when cells were changed to isotonic
medium. In addition, Sun et al.158 found that in
mouse TAL cells, vasopressin (i.e., cAMP) shifts the
mode of apical co-transport from Na1-Cl2 (in its
absence) to Na1-K1-2Cl2 (in its presence). Consistent
with these studies, the large NKCC2 is a Na1-K1-
2Cl2 co-transporter that is activated by increased
tonicity or the presence of vasopressin, while the
shorter NKCC2 is a Na1-Cl2 co-transporter that is
activated in hypotonicity or by inhibition of protein
kinase A activity.

The shorter variant also exerts a dominant-nega-
tive effect upon the activity of the longer NKCC2
that can be abrogated by cAMP.78 Using confocal
microcopy, in oocytes injected with both the long
(NKCC2F) and the short variant of mouse NKCC2,
Meade et al.79 observed that the short NKCC2
reduced the activity and surface expression of the
long NKCC2. This effect could be prevented by
cAMP, and correlated with the observation that the
short NKCC2 variant prevented co-transporter traf-
ficking and surface membrane expression of the long
NKCC2. These studies thus suggested that in mouse
medullary TAL, activation of Na1-K1-2Cl2 co-trans-
porter by hormones that increase intracellular cAMP
(e.g., vasopressin, PTH) requires the presence of the
short NKCC2 protein. The absence of cAMP allows
the short form of NKCC2 to reduce co-transporter
activity, whereas in the presence of cAMP, the nega-
tive effect of the short isoform on NKCC2 is inhib-
ited. In this regard, Mount and collaborators13

observed that expression of the short NKCC2 is axi-
ally distributed along TAL, as cortical TAL appears
to lack this isoform. This heterogeneity may explain
the observation that in mouse the vasopressin effect
is present only in the medullary TAL.63 Interestingly,
the short isoform is also expressed in the thin
ascending limb (Figure 32.3d), but its significance in
this region is not known.

STRUCTURE�FUNCTION
RELATIONSHIPS

The proposed topology for the Na-coupled chloride
co-transporters NKCC1, NKCC2, and NCC is shown in
Figure 32.3. There is only one study that has addressed
the topology at the biochemical level. Gerelsaikhan and
Turner159 used an in vitro translation experiment with
a variety of human NKCC1 constructs with the car-
boxyl-terminal reporter sequence containing multiple
N-linked glycosylation sites located after each of the
putative transmembrane domain. The authors con-
cluded that the amino- and carboxyl-terminal domains
are located intracellulary and flank the central hydro-
phobic domain in which the first eight TM segments
are easily identifiable, exhibiting the classical B20 resi-
due α-helices. It was impossible to differentiate
between TMs 9 and 10, and between TMs 11 and 12,
and thus it was proposed that probably there are only
two large TMs of B36 residues in length that form
tight hairpin-like structures in the membrane or take
up either a non-helical or a partial-helical structure.

Ion or Diuretic Affinity Modifier Domains or
Residues

Several attempts to begin to understand structure�
function relationship issues in the Na1-coupled Cl2-co-
transporters have been made on NKCC1 (for review
see 160), NKCC2,71,153,161�163 and NCC.98 In most cases,
functional differences in NKCC1 or NCC between fish
and mammalian orthologs have been exploited to
design chimeric proteins to begin to define domains,
regions or individual residues that are defining the ion
transport or diuretic-binding affinities and/or specific-
ity. In the case of NKCC2, most of the structure�func-
tion information available comes from the functional
analysis of alternatively spliced variants.

The identity degree between shark and human
NKCC1 is 74%, and interesting functional differences
occurs between these orthologs (Table 32.2). Several
chimeric constructs were studied by interchanging
fragments of NKCC1 between human and shark
cDNAs. First, the amino- and carboxyl-terminal
domains between both species were swapped, provid-
ing evidence that residues located within the central
hydrophobic core define ion affinity.164 Then, a variety
of chimeras were constructed and analyzed by in-
depth kinetic analysis.164�166 The chimeric design took
into account the transmembrane segments that are
identical in NKCC1 of both species. According to the
results,160 the three TM segments playing an important
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role in ion transport kinetics in NKCC1 are TM2, TM4,
and TM7. TM2 is involved in Na1 and Rb1 kinetics,
TM 4 in Rb1 and Cl2 kinetics, and TM7 in Na1, Rb1,
and Cl2 kinetics. Interestingly, the behavior of several
chimeric proteins with respect to bumetanide inhibi-
tion was completely different from that observed in ion
transport kinetics. In the case of bumetanide, data sug-
gested that TM segments 2�6 and 10�12 play a role in
defining affinity for loop diuretics. Thus, results from
studies using shark and human NKCC1 chimeric co-
transporters argued against a previous hypothesis that
loop diuretics and Cl2 compete for the same binding
site.167

Analysis of the spliced variants A, B, and F of
NKCC2 revealed a clear role of the segments encoded
by these exons (TM2) in transport kinetics properties,
not only for Na1 and Rb1, but also for Cl2 and bume-
tanide71,153 (Figure 32.3). Further studies72 showed that
NKCC2 variants A and F, but not B, are present in the
shark kidney, and that also in shark, the affinity for
transported ions of the NKCC2A variant is higher than
the NKCC2F variant. Additional chimeric proteins
were constructed: chimera A/F contained the TM2
sequence of variant A followed by an interconnecting
sequence of variant F, and vice versa.168 The results sug-
gested that Cl2 transport affinity-defining domains
between isoforms A and F were located within the pre-
dicted interconnecting segment between TM2 and
TM3, rather than within the TM2 segment. The chi-
meras’ behavior with respect to bumetanide affinity
was opposite to that of Cl2 affinity, suggesting that
residues located within TM2, and not within the
TM2�TM3 interconnecting segment, play a role in
defining bumetanide affinity. The most recent study
regarding structure�function relationship on the
NKCC2 variants included a series of single or multiple

point mutations of rabbit NKCC2 variants B and F or
A and B, in order to switch one or few residues
between variants.162 The results demonstrated that
replacement of six residues in NKCC2B resulted in a
variant with Na1 and Cl2 affinities identical to those of
NKCC2F. Interestingly, three of these residues are
located within the TM2 segment (ATG in B isoform
were switched to TAY), and the other three within the
interconnecting segment between TM2 and TM3 (SVT
in B isoform were changed to MCV). The six mutations
(ATG-TAY/SVT-MCV) turned NKCC2B into the F var-
iant (Figure 32.3c), suggesting that the interconnecting
loop between TM2 and TM3 might actually be part of a
membrane-embedded domain.

The domains or residues defining the affinity for co-
transporter ions or inhibitors may not be the same as
the residues critical for the specificity for certain ions
or inhibitors. All studies discussed above were per-
formed in native, chimeric, and/or mutant NKCC1 or
NKCC2 that were expected to behave as Na1-K1-2Cl2

co-transporters. Thus, no information was obtained
concerning structural requirements to define specificity
for ions or diuretics. In this regard, the short isoform of
NKCC2 in mouse perform as a K1-independent, but
loop diuretic-sensitive, Na1-Cl2 co-transporter,155 sug-
gesting that sequences within the carboxyl-terminal
domain could be critical to endow NKCC2 with K1

transport ability. However, a study in which chimeras
were constructed by swapping the amino- and car-
boxyl-terminal domains between NCC and NKCC2F161

showed that chimera with the central hydrophobic
domain of NKCC2, flanked by amino- and carboxyl-
terminal domains of rat NCC, exhibit NKCC2 behavior.
That is, as a bumetanide-sensitive Na1-K1-2Cl2 co-
transporter, indicating that the residues that endow rat
NKCC2F with its functional properties should be
located within the central hydrophobic domain. Thus,
the explanation on how the short NKCC2 variant per-
forms as a bumetanide-sensitive Na1-Cl2 co-trans-
porter remains elusive. The unique 55 amino acid
segment at the end of this isoform contains several neg-
atively-charged residues, suggesting that this fragment
could interact with the co-transporter core to prevent
K1 translocation, like the ball and chain mechanism
proposed for some membrane channels.169

Similar chimera construction and directed point
mutation approaches have been used to gain insight
into the structure�function relationships of NCC. It
was first observed that rat137 and mouse139 NCCs
exhibit similar functional properties that are, however,
significantly different from those shown for flounder
NCC.146 Differences in functional properties and pri-
mary sequences between rat and flounder NCCs were

TABLE 32.2 Ion Transport Kinetics and Bumetanide Affinity of
the Na1-K1-2Cl2 Co-Transporter NKCC1 from Human and Shark

Sodium
Km

(mM)

Rubidium
Km (mM)

Chloride
Km

(mM)

Bumetanide
Ki (μM)

Reference

hNKCC1 19.66 4.9 2.686 0.72 26.56 1.3 0.16 113

hNKCC1 15.26 1.5 1.6�2.5 316 1.0 0.044�0.079 164

HEK-293 22 12 110 0.054 4

sNKCC1 42 12 110 0.54 4

sNKCC1 1656 34 146 8.0 1016 24 0.57 113

sNKCC1 1136 11 9.6�11.6 1026 7 0.22�0.30 164

hNKCC1: human NKCC1; sNKCC1: shark NKCC1.
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exploited to define affinity-modifying domains and
residues.98,170 Figure 32.4 depicts what is known
regarding the structure�function relationship of NCC.
By means of silent restriction sites, NCC cDNAs from
rat and flounder were divided into five fragments:
amino terminal domain; TM segments 1�7; extracellu-
lar glycosylated loop; TM segments 8�12; and the
entire carboxyl-terminal domain, and then fragments
were swapped between them to obtain a variety of
combinations. The results first indicated that the cen-
tral hydrophobic domains define functional character-
istics of NCC. Chimeras in which the TM segments
1�7 were interchanged between flounder and rat
NCCs demonstrated that affinity-defining residues for
Cl2 are located within these segments. Similarly, affin-
ity-defining residues for thiazide inhibition are located
within TM segments 8�12. The observation that Cl2

affinity is defined by residues located within TM seg-
ments 1�7 is supported by another study, in which
functional consequences of single nucleotide poly-
morphisms (SNP) located within the exons of the
human SLC12A3 gene changed the primary structure
of NCC.171 The results revealed that a highly-
conserved glycine within the fourth transmembrane
domain plays a critical role in defining the level of
co-transporter activity and the affinity for Cl2.
Accordingly, it was observed that a glycine-to-alanine
SNP at position 264 resulted in decreased activity of
the co-transporter by 50%, with increased affinity for
Cl2 by one order of magnitude. Based on these obser-
vations, it was later observed that this SNP on NCC
increases the response of humans to loop diuretics,
probably because of the reduced capacity of DCT to
compensate for the effect of inhibiting salt reabsorption
in TAL.172 The information that thiazide affinity-defin-
ing residues were located within TM8 to TM12 was
further explored by site directed mutagenesis, reveal-
ing that a single residue in rNCC and flNCC is

responsible for the differences in affinity for thiazides
between mammalian and fish co-transporters. The ser-
ine 575 in rat NCC corresponds to the cysteine 576 in
flounder NCC. By changing this residue, the affinity
for thiazides can be transformed from mammalian to
fish affinity, and vice versa.170 It is worth noticing that
the NCC mutants that changed the affinity for thia-
zides had no effect upon the co-transporter affinity for
Cl2, arguing against the proposal that thiazide diure-
tics and Cl2 compete for the same binding site.147

Analysis of the putative glycosylation sites in rat
NCC by means of mutagenesis revealed that glycosyla-
tion itself is another component of the co-transporter
that affects thiazide affinity. In one study, eliminating
the glycosylation sites located within the extracellular
loop between TM segments 7 and 8 has remarkable
consequences in NCC transport activity and proper-
ties.97 Elimination of one site (either N204 or N242)
resulted in a 50% reduction of NCC activity, and elimi-
nation of both sites was associated with a 95% reduc-
tion. Interestingly, prevention of glycosylation was
associated with increased affinity for extracellular Cl2

and metolazone. This effect of glycosylation on thiazide
affinity seems to be unique to rat NCC, since it was not
observed after preventing glycosylation of flounder
NCC98 or rat NKCC2F.99 In this last co-transporter,
elimination of glycosylation by means of site directed
mutagenesis was associated with increased affinity for
extracellular chloride, but no effect was observed on
the affinity for the loop diuretic bumetanide.

The carboxyl terminal domain appears to have an
important role in maturation and trafficking of the co-
transporters. A region of 77 amino acid residues of
NKCC2 (amino acid 708�884), that is not present in
NKCC1, seems to be required for driving NKCC2 to
the apical membrane in polarized cells,120 while there
is a dileucine motif NKCC1, not present in NKCC2,
that directs this co-transporter to the basolateral mem-
brane.173 A LLV motif in NKCC2 was identified as an
ER retaining signal.174 A protein known as SCMP2
influences NKCC2 expression through recycling endo-
somes and interfering with its exocytotic trafficking.175

The Na-Coupled Chloride Co-Transporters
Form Homodimers

Moore-Hoon and Turner176 used rat parotid plasma
membrane to analyze NKCC1 using the reversible
chemical cross-linker DTSSP (3,3’-dithiobis-[sulfosucci-
nimidyl propionate]). They observed that NKCC1
migrates at B335 kDa. After protein denaturation,
single monomers of approximately B170 kDa were
obtained, in which the investigators were unable to
detect the presence of any additional protein. Similar

FIGURE 32.4 Affinity modifying domains in the thiazide-sensi-

tive Na1-Cl2 co-transporter, NCC. (Modified from ref. [98].)
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results were later observed on human NKCC2 by
Starremans et al.,177 and on NCC by De Jong et al.178

These studies were performed in Xenopus laevis oocytes
injected with in vitro-transcribed cRNA from FLAG-
and/or HA-tagged wild-type co-transporters and con-
catamer constructions. These experiments revealed that
FLAG-NKCC2 and HA-NKCC2 are physically
linked.177 Similar observations were obtained for
FLAG-NCC and HA-NCC constructs.178 Thus, NKCC1,
NKCC2, and NCC are able to form homodimers, and
might be functional in this conformation. Because
dimers are sensitive to reducing agents such as β-met-
captoethanol, it is likely that disulfide bonds between
cysteines are involved.170 Additionally, some data sug-
gest that members of the SLC12A family can build het-
erocomplexes comprised of different members of the
family. For example, an orphan gene of the family
known as CIP appears to inhibit transport activity of
NKCC136 or activate KCC2.179 However, it does not
affect the activity of other family members, raising the
possibility that CIP may form an activating heterocom-
plex specifically with NKCC1.36 A recent study has
shown, by means of yeast two-hybrid and pull down
assays, that K1-Cl2 co-transporter isoforms can interact
among themselves, and even with NKCC1.180

REGULATION OF SODIUM CATION-
COUPLED CO-TRANSPORTERS

The activity of the sodium�cation coupled chloride
co-transporters, as occurs with many other ion trans-
port proteins, can be modulated at multiple levels. One
is the level of expression of the protein, which in turn
can be due to increase in the rate of gene transcription,
in the stability of the messenger RNA or post-transla-
tionally by affecting the turnover rate of the protein.
This level of regulation requires activation/deactiva-
tion of synthesis/degradation mechanisms that usually
take time to install, and thus are preferred with
increased or decreased activity of the co-transporters
required for longer periods of time. Another level of
regulation is the balance between endocytosis and exo-
cytosis of the co-transporter containing vesicles into the
plasma membrane, as only the fraction of co-transpor-
ters inserted in the membrane are able to translocate
ions. Finally, a co-transporter that is already in the
membrane can be regulated to increase or decrease its
turnover rate due to conformational changes that affect
their activity. The presence of a co-transporter in the
cell surface and its intrinsic level of activity are often
modulated by phosphorylation/dephosphorylation
processes and thus, are subjected to a rapid regulation
through cascades of second messengers induced by a
variety of hormonal signals.

With the availability of cDNA probes, primers, and
high-quality polyclonal antibodies against NCC or
NKCC2, several strategies have been implemented to
study patterns of these co-transporters abundance, and
changes under several physiological and pathophysio-
logical circumstances.7,181 Discussion of each model is
beyond the scope of this chapter, but Tables 32.3 and
32.4 summarize the several experimental, physiological
or pathophysiological conditions in which the level of
NCC or NKCC2 protein and/or mRNA expression has
been analyzed. In general, increased expression of
either NCC or NKCC2 is observed in models in which
salt retention is induced, while decreased expression is
observed by salt-wasting stimuli.

The knowledge of the cation-coupled chloride co-
transporters regulation by phosphorylation/dephos-
phorylation processes has expanded enormously in the
last few years, thanks to the discovery of a kinase net-
work that works in conjunction to modulate the ion
transport mechanisms. It is well-known that activity of
NKCC1/2 and NCC is tightly regulated by means of
phosphorylation/dephosphorylation processes, and
several lines of evidence suggest that intracellular chlo-
ride concentration [Cl2]i is a common pathway of
NKCCs regulation. When [Cl2]i falls, the co-transpor-
ters become phosphorylated and activated, whereas
when [Cl2]i rises, the co-transporters are dephosphory-
lated and inhibited.182,183 These effects of [Cl2]i on
co-transporter activity have been demonstrated for
NKCC1,182,184,185 NKCC2,186 and NCC.142,187 In all
cases, it was observed that activation of the co-trans-
porter by intracellular Cl2 depletion is associated with
increased phosphorylation of the co-transporter in sev-
eral conserved threonine residues located within the
amino-terminal domain.

A great tool to advance in our understanding of
NKCC1, NKCC2, and NCC regulation came from the
discovery that certain threonine/serine residues in the
amino-terminal domain become phosphorylated in
association with activation of the co-transporters. The
first evidence was obtained for activation of the
NKCC1 with phosphorylation of a threonine residue
by Lytle and Forbush,188 in suspensions of shark rectal
gland tubules. The peptide FGHNTIDAVP, which
became phosphorylated, was isolated and corresponds
to amino acid residues 184�194, which are located
within the amino-terminal domain of NKCC1.4 It was
later demonstrated by mass spectrophotometry that in
phospho-acceptor amino acid sites within the co-trans-
porter amino-terminal domain threonines located at
positions 184, 189, and 202 of NKCC1 become phos-
phorylated in associated with the co-transporter’s acti-
vation.184 Of these, threonine 189 is absolutely required
for NKCC1 to be functional. Then, analysis in vivo was
performed using a specific antiphospho-NKCC1
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TABLE 32.3 Analysis of NCC Expression in Different Experimental, Physiological or Pathophysiological Conditions

mRNA Protein References

Low Na1 diet 2****m** m 289�296

Loop diuretics 2*m**** m 294,295,297

Spironolactone& 2* m 297

Thiazide diuretics � m 298

Low-protein diet � m1 299

L-NAME therapy � m 300

Aldosterone � m 293

Aldosterone1 high-salt diet (4%) m m 296

Fludrocortisone m 293

dDAVP � mb2c b:301; c:194

Vasopressin escape � m# 302

dDAVP1 candesartan � md2c d:303; c:194

Obesity � m 304

Angiotensin II � m 197

Metabolic acidosis � m 130,305

Estradiol � m 306

Prenatally programmed hypertensiona m** m 307

Chronic renal failure1 dDAVP (surgical reduction of renal mass) � m 308

KS-WNK1 KO model � m 221

Dexamethasone � m 309

Tacroliums � m 310

Isoproterenol � m 311

WNK4 BAC transgenic mice. Two wild-type and two PHAII WNK4 alleles � m 214

PHAII WNK4 knockin mice (WNK41/D561A) � m 215

Conditional kidney-specific Nedd4-2 knockout mice � m 279

WNK1 knockout � m 312

Kidney specific OSR1 knockout � m 235

Gentamicin � 2 313

Water restriction � 2 301

Insulin � 2 314

Chronic noradrenaline infusion � 2 315

Lithium (low dose or high dose) 40 versus 60 mmol lithium/kg dry food � 2 316

Chronic renal failure (surgical reduction of renal mass) � 2 308

High-K1 diet � k 290,317

High-K1 diet and HS diet after unilateral nephrectomy � k 318

Low-K1 diet k* k 319,320

DOCA � k 321

(Continued)
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antibody named R5, which was raised against a syn-
thetic peptide of the amino-terminal domain containing
threonines 212 and 217 of human NKCC1 (correspond-
ing to threonines 184 and 189 of shark NKCC1).185,189

The results demonstrated that activation of NKCC1 by
intracellular Cl2 depletion is associated with phos-
phorylation of these threonines.

The same R5 phospho-antibody was used to demon-
strate that activation of NKCC2 or NCC by cell volume
changes or intracellular Cl2 depletion is associated
with phosphorylation of the conserved threonines
96�101 in rat NKCC2 and 53�58 in rat NCC.186,187,190

Later, specific phospho-antibodies for these and other
threonine/serines in the amino-terminal domain were
raised against each rat or human co-transporter,
confirming the role of the residues detected by R5
antibody and suggesting other sites within the amino-
terminal domain as potential residues to be
involved.142,191 Similar to NKCC1, threonine 60 of

human NCC (corresponding to 189 from shark
NKCC1) is required for NCC to be functional,187 and
when activated by phosphorylation it appears that T60
is the first to be phosphorylated; this opens the possi-
bility to phosphorylate nearby threonine/serine resi-
dues.191 None of these phospho-acceptor sites are
individually required for NKCC2 to be functional,
because elimination of each one at a time reduces, but
does not prevent, the activity of the co-transporter.186

Figure 32.5 shows an alignment analysis of a region
of the amino-terminal domain of NCC, NKCC2, and
NKCC1 highlighting the conserved threonine/serine
phosphorylation sites among species that have been
implicated in activation of the co-transporters in differ-
ent studies. Tables 32.5 and 32.6 contain detailed infor-
mation on all the works in which phosphorylation of
specific site or sites on NCC or NKCC2 have been stud-
ied. Several works in vitro and in vivo have shown that
some of the amino-terminal domain phosphorylation

TABLE 32.3 (Continued)

mRNA Protein References

Candesartan � ke 2c e:322; c:194

Chronic renal failure1 candesartan � k 323

Aldosterone escape 2**** k 324

L-NAME1 aldosterone escape � k 325

Bilateral ureteral obstruction � k 326

Bilateral ureteral obstruction and release of obstruction (Day 14) � k 327

Puromycin-induced nephrotic syndrome � k 328

Spironolactone infusion in low-salt (0.7%) diet k k 296

SGK1 inducible knockout mouse model 2 k 329

Cyclosporine � k 330

WNK4 BAC transgenic mice. Four wild-type WNK4 alleles k k 214

SPAK knockin mice (SPAKT243A/T243A) k k 192

SPAK knockout mice � k 234

Overexpression of WNK1 � k 312

Dehydration m**** � 294

High-Na1 diet 2***k** k 294�296

Saline-loading 2*** � 294

Water-loading 2*** � 294

*Northern Blot.
**Real-time PCR.
***Semi-quantitative PCR.
****mRNA Protection Assay.
&in loop- diuretic treated animals.
1Associated with high plasma aldosterone levels.
#Increased NCC protein during days 1 and 2, no difference in days 3 or 7.
aPrenatal hypertension induced by low-protein diets in pregnant rats.
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TABLE 32.4 Analysis of NKCC2 Expression in Different Experimental, Physiological or Pathophysiological Conditions

mRNA Protein References

Low-Na1 diet 2* 2,m 289,292,294,295

Loop diuretics 2* m 294,295,298

Low-protein diet � m1 299

Dexamethasone m**** m 331,309

High-fat diet � m 332

Lipopolysacharide injections � m11 333

Candesartan � m 322

Chronic renal failure1 candesartan � m 323

L-NAME therapy � m 334

Diclofenac/indomethacin � m 335

Growth hormone � m$ 201

Obesity � km 336,304

Rosiglitazone � m 336

Hyperosmolarity � m 337

Bilateral ureteral obstruction and release of obstruction (Day 14) � m 327

Angiotensin II � m 338

dDAVP � m 82,301,303

Water restriction � m 82,301

Lithium � m 339

Chronic noradrenaline infusion � m 315

Prenatally programmed hypertensiona m** m 307

Lithium (high dose) 60 mmol lithium/kg dry food � m 340

Sildenafil in the presence of lithium-induced DI � m 341

Vasopressin escape � mk# 302

Chronic renal failure1 dDAVP � m 308

(Surgical reduction of renal mass.)

Hypothyroid rat model � m 342

Dahl salt-sensitive rats � m## 343

SPAK knockout mice � m 234,236

WNK1 knockout � m 312,221

P2Y2 receptor KO mice with high-salt diet � m 344

Aldosterone � 2 197

Candesartan � 2 345

Aldosterone escape � 2 324

dDAVP1 candesartan � 2 303

Chronic metabolic acidosis m**** 2,m 130,346�348

Lithium (low dose) 40 mmol lithium/kg dry food � 2 340

(Continued)
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residues are involved in activation of NCC by intracel-
lular chloride depletion,142,187 low-salt diet,192,193 vaso-
pressin,194,195 angiotensin II196,197 or aldosterone193,198;
and NKCC2 by hypertonicity,199 intracellular chloride
depletion,186,200 vasopressin,77 and growth hormone.201

Thus, NKCC1, NKCC2 or NCC are activated by phos-
phorylation of particular amino-terminal domain threo-
nine/serine residues by different stimuli and
intracellular cascades such as Gαs receptor-cAMP-PKA
(vasopressin), Gαq receptor-IP3-PKC (angiotensin II),
tyrosine kinase-associated receptor (growth hormone)
or activation of an intracellular soluble kinase by [Cl2]i
or changes in cell volume (see below). These data sug-
gest that different cascades probably combine in

activation of a particular kinase pathway that is
responsible for the phosphorylation of these particular
sites.

The kinase cascade that has been shown to be
involved in the phosphorylation of the amino terminal
threonine or serine residues of NKCC1, NKCC2 or
NCC is the WNK-SPAK pathway. The WNK family of
serine/threonine kinases is closely related to MAP
kinases. Members of this family lack the conserved cat-
alytic lysine (K) present in subdomain II of all the other
serine/threonine kinases, hence the name WNK for
“with no lysine (K)”.202 The crystal structure of the
WNK1 catalytic domain later revealed that the catalytic
lysine is present in subdomain I.203 The family is

TABLE 32.4 (Continued)

mRNA Protein References

Chronic renal failure (surgical reduction of renal mass) � 2 308

Low-K1 diet k* k 319,320

DOCA � k 321

Cyclosporine � k 349

Parecoxib k*** k 350

Gentamicin � k 313

Bilateral ureteral obstruction � k 326,351

17-Beta-estradiol � k 352

L-NAME1 aldosterone escape 2** k 325

Puromycin-induced nephrotic syndrome � k 328

SGK1 inducible knockout mouse model � k 329

High-K1 diet and high-salt diet after unilateral nephrectomy � k#$ 318

Dahl salt-resistant rats � k### 343

P2Y2 receptor knockout mice with high-salt diet � k 344

SPAK knockin mice (SPAKT243A/T243A) � k 192

Overexpression WNK1 � k 312

Kidney-specific OSR1 knockout � k 235

High-Na1 diet 2* � 294,295

Saline-loading 2* � 294

Dehydration 2* � 294

Water-loading 2* � 294

*Northern Blot.
**Real time PCR.
***Semi-quantitative PCR.
****RT PCR.
1Associated with high plasma aldosterone levels.
11Increased in inner stripe of outer medulla.
$Increased total protein in outer stripe of outer medulla, increased phosphorylation with no change in NKCC2 total protein in inner stripe.
#Increased during day 2 of dDAVP and decreased by day 7. No change in days 1 or 3.
##Increase in surface NKCC2 with no change in total/G6PD.
###Decrease in surface NKCC2 with no change in total/G6PD.
aPrenatal hypertension induced by low protein diets in pregnant rats.
#$Change in NKCC2 after 3 wks, no change after 1 wk with HS1KCl diet. L-NAME - N-nitro-L-arginine-methyl esterase.
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composed of four members, known as WNK1 to
WNK4,204 each containing a serine/threonine kinase
domain of 294 residues flanked by a short amino-termi-
nal domain (146 to 220 amino acid residues) and a long
carboxyl terminal domain (796 to 1888 residues) exhi-
biting two coiled-coil domains for protein interaction,
and a conserved auto-inhibitory motif shown to inhibit
autophosphorylation in WNK1.202,205 The degree of
conservation among the four isoforms is high within
the kinase domain (. 80%), but low within the amino-
or carboxyl-terminal domains (, 15%).

The importance of WNKs to renal physiology and
pathophysiology was highlighted by the demonstration
that intronic deletions of WNK1 or missense mutations
in an acidic conserved region of WNK4 are the cause
of a human form of an inherited syndrome featuring
arterial hypertension, hyperkalemia, and metabolic aci-
dosis known as pseudohypoaldosteronism type II
(PHAII), Familiar Hyperkalemic Hypertension (FHH)
or Gordon’s disease.206�208 Because PHAII is a mirror
image of Gitelman’s disease and it is treatable with low
doses of thiazides (see below), it was suspected that
activity of NCC was implicated in the pathophysiology
of the disease. This was first demonstrated using the
heterologous expression system of Xenopus laevis
oocytes.209,210 WNK4 inhibits the activity of NCC, and
this effect is prevented by either eliminating the cata-
lytic activity of WNK4209,211�213 or by the introduction
of one of the PHAII-type mutations in WNK4,209,213

thus suggesting that the activity of NCC in PHAII
patients is increased due to elimination of the
WNK4-induced inhibition of NCC. The activation/
phosphorylation of NCC as the major mechanism for
hypertension and hyperkalemia was confirmed in two
animal models of PHAII214,215 (Table 32.5). The

mechanism for PHAII in families with intronic deletion
of WNK1 is less-understood. WNK1 does not seem to
have a direct effect upon NCC. Instead, it has been
observed that WNK1 prevents the WNK4-induced
inhibition of NCC.210 Thus, if WNK1 expression is
increased, as is suggested to occur as a consequence of
WNK1 intronic 1 deletion,206 the WNK4 inhibitory
effect upon NCC will be prevented and thus, NCC
activity will increase. Interestingly, there is a shorter
variant of WNK1, lacking the entire amino and kinase
domain that is exclusively expressed in the kidney,
specifically in DCT.216�218 The short WNK1 prevents
the WNK1 effect on WNK4.219 Thus, it is postulated
that under physiological conditions the expression of
the short WNK1 in DCT modulates the interaction
between WNK1 and WNK4, regulating NCC activity.
In PHAII, however, increased expression of the long
WNK1 surpasses the regulatory capacity of short-
WNK1, thus inhibiting WNK4 with the consequent
activation of NCC. This model, however, awaits defini-
tive confirmation by in vivo models.220�222

Two kinases related to the yeast Ste-20p
family known as SPAK (Ste20p-related proline-alanine
rich kinase) and OSR1 (oxidative stress response
1) have been shown to be located downstream of
WNKs, at least for their effects on the cation-coupled
chloride co-transporters.223,224 The first evidence of the
WNK-SPAK/OSR1 interaction was obtained in a study
in which the K-Cl co-transporter, KCC3, was shown to
interact with SPAK/OSR1 in a two-hybrid yeast sys-
tem. The co-transporter interacting with SPAK/OSR1
using a specific binding domain was determined to be
RFx(V/I).225 One such binding site is located in the
amino-terminal domain of NCC and NKCC2, two are
present in NKCC1, and two or three sites in each

FIGURE 32.5 Sequence alignment of a region of the amino-terminal domain containing the conserved residues (highlighted in gray)
that have been associated with phosphorylation/activation of the co-transporters. Numbering above alignment indicates residues in NCC.
Numbering below alignment indicates numbering in NKCC2.
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WNKs support the interaction between WNKs and co-
transporters with SPAK.142,225,226 In fact, among all pro-
teins in the human proteome, WNK1 and NKCC1 are
the ones with higher numbers of SPAK-binding
domains.227 Functional and biochemical studies using
NKCC1 demonstrated that both WNK1 or WNK4, as
well as SPAK or OSR1, must be present to induce
amino-terminal domain phosphorylation and activa-
tion of the co-transporter.190,223,228 It was shown that
WNKs lie upstream of SPAK/OSR1, and that WNK
phosphorylates SPAK/OSR1 on two specific threonine
and serine residues (T243 and S383 in SPAK), inducing
activation of the kinase.192,223 Thus, it is believed that

SPAK/OSR1 are the kinases that actually phosphory-
late the amino-terminal threonine residues of NKCC1,
NKCC2 or NCC, and that WNKs modulate this effect
by activating SPAK/OSR1.191,229�232

The interaction between SPAK and NCC has been
confirmed, and also the requirement for the amino-ter-
minal domain SPAK-binding site of NCC.142,191,226 To
find out the importance of the interaction and phos-
phorylation between SPAK and NCC in vivo, Rafiqui
et al.192 generated a mice knockin model by eliminating
the threonine residue of the T-loop in SPAK (T243A) or
OSR1 (T185A) that is phosphorylated by WNK1 or
WNK4. The OSR1185A/185A mice died on embryonic

TABLE 32.5 Phosphorylation of NCC in Different Sites and Conditions

Experimental System/Model Phospho-site* Effect Stimuli Kinase Involved Reference

In tube T55,T60,S73 � SPAK WNK1/SPAK 190

Xenopus oocytes T55,T60,S73 mm Intracellular Cl2 depletion

?

? 187

Mouse S73 mm WNK4 knockin WNK4 215

HEK-293 cells T46,T55,T60,S91 mm Intracellular Cl2 depletion SPAK 142

Rat T55,T60,S73 mm Low-salt diet

?

? 193

Human urine S811 m None

?

? 106

Xenopus oocytes/mpkDCT cells T55,T60 mm Angiotensin II WNK4-SPAK 196

Mouse T55,T60,S73 m Low-K1 diet SGK1 290

Mouse T55,T60,S73 k WNK4 hypomorphic WNK4 280

Brattleboro rats T55,S73 mm dDAVP

?

? 195

Brattleboro rats/wistar rats T55,T60 mm dDAVP SPAK 194

Mouse T55,T60,S91 kk SPAK knockin SPAK 192

mpkDCT cells/mouse T55,T60,S73 mm Angiotensin II/aldosterone SPAK 198

Adrenalectomized rats T55,T60 mm Angiotensin II/aldosterone WNK4-SPAK 197

Mouse T45,T55,T60, S73 mm KS-WNK1 knockout WNK1/WNK4 221

In tube T46,T55,T60,S91 m Incubation with MO25 SPAK/OSR1 353

Mouse T55,T60,S73 kk SPAK knockout SPAK 234

Mouse T55,S73 kk SPAK knockout SPAK 236

mDCT cells/Rats T55,T60,S73 m Cyclosporine

?

? 354

Mouse T55 m Tacrolimus WNK3/WNK4 310

Mouse T55 2 NCC transgenic

?

? 355

Mouse T60 kk WNK4 knockout WNK4/SPAK 356

mpkDCT cells/mouse T55,T60,S73 m Insulin WNK4/SPAK 357

Xenopus oocytes Ex vivo kidney T60 m Insulin WNK4/SPAK 358

Mouse T55 m KS-OSR1 knockout OSR1/SPAK 235

Mouse T55,S73 m Isoproterenol salt-sensitive hypertension WNK4 311

Xenopus oocytes T60 mm WNK3 WNK3/SPAK 226

*Numbers correspond to human NCC sequence.
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day 17.5, while the SPAK234A/234A mice were viable,
grew normally and thus were further analyzed. Along
the nephron, SPAK is specifically expressed in TAL
and DCT. The blood pressure of SPAK234A/234A mice is
reduced and consistent with reduction in salt reabsorp-
tion as the mechanism of hypotension; blood pressure
was normalized after feeding the SPAK234A/234A mice
with a high-salt diet for several days. In fact,
SPAK234A/234A mice developed a Gitelman-like syn-
drome, with hypomagnesemia and hypocalciuria.
Hypokalemia was not observed in a normal-sodium
diet, but became apparent with a low-sodium diet.
Using specific phosphoantibodies for NCC amino-
terminal threonine residues, it was shown that in
SPAK234A/234A mice expression of NCC in the kidney
was reduced by 30% and phosphorylation at residues
T53, T58, and S89 were reduced by about 80%
(Tables 32.3 and 32.5). Similar observations were
obtained using specific antibodies against NKCC2
(Tables 32.4 and 32.6). All these observations together
indicate that absence of SPAK activity resulted in
decreased activity of NKCC2 and/or NCC. Because the
phenotype resembles Gitelman’s rather than Bartter’s
disease, it was suggested that the effect of SPAK inacti-
vation upon NCC was stronger. Crossing the PHAII

knockin mice generated by Yang et al.215 with the
SPAK234A/234A mice192 demonstrated that hypertension
and the whole PHAII syndrome were prevented, indi-
cating the major role of SPAK-induced regulation of
NCC in this syndrome.233 Thus, the SPAK knockin
mice model provided compelling evidence of the key
role of SPAK in modulation of NKCC2 and NCC
activity.

Interestingly, the complete elimination of SPAK in a
SPAK knockout model also resulted in decreased
expression and phosphorylation of NCC, but in con-
trast to the SPAK234A/234A mice, resulted in increased
phosphorylation of NKCC2234 (Tables 32.4 and 32.6). In
contrast, a recent study in which a kidney tissue-spe-
cific elimination of OSR1 was achieved (KS-OSR12/2

mice) resulted in an incomplete form of Bartter’s
syndrome, with decreased expression and phosphory-
lation of NKCC2, together with increased expression of
SPAK and NCC phosphorylation235 (Tables 32.4 and
32.6). Thus, it is possible that NKCC2 is preferentially
under the control of OSR1, while NCC is under the
control of SPAK. Several SPAK splicing isoforms are
expressed in the kidney that could serve to explain the
different regulation of NKCC2 and NCC under differ-
ent circumstances.236

TABLE 32.6 Phosphorylation of NKCC2 in Different Sites and Conditions

Experimental System/Model Phospho-site* Effect Stimuli Kinase Involved Reference

Mice T100,T105 mm Vasopressin

?

? 77

Xenopus oocytes T100,T105 mm Hypertonicity

?

? 199

In tube Amino terminal fragment 1�181 � SPAK/OSR1 WNK1/SPAK 190

Xenopus oocytes T100,T105 mm WNK3 WNK3 239

Rat T100,T105 mm Growth hormone

?

? 201

Xenopus oocytes/MMDD1 cells S130 m Hypertonicity AMPK 359

Xenopus oocytes T100,T105 mm Intracellular Cl- depletion/WNK3 WNK3/SPAK 186

Mouse T55,T60,S91 kk SPAK knockin SPAK 192

Dahl TAL cells T100,T105 2 High-salt diet

?

? 343

HEK-293 cells T95, T100,T105,S130 mm Intracellular Cl2 depletion SPAK 200

In tube T95,T100,T105 m Incubation with MO25 SPAK/OSR1 353

HEK-293 cells T100,T105 mm Ouabain Calyculin A SPAK 360

Milan rats T100,T105 m � SPAK 361

Mice/culture TAL T118 mm dDAVP

?

? 362

THP knockout mice/culture TAL T118 k dDAVP

?

? 362

Mouse T100,T105 mm SPAK knockout SPAK 234

Mouse T100,T105 k KS-OSR1 knockout OSR1/SPAK 235

*Numbers correspond to human NKCC2 sequence.
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WNK2 and WNK3 also exert effects on the cation-
coupled chloride co-transporters that are of interest.
WNK3 is expressed along the entire nephron, as well
as in several epithelial and non-epithelial cells outside
the kidney,232,237 and strongly activates NKCC1,
NKCC2, and NCC, while it inhibits all four
KCCs.238�240 Thus, WNK3 activates chloride influx
pathways and inactivates chloride efflux pathways.
Activation of NKCC1, NKCC2, and NCC by WNK3 is
associated with phosphorylation of the same amino-
terminal domain threonines in the several models dis-
cussed above226,238,239 (Tables 32.5 and 32.6). WNK3
activation of NCC is associated with increased expres-
sion of NCC on the cell surface, suggesting that it pro-
motes the trafficking of NCC vesicles into the plasma
membrane.239 One study suggests that the effect of
WNK3 and WNK4 on NCC can be achieved by the car-
boxyl-terminal domain of the kinase alone, that is, in
the complete absence of the kinase domain.241 Other
studies, however, have shown that the effect of WNK3
and WNK4 on NCC are kinase-depen-
dent,209,212,213,239,241 and unlike what occurs with
WNK1 variants216,217 there is no evidence that such
truncated variants of WNK3 or WNK4 are expressed in
the DCT. One study in which chimeric proteins
between WNK3 and WNK4 domains were constructed
suggested that the type of effect of WNK3 or WNK4
upon NCC resides within the amino-terminal
domain.211

The WNK3-induced activation of NKCCs or inhibi-
tion of KCCs occurs even during cell swelling, which is
a well-known inhibitor of NKCCs and activator of
KCCs.3,137,199 WNK3 catalytic activity can be prevented
by the substitution of D294A. By doing this, the effect
on the co-transporters is not only prevented, indicating
the requirement for catalytic activity, but additionally,
catalytically inactive WNK3 becomes an inhibitor of
NKCC1, NKCC2, and NCC, and an activator of KCCs,
even in isotonic conditions in which KCCs are non-
functional. Because activation of KCCs by WNK3-
D294A can be prevented with calyculin A and/or
cyclosporine A, it is likely due to a catalytically inactive
WNK3-induced activation of protein phosphatases.240

Because the effect of WNK3 upon the sodium-coupled
chloride co-transporters is associated with phosphory-
lation of the SPAK phospho-acceptor sites in the co-
transporter’s amino-terminal domain, it is likely that
WNK3 also lies upstream of SPAK/OSR1 for its effect
on the SLC12A co-transporters. Supporting this possi-
bility, the positive effect of WNK3 on NKCC2 or NCC
can be prevented by elimination of SPAK-binding sites
located in WNK3.186,226 Thus, WNK3 modulates the
activity of all members of the SLC12 family and, in

doing so, bypasses the changes in cell volume and/or
intracellular chloride concentration that are usually
required for their activation or inhibition. It is believed
that WNK3/SPAK is the intracellular kinase pathway
sensitive to cell volume and/or intracellular chloride
concentration.184,232,242 WNK2 is preferentially
expressed in the central nervous system, and is appar-
ently absent in kidney. Its effects on NKCC1 and KCCs
are similar to those of WNK3.243

THE ROLE OF THE SODIUM-COUPLED
CATION CHLORIDE CO-TRANSPORTERS

IN INHERITED DISEASE

Given the major roles that NCC and NKCC2 play in
renal physiology, it is of no surprise that inactivating
mutations of these co-transporter genes are associated
with monogenic disease, such as Gitelman’s and type I
Bartter’s diseases, respectively. In addition, by affecting
the modulation of NCC by certain kinases, increased
activity of this co-transporter (and other ion transport
protein in the distal nephron) is the mechanism behind
another monogenic disease known as PHAII.

Gitelman’s Disease

Gitelman’s disease is an autosomal recessive mono-
genic disease featuring hypokalemic metabolic alkalo-
sis, arterial hypotension, hypocalciuria, and
hypomagenesemia. The clinical presentation usually
becomes evident by the second decade of life. All these
manifestations are due to a lack of salt transport capac-
ity of the DCT, and resemble the clinical consequences
of thiazide diuretic intoxication. Because of this, NCC
became a strong candidate for the cause of the disease,
and links between Gitelman’s disease and the locus for
SLC12A3 in human chromosome 16 was found by sev-
eral groups.102,244�246 At present, nearly 350 different
mutations of NCC have been reported to be associated
with Gitelman’s disease or with low blood pressure in
an open population (see the human gene mutation
data base at www.hgmd.or). Supporting the studies on
genomic associations, phenotypes resembling
Gitelman’s disease have been obtained in mice by tar-
geted disruption of NCC.247,248 Interestingly, total
knockout of NCC produces an incomplete Gitelman
syndrome, while substituting the serine residue at the
position 707 by a stop codon completely expunges the
disease. Functional analysis of human or rat NCC con-
taining some of the reported point mutations revealed
that mutant NCC proteins are non-functional.138�140
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Although Gitelman’s disease is an autosomal reces-
sive disorder, surprisingly, not all patients have
shown mutations in both SLC12A3 alleles. About
30% of the Gitelman patients have been diagnosed
with mutations in only one allele, another 45% are
compound heterozygous; that is, they exhibit muta-
tions in both alleles, but the mutation is different for
each one, and near 20% are homozygous.7,102,249�254

Because inheritance of Gitelman’s disease is clearly
recessive, and heterozygous relatives of patients with
Gitelman’s disease are clinically and metabolically
asymptomatic, it is likely that undetected mutations
in the other allele also exist. Most of the studies usu-
ally search for mutation within exons, but it is possi-
ble that mutations within the promoter or even in
some introns or in the 3’ untranslated region affect
expression of the protein. Most of the Gitelman’s
mutations are single point mutations in residues that
are highly-conserved from fish to humans, and the
mechanisms by which mutations reduce or abolish
transporter activity are several, including impairment
of protein synthesis, impairment of protein proces-
sing, impairment of insertion of an otherwise func-
tional protein into the plasma membrane, impairment
of functional properties of the co-transporter, and
acceleration of protein removal from the membrane
or degradation. Initial reports of missense mutations
reported along the NCC protein revealed that the co-
transporter is not glycosylated and thus, is not pres-
ent at the plasma membrane.138 It is known that pre-
venting NCC glycosylation remarkably reduces the
activity of the co-transporter due to deficient insertion
into the plasma membrane.97 Later studies of more
mutants of NCC139,140 showed that some missense
mutations in NCC causing partially functional pro-
teins are explained by a defect in the trafficking of
the co-transporter to the plasma membrane which
possesses normal functional and kinetic properties,

but in which insertion into plasma membrane is seri-
ously impaired.

Bartter’s Disease

The characteristic clinical picture of Bartter’s syn-
drome includes a salt-wasting state with low blood
pressure due to dehydration, metabolic alkalosis with
hypokalemia, hypercalciuira, hypereninemia, and sec-
ondary aldosteronism.255 This picture is clearly due to
a reduction in the salt transporting capacity of the
TAL. The disease is usually apparent at birth or even
earlier, due to excessive accumulation of amniotic fluid
(polyhydramnios). A striking difference with
Gitelman’s disease is that Bartter’s patients exhibit
hypercalciuria and some develop nephrocalcinosis
(Table 32.7), while in Gitelman’s syndrome the
expected presentation is hypocalciuria. Although
Bartter’s disease is monogenic, it is heterogeneous,
because mutations in five different genes expressed in
TAL can produce a very similar disease. Of these, three
are directly involved in salt reabsorption in TAL and
two other genes modulate the activity and/or traffick-
ing of salt transporters. Thus, Bartter’s disease is classi-
fied into five types. Types I to IV (Table 32.7) are the
consequence of inactivating mutations of NKCC2 (type
I), the potassium channel ROMK (type II), the basolat-
eral Cl2 channel CLC-KB (type III), and the CLC-KB
chaperon protein Barttin (type IV).66,107,256�258 The
absence of ROMK prevents NKCC2 activity, because
recycling of potassium to the TAL lumen is prevented.
Reduction of CLC-KB activity, due to mutations on the
channel or because of the absence of barttin, probably
decreases the activity of NKCC2, because the co-trans-
porter is sensitive to intracellular chloride concentra-
tion.186 Bartter’s disease type V is the result of
activating mutations in the calcium sensing receptor
located in the basolateral membrane.64,259�261 The

TABLE 32.7 Clinical Presentation of Patients with Bartter’s Disease According To Genomic Classification in Types I to IV

Type I Type II Type III Type IV

Affected gene SLC12A1 KCNJ1/ROMK ClCNKB BSND

Age of onset Neonatal Neonatal First decade Neonatal

Polyhydramnios Yes Yes No Yes

Sensorineural deafness Rare Rare No Yes

Poliuria Yes Yes Uncommon Yes

End-stage renal disease No No No Yes

Hypokalemia Severe Severe Moderate Severe

Metabolic alkalosis Moderate Moderate Mild Moderate

Nephrocalcinosis Yes Yes No Yes
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stimulation of the calcium sensing receptor by extracel-
lular calcium activates a second messenger cascade
within the TAL that inhibits NKCC2 and ROMK. This
way, an increase in extracellular calcium reduces salt
reabsorption in the TAL that is followed by a reduction
in calcium reabsorption, thus increasing calciuria. In
patients with active mutations of the calcium sensing
receptor, the receptor is activated with normal extracel-
lular calcium concentration inducing a permanent
reduction in NKCC2/ROMK activity. Bartter’s disease
in this case is usually a mild syndrome.

At present, nearly 75 different mutations of NKCC2
have been reported to be associated with Bartter’s dis-
ease or with low blood pressure in an open population
(see the human gene mutation data base at www.
hgmd.or). It is possible to suggest the molecular nature
of Bartter’s syndrome just by analyzing the clinical pic-
ture, although a confirmation by specific gene sequenc-
ing is desirable (Table 32.7). For instance, all patients
present hypokalemia and metabolic alkalosis, which
are less severe in type III patients. Antenatal presenta-
tion and polyhydroamnios are much more often seen
in Bartter’s type I, II, and IV than in type III disease.
Patients with type III disease do not develop nephro-
calcinosis. Type IV is associated with deafness and
development of chronic renal failure.66,262 Therefore,
age of clinical presentation and certain features such as
nephrocalcinosis, deafness, and chronic renal failure
help the clinician to identify of the appropriate molecu-
lar target.

Pseudohypoaldosteronism Type II/Familial
Hypekalemia Hypertension

PHAII/FHH is the mirror image of Gitelman’s dis-
ease. It is an autosomal dominant inherited disease fea-
turing arterial hypertension with hyperkalemia,
despite a normal glomerular filtration rate, and hyper-
chloremic metabolic acidosis as a consequence of
decreased urinary H1 excretion.207,208 In addition,
while Gitelman’s patient’s develop hypocalciuria,
PHAII patients develop hypercalciuria.263 This is trans-
lated into bone, because the first exhibit is increased
bone mineral density,264,265 whereas later a significant
decrease in bone density develops.266 As shown above,
Gitelman’s disease is the consequence of inactivating
mutations of NCC. In contrast, all clinical features in
PHAII patients are corrected by treatment with low
dose, thiazide-type diuretics,208,266 suggesting that
increased activity of NCC is required for PHAII. No
significant linkage was found between PHAII and the
SLC12A3 locus on chromosome 16,267 eliminating the
possibility that activating mutations of NCC are behind
the development of this syndrome. Instead, four

different genes have been shown to be the cause of
PHAII. As discussed above, the gene responsible in
families linked to chromosomes 12 and 17 have
been observed to be WNK1 and WNK4,
respectively.206,268�274 Two other genes can be the
cause of the disease: Kelch-like 3 (KLHL3) and cullin 3
(CUL3).275 While KLHL3 mutations can be dominant
or recessive, CUL3 are dominant and most of them are
de novo mutations.

Extensive work has been done with WNKs regard-
ing NCC modulation. Nothing is known yet regarding
KLHK3 and CUL3 modulation of NCC activity.
However, because most of the pathophysiology of
PHAII seems to be explained by increased activity of
NCC,17,191,276,277 it is highly likely that these proteins
modulate the activity of NCC. KLHL3 and CUL3
together form a protein complex that provides a RING-
type of E3-ubiquitin ligase.278 It has been demonstrated
that the HECT-type of E3-ubiquitin ligase known as
Nedd4-2 modulates NCC activity.279 Thus, it is possi-
ble that the KLHL3�CUL3 complex regulates either
NCC, some of the WNKs, or SPAK by ubiquitination
or another known or unknown associated protein that
in turn affects the activity of NCC.

WNK4 has been proposed to be a negative regulator
of NCC activity that becomes a positive regulator
when it harbors PHAII-type mutations.209,210,212,213 A
PHAII syndrome develops in BAC transgenic mice
containing two wild-type WNK4 alleles and two
PHAII-type mutant alleles,214 indicating that haploin-
sufficiency does not explain the disease, because this
model contains two wild-type WNK4 alleles. The dis-
ease is also present in a knockin mouse harboring
WNK4 with a PHAII type mutation.215 In these models,
PHAII clinical features were rescued by treatment of
mice with a thiazide-type diuretic, by crossing the
mouse with the NCC null mice or with the SPAK
knockin mice,214,215,233 highlighting the importance of
SPAK-NCC in producing the disease. Thus, it is possi-
ble that under certain conditions WNK4 inhibits NCC
activity and in patients with PHAII mutations this inhi-
bition is not present, leading to a chronic increase in
the activity of NCC that produces arterial hypertension
and hyperkalemia. One study proposed that PHAII
mutations in WNK4 reconstitute the effect of angioten-
sin II upon the WNK4-SPAK-NCC cascade, suggesting
that PHAII is a gain-of-function disease producing a
state of hyperactivity of angiotensin II in the DCT.17,196

There are, however, other proposals. One is that NCC
activation is the result of altered interactions between
the NCC activating WNK3 and the inhibitory
WNK4.241 The other, based on observations on hypo-
morphic WNK4 mice, is that WNK4 could be an activa-
tor of NCC that increases its potency by PHAII
mutations.280
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POTENTIAL ROLE IN POLYGENIC
DISEASES

The physiological roles of sodium�chloride co-trans-
porters and the diseases that are produced by their inac-
tivating mutations or misregulation by WNKs support
that they are implicated in the development of complex
polygenic diseases, such as arterial hypertension. This is
a highly prevalent disease (.20% of the adult popula-
tion) with an important genetic component. NCC and
NKCC2 are genes that clearly play a role in defining
blood pressure levels, since inactivation of these trans-
port proteins is associated with hypotension. Inhibition
of NCC with thiazides is the base of the most recom-
mended first line therapy for arterial hypertension.281

Supporting the role of NCC or NKCC2 in defining
blood pressure levels in an open population, a work
based on genetic analysis of the Framingham
Population Study sequenced the NCC, NKCC2, and
ROMK genes in 3125 subjects. It was observed that 49
out of the 3125 exhibited a rare mutation in one allele of
one these genes. This is 1.5% of the studied population.
Subjects harboring such mutations have lower blood
pressure, a reduced risk for developing hypertension,
and a reduced risk of death due to cardiovascular dis-
ease.282 Although several of the mutations detected in
this study were not reported previously as causing
Gitelman’s or Bartter’s disease, it was later shown that
they indeed reduced the activity of NCC283 or
NKCC2.283,284 A genome-wide association study in an
Amish population revealed that SPAK or STK39 is a
hypertension risk gene.285 Thus, genome studies are
beginning to reveal the role of SLC12A co-transporter
genes in essential hypertension.

Osteoporosis is a polygenic disease of the skeleton
that is secondary to a decrease in bone mineral density,
with a disruption of the normal bone architecture and
a consequent increase in the risk of fractures. Due to
the functional interaction of NCC with calcium-trans-
port mechanisms, this co-transporter is involved in
renal calcium absorption. Inactivating mutations of
NCC in Gitelman’s disease are associated with high
bone mineral density,264,265 whereas activation of NCC
in PHAII subjects is accompanied by decreased bone
mineral density.266 In addition, there is strong epidemio-
logical evidence that hypertensive patients treated with
thiazides are at a lower risk for osteoporosis.27,28,286�288

In this regard, it has been shown that the NCC protein
is expressed in osteoblasts in rat and human bones, and
that addition of thiazides to osteoblast cells in culture
increases the formation of mineralized nodules by a
mechanism that may involve NCC.19 Therefore, it is
likely that osteoporosis is another polygenic disease in
which this co-transporter could be implicated.
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INTRODUCTION

The principal function of the proximal tubule is the
reabsorption of some two-thirds to three-quarters of
the glomerular filtrate. This means, primarily, reab-
sorption of Na1, Cl2, HCO3

2, and in smaller quantities
potassium, phosphate, and various filtered organic
compounds. In view of the copious glomerular filtrate,
proximal reabsorption plays a crucial role in the main-
tenance of fluid and electrolyte balance of the body.
In particular, modern hypertension research has con-
sidered it essential to identify proximal tubule Na1

transporters, and understand the signals and second
messengers that regulate these transporters. Proximal
tubular transport is energized by the metabolic reac-
tions within the proximal tubular epithelium, either
directly by ATP-driven “ion pumps” (primary active
transport) or indirectly by the coupling of solute fluxes
to Na-transport (secondary active transport). The work-
load to this epithelium is prescribed by the glomerular
filtration rate (GFR), which can vary several-fold within
the course of a day, so that the ensemble of epithelial
transport systems are also asked to modulate their
function responsively, and in a coordinated manner.

All segments of isolated proximal tubules are capa-
ble of reabsorbing the same solutes when perfused
in vitro. Quantitatively, however, marked differences
exist along the tubule; reabsorption of sodium, water,
glucose, and bicarbonate in the early proximal tubule
is about three-fold greater than that in the mid-portion
of the convoluted proximal tubule, and nearly ten
times that of the straight segment of the tubule.
Furthermore, in vivo, the transtubular concentration
gradients of the luminal solutes, as well as the electrical
potential of the lumen, change as one moves from

early- to late-proximal tubule. In the earliest part of the
proximal tubule, preferential reabsorption of organic
solutes (glucose and amino acids, etc.) and of sodium
bicarbonate, lactate, acetate, phosphate, and citrate
occurs. Consequently, the luminal concentration of
these solutes is reduced in the remaining portion of the
proximal tubule. Alterations in solute reabsorption
have been inferred in a number of disorders of proxi-
mal tubule, and have been of particular interest to
workers seeking to understand how changes in urine
composition alter the propensity to kidney stone
formation.

Historically, in vivo micropuncture and microperfu-
sion was the experimental method that delineated
proximal tubule transport properties, namely transe-
pithelial fluxes and permeabilities. The next investiga-
tive focus was identification of specific transporters
within luminal and peritubular cell membranes, and
the experimental techniques have been diverse.
Assessment of the cellular compartment was first
done electrophysiologically, using conventional and
ion-selective microelectrodes, and subsequently with
pH- or cation-sensitive fluorescent dyes. More direct
information about the membrane transporters derived
from vesicle preparations enriched in fractions from
luminal (brush border) or peritubular cell membranes.
Patch-clamp techniques (whole-cell or excised patch)
allowed the study of single membrane ion channels,
but have had limited application to proximal tubule.
A major advance came with molecular identification
of the transporters, expressing these transporters in
cells that are convenient for study, developing antibo-
dies for location and quantification within tubular cell
membranes, and examination of tubules from mice in
which the transporter has been knocked-out.
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Central to its role in body fluid homeostasis is the
responsiveness of proximal tubule sodium transport to
changes in GFR, as well as to neural and hormonal sig-
nals. In large measure, changes in sodium reabsorption
that accompany changes in GFR may be understood in
terms of transepithelial oncotic and hydrodynamic
forces which impact on the tubule cells or on the para-
cellular pathway. Neurohumoral regulation of proxi-
mal tubule transport begins with a cellular signal,
followed by transduction steps, which ultimately pro-
duce changes in transporter densities or kinetics within
the cell membranes. The signaling pathways for the
important neurohumoral regulators have been an
object of intense investigation, although the insights
have come slowly. This research program has had to
contend with a number of cellular second messenger
molecules, with a number of kinases and phosphatases,
with identification of anchoring proteins that secure
the local action of a signal, and with the cytoskeletal
elements responsible for transporter traffic. Although
much information is available, a facile description of
the path from neurohumoral signal to transporter flux
is not yet at hand.

The organization of this chapter starts with the
description of whole tubule function: fluxes and the
associated driving forces; and tubule permeabilities.
Historically, this is the section with the oldest data,
and the section that has undergone the least revision
from earlier chapter versions. The next two sections are
devoted to the description of the epithelial compo-
nents: luminal and peritubular cell membrane trans-
porters; the tight junction; and the lateral intercellular
space. In view of the copious transepithelial solute
fluxes, special attention will be given to the problem of
matching luminal and peritubular transport fluxes, in
order to avoid catastrophic perturbation of cell volume
and composition. The last section describes the regula-
tion of proximal transport, with emphasis on physical
factors, and on the action of the two key regulatory
molecules, angiotensin and dopamine.

EPITHELIAL FUNCTION

Net Fluxes

The filtered load of a solute to the proximal tubule is
the product of the single nephron glomerular filtration
rate (SNGFR) and the ultrafilterable concentration of
the solute. For small nonelectrolyte species the ultrafil-
terable concentration is that in plasma water. For elec-
trolytes, negatively-charged serum proteins produce a
Donnan potential, which acts to decrease ultrafilterable
Na1 and increase Cl2 concentration with respect to
that of plasma water.556 In amphibian and mammalian
proximal tubules, the net effect of proximal tubule
transport is the reabsorption of the luminal solution,
resulting in a diminished axial flow rate as one
proceeds along the tubules. The systemic infusion of a
substance, such as inulin, which is filtered at the
glomerulus, not reabsorbed (or secreted) by the prox-
imal tubule, and which may be assayed in aliquots
of tubular fluid, permits the calculation of the net
volume reabsorption by the tubule from the glomeru-
lus to the point of sampling. Thus, in the rat superfi-
cial cortical nephrons, the tubular fluid (TF) inulin
concentration at the end of the convoluted proximal
tubules is twice that of plasma (P), indicating that
half of the filtrate is reabsorbed proximally.242 In the
amphibian, Necturus, the TF/P ratio suggests that
about one-third of the filtrate is reabsorbed by the
proximal tubule,600 and in certain fish, the net effect
of proximal tubule transport is secretion of fluid into
the lumen88; however, in view of translational con-
siderations, only the mammalian kidney is consid-
ered in this chapter.

With micropuncture sampling of fluid from the proxi-
mal tubule, if a complete collection of tubule fluid is
made, then the absolute transport rate by the nephron
segment is known and can be expressed as a flux per
unit area of epithelium (Table 33.1). Alternatively, one
may perfuse dissected segments of tubule to directly

TABLE 33.1 Net Fluxes across Proximal Tubules

Rat PCT References Rabbit PCT References Rabbit PST References

SNGFR (nl/min) 30 (a) 20 (c)

PT diameter (μm) 20 (a) 26 (d) 22 (g)

Length (mm) 5.5 (a) 5.4 (c) 3.3 (h)

Jv (nl/s/cm2) 65 (b) 30 (e) 9.8 (g)

JNa (nEq/s/cm2) 9.4 (b) 4.5 (e) 1.5 (g)

JCl 5.1 (b) 1.3 (g)

JHCO3 2.7 (b) 1.7 (f) 0.2 (g)

(a)242; (b)757; (c)152; (d)15; (e)388; (f)214; (g)597; (h)43.
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establish the epithelial fluxes under well-defined luminal
and peritubular conditions. One must then obtain an
independent measure of SNGFR to estimate the frac-
tional reabsorption. The advantage of this approach is
that proximal nephron segments not accessible to micro-
puncture may be examined. For the data from the per-
fused proximal convoluted tubule of the rabbit shown in
Table 33.1, the measured sodium flux, referred to a
5.4 mm segment of tubule, implies sodium reabsorption
of 1.2 nEq/min. With a SNGFR of 20 nl/min, the filtered
load of sodium is 2.9 nEq/min, so that the fractional
reabsorption is predicted to be about 40%. In the
instances of successful micropuncture of rabbit proximal
tubule, the observed fractional reabsorption of sodium
has been 50152 and 45%.762 This type of comparison is
particularly important, in that it suggests a reasonably
well-maintained transport capacity for tubules examined
in vitro. When examined carefully, however, conditions
in vitro can produce subtle differences from the
tubule in vivo. As might be expected, dissection condi-
tions of isolated rabbit proximal tubules can decrease the
peritubular membrane electrical potential and increase
cytosolic Na1 concentration; however, they can also
engender a peritubular membrane K1 channel, not seen
in vivo, and change the Na1 :HCO3

2 stoichiometry of the
peritubular membrane co-transporter from 3:1 to
2:1.490,492

Unfortunately, attempts to present a concise tabula-
tion of proximal transport (Table 33.1) must be
tempered by an appreciation of internephron heteroge-
neity, and the structural changes along the individual
tubule. In broad terms, two nephron populations have
been identified: those with superficial cortical glomeru-
li, whose short loops of Henle turn at the outer�inner
medullary border (about 2/3 of rat nephrons); and those
with juxtamedullary glomeruli, whose long loops of
Henle penetrate the inner medulla to variable extents.
In many mammalian species, the juxtamedullary
glomeruli are larger and have a greater SNGFR than
the mid-cortical or superficial cortical nephrons.556 In
the rat, the filtration rate of juxtamedullary glomeruli
has been measured by micropuncture collection of
Henle limb fluid, and found to be about 1.5- to 2-fold
that of superficial glomeruli.286,344,512 In the rabbit, an
indirect technique has given estimates confirming the
disparity between superficial and juxtamedullary
nephrons (e.g., 43 and 66 nl/min,36; 23 and 29 nl/
min43). Comparisons of transport properties of superfi-
cial cortical and juxtamedullary proximal tubules are
available.78 Corresponding to the greater SNGFR of the
juxtamedullary nephrons, there is a greater overall rate
of volume and sodium reabsorption. Perfused tubule
data from rabbit has indicated a relative magnitude of
juxtamedullary-to-superficial Na1 fluxes from 1.2-341 to
2-fold364 larger; the relative magnitude of HCO3

2

fluxes is 2-fold larger.342 Beyond this quantitative
distinction, the relative importance of specific transport
mechanisms may also differ between the two nephron
populations.342,468,634

The capacity for volume transport gradually
diminishes as one proceeds along the mammalian
proximal nephron.352 This occurs in association with
morphologic changes at the electron-microscopic level
that have prompted the division of mammalian proxi-
mal tubule into three segments455 (Figure 33.1). The
early proximal convoluted tubule, S1, is characterized
by tall, densely-packed apical microvilli, numerous
mitochondria, and an intricate pattern of folding and

FIGURE 33.1 Proximal tubule cells within the: (a) S1; (b) S2;
and (c) S3 segments of the rabbit nephron. (From352, with permission.)
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interdigitation of the lateral cell membranes.739 There
is a gradual transition to the S2 segment, which com-
prises the remainder of the proximal convoluted
tubule and the very beginning of the proximal straight
tubule. Here, there are fewer mitochondria and less
amplification of membrane area. Finally, the proximal
straight tubule, S3, shows a more cuboidal cell with
fewer mitochondria and rare interdigitations. Welling
and Welling738 have compared the cell membrane
areas in the S1 and S3 segments of rabbit proximal
tubule, and found that for each segment, the apical
and basolateral areas are nearly equal. In S1, however,
the absorptive area of the cell is increased by mem-
brane folding to 36 cm2/cm2 epithelium, whereas in S3
this value is 15 cm2/cm2 epithelium. The transport of
solutes and water has been measured in dissected
perfused segments of rabbit proximal tubule, and the
spontaneous transport rate was substantially less in
the proximal straight tubule than in convoluted seg-
ments125,388 (Table 33.1). In the rat, microperfusion
of proximal tubule segments in vivo (with compara-
ble flow rates and luminal fluid composition) has
demonstrated a lower volume reabsorption rate for
segments more than 1�2 mm from the glomeru-
lus.165 Serial micropuncture along a single proximal
tubule with filtered fluid flowing freely confirmed
the sharp decline in reabsorptive flux of volume
(sodium) and anions after the first 1�2 mm of
tubule426,427 (Figure 33.2). Comparison of Na1 trans-
port by perfused proximal straight tubules from
superficial and juxtamedullary rabbit nephrons has
demonstrated comparable reabsorptive rates. The
respective convoluted tubule fluxes are two- and
four-fold greater for Na1,45,364 with a similar propor-
tionality for HCO3

2.708 Proximal convoluted tubule
fluxes of glucose may be six-fold greater,44 and of phos-
phate three-fold greater than those of proximal straight
tubule.530

In rat and rabbit kidneys, the Na1 concentration,
and hence the total osmolality, remain relatively con-
stant along the proximal tubule.255,388 This constancy of
tubule fluid osmolality implies “isotonic transport,”
and poses a special problem for rationalizing the forces
at work in water reabsorption (vide infra). The fates of
chloride and bicarbonate in the mammalian proximal
tubule differ, however, in that the chloride rapidly rises
to a level above that of the glomerular filtrate and the
bicarbonate falls.125,215,255,685 This shift in anion compo-
sition occurs early in the proximal tubule, that is to
say, within the S1 segment. This is referred to as “pref-
erential bicarbonate reabsorption,” and has received
much attention as a clue to transport activity at the
cellular level. The key features of the compositional
changes in tubular fluid during its passage through the
mammalian proximal tubule are illustrated in

Figure 33.3.552 The tubular fluid/plasma (TF/P) con-
centration ratio of several solutes is plotted as a func-
tion of proximal tubular length. TF/P inulin rises to
approximately 2.0, indicating water reabsorption.
Glucose and amino acids are rapidly reabsorbed so
that at 25% proximal tubular length their concentra-
tions decline to some 10% of the filtrate concentration.
Preferential bicarbonate reabsorption lowers the bicar-
bonate concentration of tubular fluid to approximately
5�8 mM. Along the initial portion of the proximal
tubule, the chloride concentration is increased by reab-
sorption of water.28 In the initial segment, the transe-
pithelial voltage is lumen negative,46,220 due to the
electrogenic nature of co-transport of sodium with glu-
cose or amino acids.221,387 As the concentration of these
solutes declines and that of chloride rises, the polarity
of the transepithelial electrical potential difference
changes to lumen positive values.46,220 This voltage is,
at least in part, a diffusion potential, generated by the
chloride and bicarbonate concentration gradients, and
the greater permeability of the tubular wall to chloride
than to bicarbonate.
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Transport Forces

To attribute mechanisms to epithelial transport,
fluxes must be resolved in terms of responsible driving
forces, specifically hydrostatic or osmotic pressure, sol-
ute concentration gradients, electrical potential or
metabolic energy. The transepithelial volume flow,
Jv (ml/s � cm2 epithelium), is a function of hydrostatic
and osmotic driving forces:

Jv 5 Lp Δp2RT
Xn
1

σiΔci

" #
5 ðRTLpÞ

Δp

RT
2
Xn
1

σiΔci

" #

5 vwPf
Δp

RT
2
Xn
1

σiΔci

" #

ð33:1Þ

Here the water permeability of the epithelium is
represented either by the coefficient Lp (ml/s � cm2 �
mmHg), by RTLp (ml/s � cm2 �Osm) or by Pf (cm/s),
where RT is the product of the gas constant and
absolute temperature (1.933 104 mmHg/Osm at 37�C),
and vw is the partial molar volume of water
(0.018 ml/mmol). In Eq. (33.1) the osmotic effect of any

species is incorporated in the reflection coefficient, σi,
(0.0#σi# 1.0). For σi5 1.0, the species exerts a full
osmotic effect, and the epithelium is an ideal semiper-
meable membrane. When σi5 0.0, the species exerts no
osmotic force. To determine the reflection coefficient for
a specific solute, the change in the transepithelial vol-
ume flow produced by a transepithelial concentration
gradient,Δci, is compared to the volume flow produced
by an equal concentration gradient of an impermeant
species. The ratio of these two volume flows is just the
reflection coefficient, σi.

To represent solute transport, Ji (mmol/s � cm2), the
epithelial flux equation is of the form:

Ji 5 Jvð12σiÞ ci 1
Xn
j51

LijΔμc
j 5

Jvð12σiÞ ci 1
Xn
j51

Lij½RTΔlnðcjÞ1 zjFΔψ�
ð33:2Þ

in which the first term is a convective flux in which a
mean concentration appears:

ci 5
Δci

ΔlnðciÞ
� 0:5 � ciðlÞ1 ciðpÞ

	 


in which ci(l) and ci(p) designate luminal and
plasma concentrations. It is a consequence of ther-
modynamic theory (Onsager symmetry) that the
reflection coefficient, σi, from Eq. (33.1) also
appears in Eq. (33.2) for convective solute drag.
This formalizes the intuitive notion that the smaller
solutes, which are least osmotically effective, are
more likely to be entrained in the volume flow.
The second term in Eq. (33.2) represents electrodif-
fusive solute flux, namely the flux of solute i as a
function of the electrochemical potential differences,
Δμc

j , of all of the solutes under consideration.
Expansion of this potential is shown in the right-
most expression, in which RT is the product of gas
constant and absolute temperature (2.57 J/mmol at
37�C), zi is the valence of solute j, F is the Faraday
(96.5 C/mEq), and Δψ is the electrical potential dif-
ference across the epithelium. It is also a consequence
of Onsager symmetry that the coefficients Lij5 Lji
(mmol2/J � s cm2). When the coefficient Lij is positive
(for i 6¼j), then a reabsorptive driving force on solute i
will also promote reabsorption of solute j, so that this
coefficient may be considered to represent co-
transport of the two solutes. Such co-transport obvi-
ously arises when a common carrier transports the
two species, but may also occur as a result of intrae-
pithelial convective flows.730

Some of the most precise experimental measure-
ments that can be made are those of electrical
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potentials and currents. In the absence of solute-solute
interaction, the transepithelial solute flux is written:

Ji 5 Jvð12σiÞ ci 1 Lii RTΔlnðciÞ1 ziFΔψ½ �5

Jvð12σiÞ ci 1Pi Δci 1
ziF

RT
ciΔψ

� � ð33:3Þ

where RTLii=ci 5Pi (cm/s) is the conventional solute
permeability. Equation (33.3) has generally been the
starting point for the application of electrophysiology
to characterize proximal tubule. For example, if
luminal and peritubular solutions have equal ionic
concentrations (Δci5 0), and there is zero volume
flow, then application of an electrical potential dif-
ference (Δψ) produces a change in ionic current:

Ii 5 ziFJi 5Pi
z2i F

2

RT

� �
ciΔψ5 giΔψ ð33:4Þ

in which gi (S/cm
2) is the partial ionic conductance of

species i. The total epithelial electrical conductance,
g5Σgi, or the epithelial electrical resistance, R5 1/g,
thus provides a measure of the sum of the ionic perme-
abilities. When the luminal and peritubular solutions
are unequal, the open-circuit potential, in the absence
of net transepithelial volume flow (Jv5 0), gives useful
information about the relative ionic permeabilities. In
this case, the sum of all ionic currents is zero (05Σ Ii),
so that the transepithelial electrical potential is:

Δψ52
Xn
i51

gi
g

RT

ziF
ΔlnðciÞ ð33:5Þ

If, for example, the only concentration differences
across the epithelium are equal and opposite anion gra-
dients (such as chloride and bicarbonate), Eq. 33.5)

shows that the difference in ionic conductances deter-
mines the magnitude of the transepithelial “diffusion
potential.”

Table 33.2 is a compilation of the permeability
properties of the proximal tubules of rat and rabbit.
Again, the inclination to present such tabulation must
be tempered by acknowledgement of variation of the
permeabilities along the nephron, and of differences
between superficial and juxtamedullary nephrons.
With respect to water permeability, it has been sug-
gested that there is a decline in Lp from the S1 to the S2
segment of the rat tubule.432 Nevertheless, the water
permeability remains at least as large in the straight
segment as in the convoluted segment.598 With respect
to solute permeabilities, an increase in the electrical
conductance of the rat proximal tubule has been
observed as one moves from the earliest to the latest
accessible segments.620 Experiments in perfused rabbit
tubules suggest that the increase in total conductance is
due to an increase in the chloride permeability.343

Comparison of tubule permeabilities indicates that jux-
tamedullary proximal convoluted tubules82,84,164,343

and proximal straight tubules330,364,708,713 are more
cation selective than the superficial proximal tubule
segments. Comparison of permeabilities of K1764 and
of Cl2,713 between rabbit juxtamedullary and superfi-
cial proximal straight tubules suggests that the increase
in cation selectivity derives from an absolute increase
in juxtamedullary nephron cation permeability, with
little difference in anion permeability.

There is no doubt that proximal tubule metabolism
is required for transport to proceed at its normal
rate. In the absence of ionic concentration gradients
across the epithelium, reabsorption still proceeds and
cooling or poisoning with metabolic inhibitors

TABLE 33.2 Permeabilities of Proximal Tubules

Rat PCT References Rabbit PCT References Rabbit PST References

Lp3 108 ml/s � cm2 �mmHg 22.6 (a) 32.6 48.5

Pf cm/s 0.24 0.35 (b) 0.52 (e)

σ(Na) 0.7 (a) 0.9� 1.0 (b)

σ(Cl) 0.43 (a) 0.78� 0.95 (b)

σ(HCO3) 1.0 (a) 0.97 (b)

P(Na)3 105 cm/s 24.7 (a) 4.0� 11.9 (b) 2.3� 2.6 (b)

P(K) 27.1 (a)

P(Cl) 21.2 (a) 1.9� 6.5 (b) 5.6� 7.3 (b)

P(HCO3) 6.7 (a) 1.3� 2.3 (c,d) 0.4� 2.0 (b)

Resistance ohm � cm2 5 (a) 7.0 (b) 8.2 (b)

(a)672; (b)595; (c)313; (d)713; (e)598.
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abolishes transport. A generally accepted treatment of
active transport by the proximal tubule has been that
of Frömter215 in which Eq. (33.2) is extended by inclu-
sion of a term for metabolically driven transport, Jai :

Ji 5 Jvð12σiÞ ci 1
Xn
j51

LijΔμc
j 1 Jai ð33:6Þ

or in the absence of coupled fluxes

Ji 5 Jvð12σiÞci 1Pi Δci 1
ziF

RT
ciΔψ

� �
1 Jai ð33:7Þ

It may also occur that water flux is linked to meta-
bolic reactions in a way that reabsorption proceeds in
the absence of transepithelial driving forces. This flux,
Jav, has been termed “active water transport,” and, by
analogy with Eq. (33.6), Eq. (33.1) for transepithelial
volume flow has been written267,731:

Jv 5 Lp Δp2RT
Xn
1

σiΔci

" #
1 Jav ð33:8Þ

A derivation of Jav from considerations of the internal
structure of the tubule epithelium will be indicated in
the section on the paracellular pathway.

THE TRANSCELLULAR PATHWAY

Cytosolic Concentrations

In the foregoing, proximal tubule transport has been
treated from the perspective of the epithelium as a
homogeneous entity, with reflection coefficients and
permeabilities inferred from the transepithelial fluxes
produced by changes in luminal and peritubular solu-
tions. Over the last decades, however, a more micro-
scopic view of proximal tubule transport has evolved.
Crucial to this perspective were the observations that
the intercellular tight junctions could serve as a low
resistance route for transepithelial ion perme-
ation.223,758 This defines a “paracellular pathway” for
fluxes, across the tight junction, into the lateral intercel-
lular space, and out across the basement membrane to
the peritubular capillaries. The “transcellular pathway”
enters the cell cytosol via the luminal membrane and
exits across the basal cell surface or across the lateral
cell membrane into the lateral intercellular space. To
discern solute transport across individual cell mem-
branes, one must be able to monitor changes in intra-
cellular concentrations.110 Historically, the first
estimates of cell ion content derived from chemical
analysis of tissue. Difficulties with this method include
the inaccuracy associated with the subtraction of the
extracellular contribution to the total, as well as the

limitation of examining the concentration at only a sin-
gle point in time. An additional concern arises when
one tries to estimate transmembrane chemical potential
differences, if some of the cell ion content is bound or
sequestered, and thus not available to the “transport
pool.” Somewhat akin to the chemical assay has been
the application of the electron probe to determine cell
solutes. With the small beam of this technique, true
intracellular sampling can be ensured, although
the estimate of cell water is indirect and an important
source of uncertainty. Nuclear magnetic resonance
(NMR) spectroscopy has been used as a non-
destructive method for measuring intracellular sodium
of proximal tubules in suspension.278,396 Unfortunately,
only a portion of the cell sodium is “visible” by NMR,
and additional steps must be taken to estimate the total
pool.111 One fruitful technique for probing the cell inte-
rior has been the use of microelectrodes capable of pen-
etrating the cell membrane, presumably without
destroying the functional integrity of the cell. The elec-
trodes may record the electrical potential of the cytosol
or, when fashioned with a substance that reacts selec-
tively with an ion, the cytosolic electrochemical poten-
tial of the selected ion species. Although technically
challenging, these measurements provide precisely the
information necessary for establishing the driving
forces for ionic fluxes.219,370 Subsequently, ion-sensitive
fluorescent dyes were developed, and these could be
loaded into proximal tubule cells and used to monitor
continuous changes in pH,7 calcium174 or chloride.329,395

Despite the technical difficulty of studying the small
cells of mammalian proximal tubules, a reasonably com-
plete picture of the intracellular milieu is available
(Table 33.3). In the rat, the intracellular potential has
been found to be 276 mV.189 Good agreement has been
reported for the cell sodium concentration estimated
electrophysiologically (17.5 mmol/l)782 and with the
electron probe (20.3 mmol/l).61 Potassium is actively
accumulated above its electrochemical equilibrium.141,189

TABLE 33.3a Ion Activities in Rat Proximal Tubule

Cell

Conc.

Cell Activity Capillary

Conc.

Electrochemical

Potential Difference

(cell-capillary)‡

(mM) (mM) (mM) (J/mmol)

Na1 17.5 13 (a) 145 2 12.8

K1 113 82 (b) 4 1.3

Cl2 18 13 (c) 118 2.5

HCO23 17 (d) 12 25 6.3

PD 276 mV (b)

‡RT5 2.57 J/mmol; (a)781 (b)189; (c)139; (d)7.
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Although an early investigation suggested passive
distribution of chloride across the proximal tubule,639

subsequent work established cellular chloride uptake
against a potential gradient.139 The mechanism underly-
ing this elevation of cytosolic chloride will be considered
below. At this point, it suffices to acknowledge that the
potential hill for chloride is linked via several anion
exchangers to the bicarbonate potential. In turn, the
elevation of cytosolic bicarbonate is regulated and main-
tained well above the equilibrium value (1.4 mmol/L)
by a number of transport processes, including Na1/H1

exchange and metabolically driven proton extrusion
from the cell (H1-ATPase).9,576

It has also been possible to impale cells of the isolated
perfused rabbit proximal tubule. The intracellular poten-
tials of the proximal convoluted and proximal straight
tubules were first found to be 251 and 247 mV respec-
tively,89 and subsequent determinations have been con-
firmatory (2 50 mV590; 261 mV,70). In the proximal
straight tubule, the cell potassium activity is higher than
its electrical equilibrium. Both the cell potassium activity
and the cell potential fall (depolarize) with ouabain-
inhibition of the peritubular Na1, K1-ATPase.90 As in
the rat, the chloride activity is elevated above equilib-
rium, and there is good agreement between the electro-
physiologic determination (18 mmol/L)335 and that
found using a fluorescent dye (21 mmol/L).395 The intra-
cellular pH of rabbit proximal tubules in suspension was
first investigated using a radiolabeled weak organic acid.
Under control conditions, the cells were found to be
alkaline, 7.51, becoming acid with the application of oua-
bain, 7.42.96 Subsequent determinations have revealed
the pH to be lower (7.22,590), and thus more akin to that
found in the rat proximal tubule.

Luminal Membrane

General Properties

Important information about membrane permeabil-
ities and species-species interactions has been obtained

from studies in vesicle suspensions prepared from
proximal tubule brush border. The water permeability
of the luminal membrane was assessed by the response
of vesicle volume (light scattering) to an osmotic
shock.682,683,688 Corresponding to the approximate
doubling of transepithelial water permeability from
proximal convoluted tubule to proximal straight tubule
of the rabbit (Table 33.2), is the observation of a compa-
rable increase in water permeability of luminal
membranes from these two segments.680 Critical
insight into the mechanism of water transport came
with the discovery of an integral membrane protein
(designated AQP-1), which serves as a water channel,
or aquaporin, and is the principal water pathway for
luminal and peritubular membranes of proximal
tubule (reviewed by 2). Consistent with the membrane
water permeability measurements, the abundance of
AQP-1 along the proximal tubule doubles as one
moves from S2 to S3 segments.449 In mice, the impor-
tance of AQP-1 for proximal tubule water flux was
demonstrated with the study of S2 segments from
AQP-1 knockout mice, whose water permeability (Pf)
was about 20% that of wild-type mice.794 Additional
vesicle studies indicated that across the luminal mem-
brane, solute�water interaction appears to be minimal,
with a reflection coefficient for NaCl of 1.0.523,681,682

This is consistent with absence of solute permeation
through AQP-1, when expressed and studied in
oocytes.2 Thus, in the application of Eq. (33.6) to the
luminal membrane, the terms for convective solute flux
may be ignored.

Electrophysiological investigation of proximal tubule
revealed that luminal membrane electrical resistance
(260 ohm � cm2) is between one and two orders of mag-
nitude greater than the total epithelial resistance217,218

(Table 33.2). The impact of altering luminal ionic com-
position on intracellular potential suggested that the
potassium permeability of the luminal cell membrane
was much greater than the sodium permeability, and
that the chloride permeability was negligible.216 These
observations provided strong evidence that sodium
entry into proximal tubule cells is coupled to the entry
or exit of other solute species. Direct examination of the
conductive channels within this membrane using the
patch-clamp technique has been possible only to a
limited extent. In the first successful attempt, Gögelein
and Greger250 identified a channel in the luminal
membrane of rabbit proximal convoluted tubule, which
showed a greater conductance to K1 than to Na1.
Luminal K1 channels have also been identified in
patch-clamp studies of primary culture of rabbit S1
proximal tubule.471 Additional K1 channels have
been identified immunohistochemically in the luminal
cell membrane of mammalian proximal tubule, includ-
ing the voltage-gated channel KCNA10,776 and the

TABLE 33.3b Ion Activities in Rabbit Proximal Tubule

Cell

Conc.

Cell

Activity

Capillary

Conc.

Electrochemical

Potential Difference
(cell-capillary)‡

(mM) (mM) (mM) (J/mmol)

Na1 44 (e) 32 145 2 9.0

K1 68 49 (f) 5 0.8

Cl2 25 18 (g) 118 1.9

HCO23 16 (h) 12 25 4.7

PD 261 mV (i)

‡RT5 2.57 J/mmol; (e)278; (f)90; (g)335; (h)590; (i)70.
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voltage-dependent K1 channel complex, KCNE1/
KCNQ1.678 Both are thought to play a role in stabilizing
the membrane potential against the depolarizing effect
of Na1-dependent uptake of glucose and amino acids
(vide infra). This role for luminal K1 channels received
confirmation in microperfusion and electrophysiologi-
cal investigation of proximal tubules from homozygous
kcnq1 knockout mice.679

Luminal membrane sodium channels (PNa/PK $ 19
and blocked by amiloride) have been found in a
patch-clamp study of the rabbit proximal straight
tubule.251 This result anticipated the observation of
voltage-sensitive, amiloride-blockable sodium entry
across luminal membrane vesicles of this tubule
segment,340 and across the luminal membrane of cul-
tured LLC-PK1 cells.132 The LLC-PK1 cell line is
derived from pig kidney, and is thought to resemble
S3 proximal tubule. A later study of the S3 segment of
rat proximal tubule demonstrated a luminal mem-
brane conductance which could be inhibited by micro-
molar concentrations of amiloride, and which could
be enhanced by a low-sodium diet or mineralocorti-
coid injection.756 Under conditions of enhanced chan-
nel expression, the mRNA which encodes for the
ENaC sodium channel could be detected in these
proximal tubule cells. It is natural to surmise that the
capacity of the proximal straight tubule of the rabbit
to reabsorb sodium in the absence of a co-transported
solute599 might be a consequence of such channels.

Chloride channels have also been identified within
proximal tubule cell membranes. In the mammalian
kidney, an interesting finding has been the appearance
of a chloride conductance after addition of cyclic AMP424

or by modulating cytosolic production of cyclic AMP.425

These observations, made in a preparation of brush
border membrane vesicles, were confirmed in a patch-
clamp study of the luminal membrane of proximal
tubule cells in primary culture,168,577,653 and parallels
observations in other epithelia. Under the cellular condi-
tions of Table 33.3, one would expect such a channel to
be a pathway for Cl2 secretion; however, in the presence
of a lumen-to-blood chloride gradient, application of
cyclic AMP induces a reabsorptive transcellular chloride
flux, which can be inhibited by luminal application of a
chloride channel blocker.702 The physiologic role of this
chloride channel in proximal tubule function remains to
be delineated.

Sodium-Glucose Co-Transport

The first sodium entry pathway to receive intensive
study was its coupled transport with glucose.
Considerable insight had been derived from intestinal
and renal preparations, and the description of
co-transport that emerged received confirmation as
molecular biology provided expression and study of

these transporters in other cells.305,765,766,767 The
co-transport of glucose with sodium was demonstrated
in vesicles prepared from luminal membranes of rabbit23

and rat372 proximal tubules. In the presence of a sodium
gradient (medium to vesicle), vesicle glucose concentra-
tion rises to levels above that in the medium, and then
slowly equilibrates with the ambient concentration. This
glucose uptake, which carries a net positive current, can
be enhanced by short-circuiting the vesicle membrane.62

Conversely, glucose gradients (medium to vesicles) may
be used to drive vesicle sodium concentration transiently
well above that of the bathing solution.310 In the intact
epithelium, the presence of glucose and sodium in the
luminal perfusate depolarizes the luminal cell mem-
brane.217,452,586 Examining rat proximal tubule in vivo,
Samarzija et al.586 observed that the magnitude of lumi-
nal membrane depolarization is diminished by lowering
either the luminal glucose or sodium concentrations, by
depolarizing the luminal membrane, or by elevating the
cell glucose concentration. In short, reabsorptive flux of
the Na1-glucose pair is dependent upon the electro-
chemical potentials for each species across the luminal
membrane. These qualitative features of Na1-dependent
glucose flux could be captured using a linear nonequilib-
rium thermodynamic model of the co-transporter.729

Kinetic studies of glucose uptake across luminal
membrane have been presented within the framework
of carrier-mediated transport, characterized by a maxi-
mal transport rate and a luminal glucose concentration
for which transport is half-maximal (Km). When
Turner and Silverman examined sodium-dependent
uptake of glucose into vesicles prepared from dog
renal cortex, their data suggested the presence of two
such carrier sites.671 In their preparation a high-veloc-
ity, low-affinity site had a Km5 4.5 mmol/L, while the
second site had a low velocity and high affinity
(Km5 0.2 mmol/L). The possibility was suggested that
these two carriers might correspond to different sites
of glucose uptake along the nephron. In pursuit of
this issue, Turner and Moran638,668 prepared vesicles
from both the outer cortex and outer medulla of rabbit
kidney. Here, the low-affinity carrier localized to the
outer cortical region (presumably containing S1 and
S2 segments of the proximal tubule), and the high
affinity carrier localized to the outer medullary vesi-
cles (presumably containing S3 segments).
Corresponding to the affinity difference is the deter-
mination of a 1:1 (glucose:Na1) stoichiometry of the
cortical co-transporter,316,669 and a 1:2 stoichiometry of
the high affinity carrier.670 More direct studies, localiz-
ing glucose uptake, were performed in isolated seg-
ments of rabbit proximal tubule by Barfuss and
Schafer.44 Their data were compatible with a single
high-capacity carrier in the proximal convoluted tubule
(Jmax5 1800 pmol/s � cm2 and Km5 1.7 mmol/L), and
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low-capacity, high-affinity transporters in the proximal
straight tubule (Jmax5 170�270 pmol/s � cm2 and
Km5 0.35�0.70). Thus, these experiments presented a
coherent picture of a system of proximal glucose trans-
port which would, under normal conditions, deliver
only negligible quantities of glucose to the distal neph-
ron. It should be noted that Na1-glucose co-transport
appears in cultured cell systems, and its identification
was useful in establishing the similarity of the LLC-PK1
cell line to proximal tubule.549 As in the straight
tubule, the stoichiometry of glucose:Na1 is 1:2.417,476

Co-transport was also identified in primary cultures
of proximal tubule cells,153,777 again as high-affinity
with 1:2 stoichiometry,5,584 although electrophysiologi-
cal study of one preparation suggested a lower affinity
transporter.74

An important step in the study of Na1-glucose
co-transport came with the cloning of the gene for the
intestinal co-transporter, SGLT1 (or, using the Human
Genome Organization nomenclature, SoLute Carrier
SLC5A1).304 When this co-transporter was expressed in
amphibian oocytes328 or in mammalian cells,102 it had
high glucose affinity and kinetics indicating 1:2 stoichi-
ometry. Early on, the availability of the intestinal trans-
porter allowed identification of antigenic similarity
with renal brush border proteins.793 Subsequent in situ
hybridization studies localized SGLT1 to the S3 seg-
ment of proximal tubule, precisely the site suggested
by the kinetic data.413 Prior to the cloning of this trans-
porter, a number of detailed mathematical representa-
tions of Na1 co-transport had been
developed.306,367,557,667 In each of these models, the co-
transport of glucose and sodium was represented as a
series of reactions: substrate binding to carrier; translo-
cation of loaded carrier; unbinding at the opposite
membrane face; and cycle completion by translocation
of empty carrier. Expression of SGLT1 in oocytes
enabled more extensive electrophysiological investiga-
tion and reformulation of a more secure model. Steady-
state experiments revealed several salient features of
the transporter: solute binding affinity is asymmetric,
comparing inside and outside of the carrier; transloca-
tion of empty carrier is an important rate-limiting step
and sensitive to the transmembrane PD; and solute-
binding is not sufficiently rapid as to be considered at
equilibrium with respect to translocation.146,521,522 This
expression system also enabled time-dependent studies
to directly examine individual potential-dependent
steps within the transport cycle. These have been use-
ful in confirming charge of the unloaded carrier and
identifying similarity in kinetics of SGLT1 from human,
rat, and rabbit.302,437,520 More recently, Loo and co-
workers have focused on SGLT1 structure, and specifi-
cally characterization of the external sugar-binding
domain.311,439

The cloning of SGLT1 also yielded insights not
suspected from earlier studies, namely that protons
could substitute for sodium in the transport of glu-
cose,312 and that in the translocation of two Na1 and
one glucose, SGLT1 also transports over 200 water
molecules.438,469 This degree of water transport may be
important with respect to intestinal function, but in the
kidney these fluxes through SGLT1 will be tiny. The
discrepancy between the limited abundance of SGLT1
and the high capacity for glucose transport of cortical
brush border membrane vesicles was readily appar-
ent.519 Homology screening revealed a gene which
encoded for a second Na1-glucose co-transporter,
SGLT2 (SLC5A2), expressed in kidney, for which the
stoichiometry is 1:1 and which, by in situ hybridization,
localizes to the S1 segment of proximal tubule.353 More
detailed kinetic studies indicated that SGLT2 is the
low-affinity, high-capacity system identified in kinetic
studies.784 When SGLT2 is expressed in oocytes and
studied electrophysiologically, a kinetic scheme similar
to that for SGLT1 could be developed to represent this
transporter.445 While still other sodium-glucose co-
transporters have been identified, any significance with
respect to renal transport remains to be established.

Sodium/Proton Exchange

From a quantitative perspective, the most important
sodium flux across the luminal cell membrane is the
Na1/H1 counter-transporter.622 The Na1/H1

exchanger was securely established by Murer et al.,494

using a suspension of vesicles composed predomi-
nately of luminal membrane. Their basic observation
was that a sodium concentration gradient from suspen-
sion medium to vesicle interior resulted in acidification
of the medium. This effect required the presence of
intact vesicles, but was undisturbed when electrical
potential differences between the vesicle interior and
the medium were eliminated. Further, a suspension
medium alkaline, with respect to vesicle interior, stim-
ulated sodium uptake by the vesicles. These results
were confirmed in rabbit proximal tubule vesicles by
Kinsella and Aronson (Figure 33.4)374, who further
demonstrated alkalinization of the vesicle interior by
the inwardly directed sodium gradient. This counter-
transport is reversibly inhibited by amiloride,375 and
proceeds with a Na1:H1 stoichiometry of 1:1.376

Following those early observations, kinetics of the
proximal tubule luminal membrane Na1/H1 antipor-
ter were studied intensively.20,270,480 Vesicle prepara-
tions revealed a transport site that bound a single
Na1714 with an affinity roughly one-tenth that of the
external Na1 concentration, and with competitive
binding by H1 or NH4

1.24,375 Studies of the antiporter
at lower temperatures indicated that Na1 uptake and
H1 extrusion occurred in a sequential (“ping-pong”)
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fashion, with H1 transport likely to be the rate-limiting
step.513,514 The effect of intracellular pH is more com-
plex, with cytosolic alkalosis shutting off Na1/H1

exchange more sharply than a simple substrate deple-
tion effect.22 Cytosolic pH appears to have little impact
on the Na1 affinity of the antiporter,377 but rather
modifies the turnover rate.514 With respect to the
kinetic properties of this transporter, the information
gained from renal brush border membrane vesicles has
generally received confirmation in studies of isolated
proximal tubule cell suspensions,97,504 and in vesicles
prepared from established cell lines482 or from primary
culture of proximal tubule cells.209,652

In mammalian proximal tubule, comparison of
brush border and basolateral membrane vesicle
showed that the Na1/H1 exchanger is primarily
within the luminal cell membrane.338 In the intact
tubule, Schwartz616 presented evidence for the direct
coupling of Na1 and H1 fluxes, showing that ouabain
inhibition of the peritubular Na,K-ATPase, presumably
raising cell sodium concentration, could run the lumi-
nal Na1/H1 exchanger in reverse. Examination of
vesicles from cortical and outer medullary regions of
the kidney indicated that the Na1/H1 exchanger is
present along both convoluted and straight segments
of proximal tubule.339,483 More direct evidence for the
presence of the luminal membrane Na1/H1 exchanger
in the S3 segment was offered by Kurtz.400 Using
tubules whose cells had been loaded with the

pH-sensitive fluorescent dye, BCECF, he found acidifi-
cation of the cell interior with removal of luminal
sodium. Nevertheless, the vesicle studies indicated that
the maximal Na1/H1 exchange rate was lower in the
outer medullary population, suggesting a lower den-
sity of the transporter in straight proximal tubules.339

This also received confirmation by Baum,52 who
perfused both convoluted and straight proximal
tubules with BCECF-loaded cells. Comparing the
impact of changes in luminal sodium on intracellular
pH, he concluded that, relative to the convoluted
segment, the straight tubule had a 30% capacity for
Na1/H1 exchange.

In the molecular era, the Na1/H1 exchangers came
to be recognized as a family of transport proteins,
NHE-, with the luminal membrane exchanger of proxi-
mal tubule identified as NHE3 (SLC9A3). The gene for
NHE3 was cloned and sequenced,511,662 and the prod-
uct identified immunocytochemically in the brush
border membrane.99 Kinetic studies of the NHE3 in
expression systems generally confirmed the properties
noted a decade earlier in the membrane prepara-
tions.510,663 With respect to the Na1/H1 exchange
activity of the peritubular membrane, the NHE1
isoform was identified in basolateral membrane vesi-
cles and in immunohistochemical staining of rabbit
proximal tubule.100 Failure to detect NHE3 protein in
proximal straight tubule prompted speculation that
another NHE isoform may be operative in this seg-
ment.12 More generally, even in tubule segments in
which NHE3 was abundant, the magnitude of the
Na1/H1 flux that actually traversed this isoform was
uncertain. Based on the observation that the inhibitor
profile of rat brush border vesicle Na1/H1 exchange
was identical to the inhibitor profile of NHE3 in
expression systems, it was concluded that NHE3 was
the sole exchanger within the luminal cell mem-
brane.700 That view was quickly amended with the
development of the NHE3 knockout mouse, in which
proximal microperfusion revealed rates for Na1 and
HCO3

2 reabsorption of 25% and 40% compared with
wild-type.610 In subsequent in vivo microperfusion
studies, residual Na1 reabsorption was found to be
slightly greater, 60%443 and 45%.703 When the proximal
tubules from knockout mice were dissected, loaded with
BCECF, and perfused in vitro, the magnitude of luminal
Na1/H1 exchange could be assessed as the change in
intracellular pH in response to restoration of luminal
Na1.151 In those experiments, the Na1-dependent proton
secretion in knockout tubules was about 50% of the
wild-type, and completely inhibitable by amiloride. The
magnitude of NHE3 flux was also assessed in rat proxi-
mal tubules perfused in vivo, in which a specific NHE3
inhibitor reduced Na1 reabsorption by 30%676 and
40%.700 These values are likely to be underestimates of
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the NHE3 flux, in view of the fact that amiloride inhibi-
tion was only 50%.700 In sum, it seems safe to attribute
about half of the luminal membrane Na1/H1 exchange
to NHE3. With respect to the molecular identity of the
residual transport, both NHE2 knockout151 and specific
inhibitor studies700 have eliminated NHE2 as a candi-
date. Goyal and co-workers identified NHE8, within
kidney cortex258 and expressed on proximal tubule
brush border.257 Its quantitative role in luminal Na1/H1

exchange remains to be defined.
Regarding the functional importance of the luminal

membrane Na1/H1 exchanger in the proximal neph-
ron, two caveats are in order. It is important to distin-
guish total HCO3

2 reabsorption from the Na1-
dependent portion of HCO3

2 reabsorption. The luminal
membrane contains an H1-ATPase,120 and amiloride
block of the Na1/H1 transporter has been used to iden-
tify a significant component of proton secretion via the
H1-ATPase.41,319,400,537 The second caveat is that total
Na1-dependent proton secretion may be considerably
greater than tubular HCO3

2 reabsorption. Preisig and
Rector538 microperfused rat proximal convoluted with a
late proximal solution, low in bicarbonate and high in
chloride. In this situation, where net bicarbonate absorp-
tion was virtually absent, amiloride still inhibited 44%
of NaCl reabsorption. These findings were taken as
evidence for the importance of parallel pathways through
the luminal membrane for Na1 (via the Na1/H1

exchanger) and for Cl2 (via a Cl2 base exchanger) in the
net reabsorption of NaCl. The implication of such a
scheme is that the net flux of Na1 across the Na1/H1

transporter can well exceed the total reabsorptive bicar-
bonate flux. The first mathematical model of NHE3 was
based on a scheme of Na1-binding, translocation, and
release, H1-binding, translocation, and release, and also
included competing NH4

1-binding, translocation, and
release.734 In this model, all binding was assumed to be
rapid (equilibrium), and affinity coefficients were
assumed to be symmetric with respect to internal and
external faces of the transporter. With one additional
assumption, namely the inclusion of an internal modifier
site which enhances translocation in response to cytosolic
acidification, the kinetic behavior described in vesicle
studies could be represented. When this simulation of
NHE3 was incorporated into a mathematical model of rat
proximal tubule, Na1/H1 exchange functioned directly
to reabsorb luminal NaHCO3, and in parallel with a
luminal membrane Cl2/base exchanger, yielded net
NaCl reabsorption. An additional prediction of this
kinetic model was that Na1/NH4

1 exchange via NHE3
is the most important mechanism for ammonia secretion
by proximal tubule. This comported with conclusions
from tubules in vitro, that ammonia secretion from cellu-
lar ammoniagenesis could be blocked by inhibition of
NHE3.496 Both experiment and model cast doubt on an

earlier scheme of diffusive NH3 secretion and trapping in
acidic luminal fluid. With respect to NHE function, more
sensitive experimental techniques have revealed non-
linearities. Fuster et al. used a pH-sensitive electrode to
determine bath pH gradient in the immediate neighbor-
hood of proton-transporting cells; from the gradient mag-
nitude and the cell shape, they calculated the
transmembrane proton flux.231 When this methodology
was applied to cells expressing NHE1 (and to a lesser
extent NHE3), it was found that NHE turnover rate as a
function of external Na1 became sigmoidal.232 Their
observations were consistent with NHE schemes in
which two “monomers” functioned cooperatively to
yield a functional transport stoichiometry of 2Na1 for
2H1. The study demonstrated the power of an
electrophysiological technique to examine an
electroneutral transporter; whether the observations have
a physiologic correlate in kidney tubule function, remains
uncertain.

Chloride/Base Exchange

To enter the cell across the luminal membrane,
chloride must be transported up an electrochemical
potential gradient (Table 33.3); either co-transport
with luminal Na1 or exchange for cytosolic base, is
energetically feasible. In the rat, Lucci and Warnock444

found that furosemide inhibited two-thirds of the
fluid transport when the luminal perfusion was a
high-chloride, low-bicarbonate solution. In view of the
ability of a known inhibitor of erythrocyte anion
exchange (SITS) to also inhibit proximal volume reab-
sorption, Lucci and Warnock suggested that NaCl
transport occurred via parallel luminal Na1/H1 and
Cl2/OH2 (or Cl2/HCO3

2) exchangers. Warnock and
his colleagues supported this hypothesis with the
demonstration of pH-gradient driven, electroneutral
Cl2 fluxes across brush border membrane vesi-
cles.709,711,712 Similar conclusions were drawn by
Liedtke and Hopfer,421 whose study of luminal mem-
brane vesicles from rat small intestine indicated that
coupled Na1-Cl2 co-transport was unlikely. Their
work also indicated an inhibitory effect of furosemide
on the Cl2/OH2 exchanger.422 Absence of Na1-Cl2 co-
transport was also a consistent finding in vesicles pre-
pared from brush border membranes of the mammalian
kidney.493,623 In the straight proximal tubule of rabbit, a
Cl2 microelectrode study has failed to detect Na1-
dependent luminal chloride entry.335 Although a num-
ber of reports confirmed the presence of a Cl2/OH2

exchanger in renal brush border membrane vesi-
cles,129,144,637 the absence of quantitatively significant
flux through such an exchanger was indicated by
others.138,337,580,623 Methodological concerns relating to
vesicle experiments were raised on both sides of this
issue. When Schwartz617 perfused rabbit proximal
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convoluted tubules with a sodium-free acidic fluid, there
was no significant effect of luminal Cl2 on the appear-
ance of bicarbonate within the luminal fluid.

Critical insight into luminal chloride transport came
with the work of Karniski and Aronson,355 who demon-
strated a chloride-formate (Cl2/HCO2

2) exchanger in
brush border membrane vesicles from the rabbit. In
their experiments, a formate gradient could drive trans-
membrane chloride flux, and a chloride gradient could
drive formate flux. This process was electroneutral and
could be blocked by the anion exchange inhibitor,
DIDS. Most significantly, they found (Figure 33.5) that
while a pH gradient only slightly enhanced chloride
uptake, this same gradient in the presence of a physio-
logic concentration of formate could drive substantial
chloride flux. To account for this formate effect, they
suggested that a backflux of formic acid, down its con-
centration gradient, from the acidic bath to the alkaline
vesicle interior, would serve to constantly resupply the
Cl2/HCO2

2 exchanger. Karniski and Aronson pro-
posed that in the intact tubule, the concurrent operation
of Cl2/HCO2

2 and Na1/H1 exchangers, along with
backdiffusion of formic acid, would yield a net flux of
NaCl across the luminal cell membrane. Subsequently,

this mechanism was refined, with the identification of a
luminal membrane HCO2

2/OH2 exchanger, which
could recycle secreted formate back into the cell.585 (By
virtue of its inhibitor profile, this anion exchanger is
distinct from the Cl2/HCO2

2 antiporter.) One point of
difficulty with the overall scheme was the subsequent
finding that the diffusional permeability of the luminal
membrane to formic acid was far too low to sustain a
flux comparable to the estimated chloride flux.535 An
effort was made to rationalize this discrepancy mathe-
matically, by considering the possibility of formic acid
accumulation within an unstirred layer defined by the
brush border. It was found, however, that with realistic
diffusion coefficients, the microvilli were sufficiently
short that no significant differences of formic acid
concentration could develop between the bulk luminal
solution and that near the cell membrane.393,394 At this
time, the possibility of a microdomain of low pH adja-
cent to the luminal membrane in which the formic acid
to formate concentration ratio is enhanced remains the
least secure element of this proposed mechanism.

Acknowledging points of uncertainty, a scheme
emerged in which Cl2/base exchange in proximal
tubule is effected by two or more anion exchangers
functioning in parallel21 (Figure 33.6). To pursue this
scheme further, a candidate protein for the Cl2/
HCO2

2 antiporter was sought and purified from brush
border membrane vesicles.642 Of uncertain significance
was the observation that when reconstituted into phos-
pholipid vesicles, this protein could also mediate direct
Cl2/HCO3

2 exchange.641 The effect of formate has
been examined in intact tubules, with cells containing
BCECF, in which luminal chloride is able to acidify the
cell in the presence (but not the absence) of formate.8,51

It must also be acknowledged that one protocol which
could detect formate stimulation of Cl2/base exchange
in superficial proximal convoluted tubules failed to
detect it in tubules from juxtamedullary nephrons.634

There has also been the observation of a negative
formate effect in a study of proximal straight tubule,402

again raising the possibility of nephron heterogeneity
with respect to the mechanism of chloride entry. In
their search for chloride entry mechanisms, Karniski
and Aronson356 also demonstrated a Cl2/oxalate
exchanger within brush border vesicles, on a carrier
distinct from that for Cl2/HCO2

2. The subsequent
finding of luminal membrane pathways for oxalate
recycling, either in exchange for SO4

22 or OH2,398 sup-
ported the possibility that the Cl2/oxalate exchanger
may also be an important route for luminal membrane
Cl2 entry (Figure 33.6). Aronson and colleagues398,698

envisioned the possibility that three carriers in parallel,
Cl2/oxalate and oxalate/SO4

22 antiporters plus the
2Na1aSO4

22 co-transporter, would effect luminal
entry of NaCl.
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Confirmation of the importance of luminal chloride/
base exchangers came with measurements of fluxes in
intact proximal tubules. When any segment of rabbit
proximal tubule (S1�S3) was perfused with an acidic
(high Cl2, low HCO3

2 ) solution, there was a substan-
tial impact of formate to stimulate volume (NaCl) reab-
sorption603,604 In perfusions with a relatively alkaline
solution (such as an ultrafiltrate of plasma) there was
no such enhancement, presumably due to the limited
recycling of formate. In reviewing these observations,
Berry and Rector83 pointed out that the pH-dependence
of formic acid permeation effectively prioritizes proxi-
mal anion reabsorption along the tubule, HCO3

2 taking
precedence over Cl2. The increased volume reabsorp-
tion observed with formate was subsequently found to
occur in association with an increase in cell volume,
thus supporting the transcellular route for the incre-
ment in chloride flux.601 With perfusion of proximal
tubules of the intact rat kidney, both luminal formate

and oxalate enhance NaCl reabsorption from an acidic,
high-chloride, luminal solution.698,699,706 The ability of a
chloride channel blocker, DPC, within the peritubular
perfusate, to block the formate and oxalate effects is
additional evidence that the increment in NaCl flux is
transcellular.

Molecular identification of luminal membrane anion
transporters has focused attention on the SLC26 family
of anion exchangers.178,489 Of the members in this fam-
ily, the SLC26A4 transporter (pendrin) was demon-
strated to be a Cl2/formate exchanger when expressed
in Xenopus oocytes,619 and its mRNA was identified in
rat kidney cortex.645 The protein, however, was not
detected immunohistochemically in mouse proximal
tubule brush border.381 Furthermore, in pendrin knock-
out mice, Cl2/formate exchange in brush border
membrane vesicles was normal, and microperfusion of
proximal tubules showed normal formate stimulation
of volume reabsorption.357 The transporter SLC26A6
(CFEX, PAT1) could also mediate Cl2/formate
exchange in oocytes, and the protein was expressed in
brush border of mouse proximal tubules.381 Further
study of SCL26A6 revealed that it had a broad trans-
port capacity, which included Cl2/oxalate, Cl2/
HCO3

2, and Cl2/OH2.148,772 The observation that low
concentrations of oxalate could inhibit Cl2/HCO3

2

exchange led Jiang et al.345 to surmise that the primary
function of SLC26A6 in proximal tubule was as the
luminal Cl2/oxalate exchanger. This prediction was
borne out in a study of mice deficient in SLC26A6.705

The mice had normal serum electrolytes and normal
proximal tubule volume reabsorption under control
conditions; oxalate stimulation of proximal volume
flux was absent. These knockout mice showed only a
tendency toward deficient formate stimulation of
volume reabsorption, so that at this time, the identity
of the Cl2/formate exchanger(s) remains uncertain.

Suspicion that formate may have other effects on
proximal transport, beyond luminal anion exchange,
was raised in a mathematical model of rat proximal
convoluted tubule which included representation of
luminal membrane Cl2/HCO2

2 exchange.733 Simulation
of formate addition reproduced the observed cell swell-
ing and increase in cytosolic chloride concentration;
however, the density of the chloride/formate exchanger
had virtually no effect on overall NaCl reabsorption
along the tubule. In similar simulations, the density of
the Na1/H1 exchanger had a powerful impact on NaCl
reabsorption, indicating that for the model tubule,
sodium reabsorption was rate-limiting for NaCl flux.
Subsequent experimental examination of mice deficient
in NHE3 found that formate stimulation of proximal
sodium (volume) and chloride reabsorption was absent,
although oxalate stimulation was entirely preserved.704

These workers surmised that, in the normal tubule, there

FIGURE 33.6 Transport pathways across the luminal cell mem-

brane of the mammalian proximal tubule.
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might be a functional coupling between NHE3 and the
Cl2/formate exchanger. A direct study of the formate
effect on NHE3 function was undertaken by Petrovic
et al.528 In the absence of CO2/HCO3

2, addition of
formate to the bath and lumen of mouse microperfused
kidney proximal tubule caused intracellular alkaliniza-
tion, with cell pH increasing from baseline level 7.17 to
7.55. Removal of sodium from the lumen or addition of
EIPA completely prevented the alkalinization. It was
concluded that formate stimulates the apical Na1/H1

exchanger NHE3 in kidney proximal tubule, and that
formate stimulation of chloride reabsorption could be
indirect and secondary to activation of NHE3. An
intriguing possibility is that the Cl2/formate exchanger
may be acting as a formate receptor to modulate
NHE3.528 In a subsequent study, deletion of the Slc26a6
anion exchanger from the S3 mouse proximal tubule
diminished NHE3 activity, despite comparable protein
abundance.527

Peritubular Membrane

General Properties

The cell sodium content reflects the balance among
conductive, coupled, and metabolically driven fluxes
across both luminal and peritubular cell membranes.
In the rat, the potassium-to-sodium permeability ratio
is about 20:1,215 and the electrical resistance of this
membrane is 90 ohm � cm2, roughly a third of the lumi-
nal membrane.217 A similar apportionment of electrical
resistance appears in the proximal convoluted tubule of
the rabbit, where the peritubular and luminal
resistances are 39 and 118 ohm � cm2.410 In the straight
proximal tubule of the rabbit, Bello-Reuss70 has found
the peritubular sodium conductance undetectable. In
the first successful application of a patch pipette to the
peritubular membrane of rabbit proximal tubule, only a
potassium channel was clearly identified.250 With
respect to convective sodium fluxes across this
membrane, all the data are negative with one exception.
Welling et al.740,742 applied an osmotic shock to the
peritubular surface of isolated rabbit tubules and
recorded the change in cell volume. A comparison of
the effect of raffinose and NaCl indicated a reflection
coefficient, σNaCl5 0.5, suggesting that water flow
across this membrane would carry significant quantities
of NaCl. This surprising result did not receive confir-
mation, however, in two subsequent studies of basolat-
eral membrane vesicles. Using either light-scattering682

or a fluorescent indicator523 to assess vesicle volume,
salt reflection coefficients of 1.0 were obtained.
Subsequent experiments in whole tubule preparations,
with optical measurement of cell volume284 or using a
fluorescent indicator635 indicated σNaCl5 1.0, implying

no NaCl flowed convectively across the peritubular
membrane.

Sodium Bicarbonate Co-transport

Co-transport of sodium with bicarbonate is an
important pathway for sodium and the principal path-
way for bicarbonate exit across the peritubular mem-
brane in both amphibian and mammalian proximal
nephron.9,109,534 The delineation of this coupled trans-
port followed from the careful examination of bicar-
bonate exit from the salamander proximal tubule by
Boron and Boulpaep.108 Using pH and Na1-sensitive
microelectrodes, they observed that a reduction in peri-
tubular bicarbonate concentration led to a decline in
cytosolic pH, a peritubular depolarization, and a
decline in cell sodium activity. Further, a reduction in
peritubular sodium also led to a decline in cytosolic
pH and, in contrast to the expectation from a conduc-
tive Na1 pathway, peritubular depolarization. All of
these effects could be blocked by the anion transport
inhibitor, SITS. These results suggested the operation
of a coupled Na1 and HCO3

2 co-transporter, with the
exit of at least two bicarbonate ions for each sodium. In
the salamander, the electrochemical gradient of bicar-
bonate across the peritubular membrane was sufficient
to drive sodium exit from the cell, if the stoichiometry
were 2:1 or greater (HCO3

2:Na1). Subsequent study of
the Necturus proximal tubule confirmed the presence of
substantial voltage-sensitive HCO3

2 exit across the
peritubular membrane,454 which was later shown to be
coupled to Na1 and HCO3

2 transport.441 Here, it was
suggested that the stoichiometry might well be 3:1.
With regard to the issue of HCO3

2:Na1 stoichiometry,
one interesting set of observations in Necturus was the
finding that when functioning in the normal reabsorp-
tive direction, this ratio was 3:1, but when bath condi-
tions were changed to reverse the flux direction, the
ratio changed to 2:1.531 This suggested an asymmetry
with respect to the affinities of the substrates, perhaps
secondary to the conformational changes of the trans-
porter during the translocation step.

In rat proximal tubule, experiments using conven-
tional microelectrodes indicated that elimination of
bicarbonate from the perfused peritubular capillaries
produced a large instantaneous depolarization.225 In
this early work, the investigators attributed the depo-
larization to a conductive bicarbonate pathway and
estimated (Eq. (33.5)) that nearly half the peritubular
membrane conductance might be mediated by bicar-
bonate. Electrophysiologic study of the perfused
straight proximal tubule of the rabbit also disclosed a
steady-state depolarization with removal of peritubular
bicarbonate.70,89 In that work, however, the depolariza-
tion was attributed to a pH-dependent decrease in
peritubular membrane K1 conductance, and thus
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a decreased contribution of the K1 potential to the
overall membrane potential. The rat proximal tubule
was then re-examined, and still the results indicated
that the immediate depolarization produced by peri-
tubular bicarbonate removal did not depend upon
changes in membrane K1 conductance.123,124 This
depolarization was inhibited by SITS, but a clear impli-
cation of Na1 in the bicarbonate exit step was not
confirmed. Within a short period of time, a number
of investigators securely established the presence of
Na1aHCO3

2 co-transport in the peritubular mem-
brane of the mammalian kidney. Sasaki et al.590 using
pH-sensitive microelectrodes, demonstrated that in the
straight proximal tubule of rabbit, elimination of bath
sodium resulted in cellular acidification and peritubu-
lar depolarization, an effect that was partially blocked
by SITS. Biagi and Sohtell91,92 used conventional micro-
electrodes to document a peritubular depolarization
with sodium removal in both convoluted and straight
proximal segments. The effect was substantially blocked
by SITS, and attributed to coupled HCO3

2 transport.
Yoshitomi et al.781 re-examined the rat proximal tubule,
now using both Na1-sensitive and pH-sensitive micro-
electrodes. Removal of peritubular sodium or bicarbon-
ate led to the expected depolarization, acidification, and
decrease in cell sodium activity. When these investiga-
tors compared the (SITS-inhibitable) depolarization with
either 10-fold reductions of peritubular Na1 or HCO3

2

(equal changes in chemical potential) they found that the
impact of the bicarbonate removal was three-fold
greater. They concluded that the HCO3

2:Na1 stoichiom-
etry was 3:1. In an independent set of experiments,
sudden reduction in peritubular bicarbonate produced
peritubular HCO3

2 and Na1 fluxes (estimated from cell
size and buffering power), which confirmed the 3:1
coupling ratio.781

The peritubular bicarbonate pathway in the rat
proximal tubule was also investigated using fluores-
cence of intracellular BCECF to monitor changes in
cytosolic pH.7 In this first use of BCECF in the rat,
Alpern was able to document SITS-inhibitable acidifi-
cation of the cell with reduction of peritubular sodium.
When BCECF was used to detect pH changes along
the nephron, the transporter was identified in the S3
segment, but in clearly reduced capacity compared
with S2.52,238 Abuladze et al.,1 used BCECF to quantify
Na1aHCO3

2 transport capacity in all three proximal
tubule segments from both cortical and juxtamedul-
lary rabbit kidneys. They reported S1 fluxes three- to
five-fold greater than those of S2, and S2 fluxes eight-
fold greater than those of S3. Examination of isolated
basolateral membrane vesicles prepared from rab-
bit4,263 and rat kidney264 permitted the kinetics of the
transporter to be studied in relative isolation. By
determining driving force equilibrium across this

transporter, Soleimani et al.644 confirmed that three
negative charges were carried for each sodium.
Subsequently, the co-transported species were identi-
fied as one HCO3

2 plus one CO3
22.640 Identification of

the transported species was also pursued electrophysi-
ologically. In rabbit proximal tubules in vitro, under
“standard” conditions, the stoichiometry of peritubu-
lar HCO3

2:Na1 flux through this co-transporter was
2:1, and insensitive to carbonic anhydrase inhibition.
However, with perfusion conditions more closely
approximating those in vivo, the stoichiometry shifted
to 3:1, and was sensitive to carbonic anhydrase inhibi-
tion. This change in transport was interpreted as a
shift of the transported species from 2HCO3

2aNa1 to
CO3

22-HCO3
2aNa1, as in vivo490,492,625 Gross and

Hopfer273 studied the Na1aHCO3
2 co-transporter in a

cell line derived from the S1 segment of rat proximal
tubule, grown to confluence on filters. When the lumi-
nal cell membrane of this artificial epithelium was
permeabilized with amphotericin, cytosolic solute
concentrations were identified with those of the lumi-
nal solution, and the stilbene-sensitive transepithelial
current with current through the Na1aHCO3

2

co-transporter. Data from this preparation indicated a
3:1 flux stoichiometry,273 and provided information
with which to construct a detailed kinetic model for
this transporter.274,275

The Na1aHCO3
2 co-transporter (SLC4A4) was

cloned first from Ambystoma kidney,573 and then from
human127 and rat kidneys.128,572 Denoted akNBC,
hkNBC, and rkNBC respectively, all three
co-transporters are comprised of 1035 amino acids, and
structural comparisons have been presented.571,643 Using
antibody developed against rNBC, the protein was dem-
onstrated in rat proximal tubule in an exclusively baso-
lateral pattern, with intense staining in S1, rapid decline
in S2, and no detectable staining in S3.607 Staining in
Ambystoma proximal tubule was also basolateral, but
considerably weaker. Immunohistochemistry at the
electron microscopic level confirmed these findings.460

When rkNBC was expressed in Xenopus oocytes, trans-
porter function could be studied electrophysiologically,
and the stoichiometry of HCO3

2 to Na1 fluxes was
found to be 2:1.184,618 It was concluded that the function
of this transporter in mammalian cells in vivowas clearly
different from its function in oocytes. The conundrum
was sharpened with experiments in artificial epithelia
derived from mouse proximal tubule or collecting duct,
each deficient in NBC. In these two mammalian cells,
transfected kNBC showed 3:1 or 2:1 stoichiometry for
proximal and collecting duct cells, respectively.271

Important insight came from, Müller-Berger et al.491 who
examined rkNBC in oocytes electrophysiologically, and
found that with elevation of cytosolic calcium concentra-
tion, there was a relatively slow (30 second) activation of
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the NBC conductance, plus a shift in stoichiometry from
2:1 to 3:1. They understood that such events in the proxi-
mal tubule in vivo would constitute a switch from zero
(or secretory) peritubular HCO3

2 flux to brisk HCO3
2

reabsorption. This switch was deciphered by Gross
et al.,272 working with the artificial mouse proximal
tubule epithelium transfected with kNBC. They found
that addition of cAMP caused a shift in stoichiometry
from the basal 3:1 to 2:1, and this was PKA-dependent.
Replacing the single PKA phosphorylation site of the
transfected transporter eliminated the stoichiometric
shift.

Chloride Transporters

In early electrophysiologic investigation of both
amphibian276,636 and mammalian70,124,133 proximal
tubules, peritubular chloride conductance appeared to
be virtually absent or at least negligible. In proximal
convoluted tubules of the rabbit, perfused in vitro,
peritubular application of a chloride channel blocker
had no effect on NaCl reabsorption.53 Welling and
O’Neil744 found that in rabbit proximal straight tubule
the conductive chloride pathway in peritubular
membrane could account for about 6% of the total
membrane conductance. However, after cell swelling
induced by a 150 mOsmol hypotonic osmotic shock,
the chloride conductance increased to 20% of the total
peritubular membrane conductance. Using quantita-
tive video microscopy, the volume of rabbit proximal
convoluted tubules was unaffected by changes in
peritubular chloride concentration. However, prior
hypotonic cell swelling rendered the cell volume sensi-
tive to peritubular chloride concentration, and this
effect was eliminated by application of a chloride
channel blocker.602 Peritubular chloride channel block-
ers have also been effective in blunting the changes in
the membrane electrical potential following a change
in peritubular chloride concentration.626 Further
electrophysiologic study of rabbit convoluted tubule
during osmotic shock estimated the fractional chloride
conductance to increase from 3% to a maximum
of 16%, with relaxation to 8%. During these same
experiments, the fractional conductance of the
Na1a3HCO3

2 pathway declined from 41 to 16%, with
little change in the absolute conductance through this
pathway. Data from such experiments provide enough
information to estimate the reabsorptive flux of chlo-
ride through the peritubular channels. If one assumes
that the peritubular membrane has an electrical resis-
tance of 100 ohm � cm2,410 equivalently a conductance
of 10 mS/cm2, then the conductance of the
Na1a3HCO3

2 pathway is about 5 mS/cm2, as is the
maximal chloride conductance after the osmotic shock.
With reference to Table 33.3b, the cytosolic chloride
electrochemical potential across this channel is about

2 J/mmol or 20 mV. Multiplication by the steady-state
chloride conductance of the swollen cell, 2.5 mS/cm2,
yields a chloride current of 50 nA or 0.5 nmol/s � cm2.
This estimate may be compared with the overall trans-
epithelial sodium flux of late proximal convoluted
tubule at 4.5 nmol/s � cm2. Thus, the conductive chlo-
ride flux is not insignificant, and yet it cannot be the
whole story. Further, concern over the magnitude of
the osmotic shocks used in these experiments
prompted re-examination with smaller perturbations
by Breton et al.117 When the cell volumes increased by
only 20�25%, the peritubular chloride conductance
increased by only 3�4-fold from control. Another
important observation from the study of Breton et al.117

was that the time course of chloride channel activation
was delayed with respect to the time course of cell swell-
ing, suggesting perhaps a chemical modification of the
channel, rather than an immediate stretch-activated
response. As in the luminal membrane, increases in cyto-
solic cAMP also activate a chloride channel within the
peritubular membrane of rabbit627,628 and rat.702

From the considerations above, peritubular chloride
fluxes must also occur as electroneutral-coupled trans-
port with other ions. Guggino and associates277,436

examined chloride transport across the peritubular
membrane of Necturus proximal tubule, using Cl2- and
pH-sensitive microelectrodes. They found that follow-
ing either removal of peritubular Cl2 or increase of
cytosolic Cl2, exit of chloride from the cell was sub-
stantially blunted by removal of either peritubular Na1

or HCO3
2. This chloride exit was inhibited by SITS. In

view of the electroneutral nature of the process, they
proposed a coupled transport mechanism in which
intracellular Cl2 was exchanged for Na1 and 2 HCO3

2

from the peritubular side (Figure 33.7). Such coupled
transport systems had been established in invertebrate
neurons.576 Other studies of chloride permeation of the
peritubular membrane of amphibian proximal tubule
suggested a Cl2/HCO3

2 exchanger that was indepen-
dent of sodium,188,783 although such a transporter
would mediate chloride uptake by the cell. In the mam-
malian proximal tubule, peritubular Cl2/HCO3

2

exchange had been suspected from peritubular capil-
lary perfusion studies in the rat.119,673 More convincing
evidence for the presence of Na1-dependent Cl2/
HCO3

2 exchange in the peritubular membrane of rat
proximal tubule came from experiments of Alpern and
Chambers.10 In these tubules loaded with BCECF,
restoration of peritubular capillary chloride produced
cellular acidification. This acidification did not occur in
the absence of ambient (luminal and peritubular) Na1,
and was blocked by SITS. Consistent with these find-
ings was the observation264 that in basolateral
membrane vesicles from rat renal cortex, an oppositely
directed Cl2 gradient (inside to outside) stimulated
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HCO3
2-dependent Na1 uptake. In vesicles from the

rabbit, in which Cl2 uptake was assayed, it was found
to be enhanced by an outwardly directed HCO3

2 gra-
dient, and further stimulated by the addition of a Na1

gradient.145 In a Cl2 microelectrode study of rabbit
proximal convoluted tubule, Ishibashi et al.333 found
that removal of either HCO3

2 or Na1 from the peritub-
ular bath increased cytosolic Cl2, an effect inhibited by
SITS, and which was interpreted as confirmation of
Na1-dependent Cl2/HCO3

2 exchange. A subsequent
examination of the rate of decline of cell Cl2 following
perturbations of the peritubular bath suggested that
this transporter was the dominant pathway for peritub-
ular Cl2 exit.334

Examination of the straight proximal tubule of the
rabbit has not yielded consistent findings regarding the
Na1-dependence of Cl2/HCO3

2 exchange. Sasaki and
his associates, using pH-sensitive microelectrodes, first
found a small cellular alkalinization with the removal of
peritubular chloride.591 Subsequent study with a Cl2-
sensitive electrode demonstrated a substantial increase
in intracellular chloride with reduction of peritubular
bicarbonate, an effect that was blunted by the complete
removal of sodium and blocked by SITS.593 Using

straight proximal tubules containing BCECF, Kurtz401

found a peritubular Cl2/HCO3
2 exchanger that

could function in the absence of Na1. A basolateral
Cl2/HCO3

2 exchanger in this segment was also identi-
fied by Nakhoul et al.,500 but its Na1-dependence could
not be defined. A microelectrode study of the S3 segment
of the rabbit was performed by Kondo and Frömter,390

who observed that removal of bath Cl2 decreased intra-
cellular Cl2, alkalinized the cell, and produced no
change in cytosolic Na1. This effect was blocked by peri-
tubular SITS. Further, reduction of peritubular HCO3

2

increased cell Cl2, so that a strong case was advanced
for the presence of a Na1-independent Cl2/HCO3

2

exchanger in the peritubular membrane. With reference
to Table 33.3b, this exchanger must mediate chloride
uptake by the cell. A cycle of this exchanger in associa-
tion with a cycle of a luminal or peritubular Na1/H1

transporter would yield net cellular uptake of NaCl, and
could increase the volume of the tubule cell. Indeed, the
peritubular Cl2/HCO3

2 exchanger has been implicated
in the recovery of cell volume after shrinkage in a hyper-
osmolar medium.434,435,570

Electrically silent chloride exit across the peritubular
membrane may also occur as co-transport of KCl.710 This
transport mechanism had been proposed in connection
with studies of Necturus gallbladder by Reuss and his
associates559,560 as a means of rationalizing the necessary
Cl2 exit with the low membrane chloride conductance,
and was confirmed with the demonstration that intracel-
lular chloride activity could be made to vary with varia-
tion in the basolateral potassium concentration.163,558

With respect to the mammalian proximal tubule, beyond
the need for Cl2 exit, the brisk influx of K1 via the Na-
K-ATPase mandates substantial peritubular K1 exit. For
the rat proximal tubule, it was estimated that the
conductive pathway was inadequate to account
completely for this exit, so that in the construction of a
mathematical model of this epithelium a peritubular KCl
co-transporter was incorporated.727 The first evidence
for the proximal tubule KCl co-transporter came with
the experiments of Eveloff and Warnock198 on rabbit
renal basolateral membrane vesicles. Here, K1 or Cl2

gradients drove uptake of the other species in a voltage-
independent manner. These findings received support
with observations of furosemide-sensitive cell volume
decrease in rabbit proximal straight tubule,743 and
furosemide-sensitive K1 exit in proximal tubule suspen-
sions.30,391 In proximal straight tubule, Sasaki et al.589

used both K1- and Cl2-sensitive microelectrodes to
demonstrate the mutual interaction of K1 and Cl2 across
the peritubular membrane. This interaction was
independent of membrane electrical potential, and inde-
pendent of Na1. These findings received confirmation in
the proximal convoluted tubule, examined with Cl2-
sensitive microelectrodes by Ishibashi et al.,333 although

FIGURE 33.7 Transport pathways across the basolateral cell

membrane of the mammalian proximal tubule.
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in this work, coupled KCl exit appeared to be insensitive
to furosemide. A subsequent electrophysiological inves-
tigation also failed to detect furosemide-sensitive
coupled K1 and Cl2 fluxes.626 At the molecular level,
four KCl co-transporters have been identified within the
SLC12 family (SLC12A4-7), also known as KCC1-4.303,487

Cloning and expression of KCC1 was achieved by Gillen
et al.,246 who reported that it was widely expressed;
KCC3 and KCC4 were cloned by Mount et al.,488 who
noted a more selective expression, including kidney
for both.

Na,K-ATPase

Metabolically driven sodium extrusion from the cell
and potassium uptake are effected by the Na,K-ATPase
situated exclusively within the peritubular cell mem-
brane.358,403 The biophysical properties of this pump
were a key focus of early investigations of epithelial
transport.249,348�350 The functional transport unit of the
Na,K-ATPase consists of an alpha-subunit bound to
cytoplasmic structural proteins485 and an externally
protruding beta-subunit. Although there are three iso-
forms for the alpha-subunit, only a single isoform (α1)
appears to be expressed in proximal tubule.467,666 The
beta-subunit appears to function as a molecular
chaperone, targeting insertion of the transporter.237

Together the alpha�beta unit spans the peritubular
membrane and contains, within its interior, cation-
binding sites. A gamma-subunit to the Na,K-ATPase
exists within kidney, and has been identified as one
member of the FXYD family of proteins with wide
ranging organ distribution.27,234,237 The role of the
gamma-subunit remains uncertain, although it has
been suggested that it may function to limit transport
during hypoxia or other tissue stress.25,26 The most
widely held scheme350 for the operation of the pump
envisions a cycle which begins with an E1 state, in
which ATP is bound to the alpha-subunit and the
cation-binding sites are open to the cytoplasmic surface
for the binding of 3-Na1 ions. With the binding of
Na1, ADP is released, leaving a phosphorylated unit in
which the cations are initially inaccessible to either
membrane face (occluded). A conformational change in
the transport unit brings it to the E2 state, in which the
cationic-binding sites are open to the external surface.
At this point the release of Na1 is followed by the
binding of 2 K1 ions, and with hydrolysis of the phos-
phate bond, these K1 ions are occluded. Binding of
ATP is associated with the conformational transition
back to the E1 state, and release of K1 into the cyto-
plasm. Stoichiometry of the Na,K-ATPase was first
established in nonrenal systems,249,379,503 and this was
confirmed in oxygen utilization experiments in whole
kidney371 or in tubule suspensions.298,299 A suspension
of rabbit renal cortical tubules was examined, using

NMR to monitor Na1 transport from the cell and a K1-
electrode in the suspending medium to determine K1

uptake, and it was demonstrated that over nearly an
order of magnitude of Na,K-ATPase turnover, the
Na:K stoichiometry remained 3:2.29 By virtue of this
stoichiometry, the Na,K-ATPase generates a net out-
ward current across the peritubular membrane; pump
inhibition with ouabain induces prompt depolarization
of the peritubular membrane in rat proximal tubule.222

Development of a microassay system for Na,
K-ATPase by Schmidt and Dubach605,606 permitted the
first estimate of enzyme activity within individual
tubule segments. Subsequently, Morel and his collea-
gues developed a simpler assay and identified the
distribution of Na,K-ATPase along the nephron.180,360

They found comparable distribution in rat, rabbit, and
mouse, with substantially greater concentration of
ATPase in proximal convoluted tubule than in the
straight segment. Garg et al.233 found Na,K-ATPase
activities of the S1, S2, and S3 segments of rabbit proxi-
mal tubule to be 17.5, 6.7, and 3.8 pmol ATP/s � cm
tubule. Under conditions of the assay, maximal hydro-
lytic activity of the enzyme was determined, so that
maximal Na1 transport is three times these values.
Corresponding to the transport activity of the Na,
K-ATPase, there is a free energy change of 28.6 J/mmol
(Table 33.3) or 6.8 cal/mmol, a figure compatible with
the free energy of hydrolysis of ATP of 13�14
cal/mmol.686 El Mernissi and Doucet195 quantified
ouabain-binding sites of rabbit PCT, and found
0.109 pmol/cm or 253 106 sites/cell. Thus, the ATPase
activity of 10 pmol/s � cm would correspond to about
100 cycles/s of a single Na,K-ATPase unit. The actual
rate of sodium transport by the Na,K-ATPase is usually
less than maximal enzyme activity, and is dependent
upon the levels of intracellular Na1, peritubular K1, and
intracellular ATP. Of these three factors, in proximal
tubule in vivo, cytosolic Na1 concentration is the most
important regulator of pump activity.348,359 The half-
maximal enzyme activation occurs at 31 mmol/l,249,647

a level which is comparable to normal intracellular
chemical concentrations. The physiological correlate to
this biochemical data is the observation in Necturus
proximal tubule that the rate of sodium transport
responds to variations in the cytosolic sodium concen-
trations (Figure 33.8).650 This suggested that under
normal conditions the luminal cell membrane is the
rate-limiting step for sodium transport. With respect
to peritubular K1, half-maximal ATPase activation
occurs at concentrations under 1.0 mmol/l.249,647

In lysed membrane preparations, the half-maximal
saturation of ATPase activity, with respect to ATP,
occurs at 0.4 mmol/l.348,648 Thus, at normal levels of
intracellular ATP (1�3 mmol/l) there should be little
change in the rate of hydrolysis with variation of

1099THE TRANSCELLULAR PATHWAY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



the ATP concentration. Nevertheless, in the intact
tubule, partial inhibition of mitochondrial respiration
produced proportional declines in cellular ATP and
transport.279 In a more extensive study, Soltoff and
Mandel646,648 found a linear correlation between
cellular respiration and ion transport spanning a range
of cellular ATP concentrations of 0�4 mmol/l. Thus,
in the intact cell, it appears that ATP concentration can
serve as an intermediary between transport and
metabolism.

Coordination of Entry and Exit

Under normal circumstances, there may be several-
fold variations in glomerular filtration rate to which
the proximal tubule responds with nearly proportional
changes in sodium reabsorption (vide infra). Although
the mechanism underlying this glomerulotubular bal-
ance is not completely understood, the wide swings in
the transcellular fluxes of sodium and bicarbonate pose

a threat to the proximal tubule cell, with respect to
maintaining a viable cell volume and pH. Such chal-
lenges are not unique to proximal tubule, but threaten
all transporting epithelial cells, particularly the gastro-
intestinal epithelia, which experience swings in
sodium-dependent glucose and amino acid uptake.
In part, the kinetic response of Na,K-ATPase to cell
Na1 concentration will increase Na1 exit (Figure 33.8),
but this is generally insufficient to provide cellular
homeostasis. Schultz and associates have emphasized
the need for peritubular exit pathways to keep pace
with luminal entry in order to preserve the integrity of
cell composition and cell volume.611,612,613 Beyond this,
considerable attention has focused on the positive
correlation between the potassium permeability of the
peritubular membrane and the rate of epithelial
sodium transport.66,169 Increasing peritubular potas-
sium conductance beyond enhancing potassium exit,
should be expected to hyperpolarize the membrane,
thus enhancing chloride and bicarbonate exit as well.
The critical experimental observations were made in
the epithelium of the small intestine of Necturus, from
recordings with conventional and K1-selective micro-
electrodes.262,280 It was found that with the addition of
alanine to the luminal solution there was a prompt
depolarization of the cell interior in association with a
doubling of sodium reabsorption. Over a period of sev-
eral minutes the K1 conductance of the basolateral
membrane increased, repolarizing the cell and further
enhancing sodium transport. The parallel response of
peritubular K1-conductance with reabsorptive Na1

flux was subsequently documented in frog proximal
tubule, following the application of phenylalanine to
the tubule lumen,473,474 and in the mammalian proxi-
mal tubule with luminal application of glucose and ala-
nine.67,408,409 Direct examination of the K1 channel of
the peritubular membrane via patch-clamp has shown
that the increase in K1-conductance with luminal
application of organics is the result of an increase in
the open probability of this channel.65 Thus, attention
focused on identifying the signal by which luminal
solute entry could activate these channels. The two
principal candidates for modulators of peritubular exit
have been cell volume and coupling of the Na,
K-ATPase activity with K1-channel open probability
(pump-leak parallelism) via cytosolic ATP concentra-
tion. The signaling and transport effectors for cell vol-
ume regulation have been extensively reviewed.406,407

Examination of Necturus small intestine indicated
that both increased sodium transport and hypotonic
cell swelling had similar impact on the basolateral
membrane. These observations led to the proposal that
a transport-associated increase in cell volume might
mediate the enhanced K1-conductance found with
increased Na1 reabsorption.412 It had been known
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FIGURE 33.8 Transepithelial water flow, Φw, (or, equivalently,

transepithelial sodium flux) is plotted as a function of intracellular
sodium concentration in Necturus proximal tubules. Intracellular

sodium is decreased from the control value (30 mM) by substitu-

tion of luminal Na1 with tetramethylammonium (or substitution of
luminal NaCl with mannitol � see inset); sodium is increased

above control by the luminal application of amphotericin. (From650,
with permission.)
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since the experiments of MacRobbie and Ussing446 that
frog skin epithelium could volume-regulate. When the
skin was placed in a hypotonic bathing solution, the
initial swelling of the epithelial cells was followed by a
gradual restoration of cell volume, presumably with
the loss of cell solute. A critical observation was that
hypotonic swelling of the toad urinary bladder was
associated with increased basolateral membrane con-
ductance.210 In his analysis of cell volume regulation,
Ussing675 articulated the hypothesis that cell swelling
was associated with the appearance or activation of
both K1 and Cl2 channels within the basolateral cell
membrane, and loss of KCl via these pathways. With
respect to proximal tubule, there has been considerable
attention focused on the response of the peritubular
membrane to increases in cell volume.197,481,692 It was
first noted in proximal tubules from the rabbit that
exposure to a hypotonic solution was followed by a
“volume regulatory decrease” (VRD).170 This VRD was
associated with a loss of cytosolic potassium.261 In both
Necturus440 and rabbit tubules378 cell swelling enhances
peritubular K1-conductance. Further, Kirk et al.380

made the important observation that proximal tubule
VRD occurred during isotonic swelling, where cell vol-
ume increased as a result of enhanced luminal Na1

entry (rather than a hypotonic shock).
Proposed mechanisms of volume-induced K1-

conductance have included the direct effect of stretch on
the K1 channel or a volume-driven increase in cytosolic
Ca21, with secondary channel activation. Patch-clamp
studies have demonstrated stretch-activated K1 chan-
nels within the peritubular membrane of amphibian
proximal tubule,362,582 as well as stretch-activated non-
selective cation channels, which are permeable to
Ca21.207,208 In frog proximal tubule cells subjected to
Na1-alanine uptake, there is also evidence for stretch-
activated anion channels.475,567 In the mammalian
tubule, stretch-activated K1 channels have not been
identified; however, it was observed that hypotonic cell
swelling resulted in a rise in cytosolic calcium con-
centration.462�464 This finding, in association with the
appearance of Ca21-activated K1 channels during hypo-
tonic shock,363 supplied a plausible mechanism for the
increase in peritubular membrane K1 permeability. In
these studies (proximal straight tubules of the rabbit),
blocking the rise in cytosolic calcium eliminated the
hypotonic VRD. Questions were raised, however, by
experiments in proximal convoluted tubule,116 which
indicated that VRD persists despite elimination of the
rise in cell calcium. Most germane to the problem of
coordinating entry and exit is the observation that when
proximal convoluted tubules are exposed to luminal
glucose and alanine, there is no significant increase in
cytosolic calcium.63 The importance of this result is the
demonstration of differences in the cellular response to

hypotonic swelling, and that due to enhanced luminal
entry. Indeed, even in amphibian tubules, differences
between hypotonic and isotonic VRD have been
discerned, with Na1-coupled alanine uptake the VRD is
independent of external Ca21.486 Critical insight into the
coupling of transport to peritubular K1 permeability
came with the discovery that the peritubular K1 channel
open probability was decreased by increases in cytosolic
ATP concentration in the physiological range.664 With
application of luminal glucose and alanine to rabbit
proximal convoluted tubule, sodium transport
increased, cytosolic ATP decreased, and peritubular K1

conductance increased in proportion to the decrease in
ATP.64,664 When ATP was applied exogenously, this
effect of luminal organics to increase peritubular K1

conductance was eliminated.664 Conversely, application
of an inhibitor of the Na,K-ATPase increased cytosolic
ATP concentration, and thus decreased the open proba-
bility of the peritubular K1 channel.322

One question which received relatively little atten-
tion in these investigations, was whether the observed
changes in peritubular membrane K1 permeability
were sufficient to rationalize the observed volume
homeostasis. Contributing to this homeostatic effect is
the impact of increased K1 permeability to hyperpolar-
ize the peritubular membrane, and thus augment
chloride and bicarbonate exit. These events are compli-
cated by the fact that peritubular hyperpolarization will
also enhance luminal entry via the Na1-glucose co-
transporter, and cytosolic acidification (increased
peritubular HCO3

2 exit) will enhance luminal entry via
the Na1/H1 exchanger. The quantitative issue of the
sufficiency of the documented pump-leak parallelism
to maintain cell volume was examined in a mathemati-
cal model of proximal tubule.735 In those calculations, it
was found that with realistic bounds on the electrical
conductance of the peritubular membrane, variation of
K1 permeability by itself does not provide adequate
homeostasis for proximal tubule. Satisfactory volume
regulation was achieved, however, when the activity of
the peritubular Na1a3HCO3

2 co-transporter was
allowed to vary directly in response to changes in the
rate of luminal Na1/H1 exchange. Evidence for the
coordination of these two transporters will be consid-
ered below. There are data regarding the anion lost in
association with K1 during cell swelling, and it appears
to show some variability among species. In Necturus440

and mouse tubules,691 omission of bicarbonate impairs
VRD and cell swelling is associated with enhanced peri-
tubular HCO3

2 conductance.690 In the straight proximal
tubule of rabbit, however, removal of chloride impaired
VRD, while omission of bicarbonate or the application
of SITS had no inhibitory effect.743 In the proximal
convoluted tubule of the rabbit, hypotonic swelling
increases both K1-conductance and Cl2-conductance of
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the peritubular cell membrane.744,745 An intriguing
examination of cell volume was undertaken in primary
culture of mouse proximal tubule cells, comparing
wild-type with knockouts of the peritubular K1

channel, KCNE1.47 The wild-type cells showed VRD
with the appearance of swelling-induced K1 and Cl2

channels; the knockouts showed neither K1 nor Cl2

currents during swelling. When knockout cells were
transfected with KCNE1, both swelling-activated K1

and Cl2 currents were restored. These experiments
demonstrated a close functional linkage between the
two channels allowing a coordinated response to a
volume challenge.

THE PARACELLULAR PATHWAY

The Lateral Intercellular Space

It had long been recognized that certain epithelia,
such as gallbladder or small intestine, could transport
water from lumen to blood against an adverse osmotic
gradient. Curran167 and Durbin185 hypothesized that
metabolically-driven salt transport into an intraepithe-
lial compartment could drive transepithelial water
flow, if the membranes bounding this compartment
had suitable permeability properties. Subsequently,
several groups of investigators244,674,746 proposed that
the space between the basolateral cell membrane and
the basement membrane qualifies as the “middle com-
partment” within the epithelium. Salt transport into
the interspace across the lateral cell membrane would

induce an osmotic water flow across this membrane.
Accumulation of salt and water within the interspace
would then generate local hydrostatic pressure, suffi-
cient to drive this solution out across the permeable
basement membrane and connective tissue. This
proposal identifies the lateral intercellular space as part
of the pathway for the bulk of transepithelial water
flow. Morphologic observations on gall bladder,366,660

intestine,752 Necturus proximal tubule,76,456,457 and the
isolated perfused rabbit proximal tubule659 have all
been confirmatory, showing interspace dilatation with
reabsorptive flow and interspace collapse with cessa-
tion or reversal of flow.

It is also a secure finding that along the length of the
proximal tubule the luminal sodium concentration dif-
fers little, if at all, from that in peritubular blood. This
means that water reabsorption must occur in a constant
proportion to sodium reabsorption. Windhager et al.759

demonstrated that in Necturus proximal tubule the
sodium flux drives the net water reabsorption. These
investigators introduced into the tubule lumen solu-
tions isosmotic with plasma, but with varying sodium
concentration, in order to obtain a wide range of values
for the sodium flux. Over the course of the experiment,
the luminal osmolality did not change, indicating a
negligible external driving force in the passive move-
ment of water. Nevertheless, a plot of the net water
flux as a function of the net sodium flux shows a line,
the slope of which indicates that transport occurred
isotonically (Figure 33.9a). A similar series of experi-
ments was performed in rat proximal convoluted
tubule by Morel and Murayama.484 They again verified
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w, across the perfused proximal tubule of Necturus. The least

squares line of regression for the data points (solid line) is not statistically different from the line through the origin (dashed line), whose
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over a wide range of luminal sodium concentrations
(and sodium fluxes) that the flux of sodium determined
the flow of water. Further, the water flow occurred so as
to maintain the lumen isotonic to plasma (Figure 33.9b).

The dependence of isotonic water reabsorption on
sodium reabsorption has been referred to as “coupled
water transport” to distinguish it from water flux refer-
able to a demonstrable transepithelial osmotic gradient.
This coupled water transport has been rationalized in
an analysis of the lateral intercellular space as an
intraepithelial middle compartment.731,736,737 As in
Figure 33.10, the lateral interspace is represented with
a tight junction (JA), basement membrane (JB), and lat-
eral cell membranes (JL). A reference osmolality, C0, is
assumed (such as that of the blood), and the osmolali-
ties of the interspace, C01CE, of the lumen and cell
interior, C01CM, and of the peritubular solution,
C01CS, are written in terms of increments above or
below the reference. Each membrane, α, (α5A, B or L)
has water and solute permeabilities Lpα and Hα, and a
reflection coefficient σα. Transmembrane fluxes for
volume and solute are denoted by Jvα and Jsα.
Assumptions may be made which simplify the analy-
sis, but which maintain most of the important features
of the lateral interspace model: (1) the tight junction is
relatively impermeable, LpA5HA5 0; (2) the lateral
cell membrane is relatively solute impermeable, HL5 0,
and σL5 1; but (3) there is fixed solute transport across
the lateral membrane at a rate, N; and (4) the reflection
coefficient for the interspace basement membrane and
underlying tissue is zero, σB5 0. With these assump-
tions the transport equations for each membrane may
be written, for volume and solute flows:

Jv5JvL5LpL½ðPM2PEÞ1RTðCE2CMÞ�5JvB5LpB½ðPE2PSÞ�
ð33:9Þ

Js5JsL5N5JsB5JvBC01HBðCE2CSÞ ð33:10Þ
where PM, PE, and PS are the hydrostatic pressures in
the respective compartments. The equalities,
Jv5 JvL5 JvB and Js5 JsL5 JsB, reflect the fact that in the
steady-state, mass entry across the lateral membrane
must be equal to that leaving the channel mouth. It

may be noted that an additional approximation has
been introduced into Eq. (33.10), in which the reference
concentration, C0, is identified as the mean basement
membrane concentration.

When the mass balance relations are used to elimi-
nate the unknowns PE and CE, from Eqs (33.10) and
(33.11), one obtains an expression for transepithelial
volume flow:

Jv 5 LpðPM 2PSÞ1RTLp CS 2CM 1
N

HB

� �
ð33:11Þ

in which the epithelial water permeability, Lp, is given
by the expression:

Lp 5
LpLBHB

HB 1RTLpLBC0
where LpLB 5

LpLLpB
LpL 1 LpB

ð33:12Þ

Equation (33.12) describes the volume flow of the
whole epithelial model in terms of the permeability
parameters of the component membranes. It shows the
volume flow to be a linear function of the pressure and
osmolality of the bathing solutions. When there are
exactly equal bathing media (CM5CS5PM5PS5 0),
there is still transepithelial volume flow:

Jav 5RTLp
N

HB
5RTLpĈ ð33:13Þ

This “active water transport,” referenced in
Eq. (33.9), thus arises naturally as a component of
volume flow driven by intraepithelial solute�solvent
coupling, i.e., the empirically described “coupled water
transport.” It increases with larger rates of solute trans-
port and decreases when there is little solute trapping
by the basement membrane (large HB). The virtual
concentration, Ĉ5N=HB, represents the strength of
transport of the epithelium, in that volume flow just
ceases when the osmolality of the luminal solution is
raised by this amount. For a proximal tubule model
one must also verify isotonic transport. In approximate
terms, this means that only a small decrement in lumi-
nal osmolality is required for the reabsorbate tonicity
to be equal to that of the peritubular fluid. Formally,
one seeks the osmotic deviation, C*, such that if

FIGURE 33.10 Schematic representation of the lateral intercellular space. The cell and mucosal medium are assumed to be at the same
osmolality and pressure. (From736, with permission.)
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CS�C0, and CM�C0 2 C*, then Js/Jv�C0. This corre-
sponds to solving the equation:

C0 5
Js
Jv

5
N

RTLpðĈ1Cs 2CMÞ
5

N

RTLpðĈ1C�Þ
ð33:14Þ

which has the solution:

C� 5
N

RTLpLBC0
ð33:15Þ

When the luminal osmolality is decreased by the
amount C*, transport is isotonic to plasma. Provided
C* is at most a few mOsm/l, there will be no
experimentally-detectable difference between lumen
and blood. Transport is generally considered isotonic if
C* is within 2% of C0. It should also be noted that iso-
tonic transport depends only upon the water perme-
abilities of the epithelial membranes. The notion of
solute trapping within the interspace, which was cru-
cial to uphill water transport, is really unimportant in
the dynamics of isotonic transport.

Perhaps one of the confusing features of transport
isotonicity is that the relevant membrane permeabilities
may be quite different from the whole epithelial water
permeability that is actually measured. The expression
for Lp (Eq. (33.12)) shows that both water permeabilities
and solute trapping effects are involved. Intuitively,
this corresponds to the fact that water flow across the
lateral membrane, driven by a hypotonic lumen, will
tend to dilute the interspace and hence, negate some of
the osmotic flow. The interspace dilution will be smal-
ler for larger basement membrane permeabilities. This
“intraepithelial solute polarization” effect is an inescap-
able feature of the lateral interspace. The expression for
Lp may be rewritten:

Lp
LpLB

5
1

11 Ĉ=C� ð33:16Þ

which shows that to the extent that an epithelium can
transport against a gradient (large Ĉ), and yet reabsorb
water isotonically (small C*), the observed epithelial Lp
must be substantially smaller than the cell membrane
water permeabilities.

In Table 33.4, this model is applied to the data of
Tables 33.1 and 33.2 for proximal tubules of rat and
rabbit. The upper panel shows rates of isotonic
reabsorption, along with the measured water perme-
abilities. For the rat, two values for Lp are given, corre-
sponding to the older672 and later determinations.536 A
value for the equilibrium deviation from isotonicity
(C*) has been assumed to be at 2% of the ambient
osmolality. At least in the rat, this is comparable to
experimental determinations.265,432 The quantities in
the lower panel of the table are derived from the

experimental data using the model equations. The esti-
mate of cell membrane water permeability required for
isotonic transport, RTLpLB, is just Jv/C*. If the value of
RTLpLB computed for the rabbit tubule is referred to
the luminal and lateral cell membranes in series, each
of 36 cm2/cm2,738 then one obtains a unit membrane
water permeability, consistent with direct estimates,
using rapid video techniques.136,741 In theory, the
AQP1 knockout mouse, deficient in water channels
from both luminal and peritubular cell membranes,
provides a pure decrease in the parameter RTLpLB. The
experimental observations in this knockout were an
overall epithelial water permeability (Lp) about 22%
that of wild-type (Schnermann et al., 1998), and lumi-
nal hypotonicity (C*) about four-fold greater than wild-
type.677 In terms of the model developed here, and
with the assumption that active Na1 transport is little
changed in the knockout mouse, the change in C*
should reflect a 78% reduction in LpLB. The fact that the
fractional change in overall Lp is comparable indicates
that in the mouse, one would expect little intraepithe-
lial solute polarization, and thus little capacity for
water reabsorption against an adverse osmotic gradi-
ent. The discrepancy between the overall epithelial
water permeability and that of the cell membranes in
series, allows the calculation of the strength of trans-
port, Ĉ in Eq. (33.13).

Williams and Schafer754 have emphasized that the
middle compartment need not be the true lateral inter-
space, but could actually be the cortical interstitial
space. In their model of rat proximal tubule, the salt
permeability of the peritubular capillary corresponds
to the term HB used here. With estimates of cell mem-
brane water permeability and capillary solute perme-
ability comparable to those of the first column in
Table 33.4, they also predicted that solute polarization
would reduce the epithelial Lp to about 50% of that of

TABLE 33.4 Application of the Interspace Model to Proximal
Tubule

Rat PCT Rat PCT Rabbit PCT

Js (nOsm/s � cm2) 19 19 9.0

Jv (nl/s � cm2) 65 65 30

RTLp3 104 (cm/s �Osm) 44 22 63

Pf (cm/s) 0.24 0.12 0.35

c* (mOsm/L) 6 6 6

RTLLB3 104 (cm/s �Osm) 105 105 50

ĉ (mOsm/L) 8 23 �
Jv

a (nl/s � cm2) 35 51

HB3 104 (cm/s) 24 8.3 �
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the cell membranes. For the rat, the discrepancy
between Lp and LpLB requires that active water trans-
port be substantial, i.e., from 55�80% of the isotonic
flux (Table 33.4). In the more detailed models of proxi-
mal tubule epithelium which have been developed
there is considerable disagreement in the estimates of
coupled water flux, ranging from predomi-
nant323,324,583,657 to negligible.14,595,707,753 In a simulation
of the rat proximal tubule, in which both isotonic trans-
port and the whole epithelial Lp were reproduced faith-
fully, coupled water flux was estimated to be about
two-thirds of the isotonic transport rate.727 This corre-
sponded to a strength of transport of 23 mOsm/l of
NaCl. There are few experimental studies examining
uphill water transport by the proximal tubule.
Bomsztyk and Wright105 reported that in rat tubules,
microperfused with a low bicarbonate (10 mEq/l)
luminal solution, an additional 30 mmol/L of mannitol
was required within the lumen to nullify volume reab-
sorption. Although the interpretation of this experi-
ment was complicated by the presence of several forces
favoring water reabsorption (anion gradients and
protein oncotic forces), the findings suggested a sub-
stantial component of solute-linked water reabsorption
by the rat proximal tubule. Green et al.267 examined
the doubly perfused rat proximal tubule, specifically
with the aim of determining the presence of active
water transport. Using low bicarbonate solutions in
both tubule and capillary perfusions, an isotonic
luminal solution yielded reabsorptive water flux of
1 nl/mm �min. Varying only the luminal NaCl concen-
tration allowed the determination of volume flux as a
linear function of the transepithelial salt gradient
(Figure 33.11). Regression analysis indicated that a
luminal osmolality between 13 and 29 mosm/l
(depending on peritubular protein concentration)
greater than in peritubular blood would be required to
null volume reabsorption. These experiments docu-
ment active water transport by rat proximal tubule,
quantitatively close to model predictions, and thus
provide support for solute�solvent coupling within
the lateral intercellular space.

The interspace outlet permeability, HB, is a parame-
ter of critical importance. It directly determines the
strength of transport (Eq. (33.13)), and when this solute
permeability is sufficiently small (HB,RTLpLBC0) it is
dominant in determining the epithelial Lp (Eq. (33.12)).
Persson and Spring525 examined the subepithelial tis-
sue of Necturus gallbladder and found that it has only
about twice the resistivity of free solution. They argue,
therefore, that any important limitation to solute exit
from the interspace must derive from the small area of
the lateral interspace as it abuts the basement mem-
brane. More recent experiments using photoactivation
of caged fluorescent dyes have indicated that solute

diffusion within the lateral interspace is comparable to
that in free solution.770 Such had been the assumption
in analytical estimates of the electrical resistance of the
interspace fluid of proximal tubule from ultrastructural
data. Mathias,453 using data from the rabbit739 esti-
mated interspace resistance at about 4% that of tight
junction, and Maunsbach and Boulpaep458 calculated
4�21% of epithelial resistance may be attributed to the
interspace. Welling et al.740 have indicated that beyond
the limitations of interspace width, interdigitating
cellular elements at the base of the interspace may pro-
vide the most important barrier to mass exit. With ref-
erence to Table 33.4, Eq. (33.13) defines the outlet
permeability required by the model (HB 5N=Ĉ5 Js=Ĉ).
For the rat, HB is predicted to be 8.3�243 1024 cm/s.
When interpreted as an electrical resistance (Eq. (33.4)),
this is 0.4�1.1 ohm � cm2, and is not incompatible with
the whole epithelial resistance of 5�10 ohm � cm2.
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osmotic driving force in rat proximal tubules, in which both lumen

and peritubular capillaries have been perfused. Each point corre-
sponds to a single tubule perfusion. The abcissa is the transepithelial
osmotic driving force, Δπ1 σΔC; the ordinate is the measured vol-
ume flux, Jv. For each protein concentration, the line shown is the
graph of Eq. (33.1), so that the ordinate intercept, Jv

a, is the coupled
water transport (water flux in the absence of a transepithelial driving
force.) The abcissa intercept is the concentration of the luminal imper-
meant required to null volume reabsorption. (From267, with
permission.)
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The Tight Junction

The tight junction of the proximal tubule provides a
low resistance pathway between the luminal solution
and the lateral intercellular space. Morphologically, the
tight junctions have been identified with the “zonula
occludentes,” visualized in electron microscopy, in
which there is no detectable space between the epithe-
lial cells. Freeze-fracture techniques indicated the fibril-
lar structure of these junctions, with relatively few
fibrils present in the junctions of the proximal
tubule.156,539 In epithelia with greater electrical resis-
tance, there are, correspondingly, a greater number of
fibrils.155,156 The TJ strands may be viewed as chains of
particles, with typical spacing of these particles, as seen
in freeze-fracture electron micrographs, being in the
order of 20 nm.509 The structural composition of these
strands has been deciphered slowly.477,608 Occludin
was the first of the transmembrane proteins to be asso-
ciated with the tight junction,228 and to be implicated in
a functional role in junctional permeability.461 An
important advance came with the identification of
claudin-1 and claudin-2 within the junctional
strands.226,229 When claudin-2 was introduced into the
Madin�Darby canine kidney (MDCK) cells, a conver-
sion from a very “tight” junction to a “leaky” junction
was observed.227 This suggested that claudin-2 could be
responsible for the leakiness of the MDCK epithelium
and the formation of pores between apposing TJ
strands. Indeed, when the claudins expressed in MDCK
cells are selectively modified, the paracellular conduc-
tance of small electrolytes can be modulated, including
the anion/cation selectivity preference.159 The sodium
conductance of tight junctions containing claudin-2 can
also be modulated by changes in ambient calcium
concentration.785,786 Claudin-2 exists throughout the
proximal tubule, and in a contiguous early segment of
the thin descending limb of long-looped nephrons in
mouse kidney.196 In mice with deletion of the claudin-2
gene, the proximal tubules have a 2.5-fold increase in
electrical resistance, due to a decrease in tight junctional
Na1 permeability.495 Although these mice have normal
renal function, they do excrete a Na1 infusion more
rapidly than wild-type mice. Of note, the high Na1 per-
meability of proximal tubules appears as a maturational
event, and is not present in the neonatal period in
which natriuresis figures prominently.57,546 Apparently,
claudin-2 expression of proximal tubule is subject to
modulation by changes in metabolic status, and in the
rat is downregulated during metabolic acidosis.37 If the
impact of decreased claudin-2 is to increase distal NaCl
delivery, this might be expected to enhance the distal
nephron functions of K1 and net acid excretion.

Like proximal tubule, other leaky epithelia (gall-
bladder, small intestine) also transport large volumes

of salt solutions isotonically, and this encouraged
speculation as to the function of the tight junction in
isotonic water transport. A number of mathematical
simulations of proximal tubule addressed this
issue,323,324,583,651,657,736,737 but have simply not
provided an answer as to why electrical leakiness
should correlate with the ability to transport isotoni-
cally. The fraction of reabsorptive water flow which
actually traverses the tight junction is also unknown.
Arguments in favor of transjunctional water flow in
proximal tubules have included: substantial solvent
drag of ionic species16,106,224,266,308,361,596; the appear-
ance of streaming potentials with the application of an
impermeant osmotic agent164,221,661; and ionic perme-
abilities roughly in proportion to their mobility in free
solution.392 None of these findings, however, provides
proof of tight junctional water flow. Either streaming
potentials or solvent drag can come as the result of a
solute polarization effect within the interspace. With
solute polarization, water flux across the cell and
through the lateral interspace alters interspace ion con-
centrations, thus promoting either a diffusion potential
or diffusive flux across the tight junction. For a true
streaming potential, water flux across the tight junc-
tion must be present and carry either an anion or
cation preferentially. This issue was addressed by
Tripathi and Boulpaep661 in their measurements of
streaming potentials across the proximal tubule of
Ambystoma. With the application of peritubular
sucrose, a lumen-positive potential appeared, consis-
tent with either a streaming potential or interspace
NaCl depletion (and an anion-selective junction).
When ambient chloride was replaced by cyclamate,
the junction became cation-selective and its total con-
ductance substantially decreased. Repeat application
of peritubular sucrose produced the same lumen-
positive potential, now inconsistent with a diffusion
potential. With respect to the solvent drag measure-
ments, it is undisputed that intraepithelial solute
polarization may produce an overall reflection coeffi-
cient that is substantially less than that of the cell and
tight junction, taken in parallel. The question is thus a
quantitative one, as to whether one could construct a
model of proximal tubule with just the right solute
polarization to yield realistic reflection coefficients
as well as a proper Lp. So far, this does not appear pos-
sible. For the rat, the data of Frömter et al.224 were
used to determine composite interspace models for
this epithelium.730 It was found that all of the
acceptable interspace models required substantial
tight junction convective chloride flux.

An apparently direct argument for tight junctional
water flux in rabbit tubules came from Whittembury
and associates,135,253,748 whose estimate of the water
permeability of the peritubular cell membrane
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indicated a transcellular water permeability less than
the overall epithelial Lp. The unit membrane water per-
meability obtained with this technique has received
confirmation in a vesicle preparation,687,689 although
higher values have also been obtained.683 Strong
evidence for tight junction water flow was also
obtained in the rat, with observation of substantial
convective entrainment of sucrose, despite relatively
small diffusional flux.747 The small diffusive compo-
nent effectively rules out interspace solute polarization
as a confounding factor. Nevertheless, an objection
had been raised by Rector and Berry,80,553 who pre-
sented calculations based on pore theory which indi-
cated that the tight junctions were not large enough to
allow passage of a significant fraction of transepithe-
lial water flow. Subsequently, Preisig and Berry536

measured the permeation of sucrose and mannitol
across the rat proximal tubule. Applying the Renkin
equations to their data, they computed the dimensions
of the “sucrose pore,” and indicated that it could be
responsible for at most 2% of the tubule water perme-
ability. It was acknowledged, however, that a smaller
paracellular pore that did not admit the sucrose mole-
cule could account for up to one-third of the water
permeability. An important contribution to this discus-
sion came with the suggestion of Fraser and Baines213

that the tight junction might be more realistically
represented as a fiber matrix, rather than as a collec-
tion of pores. The critical feature of the fiber matrix
equations is that for a given solute permeability, the
water permeability can be substantially greater than
that predicted from the Renkin equations. It was dem-
onstrated that this formulation was compatible with
the known permeabilities of rat proximal tubule.213

Alternatively, Guo et al.281 reproduced a pore-
theoretic representation of the tight junction, utilizing
two pores to fit the mannitol and sucrose data of
Preisig and Berry.536 In this model, the two pores were
given anatomic correlates: the small pore was referred
to gaps in the apposition of claudins molecules, while
the large pore corresponded to breaks within a strand,
occupying about 2% of its length. With these dimen-
sions, tight junction water permeability was predicted
to be about 21% of transepithelial water permeability.

With the tight junction established as a route for
reabsorptive solute flux, a hypothesis was advanced
that the junction might be an important site for the
regulation of proximal sodium reabsorption. Lewy and
Windhager found that in rats, both with and without
acutely elevated renal venous pressure, there was a
direct correlation between single nephron filtration
fraction and proximal tubule sodium reabsorption.418

Given that lower filtration fractions would result in
reduced protein oncotic pressure within the peritubu-
lar capillaries, they surmised that this would lead to

reduced capillary uptake of fluid from the renal inter-
stitium and lateral intercellular space and, hence,
elevated interspace pressure. This, in turn, would
result in increased backflux of the sodium, already
transported into the interspace, that is, backflux across
the tight junction into the lumen. At the time of this
proposal, attention had focused on intrarenal mechan-
isms responsible for the natriuresis of extracellular
fluid volume expansion with saline.187,383,384 Dirks
et al.173 had shown that proximal tubule sodium reab-
sorption was depressed following saline expansion.
In the dog, the ability to reverse the natriuresis with
infusion of hyperoncotic albumin indicated that
peritubular oncotic pressure could influence sodium
reabsorption, and Earley and his associates186,451 had
proposed that renal interstitial pressure might be an
intermediate variable. Subsequent micropuncture
experiments in the rat documented enhancement of
proximal sodium reabsorption by peritubular pro-
tein.113,114,385 In particular, the depression of proximal
tubule sodium reabsorption which occurs with saline
infusion could be reversed by perfusion of the efferent
arteriole with a solution whose protein concentration is
comparable to that under control conditions.115,649 It
has been well-documented that changes in the ambient
protein concentration alter sodium reabsorption by the
perfused proximal tubule. In the isolated perfused
rabbit proximal tubule, Imai and Kokko found
enhancement of sodium reabsorption with increasing
concentrations of protein in the bathing solution.331 In
the absence of peritubular colloid, the permeability of
the tubule to sucrose was increased. In the rat kidney,
Green et al.269 studied proximal tubule volume reab-
sorption when albumin was present in varying concen-
trations in luminal or peritubular capillary perfusates.
Figure 33.12 shows the asymmetry (luminal versus
peritubular protein) and the non-linearity of the reab-
sorptive enhancement by peritubular colloid. This
implies that the colloid effect is not a simple oncotic
force, such as might be reckoned using Eq. (33.1) and
the known water permeability. It does suggest that the
increase in peritubular capillary albumin changes the
“state” of the epithelium to make active sodium trans-
port more efficient at driving volume reabsorption.
A comparable asymmetric effect of protein on salt reab-
sorption was also documented in rabbit proximal
convoluted tubule in vitro.332

It is a tenet of the backflux hypothesis that the action
of peritubular protein is mediated through an effect on
renal interstitial pressure and hence, pressures within
lateral intercellular spaces. In substantiation of this
point, decreases in peritubular capillary oncotic pres-
sure, which occur with saline volume expansion, result
in increases in renal interstitial pressure (as least as
assessed by renal subcapsular pressures).515,516,548,629
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Prevention of this rise in interstitial pressure by apply-
ing a renal artery clamp also prevents the fall in abso-
lute proximal reabsorption associated with saline
expansion.212,327 Further, the deliberate increase of
renal interstitial pressure by the instillation of fluid
decreases proximal sodium reabsorption and produces
a natriuresis.260,287 Morphologic examination of the
proximal tubule of the rat75,140 has shown progressive
dilation of the lateral intercellular space, as well as
opening of the interspace at the tubule basement mem-
brane, with increments of saline volume expansion. The
precise mechanism of sodium “backflux” across the
tight junction remains to be delineated. One possibility
is that with increased interstitial pressure there is junc-
tional widening and diffusion of sodium from inter-
space to lumen. A small decrease in epithelial electrical
resistance has been documented with saline-loading in
the rat.621 In the rat, mannitol injected into the proximal
tubule does not permeate and is completely recovered
in the urine. However, with massive saline diuresis, as
with renal venous constriction or elevated ureteral pres-
sure, a significant fraction of the mannitol traversed the
tubular epithelium into the systemic circulation.442

Similarly, sucrose infused into the systemic circulation
may permeate the proximal tubule epithelium during
periods of renal vein constriction.42 Perhaps the stron-
gest objection to the view that sodium diffuses back

across widened junctions is that, at least in the rat prox-
imal tubule, the electrodiffusive force on sodium is
likely to be in the reabsorptive direction. A second
possibility is that backflux of sodium across the tight
junction occurs by convective flow. The tight junctions
of the leaky epithelia are very sensitive to hydrostatic
pressures applied from the contraluminal side. In rabbit
gallbladder684 and Necturus proximal tubule,259,301 con-
traluminal pressures drive substantially greater volume
flow across the epithelium than an equal luminal
pressure. In Necturus, volume expansion decreases the
proximal tubule NaCl reflection coefficient.77 In these
experiments, it is likely that junctional structure is dis-
torted, forming relatively large pores with negligible
sieving of solute, as both salt and water return to the
lumen. Indeed, in the meticulous study of van Os
et al.684 on the rabbit gallbladder, serosal pressures
drove water back into the lumen at a rate 30-fold
greater than would have been predicted from the
osmotic water permeability of this epithelium. This
occurred with little change in diffusional solute perme-
ability. These investigators suggested that their results
were most compatible with a serosal pressure effect of
opening up relatively large water channels at a small
number of junctional loci. Convective backflux across
the tight junction of rat proximal tubule has been
invoked by Ramsey et al.550 to explain their observation
that the luminal appearance of lanthanum deposited
within the renal interstitium is enhanced during saline
volume expansion.

The mathematical model of the lateral interspace, set
out in the previous section, cannot represent the peri-
tubular oncotic effects on sodium reabsorption consid-
ered above.728 However, when this model is extended
by inclusion of a compliant tight junction, a regulatory
effect of peritubular Starling forces can be simulated.732

In this case, tight junction “compliance” signifies that
both junctional salt and water permeability increase,
and the salt reflection coefficient decreases in response
to small pressure differences from lateral interspace to
tubule lumen. Although these compliance properties
were completely empirical, they provided a model in
which decreases in peritubular protein (which
increased interspace hydrostatic pressure) opened the
tight junction, and produced a secretory salt flux. This
backflux was a combination of both diffusive and
convective terms, and did not specifically require either
component to dominate. When this model was used to
simulate the experiments of, Green et al.269 the model
predictions were consistent with the observed reab-
sorption. The predicted fluxes appear as the dashed
curve in Figure 33.12. In this model of the tight junc-
tion, once the interspace pressure falls below that of
the lumen, the junction is closed and junctional proper-
ties are fixed. The consequence of junction closure in
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the simulation of Figure 33.12 is that beyond a certain
value of peritubular protein, one expects little influ-
ence of peritubular Starling forces on volume reab-
sorption. In this light, it is not surprising that a
number of investigators found no significant influence
of peritubular protein on proximal reabsorp-
tion,40,161,315 and even interstitial Starling forces could
correlate poorly with sodium transport.103,472,665

Consistent with this view are the observations by Ott
et al.516 that in the dog, hyperoncotic albumin infu-
sion increased proximal reabsorption only in the pre-
viously volume-expanded group. In the isolated
perfused proximal tubule of the rabbit, several reports
have indicated a lack of effect of peritubular bath pro-
tein on paracellular permeability.79,82,410 Pirie and
Potts529 explored the influence of pressure gradients
in this preparation. They found that elevations in
intraluminal hydrostatic pressures abolished the effect
of peritubular protein to enhance sodium reabsorp-
tion. Although they did not offer a specific explana-
tion for their data, the present considerations might
suggest that with higher luminal pressures, the tight
junction always stayed closed.

REGULATION OF PROXIMAL NaCl
TRANSPORT

Convergence on NHE3

Considerable attention has been given to under-
standing proximal sodium reabsorption in relation to
neural and hormonal signals, and to changes in
glomerular filtration rate. The luminal membrane
Na1/H1 exchanger is responsible for both NaHCO3

reabsorption and a substantial component of NaCl
reabsorption. This, along with the fact that luminal
entry is rate-limiting for transcellular sodium flux, ren-
ders the antiporter ideally suited as a regulatory site
for proximal reabsorption. Indeed, a coherent picture
has emerged in which every signal that regulates proxi-
mal Na1 reabsorption converges on NHE3. A remark-
able diversity of pathways has been identified as
proximate modifiers of the antiporter.176,177,243,270,300,478,717

Regulatory signals to NHE3 converge on the carboxy-
terminal tail of the transporter, and Donowitz and Li176

have organized the NHE3 binding partners and signals
anatomically, according to their position on this tail
(Figure 33.13). Of these, the most important is inhibition
by cAMP-dependent phosphorylation of the antiporter
by protein kinase A (PKA).351,479,722 Liu and Cogan430

examined bicarbonate reabsorption by the S1 segment of
rat proximal tubule following a variety of maneuvers
designed to affect cellular cAMP concentration. When
luminal appearance of cAMP is used as a measure of

cytosolic concentration, the correlation with bicarbonate
transport over nearly a 10-fold range is striking
(Figure 33.14). The acute nature of these experimental
maneuvers must be emphasized, since the impact of
chronic stimulation by cAMP is different.131 Beyond
cAMP effects, NHE3 activity is also phosphorylated
acutely by the calcium�phospholipid-dependent
protein kinase, PKC,354,470,720,721,750 by direct signals
from G-proteins,6 and perhaps by a tyrosine kinase.247

Beyond transporter phosphorylation, rapid regulation of
sodium reabsorption via NHE3 is achieved through
cellular machinery that makes NHE3 physically
available within the brush border membrane, including
insertion and retrieval of transporter from subapical
vesicle pools.104,199,307,790 Ultimately, chronic NHE3
regulation must be referable to the protein synthetic
machinery.317,130,248

Of the signals that impact NHE3 flux, the first to be
studied was the decrease in Na1/H1 exchange via
cAMP-dependent phosphorylation, initially as a con-
sequence of parathyroid hormone (PTH)-binding. This
signal pathway is critical to the action of angiotensin II
and dopamine, and will be considered below. The
PTH effect was documented in isolated perfused prox-
imal tubules,171,293 and paralleled the effect of cAMP
when examined in tubule suspensions174 or brush bor-
der membrane vesicles.351 A major advance came with
the identification of a protein cofactor, NHERF-1
(NHE regulatory factor), which is required for cAMP
phosphorylation of NHE3.723,726,792 Ultimately, a num-
ber of such regulatory proteins have been identified
whose role has come to be recognized as scaffolding
molecules, for which transporter-binding occurs by
virtue of their tertiary structure, termed PDZ
domains.93,175,176,716 The OK cell is a proximal tubule
cell line from opossum kidney that expresses NHE3
and NHERF-1, and which displays cAMP-dependent
inhibition of NHE3. This cell served as a preparation
in which to demonstrate the physical link between
NHE3 and NHERF-1, as well as a link between
NHERF-1 and ezrin.405 Ezrin is a protein kinase A
(PKA) anchoring protein, as well as a linking molecule
to the actin cytoskeleton. The scheme that emerged
was that of a multiprotein signal complex, in which
NHERF and ezrin brought PKA and NHE3 into prox-
imity718,724 (Figure 33.13). Supporting this picture in
the intact kidney was immunocytochemical co-
localization of NHE3, NHERF-1, and ezrin within the
brush border of rat proximal tubule.693 Although mice
with homozygous deficiency of NHERF-1 show nor-
mal electrolytes, brush border membrane vesicles
from these mice showed no effect of cAMP to inhibit
NHE3 activity, despite normal protein levels of NHE3,
PKA, and ezrin.632,725 Cultured proximal tubule cells
from these mice display absent regulation of NHE3 by
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PTH, which could be restored via transfection with
adenovirus containing the gene for NHERF-1.166

Although NHERF-1 binds to the proximal tubule lumi-
nal membrane Na1-phosphate co-transporter, NaPi-2a,
and although NaPi-2a is downregulated by PTH, the

NHERF-1 role in this context may be quite different
from its NHE3 paradigm. In the case of NaPi-2a,
NHERF-1 affects trafficking,632 but there is no evidence
that NHERF-1 is involved in the PTH-induced cAMP-
dependent phosphorylation of this transporter.93,94
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Beyond chemical modification of a fixed contingent
of microvillous Na1/H1 exchangers, there is regula-
tion of the NHE3 density within the luminal mem-
brane.466,633 An early observation in cultured
proximal tubule cells was that PTH perturbed actin
filament structure and caused microvillous shorten-
ing, events not replicated with application of cAMP
alone.252 Subsequently, density-gradient centrifugation
of cell homogenates permitted examination of distinct
membrane vesicle populations from rat proximal
tubule suspension. It was found that PTH treatment
resulted in migration of Na1/H1 exchange activity
from one fraction to another, and then disappeared.307

With the availability of NHE3-specific antibody, the
distinction between Na1/H1 activity and NHE3
abundance could be made. Using vesicles prepared
from the kidneys of parathyroidectomized rats treated
acutely with PTH, it was found that within minutes
of treatment Na1/H1 activity decreased, and phos-
phorylated NHE3 appeared. Over the course of hours,
brush border NHE3 antigen declined, and this could
be blocked by pretreating the animals with colchi-
cine.199 The ability of PTH to couple to adenylate
cyclase appears to be critical to its ability to provoke
NHE3 redistribution.790 Events in vivo were mimicked
in OK cells in which PTH induced a rapid phosphor-
ylation of membrane-bound NHE3 and a parallel
decrease in function, and then a slower retrieval of
the cell surface transporter into an endocytic path-
way.160 Disruption of the actin cytoskeleton in proxi-
mal tubule suspension produced an increase in NHE3
abundance in luminal membrane vesicles prepared
from these tubules.142 A precise role, however, for the
actin cytoskeleton in the regulation of NHE3 function
has been elusive. Beyond transporter retrieval, the
state of cellular actin fibers has been implicated in
modulation of PKA phosphorylation of NHE3, consis-
tent with its physical association with the
NHERF�ezrin complex.399,654 An additional complica-
tion is that the retrieval destination of apical transpor-
ters may be transporter-dependent. Whereas PTH
in vivo produces transfer to endosomes of the luminal
membrane sodium�phosphate transporter, the desti-
nation of NHE3 appears to be a reserve compartment
at the base of the microvilli.774 In addition, NHE3 is
also internalized in association with megalin to a dis-
tinct vesicle compartment98,101; this appears to be crit-
ical to the action of the proximal tubule to reabsorb
and process luminal proteins in OK cells and in
mouse.240,241 The kinetics of insertion and retrieval of
NHE3 are clearly altered in consequence to demands
for proximal Na1 conservation (see below), although
precise mechanisms remain uncertain, due in part to
the uncertainty of extrapolation from cell culture
preparations to tubules in vivo.

Modulation of the Na,K-ATPase

All of the regulatory signals that impact on the lumi-
nal Na1/H1 exchanger also modulate the Na,
K-ATPase.204 Early study of the action of PTH in OK
cells identified the release of inositol triphosphate (IP3)
and diacyl glycerol, along with an increase in cytosolic
Ca21. In intact proximal tubule cells and basolateral
membrane vesicles, it was possible to confirm the IP3
release.320 With this information, it was natural to focus
on the role of protein kinase C (PKC) in mediating the
PTH-induced decrease in proximal Na1 reabsorption.
Baum and Hays55 were first to examine the effect of
PKC activation on PCT transport, and demonstrated
inhibition of bicarbonate, chloride, and glucose trans-
port by rabbit tubules in vitro. This global effect on
multiple solutes was consistent with inhibition of the
Na,K-ATPase, and this was the finding of Bertorello
and Aperia,85 who determined maximal Na,K-ATPase
activity in rat proximal tubules preincubated with a
PKC activator. The logical connection of these portions
of the story was the demonstration that PTH inhibited
maximal Na,K-ATPase activity in tubules in which
cytosolic Na1 was elevated by the ionophore, monen-
sin.562 This stimulation also occurred when a truncated
PTH analog was used, which had no PKA activity, so
that the Na,K-ATPase inhibition was dissociated from
cAMP generation. These observations were supported
by the finding in intact tubules that the PTH effect on
Na,K-ATPase is eliminated by inhibition of PKC with
staurosporine594 or with calphostin.508 Interest has
focused on the structural correlates of Na,K-ATPase
regulation, and these have been depicted by Feraille
and Doucet204 (Figure 33.15). The first observation is
that regulatory phosphorylation occurs on the alpha-
subunit, which can be phosphorylated by both PKA
and PKC.86 There is a single PKA phosphorylation site
at a serine within the last cytoplasmic loop, while PKC
phosphorylation occurs on the N-terminal cytoplasmic
tail.68,205 The rate of alpha chain phosphorylation by
PKC was influenced by the ionic environment, enhanc-
ing with K1 and diminishing with Na1, suggesting
preference for the E2 over the E1 conformation.205 The
converse of this observation has also been reported,
namely that PKC phosphorylation impacts on the con-
formational equilibrium of the enzyme, favoring the
E1-Na state.433 Although an inhibitory effect of PKC
phosphorylation had been reported86, Feschenko and
Sweadner206 found no effect of alpha-subunit phos-
phorylation on Na,K-ATPase kinetics, neither on maxi-
mal velocity nor Na1 affinity. They concluded that the
regulatory impact of PKC must derive from the cellular
environment, and other signals.

One complicating aspect of the PTH effect on proxi-
mal tubule Na,K-ATPase is the interaction with the
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cytochrome P450 pathway. Ribeiro et al.561 demon-
strated that PTH released arachidonic acid in proximal
tubule suspension, that a specific inhibitor of P450
prevented the inhibitory effect of PTH on the Na,
K-ATPase, and that the effects of 20-
hydroxyeicosatetraenoic acid (20-HETE) and PTH on
the Na,K-ATPase were not additive. These observations
were extended by Ominato et al.508 working with rat
proximal tubules, who showed that inhibition of cyto-
chrome P450 not only blocked the PTH effect, but also
Na,K-ATPase inhibition by activators of PKC, as well as
inhibition by a PKC catalytic fragment. These workers
drew the conclusion that the P450 product was an effec-
tor for PKC on the Na,K-ATPase. A slightly different
conclusion was reached by Nowicki et al.506 working in
a cultured cell line (COS cells), who observed that 20-
HETE had no effect on Na,K-ATPase in the absence of
PKC, and that inhibitors of PKC (or mutation of the
PKC catalytic site) eliminated the 20-HETE effect. These
workers drew the conclusion that the P450 product was
an effector for PKC on the Na,K-ATPase. A second com-
plicating aspect of the regulation of Na,K-ATPase is the
interaction with the cell’s endocytic machinery. In proxi-
mal tubule cells in suspension, dopamine treatment
caused phosphorylation of the alpha-subunit of Na,K-
ATPase, decreasing its activity and resulting in its
appearance in endosomes.150 Dopamine-induced phos-
phorylation was blocked by PKC inhibition. In OK cells,
phosphorylation of the alpha-subunit and its uptake
into endosomes could be prevented with either PKC
inhibition or by transfection with an alpha-subunit lack-
ing the PKC phosphorylation site.150

Complexity of PKC modulation of the Na,K-ATPase
became apparent with microperfusion studies of rat

proximal tubules by Liu and Cogan, and their observa-
tion that Na1 and HCO3

2 reabsorption was stimulated
by PKC activation and depressed by PKC inhibition.431

Wang and Chan697 sharpened this picture with their
report of a time-dependent effect of PKC activation on
microperfused rat proximal tubules, with early stimu-
lation (0 to 10 minutes) yielding to late inhibition after
25 to 35 minutes of perfusion. In rat proximal tubule
cells in suspension, Feraille et al.203 examined the effect
of PKC activation on Na,K-ATPase activity, and repro-
duced prior observations that with standard incubation
conditions PKC activation inhibited Na,K-ATPase
activity. However, the thrust of their report was that in
a well-oxygenated preparation, PKC was stimulatory
due to an increase in Na1-affinity. Enhancement of the
transport activity occurred in parallel with phosphory-
lation of the alpha-subunit of the Na,K-ATPase.137

In contrast to the findings of Chibalin et al.150,
Efendiev et al.191 reported that in OK cells, PKC activa-
tion increased Na,K-ATPase activity by recruiting new
transporters to the cell membrane. With regard to
the inhibitory or stimulatory effect of PKC on the
Na,K-ATPase, Efendiev et al.192 have focused attention
on cytosolic Na1 concentration to act as a switch.
Working in OK cells, they manipulated cell Na1 using
the ionophore monensin, and used rubidium uptake to
assay Na,K-ATPase activity in intact tubules. They
found that PKC activation stimulated the pump at low
cell [Na1], had no effect at estimated [Na1] around
12 mM, and was inhibitory at cell [Na1] greater than
16 mM. The inhibition, but not the stimulation, was
abrogated with P450 inhibition. This work was
extended by experiments in rat proximal tubules in
which the phosphorylation of the PKC site of the

FIGURE 33.15 Transmembrane loop-

ing of the alpha subunit of the Na,

K-ATPase, with localization of phosphory-

lated amino acids. The PKA site is located
at serine-943; PKC sites are on the NH2

cytoplasmic tail. The aspartate residue
within the M4�M5 loop is phosphorylated
during the catalytic cycle of the pump.
(From204.)
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alpha-subunit was measured.326 It was found that at
the normally low cell Na1, the sites were largely phos-
phorylated, and only at abnormally high cell Na1 were
they dephosphorylated and susceptible to the action of
PKC. In more recent studies in OK cells, fluorescence
microscopy of tagged alpha-subunits has demonstrated
an impact of increased cytosolic Na1 to traffic Na,K-
ATPase to endosomes adjacent to the cell membrane.154

Whether this represents trafficking of transporter to or
from the plasma membrane may depend upon other
neuro-humoral factors.

Neural and Humoral Factors

Renal Nerves

Renal sympathetic nerves have long been known to
modulate proximal tubule sodium transport, and are
perhaps the most important regulator.172,256

Denervation of the rat kidney reduced proximal reab-
sorption by 40% in the absence of any change in single
nephron glomerular filtration.71 Stimulation of the
sympathetic nerves can increase reabsorption by 30%,
again without change in filtration.73 In the isolated
perfused convoluted proximal tubule of the rabbit (but
not the straight portion) both alpha and beta catechola-
mines enhance sodium transport.69 Similar stimulation
by both adrenergic agonists is observed in the doubly
microperfused rat tubule.719 In the perfused mamma-
lian tubule, norepinephrine increases both bicarbonate
and chloride transport.60 Nord and his associates505

found that in a suspension of tubule cells from the
rabbit, sodium uptake was enhanced by alpha agonists
and blocked by ethylisopropylamiloride, thus suggest-
ing alpha stimulation of brush border Na1/H1

exchange. Subsequently, Wong et al.761 demonstrated
that in the microperfused S1 segment of rat proximal
tubule, both acute renal denervation or acute alpha-1
blockade reduce chloride reabsorption by 40%, while
manipulation of alpha-2 activity had little impact.
The effect of alpha-1 blockade could be eliminated by
pre-activation of PKC, suggesting that the calcium�
phospholipid-dependent kinase was the important
signaling pathway for renal sympathetic activity. In
view of the increase in cellular cAMP with beta adren-
ergic agonists, the mechanism by which beta agonists
enhance proximal sodium reabsorption must be indi-
rect, and the evidence implicates NHERF: activated
beta-2 receptor binds NHERF, and thus prevents
cAMP-dependent downregulation of NHE3. When
binding was prevented with a mutated beta receptor,
the PKA-dependent decrease in NHE3 flux was also
prevented.292 A coordinated effect of sympathetic
activity on luminal and peritubular cell membranes
was suggested by the observation that PKC activation

also enhanced activity of the peritubular
Na1a3HCO3

2 co-transporter.578 Of greater signifi-
cance with respect to luminal-peritubular coordination
is the observation that norepinephrine also increases
the activity of the Na,K-ATPase.60,87 The effect on the
sodium pump, however, is more likely mediated by a
phosphatase, since PKC is inhibitory here.19,314,419

Angiotensin

Angiotensin II has been intensely studied as a regu-
lator of proximal sodium transport.158,295,296,541,614 In
the intact animal, selective blockade of angiotensin II is
diuretic, so it appears that under normal conditions
there is tonic stimulation of the proximal tubule.771 In
physiologic doses, it enhances Na1 reabsorption in
rat297 or rabbit tubules,615 and the stimulatory effect
appears to be more pronounced in the S1 segment.429

Specific receptors for angiotensin exist on both lumi-
nal121 and peritubular membranes,122 and the hormone
effect may be achieved from either side of the cell.429

Distinguished on the basis of inhibitor binding, several
distinct receptor types have been identified on proxi-
mal tubule, each with affinity for angiotensin in the
nanomolar range.181,190 In intact rat tubules, the most
prominent effect of angiotensin, in picomolar concen-
trations, is the stimulation of NaHCO3 reabsorption via
Na1/H1 exchange,429 and this is mediated by binding
to AT1 receptors.543,763 In a suspension of proximal
tubule cells, angiotensin II enhances both Na1 uptake
and cell pH recovery after an acid-load.581 The increase
in tubular reabsorption due to angiotensin is correlated
with the inhibition of cAMP generation,430 and these
findings are reproduced in cultured proximal tubule
cells transfected with the AT1 angiotensin receptor.656

While systemic angiotensin concentrations may be in
the 0.01�0.1 nM range, luminal concentrations are
100-fold higher624 due to tubular synthesis and secre-
tion of angiotensin.112,532 Microperfusion studies, com-
bining luminal perfusion of angiotensin with
simultaneous inhibition of local synthesis, have con-
firmed the stimulation of transport starting in the pico-
molar range.58,540 However, over a broad range of
luminal concentrations (0.01�10.0 nM) these workers
found the stimulatory effect of luminal angiotensin to
be relatively flat. With respect to the peritubular action
of angiotensin, inhibition of Na1 transport becomes
apparent at concentrations above 0.1 nM as an attenua-
tion of the stimulation seen at lower doses. Inhibition
may dominate at concentrations greater than 100 nM,296

and may involve binding to an AT2 receptor.291 In vivo,
AT1 blockade has been used to reveal an effect of peri-
tubular angiotensin II, metabolized to angiotensin III,
which then binds to the AT2 receptor to decrease Na1

reabsorption.517,518 Pursuit of the signaling pathway
underlying the inhibitory effect of angiotensin has
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indicated formation (via phospholipase A2) of an epox-
ygenase metabolite of arachidonic acid.181,294,318,448,575

Microperfusion experiments have also revealed a
coordinated action of luminal angiotensin and renal
nerve activity. In volume-contracted animals, proximal
reabsorption is brisk, additional luminal angiotensin
adds little, and luminal AT1 antagonism has a dramatic
inhibitory effect on reabsorption; in volume-expanded
animals, there is only a small impact of luminal AT1
inhibition, while luminal angiotensin sharply increases
volume reabsorption.542 Quan and Baum544 made the
observation that when renal nerves were cut luminal
perfusion of an angiotensin converting enzyme inhibi-
tor (enalaprilat) failed to decrease proximal volume
reabsorption, although the tubule remained sensitive to
the stimulatory effect of directly applied luminal angio-
tensin. Conversely, stimulation of renal nerves
conferred enalaprilat-sensitivity to proximal reabsorp-
tion.545 These studies suggested that renal nerves
amplified their signal to enhance proximal sodium
reabsorption by switching on the local angiotensin
synthetic machinery. A mysterious aspect of luminal
angiotensin signaling is the luminal angiotensin
concentration maintained well above that needed for
maximal stimulation. One explanation that has been
advanced is that in such a system, regulation of trans-
port might be determined by AT1 receptor density.389

Indeed, metabolic acidosis increases proximal tubule
AT1 expression, and thus increases the effect of angio-
tensin to stimulate proximal ammoniagenesis.498 In OK
cells, both AT1 receptor expression39 and NHE3 activ-
ity230 are increased by insulin. The significance of the
proximal AT1 receptor to total body Na1 balance is
suggested by the demonstration of Gurley et al.283 that
mice with AT1 knockout restricted to proximal tubule
have decreased proximal tubule Na1 reabsorption and
are relatively hypotensive.

With respect to specific proximal tubule transpor-
ters, angiotensin is pleiotropic. Beyond the effect of
decreasing cAMP to increase NHE3 flux, there is
evidence that angiotensin can act to increase NHE3
membrane density in intact tubules.415 It is likely that
the increase in NHE3 activity contributes to the
observed increase in NH4

1 secretion by perfused
mouse proximal tubule, although the increased NH4

1

production in perfused S3 segments is evidence for a
more global angiotensin action.497 Within proximal
tubules of rats with renovascular hypertension, there is
increased expression of the Na1-glucose co-transporter
(SGLT2), which is blunted by AT1 inhibition.59

Additionally, angiotensin augments proximal acidifica-
tion by the luminal membrane H1-ATPase, at least in
part through transporter insertion.694 Indeed in vivo,
ACE inhibition produces translocation of an array of
luminal transport proteins, including NHE3, NHERF,

ezrin, and the H1-ATPase, from tip to base of brush
border microvilli,414 and this translocation is reversed
by direct infusion of angiotensin II.564 In the picomolar
to nanomolar concentration range, angiotensin stimu-
lates HCO3

2 exit via the peritubular Na1a3HCO3
2

co-transporter,162,193,239 perhaps via a pathway which
activates PKC,579 and perhaps by increasing the mem-
brane content of this transporter.565 Within the concen-
tration range of angiotensin that stimulates proximal
reabsorption, there is increased peritubular Na,
K-ATPase235; this occurs promptly and with changes in
the phosphorylation of the Na,K-ATPase.778 There is
also increased peritubular K1 conductance.162 Despite
enhancement of peritubular exit pathways, the net
effect of angiotensin on cytosolic Na1 concentration is
an increase.555

Dopamine

The proximal tubule is also the target of natriuretic
signals, and dopamine is the most important.17,134,787

Among the key early observations were findings that
urinary dopamine could derive from circulating
L-DOPA,34 that on balance, the whole kidney synthe-
sized dopamine (consuming DOPA), with tubular
secretion providing the bulk of urinary dopamine,38

and that proximal tubules could be a source for this
excreted dopamine.35 Within proximal tubule, conver-
sion from DOPA to dopamine is due to the enzyme
L-amino acid decarboxylase (L-AADC), and the impor-
tance of the local generation of dopamine was under-
scored by the demonstration that maximal L-AADC
activity was modulated by dietary salt intake.631 In
mice, in which proximal tubule AADC has been
knocked-out, urinary dopamine is dramatically
reduced, and the animals show elevated blood pres-
sure (compared with wild-type) when on a normal- or
high-salt diet.791 Proximal tubules are a target for the
locally generated dopamine. Dopamine inhibits
sodium reabsorption in the isolated perfused straight
tubule,72 and in tubule suspensions.411 In proximal
convoluted tubules (in vitro), however, dopamine
decreased sodium reabsorption only in tubules in
which transport had been stimulated by norepineph-
rine,56 consistent with the observation in vivo that a
DA-1 agonist is not natriuretic in a denervated kid-
ney.325 RNA message for the DA-1 dopamine receptor
was demonstrated in proximal tubule,773 and subse-
quently the protein was identified on both luminal and
peritubular cell membranes.507

As with angiotensin, dopamine impacts on transpor-
ters of both luminal and peritubular cell membranes,
most notably but not exclusively NHE3 and the Na,
K-ATPase. Studies of dopamine action via the DA-1
receptor have implicated a number of second messen-
ger systems, but principally cAMP-PKA targeting
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NHE3 and Ca21-PKC targeting the Na,K-ATPase.17

When renal cortical tissue was incubated with dopa-
mine or DA-1 agonists, Na1/H1 exchange in brush
border membrane vesicles decreased, and this could be
blocked by inhibition of either adenylate cyclase or
PKA.200 Use of OK cells permitted direct demonstra-
tion that dopamine (via DA-1) and PKA phosphory-
lated NHE3 on identical sites.749 In large measure, the
decrease in Na1/H1 exchange reflects a dopamine-
mediated decrease in NHE3 within the luminal cell
membrane.32 This conclusion was based on experi-
ments in which mouse cortical slices were treated with
dopamine, and brush border membrane vesicles
assayed for NHE3 activity and antigen. A prior obser-
vation had been made in OK cells that dopamine
produced endocytosis of NHE3 in a PKA-dependent
manner.321 Development of antibodies recognizing
NHE3 phosphorylated at PKA target sites, confirmed
the effect of dopamine to increase phosphorylation at
those sites, and permitted the observation that in the
rat in vivo, NHE3 phosphorylation shifted from micro-
villi to a subapical location.386 With respect to other
luminal transporters, dopamine also induces internali-
zation of the Na1-phosphate co-transporter,31 and this
effect involves participation of NHERF.715 The impact
of dopamine on the Na,K-ATPase was demonstrable as
a decrease of enzyme activity in microdissected
tubules18 or as a decrease in oxygen consumption by
proximal tubules in suspension in which cell Na1 was
kept high by nystatin permeabilization.630 The
dopamine-mediated decrease in proximal tubule cellu-
lar Na,K-ATPase activity has been shown to occur in
association with endocytosis of the enzyme, and block-
ing the endocytosis with an actin stabilizer eliminated
the decrease in enzyme activity.149 An early event in
the endocytic process is PKC-dependent phosphoryla-
tion of the alpha-subunit of the Na,K-ATPase.150 An
early observation in rat proximal tubule was that, like
ouabain, dopamine produced an increase in tubule
diameter.18 Subsequent study of rabbit PST with Na1-
sensitive fluorescent dye demonstrated a prompt rise
in cell Na1 in response to dopamine.397 This indicates
that with inhibition of both Na1 entry and exit path-
ways, on balance, the effect of dopamine on the Na,
K-ATPase dominates. In an electrophysiologic study,
dopamine also blunted peritubular HCO3

2 exit via the
Na1a3HCO3

2 co-transporter.397

The DA-1 receptor density is regulated, and consis-
tent with the physiology, there is an inverse relation-
ship with AT1 angiotensin receptor density. Early
observations included the findings that in cell culture
(LLCPK) dopamine recruits its own DA-1 receptor to
the cell membrane118; and in rats, dopamine downre-
gulates the AT1 receptor.147 In a primary culture of rat
proximal tubule cells, application of a dopamine

agonist increased DA-1 density, decreased AT1 den-
sity, and eliminated the angiotensin-elicited increase in
cytosolic Ca21 (Figure 33.16).368 In these same cells,
angiotensin decreased the DA-1 density, and blunted
the dopamine-agonist-induced increase in cAMP. The
dopaminergic decrease in AT1 density was also
observed in a primary culture of human proximal
tubule cells.245 Complementing these observations, the
proximal tubule AADC knockout mouse showed
increased renal AT1 mRNA expression.791 Another
aspect of dopamine receptor physiology, which may
have direct translational impact, is “desensitization” of
the DA1 receptor by phosphorylation.201 In proximal
tubule, the G-protein-coupled receptor kinase 4 (GRK4)
is the principal kinase to phosphorylate the DA1 recep-
tor, thus diminishing the dopamine effect. The critical
observation is that in primary cultures of human proxi-
mal tubule, cells derived from hypertensive patients
show decreased responsiveness to dopamine agonists
and increased DA-1 phosphorylation.587 These obser-
vations may be understood in light of the later demon-
stration that cells from hypertensive patients have
substantially greater GRK activity.202 Furthermore, a
GRK4 mutation identified in human hypertension pro-
duced hypertension in a transgenic mouse.202 Renal
interstitial infusion of GRK4 antisense oligonucleotides
decreased GRK4 expression, decreased DA-1 phos-
phorylation, and mitigated the blood pressure rise of
spontaneously hypertensive rats.588

Nitric Oxide (NO)

Nitric oxide provides a paracrine signal from renal
nerves or renal endothelial cells to affect proximal
tubule Na1 transport.420 Due to its short half-life and
difficulty in measurement, the impact of NO has been
assessed indirectly, in experiments in which NO
synthase (NOS) has been inhibited or NO donors have
been infused, so that renal tubular dose�response for
NO is not available. In whole animals, infusion of a
NOS inhibitor at a dose which does not increase arte-
rial blood pressure or glomerular filtration, leads to a
reduction in sodium excretion.404,450 Majid et al.450

found that with NOS inhibition, urinary Na1 excretion
failed to increase as a function of renal perfusion pres-
sure, and this prompted them to propose that NO may
be a mediator of the pressure-natriuresis response (see
below). When the NO donor, sodium nitroprusside
(SNP), was added to tubule lumen or to peritubular
capillaries, it decreased proximal Na1 reabsorption.194

Wu et al.768 added the observation that when NOS
inhibition increased proximal sodium reabsorption, the
effect could be abrogated by transection of renal
nerves; the NOS inhibition effect was reproduced with
specific inhibition of neuronal NOS. With renal nerve
stimulation, proximal Na1 reabsorption increased, but

1115REGULATION OF PROXIMAL NaCl TRANSPORT

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



not in the presence of neuronal NOS inhibition.769 At
apparent odds with the natriuretic effect of NO are rat
micropuncture findings that NOS inhibition decreased
proximal sodium reabsorption (an effect blocked by
renal nerve transection or infusion of an alpha 2 adren-
ergic blocker)658 or the observation that peritubular
capillary perfusion with agents promoting NO release
increased Na1-dependent luminal proton secretion.13

Consistent with these results, mice with deficient

neuronal NOS showed defective proximal NaHCO3

reabsorption.701 Pertinent to such discordant findings
are the observations of Wang,696 who observed a dose-
dependent effect of tubule perfusion with SNP, in
which low dose increased and high dose decreased
proximal Na1 and HCO3

2 reabsorption; perfusion
with a NOS inhibitor decreased reabsorption, consis-
tent with the enhancing effect of low-dose SNP. One
possible reconciliation has been the suggestion that the
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FIGURE 33.16 Effects of ANG II and the DA-1 receptor (D1R) activating ligand, SKF81297, acting singly and in combination on renal

proximal tubule (RPT) cells in culture. (a)�(c): Cell surface expression of receptors was studied using biotinylation and densitometric quanti-
fication of bands. (a) Effect of SKF81297 on the abundance of cell surface membrane angiotensin receptor (AT1R); (b) effect of ANG II on the
abundance of cell surface membrane D1R; (c) effect of SKF81297 on the abundance of cell surface membrane D1R. (d)�(e) SKF81297 abolishes
the ANG II-mediated calcium response and ANG II abolishes the SKF81297-mediated cAMP response. (d) Treatment-induced change in the
[Ca21]i level was calculated as the percent change in the [Ca21]i value before and after each treatment. (e) Renal cortical slices were exposed to
ANG II alone or SKF81297 alone or pretreated with ANG II and then treated with both ANG II and SKF81297 and cAMP levels were measured
in the tissue lysates. (*P 0.05 vs. control. #P 0.05 vs. respective SKF81297-treated groups.) (From368.)
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variable impact of NO on proximal tubule Na1 trans-
port may be contingent on cytosolic cAMP
concentration.236

With respect to mechanism, proximal tubule epithe-
lial cells do not contain RNA message for constitutive
nitric oxide synthases (endothelial or neuronal NOS),
but have abundant message for guanylate cyclase.655 In
primary culture, rat proximal tubule cells showed little
cGMP production in response to NO inducers, but
co-incubation with bovine pulmonary endothelial cells
rendered the cells sensitive, and resulted in a sharp
increase in cGMP, a decrease in Na,K-ATPase activity,
and a decrease in vectorial Na1 transport from apical
to basal surfaces.423 Carey and associates have offered
the perspective that renal interstitial cGMP mediates
the action of NO. Infusion of cGMP into the renal inter-
stitium produces natriuresis in the whole kidney; infu-
sion of an NO donor increases the interstitial cGMP
concentration, and blocking the production of cGMP
by administration of a soluble guanylate cyclase inhibi-
tor completely blocked the natriureteic effect of NO.346

In a follow-up to this observation, human proximal
tubule cells in culture were found to contain soluble
guanylate cyclase, and it was demonstrated that stimu-
lation by NO produced cGMP that was secreted into
the culture medium.592 Of interest, in these experi-
ments application of an NO donor resulted in a
decrease in cell Na1 content, consistent with a domi-
nance of an inhibitory effect on Na1 entry pathways.592

A recent study has implicated a tyrosine kinase (Src) as
a downstream mediator of the cGMP effect.501

Volume Expansion and Pressure Natriuresis

The influence of physical factors on the paracellular
pathway does not preclude important effects of volume
expansion on the cell itself. This was the supposition
of, Robson et al.566 who reported depression of glucose
reabsorption in the kidney of the volume-expanded rat.
This view found support in a whole organ tracer study,
which failed to discern increased glucose backflux
during volume expansion.309 Proximal micropuncture
documented decreased capacity for glucose reabsorp-
tion during volume expansion,33 and a correlation of
sodium and glucose reabsorption under the influence
of albumin infusion.365 The microperfusion study of
Boonjarern et al.107 demonstrated decreased reabsorp-
tive flux of labeled glucose in the presence of volume
expansion. The case for a cellular effect of peritubular
protein has also been presented by Berry and associ-
ates, working with isolated tubules, and finding
depression of chloride reabsorption with removal of
bath protein.81 The evidence was strengthened in
subsequent experiments in which transepithelial

concentration gradients were adjusted to virtually
eliminate electro-diffusive forces across the epithelium.
In that study, the increase of peritubular protein from 6
to 10 gm/dl still produced a 42% increase in NaCl
reabsorption.54 Consistent with these findings, micro-
puncture of the volume-expanded rat has also indi-
cated a greater depression of proximal reabsorption of
NaCl than NaHCO3.

95,157 Pursuing this issue in another
coupled transport system, Pitts et al. found that prior
volume expansion of the rabbit depressed phosphate
transport in straight proximal tubule removed and
perfused over 90 minutes.530 In the same study, prior
volume expansion also depressed Na1-coupled phos-
phate transport in brush border membrane vesicles.

There has been considerable effort to define the
cellular impact of volume expansion. Electron probe
analysis of rat kidney suggested that cell Na1 concen-
tration increases following saline infusion.285 When the
kidney from the volume-expanded rat is protected
from physical factors using an arterial snare, the
increase in cell Na1 is eliminated.554 These findings
were interpreted as most consistent with a decrease in
Na,K-ATPase activity during volume expansion.
“Pressure natriuresis,” in which systemic arterial
pressure is increased, has been an important model
with which to examine the acute impact of physical
factors on proximal sodium reabsorption.502,574 In these
animals, renal autoregulation maintains a relatively
constant renal blood flow and glomerular filtration rate,
but renal sodium excretion increases in association with
an increase in renal interstitial hydrostatic pressure.369

In prior studies, Kinoshita and Knox373 had shown that
the decrease of proximal sodium reabsorption that nor-
mally follows increased renal interstitial pressure could
be eliminated by blocking prostaglandin synthesis. In
pressure natriuresis during block of prostaglandin syn-
thesis with indomethacin, renal interstitial hydrostatic
pressure still increases, but sodium and lithium reab-
sorption are no longer decreased.254 Complementing
this observation is the finding that with a directly
applied increase in interstitial hydrostatic pressure,
treatment with indomethacin eliminated the increase in
tight junctional lanthanum permeability.551 Although
physical factors are involved, these results are best
rationalized by an impact on the cell, rather than a
direct tight junction effect.

To delineate cellular events following volume
expansion, membrane fractions were obtained from
kidneys undergoing pressure natriuresis, and exam-
ined for content of NHE3 and Na,K-ATPase.789 This
study revealed that acute hypertension prompted the
retrieval of luminal membrane transporters (change in
membrane fraction in which transport activity
appeared), and a sharp reduction in the the activity of
Na,K-ATPase. The retrieval of NHE3 was prompt

1117REGULATION OF PROXIMAL NaCl TRANSPORT

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



(within 5 minutes of acute hypertension), reversible
(within 20 minutes), and concurrent with the acute
changes in lithium clearance.788 With respect to the Na,
K-ATPase, the decrease in activity was not accompa-
nied by any loss of immunoreactivity of its subunits
within the membrane fractions. Immunohistochemical
staining of NHE3 plus confocal microscopy permitted
the visual demonstration that with acute hypertension
NHE3 redistributed from the brush border into the
base of the microvilli, confirming the inference from
the membrane fraction analysis (Figure 33.17).
Complementing these structural changes, functional
changes in luminal membrane Na1/H1 exchange
could be identified in vivo. When proximal tubule cells
were loaded with BCECF, cytosolic pH could be moni-
tored continuously during luminal microperfusion,
specifically the time course of cellular acidification
following luminal Na1 removal. Within 20 minutes of
acute hypertension, the Na1-dependent change in cyto-
solic pH was reduced 52% from control.780 When brush
border membrane vesicles were examined both for
NHE3 protein and for Na1/H1 exchange activity, it
was found that despite retrieval (change in membrane
fraction), the activity per transporter remained con-
stant.774 Thus, in contrast to the changes in Na,
K-ATPase activity, the reduction in Na1/H1 activity
could not be attributed to kinetic modification of the
NHE3 transporter. The chronic analog to pressure
natriuresis is a high-salt diet, and in this model there
was reduction in Na,K-ATPase activity, with no change
in α1-subunit density.524 Following 3 weeks of high
salt, young rats showed retrieval of luminal membrane
NHE3 and NaPi2 and peritubular membrane Na,K-
ATPase.775 With acute volume contraction, however,
transporter kinetics do appear to change, since the
increase in lithium reabsorption is not accompanied by
the appearance of new NHE3.416 Over time, however,
chronic volume contraction does increase NHE3

message in proximal tubule.211 McDonough465 has pro-
vided a summary scheme of the impact of extracellular
fluid volume or blood pressure on proximal tubule
transporter expression (Figure 33.18).

The signals from interstitium to tubule have also
been pursued in more detail, and there is evidence that
arachidonic acid metabolites of cytochrome P450 are
implicated. Acknowledging the prior identification of
eicosanoids (specifically 20-hydroxyeicosatetraenoic
acid, 20-HETE) as inhibitors of Na,K-ATPase, Zhang
et al.788 sought evidence for their role as mediators of
pressure natriuresis. They examined pressure natriure-
sis in rats pretreated with cobalt chloride to blunt cyto-
chrome P450 metabolism, and found that this
treatment blocked the pressure-associated increase in
lithium clearance. This occurred in association with
failure of NHE3 retrieval from brush border vesicles,
and failure of Na,K-ATPase activity to decrease within
its membrane fraction.788 These findings received sup-
port with the observation that proximal convoluted
tubule contains abundant cytochrome P450 4A iso-
forms.336 Furthermore, rabbit proximal straight tubules
in suspension produce 20-HETE, and when 20-HETE
production is inhibited in an isolated perfused tubule,
volume reabsorption is enhanced.547 Using a specific
inhibitor of eicosanoid formation, Dos Santos et al.179

re-examined pressure natriuresis in pretreated rats. In
these animals, 20-HETE excretion was nearly elimi-
nated, and the pressure-induced increase in sodium
excretion and lithium clearance was substantially
blunted. This occurred in association with blunted
retrieval of NHE3 from brush border and blunted
decrease in Na,K-ATPase activity.179 A more specific
inhibitor of 20-HETE formation reproduced these
results, although it was emphasized that about half of
the increase in pressure-induced Na1 excretion
persisted.755 It must be acknowledged that this work
leaves unanswered the identity of the signal from

FIGURE 33.17 Effect of acute hypertension on NHE3 distribution in rat proximal tubules. Panels show NHE3 immunofluoresence under
control conditions (left), and after 20 minutes of acute hypertension. Under control conditions, NHE3 appears along microvilli; with pressure
natriuresis, there is redistribution of the exchanger to base of the brush border. (From779.)
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interstitial hydrostatic pressure to cell. A role for NO
was examined in the rat, but NOS inhibition blunted
transmission of renal perfusion pressure to the intersti-
tium, so that the failure to observe pressure natriuresis
may simply have been a consequence of low interstitial
pressure.499 More recently, renal interstitial cyclic GMP
concentration was found to increase with renal perfu-
sion pressure, and guanylyl cyclase inhibition blunted
the pressure-associated decrease in proximal Na1 reab-
sorption.347 Leaving cGMP systhesis intact, but block-
ing cellular secretion of cGMP with intrarenal
probenecid, also eliminated pressure natriuresis.3 This
action of extracellular cGMP to decrease Na1 transport
appeared to be tonic, in the sense that intrarenal infu-
sion of phosphodiesterase decreased renal Na1

excretion.3

Glomerulotubular Balance

In response to spontaneous variations in glomerular
filtration rate, the rate of proximal tubule reabsorption
varies proportionally. This “glomerulotubular balance”
was apparent in the first micropuncture examination of
mammalian kidney,695 and was demonstrated elegantly
by Schnermann et al.,609 with their finding that over a
four-fold change in GFR, the accessible rat proximal
tubule reabsorbed roughly 40% of the filtered load
(Figure 33.19). Although glomerulotubular balance may

prevent solute loss following GFR increases, perhaps its
most important effect is to preserve distal delivery of
sodium (permitting distal regulation of acid and potas-
sium excretion) in times of low GFR. The mechanisms
underlying balanced tubular reabsorption include both
peritubular capillary effects and luminal fac-
tors.242,290,751 Peritubular oncotic forces are generally
recognized as a major force in the maintenance of
balanced tubular reabsorption.187 Any increase in filtra-
tion fraction must result in an increased peritubular
protein concentration, and thus, enhanced proximal
reabsorption. Experimental maneuvers which distort
this oncotic force (such as saline infusion or albumin
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FIGURE 33.18 Schematic representing response of renal PT sodium transporters NaPi2 and NHE3 to natriuretic and antinatriuretic stimuli.
With ANG II and sympathetic nerve stimulation, both NaPi2 and NHE3 are located in the body of the microvilli, NHE3 along with NHERF-1 and
ezrin. With elevated perfusion pressure, ACEI or PTH, NHE3, and NaPi2 are translocated out of the body of the microvilli; NHE3 remains in a
domain at the base of the microvilli, while NaPi2 moves to subabpical endosomes. (From465.)
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administration) disrupt glomerulotubular balance.
Nevertheless, in a mathematical model comprised of
glomerulus, proximal tubule, peritubular capillary, and
interstitium, simulation of only the filtration fraction
effect on tubular transport failed to reproduce glomeru-
lotubular balance.732 In simulations of glomerular arte-
riolar resistance changes, it was found that fractional
changes in proximal sodium reabsorption were smaller
than the fractional changes in GFR. This derived from
the fact that the variation in GFR came as a result of
changes in glomerular plasma flow, as well as in filtra-
tion fraction. In order to achieve glomerulotubular bal-
ance, there must be a mechanism by which alterations
in plasma flow, independent of peritubular Starling
forces, can influence proximal reabsorption.

Perhaps the most important factor underlying perfu-
sion�absorption balance is a direct effect of axial flow
velocity on reabsorption.751 Such “perfusion�absorption
balance” has been found to influence the transport of
glucose,382 bicarbonate11,143,428 and chloride.268,760 One of
the best illustrations of this phenomenon is the micro-
puncture data of Chan et al.143 shown in Figure 33.20, in
which a three-fold increase in luminal perfusion rate
(with trivial changes in luminal HCO3

2 concentration)

produced a doubling of the rate of bicarbonate reabsorp-
tion. More pronounced effects have been reported with
“native” tubular fluid, in comparison with artificial
microperfusion solutions, suggesting the presence of a
filtered, transport-promoting factor.49,288 It may also be
the case that reductions (rather than increases) in lumi-
nal flow are more faithfully followed by proportional
changes in transport.48,289,526,569 Nevertheless, the range
over which modulation of luminal flow produces pro-
portional changes in proximal reabsorption is broad.568

The underlying mechanism for flow-dependent reab-
sorption has been a point of controversy. One perennial
consideration is an unstirred layer effect within the
brush border.563 Morphological observations of
Maunsbach et al.459 demonstrated that lower tubule flow
rates are associated with diminished tubule distention
and a compaction of the brush border microvilli.
Nevertheless, model calculations indicate it unlikely that
there is any appreciable convective stirring within this
pile,50 neither should the diffusion barrier between the
bulk luminal fluid and the cell membrane pose any
significant hindrance to Na1/H1 exchange.394 An
intriguing mechanism for flow-dependent transport
gained support from two studies, using very different
methodologies, which both suggested that increases in
axial flow velocity recruit new transporters into the
luminal membrane. Preisig533 loaded rat proximal tubule
cells with the pH-indicator BCECF and examined recov-
ery from an acute acid-load in vivo (ammonium pulse).
With increases in luminal flow rate, the pH recovery
mediated by Na1/H1 exchange was enhanced. Maddox
et al.447 subjected rats to acute changes in vascular vol-
ume in order to obtain hydropenic, euvolemic, and
volume-expanded groups, with respective grouping
according to decreased, normal, and increased GFR.
When brush border membrane vesicles were prepared
from each of these groups, and Na1/H1 kinetic para-
meters assessed, it was found that the Vmax determina-
tions stratified in parallel with GFR.

Guo et al.282 proposed that the brush border micro-
villi serve as the sensor for axial flow along the proxi-
mal tubule. In that hypothesis, the drag force on each
microvillus produces torque on an actin filament core,
and this force is transmitted to the underlying cytoskel-
eton. The close spacing and uniform height of the
microvilli allowed a precise calculation of that torque,
and using the known bending moment for an actin fila-
ment, the Young’s modulus for a microvillus was esti-
mated. This yielded the prediction that for microvilli
2.5 μm in height, the tip deflection under axial flows of
30 nl/min would be about 4 nm, in effect depicting the
microvilli as a set of stiff bristles that would retain their
configuration through the physiological range of
flows.282 In a subsequent analysis, a simplified equa-
tion for microvillous torque was derived which has
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FIGURE 33.20 Net bicarbonate reabsorption, JHCO3, by per-
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been useful for assessment of experimental data.182 The
essence of that derivation was identifying microvillous
drag with the force on the tubular fluid:

DUN5
dp

dz
UπUR2 ð33:17Þ

where D is the drag per microvillus, N is the number
of microvilli per unit length of tubule, p is luminal
hydrostatic pressure, z is axial length, and R is the
tubule radius from center-line to microvillus tip.
Assuming Poiseuille flow:

dp

dz
5 8μQ=πR4 ð33:18Þ

where Q is luminal flow rate and μ is the tubule fluid vis-
cosity. This provides the estimate of microvillous drag:

DUN5 8μQ=R2 ð33:19Þ
and for a microvillus of height, L, the torque, T, is:

TUN5 8μQL=R2 ð33:20Þ
Since the number of microvilli, N, is not easily

obtained, Eq. (33.20) is most useful in comparing two
experimental trials in which flow is varied and the
assumption is made that neither N nor L change with
the experimental conditions:

T

Tr
5

μQ
μrQr

� �
U
R2
r

R2

� �
ð33:21Þ

in which the subscript “r” denotes a reference flow.
This equation reveals the microvillous torque to vary
directly with luminal flow and fluid viscosity, and
inversely as the square of the luminal radius.

Du et al.182 applied a slightly more detailed version
of Eq. (33.21) to analyze the first experimental study
of flow-dependent volume reabsorption, Jv, in isolated
perfused mouse proximal tubules. The key finding of
that work was that fractional changes in perfusion
were greater than the fractional changes in Jv, but
when changes in luminal diameter were included in
the calculation, the fractional change in microvillous
torque and Jv were identical. Furthermore, luminal

fluid viscosity increased Jv at constant perfusion rate.
And finally, disruption of the cytoskeleton with cyto-
chalasin D eliminated the perfusion-dependent
increase in Jv. Du et al.183 subsequently re-examined
flow-dependent transport in mouse proximal tubule,
with measurement of HCO3

2 reabsorption, JHCO3.
Over a five-fold variation of luminal perfusion rate,
there was a predicted two-fold variation in microvil-
lous torque, which scaled identically with the reab-
sorption (Figure 33.21). Du et al.182 also reconsidered
the data of Burg and Orloff,126 widely cited as a nega-
tive effect of flow on proximal sodium reabsorption in
isolated perfused rabbit proximal convoluted tubule.
Burg and Orloff had observed that a three-fold increase
in tubule perfusion rate produced a 37% increase in
volume reabsorption, a value that did not achieve sta-
tistical significance. However, they also noted that
with the highest flow, there was a 41% increase in
tubule diameter. Du et al. estimated that these changes
of flow and diameter would yield a 43% increase in
microvillous torque, certainly compatible with the
observed impact on Jv. In sum, it appears that rabbit
proximal tubules were more distensible than mouse
tubules, so that perfusion-dependent changes in lumi-
nal diameter precluded large deviations in microvil-
lous torque. At present, the cellular signals from
torque to Na1/H1 exchange remain to be delineated.

PERSPECTIVE

Sodium reabsorption along the proximal tubule
refers to a multiplicity of processes, occurring in series
and in parallel along a heterogeneous epithelium.
Sodium transport cannot be considered out of context
of the secretion of protons or the reabsorption of chlo-
ride, bicarbonate, potassium, calcium, and organic
solutes. Furthermore, the precise interrelationship of
these coupled transport processes depends upon the
location along the proximal tubule, as well as upon
physiologic parameters external to the nephron, such
as plasma composition or extracellular volume status
of the organism.
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FIGURE 33.21 Impact of luminal flow rate

on bicarbonate reabsorption (JHCO3) in mouse

proximal tubules perfused in vitro. The panel on
the left shows the computed microvillous torque,
T, at each flow, relative to the torque when perfu-
sion is at 5 nl/min (Tr.) In the right panel, the
observed JHCO3 is plotted as a function of the rela-
tive torque. (From 183, with permission.)
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One focus of this chapter has been on the biophysics
of transport, namely identification of the transporters
and the driving forces for their fluxes. The feasibility of
such an approach was due to the development of
experimental technology, which permitted examination
of cell membranes and recording of intracellular com-
position. With these tools, the first order of business
had been definition and localization of the transporters.
More recent molecular methods enhanced this aspect
of tubule physiology by providing means to visualize a
transporter within proximal tubule, and to distinguish
biochemical modifications or changes in membrane
density. The ability to clone and express transporters in
high density in otherwise quiet systems (in which flux
through the pathway of interest dominates) has yielded
advances in the definition of transport kinetics.

The second order of business has been identifying
important regulatory factors. This means an under-
standing of how changes in cell volume or composition
translate into alterations of sodium reabsorption, and of
the key neurohumoral signals and physical factors
which modulate transport. The complexity of this task
is in part technical, insofar as cellular transport machin-
ery may involve an assembly of interacting proteins
that are not fully recovered in convenient expression
systems. Furthermore, the overall impact on sodium
transport by one hormone may depend upon the state
of activation of the other systems. Nevertheless, one
recurring theme in descriptions of transport regulation
has been the targeting of both luminal and peritubular
membranes in a coordinated fashion.

Enrichment of our perspective of proximal tubule
function must ultimately confer a quantitative under-
standing of its roles in pathologic states of the organ-
ism. Traditionally, this has focused on secondary renal
response to disorders of extracellular volume homeo-
stasis, such as edema forming states. It is entirely likely,
however, that a role for proximal tubule may come to
be identified in primary pathogenesis, as perhaps in
volume-dependent hypertension. One anticipates, as a
consequence of such information, that therapeutic inter-
vention, which seeks to alter renal sodium transport,
will be achieved with greater accuracy and greater
safety.
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Bidirectional regulation of Na1,K1-ATPase activity by dopa-
mine and an alpha-adrenergic agonist. Proc Natl Acad Sci
1993;90:21�4.

[326] Ibarra FR, Cheng SX, Agren M, Svensson LB, Aizman O,
Aperia A. Intracellular sodium modulates the state of protein
kinase C phosphorylation of rat proximal tubule Na1,K1-
ATPase. Acta Physiol Scand 2002;175:165�71.

[327] Ichikawa I, Brenner BM. Mechanism of inhibition of proximal
tubule fluid reabsorption after exposure of the rat kidney to
the physical effects of expansion of extracellular fluid volume.
J Clin Invest 1979;64:1466�74.

[328] Ikeda TS, Hwang E-S, Coady MJ, Hirayama BA, Hediger MA,
Wright EM. Characterization of a Na1/glucose co-transporter
cloned from rabbit small intestine. J Membr Biol 1989;
110:87�95.

[329] Illsley NP, Verkman AS. Membrane chloride transport mea-
sured using a chloride-sensitive fluorescent probe.
Biochemistry 1987;26:1215�9.

[330] Imai M. Functional heterogeneity of the descending limbs of
Henle’s loop. II. Interspecies differences among rabbits, rats,
and hamsters. Pf Arch 1984;402:393�401.

[331] Imai M, Kokko JP. Effect of peritubular protein concentration
on reabsorption of sodium and water in isolated perfused
proximal tubules. J Clin Invest 1972;51:314�25.

[332] Imai M, Kokko JP. Transtubular oncotic pressure gradients
and net fluid transport in isolated proximal tubules. Kidney
Int 1974;6:138�45.

[333] Ishibashi K, Rector Jr. FC, Berry CA. Chloride transport across
the basolateral membrane of rabbit proximal convoluted
tubules. Am J Physiol 1990;258:F1569�78.

[334] Ishibashi K, Rector Jr. FC, Berry CA. Role of Na-dependent
Cl/HCO3 exchange in basolateral Cl transport of rabbit proxi-
mal tubules. Am J Physiol 1993;264:F251�8.

[335] Ishibashi K, Sasaki S, Yoshiyama N. Intracellular chloride
activity of rabbit proximal straight tubule perfused in vitro.
Am J Physiol 1988;255:F49�56.

[336] Ito O, Alonso-Galicia M, Hopp KA, Roman RJ. Localization of
cytochrome P-450 4A isoforms along rat nephron. Am J
Physiol 1998;274:F395�404.

[337] Ives HE, Chen P-Y, Verkman AS. Mechanism of
coupling between Cl2 and OH2 transport in renal
brush-border membranes. Biochim Biophys Acta 1986;863:
91�100.

[338] Ives HE, Yee VJ, Warnock DG. Asymmetric distribution of the
Na1/H1 antiporter in the renal proximal tubule epithelial cell.
J Biol Chem 1983;258(22):13513�6.

[339] Jacobsen C, Kragh-Hansen U, Sheikh MI. Na1-H1 exchange in
luminal-membrane vesicles from rabbit proximal convoluted
and straight tubules in response to metabolic acidosis.
Biochem J 1986;239:411�6.

[340] Jacobsen C, Rigaard-Petersen H, Sheikh MI. Demonstration of
Na1-selective channels in the luminal-membrane vesicles iso-
lated from pars recta of rabbit proximal tubule. FEBS-Lett
1988;236:95�9.

[341] Jacobson HR. Characteristics of volume reabsorption in rabbit
superficial and juxtamedullary proximal convoluted tubules.
J Clin Invest 1979;63:410�8.

[342] Jacobson HR. Effects of CO2 and acetazolamide on bicarbonate
and fluid transport in rabbit proximal tubules. Am J Physiol
1981;240:F54�62.

[343] Jacobson HR, Kokko JP. Intrinsic differences in various seg-
ments of the proximal convoluted tubule. J Clin Invest
1976;57:818�25.

[344] Jamison RL. Intrarenal heterogeneity. The case for two func-
tionally dissimilar populations of nephrons in the mammalian
kidney. Am J Med 1973;54:281�9.

[345] Jiang Z, Grichtchenko II, Boron WF, Aronson PS. Specificity of
anion exchange mediated by mouse slc26a6. J Biol Chem
2002;277(37):33963�7.

[346] Jin X, Siragy HM, Carey RM. Renal interstitial cGMP mediates
natriuresis by direct tubule mechanism. Hypertension
2001;38:309�16.

[347] Jin XH, McGrath HE, Gildea JJ, Siragy HM, Felder RA, Carey
RM. Renal interstitial guanosine cyclic 30,50-monophosphate
mediates pressure-natriuresis via protein kinase G.
Hypertension 2004;43:1133�9.

[348] Jorgensen PL. Sodium and potassium ion pump in kidney
tubules. Physiol Rev 1980;60:864�917.

[349] Jorgensen PL. Structure, function and regulation of
NaK-ATPase in the kidney. Kidney Int 1986;29:10�20.

1130 33. SODIUM AND CHLORIDE TRANSPORT: PROXIMAL NEPHRON

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



[350] Jorgensen PL, Andersen JP. Structural basis for E1-E2 confor-
mational transitions in NaK-pump and Ca-pump proteins.
J Membr Biol 1988;103:95�120.

[351] Kahn AM, Dolson GM, Hise MK, Bennett SC, Weinman EJ.
Parathyroid hormone and dibutyryl cAMP inhibit Na1-H1

exchange in renal brush border vesicles. Am J Physiol
1985;248:F212�8.

[352] Kaissling B, Kriz W. Structural analysis of the rabbit kidney.
Berlin: Springer-Verlag; 1979. pp.1-121

[353] Kanai Y, Lee W, You G, Brown D, Hediger MA. The human
kidney low affinity Na1/glucose co-transporter SGLT2.
Delineation of the major renal reabsorptive mechanism for
D-glucose. J Clin Invest 1994;93:397�404.

[354] Karim ZG, Chambrey R, Chalumeau C, Defontaine N,
Warnock DG, Paillard M, et al. Regulation by PKC isoforms of
Na(1)/H(1) exchanger in luminal membrane vesicles isolated
from cortical tubules. Am J Physiol 1999;277:F773�8.

[355] Karniski LP, Aronson PS. Chloride/formate exchange with for-
mic acid recycling: a mechanism of active chloride transport
across epithelial membranes. Proc Natl Acad Sci USA 1985;82
(18):6362�5.

[356] Karniski LP, Aronson PS. Anion exchange pathways for Cl2

transport in rabbit renal microvillus membranes. Am J Physiol
1987;253:F513�21.

[357] Karniski LP, Wang T, Everett LA, Green ED, Giebisch G,
Aronson PS. Formate-stimulated NaCl absorption in the proxi-
mal tubule is independent of the pendrin protein. Am J
Physiol 2002;283:F952�6.

[358] Kashgarian M, Biemesderfer D, Caplan M, Forbush III B.
Monoclonal antibody to NaK-ATPase: Immunocytochemical
localization along nephron segments. Kidney Int
1985;28:899�913.

[359] Katz AI. Renal Na-K-ATPase: its role in tubular sodium and
potassium transport. Am J Physiol 1982;242:F207�19.

[360] Katz AI, Doucet A, Morel F. Na-K-ATPase activity along the
rabbit rat and mouse nephron. Am J Physiol 1979;237:
F114�20.

[361] Kaufman JS, Hamburger RJ. Passive potassium transport in
the proximal convoluted tubule. Am J Physiol 1985;248:
F228�32.

[362] Kawahara K. A stretch-activated K1 channel in the basolateral
membrane of Xenopus kidney proximal tubule cells. Pflügers
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INTRODUCTION

In this chapter we review the transport of ions by the
loop of Henle, distal convoluted tubule, the connecting
tubule, and the collecting duct. We will place special
emphasis on the cellular and molecular mechanisms
responsible for Na1 transport in these regions, as well
as the factors that regulate Na1 transport.

ANATOMIC CONSIDERATIONS

The mammalian loop of Henle contains the descend-
ing thin limb, the ascending thin limb, and the thick
ascending limb. The thin descending segment begins in
the outer medulla after a gradual transition from the
pars recta, and ends at the hairpin turn at the tip of
Henle’s loop. The thin ascending limb begins at the tip
of Henle’s loop and ends with its abrupt transition to
the thick ascending limb. Loops of Henle that arise
from superficial or midcortical nephrons may lack a
thin ascending limb. In these short loops, thick limbs
generally begin at, or slightly before, the hairpin turn
(for a detailed discussion see Chapter 20).

The thick ascending limbs of Henle (TAL) of long
looped nephrons begin at the boundary between the
inner and outer medulla. The TAL of short looped
nephrons does not extend as far into the medulla and

may, in fact, be entirely cortical. The TAL extends up
into the cortex, where it abuts the glomerulus of origin
for that nephron and forms the macula densa part of
the juxtaglomerular apparatus. The TAL is composed
of two parts: a medullary portion and a cortical por-
tion. The ratio of medullary to cortical TAL for a given
nephron is a function of the depth of the glomerulus of
the nephron such that superficial nephrons have pri-
marily cortical thick limbs, while juxtamedullary
nephrons possess primarily medullary thick limbs.

The distal nephron is divided into three segments:
the distal convoluted tubule (DCT); the connecting
tubule (CNT); and the collecting duct (CD). These seg-
ments are clearly delineated in the rabbit, but in many
species the transition between segments is gradual.
Therefore, distal tubule segments are most accurately
defined by their respective cell types. The DCT begins
about 50�100 μm beyond the macula densa, and is
lined by a single type of cell: the DCT cell. Na1-K1-
ATPase activity is particularly high in the basolateral
membrane of this segment. The CNT forms a transition
zone between the DCT and the cortical CD (CCD). In
superficial nephrons, a single CNT drains the DCT into
the collecting duct. The CNTs of deep nephrons, how-
ever, form arcades that ascend through the cortex
draining several DCTs into a CCD. The CNT contains
two types of cells: the CNT cell, exclusive to the CNT;
and the intercalated cell, also found in the CD.
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The collecting duct begins at or slightly before the con-
fluence of two or more connecting tubules, and may be
divided into three main parts: the CCD; the outer medul-
lary collecting duct (OMCD); and the inner medullary
collecting duct (IMCD). The CCD consists of at least three
cell types: principal cells, responsible for Na1 and K1

transport; and two types of intercalated cells, responsible
for H1 and HCO3

2 transport. In the rabbit, principal cells
account for 65�75% of cells in the CCD. The OMCD can
be divided into two regions based on location: the outer
stripe and the inner stripe. Approximately 80�90% of
cells within the OMCD are principal cells. However, as
will be discussed later, the functional properties of princi-
pal cells in the OMCD differ from those of the CCD. The
IMCD extends from the junction between the inner and
outer medulla to the tip of the papilla. The IMCD has
been divided into three subsegments based on functional
differences, including Na1 transport. Intercalated cells
account for about 10% of all cells in the initial portion of
the IMCD, but are absent from the terminal IMCD.

Na1 TRANSPORT IN THE LOOP OF
HENLE

The loop of Henle is responsible for absorbing 25 to
40% of the filtered sodium load. Moreover, the dissoci-
ation of salt and water absorption by the loop of Henle
is ultimately responsible for the capacity of the kidney
either to concentrate or to dilute the urine. The active
absorption of NaCl in the water-impermeable TAL
serves both to dilute the urine and supply the energy
for the single effect of countercurrent multiplication.

Salt Transport by Thin Descending and Thin
Ascending Segments

There is morphologic and functional evidence of
interspecies and inter- and intranephron heterogeneity
in the thin loop segments. The morphologic characteris-
tics of the loop of Henle are covered in detail in
Chapter 20 of this volume. Generally, loops of Henle can
be divided into two groups: long loops and short
loops.150 The thin descending limb of short loop
nephrons is a simple, flat epithelium with few organelles
and deep junctional complexes. The thin descending
limbs of long loop nephrons are heterogeneous. The
upper segment of these thin limbs has a larger diameter
and thicker epithelium than short loops. The cells in this
region have complicated basolateral interdigitations and
apical microvilli, but shallow junctional complexes con-
sist of a single junctional strand. These characteristics are
most pronounced in rodents, while in rabbits and
humans the upper portion of the thin descending limb
has a simpler organization with less extensive interdigi-
tation and deeper junctional complexes.

The lower portion of the thin descending limb con-
sists of flat, noninterdigitating cells with a few apical
microvilli and with junctional complexes of intermediate
depth. There is little interspecies variability in this por-
tion of the descending limb. The thin ascending limb,
present only in long loop nephrons, consists of very flat
cells connected by very shallow junctional complexes.

According to the passive models for urinary concen-
tration (see Chapter 40), the thin descending limb
should have very high water permeability such that
the tubular fluid is concentrated by water abstraction
rather than solute entry. In vitro microperfusion studies
have confirmed that upper and lower portions of mam-
malian descending limbs are very permeable to
water149,150,176,219 (Table 34.1). The passive models also
require the thin ascending limb to be rather imperme-
able to water, highly permeable to sodium chloride,
and only modestly permeable to urea. As indicated in
Table 34.1, in vitro microperfusion studies of thin
ascending limb segments have demonstrated that these
requirements are, in fact, satisfied.

The permeability of thin descending limb segments
to sodium and chloride has been measured in ham-
sters, rats, and rabbits. In hamsters and rats, the upper
portion of long looped descending limbs has a higher
sodium permeability and higher PNa/PCl ratio than do
descending limbs of short looped nephrons. In con-
trast, there is little difference in PNa/PCl between long
and short loop nephrons in rabbits.149,150 These results
are consistent with the morphologic evidence of greater
heterogeneity in rats and hamsters than in rabbits. The
pathways for transepithelial movement of sodium and
chloride in the descending limb are not defined.

The formation of dilute urine begins in the thin
ascending limb of Henle. Fluid from the thin ascending
limb is more dilute than fluid obtained from the des-
cending limb at the same level. The decrease in osmo-
lality is due primarily to a fall in the NaCl content of
the luminal fluid. The mechanism for NaCl transport
across the thin ascending limb epithelium is incom-
pletely understood. Measurements of salt dilution
potentials in microperfused thin ascending limb
segments reveal them to be chloride selective, with
PCl/PNa ratios of 2.2 to 3.5 in rats and hamsters; seg-
ments perfused and bathed with symmetric solutions
do not generate a spontaneous transepithelial voltage
and do not show net transport of solute (reviewed
in 150). These observations have been interpreted to
indicate that salt transport in vivo results from passive
electrodiffusion rather than active transport. Although
driven by passive electrochemical gradients, Cl2 move-
ment across the TAL proceeds through a transcellular,
and regulated, pathway. 36Cl2 flux ratios and salt dilu-
tion voltages indicate that the Cl2 pathway discrimi-
nates among anions and is saturable.150
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NaCl Absorption in Thick Ascending Limb

General Features

Rocha and Kokko257 and Burg and Green33 first dem-
onstrated the salient characteristics of salt absorption in
rabbit medullary and cortical TAL segments, respec-
tively. First, net salt absorption resulted in a lumen-
positive transepithelial voltage (Ve, mV), which could
be abolished by furosemide, and in dilution of the
luminal fluid. Second, the transport of Cl2 under
these circumstances occurred against both electrical
and chemical gradients, and hence involved an active
transport process. Third, both net chloride absorption
and the transepithelial voltage depended on (Na1,
K1)-ATPase activity, present in large amounts along
the basolateral membrane of this segment. A final
curious feature of the TAL is that this segment is a
“hybrid epithelium” possessing a very low permeabil-
ity to water, yet a high ionic conductance (Table 34.2).
The ionic conductance determined from the fluxes of
22Na1 and 36Cl2 is approximately 20�50 mS/cm2, and
is cation selective (PNa/PCl5 2�6). This high electrical
conductance is unusual among epithelia with low
water permeabilities.

Table 34.2 presents a summary of the important trans-
port properties of the rabbit, mouse, and rat TAL which
are relevant to the concentrating and diluting functions
of this nephron segment. A low permeability to water is
required for the TAL to function as a diluting segment.
Hebert et al.,138,140 and subsequently Hebert132 demon-
strated that the apical cell membrane constitutes the
major barrier to transcellular water flow in this segment.

Studies of the electrophysiologic (Table 34.3) and bio-
chemical properties of intact, isolated, perfused thick

limb segments, and of apical and basolateral membranes
of thick limb cells have provided insights into the specific
transport mechanisms involved in salt absorption, and
the origin of the lumen-positive transepithelial voltage in
this nephron segment.107,108,110�113,135,138�140 A model for
salt absorption by the TAL, which integrates the results
of these studies, is shown in Figure 34.1. Net Cl2 absorp-
tion by the TAL is a secondary active transport process.
Luminal Cl2 entry into the cell is mediated by an electro-
neutral Na1-K1-2Cl2 co-transport process driven by the
favorable electrochemical gradient for sodium entry.
More specifically, the net driving force for the entry of
Cl2 into the cell is determined by the sum of the chemical
gradients for Na1, K1, and Cl2. Since the Na1 gradient
is maintained by the continuous operation of the basolat-
eral membrane (Na1,K1)-ATPase pump, apical entry
of Cl2 via the co-transporter ultimately depends on
the operation of the basolateral (Na1,K1)-ATPase.
Accordingly, maneuvers that inhibit ATPase activity,
such as removal of K1 from or addition of ouabain to,
peritubular solutions leads to dissipation of the Na1

gradient and subsequent inhibition of apical membrane
Cl2 entry.138,257

In contrast to the electroneutral entry of Cl2 across
the apical membrane, the majority of Cl2 efflux across
the basolateral membrane proceeds through conductive
pathways.135,142,276 A favorable electrochemical gradient
for Cl2 efflux through dissipative pathways has been
demonstrated by Greger et al.110 in the rabbit cTAL.
In this study, an intracellular Cl2 activity of 22 mM,
measured using single Cl2-selective microelectrodes,
was substantially above the equilibrium value (5 mM)
predicted from the intracellular voltage. Intracellular Cl2

is maintained at concentrations above electrochemical

TABLE 34.1 Permeability Properties of Thin Limb of Henle Segments

Pf (10
23cm/sec) PNa (10

25cm/sec) PCl (10
25cm/sec) PNa/PCl Purea(10

25cm/sec)

SDL LDLu

DESCENDING LIMB

Rabbit 240�250 1.61 � 0.75 0.76 1.5

Rat 227 34�47 � 0.61 5.0

Hamster SDL 285 4.2 1.3 0.68 � 7.4

Hamster LDLu 403 45.6 4.2 � 4�6 1.5

ASCENDING LIMB

Rabbit 0 25.5 117 0.29 6.7

Rat 2.5 67.9 183.7 0.43 23.0

Hamster 3 87.6 196 0.47 18.5

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
Note: PNa and PCl determined from isotope flux measurements. PNa/PCl determined from salt dilution voltages.

LDLu: upper portion of long loop descending limb; Pf: osmotic water permeability; SDL: short loop descending limb.
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equilibrium by the continued entry of Cl2 via the apical
Na1-K1-2Cl2 co-transporter. Blocking Cl2 entry
through this pathway with furosemide or substitution of
extracellular Cl2 by gluconate, caused the intracellular
Cl2 activity to fall to a value close to its equilibrium.110

In addition to electrodiffusive efflux of Cl2 across the
basolateral membrane, a component of electroneutral
KCl co-transport has been proposed in some species,112

and the the K1-Cl2 co-transporter, KCC4, has been
shown to be present at the TAL basolateral membrane.25

In addition, according to the model in Figure 34.1, the
potassium that enters TAL cells via the Na1-K1-Cl2

co-transporter recycles, to a large extent, across the api-
cal membrane by way of a K1 conductive pathway. This
apical K1 recycling serves several purposes. First, it
ensures a continued supply of luminal potassium in
order to sustain Na1-K1-Cl2 co-transport. Without recy-
cling, the luminal K1 concentration would fall rapidly
as a consequence of K1 entry via Na1-K1-Cl2 co-

transport, and would limit net NaCl absorption.
Second, the apical membrane potassium current pro-
vides a pathway for net potassium secretion by the
TAL, which is an active process, ultimately driven by
the (Na1,K1)-ATPase, proceeding in the face of a
lumen-positive transepithelial potential. Third, under
open circuit conditions, the transcellular and paracel-
lular pathways form a current loop in which the cur-
rents traversing the two pathways are of equal size
but opposite direction. The potassium current from
cell to lumen polarizes the lumen and causes an
equivalent current to flow from lumen to bath
through the paracellular pathway.113 Since the paracel-
lular pathway is cation-selective (PNa/PCl5 2�6), the
majority of the current through the paracellular path-
way is carried by sodium moving from the lumen
to the interstitium. This paracellular absorption of
sodium increases the efficiency of sodium transport
by the TAL. With reference to Figure 34.1, for each

TABLE 34.2 Transport Properties of Cortical and Medullary Thick Ascending Limb of Henle

VTe (mV) Pf (μm/sec) PNa (μm/sec) PCl (μm/sec) JCl (pEq/cm2/sec)

RABBIT

cTAL 3�10 11 0.28 0.14 2500

mTAL 3�7 0 0.63 0.11 5600

MOUSE

cTAL 8�12 0.63 0.51 5200

mTAL

2ADH 5 6�23 0.23 0.10 3000

1ADH 10 6�23 0.25 0.12 10,900

RAT

cTAL 7�8 0 8405

mTAL 5�6 0 9300

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
Note: Values of JCl for rat were calculated assuming an inner tubule diameter of 20 μm.

JCl: chemically determined net rate of Cl2 absorption; Pf: osmotic water permeability; PNa, PCl: isotopically determined Na1 and Cl2 permeabilities; VTe:

transepithelial voltage (lumen positive).

TABLE 34.3 Basal Electrophysiologic Parameters of Thick Ascending Limb Segments

Ve (mV) Ge Gc (mS/cm2) Gs Va (mV) Vbl Ra/Rb

Rabbit cTAL 4�8 33 12 21 76 269 2.0

Mouse mTAL 3�7 70�100 45�50 40�60 55.4 250.7 1.2

Mouse cTAL 7�14 88 39 49

Hamster mTAL 4.0 934 272

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
Gc: transcellular conductance; Ge: transepithelial conductance; Gs: paracellular conductance; Va: apical membrane voltage; Vbl: basolateral membrane voltage; Vc:

transepithelial voltage; Ra/Rb: apical to basolateral membrane resistance.
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Na1 transported through the cell � and requiring uti-
lization of ATP � one Na1 is transported through the
paracellular pathway without any additional expendi-
ture of energy. Finally, the apical K1 current satisfies
the continuity requirement imposed by a high degree
of conductive Cl2 efflux across basolateral mem-
branes.135,214 A small component of sodium transport
by the TAL (5�10%) is accounted for by sodium
bicarbonate absorption.105 Sodium bicarbonate absorp-
tion is thought to be mediated by an apical membrane
amiloride-sensitive Na1/H1 exchanger and a basolat-
eral membrane electrogenic 3Na1/(HCO3

2) co-trans-
porter.105 The following sections will describe the
individual components of the mechanism for TAL salt
transport (Figure 34.1) in greater detail.

Apical Na1-K1-Cl2 Co-Transport

The predominant mode for Cl2 entry into the TAL
cell is via a Na1-K1-2Cl2 co-transporter.107,135,138 A char-
acteristic feature of this transporter is its sensitivity to
inhibition by furosemide, bumetanide, and other 5-sulfa-
moylbenzoic acid derivatives.253 The first demonstration
of dependence on luminal sodium for Cl2 absorption
was reported by Greger in isolated perfused rabbit corti-
cal TAL segments.107 Moreover, a requirement for lumi-
nal potassium has been demonstrated for sodium and
chloride absorption in both mouse medullary135 and

rabbit111 cortical thick ascending segments perfused
in vitro. As a result of these studies, it is now recognized
that Cl2 absorption in the TAL generally depends on the
simultaneous presence of Na1 and K1 (or NH4) in the
lumen.

Measurement of isotope flux into TAL cells or mem-
brane vesicles prepared from the inner stripe of outer
medulla have delineated further the ionic requirements
and stoichiometry of 1Na1-1K1-2Cl2 co-trans-
port.34,171,174 There is a general agreement that the co-
transporter in the thick ascending limb conforms to this
stoichiometry under most experimental conditions.
However, under certain circumstances, which will be dis-
cussed below, apical membrane NaCl entry may be inde-
pendent of luminal potassium. Early work suggested
differences in apparent affinity constant for chloride along
TAL71,108,147,174 which suggested axial heterogeneity in
the properties of the Na1-K1-2Cl2 co-transporter,
because Greger,108 and Hus-Citharel and Morel147 exam-
ined the cortical TAL, while Koenig et al.174 and Burnham
et al.34 prepared membranes from the medulla. An axial
heterogeneity in the regulation of co-transporter activity
as the thick limb ascends from the medulla into the cortex
might be anticipated. This is explained by differences in
affinity constant for ions of axially distributed along
TAL of alternatively spliced variants of the Na1-K1-2Cl2

co-transporter.
SLC12A1 gene encodes for the absorptive form of the

co-transporter, referred to as BSC1 or NKCC2, located
exclusively at the apical membrane of TAL, simulta-
neously cloned by Gamba et al.94 and Payne et al.241

Molecular biology of this gene is extensively discussed
in Chapter 32. Inactivating mutations in the SLC12A1
gene is the cause of Bartter syndrome type I. This syn-
drome, characterized by hypokalemia, metabolic alka-
losis, hyperaldosteronism, and low blood pressure,
results from a defect in salt absorption by the TAL, pro-
viding strong support for the conclusion that NKCC2 is
responsible for apical Na1-K1-2Cl2 co-transport in the
thick ascending limb.92 The NKCC2 cDNA encodes
a protein containing B1100 amino acids and having a
predicted molecular weight of 115�120 kDa.92 The
observed molecular weight, however, is approximately
150 kDa due to extensive glycosylation. Hydropathy
analysis of the amino acid sequence predicts a protein
having 12 putative transmembrane spanning domains
(TM). Six isoforms of NKCC2 have been identified that
are results of alternative splicing in the 50 and 30 regions
of the NKCC2 gene. Three 50 splice products, termed A,
B, and F, are expressed in all mammalian species.92

These variants differ only in a 96 bp region, which
encodes the amino acids forming half of the second TM
and interconnecting segment between TM2 and 3. The
isoforms show differential expression within the thick
ascending limb. Using RT-PCR, Yang et al.345 examined

FIGURE 34.1 A model depicting the major pathways involve in
NaCl absorption mechanism by the thick ascending limb. Dashed
lines indicate passive movements down electrochemical gradient.
From Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport
in the loop of Henle, distal convoluted tubule, and collecting duct. In “The
Kidney: Physiology and Pathophysiology,” 4th edn, 849�888, Alpern, R. J.,
and Hebert, S. C. (eds.). Elsevier.
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the distribution of NKCC2 isoforms in single nephron
segments. The A isoform was found in both the cortical
and medullary TAL, the B isoform was restricted to the
cortical TAL, while the F isoform was present in the
medullary, but not cortical, TAL and, to a lesser extent,
in the outer medullary collecting duct. Altough the
three variants mediate Na1-K1-2Cl2 co-transport, they
have different transport properties. The A and B iso-
forms have higher affinities for Na1, K1, and Cl2 than
the F isoform. The A isoform appears to have a greater
transport capacity than the other isoforms244 (see
Figure 32.3 of Chapter 32). Thus, the presence of the A
and F isoform in the medullary thick ascending limb
could account for the observed high rates of NaCl trans-
port relative to the cortical segment (Table 34.2), while
the expression of the A and B isoforms in the cortical
thick ascending limb may subserve the ability to achieve
lower luminal NaCl concentrations in that segment. As
discussed with detail in Chapter 32, difference in affin-
ity for ions among the NKCC2 variants B and F has
been attributed to only six residues within these exons.

There is experimental evidence that the apical
co-transporter in TAL might operate as a simple NaCl
symporter under certain conditions. Eveloff and co-
workers have reported potassium-independent, furo-
semide-sensitive NaCl transport in isolated rabbit
TAL cells and membrane vesicles prepared from
TAL cells.71 Potassium dependence of the co-
transporter might be subject to physiologic
regulation. Eveloff and Calamia72 have shown that
under isotonic conditions the chloride-dependent,
furosemide-sensitive component of sodium uptake is
independent of potassium, but that under hypertonic
conditions the sodium uptake becomes K1-depen-
dent. Sun et al.301 have also reported that, in per-
fused mouse medullary TAL segments, basal sodium
chloride transport was K1-independent, but that
upon stimulation of salt transport by ADH NaCl
transport became dependent on luminal K1. The
NKCC2 variants at the carboxyl terminal domain
help to explain this discrepancy. Alternative splicing
at the 30 end of NKCC2 produces additional isoforms
with either long (C9) or short (C4) carboxy-termini.221

Under isotonic conditions, the truncated (C4) iso-
forms do not mediate Na1-K1-2Cl2 co-transport.
Under hypotonic conditions, however, the C4 iso-
forms mediate K1-independent NaCl co-transport,
which is inhibited by cAMP243 and may account for
the K1-independent NaCl transport noted in earlier
studies.72,301 Of note, the C4 isoform inhibit the
transport activity of the full-length (C9) isoforms
when the two are co-expressed,245 and this inhibition
is relieved by cAMP.245 The inhibition of C9 NKCC2
isoforms by C4 isoforms suggests a physical interac-
tion between these proteins. Biochemical studies have

established that NKCC2 exists as a dimer.295 Thus, it is
possible that different combinations of NKCC2 iso-
forms within the dimer could produce transporters
with a wide variety of functional properties. Moreover,
the subunit composition of the dimers may be a point
of physiologic regulation. Alternatively, the C4 isoform
could alter membrane trafficking or stability of the C9
isoform. The C4 isoform resides predominantly in
subapical vesicles rather than the cell membrane.245

Meade et al.209 found that co-expression of the C4
isoform reduced the abundance of C9 isoform in
Xenopus oocyte membranes. The reduction in cell
surface C9 isoform was reflected by a commensurate
reduction in bumetanide-sensitive Rb uptake. The
inhibitory effect of C4 on C9 cell surface localization
could be prevented by cAMP or by disruption of micro-
tubules, suggesting that C4 alters the trafficking of C9
in or out of the apical membrane.

Evidence for a model of two distinct binding sites for
Cl2 with differing affinities follows from studies of
Forbush and Palfrey80 on 3H-bumetanide binding to
renal medullary membranes. In these studies, Na1, K1,
and Cl2 were all required for bumetanide to bind to
canine renal medullary membranes. The Ka values for
sodium and potassium were 2 mM and 1 mM, respec-
tively. The effect of Cl2 concentration on bumetanide
binding was biphasic. At low concentrations (,5 mM),
Cl2 enhanced 3H-bumetanide-binding. These data are
consistent with a model in which the binding of Cl2 to a
high-affinity site exposes a second lower-affinity site that
may be occupied either by bumetanide or by the second
Cl2. However, functional studies using chimeras con-
structed between the ubiquitously expressed Na1-K1-
2Cl2 co-transporter NKCC1 encoded by SLC12A2 gene
and NKCC2, as well as in wild-type and mutant variants
A, B, and F of NKCC2, revealed that changes in chloride
affinity are not paralleled by changes in bumetanide
affinity, and vice versa, questioning the competition of
chloride and bumetanide for a single-binding site (see
Chapter 32 on NaCl co-transporters).

The binding of ions to the co-transporter is thought
to be ordered and cooperative.185 Thus, sodium binds
to the co-transporter first, and promotes binding of a
Cl2 and then K1. Binding of K1 to its site, in turn, pro-
motes binding of the second Cl2 to the co-transporter.
Once fully occupied, the co-transporter�ion complex
translocates to the internal surface of the cell mem-
brane, where debinding occurs in the same order. The
full reaction sequence of binding and debinding results
in inward Na1/K1/2Cl2 transport. Partial reactions
permit K1/K1 and Na1/Na1 exchange.

Apical Potassium (K) Channels

Studies of isolated, perfused, thick limb segments
have established that the predominant, and perhaps
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only, conductance across the apical membrane is to
potassium.113,136 Blockade of the apical K conductance
by luminal barium in mouse medullary thick ascend-
ing limb (mTAL) decreases the transepithelial electrical
conductance (Ge) by roughly 50%, while increasing
the apical-to-basolateral membrane resistance ratio
(Ra/Rb) from 1.9 to 12.9.135 Moreover, changes in
the luminal K1 concentration produce essentially
Nernstian changes in the apical membrane electrical
potential.135 Electrophysiological studies demonstrated
that the apical membrane K1 conductance is sufficient
to recycle the potassium uptake via the Na1-K1-2Cl2

co-transporter.
The properties of the apical membrane K1 conduc-

tance have been studied in plasma membrane vesicles
prepared from outer renal medulla.34,252 Conductive K1

fluxes in these vesicles can be measured by loading the
vesicles with a high concentration of potassium, and
then removing the potassium from the external solu-
tions. Tracer amounts of 86Rb1 are then added to the
extravesicular solutions to begin uptake. Under these
conditions, the outwardly directed K1 gradient creates
an inside-negative diffusion potential that drives 86Rb1

uptake into the vesicles. Burnham et al.34 and Reeves
et al.252 were thus able to demonstrate barium-sensitive
86Rb1 flux in membranes from rabbit outer medulla.
The Rb1 flux was conductive as judged by its inhibition
via collapse of the intravesicular voltage or by measure-
ment of intravesicular voltage using voltage-sensitive
dyes. The K0.5 value for barium inhibition of Rb1 flux
was 50�100 μM.34 The barium-sensitive Rb1 flux was
also dependent on the calcium activity within the vesi-
cles.34 Moreover, in reconstituted proteoliposomes pre-
pared from porcine outer medulla, the calcium
dependence of the K1 conductance was modulated by a
high-affinity (K0.55 0.1 nM) calmodulin-binding site.173

The patch-clamp technique has identified two types
of apical K1 channels in the TAL, a low-conductance
(35 pS) K1 channel and an intermediate-conductance
(70 pS) K1 channel in the apical membrane of the TAL.
The 35 pS K1 channel is observed in the apical
membrane of rabbit,327 rat,325 and mouse.202 Moreover,
exposure of the cytoplasmic surface of the patch to
ATP inhibited channel activity. In addition to the 35 pS
K1 channel, Bleich et al.23 and Wang325 described an
intermediate conductance (60�70 pS) K1 channel in rat
TAL segments. Like the low conductance K1 channel,
the 70 pS K1 channel was inhibited by ATP and bar-
ium.325 In addition, the channel activity was voltage-
dependent with depolarization increasing its activity;
the channel could be blocked by quinine, verapamil,
and diltiazem, and was inhibited at low cytosolic pH.
The activities of both the intermediate and low conduc-
tance K1 channels are increased by high dietary
potassium.200 An overview regarding regulation of

apical K1 channels in the TAL is summarized in
Figure 34.2, and detailed information can also be found
in the review articles.141,329

An ATP-dependent K1 channel was cloned from rat
kidney by Ho et al.143 This channel, termed ROMK
(Renal Outer Medullary K1 channel), is the prototype
for a large family of inward rectifying K1 channels
(KIR channels). KIR channels have two transmembrane
spanning domains, intracellular N- and C-termini, and
an extracellular helical domain between the two trans-
membrane domains. Structural studies of other KIR

channels have established that the channels exist
as heteromers of four KIR subunits.230,231,307 The extra-
cellular helical domain appears to form the outer
vestibule and selectivity filter of the channel, while the
second transmembrane domain lines the pore cavity.

ROMK1 channels have three alternatively spliced
forms and they are ROMK2 (Kir1.1b), ROMK3
(Kir1.1c),26,350 and ROMK6 (Kir1.1d).178 The encoded
ROMK proteins differ at the beginning of the N-termi-
nus; ROMK2 has the shortest N-terminus177 and splicing
adds either 19 or 26 amino acids for ROMK1 or ROMK3,
respectively. Relative ROMK mRNA abundance mea-
sured by competitive PCR has shown that ROMK2 and
ROMK3 are much more abundant than ROMK1 or
ROMK6 in rat kidney.17 Moreover, single-nephron PCR
analysis indicated that ROMK1 is expressed in the col-
lecting duct, while both ROMK2 and ROMK3 are
expressed in the medullary and cortical thick ascending
limb.26 Immunolocalization of ROMK proteins, using
antibodies that recognized all three isoforms, revealed
apical membrane localization in the medullary and corti-
cal thick ascending limb, the late distal tubule, the con-
necting tubule, and the cortical collecting duct.210,341

Oddly, the expression of ROMK in the thick limb was
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heterogeneous, with some cells lacking demonstrable
staining. In contrast, the expression of the Na1-K1-2Cl2

co-transporter was uniform within the TAL.341 This
implies that apical K1 recycling by the ROMK-positive
cells may be sufficient to supply K1 for Na1-K1-2Cl2

transport in the ROMK-negative cells.
The 35 pS channel conductance of ROMK corre-

sponds to the low conductance K1 channel described
by Wang et al.325 The current�voltage relations exhibit
weak inward rectification, which is due to blocking of
the channel by intracellular Mg21 or polyamines.177

The activity of this channel is modulated by intra-
cellular pH and by intracellular ATP, through
both phosphorylation-dependent and phosphorylation-
independent pathways.141 The maintenance of ROMK1

channel activity requires protein kinase A (PKA)-
mediated phosphorylation and deletion of any two of
three PKA-phosphorylation sites inactivates ROMK.203

Phosphorylation of ROMK affects both channel activity
(Po) and the number of functional channels in
the plasma membrane.346 In addition, PKA-induced
phosphorylation of ROMK enhances the sensitivity of
the ROMK1 channel to phosphatidylinositol phos-
phates (PIP2).189

Nucleotides have both inhibitory and stimulatory
effects on ROMK activity. At micromolar concentrations,
ATP stimulates ROMK activity via PKA-mediated
phosphorylation and production of PIP2.

329 Millimolar
concentrations of ATP inhibit ROMK activity.326,328 The
inhibition by ATP can be relieved by increasing concen-
trations of ADP or by PIP2.

198 Certain other members
of the KIR family are also inhibited by ATP. The ATP
sensitivity of these channels�for example, KIR6.2�is
endowed by the association of regulatory subunits.51

These regulatory subunits, such as the sulfonylurea
receptor (SUR) and CFTR,3,151 belong to the ABC gene
family which is characterized by nucleotide-binding
domains. The sulfonylurea receptor, together with
KIR6.2, forms the glibenclamide-sensitive, ATP-sensitive
K1 channel that controls insulin secretion by pancreatic
β-cells.151 The KIR/SUR channels are more sensitive to
inhibition by ATP than those of heterologously
expressed ROMK1 channels. In addition, the native
35 pS K1 channel, but not the heterologously expressed
ROMK1 channel, is inhibited by glibenclamide.324 These
observations have prompted the search for regulatory
subunits for the ROMK1 channel. Both SUR2B18 and
CFTR216 are expressed in the thick ascending limb and
collecting duct, making them candidates for ROMK reg-
ulation. In transfection studies, co-expression of ROMK
with either SUR2B305 or CFTR208,264 dramatically
increases both the nucleotide dependence and glibencla-
mide sensitivity of ROMK. Immunoprecipitation studies
confirmed that one of the ROMK isoforms, ROMK2,
physically interacts with SUR2B.305 The role of CFTR in

regulating the native ROMK1 channels has been further
suggested by the finding that PKA-induced regulation of
ATP sensitivity of the native 35 pS K1 channel is com-
promised in CFTR knockout mice.199 Figure 34.3 is a car-
toon illustrating the current view regarding the
composition of the native ATP-sensitive K1 channel in
the apical membrane of the TAL.

The electrophysiologic properties of the ROMK
channels have strongly suggested that ROMK is the
native 35 pS K1 channel expressed in the thick ascending
limb.47,233,329 In support of this view, no low-conductance
K1 channels were detected by patch-clamp analysis in
ROMK knockout mice.201 Moreover, deleting the gene
product encoding ROMK also abolished the expression
of intermediate conductance K1 channels in the thick
ascending limb.200 It has been proposed that the interme-
diate conductance channel may be a heteromeric protein
containing ROMK and other, as yet unidentified, sub-
units. The notion that one of the ROMK channels is the
predominant channel responsible for apical K1 recycling
in the thick ascending limb is strongly supported by the
finding of mutations in the ROMK gene in some families
with Bartter syndrome.290 Thus, the presence of ROMK
mutations as a cause of Bartter syndrome indicates the
important role of ROMK in net salt absorption by the
thick ascending limb.

Basolateral Potassium (K) Channels

Basolateral K1 channels in the TAL play an important
role in the regulation of transepithelial transport.98,141

They are responsible for generating basolateral
membrane potential which is essential for Cl diffusion
across the basolateral membrane in the TAL. Activation
of basolateral K1 channels in the TAL is expected to
hyperpolarize the basolateral cell membrane, thereby
augmenting the driving force for Cl exit across the baso-
lateral membrane. In contrast, decreasing basolateral K1

channel activity depolarizes the cell membrane potential,
thereby diminishing the driving force for Cl2 exit across
the basolateral membrane. Consequently, inhibition of
Cl2 exit leads to an increase in intracellular Cl2 concen-
tration which decreases the activity of NKCC2, probably
via inhibiting WNK3-SPAK.247

The physiological importance of the basolateral K1

channels in maintaining transepithelial membrane trans-
port in the TAL and distal nephron is best demonstrated
in SeSAME disease (Seizures, Sensorineural deafness,
Ataxia, Mental retardation, and Electrolyte imbalance).
This disease is the result of defective gene product
encoding KCNJ10, an inwardly-rectifying K1 channel,281

which is also expressed in the basolateral membrane of
TAL and distal nephron.183 The renal phenotypes of
SeSAME disease are hypokalemia, metabolic alkalosis,
and hypomagnesemia. Presumably, defective basolateral
K1 channels cause membrane potential depolarization,
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thereby decreasing Cl2 diffusion across the basolateral
membrane. Consequently, an increase in intracellular
Cl2 concentrations results in the inhibition of the apical
Na entry through NKCC2, thereby suppressing Na
absorption and diminishing the lumen-positive potential
in the TAL. A decrease in the lumen-positive potential
results in inhibition of magnesium absorption through
the paracellular pathway in the TAL.134 Also, the inhibi-
tion of Na absorption in the TAL increases Na delivery
to the distal nephron, accordingly stimulating Na
absorption in the expanse of K1 in the connecting tubule
and causing K1-wasting. Therefore, an alteration in the
basolateral K1 channel activity in the TAL has a
significant effect on transepithelial transport not only in
the TAL, but also in the distal nephron segment.

Patch-clamp experiments demonstrated that an
inwardly-rectifying 50 pS K1 channel119,238 and a Na1

and Cl2 activated 140�180 pS K1 channel240 are present
in the basolateral membrane of the TAL. The 50 pS
K1 channel is highly-expressed, and may be the main
K1 channel in the basolateral membrane of the TAL. The
regulation of the 50 pS K1 channels has been intensively
studied and several factors, including protein kinase A
(PKA), 20-hydroxyeicosatetraenoic acid (20-HETE), and
external Ca21, have been identified to modulate the
50 pS K1 channels (Figure 34.2). Arachidonic acid inhi-
bits the basolateral 50 pS K1 channels in the TAL
through the CYP-omega-hydroxylase-dependent

metabolism, and 20-HETE mediates the effect of arachi-
donic acid on the K1 channel.115,119 Also, raising the
external Ca21 inhibited the basolateral 50 pS K1 chan-
nels in the TAL by a PKC-dependent mechanism.179

Two lines of evidence suggest that the effect of the exter-
nal Ca21 on the basolateral 50 pS K1 channels was the
result of stimulating the Ca21-sensing receptor (CaSR)
which is expressed in the TAL133: (1) the inhibitory effect
of raising the external Ca21 on the 50 pS K1 channels
was observed only in cell-attached patches, but not in
excised patches; (2) the effect of raising external Ca21 on
the 50 pS K1 channel was absent in the presence of the
CaSR antagonist. It is possible that the CaSR might
directly interact with the basolateral 50 pS K1 channels
in the TAL. This speculation is supported by reports
from several studies. First, the basolateral 50 pS K1 chan-
nels in the TAL might represent heterotetramers made
of Kir4.1/Kir5.1, because the basolateral K1 channels in
the distal tubules with similar biophysical properties to
those of the 50 pS K1 channel in the TAL are composed
of Kir4.1 and Kir5.1.183,197 Second, immunostaining
experiments demonstrated that Kir4.1 and Kir5.1 were
expressed in the basolateral membrane of the TAL.254,306

Finally, the study using immunoprecipitation performed
in the cells transiently transfected with Kir4.1 and the
CaSR has demonstrated that Kir4.1 was associated with
the CaSR.144 The regulation of the basolateral 50 pS K1

channel by the external Ca21 should play a role in the
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modulation of transepithelial Na transport and concen-
trating ability in the TAL. Since the active reabsorption
of NaCl2 in the water-impermeable TAL is essential for
urinary concentrating mechanism, inhibition of NaCl2

reabsorption in the TAL should result in a decrease in
concentrating ability. Indeed, it has been reported that
hypercalcemia impairs urinary concentrating ability.99

Because the activity of the basolateral K1 channels
is regulated by the external Ca21/Mg21 concentrations
at a physiologically relevant range (1 to 2 mM), the
CaSR-mediated regulation of the membrane transport
in the TAL is mainly through controlling the basolat-
eral K1 channel activity. Figure 34.4 is a cell scheme
illustrating the role of basolateral K1 channels in medi-
ating the effect of stimulation of the CaSR on Na1 and
divalent cation transport in the TAL. Under physiologi-
cal conditions, the basolateral K1 channels maintain
the cell membrane potential such that it could sustain a
constant Cl2 diffusion across the basolateral mem-
brane. An increase in the external Ca21 (hypercalce-
mia) activates the CaSR, thereby inhibiting basolateral
K1 channels and decreasing the driving force for Cl2

diffusion across the basolateral membrane. Inhibition
of Cl2 exit is expected to lead to hyperpolarization of
transepithelial voltage (Vte). A less positive Vte would
diminish the reabsorption of Na1 and divalent cations
such as Ca21 and Mg21. Indeed, it has been reported

that an increase in plasma Ca21/Mg21 level enhanced
urinal Ca21/Mg21 excretion.249,250

Basolateral Membrane Cl2 Channel and
Transporter

Cl2 CHANNEL

Cl2 exit across the basolateral membrane of TAL
cells is largely conductive, proceeding down its electro-
chemical gradient through Cl2-selective channels in
the basolateral membrane. The notion that basolateral
Cl2 transport is electrogenic first derived from obser-
vations that, in the mouse medullary TAL and rabbit
cTAL,138 net Cl2 absorption accounts for about 90% of
the equivalent short-circuit current. Measurements of
the basolateral membrane voltage by Greger and
Schlatter112 confirmed that reductions in bath chloride
concentration depolarized the basolateral membrane,
while reductions in intracellular chloride concentration
produced by blocking Cl2 entry with furosemide
hyperpolarized the basolateral membrane. Both sets of
observations are consistent with the presence of a Cl2

conductance in the basolateral membrane. Consistent
with the view that basolateral Cl2 transport is via chlo-
ride channels, a variety of compounds known to block
Cl2 channels also inhibit salt absorption in TAL seg-
ments. Wangemann et al.121 have catalogued the
electrophysiologic effects, relative potencies, and struc-
ture�function relations of over 200 such compounds.
The major effects of these agents, when present in the
peritubular bathing solutions, are inhibition of transe-
pithelial voltage, inhibition of the equivalent short cir-
cuit current, and hyperpolarization of the basolateral
membrane.

Application of the patch-clamp technique to the TAL
has established that Cl2 channels are present in the baso-
lateral membrane of TAL cells. Paulais and Teulon
detected a 40 pS anion selective channel (PCl/PNa5 20)
in the basolateral membrane of collagenase treated
mouse cortical TAL segments.121 The I�V relations of
the channel were linear in both the cell-attached and
excised configurations. The open probability of the chan-
nel in the cell-attached state was voltage-dependent,
increasing as the membrane was depolarized. In the
excised patch configuration, the open probability was no
longer voltage-dependent. Greger et al. described a Cl2

channel in the basolateral membrane of rat TAL
segments.109 This channel also has a conductance of
about 40 pS, but rather than having a linear I�V relation,
this channel exhibits outward rectification. The open
probability increases with depolarization in both the
cell-attached and -excised patch configuration. A low
conductance Cl2 channel (8�10 pS) having linear I�V
relations has also been detected in the basolateral mem-
brane of TAL cells.121,120,118 The activity of this channel is
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increased following incubation with cAMP-dependent
protein kinase and ATP,120 and is inhibited by 20-HETE
acid, a Cyp-ω-hydroxylase-dependent metabolite of
arachidonic acid.118

Evidence for Cl2 channels in the TAL also comes
from studies of Cl2 flux in renal medullary membrane
vesicles. Since TALs comprise approximately 70% of
the volume in the inner stripe of outer medulla, vesicles
prepared from this region should be predominantly
derived from this segment. 36Cl2 flux into vesicles from
rabbit outer medulla16 is electrogenic, cation-
independent, inhibitable by chloride channel blockers,
and has a low activation energy (Ea5 6.4 kcal/mole),
characteristic of transport through a channel. Moreover,
when vesicles from rabbit outer medulla were incorpo-
rated into planar lipid bilayers, chloride channel
activity was demonstrated.251 These channels were
anion selective (PCl/PK 5 10) and had a single-channel
conductance of 80�90 pS in 320 mM KCl solution. The
I�V relations in symmetric solution were linear, and in
asymmetric solutions the I�V relations conformed to
the Goldman�Hodgkin�Katz equation. The open
probability of this channel was voltage-dependent,
increasing activity with depolarizing voltages. These
channels are also seen in vesicles made from highly
purified suspensions of mouse thick ascending limb.337

Molecular cloning has demonstrated the basolateral
Cl2 channels are composed of ClC-K1 and ClC-
K2,2,166,311 members of a large number of the ClC family
of channels.155 ClC-K1 and ClC-K2 are expressed exclu-
sively within the rat kidney. In the human, the two cor-
responding channels are denoted hCLC-Ka and hCLC-
Kb, and are located contiguously on chromosome 1.265

Due to the high degree of sequence similarity between
hCLC-Ka and hCLC-Kb, it is not certain which of the
human channels correspond to CLC-K1 versus CLC-
K2, although the distribution of ClC-K2 along the
nephron most closely matches that of hClC-Kb.304

Zimniak and colleagues351 have cloned cDNA from
rabbit renal outer medulla, named rbClC-Ka, which
shares 80% homology to the rat CLC-K1 and CLC-K2.
The distribution of rbClC-Ka along the nephron resem-
bles that of CLC-K2 rather than ClC-K1.351 Several lines
of evidence support the view that CLC-K2 (or the prob-
able human homolog hCLC-Kb) is the channel that
mediates chloride efflux across the basolateral mem-
brane of the thick ascending limb. First, using polymer-
ase chain reaction amplification of single tubule
segments, the ClC-K2 and rbClC-Ka channels were
shown to be expressed primarily in the thick ascending
limb and the collecting duct.2,351 Second, immunohisto-
chemical studies using an antibody against the rbClC-
Ka channel revealed predominantly basolateral
staining in the medullary and cortical thick ascending
limb.338 Similar results were obtained by Vandewalle

and colleagues using an antibody that recognized both
CLC-K1 and CLC-K2.314 Finally, and most compelling,
is the identification of mutations in hCLC-Kb in
patients with neonatal Bartter syndrome.289 Thus, as
was the case for the NKCC2 and ROMK proteins, link-
age of ClC-Kb to Bartter syndrome establishes the
importance of its gene product in transepithelial NaCl
transport. Activating mutations of CLC-Kb have also
been reported.153 Specifically, substitution of threonine
by serine at position 481 of CLC-Kb results in a dra-
matic increase in Cl2 currents, without a change in
channel selectivity or cell surface expression. The
T481S polymorphism is relatively common in the gen-
eral population, particularly in African populations.
Among Caucasians, the presence of the T481S poly-
morphism was associated with higher systolic and dia-
stolic blood pressures, and a higher prevalence
of hypertension.154 Thus, ClC-Kb is an attractive
candidate gene for certain forms of essential hyper-
tension, particularly salt-sensitive hypertension.
Additional studies in different populations will be
required to determine the significance of these ClC-Kb
polymorphisms.

To form functional Cl2 channels in thick ascending
limb requires not only CLC-K2/hCLC-Kb, but also a
subunit, named barttin.21 Lost function of mutation of
barttin is responsible for a form of Bartter syndrome
accompanied by sensorineural deafness.21 Barttin is
believed to act, at least in part, by increasing the cell
surface expression of ClC-Kb.70

KCl SYMPORTER

Some uncertainty remains regarding the role of
basolateral electrochemical KCl symport in net Cl2

efflux across that membrane. In the rabbit cortical TAL,
Greger and Schlatter239 concluded that KCl symport
accounted for about one-third of basolateral Cl2 efflux.
This conclusion is based on the following observations:
an increase in the K1 concentration or decrease in the
Cl2 concentration of the basolateral solution depolar-
ized the basolateral membrane; bath barium depolar-
ized the basolateral membrane and abolished the
K1-induced changes in Vbl; and barium had no dis-
cernible effect on the transepithelial resistance or
fractional resistance of the basolateral membrane. The
lack of an effect of barium on resistance persuaded
the investigators to propose that a barium-sensitive
KCl co-transporter was present.112 Alternatively,
these data are compatible with parallel conductive
pathways for K1 and Cl2. The absence of a barium
effect on transepithelial resistance could be due to an
offsetting increase in basolateral Cl2 conductance or
to changes in basolateral membrane resistance below
the experimental limits of detection. A cloned KCl
co-transporter, KCC4, is present in the basolateral
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membrane of the thick ascending limb.316 However,
its physiologic role in thick ascending limb function
is not known.

Synchronous Na1/H1: Cl2/HCO3
2 Exchange

An additional form of apical membrane NaCl entry
has been observed in the mouse cTAL. Friedman and
Andreoli83 found that net Cl2 absorption and the trans-
epithelial voltage were doubled when CO2 and HCO3

2

were added to the external solutions bathing cTAL
segments. Since the (CO2 HCO3

2)-stimulated rate of
NaCl absorption did not result in net CO2 transport,
and could be abolished by the lipophilic carbonic anhy-
drase inhibitor ethoxyzolamide or by the luminal addi-
tion of the anion exchange inhibitor SITS or DIDS, it
was proposed that the apical membrane of the mouse
cTAL contains parallel, near-synchronous Na1/H1:
Cl2/HCO3

2 exchangers in addition to a Na1-K1-Cl2

co-transporter. Subsequent studies have shown that,
like the mouse mTAL, the apical membrane of the
mouse cTAL contains a potassium conductance, and
that both the (CO2 HCO3

2)-dependent and (CO2

HCO3
2)-independent components of NaCl absorption

require luminal potassium.84,82 Thus, the cation
exchange process may proceed as (Na1, K1)/2 H1.
Both the (CO2 HCO3

2)-dependent and -independent
components of NaCl absorption in mouse cTAL seg-
ments were equally susceptible to inhibition by luminal
bumetanide (Ki5 5�83 10�7 M).82 Addition of CO2

and HCO3
2 to the bathing solutions has no effect on

net NaCl transport in either rabbit cTAL or mouse
mTAL. Both the rat and mouse mTAL do contain
Na1/H1 exchangers in their apical membranes.
However, in these segments, Na1/H exchange plays a
role in net HCO3

2 transport and cell pH regulation,
rather than transcellular NaCl absorption.104,168

Bicarbonate and Ammonium Transport

Medullary and cortical TAL segments from the rat
absorb bicarbonate and acidify the luminal fluid.105

The rates of bicarbonate absorption measured in
in vitro perfused TAL segments account for most of the
filtered bicarbonate that is reabsorbed by the loop of
Henle in vivo.104 The rate of sodium bicarbonate
absorption in the rat TAL is, however, only a small
fraction (5�10%) of total sodium absorption by this
segment. Thus, while bicarbonate transport by the TAL
may play an important role in urinary acidification in
some species, bicarbonate transport has little impact on
net salt balance or free water excretion. There is consid-
erable species variation in the rates of bicarbonate
absorption by the TAL. No significant bicarbonate
transport was detected in mouse and rabbit TAL.83,105

In the rabbit, this correlates with the absence of
carbonic anhydrase activity in the TAL.95

The mechanism of bicarbonate absorption by the rat
TAL has been reviewed.105,38 Transcellular bicarbonate
absorption results from proton secretion across the api-
cal membrane and bicarbonate reabsorption across the
basolateral membrane. The apical proton secretion
occurs primarily by NaH exchange. Evidence for func-
tional apical Na1/H1 exchange has been presented for
the rat104,180 and mouse TAL.83,167 In these segments,
acidification of luminal fluid is sodium-dependent and
amiloride-sensitive. Moreover, removal of luminal
sodium or luminal amiloride results in cytoplasmic
acidification. As noted above, the NHE3 isoform of the
Na1/H1 exchanger is expressed in the apical mem-
brane of the thick ascending limb.6 NHE3 expression in
the TAL is increased by chronic metabolic acidosis,
providing a mechanism for enhanced HCO3

2 absorp-
tion in this setting. An apical membrane H-ATPase
may also contribute to bicarbonate absorption in the
TAL.105 Inhibition of the Na1-K1-Cl2 co-transporter by
furosemide stimulates bicarbonate absorption in the rat
TAL. Thus, this transporter is not directly involved in
bicarbonate absorption. Rather, the reduction in cell
Na1 activity that attends inhibition of Na1-K1-Cl2

co-transport provides a greater driving force for apical
Na1/H1 exchange.

Krapf180 has demonstrated that base efflux across the
basolateral membrane of perfused rat TAL segments
occurs as Na1(HCO3

2) co-transport. This process is
electrogenic (probable stoichiometry 1Na1:3HCO3

2),
sodium-dependent, Cl2-independent, and SITS-
sensitive. Na1(HCO3

2) co-transport has been demon-
strated in mouse medullary TAL as well. In the mouse,
the apical Na1/H1 exchanger and basolateral
Na1(HCO3

2) co-transporter play a role in cell pH regula-
tion, rather than transcellular bicarbonate transport.

Origin of Transepithelial Voltage

The spontaneous, lumen-positive transepithelial
potential that accompanies net NaCl absorption is, in
principle, the sum of at least two terms: an electrogenic
voltage arising from rheogenic cellular pathways; and
a zero-current dilution voltage referable to salt accu-
mulation in intercellular spaces during salt absorption.
Given the cation selectivity of the paracellular pathway
(PNa/PCl B2�6), an accumulation of Na1 in the lateral
intracellular space mediated by the (Na1, K1)-ATPase
could create a lumen-positive diffusion potential across
the junctional complex. As discussed earlier, the
lumen-positive potential arising from rheogenic cellu-
lar transport serves to drive a proportion of net sodium
reabsorption through the paracellular pathway.
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However, this paracellular sodium absorption will be
diminished by the extent to which paracellular diffu-
sion potential accounts for the spontaneous transe-
pithelial voltage, Ve. Thus, it is pertinent to consider
the relative contributions of both electrogenic and dif-
fusion potentials to the total transepithelial voltage.

Hebert and Andreoli136 assessed the possible contri-
butions of a paracellular diffusion potential to Ve in the
mouse TAL. The conductance of the paracellular
pathway, Gs, was measured by blocking the trans-
cellular conductance with 20 mM Ba21 in the lumen.
The junctional complexes were then disrupted by the
imposition of large osmotic gradients produced by the
addition of urea to the luminal perfusate. Using the
value of Gs in the presence of 800 mM luminal urea as
an estimate of the ionic conductance of the lateral inter-
space, exclusive of the junctional complex, Hebert and
Andreoli136 calculated that, during net NaCl transport,
the maximal rise in NaCl concentration in the lateral
interspace was 10 mEq/liter, and that the resulting
dilution potential was less than 1 mV. These results are
consistent with the notion that virtually all of the trans-
epithelial voltage is the result of rheogenic transcellular
processes.

Specifically, because the apical membrane is exclu-
sively conductive to potassium, and because the
Na1K12Cl2 co-transporter is electroneutral, the apical
membrane voltage, Va, will approximate the K1 equi-
librium voltage, EK. The basolateral membrane voltage,
Vbl, in contrast, is a function of several conductive
pathways; examples include K1 and Cl2 channels,
Na1HCO3

2 symport, (Na1, K1)-ATPase. Of these, Cl2

is likely the most important conductive species across
the basolateral membrane. Vbl, therefore, will be
greater than ECl, but less that EK, and hence less than
Va (Table 34.3). The lumen-positive Ve then is the result
of differing conductance characteristics of the apical
and basolateral membranes. The exact value of Ve will
be determined by the relative magnitude of the basolat-
eral K1 and Cl2 conductances, and the currents pass-
ing through the apical and basolateral membranes.

According to these arguments, the electrogenic
nature of Ve should allow for a significant fraction of
net sodium absorption to proceed via the paracellular
pathway. Indeed, for a constant stoichiometry of the
Na1K1-2Cl2 entry, the ratio of net Cl2 absorption to
paracellular sodium absorption should have a value
of 2. The rate of net paracellular Na1 absorption
depends on a variety of factors, such as Ve, Gs, and
PNa/PCl, which vary considerably from tubule to
tubule. When each of these variables was measured in
the same tubule, however, the ratio of net Cl2 absorp-
tion to paracellular Na1 absorption was reasonably
constant at 2.46 0.3.136 Thus, the stoichiometry of
Na1K1-2Cl2 entry may be constant under those

experimental conditions, that is, ADH stimulated
mTAL segments, and the variables Ge, Gs, and PNa/PCl

are related in a given tubule in such a way as to main-
tain the net Cl2 to paracellular Na1 ratio at 2.

Coupling of Substrate Utilization to Ion
Transport

Transepithelial NaCl absorption accounts for the sin-
gle largest expenditure of energy by TAL cells.
Inhibition of the (Na1,K1)-ATPase by ouabain reduces
O2 consumption by rabbit,42,71 rat,309 and mouse168

TAL segments by 50%. The effect of ouabain on O2

consumption can be mimicked by either furosemide or
by removal of Na1 or Cl2 from the bath solutions.42,71

This suggests that about one-half of the total cellular
ATP supply is consumed by the basolateral membrane
(Na1,K1)-ATPase pump, and that this pump operates
almost exclusively for the purpose of transepithelial
NaCl transport.

TAL segments utilize a variety of metabolic sub-
strates including D-glucose, D-mannose, butyrate,
β-OH-butyrate, acetoacetate, lactate, acetate, and pyru-
vate to support the high ATP requirement imposed by
salt transport.339 Uchida and Endou310 determined the
ability of various substrates to maintain cellular ATP
concentrations in microdissected mouse TAL segments.
In mTAL segments, glucose, lactate, and β-hydroxybu-
tyrate all conserved cellular ATP content equally well.
In the cTAL, lactate and β-hydroxybutyrate increased
cellular ATP more than did glucose. Wittner et al.
reported that in the absence of exogenous substrate,
NaCl transport fell by 73% in 10 minutes in rabbit
cTAL.339 Chamberlin and Mandel43 assessed the ability
of various endogenous and exogenous substrates to
support oxidative metabolism in suspensions of rabbit
mTAL segments. Unlike the findings in rabbit cTAL,
the mTAL suspensions maintained 85% of their basal
O2 consumption in the absence of exogenous sub-
strates. Inhibitors of glycolysis, fatty acid oxidation,
and amino acid oxidation reduced O2 consumption,
indicating that glucose, fatty acids, and amino acids all
serve as endogenous substrates capable of supporting
oxidative metabolism when the availability of exoge-
nous substrate is limited.43

Therefore, the TAL, particularly the medullary por-
tion, relies almost exclusively on oxidative metabolism
as its source of energy. However, the mTAL resides in
an oxygen-poor environment. The oxygen tension in
the outer medulla is about 10 mmHg.186 Apparently,
like the cTAL, the O2 affinity of the mTAL is suffi-
ciently high that oxidative metabolism is maintained
even at low oxygen pressures. Nonetheless, the high
oxygen requirement in an oxygen-poor environment
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might predispose the mTAL to injury if oxygen deliv-
ery falls or salt transport requirements increase. Brezis
and co-workers have shown that the medullary TAL is,
in fact, exquisitely susceptible to hypoxic injury.30

Maneuvers that diminish TAL salt transport, such as
furosemide, exert a marked protective effect against
hypoxic injury.31

Regulation of Salt Absorption in TAL

The rate of salt absorption by the thick ascending
limb is modulated by physical factors, such as luminal
flow rate and the composition and osmolality of lumi-
nal and peritubular fluids, and hormones, such as
vasopressin and glucagon, which exert their effects
through interactions with specific cellular receptor pro-
teins. The regulation of TAL salt transport is character-
ized by considerable interspecies variation, as well as
intranephron heterogeneity. It is worth noting, again,
that the cortical and medullary portions of the TAL
have different transport properties (Table 34.2) and sub-
serve different functions. Salt absorption in both seg-
ments creates luminal fluid dilution and the potential
for free water excretion; however, only salt absorption
by the medullary TAL enriches the medullary intersti-
tial osmolality and enhances urinary concentrating
power. Given these differences, it is not surprising that
the rates of transport in the medullary and cortical TAL
are modulated quite differently. A good example of
both species and intranephronal heterogeneity is the
effect of antidiuretic hormone on TAL transport.

Antidiuretic Hormone

The ADH affects NaCl absorption in the ascending
limb of Henle, and thereby regulates the countercur-
rent multiplication process. Support for this contention
was provided by the demonstration, in some species,
of an ADH-induced increase in adenylate cyclase

activity40,55 and protein kinase activity65 in the medul-
lary, but not cortical, portions of the TAL.

Table 34.4 summarizes the effects of ADH on salt
transport in in vitro microperfused medullary TAL
segments of mouse, rat, and rabbit. Hall and Varney123

established that ADH increased the lumen-positive
transepithelial voltage and the net rate of tracer Cl2

absorption in the mouse medullary TAL. Several labo-
ratories have confirmed these effects of ADH on the
transepithelial voltage and unidirectional Cl2 flux in
the mouse, and have demonstrated that the effect of
ADH on NaCl transport was restricted to the medul-
lary portion of this segment.138,270,276,338 Moreover, the
maximal stimulation of the transepithelial voltage in
the mouse medullary TAL occurred at hormone con-
centrations of approximately 20 pg/ml or 10 μU/ml,
found during states of antidiuresis.138 A similar
increase in transepithelial voltage can be obtained in
the mouse medullary TAL, but not the cortical TAL, by
the addition of cAMP analogs or forskolin, a nonhor-
monal activator of adenylate cyclase to the peritubular
media.138 In contrast, ADH, even at peritubular con-
centrations of 250 μU/ml, has no effect on Ve in the
mouse cortical TAL.138 Taken together, these results
indicate that the mouse medullary TAL and cortical
TAL are functionally heterogeneous with respect to the
effect of ADH on net NaCl absorption, and that stimu-
lation of net NaCl absorption in the mouse medullary
TAL by ADH is mediated by cAMP. The effect of ADH
in TAL does not seem to be contant in all species.
ADH causes a variable increase in cyclic AMP produc-
tion in the rabbit TAL, but pharmacologic concentra-
tions of ADH had no effects on either the
transepithelial voltage or tracer Cl2 efflux in this spe-
cies.270 ADH or the V2 selective analog dDAVP
increased NaCl absorption from the TAL on homo-
zygous Brattleboro (central diabetes insipidus) rats.340

In humans evidence is limited. Studies in pump-
perfused human kidneys rejected for transplantation
have shown ADH-sensitive adenylate cyclase activity
in collecting ducts, but not in TAL segments.40,263 Since
the ability of humans to elaborate concentrated urine is
limited compared to the mouse, the failure of ADH to
increase cAMP in the human TAL is consistent with
Morel’s suggestion that the response of medullary TAL
segments to ADH correlates directly with urinary
concentrating ability.217

Mechanisms of ADH Affect on TAL

The mechanism whereby ADH stimulates salt trans-
port in the medullary TAL has been studied most
extensively in the mouse. The effects of ADH in this
segment are mediated predominantly through interac-
tion of the hormone with the vasopressin V2 receptor
coupled to adenylate cyclase. Thus, ADH stimulates

TABLE 34.4 Effects of ADH on NaCl Transport by Thick
Ascending Limb Segments

Species ADH Ve (mV) JNaCl (pmol/sec/cm2)

Mouse 2 5 2600

1 11 10,800

Rat 2 2.4�3.3 4825

1 3.6�4.7 7770

Rabbit 2 3�7 6400

1 3�7 Unchanged

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the

loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney:
Physiology and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C.
(eds.). Elsevier.
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adenylate cyclase activity in the TAL,217 and cAMP
analogs and forskolin139 mimic the effects of ADH on
transport in this segment. Cholera toxin stimulates salt
transport in the TAL, indicating that the V2 receptor is
coupled to the catalytic subunit of adenylate cyclase
by a stimulatory guanine nucleotide-binding protein,
Gs. The catalytic subunit of adenylate cyclase may, in
turn, be influenced by calmodulin. Takaichi and
Kurokawa302 have shown that calmodulin inhibitors
inhibited ADH-sensitive cAMP production in isolated
mouse medullary TAL segments. Likewise, Ausiello
and Hall13 showed that the addition of exogenous cal-
modulin stimulated ADH-sensitive cAMP production
by LLC PK1 cells.

Table 34.5 lists the effects of ADH on several electro-
physiologic parameters of mouse medullary TAL seg-
ments perfused in vitro. The approximate doubling of
the equivalent short-circuit current results from an
increase in the transepithelial voltage135,138,214 and an
increase of roughly 20% in the transepithelial conduc-
tance. Moreover, the ADH-induced increase in transe-
pithelial conductance, Ge, is referable to an increase in
the barium-sensitive or transcellular conductance, Gc.
ADH has no effect on the magnitude or permselectivity
of the paracellular conductance, Gs (Table 34.5).

ADH increases both the apical and basolateral
membrane conductance.135,214 The apical membrane of
TAL cells is, as noted previously, predominantly K1

conductive. In the presence of luminal furosemide to
block K1 uptake via the Na1-K1-2Cl2 co-transporter,
mouse TAL segments exhibit net K1 secretion that is
increased by ADH.135 Because the electrochemical
driving force for K1 secretion is presumably constant
in the presence of furosemide, it was suggested that
the increase in K1 secretion was due to an increase in
apical membrane K1 conductance.135 In support of this
notion, using membrane vesicles prepared from rabbit
outer medulla, Reeves et al.252 demonstrated that
in vitro exposure to cAMP-dependent protein kinase
and ATP specifically enhanced barium-sensitive rates
of 86Rb1 uptake. This finding has been confirmed
in subsequent work that examined the effects of phos-
phorylation on the activity of ROMK channels. ROMK
is phosphorylated by cAMP-dependent protein kinase
at a number of sites,342 and this phosphorylation
increases the activity of the channel.208

The ADH-induced increase in transepithelial NaCl
absorption can be blocked by luminal furosemide, and
therefore represents an increase in apical Na1-K1-2Cl2

co-transport activity. The mechanism whereby ADH
increases apical co-transport activity is unclear. Sun
et al.301 demonstrated that in isolated perfused mouse
TAL segments, ADH changed the stoichiometry of NaCl
entry from 1Na1:1Cl2 to 1Na1:1 K1:2Cl2. This change in
stoichiometry, accompanied by apical K1 recycling,
could create a lumen-positive potential to drive
Na1 reabsorption via the paracellular pathway.
Phosphorylation of the cloned Na1-K1-2Cl2 co-
transporter NKCC2 by cAMP-dependent protein kinase
does not appear to directly increase co-transporter activ-
ity. However, phosphorylation may influence co-trans-
porter activity by modulating the interactions between
NKCC2 isoforms. As noted above, an isoform with a
truncated C-terminus, denoted C4, can inhibit the activity
of the full-length NKCC2.245 However, the inhibition by
the C4 isoform can be relieved by phosphorylation by
cAMP-dependent protein kinase.245,209 Thus, ADH may
increase apical Na1-K1-2Cl2 entry by releasing NKCC2
from tonic inhibition by truncated isoforms. Of note, the
short C4 variant is expressed in medullary TAL, but not
in cortical TAL,221 providing a potential explanation for
the lack of ADH effect on cortical TAL discussed above.
Chronic exposure to ADH may increase apical Na1-K1-
2Cl2 entry by increasing the abundance of NKCC2.64

The predominant portion of the ADH-induced increase
in cellular conductance is accounted for by an increase
in the basolateral membrane Cl2 conductance.135,214

Two mechanisms have been suggested for the hormone-
dependent increase in basolateral Cl2 conductance.
Schlatter and Greger276 proposed that the ADH-induced
increase in intracellular cAMP results in a direct increase
in chloride channel activity. Such a mechanism has been
amply demonstrated in Cl2 secreting epithelia, such as
the trachea and intestine. In support of their proposal,
Schlatter and Greger demonstrated that cAMP and ADH
elicited a fall in the fractional resistance of the basolateral
membrane in mouse medullary TAL segments, even
when cell Cl2 activity was kept at low levels by blocking
apical Cl2 entry with furosemide.276 Likewise, using
patch-clamp analysis, Paulais and Teulon239 found that
preincubation of mouse cortical TAL segments with for-
skolin or cAMP analogs increased the number of Cl2

TABLE 34.5 Effects of ADH on Electrophysiologic Parameters in Mouse Medullary TAL Segments

ADH (μU/ml) Ve (mV) Ge (mS/cm2) Gc (mS/cm2) Gs (mS/cm2) Va (mV) Vbl (mV) Ra/Rb

0 5.6 103.7 45.1 58.6 54.4 2 50.7 1.2

250 10.3 121.3 60.2 61.0 47.3 2 38.9 2.2

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
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channels observed in basolateral membrane patches. It is
now known that NKCC2 is sensitive to intracellular chlo-
ride concentration: chloride depletion activates the
co-transporter by inducing phosphorylation of key amino
terminal domain threonines of the co-transporter by a
pathway involving the soluble kinases WNK3 and
SPAK.247 Additionaly, elimination of TAL basolateral
chloride channels in Bartter’s type III and IV reduces
salt reabsorption by TAL, producing the disease.
Thus, one mode of regulation of NKCC2 can be achieved
bymodulating intracellular chloride concentration in TAL.

Alternatively, ADH might enhance Cl2 conductance
indirectly by increasing apical membrane Cl2 entry.135

According to this proposal, an ADH-dependent activa-
tion of apical membrane Na1-K1-2Cl2 co-transporter
and K1 channels leads to an increase in intracellular Cl2

activity, and a subsequent increase in basolateral Cl2

conductance. In support of this view, Molony et al.214

found, also in mouse medullary TAL, that the ADH-
dependent rise in cellular and basolateral conductance
were much lower when Cl2 entry was inhibited by furo-
semide than in control conditions. Studies of Cl2 chan-
nels incorporated from basolaterally enriched renal
medullary membrane vesicles into planar lipid bilayers
have demonstrated several properties of these channels
that may account for an intracellular Cl2 concentration-
dependent rise in basolateral Cl2 conductance.251,336

First, the activity of the Cl2 channels is increased with
membrane depolarization evidently due to the basolat-
eral membrane depolarization that follows ADH stimu-
lation of TAL segments.251 Second, Cl2 channels in the
vesicles behave like Goldman rectifiers, so that increases
in intracellular Cl2 cause an increase in the outward
single-channel conductance.251 Third, channel activity is
dependent on the intracellular Cl2 concentration, such
that increases in Cl2 over the range 2�50 mM result
in large increases in the open time probability of these
Cl2 channels.336 In this respect, it should be recog-
nized that the time-averaged conductance of a basolat-
eral Cl2 channel is given by the product gClPo, where
gCl is unit channel conductance and Po is open time
probability.

Thus, an ADH-dependent increase in apical Cl2

entry could stimulate basolateral Cl2 conductance to a
far greater extent than expected from simple Goldman
rectification. In that connection, at least two labo-
ratories have found, in mTAL segments, that
reducing intracellular Cl2 with luminal furosemide
produced a three-fold reduction in basolateral Cl2

conductance.214,276

Modulation of ADH Effect on TAL Segments

Several factors, such as prostaglandins, peritubular
calcium concentration, and peritubular osmolality, have
been demonstrated to modulate the actions of ADH on

NaCl absorption in the TAL (see the review articles by
Hebert and Molony).135,212 In isolated mouse and rabbit
TAL segments, increases in peritubular osmolality,
induced by adding urea or impermeant solutes
such as mannitol, rapidly and reversibly inhibit the
ADH-stimulated rate of net Cl2 absorption. Peritubular
hypertonicity results in a prompt reduction in the transe-
pithelial voltage and in the cellular conductance.213

Molony and Andreoli determined that hypertonicity
inhibits the basolateral membrane chloride conduc-
tance.212 The antagonizing effect on ADH-induced stim-
ulation of net Cl transport is not due to decreasing
cAMP, because application of either ADH or cAMP is
unable to reverse the hypertonicity-mediated effect.
Thus, increasing the absolute magnitude of interstitial
osmolality provides a negative feedback signal that can
reduce ADH-dependent salt absorption by the mTAL.

PGE2 also plays a role in modulating the effect of
ADH on NaCl absorption in the mTAL (see Molony’s
review article 212). In the mouse mTAL, PGE2 abolished
the effect of ADH on transepithelial voltage and on net
NaCl absorption, while it had no effect on NaCl salt
absorption in the absence of ADH. Likewise, reported
biochemical studies in the mTAL226 indicate that PGE2

has no effect on cellular cAMP concentrations in the
absence of ADH, and that PGE2 markedly inhibits the
ADH-dependent stimulation of cytosolic cAMP concen-
trations. The TAL, particularly in the macula densa,
expresses COX-2.130 COX-2 expression in these cells
may be coupled to renin secretion. Thus, COX-2 expres-
sion is increased by salt restriction, diuretics, and in
Bartter syndrome all conditions characterized by hyper-
reninemia.46 In addition to PGE2, 20-HETE may also
modulate the effect of cAMP on Na1 transport in the
TAL. McGiff and co-workers207 demonstrated that
20-HETE inhibits NaCl transport in the TAL by a mech-
anism involving inhibition of the apical K1 channel323

and the Na1-K1-2Cl2 co-transporter.69 Moreover, high
20-HETE concentration inhibits the effect of cAMP on
the apical K1 channels in the rat TAL.116

Hypercalcemia often results in an ADH-resistant
urinary concentrating defect, that is, nephrogenic dia-
betes insipidus. At least part of this concentrating
defect results from the inhibition of ADH-stimulated
cAMP production in the TAL by calcium. Takaichi and
Kurokawa demonstrated that high ambient calcium
inhibited cAMP production stimulated by forskolin,
indicating that the inhibition probably involved the cat-
alytic subunit of adenylate cyclase. Preincubation of
tubule segments with pertussis toxin abolishes the
effect of hypercalcemia on cAMP generation, indicating
that the inhibition of cAMP generation is mediated
through activation of Gi.

303 The effects of hypercalce-
mia on cAMP production are mediated by a G-protein-
coupled CaSR present on the basolateral membrane of
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TAL cells.133 As discussed above, stimulation of CaSR
also inhibits the apical 70 pS and basolateral 50 pS K
channels.117,179 Consequently, activation of CaSR is
expected to alter NaCl absorption, thereby affecting the
concentrating mechanism.137

Intracellular Mechanisms for NKCC2 modulation
in TAL

The physiological pathways for NKCC2 regulation
have begun to be uncovered. The rate of salt reabsorp-
tion by TAL depends on the amount of NKCC2 protein
expressed in the apical membrane at any given time;
that is, the protein half-life in the plasma membrane.
As shown in Figure 34.5, the amount of NKCC2 is the
result of a dynamic process involving exocytosis and
endocytosis mechanisms. Stimulators of NKCC2, such
as cAMP (vasopressin, PTH, glucagon or β-adrenergic
stimulation) promote exocytosis over endocytosis.
Electron microscopy analysis of mouse TAL100 and bio-
tinylation of rat TAL apical membrane232 demonstrated
that only between 3�5% of total NKCC2 is present in
the apical membrane in basal conditions. Vasopressin
stimulates trafficking of NKCC2 towards the plasma
membrane in Xenopus oocytes,209 in mouse TAL,100 and
in rat TAL,232 by a process that is modulated by the
vesicle-associated membrane proteins VAMP2 and
VAMP3. Exocytosis of NKCC2 is a continuous
dynamic process that is further activated by cAMP, via
protein kinase A (PKA).9 Because PKA inhibition does
not completely prevent cAMP-induced increase of
NKCC2 presence in the apical membrane, it is possible
that cAMP also inhibits endocytosis. Two amino acid
residues of NKCC2 become phosphorylated by PKA,
Ser126 and Ser874, but the exact consequence of this is
not known.122 Endocytosis of NKCC2 occurs also

constitutively in TAL. A fraction recycles toward the
apical membrane and another fraction undergoes deg-
radation. Inhibition of endocytosis by cholesterol
depletion completely block NKCC2 retrieval from the
membrane, increasing NKCC2 presence and chloride
transport by TAL.9 Supporting this view, it has been
shown that part of NKCC2 is associated with lipid
rafts.331

Inhibitors of NKCC2 such as nitric oxide, through
the eNOS synthase,246 atrial natriuretic peptide, and
endothelin affect trafficking of the co-transporter,
mainly through a cGMP-dependent activation of phos-
phodiestarese 2 (PDE2) that in turn degradates cAMP
(Figure 34.5). The intracellular mechanism for other
NKCC2 inhibitors such as 20-HETE and PGE2 is not
extensively known,8 but can be achieved at least in
part by modulating the ADH effect in TAL. PGE2 for
instance, in the in vitro mouse mTAL PGE2 has no
effect on NaCl salt absorption when ADH is absent.246

In the presence of ADH, PGE2 reduces the ADH-
dependent values for transepithelial voltage and net
NaCl absorption to ADH-independent values, by what
appears to be inhibition of ADH-stimulated generation
of cAMP in the mTAL by activating Gi. Hypercalcemia
reduces TAL salt reabsorption by a calcium-induced
inhibition of NKCC2 and ROMK vı́a calcium sensing
receptor activation of Gi.

93

Adrenergic Agents

Adenylate cyclase activity stimulated by β-adrener-
gic receptors is present in the rat, but not rabbit, TAL.41

Likewise, β-adrenoceptors have been detected along
the rat TAL by autoradiographic localization. The
physiologic effects of adrenergic agents have been
tested in micropunctures and in vitro microperfusion
studies. DiBona and Sawin58 demonstrated an enhance-
ment of loop NaCl absorption during low-frequency
renal nerve stimulation. Acute renal denervation, on
the other hand, depressed NaCl absorption by the loop
of Henle.19

Mineralocorticoids

There is controversy regarding mineralocorticoid
effects on TAL. Some evidence suggests that aldosterone
influences NaCl transport in the TAL (reviewed in 59).
First, clearance studies indicate that aldosterone
increases free water clearance in adrenalectomized ani-
mals, consistent with an increase in NaCl absorption by
the TAL. Second, nuclear mineralocorticoid receptors are
present in both the medullary and cortical portions of
the TAL of rat and rabbit, although it is known that the
presence of mineralocorticoid receptors is no guarantee
of being a specific target site of aldosterone. The me-
chanisms of aldosterone actions are discussed in
Chapter 35. Third, aldosterone appears to modulate the
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FIGURE 34.5 Physiological regulatory pathways of NKCC2 in

thick ascending limbs of Henle’s loop (TALs). From ref. [8].
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activity of certain transport-related enzymes in the
TAL. Specifically, adrenalectomy reduces the activity of
(Na1,K1)-ATPase in the rabbit TAL. The activity of these
enzymes can be restored to almost normal by aldoste-
rone, but not by dexamethasone. In the adrenal-intact
mouse, pharmacologic doses of mineralocorticoid
increased (Na1,K1)-ATPase activity of mTAL segments
by 25%. Finally, in vivo and in vitro microperfusion stud-
ies have demonstrated effects of aldosterone on TAL
sodium transport. Adrenalectomy inhibited loop of
Henle sodium absorption by 33�50%. Aldosterone, but
not dexamethasone, increased sodium transport to con-
trol levels. Also in the rat medullary TAL, adrenalectomy
decreases NaHCO3 absorption by 33%. However, other
studies have failed to show an effect of mineralocorti-
coids on (Na1,K1)-ATPase activity in the TAL (also
reviewed in 59). Additionally, a recent study shows that
aldosterone administration on adernalectomized rats
had no effect on NKCC2 expression.313

Na1 TRANSPORT IN DISTAL
CONVOLUTED TUBULE

General Characteristics

The DCT absorbs roughly 10% of the filtered sodium
load.255 Fluid enters the DCT with a sodium concentra-
tion of 25�30 mM, but salt is added along the initial
20% of the DCT, so that the sodium concentration
averages 50 mM at a point 200�300 μm from the mac-
ula densa. From there, tubular sodium concentration
decreases along the DCT to a value of approximately
30 mM at the end.279 Tubular fluid to plasma sodium
ratios as low as 0.10 have been observed during sta-
tionary microperfusion.255 This finding, together with
the presence of the lumen-negative potential difference
(see subsequent discussion), establishes clearly the
active nature of sodium absorption in this segment.

Sodium absorption by the DCT is load-dependent.
That is, over a wide range of delivery rates, the propor-
tion of sodium absorbed by the DCT remains constant
at 80%.255 At high tubular fluid flow rates, the fall in
luminal sodium concentration along the tubule is atten-
uated; thus, more sodium is available to distal sodium
absorptive sites at high flow rates than at low flow
rates. Sodium absorption in the rat DCT has been
reported to be 25�30 pEq/mm2/sec, that is, about one-
third of the rate occurring in the PCT. However, rates
comparable to those in the PCT have been reported in
isolated perfused DCT.52,53,66

Electophysiologic Considerations

The electrophysiologic and transport properties of the
DCT and CNT are summarized in Table 34.6. The

transepithelial voltage in the earliest loops of the DCT,
measured with fine tip electrodes, ranges from 9 to
19 mV, lumen-negative. Small lumen-positive voltages,
3.7 to 5.7 mV, have been measured both in micropunc-
ture experiments, by using low resistance micropuncture
electrodes, and in isolated, perfused early DCT segments
(reviewed in 255). When the composition of the luminal
perfusate resembled distal tubular fluid, i.e., having a
low NaCl concentration (see earlier discussion), the
lumen voltage tended to be slightly positive, whereas
when tubules were perfused with solutions resembling
plasma, i.e., high NaCl concentration, the lumen voltage
was negative. The lumen-negative potential measured
with high NaCl solutions was abolished by luminal
amiloride, an inhibitor of epithelial sodium channels.
The positive voltage under in vivo conditions is a salt
dilution potential arising from the differential permeabil-
ity of the DCT to Na1 and Cl2, while the lumen-negative
potential under symmetric solutions reflects active Na1

reabsorption via amiloride-sensitive sodium channels
(see subsequent discussion).

The transepithelial electrical potential in the late
DCT of rats measured in vivo ranges from 37 to 60 mV.
Values in isolated rabbit DCT and CNT segments
perfused with symmetric solutions are less negative,
5 to 30 mV.114,286,347 The voltage can be inhibited by
peritubular ouabain or luminal amiloride,347 and is
quite sensitive to changes in perfusion pressure and
flow rate, decreasing with high pressures or flow rates.

The transepithelial resistance of the rat DCT decreases
from 337 Ω-cm2 in the early DCT to 135 Ω-cm2 in the late
DCT.255 Hypotonic luminal fluids increase, and hyper-
tonic perfusates decrease, the transepithelial resistance
with respect to isotonic luminal fluid. Somewhat lower
electrical resistances have been found in isolated per-
fused rabbit DCT114,347 and CNT.4

Intracellular microelectrode analysis of rabbit DCT
cells has yielded conflicting results. Yoshitomi et al.347

found evidence for both K1 and Na1 conductive
pathways in the apical membrane and K1 and Cl2 con-
ductive pathways in the basolateral membrane. The
apical membrane accounted for 80% of the total cellular
resistance. In contrast, Velazquez et al.319 found the
apical membrane to comprise over 99% of the cellular
resistance, and could not detect any Na1 or K1 conduc-
tances in that membrane. Perhaps some of this discrep-
ancy could have arisen from the examination of
different portions of the DCT in the two laboratories.
Ellison et al. have demonstrated that sodium reabsorp-
tion in the early DCT is largely mediated by a thiazide-
sensitive, neutral NaCl co-transporter, while sodium
absorption in the late DCT involves an amiloride-sensi-
tive electrogenic pathway.66 Thus, Yoshitomi et al.347

may have described the late DCT and Velazquez
et al.319 the early DCT.
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Mechanism of Na1 Absorption

The available evidence permits the delineation of
certain facets of Na1 absorption in the DCT. A general
model for these mechanisms is presented in
Figure 34.6. Central among these are the characteristics
discussed in the following subsections.

APICAL NaCl CO-TRANSPORT

The absorption of sodium and chloride in the early
DCT is mutually dependent.319 Sodium absorption is a

function of the luminal chloride concentration, and
chloride absorption is a function of the luminal sodium
concentration. The half-maximal concentrations of both
sodium and chloride are 10 mM.319 Furthermore, the
intracellular Cl2 activity is above its electrochemical
equilibrium, such that Cl2 entry into the cell must
involve active transport. The early distal tubule is the
site of action of thiazide diuretics.53,66,286

A thiazide-sensitive neutral NaCl co-transporter
(TSC) was cloned from the flounder urinary bladder
using an expression cloning strategy.95 A homologous
transporter, NCC (SLC12A3) was subsequently cloned
from the mammalian kidney.94 NCC and NKCC2 are
members of the same family of solute transporters
and share considerable sequence homology (see Chapter
32). NCC transports NaCl with a 1:1 stoichiometry, is K-
independent, and is inhibited by thiazide diuretics.215

NCC is expressed in the apical membrane of early DCT
cells (or DCT1) and extends, in most species, into the
late DCT (or DCT2) (reviewed in 92,255,278). In addition,
mutations in the NCC gene are the cause of Gitelman
syndrome that mimics the effects of thiazide diuretics.92

Full discussion on NCC molecular physiology is pre-
sented in Chapter 32.

APICAL CONDUCTIVE SODIUM CHANNELS

The entry of sodium into the late rat DCT cell52 is
inhibited by amiloride, a sodium channel blocker.
A sodium channel in the apical membrane would serve
to depolarize the membrane and create the observed
lumen-negative transepithelial potential. This transe-
pithelial voltage, in turn, is a driving force for passive
chloride reabsorption. Sodium channel subunits have
been found by immunolocalization in the late DCT in
mouse and rat kidney.255,278

BASOLATERAL ELECTROGENIC Na1 PUMP

The voltage (Vbl) across the basolateral membrane of
the Amphiuma333 and rabbit114,347 DCT is 60 to 90 mV.
A reduction in the luminal sodium concentration
causes Vbl to depolarize, while increases in the sodium
concentration hyperpolarize Vbl. In addition, Vbl

depolarizes after ouabain treatment. These observa-
tions are consistent with the notion that apical sodium

TABLE 34.6 Electrophysiologic and Transport Properties of DCT

Vt (mV) Rt (Ω2 cm2) Vbl (mV) fRa JNa (pmol/mm/min) JCl (pmol/mm/min)

Rat DCT 18 to 219 81�382 257 to 265 128�258 285

Rabbit DCT 22 to 240 22�116 278 to 284 0.78�0.99 82

Rabbit CNT 24 to 227 29�31 271 to 283 62�121 405

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology

and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.

FIGURE 34.6 Model of NaCl absorption by cells of the early
(DCT1) and late (DCT2) convoluted tubule. Modified from Reeves, W.
B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of
Henle, distal convoluted tubule, and collecting duct. In “The Kidney:
Physiology and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and
Hebert, S. C. (eds.). Elsevier.
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entry stimulates the electrogenic (Na1,K1)-ATPase
system in the basolateral membrane.

BASOLATERAL POTASSIUM CHANNELS

The basolateral membrane of DCT cells contains a
large, barium-sensitive potassium conductance.114

Patch-clamp studies of the basolateral membrane of
DCT cells have identified three different potassium
channels. Two of the channels have similar conduc-
tances (50�60 pS) and kinetics, and both are blocked
by barium. The third channel is seen less frequently,
has a conductance of 80 pS, and is not blocked by bar-
ium. A basolateral potassium channel Kir4.1/KCNJ10
which has been localized to the basolateral membrane
of DCT when mutated causes the SeSAME/EAST syn-
drome characterized by epilepsy, ataxia, sensorineural
deafness, and renal salt-losing nephropathy similar to
Gitelman’s disease.254,281 Inactivating mutations of this
channel prevent the K1 efflux of the basolateral
membrane, presumably increasing the intracellular K1

concentration that inhibits the basolateral Na1,K1-
ATPase.

BASOLATERAL CHLORIDE CHANNELS

Microelectrode studies by Yoshitomi et al.347 provided
evidence for a chloride conductive pathway in the baso-
lateral membrane of rabbit DCT cells. Likewise, Gesek
and Friedman97 found evidence for basolateral
membrane Cl2 channels in cultured mouse DCT cells.
Specifically, inhibition of apical Cl2 entry with thiazide
diuretics resulted in a fall in intracellular Cl2 activity and
a hyperpolarization of the membrane voltage.97 The thia-
zide-induced hyperpolarization could be abolished by
either a reduction in the extracellular Cl2 concentration
or by NPPB, a Cl2 channel blocker,97 suggesting that a
Cl2 channel accounts for the basolateral Cl2 conduc-
tance. The single-channel properties of Cl2 channels in
DCT cells have not been reported, but now it is known
that CLC-Kb chloride channels are present in DCT baso-
lateral membrane.283 The basolateral Cl2 conductance
was increased by parathyroid hormone, presumably
acting via cAMP.97

Regulation of NaCl Transport in DCT

Na1 DELIVERY

As noted earlier, NaCl reabsorption in the DCT is
dependent on the delivered load of NaCl. Chronic
increases in the delivery of NaCl to the DCT can be
achieved using furosemide to inhibit NaCl reabsorption
in the thick ascending limb. The DCT responds to such a
maneuver with an increase in the capacity for NaCl
transport,67 and increased expression of NCC,1 as well
as marked ultrastructural changes in the DCT cell.
These morphologic changes include an increase in the

size of the DCT cell, an increase in the basolateral mem-
brane surface area, and an increase in the size of
mitochondria.67,159 Hypertrophy of DCT is also seen in
Bartter’s mice due to knockout of ROMK,37 and in BAC
transgenic mice harboring two alleles of WNK4 contain-
ing the pseudohypoaldosteronism type II (PHAII) type
mutation Q562E.184 Thus, it is likely that DCT hypertro-
phy is due to either an increase in sodium entry into the
DCT cell or activation of the renin�angiotensin system
(see discussion below). In addition, an increase in dietary
sodium alone, which increases distal NaCl delivery
but not distal Na1 absorption or activation of the
renin�angiotensin�aldosterone system, does not, in
the rat, result in an increase in cell height.67 Moreover,
inhibition of NaCl entry into DCT cells with chronic
thiazide treatment resulted in a loss of cell height, loss of
normal polarity, and apoptosis of the DCT cells.191

STEROID HORMONES

The presence of both mineralocorticoid and gluco-
corticoid receptors in the DCT has been demonstrated
by immunohistochemistry and by hormone-binding.
In addition, adrenalectomy resulted in a decrease in
(Na1,K1)-ATPase activity in the DCT.59 Microperfusion
studies of superficial distal tubules (containing both DCT
and CNT), however, demonstrated an increase in sodium
transport in animals receiving aldosterone infusions.59,317

Both the thiazide-sensitive and thiazide-insensitive com-
ponents of sodium transport were increased by aldoste-
rone.317 The former may reflect neutral NaCl co-transport
in the DCT, while the latter reflects electrogenic
sodium absorption in the late DCT or CNT. Aldosterone
infusion also resulted in large increases in
NCC protein,1,169,258,317 and phosphorylation in amino-
terminal domain regulatory threonines313 (see Chapter
32). These findings establish NCC as an aldosterone-reg-
ulated transporter, a situation that occurs in DCT2 that is
considered to be part of the aldosterone sensitive distal
nephron.11 Aldosterone increases of NCC expression do
not seem to be due to an increased transcription rate of
the SLC12A3 gene encoding NCC.1,218 Instead, it has
been observed that NCC expression in the plasma mem-
brane is regulated by ubiquitylation via the HECT-E3
ubiquitin ligase Nedd4-2, which in turn is modulated by
phosphorylation by the serum glucocorticoid kinase 1
(Sgk1),10 similar to what occurs with ENaC. Thus, aldo-
sterone regulation of NCC appears to be, at least in part,
through the Sgk1-Nedd4-2 pathway. Interestingly, in
some families with PHAII, an inherited form of salt-sensi-
tive hypertension in humans also known as Familial
Hyperkalemic Hypertension or Gordon’s syndrome, it
results from mutations in Cullin 3 and KLHL3 proteins,
which are part of a RING-type E3 ubiquitin ligase com-
plex which presumably modulates NCC activity by ubi-
quitilation processes.29,196
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Glucocorticoids increase (Na1,K1)-ATPase activity
following adrenalectomy in the DCT. This effect was
not blocked by spironolactone, a mineralocorticoid
receptor antagonist, suggesting that glucocorticoids
were acting via glucocorticoid receptors rather than
mineralocorticoid receptors.59 In addition, dexa-
methasone infusions increased thiazide-sensitive NaCl
transport and [3H]metolazone-binding sites in adrenal-
ectomized rats.317 Nonetheless, the role of glucocorti-
coids in the physiologic regulation of sodium transport
in the DCT remains unclear.

Gonadal steroid hormones may also influence NaCl
transport in the DCT. Chen et al.45 first reported gen-
der differences in the density of thiazide receptors, and
in the natriuretic response to thiazides in rats. Female
rats had higher levels of thiazide-binding sites in
the renal cortex than males. The levels in females fell
following ovariectomy, while levels rose in males
following orchiectomy. Moreover, the increase in uri-
nary sodium excretion caused by thiazides was greater
in females than in males, suggesting that the differ-
ences in thiazide-binding sites were reflective of differ-
ences in thiazide-sensitive salt transport in vivo.
Likewise, using antibodies against the cloned thiazide-
sensitive NaCl co-transporter (NCC), Verlander
et al.320 found that estrogen treatment increased NCC
expression in the DCT. These results are consistent
with the view that male sex hormones (e.g., testoster-
one) may downregulate NCC expression and salt
transport, while estrogens increase NCC expression
and salt transport in the DCT.

PROTEIN KINASES

Studies of PHAII have yielded additional insights into
the regulation of NCC function. PHAII is the phenotypic
opposite of Gitelman syndrome, and is characterized by
hypertension, hyperkalemia, and metabolic acidosis. The
disorder is largely corrected by thiazide diuretics. These
features suggested that an increase in NCC activity may
be involved in the pathogenesis of PHAII. Positional
cloning demonstrated that PHAII in some families is
caused by mutations in either of two serine-threonine
kinases, WNK1 and WNK4,334 and more recently the
whole exomes sequencing strategy revealed that Cullin 3
and KLHL329,196 are responsible for the disease in WNK-
negative families. Subsequent studies have shown that
WNK4 acts to inhibit NCC-mediated NaCl transport,
likely by reducing cell surface expression of NCC35,334,343

and that effect of WNK4 turns into activation by the
PHAII type mutations,184,334,344 resulting in higher rates
of NaCl transport. It has been observed that a switch of
WNK4 from inhibiting to activating NCC can be
achieved by angiotensin II,266 suggesting that NCC acti-
vation by angiotensin II,267 which is independent of the
presence of aldosterone,313 is a WNK4-dependent

process. In this regard, it has been shown that WNK4-
induced phosphorylation of the downstream kinase
SPAK/OSR1 is modulated by calcium concentration,225

and that phosphorylation of SPAK and NCC in the pres-
ence of a low-salt diet or angiotensin II infusion is abro-
gated in WNK4 total knockout mice,39 supporting the
proposal that angiotensin II signaling via the Gαq-cou-
pled AT1 receptor that increases intracellular calcium
could be a modulator of the WNK4 type of effect on
NCC. WNK4 also affects the activity of apical ROMK
channels: wild-type WNK4 inhibits ROMK and the
PHAII mutant WNK4 further reduces the activity of
the channels, helping to explain the hyperkalemia of
PHAII patients.157 Recent observation also shows that
angiotensin II-induced inhibition of ROMK channels330

is at least in part dependent on the presence of
WNK4.349 Thus, it is possible that PHAII type mutations
in WNK4 are of the gain-of-function type, mimicking the
effect of angiotensin II on NCC and ROMK activity on
DCT-CD. WNK4 also affects the Cl2 permeability of
the paracellular pathway.156 The mechanism whereby
WNK1 produces PHAII is less well-defined. Yang
et al.343 found that WNK1 does not directly affect NCC
activity, but modulates the inhibition of NCC by WNK4.
They propose that mutations that increase the activity of
WNK1 prevent WNK4 from inhibiting NCC-mediated
transport. Although not causing disease, WNK3 is also a
powerful modulator of NCC activity. Wild-type WNK3
activates NCC, while the catalytically inactive WNK3
inhibits NCC.256 Activity of NCC is also modulated by
protein phosphatase 4.101 (For an extensive review on
NCC regulation see Chapter 32.)

Na1 TRANSPORT IN THE CONNECTING
TUBULE AND COLLECTING DUCT

The transport of Na1 in the connecting tubule and
the collecting duct is responsible for the final adjust-
ments of renal Na1 excretion. These tubular segments
share in common an electrogenic Na1 transport
mediated by the epithelial sodium channel (ENaC),
and sensitivity to aldosterone.

The Connecting Tubule

The connecting tubule connects the distal convo-
luted tubule (DCT) with the cortical collecting duct
(CCD). Developmentally, the DCT originates from the
metanephric blastema, whereas the CCD arises from
the ureteric bud. The origin of the CNT is not clear,
since the CNT shares some transport characteristics
with both the late DCT and the downstream CCD.14

This suggests that the CNT is a hybrid tubular segment

1163Na1 TRANSPORT IN THE CONNECTING TUBULE AND COLLECTING DUCT

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



that develops at the border of the two adjoining
segments, the DCT and the CCD.278 The transition
between the late distal convoluted tubule (DCT2) and
the CNT is gradual in the mouse, rat, and human
kidney.190 In the mouse kidney, the CNT represents
more than 8% of the fractional renal tubular volume,
compared to 12% for the DCT and 4% for the CCD.194

The distal convolutions of superficial nephrons com-
prising the late DCT, the CNT, and the initial collecting
tubule, are accessible by micropuncture. The impor-
tance of the CNT in Na1 absorption was evaluated in a
number of in vivo experiments. Microperfusion studies
of the late distal convoluted tubule show that more
than 90% of the Na1 delivery in the DCT is reabsorbed
in the DCT2 and the CNT by an amiloride-sensitive
Na1 transport.52,205 In the rabbit isolated and perfused
CNT, Na1 absorption measured by net 22Na fluxes is
3�4-fold higher than in the CCD under similar condi-
tions.4 Furthermore, patch-clamp studies in microdis-
sected CNTs from the cortical labyrinth show that the
amiloride-sensitive current was 4�5-fold higher than
that measured in the CCD of the same animal.88 From
these experiments it was estimated that the maximal
Na1 transport capacity of the CNT allows the reab-
sorption of 10% of the filtered load of Na1. Thus, the
CNT represents a major site for the regulation of distal
Na1 reabsorption. Recent genetic experiments using
homologous recombination in the mouse to invalidate
ENaC specifically in the DCT2 and the CNT, provided
direct evidence that the CNT plays a critical role for
the maintenance of the Na1 and K1 homeostasis.50

In the CNT, a significant fraction of Na1 absorption
is associated with K1 secretion. Patch-clamp and
immunolocalization studies identified the presence of
the inward rectifier Kir1 channel ROMK at the apical
membrane as the major channel.87,210,318 The density of
active ROMK channels was found to be higher in the
CNT compared to CCD, consistent with the idea that
the CNT is an important site for K1 secretion in the
distal nephron. However, the density of active ROMK
channels in the CNT was independent of the K1 diet.
This suggests that the increased K1 secretion under a
high-K1 diet is primarily due to an increase in the
driving force for K1 efflux across the apical mem-
brane, due to the upregulation of the apical Na1

conductance.
The connecting tubule contains CNT-specific cells

and intercalated cells; the specific CNT cells represent
70�80% of the epithelial lining in the CNT, and are the
site for Na1 absorption and K1 secretion; the remain-
der of the epithelial lining consists of the intercalated
cells that mediate acid�base balance.61,158,170,204 Under
a standard Na1 diet, the epithelial sodium channel
(ENaC) is detected by immunohistochemistry at the
apical membrane of CNT specific cells.193 ENaC is

highly selective for Na1 ions with a PNa/PK .100, and
a single channel conductance gNa of 4 to 5 pS.36 ENaC
is blocked by submicromolar concentrations of amilor-
ide, and by triamterene at higher concentrations. ENaC
is expressed in other epithelial tissues such as the
lungs, the colon, salivary glands, and sweat ducts. The
channel is constitutively open; analysis of the ENaC
gating kinetics suggests two different gating modes,
one with a high (. 0.75), the other with low (, 0.25)
open probability.236 Transitions between these gating
modes are influenced by factors such as membrane
voltage or Na ions; hyperpolarization or a low extra-
cellular Na favors the high open probability gating
mode. By contrast, an acute increase in extracellular or
intracellular Na1 reduces the ENaC openings and
channel current.234,235,236 These regulatory mechanisms,
termed self-inhibition and feedback inhibition respec-
tively, are likely important to prevent a massive entry
of Na1 ions into the cell when luminal Na1 concentra-
tion is high.7,48 Other intracellular factors associated
with cellular stress such as a decrease in pH,
an increase in oxidative stess or a rise in Ca21 ions
decrease channel open probability.48,162,234 ENaC is not
mechanosensitive.236

Cloning by functional expression revealed that the
ENaC channel consists of three homologous α-, β-, and
γ-subunits that all are required for the full expression
and activity of the channel at the cell surface.36 The
ENaC subunits share 30% homology at the amino acid
level; each subunit is made of two transmembrane α
helices and a large extracellular domain that represents
more than half of the mass of the protein; the amino-
and carboxy-termini are facing the cytosolic side of the
membrane. The recent crystalization of an ortholog
of ENaC, the Acid Sensing Ion Channel 1 (ASIC1),
confirms this membrane topology and provides a high-
resolution structure of the homologous subunits that
constitute the channel core.152 Based on homology
models and functional data, the second transmembrane
α helix is lining the ENaC pore and comprises impor-
tant functional domains controlling ion flux through
the pore: they include sequentially from outside,
an extracellular gate, the amiloride- and triamterene-
binding site, and further downstream the selectivity
filter.102,163,164,165 The cytosolic N-terminus of ENaC
comprises a functional domain made of conserved
cysteines that control ENaC gating; the C-terminus of
ENaC subunits is characterized by conserved proline
residues involved in ENaC interactions with cytosolic
regulatory proteins.242,296

ENaC is activated by soluble proteases including
trypsin, chymotrypsin, kallicrein or elastase. In addi-
tion, ENaC activity is significantly increased in vitro
when co-expressed with membrane-attached serine
proteases, such as the GPI-anchored proteases CAP-1
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(an ortholog of the human prostasin) or CAP-2 (an
ortholog of the human transmembrane protease serine
4 (TRPMSS4)).49,129,312,322 In heterologous expression
systems and in the kidney, the α and the γ ENaC sub-
unit are found as a high and a low molecular weight
forms, the latter resulting from ENaC cleavage by
endogenous proteases.89,68,89,129,145,206 The active α and
γ ENaC at the cell surface is predominantly in its
cleaved form. The α and γ ENaC have both canonical
cleavage sequences for furin-like proteases in their
extracellular domain. Furin is an endoprotease,
a member of the subtilisin-like proprotein convertase
family that cleaves precursor proteins along their secre-
tory pathway from the trans-Golgi network to the
apical surface. The molecular mechanism of ENaC mat-
uration and activation by endoproteases is not yet
completely understood.

The ROMK are expressed at the apical membrane of
specific CNT cells.15,87,210 Big K channels (BK channels)
or maxi-K channels have been shown to account for K1

secretion in the late distal tubule; the co-expression of
these high-conductance Ca21-activated K channels (BK
channels) with ENaC in CNT cells remains controver-
sial.15 From patch-clamp studies it seems that BK chan-
nels are restricted to the apical membrane of the
intercalated cells.237

At the basolateral membrane, the Na/K-ATPase is
responsible for pumping Na1 out of the cell in
exchange with K1; the Na/K-ATPase activity as mea-
sured by pump current and ATP hydrolysis is higher
in the CNT than in the CCD, consistent with the idea
that the CNT transports more Na1 and K1 than the
downstream segments.161

These membrane transporters provide a transcellu-
lar route for electrogenic Na1 reabsorption and K1

secretion in the CNT cells. ENaC at the apical mem-
brane represents the entry step for Na1 ions along a
favorable electrochemical gradient; the resulting depo-
larization of the apical membrane provides a favorable
driving force for K1 secretion. The electrical coupling
in the Na1 and K1 transport across the apical mem-
brane, and the direct coupling of the Na1 and K1

transport by the basolateral Na/K pump, indicates that
Na1 absorption in the CNT directly affects K1

secretion, and that these two ion transports are closely
linked.

The Collecting Ducts

THE CORTICAL COLLECTING DUCT

The Na1 and the K1 transports in the CCD have
been largely studied and differ from those in the
CNT, more quantitatively than qualitatively.
Table 34.7 summarizes the electrophysiologic and
transport properties of CCD. The electrogenic Na1

absorption mediated by ENaC generates a lumen-neg-
ative transepithelial voltage (V) in the CCD that varies
widely according to the mineralocorticoid status of
animals.106,269 This lumen-negative voltage in mamma-
lian CCD segments is abolished by ouabain,106,125

luminal amiloride,300 and luminal sodium deletion.300

However, the lumen-negative transepithelial potential
in the rabbit CCD is seven times less negative com-
pared with the CNT.148

The membrane transporters involved in Na1

absorption and K1 secretion in the CCD principal cells
are essentially the same as in the CNT cells (see
Figure 34.7). Immunohistochemical studies have shown
that, under standard salt diet, the abundance of ENaC
at the apical membrane decreases from the late DCT
and CNT to the CCD, further supporting the idea that
the CNT is a major site for ENaC-mediated Na1

absorption in the aldosterone distal nephron.192,193 By
contrast to the CNT, the selective invalidation of ENaC
in the mouse CCD using homologous recombination
does not result in any alteration in Na1 and K1 homeo-
stasis, even under restricted dietary Na1 intake.261 This
suggests that the absence of ENaC in the CD can be
compensated, at least in part, by an increase in ENaC
activity in the CNT.

From isolated and perfused rat CCD, the major frac-
tion of Na1 absorption in the CCD is electrogenic and
mediated by ENaC; no evidence was found supporting
the contribution of a thiazide-sensitive electroneutral
NaCl co-transport in Na1 absorption.260 Recent studies,
however, have reported that a significant fraction of
Na1 absorption in the mouse and rat CCD is electro-
neutral, insensitive to luminal amiloride, but sensitive
to thiazides.187 Microperfusion studies in different

TABLE 34.7 Electrophysiologic and Transport Properties of CCD

Vt (mV) Rt (Ω/cm2) Vbl (mV) fRa JNa (pmol/mm/min) JCl (pmol/mm/min)

Rabbit CCD 22 to 227 86�133 273 to 285 0.31�0.53 5.7�24.3 2 3.4 to 4.0

Rat CCD 21 to 25 51�64 277 to 283 0.76�0.84 2 2.3 to 0.2

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
Note: Intracellular data from principal cells only.
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genetically-engineered mouse models under a
low-Na1 diet concluded that this electroneutral Na1

and Cl2 absorption results from the parallel operation
of two bicarbonate transporters, a Na1-dependent
Cl/HCO3

2 exchanger and the anion exchanger pen-
drin. This amiloride-insensitive Na1 transport path-
way likely occurs through the intercalated cells.

THE OUTER MEDULLARY COLLECTING DUCT

The transport properties of the outer medullary col-
lecting duct (OMCD) have been studied by in vitro per-
fusion of isolated tubule segments. The functional
properties of the OMCD differ depending on the loca-
tion of the segment within the outer medulla.
Table 34.8 summarizes the electrophysiologic and
transport properties of OMCD. Segments within the
outer stripe of the outer medulla (OMCDo) exhibit
electrophysiologic properties resembling those of the
cortical collecting duct, with an electrogenic apical Na1

entry and a lumen-negative transepithelial voltage.175

Compared to the CCD, the OMCDo displays a less-neg-
ative transepithelial voltage, much lower ionic perme-
abilities, and a lower rate of active reabsorption of
Na1.298,299 In the collecting ducts extending into the
medulla, principal cells that mediate Na1 and K1

transport in the CCD are progressively replaced by
cells with electrical properties similar to intercalated
cells of the CCD lacking a demonstrable Na1 or K1

conductance in the apical membrane.175 Within the
inner stripe of outer medulla (OMCDi), principal cells
are virtually absent and no net Na1 absorption
occurs.298,299

THE INNER MEDULLARY COLLECTING DUCT

The analysis of salt transport by the IMCD has been
confounded by problems of axial tubule heterogeneity,
species variability, and differences in experimental
approaches. Studies examining IMCD function in vivo
have yielded markedly different results than in vitro
studies of isolated perfused tubules. Table 34.9 sum-
marizes the electrophysiologic and transport properties
of IMCD. In vivo microcatheterization studies and
microperfusion studies have demonstrated that the
IMCD reabsorbs about 80% of the sodium delivered to
it182,293 while, with one exception,182 little sodium
transport could be observed in IMCD tubules perfused
in vitro.268,294

ENaC AND THE MAINTENANCE OF Na1 BALANCE

ENaC represents the main transport pathway for
Na1 absorption in the CNT and the collecting duct.
The role of ENaC in the maintenance of Na1 homeosta-
sis and extracellular body fluid is supported by genetic
studies of rare monogenic diseases that identified
functional mutations of ENaC associated with changes
in Na1 and K1 balance, in plasma levels of aldoste-
rone, and in blood pressure.

The pseudohypoaldosteronism type 1 (PHA-1) is
characterized in the first week of life by severe dehy-
dration, hyponatremia, hyperkalemia, and acidosis.44

There are two clinically distinct forms of PHA-1: an
autosomal recessive form that affects multiple organs
(systemic form), including kidneys, colon, salivary
glands, and sweat ducts (but not the skin or inner ear,
for instance); and an autosomal dominant form that is
restricted to the kidneys. Patients with the systemic
form of PHA-1 have mutations in α, β, and γ ENaC
subunits.44 Mutations in the α, β or γ ENaC genes
include nonsense, frameshift or missense mutations
leading to different degrees of channel loss-of-function;
the severity of the syndrome correlates usually with
the extent to which ENaC activity is reduced. The auto-
somal dominant form of PHA-1 is caused by mutations
of the mineralocorticoid receptors.96 A variety of
genetic mouse models recapitulate PHA-1 in which the
constitutive inactivation of the genes encoding either
the α, β or γ ENaC subunits leads to a severe renal phe-
notype of increased sodium excretion, hyperkalemia,
metabolic acidosis, and elevated plasma aldosterone
levels.146

Pseudoaldosteronism or Liddle’s syndrome is an
autosomal dominant form of salt-sensitive hyperten-
sion with early onset of elevated blood pressure during
adolescence; the elevated blood pressure is usually
associated with hypokalemia, metabolic alkalosis, low
plasma aldosterone, and suppressed plasma renin
activity.28 The elevated blood pressure in Liddle’s

FIGURE 34.7 Model of salt transport by the principal cell of the
cortical collecting duct. From Reeves, W. B., and Andreoli, T. E. (2008).
Sodium chloride transport in the loop of Henle, distal convoluted tubule,
and collecting duct. In “The Kidney: Physiology and Pathophysiology,” 4th
edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
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syndrome can be normalized under salt restriction and
amiloride treatment. Based on these clinical evidences,
G.W. Liddle postulated that the syndrome was “a disor-
der in which the renal tubules transport ions with such
abnormal facility that the end result simulates that of a
mineralocorticoid excess”.188 The mutation identified in
the index case is a 45 amino acid deletion in the cyto-
solic C-terminus of the β ENaC subunit.287 Subsequent
genetic analysis of other Liddle’s syndrome families
revealed corresponding missense or deletion mutations
in the C-terminus of the γ ENaC subunit, but none
in the α-subunit.127,128 These mutations allowed the
identification of a conserved proline-rich motif
(a canonical PxxY motif) in the C-termini β and γ ENaC
subunits as the common target for the mutations caus-
ing Liddle’syndrome.275,292

ENaC channels carrying mutations associated with
Liddle’s syndrome exhibit an increased ENaC activity
in vitro and in vivo, consistent with Liddle’s hypothe-
sis.12,54,274 These ENaC gain of function mutations
result in both, an increased number of active channels
at the cell surface, and a higher open probability.79

REGULATION OF Na1 TRANSPORT

The regulation of Na1 absorption mediated by
ENaC is quite similar in the CNT and the collecting
duct. Factors that directly modulate ENaC activity at
the cell surface include extracellular or intracellular
Na1, membrane potential, serine proteases, as already
mentioned. Certainly the most relevant ENaC regula-
tion for the fine tuning of Na1 absorption in the CNT
and CCD is the control of ENaC activity by hormones
such as aldosterone and vasopressin.

ALDOSTERONE

The effects and the mechanisms of action of aldoste-
rone are reviewed in detail in Chapter 35, and are
discussed here briefly. The major renal target for
aldosterone action is ENaC in the DCT2, in the CNT-
specific cells, and in the principal cells of the CCD.62,75

The DCT2, CNT, and CCD are renal tubular segments
that share the expression of the mineralocorticoid
receptor (MR) and the enzyme 11β-steroid dehydroge-
nase type 2 (11βHSD2).14,181,332 Aldosterone, but also
glucocorticoids like cortisol, bind5 with high affinity
the cytoplasmic mineralocorticoid receptor. In vivo the
specificity of aldosterone versus cortisol for the miner-
alocorticoid effects is due to the selective degradation
of glucocorticoids, but not mineralocorticoids, by the
11βHSD2.91 Which is high in CCD segments, and pro-
tects the MR from being activated by glucocorti-
coids27,227 (see Figure 34.8). Illustrating the important
role of this enzyme in preventing the activation of the
mineralocorticoid receptor by glucocorticoids, the
genetic deficiency of 11βHSD2 produces a syndrome of
apparent mineralocorticoid excess (AME), which
resembles hyperaldosteronism (hypertension, hypoka-
lemia, metabolic alkalosis), except for the fact that aldo-
sterone levels are low.222,335 The clinical manifestations
result from the stimulation of mineralocorticoid recep-
tors by circulating cortisol.

Aldosterone increases the rates of Na1 absorption
and K1 secretion in these nephron segments269,273,282

(see Figure 34.8). An increase in the Na1 permeability
of the apical membrane occurs within a few hours of
exposure. In the aldosterone-sensitive distal nephron
(DCT2, CNT) and the CCD, aldosterone increases the

TABLE 34.8 Electrophysiologic and Transport Properties of Rabbit OMCD

Vt (mV) Rt (Ω/cm2) Vbl (mV) fRa JNa (pmol/mm/min) JCl (pmol/mm/min)

Outer OMCD 22 to 211 233�272 265 0.81 7.9 2 1.4

Inner OMCD 12 to 148 294�534 224 to 236 0.96�0.99 1.5 2 9.8

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.

TABLE 34.9 Electrophysiologic and Transport Properties of Rat IMCD

Vt (mV) Rt (Ω/cm2) Vbl (mV) fRa JNa (pmol/mm/min) JCl (pmol/

mm/min)

Initial IMCD 22 to 0 73 251 0.94 10

Terminal IMCD 0 148 281 0.99 54�92 72

Table from Reeves, W. B., and Andreoli, T. E. (2008). Sodium chloride transport in the loop of Henle, distal convoluted tubule, and collecting duct. In “The Kidney: Physiology
and Pathophysiology,” 4th edn, 849�888, Alpern, R. J., and Hebert, S. C. (eds.). Elsevier.
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biosynthesis of αENaC whereas the β and γ ENaC
subunits are constitutively expressed.86,195 The upregu-
lation of the synthesis of αENaC by aldosterone leads
to an increase in the expression of active, cleaved forms
of ENaC channels at the cell surface.85

It is not clear whether the increase in the biosynthe-
sis of αENaC is sufficient for triggering the trafficking
of the multimeric αβγ ENaC channels at the cell sur-
face or whether specific aldosterone-induced regula-
tors of ENaC trafficking and stabilization at the apical
membrane are required. For a constitutively active
channel such as ENaC, the stability and the density of
active channels at the cell surface is the most important
determinant in the regulation of Na1 absorption in the
distal nephron. Measured by patch-clamp techniques
in the amphibian distal nephron cell line A6, the half-
life of ENaC activity at the cell surface was estimated
at around three hours.348 The molecular determinants
of the ENaC half-life at the cell surface are not
completely understood. Ubiquitylation is an important
post-translational modification that determines ENaC
stability at the cell surface. Ubiquitylation is a general
process that labels proteins with ubiquitin to target
the ubiquitylated proteins for endocytosis and/or
degradation. Nedd4-2 is a protein ubiquitin ligase that
catalyses the monoubiquitylation of β and γ ENaC
subunits after binding specifically of the enzyme to
conserved PY motifs in their cytosolic C-terminus of
ENaC259,296 (see Figure 34.8). The ubiquitylated ENaC

at the cell surface undergoes clathrin-mediated endo-
cytosis and degradation. In vitro, Nedd4-2 efficiently
suppresses ENaC activity. Mutations in the cytosolic
PY motifs of ENaC subunits are associated with
Liddle’s syndrome and prevent the interaction
between Nedd4-2 and ENaC; the resulting defect in
ENaC ubiquitylation leads to the retention of active
channels at the cell surface.274,79 Deubiquitylation
enzymes such as Usp2-45 increase ENaC activity
in vitro.262

In vitro experiments support the idea that aldoste-
rone stabilizes ENaC at the cell surface by inhibiting
ENaC ubiquitylation and endocytosis.297 A number of
ENaC regulatory proteins are induced by aldosterone,
such as the phosphatidylinositide 30-kinase(PI3K)-
dependent kinase SGK-1 (serum- and glucocorticoid-
regulated kinase 1) or the 14-3-3 scafolding protein.56,73

The SGK-1 kinase (serum- and glucocorticoid-regu-
lated kinase 1), increases the abundance of the active
ENaC at the cell surface.321,346 SGK-1 was shown to
phosphorylate Nedd4-2, promoting the interaction
between Nedd4-2 and the 14-3-3 scafolding protein;
this interaction prevents the Nedd4-2 dependent ubi-
quitylation of ENaC56 (Figure 34.8). These studies, per-
formed in vitro in heterologous expression systems or
in cortical collecting duct cell lines, identify Nedd4-2 as
a critical convergence point for the regulation of ENaC
at the cell surface. In addition to the SGK1/Nedd4-2
pathway, a number of kinases have been reported to
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modulate ENaC activity in vitro. Activation of the Raf-
1-MAPK/ERK kinases inhibits the cell surface expres-
sion of ENaC by stimulating the interaction between
Nedd4-2 and ENaC.74,229,284

Mouse models in which genes contributing to the
aldosterone-signaling pathway have been invalidated,
only partially confirm the data obtained in vitro in
heterologous expression systems. Mice deficient in the
mineralocorticoid receptor (MR) have a normal prena-
tal development, but die soon after birth from dehydra-
tion and hyperkalemia. This severe PHA-1 phenotype
confirms the roles of the MR, and the Na1 transporters
ENaC and NCC, in maintaining Na1 and K1 homeo-
stasis.20 However, the severity of the MR knockout
phenotype contrasts with the mild renal phenotype of
the mice lacking the aldosterone-induced protein
SGK1.76 The SGK1 deficient mice show a higher natri-
uresis compared to wt mice only under a low-Na1

diet, and this higher natriuresis is not related to
decreased ENaC activity.76 Furthermore, under chronic
aldosterone treatment, ENaC activity is identical in the
SGK1 deficient mice and the wt littermates. This sug-
gests that in vivo SGK1 is not central for the long-term
regulation of ENaC by aldosterone; in addition, SGK1
could regulate other Na1 transporters such as NCC
located upstream of ENaC.10

Mice carrying Liddle’s mutation in the SCNN1B
gene encoding a deletion of the C-terminus of β ENaC
recapitulate Liddle’s syndrome under a high-salt
diet.248 These mice with a defective interaction between
ENaC and Nedd4-2 represent an informative model
to evaluate the contribution of Nedd4-2 in the regula-
tion of ENaC by aldosterone. In addition to the
Liddle’s phenotype including hypervolemia, elevated
blood pressure, hypokalemia, metabolic alkalosis, these
mice retain their ability to respond to aldosterone.54

The knockout of the Nedd4-2 gene in mice results in an
elevated blood pressure associated with low plasma
aldosterone levels; these effects correlate with an
increase in the expression of α and β ENaC, but also
NCC.24,285 These mice also remain sensitive to aldoste-
rone. From these in vivo data it appears that neither
SGK1 nor Nedd4-2 appear to be limiting in the signal-
ing pathway of aldosterone for stimulating ENaC at
the cell surface.

VASOPRESSIN

Exposure of rat CCD in vitro to antidiuretic hormone
results in a sustained stimulation of a apical electro-
genic Na1 transport,272 as shown by the increase in the
transepithelial potential, a depolarization of the apical
membrane, and an increase the apical Na1 conduc-
tance of the tubule.277 These changes are entirely
reversed by luminal amiloride, consistent with Na1

absorption mediated by ENaC. These effects of ADH

on ENaC are mediated by binding to vasopressin type
2 receptors (V2R) expressed in the CCD and CNT, acti-
vation of the adenylate cyclase, and by the generation
of intracellular cAMP32,77,220,224,272 (see Figure 34.8).
In humans, a reduction in renal Na1 excretion starts to
be observed when the urine osmolality reaches a cer-
tain threshold.223 This suggest that the effect of vaso-
pressin on Na1 reabsorption likely requires higher
concentrations than for the effect on water reabsorp-
tion.273 The effects of ADH on Na1 transport in the rat
CCD are synergistic to aldosterone.131

It is not clear how vasopressin and the generation of
intracellular c-AMP upregulate ENaC and stimulate
ENaC-mediated Na1 absorption in vivo in the CCD.
In vivo ADH increases both the number of active chan-
nels and the open probability.32 In MDCK cells, c-AMP
increases the amiloride-sensitive short-circuit current
(ISC) proportionally with the number of ENaC channels
at the cell surface, indicating that an increase in active
ENaC density can account for the upregulation of the
ENaC-mediated Na1 absorption by vasopressin.220

In COS cells, c-AMP-dependent phosphorylation and
inhibition of Nedd4-2 could be demonstrated that
would lead to an increased ENaC stability at the cell
surface.291 Of course, the Nedd4-2 pathway mediating
both the vasopressin and aldosterone effects on ENaC
cannot explain their synergistic stimulation of Na1

transport in the distal nephron and the collecting duct.
In addition to its short-term regulation of water and

Na1 absorption in the CCD, vasopressin has long-term
transcriptional effects. Chronic vasopressin treatment
increases the expression of β and γ ENaC expression in
the CCD, with a concommittent increase in Na1 trans-
port.63,228 However, no detectable change in the surface
expression of the ENaC subunits could be observed.271

An increase in the Isc and Na1 transport could be dem-
onstrated after long-term treatment with vasopressin,
which was only partially inhibited by amiloride.60

Thus, the contribution of ENaC in mediating the
chronic effects of vasopressin remains unclear, and
probably does not simply result from effects on ENaC
transcription or trafficking at the cell surface.

INSULIN

The direct effects of insulin on renal Na1 excretion
is difficult to evaluate, because of its secondary effects
on plasma glucose or potassium that are difficult to
control precisely.

In humans and rats maintained euglycemic, insulin
decreased urinary Na1 excretion.57,172 This effect on
Na1 excretion was abrogated when K1 was infused to
correct for hypokalemia.81 Using a euglycemic insulin-
clamp technique, insulin does not change renal Na1

excretion258 in rats when both plasma glucose and K1

levels are precisely controlled.
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However, insulin and IGF-1 receptors are expressed
in the mammalian renal tubular system including
the collecting duct.124 The effect of insulin on Na1

transport appears tissue-specific. Insulin stimulates
ENaC-mediated Na1 transport in the frog skin,280 toad
urinary bladder288 or in vitro in A6 cells22 or in a
mammalian CCD cell line.103 In mammalian isolated
and perfused CCD, insulin failed to increase Na1

transport.315 IGF-1 is under the control of growth hor-
mone (GH). Both GH and IGF-1 induces fluid and Na1

retention in humans.126,211 In acromegalic rats,
evidence supports that the IGF1-induced increase
amiloride-sensitive Na1 absorption accounts for renal
Na1 retention.160

Insulin increases Na/K-ATPase pump activity.78

Evidence supporting upregulation of ENaC-mediated
Na1 absorption after acute insulin treatment has been
reported.308 However, a patch-clamp study failed to
demonstrate an effect of insulin on whole cell amilor-
ide-sensitive Na1 conductance in rat CCD, whereas
ROMK conductance and Na1-pump current were
clearly increased.90 It is conceivable that under both
euglycemic and normokalemic conditions insulin pri-
marily increases K1 secretion via ROMK; the resulting
hyperpolarization of the apical membrane increases the
driving force for Na1 absorption through ENaC chan-
nels. This effect is expected to be small and can be com-
pensated by other Na1 transporters along the nephron
so that Na excretion remains unchanged.
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INTRODUCTION

The kidney of vertebrates plays a major role in the
homeostasis of the extracellular fluid. Despite large
changes in water and salt intake, the kidney is able to
maintain the extracellular osmolarity and volume
within very narrow margins. Such fine control requires
specific factors or hormones. In 1952, Simpson and Tait
identified aldosterone as the most potent Na1-retaining
factor in mammals. When the Na1-retaining activity of
the newly identified steroid hormone was compared to
that of cortisol (or corticosterone), aldosterone was
found to be 3000-fold more potent in vivo. Aldosterone
differs from cortisol (or corticosterone) by the presence
of an aldehyde group in position 18 on the second ring.
Thus, an apparently minimal change in the structure of
the steroid confers on the molecule a strikingly differ-
ent biological activity (see review in 1). During the
evolution of vertebrates, aldosterone appeared about
300 million years ago with amphibians, which were the
first vertebrates to adapt to a dry, terrestrial environ-
ment.2 The three most important and conserved func-
tions of aldosterone are to promote Na1 reabsorption
and K1 and H1 secretion across certain “tight” epithe-
lia � that is, epithelia which display a high transepithe-
lial electrical resistance and an amiloride-sensitive,
electrogenic Na1 transport. In mammals, such epithelia
are found in the distal part of the nephron, the bladder,
the distal part of the intestine (mainly the surface
epithelium of distal colon and rectum), and the ducts
of exocrine glands (salivary, mammary, and sweat
glands). In the mammalian kidney, the Na1 and K1

responses are localized in the segment-specific cells
of the aldosterone-sensitive distal nephron (ASDN),

while acid secretion is mediated via intercalated cells.
The main goal of this chapter is to provide an overview
on the renal tubular sites that respond to aldosterone,
and to highlight the underlying cellular and molecular
mechanisms by which aldosterone controls sodium,
potassium, and extracellular fluid homeostasis. The
chapter is revised and updated from its previous
version established by our colleagues François Verrey,
Edith Hummler, Laurent Schild, and Bernard Rossier
that appeared in the fourth edition of this book.

The Aldosterone Sensitive Distal Nephron
(ASDN)

Each day, the glomeruli of the human kidney filter
about 1.5 kg of NaCl out of the blood into the primary
urine. However, usually less than 1% of the filtered
NaCl is finally excreted. Thus, most of it is reabsorbed
along the renal tubular system, which is composed by
serial arrangement of the proximal tubule (PCT and
PST), the thin limb (TL), the thick ascending limb
(TAL), the distal convoluted tubule (DCT), the connect-
ing tubule (CNT), and the collecting duct (CD)
(Figure 35.1). While the bulk of Na1 reabsorption
occurs in the proximal tubule (PT) and the TAL, the
final regulation of Na1 excretion takes place in the
so-called Aldosterone-Sensitive Distal Nephron
(ASDN) which extends from the late portion of the
DCT (also called DCT-2) to the end of the collecting
duct (IMCD) in the renal papilla.3 The three ASDN seg-
ments differ in their histotopographical localization
and epithelial structure. The DCT and CNT are located
in the cortical labyrinth, while the CD extends from the
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medullary rays in the renal cortex down to the renal
medulla until its opening on the tip of the renal papilla.
DCT cells have an apical localized cell nucleus and
numerous mitochondria that are densely stuffed into
the interdigitating basolateral membrane infoldings.
The CNT cells are usually less tall than the DCT cells,
have less mitochondria and a basal membranous laby-
rinth that is predominantly formed by membrane
infoldings. The CCD cells are even smaller, and are
characterized by a basal thin rim of mitochondria-free
membrane infoldings. The medullary CD is formed by
cuboidal cells that have few cell organelles
(Figure 35.1). Membrane infoldings and mitochondrial
density progressively decrease from DCT to CCD, in
parallel with a reduction in the abundance and activity
of the Na1,K1-ATPase,4 suggesting different ion trans-
port rates along the ASDN. In fact, recordings of trans-
epithelial Na1 fluxes in isolated rabbit CNTs5,6 and rat
CCDs,7,8 indicate at least a 10-fold higher Na1 trans-
port rate in the CNT than in the CCD (600�120 versus
0.2 to 24 pmoles Na1/min/mm). The rates of Na1

transport in OMCD and IMCD are generally low,9 but
Na1 channels are also expressed in the OMCD and
IMCD, and can be activated, at least to some extent, by
aldosterone.10

Although the sequence of tubule portions appears to
be quite similar in mammals, subtle species differences

in the structural and functional organization of the
ASDN have to be taken into account if functional data
from different nephron portions and species are com-
pared.11 For example, rabbits have morphologically
well-defined sharp transitions from DCT to CNT and
from CNT to CD, while the segment transitions in rats,
mice, and humans are gradual. These morphological
differences are reflected by the distribution pattern of
ion- and water-transporting proteins. In rabbits, the
sharp transitions from DCT to CNT and from CNT to
CCD coincide with the immediate replacement of the
DCT-specific NaCl co-transporter (NCC) by the epithe-
lial Na1 channel (ENaC), and the abrupt onset of
aquaporin-2 (AQP2) expression.12 In contrast, in rats,
mice, and humans NCC and ENaC overlap in the late
DCT (DCT2), and AQP2 extends into the connecting
tubule.11,13

Despite the above-mentioned segmental and species
differences, all ASDN cells in common express
high levels of the mineralocorticoid receptor (MR), the
glucocorticoid receptor (GR), the enzyme 11-beta-
hydroxysteroid-dehydrogenase type 2 (11β-HSD2), and
the epithelial Na1 channel (ENaC)3 (Figure 35.2). The
MR and the GR are hormone-activated transcription
factors that can bind both mineralocorticoid and gluco-
corticoid hormones, although with different affinities.
While the MR is a high-affinity receptor (Kd for
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FIGURE 35.1 Schematic representation of the renal tubule system. On the right (see arrows): a distal convoluted tubule (DCT) cell, a con-
necting tubule (CNT) cell, a principal cell of the cortical and outer medullary collecting duct, and a principal cell of the inner medullary collect-
ing duct (G: glomerulus; PCT: proximal convoluted tubule; PST: proximal straight tubule; TL: thin limb; TAL: thick ascending limb; DCT:
distal convoluted tubule; CNT: connecting tubule; CCD: cortical collecting duct; OMCD: outer medullary collecting duct; IMCD: inner medul-
lary collecting duct). The aldosterone-sensitive distal nephron (ASDN) comprises the late DCT, the CNT and the collecting duct. (Adapted from
Kriz, R. W., and Kaissling, B. (2000). Structural organization of the mammalian kidney. In “The Kidney,” Vol. 1, 3rd edn, 587�654, Seldin, D. W., and
Giebisch, G. (eds.). Lippincott Williams & Wilkins, Philadelphia.)
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aldosterone and cortisol in the range from 0.5 to 3 nM),
the GR has a more than 10 times lower affinity for
these steroids (Kd in the range from 20 to 65 nM).14 The
corticosteroid levels in the plasma (cortisol in humans
and corticosterone in rats) are usually far above these
Kd values, and exceed the plasma concentrations of
aldosterone 100�1000-fold. Under these conditions,
mineralocorticoid specificity is thought to be conferred
to the ASDN cells by their high expression of 11β-
HSD2 that rapidly hydrolyzes the physiological corti-
costeroids to inactive metabolites.15 Upon hormone
binding, the receptors are thought to homo- or hetero-
dimerize and to translocate to the cell nucleus, where
they modulate a transcriptional program that modu-
lates the expression of ENaC, the Na1,K1-ATPase,
and of regulatory proteins that control the activity of
these Na1-reabsorbing proteins.

Na1 transport across the ASDN cells occurs in two
steps. Na1 uptake from the lumen into the cells is
mediated by ENaC, while Na1 exit across the basolat-
eral plasma membrane depends on the Na1,K1-
ATPase. The activity of ENaC and the Na1,K1-ATPase
is electrogenic, and generates a transepithelial electro-
chemical gradient that drives paracellular Cl2 reab-
sorption and transcellular K1 secretion. The apical K1

secretion is thought to occur via secretory K1 channels

such as the renal outer medulla K1 channel (ROMK)
and the flow-dependent maxi-K (BK) channel.16�19

Immunohistochemical studies revealed that ROMK is
highly abundant in the DCT, CNT, and CD cells,20,21

where it becomes activated and redistributed to the
apical plasma membrane in response to an increased
dietary K1 intake.22 Likewise, a high-K1 diet appears
to stimulate the BK channel. In rabbits, it increases the
mRNA expression of the α-, β2-, and β4-subunits,23

and in rats it elevates the electrical activity in CCD
cells.24 In contrast to ROMK, the BK channel is not
only present in the segment-specific ASDN cells, but
also in intercalated cells.17 Intercalated cells may not
only secrete but also reabsorb K1 via their apical H1,
K1-ATPase.25 Thereby, intercalated cells may help to
modulate the interdependence of ENaC-mediated Na1

reabsorption and K1 secretion via apical K1 channels.
A close link between the function of intercalated and
segment-specific ASDN cells is also indicated by the
fact that, in all species investigated so far, the appear-
ance of intercalated cells in the early ASDN coincides
precisely with the onset of functional ENaC expres-
sion.11 Moreover, several recent studies on various
rodent models further supported the idea of a func-
tional cooperation between ASDN and intercalated
cells. The ASDN has at least two types of intercalated
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FIGURE 35.2 Model of the mechanism of aldosterone action in an epithelial target cell. Aldosterone crosses the plasma membrane and
binds to its high affinity mineralocorticoid receptor (MR) and/or the low affinity glucocorticoid receptor (GR). Cortisol is metabolized by the
11βHSD-2 into inactive metabolites with a very low affinity for MR and GR. The complex translocates to the nucleus, where it undergoes inter-
action with promoter regions of target genes, activating or repressing their transcriptional activity. Induced or repressed proteins mediate an
increase in transepithelial sodium transport by the activation of pre-existing transport proteins (ENaC, Na,K-ATPase), and a further accumula-
tion of transport proteins and other elements of the sodium transport machinery. Possible effects on ROMK, tight junction proteins, mitochon-
dria, and water transport proteins (AQP 3) are indicated with dotted arrows. (From Verrey, F., Hummler, E., Schild, L., and Rossier, B. C. (2008).
Mineralocorticoid action in the aldosterone-sensitive distal nephron. In “Seldin and Giebisch’s The Kidney,” Vol. 1, 4th edn., 889�924. Elsevier Inc.)
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cells.26,27 The acid-secreting type-A intercalated cells
have the vacuolar H1-ATPase in the apical plasma
membrane and the Cl2/HCO3

2 anion exchanger AE1
in the basolateral plasma membrane, whereas the
bicarbonate-excreting type-B intercalated cells have the
H1-ATPase in the basolateral plasma membrane, and
are characterized by the abundance of the Cl2/HCO3

2

exchanger pendrin in the apical membrane, which may
contribute to a combined transcellular reabsorption of
Na1 (via ENaC) and Cl2 (via pendrin). In fact, experi-
ments in pendrin-deficient mice indicated that bicar-
bonate secretion via the type-B intercalated cells is
necessary for normal ENaC expression and activity.28,29

Consistent with this view, the mice are prone to
develop arterial hypotension when placed on an NaCl-
deficient diet, and they are protected from hyperten-
sion under mineralocorticoid treatment.30,31 Pendrin
may not only cooperate with ENaC, but also with
the Na1-dependent chloride-bicarbonate exchanger
SLC4A8,32 which may account for the previously
reported thiazide-sensitive NaCl reabsorption in the
renal collecting system. Experiments in SLC4A8- and
NCC-deficient mice indicated that about 40�70% of
collecting duct Na1-absorption involve SLC4A8.32

Similar to ENaC, the thiazide-sensitive electroneutral
Na1 reabsorption, as well as SLC4A8, appear to be
stimulated by aldosterone.27 Na1 reabsorption via
ENaC may not only interfere with K1, H1, and Cl2

handling of the ASDN cells, but also with transepithe-
lial water reabsorption. The ENaC activity generates an
osmotic gradient that likely favors the vasopressin-
dependent transepithelial water reabsorption via the
water channels AQP2 in the apical and AQP3 and
AQP4 in the basolateral plasma membrane of the seg-
ment-specific ASDN cells. Although there are some
indications that aldosterone directly controls the
expression and activity of ROMK,33�35 BK,36 pen-
drin,31,37 SLC4A8,32 AQP2,38,39 and AQP3,40 the func-
tional significance of these regulations compared
with the indirect effects mediated via enhanced activity
of ENaC and Na1,K1-ATPase are still unclear.
Nevertheless, the various cell types and ion transport
pathways with manifold possible interactions likely
contribute significantly to the complexity of ion
handling along the ASDN which may allow adaptation
of urinary ion excretion precisely to homeostatic needs.
Details on the regulation of K1 channels, pendrin,
SLC4A8, and aquaporins are given in several excellent
recent reviews.16,17,26,27,37,41�43

Aldosterone Action in Non-ASDN Cells

A huge variety of studies have been aimed at local-
izing MR and GR along the mammalian nephron.

Ligand-binding studies and RNAase protection assays
on microdissected nephron portions, as well as autora-
diography, in situ hybridization and immunohis-
tochemistry on kidney sections, revealed a very high
abundance of MR and GR along the classical ASDN.44

Moreover, these studies indicated that the MR, the GR,
and 11β-HSD2 are expressed in nephron segments and
cell types that are considered not to be classical targets
for aldosterone, including glomerular mesangial cells,
podocytes, and proximal tubules (reviewed in 15).
Using a set of highly specific MR antibodies,45

Ackerman et al. recently confirmed that the MR is
expressed along the entire distal tubule, including the
TAL and the entire DCT.46 MR expression in the TAL
is in line with studies describing a profound stimula-
tory effect of aldosterone on TAL Na1 transport,47 but
contrasts with other reports that did not reveal any
effect of the mineralocorticoid on the expression and
activity of the Na1,K1-ATPase and K1 transport in
the TAL of adrenalectomized rabbits and rats,
respectively.48�50 Likewise, there is considerable evi-
dence that aldosterone stimulates NaCl co-transport in
the DCT. Velazquez et al. demonstrated that adrenalec-
tomy lowers the electroneutral Na1 transport activity
(corresponding to NCC activity) in the DCT, and that
this effect can be fully restored to normal when aldo-
sterone and/or glucocorticoids are replaced.51

Consistent with a stimulatory role of aldosterone on
the DCT, immunoblotting and immunohistochemistry
on rat kidneys showed that dietary Na1 restriction,
which stimulates endogenous aldosterone production,
as well as exogenous aldosterone application, increases
the abundance and phosphorylation of NCC in the
DCT.52�56 Frindt and Palmer used in vivo cell surface
biotinylation to show in the rat that dietary Na1 restric-
tion does also increase the cell surface abundance of
NCC.57 Conversely, dietary Na1-loading removes
NCC from the plasma membrane, indicating that aldo-
sterone may affect the trafficking of NCC as well.58

Interestingly, the increase in NCC protein abundance
and phosphorylation was significantly lower when MR
was blocked by spironolactone.53,59 Although the effect
of spironolactone points to an MR-mediated transcrip-
tional response, changes in plasma aldosterone do not
appear to directly affect NCC mRNA expression, indi-
cating that mineralocorticoids elicit their effects on
NCC abundance via enhanced translation and/or
reduced degradation of the protein.55 In fact, there is
increasing evidence that NCC protein abundance
might be controlled by ubiquitylation, and hence by
altered protein stability.60�63 Aldosterone is also
known to stimulate renal H1 excretion. The interca-
lated cells in the ASDN play an important role for renal
acid�base handling. However, so far it is unclear
whether aldosterone directly affects renal acid
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secretion via activation of the H1-ATPase in interca-
lated cells or indirectly via activation of ENaC-depen-
dent Na1 transport in principal cells, which increases
the electrochemical driving force for H1secretion by
intercalated cells. Functional studies on isolated collect-
ing ducts indicated that aldosterone rapidly stimulates
intercalated cells via non-genomic pathways that may
involve PKC and PKA signaling,64 and perhaps require
the vasopressin V1 receptor.65 Nevertheless, it is uncer-
tain whether the observed effects depend on a yet-
unknown putative membrane-bound corticosteroid-
binding receptor or the classical MR. Although expres-
sion of the MR in intercalated cells was long disputed,
a recent immunohistochemical study established rather
strong expression of the MR, not only in the ASDN
segment-specific cells, but also in all subtypes of inter-
calated cells.46 However, this study did also provide
evidence that the rather low expression levels of the
11β-HSD2 in TAL, early DCT, and intercalated cells,
makes it unlikely that aldosterone has significant direct
genomic effects on these cell types in the physiological
context of several-fold higher plasma levels of cortico-
sterone than aldosterone. Nevertheless, mineralocorti-
coid-selectivity might be conferred to the MR also in an
11β-HSD2-independent way by a functional preference
of the receptor to aldosterone, as indicated in cell cul-
ture assays66 and in vivo experiments.67 Moreover, MR
expression in TAL, early DCT, and intercalated cells
may become relevant in patients with pharmacological
(e.g., by spironolactone) or genetic (i.e., PHA-1) MR
inactivation. Under these conditions, the loss of MR
function in these cells may contribute to the salt-
losing phenotype with hyperkalemia and metabolic
acidosis.68

SODIUM TRANSPORT REGULATION BY
ALDOSTERONE: PHYSIOLOGICAL AND

BIOPHYSICAL MECHANISMS

Epithelial Na1 transport is a two-step process that
comprises: (1) facilitated transport � driven by an
electrochemical potential difference � across the
apical membrane (from urine to cell); and (2) active
transport � driven by metabolic energy � across
the basolateral membrane (from cell to interstitium).69

In the ASDN, the apical-membrane entry step is
mediated by Na1-selective amiloride-sensitive ion
channels,70 while the exit step is catalyzed by Na1,
K1-ATPase, the ouabain-sensitive Na1 pump.71,72 The
aldosterone-dependent electrogenic transepithelial
Na1 transport has been studied in a great variety of
in vitro, ex vivo, and in vivo models.73,74 The different
models revealed different baseline and maximal
transport rates in response to aldosterone. In the toad

urinary bladder, “basal” transport rates, measured by
the short-circuit current method, are around
5�10 μA/cm275 and aldosterone produces a 2- to
5-fold increase in transport. In the rat colon, basal
transport rates through amiloride-sensitive channels
are very low, while tissues stimulated in vivo by
adrenal steroids can have rates of 500�1000 μA/cm2.76

Isolated, perfused rat cortical collecting ducts express no
measurable net Na1 fluxes when the animals are main-
tained on normal diets. When animals are placed on a
low-Na1 diet (to elevate endogenous aldosterone
levels) or injected with mineralocorticoids, Na1 reab-
sorption is as high as 30 pmoles/min-mm, which corre-
sponds to B100 μA/cm2.7,8 These values match well
the amiloride-sensitive current measured by cell
attached patches of mouse CCD cells.77

Aldosterone and the Epithelial Sodium
Channel ENaC

The apical entry of Na1 involves the low conduc-
tance, highly selective (Na1 over K1), and amiloride-
sensitive epithelial Na1 channel78,79 (ENaC). ENaC
was cloned from rat distal colon by functional expres-
sion in Xenopus oocytes. The channel is composed of
three homologous subunits denoted α-, β-, and γ-EnaC,
which share 30 to 40% identity at the level of their
amino acid sequences. In addition to these three well-
characterized ENaC subunits, a fourth EnaC subunit,
δ-ENaC, has been cloned from a human kidney cDNA
library.80 However, this subunit has been described so
far only in humans, and its relevance for transepithelial
Na1 reabsorption in the ASDN is unclear. When the
three classical α-, β-, and γ-ENaC subunits are co-
expressed in Xenopus laevis oocytes, the subunits form
a channel with functional characteristics similar to the
channel identified by Palmer in the rat CCD, with a
low 5 pS conductance (for Na1), a high selectivity ratio
of Na1 over K1 (. 20), and a high sensitivity for
amiloride with a Ki in the submicromolar range. In the
Xenopus oocyte expression system, the co-expression of
all three ENaC subunits is required for maximal cell
surface abundance and activity of the channel.81 The
subunit stoichiometry of the active channel is not
finally resolved. Various technical approaches sug-
gested models with four, eight or nine subunits.82

Recently, the crystal structure of the closely related
acid-sensing ion channel isoform ASIC1A has been
reported, and points to a trimeric oligomerization of
the channel.83,84 However, this trimeric model still
awaits further confirmation by establishing the crystal
structure of ENaC itself.

ENaC is expressed in several organs including the
kidney, the colon, the salivary and sweat glands.
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ENaC-mediated Na1 transport helps to adjust Na1

excretion in the urine, feces, and sweat. In lung and air-
ways, ENaC activity is important for alveolar liquid
clearance and regulation of mucous fluidity. In the
taste buds of the tongue, ENaC is likely involved in
salt tasting, whereas ENaC expression in the eye and
inner ear may help to control the ionic composition of
the aqueous humor and the endolymph, respectively.82

In the kidney the distribution of ENaC is fully compati-
ble with its involvement in aldosterone-dependent Na1

transport. Morphological and functional studies on
rodent and human kidneys11,13 clearly showed that the
ENaC subunits are highly abundant along the entire
ASDN, starting in the late DCT (DCT2), and extending
through the CNT down to the medullary CD. In the
ASDN cells, increased plasma aldosterone levels
induced either by dietary Na1 restriction or by exoge-
nous application appear to stimulate ENaC mainly by
three mechanisms. First, aldosterone increases the
abundance of the α-ENaC mRNA and protein, without
much affecting the mRNAs encoding for the β- and
γ-subunits.85�87 In contrast, the β- and γ-subunit
mRNAs are upregulated in the colon by aldosterone,
while the α-subunit mRNA is expressed constitu-
tively.85,86,88 Second, aldosterone induces the appear-
ance of low molecular weight forms of α- and γ-ENaC,
which are thought to represent proteolytically activated
channel subunits.89�91 Recently, Frindt and co-workers
performed cell surface biotinylation experiments on rat
kidneys perfused with biotin in situ. These experiments
showed that feeding a low-Na1 diet or the infusion of
aldosterone for one week increases the cell surface pool
of cleaved α- and γ-ENaC, but not β-ENaC subunits at
the cell surface.92 Third, aldosterone causes a redistri-
bution of ENaC channel subunits from intracellular
storage compartments to the apical plasma membrane.
In fact, the subcellular localization of ENaC along the
axis of the ASDN changes drastically with altered
plasma aldosterone levels in response to altered dietary
Na1 intake.90,93 In rodents kept under a high dietary
Na1 intake with low plasma aldosterone levels, ENaC
subunits are barely detectable at the luminal mem-
brane, and are found almost exclusively at intracellular
sites. On a standard dietary Na1 intake with moderate
plasma aldosterone levels, ENaC subunits are traceable
at the luminal membrane in the late DCT and the early
CNT, but in downstream segments (i.e., late CNT and
CD), particularly β- and γ-ENaC are found almost
exclusively at intracellular sites.93 Only the α-EnaC-
subunit was reported to have a more pronounced api-
cal localization and can be found at the apical plasma
membrane in CNT and CD.94 In response to dietary
Na1 restriction, the apical abundance of ENaC subu-
nits drastically increases due to a translocation of
channel subunits from intracellular compartments to

the apical plasma membrane.59,90,93,95,96 Nevertheless,
the axial gradient for apical ENaC prevails, and the
apical localization of ENaC subunits remains more
prominent in early ASDN than in late ASDN.12,97

The activation and apical translocation of ENaC occurs
rapidly (within hours), suggesting that they are rele-
vant for the renal adaptation to day-to-day variations
of Na1 intake.3,89,98 Likewise, injection of aldosterone
in adrenalectomized rats induces a rapid (within
2 hours) induction of α-ENaC-subunit expression along
the ASDN which is followed by a translocation of all
three ENaC subunits to the apical plasma membrane
(Figure 35.3). Again, the apical shift occurs predomi-
nantly in the early and not in the late ASDN, although
the induction of α-ENaC was seen to be similar along
the entire segment.3 Based on previous studies in
Xenopus laevis A6 cells, it has been proposed that the
induction of α-ENaC might be a prerequisite for full
assembly of ENaC in the ER and its subsequent deliv-
ery to the cell surface.99 However, in the kidney in vivo
the induction of α-ENaC protein by aldosterone is
rather small90 and, at least in the CCD, not necessarily
followed by an apical redistribution of all three ENaC
subunits.3 Moreover, apical targeting of ENaC appar-
ently occurs even without previous α-ENaC
induction.100 Likewise, when ENaC activity was
assessed as whole-cell amiloride-sensitive current,
ENaC activity in rat CCD was drastically increased
within 15 hours of salt restriction, and thus in a time-
frame in which no changes in the abundance of ENaC
mRNA or protein could be detected.89 Thus, the induc-
tion of α-ENaC alone cannot account for the apical tar-
geting of ENaC. Other co-stimulatory factors are
needed. One of these factors was proposed to be the
serum- and glucocorticoid-regulated kinase (Sgk1).
Sgk1 is a member of the PKB/Akt family of serine/
threonine kinases, and is rapidly induced by aldoste-
rone in ASDN model epithelia in vitro, as well as in the
kidney in vivo.3,101�103 Likewise, prolonged dietary
Na1 restriction increases Sgk1 mRNA expression in the
kidney.104 Co-expression of ENaC with Sgk1 in heterol-
ogous expression systems profoundly increases
ENaC-mediated Na1-currents, most likely by an accel-
erated insertion-rate of ENaC into the plasma
membrane.105 Consistently, the induction of Sgk1 by
aldosterone precedes the apical translocation of ENaC
in ASDN cells in vitro and Sgk1-deficient mice
(Table 35.1) show mild urinary Na1-wasting that
becomes aggravated on dietary Na1 restriction.106 At
least part of the effects of Sgk1 on ENaC cell surface
abundance is mediated by an Sgk1-dependent
phosphorylation of the ubiquitin-protein ligase
Nedd4-2. Nedd4-2 phosphorylation blocks the inter-
action of this ligase with the C-terminus of
ENaC subunits, and thereby presumably prevents
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Nedd4-2-induced ubiquitylation and subsequent endo-
cytosis and degradation of ENaC subunits.107�109

Interestingly, immunohistochemical studies showed that
the Nedd4-2 abundance increases along the ASDN,
which is inverse to the axial gradient of apical ENaC
abundance, and further supports the idea that Nedd4-2
is a negative regulator of ENaC cell surface
abundance.110

Patch-clamp studies corroborated the immunohisto-
chemically traceable axial gradient of the apical locali-
zation of ENaC.111 The ASDN segments isolated from
rats kept on a standard lab chow exhibited no amilor-
ide-sensitive currents at the single channel level,
whereas CNTs and CDs isolated from rats with
elevated plasma aldosterone levels revealed significant
single channel ENaC currents (Figure 35.4). Mice
appear to have sizeable ENaC whole-cell currents

already on a standard diet, which further increase
when animals are kept on low dietary Na1 intake.112

In general, amiloride-sensitive currents decrease in the
following order: CNT . initial CD . CD.113 These
findings on apical ENaC localization and activity
are consistent with previous studies on microperfused
rat tubules,7 and on isolated rabbit tubules5 that estab-
lished several times higher Na1 transport rates in early
ASDN (i.e., DCT and CNT) than in further down-
stream ASDN segments (i.e., CD). The axial gradient of
ENaC also parallels the progressive decrease of the
basolateral Na1,K1-ATPase activity along the ASDN.4

Taken together, these data clearly indicate that the
aldosterone-dependent adaptation of renal Na1 excre-
tion to dietary Na1 intake occurs through ENaC,
predominantly in the early ASDN, while the late
ASDN gets recruited only under high plasma
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FIGURE 35.3 CNT profiles in kidney from ADX rats, 2 and 4 hours after aldosterone injection. Immunofluorescence with rabbit anti-
sera against α-, β-, and γ-ENaC, and the serum-and-glucocorticoid-induced kinase (SGK1) on cryostat sections is shown. Unstained cells in
the CNT epithelium are intercalated cells. Aldosterone induces a rapid induction of SGK1 and α-ENaC (at 2 hours) that precedes the apical
translocation of all three ENaC subunits from intracellular sites towards the apical plasma membrane (at 4 hours). (Adapted from Loffing, J.,
et al. (2001).3)
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aldosterone levels. Using whole-cell current data, and
considering the anatomical length of the two segments,
Frindt and Palmer estimated that the Na1 transport
capacity of the CNT is at least 10 times higher than that
of the CD.113

The importance of the early ASDN versus late ASDN
for the maintenance of Na1 balance was highlighted by
the development of a mouse model with targeted inacti-
vation of α-ENaC in the collecting duct.95 These mice
survive well and are able to maintain Na1 and K1 bal-
ance, even when challenged by salt restriction or K1-
loading (Figure 35.5a). Moreover, these mice show a

normal urinary acidification in response to furosemide
and thiazide treatment,114 suggesting that functional
expression of ENaC in the CNT is sufficient for main-
taining ion homeostasis. In contrast, mice with targeted
inactivation of α-ENaC in CD and CNT show symp-
toms of renal salt-wasting (Figure 35.5b). Already under
control conditions, the mice have significantly higher
urinary Na1 excretion and increased plasma aldoste-
rone levels. With dietary Na1 restriction, the mice start
to decompensate and exhibited at day 15 a more than
12% reduction in body weight and exceedingly high
plasma aldosterone levels (B20,000 pg/ml in knockout

TABLE 35.1 Transgenic Mouse Models Used to Elucidate Mechanisms of Aldosterone-Dependent Sodium/Potassium Transport

Strain Phenotype References

Signaling Cascade

MR2/2 Severe PHA-1 187,189

MR2/2 , CNT/CD-specific (MRlox/lox AQP2Cre) Mild PHA-1 116

MR2/2 , CNT/CD-specific, inducible (MRlox/lox AQP2CreERT2) Mild PHA-1 190

GR2/2 Not viable due to perturbed lung development 192

GR2/2 , distal tubule-specific (GRlox/lox KspCre) Slightly elevated blood pressure 194

GR overexpression, CD-specific (hGR Hoxb7-tetON2) Mild renal sodium retention 193

Mutation GR knockin (hGRM604L) Increased sensitivity to glucocorticoids 276

11-b HSD22/2 Severe AME 199

11-b HSD21/2 Salt-sensitive hypertension 277

Sgk12/2 Mild PHA1 106,278,279

Sgk12/2 (Sgk1lox/lox c-TgCMVcre) Mild PHA1 232

Sgk12/2 , renal tubule-specific (Sgk1lox/lox Pax8/LC1) Mild PHA1 233

Nedd4-22/2 Salt-sensitive hypertension 229

Nedd4-22/2 Not viable due to respiratory distress 231

Nedd4-22/2 Cystic fibrosis-like lung phenotype 230

Nedd4-22/2 , renal tubule-specific (Nedd4-2lox/lox Pax8/LC1) NCC upregulation 60

CHIF2/2 Mild renal and colon defect in Na/K transport 264

ENaC

α-ENaC2/2 Not viable due to respiratory distress 132

α-ENaC2/2 , CD-specific (α-ENaClox/lox Hoxb7Cre) No obvious phenotype 95

α-ENaC2/2 , CNT/CD-specific (α-ENaClox/lox AQP2Cre) Mild PHA-1 115

Transgenic α-ENaC2/2 Tg Mild PHA-1 133

Mutation β-ENaCm/m Mild PHA-1 139

Mutation γ-ENaCL/L Liddle’s syndrome, salt-sensitive hypertension 77,127,128,280

β-ENaC2/2 Severe PHA-1 136

β-ENaC1/2 Very mild PHA-1 281

γ-ENaC2/2 Severe PHA-1 135
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mice versus B1200 pg/ml in control mice). Moreover,
the mice show hyperkalemia, that worsens with dietary
K1-loading. Furthermore, the mice are polyuric, consis-
tent with the idea that ENaC is important not only for
renal Na1 and K1 handling, but also for the control of
water reabsorption.115

Similar to this CNT and CD α-ENaC knockout
model, mice with targeted deletion of the MR in the
CD and CNT, but intact MR expression and ENaC reg-
ulation in early CNT and DCT2, show impaired Na1

balance (Figure 35.6). Although these mice develop
normally under a standard diet, they continuously lose
body weight and show signs of severe extracellular
volume contraction under a low-Na1 diet.116 These
studies did also show that the MR is crucial for the
increased expression of αENaC and apical targeting of
all three ENaC subunits in response to dietary Na1

restriction. Interestingly, these observations in mice
with genetic deletion of the MR contrast with findings
in rodents with pharmacological inhibition of the MR.
In rats, blockade of the MR by spironolactone does not
prevent the apical translocation of ENaC in response to
dietary Na1 restriction.100 Likewise, the combined inhi-
bition of the MR and GR by spironolactone and RU486
does not block the induction of αENaC and ENaC traf-
ficking induced by aldosterone-infusion.117 Together
with the observation that the severe symptoms of pseu-
dohypoaldosteronism in MR-deficient mice can be
improved by glucocorticoid treatment,118 and that mice
with CNT/CD-specific MR-deficiency have a milder

phenotype than mice with CNT/CD-specific deletion
of αENaC, the data point to some redundancies in the
MR and GR-dependent signaling pathways that control
ENaC function.

ENaC-Related Genetic Diseases Underline
Pathophysiological Relevance

The discovery that rare monogenic diseases caused
by mutations in the genes encoding the ENaC subunits
cause defects in the control of Na1 balance and blood
pressure provided direct evidence for the implication
of this channel in these processes.119 Remarkably, these
diseases represent on the one hand, a gain-of-function
phenotype (Liddle’s syndrome), and on the other hand
a loss-of-function disease (pseudohypoaldosteronism
type I or PHAI).

LIDDLE’S SYNDROME

Liddle’s syndrome is a rare disorder (pseudoaldos-
teronism) described first by G. W. Liddle in a family in
which multiple siblings had early onset of severe
hypertension associated with hypokalemia.120 Urinary
excretion of aldosterone was low in these patients, and
no effects of spironolactone on blood pressure could be
demonstrated. By contrast, administration of the Na1

channel-blocker triamterene, together with restriction
of salt intake, tended to normalize blood pressure.
These clinical features suggested that hypertension was
due to excessive aldosterone-independent Na1 reab-
sorption in the distal nephron, due to the constitutive
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activation of ENaC. Despite the low plasma aldoste-
rone in these patients, they still responded to aldoste-
rone injections by further decreasing their renal Na1

excretion.

The pedigree of the original kindred described by
Liddle was in the meantime extended, clearly demon-
strating the autosomal dominant inheritance of the
disease.121 A candidate gene approach was used to

CD-specific αENaC knockout (αENaClox/lox Hoxb7Cre)

CNT/CD-specific αENaC knockout (αENaClox/lox AQP2Cre)
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identify mutations causing this rare Mendelian form of
hypertension.122 Complete linkage of the Liddle’s syn-
drome to a locus encoding the β-subunit of ENaC, and
analysis of the β gene revealed various mutations in
the cytoplasmic C-terminus: deletion or frameshift
mutations leading to truncation of a major portion of
the C-terminus; and missense mutations in a highly-
conserved proline-rich domain.122�124 A deletion of the
C-terminus in the γ-subunit has also been identified as
a cause of Liddle’s syndrome, whereas no mutations in
the α-subunit have been linked to this disorder.125

Expression of these β- and γ-ENaC variants, together
with α-subunits in the Xenopus oocyte system, revealed
a significant increase in ENaC channel activity at the
cell surface, consistent with the initial postulate that
these hyperactive channel mutants lead to an excessive
Na1 reabsorption and hypertension.126

To elucidate the causal relationship between dietary
salt intake, genetically-determined salt handling by
the kidney, and hypertension, a mouse model for
Liddle’s syndrome was developed by introducing the
R566stop mutation at the β-ENaC allele (“knockin”
strategy).127 Interestingly, with a normal-salt diet, mice
carrying the β-ENaC mutated L/L allele remain nor-
motensive, despite evidence of hypervolemia and
increased Na1 reabsorption in the large intestine.

Moreover, plasma pH, Na1, K1, Cl2 or HCO3
2 concen-

trations were not significantly affected.127 However,
these mice manifested the classical Liddle’s phenotype
with higher blood pressure, metabolic alkalosis, and
hypokalemia, accompanied by cardiac and renal hyper-
trophy in response to a high-salt diet. Moreover, evi-
dence for impaired ENaC internalization was
demonstrated in vivo, as the increase in urinary Na1

excretion upon short time (6�12 hours) salt repletion
following 1 week of a low-salt diet is significantly
delayed in Liddle mice, despite the presence of lower
circulating aldosterone concentrations.128 Isolated per-
fused CCDs from Liddle mice exhibit higher transe-
pithelial potential differences, and confluent primary
cultures of CCDs microdissected from their kidneys
exhibit significant lower transepithelial electrical resis-
tance and higher negative potential differences, consis-
tent with an overall increased ENaC activity.128

Interestingly, mineralocorticoid upregulation of ENaC
expression and function is still maintained in Liddle
mice that show a remarkable high sensitivity to aldo-
sterone in vitro129 and in vivo.77 Renal CD cells from
Liddle mice exhibit hyperactive apical vasopressin-reg-
ulated CFTR Cl2 conductance that could contribute to
the enhanced NaCl reabsorption observed in the distal
nephron of patients with Liddle’s syndrome. In
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FIGURE 35.6 Renal sodium wasting in transgenic mice with CNT- and CD-specific deletion of the MR (MRAQPcre mice). (a)�(d)
Immunofluorescent detection of α-ENaC and MR in collecting ducts (CD) and connecting tubules (CNT) of control mice and of MRAQPcre mice
kept for 10 days on a low-NaCl diet. Deletion of the MR goes along with a loss of detectable α-ENaC levels. In only a few CNT cells with ineffi-
cient MR-targeting, does α-ENaC remain detectable at the cell surface (arrows). Insert in panel (b) shows expression of the Cre recombinase in
the CCD of the transgenic mouse. While the rate of urinary Na1 excretion does not differ between the groups on a standard diet, MRAQPcre

mice cannot lower their urinary Na1 excretion as efficiently as control mice when kept for 9 days on dietary Na1 restriction (white bars: control
mice; black bars: MRAQPcre mice). Consistent with mild pseudohypoaldosteronism type 1, MRAQPcre mice have higher plasma aldosterone
levels than control mice on standard and low-sodium diets. (Adapted from Ronzaud, C., et al. (2007).116)
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summary, in the Liddle mouse, dysfunction of ENaC
in the kidney is demonstrated before onset of arterial
hypertension that argues in favor of the kidney hypoth-
esis proposed by Liddle.120

PSEUDOHYPOALDOSTERONISM TYPE 1

Pseudohypoaldosteronism type 1 (PHA-1) is charac-
terized by dehydration, hyponatremia, hyperkalemia
and metabolic acidosis, despite elevated plasma aldo-
sterone concentration and plasma renin activity. The
association of renal Na1-wasting, hyperkalemia, and
failure to respond to mineralocorticoids suggest a
defective Na1 reabsorption in the distal nephron.
There are two forms of PHA-1, an inherited recessive
disease characterized by a culminant clinical presenta-
tion in the neonatal period persisting in adulthood,130

and an autosomal dominant or sporadic form which is
milder and remits with age.68 Genetic investigations of
kindred with the recessive PHA-1 revealed deletion or
missense mutations in each of the three ENaC subu-
nits, resulting in decreased channel function when
expressed in Xenopus oocytes. Linkage of PHA-1 to
loss-of-function ENaC variants further supports the
critical role ENaC in aldosterone regulation of Na1

reabsorption.
Constitutive gene inactivation studies for all three

subunits of ENaC (α-, β-, and γ-, encoded by Scnn1a,
Scnnn1b, and Scnn1g, respectively) revealed a crucial
role for each subunit in the survival of the animal (see
for review 131). Constitutive inactivation of the mouse
αENaC gene locus leads to severe respiratory distress
with neonatal death, demonstrating the crucial role of
ENaC in lung liquid clearance at birth.132 The αENaC
knockout neonates died so rapidly from their lung phe-
notype that they did not manifest any electrolyte dis-
turbances. However, mice with a genetic rescue by
reintroducing the αENaC-subunit under the control of
a heterologous (cytomegalovirus) promoter demon-
strated the importance of precise regulation of ENaC in
the kidney.133 The transgenic rescued mice had suffi-
cient basal Na1 absorptive capacity to clear lung liquid
and survive the early neonatal period, but developed a
severe PHA-1 like phenotype with renal salt-wasting,
metabolic acidosis, high aldosterone levels, growth
retardation, and increased early mortality.134 In con-
trast to the αENaC knockout mice, mice with constitu-
tive inactivation of βENaC and γENaC revealed severe
early renal dysfunction.135,136 Urinary Na1-wasting, K1

retention, and increased plasma aldosterone concentra-
tions go along with failure to thrive and early postnatal
deaths (see for review 137,138). It seems that low resid-
ual ENaC activity in these mice is sufficient to circum-
vent the neonatal lung phenotype, consistent with the
assumption that αβ- and αγ-subunit combinations can
establish some ENaC activity in airway epithelia.

Inactivation of the γ-ENaC-subunit in mice resulted in
early death (at 36 hours after birth) of the mice, mainly
due to disturbed total body electrolyte balance.135 In
the course of generating a mouse model for Liddle’s
syndrome by the insertion of a stop codon correspond-
ing to residue R566 in human β-ENaC, together with
the selection marker neomycin, mice were obtained
with a partial disruption of the β-ENaC gene locus
(β-ENaCm/m).139 Under a normal-salt diet, these mice
show a mild PHA-1 phenotype with reduced ENaC
activity and elevated plasma aldosterone levels, but
develop an acute PHA-1 with continuous weight loss,
hyperkalemia, and decreased blood pressure when
kept under a low-salt diet.

In summary, although the onset and severity of
PHA-1 symptoms vary in these models, the renal
phenotype of these mice corresponds well to the
human PHA-1 phenotype (with salt-wasting, hyperka-
lemia, and metabolic acidosis), revealing the important
implication of ENaC in Na1, K1 homeostasis.

Aldosterone and K1 Secretion

The ASDN of mammals also plays a critical role in
the maintenance of K1 homeostasis. In this nephron
segment, Na1 reabsorption through ENaC is electri-
cally coupled with K1 secretion: increasing the Na1

influx depolarizes the apical membrane and increases
the driving force for K1 secretion into the lumen, and
vice versa (see Figure 35.2). Pathophysiological condi-
tions where Na1 absorption is increased in the ASDN
(hyperaldosteronism, pseudoaldosteronism) are
associated with hypokalemia; conversely, ENaC loss-
of-function in PHA-1 results in a loss of Na1 absorp-
tion in the ASDN and hyperkalemia (see above).
Consistently, mice with constitutive inactivation of
β- and γ-ENaC show renal Na1-wasting and elevated
plasma aldosterone level that goes along with renal K1

retention and hyperkalemia.135,136 While mice lacking
the α-ENaC subunit die soon after birth due to respira-
tory insufficiency related to impaired alveolar fluid
clearance,132 mice with targeted inactivation of α-ENaC
in the CNT and CD survive, and show not only
renal salt-wasting, but also hyperkalemia,115 further
confirming the critical role of ENaC for Na1 and K1

homeostasis.
The K1 secretion in the ASDN is mediated by a K1

conductive pathway in the apical membrane of princi-
pal cells. Small conductance inwardly rectifying K1

channels, termed SK channels, account for most of the
apical conductance of principal cells.140�142 These SK
channels have been identified at the molecular level
and are the product of the ROMK channel gene.
Moreover, the large, Ca21-activated K1 channel (BK),
present in intercalated and/or principal cells, is thought
to contribute to K1 secretion along the ASDN.17
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Experiments in mice deficient for either ROMK or the
α-subunit of BK suggest that the channels may compen-
sate for each other.143,144 The functional role and the
regulation of these channels in the kidney have been
the topic of several recent reviews,16,18,19,145 and are
also extensively addressed in a separate chapter in this
book. Therefore, we will here only briefly touch the
possible impact of aldosterone on renal K1 secretion
via these channels.

High dietary K1 intake and elevated plasma K1 con-
centrations increase aldosterone secretion by the zona
glomerulosa of the adrenal gland and stimulate urinary
K1 excretion. This raises the question of whether aldo-
sterone has a primary effect on K1 secretion, via geno-
mic effects on principal cells of the ASDN. However,
although some studies indicated that aldosterone may
directly affect the activity of the renal secretory K1

channels,33�36 there is no strong evidence that aldoste-
rone at physiological concentrations increases the apical
K1 conductance of principal cells in the CCD in vivo.146

In fact, rats fed with a low-Na1 diet have a high plasma
level of aldosterone and show a large increase in the den-
sity of active ENaC channels in the apical membrane of
principal cells, but the density of ROMK channels
remains unchanged.147 Recently, Fodstad and co-workers
described that the established mouse CCD cell line
(mCCD(cl1)) expresses ROMK mRNA and a robust
Ba21- and tertiapin-Q sensitive K1 conductance in the
apical membrane.148 Overnight exposure to 100 nM
aldosterone did not significantly change the K1 conduc-
tance, but it increased the amiloride-sensitive Na1 trans-
port. Surprisingly, in this cell model the mRNA levels of
all ROMK isoforms measured by qRT-PCR were even
decreased by 15�45%, further supporting the idea that
aldosterone does not directly stimulate ROMK.

Nevertheless, a high dietary K1 intake increases
both the activity of ENaC and of ROMK (Figure 35.4).
Interestingly, the kaliuretic response to dietary K1

occurs very rapidly, and even before plasma K1 and
aldosterone levels are elevated. Moreover, renal kaliur-
esis can be clearly dissociated from renal Na1 handling
(for review see 145,149). In a recent study, Frindt and
Palmer addressed the question of whether the concom-
itant activation of ENaC is required for enhanced uri-
nary K1 excretion. Rats were kept on different K1

diets, and then infused via osmotic minipumps with a
constant dose of amiloride which was supposed to
block more than 98% of Na1 transport through ENaC.
Measurements of urinary K1 excretion indicated that
on a control diet (0.6% KCl), distal nephron K1 secre-
tion completely depends on ENaC, while on a high-K1

diet (10% KCl) an increasing fraction of K1 excretion is
independent of Na1 channels.150

Taken together, the current evidence suggests that
the activation of ENaC by aldosterone is sufficient to

increase the driving force for K1 secretion, leading to
an increase in kaliuresis, without upregulating K1

channels. In contrast, a high-K1 diet increases the den-
sity of active ROMK channels, suggesting the presence
of kaliuretic factors that control K1 secretion, indepen-
dently of aldosterone.145,149

Aldosterone and the Na1,K1-ATPase

For efficient transepithelial sodium reabsorption,
apical Na1 entry via ENaC has to be matched by Na1

extrusion across the basolateral plasma membrane via
the Na1,K1-ATPase. Consistently, the activity of the
Na1,K1-ATPase is also regulated by aldosterone (for
a review see 151,152). Briefly, it was already shown
30 years ago that aldosterone induced augmentation of
Na1,K1-ATPase in the CCD of adrenalectomized rats
after 1 to 3 hours of aldosterone infusion.153,154 In non-
adrenalectomized animals, aldosterone also induced
the Na1 pump, but the response was delayed and
observable between 2 days and 1 week.48 In the rabbit
CCD, Sansom and O’Neil observed a doubling in the
basolateral membrane conductance after 24 hours of
the mineralocorticoid DOCA (deoxycorticosterone ace-
tate) treatment, which could be accounted for by a rise
in basolateral K1 and Cl2 conductance.155 Moreover,
morphometric studies revealed a significant increase in
the basal side surface area of the rabbit CCD principal
cells, which can be correlated with an increase in
single cell capacitance.156,157 However, these changes in
cell surface area could only partially account for the
increase in basolateral membrane conductance. It is not
clear in these cases whether the mineralocorticoid-
induced increase in basolateral membrane conductance
is a direct effect of the hormone or secondary to an
increase in Na1 entry into the cell.

As discussed in,151 it is likely that the early effects
involve activation and/or translocation to the basolat-
eral membrane of pre-existing Na1,K1-ATPases,
whereas the late effects are caused by de novo synthesis
of the Na1,K1-ATPase. Indeed, it has been shown both
in adrenalectomized rats and in mpkCCDcl4 cells that
infusion or treatment for 2 to 3 hours with aldosterone
strongly increases the cell surface abundance of Na1,
K1-ATPase, whereas the total cellular pool was only
affected later.152,158,159 It was shown by the same
researchers that Sgk1 is able to increase the cell surface
expression of Na1,K1-ATPase,160 providing a potential
mechanism of how aldosterone may regulate the
pump. However, it remains open if the kinase regu-
lates Na1,K1-ATPase by direct phosphorylation or not.

Hence, aldosterone is able to modify Na1,K1-
ATPase activity by increasing the number of Na1,K1-
ATPase at the basolateral membrane, likely by
translocating pre-existing pumps to the surface (short-
term regulation), and by increasing the de novo
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synthesis of Na1,K1-ATPases. Moreover, aldosterone
is also able to increase the basolateral membrane
surface. The cellular and molecular mechanisms that
are involved in this regulation are only vaguely known,
and may involve Sgk1.

SODIUM TRANSPORT REGULATION BY
ALDOSTERONE: CELLULAR AND

MOLECULAR MECHANISMS

Non-Genomic Actions of Aldosterone

Aldosterone, similar to many other steroid hor-
mones, has two fundamentally different mechanisms
of action, namely rapid, non-genomic effects that are
different from the classical and delayed genomic
effects, involving MR and GR and the induction of a
complex translational/transcriptional response.161,162

The non-genomic effects of aldosterone on intracellular
signaling pathways have been demonstrated in a vari-
ety of animal and human cell types, including those
localized in the classical mineralocorticoid target
organs.161,162 These effects are characterized by short
latencies of seconds or minutes, and do not involve
changes in gene expression mediated by the transcrip-
tional role of the MR.163 They may involve MR itself
and being sensitive to MR antagonists such as spirono-
lactone or eplerenone or being independent of MR. The
existence of an alternative receptor with high affinity
for aldosterone has been postulated, which may be
membrane-bound or representing a signaling molecule
within the cell. Recently it has been shown that aldoste-
rone signals independently of MR through GPR-30,
an intracellular G-protein-coupled receptor localized
in the endoplasmic reticulum, leading to extracell-
ular related kinase (ERK) activation and apoptosis,
and to myosin light chain phosphorylation.164,165 It will
be important to determine the role of GPR-30 in the
ASDN, where its presence has been reported.166

The non-genomic effects involve the activation of
protein kinase pathways, including mitogen activated
protein (MAP) kinases, protein kinase D1 (PKD1),
and protein kinase C (PKC).162 Interestingly, PKCα (a
PKC isoform) directly binds in vitro aldosterone via its
C2 domain, leading to its autophosphorylation. Hence,
PKCα may represent an intracellular aldosterone
receptor distinct from the classical MR. PKC signaling
is an illustrative example of cross-talk between non-
genomic and genomic pathways, as demonstrated in
cultured rat cortical collecting duct cells, in which
transepithelial Na1 transport may be stimulated in the
early phase by PKCα and independent of MR, whereas
the late phase requires genomic action via MR.167 Also
involved in short non-genomic activation of ENaC may

be PKD1 that appears to regulate subcellular localiza-
tion of αENaC in M1 CCD cells.168 Together, the num-
ber of different non-genomic effects of aldosterone that
have been described, the lack of physiological targets
in many cases, as well as the potentially diverse modes
of action, do not allow us to draw a unifying conclu-
sion. However, it is likely that non-genomic actions
and genomic actions of aldosterone interfere in some
instances with each other for the control of physiologi-
cal functions.

Genomic Actions of Aldosterone

Mineralocorticoid Receptor (MR) and
Glucocorticoid Receptor (GR)

As discussed above, both MR and GR act as aldoste-
rone receptors, having different affinities to aldoste-
rone. MR is the high-affinity type 1 receptor (Kd

approximately 0.5 to 2 nmol/l), and GR is the low-
affinity type 2 receptor (Kd approximately 14 to 60
nmol/l).169 On the other hand, the glucocorticosteroid
hormone cortisol (corticosterone in rodents) binds to
MR with high affinity similar to that of aldosterone,
and with a higher affinity to GR.14,170 Cell-specific
hormone and receptor specificity-conferring mechan-
isms discussed below are necessary to explain the
differences in the response to mineralocorticoids
and glucocorticoids at the systemic and organ
levels.161,171,172 It is important to note that the precise
role of these two receptors (MR versus GR), the extent
of their functional overlap, and the role of specificity-
conferring mechanism are not fully-understood, and
the analysis of MR/GR-modified animals may help to
clarify these issues.

The clinical importance of the MRs was demonstrated
in patients carrying mutations in the gene leading to an
autosomal dominant form of pseudohypoaldosteronism,
a disease that remits with age.68 Moreover, various het-
erozygous loss-of-function mutations in the human MR
(hMR) gene have been identified and characterized,
including frameshift, nonsense, and missense mutations,
and gene deletions.173,174 In contrast, a constitutive active
mutation in MR (S810L) has been found in patients with
an early-onset hypertension that is markedly exacer-
bated in females during pregnancy.175 This mutation
alters the receptor specificity, and renders progesterone
and other steroids lacking 21-hydroxyl groups, normally
MR antagonists, to potent agonists of the receptor.
Biochemical studies revealed that the S810L mutation
induces a change in the receptor conformation, which
increases the steroid�receptor complex stability, contrib-
uting to the agonistic action.176,177

MR and GR belong to the nuclear receptor superfam-
ily that includes other steroid hormone receptors,
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including the thyroid hormone, retinoic acid, vitamin D.
These nuclear receptors are modulary proteins harboring
different conserved domains.178 The N-terminal domain
is the less conserved among nuclear receptors, both in
size and sequence, and represents in the case of MR
almost half of the protein. This region contains a ligand-
independent activation function, which is important for
interaction with transcriptional co-regulators, and for
intramolecular interactions with the ligand-binding
domain (LBD) that lies at the C-terminus.14,172 This latter
domain is complex, as it harbors regions involved in
formation of the ligand-binding pocket, interaction
with heat shock proteins, dimerization, and a ligand-
dependent activation function, which interacts with tran-
scriptional co-regulators. The centrally located DNA-
binding domain (DBD) is the most conserved region of
the receptor. It folds into two zinc fingers, in which one
zinc atom is tetra-coordinated by four cysteines. The
core DBD contains two α-helices; the first one, or recog-
nition helix, binds to the major groove of DNA making
contacts with specific bases. This domain also contains
segments involved in receptor homo- and heterodimeri-
zation. Putative nuclear localization signals are localized
in the C-terminal part of the DBD and the beginning of
the hinge region. Acting as enhancers or repressors of
transcription, steroid receptors target specific DNA
sequences; these hormone-responsive elements (HREs)
then confer inducibility/repressibility to the genes by
the corresponding hormone.172

In the absence of a ligand, the corticosteroid receptors
and possibly all other members of the steroid receptor
gene family are primarily localized in the cytosol and
associated to a heat shock protein complex, which
includes Hsp90, Hsp70, p23, p48, FK-binding protein
51, 52, 59 immunophilins or cyclophillin 40171,179

(Figure 35.7). This maintains the receptors in an inactive,
but ligand binding-competent and stable conformation.
Recently it was suggested that this complex also binds
via FKB52 to the motor protein dynein, promoting MR
translocation into the nucleus.180 Thereby, the classical
concept that MR dissociates from the complex in order
to translocate through the nuclear pore was challenged
by showing that MR-Hsp90 cross-linked complexes
accumulate in the nucleus in an aldosterone-dependent
fashion (Figure 35.7). Hsp90 also stabilizes the MR, as
inhibition of Hsp90 with the geldanamycin analog
17-AAG (17-Allylamino-17-demethoxygeldanamycin)
promotes rapid ubiquitylation by the CHIP (carboxyl ter-
minus of Hsc70-interacting protein) ubiquitin-protein
ligase and consequent proteasomal degradation.181

It was suggested that treatment with 17-AAGmay repre-
sent an interesting and alternative pharmacological tool
to interfere with MR activation. Activation of the recep-
tor by the binding of an agonist or some antagonists
results in receptor dimerization. After nuclear

translocation, the dimerized receptors will bind to the
corresponding hormone-responsive elements and alter
the transcription of target gene(s), as do classical
sequence-specific transcription factors.171

Once activated and translocated to the nucleus,
MR and GR associate with and recruit a complex co-
activator and co-repressor machinery, involving
numerous proteins171,179 (Figure 35.7). In the case of
MR, these include the transcription co-activators
SRC-1, SRC-1e, and PGC-1, the histone acetylase CBP/
p300, the helicase RHA, and the Pol II elongation factor
ELL. The latter one represents an MR-specific tran-
scriptional co-regulator of MR. Similar complexes are
also recruited by the GR.182 Moreover, co-repressors of
the steroid receptors are recruited as well. They
include SMRT and NCoR, the apoptosis-controlling
DAXX and the sumo ligase PIAS that has been shown
to sumoylate MR, causing inhibition of transcription
activation of MR.179 Besides sumoylation, both MR and
GR become modified by numerous post-translational
modifications (PTMs). These modifications involve
phosphorylation, ubiquitylation, and acetylation at var-
ious sites. For many of these PTMs the functional con-
sequences have not yet been clearly established, nor
have the specific sites been determined.

There are, beside aldosterone, other high-affinity
ligands for MR which do not produce the same effects,
including progesterone, spironolactone, and other
antagonists.183,184 The working hypothesis to explain
this specific differential response is the following:
(1) agonists bind to and produce a conformational
change which fully activates the receptor and elicits the
maximal biologic response; (2) partial agonists fully
occupy the receptor, but afford incomplete activation
and thus a partial response; and (3) antagonists fully
occupy the receptor, but are not able to induce a con-
formational change necessary for binding to target
DNA and transactivation.185 In the latter case it is
assumed that MR (or GR), upon antagonist binding,
translocates into the nucleus and recruit instead of the
transactivation a transrepression machinery, including
the co-repressors described above.172,186

Specific aldosterone binding, immunochemical stain-
ing, and messenger RNA detection have identified MR
in classical mineralocorticoid target tissues such as kid-
ney, gut, and sweat glands, and also in skin, brain, pitu-
itary, and heart.171,172 In kidney, aldosterone appears to
control Na1 reabsorption across the entire distal neph-
ron from DCT to the IMCD. Indeed, presence of MR
and GR protein in the distal nephron has been demon-
strated.46 Both MR and GR are expressed in the TAL,
DCT, CNT, CD, and in intercalated cells.46 The GR is
found additionally in proximal tubule cells. In the
study by Ackermann et al.,46 the concept of ligand-
dependent translocation into the nucleus of GR and MR
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was nicely confirmed, although important differences
between GR and MR were revealed (see below).

KO and Transgenic Mouse Models of MR and GR

Several mouse models have been generated to study
the role of the MR and the GR for ENaC regulation and
the control of ion homeostasis (Table 35.1). Mice in
which the mineralocorticoid receptor (MR) was inacti-
vated developed severe symptoms of pseudohypoaldos-
teronism with failure to thrive, weight loss, severe Na1

and water loss, and highly stimulated renin�angiotensin
system.187 At day 10 after birth, these MR2/2 mice die,
since they are not able to compensate for Na1 loss.
Interestingly, amiloride-sensitive Na1 reabsorption is
reduced, but the abundance of the mRNAs encoding
ENaC and Na1,K1-ATPase is unchanged in the kidney,
indicating that regulation of Na1 reabsorption via MR
may not be achieved by transcriptional control of ENaC
and Na1,K1-ATPase. In MR2/2 mice, expression of the
renin�angiotensin�aldosterone system (RAAS) is
highly stimulated. The changes in mRNA levels of
the components of the RAAS in 8-day-old MR2/2 mice
were not apparent in the heterozygous MR1/2 mice.
However, these animals have an increased urinary Na1

loss, three-fold increase in Na1 fractional excretion, and
a modest compensatory stimulation of the circulating
RAAS, revealed by a three-fold increase in renin, angio-
tensin II, and aldosterone levels compared with those in
MR1/1. This suggests a modest neonatal Na1 loss,

compatible with survival in the MR1/2 mice. This mild
Na1 loss exhibited by these heterozygous mice is similar
to the phenotype observed in patients with autosomal
dominant pseudohypoaldosteronism type I.68 In patients
with a heterozygous defect in the MR gene, a modest
form of neonatal renal salt-wasting, with hyperkalemia
and acidosis, was observed. The disease remits with
age, indicating the crucial importance of aldosterone-
dependent Na1 reabsorption in the postnatal period,
and its decreasing role with age.188 Daily injections of β
methasone, a synthetic glucocorticoid, from day 5 after
birth onward prolonged the survival of MR2/2 mice,
suggesting that an activated GR can partially but not
completely compensate for the loss of MR function.188

Daily subcutaneous injections of NaCl from day 5 after
birth until weaning and continued oral NaCl supply
lead to the survival of MR knockout mice.189 This NaCl
rescue proves that neonatal MR knockout mice die
because they are not able to compensate for their renal
Na1 loss. Injections of isotonic NaCl solution enabled
the animals to live through a critical phase of life, after
which they adapt their salt and water intake to their per-
sisting renal salt-wasting. Mice in which tissue-specific
deletion of the MR has been achieved in the late CNT
and CD by Cre recombinase under the control of the
AQP2 promotor (either constitutive or inducible by
tamoxifen), develop normally and show unchanged Na1

balance under standard conditions and highly elevated
aldosterone levels. When kept under low Na1 diet, mice

FIGURE 35.7 Model of MR transcriptional activation. In the non-stimulated state, MR is localized to the cytosol, where it is compexed to
a number of proteins, including Hsp90, FKB51, FKB52, and other proteins. Upon binding to aldosterone, FKB51 dissociates, and MR/Hsp90/
FKB52 translocate into the nucleus. There the complex dissociates, and MR will associate with a co-activator complex including SRC-1/P300/
CBP and other proteins, and stimulate a complex transcriptional response. (Reproduced with permission from Yang, J., and Fuller, P. J., (2012).179)

.
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lose bodyweight due to Na1 and water loss. The data
indicate that the loss of MR in the late CNT and CD can
be compensated by increased aldosterone levels, likely
causing an increased MR-dependent Na1 reabsorption
in the DCT 2 and early CNT and/or activation of MR-
independent sodium-retaining mechanisms in late CNT
and CD.116,190

Constitutive hMR overexpression in all MR-expressing
tissues, notably the kidney and heart, led to both renal
and mild cardiac alterations compatible with hypokale-
mic nephropathies, despite normal K1 serum levels.191

Inactivation of the GR in vivo resulted in perinatal
death due to respiratory failure.192 Lung maturation
was severely retarded and RNA encoding ENaC was
diminished, which may cause insufficient fluid clear-
ance of the lung at birth. That the GR may play a role
in the control of Na1 handling along the ASDN can be
deduced from the observation that mice with a condi-
tional overexpression of the human GR in the CD show
some signs of enhanced ENaC activation with renal

Na1 retention.193 However, mice with targeted deletion
of the GR in the entire distal nephron do not reveal any
overt phenotype, suggesting that the MR can largely
compensate for the loss of the GR along the ASDN.194

11β-HSD2 and Molecular Determinants of
Mechanisms Conferring Specificity

Aldosterone is present at low concentration in the
extracellular fluid (in the order of 10210�1028 mol/l). It
can diffuse (or eventually be transported) through the
plasma membrane of all cells, but may encounter a spe-
cific receptor only in target cells. The free MR and GR
are localized mostly in the cytosol.46 At the cellular level,
the action of aldosterone is initiated by its binding to the
MR, and under certain conditions also to the GR.
However, the major glucocorticoid in humans is cortisol;
in the plasma, 95% is bound to plasma proteins, in par-
ticular to the corticosteroid-binding globulin (CBG).195

In comparison, the plasma level of aldosterone, the main
mineralocorticoid hormone, is much lower (two orders
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FIGURE 35.8 Model of the aldosterone-signaling cascade in the principal cells of CD/CCD. Upon binding of MR to the promotor regions
of aldosterone-induced proteins (e.g., Sgk1, Usp2-45, NDRG-2, GILZ, 14-3-3β), transcription/translation leads to increased levels of these pro-
teins. Sgk1, which is part of the ERC complex (comprising also Nedd4-2, GILZ and Raf-1), is activated by PI-3 kinase/mTORC2, stabilized by
GILZ, and phosphorylates the ubiquitin-protein ligase Nedd4-2 on specific sites. 14-3-3β binds to these sites and interferes with binding and
ubiquitylation of ENaC by Nedd4-2, causing reduced internalization and degradation of ENaC.
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of magnitude) than that of cortisol or corticosterone.
Thus, the glucocorticoids, which have a similar high
affinity for the MR as aldosterone, would be expected to
occupy the high-affinity type I sites of MR. Indeed, even
the “effective” free concentration of aldosterone, which
in contrast to the natural glucocorticoids has no specific
carrier plasma protein, is lower than that of glucocorti-
coids. However, glucocorticoids do normally not occupy
MR or GR at a significant extent in aldosterone target
epithelia. As described below, this is essentially due to
the expression of a crucial protection mechanism
represented by the 11β-hydroxysteroid dehydrogenase
type 2 (11β-HSD2), which catalyzes the conversion of
the active 11-hydroxycorticosteroids (cortisol and
corticosterone) to 11-oxocorticosteroids (cortisone or
11-dehydrocorticosterone) that have a much lower affin-
ity for the corticosteroid receptors.15,196 Consequently,
this mechanism allows aldosterone to occupy MR but
also GR. Along the ASDN, 11β-HSD2 and MR may not
only share the cellular, but also the subcellular localiza-
tion. The 11β-HSD2 is thought to be restricted to the
endoplasmic reticulum197 that spans as a membranous
labyrinth throughout almost the entire cytoplasm of the
cells. In the non-activated state, MR may localize
in direct vicinity to the 11β-HSD2, either outside or even
inside the ER.198 This close co-localization likely contri-
butes to the efficient protection from cortisol activation.
The crucial role of 11β-HSD2 for preventing the occupa-
tion of the MR by endogenous glucocorticoids is under-
lined by the fact that mutations of its gene or
inhibition of its function by licorice (glycyrrhenetic acid)
produces a syndrome of apparent mineralocorticoid
excess (AME) with salt retention, arterial hypertension,
and hypokalemic alkalosis.196 Genetic inactivation of
11β-HSD2s in the mouse confirmed the crucial role of
the enzyme in the protection of the MR (and GR) from
circulating glucocorticoids, and allowed further study of
the molecular and cellular mechanisms leading to the
characteristic pathophysiology of AME.199 About 50% of
the 11β-HSD2 knockout mice die early after birth, show-
ing muscle weakness, reduced suckling, intestinal ileus,
and possible cardiac arrest, which are all likely due to
the severe hypokalemia.200 Also, the surviving knock-
outs exhibit hypokalemia with hypochloremia, hypo-
tonic polyuria, and marked arterial hypertension. They
further show striking histological changes, with marked
hyperplasia and hypertrophy of the distal nephron, con-
sistent with persistent MR activation, leading to the
AME disease phenotype with severe electrolyte imbal-
ances.199 The structural changes to the ASDN cells might
be irreversible, and hence may explain why suppression
of endogenous glucocorticoid production does not
always reverse the phenotype in AME patients.200,201

The utmost importance of 11β-HSD2 for the regula-
tion of the renal corticosteroid receptors was also

demonstrated by immunohistochemical studies on rat
kidneys.46 In the 11β-HSD2-positive cells of the ASDN,
the MR and GR were found to be localized to the cell
nuclei under control conditions. Under a high dietary
Na1 intake, when aldosterone plasma levels are low,
the GR but not the MR was removed from the cell
nuclei. The differential response was suggested to be
the result of the different affinities of both receptors to
corticosteroids. In the presence of low plasma aldoste-
rone levels, the activity of the 11β-HSD2 is likely high
enough to lower the intracellular corticosterone levels
sufficiently to protect the low-affinity GR, but not the
high-affinity MR, from glucocorticoid-binding and
nuclear translocation. Consistently in adrenalectomized
rats (having no endogenous gluco- and mineralocorti-
coids), any nuclear localization of the MR and GR was
lacking. Infusion of low dose of corticosterone translo-
cated the MR to the cell nucleus of all distal tubules
cells, but the GR only translocated in those cells that
have little or no 11β-HSD2 expression. Only when cor-
ticosterone was infused at high level, were both MR
and GR located to the cell nuclei in all ASDN cells.
These findings were interpreted to indicate that the
11β-HSD2 protects primarily the GR, and not the MR,
from activation and translocation to the cell nuclei in
the ASDN cells.46 The separate regulation of MR and
GR trafficking may allow for a differential control of
MR and GR homo- and heterodimerization, which
might be decisive for the induced and/or repressed
transcriptional program,44 and hence may contribute to
the complexity of corticosteroid effects along the
ASDN.

Other Specificity-Conferring Mechanisms

Two distinct molecular mechanisms are widely
accepted to define the actions of nuclear receptors on
gene expression: (1) the classic mechanisms involving
transactivation and transrepression via interaction
with cognate DNA-binding sites (e.g., HREs); and
(2) mechanisms of transcription interference and syn-
ergy mediated by protein�protein interactions
between corticosteroid receptors and other transacting
factors. Transcriptional synergy, functionally defined
as a more-than-additive increase in gene transcription
conferred by multiple transacting factors or multiple
linked cis-acting DNA response elements, can result
from cooperative binding of transacting factors to
linked enhancers, cooperative recruitment of trans-
cription initiation complexes, and regulation of se-
quential steps in transcription initiation.183 The
relevance of the distinct properties of synergy of MR
and GR is highlighted by the fact that in the MR, the
N-terminal domain NTD and the ligand-binding
domain (LBD) do interact in an aldosterone-dependent
manner. This interaction is not observed in the GR, and
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is antagonized by the antagonists spironolactone and
eplerenone, and surprisingly, by cortisol.172 The precise
regions involved in this interaction are not known.
However, the N-terminal region of MR contains so-
called synergy control (SC) motifs whose disruption
selectively increased MR activity at GRE multimers.202

Possibly of relevance, the SCs correspond also to sites
that are modified by sumoylation. Although mutations
of the sumoylation sites do not interfere with the
NTD/LBD interaction, direct and distinguishable
inhibitory roles for SUMO isoforms in the control
of transcriptional synergy have been demonstrated,203

although the mechanistic basis for SUMO1
synergy inhibition remains to be determined (see for
review172,204).

In addition to the major role played by the prerecep-
tor protective mechanisms, the nature of the cellular
responses to aldosterone or glucocorticoid is deter-
mined to a large extent by the type and the state of the
target cell. Indeed, the set of genes regulated by a given
activated receptor is cell-specific. This is due to the fact
that much more than a single regulatory protein has to
bind to a gene to activate its transcription. An intracel-
lular receptor can activate a gene only if an appropriate
cell type-specific combination of other gene regulatory
proteins is expressed. This opens the possibility of
interaction at several levels. As mentioned above,
protein�protein interactions play a central role in the
establishment of pre-initiation complexes. Thus, the
structural differences of the MR and GR, in particular
at the level of their amino-terminal domains, certainly
allow them to undergo receptor-specific interactions.
These interactions, in turn, might selectively modulate
the transregulatory action of the receptors, indepen-
dent of their common DNA-binding properties.
Considerable efforts have been made to identify
ligand-specific interacting and/or transactivation pro-
teins. RNA helicase A (RHA) has been found to medi-
ate transactivation of MR only in the presence of
aldosterone, but not of cortisol; it was speculated that
the NTD/LBD interaction may be affected.172 On the
other hand, differential expression and regional distri-
bution of steroid receptor co-activators SRC-1 and
SRC-2 in brain and pituitary have been found, and two
splice variants of the steroid receptor co-activator-1
(SRC-1), 1a and 1e, can differ significantly in certain
cell populations.205,206 Thus, each cell might have its
specific pattern of co-activators which might be
involved in cell-specific responses to corticosteroids in
a promoter- and ligand-dependent way. Finally, PTMs
may also modify the transcriptional effects of MR.
Recently it has been shown that cyclin-dependent
kinase 5 does modify the MR transcriptional response.
However, it is not known to date if aldosterone and
cortisol induce different modifications of MR, which

might contribute to the differential effects of the two
corticosteroids.172

How Does Transcriptional Regulation Lead to
Transport Regulation?

This question has interested many scientists over the
last five decades. Until recently, the epithelial Na1

channel (ENaC) and the Na1 pump (Na1,K1-ATPase)
were recognized as the two main transport proteins
mediating Na1 reabsorption in the ASDN, although
the thiazide-sensitive Na1,Cl2-co-transporter NCC
may also be involved (see discussion above). Here we
will focus on ENaC and the pump, which were primar-
ily investigated in this context. Starting at the level of
Na1 transport effectors, this approach has permitted
definition of different phases of aldosterone action:
an early phase, characterized by an activation of pre-
existing proteins; and a late phase, during which new
structural proteins are accumulated. Another approach
to the mechanism of aldosterone action starts from the
transcriptional event, with the identification of aldoste-
rone-regulated gene products.207,208 These are then fur-
ther investigated at the level of their potential
involvement in the physiological action of the hor-
mone. Using new powerful techniques to analyze
differential gene expression, aldosterone-regulated
gene products were identified, as discussed below. It is
believed that there are still many important aldoste-
rone-regulated gene products that remain to be
identified.

ENaC Activation: Transcriptional Induction and
Regulation

Aldosterone directly controls ENaC transcription at
the level of the α-subunit gene.209 The mRNA of this
subunit was correspondingly shown to increase in the
ASDN of adrenalectomized rats within 2 hours of aldo-
sterone treatment, and on long-term treatment.3,210

This effect can account for the accumulation of the
α-subunit in ASDN cells that was also observed within
2 hours of aldosterone treatment and in the long-
term.3,90 Interestingly, at the protein level aldosterone
not only increases the amount of α-ENaC, but also
induces a cleavage of γ-ENaC.90

Although the induction of αENaC and the apical
translocation of all three ENaC-subunits are well visi-
ble 2 and 4 hours after aldosterone treatment, transe-
pithelial Na1 reabsorption and K1 secretion start
earlier, being measurable already within 30 min of
treatment.211 Thus, the early aldosterone response
must also involve the activation of pre-existing but pre-
viously silent channels. In this regard, ubiquitylation
of ENaC (i.e., the modification with ubiquitin212) is an
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important aldosterone-regulated mechanism that has
been shown to control channel surface expression and
function.213 Indeed, experiments have indicated that
the ubiquitin-protein ligase Nedd4-2 ubiquitylates
ENaC on Lys residues in the NH2-terminal tails of
ENaC-subunits.214�217 The enzyme binds to PY motifs
of the COOH-terminal tails of β- and γ-ENaC via WW
protein�protein interaction domains,214,215,218 and ubi-
quitylates the channel.217 Interestingly, missense muta-
tions causing deletion of the PY motifs in β- and
γ-ENaC characteristic of Liddle’s syndrome lead to an
increase in cell surface ENaC expression, and also to
an increase in its open probability (Po), a condition
leading to Na1 retention, low K1, and hyperten-
sion.119,137,219 The control of ENaC by ubiquitylation
appears to be regulated at several levels. First, dietary
Na1, likely via aldosterone action, controls Nedd4-2
expression in the ASDN. A high-salt diet increases
Nedd4-2 expression, whereas a low-salt diet decreases
it,110 likely by interfering with excess Na1 uptake via
ENaC. Second, aldosterone has been shown to induce
the expression of Sgk1 kinase220 and the deubiquitylat-
ing enzyme Usp2-45.221,222 In the former case, Sgk1
phosphorylates Nedd4-2, creating a binding site for
14-3-3 proteins.107,216 By binding to Nedd4-2, 14-3-3
proteins mask the ENaC interacting motif of Nedd4-2,
and thus prevent ENaC ubiquitylation and downregu-
lation. This short cascade represents the first direct link
between the aldosterone-regulated transcriptional
activity of the MR and the function of ENaC that was
demonstrated220,223 (Figure 35.8). Besides acting via
Nedd4-2, Sgk1 has been shown to act in concert via
other mechanisms: (1) it may phosphorylate a consen-
sus phosphorylation site on the C-terminus of α-ENaC
close to the second transmembrane domain.224 It is
noteworthy, though, that this site is not conserved in
Xenopus laevis ENaC, indicating that this mode of regu-
lation has evolved lately in evolution; (2) it relieves the
transcriptional repression by Dot1a-Af9 of the channel
subunit,225 consequently stimulating aldosterone-
induced transcription of α-ENaC.

Usp2-45 was identified in a microarray screen of
aldosterone early induced transcripts of the CCD.221

This deubiquitylating enzyme was then shown to deu-
biquitylate ENaC, to interact both with ENaC and
Nedd4-2, and to promote ENaC activity, activation by
cleavage and cell surface expression.226�228 The in vivo
physiological relevance of Usp2-45 in ENaC regulation,
however, remains to be demonstrated. Moreover, it is
important to note that the Sgk1-Nedd4-2 pathway
is not the only link between aldosterone and ENaC
function. This has been indicated by results of experi-
ments performed with mpkCCD cells expressing
Liddle’s-type ENaC that cannot bind Nedd4-2 and still
responds to aldosterone, as did mutant mice

expressing an ENaC β-subunit with the Liddle’s
mutation.77,129

Several mouse models deficient for Nedd4-260,229�231

and Sgk1106,232,233 have been created (Table 35.1).
Nedd4-2 knockout models have a relatively mild renal
phenotype. They show normal Na1 and K1 balance,
normal229 or decreased60 aldosterone, and salt-sensitive
hypertension (Figure 35.9). They display increased
ENaC protein levels, and in at least one model there
were significantly increased NCC levels.60 Therefore it
is likely that Nedd4-2 is not only involved in ENaC
regulation, but also in regulation of NCC. Two Nedd4-
2 KO models have been shown to have a lung pheno-
type, with defective ENaC regulation.230,231 The Sgk1
knockout mice generated by Wulff et al. and Fejes-Toth
et al. are total knockouts, whereas the third model by
Faresse et al. is an inducible, nephron-specific inactiva-
tion of Sgk1. They all display normal Na1 and K1 bal-
ance when kept under normal-salt diet, but have
higher aldosterone levels, indicating a problem in the
handling of Na1 and K1 (Figure 35.10). Under a low-
salt diet, the knockout mice were unable to sufficiently
upregulate NaCl reabsorption, despite excessive eleva-
tion of plasma aldosterone concentrations, and reduced
and maintained apical ENaC translocation.106,233

Intriguingly, although INa (measured by whole cell
patch-clamping in the CD) was elevated, the proteo-
lytic processing of γENaC is reduced in Sgk1 KO mice,
even under conditions were aldosterone is induced.232

These findings suggest that Sgk1 is required for proces-
sing of ENaC, but is not necessary for aldosterone-
induced ENaC activation. The Sgk1 knockout models
also revealed that Sgk1 is not only involved in ENaC
regulation, but also controls the expression of
NCC.232,233 This control of NCC by Sgk1 appears to
involve different regulatory pathways, and may act via
Nedd4-2 phosphorylation60,233 or via WNK
kinases.234�237

Nedd4-2 has been associated through genome-wide
studies with essential hypertension (for a recent review
see 238). On the other hand, the contribution of Sgk1
and Usp2-45 to hypertension has remained
uncertain.239�241

The major part of the ENaC protein faces the extra-
cellular milieu like a receptor, and evidence has accu-
mulated during recent years that furin-mediated
cleavage within the extracellular loop appears to be
part of the maturation process of α- and γ-ENaC.242 Yet
luminal protease-mediated ENaC activation systems
have also been suggested to play an important regula-
tory role in the function of ENaC. Originally this
hypothesis was formulated from the model kidney cell
line A6, when a cDNA that encodes a protease that
activates ENaC by increasing its Po was identified.243

This channel-activating protease (CAP-1) and related
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proteases have been shown to be highly-expressed in
ENaC expressing tissues, like kidney and intestine, in
which protease inhibitors have also been shown to
decrease Na1 channel activity (for a review see 244).
The finding that proteolytic events modulate ENaC
activity from the extracellular side is supported by the
observation made in different cell lines that the appli-
cation of protease inhibitors decreases, and the addi-
tion of proteases increases, Na1 channel activity. As of
yet, the actual mechanism by which this pathway leads
to channel activation has not been elucidated. One
report suggests that this ENaC-activating mechanism is
induced by aldosterone. It was observed that urinary
CAP1/prostasin was augmented by aldosterone in rats
and humans.245 Interestingly, proteolysis of ENaC by
furin/extracellular proteases may be regulated by ubi-
quitylation of Nedd4-2. Indeed, it has been shown in
transfected cells that ENaC channels with Liddle’s
mutations (inactivation of PY-motifs, the binding

motifs for Nedd4-2) display a higher degree of proteo-
lytic cleavage,246 similar to co-expression of the deubi-
quitylating enzyme Usp2-45.226,227 In view of the fact
that proteases have been shown to primarily affect Po,
these observations may explain the observed effect of
Liddle’s mutations on both cell surface expression and
Po.

219 These observations have to be confirmed in vivo.
It is noteworthy, however, that in Sgk1 knockout mice,
the proteolytic processing of γ-ENaC appears to be
defective, compatible with the role of Sgk1 in Nedd4-2-
dependent ENaC regulation.232

ENaC has also been found to be regulated by lipid-
based signaling pathways involving phosphoinositides,
such as phosphatidylinositol 4,5-biphosphate (PIP2),
and phosphatidylinositol 3,4,5-triphosphate (PIP3).

247

PIP2 is required for ENaC-gating, and is likely to bind
directly to the channel. It is important to note that P2Y2

receptors interfere with ENaC activity by stimulating
the metabolism of PIP2. Evidence for such regulation is
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provided by P2Y2 receptor null mice that are hyperten-
sive with increased ENaC activity.248 PIP3 is thought to
affect ENaC by several mechanisms: (1) PIP3 may
directly increase the Po of ENaC expressed in CHO
cells, and the aldosterone-induced protein K-Ras249,250

may act by localizing the PIP3-producing enzyme phos-
phatidylinositol-3OH kinase PI3-K close to the chan-
nel251,252; (2) PI-3K and PIP3 may acutely stimulate
ENaC open probability, likely by direct binding to
ENaC247,253; (3) another important role for PIP3 in this
context is its role as activator of the PDK kinases (e.g.,
mSIN1/mTORC2 complex) that in turn activate aldo-
sterone-inducible Sgk1.220,254 As discussed above, Sgk1
positively affects ENaC by the inhibition of the ubiqui-
tin-protein ligase Nedd4-2, and eventually also by
direct phosphorylation of α-ENaC.220

Identification of Aldosterone-Regulated RNAs by
Gene Expression Profiling

The aim of this section is to mention additional aldo-
sterone-regulated gene products that support the pleio-
tropic action of aldosterone. Some of these gene

products were identified because they were considered
as candidates for aldosterone regulation, and therefore
the impact of the hormone on their expression was
directly tested. Others were identified in the context
of screening procedures for aldosterone-regulated
mRNAs.208 This was the case for the two gene products
discussed above, Sgk1 and Usp2-45.222

Besides ENaC and Na1,K1-ATPase, three gene pro-
ducts clearly involved in NaCl reabsorption were iden-
tified due to their role in controlling the ion balance in
the ASDN. First, two epithelial transporters were
shown to be upregulated in vivo by mineralocorticoids
in the long-term: the thiazide-sensitive Na1,Cl2-
co-transporter NCC of DCT segment-specific cells; and
the Cl2/HCO3-exchanger pendrin expressed in type
B-intercalated cells.31,52 Both transporters participate at
the NaCl reabsorption, and might be upregulated by
indirect mechanisms. The third candidate involved in
NaCl transport and shown to be induced by aldoste-
rone is the regulatory protein WNK1. This latter effect
was shown in a cell culture model to be mediated rap-
idly by activated MR.255 It will be interesting to verify
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the in vivo regulation of WNK1, the role of which
appears to be the control of the balance between par-
tially overlapping Na1, K1, and Cl2 reabsorption.256,257

The EGF receptor is an additional regulatory protein,
the expression of which was shown in kidney cells
to be induced by aldosterone. Interestingly, this recep-
tor has been implicated in the signaling of non-geno-
mic actions of aldosterone, and might play a role
in the pathological actions of aldosterone.258

Progressively, molecular biology methods have
become available that have started to allow the identifi-
cation of regulated gene products. First, the group of
Garty cloned a cDNA-encoding CHIF, a protein that is
induced by aldosterone in the colon and belongs to the
FXYD family of small Na1,K1-ATPase regulatory
proteins.259�261 Interestingly, CHIF is also localized to
the distal part of the ASDN, and increases the apparent
affinity of the Na1,K1-ATPase for Na1.262,263 CHIF-
deficient mice have a rather mild phenotype pointing
to some defects in renal and colonic Na1 and K1 trans-
port when stressed by low-Na1 or high-K1 intake. The
findings were consistent with a dysregulation of the
Na1-K1-ATPase as the common denominator.264

Moreover, Spindler and colleagues used a differen-
tial display PCR approach to compare cDNA frag-
ments generated from RNA of control and aldosterone-
treated A6 epithelia.249 They showed that only a small
proportion of the mRNA (, 0.5%) was significantly
regulated within the lag period of aldosterone action,
and hence potentially involved in its early effect. One
of the regulated gene products was a splice variant of a
Xenopus K-ras. Functional experiments in Xenopus
oocytes showed that this small G-protein activates
ENaC at the cell surface.250 The connection of K-Ras
with PIP3-mediated ENaC activation has been
described above.

Another aldosterone-regulated gene product that
has been identified by subtractive hybridization is
NDRG2.265 When co-expressed with ENaC, it has been
shown to potentiate ENaC activity.266 Moreover, it is a
potential target of Sgk1.267 Its potential physiological
role in the context of Na1 transport remains to be
established.

Some gene screens were performed by SAGE (Serial
Analysis of Gene Expression) or gene array analysis on
kidney-derived cultured cells.208 The major limitation
of these studies was the large number of genes nor-
mally repressed in vivo that are expressed in cultured
cells, some of which are sensitive to corticosteroids.
Nonetheless, some interesting gene products were
identified. One of them is the strongly upregulated
GILZ, a gene product identified in mpkCCD cells by
SAGE analysis.268 Its induction has been verified in
kidney, but its functional role has not yet been unra-
veled.269 Interestingly, GILZ has been shown recently

to be part of the ENaC regulatory complex (ERC),
which also comprises the ENaC inhibitory proteins
Raf-1 and Nedd4-2, as well as Sgk1.270 In this context,
GILZ is able to regulate ENaC via Sgk1 stabilization by
decreasing its endoplasmic reticulum-mediated degra-
dation.271 Moreover, GILZ deficient mice show subtle
deficiencies in water and Na1 handling.272

In IMCD-3 cells, a series of aldosterone-regulated
gene products (1 hour treatment) was identified. Sgk1
was one of the most highly-regulated ones. Moreover,
genes involved in circadian rhythm were identified,
and it was then shown that the circadian rhythm plays
an essential role in ion and water homeostasis, and that
Per1, part of the basic circadian regulatory machinery,
is involved in α-ENaC regulation.273�275 It will be
timely to obtain a more complete list of the gene pro-
ducts regulated by aldosterone in target cells. It can be
envisaged that most of them participate in signaling
cascades, directly affecting the function of the cellular
machinery for Na1 reabsorption and K1 secretion.

CONCLUSION

Since the identification of aldosterone as a major
hormone that controls extracellular Na1, K1 and fluid
homeostasis, tremendous progress has been made in
the identification of the cellular and molecular mechan-
isms by which this hormone mediates its actions, in
particular in the kidney. Structural and functional stud-
ies allowed us to define the renal tubule segments
forming the aldosterone-sensitive distal nephron
(ASDN) and to address their contribution to the adap-
tation of the kidneys to varying functional needs. The
main receptors (e.g., MR, GR), specificity conferring
mechanisms (e.g., 11-α-HSD2), and effectors (e.g.,
ENaC, NCC, and Na1,K1-ATPase) have been cloned
and studied in various in vitro and in vivo settings.
Rare human genetic diseases related to mutations in
these proteins were unraveled, and mouse models
mimicking the human phenotypes have been gener-
ated. Together, these studies further underlined the
utmost importance of the ASDN for ion homeostasis
and blood pressure control. However, we have just
started to identify the homeostatic signals and mechan-
isms that ensure the efficient cooperation of the differ-
ent ASDN segments and cell types, which ensure an
independent regulation of renal Na1, K1, proton, and
fluid excretion. Co-expression of the MR, the GR, and
additional alternative receptors in the same ASDN cells
may add significantly to the complexity of genomic
and non-genomic corticosteroid actions along the
ASDN. The mild phenotype of Sgk1, Nedd4-2, and
CHIF deficient mice points to a rather extensive and
redundant signaling cascade. The rapid advancement
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of molecular and physiological techniques, together
with the increasing availability of genetic mouse mod-
els with conditional deletion or overexpression of the
receptors and certain regulatory molecules will allow
us to further unravel the complex control of the aldo-
sterone-dependent control of renal ion homeostasis.
As even subtle dysfunction within the underlying reg-
ulatory cascades may already predispose to human
diseases such as salt-sensitive hypertension, further
research is needed.
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INTRODUCTION

Approaches to Identify Genes and Mutations
that Contribute to Human Disease

The regulation of blood pressure is fantastically
complex, with contributions from the brain, heart, vas-
culature, adrenal, and kidney. In the face of such
complexity, it has been very difficult to identify the
rate-limiting steps in the determination of long-term
blood pressure from physiologic analysis alone. In this
setting, human genetics has proven highly informative,
because the finding of mutations in specific genes that
result in significant effects on blood pressure can estab-
lish a causal link between specific genes, their biochem-
ical pathways, and blood pressure.1

There are a number of approaches to the discovery of
human disease genes. One approach is to search for rare
mutations with large effects on the trait. In the most
extreme form these are so-called Mendelian traits, in
which the presence of rare mutations produces a distinc-
tive trait, and the transmission of that trait can be fol-
lowed through families based on the clinical features.
These traits generally follow a few simple patterns of
inheritance. Autosomal dominant traits are produced
by the inheritance of one mutated copy of a gene. As
a result, such traits are commonly transmitted from
an affected parent to half of their offspring, and multi-
generational pedigrees with many affected subjects can
sometimes be found. Dominant mutations can either be
gain-of-function � in which the mutant gene has func-
tion not present in the normal gene � or less often loss of

biochemical function, with a large effect produced by a
50% reduction in gene dosage. Dominant mutations that
drastically impair reproductive fitness are commonly
found as de novo mutations; new mutations found in
affected index cases that are absent in their biological
parents. Autosomal recessive traits require the inheri-
tance of mutations in the genes on both chromosomes.
Typical recessive pedigrees show affected subjects
among a single sibship in a family, with parents being
clinically unaffected and one in four of their offspring
being affected. The mutations that cause autosomal
recessive traits typically result in loss of biochemical
function. Mutations on the X-chromosome produce dis-
tinctive patterns of transmission, since males have only
one copy of this chromosome. As a result, these traits are
never transmitted from affected fathers to their sons, and
loss-of-function traits are found far more frequently
among males than females. Other patterns of Mendelian
transmission are much less frequent.

The development of complete genetic maps of the
human genome identified extensive variations in DNA
sequence, allowing the comparison of the inheritance
of every segment of every chromosome to the inheri-
tance of the Mendelian trait in families. With sufficient
numbers of informative individuals and families, the
chromosomal location of disease genes can be mapped,
and genes in the linked interval can be searched for
mutations. The finding of independent mutations that
show specificity for the trait, and which significantly
segregate with the trait in pedigrees, provides evidence
that a gene responsible for the trait has been identified.
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To date, genes and their corresponding mutations that
underlie more than 3000 human disease traits have
been identified by this approach. The strength of
Mendelian genetics has been that the identified muta-
tions directly identify the gene whose function is
altered, and is causal to the trait. A second strength is
that because the effect size is typically very large,
robust inferences about the effect of implicated genes
on the trait are possible.

A second general approach to genetic analysis is
genetic association. This approach has historically
sought to determine whether specific common variants
are found with significantly different frequency among
cohorts of patients contrasting for specific phenotypes.
Early efforts typically used candidate gene approaches,
and commonly produced false-positive results. The
development of dense maps containing millions of com-
mon variants called single nucleotide polymorphisms
(SNPs) across the human genome, coupled with the abil-
ity to genotype these inexpensively, has led to large-
scale genome-wide association studies (GWAS). These
studies have allowed careful matching of genetic back-
grounds of cases and controls, as well as rigorous statis-
tical thresholds for significance. More than 1200 robust
associations of common sequence variations with disease
have been established using this approach. Strengths of
the approach are the ability to find effects that are com-
mon in the population. These have been highly informa-
tive in diseases for which Mendelian forms have not
been found. Weaknesses are that the common variants
are most often not in genes, and consequently identify-
ing the genes whose expression might be altered can be
difficult to establish. Also, effect sizes are typically very
small, changing disease risk by B20%. As a result, new
biological inferences are frequently difficult to immedi-
ately discern from these studies. Nonetheless, these stud-
ies can provide leads for diseases that have not yielded
productive results fromMendelian studies.

Most recently, the ability to inexpensively sequence
whole genomes or whole exomes (all the exons of
protein-coding genes) has provided new opportunities
for disease gene discovery. Classes of Mendelian traits
that were previously intractable, such as diseases
caused predominantly by de novo mutations, can now
be solved. Moreover, one can anticipate that searches
for rare variants with moderate effect size � less than
typical Mendelian traits, but much larger than GWAS
signals � are likely to be discovered by sequencing
large cohorts of cases and controls.

Insight into Human Blood Pressure Variation
from Genetic Studies

In the past 20 years, molecular genetic studies of
rare Mendelian diseases featuring extreme forms of

hyper- and hypotension have greatly contributed to
our understanding of renal salt handling, and its role
in blood pressure regulation.1 Despite the complexity
of blood pressure regulation, which is influenced by
diverse mechanisms including the neuronal, cardiovas-
cular, and endocrine systems, many if not all of the
genes thus far identified ultimately directly or indi-
rectly affect renal salt reabsorption. Specifically, genes
whose products increase renal salt reabsorption cause
hypertension, while genes diminishing renal salt reab-
sorption result in hypovolemia, and sometimes life-
threatening hypotension. Increased salt reabsorption is
accompanied by water reabsorption to maintain nor-
mal concentrations of Na1, leading to increased
intravascular volume, increased venous blood return to
the heart, and increased cardiac output via the
Frank�Starling mechanism. Blood pressure then rises
according to Ohm’s law. These findings have impli-
cated renal salt handling as a key element of long-term
blood pressure homeostasis.

Nonetheless, hemodynamic patterns among hyper-
tensive patients, even among those with primary
increases in renal salt homeostasis, show increased sys-
temic vascular resistance (SVR) with normal cardiac
output. An explanation for this has been provided by
Hall and Guyton, who have shown that tissues regu-
late their perfusion by increasing or decreasing vascu-
lar resistance according to metabolic demand. Dogs
given aldosterone initially show expanded intravascu-
lar volume and increased cardiac output, but within
weeks evolve to a state of high SVR and normal cardiac
output.2 These findings establish that one cannot infer
the initiating cause of hypertension from steady-state
hemodynamic profiles.

Overview of Renal Salt Homeostasis

The kidneys filter about 180 liters of plasma per day,
containing B1.5 kg of salt; B99.5% of the filtered salt
load must be reabsorbed on a typical Western diet to
maintain sodium homeostasis (Figure 36.1). The bulk
of this reabsorption (50�60%) occurs in the proximal
tubule, driven by the basolateral Na1/K1-ATPase and
apical Na1/H1 exchanger, as well as co-transporters
that couple uptake of glucose, amino acids, and other
solutes to the favorable gradient for Na1 reabsorption.
Approximately 30% of the filtered load is reabsorbed
in the thick ascending limb of Henle (TAL) via the
Na1/K1/2Cl2 co-transporter NKCC2, the target of
loop diuretics, and B7�10% in the distal convoluted
tubule (DCT) via the thiazide-sensitive Na-Cl co-
transporter NCC. The fine-tuning of renal salt reab-
sorption (B2�5%) occurs in the connecting tubule
(CNT) and cortical collecting duct (CCD), and is pre-
dominantly mediated by the epithelial sodium channel
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(ENaC), the target of the potassium-sparing diuretic
amiloride. Many of the tubular channels, transporters,
and regulators involved in these processes of salt reab-
sorption are affected by loss- and/or gain-of-function
mutations that will be discussed in this chapter.

A major regulatory pathway that modulates renal
salt reabsorption is the renin�angotensin�aldosterone
system (Figure 36.1). In response to intravascular vol-
ume depletion or reduced delivery of salt to the thick
ascending limb of Henle, the juxtaglomerular apparatus
of the kidney secretes the active form of the aspartyl
protease renin. Active renin cleaves angiotensinogen
that is produced by the liver and constitutively circu-
lates in the blood; this cleavage produces the decapep-
tide angiotensin I (AI), which is then cleaved by the
angiotensin-converting enzyme (ACE), resulting in the

octapeptide angiotensin II (AII). Angiotensin II binds to
a specific G-protein-coupled receptor in adrenal glo-
merulosa (the type 1 angiotensin II receptor or AT1
receptor). This binding results in the activation of
signaling cascades leading to adrenal glomerulosa
membrane depolarization, activation of voltage-gated
calcium channels, calcium influx, and increased synthe-
sis of the steroid hormone aldosterone. Aldosterone, an
effector of this pathway, communicates a signal for
increased salt reabsorption to the kidney: it binds to the
mineralocorticoid receptor (MR), a nuclear hormone
receptor located in cells of the DCT, CNT, and principal
cells of the CCD (the so-called aldosterone-sensitive dis-
tal nephron), leading to increased salt reabsorption via
ENaC, and also the NCC (see above). The renin�
angiotensin�aldosterone (RAA) pathway is not only

TAL

CCD

DCT

PT

Na+

Cl–
K+

Na+

2 Cl–

K+

K+

K+

Na+

Cl–

Gitelman
syndrome
(NCCT)

Bartter
syndrome type 1
(NKCC2)

Bartter syndrome
type 2 (ROMK)

Bartter syndrome
type 3 (ClC-Kb)

Bartter syndrome
type 4 (barttin)

SeSAME
syndrome
(Kir4.1)

Recessive 
PHA 1
(ENaC)

AI

AII

Aldosterone

MR

Cortisol

Cortisone

Renin

ACE

AII receptor

Dominant
PHA 1 (MR)

Aldosterone
synthase
deficiency

Liddle
syndrome
(ENaC)

11β-HSD2 AME (11β-
HSD2)

Hypertension
exacerbated by
pregnancy (MR)

WNK1
KLHL3, CUL3

WNK4

PHA II (WNK1, WNK4, KLHL3, CUL3)

DOC

17α-hydroxylase deficiency

11β-hydroxylase deficiency

21-hydroxylase deficiency

Aldo.
Synthase

K+

Ca2+

AII

Familial hyperaldosteronism
type III (Kir3.4)

GRA (gene fusion of 11β-hydroxylase
and aldosterone synthase)

Angiotensinogen

Adrenal 

Glomerulosa

Nephron

FIGURE 36.1 Diagram of the nephron and the renin�angiotensin�aldosterone system. Shown are key molecular pathways mutated in
Mendelian forms of hypertension (red) and hypotension (blue). See text for details (AI: angiotensin I; AII: angiotensin II; ACE: angiotensin con-
verting enzytme; Aldo. Synthase: aldosterone synthase; AME: apparent mineralocorticoid excess; CCD: cortical collecting duct; DOC: desoxy-
cortisone; GRA: glucocorticoid remediable aldosteronism; MR: mineralocorticoid receptor; 11β-HSD2: 11β-hydroxysteroid dehydrogenase-2;
PHAI: pseudohypoaldosteronism type 1; PHA II: pseudohypoaldosteronism type II; PT: proximal tubule; TAL: thick ascending limb of Henle).
(adapted from ref. [1]).
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mutated in genetic disorders of salt homeostasis, but is
also the target of multiple pharmacologic approaches in
the treatment of hypertension, including renin inhibi-
tors, ACE inhibitors, angiotensin receptor blockers, and
aldosterone antagonists.

This chapter covers the genetic disorders that modu-
late blood pressure by altering renal salt reabsorption,
as well as the insights into physiological mechanisms
of blood pressure regulation derived from these
discoveries.

GENETIC DISORDERS CAUSING
HYPERTENSION

Mendelian forms of hypertension are rare among
the general hypertensive population. Clues to the
deduction that a patient may have an underlying
Mendelian cause of hypertension generally come
from the age of onset, the family history, and distinc-
tive biochemical features. Hypertension is very uncom-
mon in the first decade of life, and unusual before the
age of 18; however, this is a typical finding among
subjects with Mendelian hypertension. Consequently,
Mendelian diseases should be considered in patients
with early onset hypertension, and should be ruled out
if there is also a family history of early onset hyperten-
sion. Other diseases that can cause hypertension in
young subjects, such as structural renal defects and
other causes of renal insufficiency, should be ruled out
as well. Hypertension can be very severe, but this is
not invariably the case. Biochemical findings that are
most helpful in pointing to a diagnosis are plasma

renin activity, aldosterone levels (best measured in 24
hour urine specimens), and serum/plasma electrolyte
values. It is important to note that patients with aldo-
steronism need not have hypokalemia, and the absence
of this finding should not be taken to exclude a disor-
der caused by increased aldosterone or increased activ-
ity of the mineralocorticoid receptor. An algorithm that
is helpful in the evaluation of these patients is shown
in Figure 36.2.

Disorders of the
Renin�Angiotensin�Aldosterone System

Mutations that Increase Activation of the
Mineralocorticoid Receptor

A number of genes have been identified in which
mutation results in hypertension due to increased acti-
vation of the mineralocorticoid receptor (MR). These
include diseases caused by mutations that lead to
renin-independent production of aldosterone, as well
as diseases in which steroids other than aldosterone
can activate MR.

MUTATIONS RESULTING IN INCREASED

ALDOSTERONE SECRETION

GLUCOCORTICOID-REMEDIABLE ALDOSTERONISM

(FAMILIAL HYPERALDOSTERONISM TYPE I) Gluco-
corticoid-Remediable Aldosteronism (GRA) is an auto-
somal dominant disease featuring hypertension with
inappropriate aldosterone secretion despite suppres-
sion of the renin�angiotensin system.3 Patients typi-
cally present with hypertension in the first two
decades of life, and are found to have elevated

Evaluation for Mendelian Hypertension

1. PRA in patients with early-onset hypertension, severe or resistant hypertension,

suggestive family history or hypokalemia

Low Normal or high

Mendelian hypertension unlikely2. Serum potassium

Normal or low High

Consider PHA II, exclude renal failure3. Aldosterone

Normal or low High

Consider Familial Hyperaldosteronism (GRA,
KCNJ5 mutations), exclude APA, BAH 

4. Abnormalities of sexual development?

No Yes

Consider Congenital Adrenal Hyperplasia (11-β-hydroxylase
deficiency, 17-α-hydroxylase deficiency)

Consider AME or Liddle syndrome

FIGURE 36.2 A diagnostic approach to Mendelian hypertension. (PRA: plasma renin activity; PHAII: pseudohypoaldosteronism type II;
GRA: glucocorticoid remediable aldosteronism; APA: aldosterone-producing adenoma; BAH: bilateral adrenal hyperplasia; AME: apparent
mineralocorticoid excess.)
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aldosterone secretion despite suppressed plasma renin
activity, indicating autonomous production of aldoste-
rone. Hypertension is often severe, and affected sub-
jects are at a markedly increased risk of cerebral
hemorrhage at young ages.4 Hypokalemia and meta-
bolic alkalosis are variable associated findings.5,6

Consistent with autosomal dominant transmission, the
family history is usually positive, with one parent and
about half of siblings and offspring having early diag-
nosis of hypertension, and there is a frequent history of
early cerebral hemorrhage.

Unlike normal individuals, aldosterone secretion in
GRA shows sustained increase with administration of
the cortisol secretagogue ACTH. Moreover, affected
subjects produce so-called hybrid steroids, 18-hydroxy-
and 18-oxocortisol, which are present in negligible
amounts in normal subjects. These hybrid steroids
have hydroxylation at C-17, characteristic of metabo-
lism by 17-alpha hydroxylase (CYP17 gene) in the adre-
nal fasciculata, and oxidation at C-18, characteristic of
metabolism by aldosterone synthase, which is normally
confined to the adrenal glomerulosa7,8 (Figure 36.3).
Suppression of cortisol secretion from the adrenal
gland by administration of exogenous glucocorticoids
also causes rapid and sustained suppression of aldoste-
rone secretion, a finding that does not occur in normal
individuals.3 These features suggest that aldosterone in
GRA is produced in the adrenal fasciculata under the
control of ACTH, rather than in adrenal glomerulosa
under the control of the normal secretagogue angioten-
sin II (Ang II).

Analysis of linkage in a large GRA kindred demon-
strated complete linkage of early hypertension to

chromosome 8q, which contains the gene aldosterone
synthase (CYP11B2) and the closely related gene ste-
roid 11-β hydroxylase (CYP11B1). These two genes
recently evolved from a common ancestor, and are
highly similar at the DNA sequence level. Patients with
GRA prove uniformly to have mutations that result
from unequal crossing-over recombination between
these two homologous genes (Figure 36.4). This recom-
bination event produces two mutant chromosomes,
one with normal copies of aldosterone synthase and
11-β hydroxylase, and a third chimeric gene between
them that fuses 50 regulatory sequences from 11-β
hydroxylase to coding sequences of aldosterone

Adrenal Steroid Synthesis

Zona glomerulosa –
Mineralocorticoids

Cholesterol

Pregnenolone

Progesterone

11-Deoxycorticosterone

Corticosterone

Aldosterone

Zona fasciculata –
Glucocorticoids

17-hydroxypregnenolone

17-hydroxyprogesterone

11-Deoxycortisol

Cortisol

Zona reticularis –
Androgens, Estrogens

Dehydroepiandrosterone
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Testosterone

Estradiol
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11β-
Hydroxylase

11β-
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21-
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21-
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FIGURE 36.3 Adrenal steroid syn-

thesis. Hormone synthesis in the adrenal
cortex occurs in distinct compartments:
aldosterone is synthesized in the outer-
most zona glomerulosa; cortisol in adre-
nal fasciculata; and sexual steroids in the
innermost zona reticularis. Enzymes
required for biosynthesis are noted (3β-
HSD: 3β-hydroxysteroid dehydrogenase).

FIGURE 36.4 Unequal crossing-over recombination between

aldosterone synthase and 11-β hydroxylase causes GRA. Shown is
the segment of chromosome 8 that contains the two highly homolo-
gous genes. Unequal crossing-over between these two genes pro-
duces a chromosome with normal copies of aldosterone synthase and
11-β hydroxylase, and a third chimeric gene between them that fuses
50 regulatory sequences from 11-β hydroxylase to coding sequences
of aldosterone synthase, conferring aldosterone synthase function on
the encoded gene product (reproduced with permission from ref. [1]).
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synthase.9,10 This is the mutation uniformly found in
patients with GRA. The other mutant chromosome has
no normal gene, and only a single hybrid gene that
fuses 50 sequences from aldosterone synthase to a cod-
ing sequence that produces 11-β hydroxylase enzy-
matic activity. This mutation is found in some patients
with 11-β hydroxylase deficiency. These events occur
in pre-meiotic germ cell development, hence only one
is transmitted to a zygote. All of these recombination
events seen in GRA occur upstream of exon 5,10 with
the result that the hybrid genes in patients with GRA
include the two amino acids in exons 5 and 6 that are
critical for the resulting enzyme having aldosterone
synthase rather than 11-β hydroxylase activity.11 These
hybrid genes bear the 50 regulatory elements of 11-β
hydroxylase, and are consequently expressed in adre-
nal fasciculata under the control of ACTH, but encode
aldosterone synthase enzymatic activity. As a conse-
quence, aldosterone secretion in these patients is con-
stitutive, driven by ACTH and the maintenance of
normal cortisol levels. The renin�angiotensin system is
suppressed, but this fails to turn off aldosterone pro-
duction. These mutations thus account for the ectopic
production of aldosterone in adrenal fasciculata and its
control by ACTH, and explain the resulting
hypertension.

GRA should be suspected by the finding of hyper-
tension in young individuals with elevated aldosterone
level (best measured in 24 hour urine samples), despite
suppressed plasma renin activity, particularly if there
is a history of early hypertension among first degree
relatives. Hypokalemia and metabolic alkalosis are
common but by no means invariant, and the absence of
these findings should not be used to exclude the diag-
nosis.5 Molecular genetic testing by either Southern
blotting9 or PCR12 provides a sensitive and specific
means for establishing the diagnosis. Because of the
autosomal dominant transmission, there are frequently
many affected members among extended families of
index cases, and case finding can be performed by
sequential sampling, testing all first degree relatives of
affected subjects, then all first degree relatives of posi-
tive cases in subsequent rounds. Sampling in these
families is likely to prevent morbidity and mortality
from uncontrolled hypertension and early cerebral
hemorrhage. Because of the availability of genetic
screening, determination of urinary levels of hybrid
steroids or dexamethasone suppression test is no lon-
ger recommended.13 Of note, family screening has
demonstrated that not all individuals carrying the gene
fusion are hypertensive,14 and first degree relatives of
patients with confirmed GRA should be genetically
screened even in the absence of hypertension.15

Treatment options for GRA include use of mineral-
ocorticoid receptor antagonists (spironolactone or

eplerenone), amiloride or triamterene (which inhibit
the epithelial sodium channel that drives both
hypertension and hypokalemic alkalosis in GRA).
Exogenous glucocorticoids can be used to shut down
aldosterone production from the adrenal fasciculata.
Careful attention to dosage in children is essential
to maintain normal growth and to avoid glucocorti-
coid side-effects. Potassium-wasting diuretics such
as hydrochlorothiazide and furosemide should be
used with caution, because of the risk of severe
hypokalemia.13,15

ALDOSTERONE-PRODUCING ADRENAL ADENOMA

AND FAMILIAL HYPERALDOSTERONISM DUE TO

KCNJ5 MUTATIONS Aldosterone-producing adenoma,
also known as Conn’s syndrome,16 is a common cause
of severe hypertension, found in about 5% of patients
in hypertension referral clinics worldwide, and in
about half of patients diagnosed with primary aldoste-
ronism.17 Patients typically present with worsening
hypertension, and are found to have elevated serum
and 24 hour urinary aldosterone levels in conjunction
with suppressed plasma renin activity, consistent with
these tumors having renin-independent aldosterone
secretion. Hypokalemia and metabolic alkalosis are fre-
quent, but not invariant findings. The finding of an
adrenal mass by CT scan with increased aldosterone
levels in ipsilateral adrenal vein plasma is considered
diagnostic, and removal of these tumors corrects or
improves blood pressure in the large majority of
patients.13

Exome sequencing of four aldosterone-producing
adrenal adenomas (APAs) and matched blood DNA
enabled identification of somatic mutations in the
tumors.18 The results showed a low somatic mutation
rate, with only 2�5 somatic mutations per tumor.
Surprisingly, the K1 channel encoded by KCNJ5 was
mutated in two of these tumors. Examination of this
channel in 22 tumors identified somatic KCNJ5 muta-
tions in 8 tumors, and either of the same two mutations
were found in all, substituting arginine for glycine at
position 151 or arginine for leucine at position 168.
These two positions lie in or abut the highly conserved
K1 channel selectivity filter that enables these channels
to allow passage of K1 but not other ions through the
channel pore.19,20 Electrophysiologic studies demon-
strated that these mutations cause markedly increased
Na1 conductance of the mutant channel, sufficient to
depolarize the cell.

These findings explain the pathogenesis of APA in
these tumors. The normal adrenal glomerulosa cell is
hyperpolarized owing to constitutively open K1 chan-
nels.21,22 Angiotensin II signaling results in closure of
these channels,23,24 resulting in depolarization and acti-
vation of voltage-gated calcium channels, which raises
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intracellular calcium. Hyperkalemia produces the same
results, potentially via increased frequency of depolar-
izing membrane potential oscillations.25 Increased
intracellular Ca21 is the acute signal for increased
expression of aldosterone synthase and other rate-
limiting steps in aldosterone biosynthesis. Chronic
signaling provides the stimulus for increased cell repli-
cation.26 Thus, these single mutations can explain both
the cell-autonomous aldosterone secretion and cell
proliferation that are the hallmarks of these benign
tumors.

Subsequent work has confirmed these findings. The
study of 287 tumors by Björklund et al. found the
G151R or L168R mutations in 47% of APAs, and a
markedly higher prevalence of these mutations among
women with APA (63%) than men (22%). Only one
additional mutation (E145Q) was found in two cases.26a

Similar findings were observed by Boulkroun et al.,
who found either of these two mutations in 34% of all
APAs with a similar bias for female subjects.27 These
tumors are more prevalent among younger indivi-
duals, and tend to be slightly larger compared to non-
KCNJ5-mutant tumors.

In addition to these mutations causing APAs, they
also account for a rare inherited form of primary aldo-
steronism. In 2008, Geller et al. reported a father and
two daughters with a new familial form of severe
early-onset hypertension due to primary aldosteron-
ism.28 Hypertension in these patients was diagnosed
between the ages of 4 and 7 years; it was resistant to
aggressive antihypertensive therapy, including spiro-
nolactone and amiloride. There was massive adreno-
cortical hyperplasia. Hybrid steroids 18-oxocortisol and
18-hydroxycortisol were elevated, however, in clear
contrast to patients with GRA, there was a significant
increase in aldosterone levels upon dexamethasone
administration, and affected subjects did not have the
gene fusion characteristic of GRA. Due to unrelenting
hypertension, all three subjects underwent bilateral
adrenalectomy in childhood, demonstrating massive
adrenal hyperplasia (with paired adrenal weights up to
81 g, normal is less than 12 g) and diffuse hyperplasia
of the zona fasciculata by light microscopy (with transi-
tional zone morphology by electron microscopy).
Screening of candidate genes revealed no pathogenic
mutations.

Affected members of this family proved to have a
T158A mutation in KCNJ5 which also modified chan-
nel selectivity, resulting in Na1 conductance.18 In this
case, since the mutation is present in every cell, rather
than acquired somatically by a single cell, every cell in
the adrenal glomerulosa is receiving the signal for
aldosterone production and cell proliferation, account-
ing for the massive adrenal hyperplasia and severe
aldosteronism at young ages. This Mendelian form of

disease provides strong evidence that these single
mutations are sufficient for cell proliferation and con-
stitutive aldosterone secretion.

Subsequent studies have identified additional fami-
lies with early severe aldosteronism and mutations in
KCNJ5. Most interestingly, these include two different
mutations at the same amino acid � G151 � that
result in markedly different phenotypes. One of these
inherited mutations is G151R, the same mutation
found as a somatic mutation in APA. Patients with
inherited G151R29 mutations develop massive adreno-
cortical hyperplasia, have difficult-to-control hyperten-
sion, and virtually invariably come to bilateral
adrenalectomy for control of hypertension, similar to
the T158A mutation described above. The other muta-
tion is G151E. Patients with this mutation also present
with early hypertension and aldosteronism; however,
they do not develop adrenal hyperplasia, are typically
responsive to antihypertensive therapy, and do not
come to adrenalectomy.29�31 Most interestingly, the
milder human phenotype resulting from G151E is
associated with a much more severe electrophysio-
logic phenotype. G151E results in dramatically greater
Na1 conductance than G151R. The consequence of
this is markedly increased sodium-dependent lethal-
ity. This suggests a model in which cells expressing
the G151E mutation differentiate from a stem cell
pool, produce aldosterone as they are born, but die
rapidly, preventing development of hyperplasia. Their
continuous renewal from a stem cell pool provides a
long-term source for excessive aldosterone production,
and a milder hypertension than in subjects with the
G151R mutation.

This phenotype of primary aldosteronism without
adrenal hyperplasia due to KCNJ5 mutation is as yet
unique to the G151E mutation, while massive adrenal
hyperplasia requiring adrenalectomy has also been
reported with another KCNJ5 mutation, I157S.32

While KCNJ5 mutations unequivocally explain the
pathogenesis of a large fraction of APAs and a rare
form of familial hypertension, the role of the wild-type
channel in human adrenal function is less clear. Its acti-
vation by dopamine, an inhibitor of aldosterone secre-
tion,18,33 suggests that the normal role of this channel
might be to hyperpolarize cells, contributing to inhibi-
tion of aldosterone secretion.

Primary aldosteronism due to mutations in aldoste-
rone synthase and KCNJ5 both produce constitutive
secretion of aldosterone and hypertension. Patients
with KCNJ5 mutations tend to present in the first
several years of life with severe hypertension, while
those with GRA are more frequently, though not exclu-
sively, diagnosed later in the first or second decade.
Consistent with greater disease severity among KCNJ5
families and impaired reproductive fitness, no families
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with more than four affected members have been
reported to date, while a number of large, multigenera-
tional families with more than 20 members with GRA
have been studied.

MUTATIONS CAUSING IMPAIRED CORTISOL

BIOSYNTHESIS AND INCREASED

MINERALOCORTICOIDS

CONGENITAL ADRENAL HYPERPLASIA DUE TO 11-

β-HYDROXYLASE DEFICIENCY Congenital adrenal
hyperplasia (CAH) is a recessive disease, featuring cor-
tisol deficiency caused by inherited defects of enzymes
required for cortisol biosynthesis in the adrenal gland.
Affected patients have increased ACTH levels due to
impaired feedback inhibition, which stimulates exces-
sive production of steroids proximal to the impaired
step in cortisol biosynthesis. Precursor steroids can
have androgenic effects, and female patients may pres-
ent with virilization. In the most common form of
CAH (21-hydroxylase deficiency), impaired synthesis
of mineralocorticoids leads to salt-wasting (see below),
while other defects can result in accumulation of pre-
cursors which have mineralocorticoid effects, leading
to hypertension.

The most common form of congenital adrenal
hyperplasia associated with hypertension is 11-
β-hydroxylase deficiency34 (Figure 36.3). Affected
females may present with ambiguous genitalia at birth
or with menstrual irregularities and hirsutism in ado-
lescence or adulthood, while male subjects may present
with penile enlargement or precocious puberty.
Hypertension and hypokalemia are variable associated
features, and are thought to occur due to the accumula-
tion of 11-deoxycorticosterone, a moderately potent
mineralocorticoid. However, there is no clear correla-
tion between 11-deoxycorticosterone levels, the degree
of virilization and the presence of hypertension. Renin
and aldosterone are typically low.35�37

In most cases, 11-β-hydroxylase deficiency is caused
by recessive point mutations that cause loss-of-function
of CYP11B1, although loss-of-function mutations due to
the reciprocal product of unequal crossing-over between
aldosterone synthase and 11-β-hydroxylase found in
GRA (see above) can also produce loss-of-function muta-
tions (in this case there is a chromosome that only
expresses 11-β hydroxylase in adrenal glomerulosa).38

11-β-hydroxylase deficiency should be suspected in
female infants with ambiguous genitalia and male
infants with penile enlargement. In the late onset form,
hirsutism and menstrual irregularities in female
patients and precocious puberty in boys may be the
only signs of presentation. The abnormal hormone pro-
file, in particular the finding of elevated basal and
ACTH-stimulated 11-deoxycortisol concentrations, is
diagnostic. Treatment with exogenous glucocorticoids

suppresses ACTH secretion and the accumulation of
precursor steroids. Precursor steroids should be moni-
tored, and glucocorticoid dosage has to be carefully
adjusted to avoid growth inhibition in children and
exogenous Cushing’s syndrome. Persistent hyperten-
sion may require additional treatment with aldosterone
antagonists or amiloride.

CONGENITAL ADRENAL HYPERPLASIA DUE TO

17-α-HYDROXYLASE DEFICIENCY 17-α-hydroxylase
deficiency39 is a rare cause of congenital adrenal hyper-
plasia. Patients typically present in adolescence with
lack of pubertal development. Genetic females have
primary amenorrhea and do not develop secondary
sexual characteristics; genetic males typically have
complete pseudohermaphroditism with female exter-
nal genitalia and intra-abdominal testes, although
ambiguous genitalia have been reported. Hypertension
is a common finding, and may be associated with
hypokalemia.40

17-α-hydroxylase deficiency is caused by mutations
in CYP17.41 The encoded enzyme is expressed in adre-
nal gland and gonads, and has both 17-hydroxylase
and 17,20-lyase activities (Figure 36.3). Most patients
with CYP17 mutations thus have combined deficiencies
of both enzymatic functions, although isolated defi-
ciency of 17,20-lyase activity has been reported.42

Hydroxylation at carbon 17 of the steroid nucleus is
required for cortisol production, and in its absence nor-
mal activation of the glucocorticoid receptor is not
achieved. In addition, 17,20-lyase activity is needed for
the generation of androgen and estrogen precursors
from cortisol precursors.

Patients with CYP17 mutations consequently have
cortisol deficiency leading to elevated ACTH levels, as
well as androgen and estrogen deficiency, accounting
for sexual infantilism and pseudohermaphroditism.
Hypertension is caused by activation of the mineralo-
corticoid receptor (MR) due to increased levels of
11-deoxysteroids (corticosterone, 11-deoxycorticoster-
one, and 18-hydroxy-deoxycorticosterone), similar to
the mechanism of hypertension in 11-β-hydroxylase
deficiency. As a result, renin and aldosterone are typi-
cally suppressed.

The diagnosis is based on the clinical presentation
and characteristic hormone profile, and treatment relies
on replacement of glucocorticoids and sex steroids, the
latter starting in adolescence.

Mutations that Impair Conversion of Cortisol to
Cortisone: Syndrome of Apparent
Mineralocorticoid Excess

The syndrome of apparent mineralocorticoid excess
(AME)43 is an autosomal recessive disease featuring
severe hypertension presenting in the first decade of
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life. It is associated with suppression of both the
renin�angiotensin system and aldosterone secretion.
Hypokalemia and metabolic alkalosis are common
associated findings. The hypertension can be mitigated
with antagonists of the mineralocorticoid receptor,
which suggested the presence of a new circulating
mineralocorticoid; however, such a molecule was not
found. Instead, a defect in cortisol metabolism was
identified in affected patients, causing reduced conver-
sion of cortisol to cortisone, with a consequently
increased half-life of cortisol.44

How this defect in cortisol metabolism resulted in
hypertension remained unclear until the cloning and
subsequent purification of the mineralocorticoid recep-
tor (MR).45 In vitro, cortisol binds and activates MR as
well as aldosterone does,46 while cortisol is normally a
weak mineralocorticoid in vivo. This discrepancy is
explained by the presence in many aldosterone-
responsive cells of an enzyme, steroid 11-β hydroxy-
steroid dehydrogenase type 2 (11βHSD2), that “protects”
MR from cortisol by converting cortisol to cortisone.
Cortisone has negligible ability to activate MR. The
finding of homozygous loss-of-function mutations in
11βHSD2 in AME provided proof of the relevance of
this mechanism in vivo.47 These findings fully explain
the pathophysiology of AME, and are confirmed by
the recapitulation of AME in mice deficient for
11βHSD2.48

AME should be suspected in young individuals
with hypertension, suppressed PRA, and low aldoste-
rone levels. AME shares these clinical features with
Liddle syndrome (see below); however, Liddle syn-
drome is autosomal dominant, and affected subjects
consequently commonly have one parent with early
severe hypertension, and may have other relatives in
earlier generations or other branches of the pedigree
with similar findings. In contrast, AME is suggested by
the absence of disease in earlier generations and the
presence of parental consanguinity. The diagnosis of
AME can typically be made by genetic testing involv-
ing sequencing of 11βHSD2. Abnormal cortisol:corti-
sone ratios can also establish the diagnosis.49

Inhibitors of the mineralocorticoid receptor, such as
spironolactone or eplerenone, or inhibitors of the epi-
thelial sodium channel, such as amiloride or triamter-
ene, are treatment options in AME. Eplerenone has
recently been suggested for prevention of strokes even
in the absence of hypertension; however, the utility of
this approach is not established.50

Intriguingly, exuberant ingestion of natural licorice
produces a clinically similar syndrome owing to the
effects of a metabolite of glycyrrhetinic acid � derived
from glycyrrhizic acid in licorice � which inhibits
11βHSD2.51 Carbenoxolone, a drug once used for pep-
tic/gastric ulcer disease, has similar effects.

In the presence of 11βHSD2, elevated levels of corti-
sol are required to achieve activation of the mineralo-
corticoid receptor (by exceeding the capacity of
11βHSD2 to metabolize cortisol).1 Hypertension can
therefore occur in states of glucocorticoid excess, such
as ectopic ACTH syndrome, Cushing’s disease due to a
pituitary tumor, iatrogenic Cushing’s syndrome or
cortisol-producing adenomas.

Mutations in the Mineralocorticoid Receptor

HYPERTENSION EXACERBATED IN PREGNANCY

As discussed above, binding of aldosterone to the
mineralocorticoid receptor causes increased renal salt
reabsorption by raising the activity of the epithelial
sodium channel ENaC, which results in elevated blood
pressure. Geller and colleagues identified an as-yet
unique family with early onset of typically severe
hypertension associated with suppressed PRA, negligi-
ble aldosterone levels, and variable hypokalemia and
alkalosis; this trait segregated as an autosomal domi-
nant trait in a large extended family.52,53 A striking
clinical feature among affected women was marked
exacerbation of hypertension in pregnancy, requiring
early delivery for poorly controlled hypertension and
marked hypokalemia. Analysis of linkage in this large
kindred localized the disease gene to the segment of
chromosome 4 that harbors the mineralocorticoid
receptor. This gene proved to have a novel missense
mutation in the ligand-binding domain, S810L, which
precisely co-segregated with the disease phenotype in
the kindred.

The clinical features suggested that this mutation
results in an activated receptor, despite the absence of
aldosterone. In vitro studies demonstrated that this is
the case: the mutant receptor shows partial constitutive
activity in the absence of ligand. In addition, however,
the mutation altered the specificity of the receptor such
that some steroids lacking 21-hydroxyl groups, which
normally fail to activate MR, are now potent agonists.
One of these new agonists is progesterone, a steroid
whose level increases dramatically in pregnancy.
Cortisone is another molecule that can more weakly
activate the mutant receptor, suggesting that this corti-
sol metabolite may play a constitutive role. The crystal
structure of the mutant mineralocorticoid receptor was
solved,54 suggesting that progesterone-induced MR
S810L activation is caused by a network of contacts at
the A-ring, created by L810.

Mutations that Cause Hypertension without
Activation of MR

Mineralocorticoids impart their renal effects by
modulating the expression and activity of ion
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transporters and channels. Mutations in several genes
have been identified that cause hypertension without
activation of MR.

LIDDLE SYNDROME Liddle syndrome55 is an auto-
somal dominant trait featuring hypertension with vari-
able hypokalemia and alkalosis. While these features
recapitulate the phenotype of the diseases with miner-
alocorticoid excess discussed above, there are no circu-
lating mineralocorticoids in patients with Liddle
syndrome. Hypertension is responsive to treatment
with blockers of the epithelial sodium channel ENaC
(amiloride or triamterene), but not to spironolactone.

Genetic studies identified rare mutations in subunits
of ENaC as the cause of Liddle syndrome56,57

(Figures 36.5 and 36.6). ENaC is composed of subunits
encoded by three homologous genes, alpha, beta, and
gamma58; each has cytoplasmic amino and carboxy ter-
mini, and traverses the plasma membrane twice.59

Virtually all mutations that cause Liddle syndrome
eliminate a sequence required for removal of the chan-
nel from the cell surface by clathrin-coated pit-medi-
ated endocytosis. This internalization sequence, PPPXY
(where X is variable among different ENaC subunits) is
present in the carboxy terminus of each subunit.

Disease causing mutations introduce premature termi-
nation codons after the second transmembrane domain
and before the PPPXY sequence, or alternatively pro-
duce missense mutations at one of the cognate positions
of the internalization motif.56,57,60 These mutations
result in reduced clearance and prolonged half-life of
the channel at the cell surface61�63 (Figure 36.6). Nedd4
was subsequently identified as having domains that
specifically bind the PPPXY domains in ENaC, and con-
tribute to its clearance from the cell surface.64 This pro-
tein contains ubiquitin-ligase domains, suggesting that
ubiquitination and subsequent degradation plays a role
in ENaC regulation. The likely candidate for this regu-
lation in human kidney is Nedd4-2.65 Together, these
findings suggest that mutations in ENaC in Liddle syn-
drome impair binding of Nedd4 to the mutant channel,
and prevent ubiquitination and degradation. In addi-
tion to the mutations deleting or altering the PY motif, a
mutation in the extracellular domain of γ-ENaC has
been reported as causing an increased open probability
of the channel.66 Consistent with these genetic findings,
renal transplantation can cure the hypertension of
Liddle syndrome.67

A mouse model of Liddle syndrome68 does not
develop hypertension or hypokalemic alkalosis on a
standard diet, despite increased ENaC activity.
However, a Liddle phenotype develops when these
animals are fed a high-salt diet.

Liddle syndrome should be suspected in patients
with early hypertension and suppressed PRA and
aldosterone levels; hypokalemia and metabolic alkalo-
sis are supportive, but not essential findings. As
discussed above, these features are shared with AME.
A family history of hypertension consistent with
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FIGURE 36.5 Salt reabsorption in the cortical collecting duct.

Na1 reabsorption in the principal cells of the cortical collecting duct
is dependent on aldosterone and happens via ENaC. The resulting
lumen-negative potential promotes K1 secretion via ROMK and H1
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FIGURE 36.6 Increased surface expression of the epithelial

sodium channel ENaC causes Liddle syndrome. The β- and γ-subu-
nits of the channel contain a PPPXY motif in the cytoplasmic C-
terminus. In normal individuals, binding of Nedd4-2 (not shown)
leads to internalization in clathrin-coated pits. Channels are then
either degraded or recycled back to the membrane. ENaC lacking the
PPPXY motif in Liddle syndrome does not interact with Nedd4-2,
and as a result is retained at the membrane. This causes increased
Na1 reabsorption and hypertension in affected individuals (repro-
duced with permission from ref. [1]).

1222 36. INHERITED DISORDERS OF RENAL SALT HOMEOSTASIS: INSIGHTS FROM MOLECULAR GENETICS STUDIES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



autosomal dominant transmission, however, is sugges-
tive of Liddle syndrome. Genetic testing is recom-
mended. Treatment with amiloride or triamterene can
correct hypertension and hypokalemia.

THE SYNDROME OF HYPERTENSION WITH

HYPERKALEMIA (PSEUDOHYPOALDOSTERONISM

TYPE II) Aldosterone is secreted in two distinct physi-
ologic conditions: volume depletion and hyperkalemia.
Restoration of normal intravascular volume in the for-
mer condition requires increased salt and water reab-
sorption, while K1 secretion must be increased in the
latter state. How the kidney achieves these alternative
results has been obscure. Classical explanations have
suggested that this is a result of alterations in fluid
flow and/or delivery of salt to the distal nephron. The
notion that this is an incomplete explanation comes
from a disease in which the kidney appears to be
unable to use aldosterone to direct K1 secretion, but
instead constitutively activates salt reabsorption. This
disease, referred to as pseudohypoaldosteronism type
II (also known as syndrome of hyperkalemia with
hypertension, Gordon syndrome) invariably features
hyperkalemia, and has variable levels of hypertension
and distal renal tubular acidosis. Aldosterone levels
are normal to slightly elevated, and plasma renin activ-
ity is suppressed. Serum K1 levels are virtually always
greater than 5.0 mM without therapy, and can be
greater than 7.0 mM. The disease was first described in
1964 by Paver and Pauline, who reported a 15-year-old
boy with blood pressure 180/120 mmHg, serum potas-
sium 7.0�8.2 mM, but normal glomerular filtration,
and suppressed PRA and normal aldosterone.69 Since
early descriptions, the disease has been recognized to
be familial, initially described as an autosomal domi-
nant trait.70�72

Subsequent studies have demonstrated that K1 can-
not be corrected by supplemental aldosterone; how-
ever, both hypertension and hyperkalemia can be
corrected by elimination of chloride intake or by low
doses of thiazide diuretics.70,73 These findings have
suggested that increased activity of the thiazide-
sensitive Na-Cl co-transporter may play a role in this
disease.

Analysis of genetic linkage in families followed by
molecular studies identified mutations in two mem-
bers of a novel family of serine-threonine kinases,
PRKWNK1 and PRKWNK4, as causes of PHAII74

(Figure 36.7). Mutations in WNK4 were novel mis-
sense mutations that predominantly clustered in a
short acidic domain of unknown function in the pro-
tein. Mutations in WNK1 were large deletions of
20,000 to 40,000 base pairs in the first intron of
WNK1 that caused increased expression of WNK1
mRNA. These genes were both found to be expressed

in the distal convoluted tubule and collecting duct of
the kidney.

At the time of this discovery, the normal and
disease-related functions of WNK1 and WNK4 were
entirely unknown. Much subsequent work has been
done to determine the roles these WNK kinases play
in physiology.74�82 It appears that both play a role in
coordinating the functions of diverse electrolyte flux
pathways, and that a key function in the kidney is to
regulate the balance between Na-Cl reabsorption and
K1 secretion. The WNK kinases regulate ion transport
by several mechanisms, among them phosphorylation
via intermediary kinases (SPAK, OSR1, and SGK1),
and regulation of protein trafficking.81

Early studies addressed the role of WNK4 in the reg-
ulation of NCCT using the oocyte expression sys-
tem.75,83 Co-expression of NCCT with WT-WNK4
resulted in inhibition of thiazide-sensitive Na1 uptake
due to reduced surface expression. This effect was
completely abrogated when a mutation seen in PHA II
(Q562E) or kinase-dead WNK4 was used, suggesting
that NCCT inhibition is lost in patients with PHA II,
causing hypertension. Subsequent studies in mamma-
lian cells suggested that this inhibitory WNK4 effect is
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FIGURE 36.7 Salt reabsorption in the distal convoluted tubule.
Salt reabsorption is driven by the activity of the Na1/K1-ATPase on
the basolateral suface. K1 entering the cell via the sodium pump
recirculates through Kir4.1 (“pump leak coupling”). NaCl enters the
cell via NCCT following the favorable Na1 gradient, and Cl2 exits
via basolateral ClC-Kb channels. The basolateral NCX transporter
uses the Na1 gradient for Ca21 reabsorption. Ca21 enters on the api-
cal site via the TRPV5 channel. On the apical surface, Mg21 enters the
cell via TRPM6. The molecular identity of a putative basolateral
Mg21 transporter is unknown. NCCT activity is regulated by the
WNK1 and WNK4 protein kinases.
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mediated by suppression of membrane delivery via
lysosomal accumulation.84

Co-expression with WNK4 also dramatically
reduces ROMK activity in oocytes,76 by interaction
with an endocytic scaffold protein, intersectin.85

However, in contrast to the effect on NCCT, PHA II-
mutant WNK4 produces increased inhibition of
ROMK, accounting for hyperkalemia in PHA II. While
WT WNK4 led to a modest increase of paracellular
chloride permeability in MDCK cells, this effect was
greatly augmented in PHA II-mutant WNK4, which
may contribute to the chloride retention observed in
PHA II.77,78 In addition, WNK4 inhibited ENaC activity
in oocytes, and this inhibition was relieved by PHA II
mutations.86 The inhibitory effect of WNK4 on ENaC
and ROMK appears to require phosphorylation of
WNK4 by SGK1, a kinase which translates aldosterone
effects in the kidney.87

Similar studies as for WNK4 were performed for
WNK1. While a direct effect of WNK1 on NCCT was
not identified, a long isoform of WNK1 (L-WNK1)
inhibits WNK4 (which inhibits NCCT, see above),
and a kidney-specific isoform (KS-WNK1) inhibits
L-WNK1.75 In addition, L-WNK1 inhibits ROMK, an
effect reversed by KS-WNK1 and synergistic with, but
not dependent on, the WNK4 effect on ROMK88;
L-WNK1 also activates ENaC.89 Finally, similar to
WNK4, WNK1 increases paracellular chloride flux.90

ATII, which is produced in volume depletion, appears
to be an upstream regulator of WNK4, attenuating its
inhibitory effect on NCCT and thus stimulating salt
reabsorption via NCCT. In contrast, the inhibitory effect
of WNK4 of ROMK is retained. These findings suggest
that PHA II mutations mimic a state of volume deple-
tion with increased angiotensin II levels.91

Regulation of several additional proteins (e.g., TRP
channels, SLC26A6) by WNK1 and WNK4 kinases has
been reported, and studies of the related kinase WNK3
has revealed a role in regulation of NKCC, as well as
KCC co-transporters.92

Taken together, in vitro studies suggest a key role of
the WNK kinases in a functional switch among three
states governing the balance between salt reabsorption
and K1 secretion. In a basal equilibrium state, both
NaCl reabsorption and K1 secretion are inhibited by
the WNK kinases. In the setting of low intravascular
volume, AII signaling inhibits WNK4’s inhibition of
NCC, but increases inhibition of ROMK; this effect is
mimicked by PHA II mutations, accounting for consti-
tutive NaCl reabsorption and hyperkalemia seen in
affected patients. In a third state, hyperkalemia leads to
increased aldosterone production by the adrenal gland
and, potentially via SGK, to increased ROMK activity
and increased ENaC activity, with sustained inhibition
of electroneutral salt reabsorption via NCCT.80

Animal models have confirmed the role of WNK1
and WNK4 in generating hyperkalemia and hyperten-
sion. A transgenic mouse model carrying an additional
copy of PHA II-mutant WNK4 shows hypertension,
hyperkalemia, and hypercalciuria and, in addition,
increased mass of the distal convoluted tubule and
increased NCCT expression. In contrast, an additional
copy of WT WNK4 leads to decreased DCT mass and
reduced NCCT abundance.79 A knockout mouse model
of WNK4 displays a phenotype similar to Gitelman
syndrome (see below), with increased plasma renin
activity, and decreased NCC activity.93 Deletion of the
first WNK1 intron as found in PHA II in mice leads to
ubiquitous ectopic KS-WNK1 expression, as well as
overexpression of L-WNK1 in the DCT,94 which
explains increased activity of NCCT through allevia-
tion of WNK4 inhibition.

Importantly, mutations in WNK1 and WNK4
explained only about 15% of families with PHA II.
Exome sequencing of unrelated PHA II cases led to the
identification of two additional genes for PHA II,
which together account for nearly all of the remaining
cases.95,96 These two genes are partners in a ubiquitin
ligase complex. Cullin 3 (CUL3) is a scaffold that serves
to assemble a complex containing a RING E-3 ubiquitin
ligase and one of many BTB domain-containing pro-
teins that target specific proteins for ubiquitination.
One of these BTB domain proteins is Kelch-like 3
(KLHL3). KLHL3 has a C-terminal BTB domain, and
an N-terminal kelch domain, a six-bladed propeller
that is likely used to bind and target proteins for ubi-
quitination. Surprisingly, different families showed
either autosomal dominant or autosomal recessive
transmission of mutations in KLHL3. Recessive muta-
tions are distributed throughout the protein, and
include typical loss-of-function mutations such as pre-
mature termination mutations. In contrast, dominant
mutations cluster at positions in the kelch domain that
are clustered at parts of the domain inferred to be
involved in target binding. Because these dominant
mutations produce a phenotype very similar to that
caused by homozygous loss-of-function mutations in
KLHL3, the dominant mutations likely have a
dominant-negative effect.

The mutations in CUL3 that cause PHA II all cause
skipping of exon 9, resulting in an in-frame deletion of
57 amino acids between the BTB-binding and RING-
binding domains. These mutations are all dominant,
and nearly all appear to be de novo mutations. Because
these mutations phenocopy recessive loss-of-function
mutations in KLHL3, it is inferred that these CUL3
mutations selectively prevent ubiquitination at targets
bound by KLHL3. While CUL3 is ubiquitously
expressed, KLHL3 is selectively expressed in the distal
nephron.
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Comparison of the phenotypes of patients with
mutations in these different genes reveals strong geno-
type�phenotype correlations. Patients with CUL3
mutations have the most severe hyperkalemia, are
nearly always hypertensive at young ages, and com-
monly have acidosis. Patients with recessive and domi-
nant KLHL3 mutations have intermediate phenotypic
severity, and those with WNK1 and WNK4 mutations
often have only hyperkalemia without hypertension at
early ages, and do not uniformly develop hypertension
at later ages. The molecular mechanisms that link
mutations in KLHL3 and CUL3 to PHA II are presently
unknown; however, it is highly likely that these muta-
tions will intersect with the WNK/NCC/ROMK
pathway.

GENETIC DISORDERS CAUSING RENAL
SALT LOSS

Several Mendelian disorders can cause renal salt
loss, leading to signs and symptoms ranging from mild
polyuria and salt craving to life-threatening hypoten-
sion and shock. A diagnostic approach to these dis-
eases is suggested in Figure 36.8.

Disorders of the Renin�Angiotensin�Aldosterone
System

Mutations Affecting Circulating Mineralocorticoid
Levels

MUTATIONS RESULTING IN CONGENITAL

HYPOALDOSTERONISM

Congenital hyper-reninemic hypoaldosteronism is a
rare autosomal recessive disorder.97,98 Affected patients

present in infancy with salt-wasting, leading to
severe dehydration, failure to thrive and growth retar-
dation, as well as hyponatremia and hyperkalemia.
Aldosterone is low despite elevated renin. These fea-
tures are a clinical mirror image of the states of pri-
mary aldosteronism described above.

Genetic studies identified mutations in the aldoste-
rone synthase gene (CYP11B2) as the cause of congeni-
tal hypoaldosteronism.99,100 Aldosterone synthase
catalyzes both 18-hydroxylation of corticosterone, and
the subsequent conversion of the 18-hydroxyl group to
an aldehyde (Figure 36.3). Several mutations, including
nonsense, missense, and frameshift mutations, affect
the 18-hydroxylase activity of the enzyme; as a result,
levels of 18-hydroxycorticosterone are low in these
patients. In other cases, specific missense mutations
can abolish 18-oxidase activity, while 18-hydroxylase
activity remains intact or is only slightly reduced.
These patients consequently have elevated levels of
18-hydroxycortisone.99

Not all patients with hyper-reninemic hypoaldoster-
onism, however, have mutations at the CYP11B2 locus.
Kayes-Wandover et al.101 described four unrelated kin-
dreds (two consanguineous) without evidence of such
mutations; linkage to the CYP11B2 locus could be
excluded in the two consanguineous families, suggest-
ing genetic heterogeneity. The underlying gene defect
of this disorder, termed familial hyper-reninemic
hypoaldosteronism type 2, remains to be established.

CONGENITAL ADRENAL HYPERPLASIA DUE TO

STEROID 21-HYDROXYLASE DEFICIENCY

Steroid 21-hydroxylase deficiency is an autosomal
recessive disease. It accounts for the vast majority
of the cases of congenital adrenal hyperplasia (CAH),
and is one of the most common Mendelian diseases.

Evaluation for Mendelian Hypotension/Renal Salt Loss

2. Aldosterone

High Low

Consider Congenital Adrenal Hyperplasia

(with cortisol deficiency, abnormal sexual
development) or Congenital

Hypoaldosteronism

3. Serum potassium

Low Normal or high

Consider PHA IConsider Bartter Syndrome (early onset, normo-or
hypercalciuria); Gitelman syndrome (late onset,

hypocalciuria, hypomagnesemia), or SeSAME/EAST

syndrome (seizures, ataxia, deafness)

1. Urinary electrolytes - renal salt loss in the absence of diuretic treatment?

Yes No

Evaluate for extrarenal losses
(vomiting, diarrhea, Cystic Fibrosis)

FIGURE 36.8 A diagnostic approach to Mendelian hypotension and renal salt loss. (PHA I: pseudohypoaldosteronism type I.)
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21-hydroxylase catalyzes the 21-hydroxylation of pro-
gesterone, and is a required step in the biosynthesis of
both cortisol and aldosterone (Figure 36.3).

Three subforms of the disease are recognized:
patients with the salt-losing form of classic CAH are
severely affected and present at birth or in infancy
with cortisol and mineralocorticoid deficiency; females
typically have ambiguous genitalia and virilization. In
the simple virilizing form of classic CAH, high ACTH
levels are sufficient to produce adequate levels of glu-
cocorticoids and mineralocorticoids at the expense of
increased adrenal androgen synthesis, resulting in viri-
lization. Finally, patients with the late-onset or non-
classic form may present in childhood, adolescence or
even adulthood with premature pubarche and acceler-
ated bone age; female patients develop hirsutism, infer-
tility or irregular menstrual cycles.

The salt-losing form of classic CAH has an estimated
incidence of B1/23,000 live births, and is due to muta-
tions in 21-hydroxylase (CYP21A gene) in almost all
cases.102 Girls with this condition present as neonates
with masculinization. Salt-losing adrenal crisis, with
vomiting, dehydration, hypotension, hypoglycemia,
and electrolyte abnormalities (hyponatremia and
hyperkalemia) typically occurs in the first or second
week of life, and these can be the only presenting symp-
toms in boys. When untreated, adrenal crisis can lead
to shock, cardiac arrhythmia, and neonatal death.103

CYP21A mutations causing salt-losing CAH often
arise from unequal crossing-over between the func-
tional CYP21A gene and a non-functional pseudogene
located in close proximity104; the mutated enzyme typi-
cally shows complete loss-of-function. 21-hydroxylase
deficiency is recognized clinically in patients with
ambiguous genitalia or adrenal crisis, or in newborn
screening programs; the diagnosis is based on elevated
levels of 17-hydroxyprogesterone. Genetic testing is
available, and can be supplemental for prenatal diag-
nosis, genetic counseling or ambiguous cases. Prenatal
therapy with exogenous glucocorticoids can prevent or
ameliorate virilization in female children, but is only
recommended in a research setting due to potential
side-effects.105 If the child is known to be at risk, treat-
ment is started as early as the mother knows she is
pregnant, and stopped if the child is found to be male
or unaffected by prenatal screening. Treatment after
birth includes glucocorticoid and mineralocorticoid
replacement, as well as salt supplementation in infants,
and potentially feminizing surgery.105

RARE CAUSES OF SALT-WASTING CONGENITAL

ADRENAL HYPERPLASIA

Very rare causes of salt-wasting congenital adrenal
hyperplasia include 3-β-HSD 2 deficiency106 and StAR

deficiency107 in lipoid adrenal hyperplasia. In both dis-
eases, severe adrenal insufficiency with deficiency of
gluco- and mineralocorticoids occurs at neonatal age or
in infancy; genetically male patients typically have
abnormalities of sexual development at birth, with
female external genitalia in StAR deficiency.

Mutations in Genes Expressed in the Kidney that
Cause Salt-Wasting

PSEUDOHYPOALDOSTERONISM TYPE I

Pseudohypoaldosteronism Type I (PHA I) is a rare
genetic syndrome whose features include renal salt-
wasting, hyperkalemia, hyponatremia, and metabolic
acidosis despite elevated renin and aldosterone
levels.52,108 The disease presents as either an autosomal
dominant or autosomal recessive trait. The recessive
form appears to be uniformly severe, and requires life-
long salt supplementation. The dominant form is clini-
cally more variable at birth, and typically largely
resolves after the first years of life with the ability to
self-select a high-salt diet.

AUTOSOMAL RECESSIVE PSEUDOHYPOALDO-

STERONISM TYPE I (PHAI) Infants with autosomal
recessive PHA I frequently present with life-
threatening episodes of hypovolemia, sometimes lead-
ing to neonatal death. Affected subjects have marked
renal salt-wasting and striking hyperkalemia (as high
as 12 mM), and renal tubular acidosis despite drastic
elevations of PRA and aldosterone. There is also salt-
wasting from salivary and sweat glands, as well as the
colon. These patients require life-long sodium supple-
mentation and often chronic treatment with resin-
binding agents for hyperkalemia. Frequent pulmonary
infections somewhat reminiscent of cystic fibrosis have
been reported in some patients,109 and markedly
increased ciliary clearance of lung water has been
reported.110

Genetic studies led to identification of recessive loss-
of-function mutations in the alpha, beta or gamma sub-
units of the epithelial Na1 channel (ENaC) in virtually
all affected subjects.111,112 Functional studies in Xenopus
oocytes confirmed loss of channel activity. In sum-
mary, these findings demonstrated that mutations in
all ENaC subunits can cause PHA I. All the features of
this disease are explained by loss of ENaC function.
Loss of ENaC function results in dramatic salt-wasting,
leading to activation of the renin�angiotensin system;
however, because ENaC is absent, this fails to ade-
quately augment salt reabsorption in the kidney.
Impaired salt absorption in the colon may also contrib-
ute to disease severity. K1 and H1 secretion are also
markedly impaired, owing to loss the lumen-negative
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potential resulting from loss of ENaC, causing hyper-
kalemia and acidosis.

These findings have been confirmed in animal stud-
ies. Mice deficient for the β- and γ-subunits show a
phenotype characteristic of PHA I, with early death
due to Na1-wasting and K1 retention,113,114 and a PHA
I-like phenotype is observed in α-ENaC knockout mice
with transgenic expression of rat α-ENaC for rescue.115

α-ENaC knockout mice show early postnatal demise
with a mean survival of 24 hours postnatally due to
respiratory distress,116 suggesting a role of the mouse
channel in pulmonary liquid clearance after birth that
is apparently not observed at birth in humans but is
found later in life.110,117

AUTOSOMAL DOMINANT PHA I Autosomal domi-
nant PHA I has a milder phenotype that typically
largely resolves in the early years of life. Patients may
be asymptomatic or can present with renal salt-wasting
and mild-to-moderate hyperkalemia and acidosis.118,119

NaCl supplementation can typically be discontinued
after early childhood, as the disease remits with age.
Geller et al.118 identified heterozygous mutations in the
mineralocorticoid receptor gene in five kindreds with
autosomal dominant PHA I. All mutations were
inferred to be loss-of-function, inferred to cause dimin-
ished ENaC activity, with resulting salt loss. Since Na1

reabsorption via ENaC is required for the lumen-
negative potential that drives K1 and H1 secretion in
the cortical collecting duct, diminished ENaC activity
can cause hyperkalemic acidosis in these kindreds. The
improvement with age is consistent with a decreasing
requirement for aldosterone action in older children,
presumably due to increasing salt intake and a self-
selected high-salt diet after infancy. Adult carriers show
no abnormalities of serum and urinary electrolytes or
blood pressure, but consistently demonstrate markedly
elevated serum aldosterone levels, consistent with
homeostasis being achieved by compensating for the
reduced level of MR by increased aldosterone levels.119

A case of autosomal recessive PHA I due to muta-
tions in the mineralocorticoid receptor was recently
reported � a newborn with very severe PHA I who
was compound heterozygous for S166X and W806X
deletions.120 Within her family, carriers of the S166X
mutation had typical autosomal dominant PHA I,
while carriers of the W806X mutation were clinically
asymptomatic, but had elevated renin and aldosterone
levels.

A mouse model of PHA 1 shows increased renin
and aldosterone, but develops normally in the hetero-
zygous state. The homozygous knockout is lethal,121

but can be rescued by subcutaneous NaCl injection
before weaning.122

Mutations Affecting Renal Ion Channels,
Transporters and their Regulators

Thick Ascending Limb of Henle

BARTTER SYNDROME

Bartter syndrome is a rare autosomal recessive dis-
order.123 Patients may present at various ages with a
variety of signs and symptoms. Renal salt-wasting is
the key underlying primary problem, causing polyuria
and subsequent polydipsia. In severe cases, patients
present antenatally with polyhydramnios124 (due to
intrauterine polyuria), and affected subjects are often
born prematurely. Renal salt-wasting, typically severe,
leads to volume depletion, activation of the renin�
angiotensin�aldosterone system and subsequent hypo-
kalemic alkalosis; growth and mental development are
impaired in some patients.125 Hypercalciuria and
nephrocalcinosis126 are frequently found and can cause
end-stage renal disease; deafness has been observed in
a subset of patients.127

Early physiologic studies localized defective salt
reabsorption in patients with Bartter syndrome to the
loop of Henle128 (Figure 36.9), and the finding of ele-
vated levels of prostaglandins enabled treatment with
inhibitors of prostaglandin synthesis.129�131 The spec-
trum of clinical presentations and the underlying

ROMK
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Barttin

ClC-Kb

CaSR

Na+/K+-ATPase

K+

Na+
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3 Na+

2 K+ 
2 Cl–

Cl–
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FIGURE 36.9 Salt reabsorption in the thick ascending limb

of Henle’s loop. Salt reabsorption is driven by the activity of the
Na1/K1-ATPase on the basolateral suface. Na1, Cl2, and K1 enter
the cell on the apical surface via NKCC2 following the favorable
gradient established by the sodium pump. While K1 recirculates
through ROMK, Cl2 is reabsorbed on the basolateral surface via ClC-
Kb and its accessory subunit barttin. ROMK is inhibited by the
calcium-sensing receptor (CaSR).
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pathophysiology of this disorder was elucidated by the
identification of the underlying genetic defects.

MUTATIONS IN NKCC2 CAUSE BARTTER SYNDROME

TYPE I Recessive loss-of-function mutations in
NKCC2, the bumetanide-sensitive Na-K-2Cl co-
transporter (product of the SLC12A1 gene) were
identified among a subset of patients with Bartter
syndrome132 (now Bartter syndrome type I). Affected
index cases had all been born prematurely with poly-
hydramnios, and presented as neonates with hypokale-
mia and hyper-reninemic hyperaldosteronism; all had
hypercalciuria. These clinical findings were consistent
with the observation that pharmacologic inhibitors of
NKCC2 produce similar electrolyte abnormalities. Loss
of Na-Cl reabsorption in the TAL leads to massive salt-
wasting, with activation of the renin�angiotensin sys-
tem, and defense of intravascular volume by increased
ENaC activity, which causes increased K1 loss via
increased lumen-negative potential in the connecting
tubule and collecting duct. NCKK2 activity leads to
reabsorption of two Cl2 and one Na1 ions; the K1 that
enters across the apical membrane returns to the lumen
via the K1 channel ROMK. This results in a lumen-
positive potential, which provides the electrical driving
force for paracellluar calcium and magnesium
reabsorption in the TAL. It is thus not surprising that
loss of NKCC2 function results in hypercalciuria.
Surprisingly, however, Mg21 levels remain normal
with little renal Mg21 loss, suggesting compensation
in other nephron segments. A knockout mouse model
of NKCC2133 generally recapitulated the features of
Bartter syndrome (salt loss, dehydration, failure to
thrive, response to treatment with indomethacin, and
hypercalciuria).

MUTATIONS IN ROMK CAUSE BARTTER SYNDROME

TYPE II Following the discovery of mutations in
NKCC2, Simon et al. identified nine additional kin-
dreds with Bartter syndrome without mutations in
NKCC2, and excluded genetic linkage to this locus in
several, providing strong evidence of genetic heteroge-
neity and indicating that additional loci accounted for
many cases of Bartter syndrome.134

In the TAL, NKCC2 mediates apical sodium, potas-
sium, and chloride influx using the favorable sodium
gradient established by the basolateral Na1/K1-
ATPase. Because luminal K1 levels are low in the TAL
compared to Na1 and Cl2, a role for the apical “recy-
cling” of K1 was speculated to be important for normal
salt reabsorption in the TAL.135,136 This was proven to
be true by the finding of recessive loss-of-function
mutations in the renal outer medullary K1 channel
(ROMK, product of the KCNJ1 gene), the apical K1

channel of the TAL, in a subset of patients with Bartter

syndrome (now referred to as Bartter syndrome type
II).134 These findings not only identified ROMK as a
second disease locus in Bartter syndrome, but also
established a key role of this apical potassium channel
in renal salt reabsorption. Interestingly, ROMK is not
only expressed in the thick ascending limb, but also in
the cortical collecting duct, where it mediates apical
potassium secretion (see above) driven by the lumen-
negative potential established by reabsorption of Na1

via ENaC. As found by Simon et al.,134 and further
elaborated by Peters et al.137 and Finer et al.,138 due to
this defect in apical potassium secretion, serum potas-
sium levels in patients with mutations in ROMK are
significantly higher than in patients with NKCC2
mutations. Moreover, these patients typically present
with hyperkalemia at birth. The development of rela-
tively mild hypokalemia later in life indicates the pres-
ence of an alternative potassium-secreting channel
with delayed maturation, likely the BK potassium
channel.139,140 A mouse model of Bartter syndrome
with mutation in ROMK generally recapitulates the
human phenotype.141

These findings define ROMK as a very promising
target for the development of saluretic or antihyperten-
sive agents with an adverse effect profile preferable
over that of the common loop diuretics, limiting hypo-
kalemia; such agents are currently under development.

MUTATIONS IN CLCNKB CAUSE BARTTER

SYNDROME TYPE III Screening of 66 Bartter syndrome
kindreds found mutations in NKCC2 and ROMK in only
22 kindreds.142 This suggested the presence of at least
one additional disease gene, supported by exclusion of
linkage to either of the known genes by homozygosity
mapping in 10 of 11 consanguineous kindreds. In the
model of channels and transporters mediating salt reab-
sorption in the TAL outlined above, sodium enters via
NKCC2 and exits via the Na1/K1-ATPase, while K1

enters the cell via NKCC2 and returns to the lumen via
ROMK. However, for net NaCl reabsorption, a basolat-
eral exit pathway for chloride entering via NKCC2 is
required. This exit had been suggested to be mediated
by the chloride channels ClC-K1 and ClC-K2 in rat kid-
ney143,144 and their human homologs ClC-Ka (CLCNKA
gene) and ClC-Kb (CLCNKB gene).145 These two genes
are closely linked, with CLCNKA located at 50 of
CLCNKB. Genetic analysis revealed linkage to this
chromosome interval among Bartter syndrome families
without mutation in NKCC2 and ROMK. Further
analysis revealed deletions, missense, splice site, and
premature termination mutations in the CLCNKB gene
in affected members of 17 kindreds. Several of the dele-
tions arose via unequal crossing-over between CLCNKB
and CLCNKA. No point mutations were identified in
the CLCNKA gene.
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In contrast to the findings in patients with NKCC2
and ROMK mutations, hypercalciuria was variable,
and none of the kindreds initially reported demon-
strated nephrocalcinosis. Strikingly, there is a wide
range of presentations in these patients, from severe
volume depletion in the neonatal period to late-onset
presentation. Hypomagnesemia146 (see below) has
been described in a few of these kindreds, but not to
the extent generally seen in Gitelman syndrome. A pos-
sible explanation for this overlapping phenotype may
be found in the expression of ClC-Kb, which is not
restricted to the thick ascending limb of Henle, but
extends into the distal convoluted tubule; the milder
phenotype in some kindreds may be due to residual
function of the mutant channel or partially compensat-
ing activity of the ClC-Ka channel in the thick ascend-
ing limb.

MUTATIONS IN BSND OR COMBINED MUTATIONS

IN CLCNKA AND CLCNKB CAUSE BARTTER SYNDROME

WITH SENSORINEURAL DEAFNESS (TYPE IV) Patients
with Bartter syndrome type IV127 typically present
early with polyhydramnios and prematurity, as well as
polyuria and renal saltloss after birth. This subtype is
clinically distinguished from other forms of Bartter
syndrome by the presence of sensorineural deafness.
Genetic studies147,148 led to the identification of a novel
gene, named BSND (Bartter syndrome with sensori-
neural deafness), which had recessive loss-of-function
mutations in 11 kindreds with this phenotype.148 The
novel disease gene and its product, named barttin,
were found to be expressed in human and mouse kid-
ney, as well as stria vascularis of the cochlea and dark
cells of the vestibular organ. In stria vascularis, a set of
channels and transporters highly similar to that medi-
ating salt reabsorption in the thick ascending limb is
responsible for potassium secretion into the endo-
lymph and generation of the endocochlear potential,
effects that are essential for normal hearing. Barttin
was found to be an accessory subunit of ClC-Ka and
ClC-Kb chloride channels required for surface insertion
of the channel.149 Most BSND missense mutations
reduced current compared to WT when co-expressed
with the chloride channels. Barttin co-localized with
ClC-K channels on the basolateral surface of thin and
thick ascending limb of Henle and more distal seg-
ments, including intercalated cells of the cortical col-
lecting duct. The more severe renal phenotype of
patients with BSND mutations compared to patients
with CLCNKB mutation is likely caused by an addi-
tional effect on the ClC-Ka channel. In the inner ear,
ClC-Ka can compensate for loss of ClC-Kb function
in patients with CLCNKB mutations, while mutations
in BSND abrogate basolateral chloride conductance in
this epithelium, leading to sensorineural deafness.

Accordingly, combined CLCNKA and CLCNKB muta-
tions can cause Bartter syndrome and sensorineural
deafness150,151; a condition sometimes referred to as
Bartter syndrome type IVb. Isolated mutations in
CLCNKA have not been described so far; a knockout
ClC-K1 mouse model has diabetes insipidus,152 which
may clinically be less apparent than the salt loss
observed with CLCNKB mutations. A constitutional
BSND knockout mouse model manifests severe dehy-
dration and early postnatal lethality, while inner-ear-
specific disruption causes profound congenital hearing
loss and subtle vestibular symptoms.153

MUTATIONS IN THE CALCIUM-SENSING RECEPTOR

CAUSE BARTTER SYNDROME TYPE V The calcium-
sensing receptor (CaSR) is a G-protein-coupled recep-
tor, which, by sensing extracellular calcium, regulates
both PTH secretion from the parathyroid and renal cal-
cium reabsorption. Activating mutations in CaSR cause
the syndrome of autosomal dominant hypoparathy-
roidism,154 characterized by hypocalcemia, hypomag-
nesemia, and low serum PTH. A small number of these
patients demonstrate features of Bartter syndrome
(hyper-reninemic hyperaldosteronism and hypokale-
mia due to volume depletion),155,156 potentially due
to inhibition of apical ROMK channels157 and inhibi-
tion of paracellular Na1, Ca21, and Mg21 reabsorption
in the thick ascending limb. Although this disease
clearly differs from Bartter syndrome, and the pri-
mary manifestation is hypocalcemia rather than salt
loss, it is sometimes referred to as Bartter syndrome
type V.

In summary, the identification of the genes mutated
in subsets of Bartter syndrome has suggested a detailed
classification, including clinically relevant features
such as transient hyperkalemia in patients with Bartter
syndrome type II that had not been recognized previ-
ously. This classification is now preferred over the the
traditional distinction of “hyperprostaglandin E syn-
drome” in patients with early onset, severe salt loss,
and increased urinary prostaglandin production, and
“classic Bartter syndrome” with later onset and milder
phenotype.158

The clinical diagnosis of Bartter syndrome is based
on the presence of renal salt loss in infancy or child-
hood (high urinary chloride excretion in the absence of
diuretic treatment), hyperaldosteronism, and hypokale-
mic alkalosis in the absence of hypertension. Urinary
calcium is typically elevated, but can be normal in
some patients with Cl2 channel mutations. Serum
Mg21 may be normal or slightly low, but does not typi-
cally reach the extremely low values seen in Gitelman
syndrome (see below). Other causes of hypokalemia,
such as vomiting and treatment with diuretics, should
be excluded. Genetic testing is available.
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Genotype�phenotype correlations can suggest the
underlying mutant gene from the clinical presentation.
Patients with ROMK mutations are distinguished by
typically having hyperkalemia in the neonatal period,
and evolve to hypokalemia that is less severe than that
seen in other patients. Patients with CLCNKB muta-
tions are least likely to have hypercalciuria and
nephrocalcinosis, and account for most patients with
mild disease, as can be seen with a few particular
mutations.159 Patients with sensorineural deafness
have either BSND or combined CLCNKA/CLCNKB
mutations. Patients without these distinguishing fea-
tures are enriched for NKCC2 mutations.

Prostaglandin synthesis inhibitors (NSAIDs) are an
important part of the therapeutic regimen in Bartter
syndrome. While the exact mechanism of increased
prostaglandin synthesis in these patients remains
unclear, prostaglandin E2 can exacerbate renal salt-
wasting.160 Monitoring for nephrotoxicity and gastroin-
testinal side-effects is important. Severe volume
depletion requires intravenous fluids, and a life-long
high-salt diet is encouraged. Potassium supplementa-
tion is often needed, and magnesium supplementation
is occasionally also needed. Potassium-sparing diure-
tics to limit renal K1 loss can be used if necessary; how-
ever, these must be used with caution as they will
exacerbate renal salt loss in these patients. Therapy
with growth hormone can be considered in patients
with growth retardation. As expected for a genetic dis-
ease affecting the kidney, renal transplantation is cura-
tive. Transplantation is usually limited to patients who
proceed to end-stage renal failure, although pre-
emptive transplantation has been reported.161

Salt-Wasting Due to Mutations Affecting Salt
Reabsorption in the Distal Convoluted Tubule

GITELMAN SYNDROME

Gitelman syndrome is an autosomal recessive disor-
der. The clinical features typically include renal salt-
wasting, elevated levels of PRA and aldosterone,
hypokalemia, metabolic alkalosis, hypomagnesemia,
and hypocalciuria.162,163 The clinical distinction from
Bartter syndrome is usually obvious. While Bartter syn-
drome patients typically present in the first year of life
(mean age 0.8 years), often with severe volume deple-
tion, Gitelman patients typically present later (mean
age 10.5 years) with symptoms that are less obviously
due to volume depletion, but often related to hypokale-
mia and/or hypomagnesemia. The urinary calcium:
creatinine ratio in Bartter syndrome is typically
$ 0.4 mmol/mmol, hypocalciuria is characteristic of
Gitelman syndrome (ratio # 0.1 mmol/mmol). Mean
plasma magnesium is considerably lower in Gitelman
patients (mean 0.54 mmol/L versus 0.82 mmol/L in

Bartter syndrome), and seizures or tetanic episodes
have been described in several cases.163 While adult
patients with Bartter syndrome are very uncommon,
adult Gitelman syndrome patients are not rare, and
women with Gitelman syndrome successfully complete
pregnancy in many cases.

Clinical studies localized salt loss in Gitelman syn-
drome to the distal convoluted tubule (Figure 36.7),
and demonstrated a reduced response to intravenous
administration of a thiazide diuretic.164 The thiazide-
sensitive carrier, NCC, had been cloned from flounder
bladder and rat kidney,165,166 but not from human. To
study NCC as a disease gene in Gitelman syndrome,
Simon et al.167 cloned and characterized the human
gene; they isolated DNA from members of 12 kindreds
with Gitelman syndrome and genotyped markers
spanning the NCC locus, demonstrating linkage of
Gitelman syndrome and NCC. Affected kindred mem-
bers all had mutations in NCC, including splice site
mutations and premature termination codons. The
findings demonstrated that Gitelman syndrome is
caused by mutations in NCCT. Many additional
patients and mutations have been reported since; for
example Ji et al. found 91 different mutations in 246
alleles among 123 patients with Gitelman syndrome.168

In a single large kindred comprising more than 200
subjects segregating mutations in NCC, virtually com-
plete penetrance of hypokalemia, alkalosis, and hypo-
calciuria was seen among subjects with two mutant
NCC alleles, and these subjects had lower blood pres-
sure than others in the pedigree, despite consuming
significantly more salt.206 Heterozygotes were interme-
diate in salt consumption and blood pressure.

While Gitelman syndrome is a much milder disease
than Bartter syndrome, these patients are not asymp-
tomatic � common complaints include salt craving,
musculoskeletal symptoms such as cramps, muscular
weakness, and aches, as well as fatigue, generalized
weakness, polydipsia, and polyuria.169

The finding of mutations in NCC clearly explains
renal salt loss in patients with Gitelman syndrome �
apical NaCl entry in DCT is impaired, leading to
reduced salt reabsorption with concomitant water loss,
activation of the renin�angiotensin�aldosterone sys-
tem and upregulation of ENaC activity in the collecting
duct. This again accounts for hypokalemic alkalosis in
these patients. It is less clear, however, why these
patients develop hypomagnesemia and hypocalciuria,
similar to patients treated with thiazide diuretics.
Hypocalciuria has been attributed to increased proxi-
mal calcium reabsorption170; however, the exact physio-
logic mechanism of this effect is still a matter of debate.
Hypomagnesemia was linked to decreased expression
of the apical TRPM6 channel in DCT,171 which mediates
magnesium reabsorption and is mutated in another

1230 36. INHERITED DISORDERS OF RENAL SALT HOMEOSTASIS: INSIGHTS FROM MOLECULAR GENETICS STUDIES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



rare Mendelian syndrome, hypomagnesemia with sec-
ondary hypocalcemia. This may be due to the decreased
mass of the distal convoluted tubule observed with
NCC deficiency or thiazide treatment.172,173

The above results from human studies have been
confirmed in a knockout mouse model of NCCT172 fea-
turing hypomagnesemia and hypocalciuria. While
hypokalemia and hyperaldosteronism were absent on a
normal rodent diet, a marked reduction in plasma
potassium occured upon low-potassium diet, and
was accompanied by polyuria, polydipsia, and
hyperaldosteronism.174

Although genetic testing is available, the diagnosis
of Gitelman syndrome can be made reliably in typical
cases in adolescents and adults on the basis of elevated
PRA and aldosterone with hypokalemic alkalosis,
hypomagnesemia, hypocalciuria, and evidence of renal
salt loss in the absence of diuretic treatment or abuse.
Because this clinical picture is virtually identical to that
seen with use of thiazide diuretics, affected patients are
often suspected of surreptitiously taking these medica-
tions. Genetic studies can be helpful in this situation.

Therapeutic options include electrolyte supplements
(although magnesium supplementation can be particu-
larly challenging) and potassium-sparing diuretics,
although the latter can worsen volume depletion.
Treatment with NSAIDs is generally not recom-
mended, because these patients typically do not show
elevated prostaglandin production.

SeSAME/EAST SYNDROME

A novel autosomal-recessive genetic disorder featur-
ing renal salt loss was recently independently
described as SeSAME (seizures, sensorineural deafness,
ataxia, mental retardation, and electrolyte imbal-
ance)175 and EAST (epilepsy, ataxia, sensorineural
deafness, tubulopathy)176 syndrome. The renal features
of this disorder resemble Gitelman syndrome, with
persistent hypokalemic alkalosis due to activation of
the renin�angiotensin�aldosterone system and vari-
able hypomagnesemia, as well as hypocalciuria.
Patients typically present in infancy with recurrent sei-
zures; brain MRI is normal. More severe sensorineural
hearing loss may be apparent in neonatal screening,
while milder cases may go unnoticed until late child-
hood. Speech and motor delay are associated features,
and may in part be due to ataxia. Genome-wide link-
age analysis in three informative kindreds demon-
strated complete linkage of SeSAME to a single
segment on chromosome 1q23, and the Kir4.1 inward
rectifier potassium channel (encoded by the KCNJ10
gene) was identified as a candidate gene within the
interval. Kir4.1 is expressed in kidney, inner ear, and
brain; a knockout mouse model shows seizures, senso-
rineural deafness, and ataxia.177�179 Screening of five

affected subjects from four kindreds revealed homozy-
gous or compound heterozygous mutations that segre-
gated with the disease; this included a nonsense
mutation and five missense mutations at conserved
residues, which were inferred to be loss-of-function.175

Similar findings were reported by Böckenhauer et al.176

in two consanguineous families. In addition, they dem-
onstrated electrophysiologic loss of channel function in
mutant channels, and confirmed expression of Kir4.1
in the distal convoluted tubule, connecting tubule, and
early cortical collecting duct. Analysis of the previously
established knockout mouse model revealed polyuria,
elevated urinary sodium concentration, and low uri-
nary calcium concentration.

Seizures in patients with KCNJ10 mutations are
likely due to loss of the channel’s function in “spatial
buffering”,180,181 i.e., glial uptake of excess potassium
ions released during neuronal activity, followed by
release at domains with low extracellular potassium
concentration, a process that normally prevents neuro-
nal hyperexcitability. Likewise, deafness is accounted
for by expression of the channel in the stria vascularis,
where it is essential for the generation of the endo-
cochlear potential.182

The renal abnormalities in SeSAME/EAST syn-
drome are likely due to loss of basolateral potassium
recycling which is required for maximal activity of the
sodium pump (“pump leak coupling”183). Na1/K1-
ATPase activity, which drives NaCl reabsorption via
NCC, increases K1 entry, which is inferred to be miti-
gated by return across the basolateral membrane via
Kir4.1 activity. In the absence of this function, the accu-
mulation of potassium in the cell limits Na1/K1-
ATPase activity, and hence NaCl reabsorption in the
DCT, and is inferred to cause hypomagnesemia and
hypocalciuria due to impaired NCC function, analo-
gous to Gitelman syndrome (see above). Subsequent
studies have identified several additional families with
SeSAME/EAST syndrome.184�186 The diagnosis of this
syndrome is based on the unique clinical findings.
Genetic testing is available.

Treatment options include anticonvulsives and hear-
ing aids to prevent further language delay. Potassium
and, where required, magnesium supplementation and
potassium-sparing diuretics are used to treat the elec-
trolyte abnormalities in SESAME/EAST syndrome.

GENETIC STUDIES OF ESSENTIAL
HYPERTENSION IN THE GENERAL

POPULATION

The above considerations largely focus on rare
genetic diseases with extreme phenotypes. The identifi-
cation of the underlying defects had made an
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invaluable contribution to our current concept of renal
salt handling, and to the identification of novel physio-
logical pathways. The results of these studies unequiv-
ocally link increased renal salt reabsorption to
hypertension, and renal salt loss to sometimes life-
threatening hypotension.

While Mendelian diseases of blood pressure homeo-
stasis are extremely rare, hypertension affects more
than one billion people worldwide187 and contributes
to more than seven million deaths each year.188,189

However, despite the early recognition from twin and
family studies that blood pressure is influenced by
genetic mechanisms,190,191 with B60% heritability of
hypertension,192 the genes involved are still largely
unknown.

The genetic contribution to common diseases could,
in theory, be based on common genetic variants
(defined by an allelic frequency of more than 5%). Such
variants are identified in genome-wide association
studies (GWAS), where a large number of polymorphic
markers is genotyped in affected subjects and controls
to identify those associated with the disease. Many
large GWAS studies on hypertension have been
reported,193,194 with the most recent large meta-
analysis evaluating 2.5 million single nucleotide
polymorphisms (SNPs) in 69,395 individuals, with rep-
lication in up to 133,661 individuals, all of European
ancestry.15 The authors identified 29 independent
SNPs at 28 loci that were significantly associated with
systolic blood pressure (SBP), diastolic blood pressure
(DBP) or both. However, these variants are typically of
very small effect size, less than 1 mmHg on systolic
blood pressure, and the 29 SNPs reported collectively
account for only 0.9% of the phenotypic variance for
SBP and DBP. Even including an estimated another 116
variants with similar effect size that did not achieve
statistical significance, only B2.2% of the variance
could be explained.

These considerations suggest that only a small frac-
tion of heritability of blood pressure in the general
population is explained by common variants, and raise
the possibility that a greater fraction of heritability is
based on rare variants with larger effect size. Such
hypothetical variants are not amenable to analysis by
GWAS due to their small allelic frequency. However,
their proposed larger effect could well be due to altera-
tions in similar pathways as in Mendelian diseases of
blood pressure regulation, i.e., genes involved in renal
salt homeostasis. To test this hypothesis, Ji et al. rese-
quenced three target genes, encoding NCC, NKCC2,
and ROMK implicated in Bartter and Gitelman syn-
drome, respectively (see above) in 3125 members of
the Framingham Heart Study population (1985 unre-
lated subjects and 1140 kindred members), all with
careful and systematic blood pressure measurements

at regular intervals.168 From the frequency of the
homozygous recessive state for Gitelman and Bartter
syndrome, it was expected that heterozygous loss-of-
function mutations should be present in about 1�2% of
the population. Sequencing of these three genes in this
cohort identified 23 subjects with 10 mutations that
were previously known loss-of-function mutations or
null alleles. Another 19 variants in 25 subjects were
found at positions that are completely conserved from
flies and worms to humans, strongly suggesting that
these are functionally significant. Importantly, these
functional mutations are all rare in the population,
with allele frequencies less than 1 in 2000. Blood pres-
sure in carriers of mutations in any of the three genes
was significantly reduced at ages 40, 50, and 60 years
compared to either non-carrier members of the cohort
or non-carrier siblings, with a mean 9 mmHg reduction
in systolic blood pressure at age 60. Mutation carriers
were significantly protected from hypertension (59%
risk reduction compared to non-carriers at age 60).

The development of next generation sequencing
techniques and the dropping cost of this technology
now enables genome-wide and unbiased analysis of
rare variants by means of whole genome sequencing
or, for reasons of cost effectiveness, whole exome
sequencing, in large cohorts. It is expected that ongoing
studies will provide new insights into the contribution
of rare variants to blood pressure homeostasis,
although large sample sizes will be required.195

NEW INSIGHTS INTO BASIC
PHYSIOLOGY, PREVENTION, AND
THERAPEUTICS FROM GENETIC

STUDIES

The molecular genetic studies described above have
collectively made a number of tangible contributions to
our understanding of electrolyte homeostasis and
blood pressure regulation. One element in renal physi-
ology that was difficult to predict a priori was the phys-
iologic consequence of eliminating specific transport
pathways. For example, it was known that ENaC
mediates the reabsorption of only a few percent of the
filtered sodium load, and clinically used inhibitors of
this channel have modest effects on salt balance
and blood pressure. It consequently came as a surprise
that genetic deficiency of any of the ENaC sub-
units results in profound renal salt-wasting with severe
hyperkalemia and acidosis.111,112 Affected subjects
are extremely ill from birth onward, and typically
require massive salt supplementation as well as treat-
ment for hyperkalemia. These findings indicate that
ENaC is constitutively active in the absence of an acti-
vated renin�angiotensin system, and is required for
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maintenance of normal salt balance; its absence cannot
be reasonably compensated by increasing the activity
of other nephron segments. These findings also left no
doubt that ENaC activity is absolutely required for nor-
mal K1 and H1 ion secretion, since severe hyperkale-
mia and acidosis results in the absence of ENaC
activity. In contrast, loss of activity of the target for thi-
azide diuretics, NCC, has a far more subtle effect on
salt balance, despite the fact that NCC normally
accounts for reabsorption of a far greater fraction of the
filtered salt load.167 Similarly, the effects of loss of
ROMK on net salt and K1 balance were quite
unpredictable from physiologic studies alone.134

Would loss of ROMK produce hyperkalemia owing to
its normal role in K1 secretion in the distal nephron or
hypokalemia due to K1-wasting from the TAL? The
finding that loss of ROMK results in dramatic salt-
wasting but only mild hypokalemia, much less severe
than that seen with loss of NKCC2, suggests that inhi-
bitors of ROMK might be of particular clinical benefit
as antihypertensive diuretic agents.

Second, this work has firmly established the key role
of altered renal salt balance in the determination of
long-term blood pressure in humans. All mutations
that increase salt reabsorption raise blood pressure,
while those that reduce salt reabsorption lower blood
pressure. Despite diverse effects on K1, pH, Mg21, and
Ca21 handling, the vector for salt reabsorption dictates
the direction of blood pressure. This has implications
for control of blood pressure in the general population
(see below). These findings underscore the observation
that other known sufficient causes of hypertension also
modulate renal salt handling. Renovascular hyperten-
sion caused by stenosis of one or both renal arteries
decreases renal blood flow and thereby causes activa-
tion of the RAA system and increased renal salt reab-
sorption; renal blood flow is likewise reduced in aortic
coarctation and pheochromocytoma, again leading to
increased renal renin secretion. The same final com-
mon pathway is activated by primary aldosteronism
with increased aldosterone production from the adre-
nal gland and by licorice intoxication. Finally, in ESRD,
the kidney is unable to eliminate excess volume, lead-
ing to hypertension.

Third, this work has uncovered entirely new physi-
ology that was not previously anticipated. Specifically,
the role of the WNK kinases in the regulation of
the balance between salt reabsorption and K1 secre-
tion, revealed by genetic studies,74 has identified a new
layer of regulatory physiology in which these kinases
are orchestrating the activity of diverse flux pathways
to allow appropriate responses to diverse environmen-
tal perturbations. Moreover, the realization of the yin
and yang relationship between Na-Cl reabsorption and
K1 secretion produced by the WNK kinase pathway

provides an explanation for the long-recognized blood
pressure-lowering effect of increased dietary potas-
sium�increased K1 secretion must occur at the
expense of reduced Na-Cl reabsorption, accounting for
the observed reduction in blood pressure.196�199 The
recent identification of the CUL3-KLHL3 ubiquitin
ligase pathway95,96 will extend this developing para-
digm in the coming years.

Perhaps the most important implication of this work
is the recognition that modulation of salt balance can
modulate blood pressure across the entire spectrum
seen in the human population. For example, genetic
loss of ENaC function results in life-threatening hypo-
tension, while gain of ENaC function results in early
and often severe hypertension. The finding that modu-
lation of activity of single genes in this pathway can
dial blood pressure across the entire spectrum seen in
the human population reveals the power of this sys-
tem. These findings provide the basic science founda-
tion that suggests that reduction of dietary salt intake
might be beneficial in lowering blood pressure in the
general population. This idea has been supported by
recent studies showing that even a modest 25% reduc-
tion in dietary salt results in clinically significant blood
pressure reduction, and that larger reductions in salt
intake have proportionately larger effects.196,200

Goldman and colleagues201 have estimated that such a
25% reduction in dietary salt intake would be expected
to dramatically reduce the number of strokes, myocar-
dial infarctions, all cause deaths, and healthcare costs.
The Institute of Medicine has released a study suggest-
ing that such a 25% reduction in salt intake could be
approached by reducing salt in processed foods and
restaurant meals.202 Programs to reduce dietary salt
have been implemented in a number of countries
worldwide.

These insights also have implications for the control
of hypertension among patients with end-stage renal
disease (ESRD), who have a particularly high preva-
lence of hypertension. Interestingly, a retrospective
cross-sectional study in patients on hemodialysis sug-
gested that a traditional treatment protocol lowering
“dry weight” (weight at the end of dialysis) until opti-
mal blood pressure is achieved and limiting dietary
salt intake to 5�6 g per day may lead to similar control
of hypertension as treatment with antihypertensive
drugs, yet better outcome in terms of left ventricular
(LV) hypertrophy, LV function, and intradialytic hypo-
tension.203 Other studies demonstrated that longer,
slower dialysis to remove more salt and volume
enabled drastic reduction in the prevalence of
hypertension.204,205

Lastly, these findings provide insight into the poten-
tial for new antihypertensive diuretic agents and ratio-
nal combination therapy. It is striking that patients
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genetically deficient for the thiazide target (NCC) dra-
matically increase their dietary salt intake.206 This sug-
gests that activation of the renin�angiotensin system
secondary to salt-wasting contributes to the drive to
eat more salt as an adaptive response to volume deple-
tion. Thus, the effects of diuretics are inherently
blunted without blockade of compensatory activation
of the renin�angotensin system.

The effects of loss-of-function mutations in specific
genes provide an excellent proxy for both the magni-
tude of effect that could be achieved by pharmacologic
inhibition of a target, as well as insight into potential
mechanism-based adverse effects. It is interesting that
loss of the thiazide target, NCC, has a modest effect on
blood pressure compared to the effect of loss-of-
function mutation in many other genes in the salt reab-
sorption pathway. The largest loss-of-function effects
on blood pressure are seen with targets in the thick
ascending limb and collecting duct. Among these,
hyper- and hypokalemia are quite severe with most
targets, including hypokalemia with mutations in
NKCC2, CLCNKB, and BSND, and severe hyperkale-
mia with loss-of-function mutations in ENaC. These
findings might limit the ability to push inhibition at
these targets to high enough levels to achieve desired
blood pressure lowering. In contrast, ROMK, which
produces salt-wasting similar to that seen with muta-
tions in NKCC2, the target of furosemide, produces
much less hypokalemia, suggesting that one might
achieve very large reductions in salt balance with little
effect on K1. Moreover, heterozygotes for ROMK
mutations show significant reductions in blood pres-
sure,168 suggesting that graded effects can be achieved
with dose modification. These findings suggest that
ROMK inhibitors, plus inhibition of the renin�
angiotensin system, could provide greater blood pres-
sure lowering with fewer side-effects than current
treatment regimens, and that ROMK inhibitors may
also be of benefit in congestive heart failure. This spec-
ulation will require substantial empiric validation to
determine the potential value of such agents.
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INTRODUCTION

Cardiac, Renal, Intestinal, and Adrenal
Hormones which Enhance Sodium Excretion

Hormones which enhance sodium excretion, i.e.,
natriuretic peptide hormones, are very impor-
tant for the maintenance of extracellu/lar fluid volume
within a narrow range, despite wide variations in
dietary sodium intake. This regulation occurs
through a complex interplay of the antinatriuretic
renin�angiotensin�aldosterone system and the antina-
triuretic renal sympathetic system, which help to con-
serve sodium when sodium intake is low, and the
natriuretic hormones, which enhance sodium excretion
whenever sodium excess occurs. Several of the cardiac
natriuretic hormones (Figure 37.1) directly inhibit aldo-
sterone secretion14,46,124,195,214,354,375 and/or indirectly
inhibit aldosterone secretion by inhibiting renin release
from the kidney to help regulate extracellular fluid vol-
ume.39,104,149,197,214,404 This chapter will concentrate on
the natriuretic hormones (cardiac, intestinal, renal, and
adrenal) in normal renal physiology, their synthesis,
secretion, biologic effects, pathophysiological changes
with hypertension and renal diseases, and potential for
treating diseases such as acute renal failure.

HISTORY OF ATRIAL (CARDIAC )
NATRIURETIC PEPTIDE HORMONES

In 1628, Harvey147 first correctly described the heart
as a pump or a muscular organ that contracts in
rhythm, pushing blood first to the lungs for oxygen-
ation and then through the peripheral vascular system,
bringing oxygen and nutrients to every cell in the

body. It was another 350 years before the heart
was established as an endocrine gland with its main
physiologic targets being the kidney and vascula-
ture.366 The history of experimentation leading to
defining the cardiac natriuretic peptide hormonal sys-
tem (the first of the natriuretic hormonal systems)
has followed two pathways: anatomical and
physiological.

History of Cardiac Hormones: Anatomical
Studies

Atrial Granule Structure

Shortly before Henry and colleagues150 reported
their observation that balloon distention of atria caused
a diuresis, in 1955 Kisch,188 utilizing electron micros-
copy, described dense granules that were located in the
atria, but not in the ventricles of mammals. The pres-
ence of these dense granules in the cytoplasm of atrial
cardiac myocytes, but not in the ventricles of the heart,
was rapidly confirmed by others utilizing electron
microscopy.28,156,268 Jamieson and Palade164 demon-
strated that such granules are present in cardiocytes of
the atria of all mammals, including humans, and were
the first, in 1964, to suggest that these granules resem-
ble other granules that release polypeptide hor-
mones.164 These granules are usually adjacent to one
or occasionally both poles of the nucleus, and are
interspersed among the voluminous elements of
the Golgi complex and within close proximity to the
mitochondria,164 and are influenced by salt intake
reduction.218,269

Ultrastructural cytochemistry has shown that these
granules consist of proteins.151 They incorporate both
[3H]-leucine and [3H]-fructose in a pattern identical to
other endocrine-secreting cells, with protein synthesis
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occurring in the Golgi complex.155 The ultrastructural
features of the specific granules of different species
are similar, in that they display an amorphous core
and a limiting membrane, and generally measure
300�500 nm.68,70,164 The size and number of these gran-
ules vary among species, and generally are inversely
related to size. Thus, atrial myocytes from large ani-
mals such as cows contain fewer and smaller granules
than myocytes from small rodents such as rats.70 In the
rat there are up to 600 spherical, electron-opaque gran-
ules per cell.70,164

Atrial Extracts and Natriuresis

In 1922, Banting and Best20 utilized what is now con-
sidered a classic endocrinological technique in their
discovery of insulin. They pulverized pancreas with
buffer, filtered the crude tissue extract, and found that
it produced hypoglycemia in an experimental dog.20 In
1981, deBold and colleagues,69 utilizing a similar
approach, infused the supernatants of extracts of rat
cardiac atria and rat ventricles into other rats, and
found that the rat atria extracts, but not the extracts
from the rat ventricles, caused dramatic diuresis and
natriuresis, with urine flow increasing 10-fold, and
sodium and chloride excretion increasing 30-fold. This
simple but elegant experiment led to the discovery of
atrial peptides that have the most potent endogenous
natriuretic activity of any substance yet described.349

Atrial natriuretic peptide(s) isolated from these atrial
extracts has been found to be a two-fold stronger natri-
uretic producing agent than furosemide (Lasixs,
which is one of the most potent natriuretic producing
drugs utilized in clinical medicine today.)349 Other
investigators quickly confirmed this natriuretic
action,110 as well as the ability of atrial extracts to
cause vasodilation.63,419 It was rapidly demonstrated
that these effects were at least partially due to a pep-
tide(s).70,349 Further investigation revealed that the
atrial extracts have significantly more natriuresis and
diuresis than pure synthetic ANP, suggesting that
other peptide hormones with natriuretic properties
were in these atrial extracts.75,123,140

History of Cardiac Hormones: Physiological
Studies

Association of Heart and Renal Function

In 1847, Harthshorne suggested that the heart
possessed volume receptors capable of sensing the
“fullness of bloodstream” induced by whole-body
immersion, which he clearly recognized had a
diuretic effect.146 This observation received little
further notice until 1935, when John Peters of Yale
University made the same proposal that “the fullness
of the bloodstream may provoke the diuretic
response on the part of the kidney”.262 This concept
then received experimental verification when it was
shown that expansion of blood volume increases
urine flow.29,118,263,264,441 Peters also suggested that
the diuretic response was secondary to the ability
of the heart, or something very near the heart, to
“sense the fullness of the bloodstream”.262

Balloon Distention of Atria

Experimental evidence of an association between
cardiac atria and renal function was provided in
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FIGURE 37.1 Structure of the atrial natriuretic peptide prohor-

mone (proANP) gene. Four peptide hormones (e.g., atrial natriuretic
peptide (ANP), long-acting natriuretic peptide (LANP), vessel dilator,
and kaliuretic peptide) are synthesized by this gene. Each of these
peptide hormones have biological effects, such as natriuresis and
diuresis, mediated via the kidney24,72,73,124,126,201,329,350,376,437 (a.a.:
amino acids; LANH: long-acting natriuretic hormone (a different
nomenclature for LANP). (With permission, from ref. [366].)
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1956 by Henry et al.,150 who observed that balloon
distention of the left atrium in anesthetized dogs was
associated with an increase in urine flow. Because
the renal response to left atrial distention could not
be elicited after the cervical vagi had been cooled to
block nerve conduction, Henry and colleagues150,151

concluded that stretch receptors in the left atrium
must be present. This finding was later extended to
the right atrium.117 In their reports, Henry et al.150,151

noted the diuresis, but did not investigate whether it
was associated with increased salt excretion (natriure-
sis). It is well-established now, however, that balloon
distention of the cardiac atria causes natriuresis as
well as diuresis.121,123,213 Evidence that animals with
denervated hearts or denervated kidneys may also
respond to an atrial pressure increase to produce
diuresis209 suggests a hormonal pathway between the
heart and the kidney. At least part of this hormonal
pathway involves hormones made in the heart.

The “Third Factor”

With respect to a possible hormonal agent causing
natriuresis and diuresis, de Wardener and colleagues73

demonstrated in 1961 that saline infusion produced an
increase in urine flow and sodium excretion in anesthe-
tized dogs independent of changes in glomerular filtra-
tion rate (GFR), which was decreased, and even in the
presence of high circulating levels of aldosterone.
These experiments gave rise to the popular concept of
an unidentified “third factor,” a term coined by
Levinsky and Lalone.206 The other two factors were
aldosterone and GFR-affected sodium excretion. The
search for this third factor soon focused on a possible
hormonal mediator that came to be known as “natri-
uretic hormone.” Although this mediator (or media-
tors) from plasma or urine of volume-expanded
humans or animals that causes natriuresis when
injected into animals37 was never chemically identified,
the evidence points toward this third factor having a
peptide structure(s), because acid hydrolysis character-
istically inactivated this substance.149 The “third factor”
that was sought for decades now appears to be a fam-
ily of peptide hormones termed “atrial natriuretic pep-
tides” (ANPs), so named since they are found in their
highest concentrations in the atria of the heart, have
natriuretic properties, and are peptides. The third fac-
tor(s) also has the ability to inhibit Na1,K1-ATPase in
the kidney.149 Some of the natriuretic peptide hor-
mones synthesized in the heart fill all of the criteria of
being the “third factor(s).” Atrial natriuretic peptide
(ANP) does not inhibit Na1,K1-ATPase,51,139,270 so it
would not fulfill the criteria of being the “third factor.”
Three of the other peptide hormones synthesized

by the ANP prohormone gene (Figure 37.1), namely
long-acting natriuretic peptide, vessel dilator, and
kaliuretic peptide, however, do inhibit renal Na1,
K1-ATPase51,139 and fill all of the criteria of being the
“third factor(s)” that researchers have sought since the
1960s.

Family of Cardiac Natriuretic Peptide Hormones

At first it was thought that a single peptide was
found in atrial extracts, but further investigation
revealed a sophisticated endocrine system in the
atria (and other tissues including the kidney) in
which the atrial natriuretic peptide (ANP) prohormone
gene synthesized four peptide hormones23,368,369,370

(Figure 37.1), and two other genes were present, as
reviewed below. The three other peptide hormones syn-
thesized by the ANP prohormone gene � long-acting
natriuretic peptide, vessel dilator, and kaliuretic
peptide � were first demonstrated to have biologic
effects in 1987,389 and one of their mechanisms of action,
via intracellular messenger cyclic GMP, was also eluci-
dated in 1987.373 Fifth and sixth members of the natri-
uretic peptide family were identified in 1988, i.e., brain
natriuretic peptide (BNP) isolated from a porcine brain
cDNA library,332 and urodilatin, a peptide formed by
differential processing of ANP prohormone in the kid-
ney, which was first found in opossum urine.205,240,315 A
seventh member of this family was identified in 1990 in
brain tissue and termed C-type natriuretic peptide
(CNP).333 A possible eighth member, DNP, was first
described in 1992 from the venom of the green mamba
snake.316

FAMILY OF CARDIAC NATRIURETIC
HORMONES: SYNTHESIS OF

THREE PROHORMONES

This family of cardiac peptide hormones has been
designated atrial natriuretic peptides (ANPs), also
known as atrial natriuretic hormones (ANHs). These
peptide hormones are synthesized by three different
genes,94,116,205,216,240,290,426 and then stored as three dif-
ferent prohormones (126 amino acid (a.a.) ANP, 108 a.
a. BNP, and 103 a.a. CNP prohormones).205,366 In
healthy adults, the main site of ANP prohormone syn-
thesis is the atrial myocyte with its mRNA being
30�50-fold higher in the atria than that observed in the
ventricle,114 but it is also synthesized in a variety of
other tissues including the kidney.114,393 The different
organs that synthesize the ANPs in the approximate
order that they contribute to the synthesis of ANPs are
listed in Table 37.1.
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CARDIAC PEPTIDE HORMONES
ORIGINATING FROM ATRIAL

NATRIURETIC PEPTIDE PROHORMONE

Within the 126 a.a. ANP prohormone encoded by a
single gene are four peptide hormones (Figure 37.1) with
blood pressure lowering, natriuretic, diuretic, and/or
kaliuretic (i.e., potassium excreting) properties in both
animals24,77,78,140,141,220,389,405,433,434 and humans.379�382

These peptide hormones, numbered by their a.a.
sequences beginning at the N-terminal end of the ANP
prohormone, consist of the first 30 a.a. of the prohor-
mone (proANP 1�30, long-acting natriuretic peptide
[LANP]); a.a. 31�67 (proANP 31�67, vessel dilator); a.a.
79�98 (proANP 79�98, kaliuretic peptide); and a.a.
99�126 (ANP) (Figure 37.1). These peptide hormones
which were each discovered before BNP and CNP were
named for their most prominent biologic effects rather
than the tissue they were first found in, because these
peptides are synthesized in many tissues.114,369,393 Brain
natriuretic peptide, so named because it was first found
in porcine brain cDNA, for example, is actually present
in the heart in 10-fold higher concentrations than in the
brain.52,140,212,344 Each of the four peptide hormones
from the ANP prohormone circulate in healthy humans,
with LANP and vessel dilator concentrations in plasma
being 15�20-fold higher than ANP and 100-fold higher
than BNP.18,72,102,103,160,391,420,421

BNP and CNP Prohormones

The BNP and CNP genes, on the other hand,
appear to synthesize only one peptide hormone each
within their respective prohormones, that is, BNP and

CNP.22,93,116,199,200,428 The pro BNP gene and its regula-
tion are reviewed in the section on BNP prohormone
gene. The biologic effects of BNP and CNP are
reviewed in sections on BNP, “Biologic Effects” and
CNP, “Circulating Concentrations and Biologic
Effects.”

ORIGINATION OF PEPTIDE HORMONES
FROM PROHORMONES

More than one peptide hormone originating from the
same prohormone is common with respect to the synthe-
sis of hormones.366 Adrenocorticotropin (ACTH), for
example, is derived from a prohormone that contains
four known peptide hormones.366 α-MSH, which has
natriuretic properties,157,158 originates from this same
prohormone. ACTH, similar to vessel dilator, origi-
nates from the middle of its prohormone. The middle
of their respective prohormones is the most common
origin of hormones with calcitonin, glucagon, vasoac-
tive intestinal peptide, gastrin, cholecystokinin, and
substance P, as well as ACTH and vessel dilator.366

Several hormones, such as vasopressin (antidiuretic
hormone (ADH)), oxytocin, pancreatic polypeptide,
angiotensin, and gastrin-releasing peptide, originate
from the N-terminus of their respective prohor-
mones,366 as does long-acting natriuretic peptide
(proANF 1�30). The origin of hormones from the C-
terminus of their respective prohormones like ANP,
BNP, and CNP is less common, with somatostatin,
inhibin, and parathyroid hormone (PTH) being the
only known C-terminal prohormone-derived pep-
tides.366 In the case of PTH, 84 of the 90 a.a. in its

TABLE 37.1 Site of Synthesis, Molecular Weight, and Hemodynamic and Natriuretic Properties of Natriuretic Peptides

Molecular Weight (kDa) Site of Synthesis MAP Diuresis Natriuresis

LANP 3508 Atria, ventricle, GI, lung, kidney, brain, adrenal k m m

Vessel dilator 3878 Atria, ventricle, GI, lung, kidney, brain, adrenal k m m

Kaliuretic peptide 2184 Atria, ventricle, GI, lung, brain, adrenal k m �a

ANP 3078 Atria, ventricle, GI, lung, kidney, brain, adrenal k m m

Urodilatin 3503 Kidney k m m

BNP 3462 Atria, ventricle, brain, adrenal k m m

CNP 2198 Endothelium, CNS k m �
DNP 4191 Atria, ventricle k m m

Adrenomedullin 6029 Adrenal, kidney k m m

aNo significant effect.

Note: The sites of synthesis are listed in approximate order in which they contribute to synthesis.

ANP: atrial natriuretic peptide; BNP: brain natriuretic peptide; CNP: C-type natriuretic peptide; CNS: central nervous system; DNP: Dendroaspis natriuretic
peptide; GI:, gastrointestinal tract; ANP: long-acting natriuretic peptide; MAP: mean arterial pressure.

(With permission, from ref. [368].)

1244 37. NATRIURETIC HORMONES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



prohormone are considered to be the C-terminal
“active” hormone; thus, it is not a small C-terminal-
derived prohormone peptide, but rather nearly the
intact PTH prohormone that serves as the actual pep-
tide hormone.

MOLECULAR BIOLOGY OF
THE CARDIAC NATRIURETIC

HORMONAL SYSTEM

ProANP Gene

The gene encoding the synthesis of atrial natriuretic
peptide prohormone (proANP) consists of three exon
(coding) sequences separatedby two intron (inter-
vening) sequences which encode for a mature
mRNA transcript approximately 900 bases
long135,171,172,244,251,275,321,440 (Figure 37.1). Translation
of human ANP prohormone mRNA results in a 151 a.
a. preprohormone.135,244,251,321 Exon 1 encodes the
50-untranslated region, the hydrophobic signal peptide
(leader segment), and the first 16 a.a. of the ANP pro-
hormone (first 16 a.a. of long-acting natriuretic pep-
tide).133,135,244,251,321 The signal peptide, which is
important for the translocation of the precursor peptide
from the ribosome into the rough endoplasmic
reticulum,244,249 is cleaved from the preprohormone
(151 a.a.) in the endoplasmic reticulum (Figure 37.1).
The resulting 126 a.a. prohormone is the storage form
for the four atrial natriuretic peptide hormones in tis-
sues and the major constituent of the atrial gran-
ules.27,135,244,251 The first 16 a.a. of this prohormone
encoded by exon 1 are, after proteolytic processing
of the ANP prohormone, also the first 16 a.a. of long-
acting natriuretic peptide (LANP) (Figure 37.1). Exon 3
encodes for the terminal tyrosine (a.a. 126 of the ANP
prohormone) in humans, and terminal three a.a. (Try-
Arg-Arg) in rat, rabbit, cow, and mouse.133,135,244,251,321

Deletion of this terminal tyrosine residue encoded by
exon 3 does slightly affect the binding of ANP, but
does not appear to contribute to biologic activity, as
there is no apparent decrease in biologic activity when
this terminal tyrosine is not present.313 Exon 2 encodes
for the rest of the prohormone (a.a. 17�125 in
humans).135,244,251,321

There is considerable homology in the proANP
gene among species, particularly in the encoding
and 50 flanking sequences.93,251,406 The proANP gene
has many features common to all eukaryotic
genes,27,33,242,276,382 including a TATTA box
(T5thymine; A5adenine), intervening sequences
bounded by GT-AG splicing signals (G5guanine), and
a consensus sequence found in promoted regions. An
interesting feature of the human proANP gene is a

consensus sequence for a putative glucocorticoid hor-
mone regulatory element in the second intron.115,260,321

The amino acid sequence of the whole ANP
prohormone synthesized by the above gene is
strikingly homologous among many species with
differences clustered at the extreme carboxy terminal
end of the prohormone, i.e., where ANP is
formed.15,120,148,173,175,183,202,216,242,244,251,252,406,450 In each
species, the C-terminus is distinguished from the rest of
the prohormone by forming a 17 a.a. ring structure via
the joining by a disulfide bond between two cysteine
residues (105 and 121 of the prohormone), as schemati-
cally shown in Figure 37.2. The ring structure originally
was believed to be absolutely necessary for biologic
activity,64,152 but linear forms (same amino acids in lin-
ear form) without a ring structure have since been
shown also to have biologic activity.30 For full natri-
uretic and vasorelaxant activity, the Phe-Arg-Tyr (a.a.
124�126) at the COOH-terminus64 and a.a. 99�104 of
the NH2-terminus of ANP are necessary.34 In the dog, it
appears that deletion of a.a. 99�102 of prohormone
does not affect natriuresis, but deletion of a.a. 103 and
104 decreases natriuretic activity 10-fold.34 Twenty of 30
a.a. in long-acting natriuretic peptide (Figure 37.2) are
exactly the same in the five above species, and another
six of the remaining 10 amino acids are exactly the same
in four out of the five species.15,93,94,119,321 Only three a.a.
(33, 42, and 43 of the prohormone) are not the same in
vessel dilator (Figure 37.2) in the majority of the five
species.119,174,251,321,406 Kaliuretic peptide has a highly-
conserved sequence among the aforementioned five spe-
cies, with 16 of its 20 a.a. (Figure 37.2) being the same in
all five.15,93,94,119,174,321

BNP

This extraordinary conservation among species of
LANP, vessel dilator, and kaliuretic peptide is not
observed in the BNP prohormone, where there is a
marked difference in amino acid sequence homology
among species.93,113,199,290,332

Tissue-Specific Expression of ProANP Gene

In healthy adult animals and humans, the atrial
myocyte is the main site of the ANP prohormone syn-
thesis, but it is also synthesized in a variety of other tis-
sues.114,128,129,271,273 ProANP gene expression is 30�50
times higher in the atria of the heart than in extra-
atrial tissues.114 The expression of this gene has been
found in kidney, gastrointestinal tract (antrum of
stomach, small and large intestine), lung, aorta, cen-
tral nervous system, anterior pituitary, and hypothal-
amus.114,128,129,272,273 An example of where the
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proANP gene synthesized peptides localized in the
kidney is illustrated in Figure 37.3.

Mechanisms of Action of Gene Products
(i.e., Cardiac Hormones and Urodilatin) of
ProANP Gene

Part of the intracellular mechanism of action(s) of
the four peptide hormones encoded by the proANP
gene is that after they bind to their specific receptors
they enhance membrane-bound guanylyl cyclase to
cause an increase in the intracellular messenger cyclic
GMP50,409,429(Figure 37.4). Cyclic GMP then stimulates
a cyclic GMP-dependent, protein kinase that phosphor-
ylates protein(s) in the cell, producing physiologic
effects (Figure 37.4). Cyclic GMP mediates the vasodila-
tion of each of the cardiac hormones.250,373,419 The
receptors for ANP that mediate ANPs biologic effects
(e.g., ANP-A and -B receptors) are interesting, in that
they contain guanylyl cyclase and a protein kinase in
the receptors themselves82,194,369(Figure 37.5). The
NPR-A receptor has a 441 a.a. extracellular portion that
binds ANP which, in turn, activates the catalytic por-
tion of guanylyl cyclase in the cell (Figure 37.5). The
protein kinase in this receptor has an inhibitory

influence on guanylyl cyclase until this receptor is acti-
vated by ANP or BNP.82,369 There is a 21 a.a. portion of
this receptor which attaches this receptor to the mem-
brane (Figure 37.5). The natriuresis secondary to the
ANP is thought to also be mediated by cyclic GMP.34

Vessel dilator, LANP, and kaliuretic peptide’s mechan-
isms of action of producing a natriuresis is via enhanc-
ing the synthesis of prostaglandin E2, which in turn
inhibits Na1aK1-ATPase in the kidney,51,139 which
ANP does not do.45,51,270 Vessel dilator and kaliuretic
peptide’s homodynamic effects via vasodilation of
blood vessels are, however, mediated by cyclic GNP.

PROCESSING OF ATRIAL NATRIURETIC
PEPTIDE PROHORMONE IN KIDNEY

ANP prohormone processing is different in the
kidney compared to other tissues, resulting in an
additional four a.a. added to the N-terminus of ANP
(proANP 95�126, urodilatin (Figure 37.2)), a peptide
first identified in opossum urine.315 Thus, in the kid-
ney, the identical four a.a. from the C-terminus of
kaliuretic peptide are added to ANP to form the pep-
tide urodilatin (Figure 37.2). At first, urodilatin was
thought not to circulate,231,315 and that it was not a

FIGURE 37.2 Amino acid sequences of the natriuretic peptides. Each of the sequences are human sequences except for Dendroaspis natri-
uretic peptide (DNP), whose sequence is only known in the snake. The brackets illustrate the location of cysteine bridges that help to form a
ring structure in a number of these peptides (BNP: brain natriuretic peptide; CNP: C-type natriuretic peptide). (With permission, from ref. [370.])
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hormone. To be defined as a hormone, a given protein
has to be synthesized in a tissue or organ, circulate in
the bloodstream, and have biologic effects in another
tissue or organ.366 With a very sensitive radioimmuno-
assay, it appears that urodilatin does circulate, but in
such low concentrations (9�12 pg/ml) that it may not
be physiologically relevant.392 Since urodilatin consti-
tutes less than 1% of the circulating natriuretic hor-
mones, its physiologic importance as a circulating
hormone is very limited, with over 99% of the physio-
logic natriuretic effects being from the other natriuretic
hormones. Urodilatin, however, may have paracrine
functions, and may mediate the effects of one of the
other natriuretic hormones (ANP).392 Infusion of ANP
increases the circulating concentration of urodilatin,
suggesting that some ANP effects may be mediated by
urodilatin.392 Infusion of long-acting natriuretic pep-
tide, vessel dilator, and kaliuretic peptide, on the other
hand, do not affect the circulating concentration of uro-
dilatin in healthy humans.392

REGULATION OF ATRIAL NATRIURETIC
PEPTIDE PROHORMONE GENE

Enhancement of ProANP Gene Expression

Stretch

Mechanical stretch, or more specifically tension,
delivered across the atrial wall is a potent activator
of proANP gene expression and/or secretion.74,76,408

In animals, an increase of sodium intake results in

an increased release of the ANP prohormone
peptides.78,80,403

Thyroid Hormones

Thyroid hormones thyroxine (T4) and triiodothyro-
nine (T3) increase proANP gene expression.13,198 The
increase in proANP mRNA in hypothyroidism when
treated with thyroid hormone is paralleled by the
increase in circulating concentrations of the gene pro-
ducts of this synthesis � vessel dilator, LANP, and
ANP � in persons with hypothyroidism treated with
thyroid hormone.400

The changes in proANP mRNA in both hypothy-
roidism and hyperthyroidism parallel very closely the
circulating concentrations of vessel dilator, LANP, and
ANP in humans, which are decreased in hypothyroid-
ism and increased in hyperthyroidism.400,438,439 When
the hyperthyroid subjects were treated with the anti-
thyroid drug propylthiouracil (PTU) the circulating
concentrations of LANP, vessel dilator, and ANP
decreased 50% after one week of treatment, with a
simultaneous 50% decrease in serum triiodothyronine
(T3) levels.

400

Glucocorticoids

Dexamethasone, at a dose of 1 mg/day, increases
proANP mRNA levels in both atria and ventricles of
the rat approximately two-fold.115 There is negative
feedback between cortisol and the gene products of
proANP gene expression in that the cardiac hor-
mones vessel dilator, LANP, kaliuretic hormone, and
ANP decrease the circulating concentration of

FIGURE 37.3 Vessel dilator immu-
noperoxidase staining in the rat kidney
reveals strong staining of the sub-brush
border of proximal convoluted tubules
(arrowheads in a and b), including a
proximal tubule in (a) originating
directly from the top left portion of the
glomerulus. The interstitial artery
(c) had strong proANF (31�67) staining
of the elastica with moderate staining of
endothelial cells (arrow) and media (*).
The distal tubules and collecting ducts
(arrows in a and b) had weak staining
with no demonstrable staining in
some of the collecting ducts cells
(Magnification3 940). (With permission,
from ref. [281].)
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cortisol.398 This decrease in cortisol is due, at least in
part, to these cardiac hormones decreasing the circu-
lating concentration of the hypothalamic peptide
corticotrophin-releasing hormone (CRH), with a
resultant decrease in ACTH, which stimulates the
production of cortisol.398

Mineralocorticoids

Administration of mineralocorticoids to animals
causes transient fluid and sodium retention. Despite
continued administration of a mineralocorticoid, ani-
mals return to sodium balance within a few days, a
phenomenon termed “mineralocorticoid escape.” To
investigate the role of ANP in mineralocorticoid

escape, Ballerman et al.19 administered DOCA to rats
in sodium balance, and found plasma ANP levels and
atrial proANP mRNA content increased in rats retain-
ing sodium in response to DOCA. After “escape”
from the mineralocorticoid-induced sodium retention,
plasma ANP levels returned to baseline and relative
atrial proANP mRNA content remained moderately
elevated.19 This increase in proANP mRNA probably
resulted from the secondary cardiovascular effects of
the steroids (e.g., increased intravascular volume),
rather than from a direct effect of the mineralocorti-
coids on the ANP-secreting cell, as DOCA has no direct
effect on proANP mRNA in ANP-expressing neonatal
cardiocytes.113,115

Vasoconstrictive Peptides

Several vasoconstrictive peptides, including endothe-
lin, norepinephrine, and angiotensin II, stimulate
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FIGURE 37.4 Atrial natriuretic hormone (ANH) stimulates a

membrane-bound guanylate cyclase. Steroid hormones, on the other
hand, diffuse through the cell to enhance the activity of a cytosolic
guanylate cyclase. When either membrane-bound or soluble guany-
late cyclase is activated, the intracellular messenger, cyclic 3050-guano-
sine monophosphate (cyclic GMP) is generated from guanosine
triphosphate (GTP). Cyclic GMP then stimulates cyclic GMP-depen-
dent protein kinase, which, in turn, phosphorylates proteins within
the cell producing a biologic effect. Cyclic GMP is metabolized to an
inactive 50-GMP within the cell by cyclic GMP phosphodiesterase.
(With permission, from ref. [366].)
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FIGURE 37.5 Structure of atrial natriuretic peptide (ANP or
NPR)-A (active) receptor. The 441 amino acid (a.a.) extracellular por-
tion of the receptor binds ANP, which activates the catalytic prrtion
of guanylate cyclase within the cell. The protein kinase within this
receptor has an inhibitory influence on guanylate cyclase until the
receptor is activated by ANP. (With permission, from ref. [366].)
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proANP transcription and secretion.290,294,295 The car-
diac hormones, in turn, affect endothelin in a negative-
feedback manner.376

Calcium

Primary cultures of neonatal rat cardiocytes exposed
for 24 hours to 2 mM CaCl2 in the culture media
increase proANP messenger RNA three-fold, and
increase secretion of ANP prohormone into the media
three-fold.201 When these cardiocytes were treated with
the calcium channel-blocking agents diltiazem, nifedi-
pine or verapamil, both proANP synthesis and secre-
tion decreased to 25�40% of control values.201

TRANSGENIC KNOCKOUTAND/OR
MICE OVEREXPRESSING

ATRIAL NATRIURETIC PEPTIDE
PROHORMONE GENE

Transgenic mice with an 11 base-pair deletion in
exon 2 of the proANP gene (Figure 37.1) have
increased blood pressure in homologous (2/2) mice of
8�23 mmHg compared to wild-type (1/1) mice.168

Exon 2 of the proANP gene encodes for vessel dilator,
kaliuretic peptide, and ANP (Figure 37.2). Exon 2
homozygote mutants have no circulating ANP, and
they become hypertensive when fed a standard diet.168

Heterozygotes (1/2) with this base pair deletion in
exon 2 are salt-sensitive and become hypertensive (sys-
tolic blood pressure increases 27 mmHg) on a high-salt
(8%) diet.168 Mice that overexpress the proANP gene,
on the other hand, become hypotensive.331

HUMAN DISEASES WITH
UPREGULATION OF ATRIAL

NATRIURETIC PEPTIDE
PROHORMONE GENE

Cerebrovascular Disease (Stroke and
Hypertension)

A genetic linkage study followed 22,071 male physi-
cians, all of whom had no history of stroke, from 1982
to 1999.293 DNA extracted from peripheral white blood
cells of those individuals who had a subsequent stroke
revealed that, when compared to those without strokes,
these individuals had a molecular variant in exon 1 of
the proANP gene that was associated with a two-fold
(p, 0.01) increased risk of stroke.293 The individuals
who had cerebrovascular accident (stroke) had signifi-
cantly (p, 0.001) higher systolic and diastolic blood
pressures than the persons who did not have a
stroke.293 This molecular variant of the proANP gene

was found to be an independent risk factor (in addition
to hypertension) for a cerebrovascular accident. This
molecular variant was found to be responsible for a
valine-to-methionine transposition in long-acting natri-
uretic peptide (LANP), i.e., the only peptide hormone
synthesized by exon 1.366 (Exon 1 does not encode for
ANP.) In the 16 a.a. of LANP encoded by exon 1 there
is only one valine, which is at position 7 of LANP
(Figure 37.2).370 Residue #7 (amino acid #7 of the ANP
prohormone) is highly-conserved among different spe-
cies.15,93,94,119,321 In this human study there was no
defect in the structure or expression of the proBNP
gene.293 In humans, blood pressure and the cardiac
hormones correlate throughout the 24-hour period in a
circadian relationship.329,330 There is evidence to sug-
gest that long-acting natriuretic peptide reflects salt
sensitivity in hypertension-prone individuals, even
before they develop hypertension.228

LANP and Stroke

Long-acting natriuretic peptide (LANP) has potent
vasodilatory properties in both animals389

and humans.381,382 Antisera to LANP (to block the bio-
logic activity of this peptide hormone) results in a sig-
nificant increase in mean arterial pressure from
1126 12 mmHg to 1316 9 mmHg in normotensive ani-
mals, and exacerbates hypertension in spontaneously
hypertensive rats (SHR) from 1406 10 mmHg to
1596 9 mmHg.79 These antisera data indicate an
important physiological role for long-acting natri-
uretic peptide in the regulation of arterial pressure.79

In the brain of stroke-prone rats, the expression ANP
prohormone gene (which synthesizes LANP) is sig-
nificantly reduced.291 There were no mutations in the
BNP gene, and no differences in BNP gene expres-
sion between stroke-prone and stroke-resistant
animals.291,292

Further evidence of the importance of the peptide
hormones synthesized by the ANP prohormone gene
derives from studies in mice with the ANP prohor-
mone gene knocked-out: all develop salt-sensitive
hypertension within one week leading to stroke.168 The
BNP gene does not upregulate to prevent hypertension
and/or stroke when the proANP gene is knocked-
out.168 Downregulation of the proANP gene in the
brain in stroke-prone SHRs has further been found to
co-segregate with the occurrence of early strokes in
their F2 descendants.

291

Natriuretic Peptide Hormones and Hypertension

The original hypothesis for hypertension was
that there was a defect in the production of the
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blood pressure-lowering cardiac hormones.12,334

Experimental evidence revealed that, rather than being
decreased, these blood pressure lowering cardiac hor-
mones are elevated in the circulation in an apparent
attempt to overcome the elevated blood pres-
sure.12,227,334,371 ANP increases in essential hyperten-
sion12,334 and in persons with pheochromocytomas.371

The hypertension associated with pheochromocytomas
is characterized by increased circulating concentrations
of vessel dilator and long-acting natriuretic peptide
(LANP), as well as ANP.372 Each of these blood pres-
sure lowering hormones increase further with surgical
manipulation-induced increases in blood pressure, and
then these peptides return to normal after surgical
removal of the pheochromocytomas and lowering
of blood pressure.371,372 The hypertension of obesity
also is associated with increased circulating concen-
trations of ANP which decreases into the normal
range with weight reduction-induced decrease in
high blood pressure.227

In pregnancy, cardiac hormones increase in each tri-
mester with the plasma volume expansion which
accompanies a normal pregnancy.229 ANP, vessel dila-
tor, and LANP increase dramatically with the hyper-
tension of pre-eclampsia, compared to their circulating
concentrations in healthy pregnant women.230 If one
knocks-out the ANP prohormone gene that synthesizes
the four cardiac hormones (Figure 37.1), within one
week the animals develop salt-sensitive hyperten-
sion168 while, on the other hand, transgenic mice over-
expressing the ANP prohormone gene develop
hypotension.331 In addition to directly vasodilating vas-
culature, kaliuretic peptide and ANP inhibit the release
of the potent vasoconstrictive peptide endothelin
which is produced by the vascular endothelium.376

Congestive Heart Failure

In congestive heart failure (CHF), proANP gene
expression is upregulated.83,274,350 The increase in
proANP gene expression is, however, not in the atria
of the heart, but rather in the ventricle of the
heart.83,273,274,350 In persons with CHF, there is no
defect in the production of the peptides from the ANP
prohormone, but rather each are increased in
the bloodstream in an attempt by the heart to overcome
abnormal sodium and water retention by releasing
more of these peptides that cause sodium and water
excretion.379,380,420 Vessel dilator and LANP increase in
direct proportion to the severity of CHF, as classified
by the New York Heart Association (NYHA).420 The
ANP-clearance receptor pathway is not linked to the
avid sodium retention and/or to the renal ANP resis-
tance observed in CHF.32

Cirrhosis with Ascites

Another salt- and water-retaining state, cirrhosis
with ascites, is characterized by increased circulating
concentration of the cardiac hormones, and with a 4.1-
fold ventricular (but not atrial) increased steady-state
proANP messenger RNA.273 Although the liver
expresses proANP messenger RNA, there is no upre-
gulation of proANP gene expression in the liver when
ascites develops.272 Rather, the upregulation of this
gene is only in the ventricle of the heart.272

LOCALIZATION OF ATRIAL
NATRIURETIC PEPTIDE PROHORMONE

GENE ON CHROMOSOMES

The proANP gene is located on the distal short arm
of chromosome 1 in band 1P36 in humans and on chro-
mosome 4 in mice.366

BRAIN NATRIURETIC PEPTIDE
PROHORMONE GENE

The BNP gene is comprised of three exons separated
by two introns, similar to the proANP gene in
Figure 37.1.113,345 Regulation of the BNP gene is con-
trolled at the transcriptional level by several cis-acting
regulatory elements in the proximal promoter, and the
transcription factors that associate with them.26,44,138,345

The cardiac specific transcription factor GATA 4 plays
a major role directing basal activity of the BNP gene
promoter.44,138 GATA 4 is a nuclear mediator of
mechanical stretch-activated BNP gene,266 and might
function as a central integrator of regulatory activity
controlled by other transcription factors, such as GATA
6,44 the neuron restricted silencer element-binding fac-
tor,249 and YY1 the embryonic development protein.26

Several of these factors interact synergistically with
GATA 4, in both a physical and a functional sense, to
stimulate BNP gene transcription.44,249 Both the
proANP and proBNP genes are activated in cardiac
hypertrophy.113,138 The GATA 4 transcription factor
activates the proANP gene, as well as the proBNP
gene.113,138,266

In healthy animals, cardiac BNP mRNA is mainly of
atrial origin, that is, 10�50-fold more abundant than in
ventricles.52,140,212,344 In early left ventricular (LV) dys-
function, BNP mRNA markedly increases in the left
atrium, but remains below or just barely at the level of
detection in the ventricles.212 The majority of investiga-
tions have found no increase in BNP mRNA in the ven-
tricles in congestive heart failure,140,212 which is exactly
the opposite of ANP prohormone gene expression
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which increases in the ventricle but not in the atria in
sodium and water-retaining states.83,274,350 Likewise,
with streptotocin-induced diabetes BNP mRNA dou-
bles in atria, without any change in ventricular myocar-
dium BNP mRNA.52 BNP gene knockout mice do not
develop hypertension or hypertrophy343 as ANP pro-
hormone knockout mice do.168 BNP knockout mice
exhibit cardiac fibrosis as the only known effect of the
BNP gene being knocked-out.343 These knockout stud-
ies suggest that regulation of blood pressure is contrib-
uted to by the cardiac hormones synthesized by the
proANP gene, but not by BNP.

SECRETION OF CARDIAC
NATRIURETIC PEPTIDES

The main physiological stimulus to secretion of
these peptide hormones to control blood volume
appears to be an increase in pressure in the
atria.74,76,264,294,295,408 An increase of 4 to 6 mmHg in
the atria releases the four cardiac hormones from the
ANP prohormone.76 These peptide hormones, in turn,
decrease the volume returning to the heart secondary
to their causing a diuresis and natriuresis.76,220,405

Rapid heart rates at 125 beats/min and higher release
the cardiac hormones into the circulation.247 Both atrial
and ventricular arrhythmias with heart rates of 125
beats/min and higher release these peptide hormones
and increase the circulating concentrations of these car-
diac hormones in humans.246 Hypoxia and a variety of
humoral factors (endothelin, glucocorticoids, acetylcho-
line, adrenergic agonists) have been suggested as con-
tributing to release, but the majority of these humoral
factors’ effects are to increase the ANP prohor-
mone gene synthesis, as outlined previously, rather
than release per se.294,295 With respect to hyperosmol-
arity, the threshold for ANP release is as low as
10 mOsmol/kg H2O and this is regulated by a cross-
talk between sarcolemmal L-type Ca2 channel and the
sarcoplasmic Ca2 release.167 ANP, vessel dilator,
LANP, and kaliuretic peptide have a feedback mecha-
nism whereby they inhibit their own and each other’s
release.381 CNP also inhibits ANP release.203

BIOLOGIC EFFECTS OF THE CARDIAC
NATRIURETIC HORMONES AND THEIR

MECHANISMS OF ACTION

ANP

Vasodilation

The original report by deBold et al.69 where crude
atrial extracts cause diuresis and natriuresis also

indicated that these extracts could decrease mean arte-
rial pressure. Crude atrial extracts were then shown to
possess vasorelaxant activity in isolated aortic seg-
ments.5,63,111 When synthetic ANP became available, it
was demonstrated that the pure form of ANP could
also cause vasodilation in vitro.112,191,312,374,419 Both
crude5 and synthetic107 ANP decrease total peripheral
resistance. Large central arteries (aorta and renal) relax,
whereas more distal (ear and basilar) arteries are
refractory to nanomalor concentrations of ANP.283,366

Pulmonary, femoral, and iliac arteries are intermediate
in their response to ANP.366 One exception to small
arteries not responding well upon the addition of ANP
is the carotid arteries, which respond well.283 In gen-
eral, veins do not appear to vasodilate with the addi-
tion of ANP as well as arteries do, but ANP has been
shown to relax peripheral veins in addition to aortic
rings.312

ANP produces a dose-dependent reduction in sys-
temic blood pressure in humans.413 The immediate
blood pressure lowering of 5.5 mmHg in 2 minutes
with 100 μg ANP intravenously has been associated
with a sensation of facial flushing in four of six human
subjects, suggesting acute vasodilation of skin.366 ANP
elicits greater blood pressure-lowering properties in
spontaneously hypertensive rats than in normotensive
rats.366 A greater response in hypertensive versus nor-
motensive subjects is also true for most, if not all, anti-
hypertensive agents.

MECHANISM OF ANP-INDUCED VASODILATION

The vasodilation observed with ANP is endothe-
lium-independent.317,373,419 It is mediated by cyclic
GMP, which is increased after enhancement of mem-
brane-bound guanylyl cyclase by ANP.250,373,419 Cyclic
GMP itself has been demonstrated to cause vasodila-
tion.282,317,419 The vasorelaxation with ANP appears to
be independent of calcium373,419 and cyclic AMP, with
no change in cyclic AMP occurring during the same
period of time that cyclic GMP increases.373,419 With
respect to calcium, ANP can increase cyclic GMP and
cause vasodilation with no calcium in the incubation
media,250,373,409,419 but possible shifts of calcium
already in the vasculature are still being debated. The
ANP-induced relaxation of contracted vasculature is
not blocked by adrenergic antagonists,111 cholinergic
antagonists111 or indomethacin,111 the latter suggesting
that this vasodilation is not mediated by prostaglandins.

Natriuresis

ANP-induced natriuresis8,105,259,327 appears to have
a dependence on renal vasodilation, since ligation of
the renal artery eliminates ANP-induced natriuresis.328
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ANP has been shown to directly increase renal blood
flow in dogs.39 Redistribution of renal blood flow to
the proximal144 and distal181 tubules has been reported
as contributing to the natriuretic effects. The proximal
tubule contains guanylyl cyclase, and cyclic GMP pro-
duced by this enzyme increases amiloride-sensitive
22Na uptake in the phosphorylated brush border mem-
branes of the proximal tubule, suggesting that the ANP
intracellular mediator, cyclic GMP, directly stimulates
the Na�H antiporter in the proximal tubule.134

ANP and Site of Action in Kidney

The renal actions of ANP are complex.
Hemodynamic effects of pharmacologic doses of exog-
enous ANP constrict efferent and dilate afferent arter-
ioles219; the resultant increase in glomerular capillary
hydrostatic pressure could increase the glomerular fil-
tration rate (GFR).56,105 Physiologic doses of ANP, how-
ever, do not increase GFR.105,259,327 The circulating
physiological concentration of ANP is below the con-
centration of ANP that has been found necessary to
increase GFR.259,327 Early micropuncture and micro-
catheterization studies suggested a late distal nephron
site of action, but functional studies of ANP in the
inner medullary collecting duct (IMCD) indicate that it
is a major target site of ANP action in the tubule.433,435

Binding studies indicated specific binding sites for
ANP on IMCD cells.366 ANP increases cGMP accumu-
lation in isolated cells from this segment in a concen-
tration-dependent manner.433 ANP also inhibits
oxygen consumption in IMCD cells, indicative of inhi-
bition of sodium transport.435 This inhibition occurs
through a cGMP-mediated effect on an amiloride-
sensitive sodium channel.433,435

A proximal tubular site of action has been suggested
from studies showing that ANP inhibits angiotensin
II-stimulated proximal sodium reabsorption at very
low concentrations (as low as 10212 mol/L).109,145 In
the cortical collecting ducts, ANP inhibits tubular
water transport by antagonizing the action of vasopres-
sin.81 ANP has been localized by immunoperoxidase
and immunofluorescence methods to the sub-brush
border of the pars convuluta and pars recta proximal
tubule, as well as the distal tubule.281,297 These studies
indicate that ANP may have widespread actions on
tubular function.

ANP Inhibits the Renin�Aldosterone System

Atrial natriuretic peptide has been found to be a
potent in vivo and in vitro inhibitor of aldosterone
secretion via a direct effect on aldosterone secretion
from the zona glomerular cells of adrenal
cortex,14,46,124,195,214,354,375 and indirectly through

inhibition of renin release from the juxtaglomerular
cells of the kidney.39,104,149,197,214,404 The mechanism of
the inhibition of renin release by ANP appears to
involve cyclic GMP, as this inhibition is duplicated by
permeable analogs of cyclic GMP.149,197

Cardiac Peptide Hormones: LANP, Vessel
Dilator, and Kaliuretic Peptide

Vasodilation

LANP, vessel dilator, and kaliuretic peptide
cause vasodilation of vasculature that is endothelium-
independent,373 and similar to ANP endothelium-
independent vasodilation of vasculature.317,374,419 The
amount of vasodilation in vitro with these cardiac pep-
tide hormones is similar to that observed with addi-
tion of ANP.373 When infused over 2 hours at the
same 100 ng/kg of body weight/per minute concen-
tration, vessel dilator and ANP were found to
decrease blood pressure from an average of 145 to
124 mmHg (p,0.05), and from 143 to 123 mmHg
(p ,0.05), respectively.220 Long-acting natriuretic
peptide lowered blood pressure from a mean of 138
to 122 mmHg (p ,0.05), whereas kaliuretic peptide
decreased blood pressure from a mean of 155 to
138 mmHg (p ,0.05).220 Blood pressure did not
change in the control animals throughout the 120-min-
ute pre-experimental period or during the 120-minute
experimental period.220 Similar to ANP, the mecha-
nism of vasodilating vasculature for these hormones
is mediated by cyclic GMP.373 The enhancement of
guanylyl cyclase by the cardiac hormones is calcium-
independent in vasculature.373

Cardiac Hormones: LANP, Vessel Dilator,
and Kaliuretic Peptide

Natriuresis Mechanism of Action

Comparison of the relative natriuretic and diuretic
potencies of the same dose in 100 ng/kg of body
weight per minute of vessel dilator, revealed that
LANP and ANP have significant natriuretic properties
in healthy humans, but kaliuretic peptide enhancement
of the urinary sodium excretion rate was not signifi-
cant.382 The natriuretic properties of vessel dilator are
especially impressive in light of the fact that ANP
has been found to be a more potent natriuretic and
diuretic agent than furosemide,349 and that vessel dila-
tor has equally potent natriuretic effects376,380,382 and
circulates normally at a 17-fold higher concen-
tration than ANP and 100-fold higher than
BNP.72,102,103,113,126,145,160,390,391,420 This 17-fold higher
circulating concentration is found both during unsti-
mulated conditions and with release secondary to
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physiological stimuli, such as head-out water immer-
sion where the atria are stretched releasing these pep-
tides.390,391 Vessel dilator’s biologic effects also last
significantly longer than ANP (greater than 6 hours
versus 30 minutes).376,380,382 Vessel dilator and ANP,
with nearly equal abilities to enhance sodium excre-
tion, are markedly different, however, with respect to
potassium excretion.382 Vessel dilator is the only one of
the four cardiac peptide hormones from the ANP pro-
hormone that does not significantly enhance potassium
excretion.220,382 This potassium-sparing effect of vessel
dilator makes it distinctly different from ANP, LANP,
and kaliuretic peptide. Kaliuretic peptide does not sig-
nificantly enhance the fractional excretion of sodium
(FENa), but it is the only natriuretic peptide that signifi-
cantly enhances the fractional excretion of potassium
(FEk) in healthy humans. (Fractional excretion of
sodium or potassium is the percentage of glomerular-
filtered sodium or potassium that is excreted into the
urine.382)

The natriuretic effects of long-acting natriuretic pep-
tide, kaliuretic peptide, and vessel dilator have differ-
ent mechanism(s) of action from ANP, in that they
inhibit renal Na1,K1-ATPase secondary to their ability
to enhance the synthesis of prostaglandin E2,

51,139

which ANP does not do.51,139,270 ANP, BNP, and CNP
effects in the kidney are thought to be mediated by
cyclic GMP.34,140,294,368

Cardiac Hormones: Localization within the Kidney

Immunohistochemical studies have localized vessel
dilator (Figure 37.3) and long-acting natriuretic peptide
as well as ANP to the sub-brush border of the pars
convuluta and pars recta of the proximal tubules of
animal281 and human297 kidneys. Immunofluorescent
studies reveal that each of these peptides has a strong
inclination for the perinuclear region in both the proxi-
mal and distal tubules.281,297

LANP, Vessel Dilator, and Kaliuretic Peptide:
Renin�Aldosterone System

Kaliuretic hormone and long-acting natriuretic pep-
tide (LANP) are potent inhibitors of the circulating
concentrations of aldosterone in healthy humans.375

Kaliuretic peptide and LANP effects on decreasing
plasma aldosterone levels last for at least 3 hours after
their infusions have stopped, while ANP no longer has
any effect on plasma aldosterone concentrations within
30 minutes of infusion cessation.375 Vessel dilator does
not appear to have direct effects on aldosterone synthe-
sis, but is a potent inhibitor (66%) of plasma renin
activity.404 Thus, the four cardiac hormones from the
ANP prohormone gene act as endogenous antagonists

of the vasoconstrictor and salt-and-water-retaining sys-
tems (e.g., the renin�angiotensin�aldosterone system,
vasopressin,81 and endothelin351,376) in the body’s
defense against blood pressure elevation and plasma
volume expansion via direct vasodilator, diuretic, and
natriuretic properties. These four cardiac hormones’
multiple biologic effects are illustrated in Figure 37.6. It
is important to note in this illustration with respect to
the kidney, that these peptide hormones also increase
protein excretion (albumin, B2 microglobulin)226,394,395

and phosphate reabsorption,144 as well as cause a natri-
uresis and diuresis.

CRF, ADH

ADHADHADH

Volume Stretch

LANH, vessel dilator,
kaliuretic hormone and ANH

ACTH, Prolactin

126 a.a prohormone
LANH
(1–30)

Vessel dilator
(31–67)

Kaliuretic hormone
(79–98)

ANH
(99–126)

Vasodilation

cGMP
Endothelin
Blood pressure

Enterochromaffin cells

Pro ANPs’ RNA
Fasting

Small intestine

Contraction
cGMP
Ca2� dependent
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Cortisol

UNa�

RBF
GRF (Pharmacological only)
Urine flow
Guanylate cyclase activity
Prostagandin E

2
 synthesis
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2
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FIGURE 37.6 Long-acting natriuretic hormone (LANH or

LANP), vessel dilator, kaliuretic hormone, and atrial natriuretic

hormone (ANH or ANP) are released with increased volume, which
causes stretching of the atrium of the heart. The biological effects of
these peptide hormones include vasodilation mediated via enhancing
guanylate cyclase activity with a resultant increase in the intracellular
messenger cyclic GMP and inhibiting the vasoconstrictive peptide
endothelin. ANPs cause a natriuresis mediated (except for ANH)
by their enhancing the synthesis of prostaglandin E2, which,
in turn, inhibits renal Na1,K1-ATPase. These peptide hormones
also reduce circulating cortisol, aldosterone, and/or plasma renin
activity. ANPs decrease corticotrophin-releasing factor (CRF)
and antiduretic hormone (ADH) from the hypothalamus as well
as decrease the circulating concentration of adenocorticotropin
(ACTH) and prolactin from the anterior pituitary. They
increase protein excretion by the kidney.394,395 (With permission,
from ref. [369].)
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Kidney Hormone: Urodilatin

Vasodilation

Urodilatin has vasodilatory effects similar to those of
ANP.309,315 This would be expected, since the ANP pro-
hormone post-translational processing in the kidney
results in an additional four a.a. from kaliuretic peptide
being added to the N-terminus of ANP (proANP
95�126, urodilatin)205,240,315 (Figure 37.2). The rest of
the amino acids in urodilatin are identical, and in the
same sequence as those in ANP (Figure 37.2).
Urodilatin and ANP have identical ring structures
formed with cysteine-to-cysteine bonding (Figure 37.2).
The four a.a. added to form urodilatin are the same
four a.a. present in the C-terminus of kaliuretic peptide
in other tissues, but in the kidney the ANP prohormone
is cleaved between a.a. 94 and 95 rather than between
a.a. 98 and 99 to form urodilatin.315 Urodilatin is not
formed in the heart or in other tissues except the kid-
ney.205 Urodilatin at first was thought not to be a hor-
mone, in that it was thought that it did not circulate,315

but sensitive assays revealed that it circulates at very
low concentrations (9�12 pg/ml).392 Infusion of ANP
increases the circulating concentration of urodilatin,
suggesting that some ANP effects may be mediated by
urodilatin.392 Infusion of long-acting natriuretic pep-
tide, vessel dilator, and kaliuretic peptide, on the other
hand, do not affect the circulating concentration of uro-
dilatin in healthy humans.392

Urodilatin: Natriuresis

Urodilatin has natriuretic and diuretic effects similar
to ANP,309 and since it has an identical amino acid
sequence and ring structure as ANP one would expect
it to bind to the same receptors and have similar bio-
logic effects as ANP. It does bind to the same receptor
and has similar biologic effects as ANP.

Localization of Urodilatin in Kidney

Immunohistochemical studies have localized urodi-
latin to the distal tubule with no evidence of urodilatin
in the proximal tubule.281 ANP messenger-RNA stud-
ies have confirmed that the ANP prohormone is syn-
thesized in the kidney.137 The amount of the ANP
prohormone present in the kidney, however, is only
1/190th of that produced in the atria of the heart.274

These studies taken together suggest that since urodi-
latin is found mainly in the distal nephron,137,281,288

and since it is part of the ANP prohormone,278,315,369

synthesis of the ANP prohormone may take place in
the distal nephron.137,281,288 The ANP prohormone
gene is present and can be expressed in the kid-
ney.137,274 This gene is upregulated within the kidney
in early renal failure in diabetic animals,324 and in
the remnant kidney of rats with 5/6 reduced renal

mass.347 Within the kidney, in addition to urodilatin,
the ANP prohormone gene synthesizes LANP, vessel
dilator, and a shortened form of kaliuretic peptide,
but not ANP per se.130,369

Urodilatin and Renin�Aldosterone System

Urodilatin does not affect renin or aldosterone
concentrations.88

BNP and CNP

BNP: Biologic Effects

Brain natriuretic peptide (BNP) is a 32 a.a. peptide
in humans (45 a.a. in rat) with similar diuretic and
natriuretic effects and a short half-life as ANP332

(Figure 37.2). BNP half-life is 100-fold shorter than the
half-lives of vessel dilator and LANP.4,199,332,333,366 BNP
has remarkable sequence homology to ANP with only
four a.a. being different in the 17 a.a. ring structure
formed by a disulfide bond common to both pep-
tides199,200,290,294,332 (Figure 37.2). Although BNP was
named332 for where it was first isolated (porcine brain),
the main source of its synthesis and secretion is the
heart (10-fold greater than brain)65,140,199,205,294,344

(Table 37.1). As with ANP, the highest levels of BNP
are found in the atria of the heart.140,344 BNP levels in
the atria, however, are less than 1% of ANP levels.344

The immunoreactive level of BNP in the ventricles is
only 1% of BNP concentration in the atria; in brief, 99%
of BNP is found in the atria.344 BNP, however, has
been termed a “ventricular” peptide, based on ventric-
ular BNP mRNA levels being similar to those in the
atria with ventricles being much larger than the
atria,240 but as above, 99% of BNP is in the atria rather
than the ventricles.344

The 108 a.a. BNP prohormone is processed in the
heart to yield a biologic functioning BNP consisting of
a.a. 77�108 of the BNP prohormone (in humans) and a
biologically inactive N-terminus of the BNP prohor-
mone (a.a. 1�76 of prohormone), both of which circu-
late.199 BNP circulating concentration is less than 20%
of ANP.140 The sequence homology of BNP differs
appreciably across species (both in size and a.a.
sequence).93,199,240,344 The major circulating form varies
substantially among species, being 26, 45, and 32 a.a. in
pig, rat, and human, respectively.113,199 The marked
sequence variability of BNP explains in part variations
in its biologic activity in different species. The peptide
hormones from the ANP prohormone, on the other
hand, have remarkable homology across different spe-
cies.15,93,94,116,120,321 Mice overexpressing the BNP gene,
where the circulating concentration of BNP is 10- to
100-fold higher than in healthy mice, have less glomer-
ular hypertrophy and mesangial expansion with
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intraglomerular cells than healthy mice 16 weeks after
both received renal ablation.179 This mouse model of
subtotal renal ablation, however, also has significantly
increased ANP concentrations,254,303,378 which may also
have contributed to the effects attributed to BNP in the
BNP-gene overexpressing mice.179

CNP: Circulating Concentrations and Biologic
Effects

C-type natriuretic peptide (CNP) is a 22 a.a. peptide
with remarkable similarity to ANP and BNP in its
amino acid sequence, but lacks the carboxy-terminal
tail of ANP and BNP21,22,333 (Figure 37.2). CNP was
found originally in the brain, but more recent studies
suggest that it is also present in the heart176 and kid-
ney.222,223,342 The amount of CNP in the heart, how-
ever, is very low and only small amounts are present
in plasma.176 Two CNP molecules, 22 and 53 a.a. in
length, have been identified in plasma.22,55 Each is
derived from a single CNP prohormone, with the 22 a.
a. form contained in the carboxy-terminal portion of
the 53 a.a. form. The 22 a.a. form predominates in
plasma, and is more potent than the 53 a.a. form in
humans.21,22,55,333 The plasma concentration of CNP is
very low, with some authors reporting that CNP is not
normally detectable but becomes detectable only in
renal failure304 and congestive heart failure.176 CNP is
present in the human kidney.223,342 CNP has been
found to have little effect on renal vasoconstriction.430

Although CNP has been reported to have natriuretic
effects in some animals, when infused in humans at
physiological concentrations and in concentrations that
reached four- to ten-fold above those observed in dis-
ease states, CNP did not affect renal function.21 Thus,
in healthy humans CNP had no effect on renal hemo-
dynamics, systemic hemodynamics, intrarenal sodium
handling, sodium excretion or plasma levels of renin
and aldosterone.21 Even when CNP was increased 60-
fold in human plasma there were no significant hemo-
dynamic or natriuretic effects.159 The authors of this
study concluded that it is unlikely that CNP has any
endocrine role in circulatory physiology.159 There is
one study in humans where infusion of CNP to
increase CNP plasma levels 550-fold above normal
caused a 1.5-fold increase in urine volume and sodium
excretion.161 With this very high plasma concentration
of CNP, both ANP and BNP also increased 2.4-fold,161

which may have been the cause of the natriuresis and
diuresis observed that was not observed in any other
study with CNP.21,159 Each of these studies suggests
that CNP does not contribute physiologically to any
natriuresis or diuresis in healthy humans.21,159,161 The
main site of CNP synthesis is vascular endothelium,
and CNP acts as a paracrine endothelium-derived
hyperpolarizing factor (EDHF) via activation of NPR-C

receptor and the opening of a G-protein-gated
inwardly rectifying K channel (GIRK) in mesenteric
resistance arteries to mediate vasodilation.47 In conduit
vessels, on the other hand, CNP induces relaxation via
a cyclic GMP-dependent mechanism.47

Adrenal Natriuretic Peptides, Adrenomedullin
and Proadrenomedullin N-Terminal 20 Peptide:
Biologic Effects

Adrenomedullin (ADM), a 52 a.a. peptide with one
intramolecular disulfide bond (Figure 37.2) originally
isolated from an extract of a pheochromocytoma,189

also has a range of biologic properties similar
to the cardiac hormones, but these properties are
less pronounced than those of the cardiac hor-
mones170,189,190,301 (Table 37.1). Infusion of ADM low-
ers blood pressure and produces diuresis and
natriuresis.170,189,301 Adrenomedullin causes a long-last-
ing hypotension accompanied by increased heart rate
as a side-effect.257 ANP, but not LANP, vessel dilator or
kaliuretic hormone, increases the circulating concentra-
tion of adrenomedullin three- to four-fold, suggesting
that some of the reported effects of ANP may be medi-
ated via adrenomedullin.374 However, the natriuresis
and diuresis secondary to ANP were much larger than
has ever been observed with adrenomedullin,374 sug-
gesting that ADM does not mediate all of the natriuretic
and diuretic effects of ANP. Adrenomedullin is a larger
peptide than any of the cardiac hormones, with its
main site of synthesis being in the adrenal (Table 37.1),
but isolated renal cells also have the ability to synthe-
size adrenomedullin secondary to stimulation by vaso-
pressin via V2 receptors.301,306 Since vasopressin
(antidiuretic hormone, ADH) inhibits a diuresis these
findings are opposed to findings that ADM causes a
diuresis.170,189,301 Adrenomedullin is part of a peptide
family that shares structural similarity with calcitonin
gene-related peptides and amylin, which share biologic
effects and some cross-reactivity between recep-
tors.89,301,305 The adrenomedullin prohormone at its
N-terminal end contains another biologically active
peptide with vasodilating properties known as pro-
adrenomedullin N-terminal 20 peptide (PAMP).90,302

Whether more PAMP or adrenomedullin is produced
depends on alternate splicing of its prohormone by the
enzyme peptidylglycine C-amidating monoxygen-
ase.53,170,190,301,302 Adrenomedullin exerts its actions
through G-protein-coupled membrane receptors linked
to adenylyl cyclase, resulting in an increase in cellular
cyclic AMP301 as opposed to the cardiac hormones
(ANP, BNP, LANP, vessel dilator, and kaliuretic pep-
tide) whose second messenger is cyclic GMP.373,409,419

Proadrenomedullin is thought not to act via either
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cyclic AMP or cyclic GMP, but rather via potassium
channels, which eventually exert a presympathetic inhi-
bition of sympathetic nerves innervating blood
vessels.302

Dendroaspis Natriuretic Peptide: Biologic
Effects

Dendroaspis natriuretic peptide (DNP) is the newest
of the natriuretic peptides (Figure 37.2). This peptide
was isolated from the venom of the green mamba
snake Dendroaspis angusticeps.316 This venom also con-
tains several polypeptide toxins that block cholinergic
receptors to cause paralysis.316 DNP-like peptide has
been reported to be present in human plasma and in
heart atria.310 In plasma, DNP concentration is very
low at 6 pg/ml, which is 0.5% of the circulating cardiac
hormones.310 This peptide has a 17 a.a. disulfide ring
structure similar to ANP, BNP, and CNP (Figure 37.2),
and causes a natriuresis and diuresis in dogs.210

Infusion of DNP does not cause any significant change
in the circulating levels of ANP, BNP, or CNP.210

Richards et al.286 have questioned whether DNP
actually exists in humans and mammals, since it has
not been characterized by high-pressure liquid chroma-
tography linked to immunoassay, followed by purifica-
tion and analysis to establish the human amino acid
sequence, as has been done with the aforementioned
cardiac hormones. The gene for DNP has not been
cloned in the snake or in any mammal as has been
done for each of the other natriuretic peptides.286

Richards et al.286 suggest that DNP may be “snake
BNP,” since BNP varies markedly in amino acid
sequence among species (and the BNP sequence in this
snake is unknown). The peptides from the ANP pro-
hormone are markedly conserved among spe-
cies,15,93,94,116,119,321 and one would not suspect that
DNP is one of these peptides as their amino acid
sequences are markedly different from DNP. Further
experimentation with the studies discussed previously
suggested by Richards et al.286 should give one more
insight with respect to this peptide.

Guanylin, Lymphoguanylin, Renoguanylin,
and Uroguanylin: Biologic Effects

Guanylin, a 15 a.a. peptide,62 isolated from rat intes-
tine, and uroguanylin, a 16 a.a. peptide originally iso-
lated from opossum urine,99,143 are peptides which are
structurally and functionally similar to bacterial heat-
stable enterotoxins produced by strains of pathogenic
Escherichia coli intestinal bacteria.82 Traveler’s diarrhea
is the result of these enterotoxins interacting with a
membrane-bound guanylyl cyclase-C (GC-C receptor)

on the luminal surface of enterocytes.82 The resulting
increase in cyclic GMP phosphorylates the cystic fibro-
sis transmembrane conductance regulator (CFTR),
leading to an efflux of chloride into the intestinal
lumen.287 Cyclic GMP in the intestine inhibits Na1

absorption mediated by apical Na1/H1 exchange, and
activates protein kinase G II.326 Guanylin and urogua-
nylin, which have similar structures to this enterotoxin,
have a similar mechanism of action in the intestine via
the same GC-C receptor.100,101 These peptides have
been identified in the intestine in different locations,
with guanylin in the colon but not the proximal intes-
tine, and uroguanylin expressed in the proximal intes-
tine but not in the colon.91,97,99,142 These intestinal
peptides have natriuretic properties.62,99 The observa-
tion of renal expression of guanylin and uroguanylin
mRNA62,99 suggests renal synthesis and a local para-
crine action of these peptides in a manner analogous to
the ANP prohormone gene products. Wang et al.412

showed that intravenous and intraluminal adminis-
tration of uroguanylin in the kidney affects tubulo-
glomerular feedback, but it failed to cause a
natriuresis and diuresis in rats at up to 100 nmol/kg/h
intravenously, which was less than other supraphy-
siologic concentrations used previously41,136 to cause a
natriuresis. The uroguanylin dose used by Wang
et al.412 was still, however, a pharmacologic dose
which resulted in higher uroguanylin concentrations in
rat blood and urine than physiological concentrations
which are in the femtomolar range.106 Rats fed a high-
salt diet had higher uroguanylin and cGMP concentra-
tions in the urine; however, the plasma concentration
of uroguanylin was not increased, which argues
against uroguanylin being an endocrine hormone in
the kidney.106

Renoguanylin is a peptide hormone similar to gua-
nylin and uroguanylin that has, thus far, been only
found in Japanese eels.432 In the eel it has been pro-
posed that renoguanylin may be involved in osmol reg-
ulation, but this has not been proven at present.432

Renoguanylin was not as prominent in the kidney and
intestine of the eel as guanylin and uroguanylin.432

Renoguanylin has not been found in mammals or
humans and may be unique to the Japanese eel and
fish.432 Lymphoguanylin is a 109 a.a polypeptide
expressed in spleen and lymphoid tissues of opos-
sum.98 The 109 a.a polypeptide shares 84% and 40% of
its residues with prouroguanylin and proguanylin,
respectively.98 Lymphoguanylin is less potent than uro-
guanylin or guanylin in intestinal bioassay, and has
reduced efficacy for activation of OK-GC receptor in
the kidney.98 100 μM of lymphoguanylin stimulates
cGMP production in renal cells only five-fold, com-
pared to 206-fold with uroguanylin and 88-fold with
guanylin.98 A serine-7 analog of lymphoguanylin has
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natriuretic properties in ex vivo rat kidneys and
increases cyclic GMP 1000-fold more than the native
lymphoguanylin.96

The inactive precursor of uroguanylin, i.e., prouro-
guanylin, is delivered to the kidney as an unprocessed
propeptide,277 and is processed to its active natriuretic
form exclusively within the renal tubules.277 The proxi-
mal convoluted tubule is thought to be the target for
the uroguanylin natriuretic response.87 Renal urogua-
nylin messenger RNA expression is also highest in
proximal tubules, while guanylin is expressed mainly
in the collecting ducts.271 Salt-loading (1% NaCl
in drinking water) for three days increases uroguany-
lin mRNA expression by 1.8-fold, but has no effect
on guanylin expression.271 The synthesis of these
peptides by renal tubule epithelium may contribute
to local control of renal function and adaptation to
dietary salt.271

Both guanylin and uroguanylin elicit natriuretic
responses from the kidney.40,95,136 Both guanylin and
uroguanylin exist in conformationally distinct A and B
type topoisomers.222,238,239 Topoisomer uroguanylin B
has natriuretic activity in the kidney,239 while the uro-
guanylin A in high concentration antagonizes the natri-
uretic action of the B form.239 Uroguanylin knockout
mice have an impaired ability to excrete an enteral
load of NaCl, primarily due to an inappropriate
increase in renal Na1 reabsorption.211 Further, there
appears to be an interaction between guanylin, urogua-
nylin, and the cardiac hormone natriuretic peptide sys-
tem, in that pretreatment with ANP (0.03 nM)
enhances guanylin and uroguanylin’s natriuretic activ-
ity when ANP is present in low dose.304 When pharma-
cological doses of ANP or urodilatin are utilized they
clearly inhibit uroguanylin-induced natriuresis.304

The GC-C receptor with which the heat-
stable enterotoxin, uroguanylin, and guanylin interact
in the intestine was cloned from intestinal cDNA
libraries.82 It exhibits 55% identity to NPR-A and NPR-
B receptors in the catalytic region, 39% identity in the
protein kinase domain, but only 10% identity in the
extracellular region.82 Within the kidneys, heat-
stable enterotoxin, uroguanylin, and guanylin bind
chiefly to apical membranes of proximal tubule
cells,91,100 also a site of CFTR expression.60

Two different guanylyl cyclase signaling receptors
have been identified, one in kidney (OK-GC) and one
in the intestine (GC-C), that are activated by the guany-
lin peptides.101 Uroguanylin and guanylin regulate
transport in mouse renal cortical collecting ducts inde-
pendent of guanylyl cyclase C receptor,325 and in gua-
nylyl cyclase C-receptor deficient mice renal effects
are retained,325 strongly suggesting that GC-C is not
the mediator of uroguanylin or guanylin effects in the
kidney.

ANP Prohormone System and Expression
in Gastrointestinal Tract

Almost 37 years ago it was noted that an oral load of
sodium resulted in a natriuresis that was greater than
the same amount of sodium chloride given intrave-
nously, suggesting that the gastrointestinal tract moni-
tors and responds to oral sodium-load.204 Guanylin
and uroguanylin may respond to this oral sodium-load
in the colon and proximal intestine, respectively, but
the stomach is an earlier monitor of this sodium-load.
Immunoreactive cardiac hormones, ANP prohormone,
and mRNA are present in the proximal stomach and
antrum.84,128,129,132 ANP prohormone gene expression
and gene products LANP and ANP have been local-
ized to the enterochromaffin cells in the lower portion
of antropyloric glands of the stomach.129 Fasting for 72
hours in adult rats results in a significant (p, 0.05)
decrease in the levels of ANP prohormone messenger
RNA, and a decrease in immunoreactive long-acting
natriuretic peptide and ANP to ,33% of that of fed
rats.129 In humans, food intake increases the excretion
of LANP, vessel dilator, and ANP into the urine, sug-
gesting an interaction between the cardiac hormones
synthesized in the gastrointestinal tract and the kid-
neys.384 A fluid load of Coca-Colar rapidly (in 15 min-
utes) decreases the excretion of LANP, vessel dilator,
and ANP into the urine, allowing more of these pep-
tides which cause a diuresis to be present to respond to
the fluid load.384 In the stomach, cholinergic neurons
inhibit, and pituitary adenylate cyclase-activating poly-
peptide neurons stimulate, ANP secretion, suggesting
that there is also neuronal control of their secretion
from the stomach.127 ANPs are present not only in the
stomach, but throughout the gastrointestinal tract
(small intestine) and colon,122,393,407 as opposed to gua-
nylin and uroguanylin, which are present only in spe-
cific portions of the gastrointestinal tract.91,97,99,142

Guanylyl cyclases A and B, which ANP, BNP, and
CNP interact with, are present in the gastrointestinal
tract,280 as well as guanylyl cyclase-C which guanylin
and uroguanylin enhance.100 ANPs also appear to have
effects within the gastrointestinal track itself.17 ANP
increases the spontaneous phasic contractions of longi-
tudinal music two- to four-fold over a concentration
range of 10 pm to 1000 mM, which was associated with
a three-fold increase in cyclic GMP.17 Vessel dilator
and LANP also increase these spontaneous place con-
tractions, which are additive with ANP.17 The ANPs
appear to act as neurotransmitters in the gastrointesti-
nal tract to move water and feces through the gastroin-
testinal tract via increased force of contraction of the
longitudinal muscles17 until feces reaches the anal
sphincter which ANP has been shown to relax to expel
the contents of the gastrointestinal tract.17,63
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Melanocyte-Stimulating Hormones

Melanocyte-stimulating hormones (MSHs) are small
peptides of three different primary sequences (α-, β-,
and γ-MSH), derived from the precursor prohormone
pro-opiomelanocortin (POMC), which also gives rise to
ACTH. Thus, MSHs, like ANPs, are from a prohor-
mone containing four peptide hormones when proteo-
lytically processed.157,158 Each of the MSH peptides
is natriuretic when infused in experimental ani-
mals.49,157,158,253 The mechanisms of action of the MSHs
are different from those of the cardiac hormones, in
that MSH works via intracellular cyclic AMP rather
than cyclic GMP.388 The MSH-induced natriuresis does
not appear to be a direct effect on the kidney, but
rather via an interaction with renal nerves to inhibit
sodium reabsorption, as prior renal denervation
completely prevents the natriuresis secondary to
MSH.49

Ouabain-Like Factors

Ouabain-like factors (factors that circulate and by
definition inhibit Na1,K1-ATPase) have been sought
for decades. Utilizing a very sensitive radioimmunoas-
say to ouabain, E. P. Gomez-Sanchez et al. determined
that ouabain itself does not circulate in human or rat
plasma, as a peak corresponding to ouabain was not
found on high pressure liquid chromatography.125 In
most samples, they found only very low levels of an
ouabain-like substance was present.125 As outlined pre-
viously, vessel dilator, long-acting natriuretic peptide,
and kaliuretic peptide are circulating peptide hor-
mones72,102,103,160,391,420,421 that inhibit the ouabain site
on renal Na1aK1-ATPase.51,139 ANP does not inhibit
renal Na1aK1-ATPase,51,139,270 and therefore would
not be the “third factor” or an ouabain-like factor.
Since the other three peptide hormones fulfill all the
characteristic of the “third factor,” they may actually
be the “ouabain-like factors” that have been sought.
Since LANP, vessel dilator, and kaliuretic peptide cir-
culate at 100-fold higher levels than this substance, the
volume-expanded substance(s) that do the majority of
inhibiting of Na1-K1-ATPase at the ouabain site on the
Na1-K1-ATPase are LANP, vessel dilator, and kaliure-
tic peptide, rather than some substance structurally
similar to ouabain which, if it circulates, is present in
extremely low levels in the circulation.125

NATRIURETIC PEPTIDE
RECEPTORS A, B, AND C

Atrial natriuretic peptides, after moving via the cir-
culation to their respective target tissues, mediate their

action(s) at the cellular level by first binding to high-
affinity specific receptors on the cell surface
(Figure 37.4), which results in the intracellular genera-
tion of cyclic GMP via activation of the enzyme guany-
lyl cyclase which resides in the cytosolic domain of
these membrane receptors as an integral part of these
receptors.50,82,194 Guanylyl cyclase (also termed guany-
late cyclase) catalyzes the formation of the intracellular
messenger cyclic 30,50-guanosine monophosphate
(cyclic GMP).373,409,419

The area in the kidney with the most ANP-binding
sites is the glomeruli, followed by proximal tubules
and then inner medullary collecting ducts.194 With
respect to ANP, BNP, and CNP receptors, cDNA clon-
ing has shown three types of natriuretic peptide recep-
tors (NPR): NPR-A; NPR-B; and NPR-C.50,82,194,199,240

Only NPR-A and NPR-B exhibit the intracellular gua-
nylyl cyclase (GC) catalytic domain (Figure 37.4),
whereas the third receptor, NPR-C, contains no guany-
lyl cyclase domain.82,194,240 NPR-A and NPR-B, which
bind ANP, BNP, and CNP, are structurally similar and
contain a ligand-binding extracellular domain,194 a pro-
tein kinase-like domain, and a guanylyl cyclase
domain50,82,194 (Figure 37.4). Upon ligand biding, a
change in receptor conformation allows cytosolic fac-
tors to interact with the kinase-like domain, leading to
activation of guanylyl cyclase and the consequent gen-
eration of cGMP, the second messenger of the cardiac
hormones. The NPR-A receptor binds ANP, BNP,
CNP, and urodilatin with a rank order of selectivity
being ANP5urodilatin.BNP.CNP.50,82,194,240 The
order is reversed for NPR-B receptor (CNP ..
ANP.BNP). NPR-B is structurally similar to the NPR-
A receptor, with 74% homology at the cytoplasmic
domain, but only 44% homology in the extracellular-
binding domain, which may explain the difference in
ligand specificities of the two guanylyl cyclase
receptors.50,194

NPR-A mRNA is expressed mainly in the kidney, in
the glomeruli, renal vasculature, proximal tubules, and
in the IMCD.19,50,194 The distribution of NPR-B over-
laps to some extent with that of the NPR-A, and is
found in the kidney, vasculature, and brain. In vascular
endothelium and smooth muscle, NPR-B is more abun-
dant than NPR-A. Compared to the NPR-A receptor,
low levels of the NPR-B receptor are present in the
kidney.34,221

Number of ANP Receptors per Cell

The number of ANP receptors per cell varies with
the cell type.19,71,152 Smooth muscle vasculature
appears to be the target cell most richly endowed with
ANP receptors.152 The reported number of receptors in
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vascular smooth muscle cells has ranged from 18,400
binding sites per cell to 500,000.366 Comparison of a
variety of cultured cells revealed 310,000, 80,000,
50,000, 14,000, and 3,000 sites per cell for vascular
smooth muscle, lung fibroblasts, adrenal cortex, aortic
endothelial cells, and Leydig cells of the testis, respec-
tively.366 Twelve thousand ANP-binding sites per cell
have been found in kidney glomerular mesangial cells;
markedly less than in other vascular areas, but the
receptors in the mesangial cells exhibited as high affin-
ity as other vascular areas for ANP.19

Inverse Relationship of Change in Number
of ANP Receptors with Circulating
ANP Concentrations

The number of ANP receptors varies with fluid sta-
tus, and inversely with the circulating ANP concentra-
tion.366 Deprivation of water decreases the circulating
ANP concentration and augments receptor number in
both kidney and adrenal gland.366 Rats fed a low-salt
diet for 2 weeks exhibit “upregulation” of glomerular
ANP receptor density, whereas animals fed a high-salt
diet have a decreased receptor density.366 The decrease
in total ANP receptors, at least after salt-loading, is due
exclusively to a decrease in the NPR-C receptor, rather
than the NPR-A receptor.366

Structure of NPR-A Receptor

The structure of the NPR-A receptor is illustrated in
Figure 37.5. This structure was elucidated using com-
plimentary DNA (cDNA) encoding a 115 kDa human
natriuretic peptide receptor (NPR)-active (A or func-
tional) receptor that possesses guanylyl cyclase activ-
ity.50,82,194 The NPRA receptor has 1029 a.a., a 32 a.a.
signal sequence followed by at 441 a.a. extracellular
domain (i.e., projecting from the cell).50,82,194 This extra-
cellular portion of the NPR-A receptor is 33% homo-
logous to the 60 kDa NPR-C receptor.82,194 This
extracellular portion of the receptor is the binding site
for ANP, BNP, and CNP. A 21 a.a. transmembrane por-
tion of the receptor “anchors” the receptor to the mem-
brane. Inside the cell (intracellular domain) there is a
568 a.a. cytoplasmic portion of the receptor with
homology (23%) to the protein kinase family (protein
kinase domain) being next to the membrane,50,82,194 fol-
lowed by a large guanylyl cyclase catalytic portion of
the receptor (Figure 37.5) that is 42% homologous to
cytoplasmic guanylyl cyclase.50,82,194 The kinase
domain binds ATP, but lacks true kinase activity.
Rather, it functions to inhibit the guanylyl cyclase
domain. If the kinase domain is “knocked-out,”

guanylyl cyclase continuously functions. The molecular
weight of this receptor is 114,426.50

The guanylyl cyclase portion of human and
rat NPR-A receptors are 90% identical throughout their
sequences.50,82 The similar amino acid sequence
between the NPR-C receptor82,194,240 and the extracellu-
lar portion of the NPR-A receptor reflect a common
function shared between them � they both bind ANP,
BNP, and CNP.

NPR-C (Clearance) Receptor

Cross-linking studies revealed that in addition to the
high molecular weight receptors for ANP, BNP, and
CNP there was also a low molecular weight 60 kDa
receptor that appeared to be a subunit of the high
molecular weight receptor.82,194,240 This 60 kDa recep-
tor was found not to contain guanylyl cyclase or to
mediate any of the known effects of ANP, such as
natriuresis or diuresis.82,194,215

Structure of NPR Clearance Receptor

The NPR-C receptor is similar structurally outside
the cell to the NPR-A receptor, with 496 a.a. compared
to the 441 a.a. projecting from the cell for the NPR-A
receptor.82,194,215 They have a similar single short trans-
membrane-spanning region, but where the two recep-
tors markedly differ is inside the cell. The NPR-C
receptor has only a very short 37 a.a. tail into the cyto-
plasm of the cell as compared to the large 568 a.a. por-
tion in the cell for the NPR-A receptor.50,82,194,215

Neither the protein kinase domain nor the guanylyl
cyclase catalytic site is present in the NPR-C receptor.
That the NPR-C receptor is not linked to a second mes-
senger system explains its inability to cause vasodila-
tion, diuresis or natriuresis.50,82,194,215 The order of
binding to the NPR-C receptor is ANP.CNP.BNP.
The NPR-C receptor is the most abundant receptor of
the natriuretic receptors, accounting for more than 95%
of the total receptor population, and is located at high
density in kidney, vascular endothelium, smooth mus-
cle cells, and the heart.82,194,215

Vessel Dilator and LANP Receptors

Vessel dilator and long-acting natriuretic peptide do
not bind to the NPR-A, B or C receptors, but rather
have their own specific receptors.365,372,378,397 Vessel
dilator, LANP, and kaliuretic peptide, on the other
hand, are linear peptide hormones, and one would
not expect binding to the above NPR-A, -B, and -C
receptors which require a ring structure for bind-
ing50,82,194,215,240 which ANP, BNP, and CNP
have.372,378
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LANP Receptor

Long-acting natriuretic peptide (LANP), as well as
ANP, binds specifically to smooth muscle mem-
branes,378 placental membranes,365 distal nephrons,397

proximal tubules,397 and renal cortical and medullary
membranes.397 ANP and vessel dilator inhibit 125I-
labeled LANP-binding somewhat at concentrations
above which these peptide hormones are known to cir-
culate, i.e., 1026 M for ANP and 1027 M for vessel dila-
tor. Scatchard analysis of the LANP-binding data
resulted in a straight line,378 suggesting that these
smooth muscle cells contain a single class of high-affin-
ity binding sites for LANP with an equilibrium dissoci-
ation constant (Kd) of 0.11 nM. The binding capacity
(maximal binding, Bmax) for LANP was 2.57 fmol/106

cells, and the number of binding sites was calculated to
be 1548 per cell.378

Vessel Dilator Receptor

Vessel dilator also binds specifically to smooth
muscle membranes,378 proximal tubules,397 distal
nephrons,397 placental membranes,365 and renal cortical
and medullary membranes397 at a site distinct from the
binding of ANP to membranes. The binding of this
peptide hormone could be inhibited by concentrations
(1024 to 1027 M) of ANP, LANP, insulin, and ACTH,
which are far in excess of their respective circulating
concentrations.378 Scatchard analysis of the vessel dila-
tor-binding data resulted in a straight line,378 suggest-
ing that smooth muscles contain a single class of
high-affinity binding sites for vessel dilator with an
equilibrium dissociation constant (Kd) of 4 nM. Bmax for
vessel dilator was 59.9 fmol/106 cells, and the number
of binding sites was calculated to be 36,087 per cell.378

DEGRADATION OF NATRIURETIC
PEPTIDES BY KIDNEY

The inactivation of the ANP, BNP, and CNP occurs
via two pathways: binding to clearance receptors and
enzymatic degradation. The clearance receptor
(NPR-C)32,50,82,194,240 clears ANP, BNP, and CNP
through receptor-mediated uptake, internalization, and
lysosomal hydrolysis with rapid and efficient recycling
of internalized receptors to the cell surface. Enzymatic
degradation of ANP, BNP, and CNP takes place in the
lung, liver, and kidney, and the main enzyme responsi-
ble for this degradation is neutral endopeptidase
(NEP-24.11).34,411 NEP, originally referred to as enke-
phalinase because of its ability to degrade opioid pep-
tides in the brain, was subsequently shown to be
identical to a well-characterized zinc metallopeptidase
present in the kidney.411 This zinc metalloproteinase

hydrolyzes internal peptide bonds of polypeptides,
rather than those adjacent to their N- or C-terminal
ends. NEP has a ubiquitous tissue distribution and
multiple functions, sharing structural similarities with
various metallopeptidases, including aminopeptidase
ACE, and carboxypeptidases A, B, and E.411 NEP is
most abundant in the brush borders of the proximal
tubules of the kidney, where it rapidly degrades fil-
tered ANP, thus preventing ANP from reaching more
distal luminal receptors.411 In the case of ANP, NEP-
24.11 cleaves the Cys105�Phe106 bond to disrupt the
ring structure and inactivate the peptide. NEP 24.11 is
a nonspecific enzyme that also cleaves enkephalins,
endothelin, substance P, kinins, neurotensin, insulin B
chain, angiotensin, calcitonin gene-related peptide, and
adrenomedullin, as well as ANP, BNP, and CNP. With
respect to ANPs in humans,411 ANP and CNP are pre-
ferred substrates for NEP as opposed to BNP with the
Cys�Phe bond of human BNP being relatively insensi-
tive to enzymatic cleavage.411

INFLUENCE OF ACUTE RENAL FAILURE
ON CIRCULATING CONCENTRATION

OF CARDIAC HORMONES

Each of the cardiac hormones from the ANP prohor-
mone (vessel dilator, ANP, LANP, and kaliuretic pep-
tide),12,18,48,56,103,160,193,243,300,395,396,420,421

BNP,39,43,58,108,199,200 and CNP22,159,161,348 increase in the
circulation (mainly from the heart ventricle83,115,271) in
salt- and water-retaining states such as renal failure
and congestive heart failure, compared to their concen-
trations in healthy individuals, in an apparent attempt
to overcome the salt and water retention via their natri-
uretic and diuretic properties.379,380 The disease state
associated with the highest circulating concentrations
of the cardiac natriuretic peptides is renal fail-
ure.102,103,307,417,421 One would suspect that cardiac
natriuretic peptides are higher in renal failure versus
Class IV New York Heart Association congestive heart
failure patients, because of the added pathophysiology
of decreased degradation of these peptides with
the decreased functioning renal parenchyma.421 Franz
et al.,103 however, have shown that there is an
increased excretion of the cardiac natriuretic peptides
in renal failure, and that the increase in vessel dilator
excretion occurs even before serum creatinine levels
begin to rise. The circulating concentrations of the
cardiac hormones in chronic renal failure appear to
reflect volume status.193,236,284,422 Despite increased
circulating concentrations of cardiac hormones in
sodium-retaining disease states, the kidney retains
sodium and is hyporesponsive to ANP, LANP, and
BNP.35,199,277,352,379 The mechanism for the attenuated
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renal response to these natriuretic peptides is multifac-
toral and includes renal hypoperfusion, activation of
the renin�angiotensin�aldosterone and the sympa-
thetic nervous systems.34,140,235

Influence of Renal Failure on other Natriuretic
Peptides

Adrenomedullin,90,305,346 guanylin,187 and urogua-
nylin185,186 increase in renal failure and/or experimen-
tal nephrotic syndrome.

HEMODIALYSIS

Cardiac Hormones Synthesized by ANP
Prohormone Gene

The circulating concentrations of the cardiac hor-
mones have been suggested as possible indicators of
when to perform dialysis in persons with chronic renal
failure.193,236,284,307,422 Other data, however, suggest
that ANPs are not useful to predict when hemodialysis
is necessary.29 Hemodialysis lowers the circulating con-
centration of cardiac hormones by 34%�42%, with
the amount of decrease appearing to be related to vol-
ume status of the patients.193,417,422 Hemodialysis does
not return the levels of ANP to those of healthy
adults,193,416,417,422 and it does not reduce circulating
concentrations of vessel dilator and LANP.422 Part of
the reason for the difference in hemodialysis effects on
the cardiac hormones is that less than 1.5% of vessel
dilator and LANP cross the dialysis membrane, com-
pared to 15% to 25% of ANP crossing hemodialysis
membranes.422 Hemodialysis using cellulose-triacetate
dialyzers reduces plasma levels of these peptides in
acute renal failure more than hemodialysis therapy
with polysulfone dialyzers.102

BNP

Hemodialysis has been reported both to lower,200

and to have no effect on circulating BNP levels.49

Before dialysis in persons with chronic renal failure
(CRF), plasma BNP levels have no relationship to
serum creatinine or mean blood pressure.192 In CRF
patients whose plasma BNP levels decrease with dialy-
sis, this decrease correlates with the degree of postural
blood pressure drop, but there is no correlation with
the fall in serum creatinine.200 In none of the studies of
BNP and dialysis39,58,192,200 has BNP ever returned its
circulating concentration to that of healthy individuals.
With volume repletion after hemodialysis there is an
exaggerated release of ANP, but changes in BNP are

small and without any correlation with either atrial or
ventricular volume.58

Adrenomedullin and Proadrenomedullin
N-Terminal 20 Peptide

Both adrenomedullin and proadrenomedullin N-ter-
minal 20 peptide (PAMP) increase in chronic renal fail-
ure.90,305,346 Hemodialysis decreases these peptides to
near-control levels, with PAMP being 2.176 0.18
fmol/ml versus 1.646 0.12 fmol/ml for controls.346

Guanylin and Uroguanylin

Both guanylin and uroguanylin are increased in per-
sons with impaired renal function.168,169 Hemodialysis
with EVAL membranes decreases guanylin concen-
trations after one hour of dialysis, but the plasma
levels after hemodialysis with PC membranes show no
change.187

RENALTRANSPLANTATION

Successful transplantation of functioning kidneys
decreases the markedly elevated circulating levels of
cardiac hormones in persons with acute renal failure to
those of healthy individuals.265,279 Nonfunctioning
renal allografts continue to have elevated circulating
concentrations of the cardiac hormones.265,279 Post renal
transplant, it takes seven days for ANP and 10 days for
vessel dilator to return to normal.265 This suggests that
the allograft kidney does not fully function immediately
with respect to clearing these peptides. The half-life of
ANP in healthy persons is only 2.5�3.5 minutes.4,366 If
the transplanted kidneys began to function immedi-
ately, one would have expected the circulating concen-
tration of ANP to have decreased to the normal range
within 24 hours (360 half-lives). Vessel dilator has a 20-
fold longer half-life compared to that of ANP,4,366

which may explain why it takes three more days for
this peptide hormone to normalize in the circulation
after successful renal transplantation. If one gives ANP
(via infusion) at the time of renal transplant, this does
not appear to have any beneficial effect on the outcome
of the renal allograft.303 It is important to note that the
elevated circulating cardiac hormones in heart failure
also normalize with successful heart transplantation.416

ATRIAL NATRIURETIC PEPTIDE
PROHORMONE GENE EXPRESSION
IN INVERTEBRATES AND PLANTS

In addition to proANP gene being present in mam-
mals and vertebrates, where lower vertebrates such as
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the frog have an identical proANP gene,296 blue crabs
and oysters have been demonstrated to have the
proANP gene in their hearts.273,367 The proANP gene
in oysters and blue crabs can be upregulated
by increasing salinity in the external environment, such
as when the animal moves from freshwater to seawa-
ter.273,402 This change in environmental salinity
also modulates end-product concentrations of this
gene expression, that is, the cardiac hormones.256

Environmental salinity also modulates ANP in the tele-
ost fish Gila atraria.415 Seawater trout have higher con-
centrations of ANP, vessel dilator, and LANP than
freshwater trout to help them maintain volume homeo-
stasis in a higher salt environment.59 Even the most
primitive heart in the animal kingdom contains the
atrial natriuretic peptide hormonal system.386 Diving is
a modulator of ANP in lower animals, with diving
increasing ANP in freshwater diving turtles16 similar
to whole body immersion in humans.390,391,396

Although a gene in the animal kingdom expressing
a peptide hormonal system in plants had never been
demonstrated previously, there is now evidence for a
proANP-like gene in plants.401 Southern blots of
English ivy (Hedera helix) genomic DNA revealed that
the proANP gene sequence was present in its roots,
stems, and leaves.401 In plants, ANPs enhance the flow
of water up stems to flowers and leaves, a process that
is at least partially due to increasing the rate of transpi-
ration (loss of water from the leaves) via opening the
stomatal pores in leaves.367,387 These peptides are pres-
ent even in Euglena, a single-cell, flagellated, chloro-
phyll-containing plant without leaves, stems or roots.387

The oldest existing trees on Earth, the Metasequoia,
which exist only in China, contain the ANP prohor-
mone and ANP.427 These peptide hormones are also
found in single-cell animals, such as paramecium.385

In single cell organisms, these peptides appear to help
maintain the internal volume of the cell.385 The demon-
stration of the proANP gene sequences and expression
of the ANP-like gene in plants suggests that plants and
animals may have evolved much more similarly than
previously thought.387

PROTECTIVE AND THERAPEUTIC
EFFECTS OF CARDIAC AND RENAL

HORMONES IN ACUTE RENAL FAILURE

ANP and Urodilatin

Animals

Acute renal failure (ARF) develops in 2�5% of all
patients admitted to tertiary care hospitals.154,423 The
underlying cause is a renal insult (acute tubular necro-
sis) in 60% of patients.154,423 When dialysis was

introduced in the mid-1940s, the mortality resulting
from severe ARF was approximately 50%.154 This poor
prognosis has not improved, with mortality now in the
40�80% range in oliguric ARF.9,31,66,153,154,308,423 The
occurrence of ARF in the hospital increases the relative
risk of dying by 6.2-fold, and the length of hospitaliza-
tion by 10 days.277

Several of the cardiac hormones have been investi-
gated as possible treatment(s) for ARF. Atrial na-
triuretic peptide (ANP) had encouraging results in
early studies of ARF in animals.57,208 The infusion of
ANP57,208,219,236,240,245,254,278,308,322,378,379 or urodila-
tin232,314,323 in rat models of ischemic ARF attenuated
renal tissue damage and preserved glomerular filtra-
tion rate. Nakamoto et al.241 and Shaw et al.322 were
able to shorten the course of renal artery cross-clamp-
ing-induced ARF in rats with ANP. Conger et al.57

found marked improvement in GFR in a rat renal
artery-clamp model when ANP-III (0.2 μg/kg/min)
was given intravenously immediately after clamp
release in combination with dopamine sufficient to
maintain mean arterial pressure above 100 mmHg. In
the rat, ANP had no effect on GFR when given intrave-
nously, but did have a GFR effect when given directly
into the renal artery for four hours.322 The inability of
ANP to increase GFR when given intravenously could
be restored if dopamine was given simultaneously.57 In
the dog, the improvement in renal perfusion only
lasted for a short period after a 180-minute infusion of
ANP.245 When ANP was given by intra-aortic bolus on
days 1 and 2 after the above infusion, there was no sig-
nificant improvement in renal perfusion on those
days.245 Thus, in animals the improvement in renal fail-
ure with ANP was only of short duration and
depended upon whether ANP was given intravenously
or directly into the artery.57,245,322

Humans

The administration of 0.2 μg of ANP/kg of body
weight21/min21 for 24 hours to humans with ARF
revealed that ANP did not cause significant improve-
ment, and did not reduce the need for dialysis or
reduce mortality.7,207 ANP infusions were associated
with decreased survival in the nonoliguric ARF
subjects (75% of subjects).7 The usefulness of ANP
for treatment is hampered by its short half-life of
2.5 minutes,4,366 and by its very short duration of
action.57,208,214,220,278,382 Of 504 ARF patients treated
with ANP, 46% developed hypotension, which would
further limit its usefulness in ARF.7 Urodilatin has also
been associated with severe hypotension and bradycar-
dia, when given as a potential treatment of congestive
heart failure.184 ANP is now considered more harmful
than helpful with respect to the treatment of acute
renal failure.35 When ANP was given before and
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during radiocontrast study in 247 patients with chronic
renal failure, no beneficial effect was found.196

Urodilatin has been suggested as a possible treatment
of renal failure,231,314,315 but in double-blind phase II
trials in acute renal failure patients, urodilatin has been
found to have no beneficial effect.232

Vessel Dilator

Vessel dilator appears to be the cardiac hormone
with the most promising therapeutic potential in
ARF. Vessel dilator (0.3 μg/kg21/min21 via intraperi-
toneal pump) decreases blood urea nitrogen (BUN)
and serum creatinine from 1626 4 mg/dl and
8.176 0.5 mg/dl, respectively, to 536 17 mg/dl and
0.986 0.12 mg/dl in acute renal failure animals, where
ARF was established for 2 days (after vascular clamp-
ing) before vessel dilator was given.54 At day 6 of ARF,
mortality decreased to 14% with vessel dilator from
88% without vessel dilator.54 The ARF animals that did
not receive vessel dilator had moderate (25%�75% of
all tubules involved) to severe (.75% of all tubules
necrotic) acute tubular necrosis by day 8 after their
ischemic event (Figure 37.7b). As shown in
Figure 37.7b, the nuclei in the tubules of these animals
were almost completely destroyed, and the tubules
were filled with sludge. The destruction of the tubules
included both the proximal and distal tubules, with the
proximal tubules being more severely affected
(Figure 37.7b). The glomerulus of the ARF animals was
spared compared to the renal tubules, with glomerulus
appearing to be normal in the ARF animals
(Figure 37.7a and 37.7b).

The addition of vessel dilator after renal failure had
been present for two days resulted in a marked
improvement in the renal histology (Figure 37.7c), with
scores ranging from 0 (no tubular necrosis) to 11
(,5% of the tubules involved).54 The nuclei of the
ischemic tubules regenerated secondary to vessel dila-
tor (Figure 37.7c). When the kidneys were examined at
day 8 of renal failure, the brush borders of the proxi-
mal tubules of the ARF animals treated with vessel
dilator were present (Figure 37.7c), which was similar
to the proximal tubules of healthy animals
(Figure 37.7a). In the ARF animals not treated with ves-
sel dilator, the brush borders of the tubules were
destroyed (Figure 37.7b). The glomeruli of vessel dila-
tor-treated ARF animals also appeared normal
(Figure 37.7c). It is important to note that the animals
treated with vessel dilator who had a significant
increase in survival had nonoliguric renal failure.54 As
noted previously, nonoliguric renal failure subjects
treated with ANP had a decreased survival and it was
the nonoliguric renal failure subjects who did not

respond to ANP.7 Vessel dilator, LANP, and kaliuretic
peptide, as opposed to ANP, BNP, and urodilatin,
have never caused a hypotensive episode when given
to either healthy animals or humans220,381,382 or
when given to humans with sodium and water
retention.243,379,380

FIGURE 37.7 Renal histology of healthy Sprague�Dawley rat.
(a) with intact proximal tubular brush border (arrowhead). (b) ARF
rat at day 8 with marked tubular necrosis (open triangle) and without
intact brush border present (.75% of tubules are necrotic). The glo-
merulus (x) appears to be normal. (c) ARF rat treated with vessel
dilator from days 2 to 5 of ARF with kidney examined after day 8 of
ARF reveals brush border to be present in proximal tubule (arrow-
head). No tubules are necrotic in this ARF animal treated with vessel
dilator. The glomerulus (x) is intact (Magnification of hematoxylin
and eosin: 3 426 (a) and (c); and 3 320 (b); ARF: acute renal failure).
(With permission, from ref. [54].)
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The ability of vessel dilator to reverse ischemic ARF
is consistent with the important concept that the patho-
physiology of ischemic ARF is due to a sublethal and
reversible injury to renal tubular cells.31,234 Part of the
improvement by vessel dilator may be due to its ability
to cause intrarenal vasodilation, as it is a strong vasodi-
lator.389 The reason why vessel dilator has greater ben-
eficial effects than ANP, BNP, CNP, and urodilatin in
acute renal failure appears due, at least in part,
to its ability to cause the endogenous synthesis of reno-
protective prostaglandin E2 (PGE2)

6,180,414 which ANP,
BNP, CNP, and urodilatin do not do.51,139

A suggestion that PGE2 is renoprotective (by main-
taining glomerular hemodynamics) is reinforced by the
observation that cyclooxygenase inhibitors in conges-
tive heart failure and volume depletion states augment
the reduction in RBF and GFR.92,410 There is a dramatic
decrease with prostaglandins in the outer medulla per-
fusion following ischemic injury,178 a region of renal
tissue which normally operates “on the verge of ische-
mia”.36 Prostaglandins have a favorable effect on blood
flow distribution to this region.237 In addition, pro-
staglandins have distinct cytoprotective effects and
improve microvascular permeability in ischemic
ARF.42,180 Prostaglandins are not stored in the kidney,
but rather have to be synthesized acutely secondary to
a stimulating agent such as vessel dilator51,139 in order
for prostaglandins to have a positive beneficial effect in
renal failure.

Adrenomedullin

There is evidence that ADM is renoprotective in
Dahl salt-sensitive rats, in that when perfused for
seven days the glomerular injury score is 54% less
(p, 0.05) than in untreated Dahl salt-sensitive rats.248

The adrenomedullin treated salt-sensitive rats, how-
ever, had considerably more (p, 0.01) glomerular scle-
rosis and anteriolar sclerosis and atrophic tubules after
treatment than the control Dahl salt-resistant rats.248

BNP

BNP has not been investigated as a treatment of
acute renal failure, but one would expect that BNP,
similar to ANP, will have blunted or no effects in ARF
compared to its effects in healthy animals.7,207,245

CNP

CNP increases in the circulation in ARF,348 but its
effects in acute renal failure are unknown. As dis-
cussed above, CNP has no natriuretic effects in healthy
humans.21,47,161

DNP

DNP has been evaluated in persons with end-stage
renal disease on dialysis and was found not to correlate
(p5 0.62) with echocardiographic left ventricular mass
index (LVMI), while ANP and BNP did correlate with
LVMI of these end-stage renal patients.43 DNP has not
been investigated with respect to its possible therapeu-
tic effects in renal failure.

TREATMENT OF OTHER DISEASES
WITH ABNORMAL BLOOD VOLUME

Congestive Heart Failure

As part of the adaptive response to the pathophysi-
ology of congestive heart failure, cardiac hormones
increase in circulation.32,38,83,108,176,177,273,350,368,379,380,418

The rationale for treatment of the pathophysiology of
CHF with cardiac hormones (which are already
increased in the circulation) is based upon other hor-
monal systems, where if one gives pharmacological
rather than physiological concentrations of a hormone
one often can overcome a defect in the target organ
with respect to a particular hormone. In congestive
heart failure, the pathophysiology with respect to
atrial natriuretic peptides appears to be in the target
organ(s) � the kidney has a diminished response to
some of the atrial peptides � rather than the heart not
producing enough of the respective hormones.366

When ANP was investigated for possible treatment of
CHF pathophysiology, it was found to have a
markedly attenuated natriuretic response.56,104,255,318

High-dose administration of ANP produces little or no
diuresis or natriuresis in humans with CHF.56

Synthetic brain natriuretic peptide (Nesterides) in
CHF individuals causes a small increase in urine
volume (90638 versus 676 27 ml/hr).217 There is no
significant natriuresis3 or diuresis166,233 with
Nesterides infusion in humans with CHF. In CHF
animals, BNP has had no significant natriuretic or
diuretic effects.199 BNP can cause significant hypoten-
sion, however, in CHF subjects3,233 with an incidence
of 27% reported with 0.06 μg/kg/min dose.233

Urodilatin infusion in CHF animals, likewise, causes
significantly less natriuresis and diuresis compared
to healthy animals.1

Vessel dilator, when given intravenously for 60
minutes to NYHA Class III CHF subjects, increases
urine flow two- to 13-fold, which is still increased
three hours after its infusion is stopped.380 In CHF
subjects, vessel dilator infusion enhances sodium
excretion levels three- to four-fold, and the fractional
excretion of sodium (FENa) six-fold, which are still
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significantly (p, 0.01) elevated 3 hours later.380 Vessel
dilator simultaneously decreases systemic vascular
resistance 24%, pulmonary vascular resistance 25%,
pulmonary capillary wedge pressure 33%, and central
venous pressure 27%, while simultaneously increasing
cardiac output 34%, cardiac index 35%, and stroke
volume index 24% in individuals with CHF.380 There
were no side-effects with infusion of vessel dilator in
CHF subjects, and specifically none of the CHF sub-
jects became hypotensive as with BNP and ANP.380

The natriuretic and diuretic effects of vessel dilator to
help reverse the pathophysiology of CHF are as
potent (not decreased or blunted) in persons with
CHF as those observed in healthy persons.380

Long-acting natriuretic peptide (LANP) maximally
increases urine flow and natriuresis only two-fold in
persons with CHF379 compared to four- to five-fold
increase in urine flow and three- to eight-fold increase
in natriuresis in healthy individuals.382

ANTIPROLIFERATIVE AND
ANTI-CANCER PROPERTIES OF

CARDIAC NATRIURETIC HORMONES

In blood vessels, ANP inhibits smooth muscle cell
proliferation (hyperplasia) as well as smooth muscle
cell growth (hypertrophy).2,162,163,431 Atrial natriuretic
peptide has growth-regulatory properties in a variety of
other tissues including brain, bone, myocytes, red blood
cell precursors, and endothelial cells.10,11,143,169,261,431 In
the kidney, ANP causes antimitogenic and antiproli-
ferative effects in glomerular mesangial cells via inhibit-
ing DNA synthesis.10,11,169 The newest discovered
property of the cardiac hormones, urodilatin, CNP, and
DNP is their ability to inhibit the growth of cancers
in vitro and in vivo.361,362,377 The first cancer studied
both in vitro and in vivo was human pancreatic adeno-
carcinomas, which have the lowest five-year survival
rate of all common cancers.267,424 The five-year survival
rate of persons with adenocarcinoma of the pancreas is
1%.267,424 The median survival is four months.267,424

Current cancer chemotherapy and surgery prolong
survival by a few months, but the abovementioned
survival rates are for persons treated with surgery and/
or currently available cancer chemotherapeutic
agents.267,424

The four cardiac hormones from the ANP pro-
hormone (Figure 37.1) decrease the number, i.e., elimi-
nate up to 97% of human pancreatic, kidney, prostate,
colon, breast, and ovarian adenocarcinoma
cells,131,355,356,357,361,362 angiosarcoma of the heart
cells,363 melanomas,358 medullary thyroid carcinomas,85

glioblastomas of brain,359 as well as small-cell,364 and
squamous cell lung carcinoma cells360 within 24 hours.

There was a 97.4%, 87%, 88%, and 89% (p, 0.001 for
each) decrease (i.e., elimination) of human prostate
adenocarcinoma cells secondary to vessel dilator,
long-acting natriuretic peptide, kaliuretic peptide,
and ANP, respectively, within 24 hours at their
1 mM concentrations, without any proliferation in the
three days following this decrease.355 When utilized
with these four cardiac hormones respective antibo-
dies, their ability to decrease the number of prostate
cancer cells was completely blocked, indicating that
their effects were specific, i.e., not due to some other
hormone or substance.355 Atrial natriuretic peptide
reduces the number of hepatoblastoma cells in
culture.285

BRAIN NATRIURETIC PEPTIDE AND
C-NATRIURETIC HAVE LESS

SIGNIFICANTANTI-CANCER EFFECTS

Dose�response investigations indicate that brain
natriuretic peptide (BNP) has no anti-cancer effects at
any concentration.131,355�357,364 The addition of BNP for
24 hour results in a 1%, 2%, and 4% (all non-signifi-
cant) decrease in renal carcinoma cell numbers at its 1,
10, and 100 μM concentrations.356 C-natriuretic peptide
(CNP) has anti-cancer effects, but only at 100-fold
higher concentrations than that observed for the
four cardiac hormones synthesized by the proANP
gene.356,364 With exposure to CNP for 24 hours there
was a 1% (n.s.), 7% (n.s.), and 10% (p5 0.04) decrease
in renal carcinoma cell numbers at its 1, 10, and 100 μM
concentrations.356 Similar results were found at 48, 72,
and 96 hours exposure to BNP and CNP.356

THE KIDNEY HORMONE URODILATIN
ALSO HAS ANTI-CANCER EFFECTS

One might expect that urodilatin may have anti-can-
cer effects, as this peptide has identical a.a. to ANP
and identical a.a. to the four terminal a.a. of kaliuretic
peptide, both of which have anti-cancer effects.
Urodilatin decreases the number of renal carcinoma
cells by 66% at its 100 μM concentration, while ANP
and kaliuretic peptide with the same amino acids at
this same concentration eliminated 70% and 74% of the
renal carcinoma cells in 24 hours.356 Urodilatin, vessel
dilator, LANP, kaliuretic peptide, and ANP each at
their 1 μM concentrations inhibit DNA synthesis when
incubated with the human renal carcinoma cells for
24 hours by 65%, 84%, 70%, 74%, and 77%, respectively
(p, 0.001).356
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CARDIAC NATRIURETIC HORMONES
ELIMINATE UP TO 80% OF HUMAN
PANCREATIC ADENOCARCINOMAS

IN VIVO

When the four cardiac hormones from the proANP
gene each at 3 nM min21 kg21 body weight were
infused subcutaneously for 28 days in athymic mice
bearing human pancreatic adenocarcinomas, ANP
eliminated 80% of the human pancreatic cancers.383

Vessel dilator, LANP, and kaliuretic peptide eliminated
the primary pancreatic cancers in 33%, 20%, and 14%
of their respective treatment groups.383 In none of the
animals in which the pancreatic adenocarcinomas were
eliminated in the primary site did a single animal ever
have a recurrence in the primary site during its normal
lifespan.383 One ANP-treated animal developed a meta-
static lesion, and this lesion was eliminated with treat-
ment with vessel dilator.383 Even in the treated animals
which did not have total elimination of their human
pancreatic adenocarcinoma, their tumor volume
decreased to less than 10% (and with vessel dilator to
less than 2%) of that of the untreated animals both dur-
ing treatment and in a 12-month follow-up period.383

CARDIAC HORMONES ELIMINATE TWO-
THIRDS OF HUMAN BREAST CANCERS

IN VIVO WITHOUTANY SURGERY

It was estimated that in 2009 there were 194,280 new
cases of breast cancer and 40,610 deaths from breast
cancer in the United States.165 Breast cancer is the sec-
ond leading cause of death from cancer in women, and
the leading cause of death in women aged 40 to 55 in
the United States.258 Breast cancer is the leading cause
of cancer death in women worldwide.258 The number
of new cases of breast cancer worldwide was estimated
to be 1.05 million, with 370,000 deaths in 2000.258

Vessel dilator, LANP, kaliuretic peptide, and ANP
eliminated 67%, 50%, 67%, and 33% of the human
breast adenocarcinomas in athymic mice when infused
subcutaneously for 28 days 3 nM min21 kg21 body
weight.399 There was no recurrence of the breast can-
cers in the primary site, and no metastasis except in the
ANP-treated group399 (Table 37.2).

CARDIAC AND KIDNEY HORMONES
ELIMINATE UP TO 86% OF HUMAN

SMALL-CELL LUNG CANCERS IN MICE
IN VIVO

Cancer of the lung and bronchus is the leading cause
of cancer death in both men and women in the United

States, with an estimated 88,900 deaths in men and
70,490 deaths in women in 2009.165 The same trend is
seen in many other countries.353 In the current manage-
ment of small-cell lung cancers, the majority of patients
are treated first with chemotherapy plus radiotherapy,
but with this combination survival is only 20% with
limited disease and 0% survival with more extensive
disease at three years.182,353

Long-acting natriuretic peptide, vessel dilator,
kaliuretic peptide, ANP, and urodilatin eliminated
86%, 71%, 57%, 43% (p ,0.001 for each of the cardiac
hormones), and 25% (p ,0.05; urodilatin) of the human
small-cell lung carcinomas.86 One vessel dilator-treated
small-cell lung carcinoma animal developed a large
tumor (8,428 mm3 volume) on treatment, and this
tumor was eliminated utilizing atrial natriuretic pep-
tide and then long-acting natriuretic peptide each for
four weeks sequentially.86

ANTI-CANCER MECHANISM WITHIN
CANCER CELLS OF THE
CARDIAC HORMONES

The Ras mitogen-activated protein kinase (MAPK)/
extracellular signal-related kinase (ERK) kinase-(MEK)-
ERK cascade (Figure 37.8), hereafter referred to as the
Ras-MAPK pathway, is the prototypical signal trans-
duction pathway in cancer.224,313 This pathway is aber-
rantly activated in many types of neoplasms, including
prostate and breast cancer, with this activation being
associated with a poor prognosis.224,313 The integral
role of the Ras-MEK-ERK pathway in mediating multi-
ple hallmarks of cancer has suggested that the different
kinases in this pathway may be targets for the treat-
ment of cancer.225,289,319,320

Ras

Structural alteration in the GTPase Ras occur in 25
to 30% of human cancers, which allows them to relay

TABLE 37.2 Cardiac Hormones Ability to Eliminate Human
Cancer Growing in Athymic Mice

Breast
Cancer

Pancreatic
Adenocarcinoma

Small-cell Lung
Cancer

VDL 67% 33% 71%

LANP 50% 20% 86%

ANP 33% 80% 43%

KP 67% 14% 57%

The numbers in each column are the percentages of human cancers which are

eliminated and never recur in the primary site in athymic mice when treated

with each of the cardiac hormones for 28 days at 3 nM/kg body weight/

minute. Abbreviations: VDL: vessel dilator; LANP: long acting natriuretic

peptide; ANP: atrial natriuretic peptide; KP: kaliuretic peptide.
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mitogen signals in a ligand-independent manner,
thereby obviating the need for ligand activation of
growth factor receptors that occurs in normal
cells.225,319 Attempts to target Ras by perturbing its
interaction with either Son of Sevenless gene (SOS) or
growth factor receptor-bound 2 (GRB2) (Figure 37.8)
have not yielded viable drug development candidates,
largely because of the inherent difficulties of disrupting
protein�protein interactions with drug-like mole-
cules.319 Several drug discovery programs have also
been devoted to finding inhibitors of farnesyltransfer-
ase as a means to prevent the membrane localization of
Ras.319 Despite the successful identification of several
chemical leads that effectively inhibited this prenyla-
tion enzyme, tumor cells, however, have proved gener-
ally to be impervious to the action of this class of
inhibitors.319

Vessel dilator and kaliuretic peptide decrease the
activation of Ras-GTP over a concentration range of
0.01 μM to 1 μM.335 Vessel dilator and kaliuretic
peptide (each 1 μM) inhibit the activation of Ras by
95% (p, 0.001) and 90% (p, 0.001), respectively. At
0.01 μM of kaliuretic peptide, the maximal inhibition
was 95%. The inhibition of Ras lasted for 48 to 72 hours
secondary to both peptides.335 Their ability to inhibit
Ras was inhibited by cyclic GMP antibody, and cyclic
GMP itself inhibited Ras phosphorylation (89%;
p5 0.0015).335

ANP and long-acting natriuretic peptide
(each 0.1 μM) inhibited the phosphorylation of Ras 90%
(p, 0.0001) and 83% (p, 0.0001), respectively.336 At
0.01 μM of long-acting natriuretic peptide, the maximal
inhibition was 89%, which occurred within 5 minutes.

Both peptide hormones inhibited the activation of Ras
for 3 to 4 hours.336 Their ability to inhibit Ras was
inhibited by cyclic GMP antibody and cyclic GMP itself
inhibited Ras phosphorylation (72%; p5 0.009).336

Thus, ANP, vessel dilator, kaliuretic peptide, and long-
acting natriuretic peptide inhibit the activation of
Ras via cyclic GMP as part of their anti-cancer mecha-
nism(s) of action.335,336

MEK 1/2 Kinases

The prototype member of the MEK kinases, desig-
nated MAP kinase kinase (MKK-1)/or MEK-1, specifi-
cally phosphorylates the MAP kinase regulatory
threonine and tyrosine residues present in the Thr-Glu-
Tyr motif of ERK 1/261,425 (Figure 37.8). A second MEK
family member, i.e., MEK-2, resembles MEK-1 at its
substrate specificity, but is seven residues longer than
MEK-1 with the amino acid sequence of MEK-2 being
81% identical to MEK-1.425

Vessel dilator and kaliuretic peptide decrease the
activation of MEK 1/2 (Figure 37.8) over a concentra-
tion range of 0.01 μM to 10 μM.339 Vessel dilator and
kaliuretic peptide (each 10 μM) inhibited the phosphor-
ylation of MEK 1/2 kinase 98% ((Figure 37.9, p, 0.0001)
and 81% (p, 0.001), respectively.339 The inhibition of
MEK 1/2 lasted for at least two hours, where it was
maximal, secondary to both peptides.339 Their ability to
inhibit MEK 1/2 was inhibited by cyclic GMP antibody,
and cyclic GMP itself inhibited MEK 1/2 phosphor-
ylation, indicating that cyclic GMP is important for
mediating these cardiac hormones’ effects.339

FIGURE 37.8 Mitogens such as epidermal

growth factor bind to their tyrosine kinase recep-

tor (RTK) to convert inactive Ras-GTP mainly via

SHC to active Ras-GTP. Cardiac hormones inhibit
up to 98% of 5 metabolic targets (kinases) impor-
tant in cancer cell growth, i.e., Ras-GTP, MEK 1/2
kinases, and ERK 1/2 kinases of the Ras-MEK 1/2-
ERK 1/2 kinase cascade in cancer cells. They are
also strong inhibitors (up to 91%) of DNA synthe-
sis within cancer cells. The cardiac hormones also
block mitogens such as epidermal growth factor’s
ability to stimulate the conversion of Ras-GDP to
Ras-GTP. 442
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ANP and long-acting natriuretic peptide decreased
the activation of MEK 1/2 over a concentration
range of 0.01 μM to 10 μM.340 Long-acting natriuretic
peptide and atrial natriuretic peptide (each 10 μM)
inhibited the phosphorylation of MEK 1/2 kinase 97%
(p, 0.00001) and 88% (p, 0.00001), respectively.340 The
inhibition of MEK 1/2 was maximal at two hours, and
ceased by four hours secondary to both peptides.340

The ability of peptides to inhibit MEK 1/2 was inhib-
ited by cyclic GMP antibody, and cyclic GMP itself
inhibited MEK 1/2 phosphorylation by 93%,340 indicat-
ing that cyclic GMP is an important mediator of the
cardiac natriuretic peptides’ effects on MEK 1/2 kinase.

Cardiac Hormones Inhibit Activation of ERK
1/2 Kinases

Extracellular-signal regulated kinase (ERK) 1/2 is a
mitogen-activated protein kinase (MAP kinase) impor-
tant for the growth of cancer(s).67,311 Growth factors
such as epidermal growth factor (EGF), fibroblast
growth factor, platelet derived growth factor, and vas-
cular endothelial growth factor (VEGF) after binding to
their specific receptor tyrosine kinases work via ERK
1/2 kinase to cause proliferation.311

Vessel dilator and kaliuretic peptide decrease the
activation of ERK 1/2 over a concentration range of
0.01 μM to 1 μM. Vessel dilator and kaliuretic peptide
(each 1 μM) inhibit the phosphorylation of ERK 1/2
kinases 96 and 70% (p, 0.001), respectively.337 Both

have significant effects within five minutes at their
0.01 μM concentrations.337 The inhibition of ERK 1/2
lasted for at least two hours secondary to both. Their
ability to inhibit ERK 1/2 was inhibited by cyclic GMP
antibody, and cyclic GMP itself inhibited ERK 1/2
phosphorylation.337

ANP and LANP, likewise, decrease the activation of
ERK 1/2 over a concentration range of 0.01 μM to
10 μM(297d). ANP and LANP’s maximal inhibition of
the phosphorylation of ERK 1/2 kinase were 94 and
88% (p ,0.0001), respectively.338 Their ability to inhibit
ERK 1/2 was inhibited by cyclic GMP antibody, and
cyclic GMP itself inhibited ERK 1/2 phosphorylation,
suggesting that cyclic GMP mediates their effects of
inhibition the phosphorylation of ERK 1/2.338

Growth promoting hormones such as insulin and
epidermal growth factor (EGF) work as mitogens via
ERK 1/2 (mitogen-activated) protein kinase (MAP
kinase) to cause growth.67,311 Insulin (1 μM) and EGF
(10 ng/ml) each enhance the phosphorylation of ERK
1/2 by 66%.341 This enhanced phosphorylation of ERK
1/2 by EGF and insulin was decreased down to 10%,
8%, 27%, and 13% above non-stimulated ERK 1/2 by
vessel dilator, kaliuretic peptide, LANP, and ANP.341

CARDIAC HORMONES’ MECHANISM
OF ACTION: INHIBITION OF DNA

SYNTHESIS

Vessel dilator, LANP, kaliuretic peptide, and ANP
each at their 1 μM concentrations inhibit DNA synthe-
sis when incubated with pancreatic adenocarcinoma
cells for 24 hours by 91%, 84%, 86%, and 83%, respec-
tively (p ,0.001 for each).361 One of the known media-
tors369,409 of these peptide hormones’ mechanism(s) of
action, i.e., cyclic GMP, inhibited DNA synthesis in
these adenocarcinoma cells by 51%.361 These four car-
diac hormones inhibit DNA synthesis by 80�91% in all
human cancer cell lines.85,131,355�359,361,364 Thus, after
inhibiting ERK 1/2, DNA synthesis (a further or final
step in the Ras-ERK 1/2 pathway) is inhibited within
the nucleus. The ability of these peptide hormones to
inhibit DNA synthesis is specifically mediated by the
intracellular mediator cyclic GMP, as when a cyclic
GMP antibody is incubated with the cardiac hormones
they are unable to inhibit DNA synthesis.131

LOCALIZATION OF CARDIAC
HORMONES TO THE NUCLEUS OF
PANCREATIC ADENOCARCINOMAS

All four of these cardiac hormones synthesized by
the ANP gene localize to the nucleus of human
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FIGURE 37.9 Vessel dilator at 10 μM inhibits 98% of the phos-

phorylation of mitogen-activated protein kinase kinase (MEK 1/2),

which was maximal at two hours and significant at p ,0.00001

when evaluated by analysis of variance (ANOVA). MEK 1/2 is at
45 kDa while B-actin (loading control) is at 42 kDa. The relative
intensity in the bar graphs is a comparison against untreated MEK 1/
2 (100% intensity). (Reprinted from Anticancer Res. 27, 1387�1392,
2007.)
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pancreatic adenocarcinomas by immunocytochemical
evaluation, where they can inhibit DNA synthe-
sis.298,299 These are the first antigrowth peptide hor-
mones that have been demonstrated to localize to the
nucleus of cancers, and all four cardiac hormones
localized to the nucleus.298,299 These four cardiac hor-
mones also localize to the capillaries growing into the
human cancers, and the cytoplasm and fibroblasts
within the tumors.298,299

SUMMARYAND FUTURE DIRECTIONS

Cardiac natriuretic peptides are synthesized both in
the kidney and the heart,130,271,347 and have some of
their most potent biologic effects, such as natriuresis
and diuresis, in the kidney.24,27,78,139,141,220,405,434 Vessel
dilator, via its ability to ameliorate acute renal failure
and enhance tubule regeneration in acute tubular
necrosis,54 may prove useful in the future for the treat-
ment of acute renal failure. BNP and adrenomedullin,
with their effects in glomerular hypertrophy179 and
glomerular injury,248 respectively, may be useful for
the treatment of renal glomerular diseases. Since BNP,
ANP, and adrenomedullin do not appear to help tubu-
lar diseases such as acute tubular necrosis, the major
cause of acute renal failure,154,423 their therapeutic
potential in acute tubular necrosis appears limited.
Future studies with these peptide hormones in humans
with acute renal failure and/or glomerular diseases are
necessary to determine whether the findings in animal
models of ARF are applicable to the treatment of
humans with acute renal failure.

Future research will concentrate on these cardiac
hormones in humans with acute renal failure and renal
cancer. With respect to side-effects, there have been no
side-effects when infused for 28 days in athymic
mice.86,399 These cardiac hormones have been infused
for one hour in 50 healthy humans and 50 humans
with congestive heart failure, and one person had a
marked decrease in blood pressure with ANP which
was immediately corrected with 0.9% saline.380,382

There have been no side-effects with the other three
cardiac hormones in humans,380,382 suggesting that
they will be safe to treat persons with acute tubular
necrosis and renal cancer and other cancers.
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INTRODUCTION

Extracellular fluid (ECF) volume is determined by
the balance between sodium intake and renal excretion
of sodium. Under normal circumstances, wide varia-
tions in salt intake lead to parallel changes in renal salt
excretion, such that ECF volume is maintained within
narrow limits. This relative constancy of ECF volume is
achieved by a series of afferent sensing systems, central
integrative pathways, and renal and extrarenal effector
mechanisms acting in concert to modulate sodium
excretion by the kidney.

In the major edematous states, effector mechanisms
responsible for sodium retention behave in a more-or-
less nonsuppressible manner, resulting in either subtle
or overt expansion of ECF volume. In some instances,
an intrinsic abnormality of the kidney leads to primary
retention of sodium, resulting in expansion of ECF vol-
ume. In other instances, the kidney retains sodium sec-
ondarily as a result of an actual or sensed reduction in
effective circulatory volume.

Renal sodium wastage can be defined as the inabil-
ity of the kidney to conserve sodium to such an extent
that continued loss of sodium into the urine leads
to contraction of intravascular volume and hypoten-
sion. Renal sodium wastage occurs in circumstances
where renal sodium transport is pharmacologically
interrupted (administration of diuretics), where the in-
tegrity of renal tubular function is breached (tubuloin-
terstitial renal disease) or when mineralocorticoid
activity or tubular responsiveness are diminished or
absent.

SODIUM INTAKE AND SODIUM
BALANCE

Under normal circumstances, renal excretion of
sodium is regulated so that balance is maintained
between intake and output, and ECF volume is stabi-
lized. A subject maintained on a normal-sodium diet is
in balance when body weight is constant, and sodium
intake and output are equal. When the diet is abruptly
decreased, a transient negative sodium balance ensues.
A slight contraction of ECF volume signals activation
of sodium-conserving mechanisms, which lead to
decreases in urinary sodium excretion. After a few
days, sodium balance is achieved and ECF volume and
weight are stabilized, albeit at a lower value. If sodium
intake is increased to the previous normal values, tran-
sient positive sodium balance leads to expansion of
ECF volume, thereby suppressing those mechanisms
that enhanced sodium reabsorption. A new steady-
state is reached when ECF volume has risen suffi-
ciently so that sodium excretion now equals intake
(Figure 38.1). In both directions a steady-state is
achieved, whereby sodium intake equals output, while
ECF volume is expanded during salt loads and shrunk
during salt restriction. The kidney behaves as though
ECF volume is the major regulatory element modulat-
ing sodium excretion.

The major edematous states � congestive heart fail-
ure, cirrhosis of the liver, and nephrotic syndrome �
depart strikingly from those constraints. These states
are characterized by persistent renal salt retention
despite progressive expansion of ECF volume.
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Unrelenting sodium reabsorption is not the result of
diminished sodium intake or even in most cases dimin-
ished plasma volume, as dietary salt is adequate and
total ECF and plasma volumes are expanded. Renal
sodium excretion no longer parallels changes in ECF
volume; rather, the kidney behaves as if sensing a per-
sistent low-volume stimulus. Some critical component
of ECF volume remains underfilled.

PRIMARYAND SECONDARY EDEMA

A common feature of the major edematous states
is persistent renal salt retention despite progressive
expansion of both plasma and ECF volume. Two
themes have been proposed to explain the persistent
salt retention that characterizes the major edematous
states: salt retention may be a primary abnormality of
the kidney or a secondary response to some distur-
bance in circulation.

Primary edema (overflow, overfill, nephritic) refers
to expansion of ECF volume and subsequent edema for-
mation consequent to a primary defect in renal sodium
excretion. Increased ECF volume and expansion of its
subcompartments result in manifestations of a well-
filled circulation. Hypertension and increased cardiac
output are commonly present. The mechanisms nor-
mally elicited in response to an underfilled circulation
are suppressed (krenin�angiotensin�aldosterone,k
antidiuretic hormone (ADH),kactivity of sympathetic
nerves,kcirculating catecholamines). Acute post-strep-
tococcal glomerulonephritis and acute or advanced
chronic kidney disease are disorders in which edema
formation is primary in origin.

Secondary edema (underfill) results from the
response of normal kidneys to actual or sensed under-
filling of the circulation. In this form of edema, a pri-
mary disturbance within the circulation secondarily
triggers renal mechanisms for sodium retention. Those
systems that normally serve to defend the circulation
are activated (rises in renin�angiotensin�aldosterone,
ADH, activity of sympathetic nerves, and circulating
catecholamines). The renal response in underfill edema
is similar to that in normal subjects placed on a low-
salt diet, that is, low fractional excretion of sodium,
increased filtration fraction, and prerenal azotemia.
Despite these similarities, a number of critical features
distinguish these two states: (1) sodium balance is posi-
tive in underfill edema while salt-restricted normal
subjects are in balance; and (2) administration of salt to
sodium-restricted normals transiently expands ECF
volume, after which sodium excretion equals intake,
whereas in underfill edema, ECF volume expands pro-
gressively consequent to unyielding salt retention; and
features of an underfilled circulation persist in under-
fill edema, while the circulation is normalized in
normals.

The circulatory compartment that signals persistent
activation of sodium-conserving mechanisms in sec-
ondary edema is not readily identifiable. Cardiac out-
put may be high (arteriovenous shunts) or low (dilated
cardiomyopathy). Similarly, plasma volume may be
increased (arteriovenous shunts and heart failure) or
decreased (some cases of nephrotic syndrome). The
body fluid compartment ultimately responsible for
signaling a volume-regulatory reflex leading to renal
sodium retention is effective arterial blood volume
(EABV). EABV identifies that critical component of
arterial blood volume, actual or sensed, that regulates
sodium reabsorption by the kidney.184 In both normal
circumstances and the major edematous states, the
magnitude of EABV is the major determinant of renal
salt and water handling.

CONCEPT OF EFFECTIVE ARTERIAL
BLOOD VOLUME

In order to explain adequately persistent sodium
retention in underfill edema, two cardinal features
must exist. First, there must be a persistent low-volume
stimulus sensed by the kidney that is then translated
into persistent, indeed often unrelenting, retention of
sodium despite adequate salt intake and overexpansion
of ECF volume. Second, there must be a disturbance in
those forces that partition retained fluid into the vari-
ous subcompartments of the ECF space, resulting in an
inability to terminate the low-volume stimulus. The
first feature can be ascribed to a shrunken EABV, a
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feature common to all major edematous states. The sec-
ond feature can be attributed to a disruption in Starling
forces, which normally dictate the distribution of fluid
within the extracellular compartment. A disturbance in
the circulation exists such that retained fluid is unable
to restore EABV but rather is sequestered, resulting in
edema formation.

Fluctuations in EABV are modulated by two key
determinants: (1) filling of the arterial tree (normally
determined by venous return and cardiac output); and
(2) peripheral resistance (a factor influenced by compli-
ance of the vasculature and degree of arteriolar runoff).
A reduction in EABV can be the result of decreased
arterial blood volume owing to low cardiac output, as
in congestive heart failure. Conversely, EABV can be
reduced in the face of increased arterial blood volume
when there is excessive peripheral runoff, as seen in
arteriovenous shunting and vasodilation. Increased
compliance of the arterial vasculature in which arterial
blood volume is reduced relative to the holding capac-
ity of the vascular tree results in decreased EABV. For
example, administration of salt to a subject with a
highly compliant or “slack” circulation (as in preg-
nancy or cirrhosis) results in a sluggish natriuretic
response, in contrast to a high resistance or “tight” cir-
culation (as in primary aldosteronism or accelerated
hypertension) in which salt administration causes
prompt natriuresis.

Under normal circumstances, EABV is well-corre-
lated with ECF volume. Figure 38.1 depicts the rela-
tionship between subcompartments of ECF volume
and renal sodium excretion in both normal and edema-
tous states. Under normal circumstances, subcompart-
ments of ECF volume freely communicate in response
to changes in dietary sodium, such that expansion or
shrinkage of these compartments occurs in concert
(Figure 38.2, states 1A and 1B). In steady-state condi-
tions, sodium intake and output are in balance; the set
point at which balance is attained is dictated by salt
intake.

By contrast, major edematous states are character-
ized by a shrunken EABV, which cannot be filled
despite expansion of one or more subcompartments.
No longer is EABV well-correlated with total ECF vol-
ume and salt intake. Due to a disturbance in the forces
that normally partition fluid into the various subcom-
partments of ECF space, EABV remains contracted
even though total ECF volume is greatly expanded.
Activation of sodium-conserving mechanisms persists,
despite plentiful salt intake. Such derangements in
fluid distribution can be categorized as disturbances in
Starling forces within the interstitial space, between
interstitial space and vascular tree, and disturbances
within the circulation. These disturbances are summa-
rized next.

1. Trapped fluid (Figure 38.2, state 2A). In the first type
of disturbance, fluid is trapped within a pathologic
compartment such that it cannot contribute to
effective extracellular volume, that is, volume
capable of filling interstitial and vascular spaces.
Decrease in effective extracellular volume leads to
decreases in total blood volume, arterial blood
volume, and EABV, and renal sodium retention is
stimulated. Retention of salt and water cannot
re-expand effective extracellular volume, as fluid is
sequestered into an abnormal fluid compartment
behind the “Starling block” within the interstitial
space. Such spacing of fluid into inflamed tissue,
vesicles and bullae, peritonitis, necrotizing
pancreatitis, rhabdomyolysis, and burns functionally
behaves as if lost from the body.

2. Reduced oncotic pressure. A reduction in the
circulating level of albumin can lead to a second
type of fluid maldistribution. Decreased plasma
oncotic pressure allows fluid to translocate from the
vascular compartment to the interstitial space.
Reductions in total blood volume, arterial blood
volume, and EABV lead to sodium retention. The
retained salt and water, owing to a “Starling block”
across the capillary bed, leaks into the interstitial
space.

3. Vascular disturbances (Figure 38.2, states 2B and 2C).
A third type of fluid distributory disturbance results
from abnormalities within the circulation, and can
be of two types. The prototypical example of the
first type is congestive heart failure. A failing
ventricle results in decreased cardiac output and
high diastolic intraventricular pressures. Venous
return is impeded, with consequent reductions in
arterial blood volume and EABV. Sodium retention
is stimulated, but arterial blood volume and EABV
remain contracted due to a circulatory block across
the heart. In consequence, venous volume expands
and leads to transudation of fluid into the interstitial
space. The second type of circulatory abnormality
that leads to fluid maldistribution is exemplified by
arteriovenous shunting (e.g., Paget’s disease,
beriberi, thyrotoxicosis, anemia, cirrhosis).
Widespread shunting through multiple small
arteriovenous communications results in increased
venous return, thereby augmenting cardiac output
and arterial filling. However, arterial runoff and
vasodilation lead to underperfusion of some critical
area in the microcirculation. The circulatory block
lies between the arterial blood volume and EABV.

What distinguishes secondary edematous states
from the normal circumstance is an inability to expand
EABV owing to Starling or circulatory blocks within
the extracellular space. Normally, the system of
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volume regulation behaves as an open system, such
that fluctuations in one compartment are quickly trans-
lated into parallel changes in other compartments; total
ECF volume and EABV are closely related. In contrast,
volume regulation in underfill edema can be regarded
as clamped; EABV remains shrunken despite expan-
sion of the subcompartments of the extracellular space.
EABV becomes dissociated from total ECF volume; salt
retention becomes unrelenting and salt administration
cannot re-expand the contracted EABV.

The reader is referred to the fourth edition of this
book, in which a comprehensive discussion is provided
on the afferent and efferent mechanisms involved in
the regulation of extracellular fluid volume under nor-
mal circumstances. An overview of renal sodium han-
dling in each segment of the nephron was also
provided in that discussion. In this edition, the chapter
will focus exclusively on the pathophysiology of the
major edematous and salt-wasting states.

CONGESTIVE HEART FAILURE

The fundamental abnormality underlying congestive
heart failure is an inability of the heart to maintain its
function as a pump. As a result, a series of complex
compensatory reflexes are initiated that serve to defend
the circulation. The renal response to a failing myocar-
dium is retention of salt and water resulting in expan-
sion of ECF volume. If myocardial dysfunction is mild,
expansion of ECF volume leads to increased left ven-
tricular end-diastolic volume, which raises cardiac out-
put according to the dictates of the Frank�Starling
principle. In this state of compensated congestive heart

failure, salt intake and output come into balance, but at
the expense of an expanded ECF volume. Further dete-
rioration in ventricular function leads to further renal
retention of salt and water. There is progressive expan-
sion of ECF volume and features of a congested circu-
lation become manifest: peripheral edema, engorged
neck veins, and pulmonary edema. Despite massive
overexpansion of ECF volume, the kidneys behave as
though they were responding to a low-volume stimu-
lus. In subsequent sections, a detailed analysis of the
afferent and efferent regulatory limbs in congestive
heart failure will be provided.

Afferent Sensing Mechanisms in Congestive
Heart Failure

Low and High Pressure Baroreceptors

A characteristic feature in many forms of congestive
heart failure is increased stretch and transmural pres-
sure within the cardiac atria. These alterations would
normally provide afferent signals that suppress sympa-
thetic outflow and decrease the release of renin and
ADH, and ultimately result in a diuretic and natriuretic
response. In congestive heart failure, this afferent sig-
naling mechanism is markedly perturbed. Despite the
presence of venous congestion and elevated cardiac
filling pressures, sympathetic nervous activity and
serum concentrations of renin and ADH are increased
and urinary salt excretion is blunted. Both clinical and
experimental studies are consistent with a decrease in
sensitivity of the pressure-sensitive receptors in the car-
diac atria.

Increased renal sympathetic nerve activity in cardiac
failure has also been attributed to impaired arterial
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baroreceptor function. High pressure baroreceptors in
the carotid sinus and aortic arch normally exert a tonic
inhibitory effect on central nervous system sympathetic
outflow. Although the precise mechanism for the sym-
pathoexcitation is not known, a sustained reduction in
arterial pressure is unlikely to be the sole explanation,
since arterial pressure is usually normal in congestive
heart failure. Rather, sympathetic tone becomes insen-
sitive to manipulations that normally suppress or
enhance its activity. For example, infusion of nitroprus-
side increases both the heart rate and the circulating
norepinephrine levels in normal subjects, whereas
equivalent hypotensive doses in subjects with conges-
tive heart failure elicit a blunted response.149 Similarly,
patients with heart failure show less bradycardia when
arterial pressure is raised by infusion of phenylephrine.
Such alterations in baroreflex function may result from
abnormalities peripherally or alterations in central
autonomic regulatory centers.

Several observations suggest angiotensin II may con-
tribute to the depressed baroreflex sensitivity in heart
failure. Angiotensin II has been shown to upwardly
reset the arterial baroreflex control of heart rate in the
rabbit, independent of a change in arterial pressure.20

In the rat, increased levels of endogenous angiotensin
II produced by changes in dietary salt intake tonically
increase the basal level of renal sympathetic nerve
activity, and upwardly reset the arterial baroreflex con-
trol of renal sympathetic nerve activity.36 In experimen-
tal models, administration of an angiotensin II receptor
blocker can reverse these changes and improve the
sensitivity of the arterial baroreflex mechanism.
Interestingly, captopril administered to patients with
congestive heart failure restores the normal hemody-
namic response to postural tilt and infusion of vasocon-
strictive agents.30

Cardiac Output

A reduction in cardiac output has been suggested as
the afferent signal that leads to Na retention in heart
failure. When cardiac output is reduced by constriction
of the abdominal or thoracic vena cava, urinary sodium
excretion is typically decreased.166,186 Restoring cardiac
output to normal by autologous blood transfusion
ameliorates renal salt retention, despite persistently
elevated venous and hepatic pressures.166 By contrast,
rats with small-to-moderate myocardial infarctions
have normal capacities to increase cardiac output in
response to volume loads, and yet renal sodium excre-
tion remains blunted in these animals. Even when car-
diac output is increased above normal, as with the
creation of an arteriovenous fistula in dogs, clinical
findings of ascites and peripheral and pulmonary
edema develop.218 Despite increased cardiac output,
levels of renin, aldosterone, and ANP are high.202

Thus, the signal which initiates renal salt retention in
congestive heart failure cannot originate solely from a
decrease in cardiac output.

Other Sensors

Other afferent sensing mechanisms potentially
active in congestive heart failure include intrahepatic
baroreceptors and mechanoreceptors within the kid-
ney. Chemosensitive receptors that respond to chang-
ing levels of metabolic breakdown products may
participate in sensing of ECF volume. One such sensing
mechanism may relate to the cardiac sympathetic affer-
ent reflex. The reflex begins with sympathetic afferent
fibers that respond to changes in cardiac pressure and
dimension or substances that may accumulate in ische-
mia or heart failure. The reflex is excitatory in nature,
such that activation of the afferent fibers leads to
increased central sympathetic outflow. In summary, a
contracted EABV serves as the afferent signal that
elicits activation of effector mechanisms resulting in
sodium retention. As with other edematous disorders,
the exact volume compartment that comprises EABV
has not been elucidated (Figure 38.3).

Effector Mechanisms in Congestive Heart
Failure

Nephron Sites of Renal Sodium Retention

Renal sodium handling in the setting of congestive
heart failure is similar to that which occurs in an
otherwise normal individual who is volume-depleted.
Activation of effector mechanisms lead to alterations in
renal hemodynamics and tubular transport mechan-
isms that culminate in renal salt retention.

Renal hemodynamics in congestive heart failure are
characterized by reduced renal plasma flow and a
well-preserved glomerular filtration rate, such that fil-
tration fraction is typically increased. In a rat model of
myocardial infarction, Hostetter et al.75 found a posi-
tive correlation between the decline in renal plasma
flow and the degree to which left ventricular function
was impaired. The glomerular filtration rate remained
well-preserved as a result of an increased filtration
fraction, except in animals with a severely compro-
mised left ventricle. When examined at the level of the
single nephron, these hemodynamic changes were
found to be the result of a disproportionate increase in
efferent arteriolar vasoconstriction and increased glo-
merular capillary hydraulic pressure.76 Treatment with
an angiotensin-converting enzyme inhibitor caused a
decline in filtration fraction and efferent arteriolar
resistance, suggesting an important role for angiotensin
II in mediating efferent arteriolar constriction.
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Changes in glomerular and proximal tubular function
in heart failure are similar to those that result from infu-
sion of angiotensin II or norepinephrine. Angiotensin II,
catecholamines, and renal nerves are all capable of
increasing both the afferent and the efferent arteriolar
tone, but predominantly act on the latter. These changes
serve to maintain glomerular filtration rate near normal
as renal plasma flow declines secondary to impaired car-
diac function. As cardiac function progressively declines
and the reduction in renal plasma flow becomes severe,
the glomerular filtration rate will begin to fall. At this
point there is an inadequate rise in filtration fraction,
because efferent arteriolar vasoconstriction can no longer
offset the intense afferent arteriolar constriction. Higher
plasma catecholamines and further increases in sympa-
thetic nerve activity acting to provide circulatory stabil-
ity result in greater constriction of the afferent arteriole,
such that glomerular plasma flow and transcapillary
hydraulic pressure are reduced. In this setting, the glo-
merular filtration rate becomes dependent on afferent
arteriolar flow.

These observations are similar to what has been
observed in human subjects with varying degrees of
left ventricular function.119 As left ventricular function
declines, the glomerular filtration rate is initially main-
tained by an increased filtration fraction. However, in
patients with severely depressed left ventricular func-
tion, a progressive decline in renal blood flow becomes
associated with a fall in glomerular filtration rate due
to an inadequate rise in filtration fraction. In this set-
ting, administration of an ACE inhibitor can result in a
further lowering of the glomerular filtration rate, even

though systemic arterial pressure remains fairly
constant.151

Both experimental and clinical studies support the
proximal nephron as a major site of increased sodium
reabsorption in the setting of congestive heart failure.
In human subjects, clearance techniques have primarily
been employed to demonstrate the contribution of the
proximal nephron. For example, infusion of mannitol
was shown to increase free water excretion to a greater
extent in patients with congestive heart failure as com-
pared to normal controls. Since mannitol inhibits fluid
reabsorption proximal to the diluting segment, it was
inferred that enhanced free water clearance was reflec-
tive of augmented delivery of Na from the proximal
tubule to the diluting segment.10 In dogs with an arte-
riovenous fistula, there is a failure to escape from the
Na-retaining effects of deoxycorticosterone acetate. In
addition, these animals do not develop hypokalemia in
contrast to normal controls.82 The absence of hypokale-
mia in the setting of mineralocorticoid excess is best
explained by decreased delivery of Na to the distal
nephron due to enhanced proximal Na reabsorption.
Alterations in peritubular hydrostatic and oncotic
forces, as well as direct effects of various neurohor-
monal effectors, account for enhanced proximal sodium
and water absorption in this setting.76

Clearance and micropuncture studies are also con-
sistent with enhanced sodium reabsoption in the distal
tubule in states of congestive heart failure. The loop of
Henle has been identified as a site of enhanced sodium
reabsoption in dogs with chronic vena cava obstruc-
tion112 and rats with an arteriovenous fistula.193
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Renin�Angiotensin�Aldosterone System

The renin�angiotensin�aldosterone system is acti-
vated when the heart fails as a pump.139 Components
of this system serve to compensate for decreased car-
diac output by stabilizing the circulation and expand-
ing ECF volume.

Several mechanisms are activated in the setting of a
failing myocardium which serve to increased renin
release. Diminished pressure in the afferent arteriole
enhances renin release via a baroreceptor mechanism,
the sensitivity of which is heightened consequent to
augmented baseline sympathetic nerve activity.94

Enhanced salt and water reabsorption in the proximal
tubule and loop of Henle diminishes sodium chloride
concentration at the macula densa, providing a stimu-
latory signal for renin release by way of the tubuloglo-
merular feedback mechanism. Finally, increased
sympathetic nerve activity directly enhances renin
release via stimulation of β-adrenergic receptors on the
juxtaglomerular cells.

Renin acts on angiotensinogen synthesized in the
liver and elsewhere to produce the decapeptide, angio-
tensin I. Angiotensin I is converted to angiotensin II
by the angiotensin-converting enzyme present in the
lungs, kidney, and blood vessels throughout the
circulation.

Angiotensin II plays a pivotal role in glomerular and
proximal tubule function in models of congestive heart
failure (Figure 38.4). By selectively increasing efferent
arteriolar tone, adjustments in the glomerular and post-
glomerular circulatory network favor net reabsorption
in the proximal tubule. Increased filtration fraction
leads to increased peritubular oncotic pressure, and in
combination with decreased peritubular hydrostatic
pressure net sodium reabsorption is enhanced.
Angiotensin II also stimulates salt and water reabsorp-
tion through a direct effect on proximal tubular
cells.70,187 Increased efferent arteriolar resistance
increases glomerular capillary hydrostatic pressure,
mitigating any fall in GFR that would otherwise occur
from decreased renal blood flow. In clinical, as well as
experimental, models of heart failure, administration of
ACE inhibitors improves renal blood flow and increases
urinary sodium excretion, consistent with important
angiotensin II-mediated effects on the renal
microvasculature.44

Angiotensin II also contributes to renal salt and
water retention through effects mediated by increased
renal sympathetic nerve activity. As previously men-
tioned, angiotensin II decreases the sensitivity of the
baroreflex mechanism such that a higher pressure is
required to decrease central sympathetic outflow. In
addition, angiotensin II directly stimulates sympathetic
outflow at the level of the central nervous system.

Chronic administration of an ACE inhibitor to patients
with congestive heart failure reduces central sympa-
thetic outflow and improves the sympathoinhibitory
response to baroreflex stimulation.65

Angiotensin II also influences renal salt and water
handling in the distal nephron, primarily through stim-
ulatory effects on aldosterone release in the adrenal
gland.183 Aldosterone acts primarily on the collecting
duct to promote tubular reabsorption of sodium.
Aldosterone-stimulated sodium reabsorption generates
a luminal-negative voltage that secondarily enhances
excretion of hydrogen and potassium ions. The magni-
tude of potassium secretion will depend on the volume
and composition of filtrate reaching the collecting duct.
In this regard, patients with heart failure rarely mani-
fest hypokalemia and alkalosis, despite oversecretion
of mineralocorticoid, unless distal sodium delivery is
increased by use of a diuretic. In the absence of diuretic
therapy, distal delivery of sodium is low due to
enhanced proximal reabsorption mediated by angio-
tensin II, sympathetic nerves, and peritubular physical
factors. Thus, although plasma renin and aldosterone
levels are frequently elevated in heart failure, there is
conflicting data as to the importance of aldosterone in
mediating renal salt retention.43,71,206

Conflicting data regarding the importance of the
renin�angiotensin�aldosterone system in the genera-
tion of cardiac edema is best resolved when analyzed
with respect to severity of heart failure. The initial
response to constriction of the pulmonary artery or tho-
racic inferior vena cava in dogs is a reduction in blood
pressure, and increases in renin and aldosterone levels.
During this acute phase there is avid renal sodium
retention,206 and stability of blood pressure is critically
dependent on circulating angiotensin II. Over several
days plasma volume and body weight increase, while
renin, aldosterone, and sodium balance return to con-
trol values. During the acute phase, administration of a
converting enzyme inhibitor results in hypotension,
while no effect on blood pressure is observed during
this chronic phase. If plasma renin and aldosterone fail
to decrease due to severe impairment of cardiac out-
put, then converting enzyme inhibitor-induced hypo-
tension persists.

A similar pattern is seen in dogs with an arteriove-
nous fistula.202 In the early phase of this high-output
cardiac failure model, significant elevations in renin
and aldosterone levels occur, and renal sodium reten-
tion is marked. Several days later, after development of
peripheral edema and ascites, renin and aldosterone
levels return to baseline and daily sodium excretion
begins to match dietary intake.

A similar relationship between the
renin�angiotensin�aldosterone system and stage and
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severity of congestive heart failure exists in humans.43

This relationship may explain why renal function
improves in some patients treated with ACE inhibitors,
whereas renal function deteriorates in others.152 In sub-
jects whose renal function worsens after administration
of the drug, there is a greater fall in mean right atrial
pressure, left ventricular filling pressure, mean arterial
pressure, and systemic vascular resistance as compared
to subjects with stable renal function. In addition,
plasma renin activity increases to a greater extent.
These changes suggest a more contracted EABV and
greater dependency of systemic vascular resistance on
circulating angiotensin II in patients with ACE inhibi-
tor-induced renal dysfunction.

In summary, during severe decompensated left ven-
tricular failure, decreased EABV elicits release of renin
with consequent activation of angiotensin II and aldo-
sterone. Acutely, increased circulating levels of angio-
tensin II serve to maintain systemic blood pressure and
augment renal sodium reabsorption. Salt retention is
the result of hemodynamic and direct effects of angio-
tensin II at the level of the proximal tubule, and
enhanced sodium reabsorption in the distal nephron
primarily mediated by increased aldosterone. As ECF
volume expands, renin, angiotensin II, and aldosterone
become suppressed, although not necessarily to normal
levels. Maintenance of systemic blood pressure is more
dependent on volume rather than angiotensin II.
Sodium balance is now achieved, but at the expense of

increased steady-state ECF volume. ACE inhibitor ther-
apy is not associated with deleterious effects on renal
function at this stage of the disease. Should further
deterioration in cardiac function ensue, persistent acti-
vation of the renin�angiotensin�aldosterone system
may result, such that systemic blood pressure remains
dependent on circulating angiotensin II despite expan-
sion of ECF volume. In this setting, ACE inhibitor ther-
apy can precipitate hypotension and significant
reductions in the glomerular filtration rate. One has to
consider this sequential change in renin to volume
dependency of mean arterial blood pressure in
attempting to predict net renal and hemodynamic
effects of converting enzyme inhibition.156,194

Sympathetic Nervous System

The sympathetic nervous system is activated in
congestive heart failure. Plasma norepinephrine levels
are elevated, and concentrations correlate with the
degree of left ventricular dysfunction.111 Direct nerve
recordings demonstrate a direct relationship between
central sympathetic nerve outflow and left ventricular
filling pressures.109

Increased sympathetic tone influences renal reab-
sorption of salt and water by indirect, as well as direct,
mechanisms (Figure 38.5). Glomerular hemodynamics
are affected similarly to that produced by angiotensin
II. In addition, sympathetic nerves directly stimulate
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tubular reabsorption of salt and water in both the prox-
imal and the distal nephron.

Increased sympathetic nerve activity stimulates
renin release. The subsequent formation of angiotensin
II provides a positive feedback loop leading to further
increases in sympathetic nerve activity. Angiotensin II
sensitizes tissues to the actions of catecholamines, and
acts synergistically with renal nerves in modulating
renal blood flow.158

Arginine Vasopressin

Increased circulating levels of AVP is a characteristic
finding in patients with congestive heart failure.172

The nonosmotic release of AVP plays an important role
in the development of hyponatremia, which in turn is a
well-defined predictor of mortality in heart failure
patients. In experimental heart failure, there is

upregulation of the mRNA for vasopressin in the hypo-
thalamus.91 In addition, there is increased expression
of the mRNA and the protein for the aquaporin-2
water channel.216 In a rat model of heart failure, selec-
tive antagonism of the V-2 receptor is associated with
a significant improvement in free water clearance.216

Administration of a V-2 receptor antagonist to
patients with congestive heart failure is associated with
a significant reduction in body weight and improve-
ment in dyspnea, but has not been shown to reduce
mortality.173

Prostaglandins

Increased production of prostaglandins plays an
important role in maintaining circulatory homeostasis
in congestive heart failure. In response to decreases
in cardiac output, neurohumoral vasoconstrictor forces
(i.e., the renin�angiotensin�aldosterone system, the
neurosympathoadrenal axis) participate in the mainte-
nance of systemic arterial pressure, and result in
increased total peripheral vascular resistance. These
same vasoconstrictors stimulate the renal production of
vasodilatory prostaglandins, such that the rise in renal
vascular resistance is less than that seen in the periph-
ery. Vasodilatory prostaglandins function in a counter-
regulatory role, attenuating the fall in renal blood flow
and glomerular filtration rate that would otherwise
occur if vasoconstrictor forces were left unopposed.154

Renal prostaglandins also serve to moderate salt and
water retention that would otherwise occur in the set-
ting of unopposed activation of effector mechanisms
such as angiotensin II, aldosterone, renal sympathetic
nerves, and ADH.154 The importance of prostaglandins
in modulating renal hemodynamics, sodium excretion,
and circulatory homeostasis progressively increases in
proportion to the severity of the heart failure
(Figure 38.6).

Natriuretic Peptides

Circulating atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP) are circulating hor-
mones which are primarily synthesized in the cardiac
atria and ventricles respectively. The synthesis and
release of these peptides provide a mechanism
whereby cardiac atria and ventricles serve both an
afferent and efferent function in the control of ECF vol-
ume. Levels of ANP are elevated and correlate with
the severity of disease in humans and experimental
animals with heart failure.29,168

The natriuretic and vasodilatory properties of ANP
suggest that this peptide plays an important counter-
regulatory role in congestive heart failure. However,
attempts to use ANP therapeutically in congestive
heart failure have produced disappointing results.29,95

ANP infused in patients with heart failure causes only
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a minimal change in fractional sodium excretion and
urine flow rates, as compared to the robust response in
normal controls.29 The mechanism of renal nonrespon-
siveness in heart failure is not entirely clear. A downre-
gulation of receptors due to sustained exposure to high
levels of ANP or altered intrarenal hemodynamics are
possibilities. Decreased delivery of sodium to the distal
nephron where ANP normally exerts its natriuretic
effect is also a likely cause of resistance. While ANP
levels are uniformly elevated in congestive heart fail-
ure, potentially beneficial natriuretic properties are
overwhelmed by more powerful antinatriuretic effector
mechanisms.

Similar to ANP, plasma levels of BNP are elevated
in congestive heart failure, and in proportion to the
severity of systolic and diastolic dysfunction.153

Infusion of BNP is associated with a significant reduc-
tion in pulmonary capillary wedge pressure, pulmo-
nary artery pressure, right atrial pressure, and mean
arterial pressure, as well as an increase in cardiac
index. These hemodynamic benefits are accompanied
by significant increases in urinary volume and sodium
excretion, in some but not all studies.131,133 Infusion of
BNP can be associated with hypotension, particularly
when given with other vasodilators. Measurement of
plasma BNP levels is often utilized as a diagnostic tool
to differentiate between cardiac versus other causes of
pulmonary congestion. In addition, BNP levels can be
used as a prognostic indicator and a marker reflecting
the degree of cardiac dysfunction.

Endothelin and Nitric Oxide

Circulating levels of endothelin are increased in
congestive heart failure, and correlate positively with
the degree of myocardial dysfunction. Studies in which
endothelin antagonists have been administered suggest
this substance may play a role in the pathophysiology
of cardiac failure.130,172 In a randomized, double-blind
study of human subjects with heart failure, infusion of
an ETa and ETb receptor blocker (bosentan) was asso-
ciated with a reduction in right atrial pressure, pulmo-
nary artery pressure, pulmonary capillary wedge
pressure, and mean arterial pressure.93 In a dog model
of heart failure,204 ETa blockade alone lead to a reduc-
tion in cardiac filling pressures and increased cardiac
output. These hemodynamic changes were associated
with an increase in GFR and renal plasma flow, as well
as increased urinary sodium excretion. By contrast,
administration of an ETb receptor blocker caused
an increase in cardiac filling pressures and a decrease
in cardiac output, suggesting endogenous endothelins
adversely effect cardiac hemodynamics and cause fluid
retention, primarily through ETa receptors.

Nitric oxide production is increased in congestive
heart failure.210 Increased release of nitric oxide from

resistance vessels may partly antagonize neurohumoral
vasoconstrictor forces. Inhibiting nitric oxide prod-
uction in heart failure patients causes a significant
increase in pulmonary and systemic vascular resistance,
as well as a decline in cardiac output. In the renal vas-
culature, nitric oxide production is also increased; how-
ever, the renal vasodilatory response to nitric oxide is
impaired.2 Administration of an angiotensin receptor
antagonist restores nitric oxide-mediated renal vasodi-
lation, suggesting angiotensin II plays a contributory
role in this defect.1

CIRRHOSIS

Renal sodium excretion is normally regulated so
that extracellular fluid (ECF) volume is maintained
within normal limits. Any maneuver that increases
ECF volume will lead to a prompt and sustained natri-
uresis until the volume returns to normal. In patients
with cirrhosis, this homeostatic mechanism becomes
deranged such that large increases in ECF volume are
accompanied by continued renal salt retention, result-
ing in edema and ascites formation.

Presinusoidal Versus Postsinusoidal Obstruction
and Ascites Formation

In patients with cirrhosis, the kidneys are normal
but are signaled to retain salt in an unrelenting man-
ner. The critical event in the generation of this signal is
development of hepatic venous outflow obstruction. In
the normal state, the portal circulation is characterized
by high flow, low pressure, and low resistance. The
imposition of a resistance into this high-flow vascula-
ture will uniformly raise portal pressure, but develop-
ment of ascites is critically dependent on location of
the resistance. Conditions associated with presinusoi-
dal vascular obstruction, such as portal vein thrombo-
sis and schistosomiasis, raise portal pressure but are
not generally associated with ascites. By contrast,
hepatic diseases such as Laennec’s cirrhosis and Budd
Chiari syndrome cause early postsinusoidal vascular
obstruction, and are associated with marked degrees of
salt retention, anasarca, and ascites. Thus, during the
development of the cirrhotic process, ascites will accu-
mulate primarily when the pathologic process is associ-
ated with hepatic venous outflow obstruction and
sinusoidal hypertension.

This distinction between presinusoidal and postsi-
nusoidal obstruction can best be explained by compar-
ing the characteristics of fluid exchange in capillaries
of the splanchnic bed versus those in the hepatic sinu-
soids. The intestinal capillaries are similar to those in
the peripheral tissues, in that they have continuous
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membranes with small pores such that a barrier exists,
preventing plasma proteins from moving into the inter-
stitial space. An increase in capillary hydrostatic pres-
sure will cause the movement of a protein-poor fluid to
enter the interstitial compartment and decrease the
interstitial protein concentration. Interstitial protein
concentration is further reduced by an acceleration in
lymph flow that is stimulated by the fluid movement.
As a result, the interstitial oncotic pressure falls, and
the plasma oncotic pressure remains unchanged. The
net oncotic force therefore rises and offsets the increase
in hydrostatic force, providing a buffer against exces-
sive fluid filtration. The fall in intestinal lymph protein
concentration is maximal at relatively low pressures,
and is much greater than that observed from the cir-
rhotic liver.8,213 Thus, the increase in net oncotic force
associated with dilution of the interstitial protein and
accelerated lymph flow contribute to the protection
against ascites in patients whose only abnormality is
portal hypertension.

The situation across the liver sinusoids is quite dif-
ferent. Hepatic sinusoids, unlike capillaries elsewhere
in the body, are extremely permeable to protein. As a
result, colloid osmotic pressure exerts little influence
on movement of fluid. Rather, direction of fluid move-
ment is determined almost entirely by changes in sinu-
soidal hydraulic pressure. Thus, efflux of protein-rich
filtrate into the space of Disse is critically dependent
on hepatic venous pressures. Obstruction to hepatic
venous outflow will lead to large increments in the for-
mation of hepatic lymph and flow through the thoracic
duct. Unlike the intestinal capillaries, there is little or
no restriction in the movement of protein into the inter-
stitium, such that the protein concentration of hepatic
lymph will quickly approach that of plasma.64 As
a result, no significant oncotic gradient develops
between plasma and the interstitium at high sinusoidal
pressures and flow.

When sinusoidal pressure increases to such a degree
that hepatic lymph formation exceeds the capacity of
the thoracic duct to return fluid to the circulation, inter-
stitial fluid weeps off the liver into the peritoneal space
and forms ascites. Lymph formation in the setting of
cirrhosis can be more than 20-fold greater than that
which occurs under normal circumstances.213 Whereas
in normal humans 1�1.5 liters/day of lymph are
returned to the circulation, subjects with cirrhosis, even
without ascites, may have lymph flow through the tho-
racic duct as high as 15�20 liters/day.212 The predomi-
nance of hepatically-produced lymph to overall lymph
production is illustrated by studies in experimental
animals with cirrhosis. Barrowman and Granger8

found a 29-fold increase in hepatic lymph flow, while
only a three-fold increase was noted in the splanchnic
lymphatics. Eleven of 19 animals had normal flows of

intestinal lymph, while all the cirrhotic animals had
increased flows in liver lymph.

Conditions associated with the rapid onset of postsi-
nusoidal obstruction, such as acute right-sided conges-
tive heart failure and Budd�Chiari syndrome, initially
give rise to ascitic fluid that has a high protein concen-
tration that may even approach that of plasma. This
high protein concentration is reflective of the liver
being the predominant source of the ascitic fluid.
However, over time the protein content of ascites in
these conditions begins to decrease. Witte et al.214 mea-
sured the total protein in ascitic, pleural, and periph-
eral edema fluid in acute and chronic heart failure
patients. In the setting of acute heart failure, the mean
concentration of protein in ascitic fluid was approxi-
mately 5 g/dl. By contrast, the protein concentration in
ascitic fluid of chronic congestive heart failure patients
was 2.7 g/dl. A lower protein concentration is also typ-
ical of conditions such as Laennec’s cirrhosis, in which
postsinusoidal obstruction develops slowly.

Two phenomena contribute to this change in ascitic
fluid protein concentration. If the hepatic sinusoids are
subject to an increased hydrostatic pressure for a long
period of time, they begin to assume the anatomic and
functional characteristics of capillaries found elsewhere
in the body, a process referred to as capillarization.181

This change leads to a decrease in albumin permeabil-
ity, such that oncotic forces begin to play some role in
hepatic lymph formation. At the same time, hypoalbu-
minemia develops secondary to decreased hepatic syn-
thesis, as well as dilution secondary to ECF volume
expansion. As a result, the protein content of hepatic
lymph, although still high, falls to approximately
50�55% of plasma values.213

The second factor contributing to the lower ascitic
protein concentration is the superimposition of portal
hypertension. Early in the development of portal
hypertension when plasma protein concentration is
normal only minimal amounts of ascitic fluid are
derived from the splanchnic bed, due to the buffering
effect of increased net oncotic force opposing fluid fil-
tration. Extremely high hydrostatic pressures are
required to produce significant amounts of ascitic fluid
in the setting of normal plasma protein concentrations.
By contrast, less and less hydrostatic pressure is
required for the formation of ascitic fluid, as the
plasma albumin concentration decreases and the net
osmotic force declines. In this setting, the splanchnic
bed begins to make a greater contribution to the gener-
ation of ascites, and the fluid is characterized by a low
protein concentration.9

The development of portal hypertension is also asso-
ciated with changes in the splanchnic circulation that
secondarily lead to increased lymph production in
the splanchnic bed. The importance of the splanchnic
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lymphatic pool in the generation of ascites is reflected
by the fact that in most instances ascitic fluid is transu-
dative and characterized by a protein concentration of
approximately 2.5 g/dl. Classically, portal hyperten-
sion was considered to be the sole result of increased
resistance to portal venous flow. However, studies in
experimental models suggest that increased portal
venous flow resulting from generalized splanchnic
arteriolar vasodilation also plays a role in the genesis
of increased portal pressure.19,203 This vasodilation
leads to changes in the splanchnic microcirculation that
may predispose to increased filtration of fluid. For
example, an acute elevation of venous pressure in the
intestine normally elicits a myogenic response that
leads to a reduction in blood flow. This decrease in
flow is thought to serve a protective role against the
development of bowel edema. However, in chronic
portal hypertension this myogenic response is no lon-
ger present. In this setting, arteriolar resistance is
reduced, such that capillary pressure and filtration are
increased.12,174 The loss of this autoregulatory mecha-
nism may account for the greater increase in intestinal
capillary pressure and lymph flow seen under condi-
tions of chronic portal hypertension when compared to
acute increases in portal pressure of the same magni-
tude.102 The potential causes of splanchnic arteriolar
vasodilation are discussed below.

The importance of portal hypertension in the patho-
genesis of ascites is highlighted by several observa-
tions. First, patients with ascites have significantly
higher portal pressures as compared to those without
ascites.143 Although the threshold for ascites develop-
ment is not clearly defined, it is unusual for ascites to
develop with a pressure below 12 mmHg. Gines found
that only 4 of 99 cirrhotic patients with ascites had a
portal pressure ,12 mmHg, as estimated by hepatic
venous wedged pressure.63 Second, portal pressure
correlates inversely with urinary sodium excretion.143

Third, maneuvers designed to reduce portal pressure
are known to have a favorable effect on the develop-
ment of ascites. For example, surgical portosystemic
shunts used in the treatment of variceal bleeding
reduce portal pressure, and are associated with a lower
probability of developing ascites during follow-up.29

Both side-to-side and end-to-side portocaval anastomo-
sis have been shown effective in the management of
refractory ascites in cirrhosis. Recent studies also sug-
gest that reducing portal pressure with a transjugular
intrahepatic portasystemic shunt has a beneficial effect
on ascites.148

In summary, ascites develops when the production
of lymph from either or both the hepatic sinusoids and
the splanchnic circulation exceeds the transport capac-
ity of the lymphatics. In this setting, fluid will begin to
weep from the surface of the liver and the splanchnic

capillary bed, and accumulate as ascites. The final pro-
tein concentration measured in the peritoneal fluid is
determined by the sum of the two contributing pools
of fluid; one relatively high in protein originating in
the liver and the other, a low protein filtered across
splanchnic capillaries. Hepatic venous outflow obstruc-
tion leading to increased sinusoidal pressure and por-
tal hypertension are the major determinants of whether
lymph production will be of a magnitude sufficient for
ascitic fluid to accumulate. Increased sinusoidal pres-
sure is also related to the subsequent development of
renal salt retention. The mechanism by which sinusoi-
dal hypertension signals the kidney to retain sodium is
discussed in the following section.

Afferent Limb of Sodium Retention: Overfill
Versus Underfill Mechanisms

Classical Underfill Mechanism for Renal Salt
Retention

The mechanism by which hepatic venous outflow
obstruction leads to sufficiently high sinusoidal pres-
sures for ascites formation is controversial. The classi-
cal (underfill) theory predicts that the degree of hepatic
venous outflow obstruction is sufficient in the presence
of normal splanchnic perfusion to perturb the balance
between rates of hepatic lymph formation and thoracic
duct flow, thereby resulting in the formation of ascites.
Both increased sinusoidal and portal venous pressures,
in conjunction with hypoalbuminemia, cause formation
of ascites in the presence of normal splanchnic perfu-
sion. The formation of ascites, however, occurs at the
expense of decreased intravascular volume. In conse-
quence, a low venous filling pressure and a low cardiac
output activate baroreceptor mechanisms, resulting in
renal salt retention. According to this formulation,
development of ascites is the primary event that leads
to an underfilled circulation and subsequent renal salt
retention.

The failure of measured hemodynamic parameters
to satisfy predictions of the classical theory has raised
questions regarding its validity. As originally con-
ceived, it was predicted that extrasplanchnic plasma
volume would be decreased, and that cardiac output
would be low. When measured, however, these values
have rarely been low. In fact, measurements have indi-
cated that total plasma volume is usually elevated in
cirrhotic patients. Similarly, cardiac output is rarely
low, but tends to vary from normal to very high. In
addition, studies performed in animal models of cir-
rhosis have found that sodium retention precedes the
formation of ascites, suggesting that salt retention is a
cause and not a consequence of ascites formation.
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Overfill Mechanism for Renal Salt Retention

The incompatibility of measured hemodynamic
parameters and timing of renal salt retention with the
classical theory of ascites has led others to propose the
overflow theory.118 Once again, hepatic disease with
venous outflow obstruction is viewed as a prerequisite
for development of increased sinusoidal and portal
pressures. In contrast to the classical theory, however,
normal splanchnic perfusion fails to raise sinusoidal
pressure sufficiently to cause ascites formation. Rather,
venous outflow obstruction signals renal sodium reten-
tion independent of diminished intravascular volume.
Salt retention, in turn, increases plasma volume, car-
diac output, and splanchnic perfusion, thus raising
sinusoidal and portal pressures sufficiently to culmi-
nate in translocation of fluid into the interstitial space
and eventually the peritoneum. The combination of
portal hypertension and increased arterial volume
would lead to overflow ascites formation. This hypothe-
sis is supported by the positive correlation between
plasma volume and hepatic venous pressure, and the
persistence of increased plasma volume after portacaval
anastomosis. Moreover, patients with ascites have sig-
nificantly higher portal pressure than patients without
ascites, and portal pressure correlates inversely with uri-
nary sodium excretion.63

Additional evidence linking hepatic venous outflow
obstruction directly to renal sodium retention comes
from studies performed in dogs fed the potent hepato-
toxin dimethylnitrosamine.115�117 The pathophysiologic
disturbances and histologic changes that develop over a
6�8-week period are similar in nature to those seen in
Laennec’s cirrhosis. In this model, sodium retention and
increases in plasma volume precede formation of ascites
by about 10 days.115 In order to exclude the possibility
that the increase in plasma volume was solely due to an
increased splanchnic plasma volume, repeat measure-
ments were obtained after ligation of the superior and
inferior mesenteric arteries, the celiac axis, and portal
vein. In this way, any contribution of the splanchnic cir-
culation could be excluded. These studies clearly
showed that extrasplanchnic plasma volume was ele-
vated at a time when dogs were in positive sodium bal-
ance. To further prove that extrasplanchnic plasma
volume was increased, end-to-side portacaval shunts
were placed prior to inducing cirrhosis.117 This maneu-
ver was designed to prevent any increase in splanchnic
plasma volume. In these studies, evidence of salt reten-
tion preceded the formation of ascites, and was accom-
panied by a parallel increase in plasma volume.

In another series of studies using this same model,
hemodynamic parameters were monitored during con-
trol, precirrhotic, and postcirrhotic sodium balance per-
iods.116 Sodium retention was found to precede any

detectable change in cardiac output or peripheral vas-
cular resistance. Once ascites developed, plasma vol-
ume increased further, and this was associated with
increased cardiac output and a fall in peripheral vascu-
lar resistance. It was concluded that initiation of
sodium retention and plasma volume expansion was
not dependent on alterations in systemic hemodynam-
ics. This conclusion has been corroborated in the canine
model of hepatic cirrhosis induced by bile duct liga-
tion,197 as well as in rats made cirrhotic with carbon
tetrachloride inhalation and oral phenobarbital.123

The pathway by which primary renal sodium reten-
tion would be linked to venous outflow obstruction in
the overfill theory is not clear. Convincing evidence
does exist for the presence of an intrahepatic sensory
network composed of osmoreceptors, ionic receptors,
and baroreceptors. Studies in which hepatic venous
pressure is raised have demonstrated increases in
hepatic afferent nerve activity.113,114,197 Furthermore, a
neural reflex pathway linking hepatic venous conges-
tion and augmented sympathetic nerve activity has
been identified.104 In addition, acute constriction of the
portal vein in dogs results in renal sodium and water
retention in the innervated unilateral kidney, while
these effects are abolished in the contralateral dener-
vated kidney.2 In addition to a neural mechanism, there
may also be a hormonal system by which the liver and
kidney can communicate. Hepatically-produced cAMP
has been proposed to be a component of such a system.6

Circulating cAMP is known to inhibit proximal salt and
water absorption, as well as to contribute to the regula-
tion of glomerular filtration rate. According to this
hypothesis, decreased circulating cAMP levels as a
result of liver disease could secondarily lead to renal
salt retention and impaired renal function.

In summary, the overfill hypothesis is supported by
a number of observations that indicate sodium reten-
tion precedes development of ascites in the absence of
hemodynamic factors known to lead to salt retention.
Moreover, high cardiac output coupled with increased
plasma volume argues strongly for increased arterial
blood volume, a finding seemingly incompatible with
the underfill theory. Against such an analysis, how-
ever, is that mechanisms that sense arterial volume
physiologically may be more sensitive than methods
used to measure it. It should be noted that while statis-
tically insignificant, there was a fall in blood pressure
at the time of positive sodium balance in the dimethyl-
nitrosamine model. This decrease may have been of
sufficient magnitude to signal renal salt retention.116

Since cardiac output was unchanged, total peripheral
resistance may have decreased. Similarly, patients with
hepatic cirrhosis and ascites behave as if they are effec-
tively volume-depleted. Despite an increase in cardiac
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output and plasma volume, arterial pressure is typi-
cally low. This fall in systemic blood pressure is consis-
tent with an underfilled arterial vascular compartment.
Thus, the distinction between classical and overflow
theories better rests on the measurement of effective
arterial blood volume (EABV).

Use of EABV to Distinguish Underfill and Overfill
Mechanisms of Renal Salt Retention

The classical (underfill) theory predicts that EABV is
low in patients with ascites, and is the afferent mecha-
nism signaling renal salt retention. The overflow theory
predicts that EABV is expanded due to primary salt
retention. While EABV cannot be measured directly,
assessing the level of activation of neurohumoral effec-
tors known to be regulated by EABV can be considered
a measure of it. In this regard, levels of renin, aldoste-
rone, ADH, and norepinephrine can serve as markers
reflective of the magnitude of the EABV.

When renin and aldosterone values have been mea-
sured in patients with cirrhosis, values have varied
from low to high. It is important, however, to consider
these levels in the context of whether ascites is present
or not. In the absence of ascites, subjects are in sodium
balance, and renin and aldosterone levels are nor-
mal.171 In the presence of ascites, mean renin and aldo-
sterone levels are elevated, but individual values are
often still normal.4,63 This observation seems in conflict
with the classical theory, as all patients with ascites
who are in positive sodium balance should have
decreased EABV and high aldosterone levels. However,
not all patients with ascites are retaining sodium.
In fact, some patients are in balance such that sodium
intake equals output. Thus, in examining the mecha-
nism of sodium retention in cirrhosis with ascites, neu-
rohumoral effectors such as renin, aldosterone, ADH,
and sympathetic nerve activity should be considered
with respect to the rate of sodium excretion. When
examined in this fashion, a significant inverse relation-
ship is found between urinary sodium excretion and
neurohumoral markers, suggesting the presence of a
contracted EABV.

One component of the circulation that appears to be
contributing to the overall decrease in EABV is the cen-
tral circulation. Indirect measurements demonstrate
that central blood volume is reduced, while noncentral
blood volume is expanded.140 In fact, the size of central
and arterial blood volume is inversely correlated with
sympathetic nervous system activity, suggesting that
unloading of central arterial baroreceptors is responsi-
ble for enhanced sympathetic activity. This conclusion
is supported by studies using the technique of head-
out water immersion (HWI).49,50 In this technique, sub-
jects are seated and immersed in a water bath up to
their necks. This technique results in redistribution of

ECF volume from the interstitial space into the vascula-
ture, with a sustained increase in central blood volume.
The central volume expansion is comparable to that
induced by infusion of 2 liters of isotonic saline.50 Such
a maneuver would be expected to raise both the EABV
and the hepatic sinusoidal pressure. The classical the-
ory would predict that HWI would lead to decreases in
renin, aldosterone, ADH, and norepinephrine concen-
trations in response to expansion of EABV. Since renin
levels correlate with wedged hepatic vein pressures,
the overfill theory would predict further rises in renin
and other hormonal systems consequent to initiation of
a sinusoidal pressure-sensitive hepatorenal reflex.
When HWI was performed in a heterogeneous group
of patients with cirrhosis, the natriuretic response was
variable, but suppression of renin and aldosterone
levels was uniform.52 In a more homogenous group of
patients characterized by impaired ability to excrete
water and sodium, HWI was shown consistently to
suppress plasma AVP, renin, aldosterone, and norepi-
nephrine, as well as to increase sodium and water
excretion.17,146

Taken together, the multiplicity of data support the
presence of decreased EABV in patients with decom-
pensated cirrhosis, and is most consistent with an
underfill mechanism of renal salt retention
(Figure 38.7). Since blockade of endogenous vasocon-
strictor systems in patients with cirrhosis and ascites
leads to marked arterial hypotension, activation of
these systems function to contribute to the maintenance
of arterial pressure. At least one component of the
decrease in EABV may be due to an underfilled central
circulation. As discussed in the following paragraphs,
increased perfusion of arteriovenous communications,
systemic vasodilation, and increased perfusion of the
splanchnic bed are important factors in the genesis of
an underfilled circulation. In addition, these factors
play a major role in the hyperdynamic circulation that
is typical of patients with chronic liver disease.

Hyperdynamic Circulation in Cirrhosis

Arteriovenous Communications

The characteristic circulatory changes observed in
animal, as well as clinical, studies of cirrhosis consist of
increased cardiac output, low mean arterial pressures,
and low peripheral vascular resistance. The most
attractive explanation for a contracted EABV in the
setting of such a hyperdynamic circulation assigns a
pivotal role to increased vascular capacitance.92 An
increased vascular holding capacity out of proportion
to plasma volume results in an underfilled circulation
and decreased EABV. One factor that may account for
increased vascular capacitance and a hyperdynamic
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circulation is the formation of widespread arteriove-
nous communications.15 In cirrhotics, arteriovenous fis-
tula formation has been identified in the pulmonary,
mesenteric, and upper and lower extremity circula-
tions. In addition, increased blood flow has been mea-
sured in muscle and skin of the upper extremity not
attributable to increased oxygen consumption, anemia
or thiamine deficiency.97 Postmortem injection demon-
strated intense proliferation of small arteries in the
splenic vasculature of patients with cirrhosis.129

The hemodynamic changes and salt retention that
occur with an arteriovenous fistula are reminiscent of
what occurs in cirrhotic humans.48 With an open fis-
tula, peripheral vascular resistance falls, cardiac output
increases, and diastolic and mean blood pressures fall.
The proportionately greater increase in vascular capaci-
tance over cardiac output results in a contracted EABV.
Consequent sodium retention expands ECF volume,
raises venous filling pressure, and further increases
cardiac output until balance is achieved between car-
diac output and lowered peripheral resistance. At this
point, sodium intake equals excretion, EABV is normal-
ized, and the patient is in balance.

In cirrhosis, a similar imbalance occurs between
plasma volume and vascular capacitance, such that
EABV remains contracted and renal sodium retention
is stimulated. In contrast to a simple arteriovenous fis-
tula, however, several factors are present in cirrhosis
that make sodium balance more difficult to achieve.
First, these patients often have impaired cardiovascular
function.15 Diminished venous return consequent to
tense ascites or cardiomyopathy from alcohol or mal-
nutrition may limit increases in cardiac output.

Furthermore, depression of left ventricular function in
response to increased afterload suggests subclinical
cardiac disease, despite elevated forward output.120

Second, retained sodium does not remain in the vascu-
lar space and lead to increased venous return. Rather,
retained sodium becomes sequestered within the abdo-
men as ascites. Third, increased vascular permeability
may further impair the ability of retained sodium to
expand EABV. Peripheral arterial vasodilation in cir-
rhotic rats is associated with increased vasopermeabil-
ity to albumin, electrolytes, and water.25 Examination
of interstitial fluid dynamics by means of a subcutane-
ous plastic capsule reveals substantial increases in
interstitial fluid volume early in cirrhosis before the
appearance of ascites or peripheral edema.179 Such cap-
illary leakage impedes filling of the intravascular com-
partment and prevents replenishment of a contracted
EABV.

Primary Arterial Vasodilation

Arteriovenous fistulas and formation or hyper-
dynamic perfusion of pre-existing capillary beds
are changes that develop as cirrhosis progresses.
Nevertheless, salt retention occurs early in the cirrhotic
process before these anatomic changes are fully-estab-
lished. Since sodium retention antedates the formation
of overt ascites and portosystemic shunting, peripheral
arterial vasodilation has been proposed to be a primary
event in the initiation of sodium and water retention in
cirrhosis.185 In this manner, a decreased EABV and
increased vascular capacitance could still be the signal
for renal salt retention, even in the earliest stages of
liver injury. The peripheral arterial vasodilation

Post-sinusoidal obstruction
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Activation of neurohumoral effectors
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FIGURE 38.7 Unified theory of ascites

formation: a modified underfill mechanism.
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hypothesis is supported by several studies in animal
models.209 In rats with partial ligation of the portal
vein, evidence of a reduced systemic vascular resis-
tance precedes the onset of renal salt retention. In addi-
tion, a direct correlation has been found between the
onset of decreased arterial pressure and renal sodium
retention in spontaneously hypertensive rats with
experimental cirrhosis.123 As opposed to the classical
underfilling theory, the arterial vascular underfilling
would not be the result of a reduction in plasma vol-
ume, which in fact is increased, but rather to a dispro-
portionate enlargement of the arterial tree secondary to
arterial vasodilation. In the rat with carbon tetrachlo-
ride-induced cirrhosis, the fall in peripheral vascular
resistance and hyperdynamic circulatory state precede
ascites formation, suggesting that generalized vasodila-
tion is indeed an early finding with hepatic injury.56

Perhaps the best evidence to date in support of an
underfilled circulation due to arterial vasodilation
comes from human studies of HWI accompanied by
infusion of a vasoconstrictor. HWI is associated with
increased perfusion of the central circulation, however,
urinary excretion rates of salt and water improve, but
do not normalize with this procedure alone.17 Since
systemic vascular resistance falls during HWI, it was
proposed that further vasodilation may prevent com-
plete restoration of EABV in subjects already peripher-
ally vasodilated. Infusion of a vasoconstrictor will
increase peripheral vascular resistance, but will do lit-
tle to improve an underfilled central circulation.
Predictably, infusion of norepinephrine alone into cir-
rhotic subjects fails to significantly increase urinary
sodium excretion.188 By contrast, when norepinephrine
is infused during HWI so as to increase central perfu-
sion and at the same time attenuate the fall in systemic
vascular resistance, sodium excretion increases signifi-
cantly. In six subjects with decompensated cirrhosis,
this combined maneuver was found to increase urinary
sodium excretion to an amount that when extrapolated
over a 24-hour period was greater than sodium
intake.188 These results are consistent with the hypothe-
sis that arterial vasodilation causes an abnormal distri-
bution of the total blood volume, such that effective
central blood volume is reduced.

SPLANCHNIC ARTERIAL VASODILATION

As alluded to earlier, arterial vasodilation is particu-
larly marked in the splanchnic arteriolar bed.80,180,203

Increasing degrees of splanchnic vasodilation contrib-
ute to the fall in mean arterial pressure and unloading
of baroreceptors in the central circulation.32,135 As a
result, central afferent sensors signal the activation of
neurohumoral effectors, which in turn decrease perfu-
sion of other organs, but in particular in the kidney.
The importance of splanchnic vasodilation in the

genesis of renal ischemia has been indirectly illustrated
by the response to ornipressin, an analog of AVP
that is a preferential splanchnic vasoconstrictor.67,110

The administration of ornipressin to patients with
advanced cirrhosis leads to correction of many of the
systemic and renal hemodynamic abnormalities that
are present. These include an elevation in mean arterial
pressure, reductions in plasma renin activity and nor-
epinephrine concentration, and increases in renal blood
flow, glomerular filtration rate, and urinary sodium
excretion and volume. Similar benefits have been
reported with the combined use of octreotide and
midodrine.85

ROLE OF NITRIC OXIDE IN ARTERIAL

VASODILATION

The underlying cause of arterial vasodilation, partic-
ularly in the early stages of cirrhosis, has not been
fully-elucidated, but a great deal of attention has been
focused on humoral factors.79 There is an increasing
body of experimental and preliminary human evidence
suggesting that increased nitric oxide production may
be an important factor in this process. In both experi-
mental models and in human subjects with cirrhosis,
increased production of nitric oxide can be demon-
strated.176,192,207 In the cirrhotic rat, evidence
of increased production is already present when the
animals begin to retain sodium, and antedates the
appearance of ascites.11 Administration of nitric oxide
synthase inhibitor L-NMMA to cirrhotic human
subjects improves the vasoconstrictor response to
noradrenaline, suggesting that overproduction of nitric
oxide is an important mediator of the impaired respon-
siveness of the vasculature to circulating vasoconstric-
tors.24 In addition, this same inhibitor administered in
low doses has been shown to correct the hyperdynamic
circulation in cirrhotic rats.147 In a more recent study
utilizing this same model, normalization of nitric oxide
production was associated with a marked natriuretic
and diuretic response, as well as a reduction in the
degree of ascites in cirrhotic rats.132

The precise mechanism for increased nitric oxide
production in cirrhosis is not known, but may be medi-
ated at least in part via the release of tumor necrosis
factor-alpha.121 In experimental models of hepatic dis-
ease, for example, the administration of anti-TNF-alpha
antibodies or an inhibitor of nitric oxide synthesis
results in increases in splanchnic and total vascular
resistance, an elevation in the mean arterial pressure,
and a reduction in cardiac output toward or, with nitric
oxide inhibition, to normal.121,147 Similarly, blocking
the signaling events induced by TNF and nitric oxide
production, via inhibition of protein tyrosine kinase,
ameliorates the hyperdynamic abnormalities in rats
with cirrhosis and portal hypertension.122 Studies in

1298 38. PATHOPHYSIOLOGY OF SODIUM RETENTION AND WASTAGE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



cirrhotic humans with an increased cardiac output and
systemic vasodilatation have shown evidence of
enhanced nitric oxide production, a finding compatible
with the experimental observations. Portosystemic
shunts and decreased reticuloendothelial cell function
may allow intestinal bacteria and endotoxin to enter
the systemic circulation, providing a potential stimulus
for tumor necrosis factor-alpha and/or nitric oxide
production.

It is not yet known with certainty whether the endo-
thelial (eNOS) or the inducible (iNOS) isoform is pri-
marily responsible for increased production of nitric
oxide. The hyperdynamic circulatory state of cirrhosis
may impose a shear stress on the vascular endothe-
lium, thus providing a stimulus for the upregulation of
eNOS.134,207 On the other hand, increased activity of
nitric oxide synthase in polymorphonuclear cells and
monocytes (cells that primarily contain iNOS) in cir-
rhotic human subjects suggest the inducible isoform
may also play a role in increased production.134

In summary, an underfill mechanism appears to
explain the bulk of experimental, as well as clinical,
findings in established cirrhosis (Figure 38.7). Less cer-
tain are mechanisms responsible for sodium retention
that precede the development of ascites. The overfill
theory invokes the presence of a hepatorenal reflex sen-
sitive to subtle rises in intrahepatic pressure mediating
initiation of renal salt retention. However, the finding
of decreased peripheral vascular resistance, even at
this early stage, suggests diminished arterial filling.116

Early peripheral arterial vasodilation and later forma-
tion of anatomic shunts lead to disproportionate
increases in vascular capacitance with subsequent con-
traction of EABV, thereby signaling renal salt reten-
tion.59,103,141 While it is conceivable that both overfill
mechanisms and underfill mechanisms may be opera-
tive at different stages of disease, the multiplicity of
data both clinical and experimental can be assimilated
into an underfill theory.

Concept of Balance in Cirrhosis

In the earliest stages of cirrhosis when arterial vaso-
dilation is moderate and the lymphatic system is able
to return increased lymph production to the systemic
circulation, renal sodium and water retention are suffi-
cient to restore EABV and thereby suppress neurohu-
moral effectors. Balance is re-established such that
sodium intake equals sodium excretion, but at the
expense of an increased ECF volume. As liver disease
progresses, this sequence of arterial underfilling fol-
lowed by renal salt retention is repeated. As long as
the EABV can be restored to near normal levels the
activation of effector mechanisms will be moderated,

and balance will be achieved albeit at ever-increasing
levels of ECF volume (Figure 38.8). Eventually, lymph
production will begin to exceed the drainage capacity
of the lymphatic system. At this stage of the disease
renal salt retention becomes less efficient at restoring
EABV, as retained fluid is sequestered in the peritoneal
cavity as ascites. At the same time arterial underfilling
is more pronounced, particularly as splanchnic arterio-
lar vasodilation becomes more prominent. Activation
of neurohumoral effectors is magnified, resulting in
more intense renal salt retention. Even at this stage of
the disease cirrhotic patients with ascites eventually
re-establish salt balance. The terminal stages of the
cirrhotic process are characterized by extreme arterial
underfilling. At this time there is intense and sustained
activation of neurohumoral effectors. As a result, renal
salt retention is nearly complete as the urine becomes
virtually devoid of sodium. The vasoconstrictor input
focused in on the kidney is of such a degree that renal
failure begins to develop.

Effector Mechanisms in Cirrhosis

Nephron Sites of Renal Sodium Retention

Salt retention and impaired free water clearance are
characteristic disturbances in renal function in cirrhotic
patients. Evidence is available to support an important
role for proximal and distal nephron segments in medi-
ating enhanced sodium reabsorption.

PROXIMAL NEPHRON

Indirect evidence supporting enhanced proximal
salt reabsorption comes from studies in human cir-
rhotic subjects in which infusion of mannitol or saline
improves free water clearance.27,182 Increased proximal

Na balance

Effective arterial blood volume

ECF volume

Increasing severity of disease

Edema and ascites
clinically detectable

No edema
or ascites

Concept of balance in cirrhosis

FIGURE 38.8 As liver disease progressively worsens, salt bal-

ance is continually re-established as total extracellular fluid (ECF)
volume increases. Early in the disease process the increase in ECF
volume is not clinically detectable. With more severe disease, periph-
eral edema and ascites are readily apparent.
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tubular salt reabsorption leads to decreased delivery of
filtrate to the distal diluting segments, thereby impair-
ing free water formation. Presumably, by restoring dis-
tal delivery of filtrate, mannitol and saline infusions
result in increased solute free water formation. Similar
increases in free water clearance occur when central
hypervolemia is induced by HWI. The increase in urine
sodium is accompanied by increased K excretion, sug-
gesting enhanced distal delivery of sodium. Increased
water excretion seen in response to HWI, combined
with simultaneous infusion of norepinephrine, is also
consistent with baseline enhanced proximal sodium
reabsorption in decompensated cirrhotics.188

Experimental models of cirrhosis have provided
more direct assessment of nephron function.
Micropuncture studies in rats made cirrhotic by liga-
tion of the common bile duct demonstrated increases
in both the proximal tubule solute reabsorption and fil-
tration fraction.5 Enhanced proximal reabsorption was
attributed to increased peritubular oncotic pressure. In
a dog model of cirrhosis,136 intrarenal administration
of the vasodilator acetylcholine was found to amelio-
rate the blunted natriuretic response to saline infusion.
In this model, sodium reabsorption was enhanced in
both the proximal and the diluting segments of the
nephron.16

DISTAL NEPHRON

Clinical and experimental evidence also supports an
important role for distal nephron sodium retention in
cirrhosis. In cirrhotic patients manifesting a sluggish
natriuretic response to HWI, phosphate clearance was
found similar to a group who demonstrated an appro-
priate increase in urinary sodium excretion.53 Since
phosphate clearance was used as a marker of proximal
sodium reabsorption, it was concluded that distal
sodium reabsorption contributed importantly to renal
sodium retention in patients with a sluggish natriuretic
response. The results of a prospective, double-blind
study comparing the diuretic response of furosemide
to spironolactone in cirrhotic patients with ascites sug-
gest that salt absorption in the cortical collecting tubule
is enhanced.161 When administered furosemide, only
11 of 21 patients exhibited a diuresis, while 18 of 19
patients responded to spironolactone. Furthermore,
10 patients who failed to respond to furosemide dem-
onstrated a diuretic response to spironolactone.
Furosemide inhibits sodium reabsorption in the loop of
Henle, thereby increasing delivery to the collecting
duct. All patients treated with furosemide had
increases in the rate of potassium excretion, including
the 11 patients who failed to increase urinary sodium
excretion. These results, combined with the clinical
effectiveness of spironolactone in treatment of cirrhotic

ascites, suggest enhanced salt absorption in the aldoste-
rone-sensitive cortical collecting tubule.7

In summary, clinical and experimental studies sug-
gest an important role for proximal, as well as distal,
nephron sites mediating renal salt retention in cirrho-
sis. The relative contribution of different nephron sites
to impaired salt and water excretion may depend on
the degree to which systemic hemodynamics are
altered. With each stage of advancing liver disease
there becomes a greater contraction of the EABV. In the
earliest stages of liver disease, enhanced proximal reab-
sorption limits distal delivery of solute in a manner
analogous to a nonedematous subject with intravascu-
lar volume depletion. If distal delivery can be normal-
ized at this early stage, distal nephron sites may
continue to reabsorb sodium avidly, and therefore
appear as the primary site responsible for ECF vol-
ume expansion. With severe reductions in EABV,
presumably the proximal nephron becomes the domi-
nant site of fluid reabsorption, such that the contri-
bution of the distal nephron becomes much less
apparent.

Sympathetic Nervous System

The sympathetic nervous system has been shown to
contribute importantly to abnormalities in body fluid
homeostasis in cirrhosis. Studies in rats made cirrhotic
by ligating the common bile duct suggest that
increased renal nerve activity is a major factor in the
progressive salt retention that occurs in these ani-
mals.35,37 In this model, baseline renal nerve activity is
increased, and fails to decrease appropriately in
response to intravenous saline. Renal denervation sig-
nificantly improves the impaired ability to excrete an
oral or intravenous salt-load. In addition, renal dener-
vation has been shown to normalize the attenuated
diuretic and natriuretic response to the intravenous
administration of ANP.96 In chronic metabolic studies,
renal denervation also leads to a significant improve-
ment in the positive cumulative sodium balance. The
cause of increased renal nerve activity is multifactorial.
Impaired aortic and cardiopulmonary baroreceptor
regulation, as well as175 abnormalities in hepatic NaCl-
sensitive receptors and their immediate intrahepatic
afferent connections, have been implicated as a cause
of heightened autonomic activity.

Studies in human cirrhotic subjects are more indi-
rect, but also suggest an important role for the sympa-
thetic nervous system. Levels of norepinephrine in
patients with cirrhosis are high, and are inversely cor-
related with urinary sodium excretion.18 In addition,
direct measurement of peripheral nerve firing rates
show evidence of increased central sympathetic activ-
ity. Patients characterized by impaired ability to excrete
water loads have plasma levels of norepinephrine that

1300 38. PATHOPHYSIOLOGY OF SODIUM RETENTION AND WASTAGE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



correlate positively with levels of ADH, aldosterone,
and plasma renin activity.18

Decreased EABV leads to baroreceptor-mediated
activation of sympathetic nerve activity, with subse-
quent enhancement of proximal salt reabsorption. The
subsequent decrease in sodium delivery to the diluting
segment, in addition to nonosmotic release of ADH,
contributes to the inability to maximally excrete water-
loads. Increased renal nerve activity also contributes to
enhanced distal sodium reabsorption through activa-
tion of the renin�angiotensin�aldosterone system.

In addition to stimulating renal salt and water reten-
tion, activation of the sympathetic nervous system
serves as a compensatory response to cirrhosis-induced
vasodilation. Increased renal nerve activity contributes
to increased renal vascular resistance, and is one of
several factors responsible for the progressive decline
in renal function which occurs as patients develop the
hepatorenal syndrome.38,51

In summary, the sympathetic nervous system is acti-
vated under conditions of decompensated cirrhosis.
Overactivity of this system is the result of a contracted
EABV. In addition, there is impaired regulation of sym-
pathetic outflow due to abnormalities in several affer-
ent sensing mechanisms. Increased renal nerve activity
contributes to the cumulative salt retention that accom-
panies advancing liver disease. In addition, activation
of sympathetic outflow plays an important compensa-
tory role in maintaining vascular tone in the setting of
decreased vascular resistance.

Aldosterone

In patients with cirrhosis and ascites, plasma con-
centrations of aldosterone are frequently elevated.
Although aldosterone metabolism is impaired in liver
disease, secretion rates are greatly elevated, and are the
major cause of elevated levels.177 The relationship
between hyperaldosteronism and sodium retention is
not entirely clear. Several studies have provided
evidence that argues against an important role of
aldosterone in mediating salt retention in cirrhosis.
For example, patients treated with an aldosterone syn-
thesis inhibitor do not necessarily exhibit a natriuretic
response.177 In one study, renal salt excretion and
changes in plasma renin and aldosterone levels were
examined in 11 patients with ascites subjected to 5
days of high-salt intake. In patients with normal sup-
pression of renin and aldosterone, salt retention and
weight gain occurred to the same extent as patients
who had persistent hypersecretion of renin and aldo-
sterone.28 In addition, cirrhotic patients in positive
sodium balance, as compared to controls with matched
sodium excretion, have increased fractional distal
sodium reabsorption despite lower plasma aldosterone
levels. In 16 cirrhotic patients subjected to HWI, plasma

renin activity and plasma aldosterone levels were
found to decrease promptly. Despite suppression of
the hormones, however, half of the patients manifested
a blunted or absent natriuretic response.52 In another
group of cirrhotic patients with ascites and edema,
HWI induced a significant natriuresis despite acute
administration of desoxycorticosterone, suggesting that
enhanced sodium reabsorption can occur indepen-
dently of increased mineralocorticoid activity.

By contrast, other studies suggest aldosterone is an
important factor in the pathogenesis of sodium reten-
tion in patients with cirrhosis. For example, adrenalec-
tomy or administration of a competitive inhibitor of
aldosterone increases urinary sodium excretion.45

Patients who fail to manifest a diuretic response to
furosemide tend to have higher renin and aldosterone
levels and lower urinary sodium concentrations prior
to treatment.16 Inability of furosemide to increase uri-
nary sodium in these patients may result from reab-
sorption of delivered sodium in the collecting tubule
under the influence of aldosterone. Similarly, patients
with the highest renin and aldosterone levels are those
who fail to diurese in response to HWI.52,144,145

As with the conflicting data regarding the role of the
proximal and distal nephron in salt retention discussed
previously, the degree to which systemic hemodynam-
ics and EABV are impaired may explain some of the
conflicting data noted above. It is possible that in
patients with the greatest contraction of EABV, intense
proximal sodium reabsorption limits distal delivery
to such an extent that the contribution of aldosterone
to increase salt absorption is difficult to detect.
By contrast, with less impairment in EABV, distal
delivery is better maintained, and the contribution of
aldosterone to renal sodium retention is more
obvious.

Alternatively, acquired inhibition of 11β-hydroxys-
teroid dehydrogenase type 2 may be of importance in
the salt retention that occurs in some patients with cir-
rhosis of the liver. Bile acids which can accumulate in
the setting of chronic liver disease have been shown to
inhibit the activity of 11β-hydroxysteroid dehydroge-
nase type 2.195 Such an effect would allow cortisol-
mediated stimulation of the mineralocorticoid receptor,
and potentially explain aldosterone-independent salt
retention in the distal nephron in liver cirrhosis.
Studies in the bile duct ligation and carbon tetrachlo-
ride models of chronic liver disease are consistent with
a component of cortisol-mediated stimulation of the
mineralocorticoid receptor.195 In these models there is
decreased activity of 11β-hydroxysteroid dehydroge-
nase type 2 that is temporally related to increased
ENaC abundance in the apical membrane of the corti-
cal collecting duct. These changes are most pronounced
in the sodium-retaining stage of disease.
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Prostaglandins

Prostaglandins function in a protective role in
decompensated cirrhosis. Similar to other hypovolemic
states, prostaglandins act to maintain renal blood flow
and GFR by ameliorating pressor effects of angiotensin
II and sympathetic nerves.154 These agents counterbal-
ance the salt retaining effects of these effectors and mit-
igate the impairment in free water clearance mediated
by AVP. Administration of prostaglandin inhibitors
can partially correct excessive hyperreninemia and
hyperaldosteronism, and restore the pressor response
to angiotensin II.

Kallikrein�Kinin System

Urinary kallikrein activity is increased in cirrhotic
patients with ascites and preserved GFR, while urinary
activity decreases in association with impaired renal
function.160 The correlation between renal plasma flow
and GFR suggests that the renal kallikrein�kinin sys-
tem may contribute to maintenance of renal hemody-
namics in cirrhosis.

At the level of the renal tubule, bradykinin has been
shown to exhibit a natriuretic effect. However, bradyki-
nin also is a potent peripheral vasodilator, and can
cause microvascular leakage. In cirrhosis, these later
effects could exacerbate an already contracted EABV,
and cause further salt retention. MacGilchrist et al.127

studied the effects of kinin inhibition by systemically
infusing aprotinin (a strong inhibitor of tissue kalli-
krein) into a group of patients with cirrhosis. This infu-
sion was associated with a doubling of urinary sodium
excretion, and an increase in renal plasma flow and
GFR. This beneficial effect on renal function in the set-
ting of kinin inhibition was attributed to an improve-
ment in systemic hemodynamics as systemic vascular
resistance increased. Similarly, administration of a bra-
dykinin receptor antagonist to cirrhotic rats normalized
renal sodium retention, and reduced the activity of the
renin�angiotensin�aldosterone system.211 Inhibiting
bradykinin-induced microvascular leakage and lessen-
ing the degree of vascular underfilling was felt to be
the mechanism of the beneficial effect.

Natriuretic Peptides

The role of ANP in the pathogenesis of edema in
hepatic cirrhosis remains undefined. While atrial ANP
content was reduced in cirrhotic rats, most data indi-
cate ANP levels are either normal or elevated in cir-
rhotic humans.81,190 Elevated levels are the result of
increased cardiac release rather than just impaired
clearance. The cause of the high levels is not under-
stood, because atrial pressure is normal and central
blood volume is reduced. Stimulating the endogenous
release of ANP induces a natriuretic response in some

patients with cirrhosis, while other patients are insensi-
tive.190 However, both groups of patients exhibited an
increase in urinary cGMP, suggesting that the kidney is
still capable of responding to ANP even in the absence
of a natriuretic effect.190

Several potential mechanisms may account for ANP
resistance in cirrhosis. This resistance could be the
result of a defect intrinsic to the kidney or could be the
result of altered systemic hemodynamics leading to
activation of more potent sodium-retaining mechan-
isms.128 With regards to the first possibility, an altered
density of glomerular ANP-binding sites has been
demonstrated in the bile duct-ligated rat model of cir-
rhosis.62 In addition, ANP resistance was found in the
isolated perfused kidney taken from sodium avid rats
with cirrhosis induced by carbon tetrachloride.157 In
the chronic caval dog model of cirrhosis, intrarenal
infusion of bradykinin restored ANP responsiveness to
previously resistant animals, suggesting that an intrar-
enal deficiency of kinins could be a contributing
factor.108

Other studies have focused on systemic hemody-
namics as a cause of ANP resistance. With each stage
of advancing liver disease there becomes a greater
reduction in EABV. Since ANP resistance tends to
occur with more severe and advanced disease, it is pos-
sible that ANP resistance is directly related to the
impairment in EABV. Decreased EABV is associated
with enhanced proximal reabsorption of solute. As a
result, ANP resistance may be due to decreased deliv-
ery of salt to the site where ANP exerts its natriuretic
effect. In support of this possibility, ANP resistance
could be restored in cirrhotic rats by infusions of vaso-
pressors so as to normalize arterial pressure, and pre-
sumably improve the decrease in EABV.124 In human
cirrhotics, ANP responsiveness can be markedly
improved when distal sodium delivery is increased by
administration of mannitol.143

Circulating brain natriuretic peptide (BNP) levels
are also increased in patients with cirrhosis.107 Infusion
of BNP at a dose that elicits an increase in GFR, renal
plasma flow, and urinary sodium excretion in normal
controls has no effect in cirrhotic humans. The infusion
is associated with an increase in urinary cGMP, as well
as a fall in plasma aldosterone levels, suggesting that
the peptide is capable of interacting with its receptor in
these patients. As with ANP, the lack of natriuretic
response to BNP may be due to overactivity of other
antinatriuretic factors, as well as decreased delivery of
sodium to its tubular site of action.

Adrenomedullin is a peptide with vasodilatory
properties that is highly expressed in cardiovascular
tissues. Increased circulating levels that correlate with
severity of disease have been described in patients
with cirrhosis.57 Urodilatin is a natriuretic factor that is
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exclusively synthesized within the kidney. Unlike other
natriuretic factors, levels are not increased in patients
with cirrhosis.178

Endothelin

Increased circulating levels of endothelin have been
reported in cirrhosis.142 The stimulus and patho-
physiologic significance of these levels is not known
with certainty. The peptide may play a role in the
renal vasoconstriction seen in the hepatorenal
syndrome.63,142

Therapeutic Implications for Treatment of Salt
Retention in Cirrhosis

Renal salt retention is the most common abnormality
of renal function in chronic liver disease. Whenever
urinary sodium excretion falls to an amount less than
dietary salt intake ECF volume will begin to expand
and eventually lead to the development of ascites and
peripheral edema. The approach to the treatment of the
cirrhotic patient with ascites is to alter sodium balance
in such a way that urinary sodium excretion exceeds
dietary salt intake.

In the earliest stages of the disease, urinary sodium
excretion is plentiful and negative salt balance can be
achieved by simply lowering dietary sodium intake. As
the disease advances, neurohumoral effectors become
more activated, initially resulting in more intense renal
salt retention and later in a progressive decline in renal
function. Eventually, the filtered load of sodium
becomes completely reabsorbed by the tubule, such
that the final urine becomes virtually devoid of salt. If
some component of the filtered load reaches the collect-
ing duct or beyond spironolactone will be effective in
increasing urinary sodium excretion. Once sodium
reabsorption is complete proximal to the collecting
duct then thiazides, and later loop diuretics, will have
to be added to spironolactone in order to increase uri-
nary sodium excretion. Eventually, the filtered load is
completely reabsorbed proximal to the thick ascending
loop of Henle. At this point the patient is resistant to
the effects of diuretics, and requires more invasive pro-
cedures such as repetitive large-volume paracentesis in
order to remain in salt balance. In the terminal stages
of the disease, the glomerular filtration rate falls to
such a degree that oliguria, azotemia, and eventually
uremia are present, and the patient is clinically diag-
nosed with hepatorenal syndrome (Figure 38.9).
Vasoconstrictive input focused on the kidney is severe.
The renal failure is functional in nature, however, since
restoration of near normal renal function can be
obtained following a liver transplant.

NEPHROTIC SYNDROME

The development of edema is one of the cardinal
features of nephrotic syndrome. The mechanism of its
formation is not entirely understood. The classical
view of edema formation in nephrotic syndrome
describes the process as an underfill mechanism.
According to this theory, urinary loss of protein results
in hypoalbuminemia and decreased plasma oncotic
pressure. As a result, plasma water translocates from
the intravascular space into the interstitial space. When
the magnitude of this transudation is sufficiently great,
clinically detectable edema develops. Reduction in
intravascular volume elicits activation of effector
mechanisms that signal renal salt and water retention
in an attempt to restore plasma volume. The renal
response leads to further dilution of plasma protein
concentration, thereby exaggerating the already
reduced plasma oncotic pressure and further enhanc-
ing edema formation. In order for this formulation of
edema genesis to be true, three critical predictions
must be satisfied: (1) blood and plasma volume must
be reduced during accumulation of edema; (2) mea-
surement of neurohumoral effectors should reflect acti-
vation consequent to contraction of effective arterial
blood volume; and (3) maneuvers that increase plasma
volume into the normal range should result in a natri-
uretic response. As discussed below, these predictions
are satisfied in some patients, especially those with
minimal-change nephrotic syndrome, whereas the
majority of nephrotic patients fail to conform to this
conceptual model.
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FIGURE 38.9 The fall in glomerular filtration rate (solid bars)

and activation of neurohumoral effectors (open bars) can be viewed

as a continuum that varies according to severity of the underlying

cirrhotic process. As the disease advances, the urinary Na concentra-
tion falls. The filtered load of Na is completely reabsorbed at progres-
sively more proximal sites along the nephron. A patient with
hepatorenal syndrome is merely at the end of this continuum, when
the glomerular filtration rate has fallen sufficiently to cause signifi-
cant azotemnia.
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Blood and Plasma Volume in Nephrotic
Syndrome

The classical view of edema formation assigns a piv-
otal role to decreased plasma volume serving as the
afferent mechanism signaling renal salt and water
retention. When measured directly, plasma volume has
indeed been low in a variable proportion of patients
with nephrotic syndrome.106,138,198 Even in patients
judged to be normovolemic, an exaggerated fall in
plasma volume has been observed when nephrotic
patients go from the recumbent to the standing posi-
tion.46,84 This orthostatic reduction in plasma volume
can be profound and may, in part, explain the develop-
ment of acute oliguric renal failure and hypovolemic
shock that has been reported in patients with nephrotic
syndrome.191

Most studies, however, have failed to find a consis-
tent reduction in blood and plasma volume in patients
with nephrotic syndrome.39,47,61,100 In a survey of 10
studies, plasma volume measurements were analyzed
in 217 nephrotic patients.40 In only one-third of patients
was plasma volume reduced, whereas it was normal in
42% and increased in 25%. It has been suggested that
conflicting measurements of plasma volume in patients
with nephrotic syndrome can be reconciled by separat-
ing patients according to histologic class.137 In this
regard, one study compared the volume status of four
patients with minimal change disease to that in five
patients with membranous or membranoproliferative
lesions.137 In patients with minimal change disease,
plasma volume was decreased and plasma renin activ-
ity and aldosterone levels were increased. By contrast,
plasma volume was either normal or increased and
plasma renin activity was suppressed in the latter
group. These authors concluded that edema formation
in minimal change disease was primarily the result of
decreased effective circulatory volume inciting second-
ary renal salt retention. By contrast, patients with more
distorted glomerular architecture were felt to have a
primary defect in renal salt excretion, leading second-
arily to an expanded plasma volume and eventually
formation of edema.

Other studies have failed to find such a correlation
between histology and plasma volume measurements.
Even in patients with untreated minimal change dis-
ease, plasma volume has been found to be increased.40

In order to avoid potential methodologic problems, a
recent study first established a reference frame for
blood volume that was normalized to lean body mass,
and measured directly from plasma volume and red
cell volume in otherwise normal children.205 Blood vol-
ume measurements in children with nephrotic syn-
drome due to minimal change disease, as well as other
histologic lesions, were all found to be within this

defined normal range. Following successful therapy
with steroids, patients with minimal change disease
demonstrate a fall in plasma volume and blood pres-
sure, and an increase in plasma renin activity.40 These
changes are exactly the opposite of what one would
expect if arterial underfilling were the proximate cause
of renal salt retention. Finally, a large study of
nephrotic patients, including 35 patients with minimal
change disease, found virtually all patients have nor-
mal or increased plasma and blood volume.60

Neurohumoral Markers of Effective Circulatory
Volume

Measurements of plasma renin activity and aldoste-
rone concentration have been utilized as a method to
indirectly differentiate primary sodium retention from
an underfill mechanism of edema formation in
nephrotic patients. Elevated values would be expected
if blood volume was decreased, while suppressed
values would occur in the setting of primary renal
sodium retention and blood volume expansion. In this
regard, plasma renin activity values collated from nine
studies were found to be normal or low in 64 of 123
patients investigated.39 Plasma aldosterone levels were
also decreased in the majority of these patients. When
measured with respect to salt intake or urinary sodium
excretion, no consistent relationship was found. While
some studies have found elevated plasma renin activity
and aldosterone concentrations in patients with mini-
mal change diseases, others have not.69,137 In a study
examining plasma renin activity with respect to blood
volume, no relationship was found in either patients
with minimal change disease or those with histologic
lesions on light microscopy.61 Although a higher pro-
portion of patients with minimal change disease have
elevated plasma renin and aldosterone levels as com-
pared to those with histologic glomerular lesions, these
values tend to overlap.61,69 Thus, measurement of vari-
ous elements of the renin�angiotensin�aldosterone
axis suggests that an underfill mechanism may mediate
renal sodium retention in some but not all patients
with nephrotic syndrome.

Effects of Manipulations to Expand Central
Blood Volume

Another approach utilized to investigate the patho-
genesis of sodium retention in the nephrotic syndrome
has been to examine renal sodium handling and
hormonal indices of effective circulatory volume in
response to expansion of the intravascular blood
volume. This has been primarily achieved by
infusing albumin or expanding central blood volume
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by head-out body water immersion (HWI).34,87 The
classical view of nephrotic edema would predict that
expansion of the intravascular volume should correct
renal salt and water retention. In children with mini-
mal change disease, infusion of albumin has been
reported to decrease plasma renin activity, arginine
vasopressin (AVP), aldosterone, and catechola-
mines.169,196 In association with these hormonal
changes, there was a significant increase in the glomer-
ular filtration rate, urine flow, and sodium excretion. In
a less homogenous group of adult patients with
nephrotic syndrome, baseline blood volumes were
found to be low when expressed per kilogram wet
weight.199 Plasma AVP was inversely correlated with
blood volume and failed to decrease in response to a
water-load. When blood volume was expanded with
20% albumin, plasma levels of AVP fell, accompanied
by an augmented water diuresis. It was concluded that
a contracted blood volume was responsible for the non-
osmotic release of AVP. By contrast, other studies have
found either no or only a minimal increase in urinary
sodium excretion in response to infusion of albumin. In
one study, infusion of hyperoncotic albumin in quanti-
ties sufficient to expand blood volume by 35% resulted
in only a modest natriuretic response.100 In order to
exclude the possibility that the blunted natriuretic
response was due to an increase in peritubular colloid
osmotic pressure, similar studies have been performed
utilizing a prolonged infusion of iso-oncotic albumin.
This maneuver was similarly accompanied by only a
modest increase in sodium excretion, such that the
patients remained in positive salt balance.167 Studies
utilizing HWI to expand blood volume have likewise
produced conflicting results. Expansion of central
blood volume by HWI in children with minimal
change disease resulted in decreased levels of AVP,
aldosterone, noradrenaline and plasma renin activ-
ity.169,170 These changes were accompanied by signifi-
cant increases in urine flow and sodium excretion.
Similarly, adult patients with a variety of histologic
lesions subjected to HWI were found to have signifi-
cant increases in urinary sodium excretion.13,105 By
contrast, a more recent study in 10 patients with a vari-
ety of underlying glomerular diseases found only a
blunted natriuretic response to HWI.165 While ANP
levels rose to the same extent in control and nephrotic
subjects, suggesting equivalent degrees of volume
expansion, peak urinary sodium excretion and urine
flow in the nephrotic patients were one-third that in
the control group.

A number of other observations also question the
pivotal role assigned to hypoalbuminemia and reduced
plasma oncotic pressure in the initiation of edema for-
mation.3,83,84 For example, reducing plasma protein
concentration in humans3 or experimental animals83,84

with plasmapheresis results in either no change or
actually increases plasma volume. In addition, patients
with congenital analbuminemia demonstrate no distur-
bance in water and electrolyte balance, and do not
necessarily develop edema. Despite the reduction in
plasma oncotic pressure, these patients exhibit an
exaggerated natriuretic response when administered
isotonic saline.

In summary, available data would argue for a con-
tracted plasma volume as the afferent mechanism initi-
ating sodium retention in some but not all patients
with nephrotic syndrome. Rather, some component of
primary renal sodium retention appears to be operative
in nephrotic syndrome with histologic glomerular
lesions, as well as in many patients with minimal
change disease (Table 38.1). Studies in experimental
animals also suggest a defect intrinsic to the nephrotic
kidney as the mechanism responsible for salt retention
in nephrotic syndrome. In the rat model of unilateral
proteinuric renal disease induced by infusing puromy-
cin aminonucleoside (PAN) into one kidney, dimin-
ished urinary sodium excretion was confined to the
proteinuric kidney, despite the fact that each kidney
shared the same systemic milieu.77 In kidneys taken
from rats previously exposed to PAN and then per-
fused in vitro, less sodium was excreted as compared
to kidneys taken from control rats. Utilizing this exper-
imental design, the defect in renal salt excretion was
found to be localized to the kidney, as systemic and cir-
culating factors were eliminated.

In some patients, primary salt retention and an
underfill mechanism of edema formation may coexist.
For example, in the earliest stages of a glomerular dis-
ease salt retention by the kidney may be primary in
origin. As hypoalbuminemia develops and becomes
progressively severe, plasma volume may fall and
result in an element of superimposed secondary salt
retention. The coexistence of these two mechanisms

TABLE 38.1 Evidence for Primary Renal Sodium Retention in
the Nephrotic Syndrome

Blood volume is often normal or increased.

Blood pressure is often increased.

Renin activity and aldosterone levels are not uniformly increased.

Onset of natriuresis during recovery precedes rise in plasma protein
concentration.

Sodium excretion is modest in response to HWI or albumin infusion.

Experimental models.

Sodium retention in a unilateral nephrosis model is confined to the
diseased kidney.

Kidneys taken from nephrotic animals and perfused in vitro retain
Na.
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may account for the lack of uniformity in hemody-
namic, as well as hormonal and neurocirculatory, pro-
files in patients with nephrotic syndrome.

Peripheral Capillary Mechanisms of Edema
Formation

The presence of normal or increased plasma volume
in the setting of a decreased serum albumin concentra-
tion is difficult to reconcile with the classical view of
edema formation in the nephrotic syndrome. These
findings can best be explained by examining the altera-
tions that are known to occur in transcapillary
exchange mechanisms in the setting of hypoproteine-
mia. Fluid movement within the capillary bed between
intravascular and interstitial spaces is determined by
the balance of Starling forces between these two
compartments:

Jv 5Kf ½ðPc-PiÞ-ðΠc-ΠiÞ�
where Jv is fluid flux along the length of a capillary, Kf

is the ultrafiltration coefficient, Pc is capillary hydro-
static pressure, Pi is interstitial hydrostatic pressure, Πc

is capillary oncotic pressure, and Πi is interstitial onco-
tic pressure. On the arterial side of the capillary, the
net hydrostatic pressure gradient Pc 2 Pi (ΔP) exceeds
the net colloid osmotic pressure gradient Πc2 Πi (ΔΠ),
resulting in net filtration of fluid into the interstitial
space. Due to an axial fall in capillary hydrostatic pres-
sure, the balance of Starling forces at the venous end of
the capillary (ΔΠ.ΔP) favors net reabsorption of
fluid back into the capillary. In some tissues, net hydro-
static pressure exceeds opposing net colloid osmotic
pressure throughout the length of the capillary, such
that filtration occurs along its entire length. Net ultrafil-
trate is returned to the circulation via lymphatic flow,
such that in steady-state conditions total body capillary
flux is equal to lymph flow; interstitial and intravascu-
lar volume remain stable and edema formation does
not occur.

Absence of compensatory mechanisms would pre-
dict that small changes in ΔP, ΔΠ or Kf would lead to
increased fluid transudation and result in clinically
detectable edema. However, the poor correlation
between plasma albumin concentration and the pres-
ence or absence of edema suggests that counter-regula-
tory adjustments do occur in those forces that govern
fluid exchange between the intravascular and intersti-
tial space (Table 38.2). One such factor relates to com-
pliance characteristics of the interstitium.68 Under
normal circumstances, interstitial pressure ranges from
6 mmHg to 10 mmHg. Due to the noncompliant nature
of this compartment, small increases in interstitial vol-
ume result in large increases in interstitial pressure.

Such increases in Pi act to oppose further transudation
of fluid, and provide an initial defense against the for-
mation of edema. Increased interstitial pressure leads
to the development of a second factor that also protects
against edema formation, namely, increased lymphatic
flow. Lymph flow can increase many-fold under condi-
tions of augmented net capillary fluid filtration. In
patients with edema resulting from heart failure or
nephrosis, the disappearance rate of a subcutaneous
injection of 131I-albumin is markedly enhanced consis-
tent with increased lymphatic flow.73

A third factor that minimizes fluid filtration is a
reduction in interstitial oncotic pressure.54 In normal
human plasma, colloid oncotic pressure (COP) is about
24 mmHg, and interstitial COP is about 12 mmHg,
creating a transcapillary COP gradient of about
12 mmHg.84 Since transcapillary fluid flux consists pri-
marily of a protein-free ultrafiltrate, interstitial protein
concentration tends to become diluted. In addition,
increased lymphatic flow removes fluid and protein
from the interstitial space, and returns both to the vas-
cular compartment thereby further reducing interstitial
oncotic pressure. Body albumin pools are redistributed
such that a greater fraction than normal is located in
the vascular compartment.84 As hypoalbuminemia
develops in the nephrotic syndrome, the COP of the
interstitial fluid space falls in parallel with the COP
of plasma.74,99,101 Nephrotic patients studied both in
remission and in relapse demonstrate almost equiva-
lent changes in the COP of plasma and the interstitium
at all levels of serum albumin.101 The maintenance of
the net COP gradient within the normal range miti-
gates this potential driving force for transudation of
fluid into the interstitial space. A final factor that favors
decreased fluid filtration is a change in the permeabil-
ity of the capillary. Under conditions of hypoalbumine-
mia, the intrinsic permeability of the capillary to
protein tends to decrease, thereby increasing Πc along
the capillary.215

In summary, the reduction in serum oncotic pres-
sure that accompanies the nephrotic syndrome would
be predicted to alter Starling forces in a direction favor-
ing net flux of fluid across the capillary bed. Despite
this alteration, however, fluid tends not to accumulate
within the interstitium in response to

TABLE 38.2 Edema Defense Mechanisms which Limit Excessive
Capillary Fluid Filtration

Increased interstitial hydrostatic pressure.

Increased lymph flow.

Decreased interstitial oncotic pressure.

Decreased permeability of the capillary to protein.
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hypoalbuminemia, because of the activation of a series
of defense mechanisms that serve to oppose those
forces favoring fluid movement from the intravascular
space. These edema-preventing factors include
increased interstitial hydrostatic pressure, accelerated
lymphatic flow, a parallel decline in plasma and inter-
stitial oncotic pressure, and decreased capillary perme-
ability to protein. However, in the setting of ongoing
primary renal salt retention, these buffering mechan-
isms become exhausted and clinically apparent edema
may become evident. This occurs because salt retention
leads to increases in capillary hydrostatic pressure at
the very time defense mechanisms normally employed
to prevent edema have been maximized. In the hypo-
proteinemic patient without salt retention, edema-pre-
venting factors may be sufficient to protect against the
development of edema. Thus, edema formation in the
nephrotic syndrome results from the combined effects
of primary salt retention coupled with exhausted
defenses against edema (Figure 38.10).

The changes in mean arterial pressure and blood
volume as a function of varying extracellular fluid vol-
ume in hypoalbuminemic nephrotic patients as com-
pared to normoalbuminemic chronic renal-failure
patients illustrate these principles.98 In hypoalbumine-
mic patients with nephrotic syndrome, expansion of
the extracellular fluid volume leads to immediate
translocation of fluid into the extravascular space, as
evidenced by little change in mean arterial pressure or
blood volume. Presumably, factors that serve to pre-
vent edema are already maximized, and are over-
whelmed by increases in capillary hydrostatic pressure
that occur as a result of extracellular fluid volume
expansion. By contrast, normoalbuminemic patients
with chronic renal failure develop an increase in mean
arterial pressure and blood volume as extracellular
fluid volume expands. In these patients, more of the
fluid is retained in the vascular tree due to activation
of edema preventing factors. At some point of extracel-
lular fluid volume expansion, these factors would also
become overwhelmed and clinically detectable edema
would develop.

Mechanism of Salt Retention in Nephrotic
Syndrome

The bulk of experimental and clinical data implicate
a tubular mechanism as the primary cause of salt reten-
tion in the nephrotic syndrome. Both experimental and
clinical studies implicate the distal nephron as the site
responsible for sodium retention. Utilizing clearance
techniques, proximal sodium handling was assessed
during diuretic-induced distal tubular blockade using
chlorothiazide and ethacrynic acid.66 Nephrotic

patients exhibited a greater natriuretic response than
controls, suggesting that distal nephron sites were
responsible for enhanced sodium reabsorption.
Measurement of tubular glucose handling has been
used as a marker of proximal sodium reabsorption.198

In a group of nephrotic patients, glucose titration
curves revealed a reduced threshold for glucose reab-
sorption, further suggesting diminished proximal
sodium reabsorption.

In volume-expanded rats with autologous immune
complex nephritis, a model that resembles membra-
nous nephropathy, micropuncture, and clearance
methodology were used to study the site of sodium
retention.14 Absolute proximal sodium reabsorption
was decreased in nephrotic rats, while sodium delivery
to the late distal tubule of superficial nephrons was
comparable in control as well as nephrotic animals.
Since fractional excretion of sodium was significantly
lower in nephrotic versus control rats, the collecting
duct was suggested as a possible site of altered han-
dling of sodium. Enhanced sodium reabsorption in jux-
tamedullary nephrons not accessible to micropuncture
could not be excluded. In the rat model of unilateral
proteinuric renal disease induced by infusing PAN into
one kidney, diminished urinary sodium excretion was
confined to the proteinuric kidney.77 Since sodium
delivery to the initial portion of the collecting duct was
similar to the control kidney, increased sodium reab-
sorption at the collecting duct must have been the pri-
mary site of salt retention.

Studies using immunocytochemical analysis are con-
sistent with the distal nephron being a major site for
sodium retention in nephrotic syndrome.33,41,89,90,125

The activity of the Na12K1-ATPase is increased in
the colleting duct in the puromycin aminonucleoside
rat model of nephrosis. There is also increased expres-
sion and targeting of the epithelial sodium channel
(ENaC) in the connecting tubule and collecting duct in
these animals, as well as those made nephrotic through
injection of HgCl2.

Neurohumoral Control of Enhanced Tubular
Sodium Excretion

Renin�Angiotensin�Aldosterone

Studies demonstrating increased sodium retaining
activity in the urine of nephrotic patients lead early
investigators to suggest that aldosterone might play an
important role in mediating sodium retention in the
nephrotic syndrome.126 In rats made nephrotic with
PAN, juxtaglomerular cell granularity was found to
vary directly with the degree of sodium retention. In
this same model, prior adrenalectomy prevented
sodium retention that otherwise occurred in nephrotic
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controls with intact capacity to secrete aldosterone.86

When plasma renin activity and aldosterone concentra-
tions were measured in a large group of nephrotic
patients placed on a low-sodium diet values varied
widely, although a negative correlation was found
between urinary sodium and plasma aldosterone con-
centration.61 In a study of five nephrotic patients
placed on a high-salt diet for 8 days, plasma renin
activity and plasma aldosterone levels were similar in
both nephrotic subjects and control subjects.189

Administration of the aldosterone antagonist, spirono-
lactone, on day 4 of the study resulted in an increase in
urinary sodium excretion in the nephrotic patients,
while no change was observed in the control group.
Since aldosterone exerts salt-retaining effects on the
distal nephron, a site implicated in formation of
nephrotic edema, excess aldosterone activity is an
attractive explanation for observed salt retention.

Most data, however, fail to confirm an important
role for aldosterone. In patients spontaneously retain-
ing sodium, measurements of plasma renin activity
and aldosterone concentration may be either low or
high.21,23 This disassociation is also seen during ste-
roid-induced remission of nephrotic syndrome. In four
patients with minimal change disease, plasma renin
and aldosterone concentrations fell during steroid-
induced diuresis, but once in remission these hor-
mones returned to the same plasma concentrations
observed when edema was present.137 Studies involv-
ing administration of either saralasin or converting
enzyme inhibitors also fail to support an important
role for the renin�angiotensin�aldosterone system in
mediating salt retention.22,23,42 In nephrotic patients
selected for high plasma renin activity, captopril
administration also failed to prevent sodium retention,
despite producing marked reductions in plasma aldo-
sterone.22 In the unilateral model of PAN-induced
nephrosis, infusion of saralasin led to substantial
increases in total kidney and single-nephron GFR
of the perfused kidney, but urinary sodium excretion
remained unchanged.77 This observation lends support
for an intrarenal mechanism of salt retention inde-
pendent of changes in GFR or activation of the
renin�angiotensin�aldosterone system.

Sympathetic Nervous System

Increased plasma and urinary catecholamine con-
centrations have been found in patients with nephrotic
syndrome.88,150 The role of renal sympathetic nerve
activity in mediating salt retention in nephrotic syn-
drome has been studied in rats made nephrotic by
injection of adriamycin. An impaired ability to excrete
an acute oral or intravenous isotonic saline-load was
improved by bilateral renal denervation.35 In response
to acute infusion of saline, efferent renal sympathetic-
nerve activity decreased to a lesser extent than that in
control rats. Metabolic balance studies carried out over
26 days revealed an overall decrease in cumulative
sodium balance only in those nephrotic rats with bilat-
eral renal denervation.72 Given the evidence for a distal
nephron site of sodium reabsorption in nephrotic syn-
drome, it is noteworthy that beta-adrenergic stimula-
tion of rabbit cortical collecting tubules enhances
chloride transport.78

Other studies show enhanced sodium retention in
nephrotic syndrome cannot be entirely explained by
sympathetic nervous system activity. In kidneys taken
from rats previously exposed to puromycin aminonu-
cleoside and perfused in vitro so as to remove extrinsic
neural factors, urinary sodium excretion is decreased
as compared to kidneys taken from control animals.58

Similarly, bilateral renal denervation does not correct

Nephrotic proteinuria

Hypoalbuminemia

↓ Oncotic pressure

Activation of edema
preventing factors

Maintenance of
normal blood volume

Normal angiotensin II,
catechols, aldosterone

Primary renal Na+

retention
Mild Severe

No edema

Exhaustion of edema
preventing factors

Edema

↓↓ Oncotic pressure

Activation then exhaustion
of edema preventing factors

↓ Blood volume

↑ angiotensin II,
catechols, aldosterone

Secondary renal
Na+ retention

FIGURE 38.10 The left side of the figure depicts the mechanism
of edema formation in most patients with nephrotic syndrome. An
important variable that helps to explain the poor correlation between
serum albumin concentration and the presence or absence of edema is
the degree of primary renal Na retention. With severe Na retention by
the kidney, edema-preventing factors become exhausted and edema
becomes clinically apparent, even when the serum albumin concentra-
tion is only mildly depressed. In the setting of mild renal Na retention,
these factors remain adequate to prevent edema formation, even in
the presence of severe hypoalbuminemia. The right side of the

figure depicts the classical view of edema formation in which low

blood volume serves as the signal for secondary renal Na retention.

This mechanism of edema formation is most commonly present in
children with minimal change disease. In some patients, both mechan-
isms of edema formation may be operative. For example, early in the
nephrotic syndrome, blood volume is normal and only primary renal
Na retention is present. With worsening hypoalbuminemia, blood vol-
ume may begin to fall and result in a component of superimposed
secondary renal Na retention.
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the blunted natriuretic response to volume expansion
in the adriamycin model of nephrosis.200

Atrial Natriuretic Peptide

Levels of ANP are reported to be normal or slightly
elevated in patients with nephrotic syndrome.196 In
animal models of nephrotic syndrome, renal respon-
siveness to ANP has generally been found to be
blunted.162 In contrast, infusion of synthetic human
ANP to nephrotic patients results in increased sodium
and water excretion, similar to that in normal subjects.
Infusion of albumin in children with nephrotic syn-
drome resulted in a rise in ANP levels that closely cor-
related with urinary sodium excretion. However, other
studies have found a blunted natriuretic response to
ANP in nephrotic patients.162 It has been proposed that
enhanced distal sodium reabsorption in the nephrotic
syndrome may, in part, be due to resistance of the col-
lecting duct to the natriuretic actions of ANP.159,163

The cellular basis of this resistance does not appear to
be an abnormality in ANP binding to its receptor.
Rather, the mechanism appears to be an inability to
generate adequate amounts of the intracellular cGMP
as a result of heightened activity of intracellular cGMP
phosphodiesterase.201

In summary, edema formation in the majority of
patients with nephrotic syndrome can best be
explained by an overfill mechanism. The maintenance
of a normal plasma volume in the setting of hypoalbu-
minemia is the result of a series of edema preventing
factors that act to both oppose fluid filtration across the
capillary wall, and to return fluid back into the vascu-
lar tree. The single most important variable in deter-
mining whether these factors are sufficient to prevent
edema formation is the degree of renal salt retention.
The variability in renal salt retention explains the poor
correlation between the presence or absence of edema
and the serum albumin concentration. In patients with
severe hypoalbuminemia and no edema, renal salt
retention is likely to be minimal, such that edema pre-
venting factors are sufficient in preventing excessive
fluid filtration across the capillary wall. By contrast,
edematous patients with near normal serum albumin
concentration are more likely to have avid renal salt
retention, such that the factors opposing fluid filtration
become exhausted. The defect in renal salt excretion
has not been precisely localized, but appears to reside
in the distal nephron. The exact mechanism underlying
this defect is unknown.

SODIUM-WASTAGE

Renal salt-wastage may be defined as persistent
inappropriate renal loss of sodium from the body

sufficient in magnitude to result in shrinkage of extra-
cellular fluid volume causing azotemia, hypotension,
and when extreme, circulatory collapse. When evaluat-
ing the relationship between urine sodium excretion
and dietary intake, the initial status of the extracellular
fluid volume must be taken into consideration before
concluding renal salt-wasting is present. For example,
renal salt-wasting should not be considered present
when urine sodium excretion greatly exceeds dietary
intake in edematous patients placed on a low salt diet.
In this instance, negative salt balance is an appropriate
response to correct the volume-expanded state. As
extracellular fluid volume normalizes, the natriuresis
will stop and sodium balance will be re-established. By
contrast, the imposition of a salt-restricted diet to a
euvolemic patient with chronic kidney disease may
result in negative salt balance, and contraction of extra-
cellular fluid volume below normal limits. Even
though the cumulative amount of sodium lost from the
body may be far less than in the diuresing edematous
patient, renal salt-wasting is considered present since
the reduction of extracellular fluid volume has fallen
below normal. In this setting, worsening azotemia and
hypotension may be present. The critical feature of
renal salt-wasting is the continued shrinkage of extra-
cellular fluid volume below the lower limit of normal
as a result of ongoing natriuresis. Disorders of renal
salt-wasting can be divided into intrinsic disorders of
the kidney and disorders of efferent mechanisms that
regulate renal sodium handling.

Intrinsic Renal Disease

Chronic Kidney Disease

Patients with advanced chronic kidney disease may
exhibit mild renal salt-wastage when subjected to rigid
dietary sodium restriction. The pathogenesis of salt-
wastage is related to the adaptive increase in perfusion
of remaining viable nephrons, as total nephron mass
progressively declines. Accompanying nephron hyper-
perfusion is a large increase in solute-load. This solute-
load exceeds the reabsorptive capacity of remaining
nephrons, resulting in increased excretion of salt and
water. The nephrons of patients with chronic kidney
disease are continuously undergoing an osmotic diure-
sis of solutes, including urea and the sodium salts of
acids.

Studies by Coleman et al.31 support an important
role of osmotic diuresis in hyperfiltering nephrons in
the genesis of salt-wastage in chronic kidney disease.
In these experiments, patients with chronic kidney dis-
ease are placed on a low sodium diet and then sub-
jected to a water diuresis. As urine volume increases,
the urine sodium concentration falls to a minimum
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value and thereafter remains fixed. At this point, urine
sodium excretion increases in parallel with further
increases in urine flow rates. In salt-restricted normal
participants subjected to a water diuresis combined
with mannitol diuresis, the urine sodium concentration
at which flow dependence of urine sodium excretion
commences is greater compared to the level during
water diuresis alone. These data indicate that an
osmotic diuresis is at least in part responsible for the
mild salt-wastage observed in patients with chronic
kidney disease.

Clinical evidence of salt-wastage in most patients
with chronic kidney disease is typically only found
when dietary salt restriction is extreme. Patients ingest-
ing dietary sodium of 10�15 mEq/day require a much
longer period of time to establish salt balance com-
pared to normals, and in many patients salt balance is
never achieved. A persistent negative sodium balance
leads to volume depletion, weight loss, relative hypo-
tension, and worsening azotemia. In most instances,
these findings are seen during the course of an inter-
current illness when salt intake is abruptly stopped or
markedly reduced.

There are several reports in the literature in which
renal salt-wastage is more severe.26 Most of these cases
have been described in patients with what appears to
be chronic tubulointerstitial disease accompanied by
cystic transformation of the renal medulla. In these
unusual cases, urine sodium excretion is of such a
magnitude that contraction of extracellular fluid vol-
ume develops in the setting of normal salt intake.
Medullary cystic disease is an autosomal recessive dis-
order with cystic changes in corticomedullary and
medullary regions of the kidney in which renal salt-
wastage can be severe.

Acute Renal Failure

Transient renal salt-wastage is often seen in patients
during the recovery phase of acute tubular necrosis.
The magnitude of the natriuresis is a function of the
amount of salt and water retained as the renal failure
developed. Massive salt-wasting leading to volume-
depletion and cardiovascular collapse is not a feature
of this disorder. Some degree of salt-wastage is often
seen following the relief of urinary obstruction. The
excretion of retained urea and other solutes contribute
to an osmotic diuresis and account for the natriuresis.
However, persistent salt-wastage after these solutes are
cleared does not typically occur.

Renal Tubular Disorders

Proximal or type II renal tubular acidosis is associ-
ated with renal salt-wastage owing to the loss of
sodium bicarbonate into the urine. Defective proximal
acidification leads to a large increase in distal sodium

bicarbonate delivery that is subsequently lost into the
urine. The bicarbonaturic effect will continue until the
serum bicarbonate concentration falls to a level that
matches the reabsorptive capacity of the proximal
nephron, at which point sodium-wastage will cease. As
a result, salt-wastage is transient in this disorder, but
nevertheless causes mild volume-depletion from inap-
propriate renal salt loss.

Distal or type I renal tubular acidosis is also charac-
terized by a mild form of renal salt-wastage. The defect
in distal acidification leads to the development of a
hyperchloremic metabolic acidosis. Systemic acidosis
impairs proximal salt reabsorption, resulting in mild
sodium-wastage.55

Bartter’s and Gitelman’s syndromes are character-
ized by renal salt-wastage due to genetic defects in ion
transporters involved in sodium reabsorption. In
Bartter’s syndrome, impaired salt transport is localized
to the thick ascending limb, while in Gitelman’s syn-
drome the defect is localized to the distal convoluted
tubule.

A variety of drugs can cause renal salt-wastage as a
result of tubular injury. This injury can be due to direct
toxic effects of the drug, as with Cis-platinum, amino-
glycosides, and amphotericin B or be the result of acute
tubulointerstitial nephritis, as reported with methicillin
and trimethoprim/sulfamethoxazole.

Disorders of Effector Mechanisms that Regulate
Renal Sodium Transport

Decreased Mineralocorticoid Activity

Mineralocorticoid activity plays an important role in
renal sodium conservation. Decreased activity and
renal resistance to mineralocorticoids are causes
of renal sodium-wastage.217 The most clinically rele-
vant form of mineralocorticoid deficiency results
from primary diseases of the adrenal cortex. These dis-
eases may either be acquired or congenital in
origin. Subnormal aldosterone secretory rates lead to
decreased reabsorption of sodium chloride in the corti-
cal collecting tubule of the kidney. The kidney is
fundamentally intact and the cortical collecting tubule
cell responds normally to exogenously administered
mineralocorticoids.

Renal salt-wastage is a hallmark of Addison’s dis-
ease, in which patients may demonstrate severe vol-
ume-depletion and cardiovascular collapse. Addison’s
disease results from progressive adrenocortical
destruction, leading to deficiencies in glucocorticoid
and mineralocorticoid activity. These patients present
with anorexia, vomiting, abdominal pain, weight loss,
weakness, and salt craving. Physical examination
reveals generalized hyperpigmentation, particularly in
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skin folds and the axillae, as well as bluish-grey hy-
perpigmentation of the lingual and buccal mucosa.
Orthostatic hypotension is very common, indicative of
volume depletion. Laboratory examination reveals
increased blood urea nitrogen-to-creatinine ratio char-
acteristic of prerenal azotemia and elevated urinary
sodium concentration. Hyponatremia, hyperkalemia,
and hyperchloremic metabolic acidosis are the charac-
teristic electrolyte abnormalities.

Isolated aldosterone deficiency accompanied by nor-
mal glucocorticoid production occurs in association with
hyporeninism, as an inherited biosynthetic defect, during
protracted heparin administration, and postoperatively
following the removal of an aldosterone secreting ade-
noma. These patients have an inadequate ability to release
aldosterone during salt restriction. In severe cases, salt-
wastage may be present on a normal salt intake.

Mineralocorticoid Unresponsiveness

Defective transport of sodium may also result from
abnormalities in tubular responsiveness to aldosterone.
Disorders in which there is a resistance to aldosterone
have been localized to abnormalities in the mineralo-
corticoid receptor, and to postreceptor defects in the
epithelial sodium channel (ENaC).217

Pseudohypoaldosteronism type I is an inherited dis-
order of salt-wasting that presents in infancy. The auto-
somal dominant form of this disease has been linked to
functional mutations in the mineralocorticoid receptor.
Renal salt-wasting in these patients tends to be mild,
and spontaneously improves as patient’s age. A second
form of the disease is inherited in an autosomal reces-
sive fashion, and is caused by inactivating mutations in
either the alpha- or beta-subunits of the epithelial
sodium channel in the collecting duct. The clinical
manifestations are more severe in this form of the dis-
ease. Patients present in infancy with severe unrelent-
ing salt-wasting, hyperkalemia, and hyperchloremic
metabolic acidosis, and a failure to survive syndrome.
In addition to renal manifestations, patients also dis-
play frequent respiratory tract illnesses caused by an
increase in the volume of airway secretions.

Cerebral Salt-Wasting

The concept of a CSW syndrome was first intro-
duced by Peters and colleagues in 1950 in a report
describing three patients with neurological disorders
who presented with hyponatremia, clinical evidence
of volume depletion, and renal sodium-wasting with-
out an obvious disturbance in the pituitary�adrenal
axis.164 These findings were subsequently confirmed in
additional patients with widely varying forms of cere-
bral disease.208 The mechanism by which cerebral dis-
ease leads to renal salt-wasting is poorly-understood.
The most probable process involves disruption of

neural input into the kidney and/or central elaboration
of a circulating natriuretic factor (Figure 38.11).

CSW should be considered in patients with central
nervous system disease who develop hyponatremia
and otherwise meet the clinical criteria for a diagnosis
of SIADH, but have a volume status that is inconsistent
with that diagnosis. Unlike patients with SIADH who
are volume-expanded, patients with CSW show evi-
dence of negative salt balance and reductions in
plasma, as well as total blood volume.155 The onset of
this disorder is typically seen within the first 10 days
following a neurosurgical procedure or after a defin-
able event, such as a subarachnoid hemorrhage or
stroke. CSW has been described in other intracranial
disorders, such as carcinomatous or infectious menin-
gitis and metastatic carcinoma.
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INTRODUCTION

Hypertension is the leading risk factor for cardiovas-
cular deaths, causing approximately 7.6 million prema-
ture deaths per year worldwide.1 Over 1 billion people
including more than 50 million Americans have hyper-
tension, making it the most common chronic disease.1,2

Blood pressure (BP) typically rises with age and in the
United States, approximately 50% of people 60�69
years old and 75% of people 70 years and older have
hypertension.1 In non-industrialized populations, how-
ever, BP does not rise with aging and only a small frac-
tion of the population develops hypertension. This
suggests that environmental factors play a major role in
causing hypertension, and that a rise in BP with aging
is not inevitable when these conditions are absent.

A direct positive relationship between BP and cardio-
vascular disease CVD risk has been observed in men and
women of all ages, races, ethnic groups, and countries,
regardless of other risk factors for CVD.2 Observational
studies indicate that death from CVD increases progres-
sively as BP rises above 115 mmHg systolic and
75 mmHg diastolic pressure.2 For every 20 mmHg sys-
tolic or 10 mmHg diastolic increase in BP there is a dou-
bling of mortality from ischemic heart disease and stroke
in all age groups from 40 to 89 years old.3

Despite major advances in our understanding of its
pathophysiology, and the availability of many drugs
that can effectively reduce BP in most hypertensive
subjects, hypertension is still poorly-controlled in most
countries, including the United States, and continues to
be the most important modifiable risk factor for CVD.

BLOOD PRESSURE CLASSIFICATION FOR
HYPERTENSION TREATMENT

BP is a variable, quantitative trait with a normal dis-
tribution slightly skewed toward higher BPs. Although
there is no clear level of BP where cardiovascular or
renal disease begins to occur, a definition of hyperten-
sion is useful for treatment decisions. A commonly
used BP classification was proposed in 2003 by the
Seventh Report of the United States Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High BP JNC 7 and is now widely used.4

According to these criteria, normal BP is defined as a
systolic BP,120 mmHg and a diastolic BP,80 mmHg.
Persons with a systolic BP between 120�139 mmHg or
diastolic BP between 80�89 mmHg are designated as
having prehypertension. Hypertension is further
characterized by two stages: Stage 1, the milder (systolic
140�159 mmHg and/or diastolic 90�99 mmHg) and
most common form of hypertension, accounts for
approximately 80% of hypertension. Stage 2 hypertension
includes those with systolic BP $160 mmHg and/or dia-
stolic BP $100 mmHg. Isolated systolic hypertension is
defined as systolic BP of $140 mmHg and diastolic
BP,90 mmHg.

Using these definitions, and including those taking
antihypertensive medications, approximately 24% of
the adult population in the United States has hyperten-
sion.4 This percentage varies with: 1) race, being higher
in blacks 32% and lower in whites 23% and Mexican
Americans 23%; 2) age, because systolic BP rises
throughout life in the United States, as well as in most

1319
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00039-2 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00039-2


industrialized countries, whereas diastolic BP rises
until age 55�60 years; 3) gender, with hypertension
being more prevalent in men than in premenopausal
women, after menopause women have BPs that are
nearly the same as in men; 4) geographic patterns, with
hypertension being more prevalent in the Southeastern
United States; and 5) socioeconomic status, which is
inversely related to the prevalence of hypertension.

Primary hypertension accounts for about 95% of all cases
of hypertension, and is usually defined as elevated BP for
which an obvious secondary cause (e.g., renovascular dis-
ease, aldosteronism, pheochromocytoma or gene muta-
tions) cannot be determined. Although primary
hypertension is a heterogeneous disorder, some of the
main risk factors are known. For example, overweight
and obesity may account for as much as 65�75% of the
risk for primary hypertension. Other factors, such as sed-
entary lifestyle, excess consumption of alcohol or sodium
chloride, and low potassium intake are also thought to
contribute to increased BP in many patients.5 This review
discusses basic concepts of BP control and pathophysio-
logical changes that may cause primary hypertension,
as well as selected forms of genetic and secondary
hypertension.5,6

BASIC PHYSIOLOGY OF BLOOD
PRESSURE REGULATION

BP regulation depends on integrated actions of multi-
ple cardiovascular, renal, neural, endocrine, and local
tissue control systems. Although hypertension is usually
considered as a disorder of the average level at which
BP is regulated, there is increasing interest in other mea-
sures of BP, including peak arterial pressure, BP variabil-
ity, nighttime and daytime BP, and responses of BP to
stress, which may affect cardiovascular risk.

The complex local control, hormonal, neural, and
renal systems that regulate BP are often discussed in
terms of how they influence cardiac function or vascu-
lar resistance because of the well-known formula: mean
arterial pressure5 cardiac output3 total peripheral resis-
tance. This conceptual framework, with the addition of
factors that influence vascular capacity and transcapil-
lary fluid exchange, is adequate to explain short-term
BP regulation, but not chronic hypertension.5,7 Two
additional concepts are useful when considering
chronic BP regulation: 1) BP control mechanisms are
time-dependent; and 2) renal excretion of water and
electrolytes play a key role in long-term BP regulation.

Blood Pressure Control Systems are Time-
Dependent

Figure 39.1 shows the maximum feedback gains of
major BP controllers following a sudden disturbance,

as might occur with rapid blood loss. Three important
neural control systems begin to function powerfully
within a few seconds: 1) the arterial baroreceptors,
which detect changes in BP and send appropriate auto-
nomic reflex signals back to the heart and blood vessels
to return the BP toward normal; 2) the chemoreceptors,
which detect changes in oxygen or carbon dioxide in
the blood and initiate autonomic feedback responses
that influence BP; and 3) the central nervous system,
which responds within a few seconds to ischemia of
the vasomotor centers in the medulla, especially when
BP falls below about 50 mmHg. Each of these nervous
control mechanisms works rapidly and has potent
effects on BP. Also note, however, that the feedback
gains of these systems decrease with time, as distur-
bances of BP are maintained.

Within a few minutes or hours after a BP distur-
bance, additional control systems react, including: 1) a
shift of fluid from the interstitial spaces into the blood
in response to decreased BP or a shift of fluid out of
the blood into the interstitial spaces in response to
increased BP; 2) the renin�angiotensin�aldosterone
system RAAS which is activated when BP falls too low
and is suppressed when BP increases above normal;
3) multiple vasodilator systems not shown in the
figure that are suppressed when BP decreases and
stimulated when BP rises above normal.

Most of the BP regulators are proportional control
systems. This means that they can correct a BP abnor-
mality only part of the way back toward the normal
level, but never all the way back. The arterial barore-
ceptor reflex system, for example, has a feedback gain
of approximately 2.0 during acute changes in BP, and

FIGURE 39.1 Time-dependency of blood pressure control

mechanisms. Approximate maximum feedback gains of various
blood pressure control mechanisms at different time intervals after
the onset of a disturbance to arterial pressure.
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therefore buffers about two-thirds of a sudden change
in the BP. The renal�body fluid feedback system, how-
ever, is the one BP control system with near infinite feed-
back gain if it is given enough time to operate.7

The Renal�Body Fluid Feedback Mechanism for
Long-Term BP Regulation

Figure 39.2 shows the basic components of the
renal�body fluid feedback mechanism. Extracellular
fluid volume is determined by the balance between
intake and excretion of salt and water by the kidneys.
Even a temporary imbalance between intake and out-
put can lead to a change in extracellular volume, and
potentially a change in BP. Under steady-state condi-
tions there must be a precise balance between intake
and output of salt and water; otherwise, there would
be continued accumulation or loss of fluid leading to
circulatory collapse within a few days. A key compo-
nent of this mechanism for regulating salt and water
balance is pressure natriuresis�the effects of increased
BP to raise sodium excretion.5 Under many conditions
this mechanism stabilizes BP. For example, when BP
is increased above the renal set-point, because of
increased TPR or increased cardiac pumping ability,
this also tends to increase sodium excretion, via pres-
sure natriuresis, if the effectiveness of pressure natri-
uresis is not impaired (Figure 39.3). As long as fluid
excretion exceeds intake, extracellular fluid volume
will continue to decrease, reducing venous return and
cardiac output, until BP returns to normal and fluid
balance is re-established.

An important feature of pressure natriuresis is that
it continues to operate until BP returns to the original
set-point. Another key aspect of pressure natriuresis is

that various neurohumoral systems can amplify or
blunt the pressure natriuresis mechanism.5 For exam-
ple, increases in sodium intake are associated with
only small changes in BP in many people. One reason
for this insensitivity of BP to changes in salt intake is
decreased formation of antinatriuretic hormones such
as angiotensin II and aldosterone, which enhance the
effectiveness of pressure natriuresis and allow sodium
balance to be maintained with minimal increases in BP.
On the other hand, excessive activation of these antina-
triuretic systems reduces the effectiveness of pressure
natriuresis, necessitating greater increases in BP to
maintain sodium balance.

In all forms of human or experimental hypertension
studied thus far, there is a shift of pressure natriuresis
toward higher BPs. In some cases, impaired pressure
natriuresis is caused by intrarenal disturbances that
reduce glomerular filtration rate GFR or increase tubu-
lar reabsorption. In other instances, impaired pressure
natriuresis is caused by extrarenal factors, such as
increased activity of the SNS or antinatriuretic hor-
mones that reduce the kidney’s ability to excrete
sodium and eventually raise BP.

Vasoconstrictors May Decrease Extracellular
Volume Despite Impairing Renal-Pressure
Natriuresis

Some forms of hypertension, especially those associ-
ated with increased levels of vasoconstrictors such as
norepinephrine, are associated with reduced rather
than increased extracellular fluid volume. How can
the hypertension in these instances be attributed to
impaired renal pressure natriuresis when there is no
evidence of sodium retention? Consider the physiologi-
cal changes caused by infusion of a powerful

FIGURE 39.2 Block diagram showing the

basic elements of the renal�body fluid feed-

back mechanism for long-term regulation of

arterial pressure.
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vasoconstrictor such as norepinephrine. Chronic iv
infusion of norepinephrine causes mild hypertension
associated with an initial increase in sodium excretion
as BP rises.8 After several days, sodium excretion
returns to normal but extracellular fluid volume is
reduced. On the other hand, if norepinephrine is
infused directly into the renal artery at a low dose so
that its effect on other vascular beds is minimal or
if renal perfusion pressure is servo-controlled and
prevented from increasing during iv norepinephrine
infusion there is significant sodium retention, demon-
strating a direct antinatriuretic effect on the kidneys, as
well as development of hypertension.5,8

Figure 39.4 shows the relationship between BP and
sodium excretion caused by a powerful vasoconstric-
tor, such as norepinephrine, which has a relatively
weak antinatriuretic action. The antinatriuretic effect
shifts pressure natriuresis to higher BPs, but because
norepinephrine has a weak antinatriuretic effect, com-
pared to its peripheral vasoconstrictor effect, BP ini-
tially increases above the renal set-point for sodium
balance and causes transient natriuresis. After a few
days, extracellular fluid volume decreases and BP sta-
bilizes at a point where sodium intake and output are
balanced. The sodium retaining actions are obscured
by peripheral vasoconstriction which raises BP above
the renal set-point at which sodium balance is main-
tained, causing increased renal excretion and decreased
extracellular fluid volume. However, the maintenance
of high BP chronically depends on the changes in renal
function that shift pressure natriuresis to higher BPs.

RENAL MECHANISMS OF
HYPERTENSION

Commonly used measurements of kidney function,
such as GFR, renal blood flow, serum creatinine, and
sodium excretion, are often within the normal range in
hypertensive patients, at least prior to renal damage
due to prolonged high BP. On the other hand,
increased TPR is found in many hypertensive patients,
leading to emphasis on peripheral vasoconstriction as a
cause of increased BP. However, increased TPR may be
an autoregulatory response to increased BP, and may
not cause sustained hypertension in the absence of
impaired pressure natriuresis.

Almost all forms of experimental hypertension and
all monogenic forms of human hypertension discov-
ered thus far are caused by insults to the kidneys that
alter renal hemodynamics or tubular reabsorption.
For example, constriction of the renal arteries e.g.,
Goldblatt hypertension, compression of the kidneys
e.g., perinephritic hypertension or administration of
sodium-retaining hormones (e.g., mineralocorticoids or
angiotensin II) are all associated with either initial
reductions in renal blood flow and GFR or increases in
renal tubular reabsorption prior to development of
hypertension. Likewise, in all known monogenic forms
of human hypertension there is impaired renal excre-
tory function caused by mutations that increase renal
sodium reabsorption or activity of antinatriuretic hor-
mones. As BP rises, the initial changes are obscured by
compensations that restore kidney function toward
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FIGURE 39.3 Long-term effects of increased total peripheral resistance (TPR), such as that caused by closure of a large arteriovenous

fistula, with no change in the renal pressure natriuresis relationship. BP is initially increased from point A to point B, but elevated BP cannot
be sustained because sodium excretion exceeds intake, reducing extracellular fluid volume until BP returns to normal and sodium balance is
re-established.10
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normal. The rise in BP then initiates a cascade of car-
diovascular changes, including increased TPR that may
be more striking than the initial kidney disturbance.
For this reason, the importance of renal dysfunction in
causing hypertension has often been underestimated.

Although specific abnormalities of kidney function
are difficult to identify in most patients with primary
hypertension, one aspect of kidney function that is
invariably abnormal is renal pressure natriuresis.9,10

Maintenance of a normal sodium excretion equal to
sodium intake despite elevated BP, which would nor-
mally cause natriuresis and diuresis, indicates that
pressure natriuresis is reset in hypertensive subjects.

Some types of renal abnormalities that cause chronic
hypertension include: 1) increased preglomerular resis-
tance; 2) decreased glomerular capillary filtration coef-
ficient; 3) reduced numbers of functional nephrons;
and 4) increased tubular reabsorption (Figure 39.5). As
discussed below, some of these abnormalities cause
blood pressure to be more sensitive to changes in die-
tary salt intake (salt-sensitive), whereas other renal
abnormalities may cause hypertension that is relatively
insensitive to changes in salt intake (salt-insensitive).

Generalized Increases in Preglomerular
Resistance Cause Salt-Insensitive Hypertension

Examples of a generalized increase in preglomeru-
lar resistance are those caused by suprarenal aortic
coarctation or constriction of one renal artery and

removal of the contralateral kidney (e.g., 1-kidney, 1-
clip Goldblatt hypertension). After renal artery con-
striction or aortic coarctation, renal blood flow, GFR,
and sodium excretion are initially reduced, and there
is a rapid rise in renin secretion. Renal blood flow and
GFR may return to near normal if autoregulatory
mechanisms are not impaired, and if constriction is
not so severe that it reduces renal perfusion pressure
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FIGURE 39.4 Long-term effects of norepinephrine, a vasoconstrictor that has a relatively weak effect to impair pressure natriuresis. The
normal curve (blue) is compared with the vasoconstrictor curve (red line). Initially the vasoconstrictor raises BP (from point A to point B) above
the renal set point for sodium balance. Increased BP, however, causes a transient natriuresis and decreases extracellular fluid volume until BP
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FIGURE 39.5 Steady-state relationships between BP, sodium

excretion, and sodium intake for subjects with normal kidneys and

four general types of renal dysfunction that cause hypertension:
decreased kidney mass; increased reabsorption in distal and col-

lecting tubules; reductions in glomerular capillary filtration coeffi-

cient (Kf); and increased preglomerular resistance. Note that
increased preglomerular resistance causes salt-insensitive hyperten-
sion, whereas the other renal abnormalities cause salt-sensitive
hypertension.
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below the autoregulatory range B65�70 mmHg. Even
if GFR is not fully autoregulated, sodium excretion
returns to normal and sodium balance is re-estab-
lished within a few days. If sodium and fluid intakes
are normal, renin secretion also returns to normal in
the established phase of hypertension. At this point,
most indices of renal function are nearly normal,
including BP distal to the stenosis if the constriction is
not too severe.11

Homogeneous increases in preglomerular resistance
typically cause salt-insensitive rather than salt-sensitive
hypertension. One of the main reasons that increased
salt intake does not greatly exacerbate this form of
hypertension is that after BP increases sufficiently to
restore renal perfusion pressure and renin secretion to
nearly normal, the RAAS is fully capable of appropri-
ate suppression during high salt intake. As discussed
later, the ability to effectively modulate RAAS activity
is critical for preventing salt-sensitivity of BP.

Functional or pathologic increases in preglomerular
resistance at other sites besides the main renal arteries,
such as the interlobular arteries or afferent arterioles,
could also increase BP through the same mechanisms
activated by clipping the renal artery. For example,
structural increases in afferent arteriolar resistance
(e.g., nephrosclerosis or functional increases in resis-
tance caused by excessive activation of the SNS) could
also cause hypertension through the same mechanisms
as constriction of the main renal artery. Some patients
with primary hypertension have essentially the same
characteristics seen in 1-kidney, 1-clip Goldblatt hyper-
tension, including nearly normal GFR and plasma
renin activity, a parallel shift of pressure natriuresis to
higher BP, and a relatively salt-insensitive form of
hypertension.5,11 Also, drug therapies that decrease
preglomerular resistance, such as calcium channel
blockers, cause a parallel shift of pressure natriuresis
toward lower BP.6 Thus, primary hypertension in some
patients may be caused by functional or pathologic
increases in preglomerular resistance. This is almost
certainly the case in patients who have severe athero-
sclerotic lesions in the renal blood vessels.

Non-Homeogeneous Increases in Preglomerular
Resistance Cause Salt-Sensitive Hypertension

In 2-kidney, 1-clip Goldblatt hypertension or in
patients with a stenosis in only one renal artery, there
is a non-homogeneous increase in preglomerular resis-
tance, with ischemia occurring in nephrons of the
clipped/stenotic kidney, while nephrons in the contra-
lateral nonstenotic kidney have normal or increased
single-nephron blood flow and GFR. The underper-
fused clipped kidney secretes large amounts of renin,
whereas the untouched kidney secretes little renin.6,12

In the 2-kidney, 1-clip model, the glomeruli of the
untouched kidney are subject to the full effects of
increased BP. With prolonged hypertension, pathologic
changes in the untouched kidney may further impair
renal function. At this stage, removal of the clipped
kidney only partially normalizes BP. However,
removal of the contralateral untouched kidney and
unclipping the stenotic kidney usually normalizes BP if
the underperfusion of the clipped kidney is not too
severe and ischemic injury has not occurred. Thus,
chronic exposure to high BP in the untouched kidney
may cause pathological changes that increase the sever-
ity of hypertension.

Non-homogeneous increases in preglomerular
resistance may also cause salt-sensitivity of BP. The
main reason is that the underperfused nephrons
secrete large amounts of renin, whereas the remain-
ing nephrons are overperfused and have reduced
renin secretion.5,6 In both cases, the nephrons have
impaired ability to adequately suppress renin secre-
tion during high salt intake, and BP becomes more
salt-sensitive.

Some patients with essential hypertension may
have non-homogenous nephrosclerosis within each
kidney, providing another clinical counterpart to
the 2-kidney, 1-clip Goldblatt model of hyperten-
sion. In these instances, the combined effects of
hypertension and hyperfiltration in non-ischemic
nephrons may eventually damage the nephrons that
were not initially ischemic, leading to progressive
nephron loss.

Reduced Glomerular Capillary Filtration
Coefficient

Decreased glomerular capillary filtration coefficient
Kf initially lowers GFR and sodium excretion, while
stimulating renin release and causing vasodilation of
afferent arterioles via macula densa feedback.5,6 The
sodium retention and increased angiotensin II forma-
tion raise BP, which helps to normalize GFR and renin
release. After these compensations, the main persistent
abnormalities of kidney function are reduced filtration
fraction, increased glomerular hydrostatic pressure,
and increased renal blood flow. Unfortunately, com-
pensatory increases in BP and glomerular hydrostatic
pressure, which offset a fall in Kf and restore sodium
excretion to normal, may also cause further glomerular
injury, loss of glomeruli, further reductions in Kf, and
additional increases in BP.

The clinical counterparts of this sequence may be
found in hypertension caused by glomerulonephritis or
by other conditions that cause thickening and damage
to the glomerular capillary membranes, such as chronic
diabetes mellitus.
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Nephron Loss Increases Salt-Sensitivity

Surgical removal of large amounts of the kidney, to
the point that uremia occurs, rarely cause much hyper-
tension as long as sodium intake is normal.6,9,13 In this
case, GFR and tubular reabsorption capability are pro-
portionally reduced so that balance between filtration
and reabsorption are maintained without major
changes in BP. Reducing the number of nephrons,
however, makes the kidneys susceptible to additional
challenges of sodium homeostasis. For example, hyper-
tension associated with excess mineralocorticoids is
more severe after reducing kidney mass. Likewise,
high sodium intake is accompanied by larger BP
increases when kidney mass is reduced.6

Nephron loss also initiates compensatory changes
that may damage the surviving nephrons. For example,
renal vasodilation and increased single nephron GFR,
over long periods of time, may lead to glomerulosclero-
sis and reductions in Kf. These pathologic changes, in
addition to loss of functional nephrons, may further
impair pressure natriuresis and cause hypertension.
Thus, even though hypertension may not begin with
nephron loss, chronic elevations in glomerular pressure
and other metabolic abnormalities often associated with
hypertension may cause progressive nephron loss that
amplifies the hypertension and makes BP salt-sensitive.

Partial renal infarction causes high renin hyperten-
sion. In contrast to the effects of surgical removal of
kidney mass, loss of nephrons because of ischemia or
infarction of renal tissue usually causes marked hyper-
tension, even with normal salt intake. The so-called 5/6
ablation model is produced by removing one kidney
and obstructing two of the three branches of the renal
artery of the remaining kidney. In this model, hyper-
tension develops even without high salt intake because
of ischemia of the surviving nephrons, activation of
the RAAS, and immune-mediated renal injury.14 This
hypertension model has non-homogeneous areas of
renal ischemia with characteristics similar to that
described for the 2-kidney, 1-clip Goldblatt model. The
clinical counterpart of this model occurs with partial
renal infarction caused by septic emboli, thrombus,
trauma or sometimes after corrective surgery for renal
artery stenosis.

Increased Renal Tubular Sodium Reabsorption

Hypertension caused by increased distal or collecting
tubular reabsorption is exacerbated by increased salt
intake. Increased reabsorption at sites beyond the mac-
ula densa elicits increased sodium chloride delivery to
the macula densa which, in turn, suppresses renin
secretion,5,10 sometimes to very low levels, which pre-
vents further suppression of angiotensin II formation
during high sodium intake, making BP salt-sensitive.

An increase in proximal or loop of Henle tubular reab-
sorption, however, may result in a salt-insensitive
hypertension. Increased proximal tubular reabsorption
tends to increase renin secretion, and elicits a compen-
satory renal vasodilation that raises GFR and renal
plasma flow in response to reduced macula densa
NaCl delivery. However, as hypertension develops,
macula densa NaCl delivery and renin secretion return
to nearly normal, and the RAAS may be fully capable
of responding to increased salt intake. Therefore, high
salt intake may be accompanied by appropriate sup-
pression of angiotensin II formation, which permits
sodium balance to be maintained with only small
increases in BP.10 Nevertheless, pressure natriuresis is
shifted to higher BP.

A feature of hypertension caused by increased tubu-
lar reabsorption is that it may initially be associated
with extracellular volume-expansion. However, vol-
ume-expansion and increased cardiac output usually
subside because of pressure natriuresis, and TPR
increases secondarily to increased BP. When increased
tubular reabsorption is also associated with marked
peripheral vasoconstriction, such as occurs with very
high levels of angiotensin II, the degree of volume-
expansion depends on the relative effects of the vaso-
constrictor on peripheral and renal blood vessels.5

With severe peripheral vasoconstriction and decreased
vascular capacitance, relatively small amounts of vol-
ume retention can lead to substantial hypertension.

Significance of Salt-Sensitive Hypertension

Many factors are associated with salt-sensitivity of
BP. Older individuals are usually more salt-sensitive
than young people, and African Americans are often
more salt-sensitive than whites. However, there are
exceptions to these generalizations and considerable
heterogeneity exists in the BP responses to increased
salt intake.

Genetic factors independent of ethnicity have been
linked to salt-sensitivity of BP, especially monogenic
disorders that increase distal and collecting tubule
sodium reabsorption or that increase secretion of
sodium-retaining hormones.15 Also, diabetes mellitus,
renal diseases that cause nephron loss, and abnormali-
ties of the RAAS are associated with increased salt-
sensitivity of BP.5 Many of these examples share two
common pathways to salt-sensitivity: 1) loss of func-
tional nephrons as discussed previously or 2) reduced
responsiveness of the RAAS.

Figure 39.6 shows the importance of changes in
angiotensin II formation in maintaining BP relatively
constant during wide variations in salt intake. In dogs
with a fully-functional RAAS, only small increases in
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BP were associated with a 100-fold increase in sodium
intake.16,17 However, when angiotensin II was prevented
from being suppressed as sodium intake was raised, BP
became salt-sensitive. After blockade of angiotensin II
formation, BP was also salt-sensitive, although main-
tained at lower levels.17 Thus, a major function of the
RAAS is to permit wide variations in sodium intake and
excretion without large fluctuations in BP.

As discussed previously, focal nephrosclerosis or
patchy preglomerular vasoconstriction, as occurs with
renal infarction, leads to increased renin secretion in
ischemic nephrons and very low levels of renin release
by overperfused nephrons.6 Thus, in ischemic and
overperfused nephrons, the ability to suppress renin
secretion during high salt intake is impaired. Another
cause of reduced responsiveness of the RAAS is
increased distal and collecting tubular sodium reab-
sorption, as occurs with mineralocorticoid excess or
mutations that increase distal and collecting tubule
reabsorption (e.g., Liddle syndrome). In these condi-
tions, excess sodium retention causes almost complete
suppression of renin secretion, resulting in an inability
to further decrease renin release during high sodium
intake. Consequently, BP becomes very salt-sensitive.

Salt-Sensitive Subjects May Have Greater Target
Organ Injury

Some studies suggest that salt-sensitivity predicts
hypertensive target organ injury. Salt-sensitive hyper-
tension may be associated with glomerular hyperfiltra-
tion and increased glomerular hydrostatic pressure

that is further amplified by the hypertension5; together
the hypertension and renal hyperfiltration may pro-
mote glomerular injury and cause loss of nephron
function. Clinical studies support this concept, and
demonstrate that salt-sensitive individuals typically
have increased glomerular pressure and albumin
excretion when given a salt-load, whereas salt-resistant
individuals have lower glomerular pressure and less
urinary albumin excretion.18

There is also evidence that salt-sensitive subjects
may die earlier than individuals who are salt-resistant.
Weinberger et al. studied individuals for more than 20
years and found that normotensive individuals with
increased salt-sensitivity died almost at the same rate
as hypertensive individuals, and much faster than salt-
resistant individuals who were normotensive.19

Whether this increased mortality was related to BP
effects of salt or to other effects is still unclear. It is also
not known whether long-term high salt intake may
cause a person who is initially salt-insensitive to
become salt-sensitive as a consequence of gradual renal
injury.

NEURAL AND HORMONAL
MECHANISMS OF HYPERTENSION

The following sections discuss the multiple neural,
hormonal, and autacoid mechanisms that alter renal
pressure natriuresis, and their potential roles in
hypertension.

FIGURE 39.6 Changes in mean
arterial pressure during chronic

changes in sodium intake in normal

control dogs, after ACE inhibition,
or after angiotensin II infusion

(5 ng/kg/min) to prevent angioten-

sin II from being suppressed when

sodium intake was raised ref. [17].

1326 39. PHYSIOLOGY AND PATHOPHYSIOLOGY OF HYPERTENSION

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



The Sympathetic Nervous System SNS

Activation of the SNS can raise BP within a few sec-
onds by causing vasoconstriction, increased cardiac
pumping capability, and increased heart rate.
Conversely, sudden inhibition of SNS activity can
decrease BP to as low as half normal in less than a
minute. Therefore, changes in SNS activity, caused by
various reflex mechanisms, central nervous system
ischemia or by activation of higher centers in the brain,
provide powerful and rapid moment-to-moment regu-
lation of BP.

The SNS also plays an important role in long-term
regulation of BP and in the pathogenesis of hyperten-
sion by activation of the renal sympathetic nerves.20

There is extensive innervation of the renal blood ves-
sels, the juxtaglomerular apparatus, and the renal
tubules, and overactivation of these nerves causes
sodium retention, increased renin secretion, and
impaired renal pressure natriuresis.20 Even mild
increases of the renal sympathetic nerve activity
(RSNA) stimulate renin secretion and sodium reab-
sorption in multiple segments of the nephron, includ-
ing the proximal tubule, the loop of Henle, and more
distal segments.20 Thus, the renal nerves provide a
mechanism by which the various autonomic reflexes
and central nervous system (CNS) centers contribute to
long-term BP regulation.

Multiple studies have shown that renal denervation
reduces BP in some experimental models of hyperten-
sion.20 For example, renal denervation attenuates
hypertension in (SHR)20 as well as in obese hyperten-
sive dogs.21 Renal denervation also delays or attenu-
ates increased BP in other forms of experimental
hypertension, although some studies have not found
an important role for the renal nerves in various forms
of secondary hypertension.5

Human primary hypertension, especially when asso-
ciated with obesity, is often associated with increased
RSNA.22 Bilateral renal denervation in humans, using a
percutaneous, catheter-based radiofrequency method
to selectively ablate the nerves that run along the renal
arteries, reduced BP in patients who were resistant to
the usual antihypertensive drugs.23,24 Moreover, reduc-
tions in BP were sustained for up to two years of fol-
low-up, suggesting the absence of substantial nerve
fiber regrowth. However, longer follow-up periods will
be needed to determine if the renal nerves eventually
regrow and reinitiate increased BP, as observed in
experimental animal models of renal denervation.

Although the mechanisms that activate renal sympa-
thetic nerves in primary hypertension or in most exper-
imental models are still unclear, we will briefly discuss
two that have attracted the interest of many
researchers.

Resetting of Baroreceptor Reflexes in Hypertension

The importance of the arterial baroreceptors in buff-
ering moment-to-moment changes in BP is clearly
evident in baroreceptor-denervated animals in which
there is extreme BP variability associated with normal
daily activities.25 After baroreceptor denervation, BP
increases to very high levels or falls to low levels with
normal daily activities, although the average 24-hour
BP is not markedly altered. However, some studies
suggest that the baroreceptors are relatively
unimportant in chronic regulation of BP, because they
tend to reset within a few days after a change in BP.25

To the extent that resetting of baroreceptors occurs,
this would attenuate their potency in long-term control
of BP.

Other experimental studies suggest that the barore-
ceptors do not completely reset and may contribute to
chronic BP regulation. With prolonged increases in BP,
the baroreflexes may contribute to reductions in renal
sympathetic activity, and promote sodium and water
excretion.26 This, in turn, may attenuate the rise in BP.
Thus, impairment of baroreflexes may cause increased
lability of BP in hypertension, and fail to attenuate the
rise in BP caused by other disturbances.

Currently, there is little evidence that primary dis-
turbances of baroreceptor function play a major role in
causing chronic hypertension. However, experimental
studies in dogs indicate that chronic electrical stimula-
tion of carotid sinus baroreceptors reduces BP in some
forms of experimental hypertension.26 In humans with
hypertension resistant to drug treatment, electrical
stimulation of baroreceptors also reduced BP.26 These
observations are consistent with the hypothesis that
strong activation of baroreceptors can have long-term
influences on BP. However, this finding does not nec-
essarily imply that impaired baroreflexes actually cause
chronic hypertension. The primary role of arterial
baroreceptors in hypertension, as in normotension,
appears to be buffering of rapid deviations in BP from
the set-point determined by renal pressure natriuresis.

Obesity Causes Chronic SNS Activation

Excess weight gain appears to be a major cause of
human primary hypertension, and one key mechanism
that links obesity with increased BP is SNS activation.10

Obese persons have elevated SNS activity in various
tissues, including the kidneys.10,22 Studies in experi-
mental animals and humans indicate that combined
α-and β-adrenergic blockade markedly attenuates obe-
sity-associated hypertension.10 Moreover, renal sympa-
thetic efferent nerves mediate much of the chronic
effects of SNS activation on BP in obesity, as bilateral
renal denervation greatly attenuates sodium retention
and hypertension in obese dogs.10 Thus, obesity
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increases renal sodium reabsorption, impairs pressure
natriuresis, and causes hypertension in part by increas-
ing RSNA. The mechanisms for SNS activation in obe-
sity have not been fully-elucidated, as discussed in
more detail later in this chapter.

The Renin�Angiotensin�Aldosterone System
(RAAS)

The RAAS is perhaps the body’s most powerful hor-
mone system for regulating BP, as evidenced by the
effectiveness of various RAAS blockers in treating
hypertension. Although the RAAS has many compo-
nents, its most important effects on BP are exerted by
angiotensin II, a powerful vasoconstrictor that main-
tains BP in conditions associated with blood volume
depletion, sodium depletion or circulatory depression
e.g., heart failure. The long-term effects of angiotensin
II on BP, however, are closely intertwined with volume
homeostasis through direct and indirect effects on the
kidneys.

Blockade of the RAAS, with angiotensin II receptor
blockers ARBs, angiotensin converting enzyme ACE
inhibitors or mineralocorticoid receptor MR antago-
nists, increases renal excretory capability so that
sodium balance is maintained at reduced BP.5,6

However, blockade of the RAAS also makes BP salt-
sensitive.16 Thus, effectiveness of RAAS blockers in
lowering BP is greatly diminished by high salt intake;
conversely, reducing sodium intake or addition of a
diuretic improves effectiveness of RAAS blockers in
reducing BP.

Inappropriately high levels of angiotensin II reduce
renal excretory capability and impair pressure natriure-
sis, thereby necessitating increased BP to maintain
sodium balance. The mechanisms that mediate the
potent antinatriuretic effects of angiotensin II include
direct and indirect effects to increase tubular reabsorp-
tion, as well as renal hemodynamic effects.16

Angiotensin II Stimulates Renal Sodium
Reabsorption

Angiotensin II increases renal sodium reabsorption
through stimulation of aldosterone secretion, by direct
effects on epithelial transport, and by hemodynamic
effects. Angiotensin II-mediated constriction of efferent
arterioles reduces renal blood flow and peritubular
capillary hydrostatic pressure, and increases peritubu-
lar colloid osmotic pressure as a result of increased fil-
tration fraction.16 These changes, in turn, increase the
driving force for fluid reabsorption across tubular epi-
thelial cells. Reductions in renal medullary blood flow
caused by efferent arteriolar constriction or by direct
effects of angiotensin II on the vasa recta may also

enhance reabsorption in the loop of Henle and collect-
ing ducts.16

Angiotensin II also directly stimulates tubular
sodium reabsorption. This effect occurs at low angio-
tensin II concentrations, and is mediated by actions on
the luminal and basolateral membranes.16,27 In proxi-
mal tubules, angiotensin II stimulates the Na1aH1

exchanger on luminal membranes and increases
sodium�potassium ATPase activity, as well as
sodium bicarbonate co-transport on basolateral mem-
branes13,27 (Figure 39.7). These effects are partly medi-
ated by inhibition of adenyl cyclase and increased
phospholipase C activity.

Angiotensin II also stimulates sodium reabsorption
in the loop of Henle, macula densa, and distal nephron
segments. At physiologic concentrations, angiotensin II
increases loop of Henle bicarbonate reabsorption and
stimulates Na1aK1a2Cl transport in the medullary
thick ascending loop of Henle.5,16 In the distal parts of
the nephron, angiotensin II stimulates multiple ion
transporters, including H1-ATPase activity, as well as
epithelial sodium channel activity in the cortical col-
lecting ducts.5,16

FIGURE 39.7 Angiotensin II increases proximal tubular reab-

sorption by binding to receptors on the luminal and basolateral
membranes and stimulating Na1/H1 antiporter, Na1/HCO3 co-

transport, and Na1/K1 adenosine triphosphatase (ATPase) activity.
Angiotensin II also increases reabsorption by increasing interstitial
fluid colloid osmotic pressure and decreasing interstitial fluid hydro-
static pressure.
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Renal hemodynamic Effects of Angiotensin II

Angiotensin II is a powerful renal vasoconstrictor,
but in most physiological conditions the constriction is
confined mainly to postglomerular efferent arterioles.
For example, efferent arteriolar constriction by angio-
tensin II acts in concert with other autoregulatory
mechanisms, such as tubuloglomerular feedback (TGF)
and myogenic activity, to prevent excessive reductions
in GFR when kidney perfusion is threatened.16 In these
cases, administration of ARBs or ACE inhibitors may
reduce GFR further, even though renal blood flow
is preserved. Impairment of GFR after RAS blockade is
caused, in part, by inhibition of the constrictor effects
of angiotensin II on efferent arterioles, as well as
reduced BP.16

The relatively weak constrictor action of angiotensin
II on preglomerular vessels is due partly to protection
of these vessels by autacoid mechanisms, such as pros-
taglandins or endothelial-derived nitric oxide NO.16

When the ability of the kidney to produce these auta-
coids is impaired by treatment with nonsteroidal anti-
inflammatory drugs (NSAIDS) or by chronic vascular
disease (e.g., atherosclerosis) angiotensin II may reduce
GFR by constricting afferent arterioles.

ANGIOTENSIN II MAY CONTRIBUTE TO

GLOMERULAR INJURY IN OVERPERFUSED KIDNEYS

Although blockade of angiotensin II vasoconstrictor
of efferent arterioles may cause a further decline of
GFR in ischemic nephrons, RAAS blockade may be
beneficial when nephrons are hyperfiltering, especially
if angiotensin II is not appropriately suppressed. For
example, in diabetes mellitus and in certain forms of
hypertension associated with glomerulosclerosis and
nephron loss, angiotensin II blockade, by decreasing
efferent arteriolar resistance and BP, lowers glomerular
hydrostatic pressure and attenuates glomerular hyper-
filtration.16 Thus, RAAS blockers are more effective
than other antihypertensive agents in preventing glo-
merular injury, even with similar reductions in BP.28,29

DOES ANGIOTENSIN II CAUSE TARGET ORGAN

INJURY INDEPENDENT OF INCREASED BP?

Angiotensin II has been suggested to cause injury to
the kidneys and other organs through direct actions, in
addition to its hemodynamic effects. Although RAAS
blockers may provide greater renal protection than
other antihypertensive drugs, decreases in glomerular
hydrostatic pressure because of efferent arteriolar vaso-
dilation may have contributed to these beneficial
effects. In studies where BP was measured accurately,
using 24-hour telemetry, the renal protective effects of
angiotensin II blockade appeared to be largely a result
of reduced BP.30

An observation that is difficult to reconcile with the
concept that ANG II directly mediates target organ
injury, independent of BP, is the finding that physio-
logic activation of the RAAS is not associated with vas-
cular or renal injury as long as the BP is not elevated.
For example, sodium depletion does not cause renal,
cardiac or vascular injury, despite marked increases
in renal angiotensin II levels. Also, the clipped kidney
in 2-kidney, 1-clip Goldblatt hypertension is exposed to
high angiotensin II levels, but is protected from
increased BP by the clip on the renal artery and has no
visible injury as long as the stenosis is not too severe.
However, the nonclipped kidney, exposed to lower
angiotensin II concentrations but higher BP, has
marked focal segmental glomerular sclerosis, as well
as tubulointerstitial changes characteristic of
hypertension.31

Convincing evidence in this controversial area of
research comes from the observations of Coffman and
colleagues who studied the effects of chronic angioten-
sin II infusion in normal wild-type mice, in wild-type
mice that received transplanted kidneys from AT1
receptor knockout mice, and in AT1 receptor knockout
mice that received transplanted kidneys from normal
wild-type mice.32 Chronic angiotensin II infusion in
normal wild-type mice increased BP and caused car-
diac hypertrophy and fibrosis. However, in wild-type
mice that received transplanted kidneys from AT1
receptor knockout mice (i.e., AT1 receptors were pres-
ent in the heart and other organs, but not in the kid-
neys), angiotensin II infusion did not chronically raise
BP or cause cardiac hypertrophy and fibrosis. In AT1
receptor knockout mice that received transplanted kid-
neys from normal wild-type mice (i.e., AT1 receptors
were present only in the kidneys and not in the heart
or other organs), angiotensin II infusion caused chronic
hypertension, as well as cardiac hypertrophy and fibro-
sis.32 These observations indicate that: 1) the renal
effects of angiotensin II, and not the peripheral vascu-
lar or other non-renal effects, mediate chronic increases
in BP; and 2) in the absence of hypertension, angioten-
sin II does not cause cardiac hypertrophy or fibrosis.
Thus, the hemodynamic effects appear to account for
most of the target organ injury that occurs in angioten-
sin II-dependent hypertension, and the effects of angio-
tensin II to raise BP are due to its renal actions, not to
extrarenal effects, such as peripheral vasoconstriction
or central nervous system effects.

Aldosterone

Aldosterone is also a powerful sodium-retaining
hormone, and consequently has important effects
on renal pressure natriuresis and BP regulation. The
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primary sites of actions of aldosterone on sodium reab-
sorption are the principal cells of the distal tubules,
cortical collecting tubules, and collecting ducts where
aldosterone stimulates sodium reabsorption and potas-
sium secretion. Aldosterone binds to intracellular
mineralocorticoid receptors (MRs) and activates tran-
scription by target genes which, in turn, stimulate syn-
thesis or activation of the Na1aK1-ATPase pump on
the basolateral epithelial membrane and activation of
amiloride-sensitive sodium channels on the luminal
epithelial membrane.33 These effects are termed geno-
mic, because they are mediated by gene transcription
and require 60�90 minutes to occur after aldosterone
administration.

Aldosterone also exerts rapid nongenomic effects on
the cardiovascular and renal systems.33 Aldosterone
increases the sodium current in principal cells of
the cortical collecting tubule through activation of the
amiloride-sensitive channel, and stimulates the
Na1aH1 exchanger a few minutes after application.33

In vascular smooth muscle cells, aldosterone stimulates
sodium influx by activating the Na1aH1 exchanger in
less than 4 minutes. Acute aldosterone administration
may rapidly reduce forearm blood flow in humans,
although some investigators have found no change or
an increase in blood flow.33 The putative membrane
receptor and the cell-signaling mechanisms responsible
for these rapid actions of aldosterone have not been
identified, especially with physiologic levels of aldoste-
rone. Thus, the importance of the nongenomic effects
of aldosterone on long-term regulation of BP is still
unclear.

The overall effects of aldosterone on pressure natri-
uresis are similar to those observed for angiotensin II.
With low sodium intake, increased aldosterone
helps prevent sodium loss and reductions in BP.
Conversely, during high sodium intake, suppression
of aldosterone prevents excessive sodium retention
and attenuates increased BP. Excess aldosterone secre-
tion reduces the slope of pressure natriuresis so that
BP becomes salt-sensitive. Consequently, increasing
plasma aldosterone six-to ten-fold causes marked
hypertension when sodium intake is normal or ele-
vated, but there is very little effect on BP when
sodium intake is low.5

The role of aldosterone and MR activation in human
hypertension is a topic of renewed interest in recent
years. Hyperaldosteronism may be more common than
previously believed, especially in patients with hyper-
tension that are resistant to treatment with the usual
antihypertensive medications. For example, the preva-
lence of primary aldosteronism is reported to be almost
20% among patients referred to specialty clinics for
resistant hypertension. Many of these patients, how-
ever, are overweight or obese.34

There is also emerging evidence that MR antago-
nism may provide an important therapeutic tool for
reducing BP and preventing target organ injury in
hypertension34; for example, antagonism of MR attenu-
ated sodium retention, hypertension, and glomerular
hyperfiltration in obese dogs fed a high-fat diet even
though plasma aldosterone concentration was only
slightly elevated.35 However, even mild increases of
plasma aldosterone may increase BP when accompa-
nied by high sodium intake and volume-expansion,
because aldosterone greatly enhances salt-sensitivity of
BP.

In obese, insulin-resistant patients there may be
enhanced sensitivity to the effects of aldosterone
because of increased abundance of epithelial sodium
channels ENaCs, which would amplify the effects of
MR activation on sodium reabsorption and BP. It is
also possible that glucocorticoids may contribute to
MR activation in obese, insulin-resistant patients.

Endothelin

Endothelin-1 ET-1 is derived from a 203 amino acid
peptide precursor, preproendothelin, which is cleaved
after translation to form proendothelin. A converting
enzyme cleaves proendothelin to produce the 21 amino
acid peptide, endothelin. ET-1 receptor-binding sites
have been identified throughout the body, with the
greatest numbers of receptors in the kidneys and
lungs.36,37 ET-1 can either elicit a hypertensive effect by
activating endothelin type A (ETA) receptors or an anti-
hypertensive effect via endothelin type B (ETB) recep-
tor activation in the kidneys.36,37 Thus, the ability of
ET-1 to influence BP regulation is highly dependent on
where ET-1 is produced, and which ET receptor type is
activated (Figure 39.8).

ET-1 Elicits a Hypertensive Effect by Activating ETA

Receptors in the Kidneys

Endothelin-1 produces renal and systemic vasocon-
striction, impairs renal pressure natriuresis, and
increases BP via ETA receptor activation.36,37 ET-1
exerts multiple actions via ETA receptor activation that,
if sustained chronically, could contribute to the devel-
opment of hypertension and progressive renal injury.
ET-1 decreases GFR and renal plasma flow through
stimulation of vascular smooth muscle and mesangial
cell contraction.36,37 Long-term effects of ET-1 on the
kidneys include stimulation of mesangial cell prolifera-
tion and extracellular matrix deposition, as well as vas-
cular smooth muscle hypertrophy in renal resistance
vessels.36,37 Expression of ET-1 is greatly enhanced in
several animal models of severe hypertension with
renal vascular hypertrophy, and in models of
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progressive renal injury.36,37 Treatment with endothelin
receptor antagonists attenuated the hypertension and
small artery morphologic changes, and improved kid-
ney function in these models.36,37

ET-1 Elicits an Antihypertensive Effect by
Activating ETB Receptors in the Kidneys

ETB receptor activation by ET-1 causes vasodilation,
enhances renal pressure natriuresis, and decreases BP.
While much attention has been given to ETA receptor
activation, several studies indicate an important anti-
hypertensive role for ETB receptor.37 The most compel-
ling evidence comes from reports that transgenic mice
deficient in ETB receptors develop salt-sensitive hyper-
tension, and that pharmacologic antagonism of ETB

receptors produces hypertension in rats.36�38

Because ETB receptors are located on multiple cell
types throughout the body, including endothelial cells
and renal epithelial cells, both intrarenal and extrarenal
mechanisms could theoretically mediate the hyperten-
sion produced by chronic disruption of ETB receptors.
Bagnall et al. reported that ablation of ETB receptors
exclusively from endothelial cells produced endothelial
dysfunction, but did not cause hypertension.39 In
contrast to models of total ETB receptor ablation, the
BP response to a high-salt diet was unchanged in endo-
thelial cell-specific ETA/B receptor knockouts com-
pared to control mice.37,40,41 These findings suggest
that ETB receptors in non-endothelial cells are impor-
tant for BP regulation. Supporting this concept are the
findings that collecting duct ETB knockout mice on a

normal-sodium diet were hypertensive and a high-
sodium diet worsened the hypertension.40,41 Moreover,
collecting duct ETB knockout mice on a normal-sodium
diet were hypertensive, and a high-sodium diet wors-
ened the hypertension.37,40,41 These findings provide
strong evidence that the intrarenal effect of ETB recep-
tor activation on the collecting duct is an important
physiologic regulator that increases renal sodium
excretion and reduces BP.

ET-1 Plays an Important Role in Experimental
Salt-Sensitive Hypertension

Dahl salt-sensitive (DS) rats placed on a high-
sodium diet have impaired pressure natriuresis and
develop hypertension and progressive renal injury. ET-
1, acting via an ETA receptor, may play a role in medi-
ating renal injury in DS hypertension. Prepro-ET-1
mRNA and vascular responsiveness to ET-1 are
increased in the renal cortex of DS rats compared with
Dahl salt-resistant (DR) rats, and a positive correlation
between ET-1 generation in the renal cortex and the
extent of glomerulosclerosis has been reported in DS
hypertensive rats.42 Acute infusion of a nonselective
ETA-ETB receptor antagonist directly into the renal
interstitium improved renal hemodynamic and excre-
tory function in DS rats, but not in DR rats.43

Moreover, chronic blockade of ETA receptors attenu-
ated hypertension and proteinuria, and ameliorated
glomerular and tubular damage associated with high-
salt intake in DS rats. An important unanswered ques-
tion is whether these beneficial effects of ETA blockade
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FIGURE 39.8 Summary of the pro- and antihypertensive actions of endothelin-1 (ET-1). The ability of ET-1 to influence blood pressure
and renal pressure natriuresis is highly dependent on where ET-1 is produced, and which renal ET receptor type is activated. ET-1 can elicit a
prohypertensive anti-natriuretic effect by activating ETA receptors in the kidneys. Activation of renal ETA receptors increases renal vascular
resistance (RVR), which decreases renal plasma flow (RPF) and glomerular filtration rate (GFR), and enhances sodium reabsorption by decreas-
ing peritubular capillary hydrostatic pressure (Pc). The net effect of renal ETA receptor activation is decreased sodium excretion and increased
BP. Conversely, ET-1 can elicit an antihypertensive natriuretic effect via ETB receptor activation. Activation of the renal ETB receptor leads to
enhanced synthesis of nitric oxide (NO) and 20-HETE, and suppression of the renin�angiotensin system. The net effect of renal ETB receptor
activation is increased sodium excretion and decreased BP.
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are mediated through lower BP or through direct renal
mechanisms.

Role of Endothelin in Human Hypertension

Bosentan, a combined ETA-ETB receptor antagonist,
lowered BP in a large, double-blind, clinical trial, indi-
cating that the endothelin system helps maintain BP in
human hypertension.44,45 However, the magnitude of
the BP reduction by bosentan was almost the same as
that observed in normotensive humans. This observa-
tion suggests that endothelin probably may not play a
major role in raising BP in most patients with essential
hypertension, although bosentan blocks both ETA and
ETB receptors and antagonism of the antihypertensive
ETB receptor may have masked an important role of
endothelin on BP via ETA receptor activation. In
another study, six weeks of darusentan, a selective ETA

receptor antagonist, lowered systolic and diastolic
BP.44 Bakris et al.46 and Weber et al.47 also showed that
darusentan reduced mean 24 hour systolic BP more
than placebo in patients with treatment-resistant
hypertension. There are currently no clinical
studies that directly compare selective and mixed ET
receptor antagonism in the treatment of hypertension,
although both approaches clearly reduce BP.
Moreover, clinical studies examining the effect of
selective ETA receptor antagonism in humans with
salt-sensitive hypertension are lacking. Therefore, the
importance of ET-1 in human essential hypertension
deserves further investigation.37,45

Nitric Oxide

Release of nitric oxide NO by the vascular endothe-
lium and renal tubular cells plays a major role in
regulating renal hemodynamics and tubular
function.48�50 Long-term inhibition of NO synthase
causes impaired renal pressure natriuresis and sustained
hypertension.48�50 The renal mechanisms whereby
reduction in NO synthesis impairs pressure natriuresis
can be divided into hemodynamic and tubular compo-
nents, each of which may be modulated by processes
that are intrinsic or extrinsic to the kidneys Figure 39.9.
For example, reduced NO synthesis may decrease renal
sodium excretory function by increasing renal vascular
resistance directly or by enhancing responsiveness to
vasoconstrictors such as angiotensin II or norepineph-
rine.49,50 Reductions in NO synthesis also increase renal
sodium reabsorption via direct effects on tubular trans-
port, and through changes in intrarenal physical factors,
such as renal interstitial hydrostatic pressure (RIHP) and
medullary blood flow. Inhibition of NO synthesis
reduces RIHP and urinary sodium excretion.49,50

Stimulation of NO production normalizes the blunted
pressure natriuretic response in DS rats as a result of
improvement in the kidney’s ability to generate
increased RIHP in response to increased BP.49,50

Impaired NO Production Produces Salt-Sensitive
Hypertension

Increased renal NO production, as evidenced by
increased urinary excretion of NO metabolites or the
NO second messenger, cyclic guanosine mono-phos-
phate, has been reported to be essential for the mainte-
nance of normotension during a dietary salt challenge.
Prevention of this increase in renal NO production
resulted in salt-sensitive hypertension.48�51

There is also evidence that NO-induced vasodilation
is impaired in many models of hypertension, and in
some vascular beds in human essential hyperten-
sion.52,53 The extent to which these effects are second-
ary to hypertension or reflect important mechanisms
for the etiology of hypertension remains unclear. NO
activity does not increase with increasing dietary salt-
loading in the Dahl salt-sensitive DS hypertensive rats
as it does in normotensive Dahl salt-resistant DR rats;
furthermore, chronic administration of L-arginine pre-
vents hypertension during dietary salt-loading in the
DS rat, but has no effect on BP in DR rats.54 We have
shown that injections of L-arginine will prevent the
development of hypertension in DS rats, even during
prolonged exposure to an 8% sodium diet.49,50 This is
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FIGURE 39.9 Renal mechanisms whereby reduced nitric oxide

(NO) synthesis decreases pressure natriuresis and increases BP.
Decreased endothelial-derived nitric oxide (EDNO) synthesis impairs
renal sodium excretory function by increasing basal renal vascular
resistance, enhancing the renal vascular responsiveness to vasocon-
strictors such as angiotensin II or norepinephrine, or activating the
renin�angiotensin system. Reductions in NO synthesis also impair
sodium excretory function, either by directly increasing tubular reab-
sorption or by altering intrarenal physical factors, such as renal inter-
stitial hydrostatic pressure or medullary blood flow.
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not the case in all models of hypertension, even when
individual tissues from these animals show impaired
NO responses. Thus, in 2-kidney, 1-clip renovascular
hypertension, inhibitors of NO synthesis result in an
exaggerated increase in BP and vascular resistance
compared to normotensive rats, but L-arginine does
not prevent hypertension. Similarly, in the DOCA salt-
hypertensive model, L-arginine administration
improves agonist-induced NO release, but has no effect
on BP.48�50

Because of the central role of the kidney in sustain-
ing changes in BP, it is reasonable to postulate that the
long-term increases in BP induced by inhibition of NO
synthase in normal animals, as well as the reduction in
blood pressure induced by NO agonists in DS rat,
should be associated with changes in the relationship
between renal perfusion pressure and urinary sodium
excretion. This has been confirmed in several
studies.48�50 In normal animals, the acute intrarenal
administration of the NO synthesis inhibitor NG nitro
L-arginine methyl ester L-NAME significantly reduces
the natriuresis and diuresis usually induced by
increases in renal perfusion pressure. Chronic NO
synthase inhibition also blunts the chronic renal func-
tion curve measured during changes in sodium
intake.48�50 Stimulation of NO production by L-
arginine supplementation has also been reported to
alter BP and enhance renal pressure natriuresis.
Chronic L-arginine supplementation in DS rats main-
tained on a high-sodium diet normalizes the blunted
pressure natriuresis relationship which usually charac-
terizes these hypertensive-prone animals.48�50,54 Thus,
alterations in NO production or release can have
important effects on renal pressure natriuresis.

Role of NO in Human Hypertension

There is also evidence that NO synthesis is impaired
in vascular beds in human primary hypertension.52

The extent to which these changes are secondary to
increased BP or reflect important mechanisms for the
pathogenesis of hypertension, however, remains
unclear. NO deficiency can occur by multiple mechan-
isms, including altered NOS enzyme expression, NO
scavenging or NOS enzyme inhibition by endogenous
inhibitors. Recent studies have implicated the endoge-
nous NO synthase inhibitor asymmetric dimethylargi-
nine ADMA in the pathogenesis of hypertension.55,56

While there is a strong correlation between ADMA
levels and severe cardiovascular events and mortality,
only a few clinical studies have shown a relationship
between high BP and high plasma ADMA concentra-
tions.55,56 However, when hypertension and renal dis-
ease are present, increased plasma ADMA is observed.
Thus, it appears that the observed increase in ADMA

during hypertension may be secondary to chronic kid-
ney disease.52,54�56

Oxidative Stress

Recent studies suggest that reactive oxygen species
(ROS) may play a role in the initiation and pro-
gression of cardiovascular dysfunction associated with
hypertension.57�59 In many forms of hypertension,
increased ROS appear to be derived mainly from nico-
tinamide adenine dinucleotide phosphate (NADPH)
oxidases, which could serve as a trigger for uncoupling
endothelial nitrous oxide synthase NOS by oxidants.
Four members of the NADPH oxidase Nox enzyme
family have been identified as important sources of
ROS in the vasculature: Nox1, Nox2, Nox4, and
Nox5.57,59 Multiple factors control the expression and
activity of these enzymes and of their regulatory
subunits, such as p22phox, p47phox, Noxa1, and
p67phox.57,59 Several physical, hormonal, and local
autocoid factors are known to be important stimuli for
the production of ROS. For example angiotensin II,
aldosterone, ET-1, and sodium intake all enhance pro-
duction of ROS.57,59 Moreover, BP-induced endothelial
damage is also associated with increased production of
ROS. Thus, in many forms of hypertension, the eleva-
tion in ROS production may be secondary to the
increased BP.

ROS produced by migrating inflammatory cells
and/or vascular cells cause endothelial dysfunction,
increased renal tubule sodium transport, cell growth
and migration, inflammatory gene expression, and
stimulation of extracellular matrix formation.57,59 ROS,
by affecting vascular and renal tubule function, can
also impair renal pressure natriuresis, alter systemic
hemodynamics, and raise BP60�62 (Figure 39.10).

There is growing evidence that supports a role for
ROS in various animal models of hypertension, espe-
cially salt-sensitive models.60�62 The DS rat, for exam-
ple, has increased vascular and renal superoxide
production, and increased levels of H2O2. Renal
expression of superoxide dismutase is decreased in the
kidneys of DS rats, and long-term administration of
Tempol, a superoxide dismutase mimetic, significantly
decreases BP and attenuates renal damage.62 Another
salt-sensitive model, the stroke-prone SHR, has ele-
vated levels of superoxide and decreased plasma anti-
oxidant capacity.60�62 Superoxide production is also
increased in the deoxycorticosterone acetate (DOCA)-
salt hypertensive rat, and treatment with apocynin, a
nicotinamide adenine dinucleotide phosphate NADPH
oxidase inhibitor, decreases BP.60�62 ROS also appears
to play an important role in chronic angiotensin II
hypertension. Angiotensin II is a potent stimulator of
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NADPH oxidase, and long-term administration of
Tempol significantly decreases the chronic BP response
to angiotensin II.60�62

Despite the fact that elevated ROS plays an impor-
tant role in many experimental models of hyperten-
sion, antioxidant therapy has failed to lower BP in
clinical studies.63 An imbalance between total oxidant
production and the antioxidant capacity in human pri-
mary hypertension has been reported to occur in some,
but not all, studies. Equivocal findings in humans are
partly due to the difficulty of assessing oxidative stress
in clinical studies. Measurement of ROS in tissues
represents a challenge, because of their low levels and
relatively short half-lives.64 Most human studies have
found that chronic antioxidant therapy with vitamin E
and C supplementation has little effect on BP.
However, a major shortcoming of clinical trials using
vitamin E and C is the lack of verification that antioxi-
dant treatment actually decreased ROS.63

Inflammatory Cytokines and the Immune
System

While inflammation and the immune system activa-
tion were first associated with hypertension over four
decades ago, it has become increasingly evident over
the last few years that inflammatory cytokines and the
immune system play an important role in the progres-
sion of various models of experimental and genetic
hypertension.65�68

Increased Inflammatory Cytokines in Hypertension

Plasma levels of proinflammatory cytokines corre-
late with increased BP in human hypertension, and in
some experimental animal models of hypertension.65,67

Moreover, several studies have demonstrated that
chronic increases in plasma cytokines, comparable to
concentrations observed in hypertension associated
with pre-eclampsia, cause significant increases in BP.69,70

A two-fold elevation in the plasma levels of Tumor
Necrosis Factor alpha (TNF-α) significantly increased
BP and renal vascular resistance in pregnant rats.69,70

These studies are consistent with the hypothesis that
increasing plasma levels of cytokines may contribute to
pregnancy-induced hypertension. Etanercept, a selective
TNF-α inhibitor, was not only effective in lowering
BP, but also in dampening the ET-1 transcript that is
typically observed in response to placental ischemia
in pregnant rats.69,70 Whether etanercept and other
cytokine inhibitors would have beneficial effects in pre-
eclamptic women remains unknown, because elevated
levels of cytokines and exaggerated inflammatory
responses have been reported in some studies.

Lee and co-workers71 found that hypertension
caused by chronic angiotensin II excess may depend, at
least in part, on the presence of Interleukin-6 (IL-6).
Mice with knockout of IL-6 had significantly lower BP
than wild-type mice during two weeks of angiotensin
II infusion. Although these findings demonstrate a sig-
nificant role for IL-6 in mediating the chronic hyperten-
sive response to angiotensin II in mice, the importance
of inflammatory cytokines in the pathogenesis and pro-
gression of the various forms of human hypertension is
unclear, and is currently an area of active investigation.

Several recent studies have demonstrated that
T-cells play an important role in the progression of
hypertension. Harrison and colleagues proposed that
hypertensive stimuli lead to renal injury, neoantigen
formation, and eventual T-cell activation within the
kidney.67,68,72 T-cell-derived signals promote entry of
other inflammatory cells such as macrophages, which
result in renal vasoconstriction and increased sodium
reabsorption, thereby increasing the severity of the
hypertension.68 Supporting this concept is a recent
report that RAG-12/2 mice, which lack T-cells and
B-cells, do not develop the degree of hypertension in
response to angiotensin II infusion as the wild-type
mice, an observation that was attributed to lack of
T-cells. Moreover, chronic angiotensin II infusion was
associated with a greater number of activated T-cells,
as well as increased Rantes, a chemotaxic protein, in
the vasculature and perivascular fat.67,68,72 These obser-
vations were confirmed by Crowley et al.73 using a
model very similar to the RAG-12/2 mice. They
reported that angiotensin II hypertension, renal injury,
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FIGURE 39.10 Renal mechanisms whereby ROS impair pres-

sure natriuresis and increase BP. An increase in renal oxidative
stress impairs renal pressure natriuresis by increasing renal vascular
resistance or enhancing tubuloglomerular feedback, both of which
decrease the glomerular filtration rate. Renal oxidative stress also
reduces sodium excretion by direct effects to increase renal tubular
reabsorption.
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left ventricular hypertrophy, and cardiac fibrosis were
prevented in mice lacking T-cells. While these findings
in experimental models of hypertension are intriguing,
the importance of the immune system in the pathogen-
esis of essential hypertension in humans remains to be
determined.

Eicosanoids

The kidneys produce several types of prostaglandins
with multiple functions, including prostacyclin, throm-
boxane, 20-hydroxyeicosatetraenoic acid 20-HETE, and
epoxyeicosatetraenoic acids (EETs), all of which have
been reported to influence renal pressure natriuresis
and BP. However, the major renal prostaglandin con-
trolling sodium excretion is probably PGE2.

74 The larg-
est production of PGE2 occurs in the renal medulla,
with decreasing synthesis in the cortex. PGE2 is synthe-
sized and released, not stored. Once released, PGE2

inhibits sodium reabsorption by several mechanisms,
including direct effects on the renal tubules.

Even though long-term administration of PG synthe-
sis inhibitors has very little effect on volume and/or
BP regulation under normal physiologic conditions,
renal PGs may be important in pathophysiologic states
associated with enhanced activity of the RAAS. In vitro
and in vivo studies indicate that renal PGs protect the
preglomerular vessels from excessive angiotensin II-
induced vasoconstriction. In the absence of this
protective mechanism, the renal vasculature could be
exposed to the potent vasoconstrictor actions of angio-
tensin II in various conditions, such as sodium and vol-
ume depletion. This could, in turn, lead to significant
impairment of renal hemodynamics and excretory
function.

Inhibitors of the COX-2 enzyme reduce pressure
natriuresis, cause vasoconstriction, and increase BP.74�76

There are at least two distinct cyclooxygenases�COX-1
and COX-2. COX-1 is called the constitutive enzyme,
because of its wide tissue distribution, whereas COX-2
has been termed as inducible, because of its more
restricted basal expression and its upregulation by
inflammatory and/or proliferative stimuli. Based on the
concept that COX-1 performs cellular housekeeping
functions for normal physiologic activity and COX-2
acts at inflammatory sites, it was initially hypothesized
that the BP and renal effects of nonsteroidal anti-inflam-
matory drugs might be linked to COX-1 inhibition.74

However, experimental and clinical evidence indicates
that COX-2 metabolites may also play a role in the regu-
lation of vascular and renal function under various
physiologic and pathophysiologic conditions.74�76

Selective COX-2 inhibitors were designed to mini-
mize gastrointestinal complications of traditional

NSAIDs�adverse effects attributed to suppression of
COX-1-derived PGE2 and prostacyclin. However, ran-
domized controlled clinical trials of inhibitors of COX-
2 indicate that such compounds may elevate the risk of
hypertension, myocardial infarction, and stroke, possi-
bly by removing the protective action of prostacyclin in
counteracting thrombogenesis, hypertension, and
atherogenesis.75,76

Eicosanoids produced by cytochrome P450 monoox-
ygenase metabolism of arachidonic acid alter vascular
function and renal pressure natriuresis. In addition to
the PGs generated via the COX pathway, other eicosa-
noids that affect vascular function and/or renal
sodium transport are produced by cytochrome P450
CYP monooxygenase metabolism of arachidonic acid.
CYP enzymes metabolize arachidonic acid primarily to
20-HETE and EETs. 20-HETE is a potent vasoconstric-
tor that may regulate vascular tone and contribute to
the autoregulation of renal blood flow. 20-HETE also
inhibits sodium reabsorption in the proximal tubule
and thick ascending limb of the loop of Henle.77,78

Therefore, the ability of 20-HETE to influence BP
regulation and renal pressure natriuresis is highly
dependent on where 20-HETE is produced. The effect
of 20-HETE to inhibit sodium transport tends to lower
BP, whereas its vasoconstrictor effects on the renal
vasculature and glomerulus tend to lower glomerular
filtration rate, promote sodium retention, and increase
BP (Figure 39.11).

Compelling evidence suggests that the renal produc-
tion of CYP metabolites of arachidonic acid is altered
in genetic and experimental models of hypertension,
and contributes to the resetting of pressure natriuresis
and increased BP.77,78 Studies in humans also suggest
that CYP metabolites may play a role in sodium
homeostasis. Urinary 20-HETE excretion is regulated
by salt intake, and is differentially regulated in salt-
sensitive versus salt-resistant individuals.79,80

Moreover, there appears to be a strong negative rela-
tionship between 20-HETE excretion and body mass
index BMI, suggesting that some factor related to obe-
sity may be responsible for decreased synthesis or
excretion of this eicosanoid.79,80 These observations
support the possibility that attenuated renal produc-
tion of 20-HETE could impair pressure natriuresis in
human hypertension, especially when associated with
obesity. However, further mechanistic studies are
needed to test the importance of 20-HETE in human
hypertension.

Atrial Natriuretic Peptide (ANP)

ANP is a 28 amino acid peptide synthesized and
released from atrial cardiocytes in response to stretch.
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ANP reduces vascular resistance, while enhancing
sodium excretion through extrarenal and intrarenal
mechanisms. ANP increases GFR, but has little effect
on renal blood flow. However, an increase in GFR is
not a prerequisite for ANP to enhance sodium excre-
tion. ANP may also inhibit renal tubular sodium reab-
sorption directly by inhibiting active tubular sodium
transport or indirectly via alterations in medullary
blood flow, physical factors, and inhibiting formation
of antinatriurectic hormones such as angiotensin II and
aldosterone.

Plasma levels of ANP are elevated in numerous
physiologic conditions associated with enhanced
sodium excretion. Acute blood volume expansion con-
sistently elevates circulating ANP. Some investigators
report that chronic increases in dietary sodium intake
also raise circulating levels of ANP.81 Infusions of
exogenous ANP at rates that result in physiologically
relevant plasma concentrations, comparable to those
observed during volume-expansion, elicit significant
natriuresis, especially in the presence of other natri-
uretic stimuli, such as high renal perfusion pressure.
Long-term physiologic elevations in plasma ANP also
enhance pressure natriuresis and reduce BP.82

Transgenic mice overexpressing ANP are hypoten-
sive relative to their wild-type littermates, whereas
mice harboring functional disruptions of the ANP or
NPR-A genes are hypertensive.81,83 ANP gene knock-
out mice develop a salt-sensitive form of hypertension
(Figure 39.12) in association with failure to adequately

suppress the RAAS.83 While these findings suggest
that genetic deficiencies in ANP or its receptors could
play a role in the pathogenesis of salt-sensitive hyper-
tension, the importance of this system in the pathogen-
esis of human hypertension remains unclear.

PRIMARY ESSENTIAL HYPERTENSION

Human primary essential hypertension appears to
be largely a modern disorder associated with industri-
alization and the ready availability of food. Nearly all
studies of Westernized, industrialized populations
have demonstrated that BP, and therefore the preva-
lence of hypertension, rises with age.84 Hunter-gath-
erers living in non-industrialized societies, however,
rarely develop hypertension or age-related increases in
systolic and mean pressures.84 Thus, environmental
factors appear to play a major role in raising BP in
most patients with primary hypertension. However, it
is likely that genetic variation contributes to differences
in baseline BP that result in the normal distribution of
BP in a population. When hypertension-producing
environmental factors are added to the population
baseline BP, the normal distribution is shifted toward
higher BP; variations in the impact of environmental
factors appear to flatten the BP curve and cause greater
variability in BP of the population.

What elements of industrialized societies cause BP
to increase in the majority of people as they age? How
do they affect the physiologic controllers of BP? One
factor that is clearly important is resetting of renal
pressure natriuresis to higher BPs.10 In some cases, this
resetting may be related to increased renal sodium
reabsorption, because of abnormalities intrinsic to the
kidneys or altered neurohumoral control of the
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kidneys.10 In other instances, resetting of pressure
natriuresis may be associated with renal vasoconstric-
tion and reductions in GFR, as a result of intrarenal
mechanisms or nervous and hormonal mechanisms.10

However, many of these initial changes in kidney func-
tion are difficult to discern after hypertension is estab-
lished, because increased BP often returns renal
function to normal. Experimental, clinical, and popula-
tion studies suggest one of the key factors that affect
BP is excess weight gain.

Overweight and Obesity are Major Risk Factors
for Primary Hypertension

The prevalence of obesity has risen dramatically in
the past 2�3 decades, and is now the most important
public health problem in many industrialized coun-
tries, including the United States. Current estimates
indicate that more than 1 billion people in the world are
overweight or obese.85 In the United States, more than
65% of adults are overweight, and one-third of the
adult population is obese with a BMI greater than 30.86

Population studies show that the relationship between
BMI and systolic and diastolic BP is nearly linear in
diverse populations throughout the world. Risk esti-
mates from the Framingham Heart Study, for example,
suggest that approximately 78% of primary hyperten-
sion in men and 65% in women can be ascribed to
excess weight gain.87 Clinical studies also indicate that
weight loss is effective in reducing BP in most hyper-
tensive subjects, and that weight loss, if it can be
achieved, is effective in primary prevention of
hypertension.88

If excess weight gain is a major cause of hyperten-
sion, why are some obese persons not hypertensive
(i.e., BP greater than 140/90 mmHg)? Perhaps this is
not so surprising if one considers that excess weight
gain shifts the normal frequency distribution of BP
toward higher levels. Although obesity increases the
probability that a person’s BP will register in the
hypertensive range, not all obese people will have BPs
greater than 140/90 mmHg. However, obese indivi-
duals who are classified as “normotensive” have high-
er BP than they would at a lower body weight. Thus,
weight loss lowers BP in “normotensive” as well as
“hypertensive” obese subjects.5 Although the impor-
tance of obesity as a cause of hypertension is well-
established, the physiologic mechanisms by which
excess weight gain alters renal function and raises BP
are only beginning to be elucidated.

Obesity is associated with extracellular fluid volume
expansion, as well as increased tissue blood flow and
cardiac output.10 Studies in experimental animals and
in humans indicate that blood flow is increased in

many tissues, including the heart, kidneys, gastrointes-
tinal tract, and skeletal muscles.10 Some of the
increased flow is caused by growth of skeletal muscle
and organs in response to increased workload and the
metabolic demands associated with obesity. However,
obesity also causes functional vasodilation, perhaps as
a consequence of an increased metabolic rate, higher
oxygen consumption, and accumulation of vasodilator
metabolites. This vasodilation occurs despite mild acti-
vation of the RAAS and SNS. Although resting blood
flows are increased in many tissues, there appears to
be reduced blood flow “reserve” during exercise or
during reactive hyperemia in obese, compared to lean,
individuals.10 Cardiac reserve is also reduced in obe-
sity, despite higher resting cardiac outputs.

Increased renal tubular sodium reabsorption and
impaired pressure natriuresis play a major role in initi-
ating the rise in BP associated with excess weight gain.
At least three mechanisms are important in altering
renal function in obesity hypertension (Figure 39.13):
1) increased SNS activity; 2) activation of the RAAS;
and 3) physical compression of the kidneys by fat accu-
mulation within and around the kidneys, and by
increased abdominal pressure.

SNS Activation in Obesity Hypertension

Several observations indicate that increased SNS
activity contributes to obesity hypertension10: 1) SNS
activation, especially renal sympathetic activity, is
increased in obese subjects; 2) pharmacologic blockade
of adrenergic activity lowers BP to a greater extent in
obese, compared to lean, individuals; and 3) renal
denervation markedly attenuates sodium retention and
hypertension associated with a high-fat diet in experi-
mental animals.

Administration of α-and β-adrenergic blockers or
clonidine, a drug that stimulates central α-2 receptors
and reduces SNS activity, prevents most of the rise in
BP in obese dogs fed a high-fat diet.10,89 In obese
hypertensive patients, combined α-and β-adrenergic
blockade for one month reduced ambulatory BP signif-
icantly more in obese than in lean essential hyperten-
sive patients.10 These findings suggest that increased
adrenergic activity contributes importantly to the
development and maintenance of obesity hypertension
in experimental animals and in humans.10,89 The renal
sympathetic nerves mediate most, if not all, of the
chronic effects of SNS activation on BP in obesity.
Bilateral renal denervation greatly attenuated sodium
retention and hypertension in obese dogs fed a high-fat
diet.10

Obesity does not cause mass activation of the SNS.
Instead, increased SNS activity in various tissues is
modest, and appears to be differentially controlled in
obesity. For example, cardiac sympathetic activity does
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not appear to be substantially elevated, whereas renal
and skeletal muscle SNS activity is usually increased in
obese subjects.90�92 Obesity-induced SNS activation is
usually not sufficient to cause vasoconstriction in most
tissues, such as skeletal muscle or the kidneys, but
does contribute to renin secretion and increased renal
tubular sodium reabsorption.60

Several potential mediators of SNS activation in obe-
sity have been suggested, including: 1) hyperinsuline-
mia; 2) angiotensin II; 3) increased levels of free fatty
acids; 4) impaired baroreceptor reflexes; 5) activation
of chemoreceptor-mediated reflexes associated with
sleep apnea; and 6) cytokines released from adipocytes
i.e., “adipokines” such as leptin, TNF-α and IL-6.
Although these mechanisms have been reviewed previ-
ously,5,6,10 there is little direct evidence to support
cause-and-effect relationships for most of these factors
and obesity-induced SNS activation.

Leptin�Melanocortin Activation May Mediate SNS
Activation in Obesity

A promising candidate for linking obesity with
hypertension is hyperleptinemia (Figure 39.14). Leptin,
released from adipocytes in proportion to the degree of
adiposity, acts on the hypothalamus and other regions
of the brain to reduce appetite and increase SNS activ-
ity. In rodents, leptin increases sympathetic activity
and BP.10,93 Moreover, the hypertensive effects of leptin
are enhanced when NO synthesis is inhibited,10 as
often occurs in obese subjects with endothelial
dysfunction.

Additional support for leptin as a potential mecha-
nism of obesity hypertension is the finding that leptin-
deficient, obese mice and obese mice with mutations of
the leptin receptor usually have little or no increase in
BP compared to their lean controls.89 Similar results
have been found in obese children with leptin gene
mutations who have early onset morbid obesity, but
normal BP and impaired SNS activity.94 Furthermore,
children with leptin gene mutations did not have
hypertension, despite having many other characteris-
tics of the metabolic syndrome, including severe insu-
lin resistance, hyperinsulinemia, and hyperlipidemia.94

These observations suggest that the functional effects
of leptin may be critical in linking obesity with SNS
activation and hypertension.89

Leptin’s stimulatory effect on SNS activity appears
to be mediated by interactions with other hypothalamic
factors, especially the proopiomelanocortin POMC
pathway (Figure 39.14). In mice with leptin receptors
deleted specifically in POMC neurons, leptin’s hyper-
tensive effects were completely abolished.95 Also, phar-
macological antagonism of melanocortin 3/4 receptors
MC3/4R completely prevented leptin’s chronic BP
effects,89 and the chronic hypertensive effects of leptin
were absent in MC4R knockout mice.89 These observa-
tions indicate that leptin’s chronic BP effects are medi-
ated almost entirely by activation of POMC neurons
which, in turn, release α-melanocyte-stimulating hor-
mone α-MSH, leading to activation of MC4R and
increased SNS activity.89

A study in humans also suggests that MC4R activa-
tion may contribute to obesity-induced hypertension.
The prevalence of hypertension is lower in MC4R-defi-
cient humans compared to obese control subjects,
despite severe obesity and associated metabolic disor-
ders.96 Moreover, subcutaneous administration of an
MC4R agonist for seven days significantly increased
BP. Thus, in humans and rodents, chronic activation of
MC4R raises BP, and the presence of a functional
MC4R system appears to be necessary for obesity and
hyperleptinemia to increase SNS activity and BP.96

RAAS Activation in Obesity

Obese subjects, especially those with visceral obesity,
often have mild-to-moderate increases in plasma renin
activity PRA, angiotensinogen, ACE activity, angioten-
sin II, and aldosterone levels.5 Activation of the RAAS
occurs despite sodium retention, volume expansion, and
hypertension, all of which normally tend to suppress
renin secretion and angiotensin II formation.

An important role for angiotensin II in stimulating
renal sodium reabsorption and in mediating obesity
hypertension is supported by studies in experimental
animals demonstrating that angiotensin II receptor
blockade or ACE inhibition markedly attenuates

FIGURE 39.13 Summary of mechanisms by which obesity

causes hypertension and renal injury.Visceral obesity increases BP
by activation of the sympathetic nervous system (SNS), the
renin�angiotensin�aldosterone system (RAAS), and by physical
compression of the kidneys from the fat surrounding the kidneys.
SNS activation may be caused by, in large part, the effects of leptin,
which acts on proopiomelanocortin (POMC) neurons in the hypothal-
amus and brainstem. Obesity-induced hypertension and glomerular
hyperfiltration may cause renal injury, especially when combined
with dyslipidemia and hyperglycemia. Renal injury then exacerbates
the hypertension and makes it more difficult to control.
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sodium retention, volume expansion, and increased BP
during the development of obesity.5,6,97 Whether the
effects of angiotensin II to raise BP in obesity are due
primarily to direct actions on the kidneys or stimula-
tion of aldosterone secretion is unclear. The direct renal
sodium-retaining effects of angiotensin II are well-
known, as are the effects of angiotensin II to stimulate
aldosterone secretion.

Although smaller clinical trials have clearly shown that
both ARBs and ACE inhibitors are effective in lowering
BP in obese hypertensive patients, there have been no
large-scale clinical studies comparing the effectiveness of
RAAS blockers in obese and lean hypertensive patients.

Activation of the RAAS may also contribute to the
glomerular injury and nephron loss associated with

obesity. By constricting efferent arterioles, increased
angiotensin II formation exacerbates the rise in glomer-
ular hydrostatic pressure caused by systemic arterial
hypertension.5 Studies in type II diabetic patients, who
are usually overweight or obese, clearly indicate that
ACE inhibitors or ARBs slow the progression of renal
disease.28,98 Thus, ARBs and ACE inhibitors may be
particularly useful in obese patients, especially those
with diabetes and renal disease.

Mineralocorticoid Receptor (MR) Activation in
Obesity Hypertension

Studies in experimental animals and in humans sug-
gest that antagonism of MR may provide an important
therapeutic tool not only for lowering BP, but also for

Leptin, POMC and MC3/4R actions in the CNS
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FIGURE 39.14 Possible links among

leptin and its effects on the hypothala-

mus, sympathetic activation, and hyper-

tension. Within the hypothalamus, one of
the key pathways of leptin’s action on
appetite, SNS activity, and BP is stimula-
tion of the proopiomelanocortin (POMC)
neurons in the arcuate nucleus (ARC).
These neurons send projections to the para-
ventricular nucleus (PVN) and lateral hypo-
thalamus, releasing α-melanocyte-
stimulating hormone (α-MSH), which then
acts as an agonist for melanocortin 4 recep-
tors (MC4R). These neurons, in turn, send
projections to the nucleus of the solitary
tract (NTS) to effect changes in appetite,
SNS activity, and blood pressure. Leptin
also suppresses the NPY/AGRP
neurons, but their role in controlling SNS
activity and BP are still unclear.
Leptin�melanocortin activation in distinct
areas of the brain and through multiple
intracellular signaling pathways may dif-
ferentially regulate appetite, energy expen-
diture, and BP (LH: lateral hypothalamus;
RSNA: renal sympathetic nerve activity).

1339PRIMARY ESSENTIAL HYPERTENSION

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



attenuating target organ injury in obesity hypertension.
Antagonism of MR in obese dogs markedly attenuated
sodium retention, hypertension, and glomerular hyper-
filtration.35 The observation that MR antagonism atten-
uated glomerular hyperfiltration may also have
important implications for renal protection in obesity,
although there are no studies, to our knowledge, that
have directly tested this in non-diabetic obese humans.
Administration of MR antagonists also provides signif-
icant antihypertensive benefit in resistant obese
patients.34 Reductions in BP caused by MR antagonism
in obese patients with resistant hypertension occurred
despite concurrent therapy with ACE inhibitor or ARB,
calcium channel blocker, and thiazide diuretic, suggest-
ing that MR activation in obesity can occur indepen-
dently of angiotensin II-mediated stimulation of
aldosterone secretion.

Visceral Obesity May Cause Renal Compression

Visceral obesity initiates several changes that lead to
compression of the kidneys, increased intrarenal pres-
sures, impaired renal pressure natriuresis, and hyper-
tension.10 Intra-abdominal pressure rises in proportion
to abdominal diameter, reaching levels as high as
35�40 mmHg in some individuals.5 In addition, retro-
peritoneal adipose tissue often encapsulates the kidney
and penetrates the renal hilum into the renal medullary
sinuses in obese dogs as well as in obese humans, caus-
ing additional compression and increased intrarenal
pressures.99

Obesity also causes changes in renal medullary his-
tology and increased extracellular matrix that exacer-
bate intrarenal compression and hypertension.97

Increased intrarenal hydrostatic pressure may, in turn,
cause compression of the loops of Henle and vasa
recta, thereby increasing tubular sodium and water
reabsorption. Although these physical changes in the
kidneys cannot account for the initial increase in BP
that occurs with rapid weight gain, they may help to
explain why abdominal obesity is much more closely
associated with hypertension than subcutaneous
obesity.97

Kidney Injury in Obesity Hypertension

Obesity has not been widely recognized as a major
risk factor for ESRD, and is not included as a cause of
kidney failure in renal data registries. However, the
impact of obesity on renal disease is clear when one
considers that diabetes and hypertension, both of
which are closely associated with excess weight gain,
account for more than 70% of ESRD. Moreover, the
rapid rise in the prevalence of ESRD in the past two
decades has paralleled increasing obesity and diabe-
tes.97 Although most of the increasing prevalence of
ESRD has been attributed to the increase in type II

diabetes, patients with diabetes are usually hyperten-
sive, and the increased BP likely contributes to renal
injury.

Population studies indicate that obesity is a major
cause of renal disease, even after adjustment for hyper-
tension, diabetes or pre-existing renal disease. In a ret-
rospective analysis of adults who were followed for
15�35 years, the rate of ESRD increased in a stepwise
manner as BMI increased.100 This relationship was not
affected by BP or diabetes, and the analysis was
adjusted for age, sex, race, education level, smoking
status, history of myocardial infarction, serum choles-
terol level, proteinuria, hematuria, and serum creati-
nine level. Thus, observational studies suggest that
obesity may be an important risk factor for renal dis-
ease through other mechanisms in addition to hyper-
tension and diabetes.

Obesity may also amplify the effect of other primary
renal insults, even those that are usually considered to
be relatively benign, such as unilateral nephrectomy.
Praga and co-workers101 reported that of patients with
a BMI greater than 30 who had undergone unilateral
nephrectomy, 92% developed proteinuria or renal
insufficiency, whereas only 12% of patients with a BMI
less than 30 developed these disorders. Similar findings
have also been reported for patients with immunoglob-
ulin A nephropathy.102 These observations suggest that
obesity exacerbates the loss of kidney function in
patients with pre-existing glomerulopathies, and that
weight loss may lessen the impact of renal injury from
other causes.

Animals placed on a high-fat diet for only a few
weeks also have significant structural changes in the
kidneys, including enlargement of the Bowman space,
glomerular cell proliferation, increased mesangial
matrix, and increased expression of glomerular TGF-
β.103 These early changes occur with only modest
hypertension, only mild metabolic abnormalities, and
may be the precursors of more severe renal injury as
obesity is sustained. Obese patients often develop pro-
teinuria, frequently in the nephrotic range, that is fol-
lowed by progressive loss of kidney function.97 The
most common types of renal lesions observed in renal
biopsies of obese subjects are focal and segmental glo-
merular sclerosis and glomerulomegaly.

The gradual loss of kidney function, as well as the
hypertension and diabetes that commonly coexist with
obesity, may lead to progressive impairment of pres-
sure natriuresis, salt-sensitivity, and greater increases
in BP. Thus, renal injury in obese subjects not only
exacerbates the hypertension, but also makes BP more
difficult to control with antihypertensive drugs. The
mechanisms of obesity-induced renal injury are not
fully-understood, but likely involve a combination
of hemodynamic and metabolic abnormalities.
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As discussed previously, obesity causes marked glo-
merular hyperfiltration and preglomerular vasodilation
that permits greater transmission of the increased BP to
the glomerular capillaries. These renal hemodynamic
changes, along with the metabolic abnormalities, such
as hyperglycemia and hyperlipidemia, exacerbate the
effects of increases in BP to cause renal injury. A syner-
gistic relationship may exist between the metabolic
abnormalities and increased glomerular pressure in
causing chronic renal vascular disease and nephron
loss, similar to the synergistic effects of hypertension,
diabetes, and dyslipidemia in increasing the risk for
coronary artery disease and myocardial infarction.
However, there are no large-scale studies that have
tested this idea.

How Does “Metabolic Syndrome” Relate to
Primary Hypertension?

Dyslipidemia, hyperinsulinemia, and hyperglycemia
often occur concurrently with hypertension, leading to
the proposal of a unique pathophysiologic condition
that is often called the metabolic syndrome. Definitions
of the metabolic syndrome have been proposed by the
World Health Organization WHO,104 the Third Report
of the National Cholesterol Education Program’s Adult
Treatment Panel ATP III,105 and other organizations.104

All of these definitions include disordered glucose
homeostasis or measures of insulin resistance, dyslipi-
demia, hypertension, and obesity.

Recent analyses of the metabolic syndrome have
questioned whether insulin resistance and hyperinsuli-
nemia are the underlying causes of this complex cluster
of cardiovascular risk factors.104,106 Chronic hyperinsu-
linemia, in the absence of obesity, does not raise BP in
dogs or humans.107 Multiple studies in humans have
also shown that chronic insulin treatment does not
raise BP in patients with type 1 or type 2 diabetes, and
patients with severe hyperinsulinemia as a result of
insulinoma are not hypertensive.107 Taken together,
these observations suggest that hyperinsulinemia per se
is insufficient to cause chronic hypertension.

Insulin resistance has been proposed to cause hyper-
tension independent of hyperinsulinemia. However,
there are several disorders associated with severe insu-
lin resistance and hyperinsulinemia in humans and
experimental animal models that are not linked with
hypertension. In mice, mutations of the leptin gene or
the leptin receptor or mutations of the MC4-R, cause
severe insulin resistance and many characteristics of
the metabolic syndrome, but BP is not increased com-
pared to wild-type controls.5,89 Likewise, humans with
leptin gene or MC4R mutations have severe insulin
resistance, but no indication of SNS activation or

hypertension.94,96 These observations do not support a
direct role for insulin resistance in causing
hypertension.

Several reports indicate that agents that increase
insulin sensitivity, such as the thiazolidinediones, also
lower BP. However, these drugs influence expression
of multiple genes by binding to the peroxisome prolif-
erator-activated receptor-γ (PPARγ), a nuclear receptor.
Thiazolidinediones may also inhibit L-type calcium
channels, and they reduce BP in renovascular hyper-
tension that is not associated with insulin resistance or
hyperinsulinemia.5,108 Therefore, it appears that the
BP-lowering effects of these drugs are related to other
actions besides improvement of insulin sensitivity.

Abnormalities of glucose and lipid metabolism asso-
ciated with insulin resistance may, over many years,
lead to athereosclerosis and vascular injury, and in this
way contribute indirectly to increased BP, especially if
the renal blood vessels and glomeruli are damaged.
Progressive loss of kidney function could contribute
to salt-sensitivity of BP and gradual development of
hypertension. Thus, the metabolic disturbances associ-
ated with severe insulin resistance may exacerbate
hypertension by causing renal injury, although the
importance of these effects, in the absence of diabetes,
is still unclear.

Although insulin resistance and hypertension are
often closely correlated, much of the available evidence
suggests that this association is largely a consequence
of obesity which causes both insulin resistance and
high BP through parallel mechanisms. There is little
doubt that obesity, especially visceral obesity, is a
major cause of the entire cluster of CVD risk factors
associated with the metabolic syndrome.104,107

Importantly, all of the disorders associated with the
metabolic syndrome can usually be reversed by weight
loss.

GENETIC CAUSES OF HYPERTENSION

Success in identifying genes that contribute impor-
tantly to human primary hypertension has been limited
mainly to identification of monogenic forms of hyper-
tension. When one considers the complexity of the mul-
tiple neural, hormonal, renal, and vascular mechanisms
that contribute to short-term and long-term BP regula-
tion, it is perhaps not surprising that finding a few vari-
ant genes alleles to account for a major portion of BP
variation has been challenging. The complexity of the
problem is compounded by the likelihood that BP varia-
tion is caused not only by single-gene variants, but also
by polymorphic genetic differences, complex interac-
tions among several genes, and interaction among
genetic and environmental factors. The finding that
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hypertension does not often occur in populations living
in non-industrialized regions of the world suggests that
environmental influences play a major role in common
forms of hypertension.

What is the evidence that gene variants play a major
role in human primary hypertension? Multiple studies
provide evidence that the closer the genetic related-
ness, the greater the similarity of BP.109 For monozy-
gotic twins (with genetic similarity of 100%), the
correlation coefficient for systolic BP has ranged from
0.5 to 0.8 (average: 0.6), for dizygotic twins it has ran-
ged from 0.19 to 0.46 (average: 0.35), and for non-twin
siblings (genetic similarity of around 50%) the correla-
tion coefficient has averaged around 0.23. There is also
a better correlation of BP values in biologic children
than in adopted children. However, the importance of
shared family environment is also evident from the BP
correlations observed in genetically unrelated adopted
siblings.

Comprehensive familial analyses that include
other relatives in addition to twins suggest that envi-
ronment may contribute to as much as 30% of BP
variance, and genetic factors may contribute 40 to
50% of BP variance.109 However, despite the use of
sophisticated mathematical models for these calcula-
tions, the possibility of nonlinear gene�environmen-
tal interactions makes it difficult to quantify the
precise roles of genes and environment in BP
variation.

Hypertension has been suggested to result from
additive effects of multiple variant genes acting in con-
cert to elevate BP. Each gene variant is presumed to
have a relatively weak impact on BP, but may produce
significant hypertension when they act together in the
presence of the necessary environmental conditions.
This polygenic model also applies to other complex dis-
eases such as diabetes or cancer, where multiple genes
and environmental factors may play a role in the devel-
opment of the disease.

Although the hypertension research literature is
replete with studies showing associations of gene
polymorphisms and BP, the genetic alterations that
contribute to primary hypertension remain
unknown.109 Most of these genetic studies have pro-
duced mixed results, even for widely studied poly-
morphisms such as the ACE insertion/deletion and
angiotensinogen polymorphisms.110 Polymorphisms
and mutations in other genes such as α-adducin, atrial
natriuretic factor, the insulin receptor, β2-adrenergic
receptor, calcitonin gene-related peptide, angiotensi-
nase C, renin-binding protein, endothelin-1 precursor,
G-protein β3-subunit have also been associated with
the development of hypertension in some studies110;
however, all of these polymorphisms show weak asso-
ciations, if any, with BP, and many of the early studies

showing statistically significant associations have not
been confirmed. Large-scale genome-wide association
studies (GWAS) in which hundreds of thousands of
common genetic variants are genotyped and analyzed
for blood pressure association have shown limited
success in identifying genes that contribute to hyper-
tension. At best, the gene variations discovered thus
far explain only a tiny part of the BP variation found
in humans.111

Monogenic Disorders that Cause Hypertension

Table 39.1 shows some of the monogenic disorders
that are associated with high BP. An interesting feature
of these genetic disorders is that they all affect
electrolyte transport in the renal tubule or the synthesis
and/or activity of RAAS hormones. In all monogenic
hypertensive disorders thus far, the final common
pathway to hypertension appears to be increased
sodium reabsorption and volume expansion.
Monogenic hypertension, however, is rare, and all of
the known forms together account for less than 1% of
human hypertension.

Familial Hyperaldosteronism Type I

Also called glucocorticoid remediable aldosteronism
(GRA), familial hyperaldosteronism type I (FH-I) is
inherited as an autosomal dominant trait caused by a
chimeric gene derived from a meiotic mismatch and
unequal crossing between the promoter of the 11β-
hydroxylase CYP11B1 controlled by the structural por-
tion of the aldosterone synthase gene CYP11B2.15 This
causes aldosterone secretion to be abnormally regu-
lated by adrenocorticotrophic hormone (ACTH).
Because ACTH is suppressed by glucocorticoids,
administration of excess glucocorticoids is effective in
reducing aldosterone secretion in patients with FH-I.

Patients with FH-I exhibit many of the same charac-
teristics as those with primary aldosteronism, includ-
ing high aldosterone, hypokalemia, volume expansion,
metabolic alkalosis, and low renin. Although some
patients with FH-I have severe hypertension, others
have only moderate hypertension or may even be nor-
motensive. This wide range of BP could be related to
variable expression of the chimeric gene or to other
differences in genetic background that would place
the inherited BP in the low or normal range in the
absence of the FH-I mutation. The final BP could
therefore be the combined result of the low or normal
inherited BP, the hypertensive effect of the FH-I muta-
tion, and other environmental factors, such as salt
intake. Patients with FH-I respond well to thiazide
diuretics, as well as spironolactone.
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Familial Hyperaldosteronism Type II

Familial hyperaldosteronism type II (FH-II) is a rare
disease in which hypertension is caused by excessive
aldosterone secretion that is not suppressed by gluco-
corticoid administration, distinguishing it from FH-I.112

Patients with FH-II have the same clinical symptoms as
patients with primary hyperaldosteronism caused by
bilateral adrenal hyperplasia. The genetic abnormality
causing FH-II has been localized to chromosome
7p22.112 Although hypertension in FH-II is unrespon-
sive to glucocorticoids, spironolactone is effective in
reducing BP and correcting the metabolic disturbances.

Congenital Adrenal Hyperplasia and Excess
Deoxycorticosterone Secretion

This disorder describes a group of syndromes
caused by defects in cortisol biosynthesis. Congenital
adrenal hyperplasia is an autosomal recessive disorder.
When 21-hydroxylase CYP21A2 is deficient, the most
common cause of congenital adrenal hyperplasia,
patients are normotensive.112 When 11β-hydroxylase
CYP11B1 and 17β-hydroxylase CYP17 are deficient,
production of deoxycorticosterone, which has mineral-
ocorticoid activity, is increased, leading to hyperten-
sion. Defects in CYP11B1 and CYP17 cause inhibition
of cortisol production with a subsequent reduction in

feedback inhibition of ACTH secretion by the anterior
pituitary and hypothalamus. Increased ACTH secretion
then stimulates production of steroid precursors proxi-
mal to the blocked step, leading to excessive levels of
deoxycorticosterone.

Both forms of congenital adrenal hyperplasia are
associated with early-onset hypertension and hypoka-
lemia. Signs of androgen excess distinguish the two
disorders: 11β-hydroxylase deficiency causes viriliza-
tion in girls and precocious puberty in boys, whereas
17α-hydroxylase deficiency causes sex hormone defi-
ciency, primary amenorrhea, and delayed sexual devel-
opment in girls, and ambiguous genitalia in boys.
Genetic diagnosis of both conditions relies on testing
for mutations that either severely depress or abolish
enzyme activity. Both conditions can be effectively
treated by administering glucocorticoids that normalize
ACTH secretion and ACTH-mediated build-up of cor-
tisol precursors proximal to the enzymatic deficiency,
including deoxycorticosterone.

Liddle’s Syndrome

This is an autosomal dominant form of monogenic
hypertension that results from mutations in the amilor-
ide-sensitive ENaC. Several mutations that result in the
elimination of 45�75 amino acids from the cytoplasmic
carboxyl terminus of β- or γ-subunits of the channel

TABLE 39.1 Known Genetic Causes of Hypertension

Genetic Disorder Age of

Onset

Pattern of

Inheritance

Aldosterone

Level

Serum Potassium Level Treatmenta

FH-I (GRA)b 2nd or 3rd
decade

Autosomal
dominant

High Decreased in 50% of cases; marked
decrease with thiazides

Glucocorticoids

FH-IIc Middle age Autosomal
dominant

High Low to normal Spironolactone,
eplerenone

DOC oversecretion due to
CAHc,d

Childhood Autosomal
recessive

Low Low to normal Glucocorticoids

Activating MR mutation
exacerbated by pregnancye

2nd or 3rd
decade

Unknown Low Low to normal Delivery of fetus

AME2c,f Childhood Autosomal
recessive

Low Low to normal Spironolactone,
dexamethasone

Liddle’s syndromeg 3rd decade Autosomal
dominant

Low Low to normal Amiloride,
triamterene

Gordon’s syndromeh 2nd or 3rd
decade

Autosomal
dominant

Low High Thiazide diuretic,
low-sodium diet

aTreatment for underlying mechanisms; other forms of treatment, including different antihypertensive medications, might be needed to adequately control BP.
bFamilial hyperaldosteronism.
cExcess production of non-aldosterone mineralocorticoids.
dCongential adrenal hyperplasia, DOC-producing tumors.
eIncreased activity of MR
fApparent mineralocorticoid excess caused by either licorice ingestion or ectopic ACTH secretion.
gIncreased activity of sodium channels.
hIncreased activity of NaCl co-transporter in the distal tubule.
ACTH: adrenocorticotropic hormone; AME: apparent mineralocorticoid excess; CAH: congenital adrenal hyperplasia; DOC: deoxycorticosterone; FH-I: familial

hyperaldosteronism type I; FH-II: familial hyperaldosteronism type II; GRA: glucocorticoid-remediable aldosteronism; MR: mineralocorticoid receptor.
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have been reported. Mutations that increase ENaC
activity, in turn, cause excessive distal and collecting
tubule sodium reabsorption and hypertension.15,112

Liddle’s syndrome is characterized by early-onset
hypertension with hypokalemia and suppression of
renin and aldosterone. Decreased aldosterone and lack
of responsiveness to MR antagonists differentiates this
syndrome from primary aldosteronism. Both hyperten-
sion and hypokalemia vary in severity, depending on
salt intake, and can be treated with amiloride or triam-
terene, specific inhibitors of ENaC.

Apparent Mineralocorticoid Excess (AME)

AME is an autosomal recessive form of monogenic
hypertension that results from a mutation in the renal-
specific isoform of the 11β-hydroxysteroid dehydroge-
nase 2 gene.15,112 This enzyme normally converts
cortisol to the inactive metabolite cortisone and
“protects” the MR from being activated by cortisol.
This is important, because the renal epithelial MR
receptor in the distal and collecting tubules has a simi-
lar affinity for aldosterone and cortisol, while cortisol
concentrations are normally much higher than aldoste-
rone. Deficiency of 11β-hydroxysteroid dehydrogenase
2 allows the tubular MR to be occupied and activated
by cortisol, causing sodium retention and volume
expansion, low renin, low aldosterone, and a form of
hypertension that is salt-sensitive.

A non-genetic form of the AME syndrome is found
in persons ingesting large amounts of licorice which
contains glycyrrhetinic acid, an inhibitor of the enzyme
11β-hydroxysteroid dehydrogenase. Both forms of
apparent mineralocorticoid excess are effectively trea-
ted with MR antagonists, such as spironolactone or
eplerenone.

Pseudohypoaldosteronism Type II

Also called Gordon’s syndrome, pseudohypoaldoster-
onism type II is a rare Mendelian form of hypertension
that is salt-sensitive and associated with hyperkalemia,
hyperchloremia, metabolic acidosis, and suppressed
renin and aldosterone levels. The disorder is caused by
mutations in two genes encoding the serine/threonine
protein kinases, WNK1 and WNK4.113

The phenotypes of excessive salt retention and
hypertension are caused by loss of normal inhibition or
constitutive activation of the renal tubular NaCl co-
transporter by mutant WNK1 or WNK4 genes. WNK4
normally inhibits NaCl co-transporter activity, and
loss-of-function mutations therefore increase NaCl
reabsorption and cause hypertension. WNK1 does not
regulate NaCl co-transporter activity directly, but
exerts an indirect effect through suppression of WNK4
inhibition of the NaCl transporter. Therefore, gain-of-
function mutations of WNK1 result in highly active

NaCl co-transporter, volume expansion, and hyperten-
sion with characteristics similar to those caused by
loss-of-function mutations of WNK4.113

Hyperkalemia is a major feature of pseudohypoal-
dosteronism type II112 and may be due, in part, to
decreased NaCl delivery to the cortical collecting
tubules, which limits their secretion of potassium.
Mutant WNKs may also cause hyperkalemia by inhi-
biting activity of renal outer medullary potassium
(ROMK) channels, the major potassium secretory chan-
nels in the distal nephron. The fact that hyperkalemia
is invariably present in pseudohypoaldosteronism type
II is often used to distinguish it from other monogenic
forms of hypertension.

Thiazide diuretics, which inhibit distal nephron
NaCl reabsorption, are especially effective in reducing
BP and correcting hyperkalemia in patients with
pseudohypoaldosteronism type II. Because NaCl
co-transporter activity is regulated by luminal salt
delivery, decreased NaCl intake also reduces activity of
the transporter, and therefore attenuates volume-
expansion and hypertension in patients with pseudo-
hypoaldosteronism type II syndrome. Therefore, BP in
Gordon’s syndrome is highly salt-sensitive.

Mineralocorticoid Receptor Activating Mutation

This monogenic disorder is caused by a substitution
of leucine for serine at codon 810 of the MR.15 This
mutation alters the shape and specificity of the MR,
and eliminates the usual requirement for the 21-
hydroxyl group of aldosterone to interact with the MR.
This explains why other steroids, such as progesterone,
activate the MR and why spironolactone, which is nor-
mally an antagonist of the MR, acts as an agonist for
the MR in this disorder. Thus, treatment of these
patients with spironolactone or increased levels of pro-
gesterone worsens the sodium retention, hypokalemia,
and hypertension.

SECONDARY CAUSES OF HYPERTENSION

In a small fraction of patients, the clinical features,
history, and physical examination point to a specific
cause of increased BP, and the hypertension is there-
fore said to be secondary. Some types of secondary
hypertension have a genetic basis, whereas others are
caused by cardiovascular diseases and target organ
injury associated with various disorders such as diabe-
tes and kidney disease, and in some instances hyper-
tension can be caused by drugs or treatments that
patients receive. Table 39.2 lists some of the most fre-
quently-diagnosed causes of secondary hypertension,
although we discuss only a few of the more common
types.
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Renovascular Hypertension

Renovascular hypertension, although accounting for
only 2�3% of all hypertension, is one of the most com-
mon causes of secondary hypertension. The patho-
physiology of renovascular hypertension is due to an
initial reduction in renal perfusion that occurs as a
result of stenosis of the main renal artery, one of its
branches or stenosis/injury of other smaller preglomer-
ular blood vessels and glomeruli. The majority of renal
vascular lesions reflect either fibromuscular dysplasia
or atherosclerosis.114 The predominant lesion found in
the main renal artery or its branches in patients older
than 50 years of age is atherosclerotic disease. More sub-
tle functional constriction or structural changes in smal-
ler blood vessels (e.g., afferent arterioles, glomeruli) are
difficult to detect clinically, but can contribute to
increased BP.

Renovascular hypertension can be unilateral or
bilateral, and can result in a homogeneous or non-
homogeneous ischemia of nephrons. As discussed
earlier in the chapter, there are some important
differences in the pathophysiology of homogeneous

compared to non-homogenous impairments of renal
perfusion. Experimental counterparts of these two clin-
ical forms of renovascular hypertension can be found
in the 1-kidney, 1-clip and the 2-kidney, 1-clip models
of Goldblatt hypertension, respectively.

Renal Artery Stenosis in a Single Remaining
Kidney or Aortic Coarctation above Both Renal
Arteries

Renal artery constriction or aortic coarctation, if
severe enough to reduce renal perfusion pressure
below the range of autoregulation (approximately
70 mmHg), initially decreases renal blood flow, GFR,
and sodium excretion, while increasing renin secretion.
However, if the stenosis is not too severe, sodium
excretion returns to normal, and if sodium intake is
normal and adequate volume is available, renin secre-
tion also returns to nearly normal in the established
phase of hypertension.9,115 At this point, the hyperten-
sion is stable, and most indices of renal function are
relatively normal, including pressure distal to the
stenosis.

Increased angiotensin II accounts for much of the
rapid increase in BP after stenosis of the renal artery or
suprarenal aortic coarctation. However, even after
blocking the RAAS, BP still increases although more
slowly until renal perfusion pressure returns to nearly
normal. This increase in renal perfusion pressure, at
the expense of systemic arterial hypertension, permits
normal excretion of sodium and water to be main-
tained. As long as the sodium intake is normal, activa-
tion of the RAAS serves mainly to increase the rate at
which BP is elevated. In the established phase of
hypertension, blockade of the RAAS causes only small
reductions in BP, similar to the decreases observed in
normal subjects after angiotensin II blockade.5

The importance of volume-expansion in elevating
BP in 1-kidney, 1-clip Goldblatt hypertension or supra-
renal aortic coarctation depends on the sodium intake.
With normal-or high-sodium intake, significant vol-
ume-expansion occurs, whereas a low-sodium diet con-
verts this model of hypertension to one that is highly
angiotensin II-dependent. When the stenosis is severe
and adequate renal perfusion cannot be restored even
with increased systemic BP, renin secretion continues
to increase, as does BP, leading eventually to malignant
hypertension and renal failure. Thus, the ability to
return renal perfusion pressure to normal or nearly
normal, by volume retention or activation of the RAAS,
is critical to maintaining homeostasis when there is ste-
nosis of a single remaining kidney. The same sequence
occurs when there are widespread homogeneous
increases in preglomerular resistance caused by bilat-
eral renal artery stenosis or aortic coarctation above
both renal arteries.11

TABLE 39.2 Some Secondary Causes of Hypertension

A. Renal parenchymal disease
• Acute and chronic glomerulonephritis
• Chronic nephritis e.g., pyelonephritis, radiation
• Polycystic disease
• Diabetic nephropathy
• Hydronephrosis
• Neoplasms

B. Renovascular
• Renal artery stenosis/compression
• Intrarenal vasculitis
• Suprarenal aortic coarctation

C. Renoprival renal failure, loss of kidney tissue
D. Endocrine disorders

• Renin-producing tumors
• Cushing syndrome
• Primary aldosteronism
• Pheochromocytoma adrenal or extraadrenal chromaffin

tumors
• Acromegaly

E. Pregnancy-induced hypertension
F. Sleep apnea
G. Increased intracranial pressure brain tumors, encephalitis
H. Hormones and drugs (partial list)

• Glucocorticoids
• Mineralocorticoids
• Sympathomimetics
• Tyramine-containing foods and monoamine oxidase

inhibitors
• Estrogen (e.g., oral contraceptive pills)
• Apparent mineralocorticoid excess (e.g., licorice)
• Nonsteroidal anti-inflammatory drugs
• Cyclosporine
• Excess alcohol use
• Drug abuse (e.g., amphetamines, cocaine)
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Non-Homogeneous Increases in Renal Vascular
Resistance or Unilateral Renal Artery Stenosis in
Patients with two Kidneys

As discussed previously, non-homogeneous
increases in preglomerular resistance can occur as a
result of stenosis of one renal artery and normal perfu-
sion of the contralateral kidney. Also, patchy increases
in preglomerular resistance within the kidneys, with
some nephrons being underperfused and others having
normal or increased blood flow, can cause hyperten-
sion with characteristics similar to those found in the
2-kidney, 1-clip form of Goldblatt hypertension. These
forms of hypertension all have underperfusion of some
nephrons, and normal or increased blood flow in adja-
cent nephrons or in the nonstenotic kidney.

In experimental models with unilateral renal artery
stenosis, the increase in BP is less predictable if the
contralateral kidney does not become injured because
of the hypertension. In this situation, underperfused
nephrons or the entire underperfused kidney in the
case of a unilateral renal artery stenosis are exposed to
reduced perfusion pressure, secrete increased amounts
of renin, and excrete less sodium and water than kid-
neys with normal blood flow. In contrast, the non-
ischemic nephrons or nonstenotic kidney are exposed
to increased renal perfusion pressure, causing renin
secretion to fall to low levels and increasing sodium
excretion above normal. However, even with increased
perfusion pressure, the function of the non-ischemic
nephrons or unclipped, nonstenotic kidney is impaired
because of high circulating angiotensin II, which
exerts an antinatriuretic effect and helps to sustain
hypertension.

The higher BPs experienced by the nonstenotic kid-
ney may eventually cause nephron damage which then
maintains increased BP, even after correction of the ste-
nosis in the other kidney. However, correction of the
stenosis plus nephrectomy of the non-stenotic kidney
may normalize BP if the stenosis is not so severe that it
causes vascular rarefaction and permanent injury to
the stenotic kidney.5,6

Administration of ACE inhibitors or ARBs as a treat-
ment for renovascular hypertension may improve the
structure and function of the non-stenotic kidney, but
can in severe cases produce serious reductions in GFR
and shrinkage of the stenotic kidney, resulting in fibro-
sis and further deterioration of its function. This is
partly a result of the fall in BP, which may reduce renal
perfusion pressure distal to the lesion to below the
range of autoregulation. Blockade of angiotensin II also
causes vasodilation of efferent arterioles which contri-
butes to a decline in GFR in the stenotic kidney. In
some patients with severe renal vascular lesions,
administration of ACE inhibitors or ARBs may cause

severe decreases in renal function, especially when
there is also volume-depletion because of concomitant
use of diuretics. Therefore, renal function should be
monitored frequently after administration of RAS inhi-
bitors in patients suspected of having renovascular
hypertension. Fortunately, these effects appear to be
reversible upon cessation of ACE inhibition or ARB,
and in many patients the beneficial effects of angioten-
sin II blockade to reduce BP can be achieved without
precipitating further loss of kidney function.

Adrenal Cortex Hypertension

Aldosterone normally exerts nearly 90% of the
mineralocorticoid activity of the adrenocortical secre-
tions. However, cortisol can also provide a significant
amount of mineralocorticoid activity in some condi-
tions. Aldosterone’s mineralocorticoid activity is about
3000 times greater than that of cortisol, but the plasma
concentration of cortisol is nearly 2000 times that of
aldosterone. Normally, the renal MR is protected from
activation by cortisol by 11β-HSD2, which converts
active cortisol into inactive cortisone. However, when
activity of this enzyme is reduced or when cortisol
levels are very high, the MR can be activated by
cortisol.

Primary Aldosteronism (Conn Syndrome)

Primary aldosteronism, also called Conn Syndrome,
results from hypersecretion of aldosterone in the
absence of a known stimulus. The excess aldosterone
secretion almost always comes from the adrenal cortex,
and is usually associated with a solitary adenoma or
bilateral hyperplasia of the adrenal cortex. Secondary
aldosteronism refers to increased aldosterone secretion
caused by a known stimulus, such as high levels of
angiotensin II. This is the most common form of aldo-
steronism, and occurs in various conditions associated
with increased renin secretion and angiotensin II for-
mation, such as congestive heart failure, sodium deple-
tion or renal artery stenosis.116

Primary aldosteronism can occur as a result of an
aldosterone-producing adenoma (APA) or because of
unilateral or bilateral adrenal hyperplasia.117 The
effects of excess aldosterone were discussed earlier, but
the most important actions with regard to BP regula-
tion are increased sodium reabsorption and increased
potassium secretion by the renal tubules. This leads to
extracellular fluid volume-expansion, hypertension,
decreased renin secretion, hypokalemia, and metabolic
alkalosis. Most of these effects are highly salt-sensitive,
and low sodium intake can greatly attenuate the hyper-
tension and hypokalemia.
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Adrenal adenomas and bilateral adrenal hyperplasia
account for more than 95% of primary aldosteronism.
However, in most studies of unselected patients, the
classic form of primary aldosteronism was found in
less than 1% of hypertensive patients. Some adrenal
glands in patients with primary aldosteronism may
have varying degrees of hyperplasticity, and the term
idiopathic hyperaldosteronism (IHA) was coined to
describe this condition. Clinically, APA and IHA are
difficult to distinguish, although patients with APA
often have more severe hypertension and hypokalemia
compared to those with IHA.

The measurement of the aldosterone�renin ratio
has been used in an attempt to define more subtle
cases of primary aldosteronism.34,117 This approach
has led to the suggestion that excess aldosterone secre-
tion may account for as much as 5 to 10% of essential
hypertension. However, there is still debate about
whether patients with increased aldosterone�renin
ratio truly have primary aldosteronism. In many of
these patients, the main reason for the increased
aldosterone�renin ratio is the low level of renin,
rather than excess aldosterone secretion.116

“ESCAPE” FROM SODIUM RETENTION DURING

HYPERALDOSTERONISM

Although aldosterone is a powerful sodium-retain-
ing hormone, sodium excretion eventually returns to
match sodium intake, even in patients with very high
levels of aldosterone. This “escape” from sodium reten-
tion is secondary to increased extracellular fluid vol-
ume and pressure natriuresis.118 Thus, after the
extracellular fluid volume increases 5�15% above nor-
mal, BP also increases 15�25 mmHg, and the elevated
BP returns the renal output of salt and water to normal,
despite the excess aldosterone. The importance of pres-
sure natriuresis in permitting aldosterone escape has
been demonstrated experimentally by servo-controlling
renal perfusion pressure; when renal perfusion pres-
sure was servo-controlled, aldosterone infusion caused
continued sodium retention and progressive increases
in cumulative sodium balance and extracellular fluid
volume, resulting in severe circulatory congestion and
edema.118 Failure of the kidneys to escape from aldo-
sterone-induced sodium retention also occurs in
patients with heart failure who, because of a severely
weakened heart, cannot increase BP sufficiently to re-
establish salt and water balance.

Cushing Syndrome Glucocorticoid Excess

Cushing syndrome is characterized by excess secre-
tion of glucocorticoids, with hypertension occuring in
approximately 80% of patients.119 The hypertension
with cortisol excess is often difficult to control, morbid-
ity is substantial, and risk for death is largely a result

of cardiovascular events, including heart attack and
stroke.

Cushing syndrome can be caused by administra-
tion of excess cortisol (e.g., for treatment of various
inflammatory disorders) or by oversecretion
of endogenous cortisol. The most common cause of
endogenous cortisol excess is overproduction of
ACTH from a pituitary adenoma, a condition
referred to as Cushing disease. The increased ACTH
causes adrenal hyperplasia and stimulates cortisol
secretion. Cushing disease can also occur as a result
of ectopic secretion of ACTH by tumors outside the
pituitary, such as an abdominal carcinoma.

ACTH-independent hypercortisolism can also occur
as a result of adenomas of the adrenal cortex. Primary
overproduction of cortisol by the adrenal glands, inde-
pendent of ACTH, accounts for approximately 20�25%
of Cushing syndrome, and is usually associated with
suppressed ACTH caused by cortisol-induced feedback
inhibition of ACTH secretion by the anterior pituitary
gland. Administration of large doses of dexametha-
sone, a synthetic glucocorticoid, can distinguish
between ACTH-dependent and ACTH-independent
Cushing syndrome. In patients with overproduction of
cortisol because of an ACTH-secreting pituitary ade-
noma or hypothalamic�pituitary dysfunction, even
large doses of dexamethasone usually do not suppress
ACTH secretion. In contrast, patients with primary
adrenal overproduction of cortisol ACTH-independent
usually have low or undetectable levels of ACTH.
However, the dexamethasone test may occasionally
give an incorrect diagnosis, because some ACTH-
secreting pituitary tumors respond to dexamethasone
with suppression of ACTH secretion.

Glucocorticoids modulate many cell processes, and
the precise mechanisms by which hypercortisolism
causes hypertension are incompletely-understood.
One potential mechanism is activation of the MR; the
high levels of cortisol in Cushing syndrome may
simply overwhelm the ability of renal 11β-HSD2 to
convert active cortisol into inactive cortisone at the
MR receptor, so that cortisol stimulates the MR and
causes sodium retention, volume-expansion, hyper-
tension, and hypokalemia. High levels of cortisol
may also increase the responsiveness to various
pressor stimuli, including angiotensin II and
norepinephrine.120

Studies in experimental animals suggest that excess
cortisol may also raise BP through mechanisms that
may be at least partially independent of activation of
classical glucocorticoid receptor or MR.120 Most of the
available evidence, however, suggests that sodium
retention may play a key role, although the precise
mechanisms that lead to sodium retention are incom-
pletely-understood.
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Pheochromocytoma

Pheochromocytoma is a rare form of secondary
hypertension occurring in approximately 0.05% of
hypertensive patients.116 Although rare, pheochromo-
cytoma can provoke fatal hypertensive crises if unrec-
ognized and untreated. Pheochromocytoma can arise
from neuroectodermal chromaffin cells, which are part
of the sympathoadrenal system. The chromaffin cells
have the capacity to synthesize and store catechola-
mines, and are normally found mainly in the adrenal
medulla. Although most chromaffin cell tumors are
found in the adrenal medulla, as many as 15 to 30%
may be extra-adrenal, located along the sympathetic
chain or, rarely, in other sites.116

The symptoms and severity of hypertension associ-
ated with pheochromocytoma vary depending on the
secretory pattern and amount of catecholamines
released.121 With tumors that continuously release
large amounts of catecholamines, there may be sus-
tained hypertension with few paroxysms or sudden
bursts of very high BP. Tumors that are less active may
have cyclical release of catecholamine stores that
induce paroxysms of hypertension.

The clinical presentation also depends on whether
the predominant catecholamine secreted is norepineph-
rine or epinephrine. Norepinephrine produces
α-adrenergically-mediated vasoconstriction with dia-
stolic hypertension, whereas epinephrine produces
β-adrenergically-mediated systolic hypertension and
tachycardia, along with sweating, tremors, and flush-
ing. Patients with predominantly epinephrine-secreting
tumors sometimes have hypertension alternating with
hypotension, and approximately 5% of patients with
pheochromocytoma remain normotensive.116

Pheochromocytoma patients often have decreased
blood volume, consistent with the potent vasoconstric-
tor effects of norepinephrine. This observation, and the
finding that chronic excess catecholamines often
increase sodium excretion, could be interpreted as evi-
dence that the hypertensive effects of catecholamines
are unrelated to any impairment of renal function.
However, the natriuretic effect of catecholamines and
volume contraction appear to be secondary to periph-
eral vasoconstriction, decreased vascular capacitance,
and increased BP, which causes pressure natriuresis.10

Chronic intrarenal infusion of norepinephrine causes
sodium retention and sustained hypertension, indicat-
ing important direct effects of catecholamines on the
kidney to cause hypertension.

Although a high level of circulating catecholamine is
the ultimate cause of hypertension in pheochromocy-
toma, BP is often only modestly correlated with the
level of plasma catecholamines. However, the periodic
burst of catecholamine release may cause moderate-to-

severe hypertension, and lead to target organ injury.
Consequently, diagnosis and effective treatment of
pheochromocytoma are essential.

Pre-eclampsia

Pre-eclampsia occurs in approximately 5�7% of all
pregnancies, with significantly higher rates in certain
subpopulations. It remains one of the leading causes of
maternal and fetal morbidity and mortality.122,123

Disease manifestations, including hypertension, pro-
teinuria, and edema, typically occur after 20 weeks of
gestation.69,123�126

Pre-eclampsia is postulated to occur in two distinct
phases: an early maternally asymptomatic phase in
which abnormalities of vascular remodeling lead to pla-
cental insufficiency and hypoxia; and a later symptom-
atic phase characterized by widespread maternal
endothelial dysfunction. The direct result of the failure
to remodel the maternal arteries is that the placenta
becomes severely hypoxic. In response, the placenta
produces several factors that are released into
the maternal circulation, and elicit many of the symp-
toms characteristic of pre-eclampsia. Several pathways
which have been recently elucidated include
altered angiogenic balance, increased maternal inflam-
mation/immunological dysfunction, suppression of NO
production, enhanced endothelin-1 production, and the
creation of harmful ROS, as shown in Figure 39.15.

Multiple Placental Factors Cause Endothelial
Dysfunction

One of the most intensely studied pathways acti-
vated by placental ischemia is abnormal circulating
levels of pro-and antiangiogenic factors. Experimental
reductions in vascular endothelial growth factor
(VEGF), a protein necessary for the maintenance of
endothelial cell health, result in hypertension, protein-
uria, and glomerular endotheliosis, all common symp-
toms of pre-eclampsia.123 In pre-eclampsia, VEGF and
placental growth factor (PLGF) are antagonized by sol-
uble fms-like tyrosine kinase-1 (sFlt-1), an inducible
splice variant of the VEGF receptor flt-1 which binds to
circulating VEGF and renders it unavailable for recep-
tor binding.123 Thus, sFlt-1 effectively acts as a compet-
itive inhibitor of VEGF. In pre-eclamptic patients,
circulating sFlt-1 levels increase significantly, some-
times well before pre-eclampsia symptoms develop.
Furthermore, several models of experimental pre-
eclampsia demonstrate elevated production of sFlt-1,
and concomitant decreases in the amount of bioavail-
able VEGF.123 Finally, administration of VEGF in these
models has been shown to attenuate the associated
hypertension.123�126
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Another major pathway activated by the ischemic
placenta is maternal inflammation. Even during nor-
mal pregnancy there is a heightened maternal inflam-
matory response. In pre-eclampsia, however, this
seems to be exaggerated.70 Inflammatory cytokines,
such as IL-6 and TNF-α, are increased in pre-eclamptic
women. Administration of either cytokine in pregnant
rodents induces a gestational hypertension, similar to
that seen in placental ischemia models. Administration
of the soluble TNF-α receptor Etanercept in a rodent
model of placental ischemia blunted the hypertension
through ET-1 suppression, implicating TNF-α as an
important link between placental ischemia and endo-
thelial dysfunction.70

The maternal immune component of pre-eclampsia
also includes circulating agonistic autoantibodies to the
angiotensin type 1 receptor AT1-AA.124 Besides its pro-
posed role in the activation of the AT1 receptor, there
appears to be a significant correlation between AT1-
AA levels and the production of sFlt-1. Infusion of the
purified antibody into pregnant rodents leads to gesta-
tional hypertension similar to that seen in placental
ischemia models. This effect can be blocked by concur-
rent infusion of a synthetic heptapeptide which mimics
the antibody’s natural epitope on the AT1 receptor.124

Another important factor implicated in the charac-
teristic maternal endothelial dysfunction associated
with pre-eclampsia is elevated levels of the signaling
peptide endothelin-1 ET-1.126 The preponderance of
published studies indicate that there is no significant
increase in circulating endothelin in pre-eclamptic
women compared to non-pregnant controls; however,
local tissue levels of preproET-1 are elevated in women
with pre-eclampsia.126 One interesting aspect of ET-1
in pre-eclampsia is that increased vascular and renal
ET-1 production have been shown to result from sev-
eral independent mechanistic pathways, suggesting
that it is a central connecting agent in the pathologies
associated with these models.126

While an effective treatment for pre-eclampsia
remains elusive, improved understanding of the
mechanisms underlying the disease pathology offer
new targets for intervention. Continued research into
these molecular and physiological pathways should
prove illuminating in the search for a treatment for
pre-eclampsia.
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Physiology and Pathophysiology
of Diuretic Action
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Oregon Health & Science University & VA Medical Center, Portland, OR, USA

INTRODUCTION

The term diuretic derives from the Greek diouretikos,
meaning “to promote urine.” Although infusion of
saline or ingestion of water would therefore qualify as
being diuretic, the term diuretic usually connotes a
drug that can reduce the extracellular fluid (ECF) vol-
ume by increasing urinary solute or water excretion.
The term aquaretic has sometimes been applied to
drugs that increase excretion of solute free water, dis-
tinguishing them from traditional diuretics, which
increase solute and water together. The clinical picture
of ECF volume expansion leading to edema or
“dropsy” (from the Latin, hydrops) has been recognized
since the earliest days of recorded history. Ancient
Egyptians referred to “flooding of the heart,” and the
Hippocratic Corpus later suggested specific remedies
for dropsical patients, although their results are not
noted. In 1553, Paracelsus recorded the first truly effec-
tive form of therapy for dropsy, inorganic mercury
(Calomel). Inorganic mercury remained the mainstay
of diuretic treatment until the beginning of this
century.

In 1919, the ability of organic mercurial antisyphili-
tics to effect diuresis was discovered by Vogl, then a
medical student. This observation led to the develop-
ment of effective organic mercurial diuretics, drugs
that were used commonly until the 1960s. In 1937, the
antimicrobial, sulfanilamide, was found to cause meta-
bolic acidosis in patients. Carbonic anhydrase had been
discovered in 1932; it was know that sulfanilamide
inhibited this enzyme. Pitts demonstrated that sulfanil-
amide inhibited Na bicarbonate reabsorption in dogs,
and Schwartz showed that sulfanilamide could induce
diuresis in patients with congestive heart failure who

were resistant to organic mercurial diuretics. Soon,
more potent sulfonamide-based carbonic anhydrase
inhibitors were developed, but these drugs suffered
from side-effects and limited potency. Nevertheless, a
group at Sharp & Dohme Inc. was stimulated by these
developments to explore the possibility that modifica-
tion of sulfonamide-based drugs could lead to drugs
that enhanced Na chloride rather than Na bicarbonate
excretion. The result of this program was the synthesis
of chlorothiazide and its marketing in 1957. This drug
ushered in the modern era of diuretic therapy, and rev-
olutionized the clinical treatment of edema.

The search for more potent classes of diuretics con-
tinued, based on the structure of chlorothiazide and
sulonamyl derivatives. This led to the development of
ethacrynic acid and furosemide in the United States
and Germany, respectively. The safety and efficacy of
these drugs led them to replace the organic mercurials
as drugs of first choice for severe and resistant edema.
Spironolactone, marketed in 1961, was developed after
the properties and structure of aldosterone had been
established, and steroidal analogs of aldosterone
were found to have aldosterone-blocking activity.
Triamterene was initially synthesized as a folic acid
antagonist, but was found to have diuretic and K-spar-
ing activity.

The availability of safe, effective, and relatively inex-
pensive diuretic drugs has made it possible to treat
edematous disorders and hypertension effectively.
Driven by clinical need, however, the development of
effective diuretic drugs generated specific ligands that
interact with Na and Cl transport proteins in the kid-
ney. In the 1990s, these ligands were used to identify
and clone the Na and Cl transport proteins that medi-
ate the bulk of renal Na and Cl reabsorption.
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The diuretic-sensitive transport proteins that have been
cloned include the sodium hydrogen exchanger (NHE)
family of proteins, the bumetanide-sensitive Na-K-2Cl
co-transporters, the thiazide-sensitive Na-Cl co-transporter,
and the epithelial Na channel. The information derived
from molecular cloning has also permitted identifica-
tion of inherited human diseases that are caused by
mutations in these transport proteins. The phenotypes
of several of these disorders resemble the manifesta-
tions of chronic diuretic administration. The recogni-
tion, for example, that Gitelman’s syndrome results
from mutation of the thiazide-sensitive Na-Cl co-trans-
porter, has spurred interest in determining how block-
ade or dysfunction of this transport protein leads to
magnesium-wasting. Thus, the development of clini-
cally useful diuretics permitted identification, and later
cloning, of specific ion transport pathways. The molec-
ular cloning then helped to define mechanisms of
diuretic action and diuretic side-effects, permitting the
development of specific antibodies and probes, and of
animals in which diuretic-sensitive transport pathways
have been “knocked-out.” Many primarily historical
references included in prior editions of this book have
been omitted here. The interested reader is referred to
prior editions for more complete references and
details.1

Diuretic-Sensitive Salt Transport

In a normal human kidney, approximately 23 moles
of NaCl are filtered in 150 liters of fluid each day.
Approximately 6�10 grams of salt (102�170 mEq
NaCl) are consumed each day by individuals on a typi-
cal Western diet. To maintain balance, renal NaCl
excretion must be approximately 92�160 mmol/day
(the difference owing to nonrenal losses). Such calcula-
tions imply that 99.2% of the filtered NaCl load is reab-
sorbed by kidney tubules each day (the fractional
sodium excretion, FENa, is 0.8%). Sodium, chloride, and
water reabsorption along the nephron is driven by the
metabolic energy in ATP. The ouabain-sensitive Na/K-
ATPase is expressed at the basolateral cell membrane
of nearly all Na transporting epithelial cells along the
nephron. This pump maintains large ion gradients
across the plasma membrane, with the intracellular Na
concentration maintained low and the intracellular K
concentration maintained high. Because the pump is
electrogenic, and because it is associated with a K
channel, renal epithelial cells have a voltage across the
plasma membrane oriented with the inside negative
relative to the outside.

The combination of the low intracellular Na concen-
tration and the plasma membrane voltage generates a
large electrochemical gradient favoring Na entry from

lumen or interstitium. Specific diuretic-sensitive Na
transport pathways are expressed at the apical surface
of cells along the nephron, permitting vectorial trans-
port of Na from lumen to blood (see Figure 40.1).
Along the proximal tubule, where approximately two-
thirds of filtered Na is reabsorbed, a major component
of Na reabsorption is exchanged for H1 via an isoform
of the Na/H exchanger (NHE3) at the apical mem-
brane. Along the thick ascending limb, where approxi-
mately 20�25% of filtered Na is reabsorbed, an isoform
of the Na-K-2Cl co-transporter (NKCC2) is expressed
at the apical membrane. Along the distal convoluted
tubule (DCT), where approximately 5% of filtered Na
is reabsorbed, the thiazide-sensitive Na-Cl co-trans-
porter (NCC) is expressed. The DCT comprises two
subsegments, the DCT1 (or “early DCT”) and the
DCT2 (or “late DCT”). Along the DCT1, the NCC is the
predominant Na transporter. Along the connecting
tubule and cortical collecting duct, where approxi-
mately 3% of filtered Na is reabsorbed, isoforms of the
amiloride-sensitive epithelial Na channel are expressed
(ENaC). DCT2 cells express both NCC and ENaC.
Together, these apical Na transport pathways along the
nephron form the molecular targets for diuretic action.

This chapter will discuss the physiological and phar-
macological bases for diuretic action in the kidney.
Although some aspects of clinical diuretic usage will
be discussed, we have emphasized physiological prin-
ciples and mechanisms of action. Several recent texts
provide detailed discussions of diuretic treatment of
clinical conditions.2 Extensive discussions of diuretic
pharmacokinetics are also available.3 The influence of
renal disease on diuretic drug usage is discussed in the
following chapter of this volume.

One classification of diuretic drugs is based on the
primary nephron site of action. Such a scheme empha-
sizes that drugs of more than one chemical class can
affect the same ion transport mechanism. Although
most diuretic drugs have actions on more than one
nephron segment, most owe their clinical effects pri-
marily to their ability to inhibit Na transport by one
particular nephron segment. An exception is the
osmotic diuretics. Although these drugs were initially
believed to inhibit solute and water flux primarily
along the proximal tubule, subsequent studies have
revealed effects in multiple segments. Other diuretics,
however, will be classified according to their primary
site of action.

OSMOTIC DIURETICS

Osmotic diuretics are substances that are freely fil-
tered at the glomerulus, but are poorly reabsorbed (see
Figure 40.2). The pharmacological activity of drugs in
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this group depends entirely on the osmotic pressure
exerted by the drug molecules in solution, and not on
interaction with specific transport proteins or enzymes.
Mannitol is the prototypical osmotic diuretic. Its
diuretic effect is not due to interactions with receptors
or renal transporters, but rather it is due to more com-
plex mechanisms that involve osmotic effects on tubule
epithelium and reduction of the medullary interstitial
osmolality. Because the relationship between the

magnitude of effect and concentration of osmotic
diuretic in solution is linear, all agents used clinically
are small molecules. Other agents considered in this
class include urea, sorbitol, and glycerol.

Urinary Electrolyte Excretion

Although osmotic agents do not act directly on
transport pathways, the rate of transport of ions is
affected. Following the infusion of mannitol, the excre-
tion of sodium, potassium, calcium, magnesium, bicar-
bonate, and chloride is increased (see Table 40.1). The
fractional reabsorption rates for sodium and water are
reduced substantially following the infusion of manni-
tol. Reabsorption of magnesium and calcium are also
reduced in the proximal tubule and loop of Henle, and
phosphate reabsorption is inhibited slightly along the
proximal tubule. In addition to increasing electrolyte
excretion, mannitol infusion increases cortical and
medullary blood flow, and has a variable effect on
GFR. The most pronounced effect observed with man-
nitol is a brisk diuresis and natriuresis.

FIGURE 40.2 Structures of osmotic diuretics.

FIGURE 40.1 Sites of diuretic action along the nephron. Carbonic anhydrase inhibitors reduce Na reabsorption along the proximal tubule
(light gray). Loop diuretics inhibit Na and Cl transport along the thick ascending limb of the Loop of Henle (medium gray). Distal convoluted
tubule diuretics (thiazides and others) inhibit Na and Cl transport primarily along the distal convoluted tubule (DCT1 and the DCT2, as
shown), with a secondary effect along the collecting duct, under some conditions. Potassium-sparing diuretics inhibit electrogenic Na transport
along the aldosterone-sensitive distal nephron, which is indicated by the gray box.
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Mechanism of Action

The mechanisms by which mannitol produces a
diuresis are thought to be secondary to: (1) an increase
in osmotic pressure in the proximal tubule fluid and
loop of Henle, thereby retarding the passive reabsorp-
tion of water; and (2) an increase in renal blood flow
and washout of the medullary tonicity.

Mannitol is freely filtered at the glomerulus, and its
presence in the tubule fluid minimizes passive water
reabsorption primarily by the proximal tubule and by
the thin limbs of the loop of Henle. Normally, within
the proximal tubule, sodium reabsorption creates an
osmotic gradient for water reabsorption. When an
osmotic diuretic is administered, however, the osmotic
force of the nonreabsorbable solute in the lumen
opposes the osmotic force produced by sodium
reabsorption. Isoosmolality of the tubule fluid is
preserved, because molecules of mannitol replace
sodium ions reabsorbed. Sodium reabsorption eventu-
ally stops, however, because the luminal sodium con-
centration is reduced to a point where a limiting
gradient is reached. Surprisingly, mincropuncture
experiments showed that mannitol has a greater effect
on inhibiting Na and water reabsorption in the loop of
Henle than in the proximal tubule. Within the loop of
Henle the site of action of mannitol appears to be
restricted to the thin descending limb, resulting in a
decrease in reabsorption of Na and water. In the thick
ascending limb, reabsorption of Na will continue in
proportion to its delivery to this segment. The sum of
net transport in the thin and thick limbs will determine
the net effect of mannitol in the loop of Henle. Further
downstream in the collecting duct, mannitol also
reduces sodium and water reabsorption.

Renal Hemodynamics

During the administration of mannitol, its molecules
diffuse from the bloodstream into the interstitial space.

In the interstitial space, the increased osmotic pressure
draws water from the cells to increase ECF volume.
This effect increases total renal plasma flow. Cortical
blood flow and medullary blood flow are both
increased following mannitol infusion. Single nephron
GFR, on the other hand, increases in the cortex and
decreases in the medulla, this action on the medulla
washes out the medullary osmotic gradient by reduc-
ing papillary sodium and urea content. The mechan-
isms that contribute to the increase in renal blood flow
include a decrease in hematocrit and blood viscosity,
and the release of vasoactive agents. Experimental
studies indicate that the osmotic effect of mannitol to
increase water movement from intracellular to extracel-
lular space leads to a decrease in hematocrit and in
blood viscosity. This fact contributes to a decrease in
renal vascular resistance and increase in renal blood
flow. Both prostacyclin (PGI2) synthesis and atrial
natriuretic peptide could mediate the effect of mannitol
on renal blood flow. The vasodilatory effect of manni-
tol is reduced when the recipient is pretreated with
indomethacin or meclofenamate, suggesting that PGI2
is involved in the vasodilatory effect.

The effect of mannitol on GFR has been variable, but
most studies indicate that the overall effect of mannitol
is to increase GFR.4 Whereas mannitol increased corti-
cal and medullary blood flow, it increased cortical but
decreased medullary single nephron GFR. The
mechanisms by which mannitol reduces the GFR of
deep nephrons are not known, but it has been postu-
lated that mannitol reduces efferent arteriolar pressure.
Micropuncture studies examining the determinants of
GFR in superficial nephrons have demonstrated that
the increase in single nephron GFR is owing to an
increase in single nephron plasma flow, and a decrease
in oncotic pressure. Alterations in renal hemodynamics
contribute to the diuresis observed following adminis-
tration of mannitol. An increase in medullary blood
flow rate reduces medullary tonicity primarily by

TABLE 40.1 Effects of Diuretics on Electrolyte Excretion

Na Cl K Pi Ca Mg

Osmotic diuretics m(10�25%) m(15�30%) m(6%) m(5�10%) m(10�20%) m(.20%)

Carbonic anhydrase inhibitors m(6%) m(4%) m(60%) m(.20%) m or 3 (,5%) m(,5%)

Loop diuretics m(30%) m(40%) m(60�100%) m(.20%) m(.20%) m(.20%)

DCT diuretics m(6�11%) m(10%) m(200%) m(.20%) k m(5�10%)

Na channel blockers m(3�5%) m(6%) k(8%) 3 3 k

Spironolactone m(3%) m(6%) k 3 3 k

Figures indicate approximate maximal fractional excretions of ions following acute diuretic administration in maximally effective doses. m indicates that the drug

increases excretion; k indicates that the drug decreases excretion; 3 indicates that the drug has little or no direct effect on excretion. During chronic treatment,

effects often wane (Na excretion), may increase (K excretion during DCT diuretic treatment) or may reverse as with uric acid (not shown).

For references that support this table, please see1.
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decreasing papillary sodium and urea content, and
increasing urine flow rate.

Pharmacokinetics

Mannitol is not readily absorbed from the intestine;4

therefore it is routinely administered intravenously.
Following infusion, mannitol distributes in ECF with a
volume of distribution of approximately 16 liters; its
excretion is almost entirely by glomerular filtration.5

Of the filtered load, less than 10% is reabsorbed by the
renal tubule, and a similar quantity is metabolized,
probably in the liver. With normal GFR, plasma half-
life is approximately 2.2 hours.

Clinical Use

Mannitol is often used prophylactically to help pre-
vent acute kidney injury (AKI) in the setting of rhabdo-
myolysis,4 although some controlled studies have not
confirmed benefit.6 It was previously used for prophy-
laxis from contrast-induced nephropathy, but appears
of no benefit here, and is of potential harm.7 In the
past, it was also used to treat established AKI, but its
use here has also fallen from favor, as convincing evi-
dence of benefit has been lacking.

Mannitol is used for short-term reduction of intraoc-
ular pressure. By increasing the osmotic pressure, man-
nitol reduces the volume of aqueous humor and the
intraocular pressure by extracting water. Mannitol also
decreases cerebral edema and the increase in intracra-
nial pressure associated with trauma, tumors, and neu-
rosurgical procedures, where its benefits are most
clearly established.8 Mannitol is used perioperatively
in patients undergoing cardiopulmonary bypass sur-
gery. The beneficial effects may be related to its
osmotic activity reducing intravenous fluid require-
ment,9 and its ability to act as a free radical antioxi-
dant.10 Mannitol and other osmotic agents have been
used in the treatment of dialysis disequilibrium
syndrome.11,12 This syndrome is characterized acute
symptoms immediately following hemodialysis. Most
significant symptoms are attributable to disorders of
the central nervous system, such as headache, nausea,
blurred vision, confusion, seizure, coma, and death.
Rapid removal of small solutes such as urea during
dialysis of patients who are markedly azotemic is asso-
ciated with the development of an osmotic gradient for
water movement into brain cells producing cerebral
edema and neurologic dysfunction. Dialysis disequilib-
rium syndrome can be minimized by slow solute
removal and raising plasma osmolality with saline or
mannitol.

Adverse Effects

In patients with reduced cardiac output, an increase
in extracellular volume induced by mannitol infusion

may lead to pulmonary edema. Intravenous adminis-
tration of mannitol increases cardiac output and
pulmonary capillary wedge pressures. Acute and pro-
longed administration of mannitol leads to different
electrolyte disturbances. Acute overzealous use or the
accumulation of mannitol leads to dilutional metabolic
acidosis and hyponatremia. Accumulation of mannitol
also produces hyperkalemia, as a result of an increase
in plasma osmolality. An increase in plasma osmolality
increases potassium movement from intracellular to
extracellular fluid from bulk solute flow, and increases
the electrochemical gradient for potassium secretion.
Prolonged administration of mannitol can lead to
urinary losses of sodium and potassium, leading to
volume-depletion, hypernatremia (as urinary loss of
sodium is invariably less than water), and hypokale-
mia. Marked accumulation of mannitol in patients
can lead to reversible AKI that appears to be due to
vasoconstriction and tubular vacuolization. Mannitol-
induced AKI usually occurs when large cumulative
doses of B295 g are given to patients with previously
compromised renal function.6

PROXIMALTUBULE DIURETICS

(Carbonic Anhydrase Inhibitors)

Through the development of carbonic anhydrase
inhibitors, important compounds were discovered that
have utility as therapeutic agents, and as research tools.
Carbonic anhydrase inhibitors (CAI) have a limited
therapeutic role as diuretic agents, because of weak
natriuretic properties. They are used primarily to
reduce intraocular pressure in glaucoma, and to
enhance bicarbonate excretion in metabolic alkalosis.
CAIs have been useful in the development of other
diuretic agents, such as thiazide and loop diuretics,
and have been instrumental in elucidating transport
function in proximal and distal nephron segments.
Structures of carbonic anhydrase inhibitors are shown
in Figure 40.3.

Urinary Electrolyte Excretion

Through their effects on carbonic anhydrase in the
proximal tubule, CAIs increase bicarbonate excretion
by 25�30% (see Table 40.1). Chronic CAI administra-
tion, however, causes only a modest natriuresis,
despite the magnitude of carbonic anhydrase-depen-
dent proximal Na reabsorption. Several factors account
for this. First, carbonic anhydrase is required for reab-
sorption of HCO3

2, whereas about two thirds of the
proximal Na1 reabsorption is accompanied by Cl2.
Second, some proximal HCO3

2 reabsorption persists
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even after apparently full inhibition of carbonic
anhydrase. Third, some of the HCO3

2 that is delivered
from the proximal tubule can be reabsorbed at more
distal sites. Fourth, the metabolic acidosis that develops
limits the filtered load to HCO3

2, and thereby curtails
the natriuresis. Fifth, the increased delivery of filtered
Na1 to the macula densa elicits a tubuloglomerular
feedback (TGF)-induced reduction in the GFR.
Micropuncture studies of mice with deletion of the
proximal Na1/H1 exchanger, NHE3, also show that
inhibition of proximal Na reabsorption is largely bal-
anced by reduced GFR,13 suggesting that the reduction
of GFR with CAI use contributes importantly to limit-
ing their natriuretic potency.

The effecs of CAI on calcium excretion are complex.
Proximal tubule calcium and phosphate reabsorption
are inhibited by acetazolamide, partly because sodium
and calcium reabsorption are closely linked within this
segment.14 Yet fractional calcium excretion is often
unchanged or reduced, because distal calcium
reabsorption is stimulated15 and because luminal bicar-
bonate promotes calcium reabsorption. Over the
longer-term, however, CAI can increase urinary cal-
cium excretion and predispose to nephrocalcinosis and
kidney stone formation.16 In contrast, phosphate
appears to escape distal reabsorption following acet-
azolamide administration, resulting in an increase in
fractional excretion of phosphate by B3%.17 Although
proximal tubule magnesium transport is inhibited by
CAI, fractional excretion is either unchanged or is
increased as a result of variable distal reabsorption.17

Acetazolamide increases potassium excretion.17

Although a direct effect of acetazolamide has not been
established, it is likely that several indirect effects
could contribute to the observed kaliuresis. Carbonic
anhydrase inhibition could block proximal tubule
potassium reabsorption and increase delivery to the
distal tubule, but the reported effects of carbonic anhy-
drase inhibition on proximal tubule transport have
been conflicting. Whereas CAI decreases proximal
tubule sodium, bicarbonate, and water absorption dur-
ing both free flow micropuncture and microperfusion,
the effects of CAI on proximal tubule potassium
transport have been less consistent. In free flow

micropuncture studies, carbonic anhydrase inhibition
did not affect proximal tubule potassium reabsorption,
whereas net potassium transport was reduced during
proximal perfusion in vivo.18 The effect of acetazol-
amide on the proximal tubule ion transport does, how-
ever, facilitate an increase in tubular fluid flow rate
and delivery to the distal nephron of sodium bicarbon-
ate. This effect is thought to increase the concentration
of nonreabsorbable anions, creating an increase in
lumen-negative voltage and an increase in flow rate,19

factors known to increase potassium secretion by the
distal tubule.

Most diuretics have some CAI action.20 This contri-
butes to the weak inhibition of proximal reabsorption
by furosemide and chlorothiazide, and to the relaxation
of vascular smooth muscle cells by high-dose furose-
mide Goldfarb diuretics.20

Mechanism of Action

In the kidney, CAI likely acts via three distinct, but
related mechanisms (see Figure 40.4). First, they inhibit
the hydration of CO2 within cells, thereby reducing the
generation of substrate for H1 and HCO3

2 transpor-
ters; second, they reduce the dehydration of carbonic
acid to CO2 and H2O in the luminal compartment,
thereby inhibiting continued H1 secretion; finally,
intracellular CA appears to associate with several
membrane transport proteins, and may affect their
activity more directly. These actions take place along
the nephron, but actions along the proximal tubule and
collecting duct are especially important. The biochemi-
cal, morphological, and functional properties of car-
bonic anhydrase have been reviewed previously.21

Carbonic anhydrase (CA), a metalloenzyme containing
one zinc atom per molecule, is important in sodium
bicarbonate reabsorption and hydrogen ion secretion
by renal epithelial cells.

CA is expressed by many tissues, including erythro-
cytes, kidney, gut, ciliary body, choroid plexus, and
glial cells. Although at least 15 isoforms of CA have
been identified,21 two play predominant roles in renal
acid�base homeostasis: CAII and CAIV. CAII is widely
expressed, comprising the enzyme expressed by red
blood cells and a variety of secretory and absorptive

FIGURE 40.3 Structures of car-

bonic anhydrase inhibitors.
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epithelia. In the kidney, CAII is a cytoplasmic protein
expressed, comprising 95% of renal CA.21 It is present
in proximal tubule cells and intercalated cells of the
aldosterone-sensitive distal nephron (ASDN)21(see
Figure 40.4). In rodents, carbonic anhydrase XIV is
expressed at the luminal border of the cells of the prox-
imal tubule, thick ascending limb (TAL) of the loop of
Henle, and α-intercalated cells of the ASDN,22 but its
role in other species is not as clear.21

Carbonic anhydrase (CA) catalyzes the reversible
hydration of CO2 according to the reaction:

H1 1HCO2
2 2H2CO22CO2 1H1

CO2 gas dissolves in water and is in equilibrium
with the acid H2CO3. The Henderson�Hasselbalch
equation relates pH, HCO3

2 concentration, and partial
pressure of CO2 gas in physiologic solutions:

pH5 6:11 log10
ðHCO2

3 Þ
0:033pCO2

The uncatalyzed hydration of CO2 is relatively slow,
whereas the turnover number for CAII is in the order
of 106 s21.

Type IV carbonic anhydrase is bound to renal corti-
cal membranes, comprising up to 5% of the overall
activity in kidney, and is sensitive to sulfonamides.23,24

Type IV carbonic anhydrase, expressed on basolateral
and luminal plasma membranes of proximal tubule
cells and luminal membrane of intercalated cells,25 cat-
alyzes the dehydration of intraluminal carbonic acid
generated from secreted protons.

Evidence for the physiological importance of carbonic
anhydrase is apparent, as a deficiency of CAII leads to a
renal acidification defect resulting in renal tubular aci-
dosis.26 Furthermore, metabolic acidosis leads to an
adaptive increase in both CAII and CAIV mRNA
expression in kidney,27 suggesting the importance of
both carbonic anhydrase isoforms in this disorder.

Carbonic anhydrase, which is associated with the
brush border, prevents H1 from accumulating in
tubule fluid, and secondarily permits the continued
secretion of H1 (see Figure 40.5). Carbon dioxide rap-
idly diffuses from the lumen into the cell across the
apical membrane. Within the cell, H is secreted into the
tubule lumen via Na/H exchange, and perhaps other
pathways such as H-ATPase. Following H secretion,
OH2 formed combines with CO2, forming HCO3,
which exits the basolateral membrane via Na(HCO3)3
co-transport.28 Thus, in the early proximal tubule, the
net effect of the process described results in the isos-
motic reabsorption of NaHCO3. The lumen chloride
concentration increases, because water continues to be
reabsorbed producing a lumen-positive potential.
These axial changes provide an electrochemical gradi-
ent for transport of chloride via paracellular and trans-
cellular pathways. The latter pathway for chloride
likely involves a chloride�base exchanger operating in
parallel with a Na/H proton exchanger.29 The dual
operation of these parallel exchangers results in net
transepithelial NaCl absorption.

The participation of a membrane-bound component
of carbonic anhydrase was first suggested by Rector,
Carter, and Seldin.30 The observation that carbonic
anhydrase inhibitors produced an acid disequilibrium
pH in the proximal tubule suggested that luminal fluid
was normally in contact with carbonic anhydrase.
Disequilibrium pH refers to the difference between the
pH of tubule fluid in situ (in this case during infusion
of carbonic anhydrase inhibitors), and the pH achieved
after the tubule fluid is allowed to reach chemical equi-
librium at known pCO2. Thus, when carbonic anhy-
drase is present, the pH measured in situ should be the
same as the pH measured at equilibrium (in other
words, CA should make the HCO3 dissociate into CO2

and H2O very rapidly). When carbonic anhydrase is
inhibited by the administration of CAI, the dissociation
of HCO3 to OH and CO2 is slow, allowing H to accu-
mulate in the lumen, and reducing pH.

FIGURE 40.4 Localization of CA isoforms along the nephron.
CAII (yellow stripe) is expressed within the cytoplasm of virtually all
nephron segments with the exception of the loop of Henle and the
thin ascending limb. CAIV (green stripe) is both apically and basolat-
erally expressed in the S1 and S2 segments of the proximal tubule
and the thick ascending limb. In the distal nephron CAIV is
expressed exclusively on the luminal (apical) surface of a-intercalated
cells of the CCD and acid secreting cells of the medullary collecting
duct. CAXII (blue stripe) is found on the basolateral membrane of
S1and S2 segments of the proximal tubule and the thick ascending
limb. In the distal nephron, CAXII is located in distal convoluted
tubules, principal cells of the CCD, and the medullary collecting duct
of some species. In rodent species CAXIV is expressed on the luminal
surface of cells in the S1 and S2 segments of the proximal tubule and
the thick ascending limb. (Figure 40 from ref. [21], with permission.)
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The demonstration of an acid disequilibrium pH
provided physiological evidence in support of previous
histochemical findings that a fraction of enzymatic
activity was present in the tubule lumen. Although the
cytoplasmic carbonic anhydrase constitutes the major-
ity of enzyme activity in kidney, it is believed that the
membrane bound carbonic anhydrase plays a signifi-
cant role in bicarbonate reabsorption by the proximal
tubule. Studies addressing this question have
employed CAIs that differ in their ability to penetrate
proximal tubule cell membranes. Benzolamide is
charged at normal pH and is relatively impermeant,
whereas acetazolamide enters the cell relatively easily.
Both intravenous and intratubular administration of
benzolamide resulted in an acid disequilibrium pH,
indicating that luminal carbonic anhydrase inhibition
contributes to bicarbonate absorption. Furthermore,
proximal tubular perfusion of benzolamide resulted in
90% inhibition of bicarbonate reabsorption. Despite
near equal efficacy in inhibiting proximal tubule bicar-
bonate reabsorption, benzolamide lowered tubular
fluid pH, whereas acetazolamide increased tubular
fluid pH. These results suggest that the site of action of
benzolamide is at the luminal membrane, whereas the
site of action of acetazolamide is within the cell.
Inhibition of luminal carbonic anhydrase causes lumen
pH to decrease, because of the continued secretion of
hydrogen ions and its accumulation in the tubular
lumen. In contrast, acetazolamide does not produce an
acid disequilibrium pH.31 The conclusion that tubular
fluid was in direct contact with membrane carbonic
anhydrase was substantiated by the use of dextran-

bound carbonic anhydrase inhibitor. In proximal
tubules perfused in vivo, Lucci et al.32 determined that
dextran-bound inhibitors, which inhibit only luminal
carbonic anhydrase, decreased proximal tubule bicar-
bonate absorption by approximately 80%, and reduced
lumen pH. Although these studies establish the impor-
tance of luminal carbonic anhydrase, they also support
a role for intracellular carbonic anhydrase, and as acet-
azolamide is the only CAI used for its renal properties,
suggesting that cytoplasmic CA is the predominant
drug target in humans.

Following administration of carbonic anhydrase
inhibitors, proximal tubule bicarbonate reabsorption is
inhibited variably between 35 and .85%. As suggested
from the sites of expression along the nephron (see
Figure 40.4), however, additional sites of action of car-
bonic anhydrase inhibitors include proximal straight
tubule or loop of Henle, distal tubule, collecting tubule,
and papillary collecting duct.

As noted, CAII may participate more directly in
facilitating net bicarbonate and, perhaps, NaCl reab-
sorption. CAII has been shown to associate with sev-
eral proximal tranpsporters, including the basolateral
bicarbonate exit transport system, kNBC1,33 the apical
Cl/base exchanger, SCL26A6,34 and the basolateral
Na/H exchanger, NHE1,35 by binding to their respec-
tive carboxyl-terminal tails, associations that may be
physiologically relevant.36 Thus, CAIs may act both
directly on transporters and via inhibition of substrate
production.37,38

In α-intercalated cells (see Figure 40.5) within the
DCT2, connecting tubule, and collecting duct, CA

FIGURE 40.5 Mechanisms of carbonic anhydrase inhibitors in the proximal tubule. Water and CO2 form carbonic acid (H2CO3) inside
proximal cells. Carbonic anhydrase inside the cell (isoform II, CAII) catalyzes the formation of HCO3 from OH and CO2. Bicarbonate leaves the
cell via the Na,HCO3 co-transporter (see text). A second pool of carbonic anhydrase (isoform IV, CAIV) is located in the brush border. This par-
ticipates in disposing of luminal carbonic acid, formed by the combination of filtered bicarbonate and secreted protons. Both pools of carbonic
anhydrase are inhibited by acetazolamide and other carbonic anhydrase inhibitors (see text for details).
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facilitates acid secretion that is mediated by a vacuolar
H adenosinetriphosphatase (H-ATPase)39 H-K-ATPase,
and the blood group protein RhCG at the apical mem-
brane;40 RhCG is now known to be an important con-
tributor to renal ammonia secretion.41�43 The anion
exchanger (AE3) at the basolateral cell membrane parti-
cipates importantly in bicarbonate reabsorption. As for
the proximal tubule, both membrane-associated and
cytosolic forms of CA likely contribute to distal acidifi-
cation. Individuals with CAII deficiency display both
proximal and distal acidification defects,44 confirming
a role for this enzyme in the distal nephron. Yet,
luminal administration of acetazolamide produced an
acid disequilibrium pH in the outer medullary
collecting duct, suggesting contribution a of luminal
carbonic anhydrase as well.45 In subsequent studies, a
membrane-impermeant carbonic anhydrase inhibitor
reduced bicarbonate absorption, thus confirming the
presence of membrane-bound carbonic anhydrase in
the outer medullary collecting duct.46 The Ki for inhibi-
tion of bicarbonate absorption was 5 μM, consistent
with the inhibition of Type IV carbonic anhydrase.

Like the proximal tubule, where CAII association
with solute transporters may contribute to their regula-
tion and activity, CAII has been shown to associate
with CAII at the basolateral membrane,47,48 and inhibi-
tion of CA nearly completely blocked the bicarbonate
transport induced by transfection of cells with AE1.

Effects of CAI on renal calcium transporters have
also been examined. In mice, acetazolamide increased
urinary pH and urinary calcium excretion, in associa-
tion with a reduced TRPV5 abundance. Similar
changes were induced by loading with NH4Cl, but not
by treatment with NaHCO3, suggesting that they were
the result of systemic acidosis, and not high urine pH.
The importance of TRPV5 in these processes was con-
firmed by showing that acetazolamide did not alter uri-
nary calcium excretion in TRPV5 knockout mice.49

These studies suggest that the hypercalciuria and ten-
dency to stone formation induced by CAI is the result
of systemic acidosis.

Renal Hemodynamics

Inhibition of carbonic anhydrase produces an acute
decrease in GFR by activating TGF.18 Systemic infusion
of acetazolamide resulted in a 30% decrease in GFR.
Distally measured single nephron glomerular filtration
rate (SNGFR) was reduced by 23% during acetazol-
amide infusion, whereas proximally measured SNGFR
was not affected. These results indicated that acetazol-
amide blocked activated TGF, which in turn reduced
GFR. Similar results were observed following infusion
of benzolamide.50 Sar-ala8-angiotensin I, an angioten-
sin II antagonist, prevented the decrease in SGNFR,

suggesting the involvement of local angiotensin II in
response to benzolamide.50

Pharmacokinetics

Acetazolamide is well-absorbed from the gastroin-
testinal (GI) tract. More than 90% of the drug is plasma
protein-bound. The highest concentrations are found in
tissues that contain large amounts of carbonic anhy-
drase (e.g., renal cortex, red blood cells). Renal effects
are noticeable within 30 minutes, and are usually maxi-
mal at 2 hours. Acetazolamide is not metabolized, but
is excreted rapidly by glomerular filtration and proxi-
mal tubular secretion. The half-life is approximately
5 hours, and renal excretion is essentially complete in
24 hours.5 In comparison, methazolamide is absorbed
more slowly from the GI tract, and its duration of
action is long, with a half-life of approximately
14 hours.

Adverse Effects

Generally, carbonic anhydrase inhibitors are well-
tolerated, with infrequent serious adverse effects. Side-
effects of carbonic anhydrase inhibitors may arise from
the continued excretion of electrolytes. Significant
hypokalemia and metabolic acidosis may develop. In
elderly patients with glaucoma treated with acetazol-
amide (250 mg to 1000 mg/day), metabolic acidosis
was a frequent finding in comparison to a control
group.51 Acetazolamide is also associated with nephro-
calcinosis and nephrolithiasis, due to its effects on
urine pH facilitating stone formation.52 Premature
infants treated with furosemide and acetazolamide are
particularly susceptible to nephrocalcinosis, presum-
ably due to the combined effect of an alkaline urine
and hypercalciuria.53 Other adverse effects include
drowsiness, fatigue, CNS depression, and parathesias.
Bone marrow suppression has been reported.51,54

Clinical Use

The popularity of carbonic anhydrase inhibitors as
diuretics has waned, principally because more effec-
tive agents are available, but in specific settings these
drugs remain useful. In general, tolerance to the
natriuretic effects of CAI develops rapidly, and
renders them relatively ineffective in treatment of
edema. Daily use produces systemic acidemia from
an increase in urinary excretion of bicarbonate.
Nevertheless, acetazolamide can be administered for
short-term therapy, usually in combination with
other diuretics to patients who are resistant or who
do not respond adequately to other agents. The ratio-
nale for using a combination of diuretic agents is
based on the summation of their effect at different
sites along the nephron.55
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The major indication for the use of acetazolamide as
a diuretic agent is in the treatment of patients with
metabolic alkalosis that is accompanied by edematous
states or chronic obstructive lung disease.56 In patients
with cirrhosis, congestive heart failure or nephrotic
syndrome, aggressive diuresis with loop diuretics pro-
motes intravascular chloride and volume-depletion,
secondary hyperaldosteronism, and renal insuffi-
ciency, conditions that promote metabolic alkalosis.
Administration of sodium chloride to correct the meta-
bolic alkalosis may exacerbate edema. Acetazolamide
can improve metabolic alkalosis by decreasing proxi-
mal tubule bicarbonate reabsorption and distal proton
secretion, thereby increasing the fractional excretion of
bicarbonate. An increase in urinary pH (.7.0) indicates
enhanced bicarbonaturia. However, it should be noted
that potassium-depletion should be corrected prior to
acetazolamide use, as acetazolamide will increase
potassium excretion. The time-course of acetazolamide
effect is rapid. In critically ill patients on ventilators,
following the correction of fluid and electrolyte distur-
bances, intravenous acetazolamide produced an initial
effect within 2 hours, and a maximum effect in
15 hours.57

Acetazolamide was used to treat chronic open-
angle glaucoma, but its popularity has been limited by
side-effects and limited efficacy. The high bicarbonate
concentration in aqueous humor is carbonic
anhydrase-dependent, and oral carbonic anhydrase
inhibition can be used to reduce aqueous humor for-
mation. Dorzolamide is a topical CAI that is in clinical
use to treat glaucoma.

Acute mountain sickness usually occurs in sojour-
ners who ascend to heights greater than 2500�3000
feet. Symptoms occur within the 12�72 hours, and are
characterized by a symptom complex consisting of
headache, nausea, dizziness, and breathlessness.
Carbonic anhydrase inhibitors improve symptoms and
arterial oxygenation.58�60

The administration of acetazolamide has been used
in the treatment of familial hypokalemic periodic paral-
ysis,61,62 a disorder characterized by intermittent
episodes of muscle weakness and flaccid paralysis. Its
efficacy may be related to a decrease in influx of potas-
sium as a result of a decrease in plasma insulin and
glucose63 or to metabolic acidosis. Carbonic anhydrase
inhibitors can also be used as an adjunct treatment of
epilepsy,64 pseudotumor cerebri,65 and central sleep
apnea.66

By increasing urinary pH, acetazolamide has been
used effectively in certain clinical conditions.
Acetazolamide is used to treat cystine and uric acid
stones by increasing their solubility in urine.
Acetazolamide, in combination with sodium bicarbon-
ate infusion, is also used to treat salicylate toxicity.

Salicylates are weak acids (pKa 3.0), therefore their ionic
and nonionic forms exist in equilibrium. They are
excreted primarily by the kidney through secretion via
the organic anion transport pathway in the proximal
tubule. Acetazolamide and sodium bicarbonate infu-
sions increase urinary pH, thereby favoring formation
of a nondiffusible nonionic form of salicylate, thus
increasing excretion of salicylates.67

LOOP DIURETICS

The loop diuretics inhibit sodium and chloride
transport along the loop of Henle. Although these
drugs also impair ion transport by proximal and distal
tubules under some conditions, these effects probably
contribute little to their action clinically. Although the
predominant natriuretic effects result from blockade of
NKCC2, the apical transporter of the TAL, other effects
may result from blockade of NKCC1, the more widely-
expressed form. The affinity of loop diuretics for the
two classes of transporter appears to be similar;68 dif-
ferential selectivity for the renal isoform during topical
use is likely the result of the concentration of secreted
drug within the tubule lumen, leading to a higher con-
centration adjacent to TAL cells. The role of NKCC1
inhibition in pharmacological actions of loop diuretics
is discussed below. The loop diuretics available in the
United States include furosemide, bumetanide, torse-
mide, and ethacrynic acid (see Figure 40.6). Organic
mercurial diuretics also inhibit ion transport along the
loop of Henle, but these drugs are of historical interest,
as they are no longer available for clinical use.

Urinary Electrolyte and Water Excretion

Loop diuretics increase the excretion of water, Na,
K, Cl, phosphate, magnesium, and calcium (see
Table 40.1). The dose�response relationship between
loop diuretic and urinary Na and Cl excretion is sig-
moidal (see Figure 40.7). The steep dose�response rela-
tionship in the therapeutic range has led many to refer
to these as “threshold” drugs.3 Loop diuretics have the
highest natriuretic and chloriuretic potency of any class
of diuretics; they can increase Na and Cl excretion to
more than 25% of the filtered load. Following oral
water-loading, the administration of a loop diuretic
decreases free water clearance (CH2O) and increases
osmolar clearance, although the urine always remains
dilute. This effect contrasts with that of osmotic diure-
tics, in which increases in osmolar clearance are associ-
ated with increase in CH2O. During water deprivation,
loop diuretics impair the reabsorption of solute free
water (TC

H2O). Loop diuretics may induce a “negative”
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TC
H2O, even during water deprivation. During maximal

loop diuretic action, the urinary Na concentration is
usually between 75�100 mM.69 Because urinary K con-
centrations during furosemide-induced natriuresis
remain low, the clearance of electrolyte free water
(CH2O) is increased when loop diuretics are adminis-
tered during conditions of water diuresis or water
deprivation.69

Mechanisms of Action

Na and Cl Transport

The predominant effect of loop diuretic drugs is to
inhibit the electroneutral Na-K-2Cl co-transporter at
the apical surface of thick ascending limb cells. The
loop of Henle, defined as the region between the last
surface proximal segment and the first surface distal
segment, reabsorbs from 20�50% of the filtered Na-
and Cl-load (see Figure 40.1); approximately 10�20% is
reabsorbed by thick ascending limb cells. The model in
Figure 40.8 shows key components of Na, K, and Cl
transport pathways in a thick ascending limb cell.
Although mechanisms of Na and Cl transport are dis-
cussed more thoroughly in other chapters in this vol-
ume, some important points deserve emphasis. First,
as in other nephron segments, the Na/K-ATPase at the
basolateral cell membrane maintains the intracellular
Na concentration low (approximately 10-fold lower
than interstitial) and the K concentration high (approxi-
mately 20-fold higher than interstitial). Potassium
channel(s) in the basolateral cell membrane permit K to
diffuse out of the cell, rendering the cell membrane
voltage oriented with the intracellular surface negative,

relative to extracellular fluid.70 A chloride channel in
the basolateral cell membrane71 and a barium-sensitive
K channel permit Cl to exit the cell.

The transporter inhibited by loop diuretics is one
member of the cation-chloride co-transporter family.72

The cation-chloride co-transporters are part of the
amino acid, polyamine, organocation (APC) superfam-
ily.73 This Na-K-2Cl co-transporter of the thick
ascending limb, NKCC2 (formerly called the bumeta-
nide-sensitive co-transporter, BSC1), is encoded by the
gene SLC12A1. It is a protein with 12 putative mem-
brane-spanning domains that is expressed at the apical
membrane of thick ascending limb74 and macula densa
(MD) cells.75 It lies in parallel with a K channel
(ROMK, Kir 1.1) that permits potassium to recycle
from the cell to the lumen.76 Along the thick ascending
limb, the asymmetrical orientation of channels (apical
versus basolateral), and the action of the Na/K-ATPase
and Na-K-2Cl co-transporter, combine to create a trans-
epithelial voltage oriented with the lumen-positive,
with respect to the interstitium. This lumen-positive
potential drives paracellular absorption of Na, Ca, and
Mg. The paracellular component of Na reabsorption
comprises as much as 50% of the total transepithelial
Na transport by thick ascending limb cells77; it should
be noted, however, that both the transcellular and the
paracellular components of Na transport are inhibited
by loop diuretics, the former directly and the latter
indirectly; this is because loop diuretics reduce the
magnitude of the transepithelial voltage, which
normally drives paracellular transport. The thick
ascending limb is virtually impermeable to water.
The combination of solute absorption and water imper-
meability leads to dilution of tubule fluid.

Until recently, models of ion- and diuretic-binding
to NKCC2 were largely inferential. One model of Na-
K-2Cl co-transport, based on the ionic requirements for
transport, postulates that ion-binding sites on the trans-
porter must be occupied sequentially, first by Na, then
by chloride, then by potassium, and finally by a second
chloride.78 Loop diuretics are organic anions that bind
to the NKCC2 from the luminal surface. Early studies
showed that [3H] bumetanide binds to membranes that
express the NKCC proteins. Optimal binding requires
the presence of all three transported species, and bind-
ing and inhibition is competed by Cl2.79 Binding of
bumetanide is also known to be a relatively slow pro-
cess, and bumetanide becomes “occluded” with Na, K,
and Cl.80 Studies using chimeric NKCC molecules
investigated sites of bumetanide-binding and interac-
tions with ions by determining effects on ion transport
of heterologously expressed NKCC proteins. Using this
approach, it was shown that changes in amino acids
that affected bumetanide-binding are not the same as
those affecting the kinetics of ion translocation, and it

FIGURE 40.6 Structures of loop diuretics.
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was suggested that bumetanide- and Cl-binding did
not occur to the same site.81,82

More recently, however, a substantial advance in
understanding mechanisms of ion transport and
diuretic action has been made possible by solution of
the crystal structure of two members of the APC super-
family.83�86 The insights derived recently permitted
Forbush and colleagues73 to perform homology-based
modeling of NKCC1, and to use cysteine mutagenesis
of putative pore and binding regions to investigate
function. While the work utilized NKCC1, the ubiqui-
tous form, rather than NKCC2, the apical form from
TAL, it is likely that the structural insights apply, at
least in part. The results suggest that functionally
important residues in transmembrane segment 3 (TM3)
face the translocation pathway; in contrast to past

results in which effects of mutations on affinity were
modest, mutations of residues in TM3 led to large
changes in inhibitor affinities. Three mutations led to
dramatic alterations, one (M382) at the extracellular
entry port, and two (F372 and I371) at the inner end of
the proposed pore. The investigators suggested, there-
fore, that loop diuretics bind within the translocating
pore, and that the binding site may be near its inner
surface. The work also identified a mutation that pro-
duces a virtually bumetanide-insensitive NKCC, but
which retains some furosemide sensitivity. This work
appears to help resolve some discrepancies, and con-
firm that loop diuretics interact with vital ion trans-
porting segments of the protein.

Although direct inhibition of ion transport is the
most important natriuretic action of loop diuretics,

FIGURE 40.7 Dose�response curve for loop diuretics. Panel a shows the fractional Na excretion (FENa) as a function of loop diuretic con-
centration. Compared with normal patients, patients with chronic renal failure (CKD) show a rightward shift in the curve, owing to impaired
diuretic secretion. The maximal response is preserved when expressed as FENa, but when expressed as absolute Na excretion, (Panel b), maxi-
mal natriuresis is reduced in patients with CKD. Patients with edema demonstrate a rightward and downward shift, even when expressed as
FENa (Panel a). Panel c compares the response to intravenous and oral doses of loop diuretics. In a normal individual (Normal), an oral dose
may be as effective as an intravenous dose, because the time above the natriuretic threshold (indicated by the “normal” line) is approximately
equal. If the natriuretic threshold increases (as indicated by the dashed line, from an edematous patient), then the oral dose may not provide a
high enough serum level to elicit natriuresis.
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other actions may contribute to natriuresis. Thick
ascending limb cells have been shown to produce pros-
taglandin E2 following stimulation with furosemide87

or low luminal NaCl concentration.88 Blockade of
cyclooxygenase reduces the effects of furosemide to
inhibit loop segment chloride transport in rats89; pros-
taglandin E2, but not I2, can restore this effect.90

Animals defective in PGE2 receptors also demonstrate
blunted natriuresis, compared with wild-type ani-
mals,91 indicating an important role for PGE2 in loop
diuretic-induced natriuresis. Increases in renal prosta-
glandins may contribute to the hemodynamic effects of
loop diuretics, described below.

Ca and Mg Transport

Loop diuretics increase the excretion of the divalent
cations, calcium and magnesium. This effect to increase
calcium excretion is used to advantage when furose-
mide is added to saline to treat hypercalcemia,92

although this approach is no longer recommended rou-
tinely93 (see below). Although a component of magne-
sium and calcium absorption by thick ascending limbs
may be active (especially when circulating PTH levels
are high94), a large component of their absorption is
passive and paracellular, driven by the transepithelial
voltage. As described above, active NaCl transport by

thick ascending limb cells leads to a transepithelial
voltage, oriented in the lumen-positive direction. The
paracellular pathway in the thick ascending limb is cat-
ion selective; expression of claudins 16 and 19 appear
to play dominant roles.95�97 The positive voltage in the
lumen, relative to interstitium, drives calcium and
magnesium absorption through the paracellular path-
way; because these are divalent cations, the electrical
driving force is double that for Na. Loop diuretics, by
blocking the activity of the Na-K-2Cl co-transporter at
the apical membrane of thick ascending limb cells,
reduce the transepithelial voltage, impairing passive
calcium and magnesium absorption.

Renin Secretion

In addition to enhancing Na and Cl excretion, effects
that result directly from inhibiting Na and Cl transport,
loop diuretics also stimulate renin secretion. A portion
of this effect results from contraction of the ECF vol-
ume and a reduction of blood pressure (see below), but
loop diuretics also stimulate renin secretion by
inhibiting NaCl uptake by macula densa cells (see
Figure 40.9). Macula densa cells sense the NaCl concen-
tration in the lumen of the thick ascending limb,
because NaCl enters the cell across the apical mem-
brane.98 High luminal NaCl concentrations in the

FIGURE 40.8 Mechanisms of loop diuretic action and proposed NKCC1 structure. Left panel: Na and Cl are reabsorbed across the apical
membrane via the loop diuretic-sensitive Na-K-2Cl co-transporter, NKCC2. Note that the transepithelial voltage along the thick ascending limb
is oriented with the lumen-positive relative to interstitium. This transepithelial voltage drives a component of Na (and calcium and magne-
sium) reabsorption via the paracellular pathway (the “tight junction,” shown). Loop diuretics block the NKCC2 directly, thereby reducing the
magnitude of the transepithelial voltage, and reducing Na, K, Cl, Mg, and Ca reabsorption. Right panel: Proposed structure of NKCC1. On the
left, a view from above shows the translocation pocket, where residue F372, which lies nears its bottom, can be seen through the open pocket.
On the right, a cutaway view into transmembrane segment 3, showing pore-lining residues colored blue and labeled. (Structural models are
adapted from J. Biol. Chem. (2012). Mar 21. (Epub ahead of print) PMID: 22437837, with permission.)
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region of the macula densa lead to two distinct but
related effects. First they activate the TGF response,
which suppresses the GFR. Second, they inhibit renin
secretion. The relation between these two effects is
complex and has been reviewed,98 but both appear to
be controlled, at least in part, by NaCl movement
across the apical membrane.

The pathways mediating Na and Cl uptake into
macula densa cells are similar to those expressed
by adjacent TAL cells. These include the loop diuretic-
sensitive Na-K-2Cl co-transporter at the apical surface.
Under normal conditions, an increase in luminal NaCl
concentration in the thick ascending limb raises the
NaCl concentration inside macula densa cells. Because
the activity of the basolateral Na/K-ATPase is lower in
macula densa cells than in surrounding thick ascend-
ing limb cells,99 the cell NaCl concentration is much
more dependent on luminal NaCl concentration than
in TAL cells.100 When luminal and macula densa cell
NaCl concentrations decline, COX-2 activity and
expression are induced; this leads to the production of
PGE2, which diffuses to juxtaglomerular cells. There,
PGE2 activates EP4 receptors, resulting in Gsα-medi-
ated activation of adenylyl cyclase. This process, in
turn, increases the concentration of cyclic AMP, which
eventually stimulates renin secretion.98

The constitutive (neuronal) isoform of nitric oxide
synthase (NOS I) is expressed by macula densa cells,

but not substantially by other cells in the kidney. Nitric
oxide produced by macula densa cells has a paracrine
effect to increase cAMP in adjacent juxtaglomerular
cells (Figure 40.9). In these cells, nitric oxide increases
cellular concentrations of cGMP, which inhibit phos-
phodiesterase 3.101 Inhibition of phosphodiesterase 3
permits cAMP accumulation. Renin secretion induced
by dietary NaCl depletion or furosemide is dependent
on an intact nitric oxide system,102 although it appears
that basal renin secretion is not.

The second isoform of cyclooxygenase, COX-2, is
also highly expressed by macula densa cells; its expres-
sion is increased by loop diuretic treatment.88,103�105

Blockade of prostaglandin synthesis either by non-
specific cyclooxygenase inhibitors or by specific COX-2
blockers106 reduces the renin secretory response to
loop diuretics. Current views suggest that loop diure-
tics, like low luminal NaCl delivery, stimulate renin
secretion by macula densa cells by activating COX-2,
leading to PGE2 production. PGE2 stimulates EP4
receptors leading to renin synthesis.107

RENAL HEMODYNAMICS AND
OXYGENATION

Most classes of diuretic reduce glomerular filtration;
in contrast, loop diuretics tend to preserve GFR and
renal blood flow, although GFR and RPF can decline
when ECF volume contracts. NKCC1 is expressed by
many cells, including vascular smooth muscle cells,108

where it appears to contribute to vasoconstriction. The
ability of loop diuretics to inhibit NKCC1, therefore,
would suggest that the hemodynamic effect of loop
diuretics in the kidney should consist of vasodilatation.
In addition, a reduction of renal vascular resistance
should result from the well-known blockade of TGF
mechanism by loop diuretics, discussed below. In sev-
eral species, an effect of loop diuretics to increase renal
blood flow and dilate renal vessels has been observed
in studies in humans69 and dogs.109,110 In contrast, in
the majority of studies in the rat, furosemide led to a
B10�20% reduction of RBF.111,112 In the rodent, the
renal hemodynamic effects of NKCC inhibition may be
unrelated to the primary actions of the diuretic on
tubular and vascular functions, but to result from sec-
ondary effects on RBF activated by the diuretic. In
addition, loop diuretics are known to rapidly stimulate
renin secretion and prostaglandin formation, so that
differences in the response of these regulatory systems
to the diuretic could cause species-specific responses.
Oppermann and colleagues112 found that furosemide
dilated glomerular afferent arterioles, when perfused
in vitro, as expected from a direct effect to inhibit
NKCC1, but rather led to a 50% reduction in total renal

FIGURE 40.9 Regulation of renin secretion by diuretics. A mac-
ula densa (MD) cell is shown expressing NKCC2 at its apical surface,
in parallel with a K channel. Movement of NaCl across the apical
membrane inhibits production of nitric oxide (NO) via nitric oxide
synthase I (nNOS). When loop diuretics inhibit NaCl uptake, nitric
oxide is produced and diffuses to the extraglomerular mesangium or
directly to juxtaglomerular (JG) cells, where it increases cGMP. cGMP
inhibits phosphodiesterase 3 (PDE3) which metabolizes cAMP to 5v
AMP. cAMP stimulates renin secretion. NaCl entry across the apical
membrane also inhibits cyclooxygenase (COX-2). When loop diuretics
block NaCl entry, COX-2 produces prostaglandin E2 (PGE2), which
acts via Gsα to stimulate adenylyl cyclase, thereby increasing cAMP
and renin.
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blood flow and a 27% reduction in superficial blood
flow. Notably, mice in which NKCC1 was knocked-out
responded with qualitatively similar reductions in
renal blood flow. These workers suggested that the
effects on renal blood flow may have resulted from
increased angiotensin II production, production of
vasoconstrictor prostaglandins or intrarenal pressure
changes consequent to diuresis.

Changes in renal hemodynamics are associated
with changes in renal oxygen consumption and tis-
sue oxygenation. Most studies in animals show that
renal oxygen consumption declines and renal oxygen
tension increases, especially in the medulla.113,114

This information was used to suggest that loop
diuretics might be beneficial in preventing or treating
AKI; although this prediction was not borne out by
clinical trials (see below), it is clear that loop diure-
tics do increase renal medullary oxygen tension, both
in animals and in humans, as detected by BOLD
MRI.115,116

Another factor that may contribute to the tendency
of loop diuretics to maintain GFR and renal plasma
flow despite volume contraction is their effect on the
TGF system. The sensing mechanism that activates
TGF involves NaCl transport across the apical
membrane of macula densa cells by NKCC2 (see
Figure 40.9). Under normal conditions when the lumi-
nal concentration of NaCl reaching the macula densa
rises (as during volume expansion) GFR decreases via
TGF. To a large degree, the TGF-mediated decrease in
GFR results from afferent arteriolar constriction.98

Although the mechanisms by which ion transport
across the apical membrane of macula densa cells
translates to afferent arteriolar vasoconstriction are
unclear, they appear to involve the production of aden-
osine (an afferent arteriolar vasoconstrictor) and an
increase in mesangial and smooth muscle cell calcium
concentrations.98 ATP release from macula densa
cells117 leads to the extracellular formation of adeno-
sine by ecto-50-nucleotidase. The fact that TGF is
blunted in animals where ecto-50-nucleotidase and A1
receptors are pharmacologically inhibited, and in A1
receptor and ecto-50-nucleotidase knockout mice, sup-
ports the importance of adenosine formation and acti-
vation of adenosine A1 receptors in mediating
TGF.118�121 In a manner analogous to the effects on
renin secretion, loop diuretic drugs block TGF by
blocking the sensing step. In the absence of direct
effects to inhibit NaCl uptake by macula densa cells,
loop diuretics would be expected to suppress GFR and
RPF, because they increase NaCl delivery (this action
explains the effects of CAI and distal convoluted tubule
diuretics on TGF18). Instead, blockade of NaCl uptake
actually inhibits the TGF, despite increased delivery,
permitting GFR and RPF to be maintained.

Systemic Hemodyanamics

Acute intravenous administration of loop diuretics
tends to increase venous capacitance.122 Most studies
suggest that this effect results from stimulation of pros-
taglandin synthesis by the kidney.123,124 Other studies,
however, suggest that loop diuretics have effects in
peripheral vascular beds as well125 or may stimulate
nitric oxide production.126 Pickkers and co-workers
examined the local effects of furosemide in the human
forearm. Furosemide had no effect on arterial vessels,
but did cause dilation of veins, an effect that was
dependent on local prostaglandin production.127 As
noted above, there is increasing interest in the role
of NKCC1 in maintaining vascular smooth muscle
tone. Some,128,129 but not other,130 investigators have
reported that NKCC1 knockout leads to basal hypoten-
sion; although NKCC1 inhibition may contribute to
vasodilation under some circumstances, the plasma
diuretic concentration needed for this effect is probably
rare in clinical practice, for reasons noted above.

Although venodilation and improvements in cardiac
hemodynamics frequently result from intravenous ther-
apy with loop diuretics, the hemodynamic response to
intravenous loop diuretics is more complex. Johnston
et al. reported that low-dose furosemide increased
venous capacitance, but that higher doses did not.131 It
was suggested that furosemide-induced renin secretion
may generate angiotensin II-induced vasoconstriction.
This vasoconstrictor might overwhelm the prostaglan-
din-mediated vasodilatory effects in some patients. In
two series, 1�1.5 mg/kg furosemide boluses, adminis-
tered to patients with chronic congestive heart failure,
resulted in transient deteriorations in hemodyanamics
(during the first hour), with a decline in stroke volume
index, an increase in left ventricular filling pres-
sure,132,133 and exacerbation of congestive heart failure
symptoms. These changes were attributed to activation
of both the sympathetic nervous system and the
renin�angiotensin system by the diuretic drug.
Evidence for a role of the renin�angiotensin system in
the furosemide-induced deterioration in systemic
hemodynamics includes the temporal association
between its activation and hemodynamic deteriora-
tion,132,133 and the ability of angiotensin I-converting
enzyme inhibitors to prevent much of the pressor
effect.132,133 Other studies have shown that acute loop
diuretic administration frequently produces a transient
decline in cardiac output; whether diuretic administra-
tion increases or decreases left atrial pressure acutely
may depend primarily on the state of underlying sym-
pathetic nervous system and renin�angiotensin axis
activation. Interestingly, these complex interactions
between prior physiological state and hemodynamic
response to loop diuretics in humans parallel the
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complex interactions postulated to explain the paradox-
ical effects of loop diuretics in mice.112

Pharmacokinetics

The three loop diuretics that are used most com-
monly, furosemide, bumetanide, and torsemide, are
absorbed quickly after oral administration, reaching
peak concentrations within 0.5�2 hours (see
Table 40.2). Furosemide absorption is slower than the
rate of elimination in normal subjects; thus, the time to
reach peak serum level is slower for furosemide than
for bumetanide and torsemide. This phenomenon is
called “absorption-limited kinetics”.3 The bioavailabil-
ity of loop diuretics varies from 50 to 90% (Table 40.2),
with furosemide having the lowest, and most variable
oral bioavailability. For this reason, when changing a
patient from intravenous to oral furosemide, the dose
is frequently doubled to account for its limited oral bio-
availability.3 The half-lives of the loop diuretics avail-
able in the United States vary, but all are relatively
short (ranging from approximately 1 hour for bumeta-
nide to 3�4 hours for torsemide). The half-lives of
muzolimine, xipamide, and ozolinone, none of which
is available in the United States, are 6�15 hours.

Loop diuretics are organic anions that circulate
tightly bound to albumin (.95%); thus their volumes
of distribution are small, except during extreme hypo-
proteinemia.134 Approximately 50% of an administered
dose of furosemide is excreted unchanged into the
urine. The remainder appears to be eliminated by glu-
curonidation, probably by the kidney. Bumetanide and
torsemide are both metabolized by the liver, and also
excreted unchanged by the kidney. These differences
mean that furosemide kinetics are affected by renal dis-
ease, whereas bumetanide and torsemide kinetics tend
not to be; this has clinical implications, discussed
below.135

Clinical Use

Indications for loop diuretic use are given in
Table 40.3. They are used commonly to treat the

edematous conditions, heart failure, cirrhosis of the
liver, and nephrotic syndrome. In addition, a variety of
other electrolyte, fluid, and acid�base disorders can
respond to loop diuretic therapy. Essentials of diuretic
treatment of disease are the focus of other reviews, and
will not be discussed here. The interested reader is
referred to other sources for information.2,55,136

Loop diuretics are commonly used in the treatment
of AKI. Diuretics might be thought to reduce the sever-
ity of AKI by preventing tubule obstruction and
decreasing oxygen consumption,114 as discussed above,
but studies have failed to demonstrate convincingly
that diuretics affect rates of renal recovery rate of
patients with established AKI.137

Adverse Effects

There are at least three types of adverse effects of
loop diuretics. The first and most common effects
result directly from the effects of these drugs on renal
electrolyte and water excretion. The second are toxic
effects of the drugs that are dose-related and predict-
able. The third are idiosyncratic allergic drug reactions.

Loop diuretics are frequently administered to treat
edematous expansion of the ECF volume. Edema usu-
ally results from a decrease in the “effective” arterial
blood volume. Thus, zealous diuretic usage or the
development of complicating illnesses can lead to
excessive contraction of the ECF volume. This can be
manifested by orthostatic hypotension, renal dysfunc-
tion or evidence of sympathetic overactivity. Although
patients suffering from heart failure usually require
diuretic therapy, the combination of diuretics and
angiotensin-converting enzyme inhibitors can exacer-
bate prerenal azotemia. High diuretic doses or extreme
dietary NaCl restriction may predispose to renal
dysfunction during therapy with diuretics and angio-
tensin-converting enzyme inhibitors or angiotensin-
receptor blockers for heart failure.138,139 In this case,
renal failure often abates when the diuretic dose is
reduced or the dietary NaCl intake is liberalized, per-
mitting continued administration of the ACE inhibitor.

Other patients at increased risk for relative contrac-
tion of the ECF volume during loop diuretic therapy
include elderly patients,140 patients with pre-existing
renal insufficiency,141 patients with right-sided heart
failure or pericardial disease, and concomitant use of
non-steroidal anti-inflammatory drugs.142,133

Disorders of Na and K concentration are among the
most frequent adverse effects of loop diuretics.
Hyponatremia may be less common with loop diuretics
than with distal convoluted tubule diuretics (DCT
diuretics; see below), but it still may occur. Its patho-
genesis is usually multifactorial, but involves the effect
of loop diuretics to impair the clearance of solute-free
water. Additional factors that may contribute include

TABLE 40.2 Pharmacokinetics of Loop Diuretics

Bioavailability, %

Oral Dose Absorbed

Healthy Kidney

Disease

Liver

Disease

HF

Furosemide 50% (range:
10�100%)

1.5�2 2.8 2.5 2.7

Bumetanide 80�100% 1 1.6 2.3 1.3

Torsemide 80�100% 3�4 4�5 8 6

Data from ref. [72].
Elimination half-life: h; HF: heart failure.
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the non-osmotic release of arginine vasopressin,144

hypokalemia, and hypomagesemia.145 Conversely,
loop diuretics have been used to treat hyponatremia
when combined with hypertonic saline, in the setting
of the syndrome of inappropriate ADH secretion.146,147

In contrast, the combination of loop diuretics and
angiotensin I-converting enzyme inhibitors has been
reported to correct hyponatremia in the setting of heart
failure, presumably in part owing to improved cardiac
function.148

Hypokalemia occurs commonly during therapy with
loop diuretics, although the magnitude is smaller than
the magnitude of hypokalemia induced by diuretics
that act in the DCT (loop diuretics, 0.3 mM versus DCT
diuretics, 0.5�0.9 mM149,150). Loop diuretics increase
the delivery of potassium to the distal tubule, because
they block potassium reabsorption via the Na-K-2Cl
co-transporter. In rats, approximately half the excreted
potassium is delivered to the “early” distal tubule.
During furosemide infusion, the delivery of potassium
to the “early” distal tubule rose to 28% of the filtered
load.151 Thus, it appears that a large component of the
effect of loop diuretics to increase potassium excretion
acutely reflects their ability to block potassium reab-
sorption by the thick ascending limb. By increasing
flow to the aldosterone-sensitive distal nephron, loop
diuretics will also stimulate potassium secretion by
activating flow-dependent maxi-K (BK) channels.152

Nevertheless, during chronic diuretic therapy, when
urinary flow has returned to or close to baseline, the
degree of potassium-wasting correlates best with vol-
ume contraction and serum aldosterone levels.153

These data suggest that, under chronic conditions, the
predominant effect of loop diuretics to stimulate potas-
sium excretion results from their tendency to increase
mineralocorticoid hormones, while simultaneously
increasing distal Na and water delivery.

Metabolic alkalosis is very common during chronic
treatment with loop diuretics. Loop diuretics cause
metabolic alkalosis via several mechanisms. First, they
increase urine volume; the elaborated urine is bicar-
bonate-free, but contains Na and Cl. This leads to
contraction of the ECF around a fixed amount of bicar-
bonate buffer; a phenomenon known as “contraction
alkalosis.” This probably contributes only slightly to
the metabolic alkalosis that commonly accompanies
chronic loop diuretic treatment. Loop diuretics directly
inhibit transport of Na and Cl into thick ascending
limb cells. In some species, these cells also express an
isoform of the Na/H exchanger at the apical surface.
When Na entry via the Na-K-2Cl co-transporter is
blocked by a loop diuretic, the decline in intracellular
Na activity will stimulate H secretion via the Na/H
exchanger.154�156 Loop diuretics also stimulate the
renin�angiotensin�aldosterone pathway, both directly

TABLE 40.3 Indications for Diuretic Drugs

I. INDICATIONS FOR OSMOTIC DIURETICS

A. Prevention of rhabdomyolysis
B. To reduce intraocular or intracranial pressure

II. INDICATIONS FOR CARBONIC ANHYDRASE INHIBITORS

A. Glaucoma
B. Acute mountain sickness
C. Metabolic alkalosis
D. Cystinuria
E. Resistant Edema (used in combination with

other diuretics)
F. Pseudotumor cerebri

III. INDICATIONS FOR LOOP DIURETICS

A. Edematous Conditions
1. Congestive Heart Failure
2. Cirrhotic Ascites
3. Nephrotic Syndrome

B. Hypercalcemia (now recommended only as second line
treatment)

C. Hyperkalemia
D. Hyponatremia (with saline)
E. Hyperkalemic, hyperchloremic metabolic acidosis

(Type 4 RTA)
F. Hypermagnesemia
G. Intoxications
H. Hypertension
I. AKI

IV. INDICATIONS FOR DISTAL CONVOLUTED TUBULE
DIURETICS

A. Hypertension
B. Edematous Conditions

1. Heart Failure
2. Cirrhotic Ascites
3. Nephrotic Syndrome

C. Prevention of recurrent nephrolithiasis
D. Nephrogenic Diabetes Insipidus
E. Osteoporosis
F. Hypoparathyroidism
G. Diuretic Resistance (used in combination with

other diuretics)

V. INDICATIONS FOR POTASSIUM-SPARING DIURETICS

A. Cirrhotic Ascites
B. Lithium-induced diabetes insipidus
C. Prevention of hypokalemia (owing to potassium-wasting

diuretics)
D. Prevention of hypomagnesemia (owing to potassium-wasting

diuretics)
E. Diuretic Resistance (used in combination with other

diuretics
F. Heart Failure with systolic dysfunction
G. Resistant hypertension
H. Aldosteronism

VI. INDICATIONS FOR AQUARETICS

A. Euvolemic hyponatremia
B. Hypervolemic hyponatremia
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and indirectly, as discussed above. Aldosterone
directly stimulates H secretion by the medullary col-
lecting tubule,157 but more importantly increases the
magnitude of the transepithelial voltage in the cortical
collecting duct. This effect stimulates H secretion via
the electrogenic H-ATPase present at the apical mem-
brane of α-intercalated cells. Loop diuretics frequently
cause hypokalemia, which may contribute to metabolic
alkalosis by increasing ammonium production,158

stimulating bicarbonate reabsorption by proximal
tubules,159 and increasing the activity of the H/K-
ATPase in the distal nephron.160 Finally, contraction of
the ECF volume stimulates Na/H exchange in the
proximal tubule, and may reduce the filtered load of
bicarbonate. All of these factors may contribute to the
metabolic alkalosis observed during chronic loop
diuretic treatment.

Ototoxicity is the most common toxic effect of loop
diuretics that is unrelated to their effects on the kidney.
Deafness, which is usually temporary but can be per-
manent, was reported shortly after the introduction of
loop diuretics.161 It appears likely that all loop diuretics
cause ototoxicity, because ototoxicity can occur during
use of chemically dissimilar drugs, such as furosemide
and ethacrynic acid. The mechanism of ototoxicity
remains unclear, although the stria vascularis, which is
responsible for maintaining endolymphatic potential
and ion balance, appears to be a primary target for
toxicity.162 Loop diuretics reduce the striatal potential
from1 80 mV to 210 to 220 mV within minutes of
application.163 A characteristic finding in loop diuretic
ototoxicity is strial edema. This suggests that toxicity
involves inhibition of ion fluxes.162 Ikeda and Morizono
detected functional evidence for the presence of a Na-
K-2Cl co-transporter in the basolateral membrane of
marginal cells.164 According to the model proposed
by these investigators, marginal cells resemble secretory
cells in other organ systems, with a Na-K-2Cl co-trans-
porter and Na/K-ATPase at the basolateral cell mem-
brane and channels for K and Cl at the apical surface.
According to this model, loop diuretic-induced shrink-
age of marginal cells results from inhibition of cell Na,
K, and Cl uptake across the basolateral cell membrane.

The ototoxic effects of loop diuretics appear to
be related to their ability to inhibit NKCC1. This
protein has been localized in the lateral wall of the
cochlea, using specific antibodies165 and RT-PCR.166

Mice lacking the secretory isoform of the Na-K-2Cl
co-transporter are profoundly deaf.167,168 Loop diure-
tics cause loss of outer hair cells in the basal turn of the
cochlea, rupture of endothelial layers, cystic formation
in the stria vascularis, and marginal cell edema in the
stria vascularis.163

Ototoxicity appears to be related to the peak serum
concentration of loop diuretic, and therefore tends to

occur during rapid drug infusion of high doses. This is
likely to be related to the need to attain levels in the
plasma that typically are only achieved in the renal
tubule, for inhibition of NKCC1 to occur. For this rea-
son, this complication is most common in patients with
uremia,169 where higher loop diuretic doses are
frequently administered. It is recommended that furo-
semide infusion be no more rapid than 4 mg/minute,
to avoid this complication.169 In addition to renal fail-
ure, infants, patients with cirrhosis, and patients receiv-
ing aminoglycosides or cisplatin may be at increased
risk.169

DISTAL CONVOLUTED TUBULE
DIURETICS

The first orally active drug that inhibited Na and Cl
transport along the DCT was chlorothiazide.
Chlorothiazide was developed when chemical modifi-
cation of sulfonamide-based CA inhibitors resulted in
substances that increased NaCl, rather than NaHCO3,
excretion. The development of modified CA inhibitors
that increased NaCl excretion preferentially was recog-
nized immediately as significant, because ECF contains
predominantly NaCl rather than NaHCO3, and acido-
sis limited the effectiveness of CA inhibitors.
Subsequent development led to a wide variety of ben-
zothiadiazide (thiazide) diuretics (see Figure 40.10); all
are analogs of 1,2,4-benzothiadiazine-1,1-dioxide.
Other structurally related non-thiazide diuretics
include the quinazolinones (such as metolazone) and
substituted benzopehenone sulfonamide (such as
chlorthalidone). Although there was some confusion
initially about the site of their action along the neph-
ron, molecular identification of their target ion trans-
porter permitted delineation of their predominant site
of action as the DCT. Recent studies, however, suggest
an additional site of action along the collecting duct.
Based upon the common site at which both true thia-
zide and “thiazide-like” diuretics inhibit ion transport,
it is reasonable to refer to this class of drugs as distal
convoluted tubule diuretics, in analogy with the loop
diuretics.

Urinary Electrolyte and Water Excretion

Acute administration of these drugs increases the
excretion of Na, K, Cl, HCO3, phosphate, and urate,
although the increases in HCO3, phosphate, and urate
excretion are probably related primarily to CA inhibi-
tion (see below). As such, the effects of DCT diuretics
to increase HCO3, phosphate, and urate excretion may
vary, depending on the CA inhibiting potency of the
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DCT diuretic. Chronically, as contraction of the ECF
volume occurs, uric acid excretion declines and hyper-
uricemia can occur. Further, any initial excretion of
bicarbonaturia ceases, whereas continuing losses of
chloride without bicarbonate and ECF volume contrac-
tion may lead to metabolic alkalosis. In contrast to loop
and proximally acting diuretics, DCT diuretics tend to
reduce urinary calcium excretion. Although the effects
on urinary calcium excretion can be variable during
acute administration,170 these drugs uniformly lead to
calcium retention when administered chronically, and
also lead to positive calcium balance in humans.171

DCT diuretics inhibit the clearance of solute-free
water (CH2O) when administered during water diuresis.
This effect is similar to that of loop diuretics, and origi-
nally led to the mistaken inference that they act along
the thick ascending limb. In contrast to loop diuretics,
however, DCT diuretics do not limit free water reab-
sorption during antidiuresis.

Mechanism of Action

Na AND WATER TRANSPORT IN THE PROXIMAL

TUBULE

DCT diuretics are related chemically to CA inhibi-
tors, and most retain significant CA-inhibiting poten-
tial. As discussed above, CA inhibitors interfere
indirectly with the activity of NHE3 in the proximal
tubule. Although this effect of DCT diuretics may be
useful when these drugs are administered acutely (as

during intravenous chlorothiazide administration), it
probably contributes little to the overall natriuresis
during chronic use. Yet this effect may play a role in
the tendency for DCT diuretics to reduce the GFR and
activate the TGF mechanism.18 The relative CA inhi-
biting potency (shown in parentheses, compared
with hydrochlorothiazide) of some commonly used
DCT diuretics is chlorthalidone (67) .benthiazide
(50).polythiazide (40).chlorothiazide (14).hydro-
chlorothiazide (1).bendroflumethiazide (0.07).172

NaCl ABSORPTION IN THE DISTAL NEPHRON

The predominant site at which DCT diuretics inhibit
ion transport is the DCT. Although clearance studies
had identified one site of thiazide action as the cortical
diluting segment, and a second site as the proximal
tubule, micropuncture studies pinpointed the primary
site of action as the superficial “distal tubule”.173 This
region of the nephron, which lies between the macula
densa and the confluence with another nephron to
form the cortical collecting duct, is morphologically
heterogenous. It comprises a short stretch of post mac-
ula densa thick ascending limb, the DCT, the connect-
ing tubule, and the initial portion of the cortical
collecting duct. When this morphological heterogeneity
became evident, experiments were designed to deter-
mine the site of thiazide action more precisely.
Microperfusion experiments in rats indicated that thia-
zide diuretics inhibit Na and Cl transport along the

FIGURE 40.10 Structures of DCT diuretics.

1371DISTAL CONVOLUTED TUBULE DIURETICS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



“early” portion of the distal tubule,174,175 a segment
known to contain predominantly DCT cells.176

Although microperfusion data from rats indicated
that thiazide diuretics inhibit Na transport in the DCT,
the transition along the distal nephron segments in rats
is gradual. For several years, therefore, it was impossi-
ble to attribute thiazide-sensitive Na-Cl transport to a
specific cell type in the rat. In contrast, rabbit distal
nephron segments have abrupt transitions. In vitro
studies suggested that thiazide-sensitive Na-Cl
co-transport is present in connecting tubules instead of
DCTs,177,178 but Velázquez and Greger obtained indi-
rect evidence for thiazide-sensitive transport in rabbit
DCTs.179 Molecular cloning180 permitted definitive
identification of DCT cells as the only sites of thiazide-
sensitive Na-Cl co-transporter expression in both rat
and rabbit.181�183 Friedman and colleagues developed
a clonal cell line from immunodissected mouse thick
ascending limb and DCT cells that expresses thiazide-
sensitive transport.184 Molecular studies identified the
DCT as the site of thiazide-sensitive Na-Cl co-transport
in this species, as well.185

In 1984, Velázquez and colleagues reported the
mutual dependence of Na and Cl transport in the
superficial rat distal tubule.186 The same year, Stokes
reported evidence that a directly-coupled thiazide-sen-
sitive Na-Cl co-transporter is expressed in the urinary
bladder of the Winter Flounder.187 Gamba et al. cloned
this protein180 and detected homologous mRNA
in mammalian kidney. The same group cloned a rat
form of the thiazide-sensitive Na-Cl co-transporter.188

Mouse, human, and rabbit forms were cloned shortly
thereafter;189�191 the gene is SLC12A3; it is a member
of the cation-chloride co-transporter family, which
includes NKCC1 and NKCC2. This transport protein
was previously termed the TSC (thiazide-sensitive
co-transporter), and the NCCT (sodium chloride co-
transporter), but most investigators prefer the term
NCC (sodium chloride co-transporter), for its analogy
with NKCC. At the molecular level, the NCC is
expressed only by DCT cells in all mammalian species
examined to date. In humans, rats, and mice, expres-
sion of NCC also extends into a transitional segment,
referred to as the “late” DCT or DCT-2, which shares
properties of the distal convoluted and connecting
tubules.181,185

Evidence for thiazide action in other nephron seg-
ments has also been obtained, however. In vivo cathe-
terization experiments demonstrated a component of
thiazide-sensitive Na transport in medullary collecting
tubules of rats.192 Some,193 but not other194 investiga-
tors have detected thiazide-sensitive Na-Cl transport in
rat cortical collecting ducts perfused in vitro. In those
experiments, pretreatment of animals with mineralo-
corticoid hormones was necessary to elicit the thiazide-

sensitive Na and Cl transport. Eladari and colleagues195

detected an effect of DCT diuretics on NaCl excretion
in NCC knockout mice; these mice lack NCC entirely,
and therefore the observed effect must be related to
NCC-independent pathways. They also found that col-
lecting ducts from animals exposed to aldosterone
reabsorbed Na and Cl in a thiazide-sensitive manner.
They went on to show that this transport was depen-
dent on the Na-dependent chloride bicarbonate trans-
porter (NDCBE) and on pendrin (SLC26A4), transport
proteins expressed by intercalated cells. While this
work deserves verification, it strongly suggests that
DCT diuretics may have important effects on net NaCl
transport within segments other than the DCT. A
model of NaCl transport by DCT cells and a proposed
model for NaCl transport by intercalated cells in the
collecting duct are shown in Figure 40.11.

Like loop diuretics, DCT diuretics, including the
thiazides, are organic anions that bind to the transport

FIGURE 40.11 Mechanisms of thiazide diuretics. The left panel
shows the mechanism of action of thiazide diuretics in the DCT. Two
types of DCT cells have been identified; referred to here as DCT1 and
DCT2. Na and Cl are reabsorbed across the apical membrane of
DCT1 cells only via the thiazide-sensitive Na-Cl co-transporter. This
transport protein is also expressed by DCT2 cells, where Na can also
cross through the epithelial Na channel, ENaC (see text for details).
Thus, the transepithelial voltage along the DCT-1 is near to 0 mV,
whereas it is lumen-negative along the DCT-2. The right panel shows
recently established mechanisms of action of thiazide diuretics along
the collecting duct, in the presence of aldosterone stimulation. Here
Na is reabsorbed in exchange for K by principal cells (PC), but in
beta type intercalated cells (βIC) Na reabsorption occurs via a Na-
dependent chloride bicarbonate exchanger (Ndcbe). This occurs in
parallel with the action of pendrin (Pds) to achieve net NaCl reab-
sorption. The Ndcbe appears to be sensitive to thiazide diuretics.
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protein from the luminal surface. Results of studies to
determine the mechanism by which DCT diuretics
interact with the transport protein have varied,
depending on the methods employed, and in a manner
that resembles those described above concerning loop
diuretics and NKCC. Before the transport protein was
identified at the molecular level, Fanestil and collea-
gues showed that [3H] metolazone binds avidly to kid-
ney membrane proteins; its binding is inhibited
competitively by Cl2, suggesting that Cl2 and diuretic
compete for the same binding site.196,197 These results
are reminiscent of those that utilized [3H] bumetanide
to study properties of the NKCC proteins and were
used to develop a kinetic model for the NCC.198 More
recently, Gamba and colleagues have expressed chi-
meras of the NCC in Xenopus oocytes and determined
thiazide affinity based on transport inhibition. The
results suggest a more complicated picture. They con-
clude that thiazide diuretic affinity is conferred by
transmembrane segments 8�12, whereas transmem-
brane segments 1�7 affect chloride affinity. Both seg-
ments are involved in determining Na1 affinity.199

These data suggest that that the affinity of thiazide
diuretics for binding to the transport protein is in a
region distinct from that which participates in Cl2

transport. As was the case for NKCC, however, it
seems likely that the recent data concerning the crystal
structure of APC transporters, coupled with molecular
modeling, will provide new information concerning
potential binding sites that can then be tested
empirically.73

Calcium and Magnesium Transport

When administered chronically, DCT diuretics
reduce calcium excretion. This effect has been utilized
clinically to reduce the risk of recurrent calcium
nephrolithiasis (see below). As noted above, acute
administration of DCT diuretics has a variable effect on
calcium excretion, sometimes leading to increases in
calcium excretion. This probably reflects the CA-inhi-
biting capacity of these drugs, because CA inhibitors
increase urinary calcium excretion acutely. Ca reab-
sorption by proximal tubules is functionally coupled to
sodium reabsorption (see Figure 40.12); drugs that
inhibit proximal Na reabsorption also inhibit proximal
calcium reabsorption. During chronic treatment, how-
ever, the filtered calcium-load decreases, owing to the
hemodynamic effects discussed below, and the proxi-
mal calcium reabsorption increases, owing to ECF vol-
ume contraction.

Mechanisms and sites responsible for the hypocal-
ciuric effects of DCT diuretics have been quite contro-
versial.200 Early micropuncture and microperfusion
studies showed that DCT diuretics stimulate Ca reab-
sorption along the DCT costanzo.201,202 Three potential

and non-redundant mechanisms were postulated to
account for this.203 First, blockade of luminal NaCl
entry should reduce the tubule cell [Na1] sufficiently
to enhance the basolateral Na1/Ca21 exchange.202 A
low cellular Na concentration provides part of the driv-
ing force for basolateral calcium exit via the 3Na/Ca
exchanger. Second, thiazides reduce cell [Cl2] concen-
tration, which should hyperpolarize the membrane
voltage (making the interior of the cell more negative,
electrically). Hyperpolarization should enhance cal-
cium absorption, because the 3Na/Ca exchanger is
electrogenic, so transport (in the reabsorptive direction)
should be stimulated, and the transient receptor poten-
tial channel subfamily V, member 5 (TRPV5) channel,

FIGURE 40.12 Summary of diuretic effects on calcium excretion

and sites of calcium transport protein expression. Top panel: Effects
of diuretics, including carbonic anhydrase inhibitors (CAI), loop
diuretics (Loop), distal convoluted tubule diuretics (DCT), and K-
sparing diuretics on calcium reabsorption along the proximal tubule,
the thick ascending limb (TAL), the distal convoluted tubule (seg-
ments 1, DCT1, and 2, DCT2), and connecting tubule (CNT). Also
shown are effects of these diuretics on urinary excretion (Exc). As
noted by *, effects of CAI and loop diuretics to increase urinary cal-
cium excretion may be inhibited when moderate depletion of the
ECF volume increases reabsorption further along the proximal
tubule. CAIs have been shown to reduce the abundance of TRPV5, as
discussed in text. Effects of DCT diuretics on transport along TAL are
speculative.212 Bottom panel: Sites of expression of calcium-transport-
ing proteins, including TRPV5 and -6, the calcium-binding proteins
(CaBP), the plasma membrane Ca ATPase (PMCA), the Na/Ca
exchanger (NCX). It also shows sites of NCC and AQP expression.
Note the concurrence of expression within the DCT2 and CNT.
(Bottom panel from Nijenhuis, T., et al. (2003). J. Am. Soc. Nephrol. 14
(11); 2731�2740, with permission.)
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which is expressed at the apical membrane of DCT and
connecting tubule cells, may be stimulated.204,205

More recently, the role of proximal tubular processes
has been re-emphasized. In one study206 thiazides were
found to reduce Ca2 excretion, even when the major
calcium reabsorptive pathway of the distal nephron,
TRPV5, was deleted genetically. TRPV5 deletion pro-
duced a marked rise in urinary calcium excretion at
baseline, but hydrochlorothiazide still reduced urine
calcium excretion in these animals, albeit to levels
which were quite high. A prominent role for ECF vol-
ume contraction and enhanced proximal reabsorption
is consistent with older data suggesting that thiazides
stimulate proximal reabsorption of Ca2.207 Yet, there
are several reasons to consider that a distal effect also
contributes importantly. First, HCTZ induced a pro-
found hypocalciuria in parvalbumin knockout mice,
without increasing NaCl excretion.208 This argues that
ECF volume depletion is not a prerequisite for DCT
diuretic-induced hypocalciuria. Second, saline infusion
does not normalize urinary calcium excretion, either in
humans with Gitelman syndrome,209 in whom NCC is
dysfunctional or in mice with the kinase SPAK deleted,
in whom the abundance and phosphorylation of NCC
is missing.210 One difference may be related to species
and dose. Animals such as the TRPV5 knockout
animals, often display evidence of marked ECF vol-
ume-depletion in response to thiazide treatment (as
indicated by hemoconcentration and weight loss),
whereas ECF volume, at least at steady-state, is typi-
cally normal in people treated with DCT diuretics clini-
cally. Most recently, it was shown that individuals
with Gitelman syndrome have evidence of activated
NaCl transport along the TAL.211 It has been suggested
on this basis that increased solute transport along the
TAL might then contribute to increased calcium reab-
sorption there, as transepithelial voltage should vary
directly with solute transport.212

DCT diuretics also increase urinary magnesium
excretion when administered chronically, and can
cause hypomagnesemia,213,214 although the acute
effects of DCT diuretics are more variable. Magnesium
transport across the apical membrane of DCT cells is
mediated, largely, by the transient receptor potential
channel, TRPM6.215 Chronic treatment of rats with
hydrochlorothiazide reduced the abundance of this
transport protein, a finding that is mimicked by genetic
disruption of the NCC.206 Thus, thiazides may induce
magnesium-wasting, at least in part, by reducing the
abundance of the apical magnesium channel. These
data are consistent with findings from NCC knockout
animals, and from results of chronic thiazide treatment
of rats. In NCC knockout animals, the DCT1 is atro-
phic,216 an effect that appears to be mimicked by
chronic thiazide infusion.217 Inasmuch as this segment

normally expresses TRPM6 at high levels, such atrophy
may explain the reduced TRPM6 expression and mag-
nesium-wasting. This finding, however, may also
account for the relatively mild effects of DCT diuretics
on magnesium homeostasis in humans. The effects of
DCT diuretics to cause apoptosis and atrophy of parts
of the DCT may be a species-specific phenomenon218;
thiazide treatment of humans has not been reported to
cause substantial tubule disruption.

Other effects of DCT diuretics have been suggested
to contribute to magnesium-wasting. Dai et al. pro-
posed that magnesium is transported across the apical
membrane of DCT cells by a hyperpolarization-
activated magnesium channel.219 They found that DCT
diuretics stimulated magnesium uptake into DCT cells
by reducing the intracellular activity of chloride, hyper-
polarizing the membrane voltage, and activating
magnesium channels. These magnesium channels are
sensitive to dihydropyridines, but appear to be distinct
from calcium channels. Amiloride was found to have
similar effects on magnesium uptake.220 The impor-
tance of these channels in renal magnesium homeosta-
sis, however, is unclear, as molecular and genetic
studies have suggested the key role played by
TRPM6.221

Quamme proposed that magnesium-wasting in
Gitelman”s syndrome (and by analogy during DCT
diuretic treatment) results from hypokalemia and from
hyperaldosteronism.222 Ellison suggested that distal
magnesium transport is dependent on the transepi-
thelial voltage. In this case, thiazide diuretics, by
increasing aldosterone concentrations and blocking
electroneutral Na reabsorption, would enhance the
luminal negativity. This would inhibit magnesium
reabsorption.203 The mechanisms of drugs that cause
distal depolarization, such as amiloride magne-
sium,223�225 or that block mineralocorticoid receptors
(MR), such as spironolactone,226,227 remain to be
defined.

Renal Hemodynamics

DCT diuretics increase renal vascular resistance and
decrease the GFR when given acutely. Okusa et al.18

showed that intravenous chlorothiazide reduced the
GFR by 16% when measured as whole kidney clear-
ance or by micropuncture of a superficial distal tubule.
In contrast, however, when flow to the macula densa
was blocked and the SNGFR was measured by micro-
puncture of a proximal tubule, intravenous chlorothia-
zide had no effect on GFR. These data indicate that
diuretic-induced stimulation of the TGF system med-
iates the effect of DCT diuretics on GFR; DCT diuretics
are known to increase the concentration of Na in lumi-
nal fluid entering the superficial distal tubule. It is
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assumed that a change in the tubule fluid ion concen-
tration mediates this effect.

During chronic treatment with DCT diuretics, con-
traction of the ECF volume develops, thereby increas-
ing solute and water reabsorption by the proximal
tubule. This effect reduces the distal Na delivery to
levels that are lower than under control conditions. In
view of the fact that the initial suppression of GFR
resulted from TGF, initiated by distal NaCl delivery,
the GFR usually returns close to control values during
chronic treatment with DCT diuretics.228,229 Thus,
when used chronically, DCT diuretics lead to a state of
very mild ECF volume contraction, increased fractional
proximal reabsorption, and relatively preserved glo-
merular filtration.

When administered acutely, the effect of DCT diure-
tics on renin secretion is variable. If urinary NaCl
losses are replaced, these drugs tend to suppress renin
secretion, probably by increasing NaCl delivery to the
macula densa.18 In contrast, during chronic administra-
tion, renin secretion increases both because solute
delivery to the macula densa declines, and because
volume-depletion activates the vascular mechanism for
renin secretion.102

Pharmacokinetics

DCT diuretics are organic anions that circulate in a
highly protein-bound state. As with loop diuretics, the
amount reaching the tubule fluid by filtration across
the glomerular basement membrane is small; the pre-
dominant route of entry into tubule fluid is by secre-
tion via the organic anion secretory pathway in the
proximal tubule. DCT diuretics are rapidly absorbed,
reaching peak concentrations within 1.5 to 4 hours.3

The amount of administered drug that reaches the
urine varies greatly (for a review see 3), as does the
half-life. Short-acting DCT diuretics include bendroflu-
methiazide, hydrochlorothiazide, tizolemide, and tri-
chlormethiazide. Medium-acting DCT diuretics include
chlorothiazide, hydroflumethiazide, indapamide, and
mefruside. Long-acting DCT diuretics include chlortha-
lidone, metolazone, and polythiazide.3 The clinical
effects of the differences in half-life are increasingly
being appreciated. The incidence of hypokalemia may
be higher in patients taking the longer-acting drugs
such as chlorthalidone,149,230 but it also appears that
longer-acting drugs, and especially chlorthalidone,
have greater antihypertensive efficacy.231

Clinical Use

Indications for the use of DCT diuretics are listed in
Table 40.3. Many details of DCT diuretic use are avail-
able in other reviews2,55,232 and will not be discussed
here. DCT diuretics are used most commonly to treat
essential hypertension. Despite a great deal of recent

debate about their potential complications in the set-
ting of essential hypertension, DCT diuretics continue
to be recommended as drugs of first choice in the treat-
ment of hypertension.233 DCT diuretics are also used
commonly to treat edematous conditions, although
they are frequently perceived as being less effective
than loop diuretics. Although the maximal effect of
loop diuretics to increase urinary Na, Cl, and water
excretion is greater than that of DCT diuretics, Leary
and colleagues have shown that the cumulative effects
of DCT diuretics on urinary Na and Cl excretion are
greater than those of once daily furosemide.234

Although these studies were conducted in normal
volunteers, they may extend to patients with mild
cases of edema. In addition, DCT diuretics have proved
useful to treat edematous patients who have become
resistant to loop diuretics. In this case, the addition of a
DCT diuretic to a regimen that includes a loop diuretic
frequently increases urinary Na and Cl excretion dra-
matically (see below).

DCT diuretics have become drugs of choice to
reduce the recurrence of risk for kidney stones in
patients with idiopathic hypercalciuria.235 As noted,
these drugs decrease urine calcium excretion, and in
randomized controlled trials they significantly reduced
recurrence rates of calcium stones by more than 50%
during three-year periods, as compared with placebo.
Long-acting agents like chlorthalidone and indapamide
are effective with once-daily doses, whereas twice-
daily doses are recommended for hydrochlorothiazide.

The ability of DCT diuretics to reduce urinary cal-
cium excretion suggests that these drugs may prevent
bone loss. Some,236,237 but not all,238,239 epidemiological
studies suggested that DCT diuretics reduce the risk of
hip fracture and osteoporosis. Clinical trials have con-
firmed that thiazide diuretics reduce the loss of cortical
bone and may prevent hip fracture, although the effect
seems modest, and does not persist once the drug has
been discontinued.240�242

DCT diuretics are also employed to treat nephro-
genic diabetes insipidus, causing a paradoxical
decrease in urinary volume flow rate. This action of
DCT diuretics results from the combination of actions.
The best-studied effects include the induction of mild
ECF volume contraction, owing to diuretic-induced
natriuresis, suppression of GFR, owing largely to
diuretic-induced activation of the TGF, and reduced
distal water delivery. Such a mechanism would require
depletion of the ECF volume, a requirement that has
been documented in several studies.229,243 The human
DCT, like the thick ascending limb, is nearly imperme-
able to water.244 Solute reabsorption by the thiazide-
sensitive Na-Cl co-transporter therefore contributes
directly to urinary dilution; thus, blocking Na-Cl
co-transport reduces urinary diluting capacity. More
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recently, DCT diuretics have been shown to alter the
abundance of water and salt transport pathways in the
distal nephron. Kim and colleagues used a rat model of
lithium-induced diabetes insipidus. They showed a
lithium-induced decrease in aquaporin expression that
could be reversed, partially, by DCT diuretics.245

Another report showed that DCT diuretics enhance
water absorption in IMCD from normal rats (in the
absence of ADH) and from Brattleboro rats, and that
HCTZ-stimulated water permeability was blocked par-
tially by PGE2.

246

Adverse Effects

Electrolyte disorders, such as hypokalemia, hypona-
tremia, and hypomagnesemia, are common side-effects
of DCT diuretics. A measurable fall in serum K concen-
tration is nearly universal in patients given DCT
diuretics, but most patients do not become frankly
hypokalemic.230 In the Allhat study, the largest con-
trolled antihypertensive trial, mean plasma K concen-
trations were 0.3 mM lower in patients randomized to
cholorthalidone, compared with amoldipine (which
has little effect on K metabolism). The clinical signifi-
cance of diuretic-induced hypokalemia continues to be
debated.247,248 Unlike the loop diuretics, DCT diuretics
do not influence K transport directly.249,250 Instead,
they increase K excretion indirectly. DCT diuretics
increase tubule fluid flow in the connecting tubule and
collecting duct, the predominant sites of K secretion
along the nephron. Increased flow stimulates K secre-
tion both via flow-dependent potassium channels152

and by diluting luminal potassium.251 In addition,
DCT diuretic-induced ECF volume contraction acti-
vates the renin�angiotensin�aldosterone system, fur-
ther stimulating K secretion. Evidence for the central
role of aldosterone in diuretic-induced hypokalemia
includes the observation that hypokalemia is somewhat
more common during treatment with long-acting DCT
diuretics, such as chlorthalidone, than with short-
acting DCT diuretics, such as hydrochlorothiazide or
with the very-short-acting loop diuretics.149 Another
reason that DCT diuretics may produce more potas-
sium-wasting than loop diuretics is the differences in
effects on calcium transport. As discussed above, loop
diuretics inhibit calcium transport by the thick ascend-
ing limb, increasing distal calcium delivery. In contrast,
DCT diuretics stimulate calcium transport, reducing
calcium delivery to sites of potassium secretion. Okusa
and colleagues252,253 showed that high luminal concen-
trations of calcium inhibit ENaC in the distal nephron,
thereby inhibiting potassium secretion. DCT diuretics
also increase urinary magnesium excretion and
can lead to hypomagnesemia, as discussed above.
Hypomagnesemia may cause or contribute to the hypo-
kalemia observed under these conditions.254 Some

studies suggest that maintenance magnesium therapy
can prevent or attenuate the development of hypokale-
mia,255,256 but this has not been supported universally.

Diuretics have been reported to contribute to more
than 50% of all hospitalizations for serious hyponatre-
mia. Hyponatremia is especially common during treat-
ment with DCT diuretics,257 compared with other
classes of diuretics, and the disorder is potentially life-
threatening. Several factors contribute to DCT diuretic-
induced hyponatremia. First, as discussed above, DCT
diuretics inhibit solute transport in the terminal portion
of the “diluting segment,” the DCT. This impairs the
ability to excrete free water. Second, DCT diuretics can
reduce the GFR, primarily by activating the TGF sys-
tem. This limits solute delivery to the diluting segment,
and impairs free water clearance. Third, DCT diuretics
lead to volume-contraction, which increases proximal
tubule solute and water reabsorption, further restrict-
ing delivery to the “diluting segment.” Fourth, hypona-
tremia has been correlated with the development of
hypokalemia in patients receiving DCT diuretics,258

suggesting total cation depletion. Finally, susceptible
patients may be stimulated to consume water during
therapy with DCT diuretics; although the mechanisms
are unclear, this may contribute importantly to the sud-
den appearance of hyponatremia that can occur during
DCT diuretic therapy. Of note, one report suggests that
patients who are predisposed to develop hyponatremia
during treatment with DCT diuretics will demonstrate
an acute decline in serum sodium concentration in
response to a single dose of the drug.259 Recent studies
suggest that female gender, advanced age, and low
body mass are risk factors for thiazide-induced
hyponatremia.260,261

DCT diuretics frequently cause metabolic alkalosis.
The mechanisms are similar to those described above
for loop diuretics, except that DCT diuretics do not
stimulate Na/H exchange in the TAL.

DCT diuretics cause several disturbances of endo-
crine glands. Glucose intolerance has been a recog-
nized complication of DCT diuretic use since the 1950s.
This complication appears to be dose-related.262,263 The
pathogenesis of DCT diuretic-induced glucose intoler-
ance remains unclear, but several factors have been
suggested to contribute. First, diuretic-induced hypo-
kalemia may alter insulin secretion by the pancreas, via
effects on the membrane voltage of pancreatic β-cells.
When hypokalemia was prevented by oral potassium
supplementation, the insulin response to hyperglyce-
mia normalized, suggesting an important role for
hypokalemia.264 Hypokalemia may also interfere with
insulin-mediated glucose uptake by muscle, but most
patients demonstrate relatively normal insulin sensitiv-
ity.265 Yet others have suggested that hypokalemia is
not likely the only factor, as individuals with familial
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hyperkalemic hypertension who are treated with DCT
diuretics can manifest impaired glucose tolerance,
despite normal-to-high serum potassium.218 Other fac-
tors may contribute to glucose intolerance as well.
Volume-depletion may stimulate catecholamine secre-
tion, but volume-depletion during therapy with DCT
diuretics is usually very mild. DCT diuretics directly
activate calcium-activated potassium channels that are
expressed by pancreatic β-cells, perhaps contributing to
the hyperglycemia.266 Activation of these channels is
known to inhibit insulin secretion.

DCT diuretics increase levels of total cholesterol,
total triglyceride, and LDL cholesterol. These drugs
reduce the HDL.265 Definitive information about the
mechanisms by which DCT diuretics alter lipid metab-
olism is not available, but many of the mechanisms
that affect glucose homeostasis have been suggested to
contribute. Hyperlipidemia, like hyperglycemia, is a
dose-related side-effect, and one that wanes with
chronic diuretic use. In several recent large clinical
studies, the effect of low-dose DCT diuretic treatment
on serum LDL was not significantly different from pla-
cebo.267 In the ALLHAT study, mean cholesterol con-
centrations were higher in the group randomized to
chlorthalidone, but the absolute differences at two and
four years were 2�3 mg/dl.

POTASSIUM-SPARING DIURETICS

Diuretic drugs that act primarily along the aldoste-
rone-sensitive distal nephron (which includes the
DCT2, the connecting tubule, and the collecting duct)
comprise three pharmacologically distinct groups:
aldosterone antagonists (spironolactone); pteridines
(triamterene); and pyrazinoylguanidines (amiloride,
see Figure 40.13). The site of action for all diuretics of
this class is the segment of the nephron that begins
within the DCT. It has been recognized increasingly

that the DCT2 and the connecting tubule play espe-
cially important roles in modulating renal Na and K
balance in response to aldosterone.268 Because of the
ability to minimize the normal tendency of diuretic
drugs to increase potassium excretion, these drugs are
considered “potassium-sparing.” Acute diuretic activ-
ity is weak, because fractional sodium reabsorption in
the collecting tubule usually does not exceed 3% of the
filtered load. For this reason, potassium-sparing drugs
are ordinarily used in combination with thiazides or
loop diuretics, often in a single preparation, to restrict
potassium losses and sometimes augment diuretic
action. However, in certain conditions potassium-
sparing diuretics are used as first line agents (see
Table 40.2). For example, spironolactone is used in the
treatment of edema in patients with cirrhosis,269 and
amiloride or triamterene is used as a first line treat-
ment of Liddle’s syndrome.270

Urinary Electrolyte Excretion

Amiloride, triamterene, and spironolactone are
weak natriuretic agents (see Table 40.1). Their major
effect is to diminish potassium excretion. Additionally,
these three diuretic agents decrease hydrogen ion
secretion by the ASDN. Evidence that spironolactone
decreases hydrogen ion excretion comes from the find-
ing of metabolic acidosis associated with mineralocorti-
coid deficiency, and the finding that spironolactone
produces metabolic acidosis in patients with cirrhosis
who have mineralocorticoid excess. In rats, the admin-
istration of amiloride and triamterene has been shown
to inhibit urinary acidification. A common mechanism
is likely to be involved in mediating the effects of all
three diuretic agents on hydrogen ion secretion. These
drugs reduce the voltage across the distal epithelium,
which is oriented in the lumen-negative direction; they
thus decrease the gradient for hydrogen ion secretion
(see Figure 40.14).

FIGURE 40.13 Structure of collecting duct diuretics.
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Clearance studies in rats have demonstrated that
amiloride produces a decrease in calcium excretion.202

In these studies, amiloride produced both a decrease in
the calcium clearance/Na clearance ratio (CCa/CNa), as
well as a decrease in the fractional excretion of calcium.
The effect of triamterene on clearance of calcium was
less clear, although it did decrease the CCa/CNa ratio.
In vivo microperfusion of rat distal tubules demon-
strated that the effect of chlorothiazide on calcium
absorption was enhanced when amiloride was added,
suggesting that amiloride also increased calcium
absorption by the distal tubule.175 Furthermore, in vitro
perfusion of connecting tubules has shown that amilor-
ide stimulates calcium absorption.271 Amiloride is
believed to stimulate calcium absorption through its
ability to block sodium channels, thereby hyperpolariz-
ing the apical membrane.94 Hyperpolarization of the
apical membrane stimulates calcium entry through epi-
thelial calcium channels TRPV5 (see DCT diuretics,
above). Amiloride has also been reported to reduce
magnesium excretion,214,272 and to prevent the devel-
opment of hypomagesemia during therapy with a DCT
diuretic (see above).

Mechanism of Action

The site of action of potassium-sparing diuretics is
ASDN (see Figure 40.1 and above). The ASDN com-
prises the second part of the DCT, the DCT2, where
amiloride-sensitive Na channels intermingle with NCC

at the apical membrane.176 It also includes the connect-
ing tubule, a segment that may play the dominant role
in regulating urinary K excretion. Finally, it comprises
the cortical and medullary collecting tubules. The con-
necting and collecting tubules are composed of two cell
types; although they appear to have separate functions,
some information has suggested that the view that
principal cells are responsible for the transport of
sodium, potassium, and water, whereas intercalated
cells are primarily responsible for the secretion of
hydrogen or bicarbonate ions, is oversimplified. The
apical membrane of principal cells expresses separate
channels that permit selective conductive transport of
sodium and potassium (Figure 40.14). The mechanism
by which sodium reabsorption occurs is through con-
ductive sodium channels (for a review see 273). The low
intracellular sodium concentration as a result of the
basolateral Na,K-ATPase generates a favorable elec-
trochemical gradient for sodium entry through
sodium channels. Because sodium channels are pres-
ent only in the apical membrane of principal cells,
sodium conductance depolarizes the apical mem-
brane, resulting in an asymmetric voltage profile
across the cell. This effect produces a lumen-nega-
tive transepithelial potential difference. The lumen-
negative potential difference, together with a high
intracellular-to-lumen potassium concentration gradi-
ent, provides the driving force for potassium
secretion.

FIGURE 40.14 Mechanisms of potas-

sium-sparing diuretics. Amiloride (AML, and
triamterene, not shown) block ENaC directly,
as discussed in the text. This occurs in the
DCT2 and in the connecting and collecting
tubules. Blockade reduces the magnitude
of the transepithelial voltage, which secondar-
ily inhibits K secretion and H secretion.
Spironolactone (and eplerenone, not shown)
act by blocking mineralocorticoid receptors
(MR), impeding aldosterone’s (ALDO) ability
to bind. These drugs, therefore, only act when
aldosterone levels are elevated. DCT1 and
DCT2 cells are shown (PC: principal cell; βIC:
beta intercalated cell).
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Sodium is the principal extracellular cation whose
conductance across the principal cell of the collecting
duct is amiloride-sensitive, and is regulated by the
activity and apical membrane expression of the epithe-
lial sodium channel (ENaC).274,275 The functional chan-
nel comprises at least three homologous subunits, α, β,
γ. The biophysical characteristics of ENaC include a
low single channel conductance of B5 pS, long open
and closed times, a high Na1 to K1 selectivity ratio of
.100:1, and it is inhibited by submicromolar concen-
trations of amiloride.276 Although inferential work sug-
gested several different stoichiometries,277,278 the
crystal structure of the structurally-related acid sensing
channel, ASIC, provides strong support for a heterotri-
meric model, in which one of each subunit is
present.279,280,283

Although the crystal structure should permit clearer
insights into the site of ENaC blockade by amiloride, a
great deal of information has already accumulated.
Amiloride and other large cations block apical Na1

channels in a voltage-dependent manner, suggesting
that amiloride block occurs within the pore of these
channels.281 Schild et al.282 found that mutations at
equivalent positions in all three subunits reduce the
efficacy of amiloride block. When cysteine residues
were introduced at these sites, they were susceptible to
chemical modification by methanethiosulfonate com-
pounds from the extracellular space,283 suggesting that
amiloride gains entry to and binds within the channel
pore. If this is confirmed, it is strikingly similar to the
new model for loop diuretic binding to NKCC1.73

Kleyman and colleagues283 describe two potential
models for ENaC structure. Mutation of sites within
the proposed selectivity tract and an upstream site one
helical turn away alters the efficacy of amiloride block.
In one model, these sites face the pore lumen, but lie
on the cytosolic side of the most constricted part. The
selectivity tract lies one turn further toward the cytosol.
In the other model, these sites lie near the extracellular
entry of the most constricted part of the pore. It was
suggested that the requirement for amiloride addition
to the extracellular side of the membrane for inhibition
is more consistent with the latter configuration, but
these issues should be clarified now that relevant crys-
tal structures are becoming available.

This group further suggested that the glycines at
β525 and γ537 (the greek letters correspond to the
ENaC subunits), and the tolerance of a wide variety of
substitutions for serine α583, indicate that these resi-
dues probably do not interact directly with amiloride,
but instead affect the shape of the amiloride-binding
pocket. They proposed a model for amiloride-binding
where the pyrazine ring is positioned at the αSer583/
βGly525/γGly537 site, and the guanidinium group is
positioned at the outer mouth of the selectivity tract.284

As the ASIC crystal structure is not in the open-state
likely to bind to the diuretic, it is not surprising that
the pore models do not allow for amiloride to interact
with the channel at these sites, and that neither model
is fully consistent with functional data. Both models
are based on structures of ASIC1 in a nonconducting
state, and amiloride blocks ENaC in the open state. It is
likely, however, that progress in unraveling what has
been a difficult question concerning the mechanisms of
amiloride association with the channel will now be
more rapid, and should resolve these confusing issues.

The amount of sodium and potassium present in the
final urine is tightly controlled by aldosterone action
on cells of the ASDN. Extensive studies have demon-
strated that, in epithelia, aldosterone produces an early
increase in sodium conductance,285,286 followed by a
sustained increase in transepithelial sodium transport.
As a result, transepithelial sodium transport is
increased, an effect that depolarizes the apical mem-
brane (see Figure 40.14). An increase in the lumen neg-
ative potential in turn enhances potassium secretion
through conductive potassium channels located in the
apical membrane. The cellular mechanisms that are
responsible for these events have been extensively
studied and reviewed.287,288 The effects of aldosterone
are largely mediated through a classical genomic effect
through action on MR. Nongenomic actions in
extrarenal tissues are likely to occur, but appear less
prominent in the kidney.287�289 Genomic actions of
aldosterone are initiated by penetration of the hormone
through the basolateral membrane of principal cells
and attachment to a cytosolic MR, a heterotrimeric
8�9 s complex of proteins. This receptor complex
includes the steroid-binding protein and heat shock
proteins (HSP). Binding of aldosterone to this complex
stimulates the release of HSPs, leading to the
translocation of the receptor-aldosterone complex to
the nucleus. The function of HSPs is not clear. It is
thought that they facilitate anchoring of unbound
steroid receptors to the cytoskeleton, maintaining a
high-affinity conformation.290 Evidence also indicates
that released HSP90 stimulates calcineurin, a protein
phosphatase that regulates sodium transport, in a
transcription-independent process.291 This binding and
translocation sequence leads to production of proteins
called aldosterone-induced proteins (AIPs)292 that regulate
sodium flux.293 These AIPs regulate channel activ-
ity.292,294 Although signaling pathways for aldosterone
in the ASDN remain incompletely understood, a cen-
tral role for serum and glucocorticoid-regulated kinase
(sgk1) is generally inferred.289 Sgk is regulated at the
level of transcription by corticosteroids, including aldo-
sterone,295,296 and in turn is known to phosphorylate
Nedd4 ubiquitin ligases.297 Serum and glucocorticoid-
regulated kinase modulates Nedd4�2-mediated
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inhibition of the epithelial Na1 channel. Nedd4�2 phos-
phorylation induces serum and glucocorticoid-regulated
kinase (SGK) ubiquitination and degradation,298 and
prolongs the surface expression and activity of ENac.
The reader is referred to other chapters in these volumes
for a more thorough discussion of aldosterone signaling.

SPIRONOLACTONE AND EPLERENONE

Spirolactones are compounds that have the
principal effect of blocking aldosterone action.299,300

One of these, spironolactone (Figure 40.13), is an ana-
log of aldosterone that is extensively metabolized.
Spironolactone is converted by deacylation to 7α-thios-
pironolactone or by diethioacetylation to canrenone.300

The appearance of active metabolites means that the
physiological effects of spironolactone outlast the half-
life of the parent drug (see below). In the kidney, spiro-
nolactone and its metabolites enter target cells from the
peritubular side, and compete for binding to cytosolic
MRs. In studies using radiolabeled spironolactone or
aldosterone, [3H]-spironolactone-receptor complexes
were found to be excluded from the nucleus. In
contrast, [3H]-aldosterone-receptor complexes were
detected in the nucleus.301 These results are consistent
with the proposal that aldosterone antagonists block
the translocation of MRs to the nucleus. The mecha-
nism by which aldosterone antagonists block nuclear
localization of antagonist-receptor complexes is not
known, however, it has been suggested that they desta-
bilize MRs, facilitating proteolysis.302 As discussed pre-
viously MRs, like other steroid receptors, contain a
steroid-binding unit associated with other cellular
components including HSP90, in its inactive state.
Steroid-binding produces dissociation of HSP90 from
the steroid-binding unit, uncapping the DNA-binding
sites. Spironolactone facilitates the release of HSP90,
and in combination with rapid dissociation of ligand,
could lead to degradation of the receptor.302

A newer aldosterone receptor antagonist, eplere-
none, is also a competitive antagonist of the aldoste-
rone receptor. Replacing the 17alpha-thoacetyl group
of spironolactone with a carbomethoxy group confers
improved selectivity for aldosterone receptors, and
negligible activity at the cytochrome P450 enzyme,303

but 10�20-fold lower affinity for its receptor.304

Eplerenone has a slightly longer half-life of 3.5 hours
compared to spironolactone, but it does not produce
important metabolites; thus, the apparent effective
half-life of eplerenone is shorter than that of spirono-
lactone, in clinical use. In vitro receptor-binding studies
have revealed that the affinity of eplerenone is approxi-
mately 10- to 20-fold less than the affinity of spirono-
lactone for the MR.

Spironolactone induces a mild increase in sodium
excretion (1�2%), and a decrease in potassium and
hydrogen ion excretion.305,306 Its effect depends on the
presence of aldosterone, as spironolactone is ineffective
in adrenalectomized animals, and in patients with
Addison”s disease or patients on a high-salt diet. In
cortical collecting tubules perfused in vitro, spironolac-
tone added to the bath solution reduced the aldoste-
rone-induced lumen-negative transepithelial voltage.
By blocking sodium absorption in the collecting tubule,
a decrease in lumen-negative potential reduces the
driving force for passive sodium and hydrogen ion
secretion (see Figure 40.14). It is likely that the mecha-
nism of eplerenone action on Na and K transport along
the ASDN is identical.

AMILORIDE AND TRIAMTERENE

Amiloride and triamterene (see Figure 40.13) differ
structurally, but both are organic cations that use the
same primary site of action (see Figure 40.14).
Triamterene is an aminopteridine chemically related to
folic acid, and amiloride is a pyrazinoylguanidine.
Systemically administered amiloride results in an
increase in sodium excretion and a decrease in potas-
sium excretion.151 Their actions on sodium and potas-
sium transport, unlike spironolactone, are independent
of aldosterone. Systemically administered amiloride
produced a small increase in sodium excretion, and a
much larger decrease in potassium excretion. Sampling
of tubule fluid from the distal tubule demonstrated an
inhibition of the normal rise in the tubule fluid-to-
plasma potassium ratio. These results indicated that
amiloride decreased distal tubule potassium secretion.
Experiments employing in vivo microperfusion of distal
tubules250,307 and in vitro perfusion of isolated cortical
collecting tubules308,309 demonstrated that luminally
administered amiloride reduced sodium absorption
and potassium secretion. Similar results were obtained
following in vivo microperfusion with benazamil,253 a
more potent amiloride analog that is not available for
use clinically. The mechanism by which amiloride
decreases potassium secretion is due to its effect in
blocking sodium conductance in the apical membrane
of distal tubule and collecting tubule cells (see
Figure 40.14), thereby decreasing the electrochemical
gradient for potassium secretion.

In high concentrations (.100 μM), amiloride interacts
nonspecifically with different transporters, enzymes,
and receptors, however, at concentrations of 0.05 to
0.5 μM, amiloride interacts specifically with sodium
channels. Furthermore, aromatic substitutions on the
guanidinium moiety render the molecule even more
potent (IC50 10�20-fold lower than amiloride).310,311
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Clearance and free-flow micropuncture studies
using triamterene demonstrated results similar to stud-
ies with amiloride,151 although the mechanism of
action is not as clearly defined. In earlier studies of rab-
bit cortical collecting tubules perfused in vitro, triamter-
ene produced a gradual, reversible inhibition of the
potential difference after a latent period of 10 minutes,
suggesting a mechanism different from amiloride.
Recent studies, however, suggest that triamterene
binds to the epithelial sodium channel, and thus has a
mechanism of action similar to amiloride.312

Pharmacokinetics

Spironolactone is poorly soluble in aqueous fluids.
Bioavailability of an oral dose is approximately 90% in
some, but not all, commercial preparations. The drug is
rapidly metabolized in the liver into a number of meta-
bolites. Until recently, canrenone was thought to be the
major metabolite of spironolactone.299,313 This conclu-
sion was based on fluorometric assays. Assays of spiro-
nolactone and its metabolites by the use of high
performance liquid chromatography (HPLC), however,
demonstrated that fluorometrically measured levels of
canrenone overestimated true canrenone levels.314

Using HPLC, the predominant metabolite, 7α-methyl-
spironolactone,315 is responsible for roughly 80% of the
potassium-sparing effect. Spironolactone and its meta-
bolites are extensively bound to plasma protein (98%).
In normal volunteers, taking spironolactone (100 mg/
day) for 15 days, the mean half-lives for spironolac-
tone, canrenone, 7-thiomethylspironolactone, and 6β-
hydroxy-7α-thiomethylspironolactone were 1.4, 16.5,
13.8, and 15 hours, respectively. Thus, although unme-
tabolized spironolactone is present in serum, it has a
rapid elimination time. The onset of action is extremely
slow, with peak response sometimes occurring 48
hours or more after the first dose; effects gradually
wane over a period of 48 to 72 hours. Spironolactone is
used in cirrhotic patients to induce a natriuresis. In
these patients, pharmacokinetic studies indicate that
the half-lives of spironolactone and its metabolites are
increased. The half-lives for spironolactone, canrenone,
7α-thiomethylspironolactone, and 6β-hydroxy-7α-thio-
methylspironolactone are 9, 58, 24, and 126 hours
respectively.316

Less information concerning pharmacokinetics is
available for amiloride and triamterene. Amiloride is
rapidly absorbed, and reaches peak serum concentra-
tions after approximately 4 hours. Its elimination half-
life is 17�26 hours, with 40�60% appearing in the
urine unchanged.3 Both amiloride and triamterene are
organic cations that are secreted into proximal tubule
fluid by an organic cation transporter, in a manner
analogous to secretion of loop and DCT diuretics by
the organic anion transporter.

Clinical Use

The uses of potassium-sparing diuretics are broad-
ening, as negative effects of aldosterone in human dis-
ease are discovered. Traditionally, an important
indication for potassium-sparing diuretics is to prevent
or attenuate K losses that are consequent to administra-
tion of DCT or loop diuretics.317

MR antagonists become effective natriuretics in
patients with high circulating aldosterone levels, such
as in primary (adrenal adenoma or bilateral adrenal
hyperplasia)318 or secondary hyperaldosteronism
(congestive heart failure, cirrhosis, nephrotic syn-
drome). Spironolactone is especially appropriate for
the treatment of cirrhosis with ascites, a condition
invariably associated with secondary hyperaldosteron-
ism. In comparison to loop or thiazide diuretics, spiro-
nolactone is equivalent or more effective.319 The reason
for this observation could be related to the differences
in the mechanism of drug action, including the fact
that MR antagonists do not require secretion by trans-
porters to reach their sites of action. A combination of
loop diuretic in addition to spironolactone is consid-
ered to be the best combination between safety and
efficacy in cirrhotic patients with resistant edema (ratio
of 40 mg furosemide to 100 mg spironolactone320).

Although its acute natriuretic action is weak, MR
antagonists lower blood pressure and are often quite
effective in the control of resistant hypertension.321

Spironolactone or eplerenone is also indicated for the
treatment of mineralocorticoid hypertension. Several
controlled randomized studies have shown benefits of
MR blockade on outcomes in patients with heart fail-
ure. A discussion of these indications is beyond the
scope of this chapter, but it has been suggested that
these beneficial effects are independent of effects of
these drugs on the kidney.322

Triamterene or amiloride is generally used in combi-
nation with potassium-wasting diuretics (thiazide or
loop diuretics), especially when maintenance of normal
serum potassium concentrations is clinically important.
In addition, amiloride (or triamterene) has also been
used as initial therapy in potassium-wasting states,
such as primary hyperaldosteronism,323,324 Liddle’s325

or Gitelman’s syndrome.326 Amiloride has been used in
the treatment of lithium-induced nephrogenic diabetes
insipidus. The efficacy of amiloride in this disorder
relates to the ability of amiloride to block collecting
duct sodium channels, a pathway which lithium uses
to gain entry into cells.327

Adverse Effects

The most serious adverse reaction encountered
during therapy with spironolactone and eplerenone is
hyperkalemia.328 Serum potassium should be monitored
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periodically, even when the drug is administered with a
potassium-wasting diuretic. Patients at highest risk are
those with low GFRs, and those individuals who take
potassium supplements concurrently. In patients with
cirrhosis and ascites treated with spironolactone, hyper-
chloremic metabolic acidosis can develop independent
of changes in renal function. Unwanted antiandrogenic
and progestational side-effects of spironolactone include
gynecomastia, decreased libido, and impotence in men.
Women may develop menstrual irregularities, hirsutism
or swelling and tenderness of the breast. These trouble-
some side-effects were the impetus for developing epler-
enone. In subjects receiving eplerenone for heart failure,
the incidence of gynecomastia and impotence among
men was similar to placebo.329 These differences in side-
effects are likely related to eplerenone’s greater selectiv-
ity for the MR versus androgen and progesterone recep-
tors. Spironolactone-induced agranulocytosis has also
been reported.330

Triamterene and amiloride may cause hyperkalemia.
The risk of hyperkalemia is highest in patients with
limited renal function (e.g., renal insufficiency, diabe-
tes, and elderly patients). Additional complications
included elevated blood urea nitrogen and uric acid,
glucose intolerance, and GI disturbances. Triamterene
induces crystalluria or cylinduria,331 and may contrib-
ute to or initiate formation of renal stones332 and AKI
when combined with nonsteroidal anti-inflammatory
agents.333,334 The drugs are contraindicated in patients
with hyperkalemia, individuals taking potassium sup-
plements in any form, and in patients with severe renal
failure with progressive oliguria.

AQUARETICS (VASOPRESSIN RECEPTOR
ANTAGONISTS)

Urinary Electrolyte Excretion

Vasopressin-receptor antagonists are nonpeptide
molecules that competitively inhibit one or more of the
human vasopressin receptors V1a, V1b or V2.
Conivaptan is a combined V1a/V2-receptor antagonist
for intravenous use, whereas tolvaptan, mozavaptan,
and lixivaptan are orally active V2-selective receptor
antagonists. All of these agents cause a free water
diuresis without appreciable natriuresis or kaliuresis,
and they are therefore sometimes referred to as “aqua-
retics.” This effect is mainly attributed to inhibition of
the V2-receptor in the collecting duct, which prevents
vasopressin from recruiting AQP2 water channels to
increase water reabsorption. Therefore, vasopressin-
receptor antagonists can be used to treat hypervolemic
or euvolemic hyponatremia, in which increased vaso-
pressin is considered “inappropriate.”

Mechanism of Action

The effects of arginine vasopressin (AVP, also called
antidiuretic hormone, ADH) are mediated by two
major receptor subtypes: V1- and V2. V1 receptors are
expressed in many cell types, including vascular
smooth muscle (V1a) and adenohypophysis (V1b). V2-
vasopressin receptors are expressed in kidney and
seminal vesicles. V2 receptors have been localized to
principal cells of the connecting tubule, cortical and
medullary collecting duct. Binding of AVP to V2-vaso-
pressin receptors in collecting duct cells results in
water reabsorption. Many clinical disorders such as cir-
rhosis, congestive heart failure, and syndrome of inap-
propriate antidiuretic hormone secretion (SIADH) are
associated with high levels of AVP that prevent appro-
priate water excretion, resulting in hyponatremia.

Nonpeptide vasopressin receptor antagonists (coni-
vaptan and tolvaptan) are now available for clinical
use in the United States; they are indicated to
treat euvolemic and hypervolemic hyponatremia.
Conivaptan is a benzazepine derivative and the first
combined vasopressin V1aR/V2R antagonist.335 This
agent displaces a selective vasopressin V1aR antagonist
in a dose-dependent manner from rat liver membranes;
the IC50 was 2.26 0.1 nmol/L. The agent also caused a
concentration-dependent displacement of a vasopres-
sin V2R antagonist from renal medullary membranes,
and the IC50 of the binding affinity was 0.46 0.1 nmol/
L.336 Oral conivaptan given for seven days in normo-
tensive rats caused a dose-dependent aquaresis, with
no effect on specific blood pressure.337 When adminis-
tered to healthy volunteers orally, conivaptan effects
were observed after two hours including a seven-fold
increase in the urinary flow rate, and a decrease in uri-
nary osmolality from 600 mOsm/kg to ,100 mOsm/
kg. Plasma osmolality increased from 2836 1.3 mOsm/
kg to 2896 1.7 mOsm/kg.336

Clinical Use

In double-blind, randomized, placebo-controlled
clinical trials conivaptan was shown to increase serum
Na concentrations in a variety of settings.336 Although
conivaptan was originally discovered as an orally
active V1a/V2 antagonist, it was developed for intrave-
nous application. In one study it was given intrave-
nously by continuous infusion over four days at doses
of 40 mg/day and 80 mg/day following a loading dose
of 20 mg intravenously on the first day. During the
study, patients adhered to fluid restriction of 2 L/day.
In the group of patients receiving high-dose conivaptan
(80 mg/day), the treatment increased the serum
sodium concentration significantly from a baseline of
125 mmol/L to 134 mmol/L.336 These data suggest that
conivaptan is an efficient therapy of hyponatremia and
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is safe. Unfortunately, infusion side-effects, including
infusion site reactions are quite common.

At present, some 20 clinical trials have tested these
agents against placebo or conventional therapy in
patients with liver cirrhosis, heart failure or hyponatre-
mia secondary to SIADH.338 In all trials, vasopressin-
receptor angatonists effectively raised serum sodium
and helped to correct hyponatremia. In addition, a
positive effect on some secondary endpoints was
observed, including improved mental condition and
reductions in body weight, dyspnea, and ascites.339�341

Unfortunately, these effects have not led to improve-
ments in most hard endpoints. The Efficacy of
Vasopressin Antagonist in Heart Failure Outcome
Study with Tolvaptan (EVEREST), which included
4133 patients hospitalized for heart failure, did not
show a beneficial effect on the primary outcomes of
death or rehospitalization for heart failure.339 Thus,
vasopressin-receptor antagonists appear effective in
the correction of hyponatremia, but have not yet shown
an effect on primary outcomes.

GENERAL PRINCIPLES OF
DIURETIC ACTION

When a diuretic drug (other than an aquaretic) is
first administered to a normal individual, urinary
sodium and chloride excretion rates increase. The mag-
nitude of the increase is determined by the nature of
the drug, the dose, the gastrointestinal absorption, the
delivery to the kidney, entry into tubule fluid (for
diuretics that act from the tubule lumen), and the phys-
iological state of the individual. Except for diuretics
that act predominantly in the proximal tubule, such as
the CA inhibitors, the maximal natriuretic potency of a
diuretic can be predicted from its site of action.
Table 40.1 shows that loop diuretics can increase frac-
tional Na excretion to 30%, DCT diuretics can increase
it to 9%, and Na channel blockers can increase it to 3%
of the filtered load. Because CA inhibitors enhance
excretion of Na with bicarbonate rather than chloride,
and because they induce adaptive processes that are
described more fully below, the maximal natriuretic
potency of CA inhibitors is much lower than would be
predicted from their site of action. The dose�response
curve for diuretic action has been best characterized for
loop diuretics. In this case, the relationship is sigmoidal
(see Figure 40.7), when the fractional Na excretion is
plotted versus the urinary diuretic concentration.136

Most diuretics act from the luminal surface. Therefore,
the best external indicator of diuretic drug concentra-
tion at the active site is the urinary diuretic
concentration.

The bioavailability of diuretic drugs varies widely,
between classes of drugs, between different drugs of
the same class, and even between days of the week
with the same drug. The bioavailability of loop diure-
tics ranges from 10�100% (mean of 50% for furose-
mide, 80�100% for bumetanide and torsemide (see
Table 40.2). Limited bioavailability can usually be over-
come by appropriate dosing, but some drugs, such as
furosemide, are variably absorbed, making precise
titration difficult.136 Although the bioavailability pre-
dicts that oral furosemide should be half as potent as
intravenous furosemide, the relationship is not simple,
and depends on the clinical state of the individual. For
example, the amount of Na excreted during 24 hours is
similar when furosemide is administered to a normal
individual by mouth or by vein (see Figure 40.7). Yet
the total amount of furosemide excreted in the urine
during the same period is approximately half as great
following oral compared with intravenous administra-
tion.342,343 This paradox results from the fact that oral
furosemide absorption is slower than its clearance,
leading to “absorption-limited” kinetics. Thus, effective
serum furosemide concentrations persist longer when
the drug is given by mouth, because a reservoir in the
gastrointestinal tract continues to supply furosemide to
the body. This relationship holds for a normal individ-
ual (Figure 40.7), but not necessarily for a patient who
suffers from an edematous disorder. In this case, a
higher serum drug level may be needed to elicit natri-
uresis, and the lower serum drug level achieved by
oral treatment may be inadequate to reach the natri-
uretic threshold. For this reason, it is customary to
double the furosemide dose when changing from intra-
venous to oral therapy.136 Variations in bioavailability
may lead to increased hospitalizations for patients with
congestive heart failure treated with furosemide, com-
pared to a drug such as torsemide that is more
completely absorbed, but this remains to be established
in larger studies.344

A third factor that determines the maximal natriure-
sis following diuretic drug administration is drug
delivery to its active site. Most diuretics, including the
loop diuretics, DCT diuretics, and amiloride, act from
the luminal surface. Thus, to be effective, these drugs
must be delivered into tubule fluid by glomerular fil-
tration or by tubular secretion. Although most diuretics
are small molecules, most circulate tightly bound to
protein and reach tubule fluid primarily by secretion.
When serum albumin concentrations are very low, the
volume of diuretic distribution increases,134 but this
factor may not be as important in causing diuretic
resistance as believed previously.345 Nevertheless,
when serum albumin concentrations are less than 2 g/L,
reduced diuretic delivery to the kidney may play a role
in resistance.346�349
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Loop and DCT diuretics are organic anions that cir-
culate bound to albumin, and reach tubule fluid pri-
marily via organic anion secretory pathways in the
proximal tubule.350 Four isoforms of organic anion
transporters (OATs) have been cloned and are
expressed in the kidney.351,352 Peritubular uptake by an
OAT is a tertiary active process (see Figure 40.15).
Energy derives from the basolateral Na1,K1-ATPase
that provides a low intracellular [Na1] that drives an
uptake of Na1 coupled to a-ketoglutarate (aKG2) to
maintain a high intracellular level of aKG2. This, in
turn, drives a basolateral OA2/aKG2 countertranspor-
ter. OAT translocates diuretics into the proximal tubule
cell where they can be sequestered in intracellular vesi-
cles. They are secreted across the luminal membrane
by a voltage-driven OAT,353 and by a countertranspor-
ter in exchange for urate or OH2.352 OAT1 is expressed
on the basolateral membrane of the S2 segment of the
proximal tubule. Genetic OAT1 causes dramatically
impaired renal organic anion secretion, and also
furosemide resistance.354 Thus, OAT1 plays a central
role in mediating loop diuretic secretion by proximal
cells. Albumin has been reported to stimulate renal
organic anion secretion directly, in a dose-dependent
manner, up to a maximum when the concentration
reaches 1 g/dl.355

Endogenous and exogenous substances may com-
pete with diuretics for secretion into tubule fluid and
affect diuretic response. Uremic anions,356 non-steroi-
dal anti-inflammatory drugs,357 probenecid,358 and
penicillins all inhibit loop and DCT diuretic secretion

into tubule fluid. Under some conditions, this may
predispose to diuretic resistance, because the concen-
tration of drug achieved in tubule fluid does not
exceed the diuretic threshold. For example, in chronic
kidney disease, diuretic delivery into the urine is
reduced. This shifts the diuretic dose�response curve
to the right, requiring a higher dose to achieve maxi-
mal effect (see Figure 40.7). Surprisingly, however,
probenecid increases the natriuretic effects of chloro-
thiazide and furosemide when administered to nor-
mal individuals.358,359 This effect results from the
probenecid-induced impairment in renal diuretic
clearance, which prolongs the effective half-life,
permitting diuresis to continue over a longer period
of time. Thus, achieving sufficient levels, the effect of
a secretory inhibitor will be to increase the natriuretic
response, owing to a prolonged half-life. In contrast,
in a patient whose dose is near to the diuretic
threshold, impairments of secretion can lead to
achievement of sub-threshold levels in tubule fluid,
and to diuretic resistance.

Amiloride and triamterene are organic cations that
reach tubule fluid via organic cation secretory path-
ways in the proximal tubule. Movement of cationic
diuretics from cell to lumen occurs, at least in part, via
an organic cation/H exchanger, which is coupled func-
tionally to the apical Na/H exchanger.350 Creatinine,
cimetidine, trimethoprim, quinidine, quinine, atropine,
ofloxacin, morphine, and paraquat are all secreted by
this pathway.350 Cimetidine has been shown to inhibit
the secretion of amiloride.360

Lumen

S2 proximal cell

MRP2
Loop diuretic
DCT diuretic

3Na+

Probenecid

Uremic
anions

Loop diuretic
DCT diuretic

3Na+

2K+

OAT1
OAT3

NaDC3

ATPase

α ketoglutarate2+

Interstitium

FIGURE 40.15 Mechanisms of diuretic

secretion by proximal tubule cells. Cell
diagram of the S2 segment of the proximal
tubule, showing secretion of anionic
diuretic, including loop diuretics and
DCT diuretics. Peritubular uptake by an
organic anion transporter (primarily
OAT1, although OAT3 may play a smaller
role) is in exchange for α-ketoglutarate.
α-Ketoglutarate is brought into the cell by
the Na-dependent cation transporter,
NaDC-3. Luminal secretion can be via a
voltage-dependent pathway or in exchange
for luminal hydroxyl (OH2) or urate. A por-
tion of the luminal transport traverses the
multidrug resistance protein-2 (MRP-2).412
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A fourth factor that may influence diuretic effective-
ness is protein-binding in tubule fluid. Diuretic drugs
are normally bound to proteins in the plasma, but not
once they are secreted into tubule fluid. This reflects
the normally low protein concentrations in tubule
fluid. In contrast, when serum proteins such as albu-
min are filtered in appreciable quantities, diuretic
drugs will interact with them.361 This protein�drug
interaction appears to inhibit the ability of the diuretic
to interact with luminal transport proteins. Kirchner
and colleagues showed that adding albumin to
diuretic-containing fluid used to perfuse rat loops of
Henle reduced the effects of the loop diuretic by
approximately 50%. This effect was specific for albu-
min, since IgG did not mimic it,362 and the effect could
be prevented by adding inhibitors of protein-binding
such as warfarin or sulfisoxizole.363 The role of this
process in human diuretic resistance, however, has
been questioned, as protein-binding inhibitors do not
increase diuretic efficacy in proteinurinc humans.364

Although the reasons for the discrepant results
between animal models and humans are unclear, it
seems unlikely that urinary albumin-binding to diure-
tics is an important contributor to diuretic resistance.

Patients given diuretic drugs to treat edematous
conditions all manifest some diuretic resistance (see
Figure 40.7). This is evident in the shift to the right and
downward in the dose�response curve for a loop
diuretic.

DIURETIC ADAPTATIONS AND
DIURETIC RESISTANCE

Although the clinically useful diuretic drugs all
increase urinary solute and water excretion, the goal of
diuretic therapy of edema is to reduce the ECF volume.
This usually requires an increase in urinary solute and
water excretion, but such an increase is not sufficient to
effect ECF volume contraction by itself. Furthermore,
any initial increase in daily urinary NaCl and water
excretion begins to wane after several days of diuretic
treatment. That is because of specific renal adaptations
that occur during diuretic therapy. When diuretic
adaptation becomes manifest once the desired ECF vol-
ume has been attained, it is clinically useful and pre-
vents progressive ECF volume contraction. When these
same processes develop prior to achieving the desired
ECF volume, they would be viewed as contributing to
diuretic resistance. Because specific therapeutic
approaches can be devised to overcome these adapta-
tions, an understanding of renal adaptations to diuretic
treatment is crucial for understanding diuretic treat-
ment of edema. For the purposes of this discussion,
diuretic adaptations will be classified as immediate,

short-term, and chronic. Immediate adaptations limit the
intrinsic potency of diuretic drugs; these occur during
the initial diuretic-induced natriuresis, and generally
result from intrinsic renal processes. Short-term adap-
tations occur after the initial effect of the diuretic drug
has worn off, and may result from both systemic and
intrarenal processes. Chronic adaptations occur only
when diuretic drugs have been administered during a
long period of time (days to weeks). Because diuretic
resistance is most commonly observed in patients who
have received high doses of loop diuretics during long
periods of time, these chronic adaptations may be espe-
cially relevant to the phenomenon of diuretic resistance
in patients.

Immediate Adaptations

About 25 moles of sodium are filtered every day by
the kidneys in a normal human. Because dietary salt
intake on a Western diet is typically 110�260 mmol
daily, approximately 3 pounds of salt (17 moles5 1 kg
NaCl) must be reabsorbed every day by the renal
tubules to maintain salt balance. As discussed above,
all sodium chloride reabsorption along the mammalian
nephron is driven by the action of Na/K-ATPase,
which is present along the basolateral cell membrane
of most renal epithelial cells. Transepithelial sodium
transport occurs because apical transport pathways
permit Na to move down its electrochemical gradient
from tubule lumen to cell, often coupled to the move-
ment of other ions across the same membrane. Most
diuretics drugs act by inhibiting apical Na transport
pathways. Because apical Na transport pathways are
nephron segment-specific, each class of diuretic inhi-
bits Na transport predominantly along a single segment
of the nephron (see Figure 40.1). The axial organization
of renal tubules, and the nephron segment-specific
inhibition of salt transport by diuretics, means that
diuretics have both direct effects and indirect effects on
solute transport along the nephron.

When NaCl reabsorption along the thick ascending
limb is inhibited by loop diuretics, the NaCl concentra-
tion in fluid that enters the distal tubule is greatly
increased. In one study, the Na concentration in fluid
entering the distal tubule of rats rose from 42 to
140 mM during acute loop diuretic infusion.151 The
higher luminal NaCl concentration increased Na
absorption along the distal tubule (from 148 to
361 pmol/minute), because NaCl transport varies
directly with the luminal NaCl concentration. Further,
loop diuretics have little or no effect on ion transport
along the distal tubule.250 The bulk of the increased
NaCl transport along the distal tubule appears to result
from enhanced transcellular transport via the thiazide-

1385DIURETIC ADAPTATIONS AND DIURETIC RESISTANCE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



sensitive Na-Cl co-transporter. In microperfused rat
distal tubules, raising the luminal NaCl concentration
two-fold increased transepithelial Na transport by a
factor of 3; this increase could be blocked entirely by
luminal chorothiazide.365 The dependence of transe-
pithelial NaCl transport on luminal NaCl concentration
probably results from a dependence of the thiazide-
sensitive Na-Cl co-transporter on extracellular Na and
Cl concentrations,180 although effects to increase the
abundance of NCC may also be involved.

This first level of adaptation to diuretic drugs occurs
during the period of diuretic-induced natriuresis; this is
the compensatory increase in NaCl reabsorption along
segments that are not targets of diuretic action. The net
effect of acute diuretic administration on urinary Na
and Cl excretion, therefore, reflects the sum of effects
in the diuretic-sensitive segment (inhibition of NaCl
reabsorption) and in diuretic-insensitive segments (sec-
ondary stimulation of NaCl reabsorption). Although
the most clinically important example of this form of
adaptation involves loop diuretics, these compensatory
processes occur during administration of most classes
of diuretics. The importance of compensatory processes
to blunt the acute effects of diuretics is exemplified by
CA inhibitors, which inhibit Na transport across cells
of the proximal tubule. Because a large portion of the
Na that is rejected by the proximal tubule during CA
inhibitor administration is reabsorbed along the loop of
Henle and distal tubule, only a fraction escapes into
the urine. CA inhibitors, therefore, are drugs of only
modest potency. Blockade of immediate adaptive pro-
cesses enhances the effects of the administered diuretic,
as when loop diuretics are combined with CA inhibi-
tors, acutely. A similar phenomenon has been observed
in animals lacking NHE3, the apical Na/H exchanger
of the proximal tubule.13 These animals exhibit mini-
mal salt-wasting, owing to compensatory processes.

Short-Term Adaptations (Post-Diuretic NaCl
Retention)

The half-life of most diuretics (especially the loop
diuretics) is relatively short. Thus, serum diuretic con-
centrations are often below the natriuretic threshold
during a portion of each day, except when the drugs
are infused constantly. This second type of adaptive
response to diuretic administration occurs after the
peak natriuresis has occurred, and is most prominent
when the drug concentration in plasma and tubular
fluid declines below the diuretic threshold. In this situ-
ation, diuretic is no longer present in tubule fluid to
inhibit renal Na reabsorption and a period of NaCl
retention, often termed “post-diuretic NaCl retention”
begins (see Figure 40.16). The net effect of the diuretic
drug during 24 hours, therefore, results from a period
of natriuresis (when NaCl transport is inhibited by the

diuretic), and a period of anti-natriuresis (when the
drug concentration is low, before the next dose is
given).

Mechanisms that contribute to post-diuretic NaCl
retention have been investigated intensively and may
be grouped into three classes: first, factors that result
from changes in ECF volume; second, factors that
result from diuretic-induced increases in distal sodium,
chloride, and fluid delivery; and third, factors that
result from direct effects of diuretic drugs on tubule
transport processes. One signal initiating NaCl reten-
tion in the post-diuretic period is the change in ECF
volume and the change in “effective” arterial blood
volume. Evidence indicating a central role for changes
in ECF volume includes the observation that post-
diuretic NaCl retention can be prevented by adminis-
tering Na, K, and Cl at rates sufficient to equal diuretic
induced losses.366 This observation does not, however,
exclude a contributory role for mechanisms that occur
independent of changes in ECF volume, as will be dis-
cussed below.

Diuretic drugs have effects on vascular and ECF vol-
ume within minutes of administration, both because of
their ability to increase renal Na and Cl excretion, and
because they have direct vascular effects. These
changes activate a number of physiological control sys-
tems, which tend to favor NaCl retention and act to
attenuate further NaCl loss. Important contributors to
ECF volume-dependent NaCl retention have been dis-
cussed above, and include changes in the GFR, activa-
tion of the renin�angiotensin�aldosterone system,
stimulation of efferent renal sympathetic nerves, sup-
pression of atrial natriuretic peptide secretion, and sup-
pression of renal prostaglandin secretion. Post-diuretic
NaCl retention has been shown to occur in humans
whether dietary NaCl intake is high or low, suggesting
that true ECF volume depletion may not be essential.
Some decline in ECF volume, however, was shown to
be necessary for secondary NaCl retention during furo-
semide-induced natriuresis in rats. In rats given furose-
mide continuously, the secondary decline in NaCl
excretion was associated with a 25% decline in GFR,
suggesting that decreases in filtered NaCl-load contrib-
ute to short-term adaptations to diuretic treatment.367

In normal humans, changes in GFR were reported to
be statistically insignificant during post-diuretic NaCl
retention, suggesting a decline in filtered Na does not
contribute.368 Although a statistically significant
decline in GFR can be observed in the post-diuretic
period when the data from several subgroups are
pooled,368 the magnitude of this effect is small, and
increases in NaCl reabsorption rather than declines in
GFR probably play the larger role.

One mechanism that may mediate a decline in GFR
after loop diuretic drug concentrations decline may be
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activation of the TGF system. Loop diuretics block this
system directly by interfering with Na and Cl uptake
by macula densa cells, as discussed above. Thus, loop
diuretics tend to maintain the GFR higher than would
be expected in the absence of diuretic action. When the
diuretic concentration declines, and the inhibitory
effects at the macula densa wane, the TGF system is
poised to respond again to NaCl delivery and to sup-
press the GFR, thus contributing to post-diuretic NaCl
retention.

Diuretic drugs stimulate the renin�angiotensin�
aldosterone axis via mechanisms described above and
in Figure 40.9. The renin�angiotensin�aldosterone axis
contributes importantly to renal NaCl homeostasis, but
evidence for an important role of these hormones in
post-diuretic NaCl retention has been mixed. In normal
volunteers, post-diuretic NaCl retention was unaffected
by the angiotensin-converting enzyme inhibitor capto-
pril369 given in doses sufficient to block furosemide-
induced changes in angiotensin II and aldosterone
levels. Further, in those studies, diuretic-induced
changes in blood pressure were similar with or without
captopril, suggesting that hypotension did not mediate
the NaCl retention in the ACE inhibitor group. These

data indicate that post-diuretic NaCl retention can occur
without activation of the renin�angiotensin�aldosterone
system; they do not indicate, however, that stimulation
of the renin�angiotensin�aldosterone axis has no role
in post-diuretic NaCl retention when it occurs. An
important role for the renin�angiotensin�aldosterone
axis is implied by comparing the effects of volume
removal via loop diuretics and hemofiltration. In one
study, diuresis of patients with heart failure led to a
larger increase in renin than did removal of the same
fluid using an ultrafiltration device.370,371 Yet this effect
was not supported by more recent studies.372

Stimulation of alpha adrenergic renal nerves
enhances NaCl reabsorption. Petersen et al. showed
that systemic α-1 blockade attenuated the secondary
reduction in NaCl excretion that occurs during short-
term furosemide-induced volume-depletion in rats.373

They concluded that stimulation of α-1 adrenoceptors
on proximal tubules contributed to the compensatory
response to short-term furosemide infusion.
In humans, however, administration of prazosin,
in doses that block the pressor response to α-adrener-
gic agonists, does not prevent post-diuretic NaCl
retention. Even when both prazosin and captopril are

FIGURE 40.16 Effects of diuretics on urinary Na excretion and ECF volume. Inset: Effect of diuretic on body weight, an index of ECF vol-
ume. Note that steady-state is reached within 6�8 days, despite continued diuretic administration. Main graph: Effects of loop diuretic on uri-
nary Na excretion. Bars represent six-hour periods before (in Na balance) and after doses of loop diuretic (D). The dotted line indicates dietary
Na intake. The solid portion of bars indicates the amount by which Na excretion exceeds intake during natriuresis. The hatched areas indicate
the amount of positive Na balance after the diuretic effect has dissipated. Net Na balance during 24 hours is the difference between the hatched
area (post-diuretic NaCl retention) and the solid area (diuretic-induced natriureisis). Chronic adaptation is indicated by progressively smaller
peak natriuretic effects (the “braking phenomenon”), and is mirrored by a return to neutral balance, as indicated in the inset, where the solid
and hatched areas are equal. As discussed in the text, chronic adaptation requires ECF volume depletion.
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administered concurrently, to block both the
renin�angiotensin�aldosterone axis and the effects of
renal nerve activity, post-diuretic NaCl retention may
occur (374; although in this case, furosemide did reduce
mean arterial pressure significantly). Thus, ECF
volume-dependent stimulation of α-1 adrenergic recep-
tors, especially along the proximal tubule, may contrib-
ute to post-diuretic NaCl retention.

Diuretic-induced decrements in ECF volume have
been shown to be associated with suppression of atrial
natriuretic peptide secretion. These changes occur fol-
lowing diuretic administration in both normal indivi-
duals, and in patients with nephrotic syndrome,375

chronic glomerulonephritis, and essential hyperten-
sion. In some studies, atrial natriuretic peptide concen-
trations have declined before significant changes in
extracellular or blood volume occur; in these cases it
has been suggested that furosemide-induced changes
in venous capacitance may underlie the effect.

The studies discussed above in which post-diuretic
NaCl retention occurred despite blockade of several
effector mechanisms raise the possibility that changes
in ECF volume are not required for post-diuretic NaCl
retention to occur. Wilcox and colleagues investigated
acute effects of the loop diuretic bumetanide in the
absence of ECF volume-depletion. Na, K, Cl, and water
were administered to volunteers during loop diuretic
administration to balance electrolyte losses completely.
When changes in ECF volume were prevented, post-
diuretic NaCl retention did not occur, indicating that
decrements in ECF volume do play a critical role in
post-diuretic NaCl retention. A volume-independent
component of adaptation may also contribute to NaCl
retention, however. When volunteers were challenged
with a 100 mmol NaCl-load with or without prior
diuretic treatment, differences were observed. The
NaCl-load was excreted fully within two days under
control conditions; after pretreatment with bumeta-
nide, however, much less of the administered load was
excreted during the subsequent two days.366 This
result occurred despite complete replacement of water
and electrolyte losses induced by the loop diuretic.
These results suggest that there are subtle but physio-
logically significant effects of diuretic administration,
even in the short-term, that favor NaCl retention in
the absence of changes in ECF volume status (see
below).

In normal individuals, diuretic administration
strongly activates the control systems discussed above;
in edematous individuals, however, one or more of
these control systems may be active at baseline, having
contributed to the pathological accumulation of extra-
cellular volume. The role of these control systems in
the adaptive response to diuretic may, therefore, be dif-
ferent in normal and edematous individuals.

One mechanism by which diuretic drugs may
increase the tendency for NaCl retention directly with-
out changes in ECF volume involves diuretic-induced
activation of ion transporters within the diuretic
sensitive nephron segment. The cation chloride co-
transporters, such as the NKCC2, are phosphorylated
and activated by low intracellular chloride concentra-
tions376; because loop diuretics reduce the Cl concen-
tration in cells of the thick ascending limb, pre-existing
transporters should be activated leading to increased
NaCl transport capacity. This increase will be
unmasked once the luminal concentration of loop
diuretic declines. Ecelbarger et al.377 reported evidence
that furosemide administration activates NKCC2 via
more than one mechanism. Five days of furosemide
infusion led to a 50�100% increase in abundance of
NKCC2, and also to an upward mobility shift of 9 kDa
in apparent molecular mass. These results were inter-
preted as suggesting that furosemide blockade of api-
cal NaCl uptake led to both increased expression and
“modification” of NKCC2. As phosphorylation of
NKCC2 regulates its activity, one possibility is that
loop diuretic blockade activates the transporter via
phosphorylation.

A similar mechanism has been reported to occur
along the distal tubule during short-term administra-
tion of thiazide diuretics. Within 60 minutes of thiazide
administration, the number of thiazide-sensitive Na-Cl
co-transporters in kidney cortex (measured as the num-
ber of [3H]metolazone binding sites) increases substan-
tially.378 The techniques used to estimate the number
of transporters in these experiments do not permit one
to determine whether the increased number reflects
insertion of pre-existing transporters from a subapical
storage pool or activation of transporters that are pres-
ent but inactive in the apical membrane. It is now clear
that a subapical pool of NCC shuttles to and from the
apical membrane in response to physiological pertur-
bation.379 An increase in the number of activated ion
transporters at the apical membrane would be expected
to increase the transport capacity, so that when diuretic
concentrations decline, increased Na and Cl transport
would result.

Another mechanism by which diuretic drugs may
enhance the tendency to NaCl retention directly
involves stimulation of transport pathways in nephron
segments that lie distal to the target of diuretic action
(segments that are insensitive to the diuretic drug). For
example, the number of metolazone-binding sites
increases within 60 minutes after a loop diuretic has
been administered.378 Because NCC is expressed by
nephron segments that do not express loop diuretic-
sensitive pathways, the increased NCC is believed to
result from increases in salt and water delivery to DCT
cells (discussed in more detail below).
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Post-diuretic NaCl retention can have major effects
on the clinical efficacy of diuretic drugs. The half-life of
most loop diuretics is short, so that NaCl retention can
occur during 18 hours per day, if the drug is adminis-
tered once daily (see Figure 40.16). If dietary NaCl
intake is low, then post-diuretic NaCl retention does
not compensate for the drug-induced NaCl losses, and
NaCl balance becomes negative (the desired therapeu-
tic response). If, on the other hand, dietary NaCl intake
is high, then post-diuretic NaCl retention can compen-
sate entirely for the initial NaCl losses during the
period of drug action. When dietary NaCl intake is
high, therefore, salt balance may be neutral, even from
the first day of diuretic therapy,368 despite impressive
increases in urine volume after each dose of diuretic.
This is one reason that dietary NaCl intake is a key
determinant of diuretic efficacy, especially for the
short-acting loop diuretics.

Chronic Adaptations (The “Braking” Phenomenon)

When diuretics reduce ECF volume effectively,
NaCl balance gradually returns to neutral, despite con-
tinued diuretic administration368,380 (see Figure 40.16).
This “braking phenomenon” occurs when the magni-
tude of natriuresis following each diuretic dose
declines. Several factors, acting in concert, may partici-
pate in chronic adaptation. A critical factor that is
necessary for the braking phenomenon to occur is a
decline in the ECF volume. Wilcox and co-workers
showed that the magnitude of each diuretic-induced
natriuresis declined during ECF volume-depletion of
humans consuming a low-NaCl diet. In contrast, when
dietary NaCl intake was high, ECF volume-depletion
did not occur, and the magnitude of diuretic-induced
natriuresis did not decline.368,380 Relative or absolute
ECF volume contraction limits NaCl excretion by
reducing the amount of NaCl that is filtered, and by
increasing the amount of NaCl that is reabsorbed. In
experimental animals, declines in renal blood flow
occur during chronic diuretic treatment. Declines in
GFR are usually modest, however, unless volume
depletion is extreme or unles renal perfusion is com-
promised by drugs or physical factors such as renal
artery stenosis. The effects of diuretics on glomerular
filtration and renal blood flow are not caused primarily
by changes in mean arterial pressure, as the renal auto-
regulatory response tends to maintain GFR and renal
blood flow relatively constant when arterial pressure
changes. Instead, ECF volume contraction itself leads
to decrements in renal blood flow and GFR; because
renal blood flow declines proportionately more than
GFR, ECF volume-contraction increases the filtration
fraction (GFR/RPF).

The role of the proximal tubule in diuretic adapta-
tion has been documented clearly in rats treated

chronically with thiazide diuretics, and in animals and
humans treated with loop diuretics. In the case of thia-
zide treatment, micropuncture studies showed that
hydrochlorothiazide initially inhibited Na and Cl
absorption along both the proximal tubule (by inhibit-
ing CA) and the distal tubule (by inhibiting Na-Cl
co-transport) of rats.228 After 7�10 days of treatment,
however, ECF volume-contraction led to increases in
proximal solute reabsorption, thereby limiting delivery
of Na and Cl to the distal sites of thiazide action.
During the chronic phase of treatment, inhibition of
NaCl transport along the distal nephron (the predomi-
nant site of thiazide action) counterbalanced the reduc-
tion in distal NaCl delivery; under these conditions, at
steady-state, urinary NaCl was equal to dietary NaCl
intake.228 Loop diuretics such as furosemide have also
been shown to inhibit Na and Cl absorption by the
proximal tubule, although the mechanism is unclear.
But, as with DCT diuretics, chronic treatment with
loop diuretics leads to ECF volume-contraction and
enhanced proximal NaCl reabsorption.381 That effects
on proximal absorption require decrements in ECF vol-
ume was shown by comparing NaCl delivery out of
the proximal tubule during furosemide administration,
with and without volume replacement. Only when the
ECF volume was permitted to decline was proximal
absorption stimulated.367 Many of the same effector
systems that participate in post-diuretic NaCl retention
also may participate in chronic adaptations to diuretic
drugs.

Physical Factors

A rise in filtration fraction increases the protein
oncotic pressure in peritubular capillaries (more pro-
tein free filtrate is formed per ml of blood flow, thereby
contracting the plasma volume around a constant
amount of serum protein). The increased peritubular
oncotic pressure increases solute and fluid reabsorp-
tion, especially in the proximal tubule. ECF volume
contraction also enhances proximal solute and fluid
reabsorption by decreasing the renal interstitial pres-
sure during chronic diuretic treatment.

Sympathetic Renal Nerve Activity

Efferent sympathetic nerves innervate the renal vas-
culature, the macula densa, and essentially all seg-
ments of the nephron. Stimulation of sympathetic
nerves reduces urinary NaCl excretion by reducing
renal blood flow, by stimulating renin release at the
macula densa, by stimulating tubule NaCl reabsorption
along the nephron, and by interacting with hormonal
modulators of NaCl transport. Renal nerves may con-
tribute to NaCl retention in edematous disorders, and
renal nerve activity is stimulated when furosemide is
administered either to normal or volume-depleted
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animals.382 Yet experimental models of chronic diuretic
administration have failed to substantiate a central role
for renal nerve activity in adaptive processes. Chronic
sympathectomy or blockade of α-1 receptors inhibits the
compensatory increase in proximal NaCl reabsorption
that occurs during furosemide-induced ECF volume-
depletion, but these maneuvers did not enhance the
natriuretic response to furosemide.383 This indicates that
the inhibition of proximal solute reabsorption which
occurs secondary to adrenergic blockade is compensated
by increased reabsorption distally. Use of systemic phar-
macological sympathetic blockade to study the role of
renal nerves in diuretic adaptation is limited because of
drug-induced systemic hypotension, but Petersen and
DiBona showed that even anatomical renal denervation
in normal rats does not abrogate the compensatory
response to chronic furosemide administration.384

Although it seems clear that renal nerves do not play a
critical role in mediating compensation to chronic
diuretic use in normal humans and animals, the consis-
tent observation that diuretics do stimulate renal nerve
activity suggests that renal nervous activity may contrib-
ute to diuretic adaptation in some patients. In patients
suffering from edematous disorders, distal Na reabsorp-
tion may already be stimulated; denervation in this situ-
ation might lead to significant impairment in adaptation
to diuretic drugs.

Renin�Angiotensin�Aldosterone

A third factor participating in chronic adaptation to
diuretic drugs is the renin�angiotensin�aldosterone
system. Renin acts on angiotensinogen to generate
angiotensin I, which is converted to angiotensin II
by converting enzyme. Angiotensin II stimulates aldo-
sterone secretion from the adrenal cortex; aldosterone
stimulates salt reabsorption by the distal nephron.
Recent studies indicate that, in addition to stimulating
Na transport by ENaC of the collecting duct, as dis-
cussed above, mineralocorticoid hormones stimulate
Na transport by the thiazide-sensitive Na-Cl co-trans-
porter of the DCT.191,385�387 In addition, however,
angiotensin II directly stimulates Na reabsorption
along both the proximal and distal tubule by stimu-
lating Na/H exchange activity.388 Thus, diuretic
drugs frequently result in stimulation of the
renin�angiotensin�aldosterone system, and the Na
retention that occurs during diuretic treatment may
result in part from this. As is the case with renal nerves,
it has been difficult to show conclusively that the
renin�angiotensin�aldosterone system plays a critical
role in chronic adaptation to diuretic drugs. Yet as with
renal nerves, the systemic effects of inhibition of the
system, either with angiotensin I-converting enzyme
inhibitor, angiotensin II receptor blockers or competi-
tive aldosterone blockers make it difficult to exclude a

role for this hormonal system in the compensation to
diuretic therapy.

Epithelial Hypertrophy and Hyperplasia

Other factors that can enhance renal NaCl reabsorp-
tive capacity are structural and functional changes in
the nephron itself. When a diuretic is administered,
solute delivery to segments that lie distal to the site of
diuretic action increase, leading to load-dependent
increases in solute reabsorption, as discussed above.389

When solute delivery and solute reabsorption increase
chronically, epithelial cells undergo both hypertrophy
and hyperplasia (see Figure 40.17). Infusion of furose-
mide into rats continuously for seven days increased
the percentage of renal cortical volume occupied by
distal nephron cells. DCT cell volume increased by
nearly 100%, with accompanying increases in luminal
membrane area per length of tubule, in basolateral
membrane area per length of tubule, and in mitochon-
drial volume per cell.365,390,391 Chronic loop diuretic
administration increases the Na/K-ATPase activity in
the distal convoluted and cortical collecting tubu-
les392,393(see Figure 40.17), and increases the number of
thiazide-sensitive Na-Cl co-transporters, measured as
the maximal number of binding sites for [3H] metola-
zone.181,385 In one study, chronic furosemide treatment
increased expression of mRNA encoding the thiazide-
sensitive Na-Cl co-transporter, as detected by in situ
hybridization181(see Figure 40.18). In another study,
however, mRNA expression of the thiazide-sensitive
Na-Cl co-transporter, as well as ouabain-sensitive
Na/K-ATPase, were not affected by chronic furose-
mide infusion, when detected by Northern analysis.394

Distal tubule cells that express high levels of transport
proteins and are hypertrophic have a higher Na and Cl
transport capacity than normal tubules. Compared
with tubules from normal animals, tubules of animals
treated chronically with loop diuretics can absorb Na
and Cl up to three times more rapidly than control ani-
mals, even when salt and water delivery are fixed by
microperfusion (Figure 40.18). When distal tubules are
presented with high NaCl-loads, as occurs during loop
diuretic administration in vivo, Na and Cl absorption
rates approach those commonly observed only in the
proximal tubule.365 Chronic treatment of rats with loop
diuretics also results in significant hyperplasia of cells
along the distal nephron. Whereas mitoses of renal
tubule epithelial cells are infrequent in adult kidneys,
distal tubules from animals treated with furosemide
chronically demonstrate prominent mitoses; increased
synthesis of DNA in these cells was confirmed by
showing increases in labeling of DCT cells with bromo-
deoxyurindine and proliferating cell nuclear antigen.395

The diuretic-induced signals that initiate changes in
distal nephron structure and function are poorly-
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understood.389 Several factors, acting in concert, may
contribute to these changes; these include diuretic-
induced increases in Na and Cl delivery to distal seg-
ments, effects of ECF volume depletion on systemic
hormone secretion and renal nerve activity, and local
effects of diuretics on autocrine and paracrine secre-
tion. Increased production of angiotensin II or
increased secretion of aldosterone resulting from
increases in renin activity may contribute to hypertro-
phy and hyperplasia. Angiotensin is a potent mitogen;
angiotensin II receptors have not been localized defini-
tively to DCT cells, but recent functional studies do
suggest that DCT cells express angiotensin II
receptors.396 Beck et al.397 showed that angiotensin
I-converting enzyme inhibitors do not prevent loop
diuretic-induced hypertrophy of DCT cells. Yet the
hypertrophy during angiotensin I-converting enzyme
inhibition is one that results from lengthening of kid-
ney tubules; in their absence the hypertrophy results
from thickening of the tubular cells.

Aldosterone also promotes growth of responsive tis-
sues under some circumstances398; when salt delivery
to the collecting duct is increased in the presence of
high levels of circulating aldosterone, principal cell
hypertrophy develops; when salt delivery is high in
the absence of aldosterone secretion, hypertrophy is
absent. This indicates that aldosterone plays a permis-
sive role in the development of cellular hypertrophy
in this aldosterone-responsive renal epithelium.
Aldosterone does affect ion transport by cells of
the DCT,185,190,399,400 and aldosterone almost certainly
contributes to adaptations along the cortical collec-
ting tubule. Yet hypertrophy of DCT cells has
been shown to occur during chronic loop diuretic
infusion, even when changes in circulating mineralo-
corticoid, glucocorticoid, and vasopressin levels are
prevented.391

One intriguing hypothesis is that cellular ion con-
centrations regulate epithelial cell growth directly.401

Increases in Na uptake across the apical plasma

FIGURE 40.17 Effects of chronic loop

diuretic administration on distal convoluted

tubule cells of rats. Rats received furosemide
continuously for seven days. Panels (a) and (b):
Electron micrographs (310,000) of distal convo-
luted tubule cells from control- and furosemide-
infused animals respectively. Note that furose-
mide increases the size of the cell, the size of the
nucleus, the amount of mitochondrial volume,
and the amount of basolateral membrane area.
Panels (c) and (d): Photomicrographs of kidney
cortices from control and furosemide infused ani-
mals respectively (3480) (D: distal convoluted
tubule; CN: connecting tubule; CD: cortical col-
lecting duct: tal: thick ascending limb). Note thick-
ening of the epithelium in all distal segments.
(Photomicrographs are used with permission from ref.
[365].)
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membrane precede cell growth in the TAL during
treatment with ADH,402 in principal cells of the CCT
during treatment with mineralocorticoid hor-
mones,403,404 and in the DCT during treatment with
loop diuretics.365,398 Although the cause of the
increased Na uptake varies, changes in the intracellular
Na concentration appear to precede growth in each
example. This hypothesis predicts that blockade of api-
cal Na entry would lead to atrophy of epithelial cells.
Chronic treatment of rats with DCT diuretics reduces
activity of Na/K-ATPase and Na transport capacity of
DCT segments,405,406 but these experiments are compli-
cated by other structural effects of chronic DCT
diuretic treatment, discussed below. Regardless of the
proximate stimulus for DCT cell growth, recent experi-
ments have shown that immunoreactivity for insulin-
like growth factor-1 (IGF-1), and for an IGF-binding
protein (IGFBP-1), increases during chronic treatment
of rats with loop diuretics.407 The changes in IGF-1
expression appeared not to result from changes in IGF-
1 mRNA expression, but rather appeared to reflect
post-transcriptional events. IGFBP-1 mRNA was
increased by three-fold 18 hours after loop diuretic
treatment was initiated. IGF-1 has been shown to par-
ticipate in regeneration of injured or ischemic renal tis-
sue, and promotes cell proliferation and differentiation
in vitro; whether these changes in IGF expression medi-
ate the effects of diuretics on distal nephron structure
remains to be established.

Morphological changes in the distal nephron during
loop diuretic administration are not restricted to Na
reabsorbing cells. Chronic diuretic infusion stimulates
selective hypertrophy of type-B intercalated-cells.408

Type-B intercalated-cells secrete bicarbonate and
express apical Cl/HCO3 exchangers and basolateral
H-ATPase pumps; chronic bumetanide infusion
increased the number of apical microvilli in Type-B
cells, increased the basolateral cell membrane area,
and led to marked cytoplasmic and basolateral label-
ing for H-ATPase. Type-A cells, which normally
mediate acid secretion, were small; H-ATPase was
distributed primarily within intracellular tubulovesi-
cles in the tubules of treated animals. The authors
concluded that the structural changes in intercalated
cells resulted from increased distal chloride delivery,
because serum pH and electrolyte concentrations
were not affected by the diuretic treatment. Increased
distal chloride delivery might be expected to enhance
Cl/HCO3 exchange, increasing transepithelial solute
transport, stimulating cell growth via mechanisms
similar to those discussed above. These effects are
likely to contribute to the profound metabolic alkalo-
sis that can complicate aggressive treatment with
loop diuretics.

Chronic diuretic administration has structural effects
not only on nephron segments that lie distal to the site
of diuretic action, but also on the nephron segments
that are directly inhibited by the drugs themselves.
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FIGURE 40.18 Effects of continuous loop diuretic infusion on rat kidney. Loop diuretic infusion increased the number of thiazide-sensi-
tive Na-Cl co-transporters,378 the rate of thiazide-sensitive Na transport along the distal tubule,365 the abundance of thiazide-sensitive Na-Cl
co-transporter mRNA (a: furosemide-treated kidney cortex; b: control kidney cortex). (Ref. [181], used with permission), and Na/K-ATPase activ-
ity along the distal convoluted tubule. (Data from ref. [392].)
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Within hours of furosemide administration to rats,
autophagocytic vacuoles develop in thick ascending
limb cells.409 Following seven days of furosemide treat-
ment of rats, the cell height of thick ascending limb
cells was significantly reduced.365 Chronic treatment of
rabbits with loop diuretics decreased Na/K-ATPase
activity in medullary thick ascending limb cells by
approximately one-third.410 These results are consistent
with an effect of transepithelial ion transport to stimu-
late “work hypertrophy” and blockade of transepithe-
lial transport to stimulate “disuse atrophy.” When DCT
diuretics are administered chronically, Na/K-ATPase
activity in the DCT is reduced,406 and the capacity of
DCT cells to reabsorb Na and Cl declines.405 Yet
chronic administration of DCT diuretics, like genetic
disruption of the thiazide-sensitive Na-Cl co-trans-
porter,216 to rats leads to profound changes in cellular
morphology; the DCT epithelium becomes disordered,
DCT cells undergo apoptosis and necrosis, and intersti-
tial fibrosis occurs (see Figure 40.19). Chronic treatment
also leads to the disappearance of normal polarization
of thiazide-sensitive Na-Cl co-transporter proteins.
Under normal conditions, immunoreactivity for the thi-
azide-sensitive Na-Cl co-transporter is restricted to the
apical membrane and to a small subapical pool of

vesicles (see Figure 40.19). During chronic treatment
with DCT diuretics, the protein is distributed uni-
formly throughout the cell. Surprisingly, based on
the severe morphological degenerative changes in
tubular morphology, chronic thiazide administration
results in an increase in the density of [3H] metola-
zone-binding sites (functional thiazide-sensitive trans-
porters) in kidney cortex,406 despite a decline in
mRNA expression for the transporter.395 These
results demonstrate that chronic thiazide administra-
tion regulates the thiazide-sensitive transporter in a
complex way. Further studies are necessary to deter-
mine the mechanisms involved.

Although experimental data concerning structural
and functional responses of the distal nephron to
chronic treatment with diuretic drugs come predomi-
nantly from studies employing experimental animals,
Loon et al.411 reported that chronic treatment with loop
diuretics in humans enhanced ion transport rates in the
distal tubule. They estimated the transport capacity of
the DCT as the portion of Na and Cl reabsorption that
could be inhibited by thiazide diuretics. When furose-
mide was administered to volunteers for one month,
the enhancement in sodium excretion that occurred
resulting from dose of a thiazide diuretic was

FIGURE 40.19 Effects of continuous DCT diuretic treatment on the structure of distal convoluted tubules. Panels a and b at the left
show photomicrograph of kidney cortex from animals treated chronically with thiazide diuretics; note extreme hyperplasia and dysmorphol-
ogy of distal segments (compare normal distal convoluted tubules in Figure 40.16, above) (T: thick ascending limb; D: distal convoluted tubule;
CN: connecting tubule; CD: collecting duct; P: proximal tubule; a: arteriole). Double arrow indicates transition from thick ascending limb to dis-
tal convoluted tubule; note normal morphology of the thick ascending limb. Panels a and b on the right show immunostaining for the thiazide-
sensitive Na-Cl co-transporter from control rats (a) and rats infused with a thiazide continuously for 10 days (b). Note that the normal
apical localization of the transporter immunoreactivity (a) is distributed throughout the cytoplasm in animals exposed to diuretics chronically
(b). (From ref. [217]. Used with permission.)
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significantly larger. Although these data are necessarily
indirect, they are entirely consistent with the data
derived from experimental animals given loop diure-
tics chronically. The ECF volume-independent compo-
nent of NaCl retention that occurs following loop
diuretic administration366 may also reflect changes in
distal nephron structure and function.
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INTRODUCTION

Water is the most abundant component of all cells,
and the ability to absorb and release water is consid-
ered a fundamental process of life. Plasma membranes
serve as selective barriers that control the solute com-
position of the cell and regulate the entry of ions, small
uncharged solutes, and even water. Epithelial tissues
have apical and basolateral plasma membranes that
constitute serial barriers that regulate the transepithe-
lial movement of solutes and water, thereby contribut-
ing to the homeostasis of multicellular organisms.
Identification and characterization of the molecular
entities responsible for the function of biologic mem-
branes have been long-standing goals of physiologists;
however, the molecular identity of water transporters
remained unknown until less than two decades ago.

Because water can slowly diffuse through lipid
bilayers, all biologic membranes exhibit some degree of
water permeability. Nevertheless, observations made
in multiple laboratories indicated that specialized
membrane water-transport molecules must exist in tis-
sues with distinctively high water permeability (see
review 1). For example, the water permeability of red
cell membranes is higher than that of many other cell
types or artificial lipid bilayers, and the activation

energy of this process is equivalent to the diffusion of
water in solution, Ea ,5 kcal/mol.2 In addition, revers-
ible inhibition by HgCl2 and a subset of organomercur-
ials suggested that the water transporter is a
membrane protein (see review 3). Further evidence that
a membrane protein is involved in water transport was
provided by the observation that some epithelial tis-
sues exhibit changes in water permeability on a time-
scale that is not compatible with changes in lipid
composition.

Kidneys are the major determinant of body water
and electrolyte composition. Thus, comprehending
the mechanisms of water transport is essential to
understanding mammalian kidney physiology and
water balance. Because of its importance to human
health, water permeability has been particularly well-
characterized in the mammalian kidney (see review 4).
Approximately 180 L/day of glomerular filtrate is gen-
erated in an average adult human, the majority of this
is reabsorbed by the highly water-permeable proximal
tubules and descending thin limbs of Henle’s loop. The
ascending thin limbs and thick limbs are relatively
impermeable to water, and empty into renal distal
tubules and ultimately into the collecting ducts. The
collecting ducts are extremely important clinically in
water-balance disorders, because they are the chief site
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of regulation of water reabsorption. Basal epithelial
water permeability in collecting duct principal cells is
low, but the water permeability can become exceed-
ingly high when stimulated with vasopressin (also
known as ADH, antidiuretic hormone). In this regard,
the toad urinary bladder behaves like the collecting
duct, and it has served as an important model of
vasopressin-regulated water permeability. Stimulation
of this epithelium with vasopressin produces an
increase in water permeability in the apical membrane,
which coincides with the redistribution of intracellular
particles to the cell surface.5�8 These particles were
believed to contain water channels.

DISCOVERY OF AQUAPORIN-1 (AQP1)

The molecular identity of membrane water channels
long proved elusive. Attempts to purify water channel
proteins from native tissues or to isolate water channel
cDNAs by expression cloning, were unproductive (see
review 9). This may be explained by the physical char-
acteristics of water, a simple molecule not amenable to
chemical modification such as introduction of chemical
cross-linking groups or labels. In addition, HgCl2 was
known to inhibit membrane water channels, a property
potentially useful in the identification of the water
channel proteins. However, because the agent reacts
with free sulfhydryls in other proteins, its inhibitory
effect on water channels is not specific. This circum-
stance led to the mistaken identification of the band
3 anion exchanger as a molecular water channel.10 In
addition, the diffusional permeability of all biologic
membranes results in high background permeability,
and frustrated efforts to clone cDNAs for water chan-
nels by functional expression.

The recognized characteristics of membrane water
channels led to chance identification of the first known
water channel. In the process of isolating the 32 kDa
bilayer-spanning polypeptide component of the red
cell Rh blood group antigen,11 a 28 kDa polypeptide
was partially co-purified.12 Initial studies demonstrated
that the 28 kDa polypeptide comprised hydrophobic
amino acids and exhibited an unusual detergent solu-
bility, which facilitated purification and biochemical
characterization. The 28 kDa polypeptide was found to
exist as an oligomeric protein with physical dimensions
of a tetramer; a unique N-terminal amino acid
sequence was identified13 which permitted cDNA clon-
ing.14 Also of note, radiation inactivation studies of
water permeability by renal vesicles yielded a target
size of 30 kDa.15 Because the 28 kDa polypeptide was
found to be abundant in red cells, renal proximal
tubules, and descending thin limbs,12 it was suggested
that this protein might be the sought-after water

channel. Although this protein was first known as
“CHIP28” (channel-like integral protein of 28 kDa), the
need for a functionally relevant name was recognized.
The name “aquaporin” was coined. After recognition
of related proteins with similar functions, this name
was formally proposed for the emerging family of
water channels now known as the aquaporins.16 Thus,
CHIP28 was designated aquaporin-1 (symbol AQP1).
The Human Genome Nomenclature Committee has
embraced this nomenclature for all related proteins,17

and presently a total of 13 such related proteins have
been identified in mammals.

The measurement of the movement of water across
cell membranes poses a unique experimental challenge.
Unlike ion conductances, which may be measured
electrophysiologically, or solute transport, which may
be measured with radioactive substrates, trans-
membrane water movement in cells relies on determi-
nation of changes in cell volume in response to an
osmotic driving force. The Xenopus laevis oocyte
expression system was used to search for water
channel RNAs, because these cells are known to
exhibit remarkably low membrane water permeabil-
ity.18,19 Oocytes injected with cRNA encoding AQP1
exhibit remarkably high osmotic water permeability
(Pf B2003 10217 cm/s), causing the cells to swell rap-
idly and eventually rupture in hyposmotic buffer.20 In
contrast, control oocytes not injected with AQP1 cRNA
exhibited less than one tenth of this permeability.

Oocyte studies demonstrated that AQP1 behaves
like the water channels in native cell membranes.20

Osmotically-induced swelling of oocytes expressing
AQP1 occurs with a low activation energy, and is
reversibly inhibited by HgCl2. Moreover, AQP1 oocytes
fail to demonstrate any measurable increase in mem-
brane current. Although these early studies demon-
strated only swelling of oocytes, it was predicted that
the direction of water flow through AQP1 is deter-
mined by the orientation of the osmotic gradient. Thus,
AQP1 oocytes swell in hyposmolar buffers but shrink
in hyperosmolar buffers.21

To confirm that the interpretation of the oocyte stud-
ies was correct, highly purified AQP1 protein from
human red cells was reconstituted with pure phospho-
lipids into proteoliposomes, which were compared
with simple vesicles (liposomes) by rapid transfer to
hyperosmolar buffer.22 These studies permitted deter-
mination of the unit water permeability, which had
an astonishingly high value (PfB33 109 water mole-
cules subunit2111 sec2111). Moreover, the water perme-
ability is reversibly inhibited by HgCl2, and exhibits
low activation energy. Several of these studies have
been confirmed by using red cell membranes partially
depleted of other proteins,23 and attempts to demon-
strate permeation by other small solutes or even
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protons showed that AQP1 is water selective.24

Together, these studies indicated that AQP1 is both
necessary and sufficient to explain the well-recognized
membrane water permeability of the red cell, and sug-
gested that AQP1 or similar proteins could be the long-
sought-after epithelial water channels of the nephron
and collecting ducts.

STRUCTURE AND FUNCTION
OF AQUAPORINS

General Structure of AQP1

The availability of pure AQP1 protein in milligram
quantities and the simple functional assay in oocytes
led to rapid advances in the understanding of the
molecular structure of AQP1. Hydropathy analysis of
the deduced amino acid sequence of AQP1 predicted
that the protein resides primarily within the lipid
bilayer,14 a feature in agreement with initial studies of
red cell AQP1.12,13 As previously described for the
homolog major intrinsic protein from lens (MIP, now
referred to as AQP0), the polypeptide contains an inter-
nal repeat (Figure 41.1), with the N- and C-terminal
halves being sequence-related, and each containing the
signature motif Asn-Pro-Ala (NPA),25,26 suggesting
ancestral gene duplication.14 When evaluated by

hydropathy analysis, six bilayer-spanning domains,
five connecting loops (A�E), and intracellular N-and
C-termini are predicted. Attenuated total reflection-
FTIR (Fourier Transform InfraRed spectroscopy) of
highly-purified red cell AQP1 reconstituted into mem-
brane crystals demonstrated a lack of beta structure in
AQP1, indicating the existence of tilted alpha helices.27

The two homologous domains equivalent to the
N-and C-termini halves of the protein each consist of
three transmembrane helices that are thought to be
oppositely orientated in the lipid bilayer.28 A system
was adapted for analyzing the structure of AQP1 after
minimally perturbing the molecule by adding peptide
epitopes at various sites. It was important that the epi-
tope did not destroy function, and could be localized
to intracellular or extracellular sites with antibodies
and by selective proteolysis of intact membranes or
inside-out membrane vesicles. These studies demon-
strated that loop C resides at the extracellular surface
of the oocytes and the intracellular location of loop D
as well as the N-and C-termini. Moreover, the obverse
symmetry of the N-and C-terminal halves of the mole-
cule was confirmed29 (Figure 41.1).

Loops B and E

Loops B and E encompass the two NPA motifs, and
are the most conserved regions in the major intrinsic
protein family. The loops exhibit significant hydropho-
bicity, suggesting association with the lipid bilayer.14

Subsequent studies implicated loops B and E as a struc-
tural component of the aqueous pathway. Experiments
expressing AQP1 in Xenopus oocytes led to the observa-
tion that Cys189 in loop E is the site of mercurial
inhibition.30,31 Site-directed mutagenesis experiments
in oocytes revealed that substitution of Cys189 with a
serine residue eliminates HgCl2 sensitivity and
increases osmotic water permeability, while substitu-
tion with larger amino acids residues prevents facili-
tated water transport.30 These results suggest that
water transport and selectivity in AQP1 is somehow
dependent on the steric properties of Cys189. In accor-
dance with the internal repeat theory, Ala73 located in
loop B, the equivalent to Cys189 in loop E, was investi-
gated. By creating double mutants expressing Cys189 as
a serine and Ala73 as a cysteine, the HgCl2 sensitivity
and osmotic water permeability were restored.32 These
results suggested that loops B and E were arranged in
a symmetrical fashion, and underlined that these loops
were functionally essential for water permeability. This
line of inquiry lead to the “hourglass” model,32 in
which these domains overlap midway between the
leaflets of the bilayer, creating a constitutively open,
narrow aqueous pathway (Figure 41.2).
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FIGURE 41.1 Proposed membrane topology of AQP1 subunit.

Each molecule subunit spans the plasma membrane six times with
the N- and C-termini in the cytoplasmic space. Extracellular and
intracellular loops are labeled A�E.32 Loop A contains an attachment
site for a polylactosaminoglycan at asparagine-42 and the Co blood
group polymorphism at alanine/valine-45.100 The aquaporin signa-
ture motif asparagine-proline-alanine (NPA) is present in the loop
Band E. Loop E also contains the site of mercury inhibition at
cysteine-189. The amino acid sequences of C-termini of the known
aquaporins are not conserved, and are sufficiently immunogenic to
permit preparation of specific polyclonal antibodies to each aquapor-
in (see text) (reproduced and modified from ref. [370], with permission).
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Tetrameric Organization

Early biophysical characterization of AQP1 sug-
gested that the protein formed multisubunit
oligomers.13 Rotary and unidirectionally shadowed
freeze-fracture electron microscopic analyses of AQP1
protein from human red cell membranes reconstituted
in proteoliposomes provided detailed molecular
insights. AQP1 had an oligomeric structure, consisting
of four subunits surrounding a central depression.
These tetrameric structures were also seen in highly
water-permeable nephron segments expressing native
AQP1.33 Although the oligomerization of AQP1 is still
not understood in detail, all studies indicate that the
protein is a tetramer composed of functionally-
independent aqueous pores.15,30,32,34

Structural Analyses and Molecular Dynamics
of Aquaporins

By reconstituting the highly-purified red cell AQP1
into membranes under controlled conditions, mem-
brane crystals were produced with AQP1 in highly
uniform lattices. These membranes appeared as flat
sheets or as large, resealed vesicles in which the AQP1
protein was found to fully retain water permeability.35

Thus, the opportunity to define the structure of AQP1
in a biologically-active state became possible. Electron
microscopic studies by multiple groups permitted the
elucidation of the protein at increasing levels of resolu-
tion. By performing high-resolution electron micro-
scopic evaluation of negatively-stained membranes at a
series of tilts, a three-dimensional view was obtained.36

Image projections revealed the presence of multiple
bilayer-spanning domains, and atomic force micros-
copy further defined the orientation and extramembra-
nous dimensions of AQP1.37 Electron crystallographic
analysis of cryopreserved specimens has been under-
taken at tilts of up to 60�. These analyses revealed the
three-dimensional structure of AQP1 at increasing
resolutions, down to 3.8 Å.38�46 X-ray crystallographic
analysis has added further information about the struc-
ture of AQP1. Using the above method, the structure of
AQP1 has been determined down to a resolution of
2.2 Å.47 In contrast to the previous studies, the high
resolution enables observation of water molecules in
transit through the channel. Based on combined efforts,
a detailed picture of AQP1s tertiary structure could be
formed.

As earlier studies indicated, the AQP1 monomers
form a tetrameric cluster. The model shows an exten-
sion of the tetramer from the extracellular plane, while
the intracellular surfaces form a shallow depression.
The N-termini from one monomer is closely situated
near the C-termini of the neighboring monomer. The
gap formed by the four monomers narrows from 8.5 Å
down to 3.5 Å. The residues surrounding the gap
are hydrophobic, suggesting an interaction with a
hydrophobic molecule.43 So, despite the monomeric
formation of a central cavity, the tetrameric structure
does not support the transport of water. This is in
agreement with earlier observations, suggesting that
each monomer is capable of facilitating water
transport.

The dimensions of each monomer are 40 Å across
and 60 Å long, as reported by Sui et al.47 (Figure 41.3).
The monomer is composed of six bilayer-spanning
alpha helices surrounding a central density. The C loop
located on the extracellular surface connects the N-and
C-termini halves of the protein. Part of the central
density represents the B and E loops, which appear as
two short α-helix structures not permeating the
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FIGURE 41.2 Hourglass model of aquaporin-l (AQP1) structure.

Bilayer spans 1�3 (Repeat-l) and spans 4�6 (Repeat-2) are sequence-
related, and are oriented in obverse symmetry. Loop B and loop E
are believed to dip into the bilayer and emerge from the same side
(top). When folded together, loops B and E form a single aqueous
pathway (the “hourglass”), flanked by the site of mercury inhibition
at cysteine189 (bottom) (reproduced and modified from ref. [32], with
permission).
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membrane42 (Figure 41.3). This organization is strik-
ingly similar to the proposed hourglass arrangement of
the B and E loops.32 The NPA containing loops are
located on opposite sides of the membrane, juxtapo-
sitional to each other, interacting through their NPA
motifs. The central density is composed of an extracel-
lular and intracellular vestibule, separated by a narrow
pore. The extracellular vestibule is approximately 15 Å
at its widest.47 Following the extracellular vestibule
towards the lipid bilayer, a decrease in diameter occurs
and the pore becomes exceedingly small.43,47 The con-
striction site (also referred to as the aromatic/arginine
constriction) is located 20 Å from the beginning of the
extracellular vestibule, and is composed of several
highly-conserved residues in conventional aquaporins.
The constriction site is approximately 2.8 Å wide,
about the diameter of a water molecule.47 After the
constriction site the pore continues for 20 Å, a region
termed the “selectivity filter”.47 The selectivity filter is
slightly wider and part of the region is formed by the
helical loops B and E.43,47 This locates the asparagine
residues in the NPA motifs within the selectivity fil-
ter.43,47 Additionally, Cys189 in loop E protrudes into
the pore, confirming earlier studies, suggesting that
HgCl2 sensitivity was due to steric hindrance of water
movement through the pore.32,43,47 Following the pore
towards the intracellular vestibule, the diameter
increases again, reaching 15 Å47 (Figure 41.3).

Using molecular dynamic simulations, de Groot and
Grubmüller obtained time-resolved, atomic resolution

models of water transport through AQP1.48 From the
extracellular vestibule, water molecules enter the con-
striction site, composed of side chains from the aro-
matic Phe56 and His180, and the charged Arg195. This
conformation situates the water molecule, allowing
hydrogen bonding with the polar residues, thereby
reducing hydrogen bonding between water molecules.
In addition, electrostatic repulsion by Arg195 suggests
that the constriction site is the main site for exclusion
of protons (hydronium ions) and other ions.48 This is
further supported by mutagenic analysis of the resi-
dues in the constriction site, showing permeation of
urea, glycerol, and ammonia in AQP1 when altered.
Moreover, replacing Arg195 with a valine residue
appears to facilitate proton transport.49 Passing onward
through the hydrophobic selectivity filter, exposed
polar moieties mainly consisting of backbone carbo-
nyls, lead the water molecules towards the NPA
motifs. The water molecule transiently reorientates to
bond with the two asparagines residues of the NPA
motifs, and is led out of the selectivity filter towards
the intracellular vestibule, again by hydrogen bonding
with a few selected backbone carbonyls. Hence, the
selectivity filter encompassing the highly-conserved
NPA motifs appears to serve mainly as a filter for
size,48 while the ar/R constriction is a major checkpoint
for solute amd ion permeability. The Escherichia coli
aquaglyceroporin (GlpF) selectively facilitates glycerol
transport over that of water.50 Evaluation of differences
between AQP1 and GlpF using molecular dynamic

FIGURE 41.3 (a)�(b): Structure of the human AQP1
tetramer, viewed from the top (a) and side (b). (c):
Structure of the human AQP1 monomer. (d): Model of the
central pore region of human AQP1-EM3 structure (pdb
code 1H6I 371 together with the 3.8 Å resolution EM poten-
tial map rendered at 1.0s.43 Several residues critical for
AQP1 facilitated water transport are marked (reproduced
and modified with permission from ref. [372]).
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simulations revealed a larger selectivity filter in GlpF.
Moreover, the preference for glycerol could
be explained by what de Groot and Grubmüller
describe as a glycerol-mediated “induced fit” gating
motion (i.e., glycerol transport serves as the prime
mechanism for water exclusion).48

Structural characterizations of crystallized human
AQP2 in two-dimensional protein�lipid arrays by
atomic force microscopy and electron crystallography
have revealed the structure of AQP2 at a resolution of
4.5 Å in the membrane plane.51 As with AQP1, AQP2
is found in a tetrameric assembly in the lipid
bilayer.51,52 The AQP2 monomer shows structural fea-
tures similar to those earlier reported for AQP1,51

while structural variation is found around the tetra-
mer’s axis.51,53

The structure of AQP0 has also been determined
down to a resolution of 2.2 Å.54,55 The water conduc-
tance of AQP0 is much lower than that reported for
AQP1,56 possibly due to highly-conserved tyrosine
residues in AQP0 imposing further constriction on the
channel.55 The constriction site is smaller than that in
AQP1, and the selectivity filter is also narrower.54,55

Molecular dynamics studies suggest that water move-
ment is facilitated by AQP0 due to thermal motions of
certain side chains, although this builds up a free
energy barrier, possibly contributing to the lower per-
meability of AQP0.57 The extensive analyses of the
structure of various AQP isoforms have provided
detailed insight into the molecular basis for transmem-
brane water transport. Future studies aimed at defining
the distinct structure of other members, including
aquaglyceroporins such as AQP7 and AQP9 that
appear to be involved in metabolism rather than water
transport may provide further insights. Several studies
have also been aimed at identifying novel aquaporin
blockers. Although some progress has been reported so
far, only a few compounds, including related tetraam-
monium compounds, have shown selective effects on
AQPs.58�60 Copper61 and nickel62 also significantly
block aquaporins. Over the past five years the overall
structural concepts of aquaporins have been
confirmed.63�74

DISTRIBUTION OF AQP1 IN KIDNEY
AND OTHER TISSUES

Well before recognition of its function, the red cell
AQP1 protein was known to be expressed at high
levels in the proximal convoluted tubules and descend-
ing thin limbs of kidney.12 This was confirmed with
polyclonal rabbit antiserum,75 and was defined in rat
and human kidney with affinity-purified immunoglob-
ulin specific for the N- and C-terminal domains of

AQP1.76,77 In all studies, AQP1 was demonstrated to be
constitutively present in the apical plasma membranes
(i.e., the brush borders), and in basolateral membranes
of S2 and S3 segment proximal tubules (Figure 41.4).
Quantitative immunoblotting indicated that AQP1
makes up 0.9% of total membrane protein from rat
renal cortex and 4% of brush border proteins.77

Enzyme-Linked Immunosorbent Assay (ELISA) mea-
surements of microdissected tubules revealed that
proximal tubules contain approximately 20 million
copies of AQP1 per cell.78 Additionally, AQP1 is found
in the plasma membrane of glomerular mesangial cells
in humans, although not in rat.76,77,79 Other immuno-
histochemical and immunogold electron microscopic
studies have demonstrated AQP1 in multiple capillary
endothelia throughout the body,80�82 including the
renal vasa recta.83 AQP1 is also abundant in peri-
bronchiolar capillary endothelium, where expression
is induced by glucocorticoids,80,84 apparently acting
through the classic glucocorticoid response elements in
the AQP1 gene.85 In addition, AQP1 has been defined
in multiple water-permeable epithelia including
choroid plexus, peritoneal mesothelial cells,86 fetal

FIGURE 41.4 Distribution of aquaporin 1 (AQP1) in kidney.
Ultrathin cryosections of rat renal cortex and inner medulla stained
with anti-immunogold AQP1. (a): Strong labeling is present over the
apical brush border of S3 section of proximal tubule. (b): Strong label-
ing is present over apical and basolateral membrane of thin descend-
ing limb of Henle’s loop (reproduced and modified from ref. [77], with
permission).
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membranes,87 at multiple locations in eye, including
ciliary epithelium, lens epithelium, and corneal endo-
thelium,81,88,89 and in hepatobiliary epithelium,90 pan-
creatic interlobular ducts,91 heart and skeletal muscle,92

gall bladder,93 salivary glands,94 inner ear,95 and sev-
eral other organs including the nervous system (see
review 96). AQP1 has also been localized in tumor cells
and their vasculature.97 Developmental expression of
AQP1 is complex: transient expression occurs in some
tissues before birth; expression in other tissues is sub-
sequent to birth; constitutive life-long expression is
found in other tissues.84,98,99

AQP1 DEFICIENCY

Humans have been identified who totally lack the
AQP1 protein. The human AQP1 gene was localized to
chromosome 7p14 and the Co blood group antigens
were previously linked to 7p, suggesting a molecular
relationship. It was determined that the Co blood
group antigen results from an Ala/Val polymorphism
at the extracellular surface of red cell AQP1100

(Figure 41.1). Although the International Blood Group
Referencing Laboratory in Bristol, England, has
detailed phenotyping information on millions of
donors worldwide, only six individuals had been
shown to lack Co. Most of these Co-null individuals
are women who developed anti-Co during pregnancy.
Three of these Co-null individuals were found to have
mutations in the AQP1 gene.101 Although the exceed-
ingly rare blood group phenotype makes them impos-
sible to match for blood transfusion, it was surprising
that none of them exhibited any other obvious severe
clinical phenotype. The extreme rarity of the Co-null
state may reflect an important developmental role,
resulting in reduced fetal survival; however, the fre-
quency of the heterozygous state is unknown. Detailed
studies of the urinary concentrating ability of Co-null
individuals revealed a marked inability of the indivi-
duals to concentrate urine to more than 400 mOsm/l,
even in the presence of dehydration or dDAVP treat-
ment, revealing a significant urinary concentrating
defect.102 Moreover, Co-null individuals display
reduced pulmonary vascular permeability.103

The development of AQP1 gene knockout mice has
provided further insights into the role of AQP1 in renal
water homeostasis. AQP1-null (AQP12/2) mice
appeared moderately polyuric under basal conditions.
However, AQP12/2 animals exhibited an extreme
degree of polyuria and polydipsia when undergoing
water deprivation, including rapid hyperosmolar extra-
cellular fluid volume depletion.104 Additionally,
AQP12/2 mice failed to respond appropriately to vaso-
pressin, suggesting that renal water conservation and

urinary concentration is highly dependent on AQP1 pro-
tein.104 Detailed classic in vivo and in vitro physiological
evaluation of proximal tubules from the AQP12/2 mice
established that transepithelial water permeability was
reduced by 80%, and led to an approximate 50%
decrease in proximal tubule fluid reabsorption.105 The
apparent differences in transepithelial water permeabil-
ity and proximal tubule fluid reabsorption are likely
dependent on the generation of a hypotonic filtrate in
proximal tubules of AQP12/2 mice.106 Despite these
observations, distal fluid delivery in AQP12/2 remained
unchanged, due to a compensatory reduction in single
nephron glomerular filtration.105 When blunting the
TGF response, and thereby the compensatory reduction
in glomerular filtration observed in AQP12/2 mice,
ambient urine osmolalities and urinary flow rates
appeared no different from normal AQP12/2 mice,
probably due to distal tubular compensatory mechan-
isms.107 The impaired proximal fluid reabsorption
observed in AQP12/2 mice, albeit with normal distal
fluid delivery, suggests that the polyuric phenotype
largely depends on a concentrating defect impairing col-
lecting duct water reabsorption

Studies using isolated perfused thin descending
limbs have revealed that the osmotic water permeabil-
ity of the type II thin descending limbs (outer medul-
lary thin descending limbs from long loop nephron)
is decreased by 90% relative to wild-type values in
kidneys from AQP1 knockout mice.108 Additionally,
earlier observations using freeze-fracture electron
microscopic techniques showed a remarkably high
density of intramembrane particles in the thin descend-
ing limb of rat, which has been attributed to the
tetrameric assembled AQP1 subunits.33 In the thin des-
cending limb of AQP12/2 mice, the abundance and
size of these intramembrane particles was markedly
reduced.108 Moreover, the distribution of AQP1 in the
vasa recta suggests a role in microvascular exchange,
hence affecting urinary concentration. In the presence
of a NaCl gradient, osmotic water permeability was
almost eliminated in the descending vasa recta of
AQP12/2 mice, leading to a predicted reduction in
medullary interstitial osmolality and likely an impair-
ment of countercurrent multiplication.109 Additional
studies using adenoviral gene delivery restored AQP1
protein expression in the proximal tubule epithelia and
renal microvessels of AQP12/2 knockout mice, albeit
not in the descending thin limbs. The adenovirus-
treated mice showed slight restoration of the concen-
trating defect during water deprivation, probably due
to reinsertion of AQP1 water channels in the vasa recta,
although urinary concentrating ability was still highly
insufficient in comparison to wild-type mice.110 In con-
clusion, the severe concentrating defect seen in the
AQP12/2 mice primarily results from impaired water
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absorption in the thin descending limb, underlining
the necessity for a constitutively high water permeabil-
ity in this segment for a functional countercurrent mul-
tiplication system.

ADDITIONAL FUNCTIONS OF AQP1

AQP1 is generally believed to be a constitutively
active, water-selective pore. Nonetheless, some obser-
vations contradict this. A small degree of permeation
by glycerol has been seen in oocytes which may repre-
sent opening of an unidentified leak pathway,111 and
the biologic significance remains unclear.21 Forskolin
was reported to induce a cation current in AQP1-
expressing oocytes,112 but multiple other scientific
groups have failed to reproduce this effect.113

Although small changes in water permeability by
oocytes expressing a bovine homolog of AQP1 have
also been ascribed to vasopressin and atrial natriuretic
peptide, the significance is uncertain.114 Likewise,
secretin-induced membrane trafficking has been noted
in isolated cholangiocytes115,116; however, this awaits
confirmation by immunoelectron microscopy.
Permeation of AQP1 by CO2 has also been evaluated.
Rates of pH change are about 40% higher in
oocytes expressing AQP1117 than in control oocytes.
Although the background permeation of lipid bilayers
by CO2, as well as oxygen, ammonia, nitric oxide, and
other gases, may be high,118 the potential physiological
relevance of AQP1 permeation by gases warrants more
study (see review 119). Additionally, AQP1 appears to
play a role in cell migration.120 AQP12/2 mice
implanted with tumor cells show reduced tumor vas-
cularity and growth, thus leading to improved survival
in comparison to wild-type mice. Moreover, in vitro
analysis of endothelial cells isolated from AQP12/2

mice showed marked impairment in cell migration.120

In primary cultures of proximal tubule cells from
AQP12/2 mice, in vitro cell migration was impaired
compared to AQP11/1 mice. Furthermore, in an ische-
mia�reperfusion model of acute renal tubular injury,
AQP12/2 mice showed more severe pathological
changes, including more prominent tubule degenera-
tion.121 Thus, although the evidence that AQP1
functions as a water channel is incontrovertible, the
possibility of yet undiscovered transport functions can-
not be excluded.

AQUAPORINS IN KIDNEY

The first functional definition of one member of a
protein family often prompts a search for related pro-
teins. This has certainly been the case for the

aquaporins, and the homology cloning approach has
been undertaken by multiple laboratories whose com-
bined efforts have expanded the aquaporin family
membership list. Homology cloning has most fre-
quently been undertaken by using polymerase chain
amplification with degenerate oligonucleotide pri-
mers.122 Thirteen mammalian aquaporins are now
known, and they form at least two subgroups: water-
selective channels (orthodox aquaporins) and channels
permeated by water, glycerol, and other small mole-
cules (aquaglyceroporins). Given the large potential
for confusion, the Human Genome Organization has
established an Aquaporin Nomenclature System,117

accessible by internet (http://www.gene.ucl.ac.uk/
nomenclature). Of the known aquaporins, eight are
expressed in mammalian kidney (Table 41.1). Soon
after AQP1 was discovered to be a water channel,
AQP2 was identified in renal collecting duct,123 where
it is regulated by vasopressin and is involved in multi-
ple clinical disorders (Table 41.2). AQP3 was identified
in kidney and other tissues, and was found to be per-
meated by glycerol and water.124�126 AQP4, a HgCl2-
insensitive water channel is most abundantly
expressed in brain, and is present in kidney collecting
duct in the basolateral plasma membrane of principal
and IMCD cells and in other tissues, but it is not inhib-
ited by mercury.127,128 AQP6 was identified at the
cDNA level and found to be localized in intracellular
vesicles in the collecting duct intercalated cells in the
kidney.129�131 AQP7 is permeated by water and glyc-
erol.132,133 First cloned from testis,132 AQP7 is present
in segment 3 proximal tubule brush border mem-
branes, where it facilitates glycerol and water trans-
port.134 AQP8 is a HgCl2-sensitive water channel found
in intracellular domains of proximal tubule and collect-
ing duct cells135,136; however, its function remains
unclear. AQP11 is found in the cytoplasm of renal
proximal tubule cells.137 The exact function is not
established, although deletion of the AQP11 gene pro-
duces a severe phenotype with renal vacuolization and
cyst formation.137

Localization and Function of AQP2, AQP3,
AQP4, AQP6, AQP7, AQP8, and AQP11
in Kidney

The amino acid sequences of the N-and C-termini of
the different aquaporins are not closely related, and
specific polyclonal antibodies can be raised in rabbits
immunized with synthetic peptides conjugated to car-
rier proteins such as keyhole limpet hemocyanin. As
with AQP1, these antibodies have permitted localiza-
tion of the other aquaporins in kidney by immunocyto-
chemistry, immunoelectron microscopy, and single
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tubule microdissection combined with ELISA
(Figure 41.5).

Three aquaporins (AQP2, AQP3, and AQP4) are
expressed in the collecting duct principal cells and the
connecting tubule segment, sites where vasopressin
regulates epithelial water permeability. AQP2 is located
in the apical plasma membrane and small intracellular
vesicles of collecting duct principal cells138

(Figure 41.6). ELISA measurements of microdissected
rat collecting ducts have revealed that AQP2 is an
extremely abundant protein in the collecting duct, with
more than six million copies per cell throughout the col-
lecting duct system.139 Additional studies using the
single-tubule ELISA method and immunocytochemis-
try demonstrated co-localization of AQP2 and V2 vaso-
pressin receptor expression on connecting tubule
arcades, suggesting that regulated water transport may
occur in the arcades of the cortical labyrinth in addition
to the collecting duct.139,140 Additionally, AQP2 has
been identified in the basolateral membranes of con-
necting tubules and inner medullary collecting ducts.141

The apical plasma membrane is the rate-limiting
barrier for transepithelial water transport across
the collecting duct principal cell, and is the site
where vasopressin regulates water permeability.142

Localization of AQP2 in the apical plasma membrane
suggested that it is the target for vasopressin-regulated
collecting duct water permeability (Figure 41.6). This
conclusion was firmly established by multiple studies.
A direct correlation between AQP2 expression and

collecting duct water permeability has been demon-
strated in Brattleboro rats, which lack circulating vaso-
pressin owing to a mutation in the gene encoding
vasopressin precursor protein.143 Likewise, human
patients with mutations in the AQP2 gene manifest
severe vasopressin-resistant nephrogenic diabetes insi-
pidus,144 demonstrating the requirement for AQP2 in
collecting duct water transport. Lack of functional
AQP2 expression in mice, by generation of AQP2 gene
knockouts, produces a severe concentration defect,
resulting in early postnatal death.145,146 Moreover, mor-
phological changes including renal medullary atrophy
and dilation of the collecting ducts is observed in these
mice.145,146 Generation of AQP22/2 knockouts selec-
tively in the collecting ducts, but not in the connecting
tubule segments, rescues mice from the lethal pheno-
type; however, body weight, urinary production, and
the response to water deprivation is still severely
impaired.145 Additionally, in a tamoxifen-inducible
mouse model of AQP2 gene deletion, adult mice pres-
ent with severe polyuria, a marked urinary concentra-
tion defect, and develop mild renal damage.147

Together these studies demonstrate the pivotal role of
AQP2 in urinary concentration.

AQP3 is localized in a large variety of organs and
highly-expressed in the kidney. AQP3 was originally
cloned from rat kidney,124�126 and when expressed in
Xenopus oocytes it facilitated glycerol transport (dis-
cussed below) and increased HgCl2-sensitive osmotic
water permeability.148�150 Moreover, channel-gating is

TABLE 41.1 Aquaporins in Kidney

AQP Localization

(renal)

Subcellular

Distribution

Regulation Localization (extrarenal)

AQP1 S2, S3 segments of
proximal tubules

Apical and basolateral
plasma membranes

Glucocorticoids (peribronchiolar
capillary endothelium)

Multiple tissues, including capillary endothelia,
choroids plexus, ciliary and lens epithelium, etc.

AQP2 Collecting duct
principal cells

Intracellular vesicles,
apical plasma
membrane

Vasopressin stimulates short-term
exocytosis long-term biosynthesis

Epididymis

AQP3 Collecting duct
principal cells

Basolateral plasma
membrane

Vasopressin stimulates long-term
biosynthesis

Multiple tissues, including airway basal epithelia,
conjunctiva, colon

AQP4 Collecting duct
principal cells

Basolateral plasma
membrane

Dopamine, protein kinase C Multiple tissues, including central nervous system
astroglia, ependyma, airway surface epithelia

AQP6 Collecting duct
intercalated

Intracellular vesicles Rapidly gated Unknown

AQP7 S3 proximal
tubules

Apical plasma
membrane

Insulin (adipose tissue) Multiple tissues, including adipose tissue, testis,
and heart

AQP8 Proximal tubule,
collecting duct
cells

Intracellular domains Unknown Multiple tissues, including gastronintestinal tract,
testis, and airways

AQP11 Proximal tubule Intracellular domains Unknown Multiple tissues, including liver, testes, and brain

AQP, aquaporin.

1413AQUAPORINS IN KIDNEY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



regulated by protons and copper.61,150 AQP4 was
found to be expressed in several tissues with high
abundance in the brain. In oocyte expression studies,
the protein increased osmotic water permeability in a
HgCl2-insensitive manner.127,149

AQP3 and AQP4 are also present in the connecting
tubule and collecting duct principal cells; however, the
sites where they are expressed do not overlap with the
expression of AQP2 in most portions of the collecting
duct.140,151�153 AQP3 and AQP4 are restricted to the
basolateral plasma membranes of collecting duct prin-
cipal cells, where they are presumed to permit water
entry into the interstitium. Although both are basolat-
eral water channels, they are distributed differently

along the collecting duct system, with the greatest
abundance of AQP3 in cortical and outer medullary
collecting ducts, and the greatest abundance of AQP4
in inner medullary collecting duct.153 AQP4 is also
found in basolateral membranes of proximal tubule S3
segments, although only in mice.154 Using freeze-
fracture electron microscopy, orthogonal arrays of
intramembrane particles (OAP) were demonstrated in
the basolateral membranes of the proximal tubule S3
segment in AQP41/1, but not in AQP42/2, mice.154

AQP4 is expressed in two splice isoforms, the M1 and
M23 splice variants. The M23-AQP4 appears to be the
OAP-forming water channel when expressed in LLC-
PK1 cells. When organized in OAPs, a significantly
higher single-channel water permeability coefficient is
observed in comparison to the non-AOP forming M1-
AQP4.141,155 Shuttling of AQP3 or AQP4 is not expected
to occur, as the predominant fraction is found in the
plasma membrane (short- and long-term regulation of
these aquaporins will be discussed later). Sodium
restriction or aldosterone infusion in normal and
Brattleboro rats greatly increases the abundance of
AQP3, while AQP3 abundance is markedly reduced
during aldosterone deficiency, suggesting a direct effect
of aldosterone on collecting duct AQP3 expression.156

AQP4 appears to be regulated by PKC and dopamine,
where stimulation by these factors decreases water per-
meability in AQP4 transfected cells.157

Deletion of the AQP3 gene induces polyuria and
polydipsia and a marked reduction in osmotic water
permeability in the basolateral plasma membrane of
the cortical collecting duct.148 Moreover, urinary osmo-
lality is reduced in AQP32/2 mice and they fail to
respond appropriately to dDAVP, thus presenting with
a urinary concentrating defect.148 Targeted disruption
of AQP4 in mice results in a 75% reduction in the
osmotic water permeability of the inner medullary col-
lecting duct.158 However, phenotypically the AQP42/2

mice appeared grossly normal, presenting with a
very mild urinary concentrating defect.159 In double
AQP32/2/AQP42/2-knockout mice, concentrating
ability was only slightly more impaired than in the
AQP32/2 mice.148 It should be noted that the localiza-
tion of AQP2 in basolateral membranes in both the con-
necting tubule and inner medullary collecting duct
raises the possibility that the observed effect is partly
compensated by this mechanism.141

AQP6 vesicles reside in subapical vesicles within
intercalated cells of the collecting duct, where it is
co-expressed with the V-type H1-ATPase.131,160 AQP6
appears functionally distinct from other known aqua-
porins. Oocyte expression studies have revealed low
water permeability of AQP6 during basal conditions,
while in the presence of HgCl2 a rapid increase in water
permeability and ion conductance is observed.

TABLE 41.2 Water-balance Disorders Associated with
Aquaporin Abnormalities

Congenital defects

Central diabetes insipidus

Mutation in gene encoding vasopressin (Brattleboro rat)

Nephrogenic diabetes insipidus

Mutations in gene encoding V2 receptor (human, X-linked)

Mutations in gene encoding aquaporin-2 (human, dominant and
recessive)

Partial concentration defects

Targeted disruption of gene encoding aquaporin-1 (mouse)

Targeted disruption of gene encoding aquaporin-4 (mouse)

Acquired defects

Lithium treatment

Hypokalemia

Hypercalcemia

Postobstructive nephropathy, unilateral or bilateral

Conditions with water retention

Congestive heart failure

Hepatic cirrhosis

Nephritic syndrome

Pregnancy

Other conditions

Syndrome of inappropriate vasopressin secretion

Primary polydipsia

Chronic renal failure

Acute renal failure

Low-protein diet

Age-induced reduction in renal concentration
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Additionally, reductions in pH (below 5.5) quickly and
reversibly increase anion conductance and water per-
meability in AQP6 expressing oocytes.160 Subsequent
studies have shown that the channel is permeable to
halides, with the highest permeability to NO3

2,160,161

while the ionic selectivity becomes less specific after
the addition of HgCl2.

162 Moreover, when Asn60, a resi-
due unique in mammalian AQP6, is converted to gly-
cine, a highly-conserved residue in other mammalian
aquaporins, anionic permeability is abolished and
osmotic water permeability is increased during basal
conditions.163

AQP7 is a member of the aquaglyceroporin family,
and was originally cloned from rat testis.132

Additionally, AQP7 is expressed in several organs,
including adipose tissue and kidney.132,164 In the kid-
ney, AQP7 localizes to the brush border membrane of
the proximal tubule S3 segment.165,166 Expression of
AQP7 in Xenopus oocytes showed that AQP7 facilitated
the transport of glycerol and urea in addition to
water.132 The development of AQP7 knockout mice
has aided understanding of the physiological role of
AQP7. Glycerol excretion is markedly increased in
AQP72/2 mice, suggesting a role for AQP7 in facilitat-
ing proximal tubular glycerol transport, and possibly
renal gluconeogenesis (discussed below).134 In terms
of water transport, AQP72/2 mice experience only a

slight reduction in proximal tubule membrane water
permeability, and AQP7/AQP1 double knockout mice
showed only a slightly more severe urinary concentrat-
ing defect than AQP12/2 mice during water depriva-
tion.134 Additionally, evaluation of the channels’
permeability to urea in AQP72/2 mice revealed no
change in urinary urea excretion or urea accumulation
in the papilla, indicating a less prominent physiological
role in urea transport.134 Expression of AQP7 in
Xenopus oocytes increases the permeability to arsenite,
thereby providing a possible route for arsenite uptake
in mammalian cells167; the physiological role of these
observations awaits further investigation.

Cloning of the murine AQP8 water channel136,168,169

revealed its presence in many organs, including the
kidney.135,136,168,169 In kidney, AQP8 localizes to intra-
cellular domains of proximal tubule and collecting
duct cells.135 Expression of AQP8 in Xenopus oocytes
increased HgCl2-sensitive osmotic water permeability.
Additionally, oocyte expression of AQP8 showed per-
meability to urea.136 Targeted deletion of the AQP8
gene produced a mild phenotype in AQP82/2 mice,
with no obvious changes in renal parameters.170

Subsequent studies have suggested that AQP8 facili-
tates NH3 transport in Xenopus oocytes171,172 and
in ammonia transport-deficient yeast.173 In AQP82/2

mice, ammonia-loading mildly reduced hepatic ammo-
nia accumulation and increased renal ammonia
excretion,174 indicating that AQP8 does not play a sig-
nificant physiological role in facilitated NH3 transport.

Recently a new aquaporin was cloned from rat tes-
tis, namely AQP11.168 This AQP has only one NPA
motif, and shares low similarity with the conventional
aquaporins. AQP11 is most abundantly expressed in
the testis, kidney, and liver.168 In the kidney, the
AQP11 protein localizes to the cytoplasm of the renal
proximal tubules.137 While lack of plasma membrane
expression of the AQP11 protein in Xenopus oocytes
greatly impaired measurements of transport,137 tar-
geted deletion of the AQP11 gene in mice resulted in a
severe phenotype with vacuolization and cyst forma-
tion in the proximal tubule. The AQP112/2 mice died
of renal failure and kidneys were polycystic. The cyst
epithelia contained vacuoles, and the AQP112/2 mice
also presented with a proximal tubular endosomal
acidification defect.137

AQUAGLYCEROPORINS

AQP3, AQP7, and AQP9 constitute a subgroup of
aquaporins with a broader permeation range that
includes glycerol, hence the name “aquaglyceropor-
ins.” AQP3, which transports water and glycerol, was
cloned by three groups at the same time.124�126 The

Proximal
tubule

Descending
thin limb

AQP1
AQP7

Ascending
thin limb

Water

Water

Water

Water

Glomerulus

Distal convoluted
tubule

Connecting
tubule

Final urine

+ADH
Water

Collecting
ducts

+ADH
Water

AQP2
AQP3
AQP4

Outer stripe

Inner stripe

Cortex

Outer
medulla

Inner
medulla

FIGURE 41.5 Sites of aquaporin (AQP1) expression in kidney

and segmental water-transport function. Proximal nephron: AQP1 is
present in apical and basolateral plasma membranes of proximal
tubules and thin descending limbs. AQP6 is present in intracellular
vesicles of collecting duct intercalated cells. AQP7 is present in proxi-
mal tubules. Distal nephron: aquaporins are not present in ascending
limbs. Collecting duct: AQP2 is present in intracellular vesicles and
apical plasma membranes of principal cells; AQP3 and AQP4 are
present in basolateral membranes. AQP6 is present in intracellular
vesicles in type A intercalated cells.
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distribution at multiple sites, including the kidney col-
lecting duct principal cells, airway epithelia, skin, uri-
nary bladder, and secretory glands, suggests several
functions.151,152,175 AQP3-null mice exhibit a nephro-
genic diabetes insipidus phenotype; however, human
mutants have not yet been reported. AQP7 is also per-
meated by water and glycerol, and is localized to the
apical brush border of the proximal tubules, especially
to the S3 segment. Recent studies have indicated that
AQP7 may play a role in glycerol metabolism by show-
ing adaptation to fasting by glycerol transport through
AQP7 in adipose tissue.176 AQP72/2 mice have a sig-
nificantly lower plasma glycerol concentration than
wild-type mice, and impaired adipocytic glycerol
release in response to a β3 receptor stimulation.176

Moreover, AQP72/2 mice experience severe hypogly-
cemia, but show normal hepatic gluconeogenesis dur-
ing fasting, indicative of defective adipocytic glycerol

transport in these mice.176 Glycerol excretion is also
markedly increased in AQP72/2 mice, suggesting a role
for AQP7 in facilitating proximal tubular glycerol trans-
port.134 AQP9, which is expressed in the liver but not in
kidney,177�179 is permeated by a range of solutes inclu-
ding glycerol and urea.180 Recently, it has been demon-
strated that expression of AQP9 in liver was induced
up to 20-fold in rats fasted for 24�96 hours, and that
AQP9 levels gradually declined after re-feeding.181

This indicates that the liver takes up glycerol for gluco-
neogenesis through AQP9 during starvation.

VASOPRESSIN REGULATION OF
KIDNEYAQUAPORINS

Of all the aquaporins, AQP2 has invoked the larg-
est interest by nephrologists, because it is expressed

FIGURE 41.6 Vasopressin-induced trafficking of aquaporin 2 (AQP2) in isolated, perfused rat collecting duct and resulting changes in
water permeability. Anti-AQP2 immunogold electron microscopy of ultrathin cryosections of isolated rat collecting duct fixed before exposure
to arginine vasopressin (pre-AVP, top left), and after exposure (AVP, bottom left). Note intracellular AQP2 (arrowheads) and plasma
membrane AQP2 (small arrows). Quantification of AQP2 labeling density before, during or after vasopressin exposure (top right).
Quantification of osmotic water permeability of isolated collecting duct (bottom right) (Nucleus: N; mitochondrion: M;3 50,000) (reproduced and
modified from ref. [182], with permission).
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in principal cells of the renal collecting duct, where
it is the primary target for short-term regulation of
collecting duct water permeability.182�184 AQP2 and
AQP3 are also regulated either directly or indirectly
by vasopressin through long-term effects that alter
the abundance of these water-channel proteins in col-
lecting duct cells.138,143,151,185�187

Short- and Long-Term Regulation of Water
Permeability in the Collecting Duct

Two modes of vasopressin-mediated regulation of
water permeability have been identified in the renal
collecting duct. Both involve regulation of the AQP2
water channel. Short-term regulation is the widely
recognized process by which vasopressin rapidly
increases water permeability of principal cells by bind-
ing to vasopressin V2-receptors at the basolateral mem-
branes, a response measurable within 5 to 30 minutes
after increasing peritubular vasopressin concentra-
tion.188,189 It is believed that vasopressin, acting
through a cyclic adenosine monophosphate (cAMP)
cascade, causes intracellular AQP2 vesicles to fuse with
the apical plasma membrane, which increases the num-
ber of water channels in the apical plasma membrane
(Figures 41.6 and 41.7). Long-term regulation of collect-
ing duct water permeability is seen when circulating
vasopressin levels are increased for 24 hours or more,
resulting in an increase in the maximal water per-
meability of the collecting duct epithelium.185 This
response is a consequence of an increase in the abun-
dance of AQP2 water channels per cell in the collecting
duct,138,143 apparently due to increased transcription of
the AQP2 gene (Figure 41.7).

Short-Term Regulation of AQP2 by
Vasopressin-Induced Trafficking

The final concentration of the urine depends on
the medullary osmotic gradient built up by the loop
of Henle, and the water permeability of the collect-
ing ducts through the cortex and medulla (see
review 190). Collecting duct water permeability is
regulated by vasopressin, and it has been suspected
for many years on the basis of indirect biophysical
evidence that the vasopressin-induced increase in
water permeability depended on the appearance of
specific water channels in the apical plasma mem-
brane of the vasopressin-responsive cells. Molecular
actions of vasopressin to increase epithelial water
permeability were first demonstrated in the 1950s
and early 1960s in the skin and urinary bladder of
amphibia.191,192 Direct demonstrations that vasopres-
sin rapidly increases water permeability of isolated

collecting ducts were made during the next few
years.193,194 These studies, undertaken with in vitro
preparations, showed that vasopressin applied to the
basolateral aspect of the collecting duct cells directly
increased transepithelial osmotic water permeability
within minutes. Kinetic studies in isolated perfused
inner medullary collecting ducts revealed an increase
in osmotic water permeability after only 40 seconds
of incubation at 37�C, and half of the maximal
water permeability was reached within 10 min-
utes.189,195 cAMP has been implicated in the regula-
tory process, because direct application of cAMP
analogs to the collecting duct was found to mimic
the short-term effects of vasopressin.193

Multiple studies with affinity-purified polyclonal
antibodies to AQP2 have unequivocally established
that AQP2 is specifically involved in vasopressin-
induced increases of renal collecting duct water perme-
ability. Soon after isolation of the AQP2 cDNA and
generation of specific antibodies,123 immunoperoxidase
microscopy and immunoelectron microscopy clearly
demonstrated that principal cells within renal collect-
ing ducts contain abundant AQP2 in the apical plasma
membranes and in subapical vesicles.138,143 These stud-
ies strongly supported the “shuttle hypothesis” origi-
nally proposed more than a decade earlier.196 This
hypothesis proposed that water channels can shuttle
between an intracellular reservoir in subapical vesicles
and the apical plasma membrane, and that vasopressin
alters water permeability by regulating the shuttling
process.8 Shuttling of AQP2 was directly demonstrated
in isolated perfused tubule studies.182 In these studies,
water permeability of isolated perfused collecting ducts
was measured before or after stimulation with vaso-
pressin, and the tubules were fixed directly for immu-
noelectron microscopic examination (Figure 41.6).
Vasopressin stimulation resulted in a markedly
decreased immunogold labeling of intracellular AQP2,
accompanied by a five-fold increase in the appearance
of AQP2 immunogold particles in the apical plasma
membrane. This redistribution was associated with an
increase in osmotic water permeability of similar mag-
nitude. These findings were reproduced in vivo by
injecting rats with vasopressin, which also caused
redistribution of AQP2 to the apical plasma membrane
of collecting duct principal cells.183,197 In contrast to the
effect of vasopressin treatment, removal of vasopressin
led to a reappearance of AQP2 in intracellular vesicles,
and a decline in osmotic water permeability in the
isolated perfused collecting duct system182,186

(Figure 41.6). Moreover, the off-set response to vaso-
pressin has been examined in vivo by acute treatment
of rats with vasopressin-V2-receptor antagonist198,199

or acute water-loading (to reduce endogenous vaso-
pressin levels200). These treatments (both reducing
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FIGURE 41.7 Regulation of AQP2 trafficking (Panels a�e), and expression (Panel F) in collecting duct principal cells. (a):Vasopressin
binding to basolateral G-protein-linked V2-receptor stimulates adenylyl cyclase (AC); cyclic adenosine monophosphate (cAMP) activates pro-
tein kinase A to phosphorylate AQP2 in intracellular vesicles; phosphorylated AQP2 is exocytosed to the apical plasma membrane, resulting in
increased apical membrane water permeability. (b): Overview of cytoskeletal elements, which may be involved in AQP2-trafficking. AQP2-
containing vesicles may be transported along microtubules by dynein/dynactin. The cortical actin web may act as a barrier to fusion with the
plasma-membrane. (c): Intracellular calcium signaling and AQP2-trafficking. Increases in intracellular Ca21 concentration may arise from stim-
ulation of the V2 receptor. The existence and potential role of other receptors and pathways, e.g., VACM-1, in Ca21 mobilization is still uncer-
tain. The downstream targets of the calcium signal are unknown, and conflicting data exist on the importance of a rise in intracellular Ca21 for
the hydrosmotic response to vasopressin. (d): Vesicle-targeting receptors and AQP2-trafficking. AQP2 vesicles dock at the apical membrane by
association of VAMP-2 with syntaxin-4 targets in the presence of NSF; the exact role of these remains to be established. (e): Changes in the actin
cytoskeleton associated with AQP2-trafficking to the plasma membrane. Inactivation of RhoA by phosphorylation and increased formation of
RhoARhoGDI complexes seem to control the dissociation of actin fibers seen after vasopressin stimulation. (f): Specifically, cAMP participates
in the long-term regulation of AQP2 by increasing the levels of the catalytic subunit of PKA in the nuclei, which is thought to phosphorylate
transcription factors such as CREB-P (Cyclic AMP Responsive Element Binding Protein) and C-Jun/c-Fos. Binding of these factors are thought
to increase gene transcription of AQP2, resulting in synthesis of AQP2 protein which in turn enters the regulated trafficking system. In parallel,
AQP3 and AQP4 synthesis and trafficking to the basolateral plasma membrane takes place. Importantly, AQP2 regulation can be modified by
a number of hormones including dopamine, ANP, PGE2, and adrenergic hormones. See text for details (Vasopressin-V2-receptors: V2R; adeny-
lyl cyclase: AC; cAMP and protein kinase A: PKA) (redrawn and modified from ref. [190]).
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vasopressin action) resulted in a prominent internaliza-
tion of AQP2 from the apical plasma membrane to
intracellular subapical vesicles, further underscoring
the role of AQP2 trafficking in the regulation of collect-
ing duct water permeability and the reversibility of
AQP2 trafficking to the plasma membrane.

The quantity of AQP2 in the apical plasma mem-
brane is determined by the relative rates of exocytosis
and endocytosis. Both processes occur continuously,
and their relative rates are regulated to effect changes
in water permeability. Kinetic evidence indicates that
vasopressin regulates both endocytosis and exocytosis
of apical water channels.195,201 These conclusions are
supported by multiple earlier experiments with fluid-
phase markers, which assessed rates of internalization
of the apical plasma membrane.202�204 Intravenous
injection of horseradish peroxidase was followed by
uptake of the material into intracellular vesicles and
multivesicular bodies by collecting duct principal
cells.202 When compared with normal rats, the rate of
uptake by vasopressin-deficient Brattleboro rats
was much lower; however, this difference was lost
after administration of vasopressin, presumably reflect-
ing an effect of vasopressin in accelerating exo-
cytosis, followed by a secondary increase in the rate of
endocytosis to re-establish the steady-state. These
observations were supported by studies with
fluorescein-labeled dextrans,203 which confirmed that
vasopressin enhances the rate of endocytosis of the api-
cal plasma membrane under steady-state conditions. In
apparent contrast, removal of vasopressin from iso-
lated perfused rabbit cortical collecting ducts also was
accompanied by increased endocytosis of horseradish
peroxidase from the lumen, and it was suggested that
water channels would also be internalized at an
increased rate.204 Similar results were obtained in iso-
lated rat inner medullary collecting duct, which
showed that vasopressin washout was associated with
increased appearance of albumin-gold or cationic ferri-
tin in small apical vesicles and multivesicular bod-
ies.205 Presumably this response reflects a direct effect
of vasopressin to decrease the intrinsic rate of endocy-
tosis and is reversed on vasopressin removal.
Therefore, it appears that two factors affect the rate of
endocytosis of the apical plasma membrane of collect-
ing duct principal cells: (1) vasopressin directly decele-
rates endocytosis by unknown mechanisms; and (2)
vasopressin indirectly accelerates the rate of endocy-
tosis by stimulating exocytosis and increasing the
total amount of apical plasma membrane. The latter
effect is believed to be slower than the former,
resulting in a biphasic decline in water permeability
on vasopressin removal.195,201 Other studies have
demonstrated that apical endocytosis is most rapid

at about 3 to 5 minutes after vasopressin washout
from isolated perfused inner medullary collecting
ducts,205 corresponding to the period of the most
rapid decrease in transepithelial water permeabil-
ity.195,201 Thus, the results taken together strongly
suggest that vasopressin directly regulates both
endocytosis and exocytosis of AQP2. Presumably the
net increase in water permeability seen in response
to vasopressin is due both to direct stimulation of
exocytosis and to direct inhibition of endocytosis.

Several groups have now successfully reconstituted
the AQP2 delivery system using cultured cells trans-
fected with either wild-type AQP2 or AQP2 tagged
with a marker protein or a fluorescent protein.206�211

Using such cultured cells stably transfected with
AQP2, it has been shown that AQP2 trafficking occurs
from vesicles to the apical plasma membrane, albeit in
some cases to the basolateral plasma membrane, as
well as retrieval and subsequent trafficking back to the
surface upon repeated stimulation. This recycling of
AQP2 also occurs in LLC-PK1 cells in the continued
presence of cycloheximide, preventing de novo AQP2
synthesis. Despite remaining uncertainties, a working
model for collecting duct water permeability permits
molecular insight into this process (Figure 41.7). The
short-term effects of vasopressin-enhanced water per-
meability are explained by the redistribution of AQP2
to the apical plasma membrane in collecting duct
principal cells. Acting through the V2 receptor, vaso-
pressin stimulates adenylyl cyclase; the elevated levels
of intracellular cAMP activate protein kinase A
(PKA), causing a redistribution of AQP2 from intra-
cellular vesicles to the apical plasma membrane by
inducing exocytosis of AQP2 vesicles, and by inhibit-
ing endocytosis of AQP2 from the apical membrane.
The net increase of AQP2 in the apical plasma
membrane increases the water permeability. In the
pre-antidiuretic state, the apical membrane is the rate-
limiting barrier for transepithelial water transport,
because AQP3 and AQP4 are abundant in the basolat-
eral plasma membrane. Thus, increasing the water
permeability of the apical plasma membrane by inser-
tion of AQP2 water channels results in an increase in
transepithelial osmotic water permeability. Whereas
the general model is now well-established, the molec-
ular details explaining how an elevation in intracellu-
lar cAMP levels regulates trafficking of AQP2 to the
apical plasma membrane and back remain uncertain.
Serine at position 256, in the carboxyl-terminal tail of
AQP2, is apparently a substrate for protein kinase A,
and regulation of exocytosis and endocytosis of AQP2
is expected to involve phosphorylation and dephos-
phorylation of AQP2,208,212,213 and of ancillary pro-
teins involved in the trafficking processes. This
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question will likely be a major focus of future
research.

Signal Transduction Pathways Involved
in Vasopressin Regulation of AQP2 Trafficking

The signal transduction pathways have been
described thoroughly in previous reviews.190,214�217

cAMP levels in collecting duct principal cells are
increased by binding of vasopressin to V2-recep-
tors.218,219 The synthesis of cAMP by adenylate cyclase
is stimulated by a V2-receptor coupled heterotrimeric
GTP-binding protein, Gs. Gs interconverts between an
inactive GDP-bound form and an active GTP-bound
form, and the vasopressin-V2-receptor complex cata-
lyzes the exchange of GTP for bound GDP on the
’-subunit of Gs. This causes release of the ’-subunit,
Gs’-GTP, which subsequently binds to adenylate
cyclase, thereby increasing cAMP production. Protein
kinase A is a multimeric protein which is activated by
cAMP, and consists in its inactive state of two catalytic
subunits and two regulatory subunits. When cAMP
binds to the regulatory subunits, these dissociate from
the catalytic subunits, resulting in activation of the
kinase activity of the catalytic subunits.

AQP2 contains a consensus site for PKA phosphory-
lation (RRQS) in the cytoplasmic COOH terminus at
Ser256.123 Recent studies using 32P labeling or using an
antibody specific for phosphorylated AQP2 showed a
very rapid phosphorylation of AQP2 (within 1 minute)
in response to vasopressin-treatment of slices of the
kidney papilla.220 This is compatible with the time-
course of vasopressin-stimulated water permeability of
kidney collecting ducts.189 As described above, PKA-
induced phosphorylation of AQP2 apparently does not
change the water conductance of AQP2 significantly.
Importantly, it was recently demonstrated that vaso-
pressin or forskolin treatment failed to induce translo-
cation of AQP2 when Ser256 was substituted by an
alanine (S256A) in contrast to a significant regulated
trafficking of wild-type AQP2 in LLC-PK1 cells.208 A
parallel study by Sasaki and colleagues also demon-
strated the lack of cAMP-mediated exocytosis of
mutated (S256A) AQP2 transfected into LLC-PK1
cells.221 Thus, these studies indicate a specific role of
PKA-induced phosphorylation of AQP2 for regulated
trafficking. To explore this further, an antibody was
designed that exclusively recognizes AQP2 which is
phosphorylated in the PKA consensus site (Ser256). In
normal rats phosphorylated AQP2 (Ser256) is present
in intracellular vesicles and apical plasma membrane,
indicating that it is constitutively phosphorylated
even in low circulating vasopressin states.222,223 In con-
trast, phosphorylated AQP2 is mainly located in

intracellular vesicles in Brattleboro rats, as shown by
immunocytochemistry and immunoblotting using
membrane fractionation.222 Importantly, dDAVP treat-
ment of Brattleboro rats caused a marked redistribution
of phosphorylated AQP2 (Ser256) to the apical plasma
membrane, which is in agreement with an important
role of PKA phosphorylation in this trafficking.222

Conversely, treatment with V2-receptor antagonist
induced a marked decrease in the abundance of phos-
phorylated AQP2 (Ser256),222 likely due to reduced
PKA activity and/or increased dephosphorylation
of AQP2, e.g., by increased phosphatase activity.
Moreover, the necessity for the Ser256 phosphorylation
in AQP2-regulated urine concentration is underlined
by the recent identification of this site as being sponta-
neously mutated in congenital progressive hydrone-
phrosis (cph).224 The spontaneous conversion of the
serine phosphorylated site (Ser 256) to leucine in the
cytoplasmic tail of the AQP2 protein in cph-mice pre-
vents its phosphorylation at Ser256, and inhibits the
subsequent accumulation of AQP2 on the apical mem-
brane of the collecting duct principal cells. This causes
polydipsia, polyuria, and a severe urinary concentra-
tion defect leading to hydronephrosis and obstructive
nephropathy in these mice. Recently, three previously
unknown phosphorylation sites in the C-terminus of
AQP2 were identified (S261, S264, and S269) by using
liquid chromatography coupled to mass spectrometry
neutral loss scanning.225 During basal conditions,
AQP2 phosphorylated on Ser261 is approximately
24-fold more abundant than Ser256 phosphorylated
AQP2. During administration of dDAVP a decrease in
Ser261 phosphorylation was observed, while AQP2
phosphorylated on Ser256, Ser264, and Ser269
increased.225,226 It is clear that phosphorylation of
AQP2 is required for cell surface expression; however,
it is still unclear how phosphorylation of AQP2 (S256,
S261, S264, S269) induces apical trafficking of AQP2.
One possibility is that phosphorylation of AQP2
directly influences an interaction between AQP2-
containing vesicles and the cell cytoskeleton, microtu-
bules or accessory cross-linking proteins. Indeed, S256
is important for a direct interaction of AQP2 with
70 kDa heat-shock proteins.227 Alternatively, phosphor-
ylation could prevent endocytosis of AQP2, leading to
accumulation at the cell surface.

Prostaglandin E2 (PGE2) has been known to inhibit
vasopressin-induced water permeability by reducing
cAMP levels. Zelenina et al.228 investigated the effect of
PGE2 on PKA phosphorylation of AQP2 in rat kidney
papilla, and the results suggest that the action of pros-
taglandins are associated with retrieval of AQP2 from
the plasma membrane, but this appears to be indepen-
dent of AQP2 phosphorylation by PKA.228 In contrast,
a recent study revealed the effect of selective
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E-prostanoid receptor agonists on the vasopressin-
independent targeting of AQP2.229 In vitro, PGE2 and
selective agonists for the E-prostanoid receptors EP2
or EP4 all increased trafficking and AQP2 phosphory-
lation (Ser264) in MDCK cells. In vivo, a V2R antagonist
caused a severe urinary concentrating defect in rats,
which was greatly alleviated by treatment with a selec-
tive agonist for the EP2 receptor.229 Further studies
are still needed on the effects of PGE2 on urine
concentration.

Phosphorylation of AQP2 by other kinases, e.g., pro-
tein kinase C or casein kinase II, may potentially partic-
ipate in regulation of AQP2 trafficking. Angiotensin
II-induced activation of protein kinase C could be, at
least in part, involved in the AQP2 trafficking/expres-
sion.207,230,231 S256 is also a substrate for Golgi casein
kinase 2, which is required for the Golgi transition of
AQP2.232 Additionally, the phosphatase inhibitor oka-
daic acid induces increased AQP2 expression at the cell
surface, even in the presence of the PKA inhibitor H89
and S256A AQP2 mutants (that lack S256 phosphoryla-
tion) which are able to accumulate at the cell surface
after treatment with cholesterol-depleting agents.233

Phosphorylation of other cytoplasmic or vesicular reg-
ulatory proteins may also be involved. These issues
remain to be investigated directly.

Involvement of the Cytoskeleton and Ca21

in AQP2 Trafficking

The cytoskeleton has been shown to be involved in
AQP2 trafficking in the kidney collecting duct. In par-
ticular, the microtubular network has been implicated
in this process, since chemical disruption of microtu-
bules inhibits the increase in permeability both in the
toad bladder and in the mammalian collecting
duct.234,235 Thus, AQP2 vesicles may be transported
along microtubules on their way to the apical plasma
membrane. The microtubule-based motor protein
dynein and the associated protein Arp1, which is part
of the protein complex dynactin, were found by immu-
noblotting to be among the proteins associated with
AQP2 vesicles from rat inner medulla. Immunoelectron
microscopy further supported the presence of both
AQP2 and dynein on the same vesicles.236 Moreover,
both vanadate (a non-specific inhibitor of ATPases)
and EHNA (a specific inhibitor of dynein) inhibit the
antidiuretic response in toad bladder237,238 and kidney
collecting duct.239 Thus, it is likely that dynein may
drive the microtubule-dependent delivery of AQP2-
containing vesicles to the apical plasma membrane.

Actin filaments are also involved in the hydrosmotic
response.240�245 Recently evidence was provided that
the myosin light chain kinase (MLCK) pathway,

through calmodulin-mediated calcium activation of
MLCK, leads to phosphorylation of myosin regulatory
light chain and non-muscle myosin 2 motor activity.246

Studies in isolated perfused rat inner medullary collect-
ing ducts showed the MLCK inhibitors ML-7 and ML-9
reduce the vasopressin-induced increase in water per-
meability,246 indicating that MLCK may be a down-
stream target for the vasopressin-induced Ca21 signal.

The intracellular Ca21 concentration has been shown
to increase upon stimulation of isolated perfused rat
inner medullary collecting ducts with vasopressin or
dDAVP.247 These observations have been followed
by a number of studies on the role of Ca21 in the
vasopressin-induced increase in water permeability.
Vasopressin or 8�4-chlorophenylthio-cAMP induced a
marked increase in intracellular [Ca21] in isolated per-
fused IMCD, and BABTA blocked the rise in intracellu-
lar [Ca21] and co-contaminantly led to inhibition of the
vasopressin-induced increase in tubular water perme-
ability.248 Moreover, blocking calmodulin with W7 or
trifluoperazine also inhibited the effect of vasopressin
on tubular water permeability, and inhibited the
vasopressin-induced AQP2 plasma membrane target-
ing in primary cultured IMCD cells.248 Removing Ca21

from both bath and lumen in isolated perfused tubules
did not affect the vasopressin-induced Ca21 signal,
indicating that Ca21 was released from an intracellular
source. This was further supported by the observations
that ryanodine inhibited the Ca21 signal in perfused
IMCDs and inhibited AQP2 accumulation in the
plasma membrane in primary cultured IMCD cells. In
addition, RyR1 ryanodine receptor was localized to rat
IMCD by immunohistochemistry.248 Ryanodine recep-
tors are generally known to mediate a positive feed-
back and release Ca21 from intracellular stores in
response to an initial rise in intracellular [Ca21]. Thus,
it is likely that another mechanism is responsible for
the initialization of the rise in intracellular [Ca21].
Further studies revealed that vasopressin or dDAVP
elicited oscillations in intracellular [Ca21] in isolated
perfused rat IMCD.249 The results on isolated perfused
IMCDs indicate that an intracellular increase in [Ca21]
is an obligate component of the vasopressin response
leading to increased AQP2 expression in the apical
plasma membrane. However, it should be mentioned
that there is a discrepancy between the results from
primary cultured IMCD cells250 and isolated perfused
IMCD tubules248 with regard to the role of intracellular
[Ca21] in vasopressin-induced AQP2 trafficking.
Consistent with this, Lorenz et al.250 demonstrated that
AQP2 shuttling is evoked neither by AVP-dependent
increase of [Ca21] nor by AVP-independent increase of
[Ca21] in primary cultured IMCD cells from rat kidney,
although clamping of intracellular [Ca21] below resting
levels inhibits AQP2 exocytosis. Further studies are
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required to clarify this discrepancy, which may be
related to altered expression levels of vasopressin
receptors and/or AQP2 or other elements in the AQP2
trafficking system.

Mechanism of AQP2 Trafficking by Targeting
Receptors

The mechanism by which AQP2 vesicles are tar-
geted to the apical plasma membrane and the me-
chanism by which cAMP controls docking and fusion
of vesicles is a current area of active investigation.
Considerable insight into this problem has been
obtained from previous studies of regulated exocytosis
of synaptic vesicles, which involve the actions of multi-
ple proteins.251,252 Vesicle-targeting receptors (often
referred to as “SNAREs”) are believed to induce spe-
cific interaction of vesicles with membrane sites.
Vesicle-targeting receptors associated chiefly with
translocating vesicles are known as “VAMPs” (vesicle
associated membrane proteins, also referred to as
“synaptobrevins”) and “synaptotagmins.” Two other
families of membrane proteins are believed to serve as
receptors in target membranes: the “syntaxins” and
SNAP-25 homologs. Several of these SNAREs have
been found in the renal collecting duct.253�260

Syntaxins are 30 to 40 kDa integral membrane pro-
teins. Syntaxins have a one bilayer-spanning domain
near the C-terminus, so the majority of the protein
resides in the cytoplasm. Syntaxins are widely distrib-
uted among mammalian tissues. It has been established
that syntaxin-4 is expressed in the mammalian collect-
ing duct by studies using polyclonal antibodies raised
to conjugated peptides specific for individual syntax-
ins, and this has been confirmed by reverse transcrip-
tion polymerase chain reaction.258 Immunolocalization
studies have demonstrated that syntaxin-4 is predomi-
nantly located in the apical plasma membrane of col-
lecting duct principal cells, where AQP2 is targeted in
response to vasopressin.

VAMPs are believed to induce specific docking of
vesicles by interacting directly with syntaxins in the
target plasma membrane (Figure 41.7). Although their
primary amino acid sequences are not related to syn-
taxins, VAMPs also have a single bilayer-spanning
domain near the C-terminus, and the majority of the
protein resides in the cytoplasm. Three VAMP isoforms
were initially identified261: VAMP-1; VAMP-2; and
VAMP-3 (also referred to as “cellubrevin”), and subse-
quently several additional homologs have been clo-
ned.262 VAMP-2 and VAMP-3 have been localized
in principal cells of renal collecting duct.253�260 Double-
labeling immunoelectron microscopy revealed
that AQP2 and VAMP-2 reside in the same intracellular

vesicles in collecting duct principal cells.260

Furthermore, AQP2 vesicles isolated by differential
centrifugation were found to contain VAMP-2.254,257

At this time, several putative vesicle-targeting pro-
teins are known to reside in collecting duct principal
cells. VAMP-2 resides in AQP2 intracellular vesicles,
and syntaxin-4 resides in the apical plasma membrane.
In vitro binding assays have documented that VAMP-2
binds syntaxin-4 with high affinity, but VAMP-2 has
not been shown to interact with syntaxin-3 or syntaxin-
2.263,264 Thus, VAMP-2 and syntaxin-4 are likely parti-
cipants in the targeting of AQP2 vesicles to the
apical plasma membrane; however, a functional role
for these targeting proteins remains to be formally
demonstrated. A third SNARE protein, SNAP-23, has
also been identified in principal cells of the collecting
duct.255 Although considered a target-membrane
SNARE (t-SNARE), SNAP-23 is present both in AQP2-
containing vesicles and in the apical plasma
membrane of principal cells. VAMP-2, syntaxin-4, and
SNAP-23 may potentially form a complex with the
N-ethylmaleimide-sensitive factor (NSF). Finally,
synaptotagmin VIII, a calcium-insensitive homolog,
was identified in collecting duct principal cells,256 and
may potentially also play a role in vesicle targeting.

Recently, LC-MS/MS-based proteomic analysis of
immunoisolated AQP2-containing intracellular vesicles
from rat inner medullary collecting duct revealed that
AQP2-containing vesicles are heterogeneous, and that
intracellular AQP2 resides chiefly in endosomes, trans-
Golgi network, and rough endoplasmic reticulum.265

Vasopressin-stimulated exocytosis of AQP2 vesicles
involves several steps including: (1) translocation of
vesicles from a diffuse distribution throughout the cell
to the apical region of the cell; (2) translocation of
AQP2 across the apical part of the cell composed of a
dense filamentous actin network; (3) priming of
vesicles for docking; (4) docking of vesicles; and
(5) fusion of vesicles with the apical plasma membrane.
Theoretically, each of these steps could be a target for
regulation by vasopressin. If the SNARE proteins are
involved in the vasopressin-induced trafficking of
AQP2 to the apical plasma membrane, the regulatory
mechanism might involve selective phosphorylation of
one of the SNARE proteins or an ancillary protein that
binds to them, possibly via protein kinase A
or calmodulin-dependent kinase II. Although the
SNARE proteins are recognized as potential targets for
phosphorylation,266�268 there is presently no evidence
for phosphorylation in the collecting duct. As noted
above, however, AQP2 itself appears to be a target for
PKA-mediated phosphorylation at a serine in position
256.212 The phosphorylation does not modify the single
channel water permeability of AQP2,213 and instead
the phosphorylation is believed to play a critical role in
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regulation of AQP2 trafficking to the plasma mem-
brane.208,221 The establishment of a role for these
SNARE proteins in regulated trafficking of AQP2 will
most likely depend on the preparation of targeted
knockouts for each of these genes in the collecting duct.

Long-Term Regulation of Aquaporin Expression

It has been known for more than 40 years that
urinary concentrating ability is regulated through a
long-term conditioning effect of sustained increases in
vasopressin levels exerted over a period of days.269 The
physiological and molecular basis for long-term condi-
tioning of urinary concentrating ability is still
being investigated. Water restriction causes a large,
stable increase in water permeability of inner medul-
lary collecting ducts dissected from rat kidneys and
perfused in vitro.185 Thus, water permeability of the
tubules from water-restricted rats became five-fold
greater than that measured in well-hydrated rats by a
mechanism independent of the short-term action of
vasopressin. Other studies confirmed that water restric-
tion enhances the vasopressin-independent water
permeability of collecting ducts,270,271 and increases
vasopressin-stimulated water permeability.272 This con-
trasts with the lack of an observed increase in urea per-
meability in water-restricted rats.185 These studies
provided the firm conclusion that restriction of water
intake for 24 hours or longer leads to a marked increase
in the water-reabsorbing capacity of the renal collecting
duct epithelium.

Further studies with anti-peptide antibodies have
documented that the conditioned increase in water per-
meability is associated with increased expression of
aquaporin proteins in collecting duct principal cells.
Specifically, the increased water permeability that
occurs in response to water restriction is accompanied
by significant increases in the levels of AQP2 and
AQP3 proteins in rat collecting ducts.138,151,195 Water
restriction for 24 to 48 hours resulted in an approxi-
mately five-fold increase in AQP2 protein in the rat
renal inner medulla when measured by immunoblot-
ting138,195 and by immunostaining.199 This increase par-
alleled the increase in water permeability in response
to water restriction.185

A direct role for vasopressin in AQP2 expression
has been established by multiple studies. Continuous
infusion of arginine vasopressin into Brattleboro rats
for 5 days resulted in a three-fold increase in AQP2
expression and a three-fold increase in water perme-
ability of inner medullary collecting ducts.143 When the
time-course of AQP2 expression in inner medullary
collecting duct was studied, it was found that 5 days of
vasopressin infusion were required to reach maximal
AQP2 levels in Brattleboro rats.139

Vasopressin is believed to be essential for evoking
AQP2 expression, because Brattleboro rats totally lack
circulating vasopressin fail to exhibit increased expres-
sion of AQP2 protein after long-term water res-
triction.273 Moreover, administration of a selective
V2-receptor antagonist blocked the increase in AQP2
expression usually seen with thirsting in normal
rats,199 whereas administration of the V2-selective ago-
nist dDAVP (1-desamino-8-D-arginine vasopressin) to
rats elicited a large increase in renal AQP2 mRNA274

and AQP2 protein abundance.275 The question of
hyperosmolar induction of AQP2 during thirsting has
been raised; however, five-day infusion of arginine
vasopressin increased AQP2 comparably in renal cor-
tex and medulla. This indicates that the vasopressin-
induced expression of AQP2 is not critically dependent
on increased osmolality or ionic strength in the tissue
surrounding the collecting ducts.187 Thus, it has been
clearly established that the major increase in AQP2
water channel expression elicited by restriction of
water intake is due to vasopressin binding to the V2
receptor in collecting duct principal cells. However,
studies of the mechanism of escape from the antidiure-
tic effects of vasopressin275,276 make it clear that AQP2
expression is regulated by other factors in addition to
vasopressin (see later).

AQP3 protein expression also has been found to par-
allel AQP2 expression. A marked increase in AQP3
protein expression was observed in rats in response to
restriction of water intake151 and after a five-day infu-
sion of arginine vasopressin.187 These conditions did
not lead to observed changes in AQP1 or AQP4 protein
expression.153,187 Thus, it is concluded that long-term
circulation of high vasopressin levels is associated with
an adaptive increase in maximal water permeability in
collecting ducts, apparently due a selective increase
in the expression of both AQP2 and AQP3 in the prin-
cipal cells of the collecting duct. However, immunoe-
lectron microscopy has demonstrated that AQP3 is
predominantly present in the basolateral plasma mem-
branes with little labeling of intracellular vesicles.151

This suggests that AQP3 is not regulated by vesicular
trafficking (in contrast to the findings with AQP2182).
Moreover, there are several examples where there is a
decoupling of AQP2 and AQP3 expression, suggesting
that other factors in addition to vasopressin may regu-
late one or other of the aquaporins. This is seen in
conditions such as hepatic cirrhosis,277 vasopressin-
escape,275 low-protein diet,278 and restriction of NaCl
intake.156

The adaptive changes in AQP2 and AQP3 expres-
sion are believed to be due to transcriptional regulation
of these genes. Increased AQP2 mRNA was found in
the inner medullae of water-restricted rats,279 and in
response to infusion of dDAVP.274,275 All of these
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studies indicate that the long-term upregulation of
AQP2 expression in the rat kidney is due to elevation of
the levels of AQP2 mRNA. Vasopressin-induced
increase in AQP2 mRNA expression could reflect either
increased gene transcription or reduced transcript deg-
radation. Examination of the 30-untranslated region of
the AQP2 mRNA has not revealed the presence of rec-
ognizable mRNA stabilization motifs, and it is pre-
sumed that vasopressin directly increases AQP2 gene
transcription; however, no direct evidence supports this
presumption. Transcriptional regulation would most
likely occur through the vasopressin-induced increases
in intracellular cyclic AMP that activates protein kinase
A in collecting duct cells. Examination of the 50-flanking
region of the AQP2 gene revealed a putative cAMP-
response element (CRE), which may play a role in
the vasopressin-induced increase in AQP2 expres-
sion.280 Attempts to demonstrate expression of AQP2
promoter-luciferase reporter constructs have been
undertaken in cultured renal epithelial cells and suggest
that the putative CRE can drive increased expression of
the AQP2 gene; however, the inability of the cell line to
express AQP2 protein limits the interpretation.281�283

As with AQP2, AQP3 mRNA levels were induced
by infusion with the selective V2 agonist dDAVP.275

Examination of the 50-flanking DNA of AQP3 failed to
reveal a CRE; however, Sp1 and AP2 cis-regulatory
elements are present,284 and these are known to be
associated with cyclic AMP-mediated transcriptional
regulation of other genes. A previous study revealed
that AQP2 is ubiquitinated with one UbLys63-linked
poly-Ub chain at K270 of AQP2 and lysosomal degra-
dation was extensive for ubiquitinated AQP2.285 The
degradation pathways, therefore, balance the abun-
dance of proteins which play an important role in body
water homeostasis.186

DYSREGULATION OF RENAL
AQUAPORINS IN WATER BALANCE

DISORDERS

In a variety of conditions renal water handling is
disturbed. Over the past decade, the role of changes in
the expression and/or function of aquaporins have
been investigated in a range of these conditions,
including genetic defects or acquired defects showing
a decreased renal responsiveness to vasopressin
(acquired nephrogenic diabetes insipidus). The impor-
tance of aquaporins playing an essential role for regu-
lation of renal water balance has been established
(Table 41.2), and the following text represents extracted
and updated information reported in previous reviews
by the authors or other investigators.190,286�288

URINARY CONCENTRATING DEFECTS

Inherited Diabetes Insipidus

There are two significant inherited forms of diabetes
insipidus (DI): central and nephrogenic. In central (or
neurogenic) DI, there is a defect of vasopressin produc-
tion. Central DI is rarely hereditary in man, but usually
occurs as a consequence of head trauma or diseases in
the hypothalamus or pituitary gland. The Brattleboro
rat provides an excellent model of this condition. These
animals have a total or near-total lack of vasopressin
production.289,290 Consequently, Brattleboro rats
have substantially decreased expression levels of
vasopressin-regulated AQP2 compared with the parent
strain (Long Evans), and the AQP2 deficit was reversed
by chronic vasopressin infusion, suggesting that
patients lacking vasopressin are likely to have
decreased AQP2 expression.143 The subsequent work
showing that expression of AQP3 is also regulated by
vasopressin implies that the expression levels of these
water channels will also be decreased in patients with
CDI. The most important denominator is the deficiency
of AQP2 trafficking to the apical membrane. These def-
icits are likely to be the most important causes of the
polyuria from which these patients suffer, which will
be reversed by desmopressin treatment. The second
form of DI is called nephrogenic diabetes insipidus
(NDI), and is caused by the inability of the kidney to
respond to vasopressin stimulation. The most common
hereditary cause (in 95% of cases) is an X-linked disor-
der associated with mutations of the V2 vasopressin
receptor (AVPR2) making the collecting duct cells
insensitive to vasopressin.291 Although there is no
direct evidence, it is likely that this form of NDI will be
associated with decreased expression of AQP2, since
the cells are unable to respond to circulating vasopres-
sin.292 This will compound the lack of AQP2 traffick-
ing. Consistent with this, urinary AQP2 levels are very
low in patients with X-linked NDI.196,293 However,
since the amount of AQP2 in the urine appears to be
determined largely by the response of the collecting
duct cells to vasopressin294 rather than their content of
AQP2, the data must be interpreted with caution with
respect to predicting AQP2 expression levels. More
rarely (in 5% of cases), congenital diabetes insipidus
(CNDI) is inherited in an autosomal recessive fashion
which is not due to mutations in the gene encoding the
V2 vasopressin receptor, but these patients have been
found to possess mutations in both alleles of the AQP2
gene, and the sites of point mutations were observed at
functionally important sites in the water transport
pathway.144,295�298 Since these patients manifest a par-
ticularly severe form of diabetes insipidus, the critical
role of AQP2 in renal water conservation was
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established. It is believed that these mutations lead to
abnormal intracellular routing of the expressed pro-
tein.299 More than 155 mutations in the vasopressin
receptor gene have been recognized to cause CNDI.
Functional analysis has been carried out for over 79 of
these mutations.300 The analyses have revealed four
different types of mutant receptors. The most common
is impaired intracellular trafficking, which is seen in
up to 70% of cases.300 The remaining types include
reduced ligand-binding capacity, failure to generate
cAMP, and defects in the synthesis of stable mRNA.301

Only five of the 155 known mutations cause partial
CNDI (D85N, R104C, G201D, P322S, and S329R).
Recently, a different kindred was identified with a
dominant form of nephrogenic diabetes insipidus, and
biochemical evaluations revealed that the mutation in
the cytoplasmic C-terminus blocked the trafficking of
AQP2 vesicles to the cell surface.302 Thus, intracellular
trafficking of vesicles containing products of the
mutant allele and the product of the normal allele may
be misdirected. It is not known if these individuals suf-
fer a more or less severe clinical defect, and recently it
was shown that the ligand-binding and signal trans-
duction capability are dependent on localization of the
amino acid variation, suggesting that striking diver-
gences at the level of receptor functionality may thus
underlie similar clinical phenotypes in CNDI.303�305

Acquired Nephrogenic Diabetes Insipidus

Acquired abnormalities of AQP2 expression have
been implicated in multiple clinical disorders associ-
ated with abnormal water balance (Table 41.2). The
role of vasopressin-regulated AQP2 has been estab-
lished in a number of rat models with acquired NDI. In
many of these conditions the kidney is unable to han-
dle water, due to an impaired responsiveness to vaso-
pressin; in the following text the most important of
these condtions are described.

Lithium-Induced NDI

Lithium is a major therapeutic agent used to treat
bipolar disorder (also referred to as “manic depressive
disease”) which affects approximately 1% of the US
population.306 However, lithium treatment is associ-
ated with a variety of renal side-effects, including
nephrogenic diabetes insipidus (NDI, i.e., a pro-
nounced vasopressin-resistant polyuria and inability to
concentrate urine),307,308 increased urinary sodium
excretion,309 and distal renal tubular acidosis.310

Patients who have been treated with lithium manifest a
slow recovery of urinary concentrating ability when
treatment is discontinued. In rats treated with lithium

for 4 weeks, AQP2 and AQP3 levels were progressively
reduced to approximately 5% of levels in control
rats.307,308 AQP2 downregulation was paralleled by a
progressive development of severe polyuria.307,308

Quantitative immunoelectron microscopy of AQP2
labeling in the inner medullary collecting duct princi-
pal cells showed that there was a reduction of AQP2 in
the apical plasma membrane, as well as in the basolat-
eral plasma membrane and intracellular vesicles.
Reduction in AQP2 (and AQP3) expression may be
induced by a lithium-dependent impairment in the
production of cAMP in collecting duct principal
cells,309,311 indicating that inhibition of cAMP produc-
tion may in part be responsible for the reduction in
AQP2 expression, as well as the inhibition of targeting
to the plasma membrane in response to lithium treat-
ment. This is consistent with the presence of a cAMP-
responsive element in the 50-untranslated region of the
AQP2 gene,281,282 and with the demonstration that
mice with inherently low cAMP levels have low expres-
sion of AQP2 (DI1/1 severe mouse).312 Lithium treat-
ment is also associated with a concomitant increase in
urinary sodium excretion, which is likely to play a role
in the polyuria. It has also been demonstrated that
chronic lithium treatment induces a marked decrease in
protein abundance of epithelial sodium channel β- and
γ-ENaC in the cortex and outer medulla, whereas the
other renal sodium transporters upstream from the con-
necting tubule are unchanged.313 This was also revealed
by immunocytochemistry showing an almost complete
absence of β-ENaC and γ-ENaC labeling in cortical
and outer medullary collecting duct. This suggests a
reduced responsiveness to aldosterone and vasopressin
in these specific renal tubule segments, and that dysre-
gulation of ENaC subunits is likely to play a role in the
development of natriuresis and partly in the decreased
urinary concentrating ability in rats with lithium-
induced NDI.314 Additional studies have identified pro-
teins with altered abundance in the inner medullary
collecting ducts (IMCD) of lithium-treated rats and
their possible cellular function.315,316 Moreover, it has
been shown that prostaglandins, in lithium-treated
mpkCCD cells, dcreases APQ2 protein stability by
increasing its lysosomal degradation, indicating that
in vivo paracrine-produced prostaglandins might have
a role in lithium-induced NDI via this mechanism.317

Hypokalemia and Hypercalcemia

Hypokalemia and hypercalcemia are also associated
with polyuria due to a vasopressin-resistant urinary
concentrating defect. Rat models of these conditions
are valuable tools to study the molecular defects.
Treating rats with a potassium-deficient diet for 4 days
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induced a significant hypokalemia which was associ-
ated with downregulation of AQP2 expression and
polyuria.318 Likewise, hypercalcemia induced in rats
by oral treatment for 7 days with dihydrotachysterol
produced a urinary concentrating defect and polyuria
which was also associated with downregulaion of
AQP2.319,320 Thus, both hypokalemia and hypercalce-
mia are associated with downregulation of AQP2
expression, and immunolocalization studies of AQP2
demonstrated similar features. In addition to the
downregulation of AQP2, expression of Na-K-2Cl
co-transporter in the thick ascending limb was
decreased in both conditions,321,322 suggesting that
reduced sodium and chloride reabsorption in the thick
ascending limb, and hence decreased medullary hyper-
osmolality, could also partly contribute to the polyuria
and decreased urinary concentration in hypokalemia
and hypercalcemia. Thus, these studies in part describe
the underlying molecular defects involved in the devel-
opment of the polyuria in these conditions.

Urinary Tract Obstruction

Another serious condition seen in both children and
adults is urinary tract obstruction which is associated
with complex changes in renal function involving
marked alterations in both glomerular and tubular
function and bilateral urinary tract obstruction (BUO)
which may result in long-term impairment of the abil-
ity to concentrate urine.323 BUO for 24 hours in rats is
associated with markedly reduced expression of AQP2,
AQP3, AQP4, and AQP1.324�327 In addition, BUO is
associated with marked downregulation of key sodium
transporters and urea transporters.328 Following release
of the obstruction, there is a marked polyuria, during
which period AQP2 and AQP3 levels remain downre-
gulated up to two week after release, providing an
explanation at the molecular level for the observed
post-obstructive polyuria. In a number of studies BUO
has been demonstrated to be associated with COX2
induction and cellular infiltration of the renal
medulla.292,329�331 Using specific COX2 inhibition to
rats subjected to BUO it was demonstrated that this
treatment prevents downregulation of AQP2 and sev-
eral sodium transporters located to the proximal tubule
and mTAL.329,330 Also, increased expression and activ-
ity of the P2Y2, EP1, and EP3 receptors have been sug-
gested to play important roles in post-obstructive
polyuria.332 Moreover, specific inhibition of the AT1
receptor in rats subjected to BUO prevented AVP2R
downregulation of NaPi2 in the PT, BSC-1 in the
mTAL, and AQP2/pS256-AQP2 in the CD three days
after release of BUO,134,333 confirming that the
renin�angiotensin system plays an important role for

the pathophysiological changes in urinary tract
obstruction.

In contrast to BUO conditions, unilateral ureteral
obstruction is not associated with changes in the abso-
lute excretion of sodium and water since the non-
obstructed kidney compensates for the reduced ability
of the obstructed kidney to excrete solutes.328,334 These
studies demonstrated a profound downregulation of
AQP1, AQP2, AQP3, and AQP4, and pAQP2 levels in
the obstructed kidney, suggesting that 1ocal factors
play a major role.

Renal Failure

Renal failure, both acute and chronic, is associated
with polyuria and a urinary concentrating defect, and
in both cases there is a wide range of glomerular and
tubular abnormalities that contribute to the overall
renal dysfunction. Ischemia and reperfusion (I/R)-
induced experimental acute renal failure (ARF) in rats
is a model that is widely used. In this model there are
structural alterations in the renal tubule, in association
with an impaired urinary concentration.

ARF is associated with defects both in collecting
duct water reabsorption and proximal tubule
water reabsorption, as well as defects in solute
handling.335�337 Using the isolated tubule microperfu-
sion model, it was demonstrated that water reabsorp-
tion in the proximal tubule and cortical collecting duct
was significantly reduced following ischemia,335 and
no differences in either basal or vasopressin-induced
cAMP levels in outer or inner medulla in rats with
ARF were demonstrated,338 supporting the view that
there are defects in collecting duct water reabsorption.
Consistent with these findings, it was demonstrated
that AQP2 and AQP3 expression in the collecting duct,
as well as AQP1 expression in the proximal tubule, are
significantly reduced in response to ARF.339,340 The
decreased levels of aquaporins were associated with
impaired urinary concentration in rats with both oligu-
ric or nonoliguric ARF. The reduced expression of
AQP1�3 and the reduced urinary concentration capac-
ity was significantly prevented by co-treatment
with alpha-melanocyte-stimulating hormone (α-MSH),
which is an anti-inflammatory cytokine that inhibits
both neutrophil and nitric oxide pathways.340 This
finding indicates that decreased levels of aquaporins in
both the proximal tubule and collecting duct in post-
ischemic kidneys may play a significant role in the
impaired urinary concentration. Recently it was also
demonstrated that hemorrhagic shock-induced acute
renal failure is associated with decreased expression of
collecting duct water channel AQP2 and AQP3,341 and
that erythropoietin treatment (single or combined with
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α-MSH) in rats with I/R-induced ARF, which is known
to prevent caspase-3, -8, and -9 activation in vivo and
reduces apoptotic cell death,342 prevents or reduces the
urinary concentrating defects and downregulation of
AQP expression levels.341 Consistent with this, it was
demonstrated that NF-kappaB activation is of impor-
tance for the downregulation of AQP2 channel and
vasopressin V2-receptor expression during sepsis in a
cecal ligation and puncture (CLP) mouse model of
ARF, and that NF-kappaB inhibition ameliorates
sepsis-induced ARF in the CLP model.343

Patients with advanced chronic renal failure (CRF)
have urine which remains hypotonic to plasma despite
the administration of supramaximal doses of vasopres-
sin.344 This vasopressin-resistant hyposthenuria specifi-
cally implies abnormalities in collecting duct water
reabsorption in CRF patients. Recent observations
demonstrated virtual absence of V2 receptor mRNA in
the inner medulla of CRF rat kidneys,345 providing evi-
dence for significant defects in the collecting duct
water permeability. Consistent with these observations,
it has shown both decreased collecting duct water
channel AQP2 and AQP3 expression and a
vasopressin-resistant downregulation of AQP2 in a 5/6
nephrectomy-induced CRF rat model.346

WATER RETENTION

Congestive Heart Failure

Retention of sodium and water is a common and
clinically important complication of congestive heart
failure (CHF). Two studies have examined the changes
in renal AQP expression in rats with CHF induced by
ligation of the left coronary artery347,348 to test if upre-
gulation of AQP2 expression and targeting may play a
role in the water retention in CHF. Both studies dem-
onstrated that renal water retention in severe CHF in
rats is associated with dysregulation of AQP2 in the
renal collecting duct principal cells, involving both an
increase in the AQP2 expression and a marked redis-
tribution of AQP2 to the apical plasma mem-
brane.347,348 Rats with severe CHF had significantly
elevated left ventricular end-diastolic pressures
(LVEDP), and had reduced plasma sodium concentra-
tions.347 Immunoblotting revealed a three-fold increase
in AQP2 expression compared with sham operated ani-
mals. These changes were associated with elevated
LVEDP or hyponatremia, since animals with normal
LVEDP and plasma sodium did not have increased
AQP2 levels compared with sham operated controls.347

Furthermore, this study showed an increased plasma
membrane targeting, providing an explanation for the
increased permeability of the collecting duct and an

increase in water reabsorption. This may provide an
explanation for excess free water retention in severe
CHF, and for the development of hyponatremia. In
parallel, the other study showed upregulation of both
AQP2 protein and AQP2 mRNA levels in kidney
inner medulla and cortex in rats with CHF.348 These
rats had significantly decreased cardiac output and,
importantly, increased plasma vasopressin levels.
Furthermore, in this study administration of V2 antag-
onist OPC 31260 was associated with a significant
increase in diuresis, a decrease in urine osmolality, a
rise in plasma osmolality, and a significant reduction
in AQP2 protein and AQP2 mRNA levels compared
with untreated rats with CHF. Consistent with this,
treatment of V2-receptor antagonist in human patients
and rats with heart failure is associated with a dose-
related increase in water excretion and a decrease in
urinary AQP2 excretion.349,350 Moreover, it has been
shown in patients with CHF that treatment with furo-
semide increases the urinary excretion of AQP2, free
water clearance, and sodium exceretion.351

Hepatic Cirrhosis

Hepatic cirrhosis is another chronic condition associ-
ated with water retention.352 It has been suggested that
an important pathophysiological factor in the impaired
ability to excrete water could be increased levels of
plasma vasopressin. However, unlike CHF, the
changes in expression of AQP2 protein levels vary con-
siderably between different experimental models of
hepatic cirrhosis. Several studies have examined the
changes in renal AQP expression in rats with cirrhosis
induced by common bile duct ligation (CBDL).277,353,354

The rats displayed impaired vasopressin-regulated
water reabsorption despite normal plasma vasopressin
levels. Consistent with this, semiquantitative immuno-
blotting showed a significant decrease in AQP2 expres-
sion in rats with hepatic cirrhosis.277,353 In addition, the
expression levels of AQP3 and AQP4 were downregu-
lated in CBDL rats. This may predict a reduced water
permeability of the collecting duct in this model277;
hence, renal water reabsorption in the collecting duct is
decreased in rats with compensated liver cirrhosis. In
contrast, Fujita et al.274 demonstrated that hepatic cir-
rhosis induced by intraperitoneal administration of
carbon tetrachloride (CCl4) was associated with a sig-
nificant increase in both AQP2 protein levels and
AQP2 mRNA expression. Interestingly, AQP2 mRNA
expression correlated with the amount of ascites, sug-
gesting that AQP2 may play a role in the abnormal
water retention followed by the development of ascites
in hepatic cirrhosis.355 In a different model of
CCl4-induced cirrhosis, using CCl4 inhalation, AQP2
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expression was not increased.356 There was, however,
evidence for increased trafficking of AQP2 to the
plasma membrane, consistent with the presence of ele-
vated levels of vasopressin in the plasma. Interestingly,
there was a marked increase in AQP3 expression that
is likely to be due to increased vasopressin levels. The
pattern of increased AQP3 expression without upregu-
lation of AQP2 is consistent with previous findings
observed in the vasopressin escape,276 suggesting that
the lack of increase in AQP2 expression could be a
result of a normal compensatory response related to
the escape phenomenon. Although the explanation for
the differences between cirrhosis induced by CBDL
and CCl4 administration remains to be determined, it
is well-known that the dysregulation of body water
balance depends on the severity of cirrhosis.357�360

CBDL results in a compensated cirrhosis characterized
by peripheral vasodilation and increased cardiac out-
put, whereas cirrhosis induced by 12 weeks of CCl4
administration may be associated with the late state
of decompensated liver cirrhosis characterized by
sodium retention, edema, and ascites.358,359,361 Thus,
the downregulation of AQP2 observed in milder forms
of cirrhosis (i.e., in a compensated stage without water
retention) may represent a compensatory mechanism
to prevent development of water retention. In contrast,
the increased levels of vasopressin seen in severe “non-
compensated” cirrhosis with ascites may induce an
inappropriate upregulation of AQP2 that would in
turn participate in the development of water retention.
Recent studies have shown a prominent role for AQP1
in angiogenesis, fibrosis, and portal hypertension after
bile duct ligation in wild-type and AQP1 knockout
mice.362

Experimental Nephrotic Syndrome

Nephrotic syndrome is characterized by extracellu-
lar volume expansion with excessive renal salt and
water reabsorption. The underlying mechanisms of salt
and water retention are poorly-understood; however,
they can be expected to be associated with dysregula-
tion of solute transporters and water channels.359 In
contrast to congestive heart failure and liver cirrhosis,
a marked downregulation of AQP2 and AQP3 expres-
sion was demonstrated in rats with PAN-induced and
adriamycin-induced nephrotic syndrome.363�365 The
reduced expression of collecting duct water channels
could represent a physiologically appropriate response
to extracellular volume expansion. The signal transduc-
tion involved in this process is not clear, but circulating
vasopressin levels are high in rats with PAN-induced
nephrotic syndrome. Thus, the marked downregula-
tion of AQP2 in experimental nephrotic syndrome may

share similarities with the downregulation of AQP2 in
water-loaded dDAVP-treated rats that escape from the
action of vasopressin.275,276

SIADH and Vasopressin Escape

Hyponatremia, defined as a serum sodium less than
135 mmol/L, is one of the most commonly encountered
electrolyte disorders of clinical medicine.366 The pre-
dominant cause of hyponatremia is an inappropriate
secretion of vasopressin relative to serum osmolality
or the “syndrome of inappropriate antidiuretic hor-
mone secretion” (SIADH).367 SIADH occurs most
frequently in association with vascular, infectious or
neoplastic abnormalities in the lung or central nervous
system. In an experimental rat model of SIADH it was
shown that AQP2 mRNA expression and AQP2 protein
expression were increased in the collecting duct.274

Thus, increased expression of AQP2 in the collecting
duct accounts for the water retention and hyponatre-
mia in SIADH.

The degree of hyponatremia is limited by a process
that counters the water-retaining action of vasopressin,
namely “vasopressin escape.” Vasopressin escape is
characterized by a sudden increase in urine volume
with a decrease in urine osmolality independent of
high circulating vasopressin levels. The onset of escape
coincided temporally with a marked decrease in renal
AQP2 protein, as measured by immunoblotting, as
well as decreased mRNA expression, as assessed by
Northern blotting.276 In contrast to AQP2, there were
no decreases in renal expression of AQP1, AQP3, and
AQP4.276 These results suggest that escape from
vasopressin-induced antidiuresis is attributable, at least
in part, to a selective vasopressin-independent decrease
in AQP2 expression in the renal collecting duct.368,369
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Thirst and Vasopressin
Gary L. Robertson

The Feinberg School of Medicine, Northwestern University, Chicago, IL, USA

INTRODUCTION

Thirst and the antidiuretic hormone, arginine vaso-
pressin, are the principal elements of a powerful
homeostatic system that regulates the “effective”
osmotic pressure of body fluids. This variable, usually
referred to as “tonicity,” must be important for survival
since mechanisms to regulate it are found throughout
the animal kingdom, and abnormalities in humans can
have adverse effects, especially on central nervous
function. However, it is less clear why it is important.
It may be that regulating the tonicity of body fluids is
mainly an indirect way to minimize changes in the
volume of water within cells, particularly those of the
brain.1 It may also be that tight control of intracellular
water and solute concentrations is necessary for opti-
mum function of the cell.2

The tonicity of body fluids is regulated primarily by
raising or lowering total body water to keep it in bal-
ance with solute. In a healthy adult, about 55 to 60% of
body weight is water.3 It is slightly lower in women
than men, owing to differences in body fat. About
two-thirds of body water is intracellular. The rest is in
the extracellular space, where it is subdivided further
between the interstitial and intravascular (plasma) com-
partments in a ratio of about 3:1. Thus, a human weigh-
ing 70 kg contains about 39 L of water, of which 26 L is
intracellular, 10 L is interstitial fluid, and 3 L is plasma.

A change in total body water results in a proportion-
ate change in the volume of all compartments, provid-
ing the solute content of the compartments does not
also change. The reason is that almost all cell mem-
branes are penetrated by channels composed of aqua-
porin proteins4 that permit the passive diffusion of
water selectively in response to an osmotic gradient. In
contrast, these membranes resist the passage of
sodium, potassium, and most other solutes by actively
pumping them in or out of the cell (see Chapter 2).

Thus, a change in the amount of water in one compart-
ment creates an osmotic gradient that results in a rapid
flow of water from one compartment to the other,
thereby restoring osmotic equilibrium and redistribut-
ing the change in volume in a similar proportion to
each compartment. Thus, a reduction in the water con-
tent of the extracellular compartment due, for example,
to increased perspiration, increases the tonicity and
reduces the volume of the intracellular and extracellu-
lar compartments in equal proportion. A rise in total
body water has the opposite but equivalent effect on
the tonicity and volume of the two compartments.

In contrast, the volume of extracellular and intracel-
lular water changes in opposite directions if the amount
of osmotically effective solute in either compartment
changes, but total body water does not. Osmotically
effective solutes are those, such as sodium and its
anions, which do not equilibrate readily across cell
membranes. Thus, if the amount of sodium and its
anions in extracellular fluid increases, the effective
osmotic pressure or “tonicity” of this fluid also
increases, resulting in a rapid osmotically-driven inflow
of water from the intracellular compartment until
osmotic equilibrium is re-established. The net effect is
again an increase in the osmotic pressure of both com-
partments, but at a level lower than if the shift of water
had not occurred. In fact, because of this shift, the effect
on plasma sodium concentration of adding a given
amount of sodium to the extracellular compartment is
the same as if the sodium was distributed throughout
total body water. In this circumstance, however, the
volume of extracellular fluid increases, while that of
intracellular fluid decreases. A reduction in the amount
of sodium in extracellular fluid has opposite effects.

Because sodium and its anions normally make up
95% of all solutes, and nearly 100% of osmotically
effective solute in extracellular fluid, the measurement
of either plasma sodium or osmolarity probably
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provides an accurate estimate of the “tonicity” or effec-
tive osmotic pressure of both the intracellular and
extracellular fluids. Urea and glucose contribute little if
anything because, normally, they are present in rela-
tively low molar concentrations, and can enter or leave
cells very rapidly. In the absence of insulin, however,
glucose becomes osmotically effective because it enters
cells much more slowly. In that situation, hyperglyce-
mia induces a shift of water from the intracellular to
extracellular space, and the tonicity of body fluids is
determined much more reliably by measuring plasma
osmolarity than plasma sodium. In intracellular fluid
(ICF), the major solutes are potassium and its anions,
but others including proteins, polyols, and some as yet
unidentified solutes are also present.2

Body water is in a constant state of flux, owing to
obligatory unregulated losses and gains produced by
physical activity, the environment, diet, and the metabo-
lism of fat. The rate of evaporative water loss from skin
and lungs can vary markedly, depending on ambient
temperature and physical activity, but it amounts to at
least 10 mL/kg a day (0.7 L in a 70 kg human), even at
rest in a comfortably cool environment.5 The rate of sol-
ute-free water loss in urine is tightly regulated by vaso-
pressin but, in humans, it cannot be reduced below a
certain minimum required to excrete the load of sodium,
chloride, potassium, urea, and other waste solutes
derived from the diet and metabolism. This load varies
with the diet, but is usually about 700 mosmols a day.
Since humans cannot increase their urine osmolarity
much above 1400 mosmols/L, the amount of urine
required to carry this solute load is at least 7 ml/kg a day
(0.5 L a day in a 70 kg human) even under conditions of

maximum antidiuresis. The total daily obligatory water
loss in a healthy adult is, therefore, at least 17 mL/kg
(1.2 L in a 70 kg human), and may be much more at times
depending on diet, activity, and temperature. Normally,
this loss does not result in dehydration because it is
replaced by an equivalent intake of water. Much of the
intake is incidental to other physiological needs. About
7 mL/kg (0.5 L in a 70 kg human) comes from water in
food, and about 4 mL/kg (0.3 L/day in a 70 kg human) is
derived from metabolism of fat. The rest is consumed as
beverages with meals in response to various influences,6

including a slight increase in plasma osmolarity and
thirst induced by adsorption of salt and other solutes in
food. Thus, water balance is usually maintained at rela-
tively low levels of urine output and discretionary fluid
intake. Alterations in this basic state bring into play cor-
rective changes in water excretion and/or intake under
control of the antidiuretic and thirst mechanisms.

VASOPRESSIN AND RELATED PEPTIDES

Chemistry

Arginine vasopressin (AVP) is a nonapeptide contain-
ing an intrachain disulfide bridge and a tripeptide tail on
which the terminal-carboxyl is amidated7 (Figure 42.1).
Substitution of lysine for arginine in position 8 yields
lysine vasopressin (LVP), the antidiuretic hormone found
exclusively in pigs and other members of the suborder
Suina.8 Vasopressin is structurally similar to oxytocin,
another nonapeptide hormone found in the posterior
pituitary of all mammals Oxytocin differs chemically
from vasopressin by the substitution of isoleucine for
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phenylalanine at position 3, and of leucine for arginine at
position 8.7 Desmopressin is a potent synthetic analog of
vasopressin used therapeutically because of its longer
half-life and reduced effects on smooth muscle.

ANATOMY

Vasopressin and oxytocin are produced and stored
in large amounts by magnocellular neurons in the
hypothalamic neurohypophyseal tract.9�14 These neu-
rons arise bilaterally in the supraoptic and paraventri-
cular nuclei of the hypothalamus, project medially to
merge in the pituitary stalk, and continue through the
diaphragm sella into the sella turcica, where they form
the posterior lobe of the pituitary (Figure 42.2).
Microscopically, the posterior pituitary appears as a
densely interwoven network of capillaries, pituicytes,

and large nonmyelinated neurons containing many
electron-dense secretory granules. The neurons termi-
nate as bulbous enlargements on capillary networks at
many different levels throughout the stalk and body of
the neurohypophysis. In healthy adults and children,
the posterior pituitary usually appears as a hyperin-
tense signal or “bright spot” on T-l weighted magnetic
resonance images (MRI) of the brain.15 The origin
of this signal is still unknown, but it appears to be
closely related to the content or turnover of vasopres-
sin, and is almost invariably absent not only in patients
with the pituitary form of diabetes insipidus, but also
in many of those with nephrogenic diabetes insipidus
(unpublished data). Vasopressin is also present in the
suprachiasmatic nucleus and parvocellular neurons
that originate in the paraventricular nucleus and proj-
ect to the portal veins, anterior pituitary, and many
other areas of the brain.11,13 Oxytocin is also present in
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FIGURE 42.2 Schematic diagram of the hypothalamic�neurohypophyseal tract and areas that osmoregulate thirst and vasopressin

secretion. The supraoptic nucleus (SON), paraventricular nucleus (PVN) and posterior pituitary are shaded red. The origin and course of the
magnocellular neurons that form the tract and posterior pituitary are indicated in black. The green and blue icons represent the osmoreceptors
that regulate vasopressin secretion and thirst, respectively. They appear to be in distinct but overlapping areas within in the organum vasculo-
sum of the lamina terminalis (OVLT). The vasopressin osmoreceptors probably do not project directly to the SON or PVN but, as indicated by
the black concentric circle with broken borders, appear to interact somewhere with ascending input from the baroregulatory system before the
integrated signal is relayed to the magnocellular neurons in the SON and PVN. Signals from the thirst osmoreceptors probably follow a similar
path to integration with baroregulatory input before projecting onwards to of the cerebral cortex. Other nearby landmarks shown include the
anterior commissure (AC), optic chiasm (OC), suprachiasmatic nucleus (SCM), anterior pituitary (AP) and arcuate nucleus (AC). The ventral
medial nucleus (VMN) and dorsal medial nucleus (DMN) probably transmit afferent input from the baroregulatory system. Not shown are the
parvocellular vasopressinergic neurons which project to many other areas of brain including the SCM and portal venous system of the AP.
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many parvocellular neurons of brain,11�14 as well as in
the uterus, prostate, and other peripheral tissues.16

The hypothalamic neurohypophyseal tract is sup-
plied with blood by branches of the superior and infe-
rior hypophyseal arteries that arise from the posterior
communicating and intracavernous portions of the
internal carotids.9 In the body of the neurohypophysis,
the arterioles break up into the aforementioned capil-
lary networks that drain directly into the jugular vein
by way of the sellar, cavernous, and lateral venous
sinuses. In the stalk or infundibulum, the primary cap-
illary networks coalesce into another system, the portal
veins, which perfuse the anterior pituitary before dis-
charging into the systemic circulation.

BIOSYNTHESIS

Vasopressin is synthesized as part of a protein precur-
sor composed of a signal peptide at its amino terminus,
vasopressin, the vasopressin-binding protein, neurophy-
sin II, and a glycosylated peptide, copeptin, at its
carboxyl-terminus17,18 (Figure 42.3). During or after
translocation to the endoplasmic reticulum, the signal
peptide is removed and the N-terminus of the vasopres-
sin moiety binds to a pocket in the neurophysin moiety.
The prohormone then folds, forms a number of intra-
chain disulfide bridges, and dimerizes, before moving
through the Golgi and into the neurosecretory granules
where it is transported down the axon and further pro-
cessed to yield amidated vasopressin, neurophysin, and

copeptin.19 Vasopressin and its neurophysin are stored
in nerve terminals as insoluble complexes which disso-
ciate completely after release into the systemic circu-
lation.20 Biosynthesis of vasopressin appears to be
accelerated by stimuli, such as dehydration or hyper-
tonic saline infusion,21 which increase secretion.
However, this compensatory response develops slowly,
and may not completely offset the increased rate of
release because pituitary stores of the hormone are
severely depleted by a strong, sustained secretory stimu-
lus such as prolonged water deprivation.22

The gene encoding the vasopressin�neurophysin
precursor in humans is located distally on the short arm
of chromosome 20 (20p13).23 It contains three exons
which code, respectively, for: (1) the signal peptide,
vasopressin, a dipeptide link, and the N-terminal
variable portion of neurophysin; (2) the middle, highly-
conserved part of neurophysin; and (3) the C-terminal,
variable portion of neurophysin, a peptide link and the
glycopeptide, copeptin24 (Figure 42.3). The 50 untrans-
lated region upstream of the transcription start site also
has many conserved sequences, suggesting a role in reg-
ulation of gene expression.25,26 Dehydration or osmotic
stimulation increases expression of the vasopressin gene
in the supraoptic nucleus,27,28 whereas adrenal insuffi-
ciency or febrile stress does so in parts of the paraventri-
cular nucleus.28 In contrast, sustained hypoosmolarity
inhibits expression.29 The vasopressin genes in rats,30

cows,31 and mice32 are similar to those in humans, but
have several substitutions at either end of the highly-
conserved central portion of the neurophysin moiety.
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FIGURE 42.3 Structure of the genes and the protein prohormones of vasopressin and oxytocin.
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The oxytocin gene is closely linked to the vasopres-
sin gene on chromosome 20 with an intergenic region
of only 11 kilobases.24,33 However, the two genes are
transcribed from opposite DNA strands, implying a
tail-to-tail orientation, differ significantly in putative
regulatory regions,25 and are expressed in mutually-
exclusive sets of neurons.34 The oxytocin gene also dif-
fers significantly from the vasopressin gene, in that it
does not contain a copeptin encoding sequence in exon
3.25 Expression of the oxytocin gene in brain and some
peripheral tissues is promoted by gonadal steroids.16

SECRETION

Vasopressin- and oxytocin-containing secretory gran-
ules are released from the terminals of magnocellular
neurohypophysial neurons by a process of calcium-
mediated exocytosis that is triggered by action poten-
tials generated in the cell bodies of the supraoptic or
paraventricular nucleus.35 Many different neurotrans-
mitters or neuromodulators including, possibly, vaso-
pressin itself, can stimulate or inhibit this activity.36,37

However, it is not yet known which, if any, of them are
important in the regulation of secretion in health or dis-
ease. Secretory activity may also be influenced by the
many glial cells in close proximity to the dendrites of
the vasopressin cell bodies in the supraoptic nucleus.38

Vasopressin as well as the neurophysin and copeptin
moieties with which it is associated are released into
capillaries scattered throughout all levels of the poste-
rior pituitary.39�41 From there, they travel via the cav-
ernous sinus to the subclavian vein, and thence to the
inferior vena cava, heart, and general circulation.
Neurophysin, which binds vasopressin in magnocellular

neurons, dissociates from the hormone at the concentra-
tions and pH present in plasma.42 Binding of vasopres-
sin to other plasma proteins has not been demonstrated.
However, it does attach to platelets.43 It is unclear
whether or not the platelet-bound vasopressin repre-
sents a store of the hormone in equilibrium with free
plasma vasopressin. However, the bound and unbound
fractions of vasopressin do not appear to track together,
at least during acute changes in secretion.44 Oxytocin is
also co-secreted with its neurophysin.16

ASSAY

The measurement of vasopressin at physiologic
levels in plasma presents an unusual combination of
concerns that must be addressed with exceptional
care.45 One problem is the large amount of hormone
bound to platelets (see above). Because of it, vasopres-
sin must be assayed not in serum, but in plasma that
has been harvested very carefully to avoid contamina-
tion with platelets or fragments thereof.

A second problem is the fastidious requirements of
the vasopressin assay itself. It must be unusually sen-
sitive, because the hormone normally circulates and
acts at very low concentrations. In healthy, normally
hydrated, recumbent humans, the plasma concentration
of “free” vasopressin is usually between 0.5 and 2.5 pg/
mL (B10212 M), an amount sufficient to concentrate the
urine (Figure 42.4a). Basal levels in other mammals are
similar. The assay must also be very specific, because
plasma also contains oxytocin, a nonapeptide that is
structurally similar to vasopressin but has different bio-
logic effects. The only practical method now available
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that can meet both requirements is radioimmunoassay.
However, it too presents unusual problems, because
vasopressin is relatively small and weakly antigenic. To
complicate matters, most, if not all, the vasopressin anti-
sera generated to date are susceptible to non-specific
interference by one or more other unidentified compo-
nents of plasma. Moreover, the characteristics and
abundance of this interference can vary with the antise-
rum and type of anticoagulant used to prevent the
blood from clotting. Consequently, vasopressin must be
extracted from plasma, even if the antiserum employed
is sensitive enough to detect the hormone at physiologic
levels in unconcentrated extracts. Unfortunately, there is
no one extraction method that is suitable for all assays.
Therefore, the extraction method, as well as the antico-
agulant, must be selected and tailored for the particular
antiserum being used.

A third problem for vasopressin assays is the lack of
a universal reference standard. Judging from the
advertised biologic potencies, those available vary by
as much as two-fold in purity, and unknown values
reported in weight usually are not corrected for these
differences. Therefore, unless the purity or potency of
the standards is specified, it is impossible to compare
absolute values reported by different laboratories
unless they use the same standard, antiserum, and
extraction technique.

The radioimmunoassay of vasopressin in urine
would appear to be much easier than plasma, because
the concentrations in urine are usually much higher,
and interference by other substances is much less.
However, urine samples must usually be diluted or
concentrated to a constant solute concentration (prefer-
ably hypotonic), because some antisera are affected by
high concentrations of salt or urea. Also, to adjust for
the effect of changes in antidiuresis per se, the total
amount of vasopressin in a urine sample must be
expressed as a function of the length of time over
which the sample was collected or of the amount
of a solute such as creatinine that is excreted at a rel-
atively constant rate. Finally, although changes in
urinary excretion of vasopressin usually parallel
the changes in plasma, this relationship can be dis-
torted by changes in glomerular filtration or solute
clearance.45

REGULATION

Osmotic

The most important determinant of vasopressin
secretion under physiologic conditions is the “tonic-
ity” or effective osmotic pressure of body water.46

This influence is mediated by a group of cells known

collectively as osmoreceptors,47 that are located near
but separate from the supraoptic nucleus, in or near a
part of the anterior hypothalamus known as the orga-
num vasculosum lamina terminalis48�54 (Figure 42.2).
Unlike the neurohypophysis, which receives its blood
supply from a branch of the internal carotic artery, the
area containing the osmoreceptors is supplied by
small perforating branches of the anterior cerebral or
communicating arteries.9 Thus, the interruption of
these perforators (or damage to the anterior hypothal-
amus by other diseases or experimental lesions) can
eliminate the osmoregulation of vasopressin secretion,
without affecting the neurohypophysis or its response
to hemodynamic or other nonosmotic stimuli.55,56

This dissociation indicates that the osmoregulation of
vasopressin is mediated not by the magnocellular
neurons that make the hormone, but by afferent
inputs from osmosensitive cells located in other,
anatomically discrete areas of the anterior hypothala-
mus. It is not yet known exactly how many such areas
there are, whether they contain inhibitory as well as
stimulatory elements, how they integrate with other
regulatory afferents or how they communicate with
vasopressin-producing neurons. Therefore, it may be
more appropriate to refer to them as an osmoregula-
tory system.

The functional properties of the system that osmore-
gulates vasopressin resemble those of a discontinuous
or “set-point” receptor (Figure 42.4b). Thus, in healthy
adults and children, plasma vasopressin is very low or
undetectable (,0.5 pg/mL) when plasma osmolarity is
below a certain minimum or threshold level. Above
that “set-point,” plasma vasopressin increases steeply
in direct proportion with the increase in plasma osmo-
lality. The slope of the line describing this relationship
indicates that, on average, a rise in plasma osmolality
of 1% increases plasma vasopressin by 1 pg/mL, an
amount sufficient to significantly alter urinary concen-
tration and flow (Figure 42.4).

The functional properties of the osmoregulatory sys-
tem are similar in men and non-pregnant women,57,58

as well as in blacks and whites.59 Within each group,
however, they vary considerably from person to per-
son.58 Individual differences in the slope or sensitivity
of the response are particularly large, varying as much
as 10-fold. Differences in the apparent threshold or set-
point are smaller, but still range from 274 to 293 mos-
moles/L. These individual differences are constant
over time, and appear to be determined largely by
genetic factors.58 However, neither the sensitivity or
the set-point is totally immutable, because they can be
altered by a variety of conditions, drugs, and hormones
(see below).

It is uncertain whether the threshold concept accu-
rately represents the operation of the osmoreceptor at
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its most fundamental level. The relation of plasma
vasopressin to plasma osmolarity in the population
as a whole appears to be slightly curvilinear60�62

(Figure 42.4). This curvilinearity could be due simply to
individual variation, since there as a positive correla-
tion between slope and threshold, i.e., the higher the
threshold the steeper the slope. It is also possible,
however, that the stimulation of vasopressin secretion
is self-amplifying.44 At present, however, the precision
and reproducibility of the vasopressin assays at the low
levels present under basal conditions are insufficient to
determine if the best fit of the relationship is linear or
exponential. It is also possible that vasopressin secre-
tion reflects the balance of inhibitory as well as stimula-
tory inputs from a bimodal osmoregulatory system,
because patients and animals with adipsic hypernatre-
mia due to destruction of the osmoreceptors may
lose the capacity to osmotically suppress, as well as
to stimulate, vasopressin secretion.54,55,57,63 As a practi-
cal matter, however, the concept of an osmotic thresh-
old remains, for the present, a valid and useful way of
describing many aspects of normal and abnormal
osmoregulatory function in the intact animal.

It is also uncertain whether vasopressin is secreted
continuously or episodically in response to osmotic
stimulation. When nonosmotic stimuli such as posture,
activity, and blood pressure are controlled, infusion of
hypertonic saline in humans almost always produces a
smooth progressive increase in systemic venous
plasma vasopressin that correlates very closely with
the increase in plasma osmolality.45,58,64�67 However,
samples obtained from experimental animals nearer
the source of the hormone, for example, from the inter-
nal jugular vein, exhibit large fluctuations in plasma
vasopressin during osmotic stimulation.68 Whether
these fluctuations reflect an intrinsic property of the
neurohypophysis or the osmoreceptors, or are artifacts
of the experimental conditions is unknown. Irregular
phasic firing of the neurosecretory neurons has been
observed by unit recording techniques during stimula-
tion,69 but this activity is unlikely to be related to epi-
sodic fluctuations in plasma vasopressin because the
discharge cycles have a much shorter periodicity and
are not synchronized from cell to cell.

The system that osmoregulates vasopressin secretion
is not equally sensitive to all the solutes in plasma and
extracellular fluid.70�72 The most potent stimuli are
sodium and its anions, the solutes that ordinarily
account for more than 95% of measured plasma osmo-
larity. However, certain sugars, such as mannitol and
sucrose, are also very effective when infused intrave-
nously. In fact, particle-for-particle, mannitol is as
potent as sodium chloride.72 In contrast, an increase in
plasma osmolarity produced by infusion of urea or
glucose causes little or no increase in plasma

vasopressin in healthy adults.70�72 Thus, the concentra-
tion of sodium and its anions is the principal, if not the
only, determinant of osmotically-mediated vasopressin
secretion under normal conditions. The basic mecha-
nism by which the osmoregulatory system senses
changes in the plasma concentration of sodium and its
anions has not been completely established. On the
basis of studies in dogs, Verney proposed that the
osmoreceptor is stimulated when its intracellular
volume is reduced by an osmotically driven efflux of
water.47 If so, solutes that enter the osmoreceptor cells
slowly or not at all would be “effective” stimuli,
whereas those that penetrate rapidly would have little
or no effect. This theory is consistent with the observa-
tions that vasopressin secretion is stimulated similarly
by infusing hypertonic saline or mannitol, both of
which are excluded from cells. In addition, vasopressin
is not stimulated by a rise in plasma osmolarity pro-
duced by rapid infusion of hypertonic glucose, a solute
which enters cells rapidly in the presence of insulin. If
anything, the hyperglycemic hyperosmolarity pro-
duced by infusion of hypertonic glucose suppresses
plasma vasopressin, probably because it also lowers
the plasma concentration of sodium salts by inducing
an osmotically driven efflux of water from the intracel-
lular to the extracellular compartment. This disparity
suggests that, in the presence of insulin, glucose enters
osmoreceptor cells even more rapidly than many other
cells of the body.

Another theory posits that the osmoreceptors are
actually sodium receptors located on the brain side of
the blood�brain barrier.70,73 It is consistent with the
observed effects of hypertonic mannitol infusion,
because this solute does not cross the blood�brain bar-
rier and, as a consequence, causes an osmotically
driven efflux of water from brain that probably raises
the extracellular concentration of sodium in that organ.
However, the sodium receptor theory is not consistent
with the relatively small rise in plasma vasopressin
produced by an acute rise in plasma urea,72 because
this solute also crosses the blood�brain barrier slowly
and, as a consequence, reduces brain water and raises
brain extracellular sodium concentration much like
mannitol. This singular disparity indicates that most, if
not all, of the osmoreceptors are probably located out-
side the blood�brain barrier, and that another factor,
most likely the solute permeability of the osmoreceptor
cell itself, determines the solute-specificity of the sys-
tem. This concept is also consistent with two other
observations: (1) the osmoregulatory system appears to
be located in or near the organum vasculosum lamina
terminalis, a region of the anterior hypothalamus that
is known to lack a blood�brain barrier; and (2) a
severe deficiency of insulin sensitizes the osmorecep-
tors to stimulation by hyperglycemia,74 presumably by
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decreasing its permeability to glucose. It is not yet
known, however, what distinguishes the cells of the
osmoregulatory system from all the others whose vol-
ume and solute concentrations are similarly affected by
changes in the extracellular concentration of sodium
and its anions.

NON-OSMOTIC

Hemodynamic

An acute decrease of blood pressure or blood vol-
ume increases plasma vasopressin by an amount that
is roughly proportional to the degree of hypotension
or hypovolemia.75�77 However, the stimulus�response
relationship follows a distinctly exponential pattern
(Figure 42.5). Small decreases in blood pressure or vol-
ume of 5 to 10% usually have little or no perceptible
effect on plasma vasopressin, whereas decreases of 20
to 30% result in plasma hormone levels many times
those required to produce maximum antidiuresis.
Acute orthostasis, which decreases “effective” blood
volume by 10 to 15%, usually doubles plasma vaso-
pressin. In rats, chronic or sustained hypovolemia of
24 to 48 hours duration has even less effect on vaso-
pressin, even though pituitary stores of the hormone

are undiminished.78 This suggests that chronic stimu-
lation selectively desensitizes the volume control
mechanism.

The effects of acute hypovolemia on vasopressin
secretion appear to be mediated largely by neuronal
afferents that arise in pressure-sensitive receptors in
the left side of the heart79 and project by way of the
vagus and glossopharyngeal nerves to primary synap-
ses on the nuclei of the solitary tracts in the medulla.
From there, signals ascend to the hypothalamus via
postsynaptic pathways that appear to be mediated
in part by a highly selective opioid neurotransmitter
of the kappa subclass in the lateral parabra-
chial nucleus.80�83 The vasopressin response to acute
hypotension is mediated by neurogenic afferents that
arise in high-pressure receptors in the aorta and carotid
sinus, and project via the vagus and glossopharyngeal
nerves, presumably, to the nuclei of the solitary
tracts.84,85 From there, pathways that are at least partly
noradrenergic86 ascend to the hypothalamus. At least
for part of their length, these ascending pathways are
separate from those that mediate the vasopressin
response to hypovolemia, because they are not blocked
by opioid antagonists that abolish the response to
hypovolemia.80,81,83

Acute hypervolemia or hypertension can inhibit
vasopressin secretion.87�90 However, the increase in
blood volume or pressure required is relatively large,
and the inhibition of AVP is slight. The pathways
that mediate the hemodynamic inhibition have not
been fully-elucidated, and they may be the same as
those that mediate stimulation. Interruption of pri-
mary vagal afferents eliminates the effect of hemody-
namic stimuli, but also results in an acute rise in
basal vasopressin secretion.91,92 This suggests that
the baroregulatory afferents tonically inhibit vaso-
pressin secretion under basal, normovolemic, and
normotensive conditions. If so, the slight decrease in
vasopressin produced by acute hypervolemia and
hypertension may be simply enhancement of this
tonic inhibitory effect. Likewise, the increase in vaso-
pressin produced by acute hypovolemia or hypoten-
sion could result from a reduction in basal inhibition
of secretion. The effect of a chronic increase in
blood volume or pressure is largely undefined. The
osmoregulation of vasopressin secretion appears
to be normal in patients with uncomplicated essential
hypertension,93,94 but may be inhibited slightly
in primary hyperaldosteronism,95 suggesting that
chronic expansion of the blood volume has an effect
opposite to that of hypovolemia.

Changes in blood volume or pressure large enough
to affect vasopressin secretion do not interfere with
osmoregulation of the hormone. Instead, they appear
to act by shifting the set of the system in such a way as

FIGURE 42.5 Relationship between plasma vasopressin and

percentage decrease in arterial pressure in healthy adults.
Hypotension was produced by infusion of a ganglionic blocker (filled
symbols) or phlebotomy followed by orthostasis (open symbols).
Note that plasma vasopressin is plotted on a log scale.
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to increase or decrease the effect on vasopressin of a
given osmotic stimulus.46,75,96�98 This means that the
osmoregulatory and baroregulatory systems, although
different in location and function, ultimately converge
and act upon the same population of neurosecretory
neurons46,99 (Figure 42.2). Exactly how and where this
integration occurs is unknown.

Emetic

Nausea is an extremely potent stimulus for vaso-
pressin secretion in humans.100 The pathways that
mediate this effect have not been defined, but they
probably involve the chemoreceptor trigger zone in
the area postrema of the medulla. The effect on
vasopressin is instantaneous and extremely potent.
Increases of 100 to 500 times basal levels are not
unusual, even when the nausea is transient and
unaccompanied by vomiting or changes in blood pres-
sure. Pretreatment with fluphenazine, haloperidol or
promethazine in doses sufficient to prevent nausea
completely abolish the vasopressin response.100 The
inhibitory effect of these dopamine antagonists is spe-
cific for emetic stimuli, because they do not alter the
vasopressin response to osmotic or hemodynamic sti-
muli. Water-loading blunts, but does not abolish, the
effect of nausea on vasopressin release, suggesting
that osmotic and emetic influences interact in a man-
ner similar to osmotic and hemodynamic pathways.
The effect of emetic stimuli is also species-dependent.
Whereas emetics such as apomorphine, cholecystoki-
nin, lithium chloride, and copper sulfate stimulate
the secretion of vasopressin but not oxytocin in
humans100,101 and monkeys,102 they increase the secre-
tion of oxytocin but have little effect on vasopressin in
rodents.103

Emetic stimuli probably mediate many pharmaco-
logic and pathologic effects on vasopressin secretion.
These include not only apomorphine,100 but also high
doses of morphine,104 nicotine,105 alcohol,100 cholecys-
tokinin,101,102 and motion sickness.106 They may also
be responsible, at least in part, for the increases
in vasopressin secretion that have been observed
with intravenous cyclophosphamide,107 acute hyp-
oxia,108 diabetic ketoacidosis,109 vasovagal syncope,110

and hyperemesis gravidarum.111 Because nausea and
vomiting are frequent side-effects of many other drugs
and diseases, additional examples of nausea-induced
vasopressin secretion doubtlessly will be observed.
The potency and ubiquity of emetic stimuli create spe-
cial problems for research studies of vasopressin
secretion in animals and unconscious subjects,
because the occurrence of nausea is difficult to ascer-
tain except by verbal report.

OTHER INFLUENCES

Glucopenia

Acute insulin-induced hypoglycemia also stimulates
vasopressin release in proportion to the decrease in
plasma glucose.112 The rate of decrease in glucose is
probably the critical determinant, however, because the
increase in plasma vasopressin is not sustained even
when the hypoglycemia persists.113 The receptor and
pathway that mediate this effect are unknown. They
are probably separate from those that mediate the
effects of other recognized stimuli, because hypoglyce-
mia stimulates vasopressin secretion in patients who
have selectively lost the capacity to respond to osmotic,
hemodynamic or emetic stimuli.112 However, the vaso-
pressin response is accentuated by dehydration and
abolished by water-loading,113 indicating that hypogly-
cemic stimuli probably act in concert with osmotic
influences even though the osmoreceptors per se are
unnecessary for the response. The effect of hypoglyce-
mia is not due to nonspecific stress, because it can
occur in the absence of symptoms and is more pro-
nounced in rats, a species in which vasopressin
secretion appears to be unaffected by pain and other
noxious stimuli. The variable that actually triggers the
release of vasopressin may be an intracellular defi-
ciency of glucose or one of its metabolites, because
2-deoxyglucose is also an effective stimulus.114,115

Angiotensin

The renin�angiotensin system has also been impli-
cated in the control of vasopressin secretion.116 The
precise site and mechanism of action have not been
defined, but one or more central receptors seem likely,
because angiotensin II is most effective when injected
directly into brain ventricles or cranial arteries.117 The
magnitude of the vasopressin response may depend on
the concurrent osmotic stimulus.118,119 This depen-
dency may account for the failure of some investigators
to demonstrate stimulation by peripherally adminis-
tered angiotensin.120 However, if angiotensin is directly
involved in the physiologic control of vasopressin, it is
more likely that produced by the renin�angiotensin
system of the brain.121

Stress

Nonspecific stress caused by pain, emotion or physi-
cal exercise has long been thought to release vasopres-
sin.122 However, it has never been determined whether
this effect is mediated by a specific pathway or
is secondary to other stress-induced stimuli, such as
the severe hypotension and/or nausea that often
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accompanys the vasovagal reaction to pain or fear. In
rats and humans, stresses severe enough to activate the
pituitary adrenal axis and sympathetic nervous system
do not stimulate an increase in plasma vasopressin
unless they also lower blood pressure or alter blood
volume.123,124 If anything, stress seems to transiently
suppress plasma vasopressin, possibly as a con-
sequence of an acute rise in blood pressure or activa-
tion of other inhibitory input.125 However, stresses of
various types have been found to stimulate the release
of vasopressin (as well as corticotropin releasing hor-
mone) from parvocellular neurons which project to
portal veins of the anterior pituitary and appear to
play a role in the regulation of ACTH secretion.126

Temperature

Environmental temperature can also influence
plasma vasopressin. In healthy adults, exposure to cold
for a relatively short period of time depresses plasma
vasopressin, and heat has the opposite effect.127,128

These changes are independent of changes in plasma
osmolality, but they cannot as yet be divorced from
changes in effective blood volume or blood pressure.
Experimentally-induced hypothermia or fever in ani-
mals is also associated with changes in plasma
vasopressin,129�131 but the effects seem to vary, possi-
bly as a function of the species, the dose of endotoxin
administered or the time interval. Thus, it is still uncer-
tain how exogenous or endogenous changes in temper-
ature effect vasopressin secretion by magnocellular
neurons.

Oropharynx

Drinking can also inhibit vasopressin secretion, even
before it produces a detectable decrease in plasma
osmolarity or sodium.132�134 This effect does not dep-
end on the water reaching the stomach, and is unre-
lated to changes in blood pressure or blood volume. It
may depend on the volume or temperature of the fluid
ingested because, in humans at least, small volumes of
water (100 mL) at room temperature are less inhibitory
than larger volumes (700�1200 mL) or small amounts
of ice. Thus, the inhibition may be mediated by neural
afferents that originate in taste, temperature or other
sensory receptors in the oropharynx. Inhibition of vaso-
pressin by oropharyngeal receptors is rapid and tran-
sient. This may explain why it is not associated with a
concurrent decrease in urine concentration. The rapid-
ity of the decrease is also unexplained, since it appears
to exceed the rate at which vasopressin is cleared from
plasma under steady-state conditions (see below).

Age

Normal aging also appears to alter the osmoregu-
lation of vasopressin secretion in humans, but the
nature of the change is controversial.135�138 Some
find that the vasopressin response to an osmotic
stimulus is enhanced, but others report no change or
a decreased response. These differences are unex-
plained, and may represent individual variation in
the impact of aging on various components of the
osmoregulatory and other interacting control sys-
tems. Histologic studies of the human brain show
variable changes in the suprachiasmitic nucleus
and other vasopressin-containing parvocellular path-
ways, but no decrease in the number of large cell
bodies in the supraoptic and paraventricular
nucleus.12,139 MRI studies indicate that the posterior
pituitary bright spot is diminished or absent more
often in the elderly than in the young,140 but this
decrease can be due either to atrophy of the gland or
to more rapid turnover of vasopressin due, for exam-
ple, to decreased fluid intake or decreased renal
effect of the hormone. Aging does not seem to impair
the ability to osmotically suppress vasopressin secre-
tion and dilute the urine, but it does diminish the
capacity to excrete a water-load, because of the large
age-related reduction in glomerular filtration rate.141

The capacity to maximally concentrate the urine also
diminishes with age, but this may also be due largely
to renal factors.142

Gender, Pregnancy, the Menstrual Cycle, and
Gonadal Hormones

The effects of gender on the osmoregulation of vaso-
pressin secretion are complex and unsettled. There
appears to be little or no difference between adult
human males and non-gravid females,57,58 but preg-
nancy results in a relatively large reduction in the
osmotic threshold for vasopressin release in rats as
well as in humans.143,144 Downward resetting of the
osmostat also occurs during the luteal phase of the
human menstrual cycle,66,145 but the shift is small rela-
tive to that in pregnancy and is smaller even than the
range of individual variation in men and non-gravid
women.58 The cause of the resetting is uncertain, but it
may be mediated by relaxin,144 an increase in estro-
gens67 or chorionic gonadotropin,65 since they also
lower the set of the osmostat in humans. Progesterone
appears to have no effect.146 In rats, large doses of
estrogen seem to have a different effect than in
humans, since they enhance the slope or sensitivity of
the vasopressin response to plasma osmolality, but do
not significantly alter its set-point.143
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Drugs and Other Hormones

Many drugs and hormones also influence vasopres-
sin secretion (Table 42.1). Those that stimulate, such as
histamine, bradykinin, prostaglandin, β-endorphin,
and high doses of morphine, have not been studied
sufficiently to define their mechanisms of action, but
may act by decreasing blood pressure or producing
nausea. Vincristine may have a direct toxic effect on
the neurohypophysis or peripheral neurons involved
in the regulation of vasopressin secretion. Lithium,
which antagonizes the antidiuretic effect of vasopres-
sin, also increases secretion of the hormone. This
effect is independent of changes in water balance, and
appears to result from an increase in sensitivity of the
osmoregulatory system.147 The stimulatory effects of
chlorpropamide and clofibrate are still controversial,
and a mechanism of action has not been proposed.

Inhibitors such as the dopaminergic antagonists
fluphenazine, haloperidol, and promethazine probably
act by suppressing the emetic center, because they
inhibit the vasopressin response to nausea but not
to osmotic or hemodynamic stimuli. Antihistamines
inhibit the vasopressin response to dehydration148

which is largely an osmotic stimulus, indicating that
some part of the osmoregulatory afferents may be his-
taminergic. Many opiates are also inhibitory. They
include oxilorphan and butorphanol, the KAPPA ago-
nists U50488149 leu-morphin and U62066E, as well as
low doses of morphine. In the case of morphine and
butorphanol,150 the inhibition is due to an increase in
the osmotic threshold for vasopressin release, and is

independent of changes in blood volume or pressure.
The mechanism of the resetting has not been
completely defined. However, it would appear to be
due to the agonist properties of these opiates, because
it can be blocked by naloxone.150,151 The inhibitory
effect of alcohol136 may also be mediated in part by
endogenous opiates, because it is also due to upward
resetting of the osmostat and can be partly reversed by
treatment with naloxone.152 Carbamazepine inhibits
vasopressin secretion by diminishing the sensitivity of
the osmoregulatory system.153 This effect is not depen-
dent on changes in blood volume or blood pressure,
and suggests that the ability of carbamazepine to pro-
duce antidiuresis in patients with neurogenic (pitui-
tary) diabetes insipidus is due to an independent
action on the kidney. The regulation of oxytocin secre-
tion has not been studied extensively, partly because of
the limited availability of reliable assays. However, it
appears to be stimulated by gonadal steroids, as well
as by labor and parturition.16

DISTRIBUTION AND CLEARANCE

After release into the systemic circulation, vasopres-
sin distributes quickly into a space approximating
extracellular fluid volume.45,154 The mixing phase is
followed by a second, slower decline that presumably
reflects the metabolic or irreversible phase of clearance.
It has a half-life of 10 to 30 minutes. Thus, the total
clearance rate of vasopressin ranges from about 10 to
20 mL/kg body weight per minute. The metabolic
clearance rate increases markedly during pregnancy,
reaching a level three- to four-fold greater than normal
by the third trimester.155 Smaller animals, such as rats,
also clear vasopressin much more rapidly because their
cardiac output is much higher relative to body weight
and surface area.154 Although many tissues have the
capacity to inactivate vasopressin in vitro, most meta-
bolism in vivo appears to occur in liver and kidney.154

In pregnancy, vasopressin is also degraded by a vaso-
pressinase produced by the placenta.155

Some vasopressin is excreted intact in the urine. The
amount can vary considerably depending on the over-
all rate of solute excretion,45 but it is never more than a
fraction of total irreversible clearance. In healthy,
normally hydrated adults, the urinary clearance of
vasopressin ranges from 0.1 to 0.6 mL/kg/min. The
mechanisms involved in the excretion of vasopressin
have not been defined, but the hormone is probably fil-
tered at the glomerulus and variably reabsorbed at one
or more sites along the tubule. The latter process seems
to be influenced by the reabsorption of sodium and
chloride in the proximal nephron, because the urinary
clearance rate of vasopressin varies by as much as

TABLE 42.1 Drugs and Hormones that Affect Vasopressin
Secretion

Stimulatory Inhibitory

Acetycholine Fluphenazine

Morphine (high doses) Haloperidol

Epinephrine Promethazine

Histamine Oxilorphan

Bradykinin Butorphanol

Prostaglandins Opiods (κ and δ agonists)

β-Endorphin Morphine (low doses)

Cyclophosphamide Alcohol

Vincristine Carbamazepine

Lithium ? Glucocorticoids

? Chlorpropamide ? Phenytoin

? Clofibrate

? Corticotropin-releasing factor
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20-fold in direct relationship to the clearance rate of
total solute.45 Thus, changes in urinary vasopressin
excretion do not provide a reliable guide to changes in
plasma vasopressin unless glomerular filtration or sol-
ute clearance rates are constant and normal.

ACTIONS

The biologic effects of vasopressin are mediated by
three subtypes of a heptahelical transmembranous
receptor coupled to guanine nucleotide-binding (GNB)
proteins. Two of the receptors, V1a and V1b, activate
phospholipase via GBN�protein coupling. The third,
V2, activates adenyl cyclase and increases cyclic-AMP,
also via GBN�protein coupling.156,157 The genes encod-
ing these receptors are located on different chromo-
somes: V1a on 12q14�15; V1b on 1q32; and V2 on
Xq28. Among humans of different ethnic backgrounds,
the gene encoding V1a receptors shows considerable
polymorphism in the upstream regulatory regions
and intron�exon junctions.158 The anatomic distribu-
tion and sensitivity of the three receptors also differs.
V1a receptors are found mainly in liver, platelets, the
central nervous system, and vascular/gastrointestinal
smooth muscle. V1b receptors are found mainly in the
ACTH-producing cells of the anterior pituitary, but
may also be in other areas of the brain. The V2 recep-
tors are expressed in the distal and collecting tubules
of the kidney. The V2 receptors bind vasopressin at
very low plasma concentrations (10212 M), and mediate
the effect of the hormone on urinary concentration and
flow. The V1 receptors, in contrast, are stimulated by
vasopressin only at concentrations much higher than
those found in plasma under physiological conditions.
Thus, their role in other possible physiological func-
tions of this hormone in the periphery is uncertain but
unlikely. However, the relative insensitivity of the V1
receptors may not prevent them from acting as neuro-
transmitters in the brain, the anterior pituitary or other
areas where locally high concentrations of the hormone
may be produced in synapses with little or no dilution.

The biologic effects of oyxtocin are also mediated by
a 7-transmembrane domain receptor coupled to GNB
protein.157 It is encoded by a gene on chromosome
3p25-26 and expressed in uterine smooth muscle, as
well as other sites that vary according to the species
and the effect of gonadal steroids. The oxytocin recep-
tor is less specific than those for vasopressin, and can
be activated by the latter at concentrations only ten-
fold higher than oxytocin.

Numerous peptide and non-peptide agonists and
antagonists of the vasopressin and oxytocin receptors
have been, and are still being, developed.159 One pep-
tide, a V2-selective agonist known generically as

desmopressin, has been used for decades to treat the
vasopressin-deficient form of diabetes insipidus, and
recently also enuresis in children and nocturia in
adults. Several non-peptides, antagonists with variable
specificity for the V2 receptor, are now being used to
treat certain types of hyponatremia resulting from
osmotically inappropriate antidiuresis.160 Non-peptide
antagonists for the V1 or oxytocin receptors are now in
various stages of development and testing. They may
prove to be very helpful in determining if these recep-
tors play a significant role in physiology or patho-
physiology. The results of such studies should be
interpreted with caution, however, because the recep-
tor specificity and activity of many agonists and
antagonists differ considerably, especially between
species.159

RENAL ACTIONS

The principal, if not the only, clearly documented
physiological role of peripherally secreted vasopressin
in humans is to decrease urine output by increasing
urine concentration. This antidiuretic effect is achieved
by binding to G-protein-coupled V2 receptors located
on the basal surface of principal cells in the distal and
collecting tubules of the kidney (Figure 42.6). Binding
to these receptors activates adenyl cyclase and
increases intracellular cyclic AMP which, in turn,
results in phosphorylation of aquaporin-2, one of a
large family of proteins that self-associate to form
water channels in other tissues of the body.4

Aquaporin-2 is encoded by a gene on chromosome
12q13, and expressed almost exclusively in the collect-
ing ducts of the cortex and inner/outer medulla of the
kidney. It self-associates to form homotetramers that
when phosphorylated are routed to the apical (luminal)
surface of the principal cells and inserted through the
membrane. There, they function as channels that selec-
tively permit some of the water in dilute tubular fluid
to back-diffuse across the membrane into the cell, and
then out again into the body through channels formed
on the basolateral side by aquaporin 3 and aquaporin
4.161�164 This process of reabsorption is driven by the
hyperosmolar gradient created in the renal medulla
by the countercurrent mechanism of the kidney (see
Chapter 43). Since water is reabsorbed without solute,
the fluid that remains is decreased in volume and
increased in concentration, by an amount proportional
to the level of vasopressin stimulation and the number
of water channels inserted through the apical surface
of the cell.

The maximum antidiuresis achievable in healthy
adult humans usually occurs at a plasma vasopressin
concentration of about 2 to 3 pg/mL (Figure 42.4).
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It usually results in a urine osmolality of 1000 to
1200 mosmols/L, and a rate of excretion as low as 0.5
to 0.7 ml/min. By reducing the amount of urine needed
to excrete urea and other waste solutes, this antidiure-
tic mechanism serves to minimize the amount of water

that must be ingested to prevent dehydration. Rats and
many other mammals are capable of even greater
levels of antidiuresis, largely because their renal papilla
are longer and, consequently, able to generate greater
levels of hypertonicity in the medulla. The level of
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reabsorbed from the filtrate in the proximal tubule, Henle’s loop, and the distal tubule, reducing the volume and the osmolarity of the fluid
that enters the collecting tubules to about 15 L/day and 60 mosmols/L, respectively. In the absence of vasopressin action most, if not all, of
this dilute fluid passes unmodified through the collecting tubules and is excreted as urine because the luminal (apical) surface of the principal
cells that line the collecting tubules are impermeable to water and solute. This condition is known as a water diuresis. In the presence of vaso-
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to the apical surface of the cell, where they are inserted and function as channels allowing the passage of water into the cells and out the baso-
lateral side through water channels formed by aquaporin 3 and 4 (AQP3 and AQP4). This process of reabsorption of water is driven by the
hyperosmotic gradient created in the renal medulla by the countercurrent system.
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antidiuresis produced in humans by a given level of
plasma vasopressin also varies considerably, depend-
ing on the rate of solute excretion as well as, probably,
the abundance of aquaporin channels available for
insertion, and the rate at which they are removed from
the membrane and recycled for later use. The factors
that determine the abundance of water channels
remain to be fully-defined, but probably include the
level of prior vasopressin stimulation because the hor-
mone also stimulates the synthesis of aquaporin-2. This
may partly explain why antidiuretic response to vaso-
pressin or desmopressin observed after a prolonged
deficiency of the hormone (e.g., in pituitary diabetes
insipidus or primary polydipsia) is blunted for several
hours.165 The variables that influence the removal of
water channels from the membrane have not been
fully-defined, but may include prostaglandin, dopa-
mine, and hypertonicity itself.163

Vasopressin also has two other effects on the kidney
that enhance its antidiuretic effects. One is to stimulate
the activity of a urea transporter (UTA1) in the inner
medullary collecting duct.166,167 This effect, which is
also mediated by V2 receptors and cyclic AMP,
replenishes the concentration of urea in the renal
medulla, thereby helping to maintain the hypertonic
gradient generated by the countercurrent mechanism.
The other renal effect of vasopressin is to stimulate the
readsorption of sodium through an epithelial sodium
channel (ENaC) in the collecting duct.168 This also
helps to reinforce the medullary concentration gradi-
ent. It does not appear to result in a sustained increase
in total body sodium, probably because there is a
compensatory decrease in proximal readsorption of
sodium.

In the absence of vasopressin stimulation, the apical
surfaces of the principal cells, as well as the tight junc-
tions between them, are impermeable to water because
the aquaporin-2 water channels remain in vesicles
within the cell. As a consequence, the large volume of
dilute filtrate that normally issues from the ascending
limb of Henle’s loop passes unmodified through the
collecting ducts to be excreted as urine. In this condi-
tion, known as a water diuresis, the osmolarity of urine
approximates 40 to 60 mosmols/L (Figure 42.4a), and
the rate of excretion may be as high 10�15 mL/min.
The excretion of water at this rate normally provides
an effective barrier to over-hydration, since it suffices
to offset all but the most pathologically excessive rates
of water intake.

EXTRARENAL ACTIONS

Apart from its actions on the kidney, vasopressin
has been investigated extensively for other effects that

might be mediated via V1a or V1b receptors in the
periphery or brain. These studies have yet to provide
convincing evidence for a significant role in human
physiology. However, they suggest that the V1 recep-
tors may mediate certain pharmacologic or in vitro
effects of the hormone on vascular resistance169,170 or
platelet aggregation,171 and may also mediate the
effects of parvocellular vasopressinergic neurons
in brain to modulate various types of complex social
behavior172�174 or the effect of stress on ACTH
secretion.126,175

The actions attributed to oxytocin are numerous,16

but their role in human physiology or pathophysiology
is not yet fully-defined. Most relate to sexual activity or
reproduction, earning oxytocin the sobriquet of “the
hormone of love.” In the periphery, it stimulates con-
traction of smooth muscle in reproductive tissues,
especially the uterus and mammary glands. However,
it is not yet clear whether those effects are essential or
only supportive for birth and nursing. In the brain, it
has also been implicated in the genesis of various sex-
ual behaviors and social bonding, in addition to regula-
tion of temperature and cardiovascular function.

THIRST

The regulation of fluid intake is an indispensable
part of the homeostatic system that regulates the tonic-
ity of body fluids. It ensures that obligatory losses of
water through urination, perspiration, and respiration
are always replaced promptly and completely. This
protection is provided by the thirst mechanism. Thirst
may be defined as the subjective sensation of a desire
or need for water. It is sometimes associated with feel-
ings of dry mouth, headache or irritability, but these
symptoms are not specific to thirst since they also have
other causes. It must also be distinguished from
cultural, social, psychological, medical, and other
motivations to drink. Its vital importance is shown dra-
matically by the episodes of severe and sometimes fatal
hypertonic dehydration that occur in patients who lack
the sensation of thirst due to pathology in the anterior
hypothalamus.54 The opposite risk � that of hypotonic
overhydration due to too much fluid intake � is not as
great, because the mechanisms for suppressing vaso-
pressin and excreting excess water can normally off-
set all but the most pathologically extreme polydipsia.
However, excretory capacity can be impaired by a
decrease in urinary solute load or a non-osmotic stimu-
lus to vasopressin secretion. Therefore, the mechanism
for regulating fluid intake also seems to include an
inhibitory component that operates by producing a
sense of satiation or distaste for water.
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ANATOMY

The parts of the brain that mediate the conscious
awareness of thirst and satiation have not been fully-
defined. Studies using functional magnetic resonance
imaging or positron emission tomography of the brain
in healthy adults have shown that thirst is associated
with activation in several areas, including the anterior
wall of the third ventricle, anterior cingulate cortex,
parahippocampal gyrus, inferior and middle frontal
gyrus, insula, and cerebellum.176 The difficulty with
such findings, however, is that the sensation of thirst
probably activates many brain areas involved in sec-
ondary feelings, thoughts or responses such as anxiety,
discomfort or physical movement induced by feelings
of thirst. To differentiate these secondary areas of
arousal from those that mediate the consciousness of
thirst per se, it will be necessary to employ a variety
of other unpleasant stimuli as controls177 or study the
effect of discrete strokes or other ablative lesions in dif-
ferent brain areas.

REGULATION

Osmotic

Like the secretion of vasopressin, thirst is regulated
primarily by the tonicity or effective osmotic pressure
of body fluids.54 This effect is also mediated via hypo-
thalamic osmoreceptors that appear to be anatomically
distinct from, but intermingled with, those that regu-
late vasopressin178�180 (Figure 42.2). Their functional
properties also seem to be similar to the vasopressin
osmoreceptors, in that the intensity of thirst increases
steeply in direct proportion to plasma osmolarity
(Figure 42.4). The only difference is that the threshold
for initiation of thirst seems to be set slightly higher
than that for the initiation of vasopressin secretion.54,58

In healthy adults, the level of plasma osmolality at
which thirst begins averages about 287 mosmols/L,
but varies from person to person over a range from 277
to 294 mosmols/L. In each individual, the the osmotic
threshold for thirst tends to be about 4 mosmols/kg
higher than that for vasopressin release. Therefore,
thirst is not experienced until plasma osmolality rises
to a level at which plasma vasopressin is high enough
to maximally concentrate the urine. In other respects,
the thirst osmoreceptors behave much like those for
vasopressin secretion. They have the same solute speci-
ficity, since increases in plasma osmolality produced
by infusion of hypertonic saline or mannitol are dipso-
genic, whereas those resulting from infusions of hyper-
tonic urea or glucose are not.71,72 Their sensitivity �
that is, the intensity of the thirst produced by a given

rise in plasma osmolality � also differs significantly
from person to person, and these differences also
appear to be genetically determined.58 However, one
or both properties also can be altered by changes in
blood volume,181 pregnancy,144 the menstrual cycle,66

and human chorionic gonadotrophin.65

OTHER INFLUENCES

Hemodynamic

Anecdotal evidence indicates that thirst can also be
stimulated by severe reductions in blood volume or
blood pressure. The pathways that mediate this effect
have not been defined, but are probably the same
as those that mediate the effects on vasopressin (see
above). In rats, a hypovolemia-induced increase in
angiotensin II may also play an important role (see
below), but such an effect has not been convincingly
documented in humans. Also like vasopressin, moder-
ate reductions in blood volume lower the osmotic
threshold for thirst, but do not otherwise interfere with
continued operation of the osmoregulatory system.181

Angiotensin

In rats and some other animals, angiotensin II stimu-
lates water intake, particularly when injected into the
lateral ventricles or other areas of brain.180 Presumably,
the increased intake is due to thirst, although some
other type of inducement cannot be excluded. In
humans, the dipsogenic effect of angiotensin II has not
been investigated.

Glucopenia

Although anecdotal evidence suggests that thirst can
also be induced by acute, insulin-induced hypoglyce-
mia, controlled studies are lacking. However, it is clear
that an intracellular deficiency of glucose produced by
administration of 2-deoxy-glucose stimulates thirst as
well as vasopressin release.115

Oropharynx

Like vasopressin secretion, thirst is also inhibited
rapidly and transiently by the act of drinking per se.182

The characteristics of this effect are similar to those for
vasopressin (see above). They appear to be indepen-
dent of osmotic and hemodynamic influences as well
as the solute content of the fluid, but may be influ-
enced by its volume or temperature. The inhibition of
thirst is extremely rapid and nearly complete, decreas-
ing the sensation to near zero in a matter of minutes.
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However, it is also transient, lasting no more than 10 to
15 minutes, well short of the time required to absorb
enough water to begin reducing the osmotic stimulus.
Thus, thirst begins to increase again before undergoing
a second decline due to absorption of the water and
lowering of plasma osmolality. This timing is consis-
tent with the temporal dissociation between the drink-
ing-induced decrease of PET and MRI activity in the
anterior cingulated cortex and the anterior hypothala-
mus (organum vasculosum lamina terminalis).176 It
may also explain why drinking in response to a strong
osmotic stimulus often occurs in two or more bouts
separated by 15 to 30 minutes.

Eating

It is common knowledge documented by observa-
tional studies that most of the water ingested each day
is drunk in association with meals.183 The finding that
the amount of liquid drunk with each meal correlates
with its estimated protein and carbohydrate content,
and not with its estimated sodium content, lead to a
theory that eating per se is a major independent stimu-
lus to thirst unrelated to osmotic stimulation.184

However, in healthy adults allowed to eat, drink, and
ambulate at will, there appear to be slight increases in
plasma osmolality and decreases in plasma protein
during meals. Thus, it is not yet certain if drinking
with meals is due to osmotically-induced thirst or to
some other stimulus, such as taste or cultural habit.

Aging

In contrast to vasopressin secretion, the sensation of
thirst and the drinking response to dehydration is
diminished among the elderly.185 The reason, however,
is controversial. One theory holds that the sensitivity of
the response is decreased due to loss of the potentiat-
ing effect of the mild volume depletion that occurs dur-
ing dehydration. Others find that the decrease in thirst
is due largely to upward resetting of the thirst osmo-
stat, with little or no decrease in sensitivity. Compared
to healthy young adults, however, there does not
appear to be any change in the amount of fluid con-
sumed in response to a given level of thirst or in the
rapidity and extent of thirst suppression by oropharyn-
geal influences.

EFFECTS

Thirst induces the ingestion of water or other fluids
in amounts proportional to the strength of the osmotic
stimulus.58 The water is absorbed from the

gastrointestinal tract within 30 to 45 minutes, and is
carried by blood throughout the body, distributing rap-
idly between ECF and ICF in a ratio of about 1:2. Thus,
it dilutes all body fluid equally. The total amount of
fluid drunk at one time, commonly referred to as a
“bout” of drinking, is usually less than the amount
required to restore tonicity to normal. This pause in
drinking may be due to rapid inhibition of thirst by
neural pathways arising in oropharyngeal receptors
(see above). However, the inhibition is of short duration
(10 to 15 minutes), and soon gives way to a return of
thirst and drinking until enough water is absorbed to
lower plasma osmolality to basal levels. These bouts
may be repeated 2 or 3 times for up to 2 to 3 hours, until
the hypertonicity is completely eliminated.

Hypotonicity often induces feelings of satiation
which help to prevent further overhydration by pro-
ducing a conscious aversion to drinking water. In
humans, it occurs less often and less strongly than the
sensation of thirst, but seems to result in negative
“thirst” ratings and a marked reduction of spontaneous
fluid intake after induction of plasma hypotonicity
either by water-loading or repeat administration of
high doses of the V2 agonist, desmopressin.186

VASOPRESSIN AND THIRST IN
OSMOREGULATION

Vasopressin and thirst act in concert to control the
tonicity of body fluids by raising or lowering body
water to keep the concentration of osmotically effective
solutes within a very narrow range. This control must
be exerted largely, if not completely, by the osmoregu-
latory system because fluctuations in plasma osmolar-
ity rarely exceed 1�2%, a change in body water too
small to activate the baroregulatory system. The upper
and lower limits of plasma osmolarity and sodium are
determined by the osmotic thresholds for thirst and
vasopressin secretion, because the very large increases
in water intake or excretion that normally occur at
these thresholds present almost insurmountable bar-
riers to further dehydration or overhydration. Thus,
even patients with a severe polyuria due to a defi-
ciency of vasopressin maintain plasma osmolarity and
sodium within normal limits simply by drinking more,
while those with severe polydipsia do the same by rap-
idly increasing urine output. However, because the set
of the thirst and vasopressin osmostats differs appreci-
ably from person to person, the level at which plasma
osmolarity is maintained also differs among healthy
adults. This difference is reflected in the normal labora-
tory values for plasma osmolarity and sodium concen-
tration which, depending on the laboratory methods
employed, range from about 270 to 295 mosmols/L
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and 133 to 145 mmols/L, respectively. Within each per-
son, however, these values are maintained even more
tightly about half-way between his or her own set-
point for thirst and vasopressin secretion. From that
point, even a tiny increase or decrease in tonicity
resulting from a change in water or sodium balance

elicits a prompt change in vasopressin secretion and
urine production, as well as in thirst and water intake.
Consequently, the osmolality of plasma and other body
fluids within each person rarely deviates by more than
3 to 5 mosmols/kg (1�1.5%), even in the face of large
variations in insensible water loss and dietary solute
load. In humans, the operation of this elegant osmoreg-
ulatory system is subject to changes in blood pressure
or volume induced by posture and sleep. However,
these influences do not seen to affect osmoregulation,
probably because the system that mediates hemody-
namic influences on thirst and/or vasopressin is rela-
tively insensitive to normal fluctuations in blood
pressure and volume, and even large changes produce
only transient small changes in the set of the osmoreg-
ulatory system. Thus, plasma osmolarity, plasma vaso-
pressin and urine osmolarity are relatively constant in
the course of a normal day (Figure 42.7).
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The ability to vary water excretion is essential for
mammals, which generally do not have continuous
access to water, but must maintain a nearly constant
blood plasma osmolality. Mammals, therefore, need a
mechanism that allows them to regulate water loss to
closely match water intake. In addition, because
sodium and its anions are the principal osmotic consti-
tuents of blood plasma, and plasma sodium concentra-
tion must be kept nearly constant, water loss must be
regulated by a mechanism that decouples water and
sodium. These critical regulatory capabilities are pro-
vided by the kidney’s urine concentrating mechanism:
when water intake is large enough to dilute blood
plasma, urine more dilute than plasma is produced to
concentrate the plasma; when water intake is so small
that blood plasma is concentrated, urine more concen-
trated than plasma is produced to dilute the plasma. In
both cases, the rate of sodium excretion is small and
varies little; indeed, the total solute excretion rate var-
ies little (Figure 43.1).

Urine osmolality varies widely in response to
changes in water intake. Following a prolonged period
without water intake, such as occurs when an individ-
ual sleeps, human urine osmolality may rise to
B1200 mOsm/kg H2O, about four times plasma osmo-
lality (B290 mOsm/kg H2O). However, following the
ingestion of large quantities of water, such as com-
monly occurs at breakfast, urine osmolality may
decrease rapidly. Humans (and other mammalian spe-
cies) are able to dilute their urine to B50 mOsm/kg
H2O. Such large and rapid changes in osmolality
require that the cells of the inner medulla have adap-
tive mechanisms (e.g., osmolytes) to protect them from
osmotic damage.

Maximum urine osmolality varies widely among
mammalian species. The long-nosed bat Leptonycteris san-
borni can concentrate only to about 350 mOsm/kg H2O,
while the Australian hopping mouse Notomys alexis can
concentrate to nearly 9400 mOsm/kg H2O.1 Primates can
typically concentrate their urines from B1000 to
2000 mOsm/kg H2O.1�3 Beluga whales and bottle-nosed
dolphins, which have access only to hypertonic ocean
water (B1000 mOsm/kg H2O), can concentrate urine up
toB1800 mOsm/kg H2O.4 Most laboratory data relevant
to the urine concentrating mechanism have been
obtained from rabbits or rodents that can achieve
higher maximum urine osmolalities than humans: the
European rabbit can concentrate to B1400 mOsm/kg
H2O, whereas the eastern cotton tail can concentrate to
B3300 mOsm/kg H2O; rats to B3000 mOsm/kg H2O;
mice and hamsters to B4000 mOsm/kg H2O; and
chinchillas toB7600 mOsm/kg H2O.1,4,5

Regardless of maximum concentrating ability, the
kidneys of all mammals maintain an osmotic gradient
that increases from the cortico-medullary boundary to
the tip of the medulla (papillary tip). This osmotic gra-
dient is sustained even in diuresis, although it is
diminished in magnitude relative to antidiuresis.6,7 The
major constituent of the osmotic gradient in the outer
medulla is NaCl; in the inner medulla, the major con-
stituents are NaCl and urea.6,7 The cortex is nearly iso-
tonic to plasma, while the papillary tip is hypertonic to
plasma and, in antidiuresis, has osmolality similar to
urine.5 The major urinary solutes are sodium and
potassium accompanied by univalent anions and by
urea; urea is the predominant solute in urine during
antidiuresis.6,7 The sodium, potassium, and urea con-
centrations in rat plasma, papillary tissue, and urine,
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during both diuresis and antidiuresis, are given in
Table 43.1.

The mechanisms responsible for the separate control
of water and sodium excretion are largely located in
the renal medulla, where the nephron segments and
vasa recta are arranged in complex but specific ana-
tomic relationships, both in terms of which segments
connect to which segments, and in terms of three-
dimensional configuration. The production of concen-
trated urine involves complex interactions among the
nephron segments and vasculature. In the outer
medulla, thick ascending limbs of the loop of Henle

actively absorb NaCl, diluting the luminal fluid and
providing NaCl to increase the osmolality of the med-
ullary interstitium, pars recta, descending limbs, col-
lecting ducts, and vasculature. The countercurrent
configuration of nephron segments and vessels allows
the generation of a medullary osmolality gradient
along the cortico-medullary axis. In the inner medulla,
osmolality continues to increase, but the source of the
concentrating effect remains controversial. However,
the most widely accepted mechanism remains passive
absorption of NaCl, in excess of solute secretion, from
thin ascending limbs of the loops of Henle.8,9

KIDNEY STRUCTURE

The structural organization of the mammalian kid-
ney is discussed in detail elsewhere in this book. This
section, based in largemeasureonkey studies (e.g., 10�12),
summarizes features that are pertinent to the urine
concentrating mechanism.

In most mammals studied, the kidney contains short
looped and long-looped nephrons; both have loops of
Henle that are arranged in a hairpin configuration
(Figure 43.2). They differ in two important aspects: the
loops of short-looped nephrons turn near the inner-
outer medullary border and lack a thin ascending limb,
whereas the loops of long-looped nephrons extend into
the inner medulla and contain a thin ascending limb.
Thin ascending limbs are found only in the inner
medulla, and their transition to thick ascending limbs
defines the inner�outer medullary border. Thus, only
thick ascending limbs are found in the outer medulla,
regardless of the type of loop. Some mammalian kid-
neys, e.g., human kidneys, have nephrons whose loops
of Henle do not reach into the medulla; these nephrons
are called cortical nephrons. Tubular fluid flows from
thick ascending limbs of both short and long looped
nephrons to distal convoluted tubules. Several distal
tubules merge to form cortical collecting ducts that
descend through the cortex and then become medul-
lary collecting ducts that pass through the outer
medulla. The collecting ducts merge along the entire
length of the inner medulla, ultimately forming the
ducts of Bellini, which open into the renal pelvis at the
papillary tip.

Small mammals, such as rodents, have unipapillate
kidneys. In these mammals, the papilla is an inverted
pyramid-shaped portion of the innermost inner
medulla; the papilla descends into the renal pelvis.
Larger mammals (including humans) have multipapil-
late kidneys in which each papilla descends into a
renal calyx. The renal pelvis is formed from the merg-
ing of these calyces. In all mammals, urine exits
through the ducts of Bellini into the renal pelvis.
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FIGURE 43.1 Independent control of water and solute excre-

tion. Rats were infused with exogenous vasopressin and given a
water-load (4% of body weight) to suppress endogenous vasopressin
secretion. Vasopressin infusion causes a significant decrease in urine
flow rate (left axis, circles) and increase in urine osmolality (right
axis, triangles), but has little effect on osmolar clearance (left axis,
squares). (Figure is modified, with permission, from reference 232, using
data from reference 450.)

TABLE 43.1 Plasma, Papilla, and Urine Composition During
Diuresis and Antidiuresis in Rats

A. Diuresis (urine flow/animal5 192:l/min)

Component Plasma Papilla Urine

Na1 (mEq/l) 138 159 5.4

K1 (mEq/l) 6.0 66.0 5.9

Urea (mM) 4.5 34.1 22.6

Osmolality (mOsm/kg H2O) 304 572 59

B. Antidiuresis (urine flow/animal5B5:l/min)

Component Plasma Papilla Urine

Na1 (mEq/l) 145 417 148

K1 (mEq/l) 6.7 102 140

Urea (mM) 4.4 605 946

Osmolality (mOsm/kg H2O) 314 1832 1805

The data given in this table is from tables and figures in references 6,36,454.
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The pelvis, which connects to the ureter, is bounded by
two epithelia: the papillary surface epithelium lining
the surface of the papilla, and a ureteral-type epithe-
lium extending from the ureter up into the renal pelvic
fornices.13�16

The descending and ascending vasa recta, which
provide the blood supply for the medulla, are arranged
roughly in parallel. Although their configuration is
similar to the hair-pin configuration of the loops of
Henle, there is an important anatomic difference: the
tubular segments that make up the loops of Henle are
contiguous, whereas the descending and ascending
vasa recta are separated by capillary plexuses. Blood
enters the medulla through descending vasa recta,
passes through capillary plexuses located at various
depths within the medulla, and then enters ascending
vasa recta. Vascular bundles, which are aggregations of
both descending and ascending vasa recta, form in the

outer stripe, but become much more prominent in the
inner stripe. Lemley and Kriz have proposed using the
vascular bundle (see detail, Figure 43.3) as the histoto-
pographical core around which the various outer med-
ullary tubule structures are arranged.10�12,17

Studies of inner medullary structure by Kriz and
co-workers,10�12,17 and recent studies by Pannabecker
and Dantzler,18,19 found that the inner medullary col-
lecting ducts (IMCDs) in the inner medullary base form
clusters that coalesce along the cortico�medullary axis.
Using immunohistochemical labeling and computer-
assisted reconstruction, Pannabecker, Dantzler, and col-
leagues have elucidated new detail of the functional
architecture of the rat inner medulla (see recent review 20).
A computerized reconstruction of the inner medullary
portion of several long-looped nephrons from rats is
shown in Figure 43.4, in which antibodies to the water
channel aquaporin-1 (AQP1, shown in red) and the
chloride channel ClC-K1 (shown in green)18 are used to
label the thin descending and ascending limbs of the
loops of Henle, respectively (reviewed in 20). In the base
of the inner medulla, thin descending limbs are pre-
dominantly present at the periphery of these clusters,
and appear to form an asymmetric ring around each
collecting duct cluster. In thin descending limbs of
loops of Henle that turn within the upper first millime-
ter of the inner medulla, no AQP1 was detected. In con-
trast, there are three discernible functional subsegments
in thin descending limbs of loops of Henle that turn
below the first millimeter: the upper 40% expresses
AQP1, whereas the lower 60% do not. ClC-K1, a marker
of the thin ascending limb-type epithelium, is first
detected in the final B165 micrometers of the thin des-
cending limb, as well as in the contiguous thin ascend-
ing limb. Thus, ClC-K1 is detected before the bend of
the loops of Henle. This finding is consistent with previ-
ous morphological studies demonstrating that the des-
cending limb to ascending limb transition occurs before
the loop bend. In addition, a substantial portion of the
inner medullary thin descending limbs of long-looped
nephrons did not express either AQP1 or ClC-K1, as
indicated in gray in Figure 43.4a.

In contrast, thin ascending limbs are distributed rel-
atively uniformly among collecting ducts and thin des-
cending limbs. In Munich-Wistar rats, Pannabecker
and Dantzler19 identified three population groups of
loops of Henle, distinguished by thin ascending limb
position at the base of the inner medulla and by differ-
ing loop length. Group 1 loops, having thin ascending
limbs that are interposed between collecting ducts,
reach a mean length of 700 μm into the inner medulla;
Group 2 loops, having thin ascending limbs that are
adjacent to just one collecting duct, reach 1500 μm and
Group 3 loops, having thin ascending limbs that lie
more than a half-tubule diameter from a collecting
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FIGURE 43.2 Basic structure of mammalian kidney. Diagram
shows both a long-looped and a short-looped nephron. Glomeruli are
shown as circles, proximal tubules are hatched, thin limbs of Henle’s
loop are lines, thick ascending limbs of Henle’s loops are solid, distal
convoluted tubules are stippled, and collecting duct system is open.
(Reproduced with permission, from reference 232.)
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FIGURE 43.3 Lemley and Kriz model of the architectural organization of the rat renal medulla. Shown are a schematic longitudinal sec-
tion (a); and cross-sections through the outer stripe of the outer medulla (b); inner stripe of the outer medulla (c); and the inner medulla (IM)
(d). In (a) 1 long and 2 short loops of Henle, the collecting duct, and a vascular bundle (shown in three-dimensional solid form) are shown. The
vascular bundle contains ascending vasa recta (AVR) originating from the inner medulla (AVRIM, long, bold-face arrows) and the descending
limbs of the short-looped nephrons (sDTL). Ascending vasa recta originating from the inner stripe (AVRIS, bold, wavy arrows) ascend directly
within the interbundle region. In the cross-sections (b)�(d), the relationships of 4 short and 2 long loops of Henle are shown with the collecting
duct (CD) and vasa recta. (b) In the outer stripe, the proximal straight tubules (PST) and medullary thick ascending limbs of long-looped
nephrons (lMAL) are located among the AVRIM near the vascular bundle. Located at a distance from the vascular bundle are the collecting
ducts (CD) and the PSTs, and thick ascending limbs from short looped nephrons (sMAL). These structures are surrounded by AVRIS and the
true capillaries (smaller unlabeled structures). (c) In the inner stripe, the core of a vascular bundle contains AVR and descending vasa recta
(DVR), whereas sDTL are found among the AVRIM in the periphery. In the interbundle region, the thin descending limbs of long looped
nephrons (lDTL) and CD run together with thick ascending limbs of short looped nephrons (sMAL); the lMAL are found bordering the vascu-
lar bundle. (d) In this section through the upper IM, a vascular bundle is still discernible, but AVR are already present throughout the cross-
section. The CD is distant from the vascular bundle. Between the bundle and the CD are lDTL (with different wall structures corresponding to
upper and lower part epithelia) and ascending limbs of long looped nephrons (ATL) (Abbreviations: AVR and DVR: ascending and descending
vasa recta; CD: collecting duct; DTL: descending thin limb; MAL: medullary thick ascending limb; PST: proximal straight tubule (pars recta);
subscripts s and l: short-looped and long-looped nephrons, respectively; OS, IS, and IM: outer and inner stripe of the outer medulla and inner
medulla, respectively). (Reproduced with permission, from reference 12.)
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duct, reach 2200 μm. As collecting ducts coalesce and
shorter loops disappear, the originating portions of lon-
ger thin ascending limbs run alongside the collecting
ducts for substantial distances (a more detailed
description of inner medullary loop subgroups was
given in 20).

Moreover, Pannabecker et al.20,21 proposed that the
inner medulla has at least four distinguishable zones
(axial subsections) that can be differentiated by the vari-
able characteristics of vasa recta and loops of Henle. The
four zones are illustrated in Figure 43.4b. Three counter-
current systems were hypothesized to exist within these
zones: (1) an intercluster system within the CD clusters
where most of the work of concentrating is conducted in
and around nodal spaces that are surrounded by
IMCDs, thin ascending limbs, and AVR; (2) an extraclus-
ter system in the outerzones (outer 3 to 3.5 mm) that
serves to carry water absorbed from water-permeable

portions of descending limbs back to the OM via AVR;
and (3) a papillary system in the inner zones where the
highest concentrations are attained with the aid of direct
interactions between transversely-running segments of
loops of Henle and collecting ducts.

Distinct types of interstitium are found in the vascu-
lar bundle in the outer medulla, in the interbundle
region of the outer medulla, and in the inner medulla.12

These interstitia may play an important role in medul-
lary solute and water transfer, especially in the inner
medulla, where interstitial cells are interspersed in a
gelatinous matrix of acid mucopolysaccharides, which
is largely devoid of any capillary plexuses, laterally
flowing capillaries or lymphatics.12,22,23 Thus, the inner
medullary interstitium should greatly slow lateral bulk
flow of solutes and water.

The number of nephrons found in mammals, and
thus the number of loops of Henle, varies over many

FIGURE 43.4 (a) Computer-assisted reconstruction of loops of Henle from rat inner medulla showing expression of aquaporin-1 (AQP1;
red) and ClC-K1 (green); gray regions (B-crystallin) express undetectable levels of AQP1 and ClC-K1. Loops are oriented along the corticopapil-
lary axis, with the left edge of each image nearer the base of the inner medulla. Panel A: Thin limbs that have their bends within the first milli-
meter beyond the outer�inner medullary boundary. Descending segments lack detectable AQP1. ClC-K1 is expressed continuously along the
prebend segment and the thin ascending limb. Panel B: Loops that have their bends beyond the first millimeter of the inner medulla. AQP1 is
expressed along the initial 40% of each thin descending limb, and is absent from the remainder of each loop. ClC-K1 is expressed continuously
along the prebend segment and the thin ascending limb. Boxed area is enlarged in panel C. Panel C: Enlargement of near-bend regions of 4
thin limbs from box in panel B. ClC-K1 expression, corresponding to thin descending limb prebend segment, begins, on average, 165 μm before
the loop bend (arrows). Scale bars, 500 μm (panels A and B); and 100 μm (panel C). (Reproduced with permission, from reference 20.) (b) Based on
computer-assisted functional anatomy reconstructions that included immunolabeling of key transporters along the limbs of long loops of
Henle, Pannabecker et al.21 have proposed that the inner medulla of the rat can be considered to have four four zones (or subsections): (1) an
outer-most zone (OZ1), about 1 mm thick, that lies just below the OM and in which loops labeling for little or no AQP1 have their bends; (2) a
larger outer zone (OZ2), 2 to 2.5 mm in thickness that lies just below OZ1 that has well-organized CD clusters and tubules where loop bends
turn within central portions of the clusters; (3) an outer inner zone (IZ1) where the organization of CD clusters diminishes, and all vasa recta
are fenestrated; and (4) an inner-most zone (IZ2) where CD clusters can no longer be distinguished, where all vasa recta are fenestrated, and
where many loops of Henle have transversely-running segments that wrap alongside CDs. The two inner zones combined are 1.5 to 2 mm
thick. Representative collecting duct clusters are shown in blue; intercluster tissue is orange. AQP1-positive and AQP1-negative descending
thin limbs are shown in red and yellow, respectively. Prebend segments and ascending thin limbs are shown in green. This color scheme dif-
fers from that of Figure 43.4A only by the use of yellow rather than gray for AQP-1 negative descending thin limbs. (Reproduced with permission
from 21.)
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orders of magnitude, increasing sub-linearly with
increasing body mass.24 The mouse has about 12,400
nephrons per kidney24; rat, 30,000�40,00024,25; rabbit,
230,00024,25; human, 0.3�1.4 million26,27; elephant,
7.5 million24; and fin whale, 192 million.27 In contrast,
medullary thickness in mammals varies from 3 to
25 mm, thus indicating that maximum loop of Henle
length varies over about an order of magnitude4; proxi-
mal tubule diameter changes little from rat to fin
whale, increasing by a factor of about 1.3.27,28

Although loops of Henle of variable length are
found in all mammals, most mammals are thought to
have both short- and long-looped nephrons.
Exceptions include the dog, with all long loops,29 and
the mountain beaver Aplodontia rufa, which has thick
ascending limbs only, and has a renal medulla that cor-
responds to the outer medulla of other mammals.30

Generally, however, there are more short-looped than
long looped nephrons, and the long-looped nephrons
tend to exhibit substantial variation in the depth
reached within the inner medulla. Measurements in
the rabbit31 and rat25,32 indicate that the decrease in
loop of Henle and collecting duct population in the
inner medulla is approximately exponential, with most
loops of Henle turning back in the outer portion of the
inner medulla, and with collecting ducts converging to
a few ducts of Bellini. A similar pattern is seen in the
medullary cones of the avian kidney33 which, like the
mammalian kidney, is able to produce a concentrated
urine, although only to osmolalities of about twice that
of blood plasma.34

The pattern of decrease in the tubule populations of
the rat renal medulla25,32 is portrayed in Figure 43.5,
which gives curves approximating loop and collecting
duct population as a function of normalized medullary
depth. About 38,000 loops and 7300 collecting ducts
extend through most of the outer medulla.25 About
28�33% of the loops of Henle in rat have thin ascend-
ing limbs and reach into the inner medulla.10,29 The
populations of loops of Henle and collecting ducts both
decline rapidly, but the loop population decreases
more rapidly, so that the loop and collecting duct
populations are more nearly equal in the papilla.
In human, about 1

7 of the loops of Henle reach into the
inner medulla.27

Figure 43.5 also portrays the concentration of urea,
the sum of the concentrations of sodium and its anions,
and the osmolality, as a function of medullary depth,
as determined in tissue slices harvested from vasopres-
sin-treated Wistar rats.6,35,36 The experimental data
points indicated in Figure 43.5 are connected by natural
cubic splines which generate smooth curves; these
curves have shapes supported by other studies in
rat.37,38 Osmolality increases by a factor of about 2 in
the outer medulla, and by an additional factor of 3

in the inner medulla, where urea makes a substantive
contribution. As can be inferred from the values for
urine (U) in Figure 43.5, sodium is largely carried by
flow in the loops of Henle and vasculature, while urea
makes up a large portion of the solute in collecting
duct flow. Potassium has a tissue concentration of
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FIGURE 43.5 Loop of Henle and collecting duct population in
rat (scale at left) as a function of normalized medullary depth; also,

tissue osmolality, concentration of urea, and concentration of

sodium plus its anion (scale at right). Loop of Henle and collecting
duct populations decrease in inner medulla because loops turn back
and collecting ducts merge. The osmolality gradient is larger in the
outer medulla and papilla than in the outer part of the inner medulla.
The gradient is largest in the papilla, where the osmolality and con-
centration profiles appear to increase exponentially. The shape of the
sodium profile has been corroborated by electron microprobe mea-
surements 38 (Key: IC: inner cortex; OM: outer medulla; IM: outer
part (base) of inner medulla; P: papilla or inner part (tip) of inner
medulla; U: urine). Figure based on published data. Curves connect-
ing data points are natural cubic splines, computed by standard algo-
rithms.451 Dashed curve segments are interpolations without
supporting measurements. Tubule populations in papilla are from
reference 32; tubule populations in outer medulla are based on esti-
mates in reference.25 Concentrations and osmolalities are from tissue
slices and urine samples collected 4.5 hours after onset of vasopressin
infusion at 15 μU/min/100 g body weight. Data is from Figure 5 in
reference 36 and Figures 1, 3, and 9 in reference 6; slice locations were
given in reference.35 The osmolality reported in the inner cortex
seems high relative to the reported plasma concentration of
314 mOsm/kg H2O. The osmolality and concentration profiles, as
drawn in reference 6, apparently do not take into account relative dis-
tances between tissue sample sites.
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about 80�100 mM along the medulla, but it makes a
larger contribution (B150 mM) to urine.6,36

The osmolality increase along the outer medulla
arises from the vigorous transepithelial transport of
NaCl from thick ascending limbs into the surrounding
interstitium. This effect is believed to be augmented by
a process of countercurrent multiplication, described in
a subsequent section (vide infra). However, as shown in
Figure 43.5, the osmolality gradient is largest in the
papilla, even though only a small fraction of the loops,
tubules, and vasa recta reach into the papilla, and even
though the population of tubules and vessels is rapidly
decreasing there. The remarkable capacity for generat-
ing high osmolalities in so small a volume (B0.5% of
total kidney volume22) has thus far resisted a generally
satisfactory explanation.

TRANSPORT PROPERTIES OF
INDIVIDUAL NEPHRON SEGMENTS

This section will review the water, urea, and sodium
permeability values measured in isolated perfused
tubules in nephron segments involved in producing
concentrated or dilute urine. Thin limb segments are
difficult to perfuse, and most measurements involving
different species have been made by different laborato-
ries. Thus, some caution must be used in comparing
these values. Tables 43.2�43.5 contain values obtained
from animals receiving food and water ad libitum; rep-
resentative values were chosen since space does not
permit citing every original manuscript.

In the past two decades, many of the proteins which
mediate water, urea, and sodium transport in nephron
segments important for urinary concentration and dilu-
tion have been cloned (Figure 43.6). The water channels
(called aquaporins) and sodium transporters are dis-
cussed in detail elsewhere in this book. The urea trans-
port proteins and their role in the long-term regulation
of the urine concentrating mechanism are discussed
later in this chapter.

In general, the water, urea, and sodium transport
proteins are highly specific. Reflection coefficients are
not included in Tables 43.2�43.5, since the specificity
of these transport proteins appears to eliminate a
molecular basis for solvent drag and suggests that the
reflection coefficients should be 1.

THIN DESCENDING LIMB

Thin descending limbs are conventionally divided
into types I, II, and III: types I and II are located in the
outer medulla in short and long looped nephrons,
respectively, while type III limbs are located in the

inner medulla.39,40 The osmotic water permeability of
thin descending limb subtypes that express aquaporin
1 (AQP1) water channels41 is extremely high in all spe-
cies studied42�45 (Table 43.2). AQP1, a constitutively
active water channel, is present in both the apical and
basolateral plasma membranes in sufficient abundance
to account for the measured rates of transepithelial
water transport.46 Transgenic mice lacking the AQP1
channel (which is also found in proximal tubule and
descending vasa recta), were found to have greatly
impaired urine concentrating capability, which was
attributed in large measure to defective water absorp-
tion from the proximal tubules and descending limbs,
which may lead to an overloading of available concen-
trating capacity.47,48

The chinchilla has an additional inner medullary
subsegment (type II distal) in the deepest 20% of the

TABLE 43.2 Permeability Properties in Thin Descending Limb
Nephron Segmentsa

Species

Chinchilla Rat Rabbit Hamster

THIN DESCENDING LIMB TYPE I

Nab 0�2 65;64;66c 4.858

Ureab 1363c 1�260,62c 858

Waterd 229544c 242064c 325758

Na1/K1-ATPasee 2�567,68c 2�467c

THIN DESCENDING LIMB TYPE II

Nab 164�66c 23�6658,59

Ureab 357 061 160,62c 358,59

Waterd 260042,49 229579c 231564c 537858

Na1/K1-ATPasee 2�567,68c 2�467c

THIN DESCENDING LIMB TYPE III

Nab 2957 459

Ureab 17�2952,57 1363c 1359

Waterd 155042,49 229579c 169359

Na1/K1-ATPasee 368

THIN DESCENDING LIMB TYPE III DISTAL (PAPILLARY
SUBSEGMENT)

Nab 7457

Ureab 4857

Waterd 6042,49

aReferences are in supercripted.
bunits: 1025 cm/sec.
cSubsegment not specified, thus cannot differentiate between thin descending limb
subtypes.
dunits: μm/sec.
eunits: pmol/mm/min.
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longest loops of Henle.42 This subsegment has low
osmotic water permeability42,49 and lacks AQP1.50 The
Munich-Wistar rat has a similar subsegment in the dee-
pest 60% of the longest loops51,52 and also a prebend
segment of B164 μm in length that labels for the ClC-
K1 chloride transporter, but not for AQP1.18 Avian
loops of Henle appear to have similar pre-bend seg-
ments.53 The pre-bend segments may be functionally
important as a site of NaCl absorption.52,54�56

Urea permeability varies in different portions of the
thin descending limb (Table 43.2). Urea permeability is
relatively low in types I and II thin descending
limbs.57�62 Urea permeability is higher in type III thin
descending limbs,52,57,59,63 and is quite high in the chin-
chilla type III distal thin descending limb.57 The reflec-
tion coefficient for urea is close to 1 in thin descending
limbs.58,64

Sodium permeability is relatively low in rabbit types
I and II64�66 and hamster types I and III thin descend-
ing limbs,58,59 but is relatively high in hamster type II
and chinchilla types III and III distal thin descending
limbs.57�59 Na1/K1-ATPase activity is very low in all
thin descending limb segments in which it has been
measured.67,68 Rabbit types I and II thin descending
limbs have a NaCl reflection coefficient that is close to
1.64 However, the measured NaCl reflection coefficient
is heterogeneous in hamster: 0.83 in type II and 0.99 in
type III thin descending limbs.58,69

The perfused tubule studies reviewed above provide
important information about the transport properties of

TABLE 43.3 Permeability Properties in Ascending Limb
Nephron Segmentsa

Species

Chinchilla Rat Rabbit Mouse

THIN ASCENDING LIMB

Nab 23857 8079 2680 55�8879,82

Ureab 17157 14�2363,79 780 1979

Waterc 0�842,49 2579 1380 2979

Na1/K1-
ATPased

2�467,68 367

MEDULLARY THICK ASCENDING LIMB

Nab 694,430 2455

Clb 194 1455

Ureab 1.4 (outer
stripe)98

199

0.6�0.9 (inner
stripe)98

Waterc 094 23456

Kb 1457

PDe 2�3458 3�794,459,460

Na1/K1-
ATPased

41�139 (outer
stripe)95

41�12467 6267

260 (inner
stripe)95

CORTICAL THICK ASCENDING LIMB

Nab 1461 3462

Clb 1461 1462

Ureab 1.598 2463

Waterc 094 23456

PDe 3�792,462

Na1/K1-
ATPased

83�13395 16�3167 6167

aReferences are superscripted.
bunits: 1025 cm/sec.
cunits: μm/sec.
dunits: pmol/mm/min.
ePD: transepithelial potential difference, mV.

TABLE 43.4 Permeability Properties in Cortical and Outer
Medullary Collecting Duct Segmentsa

Species

Rat Rabbit

CORTICAL COLLECTING DUCT

Nab 0.1464

Kb 1�2464,465

Clb 2�5108,464

Ureab6 c AVP 198,104 0�1100,466

Waterd 2AVP 17�43101,102 4�13225,467,468

1AVP 389�994101,102,469 166�280225,467,468,470

Na1/K1-ATPasee 13�8167,68,95 12�2367,471�474

OUTER MEDULLARY COLLECTING DUCT

Nab 0.39465

Kb 0.59465

Clb 0.5475

Ureab 3.5102 0.399

Waterd �AVP 1499,110

1AVP 44599,110

Na1/K1-ATPasee 11�4195,68 8�1967,471,472,474

aReferences are superscripted;
bunits: 1025 cm/sec.
c6AVP: value unchanged by AVP; 2AVP: no vasopressin; 1AVP: with
vasopressin.
dunits: μm/sec;
eunits: pmol/mm/min.
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the individual nephron segments comprising the des-
cending limb of the loop of Henle. In contrast, micro-
puncture studies provide in vivo information about the
concentrations of solute within the portions of the des-
cending limb that are accessible to micropuncture: com-
parisons can be made between the composition of
tubular fluid near the ends of those proximal convoluted
tubules that are accessible on the cortical surface and the
composition of fluid in the bends of the longest loops of
Henle near the papillary tip. Since proximal tubules on
the surface of the kidney originate from superficial glo-
meruli, and the loops of Henle which reach the papillary
tip generally originate from juxtamedullary nephrons, it
is not possible, currently, to compare fluid samples taken
from cortical and medullary sites in a single nephron.
Thus, the validity of this comparison depends upon the
assumption that the composition and delivery of solute
and water to the beginning of the superficial and juxta-
medullary descending limbs are similar. In addition,
papillary micropuncture requires the removal of the ure-
ter, which also reduces maximum urinary concentrating
ability by a mechanism that is not completely under-
stood.70�72 Thus, micropuncture studies are limited to
studies performed during moderate, not maximal, anti-
diuretic conditions.

In the rat, osmolality increases along the length of
the descending limb. Water removal accounts for 90%
of this increase in osmolality in Brattleboro rats that are
not treated with vasopressin.73 When Brattleboro rats
are treated with vasopressin, there is an increase in the
osmotic pressure of the descending limb fluid and in
the volume of water absorbed from the descending
limb.73 This rise in descending limb fluid osmolality
results from water extraction (60%), and from urea
addition (40%).72,73 The delivery of urea to the end of
the thin descending limb averages 550% of the filtered
load of urea.72 Thus, urea is either secreted into the
descending limb fluid74 or there is a major difference
between the filtered load of urea in superficial versus
juxtamedullary glomeruli. When urea is infused into
rats fed a low-protein diet, both water extraction from
the descending limb and urinary concentrating ability
are significantly increased.75

In hamster, B65% of the osmotically active solute in
fluid obtained near the bend of the loop of Henle is
due to sodium (plus a univalent anion), while B20% is
due to urea.70 Since only B10% of the filtered load of
water reaches the bend of the loop of Henle, the high
luminal fluid sodium concentration results primarily
from water extraction from the descending limb.70 Both
sodium and inulin concentrations increase along the
length of the hamster descending limb, showing that
water is extracted from the descending limb fluid.76,77

As in the rat, significant amounts of urea are added to
the descending limb fluid.

TABLE 43.5 Permeability Properties in Inner Medullary
Collecting Duct Subsegmentsa

Species

Rat Rabbit Hamster

INITIAL INNER MEDULLARY COLLECTING DUCT � IMCD1

Ureab6 cAVP 2�5102,104,114,118 1104 8�9116

Sodium-Uread 0115,118

Watere 2AVP 16�81102,117,476

1AVP 148�460102,117,476 534116

Na1/K1-ATPasef 18�4268

TERMINAL INNER MEDULLARY COLLECTING DUCT � IMCD2

Nab 1124 2116

Kb 4123

Clb 1�2123,124

Ureab �AVP 15�46102,104,114,120,476 12104 12116

1AVP 69�93102,114,120 32116

1Hypertonic bath: 120�143119,121

1Hypertonic bath and
AVP:

163�190119,121

Sodium-Ureag 0�1115,118

Watere 2AVP 70�333102,117,476

1AVP 208�749102,117,476 646116

Na1/K1-ATPasef 12�4068

TERMINAL INNER MEDULLARY COLLECTING DUCT - IMCD3

Nab 1124

Ureab 2AVP 39�49104,114 13104

1AVP 110114

Sodium-Ureag 29115

Watere 2AVP 43�145102,117

1AVP 389�749102,117

Na1/K1-ATPasef 8�1768

PAPILLARY SURFACE EPITHELIUM

Chlorideb6AVP 2�3127

Ureab6AVP 1104

Waterd6AVP 14127

aReferences are superscripted.
bunits: 1025 cm/sec.
C6AVP: value unchanged by AVP; 2AVP: no vasopressin; 1AVP: with
vasopressin.
dsodium-urea co-transport, units: pmol/mm/min.
eunits: μm/sec.
funits: pmol/mm/min.
gsodium-urea counter-transport, units: pmol/mm/min; 1 : urea absorption; 2 : urea
secretion.
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Psammomys obesus, a desert rodent, feeds on halo-
philic plants which provide water along with large
quantities of NaCl. In these animals, tubular fluid flow
rate decreases by 1.7-fold along the descending limb,
while osmotic pressure increases four-fold.37,78 Water
removal accounts for 40% of the increase and solute
addition accounts for 60% under moderate NaCl-load-
ing conditions.37 Unlike the rat, NaCl is the principal
solute added to descending limb fluid37; urea is added
but is much less important than in the rat. In
Psammomys which are producing more highly concen-
trated urine (although still less concentrated than can
be achieved by the intact animal), NaCl addition
accounts for nearly 80% of the rise in osmolality.37

Thin Ascending Limb

The thin ascending limb (Table 43.3) has an
extremely low osmotic water permeability in all species
studied,42,49,79,80 and no aquaporin proteins have been

detected (reviewed in 81). Although the thin ascending
limb has a urea permeability that is lower than its
NaCl permeability,57,63,79,82 it is significantly higher
than the value that mathematical models indicate is
required for the effective operation of the hypothesized
passive mechanism (vide infra). While this is true in all
species, it is especially true in chinchilla.52,57

The thin ascending limb has a very low level of
Na1/K1-ATPase activity67,68 that would not support a
significant rate of active sodium transport.83 However,
some in vivo studies have found evidence for active
sodium transport in thin ascending limbs.72,77 The thin
ascending limb has a high passive NaCl permeabil-
ity.57,63,79,80,82 Chloride transport occurs transcellularly
via the ClC-K1 chloride channel, which is present in
both the apical and basolateral plasma membranes.84

Vasopressin increases chloride transport in thin
ascending limbs,85 and water deprivation increases the
mRNA abundance of ClC-K1.86 Transgenic mice lack-
ing the ClC-K1 transporter were found to have greatly
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FIGURE 43.6 Location and identities of the water, urea, and sodium transport proteins involved in the passive mechanism hypothesis

for countercurrent multiplication in the inner medulla.8,9 The major kidney regions are shown on the left. NaCl is actively absorbed across
the thick ascending limb by the apical membrane Na1-K1-2Cl2 co-transporter (NKCC2, BSC1), and the basolateral membrane Na1/K1-ATPase
(not shown). K1 is recycled through an apical membrane ROMK channel. Water is absorbed across the descending limb by AQP1 water chan-
nels in both apical and basolateral plasma membranes. In the presence of vasopressin, water is absorbed across the apical plasma membrane of
the collecting duct by AQP2 water channels. Water is absorbed across the basolateral plasma membrane by AQP3 water channels in the cortical
and outer medullary collecting duct, and by both AQP3 and AQP4 water channels in the inner medullary collecting duct (IMCD). Urea is con-
centrated within the collecting duct lumen (by water absorption) until it reaches the terminal IMCD where it is absorbed by the UT-A1 and
UT-A3 urea transporters. According to the passive mechanism hypothesis (see text), the fluid which enters the thin ascending limb from the
contiguous thin descending limb has a higher NaCl and a lower urea concentration than the inner medullary interstitium, resulting in passive
NaCl absorption and dilution of the fluid within the thin ascending limb. Also shown are 2 active urea transport pathways: a Na1-urea
counter-transporter is expressed in the terminal IMCD of normal rats and is upregulated by water diuresis115; a Na1-urea co-transporter is
expressed in the initial IMCD of hypercalcemic rats or rats fed a low-protein diet but not from rats fed a normal protein diet423,118,358

(Abbreviations: AQP: aquaporin; UT: urea transporter).

1472 43. THE URINE CONCENTRATING MECHANISM AND UREA TRANSPORTERS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



reduced urine concentrating capability, which was
attributed to defective chloride transport in the thin
ascending limb.87 Sodium transport is thought to occur
paracellularly, since no apical plasma membrane
sodium transport pathway has been demonstrated.88,89

When rabbit thin ascending limbs are perfused
in vitro with concentration gradients of NaCl and urea
that simulate in vivo conditions (NaCl gradient from
lumen-to-bath and a urea gradient from bath-to-
lumen), they are able to dilute their luminal fluid by
purely passive means. Perfusing rabbit thin ascending
limbs in vitro with solutions whose osmolality is
increased from 290 to 600 mOsm/kg H2O by adding
NaCl to the perfusate and urea to the bath (to mimic
the higher concentration of NaCl in the tubule lumen
and the higher urea concentration in the medullary
interstitium) reduces collected fluid osmolality to 70%
of perfusate osmolality, suggesting that it may be pos-
sible to dilute the luminal fluid within thin ascending
limbs without active transport in vivo.80

Heterogeneity in Thin Limbs of Long Loops

Pannabecker et al.18 investigated inner medullary
functional structure in Munich-Wistar rats by means of
computer-assisted three-dimensional reconstructions of
cross-sections in which tubules were identified and
labeled by direct immunofluorescence of antibodies
raised against specific transport proteins. The recon-
structions indicate that thin descending limbs of Henle’s
loops that have bends within the first millimeter below
the outer�inner medullary boundary lack the water
transporter AQP1. Thin descending limbs of loops that
have bends beyond the first millimeter express AQP1 for
about the first 40% of their length below the outer�inner
medullary boundary, but beyond that point lack AQP1
expression. Expression of ClC-K1 chloride channels
begins abruptly with a prebend segment of length
B165 μm, and ClC-K1 expression continues uniformly
along the entire length of thin ascending limbs. Co-locali-
zation of AQP1 and ClC-K1 was not found in any loop
of Henle segment. Preliminary sections show no evi-
dence of expression of the urea transporters UT-A1, UT-
A2 or UT-A4 in thin limbs below the first millimeter of
the inner medulla.54 These observations are generally
consistent with expression patterns indicated in other
immunocytochemical studies in rat.43,90 However, Mejia
and Wade91 found in Sprague-Dawley rats thatB30% of
thin descending limbs that reached deep into the papilla
labeled for AQP1 (in Brattleboro rats, B11%); and Wade
et al.90 found co-labeling of a UT-A urea transport pro-
tein and AQP1 in thin descending limbs in the base of
the inner medulla of Brattleboro rats (these limbs may
correspond to the longer population identified by
Pannabecker et al.18).

Thick Ascending Limb

Both the medullary and cortical portions of the thick
ascending limb (Table 43.3) have osmotic water perme-
abilities that are essentially zero, and neither subseg-
ment expresses aquaporin proteins (reviewed in 81).
Thus, the primary mechanism for diluting the luminal
fluid in thick ascending limbs is net absorption of sol-
ute, particularly NaCl. NaCl is actively absorbed by the
Na1-K1-2Cl2 co-transporter (NKCC2, BSC1) in the
apical plasma membrane, and the sodium pump
(Na1/K1-ATPase) in the basolateral plasma mem-
brane. The thick ascending limb from short looped
nephrons can lower the concentration of NaCl in the
luminal fluid at loop bend from B300 to B117�40 mM
at the cortico�medullary border,92,93 while the cortical
thick ascending limb can lower the concentration of
NaCl to B32 mM.94 However, the medullary portion
has the capacity to absorb more NaCl than the cortical
portion, as evidenced by the higher Na1/K1-ATPase
activity in the medullary thick ascending limb.67,95 The
regulation of NaCl absorption in the thick ascending
limb is discussed in detail in Chapter 34.

Vasopressin increases NaCl absorption in medullary
and cortical thick ascending limbs in mouse.96,97 This
response is consistent with vasopressin’s role in uri-
nary concentration, and suggests that vasopressin can
increase or maintain concentrating ability by increasing
NaCl absorption across thick ascending limbs.
However, vasopressin does not increase NaCl absorp-
tion in human and canine, and only weakly stimulates
absorption in rabbit medullary thick ascending limbs.96

Urea permeability in the medullary thick ascending
limb is lower than in the cortical thick ascending
limb.98,99 In rat, the transition to a higher urea perme-
ability occurs between the inner and outer stripe por-
tions of the medullary thick ascending limb, while in
rabbit it occurs between outer medulla and cortex.98

Urea permeability in the thick ascending limb could
permit dilution of tubular fluid by passive urea absorp-
tion or increase urea concentration in the thick ascend-
ing limb by secretion.

Cortical Collecting Duct

The cortical collecting duct has an extremely low
osmotic water permeability (Table 4) in the absence of
vasopressin.100�102 Vasopressin significantly increases
the osmotic water permeability by a factor of 10 to 100
in both rat101,102 and rabbit.100 Arachidonic acid metabo-
lites, produced by cytochrome P450, inhibit vasopressin-
stimulated osmotic water permeability by a post-cyclic
AMP (cAMP) mechanism103; the mechanism by which
vasopressin increases osmotic water permeability is dis-
cussed in detail in Chapter 41 on Water Channels.
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The cortical collecting duct has a low urea perme-
ability that is unaffected by vasopressin.98,104 Thus,
vasopressin-induced water absorption will increase the
urea concentration within the lumen of the cortical col-
lecting duct, and also the osmolality, provided that
there is no significant net absorption of solutes.

The cortical collecting duct is the major site for aldo-
sterone-mediated sodium absorption and potassium
secretion.105 Vasopressin also stimulates sodium
absorption in the cortical collecting duct.106 Sodium is
actively absorbed via the epithelial sodium channel
(ENaC) in the apical plasma membrane of principal
cells,107 and sodium absorption is responsible for the
generation of a lumen-negative voltage.105 Sodium
exits the principal cell via Na1/K1-ATPase in the baso-
lateral plasma membrane.67,95 Chloride is transported
by both paracellular and transcellular pathways.
Chloride absorption is primarily passive in rabbit,
although some evidence for chloride absorption against
an electrochemical gradient exists.108 Active chloride
absorption occurs in rat, and is stimulated by vasopres-
sin and inhibited by bradykinin.109

Outer Medullary Collecting Duct

Few permeability measurements exist for the rat
outer medullary collecting duct (Table 43.4). In rabbit,
the outer medullary collecting duct has a low osmotic
water permeability which is increased 20- or 30-fold by
vasopressin.99,110 The urea permeability is low in the
outer medullary collecting duct in both rat and
rabbit.98,99

Inner Medullary Collecting Duct

The inner medullary collecting duct (IMCD) was
originally divided into three subsegments: IMCD1;
IMCD2; and IMCD3.

111 Subsequent studies showed
that the inner medullary collecting duct could gener-
ally be viewed as consisting of two morphologically
and functionally distinct subsegments: the initial IMCD
(corresponding to the IMCD1) and the terminal IMCD
(corresponding to the IMCD2 and IMCD3).

102,104,112,113

However, some recent studies have found functional
differences between the IMCD2 and IMCD3.

114,115

Histologically, the rat initial IMCD (or IMCD1) contains
90% principal cells and 10% intercalated cells112; the rat
terminal IMCD (or IMCD2 and IMCD3) contains a
unique cell type, the IMCD cell.113 Most of the perme-
ability values available for IMCD subsegments are
from the rat (Table 43.5).

In the absence of vasopressin, the initial IMCD has a
low osmotic water permeability which is increased 10-
to 30-fold by vasopressin.102,116,117 Urea permeability is

low in the initial IMCD, and is unaffected by vasopres-
sin.102,104,114,116,118 The initial IMCD from normal rats
does not show any active urea transport.115,118,119

The terminal IMCD has a higher basal (no vaso-
pressin) osmotic water permeability than other por-
tions of the collecting duct.102,116,117 Vasopressin can
rapidly increase osmotic water permeability by a factor
of 10.102,117 The terminal IMCD also has a higher
basal urea permeability than other portions of the
collecting duct.102,104,114,116,120 Vasopressin and hyper-
tonicity can each increase urea permeability by a factor
of 4�6, and together they can increase urea permeabil-
ity by a factor of 10.102,116,119�121 Although early studies
suggested a urea reflection coefficient of less than 1,
more recent studies which re-measured the urea reflec-
tion coefficient and explicitly measured the dissipation
of the imposed urea gradient, showed that the urea
reflection coefficient equals 1.50,122 The IMCD2 subseg-
ment from normal rats does not show any active urea
transport.115,118 However, active urea secretion, which
is completely dependent upon luminal sodium, is pres-
ent in the IMCD3 from normal rats, suggesting that
sodium absorption may be coupled to urea secretion.115

Sodium and chloride permeabilities are low in the
terminal IMCD.116,123,124 Micropuncture studies indi-
cate substantial rates of NaCl absorption from the
IMCD, but perfused tubule studies have been unable
to detect it.124�126

Papillary Surface Epithelium

Only a few permeability coefficients have been mea-
sured across the papillary surface epithelium, and
these have been measured only in rabbit (Table 43.5).
The urea and osmotic water permeabilities are low and
unaffected by vasopressin.104,127 The basal chloride per-
meability is higher than that of the terminal IMCD, and
is inhibited by vasopressin.127 The apical membrane of
the papillary surface epithelial cell, which faces the uri-
nary space, expresses a Na1�K1�Cl2 co-transporter
that is stimulated by vasopressin and inhibited by
bumetanide.15 The basolateral membrane contains a
potassium conductive pathway in rat and rabbit.128,129

GENERAL FEATURES OF URINARY
CONCENTRATION AND DILUTION

Countercurrent Multiplication Hypothesis

Since the late 1950s, the countercurrent multiplica-
tion hypothesis has been the generally accepted expla-
nation for the generation of the osmolality gradient
along the cortico�medulary axis in both the outer and
inner medullas.130 This hypothesis holds that, at each
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level of the medulla, a small osmolality difference
between tubular fluid flows in ascending and descend-
ing limbs is multiplied by the countercurrent flow con-
figuration to establish a large axial osmolality
difference. The principle of countercurrent multiplica-
tion is illustrated in Figure 43.7. The loop shown in the
figure panels may be identified with a short loop of
Henle: the left channel is analogous to the descending
limb, whereas the right channel is analogous to the
thick ascending limb. The channels are separated by a
water-impermeable barrier. Vertical arrows indicate
flow down the left channel and flow up the right chan-
nel. Left-directed horizontal arrows indicate active
transport of solute from the right channel to the left
channel. The numbers within channels indicate local
fluid osmolality. Successive panels represent the time
course of the multiplication process.

Panel (a) of Figure 43.7 illustrates a loop with iso-
smolar fluid throughout. In panel (b), an active trans-
port mechanism has pumped enough solute to
establish a 20 mOsm/kg H2O osmolality difference
between the ascending and descending flows at each
level. This small difference, transverse to the flow, is
called the “single effect.” Panel (c) illustrates the osmo-
lality values after the fluid has advected (or carried)
the solute half-way down the left channel and half-way

up the right channel. In panel (d), the active transport
mechanism has re-established a 20 mOsm/kg H2O
osmolality difference, and the luminal fluid near the
bend of the loop has attained a higher osmolality than
in panel (a). By successive iterations of this process, a
progressively higher osmolality is attained at the loop
bend, and a large osmolality difference is generated
along the flow direction. This is illustrated in panel (e),
where the osmolality at the loop bend is nearly
300 mOsm/kg H2O above the osmolality of the fluid
entering the loop. Thus, the “single effect” of a
20 mOsm/kg H2O difference has been multiplied axi-
ally down the length of the loop by the process of
countercurrent multiplication.

In the outer medulla, countercurrent multiplication
is believed to occur in the short loops of Henle by a
process that is similar to that shown in Figure 43.7. The
tubular fluid of the proximal tubule that enters the
outer medulla is isotonic to plasma (about 290 mOsm/
kg H2O). That fluid is concentrated, as it passes
through the pars recta and the thin desending limb, by
osmotically driven water absorption; the absorption is
driven by vigorous active transport of NaCl from the
thick ascending limbs. At the bend of the loop of
Henle, the tubular fluid osmolality attains an osmolal-
ity about twice that of blood plasma. Because the thick
ascending limbs are nearly impermeable to water, its
tubular fluid is diluted by NaCl absorption as it flows
toward the cortex, so that the fluid emerging from this
segment is hypoosmotic to blood plasma.

Countercurrent multiplication in the outer medulla,
however, differs in important ways from the process
illustrated in Figure 43.7. In some of the most
completely studied mammals, the descending and
ascending limbs do not abut one another131; therefore,
solute is not directly transported from ascending limbs
to descending limbs. Rather, NaCl is pumped from
thick ascending limbs to the interstitium, raising the
osmolality of the interstitial fluid and the blood flow-
ing through the vasa recta and capillaries. The
increased interstitial osmolality withdraws water from
thin descending limbs, and some NaCl may diffuse
into thin descending limbs, thus raising the osmolality
of descending limb fluid. The NaCl absorbed from
ascending limbs and the water absorbed from descend-
ing limbs is carried to the cortex by the vasa recta,
which, somewhat like the loops of Henle, are arranged
in a countercurrent configuration. Thus, a large axial
osmolality difference, from the cortico�medullary
boundary to the boundary of the inner and outer
medulla, is established in the loops of Henle, the vascu-
lature, and the interstitium.

In addition, Figure 43.7 does not represent the flow
in the collecting ducts. Some of the water and solute in
thick ascending limb tubular fluid delivered to the
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FIGURE 43.7 Countercurrent multiplication of a single effect.

Panel (a): Process begins with isosmolar fluid throughout both chan-
nels. Panel (b): Active solute transport establishes a 20 mOsm/kg
H2O transverse gradient (single effect) across the boundary separat-
ing the channels. Panel (c): Fluid flows half-way down the descend-
ing limb and up the ascending limb. Panel (d): Active transport
reestablishes a 20 mOsm/kg H2O transverse gradient. Note that the
luminal fluid near the bend of the loop achieves a higher osmolality
than loop-bend fluid in panel (b). Panel (e): As the processes in (c)
and (d) are repeated, the bend of the loop achieves a progressively
higher osmolality so that the final axial osmotic gradient far exceeds
the transverse 20 mOsm/kg H2O gradient generated at any level.
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cortex re-enters the outer medulla in the collecting
ducts, and in the presence of vasopressin, sufficient
water is absorbed from the collecting ducts, as a conse-
quence of the hyperosmotic medullary interstitium, to
bring collecting duct flow to near osmotic equilibrium
with the surrounding interstitium. Thus, a large axial
osmolality difference, similar to that in the thin des-
cending limb, is established in collecting duct fluid.

Finally, the discrete, sequential process represented
in Figure 43.7 does not arise under normal physiologi-
cal conditions. Rather, the axial osmolality difference,
or gradient, is sustained in near steady-state, much as
indicated in panel (e), with a bend osmolality that is
limited primarily by the rate of active transport, the
diffusive back-leak of NaCl into the thick ascending
limb, the length of the loop, the rate of water absorp-
tion from collecting duct flow, and the dissipative
effects of the vasculature.

In recent years, some reasons have emerged for
skepticism of the countercurrent multiplication hypoth-
esis as the explanation for the axial osmolality gradient
in the outer medulla. Several laboratories have
reported evidence for the absence of AQP1 in signifi-
cant portions of the terminal thin desending limbs of
short loops of Henle.43,90,132 Moreover, two modeling
studies55,133 have suggested that the osmotic load that
is put on the concentrating mechanism in the outer
medulla may be increased by water-permeable des-
cending limbs, relative to water-impermeable limbs,
and thus may reduce or eliminate the hypothesized
concentration advantage of water absorption from des-
cending limbs of short loops.

The axial osmolality gradient in the inner medulla
has also been generally believed to be generated by
the countercurrent multiplication of a small transverse
osmolality difference, presumably between thin
ascending and thin descending limbs. However, evi-
dence for significant active transport from thin
ascending limbs is lacking, and experiments indicate
that the thin ascending limbs are highly permeable to
both NaCl and urea. Thus, the inner medullary single
effect must arise from a mechanism different from
that found in the outer medulla. The roles of the vas-
culature and collecting duct are considered below; a
more detailed treatment of countercurrent multiplica-
tion, and in particular, the concentrating mechanism
of the inner medulla, is given in a subsequent section
(vide infra).

Countercurrent Exchange

The descending and ascending vasa recta are
arranged in a counter-flow configuration connected by
a capillary plexus. Vasa recta are freely permeable to
water, sodium, and urea, and achieve osmotic

equilibration through a combination of water absorp-
tion and solute secretion.134 Descending vasa recta gain
solute and lose water, while ascending vasa recta lose
solute and gain water. The exchange of solute and
water between the descending and ascending vasa
recta and the surrounding interstitium is called “coun-
tercurrent exchange.”

Efficient countercurrent exchange is essential for
producing concentrated urine, because hypotonic fluid
carried into the medulla and hypertonic fluid carried
away from the medulla both tend to dissipate the corti-
co�medullary gradient of countercurrent multiplica-
tion. Thus, to minimize wasted work, fluid flowing
through the vasa recta must achieve near osmotic equi-
librium with the surrounding interstitium at each med-
ullary level, and fluid entering the cortex from the
ascending vasa recta must have an osmolality close to
that of blood plasma. Conditions which decrease med-
ullary blood flow, such as volume depletion, improve
the efficiency of countercurrent exchange and urine
concentrating ability by allowing more time for blood
in the ascending vasa recta to lose solute and achieve
osmotic equilibration.134 Conversely, conditions which
increase medullary blood flow, such as osmotic diure-
sis, impair the efficiency of countercurrent exchange
and decrease urine concentrating ability.134 For a
detailed treatment of countercurrent exchange, see
Chapter 24.

Role of the Collecting Duct

The collecting duct, under the control of vasopressin
and other factors, is the nephron segment responsible
for final control of water excretion. Whereas the osmo-
lality gradient along the cortico�medullary axis, in
both the outer and inner medulla, presumably arises
from mechanisms that principally involve participation
of the loops of Henle, and countercurrent exchange in
the vasa recta minimizes the dissipative effect of vascu-
lar flow, the excretion of water requires another struc-
tural component, the collecting duct system, which
starts in the cortex and ends at the papillary tip. In the
absence of vasopressin, the cortical, outer medullary,
and initial inner medullary portions of the collecting
duct are nearly water-impermeable. (The terminal
IMCD has a moderate water-permeability even in the
absence of vasopressin (vide supra).) Since the fluid that
leaves the thick ascending limb and enters the cortical
collecting duct is dilute relative to plasma, excretion of
dilute urine only requires that not much water be
absorbed nor much solute be secreted along the collect-
ing duct.

In the presence of vasopressin, the entire collecting
duct becomes highly water-permeable. This process
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takes place in the following way. Plasma osmolality
increases when a person or an animal becomes water
depleted. Osmoreceptors in the hypothalamus, which
can sense an increase of only 2 mOsm/kg H2O, stimu-
late vasopressin secretion from the posterior pituitary.
Vasopressin binds to V2-receptors in the basolateral
plasma membrane of principal and IMCD cells in the
collecting duct, stimulates adenylyl cyclase to produce
cAMP, activates protein kinase A (PKA), phosphory-
lates aquaporin-2 (AQP2) at serines 256, 261, 264, and
269, inserts AQP2 water channels into the apical
plasma membrane, and increases water absorption
across the collecting duct (135�138 and reviewed in 81).
This regulated trafficking of AQP2 between subapical
vesicles and the apical plasma membrane is the major
mechanism for acute regulation of water absorption by
vasopressin (reviewed in 81). Wade and colleagues
originally proposed the “membrane shuttle hypothe-
sis,” which proposes that water channels are stored
in vesicles and inserted exocytically into the apical
plasma membrane in response to vasopressin.139 Since
the cloning of AQP2, the shuttle hypothesis has been
proven experimentally in rat inner medulla (reviewed
in 81). Subsequent studies have elucidated several sig-
nal transduction pathways that are involved in regulat-
ing AQP2 trafficking (insertion and retrieval of AQP2),
the role of vesicle targeting proteins (SNAP/SNARE
system), and the cytoskeleton (reviewed in 81); these
processes are discussed in more detail in Chapter 41.

Vasopressin-induced water permeability allows
water to be absorbed across the collecting ducts at a
sufficiently high rate for collecting duct tubular fluid to
attain near osmotic equilibration with the hyperosmo-
tic medullary interstitium; the absorbed water is
returned to the systemic circulation via the ascending
vasa recta. The majority of water is absorbed from col-
lecting ducts in the cortex and outer medulla.
Although the inner medulla has a higher osmolality
than the outer medulla, its role in absorbing water
from the collecting duct is important only when maxi-
mal water conservation is required. More water is actu-
ally absorbed across the IMCD during diuresis than
antidiuresis, owing to the large transepithelial osmolal-
ity difference.140

URINE CONCENTRATING MECHANISM:
HISTORYAND THEORY

Overview

The conceptual history of the urine concentrating
mechanism may be divided into three periods. The first
period, extending from 1942 through 1971, was inaugu-
rated by the publication of a study by Kuhn and

Ryffel,141 who proposed that concentrated urine is pro-
duced by the countercurrent multiplication of a “single
effect,” and who constructed a working apparatus that
exemplified the principles of countercurrent multipli-
cation. During this first period, the theory of the coun-
tercurrent multiplication hypothesis was developed
further, and experimental evidence accumulated that
supported the hypothesis as the explanation for the
concentrating mechanism of the outer medulla. In par-
ticular, active transport of NaCl from thick ascending
limbs was identified as the source of the outer medul-
lary single effect.94,142

The second period of conceptual history, extending
from 1972 through 1992, was inaugurated by the simul-
taneous publication, by Kokko and Rector and by
Stephenson, of papers proposing that a “passive mech-
anism” provides the single effect for countercurrent
multiplication in the inner medulla.8,9 According to the
passive mechanism hypothesis, a net solute efflux from
thin ascending limbs results from favorable transe-
pithelial NaCl and urea gradients; these gradients arise
from the separation of NaCl and urea, which is largely
driven by the outer medullary concentrating mecha-
nism. Although initially much experimental evidence
appeared to support the passive mechanism, findings
from many subsequent studies are difficult to reconcile
with this hypothesis.22,143,144 Moreover, mathematical
models incorporating measured transepithelial perme-
abilities failed to predict a significant inner medullary
concentrating effect.52,145,146 The discrepancy between
the consistently negative results from mathematical
modeling studies and the very effective inner medul-
lary concentrating effect has persisted through more
than three decades. The discrepancy has helped to
stimulate research on the transport properties of the
renal tubules of the inner medulla and the formulation
of several highly sophisticated mathematical models
(notably,147), but no model study has resolved the dis-
crepancy to the general satisfaction of experimentalists
and modelers.

In the early 1990s, new hypotheses for the inner
medullary concentrating mechanism began to receive
serious consideration, and a third period of conceptual
thought may be considered to have begun in 1993: in
that year, Knepper and colleagues proposed a key role
for the peristalsis of the papilla,143,148 and in 1994 Jen
and Stephenson149 examined the principle of “exter-
nally driven” countercurrent multiplication, arising,
e.g., by the net production of osmotically active par-
ticles in the interstitium. At about the same time,
perfused tubule studies in chinchilla, which can pro-
duce very highly concentrated urine, provided evi-
dence that the passive mechanism, as originally
proposed, cannot explain the inner medullary con-
centrating mechanism.57 Recent studies have sought
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to further develop hypotheses involving peristalsis,150

the potential generation of osmotically active particles,
especially lactate,151,152 and the role of complex inner
medullary anatomy and detailed transporter localiz-
ation.21,54,153 In 2004, evidence suggesting an absence
of significant urea transport proteins in loops of Henle
reaching deep into the medulla led to a reconsidera-
tion of hypotheses related to the passive mechanism.54

Countercurrent Multiplication Hypothesis

In 1942, Kuhn and Ryffel proposed that urine is
concentrated by means of multiplication (or augmen-
tation) of a single effect (“Vervielfältigung des
Einzeleffektes”).141 More precisely, they suggested
that a small osmotic pressure difference between
flows in parallel renal tubules (the single effect) was
multiplied by means of the countercurrent principle
(“Gegenstromprinzip”), resulting in a large increase
in osmotic pressure along the cortico�medullary axis
(vide supra: Figure 43.7 and accompanying discussion).
Kuhn and Ryffel, however, made no specific conjec-
tures regarding which tubules or what transport
properties were involved. To test their hypothesis,
Kuhn and Ryffel constructed an apparatus that, by
embodying the countercurrent principle and by
employing phenol and sucrose solutions separated
by selectively permeable membranes, was able to
increase the concentration of the sucrose solution by a
factor of 3.5. This apparatus suggested that three fun-
damental components are needed for a physiologi-
cally plausible mechanism for generating concentrated
urine: (1) countercurrent flow; (2) a source of energy
to sustain a single effect (in this case, potential energy
in the form of the differing solutions); and (3) specific
membrane permeability characteristics.

In a 1951 study, Hargitay and Kuhn154 proposed the
basic framework for the modern conception of the
urine concentrating mechanism. They hypothesized
that the loop of Henle is a biological realization of a
hairpin counterflow system, that the loops of Henle
would generate a cortico�medullary osmolality gradi-
ent, and that final urine concentration would be
achieved by the osmotic withdrawal of water from col-
lecting ducts. Their study, which included both a work-
ing apparatus and a mathematical model, confirmed
that countercurrent multiplication could generate a
significant axial concentration gradient. However,
their apparatus relied on the transport of water
across the separating membrane, and they employed a
mechanical pressure as a driving force to sustain the
single effect. The pressure required for a significant
axial gradient (estimated at 550 mmHg) was judged
by the authors to far exceed a pressure likely to
be found in vivo (B120 mmHg). They proposed, as

an alternative, a single effect arising from water
transport driven by a process of electro-osmosis
(“Electroosmose”), which was hypothesized to arise
from metabolic processes in epithelial cells. In 1959, a
mathematical analysis by Kuhn and Ramel showed
that active NaCl transport from ascending limbs could
serve to provide the required single effect.155

The countercurrent multiplier hypothesis was bol-
stered by a 1951 study in which Wirz, Hargitay, and
Kuhn used slices of renal tissue from hydropenic rats
to demonstrate an osmotic pressure gradient, starting
at approximately the cortico�medullary boundary,
and increasing along the cortico�medullary axis to the
papillary tip. In subsequent experimental studies,
active transport of NaCl from thick ascending limbs
was established as the driving force required to
sustain the transepithelial osmolality difference
needed for countercurrent multiplication in the outer
medulla,94,142 and the osmotic absorption of water
from collecting ducts into the hypertonic interstitium
was established as the ultimate process by which col-
lecting duct fluid is concentrated in antidiuresis.156

However, investigation of the inner medullary renal
tubules revealed no active transport process that could
generate a significant transepithelial osmolality
difference.63,130

Concentrating Mechanism of the Outer Medulla

In the presence of vasopressin, the outer medullary
concentrating mechanism is believed to operate as fol-
lows. Transepithelial active transport of NaCl, from the
tubular fluid of thick ascending limbs and into the sur-
rounding interstitium, raises the osmolality of intersti-
tial fluid and promotes the osmotic absorption of water
from the tubular fluid of nearby descending limbs and
collecting ducts. Because of the absorption of fluid
from descending limbs, the fluid delivered to the
ascending limbs has a high NaCl concentration that
favors the transepithelial transport of NaCl from
ascending limb fluid. (There may also be some diffu-
sion of NaCl into descending limb fluid.) NaCl trans-
port dilutes the tubular fluid of thick ascending limbs,
so that at each medullary level the fluid osmolality is
less than that in the other tubules and in the vessels,
and so that the fluid delivered to the cortex is dilute
relative to blood plasma. The ascending limb fluid that
enters the cortex is further diluted by active NaCl
transport from cortical thick ascending limbs, so that
its osmolality is less than the osmolality of blood
plasma. In cortical collecting ducts, which are water-
permeable in the presence of vasopressin, sufficient
water is absorbed to return the collecting duct tubular
fluid to isotonicity with blood plasma. This water
absorption greatly reduces the load that is placed on
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the concentrating mechanism by the fluid that re-enters
the medulla. In the absence of vasopressin, the collect-
ing duct system, both in the cortex and outer medulla,
is much less water-permeable, and even though some
water is absorbed due to the very large osmotic pres-
sure gradient, fluid that is dilute relative to plasma is
delivered by the collecting ducts to the border of the
outer and inner medulla.

This modern conceptual formulation of the outer
medullary concentrating mechanism (which is very
similar to the proposal of Hargitay and Kuhn as modi-
fied by Kuhn and Ramel154,155) is supported by recent
mathematical modeling studies using parameters com-
patible with micropuncture and perfused tubule
experiments.52,133,157�160 In particular, the osmotic gra-
dients in the outer medulla predicted by simulations
are consistent with the gradients reported in tissue slice
experiments, where osmolality is increased by a factor
of 2�3.37,161

Mass Balance in the Renal Medulla

For the outer medullary gradient to be sustained in a
steady-state, the water and solute flows in the tubules
and vessels of the outer medulla and, therefore, the spa-
tial distribution of water and solute, must remain nearly
fixed (provided there are no significant metabolic solute
sources or sinks). Thus, for any transverse slice of the
medulla, say of a thickness extending from location X1 to
X2, the directed sum of water flow rates in all tubules
and vessels at X1 must equal that at level X2, and the
directed sum of solute flow rates in all tubules and ves-
sels at level X1 must equal that at level X2. This is the
principle of steady-state mass balance (for an explicit
mathematical formulation see reference 7).

Global mass balance for the outer medulla is
thought to be preserved as follows (the relatively small
effects of long looped nephrons, of vasa recta reaching
into the inner medulla, and of solutes other than NaCl
are ignored here for simplicity). At the cortico�medul-
lary boundary, the water flowing in ascending vasa
recta exceeds that flowing in descending vasa recta,
owing to water absorption from thin descending limbs
and collecting ducts. In contrast, the water flow emerg-
ing from thick ascending limbs is significantly reduced
relative to the flow entering descending limbs at the
cortico�medullary boundary. The directed sum of
these flows, plus flow entering collecting ducts at the
cortico�medullary boundary results in a small net
flow from the cortex into the outer medulla that nearly
equals net water flow at the outer�inner medullary
boundary.

Similarly, solute flows must be balanced. At the
cortico�medullary boundary, the solute emerging
from ascending vasa recta exceeds that flowing in

descending vasa recta, owing to NaCl absorption from
thick ascending limbs. In contrast, the solute flow
emerging from thick ascending limbs is reduced (rela-
tive to flow entering descending limbs) by a larger frac-
tion than the thick ascending limb fluid flow. The
directed sum of these solute flows at the corti-
co�medullary boundary, plus solute flow entering col-
lecting ducts at that boundary, results in a small net
solute flow nearly equal to net solute flow at the
inner�outer medullary boundary.

The ratio of NaCl to water in net flow across the
cortico�medullary boundary, and the ratio of NaCl to
water in collecting duct flow at the inner�outer medul-
lary boundary, both depend on whether the animal is
in a diuretic or antidiuretic state. In either case, a
greater fraction of loop of Henle solute flow is
absorbed, relative to water flow, in the outer medulla
and, consequently, a greater fraction of water is deliv-
ered to the cortex, relative to solute. Consequently,
dilute fluid is delivered by the thick ascending limbs to
the cortex, and this fluid is further diluted by NaCl
transport from the cortical thick ascending limb.

In diuresis, little water is absorbed from the cortical
collecting ducts. Consequently, the net fluid absorbed
into the cortical circulation (taking into account NaCl
absorption from cortical thick ascending limbs) is
concentrated relative to blood plasma, and the fluid
re-entering the outer medulla in collecting ducts
remains dilute relative to blood plasma. The low water
permeability of the outer medullary collecting duct in
diuresis will prevent any significant dilution of vasa
recta flow, and thus prevent any significant reduction
in the concentrating capacity of the countercurrent
mechanism. Thus, combined with slightly concentrated
flow from ascending vasa recta, the ultimate effect of
fluid absorbed in the cortex will be to raise the osmo-
lality of the systemic circulation. Moreover, owing to
the dominating effect of hypotonic fluid flowing from
the cortical collecting ducts into the outer medullary
collecting ducts, the net fluid flow from the cortex to
the outer medulla will be dilute relative to systemic
plasma, and as a consequence of mass balance, the net
fluid flow across the inner�outer medullary boundary
will be dilute relative to blood plasma.

In antidiuresis, much water is absorbed from the
water-permeable cortical collecting ducts. Consequently,
the net fluid absorbed in the cortex, from fluid
entering the cortex via the thick ascending limbs, is
dilute relative to plasma, and its diluting effect on the
cortex outweighs the concentrating effect of slightly
hypertonic ascending vasa recta flow. Collecting duct
fluid entering the outer medulla is isotonic to
blood plasma, and relative to the case of diuresis,
reduced in flow rate, so that the fluid absorbed from
the now-permeable outer medullary collecting duct
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does not significantly reduce the concentrating capacity
of the countercurrent mechanism. Thus, the ultimate
effect of dilute fluid absorbed from the cortical collect-
ing duct is to lower the osmolality of the systemic cir-
culation. Moreover, owing to the dominating effect of
dilute fluid emerging from the outer medullary thick
ascending limbs into the cortex, the net flow from the
cortex to the outer medulla will be concentrated rela-
tive to systemic blood plasma, and as a consequence of
mass balance, the net flow of collecting duct fluid
across the inner�outer medullary boundary will be
concentrated relative to blood plasma.

Because the inner medullary concentrating effect
remains elusive, and because the net generation of
osmotically active molecules has been suggested as a
possible source of the single effect for the inner
medulla,149,151,162 the role of the inner medullary con-
centrating mechanism has been ignored in our descrip-
tion of mass balance. However, a mass balance analysis
similar to that given above for the outer medulla
would apply to the inner medulla separately, and thus
also to the whole medulla, according to most hypothe-
ses for the inner medullary concentrating mechanism.
(In the presence of oscillations in tubular flow medi-
ated by the tubuloglomerular feedback mechanism163

or in the presence of peristalsis of the papilla,164 mass
balance would have to be reformulated for time-aver-
aged flows.) In any case, the overall effect of mass bal-
ance in the renal medulla, in diuresis, is that systemic
blood plasma is concentrated by the production of
urine that is dilute relative to plasma; in antidiuresis,
blood plasma is diluted by the production of urine that
is concentrated relative to plasma.

The Passive Mechanism Hypothesis for the
Inner Medulla

Although active NaCl transport from thick ascend-
ing limbs was identified as the fundamental source of
the outer medullary concentrating mechanism, isolated
perfused tubule experiments in rabbits demonstrated
that the thin ascending limb had no significant active
NaCl transport,63,94 but instead had relatively high per-
meabilities to sodium and urea, while being imperme-
able to water.80 The inner medullary thin descending
limb in rabbit, in contrast, was found to be highly
water-permeable, but to have low sodium and urea
permeabilities.60,64 Moreover, evidence from some spe-
cies showed that urea tended to accumulate in the
inner medulla, with concentrations similar to those of
NaCl,6 and it had long been known that urea adminis-
tration enhances maximum urine concentration in pro-
tein-deprived rats and humans.165,166 Several models
were published that sought to explain the inner

medullary concentrating mechanism,167�171 but they
failed to gain general acceptance.

In 1972, independent papers by Kokko and Rector
and by Stephenson (appearing in the same volume of
Kidney International) proposed that the concentrating
effect in the inner medulla arises from a “passive
mechanism”.8,9 The key components of the passive
mechanism are represented in Figure 43.6. Active
absorption of NaCl from the thick ascending limb, and
the subsequent absorption of water from the cortical
and outer medullary collecting ducts work together to
increase the urea concentration of collecting duct fluid.
Urea diffuses down its transepithelial concentration
gradient from the highly urea-permeable terminal
IMCD into the inner medullary interstitium; urea is
trapped in the inner medulla by countercurrent
exchange in the vasa recta (vide supra). The fluid enter-
ing the thin ascending limb has a high NaCl concentra-
tion relative to urea, and the thin ascending limb is
hypothesized to have a high NaCl permeability relative
to urea. In addition, due to accumulation of urea in the
interstitium, the NaCl concentration in the thin ascend-
ing limb exceeds the NaCl concentration in the intersti-
tium, and consequently NaCl diffuses down its
concentration gradient into the interstitium. If the thin
ascending limb has sufficiently low urea permeability,
the rate of NaCl efflux from the ascending limb will
exceed the rate of urea influx, resulting in the dilution
of thin ascending limb fluid, and the flow of relatively
dilute fluid up the thin ascending limb at each medul-
lary level and into the thick ascending limb. Thus,
dilute fluid is removed from the inner medulla, and
mass balance requires that the osmolality of the inner
medulla be progressively elevated along the tubules of
the inner medulla. The elevated osmolality will draw
water from the thin descending limbs, thus raising the
NaCl concentration of the descending limb flow that
enters thin ascending limbs. In addition, the elevated
osmolality of the inner medulla will draw water from
the water-permeable IMCD, raising the concentration
of urea in collecting duct flow; accumulation of NaCl
in the interstitium will tend to sustain a transepithelial
urea concentration gradient favorable to urea absorp-
tion from the terminal IMCD.

Several matters are worthy of note. First, this pro-
cess, described above in step-wise fashion, should be
thought of as a continuous, steady-state process.
Second, although the mechanism is characterized as
“passive,” it depends on the separation of NaCl and
urea that is sustained by the active absorption of NaCl
by thick ascending limbs. The separated high concen-
tration flows of NaCl (in the loop of Henle) and of urea
(in the collecting duct) constitute a source of potential
energy that is used to effect a net transport of solute
from the thin ascending limb. Thus, the laws of
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thermodynamics are not violated. Third, the descrip-
tion above speaks rather loosely of NaCl and urea as
solutes having equal standing, but the atoms of NaCl
are nearly completely dissociated, so that each NaCl
molecule has nearly twice the osmotic effect of each
urea molecule. This distinction must be represented in
formal mathematical descriptions. Fourth, the passive
mechanism hypothesis is very similar to the concen-
trating mechanism of the outer medulla, inasmuch as it
depends on net solute absorption from the thin ascend-
ing limb to dilute thin ascending limb fluid and raise
the osmolality of adjacent flows and structures. Finally,
the concentrating effect is balanced, as in the outer
medulla, by the dissipative effects of vascular flows,
and by the production of a small amount of highly con-
centrated urine. These dissipative effects limit the
achievable urine osmolality.

The passive mechanism hypothesis, as described
above, closely follows the Kokko and Rector formula-
tion,8 which made use of key ideas set forth by Kokko
in a largely experimental study.60 Kokko and Rector
acknowledged Niesel and Rosenbleck169 for the pro-
posal that urea absorbed from the IMCD contributes to
the inner medullary osmolality gradient. Kokko and
Rector presented the passive mechanism hypothesis
conceptually, and although it was accompanied by a
plausible set of solute fluxes, concentrations, and fluid
flow rates that are consistent with the requirements of
mass balance, their presentation did not include a
mathematical treatment, and it did not demonstrate
that measured loop of Henle permeabilities were con-
sistent with the hypothesis. Stephenson’s presentation
of the passive hypothesis9 included a more mathemati-
cal treatment, and it introduced the highly influential
central core assumption (vide infra), but it also did not
contain a mathematical reconciliation of tubular trans-
port properties with the hypothesis.

The crucial test needed to confirm the passive mech-
anism hypothesis was an adequate mathematical repre-
sentation of all the major components of the
hypothesized mechanism, including tubular and vas-
cular flows, transepithelial transport, tubular and vas-
cular interactions, and medullary anatomy. The
mathematical representation was needed to show that
the magnitudes and distributions of the flow rates,
transport rates, interactions, and structures, could pro-
duce a medullary gradient consistent with tissue slice
experiments and measured urine osmolalities.

The Central Core Assumption

In the same paper that set forth the passive mecha-
nism hypothesis,9 Stephenson introduced the central
core assumption, in which the interstitium and the vas-
culature are merged into a single compartment through

which the renal tubules interact. Stephenson argued
that if the vasa recta were sufficiently permeable to
solutes and water, the vasa recta would serve as a
nearly perfect countercurrent exchanger, in nearly
complete osmotic equilibrium with each other, and
with the interstitium, at each medullary level. In such a
case, a very substantial simplification in conceptual
and mathematical analysis could be obtained: the cen-
tral core could be treated very much as an additional
species of tubule, but serving a special role as
the medium through which other tubules interact.
Using the central core assumption, Stephenson was
able to derive simplified mathematical expressions
that not only aided the model analysis of the passive
mechanism, but which were also general enough to
permit extensive analysis in terms of fundamental
quantities.9,172�175

The central core assumption, as illustrated by
Stephenson, is represented in Figure 43.8. The upper
panel depicts the interaction of the renal tubules
with the central core. The lower panels show that the
central core may be conceptualized as a single tubule
through which the other tubules interact. The central
core may be considered to carry, from the medulla
to the cortex, the net water and solutes absorbed
from the tubules.

The central core assumption has been examined in
several theoretical studies,176�178 all of which con-
cluded that the assumption is a good approximation
provided that vasa recta permeabilities are sufficiently
high; experiments on vasa recta have tended to confirm
the high permeabilities that are required for nearly
ideal countercurrent exchange (see Chapter 24).
The central core assumption has been used in a
number of mathematical models and computer
simulations.10�12,17,23,52,54,55,159,178�181 However, models
based on the central core assumption cannot incorpo-
rate the effects of the radial organization of medullary
structures with respect to the vascular bundles in the
outer medulla or with respect to the collecting duct
clusters in the inner medulla, because that organization
is likely to result in differing solute concentrations in
the various interstitial spaces, tubules, and vessels as a
function of their positions.12,147

Computer Simulations

Computer simulations of the urine concentrating
mechanism are based on detailed mathematical mod-
els; the models consist of differential equations and
algebraic relations that embody transepithelial trans-
port processes and the requirements of water and sol-
ute mass balance. The degree of sophistication of these
models has varied substantially in the number of
molecular species represented, the degree of detail in
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the formulation of epithelial transport, the numbers of
loops of Henle and collecting ducts, the representation
of the vasculature, and the representation of three-
dimensional connectivity. Because the mathematical
models involve a large number of nonlinear equations,
explicit solutions in terms of elementary functions can-
not be obtained, and approximate solutions must be
found by the methods of numerical analysis. Owing to
the very large permeabilities measured in some renal
tubules, and to orders-of-magnitude changes in the
water and solute flow rates along the nephron, model
solutions are difficult to approximate, and conse-
quently a large amount of effort has been expended in
the development of suitable numerical methods (see,
e.g.,20,133,153,157,182�186). For comprehensive reviews of

models and simulations of the concentrating mecha-
nism, including substantial mathematical detail,
see187,188.

The passive mechanism hypothesis was developed
at about the same time that it was becoming practical
for large-scale simulations to be conducted on digital
computers. Indeed, a computer simulation by Stewart
and collaborators189,190 appeared in the same issue of
Kidney International that contained the papers that set
forth the passive mechanism hypothesis.8,9 In the
absence of active NaCl transport from thin ascending
limbs, a significant inner medullary osmolality gradi-
ent was generated when loop urea permeabilities were
set to 0.13 1025 cm/s. But the gradient was greatly
diminished when thin descending limb urea perme-
ability was increased to 0.33 1025 cm/s, a small value
compared to measurements in all species examined
(see Table 43.2). Thus, the addition of a small amount
of urea to thin descending limb fluid resulted in a
marked decrease in the inner medullary gradient.
Moreover, the authors reported that: “Computer simu-
lation confirmed that low sodium or high urea perme-
ability in ascending limb or high sodium or urea
permeability in descending limb, singly or in combina-
tion, virtually abolished the osmotic gradient in the
inner medulla.” These results were difficult to reconcile
with experiments that had shown significant net urea
addition to both thin descending and ascending limbs
in the hamster.76

This early simulation immediately cast doubt on the
passive mechanism hypothesis, and it reported a result
that was confirmed in many subsequent simulations:
the addition of urea to the loops of Henle reaching
into the inner medulla tends to dissipate the transe-
pithelial NaCl and urea gradients that are required for
the successful operation of the passive mechanism
(see, e.g.,145,146,179,180,191,192). Thus, for example, if the
thin ascending limb is significantly urea-permeable,
diffusion of urea from the interstitium into thin ascend-
ing limb fluid counterbalances the diluting effect of the
diffusion of NaCl from ascending limb fluid into the
interstitium. Consequently, fluid in the ascending limb
tends to osmotic equilibrium with respect to surround-
ing interstitial fluid. Because thin ascending limb fluid
is not dilute relative to fluid in tubules and vessels at
the same level, there is no inner medullary single effect
to be multiplied by means of the countercurrent flow
configuration.

Figure 43.9, based on data from a simulation pub-
lished in 1996,52 shows results that are representative
of most simulation studies. Medullary osmolality and
concentrations of electrolytes and urea are given as
flow-weighted averages, taken across all tubules at
each medullary level. Figure 43.9 has been drawn so
that it may be easily compared with Figure 43.5.

Isotonic
plasma

Isotonic

Dilute

Isotonic

Isotonic
plasma

Core

Core

Core

Salt
Urea

=4 CD
Salt

Urea =4

Conc

Conc

Conc

Conc

AHL

DHL

Salt
+

Urea

AVR

DVR

(A)

(B) (C)

AHL DHL

CD

AHL

DHL

CD

Core

Core
Core

Core

FIGURE 43.8 Schematic representation of central core assump-

tion, in which the interstitium and vasa recta (AVR, DVR) are
merged into a single compartment (Core). Upper panel (a) shows
interaction of tubules with Core. Vertical arrows indicate transepithe-
lial fluxes of NaCl (black), urea (hatched), and water (white); horizon-
tal arrows indicate relative fluid flow. Water is absorbed from
descending limb (DHL) into Core, urea enters DHL from Core, and
NaCl may move in either direction. NaCl is absorbed from ascending
limb (AHL) into Core, while urea enters AHL. Water, NaCl, and urea
are absorbed from collecting duct (CD) into Core; as a result of differ-
ential absorption, salt/urea concentration reverses. Panel (b) shows
Core from (a) being consolidated into a final cross-section (c), in
which a single Core compartment interacts with AHL, DHL, and CD.
(Reproduced with permission, from reference 9.)
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The simulation used loop and collecting duct distribu-
tions that are similar to those displayed in Figure 43.5,
and the flow-weighted profiles in Figure 43.9 are
roughly comparable to the tissue-slice profiles in
Figure 43.5, although it must be kept in mind that
Figure 43.5 includes the effects of intracellular fluid.

Panel (a) in Figure 43.9 shows results obtained using
NaCl and urea permeabilities based on values mea-
sured in inner medullary thin descending and ascend-
ing limbs of chinchilla (see Tables 43.2 and 43.3).
Owing to the significant entry of urea into descending
and ascending limbs, no inner medullary gradient is
generated. Moreover, the profile labeled as 23 [Elec1],
arising mostly from sodium and its anions, fails to
show an exponential rise as it does in Figure 43.5 and
in electron microprobe experiments.106 Parameter stud-
ies showed that loop urea permeabilities and descend-
ing limb NaCl permeability must all be reduced to the
range of 1�53 1025 cm/s to elicit a significant concen-
trating effect.52

Panel (b) in Figure 43.9 shows profiles obtained
when loop urea permeability and descending limb
NaCl permeability were reduced to 13 102287 cm/s.
Ascending limb NaCl permeability remains high,
2943 1025 cm/s. With these parameters, simulation
profiles are remarkably similar to those reported for the
rat in Figure 43.5. However, the greatly reduced perme-
abilities used for urea and NaCl in descending limbs,
and for urea in ascending limbs, are much smaller than
those measured in rat (see Tables 43.2 and 43.3), and
the urine osmolality obtained, 1922 mOsm/kg H2O, is
far smaller than the maximum urine osmolality
obtained in chinchilla, 7600 mOsm/kg H2O.1,4,5

In recent years, mathematical simulations of
the urine concentrating mechanism have become
increasingly comprehensive and sophisticated in
the representation of tubular transport (e.g.,158,159,162)
and medullary architecture.52,55,133,147,153,157,193,194 This
evolution is a consequence of the increasing body of
experimental knowledge, faster computers with
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FIGURE 43.9 Concentration and osmolality profiles as a function of medullary depth from computer simulation by Layton et al.52

Profiles represent flow-weighted averages across all tubules. Cation concentration [Elec1] arose from Na1, except in collecting ducts,
where both Na1 and K1 were represented. Urine values are given at right of each panel. Profiles in panel (a) were computed from loop
of Henle permeabilities based on measurements in chinchilla (57; see Tables 43.2 and 43.3). The non-increasing osmolality profile
in the inner medulla is similar to that computed with lower permeability values from rabbit, rat, and hamster in a number of model stud-
ies (e.g., references191,179,180,145,146). Profiles in panel (b) were obtained when urea permeability (3 1025 cm/s) was reduced from 16.8 to 1
in inner medullary descending limbs and from 170 to 1 in thin ascending limbs. Resulting profiles compare favorably with data from rat
(cf. Figure 43.4), but despite greatly reduced urea permeabilities, model urine osmolality falls far short of 7600 mOsm/kg H2O, the maxi-
mum concentrating capability of chinchilla.1 Note that while tubular electrolytes (principally Na1 and accompanying anions) account for
most of the simulated osmolality in the outer medulla (in both panels (a) and (b)), the experimental results in Figure 43.4 show a large
osmotic gap; this gap is mostly accounted for by large intracellular concentrations of K1. (The profiles in panels (a) and (b) were computed
from data generated for cases designated V and I, respectively, in reference 52.)
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increased computational capacity, and the sustained
failure of simulations to exhibit a significant inner
medullary concentration gradient.

Stephenson and collaborators re-examined the pas-
sive mechanism hypothesis in a two-nephron central
core model, in which the electrolyte concentrations for
sodium, potassium, and chloride were represented,
along with urea.159 In a simulation using transport
parameters from rabbit inner medulla, a significant
inner medullary gradient could only be obtained when
the urea permeabilities in both descending and ascend-
ing limbs had been reduced to less than 1026 cm/s. For
permeability values obtained from the hamster, both
urea and electrolyte permeabilities needed to be greatly
reduced, especially in thin descending limbs. Although
it has been frequently suggested that a reduction in the
urea reflection coefficient for the collecting duct epithe-
lium could augment collecting duct osmolality by
retaining urea in excess of fluid, this study showed that
such a reduction was ineffective without a mechanism
for generating a salt gradient in the core.

Layton and collaborators, in a series of papers, have
sought to elucidate the role of the distributed loops of
Henle.52,55,180,195�197 These studies employ a model
representation of the loops of Henle that allows the
simulation of loops turning back at all levels of the
inner medulla, while also representing the fluid flow
and concentrations in individual loops.195 Previously,
models had typically used a small number of discrete
loops (see, e.g.,184) or had employed shunts between a
merged descending and ascending flow to represent
the decreasing number of loops of Henle as a function
of inner medullary depth (e.g.,145).

The distributed loop representation has been used to
obtain several theoretical results. If solute is mostly
absorbed near loop bends, then the loop distribution
may allow a cascade effect that tends to increase the
achievable concentration, provided, of course, that a
net solute absorption can be obtained.55,195 The concen-
trating effect can be further enhanced if solute is
absorbed from a short, prebend segment of the des-
cending limb with low water permeability55 as has
been detected in chinchilla,42 and which may be pres-
ent in other species (vide supra). Layton hypothesized
that a cascade effect could allow the generation of an
inner medullary osmolality gradient, despite large loop
urea permeabilities, provided that the passive mecha-
nism could operate near loop bends.196,180 Average
flow, taken over all thin ascending limbs at each med-
ullary level, would be hypoosmotic relative to the
flows in the surrounding tubules and vessels, due to
the effect of more and more loops turning, as one pro-
ceeds from the papillary tip to the outer medulla.
However, simulations using reported permeabilities in
rat or chinchilla failed to support this hypothesis.52,180

Studies by Wexler and collaborators have sought to
assess the role of preferential interactions among
tubules and vessels.147,160,162,194,198,199 Wexler, Kalaba,
and Marsh introduced what has become known as the
WKM model,147,199 which was based on the organiza-
tion of tubules around vascular bundles (Figure 43.3),
and which therefore allowed both axial and radial con-
centration gradients. The preferential interaction of col-
lecting ducts with both thick and thin ascending limbs
was proposed as the key principle that allowed the
generation of an inner medullary osmolality gradient.
The preferential interaction with thick ascending limbs
allowed highly concentrated collecting duct fluid to
pass from the outer medulla to the inner medulla. The
preferential interaction with thin ascending limbs
allowed the passive mechanism to operate, since a
urea-rich environment could be sustained around thin
ascending limbs, and dissipative interaction of collect-
ing ducts with thin descending limbs was diminished.

The WKM model drew criticism for some of its
structural and transport assumptions.32,176,200,201

Subsequent studies responded to these criticisms (with
modified model assumptions), and acknowledged that
preferential interactions are not sufficient to explain
the inner medullary concentrating effect in the
papilla.160,162,198 Nonetheless, results from the WKM
model and its successors have provided persuasive evi-
dence that preferential interactions can be a significant
factor in the degree of the outer and inner medullary
concentrating effects. Moreover, the model structure
permitted sensitivity testing as a function of interaction
strength, and compared to other model studies, it
allowed for a more accurate assessment of solute and
water recycling pathways.

Two hypotheses closely related to the passive mech-
anism have been recently proposed by Layton et al.54;
these hypotheses were motivated by the implications
of recent studies in rat by Pannabecker et al..18,19 One
hypothesis is based directly on the principles of the
passive mechanism: low urea permeabilities in thin
limbs of Henle were assumed because no significant
labeling for urea transport proteins was found in loops
reaching deep into the inner medulla.54 A second,
more innovative hypothesis assumed very high urea
loop of Henle permeabilities, but limited NaCl-perme-
ability and zero water-permeability in thin descending
limbs reaching deep into the inner medulla. Thus, in
the innermost inner medulla, tubular fluid urea con-
centration in loops of Henle would nearly equilibrate
with the local interstitial urea concentration; thin des-
cending limb fluid osmolality would be raised by urea
secretion; and substantial NaCl absorption would
occur in the prebend segment and early thin ascending
limb. Both hypotheses emphasize the role of the
decreasing loop of Henle population, which facilitates
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a spatially distributed NaCl absorption along the inner
medulla, from prebend segments and early thin
ascending limbs. A distinctive aspect of both hypothe-
ses is an emphasis on NaCl transport from the IMCDs
as an important active transport process that separates
NaCl from tubular fluid urea, and that indirectly drives
water and urea absorption from the collecting ducts.
Computer simulations for both hypotheses predicted
urine osmolalities, flow, and concentrations consistent
with urine from moderately antidiuretic rats. The criti-
cal dependence of the first hypothesis on low loop urea
permeabilities is subject to the criticism that urea trans-
port may be paracellular rather than transepithelial:
that hypothesis depends on more conclusive experi-
ments to determine urea transport properties in rat.
The second hypothesis may contribute to unders-
tanding the concentrating mechanism in chinchilla,
in which high loop urea permeabilities have been
measured.57

Subsequently, a modeling study by Marcano
et al.,181 which was based on the principles of the pas-
sive mechanism, produced somewhat higher osmolali-
ties than reported by Layton et al.,54 but did not reach
osmolalities as large as those found in highly-concen-
trating rats. A modeling study by Layton et al.153 that
sought to represent the interactions among tubules and
vessels hypothesized by Pannabecker et al.20 exhibited
concentrating capability similar to that found by
Marcano et al.181 A second modeling study by Layton
et al.202 that represented the interactions hypothesized
by Pannabecker et al.20 set forth the hypothesis that
plentiful urine flow rates in rats accompanied by high
urine concentrations may arise, in some cases, from
altered boundary conditions at the boundary of the
inner and outer medulla. Such altered conditions may
arise from hyperfiltration and from inner stripe hyper-
trophy that result from feeding urea (thus providing,
in part, an explanation for for findings by Gamble
et al.166) or from a high-protein diet, water restriction
or the administration of antidiuretic hormone.203

Steady-State Alternatives to the Passive
Mechanism

The passive mechanism hypothesis is a comprehen-
sive explanation for a large body of experimental find-
ings, including the dilution of thin ascending limb
fluid without active transport,80,204,205 a role for urea in
the concentrating mechanism,166 and the NaCl and
urea permeabilities measured in loops of Henle from
rabbit inner medulla (see Tables 43.2 and 43.3).
However, the larger permeabilities measured in rat,
hamster, and chinchilla, in conjunction with the results
of numerous simulation studies, have provided little
support for the hypothesis. Significant concentrations

of urea measured in long loops of Henle from rat and
hamster72,73,76 are generally consistent with studies
reporting high loop urea permeabilities. In addition,
some animals with high urine-concentrating ability,
e.g., Psammomys, generate a medullary gradient that
depends mostly on NaCl, with little medullary urea
accumulation,206 a result which suggests that, at least
in some species, a mechanism differing from the pas-
sive mechanism is involved. Thus, while the passive
mechanism hypothesis remains highly influential in
both experimental and theoretical research, the accu-
mulated evidence, from both experimental and mathe-
matical studies, indicates that crucial elements are
missing in our understanding of the inner medullary
concentrating effect.

Alternatives to the original passive mechanism
hypothesis have taken three forms. First, many simula-
tion studies have attempted to show that a better repre-
sentation of transepithelial transport or of medullary
anatomy is required for the effective operation of the
passive mechanism; some of these studies were sum-
marized in the preceding section. Second, a number of
steady-state mechanisms involving a single effect gen-
erated in either thin descending limbs or collecting
ducts have been proposed. Third, several hypotheses
which depend on the peristaltic contractions of the
pelvic wall and their impact on the papilla have been
proposed. The steady-state alternatives involving des-
cending limbs or collecting ducts are considered
directly below, within a general context of possible
steady-state mechanisms; mechanisms involving peri-
stalsis are considered in the subsequent subsection.

Based on the principle of mass balance, Knepper and
colleagues have provided a systematic classification of
possible steady-state concentrating models for the inner
medulla.7,148 The classification shows that a single effect
for countercurrent multiplication can exist in any struc-
ture having axial flow. Thus, a single effect could be
present in thin descending limbs, thin ascending limbs,
collecting ducts, descending vasa recta or ascending
vasa recta. The classification also shows that a concen-
trating single effect in an upward flowing stream
(toward the cortex) would require a luminal osmolality
less than that of the surrounding interstitium, whereas
a single effect in a downward flowing stream would
require a luminal osmolality exceeding that of the inter-
stitium. Thus, for example, the active transport of NaCl
from the thick ascending limbs of the outer medulla
lowers the osmolality of the upward flowing luminal
fluid relative to the surrounding interstitium; similarly
the passive mechanism hypothesis proposes that diffu-
sion of NaCl from thin ascending limbs renders luminal
fluid hypoosmotic relative to the interstitium.

Several investigators have proposed a single effect
in descending limbs arising from flow that is
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hyperosmotic relative to the interstitium. Bonventre
and Lechene proposed that the equilibration of des-
cending limb flow with a compartment rendered
hyperosmotic by active NaCl transport from ascending
limbs or active secretion of solute into descending limb
produces a relatively hyperosmotic descending flow
from the outer medulla into the inner medulla.207 In a
mathematical simulation, Lory showed that an
inwardly-directed NaCl transport combined with a
loop of Henle cascade could produce a significant con-
centrating effect.208 Jen and Stephenson performed a
general mathematical analysis of mechanisms involv-
ing a hyperosmotic descending limb flow, and con-
cluded that such mechanisms, in theory, could
generate a potent single effect.149 Their claim was sup-
ported by a subsequent simulation study by Thomas
and Wexler,162 which represented an external osmotic
driving force to extract water from descending limbs
and collecting ducts; the driving force was hypothe-
sized to arise from the accumulation of osmotically
active particles in local vessels or capillaries as a conse-
quence of osmolyte production. Layton and collea-
gues52 suggested that a descending limb single effect is
consistent with the high NaCl and urea permeabilities
of chinchilla ascending limb: the ascending limb could
function as an equilibrating segment in which high
permeabilities reduce dissipative osmotic lag.
However, despite the attractive features of a descend-
ing limb single effect, experimental support for a rela-
tively hypertonic descending limb is lacking.
Moreover, in most species examined, the NaCl and
urea permeabilities in thin descending limbs are too
high to sustain a significant transepithelial osmolality
gradient in the papilla, where the concentrating effect
is most pronounced.

A single effect in the IMCD would require that the
osmolality of luminal flow exceed the osmolality of the
surrounding interstitium. Rabinowitz proposed such a
single effect, based on the assumption that the urea
reflection coefficient for the collecting duct is signifi-
cantly less than unity.209 He showed that the resulting
reduction in the osmotic effect of urea in the collecting
duct could, in theory, result in a water flux from col-
lecting duct to interstitium that would significantly
raise the osmolality of collecting duct fluid. A number
of investigators have proposed or analyzed this
hypothesis, including Sanjana et al.,210 Bonventre and
Lechene,207 Chandhoke et al.,211 and Imai et al.39

However, experimental studies indicate that the urea
reflection coefficient in rat does not differ significantly
from unity.50,122

Thomas152 and Hervy and Thomas151 have investi-
gated the hypothesis that the concentrating mechanism
of the inner medulla may be driven or aided by lactate
accumulation in the rat papilla. Anaerobic glycolysis in

the hypoxic inner medulla is a net source of osmoles,
because two lactates are produced for each glucose
molecule. The rate of production, however may not be
sufficient to produce a general concentrating effect.
Modeling studies151 indicate that lactate produced
from glucose by anaerobic glycolysis could concentrate
tubular fluid in thin descending limbs and collecting
ducts (thus producing descending flows in these
tubules that are relatively hyperosmotic to flows in
other structures at each medullary level), provided that
the descending limbs and collecting ducts are imper-
meable to lactate, as appears to be the case from low
lactate levels in urine. However, several conditions
require experimental verification: sufficient lactate pro-
duction, impermeability of thin descending limbs to
lactate, and sufficient intramedullary lactate cycling by
vascular countercurrent exchange. The lactate-based
mechanism is attractive because it appears to be insen-
sitive to thin descending limb urea permeability, and
independent of a necessary role for urea. However,
modeling results for this mechanism appear to produce
subphysiological urine flow, and do not explain the
experimentally observed urea gradient in rat.

Hypotheses Based on the Peristalsis of the
Papilla

Regular, sustained peristaltic contractions of the
smooth muscles of the renal pelvic wall have been
observed in a number of mammalian species. In the
unipapillate kidneys of hamsters and rats, peristaltic
contractions are propagated from the fornices to the
lower pelvis, and continue in synchrony down the ure-
ter. In the multipapillate kidneys of both humans and
pigs, peristaltic contractions pass from the fornices
down the calyces surrounding each papilla, but con-
tractions in calyces are not synchronized with each
other or with the peristalsis of the ureter. For a compre-
hensive review of the anatomy, physiology, and peri-
stalsis of the renal pelvic region, see 212.

In hamsters and rats, the rates of pelvic contractions
are about 13/min and 25/min, respectively.164,213 The
contractions interrupt fluid flow by forcing the collect-
ing ducts, loops of Henle, and capillaries of the papilla
to collapse. In hamster, the contractions induce bolus
flow down the papillary collecting duct, with a bolus
speed of about 1.6 mm/second. At the low urine flow
rates characteristic of antidiuresis, boluses are so short
that, 1 mm from the papillary tip, collecting ducts may
be collapsed up to 94% of the time.164 Even so, large
quantities of urea, electrolytes, and, especially, water
are absorbed in the final millimeters of the collecting
duct system. Indeed, about 50% of the water in a bolus
passing through the final millimeter of the collecting
duct is absorbed.214
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The blood in the capillaries of the papilla undergoes
complicated motion during a pelvic contraction.213 As
a peristaltic wave approaches, blood is trapped in the
capillaries closest to the papillary tip, which are full
and expanded. As the wave passes over, the capillaries
empty, with blood moving up both the descending and
ascending vasa recta; after the wave has passed, the
capillaries refill. The fluid motion in the loops of Henle
is much like that of blood in the capillaries: fluid is
trapped at the turns of the loops, and may move retro-
grade up the descending and ascending limbs as the
peristaltic wave passes.215 A net orthograde flow
through the capillaries and loops of Henle is ensured
by glomerular filtration pressure.

During the rising urine flow rates that accompany
the onset of diuresis, the peristalsis in hamsters and
rats induces refluxes of urine over the papilla and up
into the fornices.213 These refluxes, called full refluxes,
may bathe the papillary surface epithelium with urine
that is hypoosmotic and that has a low urea concentra-
tion, relative to the medullary structures; thus, water
may diffuse into the medulla, and urea may diffuse
out. Experiments in hamsters suggest that full refluxes
accelerate the transition to the diuretic state.216 When
urine flow is constant or decreasing, refluxes are spo-
radic and limited to the lower 50�100 μm of the
papilla.213

Experiments have shown that the excision of the pel-
vic wall results in a substantial reduction in urine
osmolality217�219; the reduction has been attributed to
the disruption of pelvic urea recycling219�221 or to the
dissipative effect of medullary blood flow, increased
by continuous flow164 or by prostaglandin release.217

However, no significant change in osmolality was
found in urine samples from rats 5�40 minutes after
the smooth muscles of the pelvic wall were paralyzed
with a topical application of verapamil and dimethyl-
sulfoxide.218 In the same study, the excision of the pel-
vic wall dramatically reduced the osmolality gradient
in the papilla, and the gradient was substantially
reduced when the ureter was severed just beyond the
papillary tip, a procedure that preserved pelvic peri-
stalsis (and intermittent urine flow), but eliminated
urine reflux.218 These results were interpreted to mean
that while an intact pelvic wall, continuous with the
ureter, is required for the production of maximally con-
centrated urine, the pelvic contractions are not.
However, some experiments suggest that the peristaltic
contractions do play a direct role in the concentrating
mechanism. When the pelvic wall in rats was removed,
causing a 10% decrease/hour in urine osmolality, and
peristalsis was then simulated by a mechanical system,
the decrease was reduced to 5%/hour.222 When the
muscles of the pelvic wall in hamster were paralyzed
by cauterization or by xylocaine, urine osmolality was

reduced by about 20% after one hour,223 through a
reduction in papillary sodium content.

Several studies have provided evidence of solute
and water transport across the papillary surface epithe-
lium. When the papillae of rats and gerbils were
bathed in a solution containing 14C-urea and 3 H-water,
there was a marked tissue label for urea, increasing
from cortex to inner medulla, and a smaller effect for
water.226 When the papilla was bathed in vivo with arti-
ficial solutions containing varying concentrations of
urea, higher concentration of urea in the superfusate
led to a higher osmolality in the urine that was col-
lected as it emerged from the terminal IMCD.220 Fluid
collected from small catheters inserted far up into the
fornices of the rat pelvis extracted fluid with concentra-
tions of inulin and total solutes that were significantly
lower than the concentrations in urine collected at the
papillary tip.227

Recycling of urea from urine across the papillary
surface epithelium has been proposed as a component
of the inner medullary concentrating mechanism.207,228

However, a comparison of ureteral urine and urine col-
lected from the ducts of Bellini of hydropenic hamsters
showed no significant differences in filtered water and
urea,229 and an analysis based on measured urea per-
meability and papillary surface area in rabbits suggests
that urea transport across the papillary surface epithe-
lium is negligible.104

The lack of a satisfactory explanation for the inner
medullary concentrating effect has led to the formula-
tion of hypotheses based on the peristaltic contractions
of the smooth muscles of the pelvic wall. Layton pro-
posed that the NaCl and urea concentrations in the
tubular cells and interstitium undergo oscillations in
tandem with the contractions.196 Urea absorbed from
boluses advancing down the collecting duct system
would transiently, and substantially, increase urea con-
centration in collecting duct cells and in the intersti-
tium. Immediately following passage of the peristaltic
wave, NaCl absorbed from restored orthograde loop of
Henle flow would significantly raise the interstitial
NaCl concentration. The very large urea concentration
encountered by loop flow would, perhaps, be sufficient
to result in the transient operation of the passive mech-
anism near loop bends, raising interstitial osmolality.
Consequently, water, in excess of solute, would be
absorbed from the next bolus passing down the collect-
ing duct, and a large urea gradient, resulting from
increased interstitial NaCl, would favor urea absorp-
tion. However, as in the case of the steady-state formu-
lation of the passive mechanism, the large
permeabilities measured in chinchilla57 suggest that
rapid equilibration of NaCl and urea concentrations
across thin ascending limbs would compromise this
hypothesis.
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Knepper and collaborators proposed that water may
be driven out of thin descending limbs by the advanc-
ing peristaltic wave, thus concentrating tubular fluid
and generating a single effect in descending
limbs.143,148 A sufficient net water flux might be
achieved if the compliance of the papillary surface epi-
thelium exceeds that of the thin descending limb, and
if large enough pressures are attained by the compres-
sion wave. After the passage of the wave, solute would
be absorbed in the relatively water-impermeable pre-
bend segment, and in the early portion of the thin
ascending limb, where NaCl and urea permeabilities
are high. This hypothesis provides no explanation for
the special role of urea in the production of high urine
concentrations.166

Schmidt-Nielsen proposed that the contrac-
tion�relaxation cycle creates negative pressures in the
interstitium that act to transport water, in excess of sol-
ute, from the collecting duct system.230 According to
this hypothesis, the compression wave would raise
hydrostatic pressure in the collecting duct lumen, pro-
moting a water flux into collecting duct cells. Because
pressure would induce water flow through aquaporin
water channels, without a commensurate solute flux,
the remaining luminal fluid would be concentrated,
relative to the contents of collecting duct cells and the
surrounding interstitium. After the peristaltic wave
had passed, the collecting ducts would be collapsed.
The papilla, transiently lengthened and narrowed by
the wave, would rebound, and a negative hydrostatic
pressure would develop in the elastic interstitium,
which is rich in glycosamine glycans and hyaluronic
acid. The negative pressure would withdraw water
from the collecting duct cells (through aquaporins) and
into the vasa recta, which re-open during the relaxation
phase of the contraction and carry reabsorbate toward
the cortex. This hypothesis appears to provide no role
for long loops of Henle, and it does not explain the
large NaCl gradient generated in the papilla6,106 or the
special role of urea in producing concentrated urine.166

Knepper and colleagues150 have recently hypothe-
sized that hyaluronic acid, which is plentiful in the
interstitium of the rat papilla, could serve as a
mechano-osmotic transducer, i.e., that the intrinsic vis-
coelastic properties of hyaluronic acid could be utilized
to transform the mechanical work of papillary peristal-
sis into osmotic work that could be used to concentrate
urine. Three distinct concentrating mechanisms arising
from peristalsis are proposed: (1) in the contraction
phase, interstitial sodium activity would be reduced
through the immobilization of cations by their pairing
with fixed negative charges on hyaluronic acid. This
would result in a lowered NaCl concentration in fluid
that can be expressed from the interstitium, and that
relatively dilute fluid would enter the ascending vasa

recta. In the relaxation phase, water would be absorbed
from descending thin limbs: (2) as a result of decreased
interstitial pressure (previously proposed by Knepper
and co-workers143,148); and (3) as a result of elastic
forces exerted by the expansion of the elastic interstitial
matrix arising from hyaluronic acid. If water is so
absorbed, without proportionate solute, then the des-
cending limb tubular fluid would be relatively concen-
trated relative to other flows.

All of the hypotheses summarized above involve
complex, highly coordinated cycles, with critical com-
binations of permeabilities, flow rates, compliances,
pressures, and frequencies of peristalsis. Moreover, a
determination of the adequacy of these hypotheses
would appear to require a comprehensive knowledge
of the physical properties of the renal papilla, and a
demonstration that the energy input of the contrac-
tions, plus any other sources of harnessed energy, is
sufficient to account for the osmotic work performed.
Thus, the evaluation of these hypotheses, whether by
means of experiments or mathematical models, pre-
sents a daunting technical challenge.

OSMOPROTECTIVE OSMOLYTES

Since the osmolality in the renal medulla is able to
vary rapidly over a wide range, medullary cells must
be able to adapt to this unusual osmotic environment
in order to survive.207,231 One way for medullary cells
to achieve osmotic balance would be for these cells to
accumulate intracellularly the major osmotically active
compounds (osmolytes) that are found extracellularly
in the medullary interstitium and urine, i.e., NaCl and
urea.232 The problem with this approach is that NaCl
and urea can perturb protein function.231 If medullary
cells accumulated such perturbing osmolytes to
achieve osmotic balance, then it is likely that these cells
would need to develop special mechanisms that would
allow their proteins to function over a wide range of
intracellular ionic compositions and/or in high concen-
trations of urea.

An alternative mechanism would be for medullary
cells to accumulate osmotically active substances that
do not alter protein function, i.e., non-perturbing osmo-
lytes.231,233,234 This second approach is actually
employed by medullary cells (Figure 43.10). Medullary
cells accumulate non-perturbing or “organic” osmo-
lytes such as sorbitol, glycerophosphocholine, betaine,
inositol, and taurine.232,235�238 These organic osmolytes
are divided into two general categories: compatible
and counteracting osmolytes. Sorbitol, inositol, and
taurine are the major compatible osmolytes, and have
no effect on protein function. They are accumulated
intracellularly to osmotically balance extracellular
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NaCl.236,237,239 Glycerophosphocholine and betaine are
the major counteracting osmolytes: in addition to being
osmotically active, they have stabilizing effects on pro-
tein function and counteract the destabilizing effects of
urea when they are accumulated intracellularly at a
ratio of 1 mole of counteracting osmolyte to 2 moles of
urea.231,233,234,239,240,241

In the medulla, organic osmolytes are regulated to
respond to prolonged periods without water ingestion
followed by short periods in which water is ingested.236

During periods of antidiuresis, medullary cells main-
tain high intracellular concentrations of organic osmo-
lytes to match extracellular osmolality. When water is
ingested, these cells respond by rapidly losing osmo-
lytes into the urine by increasing their cell membrane
permeability to these osmolytes, thus decreasing intra-
cellular osmolality.236,237 However, the medullary cells
continue osmolyte production during these short peri-
ods of diuresis. Although this continued osmolyte pro-
duction may appear inefficient, it enables the cell to
respond rapidly to the cessation of water ingestion.
When water ingestion ceases, the cell’s permeability to
osmolyte efflux decreases, and intracellular osmolyte
concentration is rapidly restored, since osmolyte pro-
duction is maintained.236,237 However, if the diuresis is
prolonged (days), then osmolyte production is
decreased in addition to the increase in cell permeabil-
ity.236,237 In this case, osmolyte concentration cannot be

restored rapidly, since the upregulation of osmolyte
production requires an increase in the transcription of
osmolyte genes and new protein synthesis.236

ROLE OF UREA

Urea plays a unique role in the urine concentrating
mechanism. Its importance to the generation of a con-
centrated urine has been appreciated since 1934, when
Gamble and colleagues described “an economy of
water in renal function referable to urea”.166 Several
studies show that maximal urine concentrating ability
is decreased in protein-deprived animals and humans,
and is restored by urea infusion.75,165,166,242�246 This is
the mechanism that has been proposed to explain why
protein-restricted and malnourished humans are
unable to concentrate their urine maximally. Recently,
a UT-A1/UT-A3 knockout mouse,144 a UT-A2 knock-
out mouse,247 and a UT-B knockout mouse248�250 were
each shown to have urine concentrating defects. Thus,
any solution to the question of how the inner medulla
concentrates urine needs to take into account some
effect derived from urea.

Facilitated Urea Transporters

Several early studies in dog and rat suggested that
vasopressin could increase urea permeability across the
IMCD.63,251�253 Direct evidence was obtained in the
1980s, when three groups showed that vasopressin
could increase passive urea permeability in isolated per-
fused rat IMCDs.102,120,123 A specific facilitated or car-
rier-mediated urea transport process in rat and rabbit
terminal IMCDswas first proposed in 1987.102 The phys-
iologic studies provided a functional characterization
for a vasopressin-regulated urea transporter (reviewed
in 254�258). Two urea transporter genes have been
cloned: the UT-A (Scl14A2) gene encodes 6 protein and 9
cDNA isoforms; the UT-B (Scl14A1) gene encodes two
protein isoforms259 (and reviewed in260) (Table 43.6).
The UT-A gene was initially cloned from rat,261 then
from human and mouse.262,263 It has two promoter ele-
ments: promoter I is upstream of exon 1 and drives the
transcription of UT-A1, UT-A1b, UT-A3, UT-A3b, and
UT-A4; promoter II is located within intron 12 and
drives the transcription of UT-A2 and UT-A2b.224,261

The mouse UT-A promoter α, equivalent to the rat
UT-A promoter I, has been further studied by the crea-
tion of transgenic mice in which 4.2 kb of the 50-flank-
ing region of the UT-A gene is linked to a
β-galactosidase reporter gene.264 This transgene is suffi-
cient to drive IMCD-specific expression of β-galactosi-
dase in terminal IMCDs.264 The β-galactosidase
transgene is regulated by both water restriction and
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FIGURE 43.10 Comparison of osmotic composition of the inner
medullary interstitium and of cells in the inner medulla. Sodium
and potassium salts in the interstitium are balanced by compatible
osmolytes (sorbitol, inositol, taurine). The denaturing effect of urea is
balanced by counteracting osmolytes (betaine, glycerophosphocho-
line (GPC)). Data from references 452,453. (Figure is modified, with per-
mission, from reference 232.)
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glucocorticoids, similar to the regulation of the endoge-
nous UT-A promoter α.263�266

UT-A1 is the largest UT-A protein and is expressed
in the apical plasma membrane of cells in the
IMCD.262,267,268 Urea transport by UT-A1 is stimulated
by cAMP when expressed in Xenopus oocytes,269�271

and by vasopressin in cells that are stably transfected
with UT-A1, UT-A1-MDCK cells,272�274 and UT-A1-
mIMCD3 cells.275 Western blots of inner medullary tip
proteins show bands at both 117 and 97 kDa; both
bands represent glycosylated versions of a non-glycosy-
lated 84 kDa UT-A1 protein.276 UT-A1 protein is most
abundant in the inner medullary tip; only the 97 kDa
protein is detected in the inner medullary base, and it is
not detected in outer medulla or cortex.268,277,278

UT-A3 is also expressed in the IMCD,279 although
reports of its location have varied in different studies.
Initial studies performed in rat detected UT-A3 staining
in the apical plasma membrane and intracellular cyto-
plasmic vesicles of terminal IMCDs, but none in the
basolateral plasma membrane.268,280 Subsequent studies
detected UT-A3 staining only in the IMCD basolateral
plasma membrane in mouse IMCD, and in mUT-A3-
MDCK cells.281,282 The most recent study detected UT-
A3 staining in the basolateral plasma membrane in rats,
but in both the apical and basolateral plasma mem-
branes in rats following vasopressin administration.283

UT-A3 expression in the basolateral plasma membrane
provides a mechanism for transepithelial urea transport
in the IMCD, with UT-A1 in the apical plasma mem-
brane and UT-A3 in the basolateral plasma membrane.

Urea transport by UT-A3 is stimulated by cAMP
analogs when expressed in human embryonic kidney

(HEK) 293 cells or Xenopus oocytes in three stud-
ies,269,279,284 but not in a fourth.285 Vasopressin also sti-
mulates urea transport via a PKA-dependent pathway
in cells that are stably transfected with mouse UT-A3,
mUT-A3-MDCK cells.282

UT-A2, the first urea transporter cloned,286 is
expressed in thin descending limbs.90,267,268 Urea trans-
port by UT-A2 is not stimulated by cAMP analogs
when expressed in either Xenopus oocytes or human
embryonic kidney HEK-293 cells.270,271,279,286�289 UT-
A4 is expressed in rat kidney medulla, although its
exact location is unknown, and it has not been detected
in mouse kidney.248,263,269 Urea transport by UT-A4 is
stimulated by cAMP analogs when expressed in HEK-
293 cells.279 UT-A5 and UT-A6 are expressed in testis
and colon, respectively, but not in kidney.284,290 In
addition, there are three UT-A cDNA variants with
alternative 30-untranslated regions, but no difference in
coding region, named UT-A1b, UT-A2b, and UT-A3b,
respectively.224

The UT-B1 cDNA was initially cloned from a human
erythroid cell line,291 then from rodents.249,292�294 UT-
B1 protein is the Kidd antigen (in humans), and several
mutations of the UT-B1/Kidd antigen gene exist295�299;
red blood cells from these individuals also lack phlore-
tin-sensitive facilitated urea transport.300 The human
UT-B gene encodes a single cDNA and a single pro-
tein295; both the N- and C-termini are located intracel-
lularly.296 However, in rat, two cDNA sequences that
differ by only a few nucleotides at their 30 end have
been reported.292,294 Whether the two cDNAs truly rep-
resent different rat UT-B1 isoforms, a polymorphism or
a sequencing artifact is uncertain, since humans have
only a single isoform. UT-B1 protein is detected as a
broad band between 45�65 kDa in human red blood
cells and 35�55 kDa in rodent red blood cells and kid-
ney medulla.249,301,302 UT-B1 protein and phloretin-
inhibitable urea transport are present in descending
vasa recta.61,249,301�306

Several studies have addressed the question of
whether UT-B1 transports urea only, or water and
urea.249,307,308 Although red blood cells from a UT-B1/
AQP1 double-knockout mouse show that UT-B1 can
function as a water channel, the amount of water trans-
ported through UT-B1 under physiologic conditions is
small (in comparison to AQP1), and is probably not
physiologically significant to the urine concentrating
mechanism.250

Rapid Regulation of Facilitated Urea Transport

The primary method for investigating the rapid reg-
ulation of urea transport has been perfusion of rat
IMCDs. This method provides physiologically relevant

TABLE 43.6 Cloned Mammalian Urea Transporters

Gene Isoform Tissue Localization

Slc14A1 UT-B1 red blood cells, endothelial cells,
descending vasa recta

UT-B2 bovine rumen

Slc14A2 UT-A1/UT-
A1b

inner medullary collecting duct, apical
membrane

UT-A2/UT-
A2b

thin descending limb (also heart and liver)

UT-A3/UT-
A3b

inner medullary collecting duct, apical
and basolateral membranes

UT-A4 rat medulla (not detected in mouse)

UT-A5 mouse testis (not expressed in kidney)

UT-A6 human colon (not expressed in kidney)

The original references can be found in the following reviews or

references: 254,255,257�259,477�479.
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functional data, although it cannot determine which
urea transporter isoform is responsible for a specific
functional effect in rat terminal IMCDs, since both UT-
A1 and UT-A3 are expressed in this nephron segment.
Vasopressin addition to the basolateral membrane of a
rat terminal IMCD results in binding to V2-vasopressin
receptors, stimulating adenylyl cyclase, generating
cAMP, and ultimately increasing facilitated urea per-
meability.63,102,120,121,253,309,310 This effect occurs within
minutes of adding vasopressin to the bath.311 Oxytocin
also increases urea permeability by binding to V2-
receptors and increasing cAMP production in rat ter-
minal IMCDs.312 Functional studies show that phlore-
tin-inhibitable urea transport is present in both the
apical and basolateral plasma membranes, with the
apical membrane being the rate-limiting barrier for
vasopressin-stimulated urea transport.313 As discussed
above, it is unclear whether UT-A3 is the basolateral
membrane urea transporter.280,281

The acute stimulation of urea permeability by vaso-
pressin occurs by an increase in the number of func-
tional urea transporters (Vmax), without a change in the
transporter’s affinity (Km) for urea.314 Adding vaso-
pressin to the lumen of a perfused rat terminal IMCD
also increases urea permeability by binding to luminal
V2-receptors.

315 However, when vasopressin is first
added to the bath, adding vasopressin to the lumen
inhibits urea permeability, suggesting that luminal
vasopressin is a negative modulator of basolateral
vasopressin on urea permeability in rat terminal
IMCDs.315

One mechanism for rapid regulation is a vasopres-
sin-stimulated increase in UT-A1 phosphorylation.316

The deduced amino acid sequence for UT-A1 contains
several consensus sites for phosphorylation by PKA, as
well as by protein kinase C (PKC) and tyrosine
kinase.279 UT-A1 and UT-A3 have been identified in
proteomic and cDNA array approaches as proteins that
are phosphorylated by vasopressin in the inner
medulla.137,317�322 Vasopressin increases the phospho-
rylation of both the 117 and 97 kDa UT-A1 proteins
in freshly isolated suspensions of rat IMCDs within
2 minutes,316 and of the 67 and 44 kDa UT-A3 pro-
teins.283 Vasopressin also increases UT-A1 phosphory-
lation in UT-A1-MDCK cells273,274 and UT-A1-
mIMCD3 cells.275 The time-course and dose�response
for vasopressin-stimulated increases in UT-A1 phos-
phorylation is similar to the time-course and
dose�response for vasopressin-stimulated increases in
urea permeability in perfused rat terminal
IMCDs.309�311,316 Cyclic AMP, dDAVP (a V2-selective
agonist), and forskolin also increase UT-A1 phos-
phorylation, and PKA inhibitors block vasopressin or
forskolin-stimulated UT-A1 phosphorylation in rat
IMCD suspensions316 and UT-A1-MDCK cells.274

Vasopressin/cAMP can stimulate Epac, exchange pro-
tein activated by cAMP,323�328 in addition to stimulat-
ing PKA. Epac activation increases urea permeability
in perfused rat terminal IMCDs, and increases UT-A1
phosphorylation in IMCD suspensions.329

Serine 486 was identified in a phosphoproteomic
analysis as a potential vasopressin-stimulated phos-
phorylation site in UT-A1.137 Serine 486 was identified
in a second study, which also identified serine 499 as a
second potential PKA phosphorylation site.330 Using
site-directed mutagenesis and transient transfection in
heterologous expression systems, PKA was shown to
phosphorylate UT-A1 at both serine 486 and serine
499.330 Phospho-specific antibodies to serine 486 show
that vasopressin increases UT-A1 phosphorylation at
serine 486.275,331 Phospho-serine 486-UT-A1 is detected
primarily in the apical plasma membrane in rat
IMCDs.275 Recent work with chimera proteins of UT-A
that attached the loop region of UT-A1 (aa 460�532)
containing serines 486 and 499 to the UT-A2 protein,
which normally lacks these amino acids, showed that
this section conferred vasopressin sensitivity to UT-
A2.332

A subsequent phosphoproteomic analysis showed
that purified PKA could phosphorylate UT-A1 at ser-
ines 486 and 499; that analysis also showed that serine
84, which is present in both UT-A1 and UT-A3, could
be phosphorylated by PKA.317 In rat, vasopressin phos-
phorylates both UT-A1 and UT-A3 at serine 84, based
upon studies utilizing a phospho-specific antibody to
serine 84.331 However, the equivalent site in mouse
UT-A3, serine 85, was shown not to be a PKA phos-
phorylation site, based on site-directed mutagenesis.284

The latter study also showed that serine 92 was not a
PKA phosphorylation site.284

Another mechanism by which vasopressin rapidly
increases urea transport is regulated trafficking or
redistribution of UT-A1 between an intracellular com-
partment and the apical plasma membrane. In freshly
isolated suspensions of rat IMCDs from normal rats,
vasopressin increases the plasma membrane accumula-
tion of UT-A1 and UT-A3.283,333 However, in IMCDs
from Brattleboro rats or two week water diuretic rats,
vasopressin does not increase the plasma membrane
accumulation of UT-A1.333,334 (Brattleboro rats have
central diabetes insipidus due to a congenital absence
of vasopressin production in the hypothalamus.) When
forskolin is used as the agonist, rather than vasopres-
sin, it does increase the plasma membrane accumula-
tion of UT-A1 in IMCDs from two week water diuretic
rats.333 Since chronically diuretic animals have a
blunted cAMP response to vasopressin,335�337 directly
stimulating adenylyl cyclase with forskolin337 may
result in higher levels of cAMP production, which may
result in an increase in UT-A1 accumulation in the
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plasma membrane.333 Epac activation also increases
UT-A1 plasma membrane accumulation in rat IMCD
suspensions.329

Either vasopressin or forskolin increases UT-A1 api-
cal plasma membrane accumulation in UT-A1-MDCK
cells272,333 and UT-A1-mIMCD3 cells.275 Mutation of
both serines 486 and 499, but not either one alone, elim-
inates the stimulation of UT-A1 apical plasma mem-
brane accumulation and urea transport by vasopressin,
indicating that at least one of these serines must be
phosphorylated in order to increase apical plasma
membrane accumulation and urea flux.330 A phospho-
specific antibody to S486-UT-A1 also showed that vaso-
pressin increases UT-A1 accumulation in the apical
plasma membrane, and that the S486-phospho-UT-A1
form is primarily detected in the apical plasma
membrane.275

Vasopressin also increases UT-A3 accumulation in
both the basolateral and apical plasma membranes in
rat IMCDs.283 In mUT-A3-MDCK cells, vasopressin
stimulation for 10 minutes increases urea flux through
transporters already in the basolateral plasma mem-
brane.338 Vasopressin stimulation for one hour
increases UT-A3 localization in the basolateral plasma
membrane and further increases urea flux in mUT-A3-
MDCK cells.338 The basal expression of UT-A3 in the
basolateral plasma membrane involves PKC and cal-
modulin, while UT-A3 regulation by vasopressin
involves a casein-kinase II-dependent pathway.338

UT-A1 is linked to the SNARE machinery via snapin
in rat IMCDs, suggesting that the SNARE-SNAP vesi-
cle trafficking mechanism may be functionally impor-
tant for regulating urea transport.339 UT-A1 also
interacts with caveolin-1 in lipid rafts, providing
another mechanism for UT-A1 regulation of UT-A1
activity within the plasma membrane.340 Both UT-A1
and UT-A3 proteins can be ubiquitinated.341,342

However, only UT-A1 has been rigorously shown to
express ubiquitinated higher molecular weight forms
by immunoprecipitation and Western analysis.341 The
ubiquitin ligase MDM2 mediates UT-A1 ubiquitination
and degradation, providing another regulatory mecha-
nism for UT-A1.341 Finally, mutation of the two N-
linked glycosylation sites in UT-A1 that are predicted
to reside in extracellular domains, Asn 279 and Asn
742, reduces urea flux by reducing UT-A1 half-life and
apical plasma membrane accumulation in MDCK
cells.272

Increasing osmolality to high physiological values,
either by adding NaCl or mannitol, in the absence of
vasopressin, acutely increases urea permeability in rat
terminal IMCDs,119,121,343 suggesting that hyperosmol-
ality is an independent stimulator of urea transport.
When osmolality is increased and vasopressin is pres-
ent, they have additive stimulatory effects on urea

permeability.119,121,343,344 Hyperosmolality-stimulated
urea permeability is inhibited by phloretin and the
urea analog thiourea.119 Kinetic studies show that
hyperosmolality, like vasopressin, stimulates urea per-
meability by increasing Vmax rather than reducing
Km.

119 However, hyperosmolality stimulates urea per-
meability via increases in intracellular calcium and
activation of PKC,345,346 whereas vasopressin stimu-
lates urea permeability via increases in adenylyl
cyclase.310 Hypersomolality increases the phosphoryla-
tion and the plasma membrane accumulation of both
UT-A1 and UT-A3, similar to vasopressin.283,316,333,347

Thus, both hyperosmolality and vasopressin increase
urea permeability by increasing Vmax, but they do so
via different second messenger pathways.

Active Urea Transporters

Functional evidence exists for two types of active
urea transport in the rat collecting duct: sodium-
urea co-transport and sodium-urea countertransport
(reviewed in 255,256). Although no sodium-dependent
active urea transporter has been cloned to date, several
sodium-coupled co-transporters (rabbit sodium-glucose
co-transporters 1 and 3, human sodium-chloride-GABA
co-transporter 1) behave as urea channels when
expressed in Xenopus oocytes.348,349

LONG-TERM REGULATION OF UREA
TRANSPORTERS

Vasopressin

Administering vasopressin to Brattleboro rats
(which lack vasopressin) for 5 days decreases UT-A1
protein abundance in the inner medulla.350,351

However, administering vasopressin for 12 days
increases UT-A1 protein abundance.350 This delayed
increase in UT-A1 protein is consistent with the time-
course for the increase in inner medullary urea content
in Brattleboro rats following vasopressin administra-
tion.352 In normal rats, suppressing endogenous vaso-
pressin levels by two weeks of water diuresis also
decreases UT-A1 protein abundance.350 This time-
course may be explained by analysis of UT-A promoter
I, since the 1.3 kb that has been cloned does not contain
a cAMP response element (CRE), and cAMP does not
increase promoter activity.261,265 However, promoter I
does contain a tonicity enhancer (TonE) element, and
hyperosmolality increases promoter activity.261,265

Thus, vasopressin may increase UT-A1 indirectly after
directly increasing the transcription of other genes,
such as the Na-K-2Cl co-transporter NKCC2/BSC1 and
the AQP2 water channel, which begin to increase inner
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medullary osmolality.353,354 Consistent with this
hypothesis, water restricting rats with primary poly-
dipsia results in an increase in plasma vasopressin, but
no increase in medullary osmolality or UT-A1 protein
abundance.355

In Brattleboro rats, UT-A2 mRNA increases at both 4
and 72 hours after administering dDAVP, while UT-A1
mRNA is unchanged.318 The dDAVP-stimulated
increase in UT-A2 mRNA is consistent with the pres-
ence of a CRE in UT-A promoter II, and the stimulation
of promoter II activity by cAMP.261

Administering either vasopressin or dDAVP for 6
hours reduces UT-B mRNA abundance in both the
outer and inner medulla of Brattleboro rats.356 In con-
trast, administering vasopressin or dDAVP for 5 days
increases UT-B mRNA abundance in the inner stripe of
the outer medulla and the inner medullary base, while
it is still decreased in the inner medullary tip.356

Administering dDAVP for 7 days to normal rats
decreases UT-B protein abundance in the inner
medulla.302

Low-Protein Diet

Feeding rats a low-protein diet for at least 2 weeks
results in a decrease in the fractional excretion of
urea,246 induces the functional expression of vasopres-
sin-stimulated urea permeability in the initial
IMCD,118,287,357 increases basal urea permeability in the
IMCD3,

358 and increases the abundance of the 117 kDa
glycoprotein form of UT-A1 in the inner medulla.351

The vasopressin-stimulated urea permeability in the
initial IMCD from low-protein fed rats is stimulated by
hyperosmolality and inhibited by phloretin and thio-
urea.118,287 Thus, it has the same functional characteris-
tics as the vasopressin-stimulated urea permeability
which is normally expressed in the terminal IMCD.287

Whether the mRNA abundance of UT-A1 or UT-A2
changes in the inner medulla of low-protein fed rats is
controversial.287,289,359 Varying dietary protein between
10 and 40% has no effect on UT-B mRNA abundance in
any portion of the medulla in either normal or
Brattleboro rats.359

Glucocorticoids

Glucocorticoids (dexamethasone) increase the frac-
tional excretion of urea360 and decrease UT-A promoter
I activity, UT-A1 and UT-A3 mRNA abundances, UT-
A1 protein abundance, and facilitated urea trans-
port.266,361,362 Mineralocorticoids (aldosterone) also
decrease UT-A1 protein abundance in the inner
medulla of adrenalectomized rats, and this decrease
can be blocked by spironolactone, a mineralocorticoid-

receptor antagonist.361 In contrast, spironolactone does
not block the decrease due to dexamethasone,361 indi-
cating that each steroid hormone works through its
own receptor. Aldosterone-induced volume-expansion
(with a high-NaCl diet) decreases both UT-A1 and UT-
A3 protein abundance.363

Dahl salt-sensitive rats have increased abundances
of UT-A1 and UT-A3 proteins in the inner medulla,
and of facilitated urea transport in the terminal
IMCD.364 They also have an increased level of the corti-
costerone-inactivating enzyme 11-hydroxysteroid
dehydrogenase type II.364 Inactivating glucocorticoids
by increasing 11-hydroxysteroid dehydrogenase type II
would lessen the repression of UT-A promoter I activ-
ity, thereby increasing UT-A1 and UT-A3 transcription
and abundance.

Diabetes Mellitus

Uncontrolled diabetes mellitus (induced by strepto-
zotocin) causes an osmotic diuresis and increases urea
excretion, corticosterone production, and plasma vaso-
pressin levels.365�367 UT-A1 protein abundance
decreases at 3�5 days after inducing diabetes mellitus
in the rat inner medulla, but not in adrenalectomized
diabetic rats.336,368 The decrease in UT-A1 protein
abundance is restored by giving dexamethasone to
adrenalectomized diabetic rats, indicating that gluco-
corticoids mediate the decrease in UT-A1 protein.368

In contrast, UT-A1 mRNA and protein are increased
10�21 days after diabetes mellitus is induced in normal
rats.336,369 UT-A1 protein did not increase in diabetic
Brattleboro rats, indicating that vasopressin is neces-
sary for this increase in UT-A1.350 In addition, vaso-
pressin did not increase UT-A1 phosphorylation in
either Brattleboro rats or diabetic Brattleboro rats, indi-
cating that vasopressin is necessary for the increase in
UT-A1 protein abundance and phosphorylation that
occurs at 10�21 days after diabetes is induced.350 UT-
A2 is also decreased in the streptozotocin-induced dia-
betic rat. The reason for the decrease is not known, but
it appears to result from a post-translational alteration
in protein abundance, since the message for UT-A2 in
control and diabetic rats is not different.369

The increase in UT-A1 protein abundance in the
inner medulla from diabetic rats is accompanied by a
shift in the glycoprotein forms expressed in inner med-
ullary tip versus base.336,370,371 The base of the inner
medulla, which normally expresses only the 97 kDa
glycoprotein form of UT-A1, shows both 97 kDa and
117 kDa forms in the diabetic rat.336,370,371 Vasopressin
sensitivity is also changed in the diabetic rat inner
medulla. In the normal rat, only urea transport in the
inner medullary tip is subject to stimulation by
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vasopressin, whereas in the diabetic kidney, urea per-
meability in both the tip and the base are increased by
vasopressin.372 In addition, both UT-A1 and UT-A3
protein abundance increases in response to treatment
of the diabetic rat with the angiotensin receptor-blocker
candesartan, apparently to reduce the loss of solute
during uncontrolled diabetes.370

A model of type 2 diabetes is the obese Zucker rat,
which has a genetic mutation of the leptin-receptor
gene that leads to obesity, insulin resistance, hyperten-
sion, and diabetes.373 UT-A1 protein abundance is
decreased in the obese Zucker rat when compared to
the lean Zucker (non-diabetic) rat.374 The decrease in
UT-A1 protein abundance may be a response to the
hypertension present in the obese Zucker rat, similar to
the decrease in UT-A1 observed in normal Sprague-
Dawley rats made hypertensive with angiotensin II.375

Angiotensin II

Angiotensin II does not affect basal (no vasopressin)
facilitated urea permeability in rat terminal IMCDs.346

However, it increases both vasopressin-stimulated urea
permeability and UT-A1 phosphorylation via a PKC-
mediated effect.346 Thus, angiotensin II may play a
physiologic role in the urine concentrating mechanism
by augmenting the maximal urea permeability
response to vasopressin. In the inner medulla of mice
that lack tissue angiotensin-converting enzyme, and
hence lack angiotensin II, UT-A1 protein abundance is
decreased to 25% of the level in wild-type mice.376,377

Administering angiotensin II to these mice for 2 weeks
did not correct the reduction in UT-A1 protein, nor in
urine concentrating ability.377

Osmolality

Renal medullary osmolality varies between diuresis
and antidiuresis. The major solutes contributing to
inner medullary osmolality are urea and NaCl. Urea-
specific signaling pathways are present in mIMCD3
cells (reviewed in 378,379). When the percentage of urea
in total urinary solute is low, UT-A1 protein abundance
increases.380�383 The increase in UT-A1 may occur in
order to restore inner medullary interstitial urea and
urine concentrating ability.380 In the outer medulla,
UT-A2 and UT-B1 protein abundance increases when
medullary interstitial urea concentration is high, such
as during a urea-induced osmotic diuresis, but not dur-
ing a NaCl- or glucose-induced osmotic diuresis.380�383

During osmotic diuresis, the urinary urea and NaCl
concentrations regulate UT-A1 and UT-A3 protein
abundances, but in opposite directions.384 This regula-
tion involves the tonicity enhancer-binding protein,

Ton EBP, and appears to be an attempt to minimize
changes in plasma osmolality and maintain water
homeostasis.384

TonEBP, which is also named OREBP (osmotic
response element binding protein) or NFAT5, is an
essential regulator of urine concentrating ability.385,386

Transgenic mice that overexpress a dominant-negative
form of TonEBP have reduced urine osmolality, and
UT-A1 and UT-A2 mRNA abundance.386 In these mice,
water deprivation or vasopressin administration
increases urine osmolality and UT-A1 mRNA abun-
dance, but not UT-A2 mRNA abundance.386 TonEBP
also stimulates the transcription of genes whose pro-
ducts drive cellular accumulation of organic osmolytes,
such as aldose reductase.385 Mice with genetic deletion
of aldose reductase have a urine osmolality below
1000 mOsm/kg H2O.387 The urine concentrating defect
was largely corrected in bitransgenic mice in which an
aldose reductase transgene was knocked-in. These
mice displayed a tendency toward increased UT-A1
expression that might contribute to the restoration of
urine concentration.387

Electrolye Abnormalities

Hypercalcemia or hypokalemia reduce urine con-
centrating ability.278,388�390 Basal urea permeability is
increased in terminal IMCDs from hypercalcemic rats
compared to normocalcemic control rats.278 Consistent
with this functional increase, the abundance of UT-A1
protein is also increased.278 These changes may be reg-
ulated by a calcium-sensing receptor in the apical
plasma membrane of cells in the terminal IMCD.391 In
a mouse model of autosomal dominant polycystic kid-
ney disease (ADPKD) or a rat model of autosomal
recessive PKD (ARPKD), treatment with a type 2 calci-
mimetic, R-568, results in hypocalcemia, polyuria, and
minimal changes in UT-A1 protein abundance, with
significant increases in UT-A1 seen only in the female
ARPKD rats.392

A low-potassium diet reduces the abundance of UT-
A1, UT-A3, and UT-B proteins in the inner medulla,
but increases UT-A2 protein abundance in the outer
medulla.389 TonEBP protein abundance and nuclear
distribution in the medulla are reduced by hypokale-
mia.393 TonEBP downregulation contributes to the
reduced expression of UT-A1 and UT-A2, although
UT-A2 expression is transcriptionally reduced whereas
UT-A1 is reduced post-transcriptionally.393 In addition,
UT-B1 expression is reduced, along with a decrease in
mRNA abundance in response to hypokalemia.393

Another study also found that feeding rats a low-potas-
sium diet reduces the abundance of UT-A1, UT-A3,
and UT-B1 proteins in the inner medulla.389 However,
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this latter study found that hypokalemia increases UT-
A2 protein abundance in the outer medulla.389 The rea-
son for the differing findings regarding UT-A2 in these
studies is unclear.

Hypothyroidism

Hypothyroidism reduces urine concentrating ability,
but does not alter UT-A1 or UT-A2 protein abundance
in rats.394 Water-restricting hypothyroid rats alters nei-
ther UT-A1 nor UT-A2 abundance.394 Urine concentrat-
ing ability is reduced in normal aging (reviewed in 395).
UT-A1, UT-A3, and UT-B1 proteins are reduced in kid-
neys of aged rats.396�398 A supra-physiologic dose of
dDAVP increases UT-A1 and UT-B1 protein abun-
dance and urine osmolality in aged rats, but not to the
levels observed in younger rats.399

Purinergic P2Y2 Receptor

P2Y2 receptor activation in the IMCD tends to
oppose the actions of vasopressin.400 Urine concentrat-
ing ability, and UT-A1 and UT-A2 protein abundances,
are higher in P2Y2-receptor knockout mice than in
wild-type mice.400 Vasopressin administration for 45
minutes or 5 days increases UT-A1 protein abundance
in P2Y2-receptor knockout mice.400 Vasopressin admin-
istration for 5 days increases UT-A2 protein abundance
in both control and P2Y2 purinergic receptor-null
mice,400 suggesting a role for cAMP in the regulation of
UT-A2. While acute treatment with PKA agonists did
not increase UT-A2,269 longer treatment times did
upregulate UT-A2 protein abundance,90,401 suggesting
that cAMP may be involved in the long-term regula-
tion, rather than in the acute response, for UT-A2.

Ureteral Obstruction

UT-A1, UT-A3, and UT-B1 protein abundances are
reduced by bilateral or unilateral ureteral obstruction
in rat inner medulla.402 The abundance of all three urea
transporters remained reduced at 2 weeks after release
of bilateral ureteral obstruction.402

Lithium

Lithium causes nephrogenic diabetes insipidus and
an inability to concentrate urine (reviewed in 403).
Lithium causes a marked reduction in inner medullary
interstitial osmolality due to reductions in interstitial
urea and NaCl concentrations.404 Lithium-treated rats
have marked reductions in AQP2, UT-A1, UT-A3, and
UT-B1 proteins, and vasopressin-stimulated UT-A1
phosphorylation.405�408 UT-A1 and UT-A3 protein

abundances return to control levels 14 days after stop-
ping lithium therapy.405 A proteomic analysis shows
that several proteins involved in various signaling cas-
cades that have been implicated in urea transporter
function and/or trafficking are altered after 14 days of
lithium treatment.409 However, immunohistochemistry
shows that UT-A1 localization appears normal after
recovery from lithium treatment,405 indicating that the
trafficking machinery remains intact. Surprisingly, lith-
ium stimulates urea flux in UT-A1-MDCK cells, despite
suppressing cAMP formation.410 Lithium does not
increase UT-A1 biotinylation, which suggests that the
increased urea flux in UT-A1-MDCK cells is due to an
alteration in cellular signaling, rather than the traffick-
ing of UT-A1.410

Genetic Knockout of UT-B

Humans with genetic loss of Kidd antigen (UT-B1)
are unable to concentrate their urine above 800 mOsm/
kg H2O, even following overnight water deprivation
and exogenous vasopressin administration.411 Mice
with a genetic knockout of UT-B1 also have mildly
reduced urine concentrating ability, which is not
improved by urea loading.249,412 UT-A1 and UT-A3
abundance unchanged in UT-B1 knockout mice, but
UT-A2 protein abundance is increased.248 Since UT-A2
mediates urea recycling through the thin descending
limb, it may be upregulated to partially compensate for
the loss of urea recycling through UT-B1, thereby con-
tributing to the mild phenotype observed in humans
lacking UT-B1/Kidd antigen, and in UT-B1 knockout
mice.

Mathematical models of microcirculatory exchange
between the descending and ascending vasa recta pre-
dict that the absence of UT-B1 will decrease the effi-
ciency of small solute trapping within the renal
medulla, thereby decreasing the efficiency of counter-
current exchange and urine concentrating ability.413,414

Thus, UT-B1 protein expression in red blood cells
and/or descending vasa recta is necessary for the pro-
duction of maximally concentrated urine.411�416

UT-B1 knockout mice have an impaired ability to
concentrate their urine, achieving a maximal urine
osmolality of 2400 mOsm/kg H2O, compared to 3400
in a wild-type mouse.249 This is similar to the pheno-
type in humans lacking UT-B1, the Kidd antigen,
who are unable to concentrate their urine above
800 mOsm/kg H2O, even following overnight water
deprivation and exogenous vasopressin administra-
tion.411 These findings support the concept that urea
transport in red blood cells is necessary to preserve the
efficiency of countercurrent exchange.415 Both red
blood cells and perfused rat descending vasa recta
exhibit phloretin-inhibitable urea transport and express
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UT-B1 protein,61,301,303�306 suggesting that UT-B1 med-
iates urea transport in red blood cells and descending
vasa recta.

UT-A2 protein abundance is increased, while UT-A1
and UT-A3 abundance is unchanged in UT-B1 knock-
out mice.248 UT-A2 may be upregulated to compensate
for the loss of UT-B1, since both UT-A2 and UT-B1 are
involved in urea recycling.248 This may account for the
mild phenotype observed in UT-B1 knockout mice,
and in humans lacking UT-B1/Kidd antigen.

Genetic Knockout of UT-A1 and UT-A3

Genetic knockout of both UT-A1 and UT-A3 in mice
results in reduced urine concentrating ability, reduced
inner medullary interstitial urea content, and a lack
vasopressin-stimulated or phloretin-inhibitable urea
transport in the IMCD.144,417 When these mice are fed a
low-protein diet, they are able to concentrate their
urine almost as well as wild-type mice fed a low-
protein diet,144,417 supporting the concept that IMCD
urea transport contributes to urine concentrating abil-
ity by preventing urea-induced osmotic diuresis.418

Inner medullary tissue urea content was markedly
reduced following water restriction, but there was no
measurable difference in NaCl content between UT-
A1/UT-A3 knockout mice and wild-type mice.144,417

This finding was initially interpreted as being incon-
sistent with the predictions of the passive mechanism
hypothesis.8,9,144,417,419,420 However, a mathematical
modeling analysis of these same data concludes that
the results found in the UT-A1/UT-A3 knockout
mice are exactly what one would predict for the pas-
sive mechanism hypothesis.20

The UT-A1/UT-A3 knockout mice were used to
revisit Gamble’s classic study from 1934.166 Urea and
NaCl each induce an osmotic diuresis when given in
large amounts, supporting the concept that the
decrease in water excretion with mixtures of urea and
NaCl added to the diet results from the separate abili-
ties of these two solutes to induce osmotic diuresis,
rather than to any specific interaction of urea and NaCl
transport at the epithelial level.421

Genetic Knockout of UT-A2

UT-A2 knockout mice also have an impaired ability
to concentrate urine.247,419,422 The reduction in urine
concentrating ability results from an impairment of
urea recycling.247,419,422

Active Urea Transport

When urine concentrating ability is reduced, there
are changes in active urea transport that follow one of

two patterns.115,118,357,358,423,424 The first pattern, which
occurs in response to water diuresis, is upregulation of
active urea secretion in the IMCD3 and its induction in
the IMCD2. This increase in urea secretion will directly
decrease urea content in the deep inner medulla. The
second pattern, which occurs in response to a low-
protein diet, hypercalcemia, and furosemide, is
induction of active urea absorption in the IMCD1

and inhibition of active urea secretion in the IMCD3.
This second pattern will increase urea delivery to the
inner medullary base, thereby decreasing urea deliv-
ery to the inner medullary tip; the accompanying
inhibition of active urea secretion in the IMCD3 may
prevent an even greater reduction in urea content in
the deep inner medulla.

UREA RECYCLING

Several urea recycling pathways are believed to con-
tribute to high urea concentrations within the inner
medulla.418,425,426 The major recycling pathway
involves urea absorption from the terminal IMCD,
mediated by UT-A1 and UT-A3, secretion into the thin
descending limb, and, especially, the thin ascending
limb (Figure 43.11). Collecting ducts and thin ascend-
ing limbs are nearly adjoining within much of the inner
medulla.12 The urea that enters the thin ascending limb
is carried distally as the luminal fluid moves through
several nephron segments having very low urea per-
meability until it reaches the urea-permeable terminal

PST

tDL

vr

PST
c TAL

tDL
tAL

a

b

Outer stripe

Inner stripe

IMCD

Cortex

Outer
medulla

Inner
medulla

FIGURE 43.11 Urea recycling pathways in mammalian kidney.

Diagram shows a short looped nephron (left) and a long looped
nephron (right). Dashed lines labeled a, b, and c show urea recycling
pathways (Abbreviations: PST: proximal straight tubule; tDL: thin
descending limb of Henle’s loop; tAL: thin ascending limb of Henle’s
loop; TAL: thick ascending limb of Henle’s loop; IMCD: inner medul-
lary collecting duct; vr: vasa recta). (Figure is modified, with permission,
from reference 425.)
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IMCD. Thus, urea is recycled from the terminal IMCD
through the interstitium into the thin ascending limb,
and back to the terminal IMCD.

Two other pathways for urea recycling may exist in
the kidney.425 One pathway is urea absorption from
terminal IMCDs through ascending vasa recta and
secretion into thin descending limbs of short looped
nephrons427 mediated by UT-A290 or into descending
vasa recta mediated by UT-B1. The other pathway is
urea absorption from cortical thick ascending limbs
and secretion into proximal straight tubules.425 All
three urea recycling pathways would limit urea dissi-
pation from the inner medulla where it is needed to
increase interstitial osmolality.425

It must be emphasized that the terminal IMCD is the
only portion of the collecting duct in which vasopres-
sin increases urea permeability, even though the entire
collecting duct is permeable to water when vasopressin
is present. Water absorption from the cortical, outer
medullary, and initial inner medullary collecting ducts
concentrates urea within the collecting duct lumen.
When the luminal fluid finally reaches the urea-perme-
able terminal IMCD, the luminal urea concentration is
very high and exceeds that in vasa recta,72,75,428,429

allowing urea to be rapidly absorbed into the deepest
portion of the inner medullary interstitium where, in
many studied mammals, it is needed to concentrate
urine maximally.102,192 This pattern of urea and water
permeabilities separates the primary sites of urea and
water absorption (Figure 43.6); water is primarily
absorbed in the cortex and outer medulla where there
is extensive vascularization with high blood flow, and
the absorbed water can be returned to the circulation
without diluting the deep inner medulla. Urea is prin-
cipally absorbed in the deep inner medulla.102,192

Urea serves a second function in the medulla: it is
the major source for excretion of nitrogenous waste;
large quantities of urea need to be excreted daily. The
kidney’s ability to concentrate urea reduces the need to
excrete water simply to remove nitrogenous waste. In
addition, a high interstitial urea concentration is able to
osmotically balance urea within the collecting duct
lumen. If interstitial urea were unavailable to offset the
osmotic effect of luminal urea destined for excretion,
then the interstitial NaCl concentration would have to
be much higher.144,430

DEVELOPMENT OF URINE
CONCENTRATING ABILITY

Newborn mammals and birds are unable to concen-
trate their urine.431�435 Rats and rabbits do not develop
the ability to concentrate their urine maximally until
14�21 days after birth.434,436�439 In rats, the increase in

urine osmolality is paralleled by an increase in both
medullary sodium and urea content.440 In 10-day-old
rats, neither urea- nor NaCl-loading enhances urine
concentrating ability.441 However, in 20-day-old rats,
urea-loading significantly increases urine osmolality
following water deprivation; NaCl loading has no
effect.441 The development of urine concentrating abil-
ity can be hastened by giving glucocorticoids to 10�17-
day-old rats, but not to older rats.440,442 Conversely,
adrenalectomizing 16-day-old rats slows the develop-
ment of urine concentrating ability and abolishes the
increase in inner medullary sodium and urea concen-
trations that normally occurs at this age.440

In 1-day-old rats, the thin descending limb, thin
ascending limb, and IMCD are all nearly water-imper-
meable.433 At day 4, AQP1 mRNA is detected in the
thin descending limb and water-permeability increases,
however, it does not reach adult levels until day 14.433

Even though AQP2 protein is detected starting at day
1, water-permeability remains low in the IMCD at day
7, but reaches adult levels at day 14.368,433,443 However,
AQP2 trafficking in the immature kidney responds
normally to vasopressin443 and AQP2 mRNA, and pro-
tein levels increase 24 hours after a single dose of
betamethasone.442

In fetal rat kidney, UT-A protein is not detected and
UT-B1 protein is weakly detected at embryonic age 20
days.267 In 1-day-old rats, UT-A1, UT-A2, and UT-B1
proteins appear,267 but the IMCD has a low urea per-
meability that is not stimulated by vasopressin.433 At
day 14, urea permeability becomes vasopressin-
stimulatable and UT-A1 mRNA is detected, although
the values are only one-third of adult levels.433 UT-A1,
UT-A2, and UT-B1 proteins increase progressively
until adult levels are achieved at 21 days of age.267

Thus, the time-course for the increases in UT-A1, UT-
A2, and UT-B1 proteins coincides with the develop-
ment of urine concentrating ability. On the basis of the
functional implications of these findings, Lui et al.433

proposed that the concentrating mechanism in new-
born rats is similar to that in the avian kidney, which
has very low descending limb water permeability, does
not utilize urea, and can concentrate urine to only
moderate levels; however, within about 14 days, the
neonatal rat kidney more closely resembles the adult
rat kidney.

In rabbits, the sodium concentration in cortex and
medulla is similar regardless of age.437 However, the
medullary/cortical urea concentration ratio increases
markedly between 14 and 21 days of age, coincident
with the development of concentrated urine.437 This
increase in medullary/cortical urea concentration is
primarily due to a reduction in cortical urea concentra-
tion, rather than an increase in medullary urea con-
tent.437 However, in dogs, the developmental increase
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in urinary concentrating ability is due predominantly
to an increase in the medullary sequestration of
urea.444

Newborn humans also have an inability to concen-
trate their urine.445 Infants fed a high-protein diet are
able to increase their urine osmolality following water
deprivation; infants given a diet in which the extra pro-
tein is replaced by NaCl achieve a lower urine osmolal-
ity.445 Thus, even in infants, urea has a special role in
the production of concentrated urine.166,445

Aldose reductase enzyme activity is absent in
IMCDs from newborn rat pups (,12 hours old), but is
present in 3-day-old pups and increases progressively
up to 20 days of age; enzyme activity then decreases to
adult levels.434 Consistent with these functional
measurements, aldose reductase mRNA cannot be
detected, even by RT-PCR, in inner medullas from
newborn rats (,12 hours old), but can be detected in 3-
day-old pups.434 Aldose reductase mRNA abundance
peaks between 8�20 days after birth, then decreases to
levels found in adult rats.434,446 Thus, aldose reductase
mRNA and enzyme activity are induced prior to urine
concentrating ability during development.

TonEBP is detected in the kidney at fetal day 16, and
its expression increases at fetal day 20 and at postnatal
day 1.447 At day 21, the adult pattern of TonEBP
expression is achieved, along with the development of
urine concentrating ability.434,447 Thus, TonEBP expres-
sion precedes the expression of its target genes, UT-A1
and UT-A3, and UT-A promoter I is under the tran-
scriptional control of TonEBP.265,447 In mouse kidney,
NKCC2/BSC1 is first detected at fetal day 14, TonEBP
at day 15, UT-A at day 16�18, and UT-A immunoreac-
tivity increases markedly after birth.448 Neonatal mice
treated with furosemide have reduced expression of
both TonEBP and UT-A.448 These findings support the
hypothesis that hypertonicity produced by NKCC2/
BSC1 activates TonEBP, which in turn increases the
transcription of UT-A during development and early
postnatal life in mice,448 consistent with UT-A pro-
moter I containing a TonE.224,261

KLF12 is a transcription factor that is expressed in
the fetal kidney starting at day 15.449 KLF12 is able to
increase UT-A promoter I activity by binding to a
CACCC motif.449 Thus, UT-A1 is a target gene of
KLF12, which may be involved in collecting duct matu-
ration after birth.449

SUMMARY

Concentrated urine is produced in the renal medulla
through the generation of an osmotic gradient extend-
ing from the cortico�medullary boundary to the papil-
lary tip. In the outer medulla, the gradient is generated

by active NaCl transport from the thick limbs, and the
resulting increase in osmolality in the interstitium and
in water-permeable tubules and vessels; the effective-
ness of this transport is widely believed to be aug-
mented by a countercurrent multiplication mechanism
involving interactions between descending and ascend-
ing limbs of Henle. Although the passive mechanism,
proposed by Kokko and Rector8 and by Stephenson,9

remains the most widely-accepted hypothesis for the
generation of the inner medullary osmolality gradient,
much of the evidence from perfused tubule and micro-
puncture studies, and from the UT-A1/UT-A3 knock-
out mouse144 is either inconclusive or at variance with
the passive mechanism. Moreover, the passive mecha-
nism has not been supported by mathematical simula-
tions using measured transepithelial transport
parameters.

Nonetheless, there have been important recent
advances in the understanding of key components of
the urine concentrating mechanism, notably the identi-
fication and localization of key transport proteins for
water, urea, and sodium, and the elucidation of the
role and regulation of osmoprotective osmolytes.
Continued experimental investigation of transepithelial
transport and its regulation, both in normal animals
and in genetically-engineered mice, a more complete
understanding of the interaction of anatomy and trans-
mural transport among tubules and vessels, and incor-
poration of the resulting information into mathematical
simulations, may help to more fully elucidate the inner
medullary concentrating mechanism.
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al. Caveolin-1 directly interacts with UT-A1 urea transporter:
the role of caveolae/lipid rafts in UT-A1 regulation at the cell
membrane. Am J Physiol Renal Physiol 2009;296:F1514�20.
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THE PLASMA SODIUM
CONCENTRATION AND BODY FLUID

TONICITY

Sodium and its accompanying anions are the princi-
ple osmotically active solutes in extracellular fluid.1,2

When extracellular osmolality is low, intracellular
osmolality is equally low. Therefore, although there are
exceptions (Table 44.1), hyponatremia is usually associ-
ated with hypoosmolality and dilution of all body
fluids.1,2,3

When (as is usually the case) the concentration of
non-permeant extracellular solutes other than sodium
is very low, the plasma sodium concentration is a func-
tion of three variables, as indicated by the following
equation:

Plasma½Na1�DExchangeable Na1 1Exchangeable K1

Total body water

ð44:1Þ
Only the exchangeable fractions of sodium and

potassium are included in the equation, because one-
third of body sodium is bound to bone and osmotically
inactive.1 This relationship, which has been validated
empirically,3,4 indicates that the plasma (or serum)
sodium concentration can be reduced by depletion of
body cations, by an increase in body water or by a
combination of these processes.5 Recently, it has been
emphasized that the original equation describing the
relationship between the plasma sodium concentration,
exchangeable sodium, exchangeable potassium, and
total body water has an intercept that can be explained

theoretically.6 The simplified form of the relationship
Eq. (44.1), which omits the intercept, is useful concep-
tually, but should not be considered a completely accu-
rate basis for predicting the effect of therapy on the
plasma sodium concentration.

It is intuitively obvious that the extracellular sodium
concentration should be proportional to the body’s
content of water and soluble sodium. The sodium con-
centration falls when the body retains water (without
solute) or when there are net external losses of sodium
(without water). The importance of intracellular potas-
sium stores to the plasma sodium concentration is less
obvious.7,8 In potassium depletion, sodium ions move
intracellularly as intracellular potassium is lost, balanc-
ing negative charges on intracellular macromolecules.
Thus, external loss of exchangeable potassium causes
an internal loss of extracellular sodium. Similarly,
when intracellular potassium is replaced by hydrogen
ions, rather than sodium or when it is lost with phos-
phate (an intracellular anion), the loss of osmotically
active intracellular solute causes a redistribution of
water from the intracellular to the extracellular fluid
compartments, diluting extracellular sodium ions.

PHYSIOLOGIC CONTROL OF WATER
EXCRETION

Osmotic Regulation

Controlled by changes in water intake, vasopressin
secretion, and water excretion, the plasma sodium
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concentration is normally prevented from rising above
142 mEq/L or falling below 135 mEq/L. When the
plasma sodium concentration changes by as little as 1%
(with a corresponding change in plasma osmolality),
cell volume receptors (“osmoreceptors”) in the hypo-
thalamus respond, relaying signals to vasopressin-
secreting neurons located in the supraoptic and para-
ventricular nuclei whose axons terminate in secretory
bulbs in the neurohypophysis.9�11 The antidiuretic hor-
mone, arginine vasopressin, which is released into the
systemic circulation by the neurohypophysis, controls
water excretion by the kidneys. The hormone activates
V2 receptors on the basolateral membrane of principal
cells in the renal collecting duct, initiating a cyclic
AMP-dependent process that culminates in increased
production of water channels (aquaporin 2), and their
insertion into the cells’ luminal membranes.12 The
effect of vasopressin on water flow is inhibited by
locally produced prostaglandin E2, which is stimulated
by vasopressin action on V1 receptors.13 Vasopressin’s
short half-life in the circulation and continuous shut-
tling of aquaporins between the collecting duct’s cell
membrane and cytosol allow rapid changes in urinary
water excretion in response to changes in body fluid
tonicity.

Vasopressin levels are normally unmeasurable when
the plasma sodium concentration falls to approxi-
mately 135 mEq/L. Low levels of the hormone allow
the excretion of large volumes of a maximally dilute
urine (� 50 mOsm/kg) which reduces body water con-
tent and restores the plasma sodium concentration to
normal. At higher plasma sodium levels, plasma

vasopressin is directly related to the plasma sodium
concentration, reaching levels that are high enough to
promote the excretion of maximally concentrated urine
(� 1200 mOsm/kg) at a plasma sodium concentration
of approximately 142 mEq/L. A rising plasma sodium
concentration also stimulates thirst. Ingested water is
retained, returning the plasma sodium concentration
back towards normal.

Hemodynamic Regulation

Under day-to-day conditions, vasopressin secretion,
urinary free water excretion, and thirst respond pri-
marily to changes in body fluid tonicity. Under patho-
logic conditions, osmotic control of vasopressin
secretion and thirst can be overridden by hemody-
namic stimuli.14 In addition to input from osmorecep-
tors, the hypothalamic neurons that secrete vasopressin
also receive neural input from baroreceptors in the
great vessels, and volume receptors in the atria. When
these receptors are stimulated by hypotension or by a
major reduction in plasma volume, impulses are car-
ried via cranial nerves IX and X to the hypothalamus.
The thirst center in the hypothalamus responds to
similar non-osmotic stimuli. Vasopressin and thirst
responses to hypovolemia and hypotension lead to
water retention, despite hypotonicity of body fluids.
These hemodynamic responses can be regarded as
back-up systems that serve to maintain arterial blood
volume under emergency conditions, sacrificing tonic-
ity to tissue perfusion. Although high levels of vaso-
pressin occur in response to hypovolemia, under
experimental conditions, a rather large stimulus is
required; while plasma vasopressin is measurably
increased by a 1% change in plasma osmolality, a 10%
change in extracellular fluid volume is required to elicit
the same response. However, these experimental find-
ings are difficult to reconcile with clinical observations,
suggesting that non-osmotic vasopressin secretion
occurs with more subtle volume depletion.

HYPOTONIC HYPONATREMIA:
CLASSIFICATION AND PATHOGENESIS

Traditionally, patients with hyponatremia are
divided into categories according to their body sodium
content and/or intravascular volume: low body
sodium content (volume depletion); high body sodium
content (edematous conditions) or normal body
sodium content (euvolemic hyponatremia or SIADH).15

Although this time-honored approach is often
helpful to clinicians, intravascular volume and body
sodium content do not always change in parallel (e.g.,

TABLE 44.1 Causes of Non-Hypotonic Hyponatremia

Plasma

Osmolality

Disorder Pathogenesis

Normal Pseudohyponatremia Excess non-aqueous
material decreases plasma
water content; no change
in ECF or ICF volume

Hyperlipidemia

Multiple myeloma

Exogenous solutes Expansion of ECF volume
with non-sodium solutes
and water; no change in
ICF volume

Isotonic IV mannitol

Irrigant absorption

Increased Hyperglycemia, hypertonic
IV mannitol, and maltose
containing IgG solutions

Initial expansion of ECF
volume and shift of water
out of cells; decrease in
ICF volume
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self-induced water intoxication), and some causes of
hyponatremia (e.g., diuretic-induced and cerebral salt-
wasting) may be difficult to classify by intravascular
volume. Moreover, physiologic responses to extracellu-
lar volume expansion and contraction often create
ambiguities in volume status. Thus, secondary water
retention in response to volume depletion and second-
ary natriuresis in response to water overload may ulti-
mately yield similar values for total body sodium and
water (Figure 44.1).

Table 44.2 classifies hyponatremia by the physio-
logic mechanism underlying the electrolyte distur-
bance. As the plasma sodium concentration is
proportional to the ratio of exchangeable cations and
total body water, it follows that changes in sodium
concentration are related to external balances of
sodium, potassium, and water. However, because the
plasma sodium concentration is normally maintained
within a narrow physiologic range by control systems
which regulate water balance, hypotonic hyponatremia
can only occur if water excretion is impaired or over-
whelmed. The various causes of hyponatremia
are therefore divided according to the status of urinary
water excretion. Disordered water balance is
often accompanied by changes in cation balance, which
also play a pivotal role in the pathogenesis of
hyponatremia.

WATER INTOXICATION WITH
MAXIMALLY DILUTE URINE

Pathophysiology

Rarely, fluid intake can overwhelm normal mechan-
isms for water excretion. In the absence of vasopressin,
urine osmolality falls to approximately 50 mOsm/kg.
A typical American diet provides a daily load of 600 to
900 milliosmoles of solute (electrolytes and urea) that
must be excreted. At this rate of solute excretion, the
volume of maximally dilute urine equals 12 to 18 liters
per day or 500 to 750 ml/hour. Water intake can occa-
sionally exceed this large excretory capacity. Patients
with severe acute water intoxication are truly “water-
logged,” and susceptible to pulmonary edema due to
retained water.

Self-Induced Water Intoxication in Psychotic
Polydipsia

Polydipsia and polyuria are extremely common
among institutionalized patients with mental ill-
ness.16�20 Many patients with polydipsia have frequent

FIGURE 44.1 Body water and cation content in hyponatremia.

When the primary disturbance is loss of salt water (middle figures),
compensatory mechanisms are triggered�hemodynamically medi-
ated thirst and vasopressin secretion�which result in secondary
water retention. When the primary disturbance is pathologic secre-
tion of vasopressin and water retention (bottom figures), compensa-
tory mechanisms are triggered�increased secretion of atrial
natriuretic peptide, decreased secretion of aldosterone, and pressure
natriuresis�which result in secondary salt loss. Because of these
adaptations, primary salt loss and primary water retention both
result in near normal values for total body water and decreased body
cation stores.

TABLE 44.2 Pathophysiologic Classification of Hypotonic
Hyponatremia

Urine Diluting Ability Cause of Hyponatremia

Unimpaired Psychotic polydipsia

Beer potomania

Infantile water intoxication

Impaired: vasopressin-
independent

Oliguric renal failure

Tubular interstitial renal disease

Diuretics

Nephrogenic syndrome of
antidiuresisa

Impaired: vasopressin-
dependent

Hemodynamically-mediated

Volume-depletion

Spinal cord disease

Congestive heart failure

Cirrhosis

Addison’s diseaseb

Cerebral salt-wastingb

SIADH (see Table 44.3)

aHereditary disorder of the V2 receptor with clinical features of SIADH, but with
undetectable plasma vasopressin levels.
bDisorders with both hemodynamic and non-hemodynamic bases for vasopressin
release.

1513WATER INTOXICATION WITH MAXIMALLY DILUTE URINE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



episodes of hyponatremia, which may present with sei-
zures. About half the reported cases have had maxi-
mally dilute urine (urine osmolalities below
100 mOsm/kg) at presentation. In others, inappropri-
ately concentrated urine was present immediately fol-
lowing seizures or in association with nausea,19 but the
rate of correction of hyponatremia indicates that the
urine became dilute soon afterwards.

In most psychotic water drinkers, hyponatremia can
be ascribed to a generalized dilution of body solutes by
retained water; thus, body weight increases in propor-
tion to the severity of hyponatremia. Patients gain
weight and become hyponatremic during the course of
the day, and then spontaneously diurese, normalizing
their plasma sodium concentration and body weight
during the night. Caregivers in psychiatric hospitals
routinely monitor weight changes in patients who are
habitual water drinkers to determine when access to
water must be rigidly restricted to avoid severe symp-
tomatic hyponatremia.

Agents that interfere with the ability to maximally
dilute the urine (e.g., diuretics or carbamazepine)
should be avoided in polydipsic patients, as they
can precipitate a rapid onset of life-threatening
hyponatremia.21,22

Water Intoxication in Infants

Acute water intoxication is common among infants
who are given excessively dilute formula.23,24 The hun-
gry infant ingests large volumes of fluid leading to
water retention, despite the excretion of maximally
dilute urine. Once water is restricted, the plasma
sodium concentration self-corrects as large volumes of
urine are excreted.

Beer Drinkers Potomania

Alcoholics who eat little and subsist on large
volumes of beer may also become hyponatremic while
excreting maximally dilute urine.25�27 Beer’s low pro-
tein content and the protein-sparing effect of its carbo-
hydrate result in profoundly reduced blood urea
nitrogen concentrations and urinary urea excretion.
The total daily excretion of urinary solute may be only
200 to 300 milliosmoles. Thus, even at a urine osmolal-
ity of 50 mOsm/kg, urine output is limited to 4 to 6
liters per day, an amount that fails to match the enthu-
siastic beer drinker’s intake of electrolyte free water.
A similar phenomenon has been reported in non-beer
drinkers with a high fluid and low protein intake.27,28

Volume-depletion from gastrointestinal losses, and
transient vasopressin release caused by nausea or alco-
hol withdrawal, may further limit the beer drinker’s

ability to excrete free water, contributing to the devel-
opment and persistence of hyponatremia.29

VASOPRESSIN-INDEPENDENT DEFECTS
IN WATER EXCRETION

Pathophysiology

Maximal free water excretion depends on adequate
delivery of glomerular filtrate to the renal diluting seg-
ments (the ascending limb of the loop of Henle and the
distal tubule), reabsorption of salt without water by
the diluting segments to create hypotonic fluid within
the tubular lumen, and a collecting duct that is rela-
tively impermeable to water, so that the dilute tubular
fluid formed “upstream” can be eliminated in the final
urine. Hyponatremia occurs when water is taken in at
a time when these mechanisms are not functioning
normally.

Renal Failure

The most obvious cause of impaired water excretion
is oliguric renal failure. Even when nonoliguric,
patients with advanced renal failure have fixed isosthe-
nuria, and are unable to excrete dilute urine despite
normally suppressed vasopressin secretion. In the
absence of renal failure, urinary dilution can still be
impaired, despite low levels of vasopressin, by two
mechanisms: (1) enhanced proximal reabsorption of
the glomerular filtrate, limiting fluid delivery to the
renal diluting segments (as in volume depletion,
congestive heart failure, and cirrhosis)30; and (2)
impaired sodium reabsorption in the renal diluting
segments (by diuretics or tubular interstitial disease).31

Diuretic-Induced Hyponatremia

Both thiazides and loop diuretics interfere with the
ability to maximally dilute the urine.32 Thus, both clas-
ses of diuretic can lead to water intoxication in patients
who habitually ingest extremely large volumes of
water. Diuretics are one of the most important causes
of hyponatremia.33�37 Most cases are caused by thia-
zide or thiazide-like agents; loop diuretics are impli-
cated much less commonly. Thiazides may be the sole
factor responsible for causing hyponatremia, and they
may also exacerbate hyponatremia in patients with dis-
orders associated with SIADH.36,38 The mechanism of
thiazide-induced hyponatremia remains somewhat
unclear; however, as for all causes of hyponatremia,
water retention and/or cation depletion must be
responsible. There is evidence that thiazides have a
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direct antidiuretic effect mediated by upregulation of
aquporin 2 (AQP2).39

Most cases of thiazide-induced hyponatremia have
occurred in elderly small women who have been
prescribed diuretics for the treatment of
hypertension.35,40�42 The impairment of renal diluting
ability caused by thiazides is more pronounced in
elderly people, especially those who have previously
experienced thiazide-induced hyponatremia.43 The pre-
disposition of elderly women to severe hyponatremia
may be explained by body size, in that small changes
in body water and electrolyte content can lead to
marked changes in serum sodium.

In susceptible individuals, the serum sodium may
fall within hours of diuretic ingestion, and severe
hyponatremia can develop in less than two days.41,44�46

While in many cases the diuretic had been recently pre-
scribed, in others thiazides had been used chronically
without incident until, for some reason, water intake
increased, dietary salt and protein intake decreased or
an intercurrent illness led to “inappropriate” antidiure-
tic hormone secretion.33,47 Mild hyponatremia often
persists for a few weeks when diuretic therapy is with-
drawn from patients with diuretic-induced hyponatre-
mia,48 apparently reflecting temporary “resetting” of
the osmostat49 or alternatively, slow restoration of
depleted cation stores.

Although thiazide diuretics do not inhibit the ability
to concentrate the urine, they do impair diluting ability
in several ways31,39,50�52: inhibition of electrolyte trans-
port at the cortical diluting sites; direct stimulation of
vasopressin release; direct upregulation of AQP2;
reduction of glomerular filtration; and enhancement of
fractional proximal water reabsorption, reducing deliv-
ery to diluting sites.

Positive water balance during the onset of thiazide-
induced hyponatremia and negative balance during its
correction have been documented.22,44,46 Some patients
with thiazide-induced hyponatremia have low serum
uric acid levels and high uric acid clearances (markers
of volume expansion) which return to normal as the
serum sodium normalizes.36,53 Most affected patients
drink large amounts of water, and the superimposed
diuretic prevents urine output from keeping pace with
water intake.44

Although increased total body water often contri-
butes to the pathogenesis of thiazide-induced hypona-
tremia, there are many cases in which body weight
decreased or remained the same during the fall in
serum sodium.41,54,55 In others, direct measurements of
total body water in affected patients have been nor-
mal.41 In these cases, other explanations for hyponatre-
mia must be sought.

Negative cation balance plays a major role in the
pathogenesis of diuretic-induced hyponatremia.

Rejected cations may be excreted at a total concentra-
tion which exceeds that of plasma, directly “desalinat-
ing” the plasma even in the absence of water intake.44

Potassium depletion is an important factor in many
cases; treatment of hypokalemia has been shown to
increase the plasma sodium concentration with no
change in body weight.41 Magnesium repletion may
act similarly, presumably through an effect on skeletal
muscle Na-K-ATPase.56 Surprisingly, despite negative
cation balance, many patients appear to be euvolemic.
Apparently, enough water is retained to offset the ini-
tial tendency toward hypovolemia. Once diuretics are
withdrawn, urinary sodium excretion falls to very low
levels.41,46

VASOPRESSIN-DEPENDENT DEFECTS
IN WATER EXCRETION

Pathophysiology

Normally, in response to hypotonicity, vasopressin
secretion is suppressed, the collecting duct is imperme-
able to water, and a maximally dilute urine is formed.
In two large surveys of hospitalized patients with
hyponatremia, over 90% of cases were associated with
elevated vasopressin levels.57,58 Vasopressin levels are
rarely elevated into pathologic ranges, even in cases
associated with ectopic secretion by tumors. Rather,
vasopressin levels are inappropriately high relative to
the plasma osmolality. Non-osmotic vasopressin secre-
tion may be an adaptive response driven by hemody-
namic stimuli or it may be “inappropriate” and
independent of any of the usual physiologic mechan-
isms which regulate water excretion. Persistent vaso-
pressin secretion despite hypoosmolality allows
ingested or infused free water to be retained, causing
hypotonic hyponatremia. Vasopressin-mediated hypo-
natremia is characterized by urine which is more con-
centrated (usually much more) than 100 mOsm/kg and
which becomes more dilute after administration of a
V2 receptor antagonist (see section “V2-Receptor
Antagonists”).

Patients with inappropriate vasopressin secretion
must take in water to become hyponatremic. In some
cases, hyponatremia develops when electrolyte-free
water is administered parenterally. More commonly,
patients become hyponatremic while ingesting water.
Theoretically, osmotic inhibition of thirst should pre-
vent water ingestion when the ability to excrete water
is impaired. However, patients with SIADH continue
to drink despite plasma osmolalities below the normal
osmotic threshold for thirst. Formal testing has shown
that there is downward resetting of the osmotic thresh-
old for thirst in SIADH, but that thirst responds to
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osmotic stimulation and is suppressed by drinking
around the lowered set-point.59

Escape from Vasopressin-Induced Water
Retention

Experimentally, after several days of constant vaso-
pressin infusion and constant water intake, there is an
escape from the antidiuretic effect of vasopressin. With
the onset of vasopressin escape, the urine becomes
less concentrated, allowing water balance to be re-
established at a new steady-state in which the plasma
sodium concentration stabilizes at a level lower than
normal. In experimental models, escape is temporally
associated with a marked decrease in renal aquaporin-
2 protein, accompanied by suppression of aquaporin-2
mRNA levels (Figure 44.2).60 V2-receptor mRNA
expression and binding are decreased, as is c-AMP
production in response to vasopressin,61 Plasma and
urine aldosterone and mean arterial pressure are
increased as are thiazide-sensitive Na-Cl co-transporter
and ENaC proteins in the distal nephron that are
known to be upregulated by aldosterone.62 Inhibition
of nitric oxide synthase or prostaglandin synthesis syn-
ergistically inhibit the escape phenomenon, supporting
a role for nitric oxide and prostaglandins in mediating
vasopressin escape.63

In conditions characterized by vasopressin-mediated
water retention, (e.g., SIADH, congestive heart failure),
renal escape from vasopressin-induced antidiuresis

(along with decreased water intake in some cases) per-
mits patients with vasopressin-mediated hyponatremic
states to manifest a relatively stable level of hyponatre-
mia, despite continued water intake and continued
presence of vasopressin.

HEMODYNAMIC CAUSES OF
VASOPRESSIN-MEDIATED

HYPONATREMIA

Pathophysiology

Hypovolemia, heart failure, and cirrhosis are the
most common non-osmotic stimuli for antidiuretic hor-
mone secretion.64 In a series of 100 consecutive hospi-
talized patients with hypotonic hyponatremia, volume
contraction (29%), advanced heart failure (25%), and
liver cirrhosis (16%) were identified as the cause of
hyponatremia in a high percentage of cases.58 The
hemodynamic abnormalities that stimulate vasopressin
release in these conditions also promote sodium reab-
sorption by the renal tubules (mediated by aldoste-
rone, increased sympathetic nervous system activity,
peritubular Starling forces, etc.), causing both sodium
and water retention. In volume-depletion, sodium
retention serves to replace a sodium deficit; in heart
failure and cirrhosis, sodium retention serves to com-
pensate for the circulatory abnormality, but it also
causes edema.

FIGURE 44.2 Vasopressin escape.64 Panel (a) illustrates the gradual increase in urine flow rate (accompanied by a decrease in urine osmo-
lality) that occurs when rats treated continuously with dDAVP are made hyponatremic with water-loading. The escape from the antidiuretic
effect of vasopressin begins on the second day of water-loading. Panel (b) illustrates the levels of acquaporin 2 protein levels from kidney
homogenates taken on each day of water-loading. Levels of acquaporin 2 protein decrease despite continued administration of vasopressin,
and correlate with changes in urine volume.
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Volume-Depletion

Sodium and potassium losses associated with gas-
trointestinal fluids (or with urinary losses caused by
osmotic or loop diuretics) do not directly lower the
plasma sodium concentration, because these fluids are
either hypotonic or isotonic. However, the intravascu-
lar volume-depletion caused by such losses is a hemo-
dynamic stimulus for thirst and vasopressin secretion;
as a result, ingested water is retained, lowering the
plasma sodium concentration. Thus, hyponatremia in
these conditions is associated with a reduced content
of both total body cations and water. However, in
many patients, compensatory water retention makes it
difficult to detect the underlying volume depletion.
Laboratory clues, including a low urine sodium con-
centration and elevated serum uric acid levels, can be
helpful diagnostically.65

Spinal Cord Disease

Hyponatremia is very common after spinal cord
injury, particularly among patients with complete
quadriplegia.66,67 Contributing factors include a large
water intake (reflecting physician recommendations,
angiotensin II-mediated thirst, and loss of pharyngeal
and gastric satiety signals), and baroreceptor-mediated
vasopressin release. One study showed normal osmo-
regulation of vasopressin secretion and excretion of a
water-load when subjects were supine, but with the
subjects in a sitting position, there was a reduced
osmotic threshold and increased sensitivity for vaso-
pressin release, and urine diluting ability and free
water clearance were markedly impaired.68

Edematous Conditions

Severe hyponatremia can occur despite increased
body sodium content if retained sodium is offset by a
disproportionate increase in body water.

Congestive Heart Failure

Hyponatremia in heart failure stems from
reduced cardiac output and blood pressure which
stimulate vasopressin, catecholamines, and the
renin�angiotensin�aldosterone axis.64,69�71 Increased
vasopressin levels have even been documented in
patients with impaired left ventricular function before
the onset of symptomatic heart failure.72 Hyponatremic
patients with congestive heart failure have higher
levels of plasma renin activity, norepinephrine, epi-
nephrine, and lower renal and hepatic plasma flows
than normonatremic patients with an apparently simi-
lar degree of heart disease. Hyponatremia in heart fail-
ure is associated with a poor prognosis.73

Hepatic Cirrhosis

Cirrhosis is characterized by a hyperdynamic circu-
lation with low blood pressure, low systemic
vascular resistance, and high cardiac output.74

Systemic vasodilatation causes relative underfilling
of the arterial vascular compartment and neuro-
humoral responses similar to those that occur in
response to a low cardiac output.75 Activation of the
renin�angiotensin�aldosterone axis and the sympa-
thetic system, combined with non-osmotic release of
vasopressin, results in renal water and sodium reten-
tion.76,77 Escape from the sodium-retaining effect of
aldosterone does not occur, and there is renal resis-
tance to atrial natriuretic peptide. Although the patho-
genesis of the peripheral arterial vasodilation is
incompletely understood, increased vascular nitric
oxide by the endothelium may play a role. In a rat
model of cirrhosis, normalization of vascular nitric
oxide production with a nitric oxide synthetase inhibi-
tor corrects the hyperdynamic circulation, improves
sodium and water excretion, and decreases neurohu-
moral activation.74

Peritoneovenous shunting of hyponatremic cirrhotic
patients with refractory ascites improves cardiac out-
put, renal plasma flow, and creatinine clearance, and
results in an immediate diuresis and natriuresis with a
decrease in urine osmolality and an increase in plasma
sodium concentration associated with a small but sig-
nificant decrease in plasma vasopressin levels.74

INAPPROPRIATE VASOPRESSIN
SECRETION (SIADH)

Pathophysiology

Definitions

Non-osmotic release of vasopressin without a hemo-
dynamic stimulus to account for it is considered “inap-
propriate”.78 When Bartter and Schwarz first described
the syndrome of inappropriate antidiuretic hormone
secretion (SIADH), they defined clinical criteria for the
disorder which are still generally accepted: hypoosmol-
ality and clinical euvolemia with a sodium-containing
urine (.30 mmol/L) that is less than maximally dilute
(.100 mOsm/kg) without recent diuretic use or
impaired renal function. Schwarz and Bartter also
excluded endocrine disorders�primary and secondary
adrenal insufficiency and hypothyroidism�from this
designation. We have not made this exclusion, because
patients with undiagnosed endocrine disturbances may
present with all the clinical features of SIADH. Indeed,
the discovery of SIADH is often the presenting feature
of a clinically important systemic disease. Abnormal
vasopressin secretion may be caused by ectopic
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production of the hormone by tumors, from disordered
secretion by the neurohypophysis or from increased
sensitivity to the hormone (Table 44.3).

Patients with the syndrome of inappropriate anti-
diuretic hormone secretion (SIADH) retain ingested
water, but they have no evidence of volume depletion
and no tendency to form edema. Because of water
retention, SIADH causes mild, subclinical volume-
expansion, which is reflected by high uric acid clear-
ance, a low plasma uric acid concentration, and urine
sodium excretion which matches or exceeds sodium
intake.79,80 Clinicians make use of these characteristics
to distinguish SIADH from hyponatremia caused by
volume-depletion. The recently described syndrome of
nephrogenic inappropriate antidiuresis (see section
“Common Causes of SIADH”) is discussed in this sec-
tion because it exhibits clinical features of SIADH; in
physiological terms, however, it is a cause of hypona-
tremia that is independent of vasopressin, as plasma
vasopressin levels are undetectable (Table 44.2).81

Patterns of Vasopressin Secretion

In most patients with SIADH, vasopressin secretion
has followed one of two basic patterns: “reset osmo-
stat” or “vasopressin leak”.11,82 In the reset osmostat
variant of SIADH, seen in patients with chronic, debili-
tating illness and in normal pregnancy, the urine can
be diluted maximally, but at a lower set-point than nor-
mal.49 Such patients are thus mildly hyponatremic, but
unlike other patients with SIADH, their plasma sodium
concentration is very stable and they do not require
dietary water restriction or other measures used to
treat chronic hyponatremia. In the vasopressin leak
variant, the basal level of vasopressin is elevated and
unresponsive to osmotic stimuli when the plasma
osmolality is low, but the levels increase appropriately
when the plasma osmolality increases above a thresh-
old level. Less commonly, patients exhibit erratic vaso-
pressin secretion which is unrelated to osmotic stimuli.
In about 10% of patients who present with typical clini-
cal manifestations of SIADH, plasma vasopressin levels
are at a low basal level that fails to increase as plasma
osmolality increases. Such a pattern would be expected
if an antidiuretic factor other than vasopressin were
produced or if the collecting tubules were hypersensi-
tive to normal hormone levels.

Interplay of Water Retention and Cation Depletion
in SIADH

In SIADH, increased intravascular volume decreases
renin secretion and increases release of atrial natri-
uretic peptide. These volume and hormonal changes
promote sodium excretion, despite a low serum
sodium concentration. Natriuresis in SIADH blunts the
increase in extracellular volume caused by water

retention (Figure 44.1),80,83 but it also exacerbates hypo-
natremia (Eq. (44.1)). Balance studies in a group of
patients with SIADH showed that during a period of
high water and low sodium intake, the plasma sodium
concentration decreased by 8 mEq/L with no gain in
weight and no increase in chloride space (a measure of
extracellular fluid volume).84 Negative sodium and
potassium balances accounted for the stability of

TABLE 44.3 Causes of SIADH

Major Classification Common Examples

Tumors Small-cell lung cancer

Head and neck tumors

Lung diseases Pulmonary infection

Hypoxia and hypercarbia

Severe asthma

Neurologic disorders Subarachnoid hemorrhagea

Guillain-Barre syndromea

CNS infections

Cerebral hemorrhage and infarction

Brain tumors

Endocrine diseases Hypothyroidisma

Hypopituitarism

Isolated ACTH deficiency

Medications Arginine vasopressin and desmopressin
acetate

Amiodarone

Chlorpropamide

Carbamazepine and oxcarbazepine

Cyclophosphamide

Nonsteroidal anti-inflammatory agents;
serotonin reuptake inhibitors

Tricyclic antidepressants

Vincristine

3,4-methylenedioxymethamphetamine
(ecstasy)

Hereditary Nephrogenic syndrome of antidiuresisb

Miscellaneous,
transitory causes

Surgery

Pain and stress

Nausea

Alcohol withdrawal

aDisorders with both hemodynamic and non-hemodynamic bases for vasopressin
release.
bHereditary disorder of the V2 receptor with clinical features of SIADH, but with
undetectable plasma vasopressin levels.
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extracellular volume, and for over 80% of the calcu-
lated solute loss. During a period of high sodium
intake, over 600 mEq of sodium was retained (with
only a small increase in weight and chloride space),
fully accounting for the 11 mEq/L increase in serum
sodium concentration.84 In this study, there was a
strong negative correlation between water intake and
sodium balance, and between water intake and aldoste-
rone secretory rate. Similar findings have been
reported in studies in which pituitary extract was
administered chronically to normal subjects.83,85,86

In an experimental model of SIADH produced by
DDAVP and half-isotonic saline in the rat, hyponatre-
mia was caused exclusively by negative balances of
sodium and potassium; water balance, which was
slightly negative, did not contribute to the decrease in
sodium concentration.87 Despite negative balances for
sodium, chloride, and water, the extracellular volume
(measured by inulin space) was not contracted, sug-
gesting that water shifted from the intracellular to the
extracellular space in response to the loss of intracellu-
lar solute (potassium and phosphate).

Similarly, direct measurements of body composition
in a rat model of chronic SIADH showed that after
14 days of severe hyponatremia, body water content
had returned to control levels88 (Figure 44.3). Body
sodium and chloride levels were reduced after one day
of hyponatremia and were sustained for 14 days, and
body potassiumwas significantly decreased after 7 days.
Acutely, water retention was the major cause of hypo-
natremia, but solute depletionwas primarily responsible
when the electrolyte disturbancewas sustained.

Urinary losses can directly lower the plasma sodium
concentration when the concentration of sodium plus
potassium in the urine is higher than the plasma
sodium concentration. This can occur when high vaso-
pressin levels (which concentrate the urine) and high
rates of sodium and potassium excretion occur
together. The excretion of hypertonic urine generates
free water, in essence “desalinating” the plasma.89

Serum Bicarbonate Concentration in SIADH

In SIADH, the serum sodium and chloride concen-
trations are lowered by dilution, but the serum

FIGURE 44.3 Body water content in experimental SIADH.88 Panel (a) depicts measurements of body water content in rats made hypona-
tremic with dDAVP and a liquid diet. The open bar at the far left of the figure represents measurements obtained in normonatremic controls
given no dDAVP. The black bars represent measurements obtained in animals made severely hyponatremic (plasma sodium 106 to 112 mmol/l)
by giving dDAVP at 5 ng/hr; the gray bars represent measurements obtained in animals made less hyponatremic (plasma sodium 119 to
124 mmol/l) by giving dDAVP at 1 ng/hr. Body water content initially increases after the first day of hyponatremia at both doses of dDAVP,
but falls to control levels after 14 days of severe hyponatremia. Panel (b) depicts whole body Na, K, and Cl measurements in the same experi-
ment. Cation and chloride losses occur, beginning on the first day of hyponatremia, and are more severe in animals given the higher dose of
dDAVP (with lower plasma sodium levels). Depletion of Na and Cl most likely represent adaptive responses to extracellular fluid volume
expansion caused by retained water. Depletion of body K most likely represents a cell volume adaptive response.
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bicarbonate concentration is typically normal.90,91 This
finding has been explained by a direct effect of hypo-
natremia on the adrenal gland to increase aldosterone
secretion, which then augments renal net acid excre-
tion.92 Patients with hyponatremia due to hypopit-
uitarism have many features in common with patients
with non-endocrine SIADH, but their serum bicar-
bonate concentrations are about 5 mmol/l lower.
Consistent with the hypothesis that hyponatremia-
induced hyperaldosteronism is responsible for the
normal serum bicarbonate in classic SIADH, aldoste-
rone levels are much lower in patients with ACTH
deficiency than in patients with non-endocrine
SIADH.90

Common Causes of SIADH

Tumors

The first cases of SIADH were described in patients
with lung cancer.78 Small-cell carcinoma of the lung
remains a common cause of the syndrome; approxi-
mately 10 to 15% of these patients present with SIADH,
whereas fewer than 1% of patients with non-small-cell
lung cancer become hyponatremic.93,94 Ectopic produc-
tion of vasopressin appears to be responsible for
most cases hyponatremia associated with small-cell
carcinoma.95,96 Arginine vasopressin, oxytocin, and
neurophysins have been found by radioimmunoassay
in tumors, and are produced by the vast majority of
small-cell lung cancers; the quantity of vasopressin
peptide is closely correlated with the presence of
hyponatremia.97�99 Atrial natriuretic peptide mRNA
has also been detected in a high percentage of cell lines
from patients with small-cell cancer.100 Hyponatremia
develops in approximately 3 to 7% of patients with
head and neck cancer94,101; the mechanism for SIADH
associated with these tumors is unknown. Although a
number of other tumors can produce vasopressin, there
are very few reports of hyponatremia associated with
them.94 SIADH may also emerge in patients with acute
tumor lysis syndrome.102,103

Pulmonary Disease

Mild hyponatremia has long been recognized in
patients with tuberculosis.104,105 The mechanism for
vasopressin release has not been determined, but hor-
mone levels fall in response to water-loading, reflecting
the reset osmostat variant of SIADH. Ectopic
secretion of antidiuretic hormone was the presumptive
cause of SIADH in a patient with central diabetes
insipidus who developed pulmonary tuberculosis.106

Tuberculosis-associated hyponatremia resolves within
days to weeks of antituberculous therapy. Plasma vaso-
pressin levels are typically elevated on admission in

patients with bacterial pneumonia, and fall rapidly
during treatment.107 Hyponatremia is common,108,109

and usually self-corrects relatively rapidly after a few
days.110 Abnormal vasopressin secretion in simple
pneumonia is not attributable to hypovolemia, hypo-
tension or abnormal PO2 or PCO2. An antidiuretic dec-
apeptide (“pneumadin”), which rapidly increases
arginine vasopressin (AVP) levels, has been isolated
from rat and human lung.111,112 Further study is
needed to determine if the decapeptide mediates
SIADH associated with pneumonia and other lung dis-
orders. Acute respiratory failure (hypoxia and hyper-
carbia) and severe asthma are also associated with
SIADH.113,114

Endocrine Disease

Hyponatremia is present in up to 88% of patients
with Addison’s disease, and in 28% of patients
with isolated ACTH deficiency.115 In Addison’s dis-
ease, vasopressin is released in response to volume-
depletion caused by mineralocorticoid deficiency, and
altered hemodynamics caused by glucocorticoid defi-
ciency. Glucocorticoids may also directly inhibit vaso-
pressin release. Unlike Addison’s disease, impaired
water excretion in hypopituitarism is not associated
with hyperkalemia, and it does not respond to volume
replacement with isotonic saline so that hyponatremia
in this condition has all the features of SIADH.116�119

However, hyponatremia in patients with hypopituita-
rism is associated with a lower serum bicarbonate
concentration than in patients with hyponatremia
from other causes of SIADH (see section “Serum
Bicarbonate Concentration in SIADH”).90 Impaired
water excretion in hypopituitarism and in adrenalecto-
mized mineralocorticoid replaced subjects is associated
with elevated vasopressin levels; administration of a
vasopressin V2 receptor-antagonist normalizes urinary
water excretion in adrenalectomized mineralocorticoid
replaced rats.120 Inhibitory glucocorticoid receptors
have been identified in the magnocellular neurons
which secrete vasopressin, and these receptors are
markedly increased under hypoosmolar con-
ditions.121�123 Hyponatremia with clinical features of
SIADH has been described frequently in hypothyroid-
ism; impaired water excretion can be corrected rapidly
by the administration of thyroid hormone. However, it
is unclear whether hemodynamic or intrarenal factors,
rather than vasopressin, is responsible for impaired
water excretion in this condition.124,125

Non-Diuretic Drugs

Arginine vasopressin used therapeutically in the
treatment of gastrointestinal bleeding or in the man-
agement of septic shock, and the vasopressin
analog desmopressin acetate (DDAVP), a pure V2
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receptor-agonist used to treat diabetes insipidus,
enuresis, and von Willebrand disease, may cause hypo-
natremia.126,127 In addition, a growing number of drugs
that are unrelated to vasopressin have been reported to
cause hyponatremia. Most published reports involve
thiazide and thiazide-like diuretics, chlorpropamide,
carbamazepine, oxcarbantipsychotics, antidepressants,
and nonsteroidal anti-inflammatory drugs.128�130

Vincristine and vinblastine increase vasopressin release
by unknown mechanisms, and hyponatremia associ-
ated with these agents is dose related.128

Several drugs associated with hyponatremia appear
to increase the response of the collecting duct to circu-
lating vasopressin.128,131 Chlorpropamide has been the
most thoroughly studied.132 In addition to augmenting
release of vasopressin from the neurohypophysis,
chlorpropamide increases the number of vasopressin
receptors on collecting tubule cells133 and inhibits renal
medullary synthesis of prostaglandin E2, an agent
which blunts the hydroosmotic effect of vasopressin by
diminishing adenylate cyclase activity.134�136 Inhibition
of PGE2 permits increased cAMP formation, enhancing
the effect of the hormone. Nonsteroidal anti-inflamma-
tory agents increase the hydroosmotic effect of vaso-
pressin by a similar mechanism. Hyponatremia
attributable solely to nonsteroidals has been rarely
reported, but these commonly used drugs may exacer-
bate other causes of hyponatremia.137,138

Carbamazepine most commonly causes hyponatre-
mia when it is given to subjects who habitually drink
large volumes of water.130,139 Carbamazepine increases
water permeability of the distal inner medulary collect-
ing duct in the absence of vasopressin, an effect that is
cAMP-dependent and negated by a vasopressin V2
receptor-antagonist, implying an action on the V2
receptor�protein G complex.140 Oxcarbazepine, which
is enjoying increased use because of fewer drug inter-
actions than carbamazepine, causes hyponatremia in
9% of patients with epiliepsy who are treated with the
drug.141

Hyponatremia caused by cyclophosphamide may
also be due to enhanced vasopressin action, but the
mechanism for this effect has not yet been eluci-
dated.130 Cyclophosphamide’s antidiuretic effect
is delayed, with a time-course which parallels
excretion of active metabolites of the drug.142

Cyclophosphamide’s antidiuretic effect may be
enhanced by indomethacin.143 There are many reports
of SIADH associated with psychotropic drugs, includ-
ing phenothiazines, monoamine oxidase inhibitors, and
tricyclic antidepressants; causality has been most con-
vincingly demonstrated with tricyclics.144 More
recently, a large number of cases of SIADH have been
reported in patients taking serotonin reuptake inhibi-
tors (SSRIs).145�147 Prospective series in elderly patients

have shown that 12 to 40% became hyponatremic
within two weeks of starting therapy with
paroxetine.147�149 All of these agents act centrally, and
could conceivably affect vasopressin release directly.
There is evidence that SSRIs may have a direct effect
on water permeability of the inner medullary collecting
duct, increasing AQP2 without changing vasopressin
levels.150 The recreational drug, 3,4-methylenedioxy-
methamphetamine (“Ecstasy”) has been associated
with severe, and sometimes fatal, acute hyponatre-
mia.151 Ecstasy induces vasopressin secretion, and
users of the drug who become hyponatremic typically
manifest marked polydipsia.152,153 Many cases of
SIADH associated with amiodarone have been
reported.154�157

Post-Operative SIADH

Vasopressin levels are elevated after operative pro-
cedures, and remain elevated for several days.158

Administration of hypotonic fluid during this period of
antidiuresis causes acute hyponatremia, with poten-
tially disastrous consequences.

Urinary cation loss has been shown to play an
important role in the pathogenesis of hyponatremia
in patients with post-operative SIADH. In the post-
operative period, it is common for physicians to infuse
several liters of isotonic or hypotonic saline solutions,
exceeding the intended replacement of third-space and
external losses, and actually causing extracellular fluid
volume-expansion. A balance study in women under-
going uncomplicated gynecological surgery showed
that sodium plus potassium concentrations in the urine
peaked at 2956 9 mEq/L, and remained hypertonic to
plasma for the first 16 hours after induction of
anesthesia89(Figure 44.4). Because of the action of vaso-
pressin and the natriuretic response to saline-induced
volume-expansion, electrolyte-free water was gener-
ated, lowering the plasma sodium concentration
despite infusion of isotonic saline. The infused saline
was, in effect, “desalinated.” A similar phenomenon
occurs when patients with subarachnoid hemorrhage
and “cerebral salt-wasting” are given large volumes of
isotonic saline to protect cerebral perfusion.159

Neurologic Disorders and Cerebral Salt-Wasting

An association between hyponatremia and intracra-
nial disease has been recognized since the 1950s, and
hyponatremia has been reported in a wide variety of
systemic diseases involving the CNS, including sys-
temic lupus erythematosus, Guillain-Barre syndrome,
meningitis, encephalitis, brain tumors, and brain
abscesses.160 Noting increased urinary sodium excre-
tion in hyponatremic patients with neurologic disor-
ders, Peters referred to the condition as “cerebral
salt-wasting”.161 Once it was recognized that high rates

1521INAPPROPRIATE VASOPRESSIN SECRETION (SIADH)

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



of urinary sodium excretion could be caused by
unregulated secretion of antidiuretic hormone, most
investigators ascribed hyponatremia in brain disease
to SIADH, a syndrome which has been associated a
wide array of central nervous system disorders, con-
sistent with the multiple anatomic pathways leading
to vasopressin secretion by hypothalamic neurons
(Table 44.3).162

Cerebral salt-wasting was generally a forgotten term
until the early 1980s, when a more concerted effort was
made to understand the pathogenesis of hyponatremia
in patients with intracranial disease (especially
subarachnoid hemorrhage).163,164 Reduced blood and
plasma volume were found in most patients with intra-
cranial disease who were presumed to have hypona-
tremia secondary to SIADH.165�167 Prospective studies
of patients with subarachnoid hemorrhage given main-
tenance fluids documented negative sodium
balance, decreasing plasma volume, and increasing
BUN among patients who became hyponatremic
within a week of presentation.164,168,169 A course con-
sistent with cerebral salt-wasting was also observed in

patients with head injury, brain metastases, and
hydrocephalus.170�172

Maintaining an adequate circulatory volume has
important clinical implications, especially in subarach-
noid hemorrhage, where volume depletion and fluid
restriction have been reported to predispose to cerebral
ischemia and infarction.173,174 This finding, and evi-
dence that volume-expansion protects against cerebral
ischemic events in subarachnoid hemorrhage, has led
to a general acceptance of “hypertensive, hypervole-
mic, hemodilutional” therapy for the disorder.175�177

When such treatment is given, a high urine sodium
concentration and hyponatremia are not reliable indi-
cators of salt-wasting, because hyponatremia may be
due to SIADH and the natriuresis may be a response to
iatrogenic volume-expansion. In one study, a positive
balance for sodium could be documented in most
patients believed to have cerebral salt-wasting when
calculations included all infusions from the time of first
contact with medical or paramedical personnel.178

High levels of catecholamines which are often associ-
ated with brain injury decrease venous capacitance and
raise blood pressure, potentially increasing “effective
arterial blood volume,” and promoting a physiological
natriuresis.179

A valid diagnosis of cerebral salt-wasting requires
proof of urinary sodium losses, despite reduced effec-
tive arterial blood volume. Attempts to establish a
diagnosis of hypovolemia have included clinical
impressions, central venous pressure, and measure-
ments of plasma and blood volume; none of these can
define hypovolemia definitively.180

As in patients with SIADH, plasma vasopressin
levels are increased and urine sodium concentrations
are elevated, but the increased vasopressin secretion in
cerebral salt-wasting has been attributed to volume-
depletion caused by the primary salt-wasting.
Investigation into the pathogenesis of cerebral salt-
wasting has focused primarily on the relative roles of
natriuretic hormones and vasopressin after subarach-
noid hemorrhage.181�183 Atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP) are both
derived from cardiac tissue, and have natriuretic and
aldosterone-inhibiting properties. Although BNP has
been localized to the hypothalamus, it is primarily of
cardiac origin. Cardiac release of ANP and BNP is reg-
ulated in part by the CNS, and brain injury may induce
their release from cardiac tissue. Plasma ANP levels
generally correlate with the presence and severity of
blood in the ventricles and increased intracranial pres-
sure.182 In one study, however, plasma levels of BNP,
but not ANP or vasopressin, were correlated with uri-
nary sodium excretion,184 and in a rat model of cere-
bral salt-wasting, ANP levels decreased and BNP
levels did not change.185 Jugular venous sampling in

FIGURE 44.4 Urine electrolytes in post-operative SIADH.89 The
figure depicts the sum of urine sodium and potassium concentrations
obtained post-operatively in 22 women undergoing uncomplicated
gynecologic surgery and receiving infusions of 0.9% saline (sodium
concentration 154 mmol/l) or lactated Ringer’s solution (sodium con-
centration 130 mmol/l). The dotted line represents a urine cation con-
centration of 150 mmol/l, isotonic to normal plasma water. During
the first 1000 minutes after the induction of anesthesia, urine cation
concentrations were uniformly hypertonic to plasma, contributing to
the genesis of hyponatremia. In samples obtained after 1000 minutes
(from 16 to 24 hours), the urine remained hypertonic in some patients
and became hypotonic in others. Hypotonic urine (below the dotted
line) contributes to the correction of hyponatremia.
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suspected cerebral salt-wasting did not support
cerebral release of BNP.186 It is thus unclear whether
elevated natriuretic peptide levels are responsible for
natriuresis in subarachnoid hemorrhage, and other
factors, such altered sympathetic tone, depressed aldo-
sterone levels, ouabain-like compound, and endothelin
may contribute.160,167,181,187 In fact, several studies have
indicated that fludrocortisone may be effective in the
treatment of cerebral salt-wasting.188�191

Regardless of the pathogenesis of renal salt-wasting
in patients with subarachnoid hemorrhage, hyponatre-
mia appears to be caused by vasopressin release that is
independent of volume-depletion, and is thus “inap-
propriate.” In a large prospective study of acute aneu-
rysmal subarachnoid hemorrhage treated aggressively
with isotonic saline (between 3 and 8 liters daily),
hyponatremia developed in one-third of the patients
within 4 to 6 days, despite positive fluid balance,
increased blood volume, and suppressed plasma renin
and aldosterone levels.159 Plasma vasopressin was
measured at concentrations of 1 to 4 pg/ml, despite
plasma osmolalities at which the hormone should have
been undetectable. Although plasma ANP levels were
also increased in most patients, they did not correlate
with serum sodium concentration. Thus, it is likely that
both salt loss and SIADH contribute in varying degrees
to the pathogenesis of hyponatremia after subarach-
noid hemorrhage.

The true incidence of cerebral salt-wasting among
patients with subarachnoid hemorrhage is probably
low, and a clear distinction between this entity and
SIADH in neurosurgical patients may not be impor-
tant, because in either case the most effective treatment
is intravenous hypertonic saline.180

Nephrogenic Syndrome of Inappropriate
Antidiuresis

A gain-of-function mutation of the V2 receptor
gene, named nephrogenic syndrome of antidiuresis
(NSIAD), was first described in 2005.81 Patients with
this X-linked disease present with clinical and
laboratory evaluations typical of SIADH, with undet-
ectable plasma vasopressin levels. Missense mutations
substituting cysteine or leucine for arginine on codon
137 cause constitutive activation of the vasopressin
receptor, analogous to loss-of-function mutations
found in patients with X-linked nephrogenic diabetes
insipidus. Infants with NSIAD are at high risk for hypo-
natremia, because their diet consists primarily of liquid
with little solute. However, the disease can escape
detection until adulthood, and it should be suspected
in young patients with a clinical diagnosis of idiopathic
SIADH, especially if there is unresponsiveness to

vasopressin antagonists. Female heterozygotes with
skewed X-inactivation may develop spontaneous hypo-
natremia or an abnormal water-loading test.192,193

ADAPTATIONS TO HYPOTONIC
HYPONATREMIA

Organic Osmolytes and Cell Volume Regulation

The osmotic challenges faced by hyponatremic
patients are analogous to those faced by invertebrate
organisms when they are exposed to a hypotonic envi-
ronment. Throughout nature, cells respond to water
stress in a similar manner. Water crosses cell mem-
branes in response to osmotic forces, equalizing the
activities of intracellular and extracellular solute. Cell
volume is determined by the amount and concentra-
tion of intracellular solute. Since at equilibrium intra-
cellular and extracellular osmolalities are equal, the
relationship between cell volume and extracellular
osmolality can be described by the following equation:

Cell water � Cell solute content

Extracellular osmolality
ð44:2Þ

Hypotonicity causes cells to swell initially as water
diffuses into them, equalizing the osmolality of intra-
cellular and extracellular fluids. Almost immediately,
however, most cells begin to adjust their volume back
towards normal.194�196 This “volume regulatory
decrease,” is explained by reductions in cell solute con-
tent. The first response to osmotic stress is a loss of
potassium. With time, loss of organic solutes dominate
the response.

Most cells maintain relatively high concentrations of
small, osmotically-active organic molecules known as
“organic osmolytes.” The major organic osmolytes
found in nature are limited to a few classes of
compounds�polyols, methylamines, and free amino
acids�that are shared by diverse species. Organic
osmolytes are non-perturbing solutes; unlike sodium
and potassium, their intracellular concentrations may
vary widely without affecting tertiary protein struc-
ture. Cells accumulate organic osmolytes under hyper-
tonic conditions and lose them when confronted
with hypotonicity. Several organic osmolytes are
exported from swollen cells through a common chan-
nel, the volume-sensitive organic osmolyte/anion
channel (VSOAC).196,197 Osmolytes are transported into
the cell by specific transporters, such as the sodium-
myoinositol transporter (SMIT)198 and the taurine
transporter (TAUT).199

Cell volume control mechanisms could modify the
relationship between the plasma sodium concentration
and body water, sodium, and potassium content
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shown in Eq. (44.1). For example, if the intracellular
fluid compartment were to lose 15% of its solute
(exclusive of potassium) in response to cell swelling,
the amount of water needed to lower the plasma
sodium concentration would be reduced by one-third.
Some balance studies in patients with very low plasma
sodium concentrations have failed to fully account for
the severity of hyponatremia, a finding that would be
expected if there were substantial losses of organic
osmolytes from body cells.

Brain Adaptations to Hyponatremia

The need for cell volume regulation is greatest in the
brain, where the rigid calvarium limits the degree of
tissue swelling that can be tolerated.200,201 An increase
in brain water content of more than about 5 to 10% is
incompatible with life. Although the capillary endothe-
lium that forms the blood�brain barrier has a limited
permeability to ions and other solutes, it allows rela-
tively rapid water movement into the brain. Therefore,
an osmotic gradient between the brain and plasma can
exist only transiently, and it is dissipated by water
movement in less than one hour. Hydraulic conductiv-
ity of the capillaries which form the blood�brain bar-
rier decreases in response to hypotonicity.202 However,
because the brain and plasma must eventually come
into osmotic equilibrium, this adaptation can only post-
pone brain swelling. The brain’s interstitial fluid com-
partment communicates with the spinal fluid through
a series of extracellular channels. Bulk flow of fluid
between the brain’s interstitial space and the cerebro-
spinal fluid provides a rapid defense against osmotic
brain swelling. Ultimately, protection against lethal
cerebral edema depends on the ability of brain cells to
reduce their solute content.

In experimental hyponatremia in the rat, depletion
of brain sodium, potassium, and chloride accounts for
about two-thirds of the adaptive decrease in brain
osmolality, while approximately one-third is contrib-
uted by organic osmolyte losses. Within 24 hours of the
onset of hyponatremia, diminished brain concentra-
tions of myoinositol, glutamate, creatine/phosphocrea-
tine, and taurine can be detected.203 During sustained
hyponatremia, these compounds, plus glyceropho-
sphorylcholine and glutamine, continue to be lost from
the brain for approximately three days.204,205 Reduced
concentrations of these solutes persist when animals
are kept severely hyponatremic for as long as two
weeks. The loss of organic osmolytes contributes sub-
stantially to both the early and late adaptations to
hyponatremia. In rats whose serum sodium concentra-
tions were reduced to 96 mmol/L in one day, brain
water content increased by less than 5%; it was

estimated that the increase would have been 11% had
there been no losses of organic osmolytes.203 After
three days of hyponatremia, additional losses of brain
solute further decrease the severity of brain edema;
animals exhibit minimal neurologic findings despite
serum sodium concentrations of 95 to 100 mmol/L.206

Magnetic resonance spectroscopy has provided evi-
dence of reduced concentrations of organic osmolytes
in the brains of patients with hyponatremia.207 One
study showed that the peak associated with inositol
remained depressed for at least two weeks after correc-
tion of hyponatremia (Figure 44.5).208 An adaptive
response of the brain is evident among patients with
chronic hyponatremia. Computed axial tomography
and magnetic resonance images do not show evidence
of brain edema, and neurologic symptoms may be sub-
tle even in patients with serum sodium concentrations
less than 110 mEq/L. Most patients with hyponatremia
of this severity survive, and the few neurologic
sequelae that occur appear to be caused by overzealous
correction of hyponatremia, rather than the electrolyte
disturbance itself.36,209

In contrast to chronic hyponatremia, patients who
become severely hyponatremic in less than 48 hours
develop headaches, vomiting, agitated delirium, and
eventually stupor, seizures, and coma. The clinical syn-
drome in both humans and experimental animals is
associated with cerebral edema which can be reversed
by the administration of hypertonic saline. On occa-
sion, acute hyponatremia can lead to respiratory
arrest, transtentorial herniation, and death.210�214

When large volumes of water are retained in a
short period of time, the arterial sodium concentra-
tion (to which the brain is exposed) may be up to
4 mmol/l lower than the venous concentration
(which is most commonly sampled for clinical
sodium measurements).215

Age, Sex, and the Adaptation to Hyponatremia

Recently, a single group of investigators have
reported on over 100 previously healthy patients who
became hyponatremic 1�2 days after routine elective
surgery, and who subsequently died or suffered per-
manent brain damage. Individual patients had serum
sodium concentrations as high as 129 mEq/L when
they developed respiratory arrest and brain
herniation.212�214 The most recent reports emphasize
the frequent association of hyponatremic encephalopa-
thy with neurogenic pulmonary edema213 and terminal
diabetes insipidus.216 Remarkably, virtually all of the
reported patients were women, usually of child-bear-
ing age214 or prepubescent children.212 These findings
led these authors to suggest that sex hormones alter
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the adaptive mechanisms that protect against brain
edema in hyponatremia.217

The same investigators have used experimental
models to test their hypothesis that hyponatremia
causes more severe brain swelling in females than in
males. The results of these studies are inconclusive.
The investigators initially found that mortality from
hyponatremia was markedly increased in adult female
rats218 (a finding that has not been reproduced by other
laboratories219). They attributed excess mortality in
females to lower levels of brain Na-K-ATPase (and
thus a decreased ability to extrude brain sodium), and
to increased susceptibility to vasopressin-induced
vasoconstriction of the cerebral vasculature. In vitro
studies showed that estrogens inhibit volume regula-
tion in rat brain astrocyte culture.220 However, mea-
surements of brain water and solutes in whole brain by
these and other investigators show comparable
responses to hyponatremia in male and female ani-
mals219 (Figure 44.6).

More recently, Arieff and co-workers reported that
although brain water and electrolyte contents in

hyponatremic adult male and female rats do not differ,
the brains of newborn rats paradoxically accumulate
excess sodium in response to hyponatremia, unless the
animals are pretreated with testosterone.221 Silver and
co-workers were unable to reproduce this provocative
finding.222

Hypoxia and the Adaptation to Hyponatremia

Some investigators have emphasized the adverse
effects of hypoxia in hyponatremic patients. According
to this view, when brain damage complicates symp-
tomatic hyponatremia, an hypoxic episode can usually
be implicated.223 Although it is likely that hypoxia
is an important factor among patients with acute hypo-
natremia who die of cerebral edema, the role of hyp-
oxia in the demyelinating brain lesions which

FIGURE 44.5 Brain organic osmolytes in human hyponatremia.208

The figure depicts the results of magnetic resonance spectroscopy of
the brain of a single patient before and after treatment of severe
hyponatremia (plasma sodium 101 mmol/l, plasma osmolality
222 mosm/kg). The spectroscopy tracings were obtained on three dif-
ferent dates. The top tracing, taken on October 10, when the plasma
osmolality was 222 mosm/l, shows an extremely low inositol peak
(arrow). The middle tracing, taken on October 22, ten days after treat-
ment of hyponatremia when the plasma osmolality was 295 mosm/l,
shows an inositol peak that is still depressed. The bottom tracing,
taken on December 3, 7 weeks after correction of hyponatremia
shows a much higher inositol peak.

FIGURE 44.6 Brain water content in hyponatremic male and

female rats.219 The figure depicts measurements of brain water con-
tent obtained in male and female rats made hyponatremic with a liq-
uid diet and either arginine vasopressin (solid circles) or dDAVP
(open circles). Brain water contents are comparable in the two sexes,
returning to or toward control values after ten days of hyponatremia.
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complicate the treatment of chronic hyponatremia has
not been proven (see section “Rapid Correction of
Hyponatremia and Osmotic Demyelination”).224,225

Despite recurrent episodes of acute hyponatremia,
hyponatremic seizures, respiratory arrests requiring
endotracheal intubation, and rapid correction of hypo-
natremia (due to spontaneous diuresis), infants and
psychotic patients with acute water intoxication rarely
develop neurologic sequelae.209

Hyponatremic animals are more likely to die when
exposed to hypoxia than normonatremic animals, and
ischemic brain injury impairs the adaptive loss of brain
sodium which protects against brain swelling in hypo-
natremia.226 In addition, hyponatremia has been shown
to lower levels of the antioxidants taurine, glutathione,
and ascorbate in brain tissue, which could predispose
to oxidant injury when a period of hypoxia is followed
by reoxygenation.227,228

RAPID CORRECTION OF
HYPONATREMIA AND OSMOTIC

DEMYELINATION

Biochemical Effects of Rapid Correction
of Hyponatremia

Adaptations that protect against brain swelling also
predispose to injury when sustained hypotonicity is
suddenly corrected. When the plasma sodium is
returned to normal, cellular solutes lost in the adaptive
phase must be recovered to prevent cellular dehydra-
tion. Electrolytes and glutamate quickly return to the
brain after correction, but reaccumulation of other
organic osmolytes requires several days, because it
requires upregulation of sodium-dependent transport
proteins.229,230 The taurine transporter, SNAT2, may be
particularly important because of its preferential locali-
zation on oligodendrocytes, the cells that are selectively
damaged and lost when chronic hyponatremia is
rapidly corrected.231 After rapid correction of hypona-
tremia, solute-depleted brain cells are initially dehy-
drated. Brain electrolyte content then “overshoots,”
increasing to supernormal levels, possibly in compen-
sation for the deficit in organic osmolyte content225,232

(Figure 44.7).

Clinical Effect of Rapid Correction of
Hyponatremia

In humans, correction of severe chronic hyponatre-
mia by more than 10 mEq/L in 24 hours or 18 mEq/L
in less than 48 hours is associated with a distinctive
clinical disorder known as the “osmotic demyelination
syndrome”.210,233�236 In typical cases of the syndrome,

improvement of hyponatremic symptoms during cor-
rection of hyponatremia is followed within one to sev-
eral days by gradual neurologic deterioration.
Behavioral disturbances, seizures, movement disorders
or akinetic mutism may emerge, and severe cases
develop clinical features of a pontine disorder (pseudo-
bulbar palsy, quadriparesis, and pseudocoma).

The clinical symptoms are associated with demye-
linating brain lesions which can be demonstrated by
magnetic resonance images.237,238 The most characteris-
tic lesions are located in the center of the pons (“central
pontine myelinolysis”),239,240 but histologically similar
lesions are often found in a symmetrical distribution in
extrapontine areas of the brain where there is a close

FIGURE 44.7 Brain organic osmolytes and brain electrolytes

after rapid correction of experimental hyponatremia.232 The
figure depicts measurements of brain organic osmolytes (top panel)
and brain electrolytes (bottom panel) made in rats made hyponatre-
mic with dDAVP and a liquid diet and then corrected by withdrawal
of dDAVP. Brain organic osmolytes remain significantly below nor-
monatremic control levels (solid circle and dotted lines) on the first
two days after correction (C1 and C2), and have not reached normal
levels until five days after correction (C5). During the first two days
after correction, brain electrolyte content “overshoots” exceeding con-
trol levels.

1526 44. HYPONATREMIA

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



admixture of gray and white matter.234 The lesions are
distinctly different from those caused by hypoxia, and
they may develop without a preceding hypoxic
insult.209,235,236,241

Patients with acute hyponatremia (e.g., infants and
psychotic patients) usually tolerate rapid correction of
hyponatremia without developing complications, and
patients with liver disease (a disorder characterized by
low levels of brain myoinositol,242) alcoholism, malnu-
trition, and potassium depletion243 seem to be particu-
larly susceptible to osmotic demyelination.

Experimental Models of Osmotic Demyelination

The osmotic demyelination syndrome has been
reproduced in animal models in three different species
by multiple laboratories.206,244�248 These studies have
confirmed the strong clinical impression that the disor-
der is caused by treatment of hyponatremia, rather
than hyponatremia itself. Osmotic demyelination
does not develop in animals with uncorrected or
slowly-corrected hyponatremia. Rapid correction of
chronic (three days), but not acute, hyponatremia pro-
duces a delayed onset of neurologic symptoms and
brain lesions that are histologically similar to those seen
in the human disease. Neurologic deterioration and his-
tologic brain damage are preceded by pathologic evi-
dence of blood�brain barrier disruption which can be
demonstrated ultrastructurally as early as three hours,
and by magnetic resonance imaging one day after rapid
correction of hyponatremia.249�251 After excessive
correction of chronic hyponatremia, re-induction of
hyponatremia when neurologic findings begin to
appear improves survival and prevents the subsequent
appearance of myelinolysis in rats, and this strategy has
been successfully employed in isolated clinical case
reports.252�254

Depletion of brain organic osmolytes is felt to play a
key role in the blood�brain barrier disruption and
demyelination that occurs after rapid correction of
hyponatremia. In rats, measurements of organic osmo-
lyte content in different areas of the brain after rapid
correction of hyponatremia has shown that areas with
the most severe demyelinating lesions are those with
the least recovery of organic osmolytes.255 It has been
suggested that blood�brain barrier disruption can be
explained by loss of organic osmolytes from brain cap-
illary endothelial cells during the adaptation to hypo-
natremia with subsequent endothelial cell shrinkage
after rapid correction. Blood�brain barrier disruption
permits complement, and possibly other toxic plasma
constituents, to enter the brain, which may explain the
occurrence of progressive myelinolysis even after
blood�brain integrity is restored.249 Re-induction of
hyponatremia following rapid correction prevents

blood�brain barrier opening and microglial activation,
and this can also be achieved by administering gluco-
corticoids; however, while therapeutic re-lowering of
the serum sodium concentration reduced mortality
after rapid correction, glucocorticoids did not, suggest-
ing that the increased permeability seen in osmotic
demyelination syndrome may not be a primary patho-
physiological insult in this syndrome.252

Hyponatremic animals with uremia are relatively
tolerant of rapid correction, with a lower incidence and
severity of myelinolysis than non-uremic animals.225,256

Resistance to myelinolysis in uremia is associated with
more rapid reuptake of organic osmolytes, in particular
myoinositol, following rapid correction of hyponatre-
mia. In addition, rapidly corrected uremic animals do
not exhibit the “overshoot” in brain sodium content
seen in non-uremic animals. Normalization of brain
myoinositol can be accelerated in non-uremic hypona-
tremic rats by administering myoinositol exogenously
during rapid correction of the electrolyte distur-
bance.257 Exogenous myoinositol improves survival
and reduces mortality from rapid correction of chronic
hyponatremia in rats.258

BONE DISEASE IN HYPONATREMIA

Even mild hyponatremia is associated with gait
instability and an increased incidence of falls and frac-
tures.259,260 Hyponatremia-induced bone loss amplifies
the risk of fracture. Three months of severe hyponatre-
mia reduces bone mineral density by 30% in the rat,
and is associated with decreased bone formation and
increased bone resorption; cross-sectional human data
showing that mild hyponatremia is associated with sig-
nificantly increased odds of osteoporosis are consistent
with the experimental data in rodents.261

TREATMENT OF HYPOTONIC
HYPONATREMIA

Treatment Modalities

Water Restriction

Even with maximally-concentrated urine, evapora-
tive water losses from the skin and lungs will lead to
negative water balance and gradual correction of hypo-
natremia, regardless of the cause of the electrolyte dis-
turbance. In patients whose ability to dilute the urine is
intact (e.g., self-induced water intoxication) or can be
restored to normal (e.g., by saline infusion in volume-
depleted subjects), restriction of free water leads to a
steady and sometimes rapid increase in the plasma
sodium concentration. In patients with persistent
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defects in water excretion (e.g., SIADH caused by
tumors), water restriction alone increases the plasma
sodium concentration extremely slowly, and it will be
totally ineffective if the concentrations of sodium plus
potassium in the urine exceed that of plasma.262

Sodium Chloride

Assuming that free water intake is restricted,
sodium chloride solutions increase the plasma sodium
concentration as long as the electrolyte concentration of
the solution exceeds that of the urine. As urine cation
concentrations rarely exceed 400 mEq/L, 3% sodium
chloride (513 mEq/L) is always an effective treatment
for hyponatremia. Isotonic saline itself does little to
increase the plasma sodium concentration, unless it
provokes a water diuresis by eliminating a hemody-
namic stimulus for vasopressin secretion caused by
volume-depletion. In fact, large volumes of isotonic
saline can exacerbate hyponatremia in patients with
SIADH who excrete highly concentrated urine.89 The
rate of hypertonic saline infusion must be adjusted fre-
quently in response to the observed increase in serum
sodium concentration; predictive formulas are unreli-
able, because urinary water losses often increase dur-
ing therapy, even in patients who appear to have
euvolemic hyponatremia.263,264

Potassium Chloride

Given the relationship between the plasma sodium
concentration and exchangeable sodium and potas-
sium,3,8 it follows that potassium repletion of hypoka-
lemic hyponatremic subjects should increase the
plasma sodium concentration. There is limited pub-
lished experience validating this expectation in patients
with diuretic-induced hyponatremia,41 and in the
authors’ experience (unpublished observations) potas-
sium effectively corrects hyponatremia, regardless of
the cause of potassium depletion.

Loop Diuretics

By blocking sodium reabsorption in the ascending
limb of the loop of Henle, loop diuretics impair the
ability to maximally concentrate the urine, even in the
presence of high levels of plasma vasopressin. Used
alone or in combination with angiotensin-converting
enzyme inhibitors, loop diuretics are effective in treat-
ing hyponatremia associated with edematous
conditions.265�267 In patients with SIADH, loop diure-
tics can be combined with 3% saline for the treatment
of hyponatremic emergencies.268 Traditionally, in this
maneuver, urinary sodium losses are matched with
infused saline. However, given the adaptive loss of
sodium that occurs in SIADH, it may be more appro-
priate to allow sodium intake to exceed urinary losses.
In patients with SIADH who require chronic outpatient

therapy, loop diuretics combined with oral salt tablets
and potassium replacement (or concurrent therapy
with a potassium sparing diuretic) are effective.

Demeclocycline

Demeclocycline is a tetracycline antibiotic which
blocks the effect of vasopressin in the collecting duct.
After a few days of therapy, demeclocycline induces a
state of nephrogenic diabetes insipidus, which resolves
within several days when the drug is stopped.269 This
side-effect of the antibiotic has been exploited in the
long-term treatment of SIADH.270,271 Demeclocycline is
nephrotoxic in patients with heart failure and liver
disease.272,273

Urea

Urea, administered orally in a daily dose of 0.5 g/kg
body weight per day, increases urinary electrolyte free
water losses, allowing liberalized fluid intake in
patients with chronic hyponatremia due to SIADH,
and other disorders such as congestive heart fail-
ure.274,275 However, it tastes poorly and is contraindi-
cated in liver and renal failure. Intravenous urea has
also been effective in treating acute hyponatremia.276 In
experimental models, Soupart and Decaux have dem-
onstrated that acute correction of chronic hyponatremia
with urea decreases the risk of myelinolysis.277

Although the mechanism of this protection is
unknown, it has been speculated that urea enters the
brain and then is cleared from the plasma more slowly
than it is cleared from brain tissue,278,279 thereby pro-
tecting against brain cell shrinkage after rapid correc-
tion. Experience with urea is much more extensive in
Europe than in the United States.

V2-Receptor Antagonists

Vasopressin antagonists, called “vaptans” because
of the suffix applied to their generic names, block the
binding of vasopressin to its renal receptor, preventing
water reabsorption, decreasing urine osmololality,
and increasing urine output. These agents induce
a dose-related water diuresis lasting approximately
six hours without a significant increase in urinary
sodium or potassium excretion; therefore, vasopr-
essin receptor-antagonists are sometimes called “aqua-
retics”280�282 (Figure 44.8).

Tolvaptan (OPC-41061), and conivaptan (YM-087)
have been approved by the United States Food and
Drug Administration for the treatment of hyponatre-
mia. Tolvaptan is selective for the vasopressin-2 (V2)
receptor responsible for the antidiuretic actions of
arginine vasopressin, conivaptan is active at both the
V2 receptor and the V1a receptor responsible for the
vasoconstricting properties of arginine vasopressin.
Selective V2-antagonists have been shown to be
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effective in correcting hyponatremia due to SIADH, cir-
rhosis, and heart failure in humans.283�285 Conivaptan
corrects hyponatremia in animal models of cirrhosis,286

but it may be contraindicated in the human disease,
because blockade of the V1a receptor may potentially
provoke the hepatorenal syndrome. However, the dual
receptor activity may be particularly useful in patients
with CHF, because of load reduction from V1a recep-
tor-blockade combined with reduced cardiac preload
and increased sodium concentrations induced by V2
receptor antagonism.287,288

Because these agents cause a brisk and relatively
prolonged water diuresis, V2-receptor antagonists
may risk overly rapid correction and osmotic demye-
linization if they are used to treat severe chronic
hyponatremia. Indeed, in an experimental model of
chronic hyponatremia, increasing the plasma sodium
concentration with a V2-receptor antagonist was com-
parable to hypertonic saline in causing osmotic
demyelination.289

Therapeutic Guidelines

The proper treatment of hyponatremia has been a
controversial topic that has been extensively
reviewed.210,290,291 There is a general consensus that
the dangers of cerebral edema and seizures mandate
prompt and definitive treatment with one of the above
modalities to ensure that the plasma sodium concentra-
tion begins to return to normal. Initial therapy
in patients with acute hyponatremia or severe symp-
toms should probably begin with a bolus infusion of

1 to 2 ml/kg body weight of 3% saline, aiming for an
increase of 1 to 2 mEq/L.291�293 Therapy in all patients
should be limited to avoid iatrogenic injury. Most
investigators now agree that correction should not
exceed 10 mEq/L in a single day or 18 mEq/L in two
days, because these rates are sometimes harmful
in susceptible patients, and have no proven advantage
over more limited correction.291,294 It should be empha-
sized that these are limits and not therapeutic goals;
given the risks of severe neurological injury, and the
danger of inadvertently “overshooting the mark”
owing to an unexpected water diuresis, therapeutic
regimens should be targeted at an increase of
6 to 8 mEq/L/day, with adjustments based on
frequent measurements of the serum sodium
concentration.210,264,295

Managing Unintentional Overcorrection

If a water diuresis occurs during therapy, sodium
administration should be discontinued and, to avoid
overcorrection, water losses should either be replaced
or halted with the administration of desmopres-
sin.296,297 Alternatively, particularly in patients likely to
have reversibly impaired ability to excrete dilute urine,
desmopressin can be administered prophylactically,
thereby maintain relatively constant urinary water
losses while raising the serum sodium concentration
with a concurrent infusion of 3% saline.298

Even with careful management, many patients expe-
rience a greater than intended increase in sodium con-
centration.264,299 If this occurs, therapeutic re-lowering

FIGURE 44.8 Response to V2 receptor blocker in patients with SIADH.321 The figure depicts urine osmolality (panel a) and volume
(panel b) in control subjects (closed squares) and in patients with SIADH given OPC-31260 intravenously in three doses: 0.1 mg/kg (open cir-
cles); 0.25 mg/kg (open triangles); 0.5 mg/kg (closed circles). The urine osmolality falls significantly below control values and urine volume
increases significantly above control values after one hour at the two higher doses of the drug.
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of the serum sodium concentration with a brief infu-
sion of 5% dextrose in water, using desmopressin to
prevent further water losses, has been shown to be
well-tolerated in a small series and a few case
reports.296,297 As discussed previously, this strategy
prevents osmotic demyelination and mortality in
experimental models.252

NON-HYPOTONIC HYPONATREMIA

Pseudohyponatremia

Plasma is normally 93% water. Thus, a sodium con-
centration of 143 mEq/L in a sample of whole plasma
reflects a sodium concentration of 154 mEq/L in
plasma water (143/0.935 154). Physiologic saline solu-
tions (e.g., 0.9% NaCl) were designed to reproduce the
sodium concentration in plasma water.

Pseudohyponatremia is an exaggeration of the phys-
iologic dilution of plasma sodium by non-aqueous
material.300 High concentrations of intravascular pro-
tein (as in multiple myeloma) or lipid “dilute” the
plasma sodium concentration, but do not alter the sol-
ute concentrations of the intracellular or interstitial
fluid compartments. Because the “diluent” in these
conditions is non-aqueous, the sodium concentration of
the aqueous portion of a plasma sample, as determined
by an ion-specific electrode in undiluted serum or
plasma, is normal.301,302 Plasma osmolality, as mea-
sured by an osmometer, is also normal. Thus, hypo-
natremia associated with hyperlipidemia or
hyperproteinemia can be considered artifactual, and is
called “pseudo-hyponatremia.” Laboratory determina-
tions which depend on a diluting step yield artifac-
tually low sodium concentrations in samples taken
from patients with severe hyperlipidemia or plasma
cell dyscrasias, even if the instrument employs an ion-
specific electrode.301,303 In these disorders, the plasma
aliquot obtained for dilution contains less plasma
water (and therefore less sodium) than normal; the
sodium concentration in the diluted sample is thus arti-
factually reduced.

Hypertonic and Isotonic Hyponatremia

Pathophysiology

If non-permeant solutes other than sodium salts
accumulate in the extracellular space, the extracellular
fluid volume expands, reducing the concentration of
the sodium normally present in this fluid compart-
ment. Plasma osmolality varies, depending on the
cause of the syndrome.

Retention of a sodium-free isotonic solution (e.g.,
infusion of isotonic mannitol in a patient with renal

insufficiency who excretes the solute slowly) causes
isotonic hyponatremia. Mannitol, a solute that is
unable to permeate cell membranes, is confined to the
extracellular space; the fluid infused with the solute is
similarly confined.304 Thus, the extracellular fluid
expands, and the intracellular compartment is unaf-
fected. Sodium-free hypotonic solutions containing
impermeant solutes can be considered isotonic solu-
tions to which water has been added; hyponatremia
caused by these solutions is primarily extracellular, but
plasma osmolality is slightly reduced and the intracel-
lular compartment is slightly diluted.

Retention of a sodium-free hypertonic solution (e.g.,
infusion of hypertonic mannitol) causes hypertonic
hyponatremia.305 In this case, intracellular water is
osmotically drawn to the extracellular fluid compart-
ment, compounding the dilution of extracellular
sodium caused by the infused diluent. Thus, the
sodium concentration of the extracellular space is
reduced, while the osmolality of both extracellular and
intracellular fluid compartments is increased.306 A sim-
ilar phenomenon has been described after administra-
tion of IgG solutions containing maltose or sucrose.307

Hyperglycemia

Glucose normally contributes only 5 milliosmoles
per liter to plasma osmolality. The osmotic importance
of glucose increases dramatically in patients with dia-
betic hyperglycemia. As glucose cannot permeate most
cell membranes without insulin, hyperglycemia attracts
intracellular water to the extracellular space, causing
hyponatremia despite hyperosmolality of both extracel-
lular and intracellular fluid compartments. Several cor-
rection factors have been offered to quantify this
relationship.308 However, a precise correction factor is
probably unobtainable, because in practice hyperglyce-
mia develops, in part, from the ingestion of glucose
with water and resolves, in part, from the urinary
excretion of glucose with water.309 In patients with oli-
guric kidney failure, whose hyperglycemia is corrected
solely by metabolism, the change in serum sodium
during correction of hyperglycemia averages 1.6 mEq/L
per 100 mg/dl change in blood glucose, but with
considerable variability.310

Irrigant Absorption Syndrome

Until recently, fluid used to irrigate the operative
field during transurethral resection of the prostate
(TURP) and hysteroscopy had to be electrolyte free.311

To avoid hemolysis, isosmotic to slightly hypoosmotic
solutions of mannitol, sorbitol or glycine have been
utilized. Several liters of irrigant may be absorbed
systemically during these procedures, causing pro-
found hyponatremia.312�314 There are fundamental
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differences between irrigant absorption hyponatremia
and post-operative hypotonic hyponatremia.

The most commonly used irrigant is 1.5%
(200 mOsm/kg) glycine. Unlike patients dying of water
intoxication, cerebral edema is not a prominent finding
after systemic absorption of glycine irrigant and, in
contrast to water intoxication, plasma osmolality is
only mildly decreased despite severe hyponatre-
mia.315,316 Glycine and its metabolites, primarily serine
and glucose, remain in the plasma for hours after
absorption, contributing to plasma osmolality.315,317

Studies in experimental animals indicate that isos-
motic (2.2%) glycine is initially confined to the extracel-
lular space, markedly diluting the plasma sodium
concentration without changing plasma osmolality.318

As the amino acid enters skeletal muscle cells, carrying
water with it, the plasma sodium concentration
increases, but plasma osmolality remains constant,
owing to increased plasma levels of glycine, serine,
and other amino acids, urea, and glucose; in the
absence of hypoosmolality brain water content
increased only slightly because glycine did not enter
the brain318 (Figure 44.9). Toxicity from glycine or its
metabolites, rather than hyponatremia, may contribute
to the neurologic symptoms that develop after irrigant
absorption. Glycine is a major inhibitory transmitter in
retina, and visual hallucinations and transient blind-
ness may occur even in the absence of hyponatremia
after prostatectomy using glycine irrigant.319 Plasma
ammonia levels increase in glycine-infused animals

and in humans who have absorbed glycine irri-
gant.315,320 In brain, ammonia is metabolized by gluta-
mine synthase to form glutamine, which may serve to
protect the brain from the effects of hyperammonemia
in liver failure.242 In animals infused with isosmotic
glycine, increased brain glutamine may contribute to
the small increase in brain water content which
occurs.318 Levels of ammonia, a major metabolite of
glycine, have correlated with neurologic symptoms in
some, but not all, studies.

Recently, new resectoscopes have become available
which permit endoscopic surgery using isotonic saline.
As their use becomes more widespread, it is likely that
irrigant absorption syndromes, although fascinating,
will be relegated to historical interest.311

Hyperosmolality without Hyponatremia

Increased concentrations of permeant solutes like
urea or ethanol do not affect the distribution of water
in body fluid compartments, and do not cause hypona-
tremia. However, these solutes increase the plasma
osmolality and may cause diagnostic confusion if they
are present in patients with hypotonic hyponatremia
from other causes.
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Hypernatremic States
Christopher J. Rivard, Wei Wang and Laurence Chan

University of Colorado Denver, Aurora, Colorado, USA

Hypernatremia can occur with normal, increased or
decreased total body sodium content. In healthy indivi-
duals and in normal conditions, the plasma concentra-
tion of sodium ranges between 136 and 143 mEq/l of
plasma, despite large individual variations in the
intake of salt and water. The concentration is main-
tained at constant levels because of the homeostatic
mechanism in the body. Claude Bernard was the first
to appreciate that higher animals: “have really two
environments: a milieu exterieur in which the organism
is situated, and a milieu interieur in which the tissue ele-
ments live.” The latter is the extracellular fluid (ECF)
that bathes the cells of the body.1,2,3 Maintenance of
this consistency of plasma sodium and solute activity
is the function of the thirst�neurohypophyseal�renal
axis.4,5 Thirst and urinary concentration are the main
defenses against hyperosmolality, and hence hyperna-
tremia. Hypernatremia is a relatively common problem,
with prevalence in hospitalized patients of 0.5 to 2%. It
is defined as plasma Na1 concentration ([Na1]) greater
than 145 mEq/l. It can be produced by the administra-
tion of hypertonic sodium solutions or in almost all
cases, by the loss of free water. Since [Na1] is an effec-
tive osmole, the increase in the plasma osmolality
(Posm) induced by hypernatremia creates an osmotic
gradient that results in water movement out of the cells
into the ECF. It is this cellular dehydration, particularly
in the brain, that is primarily responsible for the neuro-
logic symptoms associated with hypernatremia. A simi-
lar syndrome can be produced when the plasma
osmolality is elevated by hyperglycemia. However,
when hyperosmolality is due to the accumulation of
cell-permeable solute, such as urea or ethanol, there is
no water shift in the steady-state because osmotic equi-
librium is reached by solute entering the cell.

REGULATION OF WATER HOMEOSTASIS

Significance of the Plasma Sodium
Concentration

The total body water (about 60% of body weight in
males and 50% in females) is distributed between the
intracellular fluid (ICF, 60% of body water) and extra-
cellular fluid (ECF, 40% of body water) spaces.6�9

Flame photometry and, more recently, ion selective
electrode technology have made the plasma sodium
concentration one of the simplest and most frequently
measured constituents of the body fluids. It is not
always appreciated that a given concentration of the
plasma sodium may be consistent with different func-
tional states.10,11 The plasma sodium is simply a con-
centration term, and as such reflects only the relative
amounts of sodium and water present in the sample.
The concentration is not a measure of total body
sodium content.12 It is determined empirically by the
following relationship:

Plasma ½Na1�5 Total-body Na1 1Total-body K1

Total-body water

ðEq:45:1Þ
The relationship indicates the fact that hypernatre-

mia can occur as a consequence of a decrease in total
body water, an increase in total body sodium or a com-
bination of these events. It gives no information regard-
ing replacement or removal of sodium. When flame
spectrophotometry is used to measure the amount of
sodium in a plasma sample, substances such as plasma
proteins, abnormally high glucose, and lipid can
occupy a large fraction of the plasma volume and
underestimate the actual sodium concentration. The
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ionic composition of the plasma is measured as millie-
quivalents per liter of plasma. Only about 930 ml of
each liter of plasma is water. The remaining 70 ml is
occupied by the plasma proteins and, to a lesser
degree, lipids. In the presence of hyperlipidemia or
hyperproteinemia, the plasma water content may be
less than 93%.

Generation of Hypernatremia

Since Na1 and its accompanying anions are the major
effective ECF osmoles, hypernatremia is a state of hyper-
osmolality. As a result of the fixed number of ICF parti-
cles, maintenance of osmotic equilibrium in
hypernatremia results in ICF volume-contraction. The
increase in the plasma osmolality induced by hyperna-
tremia creates an osmotic gradient that results in water
movement out of the cells into the ECF. A similar syn-
drome can be produced when plasma osmolality is ele-
vated by hyperglycemia. When hyperosmolality is due
to the accumulation of a cell-permeable solute, such as
urea or ethanol, there is no water shift because osmotic
equilibrium is reached by solute entry into cells.
Therefore, both urea and ethanol are ineffective osmoles.
Plasma osmolality can be measured directly by deter-
mining freezing point depression or vapor pressure.13,14

Variable changes in the plasma sodium concentration
occur with hyperglycemia. Since glucose enters cells
slowly, an increase in the plasma glucose concentration
raises effective plasma osmolality and causes water to
move from the cells into the ECF. By dilution, this lowers
the plasma Na1 concentration. In theory, every 62 mg/
dl increment in the plasma glucose concentration should
draw enough water out of the cells to reduce the plasma
Na1 concentration by 1 mEq/l.15,16

The number of particles per gram of water deter-
mines the osmolality of a solution. Since sodium salts
(particularly NaCl and NaHCO3), glucose, and urea
are primary extracellular osmoles, the plasma osmolal-
ity can be approximated from:

Plasma osmolality ðPosmÞ5

23Plasma ½Na1�1 ½Glucose�
18

1
BUN

2:8
ðEq:45:2Þ

where 2 reflects the osmotic contribution of the
anion accompanying Na1, and 18 and 2.8 represent
the conversion of the plasma glucose concentration
and blood urea nitrogen (BUN) from units of milli-
grams per deciliter (mg/dl) into millimoles per liter
(mmol/l).

Although urea contributes to the absolute value of
the Posm, it does not act to hold water within the extra-
cellular space because of its membrane permeability.

Therefore, urea is an ineffective osmole and does not
contribute to the effective Posm.

In general, the effective plasma osmolality can be
calculated from or estimated from:

Effective plasma osmolality5

Measured plasma osmolality2
BUN

2:8

or estimated from

Effective plasma osmolality5

23Plasma Na1
	 


1
½Glucose�

18

ðEq:45:3Þ

Under normal circumstances, glucose and urea con-
tribute less than 10 mOsm/kg H2O, and the plasma Na1

concentration is the main determinant of the plasma
osmolality, the osmolality of body fluids can be esti-
mated to be twice the plasma sodium concentration.14

The major ECF particles are Na1 and its accompa-
nying anions Cl2 and HCO3

2; a high plasma sodium
concentration is always associated with a high osmolal-
ity. This indicates that water is needed to restore isoto-
nicity. The water deficit can be estimated from the
plasma sodium level. The percentage increase in
sodium concentration approximates the percentage
decrease in total body water. The water deficit can be
estimated by the equation:

Water deficit5Total-body Water3
Plasma ½Na1�

140
21

� �
ðEq:45:4Þ

Total body water varies with body size and fat con-
tent. It is approximately 60% of body weight in young
men, 50% of body weight in old men and young
women, and only 40% in elderly women.

DEFENSE MECHANISMS AGAINST
WATER DEPLETION

Two primary mechanisms defend the body against
water depletion and hyperosmolality of extracellular
fluid space. These two defense mechanisms are the
capacity of the kidney to excrete a concentrated urine,
and stimulation of thirst to increase water intake. Each
pathway is very effective and disturbance of the urinary
concentrating mechanism alone generally does not
cause hyperosmolality if the thirst mechanism is intact.

Control of ADH Secretion

Hypernatremia results in the stimulation of both the
antidiuretic hormone (ADH) release and thirst by the
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hypothalamic osmoreceptors (Figure 45.1). Argenine
vasopressin is the ADH in humans.17 Argenine vaso-
pressin binds to specific receptors on collecting ducts
(V2 receptors), which are coupled to cyclic AMP
(cAMP) formation. The regulation of ADH release
from the posterior pituitary is dependent primarily on
two mechanisms: osmotic and nonosmotic pathways
(Figure 45.2). The osmotic regulation of ADH is depen-
dent on osmoreceptor cells in the anterior hypothala-
mus.18 These cells, most likely by altering their
volume, recognize changes in ECF osmolality. Cell vol-
ume is decreased readily by substances that are
restricted to the ECF, such as hypertonic saline or
hypertonic mannitol. These substances are effective in
stimulating ADH release. In contrast, urea moves read-
ily into cells, and therefore does not alter cell volume
and does not effectively stimulate ADH release.
A similar response pattern is evident when vaso-
pressin release is studied in the hypothala-
mo�neurohypophyseal complex in organ culture.
Specifically, sodium chloride, sucrose, and mannitol at
310 mOsm/kg H2O cause a three-fold increase in
argenine vasopressin release, while urea and glucose
fail to stimulate vasopressin. These studies also sup-
port the view that the receptor responds to changes in
osmolality rather than sodium. The effects of increased
osmolality on vasopressin release are associated with a
measurable increase in vasopressin precursor messen-
ger RNA (mRNA) in the hypothalamus19,20 and salt-

loading increases vasopressin RNA in the pituitary.21,22

Vasopressin release can also occur in the absence of
changes in plasma osmolality.23 Physical pain, emo-
tional stress, hypoglycemia, and a decrease in blood
pressure or blood volume are important nonosmotic
stimuli for vasopressin release. A 7 to 10% decrement
in blood pressure or blood volume causes the prompt
release of vasopressin (Figure 45.2). Although there are
considerable genetically-determined individual varia-
tions in both the threshold and sensitivity, a close cor-
relation between argenine vasopressin and plasma
osmolality has been demonstrated in subjects with var-
ious states of hydration (Figure 45.3).

The secretion of ADH generally begins when the
plasma osmolality exceeds 275 to 285 mOsm/kg H2O.

FIGURE 45.1 Regulation of water homeostasis: feedback loop

for the stimulation of antidiuretic hormone (ADH) release and
thirst. Hypernatremia results in an increase in the plasma osmolal-

ity, which enhances ADH secretion and thirst, resulting in water

retention and a reduction in the plasma osmolality toward normal.

FIGURE 45.2 Osmotic and nonosmotic stimulation of arginine

vasopressin release. (from ref. [90]).

FIGURE 45.3 Antidiuretic hormone (ADH) levels, urinary

osmolality, and thirst as functions of serum osmolality. (from ref.
[188]).
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The threshold for thirst appears to be approximately
10 mOsm/kg H2O above that of vasopressin release.
Prevention of a total body water deficit is thus largely
dependent on water intake as modulated by thirst. The
thirst center appears to be closely associated anatomi-
cally with the osmoreceptors in the region of the hypo-
thalamus. Defects in thirst response may involve either
organic or generalized central nervous system lesions,
and can lead to severe water deficit even in the pres-
ence of a normal concentrating mechanism. The water
deficit will occur more promptly if renal concentrating
ability is also impaired.24

Thirst and the Maintenance of Hypernatremia

Thirst is, in fact, so effective that even patients with
complete diabetes insipidus avoid hypernatremia by
fluid intake in excess of 10 l/day.25�27 Hypernatremia
supervenes, therefore, only when hypotonic fluid
losses occur in combination with a disturbance in
water intake. This is most commonly seen in the aged
with an alteration in level of consciousness, in the very
young with inadequate access to water or in a rare
subject with a primary disturbance in thirst.28,29

Prevention of a total body water deficit is thus largely
dependent on water intake as modulated by thirst. The
thirst center appears to be closely associated anatomi-
cally with the osmoreceptors in the region of the hypo-
thalamus. Defects in thirst response may involve either
organic or generalized central nervous system lesions,
and can lead to severe water deficit even in the pres-
ence of a normal concentrating mechanism.

In summary, persistent hypernatremia does not
occur in normal subjects, because the ensuing rise in
plasma osmolality stimulates both the releases of ADH,
thereby minimizing further water loss and, more
importantly, thirst. The associated increase in water
intake then lowers the plasma sodium concentration
back to normal. This regulatory system is so efficient
that the plasma osmolality is maintained within a
range of 1% to 2%, despite wide variations in sodium
and water intake. Even patients with diabetes insipi-
dus, who often have marked polyuria due to dimin-
ished ADH effect, maintain a near-normal plasma
sodium concentration by appropriately increasing
water intake. The net effect is that hypernatremia pri-
marily occurs in those patients who cannot express
thirst normally: infants and adults with impaired men-
tal status.30 The latter most often occurs in the elderly,
who also appear to have diminished osmotic stimula-
tion of thirst. A patient with a plasma sodium concen-
tration of 150 mEq/l or more who is alert but not
thirsty has, by definition, a hypothalamic lesion affect-
ing the thirst center.

CELLULAR RESPONSE TO
HYPERNATREMIA

Volume Regulation

When exposed to a change in extracellular osmolal-
ity, a cell shrinks or swells and subsequently exhibits
either a regulatory volume increase or a regulatory vol-
ume decrease.31�33 When exposed to hypertonicity, a
cell loses water until the intracellular and extracellular
osmolality are equal. Recovery of water is mediated by
accumulation of inorganic and organic solutes known
as osmolytes.31,34 The principle inorganic osmolytes are
Na1, K1, and Cl2. The principle organic osmolytes
may be classified into three general groups: polyols;
methylamines; and amino acids.35 A comparison of
major and minor organic osmolytes for the kidney and
brain are depicted in Table 45.1.

While hypernatremia in mammals affects all tissues,
the greatest potential for harm is to the brain and kid-
ney. Of these two organs, even modest changes in
serum osmolality can have severe consequences to the
brain, resulting in volume changes.36 In the brain, acute
hypernatremia is associated with a rapid decrease in
water content and a corresponding increase in
solute concentration.32 In a study of rats by Cserr
and co-workers,37,38 acute hypernatremia (plasma
Na15 180 mEq/l) was accompanied by a prompt

TABLE 45.1 Organic Osmolytes in Kidney and Brain

Organic Osmolyte Kidney 252�254 Brain 32,33

Major Glutamate Glutamate

Glutamine Glutamine

Taurine Taurine

Myoinositol Myoinositol

Urea Urea

Alanine Alanine

Sorbitol Aspartate

GPC Glycine

Betaine GABA

Minor Val/Leu/Isoleu Theonine

Phosphocreatine GPC

Creatine Betaine

Choline

Phosphocreatine

Lysine

Serine

GABA: γ-aminobutyric acid; GPC: glycerophosphorylcholine.
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decrease (7%) in total brain water content. The fall in
water content was less than expected for simple
osmotic behavior, indicating significant volume regula-
tion had occurred. Moreover, the decrease in total brain
water was the result of a fall in extracellular volume.
Intracellular volume was not significantly changed at
30 and 90 minutes. The rapid regulatory volume
increase was mediated by increases in Na1, K1, and
Cl2.38 Most of these ions were derived from bulk flow
of NaCl from cerebral spinal fluid (CSF). There was
also a lesser contribution of electrolytes from the blood.
During experimental hypernatremia in rabbits, intracel-
lular brain water content also decreased by 12% at
1 hour and by 17% at 4 hours, accompanied by a corre-
sponding increase in intracellular osmolality.39 Most of
the acute increase in brain osmolality was due to an
increase in intracellular sodium and potassium concen-
tration.40 Although a substantial component of the
increase in electrolyte concentration resulted from
transcellular water loss, whole brain electrolyte content
also increased, with the sodium content increasing from
26869 mm/kg dry weight in control animals to
321619 mmol/kg dry weight after 4 hours of hyperna-
tremia. After sustained hypernatremia of 7 days dura-
tion, brain water and volume values were restored to
normal. More prolonged hypernatremia results in accu-
mulation of organic osmolytes to restore total brain
water content to normal levels.41�43

In the kidney, the general mechanism for cellular
osmoregulation in the face of hypertonic conditions
involves the accumulation of organic rather than inor-
ganic osmolytes. This strategy for the transport of
organic rather than inorganic osmolytes across the cellu-
lar membrane has been explained in at least three
hypothesized mechanisms, as detailed in Table 45.2.
However, before mounting a coordinated osmoresponse,

cells experience a “molecular mayhem”44 due to the ini-
tial decrease in cellular volume, resulting in crowding of
macromolecules and an increase in ionic osmolytes.
These early changes in the cellular status, as well as the
loss of water which can affect a variety of biochemical
processes, can result in a variety of deleterious effects on
normal cellular functions and viability, as depicted in
Table 45.3.

Osmolytes

Organic molecules serve an important biologic func-
tion in the process of cellular osmoregulation.4 When
extracellular osmolality increases, organic molecules
accumulate in the cells, thus maintaining cell volume
and counteracting the perturbation of enzyme function
and protein structure by high concentrations of inor-
ganic ions and other molecules such as urea.45 Lien
and his co-workers32 studied the effect of varying
degrees and duration of hypernatremia on the concen-
trations of substances believed to be important idio-
genic brain osmoles in rats using conventional
biochemical assays, nuclear magnetic resonance spec-
troscopy, and high performance liquid chromatogra-
phy. Idiogenic osmoles have been postulated to
develop in the brain cells of patients suffering from
chronic elevations in the osmolality of ECF. Moreover,
the rapid correction of the osmolality in such patients
is associated with the development of cerebral edema.

It has been known for more than 35 years that
changes in intracellular brain sodium and potassium
concentrations cannot account for all of the observed
changes in brain osmolality that occur during chronic
exposure to extracellular hypernatremia. The solutes
that develop to maintain equality between extracellular
and intracellular brain osmolality during this adapta-
tion to hyperosmotic stress have been investigated by
several groups. Arieff and his associates46,47 have dem-
onstrated that osmoles accumulated in the brain of
chronic hypernatremic, but not in acute hypernatremic,

TABLE 45.2 Proposed Hypothesis for Cellular Osmoregulation in
the Kidney

Name Details Reference

Compatible
osmolyte
principle

Cells accumulate high levels of
polyols or certain amino acids that
do not affect protein function in
contrast to NaCl or KCl

255

Counteracting
osmolyte
principle

Cells accumulate methylamines (i.e.,
GPC or betaine) to attenuate the
destabilizing effect of urea on protein
structure

256,257

Constant
transmembrane
gradient

Cells maintain constant
transmembrane gradients for sodium
and potassium, thus the driving
force for sodium gradient-coupled
transport systems for organic and
inorganic solutes

258,259

TABLE 45.3 Effect of Early Hypertonic Stress on Kidney Cell
Function

General Function Reference

DNA: Damage, inhibition of repair, dissociation of
protein from chromatin, induction of p53

44,58,260,261,262

Metabolism, cell growth: Disruption of
mitochondria function, cell cycle arrest, growth
factor-dependent signaling inhibition, alteration in
cytoskeletal structure, inhibition of protein
translation

261,263�272

Secondary stress, apoptosis: Induction of
secondary oxidative stress, apoptosis

261,265,273
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rabbits. Other investigators have shown that the level
of amino acids and their derivatives, such as gluta-
mine, taurine, and urea, rise in the brain of chronic
hypernatremic animals, and account for about half of
the increment of brain osmoles.48 However, many of
the idiogenic osmoles have not yet been characterized
in brain tissue. Polyols and trimethylamines accumu-
late intracellularly in marine animals, plants, and bac-
teria when extracellular or environmental osmolality is
significantly increased. In this study, it was found that
the inorganic osmolytes account for 50% to 60% of the
increase in solute content, whereas organic osmolytes
account for the remainder during adaptation to chronic
hypernatremia (Figure 45.4).

Recovery from chronic hypernatremia involves a
small transient rise in brain water, which is restored to
normal within 48 hours. With the exception of myoino-
sitol, all the electrolytes and organic osmoles fall to
normal levels within 24 to 48 hours. The cellular
mechanisms responsible for the loss of intracellular
organic osmolytes are poorly understood. In vitro stud-
ies of brain tissue found that cell swelling causes rapid
loss of electrolytes and organic osmolytes. The losses of
cellular K1 and Cl2 are likely mediated by swelling-
activated ion channels. Characterization of the organic
osmolyte efflux pathways suggests that they represent
pores or channels in the membrane that are permeable
to Cl2, as well as small organic salts. Roy and
Banderali described a chloride channel that can trans-
port small organic solutes, such as taurine and amino
acids.5 No specific inhibitors of the pathways are
known. However, inhibitors of arachidonic acid metab-
olism are able to prevent activation of the efflux path-
way, implicating eicosanoids in the signal transduction
mechanism.

Lien et al. 32,33 reviewed previous studies to estimate
the percentage of the osmolality that is still idiogenic.
The contributions of electrolytes and other solutes to
the changes in brain osmolality for various durations

and degrees of hypernatremia were reported in differ-
ent studies (Table 45.4).

As a group, amino acids represent the major pool
of brain organic osmolytes (20�30%); polyols and
methylamines represent 7 to 10%. Taurine, a sulfo-
nated amino acid, appears to be very important in
neonatal brain volume regulation. Urea (8%�9%),
unlike other osmolytes, is not preferentially accumu-
lated intracellularly. Therefore, the vast majority of
the total change in brain osmolality can be accounted
for by changes in the concentrations of measured
solutes. In other words, there are no significant idio-
genic brain osmoles.49,50

Response to hypertonic conditions in the kidney
depends on the cell type, as determined by presence
along the nephron. Microdissection of kidney nephron
segments for study is difficult; however, data may be
obtained from in vitro studies of stable cell lines
derived from specific nephron segments. An example
of the heterogeneous nature of osmolyte accumulation
in response to hypertonic stress in cells along the neph-
ron is depicted in Figure 45.5.

While these data only summarize the changes in
selected organic osmolytes, the data indicate that dif-
ferent cells accumulate different osmolytes when chal-
lenged to increasing extracellular tonicity. Proximal
and distal tubule cells accumulate more myoinositol
compared with inner medullary collecting duct cells,
and the reverse is true for glycerophosphorylcholine
(GPC) in collecting duct cells. The cells located in the
inner medullary collecting duct (IMCD) cells are
exposed to the greatest range in tonicity, and are there-
fore valuable in studying the effects of chronic hyperto-
nicity on cellular accumulation of organic osmolytes.
Figure 45.6 demonstrates that IMCD3 cells accumulate
varying amounts of different organic osmolytes in
response to increasing levels of tonicity.

Of interest in these cells is the substantial accumula-
tion of sorbitol at substantially high hypertonic condi-
tions. Sorbitol plays an important role in the osmotic
response, especially at high tonicity, because it is not
required to be transported across the membrane in the
face of a substantial concentration gradient, but rather
is metabolized from glucose by the cellular protein
aldose reductase (AR). Thus, within the same cell line
of the kidney, substantial changes in the accumulation
of specific osmolytes occur with increasing tonicity. In
the kidney, further metabolism of sorbitol by sorbitol
dehydrogenase (SDH) produces fructose (polyol path-
way). Studies show that IMCD3 cells chronically
adapted to increasing levels of tonicity increase AR
message, while at the same time decreasing message
for SDH (Figure 45.7). This allows cells to accumulate
the organic osmolyte sorbitol. During a reduction in
tonicity, cells can export sorbitol from the cell via

FIGURE 45.4 Relative changes in brain osmolytes in chronic

hypernatremia. (from ref. [32]).
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sorbitol permease or by upregulation of SDH, thereby
converting sorbitol to fructose with eventual recycling
to glucose in the cell.

Accumulations of minor organic osmolytes in the
kidney are similar to major organic osmolytes in dem-
onstrating differential accumulation with increasing
levels of hypertonicity. Figure 45.8 shows that, similar
to major organic osmolytes, IMCD cells accumulate
various amino acids as minor organic osmolytes to dif-
ferent levels in response to increasing extracellular
tonicity. Glutamate and glutamine constitute the great-
est level of accumulation.

Adaptation to Hypertonicity: in Vivo versus
in Vitro

Interestingly, osmotic tollerance and adaptation is
quite different in kidney tissues compared to cells
grown in vitro. In the medulla of the kidney, cells rou-
tinely are bathed in hypertonic interstitum which

1500

0

500

1000

μm
ol

/g
 p

ro
te

in

Myo-inositol

GPC

Betaine

300 600 300 600 300 600

Proximal
tubule

Distal
tubule

Inner
medullary

collecting duct

mOsm/kgH2O

FIGURE 45.5 Comparison of typical organic osmolytes accumu-
lated in cell lines derived from the proximal tubule (LLC-PK1), dis-

tal tubule (thick ascending loop of Henle [TALH]), and inner

medullary collecting duct (IMCD). (From ref. [250, 251]).

TABLE 45.4 Published Experimental Models of Animals with Hypernatremia.

Contribution to Osmolality Change

Duration Animal Species Changes of Osmolality (mmol/kg) Na1 K1 Cl1 Other Solutes Reference

ACUTE HYPERNATREMIA (HOURS)

1 Rat 139 24 24 ND Amino acids Urea 106

1 Rabbit 60 38 32 18 ND 47

2 Rat 101 ND ND ND Urea 32,33

3 Rat 117 30 19 30 ND 43

4 Rat 55 ND ND ND Amino acids 274

4 Rabbit 96 21 26 24 Amino acids 47

9 Rabbit 118 29 19 25 ND 49

CHRONIC HYPERNATREMIA (DAYS)

3 Rat 74 ND ND ND Polyols 275

4 Rat 83 ND ND ND Amino acids 274

4 Mouse 80 19 26 ND Amino acids Urea 48

5 Rat 50 ND ND ND Amino acids Methylamines polyols 34

7 Rat 80 25 1 25 ND 43

7 Rabbit 80 8 5 15 Amino acids 47

58 28 21 19 ND

7 Rat 102 ND ND ND Amino acids Methylamines Polyols urea 32,33

ND: no data.
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reaches 1000 mOsm/kgH2O or more during antidiur-
esis51 without signs of cell injury.52,53 However, cul-
tured kidney cells including mouse IMCD354 and inner
medullary epithelial cells53,55 demonstrate substantial
cell death with acute changes in media tonicity. For
cultured cells, the rate at which cells are exposed to
increases in tonicity plays an important role in adapta-
tion and survival. Capasso and co-workers demon-
strated that small increases of 50�100 mOsm/KgH2O
allow IMCD3 cells to be adapted to levels of
900 mOsm/KgH2O or greater.56,57 Extensive studies by
Cai and co-workers determined a similar finding for
mIM cells, in that a linear increase in culture tonicity
allowed for better adaptation and survival.53,55

Furthermore, they demonstrated that hormone addi-
tions, including insulin-like growth factor I, epidermal
growth factor or vasopressin, and use of growth sup-
ports including porous media, collagen I, collagen IV,
fibronectin, laminin or fibrillar collagen I, have no sig-
nificant effect on cellular adaptation to acute increases
in tonicity.55 Rather, these researchers suggested that
cells which demonstrate greater proliferative rates, and
thus increased DNA replication, are more sensitive to
acute changes in tonicity.53,58 This level of sensitivity to
acute changes in tonicity can be blunted if cells in cul-
ture are preadapted to moderate levels of tonicity.53

Regulation of Transcription in Response
to Hypertonicity

Hypertonicity-induced stimulation of transcription
plays an important role in the adaptation of renal cells
to hypertonicity.59,60 The regulatory sequence element
named tonicity-responsive enhancer (TonE) has been
found in the promoter region of a large number of
osmotic response genes identified in Table 45.5. The
TonE-binding protein (TonEBP) mediates the transcrip-
tional stimulation in response to hypertonicity. These
sequences have been found in the 52 flanking region of
the aldose reductase gene in several species, suggesting
a common mechanism by which tonicity response
genes are regulated.59,60 The TonEBP protein has been
cloned by a number of researchers naming this protein
nuclear factor of activated T-cell 5 (NFAT5),61 NFAT-
like protein 1 (NFATL1),62 and osmotic response
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element-binding protein (OREBP).63 TonEBP/NFAT5
belongs to the Rel family of transcription factors which
includes NF-kB and the calcineurin binding NFATs.64

This family is defined by the conserved Rel DNA-bind-
ing domain.65 The DNA-binding domain of TonEBP/
NFAT5 has the ability to encircle the DNA, which may
allow for greater kinetic stability.66 The TonEBP/NFAT5
DNA-binding domain requires dimerization similar
to NF-kB proteins to bind to DNA. In addition,
TonEBP/NFAT5 forms dimers only with itself and not
with other members of the Rel family. It also has a stric-
ter recognition sequence (TGGAAAC/A/T) as com-
pared to other Rel proteins.

Regulation of TonEBP/NFAT5 transcriptional activ-
ity in response to hypertonicity involves: (1) nuclear
translocation; (2) upregulation of transcriptional activ-
ity; and (3) enhanced synthesis. Under unstimulated
conditions, TonEBP/NFAT5 proteins shuttle in and
out of the nucleus. However, following exposure of
cells to hypertonic conditions, essentially all of the
TonEBP/NFAT5 protein is translocated to the nucleus.
This trafficking of TonEBP/NFAT5 to the nucleus
is regulated by both specific nuclear localization
sequences (NLS) and specific nucleoporin complexes.67

Under hypertonic conditions, Nucleoporin 88 is

upregulated in IMCD3 cells, and acts in concert with
other nucleoporins to form a complex which retains
TonEBP/NFAT5 to the nucleus. Transcriptional activa-
tion of TonEBP/NFAT5 is via the hypertonicity-
responsive C-terminal domain.68,69 While TonEBP/
NFAT5 is phosphorylated in response to hypertoncity,
and phosphorylation correlates with increased transac-
tivation activity, activation can also occur in the pres-
ence of increased tonicity without phosphorylation.68

Various studies have identified a number of kinases to
be involved in phosphorylation of TonEBP/NFAT5
including p38, Fyn, PKA, ATM, and PI3K.70�73 Finally,
TonEBP/NFAT5 is also regulated by increased synthe-
sis, resulting in substantial increases in protein under
hypertonic conditions.69,74 Increased levels of TonEBP/
NFAT5 mRNA under hypertonic conditions are in part
due to enhanced stabilization of pre-existing mRNA
mediated by the 50UTR of the message.75

An alternative role for TonEBP/NFAT5 has slowly
emerged as additional transcriptional targets are iden-
tified. Lee and co-workers have used microarray analy-
sis to identify greater than 100 genes in which
transcription was upregulated two-fold or greater
under a moderate increase in tonicity.76 While the con-
ventional osmotic response targets were identified (see
Table 45.5), non-osmolyte accumulating genes were
identified including asporin, insulin-like growth factor-
binding protein 5 and 7, and extracellular lysopho-
spholipase D. While mice lacking TonEBP/NFAT5
demonstrate reduced embryo survival and substantial
perinatal death, implicating renal defects,77,78 embry-
onic lethality may not be renal in nature as the mainte-
nance of the extracellular milieu of the developing
embryo is dependent on the placenta, and not the
developing kidney.64 In fact, TonEBP/NFAT5 has been
shown to be expressed in most developing organs of
the mouse embryo.79 Furthermore, Dressler and co-
workers have shown that Pax-2 knockout mice, which
fail to develop kidneys, do not suffer from embryonic
lethality.80 While the exact nature of TonEBP/NFAT5
involvement in embryonic organ development is still
unknown, it is likely extremely important to embryo
development.

Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is a physical
phenomenon of atomic nuclei that has many biochemi-
cal and biophysical applications.81�83 The methodolo-
gies derived from NMR imaging enable the chemical
identification of different molecules, kinetic analysis of
suitable chemical reactions, studies of secondary and
tertiary protein structure, and analysis of recep-
tor�ligand interactions. It is this latter application that
has become an important clinical tool. The application

TABLE 45.5 Tonicity Enhancer Binding Protein (TonEBP)
Target Genes

Target Gene

Gene Name Abbreviation Function Reference

Aldose reductase AR Conversion of
glucose to
sorbitol

78,276

Sodium/myoinositol
co-transporter

SMIT Transports
myoinositol

78,277

Sodium/chloride/
betaine co-transporter

BGT1 Transport
betaine

60,78

Urea transporter UT-A Vasopressin-
regulated urea
transporter

278

Taurine transporter TauT Specific amino
acid
transporter

279

Heat shock protein 70 HSP70�2 Molecular
chaperone

77,280

Sodium-coupled neutral
amino acid transporter-2

ATA2,
SNAT2

Neutral amino
acid
transporter

281

Osmotic stress protein 94 Osp94 Putative
molecular
chaperone

282

Aquaporin 2 AQP2 Water channel 78,283
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of spectroscopy, in concert with different imaging
methods, ultimately may prove even more valuable
than imaging alone in our understanding of the patho-
genesis of different diseases. Bloch and Purcell first
demonstrated NMR as a physical phenomenon, inde-
pendently, in 1946. The fundamental basis of the NMR
phenomenon is that nuclei have a quantum characteris-
tic called spin, which because of the charged nature of
the nucleus results in these nuclei having magnetic
moments, and the net biological samples having mag-
netic moment in the direction of an applied external
magnetic field (Bo). Transitions between the spin state
aligned with and against the Bo field can be induced
by a radiofrequency pulse, and sampled by radiofre-
quency antenna as free induction decay (FID). The FID
can be transformed from a plot of magnetization-ver-
sus-time to a plot of magnetization-versus-frequency,
also called an NMR spectrum, by a mathematical
manipulation called a Fourier transformation. The fre-
quency of the FID (υ) can be predicted by the knowl-
edge of the nucleus under study and its gyromagnetic
ratio (τ), and the magnitude of the Bo field by the fol-
lowing relationship:

υ5 τBo=2π ð45:5Þ
The area under the resultant spectral peak is directly

proportional to the quantity of nuclei existing free in
solution in the sample being studied. This, in fact, is
the basis of NMR imaging experiments. Spectroscopic
methodologies make use of the fact that the chemical
environment of a given nucleus placed in a Bo field
will affect the effective magnetic field of a given
nucleus (Beff). This can be described by the chemical
environment of a nucleus defining the density of the
electron cloud about that nucleus, which tends to
appose the Bo field. We can, therefore, describe a
shielding constant σ that results from this electron
cloud apposing the Bo field in the following equation:

Beff 5Bo ð12σÞ ð45:6Þ
The magnitude of σ is usually small, and it is

expressed in the dimensionless term of parts per mil-
lion (ppm). This means that the spectrum acquired
from a sample, containing the same nucleus in differ-
ent chemical environments, will have multiple spectral
peaks corresponding to these different chemical envir-
onments, allowing for chemical identification on the
basis of the shielding constants of these nuclei, also
known as chemical shift. Chemical shift, expressed in
parts per million, is independent of the strength of the
Bo field. Although other physical phenomena may be
used in chemical identification (e.g., spin coupling,
nuclear Overhauser effect), chemical shift is the pri-
mary method of chemical identification that has been
used in NMR of living tissues.81,82

Figure 45.9 shows the H-1 NMR spectra of brain
extract from normal and hypernatremic rats. The
most prominent peaks represent N-acetylaspartate
(2.02 ppm) and phosphocreatine (3.03 and 3.93 ppm).
The peaks in the range of 2.0 to 2.5 ppm represent pri-
marily amino acids, which have not been completely
characterized yet. But it was evident that the peak area
was larger in severe chronic hypernatremia than nor-
mal rat. The major peaks of polyols and trimethyla-
mines were located between 3.1 and 3.9 ppm; GPC,
3.23; betaine, 3.26; myoinositol, 3.27, 3.57, 3.59, 3.61,
and 4.06; and sorbitol, 3.85 ppm. We observed the
increase of GPC, betaine, and myoinositol in severe
chronic hypernatremia compared with normal rats.
Sorbitol peak was not visualized in normal rats with
severe chronic hypernatremia. The spectra of brain
extracts from acute hypernatremia were similar to
those of normal rats, and thus are not shown.32

Using clinical magnetic resonance imaging (MRI)
and spectroscopy, Lee and his co-workers84 examined
an 18-month-old girl with severe dehydration
and hypernatremia (plasma sodium concentration
195 mEq/l). A conventional 1.5 Tesla (1.5 T) Sigma
General Electric magnetic resonance scanner was used.
After MRI, quantitative proton NMR spectroscopy was
performed in the parietal and occipital regions of the
patient’s cerebral cortex, revealing primarily white
matter and gray matter, respectively. Spectra from the
same regions in 50 healthy infants were also acquired.
MRI revealed partial haloprosencephaly. Proton NMR
spectroscopy of occipital gray matter and parietal
white matter revealed several striking abnormalities
(Figure 45.10). The principle abnormality was a rever-
sal of the normal ratio of peak intensities between the
neuronal metabolite N-acetylaspartate and the putative
osmolyte myoinositol. The principle change was in the
concentration of myoinositol, which was three times
normal, whereas that of N-acetylaspartate was normal.
Concentrations of choline and glutamine (plus gluta-
mate) were also increased. The sequential spectra
obtained during correction of the dehydration are
shown (Figure 45.10).

The calculated concentrations of the five principle
metabolites shown in the spectra of the infant’s brain
on days 4 to 36 are shown in Table 45.6. The direct
determination of patterns of disordered cerebral
organic osmolytes by proton NMR spectroscopy may
be valuable in guiding therapy.84,85

NMR analyses of metabolic changes in the kidney in
response to hypertonic stress have focused on specific
cell lines and, in particular, the inner medullary collect-
ing duct. Analysis of changes in organic osmolytes
with respect to chronic adaptation of IMCD3 cells to
increasing tonicity from 300 to 900 mOsm/kg H2O
were studied by proton NMR, as shown in
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FIGURE 45.9 Proton nuclear magnetic resonance (NMR) spectra of brain extracts from normal rat (a) and severe chronic hypernatre-

mic rat (b). These spectra are the sum of 128 transients and are referenced to trimethylsilylproprionate (TSP). Only peaks derived from
glycerophosphoryl choline (GPC), betaine 67, myoinositol (M), amino acids (AA), phosphocreatine (PCr), and N-acetylaspartate (NAA)
have been labeled. (from ref. [32]).

1551CELLULAR RESPONSE TO HYPERNATREMIA

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



Figure 45.11. Gross examination of NMR spectra
demonstrates profound changes in nearly all organic
osmolytes. Analysis of phosphorylated compounds can
be determined by 86P NMR, as shown in Figure 45.12.
In a similar fashion, initial reflection indicates a sub-
stantial increase in GPC with more minor changes in
GPE and PCr. While 86P NMR has been used for analy-
sis of nucleotide triphosphates (NTPs), possibly
improved techniques involving HPLC-MS appear to

provide for higher sensitivity, greater reproducibility,
and throughput for analytical measurements.

ETIOLOGY OF HYPERNATREMIC STATES

Hypernatremia may be due to primary Na1 gain or
water deficit (Table 45.7). The two components of an
appropriate response to hypernatremia are increased
water intake stimulated by thirst, and the excretion of
the minimum volume of maximally-concentrated urine
reflecting ADH secretion in response to an osmotic stim-
ulus.87,88 Most cases of hypernatremia result from the
loss of water. Since water is distributed between the ICF
and the ECF in a 2:1 ratio, a given amount of solute-free
water loss will result in a two-fold greater reduction in
the ICF compartment than the ECF compartment.
Sodium overload will result in hypernatremia with an
increase in total body sodium, and the patient will have
an increase in ECF. Water deficit, however, may occur
with low or normal total body sodium.

Water deficit in excess of sodium deficit is associated
with hypovolemic hypernatremia, and the patient will
have low total body sodium. When hypernatremia is
caused by pure water loss, the patient is euvolemic and
the total body sodium remains normal. The causes of
water losses in both of these settings may be renal or
extrarenal. Renal losses of water may be a consequence of
diabetes insipidus or osmotic diuresis. Diabetes insipidus
will be discussed in more detail later in this chapter, in
hypernatremia associated with normal total body sodium.

In the absence of increased water losses, hypernatre-
mia can still develop (with normal total body sodium)
if there is primary hypothalamic disease impairing
thirst (called hypodipsia). Two different syndromes have
been described, which are most often due to tumors,
granulomatous diseases (such as sarcoidosis) or vascu-
lar disease. In the first, there is a defect in thirst, with or
without concomitant diabetes insipidus. In this disor-
der, forced water intake is usually sufficient to maintain
a normal plasma sodium concentration.89,90 Other
hypodipsic patients will not respond to water-loading,
as the excess water will be excreted in the urine with lit-
tle change in the plasma sodium concentration.91,92

Transient hypernatremia (in which the plasma
sodium concentration can rise by 10 to 15 mEq/l
within a few minutes) can be induced by severe exer-
cise or seizures, which are also associated with the
development of lactic acidosis. In this setting, the
breakdown of glycogen into smaller, more osmotically
active molecules (such as lactate) can increase the cell
osmolality, thereby causing the osmotic movement of
water into the cells. The plasma sodium concentration
returns to normal within 5 to 15 minutes after the ces-
sation of exertion.

FIGURE 45.10 Short-echo-time proton nuclear magnetic reso-

nance (NMR) spectrum of cortical gray matter in an infant with

severe dehydration. The striking differences from normal in this
patient were the apparent increase in myoinositol and the decrease in
N-acetylaspartate. The increase in myoinositol was accompanied by
increases in the concentrations of its stereoisomer, scyllo-inositol (sl),
and choline-containing compounds (ho), especially glycerophosphor-
yl choline (GPC), glutamine plus glutamate (Glx), and creatine. (from
ref. [84]).
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CLASSIFICATION OF HYPERNATREMIA
BASED ON TOTAL BODY SODIUM

Another clinical approach to the hypernatremic
patient is based on the assessment of the ECF volume
status and the total body sodium.

Hypernatremia in Patients with Low Total Body
Sodium

Patients who sustain losses of both sodium and
water, but with a relatively greater loss of water, are

classified as having hypernatremia with low total body
sodium. Signs of hypovolemia include orthostatic
hypotension, tachycardia, flat neck veins, poor skin tur-
gor, and dry mucous membranes. Isotonic sodium
chloride should be given until systemic hemodynamics
are stabilized.

The sources of free water loss that can lead to hyper-
natremia if intake is not increased include insensible
water loss from the skin by evaporation and sweat, the
loss of which is increased by fever, exercise, and expo-
sure to high temperatures. Burns and infections will
also increase the water loss. Some gastrointestinal
losses, particularly osmotic diarrheas, will promote the

TABLE 45.6 Results of Clinical Proton NMR Specteroscopy for Cerebral Osmometry of the Brain of an Infant with Hypernatremia and
Normal Subjects

Study Patients (mmol)

Metabolite Normal Subjects Day 4 Day 7 Day 11 Day 22 Day 36

Myoinositol 6 18 13 13 11 10

Choline 1.5 3.3 2.6 2.7 2.7 2.5

Creatine 8 10 8 9 8 8

Glutamine plus glutamate 15 18 15 15 15 10

N-acetylaspartate 8 6 6 7 7 7

Total 38.5 55.3 44.6 46.7 43.7 37.5

Excess metabolite 0 1 16.8 1 6.1 1 8.2 1 5.2 2 1.0

From Lee, J.H., Arcinue, E., and Ross, B. D. (1994). Brief report: Organic osmolytes in the brain of an infant with hypernatremia (see comments). N. Engl. J. Med. 331, 439�442,
with permission.
Peak areas were converted to concentrations as previously described .266 The T1 and T2 relaxation times of water and each metabolite were within the normal

range given in that report, except for myoinositol, for which the value obtained in this study was 209 msec. As compared with a mean (6 SD) of 301 6 33 in the

study by Ernst et al.266

Betaine

Myo-inositol

Taurine

Betaine

PC/GPC

PCr/Cr

Glutamine

Glutamate

Alanine

Lactate
Val/Leu/IIe

TMSP
external standard

900 mOsm/kgH2O

600 mOsm/kgH2O

300 mOsm/kgH2O

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
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FIGURE 45.11 1H-nuclear magnetic resonance

(NMR) spectra of PCA cell extracts.These spectra
show the differences between cells cultivated in
media containing 300 (bottom), 600 (middle), and
900 mOsm/kg H2O (upper spectrum) (GPC: glycero-
phosphocholine; PC: phosphocholine; Cr: creatine;
PCr: phosphocreatine; TMSP: trimethylsilyl propio-
nic-2,2,3,3,-d4 acid).

1553CLASSIFICATION OF HYPERNATREMIA BASED ON TOTAL BODY SODIUM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



development of hypernatremia, because the sodium
plus potassium concentration is less than that in the
plasma.93 Although primarily recognized in children,
lactulose-induced diarrhea leading to hypernatremia
appears to be common. Since the renal water-
and sodium-conserving mechanisms operate norm-
ally in these patients, urinary osmolality is high

(usually .800 mOsm/kg H2O), and urinary sodium
concentration is low (, 10 mEq/l). An elevation in the
plasma sodium concentration with diarrhea illness is
particularly common in infants in whom fluid replace-
ment with a relatively dilute solution can minimize the
risk of hypernatremia. Decreased release of ADH or
renal resistance to its effect causes the excretion of rela-
tively dilute urine.94,95 Most of these patients have a
normal thirst mechanism. As a result, they typically
present with polyuria and polydipsia, and at most a
high-normal plasma sodium concentration. However,
marked and symptomatic hypernatremia can occur if a
central lesion impairs both ADH release and thirst,
thereby preventing replacement of the urinary water
losses.

An osmotic diuresis due to glucose, mannitol or
urea causes an increase in urine output in which the
sodium plus potassium concentration is well below
that in the plasma, because of the presence of the non-
reabsorbed organic solute. Patients with diabetic ketoa-
cidosis or nonketotic hyperglycemia typically present
with marked hyperosmolality, although the plasma
sodium concentration may not be elevated due to
hyperglycemia-induced water movement out of the
cells. Hypotonic losses can also occur by the renal route
during a loop diuretic-induced hypotonic diuresis or
an osmotic diuresis with mannitol, glucose, glycerol or,
more rarely, urea. Elderly patients with partial urinary
tract obstruction can excrete large volumes of hypo-
tonic urine.96 The urine in these cases is hypotonic or
isotonic, and the urinary sodium concentration is
greater than 20 mEq/l. Since glucose and mannitol
enhance osmotic water movement from the intracellu-
lar fluid to the ECF compartment, some of these
patients may have a normal or even low serum sodium
concentration, in spite of serum hypertonicity.

Hypernatremia in Patients with Normal Total
Body Sodium

When hypernatremia is caused by pure water loss,
total body sodium remains normal. Patients are usually
euvolemic. The extrarenal sources of such water losses
are the skin and the respiratory tract. A high environ-
mental temperature, as well as a febrile or hypermeta-
bolic states, can cause considerable water losses. If
such hypotonic losses are not accompanied by appro-
priate water intake, hypernatremia supervenes. Urine
osmolality is very high, reflecting an intact osmorecep-
tor�vasopressin�renal response. Urinary sodium con-
centration will vary according to the patient’s sodium
intake. This kind of hypernatremia has been reported
in hepatic failure.97 It was believed to occur due to total
body water loss. The possible mechanisms include

PME
PC

Pi

GPE GPC

PCr

NTP

NDP NAD
UDPG

900 mOsm/kgH2O

600 mOsm/kgH2O

300 mOsm/kgH2O

FIGURE 45.12 31P-nuclear magnetic resonance (NMR) spectra

of PCA cell extracts. These spectra show the differences between
cells cultivated in media containing 300 (bottom), 600 (middle), and
900 mOsm/kg H2O (upper spectrum) (PME: phosphomonoester; PC:
phophocholine; Pi: inorganic phosphate; GPE: glycerophophoethano-
lamine; GPC: glycerophophocholine; PCr: phosphocreatine; NTP:
nucleotide triphosphates; NDP: nucleotide diphosphates; NAD: nico-
tinamide adenine dinucleotide; UDPG: uridine diphosphosphate
glucose).

TABLE 45.7 Etiology of Hypernatremic States

Water loss

Insensible
Increased sweating
Burns
Respiratory infections

Renal
Central diabetes insipidus
Nephrogenic diabetes insipidus
Osmotic diuresis

Gastrointestinal
Osmotic diarrhea

Hypothalamic
Primary hypodipsia

Reset osmostat due to volume expansion in primary
mineralocorticoid excess

Water loss into cells
Seizures or severe exercise
Rhabdomyoluiss

Sodium overload
Administration of hypertonic NaCl or NaHCO3

Ingestion of sodium
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increased insensible losses, decreased access to water
secondary to hepatic encephalopathy, and increased
hypotonic losses in stool secondary to osmotic cathar-
tics used for treatment of encephalopathy. Chronic
alcoholic subjects with end-stage liver disease who
present with fulminant liver failure and hepatic
encephalopathy have a high mortality rate.97,98 Patients
with liver disease who develop hypernatremia are par-
ticularly susceptible to the development of cerebral
demyelinating lesions.

Diabetes insipidus is a polyuric disorder character-
ized by high rates of electrolyte-free water excretion.99

When these are not appropriately replaced, hyperna-
tremia supervenes. The causes of central neurogenic
diabetes insipidus are listed in Table 45.8. If the thirst
mechanism is intact and water is available, patients
with central diabetes insipidus do not develop hyper-
natremia, and thus have no symptoms except for the
inconvenience associated with the marked polyuria
and polydipsia. With concomitant hypodipsia, no
access to water or an illness that precludes adequate
water intake, however, severe and even life-threatening
hypernatremia can supervene.

Hypernatremia secondary to nonosmotic urinary
water loss is usually due to central or neurogenic dia-
betes insipidus characterized by impaired argenine
vasopressin secretion or nephrogenic diabetes insipi-
dus resulting from end-organ (renal) resistance to the

actions of AVP. The most common cause of central dia-
betes insipidus is destruction of the neurohypophysis.
This may occur as a result of trauma, neurosurgery,
granulomatous disease, neoplasms, vascular accidents
or infection. In many cases, central diabetes insipidus
is idiopathic and may occasionally be hereditary. The
familial form of the disease is inherited in an autoso-
mal dominant fashion, and has been attributed to
mutations in the propressophysin (argenine vasopres-
sin precursor) gene.100�104 Nephrogenic diabetes insipi-
dus may be either inherited or acquired. Congenital
nephrogenic diabetes insipidus I is an X-linked
recessive trait due to mutations in the V2 receptor
gene.105�112 Mutations in the autosomal aquaporin-2
gene may also result in NDI.113�118 The aquaporin-2
gene encodes the water channel protein whose mem-
brane insertion is stimulated by AVP. The causes of
sporadic nephrogenic diabetes insipidus are numerous,
and include drugs (especially lithium),119�126 hypercal-
cemia, hypokalemia, and conditions that impair med-
ullary hypertonicity (e.g., papillary necrosis or osmotic
diuresis).127�131 Pregnant women, in the second or
third trimester, may develop nephrogenic diabetes insi-
pidus as a result of excessive elaboration of vasopressi-
nase by the placenta.132,133

Congenital nephrogenic diabetes insipidus is a rare
hereditary disorder in which the renal tubule is insen-
sitive to vasopressin.134 The disease manifests itself in
the complete clinical form only in males and in a sub-
clinical form in females, suggesting a sex-linked domi-
nant inheritance with variable penetrance in the
female. The gene responsible for the defect has, in fact,
been mapped to region 28 on the long arm of the
X-chromosome (Xq28). Although the disease is most
probably inborn, the diagnosis is usually not made
until the infant has hyposmolar urine with severe
dehydration, hypernatremia, vomiting, and fever.
Unlike some of the females, who have partial respon-
siveness to vasopressin, the male with the full-blown
complete form of this disorder will not have hypertonic
urine even in the face of severe dehydration. The
impaired growth and occasional mental retardation
that supervene in these cases are most likely due to
repeated episodes of dehydration and hypernatremia,
rather than being integral components of the disease.
Hydronephrosis is also common in these patients, per-
haps because of voluntary retention of large volumes
of urine, with subsequent vesicoureteral reflux.135

Neither vasopressin nor other pharmacologic agents
that potentiate its action or stimulate its release, such
as chlorpropamide, are effective in concentrating the
urine of patients with nephrogenic diabetes insipidus.
An intact thirst mechanism is, therefore, indispensable
for the maintenance of good hydration in children with
this disorder, as is careful monitoring of fluid balance.

TABLE 45.8 Causes of Central Diabetes Insipidus (CDI)

Hereditary
Autosomal dominant
Autosomal recessive (Wolfram syndrome)
Acquired
Head trauma, skull fracture, and orbital trauma
Posthypophysectomy
Suprasellar and intrasellar tumors
Primary (suprasellar cyst, craniopharyngioma, pinealoma,
meningioma, and glioma)
Metastatic (breast or lung cancer, leukemia, and lymphomas)
Granulomas
Sarcoid
Wegener granulomatosis
Tuberculosis
Syphilis
Histiocytosis
Eosinophilic granuloma
Hand�Schuller�Christian disease
Infections
Encephalitis
Meningitis
Guillain-Barre syndrome
Vascular
Cerebral aneurysm
Cerebral thrombosis or hemorrhage
Sickle cell disease
Postpartum necrosis (Sheehan syndrome)
Pregnancy (transient)
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Since the excretion of solute requires further water
losses, children with this disorder who need rehydra-
tion should receive hypotonic (2.5%) rather than iso-
tonic (5%) glucose solutions. Glucosuria may occur
with the latter solution, and thus aggravate fluid
losses.

Limitation of oral solute intake (low-sodium diet)
may also lead to a decrease in urine flow in patients
with nephrogenic diabetes insipidus. Thiazide diure-
tics, which inhibit sodium reabsorption in the cortical
diluting segment of the nephron, have met with some
success in the management of these patients. The abil-
ity of thiazides to diminish sodium reabsorption in this
water-impermeable portion of the nephron would itself
decrease CH2O, but not urine flow. It seems most likely
that the decrease in urine flow is secondary to the
sodium loss and ECF volume-contraction. ECF vol-
ume-depletion in turn decreases glomerular filtration
rate (GFR), and increases proximal tubular sodium and
water reabsorption. These secondary effects of the
diuretic agent then decrease urine flow. The ECF vol-
ume-contraction can be maintained with a low sodium
intake after discontinuance of the diuretic, so that the
therapy still remains effective. The addition of amilor-
ide to hydrochlorothiazide may provide added bene-
fit.136�139 Nonsteroidal anti-inflammatory agents have
been found to be effective.

The acquired form of nephrogenic diabetes insipi-
dus is much more common than the congenital form of
the disease, but it is rarely severe.140 While maximal
concentrating ability is impaired in this disorder, the
ability to elaborate a hypertonic urine is usually pre-
served. Nocturia, polyuria, and polydipsia may
occur in this acquired form of nephrogenic diabetes
insipidus, but the urine volumes are generally less
(, 3�4 l/day) than those observed with complete cen-
tral diabetes insipidus, psychogenic water-drinking or
congenital nephrogenic central diabetes insipidus. The
more common causes of acquired nephrogenic diabetes
insipidus are listed in Table 45.9.

A defect in renal concentrating capacity is a consis-
tent accompaniment of most forms of advanced renal
failure.141,142 Thus, chronic renal failure constitutes a
form of acquired nephrogenic diabetes insipidus.
Advanced renal insufficiency of any cause can cause a
vasopressin resistance associated with hypotonic urine.
In some forms of kidney disease vasopressin unrespon-
siveness can occur at a stage when GFR is not
markedly diminished. The occurrence of a profound
diuresis in association with a concentrating defect in
glomerular diseases of the kidney is rare and, in gen-
eral, a close correlation exists between GFR and maxi-
mal urinary osmolality. The causes of the defect in
renal concentrating capacity associated with chronic
renal failure are probably multiple.143�145 These

include: (1) a disruption of inner medullary structures
or local alterations in medullary blood flow, as is seen
in tubulointerstitial diseases, sickle cell disease,146,147

and analgesic nephropathy; (2) impairment in sodium
chloride transport out of the thick ascending limb of
Henle’s loop, a process that limits maximal interstitial
tonicity; and (3) increase in solute excretion in the
remaining few functioning nephrons, an adaptive
response to the need to excrete the same solute load as
the normal kidney.

Hypokalemia has long been known to cause poly-
uria as a consequence of a vasopressin-resistant renal
concentrating defect.40 A direct effect of hypokalemia
on the collecting tubule is supported by studies in the
toad bladder which show a decrease in cyclic AMP
and vasopressin-stimulated water flow when potas-
sium is removed from the bathing solution.148 These
findings suggest both a precyclic AMP and postcyclic
AMP defect. The hypokalemia-induced resistance to
vasopressin is associated with decreased cyclic AMP
accumulation, apparently due to decreased adenylyl
cyclase activity. Hypokalemia from any cause, such as
diarrhea, chronic diuretic use or primary aldosteron-
ism, may be associated with a urinary concentrating
defect. The defect is generally reversible, but requires a
longer time (1�3 months) than would be expected
from a purely functional defect.

Hypercalcemia is another well-recognized cause of
impaired urinary concentrating ability.149�151 A decre-
ment in medullary interstitial tonicity is clearly present

TABLE 45.9 Causes of Acquired Nephrogenic Diabetes Insipidus
(NDI)

Chronic renal disease
Polycystic disease
Medullary cystic disease
Ureteral obstruction
Amyloidosis
Advanced renal failure of any etiology
Electrolyte disorders
Hypokalemia
Hypercalcemia
Drugs
Alcohol
Lithium
Demeclocycline
Glyburide
Amphotericin
Foscarnet
Sickle cell disease
Dietary abnormalities
Excessive water intake
Decreased sodium chloride intake
Decreased protein intake
Miscellaneous
Gestational diabetes insipidus
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with hypercalcemia, which may be related to dimin-
ished solute reabsorption in the thick ascending limb.
This defect is associated with a decrement in AVP-
stimulated adenylate cyclase in this nephron segment.
The concentrating defect is, however, multifactorial, as
the elaboration of hypotonic urine implies an intrinsic
defect in the collecting tubule. In this regard, studies in
isolated toad bladders, as well as papillary collecting
ducts, reveal a decreased response to vasopressin in
hypercalcemia.

Various pharmacologic agents have been found to
impair the renal capacity to concentrate urine
(Table 45.9). Ethanol and phenytoin (Dilantin) seem to
exert their action by a central effect on vasopressin
release.152 Some hypoglycemic agents cause a diuresis
by a mechanism probably unrelated to suppression of
vasopressin release. The renal toxicity of amphotericin
can manifest in the form of a concentrating defect.153

Foscarnet, an agent increasingly employed in the treat-
ment of cytomegalovirus (CMV) infection in patients
with acquired immune deficiency syndrome (AIDS),
has been described to cause a nephrogenic diabetes
insipidus.91,154

The drugs most commonly associated with nephro-
genic diabetes insipidus are demeclocycline and lith-
ium.119,120,122,123,125,155 Since it was first recognized as a
cause of nephrogenic diabetes insipidus, demeclocy-
cline has become the drug of choice for the treatment
of the syndrome of inappropriate ADH secretion
(SIADH). It has yet to be determined if demeclocycline
reduces argenine vasopressin secretion. It is clear, how-
ever, that demeclocycline induces dose-dependent
decreases in human renal medullary adenylate cyclase
activity. Since the drug decreases not only vasopressin
but also cyclic AMP-stimulated water flow, a postcyclic
AMP defect may be operant.156

Lithium is the most common cause of nephrogenic
diabetes insipidus. There is no evidence that lithium
impairs vasopressin release. In terms of the mechanism
of its renal action, lithium does not interfere with accu-
mulation of medullary solutes. Thus, an intrinsic tubu-
lar defect is postulated. In this regard, lithium
decreases vasopressin-stimulated water transport in
the perfused cortical collecting duct. An inhibition in
adenylate cyclase or in cyclic AMP generation is
observed in human tissue and cultured cells exposed
to the cation, as well as in animals chronically treated
with lithium. More recently, a downregulation of the
vasopressin-regulated water channel (aquaporin) has
been described in lithium-treated rats.157 It is of interest
that the urinary aquaporin levels remained low after
removal of lithium, in line with the slow recovery of
concentrating ability seen in man.

A renal concentrating defect is a common accompa-
niment of sickle cell anemia and sickle cell

trait.146,158,159 Sickling of red blood cells in the hyper-
tonic medullary interstitium with occlusion of the vasa
recta appears to cause inner medullary and papillary
damage. Microradioangiographic studies have failed to
demonstrate vasa recta blood flow in patients with
sickle cell disease. The resultant medullary ischemia
may impair sodium chloride transport in the
ascending limb, and thus diminish medullary tonicity.
Transfusions of normal blood have been shown to
restore renal concentrating capacity in children, thus
indicating that the sickled red blood cells have a role in
the defect. With more prolonged disease, medullary
infarcts occur and the concentrating defect is no longer
reversible with transfusions.

The syndrome of essential hypernatremia and hypo-
dipsia has been described in patients with normal total
body sodium. A partial list of causes of this hypodip-
sia-hypernatremia syndrome is shown in Table 45.10.
These patients exhibit persistent hypernatremia not
explained by any volume loss. There is absence or
attenuation of thirst. The patient may also have partial
diabetes insipidus and a normal renal response to
ADH. This is due to a primary hypothalamic disease
impairing thirst (called hypodipsia). Two different syn-
dromes have been described, which are most often due
to tumors, granulomatous diseases (such as sarcoido-
sis) or vascular disease. In the first, there is a defect in
thirst, with or without concomitant diabetes insipidus.
In this disorder, forced water intake is usually suffi-
cient to maintain a normal plasma sodium concentra-
tion.89,160 Other hypodipsic patients will not respond to
water-loading, as the excess water will be excreted in
the urine with little change in the plasma sodium con-
centration.91,92 It had been postulated that these

TABLE 45.10 Causes of the Hypodipsia�Hypernatremia
Syndrome

Ectopic pinealoma
Dysgerminoma/germinoma
Craniopharyngioma
Teratoma
Meningioma
Metastatic bronchial carcinoma
Eosinophilic granuloma
Hand�Schuller�Christian disease
Ganulomatous tumor
Hypothalamic neuronal degeneration
Subarachnoid hemorrhage
Posttraumatic carotid cavernous fistula
Microcephaly
Occult hydrocephalus
Head trauma
Aneurysectomy (anterior communicating artery)
Sarcoidosis

From Levi, M., and Berl, T. (1982). Water metabolism In “Current Nephrology,”

Vol 5, 37, Gonick, H. C. (ed.). Year Book Medical, Chicago.130
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patients had a reset osmostat upward (called essential
hypernatremia), so that the new high plasma sodium
concentration was recognized as normal.161,162 Thus,
giving water will decrease ADH release, and the excess
water will be excreted in dilute urine. It is now clear,
however, that these patients have selective injury to the
osmoreceptors, with ADH secretion being primarily
governed by changes in volume.163 Thus, the suppres-
sion of ADH release by water-loading in this setting is
due to the associated mild volume expansion, rather
than a fall in plasma osmolality. True resetting of the
osmostat upwards has been described only in patients
with primary mineralocorticoid excess (such as pri-
mary hyperaldosteronism). The plasma sodium con-
centration in these patients is usually between 143 and
147 mEq/l. It is presumed that the suppressive effect of
chronic mild volume expansion on ADH release is
responsible for the resetting. This appears to be due to
a specific osmoreceptor defect resulting in nonosmotic
regulation of argenine vasopressin release. These
patients are characterized by persistent hypernatremia
not explained by any apparent extracellular volume
loss with a normal response to AVP. It has been pro-
posed that these patients have a “resetting” of the
osmoreceptor, since these patients tend to concentrate
and dilute urine at inappropriately high levels of
plasma osmolality.164�169 However, using the regres-
sion analysis of plasma argenine vasopressin level ver-
sus plasma osmolality, it has been shown that in some
of these patients the tendency to concentrate and dilute
urine at inappropriately high levels of plasma osmolal-
ity is due solely to a marked reduction in sensitivity or
gain of the osmoregulatory mechanism. In other
patients, however, plasma argenine vasopressin levels
fluctuate in a random manner, bearing no apparent
relationship to changes in plasma osmolality. Such
patients frequently display large swings in serum
sodium concentration. It appears that most patients
with essential hypernatremia fit one of these two

patterns.88,170 Hypodipsia can also occur in elderly
patients without overt hypothalamic lesions, and can
culminate in severe hypernatremia.168,171 It has been
suggested that a decrement in angiotensin II-mediated
thirst existed in the elderly.29,172

Hypernatremia in Patients with Increased
Total Body Sodium

Hypernatremia with increased total body sodium is
the least common type of hypernatremia, and is usu-
ally due to exogenous administration of hypertonic
sodium containing solutes (Table 45.11).13 Acute and
often marked hypernatremia (in which the plasma
sodium concentration can exceed 175�200 mEq/l) can
be induced by the administration of hypertonic
sodium-containing solutions. Hypernatremia super-
venes during resuscitative efforts with hypertonic
sodium bicarbonate,46,173 inadvertent intravascular
infusion of hypertonic saline in therapeutic abortions,
inadvertent dialysis against a high sodium concentra-
tion dialysate, sea water drowning, and even after
ingestion of large quantities of sodium chloride table-
ts.174�178 Accidental or nonaccidental salt poisoning
has been reported in infants and young children, and
in patients taking highly concentrated saline emetic or
gargle.174,179,180 The hypernatremia in this setting will
correct spontaneously if renal function is normal, since
the excess sodium will be rapidly excreted in the urine.
This process can be facilitated by inducing a sodium
and water diuresis with a loop diuretic, and then repla-
cing the urine output with water. Too rapid correction
should be avoided if the patient is asymptotic. Since
the hypernatremia is generally very acute with little
time for cerebral adaptation, these patients are less
likely to develop cerebral edema during correc-
tion.181,182 The degree of hyperosmolality is typically
mild, unless the thirst mechanism is abnormal or access

TABLE 45.11 Therapeutic Hypertonic Solutions

Solute

Molecular

Weight

Concentration

(mg/dL%)

Osmolality

(mosm/kg water)

Typical

Container Size

(ML) Use

Sodium
chloride

58.5 3 1026 500 Emergency teatment of hypotonic states; intra-amniotic
instillation for therapeutic abortion

5 1711 500

20 6845 250

Sodium
bicarbonate

84.0 5 1190 500 Treatment of metaboliuc acidosis, hyperkalemia,
cardiopulmonary arrest

7.5 1786 50

From Morrison, G., and Singer, L. (1994). Hyperosmolal states. In “Clinical Disorders of Fluid and Electrolyte Metabolism,” 646, Narins, R. G., (ed.). McGraw-Hill, New York.187
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to water is limited. This occurs in infants, the physi-
cally handicapped, patients with impaired mental sta-
tus, in the postoperative state, and in patients on
ventilators. Patients with primary hyperaldosteronism
and Cushing syndrome have slight, clinically unimpor-
tant elevations in serum sodium concentration. As
expected, patients with hypernatremia and high total
body sodium excrete generous quantities of the cation
in the urine.

CLINICAL FEATURES IN
HYPERNATREMIA

A complete history and physical examination will
often provide clues as to the underlying cause of
hypernatremia.183,184 Relevant symptoms and signs
include the absence or presence of thirst, diaphoresis,
diarrhea, polyuria, and the features of ECF volume
contraction.185�188 The major symptoms of hyperna-
tremia are neurologic and include altered mental sta-
tus, weakness, neuromuscular irritability, focal
neurologic deficits, and occasionally coma or seizures
(Table 45.12). As a consequence of hypertonicity, water
shifts out of cells, leading to a contracted ICF volume.
A decreased brain cell volume is associated with an
increased risk of subarachnoid or intracerebral
hemorrhage.189�192 Patients may also complain of poly-
uria or thirst. For unknown reasons, patients with poly-
dipsia from CDI tend to prefer ice-cold water. The
signs and symptoms of volume depletion are often
present in patients with a history of excessive sweating,
diarrhea or an osmotic diuresis.132,183,193�197

The severity of the clinical manifestations is related
to the acuity and magnitude of the rise in plasma Na1

concentration. Chronic hypernatremia is generally less
symptomatic as a result of adaptive mechanisms
designed to defend cell volume. Brain cells initially
take up Na1 and K1 salts, later followed by accumula-
tion of organic osmolytes, such as inositol. This serves
to restore the brain ICF volume towards normal.

The signs and symptoms of hypernatremia are most
likely related to a variety of anatomic derangements.

The most prominent manifestations of hyperosmolar
disorders are of a neurologic nature.198�204 The loss of
volume and the shrinkage of brain cells associated with
the hyperosmolar states causes tearing of cerebral ves-
sels. In addition to these gross anatomic changes, the
brain sustains alterations in the composition of water
and solutes that may be of great importance in the
pathophysiology of the symptoms of hypernatremia.
These are responses designed to regulate volume and
restore cell size. Thus, the water losses are not as severe
as would be predicted. In the early phase, the entry of
sodium and chloride into brain cells greatly mitigates
the loss of water that would otherwise occur from ideal
osmotic behavior. After 7 days of hypernatremia, brain
water has returned to control levels as brain osmolality
remains elevated. At this time idiogenic osmoles
account for as much as 60% of the increase in intracellu-
lar osmolality. It now seems possible that some of these
idiogenic osmoles are due to an increase in intracellular
amino acids, particularly taurine. In addition, accumu-
lation of osmolytes such as urea, glutamine, glycerol-
phosphorylcholine, and myoinositol has been
documented in hypernatremic rats, as well as in human
using NMR spectroscopy.

Measurement of urine volume and osmolality are
essential in the evaluation of hypernatremia. The
appropriate renal response to hypernatremia is the
excretion of the minimum volume (500 ml/d) of maxi-
mally-concentrated urine (urine osmolality greater
than 800 mOsm/kg H2O). These findings suggest
extrarenal or remote renal water loss or administration
of hypertonic Na1 salt solutions. The presence of a pri-
mary Na1 excess can be confirmed by the presence of
ECF volume expansion and natriuresis (urine Na1 con-
centration usually greater than 100 mmol/l). Many
causes of hypernatremia are associated with polyuria
and a submaximal urine osmolality. The product of the
urine volume and osmolality, i.e., the solute excretion
rate, is helpful in determining the basis of the polyuria.
To maintain a steady-state, total solute excretion must
equal solute production. Individuals eating a normal
diet generate approximately 600 mOsm/d. Therefore,
daily solute excretion in excess of 750 mOsm/d defines
an osmotic diuresis. This can be confirmed by measur-
ing the urine glucose and urea. In general, both CDI
and NDI present with polyuria and hypotonic urine
(urine osmolality less than 250 mOsm/kg H2O). The
degree of hypernatremia is usually mild unless there is
an associated thirst abnormality.

THERAPY FOR HYPERNATREMIA

The therapeutic goals are to stop ongoing water loss
by treating the underlying cause, and to correct the

TABLE 45.12 Signs and Symptoms of Hypernatremia

Intense thirst
Irritability
Signs of volume depletion (variable)
Nausea or vomiting
Depression of sensorium
Seizures (unusual in adults)
Focal neurologic deficits
Muscle spasticity (unusual in adults)
Fever
Labored respiration
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water deficit. The specific approach depends on the
patient’s ECF volume (Table 45.13). Reversal of hyper-
natremic state must be undertaken slowly to prevent
neurological complications. Rapid correction may
result in cerebral edema, seizure, and death.183,205�211

When the patient has low total body sodium, as
evidenced by circulatory manifestations (e.g., orthostatic
hypotension), isotonic sodium chloride should be given
until systemic hemodynamics are stabilized. Thereafter,
the hypernatremia can be treated with 0.45% sodium
chloride or 5% dextrose. When the patient is hypervole-
mic and hypernatremic, the removal of excess sodium is
the goal, which can be achieved either by administration
of diuretics along with 5% dextrose or, if renal function
is impaired, by dialysis. The euvolemic hypernatremic
patient who has sustained pure water losses requires
water replacement as a 5% dextrose infusion. The water
deficit in this setting can be calculated based on the cur-
rent sodium concentration and body weight, using the
assumption that total body water is approximately 50 or
60% of body weight:

Water deficit5Total-body water3
Plasma ½Na1�

140

� �
ð45:7Þ

In addition to replacing the calculated water deficit,
ongoing fluid losses should be replaced. In acute
hypernatremia, repletion of the water deficit may be
faster. The electrolytes accumulated in the brain during
hypernatremia are rapidly extruded into the extracellu-
lar space during treatment, minimizing the risk of cere-
bral edema.206 In contrast, rapid correction in chronic
hypernatremia is potentially dangerous. In this case, a
sudden decrease in osmolality could potentially cause
a rapid shift of water into cells that have undergone
osmotic adaptation. This would result in swollen brain
cells, and increase the risk of seizures or permanent
neurologic damage.212 A slower rate of correction prob-
ably can prevent this sequence of events by allowing
idiogenic osmoles time to be dissipated.

The plasma Na1 concentration should be lowered
by 0.5 mmol/L per hour, and by no more than
12 mmol/L over the first 24 hours. The safest route of
administration of water is by mouth or via a nasogas-
tric tube (or other feeding tube). Alternatively, 5%
dextrose in water or half-isotonic saline can be given
intravenously. The patient’s neurological status should
be monitored carefully throughout treatment.
Deterioration of neurological status after an initial
improvement suggests the development of cerebral

TABLE 45.13 Diagnosis and Therapeutic Approach to the Hypernatremic Patient

Urinary

Causes Tonicity Na1 (mEq/L) Therapies

Hypovolemia
Low total body
Na1, H2O loss

Renal loss
Osmotic or loop diuretics
Postobstruction
Intrinsic renal disease

Iso-
Hypo-

.20 Hypotonic saline

Extrarenal loss
Dermal
Sweating
Burns

Gastrointestinal
Diarrhea
Fistulas

Hyper- ,10

Euvolemia
Normal total body Na1

H2O loss

Renal loss
Diabetes insipidus
Nephrogenic
Central
Partial
Gestational
Hypodispsia

Hypo-
Iso-
Hyper-

Variable Water replacement

Extrarenal loss
Insensible losses
Respiratory
Dermal

Hyper- Variable

Hypervolemia
Increased total body Na1

Na1 addition

Primary hyperaldosteronism
Cushing syndrome
Hypertonic dialysate
Hypertonic sodium bicarbonate
Sodium chloride tablets

Iso-
Hyper-

.20 Diuretics and water replacement
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edema, and mandates temporary discontinuation or
slowing the rate of water replacement.

In patients with essential hypernatremia and the
elderly with hypodipsia, 1 to 2 liters of water per day
may need to be administered as a prescription.
Chlorpropamide itself augments thirst, and its use
with desmopressin in patients with adipsia has been
proposed.

Patients with central diabetes insipidus do not
develop hypernatremia if the thirst mechanism is intact
and water is available. Hormonal replacement and
pharmacologic agents are available for the treatment
of central diabetes insipidus. In acute settings, such as
after hypophysectomy, the aqueous vasopressin
(Pitressin) preparation is preferable. Its short duration
of action allows for more careful monitoring, and
decreases the likelihood of complications such as water
intoxication. In chronic settings, vasopressin tannate in
oil (Pitressin Tannate) is potent and effective for 24 to
72 hours. It requires a deep subcutaneous or intramus-
cular injection by a fairly large-gauge needle, because
of the viscosity of the oil vehicle. This material can
cause sterile abscesses in some subjects, and on occa-
sion be associated with resistance due to development
of antibodies.213�215 A modification of the natural vaso-
pressin molecule to form desmopressin acetate
(dDAVP) has resulted in a compound with prolonged
antidiuretic activity (6�24 hours) and virtual elimina-
tion of vasopressor activity (antidiuretic to pressor
ratio of approximately 2000:1) compared with the natu-
ral hormone argenine vasopressin (duration of action
of 2�4 hours and antidiuretic to pressor ratio of
1:1216�220). Substitution of D-argenine for L-argenine at
position 8 resulted in a peptide DAVP with diminished
vasopressor activity, and deamination of the hemicys-
teine at position 1 gave rise to a second peptide, with
enhanced antidiuretic to pressor activity and pro-
longed duration of action. dDAVP is administered
intranasally in the dosage ranging from 10 to 20 μg
every 8 to 12 hours.221,222 Intranasal dDAVP is now the
treatment of choice for central diabetes insipidus.

In some patients with partial central diabetes insipi-
dus, drugs that stimulate argenine vasopressin secre-
tion or enhance its action on the kidney have been
useful. These include chlorpropamide, clofibrate, car-
bamazepine, and nonsteroidal anti-inflammatory drugs
(NSAIDs).223�226 Since, with very dilute urine of fixed
osmolality, the urine volume is determined by the sol-
ute-load requiring excretion, a reduction of salt and
protein in the diet will reduce the major urinary
solutes, and thus the volume of urine necessary to
accommodate their excretion.14 A number of pharmaco-
logic agents with antidiuretic properties are also used.
Chlorpropamide (Diabinese) is the most commonly
used. Its antidiuretic effects are manifested only if some

vasopressin is present, and it is therefore useful only in
partial diabetes insipidus. In Brattleboro rats with dia-
betes insipidus, chlorpropamide augmented the anti-
diuretic responses to dDAVP. A trial of 250 mg every
day or twice a day may be offered to patients with par-
tial central diabetes insipidus and at least 7 days
allowed for an effect to occur. The anticonvulsant carba-
mazepine (Tegretol) has also caused antidiuresis in sub-
jects with diabetes insipidus. A combination of
chlorpropamide and carbamazepine has been found to
provide an effect that could be synergistic.227,228

Clofibrate also has been used to treat partial central dia-
betes insipidus.

In patients with nephrogenic diabetes insipidus, the
concentrating defect may be reversible by treating the
underlying disorder or eliminating the offending drug.
Symptomatic polyuria can be treated with a low-
sodium diet and thiazide diuretics.136 This induces
mild volume-depletion, which leads to enhanced proxi-
mal reabsorption of salt and water, and decreased
delivery to the site of action of AVP, the collecting
duct. By impairing renal prostaglandin synthesis,
NSAIDs potentiate argenine vasopressin action, and
thereby increase urine osmolality and decrease urine
volume.229 Amiloride may be useful in patients with
nephrogenic diabetes insipidus who need to be on lith-
ium.126,230 The nephrotoxicity of lithium requires the
drug to be taken up into collecting duct cells via the
amiloride-sensitive Na1 channel.

CLINICAL STUDIES AND OUTCOME

The clinical outcome of patients with hypernatremia
depends on the age of the patient and the rapidity with
which the hypernatremic state was attained.231�233

Acute hypernatremia is associated with a 40% mortal-
ity, whereas the mortality for chronic hypernatremia is
about 10%. In children, the mortality of acute hyperna-
tremia ranges between 10 and 70%, with a mean of
approximately 45%. Unfortunately, even in survivors,
neurologic sequelae are common, affecting as many as
two-thirds of the children.30,234�237 In adults, acute ele-
vation of serum sodium above 160 mEq/l is associated
with a 75% mortality, while the mortality in chronic
cases is approximately 60%. Note, however, that in the
adult, hypernatremia frequently occurs in the setting of
serious underlying diseases, which may be the primary
cause of the high mortality.153,238�240

Table 45.14 summarizes clinical studies of hyperna-
tremia in adults that have been published over the past
two decades. From these varied studies,232,233,241�246 it
is apparent that hypernatremia is a common distur-
bance, with an incidence ranging from less than 1% to
more than 3%. The variation in incidence is, in part, a

1561CLINICAL STUDIES AND OUTCOME

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



function of the populations at risk and the definition of
hypernatremia used in various studies. The patient
groups at increased risk for development of severe
hypernatremia are listed in Table 45.15. Hypernatremia
developing in nonhospitalized adults is predominantly
a disease of the elderly,86,245,247�249 is commonly a
manifestation of underlying infection, and may reflect
inadequate nursing care of patients in chronic care
facilities. However, hospital-acquired hypernatremia

occurs in a wider range of patients with an age distri-
bution more similar to the general hospitalized popula-
tion. The main factor contributing to the development
of hypernatremia is the inability to control water intake
in the setting of increased water losses. Pure water loss
from diabetes insipidus rarely contributes to its devel-
opment; more common etiologies of water loss include
diuretic administration, solute diuresis, enteral fluid
loss, and fever. The results from these clinical series

TABLE 45.14 Published Clinical Series of Patients with Hypernatremia

Series reference

Definition [Na],

mmol/L N Incidence

Age years,

mean6SD Etiologic Factors Mortality

Daggett et al. 242 .154 20 0.12% N/A Diabetes mellitus (57%) 40%

CNS disease (57%)

Mahowald and
Himmelstein 245

.150 23 N/A 726 12 Infection (224%) 52%

Himmelstein et al. 243 .150 56 0.65�2.25 736 15 Infection (174%) 46%

Nursing home care (265%)

Snyder et al. 246 .148 age 162 1.1% 786 9 Febrile illness infirmity 42%

.205 years Nutritional supplementation post-
operative state

Bhatnagar and Weinkove
241

.160 27 N/A 71.4 Poor intake (55%) 79%

Increased insensible losses

Diuresis (100%)

Increased GI losses (241%)

Long et al. 244 .150 160 0.3% 76 median Diuretics (193%) 54%

Depressed sensorium 80%

Febrile illness (205%)

Mechanical ventilation (221%)

Borra et al. 86 .150 111 3.5% On admission Infection (267%) 49%

836 11 Malignancy (158%)

Hospital-acquired Diabetes mellitus (67%)

766 15

Palevsky 232 .150 103 On admission On admission On admission 41%

0.2% 776 17 infection (190%)

Hospital-
acquired

Hospital-acquired Hospital-acquired

1.0% 596 19 fever (222%)

Mechanical ventilation (99%)

Enteral fluid loss (57%)

Mental status changes (255%)

CNS: central nervous system; GI: gastrointestinal.
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support the recommendation that the serum sodium
concentration be corrected promptly, but gradually,
over 48 to 72 hours.
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ARGININE VASOPRESSIN

Synthesis

Nonapeptides of the vasopressin family are the key
regulators of water homeostasis in amphibia, reptiles,
birds, and mammals. Since these peptides reduce uri-
nary output, they are also referred to as antidiuretic
hormones. Oxytocin and AVP (Figure 46.1) are synthe-
sized in separate populations of magnocellular neurons
of the supraoptic and paraventricular nuclei.1 Oxytocin
is most recognized for its key role in parturition and
milk letdown in mammals.2 The axonal projections of
AVP- and oxytocin-producing neurons from supraoptic
and paraventricular nuclei reflect the dual function of
AVP and oxytocin as hormones and as neuropeptides,
in that they project their axons to several brain areas,
and to the neurohypophysis. The regulation of the
release of AVP from the posterior pituitary is primarily
dependent, under normal circumstances, on tonicity
information relayed by central osmoreceptor neurons
expressing TRPV13 (Figure 46.2) and peripheral osmor-
eceptor neurons expressing TRPV4.4 AVP and its corre-
sponding carrier, neurophysin II, are synthesized as a
composite precursor by the magnocellular neurons of
the supraoptic and paraventricular nuclei of the hypo-
thalamus (for review see 5). The precursor is packaged
into neurosecretory granules and transported axonally
in the stalk of the posterior pituitary. En route to the
neurohypophysis, the precursor is processed into the
active hormone. Pre-provasopressin has 164 amino
acids, and is encoded by the 2.5 kb AVP gene located in
chromosome region 20p13.6,7 The AVP gene (coding for
AVP and neurophysin II) and the OXT gene (coding for
oxytocin and neurophysin I) are located in the same
chromosome region, at a very short distance from each
other (12 kb in humans) in head-to-head orientation.

Data from transgenic mouse studies indicate that the
intergenic region between the OXT and the AVP genes
contains the critical enhancer sites for cell-specific
expression in the magnocellular neurons.5 It is phyloge-
netically interesting to note that cis and trans compo-
nents of this specific cellular expression have been
conserved between the Fugu isotocin (the homolog of
mammalian oxytocin) and rat oxytocin genes.8 Exon 1
of the AVP gene encodes the signal peptide, AVP, and
the NH2-terminal region of neurophysin II. Exon 2
encodes the central region of neurophysin II, and exon
3 encodes the COOH-terminal region of neurophysin II
and the glycopeptide. Provasopressin is generated by
the removal of the signal peptide from pre-provaso-
pressin, and from the addition of a carbohydrate chain
to the glycopeptide (Figure 46.3). Additional post-trans-
lational processing occurs within neurosecretory vesi-
cles during transport of the precursor protein to axon
terminals in the posterior pituitary, yielding AVP, neu-
rophysin II, and the glycopeptide. The AVP�neurophysin
II complex forms tetramers that can self-associate to
form higher oligomers.9 Neurophysins should be seen
as chaperone-like molecules facilitating intracellular
transport in magnocellular cells. In the posterior pitui-
tary, AVP is stored in vesicles. Exocytotic release is
stimulated by minute increases in serum osmolality
(hypernatremia, osmotic regulation), and by more pro-
nounced decreases in extracellular fluid (hypovolemia,
non-osmotic regulation). Oxytocin and neurophysin I
are released from the posterior pituitary by the suckling
response in lactating females.

Immunocytochemical and radioimmunologic stud-
ies have demonstrated that oxytocin and vasopressin
are synthesized in separate populations of the supraop-
tic nuclei and the paraventricular nuclei neurons,10,11

the central and vascular projections of which have
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been described in great detail.12 Some cells express the
AVP gene and other cells express the OXT gene.
Immunohistochemical studies have revealed a second
vasopressin neurosecretory pathway that transports
high concentrations of the hormone to the anterior
pituitary gland from parvocellular neurons to the
hypophyseal portal system. In the portal system, the
high concentration of AVP acts synergistically with
corticotropin-releasing hormone (CRH) to stimulate
adrenocorticotropic hormone (ACTH) release from the

anterior pituitary. More than half of parvocellular neu-
rons co-express both CRH and AVP. In addition, while
passing through the median eminence and the hypo-
physeal stalk, magnocellular axons can also release
AVP into the long portal system. Furthermore, a num-
ber of neuroanatomic studies have shown the existence
of short portal vessels that allow communication
between the posterior and anterior pituitary. Therefore,
in addition to parvocellular vasopressin, magnocellular
vasopressin is able to influence ACTH secretion.13,14

Mammals are Osmoregulators: the Cellular
Perception of Tonicity to Stimulate Thirst
and Vasopressin Release

Mammals are osmoregulators: they have evolved
mechanisms that maintain extracellular fluid (ECF)
osmolality near a stable value. Yet, although mammals
strive to maintain a constant ECF osmolality, values
measured in an individual can fluctuate around the
set-point owing to intermittent changes in the rates of
water intake and water loss (through evaporation or
diuresis), and to variations in the rates of Na intake
and excretion (natriuresis). In humans, for example,
40 minutes of strenuous exercise in the heat15,16 or
24 hours of water deprivation17 causes plasma osmolal-
ity to rise by more than 10 mosmol kg21. In a dehy-
drated individual, drinking the equivalent of two
large glasses of water (B850 ml) lowers osmolality by
approximately 6 mosmol kg21 within 30minutes.18

Similarly, ingestion of 13 g of salt increases plasma
osmolality by approximately 5 mosmol kg21 within 30
minutes.19 Although osmotic perturbations larger than
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FIGURE 46.1 Contrasting structures of arginine-vasopressin (AVP) and oxytocin (OT). The peptides differ only by two amino acids
(F3 - I3 and R8 - L8 in AVP and OT, respectively). (The conformation of AVP was obtained from ref. [241]; and the conformation of OT was obtained
from the Protein Data Bank (PDB Id 1XY1).)

FIGURE 46.2 Schematic representation of the osmoregulatory
pathway of the hypothalamus (sagittal section of midline of ventral

brain around the 3rd ventricle in mice). Neurons (lightly filled cir-
cles) in the lamina terminalis (OVLT), median preoptic nucleus
(MnPO) and subfornical organ (SFO) that are responsive to plasma
hyptertonicity send efferent axonal projections (gray lines) to magno-
cellular neurons of the paraventricular (PVN) and supraoptic nuclei
(SON). The OVLT is one of the brain circumventricular organs and is
a key osmosensing site in the mammalian brain (vide infra). The pro-
cesses (dark lines) of these magnocellular neurons form the hypotha-
lamo�neurohypophysial pathway that courses in the median
eminence to reach the posterior pituitary, where neurosecretion of
vasopressin and oxytocin occurs. (Modified from ref. [242].)
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these can be deleterious to health, changes in the 1�3%
range play an integral part in the control of body fluid
homeostasis. Differences between the ECF osmolality
and the desired set-point induce proportional homeo-
static responses according to the principle of negative
feedback.3 ECF hyperosmolality stimulates the sensa-
tion of thirst to promote water intake, and the release
of vasopressin to enhance water reabsorption in the
kidney. By contrast, ECF hypoosmolality suppresses
basal VP secretion in rats and humans.20

As summarized elegantly by Bourque,3 early studies
provided clear evidence that “cellular dehydration” (that
is, cell shrinking) was required for thirst and vasopressin
release to be stimulated during ECF hyperosmolality:
these responses could be induced by infusions of concen-
trated solutions containing membrane-impermeable
solutes, which extract water from cells, but not by infu-
sions of solutes that readily equilibrate across the cell
membrane (such as urea). Verney coined the term
“osmoreceptor” to designate the specialized sensory ele-
ments. He further showed that these were present in the
brain, and postulated that they might comprise “tiny
osmometers” and “stretch receptors” that would allow
osmotic stimuli to be “transmuted into electrical” sig-
nals.21 Osmoreceptors are therefore defined functionally
as neurons that are endowed with an intrinsic ability to
detect changes in ECF osmolality, and it is now known
that both cerebral and peripheral osmoreceptors contrib-
ute to the body fluid balance.

Although magnocellular neurons are themselves
osmosensitive, they require input by glutamatergic

afferents from the lamina terminalis to respond fully to
osmotic challenges (Figure 46.2).

Hypertonicity is sensed by Organum Vasculosum
Lamina Terminalis (OVLT) neurons expressing TRPV1
(Transient Receptor Potential Vanilloid-1, vide infra):
OVLT serves as the brain’s primary osmoreceptor
area,22 and neurons in this nucleus transduce hyperos-
motic conditions into proportional increases in action-
potential firing rate.23 The information encoded by the
electrical activity of these neurons is then relayed syn-
aptically to diverse subsets of homeostatic effector neu-
rons that induce appropriate osmoregulatory responses
such as thirst, natriuresis, and antidiuretic hormone
release.3,24�27 The mechanical modulation of TRPV1 is
well-demonstrated.28

Because the subfornical organ (SFO) and the orga-
num vasculosum of the lamina terminalis (OVLT) lie
outside the blood�brain barrier, they can integrate this
information with endocrine signals borne by circulat-
ing hormones, such as angiotensin II (Ang-II), relaxin,
and atrial natriuretic peptide (ANP). While circulating
angiotensin II and relaxin excite both OT and vaso-
pressin magnocellular neurons, ANP inhibits vaso-
pressin neurons. The non-osmotic pathways are more
physiologically described now as “osmoregulatory
gain,” since angiotensin II amplifies osmosensory
transduction by enhancing the proportional relation-
ship between osmolality, receptor potential, and action
potential firing in rat supraoptic nucleus neurons29

(Figure 46.4). Modifications in osmoregulatory gain
induced by angiotensin explain why the changes in the

FIGURE 46.3 Structure of the human vasopressin (AVP) gene and prohormone. Cascade of vasopressin biosynthesis signal peptide;
AVP, arginine-vasopressin; neurophysin; glycoprotein.
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FIGURE 46.4 Upper left: Cell autonomous osmoreception in vasopressin neurons. Changes in osmolality cause inversely proportional
changes in soma volume. Shrinkage activates nonselective cation channels (NSCCs) and the ensuing depolarization increases action potential
firing rate and vasopressin (VP) release from axon terminals in the neurohypophysis. Increased VP levels in blood enhance water reabsorption
by the kidney (antidiuresis) to restore extracellular fluid osmolality toward the set point. Hypotonic stimuli inhibit NSCCs. The resulting
hyperpolarization and inhibition of firing reduces VP release and promotes diuresis. Upper right: Whole cell current clamp recordings from
isolated MNCs (left) and averaged data from multiple cells show that the depolarizing and action potential firing responses induced by a
hypertonic stimulus are significantly enhanced in the presence of 100 nM angiotensin II. Lower right: Hypothetical events mediating central
angiotensin II enhancement of osmosensory gain. Angiotensin II released by afferent nerve terminals (e.g., during hypovolemia) binds to AT1
receptor (AT1R) coupled to G-proteins such as Gq or/and G12/13. Activated G-proteins signal through phospholipase C (PLC) and protein
kinase C (PKC) to activate a RhoA-specific guanine nucleotide exchange factor (RhoA�GEF), such as p115RhoGEF or LARG (leukemia-associ-
ated Rho guanine�nucleotide exchange factor). Activation of RhoA�GEF converts inactive cytosolic RhoA (RhoA�GDP) into active, mem-
brane-associated RhoA�GTP by promoting the exchange of GDP to GTP. ActivatedRhoA induces actin polymerization and increases
submembrane F-actin density to enhance the mechanical gating of non-specific cation channels. (With permission from ref. [243].)
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slope and threshold of the relationship between plasma
osmolality and vasopressin secretion are potentiated
by hypovolemia or hypotension, and are attenuated by
hypervolemia or hypertension30 (Figure 46.5).

The osmotic stimulation of AVP release by dehydra-
tion or hypertonic saline infusion, or both, is regularly
used to test the AVP secretory capacity of the posterior
pituitary. This secretory capacity can be assessed
directly by comparing the plasma AVP concentration
measured sequentially during a dehydration procedure
with the normal values, and then correlating the
plasma AVP with the urinary osmolality measure-
ments obtained simultaneously31 (Figure 46.6).

The AVP release can also be assessed indirectly by
measuring plasma and urine osmolalities at regular
intervals during the dehydration test.32 The maximum
urinary osmolality obtained during dehydration is
compared with the maximum urinary osmolality
obtained after the administration of vasopressin or 1-
desamino-8-D-arginine vasopressin (dDAVP; Pitressin:
5 units subcutaneously (SQ) in adults; 1 unit SQ in
children or dDAVP 1�4 mg intravenously over 5 to 10
minutes).

The nonosmotic stimulation of AVP release can be
used to assess the vasopressin secretory capacity of the
posterior pituitary in a rare group of patients with the
essential hyponatremia and hypodipsia syndrome.
Although some of these patients may have partial cen-
tral diabetes insipidus, they respond normally to nonos-
molar AVP release signals such as hypotension, emesis,
and hypoglycemia.33 In all other cases of suspected cen-
tral diabetes insipidus, these nonosmotic stimulation
tests will not give additional clinical information.34

Tonicity Information is Relayed by Central
Osmoreceptor Neurons Expressing TRPV1
and Peripheral Osmoreceptor Neurons
Expressing TRPV4

The osmotic regulation of the release of AVP from
the posterior pituitary is primarily dependent, under
normal circumstances, on tonicity information relayed
by central osmoreceptor neurons expressing TRPV1,3

and peripheral osmoreceptor neurons expressing
TRPV4.4

The cellular basis for osmoreceptor potentials has
been characterized using patch-clamp recordings and
morphometric analysis in magnocellular cells isolated
from the supraoptic nucleus of the adult rat. In these
cells, stretch-inactivating cationic channels transduce
osmotically evoked changes in cell volume into func-
tionally relevant changes in membrane potential. In
addition, magnocellular neurons also operate as intrin-
sic Na1 detectors. The N-terminal variant of the
transient receptor potential channel (TRPV1) is an
osmoticaly activated channel expressed in the magno-
cellular cells producing vasopressin,35 and in the cir-
cumventricular organs, the OVLT, and the SFO.23 Since
osmoregulation still operates in Trpv12/2 mice, other
osmosensitive neurons or pathways must be able to
compensate for loss of central osmoreceptor func-
tion.23,35,36 Afferent neurons expressing the osmoti-
cally-activated ion channel, TRPV4, in the thoracic
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osmolality. In contrast, patients with primary polydipsia or nephro-
genic diabetes insipidus (NDI) have values within the normal range
(light gray area). (b) Relationship between urine osmolality and
plasma AVP during a dehydration test. Patients with NDI have hypo-
tonic urine despite high plasma AVP. In contrast, patients with neu-
rogenic diabetes insipidus or primary polydipsia have values within
the normal range (dark gray area). (from ref. [31].)
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dorsal root ganglia that innervate hepatic blood vessels
and detect physiological hypoosmotic shifts in blood
osmolality have recently been identified.4 In mice lack-
ing the osmotically-activated ion channel, TRPV4,
hepatic sensory neurons no longer exhibit osmosensi-
tive inward currents, and activation of peripheral
osmoreceptors in vivo is abolished. In a large cohort of
human liver transplantees, who presumably have
denervated livers, plasma osmolality is significantly
elevated compared to healthy controls, suggesting the
presence of an inhibitory vasopressin effect of hypona-
tremia, perceived in the portal vein from hepatic
afferents.4 TRPV1 (expressed in central neurons) and
TRPV4 (expressed in peripheral neurons) thus appear
to play entirely complementary roles in osmoreception.
Lechner et al. have thus identified the primary
afferent neurons that constitute the afferent arc of a
well-characterized reflex in man and more recently
also in rodents.37 This reflex engages the sympathetic
nervous system to raise blood pressure and stimulate
metabolism.38,39 Of clinical interest, it has already been
demonstrated that orthostatic hypotension and post-
prandial hypotension respond to water drinking.40�42

Moreover, water drinking in man can prevent neu-
trally-mediated syncope during blood donation or after
prolonged standing.43 Finally, water drinking is also
associated with weight loss in overweight indivi-
duals.44 Other peripheral sensory neurons expressing
other mechanosensitive proteins may also be involved
in osmosensitivity.45

Cellular Actions of Vasopressin

The neurohypophyseal hormone AVP has multiple
actions, including the inhibition of diuresis, contraction
of smooth muscle, platelet aggregation, stimulation of
liver glycogenolysis, modulation of adrenocorticotropic
hormone release from the pituitary, and central regulation
of somatic and higher functions (thermoregulation,
blood pressure, autonomic expression of fear, neurobi-
ology of attachment).46�48 These multiple actions of
AVP could be explained by the interaction of AVP
with at least three types of G-protein-coupled recep-
tors: the V1a (vascular hepatic) and V1b (anterior pitui-
tary) receptors act through phosphatidylinositol
hydrolysis to mobilize calcium49; and the V2 (kidney)
receptor is coupled to adenylate cyclase.48

The transfer of water across the principal cells of the
collecting ducts is now known at such a detailed level
that billions of molecules of water traversing the mem-
brane can be represented; see useful teaching tools at
http://www.mpibpc.gwdg.de/abteilungen/073/gallery.
html and http://www.ks.uiuc.edu/research/aquapor-
ins. The 2003 Nobel Prize in chemistry was awarded to

Peter Agre and Roderick MacKinnon, who solved two
complementary problems presented by the cell mem-
brane: how does a cell let one type of ion through the
lipid membrane to the exclusion of other ions; and
how does it permeate water without ions? This contrib-
uted to a momentum and renewed interest in basic dis-
coveries related to the transport of water, and
indirectly to diabetes insipidus.50,51 The first step in the
action of AVP (synthesized by du Vigneaud, Nobel
Prize in Chemistry 1955)52 on water excretion is its
binding to arginine vasopressin type-2 receptors (here-
after referred to as V2 receptors) on the basolateral
membrane of the collecting duct cells (Figure 46.7). The
human AVPR2 gene that codes for the V2 receptor is
located in chromosome region Xq28, and has three
exons and two small introns.53,54 The sequence of the
cDNA predicts a polypeptide of 371 amino acids with
seven transmembrane, four extracellular, and four
cytoplasmic domains. The activation of the V2 receptor
on renal collecting tubules stimulates adenylyl cyclase
via the stimulatory G-protein (Gs) (1994 Nobel Prize in
Physiology and Medicine to Rodbell and Gilman for
signal transduction and G-proteins), and promotes the
cyclic adenosine monophosphate (cAMP)-mediated
incorporation of water channels into the luminal
surface of these cells.55 E. Sutherland and T. Rall
isolated cyclic adenosine monophosphate in 1956, and
Sutherland was awarded the Nobel Prize in Physiology
or Medicine in 1971.56 There are two ubiquitously
expressed intracellular cAMP receptors: (1) the classical
protein kinase A (PKA) that is a cAMP-dependent pro-
tein kinase; and (2) the recently discovered exchange
protein directly activated by cAMP that is a cAMP-reg-
ulated guanine nucleotide exchange factor. Both of
these receptors contain an evolutionally-conserved
cAMP-binding domain that acts as a molecular switch
for sensing intracellular cAMP levels to control diverse
biological functions.57 Several proteins participating in
the control of cAMP-dependent AQP2 trafficking have
been identified; for example, A-kinase anchoring
proteins tethering PKA to cellular compartments;
phosphodiesterases regulating the local cAMP level;
cytoskeletal components such as F-actin and microtu-
bules; small GTPases of the Rho family controlling
cytoskeletal dynamics; motor proteins transporting
AQP2-bearing vesicles to and from the plasma
membrane for exocytic insertion and endocytic
retrieval; SNAREs inducing membrane fusions,
hsc70, a chaperone important for endocytic retrieval.
These processes are the molecular basis of the vaso-
pressin-induced increase in the osmotic water
permeability of the apical membrane of the collect-
ing tubule.58�60

AVP also increases the water reabsorptive capacity
of the kidney by regulating the urea transporter
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variants UT-A1/3, which are present in the inner med-
ullary collecting duct, predominantly in its terminal
part.61 AVP also increases the permeability of principal
collecting duct cells to sodium. In summary, as stated
elegantly by Ward and colleagues,62 in the absence of
AVP stimulation, collecting duct epithelia exhibit very
low permeabilities to sodium urea and water. These
specialized permeability properties permit the excre-
tion of large volumes of hypotonic urine formed during
intervals of water diuresis. In contrast, AVP stimulation
of the principal cells of the collecting ducts leads to
selective increases in the permeability of the apical
membrane to water (Pf), urea (Purea), and Na (PNa).

The actions of vasopressin in the distal nephron are
possibly modulated by prostaglandin E2, nitric oxide,63

and by luminal calcium concentration. PGE2 is synthe-
sized and released in the collecting duct, which
expresses all four E-prostanoid receptors (EP1�4). Both
EP2 and EP4 can signal via increased cAMP. Olesen
et al. hypothesized that selective EP receptor stimula-
tion could mimic the effects of vasopressin, and dem-
onstrated that, at physiological levels, PGE2 markedly
increased apical membrane abundance and phosphory-
lation of AQP2 in vitro and ex vivo, leading to increased
cell water permeability.64 In their experiments, both
EP2 and EP4 selective agonists were able to mimic

FIGURE 46.7 Schematic representation of the effect of vasopressin (AVP) to increase water permeability in the principal cells of the

collecting duct. AVP is bound to the V2 receptor (a G-protein-linked receptor) on the basolateral membrane. The basic process of G-protein-
coupled receptor signaling consists of three steps: a hepta-helical receptor that detects a ligand (in this case, AVP) in the extracellular milieu; a
G-protein (G~ s) that dissociates into a subunits bound to GTP and bg subunits after interaction with the ligand-bound receptor; and an effector
(in this case, adenylyl cyclase) that interacts with dissociated G-protein subunits to generate small-molecule second messengers. AVP activates
adenylyl cyclase, increasing the intracellular concentration of cAMP. The topology of adenylyl cyclase is characterized by two tandem repeats
of six hydrophobic transmembrane domains separated by a large cytoplasmic loop, and terminates in a large intracellular tail. The dimeric
structure (C1 and C2) of the catalytic domains is represented. Conversion of ATP to cAMP takes place at the dimer interface. Two aspartate
residues (in C1) coordinate two metal co-factors (Mg21 or Mn21, represented here as two small black circles), which enable the catalytic func-
tion of the enzyme. Adenosine is shown as an open circle and the three phosphate groups (ATP) are shown as smaller open circles. Protein
kinase A (PKA) is the target of the generated cAMP. The binding of cAMP to the regulatory subunits of PKA induces a conformational change,
causing these subunits to dissociate from the catalytic subunits. These activated subunits (C) as shown here are anchored to an aquaporin-2
(AQP2)-containing endocytic vesicle via an A-kinase anchoring protein. The local concentration and distribution of the cAMP gradient is lim-
ited by phosphodiesterases (PDEs). Cytoplasmic vesicles carrying the water channels (represented as homotetrameric complexes) are fused to
the luminal membrane in response to AVP, thereby increasing the water permeability of this membrane. The dissociation of the A-kinase
anchoring protein from the endocytic vesicle is not represented. Microtubules and actin filaments are necessary for vesicle movement toward
the membrane. When AVP is not available, AQP2 water channels are retrieved by an endocytic process, and water permeability returns to its
original low rate. Aquaporin-3 (AQP3) and aquaporin-4 (AQP4) water channels are expressed constitutively at the basolateral membrane.
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these effects. Furthermore, an EP2-agonist was able to
positively regulate urinary-concentrating mechanisms
in an animal model of nephrogenic diabetes insipidus
where AVPR2 receptors were blocked by Tolvaptan, a
non-peptide V2-antagonist. These results reveal an
alternative mechanism for regulating water transport
in the collecting duct that has major importance for
understanding whole body water homeostasis, and
provide a rationale for investigations into EP receptor-
agonist use in X-linked nephrogenic diabetes insipidus
treatment.

THE BRATTLEBORO RAT WITH
AUTOSOMAL RECESSIVE NEUROGENIC

DIABETES INSIPIDUS

The animal model of diabetes insipidus that has
been most extensively studied is the Brattleboro rat.
Discovered in 1961, the rat lacks vasopressin and its
neurophysin, whereas the synthesis of the structurally-
related hormone oxytocin is not affected by the
mutation.65 Its inability to synthesize vasopressin is
inherited as an autosomal recessive trait. Schmale and
Richter66 isolated and sequenced the vasopressin gene
from homozygous Brattleboro rats, and found that the
defect is due to a single nucleotide deletion of a G resi-
due within the second exon encoding the carrier pro-
tein neurophysin (Figure 46.8). The shift in the reading
frame caused by this deletion predicts a precursor with
an entirely different C-terminus. The messenger RNA
(mRNA) produced by the mutated gene encodes a nor-
mal AVP, but an abnormal NPII moiety66 which
impairs transport and processing of the AVP-NPII pre-
cursor and its retention in the endoplasmic reticulum
of the magnocellular neurons where it is produced.67,68

Homozygous Brattleboro rats may still demonstrate

some V2 (vide infra) antidiuretic effects, since the
administration of a selective non-peptide V2-antagonist
(SR 121463 A, 10 mg/kg i.p.) induced a further increase
in urine flow rate (200 to 3546 42 mL/24 h) and a
decline in urinary osmolality (170 to 926 8 mmol/kg).69

This decline in urine osmolality following the adminis-
tration of a non-peptide V2 receptor antagonist could
also be secondary to the “inverse agonist” properties of
SR121463A: the intrinsic activity or “tone,” of the V2R
would be deactivated by the SR121463A compound
(for the inverse agonist properties of SR121463A
see 70). There is also an alternative explanation to this
relatively high urine osmolality of 170 since, in
Brattleboro rats, low levels of hormonally-active AVP
are produced from alternate forms of AVP preprohor-
mone. Due to a process called molecular misreading,
one transcript contains a 2 bp deletion downstream
from the single nucleotide deletion that restores the
reading frame, and produces a variant AVP preprohor-
mone that is smaller in length by one amino acid and
differs from the normal product by only 13 amino acids
in the neurophysin II moiety.71 Oxytocin, which is
present at enhanced plasma concentrations in
Brattleboro rats, may be responsible for the antidiuretic
activity observed.72,73 Oxytocin is not stimulated by
increased plasma osmolality in humans.

KNOCKOUT MICE WITH URINARY
CONCENTRATION DEFECTS

A useful strategy to establish the physiological
function of a protein is to determine the phenotype
produced by pharmacological inhibition of protein
function or by gene disruption. Transgenic knockout
mice deficient in AQP1, AQP2, AQP3, AQP4, and
CLCNK1, NKCC2, NFAT5, AVPR2 or AGT have been
engineered.74�83 Angiotensinogen (AGT)-deficient
mice are characterized by both concentrating and dilut-
ing defects secondary to a defective renal papillary
architecture.80 The Aqp3, Aqp4, Clcnk1, and Agt knock-
out mice have no identified human counterparts. Of
interest, AQP1-null individuals have no obvious symp-
toms.84 Yang et al.85 have generated an AQP2-T126M
“conditional knock-in” model of NDI, to recapitulate
the clinical features of the naturally occurring human
AQP2 mutation T126M.86 The conditional knock-in
adult mice showed polyuria, urinary hypoosmolality,
and ER retention of AQP2-T126M in the collecting
duct. Screening of candidate protein folding “correc-
tors” in AQP2-T126M-transfected kidney cells showed
increased AQP2-T126M plasma membrane expression
with the Hsp90 inhibitor 17-allylamino-17-demethoxy-
geldanamycin (17-AAG), a compound currently in
clinical trials for tumor therapy. 17-AAG increased

FIGURE 46.8 Neurophysin II genomic and amino acid
sequence showing the 1 bp (G) deleted in the Brattleboro rat. The
human sequence (GenBank entry M11166) is also shown. It is almost
identical to the rat prepro sequence. In the Brattleboro rat, G1880 is
deleted with a resultant frameshift after 63 amino acids (amino acid-1
is the first amino acid of neurophysin II).
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urine osmolality in the AQP2-T126M mice (without
effect in AQP2 null mice), and partially rescued
defective AQP2-T126M cellular processing. These
proof-of-concept findings suggest the possibility of
using existing drugs for therapy in some forms of
NDI.

Mice lacking the AVPR2 receptor failed to thrive
and died within the first week after birth due to
hypernatremic dehydration.83 Li et al.87 generated
mice in which the Avpr2 gene could be conditionally
deleted during adulthood by administration of 4-OH-
tamoxifen. Adult mice displayed all characteristic
symptoms of X-linked NDI, including polyuria, poly-
dipsia, and resistance to the antidiuretic actions of
vasopressin. Gene expression analysis suggested that
activation of renal EP4 PGE2 receptors might compen-
sate for the lack of renal V2R activity in X-linked NDI
mice, and both acute and chronic treatment of the
mutant mice with a selective EP4 receptor agonist
greatly reduced all major manifestations of XNDI.
This beneficial effect is likely secondary to the intra-
cellular generation of cAMP at the principal cell level
by EP4 PGE2 receptors.

As reviewed by Rao and Verkman,88 extrapolation
of data in mice to humans must be made with caution.
For example, the maximum osmolality of mouse
(, 3000 mOsm/kg H2O) is much greater than that of
human urine (1000 mOsmol/kg H2O), and normal
serum osmolality in mice is 330 to 345 mOsmol/kg
H2O, substantially greater than that in humans
(280�290 mOsm/kg H2O). Protein expression patterns,
and thus the interpretation of phenotype studies, may
also be species-dependent. For example, AQP4 is
expressed in both proximal tubule and collecting duct
in mouse, but only in collecting duct in rat and
human.88

Ethylnitrosourea-mutagenized mice heterozygous
for the F204V mutation in the Aqp2 gene have been
described,89 and mice from the Jackson Laboratory
with congenital progressive hydronephrosis bear the
S256L mutation in Aqp2 which affects its phosphory-
lation and apical membrane accumulation.90,91

QUANTITATING RENALWATER
EXCRETION

Diabetes insipidus is characterized by the excretion of
abnormally large volumes of hypoosmotic urine
(, 250 mmol/kg). This definition excludes osmotic
diuresis, which occurs when excess solute is being
excreted, as with glucose in the polyuria of diabetes mel-
litus. Other agents that produce osmotic diuresis are
mannitol, urea, glycerol, contrast media, and loop diure-
tics. Osmotic diuresis should be considered when solute

excretion exceeds 60 mmol/hour. The quantification of
water excretion (free water clearance, osmolar clearance,
free electrolyte water reabsorption, effective water clear-
ance) is described elsewhere in this textbook.

CLINICAL CHARACTERISTICS
OF DIABETES INSIPIDUS DISORDERS

Neurogenic Diabetes Insipidus

Common Forms

Failure to synthesize or secrete vasopressin nor-
mally limits maximal urinary concentration and,
depending on the severity of the disease, causes vary-
ing degrees of polyuria and polydipsia. Experimental
destruction of the vasopressin-synthesizing areas of
the hypothalamus (supraoptic and paraventricular
nuclei) causes a permanent form of the disease. Similar
results are obtained by sectioning the hypophyseal
hypothalamic tract above the median eminence.
Sections below the median eminence, however, pro-
duce only transient diabetes insipidus. Lesions to the
hypothalamic�pituitary tract are frequently associated
with a three-stage response in experimental animals
and in humans92: (1) an initial diuretic phase lasting
from a few hours to 5 to 6 days; (2) a period of anti-
diuresis unresponsive to fluid administration (this
antidiuresis is probably due to vasopressin release
from injured axons and may last from a few hours to
several days; because urinary dilution is impaired dur-
ing this phase, continued water administration can
cause severe hyponatremia); and (3) a final period of
diabetes insipidus. The extent of the injury determines
the completeness of the diabetes insipidus and, as
already discussed, the site of the lesion determines
whether the disease will be permanent.

Twenty-five percent of patients studied after trans-
sphenoidal surgery developed spontaneous isolated
hyponatremia, 20% developed diabetes insipidus, and
46% remained normonatremic. Normonatremia, hypo-
natremia, and diabetes insipidus were associated with
increasing degrees of surgical manipulation of the pos-
terior lobe and pituitary stalk during surgery.93 Central
diabetes insipidus observed after transphenoidal sur-
gery is often transient, and only 2% of patients need
long-term treatment with dDAVP.94

The causes of central diabetes insipidus in adults
and in children are listed in Table 46.1.95�98 Rare causes
of central diabetes insipidus include leukemia, throm-
botic thrombocytopenic purpura, pituitary apoplexy,
sarcoidosis99 and Wegener granulomatosis, xanthoma
disseminatum,100 septooptico dysplasia and agenesis of
the corpus callosum,101 metabolic anorexia nervosa,
lymphocytic hypophysitis,102 and necrotizing
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infundibulo-hypophysitis.103 Maghnie et al.97 studied
79 patients with central diabetes insipidus: additional
deficits in anterior pituitary hormones were documen-
ted in 61% of patients, a median of 0.6 years (range,
01�18.0 years) after the onset of diabetes insipidus. The
most frequent abnormality was growth hormone defi-
ciency (59%), followed by hypothyroidism (28%), hypo-
gonadism (24%), and adrenal insufficiency (22%).
Seventy-five percent of the patients with Langerhans
cell histiocytosis had an anterior pituitary hormone defi-
ciency that was first detected a median of 3.5 years after
the onset of diabetes insipidus.97 None of the patients
with central diabetes insipidus secondary to AVP muta-
tions developed anterior pituitary hormone deficiencies.

Rare Forms

AUTOSOMAL DOMINANT AND RECESSIVE

NEUROGENIC DIABETES INSIPIDUS

Lacombe104 and Weil105 described a familial non-
X-linked form of diabetes insipidus without any associ-
ated mental retardation. The descendants of the family
described by Weil were later found to have autoso-
mal dominant neurogenic diabetes insipidus.106�108

Hereditary neurogenic diabetes insipidus (OMIM
125700)109 is a well-characterized entity, secondary to
mutations in AVP (OMIM 192340).109 Patients with
autosomal dominant neurogenic diabetes insipidus
retain some limited capacity to secrete AVP during
severe dehydration, and the polyuropolydipsic symp-
toms usually appear after the first year of life,110 when
the infant’s demand for water is more likely to be
understood by adults. In hereditary neurohypophyseal
diabetes insipidus, termed familial neurohypophyseal
diabetes insipidus (FNDI), levels of AVP are insuffi-
cient, and patients show a positive response to treat-
ment with dAVP. Growth retardation might be
observed in untreated children with autosomal domi-
nant FNDI.111Over 60 mutations in the prepro-argi-
nine-vasopressin-neurophysin II AVP gene located on
chromosome 20p13 have been reported in dominant
FNDI (adFNDI). Knock-in mice heterozygous for a
nonsense mutation in the AVP carrier protein neuro-
physin II showed progressive loss of AVP-producing
neurons over several months correlated with increased
water intake, increased urine output, and decreased
urine osmolality. The data suggest that vasopressin
mutants accumulate as fibrillar aggregates in the
endoplasmic reticulum and cause cumulative toxicity
to magnocellular neurons, explaining the later age-of-
onset.112,113 To date, recessive FNDI, with early polyu-
ric manifestations, has only been described in three
studies.114�116 Very early (first week of life) polyuric
states are usually nephrogenic, but we and others have
observed autosomal recessive central diabetes insipi-
dus patients with early polyuria, dehydration episodes
responding to dDAVP with specific mutations of the
AVP gene.114�117 A study by Christensen118 examined
the differences in cellular trafficking between dominant
and recessive AVP mutants, and found that dominant
forms were concentrated in the cytoplasm, whereas
recessive forms were localized to the tips of neurites.
The expression of regulated secretory proteins such as
granins and prohormones, including pro-vasopressin,
generates granule-like structures in a variety of neuro-
endocrine cell lines due to aggregation in the trans-
Golgi.119 Co-staining experiments unambiguously
distinguished between these granule-like structures
and the accumulations by pathogenic dominant
mutants formed in the ER, since the latter, but not the
trans-Golgi granules, co-localized with specific ER mar-
kers.112 As studies concerning both dominant and
recessive FNDI accumulate, it is becoming evident that
FNDI exhibits a variable age-of-onset, and this may
be related to the cellular handling of the mutant
AVP. This progressive toxicity, sometimes called a
toxic gain-of-function, shares mechanistic pathways
with other neurodegenerative diseases, such as
Huntington’s and Parkinson’s.

TABLE 46.1 Etiology of Hypothalamic Diabetes Insipidus in
Children and Adults

Children
(%)

Children and Young
Adults (%)

Adults
(%)

Primary brain tumora 49.5 22.0 30.0

Before surgery 33.5 13.0

After surgery 16.0 17.0

Idiopathic (isolated or
familial)

29.0 58.0 25.0

Histiocytosis 16.0 12.0 �
Metastatic cancerb � 8.0

Traumac 2.2 2.0 17.0

Postinfectious disease 2.2 6.0 �

Data from Czernichow, P., Pomarede, R., Brauner, R., Rappaport, R. (1985).
Neurogenic diabetes insipidus in children. In “Frontiers of Hormone Research,”
190�20, Czernichow, P., and Robinson, A. G. (eds.). S. Karger, Basel, Switzerland95;
Greger, N. G., Kirkland, R. T., Clayton, G. W., and Kirkland, J. L. (1986). Central
diabetes insipidus. 22 years’ experience. Am. J. Dis. Child 140, 551�55496; Moses, A.
M., Blumenthal, S. A., and Streeten, D. H. P. (1985). Acid�base and electrolyte
disorders associated with endocrine disease: Pituitary and thyroid. In “Fluid,

Electrolyte and Acid�Base Disorders,” 851�892, Arieff, A. I., and de Fronzo, R. A.,
(eds.). Churchill Livingstone, New York98; Maghnie, M., Cosi, G., and Genovese, E.,
et al. (2000). Central diabetes insipidus in children and young adults. N. Engl. J. Med.
343, 998�1007.97

aPrimary malignancy: craniopharyngioma, dysgerminoma, meningioma, adenoma,
glioma, astrocytoma.
bSecondary: metastatic from lung or breast, lymphoma, leukemia, dysplastic
pancytopenia.
cTrauma could be severe or mild.
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Of interest, errors in protein folding represent the
underlying basis for many inherited diseases120�122

and are also pathogenic mechanisms for AVP, AVPR2,
and AQP2 mutants. Why AVP-misfolded mutants
are cytotoxic to AVP-producing neurons is an unre-
solved issue. Protein misfolding, an “unfolded protein
response” in cells, and the accumulation of excess
misfolded protein leading to apoptotic cell death are
well-documented for autosomal dominant retinitis
pigmentosa.123

WOLFRAM SYNDROME

Wolfram syndrome, also known as DIDMOAD, is
an autosomal recessive neurodegenerative disorder
accompanied by insulin-dependent diabetes mellitus
and progressive optic atrophy. The acronym
DIDMOAD describes the following clinical features of
the syndrome: diabetes insipidus, diabetes mellitus,
optic atrophy, and sensorineural deafness. An unusual
incidence of psychiatric symptoms has also been
described in patients with this syndrome. These
included paranoid delusions, auditory or visual hallu-
cinations, psychotic behavior, violent behavior,
organic brain syndrome typically in the late or preter-
minal stages of their illness, progressive dementia,
and severe learning disabilities or mental retardation
or both. Patients with Wolfram syndrome develop dia-
betes mellitus and bilateral optical atrophy mainly in
the first decade of life, the diabetes insipidus is usu-
ally partial and of gradual onset, and the polyuria can
be wrongly attributed to poor glycemic control.
Furthermore, a severe hyperosmolar state can occur if
untreated diabetes mellitus is associated with an
unrecognized posterior pituitary deficiency. The dila-
tation of the urinary tract observed in the DIDMOAD
syndrome may be secondary to chronic high urine
flow rates and, perhaps, to some degenerative aspects
of the innervation of the urinary tract. The gene
responsible for Wolfram syndrome, located in chromo-
some region 4p16.1, encodes a putative 890 amino
acid transmembrane protein referred as wolframin.
Wolframin is an endoglycosidase H-sensitive glyco-
protein, which localizes primarily in the endoplasmic
reticulum of a variety of neurons, including neurons
in the supraoptic nucleus and neurons in the lateral
magnocellular division of the paraventricular
nucleus.124,125 Disruption of the Wfs1 gene in mice
cause progressive β-cell loss and impaired stimulus-
secretion coupling in insulin secretion, but central dia-
betes insipidus is not observed in Wfs2/2 mice.126

Miner1, another endoplasmic reticulum protein, is
causative in Wolfram syndrome 2127 and WFS1 nega-
tively regulates a key transcription factor involved in
ER stress signalling.128

SYNDROME OF HYPERNATREMIA AND HYPODIPSIA

Some patients with the hypernatremia and hypodip-
sia syndrome may have partial central diabetes insipi-
dus. These patients also have persistent hypernatremia
that is not due to any apparent extracellular volume
loss, absence or attenuation of thirst, and a normal
renal response to AVP. In almost all the patients stud-
ied, the hypodipsia has been associated with cerebral
lesions in the vicinity of the hypothalamus. It has been
proposed that in these patients there is a “resetting” of
the osmoreceptor, because their urine tends to become
concentrated or diluted at inappropriately high levels
of plasma osmolality. However, using the regression
analysis of plasma AVP concentration versus plasma
osmolality, it has been shown that in some of these
patients the tendency to concentrate and dilute urine at
inappropriately high levels of plasma osmolality is due
solely to a marked reduction in sensitivity or a gain in
the osmoregulatory mechanism.129 This finding is com-
patible with the diagnosis of partial central diabetes
insipidus. In other patients, however, plasma AVP con-
centrations fluctuate in a random manner, bearing no
apparent relationship to changes in plasma osmolality.
Such patients frequently display large swings in serum
sodium concentration, and frequently exhibit hypodip-
sia. It appears that most patients with “essential hyper-
natremia” fit one of these two patterns (Figure 46.9).
Both of these groups of patients consistently respond
normally to nonosmolar AVP release signals, such as
hypotension, emesis, hypoglycemia or all three. These

FIGURE 46.9 Plasma arginine vasopressin (PAVP) as a function

of “effective” plasma osmolality(POsm) in two patients with adipsic

hypernatremia. Open circles indicate values obtained on admission;
filled squares indicate those obtained during forced hydration;
filled triangles indicate those obtained after 1 to 2 weeks of ad
libitum water intake; gray areas indicate range of normal values.
(From ref. [245].)
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observations suggest that: (1) the osmoreceptor may be
anatomically, as well as functionally, separate from the
nonosmotic efferent pathways and neurosecretory neu-
rons for vasopressin, and a hypothalamic lesion may
impair the osmotic release of AVP while the nonosmo-
tic release of AVP remains intact; and (2) the osmore-
ceptor neurons that regulate vasopressin secretion are
not synonymous with those that regulate thirst.

Hereditary Nephrogenic Diabetes Insipidus

In nephrogenic diabetes insipidus (NDI), the kidney
is unable to concentrate urine despite normal or ele-
vated concentrations of the antidiuretic hormone argi-
nine vasopressin. In congenital NDI, the obvious
clinical manifestations of the disease, that is polyuria
and polydipsia, are present at birth and need to be
immediately recognized to avoid severe episodes of
dehydration. It is clinically useful to distinguish two
types of hereditary NDI: a “pure” type characterized
by loss of water only; and a complex type characterized
by loss of water and ions. Patients who have congenital
NDI and mutations in the AVPR2 or AQP2 genes have
a pure NDI phenotype with loss of water but normal
conservation of sodium, potassium, chloride, and cal-
cium. Patients with inactivating mutations in genes
(SLC12A1, KCNJ1, CLCNKB, CLCNKA, and CLCNKB in
combination or BSND) that encode the membrane pro-
teins of the thick ascending limb of the loop of Henle
have a complex polyuropolydipsic syndrome with loss
of water, sodium, chloride, calcium, magnesium, and
potassium. Most (.90%) of pure congenital NDI
patients have mutations in the AVPR2 gene, the Xq28
gene coding for the vasopressin V2 (antidiuretic) recep-
tor. In less than 10% of the families studied, congenital
NDI has an autosomal recessive inheritance, and muta-
tions have been identified in the AQP2 gene located in
chromosome region 12q13, that is, the vasopressin-sensi-
tive water channel. When studied in vitro, most AVPR2
mutations lead to receptors that are trapped intracellu-
larly, and are unable to reach the plasma membrane. A
minority of the mutant receptors reaches the cell surface,
but is unable to bind AVP or to trigger an intracellular
cAMP signal. Similarly, AQP2 mutant proteins are
trapped intracellularly and cannot be expressed at the
luminal membrane. AVPR2 and AQP2-trafficking
defects are correctable by chemical chaperones.

LOSS-OF-FUNCTION MUTATIONS
OF AVPR2

X-linked NDI (OMIM 304800)109 is secondary to
AVPR2 mutations, which result in a loss-of-function or
dysregulation of the V2 receptor.130 Males who have an

AVPR2 mutation have a phenotype characterized by
early dehydration episodes, hypernatremia, and hyper-
thermia as early as the first week of life. Dehydration
episodes can be so severe that they lower arterial blood
pressure to a degree that is not sufficient to sustain
adequate oxygenation to the brain, kidneys, and other
organs. Mental and physical retardation and renal fail-
ure are the classical “historic” consequences of a late
diagnosis and lack of treatment. Heterozygous females
exhibit variable degrees of polyuria and polydipsia,
because of skewed X-chromosome inactivation.131,132

Clinical Characteristics

The historic clinical characteristics include hyperna-
tremia, hyperthermia, mental retardation, and repeated
episodes of dehydration in early infancy.133�136 Mental
retardation, a consequence of repeated episodes of
dehydration, was prevalent in the Crawford and Bode
study,133 in which only nine (11%) of 82 patients had
normal intelligence. Early recognition and treatment of
X-linked NDI with an abundant intake of water allows
a normal lifespan with normal physical and mental
development.137 Two characteristics suggestive of
X-linked NDI are the familial occurrence and the con-
finement of mental retardation to male patients. It is
then tempting to assume that the family described in
1892 by McIlraith,138 and discussed by Reeves and
Andreoli139 was an X-linked NDI family.

Crawford and Bode133 clearly describe the early
symptoms of the nephrogenic disorder and its severity
in infancy. The first manifestations of the disease can be
recognized during the first week of life. The infants are
irritable, cry almost constantly and, although eager to
suck, will vomit milk soon after ingestion unless prefed
with water. The history given by the mothers often
includes persistent constipation, erratic unexplained
fever, and failure to gain weight. Although the patients
characteristically show no visible evidence of perspira-
tion, increased water loss during fever or in warm
weather exaggerates the symptoms. Unless the condi-
tion is recognized early, children experience frequent
bouts of hypertonic dehydration, sometimes compli-
cated by convulsions or death; mental retardation is a
frequent consequence of these episodes. The intake of
large quantities of water, combined with the patient’s
voluntary restriction of dietary salt and protein intake,
lead to hypocaloric dwarfism beginning in infancy.
Frequently, lower urinary tract dilatation and obstruc-
tion, probably secondary to the large volume of urine
produced,140 develop in affected children. Dilatation of
the lower urinary tract is also seen in primary polydip-
sic patients, and in patients with neurogenic diabetes
insipidus.141,142 Chronic renal insufficiency may occur
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by the end of the first decade of life, and could be the
result of episodes of dehydration with thrombosis of
the glomerular tufts.133

History

In 1989, we observed that the administration of
dDAVP, a V2-receptor agonist, increased plasma cAMP
concentrations in healthy subjects, but had no effect in 14
male patients with X-linked NDI.143 Intermediate
responses were observed in obligate carriers of the dis-
ease, corresponding to half of the normal receptor
response. On the basis of these results, we predicted that
the defective gene in these patients with X-linked NDI
was likely to code for a defective V2 receptor.143 Since
that time, a number of experimental results have con-
firmed our hypothesis: (1) the NDI locus was mapped
to the distal region of the long arm of the X-
chromosome144�147; (2) the V2 receptor was identified as

a candidate gene for NDI148; (3) the human V2 receptor
was cloned53; and (4) 214 putative disease-causing muta-
tions have now been identified in the V2 receptor, and
the list of mutations is still expanding149,150 (Figure 46.10).

Population Genetics of AVPR2 Mutations

X-linked NDI is generally a rare disease in which
the affected male patients do not concentrate their
urine after administration of AVP.151 Because this form
is a rare, recessive X-linked disease, female individuals
are unlikely to be affected, but heterozygous female
individuals can exhibit variable degrees of polyuria
and polydipsia because of skewed X-chromosome inac-
tivation. In Quebec, the incidence of this disease among
male individuals was estimated to be approximately
8.8 in 1,000,000 male live births.131 A founder effect of
two particular AVPR2 mutations,152 one in Ulster Scot
immigrants (the Hopewell mutation, W71X), and one

FIGURE 46.10 Schematic representation of the V2 receptor and identification of 193 putative disease-causing AVPR2 mutations.

Predicted amino acids are shown as the one-letter amino acid code. A solid symbol indicates a codon with a missense or nonsense mutation; a
number indicates more than one mutation in the same codon; other types of mutations are not indicated on the figure. There are 95 missense,
18 nonsense, 46 frameshift deletion or insertion, 7 inframe deletion or insertion, 4 splice-site, and 22 large deletion mutations, and one complex
mutation.
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in a large Utah kindred (the Cannon pedigree), result
in an elevated prevalence of X-linked NDI in their des-
cendants in certain communities in Nova Scotia,
Canada, and Utah, United States.117 These founder
mutations have now spread all over the North
American continent. We have identified the W71X
mutation in 42 affected male individuals who reside
predominantly in the Maritime Provinces of Nova
Scotia and New Brunswick, and the L312X mutation in
eight affected males who reside in the central United
States. We know of 98 living affected male individuals
of the Hopewell kindred, and 18 living affected male
individuals of the Cannon pedigree.

We propose that all families with hereditary diabetes
insipidus should have their molecular defect identified.
The molecular identification underlying X-linked NDI is
of immediate clinical significance, because early diagno-
sis and treatment of affected infants can avert the physi-
cal and mental retardation that results from repeated
episodes of dehydration. Affected premature male
infants may experience less severe polyuric symptoms,
and may need only increased hydration during their
first week without a need for hydrochlorothiazide treat-
ment. Water should be offered every 2hours day and
night, and temperature, appetite, and growth should be
monitored. Admission to hospital may be necessary for
continuous gastric feeding. The voluminous amounts of
water kept in patients’ stomachs will exacerbate physio-
logical gastrointestinal reflux in infants and toddlers,
and many affected boys frequently vomit. These young
patients often improve with the absorption of an H2

blocker, and with metoclopramide (which could induce
extrapyramidal symptoms) or with domperidone, which
seems to be better-tolerated and efficacious. As men-
tioned previously, all polyuric states (whether neuro-
genic, nephrogenic or psychogenic) can induce large
dilatations of the urinary tract and bladder,133,141,142 and
bladder function impairment has been well-documented
in patients who bear AVPR2 or AQP2 mutations.153,154

Of interest, in mice with congenital progressive hydro-
nephrosis (cph) homozygote for the S266L mutation
(Aqp2) the congenital obstructive uropathy is likely a
result of the polyuria.90 Chronic renal failure secondary
to bilateral hydronephrosis has been observed as a long-
term complication in these patients. Renal and abdomi-
nal ultrasound should be done annually, and simple
recommendations, including frequent urination and
“double voiding” could be important to prevent these
consequences.

Expression Studies

Classification of the defects of naturally occurring
mutant human V2 receptors can be based on a similar

scheme to that used for the LDL receptor. Mutations
have been grouped according to the function and sub-
cellular localization of the mutant protein whose
cDNA has been transiently transfected in a heterolo-
gous expression system.155 Using this classification,
type 1 mutant V2 receptors reach the cell surface, but
display impaired ligand binding and are consequently
unable to induce normal cAMP production. The pres-
ence of mutant V2 receptors on the surface of trans-
fected cells can be determined pharmacologically. By
carrying out saturation-binding experiments using
tritiated AVP, the number of cell surface mutant V2
receptors and their apparent binding affinity can be
compared with that of the wild-type receptor. In addi-
tion, the presence of cell surface receptors can be
assessed directly by using immunodetection strategies
to visualize epitope-tagged receptors in whole-cell
immunofluorescence assays.

Type 2 mutant receptors have defective intracellular
transport. This phenotype is confirmed by carrying out,
in parallel, immunofluorescence experiments on cells
that are intact (to demonstrate the absence of cell surface
receptors) or permeabilized (to confirm the presence of
intracellular receptor pools). In addition, protein expres-
sion is confirmed by Western blot analysis of membrane
preparations from transfected cells. It is likely that these
mutant type 2 receptors accumulate in a pre-Golgi com-
partment, because they are initially glycosylated but fail
to undergo glycosyl-trimming maturation.

Type 3 mutant receptors are ineffectively transcribed
and lead to unstable mRNA, which are rapidly
degraded. This subgroup seems to be rare, since
Northern blot analysis of cells expressing mutant V2
receptors showed mRNA of normal quantity and
molecular size.

Most of the AVPR2 mutants that we and other inves-
tigators have tested are type 2 mutant receptors. They
did not reach the cell membrane, and were trapped in
the interior of the cell.156�159 Other mutant G-protein-
coupled receptors160 and gene products that cause
genetic disorders are also characterized by protein mis-
folding. Mutations that affect the folding of secretory
proteins, integral plasma membrane proteins or
enzymes destined to the endoplasmic reticulum, Golgi
complex, and lysosomes result in loss-of-function phe-
notypes irrespective of their direct impact on protein
function, because these mutant proteins are prevented
from reaching their final destination.161 Folding in the
endoplasmic reticulum is the limiting step: mutant pro-
teins which fail to correctly fold are retained initially in
the endoplasmic reticulum and subsequently often
degraded. Key proteins involved in the urine counter-
current mechanisms are good examples of this basic
mechanism of misfolding. AQP2 mutations responsible
for autosomal recessive NDI are characterized by
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misrouting of the misfolded mutant proteins, and are
trapped in the endoplasmic reticulum.162 Mutants
that encode other renal membrane proteins that are
responsible for Gitelman syndrome,163 Bartter syn-
drome,164,165 and cystinuria166 are also retained in the
endoplasmic reticulum.

The AVPR2 missense mutations are likely to impair
folding and to lead to rapid degradation of the mis-
folded polypeptide, and not to the accumulation of
toxic aggregates (as is the case for AVP mutants),
because the other important functions of the principle
cells of the collecting duct (where AVPR2 is expressed)
are entirely normal. These cells express the epithelial
sodium channel (ENaC). Decreased function of this
channel results in a sodium-losing state.167 This has not
been observed in patients with AVPR2 mutations. By
contrast, another type of conformational disease is
characterized by the toxic retention of the misfolded
protein. The relatively common Z mutation in a1-anti-
trypsin deficiency not only causes retention of the
mutant protein in the endoplasmic reticulum, but also
affects the secondary structure by insertion of the reac-
tive center loop of one molecule into a destabilized b
sheet of a second molecule.168 These polymers clog up
the endoplasmic reticulum of hepatocytes and lead to
cell death and juvenile hepatitis, cirrhosis, and hepato-
carcinomas in these patients.169

If the misfolded protein/traffic problem that is
responsible for so many human genetic diseases can be
overcome, and the mutant protein transported out of
the endoplasmic reticulum to its final destination, these
mutant proteins could be sufficiently functional.120

Therefore, using pharmacological chaperones or
pharmacoperones to promote escape from the
endoplasmic reticulum is a possible therapeutic
approach.121,156,161 We used selective nonpeptide V2
and V1 receptor-antagonists to rescue the cell-surface
expression and function of naturally occurring mis-
folded human V2 receptors.158 Because the beneficial
effect of nonpeptide V2 antagonists could be secondary
to prevention and interference with endocytosis, we
studied the R137H mutant previously reported to lead
to constitutive endocytosis.170 We found that the antag-
onist did not prevent the constitutive b-arresting-pro-
moted endocytosis.156 These results indicate that, as for
other AVPR2 mutants, the beneficial effects of the treat-
ment result from the action of the pharmacological cha-
perones. These studies were confirmed in vitro with the
use of non-peptide V2 agonists.171 In clinical studies,
we administered a nonpeptide vasopressin antagonist
SR49059 to five adult patients who have NDI and bear
the del62-64, R137H, and W164S mutations. SR49059
significantly decreased urine volume and water intake
and increased urine osmolality whereas sodium, potas-
sium, and creatinine excretions and plasma sodium

levels were constant throughout the study.156 This new
therapeutic approach could be applied to the treatment
of several hereditary diseases resulting from errors in
protein folding and kinesis.120,121

Because most human gene-therapy experiments
using viruses to deliver and integrate DNA into host
cells are potentially dangerous,172 other treatments are
being actively pursued. Schöneberg and colleagues173

used aminoglycoside antibiotics, because of their abil-
ity to suppress premature termination codons.174 They
demonstrated that geneticin, a potent aminoglycoside
antibiotic, increased AVP-stimulated cAMP in cultured
collecting duct cells prepared from E242X mutant mice.
The urine concentrating ability of heterozygous mutant
mice was also improved.

LOSS-OF-FUNCTION MUTATIONS OF
AQP2 (OMIM 222000, 125800, 107777)

On the basis of desmopressin infusion studies and
phenotypic characteristics of both male and female indi-
viduals who are affected with NDI, a non-X-linked form
of NDI with a postreceptor (post-cAMP) defect was sug-
gested.109,175�177 A patient who presented shortly after
birth with typical features of NDI, but who exhibited
normal coagulation and normal fibrinolytic and vasodi-
latory responses to desmopressin, was shown to be a
compound heterozygote for two missense mutations
(R187C and S217P) in the AQP2 gene.178 To date, 46
putative disease-causing AQP2 mutations have been
identified in 52 NDI families (Figure 46.11). The oocytes
of the African clawed frog (Xenopus laevis) have pro-
vided a most useful experimental system for studying
the function of many channel proteins. This convenient
expression system was key to the discovery of AQP1 by
Agre,179 because frog oocytes have very low permeabil-
ity and survive even in freshwater ponds. Control
oocytes are injected with water alone; test oocytes are
injected with various quantities of synthetic transcripts
from AQP1 or AQP2 DNA (cRNA). When subjected to a
20 mOsm osmotic shock, control oocytes have exceed-
ingly low water permeability, but test oocytes become
highly permeable to water. These osmotic water perme-
ability assays demonstrated an absence or very low
water transport for all of the cRNA with AQP2 muta-
tions. Immunofluorescence and immunoblot studies
demonstrated that these recessive mutants were retained
in the endoplasmic reticulum.

AQP2 mutations in autosomal recessive NDI, which
are located throughout the gene, result in misfolded
proteins that are retained in the endoplasmic reticu-
lum. In contrast, the dominant mutations reported to
date are located in the region that codes for the car-
boxyl-terminus of AQP2.180�182 Dominant AQP2
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mutants form heterotetramers with wild-type AQP2
and are misrouted. Patients bearing these dominant
mutations have a less severe phenotype compared to
patients who are compound heterozygotes or homozy-
gotes for recessive mutations: the patient and her
daughter first described to bear the AQP2-E258K
dominant mutation increased their urine osmolality
to 350 mOsm/kg H2O following dDAVP.183 Also, the
patient with a detailed phenotype described by
Robertson and Kopp184 increased her urine osmolality

to 220 mOsm/kg H2O during a mildly hypertonic
dehydration, to 258 mOsm/kg H2O after dDAVP, and
to 305 mOsm/kg H2O after hydrochlorothiazide and
indomethacin. This patient was found to be heterozy-
gous for the R254Q mutation, possibly interfering with
the S256 phosphorylation site.185 In the mutant AQP2
(763�772) knock-in mice, Sohara et al. demonstrated a
slight increase in urine osmolality following dehydra-
tion, but a marked increase after the administration of
Rolipram, a phosphodiesterase 4 inhibitor.186

FIGURE 46.11 A representation of the AQP2 protein and identification of 46 putative disease-causing AQP2 mutations. A monomer is
represented with six transmembrane helices. The location of the PKA phosphorylation site (Pa) is indicated. The extracellular, transmembrane,
and cytoplasmic domains are defined according to Deen, P. M., et al. (1994).178 Solid symbols indicate the location of the mutations (for refer-
ences, see Table 46.1): M1I; L22V; V24A; L28P; G29S; A47V; Q57P; G64R, N68S, A70D; V71M; R85X; G100X; G100V; G100R; I107D; 369delC;
T125M; T126M; A147T; D150E; V168M; G175R; G180S; C181W; P185A; R187C; R187H; A190T; G196D; W202C; G215C; S216P; S216F; K228E;
R254Q; R254L; E258K; and P262L. GenBank accession numbers�AQP2: AF147092, exon 1; AF147093, exons 2 through 4. NPA motifs and the
N-glycosylation site are also indicated.
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COMPLEX POLYUROPOLYDIPSIC
SYNDROME

In contrast to a pure NDI phenotype, with loss of
water but normal conservation of sodium, potassium,
chloride, and calcium, in Bartter syndrome, patients’
renal-wasting starts prenatally, and polyhydramnios
often leads to prematurity. Bartter syndrome (OMIM
601678, 241200, 607364, and 602522) refers to a group of
autosomal recessive disorders caused by inactivating
mutations in genes (SLC12A1, KCNJ1, CLCNKB,
CLCNKA, and CLCNKB in combination or BSND) that
encode membrane proteins of the thick ascending limb
of the loop of Henle (for review see 187,188). Although
Bartter syndrome and Bartter mutations are commonly
used as a diagnosis, it is likely, as explained by Jeck
et al.,189 that the two patients with a mild phenotype
originally described by Dr. Bartter had Gitelman
syndrome, a thiazide-like, salt-losing tubulopathy
with a defect in the distal convoluted tubule.189 As a
consequence, salt-losing tubulopathy of the furose-
mide-type is a more physiologically appropriate
definition.

Thirty percent of the filtered sodium chloride
is reabsorbed in the thick ascending limb of the loop
of Henle through the apically expressed sodium�
potassium�chloride co-transporter NKCC2 (encoded
by the SLC12A1 gene), which uses the sodium gradient
across the membrane to transport chloride and potas-
sium into the cell. The potassium ions must be recycled
through the apical membrane by the potassium chan-
nel ROMK (encoded by the KCNJ1 gene). In the large
experience of Seyberth and colleagues,190 who studied
85 patients with a hypokalemic salt-losing tubulopathy,
all 20 patients with KCNJ1 mutations (except one) and
all 12 patients with SLC12A1 mutations were born as
preterm infants after severe polyhydramnios. Of note,
polyhydramnios is never seen during a pregnancy that
leads to infants bearing AVPR2 or AQP2 mutations.
The most common causes of increased amniotic fluid
include maternal diabetes mellitus, fetal malformations
and chromosomal aberrations, twin-to-twin transfusion
syndrome, rhesus incompatibility, and congenital
infections.191 Postnatally, polyuria was the leading
symptom in 19 of the 32 patients. Renal ultrasound
revealed nephrocalcinosis in 31 of these patients. These
patients with complex polyuropolydipsic disorders are
often poorly-recognized, and may be confused with
pure NDI. As a consequence, congenital polyuria does
not suggest automatically AVPR2 or AQP2 mutations,
and polyhydramnios, salt-wasting, hypokalemia, and
nephrocalcinosis are important clinical and laboratory
characteristics that should be assessed. In patients with
Bartter syndrome (salt-losing tubulopathy/furosemide-
type), the dDAVP test will only indicate a partial type

of NDI. The algorithm proposed by Peters et al.190 is
useful, since most mutations in SLC12A1 and KCNJ1
are found in the carboxyl-terminus or in the last exon
and, as a consequence, are amenable to rapid DNA
sequencing.

Polyuria, polydipsia, electrolyte imbalance, and
dehydration may also been seen in cystinosis, nephro-
nophthisis, and apparent mineralocorticoid excess.
Polyuria may be as mild as persistent enuresis and as
severe as to contribute to death from dehydration
and electrolyte abnormalities in infants with cystinosis
who have acute gastroenteritis.192 Nephronophthisis
and apparent mineralocorticoid excess are also asso-
ciated with low urine osmolality unresponsive to
vasopressin.193

ACQUIRED NEPHROGENIC DIABETES
INSIPIDUS

Acquired NDI is much more common than congeni-
tal NDI, but it is rarely as severe. The ability to produce
hypertonic urine is usually preserved, even though
there is inadequate concentrating ability of the neph-
ron. Polyuria and polydipsia are therefore moderate
(3�4 l/d).

The more common causes of acquired NDI are listed
in Table 46.2. Lithium administration has become the
most frequent cause; 54% of 1105 unselected patients
on chronic lithium therapy developed NDI.194

Nineteen percent of these patients had polyuria, as
defined by a 24hour urine output exceeding 3 liters.
The mechanism whereby lithium causes polyuria has
been extensively studied. Lithium inhibits adenylyl
cyclase in a number of cell types, including renal epi-
thelia.195,196 The dysregulation of aquaporin-2 expres-
sion is the result of cytotoxic accumulation of lithium
which enters via the epithelial sodium channel (ENaC)
on the apical membrane, and leads to the inhibition of
signaling pathways that involve glycogen synthase
kinase type 3 beta.197 The concentration of lithium in
urine of patients on well-controlled lithium therapy
(i.e., 10 to 40 mOsmol/L) is sufficient to exert this
effect. For patients on long-term lithium therapy,
amiloride has been proposed to prevent the uptake
of lithium in the collecting ducts, thus preventing the
inhibitory effect of intracellular lithium on water
transport.198

Primary Polydipsia

Primary polydipsia is a state of hypotonic polyuria
secondary to excessive fluid intake. Primary polydipsia
was extensively studied by Barlow and de Wardener in
1959199; however, the understanding of the
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pathophysiology of this disease has made little prog-
ress. Barlow and de Wardener199 described seven
women and two men who were compulsive water
drinkers; their ages ranged from 48 to 59 years, except
for one patient who was 24 years old. Eight of these
patients had histories of previous psychological disor-
ders, which ranged from delusions, depression, and
agitation to frank hysterical behavior. The other patient
appeared normal. The consumption of water fluctuated
irregularly from hour to hour or from day to day; in
some patients, there were remissions and relapses last-
ing several months or longer. In eight of the patients,
the mean plasma osmolality was significantly lower
than normal. Vasopressin tannate in oil made most of
these patients feel ill; in one, it caused overhydration.
In four patients, the fluid intake returned to normal

after electroconvulsive therapy or a period of continu-
ous narcosis; the improvement in three was transient,
but in the fourth it lasted two years. Polyuric female
subjects might be heterozygous for de novo or previ-
ously unrecognized AVPR2 mutations, may bear AQP2
mutations, and may be classified as compulsive water
drinkers.200 Therefore, the diagnosis of compulsive
water drinking must be made with care, and may rep-
resent our ignorance of yet undescribed pathophysio-
logical mechanisms. Robertson200 has described under
the name “dipsogenic diabetes insipidus” a selective
defect in the osmoregulation of thirst. Three studied
patients had, under basal conditions of ad libitum water
intake, thirst, polydipsia, polyuria, and high-normal
plasma osmolality. They had a normal secretion of
AVP, but osmotic threshold for thirst was abnormally
low. These dipsogenic diabetes insipidus cases might
represent up to 10% of all patients with diabetes
insipidus.200

Diabetes Insipidus and Pregnancy

Pregnancy in a Patient Known to Have Diabetes
Insipidus

An isolated deficiency of vasopressin without a con-
comitant loss of hormones in the anterior pituitary
does not result in altered fertility, and with the excep-
tion of polyuria and polydipsia, gestation, delivery,
and lactation are uncomplicated.201 Patients may
require increasing dosages of dDAVP. The increased
thirst may be due to a resetting of the thirst
osmostat.202

Increased polyuria also occurs during pregnancy in
patients with partial NDI.203 These patients may be
obligatory carriers of the NDI gene204 or may be homo-
zygotes, compound heterozygotes or may have domi-
nant AQP2 mutations.

Syndromes of Diabetes Insipidus that Begin during
Gestation and Remit after Delivery

Barron et al.205 described three pregnant women in
whom transient diabetes insipidus developed late
in gestation and subsequently remitted postpartum. In
one of these patients, dilute urine was present despite
high plasma concentrations of AVP. Hyposthenuria in
all three patients was resistant to administered aqueous
vasopressin. Because excessive vasopressinase activity
was not excluded as a cause of this disorder, Barron
et al. labeled the disease vasopressin-resistant, rather
than NDI.

A well-documented case of enhanced activity of
vasopressinase has been described in a woman in the
third trimester of a previously uncomplicated preg-
nancy.206 She had massive polyuria and markedly

TABLE 46.2 Causes of Nephrogenic Diabetes Insipidus.

Narrow definition of NDI: water permeability of the collecting

duct not increased by AVP

Congenital (idiopathic)

Hypercalcemia

Hypokalemia

Drugs:

Lithium

Nonpeptide vasopressin receptor (V2) antagonists

Demeclocycline

Amphotericin B

Methoxyflurane

Diphenylhydantoin

Nicotine

Alcohol

Broad definition of NDI: defective medullary countercurrent

function

Renal failure, acute or chronic (especially interstitial nephritis or
obstruction)

Medullary damage:

Sickle-cell anemia and trait

Amyloidosis

Sjögren syndrome

Sarcoidosis

Hypercalcemia

Hypokalemia

Protein malnutrition

Cystinosis

Modified from ref. [246]
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elevated plasma vasopressinase activity. The polyuria
did not respond to large intravenous doses of AVP, but
responded promptly to dDAVP, a vasopressinase-resis-
tant analog of AVP. The polyuria disappeared with the
disappearance of the vasopressinase. It is suggested
that pregnancy may be associated with several differ-
ent forms of diabetes insipidus, including central,
nephrogenic, and vasopressinase mediated.203,207,208

Polyuria and Nocturia in Diabetes Insipidus,
Nocturnal Polyuria in Enuretic Children

Polyuria could be constant during the day but also
present at night: the urine is normally most concen-
trated in the morning due to lack of fluid ingestion
overnight and increased vasopressin secretion during
the late sleep period.209 Neurons in the suprachias-
matic nucleus, the brain biological clock, send axonal
projections toward the supraoptic nucleus, one of the
hypothalamic nuclei producing vasopressin,5 provid-
ing a possible anatomical substrate for the circadian
modulation, an osmoregulatory gain during the late
sleep period.209 As a result, the first manifestation of a
mild-to-moderate loss of concentrating ability is often
nocturia. However, nocturia is not diagnostic of a
defect in concentrating ability, since it can also be
caused by other factors such as drinking before going
to bed or, in men, by prostatic hypertrophy, which is
characterized by urinary frequency rather than poly-
uria. Psychogenic polydipsic patients tend to ingest
large amounts of fluid during the day but not at night,
therefore nocturia is rarely seen in primary polydipsic
patients.199 The pattern of nocturnal polyuria in
enuretic children is similar to that observed in acute
sleep deprivation, and enuresis in children might be
related to the failure of sleep to cause a reflex reduction
in arterial pressure and urine production.210,211

INVESTIGATION OF A PATIENT
WITH POLYURIA

Plasma sodium and osmolality are maintained
within normal limits (136�143 mOsmol/l for plasma
sodium; 275�290 mOsmol/kg for plasma osmolality)
by a thirst�AVP�renal axis. Thirst and AVP release,
both stimulated by increased osmolality, is a “double-
negative” feedback system.212 Even when the AVP
component of this double-negative regulatory feed-
back system is lost, the thirst mechanism still pre-
serves the plasma sodium and osmolality within the
normal range, but at the expense of pronounced poly-
dipsia and polyuria. Thus, the plasma sodium concen-
tration or osmolality of an untreated patient with
diabetes insipidus may be slightly greater than the
mean normal value, but these small increases have no

diagnostic significance. Polyuric patients should be
asked about their thirst and their way to quench it:
cold water will quench thirst more effectively in
severely polyuric and dehydrated patients, irrespec-
tive of their etiology (central versus nephrogenic).
Primary polydipsic patients may tend to absorb large
quantities of water, ice-cold or not. Glucose-induced
osmotic diuresis is more frequent than any cause of
non-osmotic polyuria. High plasma glucose levels
with polyuria could also be observed in brain-dead
patients with diabetes insipidus receiving glucose
infusions at a rate exceeding 500 ml/hour, which cor-
responds to the maximum (25 g/hour) possibility for
glucose metabolism. The polyuria observed in post-
obstructive diuresis is appropriate, representing an
attempt to excrete the fluid retained during the period
of obstruction.213

Excepting the context of brain trauma, brain surgery
or long-term lithium administration, where the diagno-
sis of polyuria is obvious, a logical approach to the
patient with polyuria is to search for arguments sup-
porting known causes of polyuric states. Such argu-
ments may be: (1) morphological (brain magnetic
resonance imaging), including the presence of a hypo-
thalamic tumour or mass related to a granulomatous or
inflammatory process; (2) hormonal, suggesting that
the posterior pituitary involvement is not isolated, but
rather is associated with other signs of anterior pitui-
tary deficits; (3) systemic, with the presence of a gener-
alized inflammatory process or pituitary metastasis; (4)
hereditary, with other members of the family affected
with central or nephrogenic diabetes insipidus.

An abrupt onset of polyuria in an adult would sug-
gest acquired central diabetes insipidus. Magnetic reso-
nance imaging of the hypothalamic structures and of
the posterior pituitary should be obtained to assess the
posterior pituitary normal “bright spot,” a possible sur-
rogate of the posterior pituitary vasopressin content,
and any accompanying lesions. Clinical and biochemi-
cal indices of associated anterior pituitary/hormone
deficiency should also be obtained,97 since additional
deficits in anterior pituitary hormones were documen-
ted in 61% of patients, a median of 0.6 years after the
onset of diabetes insipidus. The most frequent abnor-
mality was growth hormone deficiency (59%), followed
by hypothyroidism (28%), hypogonadism (24%), and
adrenal insufficiency (22%). Seventy-five percent of the
patients with Langerhans cell histiocytosis had an ante-
rior pituitary hormone deficiency that was first
detected a median of 3.5 years after the onset of diabe-
tes insipidus.

In this context, the dehydration test is rarely neces-
sary, and is only recommended for patients with
isolated polyuria, a normal pituitary stalk and hypo-
thalamic region on magnetic resonance imaging, and
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with no familial history of polyuria. If plasma osmolal-
ity and/or sodium concentration under conditions of
ad libitum fluid intake are above 295 mmol/kg and
143 mmol/L, the diagnosis of primary polydipsia is
excluded.214

If severe polyuric symptoms and signs are docu-
mented, water should be restricted to only two to four
hours during day time in infants, plasma sodium
should be available every two hours during testing and
should not exceed 145�148 in children and adults,
since a maximal endogenous vasopressin stimulation
(more than 3.5 pg/mL) should occur at this level with
a maximal urine osmolality response (higher than
800 mOsm/kg H2O). If delays of more than 60minutes
are encountered to obtain plasma sodium or urine
osmolalities during dehydration tests, these tests
should be done in other institutions where almost
immediate laboratory reports are obtained after blood
samplings.

Theoretically, it should be relatively easy to differen-
tiate between neurogenic diabetes insipidus, NDI, and
primary polydipsia by comparing the osmolality of
urine obtained during dehydration with that of urine
obtained after the administration of dDAVP. Patients
with neurogenic diabetes insipidus should reveal a
rapid increase in urinary osmolality, whereas it should
increase normally in response to moderate dehydration
in patients with primary polydipsia. However, for sev-
eral reasons, these distinctions may not be as clear as
one might expect.215 First, chronic polyuria resulting
from any cause interferes with the maintenance of the
medullary concentration gradient, and this “wash-out”
effect diminishes the maximum concentrating ability of
the nephron. The extent of the blunting varies in direct
proportion to the severity of the polyuria. Hence, for
any given basal urine output, the maximum urine
osmolality achieved in the presence of saturating con-
centrations of AVP is depressed to the same extent in
patients with primary polydipsia, neurogenic diabetes
insipidus or NDI (Figure 46.12). Second, most patients
with neurogenic diabetes insipidus maintain a small,
but detectable, capacity to secrete AVP during severe
dehydration, and urinary osmolality may then increase
to greater than the plasma osmolality. Third, patients
referred to as partial diabetes insipidus (either neuro-
genic or nephrogenic) and patients with acquired NDI
have an incomplete response to AVP, and are able to
concentrate their urine to varying degrees in a dehy-
dration test. Finally, all polyuric states (whether neuro-
genic, nephrogenic or psychogenic) can induce large
dilatations of the urinary tract and bladder.141,142 As a
consequence, the urinary bladder of these patients has
an increased residual capacity, and changes in urinary
osmolality induced by diagnostic maneuvers might be
difficult to demonstrate.

Indirect Tests for Diabetes Insipidus

The measurement of urinary osmolality after dehy-
dration and dDAVP administration is usually referred
to as “indirect testing,” because AVP secretion is
indirectly assessed through changes in urinary osmo-
lalities.32 The patient is maintained on a complete
fluid-restriction regimen until urinary osmolality
reaches a plateau, as indicated by an hourly increase of
less than 30 mOsmol/kg for at least 3 successive hours.
After measuring the plasma osmolality, 2 mg dDAVP
are administered subcutaneously. Urinary osmolality is
measured 30 and 60minutes later. The last urinary
osmolality value obtained before the dDAVP injection,
and the highest value obtained after the injection, are
compared. In patients with severe neurogenic diabetes
insipidus, urinary osmolality after dehydration is usu-
ally low (, 200 mOsmol/kg) and increases more than

FIGURE 46.12 Schematic diagram of the relationship between

urine osmolality and plasma vasopressin in patients with polyuria

of diverse cause and severity. The shaded area represents the normal
range. For each of the three categories of polyuria, the relationship is
described by a family of sigmoid curves that differ in height. These
differences in height reflect differences in maximum concentrating
capacity due to “wash-out” of the medullary concentration gradient.
They are proportional to the severity of the underlying polyuria
(indicated in liters at the right-hand side of each plateau), and are
largely independent of the cause. The three categories of diabetes
insipidus differ principally in the submaximal or ascending portion
of the dose�response curve. In patients with neurogenic diabetes
insipidus, this part of the curve lies to the left of normal, reflecting
increased sensitivity to the antidiuretic effects of very low concentra-
tions of plasma vasopressin. In contrast, in patients with neurogenic
diabetes insipidus, this part of the curve lies to the right of normal,
reflecting decreased sensitivity to the antidiuretic effects of normal
concentrations of plasma vasopressin. In primary polydipsia, this
relationship is relatively normal. (From ref. [215].)
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50% after dDAVP administration. In patients with
severe NDI, urinary osmolality after dehydration is also
low (, 200 mOsmol/kg), but does not increase after
dDAVP administration (,20%). Urinary osmolality
increases to variable degrees (10% to 50%) after dDAVP
administration to patients with partial neurogenic or
partial nephrogenic diabetes insipidus. In patients with
primary polydipsia, maximum urinary osmolality will
be obtained after dehydration (.295 mOsmol/kg) and
does not increase after dDAVP administration (,10%).

Alternatively, plasma sodium and plasma and uri-
nary osmolalities can be measured at the beginning of
the dehydration procedure and at regular intervals
(usually hourly) thereafter, depending on the severity
of the polyuria.216 For example, an 8-year-old patient
(body weight 31 kg) with a clinical diagnosis of con-
genital NDI (later found to bear an AVPR2 mutation)
continued to excrete large volumes of urine (300 ml/h)
during a short 4hour dehydration test. During this
time, the patient suffered from severe thirst, his plasma
sodium was 155 mOsmol/l, plasma osmolality was
310 mOsmol/kg, and urinary osmolality was
85 mOsmol/kg. The patient received 1 mg of dDAVP
intravenously and was allowed to drink water.
Repeated urinary osmolality measurements demon-
strated a complete urinary resistance to dDAVP. It
would have been dangerous and unnecessary to pro-
long the dehydration further in this young patient.
Thus, the usual prescription of overnight dehydration
should not be used in patients, and especially
children, with severe polyuria and polydipsia (more
than 30 ml/kg body weight per day). Great care should
be taken to avoid any severe hypertonic state, arbitrarily
defined as plasma sodium greater than 155 mOsmol/l.

Direct Tests of Diabetes Insipidus

The two approaches of Zerbe and Robertson are
used,217 although they are expensive, time-consuming,
and difficult to do on young patients. In the first
approach, during the dehydration test, plasma is col-
lected hourly and assayed for AVP. The results are
plotted on a nomogram depicting the normal relation-
ship between plasma sodium or osmolality and plasma
AVP in normal individuals (Figure 46.6a). If the rela-
tionship goes below the normal range, the disorder is
diagnosed as neurogenic diabetes insipidus.

In the second approach, NDI can be differentiated
from primary polydipsia by analyzing the relationship
between plasma AVP and urinary osmolality at the end
of the dehydration period (Figure 46.6b). However,
definitive differentiation might be impossible, because
a normal or even supranormal AVP response to
increased plasma osmolality occurs in polydipsic

patients. None of the patients with psychogenic or other
forms of severe polydipsia studied by Robertson
showed any evidence of pituitary suppression.215

In a comparison of diagnoses based on indirect ver-
sus direct tests of AVP function in 54 patients with
polyuria of diverse cause, Robertson215 found that the
indirect test was reliable only for patients with severe
defects. Three patients with severe NDI, and 16 of 17
patients with severe neurogenic diabetes insipidus
were accurately diagnosed. However, the error rate of
the indirect test was about 50% in diagnosing partial
neurogenic diabetes insipidus, partial NDI or primary
polydipsia in patients who were able to concentrate
their urine to varying degrees when water-deprived.
The benefits of combined direct and indirect testing of
AVP function have been discussed by Stern and
Valtin.218 The diagnosis of primary polydipsia remains
one of exclusion, and the cause could be psycho-
genic199 or inappropriate thirst.200,219 Psychiatric
patients with polydipsia and hyponatremia have unex-
plained defects in urinary dilution, the osmoregulation
of water intake or the secretion of vasopressin.148

Therapeutic Trial of dDAVP

In selected patients with an uncertain diagnosis, a
closely monitored therapeutic trial of dDAVP (10 mg
intranasally twice a day for 2 to 3 days) may be used to
distinguish partial NDI from partial neurogenic diabe-
tes insipidus or primary polydipsia. If dDAVP at this
dosage causes a significant antidiuretic effect, NDI is
effectively excluded. If polydipsia and polyuria are
abolished and plasma sodium does not go below the
normal range, the patient probably has neurogenic dia-
betes insipidus. Conversely, if dDAVP causes a reduc-
tion in urine output without reduction in water intake
and hyponatremia appears, the patient probably has
primary polydipsia. Since fatal water intoxication is a
remote possibility, the dDAVP trial should be closely
monitored. The methods of differential diagnosis of
diabetes insipidus are described in Table 46.3.

Carrier Detection, Perinatal Testing, and Early
Treatment

The identification of mutations in the genes that
cause hereditary diabetes insipidus allows the early
diagnosis and management of at-risk members of fami-
lies with identified mutations. We encourage physi-
cians who follow families with autosomal neurogenic,
X-linked, and autosomal NDI to recommend mutation
analysis before the birth of an infant, because early
diagnosis and treatment can avert the physical and
mental retardation associated with episodes of
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dehydration. Diagnosis of X-linked NDI was accom-
plished by mutation testing of cultured amniotic cells
(n5 7), chorionic villus samples (n5 10) or cord blood
obtained at birth (n5 57) in 74 of our patients. Thirty-
five males were found to bear mutant sequences, 22
males were not affected, and nine females were not car-
riers. These affected patients were immediately given
abundant water intake, a low-sodium diet, and hydro-
chlorothiazide. They never experienced episodes of
dehydration, and their physical and mental develop-
ment is normal. Gene analysis is also important for the
identification of nonobligatory female carriers in fami-
lies with X-linked NDI. Most females heterozygous for
a mutation in the V2 receptor do not have clinical
symptoms: few are severely affected.131,220,221 Mutation
detection in families with inherited neurogenic diabe-
tes insipidus provides a powerful clinical tool for early
diagnosis and management of subsequent cases, espe-
cially in early childhood, when diagnosis is difficult
and the clinical risks are the greatest.222

Neurogenic diabetes insipidus (central or Wolfram)
is easily treated with dDAVP.223 All complications of
congenital NDI are prevented by an adequate water
intake. Thus, patients should be provided with unre-
stricted amounts of water from birth to ensure normal
development. In addition to a low-sodium diet, the use
of diuretics (thiazides) or indomethacin may reduce
urinary output. This advantageous effect has
to be weighed against the side-effects of these drugs

(thiazides: electrolyte disturbances; indomethacin:
reduction of the glomerular filtration rate and gastroin-
testinal symptoms).

RADIOIMMUNOASSAY OF AVPAND
OTHER LABORATORY
DETERMINATIONS

Radioimmunoassay of AVP

Three developments were basic to the elaboration of
a clinically useful radioimmunoassay for plasma
AVP224,225: (1) the extraction of AVP from plasma with
petrol-ether and acetone and the subsequent elimina-
tion of nonspecific immunoreactivity; (2) the use of
highly-specific and sensitive rabbit antiserum; and (3)
the use of a tracer (125I-AVP) with high specific activity.
These same extraction procedures are still widely
used,161,198,213,216 and commercial tracers (125I-AVP)
and antibodies are available. AVP can also be extracted
from plasma by using Sep-Pak C18 cartridges.226�228

Blood samples collected in chilled 7 ml lavender-
stoppered tubes containing ethylenediaminetetraacetic
acid are centrifuged at 4�C, 1000 g (3000 rpm in a usual
laboratory centrifuge), for 20minutes. This 20minute
centrifugation is mandatory for obtaining platelet-poor
plasma samples, because a large fraction of the circulat-
ing vasopressin is associated with the platelets in
humans.229,230 The tubes may be kept for 2hours on
slushed ice before centrifugation. Plasma is then sepa-
rated, frozen at2 20�C and extracted within 6 weeks of
sampling. Details for sample preparation (Table 46.4)
and assay procedure (Table 46.5) can be found in writ-
ings by Bichet and colleagues.229,231 An AVP radioim-
munoassay should be validated by demonstrating: (1)
a good correlation between plasma sodium or osmolal-
ity and plasma AVP during dehydration and infusion
of hypertonic saline solution (Figure 46.6); and (2) the
inability to obtain detectable values of AVP in patients
with severe central diabetes insipidus. Plasma AVP
immunoreactivity may be elevated in patients with dia-
betes insipidus following hypothamic surgery.232

In pregnant patients, the blood contains high concen-
trations of cystine aminopeptidase, which can (in vitro)
inactivate enormous quantities (ng mL21 min21) of
AVP. However, phenanthrolene effectively inhibits
these cystine aminopeptidases (Table 46.6).

Aquaporin-2 Measurements

Urinary AQP2 excretion could be measured by
radioimmunoassay233 or quantitative Western analy-
sis,234 and could provide an additional indication of
the responsiveness of the collecting duct to AVP.

TABLE 46.3 Differential Diagnosis of Diabetes Insipidus.

1. Measure plasma osmolality and/or sodium concentration under
conditions of ad libitum fluid intake. If plasma osmolality is
.295 mOsmol/kg and sodium is .143 mOsmol/l, the diagnosis
of primary polydipsia is excluded and the work-up should
proceed to step (5) and/or (6) to distinguish between NDI and
neurogenic diabetes insipidus. Otherwise:

2. Perform a dehydration test. If urinary concentration does not
occur before plasma osmolality reaches 295 mOsmol/kg and/or
sodium reaches 143 mOsmol/l, the diagnosis of primary
polydipsia is again excluded and the work-up should proceed to
step (5) and/or (6). Otherwise:

3. Determine the ratio of urine to plasma osmolality at the end of the
dehydration test. If it is ,1.5, the diagnosis of primary polydipsia
is again excluded and the work-up should proceed to step (5)
and/or (6). Otherwise:

4. Perform a hypertonic saline infusion with measurement of plasma
AVP and osmolality at intervals during the procedure. If the
relationship between these two variables falls below the normal
range, the diagnosis of neurogenic diabetes insipidus is
established. Otherwise:

5. Perform a dDAVP infusion test. If urine osmolality increases by
,150 mOsmol/kg above the value obtained at the end of the
dehydration test, the diagnosis of NDI is established. Alternatively:

6. Measure urine osmolality and plasma AVP at the end of the
dehydration test. If the relationship falls below the normal range,
the diagnosis of NDI is established.

Data from ref. [219].
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Plasma Sodium, Plasma, and Urine Osmolality

Measurements of plasma sodium, plasma, and uri-
nary osmolality should be immediately available at
various intervals during dehydration procedures.
Plasma sodium is easily measured by flame photome-
try or with a sodium-specific electrode.235 Plasma and
urinary osmolalities are also reliably measured by
freezing point depression instruments with a coeffi-
cient of variation at 290 mmol/kg of less than 1%.

At variance with published data,229,217 we have found
that plasma and serum osmolalities are equivalent (i.e.,
similar values are obtained). Blood taken in heparinized
tubes is easier to handle, because the plasma can be
more readily removed after centrifugation. The tube
used (green-stoppered tube) contains a minuscule con-
centration of lithium and sodium, which does not inter-
fere with plasma sodium or osmolality measurements.

Frozen plasma or urinary samples can be kept for further
analysis of their osmolalities, because the results
obtained are similar to those obtained immediately after
blood sampling, except in patients with severe renal fail-
ure. In the latter patients, plasma osmolality measure-
ments are increased after freezing and thawing, but the
plasma sodium values remain unchanged.

Plasma osmolality measurements can be used to
demonstrate the absence of unusual osmotically active
substances (e.g., glucose and urea in high concentra-
tions, mannitol, ethanol).236 With this information,
plasma or serum sodium measurements are sufficient
to assess the degree of dehydration and its relationship
to plasma AVP. Nomograms describing the normal
plasma sodium/plasma AVP relationship are equally
as valuable as classic nomograms describing the rela-
tionship between plasma osmolality and effective
osmolality (i.e., plasma osmolality minus the contribu-
tion of “ineffective” solutes: glucose and urea).

MAGNETIC RESONANCE IMAGING IN
PATIENTS WITH DIABETES INSIPIDUS

Magnetic resonance imaging (MRI) permits visuali-
zation of the anterior and posterior pituitary glands
and the pituitary stalk. The pituitary stalk is permeated
by numerous capillary loops of the hypophy-
seal�portal blood system. This vascular structure also
provides the principle blood supply to the anterior
pituitary lobe, because there is no direct arterial supply
to this organ. In contrast, the posterior pituitary lobe
has a direct vascular supply. Therefore, the posterior
lobe can be more rapidly visualized in a dynamic
mode after administration of gadolinium (gadopentate
dimeglumine) as contrast material during MRI. The
posterior pituitary lobe is easily distinguished by a
round, high-intensity signal (the posterior pituitary
“bright spot”) in the posterior part of the sella turcica
on T1-weighted images. Loss of the pituitary hyperin-
tense spot or bright spot on a T1-weighted MRI image
reflects loss of functional integrity of the neurohypoph-
ysis, and is a non-specific indicator of neurohypophy-
seal diabetes insipidus regardless of the underlying
cause.97,237 It is now considered that the bright spot
represents normal AVP storage in the posterior lobe of
the pituitary, that the intensity is correlated with the
amount of AVP, and that after 60 years of age the sig-
nal is often less intense, with irregularities in the nor-
mally smooth convex edge.238,239 MRI is reported to be
the best technique with which to evaluate the pituitary
stalk and infundibulum in patients with idiopathic
polyuria. A thickening or enlargement of the pituitary
stalk may suggest an infiltrative process destroying the
neurohypophyseal tract.240

TABLE 46.4 Arginine Vasopressin Measurements: Sample
Preparation.

4�C � Blood in EDTA tubes

Centrifugation 1000 g3 20 min.

Plasma frozen2 20�C

Extraction:

2 mL acetone1 1 mL plasma

1000 g3 30 min 4�C

Supernatant1 5 mL of petrol-ether

1000 g3 20 min 4�C

Freeze2 80�C

Throw nonfrozen upper phase

Evaporate lower phase to dryness

Store desiccated samples at2 20�C

TABLE 46.5 Arginine Vasopressin Measurements: Assay
Procedure

Day 1 Assay set-up 400 μL/tube (200 μL sample or
standard1 200 μL of antiserum or buffer). Incubation
80 hours, 4�C

Day 4 125I-AVP 100 μL/tube 1000 cpm/tube. Incubation 72 hours,
4�C

Day 7 Separation dextran1 charcoal

Data from ref. [247].

TABLE 46.6 Measurements of Arginine Vasopressin Levels in
Pregnant Patients.

1,10-phenanthroline monohydrate (Sigma) solubilized with several
drops of glacial acetic acid

0.1 mL/10 mL of blood
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TREATMENT

In most patients with complete hypothalamic diabetes
insipidus, the thirst mechanism remains intact. Thus,
hypernatremia does not develop in these patients, and
they suffer only from the inconvenience associated with
marked polyuria and polydipsia. If hypodipsia develops
or access to water is limited, then severe hypernatremia
can supervene. The treatment of choice for patients with
severe hypothalamic diabetes insipidus is dDAVP, a
synthetic, long-acting vasopressin analog with minimal
vasopressor activity, but a large antidiuretic potency.
The usual intranasal daily dose is between 5 and 20 mg.
To avoid the potential complication of dilutional hypo-
natremia, which is exceptional in these patients as a
result of an intact thirst mechanism, dDAVP can be
withdrawn at regular intervals to allow the patients to
become polyuric. Aqueous vasopressin (Pitressin) or
dDAVP (4.0 mg/1 ml ampule) can be used intrave-
nously in acute situations, such as after hypophysectomy
or for the treatment of diabetes insipidus in the brain-
dead organ donor. Pitressin tannate in oil and nonhor-
monal antidiuretic drugs are somewhat obsolete and
now rarely used. For example, chlorpropamide
(250�500 mg daily) appears to potentiate the antidiuretic
action of circulating AVP, but troublesome side-effects
of hypoglycemia and hyponatremia do occur.

The treatment of congenital NDI has been reviewed by
Knoers and Monnens.176 An abundant unrestricted water
intake should always be provided, and affected patients
should be carefully followed during their first years of
life. Water should be offered every 2 hours day and night,
and temperature, appetite, and growth should be moni-
tored. The parents of these children easily accept setting
their alarm clock every 2 hours during the night. Hospital
admission may be necessary to allow continuous gastric
feeding. A low-osmolar and low-sodium diet, hydrochlo-
rothiazide (1�2 mg/kg/d) alone or with amiloride,
and indomethacin (0.75�1.5 mg/kg) substantially reduce
water excretion, and are helpful in the treatment of
children. Many adult patients receive no treatment.
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INTRODUCTION

Renal epithelial transport depends on the coordi-
nated function of potassium channels with ion trans-
porters (co-transporters, channels, and exchangers) and
ion pumps in apical and basolateral membranes of dis-
tinct cell types along the nephron of the mammalian
kidney. Potassium (K1) channels are key members of
this integrated transport system in renal epithelial cells.
First, renal K1 channels participate in generating cell
membrane potential; since numerous transporters are
electrogenic, changes in cell membrane potential could
alter the transport rate of a given substance. Second,
renal K1 channels are involved in the volume regula-
tion that is essential for preventing cell swelling or
shrinking in the hypotonic or hypertonic environment.
Third, renal K1 channels play an important role in K1

recycling which is essential for maintaining the func-
tion of several transport proteins, such as Na1-K1-
ATPase. Finally, renal K1 channels are extremely
involved in K1 secretion in the aldosterone-sensitive
distal nephron (ASDN). Figure 47.1 is a scheme provid-
ing an overview regarding the role of K channels in
different renal segments.

Since K1 channels play such an important role in
kidney function, understanding the structure and regu-
lation of renal K1 channels is essential to gaining
insights into the molecular mechanisms of kidney
potassium handling. In the past decades, the develop-
ment of molecular biology and patch-clamp techniques
has had a significant impact on the exploration of the
molecular identity of some renal K1 channels. This
chapter summarizes our current understanding of the
molecular identity of renal K1 channels, and will

specifically focus on the ROMK (Kir1; KCNJ1) channel.
We will discuss similarities, as well as certain differ-
ences, in the properties of cloned K1 channels com-
pared to native K1 channels expressed in the different
nephron segments.

THE MOLECULAR BIOLOGY OF ROMK,
A DISTAL K1 SECRETORY CHANNEL

Structure of Inward Rectifying K1 Channels
and ROMK

The K1 channel, ROMK (Kir1; KCNJ11), belongs to a
growing family of inwardly rectifying K1 (Kir) chan-
nels2 that are functionally characterized by high potas-
sium selectivity and by either weak or strong inward
rectification. To date, 16 Kir genes have been identified
and classified into seven subfamilies (Kir1.x to Kir7.x).
All Kir channels have a membrane topology consisting
of two membrane-spanning domains (M1 and M2), an
intervening H5 pore-forming region, and cytoplasmic
amino (NH2-) and carboxyl (COOH-)-terminal domains
(Figure 47.23�5). This membrane topology corresponds
to the last two membrane spanning segments of the
voltage-gated K1 channels, suggesting a common
ancestral origin.6�8 The N- and C-terminal cytoplasmic
regions of Kir channels provide regulatory domains
(Figure 47.2) that can be phosphorylated by kinases,9

and that interact with protons,10�12 nucleotides,13 and
phosphoinositides.14,15

The three-dimensional structure of ROMK is not
available, but it can be inferred from X-ray crystallo-
graphic structures of bacterial and eukaryotic K1 chan-
nels. The first crystal structure of K1 channel
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determined is from Streptomyces lividans (KcsA).16

Although not an inward rectifier K1 channel, KcsA
shares the same membrane topology with Kir channels
with two membrane-spanning M1 and M2 segments, a
H5 pore-forming region, and N- and C-terminal cyto-
plasmic domains. The amino acid sequence of KcsA is
similar to the corresponding region of other K1

channels, including vertebrate and invertebrate volt-
age-gated K1 channel, inward rectifier, and calcium-
activated K1 channels. The crystal structure of KcsA
reveals a tetramer with four identical subunits that
encircle a central ion conduction pathway with four-
fold symmetry (Figure 47.3). The M1 and M2 segments
of each subunit form α-helices and are inserted into the
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FIGURE 47.1 A cell model dem-

onstrating the role of K channels in

different renal segments.

FIGURE 47.2 Topology of ROMK (Kir1.1) K1

channel. M1 and M2 represent the two membrane-
spanning domains characterizing the inward-rectifier
family of potassium channel. Some important func-
tional sites are indicated. A short amphipathic segment
in the M1-M2 linking segment in ROMK forms the
pore-forming (P-loop) or H5 region. The canonical T-X-
G-Y-G amino acid sequence found in all K1 channels is
shown in the H5 segment. Numbering is based on
amino acid sequence of ROMK2 (Kir1.1b).

1602 47. THE MOLECULAR BIOLOGY OF RENAL K1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



tetramer such that M2 faces the central ion conduction
pathway (termed inner helix), and M1 faces the lipid
membrane (outer helix). Amino acids connecting M1
and M2 (from N to C) form the turret, a tilted pore
helix that runs half-way through the membrane, and
the selectivity filter bearing the Thr-X-Gly-Tyr-Gly (X is
any amino acid) signature sequence of all K1 channels.
The inner helices are tilted with respect to the mem-
brane, so that the subunits open like the petals of a
flower facing the outside of the cell. Furthermore, the
four inner helices pack against each other as a bundle
near the intracellular aspect of the membrane, giving
the appearance of an inverted teepee.

The ion conduction pathway (pore) of KcsA can be
functionally divided into three parts that (from the out-
side of the cell) consist of the selectivity filter, a water-
filled wide cavity near the middle of the membrane
(the central cavity; B10Å across), and the internal part
of the pore made up of the anti-lipid facing amino
acids of four inner helices. The selectivity filter (B12Å

in length) is the narrowest part of the pore, and is lined
by four evenly spaced layers of carbonyl oxygen atoms
from amino acids X-Gly-Tyr-Gly, and a single layer of
hydroxyl oxygen atoms from amino acid threonine. K1

ions dehydrate and enter the selectivity filter in single
file. The five layers of oxygen atoms form four consecu-
tive K1 ion-binding sites to stabilize dehydrated K1

ions in the filter, which compensates for the energy
required for dehydration. Due to repulsion between
closely spaced ions, K1 ions occupy only two of the
four binding sites at a given time, in either 1,3 or 2,4
configuration. These unique structural and energetic
features contribute to the extremely high selectivity
(B1000 to 1 for K1 over Na1) yet fast conduction rate
(up to B108ions/sec) of K1 channels for K1 ions.

The crossing of four inner helices of KcsA as a bun-
dle near the intracellular aspect of the membrane cre-
ates a point of structural constraint between the
membrane pore and the cytoplasm, referred to as bun-
dle crossing. Structural comparison of KcsA with
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FIGURE 47.3 Architecture of inwardly rectifying K (Kir) channels 276. (a) A scheme of Kir channels: each subunit contains two trans-
membrane helices (M1 and M2), a channel pore (P), and both N- and C-termini. (b) The tetrameric structure of the KirBac1.1 channel4 (PDB
ID:1P7B) viewed from the extracellular side. Each monomer is marked by red, green, yellow, and blue, respectively. The conduction pathway
is indicated by a K ion (white). (c) Side view of two subunits of the KirBac1.1 illustrating the transmembrane domain (green and blue), the
C-terminal domains of their neighbouring subunits (red and yellow) and K ions (white) in the selectivity filter. See color section at the back of
the book.
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Mthk, a bacterial calcium-activated K1 channel,17 pro-
vides insights into how bundle crossing might function
as an activation gate for K1 channels. In KcsA, the
inner helices are straight and the diameter of bundle
crossing is about 3.5Å, suggesting that the crystal struc-
ture of KcsA is in closed conformation. In contrast, the
crystal structure of Mthk, which is solved in the pres-
ence of high (Ca21), thus likely in the open conforma-
tion, reveals that inner helices are bent at a hinge point
and splayed open so that the bundle crossing does not
form a barrier to the flow K1 ions between the central
cavity and the cytoplasm. Thus, KcsA and Mthk struc-
tures likely represent closed and open pore conforma-
tions of many different K1 channels, including ROMK.
Conservation of a glycine residue at the inner helix
hinge point in most K1 channels supports this
conclusion.

The structural studies of KcsA and Mthk do not
include the cytoplasmic N- and C-terminal domains.
The crystallographic structure of the bacterial inward
rectifier K1 channel KirBac1.1, including the trans-
membrane and cytoplasmic domains, provides the first
insight into the intracellular domains of Kir channels.18

The structures of the intracellular domains of eukary-
otic Kir channels are determined in two ways. One
uses only the N- and C-terminal cytoplasmic domains
connected by an artificial kinker for crystallographic
studies.19 The other determines the structures of cyto-
plasmic domains, together with the transmembrane
domains, using either a chimeric channel containing
the outer three quarters of the membrane domains of
KirBac3.1 and the inner one quarter of the membrane
domain and the intracellular N- and C-terminal
domains of Kir3.120 or the native form of inward recti-
fier K1 channel from chicken (Kir2.2).21 Overall, these
studies reveal that the N-terminal cytoplasmic domain
of one subunit interacts with the C-terminus of the
adjacent subunit, and together form predominantly
β-sheet structures. The four sets of associated N- and
C-terminal domains assemble into a tetramer sur-
rounding a water-filled cytoplasmic pore that extends
coaxially from the transmembrane pore domain. Thus,
the cytoplasmic pore extends the ion permeation path-
way to B60Å, nearly twice the length of the transmem-
brane pore. The apex of the cytoplasmic pore abutting
the transmembrane domain is formed by a loop
referred to as the “G-loop.” In the crystal structures,
the G-loops are in either a constricted or dilated confor-
mation, likely representing closed and open states of
the cytoplasmic pore, respectively.19�21 Thus, Kir chan-
nels contain two regions along the length of ion con-
duction pathway that can adopt constricted or dilated
conformation and function as the gates. One is the
inner helix bundle crossing, and the other is the apex
of the cytoplasmic pore formed by the G-loops.

Interestingly, the plasma-membrane facing surface
of the cytoplasmic pore contains many positively
charged amino acids known to be important for bind-
ing to membrane phosphatidylinositol-4,5-bispho-
sphate (PIP2)

4,22 (see section on “Regulation of ROMK
by PIP2“ below). Interaction between these amino acids
and membrane PIP2 may alter the conformation of the
G-loop and the inner helix bundle crossing to activate
the channel.19,20

ROMK Channel Isoforms

Following the cloning of ROMK1 (Kir1.1a) from rat
kidney,3 three additional alternatively spliced forms of
this channel were isolated (Figures 47.2 and 47.4), and
named ROMK2 (Kir1.1b), ROMK3 (Kir1.1c)23,24 and
ROMK6 (Kir1.1d).25 The encoded ROMK proteins dif-
fer at the beginning of the N-terminus � ROMK2 (also
rat ROMK6, which has the same amino acid sequence
as ROMK2; Figure 47.425) has the shortest N-terminus,
and splicing adds either 19 or 26 amino acids for
ROMK1 or ROMK3, respectively (see Figures 47.2 and
47.4). Relative ROMK mRNA abundance measured by
competitive PCR has shown that ROMK2 and ROMK3
are much more abundant than ROMK1 or ROMK6 in
rat kidney.26 In addition, a novel set of ROMK proteins,
about one-third the size of native ROMK, has been sug-
gested to be formed from alternative splicing of the
ROMK core exon.27 The significance of these putative

FIGURE 47.4 The ROMK splice variants. Current-voltage rela-
tionships for ROMK1, 2, and 3 are shown. Each of these variants has
a similar I�V curve and calculated single channel conductance of
B35 pS. The open probability of these three channels is also similar
and .0.9. ROMK1, 2, 3, and 6N-terminal amino acid sequences are
shown using the single letter notation for residues. ROMK2 and 6
have an identical amino acid sequence. ROMK1 and ROMK3 have 19
and 26 additional N-terminal amino acids, respectively, compared to
ROMK2 or 6. The asterisk in the ROMK1 sequence indicates a func-
tional PKC phosphorylation site.
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smaller channel proteins remains unclear. Six splice
variants28�30 have been identified in the human ROMK
gene, KCNJ1, located on chromosome 11q24.28 These
six human transcripts apparently encode only three
distinct polypeptides, two of which are similar to rat
ROMK1 and ROMK2.28 A rat homolog of the third
human ROMK isoform has not been identified. Two
ROMK homologs have also been cloned from human
kidney, but their roles in renal function are unknown.31

ROMK Channel Localization

Rat ROMK1-3 are differentially expressed along the
nephron from the thick ascending limb of Henle, TAL,
to the outer medullary collecting duct, OMCD,
(Figure 47.523,32). The rat TAL and distal convoluted
tubule, DCT, express ROMK2 and ROMK3 messenger
RNA, while principal cells in the cortical collecting
duct, CCD, express ROMK1 and ROMK2 transcripts
(see Figure 47.5). The outer medullary collecting duct
cells appear to express only ROMK1 transcripts. The
general single channel properties of the ROMK1, 2, and
3 isoforms are similar, e.g., single channel conductance
and open probability (Figure 47.4). Although the spe-
cific functional/regulatory consequences of the differ-
ent isoforms have not been fully-elucidated, a serine at
the fourth position in the extended N-terminus in
ROMK1 has been shown to be required for sensitivity
to arachidonic acid (Figures 47.2 and 47.4)33 and pro-
tein kinase C34 (see section on ROMK function below).
Thus, ROMK1 may add distinct functional characteris-
tics to ROMK channels. No specific role for the
extended N-terminus of ROMK3 has yet been identi-
fied. Whether tetrameric ROMK channels are formed
of different subunits (e.g., heterotetramers of ROMK2

and ROMK1 in the cortical collecting duct) or exist
only as homotetramers is not known. Finally, ROMK
transcripts are present in some other tissues,3 including
the early gravid uterus.35 Roles for ROMK in these tis-
sues have not been determined.

Antibody generated to sequences of ROMK shared
by all isoforms has demonstrated an apical pattern of
channel protein expression in rat TAL (including mac-
ula densa cells), DCT, and early CNT cells, and princi-
pal cells of the CCD and OMCD.36�39 This localization
is consistent with the ROMK channel providing a K1

secretory pathway in these renal epithelia.

ROMK Channel Properties are Similar to the
Distal (SK) K1 Secretory Channel

The single channel characteristics and regulatory
properties of ROMK channels expressed in X. laevis
frog oocytes are virtually identical to those of the
native ATP-sensitive, small conductance (SK) channels
in TAL cells40,41 (Figure 47.6) and principal cells in the
CCD42�48(Figure 47.7). Similar kinetic characteristics of
K1, NH4

1, and Tl1 have been observed in the native
secretory K1 channel in the rat CCD and ROMK2 chan-
nels expressed in X. laevis oocytes,49,50 leading Palmer
and co-workers to conclude that the native SK and
cloned ROMK channels were identical. A further char-
acteristic of the low conductance secretory K1 channel
found in principal cells is a lack of sensitivity to exter-
nal TEA1.42

The general properties of ROMK channels expressed
in Xenopus oocytes include: (1) weak inward rectifica-
tion (Figure 47.4) that is dependent on the binding of
cytosolic Mg21 or other polyvalent cations to the chan-
nel pore51�56; (2) activation by protein kinase A-depen-
dent phosphorylation processes9,39,57,58; (3) inhibition
by high concentrations of MgATP13; (4) inhibition by
slight reductions in cytosolic pH59,60; and (5) inhibition
by arachidonic acid and protein kinase C.33,34 When
coupled with gene expression and protein localization
studies, these functional similarities strongly suggest
that ROMK makes up the pore-forming subunit of the
renal distal SK potassium channel.46,50

Characteristics of the ROMK Channel Pore

CHANNEL KINETICS

ROMK channels are characterized by a high open
probability (Po) of greater than 0.9 for inward K1

flux.3,49,57,61 The high open probability results from one
open state and two closed states. One closed state is
very short (B1 ms; 99% frequency), and the other is lon-
ger (B40 ms) but very infrequent (B1%).57,61 The infre-
quent closed state is due to blocking by divalent
cations, as it can be abolished by EDTA.61 Choe and

ROMK1

C

OM OMCD MTAL

CTAL
CTAL

DCTDCT
CCDCCD

MTAL

IM

ROMK2 ROMK3

FIGURE 47.5 The distribution of the ROMK 1, 2, and 3 iso-
forms along the rat nephron. The shaded regions indicate the locali-
zation of ROMK transcripts and protein (CCD: cortical collecting
duct; CTAL: cortical thick ascending limb; DCT: distal convoluted
tubule; MTAL: medullary thick ascending limb; OMCD: outer medul-
lary collecting duct). In the CCD and OMCD, ROMK is expressed
only in principal cells.
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co-workers61 have also suggested that the closed state
of ROMK results from K1 ions transiently blocking its
own pathway. Such a model would not require large
molecular motions, but rather small molecular
oscillations.

CHANNEL RECTIFICATION

One of the fundamental characteristics of ROMK, as
well as all Kir channels is inward rectification, the
property of passing current more easily in the inward
than in the outward direction (see Figure 47.4).

Although this seems to be contrary to the role of
ROMK in K1 secretion, the inward rectification
observed with ROMK, and with the kidney K1 secre-
tory channel, is “weak.” The term “weak” rectification
refers to the ability of ROMK to actually pass outward
current, albeit to a lesser extent than inward current.
Many of the other Kir channels are “strong” rectifiers,
and characteristically pass little outward current. The
very high open probability of the ROMK channel, usu-
ally .0.9, may help make up for the rectification effect
on K1 secretion. In other words, although the outward
conductance (ease of passing K1 secretory current) is
less than the inward conductance, the channels are
open most of the time, and thus are able to secrete
large amounts of K1. We now know that inward recti-
fication of ROMK is due to blocking of the channel
pore by Mg2155 or polyamines like spermine or spermi-
dine from the intracellular side.52,53 Thus, it is possible
that variations in the cytosolic concentrations of these
inorganic and organic cations could provide an impor-
tant mechanism regulating outward (i.e., K1 secretory
current. It was suggested that the inhibition of outward
K1 fluxes through ROMK by Mg21 may contribute to
K1-wasting in the setting of Mg21 deficiency.62 A sub-
sequent study by Yang et al.63 examining the regula-
tion of ROMK expressed in Xenopus oocytes and the
native channel by intracellular and extracellular Mg21

supports this idea.
Kinetic studies of inward rectification by Mg21

and polyamines indicate that the effect is voltage-
dependent and depends on the extracellular
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FIGURE 47.6 Model for ion transport

in the thick ascending limb. The two types
of apical K1 channels are shown; 35 pS (also
called the small K1 or SK channel) and
70 pS channels. ROMK and SK functional
and regulatory characteristics are essentially
identical. It has been proposed that the
70 pS channel is also formed by ROMK in
association with another channel subunit,
but this remains to be demonstrated.
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concentration of K1 (thus varies with the K1 reversal
potential in the constant intracellular (K1)).54,55,61,64,65

These findings suggest an interaction between per-
meant and blocking ions, and the presence of a vari-
able energy well within the channel pore. The crystal
structure of Kir revealing a long channel pore with
multiple binding sites for K1 and blocking ions is
consistent with this idea.19�21

Electrophysiological studies have demonstrated the
importance of the M2 segment and COOH-termini in
determining the inward rectifying characteristics of
inwardly rectifying K1 channels.54,56,66,67 Two residues
are particularly important in determining whether the
rectification is strong or weak. In strong inward recti-
fiers like IRK1 (Kir2.1),5 a negatively charged residue,
aspartic acid (D172 in IRK1), in the M2 membrane seg-
ment has been shown to be critical for strong inward
rectification.54,56 In ROMK the aspartate residue is
replaced by asparagine (see Figure 47.8, IR Site #1,
N171 in ROMK1), consistent with the weak rectifica-
tion of this channel. A second residue located in the
C-terminus has also been shown to be an important
contributor to strong rectification in IRK1.67 This

glutamate residue (E224 in IRK1) is replaced by a gly-
cine residue in ROMK (see Figure 47.8; IR Site #2). This
C-terminal glycine residue in ROMK is a part of the
Walker A site that contributes to the nucleotide-bind-
ing interactions (see Figure 47.1, and IR Site #2 in
Figure 47.8) in the nucleotide-binding domain (NBD;
Figure 47.8), and thus serves a different gating function
in ROMK. As expected from this model, exchange of
the ROMK C-terminus with that on IRK1 produces
strong rectification in oocytes injected with the mutant
ROMK channel.66 Consistent with the electrophysiolog-
ical results, the crystal structure of Kir2.2 reveals that
the inner helices line the central cavity and the internal
half of the membrane pore, and the side chain of D172
points to the center of the central cavity.21 The binding
sites for Mg21 in the crystal structure of Kir2.2 were
examined by soaking the crystal with 10 mM Sr21, an
electron dense mimic of Mg21. Three density peaks
due to Sr21 are observed in the crystal of Kir2.2: one in
the central cavity corresponding to the position of
D172 and two in the cytoplasmic pore, referred to as
the upper ring and lower ring of charges, respectively.
The upper ring of charges consists of E224 of IRK1 and

FIGURE 47.8 The major functional and regulatory sites, and the Bartter’s mutations are shown in this schematic representation of

ROMK1, Kir1.1a (see text for discussion).
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an additional glutamate residue E229 from each of four
subunits. The lower ring of charges consists of four
D255, one from each subunit.21

Finally, two different extracts of venom have been
suggested to specifically inhibit ROMK channels.68,69

Both the snake toxin, δ-dendrotoxin,68 the honey bee
venom extract, tertiapin, and the modified compond,
tertiapin-Q69,70 appear to block ROMK activity by inter-
acting with channel pore. Tertiapin-Q specifically
blocks ROMK and Kir3.1, but not other Kir channels
such as Kir4 and Kir5, and has been explored to esti-
mate the density of ROMK channels in the CCD and
CNT in response to dietary K1 intake.71 A study, how-
ever, indicates that tertiapin-Q can also block MaxiK
(or BK, hSlo1) Ca21-activated K1 channels.72 Thus, cau-
tion should be exercised when utilizing tertiapin-Q to
define ROMK activity under the condition in which
MaxiK channels are activated by flow.

Regulation of the ROMK K1 Channel

ROMK channel activity, like that of the native SK
channel in TAL and principal cells, is regulated by a
variety of factors that either activate or inhibit channel
activity (Figure 47.9). The molecular mechanisms for
these alterations in channel function are rapidly being
identified.

PROTEIN KINASE A (PKA)

PKA-dependent phosphorylation processes acti-
vated by receptor-mediated events or alterations in
cytosolic second messengers (e.g., cyclic AMP, cAMP)
play important roles in regulating the native SK chan-
nel in principal cells of the CCD (Figure 47.1045�48,73).
Phosphorylation-dephosphorylation processes also
modulate the activity of the cloned ROMK K1 chan-
nel.9,33,34,57,58 K1 channel activity in excised inside-out

patches of oocytes expressing ROMK requires activa-
tion by PKA-dependent phosphorylation processes.58

Rundown or loss of ROMK channel activity in these
patches occurs whenever phosphatase-mediated
dephosphorylation activity is greater than phosphory-
lation (see also section on PIP2 below for role of protein
versus lipid kinases and phosphatases in the process of
rundown and reactivation by MgATP).

The critical PKA phosphorylation sites are on the
channel protein itself (see Figure 47.2). This has been
demonstrated by several observations. First, ROMK
protein expressed in HEK-293 cells can be phosphory-
lated by PKA.9 Phosphopeptide analysis and mapping
have shown three serine residues phosphorylated by
PKA (one residue on the N-terminus (serine 25 in
ROMK2) and two residues on the C-terminus (serine
200 and serine 294 in ROMK2)). Mutation of any single
PKA phosphorylation site on ROMK2 reduces whole
cell K1 currents by 35�40% in oocytes; mutation of
two or more of the three sites produces non-functional
channels.9 This is consistent with the critical role of
PKA phosphorylation in channel activation. Second, at
the single channel level the N-terminal and C-terminal
PKA phosphorylation sites alter the channel activity,
albeit differently.57 None of the mutations with serine
residues replaced by alanine alters the single channel
conductance. Each of the C-terminal PKA phosphoryla-
tion site mutations, however, reduces open probability
(Po) by about 40%, due to the appearance of a new long
closed state. This reduction in Po is sufficient to
account for the observed reduction in whole oocyte
currents.9 Replacing the N-terminal serine with alanine
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FIGURE 47.9 The major identified regulators of ROMK channels.
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does not change Po, but does reduce the probability of
finding functioning channels by about 60%. The mech-
anism for this reduction in active channels is not
known at present. The mechanism by which PKA
increases ROMK channel activity may include stimula-
tion of surface expression and enhance the effect of
PIP2 on ROMK channels. It has been shown that stimu-
lation of PKA increases the sensitivity of ROMK chan-
nels to PIP2 in Xenopus oocytes.74 Also, a recent study
demonstrates that mutation of serine residue 44 to
aspartate increases the surface delivery of ROMK1
channels.75 One of the fundamental characteristics of
SK channels in principal cells and in the TAL is their
activation by Gs-coupled receptors or by the addition
of cyclic AMP.46 AKAPs are A-Kinase Anchoring
Proteins that bind PKA holoenzyme (catalytic plus
regulatory subunits), and maintain the enzyme at
specific intracellular sites.76,77 Wang and co-workers
reported that ROMK1 channels expressed in X. laevis
oocytes could not be activated by cyclic AMP unless
expressed with an isoform of AKAP, AKAP79.78 On
the other hand, findings that ROMK channels
carrying PKA site mutations exhibit reduced current
in Xenopus oocytes in the absence of AKAP79
suggests that ROMK can be phosphorylated without
AKAP79.78 The role of AKAP in the native tissue
is not determined. Some studies suggested that the
Na/H exchange regulatory protein 2 (NHERF-2)
might act as an AKAP, because NHERF-2 interacts
with ROMK channels79 and facilitates the stimulatory
effect of SGK1 on ROMK channels.80

ARACHIDONIC ACID (AA)

Like the native SK channel in the CCD,81 ROMK1
channels expressed in Xenopus oocytes are sensitive to
arachidonic acid (AA33,34). The effect of AA is spe-
cific, since other fatty acids failed to mimic the effect
of AA.33 However, AA has little-to-no effect on the
other two ROMK family members, ROMK2 and
ROMK3.34 Since the amino acid sequences of the
ROMK channels are identical, with the exception of
the N-terminus, the role of the N-terminus in mediat-
ing the effect of AA is strongly suggested. This is
supported by the demonstration that deletion of the
initial 37 aa of ROMK1 abolished the effect of AA.
Moreover, a serine residue at the fourth position
within the N-terminus of ROMK1 has been shown to
play a crucial role in the AA-mediated inhibition of
ROMK1, since mutation of this serine residue to ala-
nine abolished the effect of AA (Figures 47.1 and
47.334). Since this serine residue is a putative PKC
phosphorylation site,3 and AA has been shown to
activate PKC, the effect of AA may depend on stimu-
lation of a membrane-bound PKC.

PROTEIN KINASE C (PKC)

Activation of PKC phosphorylation processes inhi-
bits the apical SK channel in the CCD.48 ROMK1,
which is exclusively expressed in collecting ducts, has
three potential PKC phosphorylation sites involving
serine residues: one on the N-terminus; and two on the
C-terminal end. ROMK2 and ROMK3 only have the
two C-terminal PKC phosphorylation sites (see
Figures 47.2 and 47.4). Using an in vitro phosphoryla-
tion assay, it was observed that serine residue 4 in the
N-terminus and serine residue 201 in the C-terminus
are two major PKC-induced phosphorylation sites. The
effect of PKC on ROMK channels is complex. It was
demonstrated that phosphorylation of either serine res-
idue 4 or 201 is essential for ROMK1 export to the
plasma membrane.18 On the other hand, stimulation of
PKC in vivo has been shown to inhibit ROMK channel
activity. The N-terminal serine residue at the fourth
position appears to be most important to PKC-medi-
ated K1 channel inhibition of ROMK1. Interestingly,
this is the same residue critical for the inhibitory effect
of arachidonic acid (see Figure 47.4). However, it is
possible that PKC-induced inhibition of ROMK chan-
nels may be indirect, resulting from a decrease in PIP2

content. It was demonstrated that stimulation of PKC
decreases the PIP2 level in the plasma membrane.82

Because PIP2 is essential for maintaining ROMK chan-
nels in the open state, decreases in PIP2 levels may con-
tribute to the PKC-induced inhibition.

WNKS (WITH NO LYSINE KINASE)

WNKs are a family of four serine/threonine pro-
tein kinases named WNK1�4.83,84 Among them,
WNK1, 3, and 4 are expressed in the distal
nephron.85�87 The discovery that mutations in WNK1
and WNK4 cause the autosomal-dominant
hypertension and hyperkalemia known as pseudohy-
poaldosteronism type 2 (PHA2) led to extensive
characterization of their properties and function.88

Evidence indicates that the WNK family plays an
important role in the regulation of ROMK
channels.22,87,89�92 WNK1, 3, and 4 inhibits the
ROMK channel activity (Figure 47.10), and the effect
of WNKs on ROMK is mediated by stimulation of
clathrin-dependent endocytosis.22,89 Intersectin, a scaf-
fold protein containing two Eps15 homology domains
and four or five tandem SH3 domains, interacts with
WNK1 and 4, which is required for the regulation of
clathrin-mediated endocytosis of ROMK by WNKs.93

In addition, a clathrin adaptor protein, Autosomal
Recessive Hypercholesterolemia (ARH), has been
shown to interact with ROMK, and the interaction
may be involved in the stimulation of endocytosis of
ROMK by WNK1.16 Dysregulation of ROMK by
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WNK1 and 4 may contribute to the hyperkalemia in
PHA2.94

A kidney-specific splice form of WNK1 (KS-WNK1),
in which an alternative 50 exon replaces the first four
exons of WNK1, is expressed in the distal nephron.95

Unlike the long form of WNK1, KS-WNK1 lacks kinase
activity and, by itself, does not regulate ROMK chan-
nels. However, KS-WNK1 antagonizes the inhibitory
effect of WNK1 on ROMK.90,92 It has been reported
that high K1 intake increases, whereas low K1 intake
decreases, the expression of KS-WNK1, and that
increased KS-WNK1 expression attenuates the inhibi-
tory effect of WNK1 on ROMK channels.90,92 Thus, the
alteration of the ratio between the long and short form
of WNK1 may be an important mechanism by which a
dietary K1 intake regulates ROMK channel activity.

PROTEIN TYROSINE KINASE (PTK)

The ROMK channel is a substrate of PTK, and tyro-
sine residue 337 in the C-terminus of ROMK1 has been
demonstrated to be a PTK phosphorylation site95,97

(Figure 47.8). Tyrosine phosphorylation of ROMK is
regulated by dietary K1 intake: a low K1 intake
increases, whereas a high K1 intake decreases, tyrosine
phosphorylation.98 The regulation of tyrosine phos-
phorylation of ROMK by K1 diet is partially achieved
by modulating the expression of Src family PTK in
response to a dietary K1 intake. Low K1 increases,
whereas a high K1 suppresses, the expression of Src
family PTK.99 Immunostaining has also demonstrated
that c-Src, the most ubiquitously distributed member

of Src family PTK, is present in the thick ascending
limb, connecting tubule, and cortical collecting duct.96

Also, CD63, a tetra-spanning protein, increases c-Src
activity by stimulating c-Src phosphorylation in tyro-
sine residue 416, thereby enhancing the c-Src-induced
inhibition of ROMK channels.100

Although the fate of tyrosine phosphorylated
ROMK is not completely understood, the stimulation
of tyrosine phosphorylation of ROMK1 facilitates chan-
nel internalization (Figure 47.1197). Because ROMK1 is
exclusively expressed in the connecting tubule and
CCD, this mechanism should play an important role in
K balance during K restriction. However, the upstream
signaling which stimulates PTK is still not known. K
restriction has been shown to stimulate renin and the
angiotensin II system.101�103 Moreover, micropuncture
studies have revealed that luminal perfusion of angio-
tensin II inhibited K secretion in the distal nephron.104

Patch-clamp experiments have further demonstrated
that angiotensin II downregulates ROMK channels in
the CCD, and that such inhibition could be demon-
strated only in the CCD from K-restricted rats.105 In
addition, two lines of evidence indicate that superoxide
is a mediator of the effect of K diet on the Src family
PTK: (1) low K intake stimulates superoxide anion
levels; and (2) incubation of M-1 cells, a cultured
mouse CCD principal cell, with hydrogen peroxide
increases the expression of c-Src.106 The notion that
superoxide anion could serve as a second messenger of
low K intake on the Src family PTK is also supported
by the finding that suppression of superoxide anion
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FIGURE 47.11 A cell model demonstrating the regulation of ROMK1 channel in the CCD by Src-family PTK, SGK1, and WNK4.
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attenuates the effect of low-K intake on c-Src expres-
sion, and diminishes the tyrosine phosphorylation of
ROMK. Thus, superoxide and PTK pathway play
important roles in maintaining K homeostasis.

ALDOSTERONE AND SERUM-GLUCOCORTICOID-

INDUCED KINASE (SGK)

SGK1 has been reported to stimulate ROMK1 chan-
nels by facilitating the phosphorylation of ROMK chan-
nels at serine residue (Ser) 44, thereby enhancing the
export of ROMK channels from the ER.107,108 SGK1
also suppresses the effect of WNK4 on ROMK channels
(Figure 47.10) through the phosphorylation of WNK4
at Ser 116991 and 1196.109 Thus, the C-terminus contain-
ing Ser 1169 and 1196 was called the “switch-domain”
for renal K secretion. Moreover, WNK1 has also been
reported to stimulate SGK1 through PI3 kinase.110

WNK1-induced activation of SGK1 could also play a
role in mediating the effect of a high-K intake on K
secretion. A large body of evidence suggests that SGK1
mediates, at least in part, the effect of aldosterone on
renal K secretion.91,111�113 For instance, the phenotype
of SGK1 deletion is similar to MR knockout mice, and
displays compromised renal K secretion in response to
a high dietary K intake.111 However, it is still not
known whether the stimulatory effect of SGK on renal
K secretion is the result of increased ENaC activity
which in turn augments the electrochemical gradient
for K secretion or due to a direct stimulation of ROMK
channel insertion. It has shown that ROMK expression
in the apical membrane of the TAL and CCD is actually
increased rather than decreased in SGK null mice.114

This suggests that the role of SGK in stimulating
ROMK insertion may not be essential or can be
replaced by other kinases, such as cAMP-dependent
protein kinase A. A possible role of SGK in regulating
renal K secretion by a daily dietary K intake has been
suggested by the report that a high dietary K intake for
12hours stimulates SGK expression in the kidney.115

Moreover, ROMK channel activity increased signifi-
cantly in the CCD from rats on a high-K diet for only
6hours. Thus, SGK may regulate ROMK channel activ-
ity in the CT and CCD in response to a daily variation
of dietary K intake.

INTERACTION OF PTK, SGK1, AND WNK4

As discussed above, WNK4 inhibits ROMK channels
and K secretion in the CNT and the CCD. SGK1
reversed the inhibitory effect on ROMK channels by
stimulation of WNK4 phosphorylation in serine resi-
dues 1169 and 1196. However, Wang and his associates
have demonstrated that Src family PTK modulates the
effect of SGK1 on WNK4, and abolishes the SGK1-
induced phosphorylation of WNK4. Figure 47.11 is a
model illustrating the role of the interaction among c-

Src, SGK1, and WNK4 in regulating ROMK channels
and K secretion. Activation of c-Src inhibits the SGK1-
mediated phosphorylation of WNK4, thereby restoring
the inhibitory effect of WNK4 on ROMK channels and
K secretion.116 The c-Src-dependent modulation of
SGK1-WNK4 interaction may play a key role in
preventing K loss during volume-depletion, and in
stimulating K secretion during a high-K intake. Both
volume-depletion and K secretion are expected to
increase SGK1 expression. However, a high-K intake
has been shown to suppress PTK activity, whereas vol-
ume-depletion does not inhibit PTK expression.
Consequently, although a volume-depletion stimulates
SGK1 activity, a high PTK activity blocks the effect of
SGK1 and prevents K loss.

UBIQUITINATION

Ubiquitination plays an important role in the regula-
tion of protein degradation and recycling by attaching
ubiquitin molecules to lysine residues of substrate pro-
tein. Ubiquitination can further be classified into mono-
ubiquitination by adding only one or two ubiquitin
molecules to the substrate protein or polyubiquitina-
tion by attaching more than four ubiquitin molecules.
The polyubiquitinated protein is subjected to degrada-
tion, whereas monoubiquitinated proteins are targeted
to internalization and possibly recycling to the cell
membrane. ROMK1 channel activity could be regu-
lated by monoubiquitination, and the ubiquitin-bind-
ing site is on Lysine residue 22 on the N-terminus of
ROMK1117 (Figure 47.8). The physiological importance
of monoubiquitination in the regulation of ROMK
channel is still not clear. Because ROMK channel activ-
ity in the CCD decreases in response to stimulation of
PTK, it would be interesting to determine whether
monoubiquitination is required for the PTK-induced
internalization of ROMK1 in the CCD. POSH (plenty of
SH3) is an E3 ubiquitin ligase, and expression of POSH
enhances the ubiquitination of ROMK, suggesting that
POSH is involved in ubiquitination of ROMK
channels.118

NUCLEOTIDES, THE CYSTIC FIBROSIS

TRANSMEMBRANE CONDUCTANCE REGULATOR

(CFTR), AND SULFONYLUREA RECEPTOR (SUR)

PROTEINS

MgATP both activates and inhibits ROMK channels
(Figure 47.9), with the net effect of nucleotide action
being the integration of these opposite and complex
events. Activation occurs by stimulation of PKA-medi-
ated phosphorylation (see section on PKA, above) or
by altering the generation of PIP2 (,15 and see section
on regulation by PIP2, below). These processes modu-
late channel-gating or plasma membrane channel den-
sity (e.g., by regulating trafficking of the channel to the
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apical plasma membrane for the endoplasmic reticu-
lum75). Inhibition of the SK secretory channel in CCD
by MgATP45 identifies this channel as belonging to a
subgroup of Kir channels, referred to as ATP-sensitive
or KATP channels (the classical KATP channels, Kir6.x;
and Kir1.1 or ROMK channels43,119). The renal SK or
KATP channel is somewhat less sensitive to ATP than
the pancreatic β-cell or other KATP channels. As
observed with other KATP channels,119,120 addition of
MgADP to MgATP-inhibited ROMK channels relieves
the ATP block.13 Thus, changes in the cytosolic MgATP
concentration or in the MgATP/ADP ratio, as may
occur with alterations in the activity of Na1-K1-
ATPase, could modulate ROMK channel activity. This
may provide one mechanism for coupling basolateral
Na1-pump activity with apical K1 secretion in the
principal cells of the CCD.

Channel inhibition by Mg-ATP is incompletely
understood; however, the mechanism likely involves
both direct binding of MgATP to the ROMK protein at
an unconventional nucleotide-binding site (NBD;
Figure 47.2b) and interaction with CFTR. The direct
binding of ATP to KATP channels is supported by
cross-linking of azido-ATP compounds to the channel
proteins.51,121,122 In addition, recent biochemical obser-
vations using fluorescent ATP analogs have shown
that Mg-ATP can bind directly to KATP channels,
including ROMK.51,123,124 Both N- and C-terminal seg-
ments form the nucleotide-binding site which is situ-
ated at a region modeled to be involved in channel

gating.61,125,126 The crucial N-C-terminal interaction
occurs between adjacent subunits; in other words, the
nucleotide-binding site is intermolecular. As observed
with other KATP channels,119,120 addition of ADP to
ATP-inhibited ROMK channels relieved the ATP
block.13

Only a few studies have found that ATP can inhibit
ROMK when expressed alone in X. laevis
oocytes,12,13,127 suggesting that direct binding of
MgATP to ROMK is insufficient for channel inhibition.
Several studies have demonstrated that ROMK chan-
nels may interact with CFTR or sulfonylurea receptor
type 2B (SUR2B) (Figure 47.12a), and that such interac-
tion is required for ATP sensitivity.128�130 Moreover, a
characteristic of KATP channels, including the renal SK
channel, is their sensitivity to inhibition by sulfonylur-
eas like glibenclamide.119,131 The pancreatic β-cell KATP

channel is formed by two subunits; a pore-forming
polypeptide, Kir6.2; and the sulfonylurea-binding pro-
tein, SUR1 (an ABC (ATP-Binding Cassette) protein
family member like CFTR132�134) in a 4:4 ratio (see
Figure 47.12a135�137). Kir6.2 provides the K1 channel
permeation pathway and ATP binding-inhibition site,
while SUR is required for sulfonylurea binding, and
for certain aspects of regulation by nucleotides (e.g.,
ADP effects133,138,139). Two lines of evidence suggest
that CFTR-ROMK interaction may play a key role for
the sensitivity of ROMK to sulfonylurea agents: (1)
CFTR is expressed in the same apical regions as ROMK
channels in the CTAL and CCD,140 and a functional

FIGURE 47.12 Assembly of KATP and ROMK channels with ATP Binding Cassette (ABC) proteins. (a) The proposed hetero-octameric
complex forming ATP-sensitive (KATP) channels with four KIR subunits and four sulfonylurea receptor (SUR) subunits. The M1 and M2 mem-
brane segment arrangement is as shown in Figure 47.2a, with the M2 membrane segments lining the channel pore. (b) The topology of CFTR
and ROMK channels proposed to form kidney KATP channels. A single nucleotide-binding domain (NBD, 1) is present on the C-terminus of
ROMK, while two NBDs (numbered 2 and 3) are found on CFTR. (c) The topology of the sulfonylurea receptor, SUR2B, and ROMK proposed
to form kidney KATP channels.

1612 47. THE MOLECULAR BIOLOGY OF RENAL K1 CHANNELS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



truncated hemi-CFTR is also expressed in
the MTAL141; (2) glibenclamide- and Mg-ATP-sensitive
whole cell K1 currents in X. laevis oocytes are only
observed when ROMK is co-expressed with
CFTR.127,142 In the kidney, glibenclamide induces natri-
uresis in rats,143,144 and patch-clamp experiments have
shown that 200 μM glibenclamide inhibits the apical SK
channel in the rat TAL by about 60�70%.40,145 The sen-
sitivity of the SK channel in TAL to sulfonylureas is,
however, much less than in other KATP channels.43

Thus, the ability of glibenclamide to inhibit the K1

secretory channels in renal distal tubule suggests that a
SUR-like protein is associated with this channel, and is
involved in the sulfonylurea effect (Figure 47.12C).
However, the role of CFTR in regulating ATP-sensitiv-
ity of ROMK channels is still not completely under-
stood.146 Because the regulation of ROMK channels by
ATP required PKA-dependent phosphorylation of
CFTR, ATP-sensitivity of ROMK might be the result of
the PKA-phosphorylation state of CFTR, rather than
direct ATP regulation.146

INTRACELLULAR pH AND EXTRACELLULAR K

Small reductions in cytosolic pH reversibly inhibit
ROMK channel activity expressed in X. laevis
oocytes,10�12,60,147 and the SK channel in TAL and
CCD.45,47,48,148 Lysine at position 80 on the N-terminus
of ROMK1 (K61 on ROMK2; see Figures 47.2 and 47.8)
is primarily responsible for conferring this pH-sensitiv-
ity, as mutation of this residue abolished pH-depen-
dency10,11,149; although later studies have suggested an
alternative role of lysine-80 in the pH regulation of
ROMK1.150,151 The pH-dependent gating of ROMK is
rapidly reversible as long as the exposure to low pH
(6.0�7.0) is short. Longer exposure to low pH results in
“irreversibility.” Schulte and co-workers have recently
provided an explanation for the latter. The pH-depen-
dent conformational change in ROMK apparently
exposes N- and C-terminal cysteine residues forming
disulfide bridges that lock the protein in a closed con-
formation. The disulfide bridges can be broken by DTT
(dithiothreitol), resulting in channel reopening.

Cytosolic pH can also alter ROMK channel activity
in another way. The K1/2 for inhibition of ROMK chan-
nel activity is not fixed, but can be modulated by alter-
ing cytosolic side pH. McNicholas and co-workers12

found that decreasing the pH from 7.4 to 7.2 on the
cytosolic face of excised patches from oocytes expres-
sing ROMK2 reduced the K1/2 for MgATP inhibition
from about 2.5 mM to ,0.5 mM, almost a 10-fold
increase in affinity with this small acidification. This
effect appears to be independent of the lysine residue
implicated in pH-dependent regulation of ROMK
channel activity,10,11 indicating that another pH sensor
may be present on ROMK. This notion is supported by

the report that the residues on the N-terminus of
ROMK and the helix bundle crossing near the cyto-
plasmic end of the transmembrane pore have also been
shown to modulate sensitivity to pH.10,152 Relevant to
the existence of multiple internal pH sensors is the
finding that pH-dependent gating of ROMK1 is associ-
ated with conformational changes in both N- and C-ter-
mini.147 The pH sensitivity of ROMK channels is
controlled by extracellular K1153,154. It has been shown
that removal of extracellular K1 inactivates ROMK
channels which are closed by internal acidic pH. In the
absence of extracellular K1, intracellular alkalization
fails to reactivate ROMK channels, and adding extra-
cellular K1 is required to reactivate ROMK channels. It
has been suggested that internal pH-gating and exter-
nal K1-gating might act in the same amino acid (leu-
cine residue 160 of ROMK2).155 Acidification induces
conformation changes, preventing K1 access to the
transmembrane pore from the cytoplasm.152

Not only affecting ATP sensitivity, change in pH
also modulates the effect of polyamine block of ROMK
channels. A negatively-charged glutamic acid residue
in this C-terminal region (e.g., E224 in Kir2) has been
shown to modulate block by Mg21 or polyamines.67 In
addition, a histidine residue in Kir6.2 (H216, see
Figure 47.2156) in a region corresponding to the Walker
A site in ROMK, has been shown to mediate pH-
dependent modulation of polyamine block of this KATP

channel. Thus, this region of the C-terminus of Kir
channels is involved in a variety of different gating
functions (ATP, pH, polyamines).157

PHOSPHOINOSITIDES

Phospholipids, particularly PIP2, have been shown
to modulate Kir channels including ROMK1.14,15,158

Exposure of inside-out patches from oocytes expres-
sing Kir6.2 to PIP2 reduces the ATP-sensitivity of this
KATP channel, apparently by reducing the probability
of ATP-binding to its receptor site.158 Consequently,
increasing concentrations of PIP2 increase KATP channel
activity. PIP2 interacts with the pore-forming subunit
rather than the SUR subunit of KATP channels, since
PIP2 modifies the ATP sensitivity of the C-terminal
truncated Kir6.2 channel in the absence of SUR1.158

ROMK, like many Kir channels, contains a high density
of positively-charged amino acids just C-terminal to
M2 (see Figure 47.2). Huang and co-workers15 have
shown that labeled phospholipid vesicles bind to a
recombinant ROMK1 C-terminal fusion protein. These
investigators implicated arginine 186 in the ROMK1 C-
terminus (see Figure 47.2), as mutation of this residue
to glutamine modified PIP2 effects. Since PIP2 is gener-
ated by ATP-dependent lipid kinases, Huang and co-
workers have suggested that the stimulatory effect of
MgATP may be due to the generation of PIP2 by lipid
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kinases.15 Interaction with PIP2 in the membrane is
likely a general mechanism for activating Kir channels
(see section on the structure of Kir and ROMK above).

REGULATION OF ROMK EXPRESSION IN KIDNEY

(K1 INTAKE, MINERALOCORTICOIDS, VASOPRESSIN,

Klotho)

Since K1 homeostasis is mainly controlled by aldo-
sterone and the potassium-load, it is not surprising
that ROMK mRNA expression in rat kidney is regu-
lated by aldosterone, K1 adaptation, and vasopressin
(see Figure 47.9). It is well-established that rats fed a
high-K1 diet adapt by upregulating renal K1 secretion
and excretion.159 This results, at least in part, from an
increase in the SK channel density in CCD.160 Wald
and co-workers161 found that K1 deficiency reduces
ROMK mRNA expression in both cortex and medulla,
while K1-loading increases ROMK transcript slightly
only in medulla. Moreover, several studies have shown
that K1 deficiency decreased ROMK expression in the
plasma membrane of the collecting duct,162,163 presum-
ably by stimulating internalization including clathrin
and syntaxin-1A-dependent endocytosis.164,165 The spe-
cific ROMK isoforms that changed with potassium
were not assessed. Moreover, Frindt and co-workers166

found that ROMK transcript abundance by in situ
hybridization in the CCD was not affected by a high-
K1 diet. Thus, the high-K1 diet-induced increase in
density of active SK channels in principal cells in the
CCD is not due to increased abundance of ROMK
mRNA. Rather, changes in ROMK protein abundance,
channel activation or ROMK channel translocation to
the membrane are potential mechanisms to account for
the high-K1 adaptation effect on SK channels in the
principal cells.

Mineralocorticoids also regulate ROMK abundance.
Adrenalectomy decreased ROMK mRNA abundance in
cortex, but increased transcript abundance in the
medulla.161 In this latter study, K1 deficiency in adre-
nalectomized rats reduced ROMK mRNA to control
levels, suggesting that the hyperkalemia associated
with adrenalectomy was the cause for the increased
ROMK message in medulla. In another study, White
and colleagues26 showed that aldosterone administra-
tion by minipump to adrenal intact rats increased
ROMK transcripts in whole kidney. In the latter study,
the ROMK2, 3, and 6 isoforms were increased by the
mineralocorticoid. This latter study would be consis-
tent with mineralocorticoid-mediated regulation of
ROMK mRNA abundance in cortex. However, the glu-
cocorticoid-responsive element responsible for tran-
scriptional regulation of ROMK by mineralocorticoid
has never been identified in the promoter region of the
RMOK gene, KCNJ1.

Vasopressin, via cyclic AMP, stimulates K1 secretion
in principal cells,47 and activates the apical K1 chan-
nels in TAL cells40,167 (see Figure 47.6). Although the
activation of PKA by cAMP would phosphorylate
ROMK (or the SK channel), it remains to be shown
whether this is sufficient to account for the stimulation
of K1 channel activity or whether additional mechan-
isms, such as channel insertion into the membrane, are
required. As discussed above, PKA-anchoring proteins
appear to be required for cAMP activation of ROMK
currents in oocytes78 (see Figure 47.10).

Klotho is an aging-suppressing protein which is
expressed in several organs, including the kidney. The
application of the Klotho’s extracellular domain
increases the surface expression of ROMK1, and
enhances urinary K1 excretion.168 The mechanism by
which Klotho increases the expression of ROMK in the
plasma membrane is by eliminating terminal sialic
acids from N-glycan of ROMK. Consequently, underly-
ing disaccharide galactose-N-acetylglucosamine is
exposed and binds to galectin-1, a ubiquitous galacto-
side-binding lectin. Binding of ROMK to galectin-1
inhibits the clathrin-dependent endocytosis of ROMK.
The physiological role of endogenous Klotho in K1

homeostasis is unknown.

Lessons from Bartter’s Syndrome

Bartter’s syndrome169 comprises a set of autosomal
recessive renal tubulopathies characterized by hypoka-
lemic metabolic alkalosis, salt-wasting, hyperrenine-
mia, and hyperaldosteronsim.170�173 Antenatal
Bartter’s syndrome is the most severe form of the
inherited disorders, and is characterized by hyperpros-
taglandinemia (PGE2). Antenatal Bartter’s syndrome is
genetically heterogeneous, resulting from mutations in
one of five genes.174 Three of the Bartter’s genes encode
the major Na1, K1, Cl2 transporters in the TAL: the
SLC12A1 gene encoding the apical Na-K-2Cl co-trans-
porter175,176; the CLCKB basolateral Cl2 channel177; and
the KCNJ1 apical K1 recycling channel, ROMK (see
mutations in Figure 47.8178�180). Mutations in two other
genes also produce the Bartter’s phenotype � barttin
and the extracellular calcium-sensing receptor (CaSR).
Barttin is a membrane protein that is required for traf-
ficking of the ClCKb channel to the basolateral mem-
brane of TAL cells, and loss-of-function mutations in
barttin result in the absence of basolateral Cl2 channel
activity.181 Gain-of function mutations in the CaSR
result in inhibition of Na,K-ATPase, NKCC2, and api-
cal 70 pS K channel activity.174,182,183

The effect of loss-of-function mutations in ROMK on
TAL function can be understood, since apical K1 recy-
cling is crucial both to supplying K1 to the Na-K-2Cl
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co-transporter, and to generation of the lumen-positive
transepithelial voltage that drives 50% of the reab-
sorbed sodium through the paracellular pathway.184,185

ROMK channels with some of the Bartter’s mutations
express either no or little function in X. laevis
oocytes,186�188 consistent with mutations in KCNJ1 in
Bartter’s syndrome resulting in ROMK loss-of-function.
Based on the location of the amino acid residue altered
with certain KCNJ1 mutations (e.g., at or near phos-
phorylation sites or the nucleotide-binding site), the
resultant ROMK channels would be expected to exhibit
altered gating (see discussion above on “Regulation of
the ROMK K1 Channel”). A ROMK-deficient mouse
has been developed and exhibits a Bartter’s-like
phenotype.189,190

While both human and mouse studies clearly dem-
onstrate the importance of ROMK in TAL function,
several questions regarding the resulting Bartter’s phe-
notype remained. First, two types of apical K1 chan-
nels have been observed in the rat TAL,40 an SK
channel with characteristics typical of ROMK and an
intermediate conductance (B70 pS) channel that is simi-
lar only in some properties with ROMK. In rat TAL
cells, however, the 70 pS channel predominates, so that
mutations in the ROMK gene that generate inactive SK
channels would only be expected to have minimal
effect on the apical K1 conductance of TAL cells. This
has suggested that the intermediate conductance chan-
nel requires ROMK for function (e.g., either as a sub-
unit or as a regulator). This possibility has been
established by the absence of 70 pS K1 channels in the
TAL from ROMK null mice.191 Second, ROMK com-
prises the apical K1 secretory channel in principal cells
of the CCD. Yet, Bartter’s individuals with KCNJ1

mutations are hypokalemic. This is due to the
impairment of NaCl and fluid reabsorption in TAL
which leads to increased NaCl and fluid delivery to the
distal nephron, which stimulates K1 secretion via the
alternative flow-stimulated Maxi-K channel94 (see sec-
tion on “Maxi-K Channel” below).

OTHER RENAL POTASSIUM CHANNELS

Several other K1 channels have been cloned from
kidney-derived cell lines or are found in mammalian
kidney (Figure 47.13). Physiological roles for these
channels are less-defined than that for ROMK.

Ca21-Activated Big-Conductance K1 Channels
(BK, Maxi-K Channel)

The BK channel is composed of a pore-forming α-sub-
unit (Slo 1), and an accessory β-subunit.192,193 BK channel
activity has been detected at the apical membrane of
both principal cell (PC) and intercalated cell (IC), baso-
lateral membrane of PC in the CNT and CCD194,195 and
in the podocytes where the BK channels may be
involved in regulating glomerular filtration rate.196

BK IN THE APICAL MEMBRANE

Microperfusion experiments have demonstrated that
BK channels are involved in mediated K1 secretion dur-
ing increased dietary K1 intake.197 However, the obser-
vation that the deletion of the BK channel α-subunit
does not affect the net K1 excretion in mice fed with a
high-K1 diet suggests that HK-induced stimulation of

FIGURE 47.13 Proposed topologies of the

voltage-gated, cyclic nucleotide-gated, two-P-

domain K1 channel and Ca21-activated BK chan-

nels expressed in mammalian kidney. The pore
loops are indicated in each channel. Note the two
pore loops for the two-P channel.
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ROMK channel expression and high plasma aldosterone
level can compensate for deleting BK channels on K1

secretion.198 Although the role of BK channels in medi-
ating flow-stimulated K1 secretion has been firmly
established,198�201 it is still not completely-understood
whether IC or PC is responsible for mediating the BK-
dependent K1 secretion. Patch-clamp experiments have
demonstrated that apical BK channel activity is higher
in IC than those in PC.195 However, because IC has a
low Na-K-ATPase activity, it is still arguable whether
BK channels in IC significantly contribute to K1 secre-
tion in the collecting duct.202 A recent study performed
in Kcnmb42/2 mice in which the BK β4-subunit is
deleted suggests the role of BK channels in IC in mediat-
ing flow-dependent K1 secretion. Holtzclaw et al. have
demonstrated that renal K1 excretion was compromised
in response to a HK intake in mice lacking the BK β4-
subunit which is expressed in the apical membrane of
IC in the CNT and CCD.203 Furthermore, immunocyto-
chemical staining shows that a high-K1 intake
decreased IC size in wild-type, but not in Kcnmb42/2,
mice. Moreover, the flow rate speed was higher in
knockout mice than those of wild-type mice. It is sug-
gested that the BK channel in IC plays a role in K1

secretion through decreasing IC size and increasing
luminal volume of the CNT and the CCD, thereby creat-
ing conditions more favorable for K1 secretion.

BK CHANNEL IN THE BASOLATERAL MEMBRANE

Immunocytochemical staining shows that BK α- and
β1-subunits are expressed in the basolateral membrane
of PC in the CNT and CCD, and their expression is
stimulated by Na1 restriction. The physiological func-
tion of basolateral BK channels in PC is possibly
responsible for hyperpolarizing the basolateral mem-
brane, thereby increasing the driving force for Na1

absorption. The notion is supported by the observation
that BK-β1(2/2) mice (Kcnmb12/2) have a higher Na1

clearance than those of wild-type mice in response to
low Na1 intake.204 The impaired function of basolateral
BK channels in PC also affects the renal K1 secretion in
Kcnmb12/2 mice in response to a high-K1 intake.205

Kcnmb12/2 mice on a high-K1 diet are hypertensive,
volume-expanded, and have reduced urinary K1 and
Na1 clearances, an effect which can be treated with
mineralocorticoids receptor antagonist. This suggests
that the impaired K1 secretion results from high aldo-
sterone levels which stimulate Na1 transport in
Kcnmb12/2 mice.

Regulation of BK Channels

DIETARY K1 INTAKE

Real-time PCR analysis has demonstrated that a
high K1 intake stimulates the mRNA transcription of

BK α-, β2-, and β4-subunits, but not β1, in the rabbit
CCD.206 Because a low-Na1 intake, which increases
aldosterone levels, fails to mimic the effect of a high-
K1 intake on the mRNA level of BK α- β2-, and β4-sub-
units, it excludes the role of aldosterone in regulating
BK channel expression.207 Also, the patch-clamp
experiments demonstrated that a high-K1 intake sti-
mulates the BK channel activity in PC of the CCD.194

Since inhibition of P38 and ERK activates BK channels
in PC, and a high-K1 intake suppresses both MAPK,194

p38, and ERK, MAPK may be involved in mediating
the effect of a high-K1 intake on BK channels.

PKA AND PKC

Patch-clamp study has demonstrated that PKA and
PKC inhibit BK channel activity in the PC of
the CCD.208 The role of PKA and PKC in regulating the
flow-stimulated BK-dependent K1 secretion in the
CCD is also shown in the isolated perfused rabbit
CCD. PKA induced a tonical inhibition of BK channels
or an associated regulatory protein in PC. However,
PKA has no inhibitory effect on BK channel in IC. It is
possible that BK channels in PC and IC may be the
results of different splice variants which respond to
PKA in different ways.

CYTOCHROME P450 (CYP) EPOXYGENASE

BK channels in the PC are activated by CYP-epoxy-
genase-dependent metabolism of arachidonic acid, an
effect which is also mimicked by 11,12-epoxyeicosatrie-
noic acid (11,12-EET), a main product of CYP-
epoxygenase-dependent metabolism in the kidney.209

Because a high-K1 intake increased 11,12-EET levels in
the CCD and stimulated the expression of CYP2C44
homolog, a main CYP-epoxygenase in the kidney,
11,12-EET may play a role in stimulating BK channel-
dependent K1 secretion during a high-K1 intake. This
notion is also supported by the finding that inhibition
of CYP-epoxygenase abolished the flow-stimulated and
BK-dependent K1 excretion in the isolated rabbit
CCD.209

Other 6-TM Renal K1 Channels

The voltage-gated K1 (Kv) channels are expressed
in the kidney, and their function in regulating epithe-
lial transport is well-documented.

KCNQ1 CHANNEL

KCNQ1 forms a small conductance (2�10 pS) Kv
channel in kidney, existing as a heteromultimeric com-
plex with KCNE1 (minK). MinK has a single trans-
membrane segment and is highly-expressed at the
apical membrane. KCNQ1 and KCNE1 have been
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extensively characterized in heart, where they play cru-
cial roles in cardiac repolarization.210�212 Mutations of
these genes cause long QT syndrome. Immunostaining
has demonstrated that voltage-gated K channels, such
as ERG1 and KCNQ1, are expressed in the apical
membrane of DCT and collecting duct.213,214 The volt-
age-gated K1 channels may prevent the membrane
depolarization that occurs following stimulation of
electrogenic Na1-coupled transport of glucose or
amino acids.215 Accordingly, KCNE1 deficient mice
exhibit a reduction in glucose and amino acid uptake,
and defective volume regulation in the proximal
tubule.216 However, additional Kv channels and BK
may also participate in stabilizing proximal tubule
membrane potential during electrogenic Na1 uptake.

KCNA1 FAMILY CHANNEL

A genetic study has revealed that voltage-gated K1

channels (Kv1.1; KCNA1), which are expressed in the
apical membrane of the DCT, play a role in regulating
Mg21 transport in the DCT.217 A missense mutation in
the Kv1.1 voltage-gated K channel caused human auto-
somal dominant hypomagnesemia. Figure 47.14 is a
model illustrating the possible role of Kv1.1 in regulat-
ing Mg21 transport in DCT. The activation of voltage-
gated K channels is expected to hyperpolarize the
apical membrane, thereby increasing the driving force
for Mg21 absorption through transient receptor poten-
tial cation channel 6 (TRPM6). Defective Kv1.1 channel
function would impair the hyperpolarization of apical
membrane potential, thereby decreasing the driving

force for transepithelial Mg21 transport through
TRPM6.

KCNA10 is found at the apical membrane of the
proximal tubule.218 The KCNA10 gene is located on
1p11�13, and transcripts are expressed in kidney,
heart, and aorta. KCNA10 has 58% amino acid identity
with Kv1.3, which also resides at 1p11�13.219 The pre-
dicted secondary structure is identical to that of other
Shaker-related K1 channels, including intracellular N-
and C-termini, 6 transmembrane segments, a voltage
sensor (S4), and a pore (P) region. Unlike Shaker pro-
teins, however, KCNA10 contains a putative cyclic
nucleotide (CN)-binding domain at the C-terminus,
suggesting that protein function is regulated by cyclic
nucleotides (Figure 47.13).

2-TM Renal K1 Channel (Non-ROMK)

Kir4.1 (KCNJ10), Kir4.2 (KCNJ15), AND Kir5.1 (KCNJ16)

CHANNELS

Heteromeric Kir4.1/Kir5.1 and/or Kir4.1/Kir5.1
channels form the basolateral small conductance K1

channel in distal nephron segments.220 The inward
rectifier K1 channel, Kir4.1, was originally identified
from rat brain, and exhibits 53% amino acid identity to
ROMK1.221,222 The kidney also expresses Kir4.1
mRNA, and the channel protein has been immunoloca-
lized to the basolateral membrane of distal nephron
segments, including DCT, CNT, and CCD.223 Internal
protons decrease Kir4.1 K1 current by reducing open
probability, however, internal protons also increase
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FIGURE 47.14 A cell model illustrating the role of Kv1 and Kir4.1/5.1 in regulating Mg21 transport and transepithelial Cl2 transport in

the DCT. SeSAME syndrome (for seizures, sensorineural deafness, ataxia, mental retardation and electrolyte imbalance).
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channel conductance.224 Mice with deletion of the
Kir4.1 gene (KCN10) have been generated225 but, due
to early lethality in the neonatal stage, renal phenotype
has not been examined.

Kir4.2 was originally cloned from human kidney
and called Kir1.3.31 While this study reported that
Kir4.2 channels were not functional in X. laevis
oocytes,31 subsequent studies have shown that this
protein forms inward rectifying K1 channels that are
inhibited by protein kinase C and internal
protons.220,226 Kir4.2 mRNA is found in human31 and
mouse220 kidney, and in the latter species, specifically
in the DCT.

The inward rectifier K1 channel, Kir5.1, was also
cloned from rat brain, but does not form functional K1

channels by itself when expressed in X. laevis
oocytes.221 Kir5.1 mRNA is present in kidney,221,227

and channel protein is abundantly expressed in PT,
and in DCT and CCD segments,228 where Kir4.1 is also
expressed.223 Recent studies have demonstrated that
Kir4.1 or Kir4.2 can form heteromeric inward rectifying
K1 channels with Kir5.1 with distinct properties in the
heterologous expression systems,220,227,229 as well as in
the native kidney.227 The heteromeric interaction of
Kir5.1 with other Kir K1 channels is specific for Kir4.x
channels, and requires a small region in the proximal
COOH-terminus of Kir4.1.229

Patch-clamp experiments, immunocytochemical and
molecular biological methods have confirmed the
expression of several inwardly-rectifying K channels in
the basolateral membrane.204,230�233 Two lines of evi-
dence suggest that Kir4.1/5.1 heterotetramers are the
main type of K channels in the basolateral membrane
in the ASDN: (1) the Kir4.1 protein is detected in the
basolateral membrane of the DCT and the CCD220,232;
and (2) the patch-clamp experiments have shown that
Kir4.1/Kir5.1 channels form the major K channels in
the basolateral membrane of principal cells (PC) in
the CCD.232 The most dramatic and specific effect of
the Kir4.x-Kir5.1 assembly on K1 channel function is
the shift in the pKa for inhibition by internal protons
from 6.0 to the physiologically relevant pKa of
7.4.227,228,234,235 Internal pH sensitivity of Kir4.1-Kir5.1
is modulated by PIP2,

236 similarly to Kir1.1 (ROMK).237

Kir4.1 has been shown to interact with Ca21-sensing
receptor which inactivates the K channels.238 Because
Kir4.1 participates in generating the cell membrane
potential, activation of Ca21-sensing receptor is
expected to depolarize the membrane potential,
thereby inhibiting transepithelial Na/Cl transport in
the DCT. The importance of Kir4.1 in regulating mem-
brane transport in the DCT is best demonstrated in
patients with EAST (for epilepsy, ataxia, sensorineural
deafness, and tubulopathy)239 or SeSAME syndrome
(for seizures, sensorineural deafness, ataxia, mental

retardation and electrolyte imbalance).240 The disease
is caused by defective gene product encoding KCNJ10
(Kir4.1), which is expressed in a variety of tissues
including in the basolateral membrane of the ASDN.
The renal phenotypes of EAST/SeSAME syndrome are
hypokalemia, metabolic alkalosis, and hypomagnese-
mia.239,240 Figure 47.14 is a cell model illustrating the
role of Kir4.1/5.1 in regulating NaCl transport in the
DCT. Activation of Kir4.1/5.1 is expected to increase
the negativity of basolateral membrane, thereby
providing the driving force for Cl2 exit across the baso-
lateral membrane. In contrast, defective Kir4.1 depo-
larizes the basolateral membrane, thereby diminishing
the driving force for Cl2 exit across the basolateral
membrane. Consequently, delivery of NaCl to the CNT
and CCD is increased and leads to enhanced
Na absorption in the CNT and CCD at the expense of
K1-wasting, resulting in hypokalemia and metabolic
alkalosis. It was suggested that decreased basolateral
membrane potential impairs Mg21 absorption in the
DCT, due to a compromised driving force for Mg21.44

Kir2.3 (KCNJ4) CHANNEL

In cortical collecting duct principal cells the mainte-
nance of the negative membrane potential depends, at
least in part, on the activity of an inwardly rectifying
18 pS K1 channel. This basolateral K1 channel has
been suggested to be the inwardly rectifying K1 chan-
nel, Kir2.3.241 The kidney Kir2.3 was cloned from a
mouse CCD cell line and its expression in kidney con-
firmed by Northern analysis.241 When the MDCK cells
were transfected with Kir2.3, the channel is expressed
in the basolateral membrane,242 and a basolateral
sorting signal was identified at the COOH-terminal
tail.243,244 Kir 2.3 shares some biophysical properties
with the native 18 pS K1 channel, such as high open
probability and channel conductance, 14.5 pS.241

Kir6.1 (KCNJ8) CHANNEL

Kir6.1 was originally cloned from a rat pancreatic
islet cell cDNA library using Kir3.1 as a probe,245 and
belongs to the Kir6.x (ATP-sensitive; KATP) subfamily
of inwardly rectifying K1 channels.2,246 Exogenous
expression of Kir6.1 channels in X. laevis oocytes form
ATP-sensitive channels only when co-expressed with
a sulfonylurea receptor protein.246,247 Although this
inward rectifier is predominantly found in brain, heart,
and vascular tissue, expression in kidney has been
documented.245,248 Kir6.1 has been localized to both
mitochondria249 and plasma membranes.249,250

Upregulation of Kir6.1 mRNA has been observed fol-
lowing ischemic injury in rat kidney, consistent with
the proposed role of KATP channel activation in protec-
tion from ischemic damage (e.g., in the heart251).
Recently, Kir6.1 was cloned from rabbit proximal
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tubule cDNA library, and expression of Kir6.1, SUR2A,
and SUR2B in rabbit proximal tubule confirmed by
PCR.250 Functional studies in X. laevis oocytes sug-
gested that Kir6.1 may form the basolateral ATP- and
taurine-sensitive K1 channel involved in the basolat-
eral K1 conductance of proximal tubules.250 Adenylate
kinase, which promotes phosphoryl transfer between
ATP and ADP and associates with KATP channels,252

has been cloned from the rabbit proximal tubule
library,253 and may associate with Kir6.1 in these cells
to promote metabolic sensing.

Kir7.1 (KCNJ13) CHANNEL

The inward rectifier K1 channel, Kir7.1, was origi-
nally cloned from human brain cDNA libraries after
searching the GenBank expressed sequence Tag (EST)
database using Kir1.1 and Kir6.2.254,255 The Kir7.1 K1

channel displays unusual K1 permeation properties,
with a low single channel conductance of 50 fS, low
sensitivity to blocking by external Ba21 or Cs1, and
very low dependence of conductance on external
K1.254�256 PCR and Western blot analyses have identi-
fied Kir7.1 transcripts and protein, respectively, in rat,
guinea pig, and human kidney.254,255,257,258 Expression
of Kir7.1 along the rat nephron was demonstrated by
Western blots of microdissected nephron segments,258

which showed K1 channel protein in TAL, DCT,
CNT, CCD, OMCD, and IMCD.258 Immunostaining
localized Kir7.1 to basolateral membranes of DCT
and principal cells.258 In the guinea pig, Kir7.1 pro-
tein is expressed in basolateral membranes of proxi-
mal tubule and TAL cells.257 In the CCD, Kir7.1 is
expressed in principal cells, but not intercalated cells.
The unique pore properties of Kir7.1 and its localiza-
tion close to Na-K-ATPase suggested that this K1

channel may be functionally coupled to Na-K-
ATPase, and involved in K1 recycling across basolat-
eral membranes.258,259

The Two-Pore K1 Channels (Kt)

In CNT and CCD, a double-pore K channel
(KCNK1) is expressed in the apical membrane.38,260�262

However, the physiological function of the two-pore K
channels in the CNT or CCD is still not clear. The most
recently-discovered class of K1 channels is character-
ized by a topology containing two pores or P-loops.
These channels are also appropriately referred to as the
“two pore domain” (or Kt, two-P, TWIK-related) K1

channels (e.g., see 263). Kt channels exhibit four mem-
brane spanning domains consisting of two Kir-like
domains that are linked in a single subunit (see
Figure 47.13263�269). Structurally similar channels have
been identified in the C. elegans genome project and

represent the most abundant class of K1 channels in
this species.270 The TWIK-related channels, including
TWIK-1,263,264,266�269,271 TWIK-2,265 TREK-1,263,272,273

TASK-1,263,274 and TASK-2,263 are all expressed in
mammalian kidney.263

Both TWIK-1267 and TWIK-2265 express weakly
inward-rectifying K1 channels that are inhibited by
intracellular acidification. Transcripts for TWIK-1 are
expressed in rabbit cortical TAL and collecting duct,269

and TWIK-1 protein has been localized to the brush
border of proximal convoluted tubules, intracellular
and apical border of intercalated cells in the CCD, and
in cortical and medullary TAL cells.266 TREK-1 gives
rise to mechanosensitive outward-rectifying K1 cur-
rents that are activated by arachidonic acid and are
inhibited by protein kinases A and C.272,275 TASK
channels exhibit noninactivating outward-rectifying
K1 currents that are very sensitive to external
pH.263,274 While the properties of TWIK-related K1

channels do not fit with any of the known native K1

channels in kidney, their widespread expression in
mammalian and other organisms (e.g., C. elegans)
suggests either that they have been missed in patch-
clamp recording or that they associate with other
(unidentified to date) subunits to produce pores with
native channel properties.

SUMMARYAND CONCLUSIONS

While we have gained significant insights into the
structural diversity of K1 channels expressed in the
mammalian kidney, many new channels will likely be
identified in the near future. Likewise, electrophysio-
logical studies continue to expand our database of
physiologically and pharmacologically distinct K1

channels. The exciting challenge is to identify which
channel genes encode which native channels. Given
that many K1 channels are probably comprised of
more than one subunit (e.g., the KATP channels), this
challenge is somewhat daunting, and will require
many more years of investigation. Finally, we expect
that new inherited disorders due to mutations in some
of these channel genes (channelopathies) will be identi-
fied. These channelopathies will not only provide new
insights into the physiological roles of K1 channels, but
will likely raise new questions as it has for ROMK
mutations in Bartter’s syndrome.
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Extrarenal Potassium Metabolism
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Internal potassium homeostasis is defined as the
regulation of potassium distribution between the intra-
cellular and extracellular fluid compartments, as dis-
tinct from the net gain or loss of potassium from the
body. While the kidney plays the predominant role in
maintaining external potassium balance, nonrenal tis-
sues, especially muscle and liver, are quantitatively the
most important organs involved in the regulation of
internal potassium balance.

The ratio of potassium between intracellular and
extracellular fluids is critically important, not only to
the behavior of electrically excitable cells, such as mus-
cle and nerve, but also to the vital processes of all liv-
ing cells. The reason for this is that a major regulator of
cell function is the transmembrane potential. The deter-
minants of this membrane potential are described by
the Goldman�Hodgkin�Katz equation, the most
important term of which is the logarithm of the ratio of
internal to external ionic activity of potassium.

Of the 3500 mEq of potassium found in the body of
a 70 kg human, about 98% is confined to intracellular
water (Figure 48.1). Of this, 80% is contained in muscle
cells, at a concentration of about 150 mEq/liter. The
remaining 2% of total body potassium (about 70 mEq)
is located in the extracellular fluid (about 14 liters),
where the normal concentration is 3.5�5.5 mEq/liter.
The chief biological mechanism responsible for main-
taining this 30-fold potassium gradient between cell
water and extracellular fluid is the Na,K-ATPase
pump, situated in the plasma membrane of all animal
cells. A minor role is played by the inward transport of
potassium coupled with sodium and chloride, via the
NaaKa2Cl transporter in the plasma membrane of
some cells. Transcellular distribution of potassium is
also modulated by hormonal factors, such as insulin
and catecholamines, by hydrogen ion balance, plasma

osmolality, intracellular potassium content, and by
factors that affect the passive movement of potassium
through membrane channels, such as the level of intra-
cellular calcium and pH (Table 48.1). Some of these
factors, such as the activity of Na,K-ATPase and the
distribution of hydrogen ions, may concurrently affect
the potassium content of cells of the distal nephron,
and thereby influence the external balance of
potassium.

From a practical standpoint, a key determinant of
transmembrane potential is the plasma potassium.
Since the concentration of potassium inside cells far
exceeds extracellular concentration, percentile changes
in intracellular potassium are relatively small, even
during extreme degrees of total body potassium surfeit,
deficit or internal redistribution. The changes in extra-
cellular potassium seen in diseased states are therefore
much more likely to alter the membrane potential of
cells than are concomitant changes in intracellular
potassium. For this reason, a variety of mechanisms
have evolved to preserve the extracellular concentra-
tion of potassium within the normal range.

If a moderate load of potassium (0.5 mEq/kg) is
administered intravenously over 1 hour, about 40% of
it is excreted into the urine at the end of that time.
Within 3 hours, renal excretion is complete and the
serum potassium, which initially increases by about
0.6 mEq/liter, returns to baseline.1,2 The ability of the
normal human kidney to excrete all of an oral load of
potassium is more sluggish; while potassium excretion
increases 6-10-fold within a few hours,3�5 only about
half of the load is excreted during the first 3�6 hours
after it is ingested.5�9 Of considerable interest, how-
ever, is recent evidence that is consistent with the
existence of an unidentified “gut” and/or “hepato-
portal factor” that senses potassium ingestion, and
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rapidly initiates the process of renal potassium excre-
tion in the absence of a significant change in plasma
potassium concentration.10,11

Consumption of only 35 mEq of potassium by a
70 kg adult during an average meal (an amount equiv-
alent to 1% of total body potassium) would, if confined
exclusively to the extracellular space, raise the plasma
potassium by 2.5 mEq/liter � enough to have pro-
nounced effects on neuromuscular function. It is well-
established, however, that a potassium load given to a
normal human or dog has an apparent volume of dis-
tribution of 70�80% of body weight, somewhat greater

than total body water,6,12 instead of the 20% that repre-
sents extracellular fluid. In other words, only a small
portion (about one quarter) of the 35 mEq of ingested
potassium will normally remain in the extracellular
compartment, raising the concentration of potassium in
plasma by only about 0.6 mEq/liter. In contrast, a simi-
lar load of potassium administered to patients with
deranged extrarenal potassium homeostasis may pro-
duce serious hyperkalemia.13

The cells also buffer plasma potassium during potas-
sium depletion. In states of progressive potassium defi-
ciency, as depletion worsens, a greater amount of
potassium is lost from within cells to lessen the fall in
external concentration, and to minimize the alteration
in its intracellular to extracellular ratio.

These examples of potassium surfeit or deficit
emphasize the critical role of internal potassium
homeostasis in mitigating potentially dangerous
changes in the plasma potassium. Disorders of the fac-
tors that mediate this adjustment thus may have sub-
stantial clinical importance and are the primary topic
of this chapter.

POTASSIUM DEPLETION AND
REPLETION

In many conditions, such as vomiting, diabetic
ketoacidosis, and chronic renal failure, abnormalities of
internal and external potassium homeostasis coexist.
Just as internal potassium homeostasis can affect potas-
sium uptake and excretion by the kidney, so changes
in external potassium balance, by altering cellular
potassium content, can independently influence inter-
nal potassium homeostasis.

Potassium Depletion

The idealized curvilinear relationship between total
body potassium and the serum potassium concentra-
tion illustrated in Figure 48.2 is derived from several
measurements in hypokalemic patients with positive
potassium balance during replacement therapy,14�16

and from unpublished data on hyperkalemic hum-
ans and animals.17 In the early stages of depletion,
extracellular potassium loss is proportionately greater
than the loss of cellular potassium.18 Nonetheless, since
only a small fraction of total body potassium is extra-
cellular, the quantity of potassium lost from the extra-
cellular compartment is much smaller than that lost
from inside cells.

In the early phases of hypokalemia (.2.5 mEq/liter),
patients tend to display an almost linear relation-
ship between total body potassium and the serum

FIGURE 48.1 Internal potassium homeostasis in a 70 kg person.

The potassium concentration in the extracellular fluid (ECF) depends
on both the external balance (intake and output) and the internal bal-
ance (distribution between extracellular and intracellular fluid, ICF).
Factors affecting internal balance are listed in Table 48.1. Note that
the large ICF pool exists at a far greater K concentration than the
small ECF pool; the ECF pool will therefore change more dramati-
cally with changes in total body K or K distribution.

TABLE 48.1 Factors Affecting Internal Potassium Homeostasis

Factor Effect on Potassium

Insulin Enhanced cell uptake

β-Catecholamines Enhanced cell uptake

α-Catecholamines Impaired cell uptake

Acidosis Impaired cell uptake and enhanced
effluxa

Alkalosis Enhanced cell uptake and reduced effluxa

External potassium
balance

Loose correlation

Drugs See text

Hyperosmolality Enhance cell efflux

aDegree varies with disturbance.
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potassium concentration. It has been observed that a
change of 100�200 mEq in total body potassium (about
5%) is required to lower the serum potassium by
1.0 mEq/liter.17 In such a situation, the extracellular
potassium concentration would be expected to fall pro-
portionately more (e.g., 4.0 to 3.0 mEq/liter) than the
intracellular concentration (e.g., 140 to 133 mEq/liter).
Because of the relationship of cell membrane potentials
to the ratio of internal to external ionic activity of
potassium, excessive extracellular potassium loss
would be expected to hyperpolarize cells (resting mem-
brane potential is increased). This expectation has been
confirmed in studies of early potassium deficiency in
both dogs19 and humans.20

When potassium depletion becomes more severe, so
that serum levels fall below about 2.5 mEq/liter, a
further 1.0 mEq/liter fall will represent a much larger
200�400 mEq decrement in total body potassium
(greater than 10%), reflecting a greater degree of po-
tassium loss from within the cells17,21 than occurred in
the early phases of depletion. Decreased cell potassium
content has, in fact, been observed in several tissues
during severe hypokalemia.15,22,23

In severe potassium depletion cells tend to depolar-
ize (resting membrane potential is decreased), at least
in dogs19 which, like humans, then develop weakness
and muscle paralysis. Under conditions of chronic
hypokalemia, however, there is also upregulation of
the colonic form of H,K-ATPase (HKα2), which leads
to enhanced potassium reabsorption from the gut.24

Potassium Repletion

During potassium repletion for severe hypokalemia,
cellular potassium uptake is enhanced both in ani-
mals25,26 and in humans27; that is, the administered

potassium has an increased volume of distribution; as
potassium is gained by the body and the stores become
higher, the cellular uptake of potassium decreases. In
anuric humans, for example, the cellular uptake of a
potassium-load decreases as total body potassium
increases.27 Extracellular potassium then tends to rise
and membrane potential decreases.28 The important
therapeutic caveat in the late phases of correction of
potassium depletion is that less potassium administra-
tion is required than in earlier phases to increase serum
potassium, which may rise suddenly to unexpected,
dangerously hyperkalemic levels.29

As reviewed extensively by Sterns et al.,27 the serum
potassium alone is, at best, an extremely rough guide
for estimating potassium replacement therapy, pre-
sumably because other factors, such as acid�base
status, influence it. A low serum potassium value (e.g.,
3.0 mEq/liter) may be associated with a range of total
body deficits spanning a few hundred millequivalents
(Figure 48.2).

The exact mechanisms that produce this curvilinear
relationship are uncertain. They may stem in part from
impairment of the electrogenic sodium pump.19,30,31

During potassium depletion in rats, skeletal muscle
potassium loss is associated with a reduced capacity
for Na-K pumping and a reversible decrease in the
number of [3H] ouabain-binding sites.32 A possible
mechanism for suppression of the Na-K pump during
potassium depletion is enhanced stimulation of alpha-
adrenoreceptors33 (see “Catecholamines”). In addition,
even modest dietary potassium restriction provokes
resistance to insulin-mediated cellular potassium
uptake (see “Insulin”).

INSULIN

The effect of insulin on potassium homeostasis was
first demonstrated two years after its purification by
Banting and Best. Harrop and Benedict,34 and Briggs
and Koechig35 described the fall in serum potassium
coincident with lowering of blood sugar when insulin
was administered to diabetic patients, as well as in the
non-diabetic human, dog, and rabbit. Later, there were
reports of severe hypokalemia in insulin-treated
patients with ketoacidosis who developed paralysis.36

Cellular Mechanism

The hypokalemic action of insulin derives from its
capacity to cause net potassium uptake in skeletal
muscle,37�39 adipose tissue, and hepatic cells,40�42 as
well as other extrarenal sites.43 This effect was formerly
assumed to occur to preserve electrical neutrality when

FIGURE 48.2 Idealized relationship between the serum potas-

sium concentration and the body potassium content. Reprinted with
permission from ref. [17].
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insulin-mediated glucose uptake produced intracellu-
lar anionic sugars44,45 and deposited potassium as an
accompaniment of glycogen in the liver.46

This classical hypothesis did not explain the clinical
observation that sudden lowering of serum potassium
could precede the fall in blood sugar in insulin-treated
diabetic coma. Zierler47 first noted that insulin’s effect
on potassium movement in rat muscle occurred even
in the absence of glucose; its known effect to increase
sodium efflux in vitro also occurred without glucose.48

Furthermore, enhancement of potassium disposal in
the intact animal was separable temporally from glu-
cose uptake49,50 and occurred at plasma insulin concen-
trations having no measurable influence on uptake of
glucose in vivo.51 Different receptor mechanisms for
potassium and glucose transport appear to exist.45

In vitro, insulin is known to stimulate both potas-
sium uptake52,53 and sodium efflux37,54 in frog and rat
muscle preparations. Similar effects have been repor-
ted in rat adipose tissue,55 hepatocytes,56 and other
cells.57 Considerable evidence45 suggests that following
binding to cell surface receptors,58 insulin accelerates
monovalent cation transport by stimulating Na,K-
ATPase, the sodium-potassium pump. Most convinc-
ing is the fact that both insulin-stimulated net sodium
efflux and potassium influx are blocked by oua-
bain.37,52,54,59 In vitro, addition of insulin to purified
plasma membrane of skeletal muscle increases the
activity of the Na,K-ATPase.60 Little evidence is cur-
rently available on whether insulin affects potassium
permeability or potassium channels in skeletal muscle
cells. Insulin activation of sodium�hydrogen exchange
sensitive to amiloride61 does not appear to be impor-
tant to sodium-pump-mediated potassium uptake.62 In
adipocytes, insulin-stimulated uptake of K1 and Rb1 is
inhibited by bumetanide and by removal of Cl2 from
the extracellular fluid, suggesting a primary action of
insulin on the NaaKa2Cl co-transporter.63 On the
other hand, in skeletal muscle, insulin does not appear
to activate the co-transport of K1 with Na1 and Cl2.64

There is evidence, however, that the serum and
glucocorticoid-inducible kinase SGK1 participates in
the different signaling pathways that mediate the
hypokalemic effect of insulin.65

Stimulation of active sodium�potassium transport
by Na,K-ATPase could be due to a de novo increase in
the number of sodium pump sites or to allosteric acti-
vation of existing sites. The latter theory is consistent
with the rapid activation of transport that occurs,66 as
well as with the lack of new ouabain-binding sites67,68

after exposure to insulin in vitro.
At least three molecular forms of the Na,K-ATPase

catalytic subunit have been identified, designated
alpha1, alpha2, and alpha3. In both rat and human
skeletal muscles, insulin mediates the Na,K-ATPase

alpha1- and alpha2-subunit translocation into the
plasma membrane via a phosphatidylinositol 3-kinase-
dependent mechanism.69 In liver, the effect of insulin
can be accounted for by increased intracellular sodium
concentration.56 Insulin also activates a KCl co-trans-
porter uptake system in a cultured cell line resembling
skeletal muscle.70

It should be noted that insulin is known to produce
hyperpolarization of cellular membranes, not only in
skeletal muscle,71,72 but in a variety of other tissues.73,74

This rapid effect appears to precede measurable
increases in intracellular potassium.39 Although stimu-
lation of Na,K-ATPase could account for insulin’s
hyperpolarizing effect,75 failure of ouabain to block it,
at least in some studies, suggests that changes in ion
permeability may be responsible. The role of hyper-
polarization in mediating insulin effects on cation
transport is uncertain. The effect of insulin to stimulate
active sodium and potassium transport in skeletal muscle
is mimicked by insulin-like growth factor I (IGF-I).76

In Vivo Effects

Abundant evidence therefore exists that insulin
increases net uptake of potassium ions by several tis-
sues in vitro. Since skeletal muscle is well-documented
to respond to insulin and is the major body reservoir
for potassium, it is most likely the dominant site
for insulin-stimulated extrarenal potassium disposal
in vivo. Human forearm muscle (and adipose tissue)
increases potassium uptake during arterial infusion51

of insulin.
Wilde77 noted over half-a-century ago that injected

potassium rapidly disappeared from the blood of cats,
but was followed by a secondary rise in serum potas-
sium. Recent investigation suggests that, at least during
insulin infusion, hepatic disposal plays an important
role in potassium homeostasis in the first hour of
exposure to insulin in humans.78 Splanchnic uptake
accounted for two-thirds of the fall in plasma potas-
sium during euglycemic hyperinsulinemia. In the
second hour, net splanchnic uptake reversed, and
peripheral tissues became the dominant site of potas-
sium disposal.

That the effect of insulin on extrarenal potassium
homeostasis is dose related is well-established79,80

(Figure 48.3). In normal subjects, neither intramuscular
nor subcutaneous administration of insulin, which
achieved plasma insulin levels of about 50 μU/ml,
decreased the plasma potassium.81 Intravenous insulin
injection, by comparison, produced 40-fold greater insu-
lin levels, which were accompanied by a steady-state
reduction in plasma potassium, with a maximal effect of
about 30% occurring 50 minutes after insulin injection.
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On the other hand, much smaller increments of insulin,
about three-fold above basal values, either during
constant venous78,82 or intra-arterial infusion49,51,83 also
appear capable of augmenting potassium uptake
in vivo.27 Under conditions of prolonged potassium
depletion, however, the expression of skeletal muscle
Na,K-ATPase α2 isoform is decreased, which allows for
enhanced efflux of potassium from muscle to the extra-
cellular space.84 Of particular interest is the observation
that even modest dietary potassium restriction leads to a
decrease in insulin-mediated cellular potassium uptake
in rats in the absence of a fall in plasma potassium
concentration.85

Clinical Implications

The relevance of these findings to a given clinical sit-
uation of exogenous potassium challenge will depend
on the magnitude of potassium-load requiring
disposal, and the elevation of insulin accompanying it.
Following carbohydrate feeding, for example, increased
liver uptake of potassium occurs.46 Since peripheral
venous insulin levels for 2 hours following oral glucose
loading are elevated five-fold,86 well within the range
capable of augmenting potassium uptake, it seems
likely that insulin contributes to the transient decrease
in potassium that occurs after feeding.87 Even basal cir-
culating insulin levels may be essential to disposal of
an acute potassium-load, since disposal is impaired
when basal levels are decreased 50% by somatostatin.88

The effect of carbohydrate meals to blunt or prevent
hyperkalemia may be particularly important in anuric
patients dependent on extracorporeal dialysis.89

During exogenous potassium challenge, the im-
portance of insulin to potassium disposal by the intact
organism deprived of endogenous insulin90�93 or resis-
tant to the actions of insulin94 is well-established. As
expected, supraphysiologic doses of exogenous insulin
are capable of improving potassium tolerance.92 Thus,
for emergency treatment of hyperkalemia, the intrave-
nous administration of insulin together with glucose is
indicated, unless the patient is already hyperglycemic
from diabetes in which case additional glucose is not
warranted.

The ability of potassium-loading to stimulate the
release of pancreatic insulin directly, in amounts suffi-
cient to contribute to disposal of that potassium, is less
clear. In pancreatic B-cells, ATP-sensitive K channels
link cellular membrane potential to hormone secre-
tion.95 These channels control the transmembrane
potential, and thereby the calcium channels that trigger
glucose-induced insulin secretion.96 Depolarization of
the cell membrane (as expected with hyperkalemia)
induces an increase in insulin secretion.97 In humans98

and intact dogs,99�101 minor increments in blood potas-
sium appear capable of triggering pancreatic insulin
secretion. Since elevations in portal venous insulin far
exceed those in the peripheral circulation when insulin
release is stimulated,100,102,103 it seems reasonable to
conclude that, under conditions of significant hyperka-
lemia, induction of insulin release to promote potas-
sium uptake does constitute a homeostatic feedback
control system.

GLUCAGON

The effect of glucagon on extrarenal potassium dis-
posal has been difficult to isolate, because the hormone
also influences the secretion of insulin, epinephrine,
and aldosterone. Administration of glucagon to cats
does appear to mobilize potassium from the liver and
produce a transient rise in arterial potassium levels.104

In humans, the hyperkalemic response to the hormone
appears to be only partly due to an epinephrine-like
effect of glucagon to increase liver glycogenolysis.105

For example, aortic injection of glucagon in humans,
which results in hepatic vein glucagon levels within
the pathophysiologic range, causes a transient incre-
ment in hepatic vein potassium concentrations, but this
precedes the slow rise in glucose in hepatic venous
blood.106 The specific source of the modest rise in
hepatic venous potassium under these conditions has
not been determined. Previous in vitro investigations
using perfused rat liver suggest that glucagon releases
potassium directly from the liver.41,107 The effect would
not appear to be due to diminished NaaK pump-medi-
ated potassium uptake, since isolated rat hepatocytes

FIGURE 48.3 Dose-related effect of euglycemic hyperinsulinemia
on plasma potassium concentration. Infusion of insulin at the doses
shown produced plasma insulin levels of approximately 25, 50, 100, 500,
and 1000 μU/ml above basal values. Reprinted with permission from ref.
[79].
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exposed to glucagon actually undergo stimulation
of this cation pump.108

Systemic infusion of glucagon to physiologic levels
tends to elevate plasma potassium slightly by an extra-
renal mechanism, at least when glucagon-induced
insulin secretion is suppressed by somatostatin, both in
normal subjects105 and in diabetic subjects.109 It is
unclear whether hyperglucagonemia, which occurs in
decompensated diabetes mellitus,110 uremia,111 and
exhausting exercise112 affect potassium homeostasis. In
the dog, potassium-stimulated insulin release appears
to be accompanied by a modest rise in circulating
glucagon.92,112

CATECHOLAMINES

The observation of D’Silva113 in 1934 that epin-
ephrine lowers the serum potassium in cats has
since acquired important physiologic and clinical
relevance.114�116 Although D’Silva emphasized the
rapid rise in the serum potassium that followed a
bolus injection of epinephrine (now felt to be a conse-
quence of transient hepatic discharge of potassium by
alpha-adrenergic stimulation),117�119 of greater signifi-
cance was the sustained “after-fall” in serum potas-
sium that he observed. This secondary decrease in
potassium was found to persist throughout a 1 hour
infusion of epinephrine.120

Since epinephrine inhibited the renal excretion of
potassium,121,122 its late hypokalemic action was attrib-
uted to net uptake of potassium by extrarenal tissues.
Indeed, in vivo limb studies in dogs123 and
humans,124,125 as well as tissue analysis and ion flux
studies, supported accelerated uptake of potassium,
primarily in skeletal muscle,126 but also in liver126 and
heart,127 in response to epinephrine. In vitro, epin-
ephrine was demonstrated to stimulate potassium
uptake, as well as sodium efflux, by isolated skeletal
muscle in both rats128,129 and humans.128 A similar
effect was present in rat diaphragm,130 cat cardiac mus-
cle,131 and frog sartorius muscle.132

Because epinephrine may influence insulin secre-
tion, it was necessary to show that its hypokalemic
effect was independent of insulin.133,134 Independence
from renin-mediated aldosterone release was estab-
lished by the lowering of potassium despite nephrec-
tomy.135,136 Since extrarenal potassium disposal was
impaired when nephrectomized rats were subjected to
adrenalectomy or to chemical sympathectomy,93 both
circulating adrenomedullary epinephrine, as well as
peripheral sympathetic nervous activity, appeared to
be important sources of sympathetic influence on
potassium.

Beta-Adrenergic Effects

Epinephrine stimulates both alpha- and beta-adren-
ergic receptors.137 The conclusion that its hypokalemic
action was a result of beta-adrenergic stimulation
derived from experiments many years later employing
beta-agonists and beta-antagonists.119,123 Isoproterenol,
a nonspecific beta-agonist, reproduced the prolonged
hypokalemia earlier observed by D’Silva, and this
effect was reversed by the beta-adrenergic-antagonist
propranolol; likewise, epinephrine’s effects on cation
flux were blocked by beta-antagonists.1,114

Beta-agonists and -antagonists have been used to
establish that the stimulating effect of catecholamines
on potassium uptake is mediated by the beta2-receptor
subtype.138,139 Epinephrine’s effect on potassium is pre-
vented by the presence of nonselective beta-antagonists
such as propranolol1,115,123,131,141�143 and timolol,144 as
well as by the nonspecific alpha-beta blocker labeta-
lol.145 Less reversal occurs with the partially beta1-
selective-antagonists metoprolol146 and atenolol.144 No
effect on potassium appears to be produced by the
more specific beta1-antagonist practolol.131,147 In addi-
tion, the selective beta2-antagonists butoxamine138,148

and ICI-118551149,150 are able to block the hypokalemic
action of beta-agonists.

Numerous studies of beta-agonists have revealed that
several beta2-agonists, including salbutamol,151�155

terbutaline,136,156�158 fenoterol,159 and ritodrine156

lower potassium levels, unlike the beta1-agonist ITP,131

which has no effect. These pharmacologic studies there-
fore provide strong support for beta2 mediation of
adrenergic effects to enhance potassium disposal.

Mechanism of Action

The specific cellular mechanism by which cell sur-
face beta2-receptor stimulation augments transcellular
potassium uptake in affected tissues has been evalu-
ated in detail. Compelling evidence exists to support
the proposal of Clausen114 that beta2-stimulation initi-
ates cyclic AMP formation,160 which leads to activation
of the sodium pump (Na,K-ATPase), and therefore
electrogenic sodium efflux accompanied by potassium
uptake.161 Beta receptors are known to stimulate
adenylate cyclase,38,160,162 enhancing conversion of
intracellular ATP to cyclic AMP.163 Linkage of beta
receptors and cyclic AMP is supported by the ability of
theophylline to potentiate the effect of epinephrine on
cation transport and membrane potential,114 as well as
by the increase in membrane potential that dibutyryl
cyclic AMP and theophylline produce in rat diaphragm
muscle.164 Epinephrine, in stimulating cation transport,
is well known to produce hyperpolarization of mem-
branes in skeletal muscle.114
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The sodium pump of muscle cells and lipocytes is
activated by cyclic AMP. For example, Na,K-ATPase
activity in smooth muscle membrane fragments is
enhanced by exposure to cyclic AMP.165 The most com-
pelling evidence that catecholamine-mediated potas-
sium influx involves the beta-adrenergic system
through activation of the sodium pump, however, are
the demonstrations in a series of experiments that
potassium influx occurs as active movement of the cat-
ion against its electrochemical gradient166; ouabain
blocks the ability of epinephrine to promote potassium
influx in rat soleus muscle129; epinephrine markedly
increases the ouabain-sensitive 22Na efflux by stimu-
lating the NaaK pump in frog skeletal muscle, and
this effect is blocked by propranolol167; epinephrine
produces membrane hyperpolarization and transient
decreases in extracellular potassium and intracellular
sodium, which is blocked by ouabain, in isolated rat
soleus muscle and human intercostal muscle128; and
isoproterenol directly stimulates the NaaK pump in
isolated rabbit myocytes.168 While the specific sequence
of events linking beta-adrenergic stimulation to sodium
pump activity has not been delineated, phosphoryla-
tion of some portion of the sodium pump after beta2-
receptor stimulation is presumably involved.166 Beta-
adrenergic agents also stimulate the cellular uptake of
potassium via the NaaKa2Cl transporter in the skele-
tal muscle membrane of rats.64

There are numerous clinical examples showing that
enhanced exogenous or endogenous beta-adrenergic
stimulation augments extrarenal potassium uptake in
humans. Whether high potassium levels can stimulate
secretion of endogenous adrenomedullary epinephrine,
and thereby form a homeostatic feedback loop, remains
unresolved. Supraphysiologic levels of potassium
in vitro can cause the release of catecholamines from
isolated chromaffin cells169 and perfused adrenal
glands,170 possibly related to the membrane depolariz-
ing effect of a high potassium level. Induction of tyro-
sine hydroxylase, the rate-limiting enzyme in
catecholamine biosynthesis,171 by extremely high levels
of potassium has also been observed. Reports that
intra-arterial injections of KCl augment catecholamine
release in cats172 and in the dogfish shark173 suggest a
potential role for potassium as a catecholamine secreta-
gogue in vivo.

Although specific stimulation of catecholamine
release by potassium is not yet established, it is clear
that physiologic elevations of endogenous catechola-
mines do enhance potassium uptake. Similar to the
pharmacologic doses of epinephrine used in earlier ani-
mal reports of its protective effect during potassium-
loading,120,131,174 as well as its ability to lower basal
potassium,175 relatively small doses1,140 have also been
shown to enhance extrarenal disposal of an acute

potassium-load. It has also been established that ambi-
ent potassium may be lowered when sustained epi-
nephrine infusions176 (Figure 48.4) elevate plasma
concentrations of epinephrine to levels no higher than
those observed in stressful conditions, such as myocar-
dial infarction,177 surgical stress,178 and diabetic ketoa-
cidosis.179 By comparison, acute beta blockade does not
appear to elevate fasting potassium levels,176 suggest-
ing that basal beta-adrenergic tone plays a limited role
in potassium homeostasis in normal fasted individuals
at rest.

It has recently been appreciated, however, that there
are two common physiologic circumstances in which
endogenous catecholamines could act to defend against
increments in extracellular potassium concentration.
The first of these is postprandial disposal of dietary
potassium. Feeding is now known to be associated
with stimulation of the sympathetic nervous system.180

Since only half of the potassium ingested in a meal is
normally excreted within 6 hours,7 enhanced beta-
adrenergic-mediated extrarenal potassium disposal
may help to limit elevations of serum potassium in the
immediate postprandial period. In conjunction with
enhanced potassium uptake due to insulin release, this
mechanism would be particularly important in subjects
at risk for hyperkalemia for any reason.

The second circumstance is the dramatic effect of
catecholamine release during vigorous exertion to
moderate the acute physiological hyperkalemia of

FIGURE 48.4 Effect of epinephrine and isoproterenol infusions

(long box) on the plasma potassium concentration. The contrasting
effects of the two beta-agonists probably are due to the relative beta2
selectivity of epinephrine at the dose given. Plasma epinephrine con-
centrations achieved by infusion were similar to those known to
occur in myocardial infarction and other disorders. Reprinted with per-
mission from ref. [176].
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exercise. Catecholamines circulate at high levels during
vigorous exercise, and the associated short-term eleva-
tion of potassium that is released into the circulation
from working muscles is exaggerated by beta block-
ade181,182 (Figure 48.5), suggesting that endogenous beta-
adrenergic activity does protect against extreme hyperka-
lemia during exhaustive exercise. In this context, it is of
particular interest that training leads to upregulation of
the content of the Na,K-ATPase,183 which serves to miti-
gate the rise in extracellular potassium concentration rela-
tive to the work performed.184 Another mechanism that
might mitigate the rise in extracellular potassium seen
during exercise is AMP-activated protein kinase. This cel-
lular enzyme, which is normally stimulated by exercise or
ischemia, has been demonstrated to produce a decrease
in plasma potassium when stimulated chemically in
the rat.185 This decrease does not appear, however, to be
mediated by the Na,K-ATPase, and may instead be sec-
ondary to diminished efflux of potassium from the intra-
cellular compartment.

Alpha-Adrenergic Effects

The fact that opposing alpha- and beta-adrenergic
influences have in the past been reported on smooth
muscle tone,186 glucoregulatory hormones,187 presynap-
tic membrane receptors,188 and changes in intracellular
second messengers160,189 suggests the role of alpha-
adrenergic agonists in potassium homeostasis. As noted

previously, the early rise in extracellular potassium
emphasized by D’Silva in 1934113 was later attributed to
alpha-mediated hepatic potassium release by the mixed
alpha- and beta-agonist epinephrine.119 This initial rise
in potassium could be prevented by alpha blockade.119

In addition, phenylephrine, a pure alpha-agonist, was
observed to cause a sustained increase in potassium in
dogs.119,190

When phenylephrine was infused into normal
human subjects who were challenged with an intrave-
nous potassium-load, the overall rise in plasma potas-
sium was augmented by about 50%,2 despite no
change in insulin, renin, aldosterone or urinary potas-
sium. In separate studies, addition of the alpha-antago-
nist phentolamine blocked the phenylephrine effect on
potassium disposal. Neither alpha stimulation nor
blockade appeared to affect the concentration of potas-
sium in the absence of potassium-loading.

Other evidence suggests that the alpha effect might
directly contribute to potassium homeostasis in certain
circumstances. Alpha-receptor stimulation during vig-
orous exercise contributes to the acute rise in potas-
sium that is maximal at peak exercise, and limits the
dramatic fall due to potassium re-uptake during recov-
ery.182 Furthermore, during potassium depletion in
rats, the sodium�potassium pump of skeletal muscle is
suppressed by an increase in alpha-adrenergic activity
mediated by nerves, an action that would mitigate the
expected fall in plasma potassium concentration.33 It is
therefore speculated that enhanced alpha-agonist activ-
ity might act to preserve potassium similarly during a
variety of acute illnesses, such as myocardial infarc-
tion176 or delirium tremens,191 where catecholamine
stimulation of both beta- and alpha-receptors may
coexist. Unopposed stimulation of alpha receptors may
contribute to the impairment of potassium disposal
caused by beta-receptor blockade.

Dopamine

The infusion of dopamine is known to augment glo-
merular filtration rate, renal plasma flow, osmolar
clearance, sodium excretion,192 and potassium excre-
tion193 in normal humans and animals. Levodopa, the
metabolic precursor of dopamine, has also been
reported to enhance renal potassium excretion,194,195

and an increase in endogenous dopamine produced by
protein feeding has been associated with augmented
kaliuresis.196 On the other hand, the dopamine anta-
gonist metoclopramide also increases potassium excre-
tion, an action ascribed to its blockade of tonic
dopaminergic inhibition of aldosterone release.197

Whether the dopaminergic system plays a role in extra-
renal potassium homeostasis remains uncertain. Both
dopamine and dobutamine lower plasma potassium

FIGURE 48.5 Effect of adrenergic blockade on the plasma

potassium concentration during vigorous exercise and recovery.

Beta-blockade with propranolol potentiated the rise of plasma potas-
sium at peak exercise and prolonged its elevation during recovery.
In the same subjects, alpha blockade with phentolamine was shown to
lower the peak plasma potassium level, as well as the overall potassium
curve. Reprinted with permission from ref. [182].
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when infused into anesthetized dogs, but only by a few
tenths of a mEq per liter.198While some studies demon-
strate enhanced extrarenal potassium uptake into cells
following administration of metoclopramide,199�201

others demonstrate no such effect of either
metoclopramide202�204 or the dopamine agonist bro-
mocriptine.202,203,205 The discrepancy between these
studies may well be attributed, at least in part, to the
fact that metoclopramide is a nonspecific antagonist of
dopamine.206 The determination of the role, if any, of
the dopaminergic system in extrarenal potassium
homeostasis must await studies employing specific
dopamine antagonists.

Clinical Implications

The clinical significance of epinephrine-induced
hypokalemia is underscored by reports of hypokalemia
occurring during acute illnesses, such as myocardial
infarction, as well as during medical treatment with
beta-agonists.207 Struthers et al.144 discovered that
when epinephrine infusion produced circulating epi-
nephrine levels similar to those found after myocardial
infarction, the serum potassium fell from 4.06 to
3.22 mEq/liter in normal volunteers. This ability of
small doses of epinephrine to diminish potassium
levels was confirmed by Brown et al.176 In this context,
the frequency of hypokalemia during acute myo-
cardial infarction has been observed to be 8 to
30%.208�211 Concomitant therapy with diuretics may
further increase the frequency of hypokalemia during
myocardial infarction,212,213 as it appears to do in nor-
mal subjects who are experimentally infused with
epinephrine.214

Because several studies have suggested that hypoka-
lemia is an independent risk factor for cardiac arrhyth-
mias in patients with acute myocardial infarction, these
observations may have clinical relevance. A higher
incidence of atrial fibrillation215 and ventricular
arrhythmias are reported in hypokalemic compared
with normokalemic patients during infarction.209,216 In
one report,210 ventricular tachycardia or fibrillation
increased three-fold (to 35%), and hospital mortality
doubled in hypokalemic patients with myocardial
infarction.

It must be appreciated, however, that the hypokale-
mia reported during earlier studies of epinephrine
infusion occurred when high concentrations of plasma
epinephrine were sustained by infusion. Whether ele-
vations of plasma epinephrine during acute myocardial
infarction are similarly sustained, rather than tran-
sient,177 is uncertain. The contribution of circulating
epinephrine to the hypokalemia that may occur during
this form of acute illness therefore remains

hypothetical. Nonetheless, pharmacologic data do sug-
gest that such acutely ill patients may be protected
from the hypokalemia that is sometimes associated
with myocardial infarction by the use of beta block-
ers.142,143,217 Whether the beneficial effect of beta block-
ade reported in this setting is due to diminution in
hypokalemia-related arrhythmias is not known. That
hypokalemia is not more prevalent in the setting of
acute myocardial infarction may, in part, be a conse-
quence of a simultaneous elevation in plasma norepi-
nephrine, suggesting alpha-receptor stimulation that
might antagonize the effect of epinephrine on potas-
sium homeostasis.

Transient lowering of potassium levels has also been
reported in other acute medical conditions218�221 in
which catecholamines might stimulate beta-adrenergic
receptors capable of increasing cellular uptake of potas-
sium. Pharmacologic therapy employing beta2-agonists
such as terbutaline, ritodrine, and salbutamol to pre-
vent premature labor151,155,156,158,222 may produce a
substantial degree of hypokalemia. Administration of
salbutamol and albuterol in the treatment of broncho-
spasm153,223 may also produce unwanted hypokalemia.
In this context, it is important to appreciate that admin-
istration of inhaled beta2-agonists to healthy volunteers
in doses similar to those used by asthmatic patients
during an acute attack has produced decrements of
plasma potassium by as much as 0.9 mEq/liter.159

These observations raise the disturbing possibility that
such usage of these agents may be the explanation for
the high incidence of sudden death in adolescent asth-
matics.224 Hypokalemia in this setting might be further
exaggerated by the concomitant use of theophylline225

or other methylxanthines.226,227 Theophylline not only
increases the level of circulatory catecholamines,
but also enhances catechol stimulation of adenylate
cyclase by blocking inhibitory adenosine receptors.
Hypokalemia associated with elevated levels of epi-
nephrine has also been reported in patients admitted
for trauma,228 and in normal subjects who received
endotoxin.229 Sepsis induced in rats, moreover,
increases the activity of Na,K-ATPase.230

The clinical significance of the adrenergic nervous
system in potassium balance is also evident in the well-
established effect of beta-antagonists to elevate extra-
cellular potassium concentration. An example is the
acute effect of propranolol to exaggerate the hyper-
kalemia of vigorous exercise.182 Some,231�233 but not
all,234,235 investigators have reported a 10�15%
increase in ambient plasma potassium during chronic
beta blockade with nonselective agents. In addition,
one study suggests that the serum potassium may rise
above 6 mEq/liter in patients on nonselective beta-
blockers at the time of open heart surgery.236 Transient
hyperkalemia has been reported after cyclosporine
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administration in patients on beta-blocking agents, but
not when these are omitted.237 Patients receiving succi-
nylcholine anesthesia may also be at risk for the devel-
opment of hyperkalemia.238 Patients with end-stage
renal failure on dialysis, moreover, regularly exhibit an
increase in predialysis potassium of about 1 mEq/L
when treated with propranolol.239 Despite the clinical
relevance of these studies describing an increase in
extracellular potassium concentration in a variety of
clinical conditions in patients receiving beta-blockers, it
is important to realize that beta-blockers are unlikely to
produce any significant increment in potassium con-
centration in subjects in whom the other mechanisms
of potassium homeostasis are intact.

Since some studies do substantiate the anticipated
absence of effect on potassium of cardioselective beta1-
antagonists,236,240,241 selected groups of patients at risk
for hyperkalemia might be protected from significant
elevations in potassium due to beta blockade by the
use of such selective agents. Such patients include
those with diabetes mellitus, hypoaldosteronism, and
renal failure.

THYROID

Thyroid hormones enhance the activity of Na,
K-ATPase in muscle cells,242 accelerating the extrarenal
disposal of potassium.243 A portion of this effect can be
ascribed to upregulation of beta-adrenergic receptors
and an increase in beta-adrenergic responsiveness, but
there appears to be a direct effect on cellular Na,
K-ATPase as well.243 Hypokalemic paralysis occasion-
ally complicates thyrotoxicosis; in such cases urinary
excretion of potassium is always low, reinforcing the
hypothesis that the low serum potassium reflects a shift
of potassium from the extracellular to the intracellular
compartment rather than urinary losses of potassium.
The hypokalemia and paralysis respond to the admin-
istration of beta-adrenergic-blocking agents.244 This
syndrome has been reported many times in Orientals,
but is extremely rare in Caucasians and Blacks. It is
not, moreover, associated with the inherited mutations
in the calcium and sodium ion channels reported to
cause familial hypokalemic periodic paralysis, but may
in some cases be associated with a mutation in a chan-
nel mediating potassium efflux.245 Hyperkalemia has
been reported in hypothyroid dogs after exercise, but
not in humans with hypothyroidism.246

ACID�BASE

Although acid�base balance affects potassium
excretion by the kidney, shifts of potassium in and out

of body cells are the initial way in which acid�base
disturbances alter serum potassium. These movements
are influenced by a variety of factors, including the
changes in extracellular and intracellular pH, the
degree of cellular buffering, the nature of the anion
accompanying H1, and the associated changes in hor-
monal and neural regulators of potassium uptake,
including insulin and catecholamines.

The concentration of potassium in plasma tends to
vary in the same direction as that of free hydrogen
ions,27,247�249 so that acidosis promotes hyperkalemia
and alkalosis promotes hypokalemia. Since approxi-
mately 40% of the acid buffering capacity of the body
is provided by intracellular proteins, largely in muscle
cells,250 and since potassium is the chief intracellular
cation of muscle, the release of intracellular potassium
is to be expected as a consequence of the intracellular
buffering of hydrogen ions. Conversely, with repair of
acidosis or during alkalosis, potassium will tend to
move into cells. This exchange of K1 for H1 is not nec-
essarily equimolar, and the routes across the plasma
membrane that are responsible for such transfers have
not been completely delineated. A simple reciprocal
exchange of K1 and H1 via a single plasma membrane
transporter has not been described in muscle cells.

Hydrogen Ion

The importance of pH in affecting internal potas-
sium distribution during acidosis was demonstrated in
early studies.251�254 Fenn and Cobb247 reported in 1934
that potassium exited from skeletal muscle in vitro
when the bath pH was lowered, and moved into the
tissue when blood at physiologic pH was substituted
for acidic medium. They invoked the Donnan equilib-
rium to account for similarity in the intracellular to
extracellular ratios of hydrogen and potassium ions, so
that a decrease in that ratio produced by acidosis
would be associated with a decrease in the ratio for
potassium � that is, an increase in extracellular K1.
In vivo as well, an approximately linear relationship
appears to exist between the potassium gradient and
the pH gradient across muscle cell membranes, as pre-
dicted by the Donnan effect.255,256 Nevertheless, the
shifts in potassium observed in experimental situations
are not always fully explained, either by the Donnan
effect or by changes in membrane potential.256,257

Since the ratio Ki/Ke for skeletal muscle is approxi-
mately 30, the maintenance of a similar hydrogen ion
ratio between intracellular and extracellular fluid
would require an intracellular pH of approximately
5.92. However, intracellular pH is actually in the range
of 6.9�7.0, so that the intracellular to extracellular pro-
ton ratio is only approximately 3 rather than 30. The
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major reason for this is the operation of the amiloride-
sensitive Na1aH1 antiporter, which transports H1 out
of cells by a secondary active mechanism that ulti-
mately derives its energy from ATP via the Na,K-
ATPase of plasma membranes.

Moreover, the direction of the movement of potas-
sium during acute acid�base disorders is not uniform
among various tissues.257 During acute respiratory aci-
dosis, potassium moves out of the cells in muscle and
liver, but into cardiac muscle. Yet, in both skeletal and
cardiac muscle, the ratio of intracellular to extracellular
hydrogen ion concentration falls. As will be seen subse-
quently, powerful evidence has been adduced under
both in vitro and in vivo conditions suggesting that, in
some circumstances, the ionic ratios of hydrogen and
potassium can be dissociated and transmembrane
fluxes of potassium change in the face of a stable pH
gradient.

Inhibition of the sodium�potassium pump of plasma
membranes by an acid pH contributes importantly to the
relationship between acidosis and plasma potassium. In
every case in which it has been measured, an increase
in plasma potassium associated with systemic acidosis
is accompanied by a fall in intracellular potassium. The
optimal pH for mammalian Na,K-ATPase is 7.5�7.6,
whereas intracellular pH of muscle is 6.9�7.2.258 The
effect of pH on the activity of the sodium�potassium
pump is exerted from the intracellular, rather than the
extracellular, side of the membrane.259,260 In bladder epi-
thelial cells, for example, a reduction of intracellular pH
by 0.3 units, from pH 7.2 to 6.9, reduced pump activity
to about 70% of that at pH 7.2. On the other hand,
alkalinizing the cell interior to pH 7.5 led to a 35%
increase in sodium-pump activity.260

In addition to a direct effect of pH on the
sodium�potassium transport enzyme, an indirect
mechanism might involve the linked operation of the
Na-H antiporter and the Na,K-ATPase. An attractive
mechanism to explain the shift of potassium out of
cells that occurs in acidosis involves the linked opera-
tion of these two transporters. Both of these transpor-
ters are present in the plasma membranes of most
cells, including skeletal muscle. Acidification of the
extracellular fluid would be expected to slow the rate
at which hydrogen ions leave the cell and sodium
ions enter, via the Na-H antiporter. The resultant
decrease in intracellular sodium concentration would
slow the Na-K pump, reduce active uptake of potas-
sium by cells, and increase the concentration of
potassium in extracellular fluid. A prediction of this
hypothesis is that amiloride, which blocks the Na-H
antiporter, would prevent the hyperkalemia produced
by acidosis. It is not yet known whether this is
the case, but amiloride does block the extracellular
acidosis produced by KCl infusions.261

Finally, intracellular acidosis appears to open ATP-
sensitive potassium channels in skeletal muscle by
reducing the degree of channel inhibition by ATP, an
action that might accelerate efflux of K1 from muscle
cells during anoxia or extreme acidosis.262

Mineral Acids

Acute mineral acidosis, produced by infusing HCl
or NH4Cl, elevated plasma potassium by an average of
0.7 mEq/liter per 0.1 unit decrease in blood pH, in 14
different studies summarized by Adrogue and
Madias.257 The results of these studies were extremely
variable, however, ranging from 0.24 to 1.67 mEq/liter
per 0.1 pH unit.

One reason for the variability in these reports is
that the effect of mineral acid infusions on plasma potas-
sium depends on the duration of the acidosis.27,254,263,264

Immediately following an acute acid infusion there is
a marked fall in extracellular pH and bicarbonate,
followed by a gradual rise over the next 2 hours or so,
as tissue buffering and respiratory compensation mod-
erate the initial changes in blood pH.249,250,254,264 Plasma
potassium begins to rise early in the course of the infu-
sion and increases progressively as buffering takes
place, so that its concentration does not change in
parallel with the change in pH. Late in the course of
an acute acid-load, when cell buffers have been
exhausted and intracellular pH drops sharply, plasma
potassium rises more steeply.

It might be expected that the hyperkalemic response
to an acid-load would be influenced by the state of
muscle potassium. Experimental potassium depletion
induced by DOCA (mean plasma K1 1.9 mEq/liter)
did indeed attenuate the increase in plasma potassium
produced by metabolic acidosis, but did not prevent
it, and the percentage rise in plasma potassium
from baseline induced by NH4Cl acid-loading was not
significantly different from that of controls.265

Clinical observations on the endogenous mineral
acidosis of uremia, due to retention of sulfate and
phosphate, suggest that the change in potassium that is
observed when acidosis is corrected is of the mag-
nitude expected in experimental mineral acidosis.17,266

Organic Acids

That changes in acidity are not the sole determinant
of the kalemic response to acidosis is indicated by the
disparate effects which mineral acidosis and nonmin-
eral acidosis have on potassium. In humans and
animals, infusion of organic acids such as acetic, lactic
or beta-hydroxybutyric acid produce far smaller eleva-
tions of potassium than hydrochloric acid.264,267�270
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The prevailing hypothesis is that the anions of organic
acids, either by readily penetrating the intracellular
compartment,257 by entering cells as intact molecules271

or by being formed endogenously within cells,272 mini-
mize the necessity for potassium cations to leave cells
in exchange for hydrogen ions.273 The addition of HCl
to rat diaphragms in vitro results in a loss of potassium
from the muscle,253 whereas when extracellular pH is
lowered by addition of acetic acid, beta-hydroxybutyric
acid or lactic acid, no shift of potassium out of the cell
is observed.271

For similar degrees of clinical severity, less elevation
of serum potassium occurs with endogenous organic
acidosis encountered in ill patients than with mineral
acidosis, although the correlation of pH and serum
potassium in clinical states of organic acidosis is fur-
ther complicated by prior total body potassium deple-
tion, oliguric renal failure, hypercatabolism, and other
factors.273 Ketone acids, for example, stimulate the
secretion of insulin by the normal pancreas, while sup-
pressing the secretion of glucagon. Infusions of hydro-
chloric acid, on the other hand, do not stimulate
insulin secretion, but enhance plasma glucagon,102

which in turn tends to elevate the serum potassium.
The sympathoadrenal system, which is strongly acti-
vated in most clinical states accompanied by organic
acidosis (e.g., diabetic or alcoholic ketoacidosis, and
the lactic acidosis of circulatory shock), plays an impor-
tant role in minimizing hyperkalemia, because of the
hypokalemic action of beta-adrenergic stimulation.
Moderately severe potassium depletion (as occurs in
diabetic ketoacidosis) itself attenuates the increase in
plasma potassium induced by metabolic acidosis.265

Untreated severe diabetic ketoacidosis is character-
ized by marked deficits (200�300 mEq) in total body
potassium,274 owing primarily to coincident potassium
losses from the gastrointestinal tract or kidneys.
Despite these losses, hypokalemia is uncommon, pres-
ent in only 4% of episodes in one series,275 probably
because of concomitant acidosis. Serum potassium is
usually normal or elevated at presentation,276 but falls
during successful treatment. Hypokalemia during
recovery from diabetic ketoacidosis is most prominent
in patients who initially received sodium bicarbonate.

Since insulin plays a significant role in cellular shifts
of potassium, lack of insulin is presumably important in
promoting hyperkalemia during diabetic ketoacidosis,277

as it is in patients with hyperosmolar nonketotic coma,
who may have severe hyperkalemia without acidosis.278

Similar to uncontrolled diabetes, several factors in
lactic acidosis complicate the effect of acidemia per se
on serum potassium. These include volume-depletion,
prerenal azotemia, hypercatabolism, concomitant
diabetes, catecholamine effects, and external potas-
sium imbalance.279 Although severe hyperkalemia

is unusual in lactic acidosis, Perez et al.273 have pointed
out the absence of detailed studies on potassium in this
varied disorder. In experimental lactic acid infusion
in animals,270 and in uncomplicated post-seizure lactic
acidosis in humans,272,280,281 potassium does not
increase with the appearance of acidosis. However, in
other forms of lactic acidosis, such as those earlier
encountered due to phenformin therapy in diabetes,276

and in other forms not associated with tissue hypoxia,
mild elevation of potassium may occur.272 Renal insuf-
ficiency may be a contributing factor in such patients.
Most patients with alcoholic ketoacidosis have a nor-
mal extracellular potassium concentration,282,283

although there is significant variability. The effects of
rarer forms of organic acidosis on internal potassium
homeostasis have been reviewed elsewhere in detail.273

Respiratory Acidosis

The effect of acute respiratory acidosis in elevating
plasma potassium is, in general, smaller in magnitude
than that of metabolic acidosis, though some effect can
usually be detected.248,255,284,285 A rise varying from
0.06 to 0.3 mEq K1/liter per 0.1 pH unit was detected
in 22 studies of mild to moderate respiratory acido-
sis.257 More severe experimental acidosis, provoked by
inhaled concentrations of CO2 as high as 30%, induce
more pronounced hyperkalemia.257 In anephric dogs,
the initial effect on potassium is small, but after 2 hours
respiratory acidosis may increase to the range observed
in metabolic acidosis.27 On the other hand, in in vitro
experiments, when the extracellular medium bathing
isolated rat diaphragms was acidified by raising the
ambient CO2 from 2 to 10%, no shift in potassium was
observed,271 consistent with the ability of carbonic acid
to permeate cells, as do other organic acids. Chronic
respiratory acidosis produced in dogs was not
attended by hyperkalemia.285

The increase in serum potassium induced by severe
respiratory acidosis in intact rats could be roughly
approximated from the decrease in (H1)i/(H

1)o, and
was attributed to the importance of the Donnan effect
in producing these changes.255 In addition, it is very
likely that sympathoadrenal stimulation plays a major
role in modulating serum potassium during respiratory
acidosis in vivo, since it is well-established that acute
hypercapnia results in an intense sympathetic dis-
charge and an increase in the plasma concentration of
epinephrine.257,286 Glycogenolysis induced by epineph-
rine probably contributes to the initial release of glu-
cose and potassium from the liver with hypercapnia,
noted by Fenn and Asano,287 and the hypokalemic
effect of beta-adrenergic stimulation is likely to blunt
the movement of potassium out of skeletal muscle that
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would otherwise accompany acidosis. Probably for this
reason, mild respiratory acidosis induced acutely in
anesthetized patients was not found to elevate the
plasma potassium,288 although beta-adrenergic block-
ade produced marked hyperkalemia in hypercapneic
animals.289

Bicarbonate

It has been suggested that the serum bicarbonate
concentration, even at constant or “isohydric” pH,
alters extrarenal potassium distribution and might
account in part for the weak correlation between pH
and serum potassium in many studies. Under condi-
tions of constant blood pH, infusion of sodium bicar-
bonate appears to lower serum potassium,257,290,291 and
during acidosis in rats, potassium may correlate better
with serum bicarbonate than with blood pH.292 A simi-
lar correlation can be found in patients with hyperkale-
mia of diverse etiologies,293 as well as in experimental
acute ammonium chloride acidosis.294 This has been
taken to indicate that bicarbonate therapy, in addition
to beneficially raising pH, corrects hyperkalemia
directly, perhaps via intracellular transfer with the
potassium cation.

Another explanation of the same data is that it is the
quantity of acid buffered by cells, rather than the arte-
rial pH, that governs the release of intracellular potas-
sium. This would account for the fact that extracellular
bicarbonate, rather than arterial pH, sometimes seems
to exert an independent controlling influence on extra-
cellular potassium. Effective buffering of an acid-load
by intracellular and extracellular buffers, so as to pro-
duce a low serum bicarbonate and a normal arterial
pH, involves the liberation of substantial amounts of
potassium cations from intracellular proteins.295 It can
be inferred from the foregoing that alkali treatment of
hyperkalemia should be most effective when the
plasma bicarbonate is low and acidosis marked, and
less so when plasma bicarbonate and pH are normal;
this is indeed the case.296 This result is also inherent in
the finding that the changes in plasma potassium pro-
duced by metabolic alkalosis are smaller than those
seen in metabolic acidosis.

Alkalosis

Metabolic and respiratory alkalosis are commonly
associated with hypokalemia. In both, renal losses are
important in initiating and perpetuating hypokalemia,
but extrarenal adjustments are also involved. Acute
alkalosis induced by infusions of sodium bicarbonate
usually leads to a decrement in plasma potassium
concentrations. The Δ(K)p/ΔpH slope is usually

smaller than that commonly observed in acute mineral
acidosis, although the reported range is wide, from
20.09 to 20.42 mEq/liter per 0.1 pH unit.257,297,298 The
initial change is not attributable to kaliuresis. Acute
respiratory alkalosis produces a comparable decrease
in plasma potassium, although during voluntary over-
breathing this fall may be counteracted by an increase
in circulating norephinephrine which, as noted earlier,
tends to increase plasma potassium.299 It should be
pointed out that most studies of extrarenal effects of
metabolic alkalosis have involved the infusion of
hypertonic solutions of sodium bicarbonate. Since
hypertonicity itself promotes a rise in plasma potas-
sium, this would tend to counteract any hypokalemic
effect of alkalosis per se.

An intuitively appealing explanation for the extrare-
nal effect of alkalosis is replacement of H1 associated
with cellular buffers by potassium, in the reverse of the
sequence discussed earlier by which acidosis releases
intracellular potassium ions. Enhanced exchange of
intracellular H1 for extracellular Na1 via the amilor-
ide-sensitive Na1aH1 antiporter would accelerate
cellular potassium accumulation by stimulating the Na,
K-ATPase pump. In addition, intracellular alkalosis
probably stimulates the sodium�potassium pump
directly, as discussed earlier.

The combined effects of respiratory alkalosis on
renal and extrarenal potassium handling commonly
produce mild hypokalemia (around 3.0 mEq/liter)
resistant to potassium replacement in hypocapneic
patients who are artificially ventilated. Extreme hypo-
capneic alkalosis and hypokalemia, as seen in recently
intubated patients who are overventilated, may pro-
duce serious cardiac arrhythmias.300

ALDOSTERONE

In addition to its action on the kidney to increase
potassium excretion, aldosterone enhances potassium
secretion into intestinal fluids and saliva. Aldosterone-
induced colonic potassium secretion appears to
occur through increased expression of luminal BK c-
hannels.301 In chronic renal insufficiency, moreover,
the colonic secretion of potassium is greatly
enhanced.302 In that sense, its effect on serum potas-
sium can be said to have an extrarenal component.
Aldosterone also has an independent action to acceler-
ate renal acid excretion, and the consequent alkalosis
itself has a secondary effect on cellular uptake of potas-
sium. Apart from these mechanisms, there is no con-
vincing evidence for a direct action of aldosterone to
increase potassium uptake by muscle cells. For exam-
ple, incubation of isolated rat diaphragms with

1641ALDOSTERONE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



aldosterone results in a loss, rather than a gain, of
intracellular potassium.303,304

An extrarenal action of aldosterone has been sug-
gested in the past, because of several lines of evidence.
First, in experimental animals, hyperkalemia after
adrenalectomy seemed not to be entirely accounted for
by a positive balance of potassium.305 Furthermore, the
fall in plasma potassium accompanying the administra-
tion of mineralocorticoids was not necessarily associ-
ated with an increase in potassium excretion.306�308

Interpretation of such data is complicated, because of
the effect of adrenal medullary hormones on extrarenal
potassium uptake, and the renal action of mineralocor-
ticoids to retain sodium and excrete acid, resulting in
expansion of extracellular fluid volume and alkalosis,
both of which might secondarily lower serum
potassium.

Long-term treatment of dogs by Young and
Jackson308 with high doses of aldosterone altered the
relationship between plasma potassium and total body
exchangeable potassium, so that at any level of
exchangeable potassium, plasma potassium was lower
than in untreated animals. In these experiments, how-
ever, mean plasma bicarbonate was significantly higher
in aldosterone-treated dogs than in controls, leaving
open the possibility that aldosterone-induced alkalosis
influenced potassium distribution.

Bia et al.135 gave intravenous potassium loads to
adrenalectomized and nephrectomized rats, and found
that the acute administration of aldosterone prior to
infusing potassium blunted the hyperkalemia. The dif-
ferences they observed, however, were small, and
could have been completely accounted for by a mod-
est increase in the potassium concentration of gastro-
intestinal secretions (e.g., an increase of 20 mEq/liter
in 1 ml of intestinal fluid) caused by the known
action of aldosterone to increase intestinal potassium
secretion.

The role of mineralocorticoids in the disposition of
an oral potassium-load was studied in anephric
humans by Sugarman and Brown.309 Anephric patients
were given 0.5 mEq/kg of KCl after 72 hours of either
mineralocorticoid treatment (10 mg DOCA daily) or
spironolactone (300 mg daily). The rise in serum potas-
sium was delayed by DOCA, but the difference from
control experiments with spironolactone was most
marked at 1 hour, much less pronounced at 2 and 3
hours, and not present at 24 hours, suggesting that the
mineralocorticoid had delayed absorption of potassium
from the gastrointestinal tract. Chronic administration
of high doses of mineralocorticoids is said to diminish
serum potassium slightly in anuric patients, perhaps
because of an increase in stool potassium.310

Finally, Alexander and Levinsky311 reported that
chronic potassium-loading improved extrarenal

disposal of an acute potassium-load given after a
night’s fast, an effect abolished by adrenalectomy and
restored by chronic (but not acute) high-dose mineralo-
corticoid replacement. They postulated that chronic
hyperaldosteronism acts directly by enhancing cellular
uptake of an acute potassium-load.311 Another inter-
pretation was offered by Spital and Sterns.26 These
investigators showed that, when dietary potassium is
withdrawn from rats previously fed a high-potassium
diet, high rates of potassium excretion persist and
“overshoot,” causing these animals to become progres-
sively more depleted of potassium than controls. This
“paradoxical potassium depletion” is responsible, at
least in part, for extrarenal potassium adaptation, by
creating a sink of potassium-hungry cells that avidly
take up potassium, and thereby blunt the increment in
plasma potassium after an acute potassium-load.
Hyperaldosteronism magnifies urinary potassium
losses during fasting, and thus promotes potassium
depletion, which in turn facilitates the uptake into
muscle of an acute potassium-load.312

In summary, aldosterone and other mineralocorti-
coid hormones do accelerate the disposal of potassium,
but probably not by a direct effect on muscle. The
changes observed can be accounted for by the known
actions of aldosterone on the renal and gastrointestinal
transport of sodium and potassium, and the separate
action of aldosterone to produce systemic alkalosis by
enhancing acid excretion.

RENAL FAILURE

In states of mild-to-moderate chronic renal failure,
the ability to excrete potassium is well maintained by
an adaptive increase in the rate of fractional potassium
excretion to levels near the maximal for subjects with
normal renal function.313,314 As renal function declines
further, however, so does the ability to excrete potas-
sium in a timely manner.315 With advanced renal fail-
ure, potassium is retained longer5 and dependence on
extrarenal disposal becomes more critical.

Whether extrarenal potassium disposal is enhan-
ced, normal or impaired in the setting of uremia
remains controversial.316 Studies in which an oral
potassium load was given found that patients with
chronic renal failure excreted only one quarter9 to one-
half7,8 the amount of potassium excreted by subjects
with normal renal function over a comparable
period of time. Nonetheless, an exaggerated rise in
serum potassium did not always occur.7,9 Reports of
impaired extrarenal disposal of an oral potassium-load
in patients with chronic renal failure might be criti-
cized, either because the patients had higher
basal serum potassium concentrations or might have
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been more acidotic than the control subjects.8,317,318

Another study that concluded that extrarenal potas-
sium disposal was impaired in patients with chronic
renal failure involved chronic rather than acute potas-
sium-loading.319 A more general criticism of studies
administering oral potassium that might account for
some of the discrepant conclusions, however, is the
inherent difficulty of estimating the rate of gastroin-
testinal absorption of potassium in the setting of
renal failure. With intravenous potassium-loading,
however, most,101,135,320 but not all321 animal studies
appear to show a discernible defect in extrarenal potas-
sium disposal in the setting of renal failure. With rare
exceptions,320,322 however, these studies examined
extrarenal potassium homeostasis immediately after
acute nephrectomy, rather than in the uremic state.

If extrarenal potassium disposal is impaired in ure-
mia, it cannot be a consequence of increased cellular
potassium content or high total body potassium, since
both are normal or low in this state.323�328 Nor does
there appear to be peripheral resistance to insulin-
mediated potassium uptake,329 despite the known
resistance to the action of insulin on glucose metabo-
lism in renal failure.330 The chronic hyperinsulinemia
of end-stage renal failure may afford some protection
against hyperkalemia. Renin production, which might
be expected to be suppressed in patients with end-
stage renal disease, is normal or elevated in many
patients. Furthermore, both hyperkalemia27,331 and salt
restriction332 appear to stimulate aldosterone produc-
tion adequately in the setting of chronic renal failure
(in patients who do not have hyporeninemic hypoal-
dosteronism), and a lowering of the plasma potassium
suppresses aldosterone secretion normally.333

Catecholamines circulate at increased levels in
most,334,335 but not all,336 patients with renal failure.
While it is likely that much, if not all, of this increase is
a consequence of decreased renal excretion, the pressor
and pulse responses to norepinephrine infusion have
been reported to be impaired in renal failure.334,336

Both intravenous337 and inhaled338 albuterol appear,
however, to be effective and rapid therapeutic modali-
ties to treat hyperkalemia in patients with advanced
renal failure. If beta-adrenergic-mediated extrarenal
potassium homeostasis is blunted in renal failure when
compared with normal subjects,339 it may well be in
those whose endogenous plasma epinephrine levels
are chronically elevated340 or who are more acidemic.
Contrarily, it should be appreciated that the adminis-
tration of drugs that possess beta2-antagonist proper-
ties can produce significant hyperkalemia in patients
with renal failure on dialysis.239

Impaired extrarenal disposal of potassium in uremia
might conceivably be caused by high circulating levels
of parathyroid hormone. Infusion of parathyroid

hormone appears to impair extrarenal disposition of
a potassium-load in nephrectomized rats,341 an action
ascribed to the enhancement of potassium efflux from
cells produced by increasing intracellular calcium.
Potassium tolerance in partially nephrectomized rats
with chronic renal failure is improved by parathyroid-
ectomy, and by administration of the calcium channel-
blocker verapamil.342

Metabolic acidosis can impair cellular potassium
uptake (see “Acid�Base”), and alkalinization has been
demonstrated to reverse this effect in anuric
patients.318 Part of this effect of acidosis may be to
diminish the activity of Na,K-ATPase, which has a pH
optimum in the range of 7.5�7.6 in mammalian
tissue.258

That the activity of the Na-K pump is impaired in
the erythrocytes of some uremic subjects has been
well-established.343�349 The impairment is correlated
with an increase in intracellular sodium of red blood
cells. Also, the diminished pump activity is reversed
when the red blood cells of uremic patients are incu-
bated in normal plasma344 or when the patients are dia-
lyzed,343,345,348,350 and the impairment is reproduced
when normal erythrocytes are incubated in uremic
plasma.344,351 These studies suggest the presence of a
circulating inhibitor of the Na-K pump in some ure-
mics. Other investigators have reported a decrease
in the number of pump sites, estimated by ouabain-
binding, rather than in the activity of the pump
(defined as the ion turnover rate per pump site) in the
red blood cells of certain uremic patients.352,353

Experimental uremia in rats decreases the Na,K-
ATPase activity of skeletal muscle,354 an effect repro-
duced by incubating normal muscle cells with uremic
serum.354 The excessive rise in plasma potassium
exhibited by patients with chronic renal failure under-
going exercise is consistent, moreover, with an
impairment in skeletal muscle Na,K-ATPase in humans
with this condition,355 although a higher baseline
potassium concentration or a more acidotic state can be
confounding variables in such studies.

MAGNESIUM

In a variety of clinical states, potassium-depletion
accompanies magnesium-depletion. Among patients
with hypokalemia, the coincidence of magnesium defi-
ciency may range from less than 10%356 to over
40%.357,358 Clinical conditions with a high incidence of
combined deficiencies in potassium and magnesium,
such as diuretic administration, alcoholism, and dia-
betic ketoacidosis, generally involve a defect in renal
conservation of potassium. Along with interest in the
relationship between extrarenal magnesium and

1643MAGNESIUM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



potassium balances359 has come information on the
relationship of their movements in and out of cells.360

Because potassium and magnesium are the principal
intracellular cations, it is not surprising that an impor-
tant physiologic relationship might exist between
them. For each, reduced intracellular concentrations
may exist in certain states of depletion, out of propor-
tion to the reduction in serum levels.361,362

Furthermore, a high correlation is found between mag-
nesium and potassium concentrations in extrarenal tis-
sues, such as skeletal muscle.363 A deficiency of
magnesium evokes potassium-depletion in animals
and humans. In rats, however, serum potassium
remains normal,364 whereas in human subjects, hypo-
kalemia is often observed.357,361

A specific effect of magnesium-depletion on potas-
sium homeostasis can be deduced from experimental
magnesium deficiency states in which magnesium defi-
ciency is associated with renal potassium-wasting.365

One proposed mechanism is of importance to their
internal homeostasis, insofar as it would involve a
direct effect of magnesium depletion on the ability of
both renal and extrarenal cells to preserve their potas-
sium.359,366 It is known that experimental dietary mag-
nesium depletion in rats results in loss of cellular
potassium in cardiac as well as skeletal muscle.367

Furthermore, during magnesium depletion in both ani-
mals368 and humans,365 the intracellular deficiency of
potassium cannot be restored by provision of potas-
sium alone; correction of the magnesium deficiency is
required. Clinical combined depletion may play a role
in cardiac arrhythmias seen in patients with alcoholism
or on diuretics,357,369 underscoring the importance of
magnesium replacement in the correction of refractory
hypokalemia and cellular potassium-depletion.

Two extrarenal mechanisms have been suggested:
reduced Na,K-ATPase activity; and increased cell
membrane permeability to potassium. Cellular potas-
sium-depletion due to diminished active potassium
uptake mediated by Na,K-ATPase might occur because
this cation pump requires cellular magnesium.258

Animal studies have shown that magnesium-depletion
is associated with a reduced concentration of NaaK
pump units in rat skeletal muscle.370 Reduced ouabain-
binding, indicative of a decreased number of NaaK
pumps, has also been found in humans treated with
diuretics who developed low muscle potassium con-
centrations associated with hypomagnesemia.371

Additional data suggest that magnesium-depletion
may also exert its effect on intracellular potassium
through an impairment of the activity of the sodium-
potassium pump per se, rather than on the number of
pump sites per cell.372

The second proposed mechanism of potassium loss
would involve effects of magnesium on membrane

potassium channels. In mammalian heart cells and in a
cultured insulin-secreting cell line investigated by the
patch-clamp technique, physiologic concentrations of
intracellular magnesium block outward current by
inhibiting the opening of ATP-sensitive potassium
channels.373,374 Magnesium may therefore play an
important role in the low conductance of the outward
potassium current through these channels375 under
normal conditions. Such a direct effect of magnesium
on potassium channels might result in cellular potas-
sium-depletion during magnesium deficiency.

DRUGS

Medications are the primary etiologic factor in as
many as one-third of cases of clinically significant
hyperkalemia,376�379 and are contributing factors in
more than 60% of hyperkalemic episodes in hospital-
ized adults.380 Potassium supplements, angiotensin-
converting enzyme inhibitors, angiotensin-II receptor-
antagonists, potassium-sparing diuretics,
trimethoprim, pentamidine, heparin, and prostaglan-
din-suppressing drugs that induce hyporeninemic
hypoaldosteronism account for most of these cases;
relative to those, hyperkalemia due to drugs that alter
internal potassium distribution would appear to be
uncommon.377,381 As is true for drug-induced hyperka-
lemia in general, the risk of significant hyperkalemia is
substantially increased in patients with diabetes melli-
tus, renal insufficiency, hypoaldosteronism, and in
the elderly. In most other cases, the rise in potassium is
mild.377

Impaired Extrarenal Disposal

Hyperkalemia due to beta-adrenergic-blockers, the
most common class of medications that elevate potas-
sium by extrarenal mechanisms, was discussed in an
earlier section. A small, transient increase in serum
potassium usually occurs in patients given depolariz-
ing muscle relaxants, such as succinylcholine.382�385

Exaggerated increments, however, may occur in
patients with central nervous system diseases, spinal
cord injury, increased intracranial pressure, and a vari-
ety of other ailments.379 In such pathological states, the
acetylcholine receptors may be increased beyond the
junctional area.386 Because potassium efflux from mus-
cle end plates occurs during normal depolarization,
massive efflux of the cation from such sensitized mus-
cle can account for the hyperkalemia noted in patients
with neurologic motor deficits, tetanus or muscle dam-
age.387 Succinylcholine-induced hyperkalemia may
also be seen with neuroleptic malignant syndrome388
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and skeletal muscle metastasis of a rhabdomyosar-
coma.389 Why burn patients and those with intracranial
lesions not involving upper motor neurons384 are also
at risk is less apparent. In patients at risk, succinylcho-
line should be used with caution and in the smallest
dose possible, and with pretreatment by nondepolariz-
ing muscle relaxants.387

Muscle cell breakdown may also result in hyperkale-
mia in patients who develop myositis due to the HMG-
CoA reductase inhibitor, lovastatin.390 Such reactions
are more likely when lovastatin is administered in
combination with gemfibrozil, cyclosporine, and nico-
tinic acid.391 HMG-CoA reductase inhibitors are com-
monly used in patients already predisposed to
hyperkalemia due to diabetes mellitus or renal
insufficiency.

Arginine HCl, in doses used for the correction of
metabolic alkalosis, may increase serum potassium.392

When this cationic amino acid is taken up by cells,
potassium is displaced into the extracellular fluid.
Hyperkalemia is more likely in patients with renal
failure393 who are unable to excrete this endogenous
potassium-load, and in those with liver failure who are
unable to metabolize the administered arginine nor-
mally.394 The magnitude of potassium rise in normal
subjects is under 1 mEq/liter392; it is not closely corre-
lated with pH, and may occur in patients before correc-
tion of the alkalosis is accomplished.394 Lysine HCl
may also increase serum potassium levels. The antifi-
brinolytic agent epsilon aminocaproic acid (Amicar)
has been reported to cause hyperkalemia as well,395

although the mechanism underlying this effect is
unclear.

Trivial increments in potassium may also occur
at therapeutic or mildly toxic levels of cardiac glyco-
sides.396,397 Blockade of Na,K-ATPase-mediated potas-
sium uptake with normal doses of digitalis has
minimal effect on the serum potassium, since glycoside
binding to skeletal muscle, the major body reservoir of
potassium, is limited. At toxic concentrations of digi-
talis, however, such as following massive overdose,
marked hyperkalemia is well-described and indicates a
poor prognosis.398,399 The toxic concentration of digi-
talis also prevents standard treatment of the hyperkale-
mia with calcium. Although no significant effect to
retard potassium disposal in normal subjects with ther-
apeutic digitalis levels has been published, it is likely
that such an effect may exacerbate hyperkalemia in
patients at risk. In patients with renal failure, for exam-
ple, even modest digoxin toxicity resulting from thera-
peutic doses is reported to cause hyperkalemia.400 In
fact, of drugs known to induce hyperkalemia, digoxin
was the most frequently encountered among patients
with hyperkalemic episodes,380 and nearly one quarter
of these had toxic digoxin levels.

Nonsteroidal anti-inflammatory drugs produce
hyperkalemia best attributed to their antikali-
uretic effect, which results in positive potassium bal-
ance.401,402 No impairment of extrarenal potassium
homeostasis has been directly demonstrated.380,403,404

Lithium intoxication in animals is associated with a
progressive elevation in serum potassium and electro-
cardiogram abnormalities characteristic of hyperkale-
mia. However, only at concentrations of plasma
lithium (.10 mEq/liter) many times the therapeutic
lithium levels (1 mEq/liter) attained in manic-
depressive patients405 do these changes occur.
Increments in serum potassium of under 1 mEq/liter
have been reported during chronic lithium therapy,406

but frank hyperkalemia is rarely observed.407 Lithium
may displace intracellular potassium from human red
blood cells and from skeletal muscle.406 Amphotericin
B (including the liposomal formulation) can cause
severe hyperkalemia due to potassium released from
the intracellular compartment when the dose is exces-
sive, the rate of infusion is rapid or renal function is
impaired.408

Enhanced Extrarenal Disposal

Drug-induced lowering of serum potassium by
exogenous insulin and beta-adrenergic-agonists was
described in detail earlier. Increased circulating cate-
cholamine levels, as well as enhancement of catechol
stimulation of adenylate cyclase, also appear to medi-
ate in part the effect of methylxanthine derivatives
such as theophylline. Hypokalemia due to beta-adren-
ergic stimulation may occur with severe theophylline
toxicity409 in humans. Propranolol is reported to block
hypokalemia due to theophylline toxicity in the dog.409

Whether therapeutic levels of aminophylline are
important in acutely lowering serum potassium in
humans is unclear.410 Other methylxanthines, such as
caffeine, might also be expected to decrease potassium
concentrations,227 not only by stimulating release of
catecholamines, but also by their blockade of high-
affinity (A1) adenosine receptors, which normally act
to inhibit adenylate cyclase.

Several clinical studies have reported minor
decreases in serum potassium levels in patients treated
with calcium-antagonists, sometimes associated with
increased urinary potassium losses.411 Severe hypoka-
lemia with heart block may complicate overdosage of
verapamil.412 Enhanced extrarenal potassium disposal
has been demonstrated with the calcium channel-
blockers verapamil, nifedipine, and nitrendipine.413�415

In one study,415 pretreatment with either verapamil or
nifedipine reduced by about 40% the increment in
plasma potassium produced over 1 hour by the
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infusion of KCl in nephrectomized rats. The effect was
not mediated by changes in pH, bicarbonate, insulin,
aldosterone or the alpha- or beta-adrenergic systems.
Diltiazem has been shown to reduce the interdialytic
rate of increase in plasma potassium in patients with
end-stage renal disease.416 Diminished calcium-medi-
ated potassium efflux from cells may be responsible,
since increased intracellular calcium enhances potas-
sium permeability in vitro (the Gardos effect)417 in ery-
throcytes and other cells.418 While this action would
lower plasma potassium, the net effect of calcium chan-
nel-blockers in clinical practice is complicated by the
fact that these agents also inhibit secretion of aldoste-
rone,419,420 which in turn would tend to produce potas-
sium retention.

The increased use of thiopental infusions to achieve
therapeutic barbiturate coma has been associated with
extreme degrees of hypokalemia secondary to
enhanced cellular uptake of potassium. Serious
rebound hyperkalemia has ensued, moreover, follow-
ing the administration of potassium to correct the
hypokalemia and discontinuation of the thiopen-
tal.421,422 The mechanism responsible for the hypokale-
mia is unknown, but could involve inhibition of
voltage-dependent neuronal potassium currents.
Overdosage of the antimalarial chloroquine has also
been associated with hypokalemia, presumably from
enhanced cellular uptake, but such cases are often con-
founded by concomitant administration of other medi-
cations.423 High-dose intravenous methotrexate has
been associated with the rapid development of tetra-
paresis and marked hypokalemia in one patient that
appeared to be caused by enhanced extrarenal disposal
of potassium.424

OTHER FACTORS

Two other factors that may clinically elevate serum
potassium levels by affecting extrarenal potassium
homeostasis are hyperosmolarity and cellular necrosis.
Less well-described are the effects of barium, cesium,
and body hypothermia to lower serum potassium
levels by extrarenal shifts. A sudden increase in cell
mass produced by rapid proliferation, moreover, may
sequester potassium intracellularly and result in
hypokalemia.

Hyperosmolarity

Hypertonic potassium-free solutions administered
to normal human subjects fail to lower plasma po-
tassium, despite expanding the extracellular fluid com-
partment.425 This observation suggests that plasma

potassium is maintained during the infusion by move-
ment of potassium out of cells, impelled by an increase
in its intracellular concentration, because of contraction
of the intracellular volume. Potassium levels are main-
tained even when dilutional acidosis is prevented by
incorporating bicarbonate into the hypertonic
infusion.426

A modest rise in plasma potassium concentration
(0.3�0.6 mEq/liter) can be produced in normal subjects
by moderate increases in tonicity (10 mOsm/kg).427

The effect is of clinical importance chiefly in diabetics,
in whom plasma tonicity can be raised by
40�50 mOsm/kg during hyperglycemia, and who lack
insulin-mediated potassium uptake. Glucose-induced
hyperkalemia is more pronounced in diabetics defi-
cient in aldosterone secretion428 or during treatment
with captopril,429 but it may also be observed in dia-
betics with normal aldosterone responses. The stan-
dard 100 g oral glucose tolerance test produced an
average increment of 1.3 mEq/liter in plasma potas-
sium in four such patients.430 The effect of hyperosmo-
larity on potassium homeostasis may also be present in
patients with cerebral edema or with renal insuffi-
ciency when treated with large quantities of hypertonic
mannitol.

Cellular Necrosis

When renal excretion and extrarenal disposal of
potassium are exceeded, release of intracellular potas-
sium into the extracellular compartment during cellu-
lar necrosis will result in hyperkalemia. The most
common sources are muscle, tumor cells, and
erythrocytes.

Traumatic muscle injury, due to motor vehicle acci-
dents, alcoholism, cocaine abuse431 or other etiologies,
may produce life-threatening hyperkalemia, usually
during rhabdomyolytic renal failure. Catabolic states,
such as sepsis, compound fractures, burns, major sur-
gery or overwhelming infections, result in protein
breakdown to meet increased energy demands.
Skeletal muscle, the source of protein loss, may release
sufficient potassium to cause severe hyperkalemia, if
renal excretory mechanisms are compromised.

Accelerated breakdown of a large leukemic tumor
burden, especially during induction of chemotherapy,
produces kaliuresis and may cause symptomatic
hyperkalemia. Burkitt’s lymphoma, a rapidly growing
neoplasm, while not causing hyperkalemia even in
azotemic patients prior to chemotherapy,432 may result
in hyperkalemia within hours of treatment, even in the
absence of renal insufficiency. Fatal hyperkalemia has
also been reported after initial tumor lysis therapy in
acute lymphocytic leukemia, chronic lymphocytic
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leukemia, and lymphosarcoma. The tumor lysis syn-
drome is only rarely reported after treatment of non-
lymphomatous solid tumors.433 Intensive supportive
therapy probably accounts for the absence of hyperka-
lemia reported in some series.434

Transient hyperkalemia, in the absence of renal fail-
ure, occasionally occurs during hemolytic states such
as congenital or acquired hemolytic anemia, hemoglo-
binopathy or transfusion reactions. Conversely, plasma
potassium may fall during the rapid proliferation of
erythrocytes and their precursors when severe perni-
cious anemia is successfully treated.435�437

Barium

Barium is a well-known inhibitor of potassium exit
channels in muscle at concentrations of 1�5 mM.438

In vitro, Ba21-treated muscle develops flaccid paralysis
and depolarization secondary to this change in potas-
sium permeability.439 Hypokalemia is therefore a fea-
ture of barium poisoning, as are cardiac arrhythmias
and skeletal muscle paralysis,440 associated with depo-
larization of muscle fibers.438 Barium poisoning is
thought to be responsible for “Pa Ping paralysis”
reported in Chinese patients who had eaten salt or
drunk wine with a high content of barium salts.441,442

Cesium

Cesium chloride has been marketed as part of an
alternative therapy for malignancy. Cesium appears in
the periodic table below rubidium and potassium with
a positive valence of 1; its salts are extremely toxic,
causing hypokalemia, cardiac arrhythmias, prolonged
Q-T interval, and torsade de pointes, probably like bar-
ium, by blocking potassium exit channels.443

Fluoride

Exposure to toxic levels of inorganic fluoride can
produce hyperkalemia that is refractory to standard
measures to increase cellular uptake of potassium such
as glucose, insulin, and bicarbonate. The mechanisms
appear to be decreased potassium influx due to
impairment of Na,K-ATPase, further aggravated by a
subsequent increase in intracellular calcium that
enhances potassium efflux via the Gardos effect.444

Hypothermia

Acute transient hypokalemia has been described in
patients with hypothermia associated with accidental
trauma or following surgery.445,446 When body temper-
ature returns to normal, the hypokalemia disappears.

Post-operative hypothermia (,36.5�C) was found in
40% of patients undergoing gastrointestinal and vascu-
lar surgery. Low serum potassium levels coincided
with post-operative hypothermia in over half of these,
whereas no patients with normothermia became hy-
pokalemic. Urinary potassium losses did not account
for the differences.445 The hypokalemia of experimental
hypothermia is not prevented by beta-adrenergic
blockade.447 It may be related to the alkalosis that regu-
larly accompanies hypothermia because of the effect of
lowered temperature to reduce the dissociation of car-
bonic acid.448

Race

The extrarenal disposal of an intravenous load of
KCl is delayed in normal young African-Americans as
compared with Caucasians, perhaps attributable to a
racial tendency to lower Na,K-ATPase activity in the
cells of African-Americans.449
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OVERVIEW OF K1 DISTRIBUTION
AND EXCRETION�INTERNAL AND

EXTERNAL BALANCE

As the most abundant cation in intracellular fluid,
K1 plays an important role in a variety of cell func-
tions. High K1 concentration in cells and low K1 con-
centration in extracellular fluid is essential for many
cellular processes, including determining the electrical
properties of cell membranes in both excitable (nerve,
muscle) and nonexcitable (transporting epithelia) tis-
sues.514,515 Cell K1 also contributes importantly to the
effective osmolality of intracellular fluid, and thus to
the regulation of cell volume.316,514,515,568 Changes in
cell K1 modify intracellular acidity, and thereby indi-
rectly influence a variety of metabolic processes.4,274

These important functions depend on the coordinated
action of a variety of regulatory mechanisms that serve
to maintain total K1 content (50�55 mmol/kg body
weight) and distribution.4,154,274

INTERNAL K1 BALANCE

Figure 49.1 schematically shows several features of
the distribution of K1 in the body. More than 98% of
body K1 resides within cells, principally in skeletal
muscle, whereas only 2% of total body K1 is located in
the extracellular fluid space. Maintenance of K1

homeostasis is challenging, because the daily dietary

intake of K1 in the adult (B70 mEq) typically
approaches the total K1 content normally present
within the extracellular fluid space (B70 mEq in 17 L
of extracellular fluid, with a K1 concentration averag-
ing B4 mEq/l). To maintain zero balance in the adult,
dietary intake of K1 must be matched by its elimina-
tion, a task performed primarily by the kidney.

Ingested potassium enters the extracellular fluid by
reabsorption from the small intestine, a process not
subject to specific regulation.264 K1 that enters the
extracellular fluid must temporarily and rapidly be
translocated into cells to prevent dangerous increases
in plasma K1 levels. The buffering capacity of the com-
bined cellular storage reservoirs, which includes mus-
cle, liver, and red blood cells, is vast compared with
the extracellular pool and is capable of sequestering
large amounts of K1. The biochemical and hormonal
factors that influence the internal balance of K1, typi-
cally by altering Na-K-ATPase activity, are listed in
Figure 49.2.7,259,479,480 Racial differences in K1 distribu-
tion have also been reported.495

The steep K1 concentration gradient across the cell
membrane depends on the regulated interplay between
active uptake by Na1,K1-ATPase and passive backleak
through K1 channels and carrier-mediated transport
processes514,515,568 (Figure 49.1b). When K1 enters the
extracellular fluid, active Na1,K1-ATPase-mediated
K1 uptake into cells occurs rapidly, and buffers against
fluctuations of K1 in the extracellular fluid. This pro-
cess is efficient, and plasma K1 concentration is kept
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remarkably constant in the range from 3.5
to 5.0 mM.53�55,97,98,102,478,479 Variations in K1 intake
are matched within hours by parallel adjustments in
K1 excretion, most of which is mediated by the

kidney.49,177�185,473,579�583 However, during exercise
and ischemia, extracellular K1 may quickly rise sig-
nificantly. To minimize cell ATP decrease and loss
of K1 production of AMP-activated protein kinase
(AMPK), under these conditions, is stimulated by
an increase in intracellular AMP-to-ATP ratio favor-
ing translocation of K1 into cells in states of exer-
cise and ischemia.591,602 Although overshadowed by
the kidney, the colon also excretes K1 and responds
to stimuli calling for a change in excretion
rate.29,30,151,216

EXTERNAL K1 BALANCE: THE ROLE
OF THE KIDNEY

To accomplish excretion of the variable quantity of
K1 ingested daily, the kidney must first extract K1

from blood in which K1 circulates at a rather low con-
centration. Indeed, dietary K1 may approximate that of
sodium (80�120 mM/day), but the concentration of K1

in plasma, and therefore the rate at which it is filtered
by glomeruli, is only one-thirtieth of that of sodium.
Nevertheless, the glomerular filtration rate (GFR) is
normally high enough so that K1 could be excreted by
filtration alone. However, if the GFR is reduced to 10
to 15% of normal, as occurs with chronic renal failure,
filtration alone would not be able to keep up with the
normal dietary intake. Even if the GFR were reduced

FIGURE 49.1 (a) Distribution of K1 in the body and pathways of K1 entry and exit. (b) Transporters involved in the distribution of K1 and
Na1 across cell membranes. The activity of the Na1,K1-ATPase in cell membranes is opposed by several symporters, antiporters, and ion chan-
nels. (From Giebisch, G. (2002). A trail of research on potassium. Kidney Int. 62, 1498�1512, with permission.)

Hypokalemia
Acidosis

Hyperosmolality
α-adrenergic agonists

Strenuous exercise

Dietary K+
intake

70 meq/day

Muscle
cells

3,000 meq

Intracellular
Fluid

K+ influx and
efflux from cells

ECF
70 meqLiver

cells
200 meq Hyperkalemia

Alkalosis
β-adrenergic agonists

Insulin
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Red Blood
cells

235 meq
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FIGURE 49.2 Distribution of K1 between the intracellular and
extracellular (ECF) fluid compartments. Only � 2% of the total body
K1 is present in the ECF, with most of the remainder in intracellular
fluid, here represented by three of the largest cellular compartments.
The distribution of K1 represents a balance between active uptake
into cells by the Na1,K1-ATPase and the passive leak of K1 out of
cells. This balance is influenced by the K1 concentration of the ECF,
as well as by the factors listed above and below the two arrows.
A typical daily K1 intake of 70 meq/d is matched by the sum of a
small excretion in the stool and the regulated excretion of K1 by the
kidneys. (From Giebisch, G. (2002). A trail of research on potassium.
Kidney Int. 62, 1498�1512, with permission.)
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only by half, because not all filtered K1 can escape
reabsorption, it is likely that renal excretion would be
inadequate and K1 would be retained. Furthermore,
even when GFR is normal, an excretion mechanism
relying solely on filtration would have a limited capac-
ity for adaptive increase, and could not achieve the 20-
fold increase in K1 excretion that has been observed in
animals exposed to increased intake of K1 by diets
high in K1 or parenteral infusions containing K1.
Indeed, net urinary K1 excretion reflects not only glo-
merular filtration, but also tubular reabsorption and
secretion. Clearance studies from as early as the 1940s
revealed that the kidney is capable of secretion
enabling the transfer of K1 from plasma to tubule
fluid.48�52,177�186,187,292,330,345�347,379,473,474,583 Table 49.1
summarizes the main features of renal K1 transport
based on these studies.

A simplified but generally adequate view of renal
K1 handling is that proximal nephron segments
between the glomerulus and the distal convoluted
tubule (DCT) reabsorb a rather fixed fraction (80�90%)
of the filtered K1, whereas distal tubules and collecting
ducts either secrete a variable quantity of K1 into
tubule fluid49,177�187,221,320�324,379,485 or effectively
reabsorb K1.119,179,325,371 By varying the rate and even
the direction of K1 transport, the distal nephron is able
to respond homeostatically to changes in dietary K1

intake or to changes in extracellular K1 caused by
other gains (parenteral administration, release from cel-
lular pools) or losses (from the GI tract or skin). In peo-
ple ingesting � 70 mmol/day K1, the usual rate of K1

excretion in the postabsorptive period between meals
is approximately 10�15% of the rate of K1 filtration. In
the hours following ingestion of K1-rich meals, the rate
of urinary excretion of K1 can increase greatly to
approach or even exceed the rate at which it is filtered.
Such increments in K1 excretion can be attributed to
an increase in the quantity secreted by distal nephron
segments. Increased secretion may not entirely account
for increases in K1 excretion in all cases, however, and
variations in reabsorption by tubule segments, either
proximal or distal to the main secretory sites, may
become important in some circumstances.

If K1 intake is reduced or eliminated (or if the body
is depleted of K1 by prior renal or nonrenal losses),
urinary K1 excretion declines rapidly as the deficit in
total body K1 increases. Within a few days K1 excre-
tion can be reduced to very low levels,179,322�324 but K1

conservation is less complete than that of sodium.179

General Aspects of K1 Transport Along
the Nephron

The generalization that filtered K1 is largely reab-
sorbed by proximal nephron segments and that
excreted K1 is secreted by distal segments provides a
useful framework for integrating information about
renal handling of K1, but a closer look at the cytolog-
ically distinct subdivisions of the nephron and the way
each handles K1 reveals a more complicated picture.
K1 is not continuously reabsorbed from all tubule seg-
ments proximal to the secretory sites in the distal
tubules and collecting ducts. The rather constant
fractional delivery of K1 (10�20% of the filtered quan-
tity) that has been found by collecting and analyzing
samples of fluid from the earliest portion of the super-
ficial DCT accessible to micropuncture is achieved
by a sequence of reabsorption, secretion, and re-
absorption as the glomerular filtrate travels through
the proximal tubule and the loop of
Henle.179,322,323,324,325,466,470,471,473,579,583 Secretion of K1

into loops of Henle has been documented only for the
juxtamedullary nephron population104,250,252,531; how-
ever, it seems likely that the more superficial nephrons
behave similarly.

Figures 49.3 and 49.4 represent schematic repre-
sentations of the renal elements responsible for K1

excretion. The location and naming of the subdivisions
generally follow the scheme outlined by Kriz and
Bankir.281 Some features that distinguish superficial
and deep nephrons are pictured. K1 is filtered and
reabsorbed from proximal convoluted tubules (PCT) of
both superficial and deep nephrons. As the proximal
straight tubule (PST) enters the outer medulla, the
direction of K1 transport reverses, and K1 is secreted
into the third proximal segment (S3) and the thin des-
cending limb of the loop of Henle.250�252 Higher K1

concentrations are attained in loops of deeper nephrons
that penetrate further into the inner medulla.

K1 can be reabsorbed by thick ascending limbs
(TALs), and net reabsorption probably occurs in
both medullary and cortical TALs of both deep and
superficial nephrons.198,201,218 The portion of the
distal tubule beyond the macula densa where
each ascending limb contacts its parent glomerulus
comprises several segments that are cytologically
distinguishable. The DCT, extending beyond the

TABLE 49.1 Main Features of Potassium Transport, Based on
Clearance Experiments

1. K1 secreted by renal tubules (excreted K1. filtered K1)
2. K1 excretion can be dissociated form the rate of glomerular

filtration
3. Reabsorption of K1 along the nephron precedes K1 secretion
4. Secretion of K1 occurs by exchange for Na1

5. K1 tolerance: Increased K excretion at relatively low K1 in plasma
6. Reciprocal relation between urinary excretion of K1 and H1,

carbonic anhydrase inhibitors induce kaliuresis
7. Adrenal steroids stimulate K1 secretion
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macula densa, is functionally distinct from the TAL
segment, and probably contributes modestly to K1

excretion.451

The next segment of the distal tubule � the con-
necting tubule (CNT), and the segment following it,
the cortical collecting duct (CCD) � are major sites
of K1 secretion. In superficial nephrons, epithelium
characteristic of the CCD appears some distance
proximal to the first confluence of two distal
tubules. This region has also been referred to as the
late distal tubule or the initial collecting tubule
(ICT).28 In deeper nephrons, the CNTs frequently
join to form arcades before flowing into the collect-
ing duct. The separate segments of the distal tubule
are discussed subsequently in more detail. K1 is
secreted into the collecting duct throughout the
cortex, and probably in the outer stripe of the
outer medulla as well.485,486 However, in the inner

stripe of the outer medulla, K1 reabsorption
appears once again and contributes to K1 accumula-
tion in the medullary interstitium. Both secretion
and reabsorption of K1 have been described along
the terminal portions of the inner medullary collect-
ing duct.402,403,452,463,485�488

K1 Transport by Individual Nephron Segments

Glomerulus

K1 ions that are free in plasma water pass across the
glomerular capillary membrane with little hindrance.
Nonfilterable proteins in plasma may bind a small frac-
tion of K1294 and restrict filtration. The net negative
charge on these plasma proteins tends to reduce K1

concentration in glomerular filtrate relative to plasma
water (Donnan equilibrium), but the concentration of

FIGURE 49.3 Schematic illustra-

tion of the distal nephron segments

(CCT: cortical collecting tubule;
CNT: connecting tubule; DCT: distal
convoluted tubule). (From ref. [244],
with permission.)
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K1 in plasma is approximately 6% lower than in
plasma water. These factors tend to cancel each other
out, and the concentrations of K1 in glomerular fil-
trate and in plasma or serum, are approximately
equal.

Although variations in GFR do cause proportional
variations in the rate of K1 filtration, they do not usu-
ally result in large changes in K1 excretion, because
mechanisms promoting glomerulotubular balance tend
to stabilize the rate of K1 delivery out of the proximal
tubule and the loop of Henle. In the 1950s, when renal
clearance methods were first applied systematically to
the study of K1 regulation by the kidney, it was
observed that rates of glomerular filtration and final
K1 excretion could be varied independently of one
another.49,100,346,347 However, if GFR is reduced enough
to decrease sodium and water excretion, the rate of K1

excretion will also decrease.49,100

Proximal Convoluted Tubule: Direction,
Magnitude, and Mechanism of Transport

Transepithelial K1 Transport

Information about the direction and magnitude of
K1 transport processes along the nephron was
obtained in the 1960s by in vivo micropuncture

techniques.193 The main features of K1 transport
in various nephron segments are summarized in
Figure 49.4. Collections of tubular fluid samples
showed that about 50% of filtered K1 reaches the last
accessible surface segment of the PCT.322 Collections
from sites close to the glomerulus showed that reab-
sorption of K1, which occurs over most of the accessi-
ble proximal tubule,59,179,322,325,399,553 may be preceded
by a small K1 leak into the lumen.516 The downstream
reabsorption of K1 along the proximal tubule, like that
of sodium, generally proceeds without developing a
large concentration difference across the proximal
tubule as a roughly similar fraction of water is also
absorbed. Although K1 concentration has been reported
to increase slightly40 or to remain unchanged109 along
the proximal tubule, a few studies have provided evi-
dence that proximal reabsorption of K1 can proceed
against an electrochemical gradient, and that tubular
fluid K1 concentration may decline (by about 10%)
between early and late proximal segments in rat
kidneys.61,268

Three mechanisms participate in K1 reabsorption by
the proximal tubule: solvent drag; diffusion; and
apparent active transport. First, the consistently
observed association between K1 transport and fluid
transport suggests that a fraction of proximal K1

absorption depends on the simultaneous rate of fluid

FIGURE 49.4 Overview of K1 transport along the nephron. Secretion (S) largely determines the excretion of K1 during normal and high
K1 intake; reabsorption (R) determines the excretion of K1 in K1 depletion. Note the cell heterogeneity in the distal nephron (see Figure 49.3)
(ADH: antidiuretic hormone; ALDO: aldosterone; CCT: cortical collecting tubule; DCT: distal convoluted tubule; MCD: medullary collecting
duct; PCT: proximal convoluted tubule; TAL: thick ascending limb of Henle). (From Giebisch, G. (2002). A trail of research on potassium.
Kidney Int. 62, 1498�1512, with permission.)
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absorption.61,62 This dependence of K1 transport on
net fluid transport, and the finding of low reflection
coefficients of K1,550 support the notion of direct cou-
pling of K1 and fluid through the same transport path-
way: a solvent drag mechanism.

Second, diffusion of K1 from luminal to peritubular
fluid may also occur because fluid absorption may
raise the K1 concentration in the proximal tubule, thus
creating a concentration difference favoring K1 absorp-
tion. In vivo microperfusion experiments show that
proximal K1 transport is very sensitive to changes in
luminal K1 concentration and transepithelial volt-
age.61,62,550 The high K1 permeability in the proximal
tubule,270 and the dependence of K1 transport on the
transepithelial electrochemical potential difference is
consistent with diffusive movement through a para-
cellular pathway. However, barium, a potent K1

channel-blocker, has been shown to block a signifi-
cant fraction of K1 reabsorption, implying possible
participation of a transcellular route for reabsorption
of K1.270,528 However, little is known about this
pathway.

Third, the direction of the electrochemical driving
force for K1 in at least part of the proximal tubule,
and the special microenvironment of the paracellular
compartment between proximal tubule cells, provides
theoretical support for apparent active K1 absorption.
Such movement of K1 ions against an electrochemical
potential gradient in the early proximal tubule is
implied by experimental findings demonstrating both
a concentration of K1 in the tubule lumen below that
in arterial plasma, and a lumen-negative transepithelial
potential.162,268,518 Moreover, dissociation between
sodium-driven fluid movement and K1 transport has
also, albeit rarely, been observed. Micropuncture stud-
ies provide evidence that channel-dependent K1 fluxes
mediate a secretory component of K1 movement
into the early proximal tubule,11,268,518 but K1 reab-
sorption further downstream exceeds such secretory
K1 fluxes. Direct measurements of the electrochemical
driving force for K1 across the apical cell membrane
in amphibian proximal tubules also support active K1

reabsorption.11,164 However, there is no evidence that
K-H-ATPase activity identified in the apical membrane
of mammalian proximal tubules112,117 contributes to
K1 reabsorption.538a,592

A cell model summarizing the complex mechanisms
involved in proximal tubular K1 transport is pictured
in Figure 49.5. It includes a sodium-K1 exchange
pump (Na1,K1-ATPase) in the basolateral membrane,
a K1 conductance in the apical membrane, and a path-
way for K1 transport between cells. Two pathways for
K1 exit across the basolateral membrane are shown: a
conductive channel and a K-Cl co-transporter.18,551

Note also that the transepithelial potential along the

tubule changes from lumen-negative values in the
early PCT to lumen-positive values in the late PCT.162

Weinstein has suggested that the apparent reabsorp-
tive movement of K1 against an electrochemical
driving force does not require an active, directly
energy-driven reabsorptive maechanism for K1 in the
apical cell membrane.559 Given that Na1,K1-ATPase-
driven uptake of K1 does occur in the cell membranes
lining the paracellular compartment between cells,
such transport could deplete this compartment of K1,
particularly if the diffusion resistance to K1 across
the basolateral exit was low. A situation could then
develop in which the luminal fluid equilibrates with
the low-K1 fluid in the interspace, effectively decreas-
ing the K1 concentration in the lumen below peritubu-
lar plasma levels. Exit of K1 ions from the interspace
into the peritubular fluid would be driven by bulk
movement of fluid and K1 along the hydrostatic
pressure gradient that normally develops along the
interspace from its luminal to basolateral end.

In the later part of the PCT, the transepithelial
potential difference becomes lumen-positive, providing
an additional driving force for net K1 reabsorption.162

It is likely that K1 movement driven by the transe-
pithelial voltage occurs through the paracellular
shunt pathway. In vivo microperfusion experiments
using mannitol to vary tubular fluid osmolarity
reveal that the direction of net K1 transport is

FIGURE 49.5 Model of proximal tubule cell. Transepithelial
voltage is lumen-negative in S1, and becomes lumen-positive in S2.
Enlargement of lateral membrane and the intercellular and extracel-
lular spaces illustrates a postulated mechanism permitting absorption
of potassium against a concentration gradient.
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dependent on that of net fluid transport.61,62 Previous
observations had already shown that inhibition of
proximal sodium and water transport would also block
K1 reabsorption,59,181,234,579,581 an effect consistent with
entrainment of K1 ions by sodium-dependent fluid
reabsorption.

Transepithelial electrochemical gradients of K1

demonstrate the effect of changes in the electrical
potential difference on tubule K1 concentration.456

Marked differences were observed between K1-replete
and K1-depleted animals: whereas a lumen-positive
potential was recorded in replete animals, the transe-
pithelial potential difference was reversed in K1-
depleted animals, and the K1 concentration ratio
across the late proximal tubule was significantly ele-
vated. These data support the view that diffusion along
an electrochemical gradient can play a critical role in
transport of K1 across the proximal tubule.

Cell K1 Transport

In proximal tubule cells, steady-state levels of cell
K1 depend on the balance between active uptake from
interstitial fluid and passive leakage from the cytosol,
either to the interstitium or to the tubule lumen. K1

ions are actively taken up by the ATP-driven Na1-K1

exchange pump located in the basolateral membranes.
Microelectrode measurements of basolateral membrane
voltage and of K1 activities show that the electrical
potential difference across cell membranes of both
amphibian and mammalian tubule cells is too small
to account for the measured intracellular K1 activity
by passive distribution. Also, inhibitor studies indicate
that ATPase-driven accumulation of K1 is responsible
for high cell K1 concentrations. Inhibition of Na1,K1-
ATPase activity reduces intracellular K1 concentrations
and content.48,49,83,124,233,284,420,421,514,515

The basolateral sodium-K1 pump operates in an
electrogenic mode: the rate at which sodium ions are
pumped out of the cell exceeds the rate at which K1

ions are taken in. The contribution of such an electro-
genic cation exchange to the steady-state voltage across
the basolateral membrane is probably small; however,
sudden activation of the pump, either by raising cell
sodium, by increasing extracellular K1 from low levels
or by warming tubules previously cooled, leads to
rapid hyperpolarization of the basolateral cell mem-
brane to levels that can exceed the equilibrium poten-
tial that could be generated by passive diffusion of K1

ions.48,49,83,124,148,150,233,390,420,421

Figure 49.6 illustrates additional transporters in
the basolateral membranes of proximal tubule cells.
K1 channels are present in both cell membranes, and
serve several functions. They generate the cell-negative
electrical potential which constitutes an important
driving force for the entry of positively-charged solutes

and the basolateral exit of negatively-charged solutes.
Sodium-coupled electrogenic glucose and amino acid
transport across the apical membrane of proximal
tubule cells is facilitated by the cell-negative potential.
Chloride diffusion, electrogenic Na1-HCO3 cotransport
and Ca21/Na1 exchange are also modulated by the
magnitude of the K1-dependent basolateral membrane
potential.513�515

K1 channels are also involved in volume regulation
of proximal tubule cells.237,419 Both apical and basolat-
eral K1 channels are activated by cell swelling, either
directly by stretching of the membrane or indirectly, by
volume-dependent Ca21 entry through non-selective
cation channels.150,381,419 Apical K1 channels are
also sensitive to changes in membrane voltage, with
depolarization leading to increased activity. Apical K1

channels in the proximal tubule are critical in stabiliz-
ing the cell-negative potential, especially during
depolarizing Na1-coupled transport (i.e., with glucose
or amino acids). The K1 channel KCNQ1 and the
accessory protein KCNE1 have been localized to the
brush border of the mid-to-late proximal tubule.516

They have been proposed to play a role in net K1

secretion in the early proximal tubule, and in polariz-
ing the brush border membrane to maintain the
electrical driving force for Na1-coupled transport. In
support of this view, mice lacking KCNE1 exhibit
increased renal excretion of Na1 and glucose, and
signs of volume-depletion.516

Basolateral K1 channels are inhibited by an increase
in cell ATP, by a fall in pH, by cyclic AMP and
taurine,217 and they have been implicated in renal cell
damage by hypoxia.400

Coupling Between Sodium Transport
and Basolateral K1 Channels

The constancy of intracellular K1 in the presence of
large changes in transepithelial net sodium transport
depends on appropriate modulations of the basolateral
K1 conductance.453,454 Because a major pathway for
sodium reabsorption is transcellular and involves the
basolateral sodium-K1 exchange pump, large changes
in the rate of basolateral sodium extrusion necessarily
cause large changes in K1 uptake. However, by vary-
ing the magnitude of the basolateral-leak conductance
in proportion to changes in pump rate, cells in
renal35�39,56,57,79,241,290,561,564 and other transporting epi-
thelia194 are able to maintain cytosolic K1 activity, and
cell volume, within narrow limits.

Pump-Leak Coupling

Transport-related changes in the coupling between
active sodium extrusion across the basolateral mem-
brane and apical and basolateral K1 conductances are
depicted in Figure 49.7a and 49.7b. Changes in cell
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volume and pH have a significant effect on K1 chan-
nels, alkalosis increasing and acidosis decreasing the
open probability.35,210,282,286,362,446 During substrate-
induced stimulation of proximal sodium transport, cell
pH rises with a time-course that matches the observed
increase in basolateral K1 conductance.38

Changes in the concentration of Ca21 in tubule cells,
especially those correlated with fluctuations in cell vol-
ume and nitric oxide, may also couple basolateral Na1,
K1-ATPase activity to K1 permeability. Alterations in
basolateral cell potential have also been implicated, since
stimulation of electrogenic Na1,K1 pump activity hyper-
polarizes tubule cells. Such membrane voltage changes
are known to activate voltage-sensitive K1 channels.543

Renal K1 channel activity, including that of channels
in the basolateral membrane of proximal tubule
cells,241,508 is also sensitive to alterations in cellular
ATP.35,36,508 Small amounts of ATP are required for the
activity of some K1 channels in the renal tubule, but
millimolar concentrations inhibit K1 channel activity.
This effect is reversed by ADP,217 and points to the

involvement of the ATP/ADP ratio in the control of
K1 channel activity. It appears that transport-related
changes in cell ATP levels modify cell K1 conductance.
Thus, stimulation of sodium transport in proximal
tubules results in a significant fall in cell ATP, whereas
inhibition of sodium transport increases cell ATP
levels. This cross-talk mechanism, linking apical
sodium transport to basolateral K1 channel activity, is
shown in Figure 49.7.241,508,561 Thus, transport-related
changes in the basolateral membrane potential of tubule
cells may be involved in coupling the K1 conductance
to the pump activity. Measurements of the basolateral
conductance of tubule cells,233 as well as patch-clamp
studies, in which the open probability of basolateral
K1 channels was examined as a function of the mem-
brane potential,343 show an increase in K1 conductance
with cell hyperpolarization. To the extent that stimula-
tion of basolateral ATPase activity elevates the
cell-negative potential, K1 conductance would also be
expected to increase interaction between basolateral
and apical membrane transport.

FIGURE 49.6 Models of proximal tubule cells, including the main transport pathways and the apical and basolateral K1 channels

(ATP: adenosine triphosphate; TEA: tetraethylammonium; NO: nitric oxide). Left: Model of a proximal tubule cell. Right: Relationship between
the activity of basolateral Na,K-ATPase and the leak through K channels. The two-headed arrow indicates linkage between the pump and
K channels; as K uptake increases, permeability to K increases, and vice versa. Factors that regulate transport pathways (left) and mediate
the pump-leak coupling (right) are indicated in individual boxes. Basolateral transporters that may alter these variables are also shown
(ATP: adenosine triphosphate). (From Malnic, G., Bailey, M. A. and Giebisch, G. (2004). Control of renal potassium excretion. In “The Kidney,” 7th ed.,
Vol. 1, 453�496, Brenner, B. (ed.). WB Saunders, Philadelphia, with permission.)
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Schultz has drawn attention to an additional rela-
tionship between transport events in the luminal and
basolateral membrane of epithelial cells that involves
changes in the pump-related K1 conductance.453,454 In
leaky epithelia, such as the proximal tubule, stimula-
tion of co-transport of sodium ions with organic solutes
such as glucose or amino acids augments sodium entry
across the apical membrane. Since the co-transporter
carries positive current into the cell, the cell-negative
electrical potential is reduced.518 In tight epithelia, such
as the CCD, mineralocorticoids increase apical sodium
conductance, and thus bring about depolarization
of the apical cell membrane.64,65,275�277,356,358,361 The
increase in K1 conductance that occurs with stimula-
tion of sodium pumping across the basolateral mem-
brane also provides an important transport-sustaining
feedback loop. The rise in potassium conductance
hyperpolarizes the basolateral membrane and renders
net transport more effective. An essential feature of
these effects is that maneuvers that increase sodium
transport tend to curtail further sodium entry, because
the depolarization of the apical cell membrane reduces
the electrochemical driving force for further sodium
transport into the cell.

Loop of Henle: K1 Recycling, Direction,
Magnitude, and Mechanism of Transport

In vivo micropuncture and microperfusion studies
show net reabsorption of K1 between the last accessible
segment of surface proximal tubules and the first acces-
sible segment of surface distal tubules.101,249,250,252,511�513

Thus, only a modest fraction, some 5�10% of the
filtered K1, reaches the early distal tubule (see
Figure 49.4). As shown in Figure 49.3, this portion of
the nephron comprises several morphologically and
functionally distinct segments: the third segment of the
proximal tubule (S3); the thin descending and thin
ascending limbs; and the medullary and cortical thick
ascending limbs of the loop of Henle.

The K1 concentration in the loop of Henle fluid near
the tip of the papilla can be as much as 10 times
higher than the K1 concentration in systemic plas-
ma.101,108,248�252 de Rouffignac and Morel101 suggested
that K1 is added to tubule fluid along the descending
limb of Henle’s loop after being absorbed from the
ascending limb and collecting duct. The phenomenon
constitutes K1 recycling (Figure 49.8). Jamison and co-
workers further showed that K1 delivery to the end of

FIGURE 49.7 Left: Coupling between Na1,K1-ATPase activity and K1 recycling in the basolateral membrane of proximal tubule
cells.36,37,198,512 Net rate of sodium transport was stimulated by addition of organic substrates (S; i.e., glucose or amino acid) to the lumen.
Thus: (1) apical Na entry via Na-dependent substrate co-transporters is stimulated in the presence of substrates; (2) the Na1, K1-ATPase subse-
quently revs up so that active efflux of Na into the interstitium matches passive apical sodium entry; (3) ensuring that the increased active
uptake of K1 via the Na1,K1-ATPase will be efficiently recycled back across the basolateral membrane, K1 channel activation ensues. (Kidney
Int. 1995; 48, 1017�1023.) Right: (A) Patch-clamp analysis of basolateral K1 channel activity in isolated perfused proximal tubule. Data for
experiments before (2) and during (1) perfusion of glucose and alanine (G/A). Horizontal bars indicate zero current. (B) Effect of luminal
addition of glucose and alanine on single-K channel open probability (NPo). p, 0.02. (Am. J. Physiol. Renal 1993; 264, F760�764.)
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the descending limb of deep nephrons could equal the
rate of K1 filtration in normal rats,252 and exceeded it in
rats either fed a high-K1 diet32 or infused acutely with
K1.15 The observation that isolated thin limbs of Henle
lack a mechanism of active K1 secretion245,246 supports
the view that K1 enters the descending limb passively.
If K1 is also secreted into the proximal straight tubule
of superficial nephrons,552,578 and the delivery of K1

to the DCT of deep nephrons is substantially less than
the filtered quantity, then K1 must be reabsorbed by
ascending limbs in both populations of nephrons.
Thus, K1 is trapped in the medulla by countercurrent
exchange between the ascending and descending limbs
of the loop of Henle. Studies of isolated TAL perfused
in vitro show that these segments are capable of absorb-
ing K1.74

As originally postulated by Jamison et al.249 and
shown in Figure 49.8, the main pathway by which K1

can reach the renal medulla is absorption from the
medullary collecting duct. Stokes483�485 has shown that
the outer medullary collecting duct is adequately per-
meable to both sodium and K1, and therefore could
permit K1 reabsorption to occur passively. K1 secre-
tion by cells of the distal tubule and the cortical collect-
ing duct into the tubular fluid provide the source of K1

that accumulates in the renal medulla. Accordingly,
more K1 recycles with stimulation of secretion,
whereas suppression of secretion attenuates the

deposition of K1 in the renal medulla. Thus, K1 is
secreted into tubule fluid in (at least) two sites along
the nephron (see Figure 49.8), first into a proximal part
of the nephron (the end-proximal tubule and descend-
ing limb), and second into a more distal region (the CT
and CCD). When K1 intake is suddenly increased after
a period of K1 deprivation, renal K1 excretion, distal
K1 secretion, and K1 recycling110,129,130,214,223,249,494 all
increase. Stokes also proposed that rising medullary
K1 concentrations inhibit NaCl and water absorption
by the loop of Henle, and thus increase the flow rate
and sodium concentration of fluid entering the distal
tubule, providing optimum conditions for the distal
segments to secrete K1.484 Medullary recycling is thus
responsible for maintaining high concentrations of K1

in the renal medulla. Such trapping of K1 is also
expected to limit reabsorptive loss of K1 from the
terminal collecting ducts.579

Thick Ascending Limb (TAL) Cell Transport
Mechanisms

Studies of isolated mammalian TALs and amphibian
(Amphiuma) early distal tubule have provided similar
K1 transport models (Figure 49.9). The primary driving

FIGURE 49.8 Sites of K1 movement into and out of the neph-

ron. The diagram emphasizes the movement of K1 from the collect-
ing ducts to the descending limbs of the loop of Henle via the
medullary interstitium (CCT: cortical collecting tubule; DCT: distal
convoluted tubule; MCD: medullary collecting duct; PCT: proximal
convoluted tubule; PR: pars recta; TAL: thick ascending limb; TDL:
thin descending limb). (Field, M. J., and Giebisch, G. (1989). Mechanisms
of segmental potassium reabsorption and secretion. In “The Regulation of
Potassium Balance,” 139�156, Seldin, D. W., and Giebisch, G. (eds.).
Raven Press, New York, with permission.)

FIGURE 49.9 Model of a thick ascending limb cell, including
the main transport pathways and the apical and basolateral ion

channels. Potassium may also leave the cell across the basolaterall
membrane by KCl co-transport (not shown). Note that the lumen-
positive transepithelial potential difference drives cation reabsorption
through the paracellular pathway (AA: arachidonic acid; ATP:
adenosine triphosphate; CaR: extracellular calcium-sensing
receptor; cGMP: cyclic guanonine monophosphate; 20-HETE: 20-
hydroxyeicosatetraenoic acid; NO: nitric oxide; PKA: protein kinase
A; PKC: protein kinase C; TALH: thick ascending limb of Henle; V2:
receptor for arginine vasopressin). (From Malnic, G., Bailey, M. A. and
Giebisch, G. (2004). Control of renal potassium excretion. In “The Kidney,”
7th ed., Vol. 1, 453�496, Brenner, B. (ed.). WB Saunders, Philadelphia,
with permission.)
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force for net K1 reabsorption is again ATP-driven
active Na1-K1 exchange across the basolateral mem-
brane, which generates the steep sodium gradient for
the entry of Na1 across the apical cell membrane.

Apical Membrane

Entry of Na1 is primarily mediated by an Na12
2Cl22K (or under certain conditions, Na,Cl) co-
transport mechanism inhibited by the potent “loop”
diuretics.74�76,201�204,218,251,363,365�367,444 Also present in
the apical membrane is a second pathway for sodium
entry into cells, the Na-H exchanger (not shown
in Figure 49.9). Conductive pathways for K1 are
found in both the apical and basolateral mem-
branes.201�204,218�220,363,365 The K1 concentration gradi-
ent across the apical membrane favors K1 secretion,
which permits recycling of K1 ions back to the tubule
lumen. This back-diffusion provides a continuous
luminal supply of K1 for co-transport with sodium
and chloride. The K1 leak in the luminal membrane
is also responsible for net K1 secretion under those
conditions in which the activity of the reabsorptive
co-transport mechanism has been impaired.

Evidence supporting the operation of the
Na12 2Cl22K1 co-transporter in the apical mem-
brane includes the mutual dependence of these ions for
transport. Net reabsorption of Na1, K1, and Cl2, and
the lumen-positive potential are abolished in the lumi-
nal absence of any of the three ions.198,200�204 In addi-
tion, luminal application of furosemide also eliminates
transport of all three ions, and collapses the transe-
pithelial potential.76,198,200,201,444 Interference with the
co-transport system, either by appropriate luminal ion
substitution or by administration of furosemide, lowers
cell chloride and sodium activity, thereby supporting
the view that the co-transport system is the main apical
pathway for entry of these ions into the cell. Additional
evidence for the requirement of a steady supply of
luminal K1 to safeguard Na12 2Cl22K1 co-transport
in the cortical TAL is the observation that sodium reab-
sorption decreases sharply following the depletion of
K1 from the lumen or following the administration of
K1 channel-blockers.537,538 These maneuvers also atten-
uate tubuloglomerular feedback.519

Morphological and electrophysiological criteria sug-
gest the presence of at least two cell types in TALs,
each with different permeability properties of the api-
cal and basolateral cell membranes.243,244,246 In the cor-
tical TAL the K1 permeability in the apical membrane
exceeds that of the basolateral membrane, whereas the
converse relationship was observed in the medullary
TAL. These permeability differences may be associated
with functional disparities, K1 secretion being the
prevalent transport mode in the cortical TAL, and reab-
sorption in the medullary TAL.509

Patch-clamp techniques have identified at least two
K1 channels in the apical membrane that mediate K1

recycling.58,217,540,544�547,548 The open probability of
these apical K1 channels is high, and they are inhibited
by barium, low cell pH, millimolar concentration of
ATP, and protein kinase C (PKC). Cell alkalinization
and cyclic AMP, as well as NO and cyclic GMP, stimu-
late K1 channels. Apical K1 channels are also activated
by furosemide, an effect mimicking the effects of aldo-
sterone.362,363,365,368 Aldosterone in amphibian early
distal tubules, enhances apical Na-H exchange and
alkalinizes cell pH. When furosemide is given, apical
sodium entry is blocked and the intracellular sodium
concentration decreases. As a consequence, the driving
force for apical Na-H exchange increases and alkali-
nizes the cytoplasm. Because apical K1 channels are
stimulated by cell alkalinization, their activity
increases.362,363 This sequence of events explains why
the full expression of the aldosterone effect on K1 per-
meability depends on an intact Na-H exchange in the
apical cell membrane.

A difference between the transport modes of cortical
and medullary TAL segments has also been observed
regarding the K1 sensitivity of the apical co-
transporter to K1. Figure 49.10 shows two cell models
in which vasopressin switches the apical sodium chlo-
ride transporter from a K1-insensitive mode to one
that depends critically on the presence of K1 in the
tubule lumen.496a

An interesting effect concerns the sequence of
events following an increase in peritubular Ca21,
which has been shown to inhibit both apical K1

channels and Na12 2Cl22K1 co-transport.217 Patch-
clamp studies have demonstrated that the inhibitory
effects of Ca21 are mediated through activation of
P450 and PKC.539�542,546,547 It is likely that the extra-
cellular Ca21 ion-sensing receptor (CaSR) present on
the basolateral membrane of the TAL404,405 plays a
role in this response. The CaSR is a G-protein-
coupled surface receptor that is activated by
increases in extracellular Ca21 ion concentrations,69

and has been shown to inhibit NaCl absorption and
K1 channels in the TAL by eicosanoids and P450
metabolites.85,172

Basolateral Membrane

As summarized in Figure 49.9, the basolateral mem-
brane of TAL cells permits diffusion of both K1 and
chloride; however, the chloride conductance is domi-
nant.198,202,218,540 In addition to the K1 conductance,
K12Cl and the K1-HCO3

2300 co-transport provide
additional pathways for K1 movement from cell to
interstitium. Patch-clamp studies have defined a
sodium-sensitive K1 channel in the basolateral
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membrane.383 These channels are stimulated by high
cell sodium concentrations, providing coupling
mechanisms between apical sodium uptake and baso-
lateral ATP-dependent K1 recycling. The Cl2 concen-
tration gradient across the basolateral membrane
favors diffusion of chloride from interstitium into the
cell. Thus, both the luminal K1 conductance and the
basolateral Cl2 conductance tend to generate diffusion
potentials oriented with the cell interior negative to the
extracellular fluids. Because the K1 concentration gra-
dient across the apical membrane exceeds the Cl2 con-
centration gradient across the basolateral membrane,
the voltage across the apical membrane exceeds the
voltage across the basolateral membrane. These
unequal electrical potential differences arranged in
series generate a lumen-positive transepithelial voltage,
which provides a driving force for reabsorption of K1

and other cations by passive diffusion through the
paracellular shunt pathway. The magnitude of passive
paracellular K1 reabsorption is difficult to assess
because the transepithelial electrochemical gradient for
passive K1 reabsorption along the cortico�medullary
axis is poorly defined.

Overall K1 reabsorption along the loop of Henle is
the result of two opposing events: secretion into the
descending limb of Henle’s loop as a consequence of
K1 recycling (see Figure 49.8); and K1 reabsorption
along the TAL of Henle’s loop. Stimulation of K1 secre-
tion into the descending limb and enhanced delivery
to the tip of Henle’s loop have been demonstrated dur-
ing K1-loading by puncture of juxtamedullary
nephrons.249,250

Several factors modulate K1 reabsorption along the
loop of Henle.511,512 K1 reabsorption is enhanced by
restricting dietary K1 intake, provided a constant load

of fluid and K1 is delivered into the loop of Henle;
administration of a high-K1 diet has the opposite
effect.511 Reabsorption of K1 in perfused loops of
Henle is stimulated by aldosterone R6TS.107,465,468,473

However, no reduction in the rate of K1 transport was
observed in studies of perfused thick ascending limbs
isolated from adrenalectomized animals.577 Several fac-
tors modulate K1 recycling and delivery into the distal
tubule. Recycling of K1 between the collecting duct
and the descending limb of Henle’s loop is enhanced
following aldosterone administration in adrenalecto-
mized animals.223 Calcitonin reduced medullary recy-
cling by inhibition of K1 secretion into the distal
tubule,130 whereas vasopressin had the opposite
effect.129 Urea recycling increases delivery of fluid to
principal cells and stimulates K1 secretion.214 Because
ammonium ions may substitute for K1 ions on the
apical Na12 2Cl22K1 co-transport site, hyperkalemia
may inhibit ammonium accumulation in the renal
medulla and impede its translocation into the collect-
ing tubule.121,122

The amphibian diluting segment normally reabsorbs
K1, but it may secrete K1 following K1-loading,364

administration of loop diuretics,363,365 alkalinization of
the peritubular fluid436 or administration of aldoste-
rone.545,567 Aldosterone stimulates both cell K1 uptake
and release into the lumen, an effect that is reversed by
exposure to amiloride.516 Acidosis inhibits the Na-K
pump, as well as the K1 channel.196,199,209 In contrast,
alkalosis stimulates both pump-mediated uptake of K1

into cells, and passive K1 efflux from the cells of the
diluting segment.210 Apical K1 channel activity also
increases with cell volume.210

Reversal of the direction of K1 transport, from reab-
sorption to secretion, frequently follows administration

FIGURE 49.10 Proposed model for thick ascending limb (TAL) function. (a) Operation during water conservation. (b) Operation during
maximal water diuresis. (Am. J. Physiol. Renal 2001; 280, F574�F582.)
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of loop diuretics. Free-flow micropuncture and loop
perfusion studies234,341 in the mammalian kidney, as
well as perfusion of the amphibian diluting segment,
show sharply reduced rates of K1 reabsorption or
reversal to net K1 secretion following the inhibition of
the apical Na12 2Cl22K1 co-transporter by furose-
mide,74,76,511,512 torasemide,512 ethacrinic acid,75 and
bumetanide.512,523,524 The secretion of K1 is the conse-
quence of unopposed K1 diffusion from the cell into
the lumen.

Several experimental studies show that vasopressin
enhances net sodium, chloride, and K1 transport across
the thick ascending limb of Henle.218,220,319 Vasopressin
action increases basolateral chloride permeability and
accelerates chloride extrusion into the peritubular
fluid. Vasopressin also enhances the affinity of the api-
cal co-transporter for K1 and augments the apical K1

permeability. This increase in permeability speeds up
apical membrane recycling of K1 and stimulates
Na12 2Cl22K1 co-transport. Loss-of-function muta-
tions of the apical ROMK K1 secretory channel can
lead to Bartter’s syndrome. Interference with recycling
of K1 ions in the apical membrane accounts for dimin-
ished sodium and K1 reabsorption, and explains the
urinary loss of sodium and K1, hypokalemia, and
high levels of aldosterone observed in this genetic
disorder.20,218

Two mechanisms by which inhibition (or absence)
of apical K1 channels curtails sodium chloride and K1

reabsorption in the TAL20 are summarized in
Figure 49.9. First, diminished K1 recycling across the
apical membrane lowers the turnover rate of
Na12 2Cl22K1 co-transport. Second, the drastic
reduction of the lumen-positive potential compromises
the main driving force for passive movement of
sodium through the paracellular pathway. Current
flow across the basolateral membrane is largely carried
by chloride ions which normally leave the cell along
a favorable electrochemical gradient through chloride
channels. Interference with such chloride exit from
the cell is expected to increase its cell concentration
and diminish apical activity of Na12 2Cl22K1 co-
transport. This is illustrated in Bartter’s Syndrome
types 3, 4A, and 4B, in which either the basolateral
chloride channels (CLCKA, CLCKB) or Barttin (BSDN)
are mutated.217

DISTAL CONVOLUTED TUBULE CELL:
DIRECTION, MAGNITUDE, AND
MECHANISM OF TRANSPORT

The main pathways contributing to K1 transport by
DCT cells are shown in Figure 49.11. Two conductive
pathways in the basolateral membrane allow for K1

and Cl2 exit. K1 is also able to exit the cell across the
apical membrane, primarily through a KaCl co-trans-
porter, and, in some preparations, barium-sensitive K1

channels.590 The predominant path for sodium entry
from the lumen is a NaaCl co-transporter (slc12a3) that
is blocked by thiazide diuretics, but not inhibited by
bumetanide.95,134,135,522�525 Amiloride-sensitive sodium
channels may also be present in the apical mem-
brane.590 The junctional complexes between cells are
cation-selective, and may permit diffusion of Na1 and
K1 through the paracellular pathway from interstitium
to lumen.

Evidence for the apical K-Cl co-transporter has come
from microperfusion studies in rats.134,135,522�525 K1

secretion in this segment is increased when the luminal
concentration of either K1 or chloride is decreased.
This increase in K1 secretion occurs without a change
in transepithelial voltage, and is not blocked by bar-
ium. Recirculation of chloride ions across the apical
membrane is an important element of the mechanism
of such K1 secretion, particularly when luminal chlo-
ride concentrations are kept low by the administration
of poorly-reabsorbable anions such as SO4.

526 Under
such conditions, thiazide diuretics, by blocking apical
chloride entry via NaCl co-transport, inhibit K1 secre-
tion, consistent with K1 ions entering the lumen by an
electroneutral K-Cl co-transport mechanism.

Single channel analysis has demonstrated the pres-
ence of K1 channels that modulate Na1 and fluid reab-
sorption in this nephron segment (Figure 49.12). Of
special interest is the function of KCNJ 10 Kir4.1
(KCNJ10), which provides an important pathway for
basolateral K1 recycling, especially by heteromeriza-
tion with KCNJ 10 (Kir5.1).287 This heteromeric com-
plex is inhibited by low cell pH, and by activation of

FIGURE 49.11 Model of distal convoluted tubule (DCT) cell.
Some observations point to a lack of conductive pathways (channels)
in the apical membrane; other studies have found evidence for Na
and K conductances.
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Ca21 receptors.24,287 Genetic dysfunction of this baso-
lateral K1 channel complex leads to salt-wasting due to
diminished basolateral Na/K-ATPases activity, which
results in high cell Na and a reduced driving force for
passive Na entry across the apical membrane.383a,401a

Connecting Tubule and Cortical Collecting Duct
Cells: Direction, Magnitude, and Mechanism
of Transport

Two morphologically and functionally distinct
cell types � principal cells and intercalated cells �
determine K1 transport in these segments, and
play a major role in determining the magnitude of
final urinary K1 excretion (Figure 49.13). Principal
cells, the most numerous cells in the initial
collecting tubule (ICT), connecting tubule (CNT),
and the cortical collecting duct (CCD) secrete
K1,144�149,319�324,379�382,385,464,474 and are the cells
subject to the most important regulatory influences.
The less numerous intercalated cells also secrete K1,
but are capable of active K1 reabsorption under cer-
tain conditions (dietary K1 restriction) via an apical
ATP-dependent electroneutral transport mechanism
that mediates hydrogen ion secretion in exchange
for K1 reabsorption.91,112,117,138,279,457�460,571,572

K1 Secretion

Figures 49.13�49.15 show the processes contributing
to K1 transport in the late DCT, CNT, and CCD. As
pointed out above, the late distal convoluted tubule
and collecting duct play a key role in K1 homeostasis,
but significant aldosterone-sensitive sodium reabsorp-
tion and K1 secretion also occurs along the CNT.
Collecting tubule K1 secretion appears to become
physiologically important whenever transport in the
CNT is compromised or its transport capacity

overwhelmed during ingestion of a high-K1 diet.416,560

Theoretical analysis, based on known morphology and
transport parameters, has also supported the impor-
tance of CNT-mediated K1 transport in maintaining
K1 homeostasis.560

Figure 49.13 summarizes the main transport pro-
cesses mediating K1 secretion in principal (and interca-
lated) cells. K1 uptake across the basolateral membrane
is again coupled to active sodium extrusion by the Na1,
K1-ATPase, and provides for coupling between transe-
pithelial sodium reabsorption and K1 secretion. From
the rapid depolarization of the basolateral membrane
voltage caused by addition of ouabain to the peritubu-
lar bathing solution, it has been concluded that the
NaaK1 exchange pump operates in an electrogenic
fashion, particularly following stimulation by desoxy-
corticosterone (DOC) treatment.275,276,424,425,436 The
basolateral pump responds to several stimuli known to
modulate net K1 transport, such as acid�base distur-
bances, changes in plasma K1, and mineralocorticoid
hormones.175,176,184,185,187,276,312,314,356,360,424�427,465�469

Figure 49.13 also indicates the presence of a K1 conduc-
tance in the basolateral membrane which, along with

FIGURE 49.12 Basolateral transport mechanisms in connecting

tubule cells. Note pH-sensitive K channels in the basolateral mem-
brane. (From ref. [24].)
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FIGURE 49.13 Model of principal and intercalated cell, includ-

ing apical and basolateral transport pathways. Transcellular Na
absorption proceeds through apical Na1 channels and the basolateral
Na1-K1 pump. K1 secretion depends on K1 uptake by Na1-K1

pump and movement through apical K1 channels or K1-Cl2 co-
transporter. In intercalated cells, K is actively reabsorbed in the apical
membrane by K/H-ATPase activity, and leaves cells in the basolat-
eral membrane by K channels.

FIGURE 49.14 Additional basolateral transport mechanisms

(Na/2Cl/K transport) in principal and intercalated cells. Note baso-
lateral Na/2Cl/K transport. This model is consistent with passive
paracellular Cl2-secretion.575
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the high electrochemical gradient for K1 efflux, is
largely responsible for the cell negativity. Stimulation
of the electrogenic Na1-K1-ATPase by aldosterone may
drive the cell negativity to values exceeding the K1

equilibrium potential, and reverse the direction of K1

movement through basolateral K1 channels (see section
on adrenal steroids). Microperfusion studies in isolated
CCDs have also identified a significant contribution of
bumetanide-sensitive K1 entry across the basolateral
membrane of both principal and intercalated tubule
cells (Figure 49.14).310 Such K1 transport, mediated by
Na-K-2Cl co-transport (Slc12a2), is stimulated by high
flow rate, and contributes to the well-established
increase in K1 secretion through BK (or maxi-K)
channels.574,575

The apical membrane has both sodium and K1 con-
ductances. The sodium concentration gradient between
lumen and cell favors diffusion of sodium ions into the
cells, reducing the cell-negative voltage across the

apical membrane relative to the voltage across the
basolateral membrane. This asymmetrical electrical
polarization of the apical and basolateral membranes
favors diffusive movement of K1 from cell to lumen,
and is the source of the lumen-negative transepithelial
potential difference which favors diffusive movement
of K1 from cell to lumen.

Sodium entry across the apical epithelial sodium
channel (ENaC; see Chapter 7 by Palmer and Sackin)
and its electrogenic basolateral extrusion by the Na-K
pump play a critical role in regulating apical K1 trans-
port by their depolarizing effect on the apical mem-
brane potential. In animals fed a normal K1 diet, K1

secretion in the CCD is generally dependent on sodium
absorption.155,156,160,161,342,382,489 However, in rats fed a
high-K1 diet for as little as 18 hours, a significant frac-
tion of K1 excretion becomes amiloride-insensitive,
and thus ENaC-independent, an observation consistent
with the activation of a non-principal cell-mediated
pathway in α-intercalated cells.161 Diminished K1 reab-
sorption in the proximal tubule may further compen-
sate for compromised distal tubule K1 secretion, as it
has been shown that hyperkalemia suppresses proxi-
mal fluid and K1 reabsorption.67

The apical membrane voltage of principal cells
is depolarized following administration of mineralo-
corticoids.179,350,356,359,360 In contrast, amiloride blocks
ENaC and hyperpolarizes the apical membrane.
The reduction in the driving force for K1 excretion
explains the K1-sparing effect of this
diuretic.275,357,358,361 The K1 conductance of the apical
membrane is variable and increased by high-K1

intake,350,352,356,358,375,376,424�427,437,438,441,443 and vaso-
pressin.437,438,443 The apical K1 conductance is reduced
by intracellular acidification,350,472,498 consistent with
the K1-sparing effect of acute acidosis.470,475 Coupling
between basolateral Na1,K1-ATPase activity and api-
cal K1 and sodium channels has also been observed, as
evidenced by the coordinated changes of basolateral
Na1-K1-ATPase activity and apical membrane Na1

and K1 conductances.351

K1 Channels in the Aldosterone-Sensitive Distal
Nephron (ASDN)

The apical sodium as well as apical and basolateral
K1 channels have been extensively studied by apply-
ing the patch-clamp technique to cultured amphibian
kidney cells and to cells of isolated mammalian collect-
ing ducts81,157�161,179,183,187,217,379�382,407,540�548,563 (see
also Chapter 47 by Wang and Huang).

Figures 49.15 to 49.17 summarize our present state
of knowledge about apical and basolateral K1 channels
in principal and intercalated cells. The apical low-
conductance secretory K1 channel (SK) are highly K1

selective, and have a high open probability. They are

FIGURE 49.15 Expression patterns of sodium and potassium
transport systems and of their regulatory proteins along the distal

convoluted tubule (DCT), connecting tubule (CNT), and cortical

collecting duct (CCD). In rat, mouse, and human, the sodium-
chloride co-transporter (NCC) characterizes the DCT and co-localizes
in the late DCT with the epithelial sodium channel (ENaC), which is
also expressed in the CNT and CCD. The inwardly rectifying potas-
sium channel (ROMK) and Na,K-ATPase are localized, respectively,
in the apical and basolateral membrane along the aldosterone-
sensitive distal nephron. Note that the expression of some regulatory
proteins is restricted to the DCT and CNT, and does not extend to
the CCD (MR: mineralocorticoid receptor; 11β-HSD2: 11β-hydroxys-
teroid dehydrogenase type 2; Sgk1: serum and glucocorticoid-
inducible kinase; WNK4: with no lysine kinase 4; WNK1s: kidney-
specific form with no lysine kinase 1; KLK1: tissue kallikrein). (From
Meneton, P., Loffing, J., and Warnock, D. G. (2004). Sodium and potassium
handling by the aldosterone-sensitive distal nephron;the pivotal role of the
distal and connecting tubule. Am. J. Physiol. Renal 287, F593�F601; and
Pluznick, J. L., Wei, P., Grimm, P. R., and Sansom, S. C. (2005). BK-ß1
subunit: Immunolocalization in the mammalian connecting tubule and its
role in the kaliuretic response to volume expansion. Am. J. Physiol. Renal
288, F846�F854, with permission.)
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stimulated by low concentrations of ATP and cyclic
AMP-dependent protein kinase A, as well as by alka-
linization of the cytoplasm. They are inhibited by bar-
ium, arachidonic acid, Ca21-calmodulin kinase II,
millimolar concentrations of ATP, Ca21-dependent
protein kinase C, and acidification of the intracellular
fluid. The channel is sensitive to phosphorylation pro-
cesses, so that protein phosphatase inhibitors are
required to prevent channel “run-down,” the decline
in channel activity observed following excision of
membrane patches. The open probability of the secre-
tory K1 channel is not markedly voltage-dependent,
and Ca21 ions do not directly affect channel activity
in excised membrane patches. Increased channel
activity is often reflected by recruitment of channels
into the active apical membrane pool.217 The K1

channel is identical to ROMK (Kir1, KCNJ1), a

cloned, inwardly rectifying, low-conductance, ATP-
regulated K1 channel.157,158,217,227,603

Whereas the SK/ROMK channel is present solely in
connecting and principal cells, high conductance channels
with characteristics associated with BK or (maxi-K) chan-
nels have been identified in both principal and interca-
lated cells both functionally,158,160,195,240,303,385�387,430

and by immunolocalization.205�208,354 The density of BK
channels in intercalated cells exceeds that detected in
principal cells in the distal nephron.

The open-probability of BK channels, as defined in
split-open, isolated connecting tubules and cortical col-
lecting tubules, is quite low at the resting membrane
potential and basal intracellular Ca21 concentration,
although their single-channel conductance is about five
times that of ROMK.158,303,377,430,432,440�443 Apical BK
channels are activated by membrane depolarization, ele-
vation of [Ca21], hypoosmotic stress, and/or membrane
stretch,120,160,224,239,377,490,491 and can be selectively
blocked by iberiotoxin.20,78,170 BK channels are generally
comprised of pore-forming α-subunit, a member of the
slo family of K1 channels originally cloned from
Drosophila, and a regulatory β-subunit.17,131

Cumulative evidence implicates the BK channel in
mediating an important fraction of K1 secretion in the
CNT and CCD in response to high urinary flow
rates20,310,386,387,574,575 K1-loading20,354,385�387 and appli-
cation of vasopressin to the lumen fluid,10 and in the
absence of ROMK in Bartter’s syndrome.20 BK channel-
mediated K1 secretion in the CCD is also dependent on
a basolateral bumetanide sensitive chloride-dependent
transport pathway, proposed to be NKCC1310

(Figure 49.14). In support of this conclusion is the find-
ing that mice with genetic disruption of NKCC1 exhibit
higher serum potassium concentrations, with

FIGURE 49.16 Model of acid secreting (A-type) intercalated cells in the ICT and CCD. These cells are the site of potassium absorption
via an H,K-ATPase. Proton secretion is driven by an H-ATPase (not shown). (Courtesy of Dr. Charles Wingo.)

FIGURE 49.17 Model of inner medullary collecting duct (IMCD)

cell. Apical cation channels are equally permeable to Na1 and K1.
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inappropriately low urinary potassium excretion, com-
pared to wild-type mice.334,533

The density of BK channels in intercalcalated cells
exceeds that detected in principal cells in the distal
nephron. It remains unsolved as to how intercalated
cells maintain a high steady state K concentration for
sustained luminal K1 secretion as there is little immu-
nodetectable418 and functional34,44,116,380,434 Na1-K1

pump activity in intercalated cells. A K-independent
Na-ATPase identified biochemically in kidney468 and
present in CA MDCK may serve as an exit pathway for
Na brought in by the apical NBCDE or BL NKCC.

Flow activation of BK channels is associated with an
increase in delivery to and reabsorption of Na1 by the
distal nephron.269,342,574,575 This in turn increases the driv-
ing force for passive K1 efflux by depolarizing the apical
membrane potential. High tubular fluid flow rates also
lead to an increase in [Ca21]i, via luminal Ca21 entry and
IP3-mediated store release to concentrations sufficient to
stimulate Ca21-sensitive BK channels.574 It has been sug-
gested that high flow rates along connecting and collect-
ing tubules activates apical Ca21 channels, which in turn
stimulate Ca-sensitive maxi-K channels.574,575

An unresolved problem concerns the contribution of
Ca21-sensitive BK1 channels to K1 secretion under phys-
iological flow conditions. Single channel analysis by
patch-clamp techniques is limited to “split-open” tubules
in the absence of membrane stretch. This renders evalua-
tion of BK1 channel activity difficult in conditions mim-
icking physiological flow rates of tubule fluid.

The basolateral K1 channels, shown in Figure 49.13,
are also K1 selective. Some are activated by membrane
hyperpolarization; all are inhibited by barium.
Basolateral K1 channels are characterized by several
factors that distinguish them from their apical homo-
logs.225,226,315 First, a subpopulation responds to hyper-
polarization by increased activity,543 which contributes
to the increase in basolateral membrane K1 conduc-
tance following stimulation of electrogenic Na1-K1-
ATPase activity. Second, basolateral K1 channels are
stimulated by NO and cGMP.225,226,315 The evidence
for the involvement of NO is the decline in basolateral
K1 channel activity by inhibiting nitric oxide synthase,
whereas donors of exogenous NO stimulate these
channels. Application of cGMP analogs also activate
basolateral K1 channels, and hyperpolarize the basolat-
eral membrane. This induces an increase in the apical
membrane potential through current flow via the para-
cellular pathway, and stimulates sodium entry across
the apical membrane of principal cells.315 Features
shared by these channels are their lack of inhibition by
ATP and a biphasic effect of changes in cell Ca21:
whereas low concentrations stimulate basolateral K1

channels (via activation of cGMP), high levels of Ca21

inhibit K1 channels.225,226,315,445

Apical Co-Transport of KCl

Microperfusion studies of superficial distal tubules
in the rat and isolated rabbit CCDs provide evidence
for an electroneutral K1 and chloride co-transport
mechanism in the apical membrane,8,132�135,521�525 also
shown in Figure 49.13. The key evidence for this mech-
anism is that K1 secretion into the distal tubule is stim-
ulated when the lumen is perfused with solutions with
a low chloride concentration. This effect occurs without
changes in the transepithelial voltage across the distal
tubule wall, and persists in the presence of barium,
a K1 channel inhibitor. K-Cl co-transport may contrib-
ute to K1 secretion when the concentration of chloride
in the lumen declines. This may occur with the deliv-
ery of poorly reabsorbable anions, such as sulfate,
phosphate, and especially bicarbonate into the distal
tubule.8,264 The molecular identity of this KCl
co-transporter is not known.

K1 REABSORPTION

In the distal nephron, intercalated cells mediate K1

reabsorption (Figure 49.14). They are scattered among
the principal cells of the cortical and outer medullary
collecting duct, and also among the cells of the distal
tubule (infrequently in the distal convoluted tubule,
and more commonly in the connecting tubule and
initial collecting tubule).99,255,318 Several types of inter-
calated cells have been recognized: A-type cells secrete
hydrogen ions; and B-type cells secrete bicarbonate
ions. A third, “mixed” type, containing both Cl2aHCO3

2

exchangers in the apical and basolateral membrane, has
also been described.558

The A-type cells may also be responsible for
K1 reabsorption, as shown in Figures 49.14 and
49.16. Several important differences between interca-
lated cells and principal cells should be noted. Na1,
K1-ATPase expression and activity in basolateral
membranes of intercalated cells in tubules of the
renal cortex is much lower than in principal cells.258

However, it is possible but not yet proven
that lack of this transport is compensated for by a
K-independent, ouabain-insensitive Na1-ATPase.173,408

Moreover, intercalated cells also have low apical
Na1-conductances, but express large-conductance BK
channels.303,239,377,432

Several isoforms of K1-H1-ATPase, distinguished
by variable K1/Na1 sensitivities of the exchange
processes, and by different sensitivities to inhibitors
such as gastric K1-H1 blockers and ouabain, are
responsible for active K1 absorption in intercalated
cells.6,112,117,211,457�460,558,571,572 Two types of K1-H1-
ATPase have been described in rat and mouse
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cortical and outer medullary collecting tubules, and
they are structurally identical to isoforms of K1-H1-
ATPases cloned from gastric and colonic mucosa.
Their importance is suggested by numerous func-
tional studies.70,112,117,122 However, a recent study,
based on experiments in gastric and colonic K1-H1-
ATPase knockout mice has provided strong evidence
for an as yet unidentified additional transport mech-
anism for linked K1 reabsorption and hydrogen ion
secretion that is distinct from known K1-H1-
ATPases.384a The importance of this transporter is
underscored by its ability to compensate effectively
for the loss-of-function of both gastric and colonic
K1-H1-ATPase. Similar results have also been
reported using the mouse cortical collecting tubule.
Thus, the contribution of individual K1-H1-ATPases
and other not-yet-identified transporters to the main-
tenance of K1 and hydrogen ion balance is not fully-
understood.

Two inhibitors of the gastric K1-H1-ATPase, omepra-
zole and SCH28080, decrease both K1 absorption and
hydrogen secretion in the distal tubule and the outer
medullary collecting duct. K1-H1 exchange is increased
during metabolic acidosis,404,460 experimental K1

depletion,70,112,117,122,457�460,571,572,592 and during admin-
istration of a low-sodium diet.457,458 Increased sensitivity
to K1 depletion was reported in mice lacking the colonic
isoform of K1-H1-ATPase, although the ability of renal
K1 conservation was quite well-preserved, and most of
the loss of K1 occurred by fecal excretion.333

Several factors modulate the activity of apical K-H
exchange, and are summarized in Figure 49.16. They
include acid�base-related factors such as stimulation
by ammonium and CO2, catecholamines, kallikrein,
vasopressin, and adrenal steroids.571 Moreover, proges-
terone is also important for effective retention during
K1 deprivation.125,126 Interference with K-H exchange
also compromises effective Na retention.571

Morphological studies of the apical cell membrane
of intercalated cells in K1-depleted rats have shown
changes in fine structure, such as an increase in the
number of rod-shaped particles and amplification of
the microplicae.254�257,481 These alterations in mem-
brane structure are specific for the luminal membrane
of intercalated cells. Intercalated cells also undergo
marked morphological amplification of their apical
membranes following acidification.110a These changes
suggest that K1 reabsorption and hydrogen ion secre-
tion are functionally linked.

Medullary Collecting Duct Cells

Several sections of the medullary collecting ducts
have been distinguished on the basis of morphological
and functional differences. The outer medulla can be

grossly separated into outer and inner stripes, and the
inner medulla can be subdivided into outer and inner
halves. The inner medullary collecting duct is sepa-
rated into initial and terminal segments. Most of these
collecting duct segments participate in the regulation
of K1 excretion.

The medullary collecting duct in the outer stripe
resembles the cortical collecting duct. K1 secretion and
sodium reabsorption continue,485�487 and the cells lin-
ing this segment have morphological and functional
properties similar to principal and intercalated cells.255

The collecting duct in the inner stripe is characterized
by a different transport pattern. K1 secretion is absent
when isolated tubule segments are perfused with sym-
metrical solutions, and the apical cell membrane lacks
significant K1 conductance.464 However, when transe-
pithelial K1 gradients are applied, significant K1 move-
ment occurs, presumably via the paracellular transport
route.459,464,570 K1 depletion increases the passive K1

permeability.464 The generation of electrical potentials
also activates passive K1 movement. For instance, a
lumen-positive potential, generated by electrogenic
hydrogen ion secretion, induces signficant K1 reabsorp-
tion. This coupling between K1 and hydrogen move-
ment may explain why augmented proton secretion is
frequently associated with enhanced K1 reabsorption.

An active K1-hydrogen exchange mechanism has
also been detected in collecting ducts isolated from the
inner stripe of the outer medulla in K1-depleted rab-
bits. Activation of this transporter also contributes to
the stimulation of K1 reabsorption and hydrogen ion
secretion that is observed in K1 depletion.569

Both reabsorption and secretion of K1 have been
observed in the inner medullary collecting duct.
Figure 49.17 summarizes some of the known transport
properties of inner medullary collecting duct cells.410

An important feature of inner medullary collecting
duct cells is a nonspecific cation channel in the apical
membrane.305 Depending on the apical transmembrane
electrochemical driving forces, this channel may medi-
ate both sodium reabsorption and K1 secretion. At
very high lumen K1 concentrations, passive reabsorp-
tion of K1 may also take place. The presence of a
furosemide-sensitive Na1-2Cl-K1 co-transporter in the
basolateral membrane of inner medullary collecting
duct cells has also been reported.90a,209,410

CONTROL OF RENAL K1 TRANSPORT

General Aspects of Regulation of Renal K1

Transport

Figure 49.18 illustrates the difference between two
distinct K1 mechanisms involved in renal K1
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homeostasis. First, feedback control of K1 excretion
depends on changes in plasma K1 concentration which,
either directly or by modulating aldosterone release,
alters renal K1 secretion. A second mechanism, feed-
forward control of K1 excretion, depends on the local
increase of K1 concentration in the gastrointestinal tract,
the liver, and possibly the cerebral circulation.591 Such
feed-forward control of extracellular K1 homeostasis
minimizes changes of plasma K1 concentrations, and
may account for the rapid response of the kidney to
changes in gastrointestinal K1 uptake.89,369,591 The
nature of the intestinal and cerebral K1 receptor and the
signaling mechanisms effecting changes in renal K1

excretion are not known. Attention should also be
drawn to evidence that the central nervous system parti-
cipates in controlling renal K1 excetion. Examples
include the rapid increase in K1 excretion following uni-
lateral nephrectomy, diurnal fluctuations of K1 excre-
tion, and aldosterone-independent changes in K1

balance in hypo- and hyperkalemic conditions.392�397

Figure 49.19 summarizes known agents modulating K1

secretion.

Proximal Tubule

The proximal tubule is the main site of K1 reabsorp-
tion, but does not play an important role in the physio-
logical regulation of K1 excretion.179 K1 transport is
largely dependent on sodium and fluid movement,
and changes with variations of proximal tubule sodium
and fluid reabsorption. Increased delivery of K1 into
the loop of Henle occurs during osmotic diuresis
and inhibition of proximal tubule sodium and fluid
transport.

Secretory potassium entry into the proximal
straight tubule has been reported250,252 (Figure 49.8).
Such secretory transport has been demonstrated
in vitro,260,261 but it is likely that modest K1 secretion
also occurs in vivo. Given the increase in medullary K1

concentration along the corticomedullary axis, K1 ions

may enter the tubule lumen by diffusion as part of the
process of medullary recycling.248,249

Thick Ascending Limb of Henle, Distal
Convoluted Tubule, Connecting and Collecting
Tubules

The TAL normally reabsorbs a significant fraction of
filtered and recycled K1. However, reabsorption
may be significantly reduced or even replaced by net
secretion, following inhibition of Na-2Cl-K co-transport
or interference with apical K1 recycling.20,217,512

Diminished reabsorption of K1 in the TAL may thus
contribute to enhanced urinary excretion whenever
TAL function is compromised.20,234

Modest rates of K1 secretion have also been
observed along the mammalian DCT, but changes in
tubule flow rate and dietary K1 intake do not affect K1

secretion.451 In vivo micropuncture and microperfusion
experiments indicate that the DCT is the main site of
action of thiazide diuretics.94,95,522�525 An interesting
relationship between sodium chloride and K1 trans-
port has been observed in microperfusion experiments.
When apical sodium entry was stimulated by raising
the Na concentration in the tubule lumen, K1 secretion
increased. It is likely that enhanced chloride entry
increased cell chloride and stimulated K-Cl co-trans-
port from cell to lumen.521 Thus, recycling of chloride
appears to play a significant role in K1 secretion in
DCT cells.

The CNT, ICT, and CCD are the main nephron sites
that control K1 excretion.177�186,465,470,473,474,483�487,579�583,585

Information on the transport function of the ICT has been
obtained by either free-flow or in vivo microperfusion
studies. The CCD has also been investigated by in vitro
microperfusion techniques. These tubule segments are
distinguished by marked cell heterogeneity, and net trans-
port of K1 results from varying components of secretion
and reabsorption of K1. The most important systemic
changes that affect these factors include K1 intake, adrenal
steroids, salt and water balance, and acid�base balance.
Figure 49.19 summarized the main factors modulating Kr

transport in DCT, CNT, and CCD.

Changes in K1 Intake

Both increases and decreases in K1 intake, as well as
acute loading with K1-containing fluids, initiate appro-
priate adjustments in renal K1 excretion. Increases
in K1 intake tend to raise plasma K1 concentration,
which both affects the kidney directly and stimulates
the adrenal glands to secrete aldosterone.31,66,118

Decreases in K1 intake or losses of K1 that exceed
intake tend to reduce total body K1 content, plasma
K1 concentration, and aldosterone secretion.

Feedback control

+K+ Intake K
+

Renal Excretion

–

+

Feedforward control

K+ Renal Excretion

+

K+ Intake

FIGURE 49.18 The main control mechanisms safeguarding K
homeostasis.591
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K1-Loading

Potassium secretion along the ICT rises sharply with
parenteral administration of K1-containing solu-
tions.179,182,185,473,474,491,579,583,585 The stimulation of K1

secretion after acute K1-loading has been demon-
strated in both free-flow and microperfusion studies.
Factors contributing to increased rates of secretion
include increases in plasma K1,474,593 aldos-
terone levels,66,118,145�147,166,482,487,585 and distal flow
rate.179,266,285,319,322 The independent and separate
effects of these variables have been explored in micro-
perfusion experiments in which flow rate, luminal
ion concentrations, and the levels of both miner-
alocorticoids and glucocorticoids could be con-
trolled.121,123,154,155,416 Chronic K1-loading increases the
secretory capacity of the distal nephron so that at a

given plasma K1 level, renal K1 excretion is signifi-
cantly accelerated.2,48,49,50,52,345�348,466 Figure 49.20
illustrates relationships between plasma K1 concentra-
tion and either renal K1 excretion or distal K1 secre-
tion in control animals, and in animals fed a high-K1

diet, and Figure 49.21 provides an overview of the cell
messengers involved. Pretreatment with the high-K1

diet leads to powerful stimulation of K1 secretion
and a more rapid onset of kaliuresis.228,352,585 This stim-
ulation of K1 secretion at normal or only slightly ele-
vated plasma K1 levels following chronic elevation of
K1 intake is a clear example of an adaptive change in
renal function, and occurs even when plasma
aldosterone is kept constant.352 Full adaptation,
though, does require an increase in mineralocorticoid
levels.140�147,381,382 Along with an enhanced rate of K1

uptake by nonrenal cells,7,53 the increased secretory
capacity of distal tubule cells promotes K1 tolerance �
the ability of animals fed a high-K1 diet to survive
an acute K1-load that would otherwise be fatal. As
summarized in Figure 49.22, elevation of plasma K1

also inhibits proximal fluid absorption, thereby
increasing the delivery of fluid and Na into the distal
nephron.67

A further example of K1 adaptation is the ability of
a reduced number of nephrons � such as in chronic
renal failure � to sharply increase K1 secretion and to
maintain K1 balance.176 In addition to aldosterone,
angiotensin II also increases ROMK activity, but only
in animals fed a high-K diet.556 A high-K diet increases
not only the apical surface expression of ROMK, but
also that of ENaC and of BK channels in both principal
and intercalated cells in the CCD.157 In contrast, NaCl
co-transport expression in distal convoluted tubules
was found to be decreased. Such redistribution of
sodium reabsorption from NCC to nephron sites

K+

K+

K+ ↑
Aldosterone ↑

Vasopressin ↑

Peritubular
Stimulation

Peritubular
Inhibation

pH ↓

K+ ↑
Cl– ↑
Ca2+ ↑

Luminal
Inhibition

Flow Rate ↑

Na+ ↑Luminal
Stimulation

pH ↓
ATP ↑ 

Vasopressin ↑
Bicarbonate ↑

FIGURE 49.19 Summary of luminal and basolateral factors

modulating K transport in connecting and collecting tubule cells.

FIGURE 49.20 (a) Relation between plasma K1 concentration and renal K1 excretion in rats on a control and high-K diet; and (b) distal

tubule K1 secretion.
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with high ENaC expression provides an increase in
the electrogenic driving force of K1 secretion by the
principal cell, and optimizes urinary K1 excretion in
hyperkalemic conditions.

Adaptive changes of K1 transport have clear morpho-
logical and biochemical correlates in the distal tubule
and CCD.255�257,466,467,470 Proliferation of the basolateral
cell membrane is highly significant in K1-adapted
animals, and is closely associated with a sharp increase
in Na1,K1-ATPase.113,114,156,163,254,296 Hyperkalemia
and mineralocorticoids independently initiate the
amplification of the basolateral membrane and the
attendant increase in ATPase activity.469 Thus, changes
in basolateral membrane area, Na1,K1-ATPase content,
and K1 secretory rates are tightly coupled.466,471,476

Morphological changes are apparent after 24 hours of
increased K1 intake and increase for about another week
before a plateau is reached.476 Increased K1 excretion
may continue beyond cessation of a high-K1 intake.348

Principal cell basolateral membrane amplification
also occurs with increased delivery of fluid and
sodium ions to the ICT which occurs as a consequence
of decreased proximal fluid absorption in hyperkale-
mic conditions134,136,256,296,398 (Figure 49.22). The under-
lying mechanism appears to be stimulation of sodium
reabsorption, which is linked to K1 secretion. Another
example is that chronic administration of furosemide
to animals in which fluctuations of aldosterone and
changes in electrolyte balance were prevented still
leads to a sharp increase of K1 secretion and sodium
reabsorption.469 Similar adaptation is observed in
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FIGURE 49.21 Model of CCD cells illustrating the mechanisms by which high-K1 diet increases K1 secretion. High-K1 intake stimu-
lates aldosterone secretion, which in turn activates ENaC and Na1,K1-ATPase in principle cells. Increased ENaC activity augments the driving
force for K secretion, whereas stimulation of Na1,K1-ATPase can indirectly activate ROMK channel activity by a cross-talk mechanism. In addi-
tion, high K1 intake can increase ROMK channel activity via modulation of the WNK pathway (see section on WNKs).
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unilaterally nephrectomized animals: K1 balance is
maintained by redistribution of Na1 reabsorption from
proximal to distal nephron sites and increased delivery
of fluid into the distal nephron of the remaining neph-
ron population.109,467 Again, amplification of the baso-
lateral membrane occurs predominantly in the
principal cell population.

High-K1 feeding also increases the pool of active
ROMK in principal cells by diminishing apical
removal of channels by endocytosis157,161,539,544,546,548

and redistributing BK channels from an intracellular
pool to the plasma membrane.354 Figure 49.21 sum-
marizes the change in cell messenger activity in
response to increased K1 intake. An important ele-
ment responsible for stimulation of K1 secretion is an
increase in aldosterone release.354 However, the effect
of dietary potassium on stimulation of ROMK and BK
channel activity is not due a direct hormonal effect,
but reflects the mineralocorticoid-induced increase in
apical ENaC and basolateral Na-K-ATPase activity,
leading to enhancement of the electrochemical gradi-
ent favoring potassium secretion. The contribution of
the BK channel towards excretion of a dietary
potassium-load has been underscored by the finding
that mice with genetic ablation of the β1-subunit of
the BK channel exhibit, at baseline, low urinary potas-
sium and sodium clearances, conditions that are exac-
erbated when the animals are fed a high-K1

diet.205�208

In animals fed a normal K1 diet, K1 secretion in the
CCD is completely dependent on sodium absorp-
tion.342,483,489 However, distal potassium secretion may
occur via a sodium-independent pathway in animals
loaded with potassium for as little as 18 hours.156,382

Moreover, basolateral sodium uptake via the Na/H
exchanger has been proposed to be able to sustain
basolateral pump activity in principal cells and potas-
sium secretion in the CCD in the absence of significant
sodium absorption.353

Dietary-induced stimulation of K1 secretion is medi-
ated not only by the aldosterone-dependent mechan-
isms described above, albeit indirectly, but also by
aldosterone-independent mechanisms, a notion sug-
gested by microperfusion studies that reveal that a
high-K1 diet stimulates potassium secretion in CCDs
isolated from adrenalectomized rabbits.352 A high-K1

diet stimulates the expression of renal CYP2C23, a
major CYP-epoxygenase, and increases the concentra-
tion of 11,12-epoxyeicosatrienoic acid (EET), a product
of CYP-epoxygenase-dependent arachidonic acid
metabolism in the CCD, which in turn stimulates BK
channel activity,497 CYP-epoxygenase-dependent ara-
chidonic acid metabolism has been proposed to medi-
ate regulation of renal K1 secretion in response to
dietary K1 intake.547

A high-K1 diet may not only diminish K1 reabsorp-
tion by lowering H-K exchange,569 but also by enhanc-
ing apical recycling of K1 in intercalated cells by BK
channels.380

K1-Deprivation

Renal K1 excretion drops sharply after withdrawal of
K1 from the diet and aldosterone secretion is suppressed.
Concurrently, distal tubule K1 secretion is markedly
depressed or disappears altogether142,175,177,371 to be
replaced by net reabsorption.119,322,371 K1 reabsorption
involves both active and passive transport mechanisms.
Active K-H exchange is significantly increased in cortical
and medullary collecting tubule segments.70,112,117,571 An
increase in passive K1 permeability in the OMCD has
been reported in states of K1-depletion, and could
favor accelerated K1 reabsoprtion if the electrochemical
gradient were favorable.

Figure 49.23 provides an overview of some of the
transport changes that take place following administra-
tion of a low-K1 diet.539,540,546 Tyrosine phosphoryla-
tion of ROMK by Src initiates the endocytotic removal
of apical K1 channels. Specific tyrosine phosphoryla-
tion on the C-terminus of ROMK is critical, and super-
oxide production is closely associated with the low-K1

response.546 Notably, the reduction of apical K1 chan-
nel density in response to K1-depletion is independent
of aldosterone, and consistent with previous findings
of a direct effect of K1 intake on K1 excretion.352

Interestingly, upregulation of Na1,K1-ATPase activ-
ity has also been observed in tubules following
K1-depletion.72,113 The original hypothesis that Na,K-
ATPase was relocated to the apical membrane to
facilitate K1 reabsorption was not supported by immu-
nological studies.258 Thus, increased Na1,K1-ATPase-
mediated K1 uptake across the basolateral membrane
requires increased backleak through basolateral K1

channels.113 It is well-established that K1-depletion
stimulates renal growth, a condition in which Na1,
K1-ATPase might be expected to increase, but this
relationship requires further exploration.254

K1-depletion also involves changes in the distribu-
tion of H-K ATPases in cortical and outer medullary
collecting ducts.12,231,259 As shown in Figure 49.24,
the ouabain-insensitive isoform of H-K-ATPase (type I)
is downregulated in K1-depletion and replaced by
the type III isoform that is sensitive to inhibition
by ouabain, and less selective for K1 compared
to sodium.70,106a,117 Furthermore, remodeling of H-
K-ATPases in K1-depletion involves their targeting to
principal cells,117 instead of intercalated cells.

Since ammonium can substitute for K1 on both
Na-K-ATPase and Na-2Cl-K transporters, changes
in extracellular K1 exert a significant effect on acid
excretion.175,176,534 The interactions between K1 and
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ammonium are summarized in Figure 49.25.
Under conditions of K1-depletion, the interstitial con-
centration of K1 declines, and Na1-K1-ATPase-medi-
ated uptake of ammonium in inner and outer MCD
increases. Enhanced supply of cell hydrogen ion
increases apical secretion, in part through the H-K
exchange mechanism, thus stimulating K1 reab-
sorption. Net K1 secretion decreases further, since
tubule trapping of ammonium blocks ROMK.215

Hyperkalemia has the opposite effect. K1 ions replace
ammonium on Na1,K1-ATPase and the Na1,K1-2Cl
co-transporter, which leads to diminished cell acidifica-
tion and hydrogen ion availability for apical secretion.
As a consequence, hyperkalemia may induce metabolic
acidosis.176

Changes in aldosterone modulate, but are not fully
responsible for, the renal response to K1-deprivation.
This mineralocorticoid modulates the urinary loss of
K1, but K1 excretion continues to diminish when ani-
mals are put on a low-K1 diet with clamped circulating
aldosterone.348�349

In addition to aldosterone, progesterone has
also been identified to be involved in the adaptive
response to low-K intake.126 Plasma concentrations of
progesterone increase during K1 restriction, and the
efficiency of K1 retention involves the stimulation of
colonic H-K-ATPase in tubule cells.

FIGURE 49.24 Distribution of three subtypes of H1 ,K1 -
ATPase-like activities, defined in the lower panel, along the nephron
of normal rats and potassium-depleted rats.117 All H-K-ATPase
isoforms are sensitive to Sch28080. However, type I is insensitive to
millimolar concentrations of ouabain whereas type III is sensitive
to ouabain. Type II is inhibited by ouabain but is restricted in expres-
sion to the proximal tbule and thick ascending limb (TAL). Type III
can be further distinguished from type II by its sensitivity to sodium
and upregulation in response to K1 depletion.70,106a,117
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Finally, angiotensin II also plays a role in the tubule
response to changes in K1 intake. K-deprivation
reduces apical ROMK activity, and patch-clamp experi-
ments provide evidence for the involvement of AT1R
receptor activation during inhibition of ROMK chan-
nels in rats given a low-K diet.539,548

Ultrastructural changes in medullary collecting
ducts during K1-depletion are largely confined to the
intercalated cell population, and include a marked
increase in the length of the apical cell membrane, an
increase in the number of rod-shaped particles in the
apical membrane, and a fall in the number of subapical
cytoplasmic vesicles.471 These morphological observa-
tions suggest an increase in the number of apical K1

transporters, most likely the K,H-ATPase.

Interactions Between K1 Channels and Magnesium

Changes in magnesium metabolism affect the
kidney’s ability to maintain normal K1 balance.
Magnesium deficiency tends to prevent restoration of
K1 balance following K1 loss,235 and recent evidence

has implicated involvement of apical ROMK channels
in principal cells of the outer medulla587: a decrease in
cell magnesium, during magnesium depletion, relieves
K1 channel inhibition and promotes enhanced K1

secretion and kaliuresis whereas a rise in cell magne-
sium inhibits ROMK activity (Figure 49.26). Infusion of
Mg decreases excretion of K1 in the human kidney.

Adrenal Steroids

Mineralocorticoids have long been known to stimu-
late sodium reabsorption and, under appropriate
conditions, enhance K1 secretion. Figure 49.27 demon-
strates the effects of aldosterone treatment on K1

excretion.594 Results from experiments in which
mineralocorticoids were administered for prolonged
periods of time until a steady-state was reached are
shown. Aldosterone significantly enhances the effi-
ciency of K1 excretion, as evidenced by the fact that
at each plasma K1 concentration, more K1 was
excreted by animals with higher aldosterone levels.
Expressed differently, as the aldosterone level rises, the
same amount of K1 can be excreted at progressively
lower plasma K1 levels. The direct stimulatory
effect of mineralocorticoids on K1 secretion by the
distal tubule and CCD has been amply demon-
strated.55,93,145�148,222,356 Enhanced uptake of K1 into
extrarenal tissues has also been reported.53,55,595

The mechanism of aldosterone release from the
adrenal glomerulosa involves two well-defined stimuli:
cell depolarization by either an increase in extracellular
K1 or angiotensin II.90 Both maneuvers enhance Ca21

entry and aldosterone-synthase activation.90 Recent
evidence reveals that K1 channel mutations character-
ized by diminished K1 selectivity (increased Na per-
meability) result in cell depolarization and enhanced
aldosterone production.90

The effects of mineralocorticoids on cell K1 trans-
port mechanisms of principal collecting duct cells are
summarized in Figures 49.28a, 49.29 and 49.30. The
effects of mineralocorticoids depend on the antecedent

FIGURE 49.25 Interaction between intercalated and principal

cells. Active K1 reabsorption in the intercalated cell of the outer
medullary collecting duct (OMCD) during K1 depletion. Note that
NH4 can bind to the extracellular K1 site of basolateral Na1K1-
ATPase and the Na1-Cl2-K1 co-transporter and thereby stimulate
H1 secretion and K1 reabsorption. Diffusion trapping of NH4 in
the tubule lumen directly inhibits K1 secretion. (From Malnic, G.,
Bailey, M. A., and Giebisch, G. (2004). Control of renal potassium excre-
tion. In “The Kidney,” 7th ed., Vol. 1, 453�496, Brenner, B. (ed.). WB
Saunders, Philadelphia; and Wall, S. M. (2000). Impact of K1 homeostasis
on net acid secretion in rat terminal inner medullary collecting duct:
Role of the Na-K-ATPase. Am. J. Kidney Dis. 36, 1079�1088, with
permission.)
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hormonal condition, the duration of hormone treat-
ment, and the modifying effects of sodium ions on
K1 transport.96,146 Key aldosterone-sensitive transport
mechanisms include the basolateral Na-K exchange
pump, apical Na channels, and K1 channels in both
apical and basolateral membranes. Mineralocorticoid
hormone action occurs in several steps summarized in
Figure 49.29b. They include binding of aldosterone to
cytoplasmic receptors to form the aldosterone�recep-
tor complex, activation of the gene to initiate transcrip-
tion, synthesis of new aldosterone-induced proteins,
and actions on apical and basolateral transport
operations. This process can be divided into early and
late phases.

In the early phase, mineralocorticoids activate the
apical sodium conductance, and thus stimulate
sodium entry. With this increase in sodium entry and
cell sodium activity, the basolateral pump turnover
increases and K1 secretion rises.13,113,115,259,356,468,469

Enhanced sodium entry per se leads to rapid insertion
of Na1-K1-ATPase units into the basolateral mem-
brane from an enzyme pool whose magnitude
depends on the antecedent aldosterone
levels.26,27,113,115,349 Thus, the acute effects of aldoste-
rone include significant stimulation of Na1,K1-
ATPase involving increased activity of individual
pumps, and insertion of additional units.115,259

Continued exposure to elevated mineralocorticoid
levels results in late phase changes, including an
additional increase in both K1 and sodium transport
rates, insertion of additional basolateral Na-K pump
units, and further enhancement of the apical sodium
and K1 conductances.153,276,356,424�427

Also occurring in the late phase of mineralocorticoid
administration are significant morphological changes
in principal cells.466�471,530,531 Mineralocorticoids have
a direct effect on basolateral membrane amplification,
independent of changes in K1 balance and plasma K1

levels.469 However, sodium ions are required for full

FIGURE 49.27 Relation between K excretion and plasma K at different levels of aldosterone. The relationship between plasma K1 con-
centration and renal K1 excretion (a) (from ref. [415]), and distal K1 secretion (b) (from ref. [416]) is affected by circulating aldosterone. Effects of
increased and decreased aldosterone are shown with respect to normal levels.
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FIGURE 49.28 Factors involved in the regulation of K1 trans-

port by aldosterone and peritubular K1. (1) Changes in peritubular
K1 increase apical K1 and Na1 channel activity, stimulate Na1,K1-
ATPase activity, and augment the basolateral membrane area. High
K1 also activates the release of aldosterone. (2) Changes in aldoste-
rone stimulate apical Na1 channels but enhance K1 channel activity
only during chronic hyperkalemia. Similar to high K1, aldosterone
stimulates Na1,K1-ATPase activity and increases the basolateral
membrane area and Na1, K1-ATPase activity. (From ref. [150], courtesy
of S. Hebert.)
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mineralocorticoid effects: morphological changes fail to
develop fully during administration of a low-sodium
diet.476 In contrast to the changes observed in principal
and connecting tubule cells, significant changes in
basolateral membrane area fail to occur in intercalated

cells during either diet- or hormone-induced stimula-
tion of tubular K1 secretion.467,471

The electrophysiological consequences of high-K1

and chronic mineralocorticoid administration are
shown in Figure 49.30. The basolateral membrane volt-
age may hyperpolarize, and the direction of passive K1

transport may reverse.276,324 The mineralocorticoid-
induced increase in the basolateral electrogenic Na-K
exchange and basolateral K1 conductance accounts for
the rise in membrane potential above the K1 equilib-
rium potential. The increase in membrane voltage
provides a driving force for K1 uptake into principal
cells. This sequence of events suppresses the backflux
of K1 from cell to peritubular fluid, and increases the
efficiency of K1 secretion.

Measurements of proximal cell K1 levels in tubules
harvested from chronically mineralocorticoid-treated
animals do not show an increase in cell K1 content or
activity.375 This attests to the precise adjustments of
basolateral pump activity to apical K1 conductance.
Possible mechanisms of this interaction between
basolateral and apical transport mechanisms are
mineralocorticoid-induced changes in cell ATP, Ca21,
and pH levels. Were the stimulation of basolateral Na-
K exchange to reduce cell ATP concentrations, apical
K1 channels would be released from inhibition. It is
also possible that aldosterone activates basolateral
Na-H exchange, alkalinizes the cytoplasm, and

FIGURE 49.29 Effects of hormones on principle cell transport
pathways. Aldo stimulate K1 secretion via pathways shown in this
cell model.
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FIGURE 49.30 Schema of cortical collecting tubule cell with key site of potassium transport. Depending on the magnitude of the electri-
cal potential difference across the basolateral cell membrane, potassium ions may either leave the cell (recycle) (a) or be taken up into the cell
in parallel with pump-mediated potassium transport (b,c).
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activates the apical secretory K1 channels. Principal
cells extrude hydrogen ions across the basolateral
membrane by Na-H exchange,86 and because aldoste-
rone accelerates Na-H exchange in cells of the diluting
segment,362,368 this mechanism is an attractive possibil-
ity. Finally, cell Ca21 changes could also be involved,
owing to the effects of pump-induced alterations
of cell sodium concentrations that affect Na1/Ca21

exchange.445

Sodium ions importantly modify the stimulating
effect of mineralocorticoids on K1 secretion. Thus, the
kaliuretic effect of chronic desoxycorticosterone
(DOC) treatment is effectively abolished by a low-
sodium diet, and is amplified by a high-sodium
intake.455 Studies on single CCDs have confirmed the
importance of an intact apical sodium entry mecha-
nism, and an adequate lumen sodium supply, for the
full stimulation of Na,K-ATPase activity that follows
mineralocorticoid administration.530,531 As pointed out
above, switching from a low- to a high-cell-sodium
environment induces a rapid increase of ATPase
activity in proximal tubule cells.113 Such prompt acti-
vation is consistent with a permissive role for Na in
mineralocorticoid action mediated by the stimulating
effect of sodium to insert pump units from a latent
cytoplasmic pool into the basolateral membrane.
Similarly, raising intracellular sodium concentrations
enhances the cell surface expression of Na-K-ATPase
α-subunit in mammalian cortical collecting duct prin-
cipal cells. This process involves both c-AMP-
dependent and cyclic-AMP-independent path-
ways.113,188 Moreover, such activation of Na,K-ATPase
is modulated by aldosterone, since cortical collecting
ducts from aldosterone-depleted animals have a
greatly diminished response to the change in ambient
sodium, implying that the size of the cell sodium
pool is strongly influenced by mineralocorticoids. In
tubules from DOC-treated animals, amiloride signifi-
cantly attenuates pump stimulation.357 These results
support the view that enhanced apical sodium entry
into principal cells is necessary to allow full expres-
sion of mineralocorticoid stimulation of Na1,K1-
ATPase activity. The efficacy of aldosterone-induced
kaliuresis is also affected by urine flow rate.145,147

Microperfusion experiments show that direct effects
of aldosterone on K1 transport are modified by
simultaneous modulation of urine flow rate. Thus,
although aldosterone enhances K1 secretion in single
distal tubules perfused at a constant rate, the anti-
diuretic effect of aldosterone may modulate the direct
stimulation of aldosterone on K1 excretion. On the
other hand, dexamethasone does not stimulate potas-
sium secretion in tubules perfused at a constant rate,
but elicits K1 transport stimulation through its
enhancing effect on tubule flow rate.147

Aldosterone may act rapidly (,10 minutes) on
renal distal nephron ion transport by a nongenomic
mechanism. This is not affected by actinomycin D or
spironolactone, and thus is independent of protein
synthesis.527 This nongenomic effect involves, primar-
ily, stimulation of Na1/H1 exchange, and is thought to
be mediated by specific membrane receptors for aldo-
sterone. Membrane-binding sites of very low (0.1 nM)
dissociation constant (Kd) for aldosterone which
modulated Na1/H1 exchange were first described in
human polymorphonuclear leucocytes. Such sites have
no affinity for dexamethasone, corticosterone, ouabain,
amiloride, and 18-hydroxyprogesterone.140,505 Similar
receptors for aldosterone were also found in pig kid-
ney, but these had higher values of Kd for desoxycorti-
costerone acetate and corticosterone. These membrane
receptors are different from the classical cytoplasmic
mineralocorticoid receptors (MR), since MR knockout
mice still display the nongenomic effect of aldoste-
rone.174 Activation of the nongenomic mechanism via
membrane receptors includes a signaling path involv-
ing G-protein, inositol triphosphate, Ca21, and protein
kinase C, as well as MAP-kinase.527 ENaC-mediated
current in isolated rabbit CCD is stimulated by non-
genomic action of aldosterone.527 Inasmuch as these
nongenomic actions involve apical sodium channels,
they could also have significant indirect effects on
K1 secretion.

Glucocorticoids

Abnormal function of the hypothala-
mic�pituitary�adrenal axis is often associated with
deranged K1 homeostasis.63,123 In patients with low
circulating levels of glucocorticoids, the excretory
response to K1-loading is blunted, even if aldosterone
is normal. Glucocorticoid excess, in contrast, can be
associated with kaliuresis and hypokalemia. The effect
of glucocorticoids on urinary K1 excretion largely
reflects secondary stimulation of K1 secretion in the
distal nephron following glucocorticoid actions in
proximal nephron segments. Glucocorticoids increase
GFR, and also the delivery of sodium and fluid to the
distal nephron33: these latter effects are strongly
kaliuretic. Microperfusion experiments also support an
indirect effect, since acute intravenous dexamethasone
does not increase distal K1 secretion when fluid and
salt delivery are constant.

Nevertheless, studies suggest that chronically ele-
vated glucocorticoids exert a direct mineralocorticoid-
like effect on the distal nephron. Mineralocorticoid
target genes are activated by glucocorticoid excess,
even when aldosterone is normal, and patients with
familial glucocorticoid receptor haploinsufficiency or
apparent mineralococticoid excess are hypokalaemic
despite low circulating aldosterone. These conditions
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of corticosteroid cross-talk reflect the inherent affinity
of the mineralocorticoid receptor for glucocorticoids.16

As shown in Figure 49.31, the enzyme 11β-hydroxys-
teroid dehydrogenase type II (11βHSD2) converts
active glucocorticoids to inactive metabolites. In the
principal cell, 11βHSD2 brings mineralocorticoid
receptor target proteins, such as ENaC, under the
control of aldosterone.16,22,280

The 11βHSD2 barrier can be attenuated by muta-
tions in the encoding gene or pharmacological inhibi-
tion of enzyme function: the hypokalemic hypertension
of apparent mineralocorticoid excess or that following
excess licorice consumption reflects glucocorticoid
action in the distal nephron.21,41 Micropuncture studies
in rats confirm this,23 and mice lacking 11βHSD2 main-
tain robust K1 excretion despite severe hypokalemia.22

Much of the K1 excretion is amiloride-sensitive and is
likely mediated by ROMK. However, kaliuresis is
maintained after sodium handling is normalized and
becomes resistant to amiloride. It is likely that such
persistent K1 excretion reflects BK-mediated K1 secre-
tion: 11βHSD2 null mice are severely polyuric and the
increase in urine flow would activate BK channels.20

Some evidence suggests that glucocorticoids may
also influence K1 secretion by glucocorticoid receptor
(GR) activation.21,41 GR is expressed in the aldosterone-

sensitive distal nephron of the rat, and it is this recep-
tor, not MR, that translocates to the nucleus in response
to physiological variations in aldosterone.1,47 The phys-
iological meaning of this is not resolved, but in mice
with reduced levels of 11βHSD2 a high-salt diet causes
hypokalemia and inappropriately high K1 secretion in
the distal nephron. The deranged K1 homeostasis was
prevented by GR blockade, and spironolactone was
without effect.41 In summary, there is strong evidence
that chronic exposure to elevated glucocorticoids may
directly influence K1 secretion at this site, an effect
above and beyond the kaliuresis triggered by rapid-
onset events in more proximal segments.

WNKs (With No Lysine Kinase)

WNKs are serine/threonine protein kinases, and
WNK1, 3, and 4 are expressed in the DCT and
CCD.127,229,253,331,562,598,604 A large body of evidence
indicates that the WNK family plays an important role
in the regulation of Na absorption and K1 secretion.
WNK4 suppresses the expression of the Na-Cl co-
transporter (NCC) in the plasma membrane of the
DCT, thereby inhibiting Na absorption.253 In contrast,
WNK1 stimulates NCC activity indirectly by antago-
nizing the inhibitory effect of WNK4. WNK1, 3, and 4
inhibit ROMK channel activity, and the effect of WNK
on ROMK is mediated by stimulation of clathrin-
dependent endocytosis. The inhibitory effect of WNK4
on ROMK1 does not require the kinase activity,
because co-expression of the inactivated WNK4
inhibits expression of ROMK1 in Xenopus oocytes. The
mutated gene products encoding inactivated WNK1 or
WNK4 causes pseudohypoaldosteronism type II, a dis-
ease with characteristics of hypertension and low aldo-
sterone levels. A kidney-specific splice form of WNK1
(KS-WNK1), in which an alternative 50 exon replaces
the first four exons of WNK1, is expressed in the
DCT and CCD.291 Unlike the long form of WNK1,
KS-WNK1 lacks kinase activity and does not block
ROMK channels. Moreover, KS-WNK1 can antagonize
the inhibitory effect of WNK1. A high K1 intake
increases the expression of KS-WNK1, and accordingly
attenuates the inhibitory effect of WNK1 on ROMK
channels (Figure 49.32).291,312 Thus, alteration of the
ratio between the long and short forms of WNK1 may
be an important mechanism by which a high-K intake
stimulates ROMK channel activity. K1 restriction has
been reported to decrease the expression of KS-WNK1
and increase the long form WNK1. Consequently, the
inhibitory effect of KS-WNK1 on WNK1 is diminished,
and WNK1-mediated inhibition of ROMK channels
is enhanced, in the CCD from animals fed a low-K
diet.236

It should be noted that aldosterone is secreted
both in the setting of intravascular volume depletion
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FIGURE 49.31 The enzyme 11β hydroxysteroid dehydrogenase

type 2 (11βHSD2) is co-expressed with the mineralocorticoid recep-
tor (MR) in aldosterone target tissues, such as the principal cell of

the collecting duct. The enzyme converts cortisol, which is an agonist
of the mineralocorticoid receptor (MR) to cortisone, which is not.
This confers aldosterone-specificity on MR, placing transcription of
aldosterone-induced proteins, such as ENaC, ROMK, and the basolat-
eral Na/K-ATPase, under the control of the renin�angiotensin sys-
tem. Recent data challenge the conventional view of corticosteroid
action in the aldosterone-sensitive distal nephron, which expresses
both the mineralocorticoid and glucocorticoid receptor (GR). As
shown in (a), 11βHSD2 may also govern ligand access to GR, and GR
translocation to the nucleus (b) is influenced by physiological
changes in circulating aldosterone, and plays a permissive role in reg-
ulation of ENaC by aldosterone. Direct regulation of ROMK by GR is
suggested (c) but the kaliuretic effects of glucocorticoids may also
reflect activation of ENaC. (Figure courtesy of Dr. Louise Evans.)
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(hypovolemia) and hyperkalemia. In the face of the
hypovolemia, aldosterone promotes Na1 retention and
limits urinary K1 loss. In hyperkalemia, aldosterone
maximizes K1 loss without Na1 retention. This “aldo-
sterone paradox” may be explained by changes in the
relative expression and activities of WNK family mem-
bers127,229,236,253,331,493 (Figures 49.32 and 49.33).

Salt and Water Balance

K1 excretion generally changes in association with
modulation in sodium excretion. On the one hand,
interventions that increase salt and water excretion �
high-salt intake, extracellular volume expansion, saline
infusion, administration of many diuretics acting
upstream of the initial collecting tubule, and infusion
of sodium salts of poorly-reabsorbable anions � all
stimulate K1 excretion.59,180�186,234,267,326,399,470,582 On
the other hand, maneuvers that diminish sodium
excretion � rapid reduction of glomerular filtration
rate, sodium-depletion, and volume-contraction � all
decrease K1 excretion. Thus, distal secretion of K1

depends importantly on the delivery of sodium and
tubule fluid to the sites of K1 secretion.

Figure 49.34 illustrates the effect of different levels
of sodium intake on the steady-state relationship
between plasma K1 and urinary K1 excretion at
clamped aldosterone levels.596 K1 excretion at a given
plasma K1 level is stimulated by augmenting sodium
intake and a given rate of K1 excretion occurs at lower
plasma K1 levels when sodium intake is elevated. This
enhancement of K1 excretion is thought to depend on
increased delivery of fluid and sodium to the distal
tubule and CCD.

Studies on single tubules, employing both micro-
puncture260 and microperfusion139,191,192,319 techniques,
have fully confirmed that tubule fluid flow rate and
luminal sodium concentration independently affect K1

secretion. Figure 49.35 summarizes the effects of
tubule flow rate and fluid sodium concentrations on
K1 secretion along the distal tubule. Increasing flow
rate invariably stimulates K1 secretion. For a given
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FIGURE 49.32 A cell scheme illustrates the mechanism by
which increasing dietary potassium intake facilitates K secretion.

A high-K intake increases KS-WNK4 expression which inhibits
WNK1 function, thereby suppressing WNK1-mediated inhibition of
WNK4. Thus, a high-K intake decreases NaCl co-transporter activity,
and increases NaCl delivery to the connecting tubule and the CCD.
A high-K intake also increases SGK1 activity which phosphorylates
WNK4, thereby suppressing the WNK4-mediated inhibition of
ROMK. Thus, a high-K intake stimulates K secretion in the connect-
ing tubule and the CCD through increasing Na delivery and apical
K1 channel activity (CCD: cortical collecting duct; SGK1: serum-
glucocorticoid-induced kinase 1; WNK: with-no-lysine kinase; KS-
WNK1: kidney-specific WNK1).
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FIGURE 49.33 A cell scheme illustrating the role of angiotensin

II in regulating ROMK channels during volume-depletion.

Volume-depletion abolishes the inhibitory effect of WNK4 on the
NaCl co-transporter through stimulation of SGK1-mediated WNK4,
thereby increasing Na absorption in the distal nephron. Decreasing
the Na delivery to the connecting tubule and the CCD diminishes the
driving force for K secretion. In addition, the angiotensin II pathway
inhibits SGK1-induced phosphorylation of WNK4 through activation
of c-Src family protein tyrosine kinase, and leads to suppression
of ROMK channel activity. A dotted line means a diminished effect
(CCD: cortical collecting duct; DCT: distal convoluted tubule;
SGK1: serum-glucocorticoid-induced kinase 1; WNK: with-no-lysine
kinase).

FIGURE 49.34 The relation between plasma K1 concentration
and renal K1 excretion is affected by dietary Na intake. (From
ref. [596], with permission.)
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flow rate, K1 secretion is augmented in animals with a
high-K intake266 or after mineralocorticoid administra-
tion123,183; it is decreased in animals on a low-K1 diet.266

Three separate mechanisms underlie the increase of
distal K1 secretion with enhanced flow rate. The first
involves electrophysiological linkage between sodium
absorption and K1 secretion. Increasing fluid delivery
into the distal tubule increases the sodium concentra-
tion in the lumen, which in turn stimulates sodium
absorption267 and depolarizes the apical cell mem-
brane, thus creating a more favorable electrochemical
gradient for K1 secretion. This effect is of greatest
importance when luminal Na concentration shifts from
low to high levels.48,139,192,319,485

An increase in tubular fluid flow rate also stimulates
sodium absorption due to an increase in the open
probability of ENaC.342,433

Enhanced sodium entry from the lumen into princi-
pal cells during augmented delivery of fluid stimulates
the basolateral Na,K-ATPase and accelerates K1 trans-
location into cells from the peritubular fluid. Thus, as
long as basolateral pump activity responds to increased
lumen delivery of sodium with increased Na-K
exchange, K1 secretion continues at a high enough rate
to either prevent (in the lower range of lumen flow
rates) or to curtail (in the higher range of lumen flow
rates) a decline in the concentration of K1 in the tubule
lumen. If K1 concentrations decline less than flow rate
increases, K1 secretion rates increase. Experimental
conditions in which lumen K1 concentrations remain
constant during diuretic conditions,232 and in which
the concentration difference between cell interior and
lumen remain unaltered despite marked stimulation
of K1 secretion (see Table 24 in 415), underscore the

importance of accelerated and coupled K1 and sodium
transport. By “clamping” the K1 concentration in the
lumen to fairly constant levels over the range of low
physiological levels of tubule flow, the connecting
and collecting tubule emerge as the major control site
of K1 excretion.473

A second mechanism that links increased delivery of
fluid to the distal nephron to enhanced K1 secretion
may involve a flow-dependent fall of lumen K1 con-
centration,191,192 which increases the driving force for
K1 exit across the apical membrane. This mechanism
permits K1 secretion to increase under conditions in
which increased sodium delivery into the distal tubule
fails to stimulate basolateral Na-K-ATPase. Diminished
apical sodium uptake and low lumen K1 concentra-
tions would hyperpolarize the apical membrane poten-
tial and tend to reduce the electrochemical driving
force, favoring K1 secretion. The functional state of the
basolateral Na1,K1-ATPase transport system thus
determines the extent to which increased fluid delivery
stimulates K1 secretion.

The third mechanism, illustrated in Figure 49.36,
links changes in luminal flow to distal potassium
secretion by activation of the BK channel. An
increase in luminal flow rate transduces mechanical
signals (circumferential stretch, shear stress, hydro-
dynamic bending moments on the cilium decorating
the apical surface of virtually all renal epithelial
cells) into increases in intracellular Ca21 concentra-
tion, which in turn activate apical BK channels to
secrete potassium, thereby enhancing urinary potas-
sium excretion.557,575

Although apical sodium channels are a key pathway
for entry of sodium into principal cells, K1 excretion

FIGURE 49.35 (a) Relationship between distal flow rate and distal K secretion as affected by K intake. (b) Distal K secretion requires a

luminal Na1 concentration exceeding 25�35 mM. The relation between flow rate of tubule fluid in distal tubule and distal K1 secretion is
affected by dietary intake: normal K1 diet; low- K1 diet; high- K1 diet. (From ref. [269], with permission.)
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appears not to be entirely dependent on apical sodium
supply. Animals maintained on a low-sodium diet do
respond with kaliuresis to acute K1-loading,384 as
do animals given the ENaC inhibitior, amiloride.589

Moreover, humans tolerate very well a diet high in K1

and low in sodium.374 An explanation for the apparent
dissociation between apical sodium supply and main-
tained ability for K1 secretion may be the presence of
at least two additional sodium entry pathways in prin-
cipal cells. These are located in the basolateral mem-
brane, and include Na/H and Na/Ca21 exchange.86,295

Activity of these basolateral entry pathways may, at
least in part, replace apical sodium supply and main-
tain K1 secretion under conditions of low distal fluid
and sodium delivery, especially under conditions
of elevated levels of plasma K1.176 K1 excretion inde-
pendent of distal amiloride-sensitive Na transport
has been confirmed in rats during high dietary
K1 intake.156 Such Na-channel-independent K1 excre-
tion develops progressively during prolonged K-load-
ing; it could be mediated, in part, by K1 secretion in

intercalated cells206,354 and/or by reduced K1 reab-
sorption along the proximal tubule and thick ascending
limb of Henle’s loop as a consequence of high plasma
K1 levels. The latter have been shown to lower proxi-
mal tubule Na and fluid reabsorption.67,302

Recent evidence, based on distal tubule perfusion
studies, suggests a significant component of electro-
neutral sodium reabsorption (Figure 49.37), resistant
to amiloride inhibition but sensitive to hydro-
chlorthiazide. Mechanistically, the transport process
involves the parallel action of sodium-dependent
Cl/bicarbonate exchange and sodium-independent
chloride-bicarbonate exchange (pendrin). The presence
of this transport in ß-intercalated cells is significant,
because it would uncouple K1 secretion from electro-
genic sodium transport via Na channels in principal
cells.127,128

The ability of the distal tubule and CCD to main-
tain a fairly constant K1 concentration in the lumen
over the physiological range of flow rates has two
important consequences. First, the marked flow
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FIGURE 49.36 Proposed model for the molecular physiology of flow-induced K1 secretion (FIKS) in the distal nephron. At slow “phys-
iologic” flow rates, K1 secretion requires electrogenic Na1 absorption through ENaC, and is mediated by the SK/ROMK channel. The apical
Ca21- and stretch-activated BK channel is tonically inhibited by PKA and MAPK. A rapid increase in tubular fluid flow rate associated with cir-
cumferential stretch of the CCD leads to shear or hydrodynamic impulses at the cilium or apical membrane and an increase in intracellular
Ca21 concentration ([Ca21]i), due to luminal Ca21 entry and internal store release. These hydrodynamic forces are associated with an increase
in net Na1 absorption and K1 secretion, the latter mediated by Ca21-dependent activation of the BK channel. FIKS further requires microtubule
integrity and possibly release of tonic channel inhibition. Mechanosensitive (MS) Ca21 channels identified in the apical membrane of the distal
nephron include polycystin 2, and the transient receptor vanilloid-4 (TRPV4) channels. Store-operated Ca21 channels (SOC) also contribute to
the flow-induced Ca21 response.574
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dependence of K1 secretion in the distal tubule and
CCD endows the process of K1 secretion with great
sensitivity to changes in the delivery of sodium and
fluid. This tubule segment is thus responsible for the
enhanced rate of K1 excretion that follows inhibition
of sodium and fluid reabsorption upstream of the dis-
tal tubule and collecting duct (234; see “Diuretics” sec-
tion below). Second, the ability of the distal nephron
segments to “clamp” the K1 concentration has impli-
cations for the physiological importance of those com-
ponents of K1 secretion that occur upstream during
K1 recycling. K1 secreted upstream of the ICT deter-
mines the amount of K1 secreted along the DCT and
ICT as the tubule fluid approaches the “late” distal
tubule. Hence, with stimulation of medullary K1 recy-
cling, the concentration of K1 in the early distal
tubule rises and approaches the “clamped” concentra-
tion across the initial collecting tubule. Thus, a smaller
fraction of excreted K1 is then contributed by distal
secretion. Conversely, when medullary recycling of
K1 is minimal, and the concentration of K1 in the
fluid entering the distal tubule is low, a larger fraction
of excreted K1 has to be secreted by the distal tubule
and the CCD.

A non-invasive method for evaluation of the transtu-
bule gradient of K1 (TTKG) in the CCD has been
described.565,566 Such estimates have been used to eval-
uate the effects of hormones, diuretics, and acid�base
disturbances in patients. The method allows distinction
between modulation of urine K1 excretion by changes
in flow rate and/or direct effects on K1 secretion in
principal cells. This approach has also shown that urea
recycling, by enhancing flow rate in the cortical collect-
ing tubule, provides a mechanism for aiding K1

excretion.214

Chronic enhancement of sodium delivery into the
distal nephron, for instance during treatment with loop
diuretics, leads to both functional and morphological
adjustments in the downstream tubule segments;
these changes increase the capacity for sodium absorp-
tion and K1 secretion in cells of the distal neph-
ron.136,257,296,344,466,467 Prolonged increased entry of
sodium into cells of the distal tubule must be responsi-
ble for transport stimulation, because the functional
and morphological changes persist when plasma aldo-
sterone, vasopressin, and K1 are held constant.466,470

Increased transport in collecting duct segments follow-
ing chronic treatment with diuretics that act on the
loop of Henle or the distal convoluted tubule may
curtail sodium excretion as well as promote K1 secre-
tion.136 An increase in amiloride-sensitive K1 secretion
has been observed following uninephrectomy, and is
linked to an initial increase in plasma K1 concentra-
tion, and increased distal tubule fluid and sodium
delivery.25,46,109

Renal sympathetic nerve activity affects renal K1

excretion, most likely mediated by changes in glomeru-
lar filtration rate (GFR) and sodium excretion.422 Renal
denervation was shown to increase GFR, accompanied
by enhanced sodium excretion, significant kaliuresis,
and lowering of plasma K1 concentration. Renal
denervation lowers proximal sodium reabsorption,
and the ensuing kaliuresis is best explained by
enhanced sodium delivery to distal K-secreting
nephron segments. An interesting observation concerns
the relationship between distal tubule sodium reab-
sorption and K1 secretion in a rat model of nephrotic
syndrome. Although displaying high rates of sodium
reabsorption in collecting ducts, K1 secretion was not
enhanced in tubules from such nephrotic rats.
Inhibition of ROMK secretory K1 channels was traced
to the presence of high albumin in the tubule lumen.
Moreover, nephrotic rats were shown to be less able to
excrete K1 when given a high-K1 diet, an observation
consistent with compromised apical K1 channel
activity.149

Non-chloride sodium salt also affects urinary K1

excretion. Thus, the kaliuretic effects of sulfate, phos-
phate, and bicarbonate are well-established. Prolonged
fasting and the enhanced excretion of short-chain fatty
acids and organic acid radicals also promote K1

loss.306 Interestingly, infusion of sodium bicarbonate is
more kaliuretic than similar amounts of sulfate.80 It is
generally assumed that the stimulating effect of poorly-
reabsorbable anions on K1 secretion is mediated by
their effects on the lumen-negative potential.321

Although there is evidence that the transepithelial
potential difference effectively alters K1 secretion,179 it
is unlikely that the effects of poorly-reabsorbable
anions are solely mediated by changing the
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1690 49. REGULATION OF K1 EXCRETION

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



transepithelial potential, because sulfate-induced
enhancement has been shown to continue in the pres-
ence of effective blockade of sodium and K1 channels.
This suggests that stimulation of K1 secretion in the
presence of sulfate is mediated by low tubule chloride,
which stimulates electroneutral K1 chloride co-
transport.526 Perfusion studies also provide support for
the notion that lumen alkalinization and bicarbonate
directly stimulate K1 secretion through augmenting
electroneutral secretory K1 chloride co-transport.8

Acid�Base Balance

Acid�base derangements have long been known
to affect the excretion of K1, and losses of K1,
particularly in states of alkalosis, are well-
documented.14,48�52,68,176,179,182,320,470,472 Figure 49.38
shows the striking dependence of renal K1 excretion
and distal K1 secretion on blood pH. It is apparent
that alkalosis stimulates, and acidosis depresses,
K1 excretion.

Clearance, stop-flow, micropuncture, and microper-
fusion studies indicate that the DCT and CCD are the
main nephron sites where acid�base changes affect K1

secretion. The right panel of Figure 49.38 shows results
of a microperfusion study in which tubule flow rate
and solute composition of luminal fluid were kept con-
stant. Metabolic acidosis caused distal K1 secretion to
decrease, whereas metabolic alkalosis had the opposite
effect. Direct effects of acid�base disorders on K1

transport in these nephron segments can be distin-
guished from indirect effects that include changes of:
(1) distal flow rate; (2) composition of fluid reaching
the distal tubule; and (3) aldosterone levels.472 Changes

in plasma K1 cannot be held responsible for acid�base
related changes in K1 excretion, because hyperkalemia
is frequently associated with acidosis, whereas hypoka-
lemia is commonly observed in alkalosis.4,14,51,176,320

The direct effects of acid�base disorders, summa-
rized in Figure 49.39, involve modifications of both
basolateral and apical transport functions in principal
and intercalated cells. With regard to the basolateral
membrane, alkalosis stimulates active K1 uptake and
increases the permeability to K1 ions (Figure 49.40). The
permeability increase in alkalosis shifts the membrane
potential close towards the K1 equilibrium potential,
and minimizes K1 loss from cells into the peritubular
fluid. Acidosis has the opposite effect, including direct
inhibition of basolateral Na1,K1-ATPase activity
(Figure 49.41).350 Acid�base related changes in the
apical cell membrane are also observed and involve
a striking sensitivity of both K1 and sodium channel
activity to cytosolic pH. Over a narrow and physiologi-
cal pH range, acidosis (pH 7.0) suppresses and
alkalosis (pH 7.4) stimulates sodium and K1 channel
activity.158,159,217,544,546

Additional stimuli modulating K1 secretion in
acid�base disturbances involve the delivery of tubule
fluid with high Na1 bicarbonate and low chloride con-
centrations to the distal nephron in metabolic alkalosis
(Figure 49.42). Bicarbonate and other poorly-permeant
anions act as osmotic diuretics and increase distal
tubule flow rate and, as mentioned above, low lumen
chloride concentration stimulates apical K-Cl secretion
in distal convoluted and principal cells.132,521,526

Bicarbonate also appears to activate K1 excretion
directly.8,306 Figure 49.42 shows the results of in vivo

FIGURE 49.38 (a) The relationship between plasma K1 concentration and renal K1 excretion is affected by plasma pH. (From
Stanton, B. A., and Giebisch, G. (1991). Renal potassium transport. In “Handbook of Physiology: Renal Physiology,” 813�874, Windhager, E. E.
(ed.). Oxford University Press, New York, with permission.) (b) Distal K1 secretion is affected by plasma pH. (From ref. [472], with
permission.)

1691CONTROL OF RENAL K1 TRANSPORT

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



microperfusion experiments in which luminal chloride
was replaced with sulfate. Reducing luminal Cl con-
centration below 20 mM stimulates K1 secretion into
the distal tubule without changing the transepithelial
voltage. Unidirectional flux measurements show that
the increase in K1 secretion occurs because the cell-
to-lumen flux is enhanced. This enhanced secretory
flux is not blocked by barium in the lumen.

Opposing effects of metabolic acidosis on K1 excretion
are summarized in Figure 49.41; metabolic acidosis may
either inhibit or stimulate K1 secretion. Direct actions of
acidosis involve inhibition of K1 secretion in distal

nephron segments. In addition, indirect effects enhance
K1 secretion by elevating distal delivery of sodium-
containing fluid following diminished proximal tubular
bicarbonate transport. When flow rate along single distal
tubules is kept constant, acidosis depresses K1 secre-
tion.472 However, under free-flow conditions in intact
tubules, K1 secretion may rise as a consequence of
increased fluid flow rate thought to result from inhibition
of proximal transport during acidosis.14 Such an increase
in distal fluid and sodium delivery stimulates K1 secre-
tion during loading with ammonium chloride, in diabetic
acidosis, and in proximal tubular acidosis. Taken together,
it is clear that the effects of acid�base disturbances on K1

excretion are mediated by two major components: direct
effects related to pH, and secondary effects relating to
the rate of delivery and composition of fluid entering
the distal nephron. Increased aldosterone, possible related
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FIGURE 49.40 Effects of acute alkalemia on K1 excertion.
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to ECFV contraction, also contributes to kaliuresis during
acidosis; K1 excretion is reduced in acidosis when aldo-
sterone levels are not allowed to increase.473

Metabolic alkalosis increases K1 secretion by several
mechanisms, both as a result of direct stimulation
of K1 secretion in principal cells and diminished K1

reabsorption by K-H-ATPase in intercalated cells
(Figure 49.40). Additionally, high delivery rates of
bicarbonate-containing fluid into the distal tubule
further promote K1 secretion.8,80,306

It should be noted that the effects of respiratory
acid�base disturbances on renal K1 excretion are
milder than those observed in metabolic acid�base dis-
turbances.14 In respiratory acidosis, the maintenance of
significantly higher plasma bicarbonate concentrations
sustains proximal tubule fluid reabsorption, and renal
compensation of chronic respiratory acidosis restores
plasma pH to normal more effectively than in meta-
bolic acidosis.14 Kaliuresis in respiratory alkalosis is
also milder than that observed in metabolic alkalosis.

K1 transport across the outer medullary collecting
duct is also affected by changes in electrogenic hydro-
gen ion transport. Acidosis enhances electrogenic
hydrogen secretion and tends to increase the lumen-
positive potential, whereas alkalosis has the opposite
effect. Passive K1 reabsorption would thus be
increased during acidosis and depressed in alkalosis.
Independent of these indirect effects, metabolic acido-
sis has been shown to stimulate the activity of the
apical K1-H1-ATPase in isolated rabbit CCDs.458

Renal production of ammonium is important not
only to renal acid excretion, and therefore to mainte-
nance of acid�base balance, but also to renal K1 excre-
tion. Tannen has drawn attention to the inverse

relationship between urinary K1 and ammonium
excretion shown in Figure 49.42.501,502 Studies in in vivo
and isolated perfused kidneys have demonstrated that
K1 excretion is depressed when ammonium excretion
is enhanced, an effect that has been localized in micro-
puncture studies to tubule sites beyond the ICT.247

Studies of isolated perfused kidneys have systemati-
cally evaluated acid�base and endocrine factors modu-
lating principal cell function.445,446 The cell mechanism
of the inhibitory effect of ammonium on K1 excretion
may involve competition between K1 and ammonium
at the K1-binding site of the Na1,K1-ATPase in the
basolateral membrane of principal tubule cells.534

Other Hormones

Vasopressin stimulates the secretion of K1 ions
across the distal tubule and CCD.146,148,437,438,443,447

In vivo perfusion of the distal tubule and electro-
physiological studies of K1 transport in principal cells
indicate that activation of K1 secretion reflects an
increase in apical sodium permeability.443 Besides this
effect on the driving force of K1, patch-clamp studies
have shown that vasopressin also increases the density
of K1 channels in the apical membrane of principal
tubule cells.82 The effects of vasopressin on K1 secre-
tion in cortical collecting ducts are sharply augmented
by mineralocorticoid pretreatment.438

Luminal vasopressin also stimulates K1 secretion
via activation of V1 receptors.10 This effect differs from
the basolateral action, in that the V1 receptor is coupled
to the phospholipase-IP3, Ca21-PKC signaling path-
way, rather than cyclic AMP (Figure 49.43). A key role
of Ca21 was established by showing that chelators such
as BAPTA abolished the luminal effects of vasopressin.

Acute Effects of Alkalemia on K+ Excretion

Distal Nephron

↑Na,K-ATPase
↑ROMK, BK

↑ENaC
↓H,K-ATPase

Proximal Tubule
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↓Na, HCO3, Fluid Reabsorption
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FIGURE 49.42 Relation between luminal NH4 (left) and Cl2 (right) concentration and K1 secretion. Distal K1 secretion is inhibited
by the presence of Cl2 in the tubule lumen and is stimulated when Cl2 concentration falls below 20 mM. (From Velazquez, H., Ellison, D.
H., and Wright, F. S. (1987). Chloride-dependent potassium secretion in early and late distal tubules. Am. J. Physiol. Renal 253, F555�562, with per-
mission.) Changes in renal potassium excretion are negatively correlated with changes in ammonium excretion. (From ref. [501,502], with
permission.)
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These observations strongly suggest that Ca21-sensitive
B channels mediate the luminal effects of vasopressin.
In contrast, the basolateral effects of vasopressin
involve V2 receptors and the cAMP�PKA cascade
which modulate ROMK channels.82 The inhibitory
effects on K1 secretion of angiotensin and prostaglan-
dins are similarly mediated by the phospholipase
A-arachidonic acid pathway.217

Klotho, ATP, Catecholamines, Insulin,
Glucagon, Kallikrein, and Guanilyn

Klotho, an age-suppressing agent, is expressed in dis-
tal tubule cells and regulates expression of ROMK
channels in the kidney.84 It not only increases ROMK
abundance in HEK cells (human embryonic kidney
cells), but also increases urinary K1 excretion when
given intravenously to rats. Diminished Klotho pro-
duction associated with reduced renal mass and renal
failure could contribute to impaired K1 excretion. It is
of interest that angiotensin II infusions curtail Klotho
expression in the kidney. K1 restriction activates the
angiotensin II system, and its inhibitory effect on
Klotho could account for diminished K1 excretion dur-
ing K-deprivation.84

Purinergic receptors and ATP affect K1 transport in
the kidney. Apical ATP reduces not only amiloride-
sensitive Na transport,128,297,298 but also decreases
apical ROMK channel activity.316 Consistent with inhi-
bition of K1 secretion by luminal ATP is the observa-
tion that mice lacking P2Y2 receptors display facilitated
K1 excretion accompanied by lower plasma K1 concen-
trations.406 A paracrine element of ATP-dependent reg-
ulation of tubule transport in collecting ducts has also
been suggested: decreased Na reabsorption and dimin-
ished K1 secretion as well as lowering of urinary ATP
excretion result from ablation of renal purinergic recep-
tors that are normally activated in intercalated tubule
cells by enhanced tubule flow rate.228a

Both α- and β-adrenergic agonists affect K1 trans-
port by distal nephron segments. Care must be taken,
however, to distinguish direct tubule effects from
extrarenal effects, because epinephrine activates K1

uptake in liver and muscle, and lowers plasma K1

levels.53,55 Nevertheless, when plasma K1 levels are
prevented from declining after epinephrine administra-
tion by infusion of K1-containing fluids, renal K1

excretion still falls. The epinephrine effect to suppress
K1 secretion or to enhance K1 reabsorption has been
localized to nephron sites beyond the initial collecting
tubule.104 Treatment with adrenergic agonists has been
shown to reduce the lumen-negative voltage and chlo-
ride absorption in cortical collecting ducts.242

Insulin plays an important role in the regulation
of extrarenal K1 homeostasis,53,103 but its renal
effects are both modest and complex.60,167,415 Insulin
administration has been observed to reduce K1

excretion,104 but the role of changes of plasma K1

and other hormones have proved difficult to resolve.
In one clearance study, in which efforts were made
to maintain constant K1 levels in the blood, insulin
modestly increased K1 excretion.415 In contrast,
microperfusion of isolated CCDs with insulin reduced
K1 secretion.167

Glucagon has also been shown to have a significant
effect on K1 excretion. Its infusion induces a prompt
increase in K1 excretion, and it has been suggested
that the effective excretion of K1 following food intake
may be related to glucagon release.5

Kallikrein is synthetized in distal connecting tubule
cells,87,128 and its release into the tubule fluid following
a dietary K-load modulates downstream K1 and Na
transport.137 Figure 49.44 illustrates its mode of action
and that of other luminal agents. Following a dietary
load of K, kallikrein is released into the tubule lumen
and exerts its downstream action by inhibiting K1

reabsorption by K/H exchange in intercalated cells. It
also stimulates apical sodium channels in principal
cells, depolarizing the apical membrane and enhancing
the driving force for K1 secretion. It is noteworthy that

FIGURE 49.43 Signaling mechanisms of luminal (V1 receptors)

and basolateral (V2 receptors) action of AVP (arginine vasopressin)

(PLC: phospholipase C; ER: endoplasmic reticulum). (From Amorim,
J. B., Musa-Aziz, R., Mello-Aires, M., and Malnic, G. (2004). Signaling
path of the action of AVP on distal K1 secretion. Kidney Int. 66, 696�704,
with permission.)
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the prompt kaliuresis following food intake was not
associated with increased urinary aldosterone
excretion.87

Guanylin and uroguanylin are peptides found in the
gut and urine, and renal function studies demonstrate
their ability to promote an increase in sodium and fluid
excretion.9 Perfusion studies in single rat distal tubules
show that these peptides also inhibit K1 secretion,
most likely by modulating the activity of maxi-K chan-
nels. It is possible, but not certain, that guanilyn and
uroguanylin are involved in the signaling between the
gastrointestinal tract and the kidney with respect to
changes in K1 balance.

Diuretics

Diuretic drugs, used primarily to promote excretion
of salt and water, also affect renal K1 excre-
tion.73,134,135,171,181,186,201,234,345,524 Figure 49.45 illus-
trates the primary renal sites of action of compounds
representative of three classes of diuretic drugs that
act from the luminal side of tubule cells. Loop diure-
tics, such as furosemide, act mainly on the Na-K-2Cl
co-transporter in the apical membrane of thick
ascending limb cells.74�76,198,201,234 Thiazide diuretics
have their primary action on an Na-Cl co-transporter
in cells of the distal convoluted tubule.95,234,522�524

Loop and thiazide diuretics are both capable of
increasing K1 excretion. K1-sparing diuretics, exem-
plified by amiloride and triamterene, block Na chan-
nels in principal cells of the ICT and

CCD.19,73,119,232,357 Renal K1 excretion depends pri-
marily on secretion by principal cells in the ICT and
CCD. Amiloride targets these cells by a blocking
ENaC, reducing the transepithelial potential differ-
ence and diminishing the driving focrce for K1 secre-
tion. Luminal Ca21 also blocks ENaC, and has similar
inhibitory effects on K1 secretion.372

Loop diuretics increase renal K1 excretion, in part
by direct effects on TAL cells, and also by secondary
effects on principal cells in the ICT and CCD. Thus,
furosemide inhibition of the Na-K-2Cl co-transporter
leaves the cell-to-lumen K1 flux through apical mem-
brane channels unopposed, resulting in either greatly
reduced K1 absorption or even reversal to produce net
K1 secretion, along the TAL.201,511,512 The inhibition of
Na and Cl absorption in the TAL also reduces medul-
lary interstitial osmolality and results in decreased
fluid absorption along the descending limb. Thus, loop
diuretics not only decrease K1 reabsorption in the thick
ascending limb but, in addition, increase the rate of
fluid delivery out of the loop of Henle and provide a
flow rate stimulus to K1 secretion along the distal
tubule and collecting duct. Different degrees of kaliur-
esis have been observed in animal studies with furose-
mide and piretanide. The latter is less potent in
promoting loss of K1, owing to stimulation of bradyki-
nin production which curtails sodium entry into col-
lecting duct principal cells.71

Thiazide diuretics also promote renal K1 excretion,
largely via inhibition of the apical Na-Cl co-transporter
in the DCT.135,523�526 A likely explanation for the effect
of thiazides to promote K1 excretion is the increase in
distal sodium and fluid delivery through inhibition of
sodium chloride co-transport. By decreasing carbonic
anhydrase-dependent sodium and bicarbonate reab-
sorption in the proximal tubule, thiazides also tend
to increase the flow rate of fluid into the distal
nephron.234,522

Osmotic diuretics exert their kaliuretic action
largely by increasing fluid and sodium delivery into
the distal tubule following proximal tubule transport
inhibition. As described above, poorly permeant
anions such as sulfate, phosphate bicarbonate, ferro-
cyanide, and hippurate not only augment distal
fluid and sodium delivery, but also facilitate K1

secretion by lowering lumen Cl2-concentration, thus
stimulating K1-chloride co-transport.8,132 It should be
noted, though, that with increased fluid loads deliv-
ered to the distal nephron, larger fractions of K1 also
enter the distal nephron. Additional mechanisms
favoring K1 loss during administration of diuretic
agents also involve hormonal effects. As extracellular
volume shrinks owing to urinary loss of sodium
chloride, aldosterone and vasopressin release stimu-
late K1 secretion.
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Angiotensin
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Flow Rate
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ADH

FIGURE 49.44 Regulation of distal tubule function by messen-
gers. (From ref. [128].)
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Maturation of K1 Transport

Somatic growth after birth is associated with a
predictable increase in total body potassium con-
tent77,152 and maintenance of a state of positive potas-
sium balance.106,111,496 Renal potassium clearance is
low in newborns, even when corrected for the low glo-
merular filtration rate prevailing early in life.106,430,496

Although infants, like adults, can excrete urinary
potassium at a rate that exceeds its glomerular filtra-
tion, reflecting the capacity for net tubular secretion,
they are unable to excrete an exogenously administered
potassium load as efficiently as the adult.313,330,510

Micropuncture studies in young (2-week-old) rats299

and clearance studies in saline-expanded dogs271 pro-
vide additional evidence for a limited secretory and
enhanced reabsorptive capacity of the distal nephron
to potassium early in life.

The physiologic processes contributing to net uri-
nary potassium excretion in the neonate are similar to
those already described in the fully-differentiated kid-
ney, and include glomerular filtration, reabsorption

(predominant) along the proximal tubule and loop of
Henle, and bidirectional transport in the distal neph-
ron. The fraction of the filtered load of potassium
reabsorbed along the proximal tubule of suckling (2-
week-old) rats is similar to that reabsorbed along the
same segment in the adult.299,462 In contrast, the TALH
appears to undergo a significant developmental
increase in its capacity for potassium reabsorption and
diluting capacity, as evidenced by the findings in rats
of significant increases in the: (1) fractional reabsorp-
tion of potassium along this segment, expressed as a
percentage of delivered load, between the second and
sixth weeks of postnatal life;299 and (2) osmolarity of
early distal fluid between the second and fourth weeks
of life.605 Molecular studies identify postnatal increases
in abundance of mRNA encoding NKCC2 and Na-K-
ATPase in rodent kidney, and in particular, in the
medulla,450,588 and Na-K-ATPase activity in rabbit
TALH.448

Potassium secretion in the distal nephron, and
specifically in the mammalian cortical collecting duct

FIGURE 49.45 Distribution of NKCC2, ROMK, the CIC-ß-sub-unit Barttin, CIC-Kb, and NCCT along the nephron and site of action of the
classic diuretic agents: (a) furosemide; (b) thiazide; and (c) amiloride. (Acta Physiol. Scand. 2004, 181, 513�521.)
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(CCD) microperfused in vitro, is low early in life, and
cannot be stimulated by high tubular (urinary) flow
rates (Figure 49.46).429,430 Indeed, basal potassium
secretion cannot be detected in the rabbit CCD until
after the third week of postnatal life, with potassium
secretory rates increasing thereafter to reach adult
levels by six weeks of age.429 The limited capacity of
the distal nephron for potassium secretion is due pri-
marily to a paucity of apical conducting SK/ROMK
channels in principal cells early in life.431 The postna-
tal increase in apical channel activity reflects a devel-
opmental increase in number of channels, due to an
increase in transcription and translation of channel
proteins,45,606 and not open probability which
remained constant for all channels identified after the
second week of life.431 The electrochemical gradient
favoring potassium secretion does not appear to be
limiting early in life, as Na-K pump activity and
the rate of net sodium absorption in the rabbit CCD
at two weeks of age are 50�60% of that measured
in the adult.92,429,448 In vivo measurements of the
sodium concentration in distal tubular fluid generally
exceed 35 mEq/l both in healthy adult and suckling
rats and thus should not restrict distal sodium
secretion.192,299,605

Flow-induced potassium secretion, which is medi-
ated by the Ca21- and stretch-activated BK channel, is
a relatively late developmental event, first appearing in
the rabbit CCD in the fifth week of postnatal life.430,575

The detection of flow-induced potassium secretion
coincides with the appearance of apical
immunodetectable maxi-K channel α-subunit protein
in this segment.575 The absence of flow-induced potas-
sium secretion early in life is not due to a limitation in
the ability of the distal nephron to respond to an
increase in luminal flow rate with an increase in net

sodium absorption and/or intracellular Ca21 concen-
tration, responses required for flow-stimulated net
potassium secretion; these flow-induced responses in
CCDs from young animals are equivalent to those
detected in the adult by the second week of postnatal
life.575

The paucity of apical potassium secretory channels
and relatively robust basolateral Na-K-ATPase activity
prevailing in the CCD early in life requires that potas-
sium translocated into the cell by the Na-K pump be
recycled back into the interstitium via basolateral
potassium channels to maintain a constant intracellular
potassium concentration. Thus, the postnatal increase
in transepithelial potassium secretion likely requires
not only activation of apical potassium channels, but
also modification of the magnitude of basolateral
potassium recycling. Little is known about the develop-
mental expression and regulation of renal basolateral
potassium channels. Immunodetectable Kir7.1, which
co-localizes with Na-K-ATPase at the basolateral mem-
brane of distal nephron and principal cells of the fully
differentiated CCD,374a is first observed in the cortical
and medullary TAL by the end of the first postnatal
week in rat, appearing in the DCT and CCD at three
weeks of age.497a As the postnatal appearance of
Kir7.1 coincides with that of ROMK in the CCD,
Kir7.1 is not a likely candidate for basolateral potas-
sium recycling in the early postnatal period. Kir7.1
has been proposed to contribute to urinary potassium
excretion in response to potassium-loading by gener-
ating a transepithelial potential difference for sodium
reabsorption which, in turn, provides the driving
force for potassium secretion.497a

While the distal nephron is limited in its capacity for
potassium secretion early in life, clearance studies sug-
gest that newborn dogs absorb 25% more of the distal
potassium load than their adult counterparts.313

Functional assays of apical H-K-ATPase in rabbit
collecting duct reveal that pump activity in neonatal
intercalated cells is equivalent to that measured in
mature cells.91 Although these data alone do not
predict transepithelial potassium absorption under
physiologic conditions, the high distal tubular fluid
potassium concentrations measured in vivo in the young
rat may299 facilitate H-K-ATPase-mediated potassium
absorption in this part of the nephron.

Circadian Rhythm

Renal K1 excretion varies during the 24-hour
day.337�339 Some of this variation occurs because of
spacing between meals or other episodes of K1 intake.
However, even when K1 ingestion is spread evenly
throughout the day and night, a pattern of lower rates
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FIGURE 49.46 Developmental changes in basal and flow-

induced (FIKS) K1 secretion in microperfused rabbit CCDs. The
maturing rabbit CCD is characterized by the relatively early appear-
ance of basal K1 secretion, mediated by SK/ROMK channels, at B2
wks of age and, after the 4th week of postnatal life, BK channel-medi-
ated FIKS. Modified from ref. [429].
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of K1 excretion at night and in the morning, and high-
er rates in the afternoon emerges.337�339,397 Figure 49.47
shows the response of human subjects to an intrave-
nous K1 load, given either starting at midnight or
midday. The relationship between plasma concentra-
tion and rate of renal K1 excretion at different times of
the day�night cycle is also summarized. It is apparent
that the kaliuretic response was significantly dimin-
ished at night. Thus, higher concentrations of K1 were
required at night to effect K1 excretion.

These daily fluctuations of K1 excretion have not
been fully explained. As with other circadian rhythms,
the periodicity is entrained by the light�dark cycle,
and depends on both central and peripheral
pacemakers.337�339 Notably, the DCT and CCD express
several regulatory “Clock” genes, indicating operation
of a local, intrarenal, pacemaker.607 ENaC-, aquaporin
2-, and vasopressin-receptors have marked circadian
rhythms which could indirectly influence the excretion
of K1. Also, it is likely that the changes in K1 excretion
are produced by changes in distal secretion. It has
been reported that changes in aldosterone are not
required,393�397 but that the higher K1 excretions dur-
ing daytime may be related to enhanced bicarbonate
loss in the urine.477

Integrated Regulation of K1 Homeostasis

Renal K1 excretion is regulated by multiple factors
acting at several transport sites in response to influences
originating outside the kidney. The final rate
of excretion of K1 is determined by the net effect of
mechanisms that may be cooperating or competing. In
some situations the individual regulatory factors may
act together, while in other cases they may change in
directions that tend to cancel one another. Reasonable
predictions of the rate of K1 excretion can be derived
from knowledge of expected changes of individual
factors.

Model calculations of tubule K1 transport have pro-
vided interesting insights between water and K1 trans-
port. It was suggested that the increase in K1

concentration along both the water-permeable connect-
ing and collecting tubule was not only mediated by net
secretion in principal cells, but also by vasopressin-
dependent fluid equilibration.560 Indeed, it becomes
apparent that the initial K1 concentration in both neph-
ron segments may reach such high concentrations that
they exceed the maximal transepithelial K1 gradient
that can be achieved by K1 secretion in principal cells.
As a consequence, both the CNT and CCD can become
sites of modest, albeit significant, reabsorption of K1.
Calculations based on these cell models also allowed
an assessment of the interactions between axial flow
rate along the CNT and CCD, the sodium-load,
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transepithelial potential difference, and water perme-
ability. It has also made possible an analysis of the
factors leading to the typical kaliuresis produced by
thiazides.560

An example of cooperative factors modulating K1

transport is seen in the renal response to a high-K1

intake. As noted previously, the increase in plasma
K1 concentration promotes K1 uptake by K1-secreting
cells. It also stimulates the adrenal gland to secrete
aldosterone, which in turn promotes K1 secretion by
cells of the distal nephron. Increased plasma K1 con-
centration also inhibits sodium and fluid reabsorption
by the proximal tubule, and thus increases flow rate
into the distal nephron.

Evidence of the involvement of such factors in
response to a change in K1 intake was also obtained in
a careful study employing human subjects.391 Dietary
K1 was increased from 100 to 400 mmol/day. Renal K1

excretion progressively increased so that external K1

balance was restored within three days. During the first
two hours after each meal, plasma K1 rose by approxi-
mately 0.5 mM and then subsided, returning to the nor-
mal range before the next meal. Plasma aldosterone
also increased after meals. The changes in plasma aldo-
sterone (from 400 to 900 pM) were proportionately
larger than the 10�20% increase in plasma K1.
Evidence that distal flow and sodium delivery
increased after meals as well came from the observation
that sodium excretion increased from 50 to 200 μmol/
min. Thus, the concerted actions of multiple regulatory
mechanisms improve the defense against the danger of
hyperkalemia.

The effectiveness of aldosterone to stimulate K1

secretion in principle cells is modulated by SGK1
(serum- and glucocorticoid-regulated kinase 1). This
kinase affects several renal transport processes.
Inspection of Figure 49.28 shows that the stimulation of
apical sodium and K1 channels, as well as of basolateral
Na1,K1-ATPase through aldosterone, involves partici-
pation of SGK. Transcription and translation of SGK is
upregulated by aldosterone,89a,289,354a and co-expression
experiments in heterologous expression systems of SGK
with Na1 or K1 channels, and with Na1,K1-ATPase,
indicate increased activity of these transporters. It is
significant that both the reabsorption of sodium, as well
as the secretion of K1, is impaired in SGK knockout
mice. Compromised upregulation of urinary K1 excre-
tion during chronic K1-loading was also demonstrated
by maintenance of K1 balance, but at elevated aldoste-
rone levels.520 SGK has been shown to enhance abun-
dance of ROMK in the membrane of oocytes, a process
that also involves the cooperative effect of NHERF (Na-
H exchange regulating factor).589a,589b Increased activity
of ROMK is also mediated by a significant shift in
pH-sensitivity of the channel.289

Derangements in the regulation of aldosterone
regulation can have important consequences for the
maintenance of K1 balance. The hypokalemia that
appears in primary hyperaldosteronism has long been
recognized.175,176 Experimental administration of
excess mineralocorticoid hormone (DOC) or aldoste-
rone produces the effects seen in patients with adrenal
overproduction of aldosterone. Sodium excretion falls
initially, but within a few days it then increases until
balance between intake and output is restored. Plasma
sodium concentration does not change; however,
arterial blood pressure is increased. The “escape” from
the sodium-retaining effect of mineralocorticoid excess
has been attributed to inhibition of Na reabsorption
by factors related to extracellular fluid volume expan-
sion,213,273 and thiazide-sensitive Na-Cl co-transport
has been defined as the key tubule transport that is
downregulated during mineralocorticoid escape.549 In
contrast to sodium, K1 excretion rises to levels exceed-
ing K1 intake, continues for a longer period, and
results in hypokalemia. This continued stimulation of
distal K1 secretion appears to be related to the same
volume-related inhibition of sodium reabsorption that
limits the period of sodium retention. Inhibition of
proximal sodium and fluid absorption leads to
increased distal delivery of sodium and fluid, and
therefore to a flow rate stimulus to K1 secretion.
Protective mechanisms, activated by the progressively
increasing K1 depletion, involve stimulation of K1

reabsorption by H1-K1-ATPase which progressively
restrains further K1 loss.

It should be noted that some investigators are not
satisfied that all stimuli acting to promote increased K1

excretion have been identified. Rabinowitz and others
have argued that increases in K1 excretion after
ingestion of K1 are not fully-explained by changes in
plasma K, circulating aldosterone or distal delivery
of fluid and sodium.105,168,393 These observations have
recently been confirmed and extended, and it has been
suggested that sensors in the gastrointestinal tract, the
liver or the brain are involved in regulating K1 home-
ostasis.392�397 A gastrointestinal or hepatic K1 sensor
would explain the observation that a K1-load given by
infusion into the portal vein is more kaliuretic com-
pared to the same amount of K1 injected intravenously
into the systemic circulation.369 Moreover, by restrict-
ing the initial rise of K1 to the hepatic circulation,
kaliuresis could be induced without larger and poten-
tially harmful fluctuations of K1 in the general circula-
tion.89,343,369 Hepatic afferent nerve activity has been
reported to increase with K1 injection into the portal
vein, but the mechanism modulating tubule transport
of K1 needs exploration.

When K1 intake is restricted, reductions in plasma
K1 and circulating aldosterone withdraw the stimulus
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to K1 secretion, and renal K1 excretion tends to fall.
However, in some circumstances the integrated actions
of all factors, because of competing priorities, fail to
maintain K1 balance. For example, if K1 intake is being
restricted along with other food because an individual
has just undergone an abdominal operation, stress-
related stimulation of aldosterone secretion may put
high aldosterone levels in competition with low plasma
K1 levels, and cause the rate of K1 excretion to exceed
the rate of intake. Furthermore, if saline infusions are
maintaining extracellular fluid volume and urine flow,
a high flow rate of tubule fluid may further compro-
mise the ability of the kidney to retain K1.

In other circumstances, competition among the regula-
tory factors may actually serve the cause of K1 homeo-
stasis. Changes in sodium intake are a relevant example.
Although changes in sodium intake lead to changes in
circulating aldosterone and extracellular fluid volume,
they do not result in important deviations from K1 bal-
ance. Lack of sodium enhances proximal fluid reabsorp-
tion, and may decrease distal flow rate and diminish K1

excretion. However, the simultaneous stimulation of the
renin�angiotensin�aldosterone system acts to promote
K1 excretion. Similarly, with deprivation of water alone,
competition among regulatory factors may also act to sta-
bilize K1 excretion. The K1-retaining influence of low
luminal flow rate is opposed by the stimulatory influence
on K1 secretion of increased circulating vasopressin.

Finally, in some acid�base disturbances, the net
result of several influences on K1 secretion may cause
the kidney to excrete K1 at rates exceeding K1 intake,
and thus to deplete body K1. In metabolic alkalosis,
plasma K1 concentration tends to be low because cell
uptake of K1 is enhanced. Aldosterone levels are often
elevated and also tend to promote K1 secretion.
Increased distal delivery of bicarbonate, associated
with increased distal flow, and high luminal bicarbon-
ate concentration permits the distal Cl concentration to
fall to low levels, and thus further favor K1 secretion
of KCl co-transport.

In acute metabolic acidosis, decreased uptake of K1

by distal cells tends to reduce K1 secretion. However,
as acidosis proceeds, proximal fluid absorption is
increasingly inhibited and distal flow rate begins to
increase. An additional factor favoring K1 secretion
is the elevation of aldosterone that has been observed
in chronic metabolic acidosis. Taken together, it is
important to recognize that renal K1 excretion has
multiple determinants, and that they may not always
be responding only to changes in K1 balance.
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INTRODUCTION

Hypokalemia is a common clinical disorder that can
be the end-result of: (1) potassium (K1) redistribution
between plasma and intracellular fluid (ICF); (2) insuffi-
cient K1 intake; (3) disproportionate K1 excretion. It is
commonly defined as a plasma K1 concentration less
than 3.5 mmol/L, but this level infrequently causes trou-
ble unless it has fallen rapidly: patients are usually
symptomatic when plasma K1 is lower than 2.5 mmol/L.
Major muscle weakness have a tendency to occur at
plasma K1 less than 2 mmol/L.

The average K1 intake in a typical western diet is
roughly 70 mmol.1 The intestine absorbs almost all of
the ingested K1; only negligible quantities of K1 are
excreted in the feces. The kidney plays an important
role in K1 balance, which is the result of glomerular fil-
tration, extensive proximal tubule reabsorption, and
highly regulated secretory/reabsorbtive processes
located along the distal tubule and the collecting duct
(CD).2 Total body K1 is roughly 55 mmol/kg of body
weight, with 98% distributed to the intracellular fluid
(primarily in muscle, liver, and erythrocytes) and 2%
in the extracellular fluid. Na/K-ATPase actively
pumps K1 into the cell and preserves the electrochemi-
cal gradient between the intra- and extracellular pool.

NEW CONCEPTS ON THE INTEGRATIVE
CONTROL OF K1 HOMEOSTASIS

Feedback Control of K1 Homeostasis

A large increase in plasma K1 concentration triggers
aldosterone release from the adrenal glands.
Aldosterone, in turn, stimulates the activity and syn-
thesis of both Na/K-ATPase and luminal K1 channels
in CD principal cells, thus promoting K1 excretion.3

In addition, aldosterone enhances K1 secretion in the
distal colon, which can exert an essential role when
renal function is reduced.4

On the other hand, if plasma K1 concentration
decreases as a consequence of reduced K1 intake or
increased K1 excretion, then feedback regulation redis-
tributes K1 from ICF to plasma. At the same extent,
skeletal muscle becomes insulin-resistant to K1 (but
not glucose) uptake, blocks the entry of K1 from
plasma into the cell. Hypokalemia also causes a
decreased expression of skeletal muscle Na/K-ATPase
2 isoform, thus allowing a leak of K1 from ICF to the
plasma.5 The low plasma K1 concentration suppresses
adrenal aldosterone release so that the kidney reduces
urinary K1 excretion.

Feedforward Control of K1 Homeostasis

However, besides the classic feedback control, some
findings suggest a feedforward control.6 It is clear that
plasma K1 stimulates aldosterone secretion only at
supra-physiological levels, with little effect within the
physiological range.7 Indeed, it has been shown that, in
sheep, a meal intake produced a substantial kaliuresis
in the absence of changes in plasma aldosterone con-
centration.8 From these experiments it was concluded
that the increased renal K1 excretion following a meal
cannot be explained by changes in aldosterone
concentration, but it may be dependent on the exis-
tence of a kaliuretic reflex arising from sensors in the
splanchnic bed (i.e., gut, portal circulation, and/or
liver) (Figure 50.1).

One of the potential effectors of the feedforward
control of serum K1 is glucagon. Glucagon secretion is
definitely stimulated after a protein-rich meal, and
intraportal glucagon infusion produces significant
increases in renal blood flow and glomerular filtration
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rate (GFR), suggesting the existence of a hepatorenal
axis.9

The feedforward regulation may act through three
different mechanisms: (1) insulin release rapidly stimu-
lates cellular K1 uptake into insulin-responsive tissues;
(2) glucagon, through cAMP released from the liver,
quickly increases renal K1 excretion after a protein-rich
meal; (3) a yet-unidentified gut factor senses K1 inges-
tion and enhances renal K1 excretion. When plasma
K1 level increases despite these layers of control, feed-
back regulation is activated. Aldosterone acts only after
a certain time, it is not involved in rapid control of K1

homeostasis, but it can chronically increase K1 secre-
tion until plasma K1 is normalized.6

Assessment of Urinary K1 Excretion

Several urine parameters are used to identify
whether hypokalemia is dependent on renal loss. Renal
K1 excretion can be assessed with a 24 hour urine col-
lection or a spot urine test determining the K1: creati-
nine ratio. A 24-hour urinary K1 excretion lower than
15 mEq or a K1 (mmol)/creatinine (mmol) ratio ,1
suggests an extrarenal cause of hypokalemia.

In the clinical practise, as an initial test to address
the origin of K1 losses, a random urine K1 is used.
However, this approach is hampered by the effect of

renal water handling on urine K1 concentration.
Determining the transtubular K1 gradient (TTKG) is
still an accepted way to assess renal K1 handling:

TTKG5 ½uk=ðuOsmolality=sOsmolalityÞ�=sk
Tubular fluid K1 concentration in the last part of the

CD is mainly dependent on aldosterone, because most
K1 secretion takes place in the CD. Thereafter, urinary
K1 concentration increases as a consequence of water
reabsorption. The TTKG reflects the tubular fluid K1

concentration at the end of the cortical CD, by account-
ing for water reabsorption that takes place distal of
where K1 secretion has ended.

However, there are few limitations to the clinical use
of this formula.10 First, the calculation assumes that
there is no significant solute transport and only water
reabsorption along the medullary CD. Any Na1 or
urea reabsorption in this segment would tend to lower
urine osmolality and cause the TTKG to overestimate
the gradient for K1 secretion in the upstream CD.
Second, there must be optimal conditions for K1 secre-
tion at the time that the TTKG is measured. In this
regard, urinary Na1 should be no less than 25 mEq/L,
to guarantee that Na1 delivery to the CD is not rate-
limiting in K1 secretion. In addition, urine osmolality
should be equal to or higher than the plasma. A higher
urine osmolality indicates increased vasopressin

FIGURE 50.1 Schematic diagram illustrating feedback versus feedforward control of K1 homeostasis. Left: In feedback control, an
increase in ECF [K1] is the signal that stimulates urinary K1 excretion. Right: In feedforward control, an increase in [K1] in the gut is sensed
during K1 intake and stimulates urinary K1 excretion independently from a rise in ECF [K1].
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release, which is known to stimulate K1 secretion in
the CD.

Hypokalemia Associated With Intracellular Shift

The regulation of K1 distribution between the intra-
cellular and extracellular space is known as internal K1

balance. Even though the kidney is in charge of the
preservation of total body K1, factors that adjust inter-
nal balance are central to the removal of acute K1-
loads. A large K1 intake could potentially double
extracellular K1 concentration in the absence of a rapid
shift into the cells. This process is mainly regulated by
insulin and catecholamines, with a minor role of meta-
bolic and respiratory alkalosis.

Hypokalemic periodic paralysis is a rare disorder
characterized by muscle weakness or paralysis as a
result of the sudden movement of K1 into cells.
Measurement of the TTKG at the time of the attacks
typically shows values of ,1. The attacks may be trig-
gered by exercise, stress, intake of large quantities of
carbohydrates, and increased release of catecholamines
or insulin.11

This disorder is classified as primary, due to a
genetic defect or acquired, due to drugs or glandular
diseases. The genetic forms are associated with muta-
tions in genes encoding for subunits of muscular
sodium, calcium, and potassium channels. Mutations
in the α-subunit of the calcium channel [dihydropyri-
dine (DHP)-receptor] (CACNA1S) gene and the α-sub-
unit of the sodium channel (SCN4A) have been
described. Loss of function mutations of CACNA1S
reduce current density. A mutation in the KCNJ2 gene
encoding for the inward-rectifying potassium channel
Kir2.1 causes Andersen-Tawil syndrome, characterized
by the triad of periodic muscle weakness, cardiac
arrhythmias, and multiple dysmorphic features (short
stature, hypertelorism, micrognathia).12 Whether hypo-
kalemia determines the attack is not well-established.
The onset of attacks occurs generally between 15 and
35 years of age; the severity of the clinical manifesta-
tions range from rare episodes in a lifetime to daily
and severe attacks. The attacks can be triggered by
all conditions which favor hypokalemia, such as
physical exercise, a carbohydrate-rich meal, alcohol,
and cold. Myalgia after the attack is a frequent com-
plaint. The acquired form is mainly associated with
thyrotoxicosis. Excess thyroid hormone may predis-
pose to paralytic episodes by increasing Na/
K-ATPase activity. The activity of this pump is
further induced by catecholamines, which are typi-
cally increased in this setting. The underlying cause
of thyrotoxicosis is most commonly Graves disease,
but it can also be a solitary thyroid adenoma

(Plummer disease).13 The acute attacks of hypokale-
mic periodic paralysis are best treated with intrave-
nous KCl and propranolol.

It is important to administer KCl in non-dextrose-
containing solutions, because glucose will stimulate
insulin release, potentially exacerbating K1 shift into
the cells. Propranolol (a nonspecific adrenergic
β-blocker) blocks the effects of catecholamines, and
inhibits the peripheral conversion of T4 to T3.

Extrarenal K1 Loss from the Body

Diarrhea is a common cause of hypokalemia due to
gastrointestinal loss. Secretory diarrhea may be the
consequence of two processes that can occur either
alone or together. First, it may be related to inhibition
of active intestinal NaCl and NaHCO3 reabsorption
and, second, it may be dependent on increased active
secretion of Cl2 coupled to passive secretion of an
identical quantity of Na1 in order to maintain the elec-
trochemical balance. Under both circumstances, the
stool electrolyte composition is analogous to plasma
with a high concentration of NaCl and a much lower
K1 concentration. Despite the low K1 concentration in
the stool, large K1 losses can take place in the setting
of large fecal fluid volume.

Hypokalemia may also be associated with infectious
diarrhea. In particular, malaria and leptospirosis may
cause alterations in fluid and electrolyte balance.
Hypokalemia is particularly frequent in children with
severe malaria, and may arise within several hours of
initiation of therapy. Hypokalemia develops in about
one-third of patients with leptospirosis. Such patients
are at risk of both gastrointestinal and renal losses. In
the outer membrane of the organism there is a sub-
stance that has an inhibitory effect on the Na/K-
ATPase within the nephron. It has been hypothesized
that this inhibitory effect reduces Na1 reabsorption
along the proximal tubule, thus increasing distal Na1

delivery, resulting in kaliuresis.14 Hypokalemia may
also be associated with watery diarrhea and achlorhyd-
ria, a condition secondary to hypersecretion of vasoac-
tive intestinal polypeptide (VIP). In adults, this
syndrome is most commonly a complication of pancre-
atic islet cell tumors, and sometimes of bronchogenic
carcinoma, medullary thyroid carcinoma or retroperito-
neal histiocytoma. There are now few reports describ-
ing chronic watery diarrhea and hypokalemia due to
adrenal pheochromocytoma containing immunoreac-
tive VIP.15

A recent report describes five consecutive patients
with acute or subacute colonic pseudo-obstruction suf-
fering a typical secretory diarrhea characterized by
very high fecal K1 concentrations (over 100 mEq/kg)
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and low Na1 concentration (Ogilvie syndrome). These
elevated fecal concentrations of K1 in large volume
diarrhea induced important outputs of K1 salts respon-
sible for profound hypokalemia and decreased urinary
excretion of K1.16

RENAL K1-LOSING SYNDROMES

Bartter Syndrome (BS)

BS results from a defect in any of the major compo-
nents of NaCl reabsorbtive machinery along the TAL.
So far, mutations of five genes have been described.
The defect determines renal loss of water and electro-
lytes resulting in hypovolemia, with a compensatory
increase in renin and aldosterone levels.

Genetic and Molecular Biology

BS type I is sustained by mutations of the SLC12A1
gene, encoding the kidney-specific furosemide-sensi-
tive NKCC2.17 A number of point mutations have been
described in homozygosis or compound heterozygosis,
mostly frameshift and non-conservative missense
mutations. To date, over 30 mutations in the SLC12A1
gene have been reported18; phenotypic variability
among patients with SLC12A1 mutations may be due
to the effect of genetic mutations on protein function,
and milder phenotypes may correlate with residual
NKCC2 function.19

BS type II depends on inactivating mutations of the
KCNJ1 gene, encoding the K1 channel ROMK.20 These
channels are the main renal K1 secretory channels.
Along the TAL, ROMK mediates K1 efflux to the
lumen, which is critical for supporting Na/K-2Cl
absorption via NKCC2. At this level of the nephron,
ROMK channels contribute to the generation of the
lumen-positive transepithelial voltage which allows
paracellular calcium and magnesium absorption. An
inactivating mutation of ROMK is thought to inhibit
salt reabsorption along the TAL. Over 35 genetic muta-
tions have been described, such as missense mutations,
frameshift mutations, and stop codons which result in
a truncated protein.21 The majority of these mutations
reduces or eliminates ROMK surface expression, as a
consequence of misfolding and/or mistrafficking;
others compromise K1 permeation and channel regula-
tion. Besides the TAL, ROMK channels are also
expressed along the apical membrane of principal cells
in the cortical CD, where they mediate K1 secretion
into the lumen. A defect in ROMK results in the classi-
cal BS phenotype, including the presence of hypokale-
mia. This finding brought attention to its role in K1

secretion. Subsequent studies have demonstrated that,
in the absence of functional ROMK channels, K1

secretion is guaranteed by the upregulation of flux-
sensitive Maxi-K channels along the CD in mice.22

BS type III depends on the mutation of the kidney-
specific Cl2 channel, CLC-K. Two genes belonging to
the CLC family are involved in Cl2 efflux across the
basolateral membrane, CLCNKA and CLCNKB. Their
products are nearly identical at protein level, and both
channels are associated with the Barttin subunit, essen-
tial for their insertion on plasma membrane and their
activity. These channels differ only in their distribution
along the nephron, with CLC-Ka expressed predomi-
nantly along the TAL, while CLC-Kb is expressed
along the DT.23 CLCKNB defects are associated with a
Bartter phenotype in humans; a high rate of deletions
encompassing the entire gene has been described,24

together with frameshift and splice-site mutations.
These mutations are supposed to disrupt the protein,
altering its function. The predominant location of
CLCKb along the DT explains why this variant of BS is
less commonly associated with a defect in concentrat-
ing mechanism, and with hypercalciuria. There is no
evidence CLCKNA mutations may generate a Bartter
like syndrome. ClCk1 (the ortholog of CLC-Ka)-defi-
cient mice show a phenotype of nephrogenic diabetes
insipidus.25 However a combination of defects in both
CLCNKA and CLCNKB genes result in a phenotype of
antenatal BS.23

BS type IV refers to the mutations in the BSND gene
product. In contrast to other BS variants, the gene does
not encode for an ion channel or transporter, but for an
accessory subunit of CLC-Ka and CLC-Kb, defined as
Barttin. CLC-K/Barttin Cl2 channels also localize in
the cochlea, along the basolateral membrane of mar-
ginal cells of the stria.26 Barttin has been found
mutated in patients suffering from BS; different muta-
tions generate phenotypes of varying severity. In heter-
ologous expression, CLC-K channels do not yield
currents in the absence of a functional Barttin subunit,
suggesting that Barttin is essential for their function.
As in the TAL, CLC-K channels participate in Cl2 reab-
sorption in the inner ear. Recent studies have shown
that the Barttin subunit is essential for the generation
of endocochlear potential; in the absence of Barttin, the
degeneration of cochlear outer cells and the collapse of
endolymphatic space may contribute to the pathogene-
sis of deafness in this BS subtype.27

BS type V depends on the activating mutation of the
calcium-sensing receptor (CaSR). The protein is
expressed in the parathyroid and in the kidney, and it
is mainly involved in calcium and magnesium homeo-
stasis. Along the TAL the CaSR is expressed on the
basolateral membrane and it can inhibit salt absorp-
tion. A case report showed that activating mutations of
the CaSR gene associated with a BS phenotype inhibit
ROMK, explaining the inhibition of salt absorption at
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this site.28 A number of gain-of-function mutations of
the CaSR gene have been identified as causing an
inherited form of hypocalcemia/hypoparathyroidism
(autosomal-dominant hypoparathyroidism). Whether
those disarrangements lead to a different phenotype is
still unknown.

Mutations in these five genes do not explain all
cases of BS, and many patients do not get a genetic
diagnosis. It is presumable that other genes are
involved in the pathogenesis of this syndrome.
Recently a role has been proposed for claudins, a
family of transmembrane proteins expressed within
the tight junction. Mutation in claudin-16 is associated
with familiar hypomagnesemia with hypercalciuria
and nephrocalcinosis. A single nucleotide substitution
has been found in the extracellular domain of
claudin-8 in four African-American BS patients.29 The
effect of the mutation on protein function has not yet
been addressed.

Pathophysiology

The defective NaCl absorption along the TAL
caused by mutations in any of these five genes leads to
an increased salt delivery to the distal nephron. The
subsequent volume-depletion leads to a compensatory
hyper-reninemia. Mice models of BS type I and II show
early onset of polyuria, metabolic alkalosis, increased
calcium and magnesium urinary excretion, and hyper-
prostaglandinemia, a phenotype which resembles the
abuse of loop diuretics. The activation of RAAS leads
to a compensatory increase in Na1 absorption along
the PT and the aldosterone-sensitive segments of the
nephron. The latter favors K1 secretion along the CD,
enhancing the kaliuretic effect of the increased Na1

delivery. Clinical differences among BS subtypes
depend on the specific physiological role of the causa-
tive gene in the kidney and in other organs.

Type II BS is characterized by relatively mild hypo-
kalemia compared with type I, and by the dual role of
ROMK in the kidney in controlling NaCl absorption
along the TAL (through K1 recycling) and K1 secretion
along the CD. The presence of hypokalemia is ensured
by the activation of the flux-sensitive Maxi-K channels
which mediate urinary K1 secretion along the distal
nephron. However, newborn infants suffering from
type II BS show transient hyperkalemia before develop-
ing normohypokalemia later in the infancy. This effect
may be due to the delay in BK-dependent K1 secretion,
which later is responsible for urinary K1 excretion.30

The widespread distribution of CLC-K channels
along the distal nephron and the compensatory activa-
tion of Cl2 absorption through other channels explains
why CLCKNB mutations may result in a pure BS phe-
notype, GS phenotype or a combination of these.23

Hypercalciuria and nephrocalcinosis are typical signs

of type I and II BS, but are rare in type III24; however, a
broad spectrum of phenotypes has been associated
with mutations of the CLCNKB gene, ranging from
antenatal BS to classic BS and Gitelman-like syndrome,
without any correlation with the type of genetic muta-
tion. Additional studies are needed for a better under-
standing of the phenotypic variability.

The presence of deafness is a hallmark of type IV
BS. Barttin, as pointed out above, is necessary
for CLC-K channels trafficking to the membrane.
ClCK-barttin complex is expressed in the kidney and
in the inner ear. Mice lacking a functional CLC-Ka
have a phenotype resembling nephrogenic diabetes
insipidus, with high vasopressin plasma levels, and
low osmolality of renal papilla even after water restric-
tion, suggesting a role in the urinary concentrating
mechanism. CLCKB-null mice show the classic form of
BS, whereas only a defect of Barttin determines deaf-
ness. In the inner ear CLC-K/Barttin channels partici-
pate in Cl2 transcellular extrusion across the
basolateral membrane. It is possible that the absence of
CLC-Kb could be compensated by the CLC-Ka-Barttin
in the inner ear, while the absence of Barttin equals a
double defect in CLC-k a and b, leading to deafness.23

Hypercalciuria and nephrocalcinosis are the main fea-
tures of type V BS. Activating mutation of the CaSR
leads to autosomal dominant hypoparathyroidism,
characterized by hypocalcaemia and hyperphosphore-
mia, with low-normal PTH levels.31

Clinical Presentation

Clinically, BS is divided into antenatal and classic BS
with or without deafness.

Antenatal BS, or hyper-prostaglandin E BS, is the most
severe form, characterized by polyhydramnios for
excessive urinary output and premature birth. It is sus-
tained by type I and II, and sometimes type III. After
birth, patients have a life-threatening clinical course,
with fever, vomiting, and lethargy. Biochemical analy-
sis shows the presence of metabolic alkalosis,
hypokalemia, isohypostenuria, and hypercalciuria.
Nephrocalcinosis is frequent. High urinary prostaglan-
din excretion of E2 or its metabolites is typical of the
antenatal form, and high levels of renin and aldoste-
rone are secondary to volume-depletion. The reason
for the high urinary and plasma prostaglandin levels is
still unknown, but it seems to be secondary to the
defect of NaCl absorption along the TAL.

Classic BS is sustained more often by type III BS.
Clinical appearance occurs during infancy or
childhood, in the absence of polyhydramnios and pre-
maturity. The clinical course is milder than the antena-
tal subtype; patients manifest polyuria, polydipsia,
vomiting, and dehydration. Nephrocalcinosis is an
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infrequent sign, and a less severe defect in urinary con-
centrating mechanism is present.

BS with sensorineural deafness. The presentation of
patients with type IV BS shows remarkable variation,
ranging from prenatal diagnosis with severe polyhy-
dramnios and prematurity to late diagnosis.32

Gitelman Syndrome

Gitelman syndrome (GS) differs from BS because of
the presence of hypocalciuria and hypomagnesaemia.
It is often diagnosed in adulthood.

Genetics and Molecular Biology

The syndrome correlates with mutations of the
SLC12A3 gene located on chromosome 16q, encoding
the thiazide-sensitive sodium-chloride co-transporter
(NCC). The transporter is expressed on the apical mem-
brane of distal tubule, and represents the major NaCl
transport pathway in this segment. More than 140 muta-
tions have been described; the majority of mutations are
missense substitutions, but frameshift and splice-site
mutations have also been described.33 Heterozygous
subjects show a tendency for low blood pressure, while
the complete GS phenotype occurs only in homozygosis.
De Jong et al. have performed, in xenopus laevis oocytes,
functional and immunohistochemical analysis of mutant
human NCC of GS subjects.34 This study has found
class I mutants, characterized by the absence of
significant metazolone-sensitive Na1 uptake with
undetectable protein distribution on the membrane, and
class II mutants, which exhibited significant, albeit low,
metazolone-sensitive Na1 uptake, while NCC staining
was equally present in plasma membrane and cyto-
plasm. These findings suggest that some mutations com-
promise NCC abundance in plasma membrane (class I),
leading to a defect in protein activity; other mutations
only partly impair NCC routing to the membrane, as
suggested by the presence of mutant NCC both on
plasma membrane and cytoplasm. However, different
mechanisms are involved in the impaired trafficking for
the two classes of mutations, and the precise mechanism
has still to be established. Previous studies suggest the
role of defective post-translational changes, such as
protein glycosylation, which seems to be required for
proper folding and trafficking to plasma membrane.35

A minority of patients with GS phenotype show muta-
tions in the CLCNKB gene, which is also responsible for
BS type III.

Pathophysiology

Both NCC and CLC-Kb dysfunction result in
decreased Na1 and Cl2 absorption along the DT. The
volume-contraction resulting from defective NaCl

absorption determines a compensatory activation of
RAAS, which promotes electrogenic Na1 absorption
along the CD through ENaC. The latter enhances K1

and H1 secretion along the CD, favoring hypokalemia
and metabolic alkalosis. The pathogenesis of
hypocalciuria and hypomagnesemia refers to a not yet
completely-elucidated mechanism. Micropuncture
experiments have demonstrated an increased Ca21

absorption along the proximal tubule (PT) after chronic
administration of thiazides, whereas DT calcium
absorption was unaffected.36 This hypothesis is sup-
ported by the presence of thiazide-induced hypocal-
ciuria in a mouse model lacking the calcium channel
(TRPV5) along the DT. These findings demonstrate
that increased calcium absorption parallels a compen-
satory increased Na1 absorption along the PT second-
ary to volume-contraction. Other studies suggest that
enhanced calcium absorption along the DT participates
in the generation of hypocalciuria. In a mouse model of
GS, the expression of TRPV5 and TRPV6 were
increased, and TRPV5 is also overexpressed in renal
tissue from patients with GS.37

Hypomagnesemia, another hallmark which distin-
guishes GS from BS, has a controversial origin.
Magnesium is freely filtered by the glomerulus, and it
is reabsorbed in a small fraction along the PT. The
majority of Mg21 is reabsorbed along the TAL, via
paracellular pathway, and DT, via transcellular path-
way. In the latter, Mg21 reabsorption is mediated by
the transient receptor potential cation channel, TRPM6.
In NCC knockout mice a downregulation of TRPM6 in
DT has been shown.36 This effect could explain the
defective Mg21 absorption, and the subsequent
hypomagnesemia.

The clinical phenotype in CLCNKB mutations is
extremely variable; several reports have described sub-
jects with phenotypic features of GS without any defect
in SLC12A3 gene, carrying homozygous mutations of
CLCNKB gene38 or mixed BS-GS phenotype.39

Clinical Presentation

GS is characterized by an extreme inter- and intra-
familial phenotype variability, varying from mild or
undiagnosed forms to severe conditions complicated
by growth retardation, ventricular arrhythmias, and
neuromuscular symptoms. In most cases the diagnosis
occurs in adulthood. The patients suffer from tetany,
especially during conditions which determine further
Mg21 loss, like vomiting or diarrhea. Some patients
experience fatigue which compromises daily activi-
ties, in relation to the degree of hypokalemia. In con-
trast with BS, those patients do not manifest polyuria
and growth retardation. Chronic K1 and Mg21 defi-
ciency may predispose to a higher risk for ventricular
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arrhythmias. However, lethal arrhythmias have been
reported rarely in GS patients, and may be related to
underlying triggering mechanisms besides hypokale-
mia. Riviera et al. have described a subgroup of GS
patients with severe phenotype, characterized by
early onset, and severe neuromuscular and cardiac
symptoms.40 Almost all patients of the subgroup were
male, and showed a higher incidence of splicing
mutation leading to a truncated transcript compared
with mild and classic GS. This study suggests that
male gender and splicing mutations, resulting in a
severe protein dysfunction, may account for the clini-
cal severity of GS. Biochemical analysis shows
hypocalciuria, hypokalemia, and hypomagnesemia.
Although hypocalciuria and hypomagnesemia have
been considered necessary for the diagnosis of GS,
recently a report of a GS patient with a proven muta-
tion in the GS gene did not manifest those signs.
Plasma renin and aldosterone levels are only slightly
increased compared with BS.

Liddle Syndrome

Liddle syndrome (LS) is an autosomal dominant dis-
ease leading to hypertension. Besides the early onset of
hypertension, it is characterized by hypokalemic meta-
bolic alkalosis, with downregulation of RAAS. In the
last 10 years the Lifton group has identified several
mutations mapping in β- and γ-ENaC subunits, result-
ing in the expression of a higher number of channels in
the plasma membrane.

Genetic and Molecular Biology

ENaC is comprised of three subunits, α, β, and γ,
which are assembled at stoichiometry α2βγ. Several
studies have suggested that also αβ and αγ are func-
tional channels. The first description of Liddle syn-
drome (LS) in literature was correlated with the
mutation in the gene encoding the β-ENaC subunit,
resulting in a premature stop codon which leads to
the loss of the last amino acids of the C-terminus.41

Genetic screening of subjects suffering from LS has
showed that the syndrome also segregates with muta-
tions of the gene encoding for the γ-subunit. The
expression of either truncated γ- or β-ENaC
subunit increases amiloride-sensitive Na1 uptake in
oocytes.42 These findings suggest that the C-terminus
of β- and γ-subunits is a crucial region for the activity
of the channel. Different investigations have found
that most mutations resulting in LS phenotype are
mapped on a highly-conserved PPPXY sequence (PPY
motif) of the C-terminus in β and γ; disruption of the
motif preserves the channel from inhibitory stimuli.

Pathophysiology

The amiloride-sensitive ENaC is an ion channel which
mediates Na1 absorption along the distal segment of
CNT and CD. ENaC channels are positively regulated by
aldosterone and vasopressin. In mice, aldosterone has
been shown to activate ENaC via the ser/thr kinase Sgk1.
This kinase induces ENaC activation partly through the
inhibition of ENaC downregulation by the E3 ubiquitine
ligase, Nedd4-2, which targets ENaC to degradation in
cultured cells.43 Sgk1 phosphorylates Nedd4-2 to an
inhibitory site, thus preventing ENaC removal from the
plasma membrane.44 Mutations in β- and γ-subunits of
ENaC in LS result in a constitutive activation of ENaC
activity.45 These mutations impair the PY motif in the
C-terminus, which is required for Nedd4-2-mediated
ENaC ubiquitination. In the absence of the binding site,
Nedd4-2 fails to target the channel for degradation.
However, these mutations increase the overall
ENaC expression at the apical membrane, contributing
to increased Na1 absorption. The resulting volume-
expansion explains the suppression of RAAS.
Interestingly, mice bearing a LS deletion revealed normal
aldosterone response.46 Consistently, in cultured cell,
aldosterone, vasopressin, and Sgk1 are still able to
increase ENaC surface abundance in the presence of LS
causative mutations,47 suggesting that Nedd4-2 is not nec-
essary for aldosterone-dependent increased ENaC activ-
ity. However, in LS patients, constitutive increased ENaC
activity leads to volume-expansion, high blood pressure,
and suppressed RAAS.48 As a consequence of increased
channel activity along the CD, patients do manifest hypo-
kalemia and metabolic alkalosis. Mice bearing LS become
hypertensive only when fed a high-salt diet.49

Clinical Presentation

LS was first described in 1963 as a condition resem-
bling hyperaldosteronism, because of the coexistence of
hypertension, hypokalemia, and metabolic alkalosis.
However, due to the low/normal levels of plasma aldo-
sterone this condition is described as pseudohyperal-
dosteronism of the second type. Hypertension usually
develops at an early age in affected individuals, and
worsens throughout the lifetime. Recently, Tapolyia
et al. have proposed the presence of serum bicarbonate
over 25 mmol/L, K1 levels lower than 4 mEq/L,
plasma renin activity lower than 0.35 μU/ml/h, and
plasma aldosterone levels lower than 15 ng/dl as
screening criteria for LS. Based on these criteria, this
group found a prevalence of 6.7% patients that satisfied
the criteria for likely LS in a cross-sectional investiga-
tion of 149 hypertensive patients with hypokalemia and
metabolic alkalosis.50 Hypertension is usually refrac-
tory to common antihypertensive drugs, while it is
responsive to the use of the ENaC inhibitor, amiloride.
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RENAL CHANGES IN K1 DEFICIENCY

Morphology

Experimental Studies

Hypokalemic states are associated with several renal
morphological alterations. The severity and exposure
time to hypokalemia are fundamental to the develop-
ment of renal injuries. Mild hypokalemia ranging
among 3.660.2 is not associated with significant glo-
merular or tubular abnormalities in Sprague-Dawley
rats.51 Renal hypertrophy is a universal finding in stud-
ies of K1-depletion (KD) since the early report by
Schraeder et al. in 1937. This renal growth has distinct
morphologic characteristics. The increase in kidney
mass is not uniform, being more prominent in the
outer medulla, as reflected in the relative contribution
of the different zones to total kidney weight in K1 defi-
cient rats.52

The growth process consists of both hyperplasic and
hypertrophic components. Despite the fact that hypo-
kalemic mice present a different metabolic behavior
(metabolic acidosis), they develop morphological
abnormalities of CD similar to rats and humans. K1

deficient mice show morphological alterations in outer
medulla CD (OMCD) after three days of a low-K1 diet.
CD epithelial cells from K1 deficient mice have a high-
er proliferation rate than control mice. Intercalated cells
show PCNA positive staining (proliferation marker)
more than principal cells. No signs of cellular hypertro-
phy are detected at this time point in CD epithelial
cells, despite IC already display an enlargement of the
apical membrane domain. After 14 days of a low-K1

diet both principal and IC cells appear hypertrophic as
evaluated at EM level. In hypokalemia-induced mor-
phologic alteration of OMCD, hyperplasia precedes the
development of cellular hypertrophy. Transcriptome
analysis of OMCD suggests Gdf15 (growth differentia-
tion factor 15) increases significantly from day 3 to day
14 of the low-K1 diet. It could be a potential candidate
in driving the switch from hyperplasia to hypertrophy.
Gdf15 belongs to the TGFβ superfamily, and it could
be a growth-stop signal in OMCD.53

The growth-promoting effect of K1 deficiency is not
limited by the state of the organ. It occurs in intact, as
well as in previously damaged, kidneys. Peterson
et al.54 have shown that institution of K1 deficiency in
a model of remnant kidney (5/6 nephrectomy) led to
an increase in renal mass and RNA content beyond
that expected of the surgical ablation alone.

CD is the main nephron site where morphologic
alterations occur in K1 deficiency. Glomerular and vas-
cular lesions have rarely been observed in pure K1

deficiency, and changes in proximal convoluted
tubules have been limited to vacuolar degeneration.

While several studies demonstrate the occurrence of
morphologic changes in individual CD cells, conflicting
statements have been made regarding the proportion
of cell types and number. Hansen et al.55 observed
extensive swelling of the epithelium of the CD involv-
ing both principal and intercalated cells along the
OMCD (Figure 50.2). No changes were observed in
either principal or intercalated cells of the initial CD.56

Intercalated cells in the MCD segment develop exten-
sive microplicae over the entire luminal surface with
increased luminal surface boundary length,55 whereas
no change was observed in basolateral membrane
length or in the luminal or basolateral aspects of princi-
pal cells57 (Figure 50.3). This increased luminal surface
could be due to the fusion of the cytoplasmic vesicles
with the apical membrane domain. A large number of
rod-shaped structures are opened in the lumen in this
way. This event is thought to be useful for H1 secretion
and K1 reabsorption through H1-ATPase or H1-K1-
ATPase activity, respectively. There are conflicting
findings about the proportion of intercalated and prin-
cipal cells in any part of the CD in K1 deficiency.
Evidences indicate the development of morphologic
changes in individual cells as well as an increase in cell
number.

FIGURE 50.2 Electron microscopy of rat collecting duct in

ISOM. This is a representative picture of hypertrophy of A-type-
intercalated cells. (With permission from Hansen, G. P. et al. 55)
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Recently, progressive capillary loss has been identi-
fied in hypokalemic nephropathy. This injury was first
observed in the ISOM after 2 weeks of a K-restriction
diet, expanded to the OSOM at 4 weeks, and then to
the cortex by week 12. Capillary loss significantly
correlated with local macrophage infiltration and low
endothelial cell proliferation rate, an effect probably
secondary to a decrease of VEGF and eNOS
expression.58

The most remarkable ultrastructural change is the
accumulation of cytoplasmic droplets in tubular cells
of the medulla. The appearance of droplets starts from
the CD at the tip of the papilla, and then extends
upward into the outer medulla until the cortico-
medullary junction. The extension depends on the
duration of K1 deficiency. Besides epithelial cells,
interstitial and other cells in the medulla also show
cytoplasmic droplets, with considerable enlargement of
cell volume. With K1 repletion, the droplets reversed
progressively.59 The droplets are believed to be the
consequence of phospholipids dysregulation,60 and
their lysosomal origin is suggested by the presence of
hydrolytic enzymes. It has been suggested that
increased ammonia production secondary to hypokale-
mia may contribute to vacuolation of nucleated cells in
KD.61 In fact, ammonia has been shown to induce
vacuolization of lysosomes, inhibition of endocytosis,
and lysosomial protein degradation. Another hypothe-
sis is that the cytoplasmic droplets could be related to a
cellular autophagy phenomenon. Lipid droplets share
common protein with the autophagosome in

hepatocytes and cardiac myocytes,62 and those orga-
nelles may be an expression of autophagy. Ureteral
ligation in K1 deficient rats is followed by resolution of
droplets, presumably because of increased renal med-
ullary K1 content.63 The severity of droplet formation
depends on the method of induction of K1 deficiency,
with minimal droplet formation developing with
DOCA-induced compared with dietary deficiency.64

Tubular and interstitial apoptosis is observed during
K1 deficiency. Apoptotic cells are located mainly in the
outer medulla. Bcl-2 protein distributed in the tubules
of the outer medulla is significantly decreased in KD
rats, while immunoreactivity for Bax protein tends to
increase above control levels. These results suggest that
apoptosis is associated with progression of cellular
proliferation in hypokalemic nephropathy, and a
decrease in bcl2 may be involved in promoting this
apoptotic process.65

Human Studies

Unlike experimental studies where K1 deficiency
can be induced selectively, clinical observations are fre-
quently based on complex conditions where K1 defi-
ciency is complicated by numerous other alterations,
including Na1 and acid�base homeostasis. The issue
is even more complex if we consider additional factors
like duration of disease, and therapeutic interventions
that may substantially alter histopathologic manifesta-
tions in humans. Finally, clinical data are usually lim-
ited to cortical biopsies, and sampling of medullary
and papillary structures may be lacking. An important
observation comes from autopsy studies in healthy
Thai adults who died of vehicular accidents. K1 defi-
ciency prevails among the healthy population of north-
east Thailand. In this study, none of the patients had
renal histopathological change compatible with a diag-
nosis of focal or diffuse interstitial nephritis, and there
were minimal renal tubulo-interstitial changes.66

Glomerular changes consisted mostly of a reduction
in capillary surface and Bowman capsule areas, and an
increase in the mesangial space. The glomerular shrink-
age was not associated with any alterations in cellular
constitution of the tuft.67 Of note is the increase in jux-
taglomerular complex size in many of the patients to
levels comparable to, or even exceeding, those
observed in BS. Such findings underscore the
non-specificity of this change, which is likely second-
ary to defective Cl2 absorption in the thick ascending
limb, rather than a characteristic feature of BS. Tubular
vacuolization was not a frequent or pathognomic
observation, although it was considered characteristic
by Conn and Johnson, who coined the term kaliopenic
nephropathy in 1956. More important for the prognosis
of these patients is the occurrence of degenerative
changes such as tubular atrophy, dilatation, epithelial

FIGURE 50.3 Electron microscopy of rat medullary collecting

duct, showing a representative picture of hypokalemia-induced

morphological changes in both principal and intercalated cells.
(With permission from Stetson, D. L. et al. 57)
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flattening, and thickening of the basement mem-
brane.68 Again, these alterations are non-specific, and
reflect evidence of chronic injury. Increased interstitial
surface area and lymphocytic cellular infiltration were
frequent. PAS-positive granules have been observed in
some of these patients in all medullary cells when
available in the specimen.

Taken together, these observations suggest that
many of the renal changes seen in K1 deficient animals
have their counterparts in clinical cases. Some of these
changes (glomerular shrinkage, tubular atrophy, inter-
stitial fibrosis) indicate irreversible renal damage, and
the occurrence of renal insufficiency in this group of
patients has been convincingly demonstrated.69

Indeed, in some young women the condition has led to
end-stage renal disease.70 Elements of the kaliopenic
nephropathy mixed to morphological changes second-
ary to hypertension are also found in patients with pri-
mary aldosteronism. The apparently additive insults of
hypertension and K1 deficiency are illustrated in the
study of 18 patients with primary aldosteronism by
Danforth et al.71 Moderate to severe hypertensive
changes (fibrous thickening of small vessels and glo-
merular hyalinization) and kaliopenic lesions (vacuoli-
zation and degeneration of tubular epithelia) were
observed in 14 (78%) and 16 (89%) patients, respec-
tively. The hypertensive changes appeared to be more
severe in this group than in subjects with primary
hypertension of similar severity, suggesting a possible
synergistic effect of K1 deficiency.

Tubular Function

A heterogeneous pattern of structural and functional
changes occurs along the nephron, with a progressive
increase from proximal to distal segments.

Proximal Convoluted Tubule

SODIUM CHLORIDE

Transport along the proximal tubule has been exten-
sively studied in both acute and chronic K1 deficiency
models with micropuncture and isolated tubule techni-
ques. An acute change in K1 concentration in the per-
fusion bath below 2.5 mM inhibits NaCl transport in
isolated and perfused PT from rabbit.72 Decrements in
NaCl reabsorption, as evidenced by decreased net fluid
absorption in this segment, have also been observed
during capillary microperfusion with hypokalemic
solutions in rats.73 Studies in K1 deficient animals
show a different pattern of alterations in transport.
Walter et al.74 performed micropuncture studies on
anesthetized rats which had been kept on a K deficient
diet for 2 weeks. In these animals total glomerular fil-
tration rate (GFR) and single-nephron filtration rate

were significantly lower than controls. Fractional reab-
sorption by the proximal convoluted tubule was
enhanced, and end proximal fluid delivery was
markedly reduced. These observations are in line
with other studies showing reduced fractional excre-
tion of lithium in K1 deficiency,75 presumably a
surrogate measurement for enhanced proximal Na1

reabsorption.
Chronic K1 deficiency, but not an acute luminal

exposure, leads to increased NaCl reabsorption. K1

deficiency increased the expression of both the adren-
ergic receptor alfa2B,

76 and AT1 (angiotensin II recep-
tors)77 in rat PT. These changes are coupled with an
increase in renin and angiotensin II level, as demon-
strated in many species. The higher Na1 reabsorption
could be in part transcellular, mainly driven by several
Na1 transporters upregulated in hypokalemia (vide
infra).

Hypokalemic rats have an increased expression of
Na-H exchanger 3 (NHE3) in membrane fractions of
renal cortex and outer stripe of the outer medulla
(OSOM). Immunohistochemistry confirms that NHE3
labeling is increased in the luminal membrane domain
of the PT of hypokalemic rats.78 However, Wang et al.79

found no change in the expression of NHE3 mRNA
and its cognate protein after 6 and 14 days in rats on a
low-K1 diet. The mRNA levels for NHE1, NHE2, and
NHE4 also remained unchanged at 6 and 14 days
of the low-K1 diet. These apparent inconsistencies
between protein expression and mRNA levels could be
due to a posttranslational level of regulation of NHE3,
as recently found in hypertensive models.80 In parallel
with Na1 reabsorption, NHE3 promotes proton extru-
sion. This mechanism is functional for net bicarbonate
reabsorption through the PT.

BICARBONATE

Chronic K1 deficiency is associated with metabolic
alkalosis and an increase in bicarbonate reabsorption,
as demonstrated by free-flow micropuncture and
microperfusion studies in rats.81 In contrast,
acute exposure of proximal tubules to ow (K1 2 mM)
in capillary microperfusion experiments had no effect
on bicarbonate reabsorption.73 The mechanism of
enhanced bicarbonate reabsorption is mediated by
stimulation of NHE3 and the basolateral Na/3HCO3-
co-transporter.75 In OKP cells, low-K medium causes a
decrease in intracellular pH, which leads to increased
NHE3 activity.82 Accordingly, NHE3 total protein
abundance and immunostaining along the apical mem-
brane of PT and TAL were dramatically increased in
hypokalemic rats.

The bicarbonate basolateral exit pathway from the
PT cells is mediated by the sodium bicarbonate
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co-transporter (NBC1). During K1 deficiency states
both the activity and mRNA expression of NBC1 are
increased.83 It is not clear if the upregulation of
NBC1 causes the lowering intracellular pH or
whether it is a consequence of the higher bicarbonate
reabsorption.

Angiotensin II could promote bicarbonate reabsorp-
tion in the PT. In fact, angiotensin II is found to
increase NBC1 expression in rat PT, while it is debated
whether it also regulates NHE3 function.84

AMMONIUM

Metabolic alkalosis developing during K1 deficiency
is also sustained by increased bicarbonate generation
from the ammoniagenesis pathway in the PT. Chronic
hypokalemia is associated with increased ammonium
excretion in humans as well.85 K1 deficiency leads to a
three-fold increase in ammonia production in the S1,
and to a two-fold increase in S2 segments of PT.86 No
changes in ammonia production were observed in the
S3 segment (pars recta) or in the thick ascending limb
or distal convoluted tubule. The increased ammonia
production in S1 occurred in both superficial and juxta-
medullary nephrons, with a greater extent in the for-
mer. The primary mechanism by which K1 deficiency
stimulates renal ammonia production is not precisely
known. Increased renal ammonia production and
excretion, despite the simultaneous presence of meta-
bolic alkalosis, suggest that intracellular factors, rather
than extracellular pH, modulate renal ammonia metab-
olism. Intracellular acidosis that occurs in K1 defi-
ciency may initiate the adaptive response in
ammoniagenesis. Both mitochondrial (glutamine trans-
aminase activity) and cytosolic (phosphoenolypyruvate
carboxykinase, PEPCK) enzymes involved in gluta-
mine catabolism and gluconeogenesis are increased in
the hypokalemic state.87 This pathway induces a net
gain of new bicarbonate production. K1 repletion leads
to prompt decreases in ammonia production.88

Although mice present a species-different acid�base
adaptation to hypokalemia, namely metabolic acidosis,
they share a high urinary ammonium excretion with
rats. Hypokalemic mice show an increase of glutamine
transporter SNAT3. SNAT3, normally located in the S3
segment of the PT, spreads to S1 and S2 segments dur-
ing K1 deficiency, supporting the increase ammonia-
genesis in the PT89 (Figure 50.4).

PHOSPHATE

Chronic K1 deficiency is associated with low
serum phosphate (Pi) and an increase urinary Pi
excretion in rats and mice. Key regulators of renal Pi
excretion are the Na dependent co-transporter NaPi
IIa and NaPi IIc, expressed almost exclusively in the

kidney. Another group of Pi transporters, Pit-1 and
Pit-2, have been described.90 In hypokalemia, a phos-
phaturic phenotype is associated with a differential
regulation of the different NaPi transporters. NaPi IIa
protein abundance in brush border membranes
(BBM) and protein targeting to the apical membrane
are increased, while NaPi IIc and PiT2 are decreased
in animals fed with a low-K diet. In addition, NaPi
IIc relocates from the apical membrane domain to
cytoplasmic vesicles.91 The downregulation of NaPi
IIc seems to sustain the hypokalemia-induced urinary
phosphate loss.

OTHER PROXIMAL TUBULE DYSFUNCTION

Chronic K1 deficiency causes hypocitraturia.
Urinary citrate excretion is mainly a function of citrate
absorption along the proximal tubule, a process medi-
ated by the Na-dicarboxilate co-transporter NaDC1,
and citrate metabolism. Levi et al.92 have shown an
increased NaDC1 activity on renal cortical BBM from
K1 deficient rats. Hypokalemia may also participate in
proximal tubular dysfunctions observed in children
with primary distal renal tubular acidosis. Indeed, in
these patients, correction of hypokalemia ameliorates
low molecular weight proteinuria, phosphaturia, and
generalized aminoaciduria.

FIGURE 50.4 Hypokalemia increases ammoniagenesis in proxi-

mal tubule cells. Hypokalemia-induced ammoniagenesis is proved
by an increased expression of PEPCK and glutamine transaminase.87

Therefore, hypokalemic mice present an upregulation of SNAT-3, the
sodium-coupled glutamine importer along the whole proximal
tubule.89 These effects are coupled to upregulation of NHE378 and
NBC-1145 transporters involved in proximal tubule bicarbonate
reabsorption.
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Loop of Henle

SODIUM CHLORIDE

Eknoyan et al.93 were the first to suggest that a defect
in Na1 transport by the thick ascending limb (TAL)
could explain the concentrating defect of K1 defi-
ciency. Micropuncture and microperfusion studies
showed diminished net Cl2 reabsorption between the
latest proximal and earliest distal segment, as well as
increased luminal Cl2 concentration at the latter site.
These findings were consistent with impaired TAL
absorption, and the defect was only partially corrected
with indomethacin. Gutsche et al.,94 using the micro
stop-flow technique, have provided evidence for defec-
tive Na1 transport in the TAL of K1 deficient rats. The
severity of the defect correlated with the decrease in
plasma K1 concentration, and was rapidly reversed
with acute K1 administration. In addition, net NaCl
transport is inhibited by reduction in bath K1 concen-
tration in isolated perfused TAL.95

A more recent study has uncovered the molecular
basis of the observed defects in electrolyte reabsorption
in the TAL. In rats, NKCC2 mRNA expression in
medulla is decreased about 56 and 51% after 6 and 14
days of K1 restriction diet respectively. Functional
studies in tubular suspensions of medullary TAL from
K1 deficient rats demonstrated a 45 and 37% decreased
NKCC2 activity at 6 and 14 days, respectively. NKCC2
protein abundance of membrane fraction from renal
ISOM is downregulated in rats fed for 4 days on a K1

restricted diet. Immunohistochemical localization con-
firms a lower expression of NKCC2 in mTAL.78 Na/K-
ATPase plays a key role in the Na1-dependent trans-
port in this nephron segment. Despite the increase in
the number of Na/K-ATPase units, the transport
capacity of the Na/K pump, determined by ouabain-
sensitive Rb uptake, was reduced in mTAL from K1

deficient rats. Inhibition of the Na/K pump was the
consequence of a reduced affinity for Na.96

BICARBONATE AND AMMONIUM

Basolateral and apical Na-H exchangers (NHEs) in
TAL are involved in NH1

4 and HCO2
3 absorption,

respectively. The NH1
4 absorption rate in Henle’s loop

is increased in K1 deficiency, which may be secondary
to the increased NH1

4 concentration in luminal fluid
and/or to an increased NH1

4 absorptive capacity of
TAL. HCO2

3 absorptive capacity in Henle’s loop is
unchanged in K1 deficiency, despite the presence of
metabolic alkalosis. The effects of K1 deficiency on the
expression of basolateral NHE-1 and the expression of
apical NHE3 in TAL have been examined by Laghmani
et al.97 NHE1 protein abundance was similarly
increased (approximately 90%) at 2 and 5 weeks of K1

deficiency, while NHE1 mRNA amount in TAL cells

was increased at 2 weeks, and returned to normal
values by 5 weeks. NHE3 protein abundance and
mRNA remained unchanged after 2 weeks of K1 defi-
ciency. NHE3 mRNA was reduced by approximately
50% at 5 weeks. In K1 deficiency, the increased NHE1
expression may support an increased TAL NH1

4

absorptive capacity. The lack of change in NHE3
expression, despite the presence of metabolic alkalosis,
is in agreement with the unchanged HCO2

3 absorptive
capacity of Henle’s loop. Recently, an electro-neutral,
Na-dependent HCO2

3 -co-transporter (NBCn1) has been
cloned and localized at the basolateral side of the
mTAL. Several results show NBCn1 is fundamental for
NH1

4 reabsorption in the TAL. NH1
4 entering the

mTAL cell via the furosemide-sensitive NKCC2 trans-
porter dissociates into H1 and NH3. The NH3 leaves
the cell via non-ionic diffusion preferentially through
the basolateral membrane. The remaining proton may
either be transported directly via a basolateral NHE1
and/or could be buffered by basolateral import of
HCO2

3 through NBCn1. During hypokalemia, NBCn1
protein abundance is strongly upregulated in ISOM. In
addition, in vitro perfusion of isolated mTAL shows
hypokalaemia induced a three-fold upregulation of
Na-coupled HCO2

3 influx98 (Figure 50.5).

Distal Tubule

SODIUM CHLORIDE

Along the DT downregulation of the main Na1

transporter has been reported. Rats fed a low-K1 diet
for 4 days present a downregulation of sodium chlo-
ride co-transporter (NCC) in the membrane fraction of
cortex and OSOM. Immunoistochemistry confirms the
reduced expression of NCC in the convolute distal
tubule cells.78

BICARBONATE

In DT, the rate of bicarbonate absorption is not
altered in K1 deficiency, despite a lower delivery rate
and the presence of a greater lumen-to-plasma bicar-
bonate concentration difference due to the higher
plasma and lower luminal levels.99 Micropuncture
experiments have demonstrated that bicarbonate reab-
sorption along the distal tubule of K1 deficient rats
was increased when delivery rates of bicarbonate
reached levels similar to those in controls. In the DT,
bicarbonate reabsorption is relatively insensitive to
peritubular alkalinization, and the systemic alkalosis
does not affect acid secretion.100 The mechanism, there-
fore, is not self-limiting, and no “braking” of the
enhanced bicarbonate reabsorption occurs. This is due
to enhanced electrogenic proton secretion (H1-ATPase)
as demonstrated by in vivo microperfusion of the
superficial distal tubule in K1 deficient animals.101
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POTASSIUM

K1 secretion in the segments of the distal nephron
accessible to micropuncture (the early distal convo-
luted tubule, the connecting tubule, and the initial col-
lecting tubule), is reduced to near zero in K1

deficiency.56

Collecting Duct

This segment is the site of major structural
changes in K1 deficiency, and the alterations in its
transport functions are primarily responsible for met-
abolic alkalosis and defective urinary concentrating
ability.

SODIUM

Along the connecting tubule, as well as the cortical,
outer, and inner medullary CD, Na1 uptake occurs
through the luminal amiloride-sensitive epithelial Na1

channel (ENaC), and it is driven by the electrogenic
potential induced by the basolateral Na/K-ATPase.
During hypokalemic states, all ENaC subunits (α, β
and γ) are downregulated in renal samples from cor-
tex-OSOM, and in whole kidneys as well. This has
been ascribed to the hypokalemia-induced inhibition of
aldosterone secretion.78 Despite this finding, K1 defi-
ciency produces a striking, time-dependent increase in
Na/K-ATPase activity, mainly in the CD in ISOM.
After 3 weeks of a K-free diet, Na/K-ATPase activity

was over four-fold higher than control animals.102 The
increased protein activity was larger than the extent of
tubular volume or protein content, indicating that it is
not merely a reflection of the concomitant hypertrophy
observed in this region of the nephron. Na/K-ATPase
activity returned to baseline after 7 days of K1 reple-
tion.102 In association with the increased activity, it has
been described that two weeks of K1 deficiency
induced a marked increase in the α1- and β1-subunits
of Na/K-ATPase in medullary, but not in the cortical
portion of the CD.103 These observations are interest-
ing, because enhanced activity of Na/K-ATPase would
likely promote K1 secretion and urinary loss, thus
exacerbating the hypokalemia. Because the ISOM seg-
ment of the CD plays an important role in K1 homeo-
stasis, the upregulation of the Na/K-ATPase has been
associated with a potential kaliferic function. To recon-
cile these observations, Hayashi and Katz102 proposed
that the induced Na1 pumps were localized to the
luminal domain, thus facilitating active K1 reabsorp-
tion instead of secretion. Further evidence is needed to
support this hypothesis. During a hypokalemic state, in
the medullary interstitium a lower K1 and an
increased NH1

4 concentration develop (see below).
NH1

4 and K1 compete for the same transport site of the
Na/K-ATPase. Upregulation of the Na/K-ATPase in
the IMCD promotes ammonium uptake, primarily
from the reduced interstitial K1 concentration.104 This
phenomenon could be another explanation for the par-
adox of the Na/K-ATPase upregulation.

Proton Secretion

The development of metabolic alkalosis in sustained
by the increased bicarbonate absorption and generation
along the PT, as well as the enhanced proton secretion
along the CD. Physiologically, the proteins responsible
for proton secretion are mainly the H-ATPase and
H/K-ATPase.

The effects of K1 deficiency on the activity and dis-
tribution of the H-ATPase in the Sprague-Dawley rat
were assessed by Bailey et al.101 K1 deficiency
increased electrogenic H-ATPase activity in rat distal
tubule, with an increased insertion of pumps into the
apical membrane.105 These findings were confirmed
and expanded by Silver et al.106 The rate of pH(i) recov-
ery in intercalated cells (ICs) in response to an acute
acid-load (a measure of plasma membrane H-ATPase
activity) was three times larger after K1 deficiency as
compared to controls. This was associated with a
change in the distribution of membrane-bound proton
pumps in the IC population of cortical CD from K1

deficient rats. Immunocytochemical analysis of rats
CDs showed that K1 deficiency increased the number
of ICs with tight apical H-ATPase staining, and

FIGURE 50.5 Hypokalemia impairs sodium chloride absorption

in the TAL, mainly inhibiting both the activity and expression of
the NKCC2.78 The reduction of sodium chloride absorption in the
TAL contributes to the urinary concentrating defect. Ammonium
absorption is increased along the TAL, sustained by the upregulation
of basolateral NHE197 and NBCn1.98
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decreased the number of cells with diffuse basolateral
H-ATPase staining. Taken together, these data indicate
that chronic K1 deficiency induces a marked increase
in plasma membrane H-ATPase activity in individual
ICs.

The ability of A-ICs to secrete protons into the
lumen is strictly coupled to bicarbonate extrusion on
the basolateral side, and it is blocked when an
impairment of bicarbonate extrusion occurs. The latter
is mainly mediated by the anion exchanger-1 (AE-1)
and other members of this family. During K1 defi-
ciency, protein abundance of AE-1 increases in cortex
and OSOM, and this is coupled with a strong upregula-
tion of another anion exchanger, SLC26A7.107 In
MDCK cells, SLC26A7 was found to translocate from
the endosomal compartment to the basolateral mem-
brane in response to a low-K1 media.108

H/K-ATPase promotes luminal acidification and K1

reabsorption. Two isoforms, H/Kα1 (gastric) and
H/Kα2 (colonic), are expressed along the entire length
of the CD from the early connecting tubule to the inner
medullary CD. This localization is consistent among
species. In rat CD, H/K-ATPase is expressed mainly in
intercalated cells.109 Chronic K1 deficiency (3 weeks)
led to a generalized increase in H/K-ATPases activity
along the CD segments, with the greater increments
occurring in CNT.CCD.MCD. This is in contrast to
the morphologic changes that occur in the CD in K1

deficiency, which display a hypertrophic response with
the hierarchy: MCD.CCD.CNT.102 Studies from sin-
gle H/Kα1 and H/Kα2 knockout mice show an
impairment in acid secretion during normal diet,
confirming the crucial role of this transporter in renal
acid�base balance. Data from H/Kα2 null mice
demonstrated increased fecal K1 loss, without signifi-
cant differences in K1 urinary excretion. A compensa-
tory activation of the H/Kα1 subunits might be
responsible for K1 secretion in the absence of
functional H/Kα2-subunits. Investigation of double
H/Kα1 and H/Kα1,2-null mice on a K1 deficient diet
will provide insight into the functional importance of
H/K-ATPases in K1 deficient conditions.109

Pendrin belongs to a superfamily of Cl/anion
exchangers, and has been localized in the apical side of
non-type-A IC of the cortical CD. Reduced bicarbonate
secretion was demonstrated in a pendrin knockout
mouse model. In chronic K1 deficiency, known to elicit
a metabolic alkalosis, pendrin protein levels are
decreased and pendrin expression is shifted to an intra-
cellular pool with the relative number of pendrin posi-
tive cells reduced. These results are in agreement with
a potential role of pendrin in bicarbonate secretion and
regulation of acid�base transport in the cortical CD.110

These adaptations occurring during K1 deficiency are
similar to those observed in chronic metabolic acidosis.

Considering that metabolic alkalosis suppresses distal
acidification, the stimulation by K1 deficiency over-
comes the effect of the alkalemic state. K1 deficiency
thus exerts a primary, aldosterone and Na1-indepen-
dent, stimulatory effect on hydrogen ion secretion in
the CD, most likely at the level of the putative proton
pump (Figure 50.6).

POTASSIUM

K1 deficiency results in a decrease in urinary K1

excretion of variable magnitude, depending on the spe-
cies. In all species, however, the decline in K1 excretion
does not match the reduced intake, and a persistently
negative K1 balance is observed. In humans, short-
term dietary K1 deprivation (intake of less than
1 mEq/day) induces a decline in urinary K1 excretion
which is still higher than intake, with a gradual adapta-
tion reaching a maximum within 5 to 7 days. In rats
fed a low-K diet, urinary K1 excretion falls promptly
and parallels intake by 72 to 96 hours after the institu-
tion of a K1 deficient diet.111 The conservation of K1

can be conceived as being due to attenuation of
kaliuretic mechanisms, in part by resistance to nor-
mally kaliuretic influences, and in part by activation of
kaliferic ones. Both phenomena have to be examined
in the context of renal and systemic adaptations
to K1 deficiency, with differences in short-term and

FIGURE 50.6 Hypokalemia led to a metabolic alkalosis in rats

and humans. In addition to a proximal tubule effect, an increased
acid secretion has been described in type-A-intercalated cells. Both
H1-ATPase106 and H1/K1-ATPase146 showed increased expression,
along with an upregulation of AE-1.107 B-type-intercalated cells
showed a reduced expression of the bicarbonate secreting trans-
porter, pendrin.110 This latter finding supports K1 depletion also
impairing urinary bicarbonate secretion.

1730 50. PHYSIOPATHOLOGY OF POTASSIUM DEFICIENCY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



long-term K1 deficiency. K1 secretion in the CCD is
markedly attenuated, but may not cease even with pro-
found degrees of K1 deficiency.112 The reduced level of
K1 secretion is coupled with a decreased response to
kaliuretic factors. Malnic et al.112 have shown that K1

deficient rats maintain their ability to increase K1

secretion in response to increments in tubular flow,
albeit at a much lower level. Finally, K1 deficient
humans are resistant to the kaliuretic influence of high
urine flux, osmotic diuresis, and metabolic alkalosis. It
has been suggested that an “escape” from kaliuretic
influences may occur in K1 deficient conditions, a con-
cept which resembles the escape from the Na1-retain-
ing effects of chronic mineralocorticoid administration.
Thus, no kaliuretic response is observed in rats when
DOCA is administered 72 hours after initiation of K1

deficiency.111 In contrast, resistance to the kaliuretic
effects of mineralocorticoids does not appear in short-
term (7�10 days) K1 deficient humans, in whom
administration of DOCA is associated with a kaliuresis,
despite the presence of hypokalemia and a large nega-
tive K1 balance.

K restriction suppresses renal K1 secretion and
enhances its absorption.113 This is achieved by both
inhibiting apical K1 channels in principal cells and
stimulating K1 absorption in intercalated cells. In CCD
a molecular mechanism has been proposed to explain
the inhibition of ROMK channels during severe and
moderate hypokalemia. Low-K1 intake increases renal
superoxide anion generation, which stimulates PTK
(protein tyrosine kinase) activity and MAPK (mitogen-
activated protein kinase) phosphorylation. PTK inhibits
ROMK activity through a tyrosine-mediated phosphor-
ylation. MAPK can inhibit the activity of the ROMK-
like SK and BK channels. Moreover, MAPK and PTK
may have a positive feedback on each other. Since acti-
vation of PTK and MAPK inhibits the apical K-
secretory channels, renal K1secretion is suppressed
during K1 restriction states114 (Figure 50.7).

The decline in aldosterone levels and the increase of
angiotensin II that accompany K1 deficiency contribute
to renal K1 conservation. It has been proven that
angiotensin II has an inhibitory effect on ROMK chan-
nels and, on the other hand, antagonists of the AT-1
receptor abolish the renal ability of K1 conservation
during K-restricted diet by preventing the tyrosine
phosphorylation of the ROMK channels.115 In K1 defi-
ciency states, the ratio of long versus kidney-specific
Wnk1 isoforms represents a novel K-saving mechanism
along the aldosterone-sensitive segments of the neph-
ron (vide infra).

UREA

The concentrating defect of K1 deficiency occurs in
association with a reduced osmolality of the medullary

interstitium. Urea uptake in the kidney is mediated by
a family of transporter proteins that include the renal
urea transporter UT-A, and the erythrocyte urea trans-
porter UT-B. UT-A1 and UT-A3 are localized in the dis-
tal part of the IMCD, and UT-A2 is localized in the
descending thin limb of Henle’s loop, while UT-B is
localized in vasa recta. K1 deficiency is associated with
reduced expression of UT-A1, UT-A3, and UT-B, but
with increased expression of UT-A2. These data sug-
gest that the impairment of urea absorption in the ter-
minal IMCD (UT-A1 and -A3), and the impairment of
the vasa recta urea recycling, could play a key role in
lowering the medullary osmolality of K1 deficient
mice.116

WATER

The concentrating defect of K1 deficiency is mani-
fest primarily as a limitation of maximal urinary con-
centrating ability, rather than persistent hyposthenuria.
K1 deficiency also results in polydypsia, thus accentu-
ating polyuria independent of the urinary concentrat-
ing defect. In humans, thirst is a prominent symptom
of experimental K1 deficiency.117 In rats, the increased
water intake precedes the development of the urinary
concentrating defect, and restriction of fluid intake in
the initial phase attenuates the polyuria; however, it
does not prevent the development of the urinary con-
centrating defect.118

In humans, the concentrating defect has been
observed in pathologic and experimental K1 deficiency.
The degree of K1 deficiency also relates to the severity
of the urinary concentrating defect in the rat. The rat,

FIGURE 50.7 Cascade of events leading to the K1-sparing effect

in the CD during K1 depletion states. Low extracellular K1 stimu-
lates an inactivating phosphorylation of ROMK channels through
PTK and MAPK kinases.114
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however, is still capable of generating a maximally-
concentrated urine for the first week,118 while by 2
weeks the concentrating defect is fully established.119

Hypokalemic rats keep the basal water permeability
at control level, whereas the response to vasopressin is
significantly diminished.120 These results are coupled
with in vitro experiments where extracellular K1 has
been explored in rat renal papillary CD cells in cul-
ture.121 Exposure of these cells to a K1-free medium for
more than 24 hours was associated with an attenuated
cellular cAMP response to both vasopressin and for-
skolin. Hypokalemia results in decreased aquaporin-2
(AQP2) expression in principal cells of rat CD (cortical
and medullary), in parallel with the development of
polyuria. K1 repletion is associated with normalization
of AQP2 expression and urine output.122

Whether prostaglandin (PG) synthesis interferes
with the action of vasopressin and the AQP2 system is
not univocal among species. In rats, neither PGE2

excretion nor papillary tissue content118,123 is affected
by K1 deficiency. On the same line, indomethacin
failed to reverse the concentrating defect, despite effec-
tive inhibition of medullary tissue prostaglandin syn-
thesis.118 The concentrating defect in K1 deficiency is
likely multifactorial; reduction in vasopressin response
and in medullary interstitial osmolality are contribut-
ing mechanisms acting in a complementary fashion.
Impaired NaCl reabsorption in the TAL and alteration
in urea recycling limits the establishment of a hyper-
tonic interstitium. The latter is a prerequisite for urine
concentration, and it may be amplified by polydypsia
and the consequent medullary washout. In addition,
an impaired response of the CD to vasopressin contri-
butes to the concentrating defect. Recently a tonicity-
responsive enhancer-binding protein (TonEBP) has
been identified as a transcriptional factor activated by
hypertonicity. TonEBP, among other functions, plays a
critical role in protecting renal medullary cells from the
deleterious effects of hypertonicity. It is a key regulator
of urinary concentration through the regulation of
AQP2 and UT-A transcription, in a vasopressin-
independent manner. K1 deficiency conditions are
associated with a downregulation of TonEBP in both
inner and outer medullary CD and TAL. In the des-
cending thin limb, TonEBP translocates from the
nucleus to the cytoplasmic compartment where it is
inactive. Lower interstitial osmolality occurring during
K1 deficiency could reduce TonEBP expression, and so
contribute to the downregulation of AQP2 and
UT-A124 (Figure 50.8).

There is also evidence in K1 deficiency for a decrease
in inner medullary organic osmolytes which might pre-
cede the renal concentrating defect. Aldose-reductase (an
osmoregulatory protein) mRNA abundance was reduced
in K1 deficiency.125

System Biology Approach to Hypokalemia

Since the discoding of the human genome, a novel
scientific approach has been widely diffuse in health
science: so-called systems biology. Systems biology
aims to observe any biological system in an holistic
way. It examines multiple components of a biological
system simultaneously through high-throughput techni-
ques (transcriptomics, metabolomics, and proteomics),
and integrates the data with mathematical models.
Systems biology methods produce a vast amount of
data to generate hypotheses on how the observed sys-
tem works. It offers new opportunities to understand
complex systems.

The OMCD transcriptome of hypokalemic mice has
been compared with one from mice treated with an
NH4Cl-load. Data were determined by using the serial
analysis for gene expression (SAGE) microassay; a clus-
ter analysis of changed tags has been reported in this
study. Hypokalemic mice showed overexpression of
tags belonging to the cluster of proliferation and apo-
ptosis, while tags of the transport cluster were predom-
inant in NH4Cl-induced acidotic mice. Several
transcripts have been identified in these clusters, and
they are listed in the study from Cheval et al.126

The proteome of kidneys from mild and severe hypo-
kalemic mice has been examined by Thongboonkerd

FIGURE 50.8 A model of the urinary concentration impairment

during K1 deficiency. In addition to a TAL-dependent low intersti-
tial tonicity generation, principal cells along the CD play a key role. It
has been described that K1 deficiency downregulates AQP2 expres-
sion, mainly in cortical and OSOM CD.122 In a mice model of K1 defi-
ciency, UT-A1 and UT-A3 are dowregulated.116 TonEBP could
promote the downregulation of urea transporters and AQP2.124
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et al.127 Chronic (8 weeks K1 deficient diet) hypokalemic
mice were compared with normokalemic mice.
Two-dimensional gel-based MALDI-MS and/or Q-TOF
MS/MS techniques were carried out on whole kidney
samples. Thirty-three proteins induced by K1 deficiency
were identified. They are mainly metabolic enzymes and
cytoskeletal proteins. Some of them are involved in the
osmoregulatory process of the papillary interstitium, such
as aldose reductase. A complete list of the altered proteins
is also available.

SYSTEMIC EFFECTS OF K1 DEPLETION

Healthy individuals may well tolerate short periods
of mild K1 deficiency; however, high K1 deficiency
may induce severe renal, cardiac, and neurologic inju-
ries, and glucose intolerance. Indeed, reduced K1

intake correlates directly with higher blood pressure in
both normotensive and hypertensive individuals.

K1 and Hypertension

Hypertension is a major health problem in devel-
oped countries. It has been extensively demonstrated
that the occurrence of hypertension is associated with
salt (NaCl) intake. There is evidence that dietary K1

intake may participate in determining sensitivity to
salt-induced hypertension.

Compared with our Paleolithic ancestors, the com-
mon Western diet contains a larger amount of Na1 (150
versus 20 mmol per day), the majority (approximately
75%) is added to food products by manufacturers.
While salt intake has been growing dramatically since
the Paleolithic period, K1 intake has been lessening (50
versus 320 mmol per day). This drop in K1 intake is a
consequence of reduced intake of fruits and
vegetables in the diet. Epidemiologic studies have dem-
onstrated that dietary K1 is inversely related to the
occurrence of hypertension, independently of salt
intake.128 An international study of electrolyte excretion
and blood pressure performed on a large cohort of sub-
jects, distributed in various countries, demonstrated
that K1 excretion is negatively and independently cor-
related with blood pressure.129 Furthermore, K1 sup-
plementation (60 mmol KCl per day) decreased blood
pressure in hypertensive patients with diuretic-induced
hypokalemia.130

The role of dietary K1 in controlling blood pressure
has been assessed by the Dietary Approaches to Stop
Hypertension (DASH) trial.131 Slightly hypertensive
individuals were arbitrarily assigned to either a control
diet or to the DASH diet (a diet rich in vegetables, fruits,
and low-fat dairy products); subgroups of participants
on each diet were divided to ingest either low,

intermediate or high amounts of Na1 (approximately
50, 100, and 150 mmol, respectively, per day). The
DASH diet markedly reduced blood pressure, indepen-
dent of Na1 intake (Figure 50.9). According to a
Scientific Statement issued by the American Heart
Association, the beneficial blood pressure-lowering
effect of the DASH diet is largely a function of its high
K1 content (about 120 mmol/day in the 2100 Kcal
DASH diet versus approximately 60 mmol/day in the
control diet).132 The effect of K1 supplementation on
blood pressure was further confirmed in a meta-analysis
of 33 clinical trials.133

The mechanisms by which low dietary K1 intake
increases blood pressure have been investigated.134 It has
been shown that the hypertensive effect of K1 deficiency
is prevented by lowering daily Na1 intake. K1 deficiency
seems, at least partially, to enhance renal Na1 reabsorp-
tion. This mechanism could be sustained by WNK1.135

New Physiologic Concepts in Aldosterone-
Dependent Sodium and K1 Handling

Aldosterone is an important regulator of the final
composition of urine through its effects on the distal

FIGURE 50.9 Progression of weekly blood pressure measure-

ments during control diet, fruit- and vegetable-enriched diet and

DASH diet. Control diet was typical of the diets of a substantial
number of Americans with a K1 content about 25th percentile of US
consumption. The fruits- and vegetables-diet provided potassium
and magnesium at levels close to the 75th percentile of consumption.
The DASH diet had a K1 content about 75th percentile of US con-
sumption, and a reduced amount of saturated fat, total fat, and cho-
lesterol. (Adapted from Appel et al. 131)

1733SYSTEMIC EFFECTS OF K1 DEPLETION

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



nephron. ENaC are activated by aldosterone, thus
creating a lumen-negative potential. The luminal
electronegativity supplies the driving force for Cl2

reabsorption through the paracellular pathway and K1

and H1 secretion. In such a way, Na1 and K1 homeo-
stasis are finely tuned together. Aldosterone secretion
is extremely sensitive to extracellular fluid volume
depletion and hyperkalemia. In volume-depletion
conditions, aldosterone increases salt reabsorption
restoring extracellular fluid volume without generating
hypokalemia. During hyperkalemia, aldosterone
increases renal K1 excretion, without concomitant
renal salt retention.

The ability of the kidney to respond to increased
aldosterone with two different physiologic adaptations
(salt retention without K1 secretion during volume-
depletion states, and K1 secretion without salt reten-
tion during hyperkalemia) is still a subject of debate.
Recent data suggest a potential implication of the
WNK kinase.136 WNK (with no lysine) kinases are a
novel family of large serine/threonine protein kinases
that are conserved in multicellular organisms.137 At
present, there are four known mammalian WNK fam-
ily members: WNK1, WNK2, WNK3, and WNK4.
WNK4 is widely-expressed in epithelial tissues. Full-
length WNK1 is ubiquitous, and is also known as long
WNK1 (L-WNK1); an alternatively spliced WNK1 iso-
form is specifically expressed in the kidney and is,
therefore, known as kidney-specific WNK1 (KS-
WNK1). KS-WNK1 is an antagonist of L-WNK1.138 L-
WNK1 has been demonstrated to enhance the activity
of both ENaC139 and NCC; the latter occurs through
the inhibition of WNK4, which in turn is capable of
inhibiting NCC. Both L-WNK1 and WNK4 inhibit
ROMK. Interestingly, KS-WNK1 antagonizes L-WNK1
with respect to its effects on ROMK, NCC, and ENaC.
Therefore, a positive ratio of L-WNK1 to KS-WNK1
increases the rate of Na1 reabsorption via ENaC and
NCC, and decreases the rate of K1 secretion by inhibit-
ing ROMK. However, these effects uncouple Na1 reab-
sorption from K1 secretion. These mechanisms may be
central to enlighten the hypotensive effect of K1 sup-
plementation in salt-sensitive hypertension. Indeed,
high K1 stimulates aldosterone secretion, which would
be predicted to stimulate a hypertensive, rather than a
hypotensive, effect. The abundance of ROMK in the
apical membrane of distal nephron is regulated by die-
tary K1 intake.140 It has been reported that high- and
low-K1 intake increases and decreases KS-WNK1
expression, respectively. Low-K1 intake also increases
the expression of L-WNK1 in the kidney. The ratio of
L-WNK1 to KS-WNK1 in the kidney is, therefore,
increased when K1 intake is low, and reduced when
intake is high. So, by increasing the ratio of L-WNK1 to
KS-WNK1, the kidney simultaneously conserves K1

and Na1 during K1 deficiency (Figure 50.10). This
effect could be implicated in the pathogenesis of salt-
sensitive hypertension, and explain the positive action
of high-K1 intake on blood pressure.

K1 Depletion and Glucose Intolerance

Insulin controls both K1 and glucose homeostasis. It
is possible that there is a common pathway between
the two systems. Insulin-resistance is usually correlated
with hyperinsulinemia, because pancreatic β-cells raise
insulin secretion to balance insulin resistance.141 The
resulting hyperinsulinemia may induce hypokalemia
from excessive cellular K1 uptake, if the effect of insu-
lin on K1 uptake is not similarly reduced. In fact, a
weakened insulin effect on K1 fluxes in obesity and
diabetes has been demonstrated,142 which are both cor-
related with insulin resistance with respect to glucose
metabolism.

There are data indicating that there are two distinct
varieties of insulin resistance: resistance to cellular
glucose uptake observed in type 2 diabetes; and resis-
tance to cellular K1 uptake observed during K1 defi-
ciency or fasting.

The molecular mechanisms involved in the differen-
tial regulation of glucose versus K1 cellular uptake by
insulin are not known. It is highly probable that these
pathways are related to post-binding actions of insulin
to its receptor, which is a common step in the regula-
tion of K1 and glucose uptake. The resistance of

FIGURE 50.10 The role of WNK in Na1 and K1 handling along

the aldosterone-sensitive segments. Hypokalemia induces an
increase in the ratio of L-WNK1 to KS-WNK1 in the kidney, which
decreases renal K1 secretion in order to conserve K1; however, this
also causes reabsorption of Na1 via ENaC and NCC.140
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muscle cell glucose uptake during insulin resistance is
attributed to an impairment of insulin signaling at the
level of PI3-kinase, which involves GLUT4 traffick-
ing.143 Insulin has been suggested to trigger cellular K1

uptake by activating the Na1 pump.144 It has also been
anticipated that activation in the kidney, during K1

deprivation, of NADPH oxidase, superoxide anion pro-
duction, and PTK activities may affect insulin stimula-
tion of K1 cellular uptake.

Hypokalemia may play a role in the well-known
association between the use of thiazide diuretics and
the development of diabetes. It has been estimated that
a decrease of 1 mEq/L K1 may cause an approximately
10 mg/dl increase in glucose. These data are confirmed
by the observation that glucose levels can be
normalized after K1 repletion in patients who have
hypokalemia. The mechanism of thiazide-induced
hyperglycemia is thought to be the consequence of
decreased insulin released from the pancreatic beta
cell. ATP-sensitive K1 channels link cell metabolism to
electrical activity, thereby playing an important role in
the control of insulin secretion.
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INTRODUCTION

Hyperkalemia is a common electrolyte disorder that
may have detrimental effects, the most serious of
which is a cardiac arrhythmia.1 There is large variabil-
ity among patients in the absolute concentration of
potassium (K1) ions in plasma (PK), which leads to
electrocardiographic changes and cardiac toxicity of
hyperkalemia. From a diagnosis of the cause of hyper-
kalemia perspective, the basis of hyperkalemia will be
a shift of K1 out of cells if the time course for its devel-
opment is short and/or if there is little K1 intake. On
the other hand, chronic hyperkalemia implies that
there is a defect in the regulation of the excretion of K1

by the kidney.

Basic Concept for the Movement of K1 Ions
Across Cell Membranes

K1 is the principal cation in cells. The movement of
K1 ions across cell membranes has two requirements;
first, there must be a driving force; second there must
be an open K1 channel in a cell membrane.

Driving Force

K1 are kept inside the cell by an electrical force; the
cell interior has a negative voltage. It follows that a
more negative cell voltage is required to shift K1 into
cells. The negative voltage in cells is generated by the
activity of the electrogenic cation pump, the Na1, K1

ATPase (Na-K-ATPase). This pump exports three
sodium (Na1) ions while importing only two K1 ions;

hence there is a net export of {1/3} of a positive charge
per Na1 that exits from cells via the Na-K-ATPase
(Figure 51.1). Because, intracellular anions are largely
macromolecular phosphates such as RNA, DNA, and
phospholipids, which remain inside the cell, a negative
intracellular voltage is generated when Na1 exits the
cell via the electrogenic Na-K-ATPase.

There are three ways to acutely increase ion pump-
ing by the Na-K-ATPase: First, a rise in the concentra-
tion of its rate-limiting substrate—intracellular Na1;
second, an increase in the affinity for Na1 or in the
Vmax of the existing Na-K-ATPase units in cell
membranes; third, an increase in the number of active
Na-K-ATPase pump units in the cell membrane by
recruitment of new units. A chronic increase in
Na-K-ATPase pump activity requires the synthesis of
new pump units as occurs with exercise training.2

The driving force for the secretion of K1 by principal
cells in the late distal convoluted tubule, the connecting
segments and the cortical collecting duct (the abbrevia-
tion CCD is used in this Chapter to indicate all these
nephron segments) is a lumen-negative voltage. This
lumen-negative voltage is generated by the electrogenic
reabsorption of Na1 (reabsorption of more Na1 ions
than of their accompanying anion, chloride (Cl�) ions).

Ion Channels for K1

There are several different types of channels that
permit the diffusion of K1 through cell membranes.3,4

Some of these channels are regulated by voltage, others
by ligands such as calcium ions (Ca21), and yet others
by metabolites such as adenosine di-phosphate
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(ADP)—the latter are called KATP channels. Because K1

ions do not reach diffusion equilibrium, control is
exerted not only by modulating the number but also
the conductance and gating of these channels.

The major K1 channel that adjusts the intracellular
voltage is the K1

ATP channel.5 It is a misnomer to call
these channels K1

ATP as the concentration of ATP in
cells does not change sufficiently to provide a signal for
regulating these channels. The signal that regulates
these channels may be the result of a change in the con-
centration of a related nucleotide, ADP. When the con-
centration of ADP rises, K1

ATP channels will open;
conversely, when the concentration of ADP falls, K1

ATP

channels will close. This regulation of K1
ATP channels

adjusts the negative voltage in cells, which in turn regu-
lates other ion channels. The best example is the
voltage-gated Ca21 channel, which is opened by a less
negative voltage in cells. Ionized Ca21 is a major signal
for regulation of a number of intracellular processes.

Example: Regulation of the K1
ATP channel by ADP

plays a critical role in the release of insulin.6 When the
concentration of glucose in plasma (PGlucose) is high, a
metabolic signal is generated in ß-cells of the pancreas
to cause the release of insulin (Figure 51.2). When the
rate of oxidation of glucose rises in ß-cells, the concen-
tration of ADP in these cells falls. This lower concentra-
tion of ADP causes the K1

ATP channels to close and
thus the ICF compartment becomes less negative
because fewer K1 ions (positive charges) exit ß-cells.
This less negative voltage in ß-cells increases the con-
ductance of voltage-gated Ca21 channels and hence the

FIGURE 51.1 Na-K-ATPase activity and the export of positive
voltage. The Na-K-ATPase generates the electrical driving force for
K1 entry into cells providing that the source of Na1 pumped out is
either Na1 that existed in cells or Na1 that entered cells in an electro-
neutral fashion via NHE. If the source of Na1 pumped were Na1 that
entered cells via a Na1 ion channel, the voltage in cells would
become less negative. While K1 channel conductance does limit the
rate of K1 exit, a higher concentration of K1 in the ICF compartment
that resulted from ion pumping by the Na-K-ATPase can still cause
the electrogenic exit of K1. Reproduced with permission (224).

FIGURE 51.2 Signal system to release insulin from ß-cells of the pancreas. The large oval represents a ß-cell of the pancreas. When the
PGlucose rises, the ICFGlucose rises to the same extent because of the type of glucose transporter (GLUT-2) in these cells. When glucose is oxi-
dized, the concentration of ADP falls, and this permits KATP channels to be closed. As a result, less K1 and positive voltage exits, which causes
the ICF compartment to become less negative. This opens voltage-gated Ca21 channels and hence the ionized Ca21 concentration in their cyto-
sol increases. A higher ionized Ca21 in these cells causes the release of insulin.
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intracellular concentration of ionized Ca21 rises—this
provides the signal to release insulin from ß-cells
(Figure 51.2).

A similar logic can be used to deduce how the blood
flow to exercising muscle may be controlled using
intracellular Ca21 as the signal7 (Figure 51.3). During a
sprint, L-lactic acid is released from skeletal muscle
cells. When lactic acid enters vascular smooth muscle
cells, H1 and/or lactate anions lead to the opening of
the K1

ATP channels. As a result, K1 exit and the volt-
age in these cells become more negative. This causes
closure of voltage-gated Ca21 channels and less entry
of Ca21 into cells and hence vasodilatation.

Several types of K1 channels including renal outer
medullary K1 channels, ROMK (Kir1.1) (which have
similar biophysical prosperities and regulatory mecha-
nism as that of the small conductance K1 channels
identified in mouse and rat CCD), a Ca21 activated
big-conductance K1 channel (BK) and the double-pore
K1 channel, are expressed in the apical membrane of
principal cells in CCD.8,9 ROMK are the K1 channels
most important for the secretion of K1 in CCD.9,10 Big
K1 conductance “BK” or maxi-K1 channels are acti-
vated by a rise in intracellular Ca21 and are thought to
play an important role in flow dependent K1 secre-
tion.11,12 Although these channels likely mediate K1

secretion in patients with Bartter’s syndrome that is
due to a loss of function mutation in ROMK,13 their
role in physiological regulation of renal excretion of K1

is not clear. BK channel activity has been detected in
both principal cells and intercalated cells in CCD. It is

difficult to explain the contribution of BK located in
intercalated cells to K1 secretion as these cells have
low Na-K-ATPase pump content. BK channel activity
is increased in the CCD from rats on a high K1 diet.14

Furthermore, in BK-α subunit knocked mice, increase
in flow failed to stimulate K1 secretion in distal neph-
ron.15 Notwithstanding, deletion of BK-α subunit does
not affect net K1 excretion in mice fed a high K1 diet.
It is important to recall that the role of these channels
was examined in laboratory rodents which consume
10-fold more K1 per kg body weight and close to
three-fold more Na1 per kg body weight compared to
human subjects consuming a typical Western diet.
Therefore, it is possible that the BK channel may pro-
vide a way for a “speedy” K1 excretion if there is a
large intake of K1 and if flow through CCD were aug-
mented. Although, the same limitations imposed by
the magnitude of the lumen negative voltage on the
rate of secretion of K1 by these channels will apply, it
is possible that “conductance” through ROMK may be
rate limiting when there is a need for a high rate of
excretion of K1 over a short period of time.

REGULATION OF K1 HOMEOSTASIS

Regulation of K1 homeostasis has two important
aspects:

1. Control of the trans-cellular distribution of K1,
which is vital for survival because it limits acute
changes in the PK.

FIGURE 51.3 Vasoconstrictor tone in vascular smooth muscle cells. The circles represent vascular smooth muscle cells. When the ICF has a
less negative voltage because its K1

ATP channels (shown in blue) are closed, the voltage-gated Ca21 channels (shown in green) can be maintained
in an open configuration permitting a rise in the ICF [Ca21]. Hence there will be an increase in vasoconstriction (shown to the left of the dashed
line). In contrast, during a sprint, K1

ATP channels will open because of a high concentration of L-lactate anions (L�) and H1. This will lead to a
more negative ICF voltage and closure of their voltage-gated Ca21 channels and thereby vasodilatation and increase in blood flow to muscles.
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2. The regulation of K1 excretion by the kidney,
which maintains overall K1 balance; nevertheless,
this is a much slower process.

Acute Control of the Plasma K1

Distribution of K1 between the ECF and ICF
Compartments

THE Na-K-ATPase

The activity of the Na-K-ATPase is higher when the
concentration of its substrate, Na1 in cells rises. The
impact of this increase in the net exit of Na1 on the
trans-membrane voltage, however, depends on
whether the Na1 entry step into cells is electroneutral
or electrogenic.

Electroneutral Entry of Na1into Cells: This occurs
when Na1 ions enter cells in exchange for hydrogen
ions (H1) via the Na1/H1 exchanger-1 (NHE-1)
(Figure 51.4, left side).16 The NHE-1 is normally inac-
tive in cell membranes, as can be deduced from the
fact that the concentrations of its substrates (Na1 in the
extracellular fluid (ECF) and H1 in the intracellular
fluid (ICF) compartment) are considerably higher than
that of its products (Na1 in the ICF compartment and
H1 in the ECF compartment) in steady state. The two
major activators of NHE-1 are a higher concentration
of H1 in the ICF compartment near NHE -117 and insu-
lin.18 Monocarboxylic acids (e.g., L-lactic acid) enter
cells on the monocarboxylic acid cotransporter
(M-CT)19,20 (Figure 51.4). If the M-CT is located in close
proximity to NHE in a cell membrane, the release of

H1 from these acids may cause a high concentration of
H1 in the local area of NHE-1, which activates NHE-1
and hence increases the electroneutral entry of Na1

into cells (Figure 51.4, left side).21

Electrogenic entry of Na1into Cells: The Na1 chan-
nel in cell membranes is normally gated by voltage.
When open, one cationic charge enters the cell per Na1

transported. Since only 1/3 of a charge exits per Na1

ion that is exported out of the cell via the Na-K-ATPase
(Figure 51.1); the net effect would be to diminish the
degree of intracellular negative voltage and this leads
to net exit of K1 out of cells. This explains a rise in the
PK during intense exercise.22,23 It could explain the
development of hyperkalemia in patients with hyper-
kalemic periodic paralysis.24,25

Hormones that Affect the Distribution of K1

Catecholamines: FXYD1 (phospholemman) interacts
with the catalytic α subunit of the Na-K-ATPase and
modulates its activity. Un-phosphorylated FXYD1
binds to the α subunit and this inhibits the pump activ-
ity by decreasing its affinity for Na1 and/or its Vmax.
ß-2 adrenergic agonists activate adenalyate cyclase and
this leads to stimulation of the conversion of ATP to
cAMP. This second messenger, in turn, activates pro-
tein kinase-A, which induces phosphorylation of the
FXYD1; this disrupts its interaction with α subunit of
the Na-K-ATPase and results in an increase in the
affinity of the Na-K-ATPase for intracellular Na1.26,27

The increase in export of pre-existing intracellular Na1

(Figure 51.1) increases the negative voltage in cells and
causes a shift of K1 into cells.

FIGURE 51.4 Role of NHE-1 and AE in the shift of K1 across cell membranes. The circle represents a cell membrane. NHE and the AE
are normally inactive in cell membranes. As shown to the left of the dashed vertical line, there are two major activators of NHE, insulin and a
higher concentration of H1 in the ICF compartment. Monocarboxylic acids (e.g., L-lactic acid) enter cells on the monocarboxylic acid cotran-
sporter (M-CT). If the M-CT is located in close proximity to NHE-1 in cell membrane, the release of H1 from these acids may cause a high con-
centration of H1 in the local area of NHE-1, which activates NHE-1. Activation of NHE-1 increases the electroneutral entry of Na1 into cells.
As Na1 exit via the electrogenic Na-K-ATPase, the net effect is a more negative intracellular voltage and the entry of K1 into cells. As shown
on the right, when the AE is activated and there are favorable concentration differences, HCO2

3 will be exported and Cl� enter cells. The intra-
cellular negative voltage will drive the exit of Cl�; from cells through their specific ion channel. This latter step will lead to the export of nega-
tive voltage from cells and the subsequent exit of K1.
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An acute shift of K1 into cells and hypokalemia is
observed in conditions associated with a surge of cate-
cholamines (e.g., patients with a subarachnoid hemor-
rhage, myocardial ischemia, and/or an extreme degree
of anxiety).28 ß2-agonists may be used to induce a shift
of K1 into cells in patients with hyperkalemia in an
emergency setting. Non-specific ß-blockers are being
used for therapy of the subtype of hypokalemic peri-
odic paralysis associated with hyperthyroidism.29,30

Insulin: Insulin increases the activity of the Na-K-
ATPase and its expression in the plasma membrane
through a phosphoinositide 3-kinase, atypical protein
kinase C (aPKC), and extracellular signal regulated
kinases 1 and 2 (ERK1/2). ERK1/2 kinase phosphory-
lation of the Na-K-ATPase α subunit promotes translo-
cation of Na-K-ATPase from an intracellular pool to
the cell membrane.31,32 aPKC phosphorylation of
FXYD1 leads to an increase in the Vmax of the Na-K
ATPase.27 Insulin may also have an effect in augmenting
the electroneutral entry of Na1 into cells via NHE-1.18

This, in conjunction with increasing the number and
activity of the Na-K-ATPase on the cell surface, causes
the voltage in cells to become more negative
(Figure 51.4, left side). Notwithstanding the glucose
transporter, GLUT4 and Na-K-ATPase do not co-
localize to the same skeletal muscle intracellular vesicles
and hence, the effect of insulin to shift K1 into cells is
separate from its effect on glucose entry into these
cells.33

Insulin has been utilized clinically in the treatment
of patients with an emergency due to the adverse car-
diac effects of hyperkalemia. In contrast, in patients
with diabetic ketoacidosis, a lack of action of insulin
results in a shift of K1 out of cells and the development
of hyperkalemia despite a total body deficit of K1.

Acid�Base Influences

When an acid is added to the body, most of the
H1 are buffered in the ICF compartment.34

Monocarboxylic acids (e.g., L-lactic acid) enter cells on
the M-CT,19,20 and, as mentioned above, release of their
H1 near NHE-1 may activate NHE-1 and increase the
electroneutral entry of Na1 into cells and hence, in the
presence of insulin, may cause a shift of K1 into cells.21

A shift K1 out of cells may occur in patients with
metabolic acidosis due to acids that are not transported
on MC-T (e.g., metabolic acidosis due to a gain of HCl
acid owing to loss of NaHCO3 in a patient with diar-
rhea, ingestion of citric acid35). A possible mechanism
to explain how this may occur is illustrated in
(Figure 51.4, right side). Activation of the Cl�/bicar-
bonate (HCO2

3 ) anion exchanger (AE) will cause HCO2
3

to exit and Cl� to enter cells.36 Since cells have Cl�

channels in their membrane,37 the rise in the concentra-
tion of Cl� in the ICF in conjunction with the usual

negative voltage forces Cl� to exit. As this exit of Cl� is
electrogenic, it causes a less negative voltage in cells
and K1 will exit from cells.

Several clinical implications follow from this
analysis:

1. If hyperkalemia is present in a patient with
metabolic acidosis due to accumulation of
monocarboxylic organic acid, other causes for
hyperkalemia than the acidemia should be sought
(e.g., lack of insulin in patients with diabetic
ketoacidosis, tissue injury, and a lack of ATP to
drive the Na-K-ATPase in patients with L-lactic
acidosis due to hypoxia38�40).

2. Metabolic acidosis due to inorganic acids (addition
of HCl) causes a shift of K1 out of cells. Patients
with chronic hyperchloremic metabolic acidosis
(e.g., patients with chronic diarrhea or those with
renal tubular acidosis (RTA)) however, usually
have a low PK because of excessive loss of K1

in the diarrhea fluid in the former41 or the urine
in the later.42

Respiratory acid�base disorders, on the other hand,
cause only small changes in the PK as there is little
movement of Na1 or Cl� across cell membranes in
these disorders.43,44

Tissue Catabolism

Hyperkalemia may be seen in patients with crush
injury or those with tumor-lysis syndrome.45 In these
patients, factors that compromise the ability of the kid-
ney to excrete K1 are usually present as well. Patients
with diabetic ketoacidosis, have a total body K1 deple-
tion but hyperkalemia is commonly present due to a
shift of K1 from cells secondary to a lack of insulin.
The corollary is that during therapy, complete replace-
ment of the deficit of K1 must await the provision of
cellular constituents (phosphate, amino acids, Mg21,
etc.) and the presence of anabolic signals.

LONG-TERM REGULATION OF K1

HOMEOSTASIS

Control of the renal excretion of K1 maintains over-
all daily K1 balance. Although the usual intake of K1

in adults eating a typical western diet is close to
1 mmol of K1/kg body weight, the rate of excretion of
K1 can match an intake of more than 200 mmol/day
with only a minor rise in the PK.

46

Control of K1 secretion occurs primarily in the
CCD.47,48 Two factors influence the rate of excretion of
K1 in CCD; the flow rate in the terminal CCD, and the
net secretion of K1 by principal cells in the CCD which
raises the luminal concentration of K1 ([K1]CCD).
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K1 Secretion

The secretory process for K1 by principal cells in the
CCD, has two elements. First, a trans-epithelial lumen
negative voltage must be generated by electrogenic
reabsorption of Na1 via epithelial Na1 channels
(ENaC) (Figure 51.5). Second, open ROMK channels
must be present in the luminal membrane of principal
cells.49

Aldosterone actions lead to an increase in the num-
ber of open ENaC units in the luminal membrane of
principal cells in CCD50 (Figure 51.5). The steps
involved include binding of aldosterone to its receptor
in the cytoplasm of principal cells, entry of this
hormone-receptor complex into the nucleus, and then
the synthesis of new proteins including the serum and
glucocorticoid regulated kinase-1 (SGK-1).51,52 SGK-1
increases the expression of ENaC in the apical mem-
brane of principal cells. The mechanism seems to be
related to the effect of SGK-1 to phosphorylate and
inactivate the ubiquitin ligase Nedd-4-2.53 Nedd-4-2
ubiquinates ENaC subunits, leading to their removal
from the cell membrane and degradation in protea-
somes. Therefore, inhibition of the Nedd-4-2 induced
endocytosis of ENaC leads to increased expression of
ENaC in the luminal membrane, which increases the
transport of Na1.54,55 Another mechanism by
which aldosterone activates ENaC involves proteolytic
cleavage of the channel by serine proteases.
Aldosterone induces production of “channel activating
proteases” (CAP 1�3).56 These proteases activate ENaC
by increasing their open-probability, rather than
by increasing their expression in the luminal
membrane.

The driving force for Na1 reabsorption in the CCD
is a higher concentration of Na1 in the lumen of CCD
than that in principal cells (B10�15 mmol/L) and a
negative voltage inside cells, owing to the actions of
the Na-K-ATPase at the basolateral membrane of these
cells. The concentration of Na1 in luminal fluid is

limited by the presence of urea osmoles and that the
osmolality of luminal fluid in CCD will be equal to
plasma osmolality in the presence of vasopressin. The
rate of electrogenic Na1 reabsorption is limited by con-
straints on the magnitude of luminal negative voltage
that can be generated in CCD because of limitations on
transport of Cl�. At a trans-epithelial lumen negative
voltage of 261 mV and a plasma Cl� of 100 mmol/L,
the minimum luminal Cl� concentration would be
10 mmol/L. Therefore, under most circumstances, the
concentration of Na1 in luminal fluid is sufficient for
the activity of ENaC. Variations in the luminal concen-
tration of Na1 in the CCD do not regulate the net
secretion of K1.57

The reabsorption of Na1 in the CCD can be electro-
neutral, if the rate of reabsorption of its major accom-
panying anion Cl� matches its rate of reabsorption, or
electrogenic, if more Na1 than Cl� are reabsorbed in
CCD (Figure 51.5). The pathway(s) for the reabsorption
of Cl� in the CCD is (are) not well defined, but it is
thought that paracellular pathways play an important
role.58,59 Recently an electroneutral, thiazide-sensitive
and amiloride-resistant Na1-Cl� transport was identi-
fied in the intercalated cells of the cortical collecting
duct in mice.60,61 This seems to be mediated by the
parallel activity of the Na1-dependent Cl2=HCO2

3

exchanger (NDCBE), which promotes the electroneu-
tral exchange of one intracellular Cl� with one Na1,
two HCO2

3 and the Na1 independent Cl2=HCO2
3

exchanger (pendrin). This transport mechanism is
apparently responsible for as much as 50% of Na1-Cl�

transport in CCD of the mouse while mineralocorti-
coids act. To play a role in modulating the rate of K1

secretion, this mechanism of electroneutral NaCl reab-
sorption needs to be expressed in the late DCT and the
connecting tubule.

An increase in the concentration of HCO2
3 and/or an

alkaline luminal fluid pH seem to increase the amount
of K1 secreted in the CCD. It was suggested that this

FIGURE 51.5 Electrogenic and electro-
neutral reabsorption of Na1 in the CCD.
The barrel-shaped structures represent the
CCD and the rectangles represent princi-
pal cells. Na1 is reabsorbed via ENaC; this
reabsorption is increased by aldosterone
(the shaded enlarged circle). Net secretion
of K1 occurs through its specific ion chan-
nel (ROMK). Electroneutral reabsorption
of Na1 is shown on the left and an exam-
ple of electrogenic reabsorption of Na1

(the presence of HCO2
3 or an alkaline lumi-

nal pH) is shown to the right of the dashed
vertical line. Reproduced with permission
(224).
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may be due to a decrease in the apparent permeability
of Cl�62 and/or an increase in ROMK open probability
in this nephron segment. It is also possible that the
increase in luminal HCO2

3 concentration in CCD, inhi-
bits the Cl2=HCO2

3 exchanger (pendrin), and hence the
NDCBE and the electroneutral NaCl reabsorption,60

perhaps leading to a higher rate of electrogenic reab-
sorption of Na1.

If the rate of reabsorption of Na1 in CCD is not
appreciably higher than the rate of reabsorption of
Cl�, a large lumen-negative voltage cannot develop.
The hyperkalemia in patients with the syndrome of
“Familial Hyperkalemia with Hypertension” (also
known as type II pseudohypoaldosteronism or
Gordon’s syndrome) may be an example for this patho-
physiology.58,63 Two factors are important to achieve
this near-equal rate of ion transport in the CCD. First,
low delivery of Na1 and Cl� to the CCD occurs
because the reabsorption of Na1 and Cl� is augmented
in the distal convoluted tubule because of increased
activity of Na1-Cl�cotransporter (NCC). Second, effec-
tive arterial blood volume expansion suppresses the
release of aldosterone; this leads to fewer numbers of
open ENaC in the luminal membrane of principal cells
in CCD. Hence the rate of reabsorption of Cl� in the
CCD may match that of Na1.

ROMK channels are abundant and have a high
open-probability on a K1-rich diet.9,64 Therefore
ROMK channels do not seem to be rate-limiting for net
secretion of K1 unless the PK falls to the mid-3 mmol/
L range in rats.65 Dietary K1 intake is an important reg-
ulator of ROMK channels. Low K1 intake decreases,
whereas a high K1 intake increases the number of
ROMK channels in the luminal membrane of principal
cells.66 The membrane trafficking of ROMK is modu-
lated by phosphorylation of tyrosine in the channel
protein, such that phosphorylation of tyrosine stimu-
lates endocytosis and de-phosphorylation of tyrosine
induces exocytosis. K1 depletion increases the expres-
sion and activity of the protein tyrosine kinase and
tyrosine phosphorylation of ROMK channels results in
their endocytosis.67 Angiotensin II (ANGII) inhibits
ROMK activity in K1-restricted rats, but not in rats on
a usual K1 diet.68 The effect of ANGII may be mediated
via activating NADPH oxidase II and the production of
superoxide anions, which increases the expression of
protein tyrosine kinase.69�71 The WNK (With No
Lysine) kinases seem to play a role in modulating K1

secretion. There are two isoforms of WNK1; a
ubiquitous full-length WNK1 (WNK1-L) and a kid-
ney-specific, short WNK1 lacking the kinase domain
(WNK1-S).72 WNK1-L induces endocytosis of ROMK73

whereas WNK1-S inhibits this effect of WNK1-L. The
ratio of WNK1-S to WNK1-L transcripts is reduced
by K1 restriction (more endocytosis of ROMK) and is

increased by K1 loading (less endocytosis of
ROMK).74,75

Flow Rate in the CCD

When vasopressin acts and aquaporin-2 water chan-
nels (AQP2) have been inserted in the luminal mem-
brane of principal cells, the late distal nephron is
permeable to water, the osmolality of fluid in the termi-
nal CCD is equal to the plasma osmolality and hence is
relatively fixed. Therefore, the flow rate in terminal
CCD is determined by the number of osmoles in the
luminal fluid.

The osmoles that are present in the lumen of the
terminal portion of CCD are largely urea, NaCl, and
K1 with an accompanying anion. While there is little
reabsorption or secretion of electrolytes in the neph-
ron segments distal to terminal CCD, and hence the
number of electrolyte osmoles in terminal CCD is
close to their rate of excretion in the urine, this is
not the case for urea. A quantitative analysis of the
process of intra-renal urea recycling reveals that the
amount of urea delivered to the early DCT is about
two-fold larger than the quantity of urea that is
excreted in the urine. In the following paragraphs,
we shall illustrate that urea recycling aids the excre-
tion of K1; this process is especially important in
subjects with disorders or those who are taking
drugs that lead to a less lumen-negative voltage in
the CCD.76

Urea Recycling, Process and Quantitative
Analysis

For simplicity, we shall begin with the absorption of
urea in the inner medullary collecting duct (MCD)
(Figure 51.6). This absorption requires the presence of
urea transporters in the luminal membrane of cells of
the inner MCD (vasopressin phosphorylates and
causes the insertion of urea transporters UT-A1 in the
luminal membrane of cells in this nephron segment77),
and a higher concentration of urea in the luminal
fluid in the inner MCD than that in the interstitial
fluid in the inner medulla. This later requirement is
achieved because all the segments of the distal neph-
ron that are upstream to the inner MCD, are likely
to be impermeable to urea, but most of the water
delivered to the early DCT is reabsorbed in the CCD
and MCD owing to the insertion of AQP2 into the
luminal membranes of principal cells. The concentra-
tion of urea rises to higher than 600 mmol/L in the
luminal fluid that is delivered to the inner MCD
(Figure 51.6).
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The bulk of the urea that is reabsorbed in the
inner MCD leaves the inner medulla via the ascend-
ing vasa recta, because it has UT-A2 and, as a result,
is permeable to urea. Once in the deep outer
medulla, most urea will enter the luminal fluid of
the descending thin limbs (DtL) of the loop of Henle
of superficial nephrons that have their bends deep in
the outer medulla, as they possess the UT-A2 and
the concentration of urea is higher in the interstitial
compartment than in the luminal fluid of the DtL,
which allows for a high rate of delivery of urea to
the early DCT.78,79

To obtain a quantitative estimate of the amount of
urea that is recycled, one needs an estimate of the
amount of urea that is delivered to the early DCT and
the amount of urea that is excreted in the urine over a
given period of time. Since the amount of urea
delivered to the early DCT cannot be measured in
human subjects, it is essential to use data from
experiments using the micropuncture technique in the
early DCT in fed rats. In these studies,80 the amount of
urea in the early DCT was 1.1 times the amount of urea
that was filtered. Extrapolated to a human adult with a
GFR of 180 L/day, and a plasma urea concentration
of 5 mmol/L, a reasonable estimate of the daily

delivery of urea to the early DCT is approximately
1000 mmol/day. Since subjects eating a typical
Western diet excrete close to 400 mmol of urea per day,
the amount of urea that recycles would be approxi-
mately 600 mmol per day.

Importance of Urea Recycling for the Excretion
of K1

This process of urea recycling adds an extra 2 L to
the flow rate in terminal CCD (600 mosmol divided by
a luminal fluid osmolality that is equal to that in
plasma or B300 mOsm/L). A reasonable estimate of
the number of liters of fluid that exit the terminal CCD
per day is close to 5 L (1500 mosmol/day in the termi-
nal CCD (1000 mosmol of urea/day and 500 mosmol/
day of electrolytes) divided by 300 mosmol/L). This
means, in quantitative terms that 40% of the flow rate
in terminal CCD is the result of this process of recy-
cling of urea.

Implications for the Patient with Hyperkalemia

Patients who develop chronic hyperkalemia have a
renal defect that is characterized by an inability to

Urea
filtered/day

1.1 X
filtered urea

900
mmol

~1000
mmol

X

MCD

CCD

D
C
T

0 mmol

UT-A2

600 mmol

Outer medulla

Inner medulla ~1000 mmol

UT-A1
and UT-A3

Urine 400 mmol/day

FIGURE 51.6 An overview of intra-renal urea recycling. In micropuncture studies in rats, the amount of urea in luminal fluid in early distal
tubule was 1.1 times the amount that was filtered. Extrapolated to adult human with a GFR of 180 L/day and a plasma urea of 5 mmol/L,
1000 mmol of urea would be delivered to early CCD per day. Since B400 mmol of urea are excreted daily in an adult human subjects who con-
sumes a typical Western diet, then B600 mmol of urea are reabsorbed down stream from the DCT and recycled back to DCT. Based on the
presence of urea transporters, it is likely that the urea is reabsorbed in the inner MCD and added into the luminal fluid in the descending thin
limbs of the loop of Henle of superficial nephrons that have their bends deeper in the medulla via UT-A2.
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generate a sufficiently large trans-epitheleal (TE)
lumen-negative voltage in the CCD to secrete all their
daily intake of K1 while maintaining a normal PK.
These patients, however, will achieve a steady state in
which they will excrete all the K1 they ingest and
absorb that is not lost via non-renal routes. To under-
stand how this steady state is achieved, we shall con-
sider how a K1 load of 70 mmol/day is handled in
normal subjects and a patient with an electrical defect
that leads to a diminished ability to raise the concentra-
tion of K1 in the lumen of terminal CCD ([K1]CCD)
(Figure 51.7).

Normal subjects have a much larger capacity to
secrete K1 in their CCD compared to the usual daily
intake of K1; they excrete most of their daily intake
over a relatively short period of time close to noon.
This likely reflects an increase in the lumen negative
voltage in CCD owing to a larger delivery of NaHCO3

to the CCD at the time of the alkaline tide in urine pH.
If a normal subject has a PK of 4 mmol/L and a TE volt-
age in the CCD of -61 mvolts, the [K1] in luminal fluid
in CCD would be 10 times the PK or 40 mmol/L. If this
voltage could be maintained while 1-L of fluid exits the
CCD, 40 mmol of the 70 mmol of K1 would be excreted
in this time period (approximately five hours). For the
next 19-hours, if 4-L of fluid would exit the terminal

CCD with a concentration of K1 of only close to
8 mmol/L, the remaining 30 mmol of K1 can be
excreted to achieve K1 balance.

Let us now consider a patient who has a large defect
that leads to a lumen negative TE voltage in the CCD
of only 229.1 mvolts (Table 51.1 and Figure 51.7). At
this TE voltage, the KCCD/PK can rise to a value of only
three. At a PK of 4.7 mmol/L, the [K1]CCD will be close
to 14 mmol/L; hence at the usual flow rate in terminal
CCD of 5-L/day, this patient could excrete 70 mmol of
K1 daily and maintain a normal PK. The point to
emphasize is that this precise balance is dependant on
intra-renal urea recycling and thereby maintaining the
daily flow rate in the terminal CCD of 5-L. Therefore, if
this patient were to be put on a protein restricted diet
(decrease the number of osmoles of urea in the termi-
nal CCD), a smaller number of liters of fluid will exit
the CCD per day and hyperkalemia may develop. To
put this in a quantitative perspective, if the number of
liters exiting the CCD per day were 4-L instead of 5-L,
and if the KCCD/PK were three, while this patient con-
tinued to consume 70 mmol of K1/day, in steady state,
the PK will need to rise to 5.8 mmol/L to maintain K1

balance and only if this maximum rate of K1 secretion
is maintained throughout the 24 hours period. To fur-
ther emphasize this point, consider a patient who may

FIGURE 51.7 Excretion of K1 in normal
subjects and in patients with chronic
hyperkalemia. The barrel-shaped structures
represent the CCD. Over the 24-hour period,
both the normal subject and the patient with a
low TE voltage reabsorb 70 mmol more Na1

than Cl�; and hence excrete 70 mmol of K1, as
they are in balance for K1. The top portion of
the figure describes normal subjects (PK

4.0 mmol/L). The left section of the top por-
tion illustrates the excretion of K1 when it is
at its usual maximum rate (close to noon)
whereas its right portion illustrates this secre-
tory process when K1 excretion usually
declines. In the bottom portion is a patient
with a disorder that leads to a lower TE
lumen negative voltage in CCD. At TE voltage
of 2 29.1 mvolts, K1

CCD/PK5 3. If the flow
rate in terminal CCD declines to 4 L/day, K1

balance can be maintained but his PK will rise
to 5.8 mmol/L.
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have markedly impaired urea recycling due to a dis-
ease that involves the inner medulla (perhaps an exam-
ple may be a patient with sickle cell disease). This
patient may have a flow rate in the terminal CCD that
is only 3-L/day rather than 5-L/day. If such a patient
has a disease that leads to a reduced ability to generate
a high lumen negative TE voltage in the CCD, a more
severe degree of hyperkalemia will develop unless K1

intake is markedly reduced. In quantitative terms, if
the TE voltage in the CCD is 229.1 mvolts, the [K]CCD
will be three-fold higher than PK. Therefore, if the vol-
ume of filtrate that exits the terminal CCD is only 3-L/
day, the PK would have to be close to 8 mmol/L to
excrete 70 mmol of K1/day.

Integration of the Response to Dietary
K1 Intake: A Paleolithic Perspective

Virtually all our major control mechanisms devel-
oped in Paleolithic times; the important ones provided
an advantage for survival. There have been no pres-
sures in modern times that have enough control
strength to over-ride these control mechanisms. The
diet of our most ancient ancestors consisted mainly of
fruit and berries; a diet that provides sugar, K1 and
organic anions, but little NaCl. In addition, this intake
of K1 was episodic, but large at times. Therefore, there
was a need to have a mechanism in place to rapidly
shift K1 into the liver before it reaches the heart to
avoid the risk of cardiac arrhythmia. Furthermore, the
renal response needed to be orchestrated to switch
from a NaCl conservation mode to a K1 excretion
mode. It is important in this regard to note that aldo-
sterone can be a NaCl retaining or a kaliuretic hor-
mone, in what has been dubbed as the “aldosterone
paradox”. In more detail, when aldosterone acts, it
causes the insertion of a larger number of open ENaC
units in the luminal membrane of principal cells in
CCD, which permits both NaCl retention or K1

secretion. Thus, there must be another signal to select
one of these possible effects. Of note, the secretagogue
for aldosterone is ANGII when its release is in response
to a low effective arterial blood volume. On the other
hand, a higher PK directly stimulates the release of
aldosterone, however, ANGII in this setting, will be
suppressed.

Shift of K1 into Hepatocytes

While it is well known that there is a rise in the
PL-lactate in portal venous blood after absorption of die-
tary glucose,81 the physiological importance of this high
PL-lactate was not evident when viewed solely in meta-
bolic terms. We suggested that a possible function of
this high portal PL-lactate is to prevent hyperkalaemia in
hepatic venous blood following the absorption of K1

from the diet.21 The process begins by increasing the
rate of aerobic glycolysis in enterocytes; as a result of
performing more work by intestinal cells and thereby
the generation of more ADP, the other substrate (beside
glucose) for glycolysis. This extra metabolic work
occurs because the sodium linked glucose transporter
(SLGT) in this location is SLGT-1. Hence, when 1 mmol
of glucose is absorbed, 2 mmol of Na1 must be
absorbed; therefore more ATP will be converted to
ADP to absorb a given quantity of glucose.82 Should
glycolysis occur at a faster rate than that of pyruvate
oxidation, L-lactate will released into the portal vein. In
the liver, the uptake of L-lactic acid on the M-CT
could lead to a rise the concentration of H1 in the
sub-membrane region of hepatocytes and hence acti-
vation of NHE-1. This electroneutral entry of Na1

into hepatocytes and its subsequent exit via
Na1/K1-ATPase in an electrogenic fashion, will lead
to a higher negative intracellular voltage and hence
the retention of K1 in hepatocytes. This mechanism
requires the presence of insulin,21 which is released
in response to the dietary sugar load with the

TABLE 51.1 Interaction Between the Transepithelial (TE) Voltage, the PK and Rate of Flow, on the Rate of Secretion in the CCD

TE Voltage

(mvolts)

[K]CCD/PK PK

(mmol/L)

[K]CCD
(mmol/L)

Flow RateCCD
(L/day)

KExcretion

(mmol/day)

2 29.1 3 4.7 14.4 5 70

2 29.1 3 5.8 18 4 70

2 29.1 3 7.8 24 3 70

2 18.4 2 7.2 10 5 70

The [K1]CCD/PK is calculated from the TE voltage using the Nernst equation. The numbers are the PK and the flow rate in terminal CCD per day that are required

to achieve a rate of K1 excretion of approximately 70 mmol/day at a reduced voltage in CCD. Note that even with a large decrease in TE voltage in CCD to 2 29.1

mvolts, K1 balance is achieved without a large rise in PK if the flow rate in terminal CCD is at its usual value of 5 L per day. If the flow rate in terminal CCD were

to decrease to 4 L per day, the PK must rise to 5.8 mmol/L to excrete the daily intake of 70 mmol of K1 and remain in K1 balance.
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ingestion of fruit and berries. Perhaps, because of its
effect, to cause the translocation of more Na1/K1-
ATPase units to the cell surface of hepatocytes, insu-
lin is required for this effect of L-lactic acid to cause
a shift of K1 into hepatocytes.

Integration of the Renal Response to Dietary
K1 Intake

WNK Kinases

Available evidence indicates that this complex net-
work of with-no-lysine kinases (WNKs); WNK4 and
WNK1, via effects on NCC and ROMK normally func-
tion as a switch to change the aldosterone response of
the kidney to either conserve Na1 or excrete K1,
depending on whether the release of aldosterone is
induced by a change in dietary Na1 or dietary K1

intake.83,84

WNK4 is thought to inhibit NCC activity by reduc-
ing its plasma membrane abundance, by diverting
post-Golgi NCC to the lysosome for degradation.85 The
expected kaliuresis owing to increased delivery of
NaCl to CCD is prevented because WNK4 inhibits
ROMK, an effect that involves clathrin-mediated endo-
cytosis.86,87 SGK-1, when ANGII is suppressed as in
conditions of high K1 intake, phosphorylates WNK4
and reverses its inhibition of ROMK.88 ANGII has been
shown to inhibit ROMK activity in K1-restricted rats,
but not in rats on their usual dietary K1 intake.68 The
effect of ANGII may be mediated via activating
NADPH oxidase II and the production of superoxide
anions, which increases the expression of protein tyro-
sine kinase such as c-Src.69�71 Src family protein tyro-
sine kinase phosphorylates ROMK and results in their
endocytosis.89,90 Therefore, ANGII release due to low
Na1 intake or a K1 restricted diet inhibits ROMK
directly via protein tyrosine kinase or indirectly via
blocking SGK-1 mediated WNK4 phosphorylation,
which restores WNK4 inhibition of ROMK.

ANGII signaling through the ANGII receptor phos-
phorylates and converts WNK4 from an inhibiting
mode to an NCC-activating kinase form. The activating
form of WNK4 induces a phosphorylation cascade,
whereby WNK4 phosphorylates the intermediary
kinases, STE 20/SPS 1-related proline, alanine-rich
kinase (SPAK) and perhaps also the oxidative stress
responsive protein type 1 (ORS1). Phosphorylated-
SPAK/ORS1 in turn phosphorylates and activates
NCC.91 Since the release of aldosterone in states of
hypovolemia (or low salt intake) is mediated by ANGII,
but not when the stimulus of the release of aldosterone
is due to hyperkalemia, this may provide a mechanism
to signal the need of actions of aldosterone as a NaCl
retaining hormone. In this setting, the effect of ANGII

to inhibit ROMK prevents kaliuresis in response to
the release of aldosterone and SGK-1. Although
SGK-1 phosphorylates WNK4, this does not mimic
the stimulatory effects of ANGII.

92 The dual require-
ment for both SGK-1 and ANGII signaling to switch
WNK4 from being an inhibitor to an activator
of NCC would provide a mechanism to integrate
the effects of high aldosterone and ANGII for appro-
priate activation of NCC in hypovolemia. It
would also explain why high aldosterone and SGK-1
activation induced by a high-K diet does not stimu-
late NCC transport, in which case ANGII is not
elevated.

In response to a large intake of K1, in the absence of
ANGII, WNK4 will be in its NCC inhibiting mode and
hence more NaCl will be delivered downstream.
Aldosterone, acting via SGK-1, increases the number of
open ENaC subunits in the luminal membrane of prin-
cipal cells in CCD and hence the electrogenic reabsorp-
tion of Na1. Nevertheless, for this result in kaliuresis,
ROMK channels in an open configuration must be
present in the luminal membrane of principal cells.
When ANGII is suppressed, SGK-1 mediated phos-
phorylation of WNK4 reverses WNK4 effect to inhibit
ROMK.

As mentioned above, alternative promoter usage
of the WNK1 gene produces a kidney-specific short
form of WNK1, called WNK1-S, and a more ubiqui-
tous long form, called WNK1-L.72 WNK1-L inhibits
ROMK by inducing endocytosis of the channel pro-
tein; WNK1-S isoform inhibits this effect of WNK1-L.
The relative abundance of the WNK1 isoforms is reg-
ulated by dietary K1. The ratio of WNK1-S to
WNK1-L transcripts is reduced by K1 restriction
(greater endocytosis of ROMK) and increased by K1

loading (reduced endocytosis of ROMK).74,75 WNK1-
L up-regulates NCC by blocking the inhibitory form
of WNK4 or directly via phosphorylation of SPAK/
ORS1.93 WNK1-L has also been reported to activate
SGK-1 through PI3 kinase.94 WNK1-S, on the other
hand, antagonizes the effects of WNK1-L and there-
fore indirectly inhibits NCC.

Modulation by the Delivery of HCO3
2 to the CCD

An increased delivery of HCO2
3 and/or a rise in the

pH of luminal fluid in CCD may provide a signal to
augment the secretion of K1.62,95 The effect may be due
to a decrease in the electroneutral component of Na1

reabsorption in the CCD, which would increase the
magnitude of the luminal negative voltage, if accompa-
nied by an increase in electrogenic Na1 reabsorption.
Alternatively, or in addition, luminal alkalinization
may increase the number of open ROMK in the lumi-
nal membrane of principal cells in the CCD.
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In Paleolithic times, the major source of dietary K1

was from fruit and berries. The anions ingested along
with this K1 were a family of organic anions that can
be metabolized to neutral end products plus HCO2

3 . In
addition, a higher PK is associated with alkalinization
in the cells of the proximal convoluted tubule (PCT),
which leads to inhibition of the reabsorption of
HCO2

3 .
96 The end result is the delivery of more HCO2

3

to the CCD, which promotes aldosterone to exert its
kaliuretic effect.97 On the other hand, ANGII, which
mediates the release of aldosterone in response to
decreased effective circulating volume, is a potent acti-
vator of Na1/H1 exchanger-3 (NHE-3) and the reab-
sorption of HCO2

3 in the cells of the PCT.98 Therefore,
there will be diminished delivery of HCO2

3 to the CCD,
which will allow for more electroneutral rather than
electrogenic reabsorption of Na1 in this nephron seg-
ment and hence more NaCl retention and less
kaliuresis.97

Medullary Recycling of K1

The Paleolithic diet provided little NaCl.
Nevertheless, there is a need to deliver one mmol of
Na1 to the CCD to secrete one mmol of K1. Therefore,
there must be a mechanism to increase the delivery of
Na1 to the CCD when there is a need to excrete a large
K1 load. Notwithstanding, it is also essential to mini-
mize the excretion of Na1 and Cl� to stay in salt
balance.

To increase distal delivery of Na1, the kidney must
make an investment.99 By this we mean that, the kid-
ney must reabsorb some of the KHCO3 delivered to the
MCD to increase the medullary interstitial concentra-
tion of K1.100,101 While it may seem counter-productive
to have active reabsorption of K1, when a high rate of
excretion is needed, this process in fact increases the
rate of excretion of K1 by increasing the distal delivery
of Na1. In more detail, a rise in the medullary intersti-
tial concentration of K1 will lead to depolarization of
cells of the medullary thick ascending limb of the loop
of Henle. This will diminish the exit of Cl� from these
cells, as this is an electrogenic process, which carries a
negative charge out of the cell. The subsequent increase
in intracellular Cl� concentration inhibits the reabsorp-
tion on Na and Cl in the medullary thick ascending
limb of the loop of Henle and hence increases their
delivery to the distal nephron.102 This reabsorption of
KHCO3 could be achieved via the K1/H1-ATPase,
which is likely to be present in the luminal membrane
of cells in the MCD because of a prior state of depletion
of K1 before the large intake of K1 occurred.103 As the
rise in PK is sustained, there will be less K1/H1-
ATPase units in the luminal membrane of MCD cells.
Hence, the medullary interstitial concentration of K1

will fall and a large natriuresis is avoided.

Intra-Renal Urea Recycling

The second source of dietary K1 is from ingestion of
animal organs (e.g., muscle and liver, which are rich in
RNA). The principal anions that accompany this K1

load are organic phosphates (which are ultimately
metabolized to inorganic monovalent phosphate
ðH2PO

2
4 Þ) or sulfate anions. The key point here, is that

unlike HCO2
3 ;H2PO

2
4 and sulfate anions do not aug-

ment the secretion of K1 unless the concentration of
Cl� in luminal fluid in the CCD is very low.57 There is,
however, a symbiotic relationship with another constit-
uent in the diet, protein, because when its constituent
amino acids are oxidized, urea is produced.104 The pro-
cess of urea recycling aids the excretion of K1 because
it increases the number of liters of fluid that exit the
terminal CCD.76 Owing to the process of urea recy-
cling, as calculated above, the flow rate in terminal
CCD is increased by about 2-L per day.

CLINICALTOOLS TO ASSESS
THE CONTROL OF THE RENAL

EXCRETION OF K1

Examine the Rate of Excretion of K1: There is no
normal rate of K1 excretion. Normal subjects in steady
state excrete all the K1 they eat and absorb from the GI
tract. Therefore to assess the renal response in a patient
with hyperkalemia, we use the expected rate of K1

excretion in normal subjects who were given a K1

load; these subjects could augment their rate of excre-
tion of K1 to greater than 200 mmol/day—this was
achieved with only a minor increase in PK.

46,105

Notwithstanding, to develop chronic hyperkalemia,
there must be a defect in the renal excretion of K1.
Nevertheless, in the steady state, these patients will
excrete all the K1 they ingest and absorb that is not
lost via non-renal routes. Therefore, a patient with
chronic hyperkalemia and a rate of excretion of K1 that
is higher than the ‘usual’, has a defect in renal K1

excretion; in addition, a large K1 intake contributes to
the degree of hyperkalemia in this patient.

To assess the rate of excretion of K1, a 24-hr urine
collection is not necessary. One can use the ratio of the
concentrations of K1 and creatinine in a spot urine
sample (UK/UCreatinine) despite the diurnal variation in
K1 excretion.95 This analysis is predicated on the fact
that creatinine is excreted at a near-constant rate
throughout the day.106 Moreover, a UK/UCreatinine in
spot urines provides more relevant information
because the stimulus to drive K1 excretion (e.g., PK)
can be known at that time. The expected value in a
patient with hyperkalemia is .20 mmol K1/mmol cre-
atinine (.200 mmol K1/g creatinine).
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The Transtubular K1 Concentration Gradient
(TTKG)

The TTKG was developed to provide a semi-
quantitative reflection of the driving force to secrete K1

in the CCD.107,108 The lynch pin in this calculation was
to adjust the concentration of K1 in the urine (UK) for
the amount of water that is reabsorbed in downstream
nephron segments (i.e., the MCD) to estimate the con-
centration of K1 in the luminal fluid in the terminal
CCD ([KCCD]). To calculate the [KCCD], one divides the
UK by the ratio of urine osmolality (UOsm) to the plasma
osmolality (POsm) (i.e., UOsm/POsm), as the POsm should
be equal to the osmolality in the luminal fluid in the ter-
minal CCD when vasopressin acts and AQP2 are pres-
ent in the luminal membranes of the CCD.

The assumption made when using the UOsm/POsm

ratio to adjust for the amount of water that was reab-
sorbed in the MCD is that the majority of the osmoles
delivered to the MCD were not reabsorbed in this
nephron segment.95 While, in the absence of a marked
degree of contraction of the effective circulating vol-
ume, the amount of electrolytes reabsorbed in the
MCD should not pose a problem, this is, however, not
true for urea because of intra-renal urea recycling.76 As
estimated above, � 600 mmol of urea are reabsorbed
downstream from CCD per day. Therefore, the calcu-
lated [K1]CCD obtained from UK/(UOsm/POsm) is likely
to be appreciably higher than the actual value in vivo
(same amount of K1 but a larger volume of water in
the terminal CCD). While adjustments in the calcula-
tion of the TTKG can be made to account for this error
in subjects in whom the rate of excretion of urea is
close to the usual (400 mmol/day), if the rate of excre-
tion of urea deviates appreciably from its usual rate of
excretion, one does not know the amount of urea that
is recycled relative to the amount that is excreted, and
hence an adjustment in the calculation to estimate
[K1]CCD is not possible. Furthermore, other factors
may affect this process of urea recycling (e.g., vasopres-
sin, ANGII) which further complicates the interpreta-
tion of the TTKG. Therefore, we do not use the TTKG
in the clinical assessment of patients with a dyskale-
mia, we think the UK/UCreatinine provides the clinician
with the information needed to assess the renal
response in these patients.

CLINICAL APPROACH TO THE PATIENT
WITH HYPERKALEMIA

A list of causes of hyperkalemia is provided in
Table 51.2. The steps in the clinical approach to the
patient with hyperkalemia are illustrated in Flow Charts
51.1�51.3.

Address Emergencies

It is imperative to recognize when hyperkalemia
represents a medical emergency because therapy must
take precedence over diagnosis. One must also antici-
pate the dangers associated with each mode of therapy
and take steps to prevent them from occurring.

Hyperkalemia constitutes a medical emergency, pri-
marily due to its effect on the heart.109�111 To under-
stand the effects of hyperkalemia on cardiac myocytes,
we start from phase 4 of the action potential, the rest-
ing phase (associated with diastole). Since the cell
membrane is most permeable to K1 and relatively
impermeable to other ions during this phase of action
potential, the resting membrane potential (RMP) is
determined by the K1 equilibrium potential across the

TABLE 51.2 Causes of Hyperkalemia

• High intake of K1

• Only if combined with low excretion of K1

• Shift of K1 out of cells
• Tissue breakdown (e.g., rhabdomyolsis), exhaustive exercise
• Na/K-ATPase problem

2 Tissue hypoxia
2 Lack of a stimulus (e.g., inhibition of insulin release by

α�adrenergic surge, use of non selective ß-blockers (small
effect if only factor))

2 Inhibition of Na/K-ATPase (e.g., by drugs e.g., digoxin)
• α-adrenergic surge
• Hyperosmolality (e.g., administration of mannitol)
• Metabolic acidosis due to acids that can not be transported on

the nonocarboxylic acid cotransprter (e.g., HCl , citric acid)
• Increase K1 efflux from cells (administration of succinylcholine,

floride intoxication)
• Rare causes (e.g., hyperkalemic periodic paralysis)

• Diminished K1 loss in the urine
• Advanced chronic renal insufficiency
• Low [K1]CCD (diminished electrogenic reabsorption of Na1

in the CCD)
2 Primary decrease in flux of Na1 through ENaC

2 Very low delivery of Na1 to the CCD
2 Low levels of aldosterone (e.g., Addison’s disease,
2 Blockade of the aldosterone receptor (e.g.,

spironolactone)
2 Low ENaC activity (Type I pesudohypoaldosteronism)
2 Blockade of ENaC (e.g., amiloride, triamterene,

trimethoprim-like drugs)
2 Cl2 reabsorbed at a similar rate as Na1

2 Increased reabsorption of Na1 and Cl2 in the distal
convoluted tubule (e.g., Familial Hypertension with
Hyperkalemia (WNK 4 or WNK1 mutations), drugs
(e.g., calcineurin inhibitors), some patients with
diabetic nephropathy and hyporeninemic
hypoaldosteronism).

2 Increased electroneutral reabsorption of Na1 and Cl2

in CCD due to Cl2 shunt in the CCD or parallel activity
of the Cl/HCO3 exchanger (pendrin) and the Na
dependent Cl/HCO3 exchanger (NDCBE) (e.g., some of
the causes of hyporeninemic hypoaldosteronism)
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cell membrane. During hyperkalemia, the ratio of Kin

to Kout will be reduced, the RMP will become less neg-
ative (i.e., the cell membrane will become depolarized).
Stage 0 of action potential is the rapid depolarization

phase. This phase is due to opening of the fast Na1

channels causing a rapid increase in membrane con-
ductance to Na1 and thus a rapid influx of Na1 ions
into cells. The magnitude of Na1 inward current

FLOW CHART 51.1

IN IT IAL STEP S IN THE PAT I ENT WITH HYPERKALEM IA

The initial step in the clinical approach to the patient

with hyperkalemia is to determine if there is an

emergency that demands urgent therapy.

Source: Reproduced with permission (224).

FLOW CHART 51.2

DETERM INE I F THERE I S A SH I FT OF K 1 OUT OF CELL S

Determine if a shift of K1 out of cells is likely by

assessing the time course for the rise in the PK and

whether there was little intake of K1. If there is no

reason to suspect a shift of K1 out of cells, pseudo-

hyperkalemia should be ruled out.

Source: Reproduced with permission (224).
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determines the rate of rise of action potential upstroke
(Vmax), which determines the speed of impulse propa-
gation. The ability of the cell to open the fast Na1 chan-
nels during phase 0 is related to the membrane
potential at the onset of depolarization. If RMP is less
negative, fewer Na1 channels become activated during
depolarization, thus the magnitude of the inward Na1

current and the Vmax of the action potential diminishes.
The decrease in Vmax results in a reduction in myocardial
conduction, with progressive prolongation of the P
wave, PR interval, and QRS complex. Vmax is greatest
when RMP is about 275 mV, RMP that is associated
with 50% reduction in Vmax is 265 mV (a rise in
plasma K from 4�5 mmol/L to 8�10 mmol/L).

The rapid delayed rectifier K channel (IKr) is mostly
responsible for the efflux of K1 seen during phase 3 of
the cardiac action potential; the rapid repolarization
phase. For reasons that are not well understood, the IKr
current is sensitive to extracellular K1 levels; as extra-
cellular K1 rises, K1 conductance through these chan-
nels increases, so that more K1 leave the myocytes in a
given time period. This leads to shortening of the repo-
larization time, which is thought to be responsible for
some of the electrocardiographic manifestations
observed with a modest degree of hyperkalemia such

as ST-T segment depression, peaked T waves and QT
shortening.

The earliest ECG manifestations of hyperkalemia
include the appearance of narrow based, peaked “tent
shaped” symmetrical T waves. These T waves are of
relatively short duration, which help distinguish them
from the broad T waves typically seen in patients with
myocardial infarction or intra-cerebral accidents.112

Peaked T waves are usually seen at K1 concentration
of.5.5 mM.

As serum K1 increases to .6.5 mM, the manifesta-
tions of slow cardiac conduction become apparent:
broad flat P wave (delayed sino-atrial conduction), pro-
longed PR interval (delayed atrioventricular conduc-
tion), wide QRS complex (delayed intra-ventricular
conduction). The QRS complex may take the appear-
ance of right or left bundle branch block. A clue that
these electrocardiographic changes are due to hyperka-
lemia and not bundle branch disease is that in hyperka-
lemia the conduction delay persists throughout the
QRS complex and not just in the initial portion (as in
left bundle branch block) or in the terminal portion (as
in right bundle branch block). Also, the width of T
wave is close to that of QRS complex. In intra-
ventricular conduction abnormalities due to other

FLOW CHART 51.3

BAS I S FOR THE LOW RATE OF EXCRET ION OF K 1

Patients with chronic hyperkalemia can be divided

into two groups based on their effective arterial blood

volume. In this analysis, we assumed that there is an

adequate distal delivery of Na1.
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causes or in ventricular ectopic rhythm, the T wave is
much wider than the QRS complex.

As K1 levels reach 8�9 mmol/L, there are absent P
waves indicating atrial arrest. The QRS complex con-
tinues to widen and eventually blends with the T wave
producing the classical sine wave. The SA node may
continue to stimulate the ventricle without evidence of
atrial electrical activity producing a sino-ventricular
rhythm. As hyperkalemia worsens and the K1 level
reaches 10 mEq/L, sino-ventricular conduction no lon-
ger occurs, ventricular fibrillation and asystole are
imminent.

It is important to note that this correlation between
the absolute level of PK and the ECG changes is based
largely on experiments with the acute infusion of K1 in
animals. There is large variability among patients in
the absolute PK leading to ECG changes and cardiac
toxicity of hyperkalemia.113 Variables include the
rapidity of the onset of hyperkalemia,111,114 underlying
cardiac disease, and the presence or absence of hypo-
calcemia, acidemia, and/or hyponatremia. In a retro-
spective review of the frequency of ECG changes in
patients with hyperkalemia,115 the ECG had poor sensi-
tivity for diagnosing hyperkalemia, with only 55% of
patients with plasma K1 .6.8 mmol/L manifested
peaked T waves. Notwithstanding, 14 out of 90
patients in this case series developed cardiac arrhyth-
mia or cardiac arrest, a number of them did not have
any ECG changes on their initial presentation.
Therefore, it is our view that severe hyperkalemia, i.e.,
PK .7.0 mmol/L should be treated as an emergency
with maneuvers to induce a shift of K1 into cells; even
in the absence of ECG changes, and perhaps at even
lower PK (e.g., .6.5 mmol/L) in the presence of hypo-
calcemia, acidemia and/or hyponatremia.

Determine if the Cause of the Hyperkalemia is a
Shift of K1 out of Cells In Vivo or In Vitro

Is the time period short and/or has the intake of K1

been low?
If the answer is yes, there are three options to

consider:

There Is Destruction of Cells in the Body

In this case, the diagnosis is usually obvious (e.g.,
crush injury).

There Is a Shift of K1 out of Cells in the Body

This may occur in conditions in which there is a less
negative voltage in cells. This may be due to tissue
hypoxia affecting the Na-K-ATPase (conditions causing
hypoxic lactic acidosis), lack of a stimulus for Na-K-
ATPase (e.g., lack of insulin in patients with diabetic
ketoacidosis, α-adrenergic surge causing inhibition of

the release of insulin or directly causing a shift of K1

out of cells, β2-adrenergic blockade especially under
conditions of α-adrenergic surge). A shift of K1 may
also occur in conditions of metabolic acidosis due to
non- monocarboxylic acids, i.e., acids that can not be
transported on M-CT (e.g., metabolic acidosis due to a
gain of HCl acid owing to loss of NaHCO3 in a patient
with diarrhea, ingestion of citric acid35). Digoxin inhi-
bits Na-K-ATPase, digoxin overdose can result in
hyperkalemia.116 Bufadienolide, a structurally similar
glycoside, is present in high concentration in the skin
and venom gland of the toad Bufo marinus. The inges-
tion of such toads or their extracts can result in fatal
hyperkalemia.117 Several cases of hyperkalemia have
been reported after the ingestion of certain herbal aph-
rodisiac pills containing large amounts of toad venom.
The stems, leaves, flowers and roots of yellow oleander
contain high concentration of cardiac glycosides, inges-
tion of yellow oleando for deliberate self-harm has
been reported especially in South Asia.118 Acute hyper-
kalemia may occur during exhaustive exercise or status
epilepticus.119 Severe hyperkalemia has been described
as a complication of the administration of mannitol
for the treatment or prevention of cerebral
edema.120,121 Succinylcholine depolarizes muscle cells,
resulting in the efflux of K1 through acetylcholine
receptors in conditions that may lead to up-
regulation of acetylcholine receptors.122 Floride can
open the Ca21 sensitive K1 channel,123 floride intoxi-
cation can lead to fatal hyperkalemia.124 A positive
family history for acute hyperkalemia suggests that
there may be a molecular basis for this disorder (e.g.,
hyperkalemic periodic paralysis).

Pseudohyperkalemia May Be Present

Pseudohyperkalemia is caused by the release of K1

during or after venipuncture.125 Excessive fist clench-
ing during blood sampling may increase K1 release
from local muscle and thus raise the measured
PK.

126,127 Pseudohyperkalemia can be present in
cachectic patients because the normal T-tubule archi-
tecture in skeletal muscle may be disturbed. This
permits more K1 to be released into venous blood,
even without excessive fist clenching during blood
sampling. Thrombocytosis (especially megakaryocyto-
sis),128 leukocytosis (especially due fragile leukemia
cells)129,130 and/or erythrocytosis may cause pseudohy-
perkalemia due to release of K1 from cells.131,132

Cooling of blood prior to the separation of cells from
plasma is a recognized cause of pseudohyperkale-
mia.133 There are several hereditary subtypes of pseu-
dohyperkalemia, caused by an increase in the passive
K1 permeability of erythrocytes. The PK increases in
blood samples from these patients that have been left
at room temperature. Interestingly, eleven pedigrees of
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patients with autosomal dominant hemolysis and pseu-
dohyperkalemia were found to have single point muta-
tions in the anion exchanger, AE1.134 These mutations
reduce anion transport in red cells and convert AE1 to
a non-selective cation channel.

Is the Rate of Excretion of K1 High Enough
in a Patient with Hyperkalemia?

In a patient with chronic hyperkalemia, pseudohy-
perkalemia should be first ruled out. To assess the
renal response in a patient with hyperkalemia, we use
the expected rate of K1 excretion in normal subjects
who were given a K1 load; these subjects could aug-
ment their rate of excretion of K1 to greater than
200 mmol/day—this was achieved with only a minor
increase in PK.

46,105 Patients with chronic hyperkalemia
have a defect in K+ excretion (i.e., they excrete
much less than 200 mmol K1/g creatinine or 20 mmol
K1/mmol creatinine in their urine).

In a Patient with Chronic Hyperkalemia,
Determine the Basis for the Low UK/UCreatinine

There are two possible mechanisms for a lower than
expected UK/UCr in a patient with hyperkalemia. First,
the most common mechanism is a less negative voltage
in the lumen of the CCD due to a lower rate of electro-
genic reabsorption of Na1 in the CCD (Figure 51.5).
Second, even if a lumen-negative voltage could be gen-
erated, the secretion of K1 might still be low if there
were too few ROMK channels with a high open-
probability in the luminal membrane of the CCD.
While no diseases have been directly attributed to this
pathophysiology, we must still include it in the differ-
ential diagnosis.

There are two major categories of disorders that lead
to a low lumen-negative voltage in CCD: Disorders
that lead to a diminished rate of reabsorption of Na1

via ENaC, and disorders that lead to reabsorption of
Na1 and of Cl� in CCD occurring at near equal rates.

Diminished Reabsorption of Na1 via ENaC
in the CCD

The first subgroup with this pathophysiology con-
sists of patients who have a marked decrease in the
effective arterial blood volume; these patients may
have a sufficiently very low delivery of Na1 to the
CCD to limit the rate of secretion of K1. The hallmark
for this diagnosis is the excretion of urine with a very
low concentration of Na1. The second subgroup con-
sists of patients who have lesions that lead to a dimin-
ished number of open ENaC units in the luminal
membrane of principal cells in the CCD. Accordingly,
the reabsorption of Na1 cannot occur at high enough

rate to generate a large lumen-negative voltage in the
CCD. The basis of this lower rate of reabsorption of
Na1 includes low PAldosterone levels (e.g., adrenal insuf-
ficiency), blockade of the aldosterone receptor in prin-
cipal cells, molecular defects that diminish the number
of ENaC units in the luminal membrane of the CCD,
the presence of cationic compounds in the lumen of the
CCD that block ENaC (e.g., the use of the potassium-
sparing diuretics amiloride or triamterene or cationic
antimicrobial agents such as trimethoprim). These
patients have a low effective arterial blood volume and
a higher than expected rate of excretion of Na1 and
Cl� in the presence of a low effective arterial blood vol-
ume, and a high PRenin mass (with the exception of the
patients with hyporenenimic hypoaldosteronism due
to decreased production of renin). The PAldosterone is
helpful to determine the reason for the diminished
Na1 reabsorption via ENaC in the CCD.

Reabsorption of Na1 and Cl� at Near-Equal
Rates in the CCD

In one subgroup of patients with this pathophysiol-
ogy, the site of the lesion might be in the early DCT
where there is enhanced electroneutral reabsorption of
Na1 and Cl� via NCC. Accordingly, the delivery of
Na1 and Cl� to the CCD is not sufficiently large to per-
mit the rate of reabsorption of Na1 to exceed the rate
of reabsorption of Cl� in the CCD by an appreciable
amount. In addition, there is a diminished number of
open ENaC units in the luminal membranes of princi-
pal cells in CCD because of the suppression of release
of aldosterone by an expanded effective arterial blood
volume. These patients are expected to have a rise in
K1 excretion with the administration of a thiazide type
diuretic.

In another subgroup of patients, the defect might be
due to enhanced electroneutral reabsorption of NaCl in
CCD. The term “chloride shunt disorder” has been
coined to describe this pathophysiology, implying that
perhaps there is increased permeability for Cl�

through the paracellular pathway.135 Given the large
concentration difference for Cl� and the relatively
small transepithelial voltage difference, if there were
increased paracellular permeability for Cl�, perhaps
the movement of Cl� would be into instead of out of
the lumen of the CCD. The defect could also be one of
increased electroneutral reabsorption of NaCl by the
parallel activity of the Na1-dependent Cl2=HCO2

3

exchanger (NDCBE) and the Na1 independent
Cl2=HCO2

3 exchanger; pendrin.60 Nevertheless, this
transport mechanism has been detected in the corti-
cal collecting duct; to play a role in modulation of
K1 secretion it needs to be expressed in the late
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distal tubule and/or the connecting segment. Patients
with this pathophysiology of enhanced electroneutral
reabsorption of NaCl in the CCD, are expected to
have a rise in K1 excretion with increasing the deliv-
ery of HCO3

2 to CCD, e.g., induced with administra-
tion of acetazolamide.

SPECIFIC CAUSES OF HYPERKALEMIA

A list of the causes of hyperkalemia based on their
possible underlying pathophysiology is provided in
Table 51.2 and a list of drugs that may cause hyperka-
lemia is shown in Table 51.3.

Chronic Renal Insufficiency

Hyperkalemia occurs frequently in patients with
advanced, chronic kidney disease and it is due to a
diminished ability to excrete K1. There are two major
reasons that lead to a diminished rate of excretion of
K1. First, decreased flow rate in the terminal CCD. In
more detail, flow rate in terminal CCD is directly
related to the number of luminal osmoles in the lumen
of terminal CCD when vasopressin acts.95 The major
osmoles in terminal CCD are urea and Na11Cl�. The
number of osmoles of Na11Cl� in the terminal CCD
may be diminished because of dietary salt restriction
and/or the use of diuretics that may induce decreased
effective arterial blood volume. The number of urea
osmoles in the terminal CCD may be decreased
because of dietary protein restriction and also

diminished intra-renal urea recycling owing to medul-
lary interstitial disease involving the inner MCD. The
second reason for diminished rate of excretion of K1, is
a low [K1]CCD. Two factors may contribute to this low
[K1]CCD. Although the flow rate in the CCD may be
decreased, as there is a very large reduction in the num-
ber of residual functioning nephrons in these patients,
the flow rate through each remaining CCD segment
may be very high. When the flow rate per CCD is high,
the ability to reabsorb more Na1 than Cl� in the CCD is
diminished and the lumen-negative voltage may not be
high enough to raise the [K1]CCD sufficiently. In addi-
tion, these patients may be taking drugs that compro-
mise the ability to excrete K1. Prominent on the list are
drugs that diminish the secretion of aldosterone (ACE-
inhibitors or angiotensin II receptor blockers) and aldo-
sterone receptor blockers (e.g., spironolactone). The
degree of hyperkalemia will obviously be more severe
when the intake of K1 is particularly high, due for
example to the intake of salt substitutes that contain
KCl or the ingestion of a large volume of fruit juice.136

Addison’s Disease137

The most common cause of this disorder used to be
bilateral adrenal destruction due to tuberculosis, but
now autoimmune disease either as an isolated disorder
or as part of polyglandular endocrinopathy accounts
for the majority of cases.138 HIV is now the most impor-
tant infectious cause of adrenal insufficiency,139 with
CMV the most likely cause in this setting. Nevertheless,
the list includes other infectious diseases including
disseminated fungal infections. Additional causes of
Addison’s disease include adrenal infiltration by amy-
loidosis, metastatic carcinoma or lymphoma, adrenal
hemorrhage or infarction, as may occur in patients with
the anti-phospholipid antibody syndrome,140 and drugs
that impair the synthesis of aldosterone (e.g. heparin,
ketoconazole141 and possibly fluconazole).

Patients with chronic primary adrenal insufficiency
may present with chronic malaise, fatigue,
anorexia, generalized weakness, and weight loss. Salt
craving is a distinctive feature in some patients.
Hyperpigmentation is evident in nearly all patients. In
most patients, the blood pressure is low and postural
symptoms of dizziness and syncope are common. The
PK is usually close to 5.5 mmol/L, unless a significant
degree of intravascular volume depletion diminishes
the flow rate in CCD, leading to a more severe degree
of hyperkalemia. Nevertheless, hyperkalemia is not
seen on presentation in approximately one third of the
cases.142 The absence of hyperkalemia in such a large
percentage of patients is probably due to a low dietary
K1 intake. Other possible abnormal laboratory findings

TABLE 51.3 Drugs that can Cause Hyperkalemia

• Drugs containing K (only increase PK if K1 excretion is
compromised)
• KCl tablets, salt substitutes

• Drugs causing a K shift from ICF to ECF
• Cell depolarizers such as succinylcholine
• Drugs that inhibit Na/K ATPase e.g., digitalis overdose
• Chemotherapy causing tumor lysis
• Drugs impairing insulin release from β-cells such as

α-adrenergic agonists, octreiode
• β2-adrenergic receptor blockers

• Drugs which interfere with K excretion in the urine:

• Drugs that cause acute renal failure or interstitial nephritis
• Drugs that inhibit the release of renin e.g., NSAIDs
• Drugs that inhibit the release of aldosterone (e.g., heparin)
• Drugs that interfere with the renin- ANGII axis (e.g., direct

renin blockers, converting enzyme inhibitors and ANGII

receptor blockers)
• Aldosterone receptor blockers (e.g., spironolactone)
• Drugs that block ENaC in the CCD (e.g., amiloride,

trimethoprim)
• Drugs the interfere with activation of ENaC via proteolytic

cleavage (e.g., nafamostat mesylate)
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include hyponatremia, hyperchloremic metabolic aci-
dosis, hypoglycemia, and eosinophilia. Some patients
may present with acute adrenal crisis and shock.

The diagnosis can be established by finding a low
PAldosterone and PCortisol, high PRenin mass, and a blunted
cortisol response to the administration of ACTH.

Adrenal crisis is an emergency that requires imme-
diate restoration of the intravascular volume with
administration of intravenous saline and correction of
the cortisol deficiency with the administration of dexa-
methasone or hydrocortisone. Beware of raising the
PNa too rapidly if hyponatremia is present because of
the risk of osmotic demyelination in a catabolic
patient.143 The administration of cortisol can lead, indi-
rectly, to a fall in the circulating level of vasopressin.144

We prefer to give dDAVP at the outset of therapy to
avoid a large water diuresis that could result in a sud-
den and excessive rise in the PNa.

Patients with chronic adrenal insufficiency should
receive replacement therapy with both a glucocorticoid
and a mineralocorticoid. For the former, 25 mg of
hydrocortisone (15 mg in the morning and 10 mg in the
afternoon) is usually given. For mineralocorticoid
replacement, fludrocortisone in a single dose of 50 to
200 μg is usually used. Dose adjustments are made
based on patients’ symptoms, ECF volume status, the
blood pressure and the PK.

Hyperkalemia Due to Inherited Disorders
of Aldosterone Biosynthesis

The inherited enzymes deficiency involved in
aldosterone biosynthesis include 21-hydroxylase, 3-
hydroxysteroid dehydrogenase, cholesterol desmolase
and aldosterone-synthetase deficiency. Except for
aldosterone-synthetase deficiency, the other three dis-
orders (also called congenital adrenal hyperplasia) are
combined with glucocorticoid deficiency because the
cortisol biosynthesis is also affected in these three dis-
orders.145 Salt wasting, hyponatremia, hyperkalemia
and hypotension are common features. Among them,
21-hydrolyase deficiency is the most common, and
more easily recognized in affected females who usually
have masculine-type genitalia at birth due to excess
secretion of fetal adrenal androgen. The diagnosis is
confirmed by the findings of elevated serum 17-hydro-
xyprogesterone, the substrate for the absent enzyme.
Patients with 3-hydroxysteroid dehydrogenase and
cholesterol desmolase deficiency usually have the signs
of sex steroid deficiency, which distinguishes them
from patients with 21-hydrolyase deficiency who have
manifestations of androgen excess. In patients with
aldosterone-synthetase defects, aldosterone synthesis is
decreased but corticosterone secretion is enhanced and

its concentration in serum is elevated. Aldosterone-
synthetase defects can be divided into two types: Type
I corticosterone methyl oxidase (COMI) defect and
type II corticosterone methyl oxidase (COMII)
defect.146 Serum 18-hydroxycorticosterone is deficient
in patients with COMI defect, but increased in patients
with COMII defect.

Pseudohypoaldosteronism Type I

The underlying pathophysiology in patients with
pseudohypoaldosteronism type 1 (PHA-1) resembles
“closed” ENaC in the luminal membrane of principal
cells in the CCD. There are two different forms of this
disorder with two different modes of inheritance.

Autosomal Dominant Disorder: This is due to loss
of function mutations involving the mineralocorticoid
receptor.147 The clinical disorder is usually mild and
often remits with time.

Autosomal Recessive Form: This results from vari-
ous mutations involving all the three subunits of
ENaC.148 Unlike the autosomal dominant form of
PHA-1, the disease is permanent, and does not
improve in adulthood. Patients usually present in the
neonatal period with renal salt wasting, hyperkalemia,
metabolic acidosis, failure to thrive, and weight loss.
ENaC activity is also impaired in the lung and this
leads to excessive airway fluid and recurrent lower
respiratory tract infections.

Patients fail to respond to exogenous mineralocorti-
coids and their PAldosterone and PRenin activity are
markedly elevated. Treatment includes supplementa-
tion with NaCl and inducing the loss of K1 through
the GI tract. Dialysis may be required for treatment of
life-threatening hyperkalemia.

Syndrome of Hyporeninemic Hypoaldosteronism

Patients with this syndrome represent a heteroge-
neous group with regard to the pathophysiology of
their disorder.

A Group with Low Capability of Producing Rennin:
The basis of this group of disorders may be destruction
of, or a biosynthetic defect in the juxtaglomerular appa-
ratus, that leads to a low PRenin mass and thereby to a
low PAldosterone.

149,150 Accordingly, there is a less nega-
tive luminal voltage in CCD due to less ENaC activity
and hence a lower rate of reabsorption of Na1 in CCD.
These patients will tend to have low effective arterial
blood volume. Patients with this disorder are expected
to have a significant rise in their UK/UCr with the
administration of exogenous mineralocorticoids.

A Group with Low Stimulus to Produce Rennin: A
subset of these patients are those with “Familial
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Hyperkalemia with Hypertension” (also known as
Pseudohypoaldosteronism type II (PHA-II) or
Gordon’s syndrome). Patients with this disorder
behave like a gain-of-function in the thiazide-sensitive
NCC with enhanced reabsorption of Na1 and Cl� in
DCT;58 the molecular defects leading to this disorder
are discussed below.

This enhanced upstream reabsorption of Na1 and
Cl� results in a low delivery of Na1 and Cl� to the
CCD, which compromises the ability of this nephron
segment to reabsorb more Na1 than Cl�, and thereby
leads to a diminished excretory capacity for K1. ECF
volume expansion is a hallmark of the pathophysiology
and it results in a low PRenin mass, and thereby a lower
than expected PAldosterone given the hyperkalemia.
Accordingly, these patients are not expected to have an
appreciable rise in their UK/UCr with exogenous
mineralocorticoids, but their hyperkalemia should
resolve with the administration of thiazide diuretics
(higher Na1 and Cl� delivery to the CCD, and more
reabsorption of Na1 than Cl� in CCD if more ENaC
are open due to release of renin and aldosterone as the
intravascular volume becomes less expanded).

A similar set of clinical findings to those described
above but without a known molecular lesion may
occur in other patients, most commonly patients with
diabetic nephropathy.149 Support is given to the
hypothesis that suppression of renin release in these
patients is the result of volume expansion by the find-
ings that circulating atrial natriuretic peptide blood
levels are elevated in these patients,151 and many will
respond to either NaCl� restriction or to furosemide
with an increased PRenin activity.151,152 A similar patho-
physiology (i.e., that suppression of renin release is
due to intravascular volume expansion) has been sug-
gested in patients with chronic renal failure153 and
patients with lupus nephritis with hyperkalemia and
hyporeninemic hypoaldosteronism.154 The basis of the
disorder remains to be established. It is possible that
the reabsorption of Na1 and Cl� may be augmented in
the DCT akin to patients with “Familial Hyperkalemia
with Hypertension”. Interesting in this regard with
respect to patients with type II DM, who may have
hyperinsulinemia and the metabolic syndrome, is that
chronic insulin infusion in rats is associated with the
retention of NaCl due to its enhanced reabsorption in
different nephron segments including the DCT and
with less WNK4 expression in the renal cortex.155

Furthermore, Obese Zuker rats were shown to be more
sensitive to thiazides than their lean counterparts with
a greater natriuresis , kaliuresis and drop in BP on thia-
zides.156 Reduced renal cortical expression of WNK4
was also observed in this model. It is also interesting to
note that work in cell culture indicates the involvement
of PI3-kinase in activating WNK-1.89 As mentioned

above, WNK1 up-regulates NCC by blocking the inhib-
itory form of WNK4 or via phosphorylation of SPAK/
ORS1.

It is also possible that ECF volume expansion and
hyperkalemia in these patients may reflect an increased
electroneutral NaCl reabsorption in CCD, perhaps a
“Cl shunt” disorder135or possibly increased electroneu-
tral reabsorption of NaCl by the parallel activity of the
Na1-dependent Cl2=HCO2

3 exchanger (NDCBE) and
the Na1 independent Cl2=HCO2

3 exchanger; pendrin60

Patients with this pathophysiology of enhanced
electroneutral reabsorption of Na11Cl� in the CCD,
are expected to have a rise in K1 excretion with induc-
tion of bicarbonaturia (e.g., administration of
acetazolamide).

Differentiation between these two groups of patients
with hyporeninemic hypoaldosteronism has implica-
tions for therapy. The use of exogenous mineralocorti-
coids (9 α-fludrocortisone) is of benefit for the first
group of patients as it results in both a kaliuresis and
re-expansion of the intravascular volume due to reten-
tion of Na1. Diuretic therapy would pose a threat to
these patients because it would cause a more severe
degree of decreased effective arterial blood volume.
In contrast, mineralocorticoids may aggravate the
hypertension in those who have excessive reabsorp-
tion of Na1 and Cl� in the DCT. In this group of
patients, the administration of a thiazide diuretic to
inhibit NCC should enhance the kaliuresis and lower
the blood pressure. The administration of diuretics to
patients with enhanced electroneutral Na1 and Cl�

reabsorption in the CCD may increase their rate of
excretion of K1 by increasing the flow rate in the
CCD. The activity of K1 secretion may be increased
by inducing bicarbonaturia; loss of HCO2

3 may have
to be replaced to avoid the development of metabolic
acidosis.

Familial Hyperkalemia with Hypertension

The term pseudohypoaldosteronism type II (PHAII)
is misleading from a physiologic perspective because
patients with this syndrome have salt retention and
hypertension, findings associated with more rather
than with less aldosterone effect.

The cause for increased reabsorption of Na1 and
Cl� in the DCT in this disorder has been clarified
recently.58 Major deletions in the gene encoding for
WNK kinase-1 and missense mutations in WNK4 were
reported in these patients. When activated by ANGII,
WNK4 normally causes an increased luminal NCC
phosphorylation and thus activity through SPAK/
OSR1 (Figure 51.8).157 PHAII-WNK4 mutants activate
NCC in vivo by enhancing the SPAK/OSR1-NCC phos-
phorylation signaling,158 an effect which is not further
augmented by ANGII, consistent with gain-of-function
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mutations resulting in constitutive activation of the sig-
naling pathway. Thus, reabsorption of Na1 and Cl� by
NCC in the DCT will be augmented.

The molecular defect in WNK1 is a removal of
intron bases that leads to NCC activation (gain of func-
tion). There are two isoforms of WNK1; a ubiquitous
full-length (WNK1-L) and a kidney-specific, WNK1
lacking the kinase domain (WNK1-S).159 WNK1-L has
an antagonistic effect on the inhibitory form of WNK4,
and can also activate SPAK/OSR1-NCC signaling path-
way.93 WNK1-S has a dominant-negative effect on
WNK1-L. When the intron 1 of WNK1 gene is deleted,
both WNK1-L and WNK1-S are increased in DCT and
the imbalance of the WNK1-L/WNK1-S ratio leads to
an activation of the NCC.

The higher activity of the thiazide-sensitive NCC
could explain the hypertension, hyperkalemia, and the
suppressed PRenin mass that are common features in this
disorder. Because of the enhanced reabsorption of Na1

and Cl� via NCC in the DCT, the delivery of Na1 and

Cl� to the CCD is not sufficiently large to permit the
rate of reabsorption of Na1 to exceed the rate of reab-
sorption of Cl� in the CCD by an appreciable amount.
In addition, there is a diminished number of open
ENaC units in the luminal membranes of principal
cells because of the suppression of release of aldoste-
rone by an expanded effective arterial blood volume.
The overall result is to cause low luminal negative volt-
age in the CCD and the development of hyperkalemia.
The increased NCC activity in these patients accounts
for the marked fall in blood pressure in some patients
who are treated with thiazide diuretics.160

Hyperkalemic Periodic Paralysis

The defect in this disorder seems to be in the regula-
tion of a specific population of Na1 channels (the tetro-
dotoxin sensitive Na1 channels) in the cell membrane.
This syndrome has an autosomal dominant inheritance

FIGURE 51.8 Mutations in WNK kinases causing “Familial Hyperkalemia with Hypertension”. WNK4 is thought to inhibit NCC activity
by reducing its plasma membrane abundance, by diverting post-Golgi NCC to the lysosome for degradation. When activated by ANGII,
WNK4 normally causes an increased luminal NCC phosphorylation and thus activity through SPAK/OSR1. WNK1-L up-regulates NCC by
blocking the inhibitory form of WNK4 or by phosphorylation of SPAK/ORSI. WNK1-S has a dominant-negative effect on WNK1-L. PHAII-
WNK4 mutants activate NCC in vivo by enhancing the SPAK/OSR1- NCC phosphorylation signaling, an effect which is not further augmented
by ANGII, consistent with gain-of-function mutations resulting in constitutive activation of the signaling pathway. When the intron1 of WNK1
gene is deleted, both WNK1-L and WNK1-S are increased in DCT and the imbalance of the WNK1-L/WNK1-S ratio leads to an activation of
the NCC.
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and is the result of a mutation in the α-subunit of the
skeletal muscle Na1 channel gene (Nav1.4 encoded by
SCN4A gene).24 When the muscle is stimulated to con-
tract, Na1 influx depolarizes the cell. As the resting
membrane potential approaches -50 mV, normal Na1

channels close. In patients with hyperkalemic periodic
paralysis, these defective Na1 channels fail to close, the
persistent Na1 influx leads to membrane depolarization
and drives an outward efflux of K1 into the ECF com-
partment, causing hyperkalemia. Depending on the
absolute voltage, lesser changes may result in myoto-
nia, while larger changes can cause paralysis. Weakness
is triggered by a variety of circumstances including rest
after exercise, K1-rich food, cold environment, emo-
tional stress and fasting. Acute attacks of hyperkalemic
periodic paralysis can be treated by inducing a shift of
K1 into cells with ß2-adrenergics.

161 Inducing a large
K1 loss should be avoided. Acetozolamide seems to be
effective in prevention of recurrence of attacks, though
its mechanism of action is not clear.

Drugs Associated with Hyperkalemia

In general, drugs that cause hyperkalemia can be
classified into those that affect the shift of K1 into cells
and those that impair the renal excretion of K1.

Drugs that Affect Cellular Redistribution of K1

Non-selective ß-adrenergic blockers may diminish
the ß2-adrenergic mediated shift of K1 into cells.162 In
general, only a minor rise in the PK is observed.
Nevertheless, more significant degrees of hyperkalemia
may develop after vigorous exercise163 or the intake of
drugs that may impair the excretion of K1 by the
kidney.

Digitalis overdose may be accompanied by hyperka-
lemia as a result of the inhibition of the Na-K-ATPase
pump.164,165

The use of depolarizing agents such as succinylcho-
line during anesthesia may cause a shift of K1 from
cells and cause hyperkalemia.122 The hyperkalemic
effect of succinylcholine is more pronounced in
patients with conditions that may lead to up-regulation
of acetylcholine receptors in skeletal muscles such as
neuromuscular injury (upper or lower motor neuron
lesion), immobilization, muscle inflammation, muscle
trauma or burn injury.166

Arginine hydrochloride used in the treatment of
hepatic coma and severe metabolic alkalosis167,168 and
epsilon-aminocaproic acid,169 a synthetic amino acid
structurally similar to lysine and arginine used to treat
severe hemorrhage also causes an efflux of K1 from
cells, resulting in life-threatening hyperkalemia, espe-
cially in patients with impaired renal function.

Hyperkalemia may also result from inhibition of
insulin secretion by the somatostatin agonist
octreotide.170

Impaired K1 redistribution via the activation of the
K1 channel by fluoride poisoning171,172 leads to life-
threatening hyperkalemia and may be ameliorated by
the administration of quinidine and amiodarone.173

Drugs that Interfere with Renal K1 Excretion

Drugs that Inhibit the Release of Renin; Non-
Steroidal Anti-Inflammatory Drugs (NSAIDS):
Secretion of renin by cells in the afferent glomerular
arterioles and by cells of the macula densa in the early
DCT appears to be mediated in part by locally pro-
duced prostaglandins via COX-2.174 As a result, prosta-
glandin synthesis inhibition can lead to low PRenin mass

and low PAldosterone.
175,176 NSAIDs also blunt the adre-

nal response to hyperkalemia, which is at least partially
dependent on prostaglandins. It is not surprising that
COX-2 inhibitors produce identical effects to those of
non-selective NSAIDS.177,178 The rise in the PK is small
in normal subjects, but a significant degree of hyperka-
lemia may develop in the presence of certain diseases
or with the intake of drugs that may impair the renal
excretion of K1.

Drugs that Interfere with the
Renin-Angiotensin-Aldosterone Axis

Direct Renin Blockers, Angiotensin Converting
Enzyme (ACE) Inhibitors and Angiotensin II Receptor
Blockers: The two major stimuli for the release of aldo-
sterone are ANGII and an increase in the PK. The effect
of hyperkalemia to stimulate the release of aldosterone
acts in concert with ANGII that is generated locally
within the adrenal glomerulosa.179 Blocking both of
these actions is expected to reduce aldosterone secre-
tion and thereby impair the renal excretion of K1. Of
note, however, aldosterone levels are not fully
suppressed in patients on chronic therapy with ACE
inhibitors.180 Furthermore, there are no reported stud-
ies that examined the effect of exogenous mineralocor-
ticoids on the renal excretion of K1 in patients who
develop hyperkalemia while on drugs that block the
renin-angiotensin-aldosterone system (RAAS).

Notwithstanding, as show in Table 51.1, hyperka-
lemia will likely not occur, even if there is a large
reduction in TE voltage in the CCD unless there is
decreased flow rate in the terminal CCD. A defi-
ciency of actions of ANGII may diminish intra-renal
urea recycling by reducing urea reabsorption in the
inner MCD as AII stimulates the transport of urea in
the inner MCD in the presence of vasopressin,181 or
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possibly by decreasing vasoconstrictor tone to blood
vessels that descend into the renal medulla, and
thereby wash urea out of the deeper region of the
outer medulla as a result of diminishing the driving
force for urea entry into the descending thin limbs of
superficial nephrons. Hence, the hyperkalemia seen
in some patients on ACE inhibitors or ARBs may be
due to a combination of diminished electrical driving
force for the net secretion of K1 in the CCD and a
diminished rate of flow in the terminal CCD due to
a decrease in urea recycling.

In patients with hypertension without risk factors
for hyperkalemia, the incidence of hyperkalemia with
RAAS inhibitor mono-therapy is low (,2%), whereas
rates are higher with dual RAAS blockade (5%).182 The
incidence of hyperkalemia is also increased in patients
with congestive heart failure or chronic kidney disease
(5% to 10%). However, these estimates are based on
data from patients in a study setting and hence may
not reflect the incidence of hyperkalemia in an outpa-
tient setting. The rise in the PK is less than 0.5 mmol/L
in patients with relatively normal renal function. In
contrast, more severe hyperkalemia may be seen in
patients with chronic kidney disease, concurrent use of
a drug that impairs renal K1 excretion such as a
potassium-sparing diuretic or a non-steroidal anti-
inflammatory drug, and in the elderly patients.

Drugs that Inhibit Aldosterone Synthesis; Heparin:
Aldosterone synthesis is selectively reduced in patients
who are treated with heparin.183�185 This seems to be
due to an effect of heparin that leads to a reduction in
the number and affinity of adrenal ANGII receptors. It
has been estimated that hyperkalemia occurs in about
7% of patients receiving heparin. Both unfractionated
and low-molecular weight heparin can cause hyperka-
lemia. Hyperkalemia due to prophylactic subcutaneous
unfractionated heparin (5000 units twice daily) has also
been reported. Nevertheless, the degree of decrease in
the PAldosterone may not be of sufficient magnitude to
affect the renal excretion of K1 in many patients who
receive this drug. Severe hyperkalemia occurs only if
some other disorder that leads to impairment in K1

excretion is present such as renal insufficiency or if the
patient is taking an ACE inhibitor, or a potassium-
sparing diuretic.

Aldosterone Receptor Antagonists; Spironolactone
and Eplerenone: Hyperkalemia is of particular concern
in patients on the non-specific mineralocorticoid recep-
tor antagonist, spironolactone,186 or the selective miner-
alocorticoid receptor antagonist eplerenone, especially
given the increasing indications to combine spironolac-
tone or eplerenone with ACE-inhibitors and/or ARBs
in patients with renal and cardiac disease. Heart fail-
ure, diabetes, and chronic kidney disease increase the
risk of hyperkalemia from these agents. The prevalence

of hyperkalemia associated with the combined use of
mineralocorticoid receptor antagonists and ACE-inhibi-
tors/ARBs appears to be much higher in clinical prac-
tice (B10%) than what has been reported in large
clinical trials, perhaps in part due to the use of higher
than recommended doses. The incidence of hyperkale-
mia is dose dependent with detectable effects even at
doses of 25 mg spironolactone per day, at higher doses,
the risk of severe hyperkalemia increases. Juurlink
et al.,186 in a population-based study of computerized
drug prescription records and hospitalizations in
Ontario, Canada, studied the correlation between the
rate of spironolactone prescription for patients with
heart failure on ACE-inhibitors, following the publica-
tion of “The Randomized Aldactone Evaluation Study”
with hyperkalemia and associated morbidity. The fre-
quency with which spironolactone was prescribed to
patients with heart failure who were taking an ACE
inhibitor rose significantly after the publication of
RALES (from 30 prescriptions per 1000 patients in
early 1999 to 149 prescriptions per 1000 patients by late
2001). Over the same interval, there were significant
increases among these patients in the rates of hospital
admissions for hyperkalemia (from 4.0 to 11.0 per
1000) and of in-hospital death from hyperkalemia
(from 0.7 to 2.0 per 1000). Notwithstanding, a study
from the United Kingdom found a similar increase in
spironolactone use after the publication of RALES, but
without an increase in hyperkalemia or admissions to
hospital for hyperkalemia.187

Drugs that Block ENaC; Trimethoprim and
Pentamidine: The cationic form of trimethoprim and
pentamidine causes hyperkalemia and salt wasting by
blocking ENaC in the lumen of the CCD.188 Patients
with HIV and pneumocystis carinii pneumonia
treated with trimethoprim not infrequently develop
hyperkalemia.189�191 Although this was attributed to
the use of high doses of trimethoprim in these patients,
trimethoprim may cause a rise in PK when used in con-
ventional doses. In a study of hospitalized patients
treated with standard doses of trimethoprim,192 signifi-
cant hyperkalemia occurred in greater than 50%, with
severe hyperkalemia (.5.5 mmol/L) in 21% of these
patients. Risk factors for hyperkalemia due to usual-
dose of trimethoprim include renal insufficiency,
hyporeninemic hypoaldosteronism, and concomitant
use of ACE-inhibitors and ARBs.192

Another factor that may explain the observed high
incidence of hyperkalemia in patients with HIV and
pneumocystis carinii pneumonia treated with trimetho-
prim is the low flow rate in the terminal CCD. Because
the dietary intake in this group of patients is likely
very poor, the number of osmoles (urea and NaCl) in
terminal CCD will be low and hence a lower number
of liters of fluid will exit CCD. If protein intake is low
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delivery of urea to the inner MCD will be diminished
and hence intra-renal urea recycling will be decreased.
In addition to its effect to diminish the rate of excretion
of K1, a low flow rate in terminal CCD also increases
the concentration of trimethoprim in the lumen of the
CCD for a given amount of this drug (same quantity of
trimethoprim is now in a smaller volume). Hence the
ability of trimethoprim to block ENaC in principal
cells in the CCD will be enhanced.193 This also may be
a contributing factor to the development of hyperkale-
mia in patients receiving conventional doses of
trimethoprim.

If hyperkalemia develops over a short period of time
or in the absence of a large intake of K1, its most likely
cause is a shift of K1 out of cells. For example, a shift
of K1 from cells may occur due to suppression of the
release of insulin by α-adrenergics released in response
to contracted effective arterial blood volume owing to
the effect of trimethoprim to block ENaC and cause
renal salt wasting.194

With regard to therapy, loop diuretics may help by
lowering the concentration of trimethoprim in the
luminal fluid in the CCD. Enough NaCl must be given
to re-expand the effective arterial blood volume.
Because only the protonated form of trimethoprim
blocks ENaC,188 increasing the delivery of HCO3 to the
CCD should cause less trimethoprim to be in its cat-
ionic form and hence minimize its ENaC blocking
effect. Inducing bicarbonaturia with acetazolamide is a
rationale therapeutic option when continuation of tri-
methoprim is necessary and blockade of ENaC is
likely. Enough alkali would need to be given to avoid
the development of metabolic acidosis.

Calcineurine Inhibitors (Cyclosporin, Tacrolimus):
Hyperkalemia develops in some patients receiving
cyclosporin or tacrolimus following organ transplanta-
tion. The pathophysiology of hyperkalemia and the
clinical signs in these patients resembles that of
“Familial Hyperkalemia with Hypertension”.195 In a
recent study, Hoorn et al.196 demonstrated that in wild-
type mice tacrolimus caused salt-sensitive hypertension
and increased the abundance of phosphorylated NCC
and the NCC-regulatory kinases WNK3, WNK4 and
SPAK. Hydrochlorothiazide reversed tacrolimus-
induced hypertension. Tacrolimus treated mice devel-
oped hyperkalemia when they consumed a high K1

chow. Kidney transplant recipients treated with
tacrolimus had a greater fractional excretion of Cl�

in response to bendroflumethiazide, a drug that
blocks NCC, than individuals not treated with tacro-
limus; renal NCC abundance was also greater in
these patients.

Nafamostat Mesylate Interferes With Activation of
ENaC Via Proteolytic Cleavage: Activation of ENaC
by aldosterone involves proteolytic cleavage of the

channel by serine proteases such as CAP1. These pro-
teases activate ENaC by increasing the open probability
of the channel rather than by increasing its expression
at the cell surface. Nafamostat mesylate is a potent ser-
ine protease inhibitor that has been widely used in
Japan for the treatment of acute pancreatitis, dissemi-
nated intravascular coagulation and as an anticoagu-
lant in hemodialysis.197 It can cause hyperkalemia
primarily by decreasing urinary K1 excretion.198 The
mechanism is related to the metabolites of nafamostat
that inhibits these aldosterone-inducible, membrane-
associated, channel activating proteases.199

THERAPY OF HYPERKALEMIA

Medical Emergencies

The major danger of a severe degree of hyperkale-
mia is a cardiac arrhythmia. Because mild ECG
changes may progress rapidly to a dangerous arrhyth-
mia, any patient with an ECG abnormality related to
hyperkalemia should be considered as a medical emer-
gency. Because some patients may develop cardiac
arrhythmia or even cardiac arrest in the absence of
changes associated with hyperkalemia in the initial
ECG, it is our view that severe hyperkalemia, i.e., PK

.7.0 mmol/L, should be treated as an emergency with
maneuvers to induce a shift of K1 into cells even in
absence of ECG changes, and perhaps at even lower
PK, e.g., .6.5 mmol/L, in the presence of hypocalce-
mia, acidemia and or hyponatremia. Notwithstanding,
those who develop hyperkalemia after extreme exercise
(the super-marathon200), most patients on chronic
hemodialysis, and infants seem to tolerate even severe
hyperkalemia without adverse effects.

Antagonize the Cardiac Effects of Hyperkalemia

In cells in which the rate of rise of action potential
upstroke (Vmax) is dependant on the inward Na1 cur-
rent, administration of calcium alters the relation
between the Vmax and the RMP at the onset of depolari-
zation such that Vmax is greater at less negative RMP,
and hence conduction velocity is increased.109

A 10 ml of a 10% solution of calcium chloride con-
tains about three times the amount of elemental cal-
cium compared to calcium gluconate. Calcium
gluconate, however, is preferred because of less risk of
tissue necrosis if it extravasates. The usual dose of Ca
gluconate is 1000 mg (10 ml of a 10% solution) infused
over 2�3 minutes. The effect of IV calcium occurs in
one to three minutes but lasts for only 30�60 minutes.
This dose can be repeated in five minutes if ECG
changes persist, or if they recur. Extreme caution
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should be exerted in patients on digitalis because
hypercalcemia may aggravate digitalis toxicity. It is
recommended that Ca be given in hyperkalemic
patients on digitalis only if there is loss of P wave, or a
wide QRS complex. In this case calcium gluconate
should be diluted in 100 ml of D5W and infused over
20�30 minutes to avoid acute hypercalcemia. The
administration of digoxin-specific antibody fragments
is the preferred therapy in these patients.

Induce a Shift of K1 into the ICF

Insulin: A number of studies support the use of
insulin to treat acute hyperkalemia.201�205 The effect of
insulin on plasma K1 levels is independent of its hypo-
glycemic effect, which may be impaired in patients
with end stage renal disease. The usual recommended
dose of insulin is 10 units of regular insulin given as
intravenous bolus. The insulin regimen, however, that
was shown in studies to achieve close to a 1 mmol/L
fall in PK at 60 minutes, was the infusion of about 20
units of regular insulin over that period of time. This
seems to achieve and maintain the supra-
physiological levels of insulin in plasma that are
required for a maximal shift of K1 into cells.
Hypoglycemia is definitely a risk. In the study by
Blumberg et al.,201 giving this dose of insulin and
20 g of glucose, 50% of their patients developed hypo-
glycemia. Hypoglycemia was avoided when the same
dose of insulin was used but 60 g of glucose were
infused over the one hour period.

ß2-Adrenergic Agonists: ß2-adrenergic stimulation
lowers the PK in patients with renal fail-
ure.202�204,206�211 Albuterol (Salbutamol), a selective β2-
agonist, as inhaled/nebulized or IV is the most widely
studied and used; only the inhaled form however, is
available in the United States and Canada. Allon
et al.209 observed a decline in the PK 1.0 mmol/L that
lasted for two hours with 20 mg of albuterol given by
nebulizer. There was a minimal increase in heart rate
and a notable absence of cardiovascular side effects.
However, since 20 to 40% of patients with ESRD are
resistant to this therapy and it is not possible to predict
non-responders, we do not recommend β2-agonist as a
sole emergency therapy. Moreover, we are concerned
about the safety of these drugs in the doses used for
the treatment of hyperkalemia, which are four to eight
times that prescribed for the treatment of acute asthma.
It is to be noted that in many of the studies using these
agents, patients were selected for the study and
patients on β-blockers (who are likely to have cardiac
disease) were excluded. In some studies, patients with
angina, myocardial infarction within six months, and
patients with unstable heart rhythm were excluded.

The combination of nebulized ß2-agonists and insu-
lin was reported to produce a greater fall in PK

(1.2 mmol/L) compared with either drug alone
(B0.65 mmol/L).202 One should note however that
only 10 units of regular insulin as an intravenous bolus
was given in this study and the magnitude of the fall
in PK was lower than that observed in other studies
using higher doses of insulin as an infusion.201,203

Thus, it remains uncertain whether ß2-agonists would
have a PK lowering effect additive to that of higher
doses of insulin.

NaHCO3: A number of studies have found NaHCO3

therapy to be ineffective as the sole treatment of hyper-
kalemia.201,212,213 It is noteworthy that these studies
were performed in stable hemodialysis patients who
did not have significant acidemia (i.e., NHE-1 was pre-
sumably inactive). Studies that examined the combined
use of NaHCO3 with insulin also have conflicting
results.203,205 Thus the question remains, “Would
NaHCO3 be effective in patients with a more signifi-
cant degree of acidemia?” There are no data in the liter-
ature to answer this question definitively.214 Given this
uncertainty, we only use NaHCO3 in addition to
other therapies to treat emergency hyperkalemia in
patients with a significant degree of acidemia. Caution
is warranted because an excessive administration of
NaHCO3 has the risk of inducing hypernatremia, ECF
volume expansion, carbon dioxide retention, and
hypocalcemia.

Non-Medical Emergency

Removal of K1 From the Body

It is important to appreciate that a very much less
K1 loss is needed to lower the PK from 7.0 to 6.0 mM
than to lower it from 6.0 to 5.0 mM.215 Hence creating a
modest K1 loss can be very important when there is a
severe degree of hyperkalemia.

Enhancing the Excretion Of K1 in the Urine

While a number of maneuvers may be suggested to
increase the excretion of K1 in the urine, there are no
data to support their efficacy, particularly in the acute
setting. The administration of a loop diuretic may
induce kaliuresis by increasing the flow rate in the ter-
minal CCD. One should avoid intravascular volume
depletion as this may lead to the opposite effect of
decreasing flow in the terminal CCD. Kaliuresis may
be also enhanced by giving a mineralocorticoid (e.g.,
100�300 μg florinef) and possibly by inducing bicarbo-
naturia with a carbonic anhydrase inhibitor. NaHCO3

may need to be given to replace the HCO2
3 lost in the

urine.
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Cation Exchange Resins

Sodium polysterene sulfonate (SPS) is a cross linked
polymer to which reactive sulfonic groups are
attached, and preloaded with a the cation, Na1. When
SPS is placed in a solution, its reactive sulfonate group
exchange their bound Na1 for another cation in the
solution. SPS has been long used by clinicians for the
treatment of hyperkalemia with the assumption that it
exchanges its bound Na1 with K1 in the lumen of GI
tract and hence causes the loss of K1 in stool.

SPS contains 4 mEq of Na1 per gram, which could
be available for exchange for K1 in the lumen of the GI
tract. Based on the affinity of SPS to Na1 and K1,216

and if one considers the measured concentrations of
Na1 and K1 at different sites in the lumen of the gas-
trointestinal tract, it seems that the only favorable site
for this exchange to take place is in the lumen of the
rectum (or perhaps the entire colon). Notwithstanding,
other cations such as NH1

4 ;Ca
21 and Mg21 will com-

pete with K1 for this exchange with Na1. But even if
the exchange of Na1 for K1 were to occur in the colon,
there is only a small amount of K1 in the lumen of the
colon to bind the resin. The amount of K1 excreted via
the GI tract in normal subjects is about, 9 mmol/day. It
has been suggested that patients with ESRD have an
enhanced colonic excretion of K1. Balance data are con-
flicting and the bulk of evidence would suggest that
uremic patients may excrete a few extra mmol of K1

than normal subjects in their stool.217

One possible theoretical benefit to the use of cation
exchange resins is if they were to bind K1 and lower
its concentration in luminal water, this may enhance
the net secretion of K1 by the recto-sigmoid colon.
While the administration of several doses of SPS over a
number of days may increase the loss of K1 via the GI
tract, the question is how to achieve a large loss of K1

from the GI tract over a short period of time if this to
be used to achieve the loss of K1 in a patient with
moderately severe hyperkalemia? The limiting factor
for a large K1 loss via the GI tract is stool volume. As
shown by Emmett et al.,216 the administration of 60 g
of sorbitol, an osmotic cathartic, to normal subjects, the
mean stool weight was 788 g over 12 hours and the
total K1 output was 266 2 mmol over that time period.
The addition of resin did not add much in terms of K1

loss, as the total K1 output was 306 6, mmol over
12-hour period.

Two studies are commonly quoted to support the
use of SPS in the treatment of hyperkalemia. In the
study by Flinn et al.218 SPS was given four times per
day and the results for the PK were reported on day
five. Importantly, patients were given sufficient
amount of sorbitol to produce a “satisfactory” diarrhea.
Although the number of patients was rather small, one

group of patients was treated with sorbitol alone, and
had an average reduction by day five of treatment in
PK that was larger than patients treated with both resin
and sorbitol.

Scherr et al.219 treated 30 patients with hyperkalemia
and oliguria with SPS, most patients did not require
laxatives as constipation occurred only occasionally.
The mean fall in the PK in the group that received SPS
orally was 0.96 0.1 mmol/L in the first 24 hours. K1

excretion in stool was not measured, so there is no evi-
dence that the administration of resin caused a fecal
loss of K1 sufficient to account for the fall in PK. In
fact, some patients had quite impressive falls in PK in
the first 24 hours. For instance, one patient had a fall of
2.8 mmol/L, after oral resin 40 grams. The results are
difficult to explain if SPS has a K1 binding capacity
in vivo of about 1 mmol per gram.

An increasing concern with the use of SPS in sorbitol
is the development of intestinal necrosis, which usually
involves the ileum and the colon. While the incidence
of this complication is not exactly known and is likely
to be rather low considering the frequency with which
it is used, it is however, frequently fatal. Most cases
were reported initially in patients in the post-operative
period (e.g., post renal transplant) or in critically ill
patients given resin enema.220,221 Recently however,
McGowan et al.222 reported 11 cases of intestinal necro-
sis over a period of nine years that were temporally
related to the use of SPS in sorbitol, four of which were
fatal. All patients received oral SPS, only two of them
were postoperative (both of them had orthopedic sur-
gery) and only four had ESRD that required dialysis.
The harm has generally been attributed to the use of
70% sorbitol.223 There does seem to be some concern
however that the resin itself may be involved.222 In
September of 2009, the FDA recommended against the
“concomitant use of sorbitol” with Kayexalates pow-
der because of concerns about the risk of colonic necro-
sis and other gastrointestinal side effects. This warning
however did not apply to premixed sodium polysty-
rene sulfonate in 33% sorbitol. There is concern how-
ever, that at least some of the more recent reports of
colonic necrosis followed use of premixed preparation
containing 33% sorbitol.220

In patients with life-threatening hyperkalemia, there
is no role for the use of resins or attempting to induce
K1 loss via the intestinal tract. In a patient with moder-
ately severe hyperkalemia in whom the decision is
made not to start dialysis, to induce K1 loss in stool,
the goal of therapy should be to induce diarrhea. The
addition of resin adds little in terms of K1 loss to the
induction of diarrhea alone. If the patient does not
develop diarrhea, this treatment is not likely to be
effective. Since there is concern about the use of
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sorbitol 33%, the role of other cathartics need to be
explored. Since, it seems that the most K1 loss is
achieved with the use of cathartics that induce secre-
tory diarrhea, drugs like bisacodyl may be considered.

Dialysis

Hemodialysis is more effective than peritoneal dial-
ysis for removing K1. Removal rates of K1 can approx-
imate 35 mmol/hr with a dialysate bath K1

concentration of 1�2 mM. A glucose-free dialysate is
preferable to avoid the glucose-induced release of insu-
lin and the subsequent shift of K1 into cells, lessening
the removal of K1. For the same reason, one should
consider discontinuing the insulin/glucose infusion
once hemodialysis is initiated.
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Because virtually every biological process is sensi-
tive to changes in pH (for reviews, see refs.1,2,3),
acid�base homeostasis is of critical importance to cells
and organisms, and has attracted considerable atten-
tion. Until relatively recently, acid�base homeostasis,
for both clinicians and basic scientists, has been synon-
ymous with pH regulation in the two most easily
accessed compartments, blood and cerebrospinal fluid
(CSF). The pH in these extracellular compartments
(pHo) is certainly important for organisms. For exam-
ple, alterations in pHo may affect various extracellular
biochemical reactions (e.g., hemostasis, complement
fixation) and influence binding of various substances
(e.g., hormones, metals, therapeutic agents) to plasma
proteins or cell surface receptors. Moreover, certain ion
channels4,5 as well as transporters that move solutes
across cell membranes are sensitive to pHo changes.
Nevertheless, the number of processes sensitive to
changes of extracellular pH pales in comparison with
the myriad processes sensitive to alterations in intracel-
lular pH (pHi). Thus, pHi homeostasis should be a mat-
ter of central importance not only for individual cells,
but also for the organism composed of these cells.

Although cellular metabolism can modulate pHi, the
regulation of pHi is the province of membrane proteins
that transfer acid�base equivalents across the plasma
membrane. In addition, transporters that carry
acid�base equivalents across organellar membranes
can transiently modify pHi or can participate in the
buffering of cytoplasmic H1.

Since the last edition of this book, the field of
pHi regulation has continued to advance in the fol-
lowing broad areas: (1) the multiplicity of transport
pathways responsible for pHi regulation, and (2)

molecular mechanisms by which these pathways
operate.

Elucidating the multiplicity of transport pathways
in pHi regulation: A common theme is that patterns of
pHi regulation in particular cell types is characteristic
of the cell and complex. As a result, without previous
knowledge of a cell’s physiology, it may be impossible
to predict its response to a particular maneuver. For
example, switching the extracellular buffer from a non-
CO2/HCO2

3 buffer to CO2/HCO2
3 usually causes an

abrupt fall in pHi, due to influx of the highly permeant
CO2. On the other hand, some cell membranes show
no evidence whatsoever of being permeable to gases
such as CO2

6 or NH3.
7,8,6 In fact, some of the CO2 per-

meability of membranes may require “gas” chan-
nels.9,10,11,12 For cells with CO2-permeable membranes,
the response to the initial CO2-induced acidification
may—depending on the cell type and initial pHi —be a
pHi recovery that is totally absent,13 partial,14 com-
plete,15 or even excessive.16�23

Underlying the diversity of pHi regulation is its
complexity. Thus, a particular cell type may possess
numerous plasma-membrane transporters that regulate
pHi, each with its own unique properties. For example,
five genes encode Na1-coupled HCO2

3 transporters,
and these generally have multiple variants, each of
which has a characteristic expression profile that
depends on cell type and developmental stage, and
susceptibility to regulatory mechanisms. Since the last
edition of this book, investigators have described many
new variants of transporters and have clarified the
roles that they play in pHi regulation.

pHi regulation is also complex in that Na1�H1

exchangers, Na1-coupled HCO2
3 transporters, and other
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acid�base transporters may be under the concerted con-
trol of humoral agents20,24�28 or other environmental
influences, such as acidosis29 or hypertonicity (see ref. 30).
In the case of pHo changes, certain G-protein-coupled
receptors can detect extracellular H1.31 In addition,
charges in the basolateral concentration of [CO2] and
[HCO2

3 ] per se—independent of basolateral pH—are
powerful regulators of acid�base transport in the proxi-
mal tubule.32

Given the complexity and diversity of patterns of
pHi regulation, one must examine pHi physiology
anew for each previously unexplored cell type.

Understanding the molecular mechanisms of pHi

regulation: Since the last edition of this book, the field
has seen further major advances in the molecular phys-
iology of acid�base transporters. Many of these car-
riers are discussed in greater detail in Chapter 53 on
Na1-coupled HCO2

3 transporters, Chapter 54 on anion
exchangers, and refs. 167,713,714 on Na1-H1 exchangers.
The reader may also consult a review on Na1-coupled
HCO2

3 transporters.33

Scope of this chapter: In this chapter, we shall first
consider the methodologies available for making pHi

measurements. We shall then examine the factors that
contribute to changes in pHi: the thermodynamic forces
acting on hydrogen ions (H1) and other charged
acids/bases; the permeation of the cell membrane by
electrically neutral acids and bases; the buffering
power of the intracellular fluid; and transporters that
regulate pHi by moving H1, bicarbonate ions (HCO2

3 )
and/or other weak acid/bases across the plasma mem-
brane. Because space does not permit us to summarize
the vast array of acid�base transporters, we will focus
on transporters that play a major role in pHi regulation.
Emerging from this discussion will be a model of pHi

regulation. Finally, in light of this model, we will con-
sider several factors that fundamentally alter pHi regu-
lation: alterations in pHo; temperature changes;
metabolic inhibitors and hypoxia; cell shrinkage; hor-
mones, growth factors, and oncogenes.

METHODS FOR MEASURING pHi

Of the techniques available for measuring pHi, we
shall consider the four that are currently of greatest
utility. These techniques differ from one another in
terms of their theoretical foundations, the precise cellu-
lar properties that they measure, as well as in their
accuracy and sensitivity.

pH-Sensitive Microelectrodes

In the mid 1990s, it was beginning to look like the use
of pH microelectrodes might become a dying art, except
for their restricted use for measuring pHi in large

invertebrate cells. However, the emergence of the
Xenopus oocyte expression system and the cloning of
numerous acid�base transporters over the past couple of
decades have breathed new life into an old technology.

When a pH electrode and an indifferent reference
electrode are placed in a solution, the voltage differ-
ence between the electrodes (EX) is linearly related to
the solution pH (pHX):

pHX 5pHS 1 ðEX 2ESÞ F

RT ln 10
ð52:1Þ

pHS is the pH of a standard solution, ES is the volt-
age difference in this standard, and F/(RT ln 10) is the
theoretical slope (B58 mV per pH-unit change at 22�C)
of the line relating pH to voltage. The actual slope is
determined empirically.

Although the pH sensor can be any of several mate-
rials (e.g., platinum-hydrogen, antimony, tungsten, or a
liquid membrane), the most reliable remains pH-
sensitive glass. Glass has the advantages of long life-
time, long-term stability, as well as insensitivity to
cations other than H1 (at physiological pH), redox
reactions, and various gases. Several styles of glass pH-
sensitive microelectrodes are available, including
Hinke’s exposed-tip design,34 Roger Thomas’ recessed-
tip design,35 and Roger Thomas’ eccentric design.36,37

Glass electrodes are particularly well suited to measure
pHi of relatively large cells (e.g., squid axons), or to
measure pHo. However, because it is difficult to fabri-
cate glass microelectrodes that are small enough to be
used with small cells, glass electrodes generally have
been abandoned in favor of electrodes with liquid-
membrane sensors, which are easier to make, but have
a much shorter lifetime, are less stable, and are some-
times sensitive to drugs and other parameters.

Ideally, the pH and reference microelectrodes must
impale a single cell. An acceptable alternative may be to
place them in two identical cells, or in cells that are elec-
trically coupled. Another solution is to employ a
double-barreled electrode.38,39 Unfortunately, for each
barrel, there is a trade-off between tip size and electrode
performance. The larger the two barrels of a double-
barreled electrode, the better the electrode performance,
but the greater the cell damage caused by impalement.
The performance of liquid-membrane electrodes can be
improved by using a concentric design in which a
saline-filled pipette is threaded into the column of a
liquid-membrane sensor, thereby reducing the overall
longitudinal resistance between the sensor at the elec-
trode’s tip and the electrical contact in the electrode’s
barrel.40�43 Fedirko et al.40 have described a simplified
approach for implementing this concentric design for
H1- and Ca21-selective microelectrodes, permitting
rapid measurements of extracellular pH and Ca21 tran-
sients in rat hippocampal brain slices.
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pH-sensitive electrodes, particularly those with glass
sensors, remain the method of choice for monitoring
pHi in relatively large cells. Not only are these electro-
des highly sensitive (, 0.01 pH units), they are proba-
bly more precise and accurate than dyes. Moreover, the
microelectrodes report pH and cell voltage simul-
taneously, and in real time. The “pHi” that they
report is almost certainly that of the bulk cytoplasm
(i.e., the fluid in direct contact with the plasma mem-
brane), uncontaminated by the pH of organelles.
Disadvantages of using microelectrodes for measur-
ing pHi include the time and skill required for mak-
ing and using them. In addition, one can only use
conventional microelectrodes on cells large enough to
sustain the impalement.

Although small mammalian cells generally do not
easily tolerate impalement, pH-sensitive microelec-
trodes placed near the extracellular side of the plasma
membrane of a mammalian cell can be used to measure
H1 fluxes due to acid�base transporter activity. Using
an elegant “self-referencing” pH microelectrode tech-
nique with Chinese hamster ovary (CHO) fibroblasts,
Fuster et al.44 measured the continual extracellular H1

gradent when a cell-attached patch pipette was repeti-
tively positioned close to and away from an extracellu-
lar pH electrode. H1 fluxes due to altered Na1�H1

exchanger activity were quantitated from changes in
the extracellular H1 gradient elicited by altering the
cytoplasm via pipette perfusion. Electrodes with rela-
tively large tips (15�20 μm) have been used to monitor
surface pH transients in oocytes and glean important
information about the permeability to CO2 and NH3 in
the study of gas channels.45�48

Distribution of Weak Acids and Bases

Cell membranes are generally far more permeable to
neutral molecules than to charged ones of similar
shape and size. Thus, if a cell is exposed to a monopro-
tic weak acid HA (HA$H1A2), the neutral molecule
rapidly enters the cell (Figure 52.1). Assuming for the
moment that A2 cannot penetrate the membrane, the
entry of HA continues until HA is in equilibrium
across the cell membrane, that is, when the

concentration of HA inside the cell ([HA]i) is the same
as that outside ([HA]o). Because entering HA dissoci-
ates to H1 and A2, the equilibration of HA across the
membrane is necessarily accompanied by a fall in pHi.
This principle underlies the pHi changes caused by
neutral weak acids and bases that we will discuss
below in the Section on “Effects of Weak Acids and
Bases on pHi”. Provided that the dissociation constant
(K5 [H1]3 [A2]/[HA]) is the same both inside and
outside the cell, then, at equilibrium,

½H1�i
½H1�o

5
½A2�o
½A2�i

ð52:2Þ

Because the transmembrane distribution ratios of
A� and H1 are inversely related, we can use Equation
52.2 to compute pHi.

The weak acid most commonly used to calculate pHi

is 5,5-dimethyl-2,4-oxazolidinedione (DMO), employed
as 14C-DMO; benzoic acid has also been used.49,50

Regardless of the weak acid used, the amount of radio-
activity in the intra- or extracellular fluid is propor-
tional to the total concentration of the probe ([A2]1
[HA]). pHi is computed from the following equation,
which must include the concentrations of the total
probe because it is impossible to measure [A2] directly:

pHi 5pK1 log
ð½A2�i 1 ½HA�iÞ
ð½A2�o 1 ½HA�oÞ

ð10pHi2pK 1 1Þ
� �

ð52:3Þ

One can use a similar approach to compute pHi

from the distribution of a permeant weak base, such as
methylamine.51 Reviews by Waddell and Butler52 and
by Roos and Boron3 contain more detailed descriptions
and discuss potential difficulties of the weak-acid/base
method.

The major advantages of the weak-acid/base
method include its technical simplicity and applicabil-
ity to even very small cells. The parameter actually
measured is not the pH of the cytoplasm, but rather a
volume�weighted mean pH of all intracellular com-
partments in which the weak acid or base is distrib-
uted. The practical sensitivity of this approach is
0.03�0.05 pH units—considerably less than the micro-
electrode technique. The major disadvantage of the
weak-acid/base approach is that continuous pHi mea-
surements are not possible.

pH-Sensitive Dyes

Absorbance

Molecules with an absorbance, fluorescence excita-
tion, and/or fluorescence emission spectrum sensitive
to pH may be convenient probes for measuring pHi.
When exposed to light, pH-sensitive dye molecules
may absorb some of the light as electrons make the

HA HA

H+ + A– H+ + A–

FIGURE 52.1 The distribution of a monoprotic weak acid across
the cell membrane. When placed in the external solution, HA pas-
sively enters the cell, where it dissociates to form H1 and A2. Once
[HA]i5 [HA]o, the equilibrium HA-H11A2 holds in both the intra-
cellular and extracellular fluids.
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transition to a higher-energy state. From the intensities
of incident light (Io) and the light transmitted through
the solution (I), we can compute the absorbance (A):

A5 log
Io
I

ð52:4Þ

According to the Beer-Lambert law, A at a particular
wavelength (Aλ) is proportional to both the length of
the light’s path through the solution (l) and the concen-
tration of the dye (C):

Aλ 5 ελ;pH lC ð52:5Þ
where the proportionality constant ελ,pH is the dye’s
extinction coefficient at a particular wavelength and
pH. The wavelength dependence of ελ,pH defines the
shape of the absorbance spectrum, and the pH depen-
dence of ελ,pH defines how this shape is affected by
changes in pH. However, Aλ depends not only upon
pH, but also upon l and C. Although l and C are
extremely difficult to ascertain in a live cell, we can
obtain the absorbance data at two wavelengths (λ1 and
λ2), and compute the absorbance ratio (Aλ1/Aλ2):

Aλ1

Aλ2
5

ελ1;pH lC

ελ2;pH lC
5

ελ1;pH
ελ2;pH

ð52:6Þ

Thus, because the l and C terms cancel out, the absor-
bance ratio in Equation 52.6, depends only on pH. By
choosing two wavelengths such that ελ1,pH/ελ2,pH varies
considerably with pH, one can obtain sensitive pH mea-
surements. Experimenters using fluorescein derivatives
typically use the peak absorbance wavelength
(B510 nm), and the isosbestic wavelength (B440 nm),
where ε is insensitive to pH changes. Monitoring dye
absorbance at the isosbestic wavelength is attractive
because one can determine the extent of dye loss during
the experiment, assuming l is constant.

An advantage of absorbance for measuring pHi is that
it tends to be extremely stable and sensitive. On the other
hand, because absorbance is proportional to l and C, a
relatively high intracellular dye concentration is
required, even for thick preparations (e.g., renal tubules).

Fluorescence

After absorbing a photon, most molecules return to
the ground state by gradually losing energy through a
series of random collisions with other molecules
(see ref.53). Some dyes, however, can lose a quantum
of energy from an excited singlet state by emitting a
photon (i.e., fluorescing). The intensity of emitted fluo-
rescent light (Iemit) can be measured with a photomulti-
plier tube (e.g., see ref.19) or an intensified [CCD]
television camera, which provides imaging data (e.g.,
see ref.54). At most wavelengths, Iemit is sensitive to pH,
but at all wavelengths, Iemit is sensitive to dye concen-
tration as well as other parameters (e.g., position of cell

in the incident light beam). Therefore, one usually
employs a ratio technique to generate a parameter
more uniquely related to pH. With the fluorescence-
excitation ratio approach, commonly used with fluores-
cein dyes such as BCECF, one alternately excites at two
wavelengths while monitoring Iemit at one wavelength.
With the fluorescence-emission ratio approach, commonly
used with some rhodamine dyes such as SNARF-1, one
excites at one wavelength, while monitoring Iemit simul-
taneously at two wavelengths. By analogy with the
absorbance ratio approach, one chooses three wave-
lengths to optimize the pH sensitivity of the ratio.
A strength of the fluorescence-emission ratio approach
is that the simultaneous capture of Iemit at two wave-
lengths improves temporal resolution (see below).

Fluorescence measurements offer the advantage of
being extremely sensitive. Thus, it is possible to quanti-
tate the fluorescence from small amounts of dye, even
in a microdomain within a single cell. In addition, one
can use fluorescence with two-dimensional imaging,
confocal microscopy, and multi-photon microscopy.
Because fluorescence is more sensitive than absorbance
to the environment of the dye molecule, fluorescence
measurements are in principle more prone to artifact.

Bleaching and Photodynamic Damage

Excessive illumination can photolyse (i.e., bleach) dye
molecules, causing a progressive decrease in the concen-
tration of native dye. Among the photolysis products
may be free radicals that react with cellular components
and injure the cell (“photodynamic damage”). Excessive
illumination can also cause a time-dependent shift in
the apparent intracellular calibration curve of the dye,19

presumably due to bleaching-induced generation of
dye-related products with spectral characteristics
slightly different than those of the parent compound.

Bleaching can be particularly problematic during
experiments on single cells, where the number of dye
molecules and thus the number of emitted photons is
low. The problem is that the limiting signal-to-noise
ratio (S/N) is proportional to the square root of the
number of photons measured. One can increase the
number of emitted photons by increasing the intensity
of the excitation light source, but at the expense of
exacerbating the bleaching and photodynamic damage.
The damage can be minimized either by illuminating
continuously with low-intensity light for longer, or by
limiting the duty cycle of high-intensity exciting light.19

Thus, one must sometimes trade off pHi resolution
(i.e., S/N) against time resolution. In imaging experi-
ments, where a cell may be represented by thou-
sands of picture elements (pixels), the photon
emission rate per pixel is exceedingly low. Here, one
must trade off pHi resolution, time resolution, and
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spatial resolution (i.e., the number of pixels that
must be grouped to compute pHi values).

More recent advances in fluorescence microscopy
have helped to minimize the predicament of good pHi

vs. spatial/temporal resolution. For example, two-
photon excitation laser scanning microscopy is a
relatively new imaging technique that has allowed
investigators to reduce photobleaching of ion-sensitive
fluorescent dyes, even while acquiring high spatial
and temporal resolution recordings.55,56 Multiphoton
imaging technology is based on the general quantum
principle that a molecule can exhibit fluorescence after
absorbing two photons simultaneously when excited
by high-intensity light of twice the wavelength neces-
sary for single-photon absorption. Excitation at the
higher wavelengths (and thus lower energies) reduces
overall photobleaching of the dye. Two-photon micros-
copy has been particularly useful in measuring
intracellular Ca21 transients with excellent spatial reso-
lution in tissues and cellular microdomains (see57�60).
The technique has also been used with pH-sensitive
dyes.61 For example, intracellular pH has been mea-
sured with BCECF in microdomains of the epidermis,62

and with SNARF-4 in villous enterocytes in vivo.63

Calibration

SIMULTANEOUS MICROELECTRODE

MEASUREMENTS

Because dyes interact with cytoplasmic components,
the spectroscopic properties of an intracellular dye dif-
fer, sometimes markedly, from those of the same dye
examined in a cuvette. Therefore, intracellular dye cali-
bration is essential. One calibration approach is to use
a second, independent method for measuring pHi in
either the same cell, or another cell under similar con-
ditions. For example, simultaneous measurements with
a pH-sensitive microelectrode have confirmed that the
absorbance indicator dimethylcarboxyfluorescein in
salamander proximal-tubule cells,64 and the fluores-
cence indicator BCECF in leech glial astrocytes65 yield
reasonable values.

NIGERICIN APPROACH

The most popular approach has been to monitor
intracellular absorbance or fluorescence while using
the high-[K1]o/nigericin technique66 to clamp pHi to
predetermined values. Nigericin is a carboxylic iono-
phore that exchanges K1 (and to a lesser extent Na1)
for H1 across cell membranes. If one is successful in
choosing [K1]o to match [K1]i, then pHi should equal
pHo. Thus, by altering pHo, one can measure the dye’s
spectral properties over a range of pHi values. A
detailed calibration spanning a wide pHi range can be
obtained for each experiment. Alternately, one can

perform the detailed calibration on one set of cells,
and routinely perform only a single-point calibra-
tion.19 Potential problems with the high-[K1]o/nigeri-
cin technique have been discussed in some detail.67

In using nigericin-containing solutions for dye cali-
bration, one must be careful to cleanse the perfusion
system completely after each calibration procedure.
Even trace amounts of nigericin can interfere with the
assessment of pHi-regulating mechanisms, by mimick-
ing a K1�H1 exchanger and by increasing “back-
ground acid loadinga” through nigericin-mediated
exchange of internal K1 for external H1.17,68

NULL-POINT APPROACH

A novel calibration technique, originally proposed
for microelectrodes by Szatkowski and Thomas,69 but
applied to dyes by Eisner et al.,70 involves sequentially
exposing the cell to a permeant weak acid and weak
base. As discussed below, the size of a pHi change eli-
cited by a weak acid/base depends on the initial pHi.
It is thus possible to compute the initial pHi from the
magnitude of the change of the pHi indicator. Eisner
et al.70 have extended this approach by introducing an
elegant null-point technique, in which one experimen-
tally determines a combination of weak-acid and weak-
base concentrations that produces no change in the
measured fluorescence. The null-point approach can be
particularly useful in assessing the validity of other
dye-calibration procedures, particularly the high-
[K1]o/nigericin technique.71�73

Choice of Dyes

BCECF

The most popular dye for fluorescence measure-
ments of pHi is the fluorescein derivative BCECF,74

which has four negatively-charged carboxylate groups
and a phenolic -OH moiety that is titrated by pH
changes. The dye can be directly loaded into large cells
(e.g., Xenopus oocytes) with an injection pipette, or into
small mammalian cells by diffusion from a patch
pipette during whole-cell recordings.75,76 However,
BCECF is usually loaded into cells as an uncharged
acetoxymethylester (AM) precursor that easily perme-
ates most plasma membranes. Intracellular esterases
hydrolyze BCECF-AM to yield four or five formalde-
hyde molecules for each charged BCECF molecule
trapped inside the cell. The time required for dye load-
ing can vary greatly among cell types, from 1 minute to
tens of minutes. Less conventional methods for dye
loading—including scrape loading, osmotic lysis, and
electroporation—are examined in more detail in

aWe define “acid loading” as any process that causes pHi to fall.

Examples include the uptake of H1, the loss of HCO3
2, or the

metabolic production of H1.
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Giuliano and Taylor.77 BCPCF, with carboxypropyl
groups, is a derivative of BCECF that can be used as a
dual-emission pH indicator.78

OTHER DYES

Both pyranine-based79 and rhodamine-based
dyes80,81 have also been used for monitoring pHi.
Rhodamine dyes such as the seminaphthorhodafluor
(SNARF) dyes are excited and emit at longer wave-
lengths than the fluorescein derivatives. An advantage
of SNARF is that its fluorescence-emission spectrum is
pH sensitive, in addition to its absorbance and
fluorescence-excitation spectra. Thus, the dye can be
used in the dual-emission mode, and is therefore more
useful than fluorescein derivatives for confocal micros-
copy, in which one typically excites at only one wave-
length. Dual-emission dyes also enable the user to
sample more frequently, and to avoid the delay in
alternating between two excitation wavelengths.
SNARF-1 can be used simultaneously with Fura-2 for
monitoring both pHi and [Ca21]i.

82 In general however,
one should be cautious in using multiple ion-sensitive
dyes simultaneously to avoid quenching artifacts.83

MEASUREMENT OF pH IN ORGANELLES

pH-sensitive fluorescent dyes with lower pK values
are available (e.g., from Life Technologiest/Molecular
Probess) for pH measurements in acidic organelles
such as lysosomes. Some of these dyes include the
weak-base LysoSensor probes,84,85 the aminorhoda-
mine dye pHrodo,86 and the fluorinated fluorescein
dye Oregon Green.87,88 These probes can be targeted to
appropriate organelles by a cell’s own endocytic
pathway.

Investigators have also developed ingenious methods
for targeting pH-sensitive probes to organelles. As
reviewed by Maxfield and Yamashiro,89 pH-sensitive
indicators can be targeted to the endocytic pathway fol-
lowing pinocytosis or receptor-mediated endocytosis.
Kim et al.90 have measured Golgi pH with either a rho-
damine- or fluorescein-labeled β subunit of verotoxin,
which accumulates in the Golgi complex after receptor-
mediated endocytosis and retrograde transport.
Grinstein’s group has also measured pH in the endo-
plasmic reticulum91 and the trans-Golgi network92 by
creating chimeric proteins with organelle-specific
retrieval signals, and subsequently tagging them with
pH-sensitive fluorophores before internalization.
A similar approach has been used to measure the pH of
recycling endosomes.93,94 The Machen group has exam-
ined pH regulation in the secretory pathway by target-
ing biotin-labelled pH probes to organelles expressing
avidin-chimera proteins.95�97 Seksek et al.98 have used a
different technique to measure the trans-Golgi pH of
fibroblasts. They injected the cells with 70-nm liposomes

containing membrane-impermeable pH-sensitive fluoro-
phores; the liposomes then fused with the trans-Golgi.
As described in the next section, investigators have also
measured the pH of organelles by fusing pH-sensitive
green fluorescent protein (GFP) variants or associated
biosensors to organellar localization signals.

GREEN-FLUORESCENT PROTEIN (GFP)

Another fluorophore that has become useful in the
pH field is GFP, which is a natural product of the jelly-
fish Aequorea victoria, and typically used to label pro-
teins expressed in cells.99,100 Several researchers have
engineered GFP mutants such as pHluorins101 that are
sensitive to pH changes in the physiological range, and
can be targeted to the cytosol or organelles.102�108

Wild-type or mutant fluorescent proteins such as GFP
and YFP can also be fused together to create ratio-
metric pH biosensors, and subsequently target the bio-
sensors to organelles such as the mitochondia.109

Tantama et al.110 have recently engineered—from the
red fluorescent protein mKeima—a pH-sensitive, dual-
excitation/ratiometric variant called pHRed. This vari-
ant would be particularly useful during simultaneous
measurements requiring the use of other more blue-
shifted fluorescent probes. Moreover, upon two-pho-
ton, single-wavelength excitation, pHRed exhibits
modest pH-sensitive changes in fluorescence lifetime
that could be used to obtain rough estimates of pHi.

Compared to more traditional pH indicators,
pH-sensitive GFP mutants are advantageous in dis-
playing a low rate of photobleaching while remaining
trapped inside of cells. pHluorins linked to markers of
synaptic vesicles (synaptopHluorins) undergo marked
changes in fluorescence upon exocytosis at synaptic
terminals and have therefore been used to characterize
synaptic vesicle cycling associated with presynaptic
activity.101�112 Such vesicular cycling has been exam-
ined in transgenic mice expressing synaptopHluorin.113

It is intriguing to speculate on the potential applicabil-
ity of pH-sensitive GFPs to examine cellular pH physi-
ology. Indeed, pHluorin constructs have been used to
measure pHi of fungi, plants, and yeast,114�116 as well
as transiently transfected HEK293 cells and astrocytes
(Liu and Bevensee, unpublished). One could perform
in vivo pHi measurements on targeted cells that are
induced by a specific promoter to express a pH-
sensitive GFP. Metzger et al.117 successfully measured
pHi in cerebellar slices from a generated transgenic
mouse expressing a pH- and chloride-sensitive yellow-
green variant of GFP (EYFP) under the control of a
neuronal potassium channel promoter.

Differential Dye Loading

One can exploit differential dye loading in prepara-
tions to target dyes to specific cells or locations. For
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example, intercalated cells in the cortical collecting
tubule of the kidney incorporate BCECF-AMmuch more
rapidly than the neighboring principal cells.118 In a
somewhat different application, Chu et al.119 found that
mouse colonic crypt cells exclude SNARF, which can
then be used to measure extracellular pH changes in the
intact epithelium. Also, a probenecid-sensitive organic-
anion transporter can extrude BCECF from some cells
including thyroid cells,120 and epithelial kidney and
intestinal cells.121,122 In an elegant study, Harris et al.123

used BCECF to measure the pH of the lateral intracellu-
lar space (LIS) of MDCK cell monolayers by first loading
the cells with BCECF, and subsequently allowing
organic transporters to move the dye into the LIS.

BCECF generally stains the cytoplasm rather uni-
formly, although in some cells the nuclear region is
more intense than peripheral areas.124 Working on
Ehrlich ascites tumor cells, Thomas et al.66 found that
6-carboxyfluorescein is confined to the cytoplasm, but
fluorescein is distributed in both the mitochondria and
cytoplasm. Furthermore, Slayman et al.125 found that
BCECF can accumulate in vacuoles of the fungus
Neurospora when the cells are exposed to BCECF-AM.

One can evaluate a dye’s intracellular compartmen-
talization by monitoring the fluorescence loss elicited
by selectively permeabilizing different compartments
with detergents. For example, most of the BCECF
loaded into rat hippocampal CA1 neurons appears to
be in the cytoplasm because 0.01% saponin reduces the
fluorescence signal by B96%.126 Both absorbance- and
fluorescence-derived estimates of pHi can be influ-
enced by dye in compartments other than the cyto-
plasm, depending upon each compartment’s volume,
dye concentration and pK, and pH.

Nuclear Magnetic Resonance

Certain atomic nuclei, among them 31P and 19F, pos-
sess a quantum mechanical property termed “spin,”
and behave as tiny bar magnets with magnetic
moments. When an atomic nucleus of this type is placed
in an external magnetic field, the magnetic moment pre-
cesses with a characteristic frequency about the axis of
the applied field. The nucleus can be excited to a high-
energy state by irradiating it with an oscillating
magnetic field of the same frequency (i.e., resonance fre-
quency) as the precession frequency. The resonance fre-
quency depends not only on the identity of the atomic
nucleus (e.g., 31P), but also on its chemical environment,
which influences the strength of the magnetic field at
the nucleus. Thus, the resonance frequencies for 31P in
HPOQ

4 and HPO2
4 are slightly different because of the

different chemical environments of the 31P. Because the
exchange rate of 31P between individual HPOQ

4 and
HPO2

4 ions is very rapid, nuclear magnetic resonance

(NMR) detects only a single inorganic phosphate peak,
the location of which depends on [HPO2

4 ]/[HPOQ
4 ].

Because the dependence of this ratio on pH is
described by a modified pH-titration curve
(H2PO

2
4 $HPOQ

4 1H1; pK
0
a 5B6:8), the position of

the inorganic phosphate peak is a good index of pHi.
A major advantage of 31P-NMR is that, in addition

to providing nearly continuous measurements of pHi,
it can also be used to monitor levels of a variety of
phosphorus-containing compounds, such as ATP. The
pHi value derived from NMR measurements is pre-
dominantly the pH of the cytoplasm. However, the
inorganic phosphate peak for the cytosol may overlap
with the inorganic-phosphate peaks from other intra-
cellular compartments, as well as the extracellular
space. The mitochondrial inorganic phosphate peak
can in some cases127 be resolved from that of the cyto-
plasmic peak. NMR measurements have been made on
whole organs, whole small animals, and human
limbs.128

pHi can also be measured by NMR with 19F-labeled
probes having pK values in the physiological range.129

As discussed by Deutsch,130 19F-labeled probes are
advantageous over 31P in that background signals are
low, and the fluorinated probes are highly visible and
sensitive to the environment. Commonly used probes
such as fluoroanilines, derivatives of fluoroisobutyric
acid, and fluorinated pyridoxins are generally intro-
duced into cells as methyl esters, similar to the
approach used for pH-sensitive dyes. Aside from cost
and the need for technical expertise, the major disad-
vantage of NMR is its relatively low sensitivity. Thus, a
considerable mass of 31P or 19F is required for detec-
tion, precluding the use of the technique with single
cells. For reviews, see refs128,131,132.

As reviewed by Gallagher et al.,133 related approaches
for estimating pHi include a comparison of 13C signals
for CO2 and HCO2

3 , the use of 89Y-labeled compounds,
and pH-sensitive exchange of 1H2O between bulk water
and water bound to a gadolinium complex.

FORCES AFFECTING THE PASSIVE
MOVEMENT OF H1 AND OTHER
CHARGED ACIDS AND BASES

Forces Affecting H1

Until the 1930s, it was generally assumed that
hydrogen ions were in electrochemical equilibrium
across the cell membrane, as defined by the Nernst
equation:

Vm 5
RT

F
ln

½H1�o
½H1�i

ð52:7Þ
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Here, Vm is the voltage difference across the plasma
membrane (the unit is the volt), R is the universal gas
content (8.31 joules • �K21 • equivalent21), T is abso-
lute temperature, F is Faraday’s constant (96,486 cou-
lombs • equivalent21), and the subscripts o and i refer
to extracellular and intracellular, respectively. In terms
of pH, the foregoing equation becomes

Vm 5 ð0:0585 VÞ3 ðpHi 2pHoÞ ð52:8Þ
assuming a temperature of 22�C. Thus, if H1 were in
equilibrium, then pHi would be one unit lower than
pHo for each 258.5 mV of membrane potential.
However, such a situation would present severe pro-
blems for the cell, inasmuch as Vm changes would shift
the equilibrium distribution of H1, and thus alter pHi

and pHi-sensitive processes. It was not until the
mid-1930s that Fenn and colleagues,134,135 in experi-
ments on frog skeletal muscle, demonstrated that pHi

is higher than expected for H1 to be in electrochemical
equilibrium. The authors, in effect, estimated Vm from
the ratio [K1]o/[K

1]i, and measured pHi using the
weak-acid method.

Nowadays, both Vm and pHi can be measured
directly, and for nearly all cells studied, pHi is well
above the equilibrium pHi. In vertebrate skeletal mus-
cle, for example, Vm is B2 90 mV and pHi is B7.13.
Given a pHo of 7.4, Equation 52.8 predicts an equilib-
rium pHi of B5.9, far lower than the actual pHi. Rather
than calculating equilibrium pH, one could equally
well compute equilibrium potential for H1, that is, the
membrane voltage required for H1 to be in equilibrium
across the membrane (EH). In skeletal-muscle example
introduced above (pHi5 7.1, pHo5 7.4), the EH com-
puted from Equation 52.7 or Equation 52.8 is
B2 18 mV. Because the actual Vm (2 90 mV) is more
negative than EH, H

1 is drawn into the relatively nega-
tive cell, driven by an electrochemical gradient of
90�18 or 72 mV. Thus, there is a substantial electro-
chemical gradient (1.2 pH units or 72 mV) favoring the
passive influx of H1. If the cell membrane were perme-
able to H1, then the resultant H1 influx would repre-
sent a chronic intracellular acid load (i.e., an acid load
imposed on the cell for an indefinite period) that
would tend to lower pHi.

In the above discussion, we made no assumptions
about the mechanism of the hypothetical influx of
H1. It had generally been thought that H1 flux
across the plasma membrane occurs via nonspecific
pathways. However, as extensively reviewed by
DeCoursey,136,137 voltage-activated, Zn21-inhibited H1

currents were first described in snail neurons,138 and
have subsequently been characterized in numerous
other cell types, including epithelial cells (e.g., kidney
cells), connective tissue, skeletal muscle, lymphocytes,
macrophages, granulocytes, and microglia. Ramsey

et al.139 and Sasaki et al.140 independently identified
the first cDNA encoding a Zn21-sensitive, voltage-
gated proton channel, termed Hv1 (also known as
VSOP). As first shown by Meech and Thomas, the
channel is closed at normal Vm levels, when the H1

electrochemical gradient favors the passive influx of
H1. However, strong depolarization not only reverses
the H1 gradient—now favoring the passive efflux of
H1—but also opens the channels. Thus, as reviewed
by Capasso et al.,141 as long as the cell is highly
depolarized, this channel functions as an H1-efflux
pathway that can contribute to acid extrusion,
defined below in our discussion of pHi regulation.
Murphy et al.,142 used the NH1

4 -prepulse technique
to acid load rat alveolar epithelial cells, and com-
puted the acid-extrusion rate from the subsequent
pHi recovery. They observed similar Zn21-sensitive
acid extrusion, regardless of whether the cells were
depolarized with high-K1 solutions, and concluded
that Hv1 channels must have been contributing to
the pHi recovery. However, it is not clear whether—
under conditions of ‘normal’ membrane voltage—the
H1 electrochemical gradient would be outward and
the Hv1 channels would be open. In the absence of
data showing that the Zn21 effects are reduce/elimi-
nated by the knockdown/knockout of Hv1, one must
entertain the hypothesis that Zn21 had nonspecific
effects and that Hv1 did not contribute to pHi

regulation.
The depolarization threshold for channel activation

is lowered by increasing the pHo-to-pHi gradient.
Although the single-channel conductance is low for
Hv1, high protein expression in cells account for mac-
roscopic H1 currents that can exceed K1 currents.

It has become clear that Hv1 is functionally coupled
to NADPH oxidases (NOX), and plays a critical role in
removing the protons formed as byproducts during the
generation of O2

2
143�145; for reviews, see refs137,146. This

Hv1 activity is important during neutrophil phagocyto-
sis,147 signaling in immune cells, as well as in sperma-
tozoa activation (see ref. 141).

Forces Affecting Charged Weak Acids/Bases

In general, the passive fluxes of ionic weak acids
(e.g., NH1

4 ) and bases (e.g., HCO2
3 ) also impose a

chronic intracellular acid load. As noted earlier (see
Equation 52.2), whenever a neutral weak acid (HA) is
equilibrated across the cell membrane ([HA]i5 [HA]o),
the transmembrane distribution ratio for H1 is the
reciprocal of the distribution ratio for the anionic conju-
gate weak base (A2). Consider, for example, the
CO2/HCO2

3 buffer system. If (1) [CO2]i equals [CO2]o,
(2) CO2 is in equilibrium with H1 and HCO2

3 both

1780 52. CONTROL OF INTRACELLULAR pH

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



inside and outside the cell, and (3) the equilibrium con-
stant is the same inside and outside the cell, then:

½H1�i
½H1�o

5
½HCO2

3 �o
½HCO2

3 �i
ð52:9Þ

That is, the electrochemical gradient for HCO2
3 (and

that for any other monovalent anion that can be
described by a similar equation) is equal to but oppo-
site to the gradient for H1. Inasmuch as H1 normally
leaks into cells, HCO2

3 and other anionic weak bases
tend to leak out, also decreasing pHi. In crayfish mus-
cle, the transmitter GABA opens Cl2 channels that are
also permeable to HCO2

3 .
148 The resultant HCO2

3 efflux
can reduce pHi by as much as 0.4. A similar GABAA-
activated HCO2

3 conductance is present in cells from
turtle cerebellum149 and rat hippocampus.150,151 This
GABAA-activated HCO2

3 conductance can be inhibited
by antagonists of GABAA receptors such as picrotoxin.
In a similar fashion, HCO2

3 movement through
glycine-activated Cl2 channels alters pHi.

75 Other
anionic weak bases that seem to penetrate at least some
cell membranes include the DMO anion,152 formate,153

propionate,154 and salicylate.153

We can make a similar analysis for cationic weak
acids (HB1$H1 1B). If the electrically neutral conju-
gate weak base (B) is equilibrated across the cell mem-
brane (i.e., [B]i5 [B]o), if the equilibrium HB1$H1 1B
holds on both sides of the membrane, and if the equi-
librium constant is the same on both sides of the mem-
brane, then:

½H1�i
½H1�o

5
½HB1�i
½HB1�o

ð52:10Þ

That is, the electrochemical gradient for HB1 is in
the same direction as that for H1. Thus, similar to H1,
cationic weak acids such as NH1

4 tend to enter the cell
and produce a chronic intracellular acid load.

Energetics of pHi Regulation

The preceding analysis shows that, under the condi-
tions that normally prevail in most cells (e.g., pHiD7.1,
VmD2 60), the electrochemical gradients affecting H1

and charged monovalent weak acids/bases (provided
the neutral species equilibrates across the membrane)
generally favor fluxes that would lower pHi. Note that
the above thermodynamic analysis addresses only the
net direction of these passive fluxes, and does not
address the rate of intracellular acid loading. These pas-
sive fluxes are depicted for a model cell in Figure 52.2.
Additional acid-loading mechanisms include carrier-
mediated transport of H1 into or HCO2

3 out of cells,
as well as metabolism that generates acidic byproducts.
Acid-loading mechanisms such as passive fluxes,

carrier-mediated transport, and metabolism are
“chronic” because they act continuously to lower pHi.
Maintaining a normal pHi requires that acid loading be
matched by a comparable—and continuous—extrusion
of acid. By definition, this acid extrusionb must be an
active (i.e., energy-requiring) process. Acid extrusion
can be accomplished either by the active uptake of
alkali (e.g., OH2 or HCO2

3 ) and/or the active removal
of acid (e.g., H1).

EFFECTS OF WEAK ACIDS AND BASES
ON pHi

Effects of CO2 and Other Neutral Weak Acids

In the section above on “Distribution of Weak Acids
and Bases” for measuring pHi, we discussed the flux of
neutral weak acids and bases across the cell membrane.
In general, solutions containing the weak acid HA
always contain the conjugate weak base A2. However,
because membranes are usually far more permeable to
HA than to A2, HA fluxes generally have a greater
effect on pHi.

Flux of the Neutral Weak Acid

When a cell is exposed to a neutral weak acid, HA
enters and dissociates into A2 and H1, thereby causing
pHi to fall:

Metabolism

H+HCO3
–

CO2

H2CO3

H2O

FIGURE 52.2 Factors affecting cellular H1 balance. In a typical
mammalian cell, membrane potential (Vm) might be 260 mV (inside
negative) and extracellular pH (pHo) approximately 7.4. In order for
H1 to be in electrochemical equilibrium, pHi would have to be
approximately 6.4. This is far lower than typical values, which range
from 6.8 to 7.6, depending upon the cell type. Thus, H1 tends to enter
the cell passively (inward arrow). The same gradient that drives H1

into the cell would also tend to drive HCO2
3 out (outward arrow),

thereby lowering pHi. The cell would also be acidified by any trans-
porters that mediate the efflux of HCO2

3 (curved arrow), and perhaps
by the metabolic generation of acid (arrow). In order for pHi to be kept
at its normal, relatively alkaline value, transporter(s) must actively
remove acid from the cell, or accumulate an alkali such as HCO2

3 .
Together, such active processes are referred to as “acid extrusion.”

bWe define “acid extrusion” as any process that causes pHi to

rise. Examples include the efflux of H1 and the uptake of HCO3
2.
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HA-A2 1H1 ð52:11Þ
This movement of the neutral weak acid (or a neu-

tral weak base such as NH3, discussed below) has been
termed non-ionic diffusion. This process continues
until [HA]i equals [HA]o. Subsequently, there should
be no further change in pHi, provided there is no flux
of A2 and no change in the rates of acid�base trans-
porter activity. Although CO2 is often regarded as a
weak acid, it is not an acid at all. Only after reacting
with H2O does CO2 yield the true weak acid, H2CO3,
which then dissociates (as described above for the ide-
alized weak acid HA):

CO2 1H2O-H2CO3-HCO2
3 1H1 ð52:12Þ

These two reactions can be combined into a single
one with an overall apparent equilibrium constant
(K

0
a 5 ½HCO2

3 �[H1]/[CO2]). The enzyme carbonic anhy-
drase (CA) greatly accelerates the formation of HCO2

3

from CO2 by catalyzing the reaction:

CO2 1OH2-
CA

HCO2
3 ð52:13Þ

which generates H1 by virtue of consuming OH2. The
mechanism by which CA catalyzes this reaction is
examined in more detail by Liljas et al.155 In the
absence of CA, the reaction can also occur, particularly
under alkaline conditions (i.e., pH .8).

In the example of Figure 52.3, a cell is successively
exposed to solutions equilibrated with 1, 2 and 5%
CO2 (constant [HCO2

3 ]o5 10 mM). Each time, CO2

produces a rapid and sustained fall of pHi. The
period during the CO2 exposure in which pHi is rela-
tively stable is termed the plateau phase. The magni-
tude of the CO2-induced acidification is inversely
related to the intracellular buffering power (β; see

below). The magnitude of the pHi decrease also
increases with [CO2]o. The degree of dissociation is
governed by the relationship between pHi and pK

0
a,

which, in logarithmic form, is the familiar Henderson-
Hasselbalch equation:

pHi 5pK
0
a 1 log

½HCO2
3 �i

½CO2�i
ð52:14Þ

where pK
0
a is B6.1 at 37�C. Therefore, if pHi is 7.1,

10 molecules of incoming CO2 dissociate into H1

plus HCO2
3 for each molecule of CO2 that remains

CO2. If the initial pHi is only 6.1, then this ratio falls
to 1:1, and fewer incoming CO2 molecules dissociate.
There are two practical consequences of this rule.
First, the lower the initial pHi, the smaller the magni-
tude of acidification elicited by the subsequent expo-
sure to the CO2. Second, as one raises [CO2]o by
fixed increments, the magnitude of the acidification
is not proportional to the successive [CO2]o incre-
ment. Thus, in Figure 52.3, the ΔpHi produced by
2% CO2 is less than twice as large as that produced
by 1% CO2, and that produced by 5% CO2 is sub-
stantially less than five times that produced by 1%
CO2.

Although investigators have long believed that all
gases penetrate all membranes simply by dissolving in
the membrane lipid, Waisbren et al.6 demonstrated the
first membrane with negligible permeability to a dis-
solved gas (i.e., CO2 and NH3). Moreover, Nakhoul
et al.11 and Cooper and Boron9 identified the first gas
channel—AQP1, which is permeable to CO2. Later
work showed that AQP1 is also permeable to NH3

48

and that rhesus (Rh) proteins can be permeable to both
CO2

156 and NH3.
157�159 In human erythrocytes, AQP1

and the Rh complex, together, are responsible for
B90% of the CO2 permeability.160,46 Thus, at least two
families of proteins can function as gas channels.
Furthermore, just as ion channels display ion selectiv-
ity, the AQPs and Rh proteins display gas selectivity.
Based on CO2- or NH3-mediated changes in the surface
pH of oocytes expressing AQP or Rh-family
members, the sequence of CO2/NH3 selectivity is
AQP4DAQP5.AQP1.AmtB.RhAG.47

Weak acids such as acetic acid,161 lactic acid,162 and
DMO152 can also elicit intracellular acidifications,
which have [HA]o and pHi dependencies similar to
those described for CO2. Aside from the dissolved
gases discussed in the previous paragraph, many non-
volatile neutral weak acids and bases may move
through plasma membranes—at least in part—via pro-
tein pathways (e.g., channels, transporters) in addition
to any traffic through the lipid phase of the membrane.
In a general sense, all such fluxes can be thought of as
non-ionic diffusion, regardless of the mechanism. CO2

CO2: 1%

7.4

7.2
pHi

[HCO3
–]o 10 mM

3

7.0

6.8

30 min

1 2

1010
5%2%

FIGURE 52.3 Effect of CO2 on pHi. A giant barnacle muscle fiber
was exposed to CO2 at three different levels: 1% (pHo5 7.5), 2%
(pHo5 7.2), and 5% (pHo5 6.8). After its entry into the cell, CO2 is
rapidly hydrated to H2CO3, which in turn dissociates into H1 and
HCO2

3 , causing pHi to fall. Removing CO2 reverses these processes.
pHi was measured with an exposed-tip pH-sensitive microelectrode,
of the design of Hinke.621 (Reproduced from ref. [165].)
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is unusual, however, in that [CO2]o is easily controlled,
independent of [HCO2

3 ]o, either by the experimenter
(who can equilibrate solutions with a known CO2 mix-
ture) or by the intact organism (which can alter its
external respiration). Of course, the price one pays
for varying [CO2] at constant [HCO2

3 ] is that—at equi-
librium—pH must vary as well, as predicted by
Equation 52.14. In the laboratory, it is possible to over-
come this limitation by using out-of-equilibrium CO2/
HCO2

3 solutions (see below) to change only one of the
three parameters (pH, CO2, or HCO2

3 ) at a time. For
nonvolatile weak acids, the experimenter can only
manipulate the total concentration of extracellular
buffer ([TA]o5 [HA]o1 [A2]o) and pH. When [TA]o is
fixed, changes in pHo produce reciprocal alterations in
[HA]o and [A2]o, so that the magnitude of the HA-
induced pHi decrease is very pHo sensitive.

Flux of the Anionic, Conjugate Weak Base

In the preceding discussion, we assumed that the
movement of the uncharged weak acid HA was the
only factor affecting pHi. In other words, we excluded
the possibilities that: (1) the charged species A2 can
traverse the cell membrane and significantly affect pHi,
and (2) acid�base transporters as well as metabolic
processes that generate acid�base equivalents can alter
the overall balance between acid extrusion/loading. In
the absence of these complicating effects, applying and
withdrawing HA/A2 would produce the pHi changes
illustrated in Figure 52.4b.

What would happen if A2, as well as HA, were able
to cross the membrane passively? At the instant a cell
is exposed to a solution containing HA and A2, the
electrochemical gradient for A2 would be inward
(assuming that the initial [A2]i were sufficiently low).
Initially then, both HA and A2 would enter, the HA
tending to lower pHi, and the A2 tending to raise pHi.
A significant permeability of the membrane to A2

would reduce the initial rate of the HA-induced acidifi-
cation. Eventually, however, the generation of A2 from
incoming HA, as well as the influx of A2, would raise
[A2]i to such a level that A2 would tend to exit the cell
passively, as described earlier. In addition, a trans-
porter might move A2 out of the cell; for example, a
Cl2aHCO2

3 exchanger normally moves HCO2
3 out of

the cell. Subsequently, the efflux of A2 would lower
pHi, both during the initial HA-induced acidification
and during the later plateau phase, as illustrated in
Figure 52.4a. This A2 efflux represents what might be
termed a “semi-chronic” acid load, inasmuch as the
pHi decrease would continue until [A2]i was so low
that A2 was equilibrated across the membrane.
Removing external HA/A� would elicit a rapid rise in

pHi due to the efflux of HA from the cell. Note, how-
ever, that pHi would rise to a value less than the initial
pHi. The magnitude of the shortfall would be directly
related to the net acid loading due to A2 efflux. The
pHi changes illustrated in Figure 52.4a, presumably
due to permeability of the membrane to the A2 form of
a weak acid, have been observed in snail neurons
exposed to salicylic acid.153

Acid-extrusion mechanisms can also influence the
pHi changes of a cell exposed to HA/A2. In practice,
the effects described below are due to one or more
acid-extruders that outstrip acid loaders. These trans-
porters are described in more detail later, as are their
effects on the dynamics of pHi regulation. We intro-
duce these transporters here only to complete our con-
sideration of pHi transients elicited by HA/A2.
Consider a cell that is permeable to HA, but not to A2,
and that has an acid-extrusion mechanism that is
unaffected by A2 (e.g., Na1aH1 exchange). Applying
HA/A2 would acutely acid load the cell, due to the
influx of HA, and subsequent formation of A2 and H1.
However, an acid-extruder stimulated by the pHi

decrease would remove this acute acid load and return
pHi to exactly its starting value (Figure 52.4C). Note
that removing HA/A2 causes pHi to overshoot its

HA and A– HA and A–

pHi

alkaline

HA and A–HA and A–

acid

alkaline

time

pHi

acid

(a) (b)

(c) (d)

FIGURE 52.4 Hypothetical responses of a cell to the application
of a neutral weak acid (HA) and its conjugate weak base (A2). In all
cases, the initial effect is a rapid fall in pHi, due to the influx and par-
tial dissociation of HA. The decrease in pHi halts once [HA]i5 [HA]o.
The subsequent course of pHi depends on the balance among (1) the
passive efflux of A2 (which will lower pHi), (2) transporters (e.g.,
Cl2aHCO2

3 exchanger) that lower pHi, and (3) transporters (e.g.,
Na1aH1 exchanger) that raise pHi. a: Acid loading exceeds acid
extrusion, and pHi falls during the plateau phase. When external
HA/A2 is removed, the recovery of pHi falls short of the initial
value. b: Acid loading exactly balances acid extrusion, and pHi is
stable during the plateau phase. When external HA/A2 is removed,
pHi returns to its initial value. c: Introducing HA/A2 does not funda-
mentally alter either acid loading or acid extrusion. pHi returns to
exactly its initial level by the end of the plateau phase. When external
HA/A2 is removed, pHi overshoots its initial value. d: Introducing
HA/A2 promotes acid extrusion more than acid loading. During the
plateau phase, pHi recovers to a value that is higher than the initial
pHi. When external HA/A� is removed, pHi overshoots its initial
value by even more than in case C.
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initial value by a substantial amount. The magnitude of
the overshoot is directly related to the net amount of
acid extruded during the HA/A2 exposure. This pat-
tern of pHi changes, including a complete recovery of
pHi during the plateau phase, is observed in snail neu-
rons acid loaded by exposure to CO2/HCO2

3 .
15 Other

examples have been reported in which the plateau-
phase pHi recovery is incomplete.

As illustrated in Figure 52.4d, exposing a cell to HA/
A2 may cause the pHi during the plateau phase to rise
to a value even greater than the initial pHi. For exam-
ple, if the cell had an acid extruder that is stimulated
either by HA or A2, then the influx of HA would ini-
tially acidify the cell. However, the stimulated acid
extruder would not merely return pHi to its initial
value, as in Figure 52.4c, but increase pHi beyond the
initial value, as in Figure 52.4d. We can provide two
such examples in which A2 stimulates acid extrusion
and thereby elicits pHi changes similar to those
in Figure 52.4d: (1) exposing renal mesangial cells to
CO2/HCO2

3 stimulates a Na1-driven HCO2
3 uptake

mechanism,19,163 and (2) adding acetic acid/acetate to
the lumen of a rabbit S3 proximal tubule stimulates a
Na1/acetate cotransporter.161,164 HA can also stimulate
acid extrusion. In the rabbit proximal tubule, CO2 per
se appears to stimulate Na1aH1 exchange and H1

pumping.22

Effects of NH3 and Other Neutral Weak Bases

Solutions containing the neutral weak base B also
contain its conjugate weak acid HB1. Because mem-
branes are usually far more permeable to B than to
HB1, B fluxes tend to have a greater effect on pHi.

Flux of the Neutral Weak Base

When a cell is exposed to a neutral weak base, B
enters and associates with H1 to form HB1, causing
pHi to rise:

B1H1-HB1 ð52:15Þ
This process continues until [B]i equals [B]o.

Subsequently, there should be no further change in
pHi, provided there is no flux of HB1 and no change in
the rates of acid�base transporter activity. Removing
external B reverses the reaction as written in Equation
52.15, and B passively diffuses out of the cell. pHi

should then return to exactly its initial level. An exam-
ple of the effect of the weak base NH3 is shown in
Figure 52.5. Applying 20 mM total ammonium (i.e.,
[NH3]o1 [NH1

4 ]o) causes pHi first to rise, and then sta-
bilize (segment ab, pulse 1). Removing the NH3/NH1

4

elicits a fall in pHi to a value somewhat lower than the
initial one (compare points a and c). The reason for this

small pHi undershoot will become clear below. As dis-
cussed above for HA-induced acidifications, the mag-
nitude of the NH3-induced alkalinization depends
upon intracellular buffering power, [NH3]o, and the
degree to which entering NH3 is protonated. The last is
governed by the relation:

pHi 5pK
0
a 1 log

½NH3�i
½NH1

4 �i
ð52:16Þ

where pK
0
a (B9.2 at 22�C) is the acid dissociation con-

stant. Thus, at the initial pHi of 7.3 (point a), approxi-
mately 99.4% of entering NH3 is protonated to form
NH1

4 , whereas at a pHi of 7.8 (point b), only approxi-
mately 98% is protonated. The dependence of the pro-
tonation of NH3 on the difference (pK

0
a�pHi) has two

consequences, analogous to the two discussed earlier
for CO2. First, the higher the initial pHi, the smaller the
magnitude of the alkalinization elicited by the subse-
quent exposure to the NH1

4 . Second, as one raises
[NH3]o by fixed increments, the magnitude of the alka-
linization with each successive [NH3]o increment does
not increase in proportion. Thus, in Figure 52.5, the
alkalinization produced by 10 mM total NH1

4 is less
than twice as great as that produced by 5 mM total
NH1

4 .
In Figure 52.5, the magnitude of the NH4

1-induced
alkalinization actually depends more on [NH3]o than
on [total NH1

4 ]o. Thus, the NH1
4 -induced alkaliniza-

tions will be identical for solutions in which [total
NH1

4 ] and pHo are varied reciprocally so as to keep

pH1

7.8

7.6

7.4

7.2

7.0

20 mM 10 mM 5 mM 2 mM 1mM
NH4Cl

pHo = 7.70

a

c

1 2 3 4 5

30 min

b

FIGURE 52.5 Effects of brief exposures to NH3 on pHi. A giant
barnacle muscle fiber was exposed to NH3 at five different levels of
[NH3]1 [NH1

4 ]: 20, 10, 5, 2, and 1 mM. Because pHo was 7.70 through-
out, [NH3]o was approximately 312, 156, 78, 31, and 16 μM, respec-
tively, in the five pulses. After its entry into the cell, NH3 rapidly
combines with H1 to form NH1

4 . The resulting rise in pHi continues
until [NH3]i5 [NH3]o. Removing external NH3/NH1

4 reverses these
processes. Between NH3/NH1

4 pulses, the external solution was buff-
ered with 5-mM HEPES to pH 7.5. pHi was measured with an
exposed-tip pH-sensitive microelectrode, of the design of Hinke.621

(Reproduced from ref. [165].)
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[NH3]o constant.165 Neutral weak bases such as lido-
caine,166 procaine,166 and methylamine51 also elicit
intracellular alkalinizations that have [B]o and pHi

dependencies similar to those described for NH3.
As noted above, the bacterial protein AmtB, an Rh

homolog, functions as a gas channel permeable to
NH3.

47,48,157�159 In addition, aquaporins 1, 4, 5,47 and
AQP8168 are permeable to NH3.

It is possible to target the weak base NH3 and selec-
tively raise the pH of a specific intracellular compart-
ment. For example, Carraro-Lacroix et al.169 raised the
pH of lysosomes by first endocytotically targeting ure-
ase to the lysosome compartment, and then exposing the
cells to urea. The urease—now in the lysosomes—cata-
lyzed the hydrolysis of the urea to produce onemolecule
of CO2 but two of the weak base NH3. Both because of
the 2:1 stoichiometry of generated NH3:CO2 and the low
initial lysosomal pH, the NH3 dominates and the net
effect is the NH3-driven consumption of H1 to form
NH1

4 , thereby selectively alkalinizing the lysosome.

Flux of the Cationic, Conjugate Weak Acid

When one exposes a cell to a weak base, the domi-
nant effect on pHi generally reflects the influx of the
highly permeant neutral weak base (e.g., NH3).
However, the flux of the conjugate weak acid (e.g.,
NH1

4 ) may produce pHi decreases that are substantial

or even dominant. The effects on pHi of applying and
withdrawing NH3/NH1

4 can be separated into four
steps. When a cell is exposed to NH3/NH1

4 , the rapid
influx of NH3 leads to an initial rise in pHi

(Figure 52.6a). However, this alkalinization is actually
blunted by the simultaneous, although smaller, influx
of NH1

4 . The most general mechanism of NH1
4 influx is

the passive diffusion of NH1
4 ,

170 although the carrier-
mediated transport of NH1

4 into cells can be substantial.
For example, NH1

4 can enter cells by substituting for
K1 on the Na1aK1 pump171 and/or the Na1/K1/Cl2

cotransporter.7 Although most of the entering NH1
4

remains NH1
4 , a small fraction (governed by the differ-

ences between pK
0
a and pHi) dissociates to form NH3

and H1. When external NH3/NH4
1 is removed, the

NH4
1 that previously entered, but failed to dissociate,

now dissociates into NH3 (which rapidly leaves the cell)
and H1 (which is trapped within the cell). As a conse-
quence, the final pHi (point c in Figure 52.5) is slightly
lower than the initial value (point a).

The acidifying effect of NH1
4 is much more evident

when the NH3/NH1
4 exposure lasts beyond the initial

influx (Figure 52.6a) and equilibration of NH3

(Figure 52.6b). During an extended plateau phase, the
continuing net influx of NH4

1 produces a plateau-
phase acidification, as illustrated in Figure 52.6c. In cells
with a Cl2aHCO2

3 exchanger (e.g., sheep cardiac

(a)

alkaline

NH3/NH4
+

alkaline

(c)

(d)

NH3/NH4
+

NH3/NH4
+ NH3/NH4

+

H+H+

acid

pHi

NH3 NH3

H+H+

acid

pHi

NH3 NH3

alkalinealkaline

NH3

(b)

H+

acid

pHi

NH3

H+H+

acid

pHi

NH3

NH4
+

NH4
+ NH4

+ NH4
+

NH4
+ NH4

+ NH4
+

FIGURE 52.6 The NH1
4 prepulse technique. a: When a cell is first exposed to a solution containing NH1

4 and NH3, there is a rapid increase
in pHi, due to the influx of NH3. This rise in pHi is blunted if NH1

4 can also enter the cell. b: Eventually, [NH3]i rises to the point where [NH3]i
transiently equals [NH3]o. Here, NH1

4 is in equilibrium with NH3 and H1, both inside and outside the cell. pHi is transiently stable. c: During
the plateau phase, the entry of NH1

4 leads to the formation of intracellular NH3, which then exits the cell. This sets up a shuttling system for
carrying H1 into the cell. The NH1

4 may enter via a simple conductive pathway, or be transported by a carrier such as the Na1aK1 pump or
Na1/K1/Cl2 cotransporter. Other acid loading processes (e.g., Cl2aHCO2

3 exchange or metabolism) could also contribute to the plateau-
phase acidification. d: Upon removing external NH3/NH1

4 , most of the intracellular NH1
4 gives up its H1 and exits the cell as NH3. Because

NH1
4 had accumulated in the cell during the plateau (either because of NH1

4 uptake per se or other acid-loading processes), pHi undershoots
its initial value and the cell is acid loaded.
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Purkinje fibers), this plateau-phase acidification may be
augmented by efflux of HCO2

3 in exchange for Cl2.172

When the external NH3/NH4
1 is eventually with-

drawn, the pHi undershoot is greatly exaggerated
(Figure 52.6d). The magnitude of the undershoot
reflects the previous influx of NH1

4 . The longer the
exposure to NH3/NH1

4 , the more extensive the plateau-
phase acidification, and the larger the undershoot. This
undershoot represents an acute intracellular acid load.
Indeed, the NH1

4 -prepulse technique is widely used for
acid loading cells in studies of pHi regulation.

170

If the NH1
4 electrochemical gradient is reversed dur-

ing the plateau phase, in a cell for which the dominant
mechanism of NH1

4 entry is a passive flux, then pHi

rises during the plateau phase and the pHi undershoot
is converted to a shortfall.165

INTRACELLULAR BUFFERING

Role of Buffering in pHi Regulation

In the broadest sense, a pH buffer is any system that
moderates the effects of an acid load by reversibly con-
suming H1, or of an alkali load by reversibly releasing
H1. As we shall see, buffering in the intracellular fluid
(e.g., the cytosol) is considerably more complex than in
the blood and extracellular fluids. One can determine
the buffering power (β) of either the extra- or intracel-
lular fluid by applying an acute acid or alkali load, and
measuring the resultant change in pH. β is defined as
the amount of strong base (or strong acid) required to
raise (or lower) pH by a given amount. Strictly speak-
ing, the definition is given in differential notation.
However, if the amount of base added (ΔB, given in
mM) and the resultant pH increase (ΔpH) are suffi-
ciently small, then β is approximated by:

β5
ΔB

ΔpH
ð52:17Þ

This definition was originally proposed in slightly
different form by Koppel and Spiro in 1914173,174 and
later modified to its present state independently by
Michaelis175 and Van Slyke.176 Note that β is always a
positive number; for a strong acid, ΔB and ΔpH are
both negative. β is usually reported in mM per pH unit.

Among the several methods available for applying
acid and alkali loads to the cytoplasm, the most direct
is by injection of acid151,77 or alkali into the cell with a
micropipette. Such an acute acid load produces an
abrupt fall in pHi (see Figure 52.7, segment ab), the
extent of which is determined by the amount of acid
injected, the intracellular buffering power, and the abil-
ity of pHi-regulatory mechanisms to blunt the pHi

decrease. As discussed in later sections, these pHi-

regulatory mechanisms can actively extrude acid from
the cell and thereby return pHi to its initial value (seg-
ment b�f). If we were to calculate β blindly, then we
would see that the apparent β depends critically on the
time of the ΔpHi measurement following the acid load.
For example, the apparent β is relatively low at point b
and rises to infinity at point f, where ΔpHi is zero.

An approach for avoiding the above ambiguity is to
define intracellular buffering power (βi) under condi-
tions in which we completely block pHi regulation. In
this case, pHi would follow the trajectory indicated by
ag in Figure 52.7, the observed ΔpHi at “infinite”
time would be relatively large, and the computed β
would be smaller than any of the possibilities
described above. There are three justifications for
excluding acid�base transport processes from the defi-
nition of βi: (a) As we have just seen, excluding cellular
transport processes makes the calculated βi time inde-
pendent (provided we allow enough time for pHi to
fall). (b) As we shall see later, transport of acid and/or
base can generally be distinguished from buffering
mechanisms by applying transport inhibitors or per-
forming ion substitutions in the extracellular fluid. (c)
Generally, these transport processes are not fully
reversible. The buffering mechanisms included in our
definition of βi fall into three categories: (a) weak acids
and bases (i.e., chemical buffers), (b) biochemical reac-
tions consuming or releasing H1, and (c) transport of
acids or bases across organellar membranes. These
mechanisms, which will be discussed in more detail
later, can be justifiably grouped because there is pres-
ently no practical basis for distinguishing among them

acute
acid load

a
b d e

f
pHab

alkaline

pHi c
g

pHag

acid time

FIGURE 52.7 Determination of intracellular buffering power (βi)
in an intact cell from the pHi change produced by an acute acid load.
βi is defined as the amount of strong acid injected (mmole/liter of
cytoplasm) divided by the negative of the resultant fall in pHi.
Injecting acid, however, causes a biphasic change in pHi: a rapid fall
(segment ab), followed by a slower recovery (bcdef). The latter is due
to extrusion of acid from the cell by one or more active transport pro-
cesses. The true βi must be computed from the pHi change (ΔpHag)
that would have occurred had all acid extrusion been blocked (seg-
ment ag). If the ΔpHi instead is computed from the pHi at points b,
c, d, e or f, the computed βi will be, at best, artifactually high (in the
case of ΔpHab) and, at worst, will approach infinity (in the case of
ΔpHaf5 0). If the acid load is applied by exposing the cell to CO2,
then the active transport of HCO2

3 into the cell can sometimes cause
the pHi at point f to be greater than the pHi at point a. In this case,
ΔpHaf is ,0, and the computed βi will be negative.
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when examining cytosolic pH regulation. Furthermore,
they proceed very rapidly compared to the time cur-
rently required to measure pHi.

Buffering mechanisms abate pHi changes produced
by acute acid and alkali loads that otherwise could
damage the cell. However, these mechanisms cannot
prevent a change in pHi, only reduce its magnitude.
Furthermore, buffering mechanisms cannot restore pHi

to its initial value following an acid or alkali load.
Such recoveries are brought about by transport of acid
and/or base across the cell membrane. As an illustra-
tion, consider the response of the cell to an acute intra-
cellular acid load, as in Figure 52.7. Cellular buffers
respond very rapidly, typically consuming more than
99.99% of the applied acid and limiting the initial fall
in pHi (ag). Active transport mechanisms respond
more slowly, extruding acid from the cell and return-
ing pHi toward normal (b�f). During the transport-
mediated pHi recovery, H

1 previously taken up by the
buffering mechanisms is now released and extruded
from the cell. By the time pHi returns to its initial level
(f), the entire acid load has been extruded from the cell,
and cellular buffering mechanisms have been returned
to their pre-acid-loading state (a). Buffering mechan-
isms play no role in the steady state; in this case, acid
loading exactly balances acid extrusion, and the state
of cellular buffers is unchanged.

Mechanisms of Intracellular Buffering

The total intracellular buffering power (βT) is the
sum of chemical (i.e., weak-acid/base equilibria), bio-
chemical, and organellar buffering powers.

Chemical Buffering

A weak base (B) of valence n reacts with H1 to pro-
duce its conjugate weak acid (HB) of valence n1 1:

Bn 1H1-HBn11 ð52:18Þ
This equilibrium is described by the relation:

K
0
a 5

½Bn�½H1�
HBn11

ð52:19Þ

where K
0
a is the apparent acid dissociation constant.

This relation can also be expressed in logarithmic form,
whereupon it takes the form of Equation 52.16. Starting
with the definition of β (Equation 52.17) and the state-
ment of chemical equilibrium (Equation 52.19), one can
express β as a function of [H1], K

0
a, and total buffer

concentration.173,175

β5
2:3K

0
a½H1�

ðK0
a1½H1�Þ2 TB½ � ð52:20Þ

where 2.3 approximates ln(10), and [TB] is the concen-
tration of total buffer (i.e., [TB]5 [Bn]1 [HBn11]).
By obtaining the derivative of β with respect to [H1]
(i.e., dβ/d[H1]) and setting this equal to zero, one
can show that β is maximal when [H1] equals K

0
a.
173

This maximal buffering power (βmax) is simply:

βmaxD0:58 ½TB� ð52:21Þ
Although the pH of maximal buffering power is in

general unique to the buffer, all buffers have the same
molar buffering power (βmax/[TB]), and the same
dependence of β on the difference pH�pK

0
a. If more

than one buffer is present, then βT is simply the sum of
the individual buffering powers, each computed from
Equation 52.20.

The foregoing equation describing β was derived by
taking the partial derivative of [Bn] with respect to pH
at a fixed [TB]. That is, the analysis applies only to buf-
fers in a closed system, in which [TB] is constant.
Closed-system buffers include a solution of a nonvola-
tile buffer (e.g., inorganic phosphate) in a beaker, a
solution of a volatile buffer (e.g., CO2/HCO2

3 ) in a
capped syringe, and an impermeant buffer (e.g., a pro-
tein) in the cytoplasm of a cell. In such a closed system,
β for CO2/HCO2

3 would be rather low at normal pHi

values, because pHi (B7.0) is far higher than the pK
0
a of

6.1. However, cells are generally not a closed system
with respect to CO2/HCO2

3 . Rather, CO2 usually freely
exchanges with the extracellular fluid (ECF) so that the
total intracellular CO2 (i.e., [CO2]i1 [HCO2

3 ]i) can
change appreciably during intracellular acid�base dis-
turbances. For example, when H1 is added to cyto-
plasm containing CO2/HCO2

3 , H1 combines with
HCO2

3 according to the reactions:

H1 1HCO2
3 -H2CO3-H2O1CO2 ð52:22Þ

The cytoplasmic CO2 so formed is lost to the ECF.
Thus, it is [CO2]i that remains constant, while [HCO2

3 ]i
and [total CO2]i both fall. Because there is no buildup
of CO2 within the cell, the extent of the reaction in
Equation 52.22 is limited only by the availability of
HCO2

3 . The amount of H1 absorbed (i.e., buffered) by
the CO2/HCO2

3 system exactly equals the amount of
HCO2

3 that disappears. That is:

βCO2 5
Δ½HCO2

3 �
ΔpH

ð52:23Þ

where βCO2 is the CO2 buffering power. When this
equation, in differential form, is combined with the
Henderson-Hasselbalch equation, it can be shown that:

βCO2 5 2:3 ½HCO2
3 � ð52:24Þ

when [CO2] is held constant. At very high pH values,
when the equilibrium H1 1CO22

3 $HCO2
3 cannot be
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ignored, the term 4.6 [CO22
3 ] must be added to the

right-hand side of Equation 24. This equation describes
the buffering power of CO2/HCO2

3 in an open system,
such as a solution in a beaker equilibrated with gas-
eous CO2. Because most cell membranes are highly
permeable to CO2, this gas rapidly equilibrates across
membranes and stabilizes [CO2]i, provided the ECF
behaves as an infinite reservoir for CO2. Thus, an
isolated cell in vitro behaves as an open system for
CO2/HCO2

3 . Because the intact organism has mechan-
isms (e.g., alveolar ventilation in higher vertebrates) for
stabilizing [CO2] in the ECF, CO2/HCO2

3 behaves as an
open-system buffer in vivo, both in the extra- and intra-
cellular spaces.

In an open system, the CO2/HCO2
3 buffer pair gen-

erally makes a substantial contribution to βT. For exam-
ple, at a pHi of 7.1, the buffering power of all non-CO2

buffers in rat renal mesangial cells is only about
10 mM,19 whereas the computed βCO2 is nearly 29 mM
when the cell is equilibrated with 5% CO2. Thus, β

CO2

accounts for nearly 75% of the βT of 39 mM/pH unit.
It is essential to distinguish clearly between open-

and closed-system buffers of a cell. The cell is a closed
system for intracellular buffers that do not readily cross
the cell membrane (e.g., inorganic phosphate and the
imidazole groups of proteins). Thus, these buffers are
influenced by the attributes of the cell (e.g., volume,
temperature, and metabolic state), and not those of the
extracellular fluid. These are termed intrinsic buffers.165

Biochemical and organellar buffering mechanisms (vide
infra) are also intrinsic, and the total intrinsic buffering
power (βI) is the sum of biochemical, organellar, and
intrinsic chemical buffering powers.

The cell is an open system when one member of the
buffer pair readily crosses the cell membrane. The buff-
ering power of such a buffer pair is very sensitive to
extracellular conditions. As noted earlier, βCO2 is pro-
portional to [HCO2

3 ]i, which in turn is completely
determined by pHi and the extracellular PCO2

(assum-
ing that CO2 equilibrates across the cell membrane).
The cell also behaves as an open system for buffers
other than CO2/HCO2

3 . These are generally conjugate
pairs of which one member is a small, neutral mole-
cule. Examples include NH3/NH1

4 and acetic acid/ace-
tate. Regardless of whether the charged species is a
cation or an anion, the intracellular buffering power of
an open-system buffer pair is always 2.33 [charged
species]i, provided the neutral species is equilibrated
across the cell membrane. Thus, the intracellular buff-
ering power of such a buffer pair is sensitive not
only to the total amount of the buffer in the ECF (i.e.,
[TB]o), but also to pHo. As with CO2/HCO2

3 , these
other open-system buffers can sometimes be the domi-
nant component of βT. For example, βI in squid axons
is B9 mM.170 When these axons are exposed to a

pHo27.7 NH3/NH1
4 solution containing only 10 mM

total ammonium, [NH1
4 ]i rises to 10 mM. The computed

βNH3 is 23 mM, nearly 70% of βT. Because the buffering
power of such open-system buffers is so sensitive to fac-
tors external to the cell (e.g., pHo), these buffers are
termed extrinsic.165 The total chemical buffering power
of a cell is the sum of the buffering powers of the indi-
vidual conjugate acid/base buffer pairs, be they intrin-
sic (closed system) or extrinsic (open system).

Biochemical Buffering

Because certain biochemical reactions consume or
release H1 and are pHi sensitive, they can act as H1

buffers.3 Examples include hydrolysis of ATP (which
releases H1) and hydrolysis of phosphocreatine (which
consumes H1). During the Cori cycle, the liver converts
lactic acid into glucose, whereas skeletal muscle breaks
down the glucose to produce ATP and more lactic
acid. Also, H1 buffering can arise when reactions
induce a change in the pK

0
a of an ionizable group.

A classic example is the buffering reactions of oxygen-
ated versus deoxygenated hemoglobin.

A well studied example of biochemical buffering are
reactions involving intermediary metabolites in rat
brain.179 Cells that are acutely acid loaded with an
increase of PCO2

in the ECF respond by reducing intra-
cellular levels of several acid metabolic intermediates
(i.e., the acids of lactate, pyruvate, citrate, α-ketogluta-
rate, malate, glutamate, and aspartate), while raising
those of glucose and glucose-6-phosphate. These obser-
vations are consistent with the hypothesis that reduc-
ing pHi inhibits a step in the glycolytic pathway,
possibly the phosphofructokinase reaction. Indeed,
mouse muscle phosphofructokinase is markedly sensi-
tive to pH changes180; reducing in-vitro pH from 7.2 to
7.1 produces more than a 90% inhibition. Rat-brain
cells respond in the opposite fashion to acute intracel-
lular alkali loads. Increases in pHi induced by lowering
the PCO2

in the ECF lead to increased levels of lactate
and pyruvate.181 Thus, the biochemical machinery of
these cells seems to respond appropriately to pHi

changes, consuming H1 in response to intracellular
acid loads and releasing H1 in response to alkali loads.
The extent to which such biochemical reactions contrib-
ute to overall buffering power can be computed from
changes in steady-state metabolite levels, provided that
such changes are reciprocally linked to the production
or consumption of neutral and/or readily diffusible
molecules. For example, the consumption of one citrate
molecule removes three H1, whereas malate removes
two, and pyruvate, one. From data on rat brain,182 the
buffering power of biochemical reactions amounts to
about half that provided by all non-CO2 physicochemi-
cal buffers. Biochemical buffering power can be
defined and quantitated in a manner analogous to
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chemical (vide supra) and organellar (vide infra) buffer-
ing powers [see Equation 52.17]. The biochemical buff-
ering reaction can be written as:

Rn 1 q H1$Pn1q ð52:25Þ
where R is the reactant, P is the product, n is the
valence, and q is the H1 stoichiometry (q. 0). The bio-
chemical buffering power is thus:

β5
Δ½Rn�Uq
ΔpH

ð52:26Þ

As noted above, biochemical and organellar (vide
infra) buffering mechanisms, in addition to closed-
system chemical buffers, comprise the intrinsic buffers.

Organellar Buffering

H1-transport systems have been identified or impli-
cated in many intracellular organelles,3,183 including
mitochodria,184�191 lysosomes,192 sarcoplasmic reticu-
lum,193 Golgi network,92,90 endosomes,194�198 chromaf-
fin granules,199,192 and zymogen granules.200

In addition, three of the cloned Na-H exchangers
(NHE6, 7, and 9) are found in organellar membranes
where they may contribute to organellar pH regula-
tion.167,713 For reviews of vesicular H1 pumps, see
refs.201,202 It would be reasonable to expect decreases in
cytoplasmic pH to stimulate H1 uptake and/or inhibit
H1 extrusion by at least some organelles, and increases
in pHi to produce the opposite effects. Such buffering
would lead to a net transfer of H1 into these organelles
following intracellular acid loads, and a net movement
of H1 into the cytoplasm following alkali loads. A
transfer of acid or base across organellar membranes
would constitute a de facto buffer mechanism for the
bulk intracellular fluid. Although the extent to which
such hypothetical organellar buffering mechanisms
contribute to βT is not established, it can be inferred
from published data that changes in extraorganellar
pH can produce at least small changes in the intraorga-
nellar pH of mitochondria,127 lysosomes,192 and sarco-
plasmic reticulum vesicles.193 Organellar buffering
power can be defined and quantitated in a manner
analogous to that for physicochemical and biochemical
buffering [see Equation 52.17]. The organellar buffering
reaction is written:

organelleðÞ1H1$organelleðH1Þ ð52:27Þ
where the parentheses refer to organellar contents.
Organellar buffering power is thus:

β5
Δ½organelleðÞ�

ΔpHi
ð52:28Þ

Organellar buffers, along with the biochemical and
closed-system chemical buffers, comprise βI.

Measurement of Intracellular Buffering Power

Titration of Cell Homogenates

The easiest method for estimating βi is to homoge-
nize a tissue sample and titrate the homogenate.
The slope of the pH titration curve is the buffering
power of the homogenate. However, some disadvan-
tages limit the accuracy of this technique. First, homog-
enization may disrupt cellular organelles and thus
obscure the organellar buffering contribution. Second,
homogenization-induced changes in metabolism must
be prevented, for example by quick-freezing the sam-
ple before homogenization,203 and then performing the
titration either at low temperature203 or in the presence
of an inhibitor such as fluoride.182 Blocking metabolism
will reduce biochemical buffering, and reducing tem-
perature generally increases pK

0
a values, thereby alter-

ing chemical buffering.

Microinjection

The most straightforward approach for estimating βi
in an intact cell is to microinject a known amount of
acid or base into a cell and monitor the resultant
change in pHi. The microinjection can be achieved
either by iontophoresis15 or by pressure injection.177

This technique enables one to compute the total βi
(i.e., sum of physicochemical, biochemical, and orga-
nellar buffering) of the cell. For small neurons incu-
bated in a CO2-free solution, the iontophoresis and
pressure-injection methods give βi values of
10.8 mM/pH unit15 and 10.3 mM/pH unit,177 respec-
tively. Disadvantages of this direct in-vitro titration
approach include the necessity of using cells that
(1) are large enough to withstand the microelectrode
impalements, and (2) have a sufficiently compact
geometry to permit rapid equilibration of the injected
acid or base throughout the cell.

Weak-Acid and Base Methods

An approach that, at least in principle, is applicable
to cells of all shapes and sizes, is measurement of the
pHi change produced by exposing the cell to a neutral
weak acid HA (HA$H1 1A2), or weak base B
(HB$H1 1B). As discussed earlier, exposing a cell to
a neutral weak acid leads to a decrease in pHi as HA
enters the cell and partially dissociates into H1 and
A�. The entry and dissociation halt once
[HA]i5 [HA]o. The extent of the dissociation depends
on the weak acid’s pK

0
a, as well as the initial pHi.

Virtually all of the released H1 is consumed by intra-
cellular buffers (Figure 52.8A and B); the remaining
fraction is responsible for the accompanying pHi

decrease. Although HA/A2 is a buffer, it does not par-
ticipate in buffering the acid load imposed by the intra-
cellular dissociation of HA. Similarly, a B/BH1 buffer
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system can not buffer changes in pHi caused by the
entry (or exit) of B. Because the dissociation of HA leads
to the formation of one A2 for each H1, the magnitude
of the intracellular acid load is Δ[A2]i. This amount of
added acid is the additive inverse of the amount of base
added (ΔB) in the preceding definition of β:

βi 5
ΔB

ΔpHi
5

2Δ½A2�i
ΔpHi

ð52:29Þ

Note that βi is the non-HA/A2 buffering power of
the cell. It is the sum of chemical, biochemical, and
organellar buffering. ΔpHi is directly measured, and
Δ[A2]i is calculated from final and initial values of pHi

and [HA]o. In the simplest case, the initial [A2]i is zero,
and final [A2]i is given by:

½A2�i 5 ½HA�U10pHi2pK
0
a ð52:30Þ

assuming [HA]5 [HA]i5 [HA]o. A commonly used
weak acid for measuring βi is CO2, for which:

βi 5
ΔB

ΔpHi
5

2Δ½HCO2
3 �i

ΔpHi
ð52:31Þ

βi is the non-CO2/HCO2
3 or intrinsic buffering

power, βIi . Once βIi is known, the total intracellular buff-
ering power (βTi ) can be obtained by computing the
open-system CO2 buffering power:

βTi 5 βIi 1 βCO2

i ð52:32Þ
where βCO2

i , the CO2 buffering power, is given by 2.33
[HCO2

3 ]i, as outlined above.
There are as many as three major drawbacks of

using the weak-acid method to measure β. First, [HA]i
may not exactly equal [HA]o. In rapidly metabolizing

cells for instance, [CO2]i may exceed [CO2]o. Second,
the pHi decrease elicited by the entry of HA may stim-
ulate acid-extrusion mechanisms (i.e., pHi-regulating
systems described below). Thus, the actual ΔpHi may
be smaller than if all acid�base transport had been
blocked (Figure 52.7). By underestimating ΔpHi, one
will overestimate βi. This error should in principle be
eliminated by blocking the pHi-regulating systems.165

One can also minimize the error by extrapolating the
pHi-versus-time curve back to a point at which acid
extrusion is judged to have had no effect on
pHi.

17,204�206 For example, in the hypothetical experi-
ment of Figure 52.7, one could extrapolate the pHi

recovery (i.e., bcdef) back to the time of the acid load.
A third potential drawback of the weak-acid method is
that the weak acid could indirectly alter pHi by modi-
fying cellular metabolism. Thus, it is critical that the
weak acid affect pHi only by entering and dissociating
into H1 and A2. Otherwise, any other effect on pHi

will lead to an error in the calculation of βi.
The intrinsic intracellular buffering power can also

be determined by exposing a cell to a neutral weak
base, B (Figure 52.8B). As described in the preceding
section, exposing a cell to B leads to a pHi increase as
most of the entering B combines with H1 to form HB1.
The entry of B and the alkali loading of the cell con-
tinues until [B]i5 [B]o. Almost all of the entering H1

that is converted to HB1 is derived from cellular buf-
fers. The minute amount that comes from the pool of
free H1 is responsible for the rise in pHi. Thus, the
change in [HB1]i is equivalent to the amount of strong
base added to the intracellular fluid:

βi 5
ΔB

ΔpHi

5
Δ½HB1�i
ΔpHi

ð52:33Þ

In the simplest case, the initial [HB1]i is zero, and
the final [HB1]i is calculated from the statement of
chemical equilibrium:

½HB1�i 5 ½B�U10pK
0
a2pHi ð52:34Þ

assuming that [B]5 [B]i5 [B]o. The most commonly
used weak base is NH3:

βi 5
ΔB

ΔpHi

5
Δ½NH1

4 �i
ΔpHi

ð52:35Þ

[NH1
4 ]i is determined in a manner analogous to that

outlined earlier for [HCO2
3 ]i. Note that βi in this case is

the non-NH3/NH1
4 buffering power (i.e., the buffering

power of all buffers other than NH3/NH1
4 ). If the NH3

titration is performed in the absence of CO2/HCO2
3 ,

then the measured βi is βIi . If CO2/HCO2
3 is present,

then the measured βi is βIi 1 βCO2

i 5 βTi . An approach
commonly used with NH1

4 is to compute β from the
pHi decrease caused by decreasing or withdrawing

HA HA Mn HMn+1B B

A B

A–

H+ H+

HMn+1 MnHB+

FIGURE 52.8 Measurement of intracellular buffering power by
exposure to a neutral weak acid or base. A: When a cell is exposed to
a neutral weak acid (HA), HA enters the cell, where some of it dis-
sociates into H1 and A2. Virtually all of this H1 is taken up by buf-
fers (M; valence5n) that are titrated to their conjugate weak acids
(HM; valence5n1 1). Thus, for each A- formed, almost exactly one
H1 is consumed by non-HA/A2 buffers. β52Δ[A2]i/ΔpHi. B:
When a cell is exposed to a weak base, B, the base enters the cell,
where some of it combines with H1 to form HB1. Virtually all of this
H1 is derived from buffers (HM; valence5n1 1) that are titrated to
their conjugate weak bases (HM; valence5n). Thus, for each HB1

formed, almost exactly one H1 is released by non-B/HB1 buffers.
β52Δ [HB1]i/ΔpHi.
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external NH4
1. During such experiments, one usually

blocks acid-extrusion mechanisms (e.g., by removing
external Na1) that would likely counteract the acidifi-
cation. By reducing [NH1

4 ]o in a stepwise fashion
(Figure 52.9a), one can compute βi as a function of pHi

(Figure 52.9b), as has been done in mesangial cells19

and gastric parietal cells.207 An alternate approach one
can use with NH1

4 is to compute βi from the pHi

increase that accompanies stepwise increases of exter-
nal NH1

4 .
17

ACID�BASE TRANSPORT SYSTEMS

Acid�base transporters can be divided into two
groups: acid loaders and acid extruders. Acid loaders
move H1 into, or base equivalents (e.g., OH2 or HCO2

3 )

out of, cells and generally contribute to the recovery of
pHi from acute intracellular alkali loads. In contrast,
acid extruders move H1 out of, or base equivalents
into, cells and generally contribute to the recovery of
pHi from acute intracellular acid loads. In the remain-
der of this section, we discuss major acid�base trans-
porters in each of these two categories. For each
transporter, we will examine at least the following three
issues: (1) general function and molecular identity, (2)
energetics and role in pHi regulation, and (3) effects of
pharmacological agents. Please consult the following
relevant chapters in this book on the molecular biology
of Na1-coupled HCO2

3 transporters (Chapter 53) and
anion exchangers (Chapter 54), as well as refs.167,713,714

on Na1aH1 exchangers.

Acid-Loading Mechanisms

Introduction

As noted above, passive fluxes of H1, monovalent
cationic acids (e.g., NH1

4 ), and monovalent anionic
bases (e.g., HCO2

3 ) are governed by the electrochemical
gradient for the ion in question, and normally tend to
acidify the cell. In principle, such passive transport
processes could be exploited for protecting the cell
against alkaline loads. Nevertheless, such passive pro-
cesses generally do not appear to have a substantial
impact on pHi. A notable exception discussed above is
the GABAA-activated Cl2 channel at the crayfish neu-
romuscular junction148 and in cells from turtle cerebel-
lum149 and rat hippocampus.150,151 This Cl2 channel
can conduct HCO2

3 and thus mediate a substantial
HCO2

3 efflux that lowers pHi. For the most part, how-
ever, major acid-loading transport pathways are HCO2

3

transporters—the most common ones being
Cl2aHCO2

3 exchange and Na1/HCO2
3 cotransport.

Cl2aHCO2
3 and Cl2aOH2 Exchangers

GENERAL FUNCTION AND MOLECULAR IDENTITY

Found in a wide variety of animal-cell membranes,
Cl2aHCO2

3 exchangers normally couple the influx of
Cl2 to the efflux of HCO2

3 (Figure 52.10a�h). Na1-inde-
pendent Cl2aHCO2

3 exchangers (to distinguish them
from the Na1-dependent Cl2aHCO2

3 exchangers dis-
cussed later) are thought to serve two major functions in
non-epithelial cells: regulation of intracellular pH (pHi),
and regulation of intracellular [Cl2]. The erythrocyte
exchanger is known as the “band 3 protein” because of
its position on SDS-polyacrylamide gels (for review, see
ref.208) Band 3 has also been termed AE1 because it was
the first “anion exchanger” to be cloned and
sequenced209). As described in greater detail in
Chapter 54, the AE gene subfamily comprises at least
three related genes AE1, AE2, and AE3. The AE gene
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FIGURE 52.9 The dependence of intrinsic intracellular buffering
power on pHi. a: The effect on pHi of stepwise reductions in [NH1

4 ]o
in the absence of CO2/HCO2

3 . Na1 was removed to block acid-
extruding mechanisms. The subsequent reduction in [NH1

4 ]o from 20
to 10 to 5 to 2.5 to 1 to 0.5 to 0 mM produced discrete acid loads. This
experiment was performed on a single renal mesangial cell, the pHi

of which was measured using BCECF and a microscope-based fluo-
rometry system. b: Computation of βi. The acid load imposed by each
stepwise reduction in [NH1

4 ]o was computed from the change in
[NH1

4 ]i. The latter was calculated from [NH1
4 ]o, pHo and pHi. The

mean buffering power in the pHi range covered by the stepwise
fall in pHi was computed as βi5Δ[NH1

4 ]i/ΔpHi. (Reproduced from
ref. [19].)
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subfamily is a branch of the bicarbonate-transporter
(SLC4) family that includes the Na1-coupled HCO2

3

transporter subfamily (see Chapter 53). Several mem-
bers of the SLC26 family can also mediate Cl2aHCO2

3

exchange.210,211 However, unlike the AE family, which
virtually always exhibits a Cl2: HCO2

3 stoichiometry of
1:1, the SLC26 family can exhibit stoichiometries of 1:2,
1:1, or 2:1212�214; for review, see ref.211.

INVOLVEMENT OF Cl2 AND HCO2
3 /OH2; ENERGETICS

Red cell AE1 mediates electroneutral homo- or
hetero-exchange of monovalent anions with a 1:1 stoi-
chiometry, exhibiting a substrate preference of
Cl2BHCO2

3 BNO3
2.Br2. F2. I2.divalent oxy-

anions.215,216 Sulfate is cotransported with H1.217

Monovalent anion exchange can be reasonably well
modeled by a ping-pong kinetic scheme, thought to
reflect the alternation of an anion binding site between
one side and the other of the membrane.218�221 Because
the Cl2:HCO2

3 stoichiometry is 1:1, the transporter is
electroneutral. Thus, the direction of net transport is
determined by the sum of the chemical gradients for
Cl2 (i.e., [Cl2]i/[Cl

2]o) and HCO2
3 (i.e., [HCO2

3 ]i/
[HCO2

3 ]o). Because the inward Cl2 gradient is gener-
ally greater than the inward HCO2

3 gradient in cells

other than erythrocytes, the former dominates, driving
HCO2

3 out of the cell. The transporter is easily
reversed, however, by inverting the sum of the Cl2

and HCO2
3 gradients. Indeed, a classic pHi assay for

Cl2aHCO2
3 exchange activity involves removing exter-

nal Cl2 that evokes a rapid pHi increase.
222,223 In some

cell types, the transporter can also be reversed by low-
ering [HCO2

3 ]i, as would occur during severe intracel-
lular acid loads. The exchanger operating in reverse
then becomes an acid extruder, moving HCO3

2 into the
cell and contributing to the pHi recovery from the acid
load.

Some Cl2aHCO2
3 exchangers have a very high

affinity for HCO2
3 and transport can take place with

low levels of HCO2
3 (B100 μM) in a nominally

HCO2
3 -free solution. For example, removing external

Cl2 from the solution bathing rat osteoclasts can elicit
a dramatic DIDS-sensitive pHi increase, even in the
nominal absence of CO2/HCO2

3 .
224 However, vigor-

ously bubbling the solutions with 100% N2 gas greatly
reduces the pHi increase.

Sun et al.225 reported the presence of a Cl2aOH2

exchanger (or H1/Cl2 cotransporter), which operates
in parallel with a “conventional” Cl2aHCO2

3

exchanger, in guinea-pig ventricular myocytes. The
putative Cl2aOH2 exchanger is Cl2 dependent; it is
activated by low pHo

225 and also by high pHi.
226 The

evidence that it is a Cl2aOH2 exchanger—rather than
a Cl2aHCO2

3 exchanger—is that it functions as an acid
loader in the presence or absence of CO2/HCO2

3 , and
is insensitive to DIDS.225 The activation of the
exchanger by lowering pHo is unaffected by a CO2-
free, 100% N2 atmosphere.227 As attractive as it is to
conclude that the transporter is a Cl2aOH2 exchanger,
it is difficult to rule out the possibilities that: (1) ambi-
ent and metabolically produced CO2/HCO2

3 have not
been totally eliminated, and (2) the transporter has an
exceedingly high affinity for HCO2

3 . Putative
Cl2aOH2 exchange activity also contributes to NaCl
reabsorption in intestinal epithelial cells.228

Based on experiments on rat-brain synaptosomes,
Martı́nez-Zaguilán et al.229 have concluded that a
H1/Cl2 cotransporter is responsible for (1) the pHi

increase elicited by removing extracellular Cl2, and (2)
the faster pHi recovery from an acid load in the absence
of extracellular Cl2. However, it is generally difficult to
distinguish H1 transport in one direction from OH2

and/or HCO2
3 transport in the opposite direction.

The CLC gene family encodes proteins that are
either Cl2 channels or Cl2aH1 exchangers.230 While
ClC1, ClC2, ClC-Ka, and ClC-Kb are plasma-
membrane Cl2 channels, ClC3 through ClC7 are
thought to be vesicular Cl2aH1 exchangers. Although
these ClCs are primarily expressed intracellularly, low
levels of ClC4, ClC5, and ClC6 expression are observed
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FIGURE 52.10 Acid-loading mechanisms. A: Cl2aHCO2
3

exchanger. B: Cl2-organic anion exchanger. C: 1:3 Electrogenic N1/
HCO2

3 cotransporter. The electrogenic Na1/HCO2
3 cotransporter

present in the basolateral membranes of epithelial cells has a stoichi-
ometry of 3 HCO2

3 equivalents for each Na1. Three alternative mod-
els are shown. D: Electroneutral K1/HCO2

3 cotransporter. E:
Ca21aH1 pump. F: Glutamate transporter. G: Peptide transporter. H:
Divalent-cation transporter.
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at the plasma membrane, leading to Cl2aH1

exchanger activity at this location.231,230 The other ClCs
in this group (i.e., ClC3 and ClC7) are also likely to be
exchangers because each member of the group pos-
sesses a key glutamate residue that is necessary for
such exchange.

DEPENDENCE ON pHi

By analogy to acid extruders, which are often stimu-
lated by decreases in pHi, one might expect acid loa-
ders such as Cl2aHCO2

3 exchange to be stimulated by
increases in pHi. Indeed, Cl

2aHCO2
3 exchange activity

in many cells including Vero and L-cells,232 mesangial
cells,163 and lymphocytes233 is low but measurable at
pHi values as low as 6.5, increases to somewhat higher
levels in the physiological pHi range, and then rises
very steeply as pHi increases above B7.6.

In more recent expression studies, the widely dis-
tributed AE2 also appears to exhibit greater activity at
more alkaline pHi values.234�236 The pH sensor is
located somewhere within the C-terminal transmem-
brane domain,237,238 and its apparent pKa is modulated
by residues within the N-terminal cytoplasmic
domain.237,239,240 Multiple histidines within the trans-
membrane domain contribute to AE2 activity, as well
as pHi and pHo sensitivies.241 Furthermore, residues
within the first putative re-entrant loop of AE2 also
contribute to pHi and/or pHo sensitivities.

242

EFFECTS OF PHARMACOLOGICAL AGENTS

The non-erythroid Cl2aHCO2
3 exchanger is blocked

by stilbene derivatives such as DIDS and SITS,113,243 as
well as the noncompetitive inhibitor niflumic
acid.244,245 Some of the more potent AE inhibitors
include oxonol dyes at the nanomolar level.246�249

Electrogenic Na1/HCO3
2 Cotransporters

GENERAL FUNCTION AND MOLECULAR IDENTITY

Present in the basolateral membrane of several epi-
thelia, including the renal proximal tubule, is an elec-
trogenic Na1/HCO2

3 cotransporter13 that mediates the
isodirectional flux of one Na1 and—in the simplest
model—three HCO2

3 ions.250 In epithelia, the cotran-
sporter normally mediates a net efflux of Na1 and
HCO2

3 (see below), and therefore functions as an acid
loader (Figure 52.10C). In the early proximal tubule,
Na1/HCO2

3 cotransport appears to be the major route
of HCO2

3 efflux across the basolateral membrane. The
transporter thus plays a key role in HCO2

3 reabsorp-
tion, and probably makes an important contribution to
Na1 reabsorption as well.

Our understanding of Na/Bicarbonate Cotransporters
(or NBCs), as well as other bicarbonate transporters
has expanded immensely over the past 16 years with

the molecular identification of these proteins.
As described in Chapter 53, ten SLC4 genes encode
members of the family of bicarbonate transporters
including electrogenic and electroneutral NBCs, the
Na-driven Cl�aHCO2

3 exchanger (NDCBE), and the
Na1-independent anion exchangers (AEs). At the
amino-acid level, the transporters share considerable
homology to one another, and are therefore predicted
to have similar membrane topologies.

INVOLVEMENT OF Na1 AND HCO2
3 ; ENERGETICS

In the salamander proximal tubule, the cotranspor-
ter has an absolute requirement for both Na1 and
HCO2

3 .
13 The cotransporter in rabbit proximal convo-

luted tubules can still function even in the absence of
added HCO2

3 ,
251 probably due to intracellular forma-

tion of HCO2
3 from metabolically-derived CO2.

Removing external HCO2
3 elicits a rapid fall in pHi and

[Na1]i, and a near-instantaneous depolarization of the
basolateral membrane. A similar pattern of changes is
caused by removing external Na1. All effects are fully
reversible. The DIDS-sensitive depolarization elicited
by removing Na1, which makes it appear as though
Na1 is moving as an anion, is practically diagnostic of
electrogenic Na1/HCO2

3 cotransport.
A 1:3 stoichiometry is accounted for by any of the

schemes outlined in Figure 52.10C.252 The model in
which Na1 exits together with one CO22

3 and one
HCO2

3 (Figure 52.10C, model B) is supported by the
observation that SO2�

3 stimulates Na1 uptake by baso-
lateral membrane vesicles,253 presumably by interact-
ing at a CO22

3 site. However, more recent studies
indicate that NBCe1-A—at least as expressed in
Xenopus oocytes—does not interact with either SO2

3 or
HCO2

3 .
254,255 In preliminary work, Grichtchenko and

Boron256 as well as Lee et al.257 performed a more
direct assessment of CO22

3 transport by using extracel-
lular pH electodes to measure NBCe1-induced changes
in surface pH (pHs) of Xenopus oocytes expressing both
the transporter and extracellular-facing carbonic anhy-
drase (CAIV). Depolarization-induced activation of the
NBC elicited an expected decrease in pHs as base
equivalents were transported into the cell. However,
applying a CA inhibitor caused the magnitude of the
pHs decrease to increase rather than to diminish. The
larger response is consistent with the hypothesis that
NBCe1 mediates CO22

3 transport and that the role of
CAIV is to consume H1 generated as the reaction
HCO2

3 -CO22
3 1H1 replenishes CO22

3 near the cell
surface.

The direction of net cotransport is determined by
the combined transmembrane gradients for Na1,
HCO2

3 and voltage. If one focuses on Na1, then the epi-
thelial cotransporter acts as an auxiliary Na1 pump.
As far as its classification as a primary, secondary or
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tertiary active Na1 transporter is concerned, the cotran-
sporter occupies an unusual niche. The Na1aK1

pump directly or indirectly establishes the membrane
voltage. This pump also indirectly establishes the Na1

gradient that energizes the Na1aH1 exchanger, which
raises pHi and thereby establishes the HCO2

3 gradient.
These voltage and HCO2

3 gradients, directly or indi-
rectly established by the Na1aK1 pump, drive the epi-
thelial Na1/HCO2

3 cotransporter in the direction of the
net Na1 efflux. Thus, this Na1 extrusion can be viewed
as a secondary/tertiary active transport process.

EFFECTS OF PHARMACOLOGICAL AGENTS

Similar to Cl2aHCO2
3 exchangers, Na1/HCO2

3

cotransporters are inhibited by stilbene derivatives
such as DIDS13; for review, see ref.258. Cloned NBCe1
expressed in oocytes can also be inhibited by benza-
mil,259 the non-steroidal anti-inflammatory drug teni-
dap,259,260 niflumic acid,261 and diBAC oxonol dyes.261

Recently, the N-cyanosulphonamide S0858 has been
identified as an NBC inhibitor in renal epithelial
cells262 and ventricular myocytes.263,264

Electroneutral K1/HCO2
3 Cotransporter

GENERAL FUNCTION AND MOLECULAR IDENTITY

A K1/HCO2
3 cotransporter (Figure 52.10D), presum-

ably electroneutral, has been documented in squid
giant axons, where it normally mediates the efflux of
one K1 and one HCO2

3 ion.265 Because the transporter
moves HCO2

3 out of the axon, it functions as an acid
loader. A similar transporter has been reported in cells
of the medullary thick ascending limb of rat kid-
ney,266,267 and may exist in cultured cortical astrocytes
of rat (Bevensee and Boron, unpublished). In mamma-
lian glia, K1/HCO2

3 cotransport may contribute to the
pHi decrease following an acute intracellular alkali
load.

INVOLVEMENT OF K1 AND HCO2
3 ; ENERGETICS

In the squid giant axon dialyzed with a fluid con-
taining K1, but lacking Na1 and Cl2, the cotransporter
moves K1 and HCO2

3 out of the axon, eliciting a
pHi decrease.

265 Under the appropriate conditions, the
K1/HCO2

3 cotransporter can also operate in the for-
ward direction, moving HCO2

3 into the squid giant
axon.268,269 Exposing axons dialyzed with a fluid
devoid of K1, Na1, and Cl2 to an artificial seawater
containing K1 and CO2/HCO2

3 elicits a pHi decrease
(due to CO2 entry), followed by a pHi increase (due
to K1/HCO2

3 influx). The HCO2
3 fluxes mediated by

K1/HCO2
3 cotransporter can be enhanced by using

out-of-equilibrium CO2/HCO2
3 solutions to introduce

HCO2
3 exclusively to either the inside or outside of the

axon.268,270

As mentioned above, two independent groups have
also reported DIDS-sensitive, K1-coupled HCO2

3 trans-
port in the medullary thick ascending limb (mTAL),
either from tubule suspensions266 or perfused
tubules.267 In the perfused-tubule study,267 luminal
DIDS increased transepithelial HCO2

3 reabsorption—a
finding consistent with DIDS-sensitive K1-coupled
HCO2

3 transport opposing HCO2
3 reabsorption.

EFFECTS OF PHARMACOLOGICAL AGENTS

While the transporter in the mTAL is sensitive to
stilbene derivatives such as DIDS, the K1/HCO2

3

cotransporter in the squid giant axon is not. However,
quaternary ammonium ions introduced into the cell
inhibit inwardly directed cotransport.268 The potency
of inhibition increases with increasing alkyl chain
length of the quaternary ammonium ion. For example,
the apparent Ki for phenylpropyltetraethylammonium
or PPTEA (B91 μM) is B850-fold less than the appar-
ent Ki for tetraethylammonium or TEA (B78 mM).

Ca21-2H1 Exchange Pump

GENERAL FUNCTION AND MOLECULAR IDENTITY

The P-type ATPase family includes not only the
Na1-K1 and H1-K1 pumps, but also the Ca21 pumps,
of which there are two types—the sarcoplasmic (endo-
plasmic) reticulum Ca21-ATPase (SERCA) and the
plasma membrane Ca21-ATPase (PMCA). These Ca21

pumps, along with Na1/Ca21 exchangers, contribute
to Ca21i regulation by pumping Ca21 either out of the
cells across the plasma membrane (PMCAs) or back
into intracellular stores (SERCAs). In both cases, the
pumps exchange Ca21 for H1. Thus, from the stand-
point of pHi, the PMCAs, which take up H1 as they
extrude Ca21 across the plasma membrane, function as
acid loaders (Figure 52.10E).

Four PMCAs (PMCA1-4) have been cloned and
characterized (for reviews, see refs. 271�274). The
cDNAs encode proteins with B1200 amino acids.
Based on hydropathy analysis, the PMCAs have ten
transmembrane α-helices (TM 1-10) with both the N-
and C-termini being cytoplasmic. The ATPase catalytic
domain lies between TM 4 and TM 5. According to
molecular modeling data, PMCAs have a predicted
structure similar to the crystallized SERCAs, with the
following cytosolic domains: actuator (A), nucleotide-
binding (N), and phosphorylation (P).271 Based on
localization studies (for review, see ref. 275). PMCA1
and PMCA4 are expressed ubiquitously. In contrast,
PMCA2 and PMCA3 are found predominantly in the
nervous system. mRNA encoding all four isoforms
have been found in kidney.276,277 However, PMCA
levels of mRNA and protein are highest in the distal
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tubule, particularly in the distal convoluted
tubule.278,279

INVOLVEMENT OF Ca21; ENERGETICS

It has been known for some time that the plasma-
membrane Ca21 pump in erythrocytes exchanges Ca21

for H1.280,281 Schwiening et al.282 have used Ca21- and
pH-sensitive microelectrodes to demonstrate that the
plasma membrane Ca21 pump in snail neurons also
exchanges extracellular H1 for intracellular Ca21. In this
preparation, activation of the Ca21 pump (generated
by increasing intracellular Ca21 with depolarization or
iontophoretic Ca21 injection) elicits an increase in extra-
cellular Ca21, and a simultaneous increase in extracellu-
lar pH. Both the increase in extracellular Ca21 and
pH can be inhibited by the Ca21-pump inhibitor vana-
date. A similar Ca21 pump, present in hippocampal
neurons,283 appears responsible for causing an increase
in the extracellular pH of the hippocampal slice elicited
by stimuli-induced neuronal activity.284�286

Glutamate Transporters

GENERAL FUNCTION AND MOLECULAR IDENTITY

In the mammalian CNS, the predominant excitatory
amino acids glutamate and aspartate are transported
from the extracellular space back into neurons and glial
cells by ion-coupled glutamate transporters in the
SLC1 family.287 Since 1992, cDNAs encoding several of
these electrogenic glutamate transporters have been
cloned and characterized.288�296 As reviewed in
refs.290,297,298, these transporters are predominantly
expressed in the nervous system, but also in certain
epithelial cells. The L-glutamate/L-aspartate transpor-
ters EAAT1 (or GLAST1) and EAAT2 (or GLT1) are
mainly found in glia, whereas EAAT3 (or EAAC1) and
EAAT4 are found predominantly in neurons. EAAT3 is
also expressed in liver, as well as the small intestine
and kidney where it mediates the uptake of glutamate
and aspartate across the apical membrane.299 EAAT4 is
expressed in cerebellum, whereas EAAT5 is predomi-
nantly expressed in retina.

INVOLVEMENT OF GLUTAMATE/ASPARTATE,

Na1, AND K1; ENERGETICS

Using the results from 22Na1 and [14C]glutamate
uptake studies, as well as pHi measurements, on
Xenopus oocytes expressing EAAT3, Kanai et al.300 con-
cluded that the protein transports 1 glutamate, 2 Na1

and 1 H1 into the cell, in exchange for 1 K1, which
moves out of the cell (Figure 52.10F). This stoichiome-
try, which predicts a net movement of one positive
charge into the cell, agrees with that proposed for the
glutamate transporter in salamander retinal glia based
on kinetic analysis.301 Adding either glutamate or

aspartate to the extracellular fluid causes a steep fall in
pHi,

300 consistent with the influx of H1 or the efflux of
alkali. H1 appears to be the transported acid�base spe-
cies because the EAAT3-induced change in pH (but not
the transporter current) is inhibited by amino acids
with a higher pK (e.g., cysteine) than glutamate—a
finding consistent with transport of the amino acid
coupled to H1 as an ion pair, followed by H1 dissocia-
tion and a subsequent drop in pH.302

Peptide and Divalent-Cation Transporters

Although most solute exchangers and cotransporters
in animal cells are Na1 driven, some are H1 coupled
(Figure 52.10g and h). The absorption of oligopeptides
and peptide-based antibiotics by intestinal and
proximal-tubule epithelial cells is mediated by two
members of the SLC15 family, H1/oligopeptide trans-
porters PepT1 (SLC15A1) and PepT2 (SLC15A2; for
reviews, see refs. 303,304). PepT1 and PepT2 transport
the same di- and tri-peptides, but with different affini-
ties/capacities.303 PepT1 exhibits low-affinity, high-
capacity transport, whereas PepT2 exhibits the oppo-
site: high-affinity, low-capacity transport. Both trans-
porters are expressed in kidney (among other tissues),
with PepT1 found in the S1 segment of the proximal
tubule and PepT2 found in the S3 segment.305,306 Other
members of the peptide transporter family include
PTH1 (SLC15A4) and PTH2 (SLC15A3), both of which
can transport histidine as well as di- and tripeptides in
a H1-coupled manner (for review, see ref.303).

The cDNA encoding PepT1 has 707 amino acids
with 12 putative membrane-spanning segments.307

Based on the recent crystal structure of a prokaryotic
homologue, PepT proteins possess a large central
hydrophilic cavity where peptide binds, and a smaller
extracellular one where H1 binds.308 In oocytes expres-
sing PepT1, the net transport of dipeptides occurs with
a proton:dipeptide stoichiometry of 1:1309 and causes a
steep fall in pHi.

300,309 For negatively charged dipep-
tides, one H1 binds to the cation site of the transporter,
whereas another H1 neutralizes the dipeptide on the
peptide site. The net transport stoichiometry of
negatively charged dipeptides is therefore 1 proton for
1 neutralized dipeptide.

15 years ago, Gunshin et al.310 cloned the cDNA
encoding a mammalian divalent-cation transporter
(DCT1)—now called the divalent metal transporter
(DMT)—which mediates intestinal non-heme Fe21

absorption. DMT contains 561 amino acids with
12 putative membrane-spanning domains (see review
by Mackenzie and Hediger311). By Northern blotting,
DMT is ubiquitously expressed; heavily so in the duo-
denum. In kidney, DMT is expressed at the apical
membrane of the thick ascending limb of the loop of
Henle, the distal nephron, and collecting ducts, as well
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as intracellularly throughout the nephron.312 DMT is
electrogenic, and cotransports any one of a group of
metals (e.g., Fe21, Zn21, Mn21, Co21, Cd21, Cu21,
Ni21, Pb21) together with one H1. By analogy with the
EAATs and PepT1, adding Fe21 to the extracellular
fluid of an oocyte expressing DMT leads to a rapid fall
in pHi, consistent with the influx of H1.

Other Transporters that Carry Strong or Weak
Acids or Bases

We have discussed several major categories of trans-
porters that act as acid loaders. Two of these—the
Cl2-HCO3

2 exchangers and Na1/HCO3
2 cotranspor-

ters—specifically play a role in regulating pH.
However, any transporter that carries a proton or a
weak acid or base could affect pH. A quick perusal of
the 401 families of SLC proteins313 reveals that about
half of these families include members that transport
either H1 or weak acids or weak bases. In addition,
several other families of transport proteins (e.g., vacuo-
lar H1 pump, gastric H1-K1 pump) can carry acids or
bases. Although most of these transporters do not reg-
ulate pH, they can impact pH. The extent of this impact
depends on the rate of transport and—for transported
substances other than H1 or OH2—the pK of the sub-
stance, and the pH of the compartments on either side
of the membrane across which the transport occurs.

Acid-Extrusion Mechanisms

Introduction

As discussed earlier, acid extrusion, that is, the
movement of H1 (or protonated monovalent weak
acids) out of cells, or the movement of OH2 or HCO2

3

(or monovalent weak bases) into cells, generally occurs
against a steep energy gradient. Based on their source
of energy, acid-extrusion mechanisms can be divided
into three groups: primary, secondary and tertiary
active transporters (see ref. 314). Primary active trans-
port mechanisms, also called pumps, derive their
energy from electron transport (e.g., the electron trans-
port chain that drives H1 out of mitochondria) or, as
with the transporters such as the H1 pump considered
below, from the hydrolysis of ATP. Secondary active
transport systems (e.g., Na1aH1 exchange) derive
their energy from the electrochemical gradient of an
ion (e.g., Na1)—a gradient that is in turn established
by a primary active transporter (e.g., Na1aK1

pump). Finally, tertiary active transporters (e.g., the
monocarboxylate system) are driven by an ion gradi-
ent established by a secondary active transporter.

From the point of view of feedback control, the
effectiveness of an acid extruder would be enhanced
greatly if decreases in pHi increased transport. The

most productive approach for studying the pHi depen-
dence of acid extruders in intact cells has been to load
cells with acid acutely, as schematized in
Figure 52.11A�D. The acid load can be applied by pre-
pulsing with NH1

4 ,
170 microinjecting H1,177 dialyzing

with a low-pH solution,315 or reducing pHo in the tem-
porary presence of nigericin.316 In the model experi-
ment of Figure 52.11A, the pHi decrease produced by
the acid load (segment ab) is followed by a rapid recov-
ery to the initial pHi (bcd). In the most general case,
this pHi recovery is mediated by one or more acid
extruders, but may be opposed by one or more acid
loaders. Identifying the component of pHi recovery
that is mediated by a particular transporter requires
that the transporter be specifically, instantaneously,
and completely inhibited. Such inhibitors exist for two
of the acid extruders that we will discuss below, the
Na1-driven Cl2aHCO2

3 exchanger and the Na1aH1

exchanger. Figure 52.11A illustrates three possible out-
comes (indicated by broken curves following the
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FIGURE 52.11 Determining the pHi dependence of an acid�base
transporter. The pHi dependence of the Na1-driven Cl2aHCO2

3

exchanger. A: Hypothetical experiment illustrating how an inhibitor
(e.g., DIDS) can be used to ascertain the component of a pHi recovery
from an acid load that is mediated by an acid extruder such as the
Na1-driven Cl2aHCO2

3 exchanger. The blocker is applied at the
arrow (point c). The broken curves illustrate three possible effects of
the blocker on the pHi recovery. B: Another hypothetical experiment
illustrating a different approach for determining the pHi-dependence
of an acid extruder during the pHi recovery from an acid load. The
blocker is applied either at the time of the acid load, or after the pHi

recovery (broken curves). C: The pHi dependence of “gross” acid
extrusion (gross JE) is calculated from the pHi recovery in the absence
of blocker (bcd) in panel B. The pHi dependence of “blocker-
unmasked” acid loading (blocker-unmasked JL) is calculated from the
pHi recovery in the presence of blocker (be), or the pHi decrease eli-
cited by applying the blocker after the pHi recovery (de) in panel B.
D: The pHi dependence of “blocker-sensitive” acid extrusion
(blocker-sensitive JE) is calculated by subtracting the plot of blocker-
unmasked JL from the plot of gross JE in panel C.
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arrow) of applying such an agent during a pHi recov-
ery due at least in part to a mechanism sensitive to the
blocker. First, applying the blocker may slow but not
halt the pHi recovery. This result indicates that a sec-
ond, blocker-insensitive acid-extruder also contributes
to the pHi recovery. Second, the blocker may
completely eliminate the pHi recovery, indicating that
the entire recovery is due to a blocker-sensitive mecha-
nism(s). However, complete blockade by the blocker
does not rule out the possibility that the blocker-sensi-
tive, acid-extrusion process is opposed by a less potent
blocker-sensitive, acid-loading process. Third, applying
the blocker may not only halt the pHi recovery, but may
also unmask a slow pHi decline. This result implies that
the blocker-sensitive, acid-extrusion process is opposed
by at least one blocker-insensitive acid loader.

In any of the above three eventualities, the differ-
ence in rates of pHi change (dpHi/dt) immediately
before and immediately after applying the blocker at
point c in Figure 52.11A is the component of the pHi

recovery—at the pHi value prevailing at point c—that
is due to blocker-sensitive transporters. In order to con-
vert this blocker-sensitive dpHi/dt to a net acid-
extrusion rate (JE), we must multiply this dpHi/dt by
the total intracellular buffering power (βT) prevailing at
the pHi of the blocker application, as well as the
inverse of the surface-to-volume ratio (ρ):

JE 5 ðβT=ρÞ3 ðdpHi=dtÞblocker-sensitive ð52:36Þ

Because acid�base transporters are generally sensi-
tive to changes in pHi, this analysis must be repeated
over a range of pHi values to produce a plot of the pHi

dependence of the blocker-sensitive flux(es).
Rather than repeating the experiment in

Figure 52.11A many times, each with a different pHi at
the instant we apply the blocker (i.e., point c), we could
employ a more practical approach, which requires only
three types of experiments. First, we monitor the pHi

recovery—in the absence of blocker—over the entire
pHi range indicated by bcd in Figure 52.11B. At regular
pHi intervals during this recovery, we compute the
“gross” dpHi/dt, from which we compute the gross JE
(Figure 52.11C).

Second, we monitor the pHi recovery in an experi-
ment in which the blocker is present during the entire
pHi recovery. If the blocker-sensitive transporter is the
only acid extruder present in the cell, then pHi will not
recover at all, or may even decline. On the other hand,
if other acid extruders are present (as is more often the
case), then pHi will recover slowly and incompletely,
as in be in Figure 52.11C. At regular pHi intervals dur-
ing this abbreviated recovery, we compute the
“blocker-insensitive” dpHi/dt, from which we compute
the blocker-insensitive JE (Figure 52.11C).

Third, we allow pHi to recover fully (bcd), and then
add the blocker. If, during the steady state indicated by
point d, one or more acid loaders oppose the blocker-
sensitive acid extruder, as is typically the case, then
applying the blocker will cause pHi to drift downward
(de). The initial rate of pHi decline at point d reflects
the rate of acid loading (JL) at the pHi at d. At regular
pHi intervals during this pHi decline, we compute the
“blocker-unmasked” dpHi/dt, from which we compute
the blocker-unmasked JL (Figure 52.11C).

Finally, at each pHi value, we subtract the blocker-
unmasked JL from the blocker-insensitive JE in
Figure 52.11D. The result is the pHi dependence of the
“blocker-sensitive” JE (i.e., the flux mediated by the
transporter of interest). This approach was first used by
Boron et al.317 to determine the pHi dependence of the
Na1-driven Cl2aHCO2

3 exchanger of barnacle muscle,
and then by Boyarsky et al.318 to determine the pHi

dependence of the Na1aH1 exchanger of renal mesan-
gial cells. Others extended this approach to study the
pHi dependence of Na1aH1 exchange in IEC-6 colonic
cells,319 UMR-106 osteoblastic cells ,320 osteoclasts,124

rabbit S3 proximal tubules,206 ventricular myocytes,321

rat hippocampal astrocytes,17 and shrunken mesangial
cells.322 Finally, the approach outlined in
Figure 52.11B�D also has been used to determine the
pHi dependence of the Na1-driven Cl2aHCO2

3

exchanger in NIH 3T3 cells transformed with the c-H-ras
oncogene,323 and the pHi dependence of the H1 pump
in rabbit S3 proximal tubules206 and osteoclasts.124

H1 Pumps

GENERAL FUNCTION AND MOLECULAR IDENTITY

An electrogenic vacuolar-type H1 pump
(Figure 52.12A, left) is present in the proximal tubule
and distal nephron of the kidney (for reviews, see refs.
201,324,325 and Chapter 56), as well as in macrophages
and neutrophils ,326,327 osteoclasts,328 tumor cells,329 and
goblet cells of the insect midgut.330 Similar H1 pumps
are present in clathrin-coated vesicles and other orga-
nellar membranes (for reviews, see refs. 201,331,324,325).

The V-type H1 pump is composed of two domains, V0

and V1. The V0 domain, which is comprised of at least
five different subunits, is involved in translocating H1

across the membrane. The V1 domain, which is com-
prised of at least eight different subunits, is involved in
ATP hydrolysis and contains the catalytic nucleotide
binding sites. A more complete review of the structure
and function of the V0 and V1 subunits of the pump are
presented in refs. 324,325,332,333. Similar vacuolar H1 pumps
have been examined inNeurospora and plant cells.334�336

Immunohistological studies with antibodies raised
against various subunits of the H1 pump have
revealed expression of the pump throughout the
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nephron on both apical and basolateral membranes.337

In the cortical collecting tubule, the H1 pump is local-
ized to the apical membrane of α intercalated cells
(which secrete acid) and the basolateral membranes of
β intercalated cells (which secrete alkali).338�340

Vacuolar H1 pumps are also present at the apical
membrane of the proximal tubule.338�340

ENERGETICS

The extrusion of H1 by this primary active trans-
porter is not coupled directly to the movement of other
ions that might balance electrical charge. Rather, this
pump is electrogenic. Because the H1 pump is driven
by the hydrolysis of ATP, which provides a substantial
amount of energy, it is capable of generating a large
H1 gradient across the cell membrane. For example, if
the voltage across the membrane were zero, then the
H1 pump could establish a pH difference of about
three pH units. On the other hand, when compared to
other H1 transporters, H1 pumps have a relatively low
transport rate. Thus, the H1 pump is expressed in epi-
thelia needing a high-gradient/low-capacity H1 trans-
porter. An H1 pump contributes to pHi regulation in a
number of cells, including macrophages and neutro-
phils,327 osteoclasts,124 renal cells,341,342 glial cells,343,344

and corneal epithelial cells.345

K1aH1 Exchange Pumps

GENERAL FUNCTION AND MOLECULAR IDENTITY

As discussed earlier, K1aH1 exchange pumps
(Figure 52.12A, right) are members of the P-type
ATPase family. Both the gastric and non-gastric
H1aK1 pumps are ATP-driven transporters that
exchange intracellular H1 for extracellular K1.
However, the gastric and non-gastric pumps differ in

their molecular biology, localization, functional proper-
ties, and pharmacological sensitivities (for reviews, see
refs.346�349 and Chapter 3).

Both the gastric and non-gastric forms of the
H1aK1 pump are present in the collecting duct of the
kidney, where their major role may be in K1 preserva-
tion (for reviews, see refs346�349). For example, during
K1 depletion, mRNA and protein levels of the non-
gastric form are raised in multiple nephron segments.

INVOLVEMENT OF K1; ENERGETICS

In using the energy from ATP hydrolysis, H1aK1

pumps can establish extremely large pH gradients. For
instance, gastric parietal cells (see ref.350 can produce
gastric secretions containing as much as 140 mM HCl
(i.e., pH B0.7). In parietal cells of rabbit gastric glands,
applying omeprazole (which blocks H1aK1 pumps)
reduces pHi by nearly 0.1 in glands stimulated with
histamine and IBMX, though not in resting glands.
This result implies that the H1aK1 pump contributes
to the maintenance of pHi in stimulated parietal cells.

Functional studies of non-gastric H1aK1 pumps
have been performed in vitro using expression systems
such as the Xenopus oocyte and HEK-293 cells. In such
expression systems, the non-gastric pumps exchange
extracellular K1 for intracellular H1. However, the
pumps may also possess the ability to transport Na1

(for reviews, see refs.347,351).

Na1-Driven Cl2aHCO2
3 Exchanger

GENERAL FUNCTION AND MOLECULAR IDENTITY

A secondary active transport system that exchanges
external Na1 and HCO2

3 for internal Cl2 and H1 (or its
equivalent, vide infra) was first identified in inverte-
brate cells such as squid axons352,353 and snail
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FIGURE 52.12 Acid-extrusion mechanisms. A:
Primary active transport mechanisms include the
electrogenic H1 pump and the electroneutral K1aH1

pump. B: Secondary active transporters include the
Na1-driven Cl2aHCO2

3 exchanger (four models of
which are shown), the Na1aH1 exchanger, the 1:2
electrogenic Na1/HCO2

3 cotransporter, and the 1:1
electroneutral Na1/HCO2

3 cotransporter. C: The ter-
tiary active transport system consists of a Na1/
monocarboxylate cotransporter that brings the mono-
carboxylate (X2) into the cell, and an H1/monocar-
boxylate cotransporter that uses the energy stored in
the X2 gradient to drive H1 out of the cell. In renal
proximal tubules, the Na1/monocarboxylate cotran-
sporter is confined to the luminal membrane.
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neurons.354 Indeed, the work on the squid axon was
the first evidence for the dynamic regulation of pHi.

170

This transport mechanism makes an important contri-
bution to pHi regulation in mammalian neurons.355

Not certain is the precise identity of the transported
acid�base equivalents, inasmuch as pHi measurements
cannot clearly distinguish inward movements of
HCO2

3 , CO
22
3 or NaCO2

3 from one another, or from out-
ward movements of H1. All four schemes outlined in
Figure 52.12B (top left) can account for the data. For
simplicity, we shall refer to the transporter as the Na1-
driven Cl2aHCO2

3 exchanger.
As mentioned earlier and described in greater detail

in Chapter 54, investigators have cloned the cDNA
encoding the Na1-driven Cl2aHCO2

3 exchanger
(NDCBE or SLC4A8) and have also examined the
transport properties of the protein.356 When expressed
in Xenopus oocytes, human NDCBE exhibits all the
functional hallmarks of the endogenously expressed
transporter. For instance, stimulation of NDCBE activ-
ity in oocytes causes an increase in pHi that (1) requires
external Na1 and HCO2

3 , (2) can be inhibited by stil-
benes, and (3) correlates with a decrease in intracellular
Cl2.356 Using the surface-pH measurement technique
described above for examining CO22

3 transport by
NBCe1, Grichtchenko and Boron357 as well as Lee
et al.257 have provided preliminary evidence that
NDCBE can also transport CO22

3 .

DEPENDENCE ON pHi AND CALCULATION OF ACID

EXTRUSION RATES

Using the approach outlined above in
Figures 52.11B�D, Boron et al.317 separately deter-
mined the pHi dependence of the Na1-driven
Cl2aHCO2

3 exchanger of barnacle muscle at pHo

values of 6.8, 7.4, 8.0, and 8.6 (at a fixed [CO2] of 0.4%).
As shown in Figure 52.13, the flux is highest at low pHi

values, and gradually falls toward zero at a pHi of
B7.4—the threshold for activating the exchanger. This
work was the first to demonstrate threshold behavior
for an acid extruder; similar work followed on the
Na1�H1 exchanger (see below). The pHi sensitivity of
acid extrusion in Figure 52.13 is probably not a
Michaelis-Menten type of dependence on intracellular
H1, which would translate into a sigmoid (rather than
a linear) acid-extrusion-rate-versus-pHi relationship.
The pHi sensitivity may reflect an allosteric site for
intracellular H1 (vide infra).

It is important to recognize that, for two reasons, an
analysis of the type shown in Figure 52.13 is far more
valuable than a simple plot of the pHi recovery rate
(dpHi/dt) versus pHi. First, because the above analysis
includes buffering power, the result is a flux rather than
merely a rate of change in pHi. This consideration is
important when buffering power changes appreciably

over the pHi range in question, or if a transporter is to be
compared under conditions when buffering power is
expected to vary. Second, the above analysis takes into
account processes other than the transporter in question;
these other processes may contribute to the pHi recovery
(or lack thereof!). Failing to make this correction can lead
to a serious over- or underestimation of the flux due to
the transporter of interest.

DEPENDENCE ON pHO

Although the Na1-driven Cl2aHCO2
3 exchange rate

is stimulated at low values of pHi, it is apparently
inhibited at low values of pHo. For example, both in
barnacle muscle and squid giant axons, decreases in
pHo—produced by lowering [HCO2

3 ]o at a fixed PCO2
—

cause JE to decrease.358,359 However, at least for the
squid axon, this apparent inhibition at low pHo may be
only illusory: when pHo is decreased at a fixed
[NaCO2

3 ]o, the inhibition disappears.358 Thus, at least
in squid axons, the transporter per se may be relatively
pHo insensitive. Most methods of producing acidosis
may inhibit Na1-driven HCO2

3 transport because they
simultaneously lower [NaCO2

3 ]o.

INVOLVEMENT OF Na1, Cl2, AND HCO2
3

The Na1-driven Cl2aHCO2
3 exchanger has an abso-

lute requirement for external Na1,15 external HCO2
3
360

or a related species, and internal Cl2.315 Removing any
one of these three ions from the appropriate side of the
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FIGURE 52.13 The pHi dependence of the Na1-driven

Cl2aHCO3
2 exchanger from giant barnacle muscle fibers. The rate of

pHi recovery from an acid load (NH1
4 prepulse) was determined over

a range of pHi values, multiplied by the sum of intrinsic and HCO2
3

buffering powers (both of which vary with pHi), and corrected for an
acidification unmasked by applying SITS. (Reproduced from ref. [317].)

1799ACID�BASE TRANSPORT SYSTEMS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



membrane completely blocks acid extrusion. Moreover,
Na1 and Cl2 are actually transported along with acid
equivalents.15,315 The observed stoichiometry is one
Na1 entering the cell, one Cl2 exiting, and two acid
equivalents neutralized intracellularly. This stoichiom-
etry is consistent with all four models presented in
Figure 52.12B (top left). The prediction that Na1-driven
Cl2aHCO2

3 exchange should be electroneutral is sup-
ported by the observations that transport neither
alters165,361 nor is altered by Vm.

352

ENERGETICS

The models of Figure 52.12B (top left) make equiva-
lent energetic predictions, based upon which physiolog-
ical gradients for Na1, Cl2, and HCO2

3 should support
Na1-driven Cl2aHCO2

3 exchange with no external
source of energy.3 The major predicted energy source is
the steep Na1 gradient, established by the Na1aK1

pump. This model of a secondary active transporter,
driven only by ion gradients, is supported by the
observation that transport can be reversed by revers-
ing gradients for Na1 and/or HCO2

3 .
317,362,363

Curiously, however, the transporter in squid axons
requires ATP; not as an energy source, but probably
for an essential phosphorylation event or as an essen-
tial cofactor.364

THE pHi THRESHOLD

In barnacle muscle, the activity of the Na1-driven
Cl2aHCO2

3 exchanger falls toward zero as pHi

approaches a pHi threshold of B7.4 (see Figure 52.13).
This reduction in transport does not reflect the inavail-
ability of energy, however, which is sufficient to drive
pHi to B8.0. Threshold behavior is thus probably due
to an allosteric effect of H1 on the transporter or an
essential activator. This hypothesis is supported by the
observation that the barnacle-muscle Na1-driven
Cl2aHCO2

3 exchanger, in addition to mediating net
acid extrusion, also mediates what appears to be
Na1aNa1362 and Cl2aCl2365 exchange. Like acid
extrusion, these ancillary transporter activities are also
stimulated by reducing pHi below the threshold.

SENSITIVITY TO PHARMACOLOGICAL AGENTS

The Na1-driven Cl2aHCO2
3 exchanger is blocked

by the stilbene derivatives 4-isothiocyano-40-acetamido-
2,20-stilbene disulfonate (SITS) and 4,40-diisothiocyano-
2,20-stilbene disulfonate (DIDS). The site of permanent
action is apparently a free amino group on the trans-
porter that reacts with the isothiocyano moiety of the
stilbene to form an N,N-disubstituted thiourea (Edman
reaction). However, even stilbene derivatives lacking
an isothiocyano group can inhibit the transporter,
although the inhibition is often less than complete and
is reversible. Thus, 4,40-dinitro-2,20-stilbene disulfonate

(DNDS), at a concentration of 1 mM, reversibly inhibits
the squid-axon transporter by approximately 80%.366

By analogy to the erythrocyte Cl2aHCO2
3 exchanger,

the Na1-driven Cl2aHCO2
3 exchanger probably forms

a reversible, ionic complex with each of the aforemen-
tioned stilbenes. This interaction presumably involves
the negatively charged sulfonate groups on the stilbene
and cationic moieties on the transporter. The stilbenes
with amino-reactive groups (i.e., SITS and DIDS) subse-
quently form a covalent bond that eventually blocks
transport irreversibly. Interesting, the inhibition of
squid-axon Na1-driven Cl2aHCO2

3 exchanger by
DNDS is apparently competitive with Na1 as well as
with HCO2

3 —a finding that is quantitatively consistent
with the hypothesis that DNDS actually competes with
the NaCO2

3 ion pair for binding.366

Two non-stilbene amino-reactive agents also inhibit
Na1-driven Cl2aHCO2

3 exchange.165 The inhibition by
p-isothiocyanatobenzenesulfonate is irreversible, as is
its reaction with free amino groups. The inhibition by
pyridoxal phosphate is reversible, as is its reaction
with free amines. Na1-driven Cl2aHCO2

3 exchange is
also reversibly inhibited by relatively high levels
(B0.5 mM) of furosemide.352,365

Na1aH1 Exchangers

GENERAL FUNCTION AND MOLECULAR IDENTITY

Na1aH1 exchangers (Figure 52.12B, bottom left) have
been identified in the plasma membranes of a wide vari-
ety of vertebrate cells (for reviews, see refs.167,714). At least
two functional classes of Na1aH1 exchangers have been
identified. The first, which is apparently the most wide-
spread version, are the Na1aH1 exchangers of none-
pithelial cells171,316,373�378 as well as the basolateral
membranes of many epithelial cells.64,379 This distribu-
tion is characteristic of what have been regarded as
“housekeeping” transporters (e.g., Na1aK1 pump and
Na1aCa21 exchanger), which are inhibited by relatively
low concentrations of 5-amino-substituted amiloride ana-
logs, (e.g., EIPA). The second class of exchangers is the
one characteristically located at the apical membrane of
epithelia such as the renal proximal tubule.164,380�385 It is
inhibited by only relatively high concentrations of the
aforementioned amiloride analogs. These two
pharmacologically distinct Na1aH1 exchangers have
been identified on the apical and basolateral membranes
of LLC-PK1 cells.386 A third pharmacological class of
Na1aH1 exchanger is found in rat astrocytes387 and hip-
pocampal neurons.205,355,388,389 These cells have a Na1-
driven acid extruder that functions in the nominal
absence of HCO2

3 , and is not inhibited even by high
levels of amiloride and/or amiloride analogs.

A cDNA encoding a Na1aH1 exchanger (NHE1)
was first cloned by Sardet et al.,390 using an expression
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strategy. At present, eight additional NHE isoforms
(NHE1 to NHE9) have been identified, all members of
the SLC9 family.167,713,714 The sequence comparisons, tis-
sue distributions, and functions of the various NHE iso-
forms are examined in Chapter 53. In the remainder of
this section, we will examine the role of Na1�H1

exchange in pHi regulation.

DEPENDENCE ON pHi

The first convincing evidence that decreases in pHi

stimulate Na1�H1 exchange came from experiments
on membrane vesicles, in which low pHi stimulates
amiloride-sensitive Na1 efflux.391 This result, analo-
gous to the Cl2-influx and Na1-efflux data on the Na1-
driven Cl2aHCO2

3 -exchanger, extends the allosteric-
H1-site hypothesis to the Na1aH1 exchanger.

One can also determine the pHi dependence of the
Na1aH1 exchanger in experiments on intact cells.
However, an examination of the literature describing the
pHi dependence of Na1aH1 exchangers reveals that
many investigators assume that the Na1aH1 exchanger
is the only factor contributing to the recovery of pHi

from an acute acid load. In support of this conclusion,
they point out that the recovery occurs in the nominal
absence of HCO2

3 and is inhibited by blockers of the
Na1aH1 exchanger. However, there is a serious flaw in
this line of reasoning. It is true that, after a cell containing
a Na1aH1 exchanger is acutely acid loaded, there is a
more-or-less exponential pHi recovery (e.g., see bcd in
Figure 52.11A) that may be prevented by pretreating
with amiloride analogs. However, this result only
proves that an intact Na1aH1 exchanger is required for
the pHi recovery. Such experiments do not address the
issue of how background acid-loading processes influ-
ence the rate of the pHi recovery, and thus can not—by
themselves—provide the pHi sensitivity of the Na1aH1

exchanger.
An analysis of the pHi sensitivity of Na1aH1

exchange in intact cells requires that one rule out, or at
least account for, background acid-loading processes
that oppose the action of the exchanger, as discussed
above in connection with Figure 52.11. In experiments
on isolated hepatocytes in the nominal absence of
HCO2

3 ,
392,393 applying amiloride has no effect the

steady-state pHi. This implies that both Na1aH1

exchange and background acid loading are inactive at
this pH of B7. During the recovery from an acid load,
amiloride analogs block the pHi recovery, but do not
unmask a background acid-loading process. Thus, in
these cells, the product of (βT/ρ) and the gross pHi

recovery rate is the true net Na1aH1 exchange rate,
which varies with pHi in a nearly linear fashion
(Figure 52.14A and B).

In many other cells, however, applying an amiloride
analog causes a sizeable fall in steady-state

pHi,
376,394,395 as indicated by de in Figure 52.11B, imply-

ing that both acid loading and Na1aH1 exchange were
active at the original steady-state pHi. A similar EIPA-
induced pHi decrease occurs in renal mesangial cells.
The pHi dependence of the true Na1aH1 exchange
rate thus can be computed only after correcting the
gross pHi recovery rate for EIPA-insensitive acid extru-
sion and EIPA-unmasked acid loading, as discussed in
connection with Figure 52.11B�D. The result for the
mesangial cell is the curve shown in Figure 52.14B that
indicates that the Na1aH1 exchanger is substantially
less pHi sensitive in the physiological range than under
conditions of severe acid loading.318

DEPENDENCE ON pHo

The Na1aH1 exchanger is inhibited by decreases in
pHo. In intact cells, lowering pHo decreases the rate at
which pHi recovers from an acid load.396,397 In crayfish
neurons, the pHi recovery halts completely at the pHo

at which the energy required to move one H1 out of
the cell equals that released by moving one Na1 in.397

In brush border membrane vesicles from the renal
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FIGURE 52.14 Two patterns of pHi dependence of the Na1aH1

exchanger. A: The Na1aH1 exchanger of rat hepatocytes exhibits
true pHi threshold behavior. Although applying EIPA completely
blocks the recovery of pHi from an acid load, EIPA has no effect on
pHi after the pHi recovery is completed. Thus, the exchanger is inac-
tive in the normal steady state. The experiments were performed on
single freshly disaggregated hepatocytes in the nominal absence of
CO2/HCO2

3 . pHi was measured using BCECF and a microscope-
based fluorometry system. (Reproduced from ref. 392.) B: The Na1aH1

exchanger in rat mesangial cells is active in the steady state.
Applying EIPA in the steady state unmasks a sizeable acidification,
indicating that the exchanger is normally active. The experiments
were performed on single cells (passage 2�5) in the nominal absence
of CO2/HCO2

3 . (Reproduced with permission from ref. 318.)
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cortex, the pHo dependence of Na1aH1 exchange is
described by a simple pH titration curve with a pKa of
7.45.398 Based on kinetic analyses, external H1, Na1,
Li1, and amiloride all compete for a common site on
the exchanger (for review, see ref. 367).

INVOLVEMENT OF Na1

Acid extrusion by the Na1aH1 exchanger in intact
cells is blocked by removing extracellular Na1.171,396,397

Furthermore, in the presence of extracellular Na1, acid
extrusion is accompanied by a rise in intracellular Na1

activity171,396,397 that is blocked when acid extrusion is
blocked by lowering pHo.

396 Reported values of the
apparent Km for external Na1 vary over a fairly wide
range, between B5 mM and B40 mM at a pHo of
7.4.64,399�403 Accordingly, external Na1 nearly saturates
the transporter at a normal pHo. The Km values tend to
be inversely related to pHo, consistent with competition
between external Na1 and H1 (for review, see ref. 367).
In membrane-vesicle studies, the exchanger can trans-
port Li1 in place of Na1.382 Indeed, Li1 transport by
the exchanger is a key element of the “proton-suicide”
technique used to kill cells with a functional Na1aH1

exchanger.404

EFFECTS OF PHARMACOLOGICAL AGENTS

Amiloride is a K1-sparing diuretic that inhibits api-
cal ENaC Na1 channels in tight epithelia; Ki values are
in the range 0.1 to 1 μM.405,406 However, at substan-
tially higher concentrations, amiloride also inhibits cer-
tain Na1aH1 exchangers (Ki: 3 to 1000 μM; see
refs.407,408) and Na1aCa21 exchange (Ki: 300 to
1100 μM; see refs.409,410). The inhibition of Na1aH1

exchange by amiloride has generally been found to be
purely competitive with respect to external
Na1,377,400,411,412 although both mixed-type413 and non-
competitive inhibition414 have been reported. Because
of the competition with Na1, millimolar levels of
amiloride generally are necessary to inhibit Na1aH1

exchange at physiological Na1 concentra-
tions.171,396,397,411 Structure-function relationships,
which have been reviewed in some detail,406,407,415

indicate that different regions of the amiloride mole-
cule alter the molecule’s affinity for the apical Na1

channel, the Na1aCa21 exchanger, or the Na1aH1

exchanger. HOE compounds such as HOE694 and
HOE642 (cariporide) are relatively new Na1aH1

exchange inhibitors that have different affinities
for several NHE isoforms, with NHE1 being the most
sensitive. Similar to amiloride, the base structure of
HOE compounds is guanidinium. However, unlike
amiloride and its sister compounds, HOE compounds
have an attached benzene ring.

Electroneutral and Electrogenic Na1/HCO3
2

Cotransporters

As discussed earlier, an electrogenic Na1/HCO2
3

cotransporter with a Na1:HCO2
3 stoichiometry of 1:3 is

present on the basolateral membrane of proximal
tubule cells of the kidney, where it mediates Na1 and
HCO2

3 reabsorption, and therefore functions as an acid
loader. A member of the SLC4 family, NBCe1
(SLC4A4) is responsible for HCO2

3 transport in the
proximal tubule. A second transporter, NBCe2
(SLC4A5), which is expressed at high levels in hepato-
cytes, can also mediate electrogenic Na1/HCO2

3

cotransport with an apparent Na1:HCO2
3 stoichiometry

of 1:3.416 In mouse choroid epithelial cells, NBCe2 has
a Na1:HCO2

3 stoichiometry of 1:3.417 However, both
NBCe1418,419 and NBCe2420 can also operate with a stoi-
chiometry of 1:2, in which case they move Na1 and
HCO2

3 into cells, and therefore function as acid extru-
ders. An electrogenic Na1/HCO2

3 cotransporter with a
Na1:HCO2

3 stoichiometry of 1:2 (Figure 52.12B, top
right) has been documented in both invertebrate and
mammalian glial cells (for reviews, see refs.421�424).

An electroneutral Na1/HCO2
3 cotransporter with

a Na1:HCO2
3 stoichiometry of 1:1 (Figure 52.12B,

bottom right) has been described in sheep Purkinje
fibers,425 guinea pig myocytes,426 and vascular smooth-
muscle cells.427 As described in more detail in Chapter
53, two SLC4 members, NBCn1428,429 and NBCn2 (aka,
NCBE)430 mediate electroneutral Na1/HCO2

3 cotransport.

Monocarboxylate Transporters

GENERAL FUNCTION AND MOLECULAR IDENTITY

OF MCTS

Na1-independent transport of monocarboxylates
such as lactate occurs by a process of cotransport with
H1 (or exchange with OH2) across the plasma mem-
branes of most cell types (for review, see ref. 431). The
responsible transporters are members of the SLC16
family, which includes 14 members.432,433 The two best
characterized monocarboxylate transporters are MCT1
(SLC16A1)434 and MCT2 (SLC16A7).435 However, only
MCT1-MCT4 exhibit H1-coupled monocarboxylate
transport. In fact, most of the other family members
have yet to be functionally characterized. The
sequences of the encoded proteins are predicted to
have 12 transmembrane (TM) segments, with a large
intracellular loop between TM 6 and 7 and greatest
conservation in the predicted transmembrane regions.
Although both MCT1 and MCT2 have broad tissue dis-
tributions, in the kidney, MCT1 is expressed on the
basolateral membrane of proximal tubule cells, and
MCT2 is expressed on the basolateral membrane of
medullary collecting duct cells.435
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SUBSTRATE SPECIFICITY AND ENERGETICS OF THE

MCTS

MCT isoforms appear to have different affinities for
the same substrates. For example, both MCT1 and
MCT2 transport lactate and pyruvate,435 but MCT2 has
a much higher apparent affinity for pyruvate.436

In all cells examined, H1/X2 cotransport appears to
be electroneutral162,437 (see ref.431). Because MCT-
mediated transport of monocarboxylates involves
cotransport with H1, the net driving force depends on
the gradients of both monocarboxylate and H1 across
the plasma membrane. Depending on the direction of
the net driving force, MCTs can mediate either the
influx or efflux of monocarboxylates. As described
below, MCT1 on the basolateral membrane of renal
proximal-tubule cells acts in conjunction with an apical
Na1/monocarboxylate (Na1/X2) cotransporter to
facilitate transepithelial lactate reabsorption.

EFFECTS OF PHARMACOLOGICAL AGENTS ON MCTS

MCT1 and MCT2, but not MCT3 and MCT4, are
inhibited substantially by α-cyano-4-hydroxycinna-
mate (CHC).432,435,438 However, because CHC has yet
to be widely tested on other classes of transporters,
it is not clear whether this compound is specific for
MCTs.

THE Na1/MONOCARBOXYLATE COTRANSPORTER

The Na1/X2 cotransporter is rather nonspecific,
capable of transporting D- and L-lactate, pyruvate, ace-
tate, and other monocarboxylates. The cotransporter is
found in apical membranes of both the proximal tubule
and small intestine.162,439 The Na1/X2 cotransporter
appears to be electrogenic (moving more Na1 than X2)
in mammals,198,440�442 but electroneutral in amphi-
bians.162 Investigators have found that one member of
the SLC5 family of “Na1/glucose cotransporters”,
namely SLC5A8, encodes an electrogenic sodium-
coupled monocarboxylate transporter (SMCT; see
refs.443�446). In addition, zebrafish SLC5A12 encodes an
electroneutral SMCT.446 As expected, the transporters
are relatively nonselective for monocarboxylates,
although substrate affinities can vary among the
transporters.

INTERACTION OF Na1/X2 AND H1/X2

COTRANSPORTERS

Some proximal-tubule cells possess both a Na1/X2

cotransporter at the apical membrane and an MCT at
the basolateral membrane (Figure 52.12C). Acting in
concert, these two monocarboxylate transporters can
extrude substantial amounts of acid while reabsorbing
monocarboxylates.161,162

The first step of the acid-extruding process is the
coupled entry of Na1 and X2 across the apical mem-
brane, an example of secondary active transport.
Because the pK

0
a governing the dissociation of mono-

carboxylic acids (HX$H1 1X2) is generally far
below pHi, very little of the entering X2 can combine
with H1 to form HX, and thus Na1/X2 cotransport
by itself is “pHi silent”. In the second step, X2 enter-
ing via luminal Na1/X2 cotransport rapidly exits
across the basolateral membrane via MCT—along
with H1. In this system, basolateral H1/X2 cotrans-
port is an example of tertiary active transport
because the extrusion of H1 is driven by an X2 gra-
dient that is, in turn, established by the luminal
Na1/X2 cotransporter, a secondary active trans-
porter. The net effect is the transepithelial reabsorp-
tion of monocarboxylate from lumen to blood.

Following the coupled uptake of Na1 and X2 across
the apical membrane, the extrusion of Na1 across the
basolateral membrane by the Na1aK1 pump contri-
butes to transepithelial Na1 reabsorption. Indeed, ace-
tate promotes volume reabsorption.447

The Regulation of pHi

INTRODUCTION

In the preceding sections, we have discussed a wide
range of factors that influence pHi. In this and the fol-
lowing section, we will examine how these factors
interact to produce transient changes in pHi and,
finally, to establish a steady-state pHi.

FUNDAMENTAL LAW OF pHi REGULATION

What determines the stability of pHi? It is intuitively
obvious that pHi will remain constant as long as the
rate of acid extrusion out of the cytoplasm (JE) is equal
to the rate of acid loading into the cytoplasm (JL)

c. pHi

will rise if JE exceeds JL, and pHi will fall if JL exceeds
JE. The rate of pHi change is proportional to the differ-
ence between JE and JL, proportional to the surface-to-
volume ratio (ρ), but inversely proportional to buffer-
ing power:

cWe define acid-extrusion and acid-loading rates as fluxes (J),

with the units of moles per unit area of cell surface, per unit

time. In practice, such a definition is practical for calculating

values from experiments only if the cell has a very simple

geometry (e.g., cylinder in the case of an axon). For most

mammalian cells, which have complicated geometries,

investigators express acid-loading and acid-extrusion rates in

what we would term “pseuofluxes” (ϕ),448 with the units of

moles per unit volume of cytoplasm, per unit time. In the case of

a pseudoflux, the surface-to-volume ratio is folded into the ϕ
value. One must use caution in dealing with ϕ values, which can

change with cell swelling or shrinkage, even without a change in

the true underlying acid�base “flux”.
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dpHi

dt
5

ρ
β
ðJE 2 JLÞ ð52:37Þ

Equation 52.37 makes good intuitive sense. If JE5 JL,
then dpHi/dt5 0, and the cell is in a steady state with
respect to pHi. Should JE exceed JL, pHi must increase
because dpHi/dt will be greater than zero.
Furthermore, the rate of this alkalinization is expected
to increase as the difference between JE and JL
increases. If JE and JL are unequal, then the rate of pHi

change must be proportional to the surface-to-
volume ratio (ρ). Thus, pHi transients tend to be fas-
ter in smaller cells. Finally, the rate of pHi change
must be strongly influenced by β. If β were infinite,
then pHi would be fixed, regardless of JE and JL.
Conversely, if β approached zero, then even a small
difference between JE and JL would cause pHi to
change very rapidly.

Factors that Influence the Steady-State pHi

A Graphical Representation of Equation 52.37

Figure 52.15 is a plot of JE and JL as a function of pHi

for a hypothetical cell. The shape of the JE curve is
modeled after that reported for the Na1aH1

exchanger of cultured mesangial cells,318 whereas the
shape of the JL curve is modeled after that reported for
Cl2aHCO2

3 exchange in several cells.163,232 It is clear
from Equation 52.37 that pHi can be in a steady state
(i.e., dpHi/dt5 0) only if JE and JL are equal. Thus, in
Figure 52.15, the steady-state pHi is determined by
the intersection of the JE and JL curves. By using the
graphical model in Figure 52.15, one can evaluate
how steady-state pHi is altered by either acid�base
disturbances, which we will discuss below, or by
other factors such as hormones, mitogens, and onco-
genes. Some examples will be presented below, from
which the following three key concepts will emerge.

Buffering Power Does Not Influence Steady-State
pHi

Buffering is important for cells because it reduces
the magnitude of the pHi excursions that result from
acute (i.e., one-time-only) acid and alkali loads.
However, buffering does not prevent pHi changes; it
only minimizes them. Moreover, after an acute acid or
alkali load, buffering cannot return pHi to normal.
As we will see in the next paragraph, it is the acid-
extruding mechanisms that are responsible for return-
ing pHi toward normal. According to Equation 52.37, β
only influences the rate of pHi recovery from such an
acid load.

Acute Acid or Alkali Loads Do Not Affect
Steady-State pHi

Consider the consequences of an acute acid load
(e.g., an injection of H1 or an influx of a weak acid
that leads to the intracellular generation of H1). The
vast majority of H1 introduced into the cell is neu-
tralized by buffers (the small amount of unbuffered
H1 is responsible for the pHi decrease). pHi

can return to normal only when the entire acid
load—both the additional free H1 and the added H1

that is reversibly neutralized by buffers—is extruded
from the cell. During such a pHi recovery, acid
extruders remove free H1 from the cytoplasm, and
buffers then partially replenish these extruded pro-
tons. Thus, during the pHi recovery, the added pro-
tons move from the buffers to the cytoplasm, from
where the acid extruders translocate them to the out-
side of the cell. If there has been no fundamental
change in the properties of the acid loaders and acid
extruders, then pHi will return precisely to its initial
value. Thus, by themselves, acute acid and alkali
loads produce only transient changes in pHi.

Only Fundamental Changes in Acid-Extruding
and Acid-Loading Processes Can Affect
Steady-State pHi

Consider the consequences of modifying the pHi

dependence of an acid-extruding process in such a
way that the intersection of the JE and JL curves in
Figure 52.15 is altered. Such a change in transporter
kinetics would produce a shift in steady-state pHi.
Note that, whereas a change in the JE and/or JL curves
is required for a shift in steady-state pHi, the JE and JL
curves can shift without a change in steady-state pHi.
For example, if there were appropriate offsetting
changes in both curves, then it would be possible for
the steady-state pHi to remain unaltered, even though
JE and JL were modified.
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FIGURE 52.15 Dependence of acid-extrusion rate (JE) and acid-
loading rate (JL) on pHi for a hypothetical cell. The shapes of the
curves are similar to those describing the Na1aH1 exchanger and
background acid-loading process in renal mesangial cells.
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Examples of Intracellular Acid�Base
Disturbances

Acute Intracellular Acid Load

Figure 52.16A�F illustrates the time course of pHi in
a hypothetical experiment in which we acutely acid
load a cell (segment ab) and monitor the subsequent
pHi recovery (bcd). Figure 52.16B is reproduced
Figure 52.15 and shows the pHi dependencies of JE and
JL, as well as JE and JL values at different times during
segment abcd in Figure 52.16A. As described above, the
intersection of the JE and JL curves at point a in
Figure 52.16B determines the initial steady-state pHi,
where dpHi/dt5 0.

We could regard the acute acid load as
a square-wave increase in JL. The product of the width
(i.e., duration) of the square wave, the height of the
square wave, and the surface-to-volume ratio is the
amount of acid we are loading into the cell. Dividing
this amount by β yields the magnitude of the pHi

decrease, which is represented in Figure 52.16A as an
instantaneous fall in pHi (ab). This imposed decrease
in pHi causes JE to rise (b on the JE curve) and JL to fall
(b on the JL curve). According to Equation 52.37,
because JE now exceeds JL, pHi must increase.
However, as the pHi recovery proceeds (bcd), JE gradu-
ally falls and JL rises. Eventually, JE and JL come into
balance at point d, which is identical to point a. Thus, as
long as an acute intracellular acid load does not pro-
duce fundamental changes in the kinetics of either acid
extrusion or acid loading, the effect on pHi is only tran-
sitory. Stated differently, if the pHi dependencies of JE
and JL in Figure 52.16B are unchanged, then steady-
state pHi also is unchanged. In principle, the precise
shape of the pHi recovery (bcd) could be obtained by
integrating Equation 52.37. An acute alkaline load will
have the opposite effects on pHi, and can be analyzed
in an analogous way.

Chronic Inhibition of Acid Extrusion

Imagine that our hypothetical cell, initially in a stea-
dy state described by point a in Figure 52.16C and
Figure 52.16D, is treated with sufficient HOE694 (an
inhibitor of Na1aH1 exchange) to reduce JE to approx-
imately one eighth of its original level at all pHi values
in Figure 52.16D. Thus, immediately after this reduc-
tion in Na1aH1 exchange rate, JL is unchanged (point
b on the JL curve), but JE is greatly reduced (point b on
the JE curve). According to Equation 52.37, because JL
now exceeds JE, pHi must slowly fall (bcd in
Figure 52.16C). However, as pHi declines, JE rises and
JL falls (e.g., point c in Figure 52.16D). Eventually, JE
and JL come into balance at point d, where pHi now

stabilizes. If β does not depend steeply on pHi, then the
rate of pHi decline during bcd will be greatest at point
b, where the difference (JL�JE) is greatest. Thus, a
chronic inhibition of acid extrusion causes steady-state
pHi to fall.
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FIGURE 52.16 Response of a hypothetical cell to three insults to
intracellular acid�base homeostasis. A and B: An acute intracellular
acid load produces no fundamental change in the kinetics of acid
extrusion and acid loading. Initially, pHi is described by point a in
panel A, and JE and JL balance each other, as described by point a in
panel B. The acid load, which causes pHi to fall to point b (panel A),
also causes JE to rise and JL to fall, as described by the b points (panel
B). Because JE now exceeds JL, pHi recovers (segment bcd in panel A).
During this recovery, JE gradually decreases and JL gradually
increases until they reach their original values at point d (panel B). C
and D: Inhibiting acid extrusion is assumed to reduce JE by 75% over
the entire pHi range. The original JE-pHi relationship is given by the
broken curve. Because JL exceeds JE immediately after the insult
(points b in panel D), pHi declines (panel C). As pHi declines (bcd in
panel C), however, JE slowly increases and JL decreases until they
once again come into balance at point d (panel D), which describes
the new steady state. E and F: Inhibiting acid loading is assumed to
reduce JL by 75% over the entire pHi range. The original JL-pHi rela-
tionship is given by the broken curve. Because JE exceeds JL immedi-
ately after the insult (points b in panel F), pHi rises (panel E). As pHi

rises (bcd in panel E), JL slowly increases and JE decreases until they
once again come into balance at point d (panel F), which describes
the new steady state.
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Chronic Inhibition of Acid Loading

Imagine that our hypothetical cell, initially in a stea-
dy state described by point a in Figure 52.16E and
Figure 52.16F, is treated with sufficient DIDS (an inhib-
itor of Cl2aHCO2

3 exchange) to reduce JL to approxi-
mately one fourth of its original value over the entire
pHi range indicated in Figure 52.16F. In Figure 52.16F,
the reduced acid loading is represented by shifting the
JL�pHi curve downward. Thus, immediately after this
inhibition of Cl2aHCO2

3 exchange, JE is unchanged
(point b on the JE curve), but JL is substantially reduced
(point b on the JL curve). According to Equation 52.37,
because JL is now much less than the unchanged JE,
pHi must slowly rise (bcd in Figure 52.16E). However,
this gradual increase of pHi causes JE to fall and JL to
rise (e.g., point c in Figure 52.16F). Eventually, JE and JL
come into balance at point d, where pHi stabilizes.
Thus, a chronic inhibition of acid loading causes
steady-state pHi to rise.

FACTORS INFLUENCING pHi

Interaction of pHi and pHo

Introduction

It is well established that changes in pHo can affect
pHi, and also that changes in pHi can be accompanied
by changes in pHo.

449,450 Such interactions between
intra- and extra-cellular acid�base metabolism are
almost certainly mediated by changes in acid�base
transport across the cell membrane. We have already
discussed several such transport processes, including
(1) non-ionic diffusion of weak acids and bases (includ-
ing metabolites), regardless of whether the transport
occurs through the lipid phase of the membrane or via
membrane proteins; (2) passive flux of charged weak
acids and bases through channels; and (3) acid�base
movement via a variety of transporters. In the remain-
der of this section, we will examine how an alteration
on one side of the cell membrane can alter transport
and thus produce a pH change on the other side.

Effects of the “Classical” Changes in Extracellular
Acid�Base Status on pHi

One can define at least six simple disturbances of
extracellular acid�base status, each of which has a
unique effect on pHi. Four of these are the “classic”
extracellular disturbances: metabolic acidosis and alka-
losis, as well as respiratory acidosis and alkalosis. The
other two extracellular acid�base disturbances, isohyd-
ric hyper- and hypocapnia, are unusual in that they
produce alterations in pHi with no change in pHo.

METABOLIC ACIDOSIS

A sudden extracellular acidification produced by a
reduction of [HCO2

3 ]o at a fixed PCO2
is expected to

alter pHi only by mechanisms that we shall describe as
“chronic.” The reductions in pHo and/or [HCO2

3 ]o are
expected to inhibit acid-extrusion processes, but stimu-
late acid-loading processes. Such kinetic changes could
be produced by alterations in any rate-determining
parameter, such as pHo, [Na1]o, [Na1]i, binding con-
stants, or the density of transporters. The net effect is
expected to be a gradual but sustained decline in pHi,
similar to that schematized in Figure 52.16C. The
modeling of this problem is similar to that described
above in Figure 52.16D, except that not only would JE
decrease, but JL would increase as well. The time
course of the pHi decline depends on β and on the pHi

dependencies of JE and JL. The actual value of the new
steady-state pHi would, of course, be independent of β.

The predictions of the foregoing analysis have been
confirmed experimentally. Measurements of steady-
state pHi with DMO indicate that metabolic acidosis
lowers pHi in mammalian skeletal and cardiac mus-
cle.3,451 The time course of this intracellular acidifica-
tion has also been monitored with pH-sensitive
microelectrodes in several vertebrate cells.13,204,452,453

METABOLIC ALKALOSIS

A sudden extracellular alkalinization produced by
raising [HCO2

3 ]o at a fixed PCO2
is expected to have

chronic effects on acid extrusion, acid loading, and pHi

that are opposite to those described above for meta-
bolic acidosis. Metabolic alkalosis generally produces a
gradual but sustained pHi increase, similar to that
schematized in Figure 52.16E. The modeling of this
problem would be similar to that of Figure 52.16F,
except that, not only would JE increase, but JL would
decrease as well. Steady-state pHi measurements with
DMO in mammalian muscle451,454 have confirmed the
foregoing prediction that pHi should rise during meta-
bolic acidosis.

RESPIRATORY ACIDOSIS

A sudden extracellular acidification produced by an
increase in PCO2

is expected to alter pHi by both acute
and chronic mechanisms. In the laboratory, it is possi-
ble to produce a respiratory acidosis in which [HCO2

3 ]o
is constant. However, in vivo, respiratory acidosis is
always accompanied by a rise in [HCO2

3 ]o. Regardless
of the effect on [HCO2

3 ]o, the “acute” effect of respira-
tory acidosis is produced by the influx of CO2, which
elicits a rapid fall in pHi. This represents an acute intra-
cellular acid load from which the cell would fully
recover if the kinetics of acid-extruding and acid-
loading mechanisms were not fundamentally altered

1806 52. CONTROL OF INTRACELLULAR pH

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



by the accompanying fall in pHo. The expected
“chronic” effects of respiratory acidosis are qualita-
tively the same as for metabolic acidosis: an inhibition
of JE and a stimulation of JL. These chronic effects will
tend to lower steady-state pHi, as in metabolic acidosis.
Indeed, pHi determinations by the DMO technique3,451

show that respiratory acidosis does reduce steady-state
pHi. In principle, the time course of the pHi decrease
could be predicted from our discussion of CO2-induced
acidifications (the acute effect) and from Equation
52.37 (the chronic effect). Thus, β, initial pHi, initial and
final PCO2

, and the kinetics of acid extrusion and acid
loading would all influence the time course of acidifi-
cation. All these parameters except β would also influ-
ence the final steady-state pHi. After the acute effect
(i.e., the rapid CO2-induced pHi fall), respiratory aci-
dosis could then produce: (1) A slower but sustained
pHi decline (chronic effect), (2) no further pHi

change (i.e., immediate stabilization), or (3) a pHi

recovery that is either partial, complete or—at least
in principle—even exaggerated. Which of the three
steady-state outcomes we observe depends upon the
relationship between JE and JL.

RESPIRATORY ALKALOSIS

The pHi changes produced by respiratory alkalosis,
and the mechanisms effecting these changes, are oppo-
site those produced by respiratory acidosis. The effect
on acid extrusion is noteworthy because the imposed
rise in pHo is expected to stimulate acid extrusion,
whereas the resultant increase in pHi (caused by the
efflux of CO2) is expected to inhibit or even totally
block acid extrusion. Thus, the expected time course of
pHi after its rapid initial rise could be: (1) A further,
slower increase to a new steady state, (2) no change, or
(3) a decline. Studies with pH-sensitive microelectrodes
have demonstrated the first pattern in mouse skeletal
muscle,204 and steady-state pHi measurements have
confirmed that respiratory alkalosis causes a sustained
elevation of pHi.

3,451

ISOHYDRIC HYPERCAPNIA

Raising PCO2
at constant pHo (i.e., raising PCO2

and [HCO2
3 ]o proportionally) produces a rapid fall in

pHi,
170,35 due to the influx of CO2, just as does respira-

tory acidosis (vide supra). However, for at least two rea-
sons, the long-term influences on pHi can be very
different from those produced by respiratory acidosis.
First, because pHo is fixed, one expects no immediate
inhibition of acid extrusion or stimulation of acid load-
ing. Thus, the cell should be better able to resist the
acute acid load caused by the influx of CO2. Second,
because [HCO2

3 ]o is higher in isohydric hypercapnia
than respiratory acidosis, acid loading due to the pas-
sive and carrier-mediated efflux of HCO2

3 should be

lower than during respiratory acidosis. Third, the
aforementioned increase in [HCO2

3 ]o could also stimu-
late HCO2

3 -dependent acid extrusion (e.g., Na1-driven
Cl2aHCO2

3 exchange). According to recent data, rais-
ing [CO2] per se (i.e., in the nominal absence of HCO2

3 )
can stimulate H1 extrusion from proximal-tubule
cells.32 Thus, although isohydric hypercapnia is
expected to elicit the same initial, CO2-induced fall in
pHi as respiratory acidosis, the final steady-state pHi

should be higher, as has been confirmed in mammalian
skeletal muscle.451

The time course of pHi during isohydric hypercap-
nia depends on the four previously mentioned factors
(i.e., β, initial pHi, initial and final PCO2

, and the kinetics
of acid extrusion and acid loading). In salamander
proximal-tubule cells, pHi does not recover from the
initial fall, due to the very high HCO2

3 efflux across the
basolateral membrane, via NBC.13 In cells with lesser
degrees of HCO2

3 -dependent acid loading, pHi makes
a partial or even complete recovery.455,3,14 Finally, in
cells with dominant HCO2

3 -dependent acid-extrusion
mechanisms, such as smooth muscle16 and renal
mesangial cells,19 isohydric hypercapnia increases
steady-state pHi. In both dissociated CA1 neu-
rons355,456 and cultured astrocytes17 from the rat hip-
pocampus, the degree of this pHi increase becomes
less and less at progressively higher initial values of
pHi. The pHi increase produced by isohydric hyper-
capnia in the rabbit proximal tubule457 may reflect
stimulation of apical Na1aH1 exchange and H1

pumping,206,458 likely involving sensors for basolat-
eral CO2 and HCO2

3 .
32

ISOHYDRIC HYPOCAPNIA

Lowering PCO2
at constant pHo (i.e., lowering PCO2

and [HCO2
3 ]o proportionally) produces an initial rise in

pHi due to CO2 efflux, as in respiratory alkalosis. The
long-term influences on pHi are the opposite of those
described above for isohydric hypercapnia. Thus, the
final steady-state pHi is expected to be somewhat
lower in isohydric hypocapnia than in respiratory
alkalosis, as confirmed for mammalian skeletal mus-
cle.459 The time course of changes in pHi during iso-
hydric hypocapnia has been monitored in several
cells, especially during the transition between normal
PCO2

/[HCO2
3 ] to nominally CO2/HCO2

3 -free condi-
tions. As expected, the reduction in PCO2

at constant
pHo causes an abrupt increase in pHi (due to CO2

efflux), followed by a partial return of pHi toward nor-
mal (probably due to inhibition of acid extrusion and
stimulation of acid loading at high pHi). In mesangial
cells, the switch from 10% CO2/50 mM HCO2

3

(pHo5 7.4) to 5% CO2/25 mM HCO2
3 (pHo5 7.4)

causes an abrupt increase in pHi that represents an
acute intracellular alkali load. The subsequent recovery
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of pHi, due primarily to Cl2aHCO2
3 exchange, can

then be examined at physiological levels of extracellu-
lar CO2 and HCO2

3 .
25 A similar approach has been

used by Ou-yang et al.460 to examine Cl2aHCO2
3

exchanger activity in neurons cultured from the rat
cortex.

Use of Out-of-Equilibrium CO2/HCO2
3 to make

Isolated Changes in Extracellular [CO2], [HCO2
3],

and pH—One at a Time

In 1995, Zhao et al.270 introduced a rapid-mixing
technique that allows one to create out-of-equilibrium
(OOE) CO2/HCO2

3 solutions with virtually any combi-
nation of [CO2], [HCO2

3 ], and pH in the pathophysio-
logical pH range. The approach is to mix the outputs of
two syringes—each containing a different combination
of equilibrated [CO2], [HCO2

3 ], and pH—and then rap-
idly (, 200 ms) deliver the newly mixed solution to
the cells, while continuously sweeping away the solu-
tion after it has contacted the cells.

Sensors for Extracellular [CO2], [HCO3
2], and pH

Zhou et al.32 used the powerful OOE approach to
alter, systematically, the basolateral (BL) [CO2],
[HCO2

3 ], and pH—one at a time—in experiments on
isolated, perfused rabbit proximal tubules. They found
that increasing [CO2]BL—while holding [HCO2

3 ]BL and
pHBL fixed—caused an increase in the rate of HCO2

3

reabsorption (measured during a period of B20 min).
This is the appropriate response to the “respiratory”
part of acute respiratory acidosis. Conversely, increas-
ing [HCO2

3 ]BL—while holding [CO2]BL and pHBL

fixed—caused the rate of HCO2
3 reabsorption to

decrease. This is the appropriate response to the “meta-
bolic” part of acute metabolic acidosis. Finally, they
found that increasing pHBL (which also increased
pHi)—while holding [CO2]BL and [HCO2

3 ]BL fixed—
had no effect on the rate of HCO2

3 reabsorption. In
other words—at least during acute stresses—the proxi-
mal tubule is incapable of responding to changes in
pHBL (or pHi) per se. Rather, the tubule responds to
changes in the basolateral concentrations of the two
major buffers, CO2 and HCO2

3 . These data are consis-
tent with the hypothesis that the proximal tubule has
some sort of sensor or sensors that detect extracellular
levels of CO2 and extracellular HCO2

3 . The response to
increased [CO2]BL is blocked by nanomolar levels of
compounds believed to be specific for the ErbB family
of receptor tyrosine kinases, but not by an inhibitor of
Src kinases.461

Although proximal-tubule cells apparently do not
respond to pHBL changes per se, Ludwig et al.31 identi-
fied two G-protein�coupled receptors (GPCRs) that
do respond to changes in extracellular pH. The first is
the ovarian cancer GPCR (OGR1). Lowering pHo from

7.8 to 6.8 converts OGR1 from its fully inactivated to its
fully activated state, which causes an increase in inosi-
tol phosphate formation. According to additional work
by Tomura et al.,462 OGR1 can lead to an increase in
[cAMP]i via phospholipase C and the cyclooxygenase
pathway. OGR1 is highly expressed in osteoblasts,
lung, intestine, and kidney. The second pH-sensitive
GPCR identified by Ludwig et al.31 is GPR4, which
also appears to signal through cAMP. Shortly there-
after, other investigators identified additional pH-
sensitive GPCRs with homology to OGR1 and GPR4,
including G2A (from G2 accumulation)463 and T Cell
Death-Associated Gene 8 (TDAG8).464,465 Acid-
induced activation of these additional receptors
signals through inositol phosphate accumulation for
G2A and cAMP accumulation and RhoA activation
for TDAG8 (for a review by Tomura et al., see
ref. 466).

In addition to the above GPCRs, several ion chan-
nels are pH sensitive. Thus, it is possible that changes
in pHo could signal via changes in membrane potential.
The first such channel to be identified was the Na1-
permeable channel ASIC.467 This channel is activated
by large (B1 pH unit) and rapid pHo decreases.

468 pH
also modulates 2P-domain K1 channels (TASK, TALK,
TREK, & TWIK). TASKs are acidosis inhibited, whereas
TALKs are alkalosis activated.469 TASK-1 (pK B7.3) is
very sensitive to pHo variations 470 and TASK-3 has a
pK of B6.6.471,472 For a thoughtful discussion of
mechanisms by which kidney cells may sense intra- or
extracellular acid�base disturbances, see the review by
Brown and Wagner.473

Effects of Intracellular pH Changes on pHo

The pH of the bulk extracellular fluid (pHECF) is
closely regulated by the respiratory and renal systems.
Nevertheless, the movement of acids and bases across
cell membranes can modify pHECF. For example, in the
central nervous system, where the neurons and glial
cells are in close apposition to one another, acid�base
transport across the cell membranes can profoundly
alter pHo (for reviews, see refs. 2,474�476). Acid�base
movement across cell membranes can result in either
parallel or reciprocal changes in pHi and pHo. Parallel
decreases in pHi and pHo can occur when an increased
rate of lactic acid production (which lowers pHi) leads
to the subsequent efflux of lactic acid via H1/Lac2

cotransport (which lowers pHo). The efflux of lactic
acid minimizes the fall in pHi. Reciprocal increases in
pHi and decreases in pHo occur in gall-bladder epithe-
lial cells due to Na1aH1 exchange,449 and in depolar-
ized snail neurons due to a voltage-activated
conductance pathway.450 In both of the above exam-
ples, stabilization of pHi occurs at the expense of pHo

homeostasis.
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Role of the Extracellular Fluid in pHi Regulation

It is well established that changes in pHo will elicit
reciprocal changes in pHi. A general rule of thumb: the
magnitude of a pHi change will be B1/3 the magni-
tude of the pHo change. However, ΔpHi/ΔpHo can
vary considerably among cells, being as high as 0.7 in
mesenteric vascular smooth muscle,477 carotid-body
glomus cell,478 and CNS neurons.479 As noted above,
extracellular metabolic acidosis causes a sustained fall
in pHi. The overall effect of this acidosis on acid�base
transport is therefore a net transfer of acid from the
ECF to the ICF of all accessible cells, causing pHo to
increase somewhat toward normal, but at the expense
of causing pHi to decrease throughout the organism.
One interpretation of these reciprocal changes in pHi

and pHo is that cells act as a pH buffer for the ECF,
preventing large fluctuations in pHo. For example,
“healthy” cells taking up H1 minimize the fall in pHo

due to the release of lactic acid by a subpopulation of
hypoxic cells. The partial uptake of this acid from the
ECF by the healthy cells may thus be viewed as a
mechanism for distributing the acid insult among all
cells accessible to the ECF, until such time that
the renal and respiratory systems can correct the
acid�base disturbance.

In the steady state in most animals, there is a net
transfer of metabolically generated acid from cells to
the ECF, and from the ECF to the urine, as depicted in
Figure 52.17. In the kidney, tubules from both the prox-
imal nephron13,383,380,396 and distal nephron341,480 are
comprised of cells that regulate pHi much as would
nonepithelial cells; they respond to intracellular acid
loads by extruding acid. However, these cells are

unique in that HCO2
3 efflux, which provides the major

intracellular acid load, is limited to the cells’ basolat-
eral (or blood-side) membrane.13,178,481�484 On the other
hand, acid extruders (e.g., the Na1aH1 exchanger and
H1 pump) are generally most active at the luminal
membrane.164,380,485 Thus, the acid extruded into the
ECF from non-renal cells enters renal-tubule cells via
basolateral HCO2

3 efflux, lowering renal-tubule pHi.
Presumably stimulated by this pHi decrease, luminal
acid extruders move the acid into the tubule lumen.
Thus, the regulation of pHi by certain renal-tubule cells
ultimately leads to acid excretion by the kidney. The
renal-tubule cells therefore provide the following final
link between pHi and pHo: pHi regulation by renal-
tubule cells is responsible for pHo regulation, which in
turn makes possible pHi regulation by the body’s other
cells.

Temperature Changes

Decreasing the temperature generally produces a
pH increase in both the blood and intracellular fluid.
For reviews, see refs. 3,486. In principle, a temperature
change could alter pHi in at least three ways: (1) By
modifying the pK

0
a of pH buffers, (2) by modifying the

pK
0
a of enzymes or transporters involved in acid�base

homeostasis, or (3) by changing the activation energy
for an enzymatic reaction or transport process.

Effect of Temperature Changes on the pKa
0

of Buffers

The intergrated form of the van’t Hoff equation pre-
dicts that, in a closed system (i.e., for a fixed total
amount of buffer), a buffer’s pK should vary inversely
with temperature:

pK1 2pK2 5
ΔH

R ln 10

1

T1
2

1

T2

� �
ð52:38Þ

where ΔH is the heat of ionization, R is the universal
gas constant, T1 and T2 are two absolute temperatures,
and the subscripts 1 and 2 refer to pK

0
a values at the

corresponding two temperatures. If a solution contains
only one buffer, then a temperature change will pro-
duce parallel shifts in pK

0
a and pH. In the case of a

solution containing several buffers (e.g., intracellular
fluid), the temperature-induced pH shift depends on
the sum of the individual pK shifts, each weighted by
the buffer’s relative contribution to total buffering.487

Reeves and Malan488 have analyzed the pHi changes
produced by temperature shifts in frog muscle in vivo.
Over the same temperature range, the in-vivo pHi

values in these experiments are approximated by the
in-vitro pH values of a mixture of imidazole, phos-
phate, and CO2/HCO2

3 , all at physiological levels.

Nonepithelial
Cell Blood/ECF

Renal-Tubule
Cell

Cl–
Metabolism

HCO3
– H+

H+
H+

H++ HCO3
–

HCO3
– + H+

H2CO3

H2CO3

H2CO3

H2O + CO2

H2O + CO2

H2O + CO2

FIGURE 52.17 Schematic representation of factors affecting H1

balance in the single cell and whole organism. A nonepithelial cell is
acid-loaded by metabolic production of acid, by HCO2

3 efflux, and by
H1 influx. pHi is maintained by a mechanism that extrudes acid from
the cell into the ECF and blood. This acid effectively gains entry into
certain renal tubule cells by the efflux of HCO2

3 across the renal
tubule basolateral membrane. This HCO2

3 efflux, in turn, acid-loads
the renal tubule cell and stimulates extrusion of acid across the lumi-
nal membrane and into the urine. Thus, the necessity of pHi regula-
tion by these renal tubule cells brings about pHi regulation of the
blood, which in turn keeps the extracellular pH high enough for
nonepithelial cells to regulate their pHi.
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These frog-muscle data seem consistent with the idea
that temperature changes can shift steady-state pHi by
shifting pK

0
a of buffers, and thus releasing or consum-

ing H1. However, this interpretation is inconsistent
with the general principle that only alterations in the
properties of acid�base transporters can change
steady-state pHi. Consider the example of raising tem-
perature, which would lower the pK

0
a values of intra-

cellular buffers, thereby releasing H1. This represents
an acute intracellular acid load, no different in princi-
ple from the acid load produced by the injection of H1.
If the only effect of the temperature increase were to
lower pK

0
a values of buffers, then pHi would abruptly

decrease and subsequently recover to its initial value
over the course of a few minutes. The only lasting
effect would be subtle changes in the pHi profile of β.
Thus, although there can be little doubt that tempera-
ture changes elicit a rapid release or consumption of
H1, we must look to other mechanisms to account for
changes in steady-state pHi.

Effect of Temperature Changes on Enzymes
and Transporters

The effects of temperature changes on acid�base
transporters and other enzymes affecting pHi are not
well documented. The effects are most likely of two
sorts: (1) A temperature-induced shift in the pK

0
a of an

ionizable group on an enzyme or transport protein
could affect the kinetics of the reaction or transport
process. (2) Raising the temperature speeds reactions
by increasing the energy of the reactants. As far as pK

0
a

shifts are concerned, a change in temperature
would be expected to alter the ionization state of
titratable groups on proteins, with effects being great-
est for groups with pK

0
a values similar to the prevailing

pH. For instance, a rise in temperature would lower
the pK

0
a of an amino group of a protein, thereby reduc-

ing the fraction of molecules with a positive charge at
that position. Conversely, the fraction of molecules
with a negatively charged carboxyl group would rise.
Such alterations in ionization could lead to conforma-
tional changes that could have major effects on protein
function.

As far as direct effects of temperature changes on
reaction rates are concerned, enzymatic reaction rates
as well as passive and active fluxes of ions all are
expected to fall with decreasing temperature, although
to varying degrees. In mouse soleus muscle, reducing
the temperature from 37�C to 28�C causes the acid-
extrusion rate to fall by 65%.171 Similarly, in cultured
astrocytes from rat hippocampus, reducing the temper-
ature from 37�C to room temperature causes the
acid-extrusion rate elicited by exposing the cells to
CO2/HCO2

3 to fall by B40% (unpublished data). In a
study on cultured fetal rat hippocampal neurons,

Baxter and Church388 have presented evidence that the
Na1-driven Cl2aHCO2

3 exchanger contributes to the
maintenance of steady-state pHi at 18

�C�22�C, but not
at 37�C. In these neurons, increasing temperature may
activate the Na1aH1 exchanger more than the Na1-
driven Cl2aHCO2

3 exchanger. In addition to cellular
changes brought about by temperature shifts, whole-
body physiological changes (e.g., hormone levels, PCO2

,
plasma [HCO2

3 ]) may also influence pHi.

Metabolic Inhibitors and Anoxia/Hypoxia

Metabolic inhibitors, anoxia/hypoxia and ischemia
generally produce slow decreases in pHi. Metabolic
inhibitors have been examined most closely in isolated
nerve and muscle preparations using pH-sensitive
microelectrodes. Both azide and 2,4-dinitrophenol
(DNP) produce two-stage decreases in pHi:

35,170 an
abrupt fall followed by a slower one. The abrupt pHi

decrease is probably due to the influx and dissociation
of the protonated weak-acid form of the inhibitor,
whereas the slower pHi decrease may be caused by a
net increase in the production of acidic metabolites,
confounded perhaps by a decrease in the rate of acid
extrusion. Squid axons that are exposed to hydrocyanic
acid (HCN$H1 1CN2; pK

0
a 5B10) display only a

slow decrease in pHi,
170 the origin of which is likely

the same as those of the slow phase of the azide and
DNP-induced acidifications. The failure of HCN to
produce a rapid pHi decrease in squid axons is due to
its high pK

0
a; at physiological pHi, only a small fraction

of incoming HCN dissociates into CN2 and H1.
Ischemia and anoxia/hypoxia can also elicit

decreases in pHi due to the lactic acid production that
results from increased glycolysis in the absence of oxi-
dative phosphorylation (see refs. 489,490). For example,
using 31P-NMR to measure the pHi of beating rat
hearts, Gadian et al.128 observed that ischemia pro-
duced a gradual fall in pHi from 7.05 to 6.2 in 13 min.
However, in hearts previously depleted of glycogen,
the pHi fall triggered by a subsequent episode of ische-
mia is reduced by B50%.491 Similarly, preincubating
the hearts in 2-deoxyglucose, which inhibits phosphor-
ylase b and thus glycogen breakdown, reduces the
ischemia-induced pHi decrease by B25%. Although
anoxia/hypoxia might be expected to decrease pHi by
interfering with active-transport processes that extrude
acid, the effects of anoxia/hypoxia appear to be more
complex and are likely to depend on several factors
including the cell type, the experimental preparation
(e.g., cells in situ vs. cells in culture), duration of
anoxia/hypoxia, and the presence vs. the absence of
CO2/HCO2

3 , as well as other parameters that influence
the relative activity of various acid�base transporters.
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For example, in the isolated turtle heart, anoxia inhibits
a DIDS-sensitive, Na1- and HCO2

3 -dependent mecha-
nism by B50%.492 In contrast, acute anoxia appears to
stimulate a stilbene-sensitive, electrogenic Na1-cou-
pled HCO2

3 transporter in rat hippocampal neurons.493

Anoxia/ischemia or subsequent reoxygenation has also
been shown to stimulate Na1aH1 exchange activity in
mammalian neurons and astrocytes,493�498 and such
stimulation can involve kinases such as ERK1/2 and
protein kinases A and C.497,499,500

Hypoxia-induced changes in acid�base transporter
expression are also complex. For example, exposing
mice to chronic hypoxia (11% O2) for two or four
weeks decreases the expression of NBCn1 and NBCn2
in cerebral cortex, subcortex, cerebellum, and hippo-
campus in both neonatal and adult mice.501 Similar
hypoxic results were obtained for NDCBE expression
in adult mice, although neonatal animals displayed
delayed or absent responses in some of these brain
regions.502 Specific acid�base transporters appear to
play important roles in regulating pHi, ion homeosta-
sis, and perhaps signaling pathways associated with
hypoxia-induced cell death.503 For example, exposing
cultured neurons or hippocampal slices to 1% hypoxia
for five to seven days causes neuronal damage that is
inhibited by the bicarbonate-transport inhibitor DIDS,
but exacerbated by NHE inhibitors.504

Effects of Cell Shrinkage on pHi

Effect of Hypertonic Solutions on Na1aH1

and Cl2aHCO3
2 Exchange

In several cell types, including erythrocytes,505�511

lymphocytes,374 mesangial cells,322 glioma cells,399,512

and barnacle muscle,513,514 shrinking a cell in a hyper-
tonic medium stimulates the exchange of external Na1

for internal H1. In at least Amphiuma red blood cells
(RBCs), shrinkage in hypertonic solutions also stimu-
lates the exchange of external Cl2 for internal HCO2

3 .
Because the H1 extruded from the cells is derived
almost exclusively from buffers, and because the HCO2

3

is derived from the freely diffusible CO2 and H2O, these
movements of H1 and HCO2

3 are “osmotically silent.”
Thus, the net effect of Na1aH1 and Cl2aHCO2

3

exchange is an uptake of NaCl—along with osmotically
obligated H2O—and a recovery of cell volume termed a
volume-regulatory increase (VRI). As discussed below,
shrinkage appears to activate the Na1aH1 exchanger
directly. However, the stimulation of the Cl2aHCO2

3

exchanger appears to be indirect, reflecting by the rise
in pHi caused by the activated Na1aH1 exchanger.515

Interestingly, in lymphocytes, the shrinkage-induced
activation of the Na1aH1 exchanger is observed only
after volume-regulatory decrease that follows a

previous cell swelling.374 Regulation of cell volume per
se is discussed in Chapter 5. For other reviews of cell-
volume regulation, see refs.370,371,516�522.

Mechanism by which Shrinkage/Hypertonicity
Affects Na1aH1 Exchange

Just how cells sense shrinkage is unknown.
However, we are beginning to understand more
about the signal-transduction processes involved in
the acute and chronic responses to shrinkage.
Hypertonicity can trigger the rapid dephosphorylation
of phosphatidylinositol-5-kinase type I β (PIP5KIβ)
that activates the enzyme and increases the rate of PIP2

synthesis.523 On a longer time scale, kinases in the
Ste20 family, with the subsequent activation of the
MAPK pathway, are critical for the chronic response to
hypertonic shock in yeast (for reviews, see refs. 524,525)
and mammalian cells (for a review, see ref. 526).

How does acute cell shrinkage affect one of the key
endpoints of the signal-transduction cascade, namely,
the Na1�H1 exchanger? Most investigators have not
observed a hyperosmotic-induced phosphorylation of
NHE1,527 although Rigor et al.528 have recently
reported that the shrinkage of red blood cells from
Amphiuma tridactylum does activate NHE1 through
direct phosphorylation of the C terminus. There is
more evidence that the phosphorylation of other pro-
teins is likely to be involved. For example, in work on
primary rat astrocytes529 and confluent C6 glioma
cells,512 Shrode et al. have discovered that shrinkage
appears to stimulate Na1aH1 exchange through phos-
phorylation of myosin light chain. Kinases such as
tyrosine kinases, MAPKs, and Janus kinase 2 (Jak2)
also appear to be involved;530�533 for a review, see
ref. 519. For example, the general tyrosine kinase inhibi-
tor genistein inhibits both tyrosine kinase-mediated
protein phosphorylation and hypertonic-induced stim-
ulation of NHE1 in polymorphonuclear leukocytes.533

According to results from an intriguing structure-
function study involving chimeras of NHE1 (stimu-
lated by shrinkage) and NHE2 (not stimulated by
shrinkage), the extracellular loop between TM domains
1 and 2 of NHE2 is sufficient to inhibit shrinkage-
induced activation of the exchanger.534

How does acute shrinkage mechanistically alter the
Na1�H1 exchanger? Shrinkage is thought to increase
the transporter’s affinity for intracellular H1.535

However, Dunham and colleagues536,537 have reported
that cell shrinkage stimulates Na1aH1 exchange activ-
ity in dog RBCs by reducing the transporter’s affinity
for external Na1 at an extracellular inhibitory site.

Other insights into the events linking shrinkage to
the acute stimulation of Na1aH1 exchange come from
work on dog RBCs, lymphocytes, and/or giant-
barnacle muscle fibers. First, although Na1aH1
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exchange appears inactive in these cells under physio-
logical conditions, it can be stimulated by either a
decrease in pHi,

374,538 a decrease in cell volume,374,508,514

or an increase in [Li1]i.
538,539 Second, the shrinkage-

induced activation of Na1aH1 exchange requires
Cl2,540,508 specifically intracellular Cl2.514,541 In rat
mesangial cells as well, the shrinkage-induced increase
in pHi is inhibited by preincubating the cells in a Cl2-
free solution for a minimum of B15 min (and presum-
ably decreasing [Cl2]i considerably). Third, in barnacle
muscle fibers, the shrinkage-induced activation of
Na1aH1 exchange is inhibited by GDPβS,513 suggest-
ing involvement of a G protein in the signal transduc-
tion system. Consistent with this last observation,
Na1aH1 exchange is stimulated by either GTPγS, AlF3,
or cholera toxin (CTX).541 However, the CTX effect is
not via a classic Gs pathway, inasmuch as neither cAMP
nor cAMP analogs stimulate Na1aH1 exchange.
It should be emphasized that the data do not prove that
CTX stimulates the Na1aH1 exchanger by the same
signal transduction pathway as does shrinkage. Finally,
in barnacle muscle fibers, the Cl2 requirement in the
shrinkage-induced activation of the exchanger is at or
before activation of the heterotrimeric G protein.541

K1aH1 Exchange

Cala has observed that an exchange of internal K1

for external H1 contributes to the volume-regulatory
decrease (VRD) that occurs after swelling Amphiuma
RBCs.506 This exchange is inhibited in the nominal
absence of Ca21, and is stimulated by applying the
Ca21 ionophore A23187, suggesting that increases in
[Ca21]i may activate K1aH1 exchange. Two observa-
tions are of special interest. First, increased [Ca21]i
failed to stimulate K1aH1 exchange when Na1aH1

exchange was stimulated by shrinkage. Second, if the
cells were shrunken (so that Na1aH1 exchange should
have been stimulated) and then pretreated with amilor-
ide (to block Na1�H1 exchange), then swelling failed
to activate K1aH1 exchange. However, amiloride did
not inhibit swelling-activated K1aH1 exchange when
the drug was applied for the first time to swollen cells.
These data led Cala to suggest that Na1aH1 and
K1aH1 exchange may be mediated by the same
entity.542 K1aH1 exchange can also be activated by
millimolar concentrations of N-ethylmaleimide
(NEM).543

Hormones, Chronic Stress, Growth Factors
and Oncogenes

Hormones

A number of hormones modulate transepithelial
acid�base transport in various nephron segments (for

examples, see refs. 544�547). In addition, hormones mod-
ulate specific acid�base transporters in a variety of
cells, including those from the kidney. The Na1aH1

exchanger is the transporter that has most often been
the subject of these hormone studies—probably reflect-
ing the transporter’s popularity rather than its unique
sensitivity to hormonal control. Below, we will review
some of the hormones that can alter the activity of acid-
�base transporters, particularly those in the kidney.

GLUCOCORTICOIDS

Elevations in plasma levels of glucocorticoids in
response to metabolic acidosis increases acid excretion
in the kidney by stimulating Na1aH1 exchange,
thereby increasing H1 secretion and HCO2

3 reabsorp-
tion. In studies on brush-border membrane vesicles,
Na1aH1 exchange rates are higher in vesicles
obtained from adrenalectomized (adx) animals treated
with the glucocorticoid dexamethazone than in adx
animals treated with the mineralocorticoid aldosterone,
or in adx animals receiving no supplementa-
tion.548,549,550 In proximal-tubule cells isolated from the
kidney, Bidet et al.551 have shown that even a 1-hr
treatment with dexamethazone can enhance Na1aH1

exchange. The dexamethazone increases the Vmax of the
transporter, and stimulates new protein synthesis.
Glucocorticoids exert their effect predominantly on the
Na1aH1 exchange isoform NHE3. For example, in
ileal brush-border membranes from animals injected
with methylprednisolone, the glucocorticoid stimulates
both the activity and mRNA levels of NHE3, but not of
NHE2 or NHE1.552 In opossum kidney (OKP) cells,
glucocorticoids increases both Na1�H1 exchange
activity553 and NHE3 mRNA levels.554 Hydrocortisone
raises both the activity and protein level of NHE-3 in
OKP cells subjected to acidosis.555 Data are consistent
with a non-genomic component to glucocorticoid-
induced activation of NHE3 that involves both the
stimulation of protein kinase SGK1 and the presence
of the Na1aH1 exchanger regulatory factor
NHERF2.556,557 Glucocorticoids can also enhance the
stimulatory effect of insulin on NHE3 activity and
expression in OKP cells.558,559

Glucocorticoids appear to stimulate Na1/HCO2
3

cotransport as well. For example, removing hydrocorti-
sone from the medium of cultured proximal tubule
cells causes a decrease in Na1/HCO2

3 activity, whereas
returning the hydrocortisone or adding dexamethasone
increases the activity of the transporter.560 In addition,
both NBCe1 activity and mRNA levels are increased
80�90% in proximal tubules from rats four days after
subcutaneous injection with glucocorticoids.561

Aldosterone can have both non-genomic (short
term) and genomic effects (long term) on Na1aH1

exchange. For example, in both renal and non-renal

1812 52. CONTROL OF INTRACELLULAR pH

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



cells, applying aldosterone elicits a stimulation of the
Na1aH1 exchanger after a maximum delay of
20 min562�565 (see ref. 566), probably due to an alkali
shift in the set point of the transporter.567 However, a
30-min exposure of aldosterone to the frog early distal
tubule also stimulates Na1aH1 exchange activity, but
due to increased expression of the transporter. In this
frog-tubule preparation, the stimulation can be inhib-
ited by transcription or translation inhibitors.568 In a
nongenomic fashion, aldosterone also stimulates NHE3
activity in the medullary thick ascending limb of the
kidney569,570 through an ERK-dependent pathway.571

In immortalized proximal-tubule epithelial cells from
the spontaneously hypertensive rat (SHR), aldosterone
also stimulates NHE activity through a process requir-
ing H2O2 production.572 As presented in greater detail
in Chapter 35, aldosterone also stimulates the V-type
H1 pump in the distal tubule.

CATECHOLAMINES

The catecholamines norepinephrine and dopamine
both influence acid�base transporter activity in the
kidney. Norepinephrine has been proposed to stimu-
late Na1aH1 exchanger activity in the proximal
tubule,573,574 probably through activation of α1A- and/or
α1B-adrenergic receptors.

575 However, in working on the
Ambystoma proximal tubule, Abdulnour-Nakhoul
et al.576 found that norepinephrine has no effect on
Na1aH1 exchanger activity, but rather, elicits an
increase in pHi by inhibiting NBC-mediated HCO2

3

efflux. Norepinephrine also increases Cl2aHCO2
3

exchange activity to a greater extent in immortalized
proximal-tubule epithelial cells from SHR than normo-
tensive rats, perhaps due to elevated H2O2 produc-
tion.577 Catecholamines also can influence expression
of acid�base transporters. For example, a 15-day
whole-animal infusion of norepinephrine increases the
expression of both NHE3 and NBCe1 in rat kidney
cortex.578

Regarding dopamine, it is well established that
this catecholamine inhibits Na1aH1 exchanger activity
in the brush-border membrane of the proximal
tubule.579�584 Such inhibition is mediated through
both cAMP/PKA-dependent and -independent
events,579,580,584 and can involve endocytotic removal of
NHE3 transporters from the apical membrane.585

Working on isolated proximal tubules from rabbit,
Kunimi et al.586 have demonstrated that dopamine also
inhibits Na1/HCO2

3 cotransporter activity, although
such inhibition was not observed in tubules from
hypertensive rats. Dopamine has also been shown to
inhibit Cl2aHCO2

3 exchanger activity in immortalized
proximal-tubule cells from normotensive, but not
hypertensive rats.587

Other agents that can influence acid�base activity
in the kidney include adenosine, which stimulates
Na1/HCO2

3 cotransporter activity in the proximal
tubule,588 as well as cholinergic agonists that stimu-
late the cotransporter in proximal-tubule cells.589,590

THYROID HORMONES

The effect of thyroid hormone levels on Na1aH1

exchange activity has been examined in brush-border
vesicles obtained from the renal cortex of hypo-, eu-,
and hyperthyroid rats.550,591�593 Compared to vesicles
derived from euthyroid animals, those derived from
hypothyroid animals had only half the normal
Na1aH1 exchange activity, whereas those derived
from hyperthyroid animals had twice the normal
exchanger activity. In both cases, the altered Na1aH1

exchange activity is due to an increase in the Vmax of
the transporter, rather than a decrease in the apparent
Km for Na1. The effect of thyroid hormones triiodo-L-
thyronine (T3) and L-thyroxine (T4) on Na1aH1

exchange has also been examined in cultured cells. In
opossum kidney cells, both T3 and T4 stimulate
amiloride-sensitive 22Na1 uptake,594 probably by
increase the transcription of NHE3.595

Thyroid hormone levels also can influence the
expression of acid�base transporters. For example,
inducing mild hypothyroidism in rats reduces expres-
sion of NHE3 and NBCe1 in proximal-tubule brush-
border membranes (BBM), but increases expression of
AE1 in the distal nephron.596 Following metabolic aci-
dosis, expression of both NBCe1 in the proximal-tubule
BBM and AE1 in the distal nephron are elevated in the
hypothyroid vs. control animals. Thyroid hormone also
appears to contribute to the developmental switch in
expression of NHE8 to NHE3 in the proximal
tubule.597

PARATHYROID HORMONE, ANGIOTENSIN II,

AND CYCLIC AMP

In the renal proximal tubule, HCO2
3 reabsorption is

inhibited by PTH,545,598,599 which increases intracellular
levels of cAMP. At the level of brush-border membrane
vesicles, PTH and cAMP analogs both reduce
Na1aH1 exchange activity,600 whereas parathyroidec-
tomy of the donor animal increases Na1aH1 exchange
activity.601 At the cellular level, PTH and cAMP
both inhibit Na1aH1 exchange in renal epithelial cell
lines602,603 and in rat medullary thick ascending limb
(MTAL) tubule suspensions.604 Based on work by
Weinman and colleagues (see ref. 605), the inhibitory
effect of cAMP in the proximal tubule requires the
presence of the Na1aH1 exchange regulatory factory
NHERF-1, which is a PDZ adaptor protein that can
bind to the carboxy terminus of NHE3.606,607 The out-
come of PTH stimulation is probably a shift in the pHi
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sensitivity of Na1aH1 exchange,608 likely associated
with PTH-induced phosphorylation of NHE3.609,610

PTH can also have a delayed secondary effect of stimu-
lating internalization of NHE3 from apical mem-
branes.609,610,611 Long-term PTH exposure also reduces
NHE3 expression in OKP cells through a PKA-
dependent reduction in NHE3 promoter activity.612

PTH and cAMP can also inhibit HCO2
3 transporters.

Treatments that raise [cAMP]i inhibit apical
Cl2aHCO2

3 exchange in the Necturus gallbladder epi-
thelium,613 as well as in renal epithelial cells.614

Similarly PTH appears to inhibit Na1/HCO2
3 cotrans-

port activity in rabbit renal basolateral membranes via
G proteins and a calmodulin-dependent protein
kinase.615 Increases in cAMP and activated Ca21-
dependent protein kinases also inhibit Na1/HCO2

3

cotransport in these basolateral membranes.616 As
described above for cAMP-mediated inhibition of
NHE3, NHERF-1 is also involved in cAMP-mediated
inhibiton of NBCe1, although there is no direct associa-
tion between the two proteins.617,618

Low doses of Ang II (e.g., 10�11 M in an isolated rab-
bit proximal tubule, or 10�9 M in an anesthetized rat)
stimulate Na1aH1 exchange and/or Na1/HCO2

3

cotransport in the proximal tubule,546,619�627 distal
tubule,628�630 and cortical collecting duct.631 On the
other hand, higher doses of Ang II (e.g., 10�9 M or
10�6 M in the above preparations) inhibit these trans-
porters.619,624,627,632,633 Long-term effects of Ang II
include regulation of NBCe1 expression in the proxi-
mal tubule. For example, expression levels of NBCe1—
but not NHE3—in the kidney increase when rats are
infused with Ang II, but decrease when infused with
the AT1-receptor blocker candesartan.634 Regarding the
signal-transduction pathway, in renal cortical basolat-
eral membrane vesicles635 and OKP cells,636 Ang II
stimulation of the exchanger involves G-protein activa-
tion. Ang II stimulation of Na1/HCO2

3 cotransporter
activity in OKP cells involves activation of Src family
tyrosine kinases (SFKs) and the classic MAPK
pathway.637

In isolated perfused superficial S1 segments of the
rabbit proximal tubule, Ang II stimulates both
Na1aH1 exchange and Na1/HCO2

3 cotransport,621 as
judged from rates of pHi change measured at relatively
low pHi values. Interestingly, Ang II has very little
effect on steady-state pHi. Thus, if Ang II indeed stimu-
lates both transporters in the physiological pHi range,
then the combined increase in activities of the acid
extruder and acid loader serves to increase transepithe-
lial HCO2

3 reabsorption without altering pHi. Ang II
can also stimulate the Na1aH1 exchangers on the api-
cal638 and basolateral632 sides of macula densa cells.
Recently, Queiroz-Leite et al. have reported that chronic
exposure of OKP cells to low levels of Ang II increases

NHE mRNA and protein levels through transcriptional
activation involving the Sp1/Egr-1 binding site and
P450, PI3K, PKA, and MAPK signaling pathways.639

Ang II can be internalized by AT1 recep-
tor�mediated endocytosis through a microtubule-
dependent pathway, and subsequently increase NHE3
mRNA levels through direct stimulation of MAP
kinases ERK1/2 and increased transcription.640�642

Ang II can also stimulate other acid�base transpor-
ters. For example, in cat papillary muscles of the ven-
tricular myocardium, Ang II stimulates Cl2aHCO2

3

exchange via activation of a PKC-dependent path-
way.643 However, in cat ventricular myocytes, Ang II
stimulates total NBC activity through reactive oxygen
species (ROS)-stimulation of ERK,644 but inhibits elec-
trogenic NBC through p38 kinase.645 In the kidney,
Ang II has been shown to stimulate the H1 pump in
isolated proximal-tubule cells by colchicine-sensitive
apical membrane insertion.342

Chronic Stresses

CHRONIC METABOLIC ACIDOSIS AND ALKALOSIS

Chronic metabolic acidosis typically increases
Na1aH1 exchange activity in the kidney, whereas
chronic metabolic alkalosis has the opposite effect. For
example, brush-border membrane vesicles derived
from animals with chronic metabolic acidosis have
increased Na1aH1 exchange activity,601 due to an
increase in the apparent Vmax, rather than to a decrease
in the Km for Na1.646,550 Increases in the activity of
Na1aH1 exchange have been observed in other pre-
parations, such as membrane vesicles of rabbit kidney
proximal tubules previously incubated in a low-pH
solution,647 and cells from the medullary thick ascend-
ing limb (mTAL) of rats subjected to metabolic acido-
sis.648 In the mTAL, such activation is paralleled by
increases in NHE3 mRNA and protein levels,648 but
not NHE1 mRNA levels.649 Working with cultured
proximal-tubule cells, Alpern et al.650 found that
chronic metabolic and respiratory acidosis increases
Na1aH1 exchange activity via new protein synthesis.
This effect, as well as increased expression of NHE3
mRNA, is blocked by overexpressing Csk,651 a natural
inhibitor of Src kinases. Recall that in acute experi-
ments (see above) on isolated perfused proximal
tubules, CO2 appears to signal through a receptor tyro-
sine kinase, not Src.

Chronic metabolic acidosis/alkalosis can also elicit
changes in the activity of other acid�base transporters.
For example, the increase in apical Na1aH1 exchange
activity with metabolic acidosis is paralleled by
an increase in basolateral Na1/HCO2

3 cotransporter
activity.29,647,652 Kwon et al.653 used semiquan-
titative immunoblotting and immunohistochemistry to
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examine the effect of chronic metabolic acidosis on the
expression of three Na1-coupled HCO2

3 transporters in
rat kidney. The acidosis increased NBCn1 abundance
in the medullary thick ascending limb and another
NBCn1 variant in intercalated cells, but had no effect
on NBCe1 abundance in the proximal tubule.

Metabolic acidosis also causes an increase in the
activity of apical H1 pumps in the kidney,654,655,656 pre-
sumably contributing to the increase in HCO2

3 reab-
sorption. In fact, chronic acidosis stimulates the
redistribution of H1 pumps to the apical surface of
collecting-duct intercalated cells, whereas chronic alka-
losis stimulates the redistribution to the basolateral sur-
face.657 In vitro chronic acidosis also increases the
expression of the H1aK1 pump in HEK-293 cells.658

Finally, Sabolic et al.657 observed that expression levels
of Cl2aHCO2

3 exchange increase in the cortical collect-
ing duct (CCD) of rats subjected to chronic metabolic
acidosis (consistent with increased HCO2

3 reabsorption
by α intercalated cells), but decrease in animals sub-
jected to chronic metabolic alkalosis. Consistent with
this observation is work by the Schwartz group on the
rabbit CCD. They found that chronic metabolic acidosis
decreases apical Cl2�base exchange (and pendrin
mRNA and protein expression) of the β-intercalated
cells, but increases basolateral Cl2�base exchange (and
AE1 expression) of the α-intercalated cells.659,655 Such
expression changes are rapidly reversed with alkali
loading for only 6�20 h.659 In ref.660, Schwartz and
Alexander review the adaptive changes to the pH
physiology of CCD intercalated cells subjected to
acid�base disturbances.

CHRONIC HYPERCAPNIA

Na1aH1 exchange activity is increased in renal
brush-border vesicles derived from animals that were
chronically hypercapnic.661 Chronic respiratory acido-
sis also increases levels of band 3 mRNA in the kid-
ney.662 Working on either opossum kidney cells or
cultures of proximal-tubule cells, Arruda and collea-
gues have found that 10% CO2 (i.e., respiratory acido-
sis) has a biphasic stimulatory effect on NBCe1 activity
that initially (within 5 min) involves activation of Src
family kinases and phosphatidylinositol 3-kinase and
increased membrane insertion of NBCe1.663�666 Later
(24 h), these authors observe increases in mRNA and
protein levels. Chronic hypercapnia can also alter the
expression of acid�base transporters with dependence
on tissue and stage of development. For example,
exposing mice to 8 or 12% CO2 for two weeks increases
the expression of: (1) NHE1 and NBCn1 in the brain,
heart, and kidney, and (2) NBCe1 in the heart and kid-
ney of neonatal vs. adult mice.667 Exposing rats to an
atmosphere of 8% CO21 13% O2 for 10 days increases
the expression of NBCe1 in the proximal tubule, but

decreases the expression of pendrin in connecting
tubules and cortical collecting ducts.668

RENAL HYPERTROPHY, HIGH PROTEIN DIET AND

CHRONIC K1 DEPLETION

Renal hypertrophy can increase the activity of several
acid�base transporters (for review, see ref. 669). Brush-
border membrane vesicles derived from the remnant
kidney following a uninephrectomy exhibit increased
Na1aH1 exchange activity.326,670 Interestingly, the
denervation associated with the uninephrectomy may
be the predominant stimulus. Indeed, the hypertrophy-
induced activation of Na1aH1 exchange elicited by the
uninephrectomy can be mimicked by contralateral
denervation.671 Nevertheless, hypertrophy of renal
proximal-tubule cells in vitro does lead to an increase
of Na1aH1 exchange activity.672 In microperfusion
studies of rat proximal tubule, Preisig and Alpern673

demonstrated that the hyperfiltration preceding
a decrease in renal mass increases the activities of both
Na1aH1 exchange and Na1/HCO2

3 cotransport.
Rats fed a 40% protein diet, rather than a 6% protein

diet, also yield cortical brush-border membrane vesi-
cles with enhanced Na1aH1 exchange activity, and
these effects of uninephrectomy and high-protein diet
are additive.326,670 A high-protein diet in rats promotes
distal HCO2

3 reabsorption through endothelin-
stimulated activities of the Na1aH1 exchanger and
H1 pump.674 In the case of the H1 pump, endothelin
acts through an increase in aldosterone levels.675

Finally, K1 depletion also can increase the expres-
sion and function of renal acid�base transporters,
enhancing overall HCO2

3 reabsorption. For example,
vesicles derived from K1-depleted rats exhibit
enhanced Na1aH1 exchange and Na1/HCO2

3 cotrans-
port activity due to increases in apparent Vmax values,
with no changes in the apparent Km values for Na1.676

K1 depletion appears to increase NBCe1 mRNA
expression and activity in the proximal tubule, and
induce them in the mTAL and inner medullary collect-
ing duct.677 K1 depletion also increases expression and
activity of K1aH1 pumps346,349 and H1 pumps in the
distal nephron.678 In the case of the H1 pumps, Barone
et al.679 present evidence that K1 depletion increases
expression of the H1 pump on the apical membrane of
α-intercalated cells in the collecting ducts and, in these
same cells, upregulates SLC26A7 and AE1 on the baso-
lateral membranes.

Growth Factors

CLASSICAL MODEL OF GROWTH-FACTOR EFFECTS

ON pHi

A potential role for pHi in mitogenesis is suggested
by the observation that growth-factor-induced
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proliferation of both fibroblasts680 and mesangial cells27

is blocked at relatively low pHi values, and rises
sharply as pHi enters the physiological range. Indeed,
there are numerous examples in which adding a
mitogen to quiescent cells, in the nominal absence of
CO2/HCO2

3 , causes a sustained increase in
pHi.

24,378,395,681�686 Because the mitogen-induced pHi

increase is prevented either by removing Na1681,395 or
by pretreating with amiloride or an amiloride ana-
log,394,395,681 many investigators had deduced that the
increase in pHi is due to stimulation of Na1aH1

exchange (for more examples, see ref. 351). Furthermore,
in fibroblast mutants lacking Na1aH1 exchange, mito-
gens fail to elicit proliferation, or to alkalinize the
cells.404,680 Wang et al.687 have reported that a P19
embryonal carcinoma cell line lacking Na1aH1

exchange has a reduced ability to grow and differenti-
ate. The ability to differentiate can be resurrected by
reintroducing the exchanger into the cells. These data
led to an attractive hypothesis: (1) In quiescent cells,
pHi is too low to sustain proliferation. (2) Mitogens, it
addition to affecting other cellular functions, stimulate
Na1aH1 exchange. (3) This stimulation of Na1aH1

exchange elevates pHi to a range that is permissive for
proliferation. Thus, according to this model, pHi would
play a central role in proliferation.

EFFECT OF MITOGENS ON pHi IN THE PRESENCE

OF CO2/HCO2
3

One of the first hints that the mitogen-pHi model
described above might be incomplete was the obser-
vation that A431 cells incubated in the presence of
CO2/HCO2

3 do not alkalinize in response to FCS plus
EGF.20 Mesangial cells,24 fibroblasts,18 and NIH 3T3
cells685 also fail to alkalinize. In fact, in mesangial cells,
all 13 mitogens or other agents that increased steady-
state pHi in the nominal absence of CO2/HCO2

3 caused
pHi to decrease in the presence of this physiological
buffer.27 In all four of the aforementioned cell types,
the steady-state pHi in the presence of CO2/HCO2

3 is
substantially higher than observed in the absence of
CO2/HCO2

3 , with or without mitogen. Thus, it seems
that, at least for some cells, the pHi prevailing in the
presence of CO2/HCO2

3 is high enough to put pHi in a
range permissive for proliferation, and that pHi

remains in this permissive range even after a mitogen-
induced acidification. Although the pHi increase eli-
cited by mitogens in the absence of CO2/HCO2

3 is real,
it appears that a change in pHi is not an intrinsic part
of the mitogenic response.

TRANSPORTERS AFFECTED BY MITOGENS IN THE

PRESENCE OF CO2/HCO2
3

The effect of growth factors on the activity of
acid�base transporters of cells incubated in the

presence of CO2/HCO2
3 has been examined in some

preparations. In renal mesangial cells, application of
arginine vasopressin (AVP)688,25 or epidermal growth
factor (EGF)688 “activates” all three of the following
acid�base transporters known to be present: the
Na1aH1 exchanger, the Na1-driven Cl2aHCO2

3

exchanger, and the Cl2aHCO2
3 exchanger. The two

acid-extrusion mechanisms, assayed at the single pHi

of 6.6, were stimulated by B100%. The acid loader,
assayed at the single pHi of 7.7, was stimulated to
an even greater extent, B140%. AVP also stimulates
both Na1aH1 and Cl2aHCO2

3 exchange in the A10
vascular-smooth-muscle cell line.689 It should be
emphasized that none of the data discussed thus far
address the issue of whether in fact the growth fac-
tors stimulated the transporters in the physiological
pHi range (i.e., approximately 7.1�7.3 for these
cells).

Growth factors can also have time-dependent effects
on pHi and acid�base transporters. For example, in
working on mesangial cells, Ganz et al.688 observed
that both AVP and EGF, which are thought to act
through different signal transduction pathways, have
similar effects on the time courses of the three afore-
mentioned transporters. Both growth factors elicit an
immediate (i.e., within ten min) increase in the activi-
ties of all three transporters (assayed at the single pHi

values indicated above). The immediate response is fol-
lowed within an hour by a fall in the activities of all
three transporters, even though the activities remain
substantially above control levels. Finally, there is a
transient dip in the activities of all three transporters at
times corresponding to the period of the maximal rate
of increase in cell number (B35�B45 h for AVP and
B12�B20 h for EGF). Growth factors can have “early”
and “late” effects on Na1aH1 exchange in vascular
smooth muscle cells (for review, see ref. 690). The “late”
effect can include increased expression of the
exchanger.

EFFECT OF GROWTH FACTORS ON THE pHi

DEPENDENCE OF THE Na1aH1 EXCHANGER

In the past, many investigators believed that the pHi

dependence of the Na1aH1 exchanger is linear, and
that the exchanger is inactive at the physiological (i.e.,
“threshold”) pHi. Investigators also believed that the
mitogen-induced increase in pHi that is observed in the
absence of CO2/HCO2

3 exclusively reflects stimulation
of Na1aH1 exchange in the physiological pHi range.
According to this view, mitogens cause an alkaline
shift and/or an increase in the steepness of the
Na1aH1 exchange activity vs. pHi relationship, with-
out having other effects on acid extrusion and/or acid
loading. Indeed, careful analyses of the pHi depen-
dence of Na1aH1 exchanger activity in intact
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hepatocytes indicates that Na1aH1 exchange activity
can vary linearly with pHi,

392,393 and that a mitogen
can shift this line in the alkaline direction.393 However,
as discussed above (pHi dependence of Na1aH1

exchange), it is now clear that the approach often used
to reach similar conclusions in other cells (i.e., compari-
son of pHi recovery rates with and without amiloride
at a single low pHi) is seriously flawed.

Applying the approach used to generate the pHi

dependence of Na1aH1 exchange activity in
Figure 52.11A or Figure 52.11B leads to the conclusion
that AVP has a complex pHi- and time-dependent
effect on Na1aH1 exchange in mesangial cells. At
short times (B8 min) after applying AVP, the pHi

dependence of Na1aH1 exchange activity (similar to
that shown in Figure 52.14A) becomes linear in such a
way that the transporter is unaffected at pHi values
below 6.7, but inhibited at higher pHi values. At longer
times (B14 min), the new linearized plot is shifted to
more alkaline values. In the new “stimulated” steady
state, the Na1aH1 exchanger is more active at pHi

values below B6.9, but less active at higher pHi values.
How can AVP therefore raise pHi in the absence of
CO2/HCO2

3 , if the Na1aH1 exchanger is inhibited in
the physiological pHi range? The answer seems to be
that AVP has an even greater inhibitory effect on back-
ground acid-loading processes. Thus, AVP causes pHi

to rise in mesangial cells in the absence of CO2/HCO2
3

not because the growth factor stimulates Na1aH1

exchange, but because it inhibits Na1aH1 exchange to
a lesser extent than it inhibits background acid loading.

Oncogenes

Hagag et al.691 found that microinjecting the v-H-ras
p21 gene product into mouse NIH 3T3 cells causes a
rapid and sustained pHi increase that is inhibited by
amiloride or low [Na1]o. Thus, a functional Na1aH1

exchanger is required for the ras-induced pHi increase,
though these data do not prove that ras actually stimu-
lates the exchanger. Doppler et al.49 took a different
approach, transfecting NIH 3T3 cells with the v-mos or
Ha-ras oncogene under the control of the MMTV-LTR
promoter. They found that expression of either onco-
gene, upon addition of a glucocorticoid, elicited an
increase in pHi as well as progression into the S phase
of the cell cycle. Expression of the proto-oncogene of
Ha-ras (i.e., the normal cell product) had no effect on
pHi and was only weakly mitogenic. The pHi increase
associated with expression of the Ha-ras oncogene was
blocked by dimethylamiloride,692 demonstrating a
requirement for a functional Na1aH1 exchanger.
In NIH 3T3 cells transformed with the c-H-ras onco-
gene, Kaplan and Boron323 found that a higher steady-
state pHi—compared to that of the non-transformed
cells—was due to an alkali shift of B0.7 pH unit in the

pHi dependencies of both the Na1aH1 exchanger and
a Na1-coupled HCO2

3 transporter.
It is now well established that cancer cells often exist

in an acidic environment and that acid extruders help
maintain the pHi of many cancer cells at a relatively
alkaline level (for reviews, see refs. 693�695). Moreover,
many cancers exhibit an upregulation of Na1-coupled
HCO2

3 transporters.696�699 Curiously, cancer cells seem
to go out of their way to create the acidic environment
in which they exist—a strategy that appears to confer a
selective advantage. A key element in creating a low
pHo in solid tumors is the overexpression of hypoxia-
inducible extracellular carbonic anhydrases, particu-
larly CAIX and CAXII700�706 (for review, see ref.707). It
appears that these enzymes convert the copious
amounts of CO2 exiting from the cells into HCO2

3 and
H1, thereby lowering pHo but helping the cells main-
tain a relatively high pHi.

708�710 Not surprisingly,
CAIX has become a therapeutic target.711,712
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2004;447:610�8.

[304] Ganapathy V, Brandsch M, Leibach FH. Intestinal transport of
amino acids and peptides. In: Johnson LR, editor. Physiology
of the Gastrointestinal Tract. New York: Raven Press; 1994. p.
1773�94.

[305] Shen H, Smith DE, Yang T, Huang YG, Schnermann JB,
Brosius III FC. Localization of PEPT1 and PEPT2 proton-
coupled oligopeptide transporter mRNA and protein in rat
kidney. Am J Physiol 1999;276:F658�65.

[306] Smith DE, Pavlova A, Berger UV, Hediger MA, Yang T,
Huang YG, et al. Tubular localization and tissue distribution of
peptide transporters in rat kidney. Pharm Res 1998;15:1244�9.

[307] Fei YJ, Kanai Y, Nussberger S, Ganapathy V, Leibach FH,
Romero MF, et al. Expression cloning of a mammalian proton-
coupled oligopeptide transporter. Nature 1994;368:563�6.

[308] Newstead S, Drew D, Cameron AD, Postis VL, Xia X, Fowler
PW, et al. Crystal structure of a prokaryotic homologue of the
mammalian oligopeptide-proton symporters, PepT1 and
PepT2. EMBO J 2011;30:417�26.

[309] Steel A, Nussberger S, Romero MF, Boron WF, Boyd CAR,
Hediger MA. Stoichiometry and pH-dependence of the mam-
malian proton-dependent oligopeptide transporter PepT1.
J Physiol (Lond) 1997;498:563�9.

[310] Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF,
Boron WF, et al. Cloning and characterization of a mammalian
proton-coupled metal-ion transporter. Nature 1997;388:482�8.

[311] Mackenzie B, Hediger MA. SLC11 family of H1-coupled
metal-ion transporters NRAMP1 and DMT1. Pflügers Arch
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pH in single rat cortical neurons in vitro: a microspectrofluoro-
metric study. J Cereb Blood Flow Metab 1993;13:827�40.

[461] Zhou Y, Bouyer P, Boron WF. Role of a tyrosine kinase in the
CO2-induced stimulation of HCO3

2 reabsorption by rabbit S2
proximal tubules. Am J Physiol Renal Physiol 2006;291:
F358�67.

[462] Tomura H, Wang JQ, Komachi M, Damirin A, Mogi C, Tobo
M, et al. Prostaglandin I2 production and cAMP accumulation
in response to acidic extracellular pH through OGR1 in human
aortic smooth muscle cells. J Biol Chem 2005;280:34458�64.

[463] Murakami N, Yokomizo T, Okuno T, Shimizu T. G2A is a
proton-sensing G-protein-coupled receptor antagonized by
lysophosphatidylcholine. J Biol Chem 2004;279:42484�91.

[464] Ishii S, Kihara Y, Shimizu T. Identification of T cell death-
associated gene 8 (TDAG8) as a novel acid sensing G-protein-
coupled receptor. J Biol Chem 2005;280:9083�7.

[465] Wang JQ, Kon J, Mogi C, Tobo M, Damirin A, Sato K, et al.
TDAG8 is a proton-sensing and psychosine-sensitive G-
protein-coupled receptor. J Biol Chem 2004;279:45626�33.

[466] Tomura H, Mogi C, Sato K, Okajima F. Proton-sensing and
lysolipid-sensitive G-protein-coupled receptors: a novel type of
multi-functional receptors. Cell Signal 2005;17:1466�76.

[467] Waldmann R, Champigny G, Bassilana F, Heurteaux C,
Lazdunski M. A proton-gated cation channel involved in acid-
sensing. Nature 1997;386:173�7.

[468] Alvarez de la Rosa D, Krueger SR, Kolar A, Shao D,
Fitzsimonds RM, Canessa CM. Distribution, subcellular locali-
zation and ontogeny of ASIC1 in the mammalian central ner-
vous system. J Physiol 2003;546:77�87.

[469] Lesage F. Pharmacology of neuronal background potassium
channels. Neuropharmacology 2003;44:1�7.

[470] Duprat F, Lesage F, Fink M, Reyes R, Heurteaux C, Lazdunski
M. TASK, a human background K1 channel to sense external pH
variations near physiological pH. EMBO J 1997;16: 5464�71.

[471] Chapman CG, Meadows HJ, Godden RJ, Campbell DA,
Duckworth M, Kelsell RE, et al. Cloning, localisation and func-
tional expression of a novel human, cerebellum specific, two
pore domain potassium channel. Brain Res Mol Brain Res
2000;82:74�83.

[472] Rajan S, Wischmeyer E, Xin LG, Preisig-Müller R, Daut J,
Karschin A, et al. TASK-3, a novel tandem pore domain acid-
sensitive K1 channel: an extracellular histidine as pH sensor.
J Biol Chem 2000;275:16650�7.

[473] Brown D, Wagner CA. Molecular mechanisms of acid�base
sensing by the kidney. J Am Soc Nephrol 2012;10.1681/
ASN.2012010029.

[474] Chesler M. Regulation and modulation of pH in the brain.
Physiol Rev 2003;83:1183�221.

[475] Chesler M, Kaila K. Modulation of pH by neuronal activity.
Trends Neurosci 1992;15:396�402.

[476] Ransom BR. Glial modulation of neural excitability mediated
by extracellular pH: a hypothesis. Prog Brain Res 1992;94:
37�46.

[477] Austin C, Wray S. Extracellular pH signals affect rat vascular
tone by rapid transduction into intracellular pH changes.
J Physiol (Lond) 1993;466:1�8.

[478] Buckler KJ, Vaughan-Jones RD, Peers C, Lagadic-Gossmann D,
Nye PCG. Effects of extracellular pH, Pco2 and HCO3

2 on
intracellular pH in isolated type-1 cells of the neonatal rat
carotid body. J Physiol (Lond) 1991;444:703�21.

[479] Bouyer P, Bradley SR, Zhao J, Wang W, Richerson GB, Boron
WF. Effect of extracellular acid�base disturbances on the intra-
cellular pH of neurones cultured from rat medullary raphe or
hippocampus. J Physiol (Lond) 2004;559:85�101.

[480] Weiner ID, Hamm LL. Regulation of intracellular pH in the
rabbit cortical collecting tubule. J Clin Invest 1990;85:274�81.

[481] Alpern RJ. Mechanism of basolateral membrane H1/OH�/
HCO3

� transport in the rat proximal convoluted tubule. A
sodium-coupled electrogenic process. J Gen Physiol 1985;86:
613�36.

[482] Alpern RJ, Chambers M. Basolateral membrane Cl/HCO3

exchange in the rat proximal convoluted tubule. Na-dependent
and independent modes. J Gen Physiol 1987;89:581�98.

[483] Kurtz I. Basolateral membrane Na1/H1 antiport, Na1/base
cotransport, and Na1- independent Cl2/base exchange in the
rabbit S3 proximal tubule. J Clin Invest 1989;83:616�22.

[484] Yoshitomi K, Burckhardt BC, Frömter E. Rheogenic sodium-
bicarbonate cotransport in the peritubular cell membrane of rat
renal proximal tubule. Pflügers Arch 1985;405:360�6.
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SLC4 Sodium-Driven Bicarbonate
Transporters
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The SLC4 (solute carrier 4) family is a group of a
membrane proteins that share sequence homology and
in general mediate the transport of bicarbonate. It
should be noted that bicarbonate transport is not
unique to the SLC4 family. The structurally unrelated
SLC26 family has at least three proteins that mediate
Cl2aHCO2

3 exchange. In this chapter, the biology of
SLC4 Na1-dependent bicarbonate transporters will be
highlighted. The outlier in the SLC4 family is the
SLC4A11 gene product (NaBC1) that lacks the ability to
transport bicarbonate and is currently characterized as
an electrogenic sodium-borate transporter. Whether
SLC4 transporters mediate bicarbonate and/or carbon-
ate transport is unclear and therefore when the word
bicarbonate or the chemical symbol HCO2

3 is used
throughout the chapter with reference to SLC4 medi-
ated ion transport, it refers to both HCO2

3 and/or CO22
3 .

In this chapter, while extra-renal studies will be
highlighted, an emphasis will be placed on the biology
of specific sodium-coupled SLC4 proteins in the
kidney.

FUNCTIONAL CATEGORIZATION OF
THE SLC4 FAMILY

A dendrogram of the SLC4 family of proteins is
shown in Fig. 53.1. The 10 different SLC4 gene pro-
ducts can be logically subdivided functionally and
structurally into four groups that differ primarily in
their Na1- and Cl2-dependence and electrogenic prop-
erties. Although various categorizations have been pro-
posed, the following is a convenient scheme:

Na1-independent Cl2aHCO2
3 exchangers: 3 homol-

ogous transporters, AE1, AE2, and AE3 (SLC4A1, -2,-3
respectively) that mediate Cl��HCO2

3 exchange have
been well characterized. A fourth member, AE4, has
also been reported to function as a Cl��HCO2

3

exchanger. However, as will be discussed, the amino
acid sequence of AE4 is more homologous to sodium-
coupled SLC4 transporters.

Na1aHCO2
3 cotransporters: There are 3 well-char-

acterized members of the SLC4 family that transport
Na1 and HCO2

3 without concomitant net Cl2transport.
NBCe1 (SLC4A4 gene) and NBCe2 (SLC4A5 gene) are
sodium bicarbonate cotransporters that are chloride-
independent and electrogenic in that their HCO2

3 to
Na1 transport coupling is .1 (2:1, or 3:1). NBCn1
(SLC4A7 gene) is an electroneutral Na1aHCO2

3

cotransporter with a coupling ratio of 1:1.
Na1-driven Cl2aHCO2

3 exchangers: Two SLC4
transporters have been reported to mediate
Na1aHCO2

3 cotransport in exchange for chloride. The
literature regarding the functional properties of the first
reported mammalian transporter, NCBE (SLC4A10), is
somewhat confusing. Although this transporter is
reported by several groups to mediate Na1-dependent
Cl2aHCO2

3 exchange, a separate study in oocytes has
shown that chloride is not transported under physio-
logic conditions, and accordingly the protein was
renamed NBCn2 (Na1�HCO2

3 cotransporter electro-
neutral 2). The details of the discrepant findings in this
area are discussed below. The second reported trans-
porter in this group, NDCBE (SLC4A8 gene), is a well-
characterized Na1-driven Cl2�HCO2

3 exchanger.
Electrogenic Na-borate cotransporter: NaBC1 has

been reported to mediate the electrogenic transport of
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Na1� BO�
4 in the presence of borate, or Na1aOH2

cotransport with coupling ratio of Na1:anion of at least
2 (electrogenic) in the absence of borate. The lack of a
clear role for borate transport in various tissues where
this transporter is expressed raises questions regarding
the actual function of NaBC1 physiologically.

Several SLC4 transporters expressed in the kidney
have been localized at the transcript/or protein level in
various nephron segments and cell types
(Tables 53.1�53.3; Fig. 53.2). Studies involving the

expression of SLC4 transcripts in the kidney have been
done in several mammalian species including mouse,
rat, rabbit and human. In addition to documented
known species differences, SLC4 proteins typically
have a number of specific variants (due to splicing
and/or alternate promoter usage) whose localization in
the kidney and functional properties have not been
thus far thoroughly investigated. This fact increases
significantly the complexity of addressing the actual
protein expression pattern and functional characteris-
tics of each SLC4 transporter in various renal cell
types.

The kidney and brain share the property of having
various cell types that express different bicarbonate
transporter proteins. Although most SLC4 transporters
have in common the property of transporting bicarbon-
ate, cells in the kidney and brain are likely taking
advantage of the unique and specific properties of each
transporter. The uniqueness of SLC4 proteins stems
from the fact that these transporters differ significantly
in their ion (Na1, Cl2) dependence, coupling ratios,
membrane targeting, substrate affinities, developmen-
tal expression, regulation by factors pH/phosphoryla-
tion, and protein-protein interaction. These differences
also account for the fact that functionally, SLC4

TABLE 53.1 Immunolocalization of Na1-driven SLC4 Transporters in Kidney

Transporter Location Apical Basolateral Human Rat Mouse

NBCe1 PT 1 1 1 1

NBCe2 OMCD N/A N/A 1

P(U) 1 1

NBCn1 mTAL 1 1 1

OMCD�αIC 1

IMCD 2 & 3 1

P(U)* 1

NaBC1** Podocytes 1 1

PT 1 1 1 1

tDL 1 1 1****

CCD � IC*** 1 1

OMCD � IC*** 1 1

IMCD 1 1

*LacZ staining.
**NaBC1 does not transport Na bicarbonate.
***IC type not specified.
****immunolocalization and LacZ staining only in the tDL in mouse.

PT � proximal tubule.

OMCD � outer medullary collecting duct.

P(U) � pelvis (uroepithelium).

tDL � thin descending limb.

mTAL � medullary thin descending limb.

IMCD � inner medullary collecting duct.

FIGURE 53.1 Dendrogram of SLC4 transporters.
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transporters have various direct and indirect physio-
logical roles in the kidney including transepithelial
bicarbonate transport, intracellular pH regulation, and
transport of Cl2, Na1 and possibly NH4

1.
Because SLC4 transporters are expressed not only in

the kidney but also in various extrarenal organs and
cell types, diseases associated with mutations in these

transporters or targeted disruption in mice result in
both a renal and extrarenal phenotype (Table 53.4).

SODIUM BICARBONATE
COTRANSPORTERS (ELECTROGENIC)

NBCe1 (SLC4A4 Gene)

Structural Variants

Our knowledge regarding the structure of sodium-
dependant SLC4 transporters has until recently been
extrapolated from the large body of data obtained from
studies on the AE1 anion exchanger.1 More recent stud-
ies of NBCe1 reveal very interesting structural and
functional differences from AE1.2 Three variants of the
SLC4A5 gene have been well characterized.3,4 All three
NBCe1 variants mediate electrogenic Na1�HCO2

3

cotransport, but differ in their N- and C-terminal
extremities, regulation, and intrinsic activity. In kidney,
NBCe1-A (or kNBC1) is predominantly expressed in S1
and S2 proximal tubule cells where it mediates the baso-
lateral efflux of HCO2

3 , thereby contributing to the reab-
sorption of B80% of the filtered bicarbonate load.5�9 In
addition to the proximal tubule, NBCe1-A is also
expressed in the eye10,11 and salivary gland.12 NBCe1-A
transcripts have also been detected in nasal submucosal
glands in turbinate mucosa and nasal polyps.13

The second NBCe1 variant, NBCe1-B (or pNBC1),
which is identical to NBCe1-A except for its unique N-
terminus (85 aa replacing the 41 aa in NBCe1-A) was
originally cloned from pancreas and is expressed in
pancreatic duct epithelial cells where it contributes to
basolateral bicarbonate flux from blood to cell, during
the process of secretin-evoked pancreatic fluid secre-
tion.14,15 NBCe1-B is also widely expressed in various
other tissues including, colon, skeletal muscle, eye, air-
way submucosal glands, heart, gall bladder, and nasal
mucosa.10,11,14,16�19 The third variant, NBCe1-C, has a
unique C terminus (61 aa replaces 46 in NBCe1-A or B)
that ends in a type I PDZ-binding motif.4 The N-ter-
mini of NBCe1-B and NBCe1-C are identical and unlike
the N-terminus of NBCe1-A, interact with the IP3
receptor binding protein IRBIT resulting in a stimula-
tion of transport activity.20,21 More recently additional
transcript have been reported.21A

Topological and Structural Properties

Of the NBCe1 variants, the structural topology of
NBCe1-A has been most thoroughly studied and pro-
vides a topologic framework for other Na1-driven
SLC4 bicarbonate transporters (Fig. 53.3). NBCe1-A is
an oligomer wherein the predominant oligomeric state
of the cotransporter is dimeric.22 The NBCe1-A mono-
mer is a B140-kDa glycoprotein containing 1035 amino

FIGURE 53.2 Immunlocolization of Na1-driven SLC4 transpor-
ters in the kidney. The data is derived from studies in human, rat,
mouse and rabbit. Species differences exist as shown in Tables 53.1
and 53.3.

TABLE 53.3 AE4 Immunolocalization in the Kidney

Location Apical Basolateral Rat Mouse Rabbit Reference

CCD: βIC 1 1 194, 208

CCD: αIC 1 1 1 96

CCD: αIC,

βIC
1 1 96

CCD: βIC 1 1 21, 72

TABLE 53.2 SLC4 Na1-driven Transporters that Have Not
Been Immunolocalized in Kidney

Transporters Technique Location Human Rat Mouse

NCBE/

NBCn2

Northern:
weak

1

NDCBE Northern:
weak

1

RT-PCR cortex (weak),
medulla

1

RT-PCR inner medulla 1

Western cortex/CCD 1
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acids and is composed of 14 transmembrane regions
(TMs).2,22 The N-terminal transmembrane region has
8 TMs homologous to the SLC4 transporter AE1.2

Both the extreme N- and C-termini of NBCe1-A are
located in cytoplasm, with a large extracellular loop
between transmembrane segment (TM) 5 and 6 con-
taining two glycosylation sites.2,23 Importantly,
although NBCe1-A forms a structural oligomer, each
monomeric subunit maintains its own independent
transport activity.22

Previous topological models of NBCe1 were based
on the assumption that the cotransporter resembles
AE1 which has been extensively studied structurally.24

The C-terminal transmembrane region of the two trans-
porters share 40% sequence homology but differ struc-
turally. NBCe1-A lacks the two AE1 reentrant loops
and extensive substituted cysteine scanning mutagene-
sis analysis showed that the C-terminal transmembrane
region of NBCe1-A is tightly folded unlike AE1 resem-
bling in various aspects the bacterial Na1-leucine
cotransporter, LeuT.2

An extensive mutatgenesis study of NBCe1-A has
demonstrated several key residues that are critical for
its function.25 Domain swapping studies of the cotran-
sporter have also shed light on its functional properties
and have suggested the electrogenicity of NBCe1-A is
determined by the interaction of TMs in the lipid
bilayer.24 Arg298 in the N-terminus may be involved in
constructing a “HCO2

3 tunnel”.26 Residue Thr442 in
TM 1 is thought to form an external gate for the trans-
ported ions.27 Proposed TM8 has several residues
found to be involved in forming the ion translocation
pore.28 Interestingly, substitution of Asp555 to glutamic
acid in the proposed TM 5 of NBCe1-A induced an out-
ward rectifying Cl2 current and altered the transport
substrate selectivity, indicating it plays an important
role in HCO2

3 selectivity.29

Inhibitors

Asp555 is in close proximity of the proposed 4,4’-di-
isothiocyanatostilbene-2,2’-disulfonate DIDS (a func-
tional inhibitor) binding site of NBCe1-A (Lys559).29

From the extracellular side, DIDS blocks NBCe1 revers-
ibly by binding to a KKMIK motif at the putative extra-
cellular end of TM5.30 The apparent affinity of the
interaction decreases at more negative voltages possi-
bly due to alterations in the conformation of the cotran-
sporter as the membrane voltage changes.30,31 DIDS is
also capable of blocking the cotransporter from the
intracellular side at an unknown site.32 In addition to
DIDS, NBCe1-A is also blocked by the nonsteroidal
inflammatory agent Tenidap from the extracellular or
intracellular side.32 NBCe1-B is sensitive to the anion
channel inhibitors phloretin, niflumic acid, NPPB, and
glybenclamide.31 NBCe1 is inhibited by the N-cyano-
sulphonamide compound S0859 however the inhibition
is not specific.33 Benzamil has also been reported to
inhibit NBCe1-A.32

Familial Proximal Renal Tubular Acidosis:
Molecular Mechanisms Involving NBCe1

Patients with autosomal recessive mutations in
NBCe1 have an unique phenotype that can be diag-
nosed clinically that includes severe hyperchloremic
acidosis, with extra-renal manifestations including
growth and mental retardation, basal ganglia calcifica-
tion, cataracts, corneal opacities (band keratopathy),
glaucoma, elevated serum amylase and lipase, and
defects in the enamel consistent with amelogenesis
imperfecta.2,34�43 Regarding the renal phenotype, this
“experiment of nature” demonstrates the importance
of NBCe1-A in mediating proximal tubule bicarbon-
ate reclamation; the extrarenal manifestations demon-
strate the importance of NBCe1- variants in eye
(NBCe1-A, NBCe1-B;10,11), brain (NBCe1-B, NBCe1-
C;44), and tooth ameloblasts (NBCe1-B;45,46). Thus far,

TABLE 53.4 Phenotype with Altered SLC4 Function

Transporter Human Mouse

NBCe1 pRTA pRTA

band keratopathy intestine obstruction

glaucoma, cataracts spleen abnormalities

intracerebral calcification enamel defect

enamel defect

m amylase, m lipase

NBCe2 hypertension hyperchloremic metabolic
acidosis

hyporeninemic
hypoaldosteronism

hypertension

NBCn1 Usher 2B- like syndrome

NDCBE k CCD electroneutral
NaCl transport

NCBE/
NBCn2

m seizure propensity k cerebral ventricle size

kseizure threshold

NaBC1 CHED2; Harboyan
Syndrome; FECD

CHED2 � like

k urine osmolarity

murine volume

mexcretion of Na1, K1,
Cl2, Mg21

k urinary [Ca21]

AE4 no phenotype
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the following mutants have been described: eight
missense mutations (R298S, S427L, T485S, G486R,
R510H, L522P, A799V, and R881C), 2 nonsense muta-
tions (Q29X, W516X), a frameshift deletion at nucleo-
tide 2311A, and a C-terminal 65 base-pair deletion
from exon 23 to intron 23 predicted to truncate the
intracytoplasmic C-terminus (Fig. 53.3, Table 53.5).
Other than the NBCe1-A-Q29X mutation which only
affects NBCe1-A, the NBCe1-B and -C variants are
also mutated resulting in the extrarenal manifesta-
tions in this disorder.

The disease causing mechanism of the nonsense/
frameshift mutations is due to absence of the full-
length NBCe1 protein, whereas the missense mutations
result from either reduced transport function and/or
impaired plasma membrane processing (R510H, L522P,
and R881C; (53, 114, 122)). The functional and targeting
defects caused by NBCe1-A pRTA missense mutations
have been analyzed in Xenopus oocyte, ECV304 cells,
Madin-Darby canine kidney cells, and HEK293 cells
with sometimes differing results. In general, mutant
membrane transporter proteins are thought to have

reduced function as a result of three possible mechan-
isms that are not mutually exclusive: (1) misfolding
of the transporter protein resulting in ER retention; (2)
alteration of the ion translocation (permeation) path-
way; and (3) impairment of the transporter conforma-
tion (static/dynamic) required for substrate
translocation.2

Missense Mutations

Recent studies have focused on the topologic/
structural/functional implications of the residues in
NBCe1 that are mutated in pRTA2; (Table 53.5).
Arg298 is located in the cytoplasmic N-terminus of
NBCe1-A and resides in a tightly folded aqueous inac-
cessible conformation based on: (1) homology model-
ing to the crystallized cytoplasmic domain structure
of AE1 and (2) biotin maleimide labeling assays. It has
been suggested that Arg298 may be involved in con-
structing a “HCO2

3 tunnel” in NBCe1-A and that
mutation R298S disrupts the local structure of the ion
permeation pathway thereby impairing the HCO2

3

entry.2,26 The remaining missence pRTA residues

FIGURE 53.3 Topology of NBCe1-A. The transporter has 14 TMs with cystoplasmic N- and C-termini. The location of the known pRTA
mutations is depicted. A large extracellular loop between TM5 and 6 typifies the Na1-driven SLC4 bicarbonate transporters. Note that
NBCe1-A lacks the two AE1 (SLC4A1) re-entrant loops.
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have recently been localized in the transporter
(Fig. 53.3): Ser427 to TM 1, Thr485, Gly486 to TM 3,
Arg510 and Leu522 to TM 4, Ala799 to TM 10, and
Arg881 to TM 12.2

All pRTA residues do not appear to line an ion trans-
location pore and are likely located in the protein/lipid
bilayer complex. Considering the structural change or
charge alteration for most of the missense mutations
involved in pRTA, it is conceivable that these TM resid-
ing mutations would affect protein folding/helix pack-
ing in the lipid bilayer, which could lead to significant
loss of mutant protein transport function. However,
other than R510H, L522P, and R881C, which cause pro-
tein intracellular retention, the remaining pRTA causing
mutations (S427L, T485S, G486R, and A799V) process to
the plasma membrane and retain 10�50% transport
function. These findings essentially rule out the possibil-
ity that the reduced transport function of the mem-
brane-processed pRTA causing mutations is caused by
dramatic protein misfolding.

Mutation of Ser427 to leucine induces a failure of
the transporter to reverse its direction even at very
negative membrane potentials.35 In addition, the
transport is 10% of wild-type NBCe1-A.35 Ser427 has
been proposed to be involved in helix interaction
and leucine mutation may disrupt NBCe1-A “volt-
age sensing,” affect a Na1 coordination site, or alter
the local conformation required for normal function.
Ser427 is located in TM 1 adjacent to Ala428, a resi-
due that lines the substrate translocation pore.27

The bulky side chain of leucine may alter the

geometry of the ion translocation pore and impair
transport.

The T485S mutation36 is of interest because of the
following considerations: (1) Serine and threonine
both belong to the same amino acid category (nucleo-
philic) and have the same pKa; (2) structurally, serine
closely resembles threonine, but lacks a aCH3 group;
(3) mutation of Thr485 to serine/cysteine impairs
NBCe1-A function by 50%. These observations sug-
gest that theaCH3 group of threonine at position 485
may have a unique role in maintaining the structure
of NBCe1-A for normal ion translocation. Valine sub-
stitution restored NBCe1-A transport activity to 75%
that of the wild-type, despite the fact that it is a
hydrophobic amino acid. Moreover isoleucine substi-
tution impaired transport function by 50% also
highlighting the potential importance of the aOH
group at the 485 position.2 Based on these findings, it
has been proposed that Thr485 may reside in a space
confined position involving both aCH3 and aOH
chemistry that is critical for maintaining NBCe1-A in
a conformation required for normal transport func-
tion. Indeed, when both aCH3 and aOH groups are
removed at this particular amino acid position (ala-
nine substitution), the transport function is decreased
to 30% of the wild type.2 This mechanism may also be
applicable to the G486R mutation, which resides
adjacent to Thr.485

The L522P mutation causing pRTA is not processed to
the plasma membrane in Xenopus oocytes, ECV 304, and
Madin-Darby canine kidney cells, whereas an L522C
mutant does not impair membrane processing.2,34,43 This
suggests that it is the proline residue rather than the loss
of leucine that causes intracellular retention of NBCe1-A.
Arg510 and Leu522 both reside in TM 4, a helix that carries
signal anchor and stop transfer sequences,23 and has sev-
eral residues whose mutation cause protein intracellular
retention. TM 4 in NBCe1-A may act as a scaffolding
helix that is important for the second stage folding of the
transporter. Therefore, it is predictable that a helix dis-
ruption mutation (L522P) would significantly misfold
the transporter.

The R510H and R881C mutants are also misfolded
causing ER retention.38,47,48 Although R881C was par-
tially expressed on the plasma membrane in the
Xenopus oocytes and had significant transport activity
it was fully retained intracellularly in Madin-Darby
canine kidney cells and HEK cells.2,36,48 Arg510 and
Arg881 are localized to TM 4 and 12, respectively, and
do not reside in surface or re-entrant loops as was pre-
viously thought.49 Misfolding of NBCe1-A caused by
these two mutations suggests that the arginine at posi-
tions 510 and 881 is involved in forming ionic interac-
tions within the TMs to maintain the overall folding of
the protein.

TABLE 53.5 SLC4A4 Mutations: Molecular Mechanisms

Mutation Location Effect Mechanism

Q29X* N-terminus truncation —

R298S N-terminus k function ion permeation pathway

S427L TM1 k function voltage sensing

T485S TM3 k function protein conformation

G486R TM3 k function protein conformation

R510H TM4 misfolding ER retention

W516X TM4 truncation —

L522P TM4 misfolding ER retention

2311delA IL4 truncation —

A799V TM10 k function protein conformation

R881C TM12 misfolding ER retention

65bp-del C-terminus truncation —

*NBCe1-A only
TM Transmembrane

IL Intracellular Loop
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Potential Mutant�Specific Therapy in Proximal
Renal Tubular Acidosis

In one of the nonsense mutations of NBCe1-A caus-
ing proximal RTA, a wt-CAG sequence encoding gluta-
mine has been replaced by a UAG stop codon sequence
resulting in premature truncation.39 Deciphering the
rules dictating read-through efficiency is of primary
importance for pharmacological treatment of renal tubu-
lar acidosis resulting from mutations causing premature
stop codons (PSC). Aminoglycosides offer a potential
therapeutic approach to treat PSC mutations by induc-
ing ribosomal read-through.50,51 Aminoglycosides bind
to the internal loop of helix 44 of the 16S ribosomal
RNA, a region termed the decoding site.52 In both
prokaryotes and eukaryotes, aminoglycosides induce
miscoding by mimicking the conformation change in
16S rRNA that would be induced by a correct
codon�anticodon pair, thereby compromising the integ-
rity of codon�anticodon proofreading during transla-
tion. As a general rule, glutamine is inserted at
nonsense UAG or UAA read-through sites, whereas
UGA sites miscode to tryptophan.52

Recent studies have shown that the NBCe1-A-Q29X
mutation can be rescued in vitro by treatment with ami-
noglycoside antibiotics.53 These findings represent the
first evidence that in the presence of the NBCe1-A-
Q29X mutation that causes proximal renal tubular aci-
dosis, full-length functional NBCe1-A protein can be
produced. In particular these studies offer the opportu-
nity to treat the eye phenotype locally without systemic
toxicity. Recently the aminoglycoside derivative NB54
was designed which has significantly less toxicity, with
stop-codon read-through potency that is significantly
greater than gentamicin likely due to the presence of
the flexible N-1-AHB group (S)-2-hydroxy-4-aminobu-
tyl group at the N-1 position).54 In addition non-amino-
glycoside compounds such PTC124 may prove
efficacious.55

Additional Lessons Learned from Mice with
Targeted Disruption of SLC4A4

Mice with disruption of the Slc4a4 gene (NBCe12/2

mice) have a more severe (and fatal) phenotype than
patients.56 In addition to severe hyperchloremic meta-
bolic acidosis, they have severe volume depletion,
hyponatremia, splenomegaly, intestinal obstructions,
and die before weaning. In addition, NBCe12/2 mice
also have abnormal dentition as do patients. Paine
et al. showed that enamel producing ameloblast cells
express AE2a apically and NBCe1-B basolaterally.45,46

Based on this data, they hypothesized that ameloblasts
mediate regulated transcellular bicarbonate secretion
during the various phases of enamel formation. Results
in NBCe12/2 mice demonstrated that normal enamel

development in mammals requires the NBCe1-B
variant.57

The physiologic importance of NBCe1 in mediating
intestinal bicarbonate secretion is exemplified by the
intestinal obstruction phenotype in NBCe12/2 mice.56

NBCe1-B is widely expressed throughout the gastroin-
testinal tract.14,58 In the possum ileum, the transporter
is predominantly expressed in the mid region of the
villi, with lower levels of expression in the crypts,59

whereas in the murine colon its expression is higher in
crypts than in surface cells.60,61 Although NBCn1
(SLC4A7) is also thought to function as a basolateral
bicarbonate uptake mechanism in the intestine,60�63

NBCe1 is expressed at significantly higher levels than
NBCn1,19 and in addition mice with targeted disruption
of SLC4A7 don’t have an obvious intestinal
phenotype.64

Gain of Function

No gain of function mutations have been thus far
described.

SYSTEMIC FACTORS AFFECTING NBCe-1
FUNCTION IN THE KIDNEY

Mechanism of enhanced bicarbonate excretion in
Na1 loading. In rats NaCl and NaHCO3 loading
reduces the expression of NHE3 and NBCe1 in the
proximal tubule potentially contributing to prevention
of volume overload and metabolic alkalosis (during
bicarbonate loads).65

Metabolic alkalosis-potassium depletion: enhanced
bicarbonate reclamation: Potassium depletion results
in an increase in renal bicarbonate reabsorption proxi-
mally and distally.66�68 Amlal et al. suggested that the
upregulation of NBCe1 in the proximal tubule could
contribute to the maintenance of metabolic alkalosis.69

Of note although NBCe1 is normally not expressed in
the mTAL and IMCD, the authors reported an increase
in the expression of NBCe1 in these nephron segments.

Sympathetic nervous system: norepinephrine:
Sonalker reported that long-term (15 days) infusions of
noradrenaline (600 ng/min) in rats led to an B2.5 fold
increase in the expression of NBCe1 on Western blot-
ting of rat cortex.70 The underlying mechanism was not
characterized but may have relevance to proximal
tubule handling of sodium during alterations in sym-
pathetic outflow to the kidney.

Dopamine: Dopamine decreased the activity of
NBCe1 in rabbit and rat proximal tubules but not in
spontaneously hypertensive SHR rats.71 Interestingly,
dopamine inhibited the activity of NBCe1 when the
cotransporter operated with the 3 HCO2

3 :1 Na1
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stoichiometry.71 In SHR a defect of DA1 receptor sig-
naling could contribute to the development of
hypertension.

PTH: Functional activity of NBCe1 is decreased by
PTH in rat tubules in vivo.72 In rabbit tubules perfused
in vivo under normal conditions, PTH has no effect.73

In rat tubules pre-incubated in DMEM (Delbecco’s
modified Eagles medium)1norepinephrine, PTH inhi-
bits the cotransporter possibly via a cAMP dependent
mechanism.71

Hypertension: In the SHR rat with spontaneous
hypertension, Sonalker reported that NBCe1 protein
expression was increased B2 fold in comparison to
control WKY rats.74 However in a separate study, in
immortalized proximal tubule SHR cells, NBCe1 activ-
ity was reported to be less than normal.75

Renal transplant rejection: In a rat model of acute
renal transplant rejection, Velic reported down-
regulation of NHE-3 but up-regulation of NBCe1-A.76

These findings may account for changes in proximal
tubule bicarbonate transport following renal
transplantation.

FK506: The calcineurin inhibitor FK506 has been
reported to cause pRTA.77 Chronic metabolic acidosis
per se has no effect on NBCe1-A expression in the
kidney.78 In rats FK506 administration was found to
decrease the protein abundance of NBCe1-A in the cor-
tex without a change in acid�base status.

Lithium Toxicity: Chronic lithium toxicity is associ-
ated with histologic changes in the kidney and distal
renal tubular acidosis.79 In rats, lithium administration
leads to an increase in NBCe1 expression perhaps as a
compensatory mechanism.80

Ureteral Obstruction: Chronic ureteral obstruction is
associated with chronic renal failure and a hyperkalemic
distal renal tubular acidosis.81 In neonatal rats chronic
ureteral obstruction resulted in a significant decrease in
NBCe1-A expression in the proximal tubule.82

Extrarenal Tissues: Role of NBCe-1-B/C in
Various Organs and Selective Disease States

Cardiac physiology, ischemia, and reperfusion
injury: Several studies have discussed the importance
of electrogenic NBC transport in ventricular electro-
physiology and function. The data in the literature is
sometimes difficult to interpret because NBCe1,
NBCe2, and NBCn1 are expressed in the heart and the
molecular basis for a given functional effect is not often
clearly established. Villa-Abrille showed electrogenic
Na1�HCO2

3 cotransport modulates resting membrane
potential and action potential duration in cat ventricu-
lar myocytes.83 Yamamoto et al. emphasized the func-
tional diversity of electrogenic NBC activity in various

species.84 Schafer et al. demonstrated that following
reoxygenation of rat myocytes initially exposed to
anoxia, sodium bicarbonate cotransport is responsible
for B50% of the pHi recovery.

85 DIDS (an NBCe1 and
NBCe2 inhibitor) blocked calcium oscillations that
cause hypercontracture of the cells.85 Khandouri et al.
have reported an increase in NBCe1-B in myocardium
from humans with heart failure.86 In addition, NBCe1
mRNA and protein was reported to be increased in the
rat heart following myocardial infarction.87 An anti-
body against NBCe1 significantly improved the post-
ischaemic cardiac function.86 Verdonck hypothesized
that the NBCe1-B transporter might contribute to the
incidence of arrhythmias in heart failure.88

Cystic Fibrosis: NBCe1-B is expressed on the baso-
lateral membrane of pancreatic duct cells in
humans.89,90 In cystic fibrosis pancreatic bicarbonate
secretion is decreased and it has been hypothesized
that an alteration in basolateral membrane voltage
(resulting from defective CFTR transport), impairs
NBCe1-B basolateral bicarbonate uptake.91 IRBIT has
been recently shown to be a key coordinator of epithe-
lial fluid and HCO2

3 secretion in murine intralobular
pancreatic ducts via independent activation of NBCe1-
B and CFTR.20,21 Interestingly, NBCe1 knockout mice
and patients with NBCe1 loss of function mutations do
not have a cystic fibrosis phenotype although evidence
for pancreatic involvement (elevated amylase or lipase)
has been reported in patients.38,42,56

Duodenal ulcers:NBCe1-B is expressed in the duode-
num, and contributes to transepithelial HCO3 secretion
and potential duodenal cell pHi regulation.63 Duodenal
bicarbonate secretion is thought to protect the duodenal
mucosa from acid-related injury.92 However patients
with cystic fibrosis, who have impaired duodenal bicar-
bonate secretion, paradoxically don’t develop duodenal
ulcers.93 Studies in rats support the role of intracellular
bicarbonate in the protection of duodenal epithelial
cells from ulcer formation.94

CNS. Upregulation of NBCe1 (NBCe1-B/C) medi-
ated HCO3 transport in specific neurons of the brain
may prevent excessive extracellular acidosis and inhibit
neuronal activity as part of a negative feedback mecha-
nism.95,96 In seizure-prone gerbils, at 30 minutes postic-
tally, NBCe1 immunoreactivity is substantially elevated
in the hippocampus (CA1-, -2, and -3 regions).97 By
three hours, elevated NBCe1 staining is also detectable
in the dentate gyrus (and the granule layer).97

Molecular Regulation of NBCe1 Function and
Membrane Expression

Cytosolic N- and C-terminus: Truncation mutant
studies of heterologously expressed NBCe1 variants in
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oocytes have shown that unique amino terminus of
NBCe1-A stimulates transporter activity (autostimula-
tory domain (ASD)), whereas the unique amino termi-
nus of the B and C variants inhibits activity.98 The N-
terminus in NBCe1-B and NBCe1-C has accordingly
been termed an autoinhibitory domain (AID). The
mechanism involved is currently unknown but likely
involves interaction(s) between the specific amino ter-
minus and the transport pathway and/or binding to
cytosolic factors. In contrast, the carboxy termini affect
the plasma membrane expression without affecting
cotransporter function.36,47,98

In mammalian cells however, Espiru et al. reported
that truncation of the N- or C- termini failed to prevent
targeting to the plasma membrane (HEK293 cells) or to
the basolateral membrane of OK cells.99 These results
differ from Li et al. who showed mistargeting of the C-
terminal mutant to the apical membrane with residual
basolateral expression in MDCK cells100 and identi-
fied a QQPFLS carboxyl-terminal motif as a basolat-
eral targeting sequence. Horita et al. reported that C-
terminal truncation resulted in intracellular NBCe1
localization.36 Length of truncation, duration of heter-
ologous expression, and cell type may account for
these differences. Moreover single point mutation
analysis may provide a more informative approach
to deciphering the residues that are required for
proper folding of the transporter and escape from
the ER.25

PKA-dependent phosphorylation: Given the prevail-
ing Na1, HCO2

3 and basolateral membrance voltage in
proximal tubule cells, the Nerst equation predicts that
for NBCe1-A to mediate the flux of sodium bicarbonate
from cell to blood, the ion transport stoichiometry of
NBCe1-A is 1 Na1:3 HCO2

3 .
101�103 Interestingly, the

ratio is 1:2 in certain heterologous expression systems
such as HEK293 cells and oocytes.32,104�106 Studies in a
mouse proximal and distal tubule cells lines have
reported that the stoichiometry of both NBCe1-A and
NBCe1-B is cell-type dependent and variable suggest-
ing that unknown cytosolic factors in the proximal
tubule interact with NBCe1-A (and NBCe1-B) and
modulate the stoichiometry.107,108 In a proximal
tubule cell line, the shift in NBCe1-A stoichiometry
from 1:3 to 1:2 is mediated by protein kinase A-
dependent phosphorylation of Ser982.108 Thr49 in the
unique amino-terminus of NBCe1-B was found to
play an important role in modulating the cAMP-
induced increase in cotransporter current without
altering its stoichiometry.109 Accordingly, cAMP has
also been found to increase intestinal NBCe1-B medi-
ated transport in part via a change in membrane
expression.19,61

PKC-dependent phosphorylation: ANG II has a
biphasic effect on NBCe1 transport in both oocytes and

renal proximal tubule cells.110�114 Studies in oocytes
have reported that the ANG II-induced inhibition of
NBCe1-A is mediated by the Ca21-insensitive PKCε
isoform that increases its association with NBCe1-A in
the membrane, and AII-induced Ca21 mobilization
may trigger decreased NBCe1-A surface expression via
the AT1B receptor.113,115 In addition to affecting cell
membrane expression, intracellular calcium modulates
the stoichiometry of the cotransporter. Specifically, in
oocytes expressing NBCe1-A it has been reported that
an increase in cytosolic Ca21 shifts the transport stoi-
chiometry from 1:2 to 1:3, possibly via a phosphoryla-
tion (PKC) event.32 Data in a rat parotid cell line
suggest that NBCe1-A and NBCe1-B participate in con-
stitutive and stimulated (carbachol) endocytosis regu-
lated by conventional PKCs (PKCαβγ) and by a novel
PKCδ.116 This data may only have relevance in secre-
tory epithelia involving NBCe1-B transport such as sal-
ivary duct, ileum, and colon.19,59,116

Phosphatidylinositol 4,5-bisphosphate (PIP2): PIP2

is noteworthy because in addition to its role as a pre-
cursor of the Ca21-mobilizing inositol triphosphate
(IP3) and the kinase-activating diacylglycerol (DAG),
PIP2 can regulate solute movement.117 NBCe1 and
other members of the SLC4 family have a stretch of C-
terminal lysines that may interact electrostically
with PIP2. In voltage-clamped oocytes heterologously
expressing NBCe1 (-A, -B, and -C) variants, PIP2

increased both the B and C variant currents.118 It has
been hypothesized that the NBCe1-A may not respond
to exogenous PIP2 because it may have a higher affinity
for endogenous PIP2 compared to the B and C variants
or that a putative autoinhibitory domain in the B and C
variants might be masked by PIP2.

118

Intracellular Mg21: When heterologously expressed
in oocytes, a phenomenon of NBCe1-A-rundown
occurs.118 The majority of NBCe1-A rundown is likely
due to Mg21-dependent phosphatase (50-lipid phospha-
tase) activity because the rundown is largely inhibited
by removing bath Mg21, both in the presence or
absence of vanadate and F2.118 It has been suggested
that the 50-lipid phosphatase dephosphorylates PIP2 to
PIP.118 While removing bath Mg21 inhibits NBCe1-A
rundown, raising bath Mg21 appears to inhibit NBCe1-
A directly.118 Yamaguchi and Ishikawa reported that
intracellular Mg21 inhibits NBCe1-B expressed in
mammalian HEK 293 and NIH3T3 cells.31,119 An N-
terminal deletion mutant was less sensitive to Mg21

compared to wild-type NBCe1-B, consistent with the
view that the inhibition may be associated, directly
or indirectly, with the N-terminal region. Inhibition
of NBCe1-mediated transport via an increase in cyto-
solic Mg21 during ischemia may reduce post-ische-
mic dysfunction in kidney (NBCe1-A) and heart
(NBCe1-B) possibly by keeping the intracellular Na1
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concentration lower and thereby preventing Ca21

overload.
IRBIT: The NBC1-B variant is activated by IRBIT

whereas the NBCe1-A is not.20 IRBIT binds to the N-
terminal 1�42 residues of NBCe1-B that are not present
in NBCe1-A. Phosphorylation of the PEST (Pro-Glu-
Ser-Thr) domain is required for IRBIT binding and
activation.20,120,121 Regulation of NBCe1-B by IRBIT
suggests that IRBIT may regulate fluid and HCO2

3

secretion in secretory tissues such as the pancreatic
duct.21

ATP: In oocytes expressing NBCe1-A, when ATP is
applied to the intracellular surface of oocyte membrane
patches with low transport activity, the cotransporter
current increased.32 This activation is not due to active
ATP-driven transport. The non-hydrolysable ATP ana-
log AMP-PNP does not mimic the effect of ATP.32 It
has been hypothesized that ATP may phosphorylate
NBCe1-A by means of an unidentified protein kinase.

Carbonic anhydrase II (CAII): It has been proposed
the CAII interacts with an NBCe1 C-terminal a
D986NDD989 motif forming a transport metabolon that
transfers bicarbonate intra-molecularly between the
two proteins.122�124 This hypothesis is of interest given
the known expression of CAII in the cytosol of proxi-
mal tubule cells.125 In addition, direct interaction
between NBCe1 and membrane bound CAIV has been
reported.126 The data in the literature is both in favor
and against the existence of a “transport metabolon;”
in part due to difference in techniques employed and
the sensitivity/specificity of the measurements
utilized.122,124,127�129 Recently, the question was read-
dressed using the substituted cysteine accessibility
method which showed that the C-terminal tails of the
NBCe1-A dimer are highly structured and may steri-
cally prevent CA II binding.130 Against the quantitative
importance of a transport metabolon with CAII is an
experiment of nature wherein patients and mice with
loss of proximal tubule CAII function do not have as
severe proximal renal tubular acidosis as might be pre-
dicted; or in comparison to patients with NBCe1 muta-
tions.131,132 Moreover, neither an alteration in either
renal bicarbonate handling or hypobicarbonatemia has
thus far been reported in patients or mice with loss of
CA IV function.133�135

NBCe2: (SLC4A5 Gene)

Structural Variants and Tissue Distribution

NBCe2 (or NBC4) is an electrogenic sodium bicarbon-
ate cotransporter encoded by SLC4A5.136�139

Interestingly, NBCe2 and p150Glued were originally
reported to be encoded by the same locus, DCTN1-
SLC4A5, that spansB230 kilobases on chromosome

2p13 and contains 66 exons.140 p150Glued is a component
of the dynactin heteromultimeric complex of proteins
which is required for dynein-mediated vesicle and
organelle transport by microtubules.141 In eukaryotes, it
is rare for a single gene to encode two functionally unre-
lated proteins. More recent studies suggest that SLC4A5
has its own promoter.142 Six variants have been reported;
4 that are valid splice variants from full-length tran-
scripts (NBCe2-A, -B, -C, and -D;136,137) and 2 additional
variants143 that are invalid given they are not found in
the SLC4A5 genomic sequence. The most widely
expressed variant is NBCe2-C (also called NBC4-C) con-
sists of 1121 aa and isB145 kDa.144

NBCe2 transcripts are expressed in several tissues
including brain (human cerebellum, cerebrum, hippo-
campus, and choroid plexus), heart, kidney, testis, pan-
creas, muscle, and peripheral blood leukocytes.58,136,137

At the protein level, NBCe2 has been immunolocalized
to the apical membrane of uroepithelial cells and
unspecified collecting duct cells in rats.58,144 In
humans, NBCe2 is expressed on the apical membrane
of a subset of collecting duct cells in the renal outer
medulla.58 In extra-renal tissues the transporter is
expressed in the basolateral membrane of hepato-
cytes,144 the apical membranes of cholangiocytes,143

apical membrane of rat choroid plexus epithelial
cells145 (not detectable in human choroid plexus58,146),
skeletal muscle,17 and the basolateral membrane of
polarized Calu-cells16 (suggesting the transporter
might be expressed in airway submucosal glands).

Functional Properties

When expressed in mammalian cells NBCe2-C eli-
cits, a Na1-driven, DIDS-sensitive- bicarbonate flux in
the absence of chloride.138 Similar findings were subse-
quently reported in oocytes expressing the trans-
porter.139 NBCe2-C is electrogenic and mediates a
hyperpolarization when cells are exposed to bicarbon-
ate and a depolarization when Na1 is removed. These
responses are analogous to those induced by NBCe1.
Like NBCe1, NBCe2 appears to function with a
Na1:HCO2

3 stoichiometry of 1:2139 or 1:3.138 In mouse
choroid plexus epithelial cells, Millar et al. measured a
small DIDS-sensitive, Na1-dependent, HCO2

3 -induced
outward current.147 Based on the reversal potential
obtained from I-V plots, and the known localization of
NBCe2 to the apical membrane of choroid epithelial
cells, it was concluded the measured function was
mediated by NBCe2 functioning with a 1:3 Na1:HCO2

3

stoichiometry. Given that the membrane potential of
the choroid plexus epithelial cells is 2 35 mV
to 2 60 mV, NBCe2 would mediate bicarbonate secre-
tion. In a study addressing the potential importance in
apical choroid plexus bicarbonate transport, in a mouse
model where basolateral bicarbonate influx mediated
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by NCBE/NBCn2 (see below) was disrupted, apical
NHE activity but not NBCe2 was up-regulated.148

Moreover, DIDS-sensitive HCO2
3 recovery (presumably

assaying NBCe2) in these mice did not function in an
inward transport mode. Thus far in native kidney
tubules, there are no studies which have addressed the
functional contribution of NBCe2 to either transcellular
bicarbonate transport and/or intracellular pH
regulation.

Hypertension

The Family Blood Pressure Program in 2002 found
an association between the SLC4A5 gene and hyper-
tension.149 In African Americans 5 SNPs in the
SLC4A5 gene showed significant association with
pulse pressure. In Utah pedigrees, at baseline and
after a 10-year follow-up period, the association of
SLC4A5 polymorphisms and hypertension was sub-
sequently reported.150 A meta-analysis of three stud-
ies (HyperGEN, HERITAGE, and Family Study and
Genetics of Hypertension in Blacks) was done to
determine LOD scores for systolic and diastolic blood
pressure in African-American and Nigerian families,
and linkage evidence showed an association with
2p14�p13.1 where SLC4A5 is located.151 In another
meta-analysis, the region flanking the SLC4A5 locus
(2p12�q22) was also suggested to be important in
whites for blood pressure variation. Finally, SLC4A5
has been proposed as a promising candidate gene for
variations in the blood pressure response to drugs
that inhibit the renin-angiotensin system.152 In a
recent analysis, the observed association with resting
and submaximal-exercise cardiovascular and meta-
bolic traits in the HERITAGE Family Study were not
found to be due variation in the promoter or coding
SNPs of the SLC4A5 gene.142 Further studies are
therefore required to clarify the role of NBCe2 in
human hypertension.

Targeted Disruption in the Mouse

Targeted disruption of the Slc4a5 gene results in sig-
nificant abnormalities in intracerebral ventricle volume,
intracranial pressure, and CSF electrolyte levels.153 In
the retina, there is loss of photoreceptors, ganglion
cells, and retinal detachment. In a separate study, mice
with loss of NBCe2 were shown to have increased
blood pressure, a compensated metabolic acidosis and
hyporeninemic hypoaldosteronism, elevated fluid
intake and urine excretion and an increased glomerular
filtration rate.154 It was suggested that the loss of
sodium bicarbonate reabsorption by SLC4A5 initiates
compensatory bicarbonate reabsorption via other
sodium-bicarbonate transporters.

SODIUM BICARBONATE
COTRANSPORTERS
(ELECTRONEUTRAL)

NBCn1 (SLC4A7 Gene)

Structural Variants

Pushkin et al. characterized NBC3 (encoded by the
SLC4A7 gene), the first electroneutral stilbene-insensi-
tive sodium bicarbonate cotransporter,155,156 which was
subsequently renamed NBCn1.157 Eight different pro-
tein variants (rat and/or human) generated by the
SLC4A7 gene have been documented from as many as
16 protein variants that are predicted based on alterna-
tive promoter usage and/or splicing.155,158�159 The
documented variants are named NBCn1-(A-H).158 The
first variant characterized from human skeletal muscle
cDNA, NBCn1-A (originally NBC3), has 1214 aa and
isB180�200 kDa.155,160,161 NBCn1 variants have been
sub-categorized based on motifs or “cassettes” that
they contain. For example, NBCn1-A has an N-termi-
nus that begins with the peptide sequence MERF and
contains cassettes I (13 aa) and II (124 aa in human; 123
aa in rat) but lacks a C-terminal cassette III (36 aa).
Certain cassettes are homologous to sequences in other
Na1-driven bicarbonate transporters (cassettes I and
III), whereas cassette II is unique to NBCn1.
Differences in stilbene sensitivity have not been sys-
tematically addressed in each of the variants.

Recently, Yang et al. demonstrated the effect of a
specific NBCn1 cassette on its function and expres-
sion.162 In NBCn1-A, B, C, and D, cassette II (derived
from exon 7 in the SLC4A7 gene) contains multiple
putative phosphorylation sites and comprises 20% of
the cytoplasmic amino terminus. This cassette has been
a focus of attention because it is unique among the
SLC4 family in being present only in NBCn1.
Transcripts from skeletal muscle,155 cardiac (apex,
atrium and atrioventricular nodes) tissues163 and
embryonic hippocampus neurons159 express this cas-
sette. Cassette II has been shown to regulate the func-
tion and expression of the cotransporter, and may have
auto-inhibitory functional activity analogous to the N-
terminus of NBCe1-B, -C.162

Expression Pattern

Several facts should be considered regarding the
expression of NBCn1 variants: (1) Although NBCn1 is
expressed in various tissues (transcript and/or pro-
tein level) including choroid plexus epithelia, hippo-
campus, vascular smooth muscle, heart, duodenum,
colon, aorta, liver, pancreas, skeletal muscle, spleen,
oteoclasts, salivary gland and kidney, the localization
of each protein variant in these tissues and in the
kidney,58,62,155,157,161,163�168 has not been
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systematically addressed because variant specific
antibodies are unavailable. (2) Published findings of
the expression of NBCn1 in the kidney are not in uni-
form agreement potentially due to technical issues,
epitope differences being detected, protein-protein
interactions in vivo, species heterogeneity, and the
presence of multiple NBCn1 variants.78,160�162,167�169

Similarly, differences in NBCn1 choroid plexus
expression between species and among mouse strains
has been documented.170

Despite these complexities, it is currently agreed
that the cotransporter is localized to the basolateral
membrane of the mTAL in humans and
rats.58,78,161,167,168 In rats but not humans, NBCn1 is
expressed on the basolateral membrane of α interca-
lated cells in the outer medulla.168 In the rat, inner
medullary collecting duct IMCD2 and IMCD3 cells
express the cotransporter on the basolateral mem-
brane.168 Expression of NBCn1 transcripts have also
been found by β-galactosidase staining of transgenic
mice with a LacZ insertion into the SLC4A7 gene.62

This study showed that the cotransporter is located in
additional cells types in the mouse kidney including
afferent arterioles, glomeruli, arcuate arteries, uroe-
pithelial cells, and urinary bladder.58,62

Interaction with PDZ Binding Proteins

Pushkin et al. first showed C-terminal PDZ interacting
domain of NBCn1-A (NBC3) can bind to the PDZ-bind-
ing protein NHERF-1.171 Similarly in the eye and inner
ear, NBCn1 is organized via PDZ interactions into a
supermolecular network of proteins that are mutated in
patients with various forms of USHER syndrome;171A the
most common cause of combined blindness and deafness
in humans. NBCn1 per se has not thus far been found to
be mutated in this syndrome.

Systemic Factors Affecting NBCn1 Expression in
Kidney and Extrarenal Organs

Chronic metabolic acidosis: It has been suggested
that countercurrent transfer of NH4

1 from the medul-
lary thick ascending limb (mTAL) to the outer medul-
lary collecting duct may be modulated by basolateral
NBCn1 transport in the mTAL.167 In keeping with this
hypothesis, mTAL NBCn1 expression is upregulated in
chronic metabolic acidosis when transepithelial NH1

4

transport is increased.167 In cultured mTAL cells,
14C-MA uptake is increased suggesting that acidic con-
ditions increase NBCn1 mediated transport.172 The
upregulation may provide a constant supply of HCO2

3

to the cell and enhance NH1
4 /NH3 uptake by buffering

intracellular H1 loads. Upregulation of NBCn1 during
acidosis is not unique to the kidney and has been

demonstrated in neurons where it is associated with
glutamate excitotoxicity.173

Chronic respiratory acidosis: Studies in mice have
shown a developmental and tissue specific effect of
chronic respiratory acidosis on NBCn1 expression.174

The effect of hypercapnia on kidney NBCn1 expres-
sion was detected in P2 mice but not neonates or
adults. Which cell type in the kidney was involved
in the increased expression of NBCn1 was not
studied.

K1depletion: In rats with K1 depletion, outer
medullary collecting duct NBCn1 expression is
increased.175 As in chronic metabolic acidosis, upregu-
lation of the cotansporter may play a role in enhancing
countercurrent transfer of NH1

4 from the mTAL to the
outer medullary collecting duct.

Lithium toxicity: Chronic lithium administration
induces histologic changes in the kidney associated
with dRTA and nephrogenic diabetes insipidus.79 In
rats, lithium administration increased the protein
expression of NBCn1 in the inner stripe of the outer
medulla B250%. Presumably, this was due to
increased expression on the basolateral membrane of α
intercalated cells in the inner stripe of the outer
medulla.168 The relevance to human disease is unclear
given that NBCn1 has not been immunolocalized to
these cells.58

Ureteral Obstruction: Congenital ureteral obstruc-
tion is associated with chronic renal failure and a uri-
nary acidification defect.81 In a neonatal rat model of
ureteral obstruction, down-regulation of NBCn1 in
medullary thick ascending limbs and outer medullary
collecting duct α intercalated cells was detected.82

FK506: The calcineurin inhibitor has been shown to
decrease the protein abundance of NBCn1 in the rat
medulla.176

PTH induced hypercalcemia and metabolic alkalo-
sis: Chronic hyperparathyroidism is accompanied by
hypercalcemia and mild metabolic alkalosis.177

Chronic PTH administration in rats led to a
decreased expression of NBCn1 in medullary thick
ascending limbs and IMCD2 cells in the inner medu-
lary collecting duct.

Hypoxia: In the brain, chronic hypoxia leads to a
decreased expression of NBCn1 that is out of propor-
tion to the decrease in brain protein levels.178 It has
been suggested that this effect may reduce energy con-
sumption. Whether this effect is more widespread and
a similar decrease in expression of the cotransporter
occurs in renal ischemia remains to be determined.

CSF-1-mediated osteoclast survival: NBCn1 is
expressed (transcripts and protein) in osteclasts and is
thought to play a role in cell survival. The ability of
CSF-1 to prolong osteoclast survival requires functional
NBCn1.4
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Functional Properties, Na1 Current, and Unique
Inhibitor Profile

All NBCn1 variants that have been studied thus
far have a 1:1 Na1:HCO2

3 transport stoichiometry
and are electroneutral.155,157,159 In contrast to other
members of the SLC4 family, bicarbonate flux medi-
ated by NBCn1 variants are essentially stilbene-
insensitive.155,157,179 Pushkin et al.155 first suggested
that this is due to the replacement of the highly
conserved lysine in the conserved putative stilbene-
binding motif (K(M/L)XK) by aspartic acid; corre-
sponding to Lys542 in human AE1. This may block
negatively charged stilbene disulfonates from bind-
ing to the transporter. Currently there are no known
specific inhibitors of the cotransporter.

NBCn1 produces a steady state ionic current157,159

that is in part mediated by Na1, thermodynamically
uncoupled to HCO2

3 , and stimulated by stilbenes.
The current is not inhibited by amiloride, tetrodo-
toxin, ouabain, furosemide, or niflumic acid159 and
is possibly generated from the C-terminal trans-
membrane region of the cotransporter.24 Using the
current to assess the function of the NBCn1-B and
D (without casette II) variants, it has been sug-
gested that cassette II may act as an autoinhibitory
domain.162 NBCn1 is inhibited by the N-cyanosul-
phonamide compound S0859 nonspecifically.33,180

Whether Tenidap also nonspecifically inhibits the
transporter is unknown.

Function in the Kidney

mTALTransport

Isolated perfused medullary thick ascending limbs
have a stilbene-insensitive basolateral sodium driven
bicarbonate transport process (electrogenicity has not
been studied) thought to be mediated by NBCn1.167

The expression of NBCn1 and basolateral sodium-
driven bicarbonate transport are both increased in
chronic metabolic acidosis.167,172 It has been sug-
gested that NBCn1 mediates basolateral bicarbonate
influx to prevent intracellular acidification resulting
from apical NH1

4 influx via NKCC2 coupled to baso-
lateral NH3 efflux. This hypothesis assumes however
that H1 equivalents released intracellularly from
NH1

4 are not independently transported across the
basolateral membrane. Interestingly, mTALs from
the NBCn1 KO mouse with normal acid�base status
show no difference in transepithelial NH4

1 transport
(Kurtz and Good unpublished observation).
Basolateral HCO2

3 uptake mediated by NBCn1 may
also function as a regulator of mTAL pHi rather than
affecting transepithelial transport.

IMCD Transport

There is little information on the role of NBCn1 in
the IMCD. In non-perfused rat IMCD segments
adhering to coverslips, a stilbene-insensitive basolat-
eral sodium driven bicarbonate transport process has
been reported.168 Unlike the mTAL, chronic meta-
bolic acidosis has no effect on the expression of
NBCn1 in the IMCD. The function of the basolateral
transport process has not been examined during
chronic metabolic acidosis.

SLC4A7 Gene Disruption in the Mouse

Currently there is no known renal phenotype
reported with loss or gain of NBCn1 function. In
mice with targeted disruption of NBCn1, a sensori-
neural phenotype has been described.64 These mice
have visual impairment due to gradual loss of photo-
receptors. In addition they have hearing abnormali-
ties due to gradual loss of hair cells, spiral ganglia
neurons, and spiral ligament type II and IV fibro-
cytes.181 The symptoms are similar to those associ-
ated with Usher Syndrome 2B, which maps to
chromosome 3p22 (genetic locus of the SLC4A7
gene).182,183 Given the expression of the transporter
in heart and blood vessels, it remains a possibility
that subtle change in hemodynamics exist in mam-
mals with loss of NBCn1 function.

Na1-DRIVEN Cl2aHCO2
3

EXCHANGER

NDCBE (SLC4A8 Gene)

Structural Variants

The first NDCBE clone was identified (but not func-
tionally characterized) in a screen of 100 cDNA clones
from human brain.184 NDCBE (original name kNBC-3)
was then cloned and partially characterized from a
human NT-2 cell line,185 and mouse IMCD cells.186 The
transporter was first shown to function as an electroneu-
tral Na1-driven Cl2-bicarbonate exchanger by
Grichtchenko et al.187 Human NDCBE (encoded by the
SLC4A8 gene) has been detected by Northern analysis in
brain (predominant), testis, kidney, and ovary,187 and by
RT-PCR in human kidney medulla, duodenum, ileum,
choroid plexus, hippocampus, and cerebrum.58 In mouse,
transcript expression has been reported to be either high-
est in testes with less expression in brain;188 or conversely
expressed at high levels in brain.186 In rat, by RT-PCR,
NDCBE transcripts were found in testis, cerebrum, cere-
bellum, eye, kidney inner medulla, and submandibular
gland.58 Currently, four human NDCBE variants have
been characterized functionally and named NDCBE-
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A,-B,-C,-D.187,189 These variants differ in their cyto-
plasmic N- and C- termini. The longest variant is
NDCBE-A composed of 1093 aa and isB135 kDa.188,190

In NDCBE-B, the C-terminal 66 aa are replaced by 17 aa
that are specific for this variant. NDCBE-C is identical to
NDCBE-A except that it is truncated by 53 aa in its N-ter-
minus. Similarly, NDCBE-D is identical to NDCBE-B
except that it also is also shortened by 53 aa in its N-ter-
minus. A transcript whose amino acid sequence is identi-
cal to NDCBE-D has also been isolated from human
heart that differs in its 5’-UTR.189

There are no studies with variant specific antibodies
that have addressed the localization of the known
NDCBE variants in the kidney. In mouse kidney,
NDCBE transcripts were reported to be highest in the
inner medulla.186 In a study using an N-terminal anti-
body (against rat) that would be predicted to detect the
NDCBE-A and -B variants, no clear staining of human
kidney was detected although transcripts (by PCR)
were detected in the medulla (no distinction was
made between outer or inner segment) and less so in
the cortex.58 Despite its absence in the kidney, anti-
NDCBE immunoreactivity was detected using the
same antibody in human hippocampus pyramidal
cells.58 In the rat brain N-terminal antibodies pre-
dicted to detect both NDCBE-A and -B variants have
localized the transporter to cerebellar Purkinje
cells.58,190 In rat, neurons in the cerebral cortex, CA1-3
and hipoocampal dentate gyrus, substantia nigra,
medulla, and cerebellar granular cells express the
transporter.190

Functional Properties

NDCBE transports Na1�HCO2
3 in exchange for Cl2

in an electroneutral fashion. Thermodynamically, 2
HCO2

3 - (or 1 CO22
3 ) with 1 Na1 are exchanged for 1

Cl2 in each transport cycle.187 This transport stoichiom-
etry is required for the transporter to function electro-
neutrally. Interestingly, based on 36Cl studies in
NDCBE heterologously expressed in xenopus oocyes,
the estimated unidirectional Cl2 flux is sevenfold high-
er than expected and does not occur in the absence of
bicarbonate.187 Therefore, it appears that the majority
of Cl2 flux is not being utilized thermodynamically in
exchange for Na1�HCO2

3 but rather in exchange for
Cl2 (i.e. Cl2 self exchange). Removal of extracellular
Cl2 impairs 36Cl efflux suggesting that either NDCBE
requires that Cl2 bind to an extracellular Cl2 modifier
site following removal of Cl2, or that under these con-
ditions NDCBE mediates electroneutral Na1�HCO2

3

cotransport. Regarding the differences in function
among the characterized human variants, the unique
17-aa C-terminus of NDCBE-B/D appears to be autoin-
hibitory in an oocyte expression system.189

Hypoxia

In the neonatal mouse brain, chronic hypoxia
decreased NDCBE expression in hippocampus and
subcortex.191 In adult mice, expression was also
decreased in cerebral cortex and cerebellum. It was
hypothesized that changes in expression may adap-
tively reduce energy expenditure or modulate neuronal
pHi.

Function in the Kidney

IMCD Cultured Cells

In a mouse immortalized IMCD cell line acid stress
upregulates NDCBE message and a DIDS-sensitive
Na1- and HCO2

3 -dependent dependent pHi recov-
ery.185 How faithfully these cells mirror the native
inner medullary collecting duct is unclear since they
also express NBCe1 which is not found in the IMCD
in vivo.

Targeted Disruption in the Mouse

The role of NDCBE in intercalated cells in the CCD
has recently been reported.188 Approximately 50% of
Na1 absorption in the rat collecting duct is thiazide
sensitive and amiloride insensitive.192 The transporter(s)
responsible for this effect in the CCD has been unclear
because the known target for thiazides, NCC, is
restricted to the distal convoluted tubule.193 In a recent
study, Leviel suggested that NDCBE coupled with pen-
drin play a role in mediating thiazide-sensitive electro-
neutral uptake of NaCl in the mouse CCD.188

Specifically, a Na1-driven bicarbonate transport pro-
cess was detected in mouse CCDs that was: (1) absent
in mice with targeted disruption of the SLC4A8 gene,
and (2) inhibited by luminal thiazides. Importantly,
whether NDCBE is immunolocalized to the apical
membrane of CCD intercalated cells has not been
determined. Interestingly, thiazides are not able to
inhibit NDCBE in an oocyte expression system.188

SLC4 TRANSPORTERS WHOSE
FUNCTION IS CONTROVERSIAL

NCBE/NBCn2 (SLC4A10 Gene)

Functional Properties

The terminology regarding the name of the
SLC4A10 gene product has undergone several
revisions in part because of the discrepant functional
properties reported in the literature. Wang et al. first
cloned the transporter from a mouse insulinoma
cell line and named it NCBE (Na1-driven Cl2�HCO2

3

exchanger).194 NCBE was reported by several different
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groups to be a Na1-driven Cl2�HCO2
3

exchanger.145,194,195 Subsequently, in the presence of
physiologic chloride concentrations, Parker et al.
reported that the transporter mediates electroneutral
Na1�HCO2

3 cotransport similar to NBCn1 and was
renamed NBCn2.196 Interestingly, the transporter
simultaneously performed Cl2-self exchange and
therefore there was no net chloride transport (equal
Cl2 flux in both directions) detected under physiologi-
cal conditions. In the absence of extracellullar Cl2

(non-physiologic conditions), the transporter mediated
sodium-driven chloride-bicarbonate exchange at a low
rate.196

Recently, the function of the SLC4A10 gene product
has again been revisited. Damkier et al. reported that
SLC4A10 expressed in stably transected NIH-3T3 cells
mediated Na1 aHCO2

3 -cotransport in exchange for
Cl2 in an electroneutral fashion (Na1-driven Cl2a/
HCO2

3 exchange) as Wang et al. originally reported.197

The authors proposed that the protein be re-named
NCBE. Moreover these authors reported that E890,
E892, H976, and H980 played an important role in the
functional properties of the transporter.

Structural Variants

NCBE/NBCn2-A is composed of 1088 aa and is
B140�150 kDa.194 The original clone is referred to here
as NCBE/NBCn2-A because additional variants have
been reported. In general, the mammalian SLC4A10
gene contains two inserts (cassettes) that account for
the known transcripts. Full length cDNAs have been
found in mammals for four variants NCBE/NBCn2-A
(1088 aa), NCBE/NBCn2-B (originally named
rb1NCBE; 1118 aa), NCBE/NBCn2-C (originally named
rb2NCBE; 1106 aa) and a partial clone from rat that is
possibly NCBE/NBCn2-D (1136 aa).195,198 At the pro-
tein level, evidence for NCBE/NBCn2-D has recently
been reported.198 The transcripts for NCBE/NBCn2-A
and NCBE/NBCn2-B contain the 39-bp cassette B that
encodes 3 aa and an early stop codon, whereas NCBE/
NBCn2-C and NCBE/NBCn2-D contain cassette A (90-
bp) in the N-terminus.

Regulation

Although little is known about the regulation of the
transporter, Yong-Sun Lee et al. have reported that
NCBE/NBCn2-C (originally named rb2NCBE) is inhib-
ited by PKA activation, and that it interacts with
EBP50/actin cytoskeleton via a PDZ motif.199

Expression in Extrarenal Tissues

NCBE/NBCn2 transcripts are highly expressed in
the brain and weakly in rat kidney, testes, ileum, pan-
creas and pituitary.194 In mouse, Hubner et al. reported
the developmental expression pattern in mouse brain,

and that NCBE/NBCn2 is also expressed in stomach,
and duodenum.200 At the protein level the transporter
is expressed in the basolateral membrane of choroid
plexus cells,144,190,198,201,202 cerebral cortex,195,198,201 hip-
pocampus,195,198,203 cerebellum,203,195,198 brainstem198

and lateral superior olive.198 The most abundant vari-
ant is NCBE/NBCn2-A.198 In the kidney, NCBE/
NBCn2 has not been detected at the protein level, how-
ever, weak expression has been reported on Northern
blotting of human kidney. Although epithelial cells in
the kidney do not appear to express the transporter, it
is possible that renal nerves in the parenchyma account
for the Northern data.

Human Phenotype and Targeted Disruption in
the Mouse

As might be predicted from the known expression
pattern, loss of NCBE/NBCn2 results in a brain pheno-
type. Sebat et al. reported a pair of identical twins from
a large cohort of patients with autism with chromo-
somal deletion involving exon 1 of SLC4A10.204

Gurnett et al. described a 13-year-old girl with moder-
ate mental retardation, delayed speech and partial
complex epilepsy with a translocation breakpoint of
SLC4A10 on chromosome 2q24.205 In contrast, mice
with targeted disruption of SLC4A10 have an increased
seizure threshold and small ventricles.201 The latter
finding is of interest given the potential importance of
NCBE/NBCn2 to transepithelial choroid plexus bicar-
bonate transport.144,170 No renal phenotype has thus
far been reported.

Electrogenic Na1�Borate Cotransporter

NaBC1 (SLC4A11 Gene)

The protein encoded by SLC4A11 was initially called
BTR1 (Bicarbonate Transporter Related protein-1)
based on sequence homology with other members of
the SLC4 family.206 Motivated by homology with the
borate transporter BOR1 in Arabidopsis,207 Park et al.
reported that the transporter was an electrogenic
sodium-borate cotransporter and was renamed
NaBC1.208,209 In the absence of borate, the transporter
functioned as an electrogenic Na1aOH2 cotranspor-
ter.208,209 Questions regarding its functional properties
and therefore the appropriate name for the transporter
remain, given the lack of documented physiological
requirements for borate transport in the tissues expres-
sing NaBC1 in health and disease states.

Expression in the Kidney and Extrarenal Tissues

Studies in human and rat tissues have demonstrated
the widespread expression pattern of NaBC1. The
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transporter can be localized apically or basolaterally.
NaBC1 was originally identified at the protein level in
rat kidney, parotid gland, submandibular gland (SMG),
pancreas, liver, and spleen.209 In cornea, NaBC1 is
expressed mainly in sensory tissues including endothe-
lial cells with less expression in the epithelial cell
layer.58,210,211 In the inner ear, fibrocytes in the striae vas-
cularis express the transporter.210,211 In the pancreas
NaBC1 is localized to the apical membrane of interca-
lated ducts.58 Both the apical membrane of choroid
plexus epithelial cells and choroid plexus endothelial
cells express NaBC1.58 In addition, peripheral nerves
express the transporter.58 In kidney, NaBC1 is more
widely expressed than any of the SLC4 proteins. These
regions include the glomerulus (podocytes), proximal
tubule (brush border), nerves near afferent arterioles,
basolateral membrane of thin descending limbs in the
outer medulla, and basolateral membrane of IMCD cells
in the inner medulla.58 SLC4A11 transcripts (RT-PCR)
have been detected in human stomach and duodenum.

NaBC1 Cell Biology

In knockdown experiments, NaBC1, functioning as a
cellular borate influx pathway was reported to be
required for cell proliferation.208,209 In a large scale
examination of various intestinal SLC transporter fami-
lies (including SLC4), administration of various bacte-
ria to mice significantly decreased the expression of
intestinal SLC4A11 (by RT-PCR).212 The significance of
this finding is unknown.

CHED2 Disease and Harboyan Syndrome

Corneal hereditary dystrophy type 2 (CHED2) is
caused by mutations in the SLC4A11 gene.213 Some
patients with mutations in the transporter also develop
Harboyan syndrome in which perceptive hearing loss
and nystagmus are also present.214 No patients with
SLC4A11 mutations have been described with isolated
hearing abnormalities. No renal phenotype has been
reported in humans despite the widespread localiza-
tion of NaBC1 in the human kidney.58

Targeted Disruption of SLC4A11 in the Mouse

In the first report of targeted disruption of SLC4A11
in the mouse, sensory tissues were examined.211

NaBC1 was highly expressed in the corneal endothelial
cell layer with less staining in epithelial cells. However
unlike humans with mutations in NaBC1, the corneal
phenotype was not as severe. Both auditory brain
responses and vestibular evoked potential waveforms
were abnormal demonstrating the importance of
NaBC1 in the visual-auditory-vestibular system.

NaBC1 appears be required for generating the inner
ear endocochlear potential.210

In a second study in mice lacking NaBC1, a renal
phenotype was uncovered.210 LacZ expression and an
NaBC1 antibody were used to determine the localiza-
tion of the transporter in wild-type mice. Unlike the
human and rat data, NaBC1 was confined to the thin
descending limb at the cortical/outer medullary bor-
der. No expression was found in the glomerulus, proxi-
mal tubule, nerves or the collecting duct. The urine of
the KO mice had a reduced osmolarity, an increased
urine volume, increased excretion of sodium, potas-
sium, chloride, and magnesium and a decreased uri-
nary concentration of calcium. It was suggested that
NaBC1 in the thin descending limb of Henle is essen-
tial for urinary concentration, and that the transporter
plays a role in the countercurrent multiplication sys-
tem. The molecular basis for these findings is still
unclear. Further studies are needed to determine its
exact transport function.

AE4 (SLC4A9 Gene)

Functional Properties and Expression Pattern in
Kidney and Extrarenal Tissues

The function of AE4 is also controversial and there
appears to be significant species differences in its kid-
ney expression pattern. AE4 was first cloned from rab-
bit renal β-intercalated cells and characterized by
Tsuganezawa et al.215 The rabbit transporter is 995 aa
and B110 kDa. Northern analysis of rabbit kidney
showed greatest expression in the cortex and the trans-
porter was localized to the apical membrane of rabbit
beta intercalated cells. When expressed in oocytes and
COS-7 cells AE4 was reported to function as a DIDS-
insensitive Na1-independent Cl2�HCO2

3 exchanger.
Parker et al.206 and Lipovitch et al.216 subsequently
reported the sequence of the human orthologue.
Subsequently, Ko et al. reported that rat AE4 functions
as a DIDS-sensitive Na1-independent Cl��HCO2

3 Cl
exchanger.217 In addition, human AE4 expressed in
oocytes functioned as a Cl��HCO2

3 exchanger.
Although AE4 had been reported to function as a
Na11 -independent Cl��HCO2

3 exchanger,215,217,218

its structure closely resembled SLC4 Na1-dependent
transporters (Fig. 53.1). Indeed in a preliminary report,
Parker et al. reported that AE4 is an electroneutral
Na1�HCO2

3 cotransporter.219

Although the transporter was initially localized to
the apical membrane of rabbit collecting duct β-interca-
lated cells, subsequent studies have not verified this
finding uniformly (Table 53.3). After the initial report,
AE4 has been immunolocalized to the apical and lat-
eral membranes of rabbit CCD α-intercalated cells.217
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A subsequent study showed apical co-localization in
rabbit with peanut lectin (a β-intercalated cell
marker).218 In the rat, the transporter was localized to
the basal and lateral membrane of CCD α- and β-inter-
calated cells.217 In the mouse it is expressed predomi-
nantly on the basolateral membrane of cortical
collecting duct β-intercalated cells.220,221

While northern analysis has shown that AE4 expres-
sion predominates in rabbit, human and mouse kid-
ney,215,216,221 transcripts were also detected in rat
stomach and caecum.217 At the protein level, localiza-
tion of AE4 was reported in mouse and rabbit gastric
surface mucous and duodenal villus cells, and mouse
submandibular gland217 where AE4 is reported to func-
tion as an apical Cl��HCO2

3 exchanger.218 However,
in a LacZ transgenic mouse, no expression was found
in stomach, intestine or colon yet expression in β-inter-
calated cells was confirmed.221

Structural Variants

Multiple splice variants of AE4 have been reported
in humans because of selective inclusion/exclusion of
part of exons 8, 10, 11, 19 and 20, whereas the use of
exons 4�7, 9 and 12�17 appeared constant.216 It has
been suggested that these multiple splice variants may
result from inefficient spliceosomal processing.216

Hentschke et al. in mouse reported 4 different variants
resulting potentially from alternative promoter use-
age.221 The finding that there are potentially multiple
AE4 variants expressed in the kidney cortical collecting
duct may account in part for the discrepant immunocy-
tochemistry findings in the literature.

Regulation

In a rat cortical collecting duct cell line (RCCD1
cells), 48 hours of extracellular metabolic alkalosis had
no effect on AE4 expression.222

Absence of AE4 Expression in the Foxi12/2 Mouse

Mice with targeted disruption of forkhead transcrip-
tion factor Foxi12/2 develop distal renal tubular acido-
sis.220 The cortical collecting ducts of these mice have
one cell type that has characteristics of intercalated and
principal cells (expression of both AQP2 and CAII).
These cells fail to express various acid/base transport
proteins including the B1 subunit of the apical H1-
ATPase, pendrin, and AE4.

Mice with Targeted Disruption of AE4

AE42/2 mice do not have an overt phenotype and
have no significant decrease in duodenal upper villous
epithelial Cl��HCO2

3 exchange activity.223 Studies of
CCD β-intercalated function were not reported.
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INTRODUCTION

Optimal function of mammalian cells requires tight
control of the acid�base status of intracellular and
extracellular compartments. The pH of arterial blood is
approximately 7.35�7.45, whereas intracellular pH is
normally 7.1�7.3.1 The CO2/bicarbonate ðHCO2

3 Þ
buffer pair is the body’s major pH buffer system for
maintenance of pH homeostasis. CO2 and HCO2

3 also
serve as substrates and products in numerous meta-
bolic pathways. Up to fifteen carbonic anhydrase gene
products accelerate the slow aqueous equilibration of
CO2 and HCO2

3 inside and outside cells by up to five
orders of magnitude. Rapid plasmalemmal HCO2

3

transport across cell plasma membranes by Na1-
dependent and Na1-independent HCO2

3 transporters
is critical for intracellular and extracellular carbonic
anhydrases to maintain this equilibrium in the face
of changing metabolic demands. At least two gene
superfamilies encode Na1-independent Cl2=HCO2

3

exchange polypeptides: the SLC4 “bicarbonate trans-
porter superfamily” and the SLC26 “sulfate permease”
multi-anion transporter superfamily. Under normal
physiological conditions, the Cl2=HCO2

3 exchangers
among the polypeptides encoded by both gene super-
families are bicarbonate extruders (acid loaders) and
Cl2 loaders. Thus, both sets of Cl2=HCO2

3 exchangers
contribute to regulation of intracellular pH (pHi), cell
volume, tonicity, and intracellular [Cl2].2�4

This chapter will focus on the Na1-independent
Cl2=HCO2

3 exchangers of the SLC4 gene family: AE1/
SLC4A1, AE2/SLC4A2, and AE3/SLC4A3. Other

members of the SLC4 gene family will also be briefly
introduced. The SLC42�19 and the SLC26 gene famil-
ies.20�26 have been reviewed previously.

The AE Anion Exchangers Among the SLC4
And SLC26 Superfamilies.

The SLC4 bicarbonate transporter superfamily
(Fig. 54.1) includes autosomal genes encoding at
least three electroneutral Na1-independent anion
exchangers (SLC4A1�3/AE1�3), three Na1-bicarbonate
cotransporters (the electrogenic SLC4A4/NBCe1 and
SLC4A5/NBCe2 and the electroneutral SLC4A7/
NBCn1), and Na1-dependent anion exchangers
(SLC4A8/NBCDE and SLC4A10/NCBE). The transport
mechanisms of three SLC4 proteins remain controver-
sial. SLC4A10, originally described as a Na1-dependent
Cl2=HCO2

3 exchanger27,28 has also been described as an
electroneutral Na1-bicarbonate cotransporter NBCn2.29

SLC4A9 was originally described as a Na1-independent
Cl2=HCO2

3 exchanger,30,31 despite the strong phyloge-
netic prediction of Na1-dependent transport. The most
divergent mammalian member of the family, SLC4A11/
BTR1/NaBC132 was first reported as an electrogenic
Na1-borate cotransporter important for cell prolifera-
tion,33 but the result has remained unconfirmed
despite SLC4A11’s phylogenetic proximity to the SLC4
homologs AtBor1 of A. thaliana and YNL275w/Bor1 of
S. cerevisiae, both responsible for maintenance of non-
toxic cellular borate levels in the face of elevated envi-
ronmental borate.34,35 SLC4 genes are represented in all
metazoans, including the fruitfly D. melanogaster,36 the
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mosquito A. aedes,37,38 the roundworm C. elegans,39�41 the
zebrafish D. rerio42,43 and the pufferfish T. nigroviridis,44 as
well as in unicellular eukaryotes.34,45�47 An SLC4-related
gene was also recently reported in a marine prokaryotic
genome.48

The most extensively studied member of the SLC4
gene family is SLC4A1/AE1 (also known as “band 3”),
a Cl2=HCO2

3 exchanger abundant in erythrocytes of
vertebrates and elasmobranchs, but apparently absent
from erythrocytes of the jawless fishes.49 AE1 is also
expressed in the Type A intercalated cells of kidney
collecting duct in mammals and birds, and at much
lower levels in heart and distal colon. Mutations in the
SLC4A1/AE1 gene (Table 54.3) are associated with
dominant hereditary spherocytic anemia, dominant
Southeast Asian ovalocytosis and stomatocytic cation
leak syndromes, and dominant and recessive forms of
distal renal tubular acidosis.2�4,13 AE2 is expressed
widely among epithelial and other cell types, with
highest expression in subsets of epithelial cells includ-
ing gastric parietal cells, choroid plexus, proximal
colonic enterocytes, and thick ascending limb cells.
AE3 is expressed at highest levels in brain, heart, and
retina, and at lower levels in smooth muscle and
epithelial cells. Mutations in the genes encoding
SLC4A2/AE2 and SLC4A3/AE3 have not been directly
linked to Mendelian human disease, but mutations
in the SLC4A4/NBCe1 electrogenic Na1-bicarbonate
cotransporter gene cause the recessive syndrome of
proximal renal tubular acidosis, ocular abnormalities,
and elevated pancreatic amylase,50,51 sometimes
accompanied by migraine.52,53 Mutations in the

SLC4A11 (nominal Na1-borate cotransporter) gene are
associated with congenital hereditary endothelial dys-
trophy of the cornea type 254,55 associated with vision
loss, and with Harboyan syndrome (with added hear-
ing loss). Mouse Slc4 knockout disease models for
Na1-dependent HCO2

3 transporters for which corre-
sponding human genetic diseases remain unidentified
are slc4a5-/-56 and slc4a10-/- mice57 exhibiting altered
choroid plexus function with decreased cerebral ven-
tricular volume; slc4a7-/- mice with retinal and cochlear
degeneration58 and mild hypertension resistant to
exacerbation by angiotensin II;59 slc4a8-/- mice with
coincident absence of Slc26a4/pendrin lack electro-
neural NaCl reabsorption by cortical collecting duct
Type B intercalated cells;60 and slc4a11-/- mice that
exhibit, in addition to corneal and auditory abnorma-
lities shared with the corresponding human diseases,
polyuria likely related to renal medullary thin
limb dysfunction in the countercurrent multiplier
mechanism.61,62

Cl2=HCO2
3 exchange and other anion exchange

functions are also mediated by SLC26 polypeptides.
The SLC26 gene family was identified first among
Neurospora sulfate transporters, and subsequently in
vertebrates63,64 and throughout the evolutionary tree,20

including prokaryotes.65,66 Polypeptide products of the
11 SLC26 genes transport a wide range of monovalent
and divalent anions including sulfate ðSO22

4 Þ, chloride
(Cl2), bicarbonate ðHCO2

3 Þ, hydroxyl anion (OH2),
oxalate, and formate. Although unrelated in sequence
to the SLC4 gene family, at least three of the
SLC26 anion exchangers can mediate Cl2=HCO2

3

FIGURE 54.1 Phylodendrogram of
human SLC4 gene family polypeptides
grouped into the three clades of Na1-inde-
pendent bicarbonate transporters (red),
all Cl2=HCO2

3 exchangers; Na1-dependent
bicarbonate transporters (blue), inclu-
ding electrogenic and electroneutral
Na1=HCO2

3 cotransporters and Na1-
dependent Cl2=HCO2

3 exchangers; and
borate transporters (green). BTR/SLC4A11
is an electrogenic Na1-borate cotransporter.
The borate transporter clade includes
proteins from S. cerevisiae (yeast) and
A. thaliana (plant) of yet undefined trans-
port mechanism. (Modified from,579 with
permission).
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exchange: the congenital chloride-losing diarrhea
gene SLC26A3/DRA,67�69 the Pendred syndrome gene
SLC26A4/Pendrin,70,71 and SLC26A6/Pat-1/CFEX.72,73

SLC26A7,74 SLC26A9,75 and SLC26A1176,77 also medi-
ate Cl2=HCO2

3 exchange, but SLC26A778 and
SLC26A979 also appear to function as anion channels.
SLC26A2 mediates sulfate/Cl2 exchange80,81 in chon-
drocytes, hepatocytes and enterocytes. SLC26A6 and
SLC26A1 mediate enterocyte and proximal tubule oxa-
late/Cl2 exchange.82,83

AE DOMAIN STRUCTURE AND
ALTERNATIVE TRANSCRIPTS

The AE polypeptide products of the SLC4A1�3 and
SLC4A9 genes share a tripartite domain structure as
predicted by hydropathy analysis and confirmed by
chemical and antibody reactivity studies (Fig. 54.2). A
long N-terminal cytoplasmic domain extends for
400�700 amino acids (aa) before the polypeptide chain
enters the lipid bilayer. Overall % aa identity of this
region among the AE polypeptides is only B35%, but
short stretches within the region are highly conserved
(Fig. 54.3). The N-terminal domain of AE1 binds to
cytoskeletal proteins, but binding partners of the N-
terminal domains of AE2 and AE3 remain less well
investigated. The transmembrane domains of B500 aa
in length (Fig. 54.2) are modeled to traverse the bilayer
approximately 12�14 times, with at least one large
extracellular loop carrying 1,2, or 3 N-glycans. The AE

transmembrane domains share a higher overall aa
identity ofB65%, with yet greater sequence identity
among the putative transmembrane spans (Fig. 54.3).
When expressed in Xenopus oocytes and in HEK 293
human embryonic kidney cells, the transmembrane
domain of AE1 mediates anion transport in the absence
of all but the membrane-proximalB30 aa of the N-
terminal cytoplasmic domain.84�86 The transmembrane
domain is followed by a short C-terminal cytoplasmic
tail of B35�40 aa, and harbors a putative binding site
for carbonic anhydrase II87 (but see14).

The majority of AE polypeptide variants described
to date vary in their N-terminal amino acid sequences
(Fig. 54.2). This variation derives from alternative pro-
moter usage resulting in distinct 5’ mRNA exons
expressed in tissue-specific and cell type-specific
patterns.88�91 The AE1 and AE3 genes encode two
such 5’-variant transcripts encoding proteins with dis-
tinct N-terminal aa sequences. The AE2 genes of rat
and human express four 5’-variant transcripts, and
the mouse gene expresses five such transcripts.91,92

Two additional transcripts of the AE3 gene encode
alternate 3’-transcripts encoding predicted soluble
proteins93 devoid of intrinsic anion transport func-
tion. The AE4 gene encodes at least four (Fig. 54.2)31

and possibly many more variant transcripts.94

Unusual among the AE genes in its greater sequence
similarity with Na1-dependent than with Na1-inde-
pendent SLC4 polypeptides (Fig. 54.1), AE4 may
nonetheless function as a Na1-independent anion
exchanger30,31,95 (but see7).

FIGURE 54.2 Schematic of polypep-
tide variants expressed from the SLC4
Na1-independent transporters AE1, AE2,
and AE3. Also shown are four of the many
predicted polypeptide products of the
AE4/SLC4A9 gene, found by some but not
all to encode Na1-independent Cl2=HCO2

3

exchange function, despite their inclusion
in the Na1-dependent clade (Fig. 54.1).
Blue indicates predicted transmembrane
domains. Total polypeptide lengths (aa) at
right. Length (aa) of variant N-terminal
domains is indicated within leftmost
boxes, and of variant C-terminal domains
within rightmost boxes (for the AE3�14nt
variants). Aa of junctions indicated in mid-
dle boxes. rb, rabbit.
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The AE anion exchangers mediate electroneutral,
bidirectional exchange of monovalent anions, capable
of hetero-exchange and homo-exchange (Fig. 54.4A).
They can also mediate cotransport of divalent anions
(sulfate and oxalate are the best studied) with a pro-
ton in homoexchange or in heteroexchange for mono-
valent chloride (Fig. 54.4B). Exchange is believed to be
via a “ping-pong” mechanism, also known as a
“sequential” or an “alternating sites” mechanism
(Fig. 54.4C), on the basis of biochemical, kinetic, and
spectroscopic changes measured during studies of
anion substitution and ligand inhibition.9,96,97

Extensive functional investigation of AE1 in intact red
cells has been accompanied by study of recombinant
AE polypeptides in the major expression systems of

Xenopus oocytes98 and HEK 293 cells,85 as well as in
CHO,99 K562,100 MDCK,101�103 and Sf9 insect cells,104

S. cerevisia,105 and E. coli.106

LOCALIZATION AND FUNCTION
OF ANION EXCHANGERS IN TISSUES

AE1 is essential for postnatal survival in humans107

zebrafish,43 mice108,109 and cattle.110 AE1 is expressed
at highest levels in erythrocytes as the eAE1 polypep-
tide, constituting 25% of total membrane protein and
50% of intrinsic membrane protein. This high
density in the red cell membrane is needed for rapid
HCO2

3 transport during the sub-second traversal of

FIGURE 54.3 Amino acid sequence alignment of the Na1-independent bicarbonate transporter clade of the human SLC4 family, including
the Cl2=HCO2

3 exchanger polypeptides AE1/SLC4A1 (eAE1, NP_000333), AE2/SLC4A2 (AE2a, NP_003031), and AE3/SLC4A3 (bAE3,
NP_005061). Alignment was performed with DNAStar software, with manual revision. Conserved residues are highlighted in gray. Putative
transmembrane spans are overlined, guided by models of233 and.237
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pulmonary capillaries (and most other non-sinusoidal
capillary beds). Sparingly soluble CO2 generated by
cellular metabolism diffuses across capillary endothelial
cells into red cells. There it is converted by erythroid
cytoplasmic carbonic anhydrases into highly soluble
HCO2

3 and promptly exported by eAE1 in exchange for
extracellular Cl2. The H1 liberated by the OH2-consum-
ing carbonic anhydrase reaction is buffered by hemoglo-
bin to enhance oxygen release to hypoxic tissues.111

In the pulmonary capillaries this process operates in
reverse, with entry of extracellular HCO2

3 into the red
cell in exchange for cytoplasmic Cl2. The newly trans-
ported intracellular HCO2

3 is used by red cell carbonic
anhydrase to generate CO2, which diffuses down its
concentration gradient into the alveolar lumen for
exhalation. At the same time, hemoglobin’s surrender
of H1 to the OH2 newly generated by carbonic anhy-
drase enhances hemoglobin binding of O2 diffusing
into the red cell from the alveolus. This reversible
Cl2=HCO2

3 exchange cycle of the red cell, shuttling
between hypoxic, hypercarbic peripheral capillaries
and hyperoxic, hypocarbic pulmonary capillaries,
increases by five- to eight-fold the total CO2

carrying capacity of the blood112 (B90% HCO2
3 , 5%

free CO2, and 5% carbamino-hemoglobin and other
carbamino-CO2).

113

The role of oxygen tension in controlling the rate of
mammalian eAE1-mediated anion exchange remains
controversial, with reports of both hypoxic stimula-
tion114 and hypoxic inhibition.115 eAE1 also mediates
H1-cotransport of sulfate116 and oxalate117 in exchange
for Cl2. Elevated erythroid oxalate transport has been
correlated with hyperoxaluria and oxalate nephro-
lithiasis,117,118 but AE1 polymorphisms have not corre-
lated with oxalate lithiasis. eAE1 has been proposed to
contribute to erythroid transport of nitric oxide (NO)
or its metabolites as part of red-cell facilitated vasodila-
tion,119,120 by a nitrite transport-independent mecha-
nism121 possibly involving AE1 S-nitrosothiolation.119

However, the stilbene disulfonate-insensitivity of
erythroid NO transport, and its undiminished trans-
port by hagfish and lamprey red cells that lack AE1,
suggest a dominant AE1-independent NO transport
mechanism.122

The kidney isoform of AE1 is a truncated form of
erythroid AE1, lacking the initial 65 (human)
N-terminal amino acids due to transcriptional initiation
of kAE1 mRNA from an alternative promoter in exon 3
of the AE gene. kAE1 is expressed in the basolateral
membrane of Type A intercalated cells of the mamma-
lian renal collecting duct,123�125 where it is essential for
normal distal urinary acidification.13,109 AE1 is also
expressed at lower levels in glomerular podocytes,126

heart127,128 (whether as a tissue-specific transcript vari-
ant remains controversial), and in distal colon of rat129

but not human.130 Recently, AE1 was localized in the
sensory cilia of olfactory neurons.131

The AE2/SLC4A2 Cl2=HCO2
3 exchanger is the most

widely expressed of the Na1-independent SLC4 anion
exchangers, and in the mouse is essential for post-
weaning survival.132 In the basolateral membrane of
gastric parietal cells,133 AE2 is required for normal gas-
tric acid secretion.132 AE2 is required for normal osteo-
clast activity,134,135 and for normal male fertility.136

AE2 is also expressed (Fig. 54.14) in conjunctival
epithelium,137 in odontoblasts and ameloblasts138,139 in
choroid plexus epithelial cells,140 intestinal entero-
cytes,141 respiratory epithelium,142,143 and in biliary
ductular epithelium.144�146 AE2 is expressed along the
length of the nephron (Fig. 54.13), at highest levels in
basolateral membranes of medullary thick ascending
limb and inner medullary collecting duct.147�149 AE2
has also been noted in basolateral membrane of macula
densa in mouse,149 rat,148 and rabbit,150 where it may
possibly contribute to glomerulotubular feedback. The
near-ubiquitous distribution of AE2 suggests that AE2
also serves a homeostatic, housekeeping function in the
regulation of intracellular pH (pHi), intracellular chlo-
ride concentration and cell volume regulation in renal
epithelial cells as well as in other tissues. In some cir-
cumstances, as in IMCD cells, AE2 may contribute to
transepithelial anion secretion.

AE3 expression is prominent in heart,151,152

brain,85,153 retina,154 adrenal gland,155 as well as at
lower levels in smooth muscle156 and in epithelial cells
of kidney and gut.153 AE3 can modulate seizure thresh-
old in mice,155 but its role in renal and cardiac function
remains little understood, slowed in part by question-
able histochemical specificity of some antibodies as
judged by absence of immunostaining in knockout
tissue (unpublished results). AE4/SLC4A9 appears
apical in gastric surface mucous and duodenal villus
cells,95 but shows species-dependent cell polarity
and cell type-specificity in immunostained intercalated
cells.30,31,157 The antibodies may prove unreliable or
species-specific, since the AE4 promoter exhibits Type
B-intercalated cell specificity.158 The physiological
function of AE4 remains unclear.159

AE1 N-TERMINAL CYTOPLASMIC
DOMAIN STRUCTURE AND

BINDING PROTEINS

Much structural information available for AE anion
exchangers derives from study of the abundant ery-
throid AE1 (eAE1) polypeptide. The N-terminal cyto-
plasmic domain is attached to and may anchor
cytoskeletal protein complexes at the inner face of the
erythroid plasma membrane, as shown in Fig. 54.5.
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eAE1 is linked to the spectrin-actin cytoskeleton
through its binding of the linker protein ankyrin.
Ankryin copy number is B20% that of eAE1 mono-
mers. eAE1 in the red cell membrane appears to be
homodimeric160,161 or homotetrameric as bound to
ankyrin.162,163 eAE1 also binds tightly to protein 4.2
and glycophorin A, and with lower apparent affinity
to protein 4.1, an actin-binding component of the
cytoskeletal junctional complex (Fig. 54.5). Less direct
interactions have been detected with NH3 channel
RhAG164 and with water/CO2 channel AQP1,165 but
see.166,167 AE1 participates in an erythroid membrane
macromolecular complex164,168 established early during
erythropoiesis.169

The X-ray structure of the recombinant dimeric
N-terminal cytoplasmic domain of eAE1 overexpressed
in E. coli and crystallized at pH 4.8 has been solved at
2.6 A resolution106 (Fig. 54.6). The eAE1 monomers are
intertwined through “domain swapping” of individual
dimerization domains via leucine zipper interactions.
The monomers show near two-fold symmetry around
an axis at the dimer interface, and the dimers are
packed in the crystal as tetramers. The N-terminal 54
amino acids (aa) and the membrane-proximate
C-terminal-most 19 aa of eAE1 were disordered in the
crystal, and so not visualized. The 20�25 aa immedi-
ately preceding entry of the polypeptide chain into the
lipid bilayer170 were omitted from the crystallized

FIGURE 54.4 Anion exchange modes of electroneutral Na1-independent SLC4 polypeptides. A. Schematic of monovalent anion exchange.
B. Schematic of monovalent anion exchange with a divalent anion/proton pair. The spectrum of transported anion substrates is more extensive
than portrayed in A and B (see.229 C. Example of 36Cl2 efflux from an AE1-expressing oocyte in exchange for extracellular Cl2 or HCO2

3 , then
inhibited by extracellular DIDS. D. Reversible Cl2=HCO2

3 exchange by BCECF-AM-loaded osteoclasts from wildtype (1/1), heterozygous (1/-)
and homozygous (-/-) Ae2(a,b) knockout mice (from580 with permission). E. The ping-pong (sequential) exchange mechanism is believed appli-
cable to the transport modes portrayed in A and B (C modified from581 with permission).
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recombinant polypeptide, guided by earlier protease
accessibility studies. The absence of this junctional
structure renders uncertain the orientation of the
AE1 N-terminal cytoplasmic domain with respect to its
adjacent transmembrane domain. This eAE1 crystal
structure has been used to model the corresponding
region of SLC4A2/AE2,171 and will provide the tem-
plate for structural analysis of the recently crystallized
recombinant N-terminal cytoplasmic domain of the
homologous electrogenic sodium bicarbonate cotran-
sporter SLC4A4/NBCe1A.172

The soluble eAE1 N-terminal cytoplasmic domain
undergoes several structural changes upon pH shift
from 6.0 to 10.0, including elongation of the Stokes
radius and the axial ratio, increased intrinsic fluores-
cence, decreased thermal stability, and increased pro-
tein segmental motion.162,173 The crystal structure of
the eAE1 N-terminal cytoplasmic domain is more com-
pact than predicted by the domain’s solution proper-
ties, possibly reflecting the acidic crystallization pH.
The crystal structure can be modeled to undergo an
alkaline pH-induced elongation in the region of the
dimerization domain (Fig. 54.6), leading to separation
of the peripheral protein binding domain from

the dimerization domain,173 supported by intradimer
luminescence resonance energy transfer (LRET) mea-
surements between Cys201 residues in adjacent mono-
mers.174 Single particle fluorescence resonance energy
transfer (FRET) measurements document two popula-
tions of conformers at neutral pH, with inter-Cys201
distances similar to those measured by LRET at
extreme pH values. However, this distance is larger
when estimated “in situ” in endogenous AE1 present
in KI-stripped inside-out red cell vesicles. Moreover,
the pH-dependence of that distance differs from that of
pure recombinant N-terminal cytoplasmic domain pre-
pared from inside-out vesicles, further suggesting dis-
tinct conformations in the two experimental systems,174

and the potential for considerable plasticity of confor-
mation dependent on local environment and binding
partners.

Many functions have been assigned to the
N-terminal cytoplasmic domain of eAE1 (Table 54.1).
Glycolytic enzymes translocated from cytosol to mem-
brane binding sites175 where they may form macromo-
lecular complexes to regulate ATP production in
concert with metabolic demand. Aldolase binding to
AE1 requires two sites within aa 1�23, including aa

FIGURE 54.5 Three populations of AE1/SLC4A1 (Band 3) envisioned in the the erythrocyte membrane and underlying cytoskeleton: 1)
free, unbound AE1 dimers; 2) AE1 tetramers in complex with the ankyrin/spectrin complex (blue in transmission electron micrograph at lower
left), associated with AE1-binding proteins glycophorin A (GPA), protein 4.2, and with the RhCDE/RhAG/GPB/CD47/LW complex; 3) AE1
dimers of the spectrin/actin/Protein 4.1 junctional complex (orange in micrograph at lower left) with AE1-binding proteins GPA, adducin and
protein 4.2, with associated protein 4.1/p55, GPC, Kell/XK, Duffy, and Glut1/stomatin, all linked to the spectrin/actin/tropomyosin/tropomo-
dulin complex(Adapted with permission from582,583).
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6�10 and aa 19�23. Glyceraldehyde-3-phosphate
dehydrogenase binds to either of two sites located
within aa 1�11 or within 12�23. Phosphofructokinase
binds to aa 12�23, but AE1 does not contribute the
membrane binding sites for lactate dehydrogenase and
pyruvate kinase.176 Thus, organization of the entire gly-
colytic complex at the red cell membrane requires
not only AE1 but additional membrane proteins.
Oxygen tension175 and hemoglobin binding to the
eAE1 N-terminal region also contribute to membrane
association of glycolytic enzymes. Glycolytic enzymes
are largely membrane-localized in inactive form in oxy-
genated erythrocytes through binding to N-terminal
residues of eAE1. Deoxygenation leads to enzyme
release and translocation to the cytosol, thus derepres-
sing erythroid glycolytic flux.177 Glycolytic enzymes of

Ae1-/- mouse red cells exhibit oxygenation-indepen-
dent, constitutively cytosolic localization.178 The eAE1
peptide aa 1�10 bound with low affinity to tetrameric
hemoglobin, and decreased hemoglobin cooperativity
to the same degree as did the entire N-terminal cyto-
plasmic domain, or as 2,3-diphosphoglycerate.179

AE1 N-terminal cytosolic domain mutants with
enhanced hemoglobin binding accelerated polymeriza-
tion of sickle hemoglobin in solution,180 suggesting a
possible point of therapeutic intervention in sickle dis-
ease. Conversely, hemoglobin also induced conforma-
tional change in AE1.181�183

The major human AE1 binding site for erythroid
ankyrin is a surface loop comprising aa 175�185.184

The AE1-ankyrin interaction, although critical for
membrane stability, was insensitive to shear stress in

FIGURE 54.6 X-ray crystal structure of the dimeric N-terminal cytoplasmic domain of human AE1/SLC4A1, showing the structured por-
tion (aa 55�356) from the 379 aa domain. A. Ribbon diagram. B. Space-filling model of dimer showing interlocking arms of monomeric units.
C. Ribbon diagram viewed from a different angle, showing aa 55�65 (dark strand) present in eAE1, but missing in kAE1. D. and E. Reversible
conformations of dimeric cytoplasmic domain predicted for pH 6 (D) and pH 10 (E), perhaps explaining the alkalinization-induced Stokes
radius increase of 11 A and the doubling of intrinsic fluorescence. (A�C reproduced with permmission from106; D and E reproduced with permission
from173).
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TABLE 54.1 AE1 Residues of Defined Function

Location eAE1

Residue

Importance/Function Reference

N-term
cytoplasmic

1�11,
12�23

GAPDH binding site 176,446

12�23 Deoxy-hemoglobin/hemichrome binding site 513,514

Y8, Y21 p72syk phosphorylation sites, Y8 inhibits binding of glycolytic enzymes 175,515�517

6�10,
19�23

Aldolase binding site 176

12�23 Phosphofructokinase binding site 176

T42 Major casein kinase 1 phosphorylation site 360

1�54 Disordered in crystal 106

55�65,
175�185

Required for Ankyrin-1 binding site 184

Y105, D316 Postulated to contribute inter-monomeric H bond related to pH-sensitive elongation, Trp
fluorescence, thermal stability

106

C201, C317 Able to form inter-monomeric disulfide link 220

202�211,
357�9

Disordered in crystal 106

208�225 Contributes to dimer: dimer interface of tetramer 106

252�261 Contributes to dimer: dimer interface of tetramer 106

S303 Minor casein kinase 1 phosphorylation site 360

314�344 Dimerization arm 106

343�347 Required for Protein 4.1 binding site 189

K360 Cytoplasmic domain trypsin cleavage site 518

G381 Deletion abolishes function but maintains surface expression 170

357�399 Flexible link between N-term cyto and transmembrane domains 106

Y359 Cytoplasmic domain chymotrypsin cleavage site.

Secondary p53/56lyn phosphorylation site, requires prior syk phosphorylation of Y8/Y21; SHP-2
binding to phospho-Y359 allows dephosphorylation of Y8, Y21, Y904.

Required for basolateral targeting in polarized MDCK cells 209,479,519

C-term
transmembrane

K430 EC1 site of extracellular eosin-maleimide binding, reductive methylation; inhibits function 520

C479 TM3 site reacts with PCMBS, unreactive with maleimides 235

K539 EC3 covalent binding site for DIDS/H2-DIDS, SITS and DNFB; inhibits function 521,522

K542 EC3 alternate covalent binding site for DIDS (not H2(DIDS) when K542 mutated 523

K551, K562 EC3 sites of inter-monomeric crosslinking with BSSS within dimer 218

M559 Oxidized by Chloramine T (N-chloro-p-toluenesulfoamide) 230

K590 Inner TM6 covalent binding site for phenyl isothiocyanate and DNFB; inhibits function 521,524,525

Q630 EC4 extracellular papain cleavage site; inhibits function 526�528

N642 EC4 N-glycosylation site; glycan not required for trafficking or function 470

E681 Inner TM8 binding site for extracellular Woodward’s Reagent K; inhibits function

(Continued)
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resealed red cells.185 Mouse red cells lacking the corre-
sponding critical Ae1 aa 188�199, despite loss of ability
to bind ankyrin in vitro, were found to retain 60% of
AE1 cytoskeletal binding in red cells that were less
destabilized than predicted.186 The sustained cytoskele-
tal binding was later attributed in part to interaction
with adducin187 and to the junctional complex.
Increased cytoskeletal attachment of AE1 gradually
reduces AE1 mobility in the plane of the plasma mem-
brane during erythroid development.188 Binding of the
N-terminal 30 kDa membrane-association domain of
protein 4.1R was localized to the LRRRY motif at AE1
aa 343�347 by ligand blot,189 whereas solution binding
methods indicated a predominant role for sites near
the far N-terminus of the cytoplasmic domain.190

B20% of erythroid protein 4.1 binds to AE1,
with larger proportions bound to glycophorin C and to
p55/dematin.191 Phosphatidylinositol-4,5-bisphosphate
(PIP2) decreased protein 4.1 binding to AE1 while
increasing binding to glycophorin C.192 Single particle
tracking experiments in wildtype and mutant mouse
red cells suggest that B40% of eAe1 is bound to ankyr-
in, B33% is bound to adducin, and 27% is unattached
to cytoskeletal proteins (Fig. 54.5).193

The ribbon diagram of Fig. 54.6C shows as a dark
β strand the eAE1 aa 55�65 that are absent from
kidney AE1 (kAE1, Fig. 54.2) of renal collecting duct
Type A intercalated cells. Absence from kAE1 of this
β-strand and the preceeding erythroid-specific residues
predicts a structure quite different from that of eAE1,
consistent with the inability of kAE1 to bind erythroid
ankyrin194 protein 4.1R, and aldolase.195 The lack of
ankyrin binding by kAE1 corresponds to apparent
absence of erythroid ankyrin in Type A intercalated
cells.196 The influence of eAE1-specific aa 1�65 (absent
from kAE1) on the conformation of the N-terminal
cytoplasmic domain is further suggested by the ability
of the common, clinically benign polymorphism K56E
(band 3 Memphis, Table 54.3) to retard the SDS-
polyacrylamide gel mobility of the N-terminal 60 kDa
chymotryptic fragment of erythroid AE1. An additional
influence on the structure of the transmembrane
domain is suggested by the decreased erythroid trans-
port rate for the (slowly transported putative) sub-
strate, phosphoenolpyruvate.197

The erythroid-specific protein 4.2 closely associated
with eAE1 during fractionation, and interacted when
coexpressed in Xenopus oocytes.198 Genetic deficiency

TABLE 54.1 (Continued)

Location eAE1

Residue

Importance/Function Reference

Reduction by borohydride leads to H1 -independent sulfate self-exchange. 254,265

H734 Intracellular DEPC labeling site, as assigned based on mutagenesis and function in oocytes. 300

M741 Oxidized by Chloramine T, partially blocked by DNDS and by DEPC. 230

K743 Intracellular trypsin cleavage site (at low ionic strength) 529,530

H834 Intracellular DEPC labeling site; modification decreases sulfate affinity, but not substrate-
induced conforational change

303,531

C843 Inner TM13 palmitoylation site 532,533

K851 Outer TM13 PLP binding site and H2DIDS intramonomeric crosslinking site; inhibitory 522

C885 C-term cyto tail NEM labeling site 237

886�890 Carbonic anhydrase 2 binding site; stimulatory 322

886�911 Alanine scan mutagenesis reduces Vmax for sulfate transport in S. cerevisiae. 326

R901 C-terminal cyto tail site of hydroxyphenylglyoxal binding, reduced in H2-DIDS-locked outward
conformation of AE1. Modification or mutations reduces Vmax for sulfate transport.

296

D902EY Involved in binding GAPDH to kAE1 350

Y904 Secondary p53/56lyn phosphorylation site, requires prior syk phosphorylation of Y8/Y21

Required for basolateral targeting in polarized MDCK cells. 209,479

M909 Oxidized by Chloramine T 230

878�911 Binds cytoplasmic N-terminal tail of glycophorin A in vitro and in yeast two hybrid. 347

893�911 Encodes or activates red cell ghosts glycophorin A protease. 347
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of AE1 in human hereditary spherocytosis or in knock-
out animals can be associated with decreased protein
4.2.199 Conversely, the hereditary elliptocytosis or
spherocytosis of protein 4.2 deficiency is associated
with partial reduction in abundance of erythroid AE.200

Incorporation of protein 4.2 into band 3 proteolipo-
somes slightly reduced anion transport.201 In contrast,
coexpression of protein 4.2 in Xenopus oocytes
increased AE1-mediated anion transport,198 whereas
some protein 4.2 spherocytosis mutants lacked this
phenotype. Protein 4.2 may also link AE1 to the Rh
complex via red cell CD47.202

Undefined AE1 residues bind to aa 200�211 of pro-
tein 4.2, immediately adjacent protein 4.2’s ankryin-
binding site at aa 187�200.203 AE1 cleavage at aa 45
and aa 205 by erythroid caspase 3 decreased binding of
protein 4.2.204 Since activated red cell caspase 3 also
promotes externalization of phosphatidylserine,205 a
marker and agent of terminal red cell aging206 and a
signal for erythrophagocytosis,207 the band 3-protein
4.2 interaction may signal erythrocyte removal from
the circulation. In HEK-293 cells, AE1 hereditary spher-
ocytosis mutant polypeptides E40K, G130R, and P327R
exhibited diminished binding to co-expressed protein
4.2, with decreased protein 4.2. The AE1 transmem-
brane domain did not interact with protein 4.2.208

The tyrosine kinases Syk and Lyn bind to human
eAE1 and phosphorylate its N-terminal cytoplasmic
domain at Y8, Y21, and Y359. The phosphorylation
state of these Tyr residues regulates glycolytic enzyme
binding,175 but likely not anion transport.117,209 eAE1
tyrosine phosphorylation is increased by malaria para-
site invasion, the oxidative stress of sickle disease, thal-
assemia, G6PD deficiency, and normal cell aging, as
well as by hypertonic cell shrinkage. Tyrosine phos-
phorylation also promotes AE1 dissociation from the
cytoskeleton and promotes mobility in the mem-
brane,210 perhaps adaptive responses to the above
stresses.

A calponin homology domain of human kAE1 (aa
27�189, corresponding to aa 92�254 of eAE1) was
shown to bind to the C-terminal catalytic domain of
integrin-linked kinase in the endoplasmic reticulum,
traffic together to the basolateral membrane leading to
increased surface expression with proportionately
increased transport activity, although without the
expected increase in actin cytoskeletal association.211

The AE1 N-terminal cytoplasmic domain has also been
shown to interact with the C-terminal tail of GLUT1.212

Although the N-terminal cytoplasmic domain of AE2
may bind erythroid ankyrin,213 others detected no
ankyrin binding to N-terminal cytoplasmic domains of
kAE1, AE2, or cAE3.194,214 AE2 binding to the distinct
Golgi ankyrin Ank195

215 may contribute to membrane
anchoring of the Golgi cytoskeleton.216 AE3 N-terminal

cytoplasmic domain binding proteins have not been
reported.

AE1 C-TERMINALTRANSMEMBRANE
DOMAIN STRUCTURE AND

BINDING PROTEINS

The C-terminal transmembrane domains of AE1,
AE2,86,217 and AE385 suffice to mediate anion exchange
in the absence of their corresponding N-terminal cyto-
plasmic domains. The native or detergent-solubilized
transmembrane domains of AE1,160,218�220 AE2,221 and
AE3222 are dimers or higher-order oligomers. Figs
54.7A�F shows 18A resolution cryo-electron micros-
copy images of the dimeric, H2-DIDS-crosslinked trans-
membrane domain of solubilized eAE1 in tubular
crystals,223 supporting earlier electron microscopic
images of negatively stained two-dimensional crys-
tals.224,225 Higher resolution (Fig. 54.7A) electron micro-
scopic images of 2D crystals (Fig. 54.7G) revealed
outlines of several transmembrane helices,226 allowing
identification of an overall fold with similarities to the
Clc Cl2/H1 exchanger gene superfamily.226 This simi-
larity has prompted consideration of an AE1 trans-
membrane domain model incorporating anti-parallel
V-shaped motifs227 differing from that previously
derived from topographically directed mutagenesis
and labeling studies (as in Fig. 54.8).

Growth of three-dimensional crystals suitable for
high resolution X-ray diffraction has proven difficult
for the transmembrane domain of eAE1228 and for the
S. cerevisiae SLC4 putative borate transporter polypep-
tide YNL275w/Bor1p (Fig. 54.1).34,35,47 This difficulty
may reflect in part the conformational flexibility of
AE1 required to accommodate a wide range of anion
substrate dimensions,229 and the possibly increased
susceptibility of AE1 Met residues to oxidation by per-
oxides accumulating in polyoxyethylene detergents
such as C12E8.230 Polytopic transmembrane domains
of prokaryotic membrane proteins overexpressed in
E. coli have proven more amenable to crystallization
and have provided insight into SLC26-related anion
transporter structure.65,66,231 The recent description of
a marine prokaryotic SLC4 anion transporter48 sug-
gests that this or another route to crystallization and
structure determination46,232 will soon bear fruit for a
prototype SLC4 anion transporter transmembrane
domain.

In the absence of a high resolution crystal structure,
indirect studies of SLC4 transmembrane domain struc-
ture have relied upon chemical modification of native
or detergent-solubilized erythroid eAE1, and site-
directed mutagenesis studies of recombinant AE1
(Table 54.1) and AE2 (Table 54. 2). Fig. 54.8 presents a
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topographical model of the secondary structure of
eAE1, based on hydropathy analysis233 updated by
scanning cysteine accessibility mutagenesis data234�238

(but without considering the 2D crystal EM data shown
in Fig. 54.7). The model is also informed by proteolytic,
glycolytic, and chemical labeling studies (Table 54.1),
identification of polymorphic blood group antigen sites
recognized by extracellular antibodies (Fig. 54.8 and
Table 54.3), and scanning N-glycosylation insertional
mutagenesis studies.239�241 These latter studies sug-
gest that folding of the transmembrane domain in
the endoplasmic reticulum (as measured by in vitro
translation) differs from that in the plasma mem-
brane, and likely undergoes further maturation dur-
ing transit to the cell surface.240 The proposal of two
flexible re-entrant loop regions suggested by accessi-
bility of introduced Cys residues to impermeant
reagents from either side of the cell membrane237

deviates considerably from earlier models based

solely on hydropathy analysis.233 A model of AE1
transmembrane helix packing was proposed based
on groups of two or more complementary subfrag-
ments of the AE1 transmembrane domain capable of
partial reconstitution of wildtype chloride transport
activity.242�244 Intra- and intersubunit distance con-
straints have been proposed based upon fluorescence
resonance energy transfer (FRET) and luminescence
resonance energy transfer experiments (LRET)
between inhibitor binding sites or between inhibitor
probes and targeted cysteine probes.174,245,246 FRET
experiments have been extended to single dimeric
AE1 subdomains on coverslip,247 allowing measure-
ment of the kinetics of single molecule conforma-
tional changes. Intermolecular FRET has also been
used to estimate the local pHi gradient change pro-
duced by AE1-mediated Cl2=HCO2

3 exchange in the
immediate intracellular vicinity of the AE1 polypep-
tide expressed in HEK-293 cells.248

FIGURE 54.7 A. Three-dimensional image reconstruction (18 A resolution) of a tubular crystal of H2-DIDS-crosslinked human AE1 trans-
membrane domain (TMD) in outward conforation (side view with boxes demarcating two protomers of a dimer). B. End-on view, with white
dotted lines estimating boundaries of lipid bilayer. Asterisk in B, D, and E marks 20A protrusions on extracellular surface. The intracellular
(C) and extracellular (D) surfaces of the AE1 TMD dimer unit cell boxed in (A). E. AE1 TMD dimer viewed along the tube axis (through the
membrane plane, with membrane boundaries estimated by white dotted lines. Projection image of AE1 TMD dimer from cytoplasmic side,
with circles suggesting subdomains of one protomer. (A�F reproduced with permission from223). G. Two-dimensional crystal projection map (7.5
A resolution) of H2-DIDS-crosslinked AE1 TMD dimer in outward conformation (reproduced with permission from226). H. Topology of AE1 TMD
modeled on the anti-parallel V-shaped repeat structure of the E. coli Clc Cl Figure Legends See color plate section at the back of the book.
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MECHANISMS OF SLC4/AE
ANION TRANSPORT

The anion exchangers AE1, AE2 and AE3 transport
monovalent anions (i.e. Cl2 for HCO2

3 ) by a mecha-
nism of obligatory one-for-one electroneutral exchange
(Fig. 54.4). Each AE1 transport unit in the intact human
red cell exchanges Cl2 for HCO2

3 or another Cl2

B50,000/sec at 37
�
C.249 AE1-mediated exchange in the

red cell is tightly coupled such that net Cl2 movement
driven by the transmembrane electrical potential is at
least 10,000 times slower than unidirectional36 Cl2

flux in the context of homo- or hetero-exchange.9,250

The tight coupling is reflected in the obligatory trans-
anion dependence of unidirectional anion movement.

Electroneutral one-for-one monovalent exchange has
been rigorously demonstrated for eAE1 expressed
in Xenopus oocytes.251 The tight coupling of anion
exchange may allow higher anion:cation selectivity
than permitted by the pore of an ion channel, with con-
sequent reduction in the metabolic cost of volume reg-
ulation.9 Transport of divalent anions such as sulfate
and oxalate requires cotransport with a proton,116,117

by a mechanism in which divalent anion binding facili-
tates cis-binding of protons, and proton binding facili-
tates subsequent binding of divalent anion.252,253

Kinetic and other studies generally support a ping-
pong mechanism for AE1-mediated anion exchange, in
which the substrate binding site faces either the cyto-
solic compartment (inward conformation) or the

FIGURE 54.8 Proposed topographical model for human AE1/SLC4A1, with natural amino acid variants. Met 66 (arrow) marks start of kid-
ney AE1. Polymorphisms encoding blood group antigens are in blue. Mutations associated with hereditary spherocytic anemia and ovalocyto-
sis are in orange, and include missense, nonsense, splicing, and deletion mutations. Missense mutations associated with hereditary cation-leak
stomatocytosis are in red. Mutations associated with dominant and recessive distal renal tubular acidosis are in green. Terminal deletions are
in lighter orange and green. Upper left: scanning electron micrographs of bovine wild-type erythrocytes and AE1(2/2 ) spherocytes (HS,
modified with permission from110). Upper center, Wright-Giemsa-stained human stomatocytes. Upper right: consecutive semithin sections of
rat kidney cortex immunostained for vH1-ATPase (left) and AE1 (right). Note that only Type A intercalated cell with apical vH1-ATPase
expresses basolateral kAE1 (Modified from3 with permission). See color plate section at the back of the book.
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TABLE 54.2 AE2 Residues of Defined Function

Location AE2a Residue Importance/Function Reference

N-term cytoplasmic 127�134,
145�149

Deletion or Ala substitution alkaline-shifts pHo(50) 375

150�175 Progressive deletion acid-shifts pHo(50) 375

H313/H317 Ala substitution acid-shifts pHo(50) 171

E318/E322 Ala Substitution acid-shifts pHo(50), reduces pHi sensitivity 171

F320 Ala, Tyr substitution acid-shifts pHo(50), reduces pHi sensitivity 171

L323 Ala substitution acid-shifts pHo(50), reduces pHi sensitivity 171

W336 Ala substitution acid-shifts pHo(50), reduces pHi sensitivity 373

E338 Ala substitution reduces pHi sensitivity 373

R341 Ala substitution acid-shifts pHo(50), reduces pHi sensitivity 373

W342 Ala substitution reduces pHi sensitivity 373

I343 Ala substitution reduces pHi sensitivity 373

F345 Ala substitution reduces pHi sensitivity 373

E346 Ala or Asp substitution acid-shifts pHo(50), reduces pHi sensitivity 373

E347 Ala or Asp substitution acid-shifts pHo(50), reduces pHi sensitivity 373

W356 Ala substitution reduces pHi sensitivity 171

H360 Glu substitution acid-shifts pHo(50), reduces pHi sensitivity 171

403�408 Ala substitution acid-shifts pHo(50) 171

C-term
transmembrane

R789 Glu and Ser substitution reduces AE-mediated Cl- transport but with wild-type surface
expression

298

E888 (EC3) Ala substitution acid-shifts pHo(50) 298

K889 (EC3) Ala substitution acid-shifts pHo(50) 298

R921 (IC3) Thr substitution reduces pHi sensitivity 298

F922 (IC3) Tyr substitution reduces pHi sensitivity 298

D970/K971
(EC4)

Ala/Ser substitution increases pHi sensitivity 298

E981 (EC4) Leu substitution acid-shifts pHo(50) 298

K982 (EC4) Tyr substitution acid-shifts pHo(50) 298

E1007 (inner
TM8)

His, Gly, Lys substitution abolishes Cl- transport; Q substitution makes sulfate transport
H1-independent

302

H1029 (TM9) Ala substitution inhibits Cl- transport; wild-type surface expression 302

A1051 Ser substitution alkaline-shifts pHo(50) 377

A1053 Thr substitution alkaline-shifts pHo(50) 377

R1056 Ala substitution inhibits Cl2 transport; wild-type surface expression 298

S1068 Gly substitution acid-shifts pHo(50), reduces pHi sensitivity 377

V1071 Ser substitution acid-shifts pHo(50), reduces pHi sensitivity 377

A1072 Gly substitution acid-shifts pHo(50), reduces pHi sensitivity 377

D1075 Ala substitution acid-shifts pHo(50) 298

P1077 Ala substitution reduces pHi sensitivity 298

(Continued)
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extracellular compartment (outward conformation)
(Fig. 54.4). Anions may bind and unbind, likely at rates
near the diffusion limit, before unbinding is prevented
by an initial conformational change sometimes envi-
sioned as closure of an “external gate”. This gate clo-
sure is coincident with or induces formation of the
oppositely directed conformational state sometimes
envisioned as opening of an “internal gate”. In this
state the translocated anion can be released to the other
compartment, and the next half-cycle of transport can
proceed in the opposite direction. Thus, binding of sub-
strate to one conformational state induces a conforma-
tional transition to the other state, accompanied by
anion translocation and transport. The conformational
transition occurs only upon protein binding of anion
on one side.254,255 The characteristic rank order of anion
transport rates by AE1229 and AE2256 reflects not bind-
ing affinity but rather the extent to which binding of
each anion lowers the transition state free energy for
the conformational transition. Such a mechanism may
allow coexistence of high substrate specificity with the
low binding affinities required for anions present at
concentrations of 5�150 mM, often with low trans-
membrane concentration gradients.257 A postulated
short-lived “occluded state” of anion binding hypothe-
sized to accompany the AE1 transition state between
inward and outward conformations has not been
experimentally detected.

The ping-pong model of completely separate steps
for anion exit and entry is supported by several lines of
evidence. The strongest evidence is from the “half-
turnover” experiments of Jennings,258 which created
conditions to detect the number of 36Cl2 anions which
rapidly effluxed from resealed red cell ghost mem-
branes into an extracellular medium without permeant
trans-anion. This number nearly equaled the number
of AE1 polypeptides per red cell, and suggested that
each polypeptide had undergone the transition from

inward to outward conformation, completing only a
half cycle of transport before encountering the absence
of rapidly transportable anion in the extracellular
medium. Further evidence includes findings that alter-
ation of transmembrane Cl2 gradients controlled the
proportion of AE1 polypeptides in the outward confor-
mation (as detected by binding of inhibitors favoring
the outward-facing state), that reaction of an outward-
binding inhibitors such as DIDS prevented binding of
the inward-state inhibitor, NAP-taurine,259 and that
binding of inhibitor to the external side of AE1 blocked
Cl2 binding on both sides of the protein, as measured
by 35Cl-NMR.260 In addition, red cell exposure to
the external inhibitor H2DIDS promoted uphill Cl2

efflux,261 consistent with recruitment of inward-facing
AE1-Cl2 complex to the outward facing state where,
immediately after Cl2 release, the transporter confor-
mation is frozen by inhibitor binding.

The anion binding sites on the cytoplasmic and
extracellular faces of the polypeptide are non-equiva-
lent, with yet undefined binding pockets comprising
distinct sets of aa residues on inner and outer faces of
AE1 (Fig. 54.8). Thus, whereas symmetrical Cl2 con-
centrations favor a 6-fold preponderance of the inward
conformation of AE1 (reflecting a 6-fold higher relative
Cl2 binding affinity vs HCO2

3 ), symmetrical HCO2
3

concentrations in the absence of Cl2 favor a 10-fold
preponderance of the outward conformation (with its
10-fold higher relative affinity for HCO2

3 .
262 This

substrate-specific asymmetry of AE1 affects apparent
affinities for substrates and inhibitors. When the carrier
is unloaded, the inward facing form (the lower free
energy state in Cl2) is favored over the outward facing
form (higher energy state) such that the apparent sub-
strate affinity is higher for external than for internal
substrate.263

Although the above data support an alternating sites
model for AE1-mediated anion transport, evidence for

TABLE 54.2 (Continued)

Location AE2a Residue Importance/Function Reference

I1079 Asp/Glu/Lys/Phe/Thr/Tyr substitution reduces pHi sensitivity, Glu or Lys substitution
acid-shifts pHo(50).

Cys substitution increases pHi sensitivity and alkaline-shifts pHo(50) 377

R1107 Ser substitution reduces pHi sensitivity 298

R1134 Cys substitution inhibits Cl2 transport; apparent lack of surface expression 298

H1144 Tyr substitution alkaline-shifts pHo(50) 302

H1145 Ala substitution alkaline-shifts pHo(50), increases pHi sensitivity 302

R1155 Lys substitution increases pHi sensitivity 298

R1202 Leu substitution increases pHi sensitivity 298
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TABLE 54.3 AE1 Mutations

Band 3 Mutation Ref

A. SLC4A1 (AE1) MTATIONS ASSOCIATED WITH RED CELL SHAPE CHANGE

Southeast Asian
ovalocytosis

Δ400�408 ovalocytosis (MIM:109270,130600,166900) 453,534,535

High transport
(HT)

P868L acanthocytosis, increased sulfate transport. 293

B. SLC4A1 (AE1) MUTATIONS ASSOCIATED WITH HEREDITARY SPHEROCYTOSIS (MIM:109270)

Genas nt 89 (G-A) from cap site in 50 untranslated
region; 33% decrease in mRNA

536

Neapolis Splice donor mutation retains intron 2 in primary transcript to yield two variant mRNAs: variant 1: intron 2
retention; polypeptide terminates after 19 neocodons.

variant 2: Δ1�11; exon 2 skipping leads to deletion of first 11 aa to encode near full-length polypeptide with
initiator codon at Met 12.

Severe HS in homozygotes 12% eAE1 protein; mild HS in heterozyotes, 82% of eAE1 protein. 446

Montefiore E40K recessive hemolytic anemia with protein 4.2 deficiency 444

Foggia H55T-fs 1-nt deletion 537

Kagoshima E56fs 1-nt deletion (A) 538

Hodonin W81X mutant mRNA undetected 442

Capetown E90K compound heterozygote with Prague III, both mRNAs present 539,540

Napoli I S100F-fs-term; nt 447insT; mutant mRNA undetected 537

Fukuyama I R112�113 fs, 2-nt del (AC) aa 200

Nachod Δ117�12 intron-5 splice acceptor mutation, maybe near ankyrin binding site 442

Fukuoka G130R asymptomatic alone, recessive, exacerbated HS when in trans
with G714R Okinawa

541

Mondego P147S in cis with E40K Montefiore; in trans with V488M Coimbra. 542

Enhances severity of heterozygous HS V488M Coimbra

Lyon, Osnabruck R150X 536,543

Worcester L170�172 fs 1-nt insertion; mutant mRNA
undetected

442

Fukuyama II D183 fs 1-nt insertion 541

Campinas Q203 fs followed by 13-aa neosequence, 1-nt insertion. 448

incomplete dRTA by furosemide test, resiting
bicarbonaturia

Bohain V241 fs 1-nt deletion 544

Princeton A273�275 fs 1-nt insertion; mutant mRNA undetected 442

Boston A285D 442

Tuscaloosa P327R 545

Noirterre Q330X 546

Bruggen P419 fs 1-nt deletion 543

Benesov G455E in TM2 442

Bicetre II A456 fs 1-nt deletion 544

(Continued)
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TABLE 54.3 (Continued)

Band 3 Mutation Ref

Pribram S477 fs 1-nt deletion in splice acceptor, intron-12 retention, terminates
after 7 neocodons

442

small amount mutant mRNA detected, mutant protein not
detected

also incomplete RTA by CaCl2 load test, bicarbonaturia
following HCO2

3 load
447

Coimbra V488M exacerbated by in trans�double-mutant E40K/P147S 542

Bicetre I R490C 544

Evry W492 fs 1-nt deletion 544

Milano I500G followed by duplicated aa 478�499; mutant protein undetected 547

Dresden R518C 543

(Mexico) G580fs63X frameshift, 4 nt duplication, frameshift 548

Smichov I616 fs 1-nt deletion, mutant mRNA undetected 442

Trutnov Y628X mutant mRNA undetected 442

Hobart R646�647 fs 1-nt deletion, mutant mRNA undetected 442

Osnabruck II M663�664 fs 543

Tambau M663K de novo mutation 549

Most L707P 442

Okinawa G714R HS more severe when in trans with band 3 Fukuoka 200

Prague II R760Q mutant polypeptide not detected 540

Hradec Kralove R760W 540

Chur G771D mutant mRNA present at normal level 550

Napoli II I783N mutant mRNA present, mutant protein undetected 537

Jablonec R808C 540

Nara R808H 538

Prague I V822 fs 10-nt duplication 540

Birmingham H834P 442

Philadelphia T837M 442

Tokyo T837A mutant mRNA present at normal level 551

Prague III R870W in compound heterozygote with Capetown E90K, both
mRNAs present

539,540

Vesuvio T894 fs 1-nt deletion replaces C-terminal 18 aa with 133 aa neoseq.

silent polymorphism 904 TAC-to-TAT in trans.

mutant mRNA present, mutant protein undetected 552

C. SLC4A1 (AE1) MUTATIONS ASSOCIATED WITH RED CELL CATION LEAK SYNDROMES

Southeast Asian
ovalocytosis

Δ400�408 318

Blackburn L687P 318

Horam D705Y 318

(Continued)
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TABLE 54.3 (Continued)

Band 3 Mutation Ref

Hemel S731P 318

Hurstpierpoint H734R 318

R730C 553

New Haven E758K 554

Prague II R760Q 318

S762R 456

Ceinge G796R 555

D. SLC4A1 (AE1) MUTATIONS ASSOCIATED WITH DISTAL RENAL TUBULAR ACIDOSIS (MIM:179800,602272,109270)

Capetown E90K compound heterozygous recessive dRTA 556

Sotheast Asian
Ovalocytosis

Δ400�408 compound heterozygous recessive dRTA see below

Edmonton C479W compound heterozygous recessive dRTA 557

Coimbra V488M homozygote shows complete absence of erythroid AE1, with
hydrops fetalis, hemolytic anemia, accompanying recessive

107

dRTA heterozygote exhibits dominant dRTA with HS see below

Kaohsiung E522K compound heterozygous recessive dRTA 558

dRTA R589H dominant dRTA 468,469,559

dRTA R589C dominant dRTA 469

dRTA R589S dominant dRTA 469

dRTA R602H dominant dRTA as compound heterozygote with SAO 560

dRTA G609R dominant dRTA 477

dRTA S613F dominant dRTA 469

Courcouronnes S667P compound heterozygous recessive dRTA 561

Bangkok I G701D homozygous recessive dRTA 483

Unimas Q759H recessive dRTA as compound heterozygote with SAO 562

dRTA S773P recessive dRTA as compound heterozygote with G701D 488

dRTA ΔV850 homozygous recessive dRTA, and as compound heterozygote
with SAO

485

dRTA A858D homozygous recessive dRTA, and as compound heterozygote
with SAO

485,563

dRTA A888L/889X dominant dRTA 564

Walton R901X dominant dRTA, frameshift from 13-bp duplication 559

Qingdao D905Gfs15 dominant dRTA 565

dRTA M909T dominant

E. SLC4A1 (AE1) POLYMORPHISMS ASSOCIATED WITH BLOOD GROUP ANTIGENS

NFLD E429D plus P561A 566

ELO R432W 567

Fra E480K 568

Rb(a) P548L 569

(Continued)

1878 54. THE SLC4 ANION EXCHANGER GENE FAMILY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



TABLE 54.3 (Continued)

Band 3 Mutation Ref

Tr(a) K551N 569

WARR T552I 570

Vga Y555H plus silent L441L 567

Wd(a) V557M 569

BOW P561S 568

Wu G565A 567,571

Jna P566S 572

KREP P566A 572

Moa R656H 567

Bpa N569K 567

Swa R646Q 573

Sw! R646W

Hga R656C 567

Wright b1 E658 common allele 349

Wright a1 E658K rare allele (a1/b1"1:1000 in general population) 349

Dia, Memphis II P854L Diego a1 antigen, rare allele 574

Dib P854 common variant 574

F. SLC4A1 (AE1) ASYMPTOMATIC POLYMORPHIC VARIANTS

Bangkok II M31T in cis with Memphis I and the dRTA mutation G701D 483

Napoli II D38A 537,575

Memphis I K56E 80% decreased phosphoenolpyruvate transport 575,576

Intron-3
polymorphisms

c87t, c242t*, g259a*, a580g (numbered from 50 end of intron-3) 485

(kAE1 promoter region); *, linked with Memphis I
polymorphism

Variant E72D found in HS assoc with other mutation

Variant R112S 575

Variant I442F 575

Variant M586L 575

Variant I688V 575

Variant S690G 575

Variant R832H 575

variant A858S 577

Variant V862I 575

G. ANIMAL MODELS

B. taurus Bovine equivalent of human R646X. Erythroid AE1 absent, also reductions in spectrin, ankyrin, actin, 4.2 110

Systemic acidosis with urine of less than maximally acidic pH 493

D. rerio Zebrafish retsina ret(b245) 1.5- to 2-cM deletion encompassing AE1 gene 43

(Continued)
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a second anion binding site on AE1 detectable at non-
physiological conditions shows that a simple ping-
pong model cannot suffice to explain the AE1
transport mechanism (summarized by257). This alter-
nate Cl2 binding site in human eAE1 appears to inter-
act with E681, believed to constitute part of the main
anion translocation pathway.264,265 Thus, alternating
site models of other types have not been ruled
out.266,267 Cysteine scanning and other mutagenesis
studies have implicated many residues as potentially
contributing primarily or secondarily to the AE1 anion
translocation pathway.235,237,238,268,269 Additional clues
have been provided by similar structure-function
experiments performed on Na1-dependent SLC4 anion
transporters.

PHARMACOLOGY OF SLC4/AE ANION
EXCHANGERS

Anion exchange inhibitors are often of low specific-
ity and low or modest potency, with apparent affinities
sensitive to substrate concentration. Use of the inhibi-
tors at effective concentrations may exert “off-target
effects” which, though not monitored, may influence
the measurement.270 Thus small molecule inhibitors
have proven only moderately helpful in assignment of
anion transport in cells or tissues to the action of spe-
cific polypeptides. eAE1 in the intact red cell is an
exception, due to the combination of its high abun-
dance in the red cell membrane and the absence of
other erythroid anion exchangers. Although these
small molecule inhibitors are useful in the study of
recombinant AE anion exchanger function, Cl2=HCO2

3

exchange function in intact cells and tissues can be
more specifically studied with RNA interference tech-
niques or with comparison of cells from knockout and
wildtype mice.

All the SLC4 anion exchangers are inhibited by the
stilbene derivatives, SITS, DIDS (4,4‘-diisothiocyanostil-
bene-2,2‘-disulfonate) and H2DIDS.271 These inhibitors
each have two negatively charged sulfonate groups, at
least one of which is believed to interact with the anion
translocation pathway. The two isothiocyanate groups
of DIDS and H2DIDS and the single group of SITS can
slowly react covalently with free amino groups.
Inhibition of AE1 by SITS and DIDS occurs initially via
rapid, reversible electrostatic ionic interaction, followed
by a slower, irreversible covalent reaction. In human
AE1 the lysine residue that interacts with the isothiocy-
anate moiety of stilbene disulfonates is K539, located at
the junction of TM5 and the third extracellular loop. A
DIDS-reaction motif encompassing this lysine (KLXK,
X5hydrophobic residue, e.g., I or Y) is conserved in
AE2 and AE3, and in many other SLC4 polypeptides.
DIDS inhibits in the rank order of AE1.AE3.AE2,
with apparently competitive kinetics of non-covalent
inhibition.256,272 Whereas rat AE4 is DIDS-sensitive,30

rabbit AE4a may be DIDS-insensitive.31 DIDS sensitiv-
ity may be modulated by membrane lipid composition
or other factors.273,274

Conformation-sensitive reversible inhibitors of AE1
include eosin-maleimide, niflumic and flufenamic acids
and other nonsteroidal anti-inflammatory drugs, NAP-
taurine, and the oxonol dyes (WW781 and diBA(5)C4),
which prefer the outward conformation and are vari-
ably sensitive to [Cl2]. DiBA(5)C4 is among the most
potent AE1 inhibitors, with sub-nanomolar potency.272

Experiments with these AE1 inhibitors have provided
additional support for the ping-pong model and for
asymmetric disposition of inward and outward confor-
mations.9 eAE1 anion exchange was also potently
inhibited by the non-stilbene blockers NS1652275 and
NS3623.276 The polyaminosterol MSI-1361 exhibited
greater potency against AE2 than AE1 expressed
in Xenopus oocytes.277 S20787 inhibited cardiomyocyte

TABLE 54.3 (Continued)

Band 3 Mutation Ref

ret(tr265) E456G (aligns with human E472) 43

Slightly reduced mRNA in early embryo, nonfunctional protein

ret(tr217) frameshift 13 nt insertion at nt 503 (creates new splice acceptor in intron 5), greatly reduced mRNA,
severely truncated protein

43

All genotypes show phenotype of dyserythropoietic anemia type II (binuclearity with failure of cytokinesis)

M. musculus Mouse AE1(2/2 ). Insertion/disruption of exons 9�11 108,164

M. musculus Mouse AE1(2/2 ). Insertion/disruption of exon 3 489,490

M. musculus Band 3 wan. mAE1 Q85X missense terminator. Severe recessive HS 492

Heterozygotes nonanemic

Wan/wan on C3H background, no post-weaning survival, better on mixed background 578
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Cl2=HCO2
3 exchange,278,279 but tests against the recom-

binant cardiac anion exchangers AE3 and SLC26A6
remain to be reported. Many additional drugs inhibit
AE1 and uncharacterized cellular anion exchange
activities at low or moderate potency, including dipyri-
damole, tenidap, pyridoxal phosphate,280 topiramate
and other carbonic anhydrase inhibitors,281,282 and
others.270 Cl2=HCO2

3 exchange activities of intestinal
SLC26A3/DRA and renal SLC26A4/pendrin exhibit
little or no DIDS sensitivity, in contrast to the DIDS-
sensitive SLC26A6 and moderately DIDS-sensitive
SLC26A7.20,23

THE ANION TRANSLOCATION
PATHWAY OF AE1

The anion substrate translocation pathway of AE1
remains undefined. The anion translocation pathway
might in principle traverse either a single subunit of
the oligomer or the subunit interface. However, a sin-
gle functional subunit within a dimer appears suffi-
cient to mediate Cl2=HCO2

3 exchange in red cells219

and in Xenopus oocytes for AE1283 and for AE2
(Stewart and Alper, unpublished). Moreover, the non-
cooperative kinetics of monovalent anion transport by
the solubilized dimeric polypeptide as well as in intact
cells support independent anion translocation path-
ways within subunits of each oligomer. Nonetheless,
numerous studies with fluorescent AE1 ligands such as
DBDS96,264,266 and with mutant-wildtype AE1 heteroli-
gomers103,284,285 suggest that perturbation of one pro-
moter can alter the conformation of the partner
protomer within the dimer/oligomer.

Several regions of the transmembrane domain have
drawn particular attention as likely components of or
contributors to the anion translocation pathway within
the AE1 monomer. Most prominent among these is
human AE1 E681 (mouse E699) near the membrane
cytoplasmic face, whose modification with the
glutamate-reactive Woodward’s Reagent K inhibits
transport.286,287 Subsequent borohydride reduction
cleaves the adduct and converts the glutamate
carboxyl group to an alcohol, creating a norleucine sub-
stitution. hAE1 so modified severely inhibits red cell
Cl2 exchange, increases Cl2 conductance, and greatly
accelerates newly proton-independent sulfate trans-
port254 as obligatory electrogenic sulfate/Cl2

exchange,288 demonstrating that tight coupling of anion
exchange by AE1 need not be electroneutral. Similar
properties were exhibited by the corresponding mouse
AE1 mutant E699Q,268 whereas other substitutions at
E699 led to complete loss-of-function. Thus hAE1 E681
appears to be a proton binding site for proton/sulfate
cotransport, and likely constitutes part of the gated

permeability barrier for the anion translocation path-
way. Biophysical modeling predicts the the Cl2 influx
half-cycle of electrogenic sulfatei/Clo exchange is
accompanied by movement of nearly one positive
charge through most of the membrane electric field,
with a small negative charge accompanying sulfate on
the return cycle.288 E681 of hAE1 is highly conserved in
the SLC4 family, and the corresponding residue of AE2
likely plays a similar role.289

Since the anion translocation pathway through the
AE1 polypeptide likely includes an external vestibule,
the electric field within the translocation pathway may
traverse a distance shorter than the thickness of the
membrane bilayer. FRET290 and NMR experiments291

showing that bound Woodward’s Reagent K prevents
binding of neither Cl2 nor DIDS to AE1 suggest that
the site of DIDS interaction with the AE1 transport
pathway resides within the outer half of the electric
field. An external vestibule was also consistent with
results of scanning Cys accessibility studies of residues
surrounding E681 in the Cys-less AE1 transmembrane
domain.234 Some Cys insertion mutants in TM8 exter-
nal to E681 were nonfunctional at the cell surface.
Among the functional Cys insertions preceding and
extending beyond E681, those accessible to maleimide
reagent labeling defined a surface of the TM8 helix
plausibly contributing to the anion translocation path-
way.235 However the functional inhibition produced by
the maleimide adducts of these introduced Cys resi-
dues was usually modest, unlike the more dramatic
inhibition of NBCe1/SLC4A4 by modification of a Cys
insertion at L750 (corresponding to hAE1 K677, one
putative helical turn above the critical E681).292 Similar
Cys scan experiments in the C-terminal portion of the
AE1 transmembrane domain identified hAE1 aa S852-
L857 in the putative last extracellular loop as likely
contributors to a “charge filter”238 proposed to impede
access of cations to the anion-preferring vestibule.
The adjacent acanthocytosis-associated recessive AE1
mutation P868L near the final transmembrane span
increased DIDS-sensitive sulfate uptake in intact
patient red cells with normal polypeptide abun-
dance.293 Single Cys substitutions into wildtype AE1
have also contributed to the repetoire of residues that
directly or indirectly contribute to the anion transloca-
tion pathway.294

Covalent modification and mutagenesis studies
have highlighted additional C-terminal transmembrane
domain amino acid residues important for anion trans-
port. Although some mutations prevented surface
delivery of AE polypeptides in heterologous expres-
sion systems, others reduced or abolished activity of
protein in the plasma membrane. Chemical modifica-
tion and mutagenesis studies of eAE1 transport suggest
that among the Arg residue(s) essential for anion
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translocation295 is R901,296 mutagenesis or modification
of which reduces Vmax for sulfate transport in S. cerevi-
siae. However, the AE1 distal renal tubular acidosis
mutant R901X exhibits apparently normal transport in
both human erythrocytes297 and Xenopus oocytes, in
which truncation of even 10 additional C-terminal aa
retained Cl2/Cl2 exchange activity.283 Charge-
modifying mutations of R789, R1056, and R1134 attenu-
ated or abolished transport in mouse AE2.298 Charge-
modifying mutations of the Lys residues that bind to
and are crosslinked by the isothiocyanate groups of
H2DIDS altered not only reversible antagonist binding,
but also apparent sulfate affinity.299

His residues have also been implicated in AE-
mediated Cl2 transport by the reduced anion transport
of mouse AE1 His mutants H721Q, H752S, H837Q, and
H852Q.300 Introduction into these His-to-Gln substi-
tution mutants of the additional mutation K558N
(the DIDS isothiocyanate-binding Lys) partially or
completely rescued Cl2 transport in Xenopus oocytes.301

In contrast for AE2, only H1029 (corresponding to
mAE1 H721) proved critical for AE2-mediated Cl2

transport.302 Mouse AE1 H752, which alters pH depen-
dence of anion exchange,301 and human AE1 H834303

(corresponding to mAE1 H852) have both been pro-
posed as chief targets of inhibitory covalent modifica-
tion by diethyl pyrocarbonate (DEPC).

ANION CONDUCTANCE ASSOCIATED
WITH AE1

The relationship between AE1-mediated anion
exchange and the dominant (though small) anion con-
ductance of the human erythrocyte has been a question
of long standing. Erythroid anion conductance is con-
siderably larger in nucleated erythrocytes, and often
sensitive to activation by hypotonic swelling. AE1 of
the nucleated, hormone-regulated trout erythrocyte is
unique among AE1 polypeptides in conferring on
Xenopus oocytes not only Cl2/anion exchange func-
tion, but also a large anion conductance accompanied
by increased taurine transport274,304 and increased cat-
ion conductance.305 Although expression of so many
distinct properties suggests coincident activation of
endogenous Xenopus permeabilities by heterologous
protein overexpression, mutagenesis studies to
date306,307 remain consistent with the hypothesis that
trout AE1 can mediate both anion exchange and anion
conductance. Thus, defined mutations in TM7 of trout
AE1 modified anion conductance magnitude and selec-
tivity without apparent change in the tested anion
exchange properties, whereas mutations in more C-
terminal regions altered both anion conductance and
exchange.307,308 In contrast oocyte expression of AE1

from skate and from zebrafish309 and zebrafish AE242

was unaccompanied by increased anion conductance.
The parallel inhibition in the human red cell of

anion exchange and of B65% of anion conductance by
stilbene disulfonates and other inhibitors suggests this
fraction of red cell anion conductance might be medi-
ated by AE1. The conductance mode could represent
an infrequent AE1 “malfunction” in which unliganded
carrier undergoes the conformational transition
between inward and outward states or could represent
anion “tunneling” directly through or adjacent to AE1
in the absence of conformational change.250 AE1-
mediated Cl2 conductance is supported indirectly by
at least two observations. First, the red cell of the ae1-/-

mouse108 lacks both DIDS-sensitive sulfate uptake and
DIDS-sensitive anion conductance.310 The specificity of
this observation is tempered by the destabilization of
the fragile ae1-/- red cell membrane, which is deficient
in additional membrane proteins164,310 among which
may be a DIDS-sensitive AE1-independent anion chan-
nel, one of several endogenous anion channel activities
detectable in human red cells.311�314 Second, expres-
sion in Xenopus oocytes of a human eAE1 construct
from which the two transmembrane spans 6 and 7 are
deleted induced DIDS-sensitive anion conductance,
while partially retaining electroneutral anion exchange
function. Importantly, the K539A mutation reduced
DIDS sensitivity of both exchange and conductance
transport modes in this mutant construct.315

Expression in Xenopus oocytes of AE1 from the
nucleated red cell of the skate, Raja erinaceae also
induced regulated osmolyte permeability and cation
conductance properties316,317 (but see309). Interestingly,
small cation and osmolyte permeabilities were also
associated with deletion of two transmembrane spans
in hAE1,315 reminiscent of the genetic association
between reduced Cl2 transport function and low-level
cation permeability in stomatocytosis mutants of
human AE1.318 Additional mutations in human AE1
have been reported to produce in oocytes divergent
changes in anion exchange and anion conduc-
tance.294,319 Thus, the tightly coupled anion exchange
mechanism of AE1 (and of other SLC4 AEs) can appar-
ently be altered in selectivity and in mechanism by sin-
gle missense mutations.

THE AE1 C-TERMINAL CYTOPLASMIC
TAIL: CARBONIC ANHYDRASE

BINDING, ANION SELECTIVITY, AND
OTHER FUNCTIONS

The final transmembrane span of AE1 terminates in
a C-terminal cytoplasmic tail approximately 33�36 aa
in length, the N-terminal half of which is required for
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AE1 trafficking to the cell surface.283,320 The moder-
ately well conserved LDADD motif at aa 896�890 of
the hAE1 C-terminal cytoplasmic tail binds in some
assays to the positively charged N-terminus of carbonic
anhydrase II (CAII),87,321,322 and has been proposed to
constitute a bicarbonate transport metabolon.323,324

CAII co-immunoprecipitated with AE1, and soluble
multimeric glutathione-S-transferase (GST) fusion con-
structs of the AE1 C-terminal tail exhibited saturable
binding to immobilized CAII. The carbonic anhydrase
inhibitor acetazolamide partially inhibited AE1-
mediated Cl2=HCO2

3 exchange283,323 without inhibiting
Cl2/Cl2 exchange in Xenopus oocytes.283 Mutation of
the LDADD CAII-binding motif of AE1 abolished
Cl2=HCO2

3 exchange in both HEK-293 cells323 and in
oocytes, but failed to reduce Cl2/Cl2 exchange.283

Heterologous CAII overexpression failed to stimulate
Cl2=HCO2

3 exchange activity of coexpressed AE1, AE2,
or AE3 in HEK-293 cells, but overexpression of catalyti-
cally inactive CAII inhibited AE activity. This inhibi-
tion was prevented by either missense mutations in the
AE1 LDADD motif or by deletion of the 17 N-terminal
aa of CAI,323 both of which prevented CAII binding to
the GST-AE1 fusion protein in the solid-phase binding
assay without reduction of AE1 surface expression in
cells. An AE1-CA2 C-terminal fusion protein did not
transport HCO2

3 faster than wildtype AE1 in HEK-293
cells, but was insensitive to inhibition by excess catalyt-
ically inactive CA2.325 In Xenopus oocytes, overexpres-
sion of heterologous wt but not mutant CAII mildly
stimulated AE1-mediated Cl2=HCO2

3 exchange, but
not Cl2/Cl2 exchange. An intact LDADD CAII-
binding motif within a nonfunctional, surface-
expressed mutant AE1 polypeptide rescued (within an
AE1 heterodimer) Cl2=HCO2

3 exchange activity in a
coexpressed AE1 mutant itself unable to transport
HCO2

3 but competent for Cl2/Cl2 exchange.283 These
data show that residues of the AE1 C-terminal cyto-
plasmic tail are required for trafficking to the cell sur-
face, can discriminate between transport of Cl2 and
HCO2

3 , and can convey that discrimination between
subunits within the AE1 dimer. The data are also con-
sistent with the modified sulfate transport caused by
mutation of these C-terminal residues.296,326

The CAII-binding motif is moderately conserved
across the SLC4 gene family. AE2 and AE3 overex-
pressed in HEK293 cells were each inhibited by coex-
pressed mutant CA2. Recombinant CAII also interacted
with fusion proteins encoding C-terminal tails of
recombinant Na1 2HCO2

3 cotransporters SLC4A4 and
SLC4A7,327 Cl2=HCO2

3 exchanger SLC26A6,328 and
Na1/H1 exchanger NHE1.329,330 SLC4A4 was also acti-
vated by CAI and CAII.331 Acetazolamide treatment or
co-expression of catalytically inactive CAII also par-
tially inhibited apparent activity of these transporters.

The ecto-carbonic anhydrase activities of
glycosylphosphatidyl-inositol-linked CAIV332 and
transmembrane carbonic anhydrases CAIX333 inter-
acted with extracellular loops of AE polypeptides, and
have been proposed to constitute extracellular compo-
nents of a bicarbonate transport metabolon assembled
on both sides of the plasma membrane.324 Recombinant
CAIV also bound to recombinant fusion protein con-
taining an ecto-loop from NBCe1/SLC4A4,334 an inter-
action disrupted by the CAIV missense mutations
associated with human autosomal dominant rod-cone
dystrophy.335 CAXIV together with CAIV enhanced
AE3-mediated Cl2=HCO2

3 exchange in hippocampal
neurons.336 CA�AE physical interaction has in some
cases been conferred by overexpression pulldown
experiments. Carbonic anhydrase coexpression has also
been shown to enhance SLC16/MCT-mediated H1/lac-
tate cotransport,337 although in part through poorly
understood, non-enzymatic effects.338,339

Additional data, however, question the bicarbonate
transport metabolon hypothesis.14 Thus, CAII did not
bind to free AE1 C-terminal cytoplasmic tail peptide,
nor to immobilized GST-AE1 C-terminal peptide fusion
protein.340 Injection of supplemental CAII into oocytes
expressing electrogenic SLC4A4/NBCe1 failed to
activate Na1 2HCO2

3 cotransport currents in
Xenopus oocytes even while accelerating intracellular
CO2 hydration in an ethoxazolamide-sensitive341

or acetazolamide-sensitive manner.342 Na1 2HCO2
3

cotransport current mediated by a GFP-NBCe1-CAII
tripartite fusion protein was no greater in magnitude
than that of GFP-NBCe1 without the appended CAII,
although the tripartite fusion protein again accelerated
ethoxazolamide-sensitive CO2 hydration.341 Similarly,
CAIV coexpression with NBCe1 increased the extracel-
lular juxtamembrane pH gradient with minimal effect
on NBCe1-mediated current.343 Moreover, a pRTA/
migraine mutant of NBCe1 lacking the putative CA2
binding sites expressed normal activity in Xenopus
oocytes.342 Thus, in these experimental settings, neither
intracellular nor extracellular carbonic anhydrase
increased NBCe1 turnover.

Acceleration of HCO2
3 transport by cytoplasmic and

ecto-carbonic anhydrases bound closely to the internal
and external vestibules of SLC4 HCO2

3 transporters, as
proposed by the metabolon hypothesis, suggests that
dissociation of translocated HCO2

3 , rather than anion
translocation itself, is rate-limiting for anion exchange.
Although a rate-limiting anion dissociation step
could be consistent with the kinetics of (Woodward’s
Reagent K-modified) AE1 E681-OH,265 this condition
has not been reported for wild-type AE1. Since bulk
intracellular diffusion coefficients of CO2 and HCO2

3

differ only slightly and are both fast relative to trans-
membrane anion exchange, and since the oocyte
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plasma membrane is not freely permeable to CO2, then
maximizing proximity of carbonic anhydrase activity
with HCO2

3 transporters may not enhance rates of
SLC4 polypeptide-mediated transmembrane HCO2

3

transport,341 except perhaps in physiological settings of
enhanced intracellular or regional pH gradients.344,345

Thus, the relationship between HCO2
3 transporters and

carbonic anhydrases remains debated.
The short AE1 cytoplasmic C-terminal tail binds addi-

tional proteins. The intracellular N-terminal tail of glyco-
phorin A, which facilitates hAE1 trafficking to the
surface membrane,346 binds to the AE1-C-terminal tail.347

Stabilizing this interaction, the C-terminal ecto-domain
of glycophorin A which modulates AE1 anion transport
rates346 interacts via aa R61 with the hAE1 fourth ecto-
loop variant E658K to form Wright (a/b) blood group
antigens.348,349 GAPDH binds to the kAE1 C-terminal tail
without altered GAPDH activity and in an AE1
phosphorylation-insensitive manner. siRNA knockdown
of GAPDH in AE1-expressing MDCK cells increases
intracellular retention of AE1, with reduced AE1 at the
surface membrane.350 Several additional candidate bind-
ing proteins detected by yeast two hybrid studies
using AE C-terminal cytoplasmic tails or larger frag-
ments as bait include the PDZ proteins syntenin and
Pick-1351 (never validated), α-cardiac actin352 (not vali-
dated in native tissue) and the cell-cycle protein
p16.353 The proposed kAE1-specific binding protein
kanadaptin354 was later shown to be a protein of the
nucleus and mitochondrion355,356 unable to bind
kAE1.357 AE2, like AE1, can interact with p16.358

The C-terminal tail of AE2 also binds GAPDH.350

AE3-binding proteins have not been described.

ACUTE REGULATION OF ANION
EXCHANGERS

Phosphorylation of Anion Exchangers

Human eAE1 is a substrate for serine/threonine
kinases and for tyrosine kinases, AE1 phosphorylation
does not regulate anion transport rate265 in the absence
of oxidative stress or coincident glucose-6-phosphatase
deficiency.359 Casein kinase I phosphorylated recombi-
nant hAE1 N-terminal cytoplasmic domain at T42 and
less completely at S303.360 Tyrosine kinases p72(syk)
and p56/53(lyn) phosphorylated human eAE1 in
cells exposed to oxidative359,361 or hypertonic stress, or
subjected to elevated intracellular [Ca21].362 Diamide
crosslinking and clustering of red cell AE1 was associ-
ated with its enhanced tyrosine phosphorylation in the
setting of increased phosphorylation and membrane
recruitment of p72(syk). These phenomena are irrevers-
ible in G6PD-deficient red cells,363 and lead to release

of hemichrome-containing vesicles.364 In acanthocytic
red cells of patients with choreo-acanthocytosis, AE1
was heavily phosphorylated at the Y904, a functional
target of p53/56(lyn), but not at Y8, a target of syk.365

Phosphorylation of eAE1 Y8 and Y21 facilitated sec-
ondary phosphorylation of Y359 and Y904 in human
red cells,209 and these residues were susceptible to
dephosphorylation by erythroid tyrosine phosphatases
PTP1B and SHP-2. Phosphorylation of hAE1 Y8 and
possibly also Y21 inhibited binding of glycolytic
enzymes to the red cell membrane,175 associated with
hypoxic activation of glycolysis in parallel with glyco-
lytic enzyme dissociation from the membrane,210

events that may occur during passage through the hyp-
oxic renal medulla. Downregulation of hAE1 tyrosine
phosphorylation may regulate red cell vesiculation
during the red cell senescence process.362

In the skate red cell, hypotonic swelling activated
AE1 Tyr phosphorylation in parallel with increased
osmolyte permeability, but swelling-activated AE1 tet-
ramerization, altered AE1 binding to ankyrin and pro-
tein 4.1, and AE1 trafficking from intracellular lipid
raft-containing vesicular fraction to the plasma mem-
brane were all independent of AE1 tyrosine phosphor-
ylation.366 In human kidney AE1 lacking Y8 and Y21,
phosphorylation of Y904 and Y359 is crucial to normal
basolateral targeting of kAE1 expressed in polarized
MDCK cell monolayers.367 Tyrosine phosphorylation
also contributes to basolateral targeting of chicken
kidney AE1,101 and hAE1 Y904 is conserved in AE2
and AE3.

Rabbit AE2a may be activated by PKC in gastric
parietal cell.90 MEK/MAPK pathway activity during
first metaphase leads to Ae2 removal from the mouse
oocyte plasma membrane in parallel with reduction in
oocyte Cl2=HCO2

3 activity.368 Angiotensin II-induced
PKC-dependent phosphorylation of rat bAE3 Ser 67 in
HEK-293 cells increased Cl2=HCO2

3 exchange activity
without changing surface expression.369 This phos-
phorylation event may contribute to hypertrophy of rat
cardiomyocytes but not in those of mouse, which
express only cAE3 and in which SLC26A6 may be the
major Cl2=HCO2

3 exchanger.370

Acute Regulation By pH

The acute regulation of AE2 (and other pH-sensitive
SLC4 bicarbonate transporters) requires a “pH sensor(s)”
(likely delocalized rather than a unique amino acid
residue), is postulated to promote a protein conforma-
tional change leading to altered anion transport activity.
This regulation is proposed to occur through concerted
pH-sensing actions of both N-terminal cytoplasmic and
C-terminal transmembrane domains of the protein. The
AE anion exchanger gene products differ considerably
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in their acute regulation by pH. Native erythrocyte AE1-
mediated Cl2=HCO2

3 exchange371 and AE1-mediated
Cl2/Cl2 exchange in Xenopus oocytes217,256 both display
broad pH versus activity profiles, consistent with the
eAE1’s role in facilitating CO2 mobilization from the
respiring tissues to the lungs for exhalation.372 In con-
trast, the widely expressed, non-erythroid anion
exchangers AE2 and AE3 are acutely regulated by
changes in pHi,

373 with activation by alkaline pH con-
sistent with their roles in pHi recovery from alkaline
loads, and inhibition by acid pH appropriate for
downregulation of their acid-loading function.
Whereas mouse AE1 expressed in Xenopus oocytes is
relatively insensitive to changes in bath pH between
five and nine, mouse AE2 expressed in oocytes86,217,256

is acutely and independently regulated by pHo and
pHi, and is also highly sensitive to pHi when
expressed in cultured cells.99,374 AE3 is also regulated
by pHi when transiently transfected in HEK293 cells374

or expressed in Xenopus oocytes.373

In Xenopus oocytes, AE2-mediated Cl2/Cl2

exchange is regulated by intracellular pHi at constant
pHo and by extracellular pHo at constant pHi.

86,373

AE2a-mediated Cl2/Cl2 exchange is regulated by
extracellular pHo with a pH value at which activity is
half-maximal (pHo(50)) of 6.9. Structure-function experi-
ments have indicated that regulation of AE2 by
changes in pHo is via a pH sensor(s) that resides within
the C-terminal transmembrane domain of AE2217 and
can be regulated/modified by critical amino acid resi-
dues in the cytoplasmic N-terminal domain.86,171,217,373

Removal of the cytoplasmic N-terminal domain acid
shifts the pHo(50) of AE2-mediated Cl2 transport and
abolishes pHi regulation of AE2.86 These findings sug-
gest the presence of a “pH sensor” motif within the
AE2 TMD that interacts directly/indirectly with sensor
components in the cytoplasmic N-terminal domain to
modulate anion exchange activity in responses to
changes in pHi and pHo. All AE2 N-terminal polypep-
tide variants displayed similar sensitivity to inhibition
by acid pHi. AE2b1 and AE2b2 resembled AE2a in reg-
ulation by pHo, whereas the gastric parietal cell-
specific AE2c1 displayed a significantly alkaline shifted
pHo(50) value due to the absence in AE2c1 of AE2a aa
127�134 and aa 145�149.375

Additional stretches of non-contiguous residues of
the AE2 N-terminal domain present in all five N-
terminal variant AE2 polypeptides92,149 are important
for pH regulation of AE2,171,373 and are predicted by
structural modeling to contribute to surface features of
the folded cytoplasmic domain.171 For example, aa
336�347 critical for regulation of AE2 by pH are highly
conserved across the entire SLC4 bicarbonate trans-
porter superfamily. Thus, the AE3 Glu residues corre-
sponding to the functionally important E346 and E347

of AE2 are also important for pHi regulation of
cAE3.373

The mechanism by which AE2 integrates acute
regulation of transport activity by pHi and pHo

involves both cytoplasmic and transmembrane
domains. Attempts to localize the AE2 TMD pH sen-
sor have identified as candidate contributing residues
nonconserved histidines,302 nonconserved charge
residues, and other amino acid residues of the
TMD.298 More recently AE1�AE2 chimera studies
identified subdomains of AE2 that contribute to dif-
ferent regulatory phenotypes, including regulation by
pH.376 These studies indicated that the Ae2 pH sen-
sor probably did not comprise a single amino acid
but rather multiple TMD regions or amino acids
interacting to confer on AE2-mediate anion exchange
regulation by pH.

Biochemical and cysteine scanning mutagensis stud-
ies of AE1 have identified a structure comprising
12�14 TMD including two putative re-entrant loops.
The second re-entrant loop and the last two TMD have
been proposed to contribute to the AE1 anion selectiv-
ity filter. The first re-entrant loop is comprised of B38
aa, nine of which are not conserved between AE1 and
AE2. Mutagenesis studies of these 9 nonconserved
amino acids identified single amino acids and regions
of charged amino acids including the 1075DKPK1078

motif within the AE2 RL1 as crucial components of the
pH sensor.377 Replacement of the AE1 RL1 with the
AE2 RL1 or introduction of regions of AE2 RL1 amino
acids into the AE1 RL1 failed to confer AE2-like pH
sensitivity on AE1. In contrast, introduction of the
same AE2 RL1 residues into the RL1 of the pH-
insensitive chimera AE2(1�920)/AE1(613�929) conferred
AE2-like pH sensitivity to pHi but not to pHo.

These data show that H1 sensing by the pH-
sensitive regulatory domain of AE2 likely involves
broad conformational change that includes a localized,
charged, surface of the cytoplasmic domain and a
region of re-entrant loop 1 within the TMD. A role for
rapid trafficking events in acute AE2 regulation by pH
is likely, but remains inadequately explored.

Acute Regulation by Ammonium and
Hypertonicity

All N-terminal AE2 variant polypeptides expressed
in Xenopus oocytes are activated by hypertonicity375,378

and by exposure to NH4Cl.
375,379 AE1 does not share

these regulatory properties. Hypertonicity alkalinizes
oocyte pHi through cJNK-dependent stimulation of an
unusual Cl2-dependent Na1/H1 exchange activity.380

Thus, activation of AE2 by hypertonicity is consistent,
at least in part, with AE2 activation by alkalinization.
NH4Cl activates AE2 despite acidifying the Xenopus
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oocyte, and so overrides AE2 inhibition by acidic pHi.
Renal medullary and colonic ½Na14 � are maximal with
respect to AE2 stimulation, and so might render endog-
enous AE2 locally insensitive to inhibition by acidic
pHi.

AE2 stimulation by Na14 and by hypertonicity
requires similar regions of both N-terminal cytoplasmic
and C-terminal transmembrane domains,381 but the
individual amino acids required differ. Alanine scan of
the N-terminal region 336�347 identified single muta-
tions that abolish or attenuate one or both types of
stimulation. Chelation of intracellular Ca21 attenuated
AE2 stimulation by both Na14 and hypertonicity.
Calmidazolium inhibited both basal and stimulated
AE2-mediated anion exchange in an apparently CaM
kinase-independent manner, via residues in the C-
terminal transmembrane domain and independent of
the N-terminal cytoplasmic domain.381

DEVELOPMENTAL AND CHRONIC
REGULATION OF ANION EXCHANGERS

The proximal erythroid promoter regions of AE1
genes have been studied in mouse,382,383 human,100

and chicken.384,385 pH-sensitive repression of chicken
AE1 transcription by the vErbA erythroleukemia onco-
gene contributed to oncogenic block of erythroid differ-
entiation.386 Newly biosynthesized eAE1 assembled
into preformed cytoskeleton during in vitro differentia-
tion of chicken erythroid precursors,387 but appeared to
contribute at least temporally to cytoskeletal assembly
in murine erythroid precursors.388

kAE1 expression in kidney is restricted to collecting
duct Type A acid-secreting intercalated cells, but is
absent from Type B cells and from non-A non-B cells.
Although rabbit primary and immortalized (lectin-
defined) Type B intercalated cells in culture can give
rise to cells expressing markers of principal cells and of
Type A intercalated cells,389 the developmental rela-
tionships among intercalated and principal cells in vivo
remain unknown. However, mice lacking the trans-
cription factor Foxi1 developed a collecting duct popu-
lated by a uniform cell type expressing both
the principal cell marker AQP2 and the intercalated
cell marker CAII, but lacking expression of
immunodetectable vH1-ATPase, AE1, and AE4.157

Rescue experiments with Foxi-1 in vivo and in vitro
promise a major advance in understanding of collect-
ing duct and intercalated cell development. The pro-
moter for AE4, preferentially active in Type B
intercalated cells,158 was directly regulated by Foxi1.390

Foxi1 also regulates development and ion transporter
expression in intercalated cell-like dermal ionocytes of
Xenopus391 and zebrafish.392 Zebrafish ionocytes

express (kAE1-like) basolateral Ae1b,393 product of a
gene distinct from erythroid Ae1a.43

The kAE1 promoter includes intron 3, but the 5’-
extent of sequence required for optimal kAE1 tran-
scription remains unknown, as the kAE1 promoter has
not yet been tested in vivo or in very short-lived pri-
mary cultures of GFP-marked murine intercalated
cells.394 AE1 accumulates in increasing numbers of
mouse cortical collecting duct intercalated cells
between postnatal days three to 18, coordinated with
development of HCO2

3 reabsorption and with expres-
sion of other acid�base transporters. During the same
period pendrin-expressing intercalated cells disappear
from the medullary collecting duct.395 In rabbit collect-
ing duct the balance between Type A intercalated cells
and non-A intercalated cells appeared to be regulated
by apoptosis.396 Intercalated cells of rat inner medul-
lary collecting duct proliferated during chronic sys-
temic lithium treatment, but not all new cells expressed
AE1.397

AE1 mRNA in Type A intercalated cells of adult rat
kidney cortex is upregulated in acute398 or chronic met-
abolic acidosis125 and in chronic respiratory acidosis,399

but down-regulated in acute metabolic alkalosis.398,400

AE1 upregulation in chronic metabolic acidosis is part
of a collecting duct acid�base “regulon” of .25 co-
regulated transcripts in mouse kidney.401 Chronic
acidosis-induced increase in AE1 was associated with
Type A intercalated cell (and principal cell) prolifera-
tion in mouse,402 but not in rabbit.400 Chronic lithium
treatment led to increased AE1 and intercalated cell
proliferation in IMCD, as part of a generalized IMCD
remodeling response.397 Water deprivation of normal
rats decreased AE1 mRNA and protein in outer
medulla while increasing both mRNA and protein
encoding SLC26A7.403 Similarly, ddAVP administra-
tion to Brattleboro rats suppressed collecting duct
kAE1 abundance in parallel with increased corticoste-
rone and decreased serum ½HCO2

3 �,404 but dramatically
upregulated SLC26A7 in outer medullary collecting
duct intercalated cells without change in vH1-ATPase
abundance.405 AE1 mRNA in rat distal colon was upre-
gulated by aldosterone129 but the aldosterone-
increased acidification of the rabbit outer medullary
collecting duct406,407 has not yet been correlated with
mineralocorticoid regulation of collecting duct AE1
expression. Rat distal colon AE1 mRNA levels exhibit
circadian regulation in tandem with electrolyte absorp-
tion and mRNAs of SLC26A3, NHE3, KCC1, and
NKCC1, in a feeding-sensitive manner.408

AE2 regulation in kidney has been studied in thick
limb and in collecting duct. In the rabbit cortical col-
lecting duct principal cell, AE2 mRNA decreased in
metabolic acidosis and increased in metabolic alkalo-
sis.409 AE2 expression in rat thick ascending limb was
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regulated by chronic acid�base and NaCl loading.410

In both cortical (cTAL) and medullary thick ascending
limb (mTAL) chronic oral NaCl loading increased
basolateral membrane AE2 abundance, whereas NH4Cl
loading increased AE2 expression only in cTAL.
Cortical AE2 abundance was unchanged by loading
with NaHCO2

3 or KCl, and decreased with KHCO2
3

loading. NaHCO2
3 loading increased AE2 only in outer

medulla. AE2b but not AE2a was selectively upregu-
lated in rat cTAL basolateral membrane in response to
chronic NH4Cl loading.

147

The five 5’-variant transcripts of mouse AE2
(Fig. 54.2) are transcribed from four promoters in the
AE2 gene expressed in tissue-specific patterns.149,375,411

AE2c1 is expressed almost uniquely in stomach, with
minor expression in uterus in the mouse.375 In rabbit
stomach, parietal and mucous cells expressed unique
proportional distributions of AE2 variant transcripts.90

The four AE2 promoters of the rat and human genes
transcribe only four AE2 mRNAs.91,92,148,412 The AE2a
transcript is expressed at higher abundance than other
AE2 isoforms in kidney.148,149 The mechanisms of
differential regulation of AE2 variant polypeptide
levels have been little studied, but the human AE2b
promoter was selectively regulated by the transcription
factor HNF1α expressed in kidney.413 The human AE2
b1 promoter exhibits a polymorphism of yet unknown
significance to transcriptional regulation.414

Hormonal regulation of AE2 is developmentally and
tissue-specific, but remains little understood. In neona-
tal rat small intestine, AE2 was downregulated by thy-
roxine, but was unchanged by dexamethasone.415

Dexamethasone increased HCO2
3 secretion in bile duct

units and intrahepatic cholangiocytes of rat, in parallel
with upregulated AE2 protein but unchanged
AE2 mRNA.416 Hepatic AE2 levels were decreased in
liver and biliary epithelial cells of primary biliary cir-
rhosis patients,417�419 in part likely due to up-
regulation of miR-506.420 The combination of urso-
deoxycholic acid and glucocorticoids, effective for a
subset of patients with primary biliary cirrhosis, selec-
tively activated transcription of AE2b1 and AE2b2 tran-
scripts through enhanced p300-related interactions
between HNF1 and the glucocorticoid receptor.421

Some,422,423 but not other, association studies424,425,426

have linked AE2 polymorphisms to either risk, autoim-
mune phenotype, or ursodeoxycholate responsiveness
of primary biliary cirrhosis.

AE2 was decreased in salivary glands of Sjogren’s
Syndrome patients.427 Chronic exposure to oxidative
stress upregulated AE2 mRNA and protein in human
bronchial epithelial cells and in intact rat lung, in paral-
lel with activation of transcription factor AP-1.428 AE2
expression was regulated by the Von Hippel Lindau
gene product, with several-fold increase in AE2 mRNA

and protein in non-tumorigenic 786-O-VHL renal cell
carcinoma cells despite reduction in Cl2=HCO2

3

exchange activity, as compared to tumorigenic, VHL-
deficient 786-O cells. NHE3 mRNA was similarly ele-
vated, and NHE-mediated recovery from acid load
was similarly reduced.429 Hepatocellular carcinoma
samples also exhibited several-fold increased
AE2 mRNA levels compared to adjacent normal
liver,430 and anti-sense reduction in AE2 expression
induced apoptosis in several hepatocarcinoma cell
lines.431 AE2 overexpression in colon carcinoma cells
was transcriptionally regulated by EGR1, and led to
extranuclear sequestration of p16 and enhanced ERK
phosphorylation. AE2 abundance in clinical colon car-
cinoma specimens correlated with expression of prolif-
eration markers and with poor prognosis.358 In
contrast, siRNA knockdown of AE2 attenuated high
glucose-induced apoptosis in endothelial cells.432

Ae2 mRNA was greatly decreased in enamel organs of
mice deficient in matrix metalloproteinase 20.433

The study of regulated AE2 trafficking in polarized
epithelial cells remains in early stages. AE2 is exclu-
sively basolateral in most epithelial cells. However,
AE2 in human hepatocytes has been localized near or
in the apical canalicular membrane in liver,146 gall
bladder and bile duct,434 and in cultured bile duct epi-
thelial cells.144 Several AE2 isoforms expressed as C-
terminal GFP fusion proteins trafficked basolaterally in
polarized MDCK monolayers and apically in primary
hepatocyte biliary ductule units,435 with sorting to
either cell pole microtubule-dependent. However,
fusion with C-terminal GFP altered trafficking of AE1
in MDCK cells and regulation of AE2 in Xenopus
oocytes (Stewart, Prabakaran, Alper, unpublished). In
addition, AE2 was retained in intracellular vesicular
structures in polarized WIF-B cells.436 The putative
AE2-binding, trafficking, and anchoring/scaffolding
proteins that might govern the distinct steady-state
localizations of AE2 polypeptides in renal and hepatic
epithelial cells remain unidentified.

Regulation of renal expression of AE3 or AE4 has
not yet been reported. In the developing mouse heart,
however, brain AE3 (bAE3) and cardiac AE3 (cAE3)
mRNAs are equally abundant, but bAE3 levels
decrease dramatically during postnatal cardiac devel-
opment.89 In contrast, adult rat and human heart con-
tinue to express both bAE3 and cAE3. Stable AE3
expression in adult heart might reflect functional domi-
nance of SLC26A6-mediated Cl2=HCO2

3 exchange in
the adult mouse heart.370 However, the 2�4-fold higher
Cl2=HCO2

3 exchange activity of SHR rat cardiomyo-
cytes compared with those from WKY rats corre-
sponded to higher levels of bAE3 mRNA and lower
cAE3 mRNA levels, suggesting a possible role for
bAE3 in this model of hypertensive cardiac
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hypertrophy.437 AE3 is widely expressed in brain, with
reduced hippocampal AE3 expression in the Nhe1-/-

mouse.438 AE3 is differentially regulated in mouse
heart and brain, with chronic hypercapnia decreasing
AE3 expression in both neonatal and adult brain, but
increasing AE3 expression in neonatal hearts.439

AE1 DEFICIENCY DISEASES
OF ERYTHROCYTES

Loss-of-function mutations in the human AE1 gene
on chromosome 17q22 cause hereditary erythroid and
kidney diseases (Table 54.3). Mutations in the human
AE2 and AE3 genes have not been directly linked to
disease with Mendelian inheritance. The AE1-related
erythroid dyscrasias include hemolytic anemias charac-
terized by spherocytosis, ovalocytosis, or stomatocyto-
sis, nearly all caused by dominant heterozygous
mutations. AE1-associated distal renal tubular acidosis
(dRTA) in the Americas and Europe is caused most
often by dominant heterozygous mutations, and in
Southeast Asia by recessive homozygous or compound
heterozygous mutations. With rare exceptions among
the dominant human mutations, and very few among
the recessive mutations, the red cell disorders and the
kidney diseases are caused by discrete sets of muta-
tions (Fig. 54.8). Homozygosity for the dominant dis-
ease mutations is encountered only rarely, and is
assumed in most cases to be embryonic-lethal. It is
marked by life-threatening hemolytic anemia and
severe acidosis, and phenocopied by engineered AE1
knockouts in mouse and zebrafish, and by spontaneous
bovine AE1 deficiency.

Hereditary Spherocytosis

Hereditary spherocytic anemia (HS) is characterized
by increased osmotic fragility, and reflects a
reduced erythroid surface area-to-volume ratio arising
from exo- and endo-vesiculation from the un-
stable membrane of mechanically fragile red cells.
Most cases result from dominantly inherited heterozy-
gous deficiency of extrinsic proteins of the erythroid
cytoskeleton (β spectrin, ankyrin-1, protein 4.2) but up
to 65% of cases exhibit eAE1 deficiency.440,441 In addi-
tion to splenomegaly and jaundice, the more severe
hemolytic anemias are accompanied by leg ulcers,
hemochromatosis, cholelithiasis, and other problems.
The clinical presentation is generally milder in HS
associated with AE1 mutations than from other
causes,199,442 and is remarkable for the absence of
detectable renal acidification defect.

HS mutations include nonsense, frameshift, and
missense mutations (Table 54.3) and are distributed
across the entire AE1 coding region (Fig. 54.8). Mutant
transcripts are usually absent or of reduced abundance,
with moderate compensatory upregulation of the wild-
type polypeptide representing increased transcription
or post-transcriptional stabilization. Most HS mutant
AE1 polypeptides expressed in Xenopus oocytes or
HEK 293 cells fail to reach the plasma membrane with
retention in endoplasmic reticulum or proximal Golgi,
and some are misfolded as judged by altered stilbene
disulfonate binding.443 The severe recessive HS caused
by the AE1 mutation E40K444 is accompanied by 90%
reduction in erythroid abundance of the AE1-binding
protein 4.2. Conversely, the recessive protein 4.2
Nippon mutation is accompanied by 50% reduction in
eAE1 abundance.445 Most HS-associated AE1 muta-
tions are not accompanied by defective distal urinary
acidification. The rare exceptions include the severe
recessive HS mutation V488M107 and possibly also
Band 3 Neapolis,446 as well as the unexplained bicarbo-
naturia reported in HS patients with the heterozygous
AE1 mutants S477fs447 and Q203fs.448

BENIGN ERYTHROID PHENOTYPES
OF AE1 POLYPEPTIDE VARIANTS

Human AE1 polymorphisms in extracellular loops
of the C-terminal transmembrane domain encode
minor blood group antigens classified as the Diego
blood group system, generally considered of minimal
clinical consequence for transfusion compatibility.
Recently, however, an acute hemolytic transfusion
reaction was associated with AE1-borne Wr(a) incom-
patibility.449 Definition of these extracellular poly-
morphisms (Fig. 54.8) has provided important
constraints on evolving models of AE1 topography
within the membrane.10 Anti-AE1 auto-antibodies
directed against extracellular epitopes of human AE1
have been proposed either to mediate or to accelerate
the complement-assisted removal of aged red cells by
reticuloendothelial macrophages.207 The antigens
involved are hypothesized to arise from oxidative
modification of AE1, and can target N-glycan carbohy-
drate antigens.450 The benign erythroid phenotype of
acanthocytosis can be associated with familial central
nervous system disease. In one such family the domi-
nant AE1 mutation P868L was associated with elevated
erythroid sulfate transport rate and selectively altered
red cell binding of H2-DIDS,293 consistent with altered
conformation at the “second” isothiocyanate binding
site at AE1 K851. However, the relationship of this
mutation to altered red cell shape and to the neurologi-
cal disease remains unclear.

1888 54. THE SLC4 ANION EXCHANGER GENE FAMILY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



Southeast Asian Ovalocytosis (SAO) is an asymp-
tomatic, heterozygous condition associated with sev-
eral indices of increased red cell rigidity including
resistance to plasmodial invasion,451 and is associated
with reduced mortality from cerebral malaria.452 The
AE1 SAO mutant allele encodes a polypeptide with the
inframe deletion Δ400�408 that is present in the red
cell membrane at normal abundance, but neither trans-
ports anions nor binds stilbene disulfonates.283,453 AE1
SAO is not dominant negative with respect to anion
transport,219 but nonetheless alters the conformation of
bound wildtype protein.170,284

Cold-stored SAO red cells exhibit a cation leak,454

and SAO has recently been recognized as a variant of
the “hereditary stomatocytosis with cation leak syn-
dromes”,455,456 sometimes presenting clinically as pseu-
dohyperkalemia. In addition to SAO, nine dominant
mutations in AE1 have been found to be associated
with the red cell cation leak syndromes of cryohydro-
cytosis, spherocytosis with low temperature cation
leak, and shallow slope hereditary stomatocytosis.318

All stomatocytosis mutations are located in the proxi-
mate portion of the second half of the transmembrane
domain. These AE1 mutants expressed in Xenopus
oocytes exhibited moderately-to-severely reduced
anion transport accompanied by low magnitude cation
fluxes variably sensitive to some inhibitors of wildtype
AE1-mediated anion transport. Mutagenesis experi-
ments have supported the hypothesis that the muta-
tions create cation leak pathways through the AE1
polypeptide,294 but pharmacological results are less
supportive. No renal acidification or salt-wasting phe-
notype has yet been noted in hereditary stomato-
spherocytosis with cation leak. However, AE1 muta-
tions associated with cation permeability have pro-
moted speculation that oxidatively modified AE1 may
contribute to the still unidentified, deoxygenation-
activated cation conductance specific to sickle
erythrocytes.457

AE1 AND DISTAL RENALTUBULAR
ACIDOSIS (dRTA)

Heritable dRTA is caused by mutations in genes
encoding components of the Type A intercalated cell
acidification mechanism. dRTA is characterized by
hyperchloremic metabolic acidosis in the presence of
submaximal urinary acidification, usually defined as
inability to acidify urine below pH 5.5. Normal proxi-
mal tubular function is marked by the absence of bicar-
bonaturia. The disease is associated with any
combination of hypokalemia (severe enough on occa-
sion to provoke weakness and arrhythmia), nephrocal-
cinosis, nephrolithiasis, growth retardation, rickets,

polyuria, nausea and vomiting, and systemic dehydra-
tion. “Incomplete dRTA” marked by lack of spontane-
ous acidosis can be revealed by failure to acidify urine
pH below 5.5 in response to standardized acid loading.
In humans, dRTA genes of this class identified to date
(Fig. 54.9) include the AE1/SLC4A1 gene encoding the
basolateral Cl2=HCO2

3 exchanger kAE1, the ATP6V1B1
and ATP6V1A4 genes encoding B1 and A4 subunits of
the apical membrane vH1-ATPase, and the CA2 gene
encoding the cytosolic carbonic anhydrase CAII (caus-
ing mixed proximal-distal RTA).2,285 dRTA genes
described in knockout mice but not yet found in
humans include K-Cl cotransporter KCC4/SLC12A7,458

Cl2=HCO2
3 exchanger/anion channel SLC26A7,459

vasopressin-1a receptor,460 apical ammonia channel
RhCG,461 H,K-ATPase subunits α1 and α2462 and the
matrix protein hensin/muclin/DMBT1463�465 (but see
466,467). As some identified familial dRTA cohorts
remain without genetic diagnosis, additional dRTA
genes will likely be defined as exome and whole
genome sequencing becomes more widely available.

AE1-Associated Dominant dRTA

The nine AE1 mutations reported to date in patients
with dominantly inherited dRTA are noted in
Table 54.3. None of these dominant mutations have
been found in the homozygous state, suggesting
embryonic lethality. Unlike AE1 HS mutations, all
dominant and recessive dRTA mutations of AE1 are
missense mutations located in the AE1 transmembrane
domain (Fig. 54.8). Dominant dRTA associated with
mutant AE1 has been reported with few exceptions in
Caucasians, and is unaccompanied by an erythroid
phenotype. Erythroid AE1 abundance is normal in
patients with heterozygous dRTA-associated AE1
mutations. Thus, whereas presumed AE1 haploinsuffi-
ciency in the Type A intercalated cells of HS patients
suffices for normal urinary acidification, haploinsuffi-
ciency in the setting of dRTA mutations is pathological
for the Type A intercalated cell, but inconsequential for
the erythrocyte. This suggests a tissue-specific domi-
nant- negative mechanism of disease for AE1-
associated dRTA mutations. Two major mechanisms
have been described to date (Fig. 54.10): hetero-
oligomerization with dominant intracellular retention,
and mutant mistargeting to the apical membrane.

In the absence of a robust cultured cell model of dif-
ferentiated Type A intercalated cells, dRTA-associated
AE1 mutant polypeptide function has been studied in
Xenopus oocytes, HEK-293 cells, and MDCK cells
grown on plastic, glass or permeable filter supports. In
patient erythrocytes dRTA mutant AE1 polypeptides
exhibited wildtype anion transport activity, while in
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Xenopus oocytes they exhibited 50�100% of wildtype
anion transport activity468,469 without a dominant nega-
tive phenotype.468 An explanation for the dominant
inheritance of the dRTA was sought in altered AE1
trafficking to the surface of renal epithelial cells. A
technical advance enhancing these studies in HEK-293
cells replaced the high-mannose, Endo H-resistant
wildtype N-glycan assembled at hAE1 N643 in the
fourth exofacial loop with a novel N-glycosylation site
in the third exofacial loop in the triple mutant N642D/

Y555N/V557T.470 Additional dRTA mutations could be
introduced into this more easily tracked construct
without alteration of trafficking attributable to the engi-
neered glycan. Another important approach utilized an
ecto-reactive anti-AE1 monoclonal antibody.

Expression of erythroid and of kidney forms of the
AE1 dRTA mutant R589H in nonpolarized HEK-293
cells revealed intracellular retention of most kAE1
R589H, in contrast to normal surface expression of
eAE1 R589H likely reflecting the different structures

FIGURE 54.9 A. Schematic model of renal acidifying mechanisms: Bicarbonate reabsorption in proximal tubular cells and H1 secretion in
α-intercalated cells of the collecting duct. In the proximal tubule, H1 is secreted at the apical membrane by the NHE3 Na1/H1 exchanger and
by the vacuolar H1-ATPase. Membrane-bound carbonic anhydrase CA IV (not shown) accelerates formation of CO2 from H2CO3 generated by
protonation of filtered HCO2

3 . CO2 enters the tubular cell by diffusion and likely also via AQP1. H2CO3 is formed in the presence of cytosolic
CA II, and HCO3

2 is transported out of the cell at the basolateral surface by Na1=HCO2
3 cotransporter NBCe1. In Type A (α)-intercalated cells

of the cortical collecting duct, H1 is transported out of the cell into the lumen by vacuolar H1-ATPase and, in K1-depleted conditions, perhaps
also by H1/K1-ATPase. HCO2

3 generated inside the cells leaves via anion exchanger 1 (kAE1) in exchange for Cl2 entry across the basolateral
membrane. Basolateral Cl2 recycling is depicted with KCC4 K1/Cl2 cotransporter, but may require Cl2 channel(s) in humans. Type B (β)-inter-
calated cells secrete HCO2

3 in exchange for Cl2 via their apical anion exchanger pendrin. In contrast to α-intercalated cells they can express a
basolateral vH1-ATPase. The principal cells are involved in Na1 reabsorption and K1 secretion. (Modified with permission from285). Red boxes
indicate human dRTA genes. Orange boxes indicate dRTA genes identified in knockout mice, but as yet unassociated with human dRTA. B.
Immunofluorescence micrograph of mouse cortical collecting duct showing β-intercalated cells expressing apical pendrin (red) in relation to
principal cells expressing apical AQP2 (purple) (Reproduced with permission from584). C. Immunofluorescence micrograph of mouse cortical
collecting duct showing α-intercalated cells expressing basolateral ae1/slc4a1 (red) in relation to (green) AQP2-expressing principal cells
(Reproduced with permission from585).
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and interactions of the N-terminal cytoplasmic
domains of eAE1 and kAE1. Wildtype kAE1 surface
expression was reduced by transiently coexpressed
kAE1 R589H.471

MDCK cells offered the advantages of complex
processing of the native N-glycan of heterologous

AE1 and the possibility of trafficking in a polarized
cell system. Low transient transfection efficiency472

and variable rates of transgene extinction in
stable transfectants473 initially encountered in polarized
MDCK cells were overcome by development of recom-
binant replication-deficient pseudotyped retrovirus,474

FIGURE 54.10 Pathophysiology of mutant AE1 trafficking in recessive and dominant forms of distal renal tubular acidosis (dRTA). A.
Dominant hereditary spherocytosis. In red cells, the mutant erythroid AE1 (eAE1) polypeptide is usually absent or degraded. The wildtype
eAE1 polypeptide is at the cell surface at 50�80% of normal level. In Type A intercalated cells, the wt kidney AE1 (kAE1) polypeptide is
believed to be at the basolateral surface, but surface abundance and fate of the mutant polypeptide are unknown. B. Recessive dRTA is exem-
plified by AE1 G701D. In red cells, eAE1 G701D is believed to associate normally with the AE1-binding transmembrane protein, glycophorin
A. This association allows normal accumulation and function in the red cell membrane. G701D and other recessive mutants fail to traffic to the
surface of the Xenopus oocyte and (it is thought) to the surface of the intercalated cell. The coexpression of glycophorin A rescues surface
expression and function of kAE1 G701D in the oocyte. The intercalated cell lacks glycophorin A. C. Dominant dRTA is exemplified by AE1
R589H. In the red cell, eAE1 is of normal abundance, surface localization, and function. In Xenopus oocytes, AE1 R589H exhibits only mildly
diminished function. In the intercalated cell, kAE1 R589H acts as a dominant negative mutant, binding to and preventing surface accumulation
of the WT AE1 polypeptide. D. A different mechanism of dominant dRTA is exemplified by AE1 R901X. AE1 901X is of normal abundance
and function in red cells, and exhibits near normal function in oocytes. In transiently transfected MDCK cells, kAE1 R901X is present not only
in the basolateral membrane, but also at or near the apical surface. In stably transfected cells, the mutant is present only in the apical mem-
brane. The resultant functional short-circuiting of acid secretion could explain the dominant negative clinical phenotype. (Modified with per-
mission from199). E. The recessive dRTA mutant AE1 G701D is rescued by coexpression glycophorin A in Xenopus oocytes. Bar graphs show
36Cl2 influx into oocytes expressing wildtype kAE1 (black) or kAE1 G701D (white) compared with control (water-injected) oocytes (cross-
hatched) in the absence (left graph) or presence of co-expressed glycophorin A (right bars). AE1 immunoflorescence shows AE1 G701D expres-
sion is absent from the oocyte surface (left inset) whereas coexpression with glycophorin A (right inset) rescues surface expression of kAE1
G701D (modified with permission from483). Lower right: AE1 immunoflorescence shows localization of dominant dRTA mutant AE1 901X.
Unlike basolateral expression of wildtype kAE1 in stably (A) or transiently transfected, confluent MDCK cells (C, E), the dominant dRTA
mutant AE1 R901X accumulates either at the apical membrane in stable transfectants (B) or at both apical and basolateral membranes in tran-
siently transfected cells (D, F). Modified with permission from473(A, B) and from102(C�F).
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adenovirus,103 and lentivirus vectors to boost infection
efficiency, modulate toxic overexpression, and increase
sensitivity of AE1 transgene immunodetection. Both
nonpolarized and polarized MDCK cells overexpres-
sing dominant dRTA kAE1 mutants R589H and S613F
retained the mutant polypeptides in endoplasmic retic-
ulum, with some protein also in lysosomes and other
structures, and contrasted with basolateral localization
of wildtype kAE1. Coexpression of epitope-tagged
wildtype kAE1 with kAE1 dominant mutant R589H
inhibited surface delivery and accumulation of wild-
type protein, and accelerated its degradation.103

Sections from a heavily scarred kidney resected from a
heterozygous AE1 R589H dRTA patient revealed

decreased frequency of Type A intercalated cells with
reduced apical vH1-ATPase staining, but AE1 staining
was uninformative.475 However, the well-preserved
morphology of a clinically indicated renal biopsy from
a dRTA patient heterozygous for AE1 S613F469

revealed diffuse, decreased AE1 immunostaining with
loss of basolateral localization, accompanied by
reduced and vH1-ATPase staining with loss of apical
localization in Type A intercalated cells smaller in both
number and size than in control kidney.476 These
human data are consistent with the dominant negative
trafficking behavior of dominant negative dRTA kAE1
mutations polarized MDCK cells. The dominant dRTA
phenotype contrasted with that of a Sjogren’s

FIGURE 54.11 Basolateral expression of Ae2 in rat kidney. A. Ae2 in the basolateral membrane of rat macula densa cells (md), adjacent to
the glomerulus (glom). B. Ae2 in the basolateral membrane of rat medullary thick ascending limb cells (mtal), adjacent to collecting ducts
expressing low levels of Ae2 in the basolateral membrane of principal cells (arrowheads) and cross-reactive ae1 in the basolateral membrane of
α-intercalated cells. C. Ae2 in the basolateral membrane of rat inner medullary collecting duct cells (IMCD) and adjacent thin limbs. (A�C
from,148 with permission). D. Ae2 in the basolateral membrane of mouse kidney papillary epithelial cells (pe), and papillary collecting duct
cells. In all panels, bright round structures are red cells with cross-reactive Ae1. (From,586 with permission).
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syndrome patient with dRTA, in which collecting duct
immunoreactivity of both vH1-ATPAse and kAE1 was
completely absent.476

The second trafficking mechanism by which hetero-
zygous AE1 mutations give rise to dominant dRTA is
mistargeting to the apical membrane, leading to a pos-
tulated apical HCO2

3 secretion that can short-circuit the
normal vH1-ATPase-mediated apical H1 secretion
(Fig. 54.10). AE1 dominant dRTA mutant 901X was
expressed normally at the surface of red cells297 and
Xenopus oocytes,283 but was retained in the endoplas-
mic reticulum of HEK-293 cells, where the mutant also
trapped cotransfected wildtype kAE1.297 kAE1 901X
was similarly retained in MDCK cells grown on glass,
but in transiently transfected filter-grown MDCK or
rat IMCD cells kAE1 was present in both basolateral
and apical membranes, in addition to intracellular

membranes.102 However, in stably transfected MDCK
cells, AE1 901X accumulated exclusively in the apical
membrane with apparent wildtype stability473

(Fig. 54.12). AE1 dominant dRTA mutant G609R simi-
larly localized in polarized MDCK cells more in the
apical than basolateral membrane, in contrast to its
normal surface expression in erythrocytes and Xenopus
oocytes.477

Basolateral sorting of kAE1 does not require the
sorting protein adaptin AP-1B.102 A yeast two-hybrid
screen recently identified adaptin AP-1A as interacting
with the AE1 C-terminal Y904DEV907 sequence. The
interaction was validated in HEK-293 cells, and knock-
down of endogenous AP-1A reduced surface expres-
sion of kAE1.478 Confirmation of the functional
interaction of AP-1A with kAE1 in polarized epithelial
cells is awaited. Another potential explanation for

FIGURE 54.12 A�D. Basolateral expression of Ae2 in extrarenal tissues. A. Basolateral Ae2 in parietal cells of mouse gastric mucosa (from
,132 with permission). Basolateral Ae2 in human Calu-3 cell monolayer (from,143 with permission). C. Basolateral Ae2 in mouse submandibular
gland acinar cell cluster (from,587 with permission). D. Basolateral Ae2 in mouse choroid plexus epithelial cells (from,588 with permission).
E. Basolateral Ae2 in mouse colonic surface mucosa (from,141 with permission). F, G. Apical Ae2 in pronephric duct of zebrafish in longitudinal
section (F) and in transverse section costained with basolateral Na,K-ATPase α subunit (from,42 with permission).
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apical accumulation of dRTA AE1 mutant R901X is
loss of the tyrosine phosphorylation site Y904, required
along with Y359 for basolateral accumulation in polar-
ized MDCK cells.479 Identification of the responsible
tyrosine kinase(s) and PTyr-dependent trafficking/
scaffolding proteins of the Type A intercalated cell is
awaited, and promises to provide more detailed under-
standing of the altered targeting of dominant dRTA
mutant AE1 polypeptides. Whereas Y904 is conserved
among AE1 orthologs, and in AE2 and AE3, Y359 is
not conserved in AE2 and AE3. A parallel to the N-
terminal YVEL motif important in the basolateral traf-
ficking of chicken kidney AE1 variant AE1�4480 has
not been detected in human or mouse kAE1.

Both wildtype kAE1 and dominant negative
mutants R589H and R901X are ubiquitinated, then
deglycosylated (likely in the cytosol) prior to undergo-
ing proteosomal degradation. The half-life of the
mutant polypeptides is shorter than the 15�17 hour
half-life of wildtype protein in polarized MDCK
cells.481 The mutant proteins can be partially rescued
from ER retention (in the case of mutant R589H or
from the apical surface and some ER retention (in the
case of R901X) to the basolateral surface of polarized
MDCK cells in the context of a mutation that prevents
N-glycosylation. Partial basolateral surface rescue was
achieved by inhibition of the ER-localized interaction
between mutant polypeptides and the ER folding lectin
chaperonin, calnexin by castanospermine inhibition of
AE1 N-glycan trimming in the ER. Polarized cell

exposure to the small molecule chemical chaperones
MAL (an Hsc70 modulator) or to C3 or C4 (developed
as CFTR ΔF508 correctors) also led to partial rescue of
basolateral expression of dominant mutant polypep-
tides,481 suggesting possible therapeutic approaches to
dominant dRTA caused by AE1 mutations.

AE1-Associated Recessive dRTA

Recessive dRTA has been associated with twelve
AE1 mutations found in homozygous or compound
heterozygous patients (Table 54.3). Most cases have
been reported from Thailand, Malaysia, and Papua-
New Guinea, and were frequently accompanied
by hematological dyscrasia and (in Thailand) a
co-inherited hemoglobinopathy.482,483 All mutants
described to date appear to share a mechanism of inter-
calated cell-specific intracellular retention103,483�485

(Fig. 54.10). The first described was AE1 G701D in
homozygous patients with normal erythroid eAE1
abundance and anion transport activity.483 However,
both eAE1 and kAE1 forms of the G701D mutant were
non-functional in Xenopus oocytes due to failure of sur-
face expression. Coexpression in oocytes of the ery-
throid AE1-binding protein glycophorin A completely
rescued functional surface expression of both erythroid
and kidney forms of AE1 G701D483 (Fig. 54.10). As
glycophorin A is not expressed in kidney, recessive
dRTA mutant AE1 G701D has a conditional recessive

FIGURE 54.13 Amino acid residues of mouse Ae2 N-terminal cytoplasmic domain that contribute to anion transport regulation by extra-
cellular (pHo) and intracellular pH (pHi). A. Ribbon diagram of Ae2 aa 317�623 modeled on the crystal structure of human AE1. B. Space-
filling structure of the same region of Ae2. C. Linear sequence of portions of the Ae2 N-terminal cytoplasmic domain. In each panel, red marks
residues in which mutations alter regulation by pHo only, yellow marks residues in which mutations alter regulation by pHi only, and orange
marks residues in which mutation alters regulation by both pHi and pHo (from,171 with permission).
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phenotype: normal in the presence of glycophorin A
but incapable of normal trafficking in its absence. In
contrast, wildtype AE1 surface trafficking does not
require glycophorin A, but is potentiated by it.486

Expression of kAE1 G701D in HEK-293 cells487 and
in polarized MDCK cells led to its intracellular reten-
tion in the Golgi compartment.103 Consistent with the
clinical phenotype of heterozygous family members,
coexpressed wildtype kAE1 rescued kAE1 G701D to
the basolateral surface of polarized MDCK cells.103

Additional recessive dRTA AE1 mutants subsequently
described485 (Table 54.3) exhibited similar conditional
recessive phenotypes. The anion transport activities of
the recessive loss-of-function mutant ΔV850 and the
clinically less severe loss-of-function dominant mutant
A858D were each potentiated by coexpressed glyco-
phorin A in Xenopus oocytes.

Multiple instances of AE1-linked dRTA arise from
compound heterozygosity with one rare recessive
dRTA allele and one common SAO allele. An example
is the AE1 A858D/SAO compound heterozygote with
very low erythroid anion transport activity despite half-
normal eAE1 polypeptide content. Correspondingly,
coexpression in Xenopus oocytes of AE1 SAO prevented
glycophorin A rescue of AE1 A858D to the surface.485

kAE1 SAO itself is retained inside polarized MDCK
cells.481 dRTA also results from AE1 compound hetero-
zygosity for two rare dRTA alleles, as in AE1 A858D/
ΔV850. AE1 A858D expressed alone in polarized
MDCK cells was retarded in exit from endoplasmic
reticulum but reached the basolateral membrane,
whereas AE1 ΔV850 expressed alone was retained in
the endoplasmic reticulum. The coexpressed mutants
hetero-oligomerized and, although AE1 A858D slightly
enhanced surface delivery of coexpressed nonfunctional
AE1 ΔV850, ΔV850 decreased surface expression of the
coexpressed partially functional AE1 A858D.484

Glycophorin A rescue experiments for recessive
dRTA-associated AE1 mutants R602H, Q759H, and
S773P have not been reported. AE1 S773P was discov-
ered in a compound heterozygote dRTA patient with a
G701D allele. Although the folding-defective mutant
kAE1 S773P was retained and degraded in endoplas-
mic reticulum in HEK-293 cells,488 the mutant traf-
ficked at near wild-type levels to the basolateral
membrane of polarized MDCK cells. Consistent with
clinical phenotype, however, coexpression in MDCK
cells of AE1 G701D with the S773P mutant impaired
AE1 S773P expression at the basolateral membrane.103

Neither inhibition of N-glycan processing, genetically
engineered prevention of N-glycosylation, nor expo-
sure to small molecule chemical chaperones MAL, C3,
or C4 led to detectable rescue of basolateral surface
expression for kAE1 SAO or recessive kAE1 mutant
G701D.481

dRTAWith Complete Absence of AE1 and AE1
Knockout Models

Heterozygosity for putative loss-of-function muta-
tion AE1 V488M was diagnosed in a newborn child of
two parents, each with mild hereditary spherocytosis
due to heterozygosity for the same mutation.107 The
homozygous child was born with life-threatening
hydrops fetalis and hemolytic anemia with poikilocyto-
tic red cells devoid of AE1. Renal tubular acidosis was
noted at age 3 months, and nephrocalcinosis shortly
thereafter. Intensive support with frequent blood trans-
fusion and bicarbonate supplementation allowed
survival.

Mouse models of complete AE1 deficiency pheno-
copy the hydrops fetalis of complete AE1 deficiency in
the human. Two engineered ae1-/- mouse models
showed severe growth retardation, severe hemolytic
anemia with spherocytosis and poikilocytosis, severe
hypercoagulation syndrome, and death of most mice
before weaning.108,489,490 In red cells from both mouse
models, the ultrastructure of the red cell cytoskeleton
unexpectedly remained intact in the absence of Ae1,
leading to the proposal that the associated membrane
fragility arose from destabilization of bilayer lipid in
the absence of the membrane’s major intrinsic pro-
tein.108,489 The hypercoagulable state was attributed to
propensity of the increased fraction of Ae1-/- red cells
with externalized annexin V, those likely undergoing
premature cell death (eryptosis),491 to activate the pro-
thrombinase complex,490 a mechanism apparently not
applicable to human red cells.491 The spontaneous
mouse hemolytic anemia mutant wan is caused by
homozygosity for the AE1 mutation Q85X, and is
marked by no survival post-weaning. Decreased clini-
cal severity on mixed strain backgrounds led to the
demonstration of modifier genes for the severity of
hemolytic anemia,492 one of which maps near the
β-spectrin locus.

The small surviving fraction of ae12 /2 mice108

included fertile males. This facilitated subsequent gen-
eration of sufficient numbers of weanlings to document
at age 12 wks a syndrome of complete dRTA, with
spontaneous metabolic acidosis disproportionately
exacerbated by an acid load well tolerated by wildtype
and heterozygous mice.109 The acidosis was accompa-
nied by inappropriately alkaline urine pH and by
reduced Cl2=HCO2

3 exchange activity in isolated
medullary collecting ducts, with compensatory upre-
gulation of a pharmacologically distinct Cl2=HCO2

3

exchange activity of unknown identity. Intercalated
cells devoid of Ae1 remained present and exhibited
reduced abundance of both vH1-ATPase and of pen-
drin, but mRNA levels of candidate basolateral
Cl2=HCO2

3 exchangers Ae4 and Slc26a7 were
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unchanged. ae12 /2 mice also exhibited nephrocalci-
nosis accompanied by hypercalciuria, hyperphospha-
turia, and hypocitraturia. An unexpectedly severe
urinary concentrating defect with mildly decreased
renal function (possibly prerenal) was accompanied by
increased inner medullary AQP2 largely retained intra-
cellularly. Possible hypokalemia was masked by hemo-
lysis, and severe renal hemosiderosis may have
contributed to the mild renal insufficiency and concen-
trating defect.109 Nonetheless, the ae1-/- mouse was the
first mouse model of complete dRTA with genetic defi-
ciency of a human dRTA gene product. Ongoing
attempts to analyze mice with normal eAE1 expression
together with selective kAE1 deficiency or kAE1 mis-
sense mutations will accelerate future studies of the
development, course, and treatment of AE1 mutation-
associated dRTA.

Dominantly inherited perinatal hemolytic anemia
and apparent renal tubular acidosis in a bovine
cohort was associated with the heterozygous muta-
tion AE1 646X.110 Red cells completely lacked AE1,
and coexpressed AE1 R664X suppressed wildtype
anion transport in Xenopus oocytes. Recombinant
bovine AE1 R664X polypeptide and the wildtype/
R664X hetero-oligomer in HEK-293 or K562 erythro-
leukemia cells exhibited endoplasmic reticulum-
associated proteosomal degradation, independent of
ubiquitination or N-glycosylation and without aggre-
some formation.493 Metabolic acidosis in the hetero-
zygous AE1 646X cattle was notably unaccompanied
by compensatory respiratory acidosis,110 consistent
with the incomplete respiratory compensation noted
in mice with renal tubular acidosis lacking either car-
bonic anhydrase 2494 or AE1,109 and consistent with
the coordinate roles of both eAE1 and CA2 in the
respiratory disposal of metabolic CO2. Bovine AE1
R664X represents the most severe dominant negative
spherocytosis mutation yet reported, thus far unique
in its phenotypic expression in both red cells and
kidney.

Ae1 mutations were isolated among chemically
mutagenized zebrafish screened for anemia pheno-
types. Three recessive loss-of-function alleles of AE1
deficiency in zebrafish with severely reduced erythro-
poiesis were partially rescued by either zebrafish or
mouse Ae1 cRNAs. The observation of a dyserythro-
poietic phenotype in Ae1a mutants led to discovery of
an Ae1a requirement for normal cytokinesis late zebra-
fish erythroblasts, with a similar but less prominent
effect detectable in bone marrow of the ae1-/- mouse.43

However, dyserythropoietic changes have not been
reported in human AE1-associated dominant heredi-
tary spherocytosis, and the clinically distinct human
congential dyserythropoietic anemias are unlinked to
AE1. Neither AE1a nor AE2b495 are expressed in

zebrafish pronephric duct. The systemic physiological
functions of zebrafish pronephric duct Ae42 (Fig. 54.14)
remain unexplored.

KNOCKOUT MOUSE MODELS
OF DEFICIENCY OF AE2/SLC4A2 AND

AE3/SLC4A3

Complete knockout of the ae2 gene in the mouse
allows live births, but severe growth retardation and
failure to thrive leads to death before weaning.132

Gastric mucosal hypoplasia and achlorhydria was asso-
ciated with reduced numbers of H1,K1-ATPase-posi-
tive parietal cells with underdeveloped secretory
canaliculi lacking AE2. Knockout mice were also deaf
(consistent with AE localization in cochlea), ataxic,
edentulous,132 and osteopetrotic135 consistent with an
essential role for AE2 in osteoclast function. A similar,
recessive osteopetrotic phenotype is shown by Red
Angus cattle with a homozygous large deletion of the
AE2 gene region encoding exons 2 and 3.496 However,
genome-wide association studies have not yet impli-
cated human AE2 as a risk modifier for low bone
density.

An independently generated AE2 knockout mouse
was devoid of AE2a, AE2b1, and AE2b2,136 but
appears to have retained expression of AE2c isoforms
and possibly others expressed as a compensatory
response (ae2a,b

-/- mice). This otherwise grossly
healthy mouse model exhibited male infertility, con-
sistent with AE2 localization in epididymis,497 and
osteopetrosis in long bones but not in calvariae.134

Although basal gastric acid secretion was unimpaired
in four month old mice, carbachol/histamine-stimu-
lated secretion was reduced 70%, and was accompa-
nied by increased parietal cell turnover without
apoptosis.498 Thus, the gastric-specific AE2c1 isoform
is not sufficient for normal murine gastric acid
secretion.

Although modest shRNA suppression of AE2 abun-
dance in normal rat cholangiocytes reduced both
unstimulated and secretin-stimulated Cl2=HCO2

3

exchange,499 biliary flow and secretion of both HCO2
3

and bile acids were increased rather than decreased in
ae2a,b

-/- mice compared to wildtype littermates.500 This
observation, parallels the increased pancreatic HCO2

3

secretion observed in mice lacking the apical pancreatic
ductal Cl2=HCO2

3 exchanger slc26a6501,502 and is con-
sistent with the elevated cAMP levels in ae2a,b

-/- murine
embronic fibroblasts, which reflect activation of
bicarbonate-sensitive soluble adenylyl cyclase by the
pHi elevation secondary to loss of physiological AE2-
mediated acid loading.503 ae2a,b

-/- mice exhibit spleno-
megaly and immune dysregulation, and most develop
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anti-mitochondrial antibodies and other auto-immune
abnormalities reminiscent of those in human patients.
About one third of ae2a,b

-/- mice develop portal inflama-
tion.504,505 Proximal colonic epithelium of ae2-/- mice
shows reduced cAMP-stimulated Cl2 secretion by
proximal colonic epithelium,506 and AE2 knockdown
also reduces cAMP-stimulated Cl2 secretion by Calu3
cells.507 Thus, in some secretory epithelial tissues, Ae2
is the predominant basolateral Cl2 loader. No renal
phenotype has yet been reported in either ae2 knockout
mouse strain.

The ae3-/- mouse was grossly normal despite wild-
type AE3 expression by or before gestational day 11.
However, the ae3-/- mouse exhibited increased suscepti-
bility to pharmacologically-induced generalized sei-
zures, with increased seizure-associated mortality. The
lowered seizure threshold was associated with com-
plete absence of wildtype DIDS-sensitive Cl2=HCO2

3

exchange activity in CA3 neuronal cell bodies moni-
tored in hippocampal slices,155 and unaccompanied by
compensatory changes in brain mRNA levels of other

Slc4 genes, or of Slc26a11, Slc12 Cl2 cotransporters, or
Slc9 Na1/H1 exchangers. This murine seizure pheno-
type reinforces the previously documented association
of human AE3 polymorphism A867D with seizure his-
tory among multiplex families with idiopathic general-
ized epilepsy.508 In HEK-293 cells, AE3 A867D
exhibited reduced function that was not explained by
decreased cell surface abundance.509

Ae3-/- mice develop retinal degeneration after four
to six months of age,510 suggesting important homeo-
static roles for Ae3 in retinal pigment epithelial cells,
muller, and horizontal cells. Late-onset, recessive pro-
gressive retinal atrophy in Golden Retriever dogs was
recently shown to cosegregate with a frameshift termi-
nator mutation at transmembrane domain residue E868
(661 in cAE3).511 Although ae3-/- mice have not revealed
a cardiac phenotype, loss of AE3 expression in the
hypertrophic cardiomyopathy transgenic mouse model
expressing cardiac α-tropomyosin E180G greatly accel-
erated cardiac decompensation.512 No renal phenotype
has been reported in the ae3-/- mouse.

FIGURE 54.14 Mouse Ae2 transmembrane domain (TMD) residues involved in regulation of anion exchange. Re-entrant loop (RL1) in the
Ae2 transmembrane domain is important for acute regulation of anion exchange by pH. Shaded areas indicate transmembrane (TMD) subdo-
mains and individual amino acids identified from mutagenesis studies that contribute in a critical way to acute regulation of AE2 by pH, simu-
lation by Na14 and required for inhibition by calmidazolium. The indicated critical amino acids in the RL1 likely interact with as yet
unidentified residues in TMD 1�6 or/and in the cytoplasmic N-terminal domain and contribute to the AE2 “pH sensor” function that regulates
anion exchange. TMD residues involved in regulation by pHo are gray, those involved in regulation by pHi are in white and residues involved
in regulation by both pHo and pHi are in black. Bisected open circles indicate residues for which mutation did not alter regulation of AE2 by
pH. Boxes with X indicate residues for which mutation reduced transport activity below levels required for study of inhibitory regulation (mod-
ified from,377 with permission).

1897KNOCKOUT MOUSE MODELS OF DEFICIENCY OF AE2/SLC4A2 AND AE3/SLC4A3

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



CONCLUSION

Transmembrane, transepithelial, and systemic trans-
port of HCO2

3 and CO2 is central to body pH and vol-
ume homeostasis. The Na1-independent, electroneutral
Cl2=HCO2

3 exchangers AE1/band 3 and the related
AE2 and AE3 polypeptides of the SLC4 gene family
play central roles in these processes, along with Na1-
dependent SLC4 HCO2

3 transporters, and with anion
transporters of the SLC26 gene family. The SLC4/AE
anion exchangers regulate intracellular pH and,
through their polarized localization in renal and other
epithelial cells, regulate compartmental and systemic
pH. SLC4/AE anion exchangers also regulate cell vol-
ume and modulate the cellular equilibrium potential
for Cl2, thus contributing to determination of driving
forces for multiple ion transporter pathways. In polar-
ized epithelial cells of kidney and other tissues, anion
exchange in concert with cation transport can mediate
transepithelial solute secretion or reabsorption.

These physiological functions come to the fore in tis-
sues in which deletion or deficiency of an AE anion
exchanger unmasks a lack of functional redundancy.
Such is the case with AE1 in the human diseases hered-
itary spherocytosis, and heritable distal renal tubular
acidosis. Hereditary stomatocytosis is an example of
mutations that combine loss-of-fnction with gain of
novel function (cation permeability). Genetic manipula-
tion of AE2 and AE3 in mice, along with in vitro experi-
ments, have suggested human AE2 as a candidate risk
modifier gene determining bone density, gastric acidifi-
cation and differentiation, male fertility, and epithelial
secretion, and human AE3 as a candidate risk modifier
for seizure disorder, late-onset blindness, and heart
failure.

Recent advances in recombinant DNA technology,
genome sequencing, model system genetic engineering
to modulate gene expression in cultured cells and
intact animals, structure determination, and single mol-
ecule spectroscopy have each contributed to rapidly
accelerating progress in our understanding of the
structure and function of SLC4/AE anion exchangers.
The coming years should provide atomic-level insight
into the structure of an SLC4 transmembrane domain,
allowing visualization of the anion translocation path-
way(s). Such structure will encourage reevaluation of
existing kinetic data, revising mechanistic models that
reconcile the requirements of the highest known
rates of non-channel ion transport with very high
anion:cation selectivity, broad anion specificity, and
low substrate anion affinity. Ongoing discovery and
characterization of AE-binding proteins will increase
understanding of AE regulation. Together, the result-
ing insights will enhance our growing understanding

of the way in which AE anion exchanger function at
the cell and organ levels fits into the “systems biology”
of cell and organismic pH, Cl2 and volume regulation.
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To maintain acid�base balance, the renal tubules
secrete hydrogen ions into the lumen at a rate equal to
the sum of extrarenal acid generation and bicarbonate
filtration. In this chapter we review the cellular
mechanisms responsible for transepithelial hydrogen
secretion along the nephron and describe the regula-
tors of these processes.

PROXIMALTUBULE

The fluid entering the proximal tubule is the glomer-
ular ultrafiltrate, which is in Donnan equilibrium with
plasma and has a bicarbonate concentration of approxi-
mately 25 mEq/L. The proximal convoluted tubule
secretes H ions that acidify the luminal fluid leading to
the reabsorption of approximately 14 apart from 75%
of filtered bicarbonate and decreasing luminal bicar-
bonate concentration to 5�10 mEq/L and luminal pH
from 7.4 to B6.8. The proximal straight tubule has a
smaller capacity for H secretion, but also contributes to
bicarbonate reabsorption. With an acidic luminal fluid
(relative to the peritubular space) and a relatively small
transepithelial voltage [2 2 (early proximal tubule) to
12 (late proximal tubule) mV], transepithelial H secre-
tion requires active transport.

The proximal tubule cell voltage is between 250 and
270 mV relative to the peritubular fluid and cell pH of
between 7.15 and 7.30.1�5 Using these values, it can be
calculated that protons (hydrogen ions) can enter the
cell across the basolateral membrane passively (or
equivalently base can passively exit the cell across the

basolateral membrane), while H ion secretion across
the apical membrane from the cell to the luminal fluid
is against the electrochemical gradient, and thus,
requires active transport.

Apical Membrane H/HCO3 Transport
Mechanisms

Proton Secretion vs HCO3 Absorption

Net acidification of the tubular fluid may be medi-
ated by apical membrane H secretion or HCO3 absorp-
tion. These two processes, shown in Figure 55.1, have
been distinguished using the disequilibrium pH. The
mechanisms shown in Figure 55.1 involve two reac-
tions in series. The association/dissociation of H2CO3

(carbonic acid) to or from H and HCO3 (reaction 1)
occurs instantaneously, while the association/dissocia-
tion of H2CO3 to or from CO2 and H2O (reaction 2) is
very slow. Carbonic anhydrase catalyzes the latter reac-
tion such that in its presence all constituents are at
equilibrium. In the absence of luminal carbonic anhy-
drase, the second reaction will not be at equilibrium
and the relative concentrations of the substrates can be
used to determine the direction in which the reactions
are occurring, and, thus, whether there is direct H
secretion or direct HCO3 absorption.

If carbonic anhydrase is present in the lumen,
H2CO3 will be in equilibrium with CO2 and H2O, and
H2CO3 concentration will be that calculated from the
concentration of CO2 and the equilibrium constant for
the second reaction. Equivalently, using the equilib-
rium constants for the above reactions, the
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concentrations of H, HCO3 and CO2 will be those pre-
dicted for equilibrium. But, if carbonic anhydrase is
absent from the luminal fluid and H secretion is the
mechanism by which the tubular fluid is acidified
(Figure 55.1a), reactions 1 and 2 will move to the right,
but the H2CO3 concentration will be greater than that
predicted for equilibrium with CO2, and H and HCO3

concentrations, while in equilibrium with H2CO3, will
also be greater than that predicted for equilibrium with
CO2. Conversely, if luminal carbonic anhydrase is
absent and HCO3 absorption is the mechanism by
which the tubular fluid is acidified (Figure 55.1b),
luminal H2CO3, H, and HCO3 concentrations will all
be lower than that predicted for equilibrium with CO2.

Using slightly different approaches, three groups of
investigators have examined this issue.6�8 All found
that under baseline conditions the system is in equilib-
rium and measured in situ pH (H ion concentration) is
equal to the predicted equilibrium pH. However, after
systemic infusion of a carbonic anhydrase inhibitor
luminal pH drops below that predicted for equilibrium
(an acid disequilibrium pH), demonstrating secretion
of H (Figure 55.1a).

These results provide two extremely important con-
clusions. First, they demonstrate that the mechanism(s)
responsible for luminal fluid acidification involve H
secretion rather than HCO3 absorption across the prox-
imal tubule apical membrane. This conclusion has been
confirmed by numerous studies (see below) that have
directly identified H rather than HCO3 transport
mechanisms on the apical membrane. The second con-
clusion of equal importance is that the luminal fluid is
normally exposed to carbonic anhydrase. This luminal
carbonic anhydrase allows secreted H ions to be buff-
ered quickly, preventing an acid disequilibrium pH

that would oppose continued H secretion. This latter
point is discussed further below.

Mechanisms of Apical Membrane H/HCO3

Transport

The discussion below first describes the mechanisms
that mediate apical membrane H secretion and then
discusses possible backleak mechanisms. The descrip-
tion of the H secretory mechanisms is oriented along
lines of coupling to metabolism. The term primary active
transport describes transport mechanisms directly cou-
pled to the consumption of metabolic energy (ATP),
such as the H-ATPase. Secondary active transport refers
to a transporter that couples the transport of H to that
of a second ion, for which a favorable driving force is
established by another transporter that is directly cou-
pled to energy consumption. An example of secondary
active transport is Na/H exchange. Tertiary active trans-
port refers to the presence of three transporters func-
tioning in series, where the first transporter is directly
coupled to energy utilization and establishes a favor-
able electrochemical gradient for molecular species A.
A second transporter is a coupled transporter that uses
the electrochemical gradient for species A to establish a
favorable electrochemical gradient for species B, and
the third transporter then uses the electrochemical gra-
dient for species B to transport acid or base (species C)
against its electrochemical gradient. There is now good
evidence that all of these mechanisms are present in
the proximal tubule. The primary and secondary trans-
port mechanisms play key roles in net acid secretion,
while the tertiary transport mechanisms most likely
contribute significantly to NaCl reabsorption, and play
a minimal role in net acid secretion.

FIGURE 55.1 Mechanisms of luminal
acidification: A, proton secretion, or B, direct
HCO3 absorption. (In: Brenner BM, Seldin DW,
eds, The Kidney. Philadelphia: W.B. Saunders,
1994:408�471, with permission.)
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Primary Active Transport: H-ATPase

Five lines of evidence suggest the presence of an api-
cal membrane H translocating ATPase. These include
the demonstration of: (1) an H translocating ATPase in
apical membrane vesicle preparations, (2) a role of an
H-ATPase in the defense of cell pH against an acid
load, (3) electrogenic H secretion in the microperfused
proximal tubule, (4) apical membrane immunohisto-
chemical labeling with antibodies against purified vac-
uolar H-ATPase subunits, and (5) a component of
HCO3 absorption that cannot be attributed to second-
ary or tertiary active H secretion.

Kinne-Saffrin and Kinne were the first to demon-
strate the presence of HCO3-stimulated H-ATPase
activity and ATP-dependent H translocation in brush
border membrane vesicles.9�11 This H translocating
ATPase is not of mitochondrial origin as it was insensi-
tive to oligomycin.

In the rat proximal tubule microperfused in vivo
symmetrically with Na-free solutions, Yoshitomi et al.
found that cell pH decreases and then returns to con-
trol levels.12 Similarly, Alpern found that rat proximal
tubules perfused symmetrically with Na-free solutions
develop an alkaline cell pH in the steady state.1 Both of
these observations are best explained by the presence
of a Na-independent alkalinizing mechanism in these
cells. Kurtz more specifically examined this phenome-
non in the S3 proximal tubule perfused in vitro utilizing
the fluorescent measurement of cell pH.13 Following an
acute intracellular acid load (NH3/NH4

1 prepulse),
cell pH is rapidly defended in the complete absence of
Na. This cell alkalinization is inhibited by luminal dicy-
clohexylcarbodiimide (DCCD) and N-ethylmaleimide
(NEM), two inhibitors of vacuolar H-ATPases.
Nakhoul et al. demonstrated that S3 proximal tubules,
acidified by removal of luminal and peritubular Na,
returned their cell pH to values more alkaline than con-
trol cell pH.14 In these studies, the cell alkalinization
was not inhibited by DCCD. All of these studies dem-
onstrate the ability of the proximal tubule cell to trans-
port protons out in response to cell acidification in the
complete absence of extracellular Na. Based on our cur-
rent knowledge of transporters capable of active H
efflux from cells, the only Na-independent mechanism
that has been identified is the H-ATPase. However, the
lack of specificity of the inhibitors, DCCD and NEM,
precludes a definitive interpretation from the above
studies.

A third line of evidence suggesting the presence
of an apical membrane H-ATPase is the demonstra-
tion of electrogenic H secretion. Fromter and
Gessner first reported that when luminal and peri-
tubular capillaries of rat proximal convoluted
tubules are perfused at fast rates with bicarbonate

Ringer’s solutions (containing no organic compo-
nents), transepithelial voltage is 11 mV in the early
proximal tubule and 10.2 mV in the late proximal
tubule.15 This lumen positive voltage is not affected
by ouabain but is inhibited by acetazolamide, a car-
bonic anhydrase inhibitor.16 These results demon-
strate electrogenic H secretion. While they are
consistent with an apical membrane electrogenic H
transporting mechanism, they are also consistent
with a basolateral membrane electrogenic H/HCO3

transport mechanism in series with any apical mem-
brane conductance that need not mediate H
transport.

Perhaps the best evidence for an apical membrane
H-ATPase is the demonstration of the labeling of the
apical membrane with antibodies against the purified
vacuolar H-ATPase.17,18 High resolution immunogold
labeling demonstrated that the H-ATPase is located at
the neck of the apical invaginations between the
clathrin-coated domains and the microvilli.17,19

Lastly, as will be discussed below (see “Role of
Apical Membrane H/HCO3 Transport Mechanisms in
Transepithelial H Secretion”), there is good evidence
that a component of proximal tubule HCO3 absorption
exists that is not attributable to secondary or tertiary
active transport mechanisms.20�22

Based on all of the above, there is strong evidence
for the existence of a proximal tubule apical membrane
H translocating ATPase of the vacuolar type that con-
tributes to luminal acidification. Its molecular composi-
tion was reviewed, this will be described in greater
detail later in this Chapter under the “Distal
Nephron,” and its role in proximal tubule function will
be discussed below.19,23�25

Secondary Active Transport: Na/H Exchange

The apical membrane Na/H antiporter mediates
most of NaHCO3 absorption and all of transcellular
NaCl absorption in the proximal tubule.22,26 Na/H
antiporters represent a form of secondary active trans-
port in that they are not directly coupled to metabo-
lism, but rather use the low cell Na concentration
established by the ouabain-sensitive basolateral mem-
brane Na,K-ATPase to drive the ‘uphill’ extrusion of
protons. Na/H antiporters are inhibited by amiloride
and more potently by amiloride analogs with hydro-
phobic substitutions at the 5-amino nitrogen atom.27

Three pieces of evidence are consistent with a Na/H
antiporter on the proximal tubule apical membrane.

Murer, Hopfer and Kinne were the first to demon-
strate that apical membrane vesicles prepared from rat
renal cortex possess Na/H antiporter activity.28 The
antiporter acidifies the external medium in response to
an inwardly directed Na gradient, and an outwardly
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directed H gradient drives 22Na uptake. The Na/H
antiporter is coupled in a 1:1 manner such that trans-
port is electroneutral. Similar results were reported by
Warnock et al. and by Kinsella and Aronson.29,30

Subsequent studies in vesicles demonstrated that
the apical membrane Na/H antiporter displays satu-
ration kinetics with respect to external Na with a
KNa of approximately 5�15 mEq/l at pH 7.5.29,30

External protons compete with external Na for a sin-
gle site such that increases in external H concentra-
tion decrease the apparent affinity for Na, the KH is
35 nM.31 The Na/H antiporter is inhibited by
amiloride and lithium. Kinsella and Aronson
showed that lithium and amiloride compete with Na
at the external site and Ives et al. showed that the
inhibition by lithium and amiloride involves both
competitive and noncompetitive interactions.32,33,34

As will be discussed below, the Na/H antiporter is
exquisitely sensitive to the H concentration on the
inside (cytoplasmic side) of the vesicle.35

An apical membrane Na/H antiporter has also
been demonstrated in the intact tubule by measuring
the effect of luminal Na on cell pH. Boron and
Boulpaep measured cell pH using a pH-sensitive
microelectrode in the in vitro perfused salamander
proximal tubule and found that following an acid
load cell pH recovery is accelerated in the presence of
luminal Na, an effect that is blocked by luminal
amiloride.36 Sasaki et al. measured cell pH in the
in vitro perfused rabbit proximal straight tubule using
a pH sensitive microelectrode and showed that lumi-
nal Na removal and readdition causes cells to acidify
and realkalinize, respectively.4 Alpern and Chambers
measured cell pH in the in vivo perfused rat proximal
convoluted tubule microfluorimetrically and found
similarly that luminal Na removal causes cell acidifi-
cation and Na readdition causes cell alkalinization.37

In the studies of Sasaki et al. and Alpern and
Chambers, the cell pH change was blocked by amilor-
ide and by amiloride analogs.37,4

The last line of evidence supporting the existence of
an apical membrane Na/H antiporter is the demon-
stration of the dependence of HCO3 absorption on Na
transport. In the in vivo microperfused rat proximal
convoluted tubule and the in vitro microperfused rabbit
proximal convoluted tubule and proximal straight
tubule, HCO3 absorption is almost entirely inhibited by
removal of Na from luminal and peritubular fluids or
inhibition of the Na,K-ATPase.20,38�41 As will be dis-
cussed below, these results suggest a role for the Na/H
antiporter in HCO3 absorption, but are complicated by
other possible interpretations. A more convincing
result is inhibition of HCO3 absorption by addition of
amiloride to the luminal fluid.20�22

In summary, the above studies provide strong evi-
dence for an apical membrane amiloride-sensitive, elec-
troneutral Na/H antiporter in the proximal tubule.

Sardet et al. was the first to clone a complemen-
tary DNA (cDNA) for a human amiloride-sensitive
Na/H antiporter.42 Based on the sequence, the Na/H
antiporter is predicted to be a 99 kDa protein with
an amino terminal domain, 10�12 transmembrane
spanning regions, and a carboxy terminal hydrophilic
region representing a large cytoplasmic tail. Three
putative N-linked glycosylation sites (aa 75, 370, and
410) have been identified and the C-terminus pos-
sesses several potential phosphorylation sites. The
isoform encoded by this cDNA is now referred to as
NHE1.

Subsequent studies from multiple labs have identi-
fied at least 8 other isoforms, with 3 isoforms (NHEs 1,
3, and 8) expressed in the proximal tubule.43�46 NHE1
is ubiquitously expressed with few exceptions, and is
probably the most important isoform for cell pH and
volume defense, cell growth, migration, adhesion, and
other ‘housekeeping’ functions. In the proximal tubule
cell, NHE1 is expressed on the basolateral membrane.
Haggarty et al. demonstrated that the apical membrane
Na/H antiporter of LLC-PK1 cells (proximal tubule cell
line) has an IC50 of 13 μM for EIPA (ethylisopropyla-
miloride) (classified as amiloride-resistant), whereas
the basolateral membrane Na/H antiporter has an IC50

of 44 nM (amiloride sensitive).47 The inhibitor sensitiv-
ity of the LLC-PK1 apical membrane transporter is sim-
ilar to that found in apical membrane vesicles prepared
from renal cortex, while the inhibitor sensitivity of the
basolateral membrane Na/H antiporter is similar to
that of the “housekeeping” isoform.48�50

Substantial evidence suggests that NHE3 is the api-
cal membrane Na/H antiporter of the proximal tubule.
(1) Immunohistochemical studies have localized NHE3
to the apical membrane of the proximal tubule and
thick ascending limb (Figure 55.2).51,52 (2) NHE3
mRNA is highly expressed in kidney cortex.53,54 (3)
NHE3 is inhibited by amiloride, amiloride analogs, and
HOE694, with sensitivities similar to that of the apical
membrane Na/H antiporter.48,49,55(4) In cultured cells
and in intact animals, regulation of NHE3 protein and
mRNA abundances by glucocorticoids, thyroid hor-
mone, and acidosis parallels regulation of the proximal
tubule Na/H antiporter.56�61 (5) In cultured cells regu-
lation of NHE3 activity (defined as EIPA resistant
activity) parallels regulation of the proximal tubule api-
cal membrane Na/H antiporter in that both are stimu-
lated by angiotensin II and endothelin,62,63 and both
are inhibited by parathyroid hormone and protein
kinase A.64 (6) Lastly, mice in which the NHE3 gene
has been knocked out develop a mild metabolic
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acidosis and proximal tubule HCO3 absorption is
inhibited by 61%.65,66

In NHE3 null mice, about 60% of the remaining
HCO3 absorption is inhibited by bafilomycin, a vacuo-
lar H-ATPase inhibitor, demonstrating a significant
role for the H pump in mediating NHE3-independent
HCO3 absorption.66 The mechanism of H secretion
mediation of the remaining 40% of HCO3 absorption
remains controversial. A small EIPA-sensitive compo-
nent of HCO3 absorption was observed by some, but
not all labs, in mice null for both NHE2 and NHE3,
suggesting expression of another Na/H antiporter iso-
form.67,66 In support of expression of another NHE iso-
form, Aronson’s group demonstrated expression of an
invertebrate NHE isoform (NHE8) in the proximal
tubule and localized expression to the apical mem-
brane by in situ hybridization, immunoblotting, and
immunofluorescence microscopy.68,69 Apical mem-
brane NHE8 is highly expressed in neonates, likely
accounting for much of the NHE activity when apical

membrane NHE3 protein expression is scant at this
age.70,71 In both neonatal mice and rats, acid feeding-
induced increases in NHE activity are prevented by a
dose of EIPA that inhibits NHE8, but not NHE3 activ-
ity, and both NHE3 and NHE8 apical membrane pro-
tein abundances are increased.72 With maturation
apical membrane expression switches from predomi-
nately NHE8 to NHE3 expression, but total cortical
NHE8 expression is higher than in the neonatal proxi-
mal tubule, suggesting that NHE8 may serve predo-
minantely as an intracellular organelle exchanger
in adults.71 Regulation of this maturational switch
appears to be under endocrine control, with both thy-
roid hormone and glucorticoids being responsi-
ble.71,73,74 However, studies in senile rats provide
support for NHE8 contributing to apical membrane
Na/H exchange even in the adult by the finding that
age-related decreases in proximal acidification occur
without changes in NHE3 or H-ATPase expression, but
with decreased abundance of both NHE8 mRNA and
protein.75

Molecular biological studies have provided some
characterization of NHE3. The protein has 12 trans-
membrane domains and a large cytoplasmic
C-terminal domain. Transmembrane domain IV is
implicated in ion transport, with amiloride inhibition
mediated by transmembrane domain IX, and regula-
tion of transporter activity mediated by the C-terminal
tail.76 In the C-terminal tail are binding domains or
phosphorylation sites for NHERF [required for cAMP
inhibition of NHE3 through EPAC (exchange protein
directly activated by cAMP)-dependent and PKA-
dependent mechanisms), CHP [(calcineurin homolo-
gous protein ) involved in ezrin-dependent increases in
NHE3 abundance and constitutive function], casein
kinase 2 (involved in exocytic and delivery of newly
synthesized protein to the membrane surface), PKA
phosphorylation sites (which when phosphorylated by
PKA do not alter NHE3 activity).77�81 In addition there
is evidence for novel phosphorylation sites that when
dephosphorylated by a calyculin A-sensitive phospha-
tase (likely PP1) stimulate NHE3 activity. It is likely
that these sites are functionally significant, but their
effect masked by the net contribution of other known
phosphorylation sites.

Tertiary Active H Transport

Aronson was the first to propose that active H extru-
sion could be mediated by tertiary active transport.82

Siebens and Boron first demonstrated such a process in
the Ambystoma proximal tubule perfused in vitro.83

This segment, which contains a basolateral membrane
Na,K-ATPase, possesses an apical membrane Na/lac-
tate cotransporter and a basolateral membrane lactate/
hydroxyl exchanger (or equivalently an H/lactate

FIGURE 55.2 Immunohistochemical localization of NHE3 in rat
kidney cortex. NHE3 is expressed on the apical membrane of the
proximal tubule (P) and thick ascending limb (T), but is not
expressed in the distal convoluted tubule (D) or glomerulus (G).
(From Amemiya M, Loffing J, Lotscher M, Kaissling B, Alpern RJ, Moe
OW. Expression of NHE-3 in the apical membrane of rat renal proximal
tubule and thick ascending limb. Kidney Int 1995,48:1206-1215, with
permission.)
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cotransporter). These transporters working in series
could effect the active extrusion of protons, but the
proton extrusion would be across the basolateral
membrane.

Nakhoul and Boron found evidence for such a sys-
tem in the S3 segment of the rabbit proximal
tubule.14,84 This segment, which contains a basolateral
membrane Na,K-ATPase, possesses an apical mem-
brane Na/acetate cotransporter, and pathways for
acetic acid movement (equivalent to H/acetate cotrans-
port or acetate/OH countertransport) on the apical and
basolateral membranes. The acetic acid pathways may
merely represent nonionic diffusion across the lipid
bilayer rather than a specific transporter. With this
model, the Na,K-ATPase establishes a low cell Na con-
centration that provides a driving force for the Na/ace-
tate cotransporter, mediating acetate uptake across the
apical membrane. The high cell acetate concentration
can then drive protons (equivalently as acetic acid non-
ionic diffusion, H/acetate cotransport, or acetate/OH
countertransport) out across the apical or basolateral
membrane.

Nakhoul et al. showed that this system participates
in the defense of cell pH against an acid load. The role
of this system on transepithelial H secretion or transe-
pithelial acetate transport depends on whether the
“acetic acid” exits across the apical or basolateral mem-
brane. The contribution of tertiary active transport sys-
tems to transepithelial H secretion was addressed by
Geibel et al. who demonstrated that in tubules incu-
bated in the absence of CO2/HCO3, acetate stimulates
transepithelial H secretion, but in tubules perfused in
the presence of CO2/HCO3, acetate addition inhibits
rates of transepithelial H secretion.85 These data sug-
gest that the acetate tertiary active system does not con-
tribute significantly to transepithelial H secretion
under physiologic conditions.

Chloride/Base Exchange

The previous sections have discussed mechanisms
responsible for active H extrusion. The proximal tubule
also possesses a number of pathways that lead to the
net backleak of acid from the lumen into the cell across
the apical membrane. These transporters are chloride-
dependent and exchange chloride (moving from lumen
to cell) for another anion, such as OH, HCO3, formate,
or oxalate (moving from cell to lumen, equivalent to a
backleak of acid).43 Evidence for such transport on the
apical membrane has come from several studies.

Lucci and Warnock were the first to suggest the
presence of apical membrane anion exchange.86 In
in vivo microperfused rat proximal tubule, NaCl
absorption is inhibited by luminal addition of disulfo-
nic stilbenes or high doses of furosemide (1023 M),
agents that inhibit the red cell Cl/HCO3 exchanger.

Baum also found in the in vitro perfused rabbit proxi-
mal convoluted tubule that luminal addition of disulfo-
nic stilbenes inhibits Cl absorption.87

Using apical membrane vesicles isolated from
rabbit renal cortex, Warnock and Yee demonstrated
that a pH gradient (inside pH greater than outside pH)
drives 36Cl uptake into vesicles.88 Shiuan and
Weinstein found similar results.89 Both groups found
that pH gradients drive Cl uptake even in the presence
of a voltage clamp, suggesting direct chemical coupling
of Cl and base transport. Burnham et al. found similar
results measuring the effect of Cl gradients on proton
transport measured by acridine orange.90 Chen et al.
demonstrated Cl/OH exchange using a Cl-sensitive
fluorescent dye to measure Cl transport.91 On the other
hand, Seifter et al. showed that when apical membrane
vesicles are voltage clamped, pH gradients do not
drive Cl uptake.92 Other investigators have also been
unable to demonstrate Cl driven H transport using
acridine orange.93,94 The reason for this discrepancy is
not clear, but is most likely due to the low level of Cl/
OH exchanger activity. Even those investigators who
demonstrated Cl/OH exchanger activity found that it
is far less than Na/H antiporter activity. Cl/OH
exchange in vesicles is inhibited by disulfonic
stilbenes.89,91

Karnisky and Aronson showed that formate gradi-
ents are able to drive the countertransport of Cl, and Cl
gradients are able to drive the countertransport of for-
mate in rabbit renal apical membrane vesicles.95,96 The
rate of this transporter is far greater than that found by
other investigators for Cl/OH exchange. Similar evi-
dence was found for a Cl/oxalate exchanger.95 Based
on this they proposed that the physiologically relevant
Cl/base exchangers were Cl/formate and Cl/oxalate
exchangers.

Measuring cell pH microfluorimetrically in the
in vivo perfused rat proximal convoluted tubule,
Alpern showed that if basolateral cell pH defense
mechanisms are inhibited, changes in luminal Cl con-
centration affect cell pH in a manner consistent with
Cl/base exchange.97 If 1 mM formate is added to lumi-
nal and peritubular solutions, the effect of Cl removal
and addition increases 3-fold and all effects of luminal
Cl substitution are blocked by addition of DIDS to the
luminal fluid. Similar results were found by Baum in
the in vitro perfused rabbit proximal convoluted
tubule.98 Thus, these studies demonstrate Cl/base
exchange, and confirm the vesicle results, namely
Cl/OH and Cl/formate exchange with Cl/formate
exchange activity being greater than Cl/OH exchange
activity.

Further support for these anion exchangers is
derived from volume flux measurements. The addition
of formate or Cl to the luminal fluid increases the
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proximal tubule volume and Cl absorption.99,100 This
increase is inhibited by DIDS, an anion exchange inhib-
itor, suggesting that NaCl absorption is mediated by
parallel Na/H and Cl/base exchangers with the H and
base recycling. Support for this model comes from the
observation that amiloride inhibits Cl absorption in the
absence of added formate or oxalate, and that EIPA
inhibits the formate-induced stimulation of Cl absorp-
tion.26,87,99 The demonstration that oxalate-dependent
Cl transport is not EIPA-sensitive, but is sulfate-depen-
dent, while formate-dependent Cl transport is sulfate-
independent, but EIPA-sensitive has lead to a proximal
tubule model in which formate-stimulated NaCl
absorption is dependent on Na/H exchange, while
oxylate-stimulated NaCl absorption is dependent on
Na-sulfate cotransport in parallel with sulfate-oxalate
exchange.99,101,102 In the case of formate and OH, stim-
ulation of anion exchange not only increases the rate of
NaCl absorption, but inhibits the rate of luminal
acidification.

The quantitative role of Cl/base exchangers in prox-
imal tubule/base exchangers in proximal tubule lumi-
nal acidification is unclear, but likely to be small. Three
studies have been unable to demonstrate an effect of
luminal and peritubular Cl removal on net HCO3

absorption, while one lab found that luminal DIDS
stimulates net HCO3 absorption.38,40,87,103 Thus, in
summary, the Cl/formate, Cl/OH, and Cl/oxalate
exchangers appear to function in parallel with Na-
dependent transport mechanism to mediate net NaCl
absorption from the lumen to cell.26,87,99,101,102 In
circumstances where Na/H exchange is coupled to
“base” secretion, net H secretion is reduced. The role of
the Cl/base exchangers in proximal tubule function is
discussed in more detail in Chapter 33: “Sodium and
Chloride Transport: Proximal Nephron.”

H Leak

An H leak pathway in the apical membrane, espe-
cially in the late proximal tubule, would provide an
additional backleak pathway for secreted acid.
Reenstra et al. showed that brush border membranes
possess a significant H/OH permeability.104 Ives
measured internal buffer capacity of vesicles and was
able to calculate an H permeability that is not inhibited
by amiloride or DCCD and, thus, is not due to proton
movement across the Na/H antiporter or the H-
ATPase.105

Preisig and Alpern measured apical membrane pro-
ton permeability by examining the rate of change of
cell pH in response to a rapid luminal pH change.106

Apical membrane Na- and Cl-coupled transporters
were inhibited by perfusing tubules in the absence of
luminal and peritubular Na and Cl and rates of change
in cell pH were converted to fluxes by measuring

buffer capacity. These studies demonstrated an apical
membrane proton permeability of 0.52 cm/sec, a value
that is in close agreement with that calculated by Ives
from vesicle studies when corrected for the surface
area of the brush border membrane.105

Role of Apical Membrane H/HCO3 Transport
Mechanisms in Transepithelial H Secretion

As shown in Figure 55.3, the proximal tubule apical
membrane possesses an H-ATPase, a Na/H antiporter
and tertiary active transport mechanisms all capable of
effecting active acid extrusion. In addition, possible
apical membrane net proton backleak pathways
include the Cl/HCO3, Cl/OH, and Cl/formate exchan-
gers as well as proton diffusion across the membrane.
As discussed above, the Cl/base exchangers and ter-
tiary active transport mechanisms probably play a very
small, if any, role in proximal tubule acidification, and
thus, won’t be discussed further.

Using the apical membrane H permeability (see
above), Preisig and Alpern calculated that a passive H
leak from lumen to cell would be of minor quantitative
importance in the early proximal tubule where the
luminal pH is close to 7.4 (and cell pH B7.3).
However, in the late proximal tubule with a luminal
pH of B6.8, 1/3 of secreted protons could leak back
across the apical membrane.106

The role of the Na/H antiporter in mediating transe-
pithelial HCO3 absorption has been studied in a num-
ber of ways. In in vivo and in vitro perfused proximal

FIGURE 55.3 Apical membrane H transport mechanisms. (From
Alpern RJ. Cell mechanisms of proximal tubule acidification. Physiol Rev
1990,70:79-114, with permission.)
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tubules, either complete Na removal from luminal and
peritubular fluids or inhibition of the Na,K-ATPase by
peritubular ouabain or peritubular K removal inhibits
most of HCO3 absorption.20,38�41 While these studies
were initially interpreted as demonstrating that all api-
cal membrane H secretion is Na-coupled and utilizes
the lumen-to-cell Na gradient established by the Na,K-
ATPase, they are equally consistent with a Na-coupled,
electrogenic mechanism mediating HCO3 efflux on the
basolateral membrane working in series with a Na-
independent H secretory mechanism on the apical
membrane, which was demonstrated to be the situation
(see below). However, inhibition of the Na,K-ATPase
leads to cell depolarization, which inhibits the electro-
genic Na/HCO3 cotransporter on the basolateral mem-
brane, as shown in studies in which inhibition of the
Na,K-ATPase in the bullfrog proximal tubule causes a
cell alkalinization.107 This observation is consistent
with inhibition of base exit, and not consistent with
inhibition of apical membrane Na-independent H
secretion, as that would have resulted in cell acidifica-
tion. Thus, while the effect of both Na removal and Na,
K-ATPase inhibition on HCO3 absorption are consis-
tent with an important role of the Na/H antiporter in
HCO3 absorption, neither can quantify the magnitude
of this contribution.

The best approach toward quantifying the contribu-
tion of the Na/H antiporter has been to examine the
effect of inhibiting the apical membrane Na/H antipor-
ter on HCO3 absorption. Howlin et al. and Chan and
Giebisch demonstrated that luminal amiloride signi-
ficantly inhibits the rate of HCO3 absorption in
the in vivo microperfused rat proximal convoluted
tubule.20,21 However, neither group found the magni-
tude of inhibition to be as large as expected if the Na/
H antiporter mediates all of the H secretion involved in
HCO3 absorption.

To further examine this issue, Preisig et al. looked at
the effect of high concentrations of luminal amiloride
and t-butyl amiloride (a more potent analog) on transe-
pithelial HCO3 absorption.22 In the in vivo microper-
fused tubule, these investigators found that both
agents inhibit only 45% of HCO3 absorption. While one
interpretation of this observation is that the Na/H anti-
porter mediates only a fraction of transepithelial HCO3

absorption, other interpretations are that the rat Na/H
antiporter is insensitive to these agents or that the
inhibitor concentration is not consistent along the per-
fused segment. Preisig et al. then showed that when
corrections are made for the measured luminal inhib-
itor concentration profile (amiloride and its analogs
are highly lipophic and diffuse out of the lumen
along the length of the perfused segment), and for
the luminal [HCO3] profile, Na/H antiporter activity,
assayed as the rate of change in cell pH in response

to luminal Na removal or addition, is inhibited
by amiloride and t-butyl amiloride as predicted by
vesicle studies. Thus, these studies concluded that
an amiloride-sensitive Na/H antiporter mediates
approximately 65% of transepithelial HCO3 absorp-
tion, with the remaining 35% mediated by an amilor-
ide-insensitive, Na-independent mechanism. This
conclusion is supported by the observation that in
NHE3 null mice, proximal tubule HCO3 absorption
is inhibited by 61%.65

The studies by Preisig et al. were performed in the
absence of organic anions in the perfused lumen mak-
ing it very unlikely that tertiary active transport
mechanisms are responsible for the remaining 39% of
HCO3 absorption. Thus, the most likely explanation is
that the H-ATPase mediates the remaining 35% of
transepithelial HCO3 absorption. Bank et al. have more
directly demonstrated a role of the H-ATPase in HCO3

absorption by showing that luminal DCCD, an inhibi-
tor of vacuolar H-ATPases, inhibits 21% of proximal
tubule HCO3 absorption.

108

Basolateral Membrane H/HCO3 Transport
Mechanisms

Because cell pH is above electrochemical equilib-
rium, basolateral membrane base efflux can occur
passively.

Electrogenic Na/3HCO3 Cotransport

Studies have uniformly demonstrated that the key
basolateral membrane base efflux mechanism is an
electrogenic Na/3HCO3 cotransporter. Evidence for
this rests on results that have demonstrated: (1) effects
of this transporter on cell pH and cell voltage, (2) the
presence of this transporter in basolateral membrane
vesicles, and (3) the importance of this transporter in
transepithelial HCO3 absorption.

In intact tubules, initial studies examined the elec-
trogenicity of basolateral membrane H/HCO3 move-
ment. It was reasoned that if cell pH and HCO3

concentration are above electrochemical equilibrium, a
simple basolateral membrane H/OH/HCO3 conduc-
tance could mediate base efflux and transepithelial H
secretion. Burckhardt et al. provided evidence for a
large basolateral membrane H/HCO3 conductance in
the in vivo perfused rat proximal convoluted tubule.109

When HCO3 concentration is rapidly decreased from
30 to 3 mEq/L, cells rapidly depolarize and then
slowly repolarize. A subsequent increase in peritubular
HCO3 concentration leads to a rapid hyperpolarization
followed by a slow depolarization. This basolateral
membrane conductance is inhibited by acetazolamide
and peritubular SITS. While initial studies had
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difficulty demonstrating such a HCO3 conductance in
the in vitro perfused rabbit proximal convoluted and
straight tubules, improvements in the perfusion tech-
nique that permit sufficiently rapid fluid changes, led
to confirmation of Burckhardt et al.’s finding.110

Further evidence for the electrogenicity of basolat-
eral membrane HCO3 transport in the intact tubule is
the voltage sensitivity of bicarbonate movement.
Alpern measured cell pH microfluorimetrically in the
in vivo perfused rat proximal convoluted tubule and
showed that increasing peritubular K concentration
from 5 to 50 mEq/L (a maneuver that causes cell depo-
larization) causes a rapid cell alkalinization that is
reversible when peritubular K concentration is reduced
back to 5 mEq/L.1 While these studies suggest the
presence of a voltage-sensitive H/OH/HCO3 transport
mechanism on this membrane, they were also consis-
tent with a K/HCO3 cotransporter. To examine this
possibility, the studies were repeated in the presence of
2 mM peritubular barium. Barium inhibits the basolat-
eral membrane K conductance, preventing changes in
peritubular K concentration from affecting cell volt-
age.2,111 In addition, by inhibiting the K conductance,
barium itself leads to a cell depolarization.2,111 Barium
addition causes cell alkalinization, and prevents any
subsequent effect of changing peritubular K concentra-
tion on cell pH.1 These results are consistent with the
presence of a voltage-sensitive H/OH/HCO3 transport
mechanism in the proximal tubule cell. While these
studies did not specifically address which membrane
the transport mechanism is on, the studies by
Burckhardt et al. demonstrated a HCO3 conductance
on the basolateral, but not on the apical membrane.

While initially it was felt that Burckhardt et al.’s
studies represent a simple HCO3 conductance on the
basolateral membrane, Boron and Boulpaep suggested
a more complex transport mechanism.112 These investi-
gators used ion selective microelectrodes in the in vitro
perfused salamander proximal tubule and found that
lowering the peritubular HCO3 concentration causes a
rapid cell depolarization, indicative of a HCO3 conduc-
tance. However, peritubular acidification also led to
cell acidification and a decrease in intracellular Na
activity, and lowering peritubular Na concentration
causes cell depolarization, cell acidification, and a
decrease in cell Na activity. The cell depolarization in
response to lowering peritubular Na concentration is in
the wrong direction for a Na conductance and is more
suggestive of a Na-coupled anion current. In further
studies these investigators found that all of the above
changes occur in the absence of Cl and are blocked by
SITS. Considered together these studies provided the
evidence suggesting a directly coupled Na/HCO3

cotransport mechanism that transports more HCO3

than Na ions and, thus, is electrogenic.

The first suggestion that such a transport mecha-
nism exists in the mammalian nephron was made by
Biagi and Sohtell, who measured cell voltage in the
in vitro perfused proximal convoluted tubule and prox-
imal straight tubule.110,113 These investigators found
that lowering peritubular HCO3 or Na concentration
leads to a spike depolarization that is blocked by SITS.
Once again, the cell depolarization occurring in
response to lowering peritubular Na concentration is in
the wrong direction for a simple Na conductance.

Subsequent studies performed by Alpern and
Yoshitomi et al. measured cell pH in the in vivo per-
fused rat proximal tubule and confirmed the existence
of an electrogenic Na/HCO3 cotransporter.1,12 Alpern
found that decreasing peritubular pH causes cell acidi-
fication. Additionally, lowering peritubular Na concen-
tration from 147 to 25 mEq/L (replacing Na with either
choline or tetramethylammonium) causes cell pH to
decrease by 0.2 pH units, an effect that persists in the
complete absence of Cl.114

The above studies are consistent with three possible
mechanisms of coupling between Na and HCO3: paral-
lel Na and HCO3 conductances, amiloride-sensitive
Na/H antiport, or SITS-sensitive Na/HCO3 cotrans-
port. To determine if the results are attributable to par-
allel Na and HCO3 conductances, Alpern examined the
Na-dependence of basolateral membrane H/HCO3

permeability.1 If the HCO3 conductance were Na-inde-
pendent, complete Na removal should have no effect
on basolateral membrane H/HCO3 permeability. The
results showed that complete removal of Na from
luminal and peritubular fluid inhibits basolateral mem-
brane H/HCO3 permeability by greater than 90%,
demonstrating direct coupling between Na and HCO3.
In subsequent studies, SITS, but not amiloride blocked
the effect of peritubular Na on cell pH. Lastly, Alpern
demonstrated that the effect of cell depolarization (rais-
ing peritubular K concentrations) on cell pH was
prevented if lumen and peritubular capillaries were
perfused with Na-free solutions. Taken together
these studies suggest a directly coupled, electrogenic
Na/HCO3 cotransport mechanism similar to that
found in the salamander.

Yoshitomi et al. found similar results, measuring cell
voltage, pH and Na activity using ion sensitive micro-
electrodes.12 Lowering peritubular HCO3 concentration
causes a rapid cell depolarization, a decrease in cell
pH, and a decrease in cell Na activity. Decreasing
peritubular Na concentration also causes a rapid cell
depolarization and a decrease in cell pH. SITS inhi-
bits the effects of both lowering peritubular pH and
peritubular Na concentration. Lastly, luminal and
peritubular Na removal inhibits the effect of chang-
ing peritubular HCO3 concentration on cell voltage
and cell pH. In subsequent studies, Sasaki et al., and
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Lopes et al. found similar results in the rabbit proxi-
mal straight tubule and the Necturus proximal
tubule, respectively.115,116 Thus, all of these studies
consistently demonstrate an electrogenic, SITS-
sensitive Na/HCO3 cotransport mechanism on the
proximal tubule basolateral membrane.

This question has also been addressed in basolateral
membrane vesicles.117,118 Akiba et al. found that addi-
tion of HCO3 to the extravesicular fluid increases the
rate of 22Na uptake.117 SITS has no effect on 22Na
uptake in the absence of HCO3, but inhibits the HCO3-
dependent increment. Addition of valinomycin (a K
ionophore) in the presence of an inwardly directed K
gradient causes an internal positive voltage. This
maneuver has no effect on 22Na uptake in the absence
of HCO3, but accelerates the uptake in the presence of
HCO3, an effect that is in the wrong direction for a Na
conductance.

Grassl and Aronson demonstrated in rabbit cortical
basolateral membrane vesicles that pH gradients drive
22Na uptake.118 Whereas the effect is small in the
absence of exogenous CO2/HCO3, it is large in its pres-
ence. In addition, a valinomycin-generated positive
interior voltage drives 22Na uptake, but only in the
presence of HCO3. Lastly, using acridine orange to
measure H transport, Grassl and Aronson found that
Na gradients ([Na]in. [Na]out) drives HCO3 out of
vesicles leading to acidification of the intravesicular
space. 22Na uptake is blocked in a dose-dependent
fashion by DIDS and is unaffected by amiloride. In the
studies of Akiba et al. and Grassl and Aronson, Cl was
absent from all fluids.117,118 Thus, these studies demon-
strate the presence of an electrogenic, stilbene sensitive,
Na-coupled HCO3 transport mechanism. Grassl et al.
found similar results in rat cortical basolateral
membranes.119

Stoichiometry: Based on the electrogenicity demon-
strated above, it was concluded that the basolateral
membrane Na-dependent HCO3 transporter carries a
greater number of HCO3 than Na ions. If the free
energy for HCO3 efflux is calculated, it can be pre-
dicted that a Na/2HCO3 co-transporter will not be able
to function in the HCO3 efflux mode, unless directly
coupled to energy.120,121 Thus, it was predicted that the
stoichiometry is a minimum of 3 HCO3:1 Na.
Yoshitomi et al. directly examined this question by
comparing the SITS-sensitive voltage response to a
10-fold reduction in peritubular HCO3 concentration
with the response to a 10-fold reduction in peritubu-
lar Na concentration, and found the former to be
2.95-fold greater.12 They also demonstrated that a
reduction in peritubular HCO3 concentration causes a
3.1-fold greater HCO3 than Na flux out of the cell.
Thus, both studies suggest a stoichiometry of 3
HCO3:1 Na.

A 3:1 stoichiometry was confirmed by Soleimani
et al. in basolateral membrane vesicles by demonstrat-
ing that in the presence of valinomycin (to increase K
permeability) the HCO3 and K concentration gradients
required for no net Na movement yield a stoichiometry
of 1 Na:3 HCO3:2 negative charges.122

Base species transported: Thus far in the discussion
this basolateral membrane transporter has been
described as a Na/HCO3 cotransport mechanism,
based on a strong transporter dependence on the pres-
ence of HCO3.

117,118 Krapf et al. examined the depen-
dence of the transporter on exogenous CO2/HCO3 in
the in vitro perfused rabbit proximal convoluted tubule
utilizing the fluorescent measurement of cell pH.123

These investigators found that in the absence of exoge-
nous CO2/HCO3, the transporter functions at 1/3 of its
control rate. While these results could be interpreted as
suggesting that the transporter is able to run in the
absence of CO2/HCO3, it is also possible that metabo-
lism was producing sufficient CO2 and HCO3 to run
the transporter at a slow rate. In agreement with this
latter interpretation, the transporter flux measured in
the absence of exogenous CO2/HCO3 is completely
inhibited by acetazolamide, a carbonic anhydrase
inhibitor, or by cyanide, a metabolic inhibitor. There
should be no requirement for carbonic anhydrase if the
transporter carries H or OH. In addition, the trans-
porter is unaffected by cyanide when studied in the
presence of exogenous CO2/HCO3. Thus, these results
agree with the vesicle studies and suggest that the
transporter has an absolute dependence on HCO3.

Soleimani and Aronson performed further studies
that suggest that carbonate (CO3

22) is also a sub-
strate.122 They found that with a constant extravesicu-
lar HCO3 concentration, increasing carbonate
concentration increases 22Na uptake into basolateral
membrane vesicles. Sulfite, a structural analog of car-
bonate, also stimulates 22Na uptake in the presence of
CO2/HCO3, but not in the absence of CO2/HCO3, an
effect that is blocked by the disulfonic stilbene, DNDS.
Lastly, using an equilibrium approach similar to that
described above, a stoichiometry of 1 Na:1 sulfite:1
HCO3 was derived, with carbonate and sulfite compet-
ing for a similar site. The last issue addressed in these
studies was whether three separate binding sites exist
or whether Na and carbonate formed a NaCO3

� ion
pair that then interacts with a single site, while HCO3

interacts at another site. Multiple pieces of evidence
are against the ion pair model. First, lithium, which is
more likely to form an ion pair with carbonate than is
Na, is a less effective substrate for the transporter.
Secondly, oxalate and phosphate, anions that partici-
pate in ion pair formation with Na, do not interact
with the transporter. Lastly, harmaline, an inhibitor of
Na transporters, competes with Na on the Na/3HCO3
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transporter. Such an interaction would be unlikely
if the transporter possessed only two transport sites
with both binding negatively charged substrates. Thus,
it appears that the transporter is actually a Na/HCO3/
CO3 cotransporter rather than a Na/3HCO3

cotransporter.
Romero et al. cloned the cDNA for the electrogenic

Na/3HCO3 transporter from Ambystoma tigrium.124

This cDNA, referred to as NBC1 (Na Bicarbonate
Cotransporter electrogenic 1) encodes a 1035 amino
acid protein, the same size as and B80% identical to
the human and rat sequence.125,126 The human and rat
mRNAs are larger than the amphibian kidney mRNA,
with the human and rat mRNA B7.5 kb in length and
the amphibian mRNA 4.2 kb.125,126 The difference is
due to an extensive 3-prime non-coding region in the
human and rat transcript.126

Human NBCe1 is highly expressed in both the kid-
ney and pancreas, the two differing only in their N-
terminal sequence. The kidney transcript is expressed
predominantly in the kidney, while the pancreas tran-
script is expressed in multiple tissues.126 In kidney the
protein localizes to the basolateral membranes of the
proximal tubule.127 More detailed reviews of HCO3-
coupled transporters have been published and the
transporters are discussed in Chapter 54.128,129

Na/H Antiporter

Many segments along the nephron possess basolat-
eral membrane Na/H antiporters that likely participate
in housekeeping functions. Boron and Boulpaep found
that the salamander proximal tubule possesses Na/H
antiporters on apical and basolateral membranes.36

Ives et al. and Sabolic and Burckhardt did not find any
Na/H antiporter activity in basolateral membrane frac-
tions from rabbit renal cortex.130,131 While Grassl and
Aronson found some pH-dependent 22Na uptake in
the absence of HCO3, it is not inhibited by amiloride.118

In the in vivo perfused rat proximal convoluted tubule
Alpern found that the effect of basolateral Na changes
on cell pH is not inhibited by amiloride and in the
in vitro perfused rabbit proximal convoluted tubule
Krapf et al. found similar results.1,123 Kurtz found an
amiloride-sensitive basolateral membrane Na/H anti-
porter in the S3 proximal tubule and Geibel et al.
reported a basolateral membrane Na/H antiporter in
S1 and S2 proximal tubule segments dissected from the
most juxtamedullary portions of the nephron.13,132

By immunohistochemistry, Biemesderfer et al. found
inhomogeneous labeling of the proximal tubule baso-
lateral membrane with anti-NHE1 antibodies.133

Taken together these studies suggest that a Na/H
antiporter may be expressed on the basolateral
membrane of juxtamedullary proximal tubule, but
not likely in cortical proximal tubules. More recently

evidence for regulation of a basolateral membrane
Na/H antiporter in the S3 segment was demon-
strated by examining the effect of aldosterone on
intracellular pH recovery rate. The basolateral mem-
brane NHE1 appears to be regulated by both geno-
mic (1h via a mineralocorticoid receptor) and non-
genomic (2�15 min, likely via a glucocorticoid recep-
tor) mechanisms. At lower concentration ranges
(10212 M aldosterone) intracellular [Ca] is increased
and NHE1 activity is stimulated, while at higher
concentrations (1026 M) intracellular [Ca] decreases
and NHE1 activity is inhibited.134

Cl/Base Exchange: Na-Dependent and
Na-Independent Modes

Edelman et al. first demonstrated the presence of
basolateral membrane Cl/HCO3 exchange in Necturus
proximal tubule using Cl-sensitive microelectrodes.135

Guggino et al. confirmed these results and, in addition,
found that the transporter is coupled to Na.136

Lowering basolateral Cl concentration causes intracel-
lular Cl activity to decrease. Removal of peritubular
HCO3 leads to an increase in cell Cl activity, while
changes in peritubular pH in the absence of exogenous
HCO3 have no effect on intracellular Cl activity. When
cell pH is modulated by NH3/NH4

1 addition and
removal, cell Cl activity changes in a manner consistent
with Cl/HCO3 exchange, repeating these maneuvers in
the absence of exogenous CO2/HCO3 causes a marked
decrease in the response of intracellular Cl activity.
Lowering peritubular Na concentration leads to an
increase in intracellular Cl activity. In addition, cell
acidification by NH3/NH4

1 addition and removal
causes a decrease in Cl activity that is blocked if Na is
simultaneously removed from the peritubular fluid.
Taken together these findings suggest a NaHCO3/Cl
exchange mechanism. On the basis of other studies
that fail to find basolateral membrane electrogenic Cl
movement, it was concluded that the transporter is a
Na(HCO3)2/Cl exchanger.137,138 A similar transporter
has been found in many invertebrate and vertebrate
cells and, in these cells, is felt to be an important mech-
anism responsible for cell pH defense against an acid
load.

Alpern and Chambers examined whether such a
transport mechanism is present on the basolateral
membrane of the rat proximal tubule by studying the
effect of peritubular Cl on cell pH.114 In tubules per-
fused in the absence of luminal and peritubular Cl,
peritubular Cl addition causes cells to acidify by
0.14 pH units, an effect that is blocked by peritubular
SITS. In addition, if Cl is added to the peritubular per-
fusate in the complete absence of luminal and
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peritubular Na, cells acidify by only 0.02 pH units.
These studies suggest the presence of a small amount
of Na-independent and a much larger amount of Na-
dependent Cl/HCO3 exchange activity.

However, the above results are also consistent with
a basolateral membrane Cl conductance functioning in
parallel with the electrogenic Na/3HCO3 cotranspor-
ter. Preisig and Alpern addressed this issue by examin-
ing the Cl-dependence of the basolateral membrane
H/HCO3 permeability.139 If changes in peritubular Cl
only affect cell pH by changing voltage and secondar-
ily modifying Na/3HCO3 cotransporter activity, Cl
removal should not affect basolateral membrane H/
HCO3 permeability. However, complete removal of Cl
from luminal and peritubular solutions leads to a 35%
decrease in basolateral membrane H/HCO3 permeabil-
ity. Because complete removal of Na from luminal and
peritubular fluids leads to a greater than 90% inhibition
of basolateral membrane H/HCO3 permeability, taken
together these results suggest that at least 25% of
H/HCO3 permeability is mediated by a Na and Cl-
coupled H/HCO3 transporter.1,12 The remaining frac-
tion of H/HCO3 permeability, which is not inhibited
by Na removal, may represent a Cl/HCO3 exchanger.
Sasaki and Yoshiyama found similar results using
microelectrodes to measure intracellular Cl and pH in
the rabbit proximal straight tubule perfused in vitro.140

Decreases in peritubular Cl concentration cause a cell
alkalinization and decreases in peritubular pH lead to
an increase in cell Cl activity, with both effects inhib-
ited by peritubular SITS. Total Na removal from lumi-
nal and peritubular fluids prevents most of the effect
of bath pH on cell Cl activity. And, lastly, removal of
luminal and peritubular Cl slows the cell pH response
to peritubular acidification by 26% and slows the cell
pH response to lowering peritubular Na concentration
by 19%. These results demonstrate a Na-dependent
Cl/HCO3 exchanger. Kurtz and Nakhoul et al. have
reported basolateral membrane Na-independent
Cl/HCO3 exchange in the S3 segment of the rabbit
proximal tubule perfused in vitro.141,142

While studies in the intact tubule seem to consis-
tently demonstrate the presence of a Na-dependent
Cl/HCO3 exchanger, studies in basolateral membranes
have been much less consistent. Grassl et al. found that
a pH gradient (pHin .pHout) can drive 36Cl uptake in
rabbit cortical basolateral membrane vesicles.143 In the
presence of CO2/HCO3, a similar pH gradient leads to
a 6-fold greater accumulation of 36Cl. This effect is not
inhibited by voltage clamping the vesicles, but is inhib-
ited by DIDS. Grassl et al. did not find Na-dependence
of HCO3-driven

36Cl uptake. In subsequent studies
examining the effect of Cl and Cl gradients on HCO3-
stimulated 22Na uptake, results were not consistent
with a Na(HCO3)2/Cl exchanger.

118

In rat basolateral membrane vesicles, Grassl et al.
demonstrated that symmetrical Cl addition to the
inside and outside of vesicles stimulates HCO3-depen-
dent 22Na uptake and that a Cl gradient (Clin . Clout)
further stimulates uptake.119 Chen and Verkman used a
Cl-sensitive fluorescent dye to examine the effect of pH
gradients on Cl uptake into rabbit cortical basolateral
membrane vesicles.144 These authors demonstrated that
pH gradients (pHin . pHout) stimulate Cl uptake, an
effect that is enhanced by the presence of CO2/HCO3

and inhibited by H2DIDS. Na gradients (Nain . Naout)
also stimulate Cl uptake, but only in the presence of
CO2/HCO3.

Based on all of the above data, it appears that the
basolateral membrane contains a Cl/HCO3 exchanger
that demonstrates less transporter activity in intact S1
and S2 proximal tubules compared to the S3 proximal
tubule. While vesicle studies are clearly consistent with
this observation, there is controversy as to the existence
of Na-dependent Cl/HCO3 exchange.

H Leak

Preisig and Alpern measured basolateral membrane
H permeability, using an approach similar to that
described for apical membrane H permeability.106 The
permeability, 0.67 cm/sec, was similar to that found in
the apical membrane.

Role of Basolateral Membrane Transporters

Three types of experiments taken together strongly
suggest that the majority of base efflux mediating
transepithelial HCO3 absorption involves the electro-
genic, Cl-independent, Na/HCO3 cotransporter on the
basolateral membrane. As mentioned above, such a
transporter has a stoichiometry allowing it to run pas-
sively in the base efflux direction.12,122 First, proximal
tubule HCO3 absorption is almost entirely inhibited by
removal of luminal and peritubular Na, but is unaf-
fected by removal of luminal and peritubular
Cl.20,38�40,103 Second, and consistent with the above,
most of the basolateral membrane H/HCO3 permeabil-
ity is Na-dependent and Cl-independent.1,12,139,140

Third, in studies in which the cell is depolarized by
addition of barium to the peritubular fluid, transepithe-
lial HCO3 absorption is inhibited, implying conductive
base efflux.103 In addition, SITS, an inhibitor of anion
exchangers, including the Na/3HCO3 cotransporter,
inhibits transepithelial HCO3 absorption when applied
to the peritubular fluid.145

The effect of SITS could also implicate involvement
of the Na-independent and -dependent Cl/HCO3

exchangers, however, the observation that peritubular
Cl removal does not affect HCO3 absorption suggests
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that these transporters are relatively unimportant in
mediating HCO3 reabsorption.38,40,103 In addition, the
activity of the Na-independent Cl/HCO3 transporter is
very low. And the Na-dependent Cl/HCO3 exchanger
would tend to run Na and HCO3 into the cell and Cl
out of the cell, and thus, would not contribute to trans-
epithelial HCO3 absorption. This transport could, how-
ever, function as a Cl efflux mechanism mediating
transepithelial NaCl absorption. It could also function
in the defense of cell pH, but Krapf et al. found no
effect of Cl removal on cell pH defense in the proximal
tubule.146

Lastly, while a basolateral H leak could contribute to
net basolateral base efflux, Preisig and Alpern calcu-
lated that this pathway would be expected to mediate
only 2% of base efflux.106 Figure 55.4 summarizes the

basolateral membrane H/HCO3 transport pathways
discussed above.

Leak Pathways

Proton secretion across the apical membrane of the
proximal tubule decreases luminal pH and HCO3 con-
centration to values below those found in plasma. This
sets up gradients for passive back diffusion of base
into the lumen. Possible diffusing species include H,
OH, HCO3, and non-HCO3 buffers. In rabbit proximal
convoluted tubules perfused with acidic solutions in
the absence of CO2/HCO3, in either the absence or
presence of luminal organic solutes, the measured
transepithelial H permeability is B0.31 cm/sec at
30�C.147,148 This value agrees well with the transcellular
H permeability of 0.3 cm/sec, calculated from individ-
ually measured apical and basolateral membrane H
permeabilities, suggesting that the majority of transe-
pithelial H diffusion is transcellular.106 This conclusion
is consistent with studies showing that the activation
energy for H diffusion is not consistent with diffusion
in aqueous solutions.149

HCO3 permeability of the proximal tubule has been
measured using two approaches. One approach, using
diffusion potentials to measure the ratio of the HCO3 to
Cl permeability combined with a measured tracer
Cl permeability, determined a HCO3 permeability
of 1.33 1025 cm/sec in rabbit proximal convoluted
tubules.150 Using a similar approach in the in vivo micro-
perfused rat proximal convoluted tubule a slightly
higher HCO3 permeability of 9.8 3 1025 cm/sec was
determined.151

A second approach was to measure the rate of net
HCO3 diffusion in response to an imposed HCO3 gra-
dient in the presence of acetazolamide to inhibit active
H secretion and slow the rate of conversion of CO2 to
HCO3. Although it is impossible to remove H and OH
ions and, thus, to prevent their diffusion, the above
reported H permeability suggests that transepithelial
H/OH diffusion is minimal compared to the HCO3

flux. Using this approach, measured HCO3 perme-
abilities vary between 1.7 and 3.5 3 1025 cm/sec in
the rat proximal convoluted tubule and between 1.4
and 2.0 3 1025 cm/sec in the rabbit proximal convo-
luted tubule.152�155 Measured permeabilities are simi-
lar when measured in the lumen to peritubular or
peritubular to lumen direction.

Both Schwartz and Hamm et al. found that removal
of luminal organic buffers decreases the rate of passive
acid efflux from an acidic luminal fluid.147,148 These
results suggest that organic acid efflux could also par-
ticipate as a passive leak. However, such a flux is
unlikely to be of major physiologic importance, as most

FIGURE 55.4 Basolateral membrane H/HCO3 transport mechan-
isms. (From Alpern RJ. Cell mechanisms of proximal tubule acidification.
Physiol Rev 1990,70:79-114, with permission.)
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organic acids are removed from the luminal fluid early
in the proximal tubule before the luminal fluid has
been extensively acidified.

Using the above measured permeabilities, passive
fluxes can be calculated. In the early proximal tubule
these will be insignificant because luminal pH changes
little. However, in the late proximal tubule, where the
luminal fluid is acidified, passive leaks become more
important. Alpern et al. measured a net transepithelial
HCO3 absorption rate in the presence of a late proximal
tubule-like fluid of 12 pEq/mm.min.152 Using the mea-
sured HCO3 permeability, the calculated rate of para-
cellular HCO3 backleak is 30 pEq/mm.min, leading to
a calculated net transcellular H secretory flux of
42 pEq/mm.min. As discussed earlier under “Apical
Membrane Mechanisms,” in the late proximal tubule
there is a sufficient electrochemical driving force to
drive 17 pEq/mm.min of protons from lumen to cell
(H “absorption”). Thus, the apical membrane must
secrete 59 pEq/mm.min of H in order to effect a net
transepithelial H secretory flux (equivalently a transe-
pithelial HCO3 reabsorptive flux) of 12 pEq/mm.min.

Role of Carbonic Anhydrase

In the proximal tubule carbonic anhydrase is local-
ized to the apical membrane, basolateral membrane,
and cytoplasm. The cytoplasmic carbonic anhydrase is
type II carbonic anhydrase, while apical and basolat-
eral membrane carbonic anhydrases are type IV. The
interested reader is referred elsewhere for an in depth
discussion of carbonic anhydrase localization in the
proximal tubule.156�158 In the present chapter we will
review evidence establishing a role for carbonic anhy-
drase in transepithelial H secretion.

A number of investigators demonstrated that car-
bonic anhydrase plays a role in HCO3 absorption in the
proximal tubule.159�163 As described at the beginning
of the Chapter, luminal carbonic anhydrase facilitates
transepithelial H secretion (and HCO3 reabsorption) by
catalyzing the dissociation of HCO3 to CO2 and OH,
with OH neutralizing secreted H. This prevents the
generation of an acid disequilibrium pH (see discus-
sion above), which would secondarily slow the rate of
apical membrane H secretory transporters.6�8 The
importance of luminal carbonic anhydrase has been
best demonstrated by studying the effect of cell-
impermeant luminal carbonic anhydrase inhibitors on
HCO3 absorption. In the presence of these inhibitors
HCO3 reabsorption is inhibited by 80�100%, confirm-
ing a key role for luminal carbonic anhydrase in this
process.161,162

H secretion across the apical membrane generates
OH ions within the cell that must exit across the

basolateral membrane to have net transepithelial H
secretion. While carbonic anhydrase inhibitors con-
fined to the luminal fluid are able to inhibit most of
HCO3 absorption, the effect on luminal pH is different
than that observed with inhibitors that can enter the
cell. Inhibitors confined to the luminal fluid cause a
more profound acid disequilibrium pH compared to
cell permeant inhibitors.161,162 This observation sug-
gests that cell permeant carbonic anhydrase inhibitors
block acidification at an additional step. This possible
second location could be base diffusion across the cell
or base efflux across the basolateral membrane.

Diffusion of H/OH across aqueous solutions is gen-
erally a limiting process because of the low H and OH
concentrations. Thus, although the diffusion coeffi-
cients for H and OH are large, the fact that these enti-
ties exist in nanomolar concentrations limits the
amount of diffusion. Acid and base diffusion is best
accomplished when H/OH combines with buffers
existing in millimolar concentrations, and allowing
these buffers to then diffuse across the cell.164,165 Thus,
OH generated at the apical membrane can diffuse to
the basolateral membrane by combining with CO2

forming millimolar concentrations of HCO3 or by com-
bining with non-HCO3 buffers forming the basic buffer
species. The former reaction requires carbonic anhy-
drase, while the latter process requires mobile
buffers within the cell. Measurements of intracellular
non-HCO3 buffer capacity demonstrate significant con-
centrations of intracellular buffers. Krapf et al. demon-
strated that these non-HCO3 buffers are, in fact,
mobile, and thus, that carbonic anhydrase-dependent
conversion of OH to HCO3 is not required for OH dif-
fusion to the basolateral membrane.123

Therefore, it appears that the second requirement
for carbonic anhydrase is related to base efflux across
the basolateral membrane. As described previously in
this Chapter, the basolateral membrane base efflux
mechanism carries a HCO3 and a carbonate (CO3) ion,
rather than either OH or H ions. Therefore, OH formed
when an H ion is secreted across the apical membrane
must be converted to HCO3 and CO3 either within the
cell or at the basolateral membrane prior to efflux. A
number of studies demonstrated that the effect of a
peritubular pH change on cell voltage or cell pH is
blocked by carbonic anhydrase inhibitors.109,110,123 This
implies that carbonic anhydrase is required to supply
HCO3 and CO3 to the transporter and/or to allow the
HCO3 and/or CO3 ions, once they have been trans-
ported across the membrane, to react with interstitial
buffers on the extracellular side of the basolateral
membrane. Alternatively, the carbonic anhydrase inhi-
bitors could have a direct inhibitory effect on the trans-
porter protein. In support of the former, Soleimani and
Aronson demonstrated in basolateral membrane
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vesicles that the effect of acetazolamide (carbonic anhy-
drase inhibitor) on Na/3HCO3 cotransporter activity is
due to effects on substrate concentration rather than
direct inhibition of the transport protein itself.166

In summary, carbonic anhydrase has two roles in
proximal tubule transepithelial H secretion. The first is
to minimize decreases in luminal pH when H ions are
secreted into the lumen by rapidly converting the
secreted H to CO2 and H2O thereby allowing H secre-
tion to continue at a faster rate. The second role is to
facilitate conversion of the cytoplasic OH, formed by
the generation of the H that was secreted, to HCO3 and
CO3 that can then exit across the basolateral mem-
brane. This latter step could be mediated by either
cytoplasmic or basolateral membrane carbonic anhy-
drase. In addition, it is possible, but unproven, that
basolateral membrane carbonic anhydrase could fur-
ther enhance acidification by facilitating conversion of
HCO3 and CO3 that exit across the basolateral mem-
brane to OH and H, which then can titrate non-HCO3

buffers in the peritubular interstitium.

Regulation of Acidification

Proximal tubule acidification involves transcellular
H secretion in parallel with paracellular HCO3 back-
leak. Other leak pathways are relatively minor. Net
HCO3 absorption can be regulated by modification of
the transcellular or the paracellular flux, but regulation
of the transcellular flux is more frequently observed.
Below a number of the important proximal nephron
acidification regulatory determinants are discussed.

Luminal HCO3 Concentration

Malnic and de Mello Aires examined the effect of
luminal HCO3 concentration and pH on the rate of
HCO3 absorption using the split droplet technique.167

In these classic studies, the pH of a luminal split drop
was measured with an antimony electrode and the
HCO3 concentration calculated. It was noted that
HCO3 concentration decreases by first order kinetics,
implying that the rate of H secretion is linearly related
to luminal HCO3 concentration. This dependence of H
secretion on luminal HCO3 concentration was con-
firmed in other split droplet studies and in in vivo
microperfusion studies.152,168

Alpern et al., varying luminal perfusate HCO3 con-
centration in the in vivo microperfusion setting, showed
that the measured rate of HCO3 absorption increases as
a function of mean luminal HCO3 concentrations below
45 mEq/L [Figure 55.5, solid line (net)].152 At concen-
trations greater than 45 mEq/L the rate of HCO3

absorption tends toward a plateau.

Increases in luminal HCO3 concentration also
increase the rate of passive HCO3 absorption. Using
their measured HCO3 permeability, Alpern et al. calcu-
lated the contribution of passive HCO3 diffusion to net
HCO3 flux (Figure 55.5, shaded area).152 When net
HCO3 flux is corrected for the passive HCO3 flux, the
rate of transcellular H secretion can be determined
(Figure 55.5, dashed line). As shown, at luminal HCO3

concentrations above 45 mEq/L, the rate of transcellu-
lar H secretion plateaus. At HCO3 concentrations in the
physiologic range (20�25 mM), the major effect of
luminal HCO3 concentration on net HCO3 absorption
is on the rate of proton secretion.

While it is tempting to ascribe the results of
Figure 55.5 to a saturable H secretory process, it is
important to remember that HCO3 is not a substrate
for the apical membrane transport mechanisms. As dis-
cussed above, HCO3 reabsorption is mediated by H
transport mechanisms, and thus, the process is most
likely sensitive to luminal H concentration (pH). At
high luminal HCO3 concentrations, large changes in
HCO3 concentration lead to small changes in luminal
pH and even smaller changes in luminal H concentra-
tion, whereas at low luminal HCO3 concentrations
small changes in HCO3 concentration can lead to sig-
nificant changes in luminal pH and even larger
changes in luminal H concentration. This would give
the appearance that the H secretory process is satura-
ble. This thesis is supported by the direct observations
of Aronson et al. who demonstrated that Na/H

FIGURE 55.5 Dependence of HCO3 absorption on mean luminal
HCO3 concentration. Solid line indicates net HCO3 absorption,
shaded area indicates passive paracellular HCO3 flux, and dashed
line indicates rate of active transcellular H secretion. (From Alpern RJ,
Cogan MG, Rector FC Jr. Effect of luminal bicarbonate concentration on
proximal acidifi cation in the rat. Am J Physiol 1982,243:F53�F59, with
permission.)
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antiporter rate is sensitive to external H concentration,
with H competing with Na at a single site.31

Increases in luminal HCO3 concentration directly
stimulate the apical membrane Na/H antiporter and
H-ATPase. In the steady state, the rate of the basolat-
eral membrane Na/3HCO3 transporter must increase
to a similar extent as apical membrane H secretion. The
most likely signal that increases the rate of the basolat-
eral membrane transporter is an increase in cell pH,
resulting from the increased rate of apical membrane H
secretion. Alpern et al. demonstrated that increasing
luminal pH from 6.6 to 7.3 increases cell pH by only
0.1 pH unit, while a similar increase in luminal pH sti-
mulates transepithelial H secretion three-fold.37,152

Thus, the basolateral membrane Na/3HCO3 trans-
porter must be exquisitely sensitive to cell pH, such
that increases of 0.1 pH unit can increase the rate of the
transporter threefold. Apical membrane transporters
undergo a similar stimulation in this setting, but in
response to a 0.7 pH unit increase in driving force (pH
7.3�6.6). One possible mechanism for the apparent
exquisite sensitivity of the basolateral membrane
cotransporter is that each turnover of the transporter
carries three base equivalents. Thus, kinetically the
transporter may be driven by the cube of the OH or
HCO3 concentration. In a proximal tubule mathemati-
cal kinetic model based on the ([HCO3]),

3 Verkman
and Alpern demonstrated that the Na/3HCO3 cotran-
sporter is sufficient sensitivity to cell pH to explain the
experimentally observed changes in transporter rate.169

Luminal Flow Rate

When glomerular filtration rate increases, it is
important that proximal tubule rates of H secretion
increase in proportion. This maintains glomerulotubu-
lar balance and prevents increases in GFR from leading
to marked bicarbonaturia and development of a meta-
bolic acidosis. Both in vivo and in vitro microperfusion
studies have demonstrated a marked flow dependence
of HCO3 absorption.

145,170,171

One mechanism by which increases in luminal flow
rate can stimulate HCO3 absorption is by altering the
luminal HCO3 concentration profile.172,173 Normally, as
glomerular ultrafiltrate proceeds down the tubule
lumen, HCO3 concentration progressively decreases
because the rate of HCO3 absorption is proportionally
greater than the rate of volume absorption. At faster
luminal flow rates (higher GFR), the same rate of
HCO3 absorption would lead to a lesser fall in luminal
HCO3 concentration, which would then stimulate H
secretion. Chan et al. and Alpern et al. examined the
flow dependence of HCO3 absorption as a function of
mean luminal HCO3 concentration.145,170 Both investi-
gators found that while increases in luminal flow rate
cause increases in mean luminal HCO3 concentration,

this can account for only a small fraction of the stimu-
lation of HCO3 absorption. Chan et al. and Wang et al.
also showed that changes in luminal flow rate do not
affect paracellular HCO3 permeability, and thus, the
effect of flow is on transcellular H secretion.153,171,174

To more directly demonstrate this effect of flow rate
on transcellular proton secretion, Preisig examined the
effect of luminal flow rate on rat proximal tubule cell
pH when the basolateral membrane Na/3HCO3 trans-
porter is inhibited.175 Because cell pH was measured at
the site of the perfusion pipette, results are not compli-
cated by changes in the axial luminal HCO3 concentra-
tion profile. Increases in luminal flow rate cause an
immediate increase in cell pH that is reversible on
decreasing luminal flow rate. This observation proves
that increases in luminal flow rate lead to increases in
the rate of H secretion. Preisig also showed that the
apical membrane H secretory transporter that is stimu-
lated by flow is the Na/H antiporter.175 Du et al. found
a similar flow-dependence of apical membrane proton
secretion in the mouse proximal tubule, but concluded
that both the Na/H antiporter and H-ATPase were
similarly stimulated.171,174 Consistent with NHE3 being
involved in flow-dependent stimulation of H secretion
are studies in NHE3-deficient mice, where it was
shown that glomerular-tubular balance is significantly
reduced.176

One possible mechanism for the effect of luminal
flow rate on H secretion is a flow-dependent
luminal diffusion barrier. According to this theory, a
luminal diffusion barrier exists among the brush bor-
der microvilli, which impedes diffusion of secreted
protons out into the center of the lumen and of HCO3

from the lumen to the apical membrane. The acid pH
in the vicinity of the H transporters in the microvilli
then slows the rate of H secretion. Increases in luminal
flow rate would decrease the magnitude of the diffu-
sion barrier such that the local pH in the vicinity of the
H transporters would increase, and, thus, the driving
force for H secretion would increase. In this model,
however, one would not expect increases in flow rate
to stimulate H secretion if luminal HCO3 concentration
is already in the range where rates of H secretion are
insensitive to it (see Figure 55.5, luminal HCO3 concen-
tration .45 mEq/L). These are the kinetics observed
by Alpern et al. when H secretion was examined as a
function of mean luminal HCO3 concentration.170

Increases in luminal flow rate stimulate H secretion at
low luminal HCO3 concentrations but have no effect
on the apparent maximal rate. Similarly, Preisig found
no effect of luminal flow rate on cell pH when luminal
perfusate pH ([HCO3]) is high.

175

Wang et al. have proposed another mechanism
mediating the flow dependence of H secretion and
HCO3 absorption.

171,174 By modeling the force (torque)
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put on the apical membrane microvilli by increases in
luminal flow rate, they demonstrated a linear relation-
ship between luminal flow rate and the change in tor-
que and between the change in torque and the change
in the rate of HCO3 absorption. This effect of flow is
dependent on an intact actin cytoskeleton. Thus, they
concluded that the microvilli serve as sensors of lumi-
nal flow rate, and then, in an actin-dependent manner,
regulate Na/H antiporter and H-ATPase activity in a
proportional manner.

All of the above studies examined the effect of acute
changes in luminal flow rate on HCO3 absorption.
Preisig and Alpern created a model of chronic nephron
hyperfiltration by combining uninephrectomy with
high dietary protein intake.177 Microperfused rat proxi-
mal tubules exposed to chronic hyperfiltration of
12�18 days duration absorbed HCO3 at faster rates
than tubules in control animals (sham operation and
normal protein diet). This occurred in spite of the fact
that both groups of tubules were microperfused at sim-
ilar perfusion rates. Thus, there is a chronic adaptation
in the capacity for HCO3 absorption with chronic expo-
sure to higher luminal flow rates.

Harris et al. demonstrated that the flow-induced
stimulation of Na/H antiporter activity that occurs sec-
ondary to either an increase in dietary protein intake or
uninephrectomy appears kinetically as an increase in
the Vmax of Na/H antiporter activity with no change in
the Na affinity.178 Addition of NaHCO3 to the diet (to
neutralize the acid load from the high protein diet) did
not prevent the stimulation of Na/H antiporter activ-
ity. Similar results were found in the remnant kidney
model where the stimulation of Na/H antiporter activ-
ity is most likely secondary to chronic increases in sin-
gle nephron glomerular filtration rate.179,180

Measuring cell pH fluorescently in the in vivo micro-
perfused proximal tubule, Preisig and Alpern demon-
strated that both apical membrane Na/H antiporter
and basolateral membrane Na/3HCO3 cotransporter
activities are increased in parallel by approximately 30
and 100% after 24 hrs and 12�18 days, respectively, of
hyperfiltration.177 Harris et al. found a similar percent
stimulation of Na/H antiporter activity after 24 hrs of
hyperfiltration.178

Peritubular (Extracellular) HCO3

Concentration, pCO2, and pH

Acute regulation: Acutely increasing peritubular
[HCO3] inhibits proximal tubule HCO3 absorption,
while decreasing peritubular [HCO3] stimulates HCO3

absorption.145,155,168,181�185 Similarly, acute decreases in
pCO2 inhibit and acute increases in pCO2 stimulate
HCO3 absorption.

155,182,183,185�188

Alpern showed that changes in peritubular [HCO3]
do not affect HCO3 permeability, and have minimal
effect on paracellular HCO3 diffusion.181 Thus, the
major effect of peritubular [HCO3] is on the rate of
transcellular proton secretion. This effect is mediated
by a direct effect on basolateral membrane Na/3HCO3

cotransporter activity, and, likely, secondarily affects
the rate of apical membrane H transporters through
resulting changes in cell pH. Alpern and Chambers
demonstrated that a 0.7 pH unit change in peritubular
pH causes a 0.3 pH unit change in cell pH.37 This
rather large change in cell pH indicates that cell pH is
more responsive to changes in systemic or blood pH
than to changes in luminal pH, as decreases in luminal
pH of 0.7 pH units result in a 0.1 pH unit change in cell
pH. Teleologically, such a system seems reasonable in
view of the large variations in luminal pH along the
length of the proximal tubule, and the generally small
changes in blood pH under physiologic conditions.

In the steady state, net changes in apical and baso-
lateral membrane H transport must be equal, so the
change in cell pH reflects the change in driving force
required for equal changes in apical and basolateral
transport. If cell pH changes by 0.3 pH units in
response to a 0.7 pH unit change in peritubular pH, the
change in driving force across the basolateral mem-
brane transporter is 0.4 pH units and that across the
apical membrane is 0.3 pH units. Thus, in this setting,
the transporters seem to be of relatively equal sensi-
tivity. As discussed above, the Na/3HCO3 trans-
porter is exquisitely sensitive to changes in cell pH
and may also be very sensitive to changes in peritub-
ular pH. In contrast, the apical membrane Na/H
antiporter is relatively insensitive to changes in lumi-
nal pH, but most likely more sensitive to changes in
cell pH (see below).

The response to changes in pCO2 is complex. As
noted above, increases in pCO2 stimulate HCO3

absorption and decreases in pCO2 inhibit HCO3

absorption. Because of the high proximal tubule CO2

permeability, any changes in pCO2 will have immedi-
ate and similar effects on luminal, cell, and peritubular
pH. The resulting final pHs will be those required to
generate equal changes in apical and basolateral mem-
brane fluxes in the new steady state. Krapf et al. found
that changes in extracellular fluid pCO2 lead a cell pH
change that is 2/3rds the magnitude of the change in
extracellular fluid pH.146 Thus, respiratory acidosis (an
increase in pCO2) is associated with equal acidification
of luminal and peritubular fluids and a cell acidifica-
tion that is 2/3rds the magnitude of the extracellular pH
change. In the steady state, the larger decrease in peri-
tubular pH compared to cell pH will increase the driv-
ing force across the Na/3HCO3 co-transporter in favor
of increased transporter activity, and can explain the
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increased rate of HCO3 transport across on the basolat-
eral membrane.

On the apical membrane side, the larger decrease
in luminal pH compared to cell pH would decrease
the driving force for H secretion. However, respira-
tory acidosis is associated with an increase in apical
membrane H transport, which implies that the
apical membrane H secretory mechanisms are more
sensitive to changes in cell pH than to changes in
luminal pH.

Two possible mechanisms exist for increased sensi-
tivity of Na/H antiporter activity to cell pH compared
to its sensitivity to luminal pH. First, when Na/H anti-
porter activity is examined as a function of internal H
concentration, transporter activity is greater at acidic
pHs than would be expected for simple substrate inter-
action, suggesting allosteric regulation.35 In more
convincing studies, these investigators measured the
rate of amiloride-sensitive Na efflux when internal pH
was lowered. Lowering internal pH would be expected
to inhibit Na efflux from vesicles by competition
between H and Na for the same site. However,
lowering intravesicular pH actually accelerated
amiloride-sensitive 22Na efflux, providing definitive
demonstration for allosteric up-regulation of Na/H
antiporter activity by more acidic internal pHs.

This allosteric activation has been demonstrated for
most of the NHE isoforms, and the domains responsi-
ble identified by detailed studies of NHE1.
Wakabayashi et al. showed that deletion of the C-
terminus (amino acids 636-815) of NHE1 has no affect
on cell pH regulation of antiporter activity, however,
deletion of amino acids 567�635 (also in the C-terminal
cytoplasmic domain of NHE1) decreases antiporter
sensitivity to cell pH.189

A second mechanism that could impart sensitivity
to cell pH is regulation of apical membrane NHE3
abundance via trafficking. Proximal tubule endosomes
contain both H-ATPases and an amiloride-insensitive
Na/H antiporter.190,191 Schwartz and Al-Awqati dem-
onstrated that rapid cell acidification leads to exocyto-
sis of previously endocytosed fluorescein-labeled
dextran, raising the possibility that insertion of endoso-
mal transporters into the apical membrane is another
mechanism by which transport capacity increases in
acidosis.192

In the above discussion, the effects of acute changes
in pH, [HCO3], and pCO2 on HCO3 absorption were
described. In detailed studies varying pH, [HCO3], and
pCO2 independently, Boron et al. found that acute reg-
ulation of proximal tubule acidification processes is
mediated by changes in peritubular [HCO3] and pCO2,
and not pH per se, and have proposed the existence of
HCO3 and pCO2 sensors on the basolateral side of the
cell.182,185

While all of the above described acute effects are
large, the changes required to elicit them were also
large and frequently non-physiologic. If proximal tubu-
lar H/HCO3 transport processes are to participate in
the kidney’s defense against physiologic changes in the
daily metabolic acid load (primarily determined by the
composition of the diet), mechanisms that sense and
respond to minimal changes in acid�base parameters
are required. These more sensitive mechanisms most
likely mediate the chronic adaptations in transporter
activity.

Chronic regulation: Using the in vivo microperfused
rat proximal tubule preparation, Kunau et al. demon-
strated that chronic acid feeding causes a marked stim-
ulation in HCO3 absorption that is greater than was
seen by Alpern et al. in an acute metabolic acidosis
model, in spite of the fact that the decrease in plasma
[HCO3] in the chronic studies was far less than in the
acute studies.181,193 Similarly, Cogan found that chronic
hypercapnea stimulated proximal tubule HCO3

absorption to a far greater degree than did acute
hypercapnea.194

Cohn et al. demonstrated that Na/H antiporter
activity is increased in apical membrane vesicles pre-
pared from dogs with chronic metabolic acidosis com-
pared to control dogs.195 In that the increased Na/H
antiporter activity persisted in vitro when studied
under control conditions (pH 7.4), this observation
demonstrates a memory effect and not an effect sec-
ondary to a change in driving force across the trans-
porter. Tsai et al. and Kinsella et al. found similar
results in apical membrane vesicles prepared from rab-
bit and rat kidney cortex, respectively, and Tsai et al.
demonstrated that the effect of acidosis is on the Vmax
with no effect on transporter affinity for Na.196,197

Similar acid-induced stimulation of the basolateral
membrane Na/3HCO3 cotransporter has been found.
When compared under the same conditions (pH 7.4),
Akiba et al. (using rabbit apical and basolateral mem-
brane vesicles) and Preisig and Alpern (using the
in vivo microperfused rat proximal tubule) demon-
strated parallel increases in apical membrane Na/H
antiporter activity and basolateral membrane Na/
3HCO3 cotransporter activity when preparations from
animals with a chronic metabolic acidosis are com-
pared to preparations from control animals.139,198

Both studies demonstrated that the increase in activi-
ties is due to a memory effect and not merely a
change in transporter driving force. Akiba et al. also
demonstrated a decrease in Na/3HCO3 cotransporter
activity in basolateral membrane vesicles prepared
from animals with chronic metabolic alkalosis, and a
trend for inhibition of Na/H antiporter activity in
apical membrane vesicles prepared from the same
animals.
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Similar studies have been performed in chronic
respiratory acidosis, but with mixed results. Some
investigators have found increases in apical membrane
Na/H antiporter and/or basolateral membrane
Na/3HCO3 activities, while other investigators have
found that a chronic respiratory acidosis has no effect
on the activity of either transporter.199�204 The reason
for these discrepancies is not clear, it is possible that
hemodynamic changes leading to decreases in GFR in
some models are obscuring a stimulatory effect.

Further examination of acid regulation of Na/H
antiporter activity demonstrated that NHE3 is the NHE
isoform regulated by acidosis, and that the increased
activity is associated with an increase in brush border
NHE3 protein abundance, with no measurable change
in renal cortical NHE3 mRNA abundance.55,56 While it
is not clear in vivo whether the increase in apical mem-
brane NHE3 protein abundance is due to trafficking of
existing transporters from the cytoplasm to the mem-
brane or requires a simultaneous increase in total cell
NHE3 protein, cell culture studies suggest it is the for-
mer (see below).

Acid activated signaling pathway: To elucidate the
signaling pathway that mediates NHE3-stimulation by
extracellular acidity, Amemiya et al. established an
opossum kidney (OKP) cell culture model in which
cells incubated in control (pH 7.4) or acid media (pH
6.6 to 7.2) demonstrate increased activity of an EIPA-
resistant Na/H antiporter (kinetics consistent with
NHE3).57 While the stimulatory effect of media acidifi-
cation on NHE3 activity is evident within 6 hrs
and remains elevated at 24 hrs, NHE3 mRNA and pro-
tein abundances are only significantly increased at 12
and 24 hrs, respectively, suggesting that, at least
the initial increase in NHE3 activity, is not dependent
on increases in whole cell protein abundance
(Figure 55.6).57,205 In support of this conclusion, media
acidification increases NHE3 activity in the absence of
protein synthesis (cycloheximide).57 Acid stimulation
of NHE3 activity correlates with significant increases in
apical membrane NHE3 abundance, which also signifi-
cantly increases by 6 hrs and persists at 24 hrs, suggest-
ing that the increase in NHE3 activity is mediated by
trafficking of protein to the apical membrane
(Figure 55.6).205 Exocytic movement of NHE3 to the
apical membrane requires an intact cytoskeleton and
the increase in apical membrane abundance is required
for acid-induced stimulation of NHE3 activity.205

A typical western diet that contains animal protein
generates about 0.5�1.0 mEq/kg/day of non-volatile
acid through metabolism, which must be excreted
mEq-for-mEq by the kidneys to maintain acid�base
homeostasis. Through buffering mechanisms, this daily
acid addition does not significantly change extracellu-
lar pH. Thus, a key biological question is how the body

responds to the need and senses the precise amount of
acid that must be excreted daily. The most likely expla-
nation is that cells respond to “unmeasurable” changes
in extracellular pH. If this is the case, sensing mechan-
isms must be exquisitely sensitive. Ambühl et al.
showed that acid feeding increases apical membrane
NHE3 protein abundance with changes in extracellular
pH of less than 0.1 pH unit.56 In fact, after seven days
of acid feeding plasma pH and HCO3 concentration
are not significantly different from control, while apical
membrane NHE3 protein abundance continues to rise
(Figure 55.7).56 Strong evidence suggests that changes
in intracellular pH are the signal that initiates the phys-
iological response in that K depletion [extracellular
alkalosis and intracellular acidosis (see below)] elicits
the same proximal tubule responses as a metabolic aci-
dosis (extracellular and intracellular acidosis).

Endocrine and autocrine pathways have been shown
to be involved in mediating the proximal tubule
response to an acid load (also see below). In rats,
metabolic acidosis is associated with an increase in
plasma cortisol levels, and adrenalectomy prevents the
acidosis-induced stimulation of Na/H antiporter
activity.197,206,207 In OKP cells, addition of low concen-
trations of hydrocortisone to the media (that alone do
not stimulate NHE3 activity) increase the magnitude of
the effect of media acidification on NHE3 activity and
whole cell protein abundance, with no effect on

FIGURE 55.6 Time course for the effect of acid on NHE3. NHE3
activity, apical NHE3 protein abundance, total cellular NHE3 protein
abundance, and NHE3 mRNA abundance are plotted as the percent-
age of maximal stimulation vs time. (From Yang X, Amemiya M, Peng
Y, Moe OW, Preisig PA, Alpern RJ. Acid incubation causes exocytic inser-
tion of NHE3 in OKP cells. Am J Physiol 2000,279:C410�C419, with
permission.)
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acid-induced increases in NHE3 mRNA abundance.208

Additional studies demonstrate that the enhanced
effect seen in the presence of low dose hydrocortisone
is not dependent on protein synthesis, but rather medi-
ated by increased trafficking of NHE3 to the apical
membrane.208 Aldosterone is without effect on NHE3
activity. Taken together, these studies suggest that in
the presence of an acid load, low dose glucocorticoids
interact synergistically with the acid load to stimulate
NHE3 translation and trafficking. Glucocorticoids
can also directly increase NHE3 activity, and protein
and mRNA abundance, and thus, contribute to the
response to an acidosis (see below).

Endothelin also plays a role in acid regulation of
NHE3 activitiy. Metabolic acidosis increases renal cor-
tical endothelin levels and endothelin-1 stimulates
NHE3 activity (see below).209,210 In mice in which the
ETB receptor has been knocked out in the kidney, acid
feeding does not increase NHE3 activity in renal corti-
cal brush border membrane vesicles, whereas NHE3
activity is significantly increased in vesicles prepared
from wild-type mice, demonstrating acid regulation of
NHE3 through the ETB receptor.211

Studies elucidating the acid-activated signaling
pathway have been performed in OKP cells. In this
model, as with in vivo models, an intracellular acidifi-
cation appears to be the key to the adaptation as NHE3
activity is stimulated by both media acidification and
exposing cells to weak acids or an NH4Cl prepulse,

maneuvers that acidify the cell but have no effect on
extracellular pH.212 Incubation of OKP cells in acid
media activates the non-receptor tyrosine kinases Pyk2
and c-Src and the MAP kinases ERK (extracellular reg-
ulated kinase) 1 and 2. Inhibition of Pyk2 kinase [with
expression of pyk2K457A (a dominant negative Pyk2) or
an siRNA against Pyk2], c-Src kinase [with overexpres-
sion of csk (c-Src kinase, an endogenous inhibitor of Src
family kinases), expression of c-srcK295M (a dominant
negative c-Src), or expression of pyk2Y402F (a mutant
Pyk2 that prevents c-Src binding to Pyk2 and sub-
sequent c-Src activation)], or the ERK 1,2 kinases
with PD98059 blocks acid stimulation of NHE3
activity.212�215 Media acidification also increases tran-
scriptional expression of c-fos, c-Jun, junB, and egr-1.216

More recent studies have explored the relationship
between these acid-activated signaling intermediates
and found that downstream of a cell acidification are
two parallel pathways.217,218 One pathway involves
Pyk2 and c-Src and the other pathway ERK1 and 2 and
the immediate early genes c-fos and c-jun and their
associated increase in activity of the transcription factor
AP-1. Following exposure to acid media, Pyk2 is acti-
vated within 30 sec, and its activation is required for
activation of c-Src kinase, which occurs 90 sec follow-
ing exposure to acidic media, placing Pyk2 “upstream”
of c-Src in the signaling pathway.213 Studies demon-
strating that Pyk2 can be activated by acid in a cell free
system over a physiologically relevant pH range (maxi-
mal autophosphorylation achieved with a 0.2 pH unit
decrease and maximal kinase activity achieved with a
0.4 pH unit decrease) established Pyk2 as the likely
proximal tubule cell pH sensor responsible for initiat-
ing activation of the acid-activated signaling pathway
that mediates the increase in NHE3 activity.213

Inhibiting acid activation of Pyk2 kinase with the dom-
inant negative pyk2K457A or siRNAPyk2 or inhibiting
c-Src kinase with the dominant negative c-SrcK295M,
while preventing NHE3 activation, do not prevent acid
activation of ERK 1 and 2 kinase or the increase in c-fos
mRNA abundance.218 These data establish that two
parallel pathways are activated by cell acidification
and that both are required for acid stimulation of
NHE3 activity.

In both cultured OKP cells and in vivo, media acidifi-
cation or acid feeding, respectively, increases
endothelin-1 (ET-1) expression.209,219 The human ET-1
promoter contains an AP-1 binding site between nt
-104 and -109. As mentioned above, media acidification
increases c-fos and c-Jun expression and AP-1 activ-
ity.220 Using a luciferase assay, Laghmani et al. showed
that acid stimulation of ET-1 transcription is mediated
by the above mentioned AP-1 binding site in the ET-1
promoter.221 Preliminary data from our laboratory sug-
gests that both Pyk2 and c-Src activation are also

FIGURE 55.7 Acid-induced increase in NHE3 protein abundance
(solid circles) and decrease in plasma bicarbonate concentration
(Δ[bicarbonate], open circles) are plotted as a function of duration of
treatment. (From Ambühl PM, Amemiya M, Danczkay M, Lotscher M,
Kaissling B, Moe OW, Preisig PA, Alpern RJ. Chronic metabolic acidosis
increases NHE3 protein abundance in rat kidney. Am J Physiol 1996,271:
F917�F925, with permission.)
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required for acid-induced increases in ET-1 transcrip-
tion, suggesting convergence of the two parallel acid-
activated signaling pathways (Figure 55.8).217 ET-1
stimulation of NHE3 activity is mediated by the ETB

(and not the ETA) receptor and mediates acid regula-
tion of NHE3 activity.63,211

Failure to excrete the daily acid load generated on a
typical Western style diet leads to bone demineraliza-
tion and muscle protein breakdown.222�224 Described
above is the effect of this acid load on NHE3 activity
and the acid-activated signaling pathways that likely
mediated this effect. However, the renal proximal
tubule role in excreting this daily acid load involves
more than just stimulation of NHE3 activity. In addi-
tion, the apical membrane Na-dependent citrate
co-transporter (NaDC-1) and basolateral membrane
Na-HCO3

2 (NBC1) activities, NH3 synthesis, and cit-
rate metabolism are all stimulated. Stimulation of
NHE3 activity serves to enhance both proton (H1) and
NH4

1 secretion, the latter by NHE3 functioning in the
Na1/NH4

1 exchange mode.225 Increased NH3

synthesis involves stimulation of mitochondrial gluta-
minase (GA) and glutamate dehydrogenase (GDH)
activities.226 Increased citrate metabolism involves
stimulation of mitochondrial aconitase (mAcon) (mito-
chondrial metabolism) and cytoplasmic ATP citrate
lyase (ACL) (cytoplasmic metabolism) activities.227,228

Enhanced citrate reabsorption and metabolism serves
to decrease base loss (citrate metabolism generates 3
HCO3

-/citrate). In addition, the products of citrate
metabolism, oxaloacetate (OAA) and acetyl CoA, pro-
vide substrates for gluconeogenesis and fatty acid syn-
thesis, respectively, and OAA is also a product of the
ammoniagenic process.226 Thus, the combined effect of
stimulating these transport and metabolic processes are

enhanced net acid excretion, gluconeogenesis, and pos-
sibly fat synthesis.

Preisig and Alpern used both in vitro (OKP cell line)
and in vivo (C57Bl6 and various WT and KO transgenic
mouse lines) models to identify the pathways that
coordinately regulate the proximal tubule response to
an acid load and determined that two apparently par-
allel pathways are involved. One pathway, involves
Pyk2, the endothelin B receptor and calcineurin and
the other Nocturnin, a deadenylase member of the cir-
cadian gene family (unpublished observations). As
described above, Pyk2 serves as a pH sensor for activa-
tion of the proximal tubule response. Pyk2, the
endothelin B receptor, and the Ca21/calmodulin/calci-
neurin pathway, but not the Nocturnin pathway is
required for acid stimulation of both NHE3 and NaDC-
1 activities. Pyk2 is required for acid stimulation of the
three above mentioned mitochondrial enzymes (GA,
GDH, and mAcon), while the endothelin B receptor is
required for acid stimulation of only GA and GDH and
Nocturnin is not required for stimulation of the mito-
chondrial enzymes, but is required for acid stimulation
of the citrate metabolic enzymes (mAcon and ACL)
(unpublished observations). Taken together, it appears
that the Pyk2/endothelin B receptor/calcineurin path-
way mediates acid regulation of apical membrane
transport and ammoniagenesis, while citrate metabo-
lism is regulated by the parallel pathway that requires
nocturnin.

Perhaps consistent with the absence of an effect of
apical membrane transport or ammoniagenic enzymes,
Nocturnin knockout mice do not demonstrate a more
severe metabolis acidosis when fed an acid diet
(unpublished observation). In contrast, Pyk2 and
endothelin B receptor knockout mice develop a more
severe metabolic acidosis within the first week, but the
difference progressively disappears, as has been shown
by many investigators in chronic metabolic acidosis
studies (unpublished observation).

Potassium Depletion

Using in vivo microperfusion Chan et al. compared
rates of HCO3 absorption in control and K depleted
animals, demonstrating a 23% stimulation associated
with K depletion, while acute changes in peritubular K
concentration were without effect.145 Soleimani and
McKinney demonstrated parallel increases in Na/H
antiporter and Na/3HCO3 cotransporter activities in
apical and basolateral membrane vesicles, respectively,
prepared from K depleted animals and Amemiya et al.
demonstrated increased NHE3 activity in OKP cells
incubated in low K media.229,230 The stimulation in
transporter activities is an effect on the Vmax with no
effect on Na affinity. These increases in transporter
activities, which mimic the adaptation to an acid load,

FIGURE 55. 8 Proposed acid-activated signaling pathways that
mediates acid stimulation of NHE3 activity.
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are likely mediated by an intracellular acidification as
Adam and coworkers showed with 31P NMR spectros-
copy that the average renal intracellular pH is lower in
K depleted animals and incubation of OKP cells in low
K media leads to intracellular acidification.229,231

Extracellular Fluid Volume

Free flow micropuncture studies have found varying
results regarding the effects of extracellular fluid vol-
ume on HCO3 reabsorption. Cogan demonstrated that
volume expansion has only a slight inhibitory effect on
NaHCO3 absorption, while Bichara et al. found a much
larger effect on NaHCO3 absorption.232,233 Mercier
et al. observed that prior parathyroidectomy prevents
the large effect of volume expansion on NaHCO3

absorption and proposed that the difference between
the results of Cogan and Bichara et al. may be due to
effects on PTH secretion.234

In vivo microperfusion studies identified two possi-
ble mechanisms by which expansion of extracellular
fluid volume can inhibit proximal tubule NaHCO3

absorption. First, Alpern et al. found that extracellular
fluid volume expansion increases the paracellular
HCO3 permeability by 50%, which agrees with studies
showing that transepithelial electrical resistance
also decreases.181,235,236 Second, Alpern demonstrated
that changes in proximal tubule volume absorption
modify the rate of NaHCO3 absorption, an effect
that is not due to changes in solvent drag, but,
rather, represents a modification of transcellular H
secretion, possibly mediated by changes in interstitial
pH and HCO3 concentration with secondary changes
in transcellular H secretion as discussed above.159

Consistent with this hypothesis, apical membrane
NHE3 activity is regulated by hormones known to
be involved in the regulation of extracellular volume
(see below) and NHE3 knock out mice are hypoten-
sive, hypovolemic, and have a mild metabolic
acidosis.44,237

Moe et al. examined the effects of chronic changes in
dietary Na intake on Na/H antiporter activity assayed
in brush border membrane vesicles, comparing rats
that had been placed on either a low or high NaCl
intake for four days.238 The 20% increase in Na/H anti-
porter activity observed in vesicles made from kidney
cortex harvested from the rats on the low salt diet was
associated with an effect on the Vmax and no effect on
Na affinity. An increase in Na/H antiporter activity
would increase both proximal tubular NaHCO3

absorption and proximal tubular NaCl absorption.
A possible mechanism for dietary salt regulation of

NHE3 was suggested by studies by Yang et al. that
showed that following three weeks of a high salt diet,
NHE3 phosphorylation on Ser552 doubled and was
associated with the phosphorylated NHE3, dipeptidyl

peptidase IV (DPPIV), myosin VI and the angiotensin
II type 2 receptor being redistributed from the low-
density plasma membrane-enriched fractions to
higher-density intracellular membrane-enriched frac-
tions and the phosphorylated NHE3, myosin VI and
the angiotensin II type 2 receptor relocalized to the
base of the microvilli (observed by confocal micros-
copy).239 These observations are consistent with studies
showing that DPPIV catalytic activity is required for
NHE3-mediated NaHCO3 reabsorption.

240

Hormonal Regulation

Parathyroid Hormone: Free flow micropuncture
studies demonstrated that parathyroid hormone (PTH)
inhibits proximal tubular HCO3 absorption in dogs
and rats.241,242 In vitro microperfusion studies in rabbit
proximal tubules also demonstrated that addition of
PTH to the peritubular fluid inhibits HCO3

absorption.243�245 This effect is mediated by inhibition
of transcellular HCO3 absorption, and is not associated
with a change in HCO3 permeability.244,245 Using apical
membrane vesicles prepared from proximal tubule sus-
pensions or OK cells exposed to PTH, it was shown
that PTH decreases Na/H antiporter activity, and that
this effect is mediated by a PTH-induced modification
of the internal pH sensitivity of NHE3.64,246,247

Consistent with PTH having an inhibitory effect on
NHE3 activity, Cohn et al. showed that in vivo thyro-
parathyroidectomy increases Na/H antiporter activity,
assayed in apical membrane vesicles.195

The effects of PTH on Na/H antiporter activity are
similar to those of dibutyryl or 8-bromo cyclic
AMP.244�246 In brush border membrane vesicles, OK
cells, and Na/H antiporters reconstituted into lipo-
somes, cyclic AMP-dependent protein kinase (protein
kinase A) directly inhibits Na/H antiporter
activity.248�252 An important role for protein kinase A
is confirmed by the observation that expression of a
dominant negative protein kinase A catalytic subunit
blocks inhibition of NHE3 by cAMP.253 Moe et al.
found that purified protein kinase A phosphorylates
the cytoplasmic domain of NHE3 in vitro, and that 8-
bromo cAMP phosphorylates NHE3 in cultured
cells.253,254 In Xenopus oocytes, 8-bromo cAMP inhibits
wild type NHE3 activity, but not NHE3Δcyto, in which
the cytoplasmic domain is deleted.254 It remains con-
troversial as to which site in the cytoplasmic tail is
phosphorylated by PKA/cAMP and mediates the
inhibitory effect. Kurashima et al. found that both
Ser605 and Ser634 (both in the cytoplasmic domain) are
required for PKA regulation of NHE3, but only Ser605

is phosphorylated.255 Zhao et al. found that cAMP
phosphorylates multiple serines on the NHE3 cyto-
plasmic tail, and that phosphorylation of both Ser552

and Ser605 are required for PKA-mediated inhibition of
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NHE3 activity.253 The reason for this discrepancy is not
clear. Kocinsky et al. generated Ser552- and Ser605-spe-
cific antibodies and demonstrated that in rat kidney
cortex Ser552 is phosphorylated to a much greater
extent than Ser605 in control animals, and that the
Ser552-phosphorylated NHE3 is localized to the coated
pit region of the brush border membrane, where NHE3
is inactive. Consistent with this, Kocinsky et al. demon-
strated that although phosphorylation of NHE3 at
Ser552 and Ser605 is regulated by PKA both in vivo and
in vitro, phosphorylation of these sites does not directly
alter NHE3 activity.78,79

An alternative mechanism of PKA-mediated inhi-
bition of NHE3 activity was proposed by Bezerra
et al. who demonstrated that following exposure to
PTH, decreased NHE3 activity was associated with
diminished NHE3 surface expression and total cellu-
lar NHE3 protein and mRNA abundances, and a
decrease in mRNA stability. Additional studies dem-
onstrated that PTH exposure results in a PKA-
dependent inhibitory effect on the NHE3 promoter
that was responsible for the reduced mRNA half-life
stablility.256

NHE3 regulation by protein kinase A also involves
reorganization of the cytoskeleton and involvement of
a second factor, NHERF-1 (Na/H exchange regulator
factor, also known as ezrin binding protein 50).257�262

NHERF-1 was identified by Weinman et al., when a
brush border membrane protein fraction that did not
contain Na/H antiporter activity was found to
bestow regulation of the antiporter by protein kinase
A.263,264 In vitro studies demonstrated that NHERF-1
inhibits NHE3 activity, and that in NHERF-1 null
cells or in the NHERF-1 knock-out mouse, PTH is
without effect on NHE3 activity, a response that can
be reinstated by expression of NHERF-1 in NHERF-1
null cells.257,265,266

NHERF-1 is one of four members of the NHERF
family, the other three members being NHERF-2 [also
called E3KARP (NHE3 kinase A regulatory protein)],
NHERF-3 (also known as PDZK1), and NHERF-4 (also
known as IKEPP). These proteins range in size from
337 to 519 amino acids. NHERF-1 and -2 contain ERM
(ezrin, radixin, moesin) binding domains, while
NHERF-3 and -4 do not.267 NHERF-1 and -2 have two
PDZ protein binding domains, while NHERF-3 and -4
have four PDZ domains. Weinman et al. have shown
that the C-terminal PDZ domain (aa 150-241) in
NHERF-1 is primarily responsible for NHE3 inhibition
by cAMP.266 Ezrin, an actin binding protein of the
ERM family, links membrane proteins to the actin cyto-
skeleton.259 Ezrin is also a protein kinase A binding
protein, and studies have shown that interactions
between NHE3, NHERF-1, and ezrin are required for
protein kinase A-mediated phosphorylation and

inhibition of NHE3 activity.268 Thus, NHERF-1 appears
to function as a scaffolding protein within the NHE3
regulatory signaling complex.

Rat proximal tubule and OK cells express only
NHERF-1, while human, mouse, and possibly rabbit
proximal tubules express both NHERF-1 and -2.261 In
mice, NHERF-1 distributes to the microvillus and co-
localizes with NHE3, while NHERF-2 is localized pre-
dominantly in a submicrovillar region.261,262 Although
there is controversy regarding whether only NHERF-1
or both NHERF-1 and -2 play a role in cAMP-mediated
inhibition of NHE3 activity, the studies mentioned
above showing no cAMP regulation of NHE3 activity
in the NHERF-1 knock-out mouse, which does express
NHERF-2, suggests that only NHERF-1 mediates this
effect.258,265,269 Consistent with a link between NHE3,
NHERF-1, ezrin, and the actin cytoskeleton, in vivo
studies demonstrate that following PTH infusion,
NHE3 retracts from the tips to the base of proximal
tubule microvilli.270

Hruska et al. have found that PTH can also activate
phospholipase C in proximal tubule cells leading to
increased levels of inositol trisphosphate and diacylgly-
cerol.271 The increase in inositol trisphosphate leads to
an increase in cell Ca21 that may directly modify
Na/H antiporter activity or activate other cell kinases.
Increases in diacylglycerol activate protein kinase C,
which may modify Na/H antiporter activity either
directly or indirectly. Weinman et al. and Mellas et al.
have found that protein kinase C directly increases
Na/H antiporter activity in apical membrane vesicles
and proximal tubule cell suspensions, respec-
tively.272,273 Inconsistent with these findings, Baum
and Hays found that protein kinase C activation inhi-
bits HCO3 absorption in the in vitro perfused rabbit
proximal tubule.274 However, Wang and Chan showed
in the in vivo perfused rat proximal tubule that this
inhibition may be due to prolonged activation of pro-
tein kinase C, and that the acute effect is a stimulation
of transcellular HCO3 absorption.

275 Studies in cell cul-
ture have also yielded conflicting results with both
stimulation and inhibition of NHE3 by protein kinase
C reported.49,276�279

It has also been difficult to define the effect of
increases in intracellular Ca21 on Na/H antiporter
activity. Both stimulation and inhibition of proximal
tubular HCO3 absorption have been observed with cal-
cium ionophores.280�282 Bertrand et al. found that
NHE1 is stimulated by increases in cell Ca21, an effect
mediated by Ca21-dependent binding of calmodulin to
amino acids 636-656 in the cytoplasmic domain.283 This
cytoplasmic region was shown to inhibit the pH activa-
tion of NHE1, an effect blocked by binding of calmodu-
lin.284 NHE3, on-the-other-hand, is not regulated by
cell Ca21, but a chimera containing the N-terminal half
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of NHE3 and the Ca21-sensitive C-terminal half of
NHE1 reinstated Ca21-induced regulation.285

Angiotensin II and Aldosterone: Liu and Cogan
demonstrated that angiotensin II (Ang II) is a potent
stimulator of proximal tubular HCO3 absorption.286,287

This effect occurs predominantly in the early proximal
tubule but is also present in the late proximal tubule.
The effect on HCO3 absorption is independent of renal
nerve activity. Geibel et al. reported that Ang II added
to in vitro perfused proximal tubules increases both
Na/H antiporter and Na/3HCO3 cotransporter activi-
ties, consistent with other conditions that regulate
transepithelial HCO3 absorption.288 Saccomani et al.
showed that the effect of Ang II is on the Vmax of
Na/H antiporter activity, and is without effect on Na
affinity.289

Cano et al. found that Ang II concentrations of
1029�10212 M stimulate NHE3 activity, 1028 M has no
effect, and higher concentrations (1026 M) inhibit the
antiporter in cultured OKP cells.62 This biphasic con-
centration response is similar to that previously
reported for the effect of Ang II on transepithelial Na
transport.290,291 It is not presently clear whether the
effects of high concentrations are physiologically rele-
vant, however, Seikely et al. reported that luminal and
peritubular capillary Ang II concentrations are in the
range of 1029�1028 M, suggesting that high concentra-
tions may not be physiologically relevant.292

Liu and Cogan demonstrated that the Ang II effect
on HCO3 absorption is associated with a decrease in
luminal cAMP concentration and that pertussis toxin
pretreatment of the whole animal blocks the effects of
Ang II on HCO3 absorption and luminal cAMP concen-
tration.287 These results agree with other studies that
show that Ang II inhibits adenylyl cyclase in renal cor-
tical homogenates and in primary cultures of renal
proximal tubules.293,294 However, other pathways must
also be important, as Cano et al. found in OKP cells
that low concentrations of Ang II increase NHE3 activ-
ity without altering cAMP production.62

High concentrations of Ang II increase intracellular
Ca21 concentration.295,296 However, these Ang II con-
centrations are associated with inhibition of solute flux
in in vivo and in vitro studies.290,291 Ang II also signals
through protein kinase C, CaM kinase, phospholipase
A2, and the non-receptor tyrosine kinase c-Src.297 The
physiological effects of Ang II signaling through these
pathways vary from preparation to preparation, and
thus, the key physiological pathways are not yet
clear.297

The effects of chronic exposure to Ang II (16 hrs to 7
days) has revealed conflicting results. In OKP cells
16 hr exposure to 10-7 M Ang II increases NHE3 activ-
ity and mRNA abundance, both effects inhibited by
actinomycin D (inhibitor of transcription).298 In tissues

harvested from rodents infused with Ang II, 7 days
exposure to a pressor dose increases NHE3 activity in
brush border membrane vesicles and increases both
mRNA and protein abundance in renal cortex and
brush border membrane vesicles, respectively.299 In
contrast, another study found that 3 days exposure to a
non-pressor dose of either Ang II or Ang II Type 1
(AT1) receptor blocker has no effect on NHE3 protein
abundance in cortical or whole kidney homogenates,
respectively, but Ang II increases and the AT1 receptor
blocker decreases abundance of the basolateral mem-
brane NaHCO3 cotransporter in the same tissue prepa-
ration.300 The cause of the difference between the
two studies with respect to the Ang II effect on NHE3
is not known, but may be due to the use of an Ang II
dose that raises blood pressure in the former study and
one that has no effect on blood pressure in the latter
study.

Angiotensin II at a concentration that stimulates
NHE3 activity (10�7 M) also stimulates H-ATPase
activity in a SV40-transformed rat proximal tubule cell
line. This effect does not involve changes in mRNA or
protein abundances of the B2 subunit, but is associated
with increased cell surface expression of the V-ATPase.
Tyrosine kinases, PI3K and p38 all were required for
the effect of Angiotensin II on H-ATPase activity.301

In adrenalectomized rats, aldosterone stimulates
NHE3-dependent proximal tubule volume absorption,
an effect that is associated with an increase in brush
border NHE3 protein abundance without a change in
cortical NHE3 protein abundance.302 Studies by
Drumm et al. suggest that this effect is mediated
through the EGF receptor, with aldosterone increasing
EGF receptor expression in primary cultures of human
renal proximal tubule epithelial cells.303 More recently,
tubule perfusion studies have suggested that luminal
or peritubular aldosterone has a non-genomic stimula-
tory effect on HCO3 reabsorption in the proximal
tubule, an effect that appears dependent on glucocorti-
coid receptors.304

Endothelin: The endothelins are important regula-
tors of proximal tubule transport, mediating changes in
volume absorption and regulation of the acidification
process.211,217,305�308 Endothelin-1 (ET-1) stimulates
apical membrane Na/H antiporter activity in rat and
rabbit proximal tubule.309,310 In wild type OKP cells
ET-1 does not regulate NHE3, however, ET-1 stimula-
tion of NHE3 activity can be induced in OKP cells
transfected with the endothelin B (ETB), but not the
endothelin A (ETA), receptor.

63 This effect of ET-1 is
mediated 50% by increases in cell Ca21 and CaM
(Ca21-calmodulin) kinase, and 50% by tyrosine kinase
pathways.63,311 In addition, stimulation of NHE3 activ-
ity is associated with phosphorylation and trafficking
of NHE3 to the apical membrane.312,313
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As a family, the endothelins are locally acting auto-
crine/paracrine factors. As mentioned above, in both
cultured OKP cells and in vivo, media acidification or
acid feeding, respectively, increases ET-1 expression,
an effect that is mediated through an AP1 site in the
ET-1 promoter.209,219,221 Also as mentioned above, in
mice in which the ETB receptor has been knocked out
in the kidney, acid feeding does not increase NHE3
activity in renal cortical brush border membrane vesi-
cles, whereas NHE3 activity is significantly increased
in vesicles prepared from wild-type mice, demonstrat-
ing that the effect of acid on proximal tubule NHE3
activity is indirect, and mediated by ET-1 signaling
through the ETB receptor.211

Given that the effect of acid on NHE3 activity is
indirect and mediated by the ET-1/ETB signaling path-
way, recent studies have sought to determine which
signaling intermediates in the acid-activated signaling
pathway are “up-stream” and which ones are “down-
stream” of ET-1/ETB. Results have demonstrated that
two non-receptor tyrosine kinases Pyk2 and c-Src and
the MAP kinases ERK 1 and 2 are required for acid,
but not ET-1 stimulation of NHE3 activity, placing
them “up-stream” of ET-1/ETB,.

213�215,217,314

Catecholamines: Chan demonstrated that addition
of catecholamines to the peritubular capillary fluid
increases HCO3 absorption in the microperfused proxi-
mal tubule and Nord et al. showed that catecholamines
increase Na/H antiporter activity in proximal tubule
cell suspensions.315,316 These studies demonstrated that
the catecholamine effect is mediated by α2 agonists.
Non-specific α agonists inhibit adenylyl cyclase in
renal cortical tubules and α2 agonists inhibit adenylyl
cyclase in renal cortical homogenates.317,318 Thus, the
possibility exists that both α2 agonists and Ang II stim-
ulate NHE3 activity by inhibiting adenylyl cyclase
through a Gαi protein. Recent studies have shown that
α1 adrenergic receptor stimulation also increases NHE3
activity, but this effect is mediated by MAPK.319 Lastly,
β2 adrenergic agonists can activate NHE3 by inducing
β2 adrenergic receptor binding to NHERF through
binding of a NHERF PDZ domain with the last few
residues of the C-terminal cytoplasmic domain of the
receptor.320

Glucocorticoids: Glucocorticoids administered in
vivo increase Na/H antiporter activity in apical mem-
brane vesicles from renal cortex.321 Glucocorticoids
added to the media of primary cultures of proximal
tubule or OKP cells stimulate NHE3 activity, demon-
strating a direct effect of glucocorticoids on the Na/H
antiporter.322,323 In both OKP cells and proximal
tubules harvested from rabbits given glucocorticoids,
the increase in NHE3 activity is mediated by stimula-
tion of NHE3 transcription leading to increases
in NHE3 mRNA abundance, effects that are blocked

by preventing transcription or protein synthesis
with actinomycin D or cycloheximide, respectively, or
by blocking the glucocorticoid receptor with
RU486.58,59,324

The above studies address the chronic mechanism
by which glucocorticoids stimulate NHE3 activity.
Studies have shown that glucocorticoid-induced stimu-
lation of NHE3 activity preceeds the increase in NHE3
protein abundance, suggesting that the acute effects on
NHE3 activity are mediated by another mechanism.324

Consistent with this, the acute effects are blocked by
the glucocorticoid receptor blocker RU486, but are
insensitive to actinomycin D or cycloheximide.324 Moe
et al. demonstrated that acute regulation of NHE3
activity is mediated by dexamethasone-induced exo-
cytic trafficking of NHE3 protein to the apical mem-
brane.325 Additional studies demonstrated that
dexamthasone-induced phosphorylation of Ser663 by
serum- and glucocorticoid-inducible kinase (SGK1)
preceeds this and is required for the dexamethasone-
induced stimulation of NHE3 activity and the increase
in apical membrane protein expression.326

As discussed above, in addition to directly stimulat-
ing NHE3 activity, glucocorticoids synergistically
increase the effect of acidosis on NHE3 protein
abundance.208

Insulin: In the proximal tubule insulin stimulates
volume absorption, ammonia synthesis and excretion,
and Na/H antiporter activity.327�329 In OK cells the
signaling mechanism mediating insulin stimulation of
NHE3 activity is time-dependent.330 Chronic expo-
sure (24 hrs) stimulates NHE3 activity through the
PI3K-SGK1 signaling pathway, while the pathway
that mediates acute regulation (1-2 hrs) is not known,
but has been shown not to involve the PI3K-SGK1 or
cbl/CAP/TC10 (complex that assembles caveolae,
which NHE3 may associate with) pathways, increases
in apical membrane NHE3 expression, NHE3 phos-
phorylation, or association with megalin.330

LOOP OF HENLE AND THICK
ASCENDING LIMB

The loop of Henle reabsorbs 10-20% of filtered
HCO3

2.331 At least two important phenomena contrib-
ute to bicarbonate reabsorption in the loop of Henle.
First, reabsorption of water in the descending limb con-
centrates the luminal fluid and elevates the HCO3 con-
centration to B10-25 mM, raising luminal pH.332,333

The second phenomena is the reabsorption of HCO3 by
the thick ascending limb (TAL).334,335 The initial eleva-
tion of luminal HCO3 concentration facilitates reab-
sorption in the TAL, where reabsorption of bicarbonate
is dependent on luminal HCO3

2 concentration and is
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gradient limited as in the proximal tubule. In other
words, the TAL cannot lower luminal HCO3 concentra-
tion below B5 mM,334 if the fluid delivered to the TAL
had a low HCO3 concentration, as present at the end of
the proximal tubule, HCO3 could not be reabsorbed in
the TAL. The alkalinization of luminal fluid is also
important in raising luminal ammonia concentrations
and hence the transport of ammonium from the loop to
the collecting tubules.336

Earlier micropuncture studies demonstrated that
B50�70% of the HCO3 remaining at the end of the
accessible superficial proximal tubule is reabsorbed
prior to the superficial distal tubule.332,337 The site of
this HCO3 reabsorption was established when Good
and colleagues found that rat cortical and medullary
TAL perfused in vitro reabsorb HCO3 at a rate of up to
B20 pmole/mm.min, comparable to that in collecting
tubule segments.334,335 (The late proximal tubule in vivo
probably reabsorbs only a small amount of the filtered
HCO3.) Subsequent studies indicated that the general
features of acid�base transport in the rat TAL are those
depicted in Figure 55.9.338 The apical H extrusion
process is predominantly sodium-dependent and
amiloride-sensitive, i.e., Na-H exchange.334,339,340 The
predominant apical membrane Na-H exchanger in the
TAL is the NHE3 isoform.341,342 However, NHE2 is
also present on the apical membrane of the TAL.343,344

A luminal vacuolar type of H-ATPase is also present

but its role in transepithelial HCO3 transport in the
TAL is not established.17,338,340,345,346 Similarly, K-
ATPase activity and a K1-dependent HCO3 transport
pathway (possibly a K1aHCO3

2 cotransporter) have
been found in TAL but their roles are not clear
either.347,348

The basolateral extrusion of HCO3 probably occurs
via a Na/HCO3 cotransporter as in the proximal
tubule. Krapf identified a sodium-dependent, chloride-
independent, SITS-sensitive HCO3 transport system on
the basolateral membrane of the rat cortical TAL.349

Similar findings were reported for the mouse medul-
lary TAL.340 Electroneutral NBC 2 (also known as
NBCn1, Na-Bicarbonate Co-transporter) is thought to
be the predominate mechanism, at least in the medul-
lary portion of the TAL.350,351 In addition, basolateral
Cl/ HCO3 exchange (AE2, anion exchanger 2) and K-
HCO3 transport are present and may be involved in
transepithelial HCO3 transport.352�358 AE2 may
mediate some of the adaptive changes that occur in
acid�base transport in the TAL.359,360

Other acid�base transporters are present in the TAL
as well. Basolateral Na-H exchange (NHE-1 and NHE-
4) probably functions in pHi and cell volume regula-
tion, in regulation of apical Na-H exchange, and in
absorption of NH4

1.133,357,361�363 The apical and baso-
lateral Na-H exchangers appear to be functionally
linked, increasing in activity of the basolateral Na-H
exchanger are accompanied by increases in the apical
rates as well.364,365 NHE1 is proposed to control activ-
ity of NHE3, and consequently HCO3

2 reabsorption,
by a mechanism involving a change in cellular poly-
merized actin.366

Basolateral chloride channels are present in the TAL
but the role in acid�base transport has not been well
defined. ClC-Kb/barttin (ClC-K2/barttin in rodents,
barttin—a small necessary accessory protein) is present
in the TAL,367 distal convoluted tubule, and interca-
lated cells of the collecting duct. Mutations in either
ClC-Kb or barttin leads to Bartter’s syndrome, dis-
cussed elsewhere.368

The TAL also reabsorbs ammonium, probably via
NH4

1 movement on the apical Na-K-2Cl cotransporter,
and possibly via apical K channels.335,369�373 The
lumen positive voltage may also drive some paracellu-
lar movement of NH4

1.369,370 Of particular note, the api-
cal membrane of the TAL has been recognized to have
an extremely low permeability to NH3, compared to
most other biological membranes.340,372,373 Transport
of ammonium across the basolateral membrane is
likely via NHE4 and possibly NH3 diffusion.371

NHE4 adapts to metabolic acidosis to increase TAL
absorption and ultimate excretion of ammonium.374

Ammonia transport is discussed further in another
chapter.
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FIGURE 55.9 Model of acid�base transport in the thick ascend-
ing limb (TAL). Not shown is carbonic anhydrase, which is important
in facilitating acid�base transport in this segment. Also not shown is
apical H1-ATPase, which may have a role in H1 secretion. See text
for additional details.
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As in most nephron segments involved in acid�base
transport, bicarbonate reabsorption in the TAL
is dependent on carbonic anhydrase.334 The rat TAL
has both cytosolic and apical and basolateral membrane
carbonic anhydrase,157 the rabbit TAL, which does not
have carbonic anhydrase, does not reabsorb
HCO3.

375,376 Human and mouse TAL also have carbonic
anhydrase and therefore may reabsorb HCO3.

375,377

Regulation of HCO3 reabsorption in the TAL has
been examined both in vivo and in vitro. Acute and
chronic metabolic acidosis stimulate, and chronic chlo-
ride depletion metabolic alkalosis inhibits, HCO3 reab-
sorption in the TAL.378,379 Acidosis increases NHE-3
and basolateral Na-HCO3

� co-transport.350,341 NHE-3
decreases with metabolic alkalosis.380 However the
effects of metabolic alkalosis on HCO3 reabsorption in
vivo appear to vary with some experimental models
perhaps due to opposing influences of the acid�base
status and sodium and HCO3 delivery. HCO3

- reab-
sorption increases as luminal HCO3

- concentration
increases.334,381

Sodium chloride or sodium bicarbonate loading
in vivo increase HCO3 reabsorption in the TAL via
mechanisms involving both NHE3 and NHE1,382 and
sodium depletion reduces HCO3 reabsorption.

379 These
effects of sodium balance have been thought to result
from changes in sodium delivery rather than
from changes in mineralocorticoids.379 However,
recently aldosterone has been shown to inhibit TAL
HCO3

2 reabsorption by a non-genomic inhibition of
NHE3.383,384 Glucocorticoids and aldosterone at high
doses have been reported to stimulate HCO3 reabsorp-
tion in vivo.345,378,385 Angiotensin II inhibits TAL HCO3

2

reabsorption via a P-450 dependent mechanism.386 A
variety of other peptide hormones have also been found
to alter HCO3 reabsorption in the TAL both in vivo and
in vitro. Arginine vasopressin (AVP) and glucagon act-
ing via cAMP inhibit HCO3 reabsorption.387�389 Nerve
growth factor can either inhibit or stimulate TAL HCO3

reabsorption, depending upon the presence or absence
of other regulatory factors,390 inhibiting HCO3 reab-
sorption via ERK.391 The effect of PTH is complex. In
vitro, PTH modestly inhibits HCO3 reabsorption,388

however, in vivo PTH infusion enhances loop HCO3

reabsorption in thyroparathyroidectomized rats, per-
haps in part from an increased load of bicarbonate.392

Toll-like receptor 4 (TLR4) and TLR2 activation inhibit
NHE3 and TAL bicarbonate reabsorption.393�395

Osmolality and furosemide also alter HCO3 reab-
sorption in this segment. Increases in osmolality, sig-
naling via tyrosine kinase pathways, decrease apical
Na/H exchange and HCO3 reabsorption,363,396 in vivo,
this may be an additive factor with AVP during states
of antidiuresis. Hyposmolality stimulates HCO3 reab-
sorption via a PI-3 kinase mechanism.397,398 However,

PGE2 reverses inhibition of HCO3 absorption by AVP
(but not hyperosmolality), this reversal occurs via PKC
and pertussis toxin sensitive G protein pathways.399,400

Furosemide stimulates TAL HCO3 reabsorption, possi-
bly due to decreased cell Na (and hence increased Na-
H exchange) or cell hyperpolarization.334,388 This effect
may contribute to the enhanced urine acidification
observed with furosemide.

An interesting effect is that basolateral NHE1
appears to regulate activity of apical NHE3, and conse-
quently HCO3

2 reabsorption, by a mechanism involv-
ing a change in cellular polymerized actin.366

DISTAL NEPHRON

Luminal fluid delivered to the distal nephron is nor-
mally low in [HCO3] and pH, usually 5-7 mEq/L and
6.5�6.7, respectively.332,337 The distal tubule reabsorbs
this remaining HCO3 via H secretion, as in the proxi-
mal tubule. In contrast to the proximal tubule, how-
ever, net H secretion continues after reabsorption of
virtually all of luminal HCO3, lowering luminal and
urine pH to less than 5.5 under appropriate conditions.
This process requires active H secretion and an epithe-
lium able to maintain large concentration gradients for
H and HCO3. H secretion or HCO3 reabsorption in the
distal tubule is generally considered to result from pri-
mary H secretion. Supporting primary H secretion are
studies demonstrating an acid luminal disequilibrium
pH under certain circumstances in the superficial distal
tubule, in the cortical and outer medullary collecting
tubules, and in papillary collecting tubules.6,401�406

The distal nephron, beyond the thick ascending
limb, is composed of several distinct segments and a
diversity of cell types, several of which are involved in
acid�base transport, primarily H secretion. Some seg-
ments of the distal tubule can secrete HCO3, at least
under some circumstances. Despite this diversity, the
general mechanisms of luminal H secretion (HCO3

reabsorption) are likely similar along the distal neph-
ron. A general model of an H secreting cell is depicted
in Figure 55.10. This model originated from studies of
the turtle urinary bladder and has been best confirmed
in studies of intercalated cells of the rabbit cortical col-
lecting tubule and outer medullary collecting
tubule.407�409 (The turtle bladder, an ancestral and
embryologic relative of the collecting tubule, had been
extensively used in the past as an in vitro model of dis-
tal nephron acid�base transport but will not be
reviewed here.) The general features of H secreting
cells in the distal nephron are the apical H pump, a
basolateral Cl/HCO3 exchanger, and a basolateral Cl
channel. In addition, an apical H,K-ATPase is present
in many of these cells.410�412 In most, if not all, H
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secreting cells, the process is accelerated by cytosolic
and/or membrane associated carbonic anhydrase. The
primary apical H pump is a vacuolar type H-ATPase,
at least in most of these cells.413,414 The basolateral
Cl/HCO3 exchanger is related to the red cell Cl/HCO3

exchanger, band 3 protein, which has been extensively
studied.415,416 Each of these features of the H secreting
cell will be discussed in depth subsequently.

The opposite process, HCO3 secretion, is modeled in
Figure 55.11. The general features are apical Cl/HCO3

exchange, basolateral H extrusion, and a basolateral Cl
channel.408,409 An apical H,K-ATPase may be present
in some HCO3 secreting cells but is not depicted in
Figure 55.11 since the role in transepithelial transport is
not clear.417,418 HCO3 secretion occurs in cells with car-
bonic anhydrase. HCO3 secretion has been reported in
the rat superficial distal tubule, the rat and rabbit corti-
cal collecting tubule, and the turtle urinary
bladder.419�423 The models in Figures 55.10 and 55.11
will be used as starting points for the discussion of spe-
cifics segments and specific cellular mechanisms.

Some methodological considerations limit complete
integration of the available studies of acid�base trans-
port in the distal nephron. The evidence for the models
depicted in Figures 55.10 and 55.11 derives mostly
from studies of the turtle bladder and rabbit, rat, and
mouse collecting tubules perfused in vitro. However,
almost all of the in vivo physiology of distal acidifica-
tion is derived from studies of rats. In addition, most
of the biochemical and immunocytochemical studies

(e.g., of H-ATPase) have been performed in the rat and
mouse. Although most of the information on rats and
rabbits is complementary, some differences are appar-
ent, as discussed below, these differences limit direct
extrapolation of data between species. In contrast to
the rat and human, the rabbit usually excretes an alka-
line urine with little ammonium present. Studies of cul-
tured mammalian cells have complemented the studies
of intact nephron segments.

Distal Tubule

Micropuncture studies of rats have usually defined
the distal tubule as beginning just after the macula den-
sa and extending to the first junction with another
renal tubule. The distal tubule includes as many as
four distinct morphologic segments or regions in
sequence: a short portion of the thick ascending limb,
the distal convoluted tubule, the connecting segment,
and the initial collecting tubule.424 In the rat and
human, there is a gradual transition from the distal
convoluted tubule to the collecting duct, so that the
connecting segment has four cell types: distal convo-
luted tubule cells, connecting tubule cells, intercalated
cells, and principal cells (the latter two described in
detail for the collecting duct in the section below).424

Also the intercalated cells are divided into at least two
configurations, type A and type B, as described
below.425 The type A cells are presumed to secrete H,
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FIGURE 55.10 Model of H1 secreting type A intercalated cell.
Other transporters (such as Na1-H1 exchanger) may be present, but
are probably not involved in transepithelial acid�base transport.
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FIGURE 55.11 Model of HCO3
2 secreting type B intercalated cell

of the cortical collecting duct. Other transporters (such as Na1-H1

exchanger) may be present, but are probably not involved in transe-
pithelial acid�base transport.
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based on the presence of apical H-ATPase and basolat-
eral Cl/HCO3 exchange, and morphologic changes
with respiratory acidosis. By analogy with the cortical
collecting tubule, the type B intercalated cells may be
involved in HCO3 secretion. As discussed below, there
are other intercalated cells now classified as non-A,
non-B cells.

Numerous micropuncture studies have demon-
strated net H secretion (or HCO3 reabsorption) in the
superficial distal tubule of the rat.426�432 The early
distal tubule appears to reabsorb HCO3 via both Na-H
exchange and H-ATPase whereas the late distal tubule
has H-ATPase and H,K-ATPase, the latter particularly
during potassium depletion.433�436 The Na-H
exchanger is probably NHE2.342,437,438 Colonic H,
K-ATPase is clearly present in some cells of the
connecting segment and early CCD.433,434 Free flow
micropuncture and in vivo and in vitro microperfusion
studies have also demonstrated net HCO3 secretion in
this segment.387,422,439,440 Net HCO3 transport varies
markedly with diet, acid-loading, and other condition-
ing of the animals and with tubule flow rate.441 Studies
using variations in luminal Cl concentration have sug-
gested that separate processes of HCO3 reabsorption
and HCO3 secretion are present in the late distal tubule
just as in the cortical collecting tubule.442,435 Since the
cellular and molecular mechanisms of these processes
have been elucidated better using in vitro microperfu-
sion of rabbit cortical collecting tubules, the discussion
of these mechanisms will be described in the next
section.

Cortical Collecting Duct (CCD)

In a pivotal group of studies, McKinney et al. dem-
onstrated that the rabbit CCD perfused in vitro can
either reabsorb or secrete HCO3, depending on the
acid�base conditioning of the animals.442�444

Subsequent studies extended these findings to rat and
mouse CCD.419,445�447 Considerable evidence suggests
that bicarbonate reabsorption and bicarbonate secretion
are separate processes mediated by distinct cell types
as in Figures 55.10 and 55.11.408

The CCD consists of principal cells (PC) and more
than two types of intercalated cells (IC). The principal
cells represent 2/3 of CCD cells and mediate sodium,
water, and probably most, if not all, of potassium trans-
port under normal conditions.448 Most evidence suggests
that the principal cells are not involved in transepithelial
acid�base transport. The PCs do possess several acid-
�base transporters on the basolateral membrane: Na-H
exchanger, Na-independent Cl/HCO3 exchanger, and
Na/HCO3 cotransporter.449�451 These processes proba-
bly function to regulate pHi. Direct studies of pHi in PC

have not identified any apical membrane acid�base
transporters.450,451 Also, immunocytochemical studies
have failed to find immunoreactivity for H-ATPase,
band 3 type protein (Cl/HCO3 exchanger), and H,K-
ATPase.17,416,452 PCs do have a few intramembranous
rod-shaped particles, which are associated with
H-ATPase.453 Hence, the weight of evidence for the PC
suggests no involvement in transepithelial acid�base
transport.

Two types of intercalated cells, A and B cells, are
responsible for bicarbonate reabsorption and secretion,
respectively, in the CCD. (Types A and B are some-
times used to only indicate rat cells, whereas α and β
are used for rabbit cells, here A and B refer to any
experimental species.) The model of separate interca-
lated cells (IC) is derived from several lines of evidence
and is analogous to transport in the turtle urinary blad-
der.454 Morphologically, the rat CCD has two distinct
types of IC, both of which stain for carbonic anhy-
drase.424,425,455,456 The type A cell has a mixture of api-
cal microplicae and microvilli by scanning electron
microscopy, immunoreactivity for H-ATPase on the
apical membrane and for band 3 protein on the basolat-
eral membrane, and apical intramembranous rod-
shaped particles (which are associated with H-ATPase
as described below).17,415,425,457 The type B cell has a
few apical microvilli and no immunoreactivity for
band 3 protein, immunoreactivity for H-ATPase and
rod-shaped particles are present on the basolateral
membrane415,425,457�459 (Figure 55.12). Pendrin is also
located on the apical membranes of rat (and mouse)
type B IC.460,461 All of these characteristics agree with
the models in Figures 55.10 and 55.11. These features
are best resolved in rat CCD, in the rabbit CCD, IC do
not clearly separate into types based on morphology.453

In fact, rod-shaped particles are present in all rabbit
CCD IC on both the apical and basolateral membranes,
although to varying extent.453 However, rabbit CCD IC
do demonstrate heterogeneity with respect to other
characteristics. Most rabbit CCD IC, especially in the
outer cortex, have apical peanut lectin binding, and
these cells exhibit characteristics of type B or HCO3

secreting IC: predictable changes in cell pH with
changes in luminal Cl or HCO3, and cell acidification
on removal of peritubular Cl.416,451,462,463 In the rabbit,
the type B IC (peanut lectin positive) usually exhibit
diffuse staining for H-ATPase, rather than basolateral
staining as in the rat type B IC.464 Some rabbit CCD IC
do have immunoreactivity for apical H-ATPase and
basolateral band 3 protein (type A IC).416,464 The type
A IC in the rabbit CCD can also be identified by the
endocytosis of fluorescent macromolecules, this pre-
sumably occurs in the recycling of apical membrane H-
ATPase as discussed below.462,192,465 These cells exhibit
cell alkalinization on removal of basolateral Cl.462,465
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Type A IC become more abundant as the CCD
approaches the junction with the medulla in the rab-
bit.466,467 Although the morphologic differences
between species are complex, both experimental spe-
cies, rat and rabbit, exhibit IC cells resembling the
models in Figures 55.10 and 55.11.

Importantly, IC have recently been found to be
involved in regulation of NaCl reabsorption.468,469 Cl
can obviously be directly transported by pendrin on
the apical membrane of type B IC but luminal
pH/HCO3 and voltage are also altered by H1 secretion
by type A IC, thereby modulating Na1 transport.

Other types of IC exist based on a variety of experi-
mental techniques and findings.467,470,471 These are cur-
rently referred to as “non-A, non-B IC.” These cells
have both H-ATPase and pendrin on the apical mem-
brane and neither H-ATPase or AE1 on the basolateral
membrane. Some earlier investigators had called one
group of such intercalated cells γ and G cells in rabbit
and rat CCD respectively, defined functionally by both
apical and basolateral Cl/HCO3 in studies of intracel-
lular pH.470,471 These cells are only clearly identified so
far by intracellular pH studies demonstrating both api-
cal and basolateral Cl/HCO3 exchange. The normal
function and adaptive response of these non A, non B
cells have not been clearly established. These cells may
represent a versatile cell type able to respond to acid or
base loads or other stimuli.There has been clear in vitro
evidence that some CCD cells undergo significant func-
tional changes with acid loads.472,473 In contrast to the
distinct classifications of subtypes, studies of cellular
distribution of H-ATPase in rat CCD and OMCD
demonstrate a spectrum of distribution ranging from
predominantly apical location, to predominantly

cytoplasmic, to predominantly basolateral, depending
upon the acid�base status of the animal.474 This regu-
lation is discussed further below.

Both A and B IC probably have basolateral Cl
channels as in Figures 55.10 and 55.11, and basolateral
Na-H exchange to regulate intracellular pH.451,475,476

(Actually, much of the data for type A IC in the CCD
derives from studies on the IC of the outer medullary
collecting duct, in which all of the IC are type A.) Rabbit
IC also exhibit immunoreactivity for H, K-ATPase as
discussed below.452 Regulation of CCD HCO3 transport,
including the possibility of modulation of cell type, will
be discussed in a subsequent section.

CCD from most untreated normal rabbits exhibit
spontaneous HCO3 secretion,379,423,477�479 CCD from
most untreated rats exhibit spontaneous HCO3 absorp-
tion.419,445 However, in both species, simultaneous
secretion and reabsorption are probably occurring in
separate cell types. Separate processes can be inferred
from transepithelial flux studies which selectively
abolish HCO3 reabsorption (with removal of
luminal HCO3 or peritubular Cl) or alternatively abol-
ish HCO3 secretion (with removal of luminal Cl or
basolateral HCO3).

480,445,481 HCO3 reabsorption can
also be inhibited by basolateral disulfonic stil-
benes.404,478 Simultaneous HCO3 secretion and H secre-
tion can also be inferred from studies demonstrating
an acid disequilibrium pH in rabbit CCD which have
net HCO3 secretion.

406

The separate process of H secretion (or HCO3 reab-
sorption) in the CCD appears to be analogous to
the same process in the outer medullary collecting
duct, where no HCO3 secretion occurs.406 The pro-
cess is electrogenic (generating a lumen positive

FIGURE 55.12 Left panel shows section of rat kidney cortex immunolabelled with antibodies against the H1-ATPase (31-kD subunit). One
cell (arrows) has apical staining (type A IC), while another has basolateral staining (arrowheads, type B IC). Right panel shows adjacent section
stained with anti-band 3 antibody. The type A cell has basolateral staining. (From Alper S, Natale S, Gluck S, Lodish HF, Brown D. Subtypes of
intercalated cells in rat kidney collecting duct defined by antibodies against erythroid band 3 and renal vacuolar H1-ATPase. Proc Natl Acad Sci USA
1989,86:5429�5433, with permission.)
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transepithelial voltage in the absence of Na trans-
port), sodium-independent, and sensitive to inhibition
by acetazolamide.404,444 Some data suggest that CCD
H secretion is increased by mineralocorticoids inde-
pendent of the increased lumen negative transepithe-
lial voltage,404 however, HCO3 secretion in the CCD
is also increased by mineralocorticoids administered
in vivo.480 As discussed below, in vivo and in vitro
acid loads increase net HCO3 reabsorption in the
CCD. However, unidirectional HCO3 reabsorption is
stimulated less than unidirectional HCO3 secretion is
inhibited.480�484

Bicarbonate secretion in the CCD is electroneutral,
sodium-independent, coupled to Cl absorption, and
sensitive to acetazolamide.443,478,479,485 The distinction
between the apical Cl/HCO3 exchanger in type B cells
and the basolateral Cl/HCO3 exchanger in type A
cells will be discussed below. As discussed in detail
below, the HCO3 secretory process is decreased by
in vivo or in vitro acid loads and is increased by
in vivo mineralocorticoids (at least in alkalotic
animals).478,480,481,486

In sum, the CCD has at least two different types of
intercalated cells mediating separate processes of
HCO3 reabsorption and HCO3 secretion. Net HCO3

transport depends upon the sum of these processes
which are determined by the conditioning of the ani-
mal. The transport proteins responsible for these pro-
cesses will be discussed below.

Outer Medullary Collecting Duct (OMCD)

The OMCD is distinct from both the CCD and the
inner medullary collecting duct. Both the rat and rabbit
OMCD reabsorb HCO3, no HCO3 secretion has been
reported.419,477,487 In the rat, IC constitute 1/3 of the cells
in the OMCD in both the outer and inner stripe
(OMCDos and OMCDis, respectively).424,456 However,
in the rabbit OMCDis, only the outer portion has IC,
the cells of the inner OMCDis differ from both PC and
IC and have been termed “inner stripe cells”.407,453 The
IC of the OMCD resemble type A IC of the CCD, these
cells have apical or diffuse staining for H-ATPase,
basolateral staining for band 3 protein, and cytoplasmic
staining for H,K-ATPase.416,464,452 The rabbit OMCD IC
do not bind peanut lectin,416 and in contrast to the type
A IC of the CCD, only 22 of the OMCD IC endocytose
macromolecules.467 Studies of pHi in OMCD IC dem-
onstrate characteristics of the prototypical type A cell
in Figure 55.10: Na-independent acid extrusion and
basolateral Cl/HCO3 exchange.488 Electrophysiologic
studies clearly distinguish PC and IC, the IC have a
lower basolateral membrane voltage, a predominantly
Cl selective basolateral membrane, and virtually no
measurable ionic conductance across the apical mem-
brane.489,490 All of these findings are consistent with IC

mediating the HCO3 reabsorption observed in the
OMCDos of the rabbit. As was the case for HCO3 reab-
sorption in the CCD, HCO3 reabsorption in the
OMCDos is sodium-independent and coupled to baso-
lateral Cl/HCO3 exchange.487 In contrast to the CCD,
HCO3 reabsorption is relatively insensitive to inhibi-
tion by carbonic anhydrase.487

As indicated by the morphologic differences with
the OMCDos, the OMCDis is functionally distinct. In
contrast to the OMCDos and CCD which contain PC,
the OMCDis has not been reported to reabsorb Na. All
inner stripe cells (OMCDis) in the rabbit have apical
intramembranous rod shaped particles (associated
with H-ATPase), although in varying density.453

However, only some cells stain for H-ATPase (apical
location) and basolateral band 3 protein.17,416,464 The
cells also exhibit heterogeneity for the uptake of the pH
sensitive dyes 6-carboxyfluorescein and BCECF (from
the lumen).467,491 However, these differences among
cells do appear to represent quantitative differences of
functional activity, but may not indicate qualitative dif-
ferences of cell type as in the CCD.492 As expected for
type A cells, the cells of the OMCDis do not bind pea-
nut lectin and do not endocytose macromolecules.416,467

Studies of pHi demonstrate basolateral Cl/HCO3

exchange and Na-independent H extrusion which is
sensitive to NEM.475,493,494 In addition, these cells dem-
onstrate basolateral Na-H exchange in the recovery of
pHi from acid loads.475 OMCDis IC also express an api-
cal Na-HCO3

2 cotransporter (NBC3) that functions pre-
dominantly in intracellular pH homeostasis.495

Functionally, HCO3 reabsorption in the OMCDis is
electrogenic (lumen positive transepithelial voltage),
sodium-independent, and coupled to basolateral
Cl/HCO3 exchange.496,497 In contrast to the CCD, the
rabbit OMCDis does not have a luminal disequilibrium
pH, this finding indicates the functional presence of
luminal carbonic anhydrase.405 (An acid disequilibrium
pH can be demonstrated with addition of carbonic
anhydrase inhibitors to the luminal solution.) As dis-
cussed below, some functional evidence suggests that
HCO3 reabsorption in the OMCDis, particularly from
potassium depleted rabbits, is mediated at least in part
by H,K-ATPase.412,498

In sum, both segments of the OMCD only reab-
sorb HCO3, in contrast to the more complex situation
in the CCD. However, the process of HCO3 reabsorp-
tion is basically the same as in the type A cell of the
CCD: apical vacuolar type H-ATPase and H,K-
ATPase, and basolateral Cl/HCO3 exchange by a
band 3 protein.

Inner Medullary Collecting Duct (IMCD)

The IMCD is divided into the initial and terminal
segments, IMCDi and IMCDt respectively, based on
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distinct morphology and function, the transition
between these segments occurs after the initial 1/3 to 1/2

of the IMCD.424,499,500 The IMCDi corresponds to the
IMCD1 in other terminology, and the IMCDt corre-
sponds to the IMCD2 plus the IMCD3. The rat IMCDi

contains 210% IC, in the rabbit, the IMCDi resembles
the inner stripe cells of the OMCDis.

121,500 The cells of
the IMCDi have apical rod shaped particles and mem-
brane associated carbonic anhydrase, the IMCDt lacks
these features.453,500 The IMCDt cells are homogeneous
without IC and are referred to as IMCD cells.453,500

Immunoreactivity for H-ATPase, band 3 protein, and
H,K-ATPase have not been found or reported in the
IMCD, except in the IC of the IMCDi. Although NEM-
sensitive ATPase activity (ascribed to H-ATPase) has
been reported in some studies of the IMCDi, the cellu-
lar location of this activity is not known.453,501,502 H,
K-ATPase activity has been found in the IMCD, as dis-
cussed below.

The IMCD has been studied with micropuncture,
microcatheterization, and microperfusion techniques in
the rat.503,504 These studies indicate luminal acidifica-
tion, sodium-independent bicarbonate reabsorption,
and an acid disequilibrium pH (at least during sys-
temic bicarbonate infusion).401,403,505�511 A few in vitro
microperfusion studies of acid�base transport in the
IMCD have been reported. Ishibashi et al. found no
luminal acidification in the rabbit IMCD.512 Wall et al.
found some H secretion and HCO3 reabsorption in the
rat IMCD (both IMCDi and IMCDt) perfused in vitro,
but the rate appeared to be less than reported
in vivo.504,513

Because of the limited studies of intact IMCD
in vitro, cell culture and suspension studies of IMCD
cells assume additional importance. Cell cultures and
suspensions of rat and rabbit IMCD demonstrate both
Na-dependent and Na-independent H extrusion.514�523

The Na dependent process (Na-H exchange) has now
been localized to the basolateral membrane, indicative
of a role in pHi regulation and not in urine acidifica-
tion.515,524 The exact nature and cellular origin of the
Na-independent H extrusion have been problematic,
particularly for the IMCDt where no IC and conflicting
evidence for vacuolar-type H-ATPase are found.
However, as discussed below, significant evidence for
H,K-ATPase in the IMCD is now available.410,504 Other
studies find evidence for H-ATPase.520,525 Basolateral
acid�base transport processes in IMCD cells have been
studied also. Studies of pHi in perfused and cultured
rat IMCD have demonstrated basolateral Cl/HCO3

exchange that may represent AE1 and AE2 (discussed
below).526�528 Cultured IMCD cells have also been
reported to possess basolateral Na-coupled HCO3

transport.529

Cellular Mechanisms of H Secretion in the
Distal Nephron

H-ATPase

Much evidence exists for a H-ATPase mediating H
secretion in the mammalian distal nephron and in par-
ticular the cortical and outer medullary collecting
ducts.530,531 In addition, as previously discussed, H-
ATPase mediates some component of H secretion/
HCO3 reabsorption in the proximal tubule. Although
the initial evidence for H-ATPase mediating urine acid-
ification derived from turtle bladder, most of the subse-
quent biochemical data has been from bovine and rat
kidney.413,409,532 The initial evidence supportive of a H-
ATPase was a report by Dixon and Al-Awqati demon-
strating a DCCD-sensitive increase in intracellular ATP
in turtle bladders with an imposed electrical or H
gradient, a result consistent with a reversible, H-
ATPase.532

The H-ATPase involved in urine acidification is a
member of a novel class of proton-translocating
ATPases, the vacuolar H-ATPases.19,530 These proton
pumps acidify the interior of a variety of intracellular
organelles: endosomes, Golgi-derived vesicles, lyso-
somes, endoplasmic reticulum, and chromaffin gran-
ules.533 Plasma membrane localization, associated with
cellular H extrusion, has been reported in kidney
tubule cells, osteoclasts, macrophages, epididymis, vas
deferens, and interdental cells in the inner ear. This
class of H-ATPase has ancestral relationships to the
F1F0 H-ATPases, the class containing the mitochondrial
ATP synthetase, this relationship is indicated by
some sequence homology and by structural simil-
arities.414,533,534 The vacuolar H-ATPases contain 8�10
protein subunits, ranging in molecular weight
from 12,000 to 116,000. A distinguishing feature of this
class of H-ATPase is the pattern of inhibitor sensitivity:
sensitivity to N-ethylmaleimide (NEM), 7-chloro-
4-nitrobenz-2-oxa-1,3-diazole (NBD-C1), dicyclohexyl-
carbodiimide (DCCD), omeprazole, and bafilomycin,
resistance to vanadate, azide, and oligomycin.414,533

H-ATPase is also inhibited by cadmium.530 The holoen-
zyme has a molecular weight of 500-700 kDa. The H-
ATPase from kidney has been purified, reconstitution
restores both ATP hydrolysis and ATP-dependent H
transport.535�537 By analogy with the F1F0 H-ATPases,
the vacuolar H-ATPases have been modeled to have:
(1) several globular, cytoplasmic subunits involved in
ATP hydrolysis, (2) multiple copies of small intramem-
branous subunits forming the H channel, and (3) other
subunits possibly involved in membrane anchoring
or in coupling between ATP hydrolysis and H trans-
port.413,414,533,534 These subunits are located in two
distinct domains or sectors, a predominantly
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transmembrane V0 sector responsible for proton trans-
location and a cytosolic V1 sector involved in ATP
hydrolysis and regulation (Figure 55.13).530 Several
subunits have more than one isoform which are selec-
tively expressed in various tissues. There are 4 iso-
forms of the α subunit suggesting distinct roles, but all
4 are expressed in IC.538 Intercalated cells selectively
express a unique isoform of the B or 56 KD subunit,
B1.539 However, the B2 subunit is also expressed
in IC.540 Mutations in the B1 subunit and the a4 sub-
unit (genes Atp6v1b1 and Atp6v0a4 respectively) have
been characterized as causing distal reanl tubular
acidosis.541,542

The evidence that an H-ATPase of the vacuolar class
mediates urine acidification derives from several lines
of evidence. First, the physiology of distal tubule H
secretion correlates well with the biochemical informa-
tion: electrogenic, sodium-independent ATP-requiring
process.404,496,543 Second, antibodies directed against H-
ATPase stain the apical plasma membranes of rat inter-
calated cells.17,18,415,458 Third, rabbit outer medullary
collecting ducts from the inner stripe have H secretion
which is sensitive to luminal NEM.493 Also, affinity
purified H-ATPase form arrays of stud-like structures
in liposomes which are identical to structures observed
in apical membranes of H secreting cells.544 And finally
mutations in H-ATPases subunits cause distal renal
tubular acidosis.19

Because of the unique inhibitor sensitivity of vacuo-
lar H-ATPase (i.e., NEM sensitivity, and resistance to
many other inhibitors), NEM-sensitive ATPase activity
has been used to localize and quantitate activity in var-
ious nephron segments.346,501,502,545,546 Although the
segmental localization and chronic adaptation (e.g., to

acid loads and mineralocorticoids) often correspond to
expectations based on other data, the interpretation of
NEM-sensitive ATPase activity must be cautious
because of the non-specific nature of NEM and because
of the presence of intracellular vacuolar H-ATPase
associated with cellular organelles. In other words,
NEM sensitive ATPase activity may not accurately
reflect plasma membrane H pump.

Regulation of renal H-ATPase probably occurs via
several mechanisms.19,530 Since the pump is electro-
genic, the rate of H secretion will vary depending on
the transmembrane voltage which is influenced pre-
dominantly by the rate of Na transport in the distal
nephron. Cl may directly activate the pump.414,547 And
Cl dissipates the transmembrane voltage in intracellu-
lar organelles allowing acidification,414,533 however, in
the apical membranes of the IC of the collecting ducts,
such a Cl channel has not been found function-
ally489,488,548 except in cultured cells.549 The chloride
channel ClC-5 colocalizes with H-ATPase in type A
ICs, but the functional activity is unknown.550 Also
Slc26a11 has also been localized in IC and could serve
this function.551

The best characterized and probably most important
mode of regulation of H-ATPase is targeting and recy-
cling of pumps into and out of the apical membrane
discussed in the section on “regulation of distal neph-
ron acidification” below. Regulated assembly and dis-
assembly of the subunits is also a well characterized
mechanism of regulation in some systems,530,552,553 reg-
ulated assembly of the V0 and V1 domains leading to
membrane insertion is coupled to glucose metabolizing
enzymes and the phosphatidylinositol-3-kinase
pathway.530,554�556 The latter signaling mechanism

FIGURE 55.13 Model of H-ATPase.
(From Breton S, Brown D. New insights into
the regulation of V-ATPase-dependent proton
secretion. Am J Physiol Renal Physiol
2006,172:1107�1119, with permission.)

1949DISTAL NEPHRON

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



may regulate H-ATPase via interaction with actin.555

Other mechanisms of modulation of pump activity
may include the lipid environment, cytosolic regula-
tory factors, and possibly activator and inhibitory
proteins.414,531,557�559 Transcriptional and translational
regulation of H-ATPases do not appear to be important
mechanisms, although the 31 kD subunit increases in
IC with acidosis.560

H,K-ATPase

H,K-ATPases are also present in various distal neph-
ron segments and contribute to acid secretion and
HCO3 reabsorption particularly in certain states such
as potassium deficiency.412,561�564 H,K-ATPases secrete
H1 and absorb K in an electroneutral manner. K-
ATPase activity, insensitive to sodium and ouabain but
sensitive to inhibitors of the gastric H,K-ATPase, was
initially identified in distal nephron segments.565,566

The impact of these findings was then amplified by
a series of studies demonstrating the effect of these
same inhibitors on HCO3 transport.410�412 Several
approaches have demonstrated the presence and func-
tion of at least two isoforms of H,K-ATPase, HKα1 and
HKα2, defined below.410�412 Functionally, H secretion
via H,K-ATPase has been identified by loss of function
on K removal or by use of inhibitors such as omepra-
zole or SCH28080 (Schering-Plough).412,567 K-ATPase
activity, distinct from Na,K-ATPase, has also been
used.565,566

H,K-ATPases are K- dependent ATPases of the E1,E2
class (P-type ATPase) and consist of two subunits, the α
catalytic subunit and the β subunit. Four isoforms of the
α subunit of H,K-ATPase have been isolated, cloned,
and sequenced,410 these are designated as HKα1,
HKα2, HKα3, and HKα4 cloned from rat stomach,568

rat distal colon,569 toad bladder,570 and human skin,571

respectively. The HKα1, 2, and 4 isoforms have been
referred to as gastric, colonic isoforms and ATPlAL1,
respectively, ATP1AL1, also known as α4, is probably
the human ortholog of the α2 gene.572 The colonic α2
subunit has at least two molecular variants.434,573,574

The four known α isoforms have different, but still
incompletely defined, inhibitor sensitivity (reviewed
in410,412). The HKα1 or gastric isoform is sensitive to
omeprazole and SCH28080 but not to ouabain. The
HKα2 or colonic isoform is sensitive to ouabain but not
SCH28080. Both SCH28080 and ouabain inhibit HKα3
and HKα4, note, however, that no mammalian form of
HKα3 has been identified yet. Other isoforms or var-
iants have been suggested based on various discrepan-
cies (between enzymatic activities and molecular
events, and between model systems),562,575�577 but
recent work in knock-out mice suggest that gastric and
colonic isoforms do account for K-ATPase enzymatic
activities (an area of discrepancy and controversy

particularly in rats).578 Two β subunits have been
shown to interact with H,K-ATPases, a gastric 2 isoform
which is also expressed in kidney and the β1 subunit of
Na,K-ATPase.561,562,579�584

The relative role of H,K-ATPase (versus H-ATPase),
distribution of isoforms, and regulation have been
examined. Both HKα1 and HKα2 mRNA have been
found all along the collecting duct.410 Mice with knock-
outs for either gastric or colonic H,K-ATPase have nor-
mal acid�base status,585,586 but this may result from
compensatory adaptations. In the CCD, H,K-ATPase
functions in H1 secretion at least after potassium
depletion.412,587 In the OMCDis under normal condi-
tions, 35�70% of HCO3 reabsorption appears to be
mediated via H,K-ATPase.588,589 Increased HCO3

reabsorption in response to metabolic acidosis is sec-
ondary to increased H-ATPase482,589,590 but the acute
response to respiratory acidosis may be H,K-ATPase,
at least in CCD.591 But metabolic acidosis does sti-
mulate H,K-ATPase activity.417,592 Calcitonin and iso-
proterenol both stimulate H-K-ATPase activity,
presumably in distinct IC populations, but the physi-
ologic roles are not clear.593,594

Some data suggests a role for H,K-ATPase in HCO3

secretion.587,595 However, an apical H,K-ATPase (not
basolateral as expected for HCO3

2 secretion) appears
to be present in type β IC.417,418,433,434,596 HKα2 is
increased in CCD with metabolic alkalosis.595

With potassium depletion, increased HCO3 reab-
sorption appears to be predominantly SCH28080 sensi-
tive H,K-ATPase.498,588,590 However, most information
suggests that HKα2 (not usually SCH28080 sensitive) is
the predominant isoform induced by potassium deple-
tion particularly in medullary collecting ducts.597�601

However, HKα1 may be also induced in CCD in
potassium depletion.598 Several studies of IMCD also
demonstrate that SCH28080 inhibitable H secretion is
present under basal conditions and stimulated by
potassium depletion.504,518 Other studies of cultured
IMCD cells, however, have found predominantly H-
ATPase.520,525 As alluded to above, the isoforms of
H,K-ATPase responsible for various functional find-
ings are not entirely clarified. Some evidence
suggests that an unidentified, H,K-ATPase isoform
may be induced by hypokalemia or that the proper-
ties of known isoforms may be altered in potassium
depletion.562,577

H,K-ATPase may play a role in sodium transport
since sodium can substitute for potassium to accom-
plish sodium absorption and low Na diets up-regulate
H,K-ATPase activity.602�604 NH4 may also substitute
for H and thereby H,K-ATPase function in NH4

secretion.605�607 Isoproterenol and calcitonin stimulate
collecting duct H,K-ATPase activity via a cAMP and
ERK dependent manner.593,594
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Basolateral Cl/HCO3 Exchange

Early studies of H secretion in the turtle bladder and
collecting tubule suggested basolateral Cl/HCO3

exchange which was sensitive to disulfonic stilbenes
(SITS and DIDS).497,511,608 Inhibition of basolateral Cl/
HCO3 exchange inhibits luminal H secretion.487,497,511

Studies of pHi in IC of rabbit are also consistent with
basolateral Na-independent Cl/HCO3

exchange.462,467,475,494 Studies using antibodies directed
against the red cell Cl/HCO3 exchanger (band 3 pro-
tein or anion exchanger AE1, SLC4A1) demonstrated
immunoreactivity with mitochondria rich cells of the
turtle bladder and with type A IC of rat, rabbit and
human collecting ducts.415,416,457,609,665,711 The molecu-
lar details of AE1 and the related kidney protein were
subsequently elucidated.612�616 A single gene encodes
both the red cell and the kidney AE1 protein, however,
an alternate start site leads to an mRNA in the kidney
which has exons 1�3 deleted.352,613,616 The major kid-
ney AE1 protein therefore has a truncated N-terminus,
this region of the protein is part of the cytoplasmic
domain not directly involved in Cl/HCO3

exchange.611,617 SLC26A7 may also contribute
to basolateral Cl2/HCO3

2 exchange in the medullary
CD and be regulated by distinct stimuli such as
hypertonicity.618�620

The driving force for basolateral Cl/HCO3 exchange
would appear to be a concentration gradient of Cl from
basolateral solution to cell, since most studies of pHi in
the collecting tubule suggest that the intracellular
[HCO3] in H secreting cells is close to or below extra-
cellular [HCO3].

475,462,467,488,494 Primary active H secre-
tion across the apical membrane potentially produces
cell alkalinization and elevation of intracellular
[HCO3], HCO3 then is extruded across the basolateral
membrane. Evidence does not support conductive
pathways or significant sodium-coupled pathways for
this HCO3 exit in most distal nephron H secreting
cells.475,494,527 Cell Cl is undoubtedly lowered by
a basolateral Cl channel as in Figure 55.10, the cell neg-
ative transmembrane voltage will drive Cl exit
from the cell. Studies of IC in the CCD and OMCDos

and of inner stripe cells have demonstrated that
the basolateral membranes are predominantly Cl
conductive.548,489,621,622

Few studies have directly addressed the regulation
of either the basolateral Cl/HCO3 exchanger or the
basolateral Cl channels. However, two studies have
examined the kinetics of the basolateral Cl/HCO3

exchanger in intact OMCDis. Breyer et al. reported a
Km for extracellular Cl of 210 mM, while Hays and
Alpern reported a Km of 2114 mM.475,494 The higher
value of Hays and Alpern was measured in the pres-
ence of competing HCO3 and thus represents an

apparent Km under physiologic conditions. This value
would indicate that changes in extracellular [Cl] in the
physiologic range could have important effects on
OMCDis H secretion. In either case, the Km for Cl is
much higher than for H secretion in the turtle bladder
(Km ,1 mM measured in the absence of HCO3 which
competes with Cl). Basolateral AE1 in the collecting
duct does adapt to acid�base conditions.623,624

Although principal cells in the CCD also have baso-
lateral Cl/HCO3 exchange, the identity of the protein
responsible is not clear.450,451 Antibodies to AE1 pro-
tein do not label PC basolateral membrane, although
this could be a result of low density of the transporter
in these cells.415,416 The PC Cl/HCO3 exchanger is not
active under normal conditions, but is activated by ele-
vations in pHi.

451,625 Similarly, all inner stripe cells and
inner medullary collecting tubule cells apparently
exhibit Cl/HCO3 exchange,475,494,514,527 but only some
of the inner stripe cells and no IMCDt cells label with
antibodies against AE1.416,457 Basolateral Cl/HCO3 in
the collecting duct which is not accounted for by AE1
may be AE2. AE2 is on the basolateral membrane of
some collecting duct cells, particularly in the inner
medulla.353,526,626,627 AE4 may also mediate some of
basolateral HCO3 transport.628 SLC26A7 may also
mediate basolateral Cl/HCO3 exchange in the
OMCD.618,620 As noted above, cultured IMCD cells do
exhibit basolateral Na-HCO3 symport.524

In sum, cellular HCO3 is extruded in most H secret-
ing cells of the distal nephron by a truncated form of
band 3 or AE1 protein. Cl/HCO3 exchange also occurs
in other cells, but the molecular identity of the other
exchangers is not resolved. Basolateral chloride chan-
nels are discussed below.

Cellular Mechanisms of HCO3 Secretion

Apical Cl/HCO3 Exchange

The apical process in HCO3 secreting IC is the
Cl/HCO3 exchanger pendrin, SLC26A4. The functional
properties were established by transepithelial flux
studies and directly demonstrated by studies of pHi in
rabbit IC.443,451,462,478,479 Transepithelial flux studies of
HCO3 and Cl first demonstrated Cl/HCO3 exchange in
CCD.476,478,479 Studies of cell pH have subsequently
clearly shown apical Cl/HCO3 exchange in CCD IC.
For instance, changes in luminal Cl or HCO3 alter cell
pH in a predictable fashion.451,467 These cells also show
cellular acidification with removal of basolateral Cl,
indicative of apical Cl/HCO3 exchange, presumably as
basolateral Cl is removed, cell Cl is depleted, and Cl
will enter the cell across the apical membrane in
exchange for extrusion of cellular HCO3.

451,462 Prior

1951DISTAL NEPHRON

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



removal of luminal Cl, before removal of basolateral
Cl, blocks the cell acidification.451 Physiologic studies
demonstrate that the apical exchanger differs from the
basolateral exchanger present in type A IC.478,629 Also,
the apical membranes of type B IC (or most IC of the
rabbit CCD) do not stain with antibodies to AE1 pro-
tein, in contrast to the basolateral membranes of type A
IC.415,416,457,610,611 The apical Cl/HCO3 exchanger in B
IC is likely not the same protein as the basolateral
Cl/HCO3 exchanger in type A IC. The exchanger
appears to function in transepithelial anion transport
but does not appear to be involved in acute regulation
of intracellular pH.625 The exchanger has little if any
role in cell pH recovery from acid loads and also may
not be activated by cell alkalinization.625 The exchanger
actually exchanges Cl for Cl (Cl self exchange) at a rate
greater than Cl/HCO3 exchange.476,629,630 The
exchanger appears to be activated by cAMP as dis-
cussed below.478,631,632 The Km for luminal Cl is 10 mM
in the rabbit CCD,632 with the apparent halide affinity
Cl2BBr2. I2. F2.633

Pendrin has now been established as the apical Cl/
HCO3 exchanger in B IC. Pendrin (SLC26a4) is the
gene product, originally identified as an iodine trans-
porter defective in Pendred’s Syndrome, an autosomal
recessive deafness and goiter. It localizes to the apical
membrane of HCO3 secreting type B IC and non- A,
non-B IC. CCD from pendrin knock-out mice does not
secrete HCO3.

460,447,634 Pendrin expression and apical
localization increase with alkali loads and mineralocor-
ticoids and decrease with acid loads.460,635�638 Pendrin
likely has both cytosolic and extracellular pH regula-
tory sites.639 Pendrin expression also responds to chlo-
ride balance and appears to be involved in blood
pressure regulation.640,637,641,642

In contrast to studies implicating pendrin, some ear-
lier evidence suggested that the apical Cl/HCO3

exchanger in Type B IC is a form of AE1.643�646 These
investigators suggest that the kidney form of AE1 is
not detected by usual immunocytochemical methods
because the antigen is Alatent@ or hidden in the apical
domain of B cells.643 Another anion exchanger AE4 has
also been proposed to account for apical Cl/HCO3

exchange, at least in the rabbit.647 However, other stud-
ies find properties of AE4 (such as a lack of change
with acid�base perturbations) that differ from CCD
HCO3 secretion.

628

Basolateral H Extrusion

HCO3 secretion in the turtle bladder and mamma-
lian CCD is active and acetazolamide sensitive.409,443

The basolateral H extrusion mechanism in bicarbonate
secreting cells is the active driving force for HCO3

secretion. The molecular mechanism of H extrusion in
these cells is undoubtedly a vacuolar H-ATPase, at

least in large part.408 In the rat, antibodies against vacu-
olar ATPase stain the basolateral membrane of a por-
tion of IC in the CCD,17,415,458,474 H-ATPase may be be
stabilized there by association wih NHERF1.530 In the
rabbit CCD, most lectin positive cells (B IC) have dif-
fuse cytoplasmic, rather than basolateral, immunoreac-
tivity for H-ATPase.464 However, all the physiologic
data in rabbit CCD are consistent with basolateral H-
ATPase.416,443,479 Although Na-H exchange is present
on the basolateral membranes of type B IC (to regulate
pHi),

451 HCO3 secretion in the rabbit CCD is insensitive
to ouabain, peritubular amiloride, and removal of
sodium.416,443,479,648 [One study did show a decrease in
HCO3 secretion with removal of sodium.443] Na-H
exchange appears to mediate all of the pHi recovery
from intracellular acid loads in type B IC.451 Rod
shaped particles are present in both membranes of rab-
bit CCD IC and in the basolateral membrane of some
rat IC, as discussed alone.453,459 The possible role of H,
K-ATPase in HCO3 secretion has not been tested in the
CCD. In sum, most evidence is consistent with basolat-
eral H-ATPase mediating HCO3 secretion.

BASOLATERAL CHLORIDE CHANNELS AND OTHER

TRANSPORTERS

Basolateral Cl channels are present in both type A
and type B IC. A predominant basolateral Cl conduc-
tance has been clearly demonstrated by electrophysio-
logic techniques in type A IC of CCD and OMCDos and
in inner stripe cells of OMCDis.

489,490,548,622 The possi-
ble role of these channels in regulation or modulation
of HCO3 reabsorption is unknown. Cl channels pre-
sumably recycle Cl across the basolateral membrane,
extruding Cl which enters the cells on the basolateral
Cl/HCO3 exchanger. The exact nature of Cl channels
in IC (e.g., selectivity, unit conductance, molecular
identity, etc.) has not been clearly determined.
Although chloride channels have been isolated from
the kidney, the exact function of these is still unset-
tled.649 In addition, two potential regulators of chloride
channels, P-glycoprotein and CFTR, have been found
in collecting ducts among other sites in the kid-
ney.649,650 In the rat IMCDi, a basolateral HCO3 con-
ductance is found, without a basolateral Cl channel.651

The apical membranes of H secreting cells do not
appear to possess functional Cl channels despite the
usual association of vacuolar H-ATPase with Cl chan-
nels, this conclusion is based on electrophysiologic
studies which show the fractional resistance of the api-
cal membranes of these cells to be approximately
1.489,490,548 Since Cl secretion is stoichiometrically equal
to H secretion (or HCO3 reabsorption) in the OMCDis

which has no other active transport, Cl flux presum-
ably occurs via the paracellular pathway, driven by the
lumen positive voltage.497 In cultured CCD cells which
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resemble IC cells, an apical Cl channel has been
observed in excised patches, however, these channels
were not usually open in cell-attached patches.549 The
chloride channel ClC-5 has been found to colocalize
with H-ATPase in Type A IC but its function there is
unknown.550 ClC-5 which also is located in the proxi-
mal tubule may function in endocytosis rather than in
transepithelial transport,550 ClC-5 is mutated in Dent’s
disease, which is characterized by hypercalciuria and
kidney stones.

Cl channels in the basolateral membranes of type B
IC have been studied little via electrophysiologic tech-
niques.622 However, tracer flux experiments in rabbit
CCD have indirectly shown several important features
of these channels.476 In the CCD, Cl reabsorption
occurs via two pathways.476 First, Cl is reabsorbed via
the paracellular pathway as sodium is absorbed, Cl
moving down an electrochemical gradient, predomi-
nantly due to the lumen negative transepithelial volt-
age. Second, Cl is reabsorbed via the type B IC. With
sodium reabsorption blocked, Cl moves predominantly
via the latter pathway which involves the series of the
apical Cl/HCO3 exchanger (or Cl/Cl self exchanger)
and the basolateral Cl channel.476 Inhibition of transe-
pithelial Cl self exchange by peritubular chloride chan-
nel blockers is evidence for the presence of basolateral
Cl channels in type B IC. cAMP appears to activate
these channels in conjunction with acceleration of api-
cal Cl/HCO3 exchange (or Cl/Cl self exchange).629,632

Also low concentrations of intracellular HCO3 activate
these channels.40,630,652 These channels are inhibited by
typical Cl channel blockers such as DPC (diphenyl-
amine-2-carboxylic acid) and anthracene-9-
carboxylate.629,652 The chloride channel ClC-3 has been
localized to type B IC.653

Electroneutral NBC-3 (or NBCn1) is in the apical
membrane of Type A IC and OMCD cells, and in the
basolateral membranes of Type B IC and IMCD
cells,654�656 but the exact role and function in transe-
pithelial acid�base transport is unknown.495,657 The
KCl co-transporter KCC4 is in the basolateral mem-
brane of type A IC and may have a role in acid
secretion.658

Role of Carbonic Anhydrase

Carbonic anhydrase (CA) facilitates acid�base trans-
port in the distal nephron, just as in the proximal
tubule and the thick ascending limb discussed previ-
ously.157,158,659 Both histochemical methods (e.g.
Hanson’s technique) and immunocytochemical meth-
ods, and more recently molecular techniques, have
been used to localize CA along the distal nephron.
Principal cells either do not stain for CA or stain

weakly. In contrast, intercalated cells along the
distal nephron have intense cytoplasmic CA stain-
ing,375,377,660,661 probably representing Type II
CA.377,662�665 CA II may be important in the develop-
ment of the IC phenotype.530 In addition to cytosolic
CA, mouse and rabbit IC have membrane associated
CA staining, particularly on the apical membrane.375,453

In the rat, IC do not have membrane associated CA
staining660 or immunoreactivity for CA type IV, the
predominant renal membrane associated with CA.666

In the human kidney, in contrast to other species, all
distal convoluted tubule cells are reportedly positive
for CA,377,664,667 in the rat, distal convoluted tubule
cells have basolateral membrane staining.661 In the rab-
bit OMCDis, staining for CA is predominantly in the
apical membrane but there is variability along the
length of the segment, the number of positive cells
increasing from outer to inner zone of OMCDis,

453 rab-
bit OMCDis and IMCDi have CA type IV by RT-
PCR.668 Although the IMCDi has predominantly mem-
brane staining as in the OMCDis, the IMCDt does not
have CA staining at least in the rabbit,453 mouse,375

and probably the rat.661 Cells in the human kidney
IMCD do stain for both CA II and IV.664,669 Studies of
rat IMCD also demonstrate CA activity.514,670 Another
isozyme of membrane associated CA, CA XII, has been
shown in the basolateral membranes of the TAL, the
distal tubule, and principal cells of the collecting
duct.671�673 Obviously, variations in species, cell types,
and techniques prevent a cohesive understanding of
the role of CA along the distal nephron. However, CA
is present in most, if not all, distal nephron cells
involved in acid�base transport. Despite the mem-
brane staining in some cells, functional studies dis-
cussed below demonstrate no luminal CA in most
distal nephron segments.

Acid�base transport, both HCO3 reabsorption and
secretion, in each segment of the distal nephron is sen-
sitive to inhibition of CA.443,444,477,481,487,510,511

Bicarbonate reabsorption in the papillary collecting
duct (or IMCDt) is also sensitive to CA inhibition,510,511

despite the apparent lack of staining for CA by
either histochemical or immunocytochemical meth-
ods,661,662,666 this may indicate a lack of sensitivity of
the localization methods. Both CA II and CA IV are
induced by metabolic acidosis in those nephron seg-
ments expressing basal activity.668,674

Several segments of the distal nephron have been
found to have a spontaneous acid disequilibrium pH,
this not only indicates H secretion, as opposed
to base absorption, but also implies the functional
absence of luminal CA. A spontaneous acid disequilib-
rium pH has been found in the superficial distal
tubule, the CCD, OMCDos, and papillary collecting
duct.6,401,403,405,406 The acid disequilibrium pH, but not
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H secretion or HCO3 reabsorption, can be eliminated
by perfusion of tubules with exogenous carbonic
anhydrase.

The acid luminal disequilibrium pH in the distal
nephron is important in at least two regards. First, a
low luminal pH maintains luminal NH3 concentrations
low, favoring NH3 diffusion into the collecting duct.
Second, the lack of luminal CA is important in the
elevation of urinary pCO2 above plasma pCO2, infu-
sion of CA lowers urinary pCO2 to blood levels.401,675

In the presence of luminal HCO3, H secretion in the
distal nephron acidifies the luminal fluid, but in the
absence of CA, the formation of CO2 from HCO3 and
carbonic acid is slow. CO2 formed in the inner med-
ullary collecting duct does not diffuse into the adja-
cent vasa recta because of a high pCO2 in these
structures, a result of trapping of CO2 in the medul-
lary countercurrent system.401 CO2 formed in the
renal pelvis or below does not rapidly diffuse out,
presumably because of a low surface-to-volume ratio
in these structures.

Functional evidence for luminal CA has been found
in two distal nephron segments, the OMCDis of the
rabbit and the IMCDi of the rat.405,668,676 In the OMCDis

this was initially shown by a disequilibrium pH which
was apparent only during perfusion with a carbonic
anhydrase inhibitor.405 Later studies demonstrated
inhibition of bicarbonate reabsorption by membrane
impermanent CA inhibitors.677 To demonstrate luminal
CA in the rat IMCDi in vitro, H were generated in the
lumen by creating a lumen-to-peritubular NH3 gradi-
ent, pulling the reaction NH4

1-NH31H to the right,
with this protocol, no disequilibrium pH was present
in IMCDi whereas an acid disequilibrium pH was pro-
duced in the IMCDt.

676 Luminal CA in these segments
of the distal nephron may facilitate reabsorption of any
remaining HCO3 presented to the distal nephron.676

Thus, cellular CA facilitates acid�base transport in
the distal nephron. However, in most distal nephron
segments, the functional absence of luminal CA results
in an acid luminal disequilibrium pH, facilitating trap-
ping of NH3/NH4

1.

Regulation of Distal Nephron Acidification

Peritubular and Luminal pH

Both in vivo and in vitro studies have demonstrated
that systemic or peritubular pH modify distal nephron
acid�base transport.441,485,678 This regulation has both
acute and chronic components. Acutely systemic pH
alters U-B pCO2 (urine pCO2�blood pCO2), an index
of distal nephron H secretion.401,679,680 Also acute meta-
bolic acidosis has been found to stimulate inner medul-
lary H secretion.509 Although some studies have

demonstrated systemic pH effects in the distal
tubule,436,483,484 some prior studies have not found
changes in superficial distal tubule acid�base transport
in acute metabolic acidosis.430,431 Several studies have
addressed acute changes in acid�base transport in iso-
lated perfused rabbit collecting ducts. This decreases in
peritubular [HCO3] and pH increase net HCO3 reab-
sorption in both cortical and outer medullary collecting
ducts.512,681,682 Also increasing peritubular pCO2

increases HCO3 reabsorption in the OMCDos and
OMCDis.

683 Results of studies examining the effect of
pCO2 on CCD have differed. Breyer and colleagues
reported no change in net HCO3 transport with eleva-
tion of pCO2,

681 however, similar studies by McKinney
and Davidson reported increased net HCO3 reabsorp-
tion.683 This discrepancy may result from different
rates of bicarbonate secretion or bicarbonate reabsorp-
tion in the control condition, no studies have addressed
the effects of elevations of pCO2 on unidirectional
HCO3 secretion.

Acutely increased H secretion or HCO3 reabsorption
with decreased peritubular pH may result from several
mechanisms. Decreased peritubular [HCO3] will
directly accelerate basolateral Cl/HCO3 exchange in H
secreting cells.494 This will secondarily lower pHi.
Decreases in cell pH (independent of pCO2 or [HCO3])
have been shown to accelerate apical H secretion, at
least in the turtle bladder.684 The effect of cell pH on H
secretion is likely to result, at least in part, by direct
effects on the H pump, via both kinetic and thermody-
namic effects.409,684�687 However, the direct effects of
pHi on the kinetics of H-ATPase may be small.413

Increased pCO2 will also lower cell pH since CO2 is
extremely permeable across cell membranes.
Increased H secretion may then result from effects
of lowered cell pH. The increased H secretion with
increased CO2 can not result from thermodynamic
effects since luminal pH will be decreased just as
cell pH. Recent studies of mechanisms of pH regula-
tion of acid�base transport have focused on poten-
tial pH and/or HCO3

2 “sensors.” GPR4, a G protein
coupled receptor, appears to be such a pH sensitive
receptor located in the collecting duct that may
serve to regulate acid�base homeostasis.688 H-
ATPase itself and soluble adenylyl cyclase (discussed
below) are potential pH/HCO3 sensing
mechanisms.689

The best characterized mechanism of acute (and
perhaps chronic) regulation of H-ATPase is insertion
and removal from tubulovesicular structures and the
plasma membrane. The process of membrane recy-
cling resembles the insertion and retrieval of clathrin
coated vesicles but is not associated with clathrin or
calveolin in the collecting tubule.530,690,691 Exocytic
insertion of H pumps is also microtubule/
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microfilament dependent and similar to mechanisms
of neurosecretory exocytosis, involving SNARE and
SNAP proteins.692,693 A variety of intracellular pro-
teins may be involved in the trafficking machinery:
syntaxin 1A, SNAP23, cellubrevin, ARNO, and
Arf6.530,693�695 H-ATPase subunits may also interact
interact with the actin cytoskeleton for localization
and trafficking.530 Changes in cell calcium (discussed
below) may be involved in the interaction of H-
ATPases and the actin cytoskeleton.

The exocytic insertion of H pumps into the apical
membrane from subapical endocytic vesicles was his-
torically demonstrated early for increased pCO2 but
may be applicable for decreased cell pH in general and
a variety of other stimulators of acidification.465,690,696

The exocytic insertion of H pumps was first demon-
strated in the turtle bladder, but has since
been extended to both the proximal tubule and the col-
lecting tubule.192,697,698 Studies using fluorescent
probes attached to macromolecules (dextran or albu-
min usually) demonstrate luminal endocytosis into
acidic subapical vesicles with lowering pCO2. On stim-
ulation of H secretion with increased pCO2 or with
application of weak acids, these vesicles fuse with the
apical membrane, releasing their contents and presum-
ably inserting more H pumps into the plasma
membrane.192,462,465,697 In the turtle bladder, there is
simultaneous increased apical H secretion, an increase
in apical surface area of H secreting cells, and
increased electrical capacitance,696,698�700 in rabbit
OMCDis there is no apparent acute change in surface
area.683 However, morphologic studies of rat type A
intercalated cells after several hours of increased pCO2

do demonstrate this fusion and apparent recycling of
rod shaped intramembranous particles (associated
with H-ATPase) between subapical tubulovesicular
structures and plasma membrane, apical surface area is
increased and subapical vesicles are decreased.425,455,701

Similar changes occur with metabolic acidosis
in vivo.702,703

One component of the relationship between
decreased intracellular pH and exocytosis is an
increase in cell calcium, buffering of cell calcium pre-
vents the exocytosis and the increase in H secre-
tion.692,704 The exocytic process and increased H
secretion are also sensitive to colchicine and other inhi-
bitors of microtubule and microfilament func-
tion.683,697,698,705 The increase in H secretion with
increased pCO2 may return cell pH back towards nor-
mal, yet transepithelial transport remains stimu-
lated.704 Other conditions, previously thought to alter
H secretion directly by changes in pHi, may also have
other mechanisms of action. For instance, acetazol-
amide increases cell pH but additional mechanisms of
inhibition of H secretion seem likely, acetazolamide

appears to induce apical endocytosis which could be
responsible in part for reduced H secretion.699,706 In
sum, acute changes in peritubular and cell pH alter H
transport by at least two mechanisms: (1) direct effects
on the H pump and on the basolateral Cl/HCO3

exchange process, and (2) exocytic insertion of addi-
tional H pumps with stimulation. Recycling of
H-ATPase between apical membrane and subapical
tubulovesicular structures appears to be an important
mechanism of the regulation of H secretion in the col-
lecting duct.465,690,696

Chronic changes in systemic pH or peritubular pH
induce additional changes in distal nephron acid�base
transport. This is best illustrated by in vitro studies of
collecting tubules which have been obtained from ani-
mals which have been loaded with acid or base.
McKinney and colleagues first reported that rabbit
CCD could either reabsorb or secrete HCO3 in vitro,
depending on the prior in vivo conditioning of the ani-
mals.405,423,443 Similar results have since been obtained
in rat cortical collecting ducts perfused in vitro and rat
superficial distal tubules perfused in vivo.419,422,439

Inner medullary collecting ducts also adapt to meta-
bolic acidosis or alkalosis.507,508,511,513 In contrast to
these results, rabbit outer medullary collecting ducts
(both OMCDis and OMCDos) perfused in vitro have not
consistently shown adaptation to either acid loads or
respiratory acidosis in vivo.477,487,589,707 The adaptations
of the CCD occur rapidly after in vivo signals, one hour
after an acid load in rabbits and one hour after chloride
depletion alkalosis in rats, but the changes persist
in vitro for relatively long times (greater than an hour)
despite incubation in solutions of normal pH.445,708

Speculatively, the signals for these changes in
acid�base transport may not require changes in extra-
cellular pH per se since feeding or high protein diets
which cause little or no change in plasma pH alter
transport,429,422,709 the signals for any pH-independent
changes associated with acid or protein loads are not
known. However, at least for pendrin expression,
changes in chloride excretion in addition to acid�base
status are important.710

The cellular mechanisms of the changes in the corti-
cal collecting duct have been examined by Schwartz,
Al-Awqati, and colleagues. Early studies suggested
that type A and type B cells could interconvert or
reverse polarity.462 In these studies, type A and B inter-
calated cells were defined by endocytosis of macromo-
lecules and peanut lectin binding, respectively.462 With
acid loading of rabbits, an increased number of type A
cells and a decreased number of type B cells were
found. Since cellular proliferation was excluded and
the total number of intercalated cells remained con-
stant, reversal of cell polarity was proposed.
Subsequent studies by Satlin et al. examined lectin
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positive cells during continuous exposure to an acid
peritubular media in vitro, after 3�5 hours, cells lost
peanut lectin binding, developed endocytosis, and
exhibited decreased apical Cl/HCO3 exchange.486

Subsequent studies of acidosis in vitro have shown
both decreased HCO3 secretion and increased HCO3

reabsorption via H-ATPase.482 Further studies demon-
strated that with acid incubation, some type B IC not
only lose apical Cl/HCO3 exchange, but acquire baso-
lateral Cl/HCO3 exchange, an effect mediated in part
by the extracellular protein hensin.473,472,711 Purkerson
et al. using immunofluorescence for AE1 and pendrin
have confirmed this model of variation in these anion
exchangers with acidosis and recovery.712 Although
these results do not confirm strictly defined reversal of
polarity, they do demonstrate remarkable cellular
remodeling. Even though reversal of polarity in the
strictest sense has been controversial based on the dif-
ferences in the apical and basolateral Cl/HCO3 exchan-
gers discussed previously, Al-Awqati and collaborators
demonstrated reversal of polarity in an immortalized β
IC cell line in vitro, in addition to the findings in per-
fused tubules sited above.643,644,713 In this cell line
reversal of polarity is dependent on seeding density,
subsequent studies demonstrated that the mediator of
this reversal of polarity was the extracellular matrix
protein, hensin/DMBT1, interacting with integrins and
two secreted proteins, galectin-3 and cypA (a cis-trans
prolyl isomerase).472,643,644,711,713,714 Blocking antibodies
against hensin prevent the polarity reversal, and dele-
tion of hensin blocks conversion of B to A IC.473,715

Galectin-3 facilitates hensin’s role in the adaptation to
acidosis.716 Other studies demonstrated that the
response to acidosis involving hensin requires cyclo-
philins, evidenced by inhibition by cyclosporine A.717

Bastani et al.,474 examining cellular H-ATPase distri-
bution in rat CCD using immunocytochemistry, found
a spectrum of patterns ranging between prototypical B
cells to prototypical A cells, with H-ATPase on the
basolateral and apical membranes, respectively. The
distribution of H-ATPase polarity in this spectrum var-
ies with acid or base loads.474 Besides distribution in
apical and/or basolateral membranes, H-ATPase in IC
resides in submembrane vesicles in the cytoplasm.
Other morphologic studies of the rat CCD have shown
that respiratory acidosis induces distinct changes in
type A cells but no clear evidence of interconversion of
cell types.425 Another study of rat CCD found a
constant percentage of intercalated cells with apical
H-ATPase, suggesting no reversal of polarity, the
remaining IC cells had an inverse proportion of cells
with basolateral staining and with diffuse cytoplasmic
H-ATPase immunoreactivity, suggesting alterations
between these two forms only.458 The presence of sig-
nificant numbers of intercalated cells with diffuse

cytoplasmic staining for H-ATPase (rather than apical
or basolateral membrane staining) has led to an alter-
native hypothesis that some cells are “hybrid cells”
able to change function depending on condi-
tions.464,474,690 Two functional studies using rabbit
CCD suggest that acid loading in vivo results in tubules
with dramatically reduced unidirectional HCO3 secre-
tion, but with minimal increases in unidirectional
HCO3 reabsorption.413,480 This would be consistent
with altered function of type B intercalated cells in rab-
bits, but with little effect of acid loads on type A cells,
the latter would correspond with the lack of effect of
acid loads on outer medullary collecting duct HCO3

reabsorption.477,487 In contrast, studies of CCD from
rats with chloride depletion metabolic alkalosis suggest
that both HCO3 reabsorption and HCO3 secretion are
altered.445 Also, studies of both rabbit CCD and
OMCDis demonstrate adaptation of HCO3 reabsorp-
tion, in addition to changes in HCO3 secretion in
CCD.482,589 Recent studies in rats suggest that type A
IC in the cortical and outer medullary CD proliferate in
response to systemic acidosis and that growth differen-
tiation factor 15 is involved early in this process.718,719

In sum, dramatic changes occur in the structure and
function of intercalated cells of the CCD with acid
loads, however, the exact nature and mediators of
these changes remain under study. Clearly, interca-
lated cells exhibit considerable variation in phenotype
and remarkable plasticity.

Besides these “remodeling” changes in CCD, addi-
tional mechanisms of adaptation of transport may also
occur with chronic acid loading. The adaptations in the
IMCD during acidosis are unlikely to result from any
changes in intercalated cells since these are not present
in the inner medulla. Metabolic acidosis has been
reported to increase NEM-sensitive ATPase at least in
the CCD.346,502 However, there are varying results
regarding whether mRNAs for H-ATPase subunits
increase with acidosis.474,560

Luminal pH may also alter distal nephron acid�
base transport based on findings in turtle bladder stud-
ies.720 In these studies, H secretion decreased linearly
with decreases in mucosal pH, a result of a decreased
H pump rather than an H leak.720 Assuming that a low
luminal pH does inhibit collecting duct H secretion,
increased delivery of luminal buffers will enhance H
secretion by decreasing changes in luminal pH as H
secretion occurs. Some in vivo microperfusion studies
of the rat superficial distal tubule have demonstrated
increased HCO3 reabsorption with increased
loads.426,428

Although the effect of luminal pH or buffer delivery
has not been well studied in distal nephron segments,
microperfusion studies have confirmed that the rabbit
CCD and OMCDis and the rat superficial distal tubule
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have low H and HCO3 permeabilities.428,681 Also stud-
ies of pHi in OMCDis and IMCD have shown minimal
changes with luminal pH.494,527 Similar findings have
been reported in the principal cells of the CCD.625

Therefore, pHi of distal nephron cells appears to be
predominantly affected by peritubular pH rather than
by luminal pH. However, luminal HCO3 does influ-
ence pHi of type B intercalated cells, as expected with
an apical Cl/HCO3 exchanger.

625

In sum, systemic and luminal pH alter distal neph-
ron H secretion and HCO3 reabsorption. The mechan-
isms are multiple: acute kinetic and thermodynamic
effects on membrane transporters, acute insertion of
additional transporters into the plasma membrane, and
chronic alterations in cellular structure and function.
As discussed below, endogenous hormones such as
prostacyclins and endothelin may mediate some of
these changes.

Sodium and Chloride Delivery and
Transepithelial Voltage

Clearance studies have clearly shown that the deliv-
ery of sodium and the nature of the accompanying
anion have marked influences on distal nephron acid-
ification.721�723 Increasing sodium delivery, especially
in the presence of nonreabsorbable anions, increases H
secretion, this effect is most evident in animals with
volume depletion or increased mineralocorticoids.722

However, as reviewed above, luminal H secretion is
independent of Na in all of the distal nephron seg-
ments past the TAL.404,430,444,496,511 The effect of
sodium delivery and the accompanying anion can be
explained by the electrogenic nature of distal H secre-
tion.543,685,724 H secretion in the CCD and OMCDis has
been shown to be both electrogenic and sensitive to the
transepithelial voltage.404,496,725 In the CCD, sodium
reabsorption results in a lumen negative transepithelial
voltage which will stimulate H secretion, with
increased mineralocorticoids or a nonreabsorbable
anion the magnitude of the lumen negative voltage
will be increased, resulting in more H secretion. In the
OMCDis, sodium reabsorption does not occur, and H
secretion results in a lumen positive transepithelial
voltage.477,496,725 H secretion in the IMCD also appears
to be electrogenic, at least in part,516 however, the influ-
ence of transepithelial voltage is unknown in this seg-
ment. In the rat superficial distal tubule, luminal flow
rate and HCO3 delivery are also important determi-
nants of HCO3 transport.

426,428,439

Chloride concentrations are also an important deter-
minant of distal nephron acid�base transport. Several
studies have clearly shown that chloride concentrations
in the luminal and peritubular solutions alter net

HCO3 transport in the CCD.442,479,726 Based on the
models in Figures 55.10 and 55.11, HCO3 reabsorption
depends on the presence of peritubular Cl, and HCO3

secretion depends on the presence of luminal Cl, this
has been experimentally verified.442,479,480 Changes in
Cl delivery in vivo may be important since the Km for
luminal Cl/HCO3 exchange in HCO3 secretion is
5�10 mM,632 this range of concentrations is relevant
for considerations of the maintenance and repair of
chloride depletion metabolic alkalosis. The plasma con-
centrations of Cl may also be physiologically important
since some studies have suggested that the Km for
OMCDis Cl/HCO3 exchange is 115 mM, i.e., in the
physiologic range.494 Chloride concentration gradients
may also alter H secretion by altering transepithelial
voltage.725,726

Mineralocorticoids

Mineralocorticoids are an important determinant of
net acid excretion by the kidneys727,728 and may medi-
ate the effects of extracellular fluid volume on distal
nephron acidification.729 Several mechanisms explain
the stimulation of H secretion in the distal nephron.
First, mineralocorticoids are well known to stimulate
Na reabsorption and the lumen negative transepithelial
voltage in the CCD, H secretion will increase second-
ary to the altered voltage. Second, mineralocorticoids
directly stimulate H secretion in the CCD and OMCDis,
independent of Na transport.404,496 Some of this
response occurs after only a few hours and can be
observed in vitro. Recently, a rapid nongenomic stimu-
lation of H-ATPase activity by aldosterone was
reported in OMCD,730 a transient rise in intracellular
calcium and a requirement for PKC were found in this
response. Chronic mineralocorticoids also increase
NEM sensitive ATPase.501,546 Therefore mineralocorti-
coid stimulation of H secretion may have both early
and late mechanisms of action, as has been shown for
stimulation of Na transport. Mineralocorticoids also
stimulate inner medullary collecting duct H secretion,
probably independent of Na reabsorption.731

Mineralocorticoids also have effects on H,K-ATPases
and ammonia transporters. The effects on H,K-ATPase
include increased mRNA of H,K-ATPase α2.732 These
effects interact with luminal V1a AVP receptors in
IC.733 Another potential mechanism of mineralocorti-
coid stimulation of H secretion is via potassium deple-
tion, discussed below.

Mineralocorticoids also stimulate HCO3 secretion in
the CCD.446,734 Acid-loading of mineralocorticoid-
treated animals eliminates this HCO3 secretion.480

Therefore, the increased HCO3 secretion may be sec-
ondary to the systemic alkalosis produced by mineralo-
corticoids. However, the effect of mineralocorticoids to
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increase HCO3 secretion could be direct, but still
inhibitable by acid loading.

Potassium

Clinically potassium depletion is usually associated
with metabolic alkalosis and inappropriate urine acidi-
fication. However, the direct effects of K depletion on
distal nephron acidification are complicated by
changes in aldosterone secretion.735 Potassium deple-
tion per se decreases aldosterone levels, clinically how-
ever, K depletion often occurs in conditions associated
with increased mineralocorticoids. Potassium depletion
appears to potentiate the effects of mineralocorticoids
to increase H excretion.736

Hypokalemia significantly increases HCO3 reabsorp-
tion in the superficial distal tubule.426,427 The effect of
in vivo potassium depletion on distal acidification has
been addressed in several studies. Initially McKinney
and Davidson studied K depleted rabbits and found
increased HCO3 reabsorption in the CCD and
decreased HCO3 reabsorption in OMCD, mineralocor-
ticoids administered to the K depleted animals
increased both CCD and OMCDis HCO3 absorption.737

The K depleted animals had decreased aldosterone
levels and metabolic acidosis, which complicates the
interpretation. Hays et al. also studied K depleted rab-
bits, but their animals were alkalotic, despite the alka-
losis, no HCO3 secretion was found in CCD and HCO3

reabsorption in OMCDis was unchanged from control
values.737 These studies suggest that K depletion is
associated with increased or inappropriate collecting
duct H secretion or HCO3 reabsorption, especially con-
sidering the suppression of aldosterone in the experi-
mental models.

As discussed previously (see section on H,K-
ATPase), Wingo found that HCO3 reabsorption in
OMCDis from K depleted animals is sensitive to lumi-
nal omeprazole, an inhibitor of gastric H,K-ATPase.498

Other studies also suggest increased H,K-ATPase activ-
ity in collecting ducts from K depleted animals.565

Since these early studies, a variety of studies (dis-
cussed previously) have found increased H,K-
ATPase along the collecting duct in potassium
depletion.410,412 Increased membrane insertion of H-
ATPase in K depletion is another probable mecha-
nism of increased collecting duct H secretion since
an increased number of rod-shaped particles is found
in IC, as in acidosis.738 Other studies demonstrate
enhanced apical H1ATPase, and basolateral AE1 and
Slc26a7 during K depletion.739

Endothelin: Endothelin has been shown to mediate
some of the effects of systemic acid loads on distal
tubule acid�base transport.210 Acid loading of rats
increases renal cortical interstitial endothelin-1 (ET-1),
and inhibition of Type B endothelin receptors blunts

the HCO3 secretory and reabsorptive changes
induced by acid loading.210 Infusion of ET-1 in vivo
increases H1 secretion via Na-H exchange and
decreases HCO3 secretion in rat superficial distal
tubules.436,740 Acidosis directly increases ET-1 secre-
tion by renal microvascular endothelial cells.741

Further in vitro studies indicate that the ETB receptor
and signaling via NO-guanylate cyclase is involved
in the down-regulation of HCO3

2 secretion in the
CCD in response to acidosis.742 Thus, intra-renal
endothelin may play an important role in regulating
distal nephron acid�base transport.743

A variety of other hormones have also been impli-
cated as having effects on acid�base transport in the
distal nephron.744,745 However, the exact role and phys-
iology of all of these is not as well characterized as that
of mineralocorticoids, and the physiologic role is
expected to be less important.

Parathyroid hormone (PTH) and Calcium: PTH
has been implicated in stimulating distal nephron
acidification.392,506,746,747 PTH is released in response
to HCl induced acidosis.746 PTH increases H secre-
tion in the toad bladder.748 However, the effect of
PTH to increase distal acidification in the rat may be
predominantly secondary to an increased distal
delivery of phosphate,747 phosphate could stimulate
distal acidification both as a buffer and as a poorly
reabsorbable anion as discussed previously. Of note
in regard to the possibility of a direct effect of PTH
on the distal nephron, PTH stimulates adenylate
cyclase in the distal convoluted tubule and connect-
ing segment, but not in the collecting tubule of either
rat or rabbit.749 Calcium may also stimulate distal
acidification.750

Arginine vasopressin (AVP or antidiuretic hormone):
ADH has been reported to increase rat distal nephron
acidification.387,744 Net bicarbonate secretion is con-
verted to net bicarbonate reabsorption both in superfi-
cial distal tubules in vivo and in the rat CCD
in vitro.387,751 The mechanism and responsible cell type
have not been established. Glucagon has been shown
to stimulate net HCO3 secretion in the rat superficial
distal tubule in vivo.389 The mechanism has not been
delineated but glucagon is known to stimulate cAMP
in both cortical and medullary collecting ducts of the
rat.749 Bicarbonate reabsorption is stimulated by cAMP
in the rabbit OMCDis in vitro,752 however, the primary
hormones which stimulate this action are not known.
Prostaglandin E2 inhibits, and indomethacin stimu-
lates, HCO3 reabsorption in the OMCDis to a modest
extent.752

Isoproterenol and cAMP: Isoproterenol increases
HCO3 secretion in the cortical collecting tubule via a
cyclic AMP dependent action.478 The mechanism prob-
ably involves activation of both the apical Cl/HCO3
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exchanger and the basolateral Cl channel in type B
intercalated cells.631,632,478,629 The evidence for these
separate actions are a decreased intracellular pH and
an increase in the apparent chloride conductance of the
CCD.631,632 Bicarbonate secretion in the turtle bladder
is also sensitive to cAMP, but in this case the stimu-
lated secretion may be via an electrogenic mecha-
nism.753,754,755,756 Of note, turtle bladder HCO3

secretion also responds to activation of protein kinase
C, whereas CCD HCO3 transport is not altered by this
mechanism.757,758 In contrast, isoproterenol (or VIP)
may increase HCO3 reabsorption in the rat distal
tubule.744

Recent studies have directly implicated cAMP and
PKA in regulating the expression and distribution of
H-ATPase.759 The metabolic sensor AMPK (AMP-acti-
vated kinase) can override the effects of cAMP/PKA.
The upstream activators and physiologic integration of
these findings are not clear but the bicarbonate stimu-
lated soluble adenylyl cyclase (sAC) has been
suggested.760

Prostacyclin (PGI2): PGI2 increases rat distal tubule
HCO3 secretion, probably via a cAMP dependent pro-
cess.761 And importantly, alkali loads increase urinary
metabolites of PGI2.

761 Therefore, PGI2 may mediate
some of the transport changes induced by alkali loads
in vivo.

Angiotensin II: Angiotensin II has a variety of effects
on distal nephron acid�base transport.762 Angiotensin
II was found to stimulate HCO3 secretion in rabbit
CCD763 but to increase HCO3 reabsorption is rat distal
tubule.744,764 Recently AII has been found to increase H
secretion via H-ATPase insertion into the apical mem-
brane of type A IC in mice, this effect may
be important not only in acid�base transport but also
in facilitating NaCl reabsorption in the CCD.765

Increased H-ATPase activity may also occur in type B
IC.766 In the OMCD, angiotensin II reduced HCO3

reabsorption.461
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INTRODUCTION

Our thinking on mammalian acid�base regulation
focuses on pH. Intracellular pH, which is of great
importance in the maintenance of normal protein func-
tion, is regulated by membrane ion transporters,
intracellular buffers, and by changes in cell metabo-
lism.94,111 The success of intracellular pH regulation is
dependent on the extracellular pH being constrained in
its variation.107 Renal processes can alter extracellular
proton and bicarbonate balance by changes in ion
excretion. In this chapter we focus on how breathing
can affect the partial pressure of carbon dioxide in
extracellular fluid, here the partial pressure of carbon
dioxide in arterial blood, PaCO2. The traditional
approach utilizes the straightforward relationships
shown in Eqs 1 and 2.

CO2 1H2O5H2CO
2
3 5H1 1HCO2

3 ð59:1Þ
pH5pK2 1 log ð½HCO2

3 �=½S3PCO2�Þ ð59:2Þ
where S5 the solubility of CO2 in blood and pK� is a
combined dissociation constant.

Note that pH can be affected by primary changes in
either bicarbonate or PCO2. Arterial bicarbonate
changes by a small amount as CO2 is changed due to
the presence of blood buffers. But by far the most
important changes in arterial bicarbonate occur either
as the result of a primary metabolic disturbance, which
changes the ionic composition of blood thereby affect-
ing bicarbonate, or as the result of the kidney, which
can also change the ionic composition of blood thereby
affecting bicarbonate.

CO2

Ventilation and CO2

Arterial blood pH is the clinically relevant extracel-
lular variable because changes in breathing alter the
PaCO2 directly. The PaCO2 is determined by the ratio
of CO2 production and alveolar ventilation. For a con-
stant metabolic rate (and CO2 production), an increase
in alveolar ventilation will lower the PaCO2 and, con-
versely, a decrease in alveolar ventilation will elevate
the PaCO2. Both events have acid�base consequences.
Hyperventilation eliminates CO2 faster than it is being
produced and, as a result, pH increases; hypoventila-
tion eliminates CO2 more slowly than it is being pro-
duced and, as a result, pH decreases. The changes are
quantitatively speaking not small. If alveolar ventila-
tion doubles, the normal PaCO2 of 40 mm Hg will
quickly attain a new value of 20 mm Hg. Arterial pH
will quickly change from the normal value of 7.40 to
7.70. Conversely, if alveolar ventilation is reduced by
half, arterial PCO2 will quickly attain a new value of
80 mm Hg. Arterial pH will change from the normal
value of 7.4 to 7.10. Changes in alveolar ventilation
quickly and dramatically affect PaCO2 and pH. A 10%
increase in alveolar ventilation will decrease PaCO2 by
4 mm Hg and increase arterial pH from 7.40 to 7.45 all
within seconds. This change in arterial pH is deter-
mined by the decrease in PCO2 and by the effective-
ness of blood buffers, which include most importantly
the red blood cell hemoglobin concentration. In
the absence of any protein buffers, the pH change
would be much greater. If the hyperventilation and
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hypocapnia are sustained, there are secondary renal
adjustments that act to excrete more bicarbonate and to
lessen the initial alkalosis. These events take minutes to
hours and are governed by the lowered PCO2. Changes
in PCO2, whether decrease or increase, are quickly
reflected in all blood and tissue compartments due to
the diffusability of CO2.

Tissue CO2

Tissue PCO2 levels are determined by the arterial
value, the tissue rate of CO2 production, and the
amount of tissue blood flow. Changes in blood flow
and cell metabolism can affect cell PCO2 and pH for
any given arterial PCO2. For example, the brain has
blood vessels that determine blood flow resistance and
are very sensitive to changes in CO2. An increase in
PaCO2 would tend to directly cause an increase in tis-
sue and cell PCO2 and a decrease in their pH. The
strong vasodilatory action of high CO2 on cerebral ves-
sels would decrease resistance and allow blood flow to
increase, which would clear more CO2 and indirectly
minimize the increase in tissue and cell PCO2. Tissue
and cell PCO2 and pH are determined by blood flow
for any PaCO2 value and by metabolic rate.

CO2 and Ventilation

A change in pH is detected by a physiological pro-
cess called chemoreception. The pH sensors are present
in the peripheral blood at the bifurcation of the carotid
artery, the carotid body,26,38,43,54,67 and within the
brainstem at multiple locations.5,56,69�72,105,106 Both the
carotid body and the brainstem respond to a fall in pH,
for example, by increased stimulation of breathing,
which lowers PaCO2 and tends to minimize the initial
acidosis. This feedback control of the alveolar ventila-
tion level, and hence the PaCO2, by chemoreceptor-
detected changes in pH is the essence of this chapter.
The body can detect small pH changes at many sites
and quickly bring about a change in breathing that acts
to correct the initial perturbation. It is an appropriate
response to correct pH. This system detects arterial pH
at the carotid body and at the central chemoreceptors;
it likely detects a pH value somewhere between the
arterial and brain interstitial fluid pH.

PERIPHERAL CHEMORECEPTORS

Location of Carotid Body

The carotid body is well located to detect changes in
arterial pH and PCO2. In fact, this location at the

bifurcation of the carotid body rapidly detects small
changes in PaCO2 that reflect minor variations in the
normal level of alveolar ventilation, and thus serves
admirably as a feedback control detector site for the
maintenance of a normal level of alveolar ventilation.
This site is also a useful one for the detection of pH
changes that reflect abnormal physiology, but for this
purpose it is difficult to construct an argument that
makes this anatomical location of special utility. In fact,
a chemoreceptor site closer to the tissue location of
altered metabolism in a metabolic acid�base disorder
might theoretically be of greater use. For example,
mixed venous CO2 receptors have long been sought for
in order to explain the tight link between increased
metabolism in muscular exercise and alveolar ventila-
tion. Here venous CO2 levels rise; but arterial PCO2

remains normal or decreases slightly as alveolar venti-
lation changes to match the increase in metabolic rate.
Sporadically, the discovery of mixed venous chemore-
ceptors has been reported, but none of these have stood
the test of time. Specific central chemoreceptor loca-
tions in the brain might well reflect tissue and cell
PCO2 and pH, that is, tissue chemoreceptors may be
present.

Carotid Body Function

The carotid body is a fascinating tissue. It is quite
small, and is difficult to find by gross anatomical dis-
section, but has a large metabolic rate and a high perfu-
sion. This tissue is arguably the only and certainly
the major detector of low O2 levels. Hypoxia strongly
excites the carotid body with powerful stimul-
atory effects on breathing and arousal.38,43,54 It is the
detector for the hypoxia emergency warning system,
and also detects changes in PCO2, including values
that may drop below normal. In non-rapid eye move-
ment sleep, apneas that occur within seconds of a tran-
sient hyperventilation have been attributed to
hypocapnia sensed at the carotid body. Thus, in sleep
there is a tonic nervous activity from the carotid body
to the brain that maintains a normal level of ventila-
tion. Transient diminution of this activity by brief
hypocapnia can lead to apnea, the cessation of breath-
ing.26,108 There is evidence as well for tonic carotid
afferent activity that is important in the maintenance of
appropriate levels of ventilation in wakefulness.17,38

Surgical removal of the carotid bodies in experimental
animals and in humans results in a stable new steady
state of hypoventilation. The animal then maintains a
“normal” PaCO2 that is a few mmHg higher than in
animals with intact peripheral chemoreceptors. This
state is maintained despite the presence of central che-
moreceptors.31,38,67,100 It seems that normal ventilation
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requires the tonic afferent input from peripheral che-
moreceptors. In 1938, Heymans received the Nobel
Prize for the discovery of the carotid body. He pro-
posed that the carotid body was the major detector of
CO2, as well as for hypoxia.43

CENTRAL CHEMORECEPTORS

There is clear evidence for receptors within the brain
that detect changes in PCO2 or pH and bring about a
change in ventilation. The ventilatory response to
changes in pH as mediated by central chemoreceptors
is very sensitive. Figure 56.1 shows data obtained from
unanesthetized goats in a series of classic experi-
ments.34,89 Alveolar ventilation, VA, is plotted against
the pH in cerebrospinal fluid. The shaded area presents
data obtained during chronic metabolic acidosis and
alkalosis maintained for days in the goats as they

breathed air or inhaled CO2 from 0 to 10%. Note that in
these steady-state conditions of chronic metabolic
acid�base disorders, the response of alveolar ventila-
tion to changes in cerebral pH is very sensitive—it dou-
bles for a cerebrospinal fluid (CSF) pH change from
7.33 to 7.28. The X symbols in Fig. 56.1 will be dis-
cussed below.

History: Ventrolateral Medulla

The presence of central chemoreceptors was first
suggested by the continued presence of a ventilatory
response to an increase in PaCO2 after surgical removal
of the peripheral chemoreceptors31,38,42,67 and solidified
by the presence of a ventilatory response to an acid
load applied directly into the cerebral ventricles.55

Direct application of small pieces of cotton, soaked in
an acidic solution, to various brainstem surfaces fur-
ther localized the site of central chemoreception to the
surface of the ventral lateral medulla,56,60,105,117 a site
that still captures the imagination of investigators.62

All of these studies were performed under surgical
anesthesia, which has a powerful depressant effect on
the sensitivity of the ventilatory response to CO2, and
required very acidic stimuli. Further, the blood supply
to the medulla arises from vessels on the ventral sur-
face, which could have easily carried the stimulus to
deeper structures.13,58 Cooling or coagulation of this
area decreased ventilatory output dramatically in anes-
thetized animals.14,106

The effects of anesthesia on chemosensitivity cannot
be overemphasized. For example, Akilesh et al.4 found
that in rats, the change in ventilation breathing 7% CO2

compared to breathing air is decreased by about 70%
with the introduction of anesthesia. There are many
similar examples of how much anesthesia affects the
chemoreceptor response sensitivity.37,87 Nevertheless,
these early studies demonstrated that chemoreception
is present in the medulla, and it is accessible from the
ventral medullary surface.

Widespread Central Chemoreception

More recently, a series of studies have led to the
proposal that central chemoreception is a phenomenon
that is widely present in the hindbrain.16,32,69�72 Before
proceeding, a few clarifying definitions are warranted.
A functional definition for chemoreception refers to
a ventilatory response to a change in CO2/pH.
Chemosensitivity or chemodetection refers to the
response of a described unit, say a particular type of
neuron, to changes in CO2/pH. Chemosensitivity and
chemodetection do not necessarily translate to chemo-
reception, that is, the presence of a type of neuron with

FIGURE 56.1 The alveolar ventilation response to chronic
acid�base disorders and to inhaled CO2 is shown versus the pH
measured in cerebrospinal fluid in the shaded area, which presents
6 SEM (standard error of measurement) of 81 separate measure-
ments obtained in five goats. The crosses derive from experiments in
which the goats had ventriculo-cisternal perfusion of cerebrospinal
fluid with differing bicarbonate concentrations. Alveolar ventilation
in these cases is plotted versus the pH calculated for a site that lies
three-quarters of the distance along the concentration gradient
between ventricular cerebrospinal fluid and blood. (With permission of
the American Physiological Society, from Figure 12, from ref. [34].)
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a known sensitivity in vitro to changes in CO2/pH does
not necessarily mean that the neuron is important in a
chemoreceptor response, one that involves a change in
ventilation in vivo.

A number of experimental approaches support the
concept that central chemoreception is a widely dis-
tributed function within the hindbrain. Experiments
using expression of the early gene, c-fos, following
exposure to elevated CO2, described the presence of
activated neurons at locations near the ventral lateral
medullary surface, as proposed in early studies, but
also deeper in the brainstem at other locations includ-
ing the locus ceruleus, nucleus tractus solitarius, med-
ullary raphe, rostral aspect of the ventral respiratory
group, and fastigial nucleus of the cerebel-
lum.28,88,90,95,102,116 Studies of neurons in slice prepara-
tions of the medulla that included the deeper nucleus
tractus solitarious, locus ceruleus, and medullary
raphe have all described neurons that were excited by
CO2.

24,53,91,96,98,99 These experimental approaches did
not demonstrate chemoreception, however. The neu-
rons expressing c-fos could have been “downstream”
to the actual chemodetector cells, and the neurons in
the slice preparations were not connected to a ventila-
tory output.

A series of experiments have utilized the approach
of examining the ventilatory response to a small region
of focal acidosis produced at various sites within the
brainstem. While studying the role of carbonic anhy-
drase in cerebral pH regulation, Coates et al.15 noted

that focal application of acetazolamide, an inhibitor of
carbonic anhydrase, resulted in focal acidosis. They
then used tiny 1-nl injections of acetazolamide to pro-
duce very focal acidosis in the brainstem of anesthe-
tized cats and rats.6,16 The presence of a ventilatory
response following such injections indicated the pres-
ence of chemoreception at that site. Central chemore-
ception was present at many locations, including the
retrotrapezoid nucleus (RTN) just below the ventral
medullary surface (a possible site for the older surface
chemoreceptors), nucleus tractus solitarious, locus
ceruleus, midline medullary raphe, rostral aspect of
the ventral respiratory group, and fastigial nucleus in
the core of the cerebellum (the same sites as described
by the c-fos studies). Focal acidosis produced by the
1-nl injections of acetazolamide resulted in an increase
in fictive ventilatory output in these anesthetized
animals, which provided functional evidence for mul-
tiple central chemoreceptor locations. Brain pH mea-
surements showed the tissue pH change to be similar
to that observed with a 20-mm Hg increase in arterial
PCO2 in anesthetized animals. A second approach
to induce a focal acidosis in various regions of the
brainstem utilizes reverse microdialysis with a CO2

laden artificial cerebrospinal fluid (aCSF)60�62, which
reduced brain tissue pH by an amount like that
observed with an increase in arterial PCO2 of 5-6 mm
Hg, a small stimulus intensity63. This approach dem-
onstrated ventilatory responses in the sites shown in
Fig. 56.2.

FIGURE 56.2 A simplified, schematic view of chemoreceptor sites that, when stimulated, can increase ventilation in wakefulness. Solid
lines identify connections known to be present in wakefulness. LH, lateral hypothalamus; LC, locus ceruleus; NTS, nucleus tractus solitarius;
CB, carotid body; PBC, pre-Bötzinger complex; rVRG, rostral ventral respiratory group; MR, medullary raphe; VLM, ventrolateral medulla.
(Modified from Figure 1 in: Nattie, E. Julius H. Comroe, Jr. distinguished lecture: central chemoreception: then. . .and now. Apply Physiol
110:1�8, 2011.)
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Putative Chemoreceptor Cell Type

What cell type is responsible for the detection of
CO2 or pH within the brainstem chemoreceptor sites?
This seemingly simple question has proven difficult to
answer because there are numerous possibilities. While
it is difficult to study the response of a given cell type
to acidic stimulation in a brainstem slice preparation or
in cultured neurons, it is even more difficult to inter-
pret in vivo findings of chemoreception. Nonetheless,
there is in vitro and in vivo complementary evidence
for involvement of serotonergic, noradrenergic, and
glutamatergic neurons. This evidence is discussed
below.

Serotonergic Neurons

Serotonergic neurons are chemosensitive when stud-
ied in slices taken from young rats or in neurons taken
from newborn rats and grown in culture for several
days.96�99,119�121 These neurons are in the midline
medullary raphe in close proximity to large penetrating
blood vessels. The blood supply of the medulla arises
from vessels on the ventral surface that penetrate deep
into the tissue supplying neurons through to the dorsal
aspect of the medulla.13 A serotonergic neuron in
culture will increase its firing rate with a mild CO2

stimulus, e.g., from 1 to 3 Hz. If expressed as the per-
cent change in firing rate, these neurons are quite sen-
sitive in this reduced preparation. This sensitivity
in vitro, response to mild stimulus intensities, and
anatomical proximity to large vessels has been inter-
preted to indicate that serotonergic neurons are major
central chemoreceptors. In vivo data support this
hypothesis. Serotonergic neurons can be specifically
destroyed by injection of a cell toxin, saporin, which
has been conjugated to an antibody to the serotonin
transport protein (anti-SERT-SAP).84 The antibody
recognizes the serotonergic cell, the conjugate is inter-
nalized, the saporin is released, and, over a period of
days, the cell is killed. Such injections reduce the
number of serotonergic neurons in the medullary
raphe region of the rat by 28%, and also reduce the
ventilatory response to CO2 by 15 and 18%, respec-
tively, in wakefulness and in NREM sleep.
Serotonergic neurons are clearly involved in chemore-
ception. These data do not prove that they are chemo-
detector neurons in vivo.

One can inhibit serotonergic neurons reversibly by
stimulation of serotonin 1A receptors, which are
primarily inhibitory autoreceptors, by direct applica-
tion via reverse microdialysis of 8-OH-DPAT ((R)-
(1)-8-hydroxy-2(di-n-propylamino)tetralin). When
this is done in the medullary raphe region of the
unanesthetized rat, the CO2 response is reduced.
Dialysis of 10 mM 8-OH-DPAT reduces the CO2

response by B20%, while dialysis of 30 mM 8-OH-
DPAT reduces it by 40% (Taylor et al., unpublished
observations). When DPAT is dialyzed in the medul-
lary raphe region of the unanesthetized newborn pig-
let, the CO2 response is again reduced, but only in
piglets older than seven days. In younger piglets,
dialysis of DPAT increases the CO2 response.59

Serotonergic neurons are clearly involved in chemo-
reception but not in the early postnatal period. Again,
these data do not prove that they are chemodetector
neurons in vivo.

Finally, daily focal administration of the SERT inhib-
itor, fluoxetine, over 21 days in the unanesthetized rat,
which should make more serotonin available in the
medullary raphe region, results in an enhanced ventila-
tory response to CO2.

114

Serotonergic neurons cell bodies are located in spe-
cific sites within the brainstem and have very wide-
spread connections within the higher brain and spinal
cord. They are most active in terms of firing rate in
wakefulness and less so in NREM sleep, and are almost
quiescent in REM sleep. Their main function remains
incompletely understood; the concept that they may be
chemodetectors important in ventilatory chemorecep-
tion is somewhat paradoxical.

In sum, these in vitro data showing the sensitivity of
serotonergic neurons to CO2 but not proving their
involvement in chemoreception, and these in vivo data
showing that serotonergic neurons are involved in
chemoreception but not demonstrating that they are
directly chemosensitive, present a constellation of
findings most easily interpreted as involving seroto-
nergic neurons as chemodetectors. It is likely that
these serotonergic neurons also modulate other
aspects in regulating breathing and, in respect to che-
moreception, they may act as modulators as well as
detectors.

Glutamatergic Neurons

Glutamatergic neurons in the region of the retrotra-
pezoid nucleus (RTN) have also been proposed as the
central chemosensitive neurons. The RTN, at first
glance, is a rather unimpressive group of small,
difficult-to-find neurons that lie in a small sliver of
space between the ventral border of the facial nucleus
and the ventral surface of the medulla. This group of
neurons was discovered at about the same time by two
quite different experimental approaches. In one, viral
retrograde tracers injected into the phrenic motor
nucleus demonstrated the presence of second-order
neurons at this site;27,109 in the other, very small injec-
tions in the RTN of an excitatory amino acid toxin, kai-
nic acid, stopped breathing and substantially reduced
the ventilatory response to CO2 in anesthetized cats
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and rats.76,77 A series of studies then showed in
unanesthetized rats that:

1. Focal stimulation of the RTN by reverse
microdialysis of a CO2-rich artificial cerebrospinal
fluid stimulated breathing, which indicated the
presence of chemoreception in the RTN.57

2. Dialysis of the GABA-A receptor agonist muscimol
decreased the ventilatory response to CO2,
supporting the presence of chemoreception in the
RTN.78

3. Dialysis of the GABA-A receptor antagonist,
bicuculline, stimulated breathing, which indicated
the presence of a tonic GABAergic inhibition in the
RTN.83

4. Stimulation of neuronal activity in the RTN by CO2,
which supported the presence of chemoreception
in the RTN.18,82

5. Unilateral excitatory amino acid toxin-induced
lesions reduced the ventilatory response to CO2, but
had no effect on baseline breathing or on the
response to hypoxia supporting the presence of
chemoreception in the RTN.4

6. Bilateral lesions of RTN neurons that express the
neurokinin-1 receptor by injection of a cell-specific
toxin, substance P (the ligand for the neurokinin-1
receptor) conjugated to the cell toxin saporin,
decreased the ventilatory response to CO2 and
induced hypoventilation, which supported the
presence of chemoreception in the RTN.81

Recent studies have identified the putative chemore-
ceptor neuron within the RTN as glutamatergic.62 In
anesthetized rats, RTN neuronal activity was shown to
be sensitive to CO2 delivered to the whole rat, even
when other aspects of the respiratory control network
were inhibited by systemic administration of a broad-
spectrum glutamate receptor antagonist or by an opi-
oid receptor antagonist. Further, the excitable neurons
were shown by juxtacellular labeling to express the
RNA message for the glutamate transport protein,
VGLUT2, thereby identifying the neurons as glutama-
tergic. These authors also found that nearby serotoner-
gic neurons were not responsive to CO2, but they did
not test serotonergic neurons at other sites where they
are plentiful. Studies in brainstem slices also showed
these glutamatergic neurons to be CO2 sensitive. The
RTN is a central chemoreceptor site, and glutamatergic
neurons in the RTN certainly seem to be involved in
chemoreception and may be chemodetector neurons at
this site.

Noradrenergic Neurons

Like serotonergic neurons, the noradrenergic neu-
rons have cell body localization within the brainstem
with widespread projections into the higher brain and

spinal cord, fire in a state-dependent manner with fir-
ing greatest during wakefulness, followed by NREM
sleep, which in turn is followed by REM sleep, and
seem to play a role in both basic physiological control
as well as in the modulation of higher nervous system
behaviors. When studied in brainstem slices, the norad-
renergic neurons of the locus ceruleus are chemosensi-
tive, which suggests that they could be involved in
chemoreception. In brain slices, the locus ceruleus cell
firing rate is increased by B56% as bathing medium
CO2 is increased from 5 to 10% CO2,

91 and by 93% as
the bathing medium CO2 is increased to 15%.35 In anes-
thetized rats, hypercapnia increases the locus ceruleus
neuron firing rate together with splanchnic nerve activ-
ity even after denervation of the carotid bodies.29 The
baseline firing rate of one neuron was B3 Hz; on aver-
age, the firing rate increased by 20% at 5% CO2 and
47% at 10% CO2.

29 The expression of the early gene, c-
fos, is also increased in TH-ir neurons of the locus ceru-
leus region in response to increased CO2 (15% CO2 for
60 minutes), which suggests a role for these cells in
central chemoreception.41 Focal acidification of the
locus ceruleus region by microinjection of acetazol-
amide increases fictive ventilatory output (phrenic
nerve activity) in anesthetized cats and rats, indicating
that this location contains chemoreceptors that can
affect breathing.16 Cell-specific killing of noradrenergic
neurons in locus ceruleus and in other brainstem
regions, that is, the A5, C1, and C3 regions, decreases
the ventilatory response to CO2 in rats during sleep
and wakefulness (Li and Nattie, unpublished observa-
tions). Injections of the cell-specific toxin, anti-DBH-
SAP, into the fourth ventricle, reduced the number of
TH-ir cell profiles counted in the A6 region by 84%
and in the A5 region by 78%. These injections had little
effect on TH-ir cells in more rostral sites as demon-
strated by the lack of effect on TH-ir cell profile counts
in a portion of the A9 region. This was associated with
a 25�28% reduction in the ventilatory response to sys-
temic hypercapnia in both sleep and wakefulness.

Cholinergic Receptors

There is in vivo evidence suggesting that muscarinic
cholinergic receptors in the region of the retrotrapezoid
nucleus are also involved in central chemoreception.63

In anesthetized cats, focal inhibition of muscarinic
receptors by application of antagonists to the ventral
medullary surface and by their microinjection into the
ventral medullary tissue decreased the ventilatory
response to CO2. Use of relatively specific muscarinic-
receptor subtype antagonists produced effects suggest-
ing that the M3 subtype was most potently involved;
a greater fraction of M3 receptor antagonist injections
inhibited the CO2 response than did M1 or M2
receptor antagonist injections.75
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Small Ventral Surface Cells

A number of investigators have noted the presence
of small cells along the ventral medulla surface that
express the early gene c-fos after CO2 stimulation.
These cells have been proposed as chemodetec-
tors.8,39,117 The size and character of these cells differ
from the glutamatergic neurons that have been recently
proposed in this region as chemodetectors.62 In fact,
they resemble glial cells. Could glia be central chemo-
detectors? There is evidence to support the idea that
glia can, at the least, modulate central chemorecep-
tion. Focal inhibition of glial function in the RTN by
microdialysis of fluorocitrate, which preferentially
inhibits metabolism in glia, results in the development
of focal acidosis and stimulation of breathing in anes-
thetized rats.30 In unanesthetized rats, fluorocitrate
application focally into the RTN region stimulates
breathing both in air and in various CO2 levels.46 If
glia can be depolarized, and thus “excited,” by
changes in pH, their release of substances like ATP or
glutamate could act like “neurotransmitters,” which
can then stimulate nearby neurons (see Putnam
et al.94). Glia seems to regulate local interstitial fluid
(ISF) pH, and thus they likely modulate central che-
moreceptor function.

ATP and P2X Receptors

There is quite a bit of evidence from experiments in
anesthetized animals that supports a role of some type
for ATP and P2X receptors in central chemoreception.
P2X receptors are present in the ventral lateral medulla;
application of P2 receptor antagonists decreases the
ventilatory response to CO2, ATP is released from cells
in the ventrolateral medulla during CO2 stimulation,
and application of ATP to this region stimulates
breathing.112 These observations suggest that ATP
release with subsequent stimulation of cells with puro-
genic receptors is involved in central chemoreception.

Why so Many Central Chemoreceptor Sites?

Which sites are the most important? There is no evi-
dence as yet to show that one central chemoreceptor
site, or that one central chemodetector cell type, is of
primary importance in the unanesthetized mammal.
Much evidence obtained both in vitro and in vivo sup-
ports a role for medullary raphe serotonergic neurons,
RTN glutamatergic neurons, and medullary noradren-
ergic neurons in central chemoreception. The quantita-
tive nature of responses to focal acidic stimulation is
basically similar in anesthetized or unanesthetized ani-
mals at all sites tested, which include the RTN, medul-
lary raphe, locus ceruleus, nucleus tractus solitarius,
rostral aspect of the ventral respiratory group, and

fastigial nucleus of the cerebellum. Similarly, lesions of
the RTN, medullary raphe, and medullary noradrener-
gic cells, and focal inhibition of the RTN or the medul-
lary raphe all decreased the ventilatory response to
CO2 but none abolished it. In fact, the largest propor-
tional inhibition that has been observed in conscious
animals has been a B40% decrease in the ventilatory
response to CO2: (1). following destruction of RTN
neurons by an excitatory neurotoxin,4 and (2).
following reversible inhibition of medullary raphe
serotonergic neurons by reverse microdialysis of
8-OH-DPAT, an inhibitor of serotonergic neurons
(Taylor et al., unpublished observations). In the first
case, this effect was measured 18 days following
induction of the lesion; in the second case, the effect
was measured immediately. No one has as yet pro-
duced a total lesion or total inhibition of all neurons
located at a single anatomical location or of all neu-
rons identified by a single chemical phenotype. One
possible exception is an experiment in which neonatal
rats were treated with a serotonergic toxin, 5,7-dyhy-
droxytryptamine.61 When studied as adults, these rats
showed a decrease of about 50% in ventilatory
response to CO2. Because no histology was per-
formed, the extent of the serotonergic lesion is
unknown, although tissue levels of serotonin were
dramatically reduced.

Given the presence of multiple cell types that are
chemosensitive in vitro together with in vivo observa-
tions that indicate chemoreception occurs at sites con-
taining these neurons and that lesions or neuronal
inhibition at these sites interfere with the ventilatory
response to CO2, it seems unlikely that there is a pre-
dominant chemodetector neuron or chemosensitive
site. The sum of all the evidence supports the concept
of multiple central chemoreceptor sites and multiple
chemodetector cells.

Why is Central Chemoreception Such a
Distributed Property?

A number of hypotheses, briefly described in the
following, have been proposed to answer this
question:32,70�72

Geographic Specificity

Various brain regions, in a geographic or anatomical
sense, each have their own set and type of chemore-
ceptors. These could be organized among physiological
functions, such as control of blood pressure versus
breathing, or within a single function, such as the vari-
ous brainstem sites involved in the control of
breathing.
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Stimulus Intensity

Sites may vary according to stimulus threshold and
stimulus intensity required to bring about a response.
To obtain the very high overall sensitivity of the sys-
tem, many or all sites must be stimulated at the same
time.

Stimulus Specificity

CO2 may stimulate some sites, and pH may stimu-
late others. Some may detect intracellular pH, and
others extracellular pH.

Temporal Specificity

Some sites may be oriented to detect blood pH,
others to detect brain interstitial fluid pH or to detect
cell pH. These various sites may detect pH changes at
different times during an acid�base event.

Syncytium

Chemodetector cells at certain sites could be part of
a network connected by low-resistance junctions.25

This could be a way to enhance the system response to
a small focal response at the cellular level.

Arousal State

Some sites could respond in sleep, others in wake-
fulness, and still others in both states. Evidence from
focal stimulation studies supports this to some extent.

The role of various central chemoreceptor sites has
been evaluated in unanesthetized animals by employ-
ing the technique of reverse microdialysis to deliver
CO2 into restricted brainstem regions. By equilibration
of artificial cerebrospinal fluid with high CO2 concen-
trations, and by rapid flow through the dialysis system,
a focal and moderate level of tissue acidosis can be pro-
duced. In the rat, such focal acidosis in the region of
the retrotrapezoid nucleus increases ventilation in
wakefulness,57 whereas in the midline medullary raphe
region it does so in sleep (Fig. 56.3).79 These two sites
are within a millimeter or so of each other anatomi-
cally. The fact that focal CO2 administration at the
medullary raphe increases ventilation by affecting
breathing frequency only in sleep, while focal CO2

administration in the RTN increases ventilation via an
effect on tidal volume only in wakefulness, provides
functional evidence that this technique does produce a
focal stimulus. These data also suggest that various
chemoreceptor sites may have different roles. Focal
CO2 administration in the nucleus tractus solitarius
increases ventilation in both sleep and wakefulness via
an effect on both breathing frequency and tidal vol-
ume.80 In the unanesthetized goat, focal acidification in
the medullary raphe increases ventilation in wakeful-
ness,44 and focal acidification at two medullary raphe

sites produces twice the effect on breathing.45 The stim-
ulus intensity observed with focal CO2 dialysis in rats,
as measured by tissue pH electrodes, is similar to that
observed with a 6-mm Hg increase in PaCO2. The goat
studies used a similar stimulus intensity.

Evolutionary Considerations

Satinoff101 published the idea of a hierarchical con-
trol system for mammalian temperature regulation,
with levels in the hierarchy determined by physiologi-
cal processes added during steps in evolution.

New demands cause new mechanisms and new sites
of regulation. It is possible that the presence of multiple
central chemoreceptor sites is the result of a similar evo-
lution. As organisms progressed during evolutionary
time, major events occurred, each of which could have
resulted in the development of a new chemoreceptor
site with new functional emphasis. For example, the
transition from water-to-air breathing, development of
homeothermy, requirement for sleep, and further dif-
ferentiation of sleep into NREM and REM components,
could have been associated with the need for the devel-
opment of a new chemoreceptor site and mechanism.

What is the Role of Peripheral versus Central
Chemoreceptors?

If we group the central chemoreceptors together, the
issue remains of the importance and function of the
central chemoreceptors versus that of the peripheral
chemoreceptors. Heymans and Bouckaert,43 among
others, have argued that the peripheral chemoreceptors
can explain most of the chemical control of breathing
while others, most notably Pappenheimer and collea-
gues,34,89 have suggested that the opposite is more
likely. Experiments with clearly interpretable results
have not been forthcoming. There have been many
attempts to surgically remove the carotid bodies and
then compare the sensitivity of the ventilatory response
to CO2 to that observed prior to peripheral chemode-
nervation. Generally, these studies in both anesthetized
and in unanesthetized animals have suggested that the
peripheral chemoreceptor can account for 20�40% of
the total CO2 response.38,42,67 The problem that makes
the interpretation of these data difficult is that the
carotid bodies provide a tonic afferent excitatory input
to the respiratory control system. Thus, peripheral che-
modenervation removes both a tonic source of system
excitation as well as the CO2-dependent increase in
excitation. Consequently, a subsequent reduced sensi-
tivity to CO2 cannot be interpreted as the outcome of
losing CO2 detection alone. In fact, this loss of a tonic
excitation may be the explanation for the common
observation in chemodenervated animals and humans
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that hypoventilation ensues following peripheral che-
modenervation. The remaining chemoreceptor sites do
not make up for the loss of peripheral excitatory input
from the carotid bodies. This absence of recovery fol-
lowing chemodenervation also occurs after removal of
at least one central chemoreceptor site, the RTN.81

Here, with bilateral destruction of RTN neurons, the
unanesthetized rat also hypoventilates while breathing
air at rest. The rat behaves just like it does following
loss of the carotid bodies. Following RTN destruction,
the remaining chemoreceptors, including the carotid
body, do not make up for the presumed loss of tonic
excitatory input from neurons within the RTN region.
The RTN can be viewed as containing glutamatergic
chemodetector neurons as well as providing tonic exci-
tation to the respiratory control system.

Smith and Dempsey have used an elegant prepara-
tion that has the potential to unravel how peripheral
and central chemoreceptor sites interact.25,108 In the

dog, these authors denervated the peripheral chemore-
ceptor on one side and created an investigator-
controlled perfusion system for the other side. They
controlled the PO2 and PCO2 of peripheral and central
chemoreceptors independently. The major finding
from these studies to date is the importance of the
peripheral chemoreceptors in detecting rapid changes
in PaCO2 either as hypocapnia or hypercapnia. In vari-
ous experiments, responses to changes in PaCO2 at the
carotid body are on average twice as fast as when the
change in PaCO2 is isolated to the central chemorecep-
tors. Remarkably, these data are in agreement with
deductions made from analysis of time constants of the
ventilatory response to single breath changes in CO2 in
humans with and without peripheral chemorecep-
tors.31 They also agree with older data in decerebrate
cats.9 The possible role of peripheral chemoreceptors as
a rapid-response detector is intriguing and important,
as Dempsey and colleagues26 have shown that in some

FIGURE 56.3 The three panels at the left show pH and bicarbonate in cerebrospinal fluid, and both CSF and PaCO2 versus arterial bicar-
bonate in five goats with chronic acid�base disturbances. The panel at the right shows both arterial and CSF pH versus arterial bicarbonate.
These data are very representative of such data obtained in humans with chronic acid�base disorders. Note that CSH pH changes very little
in comparison to arterial pH, and that this results from both a smaller change in CSF bicarbonate than in blood and from the changes in
PaCO2 that reflect chemoreceptor-induced changes in alveolar ventilation. (With permission, from Figures 2 and 3, in. 34)
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cases, apneas in sleep may be potentiated by sudden,
rapid decreases in PCO2 brought about by transient
increases in ventilation that involve only a few breaths.

PARADOX: CENTRAL
CHEMORECEPTORS LOCATED IN
AN ENVIRONMENT WITH TIGHT

pH REGULATION

Acid�Base Regulation in Brain Fluids

The central nervous system has two extracellular
compartments; the ventricles containing CSF, and tis-
sue interstitial fluid (ISF). CSF and ISF have different
volumes, 10 and 20% of brain weight, respectively, and
communicate without diffusional restriction. The ionic
composition of both is regulated and this provides a
stable chemical environment for neuronal func-
tion.22,23,33,34,36,51,68 As a first approximation, we can
estimate brain ISF pH by measurement of CSF pH. CSF
pH is regulated by a combination of ion secretory
and exchange processes at the choroid plexus and
blood�brain barrier (BBB), which determine the ionic
composition of CSF and ISF, respectively, and cerebral
blood flow and alveolar ventilation, which determine
ISF PCO2.

68 CSF pH changes very little in acid�base
disturbances.22,33,34 Figure 56.4 shows the small change
in CSF pH that accompanies chronic experimental
acid�base disturbances produced in goats that vary
arterial bicarbonate from less than 10 to more than
40 mmol/liter. The figure also shows that CSF pH
changes much less than arterial pH under these condi-
tions. Also in Fencl et al.,34 a summary of data obtained
from nine separate studies of humans with chronic
acid�base disorders showed the very same relation-
ships. These goat data are fully representative of the
changes in these variables observed in human subjects.
ISF pH homeostasis provides a stable environment for
cell pH regulation and allows normal neuronal func-
tion at the membrane and synaptic levels. Disorders
of pH caused by ionic or CO2 imbalance initiate both
types of brain responses—ionic and blood flow/ventila-
tory. The brain can regulate its own ionic environment—
as the kidney does systemically—and alter brain and
body PCO2. This regulatory system for brain ISF pH
contributes to body pH homeostasis as well.

Choroid Plexus

Specialized cells in choroid plexus secrete the CSF, a
clear colorless liquid with low protein content
(B25 mg/100 ml) in comparison to plasma (B6.5 gm/
100 ml). It circulates through the ventricles and exits to
the venous system via the arachnoid villi. CSF

secretion involves a number of ion exchange proteins
in choroid plexus epithelium.48 Facing CSF, a sodium/
potassium ATPase extrudes sodium, decreasing cell
sodium concentration and maintaining the sodium
concentration gradient from plasma to cell. At the
plasma membrane, sodium/proton and chloride/bicar-
bonate antiporters operate to enhance sodium and
chloride entry. Cell carbonic anhydrase catalyzes the
rapid production of bicarbonate and protons used for
these ion exchanges. Sodium chloride cotransport
appears at both membranes as well.48 The secreted CSF
has a higher sodium and chloride concentration and
lower potassium concentration and pH than does
plasma.

Blood�Brain Barrier

Not all CSF originates in the choroid plexus. Pollay
and Curl92 perfused a portion of the rabbit fourth ven-
tricle after removing the plexus. Dilution of their per-
fusate indicated the presence of a fluid added from the
brain. This fluid, which accumulated at one third the
rate of total CSF, was thought to originate at the capil-
lary endothelial cells that form the BBB. Brain capillar-
ies, because of endothelial tight junctions, have no
Starling-type bulk-flow fluid exchange with ISF, and
this barrier has low ion permeabilities, low hydraulic
conductivity, and high electrical resistance.11,103,104

Thus, ion movement that accounts for the observed
fluid flow must occur by a secretory process.

Ion transport proteins are present at the BBB.8,11 As
reviewed by Schielke and Betz,103 an amiloride-
sensitive nonselective cation channel,7,8,118 a sodium/
chloride cotransport protein, and sodium/proton64 and
chloride/bicarbonate antiporters110 are found at the
barrier. At the ISF-facing membrane, there is a
sodium/potassium ATPase.12,88 The sodium/proton
antiporter has been demonstrated in isolated cerebral
capillaries,7 and potassium and chloride channels have
been suggested based on observations made in analo-
gous systems. This model can account for an actively
secreted ISF originating at brain capillary endothelium
and provides possible sites for ISF pH regulation.

Bulk Flow of Interstitial Fluid

Brain ISF can move by a pressure-dependent bulk
flow through ISF spaces into ventricular CSF.19,20,48

The clearance of 900-, 4000-, and 69,000-Da tracer mole-
cules injected into brain parenchyma was found to be
similar, results explicable by bulk flow but not diffu-
sion.19 Part of this clearance occurs via ventricular CSF,
and part by other pathways, such as cervical lympha-
tics.113 Thus, a CSF-like fluid formed by secretory
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processes at the endothelial cells moves by bulk flow
through ISF to the ventricles or to cervical lympha-
tics.48,113 This flow pathway for brain ISF raises the fol-
lowing questions: What is the role of ventricular CSF in
the regulation of ISF? Is CSF merely an effluent drain-
age system or does it modify brain ISF? Tracer mole-
cules perfused via the cerebral ventricular system do
enter the parenchyma (e.g.,10) by diffusion or bulk flow
if the normal flow-determining pressure gradients are
disturbed. It seems reasonable to suggest that ISF, espe-
cially near the ventricles, is exposed to the ionic consti-
tuents of CSF. This would help to maintain ISF ion
concentrations within the narrow range required for
normal neuronal function.

Potassium

As an example, we consider the role of choroid
plexus and BBB in the tight regulation of ISF and CSF
potassium.11,52 Potassium measurements by ion-
selective electrodes in rats of different ages show that
ISF potassium regulation is present, developmentally,
before that of ventricular CSF.49 Sodium/potassium
ATPases, described at the brain-facing surface of both
choroid plexus and BBB cells, have a Km of 3 mM, the
normal ISF and CSF concentration.104 Cotransport of
potassium with chloride is present at the choroid
plexus and, perhaps, at the BBB, and many potassium
channels have been identified in capillary endothelial
cells.52 Mechanisms exist at both choroid plexus and
the BBB for potassium regulation in brain ISF and CSF.
Such a model should also apply to pH regulation in
brain ISF and CSF.

PCO2 at Choroid Plexus

The bicarbonate concentration of freshly secreted
CSF depends on the PCO2. At choroid plexus, an
increase in PCO2 increases the bicarbonate, and
decreases the chloride, concentrations of secreted
CSF.51,65,66 The sodium concentration is also increased
in the immediate response.50,65,66 These ionic responses
are involved in CSF pH regulation—as the bicarbonate
concentration increases, the pH of the secreted fluid is
less acidic. With a decrease in PCO2, the reverse
occurs—bicarbonate decreases and chloride increases.
The mechanisms for these changes in the ionic charac-
ter of secreted CSF involve sodium/proton and chlo-
ride/bicarbonate antiporters as: (1) Antagonists of
these proteins inhibit the CSF bicarbonate response to
hypercapnia;73,74 (2) the full CSF bicarbonate response
to hypercapnia requires the presence of carbonic anhy-
drase;122 (3) changes in pH affect choroid plexus cell

ion concentrations and sodium entry from blood to
CSF via an amiloride-sensitive process.64

PCO2 at Blood�Brain Barrier

At the BBB, CO2 sensitive ionic processes help to
regulate ISF pH, and may affect the composition of
ventricular CSF. In anesthetized cats, hypercapnia
quickly increased cortical-surface ISF bicarbonate con-
centrations and decreased chloride concentrations.2,3

The responses were thought to reflect glia�ISF
exchange of chloride and bicarbonate, a rapid cell
response to regulate ISF pH. However, such an
exchange would acidify the glia. An alternative expla-
nation places the bicarbonate/chloride exchange at
capillary endothelial cells. Katsura et al.50 measured
ISF and brain tissue ions of rat cortex in response to
hypercapnia. ISF bicarbonate and sodium increased,
and chloride decreased, within minutes. Tissue bicar-
bonate also increased within minutes, as found by
others.65,122 A chloride for bicarbonate and sodium for
proton exchange between cell and ISF was proposed;
that is, cells lost bicarbonate, or gained H1, and ISF pH
was regulated at the expense of cell pH. The major
observation to support this interpretation was the
absence of any measurable change in tissue (cell)
sodium and chloride content. But, due to the small size
of the ISF space and the greater sodium and chloride
concentration in ISF than in the cells, it is difficult to
detect changes in cell sodium or chloride by whole-
tissue measurements. The CO2-stimulated changes in
ISF sodium, chloride, and bicarbonate could arise from
BBB processes.

The view that brain cells lose bicarbonate during
hypercapnia in order to regulate ISF pH requires
greater acidification of the cells involved. Simultaneous
measurements of brain cell and ISF pH using 31P-NMR
show that cell pH decreases: (1) Less than ISF pH after
10 minutes of hypercapnia;93 (2) less than blood pH fol-
lowing 50 minutes of hypercapnia.86 That cell pH
changes minimally in acute hypercapnia does not sup-
port the idea of cell acidification for regulating ISF pH.
The rapid changes in brain ISF sodium, bicarbonate,
and chloride during hypercapnia appear to represent
events that occur between ISF and blood, rather than
cell and ISF. Thus, rapid ion movements at the BBB
likely play an important role in ISF pH regulation in
hypercapnia. Such ISF pH regulation would optimize
cell pH regulation at neuronal and glial membranes.

Bicarbonate Entry from Blood

ISF pH changes rapidly following changes in blood
pH produced by infusion of acid or base with arterial
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PCO2 maintained at a constant value. In the steady
state, the ISF pH changes are approximately one-third
of those in blood.21,47,115 Measurements on the cortical
surface in anesthetized cats given a bolus infusion of
sodium bicarbonate with constant arterial PCO2

showed a rapid increase in ISF bicarbonate accompa-
nied by a decrease in ISF chloride.3 In contrast, no
change in CSF pH21,47 or cell pH1 is observed in
these types of acute experiments. In chronic systemic
acid�base disorders, CSF pH does change in the
direction of the change in blood pH but by a very
small amount, much less than in blood and, presum-
ably, ISF.33,34,89

SUMMARY

Brain ISF is produced by capillary endothelial cells
and moves through the interstitium via clearance of
bulk flow by ventricular CSF and cervical lymphatics.
ISF pH is, in part, regulated by ionic processes at the
choroid plexus and BBB. Both CO2 and blood bicarbon-
ate (ions) have independent effects.40,85 Some of these
processes respond to changes in PCO2, although the
means by which they are controlled is unknown. It is
likely that cell pH affects ion transport proteins.

BREATHING AND pH REGULATION

Effectiveness of Breathing in pH Regulation

Chemoreceptors provide a very sensitive means by
which ventilation can be stimulated by a small
decrease in pH; conversely, they are inhibited by a
small increase in pH (see Fig. 56.1). The peripheral che-
moreceptors can be viewed as a detector with rapid-
response dynamics, and the central chemoreceptors as
having slower dynamics. We can demonstrate, by
means of simple calculations, the effectiveness of this
very sensitive central chemoreceptor system to small
changes in cerebral pH in regulating peripheral arterial
pH as well as brain pH. Under normal baseline condi-
tions in humans, arterial pH is 7.40, PaCO2 is 40 mm
Hg, arterial bicarbonate is 24 mmol/liter, and CSF pH
is 7.3. In metabolic acidosis with arterial bicarbonate
decreasing from the normal value of 24 mmol/liter to,
say, 20 mmol/liter, without any ventilatory response
such that PaCO2 remains at 40 mm Hg, and arterial
pressure will decrease from 7.40 to 7.32. With this mild
acidosis in the presence of a ventilatory response, in
humans the PaCO2 will decrease by about 5 mm Hg to
a value of B35 mm Hg (see data for humans, Figure 13
in Feldman et al.32). The corresponding pH will be
7.38. The increase in alveolar ventilation, which will

decrease PaCO2 from 40 to 35 mm Hg, has a substantial
effect on pH regulation. The fall in PaCO2 reduces the
decrease in pH from 7.40 to 7.38 instead of 7.32 or a
change in pH of 0.2 pH units instead of 0.8 pH units.
The ventilatory response to the acidosis reduces the
arterial pH change in this example by 75%.

Where Do Chemoreceptors Detect the pH
Change?

Examination of Fig. 56.4 shows that in these chronic
acid�base disturbances, the ventilatory response (as
inferred from the observed changes in PaCO2, or as
observed directly from the measured alveolar ventila-
tion in Fig. 56.1) could be related either to the large
changes in arterial pH shown in the right panel or to
the smaller changes in CSF pH shown also in the right
panel. In an elegant set of experiments and deductions,
Pappenheimer, Fencl, and colleagues34,89 performed a
perfusion of the entire brain ventricular system in goats
with chronic acid�base disturbances using fluids of
varying bicarbonate concentration. They then related
alveolar ventilation in all conditions, chronic acid�base
disorders, CO2 inhalation, and ventriculo-cisternal per-
fusion of differing HCO3 concentrations, to pH at one
site only, a virtual site that lies three-quarters of the
distance between the large ventricle CSF and arterial
blood. All of the ventilatory responses fit one stimulus
location only with pH calculated for this site. The pH
at this site is represented by the X symbols in Fig. 56.1.
Referring to Fig. 56.4, we can imagine that the pH
detected by central chemoreceptors lies between arte-
rial and CSF pH, but closer to arterial pH.

SUMMARY

In a metabolic acid�base disturbance, CSF bicarbon-
ate changes less than blood bicarbonate due to the
presence of ionic secretory processes at choroid plexus
and the BBB that regulate CSF bicarbonate. In addition,
central chemoreceptors detect the acidosis, most likely
at a site lying between arterial blood and CSF. The cen-
tral chemoreceptors increase alveolar ventilation,
which decreases PaCO2 as well as the PCO2 in tissue
and in CSF. This CO2 change further minimizes the
degree of acidosis in CSF and it acts importantly to
diminish the pH change in arterial blood. Peripheral
chemoreceptors also contribute to the increase in alveo-
lar ventilation. This complex system has a set of ionic
regulatory processes to control brain fluid ions, and a
superimposed ventilatory system response to control
brain CO2 that mirrors, in the body, the set of ionic reg-
ulatory processes in the kidney that control body fluid
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ions, which also has superimposed a ventilatory sys-
tem response to control PaCO2.
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INTRODUCTION

The maintenance of systemic acid�base balance is
essential for survival. Increased renal ammoniagenesis
and gluconeogenesis from plasma glutamine constitute
an essential physiological response to metabolic acido-
sis that partially restores acid�base balance.1�3 Onset
of acidosis triggers a rapid and pronounced increase in
extraction and catabolism of plasma glutamine within
the renal proximal convoluted tubule. The mitochon-
drial phosphate-activated glutaminase (GA) catalyzes
the initial reaction in the primary pathway for the renal
catabolism of glutamine and is a key regulator of the
increased renal ammoniagenesis and gluconeogenesis.4

Glutamine extracted by the kidney is both deamidated
and deaminated to yield two ammonium ions.
The increased renal ammoniagenesis provides an
expendable cation that facilitates the excretion of
titratable acid while conserving sodium and potassium
ions. In rats and humans, the resulting α-ketoglutarate
is primarily converted to glucose.5 This pathway gener-
ates HCO3

� ions that partially compensate the systemic
acidosis. During chronic acidosis, this adaptive
response is sustained, in part, by cell-specific increases
in expression of various enzymes and transport pro-
teins. The adaptive increases in GA and the cytosolic
phosphoenolpyruvate carboxykinase (PEPCK) are para-
digms for characterization of the mechanisms that
mediate the pH-responsive regulation of renal gene
expression. The pronounced increase in GA results
from stabilization of the GA mRNA, while the more
rapid increase in PEPCK is initiated by activating tran-
scription of the PCK1 gene6 and sustained, in
part, by a gradual stabilization of the PEPCK mRNA.

A decrease in intracellular pH activates multiple signal
transduction pathways within proximal tubule cells
that mediate the increased expression of PEPCK7 and
the exocytosis8 and increased expression9 of NHE3, the
apical Na1/H1 exchanger. The latter protein contributes
to the active translocation of H1 and NH4

1 ions into the
urine.10,11 A significant portion of the ammonium ions,
generated in the proximal tubule, is subsequently reab-
sorbed within the medullary thick ascending limb to
produce a high interstitial concentration of ammonium
ions within the renal medulla.12 This gradient provides
the driving force for the final transport of ammonium
ions into the urine that occurs via specific ammonia
channels13 located within the basolateral and apical
membranes of the collecting ducts.14 All of these steps
are subject to fine regulation to ensure that the level of
renal ammonium ion production and excretion are
appropriate to sustain normal acid�base balance. As a
result, excess production of acid or insufficient adapta-
tions lead to various pathophysiologies.15

ROLE OF RENAL AMMONIUM ION
PRODUCTION AND EXCRETION

IN THE MAINTENANCE OF ACID�BASE
BALANCE

All higher eukaryotes maintain the pH of the extra-
cellular fluid and of various intracellular compartments
within narrow limits. For example, in humans, normal
arterial plasma pH is set at 7.406 0.04. Blood pH
values outside this narrow range define an acidosis
(pH,7.36) or an alkalosis (pH.7.44). The relative con-
centrations of HCO3

� and CO2 are the primary
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determinants of plasma pH. The reaction of H1 with
HCO3

� to form H2CO3 has a pK of 6.1 and thus would
appear to be a relatively ineffective buffer at pH 7.4.
However, the resulting carbonic acid is rapidly equili-
brated with CO2 and H2O by multiple carbonic anhy-
drases. The combined reactions provide an effective
buffer system due to the ability of the lungs to main-
tain a constant CO2 concentration through changes in
the rate of respiration. A constant blood pH of 7.40 is
produced by maintaining a pCO2 of 40 mmHg and a
blood HCO3

� concentration of 24 mM. The kidney con-
tributes to the maintenance of a constant blood HCO3

�

concentration by recovering nearly all of the HCO3
�

that is filtered by the glomeruli. In humans, the daily
filtered load of HCO3

� is approximately 4000 mmol.
About 70�80 percent of the filtered HCO3

� is reab-
sorbed in the proximal tubule.16 This process requires
the pumping of H1 ions into the tubular lumen via
NHE3, the apical Na1/H1 exchanger, and various H1-
ATPases (Figure 57.1). A luminal carbonic anhydrase
uses the H1 ions to protonate the filtered HCO3

� to

form CO2 and H2O. After diffusing into the epithelial
cells of the proximal tubule, a cytosolic carbonic anhy-
drase hydrates the CO2 to reform HCO3

� and regener-
ate the excreted H1 ions. The HCO3

� ions are then
transported across the basolateral membrane by NBC1,
a Na1/3HCO3

� cotransporter. The overall process of
HCO3

� absorption is inhibited by alkalosis and hypo-
calcemia and is increased by acidosis, hypercalcemia
and by increased levels of angiotensin II.17 Additional
regulation occurs in the distal nephron segments that
are responsible for the recovery of the HCO3

� that
remains in the fluid leaving the proximal tubule.18,19

The type A intercalated cells within the cortical and
outer medullary collecting ducts secrete H1 ions via
the apical H1-ATPase and an electroneutral H1/K1-
ATPase. The reabsorbed HCO3

� is subsequently trans-
ported across the basolateral membrane by AE1, a
HCO3

�/Cl� antiporter.
Catabolic pathways result in a net production of vol-

atile and non-volatile acids. The major acid generated
as a product of carbohydrate and fat catabolism is CO2

which is reversibly hydrated to form carbonic acid. A
normal individual generates approximately 20 moles of
CO2 per day. However, this acid is volatile and is effec-
tively expelled by the lungs. In contrast, the catabolism
of protein also produces non-volatile acids including
H2SO4 and H3PO4. These are strong acids that rapidly
dissociate to generate H1 ions and the corresponding
anions. The H1 ions combine with HCO3

� to form CO2

and H2O. However, this process causes a decrease in
blood HCO3

� concentration and a corresponding
decrease in blood pH. The average person eating a
western diet generates about 70 mmol per day of non-
volatile acids from the catabolism of proteins and
amino acids. To maintain normal acid�base balance,
the kidneys of this individual must accomplish the net
synthesis of an equivalent amount of HCO3

� ions.
The renal production of HCO3

� is primarily accom-
plished by the extraction and catabolism of plasma
glutamine.2 This process occurs largely within the
proximal convoluted tubule and is primarily initiated
by the mitochondrial glutaminase (GA) and glutamate
dehydrogenase (GDH). The combined reactions accom-
plish the deamidation and oxidative deamination of
glutamine and generate two ammonium ions and
α-ketoglutarate:

-

FIGURE 57.1 Pathways of bicarbonate reabsorption and gluta-
mine catabolism within the renal proximal tubule during normal
acid�base balance. The glomerular filtrate is slightly acidified by the
apical Na1/H1 exchanger (NHE3). The translocated H1 ions titrate
most of the filtered HCO3

� ions producing carbonic acid which is con-
verted to CO2 and H2O by the apical carbonic anhydrase (CA). The
CO2 diffuses into the proximal tubule and is hydrated by the cellular
carbonic anhydrase (CA) to reform HCO3

� ions that are then translo-
cated across the basolateral membrane by the Na1/3HCO3

� cotran-
sporter (NBC1). The glutamine (Gln) filtered by the glomeruli is
transported across the apical membrane by a Na1-dependent neutral
amino acid transporter (BoAT1). Most of the recovered glutamine is
then transported across the basolateral membrane by a Na1-indepen-
dent neutral amino acid transporter (LAT2). A small proportion of
the recovered glutamine is transported into the mitochondria where
it is catabolized to generate the basal level of ammonium ions that
are excreted in the slightly acidified urine.
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The subsequent conversion of α-ketoglutarate to
phosphoenolpyruvate is accomplished by reactions of
the tricarboxylic acid cycle and the phosphoenolpyr-
uvate carboxykinase (PEPCK). This process also gener-
ates two HCO3

� and two H1 ions:

-

The two H1 ions that are produced in these reac-
tions are consumed when the phosphoenolpyruvate is
either converted to glucose, a neutral molecule, or is
oxidized to CO2 and H2O. The net effect of the com-
bined reactions is the catabolism of glutamine to yield
two NH4

1, two HCO3
� ions, and one-half molecule of

glucose. For this process to result in the net production
of HCO3

� ions, the resulting NH4
1 ions must be

excreted in the urine. Ammonium ions that are added
to the renal venous blood are utilized in the liver to
form urea, a process that consumes HCO3

� ions.20

Therefore, the amount of ammonium ions excreted in
the urine is equivalent to the net production of HCO3

�

ions by the kidney.

PATHWAYS OF RENAL AMMONIAGENESIS

During normal acid�base balance, the kidneys
extract and metabolize very little of the plasma gluta-
mine.21 The measured rat renal arterial-venous differ-
ence is less than three percent of the arterial
concentration of glutamine, whereas only seven per-
cent of the plasma glutamine is extracted by the human
kidneys even after an overnight fast.22 Therefore, renal
uptake is significantly less than the fraction of plasma
glutamine that is filtered by the glomeruli and enters
the lumen of the nephron (Figure 57.1). Most of the fil-
tered glutamine is reabsorbed within the proximal con-
voluted tubule.23 This uptake is probably mediated by
BoAT1, a Na1-dependent neutral amino acid trans-
porter that is localized to the apical membrane of the
small intestine and the renal proximal tubule.24

Mutations in the SLC6A19 gene that encodes this trans-
porter are associated with Hartnup’s disorder.24,25

Most of the recovered glutamine is subsequently trans-
ported across the basolateral membrane via the LAT2
isoform (SLC7A8) of the Na1-independent system L
family of amino acid transporters.26,27 Transporters of
this family have a preference for leucine, but also

recognize a broad range of neutral amino acids includ-
ing glutamine. The LAT2 isoform is expressed predom-
inantly in the basolateral membrane of intestinal
epithelial cells and the renal proximal tubule.28 Thus, it
functions in the cellular release of glutamine that was
absorbed from the intestinal lumen or the glomerular
filtrate. However, it also catalyzes an exchange of
extracellular and intracellular amino acids29 that may
contribute to basolateral glutamine uptake by intestinal
epithelial cells in a post-absorptive state and by the
proximal tubule during metabolic acidosis.

Utilization of the small fraction of extracted plasma
glutamine requires its transport into the mitochon-
drial matrix where glutamine is deamidated by a
phosphate-activated GA and then oxidatively deami-
nated by GDH (Fig. 57.1). Glutamine uptake occurs
via a mersalyl-sensitive electroneutral uniporter.30 The
mitochondrial glutamine transporter has been purified
from rat kidney and was shown by reconstitution in
lipid vesicles to be specific for glutamine and aspara-
gine and inhibited by various thiol reagents.31 Kinetic
measurements using isolated rat renal mitochondria
indicated that the rate of glutamine transport is not
rate limiting for glutamine catabolism.32,33 However,
the basal level of GA is much greater than what is
required to accomplish the basal catabolism of gluta-
mine. Therefore, either the activity of the mitochondrial
glutamine transporter or the GA must be largely inhib-
ited or inactivated in vivo during normal acid�base
balance to account for the effective reabsorption of glu-
tamine. Finally, during normal acid�base balance, the
urine is only slightly acidified. Thus, only two-thirds of
the ammonium ions produced from glutamine are
trapped in the tubular lumen and are excreted.34 The
remainder is added to the renal venous blood.

ACUTE REGULATION OF RENAL
AMMONIAGENESIS

Acute onset of a metabolic acidosis produces acute
alterations in the interorgan metabolism of glutamine35

which support the rapid and pronounced changes in
glutamine catabolism that occur in the kidney
(Figure 57.2). Typically, acute acidosis has been
induced by stomach loading rats with 2.0 mmol
NH4Cl/100 g body weight.36 Within 1 to 3 h, the arte-
rial plasma glutamine concentration is increased two-
fold, primarily due to an increased release of glutamine
from muscle tissue.37 Significant renal extraction of
glutamine becomes evident as the arterial plasma con-
centration is increased.36 After 3 h, net extraction
reaches 25% of the plasma glutamine, a level that
slightly exceeds the percent filtered by the glomeruli.
Thus, the direction of the basolateral glutamine
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transport must be reversed in order for the proximal
convoluted tubule cells to extract glutamine from both
the glomerular filtrate and the venous blood.
Adrenalectomized rats exhibit an impaired ability to
increase plasma glutamine and to extract glutamine
during onset of acute acidosis, suggesting that this
response may be mediated, at least in part, by an adre-
nal hormone.36 Within 4 h, plasma HCO3

� decreased
from 28 mM to 17 mM, urine pH decreased from 7.2 to
5.8, and renal ammonium ion excretion increased 6-
fold.34 The prompt acidification of the urine may result
from the rapid translocation38 and acute activation39 of
NHE3, the apical Na1/H1 exchanger. This process
facilitates the rapid removal of cellular ammonium
ions40 and ensures that the bulk of the ammonium ions
generated from the amide and amine nitrogens of glu-
tamine are excreted in the urine.

The acute increase in renal ammoniagenesis from
plasma glutamine is initiated more rapidly than the
adaptive increases in the levels of GA and GDH.34,41

The rapid increase in ammoniagenesis may result from
an acute activation of the mitochondrial glutamine
transporter.42 In addition, the cellular concentrations of
glutamate and α-ketoglutarate within the renal cortex
are decreased significantly in acute acidosis.43 The lat-
ter compounds are products and potent inhibitors
of the GA and GDH reactions, respectively. The
decrease in concentrations of the two regulatory meta-
bolites may result from a pH-induced activation of
α-ketoglutarate dehydrogenase43 and the rapid induc-
tion of PEPCK.44,45 The increased level of the latter
enzyme would facilitate the cataplerotic removal of
intermediates of the tricarboxylic acid cycle. Thus,
increased renal catabolism of glutamine initially results
from a rapid activation of key transport processes, an
increased availability of glutamine, and a decrease in
product inhibition of the GA and GDH activities. The
net effect is a rapid and pronounced increase in
the excretion of ammonium ions and titratable acid in
the urine.34

Various indirect studies also support the hypothesis
that changes in product inhibition may contribute to
the acute regulation of renal catabolism of glutamine.
For example, inhibition of glutamate uptake both
in vivo46 and in renal cell culture47 reduces the cellular
glutamate concentration and stimulates flux through
GA leading to increased ammoniagenesis. In addition,
a mutation in GDH, that increases in vivo activity by
reducing GTP inhibition, is responsible for the hyperin-
sulinism/hyperammonium syndrome.48 Similarly, sys-
temic activation of GDH can be produced by feeding
rats a non-metabolizable analog of leucine that func-
tions as an allosteric activator of GDH. The latter proto-
col produced a mild hyperammonemia that resulted
from a renal specific increase in ammoniagenesis.49 All
of these observations support the concept that acute
activation of flux through GA and GDH may contrib-
ute to the acute regulation of renal ammoniagenesis.

Only a few studies have characterized the changes
in renal glutamine extraction and ammoniagenesis that
occur in humans during acute50 and chronic acidosis.51

Both studies enrolled hypertensive patients who were
undergoing renal vein catheterization to assess plasma
renin activity. In the acute study, half of the patients
were fed 3 doses of NH4Cl during the 24 h before
catheterization.

This protocol produced a significant decrease in
arterial pH (7.41 to 7.33), arterial HCO3

� (23 mM to
15 mM), and urine pH (5.6 to 4.7), but increased total
renal ammonium ion production by only 60%. The aci-
dotic patients exhibited no significant changes in arte-
rial glutamine or renal extraction of glutamine (B6%),
but did exhibit an increased extraction of plasma gly-
cine, proline and ornithine.50 During chronic acidosis,
glutamine extraction by the human kidney was

FIGURE 57.2 Pathway of glutamine catabolism within the renal
proximal tubule during acute acidosis. The onset of an acute acidosis
leads to a rapid reversal of glutamine (Gln) flux across the basolateral
membrane that may be due to the exchange activity of LAT2 or the
increased expression of SNAT3. Acute acidosis also produces a
decrease in intracellular pH (pHi) that activates flux through the
mitochondrial glutamine transporter and α-ketoglutarate dehydro-
genase (αKD). The combined effects produce an increase in mito-
chondrial glutamine and a decrease in glutamate (Glu) and
α-ketoglutarate (αKG) levels that increase flux through glutaminase
and glutamate dehydrogenase, respectively. The rapid transcriptional
activation of the phosphoenolpyruvate carboxykinase (PEPCK) gene
may also contribute to the decrease in cellular glutamate and α-keto-
glutarate levels. The acute translocation and activation of NHE3
causes a prompt acidification of the urine and facilitates the apical
transport of ammonium ions. The combined increases in renal ammo-
nium ion excretion and gluconeogenesis produce a net synthesis of
HCO3

� ions that are transported across the basolateral membrane by
the Na1-dependent bicarbonate transporter (NBC1).
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increased even though blood glutamine levels were
decreased.51 The combined data indicate that the mech-
anism to increase renal catabolism of plasma glutamine
is not acutely activated in humans and that amino
acids in addition to glutamine may contribute to total
renal ammoniagenesis.

CHRONIC ADAPTATIONS
TO METABOLIC ACIDOSIS

Role of Increased Gene Expression

During chronic metabolic acidosis, the acute
decreases in the renal concentrations of glutamate and
α-ketoglutarate are partially compensated and the arte-
rial plasma glutamine concentration is decreased to
70% of normal.1 However, the kidneys now extract
nearly 40% of the total plasma glutamine21,34 in a single
pass through this organ (Figure 57.3). Renal catabolism
of glutamine is now sustained by increased expression
of the genes that encode various ion transporters and
key enzymes of glutamine metabolism.6 Following
onset of acidosis, a rapid induction of PEPCK gene
expression occurs only within the S1 and S2 segments of

the proximal tubule.52 The more gradual increase in the
levels of the mitochondrial GA53,54 and GDH55 also
occur solely within the proximal convoluted tubule.
Previous micropuncture studies56 and assays using
microdissected nephron segments57 established that the
preponderance of renal ammoniagenesis in normal or
acidotic rats occurs within the convoluted portion of the
proximal tubule. The decreases in plasma pH and
HCO3

� concentration during metabolic acidosis produce
a comparable and sustained decrease in the intracellular
pH (pHi) of the proximal convoluted tubule.58,59 Thus,
the adaptive increases in gene expression may be initi-
ated by a decrease in pHi. This hypothesis is supported
by the findings that similar changes in gene expression
occur in response to feeding a high protein diet or
chronic hypokalemia, conditions that decrease intracellu-
lar pH but produce either no change in extracellular pH
or a pronounced alkalosis, respectively.6,60 The adapta-
tions in GA and PEPCK levels result from increased
rates of synthesis of the proteins61,62 that correlate with
comparable increases in the levels of their respective
mRNAs.45,63 However, the increase in GA results from
the selective stabilization of the GA mRNA,64�66

whereas the more rapid increase in PEPCK activity
is initiated by enhanced transcription of the PCK1
gene.67 The activities of the apical Na1/dicarboxylate co-
transporter, NaDC-1,68 the mitochondrial glutamine
transporter,42 the basolateral SNAT3 glutamine trans-
porter (SLC38A3),69 the apical Na1/H1 exchanger,
NHE3,9 the basolateral Na1-3HCO3

� co-transporter,
NBC1,9 the medullary Na1K1-2Cl� co-transporter,70

and the ammonia channel, RhCG71 are also increased
during chronic acidosis.

The adaptation in the NaDC-1 transporter contri-
butes to an increased reabsorption and metabolism of
citrate within the proximal tubule. This reduces the
excretion of a weak acid in the urine. Following cellular
uptake, citrate is metabolized through one of two path-
ways, a cytoplasmic pathway involving citrate lyase or
a mitochondrial pathway involving the citric acid
cycle.72 During acidosis, the activities of cytoplasmic
citrate lyase and mitochondrial aconitase are also
increased.68 Since both pathways generate HCO3

�, the
increased reabsorption of citrate is equivalent to a
decrease in base excretion.60 Enhanced catabolism of
citrate also produces substrates that support the
increased gluconeogenesis. By contrast, the onset of
acidosis produced a decreased transcription of the api-
cal sodium-dependent phosphate transporter, NaPi-II,
in rat kidney and in OK cells.73,74 This adaptation may
contribute to an increased excretion of phosphate, a
titratable acid. However, the onset of acidosis in mice
decreased the expression of NaPi-IIa and NaPi-IIb
mRNAs, but increased levels of both isoforms in iso-
lated brush border membranes.75 Thus, the transient

FIGURE 57.3 Pathway of glutamine catabolism within the
renal proximal tubule during chronic acidosis. Increased renal catab-
olism of glutamine is sustained during chronic acidosis by
increased expression of the genes that encode glutaminase (GA), glu-
tamate dehydrogenase (GDH), phosphoenolpyruvate carboxykinase
(PEPCK), the mitochondrial glutamine transporter, the apical Na1/
H1 exchanger (NHE3), and the basolateral glutamine transporter
(SNAT3). The increased protein expression is indicated by the
arrows. Increased expression of NHE3 contributes to the transport
and trapping of ammonium ions in the luminal fluid. The combined
increases in renal ammonium ion excretion and gluconeogenesis
result in a net synthesis of HCO3

� ions that are transported across the
basolateral membrane by the Na1/3HCO3

� co-transporter (NBC1).
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increase in phosphaturia may be caused by a direct
effect of H1 ion concentration on the activity of the
phosphate transporter.

Chronic acidosis also leads to a pronounced increase
in the levels of the SNAT3 glutamine transporter
(SLC38A3) in rat kidney.76 Adaptive increases in this
transporter also occur in response to chronic dietary
potassium restriction and a high protein intake, condi-
tions that also cause an increase in renal ammonia syn-
thesis and excretion.77 A comprehensive survey of the
adaptive response of known amino acid transporters in
mouse kidney, demonstrated that only the basolateral
SNAT3 transporter exhibits a rapid and pronounced
increase in both mRNA and protein levels during onset
of acidosis.78 Surprisingly, expression of the y1-LAT1
(SLC7A7), a basolateral cationic/neutral amino acid
exchanger subunit, was decreased significantly during
acidosis. The SNAT3 transporter has a high affinity for
glutamine.79 It was initially cloned by its homology to
the vesicular GABA transporter.80 It catalyzes a Na1-
dependent uptake of glutamine that is coupled to the
efflux of H1 ions.26,81 However, under physiological
conditions, this reaction is reversible. Thus, it can also
catalyze H1 ion uptake coupled to glutamine efflux. In
brain, the SNAT3 transporter is expressed primarily in
glial cells,80 while in liver, it is found solely in the peri-
venous hepatocytes.82 Under normal acid�base condi-
tions, it is localized solely to the basolateral membrane
of the proximal straight tubules within the outer stripe
of the outer medulla in rat kidney.69 All of these cell
types express high levels of glutamine synthetase.83

Thus, the SNAT3 transporter may function primarily
to catalyze a pH-dependent release of glutamine.
However, during chronic acidosis, increased expres-
sion of the SNAT3 transporter occurs primarily in the
basolateral membranes of the S1 and S2 segments of
proximal tubule, the site of increased glutamine catabo-
lism.76 Given the sustained increase in H1 ion concen-
tration within these cells, the increased expression of
the SNAT3 transporter is likely to contribute to the
basolateral uptake of glutamine. Therefore, the adap-
tive increase in the SNAT3 transporter may contribute
to both the rapid reversal of glutamine transport across
the basolateral membrane that occurs during acute aci-
dosis and the elevated and sustained extraction of
plasma glutamine during chronic acidosis.

The increase in apical Na1/H1 exchanger activity
sustains the acidification of the fluid in the tubular
lumen and contributes to the active transport of ammo-
nium ions.8,84 Thus, the increased renal ammoniagen-
esis continues to provide an expendable cation that
facilitates the excretion of titratable acids while
conserving sodium and potassium ions. The increased
Na1/H1 exchanger activity also promotes the tubular
reabsorption of HCO3

� ions. In humans, the

α-ketoglutarate generated from glutamine is primarily
converted to glucose and to a lesser extent oxidized to
CO2

5. Either process requires the cataplerotic activity
of PEPCK to convert intermediates of the tricarboxylic
acid cycle to phosphoenolpyruvate. This product is
either utilized to initiate gluconeogenesis or converted
to pyruvate that re-enters the mitochondria and is oxi-
dized to CO2. However, both pathways generate 2
HCO3

� ions per mole of α-ketoglutarate. Activation of
NBC1, the basolateral Na1/3HCO3

� co-transporter,
facilitates the translocation of reabsorbed and of
de novo-synthesized HCO3

� ions into the renal venous
blood. However, this process occurs without an
increase in the level of the NBC1 protein.85 Thus, the
combined adaptations also create a net renal release of
HCO3

� ions that contribute to the ability of the kidney
to partially restore acid�base balance. In addition to
these adaptations, the renal proximal tubule undergoes
an extensive hypertrophy during chronic acidosis.86

Difference gel electrophoresis along with proteomic
and bioinformatic techniques were used to identify
proteins that are differentially expressed in the rat
renal proximal convoluted tubule during metabolic
acidosis.44 Tubules were prepared by incubation of
minced rat renal cortex with collagenase and purified
by Percoll density gradient centrifugation.87 The purity
of the isolated proximal convoluted tubules was con-
firmed by western blot analyses using antibodies to
proteins that are expressed only within a single cortical
segment of the nephron. This analysis indicated that
the purified tubules retained proteins that are
expressed only in this segment, but essentially lacked
proteins specific for the thick ascending limb, distal
tubule, and cortical collecting duct. Nearly 2000 protein
spots were resolved when the proximal tubule lysates
were fractionated by two-dimensional gel electrophore-
sis. The protein spots that were differentially expressed
were picked and analyzed by mass spectrometry. This
analysis identified 21 proteins which are increased
between 1.5- and 8.4-fold, including GA (8.4-fold),
PEPCK (7.0-fold) and GDH (3.0-fold), and 16 proteins
that are decreased between .67- and .03-fold.44

The observed changes indicate that amino acid catabo-
lism, an ER-stress response, and Ca11-signaling are
activated, while conversion of glycine to creatine, oxi-
dation of pyruvate, and fatty acid catabolism are
decreased in the proximal convoluted tubule during
chronic metabolic acidosis. Many of the observed
changes, including activation of an ER-stress response,
were confirmed by western blot analysis.

A recent microarray analysis88 characterized the
mRNA isolated from whole kidneys of control mice
and of mice that were made acidotic by providing
0.28 M NH4Cl as the drinking water. After 2 d, this
protocol produced a significant acidosis (arterial blood
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pH of 7.10 and 12 mM HCO3
�) that was partially com-

pensated by seven days. Microarray analysis detected
13,000 mRNAs or B40% of the genes on the mouse
genomic array. The levels of 333 mRNAs were up-
regulated and another 342 were down-regulated dur-
ing both acute and chronic acidosis. Cluster analysis
indicated that a large proportion of the regulated genes
encode solute transporters and proteins involved in
cell growth, proliferation, apoptosis, ammoniagenesis,
water homeostasis, and energy metabolism. As
expected, the mRNAs that encode GA, GDH, PEPCK
and the SNAT3 transporter were among those that
exhibited the most pronounced increases. The changes
in five mRNAs were confirmed by RT-PCR of mRNA
isolated from dissected S1 and S2 segments. It remains
uncertain which of the other changes occur within the
proximal convoluted tubule, within other cell types, or
within multiple segments of the nephron. However,
this analysis clearly established that expression of a
very large number of genes is altered in the kidney in
response to acidosis.

Properties of Mitochondrial Glutaminase

The human GLS1 gene that encodes the kidney-type
GA89 spans 82 kb on chromosome 2, contains 19 exons
and uses alternative splicing and different polyadeny-
lation sites to form multiple mRNAs. The human, rat
and mouse kidney-type GA genes have identical exon
and intron lengths. The primary GA mRNA expressed
in rat kidney, termed KGA mRNA, lacks the sequence
encoded by exon 15 and utilizes alternative polyadeny-
lation signals to produce a more abundant 5.0-kb and a
less abundant 3.6-kb mRNA that encode the same pro-
tein sequence.90 The two mRNAs are coordinately
increased and decreased in response to changes in
acid�base balance.45,91 Thus, it is unlikely that differ-
ential selection of the polyadenylation site contributes
to altered expression of the KGA mRNA. The first six-
teen amino acids of this sequence form an amphipathic
α-helix that functions as a mitochondrial targeting
sequence.90

A variant of the human KGA cDNA, termed GAC,
was initially cloned from a human carcinoma cDNA
library.92 The human GAC mRNA is formed by splic-
ing together the sequences contained in exons 1
through 15 of the GLS1 gene, but lacks sequence
encoded by exons 16 through 19. As a result, the GAC
mRNA contains a unique C-terminal coding sequence
and 3’-untranslated region. Both the KGA and GAC
mRNAs are highly expressed in human kidney.92

However, the cell specific expression of the two GA
mRNAs in human kidney has not been characterized.
The rat and pig orthologs of the human KGA and GAC

cDNAs have also been cloned and sequenced.89 From
the cloned sequences, it appears that the KGA and
GAC mRNAs contain an identical 5’-sequence and
thus may be produced from the same promoter. The
unique C-terminal sequences of the two kidney-type
GA proteins are highly conserved in the three species,
suggesting that they may form distinct functional
domains.

Eukaryotic GA has been purified from pig93 and
rat94 kidney, from pig,95 rat96 and cow brain,97 and
from Erlich ascites-tumor cells.98 All of these protocols
were reported before it was realized that multiple iso-
forms are produced from the KGA gene. Based upon
subsequent analysis, it is likely that the purified rat
and pig enzymes are predominately the KGA isoform.
The enzymes were solubilized from mitochondria by
treatment with Triton X-100, freeze-thaw fractionation,
or lyophilization in the presence of a borate and phos-
phate buffer. The solubilized GA undergoes extensive
polymerization in the presence of borate and
phosphate (MW.10,000,000), whereas dialysis into a
Tris-phosphate buffer produces an active tetrameric
enzyme with an apparent mass of 250,000 Da. This
reversible association-dissociation was used to purify
the GA either by repeated precipitation and solubiliza-
tion or by repeated chromatography on a gel filtration
column. Truncated forms of the recombinant GA pro-
tein containing an N-terminal His6-tag have been
expressed in bacteria and purified by Ni1-affinity
chromatography.99 More recently, a highly conserved
core fragment of GA (amino acids 221 to 533) has been
co-crystallized with bound glutamate. The 3-
dimensional structure of this complex is available from
the Protein Data Bank (http://www.rcsb.org/pdb/
explore/explore.do?structureId53CZD).

The kinetic properties of the kidney-type GA have
been characterized using permeabilized mitochondrial
extracts100,101 or the highly purified enzyme.93 The GA
activity is greatly enhanced by the addition of a broad
range of polyvalent anions. The most commonly used
activator is phosphate, which produces half-maximal
activation at concentrations of 20�30 mM. However,
the physiological activator of the GA is unknown. The
kidney-type GA exhibits a relatively low KM for gluta-
mine and is strongly inhibited by glutamate.101 The KM

for glutamine decreases from 36 to 4 mM as the phos-
phate concentration is increased from 5 to 100 mM.
Glutamate was found to be a competitive inhibitor
with respect to glutamine at both high and low concen-
trations of phosphate. However, the KI for glutamate
increased from 5 to 52 mM with increasing phosphate.
These results indicate that glutamine and glutamate
interact with the same site, but the conformation and
specificity of this site is determined by the concentra-
tion of the activator.
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The kinetic properties of the GAC variant of the
mitochondrial GA have not been characterized.
However, a truncated form of recombinant GA that
lacks either C-terminal domain retains full activity and
similar kinetic properties.99 Thus, the distinct
C-terminal domains of the kidney-type GA may func-
tion as protein binding domains that lead to association
with an anchoring protein of the inner mitochondrial
membrane or with different enzymes of glutamate
metabolism. This hypothesis is supported by the find-
ing that the C-terminal domain of the human liver-type
GA binds to a unique GA-interacting protein.102

The biosynthesis and submitochondrial localization
of the rat kidney KGA has been studied extensively.
Pulse-chase experiments performed both in vitro103 and
in cultured cells104 established that the rat kidney KGA
is translated as a 74-kDa cytosolic precursor that is rap-
idly translocated into the mitochondrial matrix where
it undergoes two sequential processing reactions that
are catalyzed by the matrix processing peptidase.105

The initial reaction removes the N-terminal mitochon-
drial targeting signal to form a 72-kDa intermediate.
This product is subsequently cleaved at either of two
sites to form either a minor 68-kDa or the predominant
66-kDa subunit. The deduced sequence of the 66-kDa
subunit indicates that mitochondrial KGA lacks a
membrane spanning domain or a targeting sequence
that would initiate the translocation of the mature sub-
unit to the intermembrane space.89,90 Submitochondrial
fractionation and biophysical studies indicate that the
mature GA is either localized in the matrix compart-
ment or loosely associated with the inner surface of the
inner mitochondrial membrane.4 Digitonin and Lubrol
fractionation and swell-shrink sonication techniques
were used to demonstrate that the rat renal GA is asso-
ciated with the inner surface of the inner mitochondrial
membrane.106 Similar studies suggested that the rat
renal GA is contained primarily within the mitochon-
drial matrix.107 Either localization is consistent with the
relative concentration of detergent required to release
the mitochondrial GA and the inability to inhibit
enzyme activity with membrane impermeable
sulfhydral reagents and Fab antibodies that rapidly
inactivate the solubilized GA.108

As a result of the submitochondrial localization of
the GA, the catabolism of glutamine requires its initial
translocation across the inner mitochondrial mem-
brane. Glutamine uptake in mitochondria isolated from
normal rats is mediated through glutamine/glutamate
and glutamine/malate antiporters.109 However, trans-
port of glutamine into mitochondria prepared from
acidotic rats occurs through a uniport mechanism110

that uses a unique carrier.32,111 Characterization of this
process is made difficult by the rapid rate of mitochon-
drial transport, the high level of GA activity, and the

lack of a specific and effective GA inhibitor. Thus, it
has not been possible to measure initial rates of gluta-
mine transport in intact mitochondria in the absence of
metabolism.112 However, experiments performed with
isolated inner membrane vesicles that lack GA activity
also indicate that the activity of the glutamine trans-
porter is increased during both acute and chronic aci-
dosis.42,30 The rat renal mitochondrial glutamine
uniporter has been purified and partially characterized
by reconstitution into lipid vesicles.31 However, neither
a cDNA nor the gene that encodes the transporter
has been cloned or identified, respectively. Thus, this
important step in glutamine metabolism remains
poorly characterized.

Stabilization of GA mRNA

The level of GA activity is increased in rat kidney
during progressive development of chronic acidosis.4

In normal rat kidney, the mitochondrial GA is greatest
in the distal tubule and collecting duct, intermediate in
the proximal convoluted tubule, and very low in glo-
meruli and the proximal straight tubule.53,54 Within 1 d
following the onset of acidosis, the GA activity is
increased 2-fold, but only within the proximal convo-
luted tubule. Due to the cell specificity of the increase
and the greater level of activity associated with distal
tubules, 2 to 3 d are required to observe a significant
increase in the GA activity measured in a crude
homogenate of whole kidney. The total GA activity
increases gradually and eventually plateaus after 7 d of
acidosis at a value that is 3-fold greater than normal.
However, this increase is due to a 7- to 8-fold increase
in GA activity53,54 and protein44 within the proximal
convoluted tubule. This adaptation correlates with the
increased renal NH4

1 ion synthesis that occurs in the
proximal convoluted tubule. The physiological func-
tion of the non-responsive, but significant levels of GA
in the distal segments of the nephron is unknown.

Immunological and pulse labeling experiments
established that the increase in renal GA activity is due
to the presence of an increased amount of protein113

that results from a corresponding increase in the rela-
tive rate of GA synthesis.62 However, the increase in
GA occurs without an increase in the rate of transcrip-
tion of the GA mRNA,45 suggesting that this adapta-
tion is due to a selective stabilization of the GA mRNA.
Eukaryotic mRNAs contain a 5’-7MeGpppG cap and a
3’-poly(A) tail that bind initiation factors and poly(A)
binding proteins, respectively. Protein-protein inter-
actions between eIF4E and the poly(A) binding protein
form a circular structure that stabilizes the mRNA and
enhances translation. Rapid degradation of a mamma-
lian mRNA is initiated by the binding of specific
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proteins to AU-rich elements within the 3’-UTR.114�116

The RNA binding proteins recruit a poly(A)-specific
deadenylase117 and the exosome, a complex of 3’-5’
exonucleases,118 to remove the poly(A) tail and accom-
plish the rapid 3’-5’ degradation of the deadenylated
mRNA. Alternatively, the deadenylated mRNA may
undergo decapping and 5’-3’ exonucleolytic degrada-
tion. Recent studies have identified cytoplasmic loci
termed processing bodies, which contain the decap-
ping enzyme, Dcp1/Dcp2, and a 5’-3’ exonuclease,
Xrn1.119 Thus, processing bodies are thought to consti-
tute the site of 5’-3’ degradation. A third mechanism
of mRNA turnover is initiated by sequence-specific
endonucleolytic cleavage that generates sites for rapid
exonucleolytic degradation by the exosome and the
processing bodies.120

The presence of a sequence element that regulates
the turnover of the GA mRNA was initially demon-
strated by stable expression of various β-globin (βG)
reporter mRNAs64 in LLC-PK1-F

1 cells, a pH-
responsive line of porcine proximal tubule-like cells.121

Expression of the parent βG construct produced a high
level of a very stable mRNA (t{1/2}.30 h). The turnover
of the βG mRNA was not affected by transfer of the
cells to acidic medium. A second construct, pβG-GA,
includes the 956-bp segment that encodes the 3’-non-
translated sequence that is common to the two rat
KGA mRNAs that are produced by use of alternative
polyadenylation sites. The βG-GA mRNA exhibits a
decreased expression that results from its more rapid
turnover (t{1/2}5 4.6 h). Transfer of the cells expressing
this construct to acidic medium resulted in a pro-
nounced stabilization and a gradual induction of the
βG-GA mRNA. These studies indicated that the 3’-non-
translated segment contains a pH-responsive instability
element (pH-RE).

RNA gel-shift assays established that a direct repeat
of 8-base AU sequences within the 3’-UTR of the GA
mRNA functions as a specific protein binding site.66

Site-directed mutation of both 8-base AU-sequences
completely abolished protein binding and the pH-
responsive stabilization of the βG-GA mRNA.65 In
addition, insertion of a 29-bp segment containing either
the direct repeat or a single 8-base AU-sequence was
sufficient to impart a 5-fold pH-responsive stabilization
to a chimeric βG mRNA. Thus, the 8-base AU-sequence
is both necessary and sufficient to function as a pH-RE.
Extracts prepared from the renal cortex of rats that
were made acutely acidotic exhibit an increased pro-
tein binding to the pH-RE.122 The time course of the
increase in binding activity correlated with the tempo-
ral increase in GA mRNA.

A tetracycline-responsive promoter system was
developed to perform a pulse-chase analysis of the
degradation of various chimeric βG mRNAs in LLC-

PK1-F
1 cells.123 This approach accomplishes the rapid

shut-off of the synthesis of a single mRNA and avoids
potential indirect effects that may be caused by the use
of a general transcription inhibitor.124 With this
approach, the measured half-life of the βG-GA mRNA
is 2.9 h in cells maintained in normal medium and is
increased .5-fold when the cells are transferred to
acidic medium. RNase H cleavage and Northern analy-
sis of the 3’-ends established that rapid deadenylation
occurred concomitant with the rapid decay of the βG-
GA mRNA in cells grown in normal medium.
Stabilization of the βG-GA mRNA in acidic medium is
associated with a pronounced decrease in the rate and
extent of deadenylation. Mutation of the pH-RE within
the βG-GA mRNA blocked the pH-responsive stabiliza-
tion but not the rapid degradation, whereas insertion
of only a 29-bp segment containing the pH-RE was suf-
ficient to produce both rapid degradation and pH-
responsive stabilization.

A biotinylated oligoribonucleotide containing the
pH-RE was used as an affinity ligand to purify the pH-
RE binding protein from a cytosolic extract of rat renal
cortex.125 The purified protein retained the same spe-
cific binding properties as observed with crude
extracts. Mass spectroscopic analysis of the purified
protein identified 11 peptides (B50% sequence cover-
age) that are identical to tryptic peptides derived from
rat ζ-crystallin/NADPH:quinone reductase (ζ-cryst).
This identification was confirmed by western blot anal-
ysis. In addition, specific antibodies to ζ-cryst blocked
the formation of the complex between the pH-RE and
either a crude cytosolic extract or the purified protein.
Purified recombinant ζ-cryst also binds with high affin-
ity and specificity to the two AU-sequences in the
GDH mRNA.126 Thus, ζ-cryst is the primary protein in
extracts of rat kidney cortex that binds to the pH-RE. A
second protein purified by the affinity protocol was
identified as the T-cell restricted intracellular antigen-
related protein (TIAR). This protein functions as the
matrix for formation of stress granules127 that consti-
tute a site for the triage and remodeling of mRNA/pro-
teins complexes in response to multiple stress
conditions.128,129 However, the affinity purified TIAR
did not bind to the pH-RE and antibodies to TIAR did
not block the binding interaction between the pH-RE
and a protein in a cytosolic extract.125

To test the function of ζ-cryst binding, adenoviruses
were produced that over express mouse ζ-cryst or a
shRNA that is specific for the porcine ζ-cryst. Neither a
pronounced over expression (50-fold) nor a significant
knockdown (85%) of ζ-cryst in LLC-PK1-F

1 cells had
an effect on the normal turnover or the pH-responsive
stabilization of the βG-GA mRNA.130 Thus, ζ-cryst
binding is not likely to be the rate limiting or sole
factor that accounts for the rapid degradation or the
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pH-responsive stabilization of GA mRNA. The process
of mRNA stabilization in the proximal tubules may
involve additional proteins or redundant pathways,
such that the knockdown of ζ-cryst has very little effect
on the overall process. Alternatively, the endogenous
ζ-cryst may be present in such large excess that a small
fraction of the normal level is sufficient to mediate the
turnover of the GA mRNA.

RNA gel shift assays demonstrated that the recombi-
nant p40 AUF1 also binds to the pH-RE of the GA
mRNA with high affinity and specificity.123 AUF1 is a
known RNA binding protein that interacts with the
3’-UTRs of various unstable mRNAs including c-
myc,131 TNFα,132 GM-CSF,133 and COX-2.134 AUF1 was
also identified as hnRNPD,135 a protein that shuttles
between the nucleus and the cytoplasm.136 Four iso-
forms of AUF1 (p37, p40, p42 and p45) are produced
by alternative splicing of the initial AUF1 transcript.135

Western blot analysis demonstrated that rat kidney
cortex and various kidney cell lines express multiple
isoforms of AUF1.123 Additional experiments have
established that recombinant HuR also binds to the
pH-RE (unpublished data of Y. J. Lee and N. P.
Curthoys). HuR is normally sequestered in the nucleus.
However, in response to various stress conditions,
HuR is translocated to the cytosol where it binds
to AU-rich elements and promotes mRNA stabili-
zation.137 Recent studies indicate that the nuclear/
ctyoplasmic distribution of HuR is determined by its
level of phosphorylation.138 Therefore, AUF1 and
HuR may augment or counteract the effect of ζ-cryst
and contribute to the regulation of the turnover of
the GA mRNA.

Proteomic analysis of rat renal proximal tubules iso-
lated from control and from 1 d, 3 d and 7 d acidotic
rats identified two proteins including PEPCK that are
fully induced within 1 d and eight proteins that exhibit
more gradual induction profiles similar to GA and
GDH.44 All of the mRNAs that encode the latter pro-
teins and the PEPCK mRNA contain an AU-sequence
that is highly homologous to the pH-RE found in the
GA mRNA. More recent studies have established that
a pH-responsive stabilization contributes to the sus-
tained increase in PEPCK mRNA in LLC-PK1-F

1 cells
treated with acidic medium. Thus, selective mRNA sta-
bilization may be the predominant mechanism by
which protein expression is increased or sustained in
response to acidosis.

Enhanced Expression of PEPCK mRNA

The cytosolic isoform of PEPCK is a primary site of
regulation of both hepatic and renal gluconeogenesis.67

However, this activity is not regulated by allosteric

mechanisms or by covalent modifications. Instead,
it is regulated solely by mechanisms that determine
the level of the PEPCK mRNA and thereby control the
level of the PEPCK protein. This is accomplished
through changes in either the rate of synthesis or the
rate of degradation of the PEPCK mRNA. The PCK1
gene that encodes the cytosolic PEPCK is composed of
10 exons and 9 introns and is approximately 6 kb in
length.139 It encodes a single 2.6-kb mRNA that is
translated into a 69 kDa protein. The level of PEPCK
mRNA in rat kidney is increased rapidly following
acute onset of acidosis.45 The increase is initiated
within 1 h and reaches a maximum within 7 h at a level
that is 6-fold greater than normal. Transcription run off
experiments45 indicated that changes in the relative
rate of transcription of the PCK1 gene account for
the initial induction of PEPCK mRNA. Furthermore,
the observed changes in PEPCK mRNA levels closely
correlated with earlier data that measured changes in
the relative rates of PEPCK protein synthesis in normal
and acidotic rats.61 However, the 6-fold induced level
of PEPCK mRNA is sustained in rats that are made
chronically acidotic even though the relative rate of
transcription gradually decreases and plateaus at a
level that is only 2-fold greater than observed in nor-
mal rats.91

Various segments of the PEPCK promoter, as well
as the core promoter (-460 to 173 bp) containing spe-
cific block mutations in regulatory elements, have been
extensively analyzed in transgenic animals to deter-
mine their role in controlling PCK1 gene expression.140

The wild type core promoter fused to the bovine
growth hormone (bGH) gene contains all of the infor-
mation necessary to insure appropriate expression and
hormonal regulation in liver. A larger 2.3-kb segment
of the PEPCK promoter was required to drive expres-
sion of the transgene in adipose tissue. However, both
of these constructs were expressed at low levels in the
kidney. In contrast, a CRC362 transgene that contains
only 362 bp of the promoter but all of the downstream
exons and introns of the rat PCK1 gene was expressed
at normal levels in the kidney.141 This transgene dif-
fered from the endogenous gene only by the substitu-
tion of a segment of the chicken PCK1 gene into the
portion of the final exon that encodes the 3’-UTR of the
PEPCK mRNA. The latter construct also exhibits a sig-
nificant renal-specific induction when the transgenic
mice were made acidotic.142 These observations sug-
gest that only 362 bp of the promoter along with an ele-
ment in a downstream exon or intron is sufficient to
recapitulate the pH-responsive induction of the PCK1
gene.142

LLC-PK1-F
1 cells exhibit a pH-responsive induction

of PEPCK mRNA.143 Previous attempts to identify a
pH-responsive element by transient expression of
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various PEPCK-chloramphenicol acetyltransferase
reporter constructs in LLC-PK1-F

1 cells produced con-
tradictory results.144�146 However, these studies clearly
established that binding of HNF-1 to the P2 element
is essential for basal expression of the renal PEPCK
and that this protein:DNA interaction may contribute
to increased expression during acidosis. Other ex-
periments have established that in kidney, C/EBPβ

147

and ATF-27 bind to the CRE-1 element within the PCK1
promoter.

Previous studies have also demonstrated that the
half-life of the PEPCK mRNA is increased in liver in
response to cAMP148 and glucocorticoids.149 Increased
stability may also contribute to the sustained induction
of renal PEPCK mRNA during chronic acidosis.91 The
tetracycline-responsive promoter system was used to
quantify the half-life of various chimeric β-globin-
PEPCK (βG-PCK) mRNAs in LLC-PK1-F

1 cells.150 The
βG-PCK-1 mRNA, which contains the entire 3’-UTR of
the PEPCK mRNA, was degraded with a half-life of
1.2 h. RNase H treatment indicated that rapid deadeny-
lation occurred concomitant with degradation of the
βG-PCK-1 mRNA. Previous studies151 indicated that
PCK-7, a 50-nt segment at the 3’-end of the 3’-UTR,
binds an unidentified protein that may contribute to
the rapid decay of the PEPCK mRNA. However, the
chimeric βG-PCK-7 mRNA has a half-life of 17 h.
Inclusion of the adjacent PCK-6 segment, a 23-bp AU-
rich region, produced the βG-PCK-6/7 mRNA that has
a half-life of 3.6 h. The βG-PCK-3 mRNA that contains
the 3’-half of the 3’-UTR was degraded with the same
half-life. Surprisingly, the βG-PCK-2 mRNA, contain-
ing the 5’-end of the 3’-UTR, was also degraded rapidly
(t{1/2}5 5.4 h). RNA gel-shift analyses established that
AUF1 binds to the PCK-7, PCK-6 and PCK-2 segments
with high affinity and specificity. Mutational analysis
indicated that AUF1 binds to a UUAUUUUAU
sequence within PCK-6 and an AU-rich element and
adjacent CU-region within a stem-loop structure in
PCK-7. The two AU-rich elements are highly conserved
in all of the mammalian PCK1 genes that have been
sequenced. Thus, AUF1 binds to multiple destabilizing
elements within the 3’-UTR that participate in the rapid
turnover of the PEPCK mRNA.

RNA gel-shift assays established that purified
recombinant HuR also binds with high affinity and
specificity to same AU-rich elements and CU-sequence
that bind recombinant p40-AUF1250. siRNA knock-
down of HuR decreased basal expression and signifi-
cantly inhibited the pH-responsive increase in PEPCK
protein. Therefore, the pH-responsive stabilization
of PEPCK mRNA in LLC-PK1-F

1 cells, and possibly
in the renal proximal tubule, may be mediated by a
remodeling of the competitive interaction of HuR
and AUF1 with the elements that mediate the rapid

turnover of the mRNA. Thus, the same mechanism
that accounts for the more gradual induction of the GA
mRNA may also contribute to the sustained increase
in PEPCK mRNA levels during chronic acidosis.

SIGNALTRANDSDUCTION PATHWAYS
THAT MEDIATE THE ADAPTIVE

RESPONSES TO ACIDOSIS

Increased Expression of PEPCK

Analysis of the signal transduction pathways that
mediate the pH-responsive induction of PEPCK gene
expression6 and the translocation and activation of
NHE360 provide excellent paradigms to characterize
the molecular mechanisms by which proximal tubule
cells sense a slight decrease in intracellular pH and
rapidly activate renal ammoniagenesis. The transfer of
LLC-PK1-F

1 cells to an acidic medium produced a
rapid and pronounced increase in phosphorylation and
activation of ERK1/2 and p38 MAPKs.7 The potential
involvement of the MAPK pathways was examined by
determining the effects of specific inhibitors on basal
and acid-induced PEPCK mRNA levels. SB203580, a
specific p38 MAPK inhibitor, produced a dose-
dependent inhibition of the pH-responsive induction of
PEPCK mRNA and blocked phosphorylation of the
downstream transcription factor, ATF-2. By contrast,
the ERK1/2 inhibitors, PD098059 and U0126, and the
JNK specific inhibitor, curcumin, had no effect on basal
or acid-induced PEPCK mRNA levels. The octanucleo-
tide sequence of the CRE-1 site in the PEPCK promoter
(TTACGTCA) is a perfect match to the consensus ele-
ment for binding ATF-2.152 Gel-shift analysis using a
labeled oligonucleotide containing the CRE-1 element
produced a band that was partially supershifted with
antibodies specific for ATF-2. Subsequent experi-
ments153 using dominant negative and constitutively
active constructs of MKK3 and MKK6, the kinases that
are immediately upstream of p38 MAPK, confirmed
the role of p38 MAPK in mediating the pH-responsive
induction of PEPCK. Thus, the SB-sensitive p38
MAPK/ATF-2 pathway may function as the pH-
responsive signaling network for induction of PEPCK
mRNA during acidosis.154 However, the signaling
mechanism that functions upstream of p38 MAPK to
sense changes in intracellular pH in LLC-PK1-F

1 cells
is unknown. In addition, the pH-responsive increase in
GA mRNA levels in LLC-PK1-F

1 cells is not blocked
by SB203580, suggesting that either a kinase upstream
of the p38 MAPK or an alternative signaling pathway
may mediate this response.7

Transforming growth factor-β (TGF-β) is a primary
mediator of renal hypertrophy and was hypothesized
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to enhance the catabolism of glutamine by activating
GA and NHE3 gene expression.155 Western blot anal-
yses established that TGF-β activated the ERK1/2,
p38 MAPK and Smad1/5/8 pathways in LLC-PK1-F

1

cells, but not the JNK and Smad2/3 pathways.156

However, TGF-β caused only a transient increase
in PEPCK mRNA levels, but produced a gradual
and stable increase in GA mRNA. In addition, the
effects of acidic medium and TGF-β were additive.
Therefore, TGF-β is not likely to mediate the altered
gene expression that occurs following onset of meta-
bolic acidosis.

Translocation and Activation of NHE3

The majority of the apical H1 ion secretion in the
proximal tubule is mediated by NHE3.157 The develop-
ment of chronic acidosis produces a gradual increase
in total NHE3 protein in the S1 and S2 segments of the
proximal tubule and in the medullary thick ascending
limb of the rat kidney.158 The NHE3 abundance is
increased 60% by 7 d and nearly 2-fold by 14 d. In the
medullary thick ascending limb, NHE3 activity, mRNA
levels and protein abundance are increased about 70%
during chronic metabolic acidosis.159 A more rapid
response occurs in OKP cells, a clonal line of opossum
proximal tubule-like cells. Transfer of OKP cells to an
acidic medium produced an increase in NHE3 mRNA
levels that was initially detectable at 12 h and that
reached a 2-fold increase after 24 h.160 Interestingly, the
abundance of the NHE3 protein within the apical
membrane, as measured by surface biotinylation, is
increased 2-fold within 6 h of transferring OKP cells to
acidic medium.38 Thus, the increase in apical Na1/H1

antiporter abundance precedes the increase in mRNA
levels. The associated increase in apical activity
is inhibited by ethylisopropylamiloride, an NHE3-
specific inhibitor. The acute activation of NHE3
is caused by an increase in the rate of exocytosis
and is inhibited by latrunculin B, an inhibitor of micro-
filiment formation. This process is mediated by a
Rho kinase-dependent formation of stress fibers.161

Therefore, the prompt acidification of the urine during
acute onset of acidosis40 may result from a rapid increase
in translocation of the NHE3 protein to the apical
membrane.

Treatment of OKP cells with endothelin-1 (ET-1),
which binds to ET(B) receptors, also causes a 2- to 3-
fold increase in apical abundance of NHE3.162 This
response occurs within 15 min and with no change in
the level of total NHE3. Activation of the ET-1 signal-
ing stimulates exocytosis of NHE3 and increases phos-
phorylation of multiple serine and threonine residues
within NHE3.163 The increase in phosphorylation

exhibits a time course, an ET(B) receptor specificity,
and a concentration dependence similar to the ET-1
activation of NHE3 translocation, suggesting that the
two processes are linked. The potential in vivo role of
the ET-1/ET(B) receptor signaling pathway in the
response to metabolic acidosis was examined using ET
(B) receptor deficient mice.164 Acid ingestion for 7 d
increased renal cortical ET-1 mRNA expression 2.4-fold
in both wild type and ET(B) receptor deficient mice,
but caused a greater acidosis in the homozygous defi-
cient animals. Chronic acidosis also increased apical
membrane NHE3 in wild type, but not in ET(B) defi-
cient mice. The combined studies indicate that
increased synthesis of ET-1 and activation of the ET(B)
receptor may mediate the increased apical expression
of NHE3. Similar studies indicate that the pH-
responsive increase in NaDC-1, the apical citrate trans-
porter, is also mediated by the ET-1/ET(B) signaling
pathway.165

Incubation of MCT cells, an SV40 transformed
mouse proximal tubule cell line, in acidic medium for
30�45 sec produced a 2-fold increase in activity of c-
Src,166 a soluble tyrosine kinase. The pH-responsive
increase in apical NHE3 activity in OKP cells was
selectively inhibited by herbimycin A, a tyrosine kinase
inhibitor, and by overexpression of carboxyl-terminal
src kinase (csk), a physiological inhibitor of c-Src.167

Additional studies demonstrated that expression of a
dominant negative c-Src construct prevented the
increase in NHE3 activity.168 These observations indi-
cate that a decrease in pHi leads to rapid activation of
c-Src and that the family of soluble protein tyrosine
kinases plays a key role in the pH-responsive transloca-
tion of NHE3. More recent studies have identified
Pyk2, a member of the focal adhesion kinase family of
tyrosine kinases, as the upstream activator of c-Src.169

Incubation of OKP cells in acidic medium caused a
rapid, but transient increase in phosphorylation of
Pyk2. Expression of a dominant negative form of Pyk2
or a Pyk2-specific siRNA blocked activation of c-Src
and the downstream increase in NHE3.

Isolated Pyk2 is phosphorylated and activated
in vitro by treatment with a slightly acidic medium.169

The data suggest that autoactivation of Pyk2 may func-
tion as the sensor of a slight decreases in pHi and initi-
ate the downstream events that lead to increased
expression of NHE3.170 However, the principle effect
of the in vitro activation is to decrease the KM of Pyk2
for ATP from 129 μM to 51 μM. As a result, the
pH-responsive activation of Pyk2 was only observed
using 10 μM ATP as the substrate. Therefore, to func-
tion as an in vivo pH-sensor, Pyk2 must be localized
to a region of the cell that maintains a lower than
normal level of ATP.60 The Pyk2 pathway is also
involved in activation of basolateral HCO3

� secretion.171
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The combined studies suggest that activation of Pyk2
and c-Src function upstream of the increased synthesis
and release of ET-1 that in turn binds to the ET(B)
receptor and activates the translocation of NHE3.60

Treatment of MCT cells with acidic medium also
causes a rapid activation of the ERK1/2 MAPK path-
way that may activate transcription of multiple imme-
diate early response genes, including c-fos, and c-jun.172

This response is not blocked by inhibitors of Pyk2/
c-Src/ET-1 pathway. However, the ERK1/2 inhibitor,
PD98059, does inhibit the pH-responsive activation of
NHE3.168 Therefore, cross-talk between the two inde-
pendently activated pathways may be required to acti-
vate the transcription and release of ET-1 that initiates
the translocation and increased apical expression of the
NHE3.60

The pH-responsive induction of PEPCK is not
blocked by tyrosine kinase inhibitors.7 Thus, it is
unlikely that the Pyk-2/c-Src/ET-1 pathway contri-
butes to increased expression of PEPCK. Therefore,
multiple signaling pathways may be activated in
response to a decrease in pHi. Alternatively, the two
pathways were characterized primarily in porcine and
opossum kidney cells, respectively. Thus, different spe-
cies may utilize different signaling pathways to medi-
ate the adaptive response to acidosis. The physiological
response of the kidney to metabolic acidosis has not
been characterized in either the pig or the opossum.
Therefore, further analysis of the signaling pathways
should utilize a more physiologically relevant model
system.

COUNTERCURRENT TRANSPORT
OF AMMONIUM IONS

Secretion of Ammonium Ions within the
Proximal Tubule

Initial micropuncture studies established a strong
correlation between the level of ammonium ions in the
luminal fluid of the late proximal convoluted tubule
and the level of renal ammonium ion excretion.173,174

Subsequent studies using dissected tubular segments
indicated that the bulk of the ammonium ions pro-
duced by the kidney are synthesized in the proximal
convoluted tubule.57 Therefore, secretion into the lumi-
nal fluid of the proximal tubule is the initial step in
renal excretion of ammonium ions. It was initially
hypothesized that this process occurred by diffusion
trapping.175 This model assumes that the concentra-
tions of ammonium ions (NH4

1) and ammonia (NH3)
are maintained in equilibrium and that biological mem-
branes allow the rapid diffusion of ammonia, but
exhibit low permeability to ammonium ions. As a

result, ammonia would rapidly equilibrate across the
membrane and ammonium ions would accumulate in
a compartment that exhibits a decreased pH. Thus,
acidification of the luminal fluid would provide a suffi-
cient driving force to account for tubular secretion and
excretion of ammonium ions. While diffusion trapping
clearly contributes to renal excretion, the transport of
both ammonia and ammonium ions are now known to
be mediated by specific proteins.

In the early portion of the proximal tubule, the pre-
ferential secretion of ammonium ions into the luminal
fluid occurs before the development of a significant pH
gradient.176 The pH gradient in this portion of the
nephron, as measured by in vitro microperfusion, is not
sufficient to account for the observed ammonium ion
secretion.177 A significant portion of the measured
ammonium ion secretion was inhibited by amiloride
and this effect was only partially reversed by lowering
the pH of the luminal perfusate.11 These observations
suggest that luminal secretion of ammonium ions is
mediated, in part, by NHE3, the apical Na1/H1

exchanger. Experiments performed with isolated brush
border membrane vesicles also indicated that ammo-
nium ion transport can occur via the apical Na1/H1

exchanger.10 However, both the basolateral and the
apical membranes of the proximal tubule exhibit a
high permeability to ammonia.178 Additional studies
demonstrated that ammonia entry into the lumen of
the proximal tubule is affected by luminal pH and by
the flow rate.179 Thus, transport via NHE3 may be the
dominant mechanism of ammonium ion secretion
within the S1 segment, the initial portion of the proxi-
mal convoluted tubule, whereas diffusion and trapping
of ammonia may be the primary mechanism within the
S2 segment where significant acidification of the lumi-
nal fluid has occurred.

The rat S3 segment, the terminal straight portion of
the proximal tubule, has a very low level of mitochon-
drial GA activity53 and thus is unlikely to be a major
site of ammoniagenesis. However, this segment, which
extends into the outer stripe of the outer medulla, may
participate in transepithelial transport of ammonium
ions. Countercurrent transport of ammonium ions pro-
duces a high interstitial concentration within the
medulla. As a result, basolateral uptake may result
from the binding of NH4

1, in place of K1, to the baso-
lateral Na1/K1-ATPase.180 Subsequent apical secretion
may occur via diffusion and trapping of ammonia
within the acidified luminal fluid. Recycling at this site
may contribute to the maintenance of the zonal gradi-
ent of ammonium ions.

Renal ammonium ion production and excretion are
inversely affected by the concentration of K1

ions.181,182 Hypokalemia is associated with an increase
in ammonium ion production that leads to an
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increased excretion in spite of an increase in urinary
pH. In contrast, hyperkalemia suppresses renal ammo-
nium ion excretion. Microperfusion studies performed
with isolated mouse S2 segments indicate that altered
K1 ion concentration has opposing effects on ammo-
nium ion production by the proximal tubule.183

Reduced K1 ion concentrations enhanced ammonium
ion production, whereas elevated K1 concentrations
inhibited production. These results are consistent with
the observed effects of hypo- and hyperkalemia.
However, reduced K1 ion concentrations reduced
proximal tubular ammonium ion secretion, whereas
net secretion was unchanged with elevated K1 ion con-
centrations. Thus, altered K1 ion concentration must
also affect the transport of ammonium ions that occurs
within the loop of Henle and the collecting ducts.

Microperfusion studies also indicate that production
and secretion of ammonium ions within the proximal
tubule is regulated, in part, by angiotensin II.184

Addition of physiological concentrations of angiotensin
II to the basolateral surface of mouse S2 segments pro-
duced an increase in intracellular Ca11, stimulated
ammonium ion production, and enhanced luminal
acidification.185 However, unexpectedly, luminal secre-
tion of ammonium ions was inhibited slightly. In con-
trast, the addition of angiotensin II to the luminal
perfusate produced a similar increase in ammonium
production, but stimulated an amiloride-sensitive
increase in ammonium ion secretion in parallel with
the increase in luminal acidification.186 The effects of
luminal angiotensin II were blocked by saralasin, an
angiotensin II receptor inhibitor, and by nifedipine, a
calcium channel blocker.

Additional studies were performed to compare the
effects of luminal angiotensin II on ammonium ion
secretion in perfused S2 tubules that were isolated
from normal and acutely acidotic mice.187 Tubules iso-
lated from acutely acidotic mice exhibit an adaptive
increase in ammonium ion secretion that was blocked
when losartan was co-administered during the induc-
tion of acidosis. The addition of angiotensin II to the
luminal fluid enhanced ammonium ion production
and secretion to a greater extent in tubules isolated
from the acidotic mice compared to normal mice. The
stimulatory effects of angiotensin II were also blocked
by losartan. Similar results were obtained using micro-
perfused S2 segments obtained from mice feed NH4Cl
for 7 d.188 In the latter studies, losartan also blocked
the acid-induced apical expression of NHE3, but had
no effect on the increased expression of GA or PEPCK.
Recent studies also demonstrated that acute feeding
(18 h) of NH4Cl produced a 2-fold increase in total and
apical surface expression of AT(1), the type 1 angioten-
sin II receptor.189 The acute increase in cell surface
expression of AT(1) was reproduced by treatment of

cultured mouse S1 proximal tubules cells with an
acidic medium for two hours and was blocked by col-
chicine. The combined data suggest that angiotensin II
may play an important role in the adaptive increase in
proximal tubular ammonium ion production and secre-
tion by stimulating NHE3 translocation during the
acute onset of acidosis. However, the effect of angio-
tensin II is not specific for NHE3. Infusion of
angiotensin II in rats caused an acute (20 min) increase
in the translocation of multiple proteins from subapical
cytoplasmic vesicles to the apical brush border
membrane.190

Reabsorption of Ammonium Ions in the
Medullary Thick Ascending Limb

Microperfusion studies demonstrated that ammo-
nium ions are reabsorbed from the luminal fluid
between the proximal tubule and the accessible portion
of the distal convoluted tubule.74,96 However, the des-
cending and ascending thin limbs of the loop of Henle
exhibit high permeabilities for both ammonia and
ammonium ions.191,192 Therefore, this segment proba-
bly functions to equilibrate the ammonium ions within
the interstitial space and the luminal fluid. Such a
process could contribute to the countercurrent multi-
plication by recycling ammonium ions that have accu-
mulated within the medulla. The primary site of
ammonium ion reabsorption is the thick ascending
limb of the loop of Henle.193 Between 40 and 80% of
the ammonium ions contained within the terminal por-
tion of the proximal convoluted tubule are reabsorbed
within this segment.56 This process generates the corti-
comedullary concentration gradient that facilitates the
final transport of ammonium ions into the collecting
duct and their excretion in the urine.

The medullary thick ascending limb is a further site
of luminal fluid acidification and HCO3

� reabsorption.
The developing pH gradient would favor the further
translocation of ammonium ions into the luminal fluid.
Therefore, reabsorption within this segment is not
mediated by diffusion and trapping of ammonia. The
addition of NH4Cl to most cells causes a rapid alkalini-
zation of the cytosol due to the more rapid entry of
ammonia that is subsequently protonated and thereby
reduces the intracellular concentration of H1 ions. In
contrast, the addition of NH4Cl to the luminal surface
of the medullary thick ascending limb causes a rapid
acidification of the cytosol1.195 This observation sug-
gests that the apical membrane of the thick ascending
limb is relatively impermeable to ammonia, while
ammonium ions are rapidly and selectively trans-
ported into the cell. Some of the entering ammonium
ions undergo rapid deprotonation to increase the
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concentration of H1 ions. Numerous studies have dem-
onstrated that ammonium ion reabsorption by the thick
ascending limb is sensitive to furosemide and is inhib-
ited by K1 ions.196 Studies with apical membrane vesi-
cles prepared from medullary thick ascending limbs
also demonstrated that ammonium ions stimulated a
bumentanide-sensitive Na1 uptake and inhibited a
bumentanide-sensitive rubidium ion flux.197 These
observations are consistent with ammonium ion trans-
port via the apical Na1-K1-2Cl� cotransporter, BSC1/
NKCC2. Inhibitor studies suggest that in normal acid�
base balance approximately two-thirds of the ammo-
nium ion reabsorption within the thick ascending limb
balance is mediated by BSC1/NKCC2. Hyperkalemia
also causes a reduction in ammonium ion reabsorption
within the thick ascending limb and a reduced medul-
lary interstitial concentration of ammonium ions.198

Competition between NH4
1 and K1 ions for binding to

the BSC1/NKCC2 transporter could account for the
reduction in ammonium ion excretion that is associated
with hyperkalemia.199 The remainder of the ammo-
nium ion uptake within the thick ascending limb
may occur via a barium- and verapamil-sensitive elec-
troneutral K1/NH4

1 antiporter200 that is localized
within the apical membrane.201

The medullary thick ascending limbs express both
an apical (NHE3) and basolateral (NHE1) Na1/H1

exchanger. NHE3 may contribute to the acidification of
the luminal fluid and reduce the intracellular acidify-
ing effect of the rapid entry of ammonium ions.202 In
isolated perfused tubules, the transepithelial transport
of HCO3

� ions is inhibited by addition of amiloride to
the basolateral, but not the luminal surface of the thick
ascending limb.203 Thus, the NHE1 may contribute to
the reabsorption of HCO3

� ions.
During metabolic acidosis, the medullary thick

ascending limb exhibits an increased rate of ammo-
nium ion reabsorption.204 This increase results from
increased delivery from the proximal tubule and an
adaptive increase in the level of the BSC1/NKCC2
transporter.205 Incubation of isolated rat medullary
thick ascending limb segments in an acidic medium
produced a nearly 2-fold increase in BSC1/NKCC2

transport activity and a corresponding increase in
BSC1/NKCC2 mRNA and protein levels. Similar adap-
tations were observed in medullary thick ascending
limb segments that were isolated from chronically aci-
dotic rats. This adaptive increase is not mediated by
increased transcription, but is due to selective stabiliza-
tion of the BSC1/NKCC2 mRNA.70 This response
requires the 3’-UTR of the BSC1/NKCC2 mRNA,
which contains four AU-rich sequences in which 7 of
the 8 nucleotides are identical to the pH-REs that medi-
ate the adaptive increases in GA and GDH mRNAs.6

More recent experiments206 have demonstrated that

deletion of a single AU-rich sequence (ARE3) was suffi-
cient to block the pH-responsive increase in BSC1/
NKCC2 mRNA. Mouse TAL cells exhibit a two-fold
increase in ζ-cryst when the cells are treated with an
acidic medium. Over expression of mouse ζ-cryst also
resulted in an increased level of wild type BSC1/
NKCC2 mRNA, but not the construct lacking ARE3. In
addition, cells that over express ζ-cryst failed to exhibit
a further increase in BSC1/NKCC2 mRNA when trea-
ted with acidic medium. Finally, siRNA knockdown of
ζ-cryst (by 60%) reduced the basal level and completely
abolished the pH-responsive increase in BSC1/NKCC2

mRNA. Thus, this study provides convincing evidence
that ζ-cryst plays an essential role in determining the
level of BSC1/NKCC2 mRNA in TAL cells.

Chronic metabolic acidosis also causes an adaptive
increase in NHE3 mRNA and protein levels in the rat
medullary thick ascending limb.159 The mechanism
and significance of this adaptation is uncertain, since
selective inhibition of the apical Na1/H1 exchanger
has no effect on ammonium ion reabsorption.202

However, this adaptation may contribute to the
increased HCO3

� reabsorption that occurs within the
thick ascending limb during acidosis.194

EXCRETION OF AMMONIUM IONS

Approximately 80% of the excreted ammonium ions
are translocated across the cells of the collecting duct.
The various segments of the collecting duct exhibit a
very low permeability to ammonium ions, but are
highly permeable to ammonia.207 A portion of this
secretion occurs within the cortical collecting duct56

even though the interstitial concentration of ammo-
nium ions within the cortex is relatively low. The
mechanism for uptake of ammonium ions into the epi-
thelial cells of this segment is not well defined. The
observation that ammonium secretion by the cortical
collecting duct is not inhibited by ouabain suggests
that this transport is not mediated by the basolateral
Na1/K1-ATPase.194 However, this protein may con-
tribute to ammonium ion uptake within the inner
medulla where the interstitial concentration of ammo-
nium ions is sufficient to effectively compete with K1

ions for binding to the Na1/K1-ATPase.208 A basolat-
eral K1/NH4

1 antiporter has been defined in cultured
mouse inner medullary collecting duct cells, but not in
isolated segments.209 Finally, a Na1-K1-2Cl� cotran-
sporter, BSC2/NKCC1, has been immunolocalized to
the basolateral membranes of the α-intercalated cells of
the outer and initial inner medullary collecting ducts of
the rat210 and the terminal portion of the inner medu-
lary collecting ducts of the mouse.211 The observation
that expression of BSC2/NKCC1 is increased in the rat
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collecting duct during chronic acidosis suggests that
this transporter may contribute to the basolateral
uptake of ammonium ions.212

The process of apical secretion of ammonia is tightly
coupled to the process of luminal acidification.213

Within the rat, the cortical and outer medullary seg-
ments of the collecting duct lack a luminal carbonic
anhydrase.214,215 Thus, the combination of the secreted
H1 and luminal HCO3

� ions results in the formation of
carbonic acid that slowly dissociates to form CO2 and
H2O. The resulting disequilibrium in carbonic acid pro-
duces a greater luminal acidification that contributes to
the trapping of ammonia. Evidence for this hypothesis
was obtained by the observation that infusion of car-
bonic anhydrase markedly reduces ammonium ion
secretion in the cortical collecting duct.213 During
chronic acidosis, there is a marked increase in ammo-
nium ion secretion along the entire length of the col-
lecting duct.56 This increase is paralleled by a
corresponding increase in acid secretion. Within the
inner medullary collecting duct, the increased luminal
acidification is primarily mediated by an H1/K1-
ATPase.216 Consistent with this conclusion, intercalated
cells from mice deficient in the alpha(1) and alpha(2)
subunits of the H1/K1-ATPase exhibit a reduced acid
excretion.217

The mammalian genome encodes a family of ammo-
nia transport proteins, two of which participate in renal
ammonium ion excretion.218,219 Initially, the erythroid
Rh antigen, Rh associated glycoprotein (RhAG), was
shown to have structural homology to the family of
yeast and plant ammonia transport proteins.220

Subsequent cloning led to the identification of two
additional mammalian homologs, RhBG and RhCG,
that are selectively expressed in tissues that transport
ammonia.221 In the rat kidney, RhBG is expressed in
the basolateral membrane of the distal convoluted
tubule, the connecting segment and the cortical collect-
ing duct.222 Within the outer and inner medullary col-
lecting ducts, RhGB expression appears to be limited to
the α-intercalated cells that are involved in acid secre-
tion. In the mouse, the pendrin-positive β-intercalated
cells, which mediate HCO3

� secretion during alkalosis,
do not express basolateral RhBG immunoreactivity.223

RhCG has an identical distribution along the rat neph-
ron except that it was initially localized to the apical
membrane.224 However, more recent studies indicate
that RhCG is expressed in both the basolateral and api-
cal membranes.225 Within the collecting duct, expres-
sion of both RhBG and RhCG is greater in the
α-intercalated cells than in the principal cells.223,224

Because the former cells are the primary site of H1 ion
secretion within the collecting duct, the disequilibrium
decrease in luminal pH would be greatest in the region
adjacent to the apical membrane of the α-intercalated

cells. The high levels of the two ammonia transporters
in these cells would facilitate the rapid transport and
subsequent luminal trapping of ammonia.14

The X-ray crystallographic structure of an ammonia
channel, the AmtB protein from E. coli, was recently
solved at a 1.35 Å resolution.226 The integral protein
has 11 membrane-spanning α-helices. It also contains a
vestibule that recruits ammonium ions, a binding site
for an NH4

1 ion, and a 20 Å long hydrophobic channel
that lowers the pKa for ammonium ions from 9 to less
than 6. The channel conducts ammonia by forming
favorable hydrogen bonding interactions with specific
histidine residues that are conserved in all members of
the family of ammonia transporters including the
mammalian RhBG and RhCG proteins.226 Thus, the lat-
ter proteins are also likely to function as specific chan-
nels to facilitate the rapid diffusion of ammonia.13

While most membranes exhibit moderate permeability
to ammonia, the expression of an ammonia channel
would accelerate ammonia transport at sites where dif-
fusion through the bilayer is slow relative to the physi-
ological need. The cell specific expression of RhBG and
RhCG within the kidney and in various non-renal tis-
sues is consistent with this hypothesis.

Initial studies indicated that the cellular content and
localization of RhBG are unaltered by development of
chronic acidosis.227 Furthermore, the total knockout of
the RhBG gene had no apparent effect on systemic
ammonium ion metabolism or ammonia permeability
in isolated perfused collecting ducts.228 In addition, the
knockout mice responded to a chronic acid challenge
with an appropriate increase in ammonium ion excre-
tion. Thus, it was concluded that RhBG is not essential
for the physiologic transport of ammonia, but may
instead function as an ammonia sensor.229 However, a
more recent study demonstrates that the level of RhBG
is increased in both the cortex and outer medulla in
response to a metabolic acidosis that is induced by HCl
administration.230 In addition, mice which lack RhBG
only in intercalated cells exhibit normal acid�base
parameters and normal levels of ammonium ion excre-
tion when fed a standard diet. However, mice with the
cell-specific knockout exhibit a decreased response in
ammonium ion excretion during early onset of meta-
bolic acidosis, but not after 5 d of acid feeding.
Therefore, the RhBG expressed in the intercalated cells
may contribute to increased ammonium ion excretion
during onset of acidosis. Previous studies established
that mice exhibit a decrease in glutamine synthetase
levels during metabolic acidosis.231 Surprisingly, the
intercalated cell specific knockout of RhBG resulted in
a decreased expression of glutamine synthetase during
normal acid�base balance and a greater than normal
decrease following 5 d of metabolic acidosis.230 Thus,
the greater decrease in glutamine synthetase may
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contribute to the appropriate level of ammonium ion
excretion observed in the knockout mice when fed
a normal diet or when fully adapted to a chronic
acidosis.

Immunostaining71 and immunogold-labeling227 ex-
periments indicate that the levels of RhCG are selec-
tively increased in the apical membrane during chronic
acidosis. The observed increases occur without a corre-
sponding increase in RhCG mRNA and may result
from increased apical targeting or the selective expan-
sion of the apical membrane in the intercalated cells of
the medullary collecting duct. Mice lacking RhCG
exhibit abnormal urinary acidification and reduced
ammonium ion excretion during NH4Cl-induced meta-
bolic acidosis.232 Microperfused collecting ducts iso-
lated from acidotic RhCG(-/-) mice exhibit reduced
ammonia permeability and transepithelial transport.
Similar defects were observed when RhCG was
knocked out only the collecting duct233 or the interca-
lated cells.234 The combined data indicate that RhCG

expression in both types of cells is necessary to pro-
duce the appropriate increase in renal ammonium ion
excretion during metabolic acidosis.

The overall process of proximal tubular secretion of
ammonium ions, reabsorption with the medullary
thick ascending limb, and re-entry of ammonia in the
collecting duct is summarized in Figure 57.4.

PATHOPHYSIOLOGY

The overall process of renal ammonium ion synthe-
sis and excretion is both complex and finely regulated.
It is exquisitely designed to generate an amount of
HCO3

� ions that is equivalent to the daily production
of non-volatile acids. The primary pathway of HCO3

�

and ammonium ion synthesis within the proximal
tubule is well delineated. In addition, considerable
progress has been made in understanding how the
expression of genes that encode key enzymes and

FIGURE 57.4 Primary sites and mechanisms of ammonium ion transport within the kidney. Ammonium ion transport in the proximal
tubule is primarily mediated by NHE3, the apical Na1/H1 exchanger, by ammonia diffusion and trapping, and by the basolateral Na1/K1-
ATPase. The formation of a corticomedullary gradient of ammonium ions is accomplished primarily by the secondary active transport of
ammonium ions out of the medullary thick ascending limb by the apical Na1-K1-2Cl� cotransporter, BSC1/NKCC2, and by the reentry of
ammonia within the thin limb of the loop of Henle. The transport of ammonia within the collecting duct is mediated primarily by the basolat-
eral (RhBG & RhCG) and apical (RhCG) ammonia channels and by the trapping of ammonium ions in the acidified luminal fluid. The various
segments of the nephron are abbreviated as: PCT, proximal convoluted tubule; PST, proximal straight tubule, TL, thin limb of the loop of
Henle; MTAL, medullary thick ascending limb; DCT, distal convoluted tubule; CCD, cortical collecting duct; OMCD, outer medullary collect-
ing duct; and IMCD, inner medullary collecting duct.
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transporters is regulated during chronic acidosis.
However, knowledge of the acute mechanisms that
rapidly sense relatively minor changes in intercellular
pH and activate specific signaling pathways to produce
appropriate changes in ammonium ion production and
transport and achieve the correct level of ammonium
excretion is less satisfying. A major deficiency is the
lack of knowledge of the molecular mechanism of
mitochondrial glutamine transport and the regulation
of this key step in ammoniagenesis.

In humans, the level of ammonium ion excretion is
increased at least 5-fold in response to chronic acido-
sis.235 However, pronounced renal insufficiencies in
humans result in a proportionate reduction in ammo-
nium ion production and excretion.236 Various investi-
gators demonstrated that in rats a 65�80% ablation of
the kidneys is necessary to produce a reduction in total
ammonium ion excretion and a reduced response to a
high protein diet237 or acid load.238 However, even
with this level of ablation, the ammonium ion produc-
tion per remaining nephron is increased to partially
compensate for the loss of renal tissue.238,239 Thus, the
processes of renal ammoniagenesis and excretion
exhibit a high capacity and broad adaptive range.

The ability of the kidneys to contribute to
acid�base balance by excreting the appropriate level
of ammonium ions is also significantly influenced by
various hormones including glucocorticoids,240

endothelin60 and the aldosterone/angiotensin sys-
tem.241 Glucocorticoids are essential to produce the
appropriate increases in PEPCK61 and SNAT3, the
basolateral glutamine transporter.242 In addition, gluco-
corticoids,243 endothelin60 and angiotensin II188 enhance
the translocation of NHE3 to the apical membrane.
Furthermore, K1 ion homeostasis182 also affects acid�
base balance, in part, from the fact that NH4

1 and K1

ions compete for binding to a number of transport pro-
teins and, in part, from the effect of extracellular K1 ion
concentration on intercellular pH. As a result, various
conditions that result in adrenal insufficiency,240 altered
angitensin II levels,241,244 hyperkalemia245,246 and hypo-
kalemia247 can adversely affect renal ammonium ion
excretion and acid�base balance. An impaired ability
to acidify the luminal fluid, due to defects in H1 trans-
porters or a back leak of H1, results in an inappropriate
level of ammonium ion secretion and causes a distal
renal tubular acidosis. In contrast, proximal renal tubu-
lar acidosis is produced by a defect in HCO3

� reabsorp-
tion within the proximal tubule. This condition also
causes a decrease in ammonium ion production due to
an increase in intercellular pH248 and in ammonium ion
excretion due to the production of a more alkaline
urine.249 The pathophysiologies associated with each of
these conditions are described in detail in other chap-
ters of this monograph.

FUTURE DIRECTIONS

Our current knowledge of the adaptations in the
renal production and excretion of ammonium ions that
occur in response to changes in acid�base balance has
been derived largely from hypothesis-driven experi-
ments. Through this approach, a number of genes that
are differentially expressed in the various segments of
the nephron have been identified. Characterization of
the increased expression of the mitochondrial GA has
defined a novel mechanism of pH-responsive mRNA
stabilization. The characterization of the cytosolic
PEPCK gene has served as a paradigm to characterize
the mechanism of pH-responsive changes in transcrip-
tion. Activation of NHE3 has served as the paradigm
for characterization of acid-induced translocation of
key transporters to the plasma membrane. Limited
progress has also been made in identifying the signal
transduction pathways that mediate this adaptive
response. However, given the complexity of this pro-
cess and the number of participating cell types, the
expression of a large number of additional genes are
likely to also respond to changes in acid�base balance.
Further understanding of the complexity and the regu-
lation of this important physiological process may be
derived from the application of genomic and proteomic
techniques to identify the broad set of genes that are
differentially expressed in individual nephron seg-
ments in response to changes in acid�base balance.
The resulting data will identify the full spectra of genes
that are activated or repressed by metabolic acidosis or
alkalosis and classify those which are regulated
through transcriptional or post-transcriptional mechan-
isms. It may also identify sets of genes, and their asso-
ciated regulatory elements, that are temporally affected
by mechanisms that have not, as yet, been character-
ized. Such techniques can also be used to more fully
characterize the signal transduction pathways that
mediate and coordinate the overall response.
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INTRODUCTION

Homeostatic control of acid�base parameters within
discreet limits is vital to all living organisms.
Acid�base disturbances are conditions that reflect
underlying pathophysiology, which can stem from a
broad range of etiologies. In humans with a filtration-
reabsorption nephron, .4,000 mEq of HCO3

2 is filtered
daily at the glomerulus and virtually all of it is reab-
sorbed by the tubules (Figure 58.1).

HCO3
2 absorption is an energy-requiring process.

Under normal circumstances with a more or less fixed
capacity to reabsorb elevated filtered [HCO3

2], the renal
tubule does not commensurately increase energy con-
sumption or bicarbonate reabsorption therefore bicar-
bonaturia invariably ensues. Given this background,
one wonders why metabolic alkalosis should super-
vene. In contrast to metabolic acidosis where the patho-
physiology reflects increased acid production, reduced
acid excretion, or both, the maintenance of metabolic
alkalosis is a quintessential disease of altered renal
HCO3

2 handling. Even though extrarenal factors con-
tribute, the final effectors of maintaining a high plasma
[HCO3

2] reside in the kidney. Metabolic alkalosis is a
tubulopathy.

A few definitions are necessary. Alkalosis denotes an
excess of base in total body fluids. Alkalemia refers to a
state of decreased H1 activity in the plasma (increased
plasma pH). Alkalosis can exist with little alkalemia
due to respiratory compensation and without alka-
lemia because alkalosis might be part of a mixed
acid�base disturbance. Conversely, alkalemia can be

present without total body alkalosis. The adjective met-
abolic denotes that the disturbance is caused by a pri-
mary gain of base (e.g., HCO3

2) or loss of H1 from the
body; as opposed to primary disturbances in carbon
dioxide excretion.

The only compartment that is accessible to clinical
testing is the ECF; hence ECF composition has defined
most clinical acid�base disorders. Note that the direc-
tion of alterations in intracellular fluid (ICF) H1 activ-
ity might differ from ECF.1,2 The pathogenesis of
metabolic alkalosis involves two distinct derange-
ments—generation and maintenance. The increased ECF
[HCO3

2] that characterizes metabolic alkalosis is usu-
ally due to excessive ECF HCO3

2 content with noted
exceptions such as massive contraction of ECFV
around a constant amount of HCO3

2, or shift of H1 into
cells with intracellular K1 depletion. ECF HCO3

2 addi-
tion might occur through oral or intravenous routes. Of
equal importance is H1 removal from ECF which is
tantamount to HCO3

2 addition.
H1 can leave the body (external H1 loss) through

the gastrointestinal tract by vomiting or the kidney
through stimulated urinary H1 excretion. In either
case, H1 loss is synonymous with formation of HCO3

2

from the gastric or renal cell, respectively, which then
enters the ECF. Alternatively, H1 can move from the
ECF into the ICF (internal H1 loss) as seen in K1 deple-
tion. The phase of metabolic alkalosis in which addi-
tion to the ECF exceeds HCO3

2 exit from ECF thus
raising ECF [HCO3

2], is called the generation phase.3

Normally, excess ECF HCO3
2 is readily and rapidly

excreted by the kidneys. Persistent excess ECF HCO3
2
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content and concentration is usually due to inhibition
of the ability of the kidney to excrete HCO3

2. This is
referred to as the maintenance phase.

Metabolic alkalosis is the most common acid�base
disorder in hospitalized patients.4 The magnitude of
metabolic alkalosis correlates with morbidity,5 mostly
as a marker of severe underlying conditions but also a
direct contributor to adverse events. A careful
approach guided by the known pathophysiology of
this order can direct diagnosis and management of the
underlying disorders.

In this chapter, we will cover how one normal copes
with the defense against high extracellular fluid HCO3

2

concentration, the systemic factors that act on the kid-
ney to “reset” the plasma HCO3 concentration, the
proximal and distal tubular mechanisms responsible
for this feat and finally, the clinical syndromes of meta-
bolic alkalosis.

DEFENSE AGAINST EXCESS
EXTRACELLULAR FLUID (ECF) HCO3

As with any acid�base disturbance, one can envi-
sion three fronts of defense (Figure 58.2). First, the
excess base confronts constituents of the fluid compart-
ments, which harbors chemical components of defense.
Second, the ventilatory system adjusts one determinant
of ECFV pH, namely the CO2 tension, to minimize the
pH deviation. Third and the most important of all is
the definite correction by the kidney with external
elimination of the excessive base.

Systemic Response to ECF HCO3
2 Addition

Distribution of HCO3
2 Added to ECFV

Unlike a non-decomposable anion such as sulfate,
HCO3

2 is partially dissipated by body buffers,6 so its
distribution does not fit into a single body compart-
ment. The apparent distribution space of added HCO3

2

has been partitioned into anatomic and non-anatomic
divisions (Figure 58.3).

The “anatomic” division refers to mainly the ECF
compartment where added HCO3

2 is freely distributed.
The “non-anatomic” division refers to the theoretical
volume that accommodates the added HCO3

2 which
cannot be accounted for by the anatomic space (ECF).
This presumably represents some HCO3

2 that has
entered cells and some that has been titrated by H1

released from non-HCO3
2 buffers (such as hemoglobin

and phosphate) thus constituting a virtual “space.” At
normal pH, these two divisions are approximately
equal and together yield a total apparent HCO3

2 space
of about 40 to 50% of total body weight.6,7 Apparent
HCO3

2 space is inversely related to preexisting ECF
[HCO3

2], with the non-anatomic fraction decreasing in
size as the ECF [HCO3

2] increases.8 Decreasing size of
the non-anatomic division with increasing ECF
[HCO3

2] is due to progressive narrowing of the titration
range for non-HCO3

2 buffers at higher ECF [HCO3
2].8

Thus, a higher preexisting ECF [HCO3
2] indicates

FIGURE 58.1 Filtration-absorption mechanism of bicarbonate
handling by the nephron. FIGURE 58.2 Three lines of defense against a HCO3

2 load:
1. Redistribution and buffer. 2. Hypoventilation to increase pCO2.
3. Renal excretion of HCO3

2.

FIGURE 58.3 Apparent HCO3
2 space. This entity is theoretically

partitioned into anatomic ECF volume and a non-anatomic space
whose size is dependent on existing plasma [HCO3

2].
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greater titration of non-HCO3
2 buffers, causing a

greater rise in ECF [HCO3
2] in response to a given

quantity of added HCO3
2. As with H1, HCO3

2 added to
ECF is buffered by cellular and extracellular processes.7

Compared to acid, a smaller fraction of added base is
buffered in the cell,9 so a greater fraction of added
HCO3

2 is retained in the ECF. In addition, there is less
stabilization of intracellular pH in the alkaline range
compared to the acid range.10 This highlights the
importance of rapid renal HCO3

2 removal in the sys-
temic defense against excess ECF HCO3

2.

Respiratory Response to a Primary Increase
in ECF [HCO3

2]

Respiratory mechanisms alleviate but do not fully
correct the elevated plasma pH (Figure 58.2). The pH
increase from added ECF HCO3

2 is attenuated by a
concomitant rise in pCO2. The acute component begins
within seconds of HCO3

- addition due to neutralization
of added HCO3

2 by H1 derived from titrated non-
HCO3

2 buffers as follows:

NaHCO3 1H Buffer-NaBuffer1H2CO3-CO2 1H2O

The CO2 generated by this reaction stimulates venti-
lation, returning pCO2 toward but not precisely to nor-
mal. This acute response is followed by a more chronic
one commencing at about 1 hour in which the alkale-
mia suppresses ventilation, leading to a sustained
increase in pCO2.

11,12 This effect on the central ventila-
tory centers is probably mediated through alkaliniza-
tion of cerebral interstitial fluid.13 The hypercapneic
response to metabolic alkalosis takes several hours to
complete and attenuates the rise in body fluid pH (but
does not return pH to normal). In general, the pCO2

increase in metabolic alkalosis is about 0.74 mm Hg for
every 1 mEq/L increase in ECF [HCO3

2].14,15 The com-
pensatory fall in alveolar ventilation is limited by
hypoventilatory hypoxemia which can override the pH
effect.

Renal Excretion of HCO3
2

Despite the importance of buffering and respiratory
responses which provides transient amelioration, the
kidney has the ultimate responsibility for disposal of
excess ECF HCO3

2. Although its usual task is to
completely recover filtered HCO3

2 and excrete a nearly
HCO3

2-free urine, the normal kidney has an extraordi-
nary capacity to excrete HCO3

2. The normal kidney
excretes ingested HCO3

2 more rapidly than it excretes
ingested H1.16

The classic experiment of Pitts and Lotspeich
(Figure 58.4) demonstrated that renal HCO3

2 reabsorp-
tion does not increase after plasma [HCO3

2] is beyond
about 24 mM- a “threshold” at the whole organism

level.17 Bicarbonaturia commence beyond the threshold
which is when the tubular reabsorptive capacity is
reach (Figure 58.4). The inflection point does not have
a sharp angle but rather has a splay (Figure 58.4).
Chronic oral NaHCO3

2 loads as large as 24 mEq/kg/
day are readily excreted in humans with minimal
changes in ECF [HCO3

2],18 and acute intravenous loads
are excreted entirely within 24 hours.7 The kidney also
increases excretion of organic anions (e.g. citrate)
which are HCO3

2 equivalents (metabolism of which
produces HCO3

2) in response to ingested HCO3
-,19 con-

tributing to the defense against metabolic alkalosis.
Urine HCO3

2 excretion in response to administered
HCO3

2 might theoretically be mediated by increased
glomerular filtration rate (GFR), reduced tubule HCO3

2

reabsorption, or a combination of both. Intravenous
isotonic NaHCO3

2 induces massive urinary HCO3
2

excretion with minimal or no change in GFR20

highlighting the importance of the renal tubule in
mediating bicarbonaturia. Acute HCO3

2 infusion
reduces fractional HCO3

2 reabsorption in the proxi-
mal21 and distal nephron.22 In addition, juxtamedullary
nephrons excrete proportionally more HCO3

2 than do
superficial ones in response to an acute intravenous
HCO3

2 load.23 Thus, the fixed or even suppressed
capacity of HCO3

2 reabsorption is the predominant
mechanism that mediates bicarbonaturia in response to
an acute HCO3

2 load.
Acute HCO3

2 infusion tests the nephron’s response
to extreme HCO3

2 loads and massive bicarbonaturia is
the usual response. However, mammals are rarely
exposed to such massive alkali insults in their natural
habitats and more subtle means of base excretion are
utilized such as reduced net acid excretion and

FIGURE 58.4 Whole kidney HCO3
2 absorption as a function of

plasma [HCO3
2]. HCO3

2 reabsorption increases as plasma [HCO3
2]

increases (assuming constant glomerular filtration rate) up to a point
which is the plasma [HCO3

2] threshold beyond which bicarbonaturia
ensues. The inflection point is not sharp in the sense that there is a
slight splay. Above the threshold the maximal capacity of renal
HCO3

2 reabsorption is reached.
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citraturia.24 More physiologic alkali challenges have
been modeled using dietary NaHCO3. Chronic oral
NaHCO3

2 reduces urine net acid excretion (urine
ammonium1 titratable acid 2 urine base) by decreas-
ing excretion of ammonium and titratable acid as
well as by increasing organic anion (primarily citrate)
and HCO3

2 excretion.25 Decreased ammonium and
titratable acid excretion with maintained GFR is caused
by decreased distal nephron acidification.

The inference from clearance studies was confirmed
by direct measurements showing reduced acidification
in distal26 and collecting27 tubules in animals ingesting
NaHCO3. Because HCO3

2 is both reabsorbed (mediated
largely through H1 secretion) and secreted in the dis-
tal28,29 and collecting27 tubule, decreased acidification
in these distal segments can actually be mediated by
increased HCO3

2 secretion and/or decreased H1 secre-
tion. Animals chronically ingesting NaHCO3 have
increased HCO3

2 secretion in the distal30,31 and collect-
ing27 tubule while distal tubule H1 secretion is less
affected.32 H1 ingestion increases H1-ATPase staining
activity in collecting ducts.33,34 Thus, stimulated HCO3

2

secretion is more prominent than reduced H1 secretion
as the predominant mechanism by which dietary
HCO3

2 decreases distal nephron acidification.

Renal Disposal of Excess ECF HCO3
2

Peritubular and Luminal Acid�Base Composition

Because increased ECF [HCO3
2] is accompanied by

simultaneous increase in [HCO3
2] in the proximal

tubule luminal fluid in vivo, it is difficult to separate
the effects of peritubular from luminal acid2 base
changes on tubular HCO3

2 reabsorption in response to
ECF [HCO3

2] addition. This is best studied by measur-
ing renal tubule HCO3

2 reabsorption in response to uni-
lateral changes of acid�base composition in a renal
tubule or its adjacent peritubular capillary in vivo.

In the proximal tubule, increased peritubular
[HCO3

2] and pH decrease net HCO3
2 reabsorption and

increased luminal [HCO3
2] increases it (Figures 58.5

and 58.6).26,35 When H1 secretion (transcellular active
transport) is measured with varying luminal [HCO3

2]
at two levels of constant plasma [HCO3

2],36 two fea-
tures are evident. First, the proximal HCO3

2 threshold
is not 25 mM but rather 40-50 mM.36 The threshold
depicted in Figure 58.4 of 24 mM is a whole animal
phenomenon. Second, increase in peritubular [HCO3

2]
reduces the HCO3

2 transport capacity of the proximal
tubule (Figure 58.6). Acute increases in plasma [HCO3

2]
and pH (peritubular) also decrease distal tubule HCO3

2

reabsorption in vivo.37 On the other hand, increases in
luminal [HCO3

2] increases HCO3
2 reabsorption in both

proximal35 and distal37 tubules. Acute HCO3
2 addition

to ECF will inhibit both proximal and distal HCO3
2

reabsorption by increasing peritubular [HCO3
2] but the

concurrent increase in luminal [HCO3
2] will stimulate

proximal absorption and depending on whether the
increased luminal [HCO3

2] is translated axially down
the nephron, it may offset the distal effect of increased
peritubular [HCO3

2].

ECF Volume and Dietary NaCl

Classic clearance studies showed increasing bicarbo-
naturia as ECF [HCO3

2] (and HCO3
2filtered load) rises

above baseline in response to isotonic NaHCO3
2 infu-

sion17 suggesting that the kidney ordinarily operates
near its maximal capacity for HCO3

2 reabsorption.
Renal HCO3

2reabsorption can be dramatically
enhanced above control levels when ECF [HCO3

2] and
filtered HCO3

2 load are increased with hypertonic
NaHCO3

2 infusion with minimal concomitant volume
expansion.38,39 In the absence of volume expansion,
proximal tubule HCO3

2 reabsorption increases robustly
in response to increasing luminal [HCO3];

36 showing

FIGURE 58.5 Regulation of proximal tubule transcellular HCO3
2

absorption (H1 secretion). Transcellular bicarbonate reabsorption is
regulated by both luminal and plasma [HCO3

2] and pH, and ECF vol-
ume while paracellular HCO3

2 back-leak is regulated by extracellular
fluid volume.

FIGURE 58.6 Interaction of luminal and plasma [HCO3
2] on rate

of transcellular H1 secretion in rat proximal tubule. At each level of
luminal [HCO3

2], plasma [HCO3
2] influences proximal acidification.

2024 58. CLINICAL SYNDROMES OF METABOLIC ALKALOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



partial saturation at a luminal [HCO3] that is nearly
twice that of plasma.36 These studies highlight the kid-
neys’ large intrinsic capacity for HCO3

2 reabsorption—
an ability that is important in maintaining metabolic
alkalosis.

Renal HCO3
2 reabsorption is inversely related to the

state of effective ECF volume (Figure 58.5).40 Volume
expansion decreases fractional HCO3

2 reabsorption in
the proximal convoluted tubule whether it is achieved
with isotonic Ringers solution or with salt-poor hyper-
oncotic albumin.41 Decreased proximal tubule HCO3

2

reabsorption induced by volume expansion is due to
increased HCO3

2 permeability from peritubular blood
to the tubule lumen, which likely increase “back-leak”
of HCO3

2 into the tubule lumen and reducing net
HCO3

2 reabsorption;36 volume expansion induced no
changes in proximal tubule H1 secretion.36 Thus, ade-
quate ECF volume is an important permissive factor
for renal excretion of excess ECF HCO3

2. Dietary
restriction or excess of NaCl yields subtle changes in
ECF volume and influence steady-state ECF [HCO3

2]
via modulation of renal HCO3

2 excretion. Animals
ingesting a NaCl-restricted diet have higher plasma
[HCO3

2] and lower urinary HCO3
2 excretion.32

Furthermore, humans given NaHCO3 increase their
ECF [HCO3

2] when they concomitantly ingest an NaCl-
restricted diet.42 Dietary NaCl restriction also increases
ECF [HCO3

2] in animals43 and humans44 with uremic
acidosis. Dietary NaCl also induce distal HCO3

2 secre-
tion.32 Thus, supplemental dietary NaCl facilitates
excretion of HCO3

2 added to ECF.

Potassium Status

K1 deficiency is associated with intracellular acido-
sis independent of the extracellular pH.45 To a renal
epithelial cell, this likely provides a signal that calls for
augmentation of HCO3

2 absorption. K1 depletion
causes metabolic alkalosis in rats46 and humans14 by
multiple mechanisms, some of which are not fully clar-
ified. Because K1 depletion causes renal Cl2 wasting,47

the effects of K1 depletion with respect to renal HCO3
2

handling might be due in part to KCl depletion. Renal
HCO3

2 reabsorption is greater in K1-deplete compared
to K1-replete animals, and K1 loading augments uri-
nary HCO3

2 excretion in response to HCO3
2 infusion at

all levels of ECF volume.48 Acute NaHCO3 infusion
induces less renal HCO3

2 excretion and higher ECF
[HCO3

2] in KCl-deplete animals compared to K1-
replete ones.22,49 Thus, KCl depletion reduces renal
ability to excrete excess ECF HCO3

2 and helps to main-
tain metabolic alkalosis. There is a very modest
increase in the mRNAs for the subunits of H,K-
ATPases in the outer medulla;50�52 the physiologic sig-
nificance of this finding is not known.

Hormones Affecting Renal HCO3
2 Excretion

Addition of HCO3
2 to the ECF may modulate renal

HCO3
2 excretion. ECF volume expansion due to

NaHCO3 administration decreases angiotensin II and
aldosterone levels,2 both being stimulatory hormones
for renal tubule HCO3

2 reabsorption.53,54 More impor-
tantly, euvolemic increases in ECF [HCO3

2] and pH
generated by dialysis decrease plasma aldosterone con-
centration.45 Vasoactive intestinal peptide which
increases after meals,55 increases distal tubule HCO3

2

secretion,30 possibly facilitating postprandial urinary
HCO3

2 excretion. Dietary NaHCO3 increases urinary
prostacyclin, which also augments distal tubule HCO3

2

secretion.31 Altered actions of these and other agonists
induced by ECF HCO3

2 addition might contribute to
urinary HCO3

2 excretion. In contrast, disturbances in
such responses might contribute to the persistence of
excess ECF HCO3

2 and maintenance of metabolic
alkalosis.

MECHANISMS OF METABOLIC
ALKALOSIS

When the rate of HCO3
2 generation or administra-

tion exceeds the capacity of regulatory mechanisms to
immediately correct it, transient disequilibrium meta-
bolic alkalosis can occur. Most commonly, the genera-
tion of excess ECF HCO3

2 is not sustained and ECF
acid�base composition is returned to normal.
Sustained metabolic alkalosis is hard to achieve with
normal renal HCO3

2 excretory ability18 and invariably
involves compromised renal ability to excrete HCO3

2

and/or failure to reduce net acid excretion.

Generation of Excess ECF HCO3
2

Figure 58.7 summarizes the factors that generate the
elevation of plasma [HCO3

2] which is broadly segre-
gated into alkali (HCO3

2) gain and H1 loss. It is impor-
tant to indicate that generation alone cannot beget the
clinical syndrome without augmenting maintenance
factors.

Exogenous Alkali (HCO3
2) Gain

Administration of HCO3
2 or its precursors adds

HCO3
2 to ECF and causes sustained metabolic alkalosis

if renal HCO3
2 excretion is compromised. Some

patients ingest NaHCO3 to relieve indigestion, whereas
others receive intravenous NaHCO3 for various
reasons. Large amounts of HCO3

2 precursors such as
citrate might be administered during massive blood
transfusions or plasmapheresis, which when metabo-
lized, adds HCO3

2 to ECF. Metabolizable organic

2025MECHANISMS OF METABOLIC ALKALOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



anions such as ketoacids and lactate are also HCO3
2

precursors. Treatment of organic acidosis with HCO3
2

might generate excess ECF HCO3
2 when the inciting

metabolic disturbance is corrected and retained organic
anions are metabolized. Metabolic alkalosis can be
encountered transiently in these settings but is eventu-
ally corrected if renal HCO3

2 excretory mechanisms are
intact. Dialysis against a dialysate with high [HCO3

2] in
an anephric patient can also generate metabolic alkalo-
sis until the HCO3

2 is neutralized by endogenous acid
production.

External H1 Loss

Extrarenal H1 loss primarily is due to gastric fluid
loss from vomiting or nasogastric suction is the most
common extrarenal H1 loss that generates metabolic
alkalosis. Gastric parietal cells add H1 to the lumen
and HCO3

2 to adjacent perigastric blood.56 Gastric fluid
entering the duodenum is neutralized by HCO3

2-con-
taining pancreatic and biliary secretions,57 so that
acid�base balance is maintained under normal circum-
stances. External gastric fluid loss perturbs this balance
as well as increases gastric pH, stimulating further
luminal H1 addition and perigastric HCO3

2 addition.56

The generated excess ECF HCO3
2 initially causes bicar-

bonaturia with urine Na1 and K1 losses;58 both of
these contribute to the subsequent maintenance of met-
abolic alkalosis. Less commonly, extrarenal external
H1 loss generates metabolic alkalosis through lower GI
fluid losses in some unusual diarrheal states. Diarrheal
fluids are commonly alkali but H1-rich diarrheal fluids
occur with some villous adenomata59 and with congen-
ital chloridorrhea.60

Renal H1 loss is another important source. For each
mEq of renal net acid excretion, a mEq of HCO3

2 is
added to ECF.16 When renal acid excretion (HCO3

2 gen-
eration) exceeds H1 addition (HCO3

2 consumption) to
the body, excess ECF HCO3

2 accumulation occurs.
Loop diuretics increase renal acid excretion,61 and
increase ECF [HCO3

2],62 and chronic administration of
these agents can induce metabolic alkalosis, particu-
larly when combined with a low intake of dietary Na
and K.63 Mineralocorticoids increase urine net acid
excretion and ECF [HCO3

2]64 by increasing distal neph-
ron H1-ATPase and H1 secretion.52 Ingestion of a
NaCl-restricted diet blunts the ability of mineralocorti-
coid to induce volume expansion and metabolic alkalo-
sis.65 The combination of increased mineralocorticoid
activity with inappropriately high distal Na1 delivery
greatly enhances distal nephron acidification66 and K1

loss, which further augments distal acidification67 by
increasing ammonium production68 and activating dis-
tal nephron H1,K1-ATPase.52

Internal H1 Shift

Potassium depletion induces metabolic alkalosis by
multiple mechanisms.66 Severe K1 depletion induces
movement of ECF H1 into ICF in partial cationic
replacement of lost intracellular K1,69 generating ECF
HCO3 by mechanisms discussed earlier. Conversely,
K1 repletion of K1-depleted animals with metabolic
alkalosis decreases ECF [HCO3] in part by titration of
ECF HCO3

2 by H1 exiting from ICF in cationic
exchange for administered K1.70 In severe K1 deple-
tion, there may be an enormous amount of H1 accu-
mulation in the cell such that there may be a total body
H1 excess hence warranting the designation of “meta-
bolic acidosis” even though the ECF [HCO3

2] may be
high.71 This is a potentially confusing but important
concept to grasp.

No Net loss or Gain of H1/ HCO3
2

Not shown in Figure 58.7 is what is referred to as
“contraction alkalosis.” ECF [HCO3

2] can theoretically
be increased by decreasing ECF volume around a con-
stant HCO3

2 content through reductions in ECF NaCl
and H2O. In the purest form of contraction alkalosis,
there is no true generation of HCO3

2. In clinical set-
tings, this mechanism of increased ECF [HCO3

2] rarely
occurs in isolation but more often exists in concert with
other mechanisms that generate HCO3

2 such as GI and
renal H1 loss. Experimental models that explore this
mechanism of generating metabolic alkalosis have been
created in animals subjected to acute urinary losses
induced by furosemide.72 The rise in ECF [HCO3

2] in
this setting cannot be attributed exclusively to reduced
ECF volume because furosemide also increases excre-
tion of K1 and H1,61 each of which generates metabolic

FIGURE 58.7 Generation of high plasma [HCO3
2]. Elevation of

[HCO3
2] in the ECF can result from gain of HCO3

2 equivalent or loss
of H1 into the ICF, or out of the body via the kidney or gastrointesti-
nal tract. Decrease of a massively expanded ECFV from isotonic
NaCl and water loss (e.g., aggressive natriuretic therapy) around a
fixed amount of HCO3

2 can raise the plasma [HCO3
2] (not shown in

figure). Note this requires a large fall in ECFV. For instance, if a
grossly expanded ECFV of 28 L with a ECF [HCO3

2 ] of 24 mM is
reduced to 22 L by a 6 L NaCl-water loss, the resultant ECFV [HCO3

2

] will rise to 30 mM.
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alkalosis. The rise in ECF [HCO3
2] in these animals is

proportionately less than the decrease in ECF volume,
due in part to HCO3

2 entry into ICF, titration by non-
HCO3

2 buffers, and urinary HCO3
2 excretion.60,73

Maintenance of Excess ECF HCO3
2

While metabolic acidosis can result from acid pro-
duction overwhelming maximal renal acid excretion,
alkalosis is maintained primarily by compromising
renal HCO3

2 excretion. In settings where metabolic
alkalosis is due exclusively to excess HCO3

2 ingestion
or generation, the disorder is self-limited and is associ-
ated with alkaline urine, reflecting an appropriate renal
response. In sustained metabolic alkalosis, the urine is
not alkaline, reflecting little to no urine HCO3

2 excre-
tion in the presence of elevated plasma [HCO3

2].
As shown in Figure 58.8, high plasma [HCO3

2] can
be maintained by low GFR or increased renal tubule
HCO3

2 reabsorption. The following section describes
factors that play a role in the chronic maintenance of
excess ECF HCO3

2: (1) Decreased GFR. (2) K1 deple-
tion. (3) ECFV depletion or Cl2 depletion. (4)
Mineralocorticoid excess. The latter three are the most
important.

Decreased GFR

Reduction in GFR can theoretically normalize the
amount of HCO3

2 filtered despite a high plasma
[HCO3

2]. Indeed, the level of GFR reduction in some
experimental models of chronic metabolic alkalosis
yields a filtered HCO3

2 load (GFR x plasma [HCO3
2])

and absolute renal HCO3
2 reabsorption that is not dif-

ferent from control.74 This will be a mechanism of

maintenance where low GFR is the sole culprit and
there is no tubulopathy. Administration of crystalloid
to this model increases GFR and reduces the ECF
[HCO3

2].74 Infusion of atrial natriuretic peptide
increases GFR and reduces excess ECF HCO3

2.75

However, establishing reduction of GFR as a major
maintenance factor for metabolic alkalosis has been
problematic. In some models of chronic metabolic alka-
losis, GFR is comparable to control49 or even higher.76

Exogenous HCO3
2 administration to animals with

reduced GFR still induces appropriate urinary HCO3
2

excretion77 indicating that tubular responses return
acid�base status towards normal despite low GFR. In
humans, the slight GFR reduction in subjects with
chronic metabolic alkalosis contributes minimally to
maintenance compared to enhanced renal tubular
HCO3

2 reabsorption. Most published studies show that
GFR is normal78 to slightly reduced79 in humans with
chronic metabolic alkalosis. In human studies that did
show reduced GFR, the level of GFR reduction is not
sufficient to account for the rise in ECF HCO3

2, indicat-
ing a concomitant enhancement of renal HCO3

2 reab-
sorption must exist.80,79 Kunau and coworkers
convincing showed that isohydric expansion of ECFV
in the presence of renal arterial restriction to keep GFR
low successfully resulted in bicarbonaturioa and cor-
rection of alkalosis.81 In summary, GFR reduction may
contribute but does not play a major role in maintain-
ing chronic metabolic alkalosis in humans. A tubulopa-
thy has to come to play.

K1 Depletion

Depletion of total body K1 maintains metabolic
alkalosis by multiple complex mechanisms
(Table 58.1). K1 depletion reduces urine HCO3

2 excre-
tion in response to administered HCO3

2.22,48 Thus, K1

depletion limits renal HCO3
2 excretion after generation

of metabolic alkalosis. Decreased renal HCO3
2 excretion

has been shown to be mediated by increased HCO3
2

reabsorption in both the proximal81,82 and distal67,82

nephron in animals with K1 depletion.

FIGURE 58.8 Renal maintenance of high plasma [HCO3
2].

Normally there is little or no HCO3
2 in the urine (left panel). With ele-

vation of plasma [HCO3
2], the increased filtered load leads to obliga-

tory bicarbonaturia and correction of the alkalosis (middle panel).
High plasma [HCO3

2] can be maintained by either reduced GFR or
increased tubular reabsorption (right panel); the latter being much
more important.

TABLE 58.1 Mechanisms by which K1 Depletion Contributes to
Metabolic Alkalosis

Reduction of GFR

Increased ammonia production

Hypocitraturia

Increased proximal tubule acidification

Increased distal tubule acidification

Increased renal Cl2 wasting
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Increased renal tubule HCO3
2 reabsorption might be

due to reduced intracellular pH in renal tubule cells of
K1-depleted animals.83 This electrolyte abnormality
also increases renal ammonia production,68 which
would facilitate augmented net H1 excretion,84 the lat-
ter generating and maintaining metabolic alkalosis by
the mechanisms discussed earlier. Potassium depletion
causes renal Cl2 wasting47 and thereby volume deple-
tion, which can maintain metabolic alkalosis. Severe
K1 depletion can also decrease GFR,85 which might
contribute somewhat to maintain metabolic alkalosis.
As noted earlier, K1 depletion enhances metabolic
alkalosis induced by exogenous mineralocorticoids.64

However, K1-depletion per se reduces mineralocorti-
coid production.86 which is expected to reduce renal
acidification.52 Nevertheless, K1-depleted animals with
metabolic alkalosis and reduced serum aldosterone
levels87 still have increased proximal49 and distal49,87

tubule acidification, suggesting that other factors can
increase renal acid excretion in this setting. K1 deple-
tion clearly is an important maintenance factor for met-
abolic alkalosis and should be searched for and treated
if found in patients with metabolic alkalosis as part of
the management of patients with this acid�base
disorder.

ECF Volume Depletion

Reduced ECF volume is probably the single most
important maintenance factor for metabolic alkalosis in
the clinical setting in humans78 and is a feature of
many experimental models of this acid�base disorder.3

In a gastric acid loss model of metabolic alkalosis in
humans, volume repletion reduces excess ECF HCO3

2

leading to correction of the alkalosis.58 In support of
the pivotal importance of ECF volume depletion rather
than hypochloremia is the demonstration that in
diuretic-induced hypochloremic alkalosis, expansion of
ECF volume with hypochloric solutions corrected the
metabolic alkalosis without raising the serum chloride
concentration.88 Still unsettled is whether total body
Cl2 depletion independent of ECF volume depletion
can maintain metabolic alkalosis. Nevertheless even in
purported volume-replete experimental models of met-
abolic alkalosis in which the removed NaCl is replaced
with equimolar NaHCO3, ECF volume depletion can
occur due to a shift of ECF NaHCO3 into ICF as HCO3

2

space is larger than ECF.1 Volume-deplete subjects
clearly excrete less of an administered HCO3

2 load
compared to volume-replete or volume-expanded
ones.48,89 Dietary NaCl restriction increases activity of
the proximal tubule Na1/H1 exchanger.90 In addition,
dietary NaCl restriction reduces luminal Cl2 delivery
in the distal tubule,32 limiting the Cl2 available to pro-
mote luminal HCO3

2 secretion.91,92 Depending on the
degree, volume depletion can also decrease GFR93 and

stimulate the renin-angiotensin system94 and increase
angiotensin II, which increases HCO3

2 reabsorption in
both the proximal95 and distal30 nephron.

Cl2 Depletion

A longstanding controversy has been whether Cl2

depletion per se contributes to metabolic alkalosis inde-
pendent of ECF volume contraction. In support of this
view is the fact that Cl2 administration to some Cl2-
deplete experimental models of metabolic alkalosis
decreases ECF [HCO3

2] independent of changes in both
ECF volume96,97 and body K1 stores.58,96,97

Although suggestive, interpretive issues still cloud
unequivocal proof that Cl2 depletion independent of
ECF volume depletion maintains metabolic alkalosis.
The intimate relationship of total body Cl2 to ECF vol-
ume renders separating the two, even experimentally,
exceedingly difficult. Models in which NaCl removal is
replaced with equimolar NaHCO3 can induce ECF vol-
ume depletion due to shifts of Na1 out of the ECF as
HCO3

2 is distributed in the non-anatomic space as indi-
cated earlier.1 Experimental models where reduction of
total body Cl2 is not accompanied by detectable ECF
volume contraction49,98 are difficult to reconcile with
clinical practice where Cl2 depletion is almost invari-
ably associated with ECF volume depletion. Cl2 deple-
tion and repletion both carry changes in the
accompanying cation which is either Na1 or K1; both
of which can affect HCO3

2 homeostasis per se. The one
mechanism that Cl2 can affect distal HCO3

2 secretion
independent of Na1 and K1 is by activiting distal Cl2/
HCO3

2 exchange. Thus far, data supporting Cl2 deple-
tion per se as an independent factor independent of
ECF volume and K1 depletion are not conclusive.

Excess Mineralocorticoid Activity

Hypermineralocorticoid states have long been asso-
ciated with metabolic alkalosis3,99 and correction of the
excess mineralocorticoid state in humans effectively
reduces excess ECF HCO3

2.65 Two points are notewor-
thy. First, one is referring to a primary increase in
mineralocorticoid activity rather than the elevation in
response to volume contraction or hyperkalemia.94

High aldosterone activity in subjects with volume
depletion contributes to maintenance of excess HCO3

2

where distal Na1 delivery is high such as in gastric
alkalosis with bicarbonaturia and in diuretic therapy.
Second, excess mineralocorticoid activity denotes a
heightened state of biologic activity rather than just
levels of mineralocorticoids. One action of mineralocor-
ticoids is to increase distal nephron and net acid excre-
tion acidification,54,100 which can generate and
maintain excess ECF HCO3

2.
The ability of mineralocorticoids to generate and

maintain metabolic alkalosis depends on the Na1
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and K1 status of the subject. It is very important to
note that humans on a low-salt diet given mineralo-
corticoid do not develop metabolic alkalosis or hypo-
kalemia.65,101,102 Exogenous mineralocorticoids lead to
minor changes in net acid excretion in K1-replete
dogs in contrast to a large increase in acid excretion
in K1-deplete animals.64 Patients with primary
hyperaldosteronism with the most severe K1 deple-
tion have the worst metabolic alkalosis.103 This illus-
trates the importance of multiple factors in the
maintenance of metabolic alkalosis.

Derangements in Renal Acidification in
Metabolic Alkalosis

How do the above factors act to maintain the abnor-
mal tubular function? There is a prevailing but yet
unproven dogma that the renal tubule is completely
normal but simply misdirected by the incoming signals
to maintain a high rate of acid excretion and low rate
of HCO3

2 secretion in the face of a high plasma
[HCO3

2]; somewhat of a mendicant organ just blindly
taking orders so to speak. Unflattering as it may sound,
this is widely believed to be true mainly due to the
rapid reversal when the principal defects of ECFV con-
traction, K1 depletion, and high mineralocorticoid
activity are corrected.

Different experimental models of metabolic alkalosis
may use diverse generation and maintenance mechan-
isms.49 In several models, it is maintained by increased
whole-kidney HCO3

2 reabsorption, which stems from
both proximal and distal mechanisms. One difficulty in
interpretation of the current body of animal data is the
heterogeneity of the models and to a lesser extent spe-
cies variation. Table 58.2 summarizes the documented
or predicted changes in the three pivotal pathophysio-
logic factors affecting renal acidification in various
models of metabolic alkalosis. ECF volume contraction
and K1 depletion increases proximal acidification. All
three factors affect distal acidification.

Proximal Tubule and Thick Ascending Limb

This is best exemplified by the classic experiment of
Maddox and Gennari.104 Absolute proximal tubule
HCO3

2 absorption increases with increasing filtered
HCO3

2 (Figure 58.9). When metabolic alkalosis is
induced with acute infusion of NaHCO3, filtered load
is increased but reabsorption is not, resulting in mas-
sive bicarbonaturia. During the maintenance phase of
chronic metabolic alkalosis, even when both the plasma
[HCO3

2] and filtered load are as high as in the acute sit-
uation, proximal HCO3

2 continues to increase
(Figure 58.9) instead of the expected inhibition by high
plasma [HCO3

2] (Figures 58.5 and 58.9). This finding
indicates there are intrinsic changes in the proximal
tubule epithelium.

Proximal tubule HCO3
2 reabsorption is increased in

K1- and Cl2-deplete model of diuretic-induced meta-
bolic alkalosis.49,76 The increase is related in part to the
augmented filtered HCO3

2 load delivered to the proxi-
mal tubule.49,76 The effect of increased luminal [HCO3

2]
on HCO3

2 reabsorption in the proximal tubule is offset
by the increased ECF [HCO3].

35 ECF volume contrac-
tion also increases proximal tubule Na1/H1 exchange
activity40 and the proximal tubule autocrine/paracrine
renin angiotensin system.105 Thus, proximal tubule
HCO3

2 reabsorption is not decreased, as would be
expected to be homeostatically appropriate in the set-
ting of excess ECF HCO3.

The stimulation of proximal tubule HCO3
2 reabsorp-

tion by K1 depletion81 is possibly mediated by intracel-
lular acidification.83 Chronic hypokalemia increases the
proximal tubule ensemble of Na1/H1 exchanger
(NHE3),106,107 ammoniagenic enzymes.68,108,109 Na1-
dicarboxylate (citrate) cotransporter (NaDC-1)110 and
citrate metabolism111 and Na-bicarbonate cotranspor-
ter106 and expression of angiotensin II receptor, AT1;112

TABLE 58.2 Mechanisms of Metabolic Alkalosis in Selected
Models

Model ECFVk K1k MCm

NaHCO3 load 2 6 2

Replace NaCl with NaHCO3 1/2 1 1/2

Diuretic 2 2 1

K1 depletion 1/2 1 2

Exogenous MC 2 1 1

ECFV, extracellular fluid volume; MC, mineralocorticoid.

FIGURE 58.9 The relationship of absolute proximal tubule HCO3
2

absorption as a function of filtered load of HCO3
2 under free flow

condition. The dotted line denotes the normal filtered load. The hea-
vy solid line represents the normal relationship between filtered and
absorbed HCO3

2. In the acute setting, this is only a very small devia-
tion from normal. In chronic metabolic alkalosis, tubular reabsorption
is increased so the increased filtered load is reclaimed.
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probably all mediated by intracellular acidification.
Inhibition of the proximal Na-sulfate cotransporter
NaSi-1113 does not affect proximal acidification per se
but the increased distal sulfate delivery of a non-
absorbable anion can increase distal H1 secretion. Note
that simple NaHCO3 loading without persistent meta-
bolic alkalosis led to a decrease of NHE3114 and NBC-
1115 suggesting the conglomerate changes listed above
are involved with the maintenance of metabolic alkalo-
sis. Other possible explanations of the increased proxi-
mal tubule HCO3

2 reabsorption in metabolic alkalosis is
volume depletion,116 with its attendant changes in
proximal tubule HCO3

2 permeability35 and its resulting
hormonal changes, including stimulation of the renin-
angiotensin system.94,105 In addition, diuretic-induced
metabolic alkalosis is associated with increased renal
endothelin-1 secretion,87 which can increase Na1/H1

exchange.117 These changes are summarized in
Figure 58.10.

Derangements in the thick ascending limb are less
consistent in metabolic alkalosis. Absorption of HCO3

2

is increased by either NaHCO3 or NaCl administration
but reduced by NaCl restriction.118 The effect of ECF
volume may dominate over the effects of high plasma
pH and [HCO3

2]. K1 depletion may facilitate delivery
of ammonium to the collecting thus contributing to
increase net acid excretion.84 The role of the thick limb
in the maintenance of metabolic alkalosis is unclear.

Distal Convoluted and Collecting Tubule

In distal renal tubular acidosis or overproduction
acidosis, distal H1 secretion is insufficient to effect the
net acid excretion so as to maintain net acid balance,89

but the distal nephron nevertheless contributes to over-
all acid excretion to correct the acidosis. In contrast,
metabolic alkalosis is maintained by distal acidification
that is inappropriately increased which makes it the
guilty party resulting in maintenance of the alkalosis.

In a KCl-deplete model of diuretic-induced meta-
bolic alkalosis, HCO3

2 reabsorption measured in situ in
the surface distal tubule is increased.49 Both fractional
and absolute HCO3

2 reabsorption in the distal tubule
are higher49 so this is not just due to increased filtered
load but rather to augmented distal tubule H1 secre-
tion.29,119 Although distal tubule HCO3

2 secretion is
also increased, likely driven by increased plasma
[HCO3

2],29 the increased HCO3
2 secretion is smaller in

magnitude compared to the increased H1 secretion so
that net distal tubule acidification is increased.49 This
can be mediated by ECF volume contraction, K1 defi-
ciency or high aldosterone.

K1 depletion increases distal acidification120 medi-
ated in part by stimulated distal nephron colonic iso-
form of H1,K1-ATPase activity.37,87,121,122 Animals
with diuretic-induced K1-depletion and chronic meta-
bolic alkalosis also have increased distal tubule Na1/
H1 activity mediated in part by endogenous endothe-
lins.87 On the other hand, K1 depletion decreases aldo-
sterone secretion,86 that is expected to decrease distal
nephron H1-ATPase activity52 and decrease distal
nephron acidification. In a diuretic-induced K1-deple-
tion model of metabolic alkalosis, neither aldosterone
levels nor H1-ATPase activity are increased, yet distal
acidification is stimulated.87 In addition, K1 depletion
increases proximal ammonia production by inducing
ammoniagenic enzymes,123,124 which in the presence of
increased distal acidification, increases urine net acid
excretion.84 Therefore, K1 depletion increases distal
nephron acidification mediated by increased activity of
at least two distal nephron H1 transporters. This aug-
mented distal nephron acidification hampers excretion
of excess ECF HCO3

2. Potassium depletion can both
generate and maintain metabolic alkalosis.

Mineralocorticoids can increase distal nephron acidi-
fication by a number of mechanisms. Mineralocorticoids
increase collecting tubule Na1 reabsorption and lumi-
nal electronegativity,125 which increases electrogenic
acidification.125 Aldosterone also increases activity of
collecting tubule Na1/K1-ATPase,125 lowering intra-
cellular Na1 and thereby stimulating luminal Na1/H1

exchanger.37 Finally, aldosterone directly stimulates
activity of H1-ATPase, a major H1 transporter in the
cortical and medullary collecting tubule.52 The ECF
[HCO3

2] of animals with metabolic alkalosis is higher
when activities of both H1-ATPase (stimulated by high
mineralocorticoid levels) and H1,K1-ATPase (stimu-
lated by K1 depletion) are increased, compared to iso-
lated increased activity of either transporter.52

In acute alkali loading, the anion-exchanger-1 (AE1)
on the basolateral membrane of acid-secreting β-inter-
calated cells is much reduced consistent with an appro-
priate compensation to lower H1 secretion.126 It is
unclear what is causing the impairment of this

FIGURE 58.10 Proximal tubule pathophysiology in metabolic
alkalosis. Changes are caused predominantly by effective ECF vol-
ume contraction and K1 deficiency. A host of metabolic and transport
changes that culminate in increased proximal H1 secretion and
HCO3

2 absorption.
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compensation in chronic metabolic alkalosis. One pos-
sibility is the limited luminal Cl2 in ECF volume con-
traction due to increased proximal Cl2 absorption.
Regardless of whether there are more Cl2/HCO3

2

exchangers, paucity of luminal Cl2 can impair the api-
cal Cl2/HCO3

2 exchange and HCO3
2 secretion in this

segment.91,127,128

An apical membrane Cl2/base exchanger in the dis-
tal nephron, Pendrin (gene product of Slc26A4), should
be the main player in base secretion in the collecting
duct and theoretically assume a central pathogenic role
in the maintenance of metabolic alkalosis. NaHCO3

loading per se increases pendrin expression suggesting
it does defend against alkalosis.129,130 In a model of
hypermineralocorticoid activity, pendrin is upregu-
lated presumably to augment apical HCO3

2 secretion
131 but in a K1 depletion model, Pendrin is down regu-
lated suggesting that it is actually the culprit.132

Pendrin-/- animals at baseline do not have high
plasma [HCO3

2] but when subjected to induction of
metabolic alkalosis have higher plasma [HCO3

2] than
Pendrin 1/1 animals.131 Interestingly, K1 depletion
did not elicit increased Pendrin expression130 despite
the fact that the ECF [HCO3

2] is high. This discrepancy
may be attributable to the presence of intracellular aci-
dosis in K1 depletion. At present, although one
expected Pendrin to assume a central role in maintain-
ing metabolic alkalosis, the experimental data are
inconclusive.

One player that has recently been implicated in the
maintenance of metabolic alkalosis is the epithelial
Na1 channel ENaC. While ENaC is considered to be
mainly important for Na1 absorption and K1 secretion,
it does provide the luminal negative voltage that is
important for H1. As discussed below, dominant gain-
of-function mutations of ENaC subunits can lead to
metabolic alkalosis. The presence of alkalemia per se
appears to stimulate ENaC independent of aldosterone
activity which can contribute to the heightened
acidification.133

The delivery of Na1 salts of poorly reabsorbable
anions increases distal nephron acidification in associa-
tion with increased mineralocorticoid activity.93 Na1

absorption without an accompanying anion greatly
increases luminal electronegativity134 and promotes
distal H1 secretion.93 Non-reabsorbable anions that can
induce this phenomenon include sulfate,135 nitrate,93

and the penicillin class of antibiotics.136,137 The patho-
physiology of distal acidification is summarized in
Figure 58.11.

Consideration of an Intrinsic Tubular Defect

Although there is no doubt that metabolic alkalosis
can only be sustained by changes in the renal tubules.
Thus far, one is working with the assumption that the

kidney is merely being misdirected by the incoming
signals described above. There are some highly funda-
mental questions that need to be considered. Is the kid-
ney capable of independently sensing and setting
plasma pH and [HCO3

2]? The sensing of pH and
[HCO3

2] are fundamentally different biologic processes
that utilize different molecular mechanisms. If such
sensing ability exists, why is the kidney not responding
to the higher plasma [HCO3

2] but remaining obedient
to the erroneous signals. Does metabolic alkalosis rep-
resent a state where there is a resetting of the sensors
in the kidney? There is strong in vitro evidence that
renal epithelial cells can sense and respond to changes
in ambient pH and [HCO3

2].138 A host of proteins with
pH and [HCO3

2] sensing capabilities have been identi-
fied and a subset of them is expressed in the kidney.139

Direct sensing of intracellular [HCO3
2] is performed by

the soluble adenylyl cyclase (sAC) which is also
expressed in the rodent and human kidney.140,141

Recently, a tyrosine kinase, the insulin-related receptor
(IRR) was shown to be an extracellular pH sensor that
reacts to alkaline pH changes.142 Despite the fact that
the pH required for activation is way higher than the
typical clinical range (. 7.9), genetic disruption of IRR
resulted in blunted bicarbonaturia and higher plasma
[HCO3

2] in response to HCO3
2 loading in situations

where ECF volume contraction K1 deficiency or

FIGURE 58.11 Distal tubule pathophysiology in metabolic alka-
losis. The changes can be caused by K1 depletion, hypermineralocor-
ticoid activity and effective ECF volume contraction. The changes
include increased H1 secretion, reduced HCO3

2 absorption, increased
luminal negativity and buffer capacity.

2031MECHANISMS OF METABOLIC ALKALOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



heightened mineralocorticoid activity is are unlikely to
be present.142 This is the first demonstration that a pri-
mary renal defect in HCO3

2 sensing can “reset” the
plasma [HCO3

2] at least transiently without invoking
the triple cardinal systemic factors that maintain meta-
bolic alkalosis which is conceptually completely differ-
ent from the classic view of the renal tubules
responding to the three cardinal incoming signals. It
will be extremely informative to explore whether renal
“resetting” actually occurs in the common syndromes
of metabolic alkalosis.

CLINICAL SYNDROMES OF
METABOLIC ALKALOSIS

Approach to Patients with Metabolic Alkalosis

The first presentation to a clinician is almost always
a chemical one often with the serendipitous discovery
of an elevated ECF [HCO3

2] or total CO2 on the panel
of serum electrolytes. The level of ECF pH elevation
combined with associated life-threatening conditions
that are caused or exacerbated by the alkalosis will
determine whether therapeutic interventions are
required to acutely lower ECF pH. Rapid intervention
lowers pH either chemically by adding acid (usually
HCl),143 or diffusively with dialysis,144 independent of
the pathophysiology and/or etiology of the metabolic
alkalosis. These interventions treat the chemistry but

not necessarily the underlying disorder. Thus correc-
tion of the chemistry by whatever means does not
negate the search for and treatment of the underlying
cause. If acute intervention is not necessary, then the
principal duty for the clinician is to identify the under-
lying conditions causing the disorder and address
them. As one peruses through the individual clinical
syndromes in the following section, always keep in
mind that one is dealing with a disorder of renal
HCO3

2 absorption and the three salient factors that lead
to maintenance of this state are decreased circulating
volume as sensed by the kidneys, K1 deficiency, and
hypermineralocorticoid activity on the renal tubule.

History and Physical Examination

A careful history frequently reveals the etiology of
metabolic alkalosis. The clinician should probe for fac-
tors that might generate excess ECF HCO3

2, such as
intake of HCO3

2 and/or its metabolic precursors, or H1

loss as might occur from the GI tract (i.e., vomiting) or
the kidney (i.e., diuretics). One should also assess the
patient’s ability to excrete excess ECF HCO3

2

by determining whether the patient has renal failure,
loss of body fluids, and/or poor dietary NaCl
intake. Furthermore, the clinician must inquire about
factors that maintain metabolic alkalosis, such as condi-
tions that cause volume depletion and intake of medi-
cations that might induce renal excretion of H1 and/or
K1 (e.g., diuretics, mineralocorticoids).

FIGURE 58.12 Summary of pathophysiology of maintenance of metabolic alkalosis. In one model, the three principal signals extrinsic to
the kidney govern renal acidification to render the urine HCO3

2 and maintains a high ECFV [HCO3
2]. The renal tubules are not defective but

simply misguided. In the bottom situation, an alternative concept is presented. H1 or HCO3
2 sensors in the kidney are reset to a new set-point

to regulate renal acidification to maintain ECFV [HCO3
2] at a higher level independent of incoming signals. These two mechanisms are not nec-

essarily mutually exclusive.
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By far, the two most important elements of the phys-
ical exam in determining the etiology of metabolic alka-
losis are the blood pressure and indicators of the ECF
volume. One of the major mediators through which
decreased ECF volume maintains metabolic alkalosis is
reduced effective arterial volume. Some pathologic
conditions such as heart failure, liver failure, and
nephrotic syndrome alter systemic hemodynamics in
such a way as to reduce renal perfusion pressure even
when ECF volume is increased. These conditions are
often referred to as states of decreased effective arterial
blood volume (EABV).

Laboratory Investigation

Because respiratory acidosis can also increase ECF
[HCO3

2] due to the physiologic response to elevated
pCO2,

13 arterial blood gases should be done to rule out
this respiratory disorder. The distinction is often but
not invariable achieved by history and physical exami-
nation alone. Metabolic alkalosis is confirmed by dem-
onstrating a primary increase in ECF [HCO3

2], with any
rise in pCO2 being secondary. The laboratory values
most pertinent in determining the etiology are those
that assess EABV such as urine [Cl2] and [Na1], and
those that determine the degree of activation of the
renin-angiotensin-aldosterone system, including serum
levels of renin and aldosterone. Not all these laboratory
studies are needed in every patient with metabolic
alkalosis. Selected use of laboratory determinations
with the history and physical exam can permit the cli-
nician to arrive at the diagnosis.

Consequences of Metabolic Alkalosis

Metabolic alkalosis in the outpatient setting is most
commonly mild, and its clinical importance often
relates to identifying the underlying metabolic disorder
such as hypermineralocorticoid states, K1 deficiency,
or natriuretic overuse. In the inpatient setting, it can be
a severe metabolic disturbance with marked elevations
of ECF pH and associated life-threatening conse-
quences. Combined metabolic and respiratory alkalosis
is the most common acid�base disturbance in critically
ill patients.145 Studies of this patient population show a
direct correlation between ECF pH . 7.48 and mortal-
ity.146 This relationship represents not only a marker of
the catastrophic underlying conditions but also direct
consequences of alkalemia as well. The direct adverse
effects of metabolic alkalosis are summarized in
Table 58.3. While we repeatedly emphasize the need to
search and treat the underlying disorder, the direct
adverse effects of a high [HCO3

2] and pH justify chemi-
cal correction even if one cannot rectify the root of the
problem.

Metabolic alkalosis decreases ventilation causing
hypercapnea and hypoxemia11�13,99,147,148 and it can do
so with some severity, particularly in patients with
underlying lung disease, causing severe hypoxia.148

This effect is mediated via both central and peripheral
chemoreceptors.149,150 Metabolic alkalosis has many
other untoward cardiovascular effects, such as vaso-
constriction of various systemic vascular beds.151

Vasoconstriction has been documented in isolated cor-
onary strips, saphenous, and mesenteric veins in vitro
by alkaline pH produced either by raising [HCO3

2] or
lowering pCO2.

152�154 In intact organisms, a high
plasma [HCO3

2] and/or pH reduces blood flow to coro-
nary arteries leading to myocardial ischemia152 and
cerebral vasculature leading to compromised CNS
function.155,156 The adverse consequences of hypoxia
are compounded by the alkalosis-induced leftward
shift of the hemoglobin-O2 dissociation curve, which
increases O2 affinity decrease release to tissues.151,157 In
combination with vasoconstriction and hypoxia, this
further reduces tissue O2 delivery, resulting in anaero-
bic metabolism, possibly contributing to the anion gap
frequently described in patients with severe metabolic
alkalosis.158

Alkalosis lowers the threshold for cardiac arrhyth-
mias, especially those associated with digitalis.159�161

Arrhythmias concomitant with metabolic alkalosis are
reported to be refractory to treatment until the alkalosis
is corrected.161 However, the number of subjects in
these reports is relatively small and it is difficult to
establish the correct incidence. Critically ill patients fre-
quently have lots of reason to have cardiac
dysrhythmias.

Metabolic Alkalosis with Exogenous HCO3 Gain

Distinct clinical syndromes will be discussed. It is
important to state that these conditions may involve
exogenous HCO3

2 gain but are usually associated with
impaired renal HCO3

2 excretion in order for sustained
metabolic alkalosis to be present. Subjects with normal
ability to excrete HCO3

2 can ingest large and chronic
oral loads of HCO3

2 and its metabolic precursors (e.g.,
citrate, lactate) without developing sustained eleva-
tions of plasma [HCO3

2]. Acute infusion of up to 1500
mEq of NaHCO3 only transiently elevated plasma

TABLE 58.3 Adverse Effects of Metabolic Alkalosis

1. Ventilatory depression
2. Vasoconstriction
3. Decreased O2 delivery by hemoglobin
4. Cardiac arrhythmias
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[HCO3
2].7 Even chronic administration of this magni-

tude only raised plasma [HCO3
2] slightly.18 Treatment

includes limiting or discontinuing alkali intake and
increasing renal excretory ability. Other sources of
exogenous HCO3

2 include those given during cardio-
pulmonary arrest, metabolism of citrate in stored blood
given during massive transfusions or plasmapheresis,
and metabolism of organic acids (e.g., ketoacids)
in combination with HCO3

2 therapy for metabolic
acidosis.123

Non-absorbable antacids (aluminum and magne-
sium carbonate) can cause metabolic alkalosis when
intake is combined with cation exchange resins.162

The metal carbonate salts usually form metal Cl2

salts when they contact gastric HCl, consuming gas-
tric H1. When the metal salts reach the HCO3

2-rich
upper small bowel, they form insoluble metal carbon-
ate salts which are excreted. Under usual circum-
stances, ingestion of these metal carbonate salts
results in equimolar H1 and HCO3

2 excretion without
changing acid-base balance. However, concomitant
ingestion of exchange resin binds the aluminum or
magnesium of the antacid, precluding these metals
from forming insoluble carbonate salts in the HCO3

2-
rich fluid of the upper small intestine. The cation
liberated by the exchange resin, usually Na1, com-
bines with HCO3

2 to form easily absorbable NaHCO3

Consequently, ingestion of the metal carbonate salts
with exchange resins leads to consumption of
secreted gastric H1, but subsequent reabsorption of
NaHCO3 causing a net HCO3

2 gain. Metabolic alka-
losis is sustained when base excretion from the ECF
is limited. This is one syndrome where continued
exogenous base ingestion does contribute to the met-
abolic alkalosis.

Milk-Alkali syndrome. Metabolic alkalosis occurs in
patients with peptic ulcer disease who ingest large
quantities of milk and antacids or more recently in
patients on calcium alkali salts for osteoporosis or
habitual chewing of betel nuts in Asia.163�165 Each
Alka-Seltzer tablet for instance contained 1.9 g of
NaHCO3. Important components of the milk alkali
syndrome include high alkali intake, reduced glomer-
ular filtration, and increased tubular reabsorption of
HCO3

2. Hypercalcemia impairs, but the suppressed
parathyroid hormone can stimulate proximal HCO3

2

reabsorption. Hypercalcemia also has loop diuretic-
like effect that produces Na1, Cl2 and K1 wasting
via the basolateral calcium sensing receptor.166 The
main mechanism of metabolic alkalosis in the milk
alkali syndrome is likely ECF volume contraction.
The combination of high urinary calcium and alka-
line urine can also lead to nephrocalcinosis.167

Treatment consists of discontinuation of alkali and
calcium.

Metabolic Alkalosis without Exogenous HCO3

Gain

When history excludes exogenous HCO3
2 gain, the

presence or absence of hypertension can be used to cat-
egorize patients for subsequent workup. Figure 58.12
provides a general outline. It is important to state that
this type of algorithm serves as a guide and to stream-
line the approach and under no circumstance should it
replace the critical thinking that is required to identify
the underlying pathophysiology of a patient with meta-
bolic alkalosis. Two critical points in this diagnostic
algorithm are the determination of whether there is
hypertension and whether effective arterial blood vol-
ume is decreased. The latter is not always obvious
on clinical grounds alone. Thereafter, whether or not
EABV is decreased will further sort the diagnostic
possibilities and guide the clinician as to the neces-
sary laboratory tests. Although physical exam find-
ings indicative of ECF volume depletion can be
rapidly and cheaply obtained, bear in mind that they
may have questionable value in extrapolating to the
assessment of effective renal perfusion.168 Urine indi-
ces including fractional excretion of Na1 and Cl2

have a better predictive value for renal perfusion in
such patients.168

Metabolic Alkalosis with Decreased Effective
Arterial Blood Volume

Decreased EABV with expanded ECFV (edema). This
encompasses all the patients with edematous states
who despite the expanded ECF volume, have reduced
renal perfusion which provides the main contribution
to maintenance of metabolic alkalosis. Congestive heart
failure is the most relevant condition for discussion in
this instance.169 Metabolic alkalosis occurs in patients
with cirrhosis but is often buried in a host of metabolic
and respiratory acid�base disturbances.170,171 The gen-
erating and maintenance mechanisms of metabolic
alkalosis are not completely understood although mul-
tiple hypotheses abound.172 In addition to the impaired
renal perfusion from the primary disease, edematous
patients are almost invariably treated with diuretics,
most of which will increase H1 excretion, providing a
mechanism for generation of metabolic alkalosis.
Further reduction in EABV as well as diuretic-induced
K1 depletion maintains the disorder. Treatment of met-
abolic alkalosis in these patients is a formidable chal-
lenge because they need diuretic therapy. One can
improve renal perfusion by reducing diuretic dose,
and/or including agents that do not increase renal H1

and K1 excretion (e.g., K1-sparing diuretics amiloride,
triamterene, and spironolactone). The most effective
treatment is correction or improvement of the underly-
ing disease.
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Decreased EABV without expanded ECF volume
(edema). This is the largest group of patients with met-
abolic alkalosis without hypertension. Decreased ECF
and EABV are expected to induce renal conservation of
Na1 and Cl2, the major cation and anion of ECF. This
is indeed true in patients with extrarenal fluid and sol-
ute losses; the most important of which derive from
the gastrointestinal tract (Fig. 58.13). The gastrointesti-
nal fluid loss can generate and maintain metabolic
alkalosis. The second and equally important subgroup
is renal fluid loss (Fig. 58.13). This broad group of dis-
eases elegantly illustrates some of the most fascinating
mechanisms of generation and maintenance of meta-
bolic alkalosis. Specific syndromes will be discussed
below.

Gastric alkalosis. Gastric fluid contains about 80-
100 mEq/L of HCl and varying amounts of Na1 and
K1. Removal of gastric HCl in humans raises ECF
HCO3

2. The estimated reduction in ECF volume can
account for only minor part of the rise in ECF
[HCO3

2]78 so HCO3
2 must be added to the ECF.73 This

is initially associated with an alkaline urine and
decreased urine net acid excretion, with about half of
the latter mediated by bicarbonaturia.78 In this dyse-
quilibrium state, bicarbonaturia is accompanied by
renal Na1 and K1 loss.78 This is one instance where
low urinary [Cl2] is accompanied paradoxically by

high urinary [Na1] because of the obligatory natriure-
sis in bicarbonaturia.

Although the cation that accompanies HCO3
2 at the

glomerular filtrate is primarily Na1, the high aldoste-
rone activity at the distal tubule causes exchange of
luminal Na1 for K1 which results in significant K1

wasting. Alkalosis may itself increase renal K1 excre-
tion.173 This sets the stage for the maintenance phase
which is mediated by both ECF volume and K1 deple-
tion. A few days following cessation of gastric HCl
removal, urine pH and net acid excretion return to acid
values with little or no Na1, K1, or HCO3

2 in the
urine despite persistent metabolic alkalosis and the
subject is in acid�base balance.78 These data are con-
sistent with an inappropriate renal tubule response
to the persistent excess ECF HCO3

2. Direct measure-
ments of GFR show this parameter to be no different
from control, consistent with an overall increase in
renal tubular HCO3

2 reabsorption.78 KCl or NaCl
administration increases urine pH and decreases net
acid excretion with subsequent normalization of ECF
[HCO3

2].78 Treatment involve cessation of gastric loss.
If nasogastric suction cannot be discontinued, gastric
HCl production might be reduced with H2-blockers
or H1/K1 ATPase inhibitors.174 The cornerstone of
therapy is disruption of maintenance by NaCl and
KCl replacement.

FIGURE 58.13 Hypermineralocorticoid states with hypertension and metabolic alkalosis. Three categories based on renin and aldosterone
levels are shown. Left panel- Renal-originated renin disorders. Middle panel-Adrenal disorders. Right panel- Systemic and end organ disor-
ders. DOC: Desoxycorticosterone. 11-βHSD-2: 11-beta-hydroxysteroid dehydrogenase type 2. ENaC: Epithelial Na1 channel. MR:
Mineralocorticoid receptor. Mut MR: Mutant mineralocorticoid receptor.
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Congenital chloride diarrhea and villous adenoma.
In contrast to gastric fluid, lower intestinal content
tends to be alkaline so its loss should not generate met-
abolic alkalosis. This disorder was discovered in the
1940s where infants present with profuse watery diar-
rhea, high stool Cl2 and the cardinal feature of meta-
bolic alkalosis.175,176 Two decades elapsed before the
pathophysiology guided the proper nomenclature of
congenital chloridorrhea or congenital chloride diar-
rhea.177 This is an autosomal recessive disease that
seems to cluster in Finland178 and the Middle East179

and is due to mutation of the Cl2/HCO3
2 exchanger

DRA (down-regulated in colonic adenoma; gene prod-
uct of SLC26A3) in the ileal and colonic luminal mem-
brane. Of the list of congenital diarrheal syndromes,180

this is the only one that causes metabolic alkalosis. The
functional lesion has been identified physiologi-
cally,60,181 and subsequently confirmed by the molecu-
lar identity182,183 of the defect. Stool [Cl-] far exceeds
stool [Na1 1 K1] giving rise to a “cation gap” which is
primarily NH4

1. Parallel activities of Na1/H1

exchange and Cl2/HCO3
2 exchange results in net NaCl

absorption. When Cl2/HCO3
2 exchange exceeds Na1/

H1 exchange as it does in the colon, it normally creates
an alkaline lumen normally. With inactivating muta-
tions of the DRA Cl2/HCO3

2 exchanger, Na1/H1

exchange runs in isolation and converts the intestine
into an acid-secreting epithelium. Luminal free H1 is
buffered by NH3 from the blood or NH3 generated by
the bacterial flora. The end result is copious amounts
of Cl- in the stool accompanied mainly by NH4

1 and to
a lesser extent Na1 and K1. Metabolic alkalosis is gen-
erated by H1 loss and maintained by continued H1

loss, ECF volume, and K1 depletion from both diar-
rheal and renal origins. Kaliuresis is a result of inter-
mittent bicarbonaturia, distal Na1 delivery, and
volume-stimulated high aldosterone activity. The only
treatment is lifetime replacement of NaCl, KCl, and
water.

Rarely, metabolic alkalosis develops in patients with
villous adenomata of the colon as first described by
Bartter and colleagues in 1965.184 The secretory nature
of these tumors elaborate up to 3 L/day of a clear fluid
with high concentration of Cl2, Na1, K1 and variable
amount of NH4

1.59,185,186 When the concentration of
NH4

1 is high enough, it generates and maintains meta-
bolic alkalosis with mechanisms similar to that
described fro congenital chloride diarrhea. Not all vil-
lous adenomata cause metabolic alkalosis.

Recent reports suggest another often overlooked
cause of extrarenal ECF loss is cystic fibrosis which can
present with metabolic alkalosis due to volume con-
traction and K1 deficiency.187�189 The next group of
disorders involves primarily renal loss of H1 as a gen-
erating mechanism.

Diuretic-induced metabolic alkalosis. Diuretics are
the most common cause of metabolic alkalosis. Loop
and thiazide diuretics induce a hypotonic urine with
low [HCO3

2] and comparatively high [Cl2], reducing
ECF volume while preserving ECF HCO3

2 content.190

Diuretics generate metabolic alkalosis by several
mechanisms. They induce a small degree of contraction
alkalosis which is quantitatively of minor impor-
tance.191 Since both loop and thiazide diuretics are
kaliuretics, the loss of K1 cause some H1 shift into
cell.69 the most important generating factor is loss of
H1 into the urine. Furosemide and thiazides are the
prime examples where distal Na1 delivery is
uncoupled to aldosterone levels; both are high. This
results in excessive distal H1 secretion and high net
acid generation,61 and metabolic alkalosis ensues. Once
generated, the alkalosis is maintained by volume con-
traction, K1 deficiency and high aldosterone. Patients
with persistent diuretic-induced metabolic alkalosis
have acidic urine, indicative of a failure of the renal
tubules to respond appropriately to the excess ECF
HCO3

2. Finally, loop diuretics may have direct stimula-
tory effects on distal H1 secretion as there is experi-
mental data showing the H1 secretion can remain
higher than control levels even when NaCl and KCl
are replaced intravenously.62,192 However, this incre-
ment in H1 secretion is probably not sufficient to main-
tain high plasma [HCO3

2] as diuretic-induced
metabolic alkalosis is decreased with NaCl and KC1
repletion.190 One needs to exercise caution in the inter-
pretation of urinary electrolytes in diuretic users.
Urinary [Na1] and [Cl2] may be extremely high or low
depending how the measurement is timed with the
administration of the drug.

Post-hypercapneic state. Chronic respiratory acido-
sis is associated with the physiologic compensatory
increase in ECF HCO3

2 which is mediated by cellular
buffering (primarily erythrocytes) in minutes and
within a few hours by a renal response of increased net
acid excretion resulting in a resetting of plasma
[HCO3

2] to about 0.3 mEq/L for every 1 mm Hg rise in
pCO2. When the chronically elevated pCO2 is suddenly
decreased (e.g., intubation and mechanical ventilation)
ECF [HCO3

2] often fails to decrease leading to a meta-
bolic alkalosis.193 The immediate bicarbonaturia obli-
gates urinary Na1 and K1 losses. Along with the
volume-stimulated aldosterone activity, the bicarbo-
naturia ceases before ECF [HCO3

2] completely
returns to normal and the patient settles on a new
steady state of maintenance of metabolic alkalosis.
Urinary [Cl2] is generally very low but urinary
[Na1] may not be low during the bicarbonaturic
phase. Patients with chronic respiratory acidosis who
experience this reduction in pCO2 require adequate
NaCl and KCl supplement to effect the necessary
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urinary excretion of HCO3
2 to reduce ECF [HCO3

2]
to normal.

Magnesium depletion. Severe magnesium (Mg21)
depletion causes hypokalemia and metabolic alkalosis.
Humans with experimentally-induced Mg21 depletion
waste K1 in the urine possibly through an aldosterone-
related mechanism and the kaliuresis can be blocked
by spironolactone.194,195 The absence of hypertension
suggests that the excess mineralocorticoid activity is
not primary and may be secondary to defective renal
Na1 conservation. Mg21 deficiency can result from a
variety of acquired causes such as cisplatin196 or ami-
noglycoside toxicity,197 or from congenital defects in
ion channels or paracellular proteins.198 These condi-
tions are reviewed in detail in another chapter. The
mechanism of generation and maintenance is not
entirely clear but K1 deficiency is likely the culprit.
Mg21 and K1 repletion is the definitive treatment.

Distal delivery of poorly absorbable anions. The
administration of poorly absorbable anions that end up
in the distal nephron in conjunction with high mineral-
ocorticoid activity results in hypokalemic metabolic
alkalosis.93,134 This is another example where urinary
[Cl2] is not accompanied by low urinary [Na1]. All
anions are comparatively less absorbable than Cl2. Of
intermediate permeability is HCO3

2 as encountered in
patients with gastric alkalosis with ongoing vomiting
and bicarbonaturia.78 Other common clinical examples
include non-reabsorbable anionic antibiotics such as
penicillin, ampicillin, and carbenicillin.122,136 These
patients are particularly susceptible when they have
concomitant volume depletion.93 These patients
respond to removal of the offending agent and/or res-
toration of depleted ECF volume. Excessive urinary
sulfate and nitrate can also cause dissociation of uri-
nary Na1 and Cl2 experimentally but clinical scenarios
of significant “sulphaturia” and “nitraturia” are not
encountered.

Congenital tubulopathies mimicking diuretics. This
is a group of rare Mendelian genetic diseases that has
seen enormous progress in the last decade. A brief
account will be delivered here. More detailed discus-
sions of these diseases are found elsewhere in this
textbook.

In 1962, Bartter and associates reported patients
with hypokalemic metabolic alkalosis, normal to low
blood pressure and increased plasma renin and angio-
tensin.199 In addition, these patients have hypercalciur-
ia, impaired vasopressor effect to exogenous
angiotensin II, hyperprostaglandinuria, and histologi-
cally, they have hyperplasia of the juxtaglomerular cell.
The original cluster of findings that have become cardi-
nal features of Bartter’s syndrome are all accurate but
it was difficult to discern primary vs. secondary find-
ings. Over the years these features have stimulated a

variety of conjectures that experienced everything from
popularity to notoriety. Almost 20 years after the
original description, Bartter himself proposed that
this is a disorder of primary renal NaCl wasting and
all other features are secondary.200 Now this genetic
thick ascending limb tubulopathy is known to be
caused by a heterogeneous group of inactivating
mutations of the Na-K-2Cl cotransporter, the ROMK
K1 channel, Cl2 channels ClC-Ka and ClC-Kb, Cl2

channel subunit Barttin, and activating mutations of
the calcium sensing receptor.201 The final common
pathway is disruption of the transcellular NaCl
resorptive ensemble in the thick ascending limb with
a phenotype identical to a perpetual state of loop
diuretic administration. The mechanisms of mainte-
nance include volume contraction, K1 depletion,
excess aldosterone with increased distal Na1 deliv-
ery, and Mg21 depletion.

A similar but distinct parallel cause of genetic hypo-
kalemic metabolic alkalosis, Gitelman’s syndrome, was
described in 1966.202 Gitelman’s can be distinguished
from Bartter’s clinically by older age of onset, less
severe phenotype and hypo instead of hypercalciur-
ia.203 Gitelman’s syndrome is homogeneously due to
inactivating mutations of the Na-Cl cotransporter.204

Akin to Bartter’s patients, Gitelman’s patients live with
a phenotype resembling lifelong thiazide therapy. The
mechanism of metabolic alkalosis is similar to that of
Bartter’s syndrome.

Post-fasting metabolic alkalosis. Early in starvation
ketoacidosis, ketoanions are excreted as Na1 and K1

salts, and a minority as undissociated ketoacids. With
the activation of renal ammoniagenesis, most ketoa-
nions are excreted with NH4

1 which creates a new
steady where ketoacid production is matched by
heightened renal NAE.205�207 Patients develop meta-
bolic alkalosis upon glucose refeeding following a pro-
longed fast.208 Generation of excess ECF HCO3

2 and its
maintenance persists for about a week after glucose
refeeding and then ECF [HCO3

2] returns to its pre-fast
level.208 Metabolic alkalosis and its short-term mainte-
nance in this setting might be due to the increased net
acid excretion caused by augmented ammoniagenesis
in response to fasting-induced ketosis.123 Glucose
refeeding stops ketoacid production quickly and con-
verts plasma ketoanions to base equivalents, but the
increased net acid excretion normalizes more slowly to
match the new and lower metabolic acid production.37

Thus, net acid excretion is temporarily greater than
intrinsic H1 production, leading to excess ECF
HCO3

2 generation. When net acid excretion eventu-
ally decreases to match intrinsic H1 production after
a few days, the physiologic renal HCO3

2 excretory
mechanisms would normalize ECF HCO3

2. Although
physiologically plausible, this explanation is not
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entirely supported by the data.208 Intracellular H1

movement generating ECF HCO3
2 has also been pro-

posed as a contributing factor.123 Both glucose and
insulin can stimulate proximal tubule NaHCO3

absorption.208�210 During early refeeding, the kidney
is extremely antinatriuretic to the point that the
patients becomes edematous—a condition called
refeeding edema. The mechanism of the maintenance
phase is equally obscure. In short, the etiology for
this uncommon form of metabolic alkalosis remains
unresolved.

Hypoparathyroid hypercalcemia. Interestingly, the
hypercalcemia due to hyperparathyroidism can be
associated with a very mild metabolic alkalosis, hyper-
chloremic metabolic acidosis, or no acid�base distur-
bance.211,212 In contrast, hypercalcemia from
accelerated bone release such as in malignancy, meta-
bolic alkalosis is frequently seen.213,214 This is likely
due to increased alkali release from dissolution of cal-
cium carbonate combined with impaired renal HCO3

2

excretion. Suppressed parathyroid hormone may
increase proximal HCO3

2 absorption215,46,216,217 by inhi-
bition of the Na1/H1 exchanger.218,219 Hypercalcemia
per se can directly stimulate H1 secretion.220 Through
the calcium sensing receptor, hypercalcemia also has a
loop diuretic effect on the thick ascending limb via
inhibition of the apical K1 channel.221

Metabolic Alkalosis with Hypertension

Most patients in this group have increased renal
mineralocorticoid effects that generate and maintain
metabolic alkalosis by the mechanisms discussed ear-
lier. Patients can be categorized according to EABV
although the clinical evaluation of this parameter can
be challenging. Urine [Cl-] and [Na1] are less helpful
diagnostically in these patients with metabolic alkalosis
because few of them have decreased EABV and thus
few will have decreased urine Cl2 or Na1 excretion.
The most important challenge facing the clinician is
diagnosing the cause. Measurement of serum renin
and aldosterone levels is the most helpful laboratory
test to categorize patients for more detailed investiga-
tion. This constitutes one of the most fascinating
assemblage of etiologies for metabolic alkalosis and
hypertension. The best approach to organize these dis-
orders is by the renin and aldosterone levels
(Figure 58.13).

High renin and high aldosterone. These are primarily
renal disorders (Figure 58.13). These patients have pri-
mary increases in renin secretion uncoupled from feed-
back mechanisms that normally turn off renin
production, leading to increased aldosterone secretion
and metabolic alkalosis by the mechanisms discussed
earlier. Rare renin-producing tumors and juxtaglomer-
ular hyperplasia cause metabolic alkalosis, although

the most prominent feature is severe hyperten-
sion.222,223 Metabolic alkalosis and hyperaldosteronism
is unusual but has been described in patients with
renal artery stenosis.224,225 A prevalence of 10% has
been suggested but the true prevalence is probably
unknown as many cases may be due to diuretic-
induced metabolic alkalosis. Another confounder is
simultaneous renal artery stenosis and unrelated pri-
mary hyperaldosteronism.226,227 A classic state of
hyperreninemic hyperaldosteronism is found in
patients with small vessel disease such as malignant
hypertension, vasculitis, or scleroderma where renal
ischemia stimulates renin secretion, secondary hyperal-
dosteronism, and hypokalemic metabolic alkalo-
sis.228,229 Renin-secreting tumors are rare but have been
described with numerous histologic types- hemangio-
pericytoma, hamartomas, Wilm’s tumor, and even pul-
monary malignancies.222,223,230�232

Low Renin and High Aldosterone. These are primar-
ily adrenal diseases (Figure 58.14) where aldosterone
has achieved autonomy escaping the control by renin-
angiotensin and renin secretion is suppressed. A com-
mon cause is an adrenal adenoma.233 Surgical resection
of the adenoma usually corrects both the hypertension
and metabolic alkalosis. Patients in this group can also
have bilateral adrenal hyperplasia. Although bilateral
adrenal resection corrects both the hypertension and
metabolic alkalosis,233 the resulting adrenal insuffi-
ciency favors pharmacologic suppression of mineralo-
corticoid secretion or inhibition of its action. A
biochemical adjunct to discern adrenal adenoma from
hyperplasia is postural changes in aldosterone levels.
Serum aldosterone levels tend to decrease with upright
posture in patients with adenomas, whereas they
increase in patients with hyperplasia.233 Because of the
less than perfect predictive value of this test and the
improved resolution of computerized tomography, this
postural test is seldom done. Non-functional anatomic
lesions are quite common so radiographic adrenal ade-
nomas require biochemical validation of hyperaldoster-
onism and adrenal venous samples to confirm the
source of aldosterone before commitment to surgery.

In a rare variant of bilateral adrenal hyperplasia
described by Biglieri and associates known as indeter-
minate hyperaldosteronism, exogenous mineralocorti-
coids seem to normalize aldosterone levels.234 Very
little is known about this exceeding rare condition. In
1966, Laidlaw and associates described patients whose
aldosterone levels decreased with administration of the
pure glucocorticoid dexamethasone. This group of dis-
orders have been termed glucocorticoid suppressible
aldosteronism.82 Lifton and associates described the
molecular defect in this condition when two tandem
genes CYP11B1 and CYP11B2 encoding for 11-
β-hydroxylase and aldosterone synthase respectively
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undergoes unequal cross-over so the ACTH-responsive
5’-flanking promoter region of 11-β-hydroxylase is
driving the transcription of aldosterone synthase. The
end result is control of aldosterone synthase by
ACTH235,236 leading to hypersecretion of aldosterone
uncoupled from its feedback inhibition but suppress-
ible by dexamethasone. A similar autosomal dominant
syndrome has been described with the exception that
the hyerpaldosteronism is not suppressible and they
do not harbor the hybrid CYP11B1/CYP11B2 gene
described above.237,238 A number of candidates were
excluded and a locus has recently been mapped.239,240

Rarely, metabolic alkalosis can be due to pure aldo-
sterone secretion by an adrenal cortical carcinoma.241

Adrenal carcinomas more commonly secrete desoxy-
corticosterone and corticosterone, which has mineralo-
corticoid activity and suppress both renin and
aldosterone.242

Low renin and low aldosterone. This group of dis-
eases is represented on the right panel of Figure 58.14
and can be subdivided into three categories: (1) A hor-
mone other than aldosterone is activating a normal
mineralocorticoid receptor. (2) A gain-of-function
mutation of the receptor resulting in its activation. (3)
Activation of transport mechanisms downstream to the
receptor.

Patients with Cushing’s syndrome can secrete
mineralocorticoids other than aldosterone such as des-
oxycorticosterone causing most clinical features of
aldosteronism including hypokalemic metabolic alkalo-
sis and hypertension.242 Although aldosterone levels
are usually not increased in Cushing’s syndrome,243 30
to 40% of these patients do develop hypokalemic meta-
bolic alkalosis due to secretion of non-aldosterone
mineralocorticoids244 and to mineralocorticoid effects
of corticosterone.245 Hypokalemic metabolic alkalosis is
very common when Cushing’s syndrome is caused by
ectopic adrenocorticotropic hormone (ACTH) secretion
because these patients frequently secrete high levels of
corticosterone, desoxycorticosterone, and cortisol.246

The principal treatment strategy for these syndromes is
identification and correction of the underlying
disorder.

Exogenous mineralocorticoids, both synthetic and
natural, can produce the entire syndrome of aldo-
sterone excess including hypokalemic metabolic
alkalosis.234 Excessive intake of the synthetic mineralo-
corticoid fludrocortisone acetate, causes hypokalemic
metabolic alkalosis with physiology not unlike that of
endogenous compounds.

Glucocorticoids such as cortisol can activate the
mineralocorticoid receptor with similar in vitro affinity
as aldosterone due to the much higher (2-3 log orders)
plasma levels compared to aldosterone.247 However,
the mineralocorticoid receptor is usually protected

from glucocorticoids by the co-expression of the type 2
11-β-hydroxysteroiddehydrogenase enzyme (11-
β-HSD-2).247 In the absence of adequate 11-β-HSD-2
activity in mineralocorticoid target tissues, a hypermi-
neralocorticoid state will emerge. This can occur when
cortisol levels are so high that 11-β-HSD-2 is over-
whelmed as in ACTH-secreting tumors. In addition,
glycyrrhizic acid or its hydrolytic product glycyrrheti-
nic acid, compounds found in natural but not synthetic
licorice and in some chewing tobaccos, is an inhibitor
of 11-β-HSD-2, and can cause the syndrome.248�250 In
addition to acquired inhibitors of 11-β-HSD-2, a genetic
syndrome of apparent mineralocorticoid excess was
described in the 1970s251,252 Inactivating mutations of
the 11-β-HSD-2 enzyme can cause its inactivation
which leaves the mineralocorticoid receptor unpro-
tected from the physiologic levels of cortisol.253,254

A number of adrenogenital syndromes can cause
hypokalemic metabolic alkalosis due to production of
various steroids with mineralocorticoid activity.
Defective 11-hydroxylation blocks conversion of deso-
xycortisol to cortisol and desoxycorticosterone to
corticosterone. Although aldosterone synthesis is
intact, the relative glucocorticoid deficiency associated
with this syndrome drives adrenal steroid synthesis,
accumulating high levels of desoxycortisol and desoxy-
corticosterone upstream from the block. These com-
pounds have less mineralocorticoid activity than
aldosterone, but their high levels can exert marked
mineralocorticoid effects.234

A less common syndrome involves defective 17-
hydroxylation, which blocks conversion of pregnane-
diol to 17-pregnanediol and progesterone to 17-
hydroxyprogesterone. These are steroid precursors to
cortisol, androgens, and estrogens. The reduced corti-
sol levels lead to increased ACTH secretion with stimu-
lates both desoxycorticosterone and aldosterone
synthesis. Exogenous glucocorticoids reduce mineralo-
corticoid production and metabolic alkalosis in both
syndromes.

The above syndromes involves the engagement of
the mineralocorticoid receptor by steroid ligands with
natural affinity and for various reasons indicated
above, these steroids achieve levels far above the physi-
ologic state. The next syndrome involves a different
mechanism where the mineralocorticoid receptor
acquires affinity for a novel ligand which results in it
activation.

Geller, Lifton and colleagues reported a gain-of-
function mutation of the mineralocorticoid receptor
that causes constitutive receptor activation and alters
receptor specificity so progesterone and other steroids
lacking 21-hydroxyl groups, even antagonists become
potent agonists. This mutations explains the
progesterone-induced hypertension in pregnancy but
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these patients tend not to develop K1 wasting or meta-
bolic alkalosis.255

A final cause of hypermineralocorticoid state is a
constitutive activation of an aldosterone effector
(Figure 58.13). A channelopathy that has received a lot
of attention is one described by Liddle and associates
back in 1963.256 Liddle’s syndrome is a rare autosomal
dominant disorder exhibiting all the clinical features of
mineralocorticoid excess but without increased secre-
tion of any identifiable mineralocorticoid nor could it
be reversed by inhibition of steroid synthesis or miner-
alocorticoid receptor blockers.256�258 However, inhibi-
tors of electrogenic distal tubule Na1 reabsorption
reversed the electrolyte abnormalities and normalized
the elevated blood pressure,258 consistent with an
intrinsic tubule defect. The genetic lesion is now
known to be due to mutations of the epithelial Na1

channel which lead to reduced channel degradation
and excessive apical Na1 absorption.259�261 The molec-
ular mechanisms of how these mutant channels lead to
a dominant trait of excessive Na1 current is discussed
elsewhere in the textbook. The mechanism of genera-
tion and maintenance of metabolic alkalosis is the same
as with the other hypermineralocorticoid states. These
patients can be treated with diuretics with direct effects
on the renal tubule to inhibit the electrogenic Na1

channel, such as amiloride and triamterene, and with
K1 supplements.

CONCLUDING REMARKS

Metabolic alkalosis is a common clinical acid�base
disorder in both inpatients and outpatients. It is gener-
ally mild but it can have significant adverse effects par-
ticularly in the critically ill patient. In the ambulatory
setting, the alkalosis per se is likely of no dire effect. Its
predominant clinical importance resides in its role as a
sentinel for the underlying conditions causing it, which
might have grave consequences if remain unrecog-
nized. Clinicians must pursue an expeditious and
scientifically-based diagnostic tactic. While the use of
diagnostic algorithms assists thought organization and
streamlines the process, it is not intended to and under
no circumstances should it replace the rigorous analy-
sis based on pathophysiology.

Of all the acid�base disturbances encountered clini-
cally or experimentally, metabolic alkalosis exemplifies
the quintessential renal disorder of HCO3

2 transport. It
is virtually impossible to induce sustained elevations
of plasma [HCO3

2] in normal individuals with even
massive HCO3

2 infusion or ingestion. Given the vast
capacity of the filtration-reabsorption nephron to
excrete excess ECF HCO3

2, the renal derangements in
metabolic alkalosis are indeed remarkable and

involve complex mechanisms. The overall scheme of
generation and maintenance is summarized in
Figure 58.13. If this is the prototypical tubulopathy
that resets the plasma [HCO3

2], the general consensus
still favors the paradigm that there is no intrinsic
defect in the renal tubule. It is simply a state of mis-
guidance by incoming signals which presides over
the kidney; a state akin to the salt retention and
edema in renal hypoperfusion. It is important to note
that it is still not proven that there is absolutely no
intrinsic defect in the kidney; it is simply based on
absence of proof.

The quest to uncover pathophysiology is of utmost
importance and priority in clinical medicine which
may be slowly, but dangerously and steadily eroding.
Instead of resorting to rote memory of diagnostic algo-
rithms and lists, the superb clinician is compelled to
pose three kinds of questions regarding this state of
inappropriately augmented renal HCO3

2 absorption.
First is what. Almost all metabolic alkalotic syndromes
work through a combination of the three pivotal patho-
physiologic mechanisms: Contraction of effective arte-
rial blood volume, K1 deficiency, and excessively high
mineralocorticoid activity. Decades of investigation
furnished this foundation. Second is how. The mechan-
isms by which renal HCO3

2 is altered by each of these
three pathophysiologic factors are complex and incom-
pletely understood but what is known is summarized
in this chapter. The third and most difficult but inter-
esting and important question to ponder is why. Here
one can merely speculate. Since HCO3

2 is a major ECF
anion and the defense of the integrity of the circulation
and organ perfusion is of such paramount importance,
the kidney will recruit all mechanisms to maintain
ECF volume, even at the expense of sacrificing on the
chemical milieu of body fluids. Circulatory volume is
preserved at the expense of plasma pH. This situation
is akin to the hyponatremia seen in compromised
effective arterial blood volume where the kidney fore-
goes osmoregulation to defend circulatory volume, or
the massive sodium retention in edematous states.
One can view this as a trade-off for a greater good. In
the case of K1 deficiency, the proximal nephron may
be attempting to reclaim all HCO3

2 to prevent further
K1 wastage which will occur downstream in the dis-
tal nephron if significant luminal HCO3

2 is present. In
addition to K1 conservation, the intracellular acidosis
in K1 deficiency is signaling both the proximal and
distal renal epithelial to defend against an apparent
“acid excess state” even though the H1 have simply
migrated from the extracellular to intracellular space.
Primary escalation of mineralocorticoid activity is ele-
gantly manifested in the host of disorders of the
renin-angiotensin-aldosterone axis from elevation of
renin to inappropriate activation of mineralocorticoid
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effector targets. This is a manifestation par excellence
of the multiple roles of mineralocorticoids in regulat-
ing Na1, K1 and H1 handling by the kidney. The
uncoupled situation of the excessive luminal Na1

with high mineralocorticoid activity leads to excessive
H1 secretion in a fashion quite inappropriate and
oblivious to the high plasma [HCO3

2]. Finally, a most
fundamental question remains as to whether the kid-
ney can sense and set plasma [HCO3

2] and whether
metabolic alkalosis represents an intrinsic disorder in
the tubule rather than simply a state of obedient but
misguided behavior in response to erroneous
commands.

Although much has been learned about the patho-
physiology of metabolic alkalosis, much more
remains to be uncovered using a synergistic combi-
nation of bedside physiology and bench research.
Efforts devoted to this cause can only result in
improved care of patients and heightened interests
for practitioners.
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INTRODUCTION

The maintenance of normal systemic acid�base reg-
ulation requires the subtle integration of a number of
organ functions and physiologic mechanisms such as
extracellular and cellular buffering processes and inte-
grated responses of the kidney, lung, liver, gastrointes-
tinal tract, and skeleton. Disturbances of acid�base
homeostasis are the predictable consequences of many
pathophysiological processes. Their recognition may
lead the clinician to the diagnosis of specific diseases
and/or complications thereof. In addition, it has
become increasingly clear that adaptation to acid�base
disturbances is characterized by a number of important
metabolic and endocrine derangements. Thus, whereas
there is no evidence that there is any defense of extra-
cellular pH to any homeostatic value or “set-point,”
there is evidence for homeostatic regulation of intracel-
lular pH. Such regulation of intracellular pH affords
unimpaired function of a multitude of cellular, enzy-
matic, and molecular processes. However, many
adverse and clinically important effects of systemic
acid�base disturbances in vivo have been recognized
that might be viewed as maladaptive or constituting
a “trade-off” for the maintenance of acid�base
homeostasis.

In this chapter, we review the renal and systemic
response to acidosis or acid load. Next, special empha-
sis is placed on the clinical consequences of acidosis
such as on protein, divalent ion, and bone metabolism,
and sodium and potassium balance as well as second-
ary endocrine disturbances. Finally, the various clinical
entities of metabolic acidosis and their diagnostic rec-
ognition are described. The number of cited references
had to be reduced for this edition. Therefore, not all

important work of all authors that have contributed to
the knowledge of the field could be cited. The reader
will find additional references in the second to fourth
editions of this book.

DEFINITION OF METABOLIC ACIDOSIS

Metabolic acidosis is the acid�base disturbance ini-
tiated by a primary decrease in plasma bicarbonate
concentration. The resultant acidification of neural
chemoreceptors stimulates ventilation and leads to a
predictable secondary hypocapnia. The primary hypo-
bicarbonatemia causing metabolic acidosis can occur
due to: (1) loss of bicarbonate salts from the gastroin-
testinal tract or kidney, (2) excess of noncarbonic acid
presented to body buffers from endogenous or exoge-
nous sources, and/or (3) a decrease in the kidney’s
set-point for regulation of plasma bicarbonate concen-
tration. The latter circumstance might or might not be
associated with a decrease in the kidney’s ability to
excrete acid.

Metabolic acidosis is defined as acute on the basis of
the characterization of an early steady-state period in
which stable acid�base and electrolyte composition is
observed during at least the initial six hours after an
acid load.319,376 Within 120 minutes after an acid load
and following a large net retention of administered
acid, renal net acid excretion is significantly
increased376 and is fully augmented within 72 hours.
Net acid excretion is increased to values whereby the
rate of acid excretion approaches the rate of endoge-
nous acid production. Daily acid balance is again
essentially achieved and the steady state of chronic
metabolic acidosis has occurred.98,207 In chronic
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metabolic acidosis, the occurrence of an approach to
daily acid balance permits the maintenance of
stable but depressed plasma bicarbonate concentra-
tions. The resulting decrease in plasma bicarbonate
concentration in such conditions of extrarenal meta-
bolic acidosis reflects the magnitude and anionic char-
acter of the acid load/production as well as the
potency of the acid excretory response. Large varia-
tions in naturally occurring diet-induced acid produc-
tion from 0 to 150 mmol protons/day correlate
inversely and significantly with ambient plasma bicar-
bonate concentration,214 and lower bicarbonate concen-
trations are associated with higher blood acidity. Thus,
normal subjects ingesting higher acid loads occupy the
lower domains of the normal range of plasma bicar-
bonate concentration, whereas those that self-select
smaller acid loads exhibit bicarbonate values within
the upper domain of the normal range of values. The
observation that higher acid-generating diets produce
relatively small decrements in plasma bicarbonate and
small increments in blood acidity reflects the potency
of renal acid excretory mechanisms to adjust to
changes in acid load as well as other factors such as
primary or secondary changes in PaCO2 as discussed
in subsequent sections. Thus, plasma bicarbonate con-
centrations within the clinically normal range do not
signify the rigorous absence of an acidotic process.

SYSTEMIC AND RENAL ACID�BASE
HOMEOSTASIS

Systemic acid�base homeostasis requires the coordi-
nated and integrated action of the lung, kidney, liver,
skeleton, and gastrointestinal tract (Fig. 59.1). Cellular
metabolism produces about 15,000 mmol of CO2 daily
that, if received as a nonvolatile acid or a volatile acid
in a closed system would constitute a major acid load
according to the following relationship:

CO2 1H2O-H2CO3-HCO2
3 1H1

Although equimolar quantities of acid and base are
produced by the dissociation of carbonic acid, the pro-
duced protons would be expected to have a much
greater influence on acid�base equilibrium due to the
basal concentration of H1 being six orders of magni-
tude lower than the corresponding value for bicarbon-
ate (40 nmol/liter vs 25�mmol/liter).

However, under steady-state circumstances the
HCO2

3 /H2CO3 buffer system behaves as an “open”
buffer system, whereby CO2/H2CO3 is eliminated at a
rate necessary to maintain PaCO2 at the level dictated
by alveolar ventilation, the rate of that is, in turn, con-
trolled by neural chemoreceptors. Accordingly, when

regulation of alveolar ventilation is undisturbed, only
noncarbonic acids normally contribute to net acid pro-
duction or to appreciable acid retention.

In the healthy individual, the primary source and
magnitude of an acid load results from hepatic metabo-
lism of dietary protein. Neutral amino acids are metab-
olized without net proton consumption or production,
and metabolism of dicarboxylic amino acids consumes
protons, while sulfur-containing as well as cationic
amino acid catabolism results in net hepatic proton
production. Due to the prevalence of sulfur-containing
amino acids in the animal protein-rich nutrients typical
of the “Western diet,” endogenous acid production is
around 1 mmol per kilogram of body weight per
day.161

FIGURE 59.1 Integration of liver, lung, kidney, bone, and gut in
regulation of acid�base homeostasis. Endogenous acid (H1) produc-
tion occurs primarily during metabolism of dietary protein in the
liver. Protons produced titrate HCO2

3 in the extracellular fluid with
generation of CO2, which is eliminated by the lungs. Glutamine sup-
ply from the liver to the kidney is the prerequisite for renal produc-
tion of HCO2

3 (added to the extracellular fluid) and NH1
4 (excreted

with urine) and thus allows regeneration of HCO2
3 . Bone-derived

base (CO22
3 ) is recruited to buffer H1 during normal variations of

acid production. Depending on diet composition, up to 50% of H1

produced during protein metabolism is titrated by base (organic
anions) resorbed through the gastrointestinal tract.
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Endogenous acid production is also influenced by
organic acid production from neutral precursors and
alkali lost through stool.225 Many of the clinical syn-
dromes of metabolic acidosis are characterized by an
increase in organic acid production and/or organic
acid metabolism (such as ketoacidosis, lactic acidosis)
and will be discussed in subsequent sections.

Hepatorenal Interactions

As illustrated in Fig. 59.1, the proton load produced
by hepatic amino acid metabolism will titrate extracel-
lular bicarbonate resulting in production of CO2 that is
eliminated by the lungs. To maintain plasma bicarbon-
ate constant, the kidney has two pivotal tasks. First, it
must reclaim the bicarbonate present in the glomerular
ultrafiltrate (filtered load of bicarbonate) and, second,
it must regenerate bicarbonate to replete the bicarbon-
ate consumed during endogenous acid production. The
first task is accomplished by virtually complete tubular
reabsorption or reclamation of the filtered bicarbonate
along the nephron (predominantly in the proximal
tubule). The kidney regenerates bicarbonate (bicarbon-
ate neogenesis) by excretion of protons either as ammo-
nium (NH1

4 ) or as titratable acid (TA) in amounts
sufficient to offset those protons produced daily by oxi-
dation of dietary foodstuffs. The amount of renal pro-
ton excretion or, equivalently, bicarbonate neogenesis/
regeneration is measured as net acid excretion (NAE),
which reflects the sum of NH1

4 and titratable acid
excretion minus any urinary bicarbonate excreted (that
which escapes tubular reabsorption):

Net acid excretion5NH1
4 U1TAU2HCO2

3 U

The rate of renal hydrogen ion secretion is thus
expressed as the sum of excreted hydrogen ions (NAE)
and filtered bicarbonate reabsorbed:

Renal H1 secretion5HCO2
3 reabsorption1NH4

1U1TAU

where

HCO2
3 reabsorption5 ðGFR3 ½HCO2

3 �plasmaÞ
2HCO2

3 U

Excretion of NH1
4 requires the interaction of hepatic

and renal glutamine metabolism and intact renal
ammoniagenesis. Urea synthesis in peripheral hepato-
cytes consumes equal amounts of bicarbonate and
NH1

4 and thus is without impact on acid�base balance.
However, a small fraction of NH1

4 is diverted to gluta-
mine synthesis in hepatocytes located in the center of
the hepatic lobule and such hepatic production of glu-
tamine has been argued to be an important homeostatic

substrate for renal NH1
4 /net acid excretion.155,156

Acidemia stimulates and alkalemia inhibits glutamine
synthesis.155,156 Under certain conditions, acidemia has
been demonstrated to be associated with decreased
urea synthesis thereby increasing the supply of NH1

4

for glutamine synthesis, raising the question that the
liver might control the renal acid excretory response to
metabolic acidosis.278 Nevertheless, a significant role
for acute metabolic acidosis in altering urea production
rate in vivo has not been found when tested robustly in
rats.158 In addition, in humans, a negative correlation
between ureagenesis and plasma HCO2

3 concentration
was observed over a wide range of HCO2

3 concentra-
tions that were altered both chronically and acutely
(Fig. 59.2).173 Thus, the ureageneic process per se may
even be maladaptive for acid�base regulation in
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FIGURE 59.2 Effect of CaCl2-induced chronic metabolic acidosis
on 24 urea production rates in normal human subjects. Acidosis
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variations in the oral intake of phosphate. (With permission, from
Hosch M, Muser J, Hulter HN, Krapf R. Ureagenesis: evidence for lack of
hepatic regulation of acid�base equilibrium in humans. Am J Renal Physiol
2003;286:F94�F99.)
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humans and does not appear to have a discernible
homeostatic effect on acid�base equilibrium. It is likely
that other metabolic pathways operate in metabolic aci-
dosis to offset the accelerated HCO2

3 consumption of
ureagenesis (e.g., oxidation of glutamate or other alkali
generating reactions), but this issue has not been
addressed experimentally either in animals or humans.

Glutamine supply to the kidneys is also increased
by enhanced release of glutamine from skeletal mus-
cle317 and increased intestinal glutamine absorption,
thus providing higher levels of glutamine in the
splanchnic circulation.4 In aggregate, acidemia
increases glutamine synthesis or release and delivery
of glutamine to the kidney.

In the proximal tubule, two deamidation/deamina-
tion steps, both positively regulated by low pH (gluta-
mine deaminase, glutamate dehydrogenase) yield two
NH1

4 and two HCO2
3 molecules. NH1

4 and HCO2
3 are

then separated, NH1
4 is excreted in the urine and

HCO2
3 is added to the extracellular fluid. Therefore,

glutamine catabolism in the kidney leads to excretion
of protons (as NH1

4 ) and reabsorption of equal
amounts of HCO2

3 . Excess glutamine, not taken up by
the kidney, is returned to the liver and deamidated/
deaminated, a process that stimulates ureagenesis,
inhibits further glutamine synthesis and thus constitu-
tes a feed-back loop regulating glutamine (and thus
potential NH1

4 and bicarbonate) supply to the kidney.
In contrast to the kidney, HCO2

3 and NH1
4 are not

physically partitioned or differentially excreted in the
liver, but metabolized with a stoichiometry of 1:1 dur-
ing ureagenesis. It is thus renal control of NH1

4 excre-
tion, not hepatic control of glutamine vs. urea synthesis
that relates changes in plasma acid�base composition
to changes in NH1

4 metabolism and thus to possible
effects on acid�base balance.

Role of the Gut

The gut affects acid�base homeostasis not only by
absorbing sulfur-containing amino acids, but also by
absorbing potential base. Organic anions in the gut are
intrinsic to a whole food diet and are also derived in
situ from dietary carbohydrates, protein and fat. They
are absorbed (constituting potential base), or excreted
in feces (around 10 to 60 mmol/day) or intestinally
metabolized to organic acids by bacteria with subse-
quent reaction with HCO2

3 in ileum and colon. The
amount of enterally absorbed base from a human
whole food diet has been estimated to be about 50% of
the magnitude of endogenous acid production.222

The amount of base absorbed can be estimated as
the difference between diet and stool anion gaps. In
both diet and feces, alkali content is estimated as the

sum of noncombustible cations (Na11K11Ca211
Mg21) minus the sum of noncombustible anions
(Cl21 1.8 P), where 1.8 represents the average valence
of phosphate at pH 7.4.224

The same arithmetic version of the urinary anion
gap ([Na11K11Ca211Mg21]2 [Cl21 1.8 P]) has
also been shown to be correlated directly and posi-
tively with the diet-stool anion gap in metabolically
controlled human subjects.276 This would allow an esti-
mate of gastrointestinal alkali absorption without mea-
suring stool composition. However, the urinary anion
gap cannot reliably estimate gut base absorption under
conditions in which net systemic organic acid produc-
tion is altered or in which net bone accretion or disso-
lution prevails (i.e., typical clinically encountered
conditions) as this construct of the urinary anion gap
reflects the combined effects of cellular and bone buff-
ering, endogenous organic acid production as well as
gastrointestinal base absorption.

There is only weak evidence that intestinal absorp-
tion might adapt to acidosis. An insignificant decre-
ment in the stool anion gap of 7 mEq/day was noted
during the first six days of acid loading (potential sec-
ondary systemic gain of alkali) in human subjects, but
this decrement subsequently decreased to only
2.5 mEq/day during prolonged acidosis.225 The mea-
sured 2.5 mEq/day increment in gut base absorption in
metabolic acidosis is a very small response in compari-
son to the simultaneous increment in renal net acid
excretion (from 44 to 247 mEq/day).225 Thus, quantita-
tive considerations and the fact that the estimation of
the stool anion gap rests completely on an unknown
valence for phosphate, and that only 5% of the fecal
phosphate is dialyzable (suggesting that most of stool
phosphate is either intracellular or sequestered in cal-
cium/magnesium salts) are the most important argu-
ments against an adaptive role of the gut in acidosis.

Role of Bone

Bone is a large reservoir of exchangeable base as cal-
cium carbonate and dibasic phosphate. Exogenous and
endogenous metabolic acid loads, both acute and
chronic, liberate calcium and base (carbonate) from
bone.57,58 Calcium is subsequently lost in the urine.222

There is evidence from human studies (reviewed in
Lemann et al.224) that when acid production is
increased experimentally, renal net acid excretion does
not increase as much as acid production. The difference
in acid neutralization (i.e., the positive acid balance) is
attributed to bone buffering of retained protons (or lib-
eration of bone base) (Fig. 59.3). Similarly, renal net
acid excretion does not decrease as much as acid pro-
duction when base (KHCO3) is administered. Under
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these experimental conditions, subjects are likely in
small negative acid or positive base balance, with
incorporation of base into bone. Positive acid balance is
accompanied by equivalent cation loss (loss of Ca11

and possibly K and/or Na from bone), negative acid
balance by equivalently positive cation balance (incor-
poration of Ca11 and K and/or Na). Scanning ion
microprobe analysis indicates that bone buffer content
(i.e., HCO2

3 and phosphate) is decreased significantly
in mouse calvariae in in vitro models of both acute and
chronic metabolic acidosis. This consumption of proton
buffers may attenuate the severity of both acute and
chronic metabolic acidosis, but does so at the expense
of a decrease in bone mineral content.60

Based on these and other observations that acidotic
normal subjects and patients with renal failure that
were shown to be in positive acid balance and yet were
able to maintain stable plasma bicarbonate concentra-
tions,147,223 it is assumed that bone contributes in a
quantitative important way to proton buffering in
response to acid loads. However, in the chronic acido-
sis of renal failure, quantitative considerations of the
required large magnitude of bone alkali have raised
the possibility that available bone alkali content is
insufficient to offset a possible underexcretion of acid
relative to that needed for daily acid balance. While it
has been argued that increased gut organic anion
absorption may account for this needed base,361 such a
conclusion is not a compelling one when based on a
computation of acid balance that depends on a con-
stant and assumed phosphate valence for whole food
diets and stool (see Role of Gut section).

Renal Regulation of Acid�Base Equilibrium

As discussed, the kidney maintains a stable [HCO2
3 ]p

through two processes: (1) HCO2
3 reclamation, the

reabsorption of filtered HCO2
3 , and (2) HCO2

3 regener-
ation, the neogenesis of HCO2

3 that has been de-
composed by the invasion of fixed acids into the
extracellular fluid or HCO2

3 lost from the body through
extrarenal or renal routes.

The relationship between the [HCO2
3 ]p and renal

HCO2
3 reclamation is shown in Fig. 59.4. When the

[HCO2
3 ]p is reduced below the normal range, about

25 mEq/liter, the kidney reclaims all filtered HCO2
3 .

As the [HCO2
3 ]p increases toward normal, complete

HCO2
3 reclamation continues until a critical HCO2

3

concentration is reached. This concentration is about
25 mmol/liter in normal humans’ “bicarbonate thresh-
old,” and thus explains that normal subjects excrete
only trivial quantities of bicarbonate in their urine
(usually less than 5 mmol/day). Above the bicarbonate
threshold, some filtered bicarbonate escapes reclama-
tion and is excreted in the urine. As the [HCO2

3 ]p
increases further, HCO2

3 reclamation also increases,
but not in proportion to the increment in the filtered
HCO2

3 load. Therefore, despite greater reclamation,
increasing quantities of HCO2

3 enter the urine. Finally,

FIGURE 59.3 The relationship between plasma bicarbonate con-
centration and renal tubular reabsorption of bicarbonate is demon-
strated for both normal individuals and patients with proximal renal
tubular acidosis (RTA). The renal bicarbonate threshold represents
the plasma bicarbonate concentration at which bicarbonate first
appears in the urine. The bicarbonate Tmax (or Tm) represents the
bicarbonate concentration at which maximal renal tubular bicarbon-
ate reabsorption occurs. The portion of the curve between the thresh-
old and the Tmax is called the splay.
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a [HCO2
3 ]p is reached beyond which further increases

elicit no greater HCO2
3 reclamation. At this [HCO2

3 ]p
(about 28 mEq/liter in normal humans), an apparent
maximal reabsorptive rate, or apparent Tmax for
HCO2

3 , has been achieved. When the [HCO2
3 ]p

increases above the apparent Tmax, the resultant incre-
ment in the filtered HCO2

3 load is entirely excreted into
the urine.

In addition to HCO2
3 reclamation (reabsorption), the

kidney must also regenerate the HCO2
3 , that has been

decomposed by the entry of fixed acids into the extra-
cellular fluid (ECF) or lost in urine or stool. The kidney
regenerates HCO2

3 by excreting acid. The vast majority
of protons are excreted in the form of NH1

4 or
titratable acid as the free proton concentration at the
minimal urinary pH of 4.5 is less than 0.1 mmol/liter.
The net effect of renal acidification can be measured as
net acid excretion.

Net Acid excretion5NH1
41Titratable Acid2HCO2

3

Quantitatively, changes in renal NH1
4 excretion

account for most of the changes in renal acid excretion
both in response to changes in endogenous acid pro-
duction and in the adaptation to acid�base distur-
bances. In adaptation to changes in acid load, NH1

4

excretion is regulated at multiple levels including glu-
tamine supply to the kidney, production of NH3 in the
proximal tubule (ammoniagenesis), secretion of NH3

into the tubular lumen and various transport processes
of NH3/NH1

4 along the nephron. (For a discussion of
these mechanisms, see Chapters 54 and 56)

Phosphate and organic anions such as citrate, ace-
tate, beta-hydroxybutyrate and creatinine contribute as
filtered buffers to titratable acid excretion. Amongst
these substances, the buffer pair di- and mono-basic
phosphate (HPO2

4 =H2PO
2
4 )2 is the most important

buffer due to its pKa of 6.8 and urinary excretion
values on the order of 20 to 50 mmol/day. Titration of
the other potentially titratable species is severely lim-
ited due to their pKa values residing below 5.0. The
importance of phosphate as a urinary proton buffer is
illustrated by the effects of both neutral phosphate
loading and depletion. Increases in neutral phosphate
load significantly enhance net acid excretion315 and are
able to generate as well as maintain metabolic alkalosis
even without a concomitant increase in renal cation
resorption or sodium avidity.174,206 Although
phosphate delivery to distal acidification sites has been
demonstrated to be rate limiting for renal acid
secretion in acidotic dogs,180 under phosphate loading
conditions, the generation of phosphate-induced sec-
ondary hyperparathyroidism appears to provide the
major stimulus to enhanced renal acid excretion.177

Phosphate depletion reduces both phosphate and
titratable acid excretion and induces positive hydrogen
balance.140 It is unclear whether these changes are best
explained by a rate-limiting role of luminal phosphate
for renal acid excretion or by the observed renal HCO2

3

wasting.140

Determination of Net Acid Excretion

Although enzymatic ammonium assays in serum are
widely performed in clinical medicine and this assay
method is valid in urine, ammonium values are seldom
requested in urine for reasons that have not been
reported. As an alternative to requesting an ammo-
nium value in urine, a simplified version of the urinary
anion gap is frequently used as an indirect index of
ammonium excretion:142

Urinary anion gap5Na1u2K1u2Cl2u

The rationale is that in chronic metabolic acidosis,
ammonium excretion is elevated, is a cation, and bal-
ances part of the negative charge of the major urinary
cation, chloride. Thus, the urinary anion gap should
become progressively negative as the rate of ammo-
nium excretion increases in response to acidosis or to
acid loads. However, the urinary anion gap is not a
quantitative index of ammonium excretion.381 Its
potential role in the clinical differential diagnosis of
hyperchloremic metabolic acidosis will be discussed in
subsequent sections.

Calculation of titratable acid requires determination
of urinary pH (UpH), blood pH (BbpH), urine phos-
phate, estimation of the pKa (near 6.8) and an arithme-
tic computation:

TAexc5 ½½Pexc=antilog ðUpH2pK0Þ�1 1��
2 ½½Pexc=antilog ðBpH2pK0Þ�1 1��

Although use of a pKa phosphate value of 6.8 is suf-
ficient for most clinical purposes, the pK’ of phosphate
can be corrected for ionic strength and pH for
improved accuracy.319

CLINICAL CONSEQUENCES

Ventilatory Response to Acidosis: Homeostatic
and/or Maladaptive?

The most characteristic clinical manifestation of met-
abolic acidosis is hyperventilation. Because the depth
of ventilation increases to a much greater degree than
the respiratory rate, hyperventilation may not be clini-
cally apparent until acidemia becomes severe. Then,
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patients may experience labored breathing and their
chief complaint is dyspnea.

Metabolic acidosis rapidly causes secondary hyper-
ventilation, which reduces the PaCO2 and tends to
increase the blood pH toward normal. This secondary
respiratory response is usually fully developed in
12�24 hours. Peripheral chemoreceptors in the carotid
and aortic bodies and central chemoreceptors on the
ventral surface of the medulla trigger the respiratory
response to metabolic acidosis. Some controversy still
exists as to which chemoreceptors are more important.

During acute metabolic acidosis (initial six hours
after an acid load) PaCO2 falls by 0.85 mm Hg for
every millimole-per-liter decrease in [HCO2

3 ]p
(Fig. 59.5). In response to sustained acidosis, the respi-
ratory response is further stimulated and is maximal
by 24 hours. Then, PaCO2 is decreased by about
1.1 mm Hg for each millimole-per-liter fall in [HCO2

3 ]p
in acidotic human subjects.208 Several other helpful
guides can be used at the bed side to determine
whether respiratory compensation is appropriate: (1)
metabolic acidosis should reduce the PaCO2 so that it
approximates the decimal digits of the pH. For exam-
ple, when metabolic acidosis reduces the pH to 7.30,
the pCO2 should be about 30 mm Hg. Maximal hyper-
ventilation in patients with extreme acidemia will
reduce the PaCO2 to about 10 mm Hg. (2) Another use-
ful rule is that the PaCO2 should approximate the
[HCO2

3 ]p1 15. 9. (3) In uncomplicated metabolic acido-
sis the decrease in PaCO2 after full adaptation may also
be calculated as follows:

PaCO2 5 1:5½HCO2
3 �1 86 2

The respiratory response to metabolic acidosis may
be slightly different in patients with different forms of
metabolic acidosis. For example, it has been suggested
that lactic acidosis generates greater hyperventilation
and a lower PaCO2 than equally severe ketoacidosis.
This could be the result of a lower intracellular pH in
the patients with lactic acidosis. However, others find
that secondary hyperventilation in lactic acidosis is not
different from other metabolic acidoses.107,128

A chronically low PaCO2 (hypocapnia) lowers the
[HCO2

3 ]p as a result of transient bicarbonaturia or
decreased renal net acid excretion. In dogs, experimen-
tal hypocapnia caused the kidney to decrease [HCO2

3 ]p
(transient renal acid retention) even in the context of
metabolic acidosis with preexisting hypobicarbonate-
mia.76,235 The decrease in [HCO2

3 ] was strictly propor-
tional to the induced hypocapnia over a wide range
of PaCO2 values and [HCO2

3 ]p (fall in [HCO2
3 ]p

of 0.54 mmol/liter per 1-mm Hg fall in PaCO2). The
hypocapnia-induced decrement in [HCO2

3 ]p was suffi-
cient to increase blood acidity. These findings

demonstrated that the renal response to metabolic aci-
dosis is not primarily geared at the defense of pH76

and that secondary hypocapnia elicits a maladaptive
renal response.235 In contrast to dogs, however,
humans exhibit an alkalemic response to hypocapnia
(increase in blood pH) (Fig. 59.6) irrespective of the
presence or absence of preexisting metabolic acidosis
([HCO2

3 ]p between 25 and 10 mmol/liter),209 despite
the finding that hypocapnia also caused transient renal
acid retention. The reason for this species difference is
that the inhibitory effect of hypocapnia on renal acid
excretion (decrease of [HCO2

3 ]p by 0.41 mmol/liter per
1-mm Hg fall in PaCO2) is too small in humans to off-
set the direct alkalemic effect of the decrease in PaCO2

as dictated by the HCO2
3 Henderson-Hasselbalch
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blood hydrogen ion concentrations in acidotic subjects. The shaded
area represents the 95% confidence limits for uncomplicated, acute
metabolic acidosis. (With permission, from Wiederseiner JM, Muser J,
Lutz T, Hulter HN, Krapf R. Acute metabolic acidosis: characterization and
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equation. However, if the slope of line for the relation
of the [HCO2

3 ]p on PaCO2 extends to [HCO2
3 ]p below

10 mmol/liter, it can be predicted that at the lowest
end of the range of values for [HCO2

3 ]p, hypocapnia
might worsen acidemia in humans as well as dogs.208

Figure 59.7 illustrates these differences in the predic-
tion of blood [H1] when chronic hypocapnia is super-
imposed on chronic metabolic acidosis when a
[HCO2

3 ]/PaCO2 slope of 0.54 is used (as reported for
dogs; dashed lines) or when a [HCO2

3 ]/PaCO2 slope of
0.41 is used as reported for normal human subjects.209

Metabolic and Endocrine Consequences
of Metabolic Acidosis

Effects of Acidosis on Nitrogen Balance and Protein
Metabolism

Metabolic acidosis results in reversible growth fail-
ure in children with tubular acidosis and in rats.248 It
affects protein metabolism both by accelerating prote-
olysis (resulting in negative nitrogen balance) and
amino acid oxidation and by decreasing protein syn-
thesis.244,293 Quantitatively, metabolic acidosis may be
the most important factor18 in the wasting syndrome
associated with many illnesses—that is, uremia,284 sep-
sis, trauma, and chronic diarrhea—and thus may affect
adversely the prognosis of these conditions.203

Among the different proteolytic pathways, meta-
bolic acidosis activates the ATP-dependent ubiquitin-
26S proteasome pathway, which mediates muscle
proteolysis.16,255 The balance between glucocorticoids
and insulin regulates mRNA expression of ubiquitin-
proteasome genes and thus muscle proteolysis.
Glucocorticoid activity is stimulated in acidosis327 and,
both in vitro and in vivo, the acidosis-induced stimula-
tion of skeletal muscle proteolysis as well as the induc-
tion of ubiquitin-26S proteasome gene expression was
shown to be glucocorticoid-dependent.188 Insulin is
the chief counterregulatory factor opposing the cata-
bolic effects of glucocorticoids via the ubiquitin-
proteasome pathway.26 Since there is evidence for
insulin resistance in metabolic acidosis,3,94,325,326 and
acidosis was shown to impair insulin signaling via
insulin-receptor substrate-1, associated phosphoinosi-
tide 3-kinase (PI3K) in muscle cells,123 both increased
glucocorticoid activity and impaired insulin signaling
might mediate increased rates of proteolysis in
response to acidosis. In addition, decreased concentra-
tions of free IGF-1, an inhibitor of ubiquitin gene
expression, and altered thyroid function (mild primary
hypothyroidism) have been reported in metabolic aci-
dosis53,54 and constitute additional potential mechan-
isms for increased proteolysis.

Protein synthesis is also affected by metabolic acido-
sis. Muscle protein synthesis and albumin synthesis

FIGURE 59.6 Steady-state plasma acid�base indexes during control (C), hypocapnia (H), and recovery (R) in normal subjects with and
without experimentally induced (NH4CL feeding) acidosis. Solid lines and circles represent subjects with preexisting acidosis. Hypocapnia eli-
cits an alkalemic response irrespective of the control steady-state plasma bicarbonate concentration. (With permission, from Krapf R, Beeler I,
Hertner D, Hulter HN. Chronic respiratory alkalosis. The effect of sustained hyperventilation on renal regulation of acid�base equilibrium. N Engl J Med
1991;324:1394�1401.)
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(the latter only after several days of metabolic acidosis)
are inhibited in humans,18,200 but not in rats.242

Correction of acidosis has been effective in both
increasing free IGF-1 and albumin serum concentra-
tions375 as well as in conserving muscle mass and pro-
tein homeostasis in patients with chronic renal failure
and metabolic acidosis (cited in Kleger et al.200).

Effects of Metabolic Acidosis on Sodium
Homeostasis

It is well known that both acute and chronic meta-
bolic acidosis are associated with natriuresis.97,156 Both

proximal and distal tubular sodium reabsorption
appear to be inhibited.72,98,226,240,366 The proximal effect
is the result of downregulated organic-anion stimu-
lated NaCl absorption,366 while HCO2

3 reabsorption is
enhanced as a consequence of increased expression
and activity of Na1/H1 exchange (sodium�hydrogen
exchanger isoform 3, NHE-3).11,37 The natriuresis of
acidosis induces extracellular volume depletion and
increased renin-angiotensin-aldosterone activity, which
significantly counteracts and limits the acidosis-
induced negative sodium balance and weight loss.169

Inhibition of angiotensin II action by the AT-1 receptor
antagonist losartan resulted in decreased renal net acid
excretion in pre-existing metabolic acidosis.169

Therefore, distal nephron angiotensin II activity is a
coregulator of the renal-tubular response to metabolic
acidosis and, thereby, is important in determining the
severity of acidosis. Increased aldosterone is also
expected to limit the severity of metabolic acidosis by
stimulation of distal nephron acidification. However,
inhibition of aldosterone action by spironolactone exac-
erbated human metabolic acidosis by an extrarenal
mechanism (increased endogenous acid production169

precluding an analysis of its effect on renal acidifica-
tion. Thus, the quantitative role of acidosis-induced
hyperaldosteronism in the tubular response to meta-
bolic acidosis and the resultant severity of metabolic
acidosis remain to be determined.

Effects of Metabolic Acidosis on Potassium
Homeostasis

Both extrarenal cellular potassium shifts and the
renal regulation of potassium transport have been
examined in metabolic acidosis. Contrary to a widely
expressed opinion, there is no compelling evidence—
either in acute mineral or acute organic acidosis—for a
demonstrable increase in plasma potassium in
response to acidosis.2,376 Under carefully controlled
conditions, arterialized venous plasma potassium
increased nonsignificantly by only 10.02 mmol/liter
per mmol/liter decrease in plasma [HCO2

3 ] in acute,
NH4Cl-induced metabolic acidosis in normal human
subjects.376 Previous studies in dogs and humans
(cited in Wiederseiner et al.376) had described both
unchanged and increased plasma potassium concentra-
tions albeit with unusually large variances. Failure to
detect hyperkalemia in the most recent and some of the
previous reports376 does not preclude, however, the
existence of acidosis-induced net K1/H1 exchange
across cell membranes with efflux of K1 from cells.
The finding of a hyperinsulinemic response (with con-
comitant decrease in glucagon concentration and
unchanged catecholamine levels) in response to

FIGURE 59.7 Nomogram for predicting blood [H1] when chronic
hypocapnia is superimposed on chronic metabolic acidosis over a
range of values of initial [HCO2

3 ]. Solid lines represent the blood
[H1] responses (nmol/liter) to hypocapnia in humans with initial
plasma [HCO2

3 ] from 10 to 25 mmol/liter, based on the slope of
[HCO2

3 ]/PaCO25 0.41. (From Gonick HC. Trace metals and the kidney.
Miner Electrolyte Metab 1978;1:107�120.) The dashed lines show the
blood [H1] responses when a [HCO2

3 ]/PaCO2 slope of 0.54 (reported
for dogs and used in most textbooks) is applied. ΔPaCO2 values rep-
resent changes in PaCO2 from the intial PaCO2 using a relationship
of PaCO2/HCO2

3 5 1.1, which is characteristic of uncomplicated met-
abolic acidosis. Hypocapnia results in a uniform alkalemic response
when the human slope is employed, while a deflection point for
acidemic versus alkalemic response is apparent at initial [HCO2

3 ]p
,16 mmol/liter when the canine slope is used. If the slope of 0.41
extends to inital [HCO2

3 ]p ,10 mmol/liter, it can be calculated that a
deflection point would exist between very low [HCO2

3 ]p between 6
and 8 mmol/liter. (With permission, from Krapf R, Hulter HN. Renal
response to chronic hypocapnia: qualitative differences between dogs and
humans? Clin Chem 1992;38:444�445.)
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acidosis suggests that an insulin response counterregu-
lates any acidemia-induced cellular potassium efflux,
resulting in stable plasma potassium concentrations.376

This occurred despite an increase in the insulin/glu-
cose ratio, suggesting the insulin resistance in acute
acidosis may not involve transcellular potassium bal-
ance. A similar mechanism may operate in acute
organic acidosis.3 In the case of organic acidosis,
organic anions may enter cells along with protons thus
obviating exit of potassium.280 In conclusion, acidosis-
induced hyperinsulinemia seems to prevent acidosis-
induced hyperkalemia. The plasma potassium
response in acutely acidotic subjects with insulin defi-
ciency or preexisting insulin resistance needs further
investigation. In the clinical setting, therefore, the
plasma potassium response must always be interpreted
with a diligent analysis of the presence of factors in
addition to acidemia that are known to influence potas-
sium distribution between intra- and extracellular
spaces such as changes in osmolality, sympathoadre-
nergic activity, aldosterone, and the activity of glucore-
gulatory hormones (insulin and glucagon).

Acute metabolic acidosis (less than two hours) ini-
tially reduces renal potassium excretion, based in large
part on effects in the CCT. Experimental reduction of
luminal pH in the isolated perfused CCT results in
diminished K secretion.40 The effect of acute acidifica-
tion of CCT principal cells is believed to be mediated
by the effect of cellular acidity to decrease the open
probability of potassium channels in the apical mem-
brane.367 Metabolic acidosis of longer duration is a
potent stimulus of renal K excretion and may lead
chronically to significant hypokalemia and substantial
potassium depletion.209,307,327 This increase in potas-
sium excretion is probably the consequence of
increased volume/sodium delivery to the distal tubule
and collecting duct338 and hyperaldosteronism.309,313,327

Effect of Metabolic Acidosis on Divalent Ion,
PTH, and 1,25 (OH)2D Metabolism

Metabolic acidosis profoundly affects calcium and
phosphate metabolism resulting in calcium loss from
bone57 in association with hypercalciuria.222,223

Hypercalciuria is the result of an increase in filtered
load and decreased tubular reabsorption of calcium,
the cellular mechanisms of which are poorly under-
stood although calcium reabsorption is correlated with
luminal [HCO2

3 ] in the distal tubule. Important clinical
sequelae of the resultant negative calcium balance are a
metabolic bone disease with poorly characterized fea-
tures of osteomalacia/low formation rate/high resorp-
tion rate7,290,298 and calcium nephrolithiasis. Metabolic
acidosis induces hypophosphatemia in association

with increased renal phosphate clearance and
increased fractional excretion of phosphate; in brief,
metabolic acidosis induces renal phosphate deple-
tion.207,222,223 The mechanism of decreased tubular
phosphate reabsorption in the proximal tubule is likely
to be complex. High ambient proton concentration was
shown to stimulate phosphate transport by a glucocor-
ticoid-dependent, posttranslational mechanism.190

Isohydric decreases in [HCO2
3 ]/PaCO2, on the other

hand, stimulated phosphate transport in OK-cells via a
transcriptional effect.190 In addition, metabolic acidosis
has been shown to decrease [IGF-1]s in humans, pro-
viding a plausible mechanism for decreased renal
phosphate reabsorption. Thus, metabolic acidosis
seems to affect renal regulation of phosphate reabsorp-
tion both directly (via effects of acid�base changes on
phosphate transport) and indirectly via endocrine
changes (increased glucocorticoid activity, decreased
IGF-1 levels).50,326 The relative importance of these
mechanisms remains to be elucidated.

Acute and chronic metabolic acidosis was demon-
strated to induce renal magnesium wasting and hypo-
magnesemia.239,286 The cellular mechanisms of
acidosis-induced renal magnesium wasting are largely
unknown, although extracellular acidity has been
shown to decrease magnesium uptake in mouse distal
tubular cells.85

In animals, metabolic acidosis was found to decrease
[1,25(OH)2D]s,217 an effect generally attributed to
decreased activity of renal 1-alpha-hydroxylase.218

However, chronic metabolic acidosis was demonstrated
repeatedly to increase [1,25(OH)2D]s (by stimulation of
its production rate) and to concomitantly decrease
[PTH]s in humans.207,239 The effects of metabolic acido-
sis on ionized calcium concentration (hypercalcemia
not observed or very mild in humans, but prevalent in
rats) and on the severity of phosphate depletion/hypo-
phosphatemia seem to differ among species. Thus, it is
likely that the changes in [1,25(OH)2D]s and [PTH]s
observed are primarily determined by the occurrence
or the severity of acidosis-induced hypercalcemia,
which has been shown to override other potent stimuli
of 1,25(OH)2D production including phosphate deple-
tion unless the latter is quite severe.59,176

It is interesting to speculate that the elevated [1,25
(OH)2D]s in response to metabolic acidosis could serve
a homeostatic role, or, that elevated [1,25(OH)2D]s
could contribute to the normal acid excretory response
to an acid load/acidosis. This question merits investi-
gation in as much as vitamin D deficiency was shown
to result in metabolic acidosis in chicks37 and chronic
1,25(OH)2D administration results in metabolic alkalo-
sis (in part of renal origin) in thyroparathyroidecto-
mized dogs.178
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In summary, metabolic acidosis in humans induces
(1) hypercalciuria due to release of calcium from bone
and decreased renal tubular calcium reabsorption, (2)
renal phosphate depletion and hypophosphatemia, (3)
renal magnesium wasting, and (4) increases [1,25(OH)
2D]s and decreases in intact [PTH]s.

Effect of Metabolic Acidosis on Bone

The effects of metabolic acidosis on bone mineral
content—that is, reduced levels of mineral sodium,
potassium, carbonate, calcium, and phosphate—are
consistent with the role of bone as a proton buffer. In
mouse calvariae in vitro, exposure to acid media (low
HCO2

3 ) induces initial physicochemical mineral disso-
lution. Cell-mediated bone resorption follows and is
characterized by both increased osteoclastic and inhib-
ited osteoblastic activities paralleled by alterations in
the expression of a number of osteoclastic and osteo-
blastic genes.62 In particular, increased osteoblastic
RNA expression of the osteoclast activator RANK-
ligand with unchanged expression of its soluble
decoy receptor, osteoprotegerin, may provide a central
mechanism by which metabolic acidosis enhances
osteoclastogenesis and osteoclast activity. The effect is
mediated—at least in part—by acidosis-induced
enhancement of osteoblastic prostaglandin E2 (PGE2)
secretion. Both RANK-L expression and cell-mediated
calcium efflux from bone are inhibited by cyclooxygen-
ase inhibition, confirming the central role of acidosis-
induced PGE2 stimulation.61

Since glucocorticoid activity is increased in meta-
bolic acidosis326 and glucocorticoids are known to dra-
matically decrease bone mineral content, it is possible
that acidosis-induced hyperglucocorticoidism might
contribute to calcium efflux from bone. Surprisingly,
however, in vitro cortisol inhibited rather than stimu-
lated acid-induced, cell-mediated osteoclastic bone
resorption through a decrease in osteoblastic PGE2
production.212

Other Endocrine Effects of Metabolic Acidosis

Endothelin

Metabolic acidosis induces renal endothelial cells to
release endothelin-1, which was demonstrated to play
a key role in the renal defense to an acid load. Both
proximal acidification (by activation of the proximal
tubule Na/H antiporter, NHE-3) and collecting duct
acidification are stimulated involving signaling via the
endothelin receptor B (ETB). In the distal tubule, both
direct (endothelin-induced activation of Na1/H1

exchange) and indirect (stimulation of H1-ATPase via
endothelin-induced increases in aldosterone) effects

may be operative to stimulate proton secretion.197

When ETB is inhibited by the unselective ET-receptor
antagonist bosentan (Tracleer) in rats or ETB is
knocked out in mice, the metabolic acidosis resulting
from a given acid load is more severe.215,371 The
mechanisms of acid-induced increased endothelin
expression and endothelin-1/ETB signaling are com-
plex, but quite well characterized and involve activa-
tion of a putative acid-sensor, a proline rich tyrosine
kinase 2, Pyk2.227 Interpretation of the effects of bosen-
tan in rats to decrease distal H1 secretion has been dif-
ficult since bosentan has also induced a decrease in
chronic net acid excretion/endogenous acid produc-
tion, which in itself, dictates lower tubular acidification
rates along the nephron. In summary, renal endothelin-
1 acting via ETB receptor is quantitatively important in
the renal defense against an acid load in mice and rats.
The importance of the acid-induced renal endothelin
response has not yet been investigated in humans.

Growth Hormone (GH)/IGF-1 Axis

Important effects of metabolic acidosis on the GH/
IGF-1 endocrine axis were suggested by the observa-
tion250 that growth retardation in children with renal-
tubular acidosis was reversible upon administration of
alkali. In humans, IGF-1 serum concentrations are
decreased in response to metabolic acidosis. The pri-
mary abnormality in humans and rats is most likely
due to peripheral insensitivity to GH action with GH
secretion rates presumably elevated based on the dem-
onstration of an exaggerated increase in GH in
response to stimulation by GH releasing hormone.53,279

The recent observations that administration of GH both
partially corrected metabolic acidosis by a renal mecha-
nism (primarily by an increase in ammonium excre-
tion)327 and corrected acidosis-induced negative
nitrogen balance, corrected renal phosphate depletion
as well as hypophosphatemia and attenuated renal
magnesium wasting239 is evidence for the notion that
acidosis-induced changes in the GH/IGF1 endocrine
axis may be important in the mediation of some impor-
tant metabolic effects of metabolic acidosis.

Thyroid Hormones

Chronic metabolic acidosis in humans mildly
decreases freeT3 and freeT4 and significantly increases
TSH serum concentrations with no change in reverse
T3,54 findings consistent with a primary thyroidal
decrease in thyroid hormone secretion, that is, mild
primary hypothyroidism. The quantitative importance
of these changes in thyroid function with respect to
acidosis-induced negative nitrogen balance and to
renal acidification is presently unknown.
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Catecholamines

Acidosis induces release of catecholamines, which
attenuate both the negative inotropic effect of acidosis
on cardiac contractility and the peripheral vasodilatory
effect of acidemia.256 With severe acidosis, catechol-
amine responsiveness decreases and cardiac collapse
may result. Acidosis can also decrease the ventricular
fibrillation threshold.139 Peripheral arterial vasodilata-
tion is a direct effect of acidosis but is also offset by cat-
echolamine release, so that peripheral vascular
resistance remains relatively constant. However, in the
venous system, the direct effect of acidosis is vasocon-
striction, which is further enhanced by catecholamine
release.323 Peripheral venoconstriction can shift blood
from the peripheral vascular system to the pulmonary
vascular bed. In patients with severe acidosis, this may
contribute to pulmonary edema. Therapeutic adminis-
tration of NaHCO3 constitutes an important additional
risk factor.

It is not known whether the catecholamine response
affects the renal response to acidosis in humans,
although alpha-adrenergic stimulation has been shown
to enhance proximal tubule bicarbonate reabsorption
in rats.67

In moderately severe acute metabolic acidosis in
humans (decrease of [HCO2

3 ]p from 25 to about
19 mmol/liter), there was no significant effect on cate-
cholamine levels.376 Thus, the effects described previ-
ously may be more applicable to severe forms of
metabolic acidosis or to a pattern of sympathetic stimu-
lation that does not result in overt systemic catechol-
amine spillover.

Glucocorticoids

Observations carried out in rats suggest that
increased glucocorticoid activity in response to meta-
bolic acidosis might modulate acidosis-induced
increase in protein degradation, at least in part.245 It is
also possible that increased glucocorticoid activity
could co-determine the systemic and renal response to
an acid load, given the effects of glucocorticoids on
renal acidification181 and renal tubular acid�base
transport mechanisms.27,198 Chronic metabolic acidosis
in humans significantly increases glucocorticoid activ-
ity based on determination of the daily urinary excre-
tion rates of cortisone and cortisol.327 In addition,
neutralization of dietary acid production (decrease in
renal acid excretion from B80 to 10 mEq/day) signifi-
cantly decreased urinary free-cortisol and THF excre-
tion over 24 hours in normal humans.244 However,
reports from another group indicated that chronic met-
abolic acidosis did not affect cortisol homeostasis in
humans313 as analyzed by serum profile and urinary

17-OH-corticosteroid excretion rates. The reasons for
this discrepancy are not clear.

Effects of Metabolic Acidosis on Renal Citrate
Metabolism

The effects of metabolic acidosis on renal citrate
metabolism have important clinical consequences and
are, therefore, briefly discussed here. Citrate is derived
from carbohydrate metabolism and contains three neg-
atively charged carboxyl groups. Complete oxidation
of citrate thus generates three HCO2

3 ions per mole and
thus increased renal reabsorption and metabolism of
citrate would be expected to serve a homeostatic role
in the adaptation to metabolic acidosis. Citrate is freely
filtered at the glomerulus and reabsorbed and meta-
bolized almost exclusively in the proximal tubules
(Fig. 59.8), with these processes determining the
amount of urinary citrate excretion.44 In metabolic aci-
dosis, tubular reabsorption is increased and urinary
excretion decreased due to both increased protonation
of trivalent to divalent citrate, the substrate for the
sodium/citrate cotransporter in the proximal tubule
and increased expression and activity of Na1/citrate
cotransporter NaDC1.15,191 In addition, cellular (i.e.,
cytoplasmic) metabolism of citrate (Fig. 59.8) is
increased in the proximal tubule. Enhanced cyto-
plasmic metabolism in response to metabolic acidosis
is mediated by a specific increase in renal ATP citrate
lyase activity and expression.251 Mitochondrial citrate
metabolism is also stimulated in metabolic acidosis as
shown by the increased activity of mitochondrial
aconitase, the first step in mitochondrial citrate metab-
olism.252 These findings are clinically important

FIGURE 59.8 Citrate metabolism in the proximal tubule. (With
permission, from Alper S. Genetic diseases of acid�base transporters. Annu
Rev Physiol 2002;64:899�923.)
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because of citrate’s role in calcium complexation, inhi-
bition of stone formation and prevention of nephrocal-
cinosis. Indeed, a high proportion of patients with
nephrolithiasis have low urinary citrate levels.269 A
high-protein intake (which increases endogenous acid
production) decreases urinary citrate excretion in rats
by renal mechanisms described previously.10

Miscellaneous Clinical Effects of Metabolic
Acidosis

Renal Growth

In contrast to the growth inhibitory effect in nonre-
nal tissue, metabolic acidosis leads to hyperplasia and
hypertrophy in renal tissue with an apparent predilec-
tion for the renal tubules.230 Interestingly, acidosis
induces metabolic effects in the kidney that also con-
trast with its systemic consequences: renal IGF1 levels
are increased and renal protein degradation is
decreased.112,136 Decreased protein degradation is a
cell-cycle independent mechanism for renal hypertro-
phy. Whether cell-cycle dependent mechanisms (via
cyclin kinases) are important in metabolic acidosis as
they are in diabetic nephropathy or compensatory
renal hypertrophy remains to be investigated.

Based on the hypothesis that renal hypertrophy is
associated with progression of renal disease, it is possi-
ble that acidosis might accelerate the rate of decline of
renal function in renal insufficiency. The following evi-
dence from animal studies suggests that such an effect
of acidosis may be present: (1) ammonia has been pro-
posed to be responsible for tissue injury, possibly by
acting as a convertase for the alternate pathway of
complement activation.266 (2) The remnant kidney
model in the rat is associated with increased ammonia-
genesis by residual nephrons.233 (3) Systemic alkalini-
zation has been shown to reduce ammoniagenesis and
to mitigate proteinuria and the histological damage
typically seen in this model.267

Acidosis-induced promotion of growth may be most
relevant in polycystic kidney disease. Patients with
hyperaldosteronism and potassium depletion (which
leads to intracellular acidosis and stimulation of
ammoniagenesis) were shown to have a greatly
increased incidence of renal cysts.353 Furthermore, in
Han:SPRD rats, a rat model for polycystic kidney dis-
ease, induction of acidosis by NH4Cl enhances, while
systemic alkalinization by HCO2

3 slows the rate of cyst
formation.356 Thus, correction of acidosis may be most
important in patients with polycystic kidney diseases.
However, no human studies have yet been performed
to evaluate the effect of complete correction of acidosis
on the progressive decline in renal function both in cys-
tic and non-cystic kidney diseases.

O2 and CO2 Dissociation Curves

Metabolic acidosis, as mediated by an increase in
hydrogen ion concentration, shifts the hemoglobin sat-
uration curve to the right, that is, less oxygen is bound
to hemoglobin for a given PO2. This circumstance pro-
vides for acute acidosis-enhanced oxygen release in tis-
sues. Quantitatively, this effect is quite small; however,
at least for the pH changes observed in vivo and can be
estimated using the Bohr factor (BF):

BF5Δlog P50=ΔpH

where P50 is the half-saturation PO2, normally around
27 mm Hg (3.6 kPa). Since the Bohr factor in human
blood is about 0.5, it can be calculated that a change in
blood pH of 0.1 U will shift the half-saturation of
hemoglobin by about 1 mm Hg. When metabolic acido-
sis persists beyond 6�8 hours, the dissociation curve is
shifted back toward its normal position (leftward) due
to the more prolonged effect of acidosis to decrease
erythrocyte 2,3-diphosphoglycerate. It is not known
with certainty which of these effects is predominant
during sustained metabolic acidosis in vivo.

Hemoglobin displays a higher affinity for hydrogen
ion in the reduced form (Haldane effect) and roughly
half of acute buffering of an acid load is due to nonbi-
carbonate buffers including Hb. The decrease in oxy-
gen saturation (or increase in reduced hemoglobin) for
a given PO2 associated with acute acidosis could there-
fore increase the hemoglobin buffering capacity of an
acute systemic acid load and thus limit the fall in
[HCO2

3 ]p. At the same time, the Haldane effect
increases the CO2 transport capacity of blood at the
low pCO2 values of metabolic acidosis. The quantita-
tive in vivo contribution of the Haldane effect to the
early plasma bicarbonate response to acid loads
remains to be determined.

The Trade-Off Hypothesis

As was described earlier and shown in Fig. 59.9A,
normal acid�base balance is achieved and maintained
when renal net acid excretion equals endogenous acid
production at normal [HCO2

3 ]p. As illustrated in
Fig. 59.9B, an increase in endogenous acid production
leads to renal and extrarenal cellular adaptations, ulti-
mately increasing net acid excretion to again balance
endogenous acid production. While it was demon-
strated that increases in dietary-induced acid produc-
tion correlate inversely and significantly with HCO2

3 ]p
during metabolic balance studies,214 [HCO2

3 ]p gener-
ally does not fall out of the wide normal range when
determined in clinical practice. Thus, an ongoing aci-
dotic process may be present albeit not recognized
due to the efficient adaptation of acid excretory
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mechanisms and the imperfections of routine labora-
tory analysis. The term eubicarbonatemic9 metabolic
acidosis (Table 59.1) circumscribes this entity. It is
instructive to review, therefore, to which extent some
of the metabolic and endocrine effects of metabolic aci-
dosis discussed previously also occur during normal
dietary variation of acid production and/or during
physiologic declines in acid excretion such as during
the aging process.125

Habitual ingestion of protein-rich diets has repeat-
edly been linked to clinical disorders, in particular
nephrolithiasis, osteoporosis, and fracture inci-
dence.1,48,228 The potential clinical and epidemiological
relevance of the trade-offs of the adaptation to
increases in endogenous acid production or decreases
in acid excretion (minimal metabolic acidosis) was
demonstrated recently by the finding—both in post-
menopausal women and young adults—that neutraliz-
ing endogenous acid-production by oral administration
of KHCO3 significantly decreased urinary nitrogen
losses, induced positive calcium and phosphate bal-
ances by decreasing renal excretion of these ions and
decreased markers of bone resorption.124,244,321 Thus,
eubicarbonatemic metabolic acidosis may be an impor-
tant cause of osteoporosis, nephrolithiasis and loss of
lean body mass. Therefore, although the degree of diet-
dependent (and other etiologies of) eubicarbonatemic
metabolic acidosis (Table 59.1) is mild as judged by the
degree of perturbation of blood acid�base equilibrium,

it cannot be considered mild as judged by its adverse
biological consequences and may be of great epidemio-
logical and economic impact when considered under
the aspects of dietary habits and increased longevity.

There is a large literature on positive epidemiologi-
cal associations between diets assumed to be acid-
generating (prototype: Western diet rich in animal,
dairy, and wheat-flour proteins) and osteoporosis,
bone loss, and/or fracture rates.165 However, an
equally large literature supports beneficial effects of
animal protein (acid generating) on bone, which is
probably explained by the protein-induced stimulation
of GH/IGF1 axis and/or stimulatory effects on intesti-
nal calcium absorption.166,205 Thus, evaluation of the
role of diet-induced endogenous acid production on
bone mineral content (osteoporosis) and fracture rates
will need to be performed in a prospective, long-term
clinical trial where endogenous acid production is
effectively neutralized.

CLINICAL DISORDERS

Daily metabolic reactions generate and consume
several thousand milliequivalents of organic acids,
including lactic, pyruvic, citric, and acetoacetic acids.
The metabolic conversion of organic acids to neutral
products, such as glucose, consumes both the organic
anion and the H1 ion. Metabolic conversion of organic
acids to H2O and CO2, which is exhaled, also removes
both the organic anion and H1 from body fluids.
Normally, organic acid generation and consumption
rates are balanced, so that acid accumulation does not
occur. However, if organic acids are generated more
rapidly than they are consumed, their accumulation
results in metabolic acidosis. To the extent that this
occurs, the accumulating H1 decomposes HCO2

3 , while
the concentration of organic anions increases. For

FIGURE 59.9 (A) Shows concept of acid�base balance. (B) Depicts trade-offs, that is, cellular adaptations due to increased acid production.
(With permission, from Alpern RJ, Sakhaee K. The clinical spectrum of chronic metabolic acidosis: homeostatic mechanisms produce significant morbidity.
Am J Kidney Dis 1997;29:291�302.)

TABLE 59.1 Causes of Eubicarbonatemic Metabolic Acidosis

Western diet

Age

Chronic diarrhea

Incomplete distal tubular acidosis

Mild renal insufficiency
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example, when lactic acid accumulates, the products
are:

H lactate1HCO2
3

lactate21H2CO3

H2O1CO2

The increase in [lactate2] and decrease in [HCO2
3 ]

are reciprocal. One may assume that ECF lactate2

replaces HCO2
3 . The accumulated lactate represents

decomposed HCO2
3 . In addition, because lactate can be

metabolized and thereby regenerate HCO2
3 , the accu-

mulated lactate also represents potential HCO2
3 . When

lactate2 is converted to glucose or oxidized to H2O and
CO2, lactic acid is removed from the ECF and HCO2

3 is
regenerated, as follows:

The generation of HCO2
3 from such organic anions

does not require renal intervention. Contrast these
events with the accumulation of an inorganic acid such
as HCl:

In this case, Cl2 replaces HCO2
3 in the ECF and also

represents decomposed HCO2
3a. However, unlike

lactate2, Cl2 cannot be metabolized. Regeneration of
HCO2

3 must be accomplished by the kidney, which fil-
ters NaCl, reabsorbs the Na1, and excretes H1. This
results in increased net acid excretion and HCO2

3

regeneration.
Infused sodium salts of organic acids such as Na lac-

tate are converted to NaHCO3 when the anion is
metabolized to neutral products or oxidized to H2O
and CO2. Metabolism of the organic anion, such as lac-
tate, is accompanied by H1, which is derived from
plasma water, as illustrated here:

Therefore, metabolism of the sodium salts of lactate,
citrate, acetate, and other organic anions generates 1
mole of NaHCO3 for each mole of carboxylate.

Anion Gap Acidosis

The ionic profile of normal serum is depicted in
Fig. 59.10. The law of electroneutrality states that the
quantity of positive charges in any solution must equal
the quantity of negative charges. If every ion present in
serum is measured in charge units such as metabolic
equivalents per liter, then electroneutrality is found.
However, if only the quantitatively most important
electrolytes—Na1, Cl2, and HCO2

3 are considered, then
[Na1]p normally exceeds the sum of [Cl2]p1 [HCO2

3 ]p.
This difference, [Na1]2 ([Cl2]1 [HCO2

3 ]), is the anion
gap. The anion gap calculated in this manner is nor-
mally 121 4 mEq/liter (1 2 standard deviations). Note
that [K1]p is not included in the calculation due to its
relatively minor quantitative contribution.

The anion gap does not measure any specific ionic
constituent. It includes the net unmeasured negative

protein charge (primarily from albumin), inorganic
phosphate, sulfate, organic anions, and other ions less
unmeasured cations such as potassium, calcium, and
magnesium. The anion gap is used to classify the meta-
bolic acidoses and is also a clue to the presence of vari-
ous mixed acid�base disorders. These aspects of anion
gap interpretation are reviewed in the following
sections.

Occasionally, the anion gap is abnormally small, or
even negative. This may be due to random measure-
ment errors. If a low anion gap exists, each electrolyte
measurement should be reconfirmed. Systematic errors
that depress the [Na1]p (e.g., pseudohyponatremia
due to hyperlipidemia or hyperproteinemia) or
increase the [Cl2]p (e.g., pseudohyperchloremia due to
bromism) produce reproducible reductions in the
anion gap. Increased concentrations of cations other
than Na1 (e.g., abnormal cationic myeloma proteins,
extreme hypermagnesemia, lithium poisoning) also
depress the anion gap because [Cl2]p increases with-
out a proportionate change in [Na1]. Table 59.2 lists
the causes of a reduced or negative anion gap.

H1, which accumulates in the ECF, is primarily
buffered by the following reaction:

H1 1HCO2
3 -H2CO3-CO2 1H2O

To the extent that H1 accumulates, a nearly equimo-
lar decrease in [HCO2

3 ]p occurs. If HA, a strong acid,
accumulates in the ECF, then the reduction in [HCO2

3 ]p
is accompanied by a similar increase in [A2]. The net
effect of HA addition to the ECF is the replacement of
HCO2

3 by A2. If HA represents HCl, then the decrease

FIGURE 59.10 Ionic anatomy of serum. Normal serum electro-
lyte pattern and the calculation of the anion gap (AG). Numbers refer
to serum concentration in mEq/liter. OA, organic acids, Pr, proteins.
(Adapted from Field M, Block MB, Levin R, Rall DP. Significance of blood
lactate elevations among patients with acute leukemia and other nephroplas-
tic proliferative disorders. Am J Med 1966;40:528�547.)
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in [HCO2
3 ]p is counterbalanced by a similar increase in

[Cl2]p, while the anion gap remains relatively stable.
(The anion gap actually decreases slightly, because a
decrease in pH increases H1 binding by proteins. This
reduces the net negative charge on proteins, principally
albumin.) Alternatively, if HA is any non-HCl acid
(i.e., lactic, acetoacetic, phosphoric, sulfuric), then HA
accumulation in the ECF decreases the [HCO2

3 ]p and
reciprocally increases the anion gap. Figures 59.11 and
59.12 illustrate the development of hyperchloremic and
anion gap metabolic acidoses. The causes of hyper-
chloremic and anion gap metabolic acidoses are listed
in Table 59.3.

Occasional patients develop mixed anion gap and
hyperchloremic acidosis. Such hybrid metabolic
acidoses may occur when early renal failure progresses
toward overt uremia.372 Hyperchloremic metabolic aci-
dosis occurs commonly with early renal disease as a
result of inadequate ammonia synthesis and excretion.
At this time, the GFR is still adequate to excrete the
normal exogenous and endogenous anion load (phos-
phate, sulfate, etc.). The hyperchloremic acidosis that
develops in this setting is a form of type IV renal tubu-
lar acidosis. Later, when renal function deteriorates,
anion retention develops and typical uremic�anion
gap acidosis evolves. In the intervening period, mixed
hyperchloremic�anion gap acidosis may exist as
shown in Fig. 59.13.374

Ketoacidosis

Ketoacidosis is usually due to an accumulation of
acetoacetic acid and beta-OH butyric acid in the ECF.
Mild ketoacidosis develops in normal individuals dur-
ing starvation. More severe fasting ketoacidosis may
develop in chronic alcoholics, pregnant women, and
young children. The most common cause of severe
ketoacidosis is untreated, or inadequately treated,
insulin-dependent diabetes mellitus. Several inherited

enzyme disorders also generate severe ketoacidosis
and lactic acidosis during a fast. They include glucose-
6-phosphatase deficiency (von Gierke disease), and
fructose-1,6-bisphosphatase deficiency. Ketoacids other
than acetoacetic acid and beta-butyric acid can accu-
mulate in children with enzyme defects that produce
branched chain organic acidurias and disorders of pro-
pionate metabolism.

Ketogenesis

Figures 59.14 and 59.15 illustrate the endocrine regu-
lation of fatty acid release from adipose triglyceride
stores and fatty acid metabolism within hepatic cells.

Hormone-sensitive lipase in adipose tissue is
normally inhibited by relatively low levels of insulin.

TABLE 59.2 Causes of Low Anion Gap

Reduced concentration of unmeasured anions
Dilution
Hypoalbuminemia
Hyperchloremic metabolic acidosis

Systemic underestimate of [Na1]p
Extreme hypernatremia
Hyperviscosity
Displacement of water by hyperlipidemia or hyperproteinemia

Systemic overestimate of [Cl2]p
Other halides—bromide, iodide

Increased concentration of nonsodium cations
Multiple myeloma—paraproteinemias
Extreme hypercalcemia, hypermagnesemia, lithium intoxication

FIGURE 59.11 The addition of 10 mmol/liter of HCl to ECF
results in a proportionate reduction in [HCO2

3 ]s and increase in
[Cl2]. Hyperchloremic acidosis develops while the anion gap remains
unchanged.
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Catecholamine, cortisol, growth hormone, and gluca-
gon activate this enzyme (Fig. 59.14). Fasting pro-
gressively reduces insulin and elevates the
abovementioned counter-regulatory hormones. This
triggers lipolysis. Fatty acids released from the trigly-
cerides in adipose tissue flow to the liver where they
may potentially enter several metabolic pathways
(Fig. 59.15). One involves their combination with glyc-
erol phosphate to reform triglycerides and other lipids.
Alternatively, they can enter mitochondria and
undergo beta-oxidation to provide energy. This mito-
chondrial entry step is not passive, but rather is a
tightly regulated, carrier-mediated process. Within
hepatocyte cytoplasm, long chain fatty acids must first
be activated by enzymatic conversion to their acyl-CoA

derivatives. Then carnitine palmitoyl transferase I (CPT
I), an enzyme associated with the mitochondrial outer
membrane, links the acyl-CoA derivatives to carnitine.
Now the carnitine�fatty acid complex can cross the
inner mitochondrial membrane via a specific acyl-
carnitine translocase. At the inner surface of the inner
membrane, carnitine is removed by CPT II, reforming
the acyl-CoA activated form of the fatty acid. The
released carnitine shuttles back through the membrane
to be used again as a fatty acid carrier. Within mito-
chondria, the fatty acyl-CoA undergoes beta-oxidation,
which sequentially splits two carbon acetyl-CoA frag-
ments from the long fatty acid molecule.

Two major catabolic pathways generate acetyl-CoA
in mitochondria: (1) pyruvate oxidation via the pyru-
vate dehydrogenase reaction (see Lactic Acidosis
section) (Fig. 59.17), and (2) fatty acid oxidation via
beta-oxidation. Acetyl-CoA can be further oxidized by
the Krebs cycle to yield CO2 and energy. Acetyl-CoA
can also exit from the mitochondria to be used in syn-
thetic reactions (Fig. 59.15).

FIGURE 59.12 The addition of 10 mmol/liter of a strong non-
HCl acid (HA) (i.e., lactic acid, ketoacids) reduces the [HCO2

3 ] and
proportionately increases [A2]. This increases the anion gap while
the [Cl2]s concentration remains relatively stable.

TABLE 59.3 Causes of Hyperchloremic and Anion Gap
Metabolic Acidosis

Elevated anion gap acidosis
Ketoacidosis
Lactic acidosis
Methanol poisoning
Ethylene glycol poisoning
Paraldehyde poisoning
Salicylate poisoning
Uremia
Congenital organic acidosis
D-lactic acidosis

Hyperchloremic (normal anion gap) acidoses
Renal

Hypokalemia: proximal tubular acidosis (RTA II), classic, distal
tubular acidosis (RTA I), mixed type RTA (RTA III)
Hyperkalemia: generalized distal tubular acidosis (RTA IV)—
mineralocorticoid deficiency, mineralocorticoid resistance, tubular
voltage defects
Recovery from high anion gap acidosis (renal loss of “potential”
HCO2

3 )
Gastrointestinal

Diarrhea
Pancreatic fistula (pancreas transplantation)
Ingestion of HCO2

3 -binding salts or resins (CaCl2,
cholestyramine)

Mixed gastrointestinal-renal
Uretorosigmoidostomy
Rectal baldder
Ileal loop bladder
Ureterointestinal segments

Other
Posthypocapnia
HCl or HCl precursor infusion or ingestion
Dilution acidosis

2065CLINICAL DISORDERS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



When the concentration of acetyl-CoA within mito-
chondria increases markedly, the oxidative capacity of
the Krebs cycle is exceeded and ketoacids are gener-
ated. Two molecules of acetyl-CoA first condense to
form acetoacetyl-CoA. This is then converted into acet-
oacetic acid via the 3-hydroxy 3-methylglutaryl-CoA
pathway.

The low insulin and high glucagon levels produced
by a fast create the conditions required for ketogenesis.
Adipose tissue hormone-sensitive lipase is activated,
releasing fatty acids that are delivered to the liver
(Fig. 59.14). Within hepatocytes, the fatty acids are con-
verted to acyl-CoA derivatives and then flow into the
mitochondria via the CPT and translocase systems.
CPT I is deinhibited by the low cytoplasmic malonyl-
CoA levels. Consequently, transport of fatty acyl CoA
across the mitochondrial membranes is greatly
enhanced with subsequent generation of large quanti-
ties of acetyl-CoA via beta-oxidation. Malonyl-CoA
levels are low, because acetyl-CoA carboxylase, the
enzyme responsible for its production, is inhibited
when insulin levels are reduced and glucagon levels
are increased.

Acetyl-CoA oxidation by the Krebs cycle may not
keep pace with the production rate, so acetyl-CoA
accumulates. Relatively low Krebs cycle oxidation is in
part due to low oxaloacetate levels. Acetyl-CoA must
combine with oxaloacetate to form citrate in order to

enter the Krebs cycle. Fasting stimulates oxaloacetate
transport out of mitochondria to be converted into glu-
cose. Low mitochondrial oxaloacetate levels limit
acetyl-CoA oxidation by the Krebs cycle and acetyl-
CoA levels to increase. As its concentration increases, it
is converted to acetoacetic acid.

A feed-back mechanism for the regulation of ketoa-
cid production by hydrogen ion concentration is sug-
gested by the observation that in circumstances were
ketoacid production is stimulated (fasting obese sub-
jects), acid feeding inhibits, while alkali feeding stimu-
lates ketoacid production. Decreased availability of free
fatty acids is an important factor in mediating the inhi-
bition of ketoacid production in response to a decrease
in pH.170 The clinical importance of this apparent feed-
back mechanism remains to be demonstrated.

The acetoacetic acid that is produced during keto-
genesis can be converted to beta-OH butyric acid or to
acetone (Fig. 59.16). Acetoacetic acid decomposes to
acetone nonenzymatically. Acetoacetic acid and beta-
OH butyric acid are interconverted by beta-OH buty-
rate dehydrogenase, which requires the NAD1/NADH
couple as cosubstrates. At equilibrium, the beta-OH
butyrate/acetoacetate ratio is normally about 2:1.
However, this ratio varies with the mitochondrial
NADH/NAD1 ratio. Both acetoacetic acid and beta-
OH butyric acid are almost completely dissociated at

FIGURE 59.13 Early renal failure impairs NH4
1 excretion before

anion retention develops. This results in hyperchloremic metabolic
acidosis. As renal failure progresses and the GFR falls, anion reten-
tion eventuates. Uremic-anion gap metabolic acidosis will develop.
Between these extremes, combined hyperchloremic and anion gap
metabolic acidosis is a common finding. (From Weinstein B, Irreverre I,
Watkin DM. Lung carcinoma, hypouricemia and aminoaciduria. Am J Med
1965;39:520�526, with permission.)

FIGURE 59.14 The release of fatty acids from adipose triglycer-
ide stores under the control of hormone-sensitive lipase.
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physiologic pH (pK5 3.6 and 4.4, respectively). To the
extent that these acids accumulate in ECF, the [HCO2

3 ]
p falls and the anion gap increases. The anion gap
increase represents the sum of the beta-OH butyrate
and acetoacetate concentrations. Although beta-OH
butyrate usually predominates (2:1), the severity of the
acidosis is independent of the specific accumulating
acid. However, these two acids have different chemical
characteristics that affect diagnostic studies. The nitro-
prusside test for ketones and ketoacids detects acetoa-
cetate (usually about 30% of the plasma ketoacids) but
not beta-OH butyrate. If the NADH/NAD1 ratio
increases, acetoacetate is shifted to beta-OH butyrate
(Fig. 59.16). Under these conditions the nitroprusside
reaction decreases, or even becomes negative, despite
significant ketoacidosis. Clinically, the nitroprusside
reaction can be negative in severe diabetic ketoacidosis
probably due to coexisting lactic acidosis (which
increases the NADH/NAD1 redox ratio) due to vol-
ume depletion, vomiting, and poor hemodynamics.
Upon institution of treatment (correction of volume
depletion, insulin administration), NADH/NAD1 ratio

decreases and the nitroprusside reaction becomes posi-
tive. This scenario is the predictable consequence of
successful treatment and does not reflect worsening
ketoacidosis. Alcoholic ketoacidosis may also produce
a high NADH/NAD1 ratio, frequently resulting in a
weak nitroprusside reaction.159 Thus, while the nitro-
prusside test is a very useful diagnostic tool in
patients with ketoacidosis, redox state alterations
reduce its value as an index of therapeutic response.
Other parameters, such as the clinical status of the
patient, the arterial pH, the plasma [HCO2

3 ], and
changes in the anion gap, should be used to monitor
therapy.

Acetone, nonenzymatically derived from acetoacetic
acid, is a ketone but not an acid and, therefore, does
not reduce the [HCO2

3 ]p or increase the anion gap.
Contrary to current beliefs in most textbooks, acetone
does not react with nitroprusside. Acetone is volatile
and primarily excreted by the lungs. Small quantities
of acetone are also excreted by the kidneys and con-
verted into glucose. Serum acetone levels may increase
markedly when severe ketoacidosis develops and then

FIGURE 59.15 Fat metabolism in hepatic parenchymal cells. The oxidation of long-chain fatty acids requires that they first be activated in
cytoplasm (converted to acyl-CoA derivatives) and then transported into mitochondria. Mitochondria entry is controlled at the level of carni-
tine palmitoyl transferase I (CPT I). This enzyme is inhibited by malonyl-CoA. When appropriately stimulated, liver cells can also synthesize
fatty acids from acetyl-CoA. The fat synthetic pathway is indicated by dashed arrows. These synthetic and oxidative pathways are under the
control of insulin and glucagon. OAA, oxaloacetate.
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persist for several days after resolution of the
ketoacidosis.

Isopropyl, or rubbing alcohol, is rapidly metabolized
to acetone. Therefore isopropyl alcohol poisoning gen-
erates an acetone breath odor, but not ketoacidosis and
no positive nitroprusside reaction.17 The [HCO2

3 ]p and
anion gap remain normal unless other complications
ensue. High acetone levels will raise the plasma osmo-
lality and lead to an osmolar gap.

Clinical Syndromes of Ketoacidosis

Starvation Ketosis

Starvation will generate modest ketoacidosis in nor-
mal individuals.282 During the initial 10�14 hours of
fasting, glucose levels are maintained primarily by gly-
cogenolysis. After glycogen stores are depleted, gluco-
neogenesis becomes the major source of glucose.
Hepatic energy requirements are maintained by the
oxidation of fatty acids. Accelerated lipolysis and
hepatic fatty acid oxidation lead to ketoacidosis, as dis-
cussed previously. After 1�2 weeks, the blood ketoacid
concentration stabilizes at about 5�6 mEq/liter and the
[HCO2

3 ]p falls to 18�20 mEq/liter. More fulminant
ketoacidosis is aborted as a result of ketoacid-induced
release of insulin from pancreatic islet cells.237 Despite
continued starvation, the resultant increase in insulin
levels blunts lipolysis. With continued starvation, glu-
cagon and catecholamine levels also decrease toward
the normal range and this also slows ketoacid genera-
tion. However, pregnant women and young children
are particularly vulnerable to more severe ketoacidosis
during starvation. In such patients, oral refeeding is
frequently impossible due to anorexia, vomiting, and
abdominal pain.

Diabetic Ketoacidosis

Diabetic ketoacidosis is usually the result of abso-
lute, or relative, insulin deficiency combined with high
glucagon levels. It may be the presenting clinical mani-
festation of a previously undiagnosed diabetic patient.
More often, ketoacidosis occurs in treated diabetic
patients because the established insulin program is dis-
continued or because a superimposed illness, or stress,
increases their insulin requirements. Infection, trauma,
surgery, and emotional stress activate counter-
regulatory hormones that oppose the action of insulin
and increase insulin requirements.

Reduced insulin activity, combined with elevated
glucagon levels, stimulates glycogenolysis, gluconeo-
genesis, lipolysis, and fatty acid oxidation.
Simultaneously, peripheral glucose utilization falls.
Accelerated glucose generation combines with
decreased utilization to raise glucose levels. Hepatic
ketoacid production exceeds CNS and peripheral
ketoacid utilization so that ketoacidosis ensues. Renal
Na1, K1, and water losses occur as a result of glucose-
driven solute diuresis as well as the excretion of large
quantities of ketosalts. This leads to volume contraction
and renal insufficiency. Nausea, anorexia, and vomit-
ing contribute to the volume deficit and complicate the
acid�base abnormalities.

Alcoholic Ketoacidosis

Alcoholic ketoacidosis develops in susceptible indi-
viduals who chronically abuse alcohol.253 Typically, a
period of heavy alcohol ingestion is followed by a
period of nausea, vomiting, and starvation and then
the development of ketoacidosis. Alcoholic ketoacido-
sis may represent an extreme form of starvation keto-
sis. However, in these subjects, starvation combines
with alcohol withdrawal and volume depletion to ele-
vate markedly counter-regulatory hormones, especially
catecholamines. This further accelerates lipolysis and
markedly increases fatty acid levels. The fatty acids are
oxidized by the liver, which is metabolically primed by
low insulin and high glucagon levels.

This form of ketoacidosis is often associated with
lactic acidosis and, sometimes, hypoglycemia. Lactic
acidosis is in part due to volume depletion resulting
from vomiting and decreased oral intake. In addition,
ethanol oxidation increases the NADH/NAD1 ratio,
which exacerbates lactic acidosis. The high NADH/NAD1

ratio also drives the acetoacetate toward beta-OH buty-
rate and reduces the nitroprusside reaction.

Hypoglycemia may be the result of glycogen deple-
tion, starvation, and impaired gluconeogenesis. Since
the enzymatic steps governing the conversion of non-
carbohydrate precursors (e.g., amino acids) to glucose
are NAD1 dependent, the increase in the NADH/

FIGURE 59.16 Ketone body metabolism. The interrelationship
among acetoacetic acid, alpha-hydroxybutyric acid (not a true ketoa-
cid), and acetone is shown. The arrow from acetyl-CoA to acetoacetic
acid encompasses the intermediate formation of acetoacetic-CoA, and
beta-OH alpha-methyl-glutaryl-CoA. β HBDH, beta-hydroxybutyrate
dehydrogenase.
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NAD1 ratio sharply reduces gluconeogenesis.236 When
this occurs in a setting of hepatic glycogen depletion
owing to starvation, hypoglycemia may result.

Alcoholic ketolactic acidosis can generally be rapidly
reversed by the intravenous infusion of glucose and
saline. Volume expansion improves the circulatory sta-
tus and reduces catecholamine levels, reversing two
factors contributing to lactic acidosis. The glucose infu-
sion corrects hypoglycemia (if present) and increases
the insulin/glucagon ratio, thereby suppressing ketoa-
cid production and permitting resolution of the ketoa-
cidosis. Exogenous insulin is rarely necessary unless
patients have coexistent diabetes mellitus.

Inborn Errors of Metabolism

Glucose-6-phosphatase and fructose-1,6-bisphospha-
tase deficiency predispose to both lactic and ketoacido-
sis. The pathogenesis of these mixed organic acidoses
is explained in the next section.

Other rare enzyme disorders also result in ketoaci-
dosis. In some, the accumulating ketoacids are acetoa-
cetic acid and beta-OH butyric acid. However, a
variety of other unusual ketoacids can also accumulate.

Lactic Acidosis

Pyruvate, Lactate, and Energy Metabolism Pyruvic
and lactic acid metabolism are shown in Fig. 59.17. The

FIGURE 59.17 The metabolic pathways that generate pyruvate and lactate and the pathways that consume pyruvate are summarized.
FBPase, fructose bisphosphatase; G6Pase, glucose-6-phosphatase; GK, glucokinase; LDH, lactate dehydrogenase; PC, pyruvate carboxylase;
PDH, pyruvate dehydrogenase; PFK, phosphofructokinase.
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oxidation of glucose and, to a much smaller degree, the
deamination of alanine, generates pyruvate, which has
four metabolic fates: (1) enter mitochondria and be oxi-
dized to acetyl-CoA via pyruvate dehydrogenase. (2)
Enter mitochondria and be carboxylated to form oxalo-
acetate via pyruvate carboxylase. (3) Remain in cytosol
and be aminated to alanine. (4) Remain in cytosol and
be reduced to lactic acid.

In most cells, the major metabolic pathway for pyru-
vate is mitochondrial oxidation to acetyl-CoA.
Generally, the rate of mitochondrial pyruvate uptake
and oxidation matches the pyruvate generation rate
and the cytosol pyruvate concentration is stabilized.
Should mitochondrial uptake fail to increase in
response to accelerated generation, the pyruvate con-
centration increases. Decreased mitochondrial uptake,
during periods of rapid generation, will increase the
pyruvate concentration sharply.

The metabolic�hormonal set of the cell determines
how pyruvate, acetyl-CoA, and oxaloacetate are used.
In the fed state, energy-yielding substrate is abundant.
Exogenous carbohydrates are partially oxidized and
partially used to synthesize glycogen and fat. In the
fasted state, adipose tissue releases fatty acids, which
are oxidized; oxaloacetate and other protein-derived
substrates are used to synthesize glucose.

Krebs cycle oxidation of acetyl-CoA transfers elec-
trons and protons, representing chemical potential
energy, from this compound to NAD1, forming
NADH1H1. The energy is subsequently released in
small steps as the electrons flow down the mitochon-
drial respiratory (electron transport) chain from the
NADH1H1, eventually reduce to oxygen, and form
H2O (Fig. 59.17, bottom at right).

Lactate�Pyruvate Relationship

Lactate dehydrogenase (LDH) catalyzes the inter-
conversion of pyruvic and lactic acids. This reaction
requires the cosubstrate NADH/NAD1 couple
(Fig. 59.17). A dynamic equilibrium exists between
these compounds. Under normal conditions, this reac-
tion is poised toward the left, producing a lactate/
pyruvate ratio of about 10:1. At equilibrium,

ðpyruvateÞðNADHÞðH1Þ ðlactateÞðNAD1Þ
lactate ½pyruvate�½NADH�½H1�=½NAD1�

or

lactate5K ½pyruvate�½NADH�½H1�=½NAD1�
where K is the equilibrium constant for the LDH reaction.

The cytosolic lactate concentration is determined by
the cytosolic pyruvate concentration, the NADH/NAD1

(redox) ratio, and the cell pH. It is evident that lactate
concentrations can increase for three reasons: (1) lactate
may increase as a consequence of an increased

pyruvate concentration. The lactate/pyruvate ratio
would remain about 10:1. (2) Lactate may increase due
to a high NADH/NAD1 ratio; the lactate/pyruvate
ratio will increase and can exceed 40:1. (3) Lactate may
increase as a result of a combined increase of pyruvate
concentration and the NADH/NAD1 ratio. This is the
usual finding in patients with severe lactic acidosis.

When the NADH/NAD1 or redox ratio and the
pyruvate concentration increase together, then lactate
levels rise markedly. Huckabee175 suggested the sepa-
ration of clinical lactic acidoses into those with normal
and those with elevated NADH/NAD1 ratios (as
reflected by the lactate/pyruvate ratio) and proposed
the concept of “excess lactate.” This represents the
component of elevated lactate not directly attributed to
increased pyruvate. Excess lactate is due to a NADH/
NAD1, or redox, shift. Clinically significant lactic aci-
dosis is always associated with a redox shift and excess
lactate. Pyruvate concentrations are not routinely mea-
sured; however, a redox shift (increased NADH/NAD1

ratio and a lactate/pyruvate ratio greater than 10:1)
almost always exists when the blood lactate concentra-
tion exceeds 5 mEq/liter. Therefore, this concept of
“excess lactate” has been of little clinical use, but it
might be useful in conditions like respiratory alkalosis
where lactate may be increased separating this entity
from incipient lactic acidosis.

Normal Lactate Metabolism

Under steady-state conditions, lactic acid generation
and utilization rates are perfectly matched. Tissues that
normally release relevant amounts of lactic acid are the
skin, brain, exercising muscle, renal medulla, intestine,
and red blood cells. Lactic acid is normally taken up
and metabolized by the liver.78 The kidneys also
metabolize small amounts of lactic acid.386 Lactic acid
produced in peripheral tissues can be converted back
to glucose up by the liver (Cori-cycle). The normal rate
of lactic acid generation and utilization is about
15�20 mEq/kg/day (1000�1400 mEq/day). However,
these rates can increase markedly. A change in lactate
production is usually matched by a parallel change in
utilization. The normal steady-state plasma lactate con-
centration is 1�2 mEq/liter.

When lactate uptake falls behind production, lactate
levels increase. Strenuous exercise accelerates muscle
lactate production and simultaneously decreases
hepatic perfusion. Hepatic lactate uptake lags behind
production and lactate levels increase as much as
10�15 mEq/liter. The concentration of serum HCO2

3

falls reciprocally. During postexercise recovery, lactate
levels gradually decline as a result of slower produc-
tion and improved hepatic uptake.52

An apparent negative feedback of systemic proton
concentration similar to the one described for ketoacid
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production has also been demonstrated for lactic acid
production.171 The quantitative importance of this
effect in clinical acid�base disturbances is unknown,
however.

Ischemia and Lactic Acidosis

Ischemia simultaneously accelerates lactate produc-
tion and decreases lactate utilization. The final physio-
logic proton acceptor is oxygen and oxygen deficits
impair the oxidation of NADH to NAD1. NADH accu-
mulates and the NADH/NAD1 ratio increases. A sec-
ond consequence of tissue oxygen deficits is the failure
of oxidative phosphorylation. The energy required to
drive the reaction ADP1Pi � ATP is derived from the
transfer of electrons and protons from NADH down
the electron transport chain to oxygen. If this process is
blocked, ATP falls and ADP increases. Therefore oxy-
gen deficiency will generate high NADH/NAD1 and
high ADP/ATP ratios.

Oxygen deficiency will also increase the pyruvate
concentration. This is due to reduced pyruvate uptake
combined with accelerated pyruvate production.
Mitochondrial pyruvate utilization requires intact oxi-
dative metabolism. Pyruvate oxidation to acetyl-CoA
(via pyruvate dehydrogenase [PDH]) requires NAD1.
Pyruvate carboxylation to oxaloacetate (via pyruvate
carboxylase [PC]) requires ATP. Therefore mitochon-
drial hypoxia decreases pyruvate flux through both
reactions and mitochondrial pyruvate uptake
decreases. Energy (ATP)-depleted cells compensate
by accelerating anaerobic glycolysis. The conversion
of glucose into pyruvic and lactic acids is prim-
arily controlled by the rate-limiting enzyme
phosphofructokinase-1 (PFK-1). The activity of this
allosteric enzyme is increased by hypoxia and energy
depletion. ATP inhibits the enzyme while the ATP
breakdown products ADP, AMP, and inorganic phos-
phate activate it. This enzyme also is activated by an
alkaline pH and by the regulatory intermediate, fruc-
tose-2,6-bisphosphate. Phosphofructokinase-1 [PFK-1]
irreversibly phosphorylates fructose-6-phosphate to
fructose-1,6-bisphosphate. The enzyme is activated by
AMP, ADP, and phosphate, and inhibited by ATP. The
glucose regulatory hormones, insulin and glucagon,
also regulate the activity of this enzyme. They act
through the metabolic intermediate, fructose-
2,6-bisphosphate, which is also derived from fructose-
6-phosphate. The enzyme phosphofructokinase-2
[PFK-2] converts fructose-6-phosphate into fructose-
2,6-bisphosphate. Fructose-2,6-bisphosphate exerts a
strong positive effect on PFK-1. Fructose-2,6-bispho-
sphate levels are increased by insulin, stimulating gly-
colysis, and decreased by glucagon, inhibiting

glycolysis. (Hypoxia and ischemia probably do not
directly affect fructose-2,6-bisphosphate levels.)
Acceleration of anaerobic glycolysis by ischemia is
termed the Pasteur effect.

Thus, ischemia simultaneously accelerates glycoly-
sis, increasing the rate of pyruvate generation, and
slows mitochondrial pyruvate uptake. The elevated
NADH/NAD1 ratio produced by ischemia drives
pyruvate to lactate. Therefore lactate levels increase
sharply because high pyruvate levels are combined
with a high NADH/NAD1 ratio.

Clinical Syndromes of Lactic Acidosis

Table 59.4 lists the major clinical syndromes associ-
ated with lactic acidosis. Most commonly, lactic acido-
sis results when inadequate oxygen is supplied to a
large mass of tissue. Circulatory failure characteristi-
cally produces lactic acidosis. Generalized underperfu-
sion triggers the metabolic cascade described
previously. Major sources of lactate are skeletal muscle
and the intestinal tract. In acute lung injury such as
shock lung or the adult respiratory distress syndrome,
the lung can also become a major source of lactate.
Circulatory failure also reduces hepatic perfusion,
superimposing diminished lactate uptake on acceler-
ated production. Plasma lactate concentrations reflect
the severity of the process and may be a useful prog-
nostic indicator.72

Severe acute arterial hypoxemia, in the absence of
decreased perfusion, can generate lactic acidosis.175

However, this rarely occurs with chronic hypoxemia
because multiple compensatory mechanisms generally
maintain tissue oxygenation. Increased cardiac output,
polycythemia, and a decreased hemoglobin�oxygen
affinity, owing to high red cell 2,3-diphosphoglyceric
acid levels, maintain tissue oxygen delivery. Therefore,
patients with uncomplicated chronic obstructive lung
disease rarely develop lactic acidosis despite severe
hypoxemia. When lactic acidosis develops in such
patients it is usually the result of a superimposed pro-
cess such as hypotension, sepsis, or superimposed
acute hypoxia.

Carbon monoxide poisoning frequently produces
lactic acidosis.56 Carbon monoxide binds to hemoglobin
more avidly than oxygen, reducing hemoglobin’s
oxygen-carrying capacity. In addition, the carbon
monoxide�hemoglobin complex shifts the oxy-
gen�hemoglobin dissociation relationship so that
hemoglobin’s affinity for oxygen increases. This
reduces oxygen release to tissues. Hence less oxygen is
transported to tissues and less is released. Furthermore,
cardiac output, which is usually increased by acute
hypoxia, does not generally increase in patients with
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carbon monoxide poisoning.56 Oxygen chemoreceptors,
responsible for the afferent limb of this response,
respond primarily to arterial PO2, and the PO2 does not
fall with carbon monoxide poisoning. The displaced
oxygen-carrying capacity, left shift of the oxy-
gen�hemoglobin dissociation curve, and deficient car-
diovascular response sharply reduce tissue
oxygenation. Finally, carbon monoxide binds directly
to the electron transport molecule cytochrome a3 and
depresses oxidative phosphorylation and mitochon-
drial respiration. The net result is accelerated lactic acid
production and lactic acidosis.

Severe anemia, especially when due to iron defi-
ciency or methemoglobinemia, may trigger lactic acido-
sis.328 Anemia directly reduces the oxygen-carrying
capacity. In addition, iron is a critical constituent of
several electron carriers in the respiratory chain and
severe deficiency can depress oxidative metabolism.117

Poisons can block oxygen uptake by mitochondria
despite normal oxygen delivery. Cyanide is a com-
pound that binds to cytochromes a and a3, blocking
the flow of electrons to oxygen. ATP generation falls
and the oxidation of NADH to NAD1 decreases,
resulting in lactic acidosis.155 The arterial�venous O2

gradient across vascular beds decreases as a result of
depressed oxygen uptake. Iatrogenic cyanide poisoning
can occur when patients are exposed to nitroprusside
for prolonged periods of time. Nitroprusside is metab-
olized to cyanide, which is then converted to thiocya-
nate, a less toxic molecule that is excreted by the
kidneys. However, impaired renal and hepatic function
can result in cyanide poisoning.184

2,4-Dinitrophenol (used in manufacturing of dyes,
as wood preservative, insecticide or as a reagent) is a
compound that poisons mitochondria via another
mechanism.254 This agent uncouples oxidative phos-
phorylation. Uncouplers do not block the oxidation of
NADH to NAD1, nor do they prevent the flow of pro-
tons and electrons to oxygen. However, they separate
these energy-releasing reactions from the phosphoryla-
tion of ADP to ATP. NADH oxidation, uncoupled from
ATP generation, becomes unregulated and rapid.
Chemical energy is converted into heat and calories are
burned. Similar mitochondrial uncouplers have been
used as weight-reducing agents but they can produce
life-threatening lactic acidosis.

Many congenital mitochondrial enzyme abnormali-
ties can affect lactate metabolism. Various components
of complex enzyme systems such as pyruvate carboxyl-
ase, pyruvate dehydrogenase, and the cytochrome elec-
tron transport system can be affected. Severe inherited
disorders of this type are rapidly fatal. More subtle
defects, compatible with life, result in chronic lactic aci-
dosis. Affected individuals typically develop worse aci-
dosis during exercise, when the metabolic load

delivered to these enzyme systems is increased. Many
also develop severe muscle dysfunction and progres-
sive neurologic abnormalities.

Acquired defects of critical enzyme systems can also
generate lactic acidosis. One such example is beriberi, a
nutritional disorder due to thiamine deficiency.
Thiamine is a required cofactor for several enzyme
complexes, including pyruvate dehydrogenase. Severe
thiamine deficiency reduces pyruvate dehydrogenase
activity and depresses mitochondrial pyruvate oxida-
tion (Fig. 59.17). In addition, high output heart failure
occurs frequently and contributes to the development
of lactic acidosis. Beriberi lactic acidosis is promptly
reversed by the administration of thiamine.363

The biguanide metformin is used to treat type II dia-
betes mellitus, particularly in obese patients. It is not
appreciably metabolized and excreted primarily by the
kidneys. Metformin can accumulate in patients whose
kidney function is impaired, especially in the elderly.
High concentrations of biguanides reduce the activity
of several mitochondrial enzymes, especially pyruvate
dehydrogenase.86 Although lactic acidosis is 10 to 20
times less frequent with metformin than with phenfor-
min (withdrawn from the market), many cases have
been reported generally, but not exclusively, when one
of the contraindications for the drug (renal impairment,
liver disease, cardiac and respiratory insufficiency, etc.)
was overlooked. Estimated mortality remains high at
50%. Metformin can be removed from the body by
hemodialysis.

The activity of pyruvate dehydrogenase is increased
by insulin351 and may be decreased in diabetic patients.
This may predispose diabetic patients to development
of lactic acidosis. However, when lactic acidosis occurs
in diabetic patients, it is usually due to a superimposed
disorder such as volume contraction or sepsis. Acute
inorganic phosphate depletion lowers ATP levels and
can produce lactic acidosis. Such a sequence can
develop due to severe intracellular phosphate deple-
tion (as in the hyperalimentation-induced phosphate
depletion syndrome) or when phosphate is trapped
within the cytoplasm. Such phosphate trapping can
occur after intravenous infusion of organic substances
(such as fructose, xylitol) or when phosphorylated
intracellular organic anions can not be efficiently
metabolized due to enzymatic deficiencies (i.e.,
fructose-1-phosphate aldolase in fructose intolerance).
Acute reductions in the intracellular inorganic phos-
phate concentration slow the generation of ATP from
ADP. Simultaneously, the Pasteur effect accelerates
anaerobic glycolysis. Decreased oxidative phosphoryla-
tion combines with accelerated anaerobic glycolysis to
generate lactic acidosis.

ADP and AMP accumulate due to decreased rates of
ATP synthesis and are metabolized to inosine-5-
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monophosphate, which is then converted into ADP,
AMP, and uric acid (ATP breakdown products).
Therefore, hyperuricemia and hyperuricosuria are
observed typically in the phosphate depletion syn-
drome. Hypermagnesemia is also observed and is the
consequence of magnesium release from adenine
nucleotide complexes, and impaired renal function.
ATP depletion also causes hepatic and renal cortical
dysfunction. Hepatic necrosis elevates serum transami-
nase levels. Proximal renal tubule dysfunction pro-
duces a Fanconi syndrome.260 In addition to the energy
depletion, some phosphorylated sugars, such as the
fructose-1-phosphate, accumulate in the liver and kid-
neys and may also have direct toxic effects.

Similar pathophysiological sequences (i.e., trapping
of phosphate to organic anions) occur in hereditary
glucose-6-phosphate deficiency (von Gierke disease)
where glucose release from glucose-6-phosphate is
blocked and in hereditary fructose-1,6-bisphosphate
deficiency, where generation of glucose during gluco-
neogenesis is blocked.

The mitochondrial encephalomyopathies—Kearns�
Sayre syndrome (KSS), myoclonic epilepsy with ragged
fibers (MERRF), mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS)—are all
causes of lactic acidosis. In these disorders, pyruvate or
acetyl CoA utilization in the mitochondrion is impaired
due to defects in proteins of the electron transfer chain.

Nucleoside analogs, widely used in HIV-treatment
disrupt the mitochondrial DNA that encodes for the
respiratory chain proteins and, thereby, inhibits the
transport of pyruvate into the mitochondria and have
been reported to cause lactic acidosis in HIV positive
patients when used as single agents or, more fre-
quently in combination. Hyperlactatemia developed in
about 8% or 73 out of 880 patients of a large cohort of
HIV-positive, with only one patient developing severe
lactic acidosis (anion gap .16).38

Lactic acidosis can develop when lactate production
accelerates within local compartments. Hepatic lactate
uptake in these conditions may be normal, high, or
low. Lactic acidosis associated with strenuous exercise
is due to rapid generation of lactic acid in muscle,
which is released into the systemic circulation and tem-
porarily exceeds hepatic uptake. Hepatic lactate uptake
often falls because strenuous exercise reduces hepatic
blood flow. Exhaustive exercise may increase lactate
levels above 12 mEq/liter with rapid normalization
within one hour.52 Similar mechanisms may generate
lactic acidosis following seizures280 and after exertion-
related heat stroke164 or strychnine intoxication.41

Malignancies, including leukemia, lymphoma, and
oat cell lung cancer, may produce chronic lactic acido-
sis.115 Afflicted patients often have a large tumor mass.
Multiple factors may contribute to this form of lactic

acidosis: (1) malignant cells often have a rapid meta-
bolic rate,35,303 (2) rapidly growing bulky tumors may
outstrip their blood supply and develop hypoxic foci,
(3) enzymatic defects, which accelerate lactate produc-
tion, may occur(,35,303 and (4) extensive metastatic liver
disease may decrease hepatic lactate uptake. Cancer-
associated lactic acidosis may persist for weeks to
months. It is usually refractory to treatment unless the
tumor burden can be reduced. Exogenous NaHCO3

infusions are usually not helpful and can actually
accelerate lactic acid production.122 A low systemic pH
may break the lactic acid synthetic rate171 and efforts to
increase the pH can stimulate lactate production. The
chronic loss of lactate into the urine represents caloric
wastage and contributes to weight loss and develop-
ment of cachexia.116 Lactic acidosis can be associated
with the tumor lysis syndrome.

Severe hepatic dysfunction will depress lactate
uptake. However, lactic acidosis is uncommon in
patients with uncomplicated liver disease.294 When
such patients develop lactic acidosis, an associated dis-
order that accelerates lactate generation (such as hypo-
tension or sepsis) usually exists.239 In some cases,
arteriovenous shunting results in a large mass of
underperfused tissue.33 Some malnourished patients
with combined liver and renal failure (frequently
requiring dialysis) may develop a form of chronic lactic
acidosis.251 This is not due to clinically apparent hypo-
tension, diminished tissue perfusion, or hypoxia. It fre-
quently occurs during a fast and is often accompanied
by hypoglycemia. Antecedent starvation often depletes
glycogen stores so these patients become dependent on
gluconeogenesis to maintain blood glucose levels. Low
insulin levels combine with high levels of glucagon,
growth hormone, glucocorticoid, and catecholamines
to drive gluconeogenesis, lipolysis, and protein catabo-
lism. However, hepatic uptake of glucose precursors,
especially alanine and lactate, is reduced, in part as a
result of poor hepatic function. The inadequate gluco-
neogenic response leads to hypoglycemia. Lactic acid
increases as decreased hepatic lactate uptake combines
with accelerated peripheral generation (due, in general,
to hypotension or sepsis). The lactic acidosis further
depresses hepatic alanine uptake, which exacerbates
the hypoglycemia. Most of these biochemical abnor-
malities are rapidly reversed by the infusion of glucose.
The complex interrelationships among liver failure,
renal disease, malnutrition, lactic acidosis, and hypo-
glycemia are not fully understood. Glucose must play a
central role because its infusion rapidly reverses the
syndrome.

Increased catecholamine levels, of either endoge-
nous or exogenous origin, raise lactic acid levels
slightly.175 Epinephrine accelerates glycogenolysis and
glycolysis while inhibiting mitochondrial pyruvate
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uptake. This increases both pyruvate and lactate levels.
As long as the NADH/NAD1 ratio remains normal,
the increase in lactate remains relatively small
(, 5 mEq/liter). However, if catecholamine levels
increase markedly, then tissue perfusion is compro-
mised, owing to intense peripheral vasoconstriction
and cardiac dysfunction. This elevates the NADH/NAD1

ratio and clinically significant lactic acidosis will then
occur.150 Severe lactic acidosis may also occur in
patients with pheochromocytomas195 or cocaine intoxi-
cation as a result of similar metabolic pathology.192

Sodium valproate and germanium poisoning can
both cause lactic acidosis, the pathogenesis of which is
unclear.106,210 Propofol, an anesthetic drug, can rarely
cause lactic acidosis and rhabdomyolysis when applied
over extended periods of time and in high doses. Lactic
acidosis probably is due to propofol’s uncoupling of
beta-oxidation at complex II of the respiratory chain.362

Therapy for Lactic Acidosis

The treatment of lactic acidosis must be directed at
the underlying pathophysiology. When lactic acid is
overproduced, the root cause of overproduction should
be identified and, if possible, eliminated. The therapeu-
tic approach in patients with lactic acidosis due to
shock, sepsis, asphyxia, and poisons is generally self-
evident. Despite this, mortality of lactic acidosis
remains high and treatment strategies directed at later
steps in the metabolic cascade have been evaluated.

Dichloroacetate,34 which stimulates pyruvate dehy-
drogenase, accelerates mitochondrial pyruvate oxida-
tion (Fig. 59.17). Improved mitochondrial pyruvate
uptake should decrease cytosol concentrations of pyru-
vate and lactate. Unfortunately, despite these theoreti-
cal promises, dichloroacetate had no effect on the
course of lactic acidosis when evaluated in a prospec-
tive multicenter trial335 and cannot be recommended as
a treatment option for lactic acidosis.

Treatment of lactic acidosis with NaHCO3 infusions
and other alkalinizing salts is generally ineffective.
Even if the pH and [HCO2

3 ] are transiently increased,
acidemia promptly recurs unless the basic pathology is
reversed. Some animal models of lactic acidosis are
even accompanied by poorer survival after NaHCO3

therapy.13,334 NaHCO3 infusions acutely increase CO2

generation when H1 combines with HCO2
3 to form

CO2. If ventilation does not accelerate appropriately,
the arterial pCO2 will increase. Even when the arterial
pCO2 remains normal, capillary, venous, and tissue
CO2 tensions may increase after NaHCO3 infusions.
This reduces intracellular pH as CO2 rapidly diffuses
into cells.300 Recently, a new alkalinizing salt called car-
bicarb (a combination of Na2CO3 and NaHCO3), which

should generate less CO2, has been introduced.
However, preliminary studies suggesting this salt may
be advantageous compared with NaHCO3

31 were not
confirmed in animal models17 or appropriately
designed clinical studies. Thus, the reason why these
drugs are of no proven benefit may be explained by
the possibility that mortality is not determined by lactic
acidosis per se, but rather by its underlying cause such
as shock and sepsis.

The infusion of large quantities of hypertonic
NaHCO3 can produce hypernatremia and intracellular
dehydration. Hypernatremia may be forestalled by
appropriate hydration; however, the resultant volume
expansion may produce pulmonary edema. If the lactic
acidosis is reversed and large quantities of NaHCO3

have been infused, then rebound metabolic alkalosis
often develops.372 The exogenous HCO2

3 combines
with HCO2

3 regenerated from circulating lactate to ele-
vate the blood [HCO2

3 ]p.
Hemodialysis/hemofiltration and peritoneal dialysis

can simultaneously deliver HCO2
3 , remove lactate, nor-

malize electrolytes, and stabilize the extracellular fluid
(ECF) volume. However, plasma lactate clearance rates
achieved by these methods are so low (less than 3% of
total lactate clearance) that they cannot be recom-
mended as treatment options.231

POISON-ASSOCIATED ANION
GAPACIDOSIS

Alcohols

Alcohols and Osmolal Gap

Under most conditions sodium salts, urea, and glu-
cose generate the osmotic pressure of blood plasma.
The plasma osmolality can be calculated using the fol-
lowing equation:

osmolality5 2½Na1�mmol=liter1BUN mmol=liter

1 glucose mmol=liter

If concentrations of BUN and glucose are expressed
as percent milligrams, the values need to be divided by
2.8 (BUN) and 18 (glucose). When the calculated osmo-
lality is compared with the measured osmolality, they
should agree to within 10�15 mOsm/liter. When the
measured osmolality is greater than the calculated
osmolality by 15 mOsm or more, the osmolal gap is
increased and one of two possibilities usually obtains.
The first possibility is that the serum [Na1] measure-
ment is spuriously low, resulting in a reduced calcu-
lated osmolality. For example, pseudohyponatremia
due to hyperlipidemia or hyperproteinemia can reduce
the calculated osmolality while the measured

2074 59. CLINICAL SYNDROMES OF METABOLIC ACIDOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



osmolality reflects the true plasma water [Na1]. When
this occurs the measured osmolality is usually normal,
while the calculated osmolality is abnormally low. The
second possibility is that solutes other than sodium
salts, urea, or glucose are present in plasma and elevate
its osmolality. Low molecular weight solutes such
as mannitol, alcohols, ethylene glycol, and acetone
can achieve high plasma concentrations, and thereby
elevate measured osmolality. In such cases, the differ-
ence between the measured and calculated osmolality
is proportional to the concentration of that solute.
Methanol’s molecular weight is 32 mg/mmol. Therefore
a methanol concentration of 32 mg/100 ml5 320 mg/
liter5 10 mOsm/liter. Table 59.5 shows the contribution
of various clinically pertinent solutes to measured
osmolality.

The foregoing discussion is based on plasma osmo-
lality measurements made with freezing point depres-
sion osmometers. Some osmometers in clinical practice
use deviations in vapor pressure to measure osmolal-
ity. Although this methodology is appropriate for mea-
suring the osmotic contributions of most solutes, it will
not detect volatile solutes such as small alcohols.
Therefore freezing point depression osmometers must
be used if the difference between measured and calcu-
lated osmolality is to be a helpful screening test for
such intoxications. However, this calculation is a
screening test and both false negative and false positive
results may occur.314,339

Ethanol Intoxication

Ethanol intoxication is an important cause of both
ketoacidosis and lactic acidosis,211 both of which were
discussed in previous sections.

Methanol Poisoning

Methanol, or wood alcohol, is used as an industrial
solvent, antifreeze ingredient (especially in windshield
washing solutions), and canned solid fuel component.
The ingestion of 60�250 ml is potentially lethal in
adults. Chronic alcoholics may knowingly, or acciden-
tally, use methanol as an inexpensive ethanol substi-
tute.30 Methanol poisoning produces initial inebriation
similar to ethanol intoxication. Methanol oxidation, pri-
marily by the liver, generates several toxic products,
including formaldehyde and formic acid. They begin to
accumulate 6�24 hours after ingestion and produce
vomiting, abdominal pain, visual disturbances, confu-
sion, and coma. High formic acid levels generate an
anion gap metabolic acidosis.249 Hypoxia, hypotension,
and cardiac dysfunction may also produce lactic acido-
sis. Methanol metabolites that interfere with normal
mitochondrial function can potentiate the lactic
acidosis.

Both formic acid and formaldehyde are toxic to reti-
nal cells and the optic nerve.249 Ocular toxicity includes
blurred vision, optic disc swelling, pupillary dilation,
and blindness. Fundoscopy may be diagnostic of meth-
anol intoxication. Nausea, vomiting, and abdominal
pain occur and may be due to pancreatitis. CNS toxic-
ity results in confusion, seizures, coma, and death.

Methanol poisoning must be treated aggressively.
An aqueous slurry of activated charcoal, 1�2 g per
kilogram of body weight, is administered by mouth or
nasogastric tube. This may be followed by a purgative,
such as sorbitol (30�50 ml of 70% solution) to hasten
transit of unabsorbed alcohol and charcoal through the
gastrointestinal tract. Forced vomiting (ipecac syrup)
should be reserved for only the most recent intoxica-
tions (minutes) as it will severely limit the ability to
ingest and retain activated charcoal.

The next phase of therapy is directed at inhibition of
alcohol dehydrogenase, the major methanol-oxidizing
enzyme system. The relatively specific and potent
inhibitor of alcohol dehydrogenase, fomepizole (4-
methylpyrazole) blocks development of the anion gap
metabolic acidosis as well as other toxic consequences
of methanol poisoning and was safe and effective in
series of both adult and pediatric intoxications.46,87 The
drug is given at a dose of 15 mg/kg of body weight
over 30 minutes intravenously, followed by 10 mg/kg
of body weight over the next 12 hours for four consecu-
tive doses.

If fomepizole is not available, metabolism of metha-
nol by alcohol dehydrogenase can be competitively
inhibited by ethanol.247 Alcohol dehydrogenase has a
greater affinity for ethanol than for methanol (or ethyl-
ene glycol) and ethanol competitively inhibits the oxi-
dation of other alcohols. A therapeutically effective
blood ethanol level is 100�150 mg/dl. The ethanol can
be administered by mouth, nasogastric tube, intrave-
nously, or via dialysis. An initial loading dose of
approximately 600 mg/kg produces the requisite level.
In a 70-kg adult, this represents about 42 g of ethanol.
The alert patient may ingest 4 oz of 80-proof whiskey.
Alternatively, 500 ml of a 10% ethanol solution may be
infused intravenously. Subsequent dosing will depend
on the rate of ethanol metabolism. Nonalcoholic sub-
jects require about 5 g/hr of ethanol to maintain an
adequate level (about 60 ml/hr of a 10% solution, spe-
cific weight of ethanol5 0.79). Chronic alcoholics more
rapidly metabolize ethanol because of chronic activa-
tion of alcohol dehydrogenase. They will require about
10 g/hr (120 ml/hr of a 10% solution).247 If dialysis is
initiated, the ethanol infusion rate must be doubled.
Alternatively, ethanol may be added to the dialysate at
a concentration of about 100 mg/dl. Folic acid should
be given because it may increase formic acid metabo-
lism to CO2.
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Reversal of metabolic acidosis may ameliorate meth-
anol toxicity. Therefore aggressive alkalinization has
been recommended. This may be accomplished by par-
enteral NaHCO3 infusion. However, volume expansion
and hypernatremia complicate hypertonic NaHCO3

infusions. Alkalinization can be achieved more rapidly
and effectively with hemodialysis. Hemodialysis also
rapidly removes methanol and its toxic metabolic pro-
ducts (see subsequent recommendations). Peritoneal
dialysis is much less effective than hemodialysis.196

Forced diuresis is relatively ineffective because renal
methanol clearance is very low.

Ethylene Glycol Poisoning

Ethylene glycol is the principal constituent of most
automotive engine antifreeze, brake fluid and power
steering fluid products and is a widely used organic
solvent. It is rarely used as a pharmaceutical solvent
(i.e., for lorazepam vials). This colorless and slightly
sweet alcohol is sometimes illegally used to enhance
the flavor of low quality wine.

Chronic alcoholics may knowingly ingest ethylene
glycol as an inexpensive ethanol substitute. However,
accidental or suicidal poisoning is more common.
Although the lethal adult dose is about 100 ml, occa-
sional individuals survive ingestion of much larger
quantities. Similar to methanol, ethylene glycol itself is
slightly toxic but is rapidly oxidized to multiple more
toxic products, including glycolates and oxalates.
Several of these metabolites are relatively strong acids
that accumulate and generate an anion gap metabolic
acidosis.130 In addition, cardiovascular collapse occurs
commonly and may precipitate lactic acidosis.

Ethylene glycol poisoning usually produces inebria-
tion, nausea, and vomiting soon after ingestion. The
ingestion of large quantities may rapidly result in
coma, seizures, and death. More commonly, initial
mild symptoms persist for about 12 hours and are fol-
lowed by a second wave of more severe clinical and
biochemical alterations.126 During the latent period,
toxic metabolic products accumulate and generate a
progressive anion gap metabolic acidosis.130 Calcium
deposition and chelation reduce the ionized [Ca21],
resulting in tetany and seizures. Calcium oxalate preci-
pitates in the lungs, heart, kidneys, and brain.126

Patients who survive these initial phases often
develop oliguric renal failure, associated with severe
flank pain. This may become the dominant clinical
problem.126 Renal failure is partially due to calcium
oxalate deposition and may be irreversible. A variety
of persistent neurologic deficits, possibly due to neural
calcium oxalate deposits, may develop in long-term
survivors.

Ethylene glycol intoxication should be considered in
patients presenting with confusion, obtundation, or

coma and an unexplained anion gap metabolic acido-
sis. Suspicion increases if the patient has a psychiatric,
suicidal, or chronic alcohol abuse history. Other labora-
tory findings include a large osmolal gap, anion gap
metabolic acidosis, and calcium oxalate crystals in the
urine. Qualitative analysis of ethylene glycol in blood,
urine, or gastric fluid is necessary for definitive
diagnosis.

The initial management of ethylene glycol poisoning
parallels that described for methanol poisoning. A
charcoal slurry is then administered to bind residual
ethylene glycol and prevent further absorption.
Purgatives that speed gastrointestinal transit may be
useful.

Ethylene glycol is also oxidized by alcohol dehydro-
genase in the cytoplasm of hepatic cells. Blocking this
enzymatic reaction markedly reduces ethylene glycol’s
toxicity.365 As with methanol intoxication, ethanol can
be used as a competitive substrate for alcohol dehydro-
genase. A therapeutic blood ethanol concentration is
100�150 mg/100 ml (see Methanol Poisoning section).
However, fomepizole (4-methylpyrazole) has an affin-
ity to alcohol dehydrogenase that is at least three
orders of magnitude greater than ethanol and is the
treatment of choice in ethylene glycol intoxication.47

Severe metabolic acidosis may be treated with par-
enteral NaHCO3. However, large quantities of
NaHCO3 produce volume expansion and may precipi-
tate pulmonary edema. Cardiac and pulmonary toxic-
ity secondary to calcium oxalate deposition increases
the likelihood of pulmonary edema in response to a
volume challenge.

Pyridoxine and thiamine (100 mg each intravenously
per day) are cofactors for the metabolism of ethylene
glycol metabolites and should be administered.

Unlike methanol, renal excretion of ethylene glycol
and its metabolites is significant. When renal function
is adequate, forced diuresis with furosemide and man-
nitol can be effective.339 Precautions must be taken to
forestall sodium and other electrolyte deficits that can
be induced by the diuresis. The effectiveness of such
diuresis is greatly amplified if metabolism of ethylene
glycol is simultaneously reduced by inhibition of the
alcohol dehydrogenase enzyme system. Severe poison-
ing should be treated with hemodialysis.127 Ethylene
glycol and toxic metabolic products are removed, met-
abolic acidosis and electrolyte abnormalities are
reversed, and volume status normalized.

Ionized calcium levels fall as a result of calcium oxa-
late precipitates and chelates. To some extent, meta-
bolic acidosis ameliorates the low ionized calcium
levels by reducing calcium binding to proteins.
Therefore alkalinization may exacerbate hypocalcemic
symptomatology and produce tetany and seizures.
Dialysis simultaneously corrects the acidosis and
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hypocalcemia because oxalate is removed while cal-
cium and alkali are infused.

Indications for Dialysis in Ethylene Glycol
and Methanol Poisoning

Firm indications for recommending dialysis are not
available. The following indications are, however, gen-
erally accepted:

• Methanol or ethylene glycol plasma concentrations
in excess of 25 mg/100 ml in asymptomatic patients.

• Ingestion of more than 175 mg/kg body weight of
either poison.

• Sustained metabolic acidosis and visual
disturbances (methanol).

• Unexplained metabolic acidosis with a high anion
gap and a high osmolal gap in a setting where
assays for methanol or ethylene glycol plasma
concentrations are not readily available.

Paraldehyde Poisoning

Chronic paraldehyde poisoning used to be a rare
cause of anion gap metabolic acidosis but paraldehyde
(used as a sedative for delirium tremens) is no longer
manufactured (see third edition of this book).

Salicylate Poisoning

Salicylate poisoning is a relatively common disorder
that produces a characteristic spectrum of clinical,
acid�base, and electrolyte abnormalities.69 Salicylate
preparations include salicylic acid, acetylsalicylic acid
(aspirin), sodium salicylate, and methylsalicylate.
Acetylsalicylic acid is rapidly hydrolyzed by the liver
to salicylic acid.

At toxic concentrations, salicylate uncouples oxida-
tive phosphorylation, which accelerates oxygen utiliza-
tion, heat generation, and CO2 production;254 in
consequence, hyperthermia and hypoglycemia may
result. Multiple other oxidative enzyme systems are
inhibited by high salicylate levels. Salicylate also
directly stimulates the central respiratory center,
increasing minute ventilation.299 The hyperventilatory
response usually more than compensates forthe accel-
erated CO2 production, resulting in a respiratory alka-
losis (especially in adults).

The metabolic acidosis produced by salicylate poi-
soning is multifactorial. As mentioned previously, a
variety of enzymatic reactions are inhibited and oxida-
tive phosphorylation is uncoupled. Simultaneously, the
low pCO2 increases intracellular pH, which accelerates
glycolysis as a result of phosphofructokinase-1 activa-
tion. This contributes to the development of lactic aci-
dosis. Vomiting and decreased oral intake produce

Na1 and K1 depletion. Hypokalemia can generate car-
diac arrhythmias. Volume depletion also contributes to
the lactic acidosis. Ketoacidosis may develop, espe-
cially in young children and pregnant women. In con-
sequence, the anion gap metabolic acidosis is due to
an accumulation of lactate, ketoacids, salicylate, and
other organic acids.129 The molecular weight of salicy-
late is 138 mg/mmol. Therefore, a salicylate level of
100 mg/100 ml will contribute about 7 mEq/liter to the
anion gap.

Usually, salicylate poisoning results in a mixed
acid�base disturbance, that is metabolic acidosis and
coexisting respiratory alkalosis. The age of the patient
has an important impact on whether acidemia or alka-
lemia dominates. Metabolic acidosis is generally more
severe in infants and young children, while adults typi-
cally manifest a normal or alkaline blood pH.129,380 The
systemic pH will affect the degree of neurotoxicity and
the patient survival rate. The low pKa of salicylic acid
indicates that more than 99% will be ionized in the
physiologic pH range. However, it is the minute union-
ized fraction of salicylic acid that readily penetrates
lipid cell membranes, while the ionized fraction pene-
trates poorly. The concentration of un-ionized salicy-
late increases when blood pH falls. For example, its
concentration doubles when the blood pH falls from
7.4 to 7.1. Thus, acidemia increases the concentration of
un-ionized salicylate, which readily enters parenchy-
mal and brain cells. This nonionic diffusion accounts
for the increased mortality rate associated with acide-
mia in this disorder.129

A number of biochemical abnormalities can occur in
salicylate-poisoned individuals. Hypoglycemia often
develops80 probably due to interactions with the sulfo-
nylurea receptor. Even when the blood glucose level is
normal, brain glucose concentrations may be
reduced.354 Extreme hypouricemia is due to inhibition
of renal tubule urate reabsorption by high salicylate
levels.385 Hypokalemia develops as a result of urinary
potassium losses, which are exacerbated by alkaliniza-
tion of distal renal tubule cells (owing to respiratory
alkalosis) in a setting of increased distal delivery of
sodium salts (nonreabsorbed salicylate) and enhanced
Na1 reabsorption (due to volume depletion). In addi-
tion, starvation and vomiting may contribute to the
potassium deficits. In alkalotic patients, potassium may
also be redistributed from the extracellular fluid into
cells.

Clinical manifestations of salicylate poisoning
include hyperventilation, confusion, coma, and sei-
zures.69,129 Noncardiogenic pulmonary edema may
occur, especially with chronic salicylate intoxication.167

Tinnitus, deafness, and vertigo are common com-
plaints. Hyperthermia, in the absence of infection,
may occur and reflects increased heat production.
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Hemorrhagic manifestations are rare, but severe intoxi-
cation can lead to ecchymoses, petechia, and prolonged
bleeding related to platelet dysfunction and hypopro-
thrombinemia (secondary to factor VII synthesis inhibi-
tion). Impaired renal function results from salt
depletion and salicylate inhibition of renal production
of vasodilatory prostaglandins.

The urinary excretion of salicylate metabolites can
generate a false positive reaction for ketones (nitro-
prusside test) and for glucose (reducing substances).
Renal glycosuria can, however, develop as a result of
proximal tubule dysfunction. A positive glucose oxi-
dase test identifies the presence of true glycosuria.
Fanconi’s syndrome rarely develops.

Blood salicylate measurements must be interpreted
with respect to the time elapsed from ingestion.
The decrease in salicylate levels follows first-order
kinetics. Toxicity is common with peak levels above
30 mg/100 ml, while severe toxicity and fatalities occur
when peak levels exceed 100 mg/100 ml.

Guidelines for the treatment of salicylate intoxica-
tion are listed in Table 59.6. The use of gastric lavage is
controversial due to side effects (aspiration), limited
efficacy and the possibility to enhance propagation of
salicylates to the small bowel. However, aggregation of
salicylates and gastroparesis are arguments to perform
gastric lavage. Gastric lavage may be indicated
early after ingestion and the indication is probably
best made after endoscopic evaluation. Activated char-
coal should be administered (see Methanol
Poisoning section). Hypokalemia, hypoglycemia, and
metabolic acidosis must be treated aggressively.
Hypoprothrombinemia can be corrected with paren-
teral vitamin K or fresh frozen plasma infusions.

Renal salicylate excretion is accelerated by induction
of a large diuresis and alkaline urine. Salicylate filtered
by the glomerulus is both reabsorbed and secreted by
the renal tubules. In part, it is reabsorbed as undissoci-
ated salicylic acid via the process of nonionic diffusion.
This occurs when the urine pH is lower than the blood
pH. Conversely, if the urine pH exceeds the blood pH,
then ionized salicylate is trapped in the urine. If urine
pH above 7.5 can be achieved, salicylate clearance may
increase several-fold above the glomerular filtration
rate. Increased urine flow will also augment salicylate
excretion by reducing its concentration in tubular
fluid. An alkaline diuresis, with urine flow of about
2 ml/min, should be induced. This can be accom-
plished with NaHCO3 infusions. However, if the
patient is already alkalemic, such infusions must be
used cautiously. Further elevation of blood pH can
cause severe tetany and seizures.

Inducing bicarbonate diuresis with acetazolamide is
discouraged because of its potential to create or aggra-
vate systemic acidosis, which is not always

preventable by exogenous NaHCO3 in clinical practice.
Acetazolamide’s efficacy to remove salicylate is also in
doubt since a controlled comparison of bicarbonate
administration vs bicarbonate plus acetazolamide in
salicylate-toxic dogs resulted in no significant increase
in salicylate excretion. Whereas acetazolamide admin-
istration does alkalinize the final urine, it results in a
disequilibrium pH in the proximal tubule lumen
(lower value than the equilibrium value due to its abil-
ity to delay the dehydration of luminal carbonic acid)
and thus may not provide luminal alkalinity at the
nephron site critical for salicylate dissociation.

Hepatic salicylate metabolism is dependent on avail-
ability of glycine. Administration of glycine was shown
to increase excretion of conjugated salicylic acid and,
therefore, elimination of salicylates.274

Intravenous fluids to replace volume, induce diure-
sis, provide NaHCO3, and replace K1 must be admin-
istered cautiously. Increased capillary permeability
predisposes these patients to noncardiogenic pulmo-
nary edema, as well as cerebral edema.167

If salicylate intoxication is severe and associated
with progressive metabolic and/or neurologic
derangements, hemodialysis should be used and can
be life-saving.69 Dialysis is also required in those
patients who develop acute renal failure or have preex-
isting renal disease. Hemodialysis very efficiently
removes salicylate and corrects metabolic acidosis,
electrolyte abnormalities, and volume status. Charcoal
hemoperfusion is equally effective as hemodialysis.134

Peritoneal dialysis, however, is only about one-fourth
as effective as hemodialysis344 and is not recommended
as a treatment option.

Uremic Acidosis

As renal mass decreases, several interrelated
abnormalities account for the development of meta-
bolic acidosis. Net renal acid excretion (NH1

4 1
titratable acid2HCO2

3 ) must equal net systemic acid
generation to maintain acid balance. Renal insuffi-
ciency affects each component of net acid excretion.
First, renal ammonia production decreases progres-
sively as nephron mass is reduced.102 In addition to
decreased renal ammonia synthesis, the countercurrent
medullary NH1

4 gradient, which is critical for normal
NH1

4 excretion, becomes deranged. Low ammonia con-
centrations in the deep medulla decrease ammonia
entry into the collecting ducts. The development of
hyperkalemia also contributes to the reduction in NH1

4

synthesis and excretion. Although the ammonia excre-
tory rate—factored for GFR—increases, the absolute
ammonia excretory rate falls markedly102 because of
the reduced nephron mass.
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Decreased NH1
4 excretion forces the kidney to

become dependent on titratable acid to maintain acid
balance. Titratable acid formation is a function of urine
pH and the urine concentration of titratable buffers,
especially phosphate. As the GFR declines, phosphate
excretion may remain relatively constant as a result of
increased parathyroid hormone and phosphorus levels.
However, when the GFR falls below 25�30 ml/min,
phosphorus clearance is generally reduced. Low phos-
phorus intake, the use of phosphorus binders, and cal-
cium phosphate depositional disease will further
depress renal phosphorus excretion.

Despite chronic renal insufficiency, renal tubules
usually maintain the ability to acidify the urine maxi-
mally.147,282,295,318,330 For varying periods of time,
increased titratable acid excretion can offset the reduc-
tion in NH1

4 excretion. Later, as titratable acid falls, in
part due to decreased phosphate excretion, net acid
excretion falls below net acid generation and metabolic
acidosis ensues.

The third element of net acid excretion is excretion
of HCO2

3 . Proximal tubule HCO2
3 reabsorption has

been reported to be high, normal, and low with chronic
renal failure.14,216 Chronic renal failure may increase
proximal tubule Na1/H1 antiporter activity, contribut-
ing to enhanced HCO2

3 reabsorption.77 On the other
extreme, proximal tubule HCO2

3 reabsorption may fall
for several reasons in these patients. Volume expan-
sion, hyperparathyroidism, solute diuresis, and over-
perfused residual nephrons may all reduce proximal
HCO2

3 eabsorption. However, when patients with
overt volume expansion are excluded or Na1 is
restricted from the diet, the HCO2

3 reabsorptive capac-
ity of most patients with renal insufficiency is relatively
normal.14,216 Nevertheless, the aforementioned factors
probably increase the fraction of filtered HCO2

3 deliv-
ered to the distal tubule, where it is reabsorbed. To the
extent that this occurs, limited distal H1 secretory
capacity is utilized for HCO2

3 reabsorption rather than
generation of titratable acid and NH1

4 . The conse-
quence of this abnormal physiology can be demon-
strated when metabolic acidosis in uremic patients is
reversed with exogenous HCO2

3 that is then
stopped.316 The subsequent decline in serum [HCO2

3 ]
is more rapid than expected from the accrual of endog-
enous fixed acids. In these subjects, the urine pH often
becomes alkaline and remains so until the serum
[HCO2

3 ] is reduced.
318 A relatively high urine pH com-

bined with severely restricted NH1
4 excretion results in

a very low or negative net acid excretion. As the
plasma [HCO2

3 ] falls, distal HCO2
3 delivery decreases

sufficiently to permit a reduction in luminal pH:
titratable acid is again generated and urine pH may be
maximally lowered. Occasional patients with chronic
renal failure develop true HCO2

3 reabsorptive defects

and spill a large fraction of filtered HCO2
3 when the

plasma [HCO2
3 ] is normal or slightly reduced.

Most patients with severe chronic renal failure gen-
erate normal amounts of endogenous acid unless die-
tary intake is markedly altered. However, their acid
excretory rate is 10�20 mEq/day lower than their acid
generation rate. Despite continued positive accrual of
acid, the serum [HCO2

3 ] usually stabilizes. This occurs
because the excess acid is buffered by bone-derived
alkali. It is likely however, that bone alkali is insuffi-
cient to compensate for the decrease in renal acid
excretion at least in the long term. Whether increased
gut organic anion absorption accounts for the needed
base360 remains to be established.

Most patients with uremic acidosis develop an anion
gap elevation that approximates the reduction in
[HCO2

3 ]p. The excess anion gap is due to retention of
phosphate, sulfate, and a variety of organic acids.
These acids are generated by normal metabolic pro-
cesses and the accumulated anions represent decom-
posed HCO2

3 . Anion retention largely reflects a
reduction in the GFR. Thus, the metabolic acidosis is
due to tubular malfunction, while the elevated anion
gap is due to the GFR reduction. In many patients with
renal failure, these two abnormalities progress in paral-
lel, producing a 1:1 correlation between the increase in
anion gap and decrease in HCO2

3 . However, with early
renal failure (creatinine 2�4 mg/100 ml), a hyper-
chloremic pattern may develop. When the GFR falls
below 20 ml/min, hyperchloremia usually recedes and
is replaced by an increased anion gap.374 Occasionally,
hyperchloremic acidosis remains the dominant pattern
until much later in the course. In these patients, hyper-
chloremic acidosis is usually due to a reduction in
renal acid excretion that exceeds the fall in glomerular
filtration. Sodium salts of fixed acids, representing
decomposed sodium bicarbonate, are filtered and
excreted. Normally, they would be excreted as NH1

4

salts or with titratable acid; instead, they are excreted
as Na1 or K1 salts. Hemodialysis can also generate a
hyperchloremic component as organic and inorganic
acid anions may be removed more rapidly than HCO2

3

is replaced. Combined anion gap and hyperchloremic
acidosis in patients with renal failure is discussed in
the section on plasma acid�base profile.

Congenital Organic Acidoses

Inborn errors of metabolism can result in organic
acidosis due to the accumulation of lactic acid, the clas-
sic ketoacids (acetoacetic acid and beta-OH butyric
acid), and a variety of other organic acid intermediates,
including several long chain ketoacids. Tables 59.4 and
59.7 list the different causes of congenital organic
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acidosis. For more information, the reader is referred to
textbooks dedicated to detailed discussions of inborn
errors of metabolism or to the OMIM (Online
Mendelian Inheritance in Man) database (www.ncbi.
nlm.nih.gov/entrez).

D-Lactic Acidosis

Lactic acid exists in L- and D-optical stereo isomer
forms. The L-optical isomer is generated and used in
the cells of higher animals, whereas D-lactate is

primarily a product of bacterial metabolism. D-Lactic
acid is generated by bacteria in the gastrointestinal
tract and is excreted into the stool. However, certain
pathologic conditions may lead to systemic absorption
of bacterial derived D-lactic acid. D-Lactate will then
accumulate in the ECF because this compound is
slowly metabolized.157 This unique form of lactic aci-
dosis can occur in short-bowel syndrome and after
ileal�jejunal bypass operations. The disorder may be
precipitated by the ingestion of carbohydrates, a sys-
temic illness, or therapy that alters the enteric bacterial
flora (i.e., broad-spectrum antibiotics, ingestion of
yogurt or D-Lactobacillus tablets to treat diarrhea, and
possibly the use of lactulose).

D-Lactic acidosis is commonly associated with CNS
abnormalities, such as obtundation, confusion, and
ataxia. These symptoms may represent a direct neuro-
toxic effect of D-lactate or may be a manifestation of
some other organic acids or unidentified toxins.

The diagnosis of D-lactic acidosis should be con-
sidered in patients with gastrointestinal pathology
who develop otherwise unexplained anion gap meta-
bolic acidosis. The enzymatic assay for lactic acid
uses stereospecific L-lactate dehydrogenase (L-LDH).
Therefore, it will not detect D-lactic acid. The diagno-
sis of D-lactic acidosis can be established with an
analogous assay using the enzyme D-LDH. D-Lactate
can also be measured with lactic acid analytic techni-
ques that are not stereospecific, such as gas�liquid
chromatology.

Immediate treatment should include elimination of
all oral intake of food and parenteral nutrition. Poorly
absorbed antibiotics (vancomycin, neomycin, and kana-
mycin) or metronidazol are used to suppress intestinal
flora in both the short term and long term. Low-
carbohydrate diets or use of fructose or starch instead
of glucose are also worth trying.359

TABLE 59.4 Causes of Lactic Acidosis

Decreased ATP production
Circulatory failure
Volume depletion
Severe heart failure
Massive pulmonary emboli
Shock: sepsis, anaphylaxis, drugs (nitroprusside)

Tissue hypoxia
Acute respiratory failure
Carbon monoxide poisoning
Severe anemia
Methhemoglobinemia

Mitochondrial defects
Electron transport defects: carbon monoxide, cyanide, severe iron
deficiency
Decreased oxidative phosphorylation: salicylate and 2,4-
dinitrophenol intoxication
Mitochondrial enzyme defects: pyruvate carboxylase, pyruvate
dehdrogenase, cytochrome oxidase defects, MELAS syndrome
Decreased pyruvate utilization: metformin, acute thiamin
deficiency (beriberi)
Phosphate trapping: fructose, xylitol, sorbitol, glucose-6-
phosphatase deficiency (von Gierke disease)
Other: nucleoside analogs (zidovudine, fialuridine), propofol

Lactate overproduction (with relative ATP deficiency)
Muscle hyperactivity
Severe exertion
Seizure
Exertional heat stroke
Strychnine poisoning
Hypothermia

Disseminated malignant neoplasia (leukemia, lymphoma)
Tumor lysis syndrome
Shock lung, ARDS
Gluconeogenetic enzyme defects
Glucose-6-phosphatase defect (von Gierke disease)
Fructose-1,6-diphosphatase defect

Catecholamine excess (iatrogenic, pheochromocytoma, cocaine
poisoning)
Methanol
Ethylene glycol
Ethanol
Zinc phosphide

Decreased lactate utilization
Advanced liver disease
Sodium valproate
Germanium

TABLE 59.5 Contributions of Clinically Pertinent Solutes to
Osmolality

Substance Molecular Weight Amount (mOsm/liter)
Generated by Concentration

of 100 mg/dl

Acetone 58 17

Ethanol 46 22

Ethyl ether 26 38

Isopropanol 60 17

Mannitol 182 5.5

Methanol 32 31

Ethylene glycol 62 16
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Hyperchloremic Metabolic Acidosis

Hyperchloremic acidosis develops when NaHCO3

or other forms of alkali (i.e., Na ketone salts) is lost
from the ECF, or HCl or other chloride salts that gener-
ate HCl are added to the ECF. Hyperchloremia occurs
because the ECF contracts about a fixed quantity of
chloride or because exogenous chloride (from NaCl,
HCl, or other chloride salts) is added to the ECF. In
many circumstances, both mechanisms are responsible.
These mechanisms are further characterized in Anion

Gap Acidosis and Hyperchloremic Acidosis. The dif-
ferential diagnosis of hyperchloremic metabolic acido-
sis is listed in Table 59.3.

Hypokalemic Renal Tubular Acidosis

Proximal Renal Tubular Acidosis

The proximal tubule assumes a pivotal role in recla-
mation of filtered HCO2

3 and thus preservation of
HCO2

3 stores. Around 80% of filtered bicarbonate
(around 4 moles/day in a subject with normal GFR) is
reabsorbed in this segment via processes that involve
apical proton secretion (Na1/H1 exchange and ATP
driven proton secretion) and basolateral HCO2

3 exit via
sodium-coupled HCO2

3 transporters.
The low intracellular [Na1] also energizes the reab-

sorption of other filtered solutes including glucose,
phosphate, uric acid, amino acids, and organic anions.
These compounds and anions are reabsorbed by spe-
cific Na1-linked symporters.

Generalized dysfunction of proximal tubule trans-
port results in NaHCO3 excretion combined with gly-
cosuria, phosphaturia, aminoaciduria, and so on. This
combination of multiple proximal tubule defects
defines the renal Fanconi syndrome (Lignac�de
Toni�Debre�Fanconi syndrome). Less commonly,
HCO2

3 wasting occurs as an isolated proximal tubule
defect.

As illustrated in Fig. 59.18, a reduction in proximal
tubule HCO2

3 reclamation will deliver a larger HCO2
3

load to distal tubule segments that have limited HCO2
3

reclamation capacity. The resulting NaHCO3 diuresis
reduces the [HCO2

3 ]p and generates ECF volume
depletion. Activation of the renin-angiotensin-
aldosterone system stimulates distal tubule Na1 reab-
sorption and K1 secretion. Ingested NaCl is retained,
partially reversing the ECF contraction. The net effect
of these alterations is the development of a hypokale-
mic, hyperchloremic metabolic acidosis. Several factors
combine to produce a steady-state and reestablish rela-
tively normal fractional HCO2

3 reabsorption: (1) the
low [HCO2

3 ]p reduces the filtered HCO2
3 load. (2) The

lower [HCO2
3 ]p increases transcellular H1 secretion

and should decrease HCO2
3 back leak in the late proxi-

mal tubule. (3) Volume contraction increases HCO2
3

reabsorption. (4) Hypokalemia increases HCO2
3

reabsorption.
As fractional HCO2

3 reabsorption by the proximal
tubule increases toward normal, a smaller quantity of
NaHCO3 is delivered to distal segments and is nor-
mally reabsorbed. Now, normal distal tubule acidifica-
tion can proceed so that titratable acid and ammonia
excretion return to normal. HCO2

3 decomposed by met-
abolic and dietary acids and HCO2

3 lost in stool can

TABLE 59.6 Treatment of Salicylate Poisoning

General support
Correction of electrolyte disturbances (potassium)
Glucose infusion (neuroglycopenia)

Elimination of toxin
Noninvasive methods

Activated charcoal (1�2 g/kg body weight initially, then
0.5�1 g/kg body weight every 2�4 hours (3�4 times)
Sodium bicarbonate: blood pH should be around 7.5, urine pH
.8.0
Glycine, 8 g taken orally initially, 4 g every 2 hours for 16 hours

Invasive methods
(Gastroscopic) lavage in combination with activated charcoal
before and after lavage
Hemoperfusion/hemodialysis

TABLE 59.7 Causes of Congenital Organic Acidosis (MIM
Number)

Lactic acidosis
Glucose-6-phosphatase deficiency (glycogen storage disease 1,
322200)
Fructose-1,6-bisphosphatase deficiency (229700)
Phosphoenolpyruvate carboxykinase deficiency (261650)
Pyruvate carboxylase deficiency (312170)
Pyruvate dehydrogenase deficiency (608769)
Cytochrome oxidase defects (516030�516050)
Mitochondrial encephalopathy, lactic acidosis and stroke-like
epilepsy (MELAS syndrome 540000)
Kearns-Sayer syndrome (KSS, 530000)
Myoclonic epilepsy with ragged fibers (MERRF, 545000)

Ketoacidosis
Hypervalinemia (277100)
Hyperleucin-isoleucinemia (238340)
Maple syrup urine disease (branched chain ketoaciduria, 238340)
Isovaleric acidemia (243500)

Mixed or other organic acidosis
Glutaric aciduria II (231680)
Ethyl-malonic-adipic aciduria (602473)
Propionicacidemia (606054)
Beta-methylcrotonyl-CoA-carboxylase deficienca (601557)
Methylmalonyl-CoA-mutase deficiency (277400)
Pyroglutamic acidemia (alpha oxoprolinuria, 260130)
Tyrosinemia I, III (276700, 276710)

MIM, Mendelian Inheritance in Man.
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now be regenerated by the kidney and acid balance is
restored.

Potassium balance may also be restored when these
patients achieve acid�base steady-state conditions. As
the acidosis evolves, distal NaHCO3 delivery combines
with volume contraction and hyperaldosteronism to
accelerate distal tubule K1 secretion. In the steady
state, dietary NaCl replaces NaHCO3, restoring ECF
volume. Aldosterone levels fall, distal NaHCO3 deliv-
ery decreases toward normal, and K1 secretion is
reduced. Mild hypokalemia may persist, reflecting a
total body deficit, but K1 balance is restored and hypo-
kalemia is rarely severe.322 In the steady state, acid bal-
ance is reestablished, albeit at the expense of a lower

plasma [HCO2
3 ]. This is not true in patients with distal

real tubular acidosis (RTA) or uremic acidosis. In those
disorders, acid balance is persistently positive. This
distinction may account, in part, for the differing skele-
tal manifestations that develop with these disorders.
The skeleton plays a major buffering role in disorders
associated with chronic positive acid balance. Thus,
with distal RTA, skeletal dissolution helps stabilize the
[HCO2

3 ]p but also releases Ca21 and Mg21, which are
excreted into the urine. Acidemia (low luminal pH)
also reduces renal tubular Ca21 reabsorption.206

Consequently, overt hypercalciuria develops in about
one third of patients with distal RTA.45 This is in part
the reason these patients develop nephrocalcinosis and
nephrolithiasis (other contributing factors include
hypocitraturia and an alkaline urine pH—discussed
later). These patients also develop osteomalacia and
children have impaired skeletal growth. Skeletal mobi-
lization of alkaline calcium salts also develops in other
chronic metabolic acidoses associated with positive
acid balance, such as uremic acidosis. In contrast, iso-
lated proximal RTA does not mobilize skeletal buffers,
perhaps because acid balance is reestablished.
Hypercalciuria does not develop in these patients; first,
because skeletal mobilization does not occur. Second,
the increased delivery of HCO2

3 to the distal tubule
will stimulate distal Ca21 reabsorption despite sys-
temic acidemia.285 Furthermore, the two other factors
that contribute to nephrocalcinosis and nephrolithiasis
in patients with distal RTA also do not occur in those
with proximal RTA. Patients with proximal RTA are
able to acidify their urine when they are in a steady
state and have relatively high urine citrate excretion.
The importance of citrate to urine calcium solubility
was discussed earlier (Effects of Metabolic Acidosis on
Renal Citrate Metabolism section) and subsequently in
relationship to distal RTA. Although systemic acidosis
and K1 depletion usually decrease urine citrate excre-
tion, proximal RTA is an exception to this rule. A gen-
eralized defect in proximal tubule organic anion
reabsorption apparently offsets any tendency to reduce
urine citrate excretion (see Hypokalemic Distal Renal
Tubular Acidosis section). Thus, nephrocalcinosis and
nephrolithiasis are distinctly uncommon in patients
with proximal RTA.221 When phosphate wasting and
vitamin D abnormalities complicate proximal RTA,
skeletal pathology including rickets and osteomalacia
may develop.

Recently, a few patients with isolated proximal
tubular acidosis were found to have impaired ammo-
nium excretion when confronted with acid load.42

These patients could theoretically be in chronic positive
acid balance. It remains to be seen whether the defect
in this patient segment is decreased ammoniagenesis in
the proximal tubule and/or additional more distal

FIGURE 59.18 Schematic representation of the development of
the proximal renal tubular acidification (PRTA) defect. (A) Normally,
approximately 85% of the bicarbonate load is reabsorbed in the proxi-
mal tubule and the remaining 15% is reabsorbed in distal segments.
As the urine is further acidified, net urine is generated. (B) The devel-
opment of a proximal tubule acidification defect decreases the frac-
tion of filtered bicarbonate reabsorbed in the proximal tubule (e.g., in
this case, to 60%). Increased delivery of bicarbonate to the distal
tubule overwhelms its bicarbonate reabsorptive capacity and leads to
severe bicarbonaturia. An alkaline urine and negative net acid excre-
tion result. (C) As the serum bicarbonate concentration declines, less
bicarbonate is filtered and less is delivered to the distal tubule. The
severity of the bicarbonaturia is decreased. (D) When the plasma
bicarbonate is sufficiently reduced, proximal bicarbonate reabsorp-
tion is sufficient to reabsorb most of the filtered bicarbonate and
thereby reduce distal tubule bicarbonate delivery. Under these condi-
tions, the distal tubule can reabsorb the delivered bicarbonate and
normally acidify the urine. In this new steady state, net acid excretion
will again be equivalent to net acid production, albeit at the expense
of a reduced serum bicarbonate concentration. (Adapted from Ochwadt
BK, Pitts RF. Effect of intravenous infusion of carbonic anhydrase on carbon
dioxide tension of alkaline urine. Am J Physiol 1956;185:426�429.)

2082 59. CLINICAL SYNDROMES OF METABOLIC ACIDOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



effects such as the one caused by carbonic anhydrase II
deficiency in type 3 RTA. Table 59.8 lists the many
causes of proximal RTA.

Primary Proximal Renal Tubular Acidosis

Primary proximal RTA is defined as the occurrence
of the tubule defect or defects in the absence of any
other underlying process or etiology. Primary proximal
RTA occurs in children and much less commonly in
adults. Idiopathic proximal RTA of children often
improves with time.265,301 Proximal HCO2

3 wasting
may be isolated or occur together with full-blown
Fanconi’s syndrome. Autosomal dominant, autosomal
recessive, and sex-linked inheritance patterns have
been reported.43,125

In autosomal dominant proximal RTA no genetic
defect has been reported. The gene encoding NHE-3
(SLC9A3) is considered a candidate as SLC9A3 knock-
out mice have combined renal and intestinal defects in
HCO2

3 (re)absorption.
In autosomal recessive proximal RTA with ocular

abnormalities several mutations in the gene SLC4A4,
encoding for the kidney Na/HCO3 cotransporter
(kNBC1) have been described. kNBC1 is localized on
the basolateral membrane of the proximal tubule and
is—acting in series with the luminal Na/H antiporter
(NHE-3)—part of the major pathway of HCO2

3 reab-
sorption in the proximal nephron. This type of RTA
presents with growth failure, and ocular abnormalities
(band keratopathy, cataracts, glaucoma) and mental
retardation. The ocular and brain abnormalities are
consistent with the finding that kidney isoform kNBC1
is also expressed in various ocular tissues and the
brain.186

No genetic defect has been reported for proximal
RTA with sex-linked inheritance.

Inherited Mixed Renal Tubular Acidosis

Various genetic defects of the carbonic anhydrase II
gene (CA II) have been described. Patients with this
deficiency exhibit a mixed form of tubular acidosis
with proximal and distal components, retarded
growth, osteopetrosis and cerebral calcifications. Bone
marrow or stem cell transplantation corrected only the
extrarenal manifestations of this disorder.8 CA II is
known to be expressed by osteoclasts and in proximal
and distal nephron segments explaining the increased
bone mass and the mixed acidosis with features of
both HCO2

3 wasting and defective H1 secretion.
Heterogeneity exists among different defects and the
severity of the osteopetrotic phenotype. The metabolic
acidosis in these patients is assumed to counteract—
albeit incompletely—excessive bone thickening gener-
ated by the CA II-dependent inhibition of osteoclast
activity.373

Secondary Proximal Renal Tubular Acidosis

The secondary varieties of proximal RTA with and
without Fanconi’s syndrome occur more commonly
than the primary forms. Many secondary forms are

TABLE 59.8 Causes of Proximal Tubular Acidosis (RTA II)

Primary
Hereditary
Autosomal-dominant
Autosomal-recessive with ocular abnormalities (SLC4A4, kNBC1
deficiency)
Sporadic

Transient in infancy
Mixed-type RTA (type III, with additional distal RTA)
Autosomal recessive with osteopetrosis (carbonic anhydrase II,
CA II deficiency)

Secondary
Genetic—familial
Disorders of amino acid metabolism: cystinosis, tyrosinemia
Disorders of carbohydrate metabolism: galactosemia, hereditary
fructose intolerance, glycogen storage disease with Fanconi
syndrome
Wilson’s disease (copper accumulation)
Lowe syndrome (oculo-cerebral-renal syndrome)
Metachromatic leukodystrophy

Dysproteinemic states
Multiple myeloma
Light-chain disease
Monoclonal gammopathy
Amyloidosis

Excess parathyroid hormone
Primary hyperparathyroidism
Secondary hyperparathyroidism: renal failure, vitamin D
deficiency, abnormal vitamin D metabolism

Drugs�chemicals
Carbonic anhydrase inhibitors: acetazolamide, mafenide
(Sulfamylon)
Ifosfamide
Tacrolimus (FK 506)
Lithium
Streptozotocin
Methyl-3-chromonew
Maleic acid
D-Serine
Toluene (glue sniffing)
Cadmium
Lead
Mercury
Outdated tetracycline

Interstitial renal disease
Sjögren syndrome
Medullary cystic disease
Post-transplant (rejection)
Chronic renal vein thrombosis
Balkan nephropathy

Miscellaneous
Malignancy
Nephrotic syndrome
Paroxysmal nocturnal hemoglobinuria (iron deposition)
Congenital heart disease
Bone fibroma
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associated with hereditary abnormalities of amino acid
or carbohydrate metabolism.

Cystinosis is an autosomal recessive lysosomal stor-
age disease caused by mutations in the lysosomal cys-
tine transporter CTNS. Defects in the transporter lead
to intracellular cystine accumulation, widespread cellu-
lar destruction, Fanconi’s syndrome, renal glomerular
failure later in childhood. This disorder remains the
most common childhood cause of Fanconi’s syn-
drome379 (see: www.ncbi.nlm.nih.gov/entrez/dispo-
mim.cgi?id5 219800). Treatment with oral cysteamine
(beta-mercaptoethylamine), a free thiol that reduces
lysosomal cysteine levels and can prevent or delay the
complications of cystinosis. A FISH-based method for
early molecular diagnosis of the most common 57 kb
CTNS deletion mutation is available.28

Other organs, including the liver, spleen, and pan-
creas, muscles, and CNS also accumulate cystine and
may develop abnormalities. Occasional patients have a
very benign clinical course with minimal renal involve-
ment. Such patients who are asymptomatic may be
diagnosed during routine ophthalmologic evaluation
when ocular cystine deposits are noted.

Other inherited disorders of amino acid or carbohy-
drate metabolism such as type I tyrosinemia, galacto-
semia, and fructose intolerance are listed in Table 59.8.
Patients with the X-linked hereditary nephrolithiasis
syndrome (Dent’s disease) have features of a general-
ized proximal tubule disorder such as low molecular
weight proteinuria, aminoaciduria, and phosphaturia.
Interestingly, however, acidosis is not observed in this
disease caused by a defect in one of the chloride chan-
nel genes (CLCN5).229

Lowe’s syndrome (oculocerebral syndrome) also
exhibits features of Fanconi’s syndrome and is caused
by mutations in OCRL1, encoding a phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) 5-phosphatase (www.ncbi.
nlm.nih.gov/entrez/dispomim.cgi?id5 309000). Some
mutations in OCRL1 do not cause classical Lowe’s syn-
drome but rather develop a Dent’s phenotype without
acidosis.172 The reason and mechanism of this pheno-
typic heterogeneity remain to be elucidated.

Multiple myeloma is the most common cause of
acquired adult Fanconi’s syndrome. Some Bence Jones
proteins, which are reabsorbed and catabolized by
proximal tubule cells, are toxic to these cells.306,333

Patients with isolated light chain disease,118,163 benign
monoclonal gammopathy,163 and Bence Jones�protein
associated amyloidosis118,163 have developed Fanconi’s
syndrome. Fanconi’s syndrome occurs more commonly
in disorders with monoclonal κ light chains than those
with λ light chains. In adult patients with apparent
“idiopathic” Fanconi’s syndrome the diagnosis of mul-
tiple myeloma should always be considered because

occult forms of myeloma may become overt years after
development of the renal dysfunction.

Primary hyperparathyroidism has been associated
clinically with hyperchloremic metabolic acido-
sis25,243,261 and large doses of PTH have been shown to
suppress proximal tubule HCO2

3 reabsorption at
least in part by inhibiting Na1/H1 exchange.284,306

However, experimentally induced chronic PTH excess
in humans induces only a transient metabolic acidosis
followed by a mild metabolic alkalosis, both generated
and maintained by a renal mechanism.177 Thus, the
clinically observed acid�base disturbances in primary
and secondary hyperparathyroidism are not the result
of isolated proximal PTH action, but rather constitute
the final consequence of many, in part opposing
mechanisms such as more distal effects of PTH, alkali
recruitment from bone, hypercalcemia (which stimu-
lates renal H1 secretion), phosphaturia, underlying or
associated renal disease and secondary changes in 1,25
(OH)2D levels.179

Fanconi’s syndrome may develop in individuals
with vitamin D deficiency and other disorders of vita-
min D metabolism.154 Secondary hyperparathyroidism
often complicates these disorders and may contribute
to the tubule dysfunction. Hypocalcemia and hypopho-
sphatemia may also alter proximal tubule function.
Administration of appropriate vitamin D metabolites
can ameliorate or correct Fanconi’s syndrome.

Pharmacologic inhibition of membrane-bound car-
bonic anhydrase IV in the proximal tubule lumen will
generate proximal RTA and have a diuretic effect.74

Such diuretics are especially useful in patients with
metabolic alkalosis. They are also used to reduce intra-
ocular pressure in patients with glaucoma.

Drugs and toxins can damage proximal tubule cells.
Outdated tetracycline was responsible for several
Fanconi’s syndrome epidemics.127,153 Ifosfamide and
tacrolimus (FK506) were reported to cause proximal
tubular acidosis in children.275,330 Fanconi’s syndrome
was also described in HIV1 patients, but the pathogen-
esis (i.e., side effects of drugs therapy, etc.) was not
investigated. Aristolochic acid, an ingredient in
Chinese herbs, is also believed to be a causal agent in
Fanconi’s syndrome.383 Chronic exposure to heavy
metals, such as cadmium, lead, and mercury, damages
the proximal tubule and can lead to proximal
RTA.70,71,145,219 Damage due to copper deposition with
Wilson’s disease has already been noted.375 Other
toxins such as D-serine, toluene (glue sniffing), maleic
acid, and methyl-3-chromone may also damage proxi-
mal tubule cells.133,162,283

A variety of interstitial renal diseases, including
Sjögren’s syndrome, medullary cystic disease, kidney
transplant rejection,377 Balkan nephropathy, and
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chronic renal vein thrombosis,63 have been associated
with Fanconi’s syndrome.

Some patients with nephrotic syndrome develop
proximal tubule abnormalities.39 Tubule function may
be adversely affected by a large reabsorbed protein
load. However, uncomplicated nephrotic syndrome
does not usually produce proximal tubule defects.
When nephrotic syndrome is complicated by renal vein
thrombosis, proximal tubule defects become more com-
mon.63 The added vascular insult may increase intersti-
tial damage and lead to the proximal tubule
dysfunction. Immunologic tubule injury may also con-
tribute to tubule dysfunction in these patients.

Malignancy may be associated with proximal tubu-
lar dysfunction. Fanconi’s syndrome has been identi-
fied in patients with monocytic and myelomonocytic
leukemia as well as lymphoma.143 Isolated renal tubule
uric acid and amino acid wasting can occur with
Hodgkin’s disease and lung cancer.29,371

Hypokalemic (“Classic”) Distal Renal Tubular
Acidosis

Patients with hypokalemic distal RTA cannot gener-
ate a maximally acid urine (, 5.5) despite spontaneous
or induced metabolic acidosis. This reduces
titratable acid and ammonium excretion and results in
positive acid balance. Hyperchloremic acidosis, usually
associated with hypokalemia and hypercalciuria, ensues.
Proximal reabsorption of HCO2

3 and other solutes is pre-
served. Generalized distal tubule dysfunction is not
present, as affected patients tend to be hypokalemic.

In inherited or primary forms of distal RTA, the
transport defects in the alpha intercalated cells of the
medullary collecting duct are responsible pathogeneti-
cally. In these cells, mutations of the genes encoding
for the vacuolar H1-ATPase and basolateral Cl2/
HCO2

3 exchanger (kAE1) have been identified. An
additional candidate is the gene for the H1/K1-
ATPase expressed in cortical and outer medullary col-
lecting duct cells.

The precise localization of the defect(s) in the distal
segments and the cellular basis for acquired, classic
distal renal tubular acidosis are not well defined and
probably heterogeneous. Phenomenologically, the dis-
tal acidification defect can be due to abnormal proton
secretory pumps that decrease distal H1 secretion,
increase distal tubule permeability to H1 (which leaks
back), or increase HCO2

3 permeability (which leaks
into the lumen). Absence of H1-ATPase in the collect-
ing duct has been found in some, but not all examined
patients with Sjögren’s syndrome and distal RTA.89

Candidate transporter defects are H1-ATPase and
basolateral Cl/HCO2

3 in type A intercalated cells and
H1/K1-ATPase in cortical and outer medullary collect-
ing duct cells (see Primary Distal Renal Tubular

Acidosis section). Absence of H1-ATPase in the collect-
ing duct has been found in some, but not all examined
patients with Sjögren’s syndrome and distal RTA.89

Sodium and potassium wasting are prominent fea-
tures of distal RTA and result from complex mechan-
isms. Normally, 50�100 mEq of net acid are produced
daily from dietary precursors, metabolic generation,
and stool alkali losses. The acid anions, such as PO42

2,
SO42

2, and Cl2, transiently replace decomposed
HCO2

3 in the ECF. Normally, the kidney filters these
anions as Na1 salts and then reabsorbs the Na1 in
exchange for H1, which generates NH1

4 or
titratable acid. Thus, regenerated HCO2

3 is returned to
the ECF together with Na1, while the acid anion is
excreted into the urine together with a proton.
Decomposed bicarbonate is regenerated when the pro-
ton and anion are excreted. Excretion of NH1

4 and the
anion or titratable acid and the anion is equivalent,
from the acid�base perspective, to excretion of the
original acid itself.

Impaired distal H1 secretion decreases the excretion
of these anions as acids and increases their excretion
as Na1 or K1 salts. ECF contraction and metabolic aci-
dosis result. Acidosis further decreases proximal
sodium reabsorption aggravating activation of the
renin�angiotensin�aldosterone axis and thus aug-
menting distal tubule Na1 reabsorption and K1 secre-
tion. Histological damage to the medullary collecting
duct might also contribute to potassium losses. Dietary
NaCl is retained and partially ameliorates the ECF con-
traction. The net effect is hyperchloremic acidosis and
hypokalemia.

Chronic metabolic acidosis and chronic positive acid
balance activate skeletal buffering mechanisms. As
bone is mobilized, alkali, calcium, magnesium, and
phosphate are added to the ECF. This accounts, in part,
for the hypercalciuria that develops in many patients
with distal RTA. In addition, systemic acidemia may
reduce renal tubule calcium absorption in the distal
convoluted tubules. Stone formation and renal calcifi-
cation are commonly observed in untreated distal RTA
patients.

The acidosis-induced negative calcium balance
observed in distal RTA and, in addition, direct effects
of acidosis on bone (inhibition of osteoblasts and stim-
ulation of osteoclasts) (see Role of Bone section), have
been shown to effectively decrease bone mass (which
can then be improved by alkali treatment).101 The prev-
alence of distal RTA in otherwise unexplained “pri-
mary” osteoporosis is unknown. However, incomplete
distal RTA was found in 9 out of 48 patients with oste-
oporosis, where other secondary causes had been
excluded.369

Another important factor that contributes to renal
calcification and stone formation is renal citrate
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excretion. For the reasons discussed earlier, citrate
excretion is greatly diminished in metabolic acidosis.
As discussed previously, one exception to this general
response to acidosis and acidemia is proximal RTA.
The diffuse tubule dysfunction, which commonly
occurs together with proximal RTA in Fanconi’s syn-
drome, reduces citrate absorption and thereby
increases its renal excretion. This may not be true of
pure proximal RTA without any element of Fanconi’s
syndrome. The proximal RTA produced by acetazol-
amide decreases urine citrate excretion and is associ-
ated with renal calcification.329

Citrate is an important calcium chelator that solubi-
lizes urinary calcium.88,262,273 Low urine citrate levels, a
high urine pH (which increases calcium phosphate pre-
cipitation), and hypercalciuria combine to produce
nephrolithiasis and nephrocalcinosis in patients with
distal RTA (see Effects of Metabolic Acidosis on Renal
Citrate Metabolism section).

Additional clinical features of distal RTA include
secondary erythrocytosis (due to increased erythro-
poietin concentrations6) and renal cyst formation.187

The pathogenesis of both increased erythropoietin
secretion and cyst formation is unknown. Table 59.9
lists disorders associated with distal renal tubular
acidosis.

Primary or Inherited Distal Renal Tubular Acidosis

Both autosomal-dominant and autosomal-recessive
inheritance patterns exist in primary distal RTA. The
phenotypic spectrum is large and ranges from asymp-
tomatic, mild acidosis, incidental renal stones or renal
calcifications to severe metabolic acidosis, stunted
growth, rickets or osteomalacia and early nephrocalci-
nosis with renal failure. In general, dominant forms are
associated with a milder phenotype.193

Autosomal dominant distal RTA (type Ia, [O]MIM
179800) occurs in patients who are heterozygous for
mutations in the SLC4A1 gene encoding for the kidney
anion exchanger AE1 (kAE1).194 kAE1 is expressed on
the basolateral surface of type-A intercalated cells in
the collecting duct and mediates HCO2

3 reabsorption
via Cl2/HCO2

3 exchange. Several mutants have been
identified, which, surprisingly, retain near normal
transport function, but seem to be mistargeted away
from their proper basolateral destination.199,305 Thus,
the mutations described thus far identify autosomal-
dominant distal RTA as a protein trafficking disorder.

The erythroid Cl2/HCO2
3 exchanger (band 3, eAE1)

is the product of the same gene. Defects in this gene
lead to spherocytosis. However, erythroid disorders
associated with AE1 mutations exhibit no concurrent
renal dysfunction, while patients with autosomal-
dominant distal RTA lack erythroid abnormalities. The
only human exception is one single case with complete

deficiency of the eAE1 polypeptide (band 3 Coimbra)
exhibiting clinically both phenotypes (i.e., severe
hemolytic anemia and distal RTA).297 The mechanisms

TABLE 59.9 Causes of Distal Renal Tubular Acidosis

Primary
Autosomal-dominant distal RTA (type Ia): defect of AE1
(SLC4A1)
Autosomal-recessive distal RTA with sensorineural deafness (type
Ib): defect of B1 subunit of H1ATPase, ATP6V1B1
Autosomal-recessive distal RTA without sensorineural deafness
(type Ic): Defect of a4 subunit of H1ATPase, ATP6V0A4
Autosomal-recessive, unclassified: rare AE1, SLC4A1, mutations
Mixed RTA (type III) with osteopetrosis: defect in carbonic
anhydrase II (CA II)
H1/K1-ATPase defect

Secondary to genetically transmitted diseases
Ehlers�Danlos syndrome
Hereditary elliptocystosis
Sickle cell disease
Carbonic anhydrase deficiency
Medullary cystic disease
Wilson’s disease
Fabry’s disease
Hereditary hypercalciuria
Hereditary fructose intolerance
Familial hypergammaglobulinemia

Secondary to autoimmune disorders
Polyconal hypergammaglobulinemia
Hyperglobulinemic purpura
Cryoglobulinemia
Sjögren syndrome
Thyreoiditis
Pulmonary fibrosis
Chronic active hepatitis
Primary biliary cirrhosis
Systemic lupus erythematosus
Arteritis

Hypercalciuria
Primary hyperparathyroidism
Vitamin D intoxication
Hyperthyroidism
Idiopathic hypercalciuria
Medullary sponge kidney

Drugs and toxins
Amphotericin B
Lithium
Vanadate
Toluene (glue sniffing)
Analgesics
Cyclamate

Tubulointerstitial disease
Balkan nephropathy
Chronic pyelonephritis
Obstructive uropathy
Renal transplantation
Leprosy
Jejuno�ileal bypass with oxaluria

Miscellaneous
Hepatic cirrhosis
Empty sella syndrome
Osteopetrosis

2086 59. CLINICAL SYNDROMES OF METABOLIC ACIDOSIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



by which a particular mutation in the AE1 gene leads
to the clinical phenotype of either spherocytosis or dis-
tal RTA remain to be elucidated.324

Recessive distal RTA is genetically heterogeneous
and occurs with and without sensorineural deafness.
Both affected genes encode for subunits of the apical
proton pump (H1-ATPase) in type A intercalated cells.
In distal RTA, type Ib (MIM 267300), with sensorineu-
ral deafness, B1 subunit gene of the H1-ATPase is
affected by various mutations (ATP6V1B1).

A similar phenotype with milder sensorineural deaf-
ness manifested in adulthood, occurs as the result of
several mutations in the a4 subunit of the proton pump
(ATP6V0A4).343 Deafness is thought to result from hair
cell damage due to changes in the acid�base and elec-
trolyte milieu of the endolymph. Epithelial cells
surrounding the endolymphatic space express the H1-
ATPase. The high potassium concentration in endo-
lymph (around 140 mmol/liter) creates a positive
endolymph potential that results in passive proton
efflux. To maintain pH at around 7.40 active proton
transport into the endolymph is necessary.
Accordingly, systemic alkali treatment corrects acidosis
in these patients but apparently cannot prevent pro-
gressive loss of hearing.50

Autosomal-recessive distal RTA with normal hear-
ing (distal RTA, type Ic, MIM 602722) is caused by
mutations in the ATP6N1B gene, which encodes for an
840�amino acid, kidney-specific isoform of ATP6N1A.
The encoded protein constitutes a noncatalytic, acces-
sory subunit of the proton pump.331

One reported case of a child with renal and probably
intestinal K1 wasting, distal RTA, renal magnesium
wasting may represent the first example of an inherited
deficiency in the colonic H1/K1-ATPase.328 However,
no genetic analysis is currently available. Acquired
forms of classical distal RTA lend further support to
the identification of H1/K1-ATPase as a candidate
gene: vanadate, an inhibitor of H,K-ATPase, but not
vacuolar H1-ATPase, causes hypokalemic distal RTA
and decreased H1/K1-ATPase activity in rats.83 Also,
vanadate contamination of drinking water has been
linked to endemic hypokalemic distal RTA in
Thailand.271 Rat models of distal tubular acidosis
induced by urinary tract obstruction or lithium were
recently associated with decreased H1/K1-ATPase
activity in the medullary collecting duct, with
enhanced or unchanged activities in the cortical collect-
ing duct.108 Thus, acquired or congenital defects in
H1/K1-ATPase may cause classical distal RTA.

Mice lacking the K-Cl cotransporter Kcc4 exhibit
deafness and renal tubular acidosis. Apart from the
inner ear, Kcc4 is expressed—as are H1-ATPase and
kAE1—in type A intercalated cells of the medullary
collecting duct and may be necessary for basolateral

chloride extrusion (permitting continued basolateral
CL2/HCO2

3 exchange). A human disorder has not
been described, but this finding supports the central
role of the alpha-intercalated cells in the pathogenesis
of distal RTA and establishes the K-Cl cotransporter
Kcc4 as an additional candidate gene for primary, dis-
tal RTA.36

Secondary Distal Renal Tubular Acidosis

As described previously, distal RTA can lead to
hypercalciuria and nephrocalcinosis. However, distal
RTA can also result from tubular damage caused by
hypercalciuria and nephrocalcinosis of any cause.
Reported causes include hyperparathyroidism,296

hypervitaminosis D,114 and hyperthyroidism.185

Distal RTA occurs frequently in patients with auto-
immune diseases. Kidney biopsies often reveal lym-
phocytic interstitial nephritis,151 which may be
responsible for the acidification defect. This form of
RTA occurs in patients with Sjögren syndrome,111,348

chronic active hepatitis, and primary biliary cirrho-
sis.141,285 Lymphocytic cytotoxicity specific to renal tis-
sue and autoantibodies directed to renal collecting duct
cells have been identified in several such patients.

Several drugs and toxins can produce distal RTA.
Amphotericin B, a cation-selective ionophore and may
increase H1 back leak. Unlike most other forms of dis-
tal RTA, the capacity to generate a normal U-B pCO2

gradient is maintained103,105,248,340 (see Diagnosis of
Proximal and Hypokalemic Distal Renal Tubular
Acidosis section). Other drugs and toxins, including
toluene,23,263 analgesics,338 and cyclamates384 can pro-
duce distal RTA. They probably act through a variety
of different mechanisms. Toluene thus causes both dis-
tal and proximal tubular acidosis, but organic acidosis
by overproduction of hippuric acid resulting from the
metabolism of toluene is an additional factor in the
genesis of metabolic acidosis.65

A variety of tubulointerstitial diseases may produce
distal RT. Transplanted kidneys can develop both
proximal and distal RTA.24,32,259,377 Transient proximal
RTA occurs frequently in the immediate posttransplant
period. Distal acidification defects may occur months
to years after the transplant. The distal defect may be
secondary to chronic cellular rejection.259 Batlle
et al.24 studied renal acidification defects in trans-
plant patients and identified a number of pathogenic
mechanisms. Multiple defects were also found when
distal RTA developed in patients with chronic
obstructive uropathy.20 The abnormalities included
intrinsic acidification defects, decreased renin (and
aldosterone) production, and renal resistance to
aldosterone.

As indicated previously, a form of endemic distal
RTA was identified in Thailand270 that has been linked
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to vanadate contamination of drinking water. Affected
subjects are at high risk for sudden (nocturnal) death
probably caused by cardiac arrhythmias due to potas-
sium depletion. The relatively high prevalence of hypo-
kalemic periodic paralysis in the same population may
increase the frequency of severe hypokalemic side
effects.271

Patients with early or incomplete distal RTA may
not manifest the full-blown syndrome. These patients
cannot normally acidify their urine and therefore
excrete reduced quantities of titratable acid. However,
they maintain apparently normal acid�base balance by
increasing renal ammonia excretion, decreasing citrate
excretion and increasing bone buffering.55,350 Patients
with incomplete distal RTA are often discovered dur-
ing a family screening when a relative with classic
distal RTA is diagnosed. They may also be identified
during nephrolithiasis evaluation. These patients are
not acidemic, but they are hypercalciuric and have
low urine citrate levels. Therefore they develop renal
stones and nephrocalcinosis. Oral alkali therapy will
increase urine citrate, reduce urine calcium, and
decrease stone formation and nephrocalcinosis.

Diagnosis of Proximal and Hypokalemic Distal
Renal Tubular Acidosis

A hypokalemic, hyperchloremic, low bicarbonate
pattern is consistent with a diagnosis of proximal or
hypokalemic distal renal tubular acidosis. Chronic
respiratory alkalosis can produce an identical plasma
electrolyte pattern as metabolic acidosis and must be
ruled out by the history, physical examination, and
arterial blood gas analysis. The anion gap provides a
differential clue. It tends to be slightly reduced with
hyperchloremic acidosis (as a result of proton buffer-
ing by albumin, which decreases its negative charge)
and slightly increased by respiratory alkalosis (as a
result of increased organic acid levels and decreased
proton buffering by albumin increasing its negative
charge).

If acidosis is confirmed, other forms of hyperchlore-
mic metabolic acidoses, especially acidosis secondary
to diarrhea, must be excluded usually by the history.
Before embarking on an extensive and expensive eval-
uation of renal acidification defects and their underly-
ing disease states, it is necessary to determine if the
acidosis is of renal or extrarenal origin. In the typical
clinical circumstance, there is usually some doubt
regarding this classification when the patient is evalu-
ated initially. This major differential diagnostic hurdle
can be easily surmounted with a measurement of net
acid excretion (NAE): elevated NAE correlates with
extrarenal acidosis, and normal or reduced NAE with

renal acidosis. In brief, the normal kidney responds to
systemic acidosis by increasing NAE.

When RTA is the most likely possibility, the proxi-
mal and hypokalemic distal types must be differenti-
ated. Patients with proximal RTA are able to normally
acidify the urine once the [HCO2

3 ]p is reduced acutely
to values below the renal threshold. In contrast,
patients with hypokalemic distal RTA cannot normally
acidify the urine whether the [HCO2

3 ]s is normal or
markedly reduced. Therefore, while a UpH of less than
5.5 effectively rules out classic distal RTA, it is still
compatible with a diagnosis of proximal RTA.

Diagnostic Tests for Distal RenalTubular
Acidosis

Patients with distal RTA have low urine NH1
4 excre-

tion rates, which is a major reason they develop meta-
bolic acidosis and positive acid balance. Reduced urine
NH1

4 excretion is partly due to decreased collecting
duct trapping because of the high urine pH. In addi-
tion, the medullary countercurrent NH1

4 concentration
gradient is probably disrupted in many of these
patients as a result of tubulointerstitial disease. The
urine NH1

4 excretion rate helps differentiate distal RTA
from other forms of chronic hyperchloremic metabolic
acidosis. Occasional patients with metabolic acidosis
whose renal acidification mechanism is normal have a
urine pH above 5.5 despite severe acidemia. Markedly
increased renal ammoniagenesis and ammonia excre-
tion in these patients raise the urine pH by virtue of
NH3’s property as a diffusible base (Fig. 59.19B).
Hypokalemia is an important stimulus to renal ammo-
nia synthesis and excretion.349 Therefore patients with
chronic diarrhea and hypokalemic hyperchloremic
metabolic acidosis may develop a high urine pH
despite maximal renal acidification.21 Although the
high urine pH suggests a diagnosis of RTA, the high
ammonia excretion rate rules out that possibility. The
urine anion gap, defined as UNa1UK2UCl, esti-
mates the urine [NH1

4 ].
142 Patients with metabolic aci-

dosis whose UCl .UNa1UK (i.e., negative urine
anion gap) generally excrete more than 80�mEq/liter
NH4

1 in the urine, ruling out a diagnosis of distal
RTA. When the UCl ,UNa1UK (i.e., positive urine
anion gap), then urine NH1

4 excretion is relatively low
and a diagnosis of distal RTA is possible.21,142

However, the interpretation of urine electrolytes and
the urine anion gap will be confounded if large quanti-
ties of HCO2

3 , or organic anions, such as ketoacid salts,
are present in the urine. Bicarbonate should be
excluded by measuring urine pH, while ketosalts are
excluded by the clinical circumstances and urine dip-
stick. It must be recalled that the urinary anion gap,
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although often helpful for clinical diagnostic pur-
poses, gives only crude estimates of renal NH1

4

excretion.
Patients with incomplete distal RTA always require

an acidification test to establish this diagnosis. By defi-
nition, these patients are not spontaneously acidemic
under basal conditions.55,110 The acid load should
reduce the plasma [HCO2

3 ] by 4�5 mEq/liter. The
most commonly used, standardized acidification test is
ingestion of a single dose of NH4Cl, 100 mg/kg body
weight over 30�40 min. The NH4Cl may first be dis-
solved in water to improve its absorption. Following
ingestion of the NH4Cl, sequential urine specimens are
collected over six hours. The [HCO2

3 ]p is measured
prior to and three hours after the oral NH4Cl load and
should decrease by 4�5 mEq/liter to document ade-
quate NH4Cl absorption and systemic acidification.
The normal response to this acidosis is urine acidifica-
tion with the pH falling below 5.5.

An alternative acidification test may be used when
patients cannot tolerate ammonia loads (i.e., patients
with hepatic insufficiency who may develop encepha-
lopathy). The ingestion of CaCl2 2 mEq/kg will gen-
erate a metabolic acidosis.281 Ingested CaCl2 ionizes
and within the intestine the Ca21 binds CO3

22

(principally from pancreatic secretions) to form rela-
tively insoluble CaCO3. Ingested Cl2 is absorbed in
exchange for secreted HCO2

3 . The net effect of these
reactions is the excretion of CaCO3 into the stool and
systemic acidification, equivalent to a NH4Cl or HCl
load.

Urinary tract infections and bacteriuria can con-
found the interpretation of urine pH measurements.
Urease from bacteria split urea into CO2 and NH3. The
NH3 combines with H1, which increases the urine pH.
A diagnostic work-up for RTA, undertaken in the pres-
ence of a persistent urinary tract infection, mandates
precautions to mitigate urine stasis by ensuring a rapid
urine flow rate. Urine must be promptly collected and
analyzed and potent bactericidal agents should be
placed in the collection container. The (U-B) pCO2 gra-
dient can also be a helpful diagnostic tool under such
circumstances.104,105,160

The gradient between urinary and blood pCO2 [(U-
B) pCO2] after an intravenous NaHCO3 load is proba-
bly proportional to distal tubule proton secretion and
can be used as a diagnostic test for distal RTA. Pitts
and Lotspeich291 provided the experimental basis for
this test: Bicarbonate loading delivers large quantities
of NaHCO3 to the distal tubule and stimulates proton

FIGURE 59.19 (A) The relation between urine pH and ammonia excretion in a single animal under conditions of normal acid�base balance
in chronic acidosis. Urine pH was varied by the intravenous infusion of sodium bicarbonate. Note that the animal excretes a greater quantity
of ammonia at any given urine pH under conditions of chronic acidosis. (With permission, from Pitts RF. The renal excretion of acid. Fed Proc
1948;7:418.) (B) The relationship between ammonia excretion and urinary pH during chronic NH4Cl loads. As the chronic acid load was
increased in stepwise fashion, mean urinary ammonia excretion increased. Note that the urine pH also increased progressively as the NH4Cl
load increased from 5 to 10 or 10 to 15 g/day. Thus, more severe chronic metabolic acidosis was associated with a higher urine pH, as well as
higher ammonia excretion rates. (With permission, from Madison LL, Mebane D, Unger RH, Lochner A. The hypoglycemic action of ketones. II. Evidence
for a stimulatory feedback of ketones on the pancreatic beta cells. J Clin Invest 1964;43:408�415.)
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secretion. Owing to the absence of carbonic anhydrase,
the H2CO3 that is generated does not rapidly dehy-
drate and instead is delivered to more distal tubule
segments, the ureters and bladder. The H2CO3 rela-
tively slowly dehydrates to form H2O and CO2 in these
structures, where the medullary countercurrent system
and surface-to-volume relationship are not favorable to
rapid CO2 dissipation. In consequence, the urine pCO2

increases. Thus, a high urine�blood (U-B) pCO2 gradi-
ent is accepted as evidence for distal tubule proton
secretion.

Since the (U-B) pCO2 gradient is influenced impor-
tantly by urinary pH, nonbicarbonate buffers, and
HCO3 concentration, it is best measured under stan-
dardized conditions, that is, during an intravenous
NaHCO3 load. NaHCO3, at a concentration of
500 mEq/liter, is infused at 3 ml/min. The pH and
pCO2 of sequential urine specimens are determined.
Steady-state urine values are usually achieved 2�4
hours after the infusion is initiated when the urine pH
exceeds 7.5. At this time, the (U-B) pCO2 gradient
should be greater than 20�30 mm Hg.23 Most patients
with distal RTA cannot generate a normal gradient,
which is consistent with the notion that most cases of
distal RTA are caused by defective distal proton secre-
tion. One exception is amphotericin-induced RTA,
which likely is due to a H1 back leak; such patients
can generate a normal (U-B) pCO2 gradient.
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Increased distal delivery of Cl2 (by administering
furosemide) or SO22

4 (by Na2SO4 infusion) can also be
used to estimate distal H1 secretion. Due to the low
permeability of these anions in the collecting ducts, a
more lumen negative transepithelial potential and
thus a stimulus for H1 (and K1) secretion are
created.19,24

In summary, distal RTA is generally confirmed by
systemic acidemia, a relatively high urine pH, and a
low ammonium excretion rate or—indirectly—a posi-
tive urinary anion. Other common features include
nephrocalcinosis, nephrolithiasis, hypercalciuria and
hypocitraturia.

Diagnostic Tests for Proximal Renal Tubular
Acidosis

Patients with proximal RTA are able to normally
acidify their urine if their [HCO2

3 ]p is adequately
reduced. However, as the [HCO2

3 ]p is increased, for
example, by administering exogenous NaHCO3, uri-
nary pH increases and bicarbonaturia develops while
the [HCO2

3 ]p is still below the normal range.
Intravenous HCO2

3 titration experiments are required
to identify accurately proximal RTA. However, a diag-
nosis can usually be established with oral NaHCO3

administration. Simultaneous measurement of urine
and serum bicarbonate and creatinine concentrations

permits the fractional bicarbonate excretion rate to
becalculated:

½HCO2
3 �u3 ½Cr�s=½HCO2

3 �s3 ½Cr�u3 100%

5 fractional excretion HCO2
3

Patients with proximal RTA excrete greater than
10�15% of the filtered HCO2

3 load as the [HCO2
3 ]p

approaches normal.
Although isolated bicarbonate wasting can occur,

most patients with proximal RTA have other proximal
tubule reabsorptive defects. Glucose, amino acids, uric
acid, lysozyme, beta-2-microglobulin, light chains, and
other small proteins are abnormally excreted.
Decreased phosphate reabsorption results in renal
phosphate wasting and hypophosphatemia, which can
lead to growth retardation, rickets, and osteomalacia.
Detection of increased urinary excretion of these proxi-
mally reabsorbed molecules is, therefore, an important
clue to the identification of proximal RTA in an aci-
dotic patient. Hypercalciuria and hypocitraturia are
uncommon with proximal RTA. In consequence,
nephrolithiasis and nephrocalcinosis do not occur with
increased frequency.

Treatment of Hypokalemic Distal Renal Tubular
Acidosis

The therapy of hypokalemic distal RTA begins with
an effort to establish, and if possible remove, an under-
lying process. Thus, RTA secondary to a drug or toxin
is most appropriately treated by its elimination. When
an underlying process cannot be eliminated or treated,
therapy directed at the chemical abnormalities may be
initiated.

Patients with distal RTA cannot completely regener-
ate that HCO2

3 decomposed by normal acid loads. This
leads to hypokalemic hyperchloremic acidosis, ECF
volume depletion, secondary hyperaldosteronism,
hypercalciuria, and hypocitraturia. The administration
of an adequate quantity of oral bicarbonate will reverse
most of these abnormalities. Adults generally require
between 50 and 100 mEq of HCO2

3 or HCO2
3

precursors.
Larger quantities, up to 15 mEq/kg/day of

NaHCO2
3 may be required in children with distal

RTA.250 In these children, an element of proximal
HCO2

3 wasting exists in addition to the distal tubule
defect. Although it is possible that volume expansion,
produced by the administered NaHCO3, has reduced
the proximal HCO2

3 reabsorptive rate, careful studies
in several patients exclude this possibility. Direct mea-
surement of ECF and renin levels suggests volume con-
traction.250 High doses of NaHCO3 therapy are
necessary for these children to achieve normal growth
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rates. This form of combined distal and proximal RTA
has been called type III RTA in the past. However, as
these children mature, the HCO2

3 wasting component
decreases and classic distal RTA evolves.250

The ingestion of adequate quantities of HCO2
3 nor-

malizes the acid�base status of these patients.
Furthermore, ECF volume is expanded, reducing renin,
angiotensin, and aldosterone levels. This ameliorates
the renal K1 wasting. Early in the course of therapy,
HCO2

3 administration may produce profound hypoka-
lemia unless K1 is aggressively replaced. Once the ini-
tial K1 deficit is corrected, additional potassium
supplements are often not required.

Bicarbonate therapy can restore normal growth
in children and stop skeletal mobilization in
adults.101,250 Hypercalciuria decreases, urine citrate
increases, and renal stone formation and nephrocalci-
nosis decrease.149,262

Some of the available HCO2
3 salts and HCO2

3 salt
precursors are listed in Table 59.10. Sodium bicarbon-
ate tablets and baking soda are inexpensive and readily
available. One teaspoon (about 4.5 grams) of baking
soda contains 50�60 mEq of sodium bicarbonate, and
is an adequate daily dose for many adults with distal
RTA. The gas generated by oral HCO2

3 may be
unpleasant and occasionally diarrhea results from the
osmotic load. These side effects are diminished by
dividing the doses and limiting each dose to one-half
teaspoon (2 to 2.5 grams). An alternative alkali source
is Shohl’s solution, which contains sodium citrate and
citric acid constituted to provide 1 mEq/ml of potential
sodium bicarbonate. Shohl’s solution does not generate
CO2 gas. Compared with NaHCO3, sodium citrate deli-
vers a smaller osmotic load due to citrate’s trivalent
charge. One millimole of Na citrate provides 3 mEq of

potential HCO2
3 and represents 4 mOsm; an equivalent

dose of NaHCO3 delivers 6 mOsm. Shohl’s solution
is commercially available as Bicitra. However, all cit-
rate compounds markedly enhance the GI absorption
of aluminum.258 Therefore, caution must be exercised
when these drugs are prescribed and they should
never be used together with aluminum-containing
compounds.

Most patients with distal RTA do not require sup-
plemental potassium following initial potassium reple-
tion. However, for the occasional patient who does
need additional potassium, potassium-containing alkali
salts listed in Table 59.10 may be used. If NaHCO3 salts
produce sodium retention and edema, dietary NaCl
should be restricted and diuretics may be administered
cautiously.

Treatment of Proximal Renal Tubular Acidosis

The treatment of proximal RTA is most effective
when an underlying process can be reversed or elimi-
nated. When this is not possible, treatment may be
directed at the biochemical abnormalities. However,
proximal RTA is a more difficult disorder to treat than
distal RTA. Although exogenous NaHCO3 can increase
the [HCO2

3 ]p, the proximal HCO2
3 reabsorptive capac-

ity is exceeded and bicarbonaturia results. To the
extent that administered NaHCO3 expands volume,
HCO2

3 wasting will also be worsened. Increased distal
NaHCO3 delivery also accelerates renal potassium
wasting. Figure 59.20 shows that patients with proxi-
mal RTA develop bicarbonaturia and K1 wasting
when exogenous NaHCO3 is administered. By contrast,
patients with distal RTA respond to NaHCO3 treat-
ment by reducing renal K1 excretion.322

If alkali salts are administered to patients with prox-
imal RTA, large doses (10�30 mEq/kg/day) will be
required. Bicarbonate retention can be improved by
modest volume depletion. Thiazide diuretics may be
used to contract the ECF volume and increase proximal
HCO2

3 reabsorption.43,292 However, thiazide diuretics
may exacerbate renal K1 wasting. In such cases,
potassium-sparing diuretics may be useful. Dietary
NaCl restriction is also used to reduce volume.
Patients with proximal RTA are in a tenuous state of
potassium balance and frequent determinations of
serum [K1] are required to avoid both hypokalemia
and hyperkalemia.

When generalized proximal defects result in
Fanconi’s syndrome, oral phosphate salts and vitamin
D metabolites are required to treat the resulting skele-
tal abnormalities.4 Modest volume depletion also pro-
motes phosphate retention. Normal growth may be
restored with such therapy.

TABLE 59.10 Oral NaHCO3 and Bicarbonate Precursors

NaHCO3 tablets 3.9 mEq/325-mg tablet

Baking soda (NaHCO3) 60 mEq/teaspoon

Shohl’s solution: bicitra

Na citrate 1 mEq/mL

Citric acid 1 mEq/mL

Polycitra

Na citrate 1 mEq/mL

K citrate 1 mEq/mL

Citric acid 1 mEq/mL

Kaon (K gluconate) 1.33 mEq/mL

5 mEq/tablet

K-lyte (KHCO3 and K citrate) 25 or 50 mEq/tablet
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Generalized Distal Tubular Acidosis
(Hyperkalemic Renal Tubular Acidosis)

Aldosterone-sensitive tissues include the sweat
glands, salivary glands, colon, and distal renal tubule.
Aldosterone stimulates sodium reabsorption in the cor-
tical collecting tubule, which usually increases the neg-
ative potential difference at this site. This electric
potential enhances the secretion of protons and potas-
sium.241 Potassium deficiency will increase distal
tubule H1 secretion. Aldosterone also stimulates active
H1 secretion via the proton ATPase independent of
Na1 reabsorption.341

Decreased aldosterone activity in the distal renal
tubule reduces Na1 reabsorption, K1 secretion, and
H1 secretion. Salts of decomposed HCO2

3 , which
would normally be excreted with NH1

4 or
titratable acid, are instead excreted as sodium salts.
This results in a hyperchloremic metabolic acidosis and
ECF contraction. In addition to the direct decrease of
H1 secretion secondary to reduced aldosterone activ-
ity, the development of hyperkalemia inhibits renal
ammoniagenesis and decreases renal NH1

4 excretion.
Decreased NH1

4 excretion is the major reason these
patients develop metabolic acidosis.347,350

Animal models show that mineralocorticoid defi-
ciency does not block the capacity to generate a normal
pH gradient across an epithelial membrane but does
reduce the rate of H1 secretion. A normally acid urine
pH can be achieved despite a rate defect, if urine buffer
levels are very low. However, urine pH rises rapidly
when buffer is made available. This phenomenon has
been documented in mineralocorticoid-deficient ani-
mals and in humans.347

Szylman and associates347 suggested the critical role
played by hyperkalemia in this form of metabolic aci-
dosis. Reducing the serum potassium concentration
with the administration of kayexalate resulted in
increased renal ammonia excretion, which correlated
with correction of acidosis.347,349 That study did not
establish a role for renal mechanisms in correcting the
acidosis, however, because renal net acid excretion was
not reported and kayexalate is known to bind to gut
NH1

4 and to increase plasma bicarbonate by that mech-
anism.361 Moreover, increased urine ammonia repre-
sents additional urine buffer. The rate defect imposed
by the low aldosterone activity will increase the urine
pH and correspondingly reduce titratable acidity.183

This sequence is illustrated in Fig. 59.21. Dietary cor-
rection of hyperkalemia in hyperkalemic distal RTA
with renal insufficiency produced a greater increase in
ammonia excretion than the reduction in titratable acid
so that metabolic acidosis improved.238 However, there
was a large extrarenal component to the increase in
plasma bicarbonate. In adrenalectomized mineralocor-
ticoid deficient dogs with normal kidneys studied fol-
lowing withdrawal of aldosterone, but continuing on
physiologic glucocorticoid replacement, the degree of
acidosis and magnitude of reduction in NAE was simi-
lar whether or not hyperkalemia was prevented by a
low potassium intake.183 When hyperkalemia was per-
mitted, the decrement in NAE was due to reduced
NH4 excretion, whereas with maintained normokale-
mia, the decrement in NAE was due to reduced
titratable acid excretion, suggesting that, without struc-
tural renal damage, the aldosterone deficiency-induced
H1 secretory rate defect is sufficient to explain the aci-
dosis and is independent of potassium-induced altera-
tions in buffer (NH3) availability. Thus, while
hyperkalemia is not the critical factor in the pathogene-
sis in this form of metabolic acidosis, hyperkalemia has
the potential to aggravate acidosis by limiting buffer
(NH3) availability in circumstances where alternative
urinary buffers (i.e., phosphate) are severely limited.180

The various syndromes that reduce aldosterone
activity or action are listed in Table 59.11. They are
divided into three major categories: (1) defective adre-
nal gland aldosterone synthesis due to generalized
destruction, damage localized to the zona glomerulosa,
or enzymatic defects that reduce mineralocorticoid

FIGURE 59.20 Fractional excretion of bicarbonate and potassium
as a function of the plasma bicarbonate concentration in patients with
proximal (triangle) and distal (circle) renal tubular acidosis.
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synthesis; (2) decreased aldosterone synthesis by a nor-
mal adrenal gland as a result of reduced angiotensin II
stimulation (hyporeninemic hyopaldosteronism); and
(3) genetic or acquired forms of generalized dysfunc-
tion of the collecting duct with features of resistance to
mineralocorticoid action. These disturbances comprise
inherited disorders of aldosterone sensitivity due to
either mineralocorticoid receptor defects or distur-
bances in aldosterone-sensitive Na1 or Cl2 reabsorp-
tion, and acquired forms, that is, generalized
destruction of aldosterone-sensitive nephron segments,
notably the collecting duct, and pharmacologic interfer-
ence with mineralocorticoids.

Primary Adrenocortical Deficiency

Destruction of the adrenal cortex by infection,
tumor, hemorrhage, or an autoimmune process pro-
duces Addison’s disease. Severe damage results in
combined glucocorticoid and mineralocorticoid defi-
ciencies. The glucocorticoid deficiency produces
anorexia, weight loss, GI distress, hypoglycemia, weak-
ness, and inability to mount a normal “stress” reaction.
Mineralocorticoid deficiency produces renal salt wast-
ing, hyperkalemia, and metabolic acidosis. Most
patients with Addison’s disease can be treated ade-
quately without mineralocorticoid replacement despite
combined deficiencies. Glucocorticoid replacement and
generous quantities of NaCl will maintain acid and K1

balance. Delivery of large amounts of Na1 to the distal

tubule will stimulate K1 and H1 secretion, even in the
absence of mineralocorticoid activity. However, elec-
trolyte balance in these patients is precarious. If salt
ingestion is limited, or Na1-rich fluids are lost (i.e.,
diarrhea), then negative Na1 balance rapidly develops,
ECF volume shrinks, and renal distal tubule Na1 deliv-
ery falls. In the absence of aldosterone, K1 excretion
and H1 excretion are sharply reduced, leading to
hyperkalemia and metabolic acidosis. Therefore, if salt
intake is restricted or ECF deficits develop, mineralo-
corticoid replacement becomes mandatory for mainte-
nance of normal electrolyte balance.

Adrenal Enzyme Defects

Figure 59.22 shows the scheme for adrenal steroid
synthesis. Severe proximal enzyme defects block the
conversion of cholesterol to progesterone and produce
profound neonatal adrenal insufficiency. This disorder
is usually rapidly fatal. Patients with partial proximal
defects can survive. Defects of more distal enzymes in
this metabolic pathway are also compatible with life.

The most common congenital adrenal enzyme defect
is 21-hydroxylase deficiency.266 This disorder is usually
inherited with an autosomal recessive pattern. The
block can affect both glucocorticoid and mineralocorti-
coid synthesis or only the glucocorticoid pathway.
Although complete 21-hydroxylase deficiency may be
fatal unless promptly diagnosed and treated, children

FIGURE 59.21 Urine pH as a function
of urine ammonia excretion in two groups
of dogs during steady-state metabolic
acidosis-fed HCl: mineralocorticoid-
deficient dogs (closed circle) and
mineralocorticoid-replete dogs (open cir-
cle). (With permission, from Hulter HN,
Ilnicki LP, Harbottle JA, Sebastian A.
Impaired renal H1 secretion and NH3 produc-
tion in mineralocorticoid-deficient glucocorti-
coid-replete dogs. Am J Physiol 1977;326:
F136�F146.)
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with mild 21-hydroxylase deficiency survive without
specific therapy. However, ACTH levels increase
markedly in response to relative glucocorticoid defi-
ciency and drive steroid synthesis. The 21-hydroxylase
block shifts steroid precursors toward androgen syn-
thesis (Fig. 59.22). This results in the adrenogenital syn-
drome. The children grow rapidly, and males
prematurely virilize while females develop ambiguous
genitalia. Exogenous glucocorticoid administration will
decrease ACTH production, slow androgen synthesis,
and reverse virilization. However, supraphysiologic
quantities of glucocorticoids may be necessary to
completely normalize androgen levels. These higher
doses will produce iatrogenic Cushing’s syndrome.
Recent work indicates that androgen antagonists
should be combined with glucocorticoids to prevent
Cushing’s syndrome yet reverse virilization.82

The 21-hydroxylase step is required for mineralocor-
ticoid synthesis. Different isoenzymes may catalyze
this reaction in the zona fasciculata (glucocorticoids)
and zona glomerulosa (mineralocorticoids).332 In some
children, the 21-hydroxylase defect principally affects

glucocorticoid synthesis in the zona fasciculata while
mineralocorticoid synthesis is normal. In others,
both the glucocorticoid and mineralocorticoid path-
ways are affected. When mineralocorticoid synthesis is
reduced, variable degrees of salt wasting, hyperkale-
mia, and hyperchloremic acidosis result. Exogenous
mineralocorticoid is usually required to normalize
the electrolyte pattern. Generally, these exogenous
mineralocorticoid requirements will decrease with
time.

21-Hydroxylase deficiency accounts for about 90%
of all cases of adrenogenital syndrome. Much less com-
mon are 11-hydroxylase deficiency and 17-hydroxylase
enzyme deficiency, which also produce adrenogenital
syndrome. These enzymes are not required to synthe-
size mineralocorticoids. Instead, affected children over-
produce mineralocorticoids and therefore develop
hypertension and metabolic alkalosis.

Final conversion of corticosterone to aldosterone
requires sequential oxidations of the 18-methyl group.
These oxidations are catalyzed by two methyl oxidase
enzymes. Hereditary defects of these oxidases produce
aldosterone deficiency, renal salt wasting, hyperkale-
mia, and hyperchloremic acidosis.95 These enzymes are
also inhibited by chronic heparin administra-
tion.79,220,379 Hyperkalemia and metabolic acidosis may
develop with chronic heparin therapy, especially in
patients with renal insufficiency.

The salt wasting and volume depletion that occur in
these patients will stimulate renin synthesis. However,
potassium retention and hyperkalemia will suppress
renin synthesis.320 Therefore, renin levels may be high,
normal, or low, depending on the net effect of several
offsetting stimuli.

Hyporeninemic Hypoaldosteronism

Most patients with adrenal enzyme defects that lead
to mineralocorticoid deficiency have high plasma renin
levels as a result of volume contraction. In contrast,
patients with hyporeninemic hypoaldosteronism have
low renin activity. Presumably, aldosterone deficiency
in these patients results from decreased renin secretion
and angiotensin generation. The low renin and angio-
tensin levels may reflect specific juxtaglomerular appa-
ratus damage, generalized renal damage, volume
expansion, or pharmacologic inhibition of renin or
angiotensin II.

Hyporeninemic hypoaldosteronism most often
occurs in elderly individuals with mild renal insu-
fficiency.310,312 Many also have diabetes mellitus. The
single most common biochemical abnormality they
develop is asymptomatic hyperkalemia. Hyperchloremic
acidosis occurs in about 50%.90

TABLE 59.11 Causes of Mineralocorticoid Deficiency and
Resistance

Primary mineralocorticoid deficiency
Combined glucocorticoid and mineralocorticoid deficiencies
Addison’s disease
Bilateral adrenalectomy
Bilateral adrenal destruction
Congenital adrenal enzyme defects: 21-hydroxylase deficiency,3-
b-OH dehydrogenase deficiency, desmolase deficiency

Isolated mineralocorticoid deficiency
Familial methyloxidase deficiency
Transient mineralocorticoid deficiency of infancy
Chronic idiopathic hypoaldosteronism
Chronic heparin therapy

Hyporeninemic hypoaldosteronism
Diabetic nephropathy
Tubulointerstitial disease
Volume expansion
Prostaglandin inhibitors

Acquired mineralocorticoid resistance
Renal insufficiency: renal disease with disproportionate medullary
destruction
Drugs: spironolactone, amiloride, triamterene

Congenital mineralocorticoid resistance
With salt wasting and hypotension: pseudohypoaldosteronism
type I
Autosomal-dominant renal form: defect in
mineralocorticoidreceptor expression (MLR)
Autosomal-recessive multiorgan form: defects in alpha
(SNCC1A), beta (SNCC1B), and gamma (SNCC1G) subunits of
ENaC

With salt retention and hypertension: pseudohypoaldosteronism
type II (Gordon’s syndrome)
Defects in WNK1 and WNK4 kinases
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Several hypotheses have been advanced to explain
the syndrome of hyporeninemic hypoaldosteronism.
Multiple defects may exist in different patients or
within a single patient. The most widely accepted
explanation attributes the syndrome to juxtaglomerular
injury resulting from an inflammatory, vascular, or
immunologic insult. For example, autonomic neuropa-
thy can suppress renin release. Pharmacologic suppres-
sion and physiologic suppression by volume expansion
may also occur. Decreased renin secretion reduces
angiotensin activation, which in turn decreases aldoste-
rone release. The low aldosterone levels are ultimately
responsible for the biochemical and clinical features of
the syndrome.

The role of volume expansion in this syndrome
remains unsettled. Clinical probes of volume status
may be inadequate in these patients. Orthostatic hypo-
tension may signal autonomic insufficiency rather than
volume contraction. Edema may develop as a result of
hypoalbuminemia rather than volume expansion. If
volume expansion is primary, then diuresis should
reverse the disorder. Indeed, diuretics are occasionally
successful,277 but more often this approach fails.
However, in these patients ECF volume may not have
been adequately reduced. Furthermore, chronic sup-
pression of renin and aldosterone synthesis may
require a prolonged period of stimulation before an
appropriate response can be elicited.

FIGURE 59.22 Adrenal metabolic reactions leading from cholesterol to mineralocorticoids,glucocorticoids, and sex hormones.
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An alternative hypothesis locates the primary lesion
in the adrenal gland. Reduced renin levels could then
be secondary to hyperkalemic suppression.320 Several
adrenal aldosterone synthetic defects have been
described in diabetic patients.96 Insulin may be neces-
sary for a normal zona glomerulosa response to vari-
ous stimuli, especially hyperkalemia.81,90,287 Although
aldosterone usually increases in response to angioten-
sin II infusions in these patients, the magnitude of this
response may not be appropriate.90 However, most
patients with well-defined adrenal aldosterone secre-
tory defects (i.e., 21-hydroxylase deficiency) develop
high renin levels despite hyperkalemia.

Theoretically, a syndrome of inappropriate ANP
secretion would be predicted to produce hyporenine-
mic hypoaldosteronism, but no such syndrome has
been observed yet.

The increased proclivity of diabetics for development
of this syndrome has several possible explanations.364

First, diabetic vascular disease may preferentially affect
the juxtaglomerular apparatus. Second, diabetic auto-
nomic neuropathy may reduce neural stimulation of
the juxtaglomerular apparatus.49,287�289,312,357,370 Third,
inactive forms of renin, called “big renin,” may be
released and not generate angiotensin II.97 Fourth,
decreased renal prostaglandin synthesis in these
patients may reduce renin generation.284

Patients with primary hyporeninemic hypoaldoster-
onism and mild hyperkalemia do not require specific
therapy. Volume contraction should be avoided
because reduced renal distal tubule sodium delivery
exacerbates both the hyperkalemia and acidosis. If
hyperkalemia and/or metabolic acidosis are severe,
then medical intervention is necessary. Patients whose
ECF volume is expanded often respond to potent
diuretics.90,92 Exogenous mineralocorticoids, such as
fludrocortisone, can further mitigate hyperkalemia and
acidosis although supraphysiologic doses may be
required as a result of relative renal mineralocorticoid
resistance.90,287

Hyperkalemia will exacerbate markedly the meta-
bolic acidosis. Reduction of potassium levels with
mineralocorticoids, Na1/K1 exchange resins, or diure-
tics increases renal NH1

4 excretion and improves or
reverses the hyperchloremic acidosis.100,243,345

A number of drugs interfere with at various levels
with the renin-angiotensin II-aldosterone axis and may
induce hyperkalemic renal tubular acidosis. Inhibition
of renal prostaglandin synthesis reduces renin secre-
tion and can produce the syndrome.272 By blockade of
either conversion of angiotensin I to angiotensin II
(ACE inhibitors) or the action of angiotensin (angioten-
sin receptor-1 antagonists), these widely used drugs
can decrease adrenal aldosterone secretion. However,
these drugs will increase renin levels markedly. The

aldosterone deficiency that is produced is not com-
plete. For the ACE inhibitors, an escape phenomenon
has been described after prolonged use (i.e., angioten-
sin II production becomes again renin dependent). The
incomplete aldosterone deficiency and the ACE-
inhibitor escape phenomenon provide the rationale for
combined use of these drugs in heart failure, hyperten-
sion and in intervention strategies to retard progression
of renal insufficiency. Hyperkalemia and metabolic aci-
dosis do not usually develop when these drugs are
administered alone. However, these drugs are clini-
cally important causes of hyperkalemia when given to
patients with decreased renal function and when given
in combination with other drugs that also interfere
with the renin-angiotensin-aldosterone axis and aldo-
sterone action (Fig. 59.23).

Abnormal Cortical Collecting Duct
(“Renal Resistance to Mineralocorticoids”)

Genetic Causes

Hyperkalemic RTA of genetic origin is most fre-
quently observed in pseudohypoaldosteronism type I
occurring in young children without other apparent
renal pathology.12 The disease is characterized by salt-
wasting, hyperkalemia and metabolic acidosis in the
presence of markedly elevated plasma renin activity
and aldosterone concentrations. In the autosomal-
dominant form of pseudohypoaldosteronism type I
(MIM 177735), mineralocorticoid resistance is limited
to the kidneys and is caused by heterozygous muta-
tions in the gene encoding the mineralocorticoid
receptor.137

In the autosomal-recessive form of pseudohy-
poaldosteronism type I (MIM 264350) aldosterone
resistance is generalized, affecting all major

FIGURE 59.23 Commonly used drugs that interfere with synthe-
sis or action of component of the renin-angiotensin-aldosterone axis.
NSAID, nonsteroidal anti-inflammatory drugs.
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mineralocorticoid-sensitive tissues (kidney, colon,
sweat and salivary glands). Aldosterone resistance is
due to homozygous, loss of function mutations in the
alpha, beta or gamma subunits of the amiloride-sensi-
tive, epithelial sodium channel (ENaC).68 This recessive
form of pseudohypoaldosteronism type I manifests
with lifelong severe salt-wasting, while the dominant
form is characterized by a milder defect. Renal salt
wasting improves with advancing age in these patients.
This disorder can be effectively treated with generous
exogenous salt supplements. The syndrome usually
becomes less severe as these children mature.99

However, even after electrolytes become normal and
salt supplements can be reduced, aldosterone levels
remain very high and these individuals remain rela-
tively resistant to mineralocorticoid effects and are
very sensitive to any aldosterone blockade.

Another distinct group of mineralocorticoid-
resistant patients present with hyperkalemic,
hyperchloremic acidosis, expanded ECF volume,
hypertension, low to normal renin and aldosterone
levels, and a diminished response to the kaliuretic
effects of exogenous mineralocorticoids. Renin and
aldosterone levels increase when volume is reduced by
diuretics or salt restriction. This syndrome was first
described in several children by Gordon and co-
workers148 and is called pseudohypoaldosteronism
type II or Gordon’s syndrome. Schambelan et al.311

suggested almost 30 years ago that a renal distal tubule
“chloride shunt”—that is, increased NaCl reabsorption
in the thick limb and early distal tubule leading to
impaired K1 and H1 secretion—could explain the fea-
tures of this disorder. Thus, pseudohypoaldosteronism
type II exhibits a clinical phenotype directly opposite
of Gitelman’s syndrome, which is characterized by
hypotension, salt wasting, and metabolic alkalosis, and
is due to mutations in the thiazide-sensitive NaCl
cotransporter NCC. NCC gain of function mutation, a
reasonable candidate mechanism for this syndrome,
was, however, excluded. Rather, this syndrome was
shown to be the consequence of mutations in two of
the four known WNK (with no lysine kinases) kinase
genes, WNK1 and WNK4 located on chromosomes 12
and 17, respectively.378 WNK1 and WNK4 are predom-
inantly expressed in the distal convoluted tubule and
collecting duct. WNK4 downregulates the activity of
ion transport pathways expressed in these nephron
segments, such as the apical thiazide-sensitive Na1-
Cl2 cotransporter and apical secretory K1 channel
ROMK (which will become less active), as well as upre-
gulates paracellular chloride transport and phosphory-
lation of tight junction proteins such as claudins.
WNK4 mutations behave as a loss of function for the
Na1�Cl2 cotransporter (which will become more
active) and a gain of function with regard to ROMK

and claudins. These dual effects of WNK4 mutations fit
with proposed mechanisms for developing electrolyte
and acid�base abnormalities and hypertension in
PHA-II and point to WNK4 as a multifunctional regu-
lator of diverse ion transporters.132 WNK1, an
aldosterone-inducible protein, interacts with WNK4 by
mechanisms that are not yet well characterized. The
mutation in WNK1 results in gain of function and inhi-
bition of WNK4, thereby activating NCC.382 WNK1
also stimulates Na1 transport via EnaC.113 Via this pro-
cess, a gain of function mutation would be expected to
result in hypertension, but also hypokalemia and meta-
bolic alkalosis, which are not observed in pseudohy-
poaldosteronism type II. More information on the
precise roles and interactions of WNK1 and WNK4 is
needed and the results will greatly affect our under-
standing of the regulation of distal ion and H1 trans-
port and of blood pressure regulation.

Acquired Forms of Hyperkalemic Distal RTA

Most commonly, renal tubular damage can lead to
destruction of mineralocorticoid target cells within the
kidney with impaired secretion of potassium and pro-
tons.66,232,264,308,355 Due to the cell damage by a variety
of pathological processes, apparent renal mineralocorti-
coid resistance is present. Patients with systemic lupus
erythematosus,91,204 obstructive uropathy,20 sickle cell
disease,22,93 allergic drug reactions,73 and damaged
renal transplants24,288 may develop impaired collecting
duct function and renal tubule mineralocorticoid resis-
tance. Many of these patients have multiple distal
tubule defects in association with the mineralocorticoid
resistance. Juxtaglomerular destruction can produce
hyporeninemic hypoaldosteronism in addition to
the mineralocorticoid resistance. Classic distal renal
tubular acidosis may also coexist with decreased
mineralocorticoid responsiveness probably reflecting
wide-spread damage to the collecting ducts, both corti-
cal and medullary.

Renal mineralocorticoid resistance may have a phar-
macologic basis (Fig. 59.23). The spironolactones, com-
petitive inhibitors of aldosterone, bind to specific
receptors and block transport of aldosterone into
the cell nucleus. These drugs have a potent effect when
the prevailing mineralocorticoid level is high. They are
less effective when mineralocorticoids are low
and are ineffective in adrenalectomized individuals.
Spironolactone reduces Na1 reabsorption, H1 secre-
tion, and K1 secretion in the distal tubule and may
generate hyperkalemic hyperchloremic acidosis in
those individuals dependent on high mineralocorticoid
activity to maintain H1 and K1 balance (e.g., patients
with cirrhosis).131,182

Amiloride and triamterene are diuretics that block
distal tubule electrogenic Na1 transport.342 However,
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their effect is independent of mineralocorticoid activity
and the diuretic effect occurs even in adrenalectomized
individuals.228 Amiloride blocks the Na1 channels on
the luminal membrane of distal tubule cells. Reduced
electrogenic Na1 transport decreases the lumen-
negative voltage, reducing H1 and K1 secretion.152

Hence a voltage-dependent acidification and K1
secretory defect develops.152 Triamterene has similar
effects although its mechanism of action is not identical
to amiloride.

Cyclosporine A is frequently associated with hyper-
kalemia. Although it was initially believed that this
drug produced hyporeninemic hypoaldosteronism,
subsequent studies have shown relatively normal aldo-
sterone levels.5 These patients probably develop renal
resistance to the effect of aldosterone. Cyclosporine
may also block other steps in the renin-angiotensin-
aldosterone axis.5,336

Gastrointestinal Hyperchloremic Acidosis

Large quantities of H1 and HCO2
3 continuously

cycle through the gastrointestinal tract. Basal gastric
HCl secretion is about 10 mEq/hr (0�50 mEq/liter).
Acid secretion can increase to 50 mEq/hr after appro-
priate stimulation.119 At this time, the gastric HCl con-
centration may reach 150 mEq/liter. Most of the HCl
secreted by the stomach is neutralized by HCO2

3

secreted by the pancreas and liver. These organs can
secrete up to 250 mEq/day of HCO2

3 . Some HCl is also
neutralized by small intestine ion transport. The small
intestine epithelium contains Na1/H1 cation exchan-
gers, which secrete H1 and absorb Na1 from the
lumen, and Cl2/HCO2

3 anion exchangers, which
secrete HCO2

3 and absorb Cl2 from the lumen. When
these two ion exchangers operate together, the net
result is NaCl absorption and H2CO3 secretion.
However, Na1/H1 exchange predominates in the jeju-
num while Cl2/HCO2

3 exchange is more active in the
duodenum and ileum.358

Normally, the small intestine delivers between 600
and 1500 ml/day of relatively HCO2

3 -rich fluid to the
colon. The colon absorbs most of this fluid and electro-
lyte load. A Cl2/HCO2

3 anion exchanger in the colon
reduces stool [Cl2] to low levels. Sodium is absorbed
in exchange for H1 and for K1. However, the HCO2

3 is
largely decomposed by organic acids produced by
colonic bacterial metabolism. Acetic, butyric, propio-
nic, lactic, and other acids are produced when these
bacteria ferment carbohydrates delivered to the colon.
H1 from these acids combines with HCO2

3 in the
lumen to form H2CO3 (which dehydrates to H2O and
CO2). The organic acid anions remain in stool as
Na1 and K1 salts and represent decomposed HCO2

3 .

In consequence, stool water usually has an acid pH
reaction.

Diarrhea markedly increases the loss of stool water
and stool base. If the sum of stool [HCO2

3 ] and decom-
posed [HCO2

3 ] is equal to the [HCO2
3 ]p, then diarrhea

should produce volume depletion without severe acid-
�base derangements. More commonly, the sum of
[HCO2

3 ] and decomposed [HCO2
3 ] in watery stool is

between 30 and 80 mEq/liter.352 Decomposed [HCO2
3 ]

usually exceeds [HCO2
3 ] and the stool pH is often acid.

Despite its acid pH, the large quantity of decomposed
HCO2

3 in stool results in a metabolic acidosis.
Diarrhea leads to ECF contraction and stimulation of

the renin-angiotensin-aldosterone axis. Hyperchloremic
acidosis develops due to the loss of stool HCO2

3 and
decomposed HCO2

3 with much less chloride loss. The
volume depletion also stimulates dietary chloride
retention. Hypokalemia develops due to the large
amount of K1 that is lost in stool (30�65 mEq/liter).
Colonic K1 secretion, which is largely driven by the
negative electrical voltage in the colon lumen, is further
stimulated by high aldosterone levels.

Under normal circumstances, the kidneys should be
able to compensate for stool alkali losses by increasing
renal net acid excretion. However, patients with severe
diarrhea often also have impaired renal function. In
addition to a decreased GFR, low Na1 delivery to the
distal renal tubule due to volume contraction will
reduce renal acid excretion. In consequence, reduced
renal acid excretion usually contributes to the devel-
opment of metabolic acidosis in patients with
diarrhea.189

Many patients with diarrhea also develop a compo-
nent of anion gap metabolic acidosis. This is usually
due to lactic acidosis, which occurs as a result of vol-
ume depletion. Volume contraction may also elevate
protein and phosphate concentrations, which will ele-
vate the anion gap.368 Uremic acidosis can occur when
vascular collapse produces renal failure.

Hypokalemic hyperchloremic acidosis secondary to
diarrhea may generate a relatively alkaline urine pH
(. 6.0) at a time maximal renal acidification should
exist. The reason for the relatively high urine pH is the
dramatic increase in renal ammoniagenesis and ammo-
nium excretion that develops in these patients. The
dual stimuli of chronic metabolic acidemia and hypo-
kalemia markedly augment ammoniagenesis and renal
ammonia excretion. The high urine NH1

4 levels drive
up the urine pH. When a relatively alkaline urine is
noted in a patient with hypokalemic hyperchloremic
acidosis, this should suggest a diagnosis of renal tubu-
lar acidosis. The key differential finding is a high urine
[NH1

4 ] or a negative urinary anion gap in patients with
diarrhea and normal renal acidification and a low
[NH1

4 ] or a positive urinary anion gap in those with
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distal RTA. This issue is further discussed in Diagnosis
of Proximal and Hypokalemic Distal Tubular Acidosis.

The [HCO2
3 ] in pancreatic and biliary secretions

ranges from 50 to 100 mEq/liter. Normally, this HCO2
3

neutralizes gastric HCl or is absorbed by the jejunum,
resulting in no net systemic acid�base effects.
However, if these secretions are removed from the
body, then hyperchloremic acidosis results. This can
occur in patients with pancreatic or biliary fistulas.
Consequently, patients with pancreas transplants with
bladder drainage develop hyperchloremic metabolic
acidosis even with normal renal function and require
large amounts of base supplements.268 This and other
disadvantages of bladder diversion (reflux pancreatitis,
chemical cystitis, hyperinsulinemia) have lead to the
increasing use of a more physiologic drainage proce-
dure that is either enteric or portal vein drainage.
These procedures eliminate loss of HCO2

3 and meta-
bolic acidosis with comparable perioperative complica-
tion rates.213

Several compounds can accelerate gastrointestinal
HCO2

3 loss and produce hyperchloremic metabolic aci-
dosis. Cholestyramine, a nonabsorbed anion exchange
resin used to treat hyperlipidemia, biliary pruritis, and
several other disorders, is ingested as a chloride salt. In
the GI tract, Cl2 released from the resin exchanges
with HCO2

3 . The resin-bound HCO2
3 is excreted in the

stool. The chloride released from the resin is absorbed
via the Cl2/HCO2

3 anion exchanger. The modest
HCO2

3 loss and Cl2 gain usually produced by chole-
styramine ingestion is generally handled by increased
renal acid and Cl2 excretion. However, young children
and adults with renal insufficiency or reduced renal
acid excretion can develop hyperchloremic acidosis
when they ingest cholestyramine.201,304

As mentioned earlier, ingestion of CaCl2 produces
hyperchloremic acidosis281 and can be used experimen-
tally as an acid load to study renal acidification.

Gastrointestinal�Ureteral Connections

When urine enters the gastrointestinal tract, or a seg-
ment of intestine is interposed into the urine stream,
hypokalemic hyperchloremic metabolic acidosis often
develops. As discussed previously, the small intestine
and colon contain Cl2/HCO2

3 exchangers. When iso-
tonic saline is instilled into the colon, the [Cl2] progres-
sively falls and [HCO2

3 ] increases as a result of this
exchange.84,202 Potassium also diffuses into the colon
lumen due to its lumen-negative voltage. Similarly, if
chloride-rich urine enters the colon or ileum, the Cl2 is
absorbed and HCO2

3 secreted. Urine NH1
4 will also be

absorbed by the intestine either together with Cl2 or in
exchange for N1

4 .
109,257 This further reduces the acid

load present in urine. Large quantities of ammonia
(and HCO2

3 ) will be generated in the intestine by bacte-
rial hydrolysis of urea. If this NH1

4 is absorbed without
HCO2

3 , systemic acidification also results. Urea conver-
sion to NH1

4 and HCO2
3 elevates the pH of the fluid

and increases the fraction of ammonia in the NH3

unionized form. Although absorption of NH3 will not
produce acidosis, it can lead to hyperammonemic
encephalopathy in these patients.202

Chronic renal insufficiency, resulting from obstruc-
tive uropathy and interstitial nephritis, occurs com-
monly in patients whose urinary tracts are diverted
into GI segments. This contributes to the metabolic aci-
dosis that develops. Distal tubule acidification mechan-
isms may be especially susceptible to such damage.

Ureterosigmoidostomy, one of the earliest forms of
surgical urinary diversion, results in prolonged colon
exposure to urine. This provides ample opportunity for
Cl2/HCO2

3 exchange, NH1
4 absorption, and K1 secre-

tion. Consequently, hypokalemic hyperchloremic aci-
dosis occurs commonly in these patients.246,337 These
electrolyte abnormalities are exacerbated by constipa-
tion, which increases urine�colon contact time, and are
reduced by incontinence, which decreases contact time.
Ureterosigmoidostomy is now only occasionally used
and the ureteral anastomosis is then placed into the
distal rectosigmoid to minimize contact time.64

Isolated loops of ileum, or less commonly jejunum,
can be used as urine bladder substitutes. These loops
have several advantages in comparison with uretero-
sigmoidostomy. Fecal contamination of the urinary
tract is avoided and intestine�urine contact time is
reduced because urine is externally drained into a
urostomy bag.255 However, if a long bowel segment is
used, or if stomal stenosis develops, then contact time
increases and severe hypokalemic hyperchloremic aci-
dosis can develop.109,234 Jejunal segments may generate
less K1 wasting than ileal loops.144 When hypokalemic
metabolic acidosis develops, NaHCO3, other NaHCO3

precursors, and potassium salts are used to correct
acid�base and electrolyte abnormalities. Recent studies
suggest that pharmacologic inhibition of cyclic AMP,
an intestinal secretogogue, may reduce the severity of
these electrolyte abnormalities. Both nicotinic acid and
chlorpromazine have been used in this fashion.257

Postchronic Hypocapnia

Posthypocapnic hyperchloremic acidosis develops
when patients with chronic respiratory alkalosis stop
hyperventilating. Chronic hypocapnia decreases renal
NH1

4 and titrable acid excretion and induces a tran-
sient NaHCO3 diuresis. This continues until a new
lower steady-state plasma [HCO2

3 ] is established when
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acid balance is restored. In humans, compensation
decreases the plasma [HCO2

3 ] by about 0.4 mEq/liter
for each 1-mm Hg reduction in CO2 tension, which
results in a near normal arterial pH.209 The renal com-
pensatory response also generates mild ECF volume
contraction and stimulates retention of dietary NaCl.138

Consequently, hyperchloremia develops. However, the
increase in chloride does not equal the HCO2

3 reduc-
tion and the difference produces a slight increase in the
anion gap,208 comprised mainly of organic acid anions,
especially lactate.

If respiratory alkalosis recedes and the pCO2

increases toward normal, then renal net acid excretion
must increase to normalize acid�base status. Sodium
must also be retained together with the HCO2

3 . To the
extent that the low [HCO2

3 ] and high [Cl2] persist, this
represents a hyperchloremic metabolic acidosis. The
resulting metabolic acidosis is transient and probably
dependent on the severity of preexisting hypocapnia.138

HCl and HCl Precursors

Infusion or ingestion of HCl and compounds that
can be metabolized to HCl produces hyperchloremic
metabolic acidosis. For example, ingested NH4Cl is
metabolized by the liver to urea and HCl. Similarly,
chloride salts of metabolizable organic cations can be
converted to HCl. They include basic amino acids such
as histidine, arginine, lysine, and hydroxylysine, which
are generally prepared as HCl salts. HCl is liberated
when the amino acids are metabolized to neutral pro-
ducts, to CO2 and H2O, or are incorporated into
proteins.168

Intravenous hyperalimentation solutions include
neutral, acidic, and basic amino acid salts. When the
quantities of Cl2- and Na1-containing amino acid salts
are balanced, their acid�base impact is neutral.
However, some synthetic amino acid solutions contain
a higher concentration of chloride-containing
amino acid salts, which represents a net HCl load.
Hyperchloremic acidosis can develop, especially in
young children and patients with impaired renal func-
tion.120,168 This hyperchloremic acidosis is efficiently
prevented by adding bicarbonate precursors, such as
sodium acetate to the currently used solutions. Failure
to supply thiamine to parenterally fed patients induced
severe lactic acidosis.363

Chloride gas inhalation can also produce hyper-
chloremic acidosis because when Cl2 gas is hydrated it
generates HCl.346

Dilution Acidosis

Diluting a solution of nonbicarbonate nonvolatile
buffers with saline or water proportionately reduces

the concentration of the acids and conjugate bases. This
has a minimal effect on the solution’s pH:

pH5pKa1 log base=X: acid=X5pKa1 log base:acid

where X5water or saline. However, diluting the
HCO2

3 /pCO2 buffer pair in an open system produces a
different result. While [HCO2

3 ] falls, the pCO2 is main-
tained at baseline levels because it is continuously
replenished. A fall in [HCO2

3 ] with a stable pCO2

reduces the pH.
Similarly, the pH of separated whole blood, main-

tained at a pCO2 of 40 mm Hg, will fall sharply if the
blood is diluted with saline.135 However, the pH reduc-
tion produced by dilution is much less when intact ani-
mals are expanded to an equivalent degree.135,302

Stabilization of the pH in the intact animal is due to the
interaction of the HCO2

3 /pCO2 pair with non-HCO2
3

buffers, such as hemoglobin and phosphate, as well as
other extracellular and intracellular buffers. These buf-
fers accept H1 and generate HCO2

3 to prevent a
marked reduction in pH:

NaB1H2CO3-HB1NaHCO3

ECF volume expansion will decrease proximal
tubule HCO2

3 reabsorption and this may contribute to
development of metabolic acidosis. However, this
effect is relatively small in humans. In consequence,
the plasma [HCO2

3 ] falls only about 2 mEq/liter fol-
lowing ECF volume expansion in humans.135

Mild expansion metabolic acidosis could also occur
in patients with the syndrome of inappropriate anti-
diuretic hormone secretion. A proportionate decrease
in plasma [Na1], [Cl2], and [HCO2

3 ] should result in
acidosis. However, the [HCO2

3 ] generally remains nor-
mal in these patients. In part, this is due to the buffer
interactions discussed previously. An additional factor
is direct stimulation of adrenal aldosterone secretion
produced by hyponatremia.75 The higher aldosterone
levels accelerate distal tubular H1 secretion (HCO2

3

generation) to offset the reduction in [HCO2
3 ]. ADH

may also modulate renal acid excretory capacity
directly by virtue of its inhibitory effect on HCO2

3 reab-
sorption in the thick ascending limb146 and its stimula-
tion of sodium reabsorption in the collecting duct.316

Summary: Treatment of Metabolic Acidosis

Generally, the metabolic acidoses can be divided
into those resulting from a chronic underexcretion of
acid (i.e., uremic and distal renal tubular acidosis),
chronic wasting of bicarbonate (i.e., proximal RTA or
diarrhea), and acute net overproduction of acids (i.e.,
ketoacidosis, lactic acidosis).
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Patients with chronic acidosis owing to decreased
acid excretion can often be readily treated with exoge-
nous sodium bicarbonate. The daily bicarbonate
requirements should be relatively modest because it
would only be necessary to offset normal net acid pro-
duction rates of 70�100 mEq/day. In addition to nor-
malization of acid�base parameters, the correction of
the acidosis will stop skeletal dissolution, reverse
hyperventilation, and improve the overall state of well-
being. The specifics of therapy in patients with distal
renal tubular acidosis, the mineralocorticoid-deficiency
states, and uremic acidosis have been discussed in the
appropriate previous sections.

When acute or chronic acidosis results from a loss of
bicarbonate salts, exogenous sodium bicarbonate may
also prove effective. This is apparent in patients with
acute and chronic diarrhea, pancreatic fistulas, and var-
ious gastrointestinal�ureteral connections. However,
patients with proximal RTA are resistant to exogenous
bicarbonate therapy and usually require an alternative
therapy.

A third category includes those metabolic acidoses
associated with an acute accumulation of strong acids
that overwhelms normal renal acid excretory capacity.
Ketoacidosis, lactic acidosis, and the toxin-associated
acidoses fall into this group. In these individuals, bicar-
bonate therapy is often inappropriate and ineffective.
The therapeutic thrust must be directed toward an
understanding and reversal of the underlying patho-
physiology. With ketoacidosis, insulin and fluid ther-
apy will reverse the acidosis, but bicarbonate
administration is ineffective alone and perhaps delete-
rious. Lactic acidosis reflects a basic underlying distur-
bance in mitochondrial oxygenation, which mandates
immediate therapy. The low bicarbonate and pH
do not necessarily require therapy with exogenous
bicarbonate unless these levels become very low. In
these acidoses, the accumulating anions represent
potential bicarbonate; therefore, rebound metabolic
alkalosis may occur following exogenous bicarbonate
administration.

If the pH is below 7.2, and certainly if it is near 7.0,
and the underlying process cannot be reversed imme-
diately, sodium bicarbonate infusion may be necessary
to prevent development of fatal acidemia. When the
acidosis is severe, reductions in HCO2

3 produce dispro-
portionately large reductions in pH. For example, if the
HCO2

3 concentration is 4 mEq/liter and the pCO2 is
12 mm Hg, the pH will be 7.15. At this point, respira-
tory compensation is almost maximal. A further reduc-
tion in HCO2

3 of only 2 mEq/liter will cause the pH to
plummet to 6.84.

To calculate exogenous bicarbonate requirements, a
distribution space of approximately 50% body weight
is a good first approximation. However, much larger

quantities of bicarbonate may be necessary, especially
when accumulating acids, such as lactic acid or ketoa-
cids, are rapidly being generated. Under such circum-
stances, the HCO2

3 distribution space may exceed 100%
of body weight. In some patients with chronic lactic
acidosis, the lactic acid generation rate may be acceler-
ated by bicarbonate infusions so that no net beneficial
effect results.121 Whenever sodium bicarbonate therapy
is used, its adverse effects must be anticipated and, if
possible, avoided. Sodium bicarbonate is usually
administered as a hypertonic solution that produces
hypernatremia, hyperosmolality, ECF volume expan-
sion, and pulmonary congestion. When large quantities
of sodium bicarbonate are administered, adequate
water must be provided to avoid severe hypertonicity.
Although the effects of infused bicarbonate on the
plasma potassium concentration are small, physicians
should be cautious if hypokalemia already exists.
Further reductions in plasma potassium concentrations
might produce profound hypokalemia, resulting in
muscle weakness or even respiratory muscle paralysis.
When sodium bicarbonate is administered to a patient
with a high concentration of potential bicarbonate (i.e.,
lactate or ketoacids), reversal of the underlying distur-
bance may result in development of a rebound meta-
bolic alkalosis.372
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The physiologic approach to acid�base disorders
views blood pH as determined by the prevailing levels
of carbonic acid (PaCO2, the respiratory component)
and plasma bicarbonate concentration ([HCO2

3 ], the
metabolic component), as stipulated by the Henderson
equation, [H1]5 243PaCO2/[HCO2

3 ], the equilibrium
relationship of the carbonic acid/bicarbonate system.2

In this equation, the hydrogen-ion concentration of
blood is expressed in nEq/liter, the carbon dioxide ten-
sion is expressed in mm Hg and the plasma [HCO2

3 ] is
expressed in mEq/liter.

In this chapter, we discuss those abnormalities of
acid�base equilibrium initiated by a change in blood
carbon dioxide tension; such abnormalities are referred
to as respiratory disorders.

RESPIRATORYACIDOSIS

Respiratory acidosis, or primary hypercapnia, is the
acid�base disturbance initiated by an increase in CO2

stores (i.e., carbonic acid) and characterized by an
increase in CO2 tension and acidification of body
fluids.8 Life-threatening acidemia of respiratory origin
can occur during severe, acute respiratory acidosis or
during respiratory decompensation in patients with
chronic hypercapnia.

Respiratory acidosis occurs when carbon dioxide
excretion by the lungs lags behind carbon dioxide pro-
duction, thereby increasing whole-body carbon dioxide
stores. Because the sum of PCO2 and PO2 is constant in
alveolar gas in patients breathing room air (B150 mm
Hg at sea level), the development of substantial hyper-
capnia is by necessity accompanied by equivalent hyp-
oxemia. A simplified form of the alveolar gas equation

at sea level and while breathing room air (FIO2, 21%) is
as follows:

PAO2 5 1502 1:25 PaCO2

where PAO2 is alveolar O2 tension (mm Hg). This equa-
tion demonstrates that patients breathing room air can-
not reach PaCO2 levels much greater than 80 mmHg
because the hypoxemia that would occur at greater
values is incompatible with life. Therefore, extreme
hypercapnia occurs only during O2 therapy, and severe
CO2 retention is often the result of uncontrolled O2

administration.
The level of arterial CO2 tension (PaCO2) is above

45 mm Hg in patients with simple respiratory acidosis
(measured at rest and at sea level).12 An element of
respiratory acidosis may still occur with lower PaCO2

in patients residing at high altitude (e.g., 4000 m or
13,000 ft) or patients with metabolic acidosis, in whom a
normal PaCO2 is inappropriately high for this condition.
Another special case of respiratory acidosis is the pres-
ence of arterial eucapnia, or even hypocapnia, occurring
together with severe venous hypercapnia, in patients
having an acute, profound decrease in cardiac output but
relative preservation of respiratory function. This disor-
der is known as “pseudorespiratory alkalosis”.7,10,11

PATHOPHYSIOLOGY

The ventilatory system is responsible for maintaining
PaCO2 within normal limits by adjusting alveolar minute
ventilation to match the rate of CO2 production.
Clinically relevant conditions that alter CO2 production
are listed in Table 60.1. However, if significant amounts
of CO2 are added to the inspired gas because of
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accidental exposure or experimental design, respiratory
acidosis can occur despite the presence of even a sub-
stantial increase in alveolar ventilation. The main ele-
ments of ventilation are the respiratory pump, which
generates a pressure gradient responsible for air flow,
and the loads that oppose such action. The strength of
the respiratory pump can be evaluated by the pressure
gradient generated by the diaphragm, which represents
the difference between abdominal and pleural pressures.

The determinants of primary hypercapnia, summa-
rized in Table 60.2, include either an imbalance
between the strength of the respiratory pump and the
weight of the respiratory loads or a failure of carbon
dioxide transport from tissues to the lung. When the
respiratory pump is unable to balance the opposing
load, respiratory acidosis develops. Higher load can be
caused by increased ventilatory demand, augmented
airway flow resistance, and stiffness of the lungs

or the chest wall. A reduction in pulmonary perfusion
can also result in CO2 retention leading to the con-
dition referred to as “pseudorespiratory alkalosis.”
Respiratory acidosis is categorized into acute and
chronic forms, taking into consideration their usual
mode of onset and duration. (Table 60.3 and Table 60.4).

In most clinical settings, the development of respira-
tory acidosis is multifactorial, and recognition of each
of the underlying mechanisms of CO2 retention allows
for effective patient management.

Depressed Pump Secondary to Abnormal
Central Drive

The [H1] of body fluids is the main chemical stimu-
lus for pulmonary ventilation acting on the central che-
moreceptors (brainstem) and the peripheral arterial
chemoreceptors (carotid and aortic bodies) (8). In nor-
mal humans there is a linear relationship between arte-
rial PCO2 and minute ventilation and the slope
becomes steeper in the presence of hypoxemia.55

In contrast, minute ventilation does not increase until
arterial O2 tension (PaO2) falls below 60 mmHg, with
further increases as hypoxemia worsens; yet, the hypo-
capnia resulting from the hypoxemia-induced hyper-
ventilation blunts the ventilatory response.55

Primary disturbances in the CNS comprise the clas-
sic forms of hypercapnia that result from an abnormal
respiratory control system. Yet, a faulty respiratory
drive is also involved in the development of respira-
tory failure in other clinical settings that are unrelated
to a primary disorder of ventilatory control mecha-
nism. The ventilatory response to hypoxia and hyper-
capnia in the normal population has a wide range, and
genetic factors play a role in this variable response.
In addition, an experimentally induced increase in the
work of breathing caused by both an increased airway
resistance and a decrease in thorax/lung compliance
alters the ventilatory drive; this change points to a
complex interaction between the mechanical load and
the brainstem control of the respiratory muscles.
Episodes of apnea occurring in patients with status
asthmaticus have been linked to this interaction.12

The pathogenesis of upper airway obstruction dur-
ing sleep includes pharyngeal narrowing during both
inspiration (caused by subatmospheric collapsing pres-
sure) and expiration (caused by reduced ventilatory
motor output due to central hypopnea).83

Depressed Pump Secondary to Abnormal
Function of Respiratory Muscles

Inadequate ventilation leading to CO2 retention may
occur whenever the respiratory pump fails to ade-
quately propel air through the respiratory conduits, in

TABLE 60.1 Modifiers of Carbon Dioxide Production

Decrease Increase

Mechanical ventilation, sedation,
muscle relaxants (decreased work
of breathing)

Severe dyspnea with use of
accessory muscles (increased
work of breathing)

Inactivity, sleep Agitation, seizures, exercise

Hypothermia Hyperthermia

Fat utilization Carbohydrate utilization

Weight loss Weight gain

Hypothyroidism Hyperthyroidism

TABLE 60.2 Pathogenesis of Respiratory Acidosis

Imbalance between the strength of the respiratory pump and the
weight of the respiratory loads caused by either of the following:

Impairment of the respiratory pump

Depressed central drive

Abnormal neuromuscular transmission

Muscle dysfunction

Increased respiratory loads

Ventilation/perfusion mismatch (increased dead space
ventilation)

Augmented airway flow resistance

Lung stiffness

Pleural/chest wall stiffness

Augmented ventilatory demand (increased carbon dioxide
production)

Failure of carbon dioxide transport

Cardiac arrest, circulatory collapse

Pulmonary embolism (thrombus, fat air)
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spite of a normal respiratory drive and the absence of
lung disease.12 Primary disorders of the respiratory
muscles and of the motor neurons responsible for pul-
monary ventilation are classic examples of this patho-
physiologic mechanism. However, an even larger and
heterogeneous group of patients exists in which fatigue
of the respiratory muscles plays a critical role in the

development of respiratory acidosis. Such respiratory
muscle fatigue is observed with poor nutrition, certain
electrolyte disorders (potassium and phosphate deple-
tion), an obligatory high level of ventilation, decreased
compliance of the respiratory system, increased resis-
tance to airflow, and alterations in thoracic con-
figuration. Structural and functional changes in the
respiratory muscles, as well as depletion of their
energy stores, occur with malnutrition.

Increased Load Secondary to Abnormalities
in the Lungs, and Pleural/Chest Wall Stiffness

A reduction in the effective alveolar ventilation (VA)
causes respiratory acidosis in the presence of normal or

TABLE 60.4 Causes of Chronic Respiratory Acidosis

Depressed Central Drive Ventilation/Perfusion Mismatch

Central sleep apnea (increased dead space ventilation)

Obesity hypoventilation
syndrome

Emphysema

Methadone/heroin addiction Pulmonary fibrosis

Brain tumor Pulmonary vascular disease

Bulbar poliomyelitis

Hypothyroidism Augmented airway flow resistance

Upper airway obstruction

Abnormal neuromuscular
transmission

Tonsillar and peritonsillar
hypertrophy

High spinal cord injury Paralysis of vocal cords

Poliomyelitis

Multiple sclerosis

Muscular dystrophy

Amyotrophic lateral sclerosis

Diaphragmatic paralysis

Muscle dysfunction

Myopathic disease
(e.g., polymyositis)

Tumor of the cords or larynx

Airways stenosis postprolonged
intubation

Thymoma, aortic aneurysm

Lower airway obstruction

Chronic obstructive pulmonary
disease

Lung stiffness

Severe chronic interstitial lung
disease

Pleural/chest wall stiffness

Kyphoscoliosis

Thoracic cage disease

Thoracoplasty

Obesity

TABLE 60.3 Causes of Acute Respiratory Acidosis

Depressed Central Drive

General anesthesia

Head trauma

Cerebrovascular accident

Obesity hypoventilation
syndrome

Cerebral edema

Brain tumor

Encephalitis

Brain-stem lesion

Abnormal neuromuscular
transmission

High spinal cord injury

Guillain-Barré syndrome

Status epilepticus

Botulism; tetanus

Crisis in myasthenia gravis

Familial periodic paralysis

Drugs or toxic agents (e.g.,
curare, succinylcholine,
aminoglycosides, organophosphate
poisoning)

Muscle dysfunction

Fatigue

Hyperkalemia

Hypokalemia

Enhanced ventilatory demand

High carbohydrate diet

High carbohydrate dialysate
(peritoneal dialysis)

Sorbent-regenerative
hemodialysis

Increased dead space ventilation

Failure of Carbon Dioxide
Transport

Cardiac arrest, circulatory
collapse

Pulmonary embolism
(thrombus, fat, air)

Ventilation/perfusion
mismatch

(increased space ventilation)

Acute lung injury

Multi-lobar pneumonia

Augmented airway flow resistance

Upper airway obstruction

Coma-induced hypopharyngeal
obstruction

Aspiration of foreign body or
vomitus

Laryngospasm

Angioedema

Inadequate laryngeal intubation

Lower airway obstruction

Status asthmaticus

Exacerbation of chronic
obstructive pulmonary disease

Lung stiffness

Atelectasis

Pleural/chest wall stiffness

Pneumothorax

Haemothorax

Flail chest

Abdominal
distension

Peritoneal dialysis
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even increased total minute ventilation (VE).
8 The

defect responsible for this condition is an increased
dead space ventilation (VD) caused by alveoli that
remain ventilated but not perfused and from alveoli
with excessive ventilation with respect to heir perfu-
sion. In both cases, an increased ventilation to perfu-
sion ratio (VA/Q) exists. Advanced chronic obstructive
pulmonary disease is the most typical condition in
which this pathophysiologic defect dominates the CO2

retention observed. The maintenance of eucapnia in
patients with less advanced disease results from an
increased minute ventilation, which compensates for
the inefficiency of the CO2 excretion imposed by the
VA/Q mismatch. Should the airway resistance increase,
however, (because of bronchial spasm, edema of the
bronchial wall, or retention of secretions), or if the min-
ute ventilation needed to maintain eucapnia is too
high, the PaCO2 will increase because of respiratory-
muscle fatigue. The expanded VD in patients with
advanced pulmonary disease, pulmonary throm-
boembolism, and shock, results in ratios of VD/VE and
VD/VT (dead space to tidal volume ventilation) that
might be twice the normal value of 0.3; such ratios are
frequently associated with CO2 retention. The nearly
linear shape of the CO2 dissociation curve over the
physiologic range greatly facilitates the excretion of
carbon dioxide in patients with all types of VA/Q
inequalities, because blood leaving areas with low VA/
Q ratio (that has a relatively high PCO2) is counterba-
lanced when mixed with blood traversing high VA/Q
units (that has relatively low PCO2 values).

Increased Carbon Dioxide Production

Overproduction of CO2 is seldom the sole cause of
CO2 retention because enhanced VCO2

stimulates venti-
lation thus increasing CO2 excretion. Yet, patients with
marked reduction in pulmonary reserve and those
receiving constant mechanical ventilation might
develop respiratory acidosis caused by increased CO2

production. Relevant clinical conditions charact-
erized by an increased VCO2 include physical activity,
increased work of breathing by the respiratory mus-
cles, seizures, shivering, fever, and hyperthyroidism.
The effect of hyperthermia may be substantial because
CO2 production increases by approximately 13% for
each 1�C-increase in body temperature above normal.
The administration of large carbohydrate loads, orally
or parenterally, is a potentially significant cause of
enhanced CO2 production in patients with hypercapnic
respiratory failure. In these cases, a larger portion of fat
in the diet might properly supplement caloric intake
without imposing the CO2 burden that results from
carbohydrates.15 Additional causes of CO2 loading
include the infusion of bicarbonate-containing

solutions, hemodialysis with sorbent regenerative car-
tridge systems, and insufflation of the peritoneum with
CO2 during endoscopic procedures.

Failure of Carbon Dioxide Transport

A large reduction in cardiac output and pulmonary
blood flow caused by hemorrhage or pharmacologic
vasodilation in the presence of constant pulmonary
ventilation (i.e., fixed mechanical ventilation) leads to a
reduction in PaCO2 and end-tidal PCO2; the latter is
indicative of a reduction in pulmonary CO2 excretion
which results in primary hypercapnia (Figure 60.1). In

FIGURE 60.1 Reduction in end-tidal PCO2 (PETCO2) arterial
PCO2 (PaCO2) and central venous PO2 (PCVO2) as a result of dimin-
ished cardiac index because of pharmacological vasodilation (A) or
hemorrahge (B) (changes reversed by transfusion) in the presence of
constant pulmonary ventilation in anesthetized dogs. In both cases,
arterial hypocapnia occurred in the presence of fixed mechanical ven-
tilation, therefore discounting pulmonary hyperventilation as an
obligatory mechanism for its pathogenesis. Moreover, the reduction
in PaCO2 was in fact associated with a reduction in pulmonary CO2

excretion, as indicated by the large and significant decrement in
PETCO2. (With permission, from Adrogué HJ, Rashad MN, Gorin AB,
Yacoub J, Madias NE. Arteriovenous acid�base disparity in circulatory fail-
ure: studies on mechanism. Am J Physiol 1989;257:F1087�F1093.)
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fact, in states of severe circulatory failure, arterial
hypocapnia can coexist with venous and therefore tis-
sue, hypercapnia; however, the body CO2 stores have
been enriched and respiratory acidosis rather than
respiratory alkalosis is present. This entity, which we
have termed pseudorespiratory alkalosis, develops in
patients with profound depression of cardiac function
and pulmonary perfusion, but relative preservation of
alveolar ventilation, including patients with advanced
circulatory failure and those undergoing cardiopulmo-
nary resuscitation.7,10,11 The severely reduced pulmo-
nary blood flow limits the CO2 delivered to the lungs
for excretion, thereby increasing the venous PCO2.
On the other hand, the increased ventilation-to-
perfusion ratio causes a larger than normal decrease of
CO2 per unit of blood traversing the pulmonary circu-
lation, thereby giving rise to arterial eucapnia or frank
hypocapnia. A progressive widening of the arteriove-
nous difference in pH and PCO2 develops in two set-
tings of cardiac dysfunction, namely, circulatory failure
and cardiac arrest. (Figure 60.2).10 Severe oxygen

deprivation prevails in the tissues in these two condi-
tions, and it can be completely disguised by the reason-
ably preserved arterial oxygen values. Appropriate
monitoring of acid�base composition and oxygenation
in patients with advanced cardiac dysfunction requires
mixed (or central) venous blood sampling in addition
to the sampling of arterial blood.10

Secondary Physiologic Response

The secondary increment in plasma [HCO2
3 ]

observed in acute and chronic hypercapnia is an inte-
gral part of the respiratory acidosis.2 Adaptation to
acute hypercapnia elicits an immediate increment in
plasma [HCO2

3 ] due to titration of non-HCO2
3 body

buffers; such buffers generate HCO2
3 by combining

with H1 derived from the dissociation of carbonic acid:

CO2 1H2O2H2CO32HCO2
3 1H1

H1 1B22HB

where B2 refers to the base component and HB refers
to the acid component of non-HCO2

3 buffers. This
adaptation is completed within 5 to 10 minutes from
the increase in PaCO2, and assuming a stable level of
hypercapnia, no further change in acid� base equilib-
rium is detectable for several hours.22 Observations in
unanesthetized normal humans studied in an environ-
mental chamber (inspired CO2 7 and 10%) reveal a
mean Δ[HCO2

3 ]/ΔPaCO2 slope of 0.1 mEq/L per mm
Hg. An essentially identical slope is obtained in
humans in whom respiratory acidosis is induced by
endogenous hypercapnia.9

Moderate hypoxemia does not alter the adaptive
response to acute respiratory acidosis. However, stud-
ies in dogs have shown that pre-existing hypobicarbo-
natemia (whether it is caused by metabolic acidosis or
chronic respiratory alkalosis) enhances the magnitude
of the plasma [HCO2

3 ] response to acute hypercapnia;
this response is diminished in hyperbicarbonatemic
states (whether they are caused by metabolic alkalosis
or chronic respiratory acidosis) (Figure 60.3).4,64

Although the increment in plasma [HCO2
3 ] during

acute hypercapnia originates virtually exclusively from
body buffering, evidence exists for a renal adjustment
even during this early phase of the disorder. A fall in
urine pH and a small increase in urine NH4

1 and
titratable acid excretion have been observed within
minutes after induction of hypercapnia. Moreover,
HCO2

3 reabsorption rate in the proximal convoluted
tubule increases in response to acute hypercapnia.
Sustained hypercapnia causes an additional, larger
increase in plasma [HCO2

3 ] owing to stimulation of
renal acidification.5,18,65,87 As a consequence, net acid
excretion (largely in the form of NH4

1) transiently

FIGURE 60.2 Arteriovenous differences in pH and PCO2 in
patients with different hemodynamic conditions. Patients with severe
circulatory failure or cardiac arrest had a significant widening of the
arteriovenous difference in pH and PCO2. N, normal hemodynamic
status; SCF, severe circulatory failure; CA, cardiac arrest in the pres-
ence of constant mechanical ventilation. (With permission, from
Adrogué HJ, Rashad MN, Gorin AB, Yacoub J, Madias NE. Assessing acid-
�base status in circulatory failure: differences between arterial and central
venous blood. N Engl J Med 1989;320:1312�1316.)
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exceeds endogenous acid production, effecting negative
H1 balance and generation of new HCO2

3 for the body
fluids.5 Conservation of the new HCO2

3 is ensured by
an increased rate of renal HCO2

3 reabsorption, which
reflects the hypercapnia-induced increase in H1 secre-
tory rate. Observations during the provision of exoge-
nous alkali indicate that this increase in renal HCO2

3

reabsorption occurs roughly in parallel with the sponta-
neous increase in plasma [HCO2

3 ]. A new steady state
emerges for any given level of hypercapnia when the
augmented filtered load of HCO2

3 is balanced by the
increase in HCO2

3 reabsorption and when net acid
excretion returns to the level that offsets daily endoge-
nous acid production. In the new steady state, however,
the mix of the net acid constituents differs from the nor-
mal baseline: Excretion of NH4

1 remains increased, but

is balanced by increased HCO2
3 excretion and

decreased titratable acidity.5,65 Urine pH is also
increased compared to baseline. As HCO2

3 stores are
being augmented by the transient increase in net acid
excretion, Cl2 stores are correspondingly depleted by a
transient increase in renal Cl2 excretion. Chloruresis
appears to outstrip net acid excretion during the first
1�2 days of exposure to hypercapnia, the difference
being accounted for by an increase in the excretion of
Na1 and K1. Consequently, some degree of Na1 and
K1 depletion typically accompanies adaptation to
chronic hypercapnia. The hypochloremia that results
from the transient chloruresis is sustained by a persis-
tently depressed renal Cl2 reabsorption. In dogs, a new
steady state emerges within three to five days. Whether
this temporal pattern applies to humans is unknown. In

FIGURE 60.3 Influence of chronic metabolic
(upper panel) or respiratory (lower panel) acid�base
disorders on the acute CO2 titration curve.
Relationship between initial level of [HCO3]p/PaCO2

regression line (Δ[HCO3]p/ΔPaCO2, left) or slope of
[H1]/PaCO2 regression line (Δ[H1]/ΔPaCO2, right)
for all acute CO2 titration studies is shown. Initial
level of [HCO3]p, rather than of PaCO2, is employed
as an index of chronic acid�base status of animals
with respiratory disorders (lower panel) for reasons
of comparison with animals with metabolic acid-
�base disorders (upper panel). Initial [HCO3]p values
of 10 and 40 mEq/liter correspond to chronic levels
of PaCO2 of about 15 and 100 mm Hg, respectively.
Equations describing these functions are shown in
respective panels. Slope of each relationship is signif-
icantly different from 0. Interrupted line (right),
labeled isobicarbonatemic titration, depicts theoreti-
cal values for Δ[H1]/ΔPaCO2 that would be
obtained if [HCO3]p were to remain constant at its
chronic level during acute CO2 titration. (With permis-
sion, from Adrogué HJ, Madias NE. Influence of chronic
respiratory acid-base disorders on acute CO2 titration
curve. J Appl Physiol 1985;58:1231�1238; and Madias
NE, Adrogué HJ. Influence of chronic metabolic acid�base
disorders on the acute CO2 titration curve. J Appl Physiol
1983;55:1187�1195).

2118 60. RESPIRATORY ACID�BASE DISORDERS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



patients, chronic hypercapnia often reflects gradual
deterioration in pulmonary function; consequently, the
secondary response might keep pace with the slowing
rising PaCO2 without a perceptible delay.9,65

Studies in dogs indicate that a highly predi-
ctable curvilinear relationship exists between the
degree of chronic hypercapnia and the levels at which
plasma [HCO2

3 ] and blood [H1] stabilize following full
physiological adaptation. Over the range of PaCO2

values between 40 and 90 mm Hg, which would
encompass most values encountered clinically, this cur-
vilinear relationship between plasma [HCO2

3 ] and
PaCO2 is closely approximated by a straight line with a
mean Δ[HCO2

3 ]/ΔPaCO2 slope of 0.3 mEq/L per mm
Hg. The corresponding relationship between blood
[H1] and PaCO2 is strikingly linear, [H1] rising on
average by 0.32 nEq/L per mm Hg chronic elevation in
PaCO2. Careful observations of patients with chronic
hypercapnia as a result of chronic obstructive
pulmonary disease allowed estimation of a mean
Δ[HCO2

3 ]/ΔPaCO2 slope of 0.35 mEq/L per mm
Hg.9,23 This slope functions up to a PaCO2 of approxi-
mately 70 mm Hg. Beyond that level, the slope of
Δ[HCO2

3 ]/ΔPaCO2 seems to flatten. More recently, a
substantially larger slope was reported, but the small
number of blood gas measurements, one for each of
18 patients, calls into question the validity of the con-
clusion reached. Notably, there is no information in
humans on the effects of pre-existing metabolic acidosis
or metabolic alkalosis on the Δ[HCO2

3 ]/ΔPaCO2 slope
of superimposed chronic hypercapnia. In dogs, the
background presence of metabolic disorders alters this
slope substantially.

The renal response to chronic hypercapnia is not
altered appreciably by dietary Na1 or Cl2 restriction,
moderate K1 depletion, alkali loading, moderate hypox-
emia (PaO2, 45�55 mm Hg), or adrenalectomy.
However, recovery from chronic hypercapnia is crip-
pled by a diet deficient in Cl2; in this circumstance,
despite correction of the level of PaCO2, plasma [HCO2

3 ]
remains elevated so long as the state of Cl2 deprivation
persists, leading to posthypercapnic metabolic alkalo-
sis.6,26,65,87 On the other hand, moderate potassium
depletion does not interfere with full repair of acid-
�base equilibrium following the return to eucapnia.

Available information implicates essentially the entire
nephron and its acidification apparatus in the renal
response to chronic hypercapnia. Micropuncture obser-
vations in the proximal tubule of the rat indicate that,
whereas absolute HCO2

3 reabsorption is increased only
mildly in acute hypercapnia, a substantial rise is
observed during the chronic phase of the disorder. Total
CO2 absorption was unchanged in microperfused cortical
collecting tubules obtained from rabbits exposed to
hypercapnia for 3�6 hr, but it was substantially increased

in tubules derived from animals that had been exposed
to hypercapnia for a 24-hr period. Other microperfusion
studies in the rabbit have shown, however, stimulation of
acidification in cortical and medullary collecting tubules
within 20 min from the onset of hypercapnia. Parallel
increases in the rates of the luminal Na1/H1 exchanger
(presumably the NHE-3) and the basolateral Na1/
3HCO2

3 cotransporter in the proximal tubule have been
described; these adaptations reflect an increase in the
Vmax of each transporter but no change in the Km for
sodium.81 However, other investigators have not been
able to reproduce the finding of a stimulated Na1/H1

exchanger in chronic hypercapnia.65 Additionally,
several studies have shown that acute or chronic hyper-
capnia induces exocytotic insertion of H1-ATPase-con-
taining subapical vesicles to the luminal membrane of
both proximal tubule cells and type A intercalated cells
of cortical and medullary collecting ducts. Such a redistri-
bution of H1-ATPase pumps during hypercapnia is not
associated with a detectable increase in their quantity in
either cortex or medulla. A transient increase in cell cal-
cium appears to be important in this exocytotic event.85,90

Rat tubule microdissection studies revealed that by 24 hr
of hypercapnia, but not at earlier times, the activity of
H1-ATPase along the entire nephron (i.e., proximal
tubule, thick ascending limb of Henle, and cortical and
medullary collecting tubules) and that of the H1-K1-
ATPase in the cortical and medullary collecting tubules
were increased. Similar increases in the activities of the
H1-ATPase and the H1-K1-ATPase were observed in
adrenalectomized rats replaced with physiological doses
of aldosterone.41 Further, chronic hypercapnia increases
the steady-state abundance of mRNA coding for the
basolateral Cl2/HCO2

3 exchanger (band 3 protein) of
type A intercalated cells in rat renal cortex and medulla.
Whether this change is translated into increased levels of
protein and activity of the exchanger remains
unknown.88

The signal that triggers the renal acidification
response to hypercapnia remains undefined, but present
evidence favors the increase in PaCO2 itself rather than
the decrease in systemic pH. Indeed, observations in
dogs indicate that a decrement in systemic pH is not a
prerequisite to the augmentation of renal HCO2

3 reab-
sorption required for sustaining the secondary hyperbi-
carbonatemia characteristic of chronic hypercapnia.65,66

Subsequent in vitro studies in rabbit proximal tubule
have provided plausible validation of these whole-
animal observations. Much more work is required in this
area as well as the role of the filtered HCO2

3 load, and
that of changes in hemodynamics and hormonal factors
(such as stimulated β-adrenergic tone, renin-angiotensin-
aldosterone system, cortisol, and arginine vasopressin).

There is currently no information on the impact of
graded degrees of chronic renal insufficiency on the
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renal acidification response to respiratory acidosis. In a
patient with hyporeninemic hypoaldosteronism, hyper-
kalemia, and an eGFR on the order of 20�25 ml/min/
1.73 m2, the secondary response to chronic hypercapnia
was suppressed; correction of the hyperkalemia
allowed expression of an essentially normal secondary
response. These events were ascribed to the fact that
the renal response to chronic hypercapnia largely
entails stimulation of ammoniagenesis and increased
ammonium excretion, processes that are impaired by
hyperkalemia. This case also suggests that in the
absence of hyperkalemia, advanced renal insufficiency
would be required to adversely impact this response.
Obviously, patients with end-stage renal disease can-
not mount a renal response to chronic hypercapnia
and, thus, they are more subject to severe acidemia.
The degree of acidemia is more pronounced in patients
receiving hemodialysis rather than peritoneal dialysis
because the former treatment maintains, on average, a
lower plasma [HCO2

3 ].
65

Plasma Electrolyte Composition during
Respiratory Acidosis

Mild hypernatremia (Δ[Na1], 2�4 mEq/liter) is typ-
ically seen in both acute and chronic hypercapnia.22

Hypochloremia is a consistent finding in chronic
hypercapnia, and it reflects both a shift of chloride into
erythrocytes and a loss of chloride in the urine during
the adaptive process.86,87 Plasma potassium concentra-
tion increases (by only approximately 0.1 mEq/liter for
each 0.1 unit fall in pH) during acute hypercapnia,
probably because of a shift of this ion out of cells;3

plasma potassium does not change appreciably during
chronic hypercapnia. Hyperphosphatemia is a charac-
teristic feature of acute hypercapnia and probably
reflects a release of phosphate from tissues; a rise in
plasma phosphate is not observed during chronic
hypercapnia. Consistent changes in plasma calcium
and magnesium have not been noted in response to
hypercapnia in limited observations in humans.
Plasma lactate and pyruvate concentrations fall during
acute hypercapnia, but they are not significantly
altered by chronic hypercapnia, even in the presence of
moderately severe hypoxemia. No appreciable changes
in plasma unmeasured anions occur in either acute or
chronic hypercapnia.

CEREBROSPINAL FLUID COMPOSITION
DURING RESPIRATORYACIDOSIS

Because carbon dioxide diffuses readily across the
blood brain-barrier, increases in PaCO2 are rapidly

reflected in the CSF, producing a prompt increase in
CSF [H1].55 Experimental and clinical studies have
demonstrated a narrowed CSF-arterial PCO2 difference
during respiratory acidosis that has been attributed to
the associated increase in cerebral blood flow. With
persistent hypercapnia, CSF [HCO2

3 ] increases progres-
sively, so that the rise in CSF [H1] is ameliorated.
Studies in dogs exposed to 12% CO2 showed that the
steady-state pH decrements were virtually identical in
blood and CSF.

Intracellular pH during Respiratory Acidosis

Increases in extracellular PCO2 both in vivo and
in vitro exert a prompt acidifying effect on intracellular
pH.8,54 Efforts at estimating the magnitude of intracel-
lular acidification during acute hypercapnia using the
“whole-body” DMO method have yielded variable
results. In vivo estimates of intracellular pH of various
tissues (using the DMO method or 31P-NMR spectros-
copy) have yielded variable responses to acute hyper-
capnia. Whereas intracellular pH falls in skeletal
muscle and kidney by a magnitude similar to that in
the extracellular compartment, smaller changes or no
changes in intracellular pH have been noted in cardiac
muscle, cerebral cortex, and liver (54). Renal intracellu-
lar pH returns to the normal level during the chronic
phase of respiratory acidosis. There is currently no
information regarding the impact of chronic hypercap-
nia on the intracellular acidity of other tissues.

PATHOPHYSIOLOGIC EFFECTS AND
CLINICAL MANIFESTATIONS OF

RESPIRATORYACIDOSIS

Because clinical hypercapnia almost always occurs
in association with hypoxemia, it is often difficult to
determine whether a specific manifestation is the con-
sequence of the elevated PaCO2 or the reduced PaO2.
Nevertheless, one should bear in mind several charac-
teristic manifestations of neurologic or cardiovascular
dysfunction to diagnose the condition accurately and
to treat it effectively.

Neurologic

Hypercapnia causes vasodilation and increased cere-
bral perfusion when autoregulation pathways of cere-
bral blood flow are intact.79 This effect amounts to
approximately 6% blood flow increase per 1 mm Hg
rise in PCO2, and is less pronounced in women than in
men presumably because of differences in prostaglan-
din levels. Maximal hypercapnic vasodilation occurs at
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PCO2 levels of about 80 mm Hg.79 Experimental stud-
ies in humans demonstrated increases in cerebral blood
flow up to 200% in response to hypercapnia. Aging
impairs the vasodilatory response, an effect that may
be dependent on a lower concentration of oxyhemoglo-
bin or on derangements in the arterial wall.

The precise mechanism of CO2-induced cerebral
vasodilation in humans remains undefined.24 The
increase in cerebral blood flow appears to originate
from the associated acidosis, because normalization of
pH by administering bicarbonate reverses the vasodila-
tion. Studies in healthy volunteers demonstrated that
hypercapnia increased cerebral release of nitric oxide
accompanied by an increase in venous-arterial differ-
ence for nitrite. In contrast hypoxemia (FiO2 10 and
12%) caused a net cerebral uptake of nitrite.76 Release
of CNP (C-natriuretic peptide) was also observed in
hypercapnia.76 Animal studies have shown that two
mechanisms, namely, activation of KATP channels in
vascular smooth muscle and release of nitric oxide par-
ticipate in hypercapnic vasodilation.79 Conversely,
some studies in humans have shown that CO2-induced
cerebral vasodilation is independent of nitric oxide.52

Animal studies have also demonstrated that hypercap-
nia increases optic disc PO2 and this effect is prevented
with systemic nitric oxide synthase inhibition; thus,
nitric oxide seems to mediate CO2-vasodilation in reti-
nal arterioles.77

It is a widely held view that hypercapnia should be
avoided in patients suffering from ischemic brain injury
because it may lead to uncontrolled intracranial hyper-
tension.24 However, recently published experimental
studies in rats have demonstrated that moderate to
severe hypercapnia (PaCO2 60�100 mm Hg) is neuro-
protective after transient global cerebral ischemia-
reperfusion injury; this protection was proposed to be
mediated by a hypercapnia-induced promotion of sur-
vival of neurons by modulating apoptosis-regulating
proteins. In contrast, rats exposed to very severe hyper-
capnia (PaCO2 100�120 mm Hg) had increased brain
injury and more cerebral edema.93 Whether a similar
response occurs in humans remains unknown.24

Most of the important clinical manifestations of
hypercapnia result from its effects on the central ner-
vous system (CNS).17,41 Factors that influence the CNS
disturbances in respiratory acidosis are the magnitude
of the hypercapnia, the rapidity with which it develops
the severity of the acidemia, and the degree of atten-
dant hypoxemia. Acute hypercapnia is often associated
with marked anxiety, severe breathlessness, disorienta-
tion, confusion, incoherence, and combativeness. The
alterations in the level of consciousness observed in
hypercapnia are accompanied by reductions in brain
glutamate and aspartate and increases in glutamine
and gammaaminobutyric acid (GABA). In unusually

severe hypercapnia, stupor or coma can result.41

Hypercapnic coma characteristically occurs in patients
with acute exacerbations of chronic respiratory insuffi-
ciency, who are treated injudiciously with “high-flow”
oxygen. Motor disturbances, including tremor, myo-
clonic jerks, and asterixis, are frequent accompaniments
of both acute and chronic hypercapnia. Sustained
myoclonus and seizure activity can also develop. Signs
and symptoms of increased intracranial pressure (pseu-
dotumor cerebri) are occasionally evident in patients
with either acute or chronic hypercapnia, and they
appear to be related to the vasodilating effects of CO2

on cerebral blood vessels.17,41 Headache is a frequent
complaint. Blurring of the optic discs and frank papille-
dema can be found when hypercapnia is severe.12 The
plantar response can be extensor. It is not surprising,
given this broad range of possible CNS findings, that
respiratory acidosis often is diagnosed erroneously as a
cerebral vascular accident or as an intracranial tumor.

Cardiovascular

Animal studies in cardiac myocytes and in intact
isolated hearts have demonstrated that the decrease in
tissue pH observed in ischemia, if maintained during
reperfusion, may have a protective effect against irre-
versible tissue injury. The large decrease in tissue pH
is accounted for by the combined effects of respiratory
and metabolic acidosis in association with hypoxia.53,57

This protection has been called the “pH paradox”
since the rapid correction of acidosis observed during
reperfusion precipitates irreversible tissue injury.21

Correction of ischemia induced-acidosis during reper-
fusion increases cytosolic free calcium that leads to cel-
lular injury. Administration of inhibitors of Na1/H1

exchange have been shown to prevent a rapid rise in
tissue pH during reperfusion and this effect amelio-
rates ischemia/reperfusion injury.21

An assessment of myocardial contractility and blood
flow in response to short term moderate respiratory
acidosis and alkalosis have been reported in anesthe-
tized patients with coronary artery disease. It was con-
cluded that changes in PaCO2 lead to hemodynamic
effects largely due to alterations in systemic vascular
resistance rather than by alterations in myocardial
contractility.56

The hemodynamic consequences of respiratory aci-
dosis can reflect a variety of mechanisms, including a
depressing effect on myocardial contractility, systemic
vasodilation resulting from an action of hypercapnia
on vascular smooth muscle, stimulation of the sympa-
thetic nervous system leading to increased plasma
catecholamine levels, and blunting of receptor respon-
siveness to catecholamines.8 The composite effect of
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these inputs is such that acute hypercapnia of mild to
moderate degree is usually characterized by warm,
flushed skin, a bounding pulse, diaphoresis, increased
cardiac output, and normal or increased blood pres-
sure.12 On the other hand, severe hypercapnia might
be attended by decreases in both cardiac output and
blood pressure. The vasodilatory effect of acute hyper-
capnia is most apparent in the cerebral circulation,
where blood flow increases in direct relation to the
level of PaCO2. Chronic respiratory acidosis is associ-
ated with normal cardiac output and blood pressure,
unless a complicating disorder such as cor pulmonale
supervenes. Cerebral blood flow remains increased in
chronic hypercapnia, but the increment appears to be
less than that occurring in comparable levels of acute
hypercapnia.

Cardiac arrhythmias occur frequently in patients
with either acute or chronic hypercapnia, especially
those receiving digitalis as therapy for cor pulmonale.50

Particularly common are supraventricular tachyar-
rhythmia’s with ventricular rates of 120�160 beats/min.
Yet the role of the elevated PaCO2 per se in
the generation of cardiac arrhythmias is unclear.
Indeed, remarkably little cardiac irritability occurs in
extreme hypercapnia in the absence of accompanying
hypoxemia and, by way of contrast, rapid restoration
of normal PaCO2 from very high levels is known
to trigger cardiac arrhythmias, including those of ven-
tricular origin.50 Of interest is the reported striking
increase in myocardial PCO2 (e.g., up to 346 mmHg)
and [H1] (e.g., 440 nEq/liter, pH 6.38) after ventricular
fibrillation. Such hypercapnia greatly reduces cardiac
resuscitability.78 Because bicarbonate administration
can aggravate PCO2 leading to further circulatory
depression, this agent should be used with caution in
the presence of respiratory acidosis.

Respiratory

The normally dry alveolar space results from active
sodium transport across the epithelial barrier mediated
by the Na, K-ATPase.89 A reduced alveolar fluid reab-
sorption caused by mechanical stress, endothelial acti-
vation, or hypoxia can lead to pulmonary edema.
Hypercapnia, independent of acidosis, has been shown
to impair alveolar fluid reabsorption by decreasing Na,
K-ATPase activity in the alveolar epithelial cells.89 This
CO2-induced effect results from stimulation of Na,
K-ATPase endocytosis. Recent investigations have
demonstrated that in rat lungs, hypercapnia leads to
extracellular signal-regulated kinase (ERK) activation
which in turn may mediate the CO2-induced Na,K-
ATPase down regulation and endocytosis.92

Complex shifts in the oxyhemoglobin dissociation
curve occur during hypercapnia, because increased

PaCO2 tends to shift the curve to the right (Bohr effect),
and acidemia (by decreasing intracellular 2,3-DPG)
tends to shift the curve to the left.34,51 Further complex-
ity is introduced if chronic hypoxemia is present,
because of an augmented intracellular 2,3-DPG level,
which tends to shift the curve to the right. In addition
to the effects of hypercapnia on P50, erythropoietin pro-
duction in response to hypoxia is inhibited by respira-
tory acidosis.

Contradictory evidence has been obtained about the
effects of acute hypercapnia on pulmonary vascular
resistance and pulmonary artery pressure; some stud-
ies indicate an increase in these parameters, whereas
others have failed to demonstrate any significant
effect.12,27 Respiratory acidosis does not significantly
influence the pulmonary vasoconstriction in response
to hypoxia whereas respiratory alkalosis blunts this
response. Diaphragm performance decreases during
respiratory acidosis in anesthetized dogs, but such an
effect was not observed in other skeletal muscles.

Immune Response

Respiratory acidosis elicits an inhibitory response of
the immune system that has been described as a “dou-
ble-edged sword” since it combines morbid effects as
well as potentially salutary actions.35 Hypercapnia was
shown to inhibit bacterial growth but these effects
occur at extremely high levels of PCO2 that are not
encountered in clinical practice. A reduction in cyto-
kine signaling between immune cells and of neutrophil
and macrophage production of proinflammatory cyto-
kines including TNF-α1, IL-1β, IL-8, and IL-6 occurs in
respiratory acidosis; conversely, the complement sys-
tem is activated.35

The impairment in the cellular immune response
observed in respiratory acidosis is complex and
involves reduction of phagocyte migration, chemotaxis,
and adhesion; decreased phagocytic ability; reduction
of oxidant-mediated bacterial killing; and altered
mechanisms of neutrophil death.32 It appears that at
least some of the effects of hypercapnia on the immune
response are dependent on acidemia and not on the
level of PCO2 per se.

48

Whereas the actions described above can be charac-
terized as harmful, the effects of respiratory acidosis on
tissue injury caused by infection or inflammation have
elements that appear salutary.31 Animal studies have
shown that the severity of lung injury caused by bacte-
rial pneumonia is ameliorated by respiratory acidosis.
Similarly, the severity of septic shock and lung injury
in systemic sepsis has been shown to be reduced by
hypercapnia.35 Buffering of experimentally induced
respiratory acidosis does not have beneficial effects and
may worsen tissue injury in bacterial pneumonia.48
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Renal and Metabolic

Mild to moderate hypercapnia results in renal vaso-
dilation, but acute increments in PaCO2 to levels above
70 mm Hg induce renal vasoconstriction and hypoper-
fusion. A role for angiotensin II in the renal vasocon-
striction observed during acute respiratory acidosis in
the company of hypoxemia was documented in con-
scious dogs. Acute hypercapnia stimulates renin secre-
tion by augmenting β-adrenergic tone and leads to
increased plasma cortisol and aldosterone levels.
Additionally, acute hypercapnia stimulates antidiuretic
hormone release and reduces renal sodium and water
excretion as a result of the hormonal changes described
and the augmented renal adrenergic activity.8 Salt and
water retention commonly attends sustained hypercap-
nia, especially in the presence of cor pulmonale.
Although metabolic demands may be augmented by
the associated sympathetic surge, respiratory acidosis
decreases the uptake of glucose in the tissues by induc-
ing insulin resistance and inhibits anaerobic glycolysis
by depressing 6-phosphofructokinase activity.1 This
effect can have grave consequences during hypoxia,
since glycolysis becomes the main source of energy.

Skeletal

Decreased pH of respiratory or metabolic origin pro-
duces net calcium loss from cultured bone, but this
response is less intense in respiratory acidosis.28,29 The
relatively mild calcium efflux of respiratory acidosis
appears to be mediated exclusively by physicochemical
dissolution without involving cell-mediated processes.
Conversely, metabolic acidosis produces larger calcium
efflux because of the additive effects of inhibition of
osteoblastic bone formation and stimulation of osteo-
clastic bone resorption.28,29

DIAGNOSIS OF RESPIRATORYACIDOSIS

In general, one should never rely on clinical exami-
nation alone to assess the adequacy of alveolar
ventilation.12 Whenever carbon dioxide retention is
suspected, blood gas determinations should be obtai-
ned. Indeed, accurate laboratory data are a prerequisite
for establishing the diagnosis of respiratory acidosis.
Differentiating between acute and chronic hypercapnia
can be a difficult task. Neither the level of hypercapnia
nor the magnitude of the associated hypoxemia is par-
ticularly helpful. Of course, if the presence of compli-
cating acid�base disorders can be excluded, the
acid�base parameters themselves can be of assistance;
acute hypercapnia is associated with a lower plasma
bicarbonate and blood pH than is chronic hypercapnia

of the same magnitude. Nonetheless, the utility of this
criterion is limited by the frequent uncertainty about
the coexistence of additional acid�base disturbances,
the individual variability in the secondary physiologic
responses to hypercapnia, and the fact that insuffi-
cient time from the onset of hypercapnia might have
elapsed for full expression of the adaptive responses.
In the end, clinical information must be relied on for
distinguishing between acute and chronic respiratory
acidosis as well as for establishing the underlying
etiology.

MANAGEMENT OF RESPIRATORY
ACIDOSIS

As previously noted, carbon dioxide retention,
whether acute or chronic, is always associated with
hypoxemia in patients breathing room air. In fact, hyp-
oxemia, not hypercapnia or acidemia, is the most criti-
cal factor that determines morbidity and mortality of
patients with acute or chronic respiratory acidosis.
Therefore, the greatest emphasis should be placed on
ensuring adequate oxygenation. In addition to the
maintenance of appropriate oxygenation, the goals of
treatment both of acute and chronic respiratory acido-
sis should include prevention of severe acidemia and
amelioration of the hypercapnia.6,8

Administering Oxygen

Since oxygen administration promotes the develop-
ment of CO2 retention both in patients with acute and
chronic respiratory acidosis, this therapeutic tool must
be applied with caution.16 The primary goal of oxygen
therapy is to secure a PaO2 of 60 to 70 mm Hg or an
oxygen saturation of 90 to 93%. Higher levels of PaO2

achieved with the use of very rich inspired oxygen mix-
tures increase the risk of worsening hypercapnia with-
out adding significantly to the blood oxygen content.

Venturi masks should be used when possible as
they yield a precise fraction of inspired oxygen (FiO2)
and provide a flow that exceeds the full ventilatory
requirements.42 Available Venturi masks deliver an
FiO2 of 24, 28, 31, 35, 40, or 60%. The design of the
valve ensures that a specific proportion of oxygen and
air are mixed and delivered to the patient. Other meth-
ods of oxygen delivery can be used, particularly when
higher levels of FiO2 are required. Nasal cannulae,
more comfortable devices that permit oral feedings,
can provide flow rates of up to 6 liters/min with an
associated FiO2 of approximately 40%. When using
nasal cannula, the oxygen flow rate should be
increased by 1 liter/min at a time in most instances
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since it is difficult to predict the FiO2 with this device.
Simple face masks using flow rates of 6�10 liters/min
can provide FiO2 of up to 55%, but large fluctuations in
FiO2 are observed. Non-rebreathing masks can provide
FiO2 of up to 90%. The use of positive end expiratory
pressure (PEEP) or continuous positive airway pres-
sure (CPAP) can enhance the effect of a given level of
oxygen administration in patients with pulmonary
edema or diffuse pulmonary disease.

As indicated above, supplemental oxygen may lead
to the development or worsening of hypercapnia, and
this risk of oxygen therapy is even higher in patients
with chronic obstructive pulmonary disease (COPD).16

The major determinants of CO2 retention in response
to supplemental oxygen in patients with COPD, in
order of importance, include an increase in dead space
ventilation and ventilation/perfusion (VA/Q) mis-
match due to attenuation of hypoxic pulmonary vaso-
constriction, decreased binding affinity of hemoglobin
for CO2 in the presence of increased O2 saturation
(Haldane effect), and decreased minute ventilation
caused by depressed respiratory drive.12,16 Abrupt
removal of supplemental oxygen in patients who
develop CO2 retention during oxygen therapy may
cause a reduction in PaO2 to levels lower than that at
the start of oxygen administration. Consequently, this
practice should be avoided since it can lead to more
severe tissue hypoxia and acidemia.

One should always be mindful of the risk of oxygen
toxicity, which increases as a function of the level of
FiO2 and the time of exposure. As a rule, the lowest
possible FiO2 that achieves the desired hemoglobin sat-
uration should be used, and oxygen support that
results in an FiO2 greater than 30�40% should be with-
drawn as soon as feasible.

Assisted Ventilation

Development or worsening of acidemia (e.g., pH
less than 7.20) or marked obtundation during oxygen
therapy is an indication for mechanical ventilation,
although noninvasive positive pressure ventilation
(NPPV) might help avoid the need for endotracheal
intubation.

Noninvasive Positive Pressure Ventilation

This form of assisted ventilation consists of the
mechanical delivery of breaths via a tightly fitting nasal
or full facial mask. The salutary effects of NPPV consist
of increasing alveolar ventilation, reducing work of
breathing and therefore providing rest to the respira-
tory muscles, and decreasing the rate of intubation.12

The ventilator might deliver only inspiratory pressure
(i.e., pressure support mode or PSV), or pressure

might be applied during the entire respiratory cycle
(i.e., bilevel positive airway pressure). The latter has
become the preferred mode of NPPV used in COPD
patients (the “Bi PAP” ventilator is commonly used
for this purpose) because it produces greater
improvements in blood gases and reduces the work
of breathing more effectively than PSV alone. The
high success rate of NPPV is well documented in
patients with acute respiratory failure caused by
decompensated COPD or acute cardiogenic pulmo-
nary edema. Yet, it appears that NPPV can be effec-
tively used in other conditions, including the
immunocompromised patient (in whom intubation
carries a higher risk of pulmonary infection), in post-
operative respiratory failure, after coronary artery
bypass grafting or lung resection, as an adjunct to
extubation, and to avoid reintubation of previously
mechanically intubated patients. A lower incidence of
nosocomial infections, especially pneumonia, in com-
parison with standard mechanical ventilation likely
explains the lower mortality associated with NPPV.
Contraindications to the use of NPPV are cardiovas-
cular instability (e.g., hypotension, serious arrhyth-
mias, myocardial ischemia), craniofacial trauma or
burns, inability to protect the airway, and the likely
need for emergent intubation.

In patients with chronic respiratory acidosis,
assisted ventilation should be avoided if adequate oxy-
genation can be attained by conservative therapy (PaO2

on the order of 60�70 mmHg and hemoglobin oxygen
saturation of 90�93%). As a general rule, if the patient
is alert, able to cough, and can cooperate with the treat-
ment program, mechanical ventilation is usually not
necessary. Noninvasive positive pressure ventilation is
an effective modality for selected patients with acute
exacerbations of COPD. Candidates for the use of
NPPV are patients with a respiratory rate of 25 per
minute or greater accompanied by moderate to severe
respiratory distress and acidemia or hypercapnia
(pH ,7.35 or PaCO2 .45 mm Hg).

Mechanical Ventilation (Invasive, Including Airway
Intubation) and Permissive Hypercapnia

Acute respiratory failure accounts for about two-
thirds of all patients requiring mechanical ventilation.
Causes of acute respiratory failure include ARDS,
severe heart failure, fulminant pneumonia, sepsis,
trauma, and the postoperative state. The remaining
one-third of patients require ventilator assistance
because of exacerbations of COPD or neuromuscular
disorders, or after developing coma.

The objectives of mechanical ventilation are to
reverse progressive respiratory acidosis or life-
threatening hypoxemia unresponsive to conservative
management and to decrease the work of breathing.
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The most widely used mode of mechanical ventilation
is assist-control ventilation, in which the ventilator deli-
vers a preset tidal volume when triggered by the
patient’s inspiratory effort or independently if such an
effort does not occur within a preselected time. Another
widely used modality is pressure-support ventilation in
which 16�30 breaths per minute are delivered to aug-
ment the patient’s spontaneous respiratory effort by a
preset level of pressure (rather than volume).

Traditionally, the goal of treatment with mechanical
ventilation had been to restore PaCO2 and arterial
blood pH to a level close to the normal values of
40 mm Hg and 7.40, respectively, regardless of the tidal
volumes and airway pressures needed.13 However, it is
now clear that large tidal volumes with excessively
high airway pressures (e.g., plateau levels higher than
25�35 cm of H2O) often lead to alveolar overdistension
and barotrauma. Therefore, an alternative approach
that uses a protective ventilation strategy and allows
PaCO2 to rise, called “permissive hypercapnia” (or con-
trolled mechanical hypoventilation), has been intro-
duced.13,20 In this form of treatment, lower tidal
volumes (5 to 7 ml/kg or less) and peak inspiratory
pressures are used. As expected, PaCO2 rises but rarely
exceeds 80 mm Hg, and blood pH can decrease to as
low as 7.00 to 7.10, while blood oxygenation is
secured.20,38 Permissive hypercapnia has been reported
to have salutary effects in animal models of cerebral
ischemia-reperfusion injury and in lung injury second-
ary to bacterial infection (see Pathophysiologic Effects
and Clinical Manifestations of Respiratory Acidosis).

The increased respiratory drive associated with per-
missive hypercapnia can cause extreme discomfort,
making sedation necessary. Because the patient com-
monly requires neuromuscular blockade as well, acci-
dental disconnection from the ventilator can cause
sudden death. Furthermore, after the neuromuscular
blocking agent is discontinued, there might be weak-
ness or paralysis for several days or weeks. There are
several contraindications to the use of permissive
hypercapnia, including cerebrovascular disease, brain
edema, increased intracranial pressure, convulsions,
depressed cardiac function, cardiac arrhythmias, and
severe pulmonary hypertension. Importantly, most of
these entities can develop as adverse effects of permis-
sive hypercapnia itself, especially when hypercapnia is
associated with substantial acidemia. In fact, some
experimental evidence indicates that correction of acid-
emia attenuates the adverse hemodynamic effects of
permissive hypercapnia.30 It appears prudent, although
still controversial, to keep the blood pH at approxi-
mately 7.30 by administering intravenous alkali when
controlled hypoventilation is prescribed.6

If mechanical ventilation is deemed necessary in
patients with chronic respiratory acidosis, the goal

should be to increase minute ventilation sufficiently to
maintain blood pH and PaCO2 at levels that are close to
the patient’s chronic baseline values. Because acute alka-
lemia reduces P50, a rapid increase in blood pH should
be avoided in the management of patients with acute
exacerbations of chronic respiratory acidosis. Such an
alkalemia can be observed with aggressive
normalization of PaCO2 via mechanical ventilation or
after alkali administration. Because these patients
commonly have an associated cardiac or cerebrovascular
insufficiency, they cannot augment cardiac output or
regional perfusion to overcome the higher oxygen bind-
ing affinity of hemoglobin. When employing assisted
ventilation, blood gases should be measured frequently
to prevent or correct both overventilation and underven-
tilation. In general, as long as adequate oxygenation can
be maintained, PaCO2 should be reduced toward the
chronic baseline over many hours to a few days.

Improving Pulmonary Function

Measures directed against all possible reversible fac-
tors responsible for the respiratory acidosis should be
undertaken. Pulmonary infections should be treated
aggressively, and direct examination of bronchial secre-
tions and cultures should guide such therapy.
Bronchodilators, administered by inhalation, orally,
subcutaneously, or intravenously, are the main thera-
peutic tool for patients with COPD.69 The most relevant
bronchodilators include β-agonists and anticholiner-
gics; theophylline is used less often. Inhaled glucocorti-
coids, systemic glucocorticoids, and mucoactive agents
are often used as adjunct therapy in COPD and other
causes of respiratory acidosis. Reversal of the hypercap-
nia, acidemia, and hypoxemia will usually improve car-
diac dysfunction and pulmonary hypertension.12

Excluding the case of cor pulmonale in association with
low cardiac output, administration of digitalis appears
to be of no value in the treatment of the depressed car-
diac contractility accompanying severe respiratory aci-
dosis. Close monitoring of the patient’s fluid status is
crucial, because volume overload increases pulmonary
capillary pressure and predisposes to the development
of pulmonary edema. Diuretics should be used, as
needed. In appropriate settings, the use of intermittent
ultrafiltration/hemodialysis or continuous arteriove-
nous or venovenous hemofiltration may be required.
Nutritional support is of crucial importance in order to
minimize reduction in the strength and endurance of
the respiratory muscles and depression in the body’s
immunity. Administering a larger proportion of non-
protein calories as fat emulsions might aid the weaning
process from ventilatory support by decreasing the rate
of CO2 production in comparison with isocaloric
amounts of carbohydrate.15
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Alkali Therapy

The presence of a component of metabolic acidosis
has traditionally been the primary indication for alkali
therapy in patients with respiratory acidosis. However,
in patients maintained on mechanical ventilation, in
whom permissive hypercapnia is utilized resulting in
blood pH values below 7.20, some clinicians recom-
mend the use of sodium bicarbonate to ameliorate the
acidemia.30 In fact, correction of acidemia attenuates
the adverse hemodynamic effects of permissive hyper-
capnia. As explained before, it appears prudent,
although still controversial, to keep the blood pH at
approximately 7.30 by administering intravenous alkali
when controlled hypoventilation is prescribed.6

Alternative forms of alkali, which do not augment
CO2 generation as much as bicarbonate does, but are
effective in ameliorating acidemia include Carbicarbs
and THAM (Tromethamine).25,61,63 Carbicarb is an equi-
molar mixture of sodium carbonate and sodium bicar-
bonate. Because carbonate is a stronger base, it is used in
preference to bicarbonate for buffering hydrogen ions
generating bicarbonate rather than carbon dioxide in the
process (CO3

2-1H1-HCO2
3 ). In addition, the carbonate

ion can react with carbonic acid, therby consuming car-
bon dioxide (CO3

2-1H2CO3
2-2HCO2

3 ). Yet, the interac-
tion of bicarbonate with hydrogen ions still generates
CO2. Thus, Carbicarb limits but does not eliminate the
generation of carbon dioxide.6,19 Clinical experience
with Carbicarb is limited, and this product is not
yet commercially available for clinical use.

THAM (tris [hydroxymethyl] aminomethane) is a
synthetic buffer available as a 0.3-N solution, which at a
pH of 7.20�7.40 has a buffer capacity equivalent to that
of normal blood.25 A distinct property of THAM is its
capacity to buffer both metabolic acids (THAM1H1-
THAM1) and carbonic acid (THAM1 H2CO3-
THAM11HCO2

3 ). Because THAM freely penetrates
cells it can be an effective intracellular buffer. Indeed,
in vitro and in vivo studies have indicated that both
extracellular and intracellular pH rise after THAM
administration; in vitro studies have shown that THAM
exerts a positive inotropic effect on the ischemic myo-
cardium. When used in the experimental treatment of
head injury, it reduces brain edema. THAM has been
proposed as a substitute for bicarbonate in treating the
acidemia of respiratory acidosis because of its theoreti-
cal potential to decrease PaCO2.

The effects of THAM in patients with acute respira-
tory distress syndrome (ARDS) undergoing permissive
hypercapnia has been investigated.91 Permissive hyper-
capnia of two hours duration and PaCO2 of 80 mm Hg
increased cardiac output and decreased systemic vas-
cular resistance. Mean pulmonary artery pressure
increased and mean arterial pressure decreased

significantly only in the untreated group (pH-uncor-
rected group). Myocardial contractility decreased in
both groups but significantly less (approximately 10%)
in the pH-corrected group with THAM.

However, correction of acidemia with this com-
pound leads to CO2 retention because of pH-mediated
depression of ventilation. In addition, serious adverse
effects have been reported with the use of THAM,
including hyperkalemia, hypoglycemia, and wide-
spread organ necrosis.6

In the absence of a complicating element of meta-
bolic acidosis and with the possible exception of the
severely acidemic patient with intense generalized
bronchoconstriction undergoing mechanical ventilation
(see previous discussion), there is no role for alkali
administration (i.e., NaHCO3, Carbicarb, THAM) in
chronic respiratory acidosis.

MIXED ACID�BASE DISORDERS
ASSOCIATED WITH RESPIRATORY

ACIDOSIS

Complicating acid�base disorders occur with sur-
prising frequency in patients with acute or chronic
respiratory acidosis and often present a considerable
challenge to the clinician. What follows is a brief
account of the most common mixed acid�base disor-
ders in which respiratory acidosis is a component.

Respiratory Acidosis and Metabolic Acidosis

Clinical examples of this entity include untreated
cardiopulmonary arrest, circulatory failure in patients
with COPD, severe renal failure associated with hyper-
capnic respiratory failure, various intoxications, and
hypokalemic (or less frequently hyperkalemic) paraly-
sis of respiratory muscles in patients with diarrhea or
renal tubular acidosis.8 In patients with this mixed dis-
turbance, increasing ventilation to reduce PaCO2 can
be of great value in rapidly bringing blood pH, and
presumably intracellular pH, into a safe range.
Therefore, consideration should be given to intubating
and mechanically ventilating patients with metabolic
acidosis, who retain CO2, or those with moderate to
severe respiratory acidosis, who also develop an
element of metabolic acidosis. Despite the potential
disadvantages of bicarbonate administration, and
considering the profound impact of severe acidemia
on cardiovascular function as well as the lack of
suitable alternatives, we recommend the judicious
administration of sodium bicarbonate in selected
patients with metabolic and respiratory acidosis who
have a blood pH less than 7.10.8 However, alkali
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therapy must be used with great caution in these
patients, because of the substantial risk of further respi-
ratory depression leading to life-threatening hypox-
emia and worsened hypercapnia. In patients with
metabolic acidosis and respiratory acidosis who also
have fluid excess, congestive heart failure, or severe
renal failure, administration of any sodium containing
alkali might be potentially harmful. Consequently,
dialysis utilizing bicarbonate containing dialysate
might be a reasonable option. With this treatment
modality, not only can large quantities of alkali be
delivered, but significant amounts of fluid can also be
removed.

Respiratory Acidosis and Metabolic Alkalosis

This combination represents one of the most fre-
quently observed mixed acid�base disorders.
Deviation of blood pH toward alkalinity commonly
occurs in patients with respiratory acidosis because of
several complicating events and medications.8 Patients
with COPD frequently develop gastritis, peptic ulcer
disease, or gastrointestinal bleeding as a result of tak-
ing xanthines and corticosteroids, and possibly due to
the underlying disease itself. Metabolic alkalosis result-
ing from ingestion of absorbable antacids and/or
vomiting is prevalent. Chronic administration of corti-
costeroids can induce potassium depletion and meta-
bolic alkalosis. Further, prescription of diuretics for
treatment of cor pulmonale or other disorders can also
generate metabolic alkalosis. Critically ill patients with
respiratory failure caused by ARDS and, occasionally,
those with profound hypokalemia also might develop
this mixed acid�base disorder. Rapid correction
of CO2 retention via mechanical ventilation in patients
with long-standing hypercapnia and secondary
hyperbicarbonatemia can cause transient alkalemia, a
condition commonly referred to as “posthypercapnic
metabolic alkalosis.” In the absence of the clinical his-
tory, simple review of the blood gas values might lead
to the erroneous diagnosis of primary metabolic alkalo-
sis. If the patient’s chloride intake remains adequate,
urinary excretion of the excess bicarbonate will repair
the hyperbicarbonatemia in one to three days. On the
other hand, unavailability of chloride will perpetuate
the state of posthypercapnic alkalosis.

The management of patients with mixed respiratory
acidosis and metabolic alkalosis requires a combination
of measures aimed at correcting the coexisting disor-
ders. Acetazolamide can produce large bicarbonate
losses in the form of the sodium and potassium salt.
The pharmacologic effect of acetazolamide substan-
tially diminishes once the elevated plasma [HCO2

3 ] is
returned toward normal. Plasma potassium should be

closely monitored, especially if potassium depletion
was initially present, and appropriate supplementation
should be provided. On occasion, the administration of
an acidifying agent is required. An alternative thera-
peutic approach in patients with renal failure is the use
of either hemodialysis with a “low bicarbonate” con-
centration in the dialysate or of hemofiltration along
with saline replacement. Effective management of the
superimposed element of metabolic alkalosis will usu-
ally result in a significant decline in the PaCO2 level
and improvement of the patient’s hypoxemia.

Respiratory Acidosis, Metabolic Acidosis,
and Metabolic Alkalosis

This triple disorder might be encountered during
cardiopulmonary resuscitation when an element of
metabolic alkalosis caused by alkali administration is
superimposed on preexisting respiratory acidosis and
metabolic (lactic) acidosis. Similarly, this mixed distur-
bance is observed in severely ill patients with COPD
and CO2 retention, who might develop simultaneously
metabolic alkalosis (usually caused by diuretics and a
chloride restricted diet) and metabolic acidosis (com-
monly lactic acidosis caused by hypoxemia, hypoten-
sion, or sepsis). The management of this triple
acid�base disorder demands application of therapeutic
measures aimed at each individual component.

RESPIRATORYALKALOSIS

The acid�base disturbance initiated by a decrease in
CO2 stores (i.e., carbonic acid) and characterized by a
decrease in CO2 tension is termed respiratory alkalosis,
or primary hypocapnia, and entails alkalinization of
body fluids.60 The level of PaCO2 is less than 35 mm
Hg in patients with simple respiratory alkalosis, who
are at rest and at sea level. An element of respiratory
alkalosis can still occur with higher levels of PaCO2 in
patients with metabolic alkalosis in whom a normal
PaCO2 is inappropriately low for this primary meta-
bolic disorder.

PATHOPHYSIOLOGY

The presence of hypocapnia signifies excessive alve-
olar ventilation relative to the prevailing CO2 produc-
tion, thereby leading to negative CO2 balance, which
may result from increased alveolar ventilation,
decreased CO2 production, or both. Primary hypocap-
nia might also originate from the extrapulmonary elim-
ination of CO2, as indicated above. In the vast majority
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of cases, however, primary hypocapnia reflects alveolar
hyperventilation due to increased ventilatory drive or
the use of mechanical ventilation. Increased ventilatory
drive might result from signals arising from the lung,
peripheral chemoreceptors (carotid and aortic), brain-
stem chemoreceptors, or influences originating in other
centers of the brain.62 The response of the brainstem
chemoreceptors to CO2 can be augmented by systemic
diseases (e.g., liver disease, sepsis), pharmacologic
agents, volition, and other influences. Hypoxemia is a
major stimulus of alveolar ventilation, but PaO2 values
lower than 60 mm Hg are required to elicit consistently
this effect. Not uncommonly, alveolar hyperventilation
is the result of maladjusted mechanical ventilators.
Further, it is common practice to deliberately induce
respiratory alkalosis during general anesthesia in
patients with critical elevation of intracranial pressure
or brain injury, or in neonatal respiratory failure, espe-
cially when pulmonary vascular resistance is exceed-
ingly high. Potential mechanisms of respiratory
alkalosis due to decreased CO2 production in the pres-
ence of constant alveolar ventilation (i.e., mechanical
ventilation) include a reduction in physical activity
(e.g., sedation, skeletal muscle paralysis) or a reduction
in the basal metabolic rate (e.g., hypothermia, hypothy-
roidism). In states of severe circulatory failure, arterial
hypocapnia can coexist with venous, and therefore
with tissue, hypercapnia; however, the body CO2 stores
have been enriched, and respiratory acidosis rather
than respiratory alkalosis is present. This entity, which
we have termed pseudorespiratory alkalosis, has been
examined in the section on respiratory acidosis.

Respiratory alkalosis is the most frequent acid�base
disorder encountered, since it occurs in normal preg-
nancy and with high-altitude residence. It is also the
most common acid�base abnormality in critically ill
patients, occurring either as the simple disorder or
as a component of mixed disturbances;7 indeed, in
such patients, its presence may represent a grave prog-
nostic sign, especially if PaCO2 levels are below
20�25 mm Hg. Table 60.5 lists the major causes of
respiratory alkalosis. Most are associated with the
abrupt appearance of hypocapnia, but in many
instances the process might be sufficiently prolonged
to permit full, chronic adaptation to occur.
Consequently, no attempt has been made to separate
these conditions into acute and chronic categories.

The mechanisms by which the processes listed in
Table 60.5 lead to hyperventilation differ markedly.62

Hypoxia stimulates ventilation through activation of
peripheral chemoreceptors and might result in hypo-
capnia if CO2 excretion is unimpeded. Such situations
of hypoxia include decreased inspired oxygen
tension (e.g., high-altitude residence) and conditions
producing increased venous admixture and marked

TABLE 60.5 Causes of Acute Respiratory Alkalosis

Hypoxemia or tissue hypoxia

Decreased inspired O2 tension

High altitude

Bacterial or viral pneumonia

Aspiration of food, foreign body, or vomitus

Laryngospasm

Drowning

Cyanotic heart disease

Severe anemia

Left shift deviation of HbO2 curve

Hypotension

Severe circulatory failure

Pulmonary edema

Pseudorespiratory alkalosis

Central nervous system stimulation

Voluntary

Pain

Anxiety-hyperventilation syndrome

Psychosis

Fever

Subarachnoid hemorrhage

Cerebrovascular accident

Meningoencephalitis

Tumor

Trauma

Pulmonary diseases with stimulation of chest receptors

Pneumonia

Asthma

Pneumothorax

Hemothorax

Flail chest

Acute respiratory distress syndrome

Cardiogenic and noncardiogenic pulmonary edema

Pulmonary embolism

Pulmonary fibrosis

Drugs and hormones

Respiratory stimulants (doxapram, nikethamide, ethamivan,
progesterone, medroxyprogesterone)

(Continued)
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ventilation/perfusion inequality (e.g., bronchopulmon-
ary disease, pulmonary edema). A reduction in PaO2

below 60 mm Hg is required for hyperventilation to
develop. Hypotension, especially when associated with
sepsis, often causes respiratory alkalosis even in the
absence of a reduced PaO2. This phenomenon occurs
because the stimulus to peripheral chemoreceptor acti-
vation is decreased oxygen delivery rather than
decreased PaO2. Severe anemia (hemoglobin level
lower than 30% of normal) can lead to respiratory alka-
losis by the same mechanism. As noted above, severe
circulatory failure in the presence of substantial pulmo-
nary ventilation can give rise to “pseudorespiratory
alkalosis,” a distinct pattern of arteriovenous acid-
�base disparity characterized by arterial hypocapnia
and alkalemia in association with venous (and tissue)
hypercapnia and acidemia.10,11

Central-nervous-system�mediated hypocapnia can
result from a wide variety of causes. Respiratory
alkalosis can certainly be produced through volun-
tary hyperventilation. The anxiety-hyperventilation
syndrome can result in severe hypocapnia and alkale-
mia leading to the development of chest oppression,
circumoral numbness, and paresthesias in the extremi-
ties. Early recognition is important because appropriate
measures might produce prompt relief. Various
neurologic diseases of vascular, infectious, traumatic,
or neoplastic origin can also produce hypocapnia, pre-
sumably by enhancing stimulatory inputs to ventilation
or by interrupting normal inhibitory pathways.

A number of pharmacologic agents can induce hyper-
ventilation and respiratory alkalosis.62 Aspirin and other
salicylates in doses exceeding a few grams per day can
produce primary hypocapnia by direct stimulation of
medullary chemoreceptors. In cases of salicylate intoxi-
cation, respiratory alkalosis often coexists with metabolic
acidosis that arises from accumulation of organic acids.
Nikethamide, a respiratory stimulant acting directly on
the respiratory center of the brainstem and, in addition,
increasing the center’s sensitivity to CO2 and activating
peripheral chemoreceptors, has been used in the treat-
ment of CO2-retaining disorders; however, the results
obtained with this drug as well as other ventilatory sti-
mulants (e.g., ethamivan, doxapram, almitrine, proges-
terone, and medroxyprogesterone) have been modest at
best. Other drugs known to stimulate alveolar ventila-
tion include nicotine, dinitrophenol, xanthines, and pres-
sor hormones (epinephrine, norepinephrine, and
angiotensin II).62 Progesterone and medroxyprogester-
one are also respiratory stimulants that are presumed to
act centrally. This property of progesterone is most likely
responsible for the PaCO2 of normal women being lower
by 2�3 mm Hg than that of normal men, and for the
chronic hypocapnia characteristic of normal pregnancy
(see later discussion). Progesterone is considered to be
the basis of the hyperventilation that occurs during the
luteal phase of the normal menstrual cycle (ΔPaCO2 of
approximately 3�6 mm Hg) that is attended by a rise in
blood pH and a fall in renal acid excretion. In fact, in
both pregnant and nonpregnant women, the PaCO2

value is inversely related to the blood progesterone level.
Patients with a variety of pulmonary disorders,

including interstitial lung disease, pneumonia, pulmo-
nary embolism, and pulmonary edema, can develop
respiratory alkalosis as a result of stimulation of pul-
monary receptors that signal the brainstem through
ascending pathways in the vagus nerve; these receptors
might be triggered by irritants (nociceptive receptors),
pulmonary expansion or collapse (stretch receptors),
or pulmonary capillary congestion (juxtacapillary
or J receptors).12 Accompanying hypoxemia, acting on
peripheral arterial chemoreceptors, might also play a
contributory role. Measurable increases in alveolar ven-
tilation appear early in pregnancy and, subsequently,
are augmented further. On average, PaCO2 falls to
approximately 34 mm Hg in the first trimester, to about
32 mm Hg in the second trimester, and to approxi-
mately 28 mm Hg in the third trimester, when circulat-
ing progesterone attains its highest levels. The
associated changes in plasma bicarbonate and therefore
pH are consistent with adaptation to chronic respira-
tory alkalosis.

Septicemia due to either gram-positive or gram-
negative organisms commonly results in respiratory
alkalosis. Whereas the concomitant hypoxemia and

TABLE 60.5 (Continued)

Salicylates

Nicotine

Xanthines

Dinitrophenol

Pressor hormones (epinephrine, norepinephrine, angiotensin II)

Miscellaneous

Exercise

Pregnancy

Gram-positive septicemia

Gram-negative septicemia

Hepatic failure

Mechanical hyperventilation

Heat exposure

Recovery from metabolic acidosis

Hemodialysis with acetate dialysate

2129PATHOPHYSIOLOGY

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



circulatory failure might account for the genesis of
hypocapnia in gram-positive sepsis, direct stimulation
of central chemoreceptors by bacterial toxins has been
shown to account, at least in part, for the respiratory
alkalosis of gram-negative sepsis.7

Hepatic failure represents an important cause of
respiratory alkalosis. The specific mechanisms respon-
sible for the hyperventilation remain uncertain, but the
extent of hypocapnia correlates best with the level of
blood ammonia.

Mechanical hyperventilation might induce respira-
tory alkalosis if the mechanical apparatus is improp-
erly adjusted.80 This complication can be avoided only
by assessing acid�base status frequently in patients
undergoing assisted or controlled ventilation. Abrupt
cessation of mechanical hyperventilation, especially in
anesthetized patients or those who had received seda-
tives, might result in critical hypoxemia due to apnea
or severe respiratory depression; the prevailing low
level of PaCO2 fails to provide a stimulus for ventila-
tory drive and apnea or depressed respiration will
persist until PaCO2 rises sufficiently to stimulate venti-
lation. This mechanism may account for a substantial
number of cardiorespiratory arrests during recovery
from general anesthesia. Despite claims to the contrary,
cessation of voluntary hyperventilation might also
result in severe hypoxemia due to depressed ventila-
tion or apnea.

Heat exhaustion, heat stroke, fever, hyperthyroid-
ism, and delirium tremens might also produce respira-
tory alkalosis by mechanisms that remain undefined.
Finally, a postmetabolic-acidosis hypocapnia can
develop following rapid correction of a large bicarbon-
ate deficit by alkali administration; this persistent
hyperventilation, which can last for 24�48 hours, is
attributed to a delay in correcting the acidity at the cen-
tral chemoreceptor site.

Secondary Physiologic Response

Hypocapnia elicits adaptive decrements in plasma
[HCO2

3 ] that should be viewed as an integral part of
the respiratory alkalosis and serve to ameliorate the
resulting alkalemia.44,58 An immediate decrement in
plasma [HCO2

3 ] occurs in response to hypocapnia. This
acute adaptation is complete within 5 to 10 minutes
from the onset of hypocapnia, and no further
detectable changes in acid�base equilibrium occur for
a period of several hours, establishing an operational
“acute steady state”.9 The acute adaptation is
accounted for principally by alkaline titration of the
body’s non-HCO2

3 buffers and, to a lesser extent, by
increased production of organic acids, notably lactic
acid. When hypocapnia is sustained, renal adjustments

cause an additional decrease in plasma [HCO2
3 ] further

ameliorating the resulting alkalemia.44

The adjustment in acid�base equilibrium following
the induction of acute hypocapnia results entirely from
nonrenal mechanisms. Evidence indicates that approxi-
mately one third of the total buffering response can be
ascribed to red cell and extracellular protein buffering,
the remainder being attributed to tissue buffering.

Figure 60.4 depicts the 95% confidence limits for
plasma [HCO2

3 ] and blood [H1] in uncomplicated
acute respiratory alkalosis of graded severity. These
limits represent the range of responses within which
acid�base equilibrium would be expected to fall if an
acute reduction in PaCO2 were the only factor disturb-
ing plasma acidity. The data from which these limits
were calculated were obtained during the course of
acute “whole body” titration experiments using pas-
sive hyperventilation of anesthetized human subjects
undergoing minor surgical procedures.14 The acute,
secondary change in plasma [HCO2

3 ] is substantially
greater in magnitude than that observed during acute
hypercapnia of comparable degree, falling by approxi-
mately 0.2 mEq/liter for each 1-mm Hg acute decre-
ment in PaCO2; thus, a reduction in plasma
bicarbonate of some 3�4 mEq/liter occurs within min-
utes after PaCO2 is lowered to 20�25 mm Hg. The
resulting change in plasma [H1], however, is strikingly

FIGURE 60.4 Ninety-five percent confidence limits for plasma

bicarbonate concentration (lower panel) and plasma hydrogen-ion

concentration (upper panel) in acute respiratory alkalosis. The lim-
its were calculated from data obtained in anesthetized patients who
were passively hyperventilated during minor surgical procedures.
(With permission, from Arbus GS, Hebert LA, Levesque PR, Etsten BE,
Schwartz WB. Characterization and clinical application of the “significance
band” for acute respiratory alkalosis. N Engl J Med 1969;280:117�223).
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similar to that observed during acute hypercapnia. On
average, plasma [H1] decreases by approximately
0.75 nEq/liter for each 1-mm Hg acute reduction in
PaCO2. Thus, acute adaptation to a PaCO2 of 20 mm
Hg in a subject with a normal acid�base equilibrium at
baseline will yield, on average, a plasma [HCO2

3 ]
of 20 mEq/liter and a [H1] of 24 nEq/liter (pH 7.62).9

If hypocapnia persists, plasma [HCO2
3 ] falls further

as a consequence of renal adaptive responses, which
entail a dampening of [H1] secretion by the renal
tubule. As a result, transient suppression of net acid
excretion occurs, largely manifested by a fall in ammo-
nium excretion and, early on, by an increase in bicar-
bonate excretion. Transient bicarbonaturia and a rise in
urinary pH occur when hypocapnia develops abruptly
but not in response to gradually evolving hypocapnia.
These changes in net acid excretion, in turn, lead to
positive hydrogen-ion balance and a reduction in the
body’s bicarbonate stores. Maintenance of the resulting
hypobicarbonatemia is ensured by gradual suppression
in the rate of renal bicarbonate reabsorption, itself a
reflection of the hypocapnia-induced decrease in the
tubular hydrogen-ion secretory rate.44,65

The adaptive acid retention during sustained hypo-
capnia is normally accompanied by a loss of sodium
into the urine; the resultant extracellular fluid loss is
responsible for the hyperchloremia that typically
attends chronic respiratory alkalosis. When a new stea-
dy state emerges, renal net acid excretion returns to
control levels and the altered anionic picture of the
extracellular fluid, namely, hypobicarbonatemia and
hyperchloremia, is maintained by reduced bicarbonate
reabsorption and enhanced chloride reabsorption.

Micropuncture and microperfusion studies have
documented suppressed proximal and distal acidifica-
tion during hypocapnia, including decreased proximal
HCO2

3 reabsorption, increased proximal Cl� reabsorp-
tion, and decreased formation and delivery of NH4

1

and titratable acidity. Reduced proximal HCO2
3 reab-

sorption has also been demonstrated by micropuncture
in chronic hypocapnia, but distal acidification has not
been examined with these techniques in the chronic
phase of the disorder.65

Regarding the cellular mechanisms mediating the
down-regulation of renal acidification during chronic
hypocapnia, parallel decreases in the rates of the lumi-
nal Na1/H1 exchanger (Fig 60.5) and the basolateral
Na1/3HCO2

3 cotransporter in the proximal tubule
have been found reflecting a decrease in the Vmax

of each transporter, but no change in the Km for
sodium.49,81 Moreover, hypocapnia induces endocy-
totic retrieval of H1-ATPase pumps from the luminal
membrane of the proximal tubule cells as well as type
A intercalated cells of cortical and medullary collecting
tubules.65 In rat tubule microdissection studies, the

activity of the H1-ATPase along the entire nephron
(i.e., proximal tubule, thick ascending limb of Henle,
and cortical and medullary collecting tubules) and
that of the H1-K1-ATPase in the cortical and medul-
lary collecting tubules were decreased by 6 hr of
hypocapnia and thereafter. The inhibitory effect of
hypocapnia on the H1-ATPase and the H1-K1-
ATPase appears to be independent of potassium and
aldosterone.43 No information exists on potential
effects of chronic hypocapnia on the basolateral Cl�/
HCO2

3 exchanger (band 3 protein) of type A interca-
lated cells or the apical Cl�/HCO2

3 exchanger (pen-
drin) of type B intercalated cells.

Evidence indicates that the renal adaptation to per-
sistent hypocapnia is mediated not by changes in
plasma or “whole-body” intracellular pH but by some
direct effect of reduced PaCO2 itself.

33,68 Thus, animals
in which plasma [HCO2

3 ] had been substantially
reduced prior to adaptation to sustained hypocapnia
(by means of the chronic administration of a large HCl
load) evidenced the same renal response to a primary
reduction in PaCO2 as normal, even though the net
effect of such adaptation was an overt fall in plasma
pH (Fig 60.6).33

Approximately two to three days are required for
the completion of the renal response to hypocapnia.
Limited data in humans (patients subjected to chronic
hypocapnia, high-altitude dwellers, volunteers studied
at high altitude or at simulated altitude) have indicated
that plasma [HCO2

3 ] decreases, on average, by approxi-
mately 0.4 mEq/liter for each 1-mm Hg chronic

FIGURE 60.5 Kinetic characteristics of rabbit renal cortical brush-
border membrane vesicle Na1-H1 exchanger in animals adapted to
chronic hypocapnia (9% O2) (shaded bars) or in paired, contempora-
neous controls (open bars). Data on Km for sodium are depicted on
the left and those on Vmax on the right. Data represent means 6 SE
for seven paired sets of rabbits. Chronic hypocapnia resulted in a sig-
nificant decrease in the Vmax of the exchanger, whereas the Km for
sodium remained unaltered. (From ref., 49 with permission).
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decrease in PaCO2. Despite the similarity in the magni-
tude of the secondary response of plasma bicarbonate
to chronic hypocapnia between dogs and humans, the
resultant impact on blood [H1] is substantially dispa-
rate. Whereas in the dog, blood [H1] falls by only
0.17 nEq/liter for each 1-mm Hg chronic reduction in
PaCO2, the corresponding decrease in humans is on
the order of 0.4 nEq/liter.58 The main reason for this
discrepancy is the higher baseline level of plasma
[HCO2

3 ] in humans (24 to 25 mEq/liter vs. 21 mEq/
liter in the dog).

Plasma Electrolyte Composition during
Respiratory Alkalosis

Mild hyponatremia (Δ[Na1], 2�4 mEq/liter) has
been noted in acute hypocapnia,14,58 but plasma
sodium concentration remains normal during chronic
hypocapnia. Hyperchloremia, a consistent finding in
respiratory alkalosis, reflects largely the chloride shift
from erythrocytes during the acute state and the vol-
ume contraction accompanying the renal response
during the chronic stage.44 Plasma potassium concen-
tration decreases (by approximately 0.1�0.4 mEq/liter
for each 0.1-unit rise in pH) during acute hypocapnia.3

The mechanism of hypokalemia in acute respiratory
alkalosis most likely involves both a shift of potassium
into the cells and transient kaliuresis accompanying
bicarbonaturia that lasts only hours and becomes more
evident when hypocapnia develops abruptly.3 By con-
trast, a study in normal volunteers with acute respira-
tory alkalosis caused by voluntary hyperventilation

revealed development of mild hyperkalemia that
appeared to be mediated by enhanced alpha-
adrenergic activity.59 No appreciable changes in
plasma potassium occur during chronic hypocapnia in
the dog or in patients at sea level. On the other hand, a
persistent reduction in plasma potassium concentration
(on the order of 0.5 mEq/liter) was detected in human
subjects during chronic hypocapnia induced by
exposure to high altitude (ΔPaCO2 8 mm Hg). Mild
hypophosphatemia is a characteristic feature of acute
hypocapnia and reflects translocation of phosphate
into cells, but no consistent changes in plasma phos-
phate have been noted in chronic hypocapnia. Despite
the hypophosphatemia, acute respiratory alkalosis
decreases the fractional excretion of phosphate, and this
response is blunted by β-adrenoreceptor blockers. Mild
reduction in ionized calcium occurs in acute hypocap-
nia because of an alkalemia-induced increase in protein
binding of serum calcium. Although this decrease could
not account by itself for the tetany and seizures that
occasionally attend acute hypocapnia, it might play a
contributory role. Serum total calcium and magnesium
concentrations remain normal during persistent hypo-
capnia. A more recent study concluded that chronic
hypocapnia induces impaired renal tubular responsive-
ness to PTH and defective PTH secretion (as defined by
the failure of the hormone’s levels to rise in response to
the prevailing decrease in serum ionized calcium).

A mild and transient elevation in plasma lactate con-
centration occurs during acute hypocapnia that results
from stimulation of 6-phosphofructokinase activity,
and there is no appreciable change in plasma lactate
during chronic hypocapnia.44 Plasma unmeasured

FIGURE 60.6 Changes in plasma bicarbon-
ate concentration and hydrogen-ion concentra-
tion during prolonged exposure to hypocapnia
in normal dogs (dashed lines) and in dogs with
chronic HCL-acidosis (solid lines). Similar
decrements in PaCO2 in the two groups pro-
duced nearly equivalent reductions in plasma
bicarbonate concentration, despite divergent
effects on hydrogen-ion concentration. (From
ref., 33 with permission).
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anions do not change notably in acute hypocapnia, but
small increases (on the order of 3 mEq/liter for a
20-mm Hg chronic reduction in PaCO2) have been
observed in chronic respiratory alkalosis; the source of
this increase remains unidentified.

Cerebrospinal Fluid Composition during
Respiratory Alkalosis

Cerebrospinal fluid (CSF) hydrogen-ion and bicar-
bonate concentrations fall in parallel with those of arte-
rial blood during induction of acute hypocapnia;37 the
magnitude of the reduction in hydrogen-ion concentra-
tion in the CSF of the dog is similar to that observed in
the arterial blood. The fall in CSF bicarbonate concen-
tration is accompanied by an increase in CSF chloride
concentration that accounts for 75% of the change in
the level of bicarbonate, and a mild rise in CSF lactate
concentration that accounts for the remaining 25%.
Several investigators have noted a widening of the
CSF�arterial PCO2 difference during acute hypocapnia
resulting from a lesser fall of PCO2 in CSF than in
blood; this effect is thought to be secondary to the
decrease in cerebral blood flow associated with
hypocapnia.

Studies of the response of CSF acidity during
chronic hypocapnia have shown reductions in CSF
hydrogen ion and bicarbonate concentrations similar to
those of arterial blood (37).

Intracellular pH during Respiratory Alkalosis

“Whole-body” intracellular hydrogen-ion concentra-
tion, as assessed by the DMO (5, 5-dimethyl-2, 4-oxazo-
lidinedione) method, has been found to fall in parallel
with extracellular hydrogen-ion concentration when
healthy human subjects hyperventilate voluntarily to
achieve a PaCO2 of 15�20 mm Hg. Similar results have
been obtained from studies in dog and rat muscle and
rat brain. On the other hand, 31P-nuclear magnetic res-
onance (NMR) spectroscopy has revealed much smal-
ler changes in canine heart intracellular pH in response
to acute hypocapnia as compared with the extracellular
compartment.55 The response of intracellular acidity to
chronic hypocapnia has not been studied.

PATHOPHYSIOLOGIC EFFECTS AND
CLINICAL MANIFESTATIONS OF

RESPIRATORYALKALOSIS

Neurologic

A variety of clinical manifestations frequently occur
in acute hypocapnia, but these are seldom evident

in the chronic phase of the disorder. A rapid decrement
in PaCO2 to half normal values or lower is typi-
cally accompanied by numbness and paresthesias of
the extremities, chest oppression, circumoral numb-
ness, lightheadedness, and mental confusion. Muscle
cramps, increased deep-tendon reflexes, carpopedal
spasm, and generalized seizures occur infrequently.62

The neurologic manifestations of acute respiratory
alkalosis have been attributed largely to the attendant
cerebral hypoperfusion, although additional factors
have been implicated, including alkalemia, the pH-
induced shift to the left of the oxyhemoglobin dissocia-
tion curve, and the decrements in the level of ionized
calcium and potassium. Cerebral vasoconstriction and
reduced cerebral blood flow have been well documen-
ted during acute hypocapnia;62 in severe cases, cerebral
blood flow might reach values lower than 50% of
normal. In addition, cerebral vasoconstriction leads to
decreases in cerebral blood volume, thereby lowering
intracranial pressure. A characteristic electroencephalo-
graphic picture consisting of generalized slowing and
high-voltage wave forms has been reported. Brain and
CSF lactate concentrations have been found to increase
by amounts greater than those in the systemic circula-
tion and to remain slightly increased during persistent
hypocapnia. Increased synthesis of lactate is conse-
quent to cerebral hypoxia resulting from the intense
vasoconstricting effects of hypocapnia and, probably,
to alkalemia-induced acceleration of anaerobic glycoly-
sis. Some evidence indicates that cerebral blood flow
returns to normal in chronic respiratory alkalosis.

Respiratory alkalosis and hypoxemia are observed
in acute mountain sickness (AMS) and high-altitude
cerebral edema, conditions characterized by cerebral
swelling. Evaluation of self-identified AMS-suscepti-
ble and non-AMS-susceptible volunteers demon-
strated as early as 40 minutes after development of
hypoxemia, increases in cerebral blood volume and
brain tissue volume occur, and CSF is shifted into
the venous circulation decreasing CSF volume; the
latter is a compensatory mechanism to maintain nor-
mal intracranial pressure.40 These findings did not
differ in the two study groups. Of note is the clinical
observation that administration of acetazolamide
ameliorates the central nervous system impairment
observed in AMS.

Hypocapnia can have deleterious effects on the
brain of premature infants, patients with traumatic
brain injury, acute stroke, or general anesthesia, and
after cardiopulmonary bypass or sudden exposure to
very high altitude.36,38,45,47,74 The mechanisms of brain
injury may include cerebral ischemia; antioxidant-
glutathione depletion caused by augmented produc-
tion of cytotoxic excitatory amino acids; increases in
anaerobic metabolism, cerebral oxygen demand,
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neuronal dopamine, and brain excitability; and seizure
activity.62 Hypocapnia in premature infants can lead to
white-matter damage, including cystic changes, peri-
ventricular leukomalacia, and secondary cerebral
bleeding. If sepsis is present, the brain damage is
enhanced by the release of lipopolysaccharide, interleu-
kin-1β, and tumor necrosis factor α. Long-term neuro-
logic sequelae can develop when immature brains are
exposed to PaCO2 levels of less than 15 mm Hg for
even short periods.62 Furthermore, abrupt correction of
hypocapnia in these patients leads to cerebral vasodila-
tion, which might cause reperfusion injury or intraven-
tricular hemorrhage.

The effects of acute hypocapnia without hypoxemia
to decrease cerebral blood flow and intracranial pres-
sure have been used as a therapeutic tool in reducing
brain edema due to a variety of causes, including men-
ingitis, encephalitis, head trauma, and neurosurgical
procedures.70,71,72 Unfortunately, in most instances, the
derived benefit is limited in magnitude and short-
lived. Hypocapnia had been recommended as a thera-
peutic measure to produce a favorable redistribution of
cerebral blood-flow during focal cerebral ischemia of
acute onset. Yet, experimental data suggest that, rather
than reducing the area of the critically ischemic brain,
hypocapnia might increase the size of the region at
risk.36 Deliberate induction of hypocapnia in patients
with traumatic brain injury or acute stroke has actually
resulted in worse outcomes; consequently, some
experts recommend against this therapeutic approach.

The rationale for the use of hypocapnia (i.e., PaCO2

of 20 to 25 mm Hg) during general anesthesia includes
depression of spontaneous ventilation, and reduced
requirements of muscle relaxants, analgesics, and seda-
tives.62 However, acute hypocapnia during general
anesthesia can be followed by impaired cerebral func-
tion for up to six days, especially in older patients, and
this complication outweighs the potential benefits.

Cardiovascular and Renal

Myocardial contractility assessed in isolated per-
fused hearts initially increases but rapidly returns to
control levels in acute respiratory alkalosis. The switch
from the state of augmented contractility is not depen-
dent on the activity of the myocardial Na1/H1

exchanger or the Cl2/HCO2
3 exchanger since blockers

of these transporters (amiloride, SITS) did not prevent
the biphasic mechanical response. Changes in both
cytosolic pH and calcium concentration appear to play
a major role in this response.75 In the isolated rat heart,
primary hypocapnia enhances postischemic calcium
gain, an effect that is considered nonsalutary. Although
acute hypocapnia does not lead to cardiac arrhythmias
in normal volunteers, it appears that it contributes to

the generation of both atrial and ventricular tachyar-
rhythmias in patients with ischemic heart disease; such
arrhythmias are frequently resistant to standard forms
of therapy. Acute respiratory alkalosis impairs myo-
cardial oxygenation by a dual effect that includes
increased myocardial oxygen demand and decreased
myocardial oxygen supply. The higher oxygen demand
is caused by increased contractility and a rise in sys-
temic vascular resistance, whereas the decreased oxy-
gen supply results from reduced coronary flow caused
by vasoconstriction as well as increases in platelet
count and aggregation.

Chest pain and ischemic ST-T wave changes have
been observed in acutely hyperventilating subjects
with no evidence of fixed lesions on coronary angio-
graphy. The pathogenesis of these manifestations
remains unknown, although myocardial ischemia sec-
ondary to hypocapnia-induced vasoconstriction and an
alkalemia-induced shift to the left of the oxyhemoglo-
bin dissociation curve have been proposed. Indeed,
acute hypocapnia has been shown to induce coronary
artery spasm and Prinzmetal’s angina in susceptible
patients.

Hypocapnia produces variable effects on regional
blood flows. Acute respiratory alkalosis decreases
myocardial, cerebral, dermal, and renal blood flows,
but it increases muscle blood flow. Insufficient data
exist with regard to the effects of persistent hypocapnia
on the distribution of blood flow, but it appears that
dermal and renal blood flows remain depressed,
whereas muscle and liver perfusion is increased. For
reasons that remain unknown, chronic hypocapnia
leads to increased responsiveness of the kidney to anti-
diuretic hormone administration; water retention
exceeds that of normocapnic animals, resulting in the
rapid development of hyponatremia.

Respiratory

A primary decrease in PaCO2 and the attendant
increase in pH characteristic of acute respiratory alka-
losis cause a shift to the left in the oxyhemoglobin
dissociation curve (Bohr effect), resulting in an impedi-
ment of oxygen unloading to the tissues but an
enhancement of oxygen loading in the lungs.52 During
chronic alkalosis, however, these effects are offset by a
shift of the curve to the right produced by an
increased concentration of 2, 3-diphosphoglycerate
(2, 3-DPG) in the erythrocytes.52 In spite of the
impediment of oxygen unloading to the tissues in
acute hypocapnia, oxygen consumption was found to
increase by approximately 12% in anesthetized and
paralyzed patients during hyperventilation-induced
alkalosis. The mechanism of this response remains
undetermined.
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Adverse effects of hypocapnia can involve the air-
ways, lung compliance, alveolar-capillary permeability,
and pulmonary vasculature.27,84 Acute respiratory
alkalosis causes bronchoconstriction, an increase in air-
way resistance, and a decrease in lung compliance.
Experimental observations have shown that hypocap-
nia leads to bronchospasm and airway edema; yet the
effects of hypocapnia on alveolar-capillary permeabil-
ity are incompletely defined. Studies utilizing the iso-
lated buffer-perfused rabbit lung have concluded that
respiratory alkalosis leads to direct lung injury and
also potentiates lung injury induced by ischemia-
reperfusion. Additional studies in rats using the iso-
lated perfused lung model have shown that respiratory
alkalosis independently of pH level decreases alveolar
fluid reabsorption; this effect was associated with
decreased Na,K-ATPase activity at the basolateral
membrane of distal air spaces.73 Thus, it appears that
hypocapnia increases pulmonary capillary permeabil-
ity, worsens intrapulmonary shunt and systemic oxy-
genation, and has a negative effect on acute lung
injury.

DIAGNOSIS OF RESPIRATORY
ALKALOSIS

Evaluation of the patient’s history, physical exami-
nation, and ancillary laboratory data, including blood
gas determinations, is required to establish the diagno-
sis of respiratory alkalosis. The presence of respiratory
alkalosis, especially the chronic form, is frequently
missed; physicians often misinterpret the electrolyte
pattern of hyperchloremic hypobicarbonatemia as
indicative of normal anion gap metabolic acidosis.
If the patient’s acid�base profile reveals hypocapnia in
association with alkalemia, at least an element of respi-
ratory alkalosis must be present. Yet hypocapnia might
be associated with a normal or an acidic pH due to the
concomitant presence of additional acid�base disor-
ders. One should also note that mild degrees of chronic
hypocapnia leave blood pH within the high normal
range. Once the diagnosis of respiratory alkalosis is
made, a search for its cause should be carried out. The
diagnosis of respiratory alkalosis can have important
clinical implications, since it often provides a clue to
the presence of an unrecognized, serious disorder or
signals the gravity of a known underlying disease.

MANAGEMENT OF RESPIRATORY
ALKALOSIS

Accumulated evidence over the past few years indi-
cates that the widely held view that hypocapnia poses

little risk to health under most conditions is not accu-
rate. In fact, substantial hypocapnia in hospitalized
patients, whether spontaneous or deliberately induced,
can be associated with transient or permanent damage
in the brain and the respiratory and cardiovascular
systems.36,38,45,46,72,82 Furthermore, rapid correction of
severe hypocapnia leads to vasodilation of ischemic
areas, resulting in reperfusion injury in the brain and
lung. Consequently, severe hypocapnia must be pre-
vented whenever possible, and if present, abrupt cor-
rection should be avoided. Severe alkalemia caused by
acute primary hypocapnia requires corrective measures
that depend on whether serious clinical manifestations
are present. Such measures can be directed at reducing
plasma [HCO2

3 ], increasing PaCO2, or both. Even if
baseline plasma [HCO2

3 ] is moderately decreased,
reducing it further can be particularly rewarding in
this setting, as this maneuver combines effectiveness
with relatively little risk. For patients with the anxiety-
hyperventilation syndrome, in addition to reassurance
or sedation, re-breathing into a closed system (e.g., a
paper bag) might prove helpful by interrupting the
vicious cycle that can result from the reinforcing effects
of the symptoms of hypocapnia. Respiratory alkalosis
resulting from severe hypoxemia requires oxygen
therapy. The oral administration of 250�500 mg of
acetazolamide (Diamox) can be beneficial in the man-
agement of signs and symptoms of AMS.47 Of course,
patients undergoing mechanical ventilation lend them-
selves to an effective correction of hypocapnia
(whether due to maladjusted ventilator or other causes)
by resetting the device.

MIXED ACID�BASE DISORDERS
ASSOCIATED WITH RESPIRATORY

ALKALOSIS

Respiratory alkalosis is frequently associated with
other acid�base disorders. We describe here some
of the more common clinical examples of mixed acid�
base disturbances in which respiratory alkalosis is a
component.

Respiratory Alkalosis and Metabolic Acidosis

This mixed acid�base disorder is commonly
encountered during the rapid correction of severe met-
abolic acidosis. During treatment, plasma [HCO2

3 ]
often returns toward normal more swiftly than the sec-
ondary hypocapnia (originally induced by the acidosis)
can abate. As a consequence, the degree of hypocapnia
often remains inappropriately large with respect to the
then-current decrement in plasma [HCO2

3 ] for a period
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of several hours or more; blood [H1] during such inter-
vals is often normal or even frankly low.

Patients with salicylate intoxication commonly man-
ifest elements of both metabolic acidosis and respira-
tory alkalosis, reflecting the independent effects of the
salicylate molecule on both cellular metabolism
(uncoupling of oxidative phosphorylation) and ventila-
tion (stimulation of central chemoreceptors). Patients
with gram-negative sepsis can also develop this mixed
disturbance, reflecting the frequent occurrence of pri-
mary hyperventilation, on the one hand, and of lactic
acidosis and/or renal failure, on the other. This com-
bination also occurs occasionally in the setting of
combined hepatic and renal failure. Additionally,
patients undergoing “high-mass-transfer” hemodialy-
sis with acetate dialysate can develop mixed respira-
tory alkalosis and metabolic acidosis; the former
reflects rapid loss of CO2 into the dialysate, and the
latter reflects the removal of bicarbonate by the dia-
lyzer at a rate faster than the body’s alkali stores can
be replenished by tissue metabolism of the circulat-
ing acetate.

It should be noted that patients with sustained respi-
ratory alkalosis of recent onset, in whom renal adapta-
tion to hypocapnia is as yet incomplete (i.e., if
hypocapnia has been present for only a day or so),
might have acid�base values indistinguishable from
those characteristic of patients with this mixed distur-
bance. Other laboratory data and relevant historical
information should serve to differentiate between these
alternatives.

Respiratory Alkalosis and Metabolic Alkalosis

Although these two disturbances do not often coex-
ist, when they do, blood [H1] might, of course, be
driven to extremely low levels.67 Patients with hepatic
insufficiency, who frequently have persistent hyper-
ventilation, might develop this combination of acid�
base disturbances if they are treated with potent diure-
tics or if they lose gastric fluid. Pregnant patients who
develop metabolic alkalosis from any cause will exhibit
this mixed acid�base disorder because they typically
feature chronic hypocapnia. Similarly, patients with an
underlying metabolic alkalosis might develop such a
picture if ventilation is stimulated (e.g., pulmonary
embolus, pulmonary edema, sepsis).

Because adaptation to chronic hypocapnia requires
renal function, severe alkalemia can develop in patients
with end stage renal disease receiving dialysis therapy.
Considering that peritoneal dialysis therapy maintains
plasma [HCO2

3 ] within the normal range regardless of
the prevailing PaCO2, patients receiving this treatment
are at particular risk of alkalemia.7

This mixed disturbance can be diagnosed readily if
the level of PaCO2 is less than normal and if plasma
[HCO2

3 ] is frankly elevated. The disorder should be
treated as a medical emergency, because extreme alka-
lemia carries a grave prognosis.7 With the exception of
patients undergoing mechanical ventilation (and the
consequent ability to increase PaCO2 promptly), mea-
sures should be taken to rapidly reduce the elevated
plasma [HCO2

3 ].
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INTRODUCTION

Body magnesium homeostasis depends on the bal-
anced regulation of intestinal magnesium absorption
and renal magnesium conservation. Renal magnesium
handling is a filtration�reabsorption process, as there is
little evidence of secretion along the nephron segments
(Fig 61.1). About 80% of the total plasma magnesium
(0.65�1.2 mM) is filtered through the glomeruli. Of the
ultrafilterable magnesium (0.5�0.9 mM), 15�20% is
reabsorbed by the convoluted and straight portions of
the proximal tubule. The thick ascending limb (TAL) of
the loop of Henle, specifically the cortical segment, plays
a major role in reclaiming filtered magnesium (55�70%),
whereas only 5�10% are reabsorbed in the distal convo-
luted tubule (DCT). However, the DCT provides the
selective regulation of magnesium reabsorption and
plays an important role in determining the final urinary
excretion.1 About 3�5% of the filtered load normally
appear in the urine. Magnesium transport in both the
TAL and DCT responds to changes in magnesium to
effect sensitive control of magnesium balance.

PHYSIOLOGY OF RENAL MAGNESIUM
HANDLING

Glomerular Filtration

Approximately 70% of plasma magnesium is in the
ionic form, Mg21.2 The remaining magnesium is bound
to circulating proteins (essentially albumin) or is com-
plexed with citrate, oxalate, and phosphate anions. About
80% of the total serum magnesium is ultrafilterable

through the glomerular membrane that varies with the
amount bound to nonfilterable proteins.3

Proximal Tubule

Physiology of Proximal Tubule Magnesium
Reabsorption

In the adult, proximal tubule magnesium reabsorp-
tion rate (15�20%) is considerably less than the frac-
tional reabsorption of sodium and calcium.3 In
neonates, the proximal tubule reabsorbs about 70% of
the filtered magnesium that is the same as the frac-
tional reabsorption of sodium and calcium.4 Clearly,
the permeability of the proximal tubule changes during
development so that more magnesium is delivered to
the loop of Henle in the adult. This maturation in seg-
mental handling of magnesium should be taken into
consideration when assessing renal magnesium han-
dling in very young children. Proximal tubule magne-
sium transport in adults is thought to be active and
transcellular in nature, whereas it is probably passive
in the immature individual occurring through the para-
cellular pathway entrained with water movement.

Various hormones alter magnesium reabsorption
within the proximal tubule.5 They do so by influencing
salt and water transport, and thus luminal magnesium
concentration. Reabsorption is load dependent, so that
transport is greater with elevated luminal magnesium
concentrations. Extracellular volume expansion or any-
thing that retards salt and water transport results in
diminished fluid absorption and greater magnesium
delivery into the loop of Henle and the DCT. The
increase in distal delivery is normally reclaimed in
these nephron segments but may be large enough to
cause an increase in urinary magnesium excretion and
hypermagnesiuria.6
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Loop of Henle

Physiology of Loop of Henle Magnesium
Reabsorption

The thin descending limb is able to reclaim significant
amounts of filtered magnesium. Inference from micro-
puncture data of the differences in magnesium delivery
to the late proximal tubule and the hairpin turn of rat
juxtamedullary nephrons indicate that a significant frac-
tion of the filtered magnesium, on the order of 30%, is
reclaimed along the descending limb in the concentrating
kidney.7 The amount of magnesium absorption is associ-
ated with water transport in the descending limb.
Accordingly, magnesium reabsorption is considerably
diminished during forced diuresis when water reabsorp-
tion is negligible in this segment.5 The TAL reabsorbs the
predominant portion of the magnesium, amounting to
some 70% of the filtered load. Moreover, de Rouffignac
and colleagues have shown that it is the cortical thick
ascending limb (cTAL), not the medullary segment
(mTAL), that reabsorbs magnesium.8 They have further
reported that transepithelial magnesium absorption is
passive moving from lumen to the interstitial space
through the paracellular pathway (Fig 61.2), consistent
with earlier observations.9 The driving force for magne-
sium movement is the positive luminal transepithelial
voltage generated by K1 recycling across the apical

membrane (Fig 61.2). Any influence that alters transe-
pithelial voltage or the permeability of the paracellular
pathway will alter magnesium reabsorption in the
cTAL.5 The voltage in the TAL is dependent on apical
70-pS K1 channel (ROMK) activity and Na�K�2Cl
cotransport that control current flow across the apical
membrane of the TAL cell. Sodium exits by the basolat-
eral Na�K�ATPase and chloride through basolateral
ClC-Ka and ClC-Kb members of the chloride channel
family (ClC). Functional expression of ClC-Ka and ClC-
Kb channels requires the coexpression of barttin, an
essential β-subunit of the channels.10 As barttin controls
ClC-Ka and ClC-Kb activity, it importantly influences
salt absorption in the TAL.11,12 Changes in their transport
rates will affect the transepithelial voltage and thus
the magnesium absorption. The permeability of the para-
cellular pathway also plays an important role in deter-
mining transepithelial magnesium transport. Paracellular
Mg21 movement is influenced by electrostatic charges of
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FIGURE 61.1 Summary of segmental magnesium reabsorption
along the nephron.
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FIGURE 61.2 Schematic model of magnesium reabsorption in

the cTAL of Henle’s loop. The membrane proteins influencing mag-
nesium reabsorption are indicated. Magnesium reabsorption is pas-
sive and occurs through the paracellular pathway. Furosemide
diminishes Mg21 absorption by inhibiting NKCC2 and transepithelial
voltage. Peptide hormones (PTH, calcitonin, glucagon, AVP) enhance
magnesium reabsorption in the cTAL by increasing the transepithe-
lial voltage and magnesium permeability of the paracellular path-
way.5 The sites of genetic diseases associated with magnesium
reabsorption in the cTAL are indicated: aBS, cBS, antenatal Bartter
syndrome with sensorineural deafness (BSND/digenic disorder),
FHHNC, ADH, FHH, and NSHPT.
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proteins comprising this route.3 Moreover, there appears
to be selectivity of the pathway to divalent cations.6

Paracellular proteins of the claudin family of tight junc-
tion proteins claudin-16 and claudin-19 have been identi-
fied in the TAL and are involved in controlling
magnesium and calcium permeability of the paracellular
pathway.13,14 This notion is supported by the phenotype
resulting from mutations in the encoding genes CLDN16
and CLDN19. Affected individuals present with massive
calcium and magnesium wasting due to defective reab-
sorption in the cTAL.13,14

In humans, the claudin family comprises at least 22
proteins with a molecular weight between 20 and
27 kDa. They consist of four transmembrane helices,
two extracellular loops, and intracellular N- and
C-termini. While the first loop is believed to influence
paracellular charge selectivity, the second is probably
responsible for the interaction between opposing clau-
dins of adjacent cells. In association with occludin,
claudins polymerize into linear fibrils that ultimately
alter ion selectivity and permeability of tight junc-
tions.15 Claudins have been shown to be differentially
expressed along the nephron16,17 and to be regulated
by receptor-mediated activation.18�20

Control of Loop of Henle Magnesium Reabsorption

HORMONAL CONTROLS

A large number of hormones stimulate magnesium
reabsorption in the loop of Henle (Table 61.1). Included
are peptide hormones such as parathyroid hormone
(PTH), calcitonin, glucagon, and arginine vasopressin
(AVP).5 Adrenergic agonists, isoproterenol, and insulin

also increase magnesium transport.3 Mineralocorticoids
stimulate NaCl absorption and in turn transepithelial
voltage in the loop and by inference increase magne-
sium reclamation in this segment.1 Prostaglandins, on
the other hand, diminish both salt and magnesium con-
servation in the cTAL.5 All of these hormonal responses
are mediated by changes in transepithelial voltage by
altering apical K1 recycling and Na�K�2Cl cotrans-
port and the paracellular permeability by modifying
tight junctions proteins.21

NONHORMONAL CONTROLS

The extracellular Ca21-sensing receptor (CaSR)
importantly influences divalent cation transport in the
TAL.1,22�24 Activation of the CaSR decreases hormone-
dependent cAMP release by inhibition of adenylyl
cyclase. CaSR activation has been reported to reduce
the activity of the 70-pS K1 channel, and thus potas-
sium recycling and Na�K�2Cl cotransport leading to
diminished transepithelial voltage.23 Though puta-
tively acting through this mechanism, it does not affect
salt reabsorption much.8,25�27 A number of studies
have shown that elevated calcium and magnesium, as
well as the multivalent gadolinium and the calcimi-
metic NPS R-467, inhibit the hormonal stimulation of
intercellular calcium and magnesium movement at any
given voltage, suggesting that the CaSR may also have
an effect on paracellular pathways, again perhaps act-
ing through the modification of tight junctions.26�28

CaSRs are expressed at the basolateral membrane of
both medullary and cortical TALs so that they respond
to increases in divalent cation concentrations in the
blood/interstitium rather than luminal Ca21 and
Mg21.29 This explains earlier findings that increases in
plasma calcium or magnesium inhibit calcium and
magnesium transport but increases in luminal concen-
trations do not.6

Hypermagnesemia and hypercalcemia have long
been known to result in diminished divalent cation
reabsorption.30 Using clearance studies, Wong et al. ele-
vated serum magnesium levels in thyroparathyroidec-
tomized dogs and determined the urinary magnesium
excretion rates with elevated filtered magnesium.31

They showed that elevated filtered magnesium concen-
tration was initially associated with increases in magne-
sium reabsorption until an apparent tubular maximum,
Tm, was attained, beyond which any additional filtered
magnesium was excreted in the urine. Micropuncture
studies showed that this Tm was the result of increased
proximal tubule reabsorption and diminished loop
transport, and has been extensively used in the clinical
assessment of renal magnesium conservation.32 The cel-
lular basis for these observations, as revealed by Hebert
and colleagues, is the CaSR present at the basolateral
membrane of the TAL that inhibits transport upon

TABLE 61.1 Coordinate Controls of Magnesium Transport in
the Loop of Henle and the Diastal Convoluted Tubule

TAL DCT

Peptide hormones (PTH, Calcitonin,
Glucagon, Vasopressin, Insulin)

m m

Prostaglandins (PGE2) k m

Aldosterone m m

1,25-(OH)2-vitamin D3 ? m

Magnesium restriction m m

Hypermagnesemia k k

Hypercalcemia k k

Extracellular volume expansion k m

Metabolic acidosis k k

Metabolic alkalosis m m

Phosphate depletion k k

Potassium depletion k k
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elevation of either calcium or magnesium.23 The con-
cept of a Tm as an index of total renal magnesium con-
servation is still useful as long as the segmental
contribution is considered and the plasma magnesium
concentration is not extreme.33

Dietary magnesium restriction and hypomagnese-
mia have been reported to stimulate magnesium
absorption within the cTAL.6,34 Wittner et al. have
shown that the increase in magnesium transport is due
to an increase in the permeability of the paracellular
pathway to magnesium, in keeping with the passive
nature of magnesium transport within the loop.34

Interestingly, calcium absorption in the loop is also
increased by magnesium restriction, so the response is
not selective to magnesium.34 Again, we assume that
these changes in paracellular magnesium transport
involve modification of tight junction proteins includ-
ing claudin-16 and claudin-19. In support of this
notion, Efrati et al. have reported that the amount of
cldn16 transcript is increased in mice with dietary-
induced hypomagnesemia.35

Loop Diuretics

Furosemide and bumetanide diminish the luminal
positive voltage by virtue of their effects on the
Na�K�2Cl cotransporter. Because of this, the acute
furosemide usage leads to enhanced distal delivery
and increased urinary excretion of magnesium.35

However, with chronic furosemide therapy urinary
excretion usually returns to near control levels. This is
likely due to enhanced reabsorption in the proximal
tubule and DCT. Thus, prolonged use of furosemide
does not often lead to renal magnesium wasting.

Distal Convoluted Tubule

Physiology of Distal Convoluted Tubule
Magnesium Reabsorption

The DCT plays an essential role in determining the
final urinary magnesium excretion since little or no
magnesium is reabsorbed beyond this segment.1

Magnesium transport within the DCT is transcellular
and active in nature (Fig 61.3). Magnesium enters the
cell through selective ion channels across the apical
membrane, driven by the transmembrane negative
electrical potential.36 Apical magnesium entry is the
rate-limiting step in reabsorption, and many of the hor-
monal and nonhormonal controls act at this site.
Cellular magnesium is actively extruded at the basolat-
eral membrane, possibly by a sodium-dependent
exchange mechanism which is still unresolved at the
molecular level.3 Micropuncture studies and experi-
ments with immortalized mouse DCT (mDCT) cells
have shown that magnesium transport in the DCT is

dependent on luminal magnesium concentration and
apical transmembrane voltage.36

Though being far from completely understood, our
knowledge of magnesium transport in the DCT has
greatly evolved over the recent years. First, the divalent
cation channel, TRPM6, had been implicated in renal
magnesium absorption based on the observation that
mutations in the TRPM6 gene cause autosomal reces-
sive hypomagnesemia with secondary hypocalcemia
(HSH).37,38 HSH is characterized by very low serum
magnesium due to diminished intestinal magnesium
absorption and renal magnesium wasting (see section
IIA6). TRPM6 is a member of the transient receptor
potential melastatin (TRPM) family of cation chan-
nels.39 They are characterized by six transmembrane
segments, a highly conserved pore-forming region, and
a Pro-Pro-Pro motif following the last transmembrane
domain. Unlike the other members of the TRPM fam-
ily, TRPM6 and its close homologue TRPM7 possess a
unique structure in that they have an alpha-kinase
domain in the C-terminal region.39�41 Dorovkov and
Ryazanov have shown that this alpha-kinase phosphor-
ylates and activates annexin 1.42 Annexin 1 plays a
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FIGURE 61.3 Schematic model of magnesium absorption in the
DCT. The membrane proteins influencing magnesium absorption are
indicated. Peptide hormones (PTH, calcitonin, glucagon, AVP)
enhance magnesium reabsorption in the DCT. The sites of genetic
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pleiotropic role in cell proliferation, inflammation, and
apoptosis. What this has to do with magnesium trans-
port is not known but Nadler et al. have reported that
TRPM7 is essential in cell viability so that it likely plays
an important role in cell metabolism.39 Takezawa et al.
have provided evidence that TRPM7 activity is modu-
lated by its own endogenous kinase domain, respond-
ing to changes in intracellular levels of cAMP induced
by Gi- and Gs-coupled receptors.43 Earlier it was found
that TRPM6 and TRPM7 channels are permeable to cal-
cium and magnesium, are inhibited by increases in
intracellular magnesium levels or Mg-ATP,39 and,
although controversial, possibly inactivated by
phosphatidylinositol 4,5-bisphosphate hydrolysis.43,44

TRPM7 is ubiquitously expressed among tissues
whereas TRPM6 expression is restricted to few tissues
including intestine and kidney.37 Chubanov et al. have
shown that TRPM6 and TRPM7 form heteromultimeric
complexes that form functional magnesium permeable
channels at the cell surface.45 Voets et al. have reported
that TRPM6 is located along the apical membrane of
the small intestine and DCT, transports both magne-
sium and calcium, and is associated with the divalent
cation-binding proteins, parvalbumin, and calbindin-
D28K.

46 Whether these binding proteins play a role in
regulation of cellular magnesium reabsorption, as they
do for calcium, is not known. Several authors have also
shown that other divalent ions, such as zinc and cobalt,
were also transported by TRPM6, which supports
earlier observations demonstrating that TRPM6/
TRPM7 are permissive metal ion transporters.45�47

Nevertheless, magnesium appears to be the preferred
substrate so that TRPM6 and TRPM7 are considered as
a primary magnesium entry channel.

Control of Distal Convoluted Tubule Magnesium
Reabsorption

HORMONAL CONTROLS

A large number of peptide hormones stimulate mag-
nesium absorption within the DCT (Table 61.1). Many
of these are the same hormones that influence magne-
sium transport in the cTAL of Henle’s loop. These
include PTH, calcitonin, glucagon, and AVP, all of
which act through individual receptor-mediated sig-
naling (reviewed in Dai et al.36). Renal magnesium con-
servation seems to be a concerted response to all of
these hormones. However, these hormones also stimu-
late sodium, potassium, and chloride transport in the
mTAL, cTAL, and calcium transport in both the cTAL
and the distal tubule so that hormonal control is not
specific to magnesium.

There is good evidence that vitamin D is important
for renal magnesium conservation.1 Ritchie et al. have
demonstrated that 1,25(OH)2D3 increases magnesium

entry rates in isolated DCT cells.48 The response is con-
centration dependent, involves transcriptional pro-
cesses necessitating de novo protein synthesis, and
does not appear to be related to receptor-mediated
cAMP release and stimulation of magnesium uptake.48

Finally, 1,25(OH)2D3-stimulated magnesium transport
is additive to PTH-mediated uptake suggesting that
the peptide and steroid hormones regulate magnesium
absorption through distinctive intracellular signaling
pathways.36 These studies show that vitamin D3 meta-
bolites modulate magnesium transport in the DCT
independent of other hormonal influences.

Vitamin D3 administration has often been associated
with increases in urinary magnesium and calcium
excretion. Vitamin D3 metabolites increase intestinal
absorption of magnesium and calcium so that a posi-
tive divalent cation balance may lead to hypermagne-
semia and hypercalcemia which in turn diminish
magnesium absorption in the loop of Henle through
the extracellular CaSR. This may also explain the
increase or absence of changes in urinary magnesium
excretion following administration of vitamin D3. The
net effect on magnesium balance would thus depend
on the relative magnitude of vitamin D3 actions at the
intestinal and renal levels.

Aldosterone enhances hormone-stimulated magne-
sium entry by potentiating receptor-mediated intracellu-
lar signaling, including cAMP formation.36 Accordingly,
acute mineralocorticoids increase magnesium conserva-
tion within the DCT in the presence of circulating hor-
mones. Chronic aldosterone administration, on the other
hand, generally results in renal magnesium wasting.36

This has been explained by extracellular volume expan-
sion leading to diminished salt and magnesium reab-
sorption within the loop of Henle. The potentiation of
hormone-mediated magnesium reabsorption in the dis-
tal convolute would tend to minimize magnesium loss
in hypermineralocorticoidism

Other humoral factors influence renal magnesium
conservation such as prostaglandins, insulin, adrenergic
agonists, and purinogenic metabolites. Prostaglandin E2

(PGE2) is the major arachidonate metabolite synthesized
by cyclooxygenase in the mammalian kidney. PGE2 has
a number of diverse actions on the kidney in addition to
its ability to influence renal hemodynamics. PGE2 inhi-
bits salt transport in the mTAL and salt as well as cal-
cium and magnesium absorption within the cTAL and
also modulates sodium and water transport in the corti-
cal collecting duct (CCD).5,49 By its actions in the DCT,
prostaglandins may limit magnesium excretion and
maintain magnesium balance. Insulin has clearly been
shown to have antinatriuretic and antimagnesiuric
effects by its actions on the TAL.5 but insulin also
increases magnesium transport in isolated DCT cells.36

Furthermore, the nephron is richly innervated along its
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length from the glomerulus to the collecting tubule.
Renal nerve stimulation significantly increases salt and
water reabsorption in the proximal tubule, loop of
Henle, and distal tubule.5 Dai and colleagues have
shown that isoproterenol increases magnesium transport
in DCT cells.36 It can be concluded from these studies
with immortalized mDCT cells that renal nerves and cir-
culating catecholamines play a role in the control of mag-
nesium transport in the DCT.

The interactions of the various peptide and steroid
hormones, prostaglandins, and renal innervation are
complex.5 It can be inferred that overall distal magne-
sium absorption is controlled by all of these influences
initiated individually but coming together through
shared intracellular signaling pathways.5 Few studies
have been directed at describing these interactions. It is
clear that control of renal magnesium handling is
orchestrated by many hormones and influences.

The most interesting discovery concerning the hor-
monal control of tubular magnesium reabsorption
stems from the discovery of a mutation in pro-EGF in a
family with hereditary magnesium wasting (see
below).50 The mutation impairs the basolateral sorting
of epidermal growth factor (EGF) in the DCT. Thereby,
binding of EGF to basolaterally expressed EGF receptor
(EGFR) is abolished which finally leads to renal mag-
nesium wasting. The supposed mechanism of EGF
action is a stimulation of intracellular Src kinase as
well as MAP kinase signaling cascades which in turn
activate magnesium reabsorption via TRPM6.51

Thebault and colleagues could show that incubation
with EGF leads to an activation of TRPM6-induced cur-
rents in HEK293 cells.51 The authors suggest EGF to be
the first selectively acting magnesiotropic hormone as
no influence on calcium transport was detected.
However, EGF is also known to influence sodium reab-
sorption in the aldosterone sensitive distal nephron by
activation of MAP kinase signaling.52

NONHORMONAL CONTROLS

Early in vivo microperfusion studies have demon-
strated that elevated extracellular magnesium or cal-
cium also inhibit fractional magnesium transport in
superficial rat distal tubules.6 This has been attributed
to the actions of the extracellular CaSR. Riccardi et al.
have shown that the CaSR is located on the basolateral
membrane of the DCT.29 Bapty et al. reported that high
extracellular magnesium or calcium concentrations
inhibit hormone-stimulated magnesium uptake in
immortalized mDCT cells.36,53 These studies clearly
indicate that hypermagnesemia and hypercalcemia per
se can modify hormone regulation of active, transcellu-
lar magnesium transport within the DCT leading to
increased magnesium excretion.

The CaSR in the loop of Henle and also in the DCT
provides a negative feedback mechanism to mitigate
the over exuberant responses of PTH. PTH stimulates
calcium and magnesium reabsorption within both
nephron segments leading to a rise in serum divalent
cation concentrations. Increments in serum calcium and
magnesium feedback at the parathyroid gland to inhibit
secretion of PTH and at the kidney tubule to inhibit cal-
cium and magnesium transport in the cTAL and the
DCT (Fig 61.4). Both extrarenal and intrarenal feedback
mechanisms involve the same CaSR located in the
parathyroid gland and on renal epithelial cells, respec-
tively. There is evidence that the scenario for PTH
feedback may also apply to other calcium- and
magnesium-conserving hormones such as vitamin D.36

Vitamin D metabolites enhance magnesium uptake in
isolated DCT cells through a genomic mechanism
involving transcriptional/translational processes
requiring 2�3 hours following the addition of the hor-
mone.48 Elevation of extracellular calcium abolishes
1,25(OH)2D3 stimulation indicating that the CaSR may
modify gene expression in DCT cells. In order to deter-
mine whether elevated extracellular calcium inhibits
1,25(OH)2D3 responses through the CaSR, Dai and cow-
orkers preincubated the cells with a specific antibody to
the CaSR protein before treating them with high cal-
cium and 1,25(OH)2D3.

36 The antibody prevented the
effect of calcium on 1,25(OH)2D3-induced magnesium
uptake, clearly demonstrating a receptor-mediated
response.36 Accordingly, excess 1,25(OH)2D3 increases
distal calcium and magnesium transport leading to ele-
vated serum concentrations and activation of the CaSR
that provides a negative feedback on divalent cation
reabsorption. The CaSR plays an important additional
role in mineral metabolism: The CaSR also inhibits
water reabsorption in the collecting duct so that excess
luminal calcium does not accumulate to form calcare-
ous concretions.23 There, the CaSR is expressed both at
the luminal and basolateral membrane. Therefore, it not
only senses interstitial divalent cation concentrations
but also intraluminal or urinary cation levels. CaSR acti-
vation results in a reduction of autosomal-dominant
hypoparathyroidism (ADH)-mediated Aquaporin-2
incorporation into the apical membrane and consecu-
tively a reduced water permeability of the inner medul-
lary collecting duct (IMCD) (citation). The net effect is a
concomitant increase in volume flow along with a rise
in calcium and magnesium excretion which minimizes
the risk of stone formation.23

Distal Diuretics

The distal diuretics, hydrochlorothiazide, and
amiloride increase magnesium uptake in DCT cells.36

These agents inhibit sodium chloride cotransport and
sodium channels (ENaC), respectively, leading to
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diminished intracellular chloride concentration and
hyperpolarization of the apical membrane. The
increased apical membrane voltage stimulates magne-
sium entry and transepithelial transport. Although
amiloride has clearly been shown to be a magnesium-
sparing diuretic, chronic hydrochlorothiazide usage
may lead to renal magnesium wasting.1 The cellular
mechanisms for the chronic hydrochlorothiazide effects
are unclear but may involve hypokalemia, which can
jeopardize renal magnesium conservation.36,54

Overall Regulation of Renal Magnesium
Handling

In addition to hormonal controls and CaSR-
mediated regulation of magnesium reabsorption in
TAL and DCT, magnesium transport in these parts of
the nephron is regulated in response to altered magne-
sium status (Table 61.1). A reduction in serum magne-
sium levels directly results in a decrease in filtered
load and consecutively a diminished magnesium flow
through the distal nephron. To elucidate the response
of the distal nephron to changes in magnesium status,
different techniques have been applied including (1)
animal studies using magnesium restricted diets and
inbred strains with high or low magnesium status, (2)
micropuncture and microperfusion studies, and (3)

in-vitro experiments with distal tubular cell lines. The
discovery of new genes and their encoded proteins
involved in paracellular and transcellular magnesium
transport in TAL and DCT, respectively, now enables
us to investigate the adaptive changes at the molecular
level. Classic microperfusion studies in microdissected
nephron segments had indicated an increased frac-
tional reabsorption of magnesium in the TAL in rats
maintained on a low magnesium diet for only 6 hours,
when there is a maximum decline in renal magnesium
excretion, but serum magnesium levels are still nor-
mal.55 Calcium and sodium reabsorption rates during
this adaptive response remained unchanged. An ana-
logue response was also described for the DCT and
furthermore demonstrated in isolated mDCT cells.56

An inhibition of this adaptive process by pretreatment
of cells with cycloheximide, an inhibitor of protein syn-
thesis, implicated genetically controlled mechanisms.36

More recent studies now identified putative underly-
ing mechanisms of changes in renal tubular magne-
sium handling in response to magnesium restriction or
excess. Efrati and colleagues demonstrated changes in
claudin-16 expression in the TAL in mice fed diets
with differing magnesium content.57 Two further stud-
ies in mice fed magnesium restricted diets could show
that one mechanism underlying the upregulation of
renal magnesium conservation in the DCT is an
increased expression of TRPM6.58,59 Contrariwise,
Groenestege and colleagues demonstrated that a mag-
nesium enriched diet results in an increase in urinary
magnesium, but also calcium wasting.58 They also
found that TRPM6 expression was not dependent on
1,25(OH)2-vitamin D or PTH but upregulated by
estrogens.58

Similarly, hormonal responses are serially organized
to regulate magnesium transport in both TAL and
DCT. This may be beneficial in that perturbing influ-
ences acting in either the loop or distal tubule that can
be balanced by homeostatic responses in the other seg-
ment. The antenatal Bartter syndrome (aBS) typifies
this serial control in magnesium conservation. It results
from mutational changes in sodium chloride cotrans-
port in the TAL leading to defective salt absorption
(Fig 61.2). Patients with this condition are characterized
by volume depletion, hyperreninemia, secondary
hyperaldosteronism, hypokalemia, and metabolic alka-
losis (see below). Despite defective TAL function, few
of these patients demonstrate hypomagnesemia, pre-
sumably due to increased reclamation of magnesium in
the DCT not affected by the TAL defect.60�62 In this
case, DCT function compensates for diminished TAL
reabsorption even though the hormonal controls are
similar.
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FIGURE 61.4 The extracellular CaSR modulates PTH-stimulated
Ca21 and Mg21 reabsorption at renal and extrarenal levels.
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PATHOPHYSIOLOGY OF RENAL
MAGNESIUM HANDLING

Genetic Magnesium-Wasting Diseases

Hereditary hypomagnesemia comprises a set of rare
genetically determined disorders primarily or second-
arily affecting renal magnesium handling. Over the
past years, numerous genetic defects in genes encoding
components of the renal tubular salt and electrolyte
transport machinery or regulating factors have been
described (Table 61.2). The spectrum ranges from the
most frequent variant, the Gitelman syndrome (GS)
with a primary defect in salt reabsorption in the DCT
to rare disorders discovered in single patients or fami-
lies only. The following sections try to summarize
essential data from a multitude of research studies
published over the last years. Defects primarily or
solely affecting renal magnesium handling are pre-
ceded by a paragraph on renal salt wasting disorders
(Bartter syndrome).

Hypomagnesemia Associated with Abnormal Renal
Salt Handling

Tubular salt reabsorption affects the membrane
potential of tubular epithelial cells and is involved in
the generation of the transepithelial potential, both of
which are a prerequisite for the processes of magne-
sium reabsorption along the different segments of the
nephron. Salt-wasting disorders with hypokalemia and
metabolic alkalosis, also known as Bartter-like syn-
dromes, impair tubular reabsorption of sodium chlo-
ride in different parts of the distal nephron. The renal
conservation of magnesium is secondarily affected to a
varying extent according to the nephron segment
affected in each of the Bartter-like syndromes.

BARTTER SYNDROME

ANTENATAL BARTTER SYNDROME The aBS is
caused by mutations either in the furosemide-sensitive
Na�K�2Cl cotransporter (NKCC2) or in the ROMK
K1 channel, which cooperate in the apical uptake of
sodium chloride in the TAL.63�66 The defect in sodium
chloride reabsorption caused by mutations in either
protein reduces the lumen-positive transepithelial volt-
age and thus impairs passive paracellular reabsorption
of calcium and magnesium in this part of the nephron.

aBS is characterized by massive polyuria that mani-
fests in utero with the development of polyhydramnios
which in turn results in premature birth in most
patients.67 Postnatally, affected children rapidly develop
massive salt wasting and subsequent hypokalemic meta-
bolic alkalosis. In addition, hypercalciuria and nephro-
calcinosis occur in virtually all patients. In contrast,
disturbances in magnesium homeostasis are not

commonly observed in aBS (64). The lack of renal mag-
nesium wasting despite pronounced hypercalciuria is
explained by increased distal tubular salt reabsorption,
especially via an upregulation of salt reabsorption in the
DCT which also leads to enhanced magnesium conserva-
tion. The relationship between sodium, calcium, and
magnesium handling in the DCT will be discussed in
more detail below, as exactly the opposite association is
observed in GS, that is, diminished sodium and magne-
sium transport but increased calcium reabsorption. aBS
is characterized by increased prostaglandin E synthesis
that might also contribute to an improved magnesium
reabsorption in the DCT, as demonstrated in a mDCT
cell line.36

ANTENATAL BARTTER SYNDROME WITH

SENSORINEURAL DEAFNESS The most severe variant
of the Bartter-like syndromes is caused by a defect in
basolateral chloride extrusion along the distal nephron.
Mutations in the activating β-subunit of renal chloride
channels ClC-Ka and ClC-Kb or combined mutations
of the two chloride channels themselves were identi-
fied as the underlying genetic defects.10,68,69

Both chloride channels mediate the basolateral
extrusion of chloride from tubular epithelial cells in
TAL and DCT. In addition, ClC-Ka provides the major
route for chloride reabsorption in the ascending thin
limb where it is expressed at the apical as well as baso-
lateral membrane. Whereas isolated ClC-Kb defects
lead to the clinical picture of classic Bartter syndrome
(cBS) (see below), mutations in ClC-Ka have not been
described so far in humans. Disruption of ClC-Ka in
mice leads to a diabetes insipidus-like phenotype.70

Renal salt and water losses are even more severe than
in aBS. Patients often require long-term parenteral fluid
replacement. The excessive salt wasting is explained by
the combined impairment of ClC-Ka- and ClC-Kb-
mediated salt reabsorption in both the loop of Henle and
in the DCT. Unlike in aBS, hypercalciuria and nephrocal-
cinosis are uncommon; instead patients often show pro-
gressive renal failure of unknown origin.71

Serum magnesium levels have been found to be
reduced in BSND with values around 0.5 mmol/L.72 A
possible explanation is a combined impairment of
paracellular divalent transport in the TAL as well as of
active transcellular magnesium reabsorption in the
DCT, which results in pronounced renal magnesium
wasting and hypomagnesemia. In later stages, how-
ever, the impairment of renal function counteracts fur-
ther magnesium wasting.72

CLASSIC BARTTER SYNDROME (CBS) cBS is caused
by mutations in the CLCNKB gene coding for the
chloride channel ClC-Kb.73,74 The ClC-Kb protein is
expressed in the TAL and DCT, where it mediates
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TABLE 61.2 Genetic Defects in Genes Encoding Components of the Renal Tubular Salt and Electrolyte Transport Machinery or Regulating Factors

Disorder OMIM Gene Protein S-

Mg21
S-

Ca21
U-

Mg21
U-Ca21 Nephrocalcinosis Additional Findings

Antenatal Bartter syndrome (aBS) 601678
241200

SLC12A1
KCNJ1

NKCC2
ROMK
(Kir1.1)

N N ? mm Yes Polyhydramnios, Salt wasting, Hypokalemic alkalosis

Bartter syndrome with sensorineural
deafness (BSND)

602522
613090

BSND
CLCNKA1

CLCNKB

Barttin ClC-
Ka1ClC-Kb

k N ? N to m No Polyhydramnios, Salt wasting, Hypokalemic
alkalosis, Deafness

Classic bartter syndrome (cBS) 607364 CLCNKB ClC-Kb N to
k

N N to
m

variable rare Failure to thrive, Salt wasting, Hypokalemic alkalosis

Gitelman syndrome (GS) 263800 SLC12A3 NCCT k N m k No Mild salt wasting, Hypokalemic alkalosis,
Chondrocalcinosis

EAST/SeSAME syndrome 612780 KCNJ10 Kir4.1 k N m k No Salt wasting, Epilepsy, Ataxia, Mental retardation,
Deafness

Autosomal-dominant hypocalcemia
(ADH)

146200 CASR CaSR k k m m to mm Yes (Salt wasting, Hypokalemic alkalosis)

Familial hypocalciuric hypercalcemia
(FHH)

145980 CASR CaSR N m k k No

Neonatal severe hyperparathyroidism
(NSHPT)

239200 CASR CaSR N to
m

mmm k k No Skeletal deformities, Extraosseous calcifications,
Muscle wasting, Mental retardation

Familial hypomagnesemia with
hypercalciuria and nephroclacinosis
(FHHNC)

248250
248190

CLDN16
CLDN19

Claudin-16
Claudin-19

k N mm mm Yes Urinary tract infections, Polyuria/polydipsia,
Nephrolithiasis, Chronic renal failure, (eye
abnormalities)

Hypomagnesemia with secondary
hypocalcemia (HSH)

602014 TRPM6 TRPM6 kkk k m N No Defect in intestinal magnesium uptake

Isolated dominant hypomagnesemia
(IDH)

154020 FXYD2 γ-subunit k N m k No

Isolated dominant hypomagnesemia
(IDH)

160120 KCNA1 Kv1.1 kk N m N No Episodic ataxia, Myokymia

Isolated dominant hypomagnesemia
(IDH)

613882 CNNM2 cyclin M2 k N m N to k No

Isolated recessive hypomagnesemia
(IRH)

611718 EGF EGF k N m N No

Mitochondrial hypomagnesemia (MH) 500005 MTTI tRNA-ILE k N m k No Hypercholesterolemia, Hypertension

Renal Cysts and Diabetes Syndrome
(RCAD)

137920 HNF1B HNF1β k N m k No Diabetes (MODY5), Renal dysplasia



chloride efflux from epithelial cells to the interstitium.
The clinical picture of cBS varies widely with a spec-
trum ranging from a phenotype similar to aBS in rare
cases to a phenotype almost indistinguishable from
GS.75,76 However, the majority of patients develop
hypokalemia, hypochloremia, and failure to thrive dur-
ing the first year of life, as described by Bartter and
coworkers in their initial report.60 Prenatal onset and
nephrocalcinosis as seen in aBS are unusual. A possible
explanation for the greater variability in the clinical
picture of cBS compared to aBS might be the broad
expression pattern of ClC-Kb that appears to be partic-
ularly critical for electrolyte handling in the DCT
segment.

Hypomagnesemia is detected in up to 50% of
affected individuals.72 Some cBS patients present with
combined hypomagnesemia and hypocalciuria, a phe-
notypic signature of defects in the DCT. Thus, one can
assume that in cBS disturbed reabsorption of sodium
chloride in distal nephron segments impairs the renal
conservation of magnesium.

GITELMAN SYNDROME

The most frequent inherited salt losing tubular disor-
der affecting renal magnesium handling is the GS. GS is
caused by mutations in the thiazide-sensitive sodium-
chloride cotransporter NCCT65,77 which is exclusively
expressed at the apical membrane of the DCT. The
cardinal features of GS are persistent hypokalemia and
metabolic alkalosis with hypomagnesemia and
hypocalciuria.78�81 These findings, which are now con-
sidered to be characteristic for disturbances in DCT
function, are also seen in other disorders affecting renal
magnesium conservation (see below). Although a salt-
wasting disorder, salt and water losses in these patients
are usually less pronounced than in aBS because the uri-
nary concentrating ability is largely preserved.76

Patients usually present during childhood or adoles-
cence with symptoms of muscle weakness or overt tet-
any related to profound hypomagnesemia. However,
many “asymptomatic” patients have been reported, and
GS is frequently diagnosed following measurement of
electrolytes for various other reasons than hypomagne-
semia (e.g., preoperative workup). Nevertheless, a large
clinical study demonstrated that GS significantly affects
quality of life.82 None of these 50 patients were truly
asymptomatic. Salt craving, nocturia, and paresthesia
were among the most frequent symptoms.

Mechanisms of enhanced calcium absorption and
reduced magnesium transport secondary to disturbed
NCCT-mediated salt reabsorption are not fully under-
stood. These features are characteristic for GS but other
disorders affecting salt and divalent electrolyte reab-
sorption in the DCT may result in similar findings (see
below). The transport of calcium and magnesium in

the DCT is transcellular and active in nature, consisting
of an apical entry through a selective ion channel
(TRPV5 and TRPM6, respectively) and selective active
basolateral extrusion (Fig 61.3). Although Ca21/Na1

exchange has been identified, the molecular nature of
the basolateral magnesium transport protein is still
unknown, but several studies point to a sodium-
coupled exchange mechanism.1 Paracellular transport
of either calcium or magnesium is not observed in the
DCT. Accordingly, the notion of Reilly and Ellison is
not tenable. They postulated that DCT cells could
potentially switch to electrogenic reabsorption of
sodium via the apical sodium channel ENaC that
would reverse transepithelial voltage to lumen nega-
tive that in turn might drive magnesium into the
lumen.83 The hypocalciuria was thought to result from
a reduction in NaCl entry into DCT cells leading to
hyperpolarization which in turn could increase passive
apical calcium entry and basolateral sodium�calcium
exchange.

A more satisfying explanation has been advanced by
Loffing and colleagues. Immunohistochemical studies
in NCCT knockout mice point to the involvement of
distinct segments of the distal tubule.84,85 In NCCT
2/2 mice, the early portion of the DCT undergoes
apoptosis and is almost completely absent with marked
decreases in NCCT and TRPM6 expression. In contrast,
the late DCT and the connecting tubule (CNT) remain
largely intact with retained expression of the epithelial
sodium channel ENaC and the epithelial calcium chan-
nel TRPV5. Therefore, active transcellular magnesium
reabsorption could be impaired simply by loss of early
DCT cells in GS patients. Concerning the hypocalciuria,
recent studies point to involvement of increased cal-
cium reabsorption upstream to the DCT.54 The volume
contraction in NCCT 2/2 mice led to a decrease in
GFR and an increased fractional reabsorption of
sodium, but also calcium already in the proximal
tubule where magnesium is poorly reabsorbed. This
effect on calcium reabsorption is completely reversed
by salt and fluid repletion in these animals. Moreover,
Nijenhuis et al. reported that hydrochlorothiazide
administration resulted in hypocalciuria in TRPV5
2/2 mice showing that active distal tubular calcium
reabsorption is not required.54 As mentioned above,
TRPM6 was downregulated in the NCCT knockout
mice, which explains the urinary magnesium
wasting.54

EAST/SESAME SYNDROME

Recently, a complex syndrome combining epilepsy,
ataxia, sensorineural deafness, and renal salt wasting
was described by two independent groups (for which
they introduced the acronyms EAST or SeSAME syn-
drome).86,87 Patients present early in infancy with
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generalized tonic�clonic seizures, speech and motor
delay, severe ataxia, intention tremor, dysdiadochokin-
esis, severe hearing impairment, and renal salt
wasting.

The renal phenotype includes RAAS stimulation,
hypokalemic alkalosis, largely preserved urinary con-
centrating ability, hypomagnesemia and hypocalciuria
resembling the above mentioned DCT signature. All
patients required high dose potassium and magnesium
supplementation (Bockenhauer NEJM),86 some patients
were additionally treated with aldosterone antagonists
to narrow potassium losses.87

Autosomal-recessive EAST/SeSAME syndrome was
shown to be caused by loss-of-function mutations in
KCNJ10, coding for Kir4.1, a member of the inwardly
rectifying potassium channel family.86,87 Kir4.1 expres-
sion was demonstrated in glial cells in several parts of
the brain including the spinal cord and in the stria vas-
cularis of the inner ear explaining the observed central
nervous phenotype and deafness in affected indivi-
duals. In kidney, Kir 4.1 is expressed in DCT, CT as
well as in CCD,88 however its presence was also sug-
gested in TAL.89 Kir4.1 is localized at the basolateral
membrane of distal nephron segments and supposed
to function in collaboration with Na�K�ATPase as it
allows for a recycling of potassium ions entering the
tubular cells in countermove for the extruded
sodium.87 In addition, diminished Kir4.1 function leads
to a depolarization of the basolateral membrane and
consecutively to a reduction in the driving force for
basolateral anion channels as well as sodium coupled
exchangers.90 This decreased basolateral membrane
potential could also affect the putative electrogenic
Na1/Mg21 exchanger and possibly explain the
observed magnesium wasting in EAST syndrome.
Interestingly, the renal phenotype of Kir4.1 2/2 mice
had not been thoroughly studied until the description
of human disease. The re-evaluation of Kir4.1 2/2
mice by Bockenhauer and colleagues however clearly
demonstrated renal salt wasting leading to significant
growth retardation.86 The concurrent findings of hypo-
magnesemia and hypocalciuria, also observed in mice,
argue for a defect in renal salt reabsorption predomi-
nantly in the DCT.

Disorders of Calcium-Sensing Receptor

The extracellular CaSR/Mg21-sensing receptor
(plays an essential role in magnesium and calcium
homeostasis by influencing not only PTH secretion in
the parathyroid gland but also by directly regulating
the rate of magnesium and calcium reabsorption in the
kidney. It was first cloned by Brown and colleagues in
1993.23 Along the distal nephron, the CaSR is expressed
basolaterally in TAL and DCT as well as at both the
apical and basolateral membrane of the collecting

duct.29 Activation of the CaSR leads to coordinate
changes in renal calcium and magnesium excretion
and in water diuresis.23 Dilution of the urine by
decreasing aquaporin expression in the collecting duct
is thought to minimize the risk of stone formation in
the face of an increase in calcium and magnesium
excretion. Several diseases associated with both activat-
ing and inactivating mutations in the CaSR gene have
been described. As alterations in CaSR activity also
affect renal magnesium handling, they are presented in
this chapter with a special focus on magnesium.

AUTOSOMAL-DOMINANT HYPOPARATHYROIDISM

Activating mutations of the CaSR result in ADH.
Patients typically manifest during childhood with sei-
zures or carpopedal spasms. Laboratory evaluation
reveals the typical combination of hypocalcemia and
low PTH levels, but the majority of patients also exhibit
significant hypomagnesemia with serum levels around
0.520.6 mmol/L.91,92 Affected individuals are often
given the diagnosis of primary hypoparathyroidism on
the basis of inadequately low PTH levels despite their
hypocalcemia. Serum calcium levels are typically in a
range of 6�7 mg/dL. The differentiation from primary
hypoparathyroidism is of particular importance
because treatment with vitamin D can result in a dra-
matic increase in calcium excretion and the occurrence
of nephrocalcinosis and impairment of renal function
in ADH patients. Therefore, therapy with vitamin D or
calcium supplementation should be reserved for symp-
tomatic patients with the aim to maintain serum cal-
cium levels just sufficient for the relief of symptoms.92

Activating CaSR mutations lead to a lower set-point
of the receptor or an increased affinity for extracellular
calcium and magnesium. This inadequate activation by
physiological extracellular calcium and magnesium
levels then results in diminished PTH secretion and
decreased reabsorption of both divalent cations mainly
in the cTAL. For magnesium, the inhibition of PTH-
stimulated reabsorption in the DCT may significantly
contribute to an increased renal loss in addition to the
effects observed in the TAL.36,93 Pronounced hypomag-
nesemia is observed in patients with complete activa-
tion of the CaSR at physiologic serum calcium and
magnesium concentrations who also exhibit a Bartter-
like phenotype.94,95 In these patients, CaSR activation
inhibits TAL-mediated salt and divalent cation reab-
sorption to an extent that cannot be compensated in
later nephron segments.

FAMILIAL HYPOCALCIURIC HYPERCALCEMIA/

NEONATAL SEVERE HYPERPARATHYROIDISM

Familial hypocalciuric hypercalcemia (FHH)/neona-
tal severe hyperparathyroidism (NSHPT) result from
inactivating mutations present in either heterozygous
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or homozygous (or compound heterozygous) state,
respectively.96 FHH patients normally present with mild
to moderate hypercalcemia, accompanied by few if any
symptoms and often do not require treatment
(Table 61.2). Urinary excretion rates for calcium and
magnesium are markedly reduced, and serum PTH
levels are inappropriately high. In addition, affected
individuals also show mild hypermagnesemia.97 In con-
trast, NSHPT patients with two CaSR mutations is usu-
ally present in early infancy with polyuria and
dehydration due to severe symptomatic hypercalcemia.
Unrecognized and untreated hyperparathyroidism and
hypercalcemia result in skeletal deformities, extraoss-
eous calcifications, muscle wasting, and a severe
neurodevelopmental deficit. Early treatment with
partial-to-total parathyroidectomy therefore seems to be
essential for a favorable outcome.98 Data on serum mag-
nesium in NSHPT are sparse. However, elevations to
levels around 50% above normal have been reported.99

Familial Hypomagnesemia with Hypercalciuria and
Nephrocalcinosis

Familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC) is caused by mutations in
two different members of the claudin family of tight
junction proteins, namely claudin-16 and claudin-19.13,14

Since its first description, at least 80 different patients
have been reported, allowing a comprehensive charac-
terization of the clinical spectrum of this disorder and
discrimination from other magnesium-losing tubular
diseases.100�103 Due to excessive renal magnesium and
calcium wasting, patients develop the characteristic
triad of hypomagnesemia, hypercalciuria, and nephro-
calcinosis that gave the disease its name. FHHNC
patients usually present during early childhood with
recurrent urinary tract infections, polyuria/polydipsia,
nephrolithiasis, and/or failure to thrive. Signs of severe
hypomagnesemia such as cerebral convulsions and
muscular tetany are less common. Additional laboratory
findings include elevated serum PTH levels before the
onset of chronic renal failure (CRF), incomplete distal
tubule acidosis, hypocitraturia, and hyperuricemia pres-
ent in most patients.104 The prognosis of FHHNC
patients is rather poor with progression to CRF early
during adolescence. A considerable number of patients
already exhibit a markedly reduced GFR (,60 mL/min
per 1.73 m2) at the time of diagnosis. Hypomagnesemia
may completely disappear with the decline of GFR due
to reduction in filtered magnesium limiting urinary
magnesium excretion.

Whereas the renal phenotype is almost identical in
carriers of CLDN16 and CLDN19 mutations, ocular
involvement including severe myopia, nystagmus, or
chorioretinitis are much more prominent in patients
with CLDN19 mutations.14,101,105,106

In addition to continuous magnesium supplementa-
tion, therapy aims at the reduction of calcium excretion
by using thiazides to prevent the progression of
nephrocalcinosis and stone formation. The degree of
renal calcification has been correlated with progression
of CRF.101 However, therapeutic strategies do not seem
to significantly influence the progression of renal fail-
ure. Supportive therapy is important for the protection
of kidney function and should include provision of suf-
ficient fluids and effective treatment of stone formation
and bacterial colonization. As expected, renal trans-
plantation is performed without evidence of recurrence
because the primary defect resides in the kidney.

Using a positional cloning approach, Simon et al.
could identify a new gene (CLDN16, formerly PCLN1),
which is mutated in patients with FHHNC.13 CLDN16
codes for claudin-16 or paracellin-1, a member of the
claudin family. More than 20 claudins identified so far
comprise a family of B22 kD proteins with four trans-
membrane segments, two extracellular domains, and
intracellular N and C termini. The individual composi-
tion of tight junction strands with different claudins
confers the characteristic properties of different epithe-
lia regarding paracellular permeability and/or transe-
pithelial resistance. In this context, a crucial role has
been attributed to the first extracellular domain of the
claudin proteins, which is extremely variable in num-
ber and position of charged amino acid residues.107

Individual charges have been shown to influence para-
cellular ion selectivity suggesting that claudins posi-
tioned on opposing cells forming the paracellular
pathway provide charge-selective pores within the
tight junction complex.

The C terminus is remarkable for a consensus
threonine-X-valine PDZ-binding domain which is pos-
sibly involved in protein�protein interactions and tar-
geting of the paracellin-1 protein to tight junction
strands. The longest possible open reading frame of the
human cDNA encodes a protein of 305 amino acids
with a cytoplasmic N-terminus of 73 amino acids. This
structure is in contrast to all other claudins, which
share a very short N-terminus of only six or seven
amino acids. Interestingly, there is a second in-frame
start codon within a suitable Kozak consensus
sequence at position Met71 that is analogous to the
translation start site of all other claudins. Sequence
comparison of the human cDNA with other species
and the results of mutation analyses, which identified a
common insertion/deletion polymorphism
(165_166delGGinsC) that would lead to a shift of the
reading frame (R55fs71X), argue for the second transla-
tion initiation start site being used in vivo.102,108

The majority of mutations reported thus far in
FHHNC are simple missense mutations affecting the
transmembrane domains and the extracellular loops
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with a particular clustering in the first extracellular loop
containing the ion selectivity filter. Within this domain,
patients originating from Germany and Eastern
European countries exhibit a common mutation (L151F)
due to a founder effect.102 Defects in CLDN16 have also
been shown to underlie the development of a chronic
interstitial nephritis in Japanese cattle that rapidly
develop CRF shortly after birth.109 Interestingly, affected
animals typically show hypocalcemia but no hypomag-
nesemia, which might be explained by advanced CRF
present at the time of examination. The fact that, in con-
trast to the point mutations identified in human
FHHNC, large deletions of CLDN16 are responsible for
the disease in cattle, might explain the more severe phe-
notype with early-onset renal failure. However, Cldn16
knockout mice do not display renal failure during the
first months of life.110 In FHHNC patients, progressive
renal failure is generally thought to more likely be a
consequence of massive urinary calcium wasting and
nephrocalcinosis. A study of a large cohort of FHHNC
patients showed that the presence of CLDN16 mutations
leading to a complete loss-of-function on both alleles
display a younger age at manifestation as well as a
more rapid decline in renal function compared to
patients with at least one allele with residual claudin-16
function.111 These findings support the theory that a
complete lack of claudin-16 is associated with a more
severe phenotype whereas a residual function delays
the progression of CRF.

There is evidence from family analyses that carriers
of heterozygous CLDN16 mutations may also present
with clinical symptoms. Two independent studies
describe a high incidence of hypercalciuria, nephro-
lithiasis, and nephrocalcinosis in first-degree relatives of
FHHNC patients.101,102 A subsequent study also found
a tendency toward mild hypomagnesemia in family
members with heterozygous CLDN16 mutations.112

Thus, one might speculate that CLDN16 mutations are
involved in idiopathic hypercalciuric stone formation.

Recently, a homozygous CLDN16 mutation (T303G)
affecting the C-terminal PDZ domain has been identified
in two families with isolated hypercalciuria and nephro-
calcinosis without disturbances in renal magnesium han-
dling.113 Interestingly, the hypercalciuria disappeared
during follow-up and urinary calcium levels reached
normal values beyond puberty. Transient transfection of
MDCK cells with the CLDN16 (T303G) mutant revealed
localization of the mutant paracellin-1 in the apical mem-
brane, whereas wildtype paracellin-1 was correctly tar-
geted. It still remains to be determined why this type of
misrouting is associated with transient isolated hypercal-
ciuria without increased magnesium excretion.

Molecular genetic studies in FHHNC patients with a
severe ocular involvement lead to the identification of
mutations in a second member of the claudin family,

claudin-19 (encoded by CLDN19).14 Claudin-19 is
expressed together with claudin-16 predominantly in the
TAL. Tight-junction strands in this part of the renal
tubule also express claudin-10 and claudin-18.114 These
other claudins are able to maintain the barrier function
of the tight junction complex also in the absence of
claudin-16 and -19; however, claudin-16 and -19
depleted tight junctions displayed a loss in cation perms-
electivity (Hou et al. PNAS 2009).114 Unfortunately, it
remains an unanswered question so far, if claudin-16
and -19 directly take part in the formation of a paracellu-
lar pore structure selective for magnesium and calcium
or if they are simply involved in generating the cation
selectivity of the tight junction complex required for
maintaining the lumen-positive potential in the TAL
(Hou, Goodenough 2010).115 In this context, it is interest-
ing to note that claudin-16 as well as claudin-19 deficient
mice also display increased renal losses of sodium as
well as potassium in addition to the disturbance in renal
magnesium and calcium handling.114

Patients with claudin-19 defects display a renal pheno-
type indistinguishable from patients with defective
claudin-16 function,14 however, the ocular phenotype
also observed in patients with claudin-16 defects is much
more severe. The molecular basis for the phenomenon is
the expression of claudin-19 specifically in different
layers of the retina.14 Patients show a misdevelopment of
the optic disc leading to severe visual impairment and
the development of horizontal nystagmus.

Hypomagnesemia with Secondary Hypocalcemia

HSH is an autosomal recessive disorder caused by
mutations in the TRPM6 gene coding for TRPM6, a
member of the transient receptor potential (TRP) cation
channel family.37,38 Since its first description by
Paunier and colleagues in 1968,116 at least 50 HSH kin-
dreds have been described.38,117�119 Patients uniformly
manifest in early infancy with generalized convulsions
refractory to anticonvulsant treatment or other symp-
toms of increased neuromuscular excitability such as
muscle spasms or tetany. Laboratory evaluation at ini-
tial presentation reveals severely reduced serum mag-
nesium levels of around 0.2 mmol/L. Severe
hypomagnesemia is accompanied by hypoparathyroid-
ism with barely detectable PTH levels and consecutive
hypocalcemia with serum calcium levels around
1.6 mmol/L. The unexpected finding of hypoparathy-
roidism is thought to result from an inhibition of PTH
synthesis and secretion in the presence of extreme
hypomagnesemia.98,120,121 In addition, PTH-induced
release of calcium from bone is substantially impaired
in hypomagnesemia as magnesium depletion interferes
with the generation of cAMP in response to PTH.98 The
hypocalcemia is resistant to treatment with calcium or
vitamin D.
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Treatment in HSH consists of immediate administra-
tion of magnesium, usually via the intravenous route
at a dose of 0.12 0.2 mmol (equivalent to 25-50 mg) per
kilogram of body weight, up to a maximum of 8 mmol
(equivalent to 2 g).62,119 Administration of magnesium
alone rapidly leads to relief of clinical symptoms, nor-
mocalcemia, and normalization of PTH levels. Acute
parenteral therapy is followed by lifelong high-dose
oral magnesium supplementation.122 In the majority of
patients, organic magnesium salts such as aspartate or
citrate are used. Daily requirements of up to 4 mmol/
kg of body weight per day (16 times the recommended
daily allowance) have been described,123 although an
average daily requirement of around 1 mmol/kg of
body weight per day seems to be sufficient in most
HSH patients. Whether these large variations reflect
different individual requirements or whether they are
the consequence of differences in therapeutic strategies
remains to be determined. Adolescent patients usually
tolerate oral magnesium to a lesser extent than infants
and younger children, who on average receive larger
amounts per kilogram of body weight. While gastroin-
testinal complaints are clearly aggravated with rising
amounts of oral magnesium in the same patient, the
susceptibility to diarrhea shows marked interindivid-
ual variability.

The laxative action of magnesium salts adminis-
tered in therapeutic doses often leads to pronounced
gastrointestinal side effects that occasionally necessi-
tate considering alternative routes of administration
such as intravenous or subcutaneous injections.
Splitting of oral doses can reduce fluctuations of
serum magnesium levels and peak urinary excretion
and also alleviate diarrhea. Additional intramuscular
magnesium injections might be necessary to reduce
oral intake. A regimen consisting of daily intramuscu-
lar injections given over a 20-year period has been
described.123 Ultimately, the authors used continuous
nocturnal administration via nasogastric tube as a
therapeutic alternative to improve quality of life. In
another HSH patient, hypomagnesemic seizures only
ceased after implantation of a subcutaneous pump
system that provides continuous magnesium
infusions.124

Delay in diagnosis may lead to neurological deficits
or may even be fatal as seizures are refractory to anti-
convulsive treatment. Several HSH patients with
severe mental retardation due to recurrent seizures
have been reported. The laboratory evaluation of
serum magnesium levels should therefore represent an
indispensable part of the workup in infantile seizures.
After correction of hypomagnesemia, serum levels
should be closely monitored to prevent recurrence of
symptoms in the presence of hereditary magnesium
deficiency.

Contrasting all other known forms of hereditary
hypomagnesemia, pathophysiologic studies in affected
patients using radioactive magnesium isotopes pointed
to a primary defect in intestinal magnesium absorp-
tion.125 The presence of an additional renal phenotype
in HSH was controversial until magnesium-loading
studies clearly demonstrated a renal magnesium
leak.126 With rising serum magnesium levels during
substitution, renal magnesium loss, which is barely
detectable at initial presentation, becomes evident dem-
onstrating a decreased renal threshold for magne-
sium.38 Despite remaining hypomagnesemic with
serum levels around 0.6 mmol/L, HSH patients display
inadequately high fractional excretions for magnesium
in a range of 2-4%.37 Assuming intact renal magnesium
conservation, fractional excretions rates would be
expected to drop below 1% in the presence of
hypomagnesemia.33

A positional candidate gene approach enabled the
identification of mutations in the TRPM6 gene as the
underlying defect in HSH.37,38 TRPM6 codes for a
member of the TRP family of cation channels. The TRP
protein superfamily comprises more than 20 related
cation channels playing important roles in a wide vari-
ety of physiological processes such as phototransduc-
tion, sensory physiology, and regulation of smooth
muscle tone.127 The conventional TRP proteins can be
allocated to three subfamilies: TRPC, TRPV, and
TRPM. Three additional more distantly related subfa-
milies—TRPML, TRPN, and TRPP—have been defined
more recently.127 All TRP ion channels share the com-
mon feature of six transmembrane domains with a
putative pore-forming region between the fifth and
sixth transmembrane domain and intracellular N- and
C-termini. Four TRP protein subunits assemble to form
a functional channel complex.

The TRPM subfamily comprises eight members that
exhibit a significant diversity in domain structure as
well as cation selectivity and activation mechanisms.
Three members—TRPM2, TRPM6, and TRPM7—are
set apart from all other known ion channels because
they harbor enzyme domains in their respective C ter-
mini and thus represent prototypes of an intriguing
new protein family of enzyme-coupled ion channels.
TRPM6 and TRPM7 contain protein kinase domains in
their C termini, which bear sequence similarity to elon-
gation factor 2 (eEF-2) serine/threonine kinases.40,42

The functional characterization of TRPM7 demon-
strated permeability for various cations, including cal-
cium, magnesium, and several trace metals.128 TRPM7
gating was shown to be regulated by intracellular mag-
nesium and magnesium-nucleotide complexes.39

Targeted deletion of TRPM7 in cell lines results in
intracellular magnesium depletion and growth arrest.41

Taken together, these data point to the essential role of
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ubiquitously expressed TRPM7 for cellular magnesium
homeostasis.

The TRPM6 protein is highly homologous to the
TRPM7 ion channel. However, contrasting TRPM7,
only one group thus far has succeeded in functional
expression of TRPM6 in a mammalian cell line.46

The authors were able to show channel properties
similar to those observed for TRPM7. In contrast,
another group clearly demonstrated that heteromulti-
merization with TRPM7 is essential for correct
membrane targeting of TRPM6.45 In this study,
TRPM7-induced currents were significantly increased
by coexpression of TRPM6. Heteromultimerization has
been previously described for other members of the
TRP family.129 The detection of TRPM6 expression in
the DCT, together with the functional studies in HSH
patients that clearly demonstrated a renal magnesium
leak, points to an important role of TRPM6 for active
transcellular magnesium reabsorption in the DCT.37,46

Whether TRPM6 alone or in cooperation with TRPM7
constitutes the apical magnesium channel that was
physiologically identified in DCT cells remains to be
clarified in future studies.

TRPM6 mutations identified in HSH patients com-
prise the following classes of mutations: stop mutations
and frame shift mutations, both leading to premature
stops of translation, as well as splice site mutations,
which impede proper mRNA synthesis and presum-
ably lead to absence of the corresponding exon and
large exon deletions.37,38 All of the mentioned muta-
tions that are distributed over the entire TRPM6 pro-
tein result in truncated TRPM6 proteins. Only few
missense mutations, e.g. S141L in the N terminus and
P1017R in the putative pore-forming region of the
TRPM6 protein, have been identified so far.37,117,130

The functional analysis of S141L-TRPM6 demonstrated
intracellular retention of the mutant protein upon coex-
pression with TRPM7 and an abrogation of proper tet-
rameric TRPM6/TRPM7 complex assembly in the
endoplasmic reticulum.45 In contrast, the P1017R
mutant shows a preserved trafficking to the plasma
membrane, but obviously interferes with channel gat-
ing or permeation mechanisms of the functional ion
channel tetramer.130 Therefore, all HSH mutations
functionally characterized thus far result in a complete
loss of function of the TRPM6 protein. Obviously, com-
plete lack of TRPM6 ion channel function is required
for the development of the typical HSH phenotype. It
is intriguing to speculate whether minor changes in
TRPM6 function by single point mutations might result
in a less severe clinical picture or even in subclinical
magnesium deficiency.

The mutational analysis of TRPM6 also supports the
data obtained for TRPM7 pointing to an essential role
of the C-terminal kinase domain for ion channel

function. While abrogation of TRPM7 kinase activity
does not impair ion channel function but leads to a
decrease in magnesium mediated channel inhibition,
structural absence of the kinase domain leads to a com-
plete suppression of ion channel activity.41 Similarly,
truncating mutations of TRPM6 prior to the kinase
domain lead to an obvious loss of ion channel function.

How does an impairment of TRPM6 protein func-
tion impede epithelial magnesium transport in the
intestine and kidney? The observation that in HSH
patients the administration of high oral doses of mag-
nesium are successful in achieving at least subnormal
serum magnesium levels supports the existing evi-
dence of two independent transport systems for mag-
nesium in the gastrointestinal tract.131 TRPM6 probably
represents a molecular component of active transcellu-
lar magnesium transport. An increased intraluminal
magnesium concentration achieved by increased oral
intake would enable to compensate for the defect of the
active transcellular pathway by increasing absorption
via the passive paracellular route.37,132

Isolated Dominant Hypomagnesemia

FXYD2 (γ-SUBUNIT)

Isolated dominant hypomagnesemia (IDH) was first
linked to a mutation in the FXYD2 gene on chromo-
some 11q23 which codes for a γ-subunit of
Na�K�ATPase.133 Only two related families with a
FXYD2 mutation have been described so far.133,134 The
index patients of both families presented with general-
ized convulsions during childhood, at ages 7 and 13
years, respectively. Serum magnesium levels in the two
patients at the time of convulsions were approximately
0.4 mmol/L. One index patient was treated for seizures
of unknown origin with antiepileptic drugs until serum
magnesium levels were evaluated in adolescence. At
that time severe mental retardation was evident.
Systematic serum magnesium measurements per-
formed in members of both families revealed low
serum magnesium levels of around 0.5 mmol/L in
numerous apparently healthy individuals. Consequent
pedigree analyses of the two families pointed to an
autosomal-dominant mode of inheritance. A genome-
wide linkage study mapped the disease locus on Chr
11q23.135 Detailed haplotype analyses identified a com-
mon haplotype segregating in the two families which
suggested a common ancestor. Indeed, the mutational
screening of the FXYD2 gene demonstrated the identi-
cal mutation G41R in all affected individuals of both
family branches.

A 28Mg-retention study in one index patient pointed
to a primary renal defect.134 The intestinal absorption
of magnesium was preserved and even stimulated in
compensation for the increased renal losses. Urinary
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magnesium measurements in affected family members
revealed daily magnesium excretions of around
5 mmol per day despite profound hypomagnesemia.134

In addition, urinary calcium excretions were found to
be low in all hypomagnesemic family members, a find-
ing reminiscent of patients presenting with GS. But in
contrast to GS, no other associated biochemical find-
ings were reported.

The γ-subunit encoded by FXYD2 is a member of a
family of small single transmembrane proteins that
share the common amino acid motif F-X-Y-D. Out of
the seven members that differ in tissue specificity,
FXYD2 and FXYD4—also called CHIF or channel-
inducing factor—are highly expressed along the neph-
ron but display an alternating expression pattern.136

The γ-subunit comprises two isoforms (named γ-a and
γ-b) that are differentially expressed in the kidney. The
γ-a isoform is present predominantly in the proximal
tubule, and expression of the γ-b isoform predominates
in the distal nephron, especially in the DCT and
CNT.137 The ubiquitous Na�K�ATPase is a dimeric
enzyme invariably consisting of one α- and one β-sub-
unit. FXYD proteins constitute a third or γ-subunit that
represents a tissue-specific regulator of Na�K�ATPase
and produces distinct effects on the apparent affinity
of the Na�K�ATPase for sodium, potassium, and
ATP. The FXYD2 γ-subunit increases the apparent
affinity of Na�K�ATPase for ATP while decreasing its
sodium affinity.138 Thus, it might provide a mechanism
for balancing energy utilization and maintaining
appropriate salt gradients.

Expression studies of the mutant G41R-γ-subunit in
mammalian renal tubule cells revealed a dominant
negative effect of the mutation leading to retention of
the γ-subunit within the cell. Whereas initial data
pointed to retention of the entire Na�K�ATPase com-
plex in intracellular compartments, more recent data
demonstrate an isolated trafficking defect of the mutant
γ-subunit while trafficking of the α/β-complex is pre-
served.139 The mutant γ-subunit is obviously retarded
in the Golgi complex which points to disturbed post-
translational processing. The assumption of a dominant
negative effect was first substantiated by the observa-
tion that individuals with a large heterozygous dele-
tion of chromosome 11q including the FXYD2 gene
exhibit normal serum magnesium levels.140

Meanwhile, it could be shown that wildtype γ-subunits
oligomerise within the cell before trafficking to the
plasma membrane. The G41R-mutant was shown to
also oligomerise with itself and the wildtype γ-subunit
and obviously prevents proper routing of wildtype
γ-subunits to the plasma membrane and incorporation
into functional ATPase complexes.141

Urinary magnesium wasting together with the
expression pattern of the FXYD2 gene indicate a defect

of active transcellular magnesium reabsorption in the
DCT in affected individuals. But how can a defect of
Na�K�ATPase modulation lead to impaired renal
magnesium conservation? One possible explanation is
based on changes in intracellular sodium and potas-
sium levels. Meij and colleagues have suggested that
diminished intracellular potassium might depolarize
the apical membrane resulting in a decrease in magne-
sium uptake.133 Alternatively, an increase in intracellu-
lar sodium could impair basolateral magnesium
transport, which is presumably achieved by a sodium-
coupled exchange mechanism. Another explanation is
that the γ-subunit is involved not only in
Na�K�ATPase function but is also an essential com-
ponent of a yet-unidentified ATP-dependent transport
system specific for magnesium. Like for calcium, both
a specific Mg-ATPase and a sodium-coupled exchanger
might exist. Further studies are needed to clarify this
issue.

Interestingly, Fxyd2 2/2 mice are viable and with-
out observable pathology.142 The authors state that
there are no abnormalities in serum magnesium and
urinary excretion of magnesium under physiological
conditions. However, a deletion of one or both alleles
in mice does not necessarily mimick the effect of the
dominant mutation observed in human disease.
Experiments with purified Na�K�ATPase from these
mice revealed a decrease in thermostability as well as
an increased affinity of the enzyme lacking the γ-sub-
unit for sodium which is in accordance with previous
studies.138

An interesting feature of IDH linked to the FXYD2-
G41R mutation is the finding of hypocalciuria. One
could only speculate that, similar to GS, a defect in
Na�K�ATPase function and energy metabolism might
lead to an apoptotic breakdown of the early DCT
responsible for magnesium reabsorption, while later
parts of the distal nephron remain intact. In patients
with the FXYD2 mutant, there is no evidence for renal
salt wasting and no stimulation of the RAAS. The find-
ing of hypocalciuria despite no apparent volume deple-
tion apparently contradicts theories that favor an
increase in proximal tubular calcium reabsorption due
to volume depletion in the GS. In fact, these findings
instead point to contrary changes in magnesium and
calcium reabsorption in the DCT or in different DCT
segments.

KCNA1

Genetic heterogeneity in IDH was demonstrated by
the identification of a dominant-negative missense
mutation in KCNA1 encoding the voltage-gated potas-
sium channel Kv1.1.143 The phenotype of affected
patients originating from a large Brazilian family
included recurrent episodes of muscle cramps, tetanic
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episodes, tremor, and muscle weakness starting in
infancy. Laboratory analyses revealed isolated hypo-
magnesemia ,0.4 mmol/L while urinary magnesium
excretions were found to be inadequately elevated
pointing to a renal magnesium leak. Interestingly, no
alterations in renal calcium handling were observed.

Interestingly, KCNA1 mutations had been identified
before in patients with episodic ataxia with myokymia
(OMIM 160120), a neurologic disorder characterized by
periodical appearance of incoordination and imbalance
as well as myokymia, an involuntary, spontaneous,
and localized trembling of muscles.144 In addition to
muscle cramps and tetany attributed to magnesium
deficiency, these symptoms were also present in mem-
bers of the above mentioned Brazilian kindred with
hypomagnesemia.

By using a genome-wide SNP-based linkage strategy
followed by subsequent conventional sequencing of
candidate genes identified a heterozygous mutation in
the KCNA1 gene cosegregating with the disease.143 The
mutation (c.A763G) leads to a nonconservative amino
acid exchange (p.N255D) in the encoded Kv1.1 potas-
sium channel. Functional voltage-gated potassium
channels of the KCNA family are composed of tetra-
mers. Coexpression of the mutant N255D-Kv1.1 with
wildtype channel subunits in HEK293 cells resulted in
a significant reduction in current amplitudes compati-
ble with a dominant-negative effect of the mutant. The
dominant-negative effect rather seems to be the result
of an impaired gating of the potassium channel tetra-
mer as trafficking to the plasma membrane is
preserved.145

Kv1.1 expression was demonstrated in kidney in
colocalization with TRPM6 in the DCT, presumably at
the apical membrane. Glaudemans and coworkers pro-
pose a model in which Kv1.1 allows for a hyperpolari-
zation of the DCT cell membrane potential as a
prerequisite for TRPM6-mediated magnesium entry
(Fig 61.3). Thereby, the authors, for the first time,
linked magnesium reabsorption in the DCT to potas-
sium secretion and identified a new dependency
between renal magnesium and potassium handling at
the molecular level.143

CNNM2

Another form of IDH was described recently in
which mutations in CNNM2 were discovered.146

CNNM2 (or ACDP2) had been identified before by dif-
ferential gene expression microarray analysis of genes
upregulated in face of hypomagnesemia in mice.147

The authors had demonstrated that the CNNM2 pro-
tein is able to induce the transport of different divalent
cations including magnesium.147 Furthermore, the
CNNM2 gene locus had been linked to serum magne-
sium levels in a genome-wide association study.148

Stuiver and colleagues screened CNNM2 as a candi-
date gene in patients with unresolved magnesium
wasting disorders and identified heterozygous muta-
tions in two unrelated families with IDH.146 In affected
patients, clinical symptoms and time of manifestation
seem to be highly variable with symptoms ranging
from convulsive episodes in early childhood to muscle
weakness, vertigo, and headaches during adolescence.
Other heterozygous carriers from both families
remained asymptomatic. Serum magnesium levels in
affected individuals were in the range of 0.4-0.5 mmol/
L and failed to normalize under oral magnesium sup-
plementation. All other serum electrolytes were found
to be normal. As data on urinary calcium excretions
vary between the described index patients, it remains
unclear if the finding of hypocalciuria seen in a num-
ber of other inherited magnesium wasting disorders
(see above) is also a concomitant feature in patients
with CNNM2 mutations.

The CNNM2 gene codes for CNNM2 or Cyclin M2,
a transmembrane protein expressed in kidney at the
basolateral membrane of TAL and DCT, but also
expressed in other organs especially the brain.146

CNNM2 is one of four members of a protein family
with a conserved domain structure (for which this fam-
ily was previously named ancient conserved domain
proteins or ACDP family) with sequence similarities to
the bacterial CorC protein involved in bacterial magne-
sium transport.149

Whereas a truncating frame-shift mutation was
identified in one of the described families, affected
individuals of the second family carry a point mutation
leading to a nonconservative amino acid exchange at a
conserved residue of the CNNM2 protein (T568I).146

Whereas trafficking of the mutant T568I-CNNM2 pro-
tein was preserved in HEK293 cells, patch clamp analy-
ses of mutant and wildtype CNNM2 revealed a
significant reduction in magnesium-sensitive, inwardly
rectifying sodium currents. In contrast to previous
experiments in Xenopus oocytes by Goytain and
Quamme,147 the authors did not observe significant
magnesium currents upon over-expression of CNNM2
in HEK293 cells.146 The localization data together with
the functional studies lead to the assumption that
CNNM2 might represent a basolateral magnesium
sensing mechanism in renal tubular cells rather than
being a molecular component of the yet uncharacter-
ized basolateral magnesium extrusion machinery itself.
As Stuiver and colleagues identified a truncating muta-
tion as well as a missense mutation in their families,
they only speculate on a reduced amount of functional
protein as a putative mechanism for the dominant
mode of inheritance.146 Therefore, it remains a subject
of further studies how exactly CNNM2 is involved in
basolateral magnesium transport processes.
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Renal Cysts and Diabetes Syndrome

HNF1β

Hepatocyte nuclear factor 1β (HNF1β) is a transcrip-
tion factor critical for the development of kidney and
pancreas. Heterozygous mutations in HNF1B have first
been implicated in a subtype of maturity-onset diabetes
of the young (MODY5) before an association with
developmental renal disease was reported. The renal
phenotype is highly variable including enlarged hyper-
echogenic kidneys, multicystic kidney disease, renal
agenesis, renal hypoplasia, cystic dysplasia, as well as
hyperuricemic nephropathy. The association with both
symptom complexes lead to the term renal cysts and
diabetes syndrome. HNF1B mutations are present in
heterozygous state, either inherited or de novo, and
comprise point mutations as well as whole-gene dele-
tions.150 Interestingly, around 50% of affected indivi-
duals present with hypomagnesemia due to renal
magnesium wasting.150,151 The degree of hypomagne-
semia is usually mild to moderate (B0.65 mmol/L),
and the defect in renal magnesium conservation is
accompanied by the occurrence of hypocalciuria. The
HNF1B gene encodes a transcription factor regulating
the expression of numerous renal genes including the
FXYD2 gene which contains several HNF1β-binding
sites in its promotor region.151 In accordance with the
phenotype and in silico data, Adalat and colleagues
could show that HNF1β was able to stimulate the
expression of FXYD2 in vitro. Therefore, defective
FXYD2 transcription represents a putative mechanism
explaining renal magnesium wasting in patients with
HNF1B mutations.

Isolated Recessive Hypomagnesemia

Geven and colleagues initially reported a form of
isolated hypomagnesemia in a consanguineous family
indicating autosomal recessive inheritance.152 Two
affected girls presented with generalized convulsions
during infancy. Unfortunately, late diagnosis resulted
in neurodevelopmental deficits in both patients. A
thorough clinical and laboratory workup at 4 and 8
years of age, respectively, revealed serum magnesium
levels of 0.52 0.6 mmol/L with no other associated
electrolyte abnormalities. A 28Mg-retention study in
one patient pointed to a primary renal defect, while
intestinal magnesium uptake was preserved.152 Both
patients exhibited renal magnesium excretions of
3�6 mmol per day despite hypomagnesemia which
confirmed renal magnesium wasting whereas calcium
excretion rates were in the normal range.

Using a homozygosity mapping strategy,
Groenestege and colleagues identified a candidate
interval on chromosome 4q.50 A subsequent screening
of candidate genes within this region resulted in the

identification of a homozygous point mutation (c.
C3209T) in the EGF gene leading to a nonconservative
amino acid exchange (p.P1070L) in the encoded pro-
EGF protein (pro-EGF) in the two sisters.50 It was fur-
ther demonstrated the the mutation impairs the baso-
lateral sorting of pro-EGF in the DCT. The EGF
hormone is thought to act at the basolateral side of
DCT cells via binding to its EGFR to stimulate magne-
sium reabsorption via TRPM6.51 The mechanism is
described in more detail in the paragraph on hormonal
controls of DCT mediated magnesium reabsorption
(see above). Despite acting in a paracrine fashion in the
DCT, the authors speculate on a role of EGF as a selec-
tively acting magnesiotropic hormone.50

Mitochondrial Hypomagnesemia

In 2004, a mutation in the mitochondrial isoleucine
tRNA gene, tRNAIle, or MTTI [OMIM 500005], has
been discovered in a large Caucasian kindred.153 An
extensive clinical evaluation of this family was
prompted after the discovery of hypomagnesemia in
the index patient. Pedigree analysis was compatible
with mitochondrial inheritance as the phenotype was
exclusively transmitted by affected females. The phe-
notype includes hypomagnesemia, hypercholesterol-
emia, and hypertension. Of the adults on the maternal
lineage, the majority of offspring exhibit at least one of
the mentioned symptoms; approximately half of the
individuals show a combination of two or more symp-
toms, and around one-sixth had all three features.
Serum magnesium levels of family members in the
maternal lineage greatly vary, ranging from B0.8 to
B2.5 mg/dL (equivalent to B0.3 to B1.0 mmol/L) with
approximately 50% of individuals being
hypomagnesemic.

Hypomagnesemic individuals (serum magn-
esium ,0.75 mmol/L) showed higher fractional
excretions (median around 7.5%) than their normo-
magnesemic relatives in the maternal lineage
(median around 3%) which clearly pointed to renal
magnesium wasting as causative for hypomagnese-
mia. Interestingly, hypomagnesemia was accompa-
nied by decreased urinary calcium levels, a finding
pointing to the DCT as the affected tubular seg-
ment. These findings again suggest an association
of magnesium and calcium transport in the DCT as
discussed above.

The mitochondrial mutation observed in the exam-
ined family affects the tRNAIle gene MTTI.153 The
observed nucleotide exchange occurs at the T nucleo-
tide directly adjacent to the anticodon triplet. This posi-
tion is highly conserved among species and critical for
codon�anticodon recognition. The functional conse-
quences of the tRNA defect for mitochondrial function
remain to be elucidated in detail. As ATP consumption
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along the tubule is highest in the DCT, the authors
speculate on an impaired energy metabolism of DCT
cells as a consequence of the mitochondrial defect
which in turn could lead to disturbed transcellular
magnesium reabsorption. Further studies in these
patients might help to deliver insight into the mecha-
nism of distal tubular magnesium wasting in these
patients.

Acquired Renal Magnesium Wasting Disorders

Cisplatin and Carboplatin

The cytostatic agent cisplatin and the newer antineo-
plastic drug, carboplatin, are widely used in various
protocols for the therapy of solid tumors.154 Among
diverse side effects, nephrotoxicity receives most atten-
tion as the major dose-limiting factor.155 Carboplatin
has been reported to have less severe side effects than
cisplatin.156�159 Hypomagnesemia following renal
magnesium wasting is regularly observed in patients
treated with cisplatin.154,159,160 The incidence of magne-
sium deficiency is greater than 30% but increase to
over 70% have been observed with longer cisplatin
usage and greater accumulated doses.160

Cisplatin exerts a direct damage to renal tubular
cells and causes proximal as well as distal tubular dys-
function.155 Acute cisplatin toxicity involves defective
mitochondrial function, decreased ATPase activity,
altered cell cation content, and altered solute transport.
In the distal tubule, the reabsorption of salt and partic-
ularly of magnesium are compromised. In rodents, cis-
platin leads to an impairment of proximal tubular
function, whereas in dogs and humans morphological
changes appear predominantly in the DCT and the col-
lecting duct.161�163 Thus, the interpolation from animal
studies concerning cisplatin toxicity may be mislead-
ing, but the evidence from both clinical and experimen-
tal studies indicate that the drug acts on distal tubular
magnesium transport. As there is no magnesium reab-
sorption within the CCDs, it is likely that actions
within the DCT are responsible for the renal magne-
sium leak. Using micropuncture, Mavichak et al.
showed that magnesium reabsorption was diminished
in the distal tubule of rats receiving cisplatin.162 The
molecular mechanisms for the acute, apparently selec-
tive effects on magnesium remain undefined. It would
be of interest to determine if amiloride retains its
magnesium-conserving actions in these patients.1 The
effects of cisplatin may persist months or years later—
long after the inorganic platinum has disappeared
from the renal tissue.164,165 Whatever cellular mechan-
isms are involved they must include genetic alterations
of magnesium transport. The fact that cisplatin exerts
its cytotoxicity binding cellular DNA may be

relevant.154,156 The chronic alterations in distal tubular
ion transport comprise a clinical picture reminiscent of
GS.166 Morphological studies in humans with cisplatin
nephrotoxicity could demonstrate focal tubular necro-
sis predominantly in the DCT, a feature also observed
in NCCT-deficient mice suggestive for DCT cell apo-
ptosis.84,167 Therefore, fluid repletion and especially
magnesium supplementation with sufficient doses
should routinely be prompted to prevent acute and
chronic cisplatin nephrotoxicity and the risk of adverse
effects from hypomagnesemia.

Aminoglycosides

Aminoglycosides, such as gentamicin, induce renal
impairment in up to 35% of patients, dependent on the
dose and duration of administration. In addition, ami-
noglycosides cause hypermagnesiuria and hypomagne-
semia.168 As many as 25% of patients receiving
gentamicin will exhibit hypomagnesemia.168 The
hypermagnesiuric response occurs soon after the onset
of therapy; it is dose dependent and readily reversible
upon withdrawal. As with adults, neonates also dis-
play an immediate increase of calcium and magnesium
excretion after gentamicin infusion.169,170 Magnesium
wasting is associated with hypokalemia and hypercal-
ciuria that may also lead to diminished plasma calcium
concentrations.171 This would suggest that aminoglyco-
sides affect renal magnesium and calcium transport in
the tubular segments where both are reabsorbed.
Experimental studies with animals support this
notion.172 The cellular mechanisms are not completely
understood, but hypermagnesiuria and hypercalciuria
are observed in the absence of histopathological
changes.173 Because gentamicin is a polyvalent cation,
it was postulated that it may have effects on the
CaSR.36,174�176 Activation of this receptor by polyvalent
cations inhibits the passive reabsorption of magnesium
and calcium in the TAL and active hormone-mediated
transport in the DCT leading to renal magnesium and
calcium wasting.

Calcineurin Inhibitors

The calcineurin inhibitors cyclosporine and tacroli-
mus (FK506) are widely prescribed as immunosuppres-
sants to organ transplant recipients and in numerous
immunologic disorders. Under this therapy, patients
are at high risk of developing renal injury and hyper-
tension. Tubular dysfunction with subsequent distur-
bance of mineral metabolism is another common side
effect. Both drugs commonly lead to renal magnesium
wasting and hypomagnesemia.177 These drugs also
cause modest hypercalcemia with hypercalciuria and
hypokalemia.177 The hypomagnesemic effect is proba-
bly attenuated by the fall in GFR and reduction in fil-
tered magnesium, but this defect appears to be specific
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for magnesium.178 Calcineurin inhibitor therapy is
associated with an inappropriately high fractional
excretion rate of magnesium, suggesting impaired pas-
sive reabsorption in the TAL or active magnesium
transport in the DCT.179

Chang and colleagues have reported that cyclospor-
ine reduces claudin-16 expression in the TAL.180

Furthermore, cyclosporine and tacrolimus have been
shown to inihibit PTH-stimulated magnesium uptake
in a mDCT cell line.181 Accordingly, Ledeganck and
colleagues could show that cyclosporine decreases the
renal expression of TRPM6, TRPM7, NCC, and EGF.182

In contrast to the above mentioned study by Chang
et al.,180 these authors did not find a decrease in
claudin-16 or claudin-19 expression in their rat
model.182 In an previous animal study, Nijenhuis et al.
had demonstrated that tacrolimus induces a decrease
in TRPV5, calbindin-D28k, and TRPM6 at the mRNA
level.183 They could also show a decrease in TRPV5
and calbindin-D28k at the protein level. These effects
appeared to be specific, as no morphologic features of
tubular toxicity were observed. Finally, Ledeganck and
coworkers could demonstrate that the EGF-mediated
increase in TRPM6 abundance was abrogated by cyclo-
sporine.182 As mentioned above, cyclosporine, beyond
its effect on magnesium transport in the DCT, downre-
gulates the sodium chloride cotransporter NCCT in the
DCT resulting in renal salt wasting.182

With respect to magnesium, it is interesting to note
that TRPM6 expression in the intestine was not chan-
ged upon tacrolimus administration. It is not known
whether these drugs act through calcineurin, which is
the intracellular receptor for these agents. It is specu-
lated that FK506-binding proteins, which are known to
bind and regulate the calcium-permeable transient
receptor potential-like cation channels, might be
involved because tacrolimus disrupts this binding.184

In analogy, consider that certain FKBPs might also
regulate TRPV5 or TRPM6 expression or activity.
Hypomagnesemia has been implicated as a contributor
to the nephrotoxicity and arterial hypertension associ-
ated with calcineurin inhibitors. Mervaala et al. could
demonstrate that the adverse effects of cyclosporine in
spontaneously hypertensive rats largely depend on
dietary sodium and that these adverse effects
can be prevented by magnesium supplementation.184

Magnesium supplementation also had a beneficial
effect on cyclosporine nephrotoxicity in a rat model
used by Miura and colleagues.185

EGF Receptor Antibodies

The EGF hormone axis has been implicated in renal
magnesium handling by the discovery of a homozy-
gous mutation in the EGF gene in a family with iso-
lated recessive hypomagnesemia (IRH) (see above).50

The way for these findings was paved by the observa-
tion that anticancer treatments with monoclonal antibo-
dies against the EGFR resulted in renal magnesium
wasting and hypomagnesemia.186 Of note, patients
treated with EGFR targeting antibodies (cetuximab,
panitumumab) for colorectal cancer usually receive a
combination therapy with platinum compounds poten-
tially aggravating the effects on serum magnesium
levels. A significant number of patients receiving such
a chemotherapeutic regimen show decreasing serum
magnesium concentrations over time.186,187 24 hour
urine collections as well as magnesium loading tests in
single patients demonstrated a defect in renal magne-
sium conservation. Together with the genetic findings
in IRH due to a pro-EGF mutation, these findings
imply a selective effect of EGFR targeting on transcellu-
lar magnesium transport in the DCT. There, TRPM6
mediated magnesium uptake into DCT cells is stimu-
lated by basolaterally secreted EGF via its receptor
(EGFR).50 The initial report of Tejpar and colleagues
describes oral as well as intravenous magnesium sup-
plementation in patients with different degrees of
hypomagnesemia after cetuximab treatment, however
with limited success regarding serum magnesium
levels.186 Subsequent studies investigated the develop-
ment of hypomagnesemia under EGFR targeting ther-
apy in relation to the antitumor effect and outcome of
patients.188,189 They found that the development of
hypomagnesemia is correlated with the tumor
response rate and outcome. Patients with a reduction
of serum magnesium .50% (!) showed a better tumor
response rate and a better overall survival.189 The
authors therefore consider serum magnesium as an
easily measurable biomarker for efficacy in colorectal
cancer patients treated with cetuximab.

Proton-Pump Inhibitors (PPIs)

Over the last 20 years, PPIs for the reduction of gas-
tric acidity have emerged to one of the most widely
prescribed classes of drugs worldwide.190 Due to the
large number of patients, even rare side effects could
become apparent that remained undiscovered during
initial clinical trials. Hypomagnesemia, clinically
apparent as muscle cramps, tetany, nausea, vomiting,
but also cerebral convulsions, has been observed in a
small but significant number of patients receiving PPIs.
It is well conceivable that in a substantially larger num-
ber of patients, the relationship between low serum
magnesium levels and the use of PPIs remained unrec-
ognized. A recent review summarizing the data from
previous publications reveals severely lowered serum
magnesium levels below 0.4 mmol/L with concomitant
hypocalcemia, a laboratory constellation reminiscent of
HSH due to TRPM6 defects.190 A previous report on
hypomagnesemia following PPI treatment had already
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described suppressed PTH levels during phases of
severe hypomagnesemia as a probable cause of hypo-
calcemia (as in HSH).191 Although a number of patients
additionally receive diuretics, this finding does not
explain the extraordinary degree of magnesium defi-
ciency observed in patients receiving PPIs.

What is the mechanism underlying hypomagnese-
mia in PPI users? Data regarding urinary magnesium
excretions in hypomagnesemic PPI are contradictory.
Fractional magnesium excretions were reported to be
low in face of profound hypomagnesemia pointing to
an intact tubular magnesium reabsorption. However,
as observed in HSH patients, a renal magnesium leak
might only become apparent if serum magnesium
levels reach a certain threshold. An alternative explana-
tion could involve a disturbed intestinal reabsorption
of magnesium. Unfortunately, the molecular link
between proton-pump inhibition and hypomagnesemia
remains unclear so far. In regard of the severe degree
of hypomagnesemia, possible molecular mechanisms
include an inhibition of TRPM6 leading to a combined
intestinal and renal defect, but also a disturbance of
ATPases or ATPase-subunits other than gastric H1-K1-
ATPase involved in epithelial magnesium transport.

In any case, it is recommended to monitor serum
magnesium levels patients receiving PPIs, particularly
those with concomitant cardiac disease and risk for
arrhythmia. Contrariwise, attention should be drawn
to the medication list of patients presenting with hypo-
magnesemia and secondary hypocalcemia due to
hypoparathyroidism.

Miscellaneous Agents

A number of antibiotics, tuberculostatics, and antivi-
ral drugs may result in renal magnesium wasting.33,168

The cellular bases by which these agents lead to abnor-
mal magnesium reabsorption are still largely unknown.
Many are associated with general cytotoxicity.
Amphotericin B may lead to acquired distal tubular
acidosis, which in turn reduces renal magnesium reab-
sorption.33 Pamidronate used in the treatment of
tumor-associated hypercalcemia has been reported to
cause transient hypomagnesemia.192 The cellular
mechanisms are difficult to predict since this drug is
used in patients with hypercalcemia that may aggra-
vate renal magnesium wasting.

Metabolic Acidosis

It has long been known that systemic acidosis is
associated with renal magnesium wasting. Acute meta-
bolic acidosis produced by infusion of NH4Cl or HCl
leads to significant increases in urinary magnesium
excretion.1,33 Chronic acidosis also leads to urinary
magnesium wasting which, as with the acidosis itself,
may be partially corrected by the administration of

bicarbonate.1 In contrast to metabolic acidosis, acute
and chronic metabolic alkalosis consistently leads to a
fall in urinary magnesium excretion.1

The cellular basis for the acid-base effects on magne-
sium transport appears to be diverse. Di Stefano et al.
perfused isolated mouse cTAL segments harvested
from mice maintained on alkaline drinking water
(20 mM sodium bicarbonate) for three days.193 They
showed that alkalosis doubled magnesium absorption
from control levels without a change in transepithelial
voltage. They interpreted these data to indicate that
alkalosis changes the permeability of the paracellular
pathway so that magnesium moves passively through
the pathway to a greater degree resulting in greater
magnesium absorption. The effects of metabolic acido-
sis were not determined in this study.193 Nevertheless,
these data suggest that pH influences the paracellular
pathway perhaps through alteration of claudins. Dai
et al. have used an mDCT cell line to determine the
effects of extracellular pH changes on cellular magne-
sium uptake.36 The results of these experiments
showed that acute alkalosis markedly enhances magne-
sium uptake, whereas acidosis diminishes transport.

Metabolic acidosis of any etiology would be
expected to lead to diminished magnesium reabsorp-
tion in the distal tubule. Diabetic subjects frequently
present with hypomagnesemia and cellular magnesium
deficiency.194�196 This is, in part, due to urinary mag-
nesium wasting.197 In combination, insulin deficiency
and ketoacidosis of uncontrolled diabetes diminish
magnesium transport in TAL198,199 and DCT,36 result-
ing in exacerbation of renal magnesium wasting.

Phosphate Restriction and Phosphate Depletion

One of the hallmarks of hypophosphatemia and cel-
lular phosphate depletion is the striking increase in uri-
nary calcium and magnesium excretion.32,33,36 The
hypermagnesiuria may be sufficiently large to lead to
overt hypomagnesemia.200 The increase in divalent ion
excretion in both human disease and experimental ani-
mal models occurs within hours of dietary phosphate
restriction. Three mechanisms have been proposed to
account for the increased renal excretion: (1) mobiliza-
tion of calcium and magnesium from bone, (2) suppres-
sion of PTH secretion, and (3) disturbed tubular
transport.36

It is evident from clearance experiments that the uri-
nary excretion of divalent cations in phosphate-
depleted human subjects is inappropriate for the
plasma concentration, supporting the notion of defec-
tive tubular transport.200

Dai et al. have shown that cellular phosphate deple-
tion leads to diminished magnesium uptake in mDCT
cells.201 This observation supports the notion that the
DCT may be involved, in part, in decreased
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magnesium absorption and increased magnesium
excretion associated with hypophosphatemia. The rea-
sons why cellular phosphate depletion leads to dimin-
ished magnesium reabsorption are not known.

Cellular Potassium Depletion

Hypokalemia and cellular potassium depletion are
associated with diminished magnesium absorption
within TAL and DCT that may lead to increased mag-
nesium excretion.1 The increase in urinary excretion of
divalent cations may be explained by the effects of
potassium depletion on salt absorption in the TAL.
Chloride conservation is impaired in potassium-
depleted rats, which may be related to altered basolat-
eral Na�K�ATPase activity resulting in impaired
apical NKCC2-mediated sodium chloride cotransport.

To date, there is no direct evidence for changes in
magnesium absorption in the TAL with potassium
depletion. However, as magnesium and calcium are
absorbed by passive mechanisms, it is probable that
impaired salt transport can lead to diminished divalent
cation absorption in this segment.

Studies using isolated mDCT cells suggest that
potassium depletion may have additional effects on
magnesium transport in the DCT.202 Cellular potas-
sium depletion results in the inhibition of magnesium
uptake into mDCT cells, as determined by microfluor-
escence. The exact mechanism for the disturbed mag-
nesium entry is not known, but might involve a
diminished potassium excretion via Kv1.1 (KCNA1) as
suggested by the discovery of mutant Kv1.1 in a domi-
nantly inherited form of hypomagnesemia (see
above).143 The authors propose a model in which Kv1.1
activity is critical for the establishment and mainte-
nance of the DCT cell membrane potential as a prereq-
uisite for magnesium entry via TRPM6. Further studies
are required to fully explain the defective magnesium
transport in the DCT associated with cellular potas-
sium depletion.

Experimental and clinical data suggest a close asso-
ciation of serum magnesium, potassium, and phos-
phate levels. Crook et al. reported a twofold increase in
the prevalence of hypophosphatemia (plasma phos-
phate ,0.8 mmol/L) and a sixfold increase in hypoka-
lemia (plasma potassium ,3.5 mmol/L) in patients
with hypomagnesemia (plasma magnesium
,0.70 mmol/L).203 A trilogy consisting of hypomagne-
semia, hypophosphatemia, and hypokalemia was also
found in 8% of patients with hypomagnesemia and
17% of patients with severe hypomagnesemia (plasma
magnesium ,0.50 mmol/L). The evidence suggests
that hypokalemia and hypophosphatemia may have
profound effects on tubular magnesium transport.
Many of the syndromes associated with potassium
depletion and phosphate depletion are complicated by

concurrent alterations in acid-base balance.203 There is
evidence that acid-base changes have different effects
on magnesium transport relative to potassium or phos-
phate depletion, such that the three disturbances may
act in an additive manner to compromise renal magne-
sium conservation.36
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CA21 CHANNELS IN THE KIDNEY

The kidney plays an eminent role in the main-
tenance of the Ca21 balance by regulating the Ca21

excretion of the body. Renal epithelial cells are unique
in their ability to mediate vectorial transport of Ca21

between the luminal and basolateral compartments.
The initial step in this process is the Ca21 influx across
the luminal membrane. In addition, Ca21 influx is cru-
cial to facilitate Ca21-dependent signal transduction
processes in the renal cell. In general, Ca21 is postu-
lated to enter the epithelial cell via Ca21-permeable
channels present at the plasma membrane under the
influence of a steep inwardly-directed electrochemical
gradient. In the last decade a series of cation channels,
including voltage-dependent and independent chan-
nels, has been identified that could facilitate the entry
of Ca21 ions in the epithelial cells of the kidney.

Voltage-Dependent Ca21 Channels

Voltage-dependent Ca21 channels have been well
characterized in excitable tissues and at least four dif-
ferent types including, L, N, T and P, can be distin-
guished on the basis of electrophysiological and
pharmacological properties.1 The molecular identity
and precise localization of these Ca21 channels along
the nephron is not well understood. Previous studies
from Yu and colleagues have demonstrated the exis-
tence of voltage-dependent Ca21 channels in the kid-
ney (Table 62.1).2,3 They identified a gene transcript
encoding the pore-forming alpha 1-subunit of a Ca21

channel (alpha 1A) in the glomerulus and the distal
convoluted tubule (DCT). Skott and coworkers
assessed the distribution of the identified alpha(1G)-
subunit encoding a voltage-dependent Ca21 channel

with T-type characteristics.4 RT-PCR analysis of micro-
dissected rat nephron segments revealed alpha(1G)
expression in DCT, CNT, cortical collecting duct
(CCD), and inner medullary collecting duct (IMCD)
(Table 62.1). Immunohistochemistry on sections of rat
kidneys using an anti-alpha(1G) antibody demon-
strated labeling at the apical plasma membrane
domains of DCT, CNT and IMCD principal cells.
Another study from Bacskai and Friedman examined
the parathyroid hormone (PTH)-sensitivity of Ca21

influx in single cultured cells originating from distal
renal tubules by measuring the intracellular Ca21

concentration. They found that PTH activates
dihydropyridine-sensitive Ca21 channels.5 Tan and
Lau, described a 25 pS, cAMP-sensitive apical Ca21

channel in rabbit kidney CNT cells, that was inhibited
by dihydropyridine agonists and depolarization.6 The
properties of these Ca21 channels are largely conferred
by their pore-forming alpha1 subunit. In general,
voltage-sensitive Ca21 channels are heteromeric, multi-
subunit proteins, as has been clearly demonstrated for
the skeletal muscle and brain channels, and their prop-
erties are not only determined by the pore-forming
alpha1-subunit itself, but also depend on the presence
of regulatory beta subunits. To identify the accessory
beta subunit of DCT/CNT Ca21 channels, degenerate
primers based on published beta subunit sequences
were used to amplify rat kidney cDNA by the poly-
merase chain reaction (PCR). Alternatively, spliced
transcripts of three beta-subunit genes (beta-2,3,4) were
identified.3 Northern blot analysis indicated that beta
4-subunit is preferentially expressed in kidney cortex.
Transcripts of all three beta-subunit genes were
detected by PCR in microdissected nephron segments,
but only the beta 4-subunit was found in DCT/CNT.
At present, the physiological significance of these
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voltage-dependent Ca21 channels in transepithelial
Ca21 transport remains unclear. Functional Ca21 influx
measurements were only performed in non-polarized
single cell systems. In addition, pharmacological stud-
ies in polarized primary cultures of rabbit CNT and
CCD have demonstrated that voltage-dependent Ca21

channel blockers do not inhibit transepithelial Ca21

transport.7 Additional studies are needed to address
the functional relevance of voltage-dependent Ca21

channels in the process of transepithelial Ca21 trans-
port in the kidney.

Other Ca21 Channels

Non-voltage-gated Ca21 channels in the kidney are
mainly represented by the transient receptor potential
(TRP) superfamily of proteins consisting of Ca21 per-
meable channels. TRP channels can be divided by
sequence homology into at least six subfamilies, desig-
nated TRPC (canonical), TRPV (vanilloid), TRPM (mel-
astatin), TRPP (polycystins, PKD-type), TRPA
(ankyrin), TRPML (mucolipin), and the more distant
subfamily TRPN (no mechano-receptor potential or
nomp).8,7,9,10 Mammalian homologues of the first

identified Drosophila TRP gene encode a family of at
least 20 ion channel proteins (Figure 62.1). Mutations
and/or dysfunction of TRP proteins produce many
renal diseases, including Mg21 wasting, Ca21-related
disorders and polycystic kidney diseases.

TRPC Channels

TRP channels are widely expressed and facilitate
diverse functions, ranging from thermal, tactile, taste,
osmolar, and fluid flow sensing to transepithelial ion
transport. TRPC1 was the first member of the mamma-
lian TRP family purported to form an ion channel.
TRPC channels are ubiquitously expressed in mamma-
lian tissues.11,9,10 TRPC1, 3, 4, 5 and 6 mRNA and pro-
tein expression was detected in freshly isolated rat
renal resistance vessels and glomeruli suggesting that
these channels may play a role in mediating voltage-
independent Ca21 entry to facilitate cellular signal
transduction processes.12 It should be noted that mem-
bers of the TRPC family are non-selective divalent ion
channels (Table 62.1). Interestingly, TRPC1 dysfunction
might be important in the development of diabetic
nephropathy while TRPC6 seems to be an important
target for the treatment of both genetic and acquired
glomerular diseases.13,14 Finally, TRPC3 plays a key
role in the influx of Ca21 into principal cells.15

TRPM Channels

The discovery and subsequent characterization of
members of the TRPM family of cation channels has
highlighted new insights into unknown aspects of
ion (cellular) homeostasis regulation. The groups of
Konrad and Sheffield reported that hypomagnesemia
associated with secondary hypocalcemia (HSH) is an
autosomal recessive disease that is genetically linked to
TRPM6.16,17 This disease is primarily due to defective
intestinal Mg21 absorption and affected individuals
show neurologic symptoms of hypomagnesemic hypo-
calcemia, including seizures and muscle spasms during
infancy.18 Renal Mg21 conservation has been reported
to be normal in most patients. In some cases, however,
a renal leak has been documented suggesting impaired
renal Mg21 reabsorption. Patients studied by Konrad
et al. and others showed inappropriately high frac-
tional Mg21 excretion rates with respect to their low
serum Mg21 levels.18 Hypocalcemia is secondary to
parathyroid failure resulting from Mg21 deficiency.
TRPM6 is a member of the long TRPM family and
is similar to TRPM7 (also known as TRP-PLIK8), a
unique bifunctional protein known as a Mg21 and
Ca21-permeable cation channel with protein kinase
activity.19 TRPM6 has aB4 fold higher affinity for
Mg21 compared to Ca21, but is clearly permeable for
Ca21 (Table 62.1).20 TRPM6 is exclusively expressed in
the early part of the DCT consistent with its role being

TABLE 62.1 Characteristics of Ca21 Channels in the Kidney

Channel

Isotype

Selectivity

pCa/pNa 125,9
Segmental

distribution

Voltage-dependent
Ca21 channels

Alpha 1A B1000 G, DCT2

Alpha 1G B1000 DCT, CNT,
CD4

Other Ca21

permeable channels
TRPC1 1 G, PT, TAL,

RV12,126

TRPC3 1.5 G, CD, RV12,126

TRPC4 1.1; 7 G, RV12,126

TRPC5 1.8; 9 G, RV12,126

TRPC6 5 G, CD, RV12,126

TRPV4 6 ATL, TAL,
DCT, CNT29

TRPV5 107 DCT, CNT7

TRPV6 130 DCT, CNT,
CD7

TRPM3 1.6 CNT, CD127

TRPM6 7 DCT20

TRPP2 5 DCT, CD128,24

Ca21 permeable channels that were detected in the kidney are listed in the

table. G, glomerulus; PT, proximal tubule; ATL, ascending thin limb of

Henle; TAL, thick ascending limb of Henle; DCT, distal convoluted tubule;

CNT, connecting tubule; CCD, cortical collecting duct; CD, collecting duct;

RV, resistance vessels; n.d., not determined.
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the gatekeeper of active transepithelial Mg21 trans-
port.18,20 In addition, other TRPM channels have been
detected in kidney. Northern and immunoblot analysis
demonstrated abundant expression of TRPM3 in
human kidney.21 Functional studies indicated that
TRPM3 is permeable for Ca21 and activated by redu-
ction of extracellular osmolarity (Table 62.1).21

Immunohistochemical localization studies should pro-
vide more information about the physiological function
of TRPM3 in the kidney.

TRPP Channels

Growing evidence has emerged that polycystins are
ion channels or regulators of ion channels. This sug-
gests that autosomal-dominant polycystic kidney dis-
ease (ADPKD), which arises from mutations in
polycystins, is a form of ion channel disease. ADPKD is
a major, inherited nephropathy affecting over 1:1000 of
the world wide population.22,23 The disease is caused
by mutations in two genes, PKD1 and PKD2, which
encode for the proteins, polycystin-1 and polycystin-2
(TRPP2), respectively. Although disease-associated
mutations have been identified in these two proteins,
the sequence of molecular events leading to clinical
symptoms is still unknown. Polycystin-1 resides in the
plasma membrane and it is proposed to function in cell-
cell and cell-matrix interactions, whereas TRPP2 is

concentrated in the endoplasmic reticulum (Table 62.1).
In contrast to the nonselective cation channel TRPP2,
TRPP1 is a large, integral membrane protein that struc-
turally resembles a receptor or adhesion molecule.
TRPP1 and TRPP2 form a protein complex in cilia,
which are microtubule-based organelles that function
as cellular mechanosensors. Flow of fluid causes cilia to
bend, which in turn results in a TRPP1/TRPP2
complex-dependent increase in intracellular Ca21

levels, directing attention to the regulation of intracellu-
lar Ca21 as a possible misstep that participates in cyst
formation.22,23 Immunostaining of human and mouse
renal tissues has demonstrated widespread and devel-
opmentally regulated TRPP2 expression, with the high-
est level in thick ascending limb (TAL) and DCT.24

TRPV Channels

Plant and colleagues identified TRPV4 as a Ca21-
permeable, non-selective cation channel that exhibits
spontaneous activity in isotonic media and is rapidly
activated by a decrease in extracellular osmolarity, cell
swelling, heat or phorbol esters.25,26,27 TRPV4 is
expressed at high levels in kidney and here subtle
changes in osmolarity result in significant changes in
the intracellular Ca21 concentration. Here, TRPV4 is
candidate for a molecular sensor that confers osmosen-
sitivity.25,27 Liedtke and Friedman showed that TRPV4
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FIGURE 62.1 Mammalian TRP family

tree. The evolutionary distance between the
TRP channels is shown by the total branch
lengths in point accepted mutations (PAM)
units, which is the mean number of substitu-
tions per 100 residues. The tree was calculated
using the neighbor-joining method for human,
rat and mouse sequences.8
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knockout mice have reduced water intake and become
more hyperosmolar compared to wild-type litter-
mates.28 The response to both hyper- and hypoosmolar
stimuli was impaired in these knockout mice.
Immunohistochemical studies have shown that the
expression of this osmotically-responsive cation chan-
nel is restricted to water-impermeant nephron seg-
ments.29 The strongest expression of TRPV4 was
observed along the basolateral membrane in the
ascending thin limb (ATL) and the thick ascending
limb (TAL) as was DCT and CNT. TRPV4 was absent
from the proximal tubule (PT) and decending thin limb
(DTL). These data imply a role for TRPV4 in the
response of renal epithelial cells to anisotonicity, partic-
ularly in the hypotonic luminal milieu of TAL and
DCT, and the potentially hypotonic luminal milieu of
the CD.29

The most Ca21-selective channels of the TRP super-
family are the epithelial Ca21 channels TRPV530 and
TRPV6.31 These latter channels are predominantly
expressed in organs that mediate transepithelial Ca21

transport.7 Unique properties distinguish them from
other TRP channels and studies by several groups have
demonstrated that TRPV5 and TRPV6 exhibit all the
characteristics being the gatekeepers of active Ca21

transport in kidney and small intestine, respectively.
These epithelial Ca21 channels of the TRPV family
have been studied in great detail and are, therefore,
outlined in the following paragraphs.

EPITHELIAL CA
21 CHANNELS:

TRPV5 AND TRPV6

cDNA and Primary Protein Structure

The epithelial Ca21 channel family is restricted to
two members and genomic cloning demonstrated that

these Ca21 channels are transcribed from distinct genes
juxtaposed on human chromosome 7q35, which sug-
gests an evolutionary gene duplication event.7,32

TRPV5 and TRPV6 are completely conserved in terms
of exon size in the coding regions and they share simi-
lar intron-exon structures with the other TRP genes. To
date, epithelial Ca21 channels have been cloned from
several species including pufferfish, rabbit, rat, mouse
and human. TRPV5 and TRPV6 exhibit an overall
homology of about 75%. Remarkably, several domains
in TRPV5/6 are completely conserved within these
species including the core structure of the protein con-
sisting of 6 TM segments and the pore region, ankyrin
repeats, PDZ motifs and putative protein kinase
phosphorylation sites (Figure 62.2).7 Four TRP-channel
subunits will form the functional Ca21 channel. In
addition, it was demonstrated that both epithelial chan-
nels are high mannose- and complex-glycosylated.33

PDZ motifs and ankyrin repeat domains are present in
a diverse range of receptors and ion channels including
other members of the TRPV subfamily. PDZ motifs are
recognized by PDZ domains that are modular protein
interaction domains playing a role in protein traffick-
ing and protein complex assembly. In general, ankyrins
connect ion channels, transporters and cell adhesion
molecules to the spectrin-based cytoskeletal elements
in distinct membrane domains.34

Distribution of TRPV5 and TRPV6

The renal expression profile of TRPV5 has been
studied in detail.7 In different species, it was demon-
strated that TRPV5 co-localizes with the Ca21 transport
proteins, including calbindin-D28K and the extrusion
proteins, the plasma membrane ATPase 1b (PMCA1b)
and the Na1-Ca21 exchanger type 1 (NCX1) in the late

FIGURE 62.2 The epithelial Ca21 channels areB730 amino acids long with a predicted molecular mass of B85 kDa. TRPV5 and TRPV6
contain a core domain consisting of 6 TM segments. In addition, a large cytosolic amino- and carboxyl-terminus are present containing ankyrin
repeats. Between TM5 and TM6 there is a short hydrophobic stretch predicted to be the pore-forming region of these channels. Four channel
subunits will form the functional Ca21 channel.
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DCT (DCT2) and the CNT (Figure 62.3). Transepithelial
Ca21 transport is generally envisaged as a three step
process consisting of passive entry of Ca21 across the
apical membrane, cytosolic diffusion of Ca21 bound to
calbindin-D28K and active extrusion of Ca21 across the
opposite basolateral membrane via PMCA1b and
NCX1. The highest immunocytochemical abundance of
TRPV5 was found in DCT2 with a gradual decrease
along CNT. A minority of cells along CNT lacked
immunopositive staining for TRPV5 and the other
Ca2

1-transporting proteins. These negative cells were
identified as intercalated cells.

In contrast to TRPV5, which is mainly expressed in
the kidney, TRPV6 shows a more ubiquitous expres-
sion pattern. TRPV6 expression was predominantly
found in the brush-border membrane of the small
intestine where it co-localizes with calbindin-D9K and
PMCA1b in agreement with the expected properties
being the gatekeeper in active Ca21 absorption.7,32

Recently, TRPV6 was detected in mouse kidney along
the apical domain of DCT2 through inner medullary
collecting duct (IMCD). TRPV6 co-localizes with

TRPV5 and the other Ca21 transport proteins in DCT2
suggesting a role in Ca21 reabsorption.35 In addition,
the protein is also detected in the intercalated cells and
the IMCD that are not involved in transepithelial Ca21

transport pointing to additional functions of TRPV6.
Thus, the precise role of this epithelial Ca21 channel in
the kidney remains to be established, but given the
widespread distribution of TRPV6 throughout the
nephron segments functions could include Ca21 reab-
sorption, Ca21 signaling and others.

Biophysical Properties

In Human Embryonic Kidney (HEK) 293 cells het-
erogeneously expressing TRPV5, currents through the
channel can be activated under conditions of high
intracellular Ca21 buffering by hyperpolarizing voltage
steps. In divalent cation free solutions, large inward
currents are observed, which show a typical time-
dependent increase (gating) that remains constant
for more than one minute.36 Outward currents are
negligible indicating that the channel is nearly

TRPV5

CNT

DCT2

Lumen
[Ca2+] 1 mM

1–5% of filtered Ca2+

Basolateral
[Ca2+] 1 mM

[Ca2+] 0.1 μM

ATP

–70 mV

Ca2+

1Ca2+

3Na+

TRPV6
PMCA1b

NCX1

CaBP28K

Ca2+

FIGURE 62.3 Transepithelial Ca21 transport is carried out as a 3-step-process. Following entry of Ca21 through the (hetero)tetrameric epi-
thelial Ca21 channels, TRPV5 and TRPV6, Ca21 bound to calbindin diffuses to the basolateral membrane. At the basolateral membrane, Ca21 is
extruded via a ATP-dependent Ca21-ATPase (PMCA1b) and a Na1-Ca21-exchanger (NCX1). In this way, there is net Ca21 transport from the
luminal space to the extracellular compartment. The active form of vitamin D, 1,25-(OH)2D3, stimulates the individuals steps of transepithelial
Ca21 transport by increasing the expression levels of the luminal Ca21 channels, calbindins and the extrusion systems.
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completely inwardly rectifying. In analogy to voltage-
dependent Ca21 channels, permeation through
TRPV5/6 can by described by “repulsion” pore models
considering a pore consisting of two high affinity
binding sites, whereby the double occupation of the
two binding sites by either Na1 or Ca21 provides the
“drive” for Ca21 conduction due to mutual repulsion
of the two cations or by a three binding-site model in
which two low affinity sites flank a high affinity bind-
ing site for Ca21. Importantly, the current through
TRPV5 and TRPV6 is carried exclusively by Ca21 at
physiological extracellular Ca21 concentrations. In the
situation where Ca21 is absent single channel Na1 cur-
rents through TRPV5 can be measured in inside-out
patches.37,38 Given the low conductance of these chan-
nels in the presence of extracellular Ca21 reliable single
channel measurements are technically not feasible.

A characteristic aspect of currents through the epi-
thelial Ca21 channels is the inactivation at negative
membrane potentials. This inactivation is nearly com-
plete if Ca21 is the charge carrier and is significantly
delayed when Ca2

1 is substituted for Ba21 or other
divalents indicating that the process is Ca21-depen-
dent. Furthermore, currents of monovalent cations
through these Ca21 channels do not inactivate.
Repetitive stimulation of TRPV5 and TRPV6 currents
by short hyperpolarizing pulses consequently result in
a decay of the current. The slow recovery from inacti-
vation in divalent cation free solution after the Ca21-
dependent decay is a further typical hallmark of these
Ca21 channels. Although the above described struc-
tural aspects and basic electrophysiological properties
of TRPV5 and TRPV6 are rather similar, some
differences exist between these homologous channels
including permeability of divalent cations, kinetics of
Ca21-dependent inactivation and recovery from inacti-
vation.7 For instance, TRPV5 shows a higher perme-
ability for Ba21 compared to TRPV6, e.g., the current
ratio IBa/ICa isB0.9 for TRPV5, but only B0.4 for
TRPV6. TRPV6 clearly shows a fast component of
inactivation which is less prominent for TRPV5, e.g.,
time to 10% inactivation at hyperpolarizing steps
to�100 mV is B25 ms for TRPV5 but only B40 ms for
TRPV6. Interestingly, these typical differences could be
explained by sequence differences between TRPV5 and
TRPV6. Interestingly, the structural determinants of
these differences appear not to be located in either the
amino- or carboxyl-terminus, but in the intracellular
TM2-TM3 linker sequence. Substitution of this
TM2�TM3 linker of TRPV6 to TRPV5 confers the
kinetic and permeation phenotype of TRPV6 to TRPV5,
whereas exchanging the amino- or carboxyl-termini is
ineffective.39 Mutation studies by Suzuki and co-
workers demonstrated that a histidine residue at posi-
tion 587 in the carboxyl-terminus close to TM segment

6 of TRPV6 affect the inactivation behavior of TRPV6.40

In addition some distinct pharmacological differences
exist, e.g., ruthenium red is a 100-fold more potent
blocker for TRPV5 than TRPV6 (IC50B9 μM for TRPV6
butB100 nM for TRPV5). Furthermore, TRPV5 is
approximately four times more sensitive to Cd21 block-
age than TRPV6 (IC50 B70 nM for TRPV5 butB260 nM
for TRPV6) .7

Ion Selectivity

To date, TRPV5 and TRPV6 are the most Ca21-selec-
tive channels in the TRP superfamily. The unique per-
meation property in the epithelial Ca21 channels is not
conserved in the TRPV subfamily, which shares the
highest homology with TRPV5 and TRPV6. TRPV5 and
TRPV6 display PCa/PNa values of more than 100
whereas a permeation sequence of Ca21.Ba21.
Sr21.Mn21 has been reported.41,42,43,36 The perme-
ation profile of monovalent cations is Na1.Li1.
K1.Cs1.41,37,44,43,36

Nilius and co-workers have demonstrated that the
molecular determinants of the Ca21 selectivity and per-
meation of TRPV5 and TRPV6 reside at a single aspar-
tate residue in the pore-forming region (TRPV5-D542
and TRPV6-D541) (Figure 62.4).44 Neutralization of
these negatively charged amino acid residues affects
the high Ca21 selectivity of the epithelial Ca21 chan-
nels. These data suggest that high Ca21 selectivity in
TRPV5 and TRPV6 depends on a ring of four aspartate
residues in the pore region, similar to the ring of four
negative residues (aspartates and/or glutamates) in the
pore of voltage-dependent Ca21 channels.45,7,46 Most
likely, D542/D541 is the narrowest part of the selectiv-
ity filter with a diameter of approximately 5.2 Å and
forms part of the high affinity-binding site for Ca21.
A detailed analysis of the structure of the TRPV5
and TRPV6 pores has been recently published
(Figure 62.4).45,46 The amino acid residues facing the
pore were determined by cysteine scanning mutagene-
sis (SCAM). Cysteines introduced in a region preceding
D542 for TRPV5, and D541 for TRPV6, displayed a
cyclic pattern of reactivity to cysteine reacting agents
indicative of a pore helix. This pattern of covalent mod-
ification of cysteines supports a KcsA-homology based
3-D model (Figure 62.4). In addition, the pore region of
TRPV5 and TRPV6 contains additional negatively
charged amino acid residues that only have minor
effects on the Ca21 permeation properties. In another
study, the role of D542 for blockage of monovalent cur-
rents through TRPV5 by Ca21 and Mg21 was sup-
ported, however, not for determining Ca21

permeability.47 However, all of our data including
recent findings from concatemers48 and a detailed
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study of TRPV6 pore properties46 clearly demonstrated
that the Ca21 selectivity is determined by D542/D541.

Mechanism of High Ca21 Selectivity

The high Ca21 selectivity of TRPV5 and TRPV6
refers to a mechanism of permeation as proposed pre-
viously for voltage-dependent Ca21 channels. In the
absence of Ca21, Mg21 will bind at a site within the
pore-region, which is mainly determined by D542/
D541. At low driving forces, e.g. less negative mem-
brane potentials, the driving force is not sufficient to
displace Mg21 out of the pore and the channel is
blocked. At hyperpolarisation, Mg21 will be moved
from this high affinity site thereby allowing monova-
lent cations to permeate the channels. Because of the
higher affinity of the binding-site for Ca21 versus
Mg21, Ca21 will outnumber Mg21 at this site and is
now blocking the pore for a movement of monovalent

cations. If the inward driving force is sufficient enough
to remove Ca21 from the high affinity site, a fast
inward permeation occurs supported by the low affin-
ity sites, which flank the high affinity Ca21-binding
site. All the data so far support the crucial role of
D542/D541 in the channel pore region of TRPV5 and
TRPV6 channels.48

Rectification and Gating

A predominant inward rectification is a clear hall-
mark of the TRPV5 and TRPV6 channels besides the
high Ca21 selectivity. This inward rectification is only
partially due to blockage by Mg21, which is removed
by hyperpolarization. Thus, the most prominent part of
rectification remains in the absence of intracellular
Mg21 and is not due to blockage by endogenous polya-
mines. The intrinsic rectification of these channels is,
however, dramatically reduced by neutralization of the
negatively charged D542/D541 residues indicating that
the permeation site is also involved in rectification.49 In
mammalian cells heterogeneously expressing the epi-
thelial Ca21 channels, TRPV5 and TRPV6 are constitu-
tively open at a low intracellular Ca21 concentration
and negative membrane voltage.36 The above described
mechanism of removing channel blockage by Ca21 or
Mg21 is necessarily part of the gating mechanism.49 At
this moment other mechanisms that might influence
gating of TRPV5 and TRPV6 cannot be excluded.
Huang and colleagues showed that PIP2 activates
TRPV5 and that activation of TRPV5 by PIP2 decreases
the sensitivity of TRPV5 to inhibition by intracellular
Mg21.50

Modulation of the Channel Activity

Intracellular Ca21

TRPV5 and TRPV6 are controlled by a Ca21-depen-
dent feedback inhibition. Both Ca21 channels rapidly
inactivate during hyperpolarizing voltage steps and
this inhibition is reduced when Ca21 is substituted for
Ba21 or Sr21 as charge carriers. The inactivation is
dependent on the extracellular Ca21 concentration and
occurred also in cells buffered intracellularly with
BAPTA.36 In addition, the current disappeared during
repetitive activation by short hyperpolarizing pulses.
This current decay was significantly diminished when
Ca21 was replaced by Ba21 as charge carrier and abol-
ished when extracellular Ca21 was lowered to 1 nM,
again indicating that a Ca21-dependent process inhibits
channel activity.36 Increase of the extracellular Ca21

concentration significantly stimulated the rate of cur-
rent decay. Ca21 influx is a prerequisite for this phe-
nomenon because the Ca21-impermeable D542A
mutant lacks a monovalent current decay in response

FIGURE 62.4 Upper part: Alignment of the pore regions of
TRPV5, TRPV6 and the potassium channel KcsA (NCBI accession
numbers CAB40138 for TRPV5, AAD47636 for TRPV6 and S60172 for
KcsA). The boxed sequences represent the putative selectivity filter of
the channels. The amino-terminal part of this pore structure likely
represents a putative pore helix. Lower part: Model for the TRPV6
pore region, based on the KcsA structure. Views of the structure are
shown, looking sideways at two opposite subunits (left) or looking
down from the external solution to the complete homotetrameric
channel (right). At the narrowest point, formed by the acidic side
chain of Asp 541 (orange), the pore has a diameter of 5.4 Å. Blue resi-
dues correspond to the residues in TM5 and TM6 (TM1 and TM2 in
KcsA), whose accessibility was not tested in this study. Amino acids
that were subjected to substituted cysteine accessibility method
SCAM analysis (residues P526 to D547) are colored in green, yellow,
red or grey: residues in red reacted rapidly to Ag1 (reaction rate
.5*106 M-1 s-1), residues in yellow reacted with Ag1 at a rate ,5*106

M-13 s-13, and residues in green did not show significant reactivity to
Ag1. Residues where cysteine substitution resulted in non-functional
channels are marked in grey. The figure was prepared using DS
ViewerPro 5.0 (Accelrys Inc.), based on the coordinates of KcsA.
Figure adapted from references.7,46
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to repetitive stimulation.44 These findings suggest that
the TRPV5/6 channels are down-regulated by Ca21

influx through the channel and thus likely by increas-
ing the Ca21 concentration in a micro-domain near the
pore region, thereby inducing feedback inhibition of
the channel. This could be a crucial mechanism for the
regulation of TRPV5 and TRPV6 under physiological
conditions. The inhibition is highly Ca21-sensitive with
calculated affinity values around 100 nM. Considering
the high affinity mechanism of Ca21-dependent
TRPV5/6 inhibition, the presence of intracellular Ca21

buffering proteins, such as calbindins, will ultimately
determine the channel activity.51

Pharmacology

Ruthenium red and econazole are the most effective
blockers of the epithelial Ca21 channels identified so
far. The inorganic polycationic dye ruthenium red,
which binds to phospholipids, inhibits TRPV5 and
TRPV6 in a voltage-dependent manner. Transepithelial
Ca21 transport in primary cultures of immunodis-
sected rabbit CNT and CCD are inhibited in the same
concentration range.52 Antimycotic imidazoles such as
econazole and miconazole are highly effective inhibi-
tors with IC50 values of the micromolar range. These
compounds block the channels, however, voltage-
independently.53 In addition, TRPV5 and TRPV6 are
efficiently blocked by inorganic cations according to
the following profile: Pb215Cu215Gd31.Cd21.
Zn21.La31.Co21. Fe21 .. Fe31 with IC50 values
between 1 and 10 μM. Blockers of store-operated
Ca21 entry channels (SOC), e.g., SKF965 and 2-
aminoethoxydipheny borate (2-APB), are nearly inef-
fective for TRPV5 and TRPV6.53,54,55 Another SOC
blocker, the adenylcyclase inhibitor MDL 12330A,
exerts half-maximal inhibition of TRPV5 at B20 μM.53

Xestospongin, a noncompetitive inositol (1,4,5)-trispho-
sphate receptor antagonist seems, however, to block
TRPV6.56 Blockers of protein tyrosine kinases such as
tyrphostin B46 and genistein, CaM antagonists calmi-
dazolium R24571 and trifluoperazine, and voltage-
dependent Ca21 channel blockers such as mibefradil,
quinidine, nifedipine, niflumic acid and verapamil,
have only small or no effects on TRPV5 activity.53

Interestingly, blockage by ruthenium red and Cd21

is much more sensitive for TRPV5 than TRPV6
which can, therefore, be used to differentiate both Ca21

channels.33

pH

Previous studies indicated that acidification of the
apical medium inhibits transepithelial Ca21 transport
across primary cultures of rabbit CNT and CCD cells.57
45Ca21-uptake in TRPV5-expressing Xenopus laevis
oocytes was inhibited by acidification of the incubation

medium.30 Extracellular acidification reduced currents
through TRPV5 carried by either monovalent or diva-
lent cations,58 which was confirmed by Peng and col-
leagues59 Additionally, extracellular pH also affected
current kinetics, extracellular Mg21 blockage and Ca21

affinity. The gating component of monovalent cation
currents through TRPV5 was delayed at alkaline
pH and as well as blockage by extracellular Mg21.
For voltage-dependent Ca21 channels and cyclic
nucleotide-gated channels, it was found that proton-
ation of a single glutamate residue in the pore region is
responsible for the dramatic changes in divalent cation
affinity by extracellular pH. A similar mechanism
might be applicable for TRPV5 and TRPV6 in which a
single aspartate residue in the pore determines the
Ca21 permeation and Mg21 blockage of the channel.44

Extrapolating these findings to the in vivo situation, the
pH influence could at least in part provide the molecu-
lar basis of acidosis-induced calciuresis. Interestingly,
the molecular mechanism of TRPV5 blockage by pro-
tons is mechanistically understood taking into account
the pore structure described above.45,46 Mutation of the
glutamate residue at position 522 to glutamine preced-
ing the pore helix decreased the inhibition of the chan-
nel by extracellular protons.60 Thus, pH sensitivity is
mainly mediated by glutamate at position 522 and may
act as the “pH sensor” of TRPV5.

Molecular Structure

The molecular architecture of TRPV5 and TRPV6
channels has recently been unraveled.48 Co-
immunoprecipitations and molecular mass determina-
tion of TRPV5 and TRPV6 complexes using sucrose
gradient sedimentation showed that these channels
form homo- and heterotetrameric channel complexes
(Figure 62.2).48 Niemeyer and co-workers identified the
third ankyrin repeat being a stringent requirement for
physical assembly of TRPV6 subunits.61 It was pro-
posed that the third ankyrin repeat initiates a molecu-
lar zippering process that proceeds past the fifth
ankyrin repeat and creates an intracellular anchor that
is necessary for functional subunit assembly.
Subsequent studies by Chang et al. confirmed the
importance of the ankyrin repeats in TRPV5 assembly.
Functional studies have shown that ankyrin repeat 1
fulfills a predominant role in the oligomerization of
TRPV5.62

Interestingly, several studies indicated that certain
tissues co-express TRPV5 and TRPV6 which allows
oligomerization of these channels in vivo.
Immunohistochemical studies demonstrated co-
expression of TRPV5 and TRPV6 in DCT. Heteromeric
complex formation can modify the activity of members of
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the TRP family.63,64 Likewise, hetero-oligomerization of
TRPV5 and TRPV6 might influence the functional proper-
ties of the Ca21 channel. Because TRPV5 and TRPV6
exhibit different channel kinetics with respect to Ca21-
dependent inactivation, Ba21 selectivity and sensitivity
for inhibition by ruthenium red, the influence of the het-
erotetramer composition on channel properties was inves-
tigated.33 Concatemeric channels were constructed
consisting of four TRPV5 and/or TRPV6 subunits config-
ured in a head-to-tail fashion. Differences in the ratio of
TRPV5 and TRPV6 subunits in these concatemers showed
that the phenotype resembles mixed properties of TRPV5
and TRPV6. Thus, regulation of the relative expression
levels of TRPV5 and TRPV6 may be a mechanism to fine-
tune the Ca21 transport kinetics in kidney or other
TRPV5/6-co-expressing tissues.33

The tetrameric organization of TRPV5 and TRPV6
resembles that of the voltage-dependent Ca21 channel
and the Shaker potassium channel that are composed
of four tandemly associated homologous domains.
Clustering of four subunits is assumed to construct an
aqueous pore-region centered at the four-fold symme-
try axis. This tetrameric architecture of TRPV5/6
implies that four of the aspartic residues (D542, D541)
form a negatively charged ring structure that functions
as a selectivity filter for Ca21 in analogy with voltage-
dependent Ca21 channels.45,48,46 Protein crystallogra-
phy of these channels will be the most challenging
approach to determine the three-dimensional structure
in the near future.

REGULATION OF THE EPITHELIAL
Ca21 CHANNELS

Vitamin D

Independent studies consistently demonstrated that
the expression of TRPV5 and TRPV6 is tightly con-
trolled by 1,25-(OH)2D3.

7 First evidence for this vitamin
D-sensitivity was observed in vitamin D3-depleted
rats.65 Decreased 1,25-(OH)2D3 levels in these animals
were supplemented, which was accompanied by
normalization of the plasma Ca21 concentration and
an increase in renal TRPV5 mRNA and protein ex-
pression. In addition, Nijenhuis et al. addressed the
1,25-(OH)2D3-dependent regulation of TRPV6.35

Intraperitoneally injection of 1,25-(OH)2D3 in mice
resulted in an increase in TRPV6 mRNA and protein
expression in the kidney, however, the effect of this
hormone on TRPV5 expression was more robust. The
observed vitamin D-dependent regulation of TRPV5
and TRPV6 was further substantiated using many dif-
ferent cell lines and animal knockout models including

vitamin D receptor (VDR), 1α-OHase and TRPV5
knockout mice.66,67,68,69

Wood and coworkers studied the vitamin D-
sensitivity of TRPV6, calbindin-D9K and PMCA1b in
Caco-2 cells, which are generally used as model of duo-
denal cells.70 A tight correlation between the 1,25-
(OH)2D3-induced expression of TRPV6, calbindin-D9K,
PMCA1b and transepithelial Ca21 transport was estab-
lished in this intestinal cell line. In contrast, Barley
et al. could not confirm the generally observed vitamin
D-dependent sensitivity of TRPV6 in duodenal biopsies
from 20 normal volunteers.71 However, there was a 10-
fold variation between the lowest and the highest level
of TRPV6 expression in the human tissues. In addition,
the subjects used were a mixed population of men and
women of age 25�71 years, which made it difficult to
disclose a relationship between TRPV6 expression and
vitamin D metabolites. Likewise, cell lines and primary
cultures have been established from the distal part of
the nephron including DCT and CNT. Measurements
of calbindin-D28K expression in control and 1,25-
(OH)2D3-treated renal epithelial cells indicated a direct
relationship between 1,25-(OH)2D3-induced calbindin
expression and transepithelial Ca21 transport.72

In addition, several genetically modified mouse
models including VDR and 1α-OHase knockout mice,
in which the vitamin D system has been inactivated,
have been created to systematically dissect the genetic
regulation of Ca21 transport genes and their functional
consequences on transepithelial Ca21 transport. Two
groups independently generated 1α-OHase knockout
mice that represent a unique animal model for pseudo-
vitamin D-deficiency rickets (PDDR) since these mice
display undetectable 1,25-(OH)2D3 concentrations,
hypocalcemia, secondary hyperparathyroidism and
failure to thrive.66,68 In addition, the 1α-OHase knock-
out mice developed distinct histological evidence of
rickets and osteomalacia. Interestingly, there was a cor-
relative relationship between the expression level of
TRPV5, calbindin-D28K and NCX1 proteins in kidney,
TRPV6, calbindin-D9K and PMCA1b in duodenum
and the serum Ca21 concentration. Normalization of
the plasma Ca21 concentration by 1,25-(OH)2D3 was
associated with a restoration of the expression level
of the Ca21 transporters confirming the essential role
of these proteins in active 1,25-(OH)2D3-mediated
Ca21 (re)absorption. The concerted regulation of
TRPV5/6 and the other Ca21-transporting proteins
guarantees sufficient capacity during high transport
rates. Calbindin-D regulates the Ca21 influx across
the apical membrane by buffering intracellular Ca21

and thus controlling feedback inhibition of TRPV5/6
channel activity. Analogous observations were made
from experiments performed with VDR knockout
mice.
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Taken together, vitamin D-deficient animal models
and epithelial cell lines demonstrated unequivocally
the 1,25-(OH)2D3-sensitivity of TRPV5 and TRPV6.
Analysis of putative promoter regions of human and
murine TRPV5/6 genes revealed potential vitamin D
response elements (VDREs) in line with the previously
observed functional data.65 However, promoter studies
are still lacking to further substantiate the existence of
functional VDREs in these genes.

Parathyroid Hormone

The parathyroid glands play a key role in maintain-
ing the extracellular Ca21 concentration through their
capacity to sense minute changes in the level of blood
Ca21. Early studies using micropuncture and cell pre-
parations demonstrated that PTH stimulates active
Ca21 reabsorption in the distal part of the nephron via
a dual signaling mechanism involving PKA- and PKC-
dependent processes.73,74 van Abel et al. demonstrated
that PTH upregulates TRPV5 expression, which
increases active Ca21 reabsorption via a long-term
manner. Parathyroidectomized rats displayed a down-
regulation of TRPV5 protein expression, whereas long-
term PTH supplementation restored the expression.75

In addition, PTH exerts also a short-term effect by rap-
idly elevating TRPV5 channel activity. Activation of
the PTH receptor initiates a signaling pathway, involv-
ing cAMP and PKA that rapidly phosphorylates
threonine-709 of TRPV5, increasing the channel’s open
probability and thus promoting Ca21 reabsorption.76

Altogether, these results suggest that TRPV5 is the
molecular target for the short- and long-term PTH-
induced stimulation of active Ca21 reabsorption in the
distal part of the nephron.

Klotho

Characterization of a mouse that showed a pheno-
type comparable to human aging led to the identi-
fication of the hormone klotho.77 Klotho is a type-I
(single-pass) membrane protein predominantly
expressed in tissues involved in Ca21 homeostasis,
such as kidney, choroid plexus, and the parathyroid
gland. Indeed, there is a growing body of evidence that
klotho controls active Ca21 reabsorption in the kidney.
Here, klotho is exclusively expressed in DCT2 and
CNT, where following extracellular domain shedding,
it is secreted into the circulation and the pro-urine.
Subsequently, extracellular klotho hydrolyses oligosac-
charide chains of N-glycosylated TRPV5, causing
channel retention at the plasma membrane and a sub-
sequent increase in TRPV5-mediated Ca21 influx.78,79

Cha et al. observed a klotho-mediated removal of ter-
minal sialic acids from the N-glycan in TRPV5.80 This
cleavage exposed the underlying galactose-N-
acetylglucoseamine disaccharides in TRPV5, so that it

can directly interact with a membrane-bound galec-
tin-1, explaining the subsequent plasma membrane
retention of TRPV5. Interestingly, treatment with
PNGaseF to hydrolyze the entire N-glycan of TRPV5
mimicked the stimulatory effect of klotho, suggesting
additional mechanisms besides binding to membrane
galectin-1.78 Thus, there is compelling evidence that
klotho is a novel calciotropic hormone that, amongst
others, can exert its stimulatory effect on TRPV5 cell
surface retention from the pro-urine in the DCT2 and
the CNT.81

Estrogens and Androgens

Estrogen deficiency after menopause results in bone
loss, which is associated with a rise in plasma and uri-
nary Ca21. In vivo studies showed that estrogen defi-
ciency is associated with increased renal Ca21 loss,
which can be corrected by estrogen replacement ther-
apy.82,83 Furthermore, estrogen receptors also reside in
proximal and distal tubules within the nephron.
However, the underlying mechanism by which estro-
gen may act on Ca21 reabsorption is still poorly under-
stood. It was demonstrated that estrogen upregulates
the expression of TRPV5 in kidney in a 1,25-(OH)2D3-
independent manner.84 In ovariectomized 1α-OHase
knockout mice 17β-estradiol replacement therapy
resulted in upregulation of renal TRPV5 mRNA and
protein levels, leading to normalization of plasma Ca21

levels. Recent findings suggest that also TRPV6 expres-
sion is regulated by estrogen, as duodenal expression
of TRPV6 mRNA of 1α-OHase knockout mice and
ovariectomized rats is upregulated after 17β-estradiol
administration. Van Cromphaut and coworkers
reported that renal TRPV5 and duodenal TRPV6
expression is reduced in estrogen receptor alpha
(ERalpha) knockout mice and upregulated by estrogen
treatment.85 Furthermore, in lactating mice renal
TRPV5 mRNA and duodenal TRPV6 expression
levels increased 2 and 13 times, respectively. It is
clear that the expression of both epithelial Ca21 chan-
nels is influenced by the estrogen status. The mecha-
nism of estrogen-controlled upregulation of epithelial
Ca21 channel mRNA remains to be elucidated.
Interestingly, Weber et al. recently described an
estrogen-responsive element in the promoter
sequence of the mouse TRPV6 gene, which was
absent in the mouse TRPV5 gene.86 Finally, it was
shown that estradiol can also exert a rapid stimula-
tory effect on intracellular Ca21 concentration in
renal cells involving TRPV5.

Androgens contribute significantly to sex differences
observed in renal Ca21 handling by inhibiting the
expression of renal Ca21 transport proteins as demon-
strated by several experimental findings. Male mice
have a greater urinary Ca21 excretion compared to
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females, a feature accompanied by a reduced renal
expression of Ca21 transport proteins.87 In addition,
orchidectomy (ORX) induced hypocalciuria in male
mice, thus resembling a female-like phenotype on renal
Ca21 reabsorption. Moreover, testosterone supple-
mentation of ORX mice caused a normalization of their
urinary Ca21 excretion, accompanying a decreased
expression of renal TRPV5 and calbindin-D28K.

87

Importantly, serum 1,25-(OH)2D3, PTH, and estrogen
levels did not differ between the sham-operated, ORX
and testosterone-supplemented ORX mice, suggesting
that androgens may directly affect the transcription of
the renal Ca21 transporters.

Furthermore, it was demonstrated that TRPV6
expression is suppressed by androgen and was
induced by a specific androgen receptor antagonist in
human prostate cancer cell line cells, suggesting that
the gene is negatively regulated by androgen. TRPV6
was shown to be strongly upregulated in advanced
prostate cancer.88,89 Also in carcinomas of other tissues,
such as breast, thyroid, colon and ovary, TRPV6
expression is increased.90 Thus, TRPV6 might be a
marker for tumor progression. Indeed, northern blot
analysis, in situ hybridization experiments and immu-
nohistochemistry clearly demonstrated that TRPV6 is
highly expressed in prostate cancer cells, whereas in
healthy prostate epithelia little or no expression is was
found.91,89 The appearance of TRPV6 correlates posi-
tively with tumor grade and TRPV6 might, therefore,
be a promising target for the development of drugs
against prostate cancer.

Thus, both testosterone and estrogen have opposing
regulatory properties in terms of renal transcriptional
expression of Ca21 transporters.

Kallikrein

In kidney, tissue kallikrein is secreted into the pro-
urine, where it mediates the formation of bradykinin
that binds to the type 2 bradykinin receptor. In primary
cultures of rabbit CNT cells it has been shown that kal-
likrein stimulates transcellular Ca21 transport.92 This
stimulatory effect of TK was mediated by the apical
bradykinin receptors signaling through the phospholi-
pase C/diacylglycerol/PKC pathway, resulting in
phosphorylation of TRPV5 and subsequent delay in
its retrieval from the plasma membrane. Additionally,
mice lacking tissue kallikrein waste a large amount
of Ca21 without any significant alterations in
plasma Ca21, PTH, and vitamin D3 levels or any
detectable changes in the expression of Ca21 transpor-
ters in the DCT2 and CNT.93 These observations
together highlight the importance of the regulation of
the TRPV5 channel abundance in the plasma mem-
brane by the pro-urine tissue kallikrein.

Dietary Ca21 Content

Several studies described above provide evidence
that the epithelial Ca21 channels are regulated by 1,25-
(OH)2D3, it is, however, difficult to distinguish the
effects of hypocalcemia from those of vitamin D-
deficiency. Therefore, studies were performed in VDR
and 1α-OHase knockout mice fed a normal and high
rescue Ca21 diet. These mice models are ideal to study
the role of dietary Ca21 in the regulation of TRPV5 or
TRPV6 independent of 1,25-(OH)2D3. Intriguingly, the
reduced expression level of renal TRPV5 in the 1α-
OHase knockout mice was restored by high dietary
Ca21 intake and accompanied by normalization of the
plasma Ca21 concentration.94 Importantly, this effect
was observed in the absence of 1α-OHase-activity. In
contrast, the Ca21-enriched rescue diet reduced the
expression of renal TRPV5 in wild-type mice that
exhibit normal serum vitamin D and Ca21 levels. It is
known that under physiological conditions, plasma
Ca21 acts via a negative feedback mechanism which
eventually leads to suppression of the 1α-OHase-activ-
ity that decreases Ca21 reabsorption and expression of
Ca21 transport proteins. Identical observations were
made in VDR knockout mice where TRPV5 and TRPV6
mRNA levels were upregulated by dietary Ca21.95

Studies in these knockout mice models revealed that
Ca21 supplementation can upregulate gene transcrip-
tion encoding for Ca21 transporters in the absence of
circulating 1,25-(OH)2D3, but the molecular mechanism
of this vitamin D-independent Ca21-sensitive pathway
remains elusive.94

Regulation by Auxiliary Proteins

Calmodulin

Calmodulin (CaM) plays a pivotal role as Ca21 sen-
sor in Ca21-dependent inactivation, thereby facilitating
both activation and inactivation of ion channels,
including voltage- and ligand-gated Ca21 channels and
members of the TRP superfamily. Ca21 binding to
CaM is highly cooperative with Ca21 binding first to
the carboxyl-terminal EF-hands, which have the high-
est affinity for Ca21, followed by Ca21 binding to lower
affinity sites located in the amino-terminus. Niemeyer
et al. showed that CaM binds to the carboxyl-terminus
of human TRPV6 in a Ca21-dependent manner.96 In
addition, Nilius et al. indicated that the rabbit TRPV5
C-terminal region is also important for the Ca21-depen-
dent inactivation process.97 Recently, CaM was shown
to bind to the C- and N- tails of TRPV5 and TRPV6 as
well as the transmembrane domain of TRPV6 in a
Ca21-dependent fashion (Figure 62.5).98 Furthermore,
electrophysiological measurements of HEK293 cells
heterologously co-expressing Ca21-insensitive CaM
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mutants and TRPV6, revealed a significantly reduced
inward Ca21 current, whereas no effect of the mutants
was demonstrated on currents of TRPV5-expressing
cells. It remains, therefore, to be established whether
CaM is the general Ca21 sensor or that other processes
play a role in the Ca21-dependent inactivation of
TRPV5. Moreover, the high affinity EF-hand Ca21-
binding sites of CaM were demonstrated to contribute
primarily to the observed CaM effect upon TRPV6
activity. The C-terminal CaM-binding site of TRPV6 is
identical between mouse and rat, but not similarly
present in human TRPV6, which might explain the pre-
vious observation that CaM binding to human TRPV6
is localized to a different region. Together, these results
suggest that CaM positively affects TRPV6 activity.

S100A10-Annexin 2

S100A10 was identified as an associated protein of
TRPV5 and TRPV6 by screening a kidney cDNA
library using the yeast two-hybrid system. S100A10,
which specifically associates with the carboxyl-termini
of these epithelial Ca21 channels, is a 97 amino acid
protein member of the S100 superfamily that is present
in a large number of organisms including vertebrates,
insects, nematodes and plants. Several members of the
S100 protein family form heteromeric complexes with
annexins and S100A10 is often found tightly associated
with annexin 2 to form a tetrameric complex. Van de
Graaf and co-workers provided evidence of a regula-
tory role for the S100A10-annexin 2 heterotetramer in
TRPV5 and TRPV6 functioning.52 The association of
S100A10 with TRPV5 and TRPV6 was restricted to a
short conserved peptide sequence VATTV located in

the carboxyl-termini of these channels. The first threo-
nine of this interaction motif was identified as a crucial
determinant for binding and channel function.
Malfunctioning of these mutant channels was accom-
panied by a major disturbance in their subcellular
localization, indicating that the S100A10-annexin 2 het-
erotetramer facilitates the translocation of TRPV5 and
TRPV6 channels towards the plasma membrane
(Figure 62.5). The importance of annexin 2 in this pro-
cess was demonstrated by a siRNA-based downregula-
tion of annexin 2 that significantly inhibited the
currents through TRPV5 and TRPV6 indicating that
annexin 2 in conjunction with S100A10 is crucial for
TRPV5 activity. Taken together, these findings show
that the S100A10-annexin 2 complex is a significant
component for the trafficking of the epithelial Ca21

channels and, therefore, the Ca21 homeostasis.

Na1/H1 Exchanger Regulating Factor 2

Embark and coworkers recently demonstrated that
TRPV5 activity in Xenopus laevis oocytes is increased
upon co-expression with the Na1/H1 exchanger regu-
lating factor 2 (NHERF2) and the serum glucocorticoid
inducible kinase (SGK1).99 In analogy, co-expression of
SGK1 with NHERF2 stimulates the activity of the
ROMK1, a K1 channel involved in renal K1 han-
dling.100 Coexpression of SGK1 and NHERF2 results in
a stabilization of ROMK1 in the plasma membrane,
leading to an increased ROMK activity.101 Whether this
mechanism is identical for TRPV5 remains to be estab-
lished. Using GST pull-down and overlay assays, we
demonstrated the specific interaction of NHERF2 with
the last three amino acids in the carboxyl-terminus of

NHERF2
SGK1

CaM

Ca2+

80K-H

S100A10
annexin 2

Intracellular
regulation

Trafficking

Trafficking

TRPV5
TRPV6

Rab11a

ER

Nucleus

FIGURE 62.5 Integrated model about
the regulation of the epithelial Ca21 chan-
nels (TRPV5 and TRPV6) by associated pro-
tein complexes including calmodulin
(CaM), S100A10-annexin 2, Na1/H1

exchanger regulating factor 2 (NHERF2),
80K-H, Rab11a. See text for further
explanation.
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TRPV5 (van de Graaf et al., unpublished results). This
suggests that the NHERF2/SGK1 protein pair affects
TRPV5 in a direct fashion, via protein-protein interac-
tion (Figure 62.5). The last three amino acids of TRPV5
resemble a PDZ motif, which allows binding to a
PDZ domain-harboring protein like NHERF2. The
concerted action of the NHERF2 and SGK1 proteins
increased TRPV5 activity. It is tempting to speculate
that the stimulatory effect on TRPV5 trafficking to
the plasma membrane reflects SGK1-mediated phos-
phorylation of TRPV5, but this remains to be dem-
onstrated experimentally.

80K-H

Gkika and colleagues identified 80K-H as a protein
involved in the Ca21-dependent regulation of
TRPV5.102 This latter study demonstrated a specific
interaction between 80K-H and TRPV5, co-localization
of both proteins in the distal part of the nephron and
similar transcriptional regulation by 1,25-(OH)2D3 and
dietary Ca21. The interaction of 80K-H was localized to
a conserved α-helical region of only B30 amino acids.
The interaction between 80K-H and TRPV5 was lost
when 5 amino acids (MLERK) at the C terminal end of
this region were removed by truncation or mutation
into glycines. Furthermore, 80K-H directly bound Ca21

and inactivation of its two EF-hand structures totally
abolished the Ca21 binding. Electrophysiological stud-
ies using 80K-H mutants showed that three domains of
80K-H (two EF-hand structures, the highly acidic gluta-
mic stretch and the His-Asp-Glu-Leu sequence) are
critical determinants for TRPV5 channel activity.
Importantly, inactivation of the EF-hand pair reduced
the TRPV5-mediated Ca21 current and increased the
TRPV5 sensitivity to intracellular Ca21, accelerating
feedback inhibition of channel activity. None of the
80K-H mutants altered the plasma membrane localiza-
tion of TRPV5 nor the association of 80K-H with
TRPV5, suggesting that 80K-H has a direct effect on
TRPV5 activity. Taken together, 80K-H act as a novel
Ca21 sensor controlling TRPV5 channel activity
(Figure 62.5).

Rab11a

Rab11a, a small GTPase involved in trafficking via
recycling endosomes, was recently identified as a novel
TRPV5- and TRPV6-associated protein.103 This small
GTPase co-localized with TRPV5 and TRPV6 in DCT
and CNT. Importantly, the Ca21 channels and Rab11a
were here present in vesicular structures underlying
the apical plasma membrane. Using a combination of
GST pull-down and co-immunoprecipitation assays a
direct interaction between Rab11a and the epithelial
Ca21 channels (Figure 62.5) was shown, hinting at a
novel mechanism of Rab11a-mediated trafficking.

Furthermore, it was demonstrated that TRPV5 and
TRPV6 preferentially interact with Rab11a in its GDP-
bound conformation. Expression of a mutant Rab11a
protein, locked in the GDP-bound state, resulted in a
marked decrease of channels at the cell surface, indicat-
ing a direct role of Rab11a in the trafficking of the Ca21

channels towards the plasma membrane. The interac-
tion of Rab11a was localized to the conserved MLERK
domain in the carboxyl-terminus of TRPV5 and
TRPV6. 80K-H binding was localized to the same
region, suggesting a possible common binding site in
TRPV5 and TRPV6 for these two distinct proteins.102

Mutagenesis of these 5 amino acids abolished channel
activity at the plasma membrane by impairing the traf-
ficking to the cell surface. Interestingly, Zobiack and
coworkers have demonstrated that the annexin 2-
S100A10 complex controls the distribution of Rab11-
positive endosomes.104 Furthermore, annexin 2 was
enriched in these endosomes. This suggests that two
crucial pathways controlling the cell surface expression
of TRPV5 and TRPV6 coincide.

Indeed, the mechanisms underlying TRPV5 endocy-
tosis have been investigated in several studies.103,105

After reaching the cell surface, the TRPV5 channel was
internalized through dynamin- and clathrin-dependent
processes. First, TRPV5 appeared in numerous small
vesicles, before entering larger vesicles, where it co-
localized with Rab11a, a marker for recycling endo-
somes.105 The majority of internalized TRPV5 entered
the recycling pathway, whereas only a minor part was
degraded. TRPV5 channels present in recycling endo-
somes were able to reach the plasma membrane again
through direct interaction with Rab11a. Moreover, the
presence of a large and stable recycling pool of TRPV5
channels was demonstrated, as blocking protein bio-
synthesis did not reduce TRPV5-mediated Ca21 influx.
Altogether, the continuous endosomal recycling
of internalized TRPV5 channels enables TRPV5 reap-
pearance at with many the plasma membrane provid-
ing a synthesis-independent pathway for the apical
influx of Ca21.

WNK

WNK3 and WNK4, members of the With No
Lysine (K) family of protein serine/threonine kinases,
are also positive regulators of the epithelial Ca21

channels TRPV5 and TRPV6 through enhancing the
membrane expression level of the functional channel
proteins via a kinase-dependent pathway.106,107 The
kinase domain of WNK3 appeared sufficient to exert
the positive effect on TRPV5. Since these WNKs are
expressed in the distal part of the nephron, where
TRPV5 and TRPV6 are expressed, they might posi-
tive regulators of the active Ca21 reabsorption path-
way in the kidney.
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Regulation by Immunosuppressives and
Diuretics

Tacrolimus

Tacrolimus (FK506) is a widely prescribed immuno-
suppressant drug and is known to induce significant
side effects on mineral homeostasis, including
increased bone turnover, a negative Ca21 balance and
hypercalciuria.108,109 The kidney plays an essential role
in the maintenance of the Ca21 homeostasis by provid-
ing the main excretory route. In theory, downregula-
tion of Ca21 transporter proteins in the distal part of
the nephron may be involved in the pathogenesis of
hypercalciuria during drug treatment. Previous reports
showed reduced calbindin-D28K levels during FK506
treatment, suggesting that FK506 could affect active
Ca21 transport.110 In addition, it was demonstrated
that FK506 treatment significantly increased urinary
Ca21 excretion, accompanied by a down-regulation of
the renal mRNA and protein expression of TRPV5.111

The fact that serum Ca21 concentrations and the glo-
merular filtration rate did not differ from control ani-
mals confirmed that impaired Ca21 reabsorption rather
than an increased filtered load caused the hypercalciur-
ia. This data supported the hypothesis that FK506
induces a primary defect of renal active Ca21 reabsorp-
tion by specifically down-regulating the proteins
involved in active Ca21 transport. The molecular mech-
anism underlying the downregulation of the epithelial
Ca21 channel by FK506 remains elusive. In previous
studies, plasma 1,25-(OH)2D3 was either unaltered or
moderately increased, while plasma PTH levels were
not affected by similar doses of FK506, which excludes
that the reduced Ca21 transport protein expression
levels are secondary to decreased circulating levels of
calciotropic hormones.

Furosemide

Diuretics such as furosemide are frequently used in
the clinical practice. Furosemide is usually adminis-
tered over a long period of time and is known to dis-
turb Ca21 reabsorption leading to various symptoms
including alterations in structure and stability of bone.
The molecular mechanism underlying its action on
Ca21 reabsorption includes the following events.
Furosemide inhibits the Na1—K1—2Cl- (NKCC2) trans-
porter present in the apical membrane of the TALH
resulting in a reduction in NaCl reabsorption and K1

recycling across the apical membrane. This action
diminishes the lumen-positive potential that drives the
paracellular reabsorption of Ca21 explaining the hyper-
calciuric action of furosemide. As a consequence the
delivery of Ca21 to DCT and CNT is enhanced, which

are the primary sites of active Ca21 reabsorption.7

Indeed, furosemide treatment increased the abundance
of the Ca21 transport molecules including TRPV5,
TRPV6, calbindin-D28K and calbindin-D9K, in the DCT
that could represent a solute load-dependent effect in
response to increased calcium delivery and, therefore,
serves as a compensatory adaptation in the downstream
segment.112

Thiazide Diuretics

Thiazide diuretics have, in contrast to loop diuretics,
the unique characteristic of decreasing Na1 reabsorp-
tion, while increasing Ca21 reabsorption. In addition,
mutations in the thiazide-sensitive Na1-Cl� cotran-
sporter (NCC) have been shown to cause Gitelman’s
syndrome. These patients suffer from hypovolemia,
hypokalemic alkalosis, hypomagnesemia and hypocal-
ciuria.113 Intriguingly, the molecular mechanisms
responsible for the hypocalciuria and hypomagnesemia
of thiazide administration and Gitelman’s syndrome
remain elusive. Two hypotheses exist with respect to
the Ca21-sparing effect of thiazides.7 First, renal salt
and water loss due to thiazide treatment result in con-
traction of the extracellular volume (ECV), which trig-
gers a compensatory increase of proximal Na1

reabsorption. This would in turn enhance the electro-
chemical gradient driving passive Ca21 transport in
proximal tubule tubular segments.113,114,115 Early stud-
ies by Weinman and Eknoyan already demonstrated
that the escape from the chronic effects of chlorothia-
zide is due to a decrease in the glomerular filtration
rate and to an increase in fractional reabsorption in the
proximal tubule.116 Subsequently, Nijenhuis et al.
showed in rats that the hydrochlorothiazide (HCTZ)-
induced hypocalciuria was accompanied by a signifi-
cant decrease in body weight compared to controls,
illustrating that ECV contraction occurred.117 Since
Na1 depletion resulted in a similar hypocalciuria, it is
likely that the ECV contraction by itself is responsible
for the thiazide-induced hypocalciuria. This is further
supported by the finding that Na1 repletion during
HCTZ treatment, thereby preventing the ECV contrac-
tion, normalized the calciuresis. Second, microperfu-
sion experiments suggested that acute administration
of thiazides in the tubular lumen stimulates Ca21 reab-
sorption in DCT.118 Subsequently, several molecular
mechanisms were postulated to explain this latter stim-
ulatory effect. These included hyperpolarisation of the
plasma membrane resulting in increased apical Ca21

entry through TRPV5 and, alternatively, enhanced
basolateral Na1/Ca21 exchange due to a decreased
intracellular Na1 concentration.114 This last hypothesis
was based on substantial co-localization in DCT of
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NCC and the proteins involved in active Ca21 trans-
port. However, immunohistochemical studies demon-
strated only minor overlap, whereas the Ca21

transporters (i.e., TRPV5, calbindin-D28K, NCX1 and
PMCA1b) completely co-localized.7 Interestingly, it
was demonstrated that in the DCT epithelium the Ca21

transport proteins including TRPV5, calbindin-D28K

and PMCA1b were decreased in animals treated with
high thiazide dosis. In addition, the localization of the
NCC protein was shifted from the luminal membrane
to the basal membrane. Furthermore, Schultheis et al.
generated NCC knockout mice exhibiting hypocalciur-
ia and hypomagnesemia, representing a valuable
animal model explaining Gitelman’s syndrome.119 In
these mice Ca21 reabsorption was unaltered in the
DCT and CNT as indicated by real-time reverse tran-
scription-PCR, Western blotting, and immunohis-
tochemistry for TRPV5 and NCX1 and micropuncture
experiments.120 Micropuncture data indicated that a
reduced glomerular filtration and enhanced fractional
reabsorption of Na1 and Ca21 upstream of the DCT
provide compensation for the Na1 transport defect in
the DCT and contribute to the hypocalciuria.120 Taken
together, these data support the hypothesis that
enhanced proximal tubular Na1 transport as a conse-
quence of ECV contraction stimulates paracellular
Ca21 transport and comprises the molecular mecha-
nism explaining thiazide-induced hypocalciuria.
Furthermore, thiazide-induced hypocalciuria could
still be elicited in TRPV5 knockout mice, in which
active Ca21 reabsorption is virtually abolished.121

Additional experiments investigating the time depen-
dency of the thiazide effects demonstrated that Ca21

excretion is unaltered during the natriuretic response
following HCTZ administration, again indicating that
direct stimulation of active Ca21 reabsorption by inhi-
bition of NCC does not occur. In contrast, a profound
decrease in urinary Ca21 excretion followed the initial
natriuresis and, importantly, paralleled a reduced
net Na1 excretion.121 Taken together, a long-standing
question in physiology and medicine seems resolved
indicating that enhanced proximal tubular Na1 trans-
port as a consequence of ECV contraction,
stimulates paracellular Ca21 transport and constitutes
the molecular mechanism underlying thiazide-
induced hypocalciuria.

Characterization of TRPV5 Knockout Mice

TRPV5 knockout mice have been generated by
genetic ablation of TRPV5 to investigate the require-
ment of TRPV5 functioning in renal and intestinal Ca21

(re)absorption.67 Interestingly, analysis of 24-hour
urine demonstrated that TRPV5 knockout mice exhibit

a major calciuresis, since significantly more Ca21 was
excreted in the urine compared to wild-type litter-
mates. The urinary Ca21 concentration of the knockout
mice reached 20 mM compared to 6 mM for control lit-
termates. Serum analysis demonstrated that TRPV5
knockout mice are normocalcemic, but have signifi-
cantly elevated 1,25-(OH)2D3 levels compared to
TRPV5 wild-type mice.

As indicated TRPV5 knockout mice display hyper-
calciuria from impaired active Ca21 reabsorption, but
also hyperphosphaturia, polyuria and increased uri-
nary acidification.67 The latter two adaptations seem
highly beneficial because they facilitate the excretion of
large quantities of Ca21 by reducing the potential risk
of Ca21 precipitations. It has been postulated that a
high luminal Ca21 concentration activates the Ca21-
sensing receptor in the apical membrane of the
IMCD.122 The consistent polyuria in hypercalciuric
TRPV5 knockout mice, noted by a substantial decrease
in urinary osmolality, is caused by downregulation of
renal AQP2 water channels, possibly a result of activat-
ing the Ca21-sensing receptor along the luminal mem-
brane of the CD.123 Furthermore, gene ablation of the
collecting duct-specific B1 subunit of H1-ATPase in
TRPV5 knockout mice abolishes enhanced urinary
acidification, which resulted in severe tubular precipi-
tations of Ca21-phosphate in the renal medulla.123

Thus, in TRPV5 knockout mice, activation of the renal
Ca21-sensing receptor promotes H1-ATPase-mediated
H1 excretion and downregulation of AQP2, leading to
urinary acidification and polyuria, respectively.

To identify the exact defective Ca21 reabsorption
site along the nephron in TRPV5 knockout mice in vivo
micropuncture studies were performed that combine
classical and new research tools in a way that promises
to yield important new insights into single-nephron
function. Quantitative free-flow collections of tubular
fluid revealed unaffected Ca21 reabsorption in TRPV5
knockout mice up to the last surface loop of the late
proximal tubule. In contrast, mean Ca21 delivery to
puncturing sites within the DCT and CNT was signifi-
cantly enhanced in TRPV5 knockout mice. Because K1

secretion occurs along these nephron sites the distal
luminal potassium concentration was used as an indi-
cator of the distal collection site. Based on the shape of
the relationship between distal luminal K1 concentra-
tion and fractional Ca21 delivery it is evident that in
contrast to TRPV5 wild-type mice, fractional Ca21

delivery increases with an increased K1 concentration
indicating a defective Ca21 reabsorption in the DCT
and CNT which is consistent with the localization of
TRPV5.

Remarkably, inactivation of the TRPV5 gene was
accompanied by a decrease in the renal calbindin-D28K

and NCX1 mRNA expression. Because transepithelial
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Ca21 transport in DCT and CNT was abolished in
TRPV5 knockout mice, the simultaneous decrease in
calbindin-D28K and NCX1 mRNA levels, in the pres-
ence of elevated 1,25-(OH)2D3 levels, suggests a regula-
tory mechanism primarily controlled by TRPV5. This
means that TRPV5 or the Ca21 influx through TRPV5
possibly controls the transcription of the other Ca21

transport genes including calbindin-D28K and NCX1.
Although down-regulation of renal calbindin-D28K is
secondary to TRPV5 ablation in the TRPV5 knockout
mice, the reduced calbindin-D28K level may further
augment the severity of the hypercalciuria. In this
respect, it is interesting to compare the hypercalciuria
in calbindin-D28K and TRPV5 knockout mice.
Calbindin-D28K knockout mice fed a regular Ca21 diet
displayed aB2 fold increase in the urinary Ca21 excre-
tion compared to wild-type littermates,124 whereas
TRPV5 knockout mice fed the same Ca21 diet
excretedB6 times more Ca21 in the urine compared to
controls.67 These findings underscore the gatekeeper
function of TRPV5 in the process of Ca21 reabsorption.

In general, Ca2
1 hyperabsorption by the small intes-

tine is favored as compensation for renal Ca21 wasting.
Ca21 absorption was assessed by measuring serum
45Ca21 at early time points after oral gavage. A signifi-
cant increase in the rate of 45Ca21 absorption was
observed in TRPV5 knockout mice compared to wild-
type mice indicating a compensatory role of the small
intestine. In addition, TRPV6 and also calbindin-D9K

expression levels were significantly up-regulated in
TRPV5 knockout mice consistent with this increased
Ca21 absorption. These intestinal adaptations likely
result from the elevated 1,25-(OH)2D3 levels observed
in TRPV5 knockout mice.

In addition to kidney and intestine, also bone
showed a clear phenotype in TRPV5 knockout mice.
Microcomputed tomography analyses of the femur
demonstrated that trabecular thickness in the femoral
head of TRPV5 knockout mice was significantly
reduced compared to wild-type mice. Trabecular bone
volume, tissue volume and bone fraction were not
different between the genotypes. This could not be
explained by a difference in trabecular number.
Alternatively, it is possible that the trabeculae are lon-
ger, i.e., protrude further into the bone marrow cavity
and thereby compensate for reduced trabecular thick-
ness. Analyses of the diaphysis showed that cortical
bone volume, cortical volume fraction and cortical
bone thickness were reduced in TRPV5 knockout ver-
sus wild-type mice.

These data from TRPV5 knockout mice unequivo-
cally established that TRPV5 is the gatekeeper in active
Ca21 reabsorption. Ablation of the TRPV5 gene seri-
ously disturbs renal Ca21 handling, causing increased
1,25-(OH)2D3 plasma levels, Ca21 hyperabsorption and

reduced bone formation. These deficiencies in Ca21

handling have been reported frequently in patients
with idiopathic hypercalciuria, in which TRPV5 dys-
function could contribute to the pathogenesis. Finally,
the increased 1,25-(OH)2D3 levels and effects on bone
structure indicate that alterations in TRPV5 may have
implications for age-related bone disorders, including
osteoporosis.
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Cell surface sensors for extracellular Ca21 and
Mg2151 provide an important mechanism for the regu-
lation of diverse physiological processes by extracellu-
lar divalent mineral ions.53,190,402 These ion sensors
function as “calciostats” for Ca21 and/or Mg21 that
not only regulate divalent mineral metabolism at the
level of the whole organism but also control a variety
of other cellular processes (e.g., salt and water handing
in various epithelia and cell proliferation-differentia-
tion) in terrestrial and aquatic animals, as well as in
plants.51,177,301 This chapter will focus on the role of the
extracellular calcium-sensing receptor (CaSR) in the
mammalian parathyroid, kidney, and other tissues par-
ticipating in divalent mineral ion homeostasis. The
unique properties of the mammalian CaSR include: (1)
Having extracellular Ca21 and Mg21 as its primary
physiological ligands, establishing that ions can func-
tion as first messengers. (2) Responding with a milli-
molar EC50, close to the normal plasma ionized Ca21

concentration, but several orders of magnitude higher
than that for ligands of other G protein�coupled recep-
tors. (3) Possessing a remarkable ability to detect small
deviations from the normal ionized calcium concentra-
tion of 1.1�1.3 mM, making it an ideal sensor for Ca21,
functioning as a “calciostat.”

The identification of inherited disorders due to acti-
vating or inactivating mutations of the CaSR, basic
research in CaSR biology, the development of CaSR-
active compounds (calcimimetics), and the results from
clinical trials of calcimimetics have established the bio-
logical roles of this receptor in mineral ion homeostasis
and have suggested roles of the CaSR in several

non-Ca21 homeostatic processes,1,147,201 (also see
reviews147,402). The reader is referred to Chapter 65 and
other chapters in the section, “Regulation and
Disorders of Calcium Homeostasis,” for additional
information and background.

LIGAND BINDING: THE CaSR IS A
Ca21/Mg21 AND AN “EXTRACELLULAR

ENVIRONMENT” SENSOR

The CaSR is a member of class C of the G pro-
tein�coupled receptor (GPCR) superfamily. Class C
receptors include the extracellular Ca21-sensing recep-
tors (CaSRs and perhaps GPRC6A), the metabotropic
glutamate receptors, theGABABreceptors, theV3Rpher-
omone receptors, the T1R taste receptors, and several
orphan receptors (RAIG1,GPRC6B-5D, andGABABL).40

CaSR Agonists

The CaSR can be activated by Ca21, Mg21 and cer-
tain other polycations (e.g., Gd31, polylysine, polyargi-
nine, and neomycin49,52,349). These agonists are referred
to as type I agonists as they can directly and indepen-
dently activate the receptor (Fig. 63.1). CaSR activity
can also be modulated by other substances or condi-
tions that function by modifying the EC50 for extracellu-
lar Ca21 (up or down); allosteric activators of the CaSR
of this type are referred to as type II allosteric activators
(Fig.63.1). Thus, type II activators require the presence
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of extracellular Ca21 and function as allosteric modi-
fiers of Ca21 affinity. Currently identified physiological
type II agonists include polyamines (e.g., spermine),349

L-amino acids (especially aromatic amino acids),90

extracellular pH,347 and extracellular ionic strength, pri-
marily changes in NaCl concentration in a physiological
context.192,301,348 Increases in polyamine349 or amino
acid concentrations,89 or isosmotic reductions in ionic
strength301,348 reduce the EC50 (increase the affinity) for
extracellular Ca21. At a constant ionized Ca21

concentration, these changes in the concentrations of
type II agonists will increase activation of the CaSR. As
a consequence, CaSR responses to changes in concen-
trations of divalent minerals or type I agonists must be
viewed in the setting of a specific “extracellular envi-
ronment” (i.e., presence or absence of polyamines and
L-amino acids, pH, and ionic strength). Interestingly,
the CaSR appears to have initially evolved as a salinity
sensor in marine species where these organisms used
the effects of ionic strength (salinity) on activation of
the receptor by the Ca21/Mg21 present in salt water to
regulate tissue responses for salinity adaptation.301

With the evolution of land-based tetrapods and the loss
of the ocean reservoir of Ca21/Mg21, we see the first
appearance of the parathyroid glands and parathyroid
hormone (PTH), which are required for divalent min-
eral regulation of the internal “ocean” represented by
the extracellular fluids (ECFs) of terrestrial organisms.
Currently identified CaSR-active small molecules (calci-
mimetics and calcilytics) are used in the treatment of
certain disorders of calcium homeostasis. They function
as allosteric activators and antagonists, respectively, of
the CaSR via the type II mechanism and therefore,
require extracellular Ca21 to act (Fig. 63.1).46,307

Ligand Binding to the CaSR

Class C GPCR receptors have a large (hundreds of
residues) N-terminal extracellular domain (ECD) that
is joined to the canonical 7-transmembrane (7-TM)
domain typical of GPCRs. The ECDs of the class
C-related metabotropic glutamate receptors242,410 or the
distantly related bacterial periplasmic nutrient-binding
proteins (e.g., the maltose-binding protein (MBP))397

form a bilobed structure that has a ligand binding
region within the central cleft between these lobes
(Fig. 63.2A). Following ligand binding, there is a

FIGURE 63.1 Schematic representation of the dimeric calcium-
sensing receptor (CaSR) localized to caveolin-rich membrane
domains. ECD, extracellular domain; TMD, transmembrane domain
containing 7 α-helical membrane-spanning segments. Activators/
agonists of the receptor can either be type I, which don’t require the
presence of Ca21 to activate the CaSR, or as type II allosteric modi-
fiers that potentiate the action of Ca21, which must be present at a
concentration of B1 mM for a type II agent to activate the receptor.
Polyamines, such as spermine, act primarily in the type II mode, but
can also serve as weak type I agonists. See text for discussion.

FIGURE 63.2 The Venus flytrap model
of the extracellular domain of one monomer
of the calcium-sensing receptor (CaSR). A:
Structures of the bacterial periplasmic
maltose-binding protein in the absence and
present of ligand (yellow structure). Note
the closing of the lobes around the ligand
upon ligand binding (dashed arrows). B:
Structural model of the human CaSR made
by threading the human sequence through
the extracellular domain of mGluR. Note
the bilobed structure that is similar to the
bacterial maltose-binding protein. Potential
calcium interacting sites are shown. The
best characterized of these is in the crevice
between the two lobes of the VFT, which
faces upward and to the left at about 10
o’clock. Structure colors: red5α helices;
blue5 β strands.
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conformational change in the ECD, which results in the
two lobes moving toward one another to enclose the
ligand (Fig. 63.2A, Venus-flytrap model). This molecu-
lar motion in the ECD is thought to be translated into
conformational changes in the 7-TM domain, leading
to G-protein activation.242,410

The ligand-binding sites on class-C receptors,
including the CaSR, are located on the ECD and, to a
lesser extent, in the 7-TM domains.39,242,410 While an
x-ray crystal structure of the ECD of the CaSR has not
been obtained, the ECD can be modeled207,213,331 on the
basis of the known structure of several metabotropic
glutamate receptors.410 This structural model is shown
in Fig. 63.2B with the location of potential Ca21-inter-
acting regions composed of negatively charged amino
acid residues. In addition, three serine residues (S-147,
S-169, and S-170) and proline-823 in the ECD are cru-
cial for maximal responsiveness to extracellular
Ca21.205,389,451 Receptor activation by Ca21 is greatly
reduced by removal of the ECD, emphasizing the
importance of negatively charged acidic (and other)
residues in the ECD for the binding of polyvalent
cations.39,176,183,204,205,357,410 Additional acidic residues
in the second and third extracellular loops in the 7-TM
domain have also been suggested to participate in
Ca21-binding interactions.176,183,205,206,353 In contrast,
the response to calcimimetics is retained when the
ECD is removed from the CaSR,183 indicating that these
type II activators bind at a different site than does
Ca21. Observations indicate that the critical sites for
interaction of calcimimetics with the CaSR are located
in the 7-TM domain, primarily the TM6�TM7
region,206,331,353 with Glu837, at the outer end of TM7,
serving as an “anchor” by binding the amino group in
the aliphatic linker between the two hydrophobic ends
of the molecule. In addition, negative allosteric modu-
lators of the CaSR (calcilytics) have been identified that
exhibit a binding site in the 7-TM domain of the CaSR
that overlaps with but is not identical to that for the
calcimimetics.331

The Concept of Superagonism for Agonist
Binding to the Class C Receptors

As described previously, type II agonists (including
calcimimetics) of the CaSR can act as allosteric enhan-
cers or positive allosteric modulators.339,382 It is clear
that most GPCRs possess allosteric binding sites that
can be recognized by small-molecule ligands.279 GPCR
class-C receptors, including the CaSR,11,218,430 form
dimers (or even multimers), and this intermolecular
interaction is believed to play an important role in allo-
steric activation.40,339 Type I ligand binding enhances
dimerization of the CaSR associated with formation of

intermolecular disulfide linkages.13,155,352,430 Thus,
most of the receptors on plasma membranes of cells
are in the dimeric (and multimeric) form,14 since cell
surface CaSRs are exposed to millimolar concentrations
of extracellular Ca21. Although the intermolecular
disulfide links between ECDs are not essential for
dimerization,452 they play an important structural role
and help to maintain the receptor in its inactive state in
the absence of agonist. Initial dimerization takes place
in the endoplasmic reticulum, and this interaction may
be necessary for the receptor’s transport to the cell sur-
face.337 Once on the cell surface, intermolecular interac-
tions between CaSR monomers are essential for normal
function of this receptor.15 Specifically, in the presence
of agonist, dimerization of the CaSR and other class C
receptors appears to enhance downstream cellular sig-
naling, providing “superagonism”.382 This dimer-
driven superagonism, which can also be thought of a
positive cooperativity, likely accounts for the ability of
type II agonists (e.g., L-amino acids) to activate the
receptor by an allosteric mechanism298 and the remark-
able ability of this receptor to detect small changes in
ionized Ca21 from the normal plasma Ca21 of 1.1-
1.3 mM (Ca21-Ca21 allosteric enhancing effect). Given
that the Hill coefficient of the dimeric CaSR is 3�4, it is
likely that there are at least 2 binding sites for calcium
on each of the two monomers,213 resulting in the sub-
stantial degree of positive cooperativity needed for the
receptor’s exquisite sensitivity to small changes in
Ca21. An intact COOH-terminus on the CaSR is also
required for cell surface expression.68,351

Complex Signaling: the Receptor is Promiscuous

CaSR coupling to G-protein has been referred to as
promiscuous, since type I ligands activate one or more
of several G proteins (e.g., Gαq11, Gαi2�i3).

53,210,429 As
with most GPCRs, the COOH-terminal tail of the CaSR
and one or more intracellular loops are crucial for sig-
nal transduction.68,351 The CaSR-generated cytosolic
signal is a complex of phospholipase activation (PLC,
cPLA2, PLD) and the generation of diverse cellular
second messengers (see201,210,429 for reviews),
Gαq112mediated PLC activation -mIP3-mcytosolic
Ca21 concentration (Ca21i) and Ca21i oscillations as
well as -mDAG-mPKC; Gαi-mediated-kcAMP;
mintracellular Ca21-mphosphodiesterase (PDE)-k
cAMP; cytosolic (c)PLA2 activation-marachidonic
acid (AA)-mP450-m20-HETE; phosphatidylinositol 3-
kinase (PI3K)- PIP3; MAP kinases, such as ERK1/2, c-
Jun activated N-terminal kinase (JNK), and p38 MAPK;
filamin scaffolding of Gαq-mLbc RhoGEF-mRho A
GTPase leading to activation of a serum response ele-
ment (SRE) and Gα12/13-mPLD-mphosphatidic acid
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(PA).42,150,178,195,208,229,230,285,336,441,448 It remains unclear
in many cases how this second messenger “soup” and
related intracellular signaling pathways integrate to
modulate cellular functions, such as PTH secretion or
renal responses to extracellular Ca21. The ability of the
CaSR to be modulated by such a wide variety of ago-
nists and extracellular conditions likely accounts for its
multifunctional nature in regulating divalent mineral
balance as well as in modulating diverse cellular func-
tions seemingly unrelated to mineral homeostasis.
Examples of the latter include CaSR effects on salt and
water transport by the kidney186 and gastrointestinal
epithelia.147 The CaSR also provides proliferation-
differentiation-apoptosis signals to certain epithelial
cells (e.g., keratinocytes in the skin, mammary gland
cells and colonocytes).26,50,222

BINDING PARTNERS OF THE CaSR

Several proteins have been shown to interact with
the CaSR and can exert important effects on its func-
tion or trafficking. The receptor-activity-modifying pro-
teins (RAMPs), RAMP-1 and RAMP-3, participate in
the translocation of the CaSR to the plasma membrane
in some cell types.37 The CaSR on the cell surface exhi-
bits little desensitization when exposed repeatedly to
elevated levels of Ca21o, at least in parathyroid cells.
This resistance to desensitization is the consequence, at
least in part, of its interaction with the large, actin-
binding scaffold protein, filamin-A,450 and is likely
important to make sure that the CaSR is expressed at
sufficient levels on the cell surface to enable it to con-
tinuously monitor and maintain a constant level of
Ca21o. Additional binding partners of the CaSR comprise
the K1 channels, Kir4.1 and Kir4.2, caveolin-1, and the
E3 ubiquitin ligase, dorfin.209 The functional conse-
quences of these interactions remain to be fully eluci-
dated, but Kir4.1 and Kir4.2 colocalize with the CaSR
in the basolateral membrane of the distal nephron, and
co-expression of the CaSR with these two channels in
X. laevis oocytes decreases channel activity.211 Dorfin
likely participates in regulating the proteasomal degra-
dation of the receptor.209

REGULATION OF CaSR GENE
EXPRESSION

Several factors upregulate the expression of the
CaSR gene; these include elevated levels of Ca21o

447 and
calcimimetics,287 both of which act by stimulating the
CaSR, 1,25(OH)2D3 (through vitamin D responsive ele-
ments (VDRE) in the CaSR’s two promoters, which
reside within alternatively spliced regions of the first

exon (exons 1A and B)),60 the cytokines interleukin-
1β308 and interleukin-6,61 and the chemokines MCP-1
and SDF-1α (which likely traffic intracellular receptor
to the cell surface in the short term).315 Because the
CaSR also upregulates the VDR gene and activation of
each gene upregulates its own expression,268,287 there
potentially could be synergistic interactions between
the VDR and CaSR. For example, activation of the
CaSR upregulates its own expression and that of the
VDR; upregulation of the latter could potentiate vita-
min D signaling via increased VDR occupancy (even
without a change in the level of 1,25(OH)2D3), thereby
further stimulating CaSR expression and action, and so
forth. Factors that downregulate CaSR gene expression
include PTH and a high phosphate diet.361 A reduction
in CaSR expression also occurs in both primary (1�)
hyperparathyroidism (HPT) and secondary (2�) HPT
(e.g., in the setting of renal insufficiency) through
incompletely defined mechanisms,92,119,122,233,398

although a reduction in circulating 1,25(OH)2D3 levels
likely contributes in the setting of chronic kidney dis-
ease by decreasing CaSR gene expression.

OVERVIEW OF THE CaSR’S ROLE IN Ca21

HOMEOSTASIS

The response of the Ca21o homeostatic system to
hypocalcemia illustrates the tightly integrated func-
tions of the three key elements of the Ca21o homeostatic
system: (1) the CaSR, the principal sensor of Ca21o, (2)
the tissues that mediate the fluxes of Ca21 into and out
of the extracellular fluid (ECF) (e.g., bone, kidney and
intestine), and (3) the calciotropic hormones regulating
these fluxes (PTH, 1,25(OH)2D3 and Ca21o itself, serving
its “hormone-like” role via the CaSR). Further details
can be found in chapter 65. Hypocalcemia evokes PTH
secretion by the parathyroid glands. The
hypocalcemia-induced increase in the circulating PTH
level exerts three key homeostatic actions on the kid-
ney: (1) enhancing distal tubular reabsorption of Ca21,
(2) promoting phosphaturia, and (3) stimulating the
synthesis of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3)
from its largely inactive precursor, 25-hydroxyvitamin
D3. Hypocalcemia also directly stimulates 1,25(OH)2D3

production in the proximal tubule by an action that is
likely CaSR-mediated.409,433 The stimulation of renal
Ca21 retention by PTH takes place both in the cortical
thick ascending limb of Henle’s loop (CTAL)186 and in
the distal convoluted tubule (DCT),10,139 as described
in detail later.43,104 Consequently, there is a “resetting”
of Ca21 reabsorption by the kidney, producing a shift
to the right in the curve relating serum to urinary Ca21

concentration so that more Ca21 is reabsorbed at any
given level of Ca21o.

323 Elevated circulating
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concentrations of 1,25(OH)2D3 enhance: (1) gastrointes-
tinal absorption of Ca21, (2) reabsorption of Ca21 in the
DCT,199,200 and (3) release of skeletal Ca21 in conjunc-
tion with the bone resorptive action of PTH. 1,25
(OH)2D3 also inhibits PTH production and its own syn-
thesis in the proximal tubule via the VDR, as noted ear-
lier.48,300 The resultant translocation of Ca21 into the
extracellular fluid from GI tract and bone, combined
with greater renal tubular reabsorption of Ca21, will,
except when there is severe Ca21 deficiency, restore
Ca21o to normal.

A more recently discovered hormone that regulates
both calcium and phosphate homeostasis as well as the
interactions between these homeostatic systems is
fibroblast growth factor (FGF)-23. It is released princi-
pally by osteocytes (osteoblasts encased in bone during
bone formation) in response to 1,25(OH)2D3 and hyper-
phosphatemia,221,384,387 and its exerts a potent phos-
phaturic action on the proximal tubule. FGF-23 inhibits
both 1,25(OH)2D3 production and PTH secretion, pro-
viding negative feedback control of 1,25(OH)2D3 syn-
thesis and the phosphaturic action of PTH. This
rapidly developing field is reviewed elsewhere in this
volume and in recent reviews.221,384,387

CaSR FUNCTION IN PARATHYROID

As just noted, the regulation by Ca21o of PTH secre-
tion by the parathyroid chief cells is a key component
of the Ca21o homeostatic system.48,190 The molecular
mechanism by which Ca21o performs this feat was
deduced by the cloning of the CaSR in 1993 in the labo-
ratories of Brown and Hebert.51 The CaSR senses the

extracellular ionic activity of the divalent minerals,
Ca21 and Mg21, and translates this information, via the
complex array of cellular signaling pathways described
previously, to modify PTH secretion,196,307 preproPTH
mRNA levels via changes in its stability,248,302 and
parathyroid gland hyperplasia.88,419 Genetic studies
have demonstrated that the activity of this receptor
determines the steady-state plasma calcium concentra-
tion in humans by regulating key elements in the cal-
cium homeostatic system.310,383

CaSR Regulates PTH Secretion

The level and constancy of plasma ionized Ca21 are
set in large part by regulating the release of Ca21 from
bone via the actions of secreted PTH and 1,25(OH)2D3

as well as by modulation of the Ca21 excretion by the
kidney, and, indirectly via the action of 1,25(OH)2D3,
intestinal calcium absorption, as noted above.48,190

Figure 63.3 shows the typical inverse relationship
between PTH secretion and plasma Ca21. In contrast
there is a direct relationship between urinary Ca21

excretion and plasma Ca21 (Fig. 63.4). These effects of
plasma ionized Ca21 on PTH secretion and renal Ca21

excretion are mediated by the CaSR. The role of the
CaSR in divalent mineral homeostasis has been estab-
lished by the identification and characterization of inher-
ited hyper- or hypocalcemic disorders that result from
CASR gene mutations (the official designation of the
gene for the human CaSR is in all capital letters and itali-
cized) (chromosome 3q13.3�21; Fig. 63.5).48,174,182,324,404

In vitro studies in mammalian cells expressing normal or
mutant CaSR proteins have confirmed that these recep-
tor mutations alter the Ca21 EC50 of the CaSR (CaSR

FIGURE 63.3 Inverse relationship between
ionized serum calcium and parathyroid hor-
mone (PTH) secretion. PTH secretion is maxi-
mal at low ionized calcium; raising calcium
reduces secretion via several intracellular sig-
naling pathways, including decreased levels of
cAMP and increases in the products of PLA2

and PLC action. Ionized calcium sensing by
the parathyroid gland is mediated by the
calcium-sensing receptor (CaSR). The EC50 for
calcium-sensing by the gland is shown
(1.2 mM Ca21o); at normal ambient levels of
Ca21o, the gland is about 70�75% suppressed.
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refers to the CaSR protein).13,252,292,325 Loss-of-function
mutations in one or both of the CASR alleles result in
hypercalcemic disorders due to upward resetting of
the CaSR EC50 for ionized Ca21 in both the parathyroid
gland and kidney.48,83,404 Autosomal dominant hyper-
calcemia, in which one CASR allele has an inactivating
mutation, typically presents as a benign hypercalcemic
disorder called familial hypocalciuric hypercalcemia
(type 1 FHH; OMIM 145980, known as HHC1) or as
symptomatic hypercalcemia in neonatal hyperpara-
thyroidism (NHPT).326 Two phenotypically similar
conditions (HHC2, OMIM 145981; and HHC3, OMIM
600740) are linked to the long256 and short arms
of chromosome 19,185 respectively, but the responsible
genes have not yet been identified. Neonatal
severe hyperparathyroidism (NSHPT) results from
consanguineous unions in FHH families in which both
alleles have inactivating mutations48,274 or, occasion-
ally, in families in which the two parents have different
inactivating mutations (i.e., producing a compound
heterozygous infant).237 Infants with NSHPT exhibit
severe hypercalcemia frequently necessitating total
parathyroidectomy.48,404 The hypercalcemia in these
loss-of-function CaSR disorders is usually associated
with reduced renal Ca21 excretion,246,275 rather than
the increased Ca21 excretion that is observed in other
hypercalcemic states (e.g., 1� HPT and malignant

hypercalcemia).403 The abnormal renal response in
FHH demonstrates the important role of the CaSR in
the hypercalciuric response to hypercalcemia.

Homozygous CaSR knockout mice exhibit marked
parathyroid hyperplasia and hyperparathyroidism and
die soon after birth due to severe hypercalcemia
(Fig. 63.5).196 Support for the role of PTH in causing
the severe and lethal hypercalcemia came form the
observations that the lethal mouse phenotype can be
rescued by knocking out the PTH gene238 or by dele-
tion of the Gcm2 gene, which is the “master gene”
needed for development of the parathyroid glands.412

Studies carried out in the mice with knockout of PTH
and/or the CaSR have documented the crucial role of
CaSR-regulated PTH secretion as a “floor” preventing
hypocalcemia, while the CaSR-mediated upregulation
of renal Ca21 excretion and stimulation of calcitonin
secretion are an effective “ceiling” limiting increases in
serum calcium in response to dietary or other forms of
calcium load.225 Indeed, the PTH knockout mice
defend against hypercalcemia just as well as the wild
type mice, even though they lack PTH and the ability
to suppress it while hypercalcemic.

Autosomal dominant, gain-of-function (activating)
mutations in the CaSR result in an opposite shift in
plasma ionized calcium (i.e., hypocalcemia) due to
downward resetting of the receptor EC50 (autosomal
dominant hypocalcemia (ADH); OMIM 146200).341 In
some individuals with severe activating mutations, a
renal salt wasting disorder with hypercalciuria has
been observed that mimics the hyperprostaglandin E2

syndrome (type V Bartter syndrome).415,432 The latter
confirms the important role of the CaSR in regulating
renal Ca21 handling and clearly demonstrates the
importance of the CaSR in regulating salt transport in
the thick ascending limb (TAL).187 CASR gene poly-
morphisms also appear to contribute to the normal
variation in steady-state plasma ionized Ca21 concen-
tration, at least in certain populations.87,383 CaSR-
activating or -inhibiting autoantibodies can result in
autoimmune hypoparathyroidism227,231 or an acquired
syndrome mimicking FHH, called autoimmune hypo-
calciuric hypercalcemia, respectively.232,270,317 Mice
with an activating mutation in the CaSR exhibit a phe-
notype similar to that in patients with ADH.203 All
these various lines of evidence convincingly document
the key role of the CaSR in mediating the effects of
Ca21 on PTH secretion.

In addition to reducing the secretion of PTH, activa-
tion of the CaSR increases the degradation of full
length, biologically active PTH1-84 to PTH7-84 and
smaller carboxyterminal fragments, thereby decreasing
the secretion of intact PTH further still during hyper-
calcemia and, conversely, increasing it in the setting of
hypocalcemia.413

FIGURE 63.4 Direct relationship between serum calcium and
renal calcium excretion demonstrating the calcium-sensing ability of
the nephron (solid black curve). Note the steep relationship after
reaching a threshold serum calcium concentration. In individuals
with calcium-sensing receptor (CaSR)�inactivating mutations (FHH,
familial hypocalciuric hypercalcemia), the relationship (solid gray
line) is flatter than normal. This defect in the relationship is not due
to a disturbance in calcium transport function of the thick ascending
limb since loop diuretics can markedly increase calcium excretion in
FHH. In the absence of parathyroid hormone and vitamin D, the
threshold of serum calcium at which calcium excretion begins is
reduced but the steep relationship between serum calcium and renal
calcium excretion remains. The latter is due to the action of the CaSR.
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CaSR Regulates Expression of the preproPTH
Gene

Elevated levels of Ca21o and calcimimetics not only
inhibit PTH secretion but also decrease the levels of the
mRNA encoding preproPTH;302,365 this action of the
calcimimetics proves the mediatory role of the CaSR in
regulating preproPTH gene expression. The CaSR-
mediated alteration in the level of preproPTH mRNA
is the result of a change in preproPTH mRNA stability
rather than in gene transcription per se. 1,25(OH)2D3,
in contrast, acts by a direct inhibitory action on the
transcription of this gene.391 Naveh-Many, Silver and
coworkers have clarified the molecular mechanisms by
which Ca21o and the CaSR control the stability of
preproPTH mRNA. Exposing parathyroid cells to ele-
vated levels of Ca21 activates the CaSR and, through a
pathway that involves stimulation of calmodulin
(CaM) and protein phosphatase 2B, post-translationally
modifies and reduces the binding of the preproPTH
mRNA stabilizing factor, AU-rich factor (AUF-1), to an
AU-rich element in the 3’ untranslated region (UTR) of
the preproPTH mRNA.248 The loss of AUF-1 from this
binding site permits a second, destablizing protein,
K-homology splicing regulator protein (KSRP), to bind
to the same site. KSRP subsequently interacts with
and is activated by the peptidyl-prolyl isomerase,
Pin-1, and, pari passu, recruits the endoribonuclease,
PMR1, which is part of the RNA-cleaving exosome.
PMR-1 then degrades prepro-PTH mRNA by cleaving
it internally.303,304

CaSR Regulates Parathyroid Cellular
Proliferation

Studies in humans with NSHPT115 or in mice homo-
zygous for knock out of the Casr gene (the symbols for
mouse genes are italicized with only the first letter cap-
italized)196 have proven the CaSR’s importance in regu-
lating parathyroid cellular proliferation. In both cases,
marked parathyroid cellular proliferation and glandu-
lar enlargement ensue despite severe hypercalcemia,
documenting that the CaSR has an essential role in ton-
ically inhibiting parathyroid cellular proliferation.
Studies in uremic rat models94,95 have illuminated the
mechanisms by which high dietary intake of Ca21, act-
ing via the CaSR, controls parathyroid proliferation.
Induction of the cyclin dependent kinase inhibitor,
p21WAF1, and downregulation of the growth factor,
TGF-α, and its receptor, the epidermal growth factor
receptor (EGFR), both of which are upregulated in this
setting, are key components of this mechanism.95 1,25
(OH)2D3 appears to act in a similar way to inhibit para-
thyroid cellular proliferation in similar experimental
models.96 An additional mechanism that may

participate in stimulation of parathyroid growth dur-
ing hypocalcemia is an endothelin-1-mediated stimula-
tion of parathyroid cellular growth.217 Similar studies
are difficult to perform in non-uremic animals owing
to their much slower rate of parathyroid proliferation,
but it seems likely that similar mechanisms participate.
Reduced expression of p21 and another cyclin depen-
dent kinase inhibitor, p27, may also participate in the
dysregulation of parathyroid growth in both primary
(1�) and secondary (2�) hyperparathyroidism (HPT).57

The second messenger pathway(s) that link the CaSR
to the regulation of parathyroid proliferation have not
yet been clarified.

Interactions of Vitamin D and the CaSR
in the Regulation of Parathyroid Function

A large body of data has stressed the importance of
vitamin D in reducing expression of the preproPTH
gene and parathyroid proliferation. What is the relative
importance of the VDR and CaSR in controlling para-
thyroid function? The CaSR clearly regulates the secre-
tion of PTH over a time frame from seconds to minutes
or longer and is the dominant regulator of acute
changes in secretory rate. Over a longer time frame of
three weeks, vitamin D deficiency and hypocalcemia
both modulate preproPTH mRNA levels in the rat,
although hypocalcemia of B6 mg/dl more powerfully
stimulates preproPTH gene expression than does vita-
min D deficiency.300

Recent studies utilizing mouse knockout models,
however, have provided surprising results regarding
the relative importance of the VDR and CaSR in con-
trolling parathyroid gland function in vivo. As noted
before, homozygous knock out of exon 5 of the CaSR
causes striking hyperparathyroidism with marked ele-
vations in both PTH and parathyroid gland size, which
clearly cannot be compensated by the remaining VDR
gene.196 This mouse model, if anything, likely underes-
timates the consequences of loss of the CaSR on para-
thyroid function, since knock out of exon 5 of the CaSR
produces, in some tissues, an alternatively spliced
CaSR that lacks exon 5 (which encodes part of the
CaSR ECD) and can seemingly still signal.370 Thus
the VDR apparently has limited ability to offset loss of
the CaSR in this animal model. In contrast, studies of
mice with knockout of the VDR250 have demonstrated
that the CaSR effectively compensates for loss of the
vitamin D receptor with regard to the control of para-
thyroid function. That is, while VDR-/- mice develop
strikingly elevated levels of PTH and marked parathy-
roid enlargement on a standard diet,156 administering a
calcium-rich “rescue” diet normalizes both serum Ca21

and PTH levels.156,250 Thus hypocalcemia per se rather
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than vitamin D deficiency is seemingly the dominant
contributor to the elevated PTH levels. In addition, if
the rescue diet is begun early in life, it completely pre-
vents the parathyroid enlargement in the VDR-/- mice,
showing that hypocalcemia per se rather than loss of
the VDR was also a critical contributor to parathyroid
growth in this setting. Subsequently, Meir, et al. created
mice with knockout of the VDR only in the parathyroid
glands.286 In this way, the actions of the VDR on the
parathyroid could be separated from systemic altera-
tions in mineral ion homeostasis, e.g., owing to loss of
the VDR in kidney and intestine. The mice with
parathyroid-specific VDR ablation manifest only mod-
est (B30%) elevations in serum PTH but do not exhibit
any change in the number of proliferating parathyroid
cells and have normal serum calcium concentrations.286

Thus, while administering exogenous 1,25(OH)2D3

clearly suppresses preproPTH gene transcription and
parathyroid proliferation in vivo and in vitro, vitamin D
seemingly has only a limited role in regulating parathy-
roid function in vivo under normal physiological condi-
tions. These results should not be taken, however, to
mean that 1,25(OH)2D3 has no useful therapeutic role,
especially in the 2� HPT of renal insufficiency (see
below and elsewhere in this volume). Finally, it would
be interesting to investigate CaSR signaling efficiency
in the parathyroid in mice with deficient VDR signaling
to determine to what extent compensatory alterations
in the CaSR and/or its downstream signaling compo-
nents contribute to the phenotypes observed with
global or parathyroid-specific knockout of the VDR.

CaSR AND C-CELL FUNCTION

Studies in CaSR knock out mice have documented
the mediatory role of the receptor in high Ca21o-stimu-
lated CT secretion by showing blunting of high Ca21-
induced CT secretion in response to elevated levels of
Ca21o in CaSR1/2mice141 and near total loss of Ca21-
elicited CT secretion in CaSR-/-PTH-/- mice.225

A plausible model for how the CaSR stimulates CT
secretion281 involves CaSR-induced activation of a
nonselective cation channel, which causes cellular
depolarization, thereby stimulating voltage-sensitive
calcium channels and causing the increase in Ca21i that
activates exocytosis. Although CT is a potent hypocal-
cemic hormone in rodents, it has a much more modest,
if any, hypocalcemic action in normal humans.

CaSR AND KIDNEY FUNCTION

The kidney plays key roles in Ca21 and Mg21

homeostasis by providing the major route for divalent

mineral excretion from the body. Thus, it should not be
surprising that variations in serum Ca21 and Mg21

affect many aspects of renal function. For instance, an
increase in serum Ca21 reduces glomerular filtration
rate, inhibits renin secretion by the juxtaglomerular JG

cells,137 and induces renal vasoconstriction.136 The
kidney regulates the renal excretion of Ca21 and Mg21

by modulating the tubular reabsorption of these diva-
lent cations along the nephron. The cellular mechan-
isms mediating mineral ion transport across the
various nephron segments from proximal tubule (PT)
to collecting duct (CD) are detailed elsewhere in this
book (see Chapter 65). The cellular distribution of the
CaSR in the kidney coincides with crucial aspects of
Na1, water and divalent mineral transport along the
nephron that enables this receptor to modify a range of
transport process key to the “safe” excretion of these
minerals (i.e., in the absence of stones or nephrocalci-
nosis). The CaSR is apical in the PT359 and inner med-
ullary collecting ducts (IMCDs)379 and basolateral in
the TAL,359 distal convoluted tubule (DCT),359 and
macula densa cells.359 This differential cellular polari-
zation of the CaSR permits Ca21o to be sensed in the
initial glomerular filtrate in the PT and the final urine
in the IMCD, while concurrently responding to
changes in serum Ca21 in segments critical for regu-
lated Ca21/Mg21 absorption (TAL and DCT).186

Evidence of a role for plasma Ca21 concentration in
determining renal Ca21 excretion comes from examining
the relationship between these parameters. Beyond a
specific threshold of plasma Ca21, urinary Ca21 excre-
tion rises steeply with increasing serum Ca21 concentra-
tions (Fig. 63.4) (for reviews see186,243,244). Calciotropic
hormones, such as PTH and calcitonin, as well as vita-
min D, do not modify the steep relationship between
plasma Ca21 and urine Ca21 excretion, but instead shift
the threshold for the curve to the right such that urinary
Ca21 loss occurs at a higher than normal plasma Ca21

Fig. 63.4.243,244 The steepness of the relationship between
urinary Ca21 excretion and plasma Ca21 is, however,
lost when the function of the CaSR is impaired as hap-
pens in individuals with inactivating mutations of this
receptor.8 The most compelling evidence supporting the
role of the CaSR in sensing Ca21o and regulating urinary
Ca21 excretion comes from such genetic “experiments-
in-nature.” As discussed earlier in this chapter, indivi-
duals heterozygous for inactivating mutations in the
CaSR (FHH) are hypercalcemic but have absolute or rel-
ative hypocalciuria (i.e., inappropriately low for the pre-
vailing serum calcium concentration).115,275,403 In
contrast, individuals with activating mutations (ADH)
are hypocalcemic but exhibit relative or absolute
hypercalciuria.48 Abnormal Ca21o sensing by the kidney
CaSR can account for these abnormal patterns of renal
Ca21 excretion.403
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While our understanding of the function of the
CaSR in the kidney is still advancing (see10,186,358 for
reviews), some aspects of CaSR function have been
determined for several nephron segments actively
involved in the reabsorption of Ca21 and Mg21 as well
as Na1 and water. The reabsorption pattern of Ca21

and Mg21 and the localization of the CaSR along the
nephron are shown in Fig. 63.6. In the following sec-
tions, we provide a summary of our understanding of
the CaSR’s functions in specific nephron segments.

CaSR in the Proximal Tubule

For some time, there has been both in vivo409,433 and
in vitro30 evidence that Ca21o directly modulates the 1-
hydroxylation of 25-hydroxyvitamin D3 in the PT. To
avoid the confounding impact of Ca21o-induced altera-
tions in circulating PTH levels in vivo, Treschel et al.
and Weisinger et al. used thyroparathyroidectomized
rats infused with PTH to “clamp” the circulating PTH
level.409,433 Changes in 1,25(OH)2D3 levels were then
assessed during alterations in serum Ca21. The steep
inverse sigmoidal relationship between Ca21o and 1,25
(OH)2D3 levels that was observed433 was reminiscent
of the relationship of PTH to Ca21o in vivo and in vitro.
Similar results were obtained in vitro utilizing an SV40-
transformed human PT cell line, that is, enhanced 1,25

(OH)2D3 synthesis at low Ca21o and inhibition at high
Ca21o.

30 Recent data supports the CaSR’s role in mediat-
ing the direct effects of Ca21o on the 1-hydroxylation of
25-hydroxyvitamin D3. Maiti and Beckman utilized the
PT cell line, HK-2G, in which high Ca21o inhibits
CYP27B1 expression,17 to show that high Ca21 upregu-
lates VDR expression268 by a p38 MAPK-dependent
mechanism.269 Knocking down the CaSR with siRNA
obviated the high Ca21o -elicited increase in VDR, show-
ing the latter was CaSR-mediated.269 However, use of
siRNA to document that the CaSR mediated the con-
comitant inhibition of CYP27B1 expression was not
reported.17 It has also not yet been shown that the high
Ca21o-induced, CaSR-mediated increase in VDR expres-
sion in the PT by itself can account for the reduced
expression of CYP27B1.

Furthermore, 1,25(OH)2D3 regulates CaSR expres-
sion in the kidney: One study in vitamin D�deficient
rats found a 90% increase in CaSR expression in the
kidneys of 1,25(OH)2D3-replete animals,45 and vitamin
D replete rats showed a similar increase in response
to 1,25(OH)2D3.

60 Vitamin D-responsive elements
(VDREs) in the CASR and Casr genes and provide a
mechanism whereby 1,25(OH)2D3 upregulates CaSR
expression in parathyroid, thyroid C-cell, and kidney.60

As noted earlier, since 1,25(OH)2D3 upregulates its
own expression as well as that of the CaSR, and the
CaSR upregulates its own expression and that of the
VDR, there could be synergistic interactions between
the effects of Ca21o, acting via the CaSR, and 1,25
(OH)2D3 on the PT and elsewhere in the kidney. CaSR
expression in the PT is reduced by PTH and dietary
phosphate loading.361

Transcripts for the CaSR are present in the regions
where PTH/PTHrP mRNA is expressed in the proxi-
mal convoluted (PCT) and straight tubule (PST) (as
well as in glomerulus, CTAL, DCT and cortical CD).360

High Ca21o inhibits PTH-induced cAMP accumulation
in the PCT and CTAL.278,399 This action could explain,
at least in part, the inhibition by the CaSR of PTH-
stimulated phosphate excretion. Thus the CaSR directly
modulates the action of PTH on the PT (and of renal
Ca21 reabsorption in the TAL) in addition to its central,
inhibitory effect on PTH secretion. The CaSR protein is
in the subapical compartments of the PT,359 where it
mediates some of the effects of high Ca21 on PTH-
induced cAMP production.278 We have hypothesized a
role for the receptor in the transport of phosphate and/
or in the regulation of a local ionic homeostasis,
bypassing systemic levels of calciotropic hormones (see
following paragraphs).358

McKinney and coworkers283 reported that luminal
and peritubular perfusion of rabbit PCT with high Ca21o
(5 mM) modulated water and HCO3

2 reabsorption.
Because a large fraction of Na1 transport in PT

FIGURE 63.5 A: Mutations of the calcium-sensing receptor
(CaSR) on chromosome 3q13.3-21 alter the steady-state serum ionized
calcium concentration and the calcium-sensing ability of the kidney
(serum calcium�urine calcium excretion relationship; Fig. 63.4).
Receptor inactivating mutations give rise to hypercalcemia and hypo-
calciuria while activating mutations result in the opposite phenotype.
B: In mice, knocking out the Casr gene results in a lethal phenotype
from severe hypercalcemia and hyperparathyroidism within a few
days after birth. The severe phenotype can be rescued by deleting the
Gcm2 gene, which is required for development of the parathyroid
gland. These double-knockout mice have low circulating levels of
PTH that is secreted from thymus but is not under the control of the
CaSR. See text for discussion.
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depends on basolateral Na1, K1-ATPase (NKA), NKA
activity provides an index of solute reabsorption.
Preliminary studies by Hebert’s group have suggested
that increases in Ca21o reduce NKA activity by 20 to
35% in a rabbit PT cell line. This magnitude of NKA
inhibition is similar to that observed with dopamine, a
known regulator of PT solute and volume transport.
Modulation of PT NKA by CaSR activation would
enable filtered (i.e., luminal) Ca21 to regulate Ca21

delivery to distal nephron segments. In contrast, since
only 15% of filtered Mg21 is reabsorbed in the PT (in
contrast to the 50�60% of Ca21 reabsorbed proxi-
mally), activation of the CaSR in the PT would be
expected to have little effect of Mg21 homeostasis.

CaSR in the Thick Ascending Limb of Henle

About 25% of filtered calcium is reabsorbed along
the TAL (Fig. 63.6).139 It is well established that
increases in extracellular Ca21 and Mg21 inhibit Cl2

transport in TAL.100,108,109,344,345 Increases in plasma,
but not urinary, Ca21 (or Mg21) concentrations directly
modulate NaCl and mineral ion transport in the rat
loop of Henle,105,344,345 consistent with CaSR expression
on basolateral membranes of the TAL.359,360 Since most

divalent mineral reabsorption mediated by the TAL
occurs in CTAL,105,138,140,271 the effect of plasma Ca21

on renal Ca21 (Mg21) handling relates to changes in
interstitial ionized Ca21 and Mg21 surrounding the
CTAL. In medullary thick ascending limb (MTAL)
and CTAL the lumen-positive transepithelial voltage
generated by NaCl reabsorption58 drives most divalent
mineral reabsorption via the paracellular route in
mouse,105,109 rat,271 and rabbit.36,104 In addition, a por-
tion of Ca21 absorption in the CTAL (at least in the
mouse) may also traverse the transcellular route (see
Chapter 65).140 A number of hormones (e.g., vasopres-
sin, parathyroid hormone, glucagon, calcitonin), cou-
pled to Gαs-linked receptors, increase cellular cAMP
accumulation103,104,189 thereby stimulating NaCl and
divalent mineral reabsorption through both paracellu-
lar and transcellular routes.103,104 As we shall see in the
following paragraphs, the CaSR uses a variety of
mechanisms and second-messenger pathways to mod-
ulate NaCl reabsorption, and thereby divalent mineral
absorption, in the TAL.

Both genetic experiments-of-nature and acquired
disorders have established that the CaSR is a signifi-
cant regulator of functionally coupled salt and divalent
mineral transport in the TAL. Activating mutations of
the CaSR are generally associated with autosomal

FIGURE 63.6 Schematic representation of fractional reabsorption of calcium and magnesium along the nephron together with the localiza-
tion of the calcium-sensing receptor (CaSR). The CaSR not only responds to calcium in the blood�interstitium (basolateral localization), but in
many nephron segments, the receptor may be modulated by calcium/magnesium in the tubule fluid (apical localization). See text for
discussion.
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dominant hypocalcemia (see preceding sections)341;
however, certain activating mutations of the CaSR have
been found in individuals presenting with the pheno-
typic picture of Bartter syndrome combined with the
typical hypocalcemic hypercalciuria present with acti-
vating CaSR mutations.415,432 Bartter syndrome is a set
of renal salt- and Ca21- and Mg21-wasting disorders
due to low or absent ion transport in the TAL.355

Mutations in several salt transporter genes or in genes
encoding transporter regulatory proteins in the TAL
cause Bartter syndrome.187 It is now clear that the
CaSR is one of these regulatory proteins. In addition,
an acquired Bartter-like phenotype has also been
observed in certain individuals receiving the aminogly-
cosides, gentamicin or amikacin,82 likely reflecting ami-
noglycoside antibiotic-induced activation the CaSR in
the TAL.284,431

At least three second-messenger pathways appear
to be involved in CaSR-mediated regulation of
transport in the TAL:16,139,189,358 (1) the CaSR-mPLA2

-mAA -mP450 -m20-HETE pathway; (2) the
CaSR-kAC/mPDE-kcAMP pathway; and (3) the
CaSR-mTNF -mCOX-2-mPGE2 pathway. A second-
messenger pathway commonly coupled to CaSR stimu-
lation is Gαq activation of phospholipase C, release of
IP3 and a rise in Ca21i via release of Ca21o from internal
stores (CaSR-mPLC-mIP3-mCa21i pathway).13,51,229

Increasing Ca21o does lead to rises in Ca21i in the rabbit,
rat, and mouse TAL67,107,320,427 but there are divergent
data regarding whether this increase in Ca21i is func-
tionally coupled to the Gαq/11-mPLC pathway.107,427

The rise in intracellular Ca21 appears to take place via
extracellular entry in the rabbit,107 but in the mouse
CTAL CaSR agonists do induce a rise in Ca21i from a
thapsigargin-sensitive pool.320 In the rat, increases in
Ca21o produce a concentration-dependent increase in IP3

implicating the classical CaSR-mPLC-mIP3-mCa21i
pathway.102 Regardless of the mechanism, an impor-
tant conclusion is that CaSR activation in the TAL gives
rise to an increase in Ca21i.

The CaSR-mPLA2-mAA-mP450-m20-HETE
pathway couples CaSR activation to regulation of api-
cal K1 channels in the TAL (Fig. 63.7).427,428 Since the
apical 30-pS and 70-pS recycling K1 channels are cru-
cial for maintaining NaCl transport by both the CTAL
and MTAL,168,189,191 inhibition of this channel would
decrease NaCl, Ca21 and Mg21 transport. Ca21o and the
other CaSR agonists, activate phospholipase A2 (PLA2)
releasing arachidonic acid (AA), which can be metabo-
lized by a CYP4A P450-hydroxylase to generate 20-
HETE (the CaSR-mPLA2-mAA-mP450-m20-HETE
pathway).127,137,426,427,428 20-HETE inhibits the 70-pS
(but not the 30-pS) apical K1 channel in inside-out
membrane patches.426 In contrast, AA can inhibit the
30-pS (ROMK1) K1 channel activity independently of

the generation of AA metabolites.263,264 Thus, both the
30-pS and 70-pS K1 channels in the apical membranes
of TAL can be inhibited by components of the
CaSR-mPLA2-mAA-mP450-m20-HETE pathway.
This pathway has also been implicated in the inhibition
of salt transport in the CTAL by angiotensin II
(Ang II)161,262 and bradykinin.170 This effect of Ang II is
mediated, at least in part, by P450-m20-HETE�mediated
inhibition of the 70-pS K1 channel.262 In addition, this
pathway has been implicated in the effect of a K1-defi-
cient diet to reduce apical 70-pS K1 channel activity.172

In fact, K1 depletion enhances the Ca21o-induced inhibi-
tion of the 70-pS K1 channel.173 Finally, exogenous AA
can inhibit adenylate cyclase activity in CTAL by a per-
tussis toxin�sensitive mechanism130; this would modu-
late the effects of Gαs-coupled hormones on NaCl
transport, and thereby divalent mineral absorption.

The CaSR-kAC/mPDE-kcAMP pathway also
couples CaSR activation to regulation of salt transport
in the TAL (Fig. 63.8). Increases in Ca21o reduce
vasopressin-stimulated cAMP production in isolated
mouse399,400 and rat100 TAL segments by inhibiting
adenylate cyclase (AC) activity and increasing nucleo-
tide degradation in the TAL.100,101 Small increases in
Ca21o (0.5 to. 1.5 mM) produce a modest decrease in
cAMP production but a major increase in phosphodies-
terase (PDE)-dependent cAMP degradation. Studies on
cyclic nucleotide-generating secretagogues in rat and
mouse colon support the potent effect of the CaSR to
increase PDE activity and suggest that a rise in Ca21o

FIGURE 63.7 The PLA2-mAA-mP450-m20-HETE and the
CaSR-mTNF-mCOX-2-mPGE2 pathways couple calcium-sensing
receptor (CaSR) activation to regulation of salt and divalent mineral
handling in the thick ascending limb. See text for discussion.
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is crucial for activation of PDE.146 Larger (non-physio-
logical) increases in Ca21o (. 1.5 mM) produce an even
greater decrease in cAMP production in the TAL.101

The CaSR agonist-induced rise in Ca21i is also crucial
for the latter, probably by modulating a Ca21-
inhibitable adenylate cyclase isoform in the TAL (AC
types 5 and 6).64,65,100,193 The mechanism for CaSR-
mediated modulation of cAMP has been studied in
detail in HEK cells,150 where CaSR stimulation
reversed or prevented cAMP accumulation by activat-
ing a pertussis-sensitive Gαi and by increasing Ca21i.
Low-frequency, but not high-frequency, Ca21i oscilla-
tions correlated with CaSR-mediated reductions in
cAMP. Certain hormones, like PTH, also may enhance
the paracellular permeability for Ca21 and Mg21, at
least in mouse CTAL.439 The CaSR regulates both the
active transcellular and passive paracellular reabsorp-
tion in mouse CTAL.297 It should be noted that in
bovine parathyroid cells extracellular Ca21 decreases
cAMP accumulation by a pertussis toxin-sensitive
mechanism, implicating functional coupling of the
parathyroid CaSR to Gαi2.

76 However, in rat TAL, per-
tussis toxin has no effect on cAMP accumulation
induced by increasing Ca21o to 2.5 mM.101

The CaSR is also expressed in MTAL where it regu-
lates NaCl reabsorption and alters the countercurrent
mechanism crucial for urinary concentrating ability.
This CaSR effect in MTAL could be important for regu-
lating the concentration of divalent minerals in the
final urine, ensuring that divalent minerals are excreted
in a less concentrated urine, and thereby, reducing the

risk of stone formation or nephrocalcinosis.190

Information on the effects of CaSR agonists on trans-
port processes in MTAL is inferential. It seems likely
that the CaSR in MTAL also functions via the
CaSR-mPLA2-mAA-mP450-m20-HETE pathway as
well as by reducing cAMP,128 based on a number of
studies in MTAL showing that 20-HETE inhibits salt
transport120,121,282,453 by reducing Na1-K1-2Cl2

cotransport,6,282 Na1-K1-ATPase,63,121,282 and apical
70-pS K1 channel activities.426

The CaSR-mTNF-mCOX-2-mPGE2 pathway also
participates in CaSR-mediated regulation of salt trans-
port by the TAL (Fig. 63.7). CaSR agonists increase
cyclooxygenase-2 (COX-2) expression and COX-
2�dependent synthesis of prostaglandin E2 (PGE2) in
primary cultured MTAL cells.126,128 CaSR-mediated
increases in TNF production in rat MTAL cells depend
on activation of PLC and a downstream calcineurin-
and NFAT-(nuclear factor of activated T cells) depen-
dent pathway.423 The increase in COX-2 associated
with CaSR stimulation depends, at least in part, on a
rise in TNF levels and a TNF autocrine feedback on
MTAL cells.126,128,423 Since PGE2 reduces NaCl trans-
port by TAL,97 this CaSR-linked, cytokine-mediated
mechanism may contribute to regulating NaCl and
divalent mineral handling by CTAL and MTAL. PGE2

also inhibits the 70-pSK1 channel in TAL by reducing
vasopressin-stimulated cAMP accumulation and by a
PKC-dependent pathway.255 It has been suggested that
variations in the local interstitial ionic Ca21 concentra-
tion could influence COX-2 activity and PGE2 produc-
tion along the TAL from outer medulla to cortex127 A
clinical consequence of the CaSR-mTNF-mCOX-
2-mPGE2 pathway can be seen in chronic hypercalce-
mia where high urinary PGE2 excretion results from
upregulated COX-2 expression.272 The influence of
Ca21o on salt transport in TAL via the CaSR-mTNF-
mCOX-2-mPGE2 pathway also provides one mecha-
nism for the PGE2-dependent renal polyuria and salt
loss occurring in chronic hypercalcemia.330

The integrated effect of stimulation of the
CaSR-mTNF-mCOX-2-mPGE2, CaSR-mPLA2-m
AA-mP450-m20-HETE and CaSR-kAC/mPDE-k
cAMP pathways in TAL is a “loop diuretic”�like effect
of activation of the CaSR by its agonists. This diuretic
effect likely accounts for the observation that increasing
serum ionized Ca21 concentration in healthy men by
B25% results in about a 1.5-fold increase in Na1 excre-
tion117 and the diuresis and natriuresis that accompa-
nies hypercalcemic states. Chronic hypercalcemia,
induced in rats either by PTH425 to vitamin D,424

also downregulates several Na1 transporters, includ-
ing the Na1-K1-2Cl2 cotransporter. While it seems
likely that the CaSR mediates these effects, at least in
part, this has not been studied experimentally. These

FIGURE 63.8 The CaSR-kcAMP/mPDE-kcAMP pathway
couples CaSR activation to regulation of salt and divalent mineral
transport in the thick ascending limb (TAL). See text for discussion.
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latter two studies also point out that reduced expres-
sion of Na1 transporters in several nephron seg-
ments, in addition to TAL, may contribute to the
solute and volume depletion observed in some
hypercalcemic patients. In addition, this integrated
effect of CaSR activity on the TAL and its conse-
quent loop diuretic-like effect may participate in the
influence of calcium intake on blood pres-
sure.171,280,394 The possible impact of molecular varia-
tions in the CaSR in Na1 balance, blood pressure
and other processes, such as colonic neoplasia, are
currently under investigation.181,220

Reabsorption of Ca21 in MTAL and CTAL through
the paracellular pathway is accompanied by little water
flow since this tubular epithelium has a low water per-
meability due to the lack of apical aquaporins.189,309

Thus, we might anticipate that the resultant rise in
Ca21 concentration at the basolateral surface of the
TAL would activate the CaSR and immediately reduce
further NaCl and Ca21 reabsorption. The CaSR, how-
ever, has a built in mechanism (Fig. 63.9), whereby
increasing ionic strength reduces the receptor’s sensi-
tivity (increases the EC50) to extracellular Ca21 by an
allosteric mechanism.188,348 The reduction in CaSR acti-
vation at higher ionic strength (NaCl concentration)
translates to less inhibition of ion reabsorption. The
obvious advantage is that both Na1 and Ca21 contrib-
ute toward their final reabsorption and accumulation
at the basolateral membrane of this nephron segment
via regulated activity of the CaSR.

As discussed previously, Ca21 and Mg21 reabsorp-
tion by the TAL are coupled. This might seem

contradictory since normal plasma concentrations of
Mg21 are well below the EC50 values for CaSR activa-
tion by these divalent cations in vitro. However, genetic
diseases in humans in which the CaSR gene is mutated
indicate that the CaSR is also involved in Mg21o homeo-
stasis (i.e., serum Mg21 is high-normal or mildly ele-
vated in FHH). While it is still unclear how this is
achieved, Mg21o might enhance receptor sensitivity to
Ca21o (a calcimimetic-like effect).53 However, the tubule
Mg21 concentration at TAL can be twice that in the ini-
tial glomerular filtrate, owing to the limited reabsorp-
tion of Mg21 in the PT compared with other ions such
as Na1, Cl2, and Ca21. This increase in Mg21 concen-
tration and delivery to the TAL would enhance Mg21

reabsorption via the paracellular pathway and give rise
to higher interstitial Mg21 concentrations near the
basolateral membrane. The high basolateral Mg21 con-
centration may be sufficient to activate the basolateral
CaSR in CTAL and suppress reabsorption of further
magnesium.

The EC50 for Ca21 stimulation of the CaSR can be
modified by extracellular pH,347 suggesting that the
receptor might also act as a pH sensor along the neph-
ron. An analogous role for the CaSR has recently be
documented in the stomach.125,158 Thus, not only Ca21o,
but also the state of acid�base balance could influence
salt and water transport along the nephron by modu-
lating the CaSR’s activity. Although direct evidence is
not available, several mechanisms responsible for NH4

1

or HCO3
2 transport could be affected by the CaSR,

which could, therefore, alter acid-base balance. The
TAL actively reabsorbs NH4

1160,234,235,236 by transcellu-
lar and paracellular pathways.110 The bulk of transcel-
lular absorption depends on Na1-K1(NH4

1)-2Cl2

cotransporter activity where NH4
1 instead of K1 is

transported with Na1 and Cl2.160 Paracellular NH4
1

transport depends on the transepithelial voltage just
like the transport of Ca21 or Mg21. Similar to the
influence of the CaSR on divalent mineral absorption,
stimulating CaSR (high Ca21o and/or pH) may reduce
NH4

1 absorption by the TAL. Therefore, the activity
of the CaSR could influence net urinary acid excre-
tion by modulating the accumulation of ammonium/
ammonia in the renal medulla. The TAL also reab-
sorbs HCO3

2 and this transport can be inhibited by
angiotensin II via the PLA2-mAA -mP450-m20-
HETE pathway.161 Similarly, activation of this same
pathway by the CaSR would likely reduce HCO3

2

absorption.
Finally, macula densa cells express substantial CaSR

immunoreactivity on their basolateral side.359

Although the receptor’s function in this region has not
been investigated, indirect evidence suggests that the
CaSR could sense changes in Ca21o and, accordingly,
regulate tubuloglomerular feedback.

FIGURE 63.9 Role of the allosteric modifying effect of ionic
strength in modulating calcium-sensing receptor (CaSR) function in
the medullary thick ascending limb. Both Na1 and Ca21 contribute to
their final reabsorption and accumulation at the basolateral mem-
brane of this nephron segment via regulated activity of the CaSR. See
text for discussion.
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CaSR in the DCT

The DCT reabsorbs about 10% of filtered Ca21 by an
active transcellular mechanism, as Ca21 movement
through the intercellular spaces is negligible because of
the markedly low permeability of the tight junctional
membranes to Ca21 (see Chapter 65).138,139 In this
nephron segment, Ca21 absorption is inversely propor-
tional to Na1 absorption54,93 and strongly regulated by
calciotropic factors (PTH, vitamin D). Ca21 absorption
is a three-step process. First, apical Ca21 entry occurs
down its electrochemical gradient through the Ca21-
selective channel, TRPV5 (see Chapter 65).197 Second,
Ca21 must diffuse across the cell, presumably bound to
the Ca21-binding proteins, calbindins D9K and D28K.
Finally, basolateral efflux of Ca21 into the bloodstream
is uphill and requires energy achieved by means of
a plasma membrane Ca21-ATPase (PMCA) and the
Na1/Ca21 exchanger (NCX1).28,138,139,257,266 1,25
(OH)2D3 acts in the DCT to increase active Ca21 reab-
sorption by upregulating the expression of the key
molecules participating in transcellular Ca21 transport,
including TRPV5, calbindins-D9K and D28K, NCX1, and
PMCA1B. The role of vitamin D in regulating this path-
way was shown unequivocally using 1 α(OH)ase-/-
mice, which lack any endogenous 1,25(OH)2D3.

198

Repleting these mice with 1,25(OH)2D3 increases the
expression of TRPV5, calbindin-D28K, calbindin-D9K,
NCX1 and PMCA1B.

The CaSR is expressed basolaterally, intracellularly,
and occasionally apically in a punctate, vesicle-like pat-
tern in DCT.359,360 What role does it play in modulating
Ca21 transport in this nephron segment? Interestingly,
restoring normocalcemia and normophosphatemia in
the 1 α(OH)ase-/- mice with a high Ca21 high phosphate,
lactose-containing “rescue” diet upregulated the expres-
sion of TRPV5, calbindin D28K, NCX1 and PMCA1b.198

These effects of Ca21 supplementation likely reflect
direct actions of Ca21 on the same cell type(s) upon
which 1,25(OH)2D3 acts in the DCT. In fact, earlier stud-
ies118 had shown that 1,25(OH)2D3 and/or elevated
medium Ca21upregulated the expression of calbindin-
D28K in primary chicken kidney cells, likely by acting
upon the same calbindin-D28K-containing cells. The res-
cue diet, however, did not fully normalize renal Ca21

handling in the VDR-/- mice, as urinary Ca21 excretion
in the VDR-/- mice was twice that in normalmice ingest-
ing the same rescue diet.251 Therefore, dietary Ca21-
induced upregulation of several components of the
transcellular pathway for Ca21 absorption does not
completely compensate for loss of the VDR.

A recent study demonstrated that raising Ca21o
enhanced Ca21 reabsorption in DCT, in contrast to the
CaSR-mediated inhibition of Ca21 reabsorption in
CTAL.407 In this study, the CaSR and TRPV5 were co-

expressed in the same cells, and activating the CaSR on
the apical membrane increased TRPV5 activity, with a
resultant rise in Ca21i by means of a PKC-dependent
phosphorylation of amino acid residues S299 and S654
in TRPV5. This stimulation of the activity of TRPV5 was
suppressed by a dominant negative CaSR, proving
the receptor’s involvement. What is the purpose of a
CaSR-dependent stimulation of Ca21 reabsorption in
DCT? Topala, et al.407 suggested that this provides a
local feedback mechanism for adjusting Ca21 reab-
sorption in DCT as a function of the prevailing uri-
nary Ca21 concentration, perhaps mitigating the risk
of Ca21-containing stones when the urine reaching
the DCT has an excessively high Ca21 concentration.

The DCT, along with the CTAL, is also an important
nephron segment for Mg21 conservation, which occurs
through TRPM6, an apical Mg21 channel homologous
to TRPV5.153 The CaSR is expressed in the mouse DCT
cell line, MDCT, and cAMP production stimulated by
hormones signaling through Gαs activation (PTH,
AVP, calcitonin and glucagon) is inhibited by CaSR
agonists.18,19 Moreover, aminoglycosides can inhibit
PTH-stimulated Mg21 uptake in these cells likely by
activating the CaSR.224 Additionally, the ability of 1,25
(OH)2D3 to stimulate Mg21 uptake into MDCT cells is
abrogated by elevated Ca21o and Mg21o.

362 This latter
effect of divalent minerals is abolished by pretreatment
with CaSR antibodies or antisense CaSR mRNA
oligonucleotides.

CaSR in Collecting Duct

Cortical Collecting Duct (CCD)

In the CCD, CaSR protein is cytosolic and at the baso-
lateral membrane of some, but not all, α-intercalated
cells,359 suggesting a potential role for extracellular diva-
lent minerals in preventing stone formation by regulat-
ing urinary acidification when tubular Ca21

concentrations are critically high (see below). Indeed, in
a recent elegant study performed utilizing the hypercal-
ciuric TRPV5 knockout mouse model, homozygous
knockout of TRPV5 produced the expected hypercal-
ciuria, but it was not accompanied by kidney stones.356

However, the mice manifested marked urinary acidifica-
tion and increased urine flow. Moreover, when
TRPV5-/- mice were bred with mice lacking the B1 sub-
unit of the H1-ATPase, they exhibited severe nephrocal-
cinosis, which was lethal within the first 3 months of
life, suggesting that urinary acidification was a compen-
satory mechanism ensuring adequate solubility of uri-
nary Ca21. Exposing outer medullary collecting ducts
from TRPV5-/- mice to the CaSR agonists, Ca21 and
neomycin, stimulated H1 secretion via H1-ATPase,
accompanied by downregulation of aquaporin-2
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(AQP2),356 resulting in not only acidification but also
polyuria. The latter would reduce the urinary Ca21 con-
centration by diluting it in a greater volume. The further
CaSR-mediated inhibition of urinary concentrating abil-
ity that occurs in the IMCD is described below. These
actions of the CaSR on urinary acidification were not
observed in the double knockout TRPV5-/-/B1-/- mice.
These experiments show that CaSR activation promotes
urinary acidification and a reduction in water reabsorp-
tion in the TRPV5-/- mice, two mechanisms reducing
the urinary concentration and increasing the solubility
of the calcium salts, primarily calcium-phosphate salts,
that caused nephrocalcinosis in the TRPV5-/-/B1-/-
mice. It should be noted that the solubility of calcium
oxalate stones, the most common type of stone in
humans, has less pH dependence than do calcium-
phosphate stones, and urinary acidification mediated by
the CaSR in the setting of hypercalciuria might have less
impact on calcium oxalate stone formation.
Nevertheless, the elaboration of more dilute urine
would be beneficial in the latter setting.

Inner Medullary Collecting Duct

In the IMCD, the CaSR is expressed in the same
endosomes in which the vasopressin-activated AQP2
water channels reside379 (Fig. 63.10). Vasopressin-
activated V2 receptors on the basolateral membrane of
IMCD cells produce cyclic AMP accumulation in these
cells. Cyclic AMP activates protein kinase A (PKA),
which, in turn, phosphorylates AQP2 (and certainly
other proteins) leading to movement of these endo-
somes to the apical plasma membrane.142,226 The
increase in water permeability of the apical membrane
enhances transtubular movement of water driven by
the interstitium-to-luminal osmotic gradient. The result
of these events is an increase in final urine osmolality.
Since the AQP2-containing endosomes also contain
CaSR protein, insertion of these endosomes into the
apical membrane increases surface expression of both
AQP2 and CaSR. Activation of the CaSR by increases
in tubular Ca21 concentrations reduces vasopressin-
stimulated increases in water permeability in the
in vitro-perfused IMCD,379 presumably due to reduced
trafficking of AQP2 to the luminal membrane during
CaSR activation.343 Since CaSR stimulation can reduce
cAMP accumulation in TAL cells, a similar CaSR-
mediated reduction in cAMP in IMCD might account
for the reduction in water permeability. Vasopressin-
enhanced water permeability in the IMCD is also virtu-
ally absent in dihydrotachysterol-induced chronic
hypercalcemia.378 A reduction in AQP2 protein expres-
sion and activation of the CaSR contribute to this
effect.

A consequence of these effects of CaSR stimulation
in the IMCD is regulation of the concentration of

ionized Ca21 in final urine. Since the EC50 for Ca21o
stimulation of the CaSR is modified by pH, ionic
strength, polyamines, and amino acids (a calcimimetic-
like effect, see402 for review), many tubule fluid consti-
tuents in the IMCD can influence receptor activity and
its consequences on IMCD water permeability. Ca21

solubility in the tubule fluid or crystal growth may be
influenced by many factors altering the CaSR’s EC50

for Ca21 (see Chapter 68). Moreover, Ca21 delivery to
the IMCD is increased whenever the CaSR is stimu-
lated in the TAL. If luminal Ca21 increases in the termi-
nal IMCD above a certain level determined by the
integration of factors influencing the CaSR, the
enhanced CaSR stimulation in IMCD will alter reab-
sorption to limit further increases in Ca21 concentra-
tion. This influence of Ca21 on water transport in
IMCD provides an example of physiological “trade-
off” where water conservation is sacrificed to ensure
uneventful excretion of divalent cations in a soluble
form in terrestrial vertebrates.

CaSR and Renin Secretion

Renin plays important roles in sodium, volume and
blood pressure homeostasis: Hypovolemia is sensed by
the juxtaglomerular (JG) cells of the afferent arteriole in

FIGURE 63.10 In the inner medullary collecting duct (IMCD),
the calcium-sensing receptor (CaSR) is expressed in the same endo-
somes in which the vasopressin-activated aquaporin-2 (AQP2) water
channels are expressed. Activation of the CaSR by increases in tubu-
lar fluid Ca21 concentrations reduce vasopressin-stimulated increases
in water permeability by modulating the trafficking of AQP2. Since
the EC50 for Ca21o stimulation of the CaSR is modified by pH, ionic
strength, polyamines, and amino acids, many constituents of the
tubule fluid in the terminal collecting duct can influence receptor
activity and its consequences on IMCD water permeability. See text
for discussion.
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the kidney, which, in turn, increases renin secretion.
Renin converts circulating angiotensinogen to angio-
tensin II, a potent endogenous pressor that also
increases production of the sodium-retaining hormone,
aldosterone, by the adrenal zona glomerulosa.180 The
elevation in blood pressure stimulated by angiotensin
II combined with the sodium retention promoted by
aldosterone tends to normalize sodium and volume
homeostasis. It has been known for several decades
that elevating Ca21o inhibits renin release by the JG
cells.137 Only more recently, however, has it been dem-
onstrated convincingly that the CaSR is expressed by
JG cells316 and mediates the inhibition of renin release
by high Ca21o.

267 The role that CaSR-mediated regula-
tion of renin secretion plays in normal blood pressure
and volume homeostasis is not currently understood.
The capacity to modulate renin secretion pharmacolog-
ically, e.g., using a CaSR antagonist, could potentially
be of therapeutic benefit in high renin forms of
hypertension.

Developmental Regulation of Renal CaSR
Expression

In the newborn, reduced responsiveness of the kid-
ney to vasopressin and PTH could potentially reflect
effects of the CaSR on these aspects of renal function. In
the developing rat kidney, there is little prenatal expres-
sion of the CaSR, except in large tubules and branching
ureteric buds of developing nephrons.73 CaSR mRNA
and protein increase markedly during the first postna-
tal week, principally due to expression of the receptor
in the developing TAL and, to a lesser extent, in the
CD. The receptor’s level of expression remains nearly
constant after postnatal day 14. Thus it is possible that
some of the previously described changes in renal han-
dling of divalent cations and water in the perinatal and
immediate postnatal periods are related, in part, to the
increasing levels of CaSR expression and its resultant
inhibitory effects on the actions of PTH and antidiuretic
hormone on the developing nephron.

CaSR AND THE SKELETON

Our understanding of the CaSR’s roles in bone and
cartilage has lagged behind that in parathyroid and
kidney, as a result, in part, of controversy as to
whether the receptor is actually present in cartilage
and bone cells, to say nothing of its biological relevance
there. Some studies have provided unequivocal evi-
dence for the receptor’s presence in cartilage or chon-
drocytic cell lines69,70 and/or in bone,70 as well as in
osteoblastic cell lines, osteoclasts and related cell lines.

Others, however, have not (for review, see405). The fol-
lowing discussion is a summary of the current state of
this field, which ultimately may be relevant to bone
disease encountered in patients with kidney disease
and the therapy thereof. While the CaSR-related, class
C GPCR, GPRC6A,240,434 which responds to extracellu-
lar Ca21, amino acids (especially basic amino acids),
and calcimimetics,84,85,240,333,435 has been suggested to
participate in extracellular Ca21-sensing in bone,334

additional study will be required to establish its impor-
tance, if any, in bone and to determine if GPRC6A and
CaSR interact in these cells

The CaSR in Cartilage

The chondrocytic cell line, RCJ3.1C5.18, expresses
easily detectable levels of CaSR mRNA and protein.72

When these cells are incubated with elevated levels of
Ca21o, there is suppression of the early differentiation
marker, aggrecan, and enhanced expression of several
markers of terminal differentiation, namely osteopon-
tin, osteonectin and osteocalcin, as well as increased
synthesis of cartilagenous matrix, another indication of
enhanced differentiation.72 Several of these effects of
the CaSR were potentiated by overexpressing the wild
type CaSR or inhibited by transfecting the cells with a
CaSR with defective signaling capacity, suggesting a
mediatory role for the receptor. Growth plate cartilage
also expresses the CaSR.70 Initial studies of cartilage in
mice with homozygous knock out of exon 5 of the
CaSR revealed rickets,145 suggesting that the receptor
might be required for normal cartilage development.
However, when these severely hyperparathyroid mice
were “rescued” by knock out of the PTH gene
(CaSR-/-PTH-/-)238 or of the key parathyroid tran-
scription factor, Gcm-2 (CaSR-/-Gcm-/-),412 there was
no apparent cartilage phenotype, and the CaSR’s role
in cartilage, if any, was questioned.

Additional studies at about the same time, however,
demonstrated that keratinocytes from CaSR-/- mice
could generate a variant CaSR with exon 5 spliced
out.411 This finding raised the possibility that skeletal
expression of the “exon 5-less” CaSR in the original
CaSR-/- mice might, in fact, possess biological activity
capable of rescuing the CaSR-/-PTH-/- and
CaSR-/-Gcm-/- mice from any skeletal consequences of
losing the full length CaSR. In fact, chondrocytes from
CaSR-/- mice had the same cellular responses to Ca21o
seen in wild type chondrocytes,370 presumably owing
to the presence of a biologically active CaSR lacking
exon 5. However, it has not yet been possible to
directly document biological activity of the exon 5-less
CaSR when it is expressed in heterologous cell
systems.
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To study further the biological actions of the CaSR
in bone using knock out mouse models, Chang, et al.
developed mice in which exon 7 of the CaSR was
“floxed” by inserting loxP sites flanking this exon.71

Mating of these mice with mice expressing the Cre
recombinase only in a particular tissue of interest
owing to the recombinase being driven by a
suitable promoter specific for that tissue, results in
recombinase-mediated excision of the floxed exon and
recombination of the ends of the remaining gene. As a
result, transcription and translation now produces a
truncated CaSR protein lacking exon 7. Mice with exon
7 of the CaSR floxed were mated with mice expressing
the Cre recombinase only in chondrocytes to examine
the consequences of knocking out the CaSR in cartilage.
Exon 7 encodes the entire CaSR transmembrane
domain and C-tail, and when the CaSR gene lacks exon
7, it can only generate the CaSR’s ECD in a soluble
form, which would be released extracellularly and pre-
sumably be incapable of signaling.71 Chondrocyte-
specific CaSR deletion resulted in death of embryos by
day 13,71 an unexpectedly severe phenotype in view of
the multiple hormonal or other factors regulating chon-
drocyte development and function. Subsequent use of
an inducible Cre recombinase made it possible to
delete exon 7 of the CaSR on days 16�18 of embryonic
life, i.e., subsequent to when the embryos died in the
previous model. This maneuver produced viable
embryos, which nevertheless displayed delayed devel-
opment of their growth plates. These data suggested,
therefore, a critical, non-redundant role(s) for the CaSR
in cartilage development.

The CaSR in Osteoblasts

Initially, some,70,442,443 but not all,335 studies found
the CaSR in intact bone, primary osteoblasts in culture
and osteoblastic cell lines (for review, see405). In osteo-
blastic cells expressing the CaSR, high Ca21o has actions
that would be expected to stimulate bone formation.
These include promoting proliferation of pre-osteo-
blasts,75 enhancing expression of the mRNAs that
encode osteoblast differentiation markers, such as
Cbfa-1, osteocalcin, osteopontin, and collagen 1, and
stimulating mineralized nodule formation.113

Studies in the mice with global knock out of exon 5
of the CaSR revealed, in addition to the rickets alluded
to above, severe hyperparathyroid bone disease result-
ing from loss of the CaSR in the parathyroid, which
complicated interpretation of the impact of losing the
CaSR on osteoblast function per se. Studies in “res-
cued” CaSR-/-PTH-/-238 and CaSR-/-Gcm-/-412 mice,
however, showed little or no difference in their bone
histology and histomorphometry from that observed in

control mice, suggesting that the CaSR does not have
an important role in the formation and turnover of the
skeleton. However, conditional knock out of exon 7 of
the CaSR in osteoblasts utilizing osteoblast-specific
Cre’s produced mice exhibiting poor postnatal growth
and skeletal development, with small poorly mineral-
ized skeletons.71 Most of these mice experienced long
bone and rib fractures and died by 3 weeks of age.
Their bones had reduced levels of both early and late
markers of osteoblast differentiation, including type 1
collagen, insulin-like growth factor-1 (IGF-1, a key oste-
oblast growth factor), alkaline phosphatase, and osteo-
calcin. There was also a higher than normal rate of
osteoblast apoptosis. These results suggest key roles
for the CaSR in promoting proliferation, differentiation
and survival of osteoblasts as well as in enhancing
mineralization of the skeleton.71 They also have the
important implication that a calcimimetic with some
specificity for osteoblasts might have potential utility
as a bone anabolic agent.

The CaSR in Osteoclasts

As with osteoblasts, some studies failed to detect the
CaSR in osteoclasts,385 while others found it in cell
lines considered to be models of osteoclast precursors
(e.g., RAW 264.7),288 in multinucleated osteoclasts dif-
ferentiated from these precursors in vitro and in at least
some mature osteoclasts in bone sections.113 Available
evidence suggests that while the CaSR serves a permis-
sive role in osteoclastogenesis in vitro, high Ca21o con-
centrations also directly suppress osteoclast activity
and enhance their apoptosis.288 Therefore, if the CaSR
has similar actions in vivo, a calcimimetic targeting
both osteoblasts and osteoclasts specifically might not
only stimulate bone formation but also inhibit bone
resorption, although an in vitro investigation that did
not detect CaSR transcripts in osteoclasts or their pre-
cursors did not observe any functional effect of a calci-
mimetic on these cells.385 Clearly more work is
necessary to determine the CaSR’s role, if any, in osteo-
clasts in vivo. The effects of Ca21o on osteoclast func-
tion have also been suggested to result from an entirely
different Ca21o-sensing mechanism (for review,449).

THE CASR AND THE
GASTROINTESTINALTRACT

Roles of the CaSR in the Stomach

In the stomach, the CaSR is expressed in the mucus-
secreting surface epithelium,291,376 the parietal cells in
the gastric crypts,78,148,291 and in the gastrin-secreting
G-cells.55,56 It directly stimulates acid secretion148 and
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also does so indirectly by stimulating gastrin secre-
tion,55 which, in turn, promotes secretion of histamine
from gastric ECL cells. The latter acts directly on parie-
tal cells to stimulate gastric acid secretion.147 Although
gastric acid secretion might not seem relevant to Ca21

homeostasis, both calcium carbonate and calcium phos-
phate salts are more soluble under acidic conditions
(CaCO3 will not dissolve above pH 5.0). Therefore, an
acidic environment in the stomach will promote the
availability and, subsequently in the small intestine,
the absorption of free luminal Ca21.147 Recent work
has suggested that the CaSR in the stomach senses not
only Ca21 but also amino acids and pH.125,159 Thus the
receptor likely integrates several types of signals that
impact its functions in the stomach. The response to
amino acids may promote the secretion of acid needed
to stimulate the gastric phase of protein digestion,
while the response of the CaSR to pH could represent,
at least in part, the long-sought pH sensor needed for
the feedback regulation of acid secretion, stimulating it
when pH is high and inhibiting it when pH is low.

Roles of the CaSR in the Small Intestine

The CaSR is present in the small intestine,74 likely
in the same cells expressing the VDR (although this
has not yet been formally proven) as well as in cell
lines of intestinal origin.143 However, its functions in
the intestine are incompletely characterized. Available
data suggest that it can act together with vitamin D to
enhance the expression of the various components of
the transcellular calcium transport system or substi-
tute, at least in part, for the actions of 1,25(OH)2D3 in
certain instances. For example, in organ cultures of
fetal rat duodenum, not only 1,25(OH)2D3 but also
elevated levels of Ca21o increase the expression of the
mRNA for calbindin-D9K.

41 Subsequently, van Abel,
et al. demonstrated that administering the rescue diet
described earlier to 1α(OH)ase-/- mice normalized
serum Ca21 concentration concomitant with statisti-
cally significant,. 10-fold increases in the intestinal
expression of TRPV6 and calbindin-D9K,

414 similar to
the effect of dietary rescue in the kidneys of these
mice. While not formally proven, these actions of cal-
cium are likely to be CaSR-mediated. Thus elevated
levels of Ca21 can apparently substitute, at least par-
tially, for a lack of vitamin D in maintaining sufficient
levels of expression of key elements of the intestinal
transcellular Ca21 transport system, suggesting a vita-
min D-independent role for Ca21o in regulating its own
absorption in the intestine. An additional function of
the CaSR in the small intestine may be to promote
digestion via the capacity of cholecystokinin (CCK)-
secreting endocrine cells to secrete CCK in response

to calcium247 or upon exposure to peptides299 or aro-
matic amino acids.194 The secreted cholecystokinin, in
turn, would stimulate pancreatic enzyme secretion
and enhance small intestinal digestion of ingested
nutrients.

Roles of the CaSR in the Colon

Although the proximal small intestine is often
thought of as the predominant site for intestinal cal-
cium absorption, substantial absorption also occurs in
the cecum of the large intestine by a vitamin D-
responsive mechanism.124 The cloning of the apical
intestinal calcium uptake channel, TRPV6, provided a
molecular basis for regulated calcium absorption in the
cecum, as this channel was expressed at robust levels
in this segment of the large bowel.328 An additional
function of the CaSR in the large intestine, which is
apparently uninvolved in calcium homeostasis per se,
is to inhibit the secretion of fluid by the crypts, particu-
larly when stimulated by cAMP.146 This action has
been suggested to represent a potential target for the
treatment of diarrheal disease, such as cholera (e.g.,
with a calcimimetic).146 Finally, the CaSR expressed in
the colon regulates the growth and differentiation of
cells within the colonic crypt, promoting cellular differ-
entiation and inhibiting cell growth.329,438 It does
so by mechanisms that include: (1) upregulation of
cyclin-dependent kinase inhibitors such as p21, (2) pro-
motion of E-cadherin expression and suppression of
beta-catenin expression,66 (3) increased local levels of
1,25(OH)2D3

329 (which also enhances differentiation
and inhibits proliferation), and (4) reduction in c-myc
expression.222 These actions of the CaSR may contrib-
ute to the reduction in the risk of colonic adenomas181

or colon cancer observed with increased dietary intake
of calcium in many but not all studies20,144,223 (for
reviews, see329,395).

MODULATION OF THE CASR IN 2� HPT

The ability of ionized Ca21 to modulate PTH secre-
tion is reduced in secondary hyperparathyroidism (2�

HPT).53,163,167,371 Unlike primary hyperparathyroid-
ism (1� HPT), there is no major right shift in the set
point for extracellular Ca21 in 2� HPT during the
phase when there is diffuse hyperplasia, although an
elevated set-point can occur in severe 2� HPT or 3�

HPT (i.e., when hypercalcemia supervenes, which
often requires parathyroidectomy).163 Moreover, no
inactivating mutations in the CaSR have been identi-
fied as is the case for FHH.106,202 However, CaSR
mRNA and protein expression are significantly
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reduced in all forms of hyperparathyroidism, includ-
ing in 2� HPT.123,154,184,233,445,446 The magnitude of the
decrease in CaSR expression is associated with the
degree of parathyroid proliferation445: The larger the
parathyroid gland, the lower the CaSR protein
expression.59

In the rat 5/6 nephrectomy model, parathyroid gland
hyperplasia is also associated with a reduction in CaSR
expression,293 and both parathyroid hyperplasia and the
change in CaSR expression and function are abrogated
by a low-phosphate diet.44,364 While a significant nega-
tive correlation between CaSR mRNA expression, glan-
dular weight and PTH secretion has been observed in
the rabbit,21 gland proliferation precedes downregula-
tion of the CaSR.363 Nevertheless, the CaSR knockout
mouse exhibits marked parathyroid gland hyperplasia,
showing that the CaSR can indeed influence chief cell
proliferation.196 However, it is clear that the interplay
among serum PTH, CaSR expression, and gland hyper-
plasia is complex since the elevated PTH level in 5/6
nephrectomy rats is reversed after an isogenic kidney
transplant without upregulation of CaSR mRNA.249

Calcimimetics are Type II Allosteric Enhancers:
Role in 2� HPT

Calcimimetics are small, lipophilic organic mole-
cules that function as allosteric enhancers (superago-
nists) of the CaSR. Thus, calcimimetics are type II
agonists that left-shift the ionized Ca21-PTH secretion
curve in parathyroid glands (lower the EC50 for ionized
Ca21) without affecting the minimal or maximal
responses (Fig. 63.1). As type II agonists, calcimimetics
have no effect on PTH secretion in the absence of
extracellular Ca21. In 5/6 nephrectomized and normal
rats, calcimimetics cause a dose-dependent decrease
in serum PTH and ionized Ca21.88,134,306 A first-
generation calcimimetic, NPS R-568, was shown to
reduce PTH secretion in vitro and in vivo,7,133 but it was
entirely metabolized by the hepatic P450 system and
exhibited suboptimal pharmacokinetics in certain indi-
viduals. Second-generation calcimimetics (e.g., cinacal-
cet HCl) overcame this problem in metabolism of
the drug (see following sections). Calcimimetics have
been shown to reduce PTH secretion in 1�

HPT,321,388,392 2� HPT,31,164,165,254,314,346 and parathyroid
carcinoma.393 While calcimimetics can produce a tran-
sient increase in calcitonin secretion from thyroidal C
cells,131,306 the dose of calcimimetic that suppresses
PTH secretion is at least 10-fold lower than required
to alter calcitonin secretion.131 This apparent specificity
of calcimimetics for parathyroid as opposed to
other cell types examined to date is an important factor
enabling targeted therapy of various forms of
hyperparathyroidism.

Calcimimetics reduce plasma Ca21.132,321,392,393 The
fall in plasma Ca21 is clearly not due to increased renal
excretion of Ca21, given that it occurs in nephrecto-
mized rats,131 but instead results from the left shift in
the relationship between serum Ca21 and PTH. In mild
1� HPT calcimimetics acutely and chronically lower
serum PTH and normalize serum Ca21 without
increasing urine Ca21 excretion in most patients.321,392

Activation of the kidney CaSR would be expected to
increase urinary Ca21 excretion at any given level of
serum Ca21, and thus the lack of effect of calcimimetics
on renal Ca21 excretion in 1� HPT suggests that at
doses that reduce the parathyroid set-point, these
agents do not exert a calciuric effect owing to their
direct renal action. In 1� HPT, a reduced filtered load
of Ca21, decreased bioavailability of the drug in the
kidney, or lower calcimimetic sensitivity of the renal,
relative to the parathyroid, CaSR have been suggested
as the causes of any apparent effect of calcimimetics on
the kidney.131 However, like parathyroidectomy, the
calcimimetic NPS R-467 prevents furosemide-induced
nephrocalcinosis in rats,319 suggesting that the reduc-
tion in PTH is an important indirect factor in the mod-
ulation of renal Ca21 handling in this model. The
calcimimetic, cinacalcet HCl (also known as AM 073,
KRN 1493, NPS 1493; Cinacalcet HCl, Sensipar in the
United States; Mimpara in the European Union), which
exhibits good bioavailability and pharmacodynam-
ics,241,306 lowers serum PTH and serum Ca21 in hemo-
dialysis31,165,253,254,314,346 and peritoneal dialysis254

patients with 2� HPT. On the basis of findings from
randomized, double-blind studies, cinacalcet HCl
was approved for the treatment of secondary
HPT.31,86,112,134,162,305,366

In the 5/6 nephrectomy model of chronic renal fail-
ure in the rat, calcimimetics prevent parathyroid
hyperplasia when given at the time of renal mass
reduction419,422 and reduce gland mass when given
after the development of diffuse hyperplasia.88,293,294

These changes in parathyroid gland mass are associ-
ated with an increase CaSR and VDR expression287,372

as well as a reduction in parathyroid cell prolifera-
tion.418 The effects of extracellular Ca21 on parathyroid
cell proliferation in culture have been variable421; how-
ever, parathyroid cells in culture can exhibit a rapid
decrease in CaSR expression complicating interpreta-
tion of these studies.290 R-467 suppressed DNA synthe-
sis by 35% in one study,375 while Ca21 had the
opposite effect in cultured parathyroid cells derived
from uremic patients that continue to express the
CaSR.374 While the mechanisms for the disparate
effects of extracellular Ca21 and calcimimetics remain
to be defined,111,375,421 the downstream mediators of
CaSR action on parathyroid gland prolifera-
tion�differentiation are under investigation.91,390 The
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CaSR-mediated activation of the mitogen-activated
protein kinases (MAPKs; ERK1/2) appears to be linked
to the inhibition of PTH secretion.91,230

Calcimimetics, the Ca3Pi Product, and
Cardiovascular Risk in Dialysis Patients

The elevation of the serum calcium3phosphate
product (Ca3Pi) commonly occurring in dialysis
patients predisposes them to vascular and tissue calcifi-
cation and contributes importantly to their increased
risk of cardiovascular events.29,166 Also, plasma PTH
levels, as well as those of Pi and calcium, impact on
patient survival. As a “uremic toxin”,276,277 the effects of
PTH are believed to occur through an alteration in myo-
cardial function and of microvessel thickness.4,5,33,34 In
addition, high Pi concentrations increase vascular calcifi-
cation,151,295 an effect that is exacerbated by an elevation
in serum calcium concentration.444 These events are of
relevance if one considers that, until the calcimimetics
became available, all maneuvers aimed at reducing PTH
levels yielded an increase in plasma ionized calcium
and of the Ca3Pi product. Indeed, treatment of 2� HPT
with 1,25(OH)2D3 or its analogues, while generally ini-
tially effective in reducing serum PTH, the calcemic and
the phosphatemic effects of vitamin D can ultimately
enhance the abnormal mineral metabolism and exacer-
bate vascular calcification, although retrospective stud-
ies have suggested a reduction in overall mortality with
vitamin D therapy.401 In contrast, cinacalcet HCl gener-
ally lowers serum Ca21, serum phosphate, and the
serum Ca3Pi product modestly (by B15%)32,253,254,346

and decreases both vascular and soft tissue calcification
in uremic rats treated with calcitriol,259 suggesting that
this calcimimetic could potentially lower morbidity and
mortality due to cardiovascular complications. In the rat
uremic model, NPS R-568 treatment has been shown to
diminish cardiovascular changes associated with
chronic renal failure (cardiac interstitial fibrosis, capil-
lary length density, and arteriolar wall thickness).312 It is
unclear whether calcimimetics reduce cardiovascular
risk in animal models by lowering plasma PTH and/or
through a direct effect on blood vessels. Evidence that
the CaSR is present in rat and porcine blood vessels and
that activation of the receptor by high calcium or calci-
mimetics results in vasodilatation has been demon-
strated.313,437 Also, in uremic rats, but not in sham-
operated animals, the calcimimetic R-568 causes a
marked and sustained antihypertensive effect.311 While
these animal studies support the potential for a benefi-
cial effect of calcimimetics on cardiovascular risk in
chronic renal failure in humans, this latter possibility is
currently under investigation. A small meta analysis of
four randomized, double-blind, placebo-controlled

clinical trials utilizing cinacalcet or placebo in patients
who were already being treated with vitamin D and
phosphate binders assessed the impact of cinacalcet
therapy on end-points other than serum mineral ions
and PTH.98 The results indicated that, relative to
patients not receiving cinacalcet who were receiving
standard care, patients treated with cinacalcet had
a .90% decrease in the rate of parathyroidectomy and
about a 40% reduction in hospitalizations for cardiovas-
cular events. The study was not sufficiently powered,
however, to determine the effect of the drug on “hard”
cardiovascular end-points, such as myocardial infarction
or death. Two randomized controlled studies have
recently been completed that address this latter point,
the ADVANCE (“A randomized study to evaluate the
effects of cinacalcet plus low dose vitamin D on vascular
calcification in subjects with chronic kidney disease
(CKD) receiving hemodialysis”) and EVOLVE studies
(EValuation Of Cinacalcet HCl Therapy to Lower
cardioVascular Events).79 The results of the ADVANCE
trial showed that Cinacalcet produced modest but statis-
tically significant reductions in some indices of vascular
(e.g., volume of coronary artery calcification) and valvu-
lar (i.e., aortic valve) calcification.350a The second of
these has as its primary end-points all-cause mortality
and first nonfatal cardiovascular event in 3800 chronic
dialysis patients treated with a flexible regimen of tradi-
tional therapies, and, in addition, receiving either
cinacalcet or placebo.79 While not yet published, the ini-
tial results from the EVOLVE trial did not show any
reduction in overall cardiovascular mortality in the
Cinacalcet-treated patients (www.amgen.com/media/
media_pr_detail.jsp?releaseID=1703773).

The severity of osteitis fibrosa is directly proportional
to the severity of the 2� HPT and the magnitude of PTH
overproduction. While high and sustained elevations in
serum PTH in hyperparathyroidism cause osteitis fibro-
sa, smaller and transient increases in PTH, e.g., those
produced by a subcutaneous injection of PTH1-34 or
PTH1-84 for the treatment of osteoporosis, have a net
anabolic effect on bone.152 PTH secretion in healthy
individuals exhibits complex fluctuations—a circadian
rhythm as well as an ultradian rhythm of several PTH
pulses per hour.381 These serum PTH rhythms are gen-
erally preserved in chronic renal failure and correlate
with serum Ca21, serum phosphate, and bone metabo-
lism.135,381 Chronic suppression of PTH secretion with
vitamin D analogues in 2� HPT is associated with
inhibition of the ultradian and circadian rhythms of
PTH, which may contribute to the low bone turnover
disease of chronic renal failure.381 However, while cal-
cimimetics appear to induce a circadian rhythm in
serum PTH, interestingly, they do not increase bone
mass in ovariectomized rats.289 In the rat 5/6 nephrec-
tomy model of 2� HPT, NPS R-568 halts the
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progression of, and reverses osteitis fibrosa cystica.420

This response of bone is consistent with the PTH-
lowering effect of calcimimetics.88,132,306 In the rat
uremic model, daily intermittent NPS R-568 induces
an exaggerated circadian fluctuation in PTH and stabi-
lizes cortical and cancellous bone mass.215,289

OTHER APPLICATIONS OF
CALCIMIMETICS IN CKD

Recurrent HPT after Parathyroidectomy for
Severe 2� or 3� HPT in Patients with End Stage
Renal Disease

Some dialysis patients progress from severe 2�, albeit
normocalcemic, HPT to a state called “tertiary” (3�)
HPT, in which there is frank PTH-dependent hypercal-
cemia, as noted above.179,214,340 The progression from 2�

to 3� HPT usually occurs coincident with a transition
from polyclonal parathyroid hyperplasia to nodular
hyperplasia, in which each nodule represents a separate
monoclonal growth, behaving functionally like a para-
thyroid adenoma.110 Nodular parathyroid glands
show an increase in set-point similar to that observed
with adenomas in 1� HPT. There is reduced expres-
sion of both the CaSR and VDR in this setting, which
likely contribute to the associated functional abnormal-
ities.110 The genetic defects in the parathyroid nodules
of patients with 3� HPT, however, usually differ from
those seen in parathyroid adenomas.9,214

In dialysis patients with 2� or 3� HPT who cannot be
adequately controlled by phosphate binders and vita-
min D analogues or develop hypercalcemia, subtotal
parathyroidectomy may be necessary (or, in some cen-
ters, total parathyroidectomy with reimplantation of a
small amount of the patient’s own parathyroid tis-
sue).340 Even following initially successful surgery,
however, there is a risk of recurrence of HPT ranging
from about 10% at three years to 30% after seven years.
Cinacalcet might provide a non-surgical approach to
the problem of recurrent HPT. In one off-label study
(i.e., using the drug in an application not yet for-
mally approved by the FDA) utilizing the drug in
this setting in a small number of patients (N5 6),
there were substantial reductions in mean PTH (1388
to 435 pg/ml), serum calcium (9.6 to 8.3 mg/dl),
serum phosphorus (5.5 to 31.3 mg/dL) and Ca3Pi
product (53 to 31 mg2/dL2).258 In additional case
reports, cinacalcet has effectively lowered serum cal-
cium to or toward normal in this setting. While the
results to date are encouraging, additional experience
in CKD patients with recurrent HPT after prior para-
thyroid surgery is clearly needed to further validate
the application of calcimimetics to these patients.

Patients with CKD Prior to the Institution
of Dialysis Therapy

There are very limited data on the use of cinacalcet
in patients with CKD not yet requiring dialysis.81 In an
off-label, placebo-controlled investigation of 404
patients (75% taking cinacalcet and 25% placebo), cina-
calcet reduced PTH by 43% (vs 2 1.1% in controls) and
serum calcium by 8.9% (vs 10.8%), and elevated serum
phosphorus by 21% (vs 16.8%), producing a 21% rise
in the Ca3Pi product. However, the Ca3Pi product
also increased (by 17%) in the placebo group and was
40 mg2/dL2 or less in both groups, well within the
National Kidney Foundation (NKF) guidelines for this
parameter guidelines.81 There is currently no consen-
sus with regard to whether the drug should be used in
this setting. However, given the capacity of cinacalcet
to inhibit parathyroid cellular proliferation, it might
limit parathyroid hyperplasia in this group; of patients,
especially if it were possible to accurately measure
parathyroid volume non-invasively. Moreover, in
patients with stage 3 and 4 CKD having unusually
large elevations in serum PTH, it might make it possi-
ble to lower PTH to levels within the NKF guidelines
(35�70 pg/mL in stage 3 and 70�110 pg/mL in stage
4). Finally, further studies could determine whether
cinacalcet slows the progression of renal failure in
stages 3 and 4 CKD, as it does in experimentally-
induced renal insufficiency in animal models.312,338

Hypercalcemia and HPT Following Renal
Transplantation

Renal transplantation is followed by the develop-
ment of PTH-dependent hypercalcemia in about 10%
of patients22 and persistent, albeit normocalcemic, HPT
in additional patients. Hypercalcemia and/or an ele-
vated Ca3Pi product following renal transplantation
have been associated with increased mortality and ele-
vated risk of losing the transplanted kidney.116 Owing
to the limited capacity of hyperplastic parathyroid
glands to involute, B50% of patients who are hypercal-
cemic immediately following transplantation remain so
after 12 months. Several studies have utilized cinacalcet
to treat hypercalcemia in the post renal transplant
period. The largest study carried out to date used the
drug off-label in 48 transplant patients who were
hypercalcemic or had persistent 2� HPT,157 but this
study did not have an untreated control group. 91% of
the hypercalcemic patients became normocalcemic and
70% of the initially normocalcemic patients reached a
target PTH of 75 to 125 pg/mL. 10 patients developed
hypocalcemia. In several other studies, comparable
decrements in PTH and serum calcium were observed
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in frankly hypercalcemic patients following renal
transplantation.260

Some studies have reported hypercalciuria in this
setting in patients treated with cinacalcet,35 which has
the potential to damage the transplanted kidney, or the
development of modest decreases in renal function.239

Most reports, however, have not encountered hypercal-
ciuria, and, in those describing reductions in renal
function, they were modest (B10% increase in serum
creatinine) and were reversible after discontinuing the
drug.239 Increases in bone mineral density have taken
place during treatment of patients with cinacalcet fol-
lowing renal transplantation (e.g., in the femoral
neck408). While this effect of the drug would be very
beneficial in such patients, caution is warranted in
ascribing this effect to cinacalcet, as control groups
were lacking in these two studies.

One study reported that 8 of 9 hypercalcemic renal
transplant patients whose serum calcium normalized
during treatment for 12 months with cinacalcet
remained normocalcemic after cessation of the treat-
ment.239 Given the absence of a control group, it’s
unclear whether cinacalcet improved the outcome in
these patients, although spontaneous resolution of
hypercalcemia in this situation has been estimated to be
only B50%. Thus the drug has the potential to hasten
resolution of hypercalcemia and reduce the need for
parathyroidectomy post-renal transplant, but further
studies are needed in this regard. A recent investiga-
tion found that discontinuing cinacalcet therapy before
renal transplantation did not adversely impact graft
survival.216 This finding and the stable renal function
seen in most patients receiving cinacalcet post renal
transplantation are noteworthy, since parathyroidec-
tomy following renal transplantation can be associated
with reduction in graft function.216

OTHER APPLICATIONS OF
CALCIMIMETICS

Parathyroid Carcinoma

Silverberg et al. utilized cinacalcet to treat 29 hyper-
calcemic patients with inoperable parathyroid can-
cer.393 This use of the drug and its application to
treating patients with severe hyperparathyroidism who
are unable to undergo parathyroid surgery are the only
FDA-approved uses of Cinacalcet, in addition to treat-
ment of 2� HPT in stage 5 CKD, in the U.S. The drug
has been approved for treatment of 1� HPT in Europe.
The mean serum Ca21 in these patients decreased from
14.1 mg/dL to 12.4 mg/dL, with 62% of the patients
demonstrating a 1 mg/dL or greater reduction.393 The
patients with the highest initial serum Ca21 showed

the largest reduction in serum Ca21 during treatment.
While the proportion of patients achieving normocalce-
mia during treatment with cinacalcet was not explicitly
stated, the graphical depiction of the data suggests it to
be about 10%.

Serum PTH concentrations, which were measured
before the first daily dose of the drug in the morning,
did not decline significantly (24.6%). This observation
may reflect the fact that the circulating half-life of cina-
calcet is such that serum PTH has increased from its
nadir at 2-4 hours following the most recent dose to a
level approaching the baseline PTH value by 12-24
hours following the last dose of the drug.321 Ideally,
while measuring the area under the PTH curve over a
24-hour period would provide a more accurate reflec-
tion of the integrated impact of cinacalcet on parathy-
roid function, this is impractical in routine clinical
practice. Treatment with cinacalcet did not produce
any alteration in quality of life as measured with the
SF-36 instrument. Thus at least some biochemical con-
trol of hypercalcemia is achievable with cinacalcet in
the majority of patients with parathyroid cancer over a
time frame of months or longer, but the drug’s impact
in the longer-term management of this disease, includ-
ing survival, is not clear at present.

Other Forms of 1� HPT

Cinacalcet has been utilized off-label in patients with
1� HPT in two settings: (1) Mild 1� HPT, as an approach
to lowering the serum Ca21 and/or PTH concentra-
tions,322 and (2) persistent, “intractable” 1� HPT in sub-
jects with a history of failed parathyroid surgery or in
those in whom parathyroid surgery is contraindicated.273

Prior the development of calcimimetics, no medical ther-
apy was available that effectively reduced serum Ca21

on a long-term basis in 1� HPT. In most instances, the
CaSR in 1� HPT does not contain the inactivating muta-
tions that are the cause of FHH; thus the calcimimetics
are acting upon an inherently normal CaSR.

A placebo-controlled study examined the conse-
quences of treatment with cinacalcet for up to 5 years
in patients with mild 1� HPT.322 After one year, 73% of
the patients treated with cinacalcet showed normaliza-
tion their serum Ca21 concentration, compared with
5% in the placebo group. PTH declined modestly in the
cinacalcet-treated group (2 7.6%), although the level
achieved was significantly lower than in the placebo
group. Patients who have undergone successful
surgery for 1� HPT demonstrate an increase of B10%
in their BMD over the one to two years after surgery322;
In contrast, BMD in patients treated with cinacalcet did
not rise, although it remained stable over the five years
of the study. Thus the drug does not bring about a
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true “medical parathyroidectomy”.322 Approximately
20�30% of the patients treated with cinacalcet with-
drew from the study during the first year, and an addi-
tional 25% withdrew during the last four years, at least
in part due to nausea and vomiting, which was present
in B30% of patients; 16% of the placebo group experi-
enced nausea during the first 12 months.322

Seventeen patients with intractable 1� HPT, which
was of considerably greater severity than in the study
just described (mean serum Ca21 of 12.7 mg/dL vs.
10.7 mg/dL, respectively), were treated for a mean of
270 days with cinacalcet. The drug brought about a
1 mg/dL or greater reduction in serum Ca21 in 88% of
the patients, and 53% achieved normocalcemia.273

Cinacalcet has recently been approved for use in treat-
ing such patients when they are not candidates for sur-
gery. In summary, off-label treatment of 1� HPT with
cinacalcet is costly (several hundred dollars per month
depending on the dose) and cannot be considered to be
the equivalent of a surgical parathyroidectomy, at least
with regard to the skeleton. Furthermore, follow-up of
these patients on a regular basis, with the related medi-
cal expense, would be required. Therefore, the drug’s
role in the treatment of 1� HPT other than in patients
with parathyroid cancer and those with severe 1� HPT
remains unclear. Most likely its use in the United States
in mild 1� HPT will be limited to off-label use in subjects
unable or unwilling to undergo parathyroidectomy.

Other Forms of Hyperparathyroidism

Cinacalcet has demonstrated some efficacy in sev-
eral other types of PTH-dependent hypercalcemia. All
of these exhibit an elevation in set-point for Ca21o-reg-
ulated PTH release, which normalizes or, or returns
toward normal, during treatment with calcimimetic,
with an associated reduction in serum Ca21.

One such condition is lithium-induced hypercalce-
mia. PTH-dependent hypercalcemia occurs in 10�20%
of patients being treated with lithium for psychiatric dis-
orders, principally bipolar disorder, although
the prevalence of this complication differs widely
from ,10% to .50% in different series.380 Lithium-
treated patients consistently exhibit an increase in set-
point for Ca21o-regulated PTH release when studied
in vivo,175,350 which likely reflects some direct, but as yet
unknown, pharmacological effect of the drug on the
parathyroid gland.47 Some subjects with lithium-
induced hyperparathyroidism harbor a parathyroid ade-
noma if they are subjected to parathyroid surgery, while
others have multigland parathyroid hyperplasia.
Lithium also decreases renal Ca21 excretion, and can
produce a clinical and biochemical presentation of
acquired, hypocalciuric, PTH-dependent hypercalcemia
resembling FHH.

The therapy of lithium-induced hypercalcemia/
hyperparathyroidism can be challenging, because psy-
chiatrists are often reluctant to stop lithium treatment in
patients who develop hypercalcemia, which is accompa-
nied by some risk of aggravating the underlying psychi-
atric disorder. Many such patients have relatively mild
hypercalcemia and can be followed expectantly without
surgery in a manner similar to that proposed for the fol-
low up of asymptomatic 1� HPT.27 Several individual
case reports or small case series have described off-label
treatment of lithium-induced HPT with cinacalcet.
Serum calcium concentration declined from an average
of 10.8 to 10.0 mg/dL in three patients in one study169

and from 10.9 to 10.1 in two additional patients.396 Thus,
in subjects with lithium-induced HPT in whom parathy-
roid surgery is indicated, but the patient refuses or sur-
gery is contraindicated for other reasons, cinacalcet
potentially provides an additional mode of treatment.

Familial Hypocalciuric Hypercalcemia

FHH is in most cases a benign clinical condition with-
out long-term sequellae, as noted earlier. Occasional
families with FHH, however, exhibit a more severe clini-
cal picture, including neonatal hyperparathyroidism
combined with overt bone disease, hypercalcemia that is
more severe than the norm in FHH, pancreatitis, or
even renal stone disease.12,182,327 Some such patients
have undergone parathyroid surgery,62,327 providing a
rationale for using a calcimimetic as a alternative, medi-
cal therapy in these atypical cases. Most FHH mutations
demonstrate some capacity for “rescue” of their function
by a calcimimetic in vitro, providing a rationale for the
drug having a Ca21o-lowering effect in vivo.212,261,451 There
are several reports of FHH being treated off-label with
cinacalcet. In one, the drug reduced serum calcium con-
centration from B11.4 mg/dL to an average of 9.7 after
12 months of therapy.406 In another, treatment reduced
serum PTH from 148 to 32 pg/ml (normal 7�75) and
serum ionized calcium from 1.48 to 1.23 (normal
1.13�1.34).3 Therefore, the use of a calcimimetic in
unusually severe or atypical cases of FHH could: (1)
help to assess whether symptoms (such as pancreatitis)
are related to the hypercalcemia, and (2) provide an
alternative to surgery in the rare case in which the latter
was felt to be indicated.

Phosphate-Wasting Disorders

A novel application of treatment with cinacalcet is to
alleviate the hypophosphatemia occurring in patients
with excessive circulating levels of the phosphaturic
hormone, FGF-23.23,221,228,296 The hypophosphatemia,
principally by decreasing the Ca3Pi product, reduces

2209OTHER APPLICATIONS OF CALCIMIMETICS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



the structural integrity of bone, producing the character-
istic bowing of the lower extremities and other bony
abnormalities that are characteristic of the rickets that
occurs in the growing skeleton of children.245 In adults
who develop phosphate wasting after growth of the
skeleton is complete, hypophosphatemia produces oste-
omalacia (poorly mineralized bone), in association with
bone pain and, in some cases, fractures.25 Two diseases
caused by FGF-23 excess are X-linked hypophosphate-
mia (XLH) and tumor-induced osteomalacia
(TIO).24,221,367,440 The first is caused by inactivation of
the gene encoding PHEX (phosphate-regulating gene
with homologies to endopeptidases on the X-chromo-
some), an endopeptidase whose substrate in unknown,
but by an unknown mechanism increases production of
FGF-23 by osteocytes.114,221,436 TIO results from
increased synthesis of FGF-23 by tumors of mesenchy-
mal origin, usually benign, which are currently called
phosphaturic mesenchymal tumors of the mixed con-
nective tissue type.219

Treating patients with either XLH and TIO involves
phosphate supplementation combined with administra-
tion of 1,25(OH)2D3.

38,221 The latter increases gastrointes-
tinal phosphate absorption and mitigates the 2� HPT
caused the transient hypocalcemia that follows adminis-
tration of phosphate. In spite of treatment with 1,25
(OH)2D3, however, 2� (and rarely 3�) HPT may develop,
exacerbating the hypophosphatemia owing to PTH-
induced phosphaturia.368 It is the latter complication
that prompted the utilization of cinacalcet off-label in
XLH2 and TIO.149 Administering a single dose of cina-
calcet and 20 mg/kg phosphate to eight subjects with
XLH produced a decrease in serum PTH (from 34 to
23 pg/ml) and a substantial increase in TmP/GFR (tubu-
lar maximum for phosphate corrected for GFR) from 1.7
to 2.5.2 Chronically administering cinacalcet to two
patients with TIO greatly decreased PTH (from 20
to, 10 pg/ml in one patient and 24 to, 10 pg/ml the
other),149 substantially improved serum phosphate
(from 2.8 to 3.7 mg/dL and from 2.8 to 3.4 mg/dL,
respectively) and permitted a lowering of the dose of
phosphate administered.149 Thus these preliminary stud-
ies suggest a possible role for calcimimetics as an adjunct
to supplementation with phosphate and 1,25(OH)2D3 in
patients with XLH or TIO, thereby mitigating 2� HPT,
enhancing renal phosphate reabsorption, increasing
serum calcium3phosphate product and leading to
improved mineralization of bone.

Calciphylaxis

Calciphylaxis (sometimes called calcific uremic ater-
iolopathy) is a rare but potentially life-threatening con-
dition encountered predominantly in patients with

chronic renal insufficiency, particularly those with end
stage renal disease receiving dialysis treatment.99,265,373

Patients present with cutaneous necrosis of variable
extent that is painful and can progress and become life-
threatening. There is thrombosis of the small cutaneous
blood vessels in association with calcification of the
media of the vessel wall, which causes skin necro-
sis.99,265,373 One of the strongest predictors of the devel-
opment of calciphylaxis is hyperphosphatemia,
associated with the high Ca3Pi product characteris-
tic of patients with ESRD. While an elevated level of
PTH per se is not thought to be a risk factor for cal-
ciphylaxis (e.g., the very low incidence of calciphy-
laxis in PHPT), some consider it a tissue sensitizer
predisposing to development of the condition in the
presence of other factors initiating the disease, i.e., in
ESRD.99,265,373

Therapy of calciphylaxis is empiric and suboptimal.
In addition to local care of skin ulcers, measures
designed to reduce serum phosphorus (and the Ca3Pi
product) using non-calcium-based phosphate
binders are a cornerstone of treatment.99,265,373

Bisphosphonates and the administration of sodium
thiophosphate have improved healing of skin lesions
in some cases, by an uncertain mechanism(s). Some
reports have found that parathyroidectomy prolongs
life in individuals with calciphylaxis,373 providing a
rationale for therapy with cinacalcet off-label as a phar-
macological approach to lowering serum PTH. This
use of cinacalcet has been described in about a dozen
articles, mostly single case reports {for example,
see318,342,354,369,386,416}. While uncontrolled, these stud-
ies have shown some efficacy of cinacalcet in treating
calciphylaxis, although the use of several other thera-
pies (e.g., bisphosphonates, sodium thiosulfate) concur-
rently makes it difficult to definitively attribute the
observed therapeutic benefit to the calcimimetic.
Regardless, the apparent benefit of cinacalcet in these
cases affords a rationale for its use in additional
patients in this difficult-to-treat condition with its sub-
stantial morbidity and mortality.

SUMMARYAND PERSPECTIVES

The field of Ca21o-sensing and the CaSR has pro-
gressed rapidly since the cloning of the CaSR in 1993.
Three major areas of investigation have been: (1) clarify-
ing the CaSR’s role in maintaining Ca21o homeostasis, (2)
identifying and characterizing disorders of Ca21o-sensing,
and (3) developing CaSR-based therapeutics, especially
calcimimetics. Much has been learned about how the
CaSR regulates PTH secretion, preproPTH gene expres-
sion, and parathyroid cellular proliferation. There is also
much greater understanding of how the receptor
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regulates the functions of various nephron segments,
especially those that relate to the kidney’s diverse, key
roles in mineral ion homeostasis. The latter include
CaSR-mediated control of the 1-hydroxylation of 25-
hydroxvitamin D and phosphate handling in the proxi-
mal tubule, control of monovalent and divalent cation
transport in the TAL, modulation of Ca21 reabsorption
in the DCT, regulation of acid secretion, especially in
the CCD, and modulation of water reabsorption in both
the CCD and IMCD. The relevance of these latter two
actions to calcium metabolism have only been eluci-
dated with the recognition that the receptor integrates
tubular Ca21 reabsorption with acid secretion and uri-
nary concentration to ensure safe passage of Ca21 salts
during their journey through the distal segments of
the nephron. Previously unsuspected roles of the
CaSR have also emerged in other tissues participating in
Ca21o homeostasis, especially in bone and intestine. In
the former, the CaSR now appears to play critical non-
redundant roles of the development, growth and turn-
over of the skeleton and arguably plays a more funda-
mental role than vitamin D and the VDR, since loss of
the VDR can be compensated nearly completely by pro-
vision of normal circulating levels of mineral ions.
Finally our understanding of the CaSR’s roles in the GI
tract is rapidly evolving. The receptor not only promotes
the availability of Ca21 in a soluble, readily absorbable
form in the stomach, but its ability to sense other com-
ponents of the ECF, especially pH and amino acids,
likely permit it to integrate signals related not only to
Ca21 per se but also to other nutrients, especially pro-
teins, and to facilitate the digestion of the latter.

The identification and characterization of inherited
diseases of Ca21o-sensing, such as familial hypocalciuric
hypercalcemia and neonatal severe hyperparathyroid-
ism, as the consequences of inactivating CaSR mutations
and autosomal dominant hypoparathyroidism, with or
without the features of Bartter’s syndrome, as the result
of activating CaSR mutations has both clarified the
pathophysiology of the CaSR and formally proven its
biological relevance. Subsequent studies have uncov-
ered a variety of acquired abnormalities of Ca21o-sensing
involving the CaSR and its downstream signaling path-
ways, inactivating or activating antibodies to the CaSR,
and alterations in the expression/function of the recep-
tor in 1�, 2� and 3� HPT. The existence of disorders of
Ca21o-sensing led naturally to the recognition that such
disorders might be amenable to treatment with CaSR-
based therapeutics, especially the “calcimimetic”, allo-
steric CaSR activators. The first such agent to reach the
clinic was cinacalcet HCl, which has been so far only
been approved in this country for the treatment of
severe 2� HPT in patients receiving dialysis therapy for
end stage renal disease, for the therapy of severe hyper-
calcemia in parathyroid cancer, and for treating severe

1� HPT when surgery is not an option. However, there
are a number of currently “off-label” applications where
the drug may be useful, such as for treating: (1) hyper-
calcemia post-renal transplant, (2) recurrent severe
hyperparathyroidism after parathyroidectomy in
patients with renal failure, (3) lithium-induced hypercal-
cemia, (4) “severe” or complicated cases of FHH, and
(5) the phosphate wasting and iatrogenic 2� HPT in
patients with FGF-23 excess.

Although touched on only briefly here, one largely
uncharted areas for future investigation are the CaSR’s
roles in tissues seemingly totally uninvolved on Ca21o
homeostasis. The receptor regulates myriad cellular
processes, a few examples being the growth, differenti-
ation and apoptosis of a variety of cells types53,129,417

and a variety of processes in the central and peripheral
nervous system.77,80,332,377,417 Further clarification of
these roles with not only elucidate important biological
questions but may also offer new applications of CaSR-
based therapeutics.
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José F. Bernardo1 and Peter A. Friedman2

1Renal-Electrolyte Division, Department of Medicine, University of Pittsburgh, Pittsburgh, USA
2Department of Pharmacology and Chemical Biology, University of Pittsburgh, Pittsburgh, USA

INTRODUCTION

Calcium supports diverse physiological roles as a
structural element in bone and as a molecular trigger
for second messenger signaling. To achieve this,
homeostatic mechanisms regulate intracellular calcium
at submicromolar levels, whereas extracellular calcium
is in the millimolar range. The fact that intricate regula-
tory processes have evolved than enable ion concen-
trations to be maintained over several orders of
magnitude underscores the importance of the varied
biological functions of calcium in signal transduction,
cell permeability, excitation-secretion and excitation-
contraction coupling, and cell fertilization on the one
hand, and maintenance of skeletal integrity on the
other.

CALCIUM CHEMISTRY

An adaptable coordination sphere, which facilitates
binding to the irregular geometry of proteins, makes
calcium particularly well suited for its biological roles.
The ability to cross-link two proteins requires an ion
with a high coordination number (which dictates the
number of electron pairs that can be formed) and is
generally six to eight for calcium.1 Such cross-linking
of osseous structural proteins is enhanced at the rela-
tively high calcium concentrations that are found in
extracellular fluid. The variable bond length of the cal-
cium ion permits formation of more extensive cross-
linking involved in membrane stabilization by facilitat-
ing lipid polymorphism and formation of hexagonal
arrays. Moreover, unlike disulfide or sugar-peptide
cross-links, calcium linking is readily reversible.

Despite these virtues, were intracellular free calcium
(Ca21i) of the same order as its extracellular concentra-
tion, the proper functioning of a variety of proteins and
macromolecules would be impaired. Thus, from an
evolutionary perspective, it is advantageous to main-
tain low concentrations of intracellular calcium.

The corollary of the benefits accruing from the phys-
ical characteristics of calcium at high extracellular con-
centrations defines a nearly ideal set of attributes that
are desirable at submicromolar intracellular concentra-
tions. By virtue of its low intracellular levels, changes
of calcium activity can function as first or second mes-
sengers to activate effector targets. The fact that cal-
cium can be rapidly bound and released, together with
the high affinity and selectivity of many proteins for
calcium, enhance its ability to regulate ion channels,
calcium-dependent enzymes, and so on. Another
advantage of low free intracellular calcium concentra-
tions is that microcrystallization and precipitation of
calcium phosphate is avoided. The evolution of high-
energy phosphate compounds such as ATP may be
selectively favored because they circumvent the
microcrystallization and precipitation of calcium
phosphate.

Serum Calcium

In adult humans, the calcium concentration of extra-
cellular fluid averages 10 mg/dl (55 mEq/l, 2.5 mM).
Plasma calcium exists as three distinct chemical forms:
protein-bound, complexed (but diffusible), and ion-
ized. The relations between the various forms of cal-
cium are shown schematically in Fig. 64.1. Forty
percent of the serum calcium is bound to plasma pro-
teins, with albumin accounting for some 90% of this.
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Smaller percentages are bound, though with greater
affinity, to ß-globulin, α2-globulin, α1-globulin, and
γ-globulin. Ten percent of the serum calcium is com-
plexed with small polyvalent anions. Calcium com-
plexes are formed by ion pairing with phosphate and
citrate and, to a lesser extent, with bicarbonate, and
sulfate. The degree of complexation depends upon the
concentrations of ionized calcium, the complexing
anion, and the ambient pH. The different moieties of
calcium are important because only diffusible cal-
cium, i.e., the free plus complexed calcium, is filtered
at the glomerulus and crosses cell membranes. A
comprehensive discussion of the biologically relevant
forms of calcium and their interrelations is available
elsewhere.2

The ultrafilterable, or ionized fractions, of calcium as
summarized above are affected by changes in the total
serum calcium concentration, blood pH, plasma
protein concentration, and the concentration of com-
plexing anions. Increases in total serum calcium con-
centrations are usually accompanied by concomitant
elevations in the concentration of ultrafilterable cal-
cium, at least up to a total concentration of about
4 mM. Above this concentration, the ultrafilterable frac-
tion declines such that increases of ultrafilterable cal-
cium no longer parallel elevations of total calcium
concentration. Reduction in calcium ultrafiltration with
hypercalcemia has been postulated to result from the

formation of insoluble Ca3(PO4)2 protein complexes.
This idea is supported by the finding that ultrafilter-
able phosphate concentrations also decline.3

Conversely, hypocalcemia is generally associated with
a fall in calcium ultrafiltration.4

Changes in the concentration of serum proteins are
usually accompanied by parallel changes in the total
serum calcium concentration so that the ultrafilterable
fraction remains constant.5,6,7 In severe hypoproteine-
mia, however, the ultrafilterable fraction increases.4,8

The concentration of ionized Ca21 varies inversely
with blood pH. Acidemia increases ionized Ca21 con-
centrations, whereas alkalemia causes decreases.5,7,8

Increases in the serum concentration of complexing
anions, such as phosphate, citrate, sulfate, or bicarbon-
ate, reduce the ionized Ca21 concentration by seques-
tering Ca21.

The amount of calcium in the extracellular fluid
represents a dynamic balance between intestinal
absorption, renal reabsorption, and osseous resorption.
Symptoms of hypocalcemia vary in relation to the ion-
ized serum calcium concentration. Mild reductions of
calcium are associated with paresthesias and muscle
cramps; more severe decreases of calcium may induce
seizures. Increases of plasma calcium, on the other
hand, have been implicated in attenuation of the renal
effects of parathyroid hormone (PTH), the antidiuretic
action of vasopressin, and reduced renal concentrating
capacity. A schematic representation of calcium bal-
ance, for an adult human, is shown in Fig. 64.2.
Assuming a daily dietary calcium intake of 1,000 mg,
net intestinal absorption amounts to about 200 mg,
with the remaining 800 mg excreted in the feces. In
balance, net intestinal absorption is matched by uri-
nary excretion, while calcium accretion and loss from
bone are equal. Thus, approximately 200 mg of cal-
cium are excreted daily. In adults, net calcium bal-
ance is effectively zero, suggesting that in the
absence of a calcium challenge such as lactation, the
kidneys represent the dominant regulatory site of cal-
cium metabolism.9,10

The renal responses to alterations of extracellular
calcium are transduced by the calcium-sensing recep-
tor (CaSR), which is expressed prominently at the sites
of PTH and vasopressin action in the kidney.11,12

CALCIUM TRANSPORTALONG
THE NEPHRON

General Considerations, Calcium Clearance

Maintenance of extracellular calcium balance
requires the daily urinary excretion of 200 mg of

FIGURE 64.1 Chemical forms of calcium in serum. Calcium con-
centrations are expressed as mg/dl on the left-hand axis and as mM
on the right. The total serum calcium concentration, 10 mg/dl or
2.5 mM, can be divided into three pools, protein-bound, that com-
plexed with small anions, and ionized calcium. The latter two moie-
ties, i.e., complexed and ionized, represent the calcium that is filtered
at the glomerulus and subject to tubular reabsorption as it passes
through the nephron.
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calcium. The amount of calcium excreted equals the
difference between that filtered and reabsorbed:

calcium excreted5 filtered load � calcium
reabsorbed

or,

UCa21V5 ðGFR3P
uf
Ca21

Þ2TCa21

where UCa21 is the concentration of calcium in the
urine, V is the rate of urine flow, GFR is the glomerular
filtration rate, P

uf
Ca21

is the concentration of ultrafilterable
calcium in plasma (filtered load being the production
of GFR and plasma ultrafiltrable calcium), and TCa21 is
the rate of net Ca21 reabsorption.

Unlike phosphate or magnesium, which exhibit sat-
urable reabsorptive kinetics (i.e., a tubule reabsorption
maximum, Tm), most studies9,13�15 suggest that
calcium does not display such behavior. However,
some evidence for a calcium TmðTm

Ca21Þ has been
advanced.16,17 The Tm

Ca21 is conventionally determined
by measuring calcium excretion as a function of the
plasma calcium, or ultrafilterable calcium, concentra-
tion. Two explanations have been proposed for the
apparent failure of calcium excretion to saturate at ele-
vated serum calcium concentrations. It has been argued
that, in vivo, only a limited excursion of ultrafilterable
plasma calcium concentrations can be tolerated and
that within this range the filtered load of calcium may

be less than the Tm
Ca21.

14 It has also been postulated that
since the bulk of calcium absorption is passive and
may be accomplished by a combination of diffusion
and solvent drag, no Tm

Ca21 exists.
Calcium is reabsorbed throughout its passage along

the nephron. As detailed below and shown schemati-
cally in Fig. 64.3, 60�70% of the filtered calcium is
reabsorbed by proximal tubules, an additional 20% by
thick ascending limbs, and 5�10% by distal tubules.
Final adjustments of calcium excretion are achieved in
collecting ducts, where transport may be absorptive or
secretory. The net result of these processes is that only
0.5�1.5% of the filtered calcium is normally excreted in
the voided urine.

The interested reader is referred to several excellent
monographs for more comprehensive treatments of
calcium homeostasis and clearance2,18 micropuncture19

and isolated tubule studies20 of renal calcium
transport.

Glomerular Filtration

The renal disposition of calcium begins with its
ultrafiltration across the capillaries of the glomerulus.
The ultrafilterable forms of calcium include ionized
Ca21 and calcium complexed to small anions. Calcium
bound to plasma proteins is not filtered. The calcium

FIGURE 64.2 Extracellular calcium balance in the adult human.Numeric values for calcium intake, excretion, and fluxes are in mg/day,
approximated for a 70 kg individual, original data from ref. [254].
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concentration in the ultrafiltrate, measured by directly
sampling tubular fluid from Bowman’s space is
1.31 mM, or 63% of that in plasma.21�23 This value
compares favorably to that of ultrafiltrate prepared
with artificial membranes.8,23�25

Glomerular ultrafiltration is a passive process, driven
by the net hydraulic and osmotic pressure gradient
across the capillary membranes. The glomerulus is gen-
erally not considered a site of regulation of calcium
absorption or homeostasis. However, it should be borne
in mind that PTH depresses the glomerular ultrafiltra-
tion coefficient Kf, which may thereby diminish single
nephron filtration rates and contribute to the hormone’s
calcium-sparing action (cf. Hypercalcemia26,27). mRNA
transcripts for the type 1 PTH receptor (PTH1R)28,29 and
type 2 PTH receptor (PTH2R) are expressed in
glomeruli.30,31

Proximal Convoluted Tubule

Following its ultrafiltration across the glomerular
capillaries, calcium is reabsorbed throughout the neph-
ron. As shown in Fig. 64.3, the majority of the filtered
calcium is recovered by the proximal tubules. The
proximal nephron of both superficial and juxtamedul-
lary tubules consists of three ultrastructurally distinct
segments: S1, S2, and S3.

32 Operationally, however, cal-
cium transport has been characterized in the

microscopically recognized proximal convoluted
tubules, corresponding primarily to the S1 segment,
and to a lesser extent in superficial proximal straight
tubules (pars recta), S2 segments.

Sixty to Seventy percent of the filtered calcium is
absorbed by the end of the proximal convoluted
tubule. Using in vivo micropuncture techniques,
Lassiter and colleagues,22 and subsequently others,33,34

demonstrated that two-thirds of the filtered calcium is
reabsorbed by the end of the accessible proximal con-
volution in the rat. Somewhat less complete absorption,
37�45%, obtains in the rabbit.35,36 Remarkably, in the
hamster, which exhibits the most robust calcium-
sparing effect of PTH, calcium absorption by proximal
tubules is negligible.37 This observation underscores
the primacy of distal segments in regulating final cal-
cium excretion.

In general, random collections of proximal tubule
fluid samples under control conditions result in tubular
fluid to glomerular filtrate calcium ratios, (TF/GF)Ca21
between 1.0 and 1.2. Based on these findings it is com-
monly held that the concentration of calcium within
the proximal tubular fluid remains essentially identical
to that of glomerular filtrate or ultrafilterable plasma
(UF) calcium,22,38 i.e., that calcium transport along the
length of the proximal convoluted tubule proceeds
essentially as an isoosmotic process. These observa-
tions, in turn, have been interpreted as indicating that
the bulk of calcium absorption is energetically passive.
However, a detailed examination of calcium absorption
along the length of the accessible superficial proximal
tubule revealed that (TF/GF)Ca21 increases from a value
close to unity at the earliest micropuncture locations to
a value of about 1.2, still relatively early in the neph-
ron, and stayed constant for the remaining accessible
portions of the proximal nephron.39 The cause of the
elevated (TF/GF)Ca21 ratios is unclear but may have its
origin in molecular sieving of calcium at the luminal
pole of the tight junctions as calcium absorption lags
behind that of water. Alternatively, the presence of
nontransported, anionically complexed calcium within
the lumen might contribute to or account for the ele-
vated values of (TF/GF)Ca21. Inasmuch as the proximal
tubule transepithelial voltage is about 22.5 mV, these
findings are consistent with the idea that a component
of proximal calcium transport may be energetically
active since it proceeds against an electrochemical
gradient.

Proximal Straight Tubule

Because proximal straight tubules (pars rectae) do not
extend to the surface of the kidney and are not amena-
ble to conventional micropuncture techniques, calcium

FIGURE 64.3 Renal calcium absorption. The figure represents a
stylized view of the nephron and the graph depicts the percentage of
filtered calcium remaining at the glomerulus, proximal convoluted
tubule (PCT), thick ascending limb (TAL) of Henle’s loop, distal con-
voluted tubule (DCT), collecting duct (CD), or in the final urine.
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transport by this segment has been less thoroughly
studied than in proximal convoluted tubules. Indirect
estimates of calcium reabsorption derived from the dif-
ference between the calcium concentration of fluid
samples obtained from late proximal convoluted
tubules and those from the tip of the loop of Henle
suggested that 10% of the filtered calcium is recovered
by proximal straight tubules.22,40,41 This approach
necessitates obtaining proximal samples from a super-
ficial nephron, while the samples from the loop of
Henle are taken from the tip of a juxtamedullary neph-
ron. Nonetheless, direct in vitro microperfusion studies
of proximal straight tubules substantiated the conclu-
sion that proximal straight tubules absorb 10% of the
filtered calcium.42,43

Mechanisms of Proximal Tubule Calcium
Transport

Calcium absorption by proximal tubules may be
mediated by a combination of passive and active trans-
port mechanisms. The transepithelial absorption of cal-
cium can be conceptually described by the following
relation:

calcium absorption5passive transport
1 active transport

where passive absorption is the sum of diffusion and
solvent drag. These relations can be expressed formally
as:44

JCa21 5
PCa21 ΔCCa21 1

Zi
RT CCa21Δψ

� �
diffusion

1
ð12σCa21ÞCCa21Jv
solvent drag

1
Jactive
Ca21

active transport

where, PCa21 is the apparent calcium permeability,
ΔCCa21 is the transepithelial calcium concentration dif-
ference ([lumen-to-bath] � [bath-to-lumen]), zi is the
valence, R the gas constant, T the absolute temperature,
CCa21 is the average transmural calcium concentration
across the tubule ([lumen-to-bath1 bath-to-lumen]/2),
ΔΨ is the transepithelial voltage, σCa21is the reflection
coefficient for calcium, Jv is the net fluid absorption,
and Jfactive

Ca21
g is the metabolically active, transcellular cal-

cium transport.
Most evidence suggests that proximal tubule cal-

cium transport is passive, i.e., energetically indepen-
dent, and occurs primarily by diffusion and solvent
drag. These mechanisms imply that calcium absorp-
tion proceeds primarily by the paracellular route
(Fig. 64.4) through the lateral intercellular space
between adjoining cells. By contrast, active transport
is a two-step process, wherein calcium enters the cell
across apical plasma membranes and is then extruded
across basolateral plasma membranes. Basolateral
efflux occurs against a steep electrochemical gradient
and is powdered by the hydrolysis of ATP by the
Na-K-ATPase. A general schematic representation of

FIGURE 64.4 Model of proximal tubular calcium absorption. The inset shows the portion of the nephron referred to in the cell model. In
proximal tubules, the majority of calcium is absorbed by passive mechanisms through the paracellular pathway. Evidence supports the pres-
ence of a small component of active, transcellular calcium transport.
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these processes in proximal tubules is shown in
Fig. 64.4.

It should be noted that, although small by compari-
son with paracellular calcium absorption, active cellu-
lar absorption by proximal tubules amounts to some
20 μmol/min,45 which, in fact, is approximately twice
that of the distal nephron, where calcium absorption is
entirely cellular.

The mechanism of calcium transport by the S2 seg-
ment of the proximal straight tubule resembles that of
the proximal convoluted tubule. Studies using isolated
perfused rabbit S2 proximal tubules, under experimen-
tal conditions designed to minimize net fluid move-
ment and the electrochemical gradient for Ca21,
generally are consistent with the idea that passive driv-
ing forces are the major determinant of calcium absorp-
tion.42,46 However, evidence for a significant amount of
active calcium transport has been reported.43 Sacks and
Bourdeau47 showed that when passive driving forces
across isolated S2 segments of rabbit proximal straight
tubules were experimentally manipulated, the direc-
tion and rate of net calcium flux were predicted by the
magnitude of the imposed electrochemical gradient.
Thus, passive diffusion appears to be the major mecha-
nism of transport in proximal straight tubules.

The presence of active, transcellular calcium absorp-
tion by proximal tubules, no matter how slight its mag-
nitude, necessitates specific transport proteins in apical
plasma membranes to admit calcium and others in
basolateral membranes to mediate its extrusion. As
far as is presently known, cellular calcium entry is
mediated by calcium channels. Support for the pres-
ence of such channels takes the form of electro-
physiological48�51 and pharmacological51�60 evidence.
The molecular identity of such proximal tubule calcium
channels is unknown but appears not to be TrpV5 or
TrpV6.61 Basolateral calcium efflux in energetically
dependent. Two proteins capable of mediating such
transport are the plasma membrane Ca21-ATPase
(PMCA) or the NCX Na1/Ca21 exchanger. Proximal
tubule cells express PMCA1 and PMCA4 isoforms,
which may serve as the primary mechanism of cellular
Ca21 efflux.62 Proximal tubules also express the NCX1
Na1/Ca21 exchanger.63 The relative contribution of
NCX1 and PMCA1/4 to cellular calcium absorption is
not known.

In summary, proximal tubules exhibit high calcium
permeability and low transepithelial electrical resis-
tance. Most calcium absorption proceeds through pas-
sive mechanisms and traverses the paracellular
pathway (Fig. 64.4). The majority of passive absorption
is diffusive, with an additional slight contribution by
solvent drag. The active component constitutes 20% of
the total calcium absorption and proceeds through a
transcellular pathway that involve entry through apical

membrane calcium channels and exit across basolateral
membranes that is mediated by isoforms of the plasma
membrane Ca21-ATPase and/or the Na1/Ca21

exchanger.

Descending and Ascending Thin Limbs

Limited information is available on calcium trans-
port and permeability of thin descending limbs of
Henle’s loop. The few studies failed to uncover
evidence for net calcium movement (absorptive or
secretory) (summarized in 39). When single rabbit des-
cending thin limbs were perfused in vitro, (TF/UF)
Ca21 and (TF/P) inulin increased proportionately.41

This would allow calcium to accumulate in the tubular
fluid. Furthermore, these studies revealed a remark-
ably low permeability to calcium; about one-tenth that
of proximal convoluted tubules.

Thin ascending limbs of Henle’s loop also exhibit
low calcium permeability and are not a site of net cal-
cium transport.64 The low permeability of thin ascend-
ing limbs is particularly striking in view of its
comparatively high permeability to sodium and chlo-
ride.65 In single, microperfused thin ascending limbs of
the hamster, removal of luminal calcium had no effect
on the concentration of intracellular free calcium,66

consistent with the low permeability.
In summary, calcium transport by thin descending

limbs and thin ascending limbs contributes little to the
overall reabsorptive process because of the low Ca21

permeability and absence of active calcium transport
by these segments.

Thick Ascending Limb

Approximately 20�25% of the filtered calcium is
reabsorbed by thick ascending limbs of Henle’s loop.
Thick ascending limbs are comprised of medullary and
cortical portions. This division is relevant because
appreciable functional and species differences attend
calcium transport and its hormonal regulation by these
nephron segments. Calcium is absorbed by both med-
ullary and cortical portions of thick ascending limbs,
though to differing degrees. It is unclear if the gradual
changes in cellular architecture between medullary and
cortical portions of the thick ascending limb are related
to differences in the mechanism or magnitude of cal-
cium transport. The distinguishing feature of calcium
transport in thick ascending limbs is the presence of
parallel paracellular and cellular transport pathways
(Fig. 64.5). Under resting conditions, calcium absorp-
tion is energetically passive and proceeds through the
paracellular pathway driven primarily by the lumen
electropositive transepithelial voltage resulting from
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the absorption of Na1. The greater the rate of Na1

absorption, the larger the voltage, and the consequent
rate of Ca21 absorption. Conversely, lower rates of
Na1 absorption, following the administration of loop-
acting diuretics, for instance, the lower the extent of
Ca21 absorption. Thus, in the absence of hormonal
stimulation, Ca21 and Na1 absorption parallel one
another in thick ascending limbs as they do in proxi-
mal tubules.

The pattern of parallel Ca21 and Na1 absorption is
disrupted, however, by PTH and by calcitonin. Thick
ascending limbs express the parathyroid hormone
receptor and the calcitonin receptor. The distribution of
these receptors, as deduced by the ability of their
respective ligands to induce cAMP accumulation,67

varies importantly between medullary and cortical
ascending limbs and across species. Table 64.1 sum-
marizes representative findings for humans and the
mouse. Direct studies of the effect of PTH and calcito-
nin on calcium transport by isolated cortical and med-
ullary thick limbs established that these peptides
stimulate active, transcellular calcium absorption.39

Thus, resting calcium absorption proceeds through the
paracellular pathway through tight junctions, and
active calcium absorption follows a transcellular route.

Moreover, whereas passive calcium transport in thick
limbs parallels Na1 movement, active calcium cellular
calcium transport is inversely related to cellular
sodium absorption. The reason for this is that apical
membrane calcium influx is voltage dependent.
Cellular Na1 entry depolarizes the cell, thereby reduc-
ing the driving force for Ca21 entry, and conversely
decreased Na1 influx hyperpolarizes the transmem-
brane voltage and increases Ca21 influx. These com-
plex relations between voltage and paracellular vs.
cellular calcium movement makes it difficult to assess

TABLE 64.1 PTH and Calcitonin Receptor Distribution in
Thick Ascending Limbs

Species Segment PTHR CTR

Human CAL 11 111

MAL 11 11

Mouse CAL 1111 1

MAL 0 0

Distribution and abundance of parathyroid hormone receptor (PTHR) and

calcitonin receptor (CTR) are scaled based on relative stimulation of adenylyl

cyclase.255,256

FIGURE 64.5 Model of calcium absorption in thick ascending limbs.The inset shows the portion of the nephron referred to in the cell
model. Calcium absorption proceeds through both an active, transcellular pathway and by passive mechanisms through the paracellular path-
way. Resting, i.e., basal absorption is passive and is driven by the ambient electrochemical gradient for calcium. Calcitropic hormones such as
PTH and calcitonin (not shown) stimulate active cellar calcium absorption in cortical and medullary thick ascending limbs, respectively, as
detailed in the accompanying text. Other hormones, such as vasopressin, that stimulated Na1 absorption by the Na-K-2Cl cotransporter, cause
parallel elevations of calcium absorption by increasing the transepithelial voltage and the driving force for passive calcium absorption.
Conversely, the loop diuretics bumetanide and furosemide, by inhibiting Na-K-2Cl cotransport, decrease the transepithelial voltage and dimin-
ish passive calcium absorption with an attendant increase in calcium excretion.
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the relative contribution of cellular and paracellular
calcium transport to the net absorption, especially
under physiological conditions or in clinical settings.

Notably, other peptide hormone receptors, including
those for ADH and glucagon, are also expressed in
thick ascending limbs. Their activation is not accompa-
nied by changes of calcium absorption. This may be
explained by the requirement for activation of both
adenylyl cyclase and phospholipase C, which occurs
with PTH and calcitonin but not ADH or glucagon, for
stimulation of cellular calcium transport in cortical
ascending limbs.68

Bartter’s Syndrome and Calcium Transport
by Thick Ascending Limbs

Mutations in the Slc12a1 (Na-K-2Cl cotransporter),69

the KCNJ1 (ROMK apical K1 channel),70 and CLCNKB,
(the human homolog of the ClC-K2 basolateral Cl�

channel)71 genes have been described in a number of
families with Bartter’s syndrome. The syndrome is
characterized by salt wasting, hypokalemic alkalosis
and, in the classic and antenatal variants, accompanied
by hypercalciuria.72 Loss of Na-K-2Cl cotransporter
function by gene mutation results in a clinical presenta-
tion similar to that of inhibition of cotransporter activ-
ity by loop diuretics, viz., salt wasting, volume
depletion, hypokalemic metabolic alkalosis, and hyper-
calciuria. These findings underscore the parallel nature
of sodium and calcium absorption by thick ascending
limbs.

Distal Convoluted Tubules

Distal convoluted tubules absorb 8�10% of the fil-
tered calcium. Although modest in overall magnitude,
distal tubules are the most important site for renal cal-
cium economy because they are the site of the key reg-
ulatory influence of PTH on calcium absorption.
Calcitonin, and 1,25(OH)2D3 also participate in regulat-
ing calcium absorption by distal tubules. The other
notable feature of calcium absorption by distal tubules
is that it proceeds entirely through a transcellular path-
ways (Fig. 64.8) and is inversely related to sodium
absorption. Thus, thiazide diuretics dissociate calcium
and sodium movement by inhibiting sodium transport,
thereby promoting calcium absorption.

The superficial distal nephron is composed of three
tubule segments, the distal convoluted tubule, the con-
necting tubule, and the cortical collecting tubule, each
composed of distinct cell types.73 The distal convoluted
tubule begins at the macula densa and, in most species,
ends gradually as a transition to connecting tubules.74

Although it is generally thought that distal convoluted

tubules consist of a single cell type, the distal convo-
luted tubule cell, intercalated cells may be found, par-
ticularly in the later one-third of the tubule. In humans,
intercalated cells may be present throughout the distal
convoluted tubule.75 Distal convoluted tubule can be
functionally divided in to DCT1 and DCT2 portions.
The former expresses the NaCl cotransporter, whereas
the latter expresses both the NaCl cotransporter and
the epithelial Na channel, ENaC.76 Connecting tubules
consist of connecting tubule cells and intercalated cells.
The cortical collecting duct is comprised of principal
and of alpha or beta intercalated cells. These different
cell types and relevant when considering calcium
transport and its hormonal regulation. The distribution
of calcium-transporting or regulating proteins in
mouse distal nephron sites has been elegantly ana-
lyzed.77 The findings are included in the relevant fol-
lowing sections.

Pioneering stop-flow studies first demonstrated
that calcium was absorbed by distal tubules. Direct
examination of calcium transport along the length of
the accessible surface distal tubule confirmed these
conclusions.22 10% of calcium delivered to distal
convoluted tubules is absorbed by the end of the
accessible surface portion of distal tubules. Since the
(TF/UF)Ca21 ratio is less than unity and the transe-
pithelial voltage is lumen-negative,78,79 calcium

FIGURE. 64.6 Calcium and sodium absorption by distal convo-

luted tubules. The inset highlights this portion of the nephron. The
cell model shows two apical membrane Na1 entry mechanisms, the
thiazide-diuretic-inhibitable Na-Cl cotransporter and the amiloride-
blockable, epithelial Na channel, ENaC. Calcium enters the cell across
apical membranes through dihydropyridine-sensitive calcium chan-
nels. Basolateral calcium efflux is thought to be mediated by the
plasma membrane Ca21-ATPase (PMCA) and the Na1/Ca21

exchanger. In distal convoluted tubules, both basal and stimulated
calcium absorption follows a transcellular path.
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absorption proceeds against both chemical and electri-
cal gradients and, hence, is active. Detailed informa-
tion on permeability coefficients and related
biophysical parameters of distal calcium transport can
ben found in previous editions.39

Cellular Mechanisms of Distal Tubule Calcium
Transport

Calcium absorption by distal convoluted tubules
proceeds entirely by active, transcellular absorption
(Fig. 64.7). In this regard it is conspicuously different
from proximal tubule calcium absorption, which is pri-
marily if not entirely passive and paracellular in
nature, or calcium absorption by thick ascending limbs,
which is mediated by hybrid transcellular and paracel-
lular mechanisms.

The salient features of cellular calcium transport by
distal convoluted tubule cells are summarized sche-
matically in Fig. 64.6. Entry across apical cell mem-
branes occurs through calcium channels80�84 and
basolateral efflux is mediated by a combination of
Na1/Ca21 exchange and Ca21-ATPase. It is now gen-
erally accepted that TrpV5 calcium channels are
responsible for apical calcium entry (see Chapter 62,
Calcium Channels).85 TrpV5, was cloned and localized
to apical membranes of distal convoluted
tubules.77,86,87 TrpV5 is a homotetramer that is constitu-
tively active, has a 77 pS single channel conductance.88

Some aspects of the biology of TrpV5 remain to be

resolved. For instance, TrpV5 is insensitive to dihydro-
pyridine or phenylalkylamine calcium channel block-
ers89,90 that have been shown to inhibit calcium
absorption by distal convoluted tubules and DCT
cells.91,92 Recent findings suggest that PTH stimulates
Ca21 entry by PKA-mediated phosphorylation of
TrpV5.93 The mechanism whereby thiazide diuretics
inhibit calcium entry by TrpV5 channels is uncertain. A
heteromeric, dihydropyridine sensitive calcium chan-
nel that incorporates ß3-subunits

94,95 has also been
described. It is stimulated by PTH,91 thiazide96 and
amiloride97 diuretics, but is refractory to furosemide.95

Its molecular identity is unknown.
TRPV5-null mice exhibit a comparable hypocalciuric

response to thiazides as do wild-type normal mice.98

Because the pharmacological site of thiazide action is
the distal nephron, Nijenhuis concluded that thiazide
diuretics indirectly stimulate paracellular proximal
tubular calcium reabsorption by contracting the extra-
cellular fluid volume. The clinical implication of this
finding is that patients with recurrent kidney stones
must restrict dietary sodium to enhance the volume-
depleting action of thiazides to maximize the hypocal-
ciuric effect.

The Klotho gene encodes a type I single-pass trans-
membrane protein that is associated with TrpV5.
Secreted Klotho, a beta-glucuronidase, hydrolyzes extra-
cellular sugar residues on TRPV5, thereby inhibiting
internalization of TRPV5 and increasing the abundance
of TRPV5 on the cell surface.99 The net result of this
action is to increase TRPV5-mediated calcium influx and
renal calcium absorption. Klotho-deficient mice exhibit
higher calcium excretion than do wild-type mice.100

Distal convoluted tubules express several isoforms
each of the Ca21-ATPase101,102 (PMCA) and the
Na1/Ca21 exchange (NCX).103�106 NCX1 is

FIGURE 64.8 Effects of metabolic or respiratory acidosis on

serum pH and urinary calcium excretion in rats (Redrawn from ref.
[171]).

FIGURE 64.7 Calcium transport by collecting ducts. This neph-
ron segment is shown in the shaded area of the inset. Collecting ducts
are not thought to be a primary site of calcium transport. Studies sug-
gest that calcium movement is small in magnitude and thermody-
namically passive. Transport may be absorptive or secretory, driven
by the lumen-negative transepithelial voltage.
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extensively expressed on basolateral membranes of
DCT1 of mouse107 and DCT2 of rat108 distal convo-
luted and connecting tubules. PMCA isoforms dis-
play a comparable pattern of distribution.103 NCX1
operates in forward and reverse modes. In the for-
ward direction, NCX1 mediates calcium efflux that is
coupled to sodium influx in a ratio of 3 Na1

exchanged for 1 Ca21 ion. Operating in this fashion,
NCX1 is thus electrogenic.109 Other exchanger modes
and stoichiometries have been reported.110 Given the
membrane hyperpolarization induced by PTH,91,111

it would be expected that calcium extrusion medi-
ated by NCX1 would be accelerated in response to
PTH action, thereby coordinating symmetric
increases of apical calcium entry and basolateral
efflux, accounting to the hypercalcemic actions of
PTH.

The KCa21

m for renal Na1/Ca21 exchange is
0.1�10 μM, within the range of free intracellular Ca21

(Ca21i ) stimulated by PTH, calcitonin, and thiazide
diuretics.96�112 The Km is comparable to that of the
PMCA,113�116 whereas the Vmax of the PMCA is 20�40
times greater than that for Na1/Ca21 exchange.
Assuming that [Na1]i is 17.5 mM117 and Ca21i is
120�300 nM,118 the Na1/Ca21 exchanger operates in
the forward direction at no more than 4�10% of its
maximal velocity. Under the same conditions, the
PMCA functions at 30�70% of its Vmax. Thus, under
resting conditions, PMCA activity would account for
85% of basolateral calcium efflux and Na1/Ca21

exchange would mediate only 15%. Based on these
considerations, it is reasonable to imagine that resting
calcium efflux is mediated by the PMCA and that in
response to PTH, thiazide or amiloride diuretics that
hyperpolarize distal tubules, the rate of forward elec-
trogenic Na1/Ca21 exchange increases and accounts
for the bulk of calcium efflux.

Gitelman’s Syndrome and Distal Tubule Calcium
Transport

Gitelman and Welt119 described a variant of
Bartter’s syndrome exhibiting salt wasting, hypokale-
mia, and hypermagnesuria but that was uniquely asso-
ciated with decreased calcium excretion.119,120

Gitelman’s syndrome is due to inactivating mutations
of the apical membrane Na-Cl cotransporter gene,
Slc12a3, which is located on human chromosome 16.
The hypocalciuria of Gitelman’s syndrome can be
understood from the model of distal tubular calcium
absorption depicted in Fig. 64.6. Since the direction and
magnitude of sodium and calcium absorption are
inversely related in distal convoluted tubules, impaired
or diminished apical Na-Cl cotransport enhances

calcium absorption. Thus, the disordered mineral ion
metabolism accompanying Gitelman’s syndrome rein-
forces the conclusions drawn regarding the cellular
mechanisms of distal calcium absorption and the
inverse relations between calcium and sodium trans-
port by distal tubules.109

Connecting Tubules

Connecting tubules represent a structural and func-
tional transition from distal convoluted tubules to col-
lecting ducts. In superficial nephrons, connecting
tubules are short and connect distal convoluted tubules
to collecting ducts. Connecting tubules of deep
nephrons form an arcade before draining into a collect-
ing duct. The ratio of superficial to deep connecting
tubules varies between species (cf. Chapter 20).
Notably, whereas distal convoluted tubules consist of a
single cell type, the principal cell, connecting tubules
are comprised of principal cells and intercalated cells.
As in distal convoluted tubules, principal cells mediate
calcium absorption. α-intercalated cells secrete protons
by a combination of the vacuolar H1-ATPase and by
the gastric-type H/K-ATPase.121�123 Operationally, cel-
lular calcium absorption is similar to that in distal con-
voluted tubules: it proceeds by a transcellular route
and is stimulated by PTH and thiazide diuretics.
Calcium movement by connecting tubules has recently
been reviewed in depth.124 The presence of calcium-
transporting principal cells and proton-absorbing inter-
calated cells may be responsible for the association of
hypercalciuria and metabolic acidosis, which has been
traced to connecting tubules.125

Experimentally metabolic acidosis induced by
NH4Cl or acetazolamide decreased renal TRPV5 and
calbindin-D28K mRNA and protein expression in wild-
type but not in TRPV5-null mice.126 Thus, downregula-
tion of renal calcium transport proteins may be the
mechanism responsible for hypercalciuria associated
with metabolic acidosis. Conversely, chronic metabolic
alkalosis increased the expression of calcium transport
proteins accompanied by diminished calcium excretion
in wild-type mice. This effect persisted in TRPV5-null
animals. Additional factors may also contribute to the
hypocalciuric effect of metabolic alkalosis.

Collecting Tubules

Cortical collecting tubules only modestly participate
in overall calcium homeostasis. Calcium transport is
small in magnitude and may be absorptive or secre-
tory. Calcium flux varies directly with the magnitude
and direction of the transepithelial voltage.127 At spon-
taneous transepithelial voltages (240 to 250 mV), a
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small net secretory flux is observed. Secretory calcium
transport could play a role in regulating calcium excre-
tion when long-term changes of transepithelial voltage
occur, for instance, as an adaptive response to changes
in mineralocorticoid status.128 A conceptual model of
calcium transport by collecting tubules is shown in
Fig. 64.7.

Inner medullary collecting ducts absorb calcium and
may be responsible for recovery of as much as 1.4% of
the filtered load.129 Calcium absorption by inner med-
ullary collecting ducts is insensitive to PTH. Other
reports failed to find evidence to support measurable
calcium transport by this nephron segment.130,131

REGULATION OF RENAL
CALCIUM TRANSPORT

A variety of physiological, pathological, hormonal,
and pharmacological factors influence tubular calcium
reabsorption. The most important of these are enumer-
ated in Table 64.2 and considered below.

Parathyroid Hormone

PTH is the most important physiologic regulator of
renal tubular calcium transport, and its actions are cov-
ered in detail in Chapter 65. PTH increases renal cal-
cium reabsorption and lowers urinary calcium
excretion. In the complete absence of the hormone or in
PTH deficiency states, there is diminished tubular
reabsorption and hypercalciuria. The stimulatory effect
of PTH on calcium transport is limited to distal neph-
ron segments. Paradoxically, PTH decreases calcium
absorption by proximal tubules; the calcium-sparing
action is due entirely to its effects on cortical thick
ascending limbs, distal convoluted tubules, and, in
some species, connecting tubules.

Mechanism of PTH Effects on Renal Calcium
Transport

It was long held that the calcium-sparing action of
PTH was mediated exclusively by the adenylyl
cyclase�cAMP�protein kinase A (PKA) axis. This con-
clusion was based on the following evidence: PTH
enhanced the urinary excretion of cAMP formed
de novo in the kidney (nephrogenous cAMP); adminis-
tration of exogenous cAMP analogs or forskolin
mimicked the effect of PTH in a variety of prepara-
tions; and the nephron locations at which PTH
activates adenylyl cyclase correlated well with the sites
of its physiologic actions. We know now that PTH
effects on renal calcium transport, at least in distal

tubules, require activation of both PKA and protein
kinase C (PKC).68 It should be borne in mind that PTH-
induced formation of nephrogenous cAMP occurs in
proximal tubules, where the hormone has little effect
on calcium absorption, and is mainly related to the
phosphaturic action of PTH. The discrepancy between
the necessity and sufficiency of PKA in activating renal
calcium transport may be due to non-specific,
crossover effects that occur upon addition of high con-
centrations of forskolin or of exogenous cAMP analo-
gues.132,133 cAMP-dependent but PKA-independent
actions of PTH in some instances may be mediated by
EPAC,134 an exchange protein that is cAMP-dependent
and activates PKC.135

Functional studies136 and the molecular cloning of
the PTH receptor137,138 revealed that in addition to acti-
vating adenylyl cyclase, PTH activates phosphatidyli-
nositol specific phospholipase C (PI-PLC). PTH
stimulation of distal calcium absorption requires acti-
vation of PKA and PKC.68 It should be mentioned that
emerging evidence points to the ability of PTH recep-
tors to activate additional signaling pathways involv-
ing phospholipase A2,

139,140 phospholipase D,68,141 and
MAP kinase.142�144

The PTH receptor mediates the effects of both PTH
and of the PTH-related peptide (PTHrP) and is

TABLE 64.2 Factors Regulating Renal Calcium Transport

Tubule

Segment

Fractional

Reabsorption

lCalcium
Reabsorption

nCalcium
Reabsorption

Proximal
Tubule

61% Volume
contraction,
phosphate loading,

Volume
expansion,
phosphate
depletion,
hypercalcemia,
PTH,
acetazolamide

Descending
thin limb

9% osmotic diuretics

Thick
ascending
limb

20% PTH, calcitonin furosemide,
bumetanide

Distal
convoluted
tubule

5% PTH, calcitonin,
thiazide diuretics,
amiloride,
phosphate loading,
alkalosis,
mineralocorticoid
depletion

acidosis

Collecting
duct

3%

Excreted in
Urine

,1%
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therefore designated the Type 1 PTH/PTHrP receptor
(PTH1R). A second Type 2 PTH receptor (PTH2R),
which responds uniquely to PTH and not PTHrP has
also been identified.

145,146 The PTH2R is not thought to
be expressed in renal tubular epithelial cells but in vas-
cular cells of the kidney and has not yet been impli-
cated in renal calcium transport.

The PTH1R may activate PKA and PKC. In some
cases occupancy of the PTH1R activates only one sig-
naling pathway. For instance, in keratinocytes,147�149

cardiac myocytes,150,151 lymphocytes152�154 and vascu-
lar smooth muscle cells155 reasonable evidence sug-
gests that the PTH1R activates phospholipase C and
PKC, PLC but not adenylyl cyclase and PKA. Under
certain circumstances, one pathway may be preferen-
tially activated at low concentrations of PTH, while
both pathways are stimulated at higher concentra-
tions.156 These and other cell-specific signaling path-
ways initiated upon activation of the PTH1R appear to
be determined by Na/H exchanger regulatory factor, a
cytoplasmic adapter protein.157

Extracellular Fluid Volume

Extracellular volume expansion increases calcium
excretion, whereas extracellular volume contraction
decreases calcium excretion. These effects are brought
about indirectly through alterations of proximal tubule
function. Calcium transport in proximal tubules is pas-
sive and coupled to sodium and water absorption;
changes in proximal salt and water absorption cause
parallel changes of calcium transport. Hence, by reduc-
ing proximal salt absorption, extracellular fluid volume
expansion inhibits calcium absorption and increases
calcium excretion, whereas volume contraction
augments proximal salt absorption, thereby enhancing
calcium absorption and decreasing calcium excre-
tion.130,158 Because of the sheer magnitude of proximal
solute absorption, even slight alterations of extracellular
fluid volume exert profound effects on calcium absorp-
tion. These are commonly ignored or misconstrued
when explaining the calcium-sparing actions of drugs
such as thiazide diuretics, which reduce extracellular
fluid volume. Nonetheless, a number of studies159,160

provide evidence that the natriuretic effects of volume
expansion can only be partially explained by dimin-
ished proximal solute reabsorption and point to the
presence of distal effects of volume expansion.

Acute extracellular volume expansion decreases ion-
ized calcium concentrations in plasma, with an atten-
dant stimulation of PTH secretion.161 Increased serum
PTH levels, in turn, by directly stimulating calcium
absorption by distal convoluted tubules, further reduce
calcium excretion.

Acid�Base Balance

Metabolic acidosis increases calcium excretion,125,162�165

whereas metabolic alkalosis decreases calcium
excretion166�168 at any given plasma calcium concentra-
tion. By displacing calcium bound to albumin, acidosis
increases the ionized and ultrafilterable calcium in plasma,
without affecting the total calcium concentration.169

Chronic acidosis does not alter resting PTH levels.
Further, the changes of renal calcium transport do not
require the presence of the parathyroid glands125,170and,
thus, are not due to secondary changes in serum PTH
levels.

The hypercalciuria associated with metabolic acido-
sis is thought to be caused by reduced distal tubule cal-
cium absorption. The effect is specific for calcium and
dissociates the normal parallel relations between renal
sodium and calcium absorption, a hallmark of distal
tubular regulatory actions. The decline of proximal
bicarbonate reabsorption associated with the acidosis
decreases fractional calcium reabsorption and aug-
ments calcium excretion. Administration of bicarbonate
can reverse decreased distal tubule calcium trans-
port.125,164 The mechanism by which this occurs is
uncertain but may be indirect and involve increasing
bicarbonate delivery to distal tubules, where bicarbon-
ate is not absorbed and may complex calcium, result-
ing in greater excretion. However, the effect of
bicarbonate to augment distal tubule calcium absorp-
tion may also be direct and proceed independent of
systemic acid�base status.125,163

The effects of respiratory acid�base disturbances on
calcium excretion are not as well studied as those of
metabolic origin. Respiratory acidosis variably affects
renal calcium excretion. As shown in Fig. 64.8, for a
comparable fall of blood pH, calcium excretion was
unchanged with chronic respiratory acidosis, whereas
calcium excretion increased during chronic metabolic
acidosis.171 These findings imply that reductions of
pH, per se, do not account for the changes in urinary
calcium excretion that accompany chronic metabolic
acidosis. In contrast, Chronic respiratory acidosis
increased fractional urinary calcium excretion in the
dog.172 Here, serum pH declined to 7.2 after one
week of breathing 10% CO2, while serum PTH and
ionized calcium were unchanged but absolute and
fractional calcium excretion rose by 50 and 75%,
respectively, in the absence of a change in the fil-
tered calcium.

Phosphate Depletion

Chronic phosphate depletion causes striking
increases in calcium excretion.173�175 Although hypo-
phosphatemia, per se, reduces PTH levels, which

2236 64. RENAL CALCIUM METABOLISM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



contributes to the diminished calcium absorption, the
effect of phosphate depletion is independent of PTH.176

Proximal tubule absorption of both sodium and cal-
cium is reduced proportionately,177 and calcium
absorption is impaired in thick ascending limbs or
early distal tubules.178,179 Acute phosphate infusion
reduced calcium excretion to control levels without
affecting proximal tubular absorption.177 In another
study,179 PTH or phosphate infusion partially corrected
the renal calcium wasting. Thus, the distal calcium
absorptive defect was sensitive to phosphate infusion
but was independent of PTH since infusion of PTH
failed to alter urinary calcium excretion. It is not
known how phosphate augments distal calcium
transport.

Hypercalcemia

Hypercalcemia has several effects on the renal cal-
cium handling. It has been noted repeatedly that cal-
cium infusion reduces GFR.26,180,181 Hypercalcemia
causes a fall in the glomerular ultrafiltration coefficient,
Kf, resulting in a decrease in both single-nephron and
whole-kidney GFR;26,27,182 these effects do not occur in
the absence of PTH. Both the PTH1R and PTH2R are
expressed on glomerular cells.29,31,183 It would be
attractive to attribute the calcium-dependent effects of
the calcium-sensing receptor (CaSR). However. immu-
nolocalization studies of the CaSR failed to detect pro-
tein expression184 even though cDNA transcripts were
reported28 in the rat glomerulus.

Calcium infusion increases both calcium and
sodium excretion,185 in part due to inhibition of isoös-
motic solute absorption by proximal tubules.180

However, urinary calcium excretion increases to a
greater extent than does sodium excretion, suggesting
both a specific inhibitory effect of hypercalcemia on
calcium transport and, by inference, that this effect
occurs in distal tubules, where calcium and sodium
absorption can be dissociated. Evidently, in intact ani-
mals, elevations of serum calcium are accompanied by
suppression of PTH secretion,180 which decreases cal-
cium absorption at hormone-sensitive sites in cortical
thick ascending limbs and particularly distal convo-
luted tubules. However, hypercalcemia also directly
inhibits calcium absorption by thick ascending limbs of
Henle’s loop.186,187

Hypercalcemia suppresses PTH-stimulated cAMP
formation specifically in thick ascending limbs.
Increasing extracellular calcium from 1 to 5 mM inhib-
ited cAMP production in response to PTH and calcito-
nin in dissected cortical thick ascending limbs of
Henle, but not in proximal convoluted tubules.188 High
calcium also inhibited cAMP production stimulated by

forskolin. The mechanism of this inhibitory effect was
unclear at the time. It is now appreciated that these
effects are mediated by the CaSR.

CaSR

Significant insights in to the regulation of calcium
metabolism followed the cloning of the extracellular
calcium-sensing receptor (CaSR) by Brown et al.11 The
CaSR is located mainly in the parathyroid glands and
on renal tubules. In the parathyroid glands, calcium
binding activates the receptor and inhibits PTH secre-
tion. The CaSR colocalizes with the PTH1R in cortical
thick ascending limbs and distal convoluted tubules,184

suggesting a regulatory role on the effects of PTH.
Consistent with these observations, graded elevations
of extracellular calcium progressively inhibit PTH-
stimulated cAMP formation by mouse cortical thick
limb and distal convoluted tubule cells. Raising baso-
lateral, but not luminal calcium concentration directly
suppressed PTH-stimulated cellular and paracellular
calcium absorption by single perfused cortical thick
ascending limbs.189 The CaSR is also expressed at other
nephron sites, where it participates in regulating proxi-
mal phosphate transport190 and vasopressin-dependent
hydroösmsis in collecting ducts.191

The clinical relevance of the CaSR to renal calcium
transport has been established by identifying hyper-
and hypocalcemic disorders resulting from CaSR
mutations: familial hypocalciuric hypercalcemia and
neonatal severe hyperparathyroidism result from inac-
tivating CaSR mutations, while an autosomal dominant
form of hypocalcemia is caused by activating muta-
tions.192,193 In addition to effects of mutations on CaSR
activation or inactivation, an acquired form of hypocal-
ciuric hypercalcemia and multiple autoimmune disor-
ders arising from the presence of specific antibodies
against the CaSR.194 In ESRD patients, Rodriguez et al.
assessed the role of the CaSR in the pathogenesis of
secondary hyperparathyroidism.195 CaSR expression
was reduced by 60% in hyperplastic glands as com-
pared with normal parathyroid tissue and it was worst
in patients with nodular hyperplasia, a condition asso-
ciated with refractory secondary hyperparathyroidism.

Clinical Hypercalcemia

Primary hyperparathyroidism accounts for the
majority of hypercalcemia seen in the outpatient set-
ting.196 Epidemiological data point to a decreasing
prevalence of primary hyperparathyroidism.197 The
overall age and gender-adjusted rate declined from
82.5 per 100,000 person-years in 1974�1982 to 21.6 per
100,000 from 1993�2001. This trend over several
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decades suggests a change in the epidemiology of the
disease. The authors speculate that a factor besides the
introduction of automated serum calcium testing
explains the peak incidence in the 1970s. They hypoth-
esize that the factor could have been the previous
widespread use of x-rays in the 1940�1950s as diagnos-
tic and therapeutic tool (head and neck radiation) for
acne and thymic enlargement.

Surgery remains the preferred choice for adenoma-
related primary hyperparathyroidism. Minimally inva-
sive parathyroidectomy is a procedure that evolved as
a result of the technological advance in preoperative
and intraoperative localization tools to guide parathy-
roid surgery and is now commonly performed at
several centers. Based on review of medical charts of
352 patients that underwent parathyroidectomy for
primary hyperparathyroidism, an intraoperative PTH
level 10-min after gland excision with a 50% decrease
from the pre-incision PTH levels provided the most
reliable evidence of a successful surgical procedure,
while avoiding unnecessary parathyroid explora-
tion.198 The calcium sensing receptor mimetic cinacal-
cet (Sensipar) is available for patients for whom
parathyroidectomy is not an option. Patients with
primary hyperparathyroidism treated with cinacalcet
for five years maintained normal serum calcium
levels with reduced plasma PTH, increased serum
phosphate and alkaline phosphatase.199 No significant
effects were noted on bone mineral density.
Although not presently approved by the FDA for
routine treatment of primary hyperparathyroidism,
these and other positive outcomes will likely result
in approval.

Humoral hypercalcemia of malignancy (HHM)
related to PTH-independent factors such as PTH-
related protein (PTHrP) is the other major etiological
origin of hypercalcemia.200 Recently, severe hyperpara-
thyroidism has been described in association to ectopic
production of PTH by a metastatic neuroendocrine
pancreatic tumor.201,202 This is an extremely rare cause
of HHM, and in several cases there was clear demon-
stration that the tumor cell expressed the PTH gene as
a mechanism of hypercalcemia. In the report of
VanHouten there was hypomethylation and increased
expression of an otherwise normal PTH gene, leading
to the suggestion that the tumor cell expressed
a transcription factor capable of interacting with a
portion of the PTH gene promoter and then activate
PTH gene expression.202 This biological presentation
also has been described in a patient with hepato-
cellular carcinoma, where the tumor cell secreted
intact bioactive PTH.203 Notably, these extremely rare
presentations should not alter the clinical evaluation
of patients with humoral hypercalcemia of
malignancy.204

A secondary and often overlooked cause of hyper-
calcemia is Milk Alkali Syndrome.205 Milk Alkali
Syndrome consists of hypercalcemia, metabolic alkalo-
sis, and renal insufficiency. Although originally
described in middle-aged men consuming milk and
antacids for treatment of peptic ulcer disease, it is now
most commonly found in older women taking calcium
supplements for osteoporosis. Increasing numbers of
pregnant women with Milk Alkali Syndrome have
been reported. The pathogenesis of the hypercalcemia
is complicated and includes various components
including excessive calcium intake combined with a
failure to suppress 1,25(OH)2-vitamin D levels, and
other factors.206 Hypercalcemia and alkalosis generally
resolve quickly upon cessation of calcium intake.
Ancillary treatment with furosemide, bisphosphonates,
or calcitonin is no longer recommended.205

Renal Osteodystrophy

The therapeutic control of hyperparathyroidism and
bone health, unfortunately, may induce hypercalcemia
and vascular calcification in patients with chronic kid-
ney disease. Cardiovascular disease causes more than
60% of deaths among patients with end stage renal dis-
ease (ESRD); and the annual cardiovascular mortality
rate is significantly higher (by more than an order of
magnitude) than in the non-ESRD population, espe-
cially among individuals younger than 70.207

Hyperphosphatemia, hypercalcemia, and the calcium-
phosphorus (Ca x P) product are associated with
increased mortality, particularly to cardiovascular
causes. Goodman et al.208 reported a high prevalence
of coronary artery calcification among young adults
receiving dialysis, especially those who were on sup-
portive dialysis for longer than 10 years. More recent
findings reveal that vascular calcification itself, as eval-
uated with x-ray films or ultrasound, is linked to aortic
stiffness and reduced patient survival.209

A persistent question remains as to whether the use
of calcium-based phosphate binders and/or vitamin D
to prevent hyperparathyroidism leads to a high cal-
cium burden and vascular calcification. To this end,
non-calcium based agents such as Sevelamer and lan-
thanum salts have been added to the therapeutic
armamentarium.

Diuretics

All diuretics, with the notable exception of the thia-
zides, increase calcium excretion. The magnitude of the
calciuric effect varies with the nephron site of action of
the particular agent and its associated efficacy. At one
extreme, drugs such as acetazolamide that act on proxi-
mal tubules have little effect on net calcium excretion.
At the other extreme, loop diuretics, the most effica-
cious diuretics, exert profound effects on calcium
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excretion. By contrast, thiazide diuretics decrease cal-
cium excretion. The actions of diuretics on renal cal-
cium excretion and transport are considered below in
some detail.

Carbonic Anhydrase Inhibitors

Acetazolamide and related carbonic anhydrase inhi-
bitors block proximal tubule bicarbonate absorption by
producing a limiting intra-luminal pH gradient, against
which H1 ions cannot be exchanged for Na1.
Acetazolamide increases urinary sodium excretion
with slight, if any, effect on calcium excretion.210�214

Acetazolamide elicits similar reductions of proximal
tubule sodium and calcium absorption.210 However,
although sodium excretion increased while urinary cal-
cium excretion was unchanged, calcium absorption by
thick ascending limbs and distal tubules must have
been enhanced in a compensatory manner. This would
be consistent with the load dependence of calcium
transport by thick limbs and especially distal tubules.
It is not known whether acetazolamide increases cal-
cium absorption directly or whether the effect is sec-
ondary to increased bicarbonate delivery to distal
tubules.125 Nonetheless, acetazolamide caused a rela-
tively greater increase of sodium than of calcium excre-
tion in the isolated perfused dog kidney.214 These
results would favor a direct action of acetazolamide on
renal calcium transport.

Loop Diuretics

The major diuretics acting in the loop of Henle are
furosemide, bumetanide, piretanide, torsemide, which
are sulfamyl anthranilic acid derivatives, and ethacry-
nic acid, a phenoxyacetic acid,215 which is now infre-
quently used. Loop diuretics block sodium absorption
by thick ascending limbs, thereby diminishing the driv-
ing force for calcium absorption and an attendant and
substantial increase of urinary calcium excretion. The
magnitude of the natriuresis generally, but not
always,214,216�219 parallels the calciuresis. These devia-
tions may arise from the PTH status at the time the
diuretic was administered or other events that regulate
calcium or sodium transport at more downstream
nephron sites.

Loop diuretics block apical membrane Na-K-2Cl
cotransport by thick ascending limbs, where calcium
absorption is largely passive, and driven by the lumen-
positive transepithelial voltage187,220 (Fig. 64.5). The
positive voltage arises from the secretion of cellular K1

into the tubular lumen and from the cation permselec-
tivity of the tight junctions. By inhibiting Na-K-2Cl
cotransport, loop diuretics decrease intracellular chlo-
ride and sodium.221 The basolateral membrane pos-
sesses Cl� and K1 conductances,222 which determine
the membrane voltage. Hence, upon blockade of

chloride entry, the cytosolic Cl� activity falls to its
equilibrium level221 and both apical and basolateral
membranes hyperpolarize.223 Thus, the hyperpolariza-
tion of both cell membranes upon administration of
furosemide is accompanied by depolarization of the
transepithelial voltage. These oppositely oriented
changes of the transepithelial voltage and the cell
membrane potential may exert complicated offsetting
effects on calcium transport by thick ascending limbs.
The variable effects on calcium and sodium excretion
caused by loop diuretics may be related to the magni-
tude and balance of the inhibitory action of the diure-
tics on passive calcium absorption and the stimulatory
effect on active calcium absorption. The net effect of
these competing actions is determined by the relative
magnitude of paracellular vs. cellular transport path-
ways and the extent of drug-induced blockade of Na-
K-2Cl cotransport in medullary thick ascending limbs,
where there is no cellular calcium absorption, and cor-
tical thick ascending limbs, where the aforementioned
considerations suggest that cellular calcium transport
may mitigate the degree of blockade of passive paracel-
lular calcium absorption. It should be borne in mind
that the passive route clearly dominates overall cal-
cium absorption by thick ascending limbs,220,224 consis-
tent with the view that furosemide administration
usually does not dissociate urinary calcium and
sodium excretion.

Thiazide Diuretics

About 5�7% of the filtered sodium and calcium is
reabsorbed by distal convoluted tubules. Thiazide
diuretics, which block Na-Cl cotransport in distal con-
voluted tubules, have the unique characteristic of con-
comitantly decreasing calcium excretion while
increasing sodium excretion. The hypocalciuric effect
of thiazide diuretics forms the basis for their usefulness
in treating idiopathic hypercalciuria.

A model incorporating the generally accepted cellu-
lar mechanisms responsible for NaCl and Ca21 absorp-
tion by distal convoluted tubule cells is shown in
Fig. 64.6. Two sodium entry mechanisms coexist in dis-
tal convoluted tubules; an electroneutral Na-Cl cotran-
sporter that is found in early (DCT1) and late (DCT2)
distal convoluted tubules and the amiloride-sensitive
epithelial Na1 channel (ENaC) that is restricted to
DCT2.77,225�228 The transport of each Na1 by the Na-Cl
cotransporter is coupled in an electroneutral fashion to
the influx of one Cl� ion. Thiazide diuretics inhibit
NaCl reabsorption in distal convoluted tubules.229�231

As discussed earlier, Ca21 entry in distal convoluted
tubules is mediated by TrpV5 and perhaps other
calcium-permeable channels that are activated by
membrane hyperpolarization. Maneuvers that inhibit
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Na1 entry hyperpolarize the membrane, augmenting
the driving force of Ca21 entry.

Initial thiazide administration may not decrease cal-
cium excretion proportionally to the increase in sodium
excretion. However, with chronic administration, thia-
zides cause a sustained reduction in calcium
excretion,213,232�234 that is accompanied by a modest
but persistent increase of serum calcium.213,232,234 The
mediating role of PTH on the calcium-sparing effect of
thiazide diuretics has been disputed. On balance, it
seems that the acute hypocalciuric effects of thiazide
diuretics require adequate PTH levels.235 However, it
has been noted that circulating PTH levels actually fall,
rather than rise, during thiazide administration.236,237

Furthermore, acute thiazide administration to thyro-
parathyroidectomized rats231,238 or humans239 pro-
duces comparable dissociation of calcium and sodium
clearances as in normal subjects. Prolonged administra-
tion of polythiazide to thyroparathyroidectomized rats
diminished calcium excretion without changing
sodium excretion or body weight. Conversely, a per-
missive role for PTH in the stimulatory effect of thia-
zide diuretics on rabbit connecting tubules has also
been noted.240 Studies of direct action of thiazide diure-
tics on calcium absorption by distal convoluted
tubules241 and immortalized distal convoluted tubule
cells96 establishes that chlorothiazide directly stimu-
lates calcium transport. Thus, the stimulatory effect of
thiazide diuretics on calcium transport is both direct
and independent of PTH.

Extracellular fluid volume contraction may contrib-
ute to thiazide-induced decreases of calcium excretion
by enhancing proximal tubule solute absorption. This
is pointedly illustrated by recent studies in TrpV5-null
mice98 as described earlier.

Potassium-Sparing Diuretics

The mechanism of Na1 reabsorption by principal
cells of cortical collecting ducts is shown in Fig. 64.7.
Na1 enters the cell across the apical plasma membrane
down its electrochemical gradient through highly
selective epithelial Na1 channels (ENaC). These chan-
nels are inhibited by two chemically distinct drugs;
amiloride and triamterene. Amiloride is a pyrazinoyl-
guanidine derivative, whereas triamterene is a chemi-
cally unrelated aryl pteridine; both are weak organic
bases. As a consequence of their ability to block ENaC,
they hyperpolarize the cell. By contrast, spironolactone,
an aldosterone analogue that is also a potassium-
sparing diuretic, has an entirely different mechanism
of action, and depolarizes the cell.242 The ability of
amiloride and triamterene to hyperpolarize the luminal
membrane of cells expressing ENaC and possessing
apical Ca21 channels activated by hyperpolarization
may augment calcium absorption and diminish

calcium excretion. Spironolactone, which depolarizes
the membrane potential, would not be expected to
exhibit such an effect.

Like thiazides, the K-sparing diuretics
amiloride243�250 and triamterene246 dissociate sodium
and calcium excretion. The calcium-sparing actions of
amiloride and thiazides are additive in dogs246 and
humans,244 a likely consequence of their separate
sites229 or mechanisms96,97 of action on the distal
tubule. Amiloride directly stimulates calcium transport
by distal convoluted tubules.97 In the aforementioned
studies, amiloride blocked Na1 entry and hyperpolar-
ized the membrane voltage, which activated calcium
entry through dihydropyridine-sensitive Ca21 chan-
nels. As far as is presently known, TrpV5 channels are
not affected and do not mediate the calcium-sparing
action of these drugs.

Triamterene also blocks ENaC251 and, therefore,
should exhibit a calcium-sparing action. However,
whereas amiloride decreased fractional calcium excre-
tion in the dog, triamterene did not,246 i.e., the dissocia-
tion of sodium and calcium clearances by triamterene
was due to its effect on sodium elimination. In humans,
however, triamterene increased calcium excretion252,253

with a concomitant fall in sodium elimination.253 In
another study, triamterene had no effect on calcium
excretion but increased magnesium excretion.218 Thus,
there is uncertainty as to whether triamterene affects
renal calcium excretion with no obvious explanation
for the difference with amiloride.
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INTRODUCTION

Calcium plays a vital role in several biological pro-
cesses.1 It is an important constituent bone mineral,2

and is necessary for normal neuromuscular transmis-
sion, muscular contractility, cellular signaling, enzyme
function, and blood coagulation. Hence, the appropriate
control of calcium homeostasis is vital to the well-being
of the organism. A persistently negative calcium balance
results in hyperparathyroidism and bone demineraliza-
tion and contributes to the pathogenesis of osteomalacia
and the development of osteoporosis with attendant
vertebral and appendicular fractures.3,4 Severe calcium
deficiency results in tetany and, in extreme cases, grand
mal seizures. The deposition of excess calcium at ectopic
sites occurs in several diseases such as nephrolithiasis,
arteriosclerosis, valvular calcification, and calciphy-
laxis.3 Therefore, an appreciation of how calcium is nor-
mally absorbed, excreted and regulated is important in
understanding the pathophysiology of disease.

Calcium homeostasis is a tightly controlled process
involving several tissues, hormones, and proteins. The
hormones 1α,25-dihydroxyvitamin D (1α,25(OH)2D),
parathyroid hormone (PTH), and calcitonin contribute
to the regulation of calcium metabolism.5�7 These three
hormones have specific roles in several tissues includ-
ing the intestinal mucosa, bone, and renal tubular cells.
They work in concert with each other through complex
interactions to maintain extracellular fluid calcium con-
centrations in the normal range. In this chapter, we
will discuss the physiological role of each of these hor-
mones in calcium homeostasis.

CALCIUM BALANCE

Many tissues are dependent on the maintenance of
extracellular calcium concentrations within the physio-
logical range for proper function. If extracellular cal-
cium concentrations are significantly altered or
disrupted, tissue and organ dysfunction may result
(see above). Bone is the major reservoir of calcium, con-
taining about 99% of total body calcium stores, and
provides a significant buffer to maintain extracellular
calcium concentrations within the normal range if cal-
cium intake declines or calcium losses occur.2 The
maintenance of serum calcium concentrations in the
face of significant overall deficits in calcium balance
occurs at the expense of bone integrity. Serum calcium
concentrations (range 8.9�10.1 mg/dL in adults) are
age dependent, and small differences in circulating
concentrations occur as a result of gender.3,8 Table 65.1
shows normal serum calcium concentrations in males
and females measured at the Mayo Clinic. Serum cal-
cium is comprised of protein-bound calcium (40%);
complexed calcium, i.e., calcium complexed to ions
such as citrate, sulfate, and phosphate (13%); and ion-
ized calcium (47%).9,10 Total serum calcium concentra-
tions are dependent upon circulating concentrations of
albumin and to a smaller extent upon circulating con-
centration of globulins.11�17 The biologically active
fraction of serum calcium is ionized (normal range
4.8�5.7 mg/dL in adults) and, at a normal serum pH
of 7.4, is approximately 47% of total serum calcium.
The percentage of ionized calcium changes with pH—
an alkaline pH causing a reduction in free ionized
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calcium concentrations and an acid pH causing an
increase in ionized calcium concentrations. The rela-
tionships between ionized calcium, total calcium, albu-
min and pH are defined by the following equation:9

CaProt½ �5 0:2111 Alb½ � �
2 ð0:42Þ ½Alb�

47:3
ð7:422pHÞ

� �

CaProt5protein2 bound calcium; mmoles=L:

A 1-gram/deciliter change in serum albumin con-
centration is associated with a 0.8-milligram/deciliter
change in total serum calcium. Since globulins bind cal-
cium less avidly than does albumin, a 1-gram/deciliter
change in globulins results in a 0.16-milligram/deciliter
change in total serum calcium.11�17 It should be noted
that changes in the concentrations of serum proteins
are generally not associated with changes in the per-
centage of ionized calcium present in the circulation.
Also, it is worth remembering that the amount of cal-
cium filtered at the glomerulus of the kidney is a sum
of the ionized calcium concentration and the complex
calcium concentration (approximately 60% of total
serum calcium concentration).

Under normal circumstances of neutral calcium bal-
ance in the adult human, net intestinal absorption of
calcium is equal to urinary calcium (Figure 65.1).18

Calcium flux into and out of bone is well balanced
with equal amounts of calcium being deposited and
resorbed. Over a 24-hour period, a typical human adult
ingests about 1000 mg of elemental calcium.
Approximately 40% of ingested calcium is absorbed in
the intestine and enters the bloodstream. Both active
and passive processes are involved in the absorption of
calcium from the intestine.19 When the intestinal lumen
calcium concentrations are ,10 millimoles/liter, active
processes play a major role in calcium absorption.19,20

However, when calcium concentrations in the intesti-
nal lumen exceed 10 millimoles/liter, passive processes
become operative in the absorption of calcium.21 About
150 mg of calcium are excreted into the gastrointestinal
tract each day, predominantly in pancreatic and intesti-
nal secretions (“endogenous fecal calcium”),22 for a net
calcium absorption of about 250 mg per day. The kid-
ney filters about 9000 mg of calcium each day in the
glomeruli and reabsorbs the majority of filtered cal-
cium in the proximal and distal nephron, resulting in a
net loss of about 250 mg from the kidney in the
urine.23�26 A majority of calcium is reabsorbed in the
proximal tubule along with sodium (approximately
70 to 85%). The remainder of filtered calcium is reab-
sorbed in the thick ascending limb of the loop of Henle
and in the distal convoluted tubule, largely as a result
of the activity of the sodium-calcium exchanger and
plasma membrane calcium pump (PMCA). In states of
calcium balance, urinary calcium approximates the
amount of calcium absorbed in the intestine.

The following sections will describe how the
vitamin D endocrine system, PTH, and calcitonin alter
calcium homeostasis in various tissues including the
intestine, kidney, and bone.

VITAMIN D ENDOCRINE SYSTEM

Nomenclature

The synthesis of the active form of vitamin D, 1α,25-
dihydroxyvitamin D, requires sequential metabolic
processing of precursor sterols in several tissues such
as the skin, liver and kidney. The term vitamin D refers
to both vitamin D2 and vitamin D3 (Figure 65.2).27

TABLE 65.1 Concentrations at Mayo Clinic

Serum Calcium Concentrations

Males Females

Age

(years)

Concentration

(mg/dL)

Age

(years)

Concentration

(mg/dL)

1�14 9.6�10.6 1�11 9.6�10.6

15�16 9.5�10.5 12�14 9.5�10.4

17�18 9.5�10.4 15�18 9.1�10.3

19�21 9.3�10.3 $ 19 8.9�10.1

$ 22 8.9�10.1

Age- and Sex-Specific Serum Ionized Calcium Concentrations

1�19 5.1�5.9 1�17 5.1�5.9

$ 20 4.8�5.7 $ 18 4.8�5.7

FIGURE 65.1 Calcium homeostasis in a normal human adult.
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The metabolic processing of both these forms of vita-
min D is similar for practical purposes in mammals,
although vitamin D2 is considerably less active in birds
than is vitamin D3. For the purposes of this chapter, it
is appropriate to assume that the metabolic transforma-
tions that occur with vitamin D3 also occur with vita-
min D2. Vitamin D2 is derived from the plant sterol,
ergosterol, whereas, vitamin D3 is derived from
7-dehydrocholesterol, a byproduct of steroid metabo-
lism. In non-vitamin D supplemented individuals, a
majority of circulating vitamin D is in the form of vita-
min D3 or cholecalciferol. Medicinal vitamin D pre-
parations available in the United States today may
contain either vitamin D2 or vitamin D3. Individuals
taking large amounts of vitamin D2 supplements have
elevated concentrations of vitamin D2 and its 25-
hydroxylated metabolite, 25-hydroxyvitamin D2.

3

Formation of Vitamin D

In the early 1900s, Huldshinsky28 and Chick29 in
Vienna showed that exposure of rachitic children to
ultraviolet light cured their bone disease. Steenbock and
Hart showed that ultraviolet irradiation of animals
would put them into positive calcium balance.30 Later,
Steenbock and Black clearly demonstrated that ultravio-
let light-induced antirachitic activity in the fat-soluble
portion of foods and skin.31 Hess and Weinstock made
similar observations.32 Building on these observations,
Askew and his coworkers isolated vitamin D2.

33

Windaus and his colleagues showed that 7-
dehydrocholesterol was converted to vitamin D3, and
subsequent work showed that this process occurred
in vivo in normal skin.34�39 7-dehydrocholesterol is not
directly converted to vitamin D3 in the skin but rather is
first converted to pre-vitamin D3 that undergoes thermal
isomerization to vitamin D3 (Figure 65.3). Several other,
biologically inert, side-products such as lumisterol and
tachysterol are produced during the photolysis of 7-
dehydrocholesterol. Vitamin D3 has a higher affinity
for the vitamin D binding protein (VDBP) than does
pre-vitamin D3, and the binding of vitamin D3 to VDBP
following its formation in the skin facilitates the removal
of the vitamin from skin.40 Vitamin D2 and vitamin D3

are converted in the liver to 25-hydroxyvitamin D2

and 25-hydroxyvitamin D3 by the hydroxyvitamin D
25-hydroxylase without significant product inhibition
of the enzyme, and consequently circulating 25-
hydroxyvitamin D concentrations reflect the amount of
vitamin D ingested and the amount of vitamin D formed
in the skin. In accord with the earlier observation show-
ing that sunlight exposure enhanced the formation of
vitamin D3 in the skin, several groups have shown that
serum 25-hydroxyvitamin D3 concentrations are lower
during and immediately after the winter months than in
the summer.41�51 In the absence of dietary vitamin D
supplementation, exposure to ultra-violet B radiation
plays an essential role in vitamin D production.

Following conversion of 7-dehydrocholesterol to
vitamin D3 in the skin, vitamin D3 is transported in the
plasma bound to VDBP.52�54 Any vitamin D2 ingested

FIGURE 65.2 Structures of vitamin D3, vitamin D2 and other vitamin D metabolites and analogs.27
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in the diet is also bound to VDBP following absorption
in the intestine. Vitamin D2 and vitamin D3 are deliv-
ered to the liver for hydroxylation by the multicompo-
nent, cytochrome P-450 containing enzyme, vitamin D
25-hydroxylase, which is present in the liver micro-
somes as well as in mitochondria55�73 (Figure 65.4).
Hepatic conversion of vitamin D3 to 25-hydroxyvitamin
D3 is not tightly regulated due to a lack of product inhi-
bition of the microsomal vitamin D3 25-hydroxylase.
Several cytochrome P-450s have been cloned and
shown to metabolize vitamin D3 to 25-hydroxyvitamin
D3, including several microsomal cytochrome P-450s
and one mitochondrial cytochrome P-450.74�80 25-
hydroxyvitamin D is the serum metabolite generally
measured to determine vitamin D sufficiency or insuffi-
ciency in an individual. Accurate determinations of
both 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3

are obtained using high-performance liquid chromatog-
raphy methods and mass-spectrometry based methods

and such methods are preferred to those using protein
binding or antibody binding assays.81�88

25-Hydroxyvitamin D3 is not biologically active
except in large concentrations, and it must be metabo-
lized further in the kidney to the bioactive form
of vitamin D, 1α,25-dihydroxyvitamin D3

61,89�98

(Figure 65.5). The 25-hydroxyvitamin D3-1α-hydroxy-
lase, the enzyme responsible for the conversion of
25-hydroxyvitamin D3 to 1α,25-dihydroxyvitamin D3,
is a multicomponent, cytochrome P-450 containing
enzyme in the mitochondria of renal proximal tubular
cells.99�106 Although the kidney is the primary site of
25-hydroxyvitamin D3-1α-hydroxylase activity, several
other cell types have been shown to have 1α-hydroxy-
lase activity.107�117 It had previously been thought that
the proximal tubule epithelial cells were the only renal
cells with 25-hydroxyvitamin D3 1α-hydroxylase activ-
ity. However, several investigators have clearly shown
that this enzyme is present and active in several

FIGURE 65.3 The photolysis of 7-

dehydrocholesterol to vitamin D3 via the

intermediate, pre-vitamin D3.

FIGURE 65.4 The conversion of vita-

min D3 to 25-hydroxyvitamin D3 in the
liver.
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segments of the renal tubule.118�120 The key factors reg-
ulating 25-hydroxyvitamin D-1α-hydroxylase produc-
tion and activity are depicted in Table 65.2.
Parathyroid hormone is a potent stimulator of 25-
hydroxyvitmain D-1α-hydroxylase and is discussed in
detail in the subsequent sections.6,119,121 In addition to
parathyroid hormone, low serum calcium, and low
serum phosphorus also stimulate 25-hydroxyvitamin-
1α-hydroxylase activity. 1α,25-dihydroxyvitamin D3

provides a negative feedback through the vitamin D
receptor (VDR). VDR-knockout mice have very high
concentrations of 1α,25-dihydroxyvitamin D3.

Recently, other proteins referred to as “phosphato-
nins” that induce renal phosphate loss have been
shown to inhibit renal 25-hydroxyvitamin-1α-hydroxy-
lase activity and 1α,25-hydroxyvitamin D3 pro-
duction.122�126 Two such proteins include fibroblast
growth factor 23 (FGF23) and secreted frizzled related
protein 4 (sFRP4). Both of these proteins are able to
inhibit renal tubule phosphate reabsorption which
leads to hypophosphatemia. Despite the hypophos-
phatemia, which is a potent stimulator of 25-hydroxy-
vitamin-1α-hydroxylase activity, FGF23 and sFRP4
are capable of preventing the conversion of
25-hydroxyvitamin D3 to 1α,25-dihydroxyvitamin
D3.

127 FGF23 and sFRP4 are over-expressed in tumors
that cause oncogenic osteomalacia, a condition charac-
terized by hypophosphatemia, hyperphosphaturia, and
inappropriately low serum 1α,25-dihydroxyvitamin D3

concentrations.128 These biochemical abnormalities,
including the low 1α,25-dihydroxyvitamin D3 levels,
completely resolve after removal of the offending

FIGURE 65.5 The metabolism of 25-

hydroxyvitamin D3 to 1α,25-dihydroxyvi-

tamin D3 in the kidney.

TABLE 65.2 Effect of Increased Level or Activity of Various
Factors on 1,25(OH)2D3 Concentration or 1α-Hydroxylase Activity

Factor Animals Humans References

Parathyroid
hormone

m m 10, 168, 299, 348�355

Serum inorganic
phosphorus

k k 356�359

1α,25(OH)2D3 k k 360, 299

Calcium (direct) ? k 133, 361

Calcitonin m,k,0 m 3, 299, 168, 355, 362, 363

Hydrogen ion k 0 364, 365, 348

Sex steroids m m 366, 367

Prolactin m 0 368�370

Growth hormone
and
insulin-like growth
factor-1

m m,k,0 371�376

Glucocorticoids k,0 m,k,0 87, 377�380

Thyroid hormone ? ka 381�383

Fibroblast growth
factor 23

k ? 384, 385

Frizzled related
protein 4

k ? 122

Pregnancy m ma 386, 387

[Modified from Kumar R6]
aEffects may be secondary to changes in calcium, phosphorus or parathyroid hormone.
m, Stimulation or increase; k, suppression or decrease; 0, no effect; ?, unknown effect.
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tumor.129 These proteins appear to play an important
role in mineral and vitamin D metabolism.130

Mechanism of Action of Vitamin D in Intestine

Calcium is absorbed by the intestine (predominantly
in the duodenum and proximal small intestine) by two
mechanisms, a passive paracellular mechanism and an
active transcellular one. The movement of calcium
across the apical border of the intestinal cell into the
cell is down a concentration gradient (the interior of
the intestinal cell has a calcium concentration in the
high nanomolar range) and an electrical gradient
(the interior of the cell is electronegative relative to the
lumen). It does not require the expenditure of energy.
However, the movement of calcium out of the intesti-
nal cell at the basolateral membrane is against an elec-
trical and concentration gradient and requires the
expenditure of energy (Figure 65.6). Essential to the
process of active calcium transport are several vitamin
D dependent proteins, each with a specific function.
Vitamin D-dependent calcium transport proteins found
in the intestinal epithelial cells include the epithelial
calcium channel (ECaC), calbindin D9K, and the plasma
membrane calcium pump (PMCA). These proteins
work in concert to transport calcium from the intestinal
lumen, through the brush border membrane, across the
intracellular space to the plasma membrane surface

and finally out of the cell into the extra-cellular fluid
and plasma (Figure 65.7).

The actions of vitamin D in the intestine play an inte-
gral role in the maintenance of plasma calcium concen-
trations within a narrow range in the face of wide
fluctuations in dietary calcium intake. When there is an
abundance of dietary calcium, a substantial portion can
be absorbed passively through the paracellular route.
However, when dietary calcium intake declines and
plasma calcium concentrations fall, several adaptive
responses occur including the production and release
of PTH from the parathyroid gland (Figure 65.8). The
parathyroid gland is able to sense and respond to slight
changes in extracellular calcium concentrations through
the calcium sensing receptor (CaSR).131,132 In addition
to the direct effects on calcium homeostasis in bone and
the kidney (discussed below), PTH enhances intestinal
calcium absorption indirectly by increasing 1α,25-dihy-
droxyvitamin D3 production in the proximal tubule
cells of the kidney. Bland et al. have also demonstrated
that, in vitro, 25-hydroxyvitamin D-1α-hydroxylase
activity is regulated by extracellular calcium concentra-
tions independent of PTH.133 They showed that human
proximal tubule cells cultured in a low calcium envi-
ronment resulted in a significant increase in 1α-hydrox-
ylase activity and this activity was significantly
reduced when cultured in a high calcium environment.

The response in the intestine to low dietary calcium
intake is to increase the proportion of ingested calcium

FIGURE 65.6 Thermodynamic para-

meters in intestinal calcium absorption.

Estimated thermodynamic patterns rela-
tive to the intestinal absorption of calcium.
Note the down-hill gradient in the transfer
of Ca1 from the lumen into the enterocyte
and the requirement for energy in the
extrusion of Ca1 in the parenteral direc-
tion. (Wasserman R.H. et al.19).
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that is subsequently absorbed. This is accomplished
by increasing the synthesis and activity of several vita-
min D responsive calcium transport proteins in the
intestinal epithelial cell. The first step of calcium entry
from the intestinal lumen to the interior of the cell is
accomplished by the ECaC located on the apical sur-
face of the intestinal brush border epithelium.134�137

When present in the apical cell wall, ECaC facilitates
the entry of calcium ions into the intracellular space.

Two forms of ECaC (ECaC1 and ECaC2) are found in
the intestine and both are vitamin D responsive.
Vitamin D enhances ECaC mRNA expression through
the vitamin D receptor (VDR).138�140 Bouillon et al. has
demonstrated in VDR-KO mice that the VDR is neces-
sary for effective regulation of several proteins
involved in intestinal calcium transport including
ECaC.140,141 Van Abel et al. have shown that 25-
hydroxyvitamin D3 1α,25-hydroxylase-KO mice also

FIGURE 65.7 Diagram of Epithelial

Calcium Transport. Transcellular trans-
port of calcium ions proceeds from the
lumen (intestinal or renal tubular) through
the epithelial calcium channel (ECaC) in
the apical membrane, across the cytoplasm
bound to Calbindin D28K (kidney) or
Calbindin D9K (intestine), and subse-
quently passes through the basolateral
membrane through the sodium-calcium
exchanger (NCX) or the plasma membrane
calcium ATP-ase (PMCA).

FIGURE 65.8 Physiological response to hypocalcemia.

2255VITAMIN D ENDOCRINE SYSTEM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



have lower expression of ECaC than wild-type mice
which was corrected with the administration of 1α,25-
dihydroxyvitmain D3.

142 Although the stimulatory
effect of vitamin D on calcium transport protein pro-
duction in the intestine is clear, it is unclear what the
direct effect of calcium may be on ECaC expres-
sion.141,142 Regardless of the difference in response
to a high calcium diet between the VDR-KO and
25-hydroxyvitamin D3 1α-hydroxylase-KO mice,
these studies would suggest that ECaC expression
is regulated by vitamin D-dependent and vitamin
D-independent mechanisms.

After calcium ions have entered the enterocyte, they
must be transported across the cell to the basolateral
membrane, where they will subsequently be trans-
ported out of the cell. This is accomplished by the cal-
bindins which are found both in intestinal epithelial
cells and in renal tubule cells. In humans, calbindin D9K

is responsible for transcellular transport in the intestine
and calbindin D28K in the renal epithelium.143�148

Human calbindin D9K is a 79 amino acid protein
encoded on the X chromosome.145 Hisham at al. identi-
fied a putative vitamin D response element in the 5’-
flanking region of the calbindin D9K gene in the rat.149 It
has clearly been shown that calbindin D9K mRNA and
protein expression is diminished in the face of vitamin D
deficiency and that 1α,25-dihydroxyvitamin D3 admin-
istration will increase this expression in various animal
models of vitamin D deficiency.150�152 Basal expression
and response to 1α,25-dihydroxyvitamin D3 treatment
changes with age in both rats and humans.147,148,150,153

Basal expression is lower and the increase in calbindin
D9K in response to a given amount of 1α,25-dihydroxy-
vitamin D3 is diminished. Although 1α,25-dihydroxyvi-
tamin D3 appears to be the major stimulus for calbindin
D9K in the intestine, dietary calcium may have a direct
effect on its expression.140,152

The increased expression of ECaC and calbindin D9K

likely enhance the capacity of the enterocyte to trans-
port calcium from the intestinal lumen to the intracel-
lular space and subsequently to the basolateral
membrane. However, their ability to increase calcium
absorption in the face of low dietary calcium intake is
dependent on the plasma membrane calcium pump
(PMCA). The PMCA represents the final step in active
calcium transport across the intestinal mucosa and is
the single vitamin D responsive protein in the intestine
that is energy dependent. Because it is energy depen-
dent, the PMCA is able to transport calcium across the
basolateral membrane against a concentration and elec-
trical gradient. Without the PMCA, calcium absorption
through the intestinal epithelial cell could not take
place in a state of low calcium intake and low intestinal
lumen calcium concentrations. Several isoforms of the
protein have been identified with PMCA-1 being the

major form found in the human duodenum.154,155 The
PMCA is found in the basolateral membrane and
actively transports calcium ions out of the cell into the
interstitial space against a concentration gradient.156

Several investigators have shown that PMCA expres-
sion is decreased in the absence of, or increased by, the
addition of 1α,25-dihydroxyvitamin D3.

157�162

Vitamin D plays an integral role in the absorption of
calcium across the intestinal mucosa. Several key pro-
teins involved in this process are directly regulated by
1α,25-dihydroxyvitamin D3 as demonstrated
by numerous experimental conditions and in many
species. VDR-KO and 25-hydroxyvitamin D 1α-
hydroxylase-KO mice have proven to be useful animal
models in elucidating the role of vitamin D in intestinal
calcium transport. In both of these models, significantly
lower concentrations of all three transport proteins
when compared to their wild-type counterparts have
been described. In addition, intestinal calcium trans-
port is lower in these KO models, demonstrating their
importance in calcium transport. Lending further evi-
dence to the importance of 1α,25-dihydroxyvitamin D3

in intestinal calcium transport is the excellent correla-
tion between increased ECaC, calbindin D9K, and
PMCA expression with improved calcium absorption
in vitamin D deficient animals when 1α,25-dihydroxy-
vitamin D3 is replaced. This is an effect that is apparent
in young as well as older animals. However, the effects
of 1α,25-dihydroxyvitamin D3 on transport protein
expression are blunted with age. This may at least
partly explain the age-related decline in intestinal
calcium absorption.

Mechanism of Action of Vitamin D in Kidney

Calcium handling in the kidney is similar to that in
the intestine. There are both vitamin D-dependent
and vitamin D-independent mechanisms at work.
Reabsorption can take place through a passive paracel-
lular route or an active vitamin D dependent trans-
cellular route. About 55% of plasma calcium is
ultra-filterable with about 98% being reabsorbed in the
tubule.163 The kidney plays a unique role in the hor-
monal regulation of calcium in that it is the primary site
of conversion of 25-hydroxyvitamin D3 to the active
form of the hormone 1α,25-dihydroxyvitamin D3. This
was first discovered by Fraser and Kodicek when
1α,25-dihydroxyvitamin D3 production was noted to be
diminished after nephrectomy.94,164 Although the
kidney is the major site of 25-hydroxyvitamin D3 1α-
hydroxylase activity, several other cell types are
capable of converting 25-hydroxyvitamin D3 to 1α,25-
dihydroxyvitamin D3.

108,109,112,117,165 It has been
known for some time that the proximal tubule epithelial
cell exhibited 25-hydroxyvitamin D3 1α-hydroxylase
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activity.166�170 However, the presence of 25-
hydroxyvitamin D-1α-hydroxylase mRNA and protein
has more recently been described by Zehnder et al. in
more distal portions of the tubule including the distal
convoluted tubule, cortical collecting duct, thick
ascending limb of loop of Henle, and Bowman’s
capsule.119,120 The significance of 25-hydroxyvitamin D-
1α-hydroxylase expression and activity in these distal
portions of the nephron is not completely known. One
could speculate there is a paracrine effect of vitamin D
in these portions of the tubule since vitamin D-
dependent calcium transport takes place in the distal
nephron.

As previously mentioned, a state of hypocalcemia
will lead to increased 1α,25-dihydroxyvitamin D3 pro-
duction in the kidney that is stimulated by higher PTH
concentrations and probably by the hypocalcemia
itself. Several vitamin D responsive proteins that are
essentially analogous to those described in the intestine
are present in the renal tubule cells. The up-regulation
of these proteins by vitamin D helps defend
against hypocalcemia and the maintenance of plasma
calcium within the normal range in the face of low cal-
cium intake or increased bone or soft tissue calcium
deposition.

The first step in renal calcium transcellular transport
involves the epithelial calcium channel. ECaCs have
been described by Hoenderop et al. in the renal tubule
apical membrane136 and are felt to be responsible for
uptake of luminal calcium ions to the intracellular
compartment. Of the two forms of ECaCs, ECaC-1
expression appears to be limited to the kidney whereas
ECaC-2 is found in several other tissues.171�174 Human
ECaC-1 is encoded on the long arm of chromosome 7
and has several putative vitamin D response ele-
ments.175 ECaC mRNA and protein is up-regulated in
vitamin D deficient animals after supplementation with
1α,25-dihydroxyvitamin D3.

137�139,176,189 When mea-
sured by quantitative PCR in the VDR-KO mouse
model, ECaC-1 concentrations are decreased in the kid-
ney when compared to wild-type littermates.174

However, in the same study, Weber et al. demonstrated
that ECaC-1 could be increased by giving the animals a
high calcium rescue diet. This would suggest that renal
ECaC-1 is regulated by vitamin D dependent and
vitamin D independent mechanisms.

Extensive work has been done regarding the role
and regulation of the calcium binding protein calbindin
D28K in the kidney. It is felt that calbindin D28K acts as
an intracellular calcium transporter from the apical
membrane to the basolateral membrane similar to the
action of calbindin D9K in the intestine. Calbindin D28K

is expressed not only in the kidney but also in neural
tissue.144,177 However, only renal concentrations seem
to be impacted by exposure to 1α,25-dihydroxyvitamin

D3.
177 Within the renal tubule, calbindin D28K is found

mainly in the distal portions of the nephron and
co-localizes with other vitamin D responsive proteins
involved in transepithelial calcium transport.23,178,179 In
contrast to the ECaC and PMCA which are located in
the apical and basolateral membranes, respectively, cal-
bindin D28K is found in the cytosolic compartment.180

Several groups have clearly shown that renal calbindin
D28K is regulated by vitamin D.150,177,181�191 Vitamin D
deficient or replete animals given 1α,25-dihydroxyvita-
min D3 significantly increase the expression of calbin-
din D28K mRNA and protein. This effect is also seen
in vitro when cultured renal tubule epithelial cells
are exposed to 1α,25-dihydroxyvitamin D3.

180�184

Although 1α,25-dihydroxyvitamin D3 is a potent stimu-
lator of renal calbindin expression, changes in calcium,
phosphorus, and magnesium also impact its expres-
sion. Huang and Christakos showed a lack of effect of a
high calcium diet in vivo in vitamin D deficient animals
on mRNA levels of calbindin D28K.

190 However,
Clemens et al. showed that 1α,25-dihydroxyvitamin D3

induction of calbindin D28K was enhanced by exposure
of the cells to a higher calcium concentration.184 Renal
calbindin production also appears to be increased when
exposed to a low phosphorus diet and decreased when
exposed to a diet rich in magnesium.177,190�193

When plasma calcium concentrations are low, the
filtered amount of calcium in the glomerulus is also
diminished, and the kidney must increase the propor-
tion of calcium that is reabsorbed in order to maintain
normal calcium balance. This process cannot take place
without the ATP-dependent PMCA. Multiple forms of
the PMCA have been described with ubiquitous dis-
tribution.194�198 As in the intestine, the renal PMCA
localizes to the basolateral plasma membrane.196 Along
with the sodium-calcium exchanger (NCX), the PMCA
is responsible for transporting calcium ions out of the
renal epithelial cell into the interstitial space and even-
tually into the blood. The NCX itself cannot transport
calcium across a concentration or electrical gradient as
can the PMCA. Renal PMCA mRNA and protein are
up-regulated by exposure to 1α,25-dihydroxyvitamin
D3 in vivo and in vitro.189,199,200 Hoenderop et al. per-
formed an experiment comparing homozygous 25-
hydroxyvitamin D3-lα-hydroxylase knock-out mice
with heterozygotes (controls).189 When on a normal cal-
cium diet, homozygous mice had lower levels of
ECaC-1, calbindin D28K, and NCX concentrations when
measured by real time PCR. However, PMCA concen-
trations were not different between the two groups.
When given 1α,25-dihydroxyvitamin D3, both the
homo- and heterozygous mice increased expression of
all of the calcium transporting proteins including
PMCA. This would suggest that 1α,25-dihydroxyvita-
min D3 may not be necessary for basal mRNA levels to
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be present but the protein is highly responsive to
1α,25-dihydroxyvitamin D3.

PARATHYROID HORMONE

Endocrine System

Parathyroid hormone is an 84 amino acid peptide
produced and secreted by the parathyroid glands and
is an important regulator of extracellular calcium con-
centrations. PTH secretion from the parathyroid gland
is stimulated by hypocalcaemia and inhibited when
exposed to elevated calcium levels. In turn, PTH regu-
lates serum calcium concentrations through direct
mechanisms in the kidney (enhanced calcium reab-
sorption) as well as in bone (release of mineral from
bone). Since PTH is a potent stimulator of 1α-hydroxy-
lase activity resulting in higher 1α,25-dihydroxyvita-
min D3 concentrations, it also exerts its effects on
calcium metabolism indirectly through the vitamin D
endocrine system described above. The following sec-
tion will outline the regulation of PTH synthesis and
secretion as well as its effects on calcium homeostasis
in the kidney and in bone.

Regulation of Parathyroid Hormone

SYNTHESIS AND SECRETION

The chief cells of the parathyroid gland are responsi-
ble for the synthesis, storage, and release of parathy-
roid hormone. PTH is the product of a larger molecule,
pre-pro-parathyroid hormone. The pre-sequence is
cleaved in the endoplasmic reticulum resulting in pro-
PTH. The pro-sequence is subsequently removed in the
Golgi apparatus, leaving the final 84 residues that con-
stitute the secreted and active form of PTH.201 The
release of preformed PTH from secretory vesicles is
most acutely affected by extracellular calcium concen-
trations. Figure 65.9 depicts the steep inverse sigmoidal
relationship between calcium concentrations and PTH
release. A minimal increase in extracellular ionized cal-
cium will inhibit PTH release. Likewise, a slight
decrease in plasma ionized calcium is a potent stimu-
lus for PTH synthesis and secretion.202�209

The parathyroid cell is able to detect these small
changes in calcium concentrations by means of the cal-
cium sensing receptor (CaSR) located on the cell sur-
face.131,132,210 The CaSR is not only expressed on the
surface of parathyroid cells but also in the kidney,
bone, intestine, and several other tissues.211�231

Mutations in the CaSR have contributed to our under-
standing of its importance in normal calcium homeosta-
sis. In humans, both activating and inactivating
mutation is the CaSR have been described.232�244

Inactivating mutations result in the condition Familial

Hypocalciuric Hypercalcemia (FHH) in which serum
calcium levels are increased as a result of a higher cal-
cium set point required to inhibit PTH secretion.
Similar clinical features have been described in patients
with acquired disease due to inactivating antibodies
against the CaSR.191,246 In both of these diseases, the
CaSR has become less sensitive to the effects of extracel-
lular calcium and thus higher concentrations are
required to inhibit PTH secretion. The opposite scenario
has also been described in which activating mutations
in the CaSR or antibodies against the CaSR result in
inherited or acquired hypoparathyroidism, respec-
tively.247,248 These are conditions in which the CaSR is
more sensitive to extracellular ionized calcium concen-
trations and PTH secretion is inhibited at lower calcium
levels.

FIGURE 65.9 Relationship between ionized calcium concentra-

tion and parathyroid hormone secretion. Reprinted with permission
(From Brown, E.M.202).
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Several investigators have also shown that cells
from parathyroid adenomas and hyperplastic parathy-
roid glands in patients with primary and secondary
hyperparathyroidism have fewer detectable calcium
sensing receptors than normal parathyroid tissue.249

These clinical scenarios point to the critical role of the
CaSR in the regulation of PTH secretion in response to
calcium concentrations in humans.

Parathyroid hormone secretion is also regulated by
1α,25-dihydroxyvitamin D3 through the VDR.250�255

The response to vitamin D on PTH secretion is not as
rapid as the acute changes seen with fluctuations in
extracellular calcium concentrations detected by the
CaSR. Vitamin D acts as a negative feedback on PTH
secretion as a means to prevent hypercalcemia. When
faced with hypocalcemia, preformed PTH is rapidly
secreted from the parathyroid cell and acts in the
kidney to increase 1α-hydroxylase activity. The result
is increased conversion of 25-hydroxyvitamin D3 to
1α,25-dihydroxyvitamin D3. Vitamin D response ele-
ments (VDRE) have been identified in the 5’ flanking
region of the parathyroid gene and serve to inhibit
PTH gene transcription resulting in decreased hormone
synthesis.253,256 In addition to inhibiting PTH secretion
by means of the CaSR, extracellular calcium concentra-
tions also influence PTH secretion indirectly by altering
VDR expression. Brown et al. fed three groups of rats a
vitamin D deficient diet along with either a low, nor-
mal, or high calcium diet. Parathyroid tissue VDR
mRNA concentrations were approximately sixfold
higher in the vitamin D deficient rats fed a high cal-
cium diet.257 Up-regulation of the VDR in parathyroid
cells by higher extracellular calcium concentrations has
been observed by others, both in vivo and in vitro,
showing the integrated control of PTH secretion by cal-
cium ion concentration and vitamin D.258 These find-
ings would suggest that the negative feedback of
vitamin D on the parathyroid gland is augmented by
higher calcium concentrations, adding yet another
layer of control in the regulation of normal calcium
homeostasis.

Several other factors also play a role in PTH secre-
tion including serum phosphorus concentrations, mag-
nesium and certain amino acids.259�271

Parathyroid Hormone and Kidney

The parathyroid hormone receptor (PTHr) is a
G-protein coupled receptor found in a diverse array of
tissues including the kidney and bone where it plays
an integral part in calcium homeostasis.272�282 Using
RT-PCR and in-situ hybridization techniques, the
PTHr has been identified in several portions of the
nephron including the glomeruli, proximal convoluted
tubule, proximal straight tubule, medullary and corti-
cal thick ascending limb, and the distal convoluted

tubule.283�285 PTH serves different functions in mineral
metabolism along the nephron including decreasing
phosphate reabsorption (primarily in the proximal por-
tion), facilitating calcium reabsorption (distal portion),
and enhanced conversion of 25-hydroxyvitamin D3 to
1α,25-dihydroxyvitamin D3.

The direct effect of PTH on transcellular reabsorp-
tion of filtered calcium takes place primarily in the dis-
tal nephron and uses some of the same machinery as
vitamin D regulated calcium transport. Calcium entry
into the renal tubule epithelial cell through calcium
channels is enhanced in the presence of PTH.286�290

Friedman et al. demonstrated that this process is
dependent on both protein kinase A (PKA) and protein
kinase C (PKC) signaling pathways and calcium trans-
port could be prevented with specific inhibitors of
PKA or PKC.288

Using a murine distal convoluted tubule cell line,
Gesek and Friedman demonstrated a dose-dependent
calcium uptake by PTH that was inhibited by a dihy-
dropyridine calcium channel blocker.291 They also
demonstrated in the same study that hyperpolarization
of the cell was responsible for the calcium uptake and
the hyperpolarization was due to chloride efflux. They
proposed that the principal mechanism by which PTH
induced calcium reabsorption in the distal tubule was
through activation of chloride channels that resulted in
epithelial cell hyperpolarization. This hyperpolariza-
tion sets up a favorable gradient for transcellular cal-
cium transport, thereby facilitating its reabsorption
from the distal tubule.

In addition, it has also been shown that distal tubule
cells exposed to PTH have increased sodium depen-
dent calcium transport.292,293 These findings demon-
strate the synergistic effects of PTH and vitamin D on
calcium reabsorption in the kidney. As outlined in the
sections above, there are several vitamin D dependent
calcium transport proteins in the distal portions of the
nephron. Several of these proteins are utilized or their
activity is up-regulated in the presence of PTH.

PTH not only has direct effects on renal tubular cal-
cium transport but also exerts indirect effects through
the vitamin D system. PTH is a potent stimulator of
25-hydroxyvitamin D3 1α-hydroxylase activity in the
kidney leading to higher 1α,25-dihydroxyvitamin D3

concentrations.245,294�297 Using a luciferase reporter,
Brezna et al. demonstrated that PTH stimulates 1α,25-
dihydroxyvitamin D3 production through a promoter
in the 1α-hydroxylase gene.298 Vitamin D then serves
to increase extracellular calcium concentrations by the
mechanisms describe above.

In states of renal dysfunction, the effects of PTH on
the kidney can be dramatically reduced. Its ability to
promote phosphate loss in the proximal tubule and
reabsorb calcium in the distal tubule can be diminished
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despite high circulating levels of PTH. The up-
regulatory effect of PTH on 25-hydroxyvitamin D3

1α-hydroxylase activity is significantly reduced in
renal failure.299 These findings in renal failure are
probably (at least partially) due to the decreased num-
ber of PTHr found in renal tubular cells in humans and
in animal models of chronic renal insufficiency.300�303

Parathyroid Hormone and Bone

Calciummetabolism in bone regulated by PTH is com-
plex and involves both osteoblasts and osteoclasts. The
effects of PTH on osteoclasts had been thought to be pri-
marily indirect since they do not normally contain PTH
receptors. However, osteoclasts from patients with sec-
ondary hyperparathyroidism do express PTHr mRNA
and protein suggesting a possible direct effect of PTH on
ostoeclasts in the disease state.276 In addition, Dempster
et al. have demonstrated increased bone resorption by
normal human osteoclasts derived from peripheral
monocytes grown on bone slices when exposed to
PTH.304 This effect was seen in the absence of osteoblasts.

When discussing the role of PTH on calcium homeo-
stasis, the main effect in bone is to release calcium ion
into the extracellular compartment to maintain normal
ionized calcium concentrations. Osteoclasts are the

cells responsible for bone resorption and release of
mineral. The stimulation of osteoclastogenesis by osteo-
blasts is by way of the receptor activator of nuclear fac-
tor-κB ligand (RANKL), osteoprotegerin (OPG), RANK
system (Figure 65.10). RANKL production by osteo-
blasts is stimulated by PTH and OPG is inhibited by
PTH.305 RANKL induces osteoclast differentiation and
activation through the RANK receptor.306,307 OPG acts
by binding to RANKL thus inhibiting osteoclast activa-
tion through the RANK receptor.308,309 Since PTH has
positive and negative effects on the production of
RANKL and OPG, respectively, its effects on resorp-
tion are through two separate yet integrated mechan-
isms. Once osteoclasts have been activated by PTH
through this indirect mechanism, bone resorption
ensues and calcium is released.

It should be noted, though, that the type of exposure
to PTH (intermittent vs. continuous) will determine the
net calcium flux in bone. It is clear that continuous
exposure to elevated concentrations of PTH, as in pri-
mary hyperparathyroidism, results in a net flux of cal-
cium out of bone resulting in decreased bone mineral
content and hypercalcemia. This effect can be reversed
with parathyroidectomy.310�313 In contrast, osteopo-
rotic patients treated with intermittent daily doses of
PTH 1-34 have substantial increases in bone mineral
content.314�316 Despite daily treatment with PTH 1-34,

FIGURE 65.10 Activation of bone

resorption by parathyroid hormone.
Parathyroid hormone stimulates the
release of calcium from bone indirectly
through the osteoblast. When PTH recep-
tors on the osteoblast are activated, they
stimulate the production of receptor acti-
vator of nuclear factor-κB ligand
(RANKL). Osteoprotegerin (OPG) produc-
tion in the osteoblast is inhibited by PTH.
OPG acts to antagonize the action of
RANKL by serving as a decoy receptor for
RANKL. This allows RANKL to bind its
receptor, RANK, which in turn activates
the osteoclast thus initiating bone resorb-
tion and calcium release.
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these patients are generally not hypercalcemic and, if
so, only transiently. The reason for the discrepancy in
the effect on bone metabolism between continuous ver-
sus intermittent exposure to PTH is not completely
understood.

CALCITONIN

Calcitonin is a 32 amino acid protein encoded on the
short arm of chromosome 11 found in the C-cells of the
thyroid gland.317,318 While calcitonin has been used
pharmacologically to treat hypercalcemia and osteopo-
rosis, its role in normal calcium physiology is not clear.
Under experimental conditions, calcitonin clearly has
been shown to affect several aspects of calcium homeo-
stasis. However, in disease states in which calcitonin
concentrations are significantly altered, there appears
to be little if any effect on calcium metabolism.

The release of calcitonin is stimulated by hypercalce-
mia and is regulated by extracellular calcium concen-
trations detected by the CaSR. The presence of the
CaSR on the C-cells of the thyroid gland has been
clearly demonstrated.319�321 Fudge and Kovacs used a
CaSR heterozygous knock-out mouse to study the
effects of calcium administration on calcitonin levels.
Despite higher calcium concentrations, the calcitonin
levels were lower in the CaSR heterozygous knock-out
mice than wild-type mice providing evidence of the
importance of the CaSR in the secretion of calcitonin.322

The actions of calcitonin are mediated through the
calcitonin receptor encoded on chromosome 7q21.3.323

The calcitonin receptor is found in many tissues includ-
ing the kidney and bone.324�331 Under experimental
conditions, calcitonin has been shown to have several
effects in the kidney that may directly or indirectly
affect calcium metabolism. Calcitonin is a known stim-
ulator of 25-hydroxyvitamin D3 1α-hydroxylase activ-
ity thus increasing 1α,25-dihydroxyvitamin D3

concentrations which will have independent effects on
calcium metabolism.299,332 Several studies also show a
direct effect of calcitonin on calcium uptake in renal
distal tubule cells. Calcium uptake is enhanced through
similar mechanisms as PTH dependent calcium reab-
sorption. Hyperpolarization due to increased chloride
conductance and activation of the NCX appear to play
an important role.333�336 The relative effect of calcito-
nin on vitamin D production and calcium reabsorption
in the kidney is likely minimal in comparison to PTH.

In bone, calcitonin exerts its effects primarily on the
osteoclast. In mouse bone marrow culture, calcitonin
dose dependently reduced the number of tartrate-
resistant acid phosphatase positive cells suggesting
that osteoclastogenesis can be inhibited by calcito-
nin.337 Osteoclastic bone resorption and release of

calcium can be inhibited by exposure of these cells to
calcitonin.338,339 This anti-osteoclast activity of calcito-
nin can be transient, likely due to a rapid and sustained
decrease in calcitonin receptor abundance after calcito-
nin exposure.340,341 This calcitonin receptor down-
regulation is at least be partially abrogated by exposure
of the cells to 1α,25-dihydroxyvitamin D3.

342

Despite these findings, the importance of calcitonin
in normal calcium homeostasis is uncertain. Patients
undergoing thyroidectomy or radioiodine ablation of
the thyroid gland for Graves’ disease have lower basal
and calcium stimulated calcitonin concentrations but
no difference in bone mineral density.343 Another
study of patients post thyroidectomy suggested a
decrease in bone density in men but reported normal
concentrations of calcium, PTH, and osteocalcin.344 The
commonly seen transient hypocalcemia after thyroidec-
tomy has been postulated to be due to a transient rise
in calcitonin shortly after surgery. However, there is
conflicting evidence as to whether or not the rise in cal-
citonin is coincident with, or after, the fall in calcium is
seen.345,346 The fall in serum calcium frequently seen
after thyroidectomy is more likely due to transient
hypoparathyroidism. It has also been noted that
patients with medullary thyroid cancer and signifi-
cantly elevated calcitonin concentrations are not hypo-
calcemic. Hurley et al. performed a study comparing
patients with medullary thyroid cancer (MTC) to
patients post thyroidectomy. At baseline and after cal-
cium infusion, calcitonin concentrations were signifi-
cantly higher in the MTC group compared to the
thyroidectomy and control groups. However, there
were no differences in serum calcium, phosphorus, or
PTH concentrations.347

When used in pharmacologic doses or under experi-
mental conditions, calcitonin appears to be involved in
calcium homeostasis through several different mechan-
isms including increased vitamin D production, renal
calcium reabsorption, and inhibition of osteoclast
function.

CONCLUSION

Most tissues in the body are dependent on calcium
for normal function. If extracellular calcium concentra-
tions are not maintained within the normal range, sig-
nificant pathology may result depending on the
duration and severity of the abnormality. Perturbations
in calcium homeostasis can result in severe morbidity
including osteoporotic fractures, renal failure, and sei-
zures. Due to the consequences associated with abnor-
malities in calcium metabolism, it is not surprising
there are several highly integrated mechanisms in place
to defend against hypocalcemia and hypercalcemia.
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Assuming there is adequate vitamin D intake or expo-
sure to UVB radiation, the hormonal regulation of cal-
cium is able to maintain eucalcemia despite wide
fluctuations in dietary calcium intake. Vitamin D, PTH,
and calcitonin work in concert in the intestine, kidney,
and in bone to assure normal calcium balance.
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INTRODUCTION

An adult human contains about 1000 g of calcium,
the majority of which (B99%) is found in bone.1

Calcium serves two principal physiologic functions.
The first involves the production of calcium-phosphate
hydroxyapatite crystals that bind to organic matrix and
provide the unique mineralized structure of bones and
teeth. The calcified nature of these tissues allows for
mastication and enables bones to protect internal
organs, to bear weight, and to function as the levers on
which muscles act during locomotion. The second
function is metabolic. Soluble calcium ions in the extra-
cellular fluid (ECF) and cytosol are critical for a large
number of enzymatic reactions, signaling cascades, and
electrical membrane potentials that are necessary for
normal cellular functions. Only 1% of total body cal-
cium is contained within the ECF and soft tissues. Of
the total circulating calcium, the ionized fraction is gen-
erally estimated to be approximately 50%, with the
remainder of the total serum calcium bound to serum
proteins, primarily albumin, and to a lesser extent com-
plexed with anions, such as citrate or sulfate.1 Only the
ionized fraction of total serum calcium is physiologi-
cally important, and this component is regulated on a
minute-to-minute basis. Clinical laboratories can mea-
sure either total serum calcium or ionized calcium rou-
tinely. However, accurate measurement of ionized
calcium requires that the specimen be obtained anaero-
bically and analyzed promptly. Therefore, total serum
calcium is most often used as an indirect assessment of
the ionized calcium fraction.

The two functions of calcium described in the previ-
ous paragraph are interrelated, as skeletal calcium
exchanges with ECF calcium. In this way, bones serve
as a sink for excess calcium as well as a reservoir of

calcium for metabolic needs. Given the large quantita-
tive differences in the size of the two calcium pools,
only about 1% of skeletal calcium is in active equilib-
rium with the ECF at any given time under normal
physiologic conditions. A complicated homeostatic sys-
tem involving multiple organs and hormones regulates
the calcium concentration of the ECF as well as the cal-
cium content of the skeleton. The organs involved
include the parathyroid glands, the kidneys, the skele-
ton, and the gut. The hormones that coordinate the cal-
cium regulating functions of these organs are
parathyroid hormone (PTH), vitamin D, PTH-related
protein (PTHrP) and calcitonin. Abnormalities in these
organs, the hormones, or their receptors can all cause
disturbances in calcium metabolism and lead to either
hypercalcemia or hypocalcemia. In this chapter, we
first review the individual components contributing to
the regulation of circulating calcium levels. Second we
examine the integrated control of calcium homeostasis.
Finally, we discuss the most common causes of hyper-
calcemia and hypocalcemia.

REGULATORS OF CALCIUM
HOMEOSTASIS

The Calcium Sensing Receptor

The maintenance of calcium homeostasis requires
that a variety of cells within the body have the ability
to measure the extracellular ionized calcium concentra-
tion of the ECF. This is accomplished primarily
through the actions of a 7 transmembrane-spanning G
protein-coupled receptor (GPCR) known as the calcium
sensing receptor (CaSR).2�5 The CaSR is a member of
subfamily C of GPCRs and is related to the

2273
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00066-5 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00066-5


metabotropic glutamate, pheromone and taste recep-
tors. Evolutionarily, it is descended from periplasmic
binding proteins in bacteria that serve as nutrient
receptors.3,6 The human CaSR gene is located on chro-
mosome 3q13.3�21 and consists of 7 exons and two
distinct promoter regions.3,5 Expression of the CaSR
gene is widespread although it is highest in organs that
are involved in the regulation of calcium homeostasis,
such as the parathyroid glands, the C-cells of the thy-
roid gland, kidney and bone. The regulation of CaSR
mRNA production has not been as extensively studied
as other aspects of its physiology, but gene expression
has been shown to respond to calcium, vitamin D and
cytokines such as interleukin 1β and interleukin 6.7�10

Regulation of the CaSR and vitamin D receptor are
interrelated. Calcium and vitamin D both upregulate
CaSR gene expression.11�13 Activation of the CaSR
also upregulates expression of the vitamin D receptor
(VDR), which, in turn, amplifies the effects of
vitamin D on CaSR expression.12,14 These interactions
may be particularly important in the parathyroid
to allow for synergistic activity of calcium and vita-
min D in regulating PTH gene expression and
secretion.

In humans, the mature CaSR encompasses 1078
amino acids. It has a large extracellular domain of 612
amino acids that is heavily glycosylated and serves as
the calcium-binding domain.3�5 The CaSR operates as
a homodimer, which forms as the result of disulfide
bonds between cysteines 129 and 131 of each mono-
mer.11,15 The resulting extracellular portions of the
complex have been suggested to approximate a Venus
flytrap based on molecular modeling derived from the
crystal structure of the related metabotropic glutamate
receptors. Binding of calcium to clusters of acidic resi-
dues within the extracellular domain causes closure of
the extracellular “flytrap” motif and this leads to con-
formational changes that activate intracellular signal-
ing.6,16 The intracellular portion of the receptor has
been shown to couple to Gq/11, Gi, G12/13 and in some
instances to Gs.

3,11,17,18 Most commonly, the receptor
has been described to activate intracellular calcium
transients and MAPK signaling cascades.3,11 The CaSR
also interacts with several other cytoplasmic and/or
membrane proteins, including caveolin, filamin, potas-
sium channels (Kir4.1 and Kir4.2) and receptor activat-
ing proteins (RAMP) 1 and 3, all of which can
modulate downstream receptor signaling.19 Finally, the
receptor has been shown to heterodimerize with sev-
eral metabotropic glutamate receptor isoforms and
GABA receptor isoforms to generate unique hybrid
receptors.20,21 Therefore, like other GPCRs, the CaSR
can signal through a variety of pathways and there is
likely to be considerable cell type-specific variation in
its signaling.

In addition to calcium, the CaSR binds and signals
in response to a variety of other cations and positively
charged organic molecules such as magnesium, gado-
linium, polyamines and aminoglycoside antibio-
tics.3,5,11 These molecules can activate the receptor in
the absence of calcium and are known as Type 1
ligands. Other ligands, known as Type 2 agonists, have
no activity independent of calcium, but instead can
modify the sensitivity of the receptor to calcium. These
include L-amino acids and small-molecule, allosteric
activators and inhibitors known as calcimimetics or cal-
cilytics.3,5,11 L-amino acids bind to the extracellular
domain of the receptor in physiologic concentrations
and may help to coordinate protein and calcium
metabolism.22 Calcimimetics and calcylitics bind to the
transmembrane domain of the receptor and stabilize
the active or inactive conformations of the receptor
respectively.23,24 These compounds have been devel-
oped as drugs; cinacalcet (Sensipar) is commercially
available for the treatment of hyperparathyroidism in
chronic kidney disease (CKD) while calcilytics are cur-
rently in clinical trials.25,26 The CaSR has also been
shown to respond to alterations in pH, osmolality and
salinity.3 Therefore, although its actions are critical to
the regulation of calcium homeostasis, the CaSR actu-
ally is a multifunctional sensor for varied alterations in
the extracellular milieu.

The CaSR is expressed widely throughout the body.
It has been implicated in a variety of actions including
calcium and other ion transport, the regulation of cellu-
lar proliferation and differentiation, and hormone secre-
tion. We will limit our discussion to its functions in the
three tissues of greatest importance to calcium homeo-
stasis, the parathyroid gland, the kidney and bone. The
reader is referred to other more comprehensive reviews
for discussion of its many other functions.3,5

Parathyroid Gland: The parathyroid gland
expresses high levels of the CaSR, which regulates
three important aspects of parathyroid physio-
logy: parathyroid hormone (PTH) gene expression, PTH
secretion and parathyroid cell proliferation.4,27

Signaling from the CaSR leads to a reduction in PTH
mRNA.27,28 This effect may, in part, be indirect and
mediated by changes in the sensitivity of suppression
of PTH gene expression by vitamin D. However, there
is also a specific calcium response element in the PTH
gene promoter located 3.6 kB upstream from the tran-
scription start site that acts to inhibit transcription.27 In
addition, as described in more detail in the Section on
PTH, CaSR signaling destabilizes PTH mRNA and
shortens its half-life.28 Both effects result in a reduction
of PTH synthesis.

The predominant effect of CaSR activation on PTH
production is inhibition of PTH secretion.3,4,27 Activation
of the CaSR leads to a prompt suppression of PTH
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release, an effect that involves coupling to Gq/11 and Gi,
and the generation of intracellular calcium transients
after receptor activation.3,27 The control of PTH secre-
tion by extracellular calcium is reviewed in more detail
in the section on PTH, but genetic experiments in mice
have shown that the coupling of PTH secretion to
changes in extracellular calcium is completely depen-
dant on the presence of the CaSR on parathyroid
cells.29,30 Furthermore, the number of functional recep-
tors defines the dose-response relationship between
extracellular calcium and PTH secretion by parathyroid
cells. Reduced numbers of receptors are found in some
patients with familial hypocalciuric hypercalcemia as
well as in chronic kidney disease (CKD) and in parathy-
roid adenomas.4,27,29,30 In each instance, the parathyroid
cells become partially resistant to the ability of extracel-
lular calcium to suppress PTH secretion properly.

The CaSR also regulates parathyroid gland mass,
and null mutations in the CaSR gene result in parathy-
roid hyperplasia.4,27,29,30 Part of this effect is indirect
and is mediated by the ability of CaSR signaling to
enhance parathyroid sensitivity to vitamin D.
However, experiments in mice deficient in the VDR or
1 α-hydroxylase (CYP27B1) have demonstrated a direct
effect of CaSR signaling on parathyroid hyperplasia as
well.31,32 The molecular details of how CaSR affects cell
proliferation and/or hypertrophy are not yet well
described.

The Kidney: Experiments performed prior to the
identification of the CaSR had suggested that extracel-
lular calcium had direct effects on renal calcium han-
dling that were independent of any effects of PTH.33

However, the identification of the CaSR and the recog-
nition of its expression throughout the renal tubule
have led to the elucidation of an integrated and intrin-
sic response of the kidney to changes in circulating cal-
cium levels. In fact, recent experiments in mice have
suggested that CaSR-mediated alterations in renal cal-
cium handling may be the principal defense against
hypercalcemia, while PTH-mediated responses have a
more potent effect on the correction of hypocalcemia.34

When activated by hypercalcemia, the CaSR affects dif-
ferent portions of the nephron to increase calcium
excretion, and to acidify the urine and impair renal
concentrating ability in order to protect against nephro-
calcinosis or nephrolithiasis in the face of the resulting
hypercalciuria.

The CaSR promotes renal calcium excretion through
several actions. In the thick ascending loop of Henle
(TAL), the CaSR is expressed on the basolateral surface
and activation of the receptor leads to inhibition of
paracellular and transcellular NaCl and divalent cation
reabsorption.11 These effects are primarily mediated by
inhibition of the activity of the renal outer medullary
potassium channel (ROMK) and the apical Na1-K1-

2Cl2 cotransporter, NKCC2, which reduces the net
lumen positive charge and lowers the electrochemical
driving force for paracellular calcium, sodium and
magnesium transport.35,36 In addition, CaSR signaling
results in the degradation of claudin 16, which pro-
motes paracellular transport of calcium and magne-
sium.37 Activation of the CaSR also inhibits PTH-
mediated calcium reabsorption in the CTAL by inhibit-
ing uptake of calcium across the apical membrane and
in the CTAL and distal convoluted tubule by inhibiting
the activity of the basolateral calcium pump, PMCA1b,
which is necessary for extrusion of calcium from the
cell into the ECF.11,38,39

Concurrent with its effects on calcium excretion, the
CaSR also increases acid and water excretion by the
kidney, both of which help to maintain the solubility of
calcium salts in the urine and prevent the precipitation
of the excreted calcium. Activation of the CaSR in the
collecting ducts leads to inhibition of the H1-ATPase,
which results in increased acid secretion.40 Recent
genetic studies have underscored the importance of
urine acidification in protecting against stone forma-
tion in response to hypercalciuria, at least in mice.40

Hypercalcemia is also well known to inhibit renal con-
centrating ability.11 Stimulation of apical membrane
CaSRs in the inner medullary collecting duct inhibits
vasopressin induced aquaporin 2 (AQ2) insertion into
the apical membrane and reduces the transcellular
reabsorption of water.41 In chronic states of hypercalce-
mia, the CaSR also downregulates AQ2 expression via
post-transcriptional mechanisms.42

In addition to the direct effects of the CaSR on renal
calcium handling, it also inhibits CYP27B1 activity in
the proximal tubule.11,12 This results in lower levels of
1,25 (OH)2-vitamin D (the active form of the hormone),
which will also inhibit calcium absorption from the
diet, the release of calcium from bone and calcium
reabsorption in the distal tubule, all of which would
help to lower circulating calcium concentrations.

The Skeleton: Studies in cell lines and in genetically
altered mice suggest that the CaSR also affects bone
cells independent of its effects on PTH secretion or 1,25
(OH)2-vitamin D production.29,43 Osteoclasts, osteo-
blasts, osteocytes, growth plate chondrocytes and bone
marrow immune cells have all been found to express
the CaSR.3,5 Selective knockout of the receptor in osteo-
blasts has been shown to have profound effects on
bone growth and mineralization due to impaired osteo-
blast activity.29 Studies in cell culture suggest that
CaSR signaling may affect both osteoblast proliferation
and differentiation.44 Low levels of CaSR signaling
appear to promote osteoclast differentiation but high
levels of calcium have been found to inhibit osteoclast
function and cause osteoclast apoptosis.45,46 The regu-
lation of bone cell function by the CaSR is an evolving
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issue and, at present, it is unclear whether the actions
the CaSR on osteoclasts and osteoblasts are important
in the acute regulation of systemic calcium metabolism.
It is certainly possible that the CaSR might regulate the
mobilization of calcium from the bone interstitial fluid
in ways reminiscent of its actions on ion transport in
other sites.

Parathyroid Hormone

The principal regulator of the minute-to-minute cal-
cium concentration is parathyroid hormone. PTH is
secreted by the four parathyroid glands, which arise
from the third and fourth branchial arches during
embryogenesis and normally reside near the posterior
capsule of the four poles of the thyroid gland.
However, extra or ectopic parathyroid glands or small
rests of parathyroid tissue are commonly found from
the angle of the jaw to the mediastinum, along the path
of embryonic migration of the thymus and parathyroid
glands. This can be an important consideration in
hyperparathyroid states that require surgical interven-
tion (see below).

Human PTH is encoded by a single gene located on
chromosome 11 (11p15). The gene contains three exons;
the first codes for the 5’ untranslated portion of the
mRNA, the second encompasses most of the pre-pro
sequences and the third encodes the actual protein
sequence of the secreted hormone.47�49 The PTH gene
is a member of a small gene family that also includes
the parathyroid hormone-related protein (PTHrP) and
the tubuloinfundibular peptide of 39 amino acids (TIP39)
genes.48 Each of these genes has a similar exon/intron
structure and all three bind related receptors with over-
lapping specificities (see below).50 The PTH and PTHrP
genes likely arose from a common ancestor and lower
vertebrates have multiple PTH and PTHrP genes.

PTH is initially synthesized as pre-pro-parathyroid
peptide and undergoes post-translational modification
to produce the active hormone. The 25-residue pre-
sequence and the 6-residue pro-sequence are cleaved
during the initial production of PTH, yielding
the mature, 84-amino acid, full-length protein (PTH
1-84).51 Full-length PTH is the biologically active form
of the hormone. It has a very short half-life (minutes)
in the circulation and is degraded by the liver and kid-
ney, which generates circulating carboxy-terminal
(C-terminal) fragments. These fragments are cleared by
the kidney but may accumulate in the circulation in
renal failure.52

Three factors, calcium, 1,25 dihydroxyvitamin D and
phosphate, have been shown to modulate PTH mRNA
levels and/or PTH secretion.53 Parathyroid cells
express high levels of the CaSR, which allow them to

respond to small changes in the circulating calcium
concentration.54 Changes in extracellular calcium lead
to reciprocal changes in PTH secretion (see below) and
gene expression.53,54 The mechanisms through which
CaSR signaling affects PTH gene expression are not
well described. Although a negative calcium regulatory
element has been identified in the PTH gene promoter
region, it is currently thought that the primary effect of
CaSR signaling is post transcriptional.53 PTH mRNA
contains AU-rich elements in the 3’ untranslated region
(UTR), which regulate its stability. In the setting of low
extracellular calcium concentrations, specific proteins
bind to these elements and protect the mRNA from
degradation. Activation of CaSR signaling displaces
these factors and shortens the half-life of PTH mRNA.55

A steep inverse sigmoidal relationship exists
between PTH secretion and the extracellular ionized
calcium concentration and is defined by four para-
meters (Figure 66.1). The first is the maximum secre-
tory rate of the parathyroid glands. The second is the
slope of the curve at the midpoint. The third is the
parathyroid gland’s “set point,” or calcium concentra-
tion at which PTH secretion is half maximal. The final
parameter is the basal, nonsuppressible rate of PTH
secretion. The steep part of the curve encompasses the
physiologic range for extracellular calcium, over which
small changes in the concentration of ionized calcium
elicit dramatic changes in the rate of PTH secretion.56

Because of this steep slope, ionized calcium concentra-
tions are maintained in a very narrow physiologic
range. A great deal of data in both genetically altered
mice and in humans with genetic disorders of calcium
sensing have demonstrated the primary importance of
the CaSR in controlling PTH secretion.3,56 For example,
mice with either global deletion or parathyroid-specific
disruption of the CaSR gene have very high levels of
circulating parathyroid hormone, which are not sup-
pressed by severe hypercalcemia.29,30 The same is true
of humans with null mutations in the CaSR gene.57

Furthermore, in both mice and humans, heterozygous
disruption of the CaSR gene results in a milder form
of hyperparathyroidism, demonstrating a dose
effect between parathyroid CaSR levels and the sensi-
tivity of PTH to calcium-mediated suppression.29,30,57

Conversely, humans with activating mutations in the
CaSR gene present with hypoparathyroidism character-
ized by a failure to secrete PTH in response to
hypocalcemia.58

The molecular mechanisms by which CaSR signal-
ing inhibits PTH secretion are not completely under-
stood. Binding of calcium to the CaSR activates
downstream signaling pathways that, in turn, suppress
PTH secretion.3,56 It is clear that activation of both Gαq

and Gα11 is necessary for suppression of PTH secretion
since parathyroid specific disruption of the genes for
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both of these G-proteins phenocopies the disruption of
the CaSR gene itself.59 However, it is not clear how spe-
cific signaling events downstream of these G-proteins
actually inhibit the secretion of PTH.

Vitamin D will be discussed in more detail below.
The active form of vitamin D, 1,25 (OH)2 vitamin D,
acts on parathyroid cells to inhibit PTH production,
both by increasing circulating calcium levels and by
inhibiting PTH gene transcription directly.51,53 This
effect is thought to be a result of reduced transcription

of the PTH gene due to the binding of 1,25 dihydroxy-
vitamin D to the vitamin D receptor (VDR), which in
turn binds to vitamin D response elements in the 5’
flanking region of the PTH gene.60 Vitamin D receptors
are abundant in parathyroid tissue and their levels are
modulated by calcium and 1,25 (OH)2 vitamin D itself.53

Activation of the CaSR increases the expression of the
VDR in parathyroid cells and 1,25 (OH)2 vitamin D
increases the expression of the CaSR, thereby mutually
sensitizing the parathyroid glands to negative feedback
in states of vitamin D or calcium excess. In CKD and in
parathyroid adenomas, expression of both the VDR and
the CaSR is reduced, likely contributing to increased
PTH production.61�63

Phosphate stimulates PTH production and hyper-
phosphatemia is an important contributor to the devel-
opment of secondary hyperparathyroidism in patients
with chronic kidney disease.61,64 Some of these effects
may be related to the drop in ionized calcium that
attends any increase in circulating phosphate, but
phosphate also exerts independent effects on PTH
mRNA stability.64 Similar to the effects of low calcium,
elevations in serum phosphate lead to the binding of a
protein complex to the 3’UTR of PTH mRNA that inhi-
bits its degradation.55,64 Changes in serum phosphate
may also affect PTH indirectly via the actions of fibro-
blast growth factor 23 (FGF-23), which is secreted from
osteocytes (see Chapter 68). The parathyroids respond
to FGF-23 but, somewhat paradoxically, FGF-23 has
been described to reduce PTH gene expression and
secretion,65�67 even though it also lowers circulating
phosphate levels. Therefore, it is possible that the
actions of FGF-23 on the parathyroid cells may counter-
balance the direct effects of phosphate on PTH gene
expression. As discussed in Chapters 69 and 91, FGF-
23 levels are elevated in CKD, although it is not known
whether these elevated levels contribute to the dysre-
gulation of PTH secretion in these patients. Our under-
standing of the regulation of parathyroid function by
FGF-23 is an evolving area that will require further
research for clarification.

PTH binds and activates the Type 1 PTH/PTHrP
receptor (PTH1R), a GPCR that is shared with
PTHrP.50,68 It is a member of the B subfamily of
GPCRs, which also includes the secretin and calcitonin
receptors.50,69 Two other PTH receptors are also
included within this group. The PTH2R is primarily a
receptor for TIP39. PTH can bind weakly to this recep-
tor and activate it, but it is not known if this represents
a physiological interaction.50,69 PTHrP cannot activate
the PTH2R. There is also a third PTH receptor (PTH3R)
documented in zebra fish, but it does not appear to be
present within the human genome.50,69 Thus, as with
the PTH peptide family, it appears that evolution has
reduced the diversity of PTH receptors.

FIGURE 66.1 (A) The inverse sigmoidal relationship between
increasing concentrations of extracellular calcium and PTH secretion
from dispersed normal parathyroid cells in culture. (B) This relation-
ship can be defined by the maximal rate of PTH secretion, the slope
of the curve at the mid-point, the set point (point at half-maximal
PTH secretion) and the minimal rate of PTH secretion. (Reproduced
with permission from Brown, EM. 1983. Four-parameter model of the sig-
moidal relationship between parathyroid hormone release and extracellular
calcium concentration in normal and abnormal parathyroid tissue. J Clin
Endocrinol Metab 56:572�581.)
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The amino-terminal portion of PTH [PTH(1�34)] is
necessary and sufficient for full activation of the
PTH1R. Amino acids in the C-terminal portion of this
PTH fragment are thought to bind to the extracellular,
amino-terminal portion of the PTH1R, while the
amino-terminus of PTH(1�34) binds to the juxtamem-
brane portion of the PTH1R in order to activate down-
stream signaling (Figure 66.2).69,70 The PTH1R has been
shown to activate both the cAMP/protein kinase A
(PKA) pathway and the phospholipase C/protein
kinase C/calcium transient pathway. There is also evi-
dence that the receptor activates phospholipase D and
MAPK signaling.50,69 MAPK activation can occur either
through a PLC/PKC-dependant pathway or via a
G-protein independent pathway that involves arrest-
ins.71,72 Many of the classic biological functions of PTH
appear to be mediated to a great extent by the cAMP/
PKA pathway, which requires the first two amino acids
of PTH for activation.50,69 Less is known about the bio-
logical role of the other signaling pathways.

The PTH1R is highly expressed within the skeleton
and kidney, the two classic target organs for PTH
action. However, it is also widely expressed in many
other cells throughout body.50,69 The receptor at these
sites may primarily serve as a PTHrP receptor.

However, circulating PTH could theoretically activate
these receptors and may therefore affect physiological
processes other than calcium and bone metabolism,
especially in the setting of hyperparathyroidism.

PTH is the principal hormone that coordinates cal-
cium homeostasis on a minute-to-minute basis. It does
this through its actions on the kidney and on bone
cells. Below, we discuss the actions of PTH on these
two organs in detail.

Kidney: PTH regulates the renal handling of
calcium, phosphate, sodium and hydrogen ions.73 It
also regulates the conversion of 25-hydroxyvitamin D
to 1,25-dihydroxyvitamin D.73 The PTH1R is expressed
at different sites along the nephron, including the glo-
merulus, proximal tubules, the cortical ascending limbs
and the distal convoluted tubules. In the proximal and
thick ascending limbs the receptor is expressed on both
the basolateral surface and the luminal surfaces of
cells.74,75

PTH was originally recognized for its actions to pro-
mote urinary phosphate excretion.73 Approximately
90% of plasma phosphate is filtered by the glomerulus
and 80% is actively reabsorbed, primarily by the proxi-
mal convoluted tubules. The regulated step in phos-
phate reabsorption is entry of phosphate across the
luminal membrane of the proximal tubule cells though
two related sodium-phosphate co-transporters known
as NPT2a and NPT2c.73,76 PTH inhibits phosphate
uptake into these cells by triggering the withdrawal of
NPT2a from the apical membrane into intracellular
vesicles, which leads to proteolytic degradation of
the transporter.73,77�80 Interestingly, activation of the
luminal or basolateral PTH1R pool appears to stimu-
late different signaling pathways, yet both cause inter-
nalization of NPT2a. The basolateral receptors increase
intracellular cAMP. At the luminal surface, the PTH1R
is associated with a scaffolding protein known as
NHERF1, which favors the activation of the PKC path-
way over the cAMP pathway.81,82 NHERF1 has also
been shown to bind to NPT2a and it has been sug-
gested that dissociation of NHERF1 from NPT2a is nec-
essary to allow internalization of NPT2a in response to
PTH.73,83,84

PTH increases calcium reabsorption by the kidney.
This occurs through the stimulation of active transcel-
lular calcium transport across epithelial cells in the cor-
tical segment of the thick ascending loop of Henle and
in the distal convoluted tubule.73 In distal tubule cells
PTH stimulates cAMP/PKA signaling and phospholi-
pase D, both of which are necessary to mediate calcium
transport.85�90 These signaling cascades lead to hyper-
polarization of the membrane potential, which stimu-
lates the entry of calcium across the apical membrane
as well as its extrusion via sodium/calcium exchange
across the basolateral membrane.

FIGURE 66.2 Model for binding of amino-terminal PTH to the
PTHR1. The C-terminal end of PTH (1�34) (C) binds first to the extra-
cellular N-terminal portion of the receptor (B). Subsequently,
the amino-terminal portion of PTH 1�34 (D) binds to the J-domain of
the receptor. This results in a conformational change of the receptor
such that it takes on a more closed shape, which increases its affinity
for G-proteins and leads to their activation. (Reproduced with permission
from Potts JT. 2008. Parathyroid hormone: past and present. J Endocrinol
187: 311�325.)
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PTH acts on the proximal tubule to stimulate the
conversion of 25 (OH) vitamin D to 1,25 (OH)2 vitamin D,
which is the active form of vitamin D.50,51,73,91 In this
way, PTH indirectly stimulates calcium absorption
from the gut and activates bone cell activity. The
increase in 1,25 (OH)2 vitamin D is the result of stimu-
lation of both CYP27B1 gene expression and activity
(the enzyme responsible for hydroxylation of vitamin D
at the C-1 position).73,92,93 The effects of PTH on
CYP27B1 activity are opposed by the CaSR and by
1,25 (OH)2 vitamin D itself.12,94,95 PTH also inhibits the
degradation of 1,25 (OH)2 vitamin D by decreasing
CYP24A1 (24-hydroxylase) activity in the proximal
tubule and thus inhibiting vitamin D catabolism.96,97

PTH inhibits acid secretion in the proximal tubule
and can produce a mild compensated hyperchlro-
remic acidosis.73 This is the result of phosphorylation
of the Na1/H1 exchanger (NHE3) by PKA down-
stream of the PTH1R.80,98 While this results in reduced
bicarbonate and sodium reabsorption by the proximal
tubule, the distal tubules compensate by increasing
both sodium and bicarbonate absorption. As a result,
there is little change in serum bicarbonate concentra-
tions or pH, although chronic elevations in PTH can be
associated with mild hyperchloremia.

The skeleton: PTH increases bone turnover although
the net effect on bone depends on the pattern of PTH
exposure. Continuous PTH exposure causes net bone
catabolism, which is seen in states of hyperparathy-
roidism. In contrast, intermittent PTH exposure has an
anabolic effect on the skeleton, which has been
exploited pharmacologically in the treatment of osteo-
porosis. Below, we will discuss the actions of PTH on
the three main cell types in bone, osteoclasts, osteo-
blasts and osteocytes.

PTH stimulates bone resorption due to an increase
in the production of new osteoclasts as well as an
increase in the activity of existing osteoclasts.51,73,99,100

Neither osteoclasts nor their precursors express the
PTH1R, so these effects result from paracrine interac-
tions between osteoclasts and cells within the osteo-
blast lineage, which do express the PTH1R. Osteoclast
differentiation, activity and survival are regulated by
two cytokines, colony-stimulating factor 1 (MCSF,
CSF1) and receptor-activator of NFκB ligand
(RANKL).101,102 CSF1 is produced by stromal/osteo-
blast cells and acts through its receptor c-fms to induce
early monocyte/macrophage precursors to enter the
osteoclast lineage.101,102 RANKL is also produced by
cells in the stromal/osteoblast lineage and acts through
its receptor, receptor-activator of NFκB (RANK) to
promote the differentiation of osteoclast precursors
into mature osteoclasts, to increase the bone-resorbing
activity of mature osteoclasts and to lengthen
the life-span of active osteoclasts.73,100�102 RANKL

can also be bound by a secreted decoy receptor known
as osteoprotegerin (OPG), which inhibits osteoclast
formation and activity, and promotes osteoclast
apoptosis.73,100�102 Therefore, the RANKL/OPG ratio is
an important determinant of osteoclastic activity. PTH
increases the secretion of CSF1 and RANKL, and sup-
presses the secretion of OPG raising the RANKL/OPG
ratio.73,99�103 These alterations in local cytokines
increase osteoclast numbers and activity, and stimulate
bone resorption.

The direct effects of PTH on osteoblast function are
complicated and vary depending on the duration of
exposure to PTH as well as the state of differentiation of
the cells. The reader is referred to more in-depth reviews
for a detailed discussion of the specific effects of PTH on
osteoblasts.73,99�104 Continuous and intermittent PTH
both increase osteoblast numbers and rates of bone for-
mation in vivo.73,99�104 This does not appear to be due to
cell proliferation as most data suggest that PTH inhibits
the proliferation of committed osteoblast precursors
and mature osteoblasts.100,105�107 Intermittent exposure
to PTH favors the commitment of mesenchymal precur-
sors to the osteoblast lineage and stimulates osteoblast
differentiation.73,100,108�111 In addition, intermittent
PTH administration may convert previously quiescent
bone lining cells into active osteoblasts.112 In contrast,
prolonged, continuous exposure to PTH inhibits full
osteoblast differentiation.73,91,100 These alternative
effects on osteoblast differentiation may help to explain
why net anabolic activity differs between continuous
and intermittent PTH exposure.

The PTH1R is expressed on osteocytes and PTH
inhibits osteocyte apoptosis and suppresses osteocyte
production of sclerostin, an important inhibitor of Wnt
signaling in bone.104,113�116 Experiments in mice sug-
gest that activation of the osteocyte PTH1R influence
the activity of osteoblasts and osteoclasts on bone sur-
faces, demonstrating that these cells may help to coor-
dinate bone turnover in response to PTH.115 C-terminal
fragments of PTH also affect osteocytes by binding to a
specific, although as yet uncharacterized, C-terminal
PTH receptor. Activation of this receptor may antago-
nize PTH1R actions, which could theoretically contrib-
ute to the skeletal resistance to PTH described in CKD,
since decreases in GFR increase the concentration of
circulating C-terminal PTH fragments.116

Vitamin D

Vitamin D is a steroid hormone that contributes to
the development and maintenance of cartilage and
bone as well as the regulation of calcium and phos-
phate metabolism. It exerts a myriad of other effects,
including the regulation of the immune response, the
control of epithelial cell proliferation and the regulation
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of cell differentiation. Here we will limit our discussion
to its actions on calcium homeostasis.

The biological activity of vitamin D is mediated by
1,25 (OH)2 vitamin D3, which circulates in pM concen-
trations.117 The production of active vitamin D is
tightly regulated and is the net result of a series of pho-
tochemical and enzymatic steps that involve several tis-
sues throughout the body. The first step in vitamin D
synthesis is the formation of pre-vitamin D3 from 7-
dehydrocholesterol. This reaction occurs in the plasma
membrane of keratinocytes and is catalyzed by ultra-
violet B light between the wavelengths of 290
and 315 nM.118 Previtamin D3 is thermodynamically
unstable and in a temperature dependant fashion is
converted into vitamin D3, which is shed into the ECF
and binds to vitamin D binding protein (DBP) in the
circulation.117 The quantity of vitamin D3 formed in
the skin depends on the duration and intensity of sun-
light exposure and is inhibited by sunscreen, clothing
and skin pigmentation. Thus, people with darker skin
and those living at latitudes farther from the equator
synthesize less vitamin D, and in the Northern hemi-
sphere, there is less vitamin D synthesis in winter
months.119�122 These racial, geographical and seasonal
factors all contribute to the patterns of vitamin D defi-
ciency observed in the human population.

Vitamin D3 can be stored in fat and in the liver. As
noted above, it circulates bound to DBP and it is
hydroxylated at the C-25 position in order to form 25
(OH) vitamin D.117 This reaction occurs in the liver and
is the sum of the actions of several cytochrome p450
enzymes, although the most important appears to be
the microsomal enzyme, CYP2R1.123 Production of 25
(OH) vitamin-D is controlled by substrate availability,
so the measurement of circulating 25 (OH) vitamin D is
the most reliable clinical indicator of total body vitamin D
stores. 25 (OH) vitamin D circulates in nM concentrations,
and is also bound to DBP.117

The active hormone, 1,25 (OH)2 vitamin D is formed
in the kidney under tight regulation by PTH, phos-
phate, FGF-23 and calcium concentrations.117 25 (OH)
vitamin D is filtered into the urine and is reabsorbed
together with DBP by megalin and cubulin, which are
found in the apical membrane of the proximal tubule
cells.124,125 Hydroxylation of 25 (OH) vitamin D is cata-
lyzed by CYP27B1, which is a cytochrome P450
enzyme found within the inner mitochondrial mem-
brane.126�128 The proximal tubule also expresses 24
hydroxylase activity mediated by CYP24A1 which gen-
erates 24, 25 (OH)2 vitamin D and calcitroic acid, the
main inactive metabolites of 25 (OH) vitamin D and
1,25(OH)2 vitamin D, respectively.129,130 CYP24A1
antagonizes the actions of CYP27B1 both by shunting
away its substrate and by inactivating its product. The
synthesis of 1,25 (OH)2 vitamin D is regulated

primarily by altering the expression of CYP27B1 and
CYP24A1 in a reciprocal fashion. PTH, low calcium,
low phosphate and calcitonin act to stimulate 1,25
(OH)2 vitamin D production, while high calcium, high
phosphate, FGF23 and 1,25 (OH)2 vitamin D, itself,
inhibit production.117 In tissues outside the kidney,
CYP27B1 and CYP24A1 expression, and 1,25 (OH)2
production are also regulated by a number of growth
factor and cytokine pathways as well as by toll-like
receptor signaling.117

Vitamin D acts as a classical steroid hormone and
regulates gene expression by binding to the vitamin D
receptor (VDR), a ligand-activated transcription factor
that is a member of the large superfamily of steroid
hormone receptors.117,131,132 The active receptor is a
heterodimer between the VDR and the retinoic acid X
(RXR) receptor. Like other steroid hormone receptors
the activated VDR recruits a number of co-factors to
specific sequences within target genes in order to form
a multiprotein complex that includes chromatin remo-
deling activity and transcriptional activators or repres-
sors.131,132 The activity of vitamin D and the VDR
depends on the particular makeup of this protein com-
plex and, like other steroid hormone/receptor com-
plexes, is cell-type and target gene specific. We will not
review the details of gene regulation by the VDR fur-
ther. The interested reader is referred to more compre-
hensive discussions of this topic.117,131,132

Vitamin D acts on all the components of calcium
homeostasis and controls the acquisition of calcium
from the environment as well as modulating the sensi-
tivity of several organs to calcium and PTH. Below, we
review the actions of vitamin D on calcium-regulating
organs.

The Intestine: Vitamin D deficiency and genetic dis-
ruption of the vitamin D receptor cause hypocalcemia,
secondary hyperparathyroidism, rickets, osteomalacia,
and growth retardation.117 All of these disturbances
can be rescued by the administration of a high calcium
and lactose diet that increases vitamin D-independent
gut calcium absorption or by selective, transgenic
replacement of intestinal VDR expression in VDR-
knockout mice.133,134 Therefore, it has become clear
that the dominant actions of vitamin D on calcium and
bone metabolism are to support the absorption of cal-
cium and phosphorus from the diet. Calcium is
absorbed from the intestine through a saturable, trans-
cellular process that is prominent in the proximal small
intestine and a non-saturable, paracellular process that
is more prominent in the ileum and colon.135 Vitamin D
has its greatest effects on increasing transcellular trans-
port, although it can also increase paracellular calcium
absorption. Vitamin D has traditionally been thought
to increase transcellular calcium transport in entero-
cytes by increasing the production of proteins involved
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in calcium entry across the apical membrane (TRPV6),
calcium translocation through the cytoplasm (calbindin
D9k, calbindin D28k) and calcium extrusion across the
basolateral membrane (PMCA1b).136�143 However,
recent knockout mouse models of TRPV6 and calbindin
D9k have suggested that the standard model of vitamin
D-mediated transcellular calcium transport may be
overly simplistic.144�146 Vitamin D signaling also upre-
gulates the expression of claudin 2 and claudin 12,
both of which modulate the permeability of tight junc-
tions to calcium and, thus, likely regulate paracellular
calcium transport.147

It should be noted that vitamin D also increases
intestinal phosphate absorption.135 This is caused by
increases in the apical expression of NPT2b, a sodium-
phosphate co-transporter related to the phosphate
transporters expressed in the proximal renal
tubule.148,149 However, the exact molecular mechan-
isms by which vitamin D regulates NPT2b expression
and phosphate absorption remain to be defined.

The kidney: In addition to serving as the site of 1,25
(OH)2 vitamin D synthesis, the kidney is also a target
of vitamin D actions.117,150 The VDR is expressed at
highest levels in distal tubule cells but is also expressed
at lower levels in the proximal tubule.151 The net effect
of vitamin D on the kidney appears to be the regulation
of its own synthesis in a short feedback loop in the
proximal tubule and the enhancement of calcium reab-
sorption in the distal convoluted tubule. In the proxi-
mal tubule Vitamin D inhibits the production of
CYP27B1 and enhances the production of CYP24A1
acting to inhibit further production of 1,25 (OH)2 vita-
min D.117,150 As in the intestine, vitamin D acts on the
distal tubule to regulate the production of several pro-
teins involved in transcellular calcium reabsorption. It
upregulates the expression of TRPV5 and TRPV6, the
two apical calcium entry channels; Calbindin D9k and
Calbindin 28k, which are involved in cytoplasmic cal-
cium translocation; and PMCA1b, which transports cal-
cium out of the cell across the basolateral membrane.150

It also has been shown to increase PTHR1 expression in
the distal tubule and to enhance the effects of PTH on
distal tubular calcium reabsorption.150

Bone: The vitamin D receptor is expressed in cells of
the osteoblast lineage but not in mature osteoclasts.
The classic presentation of vitamin D deficiency in chil-
dren is growth retardation and rickets, while in adults
it can result in osteomalacia.117 However, as noted pre-
viously, when VDR-knockout mice were treated with a
high calcium “rescue” diet that normalized calcium,
phosphate and PTH levels, these bone phenotypes dis-
appeared, suggesting that the dominant effects of vita-
min D on bone were indirect.133 However, a close
examination of VDR-/-, CYP27B1-/- and double knock-
out, VDR-/-, CYP27B1-/- mice on rescue diets

demonstrated that loss of vitamin D function reduced
the numbers of osteoblasts and osteoblast progenitors
in vivo, which is consistent with many studies in vitro
that have documented effects of vitamin D on osteo-
blast gene expression, osteoblast proliferation and oste-
oblast differentiation.32,117 However, in the presence of
adequate amounts of dietary calcium and phosphate,
the direct effects of vitamin D on osteoblast function
are subtle and may differ depending on the stage of
osteoblast differentiation. The indirect effects of vita-
min D on osteoclasts are more straightforward. 1,25
(OH)2 vitamin D increases osteoblast expression of
RANKL and decreases the production of OPG by
osteoblasts.152,153 By increasing the RANKL/OPG ratio,
vitamin D increases the production of osteoclasts and
of bone turnover. This effect of vitamin D is clinically
apparent in states of 1,25 (OH)2 vitamin D overproduc-
tion or in the setting of excess ingestion of vitamin D,
where bone resorption is excessive despite the suppres-
sion of PTH secretion.

Parathyroid gland: The parathyroid glands are rich
in VDR expression and 1,25 (OH)2 vitamin D inhibits
transcription of the PTH gene.60,154�156 This appears to
be a direct effect of the VDR on the PTH gene promoter.
Vitamin D also regulates PTH production indirectly by
increasing CaSR expression in the parathyroids and by
increasing systemic calcium levels.9 As noted previ-
ously, CaSR signaling increases VDR expression in the
parathyroids, so vitamin D and calcium act synergisti-
cally to suppress PTH secretion.53 Therefore, states of
vitamin D deficiency may sensitize the gland to low cal-
cium levels and increase the PTH response to hypocal-
cemia. This may contribute to the development of
parathyroid hyperplasia and secondary hyperparathy-
roidism in CKD. However, in mice, it appears that cal-
cium remains the most important factor regulating
parathyroid gland growth and PTH secretion. Meir and
colleagues disrupted the VDR specifically in parathy-
roid cells and found that while CaSR levels were
decreased, PTH secretion was only modestly increased
and that serum calcium levels remained normal.157

These data suggest that the VDR may have a limited
role in regulating parathyroid function at baseline.

Parathyroid Hormone-Related Protein

The PTHrP and PTH genes share structural elements
and sequence homology suggesting that they arose
through duplication of a common ancestor.158�161 The
portion of both genes encoding the amino-terminal seg-
ments of PTH and PTHrP are highly conserved such
that the peptides share 8 of the first 13 amino acids and
a high degree of predicted secondary structure over
the next 21 amino acids. Beyond this, however, the two
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genes share little similarity. PTHrP mRNA is expressed
in almost every organ at some time during its develop-
ment or functioning. Many different hormones and
growth factors regulate PTHrP mRNA levels. As with
PTH, the CaSR regulates PTHrP gene expression in
many different cell types.162,163 Another common
observation is that mechanical forces induce PTHrP
gene expression in many sites.159

Like PTH, PTHrP binds to and activates the PTH1R.
Most studies in vitro suggest that this receptor binds
PTHrP and PTH with equal affinity and that both pep-
tides trigger identical signaling events.50,159 However,
the human PTH1R may respond somewhat differently
to PTH and PTHrP. It appears that PTH and PTHrP
demonstrate differences in their ability to stabilize
alternate conformational states of the receptor, so that
the duration of cAMP production is shorter for PTHrP
(1�36) than for PTH (1�34).164 This may explain why
human subjects subjected to continuous infusion of the
two peptides for 72 hours, were found to become
hypercalcemic with lower doses of PTH 1�34 than
PTHrP (1�36) and had lower 1,25 (OH)2 vitamin D
production when infused with PTHrP.165 These studies
may also help to explain differences in the biochemical
profiles of HHM and hyperparathyroidism (see below).

In addition to being secreted, PTHrP can also be
transported into the nucleus of many different cell
types.166,167 The function(s) of nuclear PTHrP is
unclear, but replacement of the endogenous mouse
PTHrP gene with a mutant version encoding a protein
that cannot enter the nucleus causes widespread cellu-
lar senescence, growth retardation and early death.168

This experiment suggests that nuclear PTHrP is of fun-
damental importance in many cell types.

PTHrP has been suggested to have many functions.
The reader is referred to more comprehensive reviews
for a complete discussion.159,169 Here, we will highlight
two areas where PTHrP has been documented to have
physiological effects in intact organisms.

Cartilage and bone: A series of genetic experiments
in mice and genetic disorders in humans have demon-
strated that amino-terminal PTHrP acts through the
PTH1R to coordinate the rate of chondrocyte differenti-
ation in order to maintain the orderly growth of long
bones during development.170�173 PTHrP is produced
by immature chondrocytes at the top of the growth
plate in response to another molecule known as
Indian Hedgehog (IHH) secreted by differentiating
hypertrophic chondrocytes. PTHrP, in turn, acts on its
receptor located on proliferating and prehypertrophic
cells to slow their rate of differentiation into hyper-
trophic cells. Therefore, IHH and PTHrP define a local
negative feedback loop that regulates the rate of chon-
drocyte differentiation (see Figure 66.3).173 PTHrP
is also found in other cartilaginous sites such as the

costal cartilage and the hyaline cartilage lining the joint
space, where it appears to prevent the inappropriate
encroachment of bone into these structures.174,175

PTHrP also affects bone cells in vivo. Heterozygous
PTHrP-null mice develop osteopenia with increasing
age.176 In addition, selective deletion of the PTHrP
gene from osteoblasts causes decreased bone mass,
reduced bone formation, reduced mineral apposition
and a reduction in the formation and survival of osteo-
blasts.177 These data suggest that PTHrP acts as an
important local anabolic factor in the skeleton.

Mammary gland: PTHrP has important functions
during breast development, it is involved in regulating
systemic calcium metabolism during lactation and it
contributes to the pathophysiology of breast cancer.

The mammary gland forms as a bud-like invagina-
tion of epidermal cells that grow into a specialized
mesenchyme.178 The epithelial cells of the embryonic
mammary bud produce PTHrP, which interacts with
the PTH1R expressed on surrounding mesenchymal
cells. This interaction is necessary for the outgrowth
of the duct system.179 In both mice and humans,

FIGURE 66.3 PTHrP and Indian hedgehog (Ihh) act as part of a
negative feedback loop regulating chondrocyte proliferation and dif-
ferentiation. The chondrocyte differentiation program proceeds from
undifferentiated chondrocytes at the end of the bone, to proliferative
chondrocytes within the columns and then to prehypertrophic and
terminally differentiated hypertrophic chondrocytes nearest the pri-
mary spongiosum. PTHrP is made by undifferentiated and proliferat-
ing chondrocytes at the ends of long bones. It acts through the
PTH1R on proliferating and prehypertrophic chondrocytes to delay
their differentiation, maintain their proliferation and delay the pro-
duction of Ihh, which is made by hypertrophic cells (1). Ihh, in turn,
increases the rate of chondrocyte proliferation (2) and stimulates the
production of PTHrP at the ends of the bone (3). Ihh also acts on peri-
chondrial cells in order to generate osteoblasts of the bone collar (4).
(Reproduced with permission from Kronenberg HM. 2003. Developmental
regulation of the growth plate. Nature 423:332�336.)

2282 66. DISORDERS OF CALCIUM METABOLISM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



disruptions of PTHrP signaling cause a failure of breast
development past this early bud stage.180

PTHrP is also produced by breast epithelial cells
during lactation and large quantities are secreted into
milk.181,182 The function of PTHrP in milk is unknown,
but it is secreted from the lactating breast into the cir-
culation, where it participates in the regulation of sys-
temic calcium metabolism. The maternal skeleton is an
important source of calcium for milk production and
the lactating breast secretes PTHrP into the circulation
to increase bone resorption.182 This is the only time in
which PTHrP exerts a documented systemic endocrine
effect on normal calcium and bone metabolism.

CALCITONIN

Calcitonin is produced by the C-cells of the thyroid
gland in humans and by the ultimobranchial body in
other animal species. Calcitonin is encoded by the
CALC1 (also referred to as CALCA) gene, a member of
a family of genes that also encode islet amyloid pro-
tein, calcitonin gene related peptide (CGRP), and the
precursor of adrenomedullin. Alternative splicing of
the CALC1 transcript also yields a homologous pep-
tide, calcitonin gene-related peptide (CGRP), which is
produced in the nervous system.183 Similar to parathy-
roid cells, C-cells express the CaSR on their cell surface
and are sensitive to small changes in extracellular fluid
calcium concentrations. Increases in serum calcium
levels within the normal physiologic range lead to the
secretion of calcitonin.184

The calcitonin receptor is a GPCR185 that is expressed
at high levels on osteoclasts. Activation of the calcitonin
receptor inhibits osteoclast motility, causes their retrac-
tion from the bone surface, and acutely inhibits their
ability to resorb bone.186�188 However, these effects are
short-lived, because calcitonin signaling causes a reduc-
tion in the number of calcitonin receptors and rapid
development of calcitonin resistance.189 In humans, cal-
citonin does not appear to be essential for minute-to-
minute calcium homeostasis, but it may contribute to
the conservation of total body calcium, especially with
aging and/or during periods of calcemic stress such as
pregnancy or lactation.190 Experiments in knockout
mice suggest that the disruption of calcitonin signaling
results in an impaired ability to recover from hypercal-
cemia, and excessive bone loss during lactation.191,192

INTEGRATED REGULATION
OF CALCIUM METABOLISM

The various hormones and organ systems discussed
in the previous sections all cooperate in order to

regulate the ECF ionized calcium concentration and
maintain it in a relatively narrow physiologic range. As
mentioned previously, it has been suggested that
increases in PTH secretion from the parathyroid gland
serve as the principal defense against hypocalcemia
but that the direct effects of calcium on the kidney
CaSR may be more important in returning calcium to
the normal range in the face of hypercalcemia.
However, this construct has not been validated in
human subjects. Even, if this is the case, it is clear that
the entire interconnected homeostatic system responds
to either hypocalcemia or hypercalcemia.

As illustrated in Figure 66.4, a fall in the ECF cal-
cium level below the physiologic range is rapidly
sensed by the parathyroid gland CaSR. Reduced sig-
naling from this receptor then leads to the secretion of
more PTH from the parathyroid glands, which, in turn
activates the release of calcium and phosphate from
the skeleton. There is a rapid release of calcium and
phosphate from the bone interstitial fluid followed by
an increase in bone resorption that releases calcium

FIGURE 66.4 Integrated response to hypocalcemia. A decrease in
the ionized calcium concentration in the ECF is sensed by the CaSR on
the parathyroid glands, which leads to increased secretion of PTH. In
turn, PTH causes release of calcium from bone and reclamation of cal-
cium from the urine. If the hypocalcemic stimulus is prolonged, PTH
induces an increase in the production of 1,25 OH2 vitamin D from the
kidney, which increases calcium absorption from the GI tract. While
PTH leads to an increase in the release of phosphate from the skeleton
and an indirect increase in GI absorption from the diet, it causes renal
excretion of phosphate allowing an increase in the serum calcium
levels without changing systemic phosphate levels.
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and phosphate from stores within the mineralized por-
tion of bone. In the kidney, PTH increases the reab-
sorption of calcium from the urine but decreases the
reabsorption of phosphate. Presumably, this serves to
dispose of the phosphate released from the skeleton
and prevents any rise in serum phosphate, which could
otherwise inhibit a rise in serum calcium by inducing
the precipitation of calcium phosphate salts in soft tis-
sues. In addition to the actions of PTH, reduced CaSR
signaling within the kidney also leads to an increase
in net calcium reabsorption independent of changes
in PTH. Combined, these alterations in parathyroid,
skeletal and kidney function return the calcium con-
centration back to normal and feedback to restrict
further PTH release. When hypocalcemia is pro-
longed, PTH also stimulates the renal production of
1,25 (OH)2 vitamin D, which increases intestinal cal-
cium absorption. When hypocalcemia is no longer
present then the system can reset back to its baseline
activity. However, if there is a chronic hypocalcemic
stress, then long-term elevations in PTH and 1,25
(OH)2 vitamin D may be required to maintain the
calcium level within the normal range.

In the presence of hypercalcemia, the various com-
ponents in the system react in an opposite fashion in
order to lower ECF calcium levels. A rise in the ionized
calcium level acts on the CaSR in the kidney to trigger
an increase in calcium excretion in the urine. As noted
previously, this is associated with increased water
excretion as well. Increased activation of the parathy-
roid CaSR suppresses PTH secretion, which, in turn,
leads to a reduction in bone resorption and reduced
production of 1,25 (OH)2 vitamin D. Hypercalcemia
also increases the catabolism of 1,25 (OH)2 vitamin D.
When calcium levels return to normal, these various
adaptations are reversed and calcium excretion is
halted. Normal renal function is critical for the system
to be able to maintain a normal calcium in the setting
of a chronic excess of calcium entering the ECF, for
example in vitamin D excess or in states of pathological
bone resorption. If renal function declines and the abil-
ity to excrete calcium in the urine is compromised,
hypercalcemia will persist.

HYPERCALCEMIA

A list of disorders causing hypercalcemia is pro-
vided in Table 66.1. Although there are many potential
causes of an elevated calcium level, most patients with
hypercalcemia (. 90%) are afflicted with either pri-
mary hyperparathyroidism or by malignancy-
associated hypercalcemia (MAHC).193,194 Therefore, we
will discuss these disorders at some length and only
briefly describe the other causes. It is important to keep

TABLE 66.1 Causes of Hypercalcemia

Hyperparathyroidism

Idiopathic primary hyperparathyroidism (PHP)

Familial

MEN type 1 or MEN type 2a

ESRD/tertiary hyperparathyroidism

Familial hypocalciuric hypercalcemia (FHH)

Malignancy associated hypercalcemia (MAHC)

Osteolytic metastases (LOH)

PTHrP and other humoral mediators (HHM)

Endocrinopathies

Adrenal insufficiency

Hyperthyroidism

Acromegaly

VIPoma

Pheochromocytoma

Medications

Vitamin D intoxication

Vitamin A intoxication

Thiazides

Lithium

Milk�alkali syndrome

Excess thyroid hormone

Tamoxifen

Growth hormone

Aminophylline

Granulomatous disease

Sarcoidosis

Tuberculosis

Silicone-induced granulomas

Disseminated candidiasis

Disseminated cytomegalovirus

Pneumocystis carinii pneumonia

Miscellaneous causes

Immobilization

Dehydration

Aluminum toxicity

William’s syndrome

Rhabdomyolysis recovery

Idiopathic hypercalcemia of infancy

Jansen’s metaphyseal chondrodysplasia
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in mind that elevations in the total calcium level can
occur in the absence of changes in ionized calcium
levels. This is defined as pseudohypercalcemia, and
occurs in the setting of abnormalities in serum proteins
or severe thrombocytosis (platelet counts .700,000).195

In these setting an ionized calcium level should be
obtained to confirm the diagnosis of hypercalcemia
before other diagnostic tests are performed.

Clinical Presentation of Hypercalcemia

Patients with mild hypercalcemia (, 1 mg/dL above
normal) are usually asymptomatic unless they have
preexisting cerebral dysfunction. The severity of hyper-
calcemic symptoms is related both to the degree of ele-
vation in the ionized calcium level and to the rapidity
with which the calcium level rises. The higher the cal-
cium and the faster its level rises, the more severe will
be the symptoms. When present, symptoms are caused
by dehydration secondary to urinary losses of calcium,
water, and other electrolytes and to an increase
in membrane potential caused by the elevation in ECF
ionized calcium concentration (see Table 66.2).
Dehydration develops because an increase in the fil-
tered load of calcium leads to hypercalciuria, which is
associated with the loss of sodium, anions and water.
In addition, as discussed previously, hypercalcemia
causes nephrogenic diabetes insipidus due to the stim-
ulation of the CaSR in the collecting ducts of the kid-
ney.196 Consequently, patients with hypercalcemia
frequently report symptoms of polyuria and polydip-
sia. If significant dehydration ensues, hypercalcemia
can worsen quickly because any impairment of glomer-
ular filtration reduces the ability of the kidneys to
excrete excess calcium. Patients with moderate to
severe hypercalcemia often complain of nausea and
vomiting, symptoms likely related to dehydration as
well as to the effects of the hypercalcemia on central
nervous system function. Because hypercalcemia tends
to hyperpolarize membranes, a range of neurologic
and neuromuscular signs and symptoms can occur.
Patients with mild hypercalcemia often complain
of fatigue, depressed affect, and asthenia. With further
increases in serum calcium, these complaints
progress to impaired concentration and memory, diffi-
culty with cognitive function, stupor, and coma.
Muscle weakness can be seen, which can occasionally
progress to flaccid paralysis if hypercalcemia becomes
severe.197 Gastrointestinal motility is impaired; this
commonly results in constipation and likely contri-
butes to nausea and vomiting. Occasionally, pancrea-
titis may be the cause of abdominal pain in patients
with hypercalcemia.198,199 Finally, cardiovascular
function can be impaired, as manifested by

bradycardia and sensitivity to the effects of digitalis.
Electrocardiographic changes include shortening of
the QT interval, varying degrees of atrioventricular
block, and bradyarrhythmias or tachyarrhythmias if
the hypercalcemia is severe.200,201

Primary Hyperparathyroidism

Primary hyperparathyroidism (PHP) is caused by
excess production of PTH by the parathyroid glands
and is characterized by simultaneous elevations in cir-
culating calcium and PTH levels. Most commonly it is
caused by benign adenomas of one or sometimes two
parathyroid glands. Less commonly, it is caused by dif-
fuse parathyroid hyperplasia in the setting of the famil-
ial endocrine neoplasia syndromes (MEN1 and MEN2).
Rarely, it is caused by primary disorders of calcium
sensing or by parathyroid carcinoma. Primary hyper-
parathyroidism is currently estimated to have an inci-
dence between 1 in 500 and 1 in 1000 persons.202 After
the age of 50 years, women are more frequently

TABLE 66.2 Symptoms and Signs of Hypercalcemia

Signs and

Symptoms

Acute Chronic

Gastrointestinal Anorexia Dyspepsia

Nausea Constipation

Vomiting

Cardiac Bradycardia Hypertension

Short QT interval Digitalis sensitivity

First degree atrio-
ventricular block

Increased mean
carotid intima-media
thickness

Cardiac calcifications,

Ventricle hypertrophy

Diastolic dysfunction

Renal Polyuria Nephrolithiasis

Polydipsia Nephrocalcinosis

Neurologic and
psychiatric

Irritability, Psychosis Depression

Confusion, Disorientation,

Forgetfulness

Lethargy, Stupor, Coma

Insomnia

Decreased deep

tendon reflexes

Musculoskeletal Bone pain Hyperuricemia

Weakness Gout

Arthralgia Pseudo gout

Pathologic fractures
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affected then men; the female-to-male ratio in that age
group is 3:1.203 Although the onset of hyperparathy-
roidism can occur at any age, it is more common in
older individuals, and the peak incidence is in the sixth
decade.204 Apart from the genetic disorders mentioned
above, the only other known risk factor is exposure to
external neck irradiation during childhood.

The most common cause of primary hyperparathy-
roidism is the growth of single or multiple adenomas
(more than 75�80%).205 The typical parathyroid ade-
noma appears as a collection of chief cells surrounded
by a rim of normal tissue at the outer perimeter of the
gland. These are clonal neoplasms, whose size and
degree of PTH secretion tend to remain remarkably
stable over multiple years.206 One of the features of the
neoplastic cells is blunted feedback of PTH secretion
by calcium as compared to normal parathyroid cells.
The cells in an adenoma have reduced expression of
both the CaSR and the VDR as compared to normal
cells and the degree of loss of feedback inhibition has
been suggested to correlate with the degree of loss of
CaSR and/or VDR expression.207,208 However, it is
unclear whether these alterations in VDR and CaSR are
drivers of the abnormal proliferation of the original
clone of abnormal cells or whether they occur second-
ary to proliferation of the cells. Approximately 20 to
40% of adenomas have been reported to overexpress
cyclin D1, a cell-cycle regulatory protein that can act as
a dominant oncogene.209 An additional 25 to 30% of
sporadic adenomas have been reported to have somatic
mutations in the multiple endocrine neoplasia 1
(MEN1; menin) tumor suppressor gene on chromo-
some 11.210 Approximately 15% of patients with hyper-
parathyroidism have diffuse enlargement of all four
parathyroid glands caused by chief cell hyperplasia.211

The most common cause of four-gland hyperplasia is
long-standing CKD, which leads to chronic hypocalce-
mia, hyperphosphatemia, and low serum 1,25(OH)2
vitamin D levels, all of which stimulate parathyroid cell
growth.212 This hyperplasia can eventually lead
to hypercalcemia, so-called tertiary hyperparathy-
roidism. Most cases of inherited parathyroid hyperpla-
sia result from one of the two MEN syndromes.
Hyperparathyroidism is a prominent feature of the
MEN1 syndrome, which is caused by mutations in the
menin gene, a tumor suppressor.213 In contrast, hyper-
parathyroidism associated with the MEN2 syndrome is
usually mild and occurs in fewer affected individuals.
MEN2 has been shown to be caused by mutations in
the ret proto-oncogene.214,215 Both syndromes have an
autosomal dominant mode of inheritance. Hyperplasia
in these syndromes can be asynchronous, with unequal
enlargement of the individual glands over time that
gives the misimpression of single-gland disease.216

Approximately 0.5% of all patients with

hyperparathyroidism have parathyroid carcinoma.
Typically, these patients have severe hypercalcemia
and hyperparathyroidism that recurs following initial
therapy.217 It can be very difficult to distinguish a para-
thyroid carcinoma from an adenoma by pathologic
evaluation alone, but local tissue invasion, local lymph
node involvement, and the presence of mitotic
figures are clues to the diagnosis. Parathyroid carci-
noma occurs with increased frequency in a rare genetic
syndrome known as hyperparathyroid jaw-tumor syn-
drome, which is characterized by primary hyperpara-
thyroidism in association with mesenchymal tumors of
the mandible.218 This syndrome was found to be
caused by mutations in the HRPT2 gene encoding the
tumor suppressor, parafibromin, and emerging data
suggest that mutations in this gene may also cause a
significant proportion of sporadic cases of parathyroid
carcinoma.219

Clinical presentation: The clinical manifestations of
primary hyperparathyroidism are variable. They
include the characteristic symptoms of hypercalcemia
(see Table 66.2) as well as the variable occurrence
of skeletal, renal and other organ complications.
Historically primary hyperparathyroidism was a rare,
severe disease with significant morbidity and mortal-
ity. However, as general biochemical screening became
popular, it was appreciated that most patients with this
disorder had very mild symptoms and many were
asymptomatic.206

Von Recklinghausen first described osteitis fib-
rosa cystica in 1891.220 In the early twentieth century it
was linked to hyperparathyroidism when Mandl
reported clinical improvement after removal of a para-
thyroid adenoma from a patient with severe bone
disease.221 The skeletal involvement seen in primary
hyperparathyroidism results from a generalized
increase in osteoclastic bone resorption, which is
accompanied by fibrovascular marrow replacement
and increased osteoblastic activity. On radiography,
osteitis fibrosa cystica is defined by the following fea-
tures (see Figure 66.5): (1) generalized demineralization
of bone, with coarsening of the trabecular pattern; (2)
Subperiosteal resorption, most evident in the phalan-
ges of the hands, resulting in an irregular, serrated
appearance to the subperiosteal cortex or even exten-
sive cortical resorption; (3) Bone cysts containing a
brownish serous or mucoid fluid predominantly in the
central medullary portions of the shafts of the metacar-
pal bones, pelvis and ribs, which may expend into and
disrupt the overlying cortex; (4) Osteoclastomas com-
posed of numerous multinucleated osteoclasts (“giant
cells”) admixed with stromal cells and matrix, found
frequently in trabecular portions of the jaw, long bones,
and ribs forming so called “brown tumors;” and (5)
Pathologic fractures. Classic osteitis fibrosa cystica is
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now uncommon, occurring in less than 5% of patients.
However, primary hyperparathyroidism can also
cause more typical osteoporosis and recent data sug-
gest that over 50% of otherwise asymptomatic patients
with hyperparathyroidism eventually develop pro-
gressive bone loss and are at risk for osteoporosis.222

Thus, bone mineral density should be measured in all
patients with hyperparathyroidism. Cortical bone is
more sensitive to the effects of hyperparathyroidism,
so bone mineral density in the distal forearm and hip
is typically more severely affected than is bone mineral
density in the spine.

Up to 20% of patients with primary hyperparathy-
roidism present with kidney stones, which makes this
the most common complication.223 Primary hyper-
parathyroidism accounts for fewer than 5% of all
calcium kidney stones, but these patients are more
likely to have recurrent or severe stone disease.
Nephrocalcinosis, or the diffuse deposition of calcium
phosphate complexes in the renal parenchyma, is seen
less commonly. The most common stone type seen in
hyperparathyroidism is calcium oxalate.224 However,

stones of mixed chemical composition (calcium oxalate
and calcium phosphate) are often observed. The risk
factors for stone disease in patients with hyperparathy-
roidism are hypercalciuria (. 4 mg/kg calcium excre-
tion over 24 hours), which results from hypercalcemia
and the increased filtered load of calcium, which trig-
gers the kidney CaSR and overrides the increased dis-
tal absorption of calcium mediated by the continuous
PTH stimulation.11 PTH also inhibits bicarbonate reab-
sorption in the proximal renal tubule resulting in a
mild hyperchloremic metabolic acidosis and relatively
alkaline urine. Precipitation of calcium phosphate is
favored under alkaline conditions, which likely contri-
butes to the formation of calcium phosphate stones and
nephocalcinosis. Classically, severe hyperparathyroid-
ism is associated with progressive renal impairment,
but it is unclear whether mild hyperparathyroidism
directly impairs GFR. In the majority of patients fol-
lowed conservatively renal function remains stable.

In addition to complications involving bone and the
kidney, primary hyperparathyroidism has been associ-
ated with a variety of other conditions, which may be
related to either hypercalcemia or elevated PTH levels.
These are listed in Table 66.3. The issue of whether
primary hyperparathyroidism increases the risk for
peptic ulcer disease and pancreatitis remains contro-
versial.225 Peptic ulcer disease was part of the original
description of hyperparathyroidism, although this may
have represented patients with undiagnosed MEN1
and Zollinger-Ellison syndrome. Although hyper-
parathyroidism is associated with a higher risk of
hypertension, successful surgery does not often correct
blood pressure. However, a series of studies have

FIGURE 66.5 Osteitis fibrosa cystica. Hand films from a patient
with primary hyperparathyroidism showing the typical findings of
parathyroid bone disease. Note the general appearance of osteopenia
as well as the erosion of the periosteal surface most prominently seen
in the first digit. Also note the cystic dilatation of the distal metacar-
pals and the mottled appearance of the 5th metacarpal.

TABLE 66.3 Potential Complications of Primary
Hyperparathyroidism

Renal Nephrolithiasis

Nephrocalcinosis

Impairment of renal function: - decreased creatinine
clearance

Impaired concentrating and acidifying ability

Skeleton Osteitis fibrosa cystica

Osteopenia/Osteoporosis

Increased fracture risk

Cardiovascular Hypertension

Left Ventricular Hypertrophy

Abnormal cardiac calcifications

Increased cardiac mortality

Malignancy Increased risk in severe cases
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offered suggestive findings that primary hyperparathy-
roidism is associated with an overall increase in cardio-
vascular disease.226

Diagnosis: The diagnosis of hyperparathyroidism is
made by documenting simultaneous elevations in the
circulating levels of calcium and PTH in a patient with
normal renal function. Plasma intact PTH concentra-
tions, as measured by immunoradiometric assay, will
be above the normal range in 90% of cases. In the
remaining 10%, the PTH will be inappropriately
normal for the degree of hypercalcemia.227 Plasma 1,25
(OH)2 vitamin D concentrations are increased or nor-
mal in most cases of primary hyperparathyroidism.
Low 1,25 (OH)2 vitamin D levels may be seen with
coexisting vitamin D deficiency or in cases of severe
hypercalcemia.228 Patients with hyperparathyroidism
also may have slightly low or low�normal serum
phosphorus concentrations, and mild hyperchloremic
metabolic acidosis. Alkaline phosphatase levels can be
elevated in patients with overt bone disease. Once
hyperparathyroidism is diagnosed, patients should be
screened for end-organ complications. Renal ultraso-
nography or spiral computed tomography scans
should be used to determine whether the patient has
kidney stones. Bone mineral density measurements
should be done to detect skeletal disease, preferably
using dual energy x-ray absorptiometry, at the spine,
hip, and wrist. A 24-hour urine collection should be
performed to determine whether hypercalciuria is
present.

Management of primary hyperparathyroidism:
Surgery is the only curative therapy available for
patients with primary hyperparathyroidism. All symp-
tomatic patients or patients with complications of pri-
mary hyperparathyroidism such as renal stones or
fractures should be referred to an experienced parathy-
roid surgeon for consideration of parathyroidectomy.
Parathyroidectomy is successful and curative for
90�97% of patients when performed by an experienced
surgeon.229 Traditionally, this involved bilateral neck
exploration, during which the surgeon identified all
four parathyroid glands before resecting the abnormal
gland. However, minimally invasive parathyroidec-
tomy has been replacing traditional neck exploration.
This requires preoperative localization of the adenoma.
Technetium-99 m�sestamibi scans, ultrasonography,
4-dimensional CT scans and magnetic resonance imag-
ing can all be used as preoperative localization stud-
ies.229 A minimally invasive approach is not
appropriate for parathyroid hyperplasia because the
surgeon must remove either three and one half para-
thyroid glands or all four glands with autotransplanta-
tion of some parathyroid tissue to the forearm.
Complications of parathyroid surgery include damage
to the recurrent laryngeal nerve and permanent

hypoparathyroidism.230 Activity of the unaffected
parathyroid glands is suppressed by the hypercalcemia
associated with hyperparathyroidism, and the remain-
ing glands take several days to recover normal secre-
tory activity after removal of the adenoma. This can
result in postoperative hypocalcemia in the first 24 to
48 hours. If significant bone disease is present, the
influx of calcium into the skeleton as it heals following
parathyroidectomy can lengthen the duration and
increase the severity of hypocalcemia. This phenome-
non is known as the hungry bones syndrome.

The widespread use of routine biochemical screen-
ing has led to the increased detection of asymptomatic
primary hyperparathyroidism in which patients pres-
ent with mild hypercalcemia, minimal or no symptoms
and no end-organ damage. Studies examining the natu-
ral history of long-standing mild, asymptomatic pri-
mary hyperparathyroidism have suggested that most
patients remain stable and do not develop progressive
disease over the course of 10 years. However, the most
recent studies suggest that up to 59% of initially
asymptomatic patients developed more than a 10%
decline in bone mineral density at one or more sites
between 10 and 15-years of observation.231 In addition,
concern lingers over the possibility of excess vascular
disease and cancer in these patients as well as over the
subtle neurocognitive effects ascribed to hyperparathy-
roidism in some studies. However, it should be noted
that the results of three different randomized trials
of surgery versus medical follow-up in this patient
population have not shown a definitive improvement
in neurocognitive symptoms after surgery.232�234

Therefore, there is much debate over the proper treat-
ment of these patients since it is not clear that surgical
correction of their hyperparathyroidism will provide
clear benefit. Given ongoing uncertainty about this
topic, a group of international experts met in 2008 to
review and update guidelines for parathyroidectomy
first formulated by an NIH consensus conference in
1990.235 Table 66.4 lists the criteria for surgery in other-
wise asymptomatic patients, and Table 66.5 provides
the guidelines for managing nonsurgical patients as
suggested by the 2008 International Workshop. These
guidelines are not rigid, and each patient must be
approached with his or her unique circumstances in
mind. In addition, patients who do not undergo sur-
gical treatment should have annual measurements of
serum calcium and serum creatinine and should
have bone density measurements every year or every
other year. If patients demonstrate worsening of
hypercalcemia, deterioration of renal function, or pro-
gressive bone loss, they should be referred for
surgery.

There are no proven medical treatments for primary
hyperparathyroidism, but several adjunct medical
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therapies can be useful for patients in need of treat-
ment but who are not considered surgical candidates
due to substantial comorbidities, or for those who opt
not to proceed with definitive surgery. Maintenance of
hydration and physical activity are important in all
patients. Bisphosphonates and estrogen replacement
therapy have been shown to prevent bone loss and
even increase bone mass in patients with hyperpara-
thyroidism. Finally, cinacalcet has been shown to lower
serum calcium levels in patients with primary hyper-
parathyroidism. This drug is an allosteric activator of
the CaSR and directly inhibits PTH release by parathy-
roid adenomas. Cinacalcet demonstrated efficacy in
controlling serum calcium in a 1-year randomized clin-
ical trial in patients with this disease.236 Normalization
of serum calcium continued for up to 5 years of ther-
apy in an open-label extension of this trial.237

However, cinacalcet does not normalize PTH levels or
prevent bone loss, so it should not be considered a rou-
tine long-term treatment for patients who should other-
wise have surgery.

Familial Hypocalciuric Hypercalcemia

Familial Hypocalciuric Hypercalcemia (FHH), also
called familial benign hypercalcemia is another form of
PTH-dependant hypercalcemia that results from abnor-
malities in calcium sensing. FHH is caused by loss-of-
function mutations of the CaSR gene and is inherited in
an autosomal dominant pattern in families.57 The
mutations cause a shift in the parathyroid cell’s set
point for calcium, such that higher than normal levels
of blood calcium are needed to suppress PTH secre-
tion. Likewise, abnormal function of the CaSR in
the kidney impairs renal calcium excretion and results
in hypocalciuria, despite chronic hypercalcemia.
Heterozygosity for the mutated CaSR gene results in a
mild clinical disorder, but homozygotes or compound
heterozygotes with two mutant CaSR alleles present
with severe primary hyperparathyroidism at birth and
require prompt parathyroid surgery for survival. This
entity is known as neonatal severe hyperparathyroid-
ism.57 Finally autoimmune hypocalciuric hypercalce-
mia (AHH) can be caused by auto antibodies directed
against the CaSR that interfere with its function.238,239

Clinically, FHH is characterized by lifelong hyper-
calcemia, which is usually mild but can be as high as
12 mg/dl in some patients. The PTH level is usually
slightly elevated or in the upper half of the normal
range. The patients are usually asymptomatic and do
not manifest end-organ complications of primary
hyperparathyroidism. However, in rare instances there
have been reports of chondrocalcinosis and pancreatitis
in certain families.240 Phosphate measurements are
low, as in primary hyperparathyroidism and magne-
sium levels are high�normal or slightly elevated.
Urine calcium is usually low, although there is much
overlap with patients with mild primary hyperparathy-
roidism. It can be challenging to distinguish between
primary hyperparathyroidism and FHH in individual
patients. However, the distinction is important since
patients with FHH are not helped by surgery. In fact,
recurrent hypercalcemia in the first week after surgery
is a clinical clue to the correct diagnosis. The most
valuable clue to differentiate between the two diagno-
ses is the occurrence of hypercalcemia in first-degree
relatives that is consistent with an autosomal dominant
pattern. Documentation of prior normal calcium in the
patient under consideration strongly argues against
FHH. Finally the ratio of calcium clearance (ClCa)
to creatinine clearance (ClCr) has been used to differen-
tiate patients with FHH from those with primary
hyperparathyroidism. Calculation can be made using
the following formula: Clca/Clcr5 [CAu x CRs]/[CAs
x CRu]. A ratio of 0.01 or less suggests FHH and
separates FHH from primary hyperparathyroidism
with modest overlap. However, since primary

TABLE 66.4 Guidelines for Surgery in Asymptomatic Primary
Hyperparathyroidism from 2008 International Consensus
Conference

Serum calcium (.upper limit of normal) 1.0 mg/dl (0.25 mmol/liter)

Creatinine clearance (calculated) reduced to ,60 ml/min

BMD decrease with T-score ,2 2.5 at any site and/or previous
fracture fragility

Age less than 50 years

Uncertain prospects for adequate medical monitoring

TABLE 66.5 Non-Surgical Management of Primary
Hyperparathyroidism

Monitor serum calcium and creatinine annually and bone density
(hip, spine, and forearm) every one to two years.248,246

In patients with osteopenia and risk factors for fracture or with frank
osteoporosis, who are not candidates for surgery, medical therapy
with bisphosphonates to preserve bone mass is recommended.349,246

Avoid factors that can aggravate hypercalcemia, including thiazide
diuretic and lithium carbonate therapy, volume depletion, prolonged
bed rest or inactivity, and a high calcium diet (.1000 mg/day).

Encourage physical activity to minimize bone resorption.

Promote adequate hydration to minimize the risk of nephrolithiasis.

Maintain a moderate calcium intake (1000 mg/day). Calcium
restriction (eg, ,800 mg/day) is probably warranted when the serum
calcitriol concentration is high.248

Maintain moderate vitamin D intake (400 to 600 IU daily) and treat
coexisting vitamin D deficiency with careful monitoring of urinary
calcium excretion.350
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hyperparathyroidism is much more common than
FHH, most patients with values near the cutoff ClCa/
ClCr ratio of 0.01 have primary hyperparathyroidism
and not FHH.

The mainstay of therapy for FHH is to prevent the
patient from having an unnecessary parathyroidec-
tomy. With the exception of rare patients with pancrea-
titis, long-term studies suggest that these patients have
a benign course.241

PARATHYROID-INDEPENDENT
HYPERCALCEMIA

This category of disorders represents a heteroge-
neous collection of causes of hypercalcemia not directly
involving the parathyroids. As expected, PTH secretion
is appropriately suppressed in response to an elevated
ionized calcium level. By far the most common group
of affected patients have malignancy-associated hyper-
calcemia, which will be discussed in some detail. The
other causes are found in Table 66.1, only some of
which will be discussed below.

Malignancy-Associated Hypercalcemia

Hypercalcemia is a common complication of malig-
nancy, occurring in up to 20 to 30% of patients with
cancer sometimes during the course of their disease.
Most episodes of hypercalcemia occur with advanced
disease and patients with malignancy-associated
hypercalcemia (MAHC) usually have a poor prognosis
with some studies suggesting up to 50% 30-day mortal-
ity.242 There are two generally recognized forms of this
disorder, one in which hypercalcemia is the result of
tumor secretion of a humoral factor (usually PTHrP)
and one which is the result of extensive bone metasta-
ses. Effective pharmacologic therapy has improved the
short-term management of these disorders but only
effective treatment of the underlying neoplasm can
completely resolve the hypercalcemia and significantly
influence the long-term prognosis. Although mechan-
isms in given patients may be varied, in all cases,
excessive bone resorption plays a pivotal role in the
pathogenesis.

The more common of the two types of MAHC is
humoral hypercalcemia of malignancy or HHM. This
syndrome generally occurs in patients with few or no
bone metastases and resembles primary hyperparathy-
roidism. Patients with HHM have high blood calcium
levels, low blood phosphate levels, and high urinary
cAMP levels but suppressed iPTH levels. In 1941,
Fuller Albright first proposed the existence of a PTH-
like humoral factor and work in the 1980s led to the

identification of PTHrP as the cause of HHM.243 As
discussed earlier, PTHrP normally does not circulate,
but in patients with cancer, it enters the bloodstream
and acts on the PTH1R in bone and kidney to increase
bone resorption and cause hypercalcemia. As com-
pared to patients with primary hyperparathyroidism,
patients with HHM have low 1,25 (OH)2 vitamin D
levels and low levels of bone formation.244 However,
acute infusions of PTHrP into animals increase
CYP27B1 activity and increase osteoblast activity, so
these differences in HHM still remain unexplained.245

They may be related to the secretion of other factors by
the tumors, to the elevated calcium levels or to differ-
ences in how the human PTH1R is activated by PTHrP
as compared to PTH. In addition to PTHrP, some non-
Hodgkin’s lymphomas (usually of B cell origin), pro-
duce large amounts of 1,25 (OH)2 vitamin D and can
cause hypercalcemia due to activation of bone resorp-
tion by vitamin D.246,247

The second form of MAHC is due to excessive peri-
tumoral bone resorption in the setting of extensive
skeletal metastases and is referred to as local osteolytic
hypercalcemia (LOH). LOH occurs most commonly in
patients with multiple myeloma and breast cancer.
This syndrome is caused by the recruitment and activa-
tion of normal osteoclasts that surround the tumor cells
and cause local osteolysis. This is though to be the
result of secretion of paracrine factors by the tumor
cells that stimulate osteoclast differentiation and activ-
ity.248 Myeloma cells secrete numerous cytokines and
chemokines that are capable of stimulating bone
resorption, including MIP1, lymphotoxin (TNF-β), and
interleukins 1β, 3, and 6.249,250 These factors lead to
increased expression of RANKL by marrow stromal
cells and osteoblasts and to stimulation of osteoclast
formation and activity.251 Myeloma cells also secrete
inhibitors of the Wnt signaling pathway, which also
suppresses bone formation.252 Breast cancer cells
secrete PTHrP in quantities that may not reach the cir-
culation to cause HHM, but instead increase local oste-
oclast activity, again by activating the RANKL/RANK
system.253 Breast cancer cells have also been shown to
secrete IL-8 and IL-11, both of which may contribute to
local osteoclast activity.254

Granulomatous Disease

Hypercalcemia has historically been associated with
sarcoidosis, but can also occur in other granulomatous
conditions such as tuberculosis, silicone-induced gran-
ulomas, and disseminated candidiasis. Approximately
10�20% of patients with sarcoidosis will develop
hypercalcemia and 50% will experience hypercal-
ciuria.255 In patients with the acquired immune
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deficiency syndrome (AIDS), hypercalcemia due to
granuloma formation has been reported in dissemi-
nated cytomegalovirus (CMV) infection and in
Pneumocystis carinii pneumonia.256,257 Hypercalcemia in
these conditions appears to be vitamin D mediated,
since activated macrophages in granulomatous tissue
express CYP27B1 and have been shown to be an extra
renal source of 1,25 (OH)2 Vitamin D.258 Increased
intestinal absorption of calcium seems to be a major
cause of the hypercalcemia. The affected patients may
be especially likely to develop hypercalcemia after (1)
sunlight exposure, which increases the production of
25 (OH) Vitamin D; or (2) diets enriched in vitamin
D and calcium, which increase intestinal absorption
of calcium. Glucocorticoids are effective in the treat-
ment of this type of hypercalcemia due to their
effects to inhibit gastrointestinal calcium absorption
and to suppress production of 1,25 (OH)2 Vitamin D
by the granulomas.259

Milk-Alkali Syndrome

A study from the University of Oklahoma reported
that milk-alkali syndrome due to calcium carbonate
ingestion had become the third most common cause of
hypercalcemia in hospitalized patients, representing
16% of hospital admissions for hypercalcemia over a
3-year survey.260 This syndrome results from the inges-
tion of large amounts of calcium and absorbable alkali.
It was first described in the 1930s as a complication
of ulcer therapy that consisted of large quantities of
milk together with sodium bicarbonate. It continued
to be seen commonly in the era before the introduc-
tion of H2-blockers when peptic ulcer disease was
often treated with up 20�60 grams of calcium car-
bonate per day. With the introduction of non-
absorbable antacids and then H2-blockers and proton
pump inhibitors, this syndrome became rare.
However, it has become more common again due to
the increasing use of calcium carbonate to treat or
prevent osteoporosis.

The classic triad defining milk-alkali syndrome con-
sists of hypercalcemia, systemic alkalosis and renal
insufficiency. Hypercalcemia is often severe and symp-
tomatic, with presenting values commonly between
15�20 mg/dl. Renal dysfunction can vary from mild to
severe and nephrocalcinosis often exists if the syn-
drome has been present for some time. Other sites of
soft tissue calcification, as evidenced by band keratopa-
thy, are common as well. In the older literature,
patients were generally reported to be hyperphospha-
temic, but in more recent series, phosphate levels have
been reported to be normal or low. This most likely
reflects the shift from milk, which has a high

phosphate content, as a source of calcium to calcium
carbonate, which does not. Although some confusion
existed in the original literature, recent measurements
using modern assays have documented that PTH levels
are suppressed.260,261 The diagnosis of the syndrome
requires a careful history especially of over-the-counter
medication use.

The pathophysiology of milk-alkali syndrome is not
fully understood, but most likely represents a viscous
cycle set up by the ingestion of large amounts of cal-
cium in the setting of volume contraction, systemic
alkalosis and progressive renal insufficiency. It is
unclear what the threshold for the induction of hyper-
calcemia from oral calcium is, but it may be as low as
2�3 grams of calcium daily. This varies with renal
function and also between different subjects. By sup-
pressing PTH and leading to volume contraction,
hypercalcemia can limit the kidney’s ability to excrete
bicarbonate. In turn, systemic alkalosis can impair the
renal excretion of calcium and favors the precipitation
of calcium phosphate in the kidney and other soft tis-
sues. The development of nephrocalcinosis then leads
to progressive renal dysfunction that contributes to the
inability to excrete calcium and bicarbonate. Because of
volume contraction and the induction of systemic alka-
losis, vomiting can precipitate the syndrome. Likewise,
the use of thiazide diuretics is a risk factor due to these
drugs’ ability to interfere with calcium excretion and to
cause volume contraction. The biochemical abnormali-
ties are usually reversible with the discontinuation of
oral calcium and alkali, and with rehydration followed
by forced saline diuresis. If renal failure is severe, mak-
ing vigorous hydration difficult, hemodialysis against
a low calcium bath has also been effective in lowering
calcium levels. If the syndrome is acute, hypercal-
cemia and renal dysfunction resolve promptly and
completely. In this setting, there can be rebound hypo-
calcemia and secondary hyperparathyroidism. In more
chronic cases, especially if severe nephrocalcinosis is
present, recovery takes longer and renal function may
not completely normalize.262

Endocrine Disorders

Hypercalcemia occurs in endocrine conditions other
than hyperparathyroidism. Mild elevations in circulat-
ing calcium can be seen in patients with hyperthyroid-
ism, adrenal insufficiency and pheochromocytoma.
Thyroid hormone and catecholamines can stimulate
osteoclastic bone resorption directly.263 In addition,
pheochromocytomas often secrete PTHrP.264 The
mechanism for hypercalcemia in adrenal insufficiency
is uncertain. In all instances, hypercalcemia resolves
with successful treatment of the underlying disorder.
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Immobilization

Immobilization due to prolonged bed rest or weight-
lessness is associated with disordered calcium homeo-
stasis. All immobilized patients develop hypercalciuria
but hypercalcemia only occurs in those with a preexist-
ing state of high bone turnover. This is most commonly
seen in adolescents with a growing skeleton, particu-
larly those with spinal cord injuries and quadriplegia.
Immobilization-associated hypercalcemia in adults is
associated with Paget’s disease, thyrotoxicosis, primary
hyperparathyroidism, and malignancy. Hypercalcemia
occurs because of increased osteoclastic bone resorp-
tion and decreased osteoblastic bone formation.
Prolonged immobilization can lead to osteopenia and
nephrolithiasis. Serum PTH and 1,25 (OH)2D3 concen-
trations are suppressed, and hypercalcemia and hyper-
calciuria resolve with resumption of weight bearing.265

Several studies have reported success in decreasing
hypercalcemia and hypercalciuria with the use of
bisphosphonates and calcitonin.266

Medication-Induced Hypercalcemia

Hypercalcemia is a common complication of therapy
with vitamin D preparations. Hypercalcemia of vita-
min D intoxication appears to be multifactorial, result-
ing primarily from a combination of increased GI
absorption of calcium and increased bone resorption.267

Classically, patients with vitamin D intoxication pres-
ent with hypercalcemia, hyperphosphatemia, and
markedly elevated levels of 25 (OH) vitamin D.
Because PTH levels are appropriately suppressed, and
because vitamin D and hypercalcemia both exert nega-
tive feedback on CYP27B1 in the proximal tubules, 1,25
(OH)2 vitamin D levels are usually either normal or
only slightly elevated.268 The amount of vitamin D
required to produce hypercalcemia has been estimated
to be in excess of 25,000 to 50,000 IU per week.
Therefore, it is unusual to see vitamin D intoxication
from over-the-counter nutritional supplements.
However, there have been reports of hypercalcemia
due to poor quality control in the manufacture of these
supplements.269 There have also been outbreaks of
vitamin D intoxication resulting from the accidental
over supplementation of vitamin D into cow’s milk by
commercial dairies. Nevertheless, the majority of cases
of hypercalcemia occur in patients treated with phar-
macological doses of vitamin D or its analogues for
the therapy of hypoparathyroidism, malabsorption or
renal osteodystropy. The most frequent setting in
which vitamin D use leads to hypercalcemia remains
the treatment of secondary hyperparathyroidism
complicating renal osteodystrophy. Treatment of
vitamin D intoxication involves discontinuation of the

vitamin D compound, volume expansion and calciur-
esis. If hypercalcemia is severe or refractory to the
above, treatment with glucocorticoids and/or bispho-
sphonates may be necessary. The duration of hypercal-
cemia after the withdrawal of the vitamin D source
depends on the biological half-life of the compound
used.

Chronic lithium therapy is associated with modest
increases in parathyroid gland size, which can lead to
elevated levels of PTH and calcium.270 Usually, after
lithium therapy is stopped, the blood calcium and PTH
levels normalize within several months. Rarely, how-
ever, persistent hyperparathyroidism may require
parathyroidectomy. Lithium has been described to
interfere with the function of CaSR and it increases the
set point for PTH secretion in isolated parathyroid cells
in vitro.271

Thiazide diuretics increase proximal tubular calcium
reabsorption and may exacerbate hypercalcemia from
other causes, such as primary hyperparathyroidism,
sarcoidosis, or any other cause of a high, fixed calcium
load.272 Thiazides usually do not cause hypercalcemia
in isolation.

Excess ingestion of vitamin A (retinol) results in a
syndrome of dry skin, pruritus, pseudotumor cerebri,
bone pain, and occasionally hypercalcemia.273

Hypercalcemia occurs only with the ingestion of
10 times the Recommended Dietary Allowance (RDA)
of 5000 IU/day. It can also result from ingestion of iso-
tretinoin (13-cis-retinoic acid [Accutane]) and tretinoin
(all-trans-retinoic acid [Retin-A]), which are used to
treat acne and acute promyelocytic leukemia. Bones
can show characteristic periosteal calcification on
radiographs. The hypercalcemia is probably caused by
the action of retinoids to stimulate bone resorption.274

Renal failure: Hypercalcemia can occur in acute and
chronic renal failure but by different mechanisms.
Hypercalcemia has been described during the diuretic
phase of acute renal failure associated with rhabdomy-
olysis.275 In most cases, hypocalcemia occurs during
the acute phase of renal failure, and as renal function
improves, hypercalcemia occurs. Although the mecha-
nism responsible for the increase in serum calcium in
patients with acute rhabdomyolysis is unknown, there
are a number of theories. During the early phase of
acute rhabdomyolysis the increase in serum phospho-
rus due to impaired glomerular filtration will lead to a
fall in the serum calcium. As serum phosphorus falls
during the diuretic phase of acute renal failure, calcium
and phosphate salts that have been deposited in soft
tissues may be liberated, causing transient hypercalce-
mia. Alternatively, excessive release of 25 (OH) vitamin
D from injured muscle occurs as a result of acute rhab-
domyolysis and may lead to increased substrate avail-
able for conversion to 1,25 (OH)2 vitamin D as the
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kidneys recover. Llach et al. have suggested that the
hypercalcemia during the early diuretic phase was
due to 1,25(OH)2 vitamin D, which, in turn, was due to
increased circulating PTH concentrations.275

Hypercalcemia is a common occurrence in patients
with chronic renal failure on hemodialysis and can
result from hyperparathyroidism, vitamin D intoxica-
tion, calcium antacid over ingestion, immobilization,
aluminum toxicity or combinations of these factors. In
addition, hypercalcemia is particularly common in the
first year following renal transplantation. Renal bone
disease and related disorders of mineral homeostasis
are discussed in greater detail in Chapter 91.

Treatment of Hypercalcemia

The effective treatment of hypercalcemia requires
the identification and correction of the underlying
pathophysiology. Thus, the treatment for symptomatic
primary hyperparathyroidism is surgical removal of
the adenoma, and the treatment for malignancy-
associated hypercalcemia is the eradication of the
underlying neoplasm. Likewise, drugs implicated in
hypercalcemia should be discontinued, endocrinopa-
thies should be treated and immobilized patients
should be mobilized. However, it is not always possi-
ble to fully correct the underlying condition and, some-
times, acute elevations in calcium can be life
threatening. Therefore, here we review treatments that
can be used to lower circulating calcium levels.

Moderate to severe elevations in serum calcium
(above 12�13 mg/dl) usually are symptomatic and
acute elevations above 15�16 mg/dl are often associ-
ated with an altered level of consciousness progressing
to coma and multiple organ dysfunction. In addition,
pre-renal azotemia caused by volume depletion can
lead to rapidly escalating serum calcium levels in these
situations. Therefore, treatments to lower calcium
levels acutely should be instituted promptly once
serum calcium reaches 13 mg/dl or higher. Principles
of management include volume repletion, enhance-
ment of renal calcium excretion, and inhibition of bone
resorption.

As reviewed earlier, hypercalcemia leads to renal
solute and water losses and all patients with significant
hypercalcemia are volume contracted. Dehydration, in
turn, limits the ability of the kidney to dispose of
excess calcium. Therefore, restoration of the ECF deficit
with 0.9% saline should be the first treatment for mod-
erate to severe hypercalcemia. In severe hypercalcemia,
this can require the infusion of isotonic saline at rates
of 200 to 300 mL/hour, and it should be accompanied
by close monitoring of electrolytes and cardiovascular
status.276 Once volume depletion is corrected,

treatment with loop diuretics can be initiated to induce
natriuresis, which further increases renal calcium
excretion. Rehydration and forced saline diuresis can
result in lowering of the serum calcium up to 1 to
1.5 mg/dL. In addition, this therapy helps to prevent
progressive renal insufficiency and prevents calcium
from rising further due to impairments in renal cal-
cium excretion. It also is necessary to garner the full
therapeutic effect of therapies directed at inhibiting
bone resorption.

Increased bone resorption is a major contributing
mechanism responsible for the hypercalcemia of pri-
mary hyperparathyroidism and most malignancies.
Therefore, inhibition of bone resorption is an effective
way to decrease the extracellular calcium concentration
before disease-specific therapy is established. The
advent of powerful bisphosphonates and more recently
therapies directed against the RANKL/RANK cytokine
system, has improved the treatment of hypercalcemia
significantly, and in the setting of malignancy has
enabled the chronic outpatient treatment of MAHC in
at least some patients.

Calcitonin is the most rapidly acting antiresorptive
agent. It acts directly on osteoclasts to inhibit bone
resorption and also lowers renal calcium reabsorption.
It can be given in doses of 4 to 8 IU/kg subcutaneously
or intramuscularly every 6 to 12 hours.276 This treat-
ment can lower serum calcium by 1 to 2 mg/dL within
several hours, but tachyphylaxis to calcitonin occurs
within 24 to 48 hours, probably due to downregulation
of calcitonin receptors. Calcitonin use can be particu-
larly effective in the setting of severe hypercalcemia
while waiting for the more sustained hypocalcemic
effect of administered bisphosphonates to occur. In this
regard, it has been shown that calcitonin use with
bisphosphonates lowers calcium concentrations more
quickly and effectively than either alone.277

Bisphosphonates are analogs of pyrophosphates.
They have a high affinity for hydroxyapatite and
concentrate at the bone surface in areas of high bone
turnover. All bisphosphonates inhibit osteoclast func-
tion.278 Non-nitrogen containing compounds, such as
etidronate, tiludronate, and clodronate, do so by pro-
ducing toxic analogs of ATP that cause cell death.
Nitrogen-containing compounds, such as pamidronate,
alendronate, risedronate and zoledronate, interfere
with protein prenylation by inhibiting farnesyl pyro-
phosphatase, an enzyme in the HMG-CoA reductase
pathway.279 Bisphosphonates, in general, are poorly
absorbed and are most effective in treating hypercalce-
mia when given intravenously. Pamidronate can be
given as an intravenous infusion of 60 or 90 mg, which
begins to lower serum calcium after 24 to 72 hours and
leads to a nadir of calcium within five to six days.276

Up to 70% of patients with MAHC given Pamidronate
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achieve a normalization of calcium lasting up to
18 days. Zoledronate is the other bisphosphonate
commonly used to lower calcium levels acutely.
Intravenous infusions of 4 to 8 mg of zoledronate result
in the normalization of calcium within three to five
days in approximately 90% of patients with MAHC,
with a duration of response lasting for up to 32 days.
In a head-to-head trial, zoledronate resulted in more
rapid and more durable remission of hypercalcemia in
patients with MAHC than did pamidronate.280

Activation of the RANKL/RANK signaling pathway
is a final common mechanism for most conditions of
excess bone resorption. Therefore, as one might expect,
pharmacological blockade of this pathway is particu-
larly effective at inhibiting bone resorption and lower-
ing calcium levels. Denosumab is a fully humanized
monoclonal antibody that binds to RANKL and blocks
its ability to interact with the RANK receptor. In this
manner it mimics the actions of OPG, the natural inhib-
itor of RANKL signaling. While Denosumab is not for-
mally approved specifically for the treatment of
hypercalcemia, it has been shown to reduce the inci-
dence of skeletal related events (including hypercalce-
mia) when given prophylactically to patients with
established bone metastases.281 Given that it is cur-
rently the most potent anti-resorptive agent available,
it is likely to be quite effective for the treatment of
hypercalcemia and may be especially useful in patients
with underlying renal disease, given the potential
renal toxicity of intravenous bisphosphonates.282

In addition to the above agents, two other classes of
drugs can be useful in specific instances. Calcimimetics
such as Cinacalcet have been successful in reducing
hypercalcemia in trials of patients with primary hyper-
parathyroidism.283 Medical therapy in this setting may
be helpful in preparation for surgery or in patients that
are not surgical candidates. Also, Cinacalcet has been
documented to reduce calcium levels in patients with
parathyroid carcinoma.25,284 Glucocorticoids can be
effective in hypercalcemic patients with hematologic
malignancies, such as multiple myeloma or lymphoma,
as well as in patients with granulomatous disorders
such as sarcoidosis. They most likely are effective due
to their ability to suppress local cytokine and 1,25
(OH)2 vitamin D production.

HYPOCALCEMIA

Hypocalcemia is defined as a total serum calcium
concentration of less than 8.4 mg/dl (2.1 mmol/liter)
or an ionized calcium concentration of less than
4.48 mg/dl (1.12 mmol/liter). It is important to remem-
ber that the total calcium in serum includes both the
free and the protein bound fraction. The most common

cause of a low total calcium level in hospitalized
patients is a reduction in the serum albumin level and,
in those patients, ionized calcium levels are normal.
Therefore, to make a diagnosis of hypocalcemia based
on a total serum calcium level, one must have access to
a concurrent measurement of serum albumin. Total
serum calcium levels can be corrected for low albumin
levels using the following simple formula:

Corrected Calcium Level5 (0.8 3 (4.0 g/dL � Serum
Albumin)1 Serum Calcium. However, this correction is
not always accurate in individual patients, especially
those with critically illness. Therefore, if the diagnosis
of hypocalcemia is clinically important, an ionized cal-
cium level should be measured to confirm the
diagnosis.

Clinical Presentation of Hypocalcemia

The clinical presentation of hypocalcemia depends
on the degree and the duration of the low calcium
levels. Mild hypocalcemia (within 1 mg/dl below the
normal range) is usually asymptomatic. More severe
degrees of hypocalcemia can cause varying degrees of
neuromuscular irritability, including perioral paresthe-
sias, tingling of the fingers and toes, and spontaneous
or latent tetany. Tetany can be elicited by percussion of
the facial nerve, which results in contractions of the
ipsilateral facial muscle (Chvostek’s sign), or by inflat-
ing a blood pressure cuff for three to five minutes,
which results in carpal spasm (Trousseau’s sign).
Alterations in membrane potential can present as elec-
trocardiographic abnormalities, which include pro-
longed QT intervals and marked QRS and ST-segment
changes that may mimic acute myocardial ischemia or
conduction abnormalities. In severe hypocalcemia or
during rapid changes in serum calcium, grand mal sei-
zures or laryngospasm also are possible.1

Chronic hypocalcemia is often associated with a
milder presentation and may be asymptomatic.
However, if chronic hypocalcemia is accompanied by
hyperphosphatemia as in PTH deficiency, calcification
of the basal ganglia and occasional extrapyramidal
disorders may be found. Similar types of calcium
deposits can also occur in the lens and lead to cata-
ract formation. When long-standing hypocalcemia is
associated with hypophosphatemia as in vitamin D
deficiency, growth plate abnormalities (rickets) can
occur in children and defects in the mineralization of
new bone (osteomalacia) can occur in both adults
and children.

Causes of Hypocalcemia

Table 66.6 lists the numerous causes of hypocalce-
mia. These disorders can be divided into two broad

2294 66. DISORDERS OF CALCIUM METABOLISM

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



groups: (1) those in which hypocalcemia is the result of
lack of parathyroid hormone or resistance to parathy-
roid hormone; and (2) those in which the hypocalcemia
occurs despite a normal parathyroid response. The
most common cause of hypocalcemia is CKD, espe-
cially when creatinine clearance decreases below
30 ml/minute. Progressive renal insufficiency is associ-
ated with a complex of metabolic derangements
including hyperphosphatemia, low 1,25 (OH)2 vitamin
D levels and skeletal resistance to the action of PTH,
that lead to chronic hypocalcemia.285,286 The develop-
ment of metabolic bone disease in CKD is discussed in
more detail in Chapter 91. Below, we will discuss a
subset of the disorders listed in Table 66.6 found in
patients without a history of CKD.

Hypoparathyroidism

Hypoparathyroidism may be caused by inherited or
acquired diseases of the parathyroid gland that result
in the impaired synthesis and/or secretion of PTH.
Pseudohypoparathyroidism refers to PTH resistance
which results in functional hypoparathyroidism, a phe-
nomenon that can also be caused by magnesium
deficiency.

Congenital or genetic disorders causing hypopara-
thyroidism: Congenital hypoparathyroidism has been
associated with specific mutations in the signal peptide
sequence of the PTH gene, which prevents the appro-
priate processing and secretion of prepro-PTH.287

Congenital hypoparathyroidism can also present
as part of a syndrome including renal dysplasia and
sensorineural hearing loss (HDR), which has
been related to mutations in the GATA3 gene.288�291

Hypoparathyroidism due to defective embryogenesis
or parathyroid gland agenesis becomes evident in the
neonatal period and is often associated with other
branchial cleft abnormalities. The most common of
these is the DiGeorge syndrome, which can include
absence of the thymus with immunodeficiency, facial
abnormalities, and major vascular and cardiac
defects.292,293 Mutations in the glial cell missing B

TABLE 66.6 Causes of Hypocalcemia

Inadequate PTH production/hypoparathyroidism

Iatrogenic

• Neck irradiation
• Surgically induced

Infiltrative/Destructive Diseases

• Hemochromatosis
• Sarcoidosis
• Iron overload due to transfusion dependence in thalassemia
• Wilson’s disease
• Amyloidosis
• Metastatic carcinoma

Neonatal

• 2� to maternal hyperparathyroidism
• 2� to maternal FHH

Autoimmune

Genetic or developmental disorders

• DiGeorge Syndrome
• Activating calcium-sensing receptor mutation
• Hypoparathyroidism, Deafness, and Renal Anomalies

Syndrome (HDR)
• Hypoparathyroidism-Retardation-Dysmorphism (HRD)
• Mitochondrial gene defects

Functional hypoparathyroidism

• Magnesium depletion
• Magnesium excess
• Pseudohypoparathyroidism

Inadequate vitamin D production and action

• Nutritional deficiency
• Lack of sunlight exposure
• Malabsorption
• Post-gastric bypass surgery
• End-stage liver disease and cirrhosis
• Chronic kidney disease
• Vitamin D-dependent rickets type 1 and type 2

Miscellaneous Etiologies

Neonatal hypocalcemia

Hyperphosphatemia

• Phosphate retention in acute or chronic renal failure
• Excessphosphateabsorptioncausedbyenemas,oral

supplements
• Massive phosphate release caused by tumor lysis or crush

injury

Drugs

• Foscarnet
• Intravenous bisphosphonate therapy—especially in patients

with vitamin D insufficiency or deficiency

Rapid transfusion of large volumes of citrate-containing blood

Acute critical illness

(Continued)

TABLE 66.6 (Continued)

“Hungry bone syndrome”

• Post-thyroidectomy for Grave’s disease
• Post-parathyroidectomy

Osteoblastic metastases

Acute pancreatitis

Rhabdomyolysis

Mitochondrial gene defects
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(GCMB) gene can cause isolated parathyroid gland
agenesis.294�296 Mutations in the CaSR gene can also
result in hypoparathyroidism.297�301 Autosomal domi-
nant hypocalcemia (ADH) is a mirror image of FHH
and is caused by activating mutations in the CaSR
gene.275,302 Patients with ADH present with mild to
moderate hypocalcemia, hyperphosphatemia, high
renal calcium excretion and a low (but measureable)
PTH level. Patients with ADH often also present with
hypomagnesemia and hypermagnesuria. Some kin-
dreds also present with a picture consistent with Type
V Barters (hypokalemia and alkalosis) thought to be
due, in part, to the effects of the CaSR on sodium
absorption in the thick ascending limb of the Loop of
Henle.303

Hypoparathyroidism can also develop as the result
of autoimmune attack on the parathyroid glands. This
can occur in the context of the polyglandular autoim-
mune syndrome type I. Polyglandular autoimmune
(PGA) syndromes are constellations of multiple endo-
crine gland insufficiencies. PGA Type I is an autosomal
recessive disorder with a minor female predominance
caused by mutations to the autoimmune regulator
(AIRE) gene, which codes a nuclear transcription factor
involved in the deletion of self-reactive T-cells in the
thymus.304,305 Hypoparathyroidism in PGA type I most
commonly occurs in childhood or adolescence and is
associated with chronic mucocutaneous candi-
diasis and primary adrenal insufficiency. Primary
hypogonadism, diabetes mellitus, pernicious anemia,
vitiligo and autoimmune thyroid disease also occur in
this syndrome, although usually after the onset of
hypoparathyroidism.

Acquired hypoparathyroidism: Autoimmune hypo-
parathyroidism can also occur later in life without
other autoimmune manifestations. The pathophysiol-
ogy of this entity is not well understood although auto-
antibodies against the CaSR are present in almost 30%
cases of acquired hypoparathyroidism. How, or if these
autoantibodies contribute to the destruction of the
parathyroid glands is not known.306,307

Most commonly acquired hypoparathyroidism is the
result of thyroid, parathyroid, or radical neck sur-
gery.287 It may be transient, intermittent or permanent.
Transient hypoparathyroidism may be due to changes
in blood supply to or removal of one or more parathy-
roid glands during surgery, whereas intermittent hypo-
parathyroidism is due to decreased parathyroid
reserve. Transient hypoparathyroidism may also occur
after removal of a parathyroid adenoma as a result of
temporary suppression of the remaining parathyroid
tissue by the chronically elevated calcium levels caused
by the adenoma. It resolves as the remaining glands
resume normal function. Some patients with severe
hyperparathyroidism develop “hungry bone

syndrome” after parathyroidectomy.308 This syndrome
can cause prolonged hypocalcemia and results from the
combination of the large influx of calcium and phos-
phate into healing bones and the relative hypoparathy-
roidism induced by the preexisting hypercalcemia
and/or surgical manipulation of the parathyroid
glands. Permanent hypoparathyroidism occurs in
patients in whom all parathyroid glands are inadver-
tently removed/damaged during surgery. They typi-
cally become hypocalcemic within 24 hours and remain
hypoparathyroid for the duration of their lifetime.
Whereas transient hypoparathyroidism occurs in up to
20 percent of patients after surgery for thyroid cancer,
permanent hypoparathyroidism occurs in only 0.8 to
3.0 percent of patients after total thyroidectomy.309

Acquired hypoparathyroidism can also occur as a
result of infiltrative diseases such as hemochromatosis
or Wilson’s disease.287 The parathyroid glands can also
be destroyed by metastatic tumors and by external
radiation to the neck or radioactive iodine therapy for
Graves’ disease.

Severe magnesium deficiency is a cause of func-
tional hypoparathyroidism as it impairs PTH secretion
and causes resistance to the action of PTH in bone
and kidneys. Interestingly severe hypermagnesemia
can also lead to hypocalcemia due to inhibition of
PTH secretion. Parathyroid function is corrected by the
return of magnesium levels into the normal
range.310�312

Diagnosis and treatment: Hypoparathyroidism is
suspected in patients with hypocalcemia and hyper-
phosphatemia in the setting of normal renal function.
The diagnosis is confirmed by the finding of a low or
low-normal PTH level. Patients will usually also have a
low 1,25 (OH)2 Vitamin D level. The presence of catar-
acts or basal ganglia calcification suggests that the
hypocalcemia has been long-standing.

Most patients with hypoparathyroidism require life-
long calcium and vitamin D supplementation. The
goals of therapy in patients with hypoparathyroidism
are to relieve symptoms and to raise and maintain the
serum calcium concentration in the low-normal range.
The main complication of treatment for hypoparathy-
roidism is the development of hypercalciuria and
nephrocalcinosis or nephrolithiasis, which put the
patient at risk for renal insufficiency.313 This is the
result of the loss of distal tubular calcium reabsorption
in the absence of PTH. A large rise in the urinary cal-
cium excretion in the setting of therapy for hypopara-
thyroidism should raise the possibility of ADH, since
chronic activation of the CaSR in the renal tubule will
make patients intolerant of the usual therapy with vita-
min D and calcium.287 Therefore, the careful monitor-
ing of urinary and serum calcium are essential and the
dose of calcium and vitamin D should be reduced if
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urinary calcium excretion is elevated ($4 mg/kg in 24
hours) or if the serum calcium level is within the nor-
mal range. The use of a thiazide diuretic, can also help
to decrease urinary calcium excretion in some
patients.272 Ongoing studies suggest that recombinant
human PTH or PTH analogues may provide better cor-
rection of serum calcium levels without the same risk
of hypercalcuria.314 However, the use of PTH for this
purpose has been hampered by its short half-life and
expense. In addition, the long-term safety of PTH has
not been established, particularly in growing children
who may be at greater risk of osteosarcoma.
Nevertheless, multiple daily injections of PTH 1-36
have been reported to be helpful in the short-term
management of patients with post-operative hypocalce-
mia that has been difficult to treat with standard
therapy.315,316

Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) is a heteroge-
neous syndrome characterized by functional hypopara-
thyroidism, increased serum PTH concentrations and
peripheral resistance to the biologic actions of PTH.317

In 1998, a Japanese epidemiologic study estimated the
prevalence of pseudohypoparathyroidism to be 3.4
cases per 1 million people.318 No information is avail-
able regarding the prevalence of PHP in the rest of the
world. PHP occurs approximately twice as frequently
in females as in males. Patients with PHP often have a
number of somatic abnormalities, which are referred to
collectively as Albright’s hereditary osteodystrophy.
These include short stature, round facies, thick neck,
barrel chest, subcutaneous ossifications, bradydactyly
with disproportional shortening of the fourth and fifth
metacarpals/metatarsals, obesity and mild mental
retardation.319 Several variants of PHP have been iden-
tified, which result from different abnormalities in the
imprinting and tissue-specific expression of the GNAS1
gene encoding the alpha subunit of the stimulatory G
protein (Gαs). The three different forms of the disease
are PHP type 1a, pseudopseudohypoparathyroidism
(pseudo-PHP) and PHP type 1b.320

Pseudohypoparathyroidism type Ia is caused by het-
erozygous loss-of-function mutations in the GNAS1
gene. This presents as an autosomal dominant disorder
but GNAS1 is an imprinted gene and the presentation
of this disorder is determined by whether the subject
inherits the mutation from his or her mother or
father.321 Patients who inherit the mutant GNAS1 gene
from their father present with pseudo-PHP and
patients who inherit it from their mother exhibit PHP.
This is because expression of the paternal allele of
GNAS is silenced, or imprinted, in a variety of tissues

including the proximal renal tubule. Therefore, if a
patient inherits a GNAS mutation from his or her
mother, then he or she will have only the paternal
allele to rely on. However, as a result of imprinting,
many tissues will inactivate that allele and effectively
be GNAS-null. These patients will present with AHO
(Albright’s hereditary osteodystrophy), which results
from reduced GNAS expression during development,
biochemical hypoparathyroidism and PTH resistance.
These patients classically have a decreased response of
the proximal tubule to PTH, which can be character-
ized by a diminished nephrogenous cAMP response to
PTH administration.322 In addition, due to the impor-
tance of Gαs and cAMP signaling downstream of many
peptide hormones, patients with pseudohypoparathyr-
oidism type 1a often manifest mild resistance to other
hormones such as TSH, LH and FSH as well.323 In con-
trast, if the patient inherits a GNAS mutation in the
paternal allele, he or she will still suffer from AHO
because of the developmental consequences of having
only one normal GNAS allele. However, imprinting of
the mutant allele will leave other adult tissues with
their normal complement of one normal GNAS allele.
These patients do not manifest PTH or other hormone
resistance, they have normal serum calcium and phos-
phate levels and they have a normal nephrogenous
cAMP response to PTH. These patients are referred to
as having pseudo-pseudohypoparathyroidism.324

Patients with pseudohypoparathyroidism type Ib
lack the phenotype of AHO and exhibit hormone resis-
tance that is limited to the action of PTH in the kidney.
These patients have been described to carry mutations
in far upstream regulatory elements of the GNAS gene
that are thought to be involved in the control of pater-
nal GNAS gene methylation and its silencing in the
kidney.325,326 Because the PTH resistance is limited
to the kidney, these patients are at risk for skeletal
complications (osteoporosis or osteitis fibrosa cystica)
due to chronic elevations in PTH, despite their bio-
chemical profile of hypoparathyroidism and renal PTH
resistance.327

Another less well-defined group of patients present
with biochemical hypoparathyroidism and an insuffi-
cient phosphaturic response to PTH, but have an
appropriate nephrogenous cAMP response to PTH and
normal Gαs activity. This disorder is termed pseudohy-
poparathyroidism type II and may be due to intracellu-
lar resistance to the effects of cAMP, most likely caused
by a defect in cAMP-dependent protein kinase.328,329

Laboratory findings in patients with PHP are similar
to those seen in patients with hypoparathyroidism and
include hypocalcemia, hyperphosphatemia, and a
decreased serum 1,25(OH)2D3 concentration. The
important feature that distinguishes PHP from hypo-
parathyroidism is an increased instead of decreased
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serum PTH concentration. The Ellsworth-Howard test
can be used to classify the type of pseudohypopar-
athyroidism.330 PTH is administered to the fasting
patient after control serum and urine samples are
obtained. Serum and urine are then collected during
the first and second half-hours, and the second and
third hours after the PTH infusion. Samples are ana-
lyzed for cAMP, phosphorus and creatinine. In normal
subjects and in hypoparathyroid patients PTH induces
a 10- to 20-fold increase in urinary cAMP excretion. In
patients with pseudohypoparathyroidism type I (a and
b) the response is markedly diminished. Patients with
pseudohypoparathyroidism type II have a normal
cAMP response, but an abnormal phosphaturic
response to PTH. Classification of the type of pseudo-
hypoparathyroidism has no impact on therapy.
Management of the hypocalcemic PHP patient is simi-
lar to that of the hypoparathyroid patient and involves
the administration of calcium and vitamin D.
However, due to the intrinsic defects in PTH response,
treatment with PTH will not be effective in raising cal-
cium or lowering phosphate levels.

Vitamin D�Related Disorders

Vitamin D deficiency is common in the general pop-
ulation and is especially prevalent in patients without
much exposure to sunlight, for example in institution-
alized patients, the elderly, shut-ins, and those with
chronic medical illness. In fact, one survey of inpatients
in Boston suggested that up to 57% of patients admit-
ted to a general medical ward were vitamin D defi-
cient.331 Even in a random sample of healthy
adolescents, vitamin D deficiency was present in more
than 24% of subjects.332

As discussed previously, levels of vitamin D vary
with the season so that the prevalence of vitamin D
deficiency is elevated in winter months. The prevalence
of vitamin D deficiency is also greatly affected by the
definition of a normal vitamin D level. This has been a
controversial topic for several years.333 Historically, the
lower end of the normal range had been defined by the
presence of secondary hyperparathyroidism and was
set at a circulating 25 (OH) vitamin D level of 15 ng/
ml. However, based on a series of epidemiological
studies examining parameter such as fracture rates,
PTH levels and falls, it was suggested that vitamin D
levels should be over 30 ng/ml.334 However, a recent
review of this literature by the Institute of Medicine
suggested that 20 ng/ml was a more accurate reflection
of the lower end of the normal range.335 This conversa-
tion will undoubtedly continue, but most patients with
mild vitamin D deficiency do not demonstrate frank
hypocalcemia, presumably because the serum calcium

level is supported by increased PTH secretion. Overt
hypocalcemia due to vitamin D deficiency is unlikely
to occur in patients with levels over 15�20 ng/ml,
unless they are also severely calcium deficient or they
are on medications that lower bone resorption such as
bisphosphonates.336

When it does occur, the primary mechanism of
hypocalcemia in vitamin D deficiency is decreased
intestinal absorption of calcium. In distinction to hypo-
parathyroidism, vitamin D deficiency is accompanied
by hypophosphatemia and increased renal phosphate
clearance as a result of secondary hyperparathyroid-
ism. That compensatory response is a consequence of
the hypocalcemic stimulus to PTH secretion as well as
the stimulation of PTH gene expression and parathy-
roid cell proliferation by low vitamin D levels. The sec-
ondary hyperparathyroidism results in increased
calcium mobilization from the skeleton, increased renal
reabsorption of calcium, and increased renal
1α-hydroxylation of 25 (OH) vitamin D. Therefore, in
all but the most severe vitamin D deficiency, circulat-
ing 1,25 (OH)2 vitamin D levels are actually normal or
elevated even though 25 (OH) vitamin D levels are
low.337

Most patients with hypocalcemia and Vitamin D
deficiency suffer from a deficiency of vitamin D syn-
thesis and/or malabsorption. Malabsorption is an
important cause of vitamin D deficiency in all age
groups. Fat malabsorption from any cause or short-
bowel syndrome can result in enteric losses of
vitamin D. Fat malabsorption should be ruled out in
patients with very low 25 (OH) vitamin D levels
(,10�15 ng/dL). A number of medications cause vita-
min D deficiency. Anticonvulsant medications and
antituberculosis therapy are classic examples of medi-
cation that accelerate the hepatic inactivation of
vitamin D.338

Impaired 1-alpha hydroxylation of 25(OH)
vitamin D: The most common cause of a defect in 1
alpha-hydroxylase activity is CKD. Impaired 1α-
hydroxylation is observed once the creatinine clearance
decreases to approximately 30 to 40 mL/minute.
Deficiency of 1,25 (OH)2 vitamin D as a result of CKD
most likely contributes to the disordered mineral
metabolism and parathyroid hyperplasia that are char-
acteristic of longstanding CKD.339,340 This topic will be
discussed in more detail in Chapter 91.

A form of congenital rickets can result from auto-
somal recessive, loss-of-function mutations in
the CYP27B1 gene.127 This disorder is known as
pseudovitamin D deficiency Rickets or Vitamin D-
Dependent Rickets Type 1. Biochemically, this disor-
der is characterized by hypocalcemia and secondary
hyperparathyroidism. The only metabolic abnor-
malities that differentiate it from dietary vitamin D
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deficiency are the presence of normal or elevated
levels of 25 (OH) vitamin D and very low levels of
1,25 (OH)2 vitamin D, despite the elevated PTH
levels. The disease is inherited in an autosomal reces-
sive fashion and patients present in infancy with
rickets, osteomalacia, and seizures, which resolve
with therapeutic replacement of 1α-hydroxylated
metabolites of vitamin D.341

Target organ resistance to 1,25-dihydroxyvitamin:
Hereditary vitamin D-resistant rickets (HVDRR, also
known as vitamin D-dependent rickets, Type 2) is char-
acterized by resistance to biological effects of calcitriol
due to inactivating mutations in the VDR gene.342,343

This disorder is inherited in an autosomal recessive
fashion and patients present with hypocalcemia, hypo-
phosphatemia, secondary hyperparathyroidism and
elevated levels of 1,25 (OH)2 vitamin D. The presenta-
tion varies but most patients with HVDRR present in
infancy or in adolescence with hypophosphatemia,
rickets, seizures and, in some families, alopecia tota-
lis.344,345 Patients require lifelong therapy with large
doses of vitamin D3, 1,25 (OH)2 vitamin D and cal-
cium. Therapeutic efficacy is variable and depends on
the amount of residual VDR function contained within
the mutant receptor. If loss of VDR activity is complete,
than calcium infusions along with high doses of oral
calcium are necessary to provide enough calcium to
heal the rickets and/or maintain adequate bone
mineralization.346

A variety of other conditions can cause mild to mod-
erate hypocalcemia and these are listed in Table 66.6.

Treatment of Hypocalcemia

A calcium concentration, corrected for albumin,
of less than 7.5 mg/dl in a patient with or without
symptoms is an indication for treatment. The serum
calcium should be increased back into the range
(. 7.5�8.0 mg/dl) in which symptoms and complica-
tions do not occur. Long term objectives are to prevent
skeletal deformity and osteomalacia and to resolve sec-
ondary hyperparathyroidism while preventing hyper-
calciuria and hypercalcemia. When treating a pediatric
population, the normal growth and development of
bones is the priority with the same careful follow up to
avoid complications.

Acute management: Severe hypocalcemia may be
associated with life-threatening symptoms, in which
case urgent treatment with parenteral calcium is indi-
cated.1 Patients who require immediate attention may
exhibit a positive Chvostek’s or Trousseau’s sign, sei-
zures, papilledema, hypotension, and prolonged ST
segment and QT intervals on EKG. This is most likely
to occur when the onset of hypoparathyroidism is

abrupt. It may also occur in the patient with wide-
spread osteoblastic metastases, tumor lysis, acute pan-
creatitis, or hungry bone syndrome. In any of those
settings, the hypocalcemia is usually of acute onset and
associated with significant symptoms. Hence, the cal-
cium concentration should be corrected rapidly. In the
case of overt tetany, 10 to 20 ml of calcium gluconate
(90 mg of elemental calcium in 10 ml), diluted in 50 to
100 ml of 5% dextrose should be infused intravenously
over 10 minutes. Continuous cardiac monitoring is
important particularly if the patient is receiving
digoxin as serious cardiac arrhythmias may occur.
When managing recurrent symptomatic hypocalcemia,
a continuous infusion of calcium gluconate should
be instituted to provide 10 to 15 mg/kg of elemental
calcium over approximately six to eight hours.
Calcium chloride can also be used but is more irritating
at the site of venous access. If hypocalcemia is likely
to persist, therapy should be initiated early with oral
calcium supplements (1 to 2 grams of elemental cal-
cium) and calcitriol (0.5 to 1.0 micrograms) daily.
Hypomagnesemia, if present, should be corrected
with magnesium sulfate intramuscularly or intrave-
nously. Intramuscular injections may be painful, in
which case a continuous infusion of 48 mEq of mag-
nesium for 24 hours may be administered. Magnesium
therapy should continue for several days in order
to restore intracellular magnesium and should be
extended as long as the cause of hypomagnesemia
is present. The dose of magnesium should be reduced
by 50% in patients with renal insufficiency, and the
serum magnesium concentration should be followed
closely.

Chronic treatment: Most patients with chronic hypo-
calcemia will require both calcium (1 to 2 g elemental)
and vitamin D to maintain a serum calcium concentra-
tion in the low normal range. A variety of vitamin D
preparations are available and they vary in biologic
activity, cost, and duration of effect. Calcitriol can be
used for treatment of all chronic hypocalcemic states as
it is the biologically active form of vitamin D. The prin-
cipal advantages of calcitriol are its rapid onset and
short duration of action, which minimizes the risk and
duration of hypercalcemia in case of unintentional
overdose. Calcitriol is the optimal modality in patients
with hypoparathyroidism, pseudohypoparathyroidism,
and renal failure, as these states are characterized by a
deficiency of 1,25 (OH)2 vitamin D. Nevertheless, treat-
ment with high doses of cholecalciferol, ergocalciferol,
or calcifediol can increase serum concentrations of
25-hydroxyvitamin D sufficiently to act directly on the
vitamin D receptor. Calcidiol binds to the vitamin D
receptor, but with far lower affinity than that of 1,25
(OH)2 vitamin D3. These preparations also have a lon-
ger duration of action than calcitriol and can result in
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prolonged hypercalcemia should overdosage occur.347

In patients with vitamin D malabsorption causing the
hypocalcemia, it would be appropriate to treat with
the parent vitamin D compound, ergocalciferol. In
severe liver disease, since the formation of
25-hydroxyvitamin D is impaired, calcifediol may be
used. Vitamin D requirements may change as a conse-
quence of concomitant administration of anticonvul-
sants, thiazide diuretics, oral contraceptives, and
antacids, or the presence of electrolyte disturbances
such as hypomagnesemia or hyperphosphatemia.
Requirements may also change during pregnancy due
to increased levels of DBP and the production of calci-
triol by the placenta.348 1 to 2 g of elemental calcium
given together with vitamin D should be sufficient to
meet the goals of therapy in most patients. As discussed
before, the dose of calcium should be adjusted to main-
tain the total serum calcium concentration in the low
normal range (8.0 to 9.0 mg/dl) with the 24-hour uri-
nary calcium excretion not to exceed 4 mg/kg/day to
prevent hypercalciuria, nephrolithiasis, nephrocalcino-
sis and renal impairment. In patients with hypopara-
thyroidism, addition of a thiazide diuretic may
decrease vitamin D requirements by decreasing urinary
excretion of calcium, especially when used in combina-
tion with moderate salt restriction. Diet recommenda-
tions are also important to facilitate achieving treatment
objectives. Foods that are high in phosphate, such as
dairy products, should be limited to avoid hyperpho-
sphatemia, which may cause soft tissue calcification
and impair the efforts to raise serum calcium levels.
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Stone forming patients are labeled by the stones
they form. The largest group form calcium stones (cal-
cium oxalate (CaOx), calcium phosphate (CaP), or a
mixture of both); others form stones containing primar-
ily uric acid (UA), struvite (infection stones), or cystine.
The pathogenesis of each stone type differs; clinical
evaluation, therefore, begins with analysis of all avail-
able stones. A large fraction of the common calcium
stone formers have no systemic disease but do excrete
more calcium than the average person, an inherited
trait (idiopathic hypercalciuria, IH) that probably
reflects the simple fact that risk of calcium stones
increases with rate of urine calcium excretion. These
“idiopathic” calcium stone formers (ICSF) produce
stones mainly of CaOx crystals, and are by far the most
common kind of patient a physician will encounter in
practice. All ICSF studied thus far exhibit the same
renal histopathology and surgical anatomy, and appear
to form their stones via a single highly defined path-
way, and therefore represent what amounts to a well-
defined specific disease. By contrast, idiopathic calcium
stone formers whose stones contain over 50% CaP
(IPSF) have renal histopathology, surgical anatomy,
and mechanisms of stone production that differ radi-
cally from those of ICSF, though they share IH as a
common physiological trait. Patients with calcium
stones due to systemic diseases such as primary hyper-
parathyroidism, distal renal tubular acidosis (RTA),
ileostomy, small bowel resection, and obesity bypass
procedures exhibit renal histopathologies, mechanisms
of stone production, and treatments that are specific to
the underlying disease. Despite their heterogeneity, all
stone diseases share formation of unwanted solid
phase crystals that produce similar clinical syndromes.

As well, crystals nucleate and grow according to natu-
ral laws one can use in clinical practice.

STONES, CLINICAL PRESENTATION,
AND NATURAL HISTORY

Crystals form in urine of virtually all healthy people,
but among those destined for stone disease they are
coarser and larger, and cause a syndrome of pain and
hematuria which often eludes diagnosis for some time,
the crystals being dispersed or not looked for. As per-
haps a second stage, though the continuity may be
more apparent than real, crystals become so large and
dense they form a gravel or sand-like material whose
passage is gritty and evident. Such attacks of gravel
with or without bleeding are usually recognized by
patients and diagnosed as a kind of stone problem.
Certainly the conventional passage of a formed stone is
a step beyond gravel, if only because the formed stone
may lodge along the urinary tract and demand a proce-
dure to remove it. Pain is usual though not invariant,
as is bleeding. Finally, stones and plaques of crystal
may form along the calyces and papillary tips, forming
the radiographic pattern of nephrocalcinosis that may
or may not be associated with stone passage, gravel, or
crystalluria with hematuria. Thus is stone disease
divided into at least four great divisions as seen by
patients and doctors, though all arise in similar ways.

Nature of Stones and Crystals

Formed stones are a complex of proteins interlaid
with crystals, like a kind of disordered mineralized
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tissue. The matrix proteins include Tamm-Horsfall pro-
tein (THP), osteopontin, albumin, prothrombin frag-
ments, and other urine proteins. The crystals are most
often CaOx, monohydrate (COM) or dihydrate
(COD)1,2,3 (Table 67.1), often admixed with CaP species
such as apatite (APA) and brushite (BR), less often
admixed with UA. In a smaller number of patients
(12% of 2011 patients seen in the University of Chicago
Kidney Stone Clinic with stone analyses), stones are
predominantly or completely composed of CaP4,5; CaP
stones are more common in women. In another 7% of
our patients, stones were predominantly UA.
Uncommon stones (each seen in fewer than 2% of
patients) include those of cystine, struvite, ammonium
acid urate, and drugs (Table 67.1). Because each kind of
stone crystal evidences a particular disorder of urine
supersaturation, stone analysis is the bedrock of clinical
practice. Repeated stones all deserve analysis, as urine
chemistry changes with time, and a change in composi-
tion may signal a need for change of treatment.

Clinical Presentation

Renal Colic

The pain from passage of a stone begins as a discom-
fort, often not called a pain, and progresses over 30 min-
utes or so to a plateau of extreme severity, which
remains constant thereafter unless medications are given
or the stone moves. The pain of a stone in the renal pel-
vis and upper ureter is over the lateral and anterior
abdomen on one side, in a broad band from the ribs
downward, and is not well localized. As the stone moves
down, the pain moves in parallel, toward the bladder,

and a downward moving pain is sure evidence of stone
movement. At the uretero-vesical junction, stones often
lodge and produce urinary frequency and urgency, dys-
uria, and hematuria, the complex easily misdiagnosed as
urinary infection if symptoms begin there. This latter is
common with small stones that easily pass the upper
ureter but stick at the bladder junction, and give their
first symptoms there. When the stone passes into the
bladder, obstruction is relieved and pain disappears on
the instant, with a speed unlike any other known pain.

The character of colic is not describable. All attest to
severity surpassing any other pain that afflicts human-
kind, but poets and writers alike fall silent when asked
to describe it. What little we have been offered suggests
a deep boring and hot sensation, but no more detail
than that. Colic is diagnosed by its curious timing, prog-
ress, peculiar intensity, and magical disappearance. On
the left side, colic can resemble diverticulitis, except the
latter causes constipation, whereas colic causes diarrhea
and vomiting. On the right it mimics biliary colic, but is
too lateral, too severe, too detached from eating, and
unnatural in its downward progress. We6 have con-
structed long lists of differential diagnosis, but find the
problem pointless, because no one mistakes renal colic,
for long, as anything other than what it is.

Radiography of Stones

CaOx and CaP stones tend to be small (1�10 mm),
bright, and circumscribed. UA stones are famously
radiolucent on routine radiography, but can be easily
visualized by computed tomography (CT) scan done
without contrast infusion. Cystine stones are only
faintly visible on routine x-rays, so that we often
underestimate size, but CT is ideal for them. A struvite
stone, being an amalgam of magnesium ammonium
and calcium phosphate crystals and much protein that
is made by waves of bacterial overgrowth, naturally
appears like a gnarled root. Ultrasound detects stones,
but is less sensitive for small stones and does not show
anatomy well compared with CT.7 Because non-
contrast CT gives an excellent view of the renal pelvis
and of whether there is obstruction, it is our preferred
mode of visualization. Protocols using lower doses of
radiation are under investigation to evaluate their diag-
nostic accuracy, and may become preferred in order to
limit radiation exposure.

Stones pass in inverse proportion to their size,8

although time to passage may require four to six
weeks.9 Below 5 mm, passage is common, while ure-
teral stones greater than 7 mm in diameter pass sponta-
neously less than 50% of the time. Above 10 mm,
passage is unlikely. Stones in the distal ureter are more
likely to pass than those located more proximally.
Large stones in the renal pelvis grow at leisure and can
gradually fill up the collecting system. Such behavior is

TABLE 67.1 Percent of Stones in Which a Given Crystal Type is
Found

Crystal Type US Populationa US Veteransb

Calcium oxalate monohydrate 43 63

Calcium oxalate dihydrate 61 42

Apatite 62 23

Brushite 2 2

Struvite 16 11

Uric acid 9 9

Cystine 1 0.4

Ammonium acid urate 0.4 1

aHerring LC. Observations on the analysis of ten thousand urinary calculus. J Urol.
1962;88:545�555.
bMandel NS, Mandel GS. Urinary tract stone disease in the United States veteran

population, II: geographical analysis of variations in composition. J Urol

1989;142:1516�1521; Mandel NS, Mandel GS. Urinary tract stone disease in the
United States veteran population, I: geographical frequency of occurrence. J Urol.

1989;142:1513�1515.
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more usual for struvite, UA and cystine stones, but
CaOx stones do attain such stature occasionally. A
stone that fills at least two calyces is called a stag horn
stone, although this old and picturesque name is better
reserved for stones that fill all of the calyces, and have
the shape of a stag’s horns.

Urinalysis

Given that crystals are coarse and often symptom
producing, one might think that urinalysis is valuable in
clinical practice of stone prevention, but our experience
is the opposite. It is true that one can teach urine crystal
morphology in a stone clinic, and the appearances of
crystals under the microscope are beguiling, especially
under polarized light, but the impact on diagnosis is
modest. In addition, a single sample of urine may not
represent the daily average. However, at least one study
shows that persistent crystalluria in a first morning
urine while on treatment is correlated with relapse.10

COM crystals are small dumbbell shapes that can
superficially resemble red blood cells. The more dra-
matic COD is bipyramidal, as shown in all usual
atlases. UA forms a reddish dust, because it absorbs
uricine, a bilirubin metabolite and is an indication of
low urine pH. Calcium phosphates are often small, and
called “amorphous,” though they are in fact crystalline
if seen under higher magnification. Calcium phos-
phates form whenever urine pH is much above 6.5,
and may be irrelevant to stone formation or not
depending on how well the spot urine pH represents
that of the average 24-hour urine. Crystals occur in
casts, and such casts have no established significance.
Cystine crystals are found in urine of most cystinuric
patients, and have little significance as the cool temper-
ature of the room as compared with the body can allow
crystals that are not present in vivo. Of course, they
may be the first clue as to the correct diagnosis.
Perhaps the most valuable finding is a urine pH above
eight, which suggests infection with urea hydrolyzing
bacteria, and requires follow up with urine culture.
Overall, we hesitate to seem skeptical of urinalysis,
given its preeminence in nephrology, but in the stone
clinic it is more of aesthetic visual than clinical interest.

NATURAL HISTORY

Epidemiology

In the United States, 11% of men and 5.6% of women
will report having formed a stone by their seventh
decade; the risk is about three times higher in whites
compared with African Americans, but has increased
in both groups as well as both sexes over the past three
decades.11 Although this may reflect, in part, improved

radiologic detection of asymptomatic stones, a true
increase in stone formation seems likely based on hos-
pitalization rates. Obesity is associated with increased
risk for stone formation, which rises with body mass
index and waist circumference, especially in women.12

Stone formation is associated with an increased risk
of chronic kidney disease, although the mechanism is
not known.13 There also appears to be an increased risk
of hypertension among stone formers,14 and an atten-
dant increase in risk of cardiovascular disease.15

There is a significant genetic component to stone for-
mation. In studies comparing stone rates in male twins,
the concordance rate for stones was 32% in monozy-
gotic compared with 17% in dizygotic twins.16

Similarly, in a longitudinal cohort of adult men, those
with a family history of stones were 2.5 times more
likely to form a first stone over eight years of follow-up
than those without.17 A number of rare monogenic dis-
eases are known which predispose to stone forma-
tion.18 However, most of the genetic predisposition
appears to be polygenic, and is strongly influenced by
environmental triggers, as seen in diseases such as
hypertension and diabetes.

Recurrence

Following a first stone you may confidently predict
that 50% of patients will form at least one more stone
after eight years and 75% will recur by 15 years.19 In
those with more than one stone, recurrence occurs
sooner; approximately 45% of such ICSF will have a
new stone within three years. Once recurrent, stones
maintain a one- to two-year interval between them-
selves in the average patient, although the spread
is very wide. We have tried in vain to properly charac-
terize high-velocity stone formers.20 When we have
analyzed the stone history of patients with many
stones we find the rate of stones per year surprisingly
constant and that stone number increases pari passu
with how long people wait from their first stone to
obtaining preventative treatment. On the other hand,
we find many patients in whom a single stone episode
will yield a collection of dozens or perhaps hundreds
of small stones passed within hours or days, whereas
for most people an episode is no more than a single
stone. We have never understood how batches of
stones are made and passed within a day’s span.

PRIMARY PROCESS OF
CRYSTALLIZATION

Solid phase begins as the association of ions or mole-
cules in solution reduce the energy of bonds with
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water molecules so much that they leave the solution
as so-called solid-phase nuclei. For calcium and oxa-
late, or calcium and phosphate, the association involves
formation of dissolved salts; for uric acid and cystine,
the molecules associate with themselves, mainly by
hydrophobic forces. In either case, for practical pur-
poses, one finds that nuclei form as some critical con-
centration is reached.

The Notion of Supersaturation

An ideal formal statement of the critical concentra-
tions for nucleation is to compare salt or molecular
concentrations of a solution to those at the solubility,
any excess being called the supersaturation (SS), and
implying the solution is carrying more than it can hold.
This naive idea gives the right sense of SS, in begging
the question of what is meant by “more than it can
hold.” If crystals of a salt are incubated for some time,
usually 48 hours, with a solution that is initially free of
the salt, the concentrations of salt in solution will
increase until the crystals no longer dissolve. This con-
centration is called the solubility and is empirically
determined, being otherwise unknowable. A solution
that contains the solubility concentration is called satu-
rated. Values for CaOx, calcium monohydrogen phos-
phate (BR) (a commonly measured initial phase of
calcium phosphate), and undissociated UA are (in μM/l)
6.2, 0.39, and 520, respectively.

If one slowly adds calcium and oxalate to a satu-
rated solution it will remain clear. The salt concentra-
tion will rise above solubility, and the solution is called
supersaturated. The level of SS may be expressed as
the ratio of the concentration of the dissolved salt to its
solubility. The solution is metastable in that the extra
salt, CaOx, for example, will crystallize out and bring
the solution to solubility given any of a number of per-
turbations. The most obvious is to add seed crystals of,
for example, CaOx, which will grow until equilibrium
is restored. Seeds of CaP, or UA, which are “heteroge-
neous,” will also promote formation of CaOx nuclei on
their surfaces and deplete the system back to solubility.
The same is true for cell debris and aggregated pro-
teins. If one continues to add calcium and oxalate, but
not a solid seed, SS will rise to a critical point called
the upper limit of metastability (ULM),21 which is an
empirical limit at which CaOx nuclei will form sponta-
neously, and bring the solution back down to
solubility.

Actual values for SS and the ULM can be deter-
mined in human urine (Fig. 67.1). For CaP (Fig. 67.1,
open circles) the SS values of normal urine range from
0.1 to 5, versus 2 to 20 for CaOx (Fig. 67.1, stars). The
ULM can be determined by adding sodium oxalate to

aliquots of the urine, to achieve a CaOx ULM, or cal-
cium chloride, to obtain the CaP ULM. Among healthy
individuals, the ULM is strongly dependent upon, but
considerably above, the SS,22 as shown by the position
of all points above the line of identity. ULM values
range from two- to 11-fold above SS for CaP and 11- to
50-fold for CaOx. How ULM varies with SS is not
understood, but that it does so reflects a highly protec-
tive set of mechanisms that appear to be aimed at
defense against renal crystallization.

Relationship of Supersaturation to Stone
Composition

As measured clinically SS represents two or three
days of urine measurement out of a lifetime, and one
wonders to what extent such a slim sampling can be
useful in predicting formation of solid phases over the
months to years that stones begin and grow in the
renal collecting system. In fact, SS appears to be a very
robust measure of long-term crystallization forces.
Among men and women whose stones were predomi-
nantly CaOx (Fig. 67.2), COM SS was above corre-
sponding same-sex normal values, whereas CaP and
UA SS values were not. Among patients whose stones
were predominantly CaP (Fig. 67.2), CaP SS was above
same-sex normal values, whereas COM SS was not.
Naturally, because higher urine pH favors CaP SS and
reduces UA SS, UA SS is lower than normal in this
group. Among patients with UA stones, UA SS is
above normal and COM SS is not. Overall, even when
measured only a few times, urine SS reflects at least
the main components of stones, and therefore one
must conclude that renal physiology acts to maintain
SS at a reasonably stable level in most stone formers,
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FIGURE 67.1 Relationship between upper limit of metastability
(ULM, y-axis) and urine supersaturation (x-axis) for calcium oxalate
(stars) and calcium phosphate (open circles). The diagonal line is the
line of identity. ULM rises with supersaturation for both phases.
Values are from normal individuals.
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and that a few urine samples give a strong insight into
long-term, stone-forming tendencies of a patient.

The normal values we used to compare with patient
data show a marked sex difference. Whereas healthy
women have urine COM SS below that of stone-
forming women (Fig. 67.2), COM SS in urine of men is
nearly at the levels of patients and is much higher than
among healthy women. This occurs mainly because,
being larger, men have higher traffics of calcium and
oxalate into urine than women, but share with them
virtually the same daily urine volume.23 The finding
accords well with the epidemiological observation that
male stone formers outnumber female stone formers,
and further support the value of even sparse SS mea-
surements to characterize the stone forming impulse of
an individual.

Given the general rule that stone composition fol-
lows SS, one may ask about the exceptions. When indi-
vidual urine samples fail to show SS corresponding to
stone composition, or show SS not reflected in stone
composition, can one use such a discrepancy clinically?
We24 found two types of exception. Sometimes SS ele-
vation is present but the predicted mineral phase is
absent from all analyzed stones (Type 1). This occurs
mainly when urine volumes are very low and multiple
SS values are high. The phenomenon suggests some
important renal mechanisms that reduce crystalliza-
tion. Type 2 discrepancies are solid phase in stones

without a relevant SS in the urine. Here, we have
found very high urine volume is the rule, and assume
that matters have changed with the patients after pass-
ing a stone, so that fluid intake increased and a past SS
was abolished. These exceptions are a kind of sporadic
accent on a general backdrop of correspondence, and
we propose that a break in correspondence has clinical
use in pointing to increased urine volume, especially,
which may not hold long term.

CONTROL OF SUPERSATURATION

Given that SS is the driving force for crystallization,
and that direct experiments document a strong link
between SS measurements made clinically and stone
mineral composition, as well as gender differences in
stone forming potential, the regulation of SS and the
factors that influence it are clearly at the center of stone
pathophysiology. One might at this point illustrate SS
values from healthy men and women, and how they
vary with factors such as urine volume, pH and min-
eral traffic, but our interest is what happens among
patients with stones. The following figures are there-
fore made from our measurements of three 24-hour
urine samples obtained prior to any treatment among
4500 patients with documented stone formation. As
best is possible, they convey some sense of what one
encounters in such a population.

Effects of Water Reabsorption

For CaOx, reduced urine volume raises SS markedly
(Fig. 67.3), although even at the highest urine flows SS
remains above 1, indicating near universal SS in human
urine samples over 24 hours. Put another way, crystals
of CaOx are unlikely to dissolve in human urine once
formed, and anything that provokes nucleation of
CaOx is apt to cause a stone to grow given enough
time and provided other defenses do not prevent such
from happening. For CaP (Fig. 67.4), volume also mat-
ters, but the tilt of the graph and spread of the points
make clear how much less dramatic the effect. Also
note that levels of SS for CaP in urine are much lower
than for CaOx, and half of all samples are below one,
indicating that CaP phases need not persist even if ini-
tially formed. For UA volume effects are also quite
marked (not shown). As in the case of CaP, over half of
urines are under-saturated. Overall, urine volume of
two liters is a useful point to observe. Above this point,
further reduction of SS is possible, but the number of
urines thins, because one reaches the limits of plausible
behavior. Below one liter, high SS is the rule and
increase becomes very important. This supports the

FIGURE 67.2 Supersaturation (SS) versus stone composition. SS
for calcium oxalate (CaOx) (z-axis), calcium phosphate (CaP) (y-axis)
and uric acid (UA) (x-axis) in females (closed symbols) are low for
normals and correspond to stone composition in stone forming
females. For males (open symbols), the same is true except that
healthy individuals are more similar to stone-forming patients.
(Reprinted with permission from ref.23)
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clinical maxim of two l/day as a goal for urine volume,
while less than one l/day is a serious problem. Of
interest, the normal person has a urine volume of
1.46 0.05 liters as an average,25 yet does not make
stones. Urine volume obviously varies over the course
of the day, and is lowest overnight, which is the time
of day associated with the highest levels of SS.26 This
should be kept in mind when advising patients to
increase fluid intake.

Effects of Relevant Urinary Solute Traffic

For CaOx, urine calcium excretion is a main control-
ler of SS (Fig. 67.3); therefore, it should be unsurprising
that hypercalciuric states are the most prevalent clinical
causes of stone disease. Rather than using hard cut-
points for diagnosing hypercalciuria, urine calcium
should be thought of as a graded risk factor more like
blood pressure, and like blood pressure in relation to

stroke, higher is worse than lower.27 As well, and per-
haps like the stroke analogy, the spread of SS about
any urine calcium point shows how many other factors
must be interacting. One is volume, and the rest are
not defined on this presentation. Urine oxalate excre-
tion (Fig. 67.3) has none of the effect of calcium, the
graph being almost spherical. This fact is incontrovert-
ible, yet in vitro, and for theoretical reasons, urine oxa-
late concentration ought to exert a controlling influence
equal to that of calcium.28 The reason is that the range
of oxalate excretion is modest, and the effects offset by
other factors such as volume and calcium. For CaP
matters are similar but with less sharpness (Fig. 67.4).
Urine calcium excretion has a striking effect, as for
CaOx; volume affects SS modestly, and urine phospho-
rus excretion virtually not at all. For UA, volume influ-
ences SS rather more than for CaP and a bit less
dramatically than for CaOx, and UA excretion is
utterly without effect.

10.0 10.0 10.0

1.0S
S

 C
aO

x

S
S

 C
aO

x

S
S

 C
aO

x

1.0 1.0

0.1 1.0 10.0
Urine volume L/24 hr

0.1
10 100 1000

0.1
10 100

Urine oxalate, Mg/24 hr

0.1

Urine calcium, Mg/24 hr
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Effects of Urine pH on Supersaturation

What really matters in the case of CaP and UA SS is
urine pH (Fig. 67.5); in a sense the link between SS and
mineral content of these two solid phases reflects sta-
bility of 24-hour average urine pH. Above pH 6, virtu-
ally no urine is supersaturated with UA, and below 5.3
virtually all are supersaturated. For CaP, the effect is
less exacting, perhaps because calcium concentration
plays an important role, but SS does not occur below
pH 5.3. For CaOx, pH has little effect on SS. That it has
any reflects increasing calcium complexation with
phosphorus and citrate at higher pH levels, so urine
calcium ion falls. As noted before, virtually all urines
are supersaturated with CaOx.

Regulation of Urine pH in Relation to
Supersaturation

We have no desire to duplicate here detailed materi-
als elsewhere in this volume concerning acid excretion
and control of renal acid base balance. However, we
have something to add of potential value, offering a
perspective usually not considered. Constraints of solu-
bility must have affected renal adaptation to water con-
servation and mechanisms for maintenance of blood
pH, because the solubility laws are prebiological. More
compelling, a urine pH near 6 would seem almost a
necessary choice for the normal state, because the

human design includes excretion of both considerable
amounts of calcium, phosphorus, and UA. When plots
of CaP and UA SS as a function of urine pH are com-
bined as in Fig. 67.5, a pH about 6 is clearly near a dou-
ble SS minimum. Among our samples, the mean and
median pH were 6.005, a value that represents the
actual compromise reached between net acid excretion,
ammonium ion excretion, and reabsorption of filtered
organic anions such as citrate. This pH effectively
removes UA SS as a characteristic of the 24-hour urine.

Daily acid production, from formation of sulfuric
acid during protein metabolism, is balanced by proton
titration of urine phosphorus, and ammonium excre-
tion. The amounts of urine phosphorus are set mainly
by diet intake, although acid loading leads to bone
mineral resorption with extra phosphorus availability.
Titration of urine phosphorus to the dihydrogen form
removes phosphorus from interaction with calcium,
which is how low pH lowers CaP SS. Falling pH
titrates urate to the dihydrogen form (pK 5.35), which
has a limited solubility of 98 mg/l in urine. To keep
urine pH near 6, as clearly occurs, ammonia formation
in response to acid load must be nicely balanced with
phosphorus excretion and proton secretion, otherwise
urine pH would run too high or too low. We presume
evolution has favored this compromise pH, and sug-
gest the subject may be worth serious experimental
attention.

Organic anion reabsorption is increased by acid
loading and depressed by alkali loading so that
response to alkaline ash diet by the kidney need not
result in as great an increase of urine pH as would be
required by excretion of bicarbonate as the sole
response. Citrate, the most well known of the urine
anions, binds urine calcium in a soluble salt, so that
increase of pH that does occur is offset by reduced cal-
cium ion activity.29 The effects of other urine anions on
calcium complexation and urine free calcium ion activ-
ity are not known. Acid loading lowers urine anions
and therefore favors calcium ion activity increase, but
abolishes calcium phosphate SS through titration of
monohydrogen phosphate to the dihydrogen form. The
total response of urine anions to acid-base balance
change strongly suggests an evolved defense against
CaP crystallization.

Other Effects

Urine SS is influenced by the free-ion activities of
the relevant ligands that make up the stone-forming
material. As such, it is reduced by high ionic strength
that reduces activity coefficients, and therefore very
low urine sodium and potassium concentrations raise
SS, all other factors being held constant. Oxalate forms
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FIGURE 67.5 Relationship between urine pH and supersatura-
tion (SS) for uric acid (UA) and calcium phosphate (CaP). The dashed
horizontal line represents the border between supersaturated (above
1) and undersaturated urines. The figure provides evidence for a nat-
ural pH optimum to minimize UA (points descending downward to
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salts with magnesium, sodium, and other urine ions,
and the ion activities of each of its ligands affect CaOx
SS. Likewise, calcium forms phosphate, sulfate, oxalate,
citrate, and other salts, so its free-ion activity also var-
ies with multiple ligand concentrations. Even so, the
effects of raw calcium excretion are dramatic, and clini-
cally evident, whereas effects of magnesium and
sodium are usually not so because the range of values
encountered in clinical practice is too narrow to permit
important effects. This is a critical point. Clinical reality
concerns what actually happens. Some uncommon
patients, for example, because of bowel disease, have
almost no urine sodium, or magnesium; among their
ranks are a few in whom sodium administration or
magnesium loading will lower SS and improve stone
prevention. We have emphasized volume, pH, and
excretion of calcium because they act generally, and
with considerable effect, in most patients.

Relationships between Supersaturation and
Upper Limit of Metastability

As first described, the ULM would seem a property
of solution, as is SS, and between them no obvious con-
nections come to immediate mind. However, we have
already shown how among healthy people ULM and
SS seem linked (Fig. 67.1), and this also occurs in
patients with stones30,31 but to a lesser extent than in
non-stone formers. Among healthy women and men,
ULM for CaP and for CaOx rises with SS, as seen in
Fig 67.1. Among patients with stones the distance
above the line of identity, which essentially gauges the
defense against crystal formation, is reduced compared
with that of healthy individuals. That the ULM to SS
distance is smaller for CaP than CaOx, in healthy indi-
viduals and patients, suggests that CaP is more likely
to form as an initial phase, making a starter template
on which CaOx can overgrow.

INHIBITORS OF CRYSTALLIZATION AND
CELL CRYSTAL INTERACTIONS

Urine certainly slows formation and growth of
CaOx and CaP crystals, and we presume that at least
late nephron tubule fluid must do the same. We do not
know which molecules are primarily responsible for
this phenomenon or if defects of inhibition cause stone
disease. Perhaps the best evidence for a pathogenetic
role of reduced inhibition is the low ULM to SS dis-
tance already alluded to in stone formers versus
healthy individuals, and the molecules responsible for
that effect are unknown. Presently we do not use mea-
surements of individual inhibitors or of urine

inhibition in clinical practice. If a commercially practi-
cal ULM measurement could be produced, this type of
assay might be found useful in predicting the course of
treated stone formers, perhaps, but that is mere specu-
lation. At the moment, and when we first wrote this
chapter, the whole matter of inhibitors is of mainly the-
oretical interest.

Calcium Oxalate Molar Ratio

We have found that the calcium/oxalate molar ratio
correlated strongly with the ULM for CaOx.22

However calcium and oxalate molarity both correlate
strongly with SS and therefore with ULM so we are
concerned that inferences from regression analysis may
be misleading.

Citrate

Because it binds calcium in a soluble complex, cit-
rate is clearly a protection against stone formation, and
low citrate a risk factor for stones. At urine concentra-
tions of mM levels, citrate can reduce crystal aggrega-
tion.32 In vitro, citrate inhibits CaOx growth by 33% at
0.5 mM, and inhibits CaP crystallization at concentra-
tions between 0.5 and 2 mM.33 Adding 2 to 3 mM of
citrate to urine decreases the number and size of crystal
particles that form when calcium and oxalate are
added to increase SS. In urine, citrate increases the
ULM for CaP.34 These data support the role of citrate
as a treatment for calcium stones in patients with
hypocitraturia.

Pyrophosphate and Phytate

A long and complex history of unfulfilled promise
shadows these small and potent molecules. At 16 μM,
pyrophosphate inhibits growth of CaOx crystals
in vitro, and urine levels of it average 20 to 40 μM.35

Urine levels of pyrophosphate can vary over a 10-fold
range, as well, so clinical events could arise from its
deficiency. On the other hand, dialysis of urine does
not much reduce growth inhibition effects, suggesting
extreme molecular redundancy, and efforts to raise
urine pyrophosphate by giving oral orthophosphate
supplements do not reduce stone formation signifi-
cantly. Another small molecule of related character,
phytate, inhibits brushite and apatite crystallization;
but whereas pyrophosphate inhibited apatite most
effectively, phytate inhibited brushite crystallization
most effectively.36 Perhaps modern methods for quan-
tifying these molecules could be important in under-
standing why some patients with CaP stones produce
apatite, others brushite crystals.
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Macromolecules and Small Molecules Combined

In addition to the small molecules described above,
urine contains a variety of macromolecules, including
proteins and glycosaminoglycans, which are active
against crystals, and could, in the aggregate, explain
the extraordinary ability of urine to prevent crystal
growth, aggregation, and nucleation. Presently we rec-
ognize at least 10 molecules that have anti-crystal prop-
erties, but the links between them and clinical stone
disease are tenuous and suggestive: THP,32,37 chondroi-
tin sulfate,38 citrate,39 calgranulin,40 osteopontin,41,42

bikunin (inter-α-trypsin inhibitor),43 prothrombin F1
fragment,44 heparan sulfate,45 the complement inhibi-
tor CD59,46 and inorganic pyrophosphate.47 These
molecules can inhibit to various degrees the nucleation,
growth and aggregation of CaOx and CaP crystals, and
their ability to bind to cells, at concentrations found in
urine. A few studies suggest impaired inhibition may
play a role in certain stone formers.

Such a system implies extreme redundancy, perhaps
an intentional result of evolutionary biology, perhaps
fortunate chance. We omit discussion here of the spe-
cialized molecular structures involved in crystal inhibi-
tion, but recent work using cystine crystals suggests
that understanding the molecular basis of crystal inhi-
bition may eventually lead to the ability to design
effective inhibitors for some types of stones.48

DISORDERS OF CALCIUM STONE
FORMATION

Idiopathic Calcium Stones: Metabolic
Abnormalities

Most calcium stone formers have no systemic dis-
ease, and most diagnostic evaluation and treatment
concerns urine abnormalities that can increase SS, the
established driving force for crystal nucleation and
growth: high calcium and oxalate excretions, low cit-
rate excretion, high urine pH and low volume.
Calcium excretion of patients (Fig. 67.6, upper right
panel) frequently exceeds the upper 95th percentiles
for normal women (indented) and normal men.
Deviations are less marked but still obvious for oxalate
and citrate excretions (lower panels). Urine volume of
patients overlaps with normals (upper middle panel).
Urine pH of CaP stone formers exceeds normals, that
of UA stone formers (discussed in a later section) is
below normal.

Idiopathic Hypercalciuria (IH)

Pathogenesis

The common definition of IH is urine calcium excre-
tion (mg/day) above 250 in women and 300 in men,
values at about the 80th percentiles for healthy

FIGURE 67.6 Urine stone risk factors.
Values among normal subjects (right bar
in each panel), and (from right to left) uric
acid, calcium phosphate, and calcium oxa-
late stone formers. Percentiles for normal
women (indented pins) and men are
shown for reference. Each horizontal stripe
represents one person.
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individuals (Fig. 67.6); serum calcium is not elevated,
and known causes of hypercalciuria such as hyperthy-
roidism, Cushing’s syndrome, excess vitamin D intake,
sarcoidosis, glucocorticoid use or other systemic dis-
eases are absent. IH is found in 30�60% of ICSF.

Like hypertension, IH is familial, being found in
about 50% of first-degree relatives of probands for both
sexes.49 Although IH is clearly genetic, studies of the
monogenic hypercalciuric states, in which nephrocalci-
nosis and/or stones may be found, have not cast much
light on pathogenesis of IH, although they offer
intriguing clues.50 Dent’s disease appears to drive
hypercalciuria via increased calcitriol levels, as in IH.
Bartter syndromes involve defects of thick ascending
limb calcium transport. Autosomal dominant hypocal-
cemic hypercalciuria arises from a gain of function
mutation in the cell surface calcium receptor (CaSR),
and stones and hypercalciuria are abetted mainly by
vitamin D and calcium repletion to control hypocalce-
mia. Familial hypomagnesemia is caused by defects of
paracellin-1. However, studies of patients with IH have
not found a significant contribution to pathogenesis by
mutations in these genes, nor by mutations in the vita-
min D receptor (VDR), or the distal tubule apical cal-
cium channel TRPV5. Patients with IH represent one
end of the natural distribution of calcium excretion,
and hypercalciuria results from the interplay of genetic
endowment with environmental triggers.

The extra urine calcium in IH comes from diet, bone
or both. In five studies (Fig. 67.7, left panel), one of
them containing three separate comparisons51 calcium
absorption by IH patients exceeded normal.51�55 High
levels of serum calcitriol are common in IH (Fig. 67.7,
right panel),53,54,56�64 and this hormone could raise

calcium absorption rates. However, many patients with
IH have high gut calcium absorption rates with normal
calcitriol levels. In this, they resemble an inbred rat col-
ony whose members absorb calcium at high rates
because of an over expression of the VDR by intes-
tine.65 By inference, some human IH could arise in
such a way, and one study presents evidence support-
ing this mechanism.60

Another feature of IH compatible with calcitriol
stimulation of target tissues is a tendency for bone min-
eral to be lost during low-calcium diet challenge.59 In
both normal subjects and patients with IH, urine cal-
cium rises as gut calcium absorption (calculated as
[diet calcium-fecal calcium]) increases,66 but patients
with IH excrete more calcium than do normal subjects
at any level of net calcium absorption, and their urine
calcium often exceeds the amount of dietary calcium
absorbed. This latter is of great clinical importance,
since it means that bone mineral is being lost in the
urine, and implies that renal calcium conservation
must be impaired. Administration of oral calcitriol to
normal subjects can replicate features of IH, particu-
larly the tendency to go into negative calcium balance
on a low calcium diet.67

Numerous cross sectional studies have found that
bone mineral density (BMD) is often decreased in
IH57,68 and BMD correlates inversely with the level of
urine calcium.56 In a prospective study, 46 subjects
with hypercalciuria had BMD re-measured after three
years of follow-up, and urine calcium excretion was
predictive of the change in femoral z score—the higher
the urine calcium excretion, the greater the drop in
femoral neck mineral density.69 Risk of fracture is
increased in IH as well, as documented by a 19-year
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FIGURE 67.7 Intestinal calcium absorption (left panel) and serum calcitriol levels (right panel) in patients with idiopathic hypercalciuria
(IH) and healthy individuals. Each solid point is a study and represents a plot of the mean of patients with IH against the mean of healthy indi-
viduals in that same study. Triangles and squares depict multiple patient group comparisons within a single publication. The clustering of
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remaining references in the text.
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follow-up of a cohort in Rochester, Minnesota, which
found a four-fold increase in vertebral fractures among
stone formers.70 Abnormal bone histomorphometry
has been found in eight studies of IH to date, with gen-
erally increased resorption, low bone formation, and a
mineralization defect.71 The mechanisms are still
unclear, but a recent report72 found increased bone
expression of receptor activator of nuclear factor
kappaB ligand and osteoprotegerin in patients with IH
versus control subjects.

How the extra calcium gets into the urine is now
reasonably well known. Potential models were
increased filtered load from post-prandial increase of
serum calcium, reduced renal tubule calcium reabsorp-
tion, or both; in fact, reduced tubule reabsorption med-
iates hypercalciuria.73 Fasting and with meals,
fractional excretion of calcium by IH exceeds controls,
but ultra-filterable calcium concentrations and calcium
filtered loads do not differ (Fig. 67.8). Using endoge-
nous lithium clearance as a marker, proximal tubule
(PT) reabsorption falls with meals more in subjects
with IH than in normal subjects,74 and the delivery of
calcium out of PT is crudely proportional to the magni-
tude of urine calcium excretion (Fig. 67.9); the
increased sodium (Na) delivered out of PT is quantita-
tively reabsorbed distally, so that no difference was
seen in Na excretion on the controlled diet. Whether

FIGURE 67.8 Calcium handling
in patients with idiopathic hypercal-
ciuria (IH) (black circles) and controls
(grey circles) fasting and with meals.
Serum ultrafilterable calcium
increased with meals, but values did
not differ between IH and control
(upper left panel); neither did the fil-
tered load of calcium (lower left
panel). Urine calcium of IH increased
far more than control (upper right
panel), and fractional calcium reab-
sorption of IH was significantly less
than control (lower right panel).
Therefore, response of IH to feeding
was an abnormally marked decrease
in tubule calcium reabsorption.
(Reprinted with permission from ref.73)

FIGURE 67.9 Relationship between distal calcium delivery and
absolute urine calcium excretion in stone formers with IH (black sym-
bols) and controls (gray symbols). Distal delivery is higher in subjects
with IH, and calcium excretion rises with distal delivery, but excre-
tion is higher in IH versus controls at comparable deliveries.
(Reprinted with permission from ref.74)
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other tubule sites also participate in the decreased cal-
cium reabsorption seen in IH is still unknown. This
work sheds light on the mechanisms for two successful
treatments for recurrent calcium stones; both low
sodium diet and thiazide, which reduce urine calcium
in IH, could work, in part, by raising PT reabsorption.

Although IH involves accelerated calcium transport
in gut, kidney and bone, diet plays a role in promoting
calcium loss in these subjects. For example, feeding
100 gm. of glucose reduces renal calcium reabsorption
to a much greater extent in IH than in normal subjects,
contributing to the negative calcium balance in these
patients.75 High salt intake is also associated with
increased calcium in the urine.76 However, higher die-
tary calcium intake was associated with decreased risk
of stone formation in epidemiologic studies.77 Because
of that, and the risk of bone mineral loss on low cal-
cium intakes,59 low calcium diet is no longer used for
treatment of kidney stones.

Treatment

Having said what one can about pathogenesis and
how much is left to discover, therapy is rather well
developed and well tested. Most current treatments to
prevent stones have as their goal lowering urine SS. A
general consensus exists that, in the absence of sys-
temic disease, a first calcium stone can be treated con-
servatively with increased fluid. A randomized trial in
such patients showed a significant decrease in recur-
rent stones in those patients who increased urine out-
put to over two liters daily.78 Water is the optimal
beverage, but a variety of fluids can be used, if those
that are high in sugar or sodium are avoided.

In patients who relapse, additional therapy should
be added to fluid intake. Diet modification is one strat-
egy. A randomized trial tested the hypothesis that a
diet with a normal calcium intake (30 mmol/day) but
low in sodium (50 mmol) and animal protein (52 gm/day)
would prevent stones better than a low calcium-low
oxalate diet in hypercalciuric men.79 After 5 years of
follow up, significantly fewer men on the normal cal-
cium diet had recurrent stones compared to those on
low calcium diet (20 vs. 38%, p5 0.04). A second trial
of low protein diet for stone prevention was negative,
but sodium was not restricted in that study.80 A diet
study has not been done in women, or replicated in
other sites. In the United States, the DASH-sodium
diet, originally created to lower blood pressure, has
many of the features of the study diet used to prevent
stones, after elimination of nuts, and was associated
with fewer stone episodes in epidemiologic studies,81

but no trial has validated it as a method of stone
prevention.

As a kind of byproduct of their original design,
thiazide-type diuretics reduce urine calcium loss and

stone recurrence. The mechanism of the reduced cal-
cium loss is probably increased PT calcium reabsorp-
tion, with shunting of re-absorbed calcium into bone,
as opposed to urine82 and the effect lasts as long as the
drug is taken. Three prospective controlled trials of thi-
azide have been carried out for three years each
(Fig. 67.10)83�85 and yielded the same result: placebo-
treated patients (open symbols) relapsed at a higher
rate than corresponding thiazide-treated patients
(closed symbols), the effect reaching statistical signifi-
cance by the end of year three. Being protective of bone
in a disease that can deplete bone of its mineral, and
protective against stones in recurrent stone formers,
thiazide is the primary treatment for IH. Our prefer-
ence is for chlorthalidone, because it is long acting and
used once daily, although hydrochlorothiazide and
indapamide have also been used successfully. Very
low doses of 12.5 mg can be effective, and we often
begin there; 25 mg is effective for most people.
Kaliuresis with potassium depletion is staved off with
reduced sodium (100 mEq daily is a good goal) and
increased potassium intake, or with amiloride 5 to
10 mg every morning or a potassium supplement.

We are often asked what to do when someone who
is in need of stone prevention from IH cannot take thia-
zide. Use of the diet detailed above, with careful
follow-up to ensure compliance, can be helpful.
Amiloride alone will not work. Since oral glucose
raises urine calcium in IH, avoidance of sugar loads is
prudent. Often thiazide side effects arise from too high
a dose. Sometimes “drug allergies” are a myth or may
be overcome by change to another molecular variant.
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FIGURE 67.10 Three trials of thiazide for reduction of calcium
stone recurrence. The percentage of patients with relapse (y-axis) was
much reduced in those receiving active drug (filled symbols) vs pla-
cebo (open circles). All three trials were randomized, double blind,
and prospective. CTZ, hydrochlorothiazide, 25 mg twice daily;85

CTD, chlorthalidone 25 or 50 mg daily;84 IND, indapamide, 2.5 mg
daily.83 All three trials showed significant differences between con-
trols and active drug treatment.
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Low Urine Citrate

Stone formers, especially females, excrete less citrate
than healthy people of the same sex86 (Fig. 67.6).
Citrate inhibits nucleation and growth of calcium crys-
tals, and binds calcium in a soluble complex39 thereby
reducing SS values. The administration of alkali may
also have beneficial effects on the skeleton,87 and can
lower urine calcium,88 although long term data on
these effects in stone formers is absent.

The cause of hypocitraturia is usually not apparent.
Urine citrate excretion is positively correlated with net
GI alkali absorption,89 which in most cases is provided
by fruits and vegetables, and inadequate intake of
these foods results in hypocitraturia in some idio-
pathic stone formers. Filtered citrate is mainly reab-
sorbed in PT, and citrate in urine is that which
escapes reabsorption.29 Reabsorption is decreased by
alkali and increased by acid loads90 and potassium
depletion.91 Administration of potassium citrate
results in metabolism of most of the absorbed citrate
to bicarbonate, which allows more filtered citrate to
escape reabsorption in PT; urine pH also rises. If only
citric acid is administered, a transient increase in urine
citrate will occur as citrate that escaped metabolism in
the liver is filtered, but metabolized citrate will titrate
the ingested proton and no net gain of alkali will
occur. Therefore, potassium citrate or bicarbonate will
raise urine citrate, but citric acid will not. This may
account for the inconsistent results with administra-
tion of lemon juice as a substitute for potassium
citrate.

Treatment

What is the best course of action for physicians?
We propose measuring citrate as part of every 24-
hour urine analysis for stone diagnosis, and raising it
when it is low, using a potassium citrate salt. Two
trials92,93 document efficacy of supplemental potas-
sium citrate in reducing stone recurrence in hypoci-
traturic calcium stone formers (Fig. 67.11). Dosing
should be about 2/3 of urine ammonia excretion.
Care should be taken to monitor urine pH, and avoid
raising it significantly above 6.2, as CaP SS may
increase, and lead to worsened, not improved, stone
formation. When thiazide is used for hypercalciuria,
and the inevitable fall occurs in blood potassium,
urine citrate will fall, and a small but useful trial94

has shown that potassium citrate snuffs out the other-
wise stubborn recurrences of stones, presumed to
form because of urine citrate deficiency. Given a rea-
sonable action, no physician needs to despair at the
incomplete understanding evident in this tiny area of
science. Nor, given better science, is a better treatment
likely to be found.

High Urine Oxalate

Urine oxalate may arise from endogenous produc-
tion in the liver, as an end-product of glyoxalate, amino
acid and ascorbic acid metabolism, and from GI
absorption of preformed oxalate.95 Dietary oxalate is
absorbed mainly in the colon, and normally about 10%
of ingested oxalate is absorbed. Oxalate from both
sources has only one fate—renal excretion. Under ordi-
nary circumstances, approximately half of urine oxalate
is derived from the diet, and the other half is endoge-
nously produced.96 Recent experiments using mice in
whom the oxalate transporter SLC26A6 was knocked
out have led to the understanding that oxalate is also
secreted into the gut,97 and increased urine oxalate
may also result from a drop in gut secretion; this has
not yet been documented in humans.

Higher urine oxalate values are often encountered in
stone formers versus normal subjects (Fig. 67.6) and
should be given proper attention. Mild hyperoxaluria
(values from 40 to 60 mg/d) may result from a diet
high in oxalate98 or more commonly from a diet low in
calcium,99 as well as from protein loads. Ascorbic acid
intake may also contribute significantly to urine oxa-
late. Oxalate degrading bacteria are normally present
in the gut, and absence of such flora may also lead to
increased gut oxalate absorption.100

Recent work suggests that renal oxalate handling
may differ between stone formers and normal sub-
jects.101 In calcium stone formers on a low oxalate diet,
urine oxalate was higher than among a group of nor-
mal subjects on the same diet. Plasma oxalate levels
did not differ between the two groups, but while
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FIGURE 67.11 Two trials of citrate for reduction of calcium stone
recurrence. The percent of patients with relapse (y-axis) was much
reduced in those receiving active drug (filled symbols) vs placebo
(open circles). The two trials were randomized, double blind, and
prospective. KCIT, potassium citrate 20 mEq three times daily;92

MGCIT, potassium-magnesium citrate, two tablets twice daily.93 Both
trials showed significant differences between controls and active
drug treatment.
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oxalate reabsorption was seen in the normal subjects,
oxalate secretion was frequently seen in the stone
patients, at similar levels of plasma oxalate. This sug-
gests that control of oxalate transport in the kidney
may provide stability of plasma oxalate levels.

Very high levels of urine oxalate, of 80 mg/d or
more, occur because of small bowel malabsorption or
primary oxalate over-production (see below). These are
very serious conditions that can damage kidneys and
demand a high level of clinical attention.

This strangely combative area of nephrolithiasis
hardly deserves the attention it has had if one main-
tains a purely clinical perspective. The idea that
changes in urine oxalate influence CaOx SS more than
corresponding changes in urine calcium has been
shown to be incorrect.28 As we have shown, the range
of urine oxalate excretions is much smaller than that
for urine calcium or volume so oxalate increase as a
cause of stones is modest in practice.

Treatment

Patients with dietary hyperoxaluria should restrict
dietary oxalate sources, avoid ascorbic acid supple-
mentation, and ensure a normal calcium intake
(800�1200 mg/day) from food. A recent three month
pilot study showed that in a group of stone patients
with mild hyperoxaluria, urine oxalate fell significantly
more with a low sodium, low animal protein, normal
calcium (1200 mg) diet compared with a low oxalate
diet.102 This is consistent with findings that stone
patients do not appear to have higher oxalate intakes
than normal subjects.103

High Urine Uric Acid

One of us was not altogether wrong in 1973 describing
a tendency toward high urine uric acid excretion (750
and 800 mg/d, women and men, respectively) among
patients who formed calcium stones.104 High levels of
uric acid in urine salt out CaOx salts105 and reduce their
solubility. This could foster CaOx overgrowths on
Randall’s plaque. Allopurinol, in one prospective con-
trolled trial,106 reduced CaOx stone recurrence, adding a
critical support to a supposed pathogenetic mechanism.

Treatment

The source of the extra urine uric acid is usually diet
that contains above a pound of beef, chicken and fish—
combined—daily. Treatment could be as simple as
reducing the total to two-thirds pound, not what one
would imagine as a low-protein diet. No diet trial has
been undertaken. Allopurinol is effective by trial, but
can cause toxic epidermolysis. If stones are persistent
and surgically active, diet is of no avail, and high urine

uric acid is the main problem, then 100 to 300 mg of
the drug daily is reasonable.

IDIOPATHIC CALCIUM STONES:
PATHOLOGY

Idiopathic Calcium Oxalate Stone Formation:
Role of Interstitial Plaque

These most common stone formers have so distinctive
a pattern of clinical presentation, altered physiology,
renal histopathology and mechanisms for stone forma-
tion they deserve a special place and an extensive presen-
tation. No other kind of patient shares their distinctive
features. Like all idiopathic calcium stone formers they
have no systemic disease, and display a high prevalence
of IH. Their stones are predominantly CaOx in composi-
tion and form as overgrowths on the renal papillae.

During percutaneous nephrolithotomy (PNL) or ure-
teroscopy (URS) stones are found firmly attached to
the papillary tips over regions of interstitial apatite pla-
que, which appear visually as white sub-urothelial
deposits (Fig. 67.12, panels A and B). Plaque forms in
the basement membranes of thin limbs of Henle’s
loop107 (Fig. 67.12, panel C) as micro-particles within
which alternating lamina of crystal and an organic
matrix form a tree-ring pattern (Fig. 67.12 panels D and
E). Particles fuse together in the papillary interstitium
to form a syncytium (Fig. 67.12, panel D) in which
islands of crystals float in an organic sea. The material
accumulates beneath the basement membranes of inner
medullary collecting ducts (IMCD) (Fig. 67.12, panel F)
and Bellini ducts (BD), and under the urothelium,
where it appears as white plaque. The plaque crystal is
biological apatite, and the organic layers contain osteo-
pontin108 and the third heavy chain of the inter alpha
trypsin inhibitor,109 both known inhibitors of CaOx
and CaP nucleation and growth. In 30 consecutive
ICSF, minute inspection of serial sections from papil-
lary biopsies revealed no crystals in any epithelial com-
partment, only interstitial plaque.110

In a large prospective trial, all stones of sequential
ICSF were identified during PNL and classified as
being attached or not to the papillary surface.111 For all
attached stones, intra-operative imaging (Fig. 67.13)
was used to test if the attachment was on plaque. The
results, allowing for unattached stones, and some vari-
ation in ascertainment, showed that 75.4% (95%
CI5 58�93%) of stones were attached to plaque. Since
plaque occupies only 5�10% of total papillary area this
is a very large deviation from chance. When studied
via IR spectroscopy and digital image reconstruction,
virtually all unattached stones showed evidence of
having grown attached to plaque: an apatite
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attachment site often with adherent tubule frag-
ments.112 In ICSF, the amount of papillary surface cov-
ered by plaque correlates strongly with numbers of
stones formed, corrected statistically for age and dura-
tion of stone disease.113

Growth on Plaque

A 0.5 mm CaOx stone (Fig. 67.14, panel (A)) was
excised during surgery en bloc with its underlying

attachment site (Fig. 67.14, panel (B)).114 The urinary
surface of the stone attachment site occupies the upper
half of panel C and the left upper quadrant of panel
(D) of Fig. 67.14. Presumably, and via an unknown
sequence of events, the integrity of the urothelium was
breached at this region of the papillum (Fig. 67.14,
panel (C), arrow), exposing sub-urothelial plaque to
urine. The exposed surface of plaque, where the stone
was attached, is covered by a ribbon of alternating

FIGURE 67.12 Digital endoscopic
and histologic characteristics of sites
of Randall’s plaque in ICSF. Panel A
is an example of a papilla from an
ICSF patient video recorded at the
time of stone removal by percutane-
ous nephrolithotomy revealing a
number of small CaOx stones (arrow-
heads) attached to the tip of the renal
papilla. These stones are near or upon
regions of irregular whitish plaque
material (arrows), more easily seen
following removal of the stones
(panel B, arrows). These sites of pla-
que are sub-urothelial in location and
represent mineral deposits that first
appear as very small spherical struc-
tures embedded in the basement
membranes of the thin loops of Henle
(arrows, panel C) and nearby intersti-
tial space. Because of the location of
these crystalline structures, they are
termed interstitial deposits or
Randall’s plaque. By transmission
electron microscopy (TEM), the inter-
stitial deposits are seen as individual
multilayered spherical structures of
varying sizes (arrows, panel D)
embedded in the basement mem-
branes of the thin loops of Henle
while forming a syncytium in which
islands of crystals float in an organic
sea (double arrow, panel D). Higher
magnification TEM micrographs
(panel E) reveal each deposit to be
made of alternating light (crystalline
material) and electron dense (matrix
material) rings. Extensive accumula-
tion of crystalline deposits around the
loops of Henle spread into the nearby
interstitial space extending to the
urothelial lining of the urinary space
(panel F).
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organic (black) and crystal (white) layers (Fig. 67.14,
panel (D)). The inner boundary layer covering where
plaque was exposed (Fig. 67.14, panel (D)) contains
Tamm Horsfall protein (Fig. 67.14, panel (F)) and is
therefore of urine origin; osteopontin (Fig. 67.14, panel
(E)) is also present. The inset at upper right in panel d
shows, at higher magnification, crystals oriented per-
pendicular to the plane of the organic layers. On the
outer boundary of the ribbon (*) large rafts of crystals
have grown out of the ribbon plane into what was the
urinary space and extend outward forming the base of
the stone. A double arrow points to large crystals just
beneath the ribbon boundary.

From this picture, one infers that following exposure
of plaque to urine the plaque surface was covered with
organic molecules of urine origin—the inner boundary
layer. Driven by urine SS, crystals nucleated in this
layer and were covered by more matrix in which new
nuclei formed; this process was repeated to make the
lamination of the ribbon. Eventually, crystallization
escaped from matrix control and expanded to form the
base of a new stone.

The crystal in the ribbon and stone base is apatite,
not CaOx. In the stone itself, one finds no CaOx until
about 70 microns into the stone body, quite remote
from the base. This means that CaOx stone formation
depends upon deposition of plaque, exposure of pla-
que to urine via disruption of urothelium, a presum-
ably spontaneous covering of the exposed plaque
surface by urine molecules adsorbed onto the matrix of
the plaque, nucleation of apatite driven by urine CaP
SS, and subsequent waves of matrix covering, apatite
nucleation, and eventually escape from the ribbon to
form the apatite stone base. More apatite accumulates
but eventually, perhaps because of the balance of urine

SS values, CaOx comes to predominate. As an alterna-
tive, formation of apatite may eventually reduce local
pH in the stone interior, favoring CaOx; this idea has
no support as yet from experiments. Presently we have
no information about what causes urothelial disrup-
tion, but the processes of apatite nucleation and plaque
formation have been studied reasonably well.

Apatite Nucleation

It would appear that formation of CaOx stones
depends upon nucleation and growth of apatite driven
by urine CaP SS, so one might ask if CaP SS of ICSF
exceeds normal. In fact it does. In a GCRC controlled
study (Fig. 67.15) CaP SS (lower right panel) of ICSF
(grey bars) exceeds normal (cross hatched bars).26

Normal controls did not achieve SS values above 1,
whereas the SF invariably exceeded 1 (dashed line on
graph). Surprisingly, the highest CaP SS values were
overnight. Urine calcium molarity of ICSF (upper left
panel) far exceeded controls; this difference reflects IH
in ICSF coupled with virtually identical urine volumes
between the groups (lower middle panel). Urine pH
values (lower left panel) and urine phosphate excre-
tions (not shown) did not differ. The critical role of an
initial apatite deposit over exposed plaque coupled
with the ability of IH to produce marked CaP SS means
that clinicians need to control both CaP and CaOx SS
in ICSF, a hitherto non-intuitive idea.

The importance of apatite nucleation also raises a
possible link between urine citrate levels and CaOx
stone formation. Citrate inhibits nucleation and growth
of apatite at concentrations of 0.5 to 2 mM/l, levels
found in normal urine. If indeed the primary nucle-
ation over exposed plaque is apatite, low urine citrate
excretion could foster CaOx stone formation by

FIGURE 67.13 An attached stone before and after removal. A 3-mm stone (arrow, panel A) lying on an upper pole lateral papillum of an
ICSF patient is visualized by a digital endoscope before removal and after removal (panel B). The region where the stone was attached contains
sites of interstitial plaque (arrow, panel B). The removed stone has a white patch (arrow, insert to panel B) on its tissue or attachment surface.
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removing an important inhibitor. Likewise, increase of
citrate by potassium alkali administration could reduce
CaOx stone formation presuming that increase of urine
pH did not offset the benefits of increased citrate
inhibition.

Apical Collecting Duct Calcium Receptor (CaSR)
Does Not Protect Against Supersaturation

That urine volume can be the same in the ICSF and
controls, especially overnight when calcium molarity

in ICSF reaches nearly 6 mM/L (Fig. 67.15, compare
upper left and lower middle panels), does not accord
with the concept, arising in rodents, that the apical col-
lecting duct CaSR protects against stones by reducing
water reabsorption when calcium excretion rises.26 But
our data are perfectly predictable from what is other-
wise known. The human CaSR, in vitro, has an EC50 of
about 6 mM/l at the pH and ionic strength of urine.115

At a total concentration of 6 mM/L, urine contains
only about 3 mM/l of calcium ion, the remaining

FIGURE 67.14 Endoscopic and ultra-
structural analysis of a stone from an ICSF
patient. By digital intraoperative endos-
copy, small stones (arrowheads) are seen
adhered to a papillum (panel A). A dis-
tinct region of Randall’s plaque is visible
just under the stone at the tip of the
arrow. During PNL, the larger of the two
stones seen in panel A was removed with
a biopsy instrument such that the stone-
plaque-tissue complex remained intact
(panel B, arrow pointing to Randall’s pla-
que region seen in panel A). Panel C is a
TEM micrograph at the stone-plaque-
tissue interface. The upper portion of the
micrograph shows the stone while the
lower portion shows interstitial plaque
within the papillary tissue. An arrow
marks the plaque boundary which has the
unique appearance of a multilayered rib-
bon. Rafts of large crystals (always coated
with matrix material) appear to grow out
of the ribbon and into what was the uri-
nary space (now the base of a stone). One
particular crystal (outlined in arrowheads)
is seen attached to the outer matrix layer
of the ribbon. Panel D is a higher magnifi-
cation image of the square seen in panel
C. The ribbon-like structure is clearly seen
as nine separate layers. The inset (upper
right hand corner) reveals five thin black
organic lamina that alternate with four
white lamina. In the thickest of the white
lamina, one can see tiny thin spicules that
run perpendicular to the ribbon and have
the appearance of multiple voids that con-
tain tightly packed crystals (small arrows,
inset). Small (asterisk) and large (arrows)
coated crystals are seen inserted into the
outer matrix layer of the ribbon. By
immuno-histochemistry (panel E) osteo-
pontin was detected in both the stone and
interstitial plaque (white arrows) while
sites of Tamm-Horsfall protein (panel F)
were only seen in the stone (white arrow-
heads). The dotted white line delineates
the interface region. See color plate section
at the back of the book.
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calcium being complexed with phosphate, oxalate, sul-
fate, citrate and other anions. Possibly, the CaSR of
stone formers is less sensitive than normal, because
reduction of urine calcium excretion in enuretic chil-
dren with IH may reduce nocturnal urine volume,116

but this matter has not been addressed. For the
moment one may suggest that modest nocturia might
be valuable in treatment of very active stones in ICSF.

How Plaque Forms

The fraction of papillary surface covered by plaque
(Fig. 67.16) varies directly with urine calcium excretion
and inversely with urine volume and pH;117 a multivar-
iate score using all three variables accounts for much of
the variation. How these three variables link mechanis-
tically to plaque is a research matter, but one mecha-
nism is well supported enough to warrant presentation.

Plaque forms in the basement membranes of thin
limbs, which are mingled with capillaries in the papilla
in a ratio of 4:1, capillaries predominant (Fig. 67.17).

Thin limb fluid, in all animal micro-puncture studies,
has a high SS with respect to CaP,118 because water
extraction raises calcium concentration above blood
levels, and phosphate and bicarbonate to or above
blood level. But because the epithelium has very low
calcium permeability, entry into the basement mem-
brane from the lumen could be easily over-balanced by
diffusive losses into the interstitium.

Such losses are reduced by calcium delivery from
the capillaries. The descending vasa recta pass down-
ward through the inner stripe of the outer medulla
(OM) in bundles surrounded by a ring of thick ascend-
ing limbs (Fig. 67.17) that enrich the OM interstitium
with calcium by reabsorbing calcium without water.
The descending vas carries this extra calcium down
into the papillum, where counter-current trapping
helps to keep it there. Vasopressin regulates medullary
thick ascending limb (mTAL) reabsorption, therefore
low 24 hour urine volumes, which must reflect corre-
spondingly higher vasopressin levels, and more

FIGURE 67.15 Urine SS for CaOx and CaP throughout the day in IH and normals. CaOx SS (top right) and CaP SS (bottom right) are shown
during fasting and in the periods from breakfast to lunch (B to L), lunch to supper (L to S), supper to home (S to H), and overnight (ON).
Horizontal lines indicate SS of 1. Concentrations of urine calcium (top left) and oxalate (top middle), as well as urine pH (bottom left) and urine
flow rate (bottom middle), during the same periods are indicated. Cross-hatched bars, normal subjects (N); gray bars, IH. Values are means6 SE
adjusted for repeated measures. Significant differences between IH and N by time period: *P, 0.001, #P, 0.01, †P, 0.05. (Reprinted with permis-
sion from ref. 15)
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efficient solute trapping, would correlate with plaque
abundance. The fact that a few 24 hour urine volumes
can correlate so well as they do with plaque that accu-
mulates over years suggests that fluid intake must be
strongly habitual and reasonably constant in any one
person.

IH increases delivery of calcium out of PT (Fig 67.9),
and thin loop segments reabsorb negligible amounts of
calcium, so this increase of delivery reaches the mTAL
which reabsorbs calcium mainly via electro-chemical
equilibria. An increase of delivery will therefore
increase absolute calcium reabsorption into the medul-
lary interstitium and thence into the blood in the des-
cending vas recta bundles. They in turn will carry a

more calcium-enriched blood than normal down to the
capillaries of the papillary tips, directly opposite to the
thin limb basement membranes. The result will be
increased plaque via local increase in CaP SS, and a ten-
dency for plaque abundance to parallel urine calcium.

The implications of vas “wash down” of calcium
into the papillary interstitium are clinically meaningful.
Low sodium diet and thiazide might be expected to
reduce plaque formation as well as stones because they
can increase PT reabsorption. Reduced protein intake,
by reducing endogenous acid load from oxidation of
sulfur on methionine and cystine, would also increase
PT reabsorption. High water intake will not only
reduce urine SS but will reduce vasopressin levels and

FIGURE 67.16 Relationships between plaque surface coverage and urine composition. Fraction of papillary surface covered by plaque, as
determined from intra-operative digital imaging (y-axis of all 4 panels), varies with urine calcium (upper right panel), and inversely with urine
pH and volume (bottom panels). A multi-variable score using all three variables accounted for much of the variation in plaque coverage (upper
left panel). ICSF are open circles, controls (N) are closed circles; triangles are patients with obesity bypass procedures. (Redrawn from ref.117)
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therefore mTAL reabsorption and, to the extent that
vas wash-down is true, plaque formation.

The Idiopathic CaOx Stone Former as a Unique
Clinical Phenotype

The ICSF phenotype is so distinctive as to be unique.
Apart from IH, which is not a disease, but merely a
selection of people from the high tail of human calcium
excretion, there is no systemic illness. Stones are over
50% CaOx. In over 30 instances thus far, kidneys
always reveal a singular appearance: normal papillae
except for interstitial plaque; no crystals in any epithe-
lial compartments. Stones grow on the outside of the
papillae, over regions of interstitial plaque that have
been exposed to the urine via disruption of the urothe-
lial membrane. The process of overgrowth begins with
an initial apatite layer. Plaque itself forms in basement
membranes of thin limbs of Henle’s loop and the
mechanism appears to involve the basic physiology of
IH itself coupled with the peculiar anatomy of the
inner stripe of the outer medulla. This physiology and
anatomy links plaque formation to the magnitude of
IH via changes in PT calcium reabsorption, and to

urine volume via both effects of high urine flow to
wash solutes out of the deep medulla, and reduction
by high water intakes of vasopressin, that drives
mTAL calcium reabsorption in the inner stripe.

No other kind of stone former observed thus far
manifests the clinical and histopathological characteris-
tics of the ICSF, and we believe, therefore, that ICSF
should be set apart into their own category. Because
the links between the final disease, stones, and the
physiology and histopathology of the condition are rea-
sonably well understood, because treatments to pre-
vent the stones are effective and act through
reasonably well defined pathways of pathogenesis, and
because the prime mover, IH, is established as herita-
ble, ICSF appear to satisfy all the criteria of a unique
disease of stone formation.

Idiopathic Calcium Phosphate (Brushite, BR)
Stone Formers

Clinical and Histopathological Features

Like ICSF in their metabolic derangements except
for a tendency for high urine pH, the stones they form

FIGURE 67.17 Physiology of vas wash-down for plaque formation. In the inner stripe of the OM (upper panel), vascular bundles (descend-
ing are solid circles, ascending are clear) are surrounded by medullary thick ascending limbs of the long nephrons (mTAL) which reabsorb
NaCl and calcium without water. In IH PT can deliver more calcium than normal to mTAL with each meal, raising the absolute rate of mTAL
calcium reabsorption above normal. Running downward inside the ring of mTAL, vas blood will be enriched in calcium, and increase inner
medulla interstitial [Ca] in the region of thin loops favoring apatite nucleation there. Counter current trapping will help retain the extra cal-
cium. mTAL CaSR is down-regulated by the high ionic strength in OM so it does not shut off continued reabsorption. Short descending thin
limbs from mid and outer cortical nephrons travel downward within medullary rays, whose basic unit is a quartet of IMCD with an internal
loose bundle of short descending limbs. This arrangement removed water reabsorption by short limbs from diluting the interstitium around
the descending vas recta bundles.
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contain above 50% CaP. They produce significant
amounts of interstitial (white) plaque, but also have a
second type of plaque (yellow plaque) which repre-
sents plugging of IMCD with apatite crystal.119 Yellow
plaque is seen on the papillary surface as linear yellow
streaks, very different from the white plaque of the
ICSF (Fig. 67.18, arrows, panel c). Scattered IMCD and
BD are massively dilated with apatite plugs (Fig. 67.18,
panel a). Epithelial cells of plugged IMCD and BD are
mostly dead (Fig. 67.18, panel b) and interstitial fibrosis
is severe (Fig. 67.18, panels e and f). Here and there
plugs extend out of hugely dilated BD into the urinary
space (Fig. 67.18, panels a and b). The papillae are dis-
torted and abnormal, pitted, scarred, and flattened
(Fig. 67.18, panel a).

The plugs and stones appear to have a common
cause in an elevated urine pH. Among a large series of
stone formers for whom stone composition has been
determined, the fraction of stone crystal that is CaP
rises in synchrony with the urine pH (Fig. 67.19).4 The
higher pH increases CaP SS and therefore the risk of
CaP crystallization. Once the process of apatite plug-
ging and consequent cell injury begins, lumen pH of
individual IMCD could rise creating a vicious cycle,
and if wide-spread the process would further increase
urine pH.

Even as new research tests these ideas about path-
ogenesis, we will be left with the problem of what
comes first. The phosphate content of kidney stones
in the United States has been rising for decades,4

and during that time use of extracorporeal shock-
wave lithotripsy (ESWL) and of potassium alkali for
stone treatment both have become common practice.
In fact, the number of ESWL procedures per patient,
corrected for number of stones, age, sex, and dura-
tion of stone disease, rises progressively with the
number of ESWL procedures.4 Possibly, terminal
IMCD and BD injury from ESWL or increase of
urine pH from potassium citrate treatments initiate
CaP crystallization, which then leads to a cycle of
further cell injury and crystal plugging. Obstructive
uropathy can reduce acidification, and stones are
nothing if not a cause of recurrent obstruction.
Possibly high urine pH is like IH, an hereditary trait.
In patients who converted from making stones com-
posed mainly of CaOx to those composed of CaP,
urine pH was significantly higher when they were
still making CaOx stones, compared with patients
who did not convert.120 The increased urine pH in
patients with idiopathic CaP stones is not accompa-
nied by abnormal serum pH or bicarbonate, although
some such patients have abnormalities of acidifica-
tion on provocative testing with ammonium chlo-
ride.121 This appears to be part of the incomplete
RTA syndrome.

How Brushite Stones Form

At surgery mature stones are not often found
attached to protruding apatite plugs, nor are they
found on the rather scanty plaque. They are usually
free in the renal pelvis and calyces. The plug exten-
sions into the urine are like nascent stones in that their
further growth is dependent entirely on urine SS and
inhibitors, and plugs could break off and grow into
clinically relevant stones. This is untested. Possibly
stones form in free solution.

Idiopathic Calcium Oxalate and Calcium
Phosphate Stone Formers in Practice

As clinicians, we take heed of stone analysis with
brushite or CaP even above 20%, because the kidneys
can be involved in a significant tubular disease. In such
patients we are liberal with thiazide and water, and
reduced diet sodium and protein, but stingy with
potassium alkali which could increase urine pH and
CaP SS. We need a trial of potassium alkali in CaP
stone formers, because this reasonable approach may
be wrong. Citrate inhibits CaP crystallization, so alkali
could be more beneficial than harmful.

PNL and URS are increasingly being used for stone
removal, and during such procedures urologists can
observe if papillae are affected with plaque alone, or
with ductal plugging and papillary retraction. The for-
mer implies that water, reduced salt and protein, thia-
zide and potassium alkali all are reasonable treatment
measures. The latter implies that alkali may not be
ideal and that measures to prevent stone recurrence
should be, perhaps, more urgent and aggressively pur-
sued, as the disease may be more damaging. While not
as yet accepted practice, use of observations during
stone surgery to guide medical intervention is reason-
able and practical in many cases, and can be recom-
mended as an adjunct to medical stone prevention.

CALCIUM STONES ARISING FROM
SYSTEMIC DISEASES

In these patients, stones are a manifestation of a sys-
temic disease that, itself, warrants diagnosis and treat-
ment. In each case where we have adequate
information, the systemic disease has produced a spe-
cific renal histopathology and set of urine stone form-
ing abnormalities which arise from disease-specific and
often complex pathophysiology. The whole approach
to patients with systemic stone forming disease differs
radically, therefore, from that used for idiopathic stone
formers.
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FIGURE 67.18 Endoscopic and histologic images from brushite (BR) stone formers. Panel a shows an example of a papillum from a BR
patient that was video recorded at the time of stone removal. Papillae from BR patients often showed depressions (arrowheads) near the papil-
lary tip and flattening, a phenomenon not seen in CaOx stone formers. Like CaOx patients, the papilla from BR stone formers possessed sites
of Randall’s plaque (arrow), though less in amount. In addition, these papillae possessed sites of yellowish crystalline deposits at the openings
of ducts of Bellini (asterisk). The ducts were usually enlarged and occasionally filled with a crystalline material that protruded from the duct
that might serve as a site for stone attachment. Panel b shows crystal deposition in a papillary biopsy stained by the Yasue method. Note crys-
tal deposits protruding from the duct of Bellini (*) and in the lumens of an associated inner medullary collecting duct (IMCD) and of a nearby
loop of Henle (arrows). The crystal deposits greatly expanded the lumen of these tubules and induced cell injury to complete cell necrosis of
the tubular epithelium. A cuff of interstitial inflammation and fibrosis accompanied sites of intra luminal deposition. Panel c shows sites of yel-
low plaque on the papillum of a BR stone former. Yellowish mineral deposition (single arrows) was found within lumens of IMCD just beneath
the urothelium; these deposits are called yellow plaque. Deposits ranged from large areas of crystal deposition in collecting tubules that formed
a spoke and wheel-like pattern around the circumference of the papilla to small, single sites of yellowish material in focal regions of a collecting
duct lumen. Histologic analysis of sites of yellow plaque (panel d) confirms that these crystal deposits are in IMCD (asterisk) positioned just
beneath the urothelial lining (arrow). The double arrow shows a site of interstitial plaque like that seen in idiopathic CaOx stone formers. Light
micrograph in panel e shows extensive interstitial fibrosis (double arrow), tubular atrophy (asterisk), loss of tubular lining cells (single arrows)
and giant cell formation (arrowheads), while panel f shows a region of heavy mineral deposition (single arrows) at the site of extensive tubular
injury and fibrosis. These changes were never seen in CaOx stone formers. See color plate section at the back of the book.
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Primary Hyperparathyroidism (PHPT).

Pride of place goes to this disease, even though only
5% of stone patients have it.25 Before most other causes
were known about, PHPT was recognized as a curable
cause, and surgeons in the better centers were regu-
larly performing curative neck dissections. The disease
arises from neoplasia of one or more parathyroid
glands, leading to solitary adenoma in 85% of patients
and multiple gland enlargements in the remainder.
Malignant neoplasm of the parathyroid glands is rare
as a cause of stones. Here, we focus specifically on the
stone disease and factors producing stones, leaving
details of parathyroid hormone regulation and actions
to the appropriate chapters.

Because the main actions of parathyroid hormone
(PTH)—increased renal production of calcitriol,
increased bone mineral turnover, and increased renal
tubule calcium reabsorption—all raise serum calcium,
an elevated blood calcium level is always found, if one
looks for it properly. The problem is that the elevation
can be mild, and because normal values for serum cal-
cium depend on the analytical methods used to mea-
sure it, and the methods in use are numerous and
variable, the true normal may often not be known by a
physician.

PHPT is easily confused with IH because hypercal-
ciuria is prominent and hypercalcemia subtle, often
below 11 mg/dl. Although serum phosphorus is gen-
erally low, because PTH reduces renal phosphate
reabsorption, this trait is also common in ICSF, for
unknown reasons. The PTH elevation may also be
subtle, but the failure of PTH to be suppressed by
elevated serum calcium strongly suggests PHPT. The
high urine calcium raises SS with CaOx and CaP,
which are the proximate mechanism for stone forma-
tion. The hypercalciuria is a direct effect of increased
calcium absorption by intestine, driven by calcitriol
excess, and bone mineral loss, driven by PTH. One
often hears that stones in this disease are more

enriched with calcium phosphate salts than is usual,
but our patients for whom we have complete stone
analysis show only a subtle increase, and only in
men.25

The renal histopathology of primary hyperparathy-
roidism combines that of ICSF and IPSF (Fig. 67.20).122

CaOx stones grow on plaque, and many BD are
plugged with apatite crystals (Fig. 67.20). Because
PHPT is a marked hypercalciuric state, plaque is not a
surprise, although the exact pathophysiology is not
defined as yet. Likewise, that urine pH and CaP SS are
somewhat higher in PHPT than ICSF,25 presumably
accounts for plugging. Observed at PNL or URS, the
combination of apatite tubule plugging with CaOx
stones growing on plaque can be of diagnostic use, and
suggest the correct diagnosis when hypercalcemia
is subtle and PHPT might be mistaken for ICSF or
IPSF. Although this combined pathology also occurs
in bowel diseases, their presence is almost always
obvious.

Given distinctive hypercalcemia and hypercalciuria,
PHPT is not difficult to diagnose. Serum PTH is
reduced by all hypercalcemic states due to vitamin D
excess, primary bone mineral loss from tumor invasion
or rapidly progressive osteoporosis, or mediated via
the PTH-related peptide found in malignant neo-
plasms, so one asks not whether PTH levels are high
but simply whether PTH levels are not subnormal. If
normal or high, PTH values confirm the presence of
PHPT in a person with both hypercalcemia and hyper-
calciuria, and little more needs be done before curative
surgery.

Given normal or low urine calcium, however, the
possibility exists of familial hypocalciuric hypercalce-
mia (FHH), a hereditary disorder of the calcium recep-
tor in parathyroid and renal tubule cells. Such patients
may have stones and come to attention for them, but
should not be considered for parathyroid surgery.
Stones will be due to another condition. Family

FIGURE 67.19 Correspondence
beween percentage of CaP in stones and
urinary CaP SS and pH. As expected,
CaP SS rose with stone CaP percent (left
panel, y- and x-axis, respectively),
among men (gray circles) and women
(black circles). Values are mean6 SEM.
Urine pH also rose progressively (right
panel) which would increase CaP SS.
(Reprinted with permission from ref.4)
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members can be screened for hypercalcemia as the trait
is autosomal dominant with 100% penetrance. Guise
and Mundy offer a convenient formula for evaluating
urine calcium to diagnose FHH.

Other confusions may arise from lithium treatment,
which can induce a state of parathyroid over activity,
and use of thiazide, which may raise blood calcium
yet leave incompletely treated an independent

hypercalciuric state, thus creating a factitious sem-
blance of PHPT. Distinguishing sporadic hyperparathy-
roidism and its familial forms from the multiple
endocrine neoplasia syndromes is usually unnecessary,
as stone patients tend to have simple hyperparathyroid-
ism. However, the details of the multiple endocrine
neoplasia (MEN) syndromes are discussed in other
chapters and may be of interest.

FIGURE 67.20 Endoscopic and histo-
logic images of stone-forming patients
with primary hyperparathyroidism
(PHPT). Digital endoscopic and histo-
pathologic characteristics of renal papilla
from patients with PHPT include a com-
bination of features seen in ICSF and IPSF
patients. Patients may have attached
stones (see small stone within white out-
lined square in panel A and enlarged
insert where stone is outlined and region
of white plaque indicated by arrow; also
see asterisk in panel B) at sites of
Randall’s plaque (single arrowheads,
panels A & B) and dilated openings of
ducts of Bellini with protruding plugs
(single arrow, panel A and C) on the
same papilla. Attached stones were com-
posed of CaOx and apatite (see micro-CT
insert in panel B). Suburothelial yellow
plaque was noted across the papilla and
varied in size from small to rather large
deposits (double arrowheads, panels A &
B). The very large size of some of the
intraluminal deposits was confirmed by
micro-CT (arrow, panel D). Yasue stained
sections and TEM micrographs revealed
the massive sites of intraluminal plugs
filling the lumens of IMCD (arrows,
panels E & F) associated with a loss of all
lining cells. A cuff of interstitial fibrosis
(arrowheads, panel F) surrounds the
plugged tubules. See color plate section at
the back of the book.

2334 67. PATHOGENESIS AND TREATMENT OF NEPHROLITHIASIS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



Surgical excision of the abnormal gland(s) is curative
for stones, in our work as well as that of others. Post-
operatively, serum calcium returns to normal, and
urine calcium falls markedly, although it may remain
mildly elevated, for unknown reasons. SS for both
CaOx and CaP drops and stone formation decreases.
The surgery is never intended to confirm the diagnosis,
which can be made using serum calcium, urine cal-
cium, and PTH values, but to cure the disease. Proper
surgery identifies all parathyroid glands in the neck, to
ensure that all abnormal tissue is removed, leaving
normal glands untouched. If all parathyroid tissue is
removed, creating hypoparathyroidism, a new and dif-
ficult stone-forming condition may be produced,
because patients lose the effects of PTH to raise renal
calcium reabsorption. When supplemental calcium is
given by mouth to raise blood calcium to an
acceptable level, urine calcium levels rise steeply, and
stones form.

Renal Tubular Acidosis

Inherited or acquired forms of distal RTA (Type I
RTA) raise urine pH and urine calcium, decrease urine
citrate, and produce CaP stones. At surgery, interstitial
plaque is not above normal abundance and stones are
not found growing on what little is present
(Fig. 67.21).123 Tubule plugging is very widespread
(Fig. 67.21) with attendant fibrosis and tissue damage.
As in IPSF and PHPT the origin of the CaP stones is
not clear: detachment of protruding plugs or free solu-
tion crystallization. Diagnosis is from reduced serum
bicarbonate with alkaline urine pH, and often hypoka-
lemia showing the importance of blood screening for
all stone formers. Treatment with potassium citrate can
correct acidosis and reduce hypercalciuria, but careful
follow-up is required to ensure that urinary SS for CaP
falls. Persistent hypercalciuria after acidosis has been
corrected can be treated as for IH, with thiazide.

FIGURE 67.21 Endoscopic and histo-
logic images of stone-forming patients
with distal tubular acidosis (dRTA).
These stone-forming patients have a
range of papillary abnormalities. Papillae
may be normal apart from an occasional
dilated duct of Bellini (arrows, panel A)
and yellow plaque representing apatite
mineral plugs (asterisk, panel A) within
IMCD. Panel B shows the most extensive
papillary damage with retraction, loss of
normal architecture, multiple dilated
ducts of Bellini that produce a pitted
appearance (arrows), some with protrud-
ing mineral deposits (asterisks), and a
whitish thickened membrane appearance.
Papillary biopsies also reveal a range of
histopathology. The Yasue stained section
seen in panel C shows minimal IMCD
plugging (black material at arrows);
micro-CT (insert) examination of the
biopsy sample confirms the intra-luminal
location and sparseness of crystal depos-
its. Yasue stained papillary biopsy seen in
panel D shows diffuse IMCD plugging
(arrows) encased in extensive interstitial
fibrosis. The micro-CT micrograph
(insert) confirms the location and density
of intra-luminal deposits (arrows).
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Patients with RTA are at risk of loss of renal function,
presumably secondary to severe nephrocalcinosis and
recurrent bouts of stone formation.124

Bowel Diseases

Small Bowel Resection

Loss of small bowel results in a constellation of
abnormal physiologies sometimes referred to as enteric
hyperoxaluria: small-bowel malabsorption coupled
with the presence of at least some colon that receives
small-bowel effluent and through which excess oxalate
enters the blood. Typical settings are Crohns disease, or
small-bowel resection or bypass, the latter in treatment
of obesity or hypercholesterolemia;125 pancreatic insuf-
ficiency or sprue may cause a similar picture. In all
cases, treatment is difficult. Oxalate absorption is medi-
ated by many transporter assemblages,126 and

unabsorbed fatty acids in all of these conditions appear
to increase colonic oxalate absorption.127 Reduced
colonic reabsorption of water and salts leads to diarrhea
with loss of alkali in the stool, and consequent low
urine citrate from systemic bicarbonate losses.125,128 The
resulting urine, high in oxalate and low in volume and
citrate, is ideal for stone production.

The renal histopathology in small bowel resection
from inflammatory bowel disease is like that of PHPT
in combining apatite tubule plugging with CaOx stone
overgrowth on plaque (Fig. 67.22).129 Plaque abun-
dance exceeds that seen in PHPT whereas the amount
of plugging is less. The plugs contain mainly apatite,
with a scattering of CaOx. Mechanisms for plaque
include low urine volume and pH. Plugging with apa-
tite would not be expected given the low urine pH and
absence of CaP SS. Urine CaOx SS is quite high, how-
ever, and possibly crystals of CaOx form as an initial

FIGURE 67.22 Endoscopic and histo-
logic images of crystalline deposits in
patients with small bowel resection with
CaOx stone disease. In panel A papillae
from these stone-forming patients are
seen to have both attached stones (double
arrow) on white plaque (single arrow)
and protruding plugs (asterisk) from
dilated openings of ducts of Bellini while
others have large amount of white plaque
(single arrow, panel B) with numerous
attached stones (double arrow, panel B).
Sites of yellow plaque (arrowheads) are
seen in panel A. Yasue stained sections
from papillary biopsies show large areas
of interstitial plaque (arrows, panel C)
surrounding the thin loops of Henle and
extending to the base of the urothelial
cells (asterisk, panel C). Areas of intersti-
tial plaque (arrows, panel D) and plugged
IMCD (arrowheads, panel D) are found in
the same biopsy sample at varying
amounts. The mineral type was apatite in
these tubules. Other biopsy samples
showed large deposits in IMCD to be a
mixture of apatite (non-birefringent mate-
rial at arrow, panels E and F) and CaOx
crystals (birefringent material at arrow-
head, panels E and F). See color plate
section at the back of the book.
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nucleation and injure cells. Injury could impair acidifi-
cation, so tubule fluid pH rises and apatite forms in
individual tubules. This conjecture requires experimen-
tal testing. Stones are generally CaOx and uric acid.
The former grow on plaque; the latter presumably
form in free solution, but this has not as yet been
proven experimentally. Despite low pH, uric acid has
not to date been found in tubule plugs.

The usual treatment measures are reasonable, but
mediocre in use. Low-fat diet reduces delivery of fatty
acids to the colon, but may impair nutrition in someone
with small-bowel disease, so its use is marginal in
many situations. Low oxalate diet is not difficult to pre-
scribe, especially because vegetables and citrus fruits
may already have been reduced because of intolerance.
Cholestyramine, 2 to 4 g with each meal, is the measure
we have found most effective, but the agent is unpleas-
ant and cumbersome. Being a resin that can adsorb
both oxalate and the offending bile and fatty acids,18 it
needs to be swallowed toward the end of a meal so it
will migrate along with the food and take up the

anions from it. Patients do not like to do this, and often
miss doses. The resin has a taste many find objection-
able. Even so, we have used it with some success, as
have others.130,131 Finally there is oral calcium, also
taken toward the end of each meal. The calcium is
intended to precipitate oxalate in the bowel lumen, and
may do so if taken with good timing. Reasonable out-
comes for stone prevention were published long
ago;132 there are no trials.

Obesity Bypass Procedures and Bariatric Surgery

Both jejuno-ileal bypass and modern bariatric sur-
gery, particularly the Roux-en-Y or duodenal switch
type of procedures, lead to hyperoxaluria in significant
numbers of patients;133 gastric banding does not
appear to carry this risk.134 Among bypass patients,
papillary plaque abundance is normal (Fig. 67.23).107

Stones are never attached to the papillary surfaces, but
are found free in the renal pelvis. Scattered tubule
plugs are apatite admixed with traces of CaOx.110

FIGURE 67.23 Endoscopic and histo-
logic images from a stone forming patient
who underwent intestinal bypass surgery
for obesity. Panel A is an example of a
papilla from an intestinal bypass stone
former that was video recorded at the
time of stone removal. Distinct sites of
Randall’s plaque were not found, instead,
several nodular-appearing structures
(arrowheads) were noted near the open-
ings of the ducts of Bellini. Panel B is a
low magnification light microscopic image
of a papillary biopsy specimen from an
intestinal bypass stone former showing
crystalline deposits (asterisk) only in the
lumens of a few IMCD or ducts of Bellini.
No sites of interstitial crystalline deposit
were seen. Note dilated collecting ducts
(arrows) with cast material and regions of
fibrosis around crystal-deposits-filled col-
lecting ducts. Panel C is a light micro-
scopic image showing a collecting duct
completely filled with crystalline material.
Panel D is an electron microscopic image
of a region of the collecting duct seen in
panel C (see rectangle). No cellular detail
remains; only crystalline material is
found. See color plate section at the back
of the book.

2337CALCIUM STONES ARISING FROM SYSTEMIC DISEASES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



Although hyperoxaluric, bypass patients maintain high
urine volumes and have rather modest CaOx SS;125

perhaps for this reason deposits are modest. Likewise
high urine volumes with low normal pH would predict
little plaque. Stones themselves can be abundant and
their origin is uncertain; free solution crystallization is
a real possibility. We do not have tissue from bariatric
patients as yet. Presumably they will be like the bypass
patients. Both categories of obesity surgery have the
same underlying physiology and treatments are the
same as for enteric hyperoxaluria from bowel resection.
In some cases, severe hyperoxaluria may lead to tissue
deposition of oxalate with acute or chronic renal
failure.135

Ileostomy

Unlike small bowel resection and bypass proce-
dures, there is no colon and therefore no hyperoxalur-
ia. Instead volume depletion and bicarbonate wasting
predominate, causing very scanty and acidic urine.
From this one would predict considerable interstitial
plaque, and that is indeed found (Fig. 67.24).136 CaOx
stones grow on the plaque as expected. Because of very
low urine pH, uric acid SS is marked, but CaP SS is
absent, so one might expect stones to contain uric acid
and no CaP; this is true. However, tubule plugging is
marked (Fig. 67.24) and the crystals in plugs are a mix-
ture of apatite and the sodium and ammonium salts of
uric acid; all three crystals are stable at high, not low
pH. This discordance between crystal type and urine
SS must arise from local acidification defects in the
individual tubules as crystals are a form of pH indica-
tor. Mechanisms are as yet unknown. Treatment is well
established: maintain fluid intake as possible, use sup-
plemental alkali as tolerated. Management is very com-
plex as these can be sick and fragile patients. Of note,
acute dehydration episodes can produce acute kidney
injury from many causes: falling blood pressure, uric
acid plugging of ureters, and acute uric acid
nephropathy.137

Primary Hyperoxaluria

These rare autosomal recessive enzyme defects
cause very high oxalate excretion rates, above 80 mg
daily and typically in the range of 150 to 300 mg daily,
due to overproduction of oxalate in the liver. Stones
often begin in childhood, and renal failure is common
as well. The high production of oxalate after kidneys
fail can promote systemic oxalate deposition in heart
and skin and blood vessels, and sudden bursts of oxa-
late into the tubule fluid of a renal transplant can
destroy the organ.138 Stone disease is CaOx, and may
be very severe.

The usual type (type I: MIM 604285) is absence or
ineffectiveness of the enzyme alanine/glyoxalate ami-
notransferase (AGT), that converts glyoxalate to gly-
cine.95 Without it, glyoxalate amounts increase, which
is converted to oxalate by lactate dehydrogenase. In
40% of cases, the enzyme is not absent but is misdir-
ected from its proper peroxisomal location to mito-
chondria, within which it cannot function except at a
minimal level. Liver tissue has 3% to 40% of normal
enzyme activity but full immunoreactivity, and the lat-
ter shows the improper location. The remainder lacks
the enzyme because of one or more mutations in its
structure. While the kidneys are functioning, one can
diagnose this condition by high urine glyoxylate and
glycolate levels as well as high oxalate levels. When
renal failure has occurred, study of liver tissue remains
definitive, however genetic diagnosis is becoming
available, and may obviate the need for biopsy in
many cases.139

In kidneys, plaque is absent (Fig. 67.25). Tubules are
plugged with CaOx admixed with apatite. The num-
bers of plugged tubules approximate those seen in
RTA, but deposits extend higher up in the nephron
than usual in stone diseases, involving the thin loops
and PT. Interstitial fibrosis also far exceeds that seen in
any other stone disease.

Treatment can begin with large fluid intake and pyr-
idoxine, 25 to 100 mg daily, the dosing raised by dou-
bling depending on response. Pyridoxine is a cofactor
for AGT, and patients with mutations associated with
mitochondrial translocation seem to be the ones that
respond.138 Orthophosphate supplements and potas-
sium citrate have also been reported as effective140 but
without controlled trials. Renal failure is common
and is treated by combined liver�kidney transplan-
tation.141 Transplant nephrologists should beware of
this condition, which can sneak by if stone history
is slighted, especially if native biopsy was not per-
formed. Management of transplantation is discussed in
Chapter 94.

Type II hyperoxaluria (MIM 260000, 604296) is
rare. The defect is loss of glyoxylate reductase/hydro-
xypyruvate reductase (GRHPR), leading to oxalate
and L-glyceric acid overproduction. Treatment is the
same as that for type I except that pyridoxine is not
likely to be useful and renal failure is not as
common.142

Recently, mutations in an uncharacterized gene,
DHDPSL, on chromosome 10, have been associated
with a third type of PH, now termed PH III. This auto-
somal recessive disorder is associated with presenta-
tion of stones in childhood, and preservation of renal
function with conservative treatment appears to be the
norm in the 9 families described thus far.143
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URIC ACID (AND OTHER PURINES) IN
STONES

We have already pointed out that urine pH controls
uric acid SS (Fig. 67.5), and at a pH of above 6.2 SS
does not occur. For this reason, alkali sufficient to raise
urine pH will abolish uric acid crystallization. That
patients with uric acid stones have low urine pH is

evident from Fig. 67.6. Mechanisms creating the low
pH have been advanced in the past few years. A cru-
cial factor appears to be insulin resistance144,145 which
reduces renal ammonia production.144 This accounts
for the well-known links between uric acid stones and
diabetes.146 Mere obesity seems important in that urine
pH falls as body weight, adjusted for urine creatinine
(an index of obesity) rises.147 Metabolic syndrome,

FIGURE 67.24 Endoscopic and histo-
logic views of papillae from ileostomy
stone patients. Papillary morphology as
viewed by digital endoscope varied from
normal (panels A and B) to retracted
(panel C) and with attached stones (dou-
ble white arrow, panel A) near white pla-
que (arrows, panel B) and/or protruding
plugs from ducts of Bellini (arrowhead,
panel C) with yellow plaque (arrowheads,
panel B). Attached stones when removed
and examined by micro-CT showed
regions of apatite on their tissue surface
(arrowheads, insert in panel A). By endos-
copy, large intraluminal deposits were
noted as dark spots on the papillary sur-
face (arrow, panel D) which were con-
firmed by micro-CT (arrow in insert of
panel D). Intraluminal plugging of IMCD
and ducts of Bellini was more prominent
than attached stones. Yasue stained papil-
lary biopsy samples revealed numerous
dilated IMCD and ducts of Bellini filled
with Yasue-positive deposits (arrows
panels E & F) and Yasue-negative deposits
(double arrow, panel E). The Yasue-
positive material was apatite while the
Yasue-negative material was sodium and
ammonium salts of uric acid. Sites of
interstitial plaque were noted in the base-
ment membrane of thin loops of Henle
(arrowheads, panel F). See color plate
section at the back of the book.

2339URIC ACID (AND OTHER PURINES) IN STONES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



characterized by insulin resistance, is also associated
with decreased 24-hour urine pH. Chronic diarrhea
causes uric acid stones, as already pointed out in our
discussion of ileostomy.

Potassium alkali salts are best because they avoid
sodium loads, with their attendant disadvantages of
volume expansion and high blood pressure. But diabe-
tes or age occasionally impairs potassium excretion in
this group of patients. In some instances, potassium
retention reduces ammonia excretion producing the
low pH (Type 4) RTA. For such patients a sodium
alkali salt is needed. We find that 25 mEq twice daily
of citrate or bicarbonate is sufficient for most people, a
few requiring a third dose. Unlike CaOx, uric acid can
dissolve at pH values attainable in human urine, and
stones may well shrink. More often, large ones lose
outer mass, and their constituent fragments become
unglued and begin to pass.

The syndromes of uric acid crystallization merit
comment as they differ from those of calcium stones.
Given a sudden delivery of uric acid into the renal
tubules, from lysis of tumors, a uricosuric drug, or a
sudden fall in urine volume in someone with a low
urine pH, crystals of uric acid may form in renal
tubules, and cause acute renal failure—so-called acute

uric acid nephropathy. Hydration and alkali may
reverse this condition; in the case of uric acid overpro-
duction, such as tumor lysis syndrome, rasburicase,
recombinant urate oxidase, is the most effective treat-
ment.148 Another outcome of sudden uricosuria or fall
in pH or volume is formation of sludge made from a
mass of uric acid crystals that obstructs both ureters
and leads to obstructive renal failure. Less dramatic,
uric acid crystals may pass with pain and bleeding, yet
being radiolucent and prone to disperse in the bladder
the crystals may never be seen. The easiest syndrome
to diagnose is uric acid gravel, which passes as a gritty
material and is orange-red from adsorbed pigment.
Management of obstructive uropathy and prevention
of tumor lysis syndrome are discussed elsewhere in
this volume. Finally, uric acid stones were described as
radiolucent in years past, being so on routine abdomi-
nal flat-plate radiographs and intravenous pyelogra-
phy. With CT scanning uric acid stones look identical
to calcium stones; however, they may be distinguished
by their lower density by Hounsfield units.149

The rare hereditary uric acid overproduction
states, such as Lesch-Nyhan syndrome, should be con-
sidered when uric acid stones present in childhood.
2,8-dihydroxyadenine urolithiasis occurs in patients

FIGURE 67.25 Endoscopic and histo-
logic images of stone-forming patients
with primary hyperoxaluria. Endoscopic
examination at time of stone removal
reveals normal appearing papilla with
dilated openings of ducts of Bellini (aster-
isks, panels A and B) containing mineral
as well as protruding plugs with attached
stone (large arrow, panel B). Regions of
yellow plaque were numerous (arrow-
heads, panels A and B) but no white pla-
que was noted. Histopathology showed
intraluminal plugging in IMCD (arrow,
panel D) and ducts of Bellini (arrow,
panel C). All mineral deposits were found
to be CaOx with only a small amount of
apatite. See color plate section at the back
of the book.
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with a deficiency of adenine phosphoribosyltransferase
(APRT, MIM 102600) and may cause renal failure as
well as stones. Other rare purine stones include ammo-
nium acid urate stones, which are associated with diar-
rheal syndromes and laxative abuse, and with
hypokalemia. Correction of the potassium depletion
and control of diarrhea are therapeutic.

CYSTINURIA AND CYSTINE STONES

The two genes responsible for cystinuria (Table 67.2)
encode the light and heavy subunits of the dibasic
amino acid transporter that normally reabsorbs the
majority of filtered cystine in PT.150 Modern classifica-
tion of cystinuria is type I or non-I (Table 67.2) depend-
ing on the gene defect, if known, or the urine cystine of
heterozygotes in the family. Cystinuria causes stones
via simple supersaturation because of the poor solubil-
ity of cystine in urine, and clinical presentation does
not differ between the two types, nor does the treat-
ment. Presentation is often in childhood, and the dis-
ease is associated with very frequent stone formation
and need for procedures. Cystine stones do not frag-
ment will with extracorporeal shock wave lithotripsy,
and this, combined with the large size to which cystine
stones often grow, means that these patients often need
percutaneous approaches for stone removal.

Among seven patients with typical cystinuria and
passage of cystine stones, papillary morphology varies
from nearly normal to massively scarred (Fig. 67.26).151

Bellini ducts are plugged with cystine, as one would
expect, but IMCD are plugged with massive deposits
of apatite, which one might not expect, and apatite
deposits can be found even in the thin limbs of Henle
(Fig. 67.26, panels C and D). We suspect the process
here resembles that in IPSF in that lumen pH rises and
initiates a vicious cycle of apatite crystallization and
cell injury. The initiating event may be obstruction by
cystine deposits in the BD. The well-known reduction

of renal function in cystinuria patients152 could well
reflect the plugging and cell destruction illustrated
here. Alternatively, these patients might lose function
simply because they have an inherited PT transport
disorder; this matter has not been studied to date.

Cystine solubility is about 1 mM/l of urine
(243 mg/l) and rises with pH.153 Supersaturation is
best measured directly, if possible, because simple cal-
culations from molarity and urine pH are not accu-
rate.154 However, direct measurements are complex
and may not be available.155 In general, a urine volume
between 3.5 and 5 liters daily will dissolve the urine
cystine of many patients. In others, one must raise pH
using potassium citrate, 25 mEq two to three times
daily, to about 7. Reduction of diet sodium and protein
can reduce urine cystine excretion modestly.

When volume, citrate, and diet measures are in place,
how can one tell if treatment is adequate apart from
waiting for more stones? We usually re-measure total
urine cystine and calculate if the urine volume will
dissolve it at the pH of the 24-hour sample or, if possible,
measure supersaturation directly. If stones continue,
or when patients do not maintain volume or pH
high enough, we use drugs, which are limited in
value by side effects. D-penicillamine and alpha-
mercaptopropionylglycine (tiopronin) form mixed disul-
fides with cysteine, thereby reducing cystine, the cyste-
ine homodimer.156 Dosing of either is reasonably simple.
D-penicillamine comes in 125- and 250-mg tablets, pro-
viding 0.83 and 1.6 mM of drug, respectively. Given 4 to
8 mM of cystine excretion daily, 125 or 250 mg four times
a day is reasonable depending on the divergence
between total cystine excretion and total urine volume.
For example, given 4 mM cystine excretion per day in
someone who will not raise urine volume above 2 liters
per day, the former dose of 125 mg four times daily
should complex about 2.4 mM, or close to the extra cys-
tine. For alpha-mercaptopropionylglycine the dose size
is 100 mg giving 0.61 mM of the drug. Both drugs have
similar side effects but the incidence is lower with

TABLE 67.2 Cystinuria

Disease MIM Inheritance Locus/

Gene

Gene

Product

Functions Location Phenotype

Cystinuria type A
(type I)

104614 Autosomal
recessive

2p16.3/
SLC3A1

rBAT Heavy unit of
heteromeric
aa transporter

Proximal
tubule,
S3

Heterozygotes:
Normal
urine cystine
excretion

Cystinuria type B
(usually type
non-I)

604144 Incompletely
autosomal
recessive

19q13.1/
SLC7A9

b0,1AT Light subunit
of heteromeric
aa transporter

Proximal
tubule,
S1 and S2

Heterozygotes:
Elevated
urine cystine
excretion

(From Coe FL, Evan A, Worcester E. Kidney stone disease. J Clin Invest. 2005;115:2598�2608, with permission.)
aa, amino acids; MIM, Mendelian Inheritance in Man; S1, S2, S3, segments 1�3 of the proximal tubule.
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tiopronin, which is our drug of choice. Adequate therapy
can prevent new stone formation and may be able to
decrease the size of existing stones if supersaturation is
lowered adequately.

Cystine stones are hard to see with routine radio-
graphs, having only sulfur as a heavy atom, sparsely
distributed in the molecule and crystals. CT scanning
resolves the stones perfectly. Some cystine stones
become coated with calcium salts, particularly if pH of
the urine has been raised in someone who is also
hypercalciuric; such “eggshell” stones will not dissolve
and can be hard to fracture. Some writers recommend
screening all cystinurics for routine metabolic stones
because they harbor such disorders no less frequently
than other people. All stones should be analyzed to be

sure they do not contain additional phases that might
need individual treatment. The lemon-yellow color of
cystine is no guarantee that no more lies inside.

PLAQUE AND DEPOSITS IN ALL FORMS
OF STONE DISEASE: AN INTEGRATION

Quantities of Plaque and Deposits

In biopsy samples, using high resolution micro-CT
analysis, deposits can be quantified as number/cubic
mm of tissue and mean size of deposit. Plaque abun-
dance can be quantified as the fraction of papillum
covered using intra-operative digital imaging. For the

FIGURE 67.26 Endoscopic and histologic views of papillae from cystine stone patients. Papillary morphology as seen through the endo-
scope varies from normal to flattened with greatly enlarged openings (arrows, panel A) of the ducts of Bellini. Some dilated ducts of Bellini
contained protruding plugs (insert panel A) of crystalline material (double arrow). In addition, small sites of suburothelial Randall’s plaque
were noted. Occasionally, large masses of crystalline material were seen at the time of PNL to lie under the urothelium at a site marked by
dilated ducts of Bellini and upon unroofing the urothelium during the biopsy procedure (single arrow in panel B), deposits were exposed that
were located within a tubular lumen (double arrow in panel B). The deposits were determined to be cystine. The papillary histopathology of
the cystine patients also showed variation from normal to regions of plugging, dilation and injury of IMCD (double arrows in panel C).
Intraluminal plugging with crystals was noted in thin loops of Henle (single arrow in panels C and D), and IMCD (double arrows in panel C).
The insert in panel D shows a 3-D reconstructed micro-CT image of a papillary biopsy and the arrow indicates the site of the protruding plug
like that seen in the insert in panel A. The large, dense triangular deposit was determined to be cystine. Surrounding this large deposit are sev-
eral smaller regions of mineral (double arrow) that are consistent with apatite. Panel D is a paraffin section from the lower half of the biopsy
seen by micro-CT and shows Yasue positive material in a thin loop of Henle (arrow). See color plate section at the back of the book.
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nine diseases with tissue analysis, 4 have no more than
normal amounts of plaque (Fig. 67.27): obesity bypass,
cystinuria, primary hyperoxaluria and RTA. ICSF are
unique in having abundant plaque without any depos-
its, and normal subjects, of course, have trivial plaque
and no deposits. Primary hyperoxaluria and RTA have
the most deposits, and primary hyperparathyroidism,
IPSF (brushite), ileostomy and small bowel resection
have high amounts of both deposits and plaque. As
noted in the symbols and legend, apatite is the most
common crystal in deposits, accompanied by CaOx;
cystine and urate species are unique to cystinuria and
ileostomy, respectively.

Abundance and deposit size tell, however, only part
of the story. In obesity bypass, RTA and small bowel
resection, deposits are limited to the BD and IMCD
(Fig. 67.28), in other words to the most terminal neph-
ron segments. They extend into the outer medullary
collecting ducts in IPSF (brushite), primary hyperpara-
thyroidism and primary hyperoxaluria, essentially by
contiguity. In primary hyperparathyroidism they
extend even further, into the cortical collecting ducts,

and in ileostomy and cystinuria they involve the thin
limbs and distal tubule (DCT). Primary hyperoxaluria
is unique in that deposits invade the entire nephron.
The stone diseases therefore form a spectrum along
three axes: deposit density, deposit size, and deposit
extent, which are often discordant from one another.
Exactly why this happens is not clear except perhaps
for the extreme invasiveness of primary hyperoxaluria,
which floods the nephron with oxalate, lifelong.

Physiological Correlates of Plaque

The effects of urine calcium excretion, volume, and
pH on plaque abundance found among ICSF, obesity
bypass, and normal subjects (Fig. 67.16) can be repro-
duced in the nine separate conditions we have data for.
A multivariable score derived from these three mea-
surements separates the conditions into two groups
(Fig. 67.29, left panel): low plaque states (lower left)
and high plaque states (upper right). The five high pla-
que states are to the lower right on the middle panel of
the figure, because of having higher urine calcium
molarities (x axis) and lower pH values vs. the 4 low
plaque states: plaque increases with the ratio of cal-
cium to water excretion and falls with pH. When urine
volume is plotted against urine calcium excretion (right
panel) the high plaque states are at higher urine cal-
cium excretions for a given urine volume (downward
and to the right of the low plaque states). So the effects
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of high calcium and low water excretion and pH to
promote plaque can be duplicated among normals and
eight separate stone forming diseases, meaning the
relationships are robust.

INFECTION (STRUVITE) STONES

Magnesium ammonium phosphate crystals, literally
the solid phase of a triple salt, were described by
Struve, who found them in caves, and gave his name
to them: struvite.157 These stones form only when the
kidneys are colonized by bacteria that possess the
enzyme urease, which hydrolyzes urea to ammonia
and CO2. The ammonia raises pH by accepting pro-
tons; HCO3 is produced as the CO2 dissolves in the
alkaline urine, raising local levels of bicarbonate and
eventually of carbonate ions. Protons are removed
from phosphate as well, raising local concentrations of
PO4

23 as ammonia converts to ammonium ion. In the
micro-environment of bacterial colonies, struvite crys-
tallizes out of solution along with calcium carbonate to
make large branched stones that often fill multiple
calyces in a staghorn conformation.

The bacteria involved are usually Proteus, Klebsiella,
Pseudomonas, and Enterobacter species, never Escherichia
coli, and appear to colonize the urine mainly after mul-
tiple episodes of antibiotic treatment for routine infec-
tions. Once in place, the stones and their bacteria
cannot be treated with antibiotics, as they act like all
infected foreign bodies. The bacteria lodge in and stick
to the stone, and antibiotics cannot penetrate into the
depths of the crystal masses to kill all of the organisms.

Resistance evolves easily under such circumstances.
The only treatment option is surgical.

We have found two clinical divisions of struvite
stone patients.158 One forms struvite stones with at
least some CaOx in them. These patients are men and
women and harbor the conventional set of metabolic
causes of stones. They usually report having passed
stones, and their renal function is only slightly below
normal, as is the case with most stone formers.124 The
second type is mainly women, in whom a large stone
is found on radiograph, the latter often obtained in
evaluation of infection or bleeding or pain. The stones
contain no CaOx, and the patients have no usual meta-
bolic cause of stones. Renal function is frequently
reduced by a small amount. In either case, the stone
must be removed and the infection treated.

A third kind of patient presents with acquired or
hereditary deformity of the urinary system or a spinal
cord injury with subsequent bladder dysfunction and
need for chronic catheterization. Abnormal drainage,
catheter infections, and dead space in distorted anat-
omy promote bacterial lodgment and colonization and
eventuate in struvite stones. This last category of
patient is in the purview of surgical urology and reha-
bilitation medicine and requires unusually complex
management. In cases where complete removal of
stone material is not possible, aceto-hydroxamic acid
may be used to inhibit urease and prevent stone
growth.159,160 However, many patients exhibit serious
side effects, including deep vein thrombosis and head-
ache, limiting the use of this agent.

When surgery is undertaken for infection stones, the
goal must be removal of all fragments, for all parts of
the stone are infected and can grow back. We cannot

FIGURE 67.29 Determinants of plaque surface area in 8 stone forming conditions and normal subjects. Relationship between urine volume
and calcium excretion (right panel) and urine pH and urine calcium molarity (middle panel); abbreviations as in Fig. 68.27. Size of symbol denotes
plaque surface area. Note clustering of high (large symbols) plaque states to the lower right of both panels and marked separation from low pla-
que states. A score incorporating volume, urine calcium and urine pH predicts plaque coverage well across all stone forming conditions stud-
ied so far. (Reprinted with permission from: Coe FL, Evan AP, Lingeman JE, Worcester EM. Plaque and deposits in nine human stone diseases. Urol Res
38:239-247, 2010).
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dwell, here, on details of surgery, but this kind of work
is best left to centers with high levels of experience and
instrumentation. Antibiotic treatment after complete
removal of the stones should be with bactericidal
agents with the intent to sterilize the urinary tract and
prevent re-growth. Given a successful removal of the
foreign bodies, this is a reasonable goal. Prevention of
struvite stones depends on proper and judicious treat-
ment of the many urinary tract infections that stone
passage and removal engender, a matter covered else-
where in this volume.

FINALTHOUGHTS

Stone patients are sometimes approached with ther-
apeutic nihilism, as though further stone formation
was inevitable. However, experience has shown that
stone recurrence is highly preventable. Treatment
aimed at lowering urinary SS with respect to the stone
matrix by correcting metabolic abnormalities uncov-
ered using 24 hour urines for evaluation has been
shown to decrease stone recurrence over decades.161

Such treatment can markedly lower the need for proce-
dures for stone removal as well. Careful follow-up is
required, to confirm that urine SS remains low and to
modify the treatment regime—fluids, diet and medica-
tions—as needed to maintain the lowest possible SS.
With such attention, prevention of stones is attainable
over long time periods.
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INTRODUCTION

The renal capacity to reabsorb inorganic phosphate
ions (H2PO4

�/HPO4
22; abbreviated as Pi) is a major

determinant of whole-body Pi homeostasis, which is
required for normal cellular functions (e.g., energy
metabolism and signaling mechanisms) and bone
growth and remodeling. Consequently, urinary excre-
tion of Pi is tightly controlled according to the body
needs by a variety of hormones, diets, and metabolic
factors.1�4 Diverse pathophysiological conditions and
genetic diseases that are manifested by an altered renal
reabsorption of Pi have been described6,7,40,50,185 (see
also Chapter 69).

The basic concepts of the renal handling of Pi and
the regulation of renal Pi excretion have been reviewed
in a number of articles1�5,12,177 to which the reader is
referred for original publications not cited in this chap-
ter. Here we will focus on sodium-dependent Pi
cotransporters that are responsible for renal reabsorp-
tion of Pi and we will address the cellular mechanisms
involved in the regulation of these cotransporter
proteins.

PROXIMALTUBULAR REABSORPTION
OF PHOSPHATE

Under normal physiological and dietary conditions,
approximately 80% of the filtered Pi is reabsorbed in
the proximal tubules. Studies on isolated perfused
proximal tubules and brush border membrane vesicles
(BBMVs) isolated from the superficial or the deep kid-
ney cortex indicated that the rates of Na-dependent
Pi transport in convoluted tubules are approximately

threefold higher than rates observed in straight
tubules, which suggests intranephronal heterogeneity
along the proximal segments S1, S2, and S3. In addi-
tion, there is evidence of an internephronal heterogene-
ity as the fractional delivery of Pi to the early distal
tubules of juxtamedullary nephrons is smaller com-
pared with that of superficial nephrons.1

There is no Pi reabsorption in the segments of the
loop of Henle and Pi reabsorption along the distal part
of the nephron remains controversial. Taking different
methodological approaches and species differences
into account, it appears that up to 10% of the filtered
load may be handled by distal tubular segments, yet
the molecular mechanisms are still unknown.

Apical Entry Step

Studies performed with isolated proximal tubules
and BBMVs showed that the apical uptake of Pi is
strictly dependent on the presence of sodium ions (i.e.,
occurs via secondary active, sodium-dependent trans-
port mechanism(s): Na/Pi-cotransport). Furthermore,
in all experimental systems, Na/Pi-cotransport activity
is modulated by the extracellular pH, with higher
uptake rates observed at more alkaline pH.12

Assuming a membrane potential of ��65 mV, a
stochiometry of overall Na/Pi cotransport of at least
two sodium ions per one Pi ion and a concentration
gradient for sodium of 10:1, the intracellular accumula-
tion of Pi is found to be .100:1 (intra- versus extracel-
lular). However, as indicated by nuclear magnetic
resonance (NMR) studies, the intracellular Pi concen-
tration may be assumed to be in the range of 0.7 to
1.8 mM.55 As this concentration of Pi is far below the
thermodynamic equilibrium, it follows that the driving
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forces for the apical entry step(s) of Pi are always in
excess. Therefore, changes of the transport rates (due
to changes on either the number of transport units or
their kinetic properties. e.g., Km) offer possibilities for
an efficient regulation of the apical uptake of Pi.
In fact, there is ample evidence showing that most reg-
ulatory factors that influence the overall proximal
tubular Pi transport capacity (TmPi/GFR-tubular
maximum for Pi reabsorption per unit of glomerular
filtration rate) alter the abundance of apical Na/Pi-
cotransporters.

Basolateral Exit of Phosphate

Exit of Pi at the basolateral side of the proximal
tubular cell occurs down the electrochemical gradient
of Pi. Transport of Pi through the basolateral mem-
brane is not well understood and the corresponding Pi
transporter proteins have not been identified. To main-
tain the intracellular Pi concentration high enough to
sustain the intracellular metabolism, basolateral exit
mechanisms are regarded as “controlled leak” path-
ways. Different mechanisms for the basolateral exit of
Pi have been proposed, such as a phosphate/anion
(bicarbonate) exchange or a sodium-independent,
pathway.12

GENE PRODUCTS INVOLVED
IN PROXIMALTUBULAR

PHOSPHATE REABSORPTION

Several mammalian membrane proteins have been
cloned, which, after expression in oocytes of Xenopus
laevis, mediate Na/Pi cotransport. These Na/Pi-cotran-
sporters have been grouped into type I, type II, and
type III Na/Pi-cotransporters and more recently were
assigned to the solute carrier (SLC) families 17 (type I),
20 (type III), and 34 (type II).16�19 Studies with Npt2
knockout mice and analysis of patients with hereditary
hypophosphatemic rickets with hypercalciuria
(HHRH) indicated that the type II Na/Pi-cotranspor-
ters are of major importance for proximal tubular reab-
sorption of Pi.20,21,36,87 One member of the SLC20
family, PiT-2, has been localized at the BBM of proxi-
mal tubules as well, however its role in renal handling
of Pi is however less clear.23,25,37 Na/Pi-cotransporters
localized at the apical membrane of proximal tubular
cells are indicated in Figure 68.1.

The type I Na/Pi-cotransporter (NaPi-I, SLC17A1)
was originally identified on the basis of its Na/Pi
cotransport activity after expression in oocytes.
Moreover, a number of findings have questioned its
role in the renal handling of Pi-I besides acting as a

FIGURE 68.1 Na/Pi-cotransporters
localized in the proximal tubular cells.
In adults, uptake of filtered phosphate in
the apical brush border membrane has
been shown to be mediated mainly by
NaPi-IIa and NaPi-IIc in the S1/S2 seg-
ments (pale pink) and NaPi-IIa in the S3
segments (pale blue). They transport pref-
erably divalent Pi with different Na:Pi
stoichiometries, as indicated. In addition
PiT-2 is found in S1, S2 and S3 and trans-
ports preferably monovalent Pi. Its contri-
bution to overall Pi transport is unclear,
but has been shown to show a different
regulatory time course from the SLC34
proteins in rodents. Furthermore, NaPi-IIa
and NaPi-IIc represents the major target
for the regulation of proximal tubular Pi
reabsorption (see text). Compensation for
Na1 loading and altered membrane poten-
tial due to electrogenic transport by NaPi-
IIa and PiT-2 is mediated by the Na-K-
ATPase in the basolateral membrane. The
basolateral Pi exit pathway has still not
been identified.
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Na/Pi-cotransporter: i) NaPi-1 also exhibits anion
channel activity; ii) Na/Pi-cotransport mediated by
NaPi-I is not dependent on the pH; and iii) alterations
of the renal handling of Pi could not be correlated with
changes of NaPi-I protein content.12,24

The Type ll Na/Pi-Cotransporter Family SLC34

The Na/Pi-cotransporter family SLC34 comprises
three members: type IIa/NaPi-IIa (SLC34A1), type IIb/
NaPi-IIb (SLC34A2), and type IIc/NaPi-IIc (SLC34A3)
NaPi-IIa and NaPi-IIc are expressed in the kidneys.
Expression of NaPi-IIb has not been reported in the
kidney but in a number of other epithelial and
epithelial-like tissues, for example in small intestine,
liver, testes and lung.143 In the small intestine NaPi-IIb
protein is localized at the apical membrane of entero-
cytes and, as demonstrated with a conditional mouse
knock-out model, is involved in reabsorption of dietary
Pi.89,116

NaPi-IIa (SLC34A1) has been cloned from renal tis-
sues of different species. The human (NPT2; chromo-
some 5q35) and mouse genes (Npt2; chromosome 13)
are approximately 16 kb in length and are arranged
into 13 exons and 12 introns.17�19,143 In promoter con-
structs analyzed so far, elements for transcriptional
regulations by bicarbonate/CO2 tension, vitamin D,
and Pi deficiency have been detected. However, the
physiological significance of transcriptional regulation
of NaPi-IIa gene expression has not been established
unequivocally.12

By reverse transcriptase-polymerase chain reaction
(RT-PCR) and in situ hybridizations, expression of
NaPi-IIa mRNA has been detected exclusively in the
proximal tubules. This was confirmed by immunohis-
tochemical analysis, which demonstrated that NaPi-IIa
protein is restricted to the BBM of proximal tubular
cells. By immunogold electron microscopy it was
shown that NaPi-IIa cotransporters are evenly distrib-
uted along the whole length of the microvilli.12,28

Under Pi balanced dietary conditions the abundance of
the NaPi-IIa protein is usually stronger in proximal
tubules of juxtamedullary nephrons and decreases
gradually along the tubular axes.

NaPi-IIa consists of approximately 635 amino acids.
On immunoblots this protein is detected between 80
and 100 kDa. Interestingly, after denaturation in the
presence of reducing agents, two bands of approxi-
mately 45 and 50 kDa are observed, which is likely due
to a proteolytic cleavage between the N-glycosylation
sites contained within the extracellular loop between
the transmembrane regions TM5 and TM6 (see
Figure 68.2).29 Separate expression of the cleavage pro-
ducts in oocytes of X. laevis oocytes did not result in

Na/Pi cotransport activity, whereas after coexpression
of both parts, Na/Pi cotransport could be restored30,147

indicating that proteolytically cleaved NaPi-IIa-
cotransporters are functional. Whether a fraction of the
NaPi-IIa protein content in apical membranes is proteo-
lytically processed in vivo or if cleavage occurs during
the isolation of proximal tubular BBMV, is currently
not known.

Expression of NaPi-IIc (SLC34A3) has been detected
in kidney, heart, spleen, and placenta. In kidneys, the
largest amount of NaPi-IIc protein was detected in
weaning animals; in adult mice, the abundance of this
cotransporter is markedly decreased. On the basis of

FIGURE 68.2 Topology models Na/Pi-cotransporters. Upper:
SLC34 proteins (NaPi-IIa, NaPi-IIc) are predicted to comprise 12
transmembrane helices and intracellular N- and C-termini. A large
extracellular loop between helices 5 and 6 contains two N-
glycosylation sites (in NaPi-IIa) and a disulfide bridge, essential for
correct function. The two halves of the protein, comprising helices
1�5 and 6�12 contain inverted repeat regions that include two puta-
tive re-entrant domains (purple: helices 3,4 and 8,9) that are thought
to associate and form the transport pathway. In NaPi-IIa, the dibasic
KR motif (brown) was shown to be necessary for the responsiveness
to parathyroid hormone. At the C-terminus, interaction with the PDZ
proteins NHERF1 and PDZK1 occurs via the TRL C-terminal PDZ-
binding motif (red). Three residues (AAD motif) responsible for con-
ferring electrogenicity and a 3:1 Na:Pi stoichiometry for NaPi-IIa are
also indicated (red). Lower: SLC20 proteins (PiT-1,2) are predicted to
comprise 12 transmembrane helices and extracellular N- and C-
termini. Two conserved inverted repeat domains are indicated
(purple). There is one confirmed N-glycosylation site in the first
extracellular loop of PiT-2.
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these observations, NaPi-IIc has been referred as a
“growth related Na/Pi-cotransporter”.167,174 In mouse
and rat kidneys, NaPi-IIc was localized at the BBM of
S1 and S2 segments but was not observed at the lumi-
nal membrane of S3 segments.127

Type III Na/Pi-Cotransporters Family SLC20

The retroviral receptors Glvr-1 (PiT-1) and Ram-1
(PiT-2) have been shown to induce Na/Pi-cotransport
in oocytes of X. laevis and were assigned to the SLC20
Na/Pi-cotransporter protein family.16,103

Transcripts of PiT-1 and PiT-2 have been detected in
many tissues, including kidney, small intestine, liver,
lung, striated muscle, heart, and brain. In kidneys,
expression of PiT-1/2 mRNA was observed in the
cortex and medulla. It has been estimated that
SLC20 mRNA accounts for only approximately 0.5% of
total renal Na/Pi-cotransporter mRNA.10

In addition to NaPi-IIa and NaPi-IIc, PiT-2
(SLC20A2) has also been localized at the proximal
tubular apical membrane as well23,37 (Figure 68.1). No
other nephron localization for PiT-2 is known so far.
Although, by in-situ hybridization, PiT-1 mRNA has
been detected throughout the entire renal tissue,10 the
localization of the PiT-1 protein remains to be
determined.

Relative Roles of Na/Pi-Cotransporters in Renal
Handling of Pi

Studies performed with knock-out mouse models
and analysis of hereditary human diseases with hypo-
phosphatemia suggested that the relative roles of NaPi-
IIa and NaPi-IIc in renal reabsorption of Pi in rodents
and humans might differ. In mice (and possibly all
rodents) NaPi-lla appears to be of major importance
whereas in humans the relative roles of NaPi-IIa and
NaPi-IIc are less clear.

Mouse Studies

A central role of NaPi-IIa in the renal handling of Pi
was demonstrated with mice in which the Npt2 (NaPi-
IIa) gene was ablated.20,22,36 Npt2 deficient mice show
massive renal loss of Pi and consequently hypopho-
sphatemia, as well as hypercalciuria due to elevated
levels of 1,25-(OH)2VitD3. Flux measurements per-
formed with isolated BBMVs demonstrated that, com-
pared with BBMV’s of control mice, Na/Pi uptake was
reduced by 70 to 80%. The remaining 20 to 30% of Na/
Pi-cotransport activity was attributed to an up-
regulation of NaPi-IIc.163 In contrast, NaPi-IIc deficient
mice did not develop hypophosphatemia or phospha-
turia, and Na/Pi-cotransport in isolated BBMVs was

unchanged.176 NaPi-IIc2/2 mice showed hypercalce-
mia and hypercalciuria due to elevated levels of 1,25-
(OH)2VitD3 suggesting a role of NaPi-IIc in calcium
metabolism. In BBMVs isolated from kidneys of NaPi-
IIa/NaPi-IIc double knock out mice still residual Na/
Pi-cotransport was observed that is likely due to PiT-2.
However, the overall role of PiT-2 in renal handling of
Pi remains to be determined.

Human Studies

In a genome-wide study of a large prospective
cohort NaPi-IIa has been found to be associated with
serum concentration of Pi.35 In fact, several mutations
in the NaPi-IIa gene have been described in patients
with hypercalciuria and elevated urinary Pi excretion.
However, in all carriers, NaPi-IIa mutations were het-
erozygous and could not be correlated with hyperpho-
sphaturia.68,157 On the other hand, a homozygous
duplication in the NaPi-IIa gene (I154_V160 dup)
causes autosomal recessive Fanconi’s syndrome and
hypophosphytemic rickets.148 Complete loss of func-
tion of this mutant due to the missorting of the
mutated NaPi-IIa was observed in in-vitro studies.
Compared to NaPi-IIa, a more critical role of NaPi-IIc
in Pi homeostasis in humans has been become evident.
In patients with HHRH several mutations have been
mapped in the SLC34A3 gene.21,104 Thus, these find-
ings indicate that the function of NaPi-IIc in humans
likely remains more important during adulthood com-
pared to mice and may not be strongly dependent on
growth.

Transport Mechanisms

SLC 34

Once correctly targeted to the membrane, NaPi-IIa/c
transport characteristics are influenced only by changes
in membrane potential (for NaPi-IIa) and external pH
(for both NaPi-IIa and NaPi-IIc). So far, no evidence
exists of post-translational modification of their kinetic
properties. With constant pH and membrane potential,
the transport capacity is therefore a direct function of
the number of proteins present in the membrane.
SLC34 protein membrane abundance is influenced by a
variety of physiologically important regulatory factors
(see below). NaPi-IIa and NaPi-IIc Na/Pi cotransport
kinetics have been characterized in Sf9 cells and in
Xenopus oocytes (by tracer uptake and electro-
physiology).14,46�48,53,54,67,69 Transport is Na1-depen-
dent and displays an apparent affinity constant for Pi
typically ,0.1 mM and an apparent affinity constant
for Na1 in the range 40�60 mM. Arsenate is the only
other substrate known to be transported by the type IIa
Na1/Pi-cotransporters.51
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It was established by means of heterologous expres-
sion in Xenopus oocytes that NaPi-IIa and NaPi-IIc pref-
erentially transport divalent Pi (HPO4

22).52,53,67 An
important mechanistic difference between NaPi-IIa and
NaPi-IIc is that transport activity for NaPi-IIa is electro-
genic, whereas for NaPi-IIc it is electroneutral.
Electrogenic NaPi-IIa translocates one net positive
charge per transport cycle and the transport rate
increases with membrane hyperpolarization, whereas
electroneutral NaPi-IIc is insensitive to membrane
potential and no net charge is translocated. This func-
tional distinction is reflected in their respective Na1:Pi
stoichiometries- 3:1 for NaPi-IIa and 2:1 for NaPi-
IIc.52�54,67 It also follows that the theoretical Pi concen-
trating capacity is approximately 100-fold higher for
NaPi-IIa, which, however implies a greater energetic
cost to the cell resulting from Na1 and charge accumu-
lation. The preference for divalent Pi explains, in part,
the strong dependence on external pH that would
result from the titration of Pi species. In addition, pro-
tons can act directly on the transporter protein by com-
peting with Na1 binding and modulating
conformational changes associated with the empty car-
rier states.47,48

The loading of NaPi-IIa and NaPi-IIc proteins with
substrates is proposed to be ordered. Biophysical stud-
ies (presteady-state analysis and voltage clamp fluo-
rometry) have established that two Na1 ions bind
sequentially and cooperatively before phosphate.14,56 A
third Na1 binding transition precedes a rate-limiting
reorientation of the fully loaded carrier. The order of
substrate release at the cytosol is unknown. For NaPi-
IIc, one of the two Na1 ions, which confers electrogeni-
city to NaPi-IIa, can still interact with the protein but is
not cotransported.67

Transport by NaPi-IIa and NaPi-IIc is blocked by the
competitive inhibitor phosphonoformic acid or foscar-
net (PFA) with a reported inhibition constant
� 0.4�0.6 mM.46,182 PFA itself is not transported.
Several other inhibitors of type IIb Na/Pi-cotranspor-
ters with significantly lower inhibitory constants than
PFA have been reported.59 These possibly act in a non-
competitive manner on NaPi-II proteins and a phos-
phophloretin compound was reported to exhibit inhibi-
tion at micromolar concentrations32 although its
efficacy on heterologously expressed NaPi-II-cotran-
sporters is unknown.

In addition to the cotransport-related current, two
other currents related to the expressed protein can be
observed for the electrogenic NaPi-IIa under voltage
clamp: a cation leak that is active in the absence of Pi,
and presteady-state currents. The leak is proposed to
be mediated by the translocation of a single Na1 ion
per cycle at a rate ,10% of the cotransport mode.61 It
is unlikely to have physiological consequences, because

Pi is normally present at sufficiently high concentra-
tions to ensure that cotransport mode dominates and it
is not observed in the electro-neutral NaPi-IIc.52

However, naturally occurring mutations in NaPi-IIc
are reported to result in a significant Na1-leak, which
illustrates how minor changes in the amino acid com-
position can have profound effects on function and
important clinical consequences for phosphate homeo-
stasis.104 Presteady-state current relaxations, induced
by rapid changes in membrane voltage reflect non-
linear charge movements associated with the electro-
genic NaPi-IIa.47,48 Detailed study of their properties
led to the identification and quantification of voltage-
dependent steps in the transport cycle (namely the
voltage-dependent reorientation of the empty carrier
and the first Na1 binding step) and estimations of
the transport or turnover rate (number of Pi molecules
translocated per second per protein), to be � 10 s21

(e.g., see Table 2 in Ref 67).

SLC20

The two known mammalian isoforms of SLC20 pro-
teins (PiT-1, SLC20A1 and PiT-2, SLC20A2) were origi-
nally identified as retroviral receptors Glvr-1 and
Ram-1, respectively. They were later shown to be Na1-
coupled Pi transporters and the electrogenicity and
basic kinetics of transport characterized.103 It became
apparent from these and other studies, e.g.,63,64 that
SLC20 proteins were functionally distinct from SLC34
transporters and the differences were underscored in
an electrophysiological characterization of PiT-1 trans-
port kinetics.9 The most important kinetic parameter
that distinguishes SLC20 from SLC34 proteins is that
the former preferentially transport monovalent Pi
(H2PO4

-) with a 2:1 Na1:Pi stoichiometry.9 Like SLC34
proteins, the apparent affinities for Pi and Na1 are also
typically # 100 μM and � 50 mM, respectively.
Another kinetic property that distinguishes SLC34 and
SLC20 proteins is the weaker sensitivity to pH in the
latter case: for PiT-1 the maximum transport rate is rel-
atively constant over a 3 pH units and the apparent Pi
affinity decreases only at pH ,6. The preference for
monovalent Pi and insensitivity of transport kinetics to
reduced pH would allow SLC20 proteins to transport
Pi under conditions where SLC34 proteins are func-
tionally compromised. Unlike SLC34 proteins that are
considered exclusively Na1 driven, it was shown that
Li1 can replace Na1 as the driving cation for PiT-1,
albeit with a reduced transport rate.9 Furthermore, in
the absence of Na1, lowering pH from 7.5 to 6.0
induces significant Pi uptake in Xenopus oocytes that
expressed PiT-2. It has been proposed that H1 may
also substitute for Na1 for this isoform.64,66 PFA is a
weak inhibitor of PiT-1,2 mediated transport activity66

and to date no specific inhibitors for SLC20 have been
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reported. Kinetic studies suggest that Na1 is the first
ion to interact followed by a random binding of Na1

and Pi.9 Finally, in contrast to SLC34 proteins in which
the final translocation of substrates is assumed electro-
neutral, this partial reaction of the transport cycle may
confer electrogenicity to PiT-1,2.67

Structure-Function Relationships

SLC 34

The current model of the secondary structure of the
type II Na/Pi-cotransporter is depicted in Figure 68.2
and predicts 12 transmembrane domains (TMDs) and
cytoplasmically oriented N- and C-termini, the intracel-
lular localization of which has been verified by epitope
tagging and in vitro glycosylation assays.8 In this
model, TMDs 1 to 5 are separated, from TMDs 6 to 12
by a large extracellular loop that contains two N-
glycosylation sites. This loop also contains one essential
disulfide bridge; a second bridge has also been pro-
posed that possible links TMD 5 to TMD 11.70 Both
bridges are thought to be important for defining final
folding of the membrane-bound protein. The large
extracellular loop and the N- and C-termini represent
the greatest source of variation between species.18 The
C-termini is important for targeting and protein-
protein interactions. For example, the TRL motif in the
C-terminus plays a role as a PDZ binding motif and a
KR motif located in an intracellular linker region
(Figures 68.2 and 68.3) is critical for PTH sensitivity
(see below). In contrast, the central “core” of TMDs
shows a high degree of residue similarity or identity,
and is largely conserved even in bacterial homologs,
which suggests its importance in defining the transport
characteristics.18,19 Given that the electrogenic (NaPi-
IIa) and electroneutral (NaPi-IIc) isoforms share the
same substrate specificities and preference for divalent
Pi,67 this suggests that structural features that deter-
mine substrate recognition and translocation are simi-
lar. Substituted cysteine accessibility mutagenesis
assays have provided additional insight into the mem-
brane topology and strongly suggest that the transport
pathway is likely formed by two inverted repeat
segments comprising TMDs 3 and 4 and TMDs 7
and 8.71�73 It was also established that the NaPi-IIa
functional unit is a monomer31 although evidence from
biochemical studies75 and using the split ubiquitin
approach101 and freeze fracture of Xenopus oocyte
membranes containing the expressed transporter77 sug-
gest that dimerization is likely. Close comparison of
the NaPi-IIa and NaPi-IIc sequences has revealed one
region between the predicted TMD3 and TMD4 that
contains specific residues important for conferring elec-
trogenicity and defining the transport stoichiometry.52

The functional importance of these residues was con-
firmed experimentally.52,78

SLC20

Like SLC34 proteins, their current topology is pre-
dicted to comprise 12 TMDs but with extracellular N-
and C-terminal tails (Figure 68.2). Also like SLC34
cotransporters, the structure of SLC20 proteins contains
an inverted repeat architecture. This topology is

FIGURE 68.3 A: Interaction of NaPi-IIa with PDZ-proteins. NaPi-
IIa interacts with the 4 members of the NHERF family (NHERF1�4)
as well as with Shank2E. All these proteins are located at the brush
border membrane (BBM) or in close proximity. The asterisks indicate
which PDZ domains are engaged in association with NaPi-IIa. Other
domains are: The Src Homology 3 (SH3), Merlin-Ezrin-Radixin-
Moesin (MERM), MERM-binding domain (MERM-BD) and sterile
alpha motif (SAM). B: The association of NaPi-IIa with NHERF1 is
regulated by several hormones through a mechanism that involves
phosphorylation of NHERF1. Parathyroidhormne (PTH) as well as
dopamine (DA) treatment induces endocytosis of NaPi-IIa without
altering the expression of NHERF1. Binding of these hormones to
their receptors (R) triggers an intracellular signal (step 1) that leads to
phosphorylation of two residues located within the first PDZ-domain
of NHERF1: serine-77 and threonine-95 (step 2). This phosphoryla-
tion destabilizes the association of NaPi-IIa with NHERF1, thus
allowing the removal of NaPi-IIa from the brush border membrane
(step 3); in contrast, NHERF1 remains anchored to the apical cyto-
skeleton via its MERM-binding domain. Internalized NaPi-IIa is
finally degraded in lysosomes.
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suggested by bioinformatic predictions, epitope tag-
ging, cysteine scanning and in vitro glycosylation
studies, e.g.,67,79,132 Several studies have focussed on
identifying the viral receptor domains, which has led
to further insight into the secondary structure of
PiT’s.81,82 For example, the large intracellular domain
and associated TMDs have been removed and shown
not to be required for retroviral recognition,81

although it is unknown if the transport function was
compromised. PiT-1 and PiT-2 differ in the location
of their virus binding sites: for PiT-2 this has been
identified in the first extracellular loop, whereas that
for PiT-1, has been suggested to be in the fourth
extracellular loop81,82,88 (Figure 68.2).

PROTEIN-PROTEIN INTERACTIONS
OF TYPE II NA/PI-CO-TRANSPORTERS

Intracellular sorting, hormonal regulation and stabil-
ity at the plasma membrane of a given protein may be
controlled via its association with interacting partners.
By Yeast-two hybrid screens several proteins have
been identified that interact with NaPi-IIa and NaPi-
IIc. No proteins that may interact with the PiT-2 trans-
porter have been identified so far.

NaPi-IIa Associated Proteins

NaPi-IIa interacts, among others, with several PDZ
domain-containing proteins, namely the four members
of the NHERF family76,84,91,101 and Shank2E26

(Figure 68.3). Importantly, these five proteins are
located either at the renal proximal BBM (NHERF1,
NHERF3 and Shank2E) or in its close proximity
(NHERF2, NHERF4).84,159

PDZ domains are modules involved in protein-
protein interactions, and are widely expressed across
philia (for review see 62). They consist of 80 to 100
amino acids distributed in six β strands (βA�βF) and
two α helices (αA�αB). PDZ domains typically bind to
the C-terminus (PDZ-binding motif) of their interacting
partners, via a conserved motif (R/K-XXX-G-φ-G-φ,
where X is any amino acid and φ is a hydrophobic resi-
due) located between helix αB and strand βB. NHERF1
and NHERF2 consist of two PDZ domains and a C-
terminal sequence that interacts with actin-binding
proteins from the Ezrin-Radisin-Moesin (ERM) fam-
ily65,159 (Figure 68.3). NHERF3 and NHERF4 contain 4
PDZ domains but lack the ERM-binding domain,
whereas Shank2E contains six ankyrin repeats, one
SH3 domain and a single PDZ domain (Figure 68.3).
The presence of multiple interacting domains within
each of these proteins, together with their ability to

form homo or heterodimers, opens the possibility for
the formation of multiprotein complexes that can bring
together regulatory and target proteins. Indeed, in
addition to NaPi-IIa and several other renal transpor-
ters, NHERF1 and NHERF2 also interact with other
proteins involved in Pi homeostasis, such as the para-
thyroid hormone receptor (PTHR), phospholipase Cβ
and small G-proteins.90 Similarly, NHERF3 interacts
with several renal transporters as well as with the
Ste20-related serine/threonine protein kinase (SLK)
and the Dual-specific A-kinase anchoring protein 2 (D-
AKAP2).76 Shank2 associates with several renal trans-
porters and with the F-binding proteins cortactin,
α-fodrin, and Abp1.92

Biochemical studies indicated that the interaction of
NaPi-IIa with PDZ-proteins requires the presence of
the last three amino acid residues (TRL) and involves
particular PDZ domains within the NHERFs.91 NaPi-
IIa interacts with the first PDZ domain of NHERF1,
and this interaction is hormonally regulated by a mech-
anism that involves phosphorylation of NHERF1 (see
below).94,95,113,114 The absence of NHERF1, or prevent-
ing its association with NaPi-IIa, leads to mislocaliza-
tion of the cotransporter.86,93,171 Thus, NHERF1
deficient mice are characterized by hyperphosphaturia
due to reduced expression of NaPi-IIa in the BBM.86 As
the proximal BBM is heavily enriched in actin, the
molecular mechanism by which NHERF1 controls the
apical expression of NaPi-IIa may rely on the ability of
NHERF1 to bind to the actin cytoskeleton via its ERM-
binding domain.159 Despite being phosphaturic,
NHERF1 deficient mice are normophosphatemic,86

suggesting a compensatory extra-renal mechanism.
Normal phosphaturia and normal apical expression of
NaPi-IIa has been observed in NHERF22/2 mice.98,159

NHERF3, previously known as PDZK1, also coloca-
lizes with NaPi-IIa at the BBM of proximal tubules.76

Unlike NHERF1, NHERF3 does not have a domain
able to bind to the actin cytoskeleton. However, its
presence at the proximal BBM may be explained by its
ability to heterodimerize with NHERF1.76,91

Nevertheless, the physiological role of the interaction
of NHERF3 with NaPi-IIa remains unknown, since the
absence of NHERF3 does not affect neither the expres-
sion nor the regulation of NaPi-IIa.11,99

NaPi-IIc Associated Proteins

NaPi-IIc interacts with NHERF1 and NHERF3, but
not with the other PDZ-proteins that associate with
NaPi-IIa.135 However, NaPi-IIc does not contain a typi-
cal C-terminal PDZ-binding motif, and the molecular
domains involved in the interactions are different from
those of NaPi-IIa. In contrast to NaPi-lla,99 chronic
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adaptation of NaPi-llc to a low Pi-diet is impaired in
PDZK1 deficient mice.49

REGULATION OF PROXIMALTUBULAR
REABSORPTION OF PI

The extent of the renal proximal tubular reabsorp-
tion of Pi is regulated by a variety of hormones, diets,
and metabolic factors and several hereditary and
acquired disorders have been shown to result in distur-
bances of renal clearance of Pi.1,2,4,6,12,177 Most physio-
logical and pathophysiological alterations of proximal
Pi reabsorption can be explained by changes of apical
Na/Pi-cotransport activity that is due to an alteration
of abundances of Na/Pi-cotransporters NaPi-IIa, NaPi-
IIc and PiT-2. Alternative modes for the regulation of
Na/Pi-cotransporters, such as by changes of the mem-
brane lipid composition (see below), have been pro-
posed as well.

A reduction of the number of type II Na/Pi-cotran-
sporters is achieved by endocytic retrieval at the inter-
microvillar clefts (Figure 68.3). Endocytosis of NaPi-IIa
occurs by receptor-mediated endocytosis involving
clathrin-coated vesicles.28 Results obtained with
kidney-specific megalin knockout mice are also in
accord with this notion. In proximal tubules of these
mice, the endocytotic machinery was severely impaired
and the apical abundance and rate of endocytosis of
NaPi-IIa were reduced.102 In contrast to NaPi-IIa, NaPi-
IIb (transfected into OK cells) is not regulated by PTH.
On the basis of chimera constructs made between the
NaPi-IIa and the NaPi-IIb proteins, a dibasic amino-
acid motif (RK or RR) contained in an intracellular
loop (Figure 68.2) was identified and demonstrated to
be required for the PTH responsiveness of NaPi-IIa.184

A yeast two-hybrid screen performed against this intra-
cellular loop identified PEX19, a peroxisomal farnesy-
lated protein, as an additional NaPi-IIa associated
protein.151 Although PEX19 interacts with AP2, it
remains to be shown if PEX19 provides a link between
NaPi-IIa and the endocytotic machinery.

After its internalization, NaPi-IIa is associated with
early endosomes and subsequently routed to lyso-
somes and degraded.12,28 In contrast, although initially
associated with clathrin-coated vesicles, internalized
NaPi-IIc has not been detected in the early endosomes
and was not degraded in the lysosomes.105 Therefore,
it was proposed that, under acute regulatory condi-
tions, internalized NaPi-IIc, in contrast to the NaPi-IIa
isoform, may be able to recycle back to the membrane.

Little is known about the recovery of NaPi-IIa pro-
teins after PTH-induced internalization and lysosomal
degradation. In a study performed with rats, it was
shown that after PTH stimulation, the recovery

of urinary excretion of Pi and the apical abundance
of the NaPi-IIa did not parallel in time. Three hours
after PTH injection, renal Pi excretion was normalized,
whereas the abundance of the NaPi-IIa protein was
still reduced.139 Based on in vitro experiments, de
novo protein synthesis is required for the recovery of
NaPi-IIa.12

Parathyroid Hormone

Although the main signal activating parathyroid
hormone (PTH) secretion is a reduction in the circulat-
ing levels of calcium, there is also evidence suggesting
that the parathyroid gland responds to changes in cir-
culating Pi.5 PTH reduces renal reabsorption of Pi by
inhibiting proximal Na/Pi-cotransport. PTH receptors
(PTHR) belong to the family of G-protein coupled
receptors, and within the renal proximal tubule are
localized at the apical and basolateral membranes.109,164

Binding of PTH to the apical PTHR results predomi-
nantly in an activation of PLC and subsequent stimula-
tion of protein kinase C (PKC) pathways. In contrast,
binding of PTH to basolateral receptors leads preferen-
tially to activation of adenyl cyclase, and via cyclic
AMP (cAMP), to stimulation of protein kinase A
(PKA). The effect of basolateral PTHR on Pi transport
may be modulated by the calcium sensing receptor.110

The phosphaturic effect of PTH is achieved by pro-
moting endocytosis of NaPi-IIa followed by its lyso-
somal degradation, thus resulting in a reduced amount
of cotransporters at the BBM.12,28,77 This effect is
detected within minutes upon PTH administration,
and was reproducible in different animal and cellular
models. In isolated proximal tubules, agonist binding
to apical and basolateral PTHR results in internaliza-
tion and degradation of NaPi-IIa, which suggests that
activation of both PKC and PKA pathways trigger
endocytosis of NaPi-IIa.28,164 However, recent studies
using modified PTH analogs indicate that PKA signal-
ing represents the predominant pathway.13 Both sig-
naling cascades seem to involve MAP kinases ERK1/
2.28 PTH also seems to reduce the apical abundance of
NaPi-IIc and PiT-2.105,127 However, both effects are
considerably slower than the regulation of NaPi-IIa.
Although endocytosed NaPi-IIc undergoes degrada-
tion, this process does not take place in lysosomes.105

Thus, it appears that upon removal from the BBM
NaPi-IIa and NaPi-IIc are not targeted to the same
intracellular compartment.

PTH does not induce internalization of the NaPi-IIa
interacting proteins NHERF1 and NHERF3.93 This
suggests that the association of NaPi-IIa with
these partners may be hormonally regulated by an on/
off mechanism. NHERF1 and NHERF3 are
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phosphorylated in basal conditions.93,159 Several
kinases, including GRK6A, PKC, PKA and Cdc2, are
known to phosphorylate NHERF1. Moreover, incuba-
tion with PTH or pharmacological stimulation of PKA
and PKC results in NHERF1 hyperphosphorylation.
Serine-77 and threonine-95 were identified as the resi-
dues phosphorylated in response to PTH.94,95,113 Both
amino acids are located within the first PDZ domain of
NHERF1, i.e., the domain engaged in interaction with
NaPi-IIa. This modification destabilizes the association
of NaPi-IIa with NHERF1, allowing the retrieval of the
cotransporter from the BBM.114 Current data suggest
that NaPi-IIa is not a phosphoprotein, either in basal
conditions or upon PTH administration.93

NHERF1 interacts with apical PTHR as well as with
PLCβ.43,115 The presence of an apical complex consist-
ing of NHERF1, PTHR and PLCβ plays a critical role on
the regulation of NaPi-IIa. Thus, endocytosis of NaPi-
IIa after stimulation of apical PTHR is impaired in prox-
imal tubules of NHERF1-deficient mice.117 This effect
could not be explained by a general impairment of the
endocytic machinery, since the internalization of the
NaPi-IIa in response to pharmacological activation of
PKC or PKA was normal. Instead, it seems to be due to
the inability of the NHERF1-deficient tubules to prop-
erly activate PLC in response to PTH administration.

NHERF1 and NHERF3 also interact with the PKA
anchoring proteins ezrin and D-AKAP2, respec-
tively.76,91 However, such a close spatial arrangement
of PKA with NaPi-IIa appears not to be required for the
regulation of the cotransporter, since the endocytosis of
NaPi-IIa induced via the PKA signaling pathway is nor-
mal in NHERF1 as well as PDZK1-deficient mice.99,117

Dopamine

The cells of the proximal tubule have the ability to
produce dopamine (DA), and this intrarenal produc-
tion is stimulated in response to high dietary
Pi.15,118,119 The DA receptors are G-protein coupled
receptors that act by stimulating (D1-like) or inhibiting
(D2-like) adenylyl cyclase.120 DA exerts a phosphaturic
effect which, as in the case of PTH, is achieved by
reducing the expression of NaPi-IIa at the BBM.121

Pharmacological experiments in isolated proximal
tubules indicated that agonist binding to apical (but
not to basolateral) D1-like receptors results in internali-
zation of NaPi-IIa.121 Furthermore, this effect was
blunted by PKA inhibitors but not by inhibitors of PKC
or ERK1/2. This suggests that PTH and dopamine
down-regulate NaPi-IIa via independent pathways.

Similar to the PTHR, D1-like receptors interact with
NHERF1 and this interaction seems to be crucial for
the DA-induced downregulation of NaPi-IIa.94 Indeed
DA failed to downregulate NaPi-IIa in NHERF1-

deficient mice, an observation that associates with the
inability of DA to stimulate either cAMP accumulation
or PKC activity.94 Furthermore, DA administration
results in phosphorylation of NHERF1 at the same sites
than PTH does (serine-77 and threonine-95).113 Thus,
endocytosis of NaPi-IIa in response to either PTH or
DA requires previous destabilization of the association
between the cotransporter and NHERF1.

Phosphatonins

Hereditary and acquired disorders such as X-linked
hypophosphatemia (XHL), autosomal hypophosphate-
mic rickets [ADHR), and oncogenic hypophosphatemic
osteomalacia (OHO) show hypophosphatemia due to
increased renal wasting of Pi.6,7 These disorders led to
the identification of several factors (phosphatonins)
such as fibroblast growth factor-23 (FGF23), secreted
frizzled related protein-4 (sFRP4), and matrix extracel-
lular phosphoglycoprotein (MEPE).42,80,122,129,168

FGF23 is produced and secreted in bones by osteo-
blasts/osteocytes.124 Both serum concentrations of
Pi and 1.25-[OH]2VitD3 stimulate secretion of
FGF23.27,60,97,125,126,128 The phosphaturic effect of FGF23
is explained by reduction of the apical abundances of
NaPi-IIa and NaPi-IIc. Accordingly, FGF23 deficient
mice are hyperphosphatemic and show elevated serum
levels of 1,25-[OH]2VitD3.108,128 As expected, FGF23
transgenic mice show phosphaturia that correlates with
reduced amounts of both NaPi-IIa and NaPi-IIc pro-
teins.134 Similarly, overexpression of FGF23 and in vitro
treatment of isolated proximal tubules reduce the abun-
dances of NaPi-IIa, NaPi-IIc and PiT2.22,131,178 Cellular
mechanisms leading to altered abundances of apical
Na/Pi-cotransporters by FGF23 are not known. Klotho
is required as a cofactor for the cellular effect of FGF23
via its receptor FGFR1c.111,131,134,192 Additionally to its
function as a cofactor, Klotho may act directly on Na/
Pi-cotransporters by modifying sugar residues and
thereby altering transport rates.96

Injection of sFRP-4 elicits a decrease of NaPi-IIa
abundance and an increase of Pi excretion.137 Observed
altered phosphorylation of beta-catenin indicates a
mechanism involving Wnt-signaling pathway up-
stream to down-regulation of NaPi-IIa by sFRP-4.137

MEPE, a member of the SIBLING (short integrin-
binding ligand interacting glycoprotein) protein family,
is primarily expressed in bone cells. The phosphaturic
action of MEPE is paralleled by a decrease of NaPi-IIa
protein abundance.138

Atrial Natriuretic Factor/Nitric Oxide

The atrial natriuretic factor (ANF) and nitric oxide
(NO) have been described to regulate proximal
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tubular Na/Pi-cotransport.1,4,12,177 Studies on isolated
tubules demonstrated that these factors lead to a
reduction (via endocytosis) of the content of NaPi-IIa
in the apical membrane, via an activation of protein
kinase G.140

Dietary Phosphate Content

The dietary content of Pi is a potent regulator of
proximal tubular Pi reabsorption and its effect has
been extensively studied by micropuncture/microper-
fusion experiments and using isolated BBMVs.38,153

The content of Pi in the diet provokes altered rates of
apical Na/Pi-cotransport; no changes of the apparent
Km value for Pi have been described. To a large extent,
this adaptive phenomenon is independent of PTH,
1.25-[OH]2VitD3, growth hormone, or plasma cal-
cium.4,12 The effects of changes in the dietary content
of Pi on the rate of apical Na/Pi-cotransport and the
abundances of Na/Pi-cotransporters are observed
within two to four hours (acute adaptation).141,142,153

The physiological signaling mechanisms involved in
this adaptive phenomenon are poorly understood. It
remains to be shown if hypophosphatemia is sensed
directly by the proximal tubules or eventually at other
sites such as in the central nervous system149 or in the
small intestine.116,144 Of interest, after gavage of Pi to
the upper small intestine of rats, urinary excretion of Pi
increased within 15 minutes and was independent of
PTH, FGF23 and altered serum Pi concentration. Based
on these observations it has been postulated that a (yet
unknown) phosphaturic factor is released from small
intestinal mucosa due to an activation of one or more
phosphate sensing mechanisms.100,144

Intake of diets of different contents of Pi alters the
abundances of NaPi-IIa, NaPi-IIc and PiT-2, yet with
different half-times of responses.23,25 The fastest
response is observed for NaPi-IIa (t1/2 � 1 hr), fol-
lowed by PiT-2 (t1/2 � 8 hrs) and NaPi-IIc (t1/22
� 24 hrs). The acute (within two hours) upregulation
of NaPi-IIa was shown to be independent of protein
synthesis,12 and an important role of the microtubules
has been suggested on the basis of the blockage of the
adaptive response by colchicine.12 High-Pi diet leads to
an internalization of NaPi-IIa, which is followed by
degradation in the lysosomes.12 High-Pi diet also pro-
motes an internalization of the NaPi-IIc, however no
lysosomal degradation of the NaPi-IIc protein was
observed.39

In agreement with the role of NHERF1 in the apical
positioning of NaPi-IIa, upregulation of this cotran-
sporter by low-Pi diet was slightly impaired in
NHERF1-deficient mice.146 Although NaPi-IIa strongly
interacts with NHERF3 (PDZK1), its adaptation to

dietary Pi is not impaired in NHERF3 2/2 mice.99 In
contrast, dietary regulation of NaPi-IIc is blunted in the
absence of NHERF3.49

In adult mice, adaptation of the NaPi-IIa protein to a
low-Pi diet was not paralleled by a change of the NaPi-
IIa mRNA, whereas in weaning animals, an increase of
NaPi-IIa mRNA has been reported. In contrast, NaPi-
IIc mRNA has been shown to be upregulated by a low-
Pi diet in all development stages.45 Enhanced transcrip-
tion of type II Na/Pi-cotransporter mRNA induced by
a low-Pi diet may be explained by an enhanced bind-
ing of the transcription factor TFE3 to a phosphate
response element contained within the promoter
regions of the NaPi-IIa and NaPi-IIc gene.150 In a
mouse model deficient in the phosphatase calcineurin
Aα, the level of NaPi-IIa mRNA was reduced and the
adaptive effect of a low-Pi diet was blunted.155

Regulation by Lipids/Potassium Depletion

In addition to changes in the number of NaPi-IIa
proteins, alterations in the proximal tubular Pi reab-
sorption, such as those observed after adaptation by a
low-Pi diet or potassium depletion, have been pro-
posed to correlate with changes in the membrane lipid
composition including cholesterol, shingomyelin, and
glycoshingolipids.44,130,142,145,156 Furthermore, thyroid
hormone status was shown to modulate Na/Pi-
cotransport and the cholesterol/phospholipids ratio in
proximal tubular apical membranes.165

Potassium depletion provokes increased urinary
excretion of Pi, and BBMVs isolated from potassium-
depleted rats exhibited decreased Na/Pi-cotransport.
Decreased Na/Pi-cotransport in BBMV’s was
explained by a reduction of the abundance of NaPi-IIc
and PiT-2, but not of NaPi-IIa protiens. Paradoxically,
the abundance of NaPi-IIa is upregulated by potassium
depletion.37

Fasting/Diabetes

Fasting increases urinary Pi excretion, which is due
to a decrease of tubular reabsorption of Pi. Northern
blot analysis indicated that fasting for 48 hours did not
result in a decrease of renal expression of NaPi-IIa or
NaPi III mRNA.154

Insulin stimulates BBM Na/Pi-cotransport.5,12,106,177

In agreement, proximal Pi reabsorption was reduced in
streptotocin-induced diabetes, though without changes
of NaPi-IIa or type III Na/Pi-cotransporters mRNAs.160

Moreover, no change of the NaPi-IIa protein abun-
dance in BBMV was detected. In rats treated with
streptotocin, the adaptive response to a low-Pi diet on
the amount of NaPi-IIa was blunted indicating that
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insulin may have a permissive effect on the response of
NaPi-IIa to changes of the dietary content.160

Ontogeny/Aging

During ontogenesis and aging, transport rates in
renal BBMv and the relative abundances of NaPi-IIa
and NaPi-IIc are altered.161,179 In kidneys of newborn
rats, expression of the NaPi-IIa was only observed in
functional, juxtamedullary nephrons and was absent in
the undifferentiated structures (S-shaped bodies) of the
outer cortex. During suckling, the distribution of NaPi-
IIa is uniform throughout the cortex and correlates
with the formation of differentiated brush borders. In
kidneys of weaning rats, the expression pattern chan-
ged to a pattern similar to that observed in adults.
Since during these transitions no changes of NaPi-IIa
mRNA have been detected, it was suggested that
the ontogenic changes on the expression of NaPi-IIa
are due to posttranscriptional mechanisms.57,133

Expression of NaPi-IIc is not observed in suckling ani-
mals; instead it is expressed predominantly in weaning
animals and is markedly reduced in adults.174

Acidosis

Metabolic acidosis leads to an increased urinary Pi
excretion, which is related to a reduction of proximal
tubular apical Na/Pi-cotransport. As this effect was
dependent on intact adrenal glands, an involvement of
corticosteroids has been suggested.1,2,34

In rats fed a normal-Pi diet, metabolic acidosis pro-
voked a decrease of the content of the NaPi-IIa protein
as well as of mRNA.166 In mice, fed a normal-Pi diet,
metabolic acidosis results in a decrease of the content
of NaPi-IIa and NaPi-IIc mRNA. However, both trans-
porters were upregulated at the protein level.112,162

Increased urinary excretion under metabolic acidotic
conditions may be explained, at least in part, by the
sensitivity of type II Na/Pi-cotransporters to luminal
pH -values.47,169

Intoxication by Heavy Metals

In kidneys of rats injected with cadmium for two or
more weeks, reduced Na/Pi cotransport correlated
with a decrease of NaPi-IIa. Despite morphological
changes of the microvillar structures, the abundance of
aquaporin-1 and the Na/sulfate cotransporter NaSi-1
were not affected, indicating that exposure to cadmium
results in a selective loss of NaPi-IIa.85,170 On the other
hand, a direct effect of heavy metals, including cis-
platin,172 on NaPi-IIa cannot be excluded as SH groups
may play an important role in the Na/Pi-cotransport.74

Mice that were injected with cadmium, showed
increased levels of FGF23 and increased urinary excre-
tion of Pi that correlated with a decreased abundance
of NaPi-IIc, but, interestingly, not of NaPi-IIa
proteins.173

GENETIC ALTERATIONS LEADING
TO IMBALANCE OF PI HOMEOSTASIS

Mutations of SLC34 Cotransporters

As reported above, studies performed in mice mod-
els clearly indicated that the bulk of the renal reabsorp-
tion of Pi in adults can be attributed to NaPi-IIa,
whereas the contribution of NaPi-IIc is by far quantita-
tively smaller. However, in 2006 three independent
groups reported an unexpected association between
mutations on NaPi-IIc with hypophosphatemic rickets
with hypercalciuria (HHRH) in humans21,187,193

(Table 68.1). This association has been strengthened by
more recent publications describing additional muta-
tions on NaPi-IIc in patients affected by HHRH.
Although mutations on NaPi-IIa were identified in
patients with nephrolithiasis and osteoporosis, their
implication on the development of hypophosphatemia
in humans is controversial.68,157 A recent report
described inactivating mutations of NaPi-IIa in patients
with autosomal recessive Fanconi syndrome and hypo-
phosphatemic rickets (ARFS)148 (Table 68.1).

Mutations of FGF23

In the last years it has become clear that FGF23 and
its co-receptor Klotho are major regulators of Pi
homeostasis. Mutations in FGF23 were identified as the
cause for autosomal dominant hypophosphatemic rick-
ets (ADHR)7,42,168 (Table 68.1). FGF23 is inactivated by
proteolytic cleavage at a conserved site (RXXR).
Mutations resulting in ADRH affect the two arginine
located within the proteolytic site. Substitution of either
arginine prevents the degradation of FGF23, thus
resulting in elevated levels of intact FGF23 in plasma,
which despite the mutation retains its phosphaturic
effect.190 Transgenic mice expressing proteolytic resis-
tant FGF23, or animals in which the mutated FGF23
was incorporated by injection of naked DNA, recapitu-
late the phenotype of ADHR.33,175 These studies
showed that the hypophosphatemia is due to hyper-
phosphaturia caused by FGF23-induced downregula-
tion NaPi-IIa and NaPi-IIc.

Mutations on FGF23 resulting in low circulating
levels of the intact protein have been described in
patients with familial tumoral calcinosis with hyper-
phosphatemia (FTC)41 (Table 68.1). These mutations
lead either to intracellular retention or reduced
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proteolytic stabilty of FGF23. In agreement with
the human data, FGF23 deficient mice have
increased expression of NaPi-IIa and severe
hyperphosphatemia.108,128

Mutations of Klotho

A mutation in Klotho was found in a patient with
FCT who presented hyperphosphatemia despite ele-
vated FGF23136 (Table 68.1). The mutated Klotho is pro-
posed to have a reduced expression at the plasma
membrane, thus preventing the FGF23 phosphaturic
effect. An interchromosomal translocation resulting in
increased levels of Klotho was reported in a patient
with hypophosphatemic rickets and hyperparathyroid-
ism181 (Table 68.1). Surprisingly, FGF23 was also ele-
vated explaining the hypophosphatemic status.

Hypophosphatemic Syndromes Related to Elevated
FGF23

Elevated FGF23 has been reported in several other
hypophosphatemic syndromes with clinical features
similar to those of ADHR, including X-linked
hypophosphatemia (XHL), autosomal recessive hypo-
phosphatemic rickets (ARHR), tumor-induced osteo-
malacia (TIO) and fibrous dysplasia/McCune-Albright
syndrome (FD/MAS) (for review see 168) (Table 68.1).
However, the primary cause of all these pathologies
affects genes other than FGF23 itself.

XLH, or familial vitamin D resistant rickets, is
caused by mutations in the phosphate regulating gene
with homology to endopeptidases on the X-
chromosome (PHEX).183 This gene encodes a metallo-
protease produced in the bone. The high levels of
FGF23 found in patients with XLH,83 led to the pro-
posal of FGF23 being a substrate of PHEX. Although
this direct connection remains controversial, the hypo-
phosphatemia in Phex-deficient mice (Hyp mice)185 is
corrected by ablation of FGF23, supporting the notion
that FGF23 acts downstream of PHEX.108

ARHR is caused by mutations in the dentin matrix
acidic phosphoprotein 1 (DMP1), a protein highly
expressed in bone.186,188 The phenotype of Dmp1-
deficient mice is also reverted by ablation of FGF23,
suggesting that the hypophosphatemia is attributable to
the high circulating FGF23.158

TIO, also known as oncogenic osteomalacia, is an
acquired hypophosphatemic disorder characterized by
tumors. It was recognized early on that these tumors
express a factor able to inhibit Pi transport when
applied to renal proximal cells in culture and to induce
phosphaturia in mice.189 Indeed, there were these find-
ings what led to the proposal of a circulating factor/s
(phosphatonins) controlling renal excretion of Pi. Later
on it was found that the concentration of FGF-23 is
high in TIO patients and that surgical removal of
tumors corrects renal Pi wasting and restores FGF23
levels.83,129,191 The molecular mechanism underlying

TABLE 68.1 Genetic Alterations Leading to Imbalance of Pi Homeostasis

Syndrom Gene Serum Pi PTH 1,25(OH)2-VD FGF23

HHRH SLC34A3 Low Low High Normal-low

ARFS and HR SLC34A1 Low Normal Low Normal

Nephrolitiasis osteoporosis SLC34A1 Low Normal High

ADHR FGF23 (gain) Low Normal Inappropiately normal High

FTC FGF23 (loss) High Normal-low Normal Low

FTC Klotho (loss) High High High High

HRH Klotho (gain) Low High Normal High

XLH PHEX Low Normal Inappropiately normal High

ARHR DMP1 Low Normal Inappropiately normal High

TIO Low High

FD/MAS GNAS Low High

FTC GALNT3 High Low Inappropiately normal Low

Mutations on the genes encoding transporters (SLC34A1 and SLC34A3) or regulatory proteins (FGF23, Klotho, PHEX, DMP1, GNAS or GALNT3) have been

reported in patients with different hypophosphatemic syndromes. HHRH: hypophosphatemic rickets with hypercalciuria; ARFS and HR: autosomal recessive

Fanconi syndrome and hypophosphatemic rickets; ADHR: autosomal dominant hypophosphatemic rickets; FTC: familial tumoral calcinosis with

hyperphosphatemia; HRH: hypophosphatemic rickets and hyperparathyroidism; XLH: X-linked hypophosphatemia; ARHR: autosomal recessive

hypophosphatemic rickets; TIO: tumor-induced osteomalacia; FD/MAS: fibrous dysplasia/McCune-Albright syndrome.

2362 68. PROXIMAL TUBULAR HANDLING OF PHOSPHATE

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



the increased production of FGF23 in these tumors
remains unknown. Several other proteins are highly
expressed by tumoral tissues, including DMP1, FGF7,
sFRP4, and MEPE (for review see 134).

FD/MAS, are rare diseases that result from activat-
ing mutations on the α subunit of stimulatory G-
protein (GNAS). Both syndromes can present with
hypophosphatemia due to elevated expression of
FGF23.

Hyperphosphatemic Syndromes Related to Reduced
FGF23

In addition to mutations on FGF23 or Klotho, FTC
caused by reduced FGF23 also associates with muta-
tions in GALNT3.107 GALNT3 is a glycosyl transferase
that glycosylates FGF23 within the proteolytic site, ren-
dering it more resistant to the proteolytic processing.
Patients with GALNT3 mutations and Galnt3-deficient
mice are hyperphosphatemic, had increased FGF23
expression in bone but low circulating levels of intact
peptide.107,180
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[70] Köhler K, Forster IC, Stange G, Biber J, Murer H. Transport
function of the renal type IIa Na1/Pi cotransporter is codeter-
mined by residues in two opposing linker regions. J Gen
Physiol 2002;120:693�703.

[71] Ghezzi C, Murer H, Forster IC. Substrate interactions of the
electroneutral Na1-coupled inorganic phosphate cotransporter
[NaPi-IIc]. J Physiol 2009;587:4293�307.

[72] Lambert G, Forster IC, Stange G, Köhler K, Biber J, Murer H.
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Clinical Disturbances of
Phosphate Homeostasis
Theresa J. Berndt and Rajiv Kumar

Mayo Clinic, Rochester, Minnesota, USA

THE IMPORTANCE OF PHOSPHORUS
IN BIOLOGICAL SYSTEMS

Phosphorus is the sixth most abundant element in
the body and is essential for energy-consuming meta-
bolic processes of cells. Approximately 85% of phos-
phate in the body is present in bones, 14% in cells
from soft tissues, and 1% in extracellular fluids.1

Phosphorus plays an important role in a number of
biological processes, and is an exceptionally important
component of hy droxyapatite, the major component
of bone mineral.2 In addition, phosphorus is present
in nucleic acids, bioactive signaling proteins, phos-
phorylated enzymes, and cell membranes.3�6 A pro-
longed deficiency of phosphorus and inorganic
phosphate results in serious biological problems,
including bone mineralization resulting in osteomala-
cia or rickets, abnormal erythrocyte, leukocyte and
platelet function, impaired cell membrane integrity
that can result in rhabdomyolysis, and impaired
cardiac function.7 Therefore, the maintenance of
appropriate phosphorus homeostasis is critical for the
well-being of the organism.

THE REGULATION OF
PHOSPHATE BALANCE

Phosphorus exists in plasma almost entirely as inor-
ganic phosphate.1,7,8 The adult animal or human main-
tains phosphate balance through a series of complex
hormonally and locally regulated metabolic adjust-
ments. In states of neutral phosphate balance, net
accretion equals net output. The major organs involved
in the absorption, excretion, and reabsorption of

phosphate are the intestine and the kidney
(Fig. 69.1).9,10 Furthermore, the movement of phospho-
rus between the extracellular fluid and bone and soft
tissue also plays an important role in the maintenance
of normal serum phosphate concentrations. A normal
diet adequate in phosphorus normally contains
� 1500 mg of phosphorus. Approximately 1100 mg of
ingested dietary phosphate is absorbed in the proximal
intestine, predominantly in the jejunum. About 200 mg
of phosphorus is secreted into the intestine via pan-
creatic and intestinal secretions, giving a net phospho-
rus absorption of approximately 900 mg/24 hours.
Phosphorus that is not absorbed in the intestine or is
secreted into the intestinal lumen eventually appears in
the feces. Absorbed phosphorus enters the extracellular
fluid pool and moves in and out of bone (and to a
smaller extent in and out of soft tissues) as needed
(� 200 mg). Approximately 900 mg of phosphorus
(equivalent to the amount absorbed in the intestine) is
excreted in the urine.

A number of hormones such as parathyroid hor-
mone (PTH) and 1α,25(OH)2D3 are involved in the con-
trol of phosphorus metabolism.11 Concentrations of
these hormones are regulated by phosphorus in a man-
ner that is conducive to the maintenance of normal
phosphate. Other peptide factors and hormones, such
as growth hormone and insulin-like growth factor 1,
alter phosphorus balance, although their circulating
concentrations are not directly controlled by ambient
phosphorus concentrations. The “phosphatonins,”
fibroblast growth factor 23 (FGF-23), and secreted friz-
zled related protein-4 (sFRP-4) that induce a state of
negative phosphate balance directly by inhibiting renal
phosphate reabsorption in the proximal tubule and
indirectly by inhibiting the synthesis of 1α,25(OH)2D3
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and reducing the intestinal absorption of phosphorus,
also play a key role in the regulation of phosphate
balance.12�16 Two factors, fibroblast growth factor 7
(FGF-7) and matrix extracellular phosphoglycoprotein
(MEPE), have been shown to inhibit phosphate trans-
port in renal epithelial cells in culture and, in the case
of matrix extracellular phosphorus glycoprotein, to
induce phosphaturia in mice.17,18 FGF7 and MEPE,
however, have not been demonstrated to prevent com-
pensatory increases in serum 1α,25(OH)2D3 concentra-
tions seen in hypophosphatemic states or to directly
inhibit 25-hydroxyvitamin D 1α-hydroxylase activity.

Parathyroid hormone, by virtue of its phosphaturic
effect in the kidney, decreases overall phosphate reten-
tion, whereas 1α,25(OH)2D3 increases phosphate reten-
tion by enhancing the efficiency of phosphorus
absorption in the intestine and in the kidney.19�31 It
should be noted that parathyroid hormone has two
opposing effects. As noted previously, parathyroid hor-
mone increases urinary phosphate excretion. At the
same time, it also increases the synthesis of 1α,25
(OH)2D3 by stimulating the activity of the 1α-hydroxy-
lase enzyme in the kidney. In turn, 1α,25(OH)2D3

increases the efficiency of phosphorus absorption in
the intestine and kidney.28�30,32�35 The phosphatonins,
in contrast, increase renal phosphate excretion and
inhibit 25-hydroxyvitamin D 1α-hydroxylase activity,
thereby further decreasing the retention of
phosphorus.12,15,36,37

Figure 69.2 shows the physiological changes
known to occur with low or high dietary intakes of
phosphate. A decrease in serum phosphate concentra-
tions results in increased ionized calcium concentra-
tions, decreased parathyroid hormone secretion, and
a subsequent decrease in renal phosphate excretion.
At the same time, by parathyroid hormone-

independent mechanisms, there is an increase in renal
25-hydroxyvitamin D 1α-hydroxylase activity, incre-
ased 1α,25(OH)2D3 synthesis, and increased phospho-
rus absorption in the intestine and reabsorption in the
kidney.20�31,35,38 Conversely, with elevated phosphate
intake, there are decreased calcium concentrations,
increased parathyroid hormone release from the
parathyroid gland, and increased renal phosphate
excretion. Increased serum phosphate concentrations
inhibit renal 25-hydroxyvitamin D 1α-hydroxylase and
decrease 1α,25(OH)2D3 synthesis. Reduced 1α,25
(OH)2D3 concentrations decrease intestinal phosphorus
absorption as well as renal phosphate reabsorption. All
of these factors tend to bring serum phosphate concen-
trations back into the normal range.

THE PHYSIOLOGY OF PHOSPHATE
IN THE KIDNEY

In conditions of phosphate deprivation, the kidney
rapidly increases tubular phosphate reabsorption and
reduces urinary phosphate excretion to negligible
levels in order to preserve phosphate balance.39,40,42�56

In infants and children, phosphate reabsorption is high
so as to maintain a positive phosphate balance required
for growth.57�59 Conversely, decreased phosphate
reabsorption has been demonstrated in the elderly.60�63

Phosphate is freely filtered at the glomerulus. Under
conditions of normal dietary phosphate intake, and in
the presence of intact parathyroid glands, approxi-
mately 20% of the filtered phosphate load is excreted.

FIGURE 69.1 Phosphorus metabolism. (From Schiavi SC, Kumar
R. The phosphatonin pathway: new insights in phosphate homeostasis.
Kidney Int 2004;65:1�14, with permission.)

FIGURE 69.2 Influence of phosphatate (Pi) on parathyroid hor-
mone (PTH) and vitamin D synthesis and activity. (From Schiavi SC,
Kumar R. The phosphatonin pathway: new insights in phosphate homeosta-
sis. Kidney Int 2004;65:1�14, with permission.)
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The other 80% of the filtered load of phosphate is reab-
sorbed by the renal tubules.

The proximal tubules are the major sites of phos-
phate reabsorption along the nephron. There is little
phosphate reabsorption between the late proximal
tubule and the early distal tubule in animals with intact
parathyroid glands.44,64�71 However, in the absence of
parathyroid hormone, phosphate is avidly reabsorbed
between the late proximal tubule and early distal
tubule, reflecting phosphate reabsorption by the proxi-
mal straight tubule (Fig. 69.3).66 Phosphate transport
rates are approximately three times higher in the proxi-
mal convoluted than in the proximal straight tubules.72

Renal phosphate handling is characterized by intrane-
phronal heterogeneity, reflecting segmental differences
in phosphate handling within an individual nephron
as well as internephronal heterogeneity.44,67,72,73

The uptake of phosphate is mediated by sodium-
phosphate cotransporters that are located at the apical
border of proximal tubule cells (NaPi IIa and NaPi
IIc).74�97 The structure and physiology of these phos-
phate transport molecules have been extensively
reviewed, and the reader is directed to other publica-
tions in this regard.82�90 The sodium-phosphate cotran-
sporters are highly homologous and are predicted to
have similar structures. Mice with ablation of the NaPi
IIa gene exhibit renal phosphate wasting, and it is esti-
mated that the NaPi IIa transporter is responsible for
approximately 85% of proximal tubular phosphate
transport which contributes to the adaptive increase in

tubular phosphate transport in animals fed a low-
phosphate diet (Fig. 69.4).98,99

FACTORS REGULATING RENAL
PHOSPHATE EXCRETION

Dietary Phosphate and Renal Phosphate
Reabsorption

The influence of dietary phosphate intake on the
urinary excretion of phosphate has been known for
many years.40�56,100 The reabsorption of phosphate
is decreased in animals fed a high-phosphate diet,
whereas animals with a low intake of phosphate reab-
sorb almost 100% of the filtered load of phosphate.
These changes in phosphate reabsorption are associ-
ated with parallel changes in the abundance of NaPi
IIa and IIc transporters.101,102 The dietary intake of
phosphate can differ considerably depending on the
ingestion of foods containing varying amounts of
phosphate.

Although dietary phosphate deprivation results in
marked changes in the plasma concentrations of sev-
eral hormones (Fig. 69.2) that contribute to the incre-
ases in phosphate reabsorption, the enhanced tubular
reabsorption can also be demonstrated independent of
changes in these hormones.103�106 The mechanism of
upregulation of Na/Pi cotransport in OK cells by low-
Pi media involves two regulatory mechanisms: an

FIGURE 69.3 The generation of tubule fluid/ultrafiltrate phos-
phate (UFPi) ratios below 1.0 along the proximal convoluted tubule is
due to more avid reabsorption of phosphate than isotonic fluid
for most circumstances. Diet and parathyroid hormone are the major
factors that affect phosphate transport. (From Berndt T, Knox F. Renal
regulation of phosphate excretion. In: Seldin DAG (ed.). The Kidney:
Physiology and Pathophysiology. New York: Raven Press,
1992:2511�2532, with permission.)

FIGURE 69.4 Effect of parathyroid hormone (PTH) on brush bor-
der membrane Na-Pi cotransport in Npt21/1 and Npt22/2 mice.
Anesthetized mice were injected with vehicle or PTH (10 μg/100 g
BW) and killed 2 hours later. Renal brush border membranes vesicles
were prepared from kidney cortex, and transport of Pi was assayed.
Effect of PTH in Npt21/1 mice, p, 0001; affect of genotype
in PTH-treated mice, p, 0041. (From Zhao N, Tenenhouse HS.
Npt2 gene disruption confers resistance to the inhibitory action of para-
thyroid hormone on renal sodium-phosphate cotransport. Endocrinology
2000;141:2159�2165, with permission).
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immediate (early) increase (after two hours) in the
expression of Na/Pi cotransporter, independent of
mRNA synthesis or stability, and a delayed (late)
effect (after 4�6 hours), resulting in an increase in
NaPi-4 mRNA abundance (Fig. 69.5).105,107 Although
the changes in phosphate reabsorption in response to
a low- or high-phosphate meal are demonstrable
within two hours, there are not always concomitant
alterations in plasma phosphate concentrations. Thus,
the sensing mechanism that initiates the renal adap-
tations in phosphate reabsorption to the changes in
phosphate intake is speculative. The enhanced phos-
phate reabsorption of short-term phosphate depriva-
tion has been linked to decreased intrarenal synthesis
of dopamine and/or stimulation of beta adrenorecep-
tors, since infusion of dopamine or propranolol
restores the phosphaturic response to PTH in short-
term (less than three days) phosphate
deprivation.108�110 The concept of central control of
phosphate homeostasis was suggested since
decreased dietary phosphate intake upregulated the
NaPi IIa expression in the brain and increased phos-
phate intake downregulated the expression of NaPi
IIa in the brain.111 In this study, increasing cere-
brospinal fluid phosphate concentrations in the pres-
ence of low plasma phosphate concentrations
reversed the adaptations to feeding a low-phosphate

diet, suggesting that the phosphate concentration in
the brain regulates not only central but also renal
expression of NaPi IIa transporters. Studies using
cultured renal proximal tubular cells provide persua-
sive evidence of an intrinsic ability of these cultured
cells to increase phosphate transport when exposed
to a low phosphate concentration in the med-
ium.103�106 In addition to the factors that play a role
in enhancing or decreasing phosphate reabsorption in
the proximal nephron in response to changes in die-
tary phosphate noted previously, it should
be remembered that alterations in serum phosphate
concentrations also alter 1α,25(OH)2D3 synthesis and
serum concentrations.45,112�115 Infusions of 1α,25
(OH)2D3 increase the renal reabsorption phosphate,
predominantly in the proximal nephron.20�27,31 Since
the proximal tubule is a major site of phosphate
reabsorption, it is the primary site for the tubular
adaptation to changes in dietary phosphate intake.
The enhanced phosphate reabsorption along the
nephron during phosphate deprivation in specific
nephron subsegments is dependent on the length
and severity of phosphate deprivation.

Parathyroid Hormone and Renal Phosphate
Reabsorption

Plasma-ionized calcium levels are a critical determi-
nant of PTH secretion. A fall in plasma-ionized calcium
increases PTH secretion and an elevation of plasma-
ionized calcium above normal levels decreases PTH
secretion. Parathyroidectomy decreases renal phos-
phate excretion and, conversely, injection of PTH
increases urinary phosphate excretion.116�120

Micropuncture studies show that PTH decreases and
parathyroidectomy increases phosphate reabsorption
along the proximal tubule (Fig. 69.3).65�69,121 The proxi-
mal straight tubule is an important site of PTH modu-
lation of phosphate transport and may be critical in the
final regulation of phosphate excretion.64,70,73,122

Parathyroid hormone maintains phosphate homeosta-
sis as a result of its regulation of the sodium phosphate
cotransporters in the kidney. Renal sodium-phosphate
cotransporters are reduced in number along the apical
borders of proximal tubular cells following the admin-
istration of parathyroid hormone 1 through 34 but
not by the administration of parathyroid hormone
3 through 34.94,95 The renal sodium-phosphate cotran-
sporters NaPi IIa have been shown to be internalized
and degraded within the lysosomes.84,89,123,124

Disruption of the NaPi IIa gene in mice resulted in
increased excretion of phosphate compared to wildtype
mice and a resistance to the phosphaturic response to
PTH, although the cyclic adenosine monophosphate

FIGURE 69.5 Pi-deprivation dependent alterations in (A) rat type
II transporter (NaPi-2) protein content, (B) rat brush border mem-
brane Na/Pi cotransport activity, and (C) specific rat type II trans-
porter mRNA content (NaPi-2). Rats were fed for 7 days with a diet
containing high Pi (1.2 Pi) and were exposed for different time peri-
ods to low Pi (0.1 Pi). Rats chronically adapted to low Pi have
been re-fed with high Pi for two or four hours. A: Black small square,
Na/Pi transport; white square, 5-NT-protein. B: Black small square,
Na/Pi transport; white square, Na-glucose. (From Murer H, Lotscher
M, Kaissling B, Levi M, Kempson SA, Biber J. Renal brush border mem-
brane Na/Pi-cotransport: molecular aspects in PTH-dependent and dietary
regulation. Kidney Int 1996;49:1769�1773, with permission.)
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(cAMP) response is normal (Fig. 69.4).125 Under condi-
tions where the phosphaturic effect of PTH is blunted
or absent, such as short-term phosphate deprivation or
acute respiratory alkalosis, the inhibitory effect of PTH
on phosphate reabsorption by the proximal convoluted
tubule remains intact. However, this increased delivery
of phosphate is blunted by enhanced reabsorption by
the proximal straight tubule.73,122,70 These studies sug-
gest that the regulation of phosphate reabsorption by
PTH in the proximal convoluted and proximal straight
tubule subsegments may be mediated by different
mechanisms. It should be noted that parathyroid hor-
mone has two opposing effects. As noted previously,
parathyroid hormone increases urinary phosphate
excretion. At the same time, it also increases the syn-
thesis of 1α,25(OH)2D3 by stimulating the activity of
the 25-hydroxyvitamin D3 1α-hydroxylase enzyme in
the kidney.126�128

Vitamin D and Renal Phosphate Reabsorption

A complex interrelationship exists between vitamin
D and PTH. Both hormones play important roles in cal-
cium and phosphate regulation.129�134 Decreases in
plasma ionized calcium levels increase PTH levels and
PTH also stimulates the renal conversion of 25(OH)2D3

to 1,25(OH)2D3 by the 25-hydroxyvitamin D3 1α-
hydroxylase located in the proximal tubule of the
kidney.126�128,135�137 Dietary phosphate deprivation or
hypophosphatemia induces 25-hydroxyvitamin D3 1α-
hydroxylase.34,112�115,138 Mice or rats, but not pigs, fed
a low-phosphate diet show a decrease in the activity of
the 25-hydroxyvitamin D3 24-hydroxylase (a renal
enzyme involved in the catabolism of 1,25(OH)2D3)
compared with rats fed a normal phosphate diet within
24 hours of phosphate restriction.139�141 Vitamin D
modestly decreases renal phosphate excretion, and its
primary effect is to enhance phosphate transport in the
intestine.20�27,31 Vitamin D receptor (VDR)-mutant
mice exhibit decreased serum phosphate, however,
phosphate transport by renal cortical brush border
membranes, phosphate excretion or NaPi IIa or NaPi
IIc mRNA levels were not different between VDR-null
or wildtype mice, while NaPi IIa protein expression
and NaPi IIa cotransporter immunoreactive signals
were slightly but significantly decreased in the VDR2/2

mice compared with the wildtype mice.102 When VDR
knockout mice were fed a low-phosphate diet, serum
phosphate concentrations were more markedly
decreased in the VDR knockout mice than in the wild-
type mice. Other studies performed in vitamin D recep-
tor and 25-hydroxyvitamin D 1α-hydroxylase null
mutant mice show that both these knockout mice adapt
to phosphate deprivation with increased NaPi IIa

protein in a manner similar to that found in wildtype
mice.142 However, when these mice were fed a high-
phosphate diet, phosphate excretion was less in the vita-
min D receptor and 25-hydroxyvitamin D 1α-hydroxy-
lase null mutant mice compared to the wildtype mice.
In vitamin D-deprived rats, NaPi IIa transporter protein
and mRNA were reported to be decreased in juxtame-
dullary but not superficial renal cortical tubules com-
pared with normal rats.143

Insulin, Growth Hormone, Insulin-Like Growth
Factor, and Renal Phosphate Reabsorption

Insulin decreases plasma phosphate and phosphate
excretion in human and animal models.144�148 This
enhanced renal phosphate reabsorption can be demon-
strated in the absence of changes in blood glucose,
PTH, and phosphate levels or urinary sodium excre-
tion. Initial micropuncture studies by DeFronzo
et al.145 demonstrate enhanced phosphate reabsorption
in hyperinsulinemic dogs. Conversely, somatostatin
infusion decreases plasma insulin levels and increases
phosphate excretion.149 Growth hormone decreases
phosphate excretion and has been postulated to con-
tribute to increased phosphate reabsorption and posi-
tive phosphate balance demonstrated in growing
animals.60,61 Administration of a growth hormone
antagonist for 4 days to immature rats suppressed
growth in these rats and was associated with increased
phosphate excretion and a decreased transport capacity
for phosphate reabsorption.150,151 Subsequent studies
performed in juvenile rats in which growth hormone
was suppressed showed increase phosphate excretion
to levels comparable to adult rats as a result of
decreased NaPi IIa expression, demonstrating the
important role for growth hormone in the enhanced
phosphate reabsorption in developing animals.152

Hammerman et al.153 demonstrated that growth hor-
mone administration increased phosphate uptake by
brush border membrane vesicles prepared from kid-
neys of adult dogs. These effects of growth hormone
on phosphate reabsorption may also be due to insulin-
like growth factor-1 (IGF-1).154�161 Growth hormone
stimulates the renal synthesis and release of IGF-1.154

The addition of IGF-1 to cultured renal opossum kid-
ney cells stimulates sodium-dependent phosphate
transport.157 A selective increase in sodium-dependent
phosphate uptake was detectable after 15 minutes and
is maximal at five hours. Chronic administration of
IGF-1 infused by osmotic mini-pump for six days sig-
nificantly increased the maximal tubular reabsorption
of phosphate in the presence and absence of PTH and
enhanced phosphate transport by renal brush border
membranes.158
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Renal Nerves, Catecholamines, Dopamine,
and Serotonin

Acute renal denervation increases urinary phosphate
excretion independent of parathyroid hormone.109,162�166

Numerous studies have demonstrated that acute renal
denervation or the administration of catecholamines
alters phosphate reabsorption.109,162�175 The increase in
urinary phosphate excretion after acute renal denerva-
tion could be due to both increased production of
dopamine and decreased α- or β-adrenoreceptor activ-
ity, since acute renal denervation has been shown
to initially increase renal dopamine excretion and
almost completely abolish norepinephrine and epi-
nephrine levels in the kidney.176,177 Epinephrine
decreases plasma phosphate, presumably by shifting
phosphate from the extracellular into the intracellular
space. The hypophosphatemic response to isoprotero-
nol infusion is blocked by propranolol, suggesting
involvement of the beta adrenoreceptors. Infusion of
isoproteronol markedly enhances renal phosphate
reabsorption in normal rats and in hypophosphatemic
mice.173,178 The enhanced phosphate reabsorption and
attenuated phosphaturic response to PTH observed in
acute respiratory alkalosis and phosphate deprivation
is blocked by infusion of propranolol, suggesting a pos-
sible role for stimulation of β-adrenoreceptors in these
conditions. Stimulation of α-adrenoreceptors by the
addition of epinephrine to cultured opossum kidney
cells blunts the PTH-induced increase in cAMP levels
and the inhibition of phosphate transport.179

Stimulation of α2-adrenoreceptors in vivo has also been
demonstrated to attenuate the phosphaturic response
to PTH.109 Dopamine infusion and the infusion of L-
DOPA or glupopa, dopamine precursors, increase
phosphate excretion in the absence of PTH.180�182

Dopamine administration has been reported to
decrease phosphate transport in cultured opossum
kidney cells and rabbit proximal straight
tubules.172,183�188 Studies suggest that dopamine may
be a proximal tubular paracrine substance in the reg-
ulation of phosphate reabsorption. The enzyme that
converts L-DOPA to dopamine is located exclusively
in the proximal convoluted and straight tubules, also
the primary sites of phosphate reabsorption.
Increasing dietary phosphate intake increases urinary
dopamine excretion and phosphate excretion.189

Inhibition of endogenous dopamine synthesis by the
administration of carbidopa to rats resulted in
decreased dopamine and phosphate excretion, sug-
gesting a role for endogenous dopamine in phos-
phate regulation.168,177 A potential paracrine role for
dopamine in phosphate regulation was strengthened
by studies performed in opossum kidney cells that
demonstrated that the addition of dopamine or

L-DOPA selectively decreased phosphate uptake
(Fig. 69.6). Furthermore, phosphate-replete OK cells
produced more dopamine from L-DOPA than
phosphate-deprived cells.185 Administration of dopa-
mine to phosphate-deprived or respiratory alkalotic
rats increases phosphate excretion and enhances the
phosphaturic response to PTH.108,109 Subsequent
studies in opossum kidney cells performed by sev-
eral laboratories demonstrated that increasing dopa-
mine synthesis inhibits phosphate transport by
multiple mechanisms including activation of DA1
and DA2 receptors.184,187,188 More recent studies per-
formed using mouse kidney slices, perfused proximal
tubules, and opossum kidney cells examined the
effect of dopamine on NaPi IIa expression and locali-
zation using DA1 and DA2 agonists.183 In these stud-
ies, dopamine induced the internalization of NaPi IIa
by activation of luminal DA1 receptors. Renal proxi-
mal tubules also synthesize serotonin from 5-
hydroxytryptophan by the same enzyme that con-
verts L-DOPA to dopamine. Incubation of opossum
kidney cells with either serotonin or 5-
hydroxytryptophan enhanced phosphate transport
and raises the possibility that serotonin may also be
involved in the physiological regulation of renal
phosphate transport.180,186,190,191

FIGURE 69.6 Effects of incubation either with 250 μM L-DOPA,
250 μM carbidopa (Carb), with combination of both, with exogenous
dopamine (DA, 10 μM) or with parathyroid hormone (PTH 2 U/ml)
on Na1 -Pi cotransport in opossum kidney (OK) cell monolayers.
Effects of exogenous and endogenous agents on Na1 -Pi cotransport
are expressed as % difference (decrease) from basal values denoted
by dotted line. *Significant differences (p, 05, paired t test) from con-
trols. † Significant difference (p, 05) compared with values from
PTH. Each bar denotes mean6 SE of four independent experiments,
each performed in triplicate. (From Glahn RP, Onsgard MJ, Tyce GM,
Chinnow SL, Knox FG, Dousa TP. Autocrine/paracrine regulation of renal
Na(1)-phosphate cotransport by dopamine. Am J Physiol 1993;264:
F618�622, with permission.)
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The Phosphatonins and Renal Phosphate
Reabsorption

The term “phosphatonin” was introduced to
describe a factor or factors responsible for the inhibition
of renal phosphate reabsorption and altered 25-
hydroxyvitamin D 1α-vitamin D regulation observed in
patients with tumor-induced osteomalacia.192 Cai
et al.193 described a patient with tumor-induced osteo-
malacia in whom the biochemical characteristics of
hypophosphatemia, renal phosphate wasting and
reduced 1α,25(OH)2D disappeared following removal
of the tumor. A similar biochemical phenotype exists in
patients with X-linked hypophosphatemic rickets
(XLH) and the animal model, the Hyp mouse.194�199

Several investigators have shown the presence of circu-
lating factors in the serum of Hyp mice that inhibit
sodium-dependent phosphate transport in the
kidney.200�202 Further studies demonstrated that
patients with the disease, autosomal dominant hypo-
phosphatemic rickets (ADHR), had activating muta-
tions within the fibroblast growth factor homolog,
fibroblast growth factor 23 (FGF-23).203 Its persistence
in the circulation resulted in the biochemical phenotype
of hypophosphatemia, renal phosphate wasting
and low 1α,25(OH)2D concentrations.203,204 Studies
using serial analysis of gene expression (SAGE) identi-
fied additional genes that were overexpressed in
tumors associated with tumor-induced osteomalacia.205

Some studies have identified several new factors that
also play a role in the regulation of phosphorus trans-
port and homeostasis.12�16,36,206�210 These include the
“phosphatonins,” FGF-23, and sFRP-4 that induce a
state of negative phosphate balance directly by inhibit-
ing renal phosphate reabsorption in the proximal
tubule and indirectly by inhibiting the synthesis of
1α,25(OH)2D3 and reducing the intestinal absorption
of phosphorus.12�16,36,206�210 Two factors, fibroblast
growth factor 7 (FGF-7) and MEPE have been shown to
inhibit phosphate transport in renal epithelial cells in
culture and, in the case of matrix extracellular phospho-
rus glycoprotein, to induce phosphaturia in mice.18,211

FGF-7 and MEPE, however, have not been demon-
strated to prevent compensatory increases in serum
1α,25(OH)2D3 concentrations seen in hypophosphate-
mic states or to directly inhibit 25-hydroxyvitamin D
1α-hydroxylase activity. In contrast, the phosphatonins
increase renal phosphate excretion and inhibit 25-
hydroxyvitamin D 1α-hydroxylase activity, thereby fur-
ther decreasing the retention of phosphorus.

Fibroblast Growth Factor-23

As noted previously, FGF-23 was initially postulated
to be the factor responsible for autosomal dominant

hypophosphatemic rickets.203 A mutation in the FGF-
23 gene resulted in expression of a FGF-23 protein that
was resistant to proteolysis and with a prolonged half-
life and biopotency.204,212�216 Recombinant FGF-23 pro-
duced hypophosphatemia when administered intraper-
itoneally to mice.37 Serum calcium concentrations did
not change following the administration of the peptide.
When Chinese hamster ovary cells were transfected
with an FGF-23 expression plasmid and cells were
implanted in nude mice, the animals became hypopho-
sphatemic and the fractional excretion of phosphate
was increased within 10 days. Alkaline phosphatase
concentrations increased in the serum consistent with
changes in bone mineralization. Radiologic evidence of
rickets in the long bones and histological evidence of
rachitic changes were observed after several weeks.
There was a decrease in the amount of messenger RNA
for the 25-hydroxyvitamin D 1α-hydroxylase. In sup-
port of these studies, Bowe et al. demonstrated that
recombinant FGF-23 inhibited sodium-dependent
phosphate transport in opossum kidney cells.206

Furthermore, intravenous infusion of recombinant
FGF-23 into mice caused a rapid, dose-dependent
increase in the fractional excretion of phosphate with
little or no change in sodium excretion (Fig. 69.7).15

These studies suggest that FGF-23 has direct actions on
renal phosphate transport. The role of FGF-23 in modu-
lating plasma phosphate concentrations and 25 hydro-
xyvitamin D 1α-hydroxylase levels was further
supported by the generation of FGF-23 null mutant
mice.217 These mice had reduced growth rate and died
10 to 14 weeks after birth. Serum phosphate concentra-
tions were elevated within 10 days after birth and
serum calcium concentrations became moderately ele-
vated 2 weeks after birth. Interestingly, these mice
developed increased renal 25-hydroxyvitamin D 1α-
hydroxylase messenger RNA levels and associated
increases in serum 1α,25(OH)2D concentrations. A
moderate increase in serum calcium concentrations
was also observed that could be a consequence of the
increased 1α,25(OH)2D concentrations and increased
intestinal calcium transport. Parathyroid hormone con-
centrations were diminished in the homozygous
mutant mice only at 9 weeks of age. Long bones dis-
played abnormal mineralization and reduced growth
plate. The TmP/GFR was significantly increased in
FGF-23 in null mutant animals. Conversely, transgenic
mice overexpressing FGF-23 have reduced serum phos-
phate concentrations, increased phosphate excretion,
and reduced renal sodium-phosphate cotransporter,
NaPi IIa.218,219 In addition to changes in phosphate
homeostasis, chronic overexpression of FGF-23 has also
been linked to disturbances in vitamin D metabolism,
calcium homeostasis and increased PTH levels.212 The
exact interaction and the relative contribution of FGF-
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23, PTH, and vitamin D on phosphate homeostasis in
these models of chronic FGF-23 excess remains
unknown.

The role of FGF-23 in the physiologic regulation of
phosphate homeostasis has been addressed by studies
to determine the effect of dietary phosphate intake on
serum FGF-23 levels. In healthy humans, the effects of
phosphate loading and deprivation have shown mod-
est or no changes in circulating FGF-23 concentrations.
In one study, an increased phosphate intake slightly
increased serum FGF-23.220 In contrast, other studies
in humans did not demonstrate an effect of dietary
phosphate intake on serum FGF-23 levels.221 In rats
with renal failure, an increase in dietary phosphate
has been shown to increase FGF-23 concentrations in
the serum.222 Future studies are necessary to deter-
mine the source of FGF-23 and how its expression is
regulated.

The mechanism of action of FGF-23 on phosphate
transport is currently unknown. Limited in vitro bind-
ing studies suggest that FGF23 may bind to FGFR-Fc
fusion proteins.223 Furthermore, tyrosine kinase inhibi-
tors that are known to inhibit signaling through FGFRs
block the effect of FGF-23 on sodium-dependent phos-
phate opossum kidney cells. These results raise the
possibility that FGF-23 may signal through one of the
known FGFRs.

Secreted Frizzled Related Protein-4

sFRP-4 was among the most consistently overex-
pressed genes found associated with oncogenic

osteomalacia. To assess whether sFRP-4 has phospha-
tonin activity, it was expressed by recombinant meth-
ods in COS or insect cells.36 Increasing concentrations
of the recombinant protein were added to opossum
kidney cells to determine whether it inhibits sodium-
dependent phosphate transport. We observed that
sFRP-4 inhibited sodium-dependent phosphate trans-
port in opossum kidney cells in a dose-dependent
manner at concentrations in the pg/ml range. When
infused into rats, sFRP-4 increased renal phosphate
excretion at 2 and 8 hours following initiation of the
sFRP-4 infusion (Fig. 69.8).36,15 Minimal changes in
sodium excretion were seen and calcium excretion did
not change. Interestingly, the effects of sFRP-4 were
also demonstrated in parathyroidectomized rats, thus
demonstrating that parathyroid hormone was not
essential for the phosphaturic effect of sFRP-4. During
an 8-hour intravenous infusion of sFRP-4, serum
phosphate concentrations decreased and phosphate
excretion increased. However, no change in 25-
hydroxyvitamin D 1α-hydroxylase messenger RNA
concentrations was noted in the kidney. The infusion
of sFRP-4 was associated with a decrease in β-catenin
concentrations in renal cells and an increase in phos-
phorylated β-catenin, thereby demonstrating that sFRP-
4 may act as an antagonist against Wnt molecules in
the kidney. Additionally, sFRP-4 was detected in the
plasma of healthy subjects and in patients with tumor-
induced osteomalacia, although the current assay did
not detect elevated levels associated with tumor-
induced osteomalacia. Thus, the data published to date
suggest that sFRP-4 is a phosphatonin. Details concern-
ing the mechanism by which FRP-4s inhibits renal

(a) (b)

FIGURE 69.7 Effect of fibroblast growth factor-23 (FGF23) on phosphate transport. (a) In vitro effects of FGF23 on inorganic phosphorus
transport (Pi) in opossum kidney cells. (b) FGF23 effects on the percent fractional Pi excretion. Mice were infused for 2 hours with vehicle
(circle), 0.5 μg FGF23/2 hours (triangle), or 5 μg FGF23/2 hours (square). (From Schiavi SC, Kumar R. The phosphatonin pathway: new insights in
phosphate homeostasis. Kidney Int 2004;65:1�14, with permission.)
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phosphate reabsorption and its relationship to FGF-
23 will need to be elucidated in the future. Studies
performed in mice in which the sFRP-1 gene
was deleted demonstrate that these mice exhibit
enhanced trabecular bone formation in adult mice. In
these studies, plasma phosphate concentrations were
significantly increased by 29% in male mice at 18
to 20 weeks of age, consistent with the possibility
that sFRP proteins modulate renal phosphate
reabsorption.224

Matrix Extracellular Phosphoglycoprotein

Matrix extracellular phosphoglycoprotein (MEPE) is
also among the most abundantly overexpressed mRNA
species found in tumors associated with renal phos-
phate wasting and osteomalacia.18,205,225 Recently,
MEPE has been expressed in insect cells and adminis-
tered to mice in vivo.18 The protein causes renal phos-
phate wasting and a reduction in serum phosphate
concentrations in vivo. Additionally, there is inhibition
of sodium-dependent phosphate uptake noted in opos-
sum kidney cells exposed to the protein. MEPE also
inhibits bone mineralization in vitro and MEPE null
mice have increased bone mineralization.226 This sug-
gests that it may play a role in the pathogenesis of X-
linked hypophosphatemic rickets in which there is
phosphate wasting and evidence for a mineralization
defect that is independent of low phosphate concentra-
tions in the extracellular fluid.227 Recent evidence sug-
gests that concentrations of this substance are
increased in the serum of patients with X-linked hypo-
phosphatemic rickets.207 It has been suggested that
MEPE is a substrate for PHEX228,229 and that PHEX

prevents proteolysis of MEPE and release of a
protease-resistant MEPE-ASARM peptide, an inhibitor
of mineralization (minhibin). Phex may be acting to
interfere with the actions of other enzymes that
degrade extracellular matrix proteins. PHEX and
MEPE form a nonproteolytic protein interaction via the
MEPE carboxy-terminal ASARM motif. The ASARM
peptide is believed to inhibit mineralization in vivo.
The binding of MEPE and ASARM peptide by PHEX
may explain why loss of functional osteoblast-
expressed PHEX results in defective mineralization in
Hyp. MEPE concentrations have been measured in nor-
mal humans and concentrations of the protein appear
to correlate with bone mineral density and serum phos-
phate concentrations.230

Fibroblast Growth Factor 7

A recent report has shown that FGF-7 is overex-
pressed in tumors associated with osteomalacia and
renal phosphate wasting.17,211 FGF-7 protein inhibited
sodium-dependent phosphate transport in opossum
kidney cells. Anti�FGF-7 antibodies attenuated the
inhibitory effect of tumor supernatants on sodium-
dependent phosphate transport. Only low concentra-
tions of FGF-23 were present in the supernatant
medium of tumor cells. At present it is not known if
FGF-7 circulates in plasma, whether it alters 25-
hydroxyvitamin D 1α-hydroxylase levels or whether it
is elevated in the plasma of subjects with tumor
induced osteomalacia. Nevertheless, the report does
point to the complexity of factors involved in the path-
ogenesis of tumor induced osteomalacia.

(a) (b)

FIGURE 69.8 (a) Effect of frizzled-related protein-4 (FRP4) on phosphate transport. In vitro effects of FRP4 on inorganic phosphorus trans-
port (Pi) in opossum kidney cells. (b) FRP4 effects on the percent fractional Pi excretion. Mice were infused for 2 hours with vehicle (circle),
0.05 μg FRP4/2 hours (square), or 0.5 μg FRP4/2 hours (triangle). (From Schiavi SC, Kumar R. The phosphatonin pathway: new insights in phosphate
homeostasis. Kidney Int 2004;65:1�14, with permission.)
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ACUTE AND CHRONIC
HYPOPHOSPHATEMIA

Hypophosphatemia is a commonly seen condition in
the hospital setting. By definition, this is a decrease in
serum phosphate concentrations below those seen in a
normal healthy population. Serum phosphate concen-
trations vary with age, being higher in young indivi-
duals than in adults. Table 69.1 shows concentrations
of serum phosphorus in males and females of different
ages as determined at the Mayo Clinic.

Hypophosphatemia does not necessarily imply an
overall deficiency of phosphate, since serum phosphate
concentrations can change as a result of redistribution
of phosphate from serum and extracellular fluid into
bone and soft tissues. When the underlying disorder
causing the redistribution resolves, serum phosphate
concentrations returned to normal. Hypophosphatemia
can be the result of decreased intake or absorption of
phosphorus, a redistribution of phosphate from the
serum into cells, or decreased renal phosphate reab-
sorption.11 Table 69.2 shows the causes and mechan-
isms of hypophosphatemia. Severe hypophosphatemia,
often requiring therapy with phosphate, occurs in the
following conditions: acute renal failure (especially
when there has been significant tissue damage and
necrosis), chronic alcoholism and alcohol withdrawal,
dietary deficiency and therapy with phosphate-binding
antacids, hyperalimentation, neuroleptic malignant
syndrome, recovery from diabetic ketoacidosis, recov-
ery from exhaustive exercise, after kidney transplanta-
tion, respiratory alkalosis, severe thermal burns,
therapeutic hyperthermia, Reye syndrome, after major
surgery, periodic paralysis, acute malaria, drug ther-
apy with ifosamide or cisplatin, acetaminophen intoxi-
cation, or cytokine infusions with tumor necrosis factor
or interleukin-2.11

Hypophosphatemia can cause a variety of clinical
disorders. Red cell, leukocyte, and platelet dysfunction
has been described.11 In red cells, hypophosphatemia
is associated with a decline in 2,3-diphosphoglycerate

and adenosine triphosphate.11 Structural defects in the
red cell resulting in hemolysis have been
described.231,232 In severe hypophosphatemia, leuko-
cyte chemotaxis, phagocytosis, and bactericidal activity
are depressed.233 Platelet dysfunction manifests by
thrombocytopenia, an increase in platelet diameter,
accelerated platelet disappearance, impaired clot
retraction, and hemorrhage into the skin and intestine
has been described.234 Central nervous system dys-
function has been described in patients with severe
hypophosphatemia. Patients may manifest irritability,
weakness, numbness, paresthesias, confusion, obtunda-
tion, seizures and coma.235 Rhabdomyolysis has been
described in severe hypophosphatemia, especially in
the context of alcoholism.236�238 Myofibrillar damage
has been observed in severe hypophosphatemia.239

A reversible cardiomyopathy has been described
in experimental animals and patients with severe
hypophosphatemia.11,240 Also, dysfunction can also
cause weakness of the diaphragm and has, in some
instances, been described to result in respiratory
insufficiency.57,241�250 In some instances, dietary phos-
phorus deprivation and severe hypophosphatemia
have been associated with an osteolytic syndrome.11 A
number of other less well-defined abnormalities have
been described in patients with hypophosphatemia,
but the precise cause-and-effect relationship remains to
be firmly established.11

Pathophysiology of Hypophosphatemia in
Clinical Disorders

An examination of the pathophysiology of hypopho-
sphatemia in various clinical disorders is instructive
because it brings to light various mechanisms that are
normally involved in the regulation of serum phos-
phate concentrations. This is particularly the case in
the emerging area of inherited rickets and acquired
forms of rickets due to tumors. Here, new substances
have been isolated and identified that play an impor-
tant role in the pathophysiology of the syndromes
and that might also play an important role in the regu-
lation of phosphate concentrations under normal
circumstances.

Respiratory Alkalosis

In the clinical setting, the most common cause of
acute hypophosphatemia is respiratory alkalosis (see
previous sections), which causes a rapid redistribution
of phosphate from the serum into the intracellular
space, resulting in a marked decrease in plasma phos-
phate (Fig. 69.9).11,251�256 Since respiratory alkalosis
decreases the plasma phosphate concentration, it is

TABLE 69.1 Normal Serum Phosphorus Concentrations in
Humans at Mayo Clinic

Males Females

Age, y Concentration, mg/dl Age, y Concentration, mg/dl

1�4 4.3�5.4 1�7 4.3�5.4

5�13 3.7�5.4 8�13 4.0�5.2

14�15 3.5�5.3 14�15 3.5�4.9

16�17 3.1�4.7 16�17 3.1�4.7

.18 2.5�4.5 .18 2.5�4.5
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likely that changes in the filtered load of phosphate
contribute to the changes in phosphate excretion.
However, a direct effect of respiratory alkalosis
changes on renal phosphate reabsorption has also been
demonstrated in the absence of changes in the filtered
load of phosphate.73,257�259 The effects of acute respira-
tory alkalosis on plasma phosphate and on
phosphate reabsorption are due to the decrease in
PCO2 rather than the concomitant changes in blood
pH. The effects of respiratory alkalosis on phosphate
homeostasis are mediated, in part, by release of
catecholamines.108,260,261

Sepsis

Sepsis is associated with hypophosphatemia.262�268

In septic patients with hypophosphatemia, 80% of
these patients had very high levels of tumor necrosis

TABLE 69.2 Causes of Moderate Hypophosphatemia

Pseudohypophosphatemia Cellular Uptake Syndromes

Mannitol Recovery from hypothermia

Bilirubin Burkitt lymphoma

Acute leukemia Histiocytic lymphoma

Acute myelomonocytic leukemia

Decreased dietary intake Acute myelogenous leukemia

Chronic myelogenous leukemia in blast
crisis

Decreased intestinal
absorption

Treatment of pernicious anemia

Vitamin D deficiency Erythropoietin therapy

Malabsorption Erythrodermic psoriasis

Steatorrhea Hungry bone syndrome

Secretory diarrhea After parathyroidectomy

Vomiting Acute leukemia

PO432 binding antacids

Increased excretion into the urine

Shift from serum into cells Hyperparathyroidism

Respiratory alkalosis Renal tubule defects

Sepsis Fanconi syndrome

Heat stroke X-linked hypophosphatemic rickets

Neuroleptic malignant
syndrome

Hereditary hypophosphatemic rickets
with hypercalciuria

Hepatic coma Polyostotic fibrous dysplasia

Salicylate poisoning Neurofibromatosis

Gout Kidney transplantation

Panic attacks Oncogenic osteomalacia

Psychiatric depression Recovery from hemolytic-uremic
syndrome

Aldosteronism

Hormonal effects Licorice ingestion

Insulin Volume expansion

Glucagon Inappropriate secretion of antidiuretic
hormone

Epinephrine Mineralocorticoid administration

Androgens Corticosteroid therapy

Cortisols Diuretics

Anovulatory hormones Aminophylline therapy

Nutrient effects

Glucose

(Continued)

TABLE 69.2 (Continued)

Pseudohypophosphatemia Cellular Uptake Syndromes

Fructose

Glycerol

Lactate

Amino acids

Xylitol

Source: Popovtzer MM, Knochel JP, Kumar R. Disorders of calcium phosphorus,
vitamin D, parathyroid hormone activity. In: Schrier RW, ed. Renal and Electrolyte

Disorders. Philadelphia: Lippinco.

FIGURE 69.9 Respiratory alkalosis may depress serum phospho-
rus concentration markedly in normal subjects and cause virtual dis-
appearance of phosphorus from urine. Serum phosphorus falls only
slightly with the same degree of alkalosis produced by infusion of
NaHCO3 and is associated with an increase of phosphaturia. (From
Mostellar ME, Tuttle EP Jr. Effects of alkalosis on plasma concentration
and urinary excretion of inorganic phosphate in man. J Clin Invest
1964;43:138�149, with permission.)
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factor (TNF) and interleukin-6.263,269,270 Injection of var-
ious interleukins and TNFα in experimental animals
and in humans decreased plasma phosphate, suggest-
ing a role for inflammatory cytokines in the hypopho-
sphatemic effect of sepsis.269�275

Refeeding Syndrome

The earliest descriptions of hypophosphatemia with
refeeding were described in starved patients in war
time. This syndrome is frequently observed in clinical
settings in patients after prolonged fasting, massive
weight loss after gastric surgery, chronic alcoholism,
chronic malnutrition, oncology patients, and anorexia
nervosa.276�284 Hypophosphatemia is observed after
either parenteral or enteral refeeding and is mediated
by changes in carbohydrate metabolism, decreased
insulin concentrations and increased glucagon levels.

Alcohol Withdrawal

Hypophosphatemia commonly occurs in the context
of alcohol withdrawal. It affects approximately 50% of
patients with alcoholism, requiring hospitalization.7,11

The etiology of hypophosphatemia is multifactorial in
patients admitted for alcoholism. Poor nutritional
intake, magnesium deficiency which can result in
hypophosphatemia as a result of renal phosphate
wasting285�289 and alcohol-induced abnormalities in
tubular function290 probably all contribute to the patho-
genesis of hypophosphatemia in such patients.
Abstinence from alcohol is generally associated with
the recovery from hypophosphatemia.

Renal Transplantation

Hypophosphatemia has frequently been reported in
transplant patients with concomitant decreased bone
mineral density.291 This hypophosphatemia is the
result of decreased renal reabsorption of phosphate
and is thought to be due, in part, to elevated PTH
levels as a result of prior renal failure and the adminis-
tration of glucocorticoids. However, some transplant
patients exhibit increased phosphate excretion even
when kidney function and PTH levels are normal.292

A recent study examined the mechanism and time
course of the post-transplant hypophosphatemia.293 In
this study, early (two weeks to one month) transplanta-
tion patients exhibited hypophosphatemia and phos-
phaturia, compared with control subjects or late (9�12
months) post-transplantation patients. Serum from
these patients with hypophosphatemia inhibited phos-
phate transport by opossum kidney cells, suggesting
the presence of a circulating phosphatonin sub-
stance.294 Serum FGF-23 levels are known to be
markedly increased in patients with chronic renal fail-
ure; however, they are not significantly increased fol-
lowing renal transplantation.295�297

Tumor-Induced Osteomalacia

This syndrome is associated with chronic hypopho-
sphatemia and osteomalacia that is corrected following
removal of the tumor. Initial experiments performed in
patients with tumor-induced osteomalacia (TIO) were
the first to describe “phosphatonins” as a circulating
factor from the serum of these patients that inhibits
phosphate transport in opossum kidney cells.193

Numerous reports now show that serum FGF-23 is ele-
vated in some, but not all, patients with oncogenic or
tumor-induced osteomalacia.206,296,298�302 Removal of
the tumor is generally associated with a reduction in
serum FGF-23 concentrations, and there is a temporal
association between the reduction in serum FGF-23
concentrations, the increase in serum phosphate
concentrations, a decrease in renal phosphate wasting
and an increase in serum 1α,25(OH)2D3 concentra-
tions.296,301,302 In some patients, FGF-23 concentrations
are not greatly increased and do not dramatically
decrease following tumor removal.296 The increase in
serum FGF-23 concentrations is consistent with the
overexpression of messenger RNA and protein for
FGF-23 within the tumors themselves. Recently, venous
sampling has demonstrated a gradient between FGF-23
concentrations in tumor venous effluent and FGF-23
concentrations in peripheral blood, suggesting that ele-
vations of serum FGF-23 are due to direct secretion
from the tumors.301 As described previously, several
phosphatonin molecules, including secreted frizzled
related protein-4, MEPE, and fibroblast growth factor-
7, have all been isolated from tumors from patients
with TIO. Increased serum or renal concentrations of
these proteins result in decreased renal phosphate
reabsorption which contributes to the subsequent
hypophosphatemia and osteomalacia.

Autosomal Dominant Hypophosphatemic Rickets

Autosomal dominant hypophosphatemic rickets
(ADHR) is an inherited disorder of phosphate homeo-
stasis characterized by decreased renal phosphate
reabsorption and hypophosphatemia linked to chromo-
some 12p13.303 These biochemical abnormalities are
associated with bone pain, muscle weakness, poor
growth, and evidence of rickets and osteomalacia.304

Individuals with this disease present with renal phos-
phate wasting and inappropriately normal serum 1α,25
(OH)2D concentrations.304 As noted earlier, mutations
in the FGF-23 gene within a pro-convertase processing
site were identified as the cause for autosomal domi-
nant hypophosphatemic rickets.203 These mutations
appear to prevent processing of FGF-23 in mice and
enhances the in vivo biological potency resulting in
increased serum concentration of FGF-23, decreased
serum phosphate concentrations and low 1α,25(OH)2D
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concentrations.212,214 When transgenic mice expressing
human FGF-23 were generated, these mice exhibited
hypophosphatemic rickets suggesting that increased
expression of FGF-23 may play a role in this disease
syndrome.204

X-Linked Hypophosphatemic Rickets

X-linked hypophosphatemic rickets (XLH) is the
most common inherited cause of rickets.192,305�307 XLH
(and murine model of this diseases, Hyp mouse and
the Gy mouse) is an inherited X-linked dominant disor-
der characterized by hypophosphatemia, normocalce-
mia and an inappropriately low concentration of serum
1α,25(OH)2D.305�309 Many studies have demonstrated
that in XLH there is decreased renal phosphate
reabsorption.305�307 This defect in phosphate reabsorp-
tion was demonstrated to be due to a humoral factor,
since parabiosis performed between a normal and Hyp
mouse causes hypophosphatemia in the normal mouse,
and this effect is reversible.200,201 These results are fur-
ther supported by cross renal transplantation experi-
ments.202 When a kidney from a Hyp mouse is
transplanted into a normal mouse, phosphate wasting
is no longer observed. Conversely, transplantation of a
kidney from a normal mouse into a Hyp mouse results
in phosphate wasting by the normal transplanted kid-
ney. These data are consistent with a circulating hypo-
phosphatemic substance in the circulation of Hyp
mice. The addition of Hyp mouse serum to primary
renal cells selectively inhibits phosphate uptake, and
the Hyp serum inhibits phosphate transport to a
greater extent than normal serum, indicating the pres-
ence of a factor in Hyp mouse serum that inhibits
phosphate uptake.310 Positional cloning efforts have
shown that PHEX (phosphate regulating endopepti-
dase on the X-chromosome) is the mutant gene respon-
sible for XLH.311 The same gene is mutated in mice
with the Hyp and Gy mutations (in the Gy mouse there
is a deletion of the adjacent spermine gene as
well).311�314 Since the mutant gene in this syndrome is
a protease, it has been thought that a lack of proteolytic
activity results in comparing degradation of a hypo-
phosphatemic substance. With the identification of
FGF-23 as a hypophosphatemic peptide responsible for
phosphate wasting in patients with autosomal domi-
nant hypophosphatemic rickets, and the elevation of
FGF-23 in some patients with tumor-induced osteoma-
lacia, considerable effort has been expended to deter-
mine whether FGF-23 concentrations are elevated in
patients with XLH and whether FGF-23 is a substrate
for PHEX. The evidence for elevated FGF-23 expression
in patients with X-linked hypophosphatemic rickets is
conflicting. Jonsson and coworkers describe elevated
serum FGF-23 concentrations in many subjects,296

whereas Weber and colleagues reported only modestly

increased or normal concentrations of FGF-23.210 In the
Hyp mouse, preliminary reports suggest that FGF-23
serum concentrations are elevated and neutralization
of FGF-23 with an antibody ameliorates hypophospha-
temia and rickets.315 These data are consistent with the
premise that PHEX processes FGF-23 either directly or
indirectly under normal circumstances. The inactiva-
tion of FGF-23 by PHEX has been demonstrated by
some, but not all investigators.206,316,317 Inactivation of
PHEX, as occurs in individuals with XLH and in Hyp
mice, would reduce FGF-23 degradation and cause
renal phosphate wasting and hypophosphatemia.

Fibrous Dysplasia/McCune-Albright Syndrome

Fibrous dysplasia is a genetic, noninherited disease
caused by somatic activating missense mutations
of GNAS1 that affects the skeleton or with endo-
crine and cutaneous abnormalities, McCune-Albright
syndrome.318�322 Phosphate wasting is observed in
approximately 50% of these patients and is associated
with defects in bone mineralization.323�327 Riminucci
and coworkers examined the concentrations of FGF-23
in the plasma of patients with fibrous dysplasia, some
of whom have hypophosphatemia.328 These investiga-
tors demonstrated that those patients who had low
phosphate concentrations had elevated FGF-23 concen-
trations in the blood, whereas those who had normal
phosphate concentrations did not have elevations in
FGF-23.

Humoral Hypercalcemia of Malignancy and
Hyperparathyroidism

Patients with humoral hypercalcemia of malignancy
or primary hyperparathyroidism have elevated
serum calcium concentrations, hypophosphatemia, and
altered serum 1α,25(OH)D3 concentrations. Of note, in
patients with primary hyperparathyroidism, 1α,25(OH)
D3 concentrations are increased. Whereas, in patients
with humoral hypercalcemia of malignancy serum,
1α,25(OH)D3 concentrations are inappropriately low
for the degree of hypophosphatemia that these patients
manifest.329 It is possible that increased circulating
FGF-23 could contribute to the hypophosphatemia seen
in individuals with these disorders. Recently, serum
FGF-23 has been shown to be elevated five- to 10-fold
in patients with humoral hypercalcemia of malig-
nancy.330 Interestingly, the elevations in FGF-23 are not
correlated with the concentrations of serum phos-
phorus. It is possible that a low serum 1α,25(OH)D3
concentration seen in the patients with humoral hyper-
calcemia of malignancy could have been due to the
increased FGF-23 concentrations. Patients with primary
hyperparathyroidism have slightly elevated FGF-23
concentrations that do not change after
parathyroidectomy.331

2381ACUTE AND CHRONIC HYPOPHOSPHATEMIA

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



ACUTE AND CHRONIC
HYPERPHOSPHATEMIA

Hyperphosphatemia occurs in renal failure and
tumoral calcinosis. Patients with hyperphosphatemia
generally have no symptoms as a result of this disor-
der. The consequences of hyperphosphatemia include
the deposition of calcium in phosphate in soft tissues
such as skin, blood vessels, and heart, and the develop-
ment of secondary hyperparathyroidism as a result of
hypocalcemia.

Renal Failure

Hyperphosphatemia and secondary hyperparathy-
roidism are common complications of chronic renal
failure and end-stage renal disease.11,332,333 The causes
of hyperphosphatemia and chronic renal failure are
multifactorial. In patients with renal failure, retention
of phosphate as a result of reduced glomerular filtra-
tion is the primary cause for hyperphosphatemia.
While in the early stages of chronic renal failure, an
increase in serum phosphate concentrations can be
overcome by an increased rate of parathyroid hormone
release (which occurs as a result of hypocalcemia and
perhaps directly due to the effect of phosphate on the
parathyroid gland). As renal failure progresses with
further nephron damage, hyperphosphatemia becomes
chronic and fixed.334�344 Parathyroid hormone concen-
trations remained chronically elevated. At the same
time, a reduction in the synthesis of 1α,25(OH)D3

occurs as a result of hyperphosphatemia and reduced
nephron mass.11,332,333 This causes a reduction in cal-
cium absorption in the intestine, a negative calcium
balance, and further hyperparathyroidism. A reduction
in 1α,25(OH)D3 concentrations also results in an
increase in parathyroid hormone synthesis on account
of the absence of inhibition of parathyroid hormone
synthesis by 1α,25(OH)D3.

11,332,333 Chronically elevated
concentrations of parathyroid hormone cause bone dis-
ease in these patients.

Tumoral Calcinosis

Tumoral calcinosis is an unusual disorder associ-
ated with hyperphosphatemia, elevated 1α,25(OH)2D3

concentrations, and a reduced excretion of phospho-
rus in the urine. The phenotype seen in this disorder
is the opposite of that seen in tumor-induced osteo-
malacia and in the inherited forms of rickets. It has
been speculated that a deficiency of phosphatonin
activity could account for this disorder. Two distinct
abnormalities have been elucidated in patients with
tumoral calcinosis. In some families with tumoral

calcinosis, a defect in the activity of an O-linked gly-
cosylating enzyme, GALNT3,345 has been observed.
Interestingly, serum FGF-23 concentrations are high in
these patients. It is uncertain from the published
report if the serum FGF-23 concentrations were mea-
sured using an assay that detects intact FGF-23 or
FGF-23 fragments as well as the intact molecule. It is
possible that there could be defects in the processing
of FGF-23 as a result of a failure in glycosylation of
the molecule or as a result of the chronic hyperpho-
sphatemia seen in these patients. Another report sug-
gests that the hyperostosis�hyperphosphatemia
syndrome is an allelic disorder similar to tumoral cal-
cinosis.346 No reports of FGF-23 concentrations in this
syndrome are available.

In a second family, mutational analyses identified a
homozygous S71G mutation in FGF-23 in the TC
patients which was not found in control alleles.347

These individuals had low normal levels of intact FGF-
23. It has been suggested that the mutation stabilizes
full-length FGF-23.

In summary, the study of patients with various clini-
cal disorders of phosphate metabolism has yielded rich
insights into the handling of phosphate in the kidney
and other organs.
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Glucose Reabsorption in The Kidney
Charles S. Hummel and Ernest M. Wright

Department of Physiology, The David Geffen School of Medicine at UCLA, Los Angeles, California, USA

OVERVIEW OF GLUCOSE HOMEOSTASIS

Glucose is the major fuel source to the body’s tis-
sues, and it comes in various forms in the diet: simple
sugar, disaccharides, polysaccharides, and starch. It is
utilized in both oxidative and non-oxidative metabolic
pathways, it provides a substrate for triglyceride syn-
thesis in adipose tissue, and it is enzymatically poly-
merized into glycogen for storage in muscle and the
liver. Glucose is synthesized endogenously in the liver
and kidneys by gluconeogenesis. Its plasma concentra-
tion is maintained within narrow limits, 4�10 mM
(70�110 mg/dL), with many hormonal influences.
Pathological alterations in glucose homeostasis are
most often identified with diabetes.

GLUCOSE TRANSPORTERS IN GLUCOSE
HOMEOSTASIS

The transport of glucose across biological mem-
branes is a critical step regulating its concentration in
plasma. There are two major classes of proteins respon-
sible for glucose transport.

Facilitated GLUcose Transporters (GLUTs) bind to
glucose and translocate it across membranes in an
energy-independent fashion: they require a glucose
concentration gradient to drive net transport; hence
they facilitate the diffusion of glucose. The GLUTs
belong to the SLC2A gene family, part of the larger
Membrane Facilitators Superfamily (MFS).1 There are
currently 14 identified GLUT genes within the human
body, for example, the protein coded by the SLC2A2
gene, GLUT2, allows glucose to be reabsorbed in the
kidney by facilitating diffusion across basolateral

membranes, and mutations in this gene are responsible
for the Fanconi-Bickel Syndrome (FBS, OMIM 227810).2

Sodium-dependent GLucose Transporters (SGLTs)
bind Na1 ions and glucose, transporting them across
the membrane in an energy-dependent fashion: the Na1

electrochemical potential gradient, maintained by the
Na1/K1 ATPase, drives the transport of glucose into
cells. This allows non-metabolized glucose analogs to
accumulate in tissues in excess of the plasma concen-
tration and so they are crucial for the reabsorption of
glucose in the kidneys and the intestinal absorption of
dietary glucose. SGLTs belong to the SLC5A gene fam-
ily, part of the Sodium Solute Symporter (SSS) super-
family of proteins.3,4 Although the amino acid
sequences are quite different among members of the
SSS family, the atomic structures reveal common fea-
tures that suggest similar transport mechanisms.5�7

As with the GLUTs, SGLT genes are expressed
throughout the body.3,4,8 However, mRNA expression
profiles offer only hints of physiological function, and
establishing functional roles for SGLTs in the body’s tis-
sues has proven to be non-trivial.

CELLULAR AND MOLECULAR
PHYSIOLOGY OF SGLTS

SGLT1 was the first identified and is the most exten-
sively studied Na1/D-glucose co-transporter.4 It was
cloned in 1987 by expression cloning,9 and it is respon-
sible for the intestinal absorption of D-glucose and D-
galactose from the diet. Through a combination of bio-
physics, immunohistochemistry, molecular genetics,
and freeze fracture electron microscopy, it was estab-
lished that either defective translation, post-
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translational trafficking, or function of SGLT1 leads to
glucose-galactose malabsorption (GGM, OMIM #
182380; online, Mendelian Inheritance in Man, http://
www.ncbi.nlm.nih.gov/OMIM). GGM is an extremely
rare, autosomal recessive disease, in which patients
experience life-threatening osmotic diarrhea starting in
the first few days of life. Failure to absorb sugars bro-
ken down from the lactose in mother’s milk or infant
formula leads to profuse, watery diarrhea that abates
only when sources of glucose or galactose are elimi-
nated from the diet. As long as GGM is identified and
appropriate dietary modifications are made, patients
lead relatively normal and healthy lives.10 Its expres-
sion cloning and detailed characterization, in addition
to the molecular details of GGM, firmly established
hSGLT1 as crucial to glucose and galactose absorption
in the gut. On the other hand patients with GGM have
only a mild renal glycosuria (see below).

There are four other members of the SLC5A gene
family that are capable of transporting glucose, SGLT2,
SGLT4, SGLT5 and SGLT6.11 Human SGLT3, which is
expressed in gut neuronal cells, depolarizes the cell
upon exposure to glucose, is believed to be a glucose
sensor and not a transporter.12�14 hSGLT6 is a Na1/
myo-inositol co-transporter which also is a low affinity
glucose transporter and it is now referred to as
hSMIT2.3,4 hSGLT2 (SLC5A2) is abundantly expressed
in the kidney but mRNA is also found in liver, heart,
brain and muscle. This is believed to be the transporter
responsible for the bulk of glucose reabsorption in kid-
ney and mutations in the gene are associated with
renal glucosuria (see below). In addition to D-mannose,
hSGLT4 has also been shown to transport D-glucose,
fructose, and 1,5-anhydro-D-glucitol.15 Its mRNA has
been detected in small intestine, kidney, liver, lung and
brain, where it may be important in maintaining stores
of mannose for protein glycosylation. SGLT5, exclu-
sively expressed in the human kidney cortex, is a man-
nose and fructose sodium cotransporter with a higher
affinity and turnover than for glucose.16 Its cellular
location and function within the cortex is as yet
unknown.

SGLTS AND RENAL GLUCOSE
REABSORPTION

180 g/day of D-glucose is filtered across the glomer-
ulus into the kidney in humans, yet less than ,1% of
this filtered load ends up in the urine in healthy per-
sons. What is responsible for the efficient reabsorption
of glucose, and where is this accomplished within the
kidney?

In what has been described as one of the most
important contributions to renal physiology,17 Wearn

and Richards developed the free-flow micropuncture
technique in 1924.18 In their first study on frog
nephrons, they detected plasma levels of sodium and
glucose in the “glomerular urine” but not in the “blad-
der urine,” proving “beyond doubt that the reabsorp-
tion of these substances must take place in the renal
tubules.” By introducing oil blocks and perfusing pip-
ettes in subsequent work, specific tubular regions were
quantitatively perturbed and analyzed.19 With such a
novel approach, they showed that nearly all glucose
was reabsorbed within the proximal tubule, and this
could be blocked by phlorizin.20

Micropuncture and single nephron analyses were
subsequently adapted for the study of mammalian kid-
neys, demonstrating that, in rats, glucose reabsorption
occurred in the proximal tubule with sensitivity to
phlorizin.21,22 It was previously established that intra-
venous administration of phlorizin inhibited renal glu-
cose reabsorption in humans by up to 100%.23

In 1970, using sensitive fluorometric-enzymatic
methods for measuring D-glucose and inulin, as well
as Lissamine green for more precisely locating nephron
segment puncture sites and tubular transit times,
detailed studies of glucose reabsorption could be per-
formed in rat nephrons.24 These free-flow micropunc-
ture studies demonstrated that � 98% of D-glucose
reabsorption occurred within the PT, and most reab-
sorption occurred within the first 3 mm from the glo-
merulus (Figure 70.1); no measurable net glucose
reabsorption occurred distal to the PT. A follow-up
study showed that glucose competed with [3H]-phlori-
zin for the same (and at that time) as-yet-unknown
“binding site” in isolated brush borders of rat kidney,
with reversibility, stereospecificity (D-glucose over L-
glucose), and Na1-dependence.25 Renal D-glucose
reabsorption was attributed to active Na1/sugar co-
transport, similar to and consistent with Crane’s
hypothesis that Na1-dependent transport drives intes-
tinal absorption of D-glucose and D-galactose, which
he articulated in a groundbreaking 1960 presentation
in Prague.26

Barfuss and Schafer expanded on these early studies
by making quantitative estimates of D-glucose absorp-
tion in isolated, perfused segments of early and late PT
from rabbit nephrons.27 They found that in early seg-
ments, maximal [14C]-D-glucose absorption (Jmax) was
high, with a relatively low affinity for glucose (Km

� 2 mM). In comparison, later segments showed a 10-
fold reduction in Jmax, with higher affinity for glucose
(Km � 0.4 mM). From this, they concluded there were
at least two distinct systems of glucose reabsorption in
the proximal tubule. Detailed studies using PT brush
border membrane vesicles from human and rabbit kid-
neys showed more evidence of two transport systems:
an early, low affinity (Km glucose5 6 mM) transporter
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with 1:1 Na1:D-glucose stoichiometry and a later, high
affinity (Km glucose5 0.3 mM) transporter with 2:1
stoichiometry.28�31

After the two renal sodium glucose cotransporters
were characterized, attention turned to their molecu-
lar identification In 1992, low-stringency hybridiza-
tion screening of human kidney cDNA libraries,
using rabbit and human SGLT1 sequences as probes,
led to the identification of a clone bearing 59%
DNA sequence identity to hSGLT1.28 When cRNA
of the clone was injected into Xenopus oocytes,
[14C]-α-methyl-D-glucopyranoside (αMDG, a SGLT-
specific glucose analog) accumulation was 2- to 3-
fold higher than that observed in water-injected
oocytes. αMDG transport was Na1-dependent and
phlorizin-sensitive, sugar affinity was low compared
to hSGLT1, D-galactose was not a substrate, and
Na1:glucose stoichiometry was 1:1.32 In the same
study, Na1/glucose co-transport was also reported
to be electrogenic and voltage-dependent, although
the magnitude of maximal currents observed under
voltage-clamp were ,1% of those seen in hSGLT1-
injected oocytes; but they were 2-fold larger than
currents from control (H2O-injected) oocytes. From
this, Kanai and colleagues concluded it was not pos-
sible to claim hSGLT2 is a high capacity transporter
per se, but rather its high level of mRNA in early
PT segments—measured by in situ hybridization—
might correspond to abundant protein expression at
the luminal membrane; and hSGLT2 proteins as an
ensemble might operate with a high capacity for glu-
cose reabsorption. They further suggested that
hSGLT1’s 2:1 Na1:glucose coupling, which endows
it with greater accumulative power than a

transporter with 1:1 stoichiometry, along with its
high affinity for glucose, allows it to salvage the
remaining tubular glucose in the late PT.

Subsequent studies of rat SGLT2 demonstrated sub-
strate specificity (i.e., lack of D-galactose transport) and
an additional estimate of 1:1 Na1:glucose coupling.33

In situ hybridization and northern blot analyses
revealed SGLT2 message predominantly in outer kid-
ney cortex while SGLT1 was found within inner corti-
cal and outer medullary regions. Based on: (1) previous
work showing the bulk of glucose reabsorption occurs
in the early PT, (2) fluxes in isolated tubules showing
evidence of two transport systems, and (3) spatial
differences in SGLT1 and 2 mRNA expression, it was
concluded that SGLT2 is the major Na1/D-glucose co-
transporter in the kidney.

Recently our biophysical characterization of cloned
human SGLT1 and SGLT2 expressed in HEK293 cells
confirmed and extended the previous oocyte studies:34

the apparent glucose affinities (K0.5) were much more
similar than expected, 1.8 and 4.9 mM for SGLT1 and
SGLT2; Galactose was a poor substrate for SGLT2 with
a K0.5 greater than 100 mM; and phlorizin was a more
potent blocker of SGLT2 than SGLT1 with a Ki of 11 vs
140 nanomolar. The higher affinity of SGLT2 for phlori-
zin was mostly due to a slower off rate.

There are several reports on SGLT protein localiza-
tion within the rat kidney. In the first, SGLT1
and GLUT1 antibodies were tested in various sec-
tions—inner medulla, outer medulla-inner segment,
outer medulla-outer segment, and cortex. SGLT1
immunoblotting revealed signal in cortical and outer
medullary regions, whereas GLUT1 signal was
observed in inner and outer medulla but not cortex.35

FIGURE 70.1 Glucose reabsorp-

tion in the proximal tubule. As
shown in this simulation of the find-
ings in Frohnert et al. (1970) the reab-
sorption of the bulk of filtered
glucose occurs in the proximal tubule
of the kidney. Under normal condi-
tions, some 80% of the tubular glu-
cose is reabsorbed within the first
2 mm of convoluted PT (S1, 2 seg-
ment), where SGLT2 is the predomi-
nantly expressed isoform. In later
portions of PT (S3 segment), SGLT1 is
believed to “mop up” the remaining
tubular glucose.
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Immuno-fluorescent, -peroxidase, and -gold staining
identified SGLT1 signal in all segments—S1, 2, and 3—
of PT on apical membrane surfaces, whereas GLUT1
reactivity was observed on basolateral membrane sur-
faces of S3 PT as well as more inner (outer and inner
medullary) regions. A second study examined SGLT1
and GLUT2 distribution;36 in cortex, SGLT1 (on apical
membranes) and GLUT2 (on basolateral membranes)
showed co-reactivity in 40% of tubules. Moreover,
SGLT1 signal was found in the majority of cortical PTs,
based on co-staining with the PT marker, anti-γ-GTP.
In a third study SGLT1 was localized on the brush
border membrane of the proximal tubule with
increasing intensity from the S1 to the S3 segments.37

There was substantial intracellular staining in the
cells of the S1 segment and, surprisingly, there was
SGLT-related staining in the apical domains of the
macula densa and adjacent cortical parts of the thick
ascending limb of Henle. Apart from the fact that
different SGLT1 antibodies were used in these stud-
ies there is no simple explanation for these subtle
differences in SGLT1 distribution. So far there is only
one paper reporting on the immunolocation of
SGLT2 in the rodent kidney.38 Here there was spe-
cific SGLT2 antibody staining of apical membranes of
the early proximal convoluted tubule of the mouse
and this was not observed in the SGLT22/2 mice.

Overall, we may conclude that there are two
SGLT genes expressed in the kidney, SGLT2 in the

brush border membrane of the early proximal tubule
and SGLT1 in the brush border membrane of the
late proximal tubule. Furthermore the localization of
SGLTs to the apical membrane and GLUTs to the
basolateral membrane provides plausible cellular
mechanisms for glucose reabsorption in kidney
(Figure 70.2). However, for human kidney there still
are no immunocytochemical studies of SGLT2 and
SGLT1 distribution and no physiological studies on
isolated tubules.

While the atomic structure of human SGLTs is not
yet known, the structure of a bacterial homolog vSGLT
with 32% amino acids identity to hSGLT1 has been
solved and refined to 2.7 Å (Figure 70.3).5�7 As
expected from biochemical studies the structure con-
tains 14 transmembrane helices, and we also find one
galactose molecule bound to the center of the protein
occluded from the aqueous solutions on each side of
the membrane. The most notable features of the struc-
ture are: i) the inverted repeat (TM1�5 and TM6�10)
forming the core of the protein. While these repeats
can be superimposed there is no amino acid homology
between them; ii) there are two discontinuous mem-
brane helices, TM1 and TM6, at the core of the sugar
binding sites; and iii) hydrophobic gates occlude the
sugar from the external solutions, external gates, M73,
Y87 and F424 and the internal gate Y263. The pyranose
sugar ring is stacked against the aromatic ring of the
inner gate. Molecular dynamic studies show that after

FIGURE 70.2 Cellular mechanism of

SGLTs in glucose reabsorption in the prox-

imal tubule. A schematic of how SGLT1 and
2 mediate the intestinal absorption, or renal
reabsorption, of glucose. The Na1 electro-
chemical potential gradient is maintained by
the Na1/K1 pump, powers glucose accumu-
lation by SGLTs from tubular lumen into
cells; glucose subsequently moves down its
concentration gradient across the basolateral
membrane via GLUT2 (GLUT1 may be
involved as well) into the interstitium and
then blood. Both SGLT1 and 2 operate in
similar fashion at a cellular level, though
there are differences in function at the
molecular level.
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sodium release into the cytoplasm the tyrosine side
chain rotates to a different position to allow the release
of sugar to the cytoplasm.7

The high amino acid identity between vSGLT and
hSGLT1, including the conservation of the sugar and
sodium coordinating residues and the gates, has facili-
tated the generation and testing of a hSGLT homology
model.39 Mutation of the glucose binding residues pro-
duces profound reductions in the apparent sugar affin-
ity (K0.5), e.g. the mutation E102C increases the glucose
K0.5 from 0.5 to .100 mM. Evidence was also obtained
for the opening of the external gates by external
sodium, i.e., external methanethiosulfonate reagents
and dyes only reached cysteine mutants in the sugar
binding site when sodium was present in the external
medium, and this access was blocked by sugar and
phlorizin. This provides direct evidence that sodium/
glucose cotransport is controlled by the coordinated
opening and closing of the external and internal gates.
Much structural work remains to be done to fully
understand the atomic mechanism of transport.

GENETIC ABLATION OF SGLTS

Studies of transgenic mice deficient in SGLT2
(SGLT22/2) and SGLT1 (SGLT12/2) have shed new
light on the relative roles of SGLT2 and 1 in renal glu-
cose reabsorption in vivo.38,40�42 In each of the three

SGLT22/2 studies, absolute urinary glucose excretion
was 60�70% of the filtered load in knock-out (SGLT2-/-)
mice, compared with 0% in WT mice. This implies
that SGLT2 is of major importance in renal glucose reab-
sorption, but in the absence of functional SGLT2,
there is still significant renal glucose reabsorption.

In the first study, detailed micropuncture experi-
ments of cortical (i.e., superficial) nephrons were per-
formed.38 Early proximal convoluted tubular
collections demonstrated 80% reabsorption of the fil-
tered glucose load in WT mice, compared with 0% in
SGLT2-/- mice. In later PT collections, the fractional
reabsorption was 90% in wild type mice and 20% in
knock-outs. It was also found that the filtered glucose
load was proportional to the rate of excretion in knock-
out mice, but independent of the load in WT. A major
role for SGLT2 in glucose reabsorption was clearly
established by this work; yet there was a significant dis-
crepancy between superficial cortical fluid collections,
which suggested SGLT2 is responsible for $ 80% of
glucose reabsorption, and whole kidney glucose excre-
tion measurements suggesting SGLT2 was responsible
for 60% of glucose reabsorption. The results of this
study make clear the importance of considering neph-
ron heterogeneity in defining the role of Na1/D-glu-
cose co-transporters in renal glucose reabsorption.

A second study looked at mice deficient in
SGLT2 and how they handled streptozotocin-induced
diabetes.42 Interestingly, SGLT22/2 mice showed

FIGURE 70.3 The structure of the bacterial SGLT homolog vSGLT. A side view of the 3-D structure of vSGLT in the membrane. The
structure contains 14 transmembrane spanning helices (-1 to 13) with sugar bound in the center occluded from the external solutions. The struc-
ture consists of two inverted repeats (TM1-5 and TM6-10) with one TM helix in each repeat containing an unwound region in the middle of the
membrane. A simpler model is shown on the right to illustrate the position of the sugar, the outer and internal hydrophobic gates, and the pre-
sumed location of the sodium binding site (blue sphere). (Figure is modified from ref. [5,6,11].) Note: homology models of hSGLT1 show conservation
of the sugar and sodium binding sites and the external and internal gates.39
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dramatically increased mortality—70% compared with
10% in wild type—due to sepsis from pyelonephritis.
From this work, new questions about the safety of
hSGLT2 inhibitors have emerged, which warrant fur-
ther study.

In a third study, the SGLT22/2 strain used by
Vallon et al.41 was crossed with db/db—diabetic, obese,
hyperlipidemic—mice. The resulting double trans-
genics had better glycemic control in both the fed and
fasting states, they were less obese, and they displayed
improved pancreatic β-cell health—increased cell mass
(60%) and reduced cell death—compared with db/db
mice alone.41 Also, single transgenic (SGLT2-/-) mice
fed a high fat diet were protected from developing
hyperglycemia, hyperinsulinemia, and glucose intoler-
ance, when compared with their wild-type littermates
on the same diet.

Taken together, these studies suggest that SGLT2
plays a significant role in glucose reabsorption, and
genetically ablating SGLT2 can result in dramatic
improvement of hyperglycemia and associated
sequelae in T2DM. Indeed these knock-out studies are
consistent with using SGLT2 inhibitors as a viable
insulin-independent approach to treating type 2 diabe-
tes mellitus (see below). It is also clear that there are
significant compensatory mechanisms of glucose reab-
sorption in the absence of SGLT2, capable of reabsorb-
ing up to 40% of the filtered load. What are the
molecular players behind such compensation? One
possibility is that hSGLT1 serves a robust role in the
absence of SGLT2.

In awake SGLT12/2 mice the urinary glucose con-
centration was significantly increased (from B0 to
20 mM) and the fractional reabsorption was reduced
3% in the absence of any apparent changes in SGLT2
mRNA or protein expression.40 Micropuncture experi-
ments on the last surface loop of proximal convoluted
tubules showed that there was an increase in both the
delivery and concentration of glucose in SGLT1-/- mice
relative to wild-type mice: from 2 to 4 pmole/min and
from 0.4 to 0.8 mM. These studies suggest that SGLT1
in the late proximal tubule does play a role in mopping
up the last remaining glucose in the glomerular filtrate.
As expected the most obvious phenotype of the
SGLT1-/- mice is glucose-galactose-malabsorption, but
the surprise is that unlike human GGM this phenotype
only develops after weaning.

GENETICS OF RENAL GLYCOSURIA

Familial renal glycosuria (FRG, OMIM # 233100 and
182381) is an autosomal recessive condition character-
ized by urinary glucose excretion with normal plasma
glucose levels, oral glucose tolerance tests, and plasma

insulin levels. Patients absorb glucose and galactose
normally, and they have no known defects in glucose
utilization in tissues.43 Long before any of the SGLT
genes were identified, work was well underway to
characterize FRG. In 1969, renal glucose titrations on
two families with hereditary renal glycosuria showed
that affected individuals typically had a lowered
threshold (FmingG) for glycosuria and reduced Tmax

(characteristic of “type A FRG”), and in one instance
an exaggerated splay (characteristic of “type B
FRG”).44 Importantly, sugar fluxes in jejunal mucosa
samples demonstrated no difference in hexose trans-
port between FRG patients and normal controls, i.e.
intestinal glucose absorption was unaffected in FRG.
There were also hints that inheritance of glycosuria
was autosomal recessive, conflicting with the dogma of
the time that FRG was inherited in autosomal domi-
nant fashion. Further pedigree and physiological analy-
ses of three generations from a single family
established autosomal recessive inheritance as well as
an intermediate phenotype of mild glycosuria in het-
erozygote family members.45

In more recent years, given the proposed role for
hSGLT2 in renal glucose reabsorption,32,33 researchers
analyzed the gene encoding hSGLT2 (SLC5A2) and
found it was associated with hereditary glycosuria.46

Further studies confirmed SLC5A2’s involvement in a
single individual with glycosuria,47 and across multi-
ple families, many with consanguineous unions.48,49

In patients with either homozygous or compound
heterozygous SGLT2 mutations, glucose excretion
ranged from 15 to 200 g/day; and, consistent with
previous hypotheses,45 heterozygote family members
frequently displayed glycosuria of # 4 g/day.
Follow-up studies of patients with combined severe
glycosuria and aminoaciduria revealed a novel mis-
sense mutation in hSGLT2,50 and aminoaciduria has
been described in another case report of a patient
with FRG.51 The aminoaciduria was not immediately
explained and was believed due to the severity of
glycosuria rather than an intrinsic defect in amino
acid reabsorption.

Analyses of SLC5A2 mutations in families with FRG
have revealed several noteworthy trends. First, most
mutations identified in FRG are private: in 23 families
with FRG, 21 unique mutations were observed;49 and
in another large analysis, 17 families yielded 20 unique
mutations.48 One mutation, a splice-site mutation (“IVS
71 5 g .a”), was observed in nine different families,
with index cases showing either homozygosity or com-
pound heterozygosity with this mutation; it was specu-
lated that due to the high prevalence of this mutation,
the region encoding the splice-site is a mutational “hot
spot.” Second, many of the mutations producing pro-
nounced glycosuria (. 20 g/d) are predicted to result
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in either premature stop codons (by point or frame-
shift mutations) or deletions/insertions resulting in
truncated proteins. There is precedent for this in GGM,
where mutations in SGLT1 resulted in proteins which
were non-functional or failed to traffic to the plasma
membrane.10

There is significant heterogeneity in urinary glucose
excretion among individuals with FRG. In patients
homozygous or compound heterozygous for mutations
in SLC5A2, excretion ranged from 10 to 200 g/d; some
of this may be due to the difference between mutations
resulting in partially-functional hSGLT2 protein versus
those which produce non-functional or non-trafficked
protein. However, in at least one instance, two mem-
bers of the same family with the same compound het-
erozygous genotype (R137H, Δ358-8) had remarkably
different excretion profiles: 200 g/d for the first index
case, and 80 g/day for the second.49 Such a finding
hints at major differences in compensatory mechanisms
of renal reabsorption in the setting of partially or
completely impaired hSGLT2 function.

In general, FRG patients have no other phenotypic
findings other than increased urinary glucose excre-
tion: they do not suffer from hypoglycemia or any
other impairment in glucose homeostasis, they do not
have alterations in electrolyte excretion or significant
changes in volume status, and long-term follow-up of
one patient with severe glycosuria showed no altera-
tions in renal function.52 That said, in one recent study,
elevated urinary glucose excretion was linked to mild
diuresis in two patients with severe glycosuria: plasma
renin activity and serum aldosterone were elevated to
3�4-fold above normal, suggesting volume and/or
electrolyte loss accompanies glycosuria.48 Among the
group of mutation analyses and clinical case report
data, FRG appears to be linked exclusively to muta-
tions in hSGLT2 further cementing its significant role
in glucose reabsorption in the kidney.

A second genetic disorder of renal glucose reabsorp-
tion is the rare Fanconi-Bickel Syndrome (FBS) (MIM
227810) linked to mutations in the facilitated glucose
transporter 2 (GLUT2).53 A major part of renal glucose
reabsorption—facilitated diffusion of glucose across
the basolateral membrane—is impaired (Figure 70.2).
Interestingly, GLUT2 does not appear to be essential
for intestinal glucose absorption in mice and in FBS
patients (see 54). FBS is described as a glycogen storage
disease with hepatic and renal overload. Symptoms
include hypoglycemia, hypergalactosemia, failure to
thrive, and hypophosphatemic rickets. In addition,
patients show generalized aminoaciduria and meta-
bolic acidosis. With frequent carbohydrate feeds, phos-
phate and bicarbonate supplementation, patients lead
relatively normal lives, although they are short in
stature.53,55

DIABETES MELLITUS: A DISEASE
OF HYPERGLYCEMIA

Diabetes mellitus (DM) is by far the most significant
disease of disordered glucose homeostasis, in terms of
severity, global disease burden, and costs to society.
Often referred to as one disease, diabetes comprises a
heterogeneous group of disorders, in which plasma
glucose levels are elevated both in the fasting and post-
prandial state; and it frequently accompanies other
metabolic derangements. Type 1 diabetes (T1DM) typi-
cally expresses early in life (childhood to early adult-
hood) and it is caused by the destruction of pancreatic
β islet cells leading to an absolute deficiency in insulin
secretion. Patients require exogenous insulin to prop-
erly handle high post-prandial glucose loads, and they
are prone to hypoglycemia and ketoacidosis in the fast-
ing state. Although T1DM is believed to be caused by
some combination of infection, autoimmune mecha-
nism, genetics, and environmental factors, no clear eti-
ologic agent has been implicated.56

Type 2 diabetes mellitus (T2DM) was historically
described as “adult-onset” diabetes mellitus; however
this description is no longer relevant as T2DM can
affect individuals in early adolescence. This is in part
due to the rampant obesity epidemic that has plagued
the developed world in recent decades. T2DM is a dis-
ease of diminished tissue insulin sensitivity (or dimin-
ished β-cell insulin output, i.e., a relative insulin
deficiency), and it is linked with obesity, the consump-
tion of foods high in refined sugars and fat, a sedentary
lifestyle, and numerous genetic factors.57,58,59 One in
three American adults is projected to have diabetes by
2050,60 and yet current oral hypoglycemic medications
(e.g., biguanides, sulfonylureas, and thiazolidine-
diones) all have potentially significant side effects and
high long-term failure rates.61 Glycemic control is
linked significantly to the incidence of microvascular
and macrovascular complications,62 and thus develop-
ing more effective and safer ways to ameliorate fasting
and post-prandial hyperglycemia is of critical impor-
tance in the treatment of T2DM. One such target with
significant interest from the pharmaceutical industry is
glucose reabsorption in the kidney by hSGLT2.

BLOCKING RENAL GLUCOSE
REABSORPTION AS ATREATMENT

FOR DIABETES

Long before the renal SGLTs were identified, the
relationship between intravenous phlorizin administra-
tion and glycosuria was established. Human studies in
the 1930s showed that, at high enough doses, phlorizin
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induced renal glucose excretion of � 100%.23,63 In the
more recent past, phlorizin was shown to diminish
hyperglycemia and normalize insulin sensitivity in sev-
eral diabetic rat models.64�66 Yet phlorizin was deemed
unsuitable as a treatment: it has limited bioavailability
due to lactase-hydrolase cleavage in the intestines, and
there were concerns it would cause diarrhea by inhibit-
ing hSGLT1.

Based on the promising results from studies of
phlorizinized humans and diabetic rodents, while also
considering phlorizin’s limited oral bioavailability, the
Tanabe Seiyaku Company’s Discovery Research
Laboratory initiated a program to develop renal SGLT
inhibitors as antidiabetics.67 Starting with phlorizin
they synthesized the O-glycoside T-1095 (hSGLT1
IC505 20 μM, hSGLT2 IC505 2 μM) and T-1095A
(hSGLT1 IC505 200 nM, hSGLT2 IC505 50 nM)68

(Figure 70.4). T-1095 included a methyl acetate group
on carbon 5 of the glucose ring which resulted in
enhanced oral bioavailability, and it could be cleaved
to its more potent form—T-1095A—in plasma. The rel-
atively low SGLT2:SGLT1 specificity of T-1095A
allowed it to inhibit both renal transporters in vivo, as
does phlorizin. The drug showed efficacy in animal
models: diabetic (streptozotocin-induced or C57BL/
KsJ-db/db) rats showed dose-dependent reductions in
blood glucose. With long term administration, plasma
glucose and glycosylated hemoglobin (HbA1C) levels
were reduced and glucose tolerance test performance
improved.68 Importantly, the progression of diabetic
nephropathy slowed significantly.69

In the decade that followed, numerous candidate
SGLT2 inhibitors emerged, five are in advanced Phase
III clinical trials70�72 and one, dapagliflozin, has been
submitted to FDA and EMA for clinical approval. The
discovery and extensive studies of dapagliflozin

(Figure 70.4) marked a significant turning point in the
development of hSGLT2 inhibitors. Chemists at Bristol-
Meyers Squibb started first by reducing the O-
glycoside linkage in phlorizin to a C-C bond between
sugar and the aglycone’s phenyl ring 1; this was
designed to prevent enzymatic cleavage by intestinal
lactase-hydrolase. Then, through a structure-activity
relationship (SAR) optimization scheme they settled on
an aglycone notable for a C4 chlorine substitution
in ring 1, which was connected to a second ring by a
single methylene (-CH2-) linker. The resulting com-
pound (Figure 70.4) showed remarkable potency
(IC505 1 nM) and specificity (1200:1) for hSGLT2 over
hSGLT1.73 In rats, a 10 mg/kg-body weight dose of
dapagliflozin produced the same 24 hour glycosuric
effect (2000 mg glucose excreted per 200 g body
weight) as a 300 mg/kg dose of T-1095A.68,73

Since its discovery, a number of studies have been
published on dapagliflozin’s performance in animals
and humans. It increased urinary glucose excretion in
healthy rats and reduced hyperglycemia in diabetic
animals;74 and in diabetic and obese rats it improved
glycemic control and pancreatic β-cell morphology and
function.75 In healthy human subjects, dapagliflozin
induced dose-dependent urinary glucose excretion
of up to 50% of the filtered load.76 In diabetic patients
the results were also impressive: glycemic control
improved in patients taking dapagliflozin over a short
period,77 it significantly reduced hyperglycemia and
lowered HbA1C in patients with poorly-controlled dia-
betes.78 It also worked as part of combination therapies,
both with insulin and/or insulin sensitizers79 and the
standard first-line T2DM pharmacotherapy metfor-
min,80 successfully normalizing markers of diabetic
disease extent.

Overall, dapagliflozin has been shown to reduce
fasting and post-prandial glucose levels by 20%, lower
HbA1C to below 7%, induce weight loss (� 2% of body
weight), and it can be administered as once daily oral
drug therapy. Importantly, every published study to
date has demonstrated that dapagliflozin does not
cause hypoglycemia—a serious side effect of many
anti-diabetes drugs currently in clinical use. It has also
shown hints of efficacy in the management of hyper-
tension: it causes mild diuresis and a reduction of
� 5 mm Hg in systolic blood pressure.80 Side effects
reported in greater frequency than in patients receiving
placebo were genital infections and symptoms/signs of
urinary tract infections.78�80 This is undoubtedly con-
nected to increased urinary glucose, and it will likely
be explored in long-term clinical studies of dapagliflo-
zin (i.e. phase IV clinical trials). At the time of this writ-
ing, dapagliflozin was rejected by the FDA owing to
concerns about an increase risk of bladder and breast
cancer, but it just received (April 2012) a favorable

FIGURE 70.4 Structures of SGLT inhibitors. (a) Phlorizin is the
canonical SGLT inhibitor; (b) T-1095A was the first inhibitor synthe-
sized based on the structure of phlorizin. (c) and (d) Dapagliflozin
and Canagliflozin are selective hSGLT2 inhibitors in phase III clinical
trials.
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review from the EMA Committee for Medicinal
Products for Human Use. It is anticipated that dapagli-
flozin (Forxiga) will be the first to market anti-diabetes
pharmacotherapy targeting hSGLT2.

Other SGLT2 inhibitors in advanced Phase III trials
include empagliflozin81 and canagliflozin (Figure 70.4).
Both are C-aryl glycosides that reduced fasting blood
glucose and improved glucose tolerance in high-fat
diet fed KK (HF-KK) mice, and it increased urinary
glucose excretion in both HF-KK and normal mice and
Zucker Diabetic Fatty (ZDF) rats.82,83 In recently-
published phase I clinical studies in healthy human
subjects, canagliflozin reduced the renal threshold for
urinary glucose excretion (UGE), and single-ascending
dose studies demonstrated a maximum 24 hour UGE
of 70 g.84 In addition, normal subjects given $ 200 mg
doses of canagliflozin before breakfast showed lower
plasma glucose levels (10�20%) and reduced insulin
secretion (#50%) compared with persons receiving
placebo.

Lexicon has developed a non-specific SGLT inhibi-
tor using L-xylose linked by a C-aryl bond to the
aglycone of dapagliflozin, LX4211. This has Ki’s of
1.1 nM (hSGLT2) and 36 nM (hSGLT1).85 LX4211
blocked up to � 50% of glucose reabsorption in dia-
betic/obese mice.86 In an early phase 2 clinical trial of
36 diabetic subjects, LX4211 caused urinary glucose
excretion of up to 60 g/day, reduced HbA1C by
� 0.7% as well as plasma fructosamine, compared
with placebo, and lowered fasting (by 50 mg/dL) and
post-prandial glucose. Surprisingly, the Lexicon non-
specific SGLT inhibitor does not appear to be more
effective than the specific SGLT2 inhibitors in block-
ing renal glucose reabsorption, with a maximum of
50% inhibition.

Although the race is well under way to develop
drugs specifically targeting hSGLT2, there are unre-
solved questions about what role hSGLT2, hSGLT1 and
other proteins play in renal glucose reabsorption. Since
dapagliflozin, which in vitro blocks 100% of D-glucose
transport by hSGLT2, inhibits glucose reabsorption
in vivo by # 50%76 there may be other significant com-
ponents involved in renal glucose reabsorption. At
the same time, there are lingering questions about pre-
cisely how inhibitors interact with Na1/D-glucose co-
transporters. For example, little dapagliflozin is
detected in the urine,87,88 suggesting its interaction
with the renal hSGLTs may be unique: it is plausible it
is an irreversible inhibitor of hSGLT2, it may block glu-
cose transport from the cytoplasmic surface of hSGLT2.

While there have been few mechanistic studies of
SGLT2 inhibitors we have characterized the interaction
of dapagliflozin and several of its structural homologs
with hSGLT1 and hSGLT2.89 Dapagliflozin and 4-
fluoro-4-deoxy-dapagliflozin (F-dapagliflozin) block

hSGLT2-mediated αMDG accumulation, as well as
D-glucose-coupled Na1 currents, in cells with high
(Ki5 6 nM) potency; furthermore, a D-galactose deriv-
ative of dapagliflozin (galacto-dapagliflozin) was also a
potent inhibitor (Ki5 25 nM). In comparison, hSGLT1 a
102- to 105-fold higher concentrations of dapaglifozin
and its derivatives was required to block hSGLT1. The
SGLT2 and SGLT1 OFF-rates for dapagliflozin and
derivatives were compared with those for phlorizin.
For hSGLT1, dapagliflozin, F-dapagliflozin, and
galacto-dapagliflozin all dissociated very rapidly (t1/2,
Off5 1 s); whereas for hSGLT2, dapagliflozin does not
readily dissociate, F-dapagliflozin (t1/2,Off5 170 s) dis-
sociated slowly and galacto-dapagliflozin came off rap-
idly (t1/2,Off5 20 s). These findings indicate that the
blockers bind to the external surface of the SGLTs and
that the relative potency between SGLT1 and SGLT2
largely depends on the rate of dissociation from the
protein. The pharmacokinetics of renal SGLT2 inhibi-
tors leaves many unresolved questions about their
mode of action. For example: (1) in the face of high
binding to serum proteins, .90%, and the low rate of
appearance of the unmodified drugs in the urine, do
they inhibit from the tubular lumen as in the case of
phlorizin?; (2) what explains the observations that the
SGLT drugs only inhibit glucose reabsorption by
B50%, while phlorizin inhibits 100%; and 3) what
explains the long lasting effect, in excess of 24 hours, of
one oral dose given the high amount of drug
metabolism?

CONCLUSIONS

Considerable advances have been made over the
past two decades in understanding the physiology of
glucose reabsorption by the kidney. It is clear that the
SGLTs and GLUTs play central roles in the complete
reabsorption of the filtered glucose in the proximal
tubule, and mutations in these genes largely account
for the glucosuria observed in patients with Familial
Renal Glucosuria, Fanconi-Bickel Syndrome, and
Glucose-Galactose-Malabsorption. However, questions
still remain about possible compensatory changes in
mice and men with “ablation” of SGLT2. Contrary to
common perceptions, glucose reabsorption from the
glomerular filtrate is not essential for life. The clinical
studies with the SGLT inhibitors have clearly estab-
lished that in healthy subjects the loss of 80 grams of
glucose to the urine has no remarkable adverse effects
and in diabetic patients there is a “normalization” of
glucose homeostasis. The added benefit with the use of
these drugs in diabetics is the sustained loss in weight,
up to 6 kg over three years. While the development of
SGLT inhibitors as antidiabetic drugs may or may not
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turn out to be a clinical success, this has indeed pro-
duced a resurgence in interest in the physiology of glu-
cose handling by the kidney.
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FILTRATION AND REABSORPTION
OF AMINO ACIDS AND OLIGOPEPTIDES

Reabsorption of amino acids is a fundamental and
evolutionarily well-conserved mechanism that involves
active transcellular transport by specialized transporter
proteins localizing to both luminal and basolateral
tubular epithelial cell membranes. Approximately 50 g
(450 mmol) of free amino acids are filtered daily into
the primary urine by human kidney glomeruli. By
reabsorbing these amino acids, kidney tubules prevent
their loss in the urine. In addition, amino acid metabo-
lism by kidney tubules plays an important role in
whole body amino acid homeostasis. Di- and tripep-
tides are also efficiently reabsorbed from the primary
urine with uptake, to a large extent, followed by intra-
cellular hydrolysis to free amino acids and subsequent
basolateral export.

Depending on the amino acid, plasma concentration
of free amino acids and consequently in the ultrafiltrate
varies from low μmol/l up to nearly 1 mmol/l
(Table 71.1). For most amino acids reabsorption is
B99.5% efficient and therefore the fractional excretion
is less than 0.5% of filtered load. In humans, serine,
glycine, histidine, and taurine are notable exceptions
for which a higher fraction is lost in the urine
(Table 71.1). For several amino acids, a variable frac-
tional excretion is observed, for example, tending to
increase when the filtered load increases.1,2 The filtered
load also depends on the glomerular fluid filtration
rate (GFR), which itself is influenced by factors like

circadian rhythm, orthostasis, and extracellular vol-
ume. Interestingly, by a mechanism not yet under-
stood, renal plasma flow (RPF) and GFR are increased
by a high protein diet or infusion of free amino acids.3

The involvement of glucagon, NO or tubuloglomerular
feedback have been suggested as possible mechan-
isms.4,5 As discussed in later sections, differences in
the fractional excretion observed for individual amino
acids may result from the various selective transpor-
ters’ (relative) expression levels, kinetics, ion depen-
dence, and axial localization along the nephron.

Evidence that amino acid reabsorption along the
nephron is axially heterogeneous was first derived
from clinical observations. Specifically, lesions of the
early proximal kidney tubule were observed in Fanconi
syndrome, a condition characterized by glucosuria,
phosphaturia, and aminoaciduria. Since glucose and
phosphate were already known to be reabsorbed in
proximal tubules, it was inferred that this nephron seg-
ment is also the main site of amino acid reabsorption.6

The hallmark experiments confirming the role of proxi-
mal tubules were carried out using micropuncture and
microinjection.7�9 Quantification revealed approxi-
mately 80% of filtered amino acids are reabsorbed in
the first half of the proximal convoluted tubule (S1 seg-
ment) whereas less than 1% remains in the tubular
fluid at the end of the straight portion (S3 segment) of
the proximal tubule.10

Concerning the later tubular segments, it was dem-
onstrated by free flow micropuncture that no addi-
tional active amino acid transport takes place along the
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loop of Henle.7 Furthermore, it was shown by micro-
injection11 and microinfusion experiments12,13 that with
the exception of taurine, amino acids delivered into the
early loops of superficial distal nephrons are recovered
quantitatively from the final urine. Taken together,
these experiments indicated that there is no significant
amino acid reabsorption beyond the proximal tubule.

One caveat is that a quantitative difference exists
between the amino acid fractional delivery values for
superficial nephrons reported above and the urinary
amino acid fractional excretion. This difference was
suggested to be due to the differential absorptive
capacity of superficial and deep nephrons.14

FROM “TRANSPORT SYSTEMS”
TO TRANSPORTERS

The transport of free amino acids and small peptides
was intensively studied during the second half of the
last century thanks to the availability of radiolabeled
amino acids and sensitive analytical quantification
techniques such as paper chromatography and liquid
chromatography. Erythrocyte and cell culture models,
as well as tissue and organ experimental systems, in
particular small intestine and kidney, were used. From
the latter epithelial organs, brush border membrane
vesicles were produced that allowed measurement of
luminal transports in the presence of defined solutes at
their trans-side, i.e., inside vesicles. Prior to the molec-
ular identification of transport proteins, the so-called
“transport systems” were functionally defined by
amino acid selectivity, stereospecificity, ion-(sodium,
chloride, potassium), or proton dependence, thermody-
namic properties (equilibrative or concentrative) and
transport type (co-transport5 symport (S), exchan-
ge5 antiport (A) or facilitated diffusion5uniport
(U).15�17 These “transport systems” were named
according to functional properties with letters corre-
sponding to the main/first described amino acid sub-
strate, e.g., system A (L-alanine), N (L-asparagine),
L (L-leucine), and ASC (L-alanine, L-serine and L-cys-
teine). In general, capital letters denoted sodium-
dependent (except systems L and T) and lowercase
sodium-independent systems (e.g., b0,1). The transport
of basic or acidic amino acids was identified by a plus
or a minus symbol (e.g., system y1L and X2

AG) and the
letter B used for systems with a broad amino acid
selectivity (for example B0, B0,1).

A new era started with the molecular identification
of transporters, which was made possible by the com-
plementary techniques of DNA cloning and cellular
over-expression.18�22 Currently, about 50 amino acid
and peptide transporters have been molecularly
described. Researchers identifying new amino acid
transporters have generally named them according to
the “rules” previously used to describe transport sys-
tems15 on occasion resulting in multiple names for the
same transporter. The human genome organization
(HUGO) proposed a new classification scheme for the
genes of solute carriers (SLC) based on sequence
homology.19 This system is now in use for other

TABLE 71.1 Plasma and Urine Concentration and Fractional
Excretion of Amino Acids in Human Adults

Amino acid Plasma
concentration

μM (range)1

Urine concentration
(mmol/mol creatinine,

24 hours)2

Fractional
excretion

(%)3

Alanine 146�494 9�98 0.44

Arginine 28�108 0�8 0.77

Aspartic acid 2�9 5�50 1.961

Asparagine 26�92 10�65 1.54$

Citrulline* 10�58 1�22

Cystine 24�54 2�12

Glutamic acid 6�62 0�21 0.68

Glutamine 340�798 11�42 0.71

Glycine 100�384 17�146 2.4

Histidine 68�108 49�413 6.52

Isoleucine 39�90 30�186 0.51

Leucine 98�205 1�9 0.26

Lysine 119�243 2�16 0.92

Methionine 13�37 2�53 0.66

Ornithine* 36�135 1�5 0.32$

Phenylalanine 42�74 1�5 0.69

Proline 97�297 3�13 0.047$

Serine 78�166 0�9 2.19

Taurine* 18�95 18�89 6.551

Threonine 92�197 13�587 1.04

Tryptophan 25�65 6�74

Tyrosine 26�78 3�14 1.38

Valine 172�335 3�36 0.2

1Shih V. Amino acid analysis. In: Blau N DM, Blaskovics ME, ed. Physician’s guide
to the laboratory diagnosis of metabolic disease. London: Chapman Hall Medical,
1996:13�30.
2Venta R. Year-long validation study and reference values for urinary amino acids
using a reversed-phase HPLC method. Clin Chem 2001; 47:575�83.
3Tietze I.N, Sorensen S.S, Eiskjaer H, Thomsen K, Pedersen E.B. Tubular handling of
amino acids after intravenous infusion of amino acids in healthy humans Nephrol Dial
Transplant 1992;7:493�500.
1Silbernagl S. Renal handling of amino acids and oligopeptides Contrib Nephrol
1981;24:18�29.
$Liu W, Lopez JM, VanderJagt DJ, Glew RH, Fry DE, Schermer C, et al. Evaluation
of aminoaciduria in severely traumatized patients. Clin Chim Acta 2002; 316:123�8.
*Non-proteinogenic
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vertebrate species as well. The SLC gene nomenclature
is increasingly used also to name the encoded transport
proteins (Table 71.2). The molecular identification of
transporters has allowed their detailed functional char-
acterization using cellular overexpression systems, in
particular Xenopus laevis oocytes. Additionally, the
availability of cDNA allowed measurement of mRNA
expression in tissues, initially by Northern blot analy-
sis, and later by real time quantitative RT-PCR (qPCR)
and microarray chips. Furthermore, specific antibodies
could be generated and used to localize transport pro-
teins at the tissue, cellular and subcellular levels.
Noteworthy, the molecular identification of transport-
ers has resulted in the identification of genetic defects
underlying several hereditary amino acid transport-
related diseases, in particular causing aminoacidurias
(discussed in later sections).

More recently, to address questions about the func-
tional role of amino acid transporters in a physiological
context, knockout mice (conventional, tissue-specific
and/or conditional) and transgenic mice and rats have
been generated. Urine analysis, determination of amino
acid fractional excretion, microperfusion, isolated
tubule perfusion and other techniques are therefore
once again valuable tools for phenotyping genetically-
modified animals to increase understanding of the
physiological roles of amino acid transporters. In addi-
tion, the structure-function relationship of amino acid
transporters can be probed using truncated and chime-
ric constructs, cysteine scanning and so on.23�25

Specifically questions could be addressed concerning
accessibility of residues, substrate and ion binding
sites, allosteric binding domains, tertiary and quater-
nary structure, and protein interactions. Currently,
using bacterial homologues of mammalian transport-
ers, the three dimensional structures of GltPh (PDB
1XFH), a homologue of sodium-dependent glutamate
transporters (SLC1 family), and of LeuTAa (PDB 2A65),
a homologue of B0AT1/SLC6A19 (SLC6 family), and
PEPT(So) (PDB 2XUT), a homolog of the mammalian
peptide transporters (SLC15 family) have been
solved26�28 adding a new level to our understanding of
the structure-function relationships of these molecular
machines.

FUNCTIONAL SCHEMA OF AMINO ACID
REABSORPTION BY PROXIMALTUBULE

EPITHELIAL CELLS

The reabsorption of amino acids by kidney proximal
tubules is a transcellular process involving passage
across two membranes, namely from the tubular lumen
into an epithelial cell, and from the cytoplasm to the

extracellular space, for diffusion back into the
circulation.

A summary of the current knowledge concerning
the arrangement of transporters involved in trans-
epithelial amino acid reabsorption by kidney proximal
tubule cells is proposed in the model shown in
Figure 71.1 (modified from Verrey et al., 2009).29 The
luminal influx of amino acids is mediated by a set of
secondary active transporters driven by the co-
transport of Na1 or H1 and by one heteromeric amino
acid transporter that functions as an antiporter,
(b0),1AT-rBAT (SLC7A9-SLC3A1).

Transporter selectivity for amino acids overlaps to
some extent though generally with different affinities
for common substrates. For example, neutral amino
acids, which represent. 80% of the free plasma amino
acids, are all transported with different apparent affini-
ties and transport rates by the luminal transporter
B0AT1 (SLC6A19) 30�32 (Fig. 71.1). Some amino acids
are also transported by the heterodimeric amino acid
transporter, b0,1-rBAT (SLC7A9�SLC3A1). However,
the main function of this exchanger is the import of cat-
ionic amino acids and cystine. Furthermore, b0,1-rBAT
cannot substitute for B0AT1 since as an obligatory
amino acid exchanger (antiporter) it does not contrib-
ute to the overall net amino acid import (see sections
on specific transporters below).33�35 The imino and
neutral amino acid transporters, SIT1, PAT1 and PAT2
also display overlapping substrate selectivity with
B0AT1. SIT1 (SLC6A20) is an SLC6 family member
expressed in the proximal tubule, which in addition to
mediating a very efficient L-proline transport, trans-
ports other neutral amino acids.36�38 PAT2 (SLC36A2)
and PAT1 (SLC36A1), SLC36 family proton co-trans-
porter(s), also transport L-proline and small neutral
amino acids.39,40 Estimation of the relative contribution
of each transporter to the actual transport of a given
amino acid is very difficult, since this depends not only
on the apparent affinity (K0.5) and Vmax (expression
level and transport rate) of each involved transporter
and on the amino acid concentration (for the given
amino acid), but also on the presence of competing
amino acids and compounds. An additional complica-
tion is the role of co-transported and/or exchanged
substrates, which depending on the transporter are
ions, protons, or amino acids. The concentration of co-
substrate(s) on both sides of the membrane determines
availability and driving force, and thus determines
their impact on the amino acid transport rate.
Furthermore, in the case of transports driven by an
electrical gradient, membrane potential plays an
important role.

The majority of the transporters involved in amino
acid reabsorption in the kidney are localized along the
first two (S1 and S2) proximal tubule segments where
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most of the amino acid reabsorption occurs. However,
some high affinity luminal co-transporters are localized
predominantly in the S3 proximal tubule segment,
downstream of lower affinity transporters. This is the
case for the high affinity Na1-Glucose co-transporter
SGLT1 (Slc5a1), which is expressed downstream of low
affinity SGLT2 (Slc5a2).45 Additionally, the high affinity
oligopetide transporter PEPT2 (Slc15a2) and the high
affinity neutral amino acid transporter B0AT3 (SLCA18)
are expressed downstream of PEPT1 (Slc15a1) and
B0AT1 (Slc6a19), respectively.45,50 This sequential

distribution of low and high affinity transporters along
the proximal tubule is suggested to optimize recovery
from the ultrafiltrate by permitting absorption of resid-
ual solutes and of solutes that have diffused back into
the tubular fluid via the relatively leaky paracellular
pathway. The various secondary active amino acid
transporters expressed in the luminal plasmamembrane
are all described below in short sections.

The basolateral transport of amino acids is not as
well understood as the luminal amino acid influx. This
is due to several reasons, a trivial one being that

TABLE 71.2 Kidney Amino Acid Transporter Proteins, Slc Names and the Corresponding Transport Systems1

Protein

name2
Slc name3 System Main Substrates Ion dependency Transport

type

Kidney tubule localization

APICAL SURFACE LOCALIZATION

B0AT1 Slc6a19 B Neutral AA Na1 S S1 .S2

B0AT3 Slc6a18 Neutral AA Na1, Cl- S S2, S3

b0,1-rBAT 4Slc7a9-
Slc3a1

b0,1 R,K,ornithine, cystine - A S1 .S2 (rBAT also S3)

PAT2 Slc36a2 IMINO P,G,A, MeAIB H1 S S1 .S2

SIT1 Slc6a20 P, MeAIB Na1, Cl- S S1-3

EAAC1/
EAAT3

Slc1a1 X-
AG L or D-D, L-E Na1, H1-S; K1-A S/A S2, S3 .S1

PEPT1 Slc15a1 peptide di- tri-peptides H1 S S1 .S2

PEPT2 Slc15a2 S3

Taut1 Slc6a6 taurine, hypotaurine, and
β-alanine

Na1, Cl- S Collecting duct

BASOLATERAL SURFACE LOCALIZATION

LAT2-4F2 Slc7a8-
Slc3a2

L Neutral AA, but not P, BCH - A S1 .S2

LAT4 Slc43a2 L,I,M,F,BCH - U (4F2hc also S3)

y1LAT1-4F2 Slc7a6-
Slc3a2

y1L K,R,Q,H,M,L Na1 for neutral
AA

A S1 .S2

TAT1 Slc16a10 T F,Y,W - U S1 .S2

Snat3 / SN1 Slc38a3 N Q,N,H Na1-S; H1-A S/A S3, (S2)

AGT1 / XAT2 Slc7a13-
Slc3a2

x- L-D, L-E - A? S3, distal convoluted tubule

UNKOWN SUBCELLULAR LOCALIZATION

Asc1-4F2 Slc7a10 asc G,A,S,C,T - A Loop of Henle, distal and collecting
duct

Asc2 Slc7a12& S,G,A,T,L,F,Y - Collecting ducts

1,[17,58,85,124,133] Camargo SM, Bockenhauer D, Kleta R. Aminoacidurias: Clinical and molecular aspects. Kidney Int. Apr 2008;73(8):918-925; Verrey F, Closs EI, Wagner
CA, Palacin M, Endou H, Kanai Y. CATs and HATs: the SLC7 family of amino acid transporters. Pflugers Arch. Feb 2004;447(5):532�542.
2The most common names are indicated.
3Slc names correspond to the gene symbols given by the HUGO gene nomenclature committee.
4Members of the heterodimeric amino acid transporter (HAT) family are associated to glycoproteins (heavy chains) rBAT (Slc3a1), 4F2hc (Slc3a2) or unknown (&); AA, amino
acids (indicated in single letter code); S, symport5 co-transport with ion; A, antiport5 obligatory exchange against AA or ion; U, uniport5 facilitated diffusion pathway. S1-S3,
segments of the proximal kidney tubule.
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measuring efflux is technically more demanding than
measuring influx. The central issue is that the role of
basolateral amino acid transport is more complex than
that of luminal amino acid uptake. Whereas apical
transport aims at clearing the filtered amino acids from
the urinary fluid, basolateral transport in addition to
transporting the cellular amino acid content into the
extracelluar space, also maintains a physiological intra-
cellular amino acid concentration. This is a task that
basolateral amino acid transporters of tubular cells
have in common with those of non-polarized cells.
Indeed, intracellular amino acids are required to fulfil
cellular housekeeping tasks and as substrates for amino
acid metabolism. Therefore, a relatively stable amino
acid gradient from the tubular cells towards the extra-
cellular fluid has to be maintained.

Specifically, some amino acids display similar con-
centrations within and outside of the cells, while others
display an asymmetric distribution. This is particularly
evident for anionic amino acids that, despite carrying a
charge that should drive efflux, are present at higher
concentrations in the cytosol than in the extracellular

space.46,47 Likewise, in some cells cationic AAs, whose
charge should drive influx, are none-the-less not more
concentrated in cytosol than in plasma. Two transport-
ers in amino acid transporting epithelial cells that play
important roles in the control of various neutral and
cationic amino acid intracellular concentrations are the
heterodimeric exchangers (antiporters) LAT2-4F2hc
(SLC7A8-SLC3A2, neutral amino acid antiporter) and
y1LAT1-4F2hc (SLC7A7-SLC3A2, antiporter exchang-
ing intracellular cationic amino acids for extracellular
neutral amino acids and Na1). As obligatory exchang-
ers (antiporters), these transporters can only mediate
net vectorial transport of those amino acid substrates
that are exchanged for co-substrates recycled back
through the membrane by unidirectional amino acid
efflux pathway(s).48 To date, two facilitated diffusion
pathway transporters (uniporters), which mediate
the directional transport of substrates along their
concentration gradient, are proposed to fulfil this func-
tion in the basolateral membrane of kidney proximal
tubule cells. Specifically, we have shown that the aro-
matic amino acid uniporter TAT1 (Slc16a10) is present

FIGURE 71.1 Cellular model for the reabsorption of amino acids across a proximal kidney tubule cell. Names of the involved transporters
and their human gene are indicated. Most of them have been shown to be expressed mainly in the early segments of mouse proximal tubule
(S1 and S2), with the exception of SIT1 that is expressed all along the proximal tubule, and of B0AT3 and EAAT3, which are expressed mainly
in the later proximal tubule (S2 and S3). AA0 neutral amino acid, AA2 anionic amino acid, AA1 cationic amino acid, Tmem27 (collectrin).
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in the proximal kidney tubule basolateral membranes.
Using the Xenopus laevis oocyte expression system we
demonstrated TAT1 is capable of recycling amino acids
to drive the efflux of other substrates by the antiporter
LAT2-4F2hc.49 However, the TAT1 knockout mouse
does not show the dramatic changes in urinary amino
acid concentrations expected if TAT1 alone recycles
amino acids activating efflux via the exchangers LAT2-
4F2hc and y1LAT1-4F2hc (unpublished data). Another
candidate for the recycling function is LAT4
(SLC43A2), which we have shown also cooperates with
LAT2 in the Xenopus laevis oocyte expression system.49

More work is needed to understand the controlled
efflux of amino acids through the basolateral mem-
brane of transporting epithelia.

Finally, it can be hypothesized that given the narrow
substrate selectivity of the uniporters known to date,
some players that drive net transport of neutral,
anionic, and imino acids at the basolateral membrane
are not, as yet, molecularly identified.

TRANSPORTERS INVOLVED IN THE
LUMINAL UPTAKE OF AMINO ACIDS

AND OLIGOPEPTIDES

Neutral Amino Acids

B0AT1 (SLC6A19) is the major neutral amino acid
transporter. It is a symporter that co-transports Na1 and
a broad range of neutral amino acids (all proteogenic
ones) with low affinity (millimolar range).30,31 Unlike
many other members of the SLC6 family, B0AT1 is not
Cl� dependent, and does not transport biogenic amines
nor related osmolites.50,31 B0AT1 mRNA was found to
be highly expressed in kidney proximal tubule and
small intestine. In both mice and humans B0AT1 is
expressed in the brush border membrane of early prox-
imal kidney tubules (S1).51,42 Another interesting fea-
ture of B0AT1 is its interaction with two tissue specific
accessory proteins. In kidney, B0AT1 interacts with the
accessory protein, collectrin (Tmem27), and in intestine
with the angiotensin converting enzyme 2 (Ace2).
Tmem27 is a type I transmembrane protein that
appears to interact non-covalently with B0AT1. The col-
lectrin (Tmem27 or coll) knockout mouse lacks renal
B0AT1 although intestinal expression is normal.
Furthermore, tmem27 knockout animals display a mas-
sive neutral aminoaciduria without glucosuria or phos-
phaturia pointing to Tmem27 being the specific
obligatory subunit of B0AT1 in the kidney.52�54 In the
intestine, where Tmem27 is not expressed, B0AT1 inter-
acts with Ace2. The Ace2 knockout mouse, which has
normal kidney expression of B0AT1, lacks intestinal
B0AT1 expression and displays impaired intestinal

neutral amino acid transport.32 The B0AT1 knockout
mouse, which does not express B0AT1 in either kidney
or intestine, has a reduced bodyweight. Consistent
with B0AT1 being the major Na1-dependent neutral
amino acid transporter of small intestine and kidney
proximal tubule luminal membranes, brush-border
vesicles prepared from both tissue sources lack Na1-
dependent neutral amino acid uptake. Furthermore,
they do not show any compensatory increase in pep-
tide transport and have normal expression of both
accessory proteins, namely Tmem27 and Ace2.55

B0AT3 is structurally and functionally related to
SLC6A19 (B0AT1). It is highly expressed in apical
membranes of kidney proximal tubules with a comple-
mentary axial expression vs. B0AT1, namely with a
higher expression in the later S2 and S3 segments. The
SLC6A18 gene is localized on chromosome 5p15 in tan-
dem with the SLC6A19 gene and the two protein pro-
ducts share B50% identity.42 Functionally, B0AT3
transports a broad range of neutral amino acids in a
Na1 and Cl� dependent manner with a substrate speci-
ficity similar to B0AT1, but with higher affinities
(micromolar range). As for B0AT1, B0AT3 requires the
accessory protein Tmem27 for renal expression.43,44,52

B0AT3 appears to reabsorb residual tubular amino
acids, i.e. amino acids not reabsorbed in early proximal
kidney tubule segments by B0AT1 and/or which have
leaked back into the lumen via a paracellular route.56

Although, in a slc6a18 knockout mouse model an
abnormal excretion of several neutral amino acids
(especially glycine) was observed,43,57 this transporter
appears not to play a functional role in humans since a
large fraction of the population displays a nonsense
single nucleotide polymorphism with no associated
phenotype.58

Imino and Small Neutral Amino Acids

PAT1 and PAT2 (SLC36A1 and 2) co-transport small
neutral amino acids or imino acids with protons. Their
functional description was rendered more complicated
by the fact that the proton gradient across the luminal
membrane of proximal tubule cells depends on the
activity of the sodium�proton exchanger NHE3.
Therefore, PAT-mediated transport was first errone-
ously considered to be Na1-dependent. Both PAT1 and
PAT2 mRNAs were detected in kidneys but are mainly
expressed in other tissues. PAT1 mRNA was found for
instance in small intestine, brain, and colon, while
PAT2 in lungs, heart, testis, muscles, and spleen.39

These two transporters have a similar substrate selec-
tivity that includes L- and D-proline, hydroxyproline,
glycine, sarcosine, L, D, and β-alanine, D-serine, D-cys-
teine, betaine, α-(methylamino)isobutyric acid, and
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GABA. Compared with PAT1, PAT2 prefers L- over D-
alanine, does not distinguish between L- or D-serine
and has a ten-fold lower affinity for GABA.40 The
major functional difference between these two trans-
porters is that PAT1 displays a low affinity for its sub-
strates (millimolar range), whereas PAT2 is a high
affinity transporter (micromolar range). The PAT2 pro-
tein was shown to localize at the apical membrane of
the early proximal tubule portion in human kidney.59

Although, PAT1 protein has been localized to the
brush border membranes of intestinal enterocytes, in
mouse kidney proximal tubule cells only a subapical
membrane expression has been shown.44 No report of
a knockout mouse model for either PAT1 or PAT2 has
been published.

SIT1 (SLC6A20) functions as a symporter, co-
transporting with high affinity (micromolar range)
L-proline, methylaminoisobutyrate (MeAIB), methyl-
proline, or hydroxyproline with Na1 and Cl�. Thus,
together with PAT2 and possibly PAT1, SIT1 repre-
sents the so called “imino system.” Unlike PAT1 and
-2, SIT1 does not transport glycine or β-alanine.36,38 The
mRNA of SIT1 is highly expressed in small intestine,
kidney, lungs, spleen, testis, and brain, and the protein
has been shown to localize to the luminal brush border
membrane of the entire proximal kidney tubule and of
the small intestine.42 SIT1 has been suggested to inter-
act with the accessory protein Tmem27, since Tmem27
knockout animals showed a much reduced expression
of SIT1 in the kidney.52 Co-expression experiments in
Xenopus oocytes show that SIT1 can functionally inter-
act with the accessory proteins Tmem27 and Ace2.
SIT1 was also shown to co-localize with Ace2 in human
small intestine brush border membranes (Vuille-dit-
Bille, Camargo and Verrey, unpublished data). As yet,
no knockout mouse model for SIT1 (slc6a20) has been
reported.

Cationic Amino Acids and L-Cystine

rBAT (SLC3A1) and b0,1AT (SLC7A9) form together
a heterodimeric amino acid transporter (HAT).60 It is
composed of the type II glycoprotein (heavy subunit)
rBAT and the catalytic subunit (light subunit) b0,1AT,
that are covalently linked by a disulfide bridge.61,62

The light chain, which contains 12 putative transmem-
brane domains, is the active subunit and confers sub-
strate specificity. Both subunits are primarily expressed
in kidney and intestine where they localize to the brush
border membrane of proximal tubules or small intes-
tine enterocytes.62,63 When over-expressed in an epithe-
lial cell model (MDCK cells) rBAT and b0,1AT
co-localize in the apical membrane, while in the
absence of rBAT, b0,1AT is retained intracellularly,

demonstrating rBAT is essential for cell surface expres-
sion of b0,1AT.64,65 The rBAT and b0,1AT heterodimer
mediates the obligatory exchange of large neutral
(notably cystine) against dibasic (arginine, lysine, orni-
thine) amino acids.34 Mouse models generated by the
ablation of the heavy or light chains excrete higher
levels of cystine and dibasic amino acids in the
urine.66�68

Anionic Amino Acids

EAAC1/EAAT3 (SLC1A1) functions as a high affin-
ity symporter and antiporter. It co-transports L-gluta-
mate, L- or D-aspartate with Na1 and H1 from the
tubule lumen into the cell in exchange for K1 that is
transported to the outside. The transporter is highly
expressed in the later portion of kidney proximal
tubules (S2, S3 .S1) and in distal convoluted tubule,
the brush border of ileal enterocytes, and in various
subpopulations of neurons.20,69 EAAC1/EAAT3 is the
only anionic amino acid transporter thus far detected
in the apical membrane of proximal tubule cells.
EAAT3 was shown to have an allosteric negative mod-
ulator, the glutamate transport associated protein
(GTRAP3�18). GTRAP3�18, which interacts with
the carboxy-terminal end of the transporter, is a
membrane-associated protein expressed in the same
tissues as EAAT3 that has been shown to retard the
exit of EAAT3 from the endoplasmatic reticulum.70,71

The ablation of Slc1a1 in a mouse model induced
a marked urinary excretion of L-glutamate and aspar-
tate, which was not compensated for by other
transporters.72

Oligopeptides

PEPT1 and PEPT2 (SLC15A1 and 2) are members of
the PEPtide Transporter family. These symporters use
the proton gradient as the driving force to transport
small peptides derived from protein degradation into
the cells. PEPT1 and PEPT2 have a broad selectivity
accepting all dipeptides and tripeptides composed of
the 20 proteinogenic amino acids. The substrate affinity
and localization of the two orthologs diverge; PEPT1
has a low affinity (millimolar range) and is expressed
in small intestine, kidney, extra hepatic biliary duct
and brain, while PEPT2 has a higher affinity (micromo-
lar range) and is expressed in the kidneys, brain, lungs,
eyes, and mammary glands. Both transporters are com-
plementarily expressed on apical proximal tubule
membranes. The low affinity PEPT1 is highly
expressed in the early segments of the proximal tubule
and the high affinity PEPT2 in the more distal portion
of the proximal tubule (S3). Importantly, PEPTs
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transport a large number of other molecules, in particu-
lar drugs from several important classes such as β-lac-
tamate antibiotics (cephalosporins and penicillins). The
transport of sartans and ACE inhibitors is still debated.

Knockout mouse models for both transporters have
been generated. Both are viable and have a mild phe-
notype. The clearance of the non-metabolized peptide
glycylsarcosine was not different in a PEPT1 knockout
mouse compared with wild type animals, while the
intestinal absorption of this substrate was drastically
reduced. In contrast, glycylsarcosine clearance was
twofold higher in PEPT2 knockout mice than in wild
type littermates suggesting that the high affinity PEPT2
is responsible for the majority of peptide reabsorption
in the kidneys.73�75

TRANSPORTERS INVOLVED
IN BASOLATERAL EFFLUX OF

AMINO ACIDS

Neutral Amino Acids

LAT2 (SLC7A8) and 4F2hc (SLC3A2) form a hetero-
dimeric amino acid transporter (HAT) with a broad
selectivity for neutral amino acids that functions as an
obligatory exchanger. Interestingly its extracellular
affinity is quite high (micromolar range) whereas its
intracellular affinity for the same substrates is approxi-
mately 1000-fold lower.47 LAT2 is highly expressed in
small intestine, kidney, brain, muscles, lungs, bladder,
and pancreas.63,76,77 It localizes to the basolateral mem-
brane of proximal tubule epithelial cells with the high-
est expression in the early portion (S1). In contrast, the
glycoprotein heavy chain subunit 4F2hc, which func-
tions as chaperone assisting in the plasma membrane
targeting of LAT2, has a ubiquitous localization.
Knockout mice for Slc7a8 present elevated urinary
excretion of glycine, L-serine, L-threonine, L-gluta-
mine, L-leucine, and L-valine. The same amino acids,
with the addition of L-lysine, were elevated in the
serum of animals. Even though Slc7a8 is highly
expressed in the placenta and brain, mice were viable
and have only a moderate impairment of movement
coordination.78

TAT1 (SLC16A10), the T-type aromatic amino acid
transporter is by sequence homology a member of the
monocarboxylate transporter (MCT) family and func-
tions as a low affinity symmetric uniporter (facilitated
diffusion pathway) for aromatic amino acids, L-dopa
and iodothyronines.79,80 TAT1 is highly expressed in
the kidneys, small intestine, colon, liver, stomach, heart
muscle and testis and localizes to the basolateral mem-
brane of epithelial cells in small intestine and kidney. It

is abundant in the early S1 and S2 segments of
kidney proximal tubules. The functional interaction of
TAT1 and LAT2-4F2 for mediating neutral amino
acid efflux is described above in the section on a func-
tional schema of amino acid reabsorption. A TAT1
knockout model has been generated but no functional
data has been published yet (F. Verrey, personal
communication).

LAT4 (SLC43A2) is a recently identified member of
the Slc43 family that is not yet fully characterized.
Similar to TAT1, LAT4 functions as a Na1-indepen-
dent, facilitative diffusion pathway (uniporter) with
narrow substrate selectivity. Branched chain amino
acids, L-methionine and phenylalanine are transported
with low affinity. It is expressed in kidney, spleen,
heart, brain, small intestine, and testis.81 In situ hybrid-
ization data indicates the transporter is expressed in
distal nephron segments, namely the distal tubule and
collecting duct but our preliminary data indicate that
LAT4 mRNA is substantially expressed in proximal
tubules (Mariotta, Camargo and Verrey, unpublished
data). A LAT4 knockout has been generated but no
functional data is yet available (F. Verrey, personal
communication).

SNAT3, SN1 (SLC38A3), previously designated as
system N, is a sodium dependent glutamine trans-
porter expressed in brain, retina, liver, kidney, pan-
creas, and adipose tissue. In the kidney, it localizes to
the basolateral membrane of later proximal tubules
(S3).82,83 SNAT3/SN1 transports L-glutamine, histi-
dine, L-asparagine and also alanine with low affinity
(low millimolar range).84 The transport is coupled to
Na1 co-transport and proton counter transport. The
transport direction has been shown to be reversible.85

Although extracellular pH influences SNAT3 transport
activity, it is primarily the glutamine gradient that
determines the direction of transport. The role
of SNAT3 in pH control and during metabolic acidosis
is discussed below in the section on amino acid me-
tabolism. The SNAT3 knockout in mice is lethal
between postnatal days 10 to 14 (C.Wagner, personal
communication;86).

Cationic Amino Acids

y1LAT1 (SLC7A7) and 4F2hc (SLC3A2) form a het-
erodimeric amino acid transporter (HAT) that under
physiological conditions primarily transports dibasic
amino acids out of cells in exchange for the influx of
neutral amino acids and Na1.87 Under experimental
conditions an inverted exchange can be measured
revealing a high extracellular affinity for cationic
amino acids, similar to the affinity for neutral amino
acids. The intracellular affinities are however not
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known. The glycoprotein heavy chain subunit 4F2hc is
ubiquitously expressed, while y1LAT1 is highly
expressed in intestine, kidney, lungs, and leuko-
cytes.63,87,88 Similar to b0,1AT-rBAT, y1LAT1-4F2hc
localizes to kidney proximal tubules (S1 .S2cS3) and
small intestine enterocytes (jejunal and ileal). However,
in contrast to b0,1AT-rBAT expression is on the basolat-
eral membranes representing an efflux pathway for cat-
ionic amino acids taken up apically by b0,1AT-rBAT
(see Figure 71.1).48,63 The 4F2hc heavy chain subunit,
analogously to rBAT, functions as a chaperone assist-
ing in the plasma membrane sorting of y1LAT1.48,87,89

The ablation of the slc7a7 gene results in intrauterine
growth retardation and a low rate survival.90

Anionic Amino Acids

AGT1 (SLC7A13) is a member of the heterodimeric
amino acid transporter family but its accessory protein
(heavy chain), which is neither rBAT nor 4F2hc,
remains unknown. The function of AGT1 was tested in
Xenopus oocytes using fusion proteins with the heavy
chains 4F2hc or rBAT. AGT1 fusion proteins were
shown to transport L-glutamate and L-aspartate with
high affinity (micromolar range) independent of Na1

and Cl�. It has not been demonstrated whether it func-
tions like other heterodimeric amino acid transporters
as obligatory exchanger. AGT1 appears to be expressed
exclusively in the kidney where it localizes to the baso-
lateral membrane of the straight part of the proximal
tubules (S3) and also to the distal convoluted tubule.
Apparently expression is specifically in tubule seg-
ments where the luminal transporter for anionic amino
acids EAAT3 is also expressed.91 This axial localization
of basolateral AGT1 suggests its involvement in the
transcellular reabsorption of L-glutamate and L-
aspartate. If AGT1 functions as obligatory exchanger, a
net efflux of these amino acids would imply that sub-
strates that recycle out of the cell via facilitated diffu-
sion pathways must be taken up in exchange. Since
AGT1 uptake was only tested at low amino acids con-
centrations (20 μM), and since competition with 2 mM
of some neutral amino acids, e.g. L-cysteine, substan-
tially inhibited the L-aspartate uptake this possibility is
not excluded. Additional experiments in an expression
system and especially a knockout animal model of
slc7a13 would help in solving this open question.

Amino Acid Transporters in More Distal
Segments of the Nephron

Only low amounts of amino acids reach the loop of
Henle and the distal nephron segments. As

mentioned, beyond the proximal tubule, with the
exception of taurine uptake, no substantial amino acid
reabsorption was detected by micropuncture and
microinjection. Of the amino acid transporters
involved in reabsorption described above, only the
anionic amino acid transporters EAAT3 (luminal) and
AGT1 (basolateral) have been detected in the distal
nephron, specifically in the distal convoluted tubule.
This suggests that basolateral transporters expressed
in later kidney tubule segments primarily fulfill house-
keeping functions. Some of these transporters for
which localization studies have been performed, are
listed below.

Asc-1 (SLC7A10) and 4F2hc (SLC3A2) form a hetero-
dimeric transporter expressed in brain, lung, kidney,
and intestine, which functions as antiporter, although
possibly not exclusively. Asc1-4F2hc mediates the Na1-
independent transport of small neutral amino acids
(Gly, Ala, Ser, Cys, Thr) with high extracellular appar-
ent affinity (micromolar range) and, to some extent,
efflux of large neutral amino acids.92 In kidney, Asc-
1 mRNA was shown to be expressed in the loop of
Henle, the distal tubule, and the collecting duct. The
presence of this transporter in distal nephron segments
suggests a role in housekeeping functions rather than
for amino acid reabsorption. The slc7a10 knockout
mouse (asc2/2) shows a severe brain phenotype with
tremor and seizures and early postnatal death. The het-
erozygous animal was also characterized, and Asc-1
was suggested to be the major D-serine transporter in
the brain. The renal function of these knockout animals
has not been analyzed.93,94

Asc2 (SLC7A12) is a heterodimeric transporter that
does not interact with rBAT or 4F2 (Slc3a1 or 2), the
accessory proteins (heavy chains) of other Slc7 family
members. Asc2 expressed in Xenopus oocytes as fusion
protein with rBAT and 4F2hc, displayed an amino acid
selectivity and affinity similar to Asc1. It was shown to
function as a Na1 and Cl�-independent exchanger. It is
expressed in muscles, placenta, spleen, brain, and kid-
ney, where it localizes to the cortical and the outer-
and inner medullary collecting ducts. Its subcellular
localization has not been conclusively demonstrated,95

but its axial localization and functional characteristics
suggest a housekeeping role.

TauT1 (SLC6A6) is a member of the Na1-Cl� neuro-
transmitter and amino acid transporter family and co-
transports taurine, hypotaurine, and β-alanine with
high affinity (low micromolar range) together with
sodium and chloride.96 TauT1 is expressed in kidney,
intestine, retina, brain, liver, muscles, and placenta. In
the kidney, it is expressed in the outer and the inner
medulla and the protein was shown to localize apically
in the inner medulla collecting duct. Its expression
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increases after a salt load, leading to an increased tau-
rine concentration within medullary cells.97,98 The
knockout animals (taut2/2) excrete taurine, display
hypotaurinemia, but do not show defective antidiuresis
upon water deprivation. However, these knockout
mice display an impaired ability to lower urine osmo-
lality and to increase urinary water excretion. The latter
defect is considered to result from an extrarenal role of
taurine transport in the regulation of vasopressin
secretion.

Renal Amino Acid Metabolism

The contribution of the kidney to whole body amino
acid homeostasis is not only via proximal tubule reab-
sorption but also due to renal metabolism and interor-
gan exchange of amino acids and their metabolites.99

For example, the kidney is the major site for glutamine
and proline disposal from arterial blood, and for serine
and arginine de novo production and an important
source of other amino acids.100 To illustrate, a 70 kg man
produces B3�4 g serine daily, B2 g/day arginine,
and B1 g/day tyrosine, as well as lesser amounts
(, 1 g/day) of threonine, lysine, and leucine.99 Amino
acid supply to the kidney (achieved by reabsorption of
amino acids from primary filtrate and the arteriole
blood flow) is supplemented by the relatively high renal
turnover rate of reabsorbed proteins. Amino acid
metabolism in the kidney has local and systemic effects
on diverse physiological processes including pH regula-
tion, vasodilation, and urea cycle regulation.
Furthermore, renal disease such as acute or chronic
renal insufficiency alters kidney protein balance, amino
acid metabolism, and nitrogen release thereby contrib-
uting to physiological responses throughout the
body.100�102

Glutamine/Glutamate Renal Transport
Metabolism

In the kidney glutamine metabolism contributes to
pH regulation through glutamine-glutamate metabo-
lism, ammonia and ammonium formation and excre-
tion, and bicarbonate regeneration.99 Renal glutamine
uptake accounts for B10�15% of the whole body daily
flux (B70 g/day) while urinary excretion accounts for
less than 1% of daily renal uptake. Approximately 80%
of the taken up glutamine is metabolized by the
mitochondrial phosphate-dependent glutaminase in
the proximal tubule and a further 10% is metabolized
in the distal tubule by γ-glutamyl transferase.
Glutaminase activity produces glutamate and ammo-
nia. The majority (70%) of the ammonia is released into
the renal vein and the remainder excreted in urine.

Urinary glutamate release is considerably less than 1%
of renal glutamine uptake. Rather, glutamate is transa-
minated to alanine and α-ketoglutarate, which can be
utilized in the krebs cycle, or further degraded by the
glutamate dehydrogenase pathway to ammonia and
more α-ketoglutarate. α-Ketoglutarate can also be con-
verted by phosphoenolpyrvate carboxykinase in the
gluconeogenic pathway to glucose and two bicarbonate
ions. Renal production indeed contributes nearly 25%
to the total body gluconeogenesis with 80% of gluco-
neogesis from glutamine. Ammonia released in the aci-
dotic primary urine is protonated to ammonium
helping to increase the H1 excretion.83,103 However,
unlike the hepatic glutaminase, which is inhibited by
low pH and stimulated by ammonia, the renal enzyme
is inhibited by both ammonia and glutamate. Since glu-
tamine is rate-limiting for ammonia production and
under normal conditions nearly all glutamine is reab-
sorbed from the urine, to boost ammonia production
during metabolic acidosis, glutamine uptake from the
blood must increase. Therefore, metabolic acidosis
strongly stimulates arterial glutamine uptake and renal
metabolism by increasing the expression of basolateral
glutamine transporter SNAT3 (SLC38A3) and the activ-
ity and expression of glutamine-glutamate pathway
enzymes.104�106

Arginine, Citrulline and NO

As the primary source of L-arginine (not targeted
for immediate urea production) the kidney plays a
major role in whole body arginine homeostasis. In
addition to protein biosynthesis, arginine is a precursor
for creatine, nitric oxide (NO), and (after decarboxyl-
ation to agmatine guanidine) other polyamine metabo-
lites. The rate limiting step in L-arginine synthesis is
the production of L-citrulline by small intestine metab-
olism of glutamine.107 Daily kidneys reabsorb more
than 80% or about 1.5 g of L-citrulline from primary
urine and releaseB2�4 g of L-arginine to the renal
vein, of which 5�15% is from de novo synthesis.108 L-
arginine production from L-citrulline is catalyzed by
two enzymes. First, argininosuccinate synthetase (ASS)
in an ATP consuming step produces adenylocitrulline,
which is coupled the amino group of aspartate forming
aminosuccinic acid. Subsequent hydrolysis by argini-
nosuccinate lyase (ASL) yields arginine and fumarate.
Biosynthetic activity is greatest in proximal tubule S1
cells, and sharply diminishes by the S2 to S3 segments.
Citrulline uptake is mediated most likely by B0AT1
and b0,1AT apically and organic anion transporter
OAT1 (SLC22A6) basolaterally.109,110 In S3 segments
protein catabolism produces the arginine derivative
asymmetrical dimethylargineine (AMDA), which is
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metabolized to L-citrulline by mitochondrial NG, NG-
dimethylaminohydrogenase, boosting arginine produc-
tion modestly. The kidney accounts for B40% of the
total body breakdown of AMDA.

Along with de novo L-arginine synthesis, 3.1 g
(B8 mmol) of L-arginine are filtered and reabsorbed
by human kidneys daily. Proximal tubule cells metabo-
lize B10% of L-arginine content by three mitochondrial
pathways: (1) conversion into guanidinoacetic acid (by
cortical arginine:glycine amidinotransferase (GAT)),
which is exported into the blood stream for eventual
creatine production; (2) hydrolysis by arginase II ((AII)
with a complementary distribution to ASS and ASL in
PCT) into ornithine and urea; and (3) a low level of
decarboxylation by arginine decarboxylase (ADC) to
agmatine and CO2.

107 AII activity increases from the
cortex to the inner medulla.111 Additionally, nitric
oxide synthetase (NOS) enzymes metabolize L-arginine
to nitric oxide and citrulline—which in the presence
of ASS, ASL and aspartate can be recycled to L-
arginine.111 All three isoforms of nitric oxide synthe-
tase, the endothelial, neuronal and inducible (eNOS,
nNOS and iNOS respectively) are expressed in vari-
ous kidney regions and structures, and compete with
arginase for L-arginine. Metabolism for creatine pro-
duction consumes the majority of the L-arginine
metabolized in the kidney, while AII, ACD, and
NOS enzymes use only a small proportion of renal
supplies. Both the subcellular compartmentalization
and the heterogeneous distribution in renal cortical
vs. medullary zones of L-arginine synthesis and deg-
radation pathways allow kidney to simultaneously
contribute to arginine plasma supply, and ornithine,
NO, and urea synthesis.99,101,111

Aromatic Amino Acids: Phenylalanine
and Tyrosine

The kidney accounts for B40% of the whole body
activity of phenylalanine 4-hydroxlase which catalyzes
the synthesis of the conditionally essential amino acid
L-tyrosine from L-phenylalanine. The total body turn-
over of L-phenylalanine and L-tyrosine is B10 g and
7 g per day, respectively. Kidneys, which take up 0.5-
1 g L-phenylalanine and release B1 g per day L-tyro-
sine, account for B15% of whole body tyrosine flux.99

Kidney is a major contributor to the net release of
L-tyrosine to the bloodstream, unlike liver, the rate of
renal de novo production combined with L-tyrosine
release due to protein catabolism (a combined
B7 μmol/min) is greater than disposal rate
(B1.8 μmol/min).112 These rates are altered in patients
with chronic kidney disease (CDK) such that tyrosine
hydroxylation is decreased. In these patients,

L-tyrosine deficiency can develop, emphasizing the
importance of renal L-tyrosine synthesis.

Glycine and Serine

In the proximal tubule, 1.5 g of L-glycine are
reabsorbed daily and metabolized to L-serine. Glycine
decarboylase complex and serine hydroxymethyltrans-
ferase catalyze synthesis of one serine, bicarbonate,
and ammonia moiety from each two glycine cleaved,
accounting for B30% of renal serine and B10% of
renal ammonia production. The hydrolysis of glutathi-
one by γ-glutamyltranspeptidase in kidney proximal
tubule brush border membranes is a further source of
glycine. Kidneys also synthesize serine via conversion
of L-glutamine, L-glutamate, and L-aspartate to
L-serine via the phosphorylated intermediate pathway.
Overall, the renal serine production of 3�4 g/day
while representing only B5�7% of total body turnover
is equal to the normal daily serine dietary intake.99

Protein, Oligopeptide and Glutathione
Metabolism

Amino acid supply to the kidney is supplemented
by the relatively high renal turnover rate of reabsorbed
proteins. Although the gomerular filtration barrier lim-
its the distribution of proteins in the primary filtrate
low concentrations are present. Furthermore, in the
post absorptive state kidney protein degradation is
B45% greater than synthesis. A number of exopepti-
dases have been identified in proximal tubule brush
border membranes and cytosol. The most abundant is
the broad spectrum aminopeptidase N. For dipeptides,
in comparison to liver, small intestine (ileum, jujenum)
and muscle, kidney exhibits the highest level of hydro-
lase activity.113 As much as 10% of all body L-leucine
originating from protein degradation comes from the
kidneys. In total B7 g of proteins per day are degraded
by the kidneys. Considering kidneys weigh B1% of
total skeletal muscle and ,13% of the splanchnic
organs, human kidneys contribute disproportionally
towards total body protein degradation and synthesis
(B10% of the total for each measure).114 Much of this
involves assimilation and/or production of circulating
plasma low molecular weight oligopeptides. As an
example of the contribution of renal metabolism to oli-
gopeptide metabolism we consider the case of glutathi-
one (glutamyl-cysteine-glycine). Glutathione (GSH) is
efficiently taken up by kidney with B80% plasma GSH
absorbed during a single pass. Meanwhile 30% is
absorbed from the primary filtrate, the majority
(. 60%) is absorbed from the plasma by Na1-
dependent and Na1-independent basolateral
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transporter(s). OAT3 (SLC22A6), OAT1 (SLC22A8) and
NaC2 (SLC3A3) all of which are expressed on basolat-
eral membranes have been suggested as candidates.115

Within cells, DIC (SLC25A10) and OGC (SLC25A11)
are responsible for the majority (. 80%) of renal mito-
chondrial GSH transport. On the luminal membrane
efflux is carried out by OAT1a1 (SLCo1A1), Mrp2/
Abcc2 and Mrp4/Abcc4 transporters.115 GSH synthesis
and degradation pathways are segregated spatially
with synthesis occurring in the cytoplasm by sequential
glutmate-cysteine ligase and GSH synthetase (ATP-
dependent) activities. Whereas in kidney degradation
is catalyzed extracellularly by activity of the proximal
tubule brush border membrane localized integral mem-
brane proteins, γ-glutamyltransferase (cleaves γ-gluta-
myl peptide bond between L-glutamyl L-cysteinyl) and
dipeptidase (hydrolyzes L-cysteinyl-glycyl peptide
bond).115 Analysis of knockout animals indicates the
contribution of PEPT2 reabsorption of gly-cys for renal
synthesis of GSH.116

AMINOACIDURIAS

Aminoacidurias, which are characterized by the
abnormal excretion of specific amino acids in the urine,
can be caused by metabolic or transport defects. In con-
trast to metabolic diseases, in which one or more
enzymes involved in the synthesis or catabolism of
amino acids is defective, transport disorders result
from deficient amino acid transport from the nephron
lumen into the proximal tubule epithelial cells or from
cells to the extracellular space. Transport diseases are
caused by mutations in the genes encoding the mem-
brane proteins responsible for the mostly active

transport of amino acids. Clinical consequences of spe-
cific aminoacidurias can arise from either a deficiency
of particular amino acid(s) (urinary loss), or the precip-
itation of certain amino acid(s) (e.g. cystine) in the
urine. Amino acids deficiencies can also be caused by
decreased absorption in the intestine, since many of
these transporters are also expressed in the enterocytes
of the small intestine and are responsible for substan-
tial amino acid absorption.117

The association of a disease with an amino acid
transport defect was first suggested a century
ago.118,119 Since then, several diseases due to transport
defects have been described. Progress in diagnosing
aminoacidurias was greatly facilitated by the advent of
reliable and sensitive chromatography methods.120,121

The molecular characterization of the amino acid trans-
porters has also contributed greatly to advances in
genetic diagnoses.18,55,29 For the purpose of this review
the specific aminoacidurias identified so far (see
Table 71.3) are classified by the chemical properties of
the amino acids abnormally excreted (i.e., neutral, basic
(cationic), acidic (anionic), or iminoaciduria).

Basic Aminoacidurias

Cystinuria (OMIM #220100)

Mutations in either interacting subunit gene SLC3A1
(rBAT) or neutral and basic amino acid transporter
encoding gene SLC7A9 (b0,1AT) cause cystinuria.35,122

Cystinuria, due to mutations in SLC3A1 (chromosomal
locus 2p21), is an autosomal recessive trait with hetero-
zygous parents unaffected. In contrast, mutations in
SLC7A9 (chromosomal locus 19q13.11) lead to a mild
to moderately abnormal urinary amino acid pattern in
most obligate heterozygotes (e.g., parents) and thus

TABLE 71.3 Aminoacidurias Genetically Elucidated in Human

Aminoaciduria Gene Protein Chromosome Hallmark (Elevation of Individual AA in Urine)

Cystinuria A SLC3A1 rBAT 2p21 Cystine, Lysine, Arginine, Ornithine

Cystinuria B SLC7A9 b0,1AT 19q13.11 Cystine, Lysine, Arginine, Ornithine

Lysinuric protein intolerance SLC7A7 y1LAT1 14q11.2 Lysine, Arginine, Ornithine

Hartnup disorder SLC6A19 B0AT1 5p15.33 Neutral amino acids

Proline

Iminoglycinuria* SLC36A2 PAT2 5q33.1 Hydroxyproline

Glycine

Dicarboxylic aminoaciduria SLC1A1 EAAT3/EAAC1 9p24 Aspartate

Glutamate

*Pending independent confirmation.
According to HUGO (www.genenames.org) and NCBI build 36.
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can be seen as an autosomal dominant trait. The initial
nomenclature, based on the excretion status of obligate
heterozygotes (cystinuria types I, II (non-I), III (non-I)),
has been “replaced” by a more meaningful system
linked to the genotype.123 Mutations in SLC3A1 cause
cystinuria type A, mutations in SLC7A9 cause cystin-
uria type B, and mutations in both genes (“compound”
heterozygotes) cause cystinuria type AB. Disease sever-
ity is apparently the same for cystinuria types A and B.
The average prevalence is 1 in 7000 births, and to date
133 mutations in SLC3A1 and 95 mutations in SLC7A9
have been identified. Reported mutations include non-
sense, missense, splicing, frameshift, and large
sequence rearrangements.124

CLINICAL FINDINGS

Patients with cystinuria often present with nephro-
or urolithiasis at almost any age with a clear preference
in childhood due to elevated urinary cystine. Kidney
stones are radio opaque, although less than calcium
containing ones, and easily diagnosed by ultrasound
examinations. Stones in the bladder are also often
found. The presence of bladderstones in childhood
should always prompt consideration of cystinuria.
Early diagnosis is important since it allows for the pre-
vention or reduction of kidney stones. Diagnostically,
urinary levels of dibasic amino acids L-lysine, L-argi-
nine, and L-ornithine, and most prominently of cystine
are elevated (e.g., cystine can be up to 50-times nor-
mal). Plasma levels of these amino acids in general are
at the lower end of the normal range. Clinical problems
arise only from the elevated urinary cystine, which due
its low solubility, precipitates within the urinary tract
forming cystine stones. Urine microscopy reveals char-
acteristic and pathognomonic hexagonal crystals. The
cyanide-nitroprusside urinary test is also used, but is
not considered specific.

TREATMENT

Treatment is non-specific and consists mostly of a
high fluid intake to keep the urinary cystine below the
solubility threshold of about 1000 μmol/l (at pH ,7).
As cystine solubility increases with pH, alkalization of
urine, typically with potassium citrate, can be used.
Chelation with D-penicillamine or mercaptoproprio-
nylglycine, while highly effective, is rarely used due to
serious side effects. Overall, treatment is cumbersome
and some patients lose kidney function at some time
due to recurrent nephro- and urolithiasis.

Lysinuric Protein Intolerance (OMIM #222700)

Lysinuric protein intolerance (LPI) is caused by
mutations in SLC7A7, which similar to cystinuria, is a
member of the heterodimeric amino acid transporter
family (HAT). The mutations causing this autosomal

recessive disorder have, in contrast to cystinuria, been
identified exclusively in the light subunit SLC7A7
(chromosomal locus 14q11.2).125,126 SLC7A7-SLC3A2
mediates the transport of dibasic amino acids from
intracellular to basolateral compartments. The inci-
dence of LPI is very low, but in some populations
reaches up to 1:50,000 births. Currently, a total of 50
different LPI causative mutations of SLC7A7 have been
described.127 Most of the LPI-causative mutations con-
sist of missense, nonsense or small deletions, whereas
larger deletions, insertions, or splice-site mutations are
less frequent.

CLINICAL FINDINGS

Patients affected by this disorder in general come to
medical attention early in life with several significant
problems including a failure to thrive and intellectual
impairment. Episodes of diarrhea and hyperammone-
mia coincide with increased protein intake (hence the
name). Ammonia typically rises quickly postprandially
and may normalize within hours. This makes docu-
mentation of hyperammonemia difficult due to timing
of blood draw, if not suspected. Apparently, hyperam-
monemia is caused by an interruption of the urea cycle
due to a lack of required intermediates (e.g., ornithine).
Patients unfortunately also develop interstitial pneu-
monia in the form of an alveolar proteinosis, hepato-
megaly and liver cirrhosis, severe osteopenia and bone
marrow involvement. Renal insufficiency can develop
due to glomerulonephritis of suspected immunological
etiology. Phenotypic variability and the lack of a spe-
cific clinical presentation have caused misdiagnosis
variously as disorders of urea cycle, lysosomal storage
diseases such as Niemann-Pick type B and Gaucher
disease, celiac disease, or autoimmune disorders.128

Episodes of diarrhea following protein intake can point
towards the correct diagnosis.

Elevations of urinary dibasic amino acids, L-lysine,
L-arginine, and L-ornithine are diagnostic and more
pronounced than in cystinuria; urinary cystine levels in
contrast to cystinuria are almost normal (elevated only
2�3 times the norm). In contrast to cystinuria, plasma
levels of L-lysine, L-arginine, and L-ornithine tend to
be below the norm. Orotic acid and homocitrulline are
also elevated and can be of diagnostic value for dis-
crimination from urea cycle defects.

The significance of the clinical picture in LPI can be
explained by a more severe loss and reduced intestinal
absorption of dibasic amino acids, in comparison to
cystinuria, leading to an inefficient urea cycle resulting
in hyperammonemia. Obviously, a defect in the baso-
lateral export of dibasic amino acids (as in LPI) has
more severe consequences than a defect in the luminal
membrane (as in cystinuria). This is attributed to the
fact that a large fraction of the nutritional amino acids,
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including dibasic amino acids, are (re)absorbed as di-
and tripeptides that are then hydrolyzed intracellularly
before being transported out of the cell through the
basolateral membrane. Some of the unique immuno-
logical features of this disease are probably related to
the expression profile of SLC7A7 (y1LAT1), which is
much broader than that of SLC3A1/SLC7A9 (rBAT/
b0,1AT).129

TREATMENT

Treatment is symptomatic and consists of protein
restriction, as for other urea cycle disorders, and in this
case in supplementation with citrulline. Citrulline is a
precursor for both arginine and ornithine, thus can par-
tially restore the defective functions of the urea cycle.

Neutral Aminoacidurias

Hartnup Disorder (OMIM #234500)

Cloning of the human SLC6A19 gene (chromosomal
locus 5p15.33) led to the identification of a
deleterious splice site mutation in members of the
British Hartnup family, in which the disorder was orig-
inally described.130 Hartnup disorder is an autosomal-
recessive disorder with an incidence of 1 to 15,000 live
births. In addition to the original Hartnup mutation, 21
further deletions, missense, nonsense and splice site
mutations in the SLC6A19 gene causing the disorder
have been identified.32�133 Mutations in genes encod-
ing the renal and intestinal B0AT1 accessory proteins,
Tmem27 (tmem27) and Ace2 (ace2) respectively, are not
responsible for the disorder. Both tmem27 and ace2
genes are located in the X chromosome, and so far no
patients with an X-linked neutral aminoaciduria have
been observed.

CLINICAL FINDINGS

First recognized in the 1950s in London/UK as a
defect of neutral amino acid transport, Hartnup disor-
der became an example of how diet can unveil the
signs and symptoms of a multifaceted disease. The
protein-restricted diet imposed on the population
(World War II, and post-war) revealed the defective
(re)absorption of amino acids characteristic of Hartnup
disorder. The symptoms are variable and patients can
present with the pellagra-like signs (including light-
sensitive dermatitis), intermittent cerebellar ataxia and
psychosis-like symptoms. The variability of the symp-
toms might be due to the high frequency of compound
heterozygosity, and/or to the differential interactions
of specific mutations with intestinal and renal acces-
sory proteins, and/or dietary habits.

Diagnostically, elevated urinary neutral amino acids
are the first indication of the disorder and are observed

in all Hartnup patients. L-glutamine, alanine, trypto-
phan, tyrosine, serine and the branched chain amino
acids can reach values five to ten fold higher than ref-
erence. Proline and glycine excretion are not increased.
Plasma amino acids levels are usually in the normal
range.

The neutral aminoaciduria resulting from Hartnup
disorder must be differentiated from a generalized
aminoaciduria, which is an obligate diagnostic hall-
mark of a renal Fanconi syndrome. The most common
cause of renal Fanconi syndrome in childhood is cysti-
nosis, a treatable lysosomal storage disorder.

TREATMENT

Currently patients from “protein supersaturated”
countries are often recognized only by newborn screen-
ing programs, as they are asymptomatic. The question
remains whether these patients should or need to be
treated. Patients with pellagra-like symptoms are treat-
ed with niacin oral replacement, which reverses the
clinical features of the disorder. Pellagra and the neuro-
logical symptoms are thought to be caused by defi-
ciency of tryptophan, since this is a precursor of niacin
and serotonin.

Iminoacidurias

Iminoglycinuria (OMIM #242600)

Mutations in multiple genes have been suggested to
be the cause of iminoglycinuria. Identified by sequenc-
ing of candidate genes, encoding glycine and imino
acid transporters, namely SLC36A2 (PAT2), SLC6A20
(SIT1), SLC6A19 (B0AT1), and SLC6A18 (B0AT3) in
patients with glycinuria and iminoglycinuria, a com-
plex combination of mutations and polymorphisms
was found and suggested to cause the disorder.59

However, this hypothesis is controversial. SLC6A18
(B0AT3) and SLC6A19 (B0AT1) have a broad substrate
spectrum. Therefore genetic defects should cause a
general neutral aminoaciduria and not solely the
abnormal excretion of proline and/or glycine.32,43,52

The imino transporter SIT1 encoded by the gene
SLC6A20 located at chromosomal locus 3p21.31 is
another candidate. However, preliminary genetic stud-
ies found no linkage with the region encoding
SLC6A20 (SIT1) (chromosomal locus 3p21.31) and dis-
ease,134 whereas when tested in an exogenous expres-
sion system SIT1 mutations (found in iminoglycinuria
patients) did decrease transport activity.

Mutations in genes encoding the glycine and
L-proline transporters, PAT1 (SLC36A1) and 2
(SLC36A2), are additional disease candidates. The
SLC36A2 (PAT2) gene seems to be the best candidate
while analysis of the SLC36A1 (PAT1) chromosome
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locus (5q33.1) failed to uncover a linkage with the
disorder.134 The incidence of iminoglycinuria is
1:10,000 births.

CLINICAL FINDINGS

Patients with present with elevated urinary levels of
glycine, proline, and hydroxyproline. Interestingly,
obligate heterozygotes may also display glycinuria.

Patients diagnosed by newborn screening programs
should be subsequently confirmed, since iminoglyci-
nuria can occur in normal neonates, presumably
reflecting tubular immaturity. Several reports have
linked iminoglycinuria with other diseases. However
this finding may have been biased due to ascertain-
ment errors resulting from the specific populations
screened (e.g., mental health institutions). As for other
aminoacidurias, the fractional excretion of all respec-
tive amino acids should be analyzed to exclude urinary
losses due to elevated plasma levels. Such as occurs in
the metabolic disorder hyperprolinemia, in which, due
to significantly elevated plasma proline levels, urine
findings can mimic iminoglycinuria by exceeding uri-
nary reabsorption capacity.

TREATMENT

At the present time, iminoglycinuria is considered
an incidental finding and no treatment is necessary.
Whether constant urinary glycine, proline, and
hydroxyproline losses have an impact on health is not
known.

Acidic Aminoaciduria

Dicarboxylic Aminoaciduria (OMIM 222730)

Dicarboxylic aminoaciduria is an autosomal reces-
sive disorder with an incidence of 1:35,000 births, as
estimated from a 25-year screening program in
Quebec, Canada.135 The cause of dicarboxylic aminoac-
iduria was identified as mutations in the SLC1A1 gene
(chromosomal locus 9p24) encoding the glutamate and
aspartate transporter EAAC1/EAAT3.136�138 In two
pedigrees missense and deletion mutations were iden-
tified in homozygotes.

CLINICAL FINDINGS

A few patients with an excess urinary excretion
of acidic amino acids, i.e., aspartate and glutamate, oth-
erwise lacking clinical symptoms, have been
reported.139,140 The patients with the identified SLC1A1
mutations presented high urinary glutamate and aspar-
tate and one of them also displayed symptoms of an
obsessive compulsive disorder.

PERSPECTIVES

Following the molecular identification of most
amino acid transporters, current research aims at
understanding their role in mediating and controlling
the flux of amino acids between different body com-
partments, in particular as regards amino acid homeo-
stasis in the extracellular space (milieu intérieur) and
their role for the function of organs and cells. A step
forward in this direction requires that kinetic, regula-
tory and expression data of transporters be integrated
in the understanding of physiological regulatory net-
works controlling body and cellular amino acid metab-
olism. Such integrated analysis of the physiological
networks will be necessary to understand the contribu-
tion of kidney proximal tubule transport and metabolic
functions to body amino acid homeostasis in health
and disease. This integrated view shall lead towards a
better understanding of the complex pathophysiology
and symptoms of genetic diseases such as lysinuric
protein intolerance (LPI) and of acquired diseases.
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INTRODUCTION

The kidneys efficiently excrete endogenous and
exogenous organic anions and cations, including
widely used drugs and potentially toxic compounds.
At pH 7.4, organic anions carry one or more negative
charges, and organic cations one or more positive
charges, respectively. Many exogenous organic anions
and cations undergo secretion in renal proximal
tubules, involving uptake across the basolateral mem-
brane into tubule cells and release across the apical
(lumenal, brush-border) membrane into the lumen. For
organic anions, uptake from the blood takes place
against an opposing inside negative membrane poten-
tial whereas, for organic cations, the inside negative
electrical potential difference has to be overcome dur-
ing their release into the lumen. Thus, secretion
requires the input of cellular energy. In this chapter,
we shall focus on proximal tubular organic anion and
organic cation transporters being involved in drug
secretion.

ORGANIC ANION TRANSPORT SYSTEMS

Characteristics of Organic Anion Secretion
in Proximal Tubules

Initial experiments revealed proximal tubules as
the principle site of organic anion secretion in

various species (for earlier literature see1,2). In most
of these studies, p-aminohippurate (PAH) served as a
model organic anion, and the substrate specificity of
the so-called PAH transport system in the basolateral
membrane was extensively tested by stop-flow com-
petition experiments with rat kidneys in situ. This
system preferred amphiphilic compounds carrying
one negative charge or two negative charges sepa-
rated 6�7 Å by a hydrophobic moiety and being
able to form multiple hydrogen bridges.3 The “PAH
transport system” turned out to interact with a multi-
tude of chemically unrelated molecules including
many drugs.

PAH uptake across the basolateral membrane
occurred by an exchange against intracellular α-keto-
glutarate.4,5 Thereby, PAH uptake is a tertiary active
process, with the Na1,K1-ATPase establishing the
extracellular-to-intracellular Na1 gradient (primary
active process), the sodium-dicarboxylate cotrans-
porter utilizing this Na1 gradient for intracellular
α-ketoglutarate enrichment (secondary active process),
and the PAH/α-ketoglutarate exchanger using the
intracellular-to-extracellular α-ketoglutarate gradient
for PAH uptake against the inside negative mem-
brane potential (tertiary active process; see also
Figure 72.1). In addition, α-ketoglutarate absorbed
from the primary urine or derived from metabolism
can drive PAH uptake.6 The arrangement of three
co-operating transporters is conserved among species
including man. As opposed, earlier experiments on
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PAH release across the apical membrane revealed
species differences.1

With the advent of molecular cloning and heterolo-
gous expression techniques, several proximal tubular
transporters for organic anions have been character-
ized. Figure 72.1A shows transporters that are involved
in the secretion of anionic drugs and toxins, or are tar-
gets of drugs, in the human proximal tubule. These
include OAT1, OAT2, OAT3, OATP4C1, and MRP6 in
the basolateral cell membrane, and OAT4, OAT10,
URAT1, NPT4, MRP2, and MRP4 in the apical

membrane. In rodent proximal tubules, Oat1, Oat3,
Oatp4c1, and Mrp3 were found in the basolateral mem-
brane, and Oat2, Oat5, Urat1, Oat-K1/2, Oatp1a1,
Npt1/Oatv1, Mrp2, and Mrp4 in the apical membrane
(Figure 72.1B). Thereby, both cell sides contain antipor-
ters (OATs/Oats, URAT1/Urat1, OATP4C1/Oatp4c1),
ATP-driven systems (MRPs/Mrps) and a voltage-
driven system (NPTs/Npts). Taken together, the
picture of organic anion transport became more com-
plicated than it was anticipated from earlier in vivo and
in vitro functional studies.

FIGURE 72.1 Organic anion transporters in human (A) and rat (B) renal proximal tubule cells. Lumen (urine) side is left, interstitial (blood)
side is right. Transporters are symbolized by circles. Abbreviations: αKG22, α-ketoglutarate; DHEAS-, dihydroepiandrosterone sulfate; ES2,
estrone-3-sulfate; GSH, glutathione; MTX, methotrexate; OA2, organic anion.
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DRUG TRANSPORTERS IN THE
BASOLATERAL MEMBRANE OF

PROXIMALTUBULE CELLS

The Organic Anion Transporter 1 (OAT1/Oat1;
SLC22A6/Slc22a6)

The Organic Anion Transporter 1 (humans, OAT1;
other species, Oat1) was cloned from man, monkey,
pig (p), rabbit (rb), rat (r), and mouse (m).7�9 OAT1/
Oat1 is the member A6/a6 of family SLC22/Slc22, that
consist of at least 25 different genes.10 The gene coding
for OAT1 was located to chromosome 11q12.3 paired
with that of OAT3.10,11 OAT1 mRNA is expressed in
kidneys, and to a small extent also in brain and other
tissues.12�14 In rats, mRNA expression rose from day
10 after birth and reached a maximum in adult ani-
mals15 whereas, in mice, Oat1 mRNA did not rise
before day 25 after birth.16 Importantly, gender differ-
ences were observed in adult rats and mice with higher
Oat1 mRNA expression in male animals.15,16

Immunohistochemical studies localized OAT1/Oat1
protein to the basolateral membrane of proximal
tubules of human, monkey, rat and mouse kidneys.7�9

In humans, OAT1 was found along the complete proxi-
mal tubule whereas rOat1 was highest in the S2 seg-
ment. Immunohistochemistry in adult rats revealed
more Oat1 protein in male than in female animals.17,18

Whether gender differences are present in humans is
not known (for reviews on gender differences see8,18).

The expression of human OAT1 was under positive
control of hepatocyte nuclear factors 1α (HNF-1α) and
4α (HNF-4α).8 An increased expression of rOat1 was
found after treatment of kidney slices or proximal
tubules with insulin and epidermal growth factor as
well as after bile duct ligation in rats whereas, in sev-
eral other circumstances such as fever, endotoxinemia,
renal insufficiency, ischemia-reperfusion, and ureter
obstruction, the abundance of rOat1 was—at least tran-
siently—decreased (reviewed in8,9). A down-regulation
of Oat1 expression most probably decreases the renal
excretion of anionic drugs. In this regard, it is interest-
ing that inhibition of COX-2 attenuated the endotoxin-
induced down-regulation of rOat1.19

Short-term down-regulation involves a protein
kinase C (PKC) activity-dependent endocytosis of OAT
protein.20 Thereby, the protein itself is not phosphory-
lated,21 but possibly ancillary proteins such as caveolin
2.22 The appearance of immunoreactive rOat1 in vesi-
cles beneath the basolateral membrane after mercury
treatment of rats suggests that endocytosis of Oat1 may
occur also in vivo.23

Several non-synonymous single nucleotide poly-
morphisms have been described for human OAT1
(summarized in9,24). Except for the amino acid change

R50H which led to changes in the Km for adefovir, cido-
fovir and tenofovir, other amino acid exchanges did
not result in altered transport function, at least for the
tested substrates.

Following heterologous expression, OAT1/Oat1
proved to be a p-aminohippurate (PAH)/α-ketogluta-
rate antiporter with in vitro affinities for PAH between
5 and 50 μM (range, 3.1 to 430 μM8,25). A prototypical,
though not OAT1-specific inhibitor is probenecid with
Ki or IC50 values between 1.4 and 18.6 μM.8,25

Numerous compounds were tested as possible sub-
strates of OAT1/Oat1 either by checking their inhibi-
tion of the uptake of labeled PAH (or other labeled or
fluorescent substrates), or by direct demonstration of
transport of labeled test compounds (results compiled
in7,8,25). Among endogenous substrates of OAT1/Oat1
are, e.g., medium-chain fatty acids, α-ketoglutarate,
cAMP and cGMP, prostaglandins E2 and F2α, urate,
and acidic neurotransmitter metabolites. Drugs inter-
acting with OAT1/Oat1 included β-lactam antibiotics,
antiviral drugs, non-steroidal anti-inflammatory drugs,
diuretics, ACE inhibitors, angiontensin II receptor 1-
antagonists, and methotrexate. Furthermore, OAT1/
Oat1 interacted with uremic toxins, environmental tox-
ins, and carcinogens. Thus, OAT1/Oat1 covers a wide
substrate spectrum, is involved in renal drug handling,
and contributes to nephrotoxicity. The interaction of
several compounds with the same transporter, OAT1/
Oat1, can lead to drug-drug interaction during renal
excretion, alter pharmacokinetics and cause potentially
serious side effects (for examples see26,27).

For mouse Oat1, a quantitative structure-activity
relationship was determined.28 For mono-anions, inter-
action with mOat1 increased (or Ki decreased) with
increasing mass and hydrophobicity, e.g., with the
chain length of fatty acids. For di-anions, steric and
electrostatic factors became the main determinants of
affinity. For transport velocity, other factors seemed
important because no correlation was found between
Vmax and Km or Ki.

28 In general, QSAR on mOat1 was
in agreement with earlier data obtained for PAH trans-
port in rat kidney in situ.3 Mutational studies on
OAT1/Oat1 were performed to find out residues
important for transport function: amino acid residues
surrounding the putative substrate binding site of
human OAT1 include R466 (transmembrane helix
TMH11), K382 (TMH8), Y353, Y354 (both in TMH7),
and F374 (TMH8) (summarized in9). R466 is also
important for the interaction of OAT1 with chloride
that increases the Vmax of the transporter, but has no
effect on its affinity towards PAH.29

An Oat1 knockout mouse was generated which did
not show any gross abnormalities.30 The clearance of
PAH, furosemide, bendroflumethiazide, and a number

2427DRUG TRANSPORTERS IN THE BASOLATERAL MEMBRANE OF PROXIMAL TUBULE CELLS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



of endogenous hydroxyl-substituted short chain fatty
acids was decreased.30,31 Thus, mOat1 contributes to
the renal excretion of diuretics and of hitherto
unknown endogenous metabolites.

The Organic Anion Transporter 2
(OAT2/Oat2; SLC22A7/Slc22a7)

OAT2/Oat2 was cloned from man, rat, and
mouse.7�9 The gene for human OAT2 is located on
chromosome 6p21.1.10 In humans and male rats, the
expression of OAT2/Oat2 mRNA was high in liver
and low in kidneys. In female rats, Oat2 expression in
kidneys exceeded its expression in liver.13,14 In male
mice, message for Oat2 was expressed in kidneys, but
hardly in liver whereas, in female mice, message was
found both in liver and kidneys. Immunolocalization
studies revealed human OAT2 at the basolateral mem-
brane of proximal tubule cells.32 In rat and mouse kid-
neys, Oat2 appeared to be present in the apical
membrane of proximal tubule cells and exhibited a
higher expression in female animals.33 Thus there are
gender and species differences in Oat2 expression.

In liver and kidneys, OAT2/Oat2 expression was
under positive control of HNF-1α and HNF-4α.34,35 In
diabetic rats and in cisplatin-treated mice, a decreased
renal Oat2 expression was found.36,37 As regards single
nucleotide polymorphisms, three non-synonymous
SNPs were reported the functional consequence of
which is unknown (see9).

Due to conflicting results in the literature,7,8,25 it is
unclear whether OAT2/Oat2 interacts with and is
driven by dicarboxylates. High affinities of human and
rat OAT2/Oat2 were reported for prostaglandin E2 and
prostaglandin F2α. Other endogenous substrates of
OAT2 are nucleobases, nucleosides and nucleotides
such as adenine, adenosine, GMP, GDP, GTP, cGMP,
and cAMP.38 Urate was transported by OAT2 with an
apparent Km of 1.17 mM, suggesting that OAT2 contri-
butes to proximal tubular urate secretion.39 Among
drugs, some diuretics (hydrochlorothiazide, furose-
mide), pravastatin, sartanes (losartan and telmisartan),
cephalosporins, erythromycin, histamine receptor-2
blockers, NSAIDs, and uricosurics (probenecid, benz-
bromarone) interacted with OAT2. High affinities were
reported for antineoplastic drugs (methotrexate, fluoro-
uracil, taxol).7,8

In humans, the basolateral localization of OAT2
would favour a role in organic anion (urate) and drug
excretion whereas, in rodents, the apical location of
Oat2 is hard to reconcile with secretion. Thus, more
information is needed to fully appreciate the function
of OAT2/Oat2.

THE ORGANIC ANION TRANSPORTER 3
(OAT3/Oat3; SLC22A8/Slc22a8)

As reviewed in,7�9 OAT3/Oat3 was cloned from
man, monkey, pig, rabbit, rat, and mouse. The gene
SLC22A8 is located on chromosome 11q12.3, in direct
neighbourhood to the gene of OAT1.10,11 In all species,
the mRNA for OAT3/Oat3 was highest in the kidneys;
additional expression was found in brain, liver, skeletal
muscle, and adrenals.12�14 The mRNA levels increased
shortly after birth and reached the same levels in
mature male and female rats.15 Based on quantitative
mRNA analysis, the expression of OAT3 was threefold
higher than that of OAT1, and more than tenfold high-
er than the expression levels of OAT2 and OAT4.40 The
mRNA levels corresponded to protein expression as
tested by Western blotting, indicating that OAT3 is the
most abundant OAT isoform in the human kidney.40

In immunohistochemistry, OAT3/Oat3 was found at
the basolateral membrane of proximal tubules as well
as in thick ascending limbs of Henle’s loops, connect-
ing tubules and collecting ducts; gender differences
were only apparent for rOat3 in proximal tubules with
lower expression in female rats (reviewed in7�9,18).
OAT3/Oat3 was also found in human, rat, and mouse
choroid plexus. At this location, OAT3/Oat3 is likely
involved in the uptake of organic anions including
neurotransmitter metabolites and drugs from the cere-
brospinal fluid and their transport into the blood.
Indeed, Oat3 knockout mice showed an impaired cere-
brospinal fluid-to-blood transport of fluorescent
organic anions.41

Hepatocyte nuclear factors HNF-1α and HNF-1β
induced OAT3 expression and HNF-1α knockouts
showed a diminished renal expression of Oat3
(reviewed in8). Inhibition of promoter methylation also
increased OAT3 expression. As summarized in,8

OAT3/Oat3 expression is subject to regulation by vari-
ous factors. Insulin, epidermal growth factor and short
term exposure to prostaglandin E2 increased whereas
long term PGE2 elevation as observed in fever and
inflammatory states decreased rOat3. Intracellular
cAMP served to increase the OAT3 promoter activity.
Several kidney disorders such as ischemia-reperfusion,
ureteral obstruction as well as methotrexate and cis-
platin treatment decreased rOat3 abundance. Biliary
obstruction and 5/6 nephrectomy increased rOat3 pro-
tein expression (see8).

The existence of several single nucleotide poly-
morphisms in the promoter and the coding region of
human OAT3 have been described (compiled in9),
including 9 non-synonymous mutations, leading
to changes in the amino acid sequence or premature
truncation. Three loss-of-function mutations (R149S,
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Q239X, I260R) were found in Asian-Americans.42 The
impact of these mutations is unknown.

A widely used test substrate for heterologously
expressed OAT3/Oat3 is estrone-3-sulfate with half-
maximal transport rates (Kt or Km) between 2.2 and
21.2 μM.8 PAH was translocated by OAT3/Oat3, but
the affinity was smaller than that of OAT1/Oat1.
OAT3/Oat3 is driven by the outwardly directed con-
centration gradient of α-ketoglutarate. Thus, OAT3/
Oat3 is involved in uptake of organic anions from the
blood, which fits to its location at the basolateral
membrane.

Numerous compounds have been tested as putative
substrates of OAT3/Oat3 (results compiled in7,8,25). An
interaction was demonstrated for endogenous sub-
stances such as the second messengers cAMP, cGMP;
the vitamin folate; the bile salts cholate and taurocho-
late; the (sulfated) hormones cortisol, dehydroepian-
drosterone sulfate, estrone sulfate; the local hormones
prostaglandin E2 and F2α; the purine metabolite urate;
and some neurotransmitter metabolites. Highly inter-
esting is the observation that Oat3 knockout mice have
a decreased blood pressure.43 Obviously, intact mOat3
excretes one or more endogenous substances that lower
blood pressure. Thymidine could play such a role,
because knockout mice had an increased thymidine
concentration in blood, and thymidine infusion low-
ered blood pressure.43

Drugs interacting with OAT3/Oat3 comprised ACE
inhibitors, angiotensin II receptor blockers, diuretics,
statins, antibiotics, antineoplastics, immune suppres-
sants, histamine receptor 2 blockers, and non-steroidal
anti-inflammatory drugs.7,8,25 As compared to OAT1,
OAT3/Oat3 has higher affinities for urate, benzylpeni-
cillin, and loop diuretics, suggesting a dominant role in
proximal tubular secretion of these compounds.
Indeed, Oat3 knockout mice showed a decreased renal
excretion of diuretics, benzylpenicillin, quinolones and
methotrexate.31,44

Chimeras between rat Oat3 and Oat1 revealed that
substrate recognition is located in transmembrane heli-
ces TMH 6-12, i.e. in the C-terminal part of rOat3.
Replacement of the positively charged arginine 454
that is conserved in all OATs, by the acidic amino acid
aspartate (R454D) abolished PAH uptake, but did not
change the handling of cimetidine.45 The mutant
lysine-370 to alanine (K370A) also was unable to trans-
locate PAH, but still transported cimetidine, indicating
that cimetidine interacts with amino acid residues dif-
ferent from those involved in binding and translocation
of PAH, and that translocation of PAH requires the
presence of cationic amino acid residues in TMH 8 and
11.45 Aromatic residues in TMH 7 (W334, F335, Y341)
and F362 in TMH 8 were found to be important for the
translocation of PAH and cimetidine, but not for the

transport of estrone sulfate.46 Whether rOat3 has, as
suggested, three parallel transportation paths, one for
PAH, one for cimetidine, and one for estrone sulfate,
must be clarified in future experiments.

In summary, OAT3/Oat3 has a wider distribution
than OAT1/Oat1 along the nephron, operates as an
organic anion/α-ketoglutarate exchanger, and handles
small and, unlike OAT1/Oat1, also larger and more
hydrophobic substrates.

TheOrganicAnionTransporting Polypeptide 4C1
(OATP4C1/Oatp4c1; SLCO4C1/Slco4c1)

OATP4C1 was cloned from human and rat kidneys
and in both species, OATP4C1/Oatp4c1 proteins were
found in the basolateral membrane of proximal tubule
cells.47 The gene for human OATP4C1 was located on
chromosome 5q21.2. In humans, the expression was
found in kidneys, liver, and weakly in lungs.12,13,47 In
rats, predominant expression was found in the kidneys
and a weaker one in the lungs.47 Gender differences
were not apparent. Thus, OATP4C1 can be regarded as
a kidney-specific OATP. Functional tests revealed the
transport of the endogenous compounds cAMP, triio-
dothyronine, thyroxine, but not of cGMP, taurocholate,
prostaglandin E2, estradiol-17β-D-glucuronide, and
PAH. Among drugs, digoxin, ouabain, and methotrex-
ate were taken up by OATP4C1.47,48 It was assumed
that the physiological role of OATP4C1/Oatp4c1 is to
present thyroid hormones to proximal tubule cells. The
extent to which this transporter contributes to the prox-
imal tubular secretion of drugs remains to be
determined.

The Multidrug Resistance-Associated Protein 6
(MRP6/Mrp6; ABCC6/Abcc6)

MRP6/Mrp6 is a member of the ATP binding cas-
sette (ABC) proteins49 that is mainly expressed in liver
and kidneys.12,13,26 The murine homologue, mMrp6,
showed highest expression in the liver, but was also
found in other organs including the skin.12,49 Within
human and mouse kidneys, MRP6/Mrp6 was localized
to the basolateral membrane of proximal tubule cells
(see26). This ATP-driven transporter handled glutathi-
one-conjugates, the endothelin receptor antagonist
BQ-123, and conferred low level resistance to epipodo-
phyllotoxins and anthracyclines; probenecid and indo-
methacin inhibited MRP6.26,49 Mutations in the second
nucleotide binding domain were associated with the
connective tissue disease, Pseudoxanthoma elasticum, but
the exact causal relationship between MRP6 and this
disorder is unknown. Given the localization in the
basolateral membrane of proximal tubule cells and
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the function of an ATP-driven efflux transporter it is
unlikely that MRP6 contributes to organic anion
secretion.

MRP1 (ABCC1) was found in the basolateral mem-
brane of Henle’s loops and collecting ducts, and MRP3
(ABCC3) in distal tubules.26 In rats, Mrp3 was localized
also to the basolateral membrane of proximal tubules.
Also these transporters are not likely involved in
organic anion secretion but may protect renal tubule
cells from cytotoxic compounds.26

DRUG TRANSPORTERS IN THE APICAL
MEMBRANE OF PROXIMAL

TUBULE CELLS

The Organic Anion Transporter 4
(OAT4, SLC22A11)

This transporter (reviewed in7�9) occurs only in
humans. The gene for OAT4 is located on chromosome
11q13, in close neighbourhood to that of URAT1.10,11

OAT4 expression was highest in the kidneys, lower in
placenta, and virtually absent from all other tested
organs.12,14 Immunohistochemical studies revealed the
presence of OAT4 in the proximal tubules only where
it is located at the apical membrane. Thereby, OAT4
interacts with the scaffolding proteins PDZK1 and
NHERF1 through its three C-terminal amino acids.7

Factors influencing the expression of OAT4 are pres-
ently unknown.

Mutational analysis revealed that evolutionary
conserved glycine residues at positions 241 and 400
(transmembrane helices 5 and 8, respectively) are func-
tionally important. Replacement of these residues by
long aliphatic amino acids abolished transport activity,
whereas the glycine-to-alanine mutation (G241A,
G400A) reduced transport rates and decreased affini-
ties were observed.50 Glycine is thought to participate
in helix-helix interactions that seem to be important for
transport activity of OAT4.

Eight non-synonymous single nucleotide poly-
morphisms were found, one of which (R48X) is delete-
rious (reviewed in9). The impact of the other amino
acid changes on the function of OAT4 is unknown.

Following heterologous expression (for results
see7,8,25), OAT4 transported estrone-3-sulfate with
high affinity (Kt of 1 μM). Other endogenous com-
pounds translocated by OAT4 were urate, the prosta-
glandins E2 and F2α, and dehydroepiandrosterone
sulfate; no inhibition was found with glucuronidated
steroids, suggesting that OAT4 only handles sulfated
compounds. Cholate, taurocholate, octanoate, and
corticosterone inhibited OAT4. Intracellular glutarate
trans-stimulated estrone-3-sulfate uptake, but did not

cis-inhibit it when present in the extracellular medium,
suggesting different affinities for this dicarboxylate at
the inner and outer binding sites.51 Similar findings for
PAH indicate that the internal binding site has a higher
affinity to this organic anion than the external binding
site. Labeled PAH was not taken up by OAT4, but its
efflux was accelerated by estrone-3-sulfate in the
medium. It was concluded that OAT may work asym-
metrically, taking up estrone-3-sulfate or urate in
exchange for intracellular (α-keto)glutarate (“influx
mode”). Intracellular organic anions such as PAH are
effluxed through OAT4, probably in exchange for
external chloride (“efflux mode”).51

As reviewed in,7,8,25 OAT4 interacted with β-lactam
antibiotics, angiotensin II receptor-1 blockers, metho-
trexate, diuretics, NSAIDs, and was inhibited by pro-
benecid. The secretion of diuretics such as torasemide
can lead to an increased reabsorption of urate due to
diuretic/urate antiport at OAT4, explaining the obser-
vation that therapy with diuretics can cause hyperuri-
cemia.52 NPT4 is yet another site for an interaction
between diuretics and urate (see later).

Taking together, OAT4 in the apical membrane of
proximal tubule cells can contribute to the absorption
of estrone sulfate and urate from the primary urine,
and to the secretion of anionic drugs. Since OAT4 is
not present in rodents it is not possible to learn more
about its function from knockout animals.

The Organic Anion Transporter 5
(Oat5, Slc22a19)

Oat5 was cloned from rat and mouse in which it
was restricted to the kidney and was equally expressed
in male and female animals.53,54 There is no human
homologue to Slc22a19.10 The Oat5 protein was local-
ized to the apical membrane in the late proximal tubule
segments. The interaction of Oat5 with dicarboxylates
is not yet settled, because conflicting results were
reported on the ability of succinate to trans-stimulate
uptake of estrone-3-sulfate. Endogenous substrates
were dehydroepiandrosterone sulfate and estradiol sul-
fate, but not prostaglandins and urate. A few drugs
were tested: furosemide, benzylpenicillin, diclofenac,
and ibuprofen inhibited Oat5.53,54 As long as the driv-
ing force for Oat5 is not defined it is not possible to
speculate on the role of this transporter in drug secre-
tion or absorption.

The Organic Anion Transporter 10
(OAT10/Oat10; SLC22A13/Slc22a13)

OAT10 (previously cloned as orphan transporter
ORCTL3) is predominantly expressed in human
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kidneys and weakly in brain, heart and colon.55 The
gene is located on chromosome 3p22.2.10 Western blots
showed the rOat10 protein in the apical, but not in the
basolateral membrane, and female animals showed a
stronger expression of rOat10 than did males.55

Endogenous substrates of OAT10 were nicotinate, lac-
tate, urate, succinate, and glutathione. Succinate served
as counter anion for nicotinate and urate uptake from
the lumen. Among the few drugs tested, furosemide,
hydrochlorothiazide, sulfinpyrazone, and cyclosporine
A inhibited OAT10.55 It needs to be established
whether OAT10 is involved in cyclosporine A-induced
nephropathy. The physiological role of OAT10 is prob-
ably the uptake of the vitamin nicotinate in small intes-
tine and renal proximal tubule cells.

The Urate Anion Transporter 1
(URAT1/Urat1/Rst; SLC22A12/Slc22a12)

URAT1/Urat1/Rst was cloned from human and
mouse kidneys (for reviews see7�9). The gene for
human URAT1 is located on chromosome 11q13.1 adja-
cent to that of OAT4.10,11 The highest though not exclu-
sive expression was found in kidneys.12,14 Human and
mouse URAT1/Urat1 were immunolocalized to the
apical membrane of proximal tubule cells where they
interact with the scaffolding protein PDZK1. Male mice
showed a higher expression than female animals, indi-
cating sex differences at least in this species.18

Hepatocyte nuclear factor-1α and -1β induced the
expression of human and mouse URAT1/Urat1 pro-
moter, and mUrat1 expression was diminished in a
HNF-1α knockout mouse. Furthermore, the mUrat1
promoter was found to be hypomethylated, suggesting
a tissue-specific epigenetic control (reviewed in9).

URAT1 mutations have been linked to familial
hypouricemia.56 Most of the hypouricemic patients in
Japan and Korea carry a truncation mutation, W258X.
Meanwhile, several more amino acid exchanges have
been described (see9 for a compilation). Some muta-
tions occur also with hyperuricemia and gout, but the
molecular mechanism is unknown.57

URAT1 expressed in oocytes displayed saturable
uptake of urate.56 Extracellular chloride inhibited, and
intracellular chloride trans-stimulated urate uptake,
indicating that URAT1 can operate as urate/chloride
exchanger. Preloading of oocytes with lactate trans-
stimulated urate uptake, indicating urate/lactate
exchange as another transport mode of URAT1.56 The
endogenous compounds L- and D-lactate, acetoacetate,
β-hdyroxybutyrate, succinate (but not α-ketoglutarate),
and orotate inhibited urate uptake. Exogenous
compounds inhibiting URAT1 were the uricosuric
drugs probenecid, benzbromarone, losartan; the

antiuricosuric drugs pyrazine carboxylate and pyrazine
dicarboxylate; the loop diuretics furosemide and bume-
tanide; the NSAIDs phenylbutazone, salicylate and
indomethacin; and the vitamin nicotinate.56 PAH and
estrone sulfate did not affect URAT1.

Also mouse Urat1/Rst transported urate (Km

1.2 mM) and performed urate/chloride, urate/lactate
and urate/pyrazinoate exchange.58 Uptake of labeled
urate was inhibited, when the uricosurics probenecid
and benzbromarone, the uremic toxins indoxyl sulfate,
indole acetate, hippurate, and a number of acidic
neurotransmitter metabolites were present in the
medium.59

In summary, URAT1/Urat1 is involved in urate
absorption from the primary urine. Thereby, urate
uptake is driven by exchange against lactate that is
transported into the cells by a sodium-lactate sympor-
ter in the apical membrane, as has been convincingly
demonstrated in a c/ebpδ knockout mouse.60 This
mouse does not express the sodium-coupled lactate
transporters Slc5a8 and Slc5a12 in the apical membrane
of proximal tubules and excretes lactate and—at
unchanged Urat1 expression—urate with the urine. In
man, uricosurics inhibit URAT1, and loss-of-function
mutations cause an increased urate clearance and a
reduction in serum level of urate.

The Voltage-Sensitive Organic Anion
Transporter 1 (Oatv1/Npt1; Slc17a1)

Searching for the voltage-driven transporter for
PAH and urate in urate-secreting species (rabbits,
pigs), Oatv1 was identified by expression cloning from
pig kidneys.61 The message for pOatv1 was restricted
to liver and kidneys. pOatv1 is not a member of the
SLC22 family, but showed highest identity to human
and rodent NPT1/Npt1 (SLC17A1/Slc17a1), previously
cloned as sodium-dependent phosphate transporters
from human, rabbit, and mouse kidneys and located to
the apical membrane of the proximal tubule segments
S1�S3 (for review see62). The human gene for NPT1
was found on chromosome 6p21.3-p23.62 The expres-
sion of mNpt1 was under control of heptatocyte
nuclear factor-1α, and HNF-1α knockout mice had
greatly diminished proximal tubular Npt1 expres-
sion.63,64 Fasting decreased and streptozotocin-induced
diabetes increased renal and hepatic expression of
NaPi-1/Npt1 in rats, respectively.65 Whether gender
differences exist is not known.

Human NPT and mouse Npt1/NaPi-1 performed
the uptake of radiolabeled organic anions including
PAH, urate, estradiol-17β-D-glucuronide, benzyl-
penicillin, faropenem, and mevalonate.66�69

Benzylpenicillin, ampicillin, cephalexin, cefazolin,
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indomethacin, furosemide, benzoate, lactate, and pro-
benecid inhibited uptake of labeled faropenem by
mNpt1.70 Uptake of labeled PAH by porcine Oatv1 was
inhibited by, e.g., estrone sulfate, penicillin G, salicy-
late, indomethacin, ibuprofen, diclofenac, furosemide,
bumetanide, and probenecid.61 Organic anion transport
was independent of sodium, but was inhibited by
increasing chloride concentrations as well as by DIDS
and NPPB.61,66,67,70

It is likely that organic anion transport through
NPT1/Npt1 is electrogenic. Busch et al. observed out-
ward currents upon addition of benzylpenicillin, phe-
nol red and probenecid in Xenopus laevis oocytes
expressing rbNaPi-1 (Npt169). PAH uptake (Km

4.4 mM) by pOatv1/pNpt1 was increased at inside pos-
itive membrane potentials.61 More recently, mNpt1
was purified and inserted into proteoliposomes for
functional characterization.68 Both, sodium-dependent
phosphate transport and sodium-independent PAH
and urate transport were observed, indicating that at
least mNpt1 is able to carry out both functions. The
affinity of mNpt1 for urate and PAH was similar (Km

1.1 mM) and uptake was accelerated by a
proteoliposome-inside positive membrane potential.
Chloride stimulated (whereas it inhibited in other stud-
ies) PAH uptake, but was not transported itself.
Salicylate, aspirin and acetaminophen, but not other
NSAIDs, inhibited PAH and urate transport; radiola-
beled aspirin was translocated by reconstituted mNpt1.

The mutation of an arginine residue (R138A) con-
served within the SLC17 family abolished transport.68

A lowered Vmax was found with the T269I mutation68

that corresponds to a SNP in human NPT1 gene associ-
ated with gout.71 Taken these data together it is likely
that NPT1/Npt1/Oatv1 is involved in the voltage-
driven exit of organic anions including urate, PAH,
β-lactam antibiotics, diuretics and some non-steroidal
anti-inflammatory drugs.

The Sodium-Phosphate Transporter 4
(NPT4/Npt4; SLC17A3/Slc17a3)

Exploring the locus for hereditary hemochromatosis
in humans, two genes closely related and juxtaposi-
tioned to SLC17A1 were found on chromosome 6p21.3
and sequenced.72 One of these genes, SLC17A3, was
expressed only in liver and kidneys and the gene prod-
uct was named NPT4. In mice deficient in HNF-1α, the
expression of Npt4 in kidneys was reduced, indicating
that, like Npt1 (see previous chapter), Npt4 is under
control of this hepatic nuclear transcription factor.63

Npt4 was also isolated from rat kidneys where it was
immunolocalized to the apical membrane of proximal
tubule cells of the segments S2 and S3; segment S1

following directly the glomerulus did not show any
labelling.73 Human NPT4 was also localized to the api-
cal membrane of proximal tubule cells.74

When human NPT4 was expressed in COS cells, a
perinuclear localisation was found; the authors specu-
lated that NPT4 is involved in the release of phosphate
from the endoplasmic reticulum, and loss of its func-
tion should give rise to the glycogen storage disease
type 1c.75 Indeed, a patient with this disease showed a
non-synonymous SNP, resulting in a Gly201Arg muta-
tion.75 The functional consequences of this mutation
were, however, not tested.

Single nucleotide polymorphisms of the human
SCL17A3 gene correlated with hyperuricemia.76 The
linkage was not as strong as with SNPs affecting the
urate transporter GLUT9 and the breast cancer resis-
tance protein ABCG276 and, in later studies, failed to
reach statistical significance77 or were associated with
an increase in serum uric acid only in women.78

When rat Npt4 was expressed in Xenopus laevis
oocytes it showed a sodium-dependent phosphate
transport.73 Expression of human NPT4 also in oocytes
resulted in the uptake of labelled estrone-3-sulfate,
estrone-17β-D-glucuronide, prostaglandin E2, taurocho-
late, PAH, bumetanide, and ochratoxin A.74 Uptake
was stimulated by depolarization, and PAH and bume-
tanide application caused an outward current in
voltage-clamped oocytes. PAH uptake was inhibited
by the hormones DHEAS, β-estradiol sulfate, estriol,
estrone-3-sulfate; the diuretics hydrochlorothiazide,
chlorothiazide, trichlormethiazide, bumetanide, furose-
mide, spironolacton; the NSAIDs diclofenac, ibuprofen
and indomethacin; and the common inhibitor probene-
cid. No interaction with NPT4 was seen for succinate,
α-ketoglutarate, lactate, nicotinate, xanthine, and
hypoxanthine.

Importantly, labelled urate was transported by
NPT4.74 In Japanese hyperuricemic patients, two muta-
tions (N68H and F304S) were found in NPT4.
Expression of these mutants in Xenopus laevis oocytes
resulted in a decreased urate uptake as compared to
oocytes expressing the wildtype NPT4.74 Thus, it is
likely that NPT4 constitutes the voltage-driven exit
step for urate secreted into proximal tubules. A
decreased function of NPT4 will decrease urate secre-
tion and lead to hyperuricemia.

The Organic Anion Transporting
Polypeptides, Subfamily 1A
(OATP1A/Oatp1a; SLCO1A/Slco1a)

The organic anion transporting polypeptides were
grouped into 6 families, OATP1-6.48,79 The genes (for-
merly SLC21) have been systematically renamed to
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SLCO followed by the number of OATP/Oatp. Human
OATP1A2 (SLCO1A2; formerly OATP-A; SLC21A3)
was localized to the apical membranes of distal
tubules80 and, hence, is not involved in proximal tubu-
lar drug secretion. Of the rat homologues, rOatp1a1
(Slco1a1; formerly Oatp1) and rOatp1a3 (Slco1a3; for-
merly OAT-K1/K2) have been localized to the apical
membrane of proximal tubule cells.81,82 Oatp1a1
expression in rats and mice was higher in males than
in females83,84 and, in mice, mRNA appeared late in
adult animals.83 Rat Oatp1 transported bile salts, hor-
mones and their conjugates, peptides, drugs, toxins,
and even organic cations (reviewed in48,85,86). Since it
appears that Oatp1 is rather involved in drug uptake
across the apical membrane rather than in drug secre-
tion, we do not further consider this transporter in this
review.

Oat-K1 and its N-truncated variant Oat-K2 were iso-
lated as rat renal homologues of Oatp1a1 (reviewed
in87). In the new nomenclature, Oat-K1 was classified
as Oatp1a3 (gene Slco1a3; formerly Slc21a4).79 The
message for rOat-K1 was detected exclusively in kid-
neys and was located to superficial and juxtamedullary
proximal straight tubules (S3 segment82). Antibodies
reacted with a 40 kDa band in rat renal brush-border
membranes, indicating the expression of the rOat-K1
protein in the apical membrane.82 The mRNA for the
splice variant rOat-K2 was detected mainly in the S3
segment, but also in proximal convoluted tubules as
well as in collecting ducts.88 When expressed in MDCK
cells, rOat-K2 appeared in the apical membrane,88 sug-
gesting that both transporters are located in the apical
membrane.

Rat Oatp1a3/Oat-K1 mediated the sodium-and chlo-
ride-independent, bidirectional transport of methotrex-
ate (Km 2.1 μM) and folate (substrates reviewed in87).
Further transported substrates were the hormone
conjugates dehydroepiandrosterone sulfate, estrone-3-
sulfate, estradiol-17β-D-glucuronide; the thyroid
hormones triiodothyronine and thyroxin; the bile salt
taurocholate; and the mycotoxin ochratoxin A. PAH
inhibited methotrexate transport but was not translo-
cated.89 A series of non-steroidal anti-inflammatory
drugs inhibited methotrexate uptake, but were not
translocated. Although truncated, rOat-K2 was func-
tional and translocated methotrexate, folate, taurocho-
late, and prostaglandin E2. In addition transport of
dehydroepiandrosterone sulfate, estrone sulfate, estra-
diol-17β-D-glucuronide, triiodothyronin, thyroxine,
ochratoxin A, and the antiviral drug zidovudine was
shown.87

Taken together, rat Oatp1a3/Oat-K1 and Oat-K2
interact with endogenous compounds and selected
drugs, methotrexate and zidovudine. Oatp3a1/Oat-K1
and K2 were considered important for renal

methotrexate secretion.87,90 The inhibition by NSAIDs
could provide an explanation for the toxic accumula-
tion of methotrexate in the body, when co-
administered with analgesics.

The Multidrug Resistance Protein 2
(MRP2/Mrp2; ABCC2/Abcc2)

The ATP binding cassette (ABC) transporter MRP2/
Mrp2 is mainly expressed kidneys, liver, placenta and
small intestine (for reviews see26,49,91,92). Highest
expression was found in human liver and jejunum; in
human kidneys, mRNA for MRP2 was moderately
expressed as compared to the highly expressed OAT1
and OAT3.13,93 The human gene, ABCC2, is located on
chromosome 10q24.92,94 In mice, mRNA for Mrp2 was
low until day 10 after birth; from day 15 on, the mRNA
was higher and did not show statistically significant
sex differences in adulthood.93

MRP2/Mrp2 is a large protein consisting of 1,545
amino acids arranged in three membrane spanning
domains, MSD0, MSD1 and MSD2, with 5, 6, and 6
transmembrane helices (TMH) each, respectively.49,91

Between MSD1 and MSD2 and carboxyterminal from
MSD2 there are two intracellularly located nucleotide
binding domains (NBDs). In human MRP2, TMH 6, 9,
16, and 17, and in rMrp2 TMH 11, 14, and 15 are
important for function (for literature see91,95). In all
organs, MRP2 protein was found at the apical mem-
brane. Within human and rat kidneys, MRP2/Mrp2 is
located in the proximal tubules in segments S1 to S3
and thus prone to ATP-driven extrusion of its
substrates.96,97

Several loss-of-function mutations of MRP2 are the
cause of the Dubin-Johnson syndrome in humans, a rare
autosomal-recessive disease with hyperbilirubinemia
and deposition of a dark pigment in the liver (for a
review of mutations see95,98). Mrp2 is absent in two rat
strains, the Eisai hyperbilirubinemic rat and the TR-

rat99,100 that served as models for the Dubin-Johnson
syndrome and offered valuable insights into the physi-
ological function of MRP2/Mrp2. More recently, Mrp2
knockout mice were generated which were also hyper-
bilirubinemic (summarized in101). The increased serum
levels in bilirubin diglucuronide in MRP2/Mrp2 defi-
cient humans, rats, and mice is due both to an
impaired secretion of hepatic bilirubin diglucuronide
across the canalicular membrane into the bile and to an
increased release of this metabolite through the upre-
gulated Mrp3 and Mrp4 across the sinusoidal mem-
brane into the blood.101 The functional significance of
several other single nucleotide polymorphisms
observed in human MRP2 is not yet clear.98 The SNP
1249G.A that leads to the amino acid exchange
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Val417Ile is frequent in Caucasians (22%) and Japanese
(13%) and possibly associated with a renal tubulopathy
induced by the antiviral drug tenofovir.102 The
SNP -24C.T in the promoter region was found to
cause a lower renal MRP2 expression and a decreased
excretion of methotrexate.98,103

MRP2/Mrp2 is an ATP-driven pump for the en-
dogenous compounds leukotrienes C4, D4 and E4,
mono- and bis-glucuronidated bilirubin, estradiol-17β-
D-glucuronide, glutathione, glutathione-conjugates, and
conjugated bile salts. Exogenous compounds being
transported by or interfering with MRP2/Mrp2 include
β-lactam antibiotics, statins, NSAIDs, HIV drugs, and a
number of anticancer drugs (reviewed in49,91,92,94,95).
The clinical importance of MRP2 is based on its ability
to confer resistance to a number of cytostatic drugs. ln
proximal tubules, MRP2/Mrp2 is expected to pump
glutathione, glucuronide and sulfate conjugates into
the urine, utilizing ATP hydrolysis as energy source.
When human MRP2 was expressed in HEK293 cells
and inside-out vesicles were prepared from these cells,
an ATP-driven uptake of radiolabeled PAH with low
affinity was found.104

The Multidrug Resistance Protein 4
(MRP4/Mrp4; ABCC4/Abcc4)

The mRNA for MRP4/Mrp4 was low in several
organs and showed the highest levels in kidneys and
prostate.12,92,93 The human gene for this ABC trans-
porter, ABCC4, is located on chromosome 13q32.94 In
mice, the mRNA was present at their birth; at day
15 after birth, a small increase in mRNA levels took
place and from day 30 on, expression in female
mice exceeded that in male mice considerably, indicat-
ing sex differences in adult animals.93 The female-
dominant mMrp4 expression was verified in
Western blots.105 In gonadectomized mice, 5-
dehydrotestosterone application decreased mRNA,
suggesting that androgens repress the expression of
Mrp4.105 In contrast to mice, rMrp4 showed a male-
dominant expression in adult rats.106 It is unknown
whether sex differences exist in human MRP4 expres-
sion. In human kidneys, MRP4 was localized to the api-
cal membrane of proximal tubule cells.107

Hepatic mMrp4 mRNA expression was regulated
through the constitutive androstane receptor (CAR)
and the peroxisome proliferator-activated receptor α
(PPARα), leading to an increased expression during
cholestasis.108 In mouse kidneys, ischemia-reperfusion
injury increased the mRNA, but decreased the Mrp4
protein level, and in rat kidneys, endotoxemia did not
change mRNA, but again decreased protein levels, sug-
gesting that a post-translational regulation takes

place.108 Conflicting results have been obtained with
Mrp2-deficient TR� rats with either no change or an
increased rMrp4 expresssion; in Mrp2 knockout mice,
mMrp4 was upregulated (summarized in108).

Several single nucleotide polymorphisms have been
reported for the MRP4 gene in Caucasians and
Japanese (collected in98). Although a number of non-
synonymous SNPs lead to amino acid exchanges in
conserved regions, no influence on expression and
localization of MRP4 was found in liver; functional
consequences of these mutations were not studied so
far.98

MRP4/Mrp4 has only two membrane-spanning
domains (MSD1 and MSD2) and lacks MSD0.49

Thereby, MRP4/Mrp4 is with 1325 amino acids the
shortest member of the ABCC family.108 Morever,
MRP4/Mrp4 differs from MRP2/Mrp2 in its ability to
transport cyclic nucleotides and nucleoside analo-
gues.49,108 Cells overexpressing human MRP4 showed
a unique resistance to 9-(2-phosphonylmethoxyethyl)
adenine (PMEA), 9-(2-phosphonylmethoxyethyl)gua-
nine (PMEG), and azidothymidine (AZT), suggesting
that this ATP-driven transporter translocates
nucleoside-based antiviral drugs across the cell mem-
brane.109 Numerous endogenous compounds are sub-
strates of MRP4/Mrp4: cAMP, cGMP, prostaglandins
(PGE1, PGE2, PGF2α), leukotrienes (LTB4, LTC4), un-
conjugated (cholate) and conjugated bile acids, (e.g.
taurocholate, glycocholate), conjugated steroids (dehy-
droepiandrosterone sulfate, estradiol-17βD-glucuro-
nide), folic acid, and glutathione.94,108 Thereby, cholate,
glycocholate, taurocholate, LTB4 are cotransported
with glutathione.94 In addition, MRP4 turned out as an
ATP-driven urate transporter.110 Since urate transport
showed a Hill coefficient of 1.7 it is likely that two
molecules of urate may be transported per cycle.
Possibly, there are two independent transport sites
interacting allosterically.110 Together with OATv1/
NPT1 and NPT4, MRP4 is involved in urate secretion
in proximal tubules.

Human MRP4 transported a number of drugs
including antibiotics (ceftizoxime, cefazolin, cefotax-
ime, cefmetazole), diuretics (hydrochlorothiazide, furo-
semide), antihypertensives (enalapril, olmesartan),
statins (pravastatin), antivirals (adefovir, tenofovir),
and anticancer drugs (methotrexate, topotecan).94,108

Non-steroidal anti-inflammatory drugs (indomethacin,
sulindac), and probenecid inhibited MRP4.108 The
decreased renal excretion of ceftizoxime, adefovir,
tenofovir, hydrochlorothiazide, and furosemide in
Mrp4 knockout mice proved an important role of Mrp4
in drug secretion.111�113

TR2 rats lacking Mrp2 in liver and kidneys, did not
show a lower PAH clearance than wildtype rats, sug-
gesting that the contribution of rMrp2 to urinary PAH
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excretion is low.114 Indeed, human MRP4 transported
PAH with a Km of 160 μM, whereas MRP2 exhibited a
much lower affinity. ATP-driven PAH transport by
MRP4 was sensitive to probenecid, sulfinpyrazone,
dipyridamole, and acyclovir. The expression of MRP4
protein (tested by Western blots) was fivefold higher
than that of MRP2. Together with the approximately 30
fold higher affinity for PAH, MRP4 should clearly
dominate over MRP2 in the efflux of PAH across the
apical membrane.114

OVERVIEW OF TRANSPORTERS
INVOLVED IN TRANSPORT OF
SELECTED ANIONIC DRUGS

β-Lactam Antibiotics

Most β-lactam antibiotics are excreted by the kid-
neys and undergo proximal tubular secretion.
Benzylpenicillin (BP in Figure 72.2) is taken up across
the basolateral membrane into proximal tubule cells
mainly by OAT3, because OAT3 has a higher affinity
for this antibiotic than OAT1.7 Since OAT4, NPT1, and
MRP2 interacted with benzylpenicillin, one or more of
these transporters may be involved in its exit across
the apical membrane.7,61,67,69,115 However, the quantita-
tive contribution of the apical transporters to overall
benzylpenicillin secretion is not clear at present. Most
cephalosporines (CS in Figure 72.2) interacted with
OAT1 with higher affinity than with OAT3, and OAT2
had a very low affinity, rendering OAT1 the prime can-
didate for uptake across the basolateral membrane.7

OAT4 was inhibited by cephalosporines with low affin-
ity, leaving it open whether this transporter contributes
much to cephalosporin exit across the apical mem-
brane.7 A considerably higher affinity for ceftizoxime,
cefazolin and cefmetazole strongly suggests that MRP4
is the most important transporter for the release of
cephalosporines from tubule cells into the urine.94,108

Antiviral Drugs

Many antiviral drugs (AVD in Figure 72.3) are ren-
ally excreted and interact with organic anion transpor-
ters, irrespective whether they carry a negative charge,
such as adefovir, cidofovir, 9-(-2-phosphonylmethox-
yethyl)guanidine (PMEG) and 9-(2-phosphonoethyl)
diaminopurine (PMEDAP), or are uncharged, e.g. acy-
clovir, ganciclovir and zidovudine. Uptake of these
drugs across the basolateral membrane is largely medi-
ated by OAT1; only zidovudine was transported also
by OAT2 and OAT37 (Figure 72.3). Hence, OAT1 is
most probably responsible for the dose-limiting, neph-
rotoxic effects of these compounds. Although OAT4

translocated zidovudine7 it is more likely that MRP4 is
the efflux transporter at the apical membrane, because
it afforded a resistance against several antiviral

FIGURE 72.2 Proximal tubular secretion of β-lactam antibiotics.
The antibiotics are taken up from the bood into the proximal tubule
cell by OAT1 and OAT3, both in exchange for intracellular α-ketoglu-
tarate (or another organic anion). Cephalosporines (CS) are preferred
by OAT1 whereas benzylpenicillin (BP) shows a higher affinity
toward OAT3. At the luminal membrane, OAT4 and MRP2 are
involved in benzylpenicillin release, and OAT4 and MRP4 in the
release of cephalosporines. In rodents, Npt1/Oatv1 may also export
benzylpenicillin.

FIGURE 72.3 Proximal tubular secretion of antiviral drugs.
OAT1 transports most antiviral drugs (AVD) from the blood into the
cell, whereas OAT3 and OAT2 interact only with zidovudine. Once
inside the proximal tubule cells, most antiviral drugs leave through
MRP4 in the apical membrane. OAT4 may interact with zidovudine.
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drugs.109 In addition, Mrp4 knockout mice accumu-
lated more adefovir and tenofovir in their kidneys and
excreted less with the urine.112

Non-Steroidal Anti-Inflammatory Drugs
(NSAIDs)

Most NSAIDs are preferentially excreted by the liver.
However, they interact with renal organic anion trans-
porters, and some of them have been shown to be trans-
located, i.e., indomethacin by human and rat OAT1/
Oat1 and acetylsalicylate and salicylate by rOat1.7 For
all other NSAIDs, an inhibition of OAT1/Oat1 medi-
ated transport was found. In general, the affinity of
human OAT1 decreased with increasing hydrophilicity
of the NSAIDs.7 Since labeled acetylsalicylate, indo-
methacin, and salicylate were transported by rOat2,
and salicylate by hOAT3,7 these transporters may also
be involved in uptake of selected NSAIDs from blood
into proximal tubule cells. Again, inhibition by various
NSAIDs of both transporters were observed.7

Interestingly, it has been proposed that NSAIDs
should be used to decrease the toxicity of antiviral
drugs by drug interaction at OAT1.116 An interaction at
OAT3 was proposed to be involved in the potentially
life-threatening accumulation of methotrexate in
patients taking NSAIDs (for literature see117,118), In this
regard, it is important to compare therapeutic plasma
levels of NSAIDs with the affinity of OATs. Only the
plasma concentrations of salicylate, phenylbutazon,
indomethacin, and probenecid are high enough to
inhibit OAT3.119

NSAIDs were also tested with organic anion trans-
porters present in the apical membrane. OAT4 was
inhibited by diclofenac, ibuprofen, ketoprofen, phenyl-
butazone, but not, or only weakly, by salicylate (see7).
Oatv1-mediated transport was inhibited by salicylate,
indomethacin, ibuprofen, and diclofenac.61 The human
NPT1 showed a weak transport of labeled indometha-
cin.66 Human NPT4 was inhibited by diclofenac, ibu-
profen and indomethacin.74 For rOat-K1, an interaction
with indomethacin, ketoprofen, ibuprofen, flufena-
mate, phenylbutazone, but not of salicylate was
reported.120 Oat-K2, however, did not translocate indo-
methacin.88 The competition for Oat-K1 could contrib-
ute to the above mentioned methotrexate/NSAID
interaction. Several NSAIDs including flurbiprofen,
ibuprofen, indomethacin, indoprofen, ketoprofen and
diclofenac inhibited MRP4.121 It is not known, how-
ever, whether these compounds inhibit only or are
indeed translocated by MRP4. Since methotrexate is
translocated by MRP4,94 inhibition by NSAIDs could
contribute to the accumulation of methotrexate in
patients treated with analgesics.

In summary, NSAIDs interfere with organic anion
transporters in proximal tubule cells. Although renal
excretion is not the main route for elimination of most
NSAIDs, some of these compounds can inhibit the
secretion of other organic anions such as the cytostatic
drug methotrexate and cause side effects. On the other
hand, NSAIDs may deliberately be used to decrease
the nephrotoxicity of, e.g., antiviral drugs during HIV
therapy.

Diuretics

Diuretics are secreted in proximal tubules to reach
their target salt transporters in the distal tubule from
the lumenal side. Among the human basolateral OATs,
OAT1 translocated labelled bumetanide and furose-
mide, OAT2 bumetanide, and OAT3 furosemide; all
other diuretics inhibited (see7 for Ki values). OAT1 pos-
sessed a higher affinity for most thiazide diuretics (TZ
in Figure 72.4), whereas OAT3 had a higher affinity for
loop diuretics (LD in Figure 72.4). Both Oat1 and Oat3
knockout mice showed a decreased renal excretion of
furosemide and bendroflumethiazide, strongly sug-
gesting that both transporters are involved in proximal
tubular secretion of diuretics.31

FIGURE 72.4 Transport systems possibly involved in proximal
tubular secretion of diuretics. Thiazides (TZ) are preferentially taken
up from blood by OAT1 and loop diuretics (LD) by OAT3 in the
basolateral membrane. Both classes of diuretics leave the cell across
the apical membrane through OAT4, in exchange for urate or chlo-
ride ions. NPT4 accomplishes the electrogenic exit of thiazide and
loop diuretics. An interaction of furosemide (fur) with OatK-1/2, and
MRP2 has been reported but it is not clear whether these transporters
are involved in furosemide release.
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At the lumenal membrane, it is likely that OAT4 is
involved in the efflux of diuretics into the urine. OAT4
transported labeled bumetanide and was inhibited by
thiazides and loop diuretics (see7). The export of diure-
tics, e.g., torasemide, in exchange for urate could
explain the hyperuricemia observed in antihyperten-
sive monotherapy with diuretics.52 An interaction of
furosemide with rOat-K1122 and rOat-K2,88 pOatv1,

61

and hMRP2115 was reported. However, it is not known
whether any of these transporters translocates furose-
mide and other diuretics across the apical membrane.
NPT4, however, is clearly a candidate for the release of
diuretics, because thiazides and loop diuretics inhib-
ited NPT4-mediated PAH transport and labelled
bumetanide was taken up into NPT4-expressing
oocytes.74 Since extracellular bumetanide induced an
outward current it is highly likely that transport is elec-
trogenic. Given the inside negative electrical potential
difference across the apical membrane, NPT4, probably
acts as an important exit transporter for the negatively
charged diuretics.

ORGANIC CATION
TRANSPORT SYSTEMS

Characteristics of Organic Cation Transport
in Proximal Tubules

In the kidney, organic cations may be ultrafiltrated
in the glomeruli and reabsorbed or secreted in renal
tubules. Hydrophilic organic cations that do not bind
to plasma proteins are readily filtrated and may be
reabsorbed in renal tubules. However, most organic
cations are not filtrated efficiently because they are
relatively hydrophobic and bound to plasma proteins.
These organic cations are actively secreted.
Reabsorption and secretion of organic cations have
been investigated in proximal tubules, distal tubules,
and collecting ducts, however, secretion of organic
cations in proximal tubules has been studied in most
detail.123 Substrates for organic cation secretion include
primary, secondary, tertiary, or quaternary amines that
have a positive charge at physiological pH. Organic
cations are secreted by a two-step procedure. In the
first step, they are taken up across the basolateral
membrane by an electrogenic transport system that
accepts a variety of structurally different organic
cations and uses the electrochemical gradient to accu-
mulate cations intracellularly. The energy provided by
the membrane potential is restored by the Na1,K1-
ATPase. In a second step, organic cations are released
across the luminal membrane by a proton/organic cat-
ion antiporter that helps to overcome the inside nega-
tive membrane potential. This step is energized by an

extracellular over intracellular proton concentration
difference that is mainly generated by the Na1/H1

exchanger. For reabsorption, organic cations are trans-
ported across the luminal membrane and leave the
cells via a polyspecific transporter in the basolateral
membrane. Renal handling of organic cations is depen-
dent on their concentrations in the plasma. For exam-
ple, in rabbit and dog, choline is secreted at high
plasma concentrations, whereas it is reabsorbed at nor-
mal plasma concentrations below 25 μM.124,125

Figure 72.5 depicts transporters that mediate secre-
tion and reabsorption of organic cations in human
renal proximal tubules. The Na1,K1-ATPase in the
basolateral membrane generates and maintains a high
intracellular concentration of potassium, which is the
prerequisite for the membrane potential that drives
organic cation uptake by the electrogenic organic cation
transporters. The extracellular-over-intracellular proton
gradient across the luminal membrane generated by
the sodium/proton antiporter provides the driving

FIGURE 72.5 Transport systems for organic cations in human
renal proximal tubule cells. Thick and thin arrows indicate that large
and small uptake rates are presumed. OCT2A is a functional active
splice variant of OCT2.
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force for the proton/organic cation exchangers that
mediate the efflux of organic cations into the tubular
lumen. Transporters OCT1 (SLC22A1), OCT2
(SLC22A2), OCT3 (SLC22A3), OCTN1 (SLC22A4), and
OCTN2 (SLC22A5) belong to the organic cation trans-
porter family SLC22 which is a member of the major
solute facilitator (MFS) superfamily.125,126 MATE1
(SLC47A1) and MATE2-K (SLC47A2) are members of
the multidrug and toxin extrusion family SLC47123,127

whereas MDR1 (ABCB1) belongs to the ATP-binding
cassette transporter family ABC.128

Cloning and Functions of OCT1-3/Oct1-3;
SLC22A1-3/Slc22a1-3

OCT1/Oct1, OCT2/Oct2, and OCT3/Oct3 are elec-
trogenic polyspecific transporters that are expressed in
kidney. On the protein level, individual transporter
subtypes from different species exhibit cross-species
identities of 78 to 95%. Within a given species, the
amino acid identities between different subtypes are 67
to 70% between OCT1 and OCT2, 47 to 57% between
OCT1 and OCT3, and 49 to 51% between OCT2 and
OCT3. In addition to renal excretion and reabsorption,
OCT1�3 are critically involved in small intestinal
absorption and hepatic excretion of cationic drugs.123

The OCT-transporters influence the distribution of cat-
ionic drugs and endogenous compounds in various tis-
sues, for example in brain and heart.123,129�131 Species-
specific expression and membrane locations of the
three OCT subtyes have been observed. In humans,
OCT2 is most strongly expressed in kidneys whereas
OCT1 and OCT3 are most strongly expressed in liver
and adrenal gland, respectively.123,132

OCT1/Oct1, OCT2/Oct2, and OCT3/Oct3 have been
isolated from rats,133�135 mice,136 and humans.137�139

Oct1 and Oct2 were also cloned from rabbit140,141 and
Oct2 also from pig.125

Expression and Main Functions of OCT1/Oct1

In the species tested so far, OCT1/Oct1 is mainly
expressed in liver where it is located at the sinusoidal
membrane of the hepatocytes.132,142 In rat, mouse, and
rabbit, strong expression of Oct1 was also observed in
kidneys whereas relatively small amounts of OCT1
mRNA were detected in human kidney.123,143 In
humans, OCT1 is also expressed in various other
organs123 and in various tumors.144,145 Using immuno-
histochemistry, Oct1 protein was localized at the baso-
lateral membranes of S1 and S2 segments of rat
proximal tubules,125 however, in human OCT1 has
been recently localized to luminal membranes of proxi-
mal and distal tubules.143 Apical location of OCT1/

Oct1 has been also observed in lung bronchial epithe-
lial cells and brain microvessel endothelial cells of
rodents and human.131,146 Human OCT1 transports the
endogenous Cyclo(His-Pro) and salsosinol, xenobiotics
and drugs (147 and Table 72.1). Important transported
drugs are the antidiabetic metformin; the antineoplastic
drugs oxaliplatin, picoplatin and metaiodobenzylgua-
nidine; the antiparasitic drugs furaminidine and pent-
amidine; and the antiviral drugs acyclovir, ganciclovir,
lamuvidine and zalzitabine (Table 72.1). Studies with
mice in which either Oct1, Oct2 or Oct3 or Oct1 plus
Oct2 were removed indicated the importance of Oct1
and Oct2 for renal secretion of tetraethylammonium
(TEA) and of the antidiabetic metformin. In humans
with defect mutations in OCT1, increased renal excre-
tion of metformin was observed, suggesting that OCT1
is critically involved in renal reabsorption rather than
in excretion of organic cations.143

Expression and Main Functions of OCT2/Oct2

In human, rat, mouse, and rabbit, OCT2/Oct2 is
most strongly expressed in the kidneys.123 In addition,
OCT2/Oct2 was detected in placenta, thymus, adrenal
glands, neurons and microvessel of brain, inner ear,
and lung.123,131,148 In rat and human kidneys, OCT2/
Oct2 was localized to the basolateral membrane of
proximal tubules.123 In rat kidneys, where Oct1 is
expressed in the S1 and S2 segments, Oct2 was located
to the S2 and S3 segments. At variance, in human kid-
neys, OCT2 is expressed in all three segments of proxi-
mal tubules.123 Uptake measurements of organic
cations across the basolateral membrane of isolated
proximal tubules from man and rabbit suggest that
OCT2/Oct2 is the dominating organic cation trans-
porter in the basolateral membrane of renal proximal
tubules in these species.123 OCT2/Oct2 was localized
to apical membranes of the choroid plexus in rat and to
apical membranes of bronchial epithelial cells in
human and rat.146,149 Human OCT2 transports various
endogenous compounds including choline, the neuro-
modulators agmatine, Cyclo(His-Pro) and salsolinol,
and the neurotransmitters acetylcholine, epinephrine,
histamine, norepinephrine and serotonin.147 Important
drugs transported by hOCT2 are the antidiabetic drug
metformin; the antineoplastic drugs cisplatin, oxalipla-
tin, picoplatin, ormaplatin, tetraplatin, transplatin,
metaiodobenzylguanidine; the anti-ulcer drugs cimeti-
dine, famotidine, ranitine; the antiviral drugs lamuvi-
dine, zalcitabine; and the anti-parkinson drugs
amantadine and memantine (Table 72.1). A pivotal
importance of OCT2 for renal secretion of some organic
cations in humans can be derived from the finding that
the OCT2 substrate cisplatin showed a reduced
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TABLE 72.1 Drugs that are Transported by Human Organic Cation Transporters Expressed in Renal Proximal Tubules. IC50 values (normal face) and Km values (bold face) are
given in μM.

Compound hOCT1 hOCT2 hOCT3 hOCTN1 hOCTN2 MATE1 MATE2-K MDR1

Antiallergic Fexofenadine substrate substrate

Anesthetic
antiarrhythmic

Lidocaine 294 Km:139 0.8

Antiarrhythmic Procainamide 15�74 28�406 355�738
substrate

(, 500) (, 300) Km: 1230 Km: 1580,

or 4100

Antiarrhythmic Quinidine 5.4�114
substrate

7.1�446 Km: 216 69 , 100 29 23 Substrate

Antiarrhythmic
vasodilator

Verapamil 1.2�2.9 13�85 8.4
substrate

, 50
substrate

28 32 substrate Substrate

Antibacterial Cephaloridine , 1000 Km:230

Antibacterial Levofloxacin substrate

Antibacterial Tetracycline substrate

Anticonvulsanr Gabapentin186 substrate

Antidiabetic Metformin Km: 1470�2160 Km: 990�1380 Km: 2260 Km: 780 Km: 1050�1980

Antifungal Salicylic acid substrate

Antihypertensive Captopril substrate

Antihypotensive Etilefrine 447 4009 Km: 2800

Antineoplastic Cisplatin 1000�5000 1.5�10000
substrate

1000�5000 1000�5000
substrate

. 4000 substrate

Antineoplastic Metaiodoben-
zylguanidin

substrate substrate substrate

Antineoplastic Oxaliplatin substrate substrate substrate substrate201

Antineoplastic Picoplatin217 substrate substrate substrate

Antineoplastic Topotecan Km: 70 Km: 60 Substrate

Antimalarial Quinine 13�52 substrate 3.4�34
substrate

37 2500 , 100 substrate substrate

Antiparasitic Furaminidine Km: 6.1 182 20

Antiparasitic Pentamidine Km: 36 3.8�11 15

Anti-ulcer Cimetidine 95�166 Km: 67�73 240 435 , 2000 Km: 170 Km: 120�370 Substrate

Anti-ulcer Famotidine Km: 56 B20 0.6 9.7

(Continued)
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TABLE 72.1 (Continued)

Compound hOCT1 hOCT2 hOCT3 hOCTN1 hOCTN2 MATE1 MATE2-K MDR1

Anti-ulcer Ranitine 22�28 Km: 265 372 25 25

Antiviral Acyclovir Km: 151 Km: 2640 Km: 4320

Antiviral Ganciclovir Km: 516 Km: 5120 Km: 4280

Antiviral Lamuvidine Km: 249�1250 Km: 248�1900 Km: 2140

Antiviral Tenofovir 9 x 1024 6 x 1024 5 x 1026 substrate

Antiviral Zalcitabine Km: 242 Km: 232

Anti-Parkinson Amantadine 18�236 Km: 27 . 1000 112 1167

Anti-Parkinson Memantine 3.7�27 Km: 34 236

Cardioprotective Mildronate Km: 26
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nephrotoxicity in patients with a defect mutation of
hOCT2.150

Expression and Main Functions of OCT3/Oct3

The tissue expression pattern of OCT3/Oct3 is
broad.123,125,147 OCT3/Oct3 is expressed in adrenal
gland, uterus, prostate, stomach, liver, placenta, kid-
neys, heart, small intestine, lung, brain, skin, blood ves-
sels, and thymus. In brain, OCT3/Oct3 is expressed in
astrocytes and neurons and is critically involved in
central nervous functions.123,129,130 Human OCT3 has
been located to basolateral membranes from placenta
epithelium151 and to luminal membranes of bronchial
and intestinal epithelial cells.123 Like hOCT2, human
OCT3 (hOCT3) transports the neuromodulators agma-
tine, Cyclo(His-Pro) and salsolinol and the neurotrans-
mitters epinephrine, histamine and norepinephrine.147

hOCT3 transports the anesthetic lidocaine; the antiar-
rhythmic drug quinidine; the antidiabetic metformin;
the antihypotensive drug etilefrine; the antineoplastic
drug oxaliplatin; and antiviral drug lamivudine
(Table 72.1).

Common Transport Characteristics of OCT1-3/
Oct1-3

OCT1-3/Oct1-3 have similar basic functional prop-
erties which are species independent as follows.123

First, they translocate a variety of organic cations with
widely differing molecular structures and are inhibited
by a large number of additional compounds that are
not transported. Substrates and inhibitors of OCTs
from human and other species have been compiled in
previous reviews.123,125,147 Second, OCT1-3/Oct1-3
translocate organic cations in an electrogenic man-
ner.123 Third, OCT1-3 operate independently of Na1

and Cl2, and are probably also independent of H1 gra-
dients.123,152 Fourth, OCTs/Octs are able to translocate
organic cations across the plasma membrane in either
direction. In addition to cation influx, cation efflux has
been demonstrated for rOCT1, rOCT2, hOCT2, rOCT3,
and hOCT3.123

For substrates of OCT1-3/Oct1-3 Km values in the
micro- to millimolar range have been determined. Most
substrates translocated by OCT1-3/Oct1-3 are organic
cations which carry one positive charge or weak bases
that are positively charged at physiological pH.123

Noncharged compounds (for example cimetidine at
alkaline pH153), organic cations with two positive
charges,154 and the inorganic cation cesium155 were also
transported. Whether OCT1-3/Oct1-3 are also capable
to translocate individual organic anions has not been
resolved.156,157 Transported endogenous substrates of

human OCTs include the neurotransmitters acetylcho-
line, dopamine, serotonin, histamine; the neuromodula-
tors Cyclo(His-Pro) and salsolinol123,158; and other
compounds such as choline, N1-methylnicotinamide,
creatinine, guanidine, and agmatine.123 Drugs that are
transported by human OCTs are indicated in
Table 72.1. They include the histamine H2 receptor
antagonists cimetidine and famotidine; the dopamine
D2 receptor antagonist pramipexole; the antidiabetic
metformin; the anti-arrhythmic drugs quinidine, lido-
caine, procainamide, and phenytoin; the anti-parkinson
drug memantine and amantadine; the antihypotensive
drug etifefrine; and the antineoplastic drugs cisplatin,
oxaliplatin and picoplatin. Human OCTs also transport
the antiparasitic drugs furamidine and pentamidine
and the antiviral drugs acyclovir, ganciclovir, zalcita-
bine and lamuvidine.147 Ethidium is an example for a
transported toxin.159 Other organic cations that are
transported by human OCTs are tetraethylammonium
(TEA), 1-methyl-4-pyridinium (MPP), azidoprocaina-
mide, 4-(4-dimethylamino)styryl-N-methylpyridinium,
N-(4,4-azo-n-pentyl)-quinuclidine, tributylammonium
azidoprocainamide, and berberine.123,147 Interestingly,
in voltage-clamped oocytes expressing rOct2, it was
observed that Cs1, but not Li1, Na1, or K1, induced
inward currents and inhibited rOct2-mediated TEA
uptake.155 This suggested that Cs21 is translocated by
rOct2 in addition to organic cations. Table 1 indicates
apparent Km and Ki values of human OCT1, OCT2 and/
or OCT3 for drugs. More complete tables of substrates
and inhibitors of OCT1, OCT2 and OCT3 of human and
other species have been presented in previous
reviews.123,125,147

Transported substrates of OCTs/Octs exhibit mutual
inhibition that can be total at high concentrations of the
inhibitory substrates. A variety of cations (for example,
tetrapentylammonium, cyanine 863, decynium 22, and
disprocynium), noncharged compounds (e.g., cortico-
sterone, deoxycorticosterone, and β-estradiol) and
anions (e.g., probenecid and α-ketoglutarate) inhibited
OCTs/Octs, but were not transported themselves.123,147

This indicates that the criteria for selectivity of cation
binding to OCTs/Octs and of cation transport are dif-
ferent, implying the limitation of pharmacophore mod-
els of OCTs/Octs that were derived from IC50 values
obtained from inhibition experiments.123

Ligand Specificities of OCT1-3/Oct1-3

Some substrates and inhibitors have similar affinities
for the OCT/Oct subtypes whereas the affinity of sev-
eral other substrates and inhibitors differs signifi-
cantly.123,147 For a given subtype of the OCT/Oct
transporters, distinct species differences in affinity for
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substrates and inhibitors exist. For example, tetra-
methylammonium inhibited MPP uptake by OCT1/
Oct1 with IC50 values (in mM) of 0.9 in rat, 2.0 in mouse,
5.8 in rabbit, and 12.4 in humans.125 Similarly, cortico-
sterone inhibited MPP uptake by OCT3/Oct3 with IC50

values of 4.9 μM in rats versus 0.12 μM in humans.125

The affinity differences of the OCT/Oct subtypes in
individual species can be used to distinguish between
cation uptake by the different transporters.123,125,147

Compounds that interact with two OCT subtypes may
be nontransported inhibitors for one subtype and a
poorly transported substrate for another. For example,
quinine inhibited TEA uptake by rOct1 and rOct2 with
IC50 values of 4.1 and 23 μM, respectively, and was
transported by rOct1, but not by rOct2.86,160

Substrate Binding Regions of OCT1-3/Oct1-3

Employing the firstly cloned organic cation trans-
porter from rat (rOct1) as prototype,133 the outward-
open and inward-open substrate binding cleft of this
polyspecific transporter has been investigated using site-
directed mutagenesis combined with functional charac-
terizations and modeling of tertiary structures.152,161�165

Conformations of the transporter with the outward-
facing and inward-facing substrate binding cleft were
modeled and docking of substrates and inhibitors to the
clefts was simulated.165 Functional characterization of
the mutants included a comparison of Km and Vmax

values of different substrates and a comparison of Ki

values of substrates and inhibitors. In addition, Ki values
of nontransported inhibitors that were either applied to
the extracellular or intracellular side of the membrane,
were compared.165,166 Modeling of the tertiary structure
of rOct1 was possible since two members of the MFS
superfamily, the lactose permease LacY and the
glycerol-3-phosphate transporter GlpT from Escherichia
coli, had been crystallized and their tertiary structures
determined.167,168 The transporters were crystallized in a
conformation with a large inward-open cleft that is
formed by eight transmembrane α-helices. The outward-
open conformation of rOct1 was modeled by employing
a putative rearrangement mechanism for lactose trans-
port by LacY that was proposed on the basis of bio-
chemical data.152,165,169 Mutagenesis of rOct1 provided
evidence for a high quality of the outward-facing and
inward-facing structural models. It was shown that
mutations of eight amino acids that line the modeled
inward-open cleft are involved in substrate recognition
and/or translocation (Fig. 72.6). These amino acids are
phenylalanine 160 on the predicted second transmem-
brane α helix (TMH), tryptophan 218, tyrosine 222 and
threonine 226 on successive turns of TMH 4, arginine
440, leucine 447, and glutamine 448 in TMH 10, and

aspartate 475 in the middle of TMH 11.161,163,165

Mutations of these amino acids resulted in changed Km
values for TEA and/or MPP. The selective effect of indi-
vidual mutants on the Km value for either TEA or MPP
suggests that the binding sites for individual substrates
are partially different. Using the nontransported inhibi-
tors corticosterone and tetrabutylammonium (TBuA), the
substrate binding region of rOct2 was characterized in
its outward-open and inward-facing conformations.166

The experiments showed that both inhibitors interact
from the intracellular as well as from the extracellular
side. Interestingly, TBuA had a significantly higher affin-
ity from the outside as compared to the inside, whereas
corticosterone had a higher affinity from the inside than
from the outside.

Employing a mutant of rOct1 with increased cation
induced currents but similar Km value for TEA and
MPP, the effect of point mutations on the inhibition of
TEA induced currents by extracellular or intracellular
corticosterone was investigated.165,170 It was observed
that mutations of Phe160, Tryp218 and Leu447 changed
the affinity for inhibition of cation induced currents by
extracellular and intracellular corticosterone whereas
replacement of Arg440 by lysine decreased the affinity
for inhibition of TEA-induced currents by extracellular
corticosterone and reduced the maximal inhibition by
extracellular and intracellular corticosterone.165

Comparing the inhibition of [3H]MPP uptake by extra-
cellular corticosterone in HEK293 cells that were trans-
fected with rOct1 wildtype or rOct1(D475E) it was
observed that also this mutation changed the affinity
of extracellular and intracellular corticosterone.
Importantly Phe160, Tryp218, Arg440, Leu447 and
Asp475 are located within the innermost parts of the
modeled outward-open and inward-open binding
clefts (Figure 72.6).

High-Affinity Binding Sites in
OCT1-3/Oct1-3

A comparison of the substrate binding regions in the
models of the outward-open and inward-open clefts of
rOct1 with sizes of substrates163 and the partially dif-
ferent amino acids that are relevant for the Km and/or
Ki values of TEA, MPP, corticosterone and/or TBuA
suggest that more than one compound can bind at the
same time. Using voltage-clamp fluorometry with
rOct1 in which phenylalanine 483 in TMH 11 located
close to the extracellular surface was replaced by cyste-
ine and labeled with tetramethylrhodamine-6-
maleimide (TMRM), high affinity binding sites of
organic cations were detected. In oocytes expressing
TMRM-labeled rOct1, potential-dependent fluores-
cence changes were observed which were prevented
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by the substrates TEA, choline and MPP, and by the
nontransported inhibitor TBuA. Titrating the substrate
effects and the effect of TBuA on fluorescence revealed
two affinities of each substrate to rOct1 and three affin-
ities of TBuA to the extracellular side of rOct1. One
apparent dissociation constant (KD) for TBuA (0.3 μM)
was similar to the Ki value for inhibition of organic cat-
ion transport whereas the other two KD values
(B0.4 nM,B2 pM) were much lower. These data indi-
cate the existence of two binding sites for the substrates
which may be located in the outward-open and/or
inward open cleft and three TBuA binding sites in the
outward-open cleft. The functional relevance of the
high affinity binding sites is not fully understood. So
far, for organic cation transport by OCT1-3/Oct1-3 no

significant deviation from Michaelis Menten type
kinetics has been observed. However, it has been
shown that the IC50 values determined for the inhibi-
tion of organic cation uptake by some drugs were
largely different when different substrate concentra-
tions far below the respective Km value were employed
for uptake measurements. For example, for the inhibi-
tion of hOCT2 mediated MPP uptake by quinidine IC50

values of 446 μM and 13 μM were determined using
MPP concentrations of 1 nM or 1 μM for the uptake
measurements.147 High affinity interaction of inhibitors
with OCT1-3/Oct1-3 may lead to inhibition of organic
cation uptake using low substrate concentrations. For
example, the antiviral drug lamivudine inhibited the
uptake of 1.3 nM MPP by human OCT1-3 with IC50

FIGURE 72.6 Structure models of rOct1 with amino acids that are located within the outward-open and inward-open binding clefts. A:
Amino-acid sequence and membrane topology model of α-helical transmembrane domains of rOct1. B: Side view of the structural Oct1 model
in the outward-facing conformation. A ribbon presentation is shown. C: Side view of the inward facing rOct1 model. Mutagenesis experiments
showed that the indicated amino acids are critical for affinity and/or selectivity of the substrates TEA and MPP and suggested that extracellu-
lar and intracellular corticosterone interacts with the underlined amino acids.
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values between 8 pM and 20 pM.171 Thus, high affinity
inhibition may be of biomedical importance for drug-
drug interaction at OCTs.

Proposed Transport Mechanism of
OCT1-3/Oct1-3

Because the OCTs/Octs mediate facilitative diffu-
sion of structurally different compounds and translo-
cate cations in both directions, the question has to be
solved whether they are transporters as generally
assumed (in which substrate translocation is stoichio-
metrically linked to structural changes within the pro-
tein) or whether they are channels that exhibit short
opening times (explaining the relatively low rates of
cation translocation) and contain cation-ligand binding
sites (explaining the observed saturation at high sub-
strate concentrations). Electrical measurements with
Oct2 from rat shed some light on the transport mecha-
nism. In the inside-out configuration, giant patches
from oocytes expressing rOct2 clamped to 0 mV
yielded Km values for the efflux of choline and TEA
that were similar to the Km values obtained at the same
holding potential for the influx of these substrates into
intact oocytes.172 This suggested symmetric transloca-
tion of small cations by rOct2 and is consistent with a
symmetric transporter or a channel. Figure 72.7A
shows recordings from giant patches with symmetrical
choline concentrations and at various membrane
potentials. The experiments demonstrated that both
inward and outward currents are voltage dependent in
a way that is symmetric around the reversal potential.
Interestingly, considerably higher currents were
observed with 2 mM choline as compared with 10 mM
choline on both sides of the membrane. This result
would be expected for the simple alternating access
model (Fig. 72.7B), but is difficult to reconcile with a
channel. The alternating access model predicts electro-
genic transport as a result of the sequence of steps
(substrate binding to the outside - translocation of the
bound substrate to the intracellular side - dissociation
of the substrate - reorientation of the empty substrate
binding site toward the extracellular side) at low intra-
cellular concentrations of substrate. At high substrate
concentrations, this model predicts electroneutral cat-
ion exchange, which is not recorded by the electrical
measurements. Alternatively, a channel with an inhibi-
tory, low-affinity cation binding site may show a simi-
lar decrease of current at high substrate concentrations.
Strong evidence in favor of transport was obtained by
demonstrating trans-stimulation under voltage-clamp
conditions. Trans-stimulation of MPP uptake by choline
into proteoliposomes containing purified rOct1 was
observed when the proteoliposomes were clamped to

0 mV.173 Trans-stimulation of a transporter is expected
if the in-to-out reorientation of the substrate binding
site of the loaded carrier occurs more quickly than the
reorientation of the empty one (Fig. 72.7B). Finally, a
transport mechanism is also supported by the high
activation energies which have been determined for
rOct2-mediated currents in oocytes observed after
addition of tetraethylammonium or cesium to the
bath.155 In oocytes expressing rOct2 clamped to
�100 mV, a stoichiometry of 1:1 has been determined
for uptake of positive charge and organic cation sub-
strates, demonstrating absence of leakage for inorganic
ions under these conditions.152 In contrast, a surplus of
positive charge carried by inorganic ions was translo-
cated together with organic cation substrates at zero
membrane potential. Since the potential dependence is
consistent with cotranslocation of inorganic ions, but
not with leakage, an occluded state during the trans-
port cycle is postulated.

Short-Term Regulations of OCT1-3/Oct1-3

Regulation of transport by OCTs/Octs may influence
the excretion of drugs and the exposure of the body to
xenobiotics.123,174 After cloning of OCT1-3/Oct1-3, the

FIGURE 72.7 Characteristics of choline transport by rOct2. A:
Current-voltage relation in giant patches of Xenopus laevis oocytes
expressing rOct2, inside-out configuration with symmetrical choline
concentrations of 2 mM or 10 mM; the holding potential between
voltage steps was 0 mV. B: Model of a simple transporter, illustrating
the individual reaction steps involved in electrogenic cation uniport
(closed arrows) and electroneutral cation/cation exchange (open
arrows). To and Ti, transporter conformations with the cation-
binding site oriented outwardly and inwardly, respectively. Cat1,
monovalent organic cation.
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short-term regulation of individual transporters was
studied after overexpression of the transporters in epi-
thelial cells. Regulation of human OCT1 (hOCT1), rat
Oct1 (rOct1), human OCT2 (hOCT2), and human OCT3
(hOCT3) was investigated in HEK293 cells and CHO
cells stably transfected with the individual transporters.
The regulation of hOCT1 expressed in HEK293 cells or
CHO cells was identical, however, distinct differences
in regulation were observed for the three human sub-
types and for hOCT1 compared to rOct1. Surprisingly,
certain characteristics observed for regulation of 4-[4-
(dimethylamino)-styryl]-N-methylpyridinium (ASP)
transport across the basolateral membrane of human
renal proximal tubules were not found for ASP uptake
by the individual transporters expressed in HEK293
and CHO cells. This suggests differences between prox-
imal tubular cells and the cell lines used for expression.

Short-term regulation of rOct1 has been investigated
in most detail. rOct1-mediated transport of ASP in sta-
bly transfected HEK293 cells was stimulated by activa-
tors of PKC, PKA, and tyrosine kinase.174,175 In HEK
293 cells, PKC-dependent stimulation of rOct1 was
accompanied by phosphorylation of rOct1. After stimu-
lation of rOct1 by PKC the IC50 values obtained for
inhibition of ASP uptake by TEA, tetrapentylammo-
nium (TPeA), and quinine were decreased by factors of
58, 15, and 2, respectively. Substitution of the individ-
ual serine or threonine residues in each of the five
putative PKC phosphorylation sites of rOct1 by alanine
suppressed the PKC activation. Remarkably, the appar-
ent affinities of TEA, TPeA, and quinine were changed
differently in each mutant. After the mutations, no
affect of PKC on the apparent affinity of rOct1 for TEA,
TPeA, and quinine could be detected.

Taken together, complex, subtype-specific short-
term regulations of the organic cation transporters
were detected which may involve transporter phos-
phorylation and binding of regulatory proteins.
Thereby functional properties of the transporter and
the concentrations of transporters within the plasma
membrane may be altered.

Transcriptional Long-Term Regulations of
OCT1-3/Oct1-3

The genes encoding human OCT1, OCT2 and OCT3
are located in a cluster on chromosome 6q26�27
together with insulin like growth factor receptor 2
(IGF2R).125,176 It has been suggested that OCTs and
IGF2R are regulated in a coordinated way and that the
regulation involves promotor methylation. The promo-
tor of hOCT1 contains two DNA response elements for
the hepatocyte nuclear factor-4α (HNF-4α).177 HNF-4α
binds to these response elements and activates

transcription of hOCT1. This activation was inhibited
by chenodeoxycholic acid via a component (SHP, small
heterogenic partner) of the bile-acid inducible transcrip-
tional repressor.177 Basal transcription of hOCT2 is reg-
ulated by upstream stimulating factor 1 (USF1) which
binds to a 5�E-box regulatory element of hOCT2.178

Kidney specific expression of hOCT2 versus expression
in the liver is regulated by hypomethylation of the pro-
moter including a CpG motif in the E-box.179

Methylation of the CpG motif prevents binding of USF
and down-regulates transcription. In rat kidneys of
males expression of rOct2 is higher compared to
females. Basolateral uptake of TEA into rat renal proxi-
mal tubule cells of male rats was twice as high as in
females and correlated with increased levels of rOct2
mRNA and protein.123 Application of testosterone to
female rats resulted in increased expression of rOct2,
whereas application of estradiol to male rats decreased
the expression of rOct2.123 Similarly it was shown that
levels of Oct2 mRNA in Madin Darby canine kidney
(MDCK) cells increased about twofold following expo-
sure to testosterone.123 Dexamethasone and hydrocorti-
sone had similar effects. In the promotor of rat Oct2
two androgen response elements were identified that
are required for the testosterone dependent regula-
tion.123 The steroid dependent regulation of OCT2/
Oct2 is species dependent and may occur on the tran-
scriptional and posttranscriptional level. For example
in kidneys of male rabbits the concentration of rbOct2
mRNA was higher compared to female kidneys
whereas rbOct2 protein and transport activity in male
and female kidneys were similar.123

Regulations of OCT1-3/Oct1-3 in Kidney under
Pathological Conditions

The expressions of OCTs/Octs in the kidney may be
also changed during diseases and after treatments with
drugs. For example, in rat renal expression of rOct2 was
reduced during chronic renal failure. In 5/6-nephrecto-
mized rats renal clearance of cimetidine was decreased
in parallel with the expression of rOct2 protein whereas
the expressions of rOct1, rOat1, rOat3, and Na1,K1-
ATPase were not changed.123 During diabetes renal
expression of OCT1-3/Oct1-3 may be decreased. In rat,
streptozotocin induced diabetes was associated with a
reduction of renal clearance of N1-methyl-nicotinamide
(NMN), basolateral uptake of TEA into renal proximal
tubules and renal protein expressions of rOct1, rOct2
and rOct3.123 During experimental hyperuricemia in rat,
renal expression of rOct2 and renal functions were
decreased.123 Rats were made hyperuricemic by feeding
with oxonic acid, an inhibitor of uric acid metabolism.
After 10 days, plasma uric acid, plasma creatinine, and
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blood urea nitrogen levels were significantly increased
and TEA uptake in renal slices was decreased. In paral-
lel, renal expression of rOct2 was decreased on mRNA
and protein levels whereas expressions of rOct1 and
rOct3 remained unchanged. Four days after application
of a single dose of cisplatin to mice necrosis of renal
proximal tubules and increased blood urea nitrogen
levels were observed. In parallel the expression of Oct2
was reduced. The expressions of transporters Oat1, Oat2
and OatpA1 were reduced whereas the expressions of
the export transporters Mrp2, Mrp4, Mrp5, Mdr1a,
Mdr1b were increased.37 In rat the renal expression of
rOct2 protein was increased after depletion of magne-
sium.180 The upregulation may explain why magnesium
depletion enhances cisplatin-induced nephrotoxicity.181

Expression and Renal Functions of OCTN1/
Octn1 (SLC22A4/Slc22a4)

OCTN1/Octn1 is another transporter of the SLC22
family that is expressed in renal proximal tubules. It
has been cloned from humans, rats, and mice and has
been localized to the brush-border membrane.182�185 In
humans OCTN1 is also expressed in skeletal muscle,
trachea, bone marrow, granulocytes, lymphocytes,
macrophages and various additional tissues.123

OCTN1/Octn1 may operate as organic cation/proton
exchanger, as organic cation antiporter, as sodium-
dependent transporter for zwitterions or as sodium-
independent transporter for zwitterions.123,186 Cations
transported by the human transporter (hOCTN1) are
TEA, quinidine, pyrilamine and verapamil whereas
transported zwitterions are ergothioneine, glycine-
betaine, betonicine, stachydrine, gabapentin, and carni-
tine.123,186 In patients containing a point mutation in
hOCTN1 (Leu503Phe) which leads to a reduced uptake
of gabapentin, the excretion of gabapentin in the proxi-
mal tubule was decreased.186 A metabolome analysis
of wildtype mice compared with Octn1(-/-) mice indi-
cated a complete deficiency of the naturally occuring
antioxidant ergothioneine.187 OCTN1/Octn1 is critical
for ergothioneine absorption in small intestine and for
reabsorption of ergothioneine in renal proximal
tubules. Mutations in human OCTN1 (hOCTN1) have
been associated with rheumatoid arthritis and Crohn’s
disease.123 This is supposed to be due to reduced anti-
oxidant effect of ergothioneine because patients with
Crohn’s disease showed largely reduced blood concen-
trations of ergothioneine, and Octn1(-/-) mice exhib-
ited greater susceptibility to intestinal inflammation
after ischemia.187 In addition to its role for renal reab-
sorption or secretion of zwitterions, OCTN1/Octn1 is
supposed to contribute to the efflux of organic cations
across the luminal membrane of renal proximal tubules.

The proton/organic cation antiporters Mate1 and
Mate2-K in the brush-border membrane of renal proxi-
mal tubules (Fig. 72.5) are probably the most important
extrusion transporters for organic cations,127 however,
OCTN1/Octn1 has a different substrate selectivity and
may complement efflux of organic cations.

Expression and Renal Functions of OCTN2/
Octn2 (SLC22A5/Slc22a5)

OCTN2/Octn2 has been cloned from humans, rats,
and mice.184,188�190 In humans, expression of this trans-
porter has been detected in skeletal muscle, heart, kid-
ney, liver, placenta and many other organs.123 In
kidneys of rats and mice, Octn2 protein was localized
to the apical membrane of proximal tubular epithelial
cells.123 Functional characterization revealed
that hOCTN2 is a high affinity Na1-carnitine and Na1-
mildronate cotransporter but can function alternatively
as polyspecific and Na1-independent cation uniporter
that translocates for example TEA.123,191 TEA and
L-carnitine interact at the same binding site and/or use
the same transport path since carnitine uptake by
hOCTN2 was competitively inhibited by TEA, and
TEA uptake by hOCTN2 was competitively inhibited
by L-carnitine.123 Na1-dependent transport of
L-carnitine by OCTN2/Octn2 is electrogenic and ste-
reospecific.123 For human OCTN2, an apparent Km for
L-carnitine of 4 to 5 μM and half-maximal concentra-
tions for Na1-activation between 2 and 19 mM were
determined.123 hOCTN2 is a polyspecific transporter
since Na1 dependent uptake of L-carnitine by
hOCTN2 was inhibited by many organic cations and
weak bases (e.g., nicotine, MPP, MPTP, procainamide,
quinine, methamphetamine, emetine, clonidine, and
cimetidine), zwitterions (e.g. cephaloridine, cefepime,
and cefoselis), and noncharged compounds (e.g. corti-
costerone and aldosterone).123

A detailed characterization of the mouse Octn2
(mOctn2) showed that mOctn2 translocates organic
cations in either directions across the plasma mem-
brane.123 L-carnitine uptake was trans-stimulated by
intracellular TEA, and TEA efflux was trans-stimulated
by extracellular L-carnitine. Studies with juvenile vis-
ceral steatosis (jvs) mice that suffer from a homozygous
loss-of-function mutation of Octn2 indicated that Octn2
is critically involved in renal excretion of TEA.123

Expression, Renal Functions and Regulations of
MATE1/Mate1 (SLC47A1/Slc47a1)

The SLC47 family contains two subtypes of H1-
organic cation antiporters called multidrug and toxin
extrusion 1 MATE1/Mate1 and kidney specific
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MATE2-K/Mate-2K.127 Human MATE1 was the first
cloned and characterized member of the SLC47 fam-
ily.192 Mate1 was also cloned from mouse, rat and rab-
bit.127 hMATE1 is strongly expressed in liver, kidney
and skeletal muscle, however, the tissue distribution of
MATE1 in other species is different.123 In kidney
hMATE1 is located in the brush-border membrane of
renal proximal tubules. hMATE1 translocates the
model cations TEA, MPP and paraquat as well as fluor-
oquinolones.147,193 Transported endogenous com-
pounds are creatinine, estrone sulfate, guanidine and
thiamine.147 hMATE1 transports the antiarrhythmic
drugs procainamide and levofloxacin; the antidiabetic
drug metformin; the antifungal drug salicylic acid; the
antineoplastic drugs cisplatin, oxaliplatin and topote-
can; the antimalarial drug quinine; the anti-ulcer drug
cimetidine; the antiallergic drug fexofenadine; and the
antiviral drugs acyclovir, ganciclovir and tenofovir
(Table 72.1). In hMATE1 four glutamate residues
within transmembrane domains have been identified
that are directly or indirectly involved in binding and/
or translocation of TEA and cimetidine.194 Using
double-transfected MDCK cells containing hOCT2 in
the basolateral membrane and hMATE1 in the luminal
membrane it was shown that the basolateral-to apical
transport of metformin as well as intracellular metfor-
min could be inhibited by basolateral application of
1 mM cimetidine.195 This indicates that both transpor-
ters are involved in renal secretion of metformin and
may exhibit drug-drug interactions at hMATE1 and
hOCT2. Removal of Mate1 in mice (mMate1) proved a
potential physiological and pharmacological impor-
tance of mMate1 for renal secretion of organic cations.195

After removal of mMate1 the renal clearance of metfor-
min was reduced by more than 80%. After 5/6 nephrec-
tomy of rats the expression of rMate1 was reduced.196

Basal transcriptional activity of hMATE1 is regulated by
transcription factors Sp1, activating protein-1 and acti-
vating protein-2 repressor.197,198 Recently 10 variants of
hMATE1 with reduced expression and/or changed
transport function were identified.199�201

Expression and Renal Functions of
MATE2-K (SLC47A2)

MATE2-K was cloned from human (hMATE2-K)
and rabbit.202,203 hMATE-K is predominantly expressed
in human kidney. Like hMATE1, hMATE2-K is located
in the brush-border membrane of renal proximal
tubules and operates as H1-organic cation antiporter.
hMATE2-K transports the endogenous compounds
creatinine, estrone sulfate, guanidine, N1-methylnicoti-
namide and thiamine.147 Drugs transported by
hMATE2-K are procainamide, verapamil, tetracycline,

captopril (antihypertensive), cisplatin, oxaliplatin,
topotecan, quinine, cimetidine, acyclovir, ganciclovir
and metformin (Table 72.1). For many compounds
interacting with hMATE2-K similar affinites have been
observed compared to hMATE1. Exceptions are diso-
pyramide, cephradine, desipramine, diltiazem, prami-
pexole, amantadine, and famotidine (Table 72.1
and147). Two variants of hMATE2-K with reduced
amounts of transporter protein within the plasma
membrane have been identified.199

Expression and Renal Functions of MDR1/Mdr1
(ABCB1/Abcb1)

MDR1/Mdr1 or P-glycoprotein is a member of the
ATP-binding cassette (ABC) superfamily of transport pro-
teins. It is a polyspecific transporter for hydrophobic
solutes including organic cations.86,123 MDR1/Mdr1 is
composed of two homologous halves, each containing six
TMHs and an ATP-binding domain. This transporter is
infamous for inducing resistance to anticancer drugs in
cancer cells; however, it is also found in healthy tissues,
including liver, kidney, small intestine, brain and other
organs. In kidneys, MDR1/Mdr1 was located to the lumi-
nal membrane of proximal tubules in human and
mouse.123 In human kidney, expression of MDR1 was
also detected in the mesangium, thick ascending limb of
Henle loop, and collecting duct.123 MDR1/Mdr1 is a pri-
mary active transporter that pumps, driven by ATP
hydrolysis, compounds of various structures out of cells.
Water-soluble substrates are taken up directly from the
cytosol, whereas hydrophobic substrates from the cytosol
or from the extracellular side partition into the plasma
membrane and enter the transporter from the lipid
phase.204 In rat, the involvement of Mdr1 in the renal
secretion of digoxin was demonstrated.123

Substrates of MDR1/Mdr1 include a large variety of
exogenous and endogenous compounds that may be
very hydrophobic and may have molecular masses
above 1000 Da. The substrates may be amphiphilic or
uncharged. They may contain a positive or negative
net charge. Human MDR1 transports aldosterone.
Drugs that are tranported by human MDR1 are dexa-
methason and hydrocortisone; the cardiac glycoside
digoxin; the antiarrhythmics quinidine, verapamil and
propafenone; the antineoplastic compounds colchicine,
daunorubicin, doxorubicin, vinblastine, vincristine and
topotecan; the antibiotics cefazolin and cefoperazon;
the HIV protease inhibitors indinavir, ritonavir and
saquinavir; and the immunosuppressant cyclosporine.
In addition hMDR1 translocates antihypertensive, anti-
cholinergic, antidepressant, and antihistaminic drugs,
antimalaria, antifungal, and antihelminthic agents.123

For secretion of specific cationic drugs in human
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proximal tubules the combined actions of hOCT2 in
the basolateral membrane with hMDR1, hMATE-1
and/or hMATE2-K in the brush-border membrane
may be required (Fig. 72.5, Table 72.1).

Drug-Drug Interactions at Organic Cation
Transporters in Kidney

Drug-drug interactions at organic cation transpor-
ters in kidney may influence the excretion of drugs
that are secreted in the proximal tubule or the reab-
sorption of drugs that are ultrafiltrated in the proximal
and/or distal tubule. Since significant species differ-
ences exist concerning location, selectivity and regula-
tion of the organic cation transporters conclusions
about drug-drug interactions in humans should not be
drawn from studies in animals. If different drugs are
translocated by the same transporter they mutually
block their translocation competitively. A nontran-
sported drug may also block binding or translocation
of a transported drug. It should be kept in mind that
the affinity of nontransported inhibitory drugs to
inhibit translocation of different substrates may differ
largely at least in case of OCTs/Octs.147 Drug-drug
interactions at individual transporters may be clinically
relevant if the respective transporter plays a significant
role for the renal excretion or reabsorption of the spe-
cific drug and the in vivo concentrations of the inhibit-
ing drugs are high enough. Whether transporters are
critically involved in renal handling of a specific drug
in humans can only be concluded on the basis of stud-
ies with patients containing mutated transporters with
changed functions. When the critical involvement of a
transporter for a specific drug has been determined
drug-drug interaction on that transporter may be con-
cluded from clinical studies in which the effects of
coapplication of drugs are investigated.

The cytostatic cisplatin is transported by OCT2/
Oct2 of human and rodents and it has been shown in
rodents that Oct2 is critically involved in renal excre-
tion and nephrotoxicity of cisplatin.148,205,206 Since the
nephrotoxicity of cisplatin was reduced in patients
with defect mutations of OCT2, this transporter is also
critical for cisplatin nephrotoxicity in humans.150 In
mice, cisplatin nephrotoxicity could be reduced by
coapplication of cimetidine suggesting drug-drug inter-
action of these two substrates at Oct2.148 Thus cimeti-
dine may be employed to reduce cisplatin
nephrotoxicity in humans. Studies in rats also suggest
that cisplatin nephrotoxicity in humans can be reduced
by coapplication with the antineoplastic drug imatinib
which is a high affinity inhibitor of OCTs.207 Clinical
studies suggested interaction of organic cations during
renal excretion which may occur at different

transporters in the proximal tubule. For example, coap-
plication of cimetidine which is translocated by
hOCT2, hMATE1, hMATE2-K and hMDR1 reduced
tubular secretion of metformin which is transported by
hOCT1-3, hMATE1 and hMATE2-K,208 of ranitidine
transported by hOCT2,209 and of procainamide trans-
ported by hOCT1, hMATE1 and hMATE2-K.210

hOCT2 transports the HIV drug lamuvidine with an
apparent Km value around 1 mM. Lamuvidine inhib-
ited uptake of 12.5 nM MPP 40% with an IC50 value of
8 pM.171 This observation shows that clinically relevant
low concentrations of lamuvidine or other cationic
drugs may partially inhibit renal secretion of hOCT2
substrates which are present in concentration far below
their respective Km values.

Polymorphisms and Mutations in Organic Cation
Transporters

Genetic variants in hOCT, hOCTN and hMATE
transporters and hMDR1 may account for interindivid-
ual variability of pharmacokinetics of cationic drugs.
Geographic, ethnic, and racial differences in the fre-
quency of genetic variants of drug transporters may be
reasons for differences in drug response and/or drug
toxicity.147 So far, more than 2000 single-nucleotide
polymorphisms (SNPs) for the hOCT, hOCTN and
hMATE genes were listed in the databases. Current
next-generation sequencing projects aim at the com-
plete sequencing of 1000 human genomes to identify
more variants, especially those with low frequencies.211

Most sequence variants are present in introns and may
have no phenotypic consequences. Variants located in
the 5’- and 3’-flanking regions may lead to an altered
expression level.132,212 Sequence variants within exons
may result in amino acid substitutions. These non-
synonymous or missense variants may affect transport
function. The functional effects of missense mutations
have to be determined experimentally. They may lead
to changed amounts of transport protein in the plasma
membrane, to changed regulation, to changed Km and
Vmax values of transported compounds, and to changes
of IC50 values of inhibitors. Since the effects on Km,
Vmax and IC50 values may be cation specific, missense
mutations may change transporter selectivity. Most
non-synonymous variants in human genes encoding
OCTs and MATEs that affect function and/or expres-
sion have been compiled in a recent review.147

Some functional relevant missense mutations of
hOCTNs have been reported earlier.123 For recently
published functional relevant missense mutations see
references.186,199�201

It may be very difficult to identify clinical effects of
missense mutations. This may be exemplified by the

2448 72. ORGANIC ANION AND CATION TRANSPORTERS IN RENAL ELIMINATION OF DRUGS

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



investigations on effects of hOCT variants on the treat-
ment of the antidiabetic metformin. Metformin is trans-
ported by hOCT1, hOCT2 and hOCT3 and variants of
hOCT1 and hOCT2 with reduced transport activity for
metformin have been identified.147 A relatively small
group of healthy volunteers with defect mutations in
hOCT1 showed a blunted reduction of blood glucose
after application of metformin.213 This was explained
by reduced uptake of metformin in the liver. At vari-
ance no correlation was observed between patients
with type 2 diabetes that do not benefit from metfor-
min treatment and patients with hOCT1 variants.214

Controverse data were also obtained concerning the
effects of hOCT2 variants on renal excretion of metfor-
min. In three studies employing 14-26 individuals a
decreased renal metformin excretion has been reported
in patients with defect mutations in hOCT2.213,215,216

This observation was not reproduced in a fourth study
using 104 patients.143 This suggests that metformin
secretion in the proximal tubule and the role of hOCT2
in this process is not physiologically relevant.
Interestingly Tzvetkow and coworkers observed that
patients containing hOCT1 variants with reduced
transport activity showed an increased renal excretion
of metformin.143 Since hOCT1 was detected in luminal
membranes of proximal and distal tubules143 the
authors hypothesized that hOCT1 mediates the first
step in the reabsorption of ultrafiltrated metformin and
that this reabsorption is physiologically important.

OUTLOOK

After cloning of various polyspecific transporters
most systems involved in the secretion and reabsorp-
tion of organic anions and cations in human renal
proximal tubules have been identified. The relevant
modes of operation of these transporters have been
defined and admittedly incomplete substrate specifici-
ties have been determined. For some transporters the
transport mechanism has been tentatively elucidated.
Mutagenesis experiments and modeling provided evi-
dence that the OCTs/Octs and, most likely also the
other polyspecific transporters contain a large binding
region where two or more substrates can bind simulta-
neously. High and low affinity binding sites were
observed which may exhibit mutual allosteric interac-
tions and may inhibit the transport. Most missense
mutations in human organic anion and cation trans-
porters leading to functional changes have been identi-
fied. Short- and long-term regulations of several
transporters have been observed showing that tran-
scription, membrane turnover, substrate selectivity
and/or transport activity can be regulated. For short-
term regulation some signaling pathways were

identified, however, the involved mechanisms are not
understood. These observations and species differences
concerning substrate selectivities and regulation show
that our knowledge derived from individual transpor-
ters as well as from knockout mice only provides
approximate ideas concerning drug excretion in
human proximal tubules in vivo. It is a challenge for
future investigations to identify the transporters which
are critical for secretion and reabsorption of specific
drugs in human, to identify the functional conse-
quence of missense mutations, and to determine bio-
medical relevant drug-drug interactions. These drug-
drug interactions may occur at the level of individual
transporters (i.e., by competition) or at the cellular
level (e.g., by changes of membrane potential). Taken
together, we still must follow a long road toward
understanding the behavior of drugs in the kidney.

References

[1] Pritchard JB, Miller DS. Mechanisms mediating renal secretion
of organic anions and cations. Physiol Rev 1993;73:765�96.

[2] Burckhardt G, Pritchard JB. Organic anion and cation antipor-
ters. In: Seldin DW, Giebisch G, editors. The kidney: physiology
and pathophysiology. 3rd ed. Philadelphia: Lippincott Williams
& Wilkins; 2000. p. 193�222.

[3] Ullrich KJ. Renal transporters for organic anions and organic
cations. Structural requirements for substrates. J Membr Biol
1997;158:95�107.

[4] Shimada H, Moewes B, Burckhardt G. Indirect coupling to Na1

of p-aminohippuric acid uptake into rat renal basolateral mem-
brane vesicles. Am J Physiol Renal Physiol 1987;253:F795�801.

[5] Pritchard JB. Coupled transport of p-aminohippurate by rat kid-
ney basolateral membrane vesicles. Am J Physiol Renal Physiol
1988;255:F597�604.

[6] Shuprisha A, Lynch RM, Wright SH, Dantzer V. Real-time
assessment of α-ketoglutarate effect on organic anion secretion
in perfused rabbit proximal tubules. Am J Physiol Renal Physiol
1999;277:F513�23.

[7] Rizwan AN, Burckhardt G. Organic anion transporters of the
SLC22 family: biopharmaceutical, physiological, and pathologi-
cal roles. Pharm Res 2007;24:450�70.

[8] VanWert AL, Gionfriddo MR, Sweet DH. Organic anion trans-
porters: discovery, pharmacology, regulation and roles in
pathophysiology. Biopharm Drug Dispos 2010;31:1�71.

[9] Srimaroeng C, Perry JL, Pritchard JB. Physiology, structure, and
regulation of the cloned organic anion transporters. Xenobiotica
2008;38:889�935.

[10] Jacobsson JA, Haitina T, Lindblom J, Fredriksson R.
Identification of six putative human transporters with structural
similarity to the drug transporter SLC22 family. Genomics
2007;90:595�609.

[11] Eraly SA, Hamilton BA, Nigam SK. Organic anion and cation
transporters occur in pairs of similar and similarly expressed
genes. Biochem Biophys Res Commun 2003;300:333�42.

[12] Bleasby K, Castle JC, Roberts CJ, et al. Expression profiles of 50
xenobiotic transporter genes in humans and pre-clinical species:
a resource for investigations into drug disposition. Xenobiotica
2006;36:963�88.

[13] Hilgendorf C, Ahlin G, Seithel A, Artursson P, Ungell A-L,
Karlsson J. Expression of thirty-six drug transporter genes in

2449REFERENCES

III. FLUID AND ELECTROLYTE REGULATION AND DYSREGULATION



human intestine, liver, kidney, and organotypic cell lines. Drug
Metab Dispos 2007;35:1333�40.

[14] Nishimura M, Naito S. Tissue-specific mRNA expression profiles
of human ATP-binding cassette and solute carrier transporter
superfamilies. Drug Metab Pharmacokinet 2005;20: 452�77.

[15] Buist SCN, Cherrington NJ, Choudhuri S, Hartley DP, Klaassen
CD. Gender-specific and developmental influences on the
expression of rat organic anion transporters. J Pharmacol Exp
Ther 2002;301:145�51.

[16] Buist SCN, Klaassen CD. Rat and mouse differences in gender-
predominant expression of organic anion transporter (OAT1-3,
SLC22A6-8) mRNA levels. Drug Metab Dispos 2004;32:620�5.

[17] Ljubojevic M, Herak-Kramberger CM, Hagos Y, et al. Rat renal
cortical OAT1 and OAT3 exhibit gender differences determined
by both androgen stimulation and estrogen inhibition. Am J
Physiol Renal Physiol 2004;287:F124�38.

[18] Sabolic I, Asif AR, Budach WE, Wanke C, Bahn A, Burckhardt
G. Gender differences in kidney function. Pflügers Arch - Eur J
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Renal Filtration, Transport, and
Metabolism of Albumin and Albuminuria

Erik Ilsø Christensen, Rikke Nielsen and Henrik Birn
Department of Biomedicine, Anatomy, Section of Cell Biology, Aarhus University, Aarhus, Denmark

INTRODUCTION

Albuminuria is one of the oldest yet remains one of
the most sensitive and widely used markers of kidney
dysfunction. Albumin is the most abundant plasma
protein1 and its urinary excretion is determined by the
combined effects of glomerular filtration and renal
tubular processing (Fig. 73.1). Dysfunction of both
these processes may result in increased excretion of
albumin, and glomerular injuries as well as tubular
damage have been implicated in the initial events lead-
ing to albuminuria. Albuminuria not only indicates
acute or chronic renal damage but is also a well estab-
lished and independent marker of progression in
chronic kidney disease (CKD). Interventions aimed at
reducing albuminuria have proved effective in amelio-
rating the continuous loss of renal function in various
form of CKD suggesting that albuminuria not only is a
marker of kidney disease but in fact involved in the
pathophysiology of progression. Experimental evi-
dence points to direct and deleterious effects of albu-
min on renal tubular cells and identifies a number of
downstream mediators initiating inflammation and
eventually renal fibrosis.

Gene analyses in human diseases and animal knock-
out models have identified a number of key molecules
regulating glomerular filtration and tubular reabsorp-
tion of albumin. In most cases of human disease, how-
ever, both the precipitating events and the accelerating
mechanisms associated with albuminuria are unknown
and may include several, different pathways. The rela-
tive importance of the various molecular mechanisms
regulating glomerular filtration and tubular handling
of albumin remain controversial both in normal physi-
ology and in disease and the evidence for an

independent pathogenic role of albumin in the devel-
opment and progression of renal disease is debated.

This chapter will review the structures controlling
glomerular filtration of albumin and discuss the mo-
lecular and pathophysiological mechanisms causing
changes in glomerular permselectivity. Furthermore,
the receptors regulating tubular reuptake of filtered
albumin are presented and the possible pathways by
which filtered albumin may cause tubular and intersti-
tial damage are discussed in relation to acute and
chronic kidney disease.

ALBUMIN

Albumin is an anionic, flexible, heart-shaped, 585-
amino acid, single polypeptide chain with a MW
B67 kDa present in plasma at a normal concentration
of 35�50 mg/ml. While it is not essential to life, a num-
ber of important and very diverse functions have been
ascribed to this protein including the maintenance of
the oncotic pressure and blood volume, acid/base
buffer functions, antioxidant functions, and the trans-
port of a number of different substances including fatty
acids, bilirubin, ions such as Ca21 and Mg21, drugs,
hormones, and lipophilic as well as hydrophilic vita-
mins, e.g., vitamin A, riboflavin, vitamin B6, ascorbic
acid, and folate.1 Albumin undergoes posttranslational
modification including glycation, acetylation, methyla-
tion, carbamylation and phosphorylation.2 Albumin is
almost exclusively synthesized in the liver at a rate of
10�15 g per day in a healthy person and its normal
half life is estimated to 19 days representing the bal-
ance between synthesis, transcapillary escape, and
catabolism predominantly within muscle, liver and
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kidney.1 In kidney diseases such as nephrotic syn-
drome and end stage renal disease, including well
managed patients on peritoneal dialysis, albumin syn-
thesis appears to be increased compensating for
increased losses.1 Normally the albumin gene is silent

in the kidney, however, it has recently been shown that
the gene is activated in cases of acute kidney failure
leading to the renal synthesis of albumin.3 The local
production of albumin is associated with albuminuria,
however, the extent to which local synthesis of albumin

FIGURE 73.1 Renal albumin handling. Plasma albumin is filtered in the glomeruli (A). Filtered albumin may be taken up by podocytes (B)
possibly by a megalin mediated process. It is not clear whether albumin is taken up from the subepithelial space or from the urinary space, or
both. Filtered albumin is reabsorbed in the proximal tubule by megalin and cubilin/AMN mediated endocytosis (C). Albumin is degraded
within the lysosomal compartment and amino acids are released at the basolateral cell surface. Under proteinuric conditions, albumin, not
reabsorbed by the proximal tubule, may be taken up by more distal nephron segments or collecting ducts (D) by an unknown mechanism (see
also figure 74.6). Depending on the balance between glomerular filtration of albumin and the tubular reabsorptive and degradative capacity,
albumin and albumin fragments may be excreted in the urine (E). Urinary albumin fragments have been identified, however, the origin and
significance of these remain unclear.
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contributes to the urinary excretion of albumin is not
known.

GLOMERULAR FILTRATION

Glomerular Filtration Barrier

The glomerular filtration barrier is structurally com-
posed of three layers, the capillary endothelial cells, the
glomerular basement membrane (GBM) and the podo-
cyte filtration slit membrane (Fig. 73.2). The barrier is
freely permeable to water, solutes and small molecules
however, increasing size of macromolecules causes
increasing restriction to filtration as do negative
charge.4

The fenestrated endothelium (Fig. 73.2) is unusual
since the fenestrae generally are not closed by dia-
phragms, except as demonstrated in rat where the
capillaries which are direct tributaries to the efferent
arteriole do indeed have diaphragms closing the fenes-
trae.5 The pores in the endothelium appear not to be
fully open holes. By special fixation procedures it has
been demonstrated that the pores are filled with glyco-
proteins forming “sieve plugs”6,7 probably contributing

to the endothelial part of the filtration barrier.8 The
endothelial cells have a thick glycocalyx and an even
thicker endothelial cell surface coat,9 which are
believed by many authors to contribute significantly to
the charge selectivity of the barrier10 (for a recent
review see Haraldsson et al.4).

The basement membrane, which in man is about
300 nm thick, consists of three layers, a lamina densa,
located between a lamina rara interna facing the endo-
thelial cell and a lamina rara externa, facing the podo-
cyte (Fig. 73.2). In the 1970s the GBM was considered
the major contributor to the charge selectivity of the fil-
tration barrier11�14 (see also Kanwar et al.15 for refer-
ences). In vitro studies, however, on isolated GBM16

showed no charge selectivity and removal of charged
components of the GBM in mouse knock out studies in
general did not change charge selectivity, for discus-
sions see.15,17 A large variety of both genetic18 and
acquired, albuminuric diseases affect the GBM, e.g.,
Alport syndrome and diabetes mellitus (see also later).

The third component of the barrier, the podocyte fil-
tration slit membrane (Fig. 73.2), has attracted great
interest as a key part of the filtration barrier, especially
since the findings that, for example, gene defects of

FIGURE 73.2 Electron micrograph of the glomerular filtration barrier. Filtration takes place from the glomerular capillaries (Cap) through
the pores (arrowheads) of the endothelial cells (Endo), the glomerular basement membrane (GBM) consisting of the three layers, lamina rara
interna (LRI), lamina densa (LD) and lamina rara externa (LRE) and finally through the filtration slit membrane (arrows) between the foot pro-
cesses (Fp) of the podocytes (Pod) into the urinary space (Us).
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nephrin (NPHS1) induce the congenital nephrotic syn-
drome of the Finnish type19 and gene defects of podocin
(NPHS2) induce nephrotic syndrome of the non-Finnish
type.20 The porous structure of the filtration slit mem-
brane was first described by Rodewald and
Karnowsky21 measuring the dimensions of the pores to
be 43 14 nm. In a recent publication22 the mean radius
of the observed irregular circular or elipsoid pores were
measured to be 12.1 nm. In proteinuric rats additional
large pores were observed22 and suggested to contribute
to the increased filtration of protein/albumin in patho-
logic conditions, a finding which awaits confirmation.

An elegant model for the charge restriction has
recently been put forward, based on micropuncture
experiments in glomeruli of Necturus maculosus.23,24

The authors identified a filtration dependant negative
electrical charge in the Bowman’s space compared to
the capillary lumen, a charge that would allow nega-
tively charged proteins like albumin to be electrophor-
esed back to the blood and the opposite for positively
charged proteins.

There is no doubt that all three structural compo-
nents of the glomerular filter are necessary for main-
taining the barrier, illustrated by the observations that
damage to any part eventually leads to albuminuria,
that the GBM is synthesized from both the epithelial-
and endothelial cells and that vascular endothelial
growth factor (VEGF)-A produced by the podocytes
influences development and maintenance of the endo-
thelial cells which possesses receptors for VEGF-A,
VEGFR-1 and 2.25

Glomerular Filtration of Albumin

The amount of albumin normally filtered in the glo-
meruli has been estimated using various techniques,
including micropuncture of rats and dogs, estimating
the concentration of albumin in the ultrafiltrate
between 1 and 50 μg/ml.26 This corresponds to a fil-
tered load of albumin between 170 mg and 9 g per 24 h
in normal humans. Inhibition of tubular albumin
uptake in humans by lysine suggested filtration of at
least 281 μg/min, corresponding to B400 mg/24 h.27

Similar studies in lysine treated rats resulted in the
excretion of 2.5 mg to 25 mg/24 h28,29 corresponding to
0.7�7 g/24 h in humans. In rat the filtration fraction of
albumin was estimated to 0.0006 by micropuncture
studies30 in good agreement with the results mentioned
above. This figure was, however, challenged by
Comper and colleagues31�33 who estimated the filtra-
tion fraction by two-photon microscopy to be 0.034.
As calculated by Gekle34 this implies a filtration of
225 g/24 h of albumin in humans and the results
were immediately questioned by several groups.34�37

Subsequently, three studies38�40 have seriously

questioned the technical approach applied by Russo
et al. Thus, the notion of normal glomerular filtration
of such large amounts of albumin remains highly con-
troversial. For an excellent review comparing glomeru-
lar permselectivity of ficoll, dextran and globular
proteins, see Venturoli and Rippe.41

Albumin Uptake in Glomerular Cells

Albumin uptake has been demonstrated in vivo in
podocytes from human, rat and mouse and in vitro in
mouse and human podocytes.42 Accumulation of endo-
cytosed protein in podocytes is also indicated by podo-
cyte vacuolization in proteinuric patients43 and
experimentally, endocytic uptake of tracer proteins in
podocytes have been demonstrated in vivo.44,45 The
albumin binding receptor megalin (see below) has been
identified in rat podocytes46 and very recently also on
human podocytes47 providing a mechanism for the
endocytic uptake of albumin and other proteins. It has
been proposed that unless removed, filtered proteins
would clog the glomerular filter due to the podocyte
slit membrane.48,49 Such a theoretical clogging of the
slit diaphragm may be attenuated by megalin medi-
ated, podocyte endocytosis of trapped protein, includ-
ing albumin. It should be emphasized that the
endocytic uptake of albumin in the podocytes is mini-
mal compared to the subsequent uptake in the proxi-
mal tubule (see below).

Tubular Albumin Uptake

Endocytosis of Albumin in the Renal Proximal
Tubule

Proximal tubule uptake of albumin by endocytosis
was described almost 45 years ago.50,51 The identifica-
tion of the receptors megalin, cubilin and amnionless
(AMN)52�54 and subsequent studies of these receptors
have now firmly established them as an endocytic com-
plex responsible for the reabsorption of filtered albu-
min. Megalin has been identfied as an albumin binding
protein involved in albumin reabsorption in the proxi-
mal tubule in vivo.55 This was later confirmed by the
presence of albuminuria in megalin knockout mice56,57

and in Donnai Barrow patients having mutations in
LRP2 encoding megalin (personal observations). Direct
binding of albumin to cubilin was demonstrated esti-
mating a Kd of 0.6 μM56 and the physiological impor-
tance was established by the presence of albuminuria
in cubilin knockout mice58 and in patients with cubilin
defects causing Imerslund-Gräsbeck’s syndrome/meg-
aloblastic anemia 1,59 which is an autosomal recessive
vitamin B12 deficiency disorder caused by malfunction
of either cubilin or AMN. AMN has not been shown to
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have a direct receptor function, but is a chaperone for
cubilin (see later) and lack of AMN has been associated
with albuminuria both in humans and in animal mod-
els.56 A recent study further supports the role of cubilin
in albumin reabsorption by showing that the SNP
I2984V in cubilin is associated with microalbuminuria
in the general population.60

Renal Expression, Structure and Sorting
of Megalin, Cubilin and AMN

Megalin is heavily expressed in the renal proximal
tubule brush border, the endocytic compartments, and
membrane recycling system.53,61�63 Megalin is also
detectable in lysosomes in small quantities, but after
endocytosis the majority of megalin is recycled to the
apical membrane via dense apical tubules.64 Cubilin
co-localizes with megalin in the renal proximal
tubule54,65,66 and AMN co-localizes with cubilin.67 In
rats and humans additional expression of megalin in
the podocytes has been identified.46,47 For more infor-
mation of the expression of the receptors in other epi-
thelia see.68,69

Megalin (Fig. 73.3) was identified nearly 30 years
ago46,53 as a large glycosylated protein (600 kDa)
belonging to the low density lipoprotein (LDL) recep-
tor family.70�72 Megalin is a multiligand receptor with
four binding clusters in the extracellular domain.70,72

The binding clusters each contain 7 to 11 complement-
type repeats. Structural studies of the LDL receptor
and the twelfth repeat in megalin have revealed that
each consists of approximately 40 amino acids with 6
cysteines forming 3 disulfide bridges and a C-terminal
calcium cage.73�76 Separation of the binding clusters is
obtained by 16 growth factor repeats separated by 8
YWTD spacer regions, which are involved in pH
dependent release of ligands.77 Finally the extracellular
domain contains one epidermal growth factor-like
repeat which is situated next to the membrane span-
ning area. The four binding clusters are responsible for
the binding of albumin;55,78 one of the more than 50
ligands which so far has been reported for megalin.69

The receptor spans the membrane once and is
equipped with a short intracellular tail (209 amino
acids) which contains 2 endocytic motifs (NPXY) driv-
ing clustering into coated pits and a NPXY-like motif
(NQNY) involved in apical sorting of the receptor.79

Apical sorting is also dependent on the receptor associ-
ated protein (RAP),80 acting as a chaperone81 and phos-
phorylation of a PPSP motif in the cytoplasmic tail.82

Cubilin (Fig. 73.3) is identical to the intestinal intrin-
sic factor-B12 receptor66,83 and is a 460 kDa, peripheral
membrane protein. Its structure is dominated by 27
ekstracellular CUB domains (complement c1r/C1s,
Uegf (epidermal growth factor-related sea urchin

protein)) and bone morphogenic protein 1.84,85 The
CUB domains are involved in ligand binding, but
despite the numerous domains only around 15 ligands
have been identified69 including albumin.56,78 The
N-terminus cubilin contains 8 epidermal growth factor
(EGF) repeats and a 110 amino acid stretch.84,85 No
transmembrane domain has been identified and sorting

FIGURE 73.3 Schematic illustration of megalin, cubilin and
amnionless (AMN). The three receptors co-operate in the proximal
tubular uptake of filtered albumin. Cubilin binds albumin, but is
dependent on complex formation with megalin and/or AMN to sus-
tain endocytosis. Megalin and AMN contain NPXY motifs necessary
for recruitment of the endocytic machinery and initiation of endocy-
tosis. AMN is furthermore involved in translocation of cubilin from
the RER to the plasma membrane. Figure modified from.69
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and anchorage of cubilin to the membrane is accom-
plished through physical interaction with AMN and
megalin.86,67,85 In vitro studies showed that sorting
relies on interaction of the EGF domains in cubilin
with AMN.87,67 This cooperation between cubilin and
AMN is supported by intracellular retention of cubilin
in dogs suffering from AMN mutations causing
Imerslund-Gräsbeck’s syndrome56,88 and in AMN defi-
cient mice.89 The apical plasma membrane localization
of AMN is in the same manner dependent on intact
cubilin as AMN is retained intracellularly both in cubi-
lin deficient mice and in humans with no cubilin
expression.58,90

Cubilin also associates with megalin through CUB
domain 12�17 and 22�27 as well as through the N-
terminus85,86,91 and megalin appears to be important
for the stability of cubilin in the membrane as suggested
by decreased levels of cubilin in in vitro studies and in
rabbits producing megalin antibodies86 as well as by
immunocytochemistry in megalin knockout mice.58,56

AMN (Fig. 73.3) has a molecular weight ranging
from 38�50 kDa92 and was initially recognized as
being involved in normal development of the middle
portion of the primitive streak in mice. Mice which
lack AMN fail to develop amnion. It has a cytoplasmic
tail with the endocytic motif NPXY, a transmembrane
domain and N-terminal extracellular domain encom-
passing approximately 70 amino acids with a cysteine
rich region as the only characteristic domain.52 It
should be noted that the above described interdepen-
dence of the receptors for normal sorting complicates
the endocytic analysis of each receptor separately.

Endocytosis of Albumin Receptors

Endocytosis of megalin is driven by endocytic motifs
in the cytoplasmic tail (see above) that mediate the
assembly of clathrin and adaptor proteins such as AP-
2, Dab2 and ARH.93,94,95 The significance of Dab2 to
the endocytosis of megalin is supported by mutual
dependence of megalin and Dab2 for normal localiza-
tion96 and the mild, but significant proteinuria
observed in Dab2 knockout mice.97 Dab2 further
associates megalin with nonmuscle myosin heavy
chain IIA and actin,98 whereas the adaptor protein
GAIP interacting protein C-terminus (GIPC) attaches
myosin VI to the complex.99,100 These interactions are
suggested to be important for the post endocytic trans-
port of the complex corroborated by the albuminuria
observed in GIPC- and myosin VI knockout mice.101,100

Interaction of megalin and cubilin together with
their strict co-localization in the proximal tubule
suggests that megalin mediates the internalization of
cubilin and its ligands.85 Several in vitro studies
strengthened this concept such as decreased cubilin

endocytosis in megalin compromised cells.102,103 AMN
holds a NPXY motif and it is apparent that in cell cul-
tures lacking megalin, cubilin can work in conjunction
with AMN.67 In vivo in the kidney, however, this co-
operation is not able to sustain normal endocytosis.58

The concept of megalin being the motor for albumin
endocytosis is supported by a recent study showing
that an SNP in the megalin binding area of cubilin is
associated with microalbuminuria in the normal popu-
lation and in diabetics.60 It has been shown recently, by
analysis of the crystal structure of cubilin, that changes
in a residue that does not directly interact with intrinsic
factor B12 result in Imerslund-Gräsbeck’s disease.
Thus, a SNP in the megalin binding region might simi-
larily interfere with cubilin association to megalin hin-
dering endocytosis of cubilin-bound albumin.104

Regulation of Albumin Receptors

It has generally been assumed that under normal
physiological conditions proximal tubule endocytic
uptake of albumin is a constitutive process determined
only by the receptor expression.56 Little is known, how-
ever, about the regulation of receptor expression in
normal physiology. Studies in disease and transgene
mice have suggested, that megalin expression may be
under influence of the renin-angiotensin system.
Angiotensin II decreases megalin expression in a long
term proteinuric mouse model induced by renin over-
expression.105 Furthermore, angiotensin II has recently
been shown to stimulate trafficking of several sodium
transporters and megalin into microvilli.106 However,
in this latter study no apparent decrease in megalin
levels was observed. An intrarenal proximal tubular
renin-angiotensin system has been suggested107 and
the molecular actions of this system are complex. The
role of these components in the direct or indirect regu-
lation of megalin is at present very difficult to deduce.
Furthermore, an additional link between angiotensin II
and megalin expression has evolved. Transforming
growth factor (TGF)-β reduces megalin expression
in vitro108 and in a proteinuric hypertensive mouse
model the action of TGF-β has been shown to be modu-
lated by angiotensin II receptor antagonists at doses
that do not decrease aterial blood pressure. This is
believed to be mediated by reestablishment of the equi-
librium between TGF-β and bone morphogenic protein
7 (BMP7)/BMP7-inhibitors.105 Thus, treatment with
angiotensin II antagonists might elevate megalin
expression through a decrease in BMP7-inhibitors
resulting in BMP7 mediated inhibiton of TGF-β.
Obviously the effect of angiotensin II on glomerular
function in addition to the proposed effect on tubular
megalin expression may contribute to the changes
in urinary albumin excretion observed with
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modulation of this system. In a recently published
study it is shown that megalin contains 3 PPAR (perox-
isome proliferator-activated receptors) response ele-
ments in its promotor region and that megalin
expression increases in response to PPAR ligands in
mouse kidneys109 suggesting a direct regulation of
megalin expression by PPAR. The physiological signifi-
cance of this regulation remains to be established, how-
ever, PPAR agonists have in a number of studies been
shown to be renoprotective in diabetic patients includ-
ing an amelioration of albuminuria.110

RENALTUBULAR ALBUMIN
METABOLISM

Lysosomal Degradation of Albumin

Following proximal tubule endocytic uptake, albu-
min accumulates within the lysosomal compart-
ment111,51 where it is degraded.112 In rats, albumin is
reabsorbed within all three segments of the proximal
tubule, however, catabolism appears to be slower in the
S3 segment.113 This process is dependent on ATP-
mediated acidification of the lysosomal compart-
ment.114,115 Interference with lysosomal function from
increased filtration of albumin has been suggested by
experimental induction of albuminuria. This resulted in
functional and structural changes in lysosomes116 and
increased activity of lysosomal enzymes such as cathep-
sin117 suggesting that albumin overload changes the
protein catabolic function of the proximal tubule cell.

It is generally believed that albumin is fully
degraded within the lysosomal compartment and that
amino acids are returned to the circulation through a
basolateral exit mechanism.118�120 Based on the identi-
fication of albumin fragments in normal human and
animal urine it has been proposed that albumin frag-
ments resulting from the proximal tubule degradation
of proteins are normally excreted at the luminal cell
surface.121�124 Most of these fragments are suggested to
be very small with MW ,500 Da125 and apparently
undetectable by conventional immune or dye-based
assays, however, may be detected either by size exclu-
sion chromatography of injected and processed labeled
albumin126,122 or by the Biuret protein assay.127

Although cells grown in vitro may secrete fragments126

so far no direct evidence for the tubular generation and
luminal secretion of albumin fragments in vivo has been
published. In vitro microperfusion of proximal tubules
suggested peritubular, but not luminal release of degra-
dation products120 and knockout of megalin and cubilin
in mice did not change the excretion of urinary albumin
fragments showing that receptor mediated endocytosis
is not involved in the generation of these.128

Furthermore, other studies have not confirmed the
presence of significant amount of albumin fragments in
the urine.129,130 Thus, the amount, origin and patho-
physiologic implication of potential urinary albumin
fragments remain to be established.

Transtubular Recovery of Albumin

In addition to the well established endocytic
pathway for albumin uptake, the existence of a high
capacity pathway for the transtubular transport of very
large amounts of intact albumin has been suggested.131

Such a pathway would be essential for the recovery
of B225 g/24 h of albumin suggested to be filtered in
the human kidney if, as proposed by Comper and col-
leagues, the filtration fraction for albumin is much
higher than previously believed.132

The transtubular recovery of intact albumin was
proposed after the identification of a small, second
peak of labeled albumin appearing in the renal vein
following bolus injection of labeled albumin into the
isolated perfused kidney.133 Later studies by electron
microscopy of endogenous and fluorescent labeled
albumin injected into normal rats showing albumin
labeled vesicles in the basolateral aspect of the proxi-
mal tubule cell and apparent fusion with the basolat-
eral membrane132,33 were interpreted as evidence of
vesicular transcytosis. So far there has been no pub-
lished, direct evidence for a specific, high capacity,
transcellular transport of albumin. In fact, when a high
capacity, low affinity mechanism for albumin uptake
was identified using isolated, perfused proximal
tubules only negligible transtubular transport was
found and the uptake was believed to represent non-
specific, fluid phase endocytosis.120

The proposed high capacity, transtubular albumin
retrieval pathway does not involve megalin and cubilin
as demonstrated by the fact that inactivation of
these receptors in mice leads to albuminuria in the
order of 20�40 μg/h58,56 which is much less than the
proposed amount of transcellular albumin transport.
Furthermore, inactivation of megalin and cubilin leads
to total abolishment of the normal tubular vesicular
labeling (Fig. 73.4)58,56 disputing the existence of an
alternative and significant pathway of vesicular albu-
min uptake.

It has been hypothesized that the transcellular trans-
port of intact albumin may involve the major histocom-
patibility complex-related Fc receptor (FcRn). FcRn is
responsible for the transcytosis of proteins such as IgG
across the placental barrier134 and possibly podocytes.135

It has been identified in the luminal part of the kidney
proximal tubule cells136 and binds albumin.137 FcRn
knockout mice are hypoalbuminemic and the half live of
circulating albumin is reduced.138 When kidneys from
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FcRn deficient mice are transplanted into wild type mice
the mice become hypoalbuminemic.139 Although this
points to a role for the FcRn in albumin metabolism, no
information on the absolute albumin excretion rate in the
urine of these mice was given. Furthermore, when FcRn
is expressed in Madin-Darby canine kidney (MDCK)
cells transcytosis of IgG but not albumin was
observed.140 Finally, albumin binds FcRn preferable at
pH 6.5137 suggesting that the affinity for albumin at the
luminal membranes of the proximal tubule is low. In
conclusion, although the possibility of transtubular
transport of intact albumin cannot be excluded the evi-
dence for the transport of large amount of albumin so far
has been indirect. The implication of the FcRn as an
additional albumin receptor within the proximal tubule
is intriguing, however, needs confirmation.

Albumin Induced Renal Tubular and Interstitial
Damage

The concept of proteinuria-induced renal tubular
and interstitial damage has been propagated as a major
factor causing the progressive loss of renal function in
CKD.141 Albuminuria has been shown to be a major
risk-factor for the progression of renal disease and the
protective effect of anti-proteinuric treatment has been
shown to be correlated to the reduction in protein-
uria.142 Experimental studies have demonstrated the
ability of albumin, or albumin bound substances, to
induce phenotypic changes in tubular cells and animal
models have demonstrated albumin overload induced
tubular and interstitial damage (Fig. 73.5).143,144 In a

model based on the amphibian kidney in which some
nephrons open into the peritoneal cavity and therefore
are selectively exposed to serum or albumin when this
is injected intraperitoneally, fibrosis was observed
around the exposed tubules.145,146 Most of the evidence
for the direct effects of albumin on renal tubular cells
originates from in vitro studies in which various renal
cell lines are exposed to albumin or derivatives and it is
not clear whether the tubular effects of albumin involve
the megalin/cubilin receptor complex and whether it is
dependent on endocytosis. In fact, studies in analbumi-
nemic rats suggested that albumin itself was not impor-
tant for the progression of proteinuric, renal disease.147

Interestingly albumin at low or moderate concentra-
tions may promote in vitro cell growth148,149 possibly by
a phosphatidylinositide 3-kinase dependent pathway150

whereas high concentrations of albumin activates path-
ways that induce apoptosis, endoplasmic reticulum
(ER)-stress, cytokine production and phenotypic
changes. Ultimately these changes can cause cell death,
local inflammation and fibrosis. Although it is impor-
tant to recognize that the phenotype of renal cell lines
in culture, in particular immortalized cell lines, may not
resemble the in vivo phenotype, similar changes have
been observed in experimental models and human dis-
eases characterized by albuminuria as discussed below.

Apoptosis

Tubular cell apoptosis and atrophy is a marked fea-
ture of both acute and chronic, proteinuric renal dis-
ease.151,152 Albumin induces proximal tubule cell
apoptosis in vitro.151,153,154 The mechanism by which

FIGURE 73.4 Immunohistochemical analysis of albumin reabsorption in a mosaic megalin- and a mosaic cubilin knockout mouse showing
that both receptors are required for albumin endocytosis. Several proximal tubules (PT) from these mice contain both receptor deficient - and
wildtype proximal tubule cells. A. Representative micrograph of a megalin knockout mouse with wildtype cells containing megalin (green) dis-
persed among megalin deficient cells. All cells contain cubilin (not labeled). Albumin (red) is almost exclusively detected in megalin containing
cells indicating that cubilin is unable to sustain endocytosis of albumin without megalin. B. Representative micrograph of a cubilin knockout
mouse with wildtype cells containing cubilin (green) dispersed among cubilin deficient cells. All cells contain megalin (not labeled). Albumin
(red) is almost exclusively detected in cubilin containing cells suggesting that cubilin is the receptor responsible for binding albumin. See color
plate section at the back of the book.
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filtered albumin activate downstream mediators
of apoptosis is not fully elucidated. Based on in vitro
studies several pathways have been implicated includ-
ing both the extrinsic and intrinsic apoptotic pathways.
Inactivation of protein kinase C (PKC)-δ both in vitro
and in vivo inhibited albumin and proteinuria induced
apoptosis suggesting this acts as an upstream mediator
of apoptosis by the intrinsic pathway.153 Alternatively
albumin may induce apoptosis by the stimulation of
transmembrane Fas receptor expression that eventually
leads to the activation of caspase 8.155,151 The mecha-
nism by which albumin may induce Fas-receptor
expression is not established. Albumin may, by an as
yet unknown mechanism, activate mitogen-activated
protein kinases ERK1/2 and cause degradation of
nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha (IκBα) which then
activates activator protein (AP-1) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-
κB), and increases clusterin production. AP-1 stimu-
lates apoptosis whereas NF-κB stimulates inflamma-
tion and blocks apoptosis through Bcl. NF-κB
dominates initially, however, later clusterin prevents
continued NF-κB activation allowing AP-1 and apopto-
sis to predominate.154 This complex hypothesis implies
a shift in the balance between albumin-induced proin-
flammatory and proapoptotic pathways which still
needs to be established in vivo. Other studies have sug-
gested that megalin may associate with protein kinase
B (PKB) facilitating the translocation of PKB to the

plasma membrane important for its activation by phos-
phorylation. Both this association as well as the phos-
phorylation of PKB appear to be inhibited by exposure
to albumin. When LL-CPK1 cells are exposed to high
concentrations of albumin the amount of both megalin
and PKB at the plasmamembrane is reduced. PKB is
important for the phosphorylation of Bcl-2-antagonist
of cell death protein (Bad) inhibiting the proapoptotic
effect of Bad. Thus, albumin induced and megalin
dependent decreases in PKB-activation removes the
inhibition on the proapoptotic effect of Bad.148 The pos-
sible interaction between these various pathways
inducing apoptosis remains unresolved.

ER-Stress

The ER is the site for folding, glycosylation and
degradation of newly synthesized proteins involving
ER-resident enzymes and chaperones. In ER-stress the
demand for protein folding is increased or the process
is disrupted leading to an increase in misfolded
proteins within the ER.156 ER-stress induces a physiolo-
gical response increasing the expression of
ER-chaperones as part of the unfolded protein response
(UPR). UPR increases the capacity to handle unfolded
proteins and slows the transcription of new proteins,
however, it may also lead to apoptosis. Increased
expression UPR-proteins have been shown both in glo-
merular and tubular cells in different experimental
models of proteinuric kidney disease156 and markers of
ER-stress have been identified in tubular epithelial cells

FIGURE 73.5 Effects of albumin on tubu-
lar cells. Filtered albumin, whether native or
modified, as well as albumin bound substance
may affect tubular function and phenotype.
Albumin in vitro activates various signaling
pathways initiating inflammation fibrosis,
apoptosis, and possibly EMT (see text for
details). The exact role of the balance between
the many pathways in normal physiology is
not established, however, experimental stud-
ies associated with increased filtration of albu-
min have demonstrated activation of both
apoptosis, inflammation and fibrosis suggest-
ing these mechanism to be involved in the
development and progression of renal insuffi-
ciency. It is not fully established to which
extent all or some of these pathways are
dependent on albumin binding to the mega-
lin/cubilin-receptor complex, on endocytosis,
and/or on the activation of other potential sig-
naling receptors.
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of human biopsies of various kidney diseases.157,152

Increased expression of proteins involved in UPR have
also been identified in tubular cells exposed to albumin
in vitro and this has been associated with apo-
ptosis mediated via C/EBP homologous protein
(CHOP)158,152 suggesting another pathway for albumin
induced apoptosis. The ER-stress response is believed
to allow cells to recover after injury and to be protective
against additional damage, however, if prolonged it
causes apoptosis.156 It is not clear how exposure to
albumin induces ER-stress and whether this requires
accumulation of the protein within the tubular cell.

Interstitial Inflammation and Fibrosis

In vitro studies using proximal tubule cells have
shown that albumin exposure induces the expression
of a number of inflammatory and fibrogenic mediators,
including cytokines such as regulated on activation
normal T cell expressed and secreted (RANTES),159,160

monocyte chemotactic protein (MCP)-1,161 fractalk-
ine162 and tumor necrosis factors (TNF)- α,163 as well
as endothelin,164,165 TGF-β164 and collagen,166 and may
induce changes in tubular cell expression of surface
integrins.167 These data suggest that albumin and/or
bound ligands initiate a series of events that eventually
lead to interstitial fibrosis. The exact cascade has not
been established, however, proposed intracellular sig-
nalling cascades include the activation of NF-κB168�172

as well as signal transducer and activator of transcrip-
tion (STAT)173 factors, possibly through formation of
reactive oxygen species,169,173 a process that may also
depend on protein kinase C.169 There is some evidence
to suggest that the process involves the initial endocy-
tic uptake of albumin as renal cell lines with low endo-
cytic activity do not respond to albumin by activation
of intracellular pathways and collagen synthesis.166

Interestingly, differential effects have been observed
depending on post-translational modifications of albu-
min.146,174 Two studies have evaluated the effect of
proteinuria secondary to glomerular damage in mega-
lin deficient mice in which albumin reabsorption is
abrogated.175,176 In one study crescentic glomerulone-
phritis was induced by injection of anti-glomerular
basement membrane serum into conditional megalin
knockout mice revealing B70% deficiency of megalin
in proximal tubule cells. Eighteen days after the induc-
tion of glomerulonephritis no difference in tubular
degeneration or interstitial fibrosis was observed
between megalin deficient mice and controls.
However, an upregulation of proinflammatory and
profibrotic mediators such as inter-cellular adhesion
molecule (ICAM)-1, vascular cell adhesion protein
(VCAM)-1, and TGF-β was most pronounced in mega-
lin positive tubular cells. In contrast, an increase in

apoptosis markers was more pronounced in megalin
deficient proximal tubule profiles.176 In another study
heavy proteinuria was induced by injection of an
immunotoxin in sensitive mice expressing human
CD25 in podocytes.175 These mice were combined with
conditional megalin knockout mice revealing B60%
deficiency of megalin in proximal tubule cells. Ten
days after the induction of proteinuria a higher expres-
sion of heme-oxygenase-1 and MCP-1 was identified in
megalin expressing tubular cells associated with
increased apoptosis.175 None of these studies examined
the isolated effect of albumin on proximal tubule cells
nor did they assess any megalin independent effects of
albumin which itself was blunted by a residual megalin
expression of 30�40%. Furthermore, the studies exam-
ined the effect of deficient tubular protein uptake less
than three weeks after the induction of proteinuria sug-
gesting that they are not optimal models of CKD. Thus,
further studies are needed to examine to effect of tar-
geted disruption of the tubular, albumin receptors in
animal models of kidney disease allowing for longer
follow up.

Epithelial-Mesenchymal Transition (EMT)

The transition of differentiated tubular cells into
myofibroblast-like cells producing α-smooth muscle
actin and interstitial matrix components leading to
progressive fibrosis has been implicated in the pro-
gression of kidney fibrosis.177 Several mediators have
been implicated in this process and recently in vitro
studies have suggested that albumin may induce
EMT possibly through activation of the mTOR path-
way.178 Whether this occur in vivo following renal
injury and whether EMT is in fact induced by protein
overload is still controversial.179

Effect of Albumin Distal to the Proximal Tubule

There is some suggestion of distal tubular injury
associated with albuminuria,180 however, whether this
is a primary or secondary event has not been estab-
lished. It has been suggested that the filtration of albu-
min in excess of the capacity for proximal tubule
reabsorption, thus leading to the exposure of distal
tubule cells to filtered albumin may cause distal tubu-
lar cell damage. Apoptosis as well as the increased
expression of TGF-β and its receptor have been
induced by albumin in vitro in renal cells assumed to
have a more distal phenotype such as MDCK
cells.181,151,182 In vitro these cells were able to endo-
cytose albumin by a clathrin-mediated pathway.
How-ever, although endocytic uptake of proteins has
been demonstrated in distal tubular/collecting duct
cells183�185 the mechanism of distal tubular endocytosis
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in vivo is unresolved111,186,187 as they do not express
megalin or cubilin.68 See also Figures 73.1 and 73.6 for
collecting duct and distal tubular uptake of endoge-
nous albumin in megalin KO mice. Thus, MDCK cells
may not be an optimal cell type for the study of the
effect of albumin on distal tubule function.

MECHANISMS OF ALBUMINURIA
IN DISEASE

Albuminuria denotes the excretion of abnormal and
elevated amounts of albumin in the urine. Traditionally
albuminuria in the low range of 30 to 300 mg per 24 h
has been defined as microalbuminuria although it
is unlikely that the 300 mg/24 h limit reflects any
abrupt change in pathogenesis. The natural history of
albuminuria most likely constitutes a continuum, often
fluctuating, as the urinary excretion of albumin, even
in healthy people, is determined by a number of factors
of which some are not directly related to disease
pathology, such as sex, age and physical activity.

Nephrotic syndrome is characterized by the excre-
tion of more than 3 g of albumin/24 h and associated
with hypoalbuminemia, hyperlipidemia and edema.
Usually this is considered to be due to increased glo-
merular leak of albumin. Most cases of nephrotic syn-
drome appear to be acquired, immunemediated
diseases, however, within recent years a number of
nephrotic conditions have been recognized as the result
of single gene defects in podocyte proteins involved in
maintenance of the slit diaphragm. Thus, these inher-
ited conditions appear to be the result of changes in the
glomerular filtration barrier.188 In parallel, single gene
diseases comprising tubular albuminuria have been
shown to be associated with dysfunction of megalin,
cubilin and/or AMN (Table 73.1). These include

diseases characterized by mutations in the receptor
genes, e.g., Donnai Barrow’s syndrome (megalin)189

and Imerslund-Gräsbeck’s syndrome (cubilin or
AMN).90 Patients with Imerslund-Gräsbeck’s disease
have proteinuria in the range of 0.4�1.5 g/24 h190

reflecting the quantitative significance of cubilin for the
tubular reabsorption of filtered albumin. Dent’s dis-
ease191 caused by mutations in the gene encoding for
the ClC-5192,193 manifests in decreased levels of megalin
and cubilin as demonstrated in a mouse model of
Dent’s disease194,195 and in a patient with Dent’s dis-
ease.196 Similar mechanisms may be associated with
inherited or acquired forms of Fanconi syndrome
revealing a protein excretion pattern very similar to
that observed in megalin deficient mice.57

Clearly most human conditions with albuminuria
are not associated with well defined, single gene muta-
tions explaining the phenotype of glomerular or tubu-
lar albuminuria. In addition, albuminuria may also be
associated with more widespread changes in vascular
and organ function as indicated by its association with
mortality and cardiovascular disease in large popula-
tions. Most primary renal diseases with significant
albuminuria are associated with structural changes in
the glomeruli signifying that changes in glomerular
function are the major contributor to the albuminuria,
however, this does not exclude that tubular dysfunc-
tion may also be present. In some cases of systemic dis-
eases, such as hypertension and diabetes, tubular
dysfunction has been implicated in the early events
leading to low grade albumuria as discussed below.

Hypertension and Cardiovascular Disease

Microalbuminuria is an established marker of risk in
cardiovascular disease and hypertension.197 It is tradi-
tionally believed that this is due to changes in vascular

FIGURE 73.6 Immunohistochemical investigation of albumin uptake in renal medulla of a megalin knockout mouse showing that when
proximal tubular uptake is disrupted, albumin can be detected in more distal part of the nephron as well as in collecting ducts. A. Micrograph
of distal tubule segments ( thick ascending limbs, TAL) with visible albumin vesicles (red), next to collecting ducts with intercalated cells posi-
tive for H1-ATP’ase (green). B. Micrograph of collecting duct principal cells positive for albumin (red) and intercalated cell H1-ATP’ase
(green).
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and endothelial function.198 The risk of developing
overt kidney disease associated with isolated microal-
buminuria is very small.199 Recently, a single nucleotide
polymorphism in the cubilin gene has been associated
with microalbuminuria in large populations indepen-
dent of diabetes and hypertension60 suggesting that
microalbuminuria may in part be a result of differences
in receptor function and tubular reabsorptive capacity.
Also, experimental observations suggest that tubular
dysfunction may contribute to the albuminuria
observed in spontaneous hypertensive rats.200,201 These
studies evaluated tubular function indirectly and
showed that tubular lysosomal degradation is impaired
in hypertension and may be restored by inhibition of
the renin angiotensin system. Clearly it is difficult to
compare early changes in human hypertensive disease
with animal models in particular since long standing,
uncontrolled hypertension is known to be associated
with renal disease and proteinuria. Thus, the degree of
tubular dysfunction in cardiovascular disease with
albuminuria remains to be established.

Diabetes

Microalbuminuria in diabetes is associated with
increased risk of developing diabetic nephropathy.
GBM changes have been identified in diabetes and

microalbuminuria but the findings overlap with
changes in nonalbuminuric patients.202 Several studies
in humans have suggested that tubular dysfunction in
diabetic patients with microalbuminuria may precede
increased albumin excretion124,203 and similar findings
have been observed both in animal models32,204 and
in vitro.205 The molecular changes underlying tubular
dysfunction have not been clarified but may involve
changes in megalin/cubilin mediated uptake.206,204

Downregulation of megalin has been observed in albu-
minuric, diabetic rats.204,207 Increased urinary shedding
of megalin and cubilin has been described in microal-
buminuric type I diabetic patients.206 In animal models
inhibition of the renin angiotensin system has been
shown to improve tubular function201,207 indicating
that regulation of megalin may be affected in diabetic
albuminuria and thus providing another potential
target for this group of drugs in addition to the effect
on blood pressure and glomerular hemodynamics.
Interestingly, a single nucleotide polymorphism in the
cubilin gene was associated with a small, but signifi-
cant risk of persistent microalbuminuria in diabetics,
but not with severe nephropathy.60 Thus, while tubular
albumin absorption may play a role for the develop-
ment of microalbuminuria, its role in the development
of overt nephropathy is unclear.

TABLE 73.1 Inherited, Single-gene Mutation Diseases with Tubular Albuminuria and Corresponding animal Models

Gene (protein)

Affected

Disease Phenotype Animal Models

LRP2 (Megalin) Donnai-Barrow’s
syndrome189

Albuminuria and tubular proteinuria. LRP2 gene knock out mice208

Cognitive impairment. Hypertelorism, Myopia,
Iris coloboma, Sensorineural hearing loss,
Agenesis of corpus callosum,

Conditional LRP2 gene knock out
mice209

RAP knockout mice210

CUBN (Cubilin) Hereditary
megaloblastic anaemia
1. (Imerslund-
Gräsbeck’s syndrome)211

Albuminuria and tubular proteinuria. Conditional CUBN gene knock out
mice58

Selective intestinal vitamin cobalamin
malabsorption. Anemia

AMN (amnionless) Hereditary
megaloblastic anaemia
1. (Imerslund-
Gräsbeck’s syndrome)211

Similar to above Inherited selective cobalamin
malabsorption in dogs212

ClCN5 (chloride
channel 5)

Dents disease191 Albuminuria and tubular proteinuria.
hypercalciuria, nephrolithiasis, nephrocalcinosis.
polyuria. Renal failure. Rickets, osteomalacia.

ClCN5 gene knock out mice195,213

OCRL (a type II
phosphatidylinositol
bisphosphate 5-
phosphatase)

Lowe syndrome214 Albuminuria and tubular proteinuria. OCRL and Inpp5b gene knock out mice
transfected with the human type II
phosphoinositide 5-phosphatase
encoded by INPP5B215

Aminoaciduria, hypercalciuria, nephrocalcinosis.
polyuria. Renal failure. Cataracts, glaucoma.
Mental retardation, reduced muscle tone,

CTNS (cystinosin) Cystinosis 216 Fanconi syndrome with tubular proteinuria.
Renal failure. Failure to thrive, vomiting,
constipation, polyuria, dehydration, rickets.
Photophobia, blepharospasm, visual impairment

C57BL/6 CTNS gene knock out mice217
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In conclusion, the contribution of proximal tubule
dysfunction to the albuminuria observed in most pro-
teinuric, human diseases of glomerular or systemic ori-
gin is a matter of controversy and still needs to be
resolved. Whether tubular dysfunction is a secondary
effect simply reflecting the underlying disease, a conse-
quence of albuminuria and/or whether this is part of
the pathogenesis and may contribute to the progression
also remains to be established. Progress in this area
requires introduction of clinical assays to specifically
evaluate this aspect of proximal tubule function which
will permit the development of specific interventions
aimed at restoring tubular function as well.
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Physiologic Principles in the Clinical
Evaluation of Electrolyte, Water,

and Acid�Base Disorders
Daniel Batlle, Sheldon Chen and Syed K. Haque

The Feinberg School of Medicine, Northwestern University, Chicago, Illinois, USA

The kidneys play a fundamental role in the regula-
tion of water and electrolyte excretion as well as in the
maintenance of acid base balance. Water and electro-
lyte homeostasis is accomplished almost exclusively
through changes in the volume and composition of
urine. Routes of external loss other than from the kid-
neys play a limited role in regulation, even though
they may display some response to the needs of the
organism.1�4 Intake of the various electrolytes and of
water can vary extremely widely and almost indepen-
dently of each other. Balance (used as a synonym for
external balance) is the difference between intake and
excretion by all routes.4 Internal balance, on the other
hand, means the rate of transfer of a substance between
the intra- and extracellular fluids, a concept that has
proven especially useful with regard to potassium
homeostasis. In this chapter, we will limit the discus-
sion to external balance as we review the physiology
underlying the clinical approach to the evaluation of
water and electrolyte excretion by the kidneys. No
attempt will be made to discuss in-depth specific regu-
latory mechanisms that are outlined in detail in other
chapters. The objective of this chapter is to summarize
the rationale and physiologic principles behind the use
of urinary indices and clinical tools available in the
evaluation of normal and pathophysiologic states
related to sodium, water, potassium, and acid�base
disturbances.

CONCEPT OF EXTERNAL BALANCE
AND STEADY-STATE

The kidney varies the rate of excretion of various
solutes to match the input from dietary intake and
endogenous production. “Zero balance” or “in bal-
ance” both refer to a state in which input equals out-
put.4,5 Commonly the unit of time is a 24-hour day,
and the rate of excretion can only be applied with rea-
sonable certainty to substances that are not metabo-
lized.4 The term “steady-state” is used to mean a
dynamic equilibrium, with the implication that input
and output are occurring but are equal.4 Thus, steady-
state, when used with regard to body electrolyte
homeostasis refers to zero balance. Humans in a
steady-state excrete absorbed ions as well as the meta-
bolic products from their diet.4 Endogenous production
of a substance does not preclude the use of the balance
concept. Rather, this production is considered to be a
component of intake. For example, water is produced
continuously by the metabolism of foodstuffs; this pro-
duction of water contributes an additional approximate
0.3 L/day to the intake of water from other sources.4

The term “steady-state” should not be used to refer
to a condition in which both input and output are con-
stant but different. In this case, the body composition is
changing progressively, and this clearly represents an
unsteady-state.4 The change in the rate of excretion in
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response to a deficit or a surplus of an electrolyte may
occur promptly or require a lag period. To reach a stea-
dy-state, a variable amount of time is needed for each
ion. For example, a water load is excreted within hours,
whereas a potassium-deficient diet requires a few days
for the renal conservation of potassium to be com-
pleted. A low-sodium diet leads to a transient negative
sodium balance where sodium excretion exceeds
sodium intake in the initial adaptation period
(Fig. 74.1).6 This negative sodium balance reduces
extracellular fluid volume (ECFV), which then activates
the sodium-conserving mechanisms of the kidney. A
high-sodium diet, by transiently resulting in sodium
retention, expands ECFV and thereby elicits a signal
that deactivates the mechanisms that promote tubular
reabsorption of sodium. In both situations, a new
steady-state is ultimately reached in which sodium
intake and output is equivalent.5,6 To evaluate the com-
position of urine in patients, one should first consider
their diet. A corollary of this is that there are no “nor-
mal” values for the composition of urine, only
“expected” ones depending on dietary intake and other
stimuli. Because dietary intake fluctuates so greatly
(for example, normal dietary intake of sodium may
vary from 20 mEq/day to 500 mEq/day), urinary net
excretion of sodium varies to match sodium intake.
Also, the dietary intake of sodium can be extrapolated
from the urine composition of sodium, provided that
the patient is in a steady-state. For instance, when a
subject is in a steady-state, the finding of 500 mEq of
sodium in the urine implies that the subject must have
consumed about 500 mEq of sodium in the diet.
Likewise, the finding of 20 mEq of sodium in the urine
reflects dietary intake of only 20 mEq of sodium. This
information is very useful for instance when assessing
adherence to dietary instructions in subjects with
essential hypertension.

Salt balance is achieved through the integrated
action of several factors that regulate sodium reabsorp-
tion by the renal tubules.6 Under normal circum-
stances, sodium reabsorption by the kidney is
determined by the status of the effective arterial blood
volume (EABV).1,7�9 When the EABV decreases, the
kidney reabsorbs sodium and chloride, thereby protect-
ing the EABV from contracting further. When the
EABV increases, tubular reabsorption decreases, result-
ing in increased renal salt excretion.10 Thus, in healthy
individuals, sodium balance is directly related to effec-
tive arterial blood volume.

When a healthy individual is placed on a low-salt
diet, renal NaCl excretion exceeds dietary intake dur-
ing the initial three to five days (Figure 74.1).6 The time
required to achieve low urine Na1 and Cl2 varies very
little from individual to individual. Age, however,
influences this time period, with older individuals

taking a longer time to achieve sodium balance.5 The
essential feature of renal salt wasting is ongoing natri-
uresis, despite a contraction in ECFV to below the
lower limit of normal in a normal individual on a salt-
free diet. This is clinically evident by an exaggerated
decline in blood pressure, sometimes to overtly hypo-
tensive levels or at least manifested by postural hypo-
tension. This fall in blood pressure when coupled with
a rise in heart rate upon standing up is a good clinical
sign of volume depletion.

In subjects with sodium-retaining states, urinary
sodium excretion is usually low but at times it may
exceed 200 mEq under certain pathological conditions.
For instance, an edematous patient on rigid salt restric-
tion may excrete more than 200 mEq of sodium, but
this does not necessarily constitute salt wasting. In this
instance, the kidney may be excreting sodium above
intake because the mobilization of edema and release
of sodium into the circulation.

Now let us consider the situation of a subject who
develops acute diarrhea, becomes volume-depleted and
maintains an intake of sodium in the normal/high
range (250 mEq/day). This subject will avidly reabsorb
sodium, reflecting a decrease in EABV despite the high-
salt intake and the urinary sodium will be much less
than the intake. For instance, urinary sodium could be
as low as 10 to 20 mEq a day. This subject is not in a
steady-state because of volume depletion from the diar-
rhea, which provides a potent stimulus for sodium
retention. In this case, the extent of sodium excretion
does not reflect sodium intake. Accordingly, one should
examine the composition of the urine in light of the clin-
ical condition of the subject and the prevailing stimuli.

The concept of the steady-state and appropriate
renal response also applies to the excretion of water
and solutes other than sodium. For instance, a urinary
excretion of 60 mmol of potassium per day may be
appropriate for subjects consuming a diet containing
60 mEq of K1, but would be actually clear evidence
potassium wasting in a hypokalemic patient on such
diet. Here the hypokalemic stimulus, in someone with
normal kidney function, leads to renal retention of
potassium as a result of both enhanced reabsorption
and decreased potassium secretion.

URINARY CONSTITUENTS AS CLINICAL
INDICES: GENERAL CONSIDERATIONS

Urine collected over 24 hours to determine the daily
solute excretion is the conventional approach to evalu-
ate external balance of a given solute that is primarily
excreted by the kidneys. To the extent that ions such as
Na+ and K+ are largely excreted by the kidneys one can
estimate dietary intake in the steady-state and the
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kidney response to physiologic and pathophysiologic
conditions by measuring the urinary concentrations
and calculating the excretion rates when urine volume
per unit time is known. In most clinical situations, a
random “spot” urine collection is sufficient for the ini-
tial evaluation of a patient’s condition.3 Aside from
being more convenient and rapid, the spot urine has
the advantage that the stimulus is known at the time
the urine is collected, and therefore the expected renal
response can be predicted. For instance, prior to vigor-
ous volume replacement it is useful to know how the
kidneys are responding in terms of avid sodium reten-
tion or not.

Since errors are frequent when trying to collect urine
accurately, urine creatinine should always be part of
the measurement as a way to verify the completeness
of the 24-hour collection. The urine creatinine assess-
ment takes advantage of the fact that the kidneys
excrete creatinine at a relatively fixed rate depending
on the person’s muscle mass, a gauge of the daily

creatinine input. While excretion of creatinine for an
individual is relatively constant over a 24-hour period,
provided that the serum creatinine is stable, it might
vary depending upon protein intake. Muscular indivi-
duals and exercise, both increase creatinine excretion.11

For clinical purposes, it is generally accepted that a 24-
hour urine collection is complete when the total urine
creatinine is 20�25 mg per kg body mass for men and
15�20 mg per kg body mass for women.

Urinary Sodium and Chloride as Indices of Volume
Status

The medical history and physical examination is
always the first step in assessing arterial blood volume
at the bedside. The clinical evaluation should be sup-
plemented by the measurement of urine sodium and
chloride in spot urine. The kidney has the extraordinary
ability to elaborate virtually salt-free urine in the setting
of dietary salt deprivation or when extra-renal losses of
sodium are sufficient to decrease the EABV.6 Under

FIGURE 74.1 In the normal subject, a low-salt diet results in a reduction of extracellular fluid volume (ECFV) (middle panel) from a normal
value of 15 to about 13 L. At that point, intake (upper panel) and urinary excretion (lower panel) are equal. The subject is in balance.
(Horizontal dotted lines represent the basal levels of ECFV (middle panel) and dietary sodium during severe sodium restriction (lower panel).)
In the edematous patient, a low-salt diet results in a reduction in ECFV from 25 to 20 L from an initial value of 25 L. Nevertheless, ECFV is still
above the normal range and natriuresis continues (lower panel). The patient is in negative sodium balance but is not salt wasting; that is, ECFV
remains over expanded. In renal salt wastage, a low-salt diet results in a 5-liter reduction in ECFV with persistent negative sodium balance.
This constitutes salt wastage. (From Toto R, Seldin DW. Salt wastage. In: Seldin DW, Giebisch G, eds. The Kidney: Physiology and Pathophysiology.
New York: Raven Press; 1992:2143�63, with permission.)
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normal circumstances, the kidney excretes sodium and
chloride in the urine in an amount equivalent to the die-
tary intake. As discussed earlier, the kidney modulates
sodium excretion and reabsorption in accordance with
the status of the EABV.8,12 When the EABV decreases,
the kidney reabsorbs sodium and chloride, thereby pro-
tecting the EABV from shrinking further. On the other
hand, when the EABV expands, tubular reabsorption of
sodium and chloride decreases, resulting in greater uri-
nary excretion of these ions.5

In analyzing renal sodium excretion, the existing
volume status must always be taken into account, as
noted in the earlier discussion regarding renal NaCl
excretion in individuals in various clinical settings who
were placed on low-salt diets. Further urinary chloride
should be concurrently measured with urinary sodium.
In volume-depleted states, the simultaneous measure-
ment of urine sodium and chloride provides comple-
mentary information regarding the underlying cause,
particularly when acid�base status is also altered such
as in vomiting or diarrhea.

In states of volume depletion, the urine concentra-
tions of sodium and chloride are both usually below
15 mEq/L, and in volume-replete conditions, they are
well above 20 mEq/L (usually above 40 mEq/l). As
summarized in Table 74.1, four patterns of urinary
sodium and chloride can be encountered.

(1) Low levels of urinary sodium and chloride.
This reflects low intake of salt or extrarenal
salt losses. This can also be seen after cessation of
diuretics when the volume deficit still persists.13

(2) Low urinary chloride with normal/high urinary
sodium. In a setting of low EABV, this pattern
suggests that another anion is present in the urine,
usually HCO3

2, as in the setting of recent vomiting
(see following paragraphs). This can also occur in
the syndrome of congenital chloridorrhea, which is
a syndrome of severe diarrhea, hypokalemia, and
often metabolic alkalosis that is caused by a defect
in the ileal and colonic chloride�bicarbonate
exchange transporter that normally mediates active
chloride absorption.14 In this syndrome, there is
appropriate renal response to volume depletion
with virtually absent urine chloride, but urinary
sodium is elevated because of the high filtered load
of bicarbonate which obligates sodium excretion.

(3) Low urinary sodium with normal/high urinary
chloride. In a patient with low EABV, as seen in the
setting of diarrhea or laxative abuse, this pattern
suggests that another cation is being excreted, most
often ammonium and rarely potassium.

(4) High excretion of urinary sodium and chloride. In a
setting of low EABV, this pattern suggests ongoing
diuretic use (both thiazide and loop diuretic) or an

intrinsic tubular defect as in Bartter’s or Gitelman’s
syndromes. This pattern is also consistent with salt
wastage of any cause with post-obstructive diuresis
being a classic example.

Urinary chloride concentration under physiologic
conditions, like urinary sodium, reflects the chloride
intake. While urinary sodium and chloride change
in the same direction under most circumstances, they
may occasionally dissociate (Table 74.1). The most
notable situation is patients with vomiting and meta-
bolic alkalosis with volume contraction. In this setting,
urinary chloride concentration is low, reflecting the
salt-retaining state induced by volume depletion. When
the patient is actively vomiting, the increase in plasma
bicarbonate and thus filtered bicarbonate might exceed
the reabsorptive capacity of the tubules, resulting in
bicarbonate excretion. Therefore, bicarbonate is rejected
in the proximal tubules and this obligates the excretion
of sodium resulting in a sodium bicarbonate diuresis.
In this situation, chloride is retained appropriately,
reflecting volume contraction. Thus, in a patient with
active vomiting, the urine sodium may be high, while
chloride concentration is invariably low (Table 74.1).

In the maintenance phase of metabolic alkalosis,
however, the ECFV depletion persists even if vomiting
has ceased, leading to secondary hyperaldosteronism
and sodium retention. Therefore urinary sodium, as
well as urinary chloride concentration, can be low after
protracted vomiting or nasogastric suction. Similarly,
diuretic-induced metabolic alkalosis results in
increased urinary concentrations of both sodium and
chloride during the generation phase of the metabolic
alkalosis when the nephron is under the effects of the

TABLE 74.1 Patterns of Urinary Sodium and Chloride in Various
Conditions

a. Low urinary sodium and
chloride

Salt restriction

Extrarenal salt losses

Previous use of diuretics

Vomiting (maintenance phase)

b. Low urinary chloride but
“normal/high” sodium

Vomiting with metabolic alkalosis
(generation phase)

Congenital chloridorrhea

c. Low urinary sodium but
“normal/high” chloride

Diarrhea with volume depletion but
metabolic acidosis

d. High urinary sodium and
chloride

Loop and thiazide Diuretics

Bartter’s and Gitelman’s syndromes

Salt-wasting as seen in
postobstructive diuresis and some
types of chronic interstitial nephritis
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diuretic (Table 74.1). When the diuretic is discontinued,
the metabolic alkalosis can be maintained by preexist-
ing volume depletion, decreased glomerular filtration
rate (GFR), and secondary hyperaldosteronism, and
urinary sodium is usually low. The urinary concen-
tration of chloride, likewise, is appropriately low
(, 15 mEq/L), reflecting the persistence of volume
depletion and indeed, the administration of saline to
restore the volume status to normal results in correction
of the metabolic alkalosis.

Under conditions of metabolic acidosis other than
the type resulting from renal tubular acidosis, the pres-
ence of large amounts of ammonium in the urine obli-
gates the loss of an anion (chloride) resulting in a
higher than expected urinary concentration of chlo-
ride.15 The urinary concentration of sodium, however,
in this situation will be appropriately low reflecting the
intravascular volume depletion.16,17 This pattern is typi-
cally seen in metabolic acidosis caused by diarrhea.15,18

In patients with metabolic alkalosis due to Bartter’s
or Gitelman’s syndromes, urinary chloride and sodium
concentrations are elevated due to a tubular defect in
reabsorption.19 When these patients become volume-
depleted, renal conservation of salt is clearly subopti-
mal as manifested by relatively high level of urine
sodium and chloride.

Spot Urine vs Timed Urine Collections

The 24 hour urine collection remains the proper way
to evaluate solute excretion. One can use urine creati-
nine in a spot urine sample to calculate the urinary
sodium/creatinine ratio as a way to estimate 24-hour
urinary sodium excretion much in the same way that
the urinary albumin/creatinine ratio is used to estimate
24-hour albumin excretion rate. The good linear rela-
tionship between the urine sodium/urine creatinine
ratio has moreover been used to develop formulas to
generate values of 24-hour sodium excretion based on
the spot sodium/creatinine ratio. Kawasaki et al.20 pro-
posed the formula:

24-Hour Urinary Sodium ðmEq=dayÞ
5 16:33OXNa

Where XNa 5 ðSpot UNa=Spot UCrÞ
3predicted 24 h urinary Cr excretion

Predicted 24 h urinary Cr excretion ðMaleÞ
52 12:633Age1 15:123Weight1 7:39

3Height2 79:90 ðmg=dayÞ
Predicted 24 h urinary Cr excretion ðFemaleÞ
52 4:723Age1 8:583Weight1 5:093Height

2 74:50 ðmg=dayÞ

Linear correlation between formula-estimated and
actual 24-hour urinary sodium was 0.53.20 Others have
reported a similar correlation (r5 0.55).21

Interestingly, a strong linear correlation between
spot urine Sodium/Creatinine ratio and 24-hour
Sodium excretion has been reported when evening
spot samples were used but not when morning or ran-
dom urine samples were used (see Table 74.2 and
Figure 74.2).22 The linear correlation was even better
when the evening spot urine Sodium/Creatinine ratio
was adjusted for 24-hour creatinine excretion.22

It should also be noted that there is a diurnal varia-
tion in the excretion of water and electrolytes. A larger
amount of the potassium excreted daily occurs close to
noon while the rate of excretion of sodium is lowest
overnight.23,24 Ideally, this diurnal variation should be
taken into account when interpreting urine tests, but in
practice this is rarely done. There is limited informa-
tion addressing the possible shortcomings of not taking
into account the diurnal variation in the interpretation
of electrolyte disorders at the bedside using spot urine
samples. As noted above, a recent study suggests that
spot urine sodium/creatinine ratio when taken in the
evening correlates better with 24-Hour Sodium excre-
tion than when taken in the morning.22 For practical
purposes, however, a spot urine sample for electrolytes
can be ordered any time of the day when the purpose
is to assess a pathophysiologic situation such as vol-
ume depletion or renal failure.

Fractional Excretion of Sodium

The fractional excretion of sodium (FENa) reflects the
percent of filtered sodium that is excreted in the urine.
The filtered sodium load can be determined from the
product of the Glomerular Filtration Rate (GFR) and
the Plasma Sodium (PNa). Sodium excretion is equal to
the product of the urine sodium (UNa) and the urine

TABLE 74.2 Correlations between Spot Urine Sodium/
Creatinine Ratio and 24-Hour Sodium Excretion

Correlation of 24-
Hours Sodium

Excretion with:

Spot Sodium/
Creatinine Ratio:

(correlation

coefficients)

Predicted 24-Hours
Sodium Excretion:

(correlation coefficients)

Random Urine
Sample

2 0.01 0.17

Morning Urine
Sample

0.14 0.31

Evening Urine
Sample

0.67 0.86

Source: Mann SJ, Gerber LM et al. Estimation of 24-hour sodium excretion from spot
urine samples. J Clin Hypertens. 2010;12(3):174�80.
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flow rate (V). Since GFR is often not available, the FENa

can be derived as follows:

FENað%Þ5 ðUNa 3V=GFR3PNaÞ3 100 ð74:1Þ

Since GFR5UCr3V/PCr, the equation for FENa (%)
becomes:

FENað%Þ5 ððUNa 3VÞ=ðUCr 3V=PCrÞ3PNaÞ3 100

ð74:2Þ
Because V cancels out, it follows that:

FENað%Þ5 ðUNa 3PCrÞ=ðUCr 3PNaÞ3 100 ð74:3Þ
FENa is usually used to distinguish prerenal disease

from acute tubular necrosis (ATN), the two most com-
mon causes of acute renal failure.8,12 In prerenal

disease, the reabsorption of almost all of the filtered
sodium represents an appropriate response to
decreased renal perfusion. When GFR decreases due to
renal vasoconstriction with intact tubular function, the
FENa is low, usually less than 1%.25 In ATN, there is
an associated tubular dysfunction, with an inability to
conserve sodium and thus, the FENa is high, usually
more than 2%. A value between 1 and 2% may be seen
with a prerenal disorder or ATN, but typically it is
below 1% in prerenal disorders.26 However, FENa can
be low (, 1%) in patients with ischemic ATN, if they
are evaluated early in the course, as they make the
transition from prerenal disease to postischemic ATN,
or if they remain ischemic with established ATN.16

A low FENa is appropriate in this setting due to contin-
ued renal ischemia and can be achieved because

FIGURE 74.2 Correlation between actual 24-hour sodium excretion and sodium excretion predicted from random sample (panel A), morn-
ing (AM) sample (panel B), and evening (PM) sample (panel C). (From Mann SJ, Gerber LM et al. Estimation of 24-hour sodium excretion from spot
urine samples. J Clin Hypertens (Greenwich). 2010;12(3):174�80, with permission.)
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tubular function is relatively intact early in the course
of ATN.27,28 A clinical setting in which ATN is fre-
quently associated with decreased FENa is the acute
renal failure associated with contrast nephropathy.29�31

Occasionally, it is also observed in sepsis,32 myoglobi-
nuria,33 obstructive uropathy,34 acute glomerulonephri-
tis,16,17 and renal allograft rejection.17 In patients with
chronic renal failure, renal vasoconstriction may not be
associated with a FENa less than 1% due to chronic
adaptation to an increased single-nephron GFR. Here,
there is an adaptive decrease in tubular reabsorption in
order to maintain sodium balance, thus making the
interpretation of FENa difficult.25 One mathematical
consideration also complicates the interpretation of
FENa. As the renal failure progresses, the urinary creat-
inine in the denominator decreases, making the FENa

increase on that basis alone. Thus, a patient can be pre-
renal, but if the reduction in GFR is severe enough, the
FENa can sometimes be pushed well above 1%. The
pre-renal state can still be correctly diagnosed, how-
ever, by the gold standard test of seeing if the renal
failure reverses with volume repletion. Due to the lim-
itations of using FENa, the need arises for other indices
that could help to clinically distinguish between ATN
and pre-renal diseases (see following sections). This is
not to say that the other indices are better but provide
additional information that may help to assess the
overall picture. Table 74.3 provides a summary of the
expected values in the differential diagnosis of pre-
renal vs. acute renal failure.

Fractional Excretion of Urea

Urine sodium and chloride concentrations are diffi-
cult to interpret with concurrent diuretic therapy.35

The ensuing rise in urinary sodium and chloride like-
wise will raise the FENa and FECl (fractional excretion
of chloride) even in patients with pre-renal disease and
oliguria. The coexistence of a pre-renal state and natri-
uretic agents (diuretics) clearly alters the interpretation
of FENa such that despite volume depletion sodium
excretion is increased during ongoing use of diure-
tics.35 In volume depletion and pre-renal azotemia due
to vomiting or nasogastric suction, the ensuing meta-
bolic alkalosis causes bicarbonaturia which increases
urinary sodium and hence FENa at high levels.36,37

Given the limitations of using FENa, the need arose for
a better marker for differentiating pre-renal conditions
from ATN. This has led to the use of the fractional
excretion of urea (FEUrea).

37�39

The FEUrea is calculated using the formula used to
calculate the fractional excretion of other electrolytes:

FEUrea 5 ðUur 3PcrÞ=ðPur 3UcrÞ3 100 ð74:4Þ
The FEUrea is 50 to 65% in healthy subjects and usu-

ally below 35% in pre-renal disease.39 To distinguish

pre-renal states from ATN, the use of FEUrea was evalu-
ated by Carvounis et al.36 The study consisted of three
groups; the first group had 50 patients with pre-renal
disease, the second group had 27 patients with prere-
nal disease who had been given diuretics, and the third
group had 25 patients with established ATN. The FENa

was characteristically low (, 1%) in the pre-renal
group but was substantially higher than 1% in the pre-
renal group on diuretics and in the ATN group.36 In
contrast, the FEUrea was similar in both the prerenal
groups (27.9 and 24.5% in groups 1 and 2, respectively)
and significantly different from the ATN group (58.6%,
p ,0001). While 92% of patients in group 1 had a FENa

,1%, only 48% of patients in group 2 had a low FENa.
By contrast, 89% of patients who were prerenal and on
diuretic therapy had a FEUrea below 35%. In the prere-
nal cases (groups 1 and 2), FEUrea had the best sensitiv-
ity and specificity (90 and 96%, respectively), and the
best positive and negative predictive values (99 and
75%, respectively). These data suggest that when
FEUrea of less than 35% is found, 99% of such cases will
be prerenal, including prerenal states with diuretic
use.36

The clearance of urea reflected by the FEUrea is
affected by decreased renal perfusion as seen in prere-
nal states. In evaluating the relationship of urine vol-
ume to urea excretion in humans using diuretic agents,
it was found that the percent of filtered urea excreted
increased with proximal diuretics (mannitol and acet-
azolamide) but not with distal agents (mercaptomerin
and ethacrynic acid).36,39,40 This is consistent with the

TABLE 74.3 Urine Indices Used in the Differential Diagnosis of
Prerenal and Ischemic Intrinsic Renal Azotemia

Diagnostic Index Prerenal
Azotemia

Ischemic Intrinsic
Azotemia

Fractional excretion of Na1 (%) ,1% .1%

Urinary Na1 concentration
(mEq/L)

,10 .20

Urinary creatinine/plasma
creatinine ratio

.40 ,20

Urinary urea nitrogen/plasma
urea nitrogen ratio

.8 ,3

Urine specific gravity . 1.018 , 1.012

Urine osmolality (mOsm/kg
H2O)

.500 ,250

Plasma BUN/creatinine ratio .20 ,10�15

Renal failure index, (UNa/(Ucr/
Pcr))

,1 .1

Urine sediment Hyaline
casts

Muddy brown
granular casts
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notion that urea is not reabsorbed significantly in the
distal nephron. As most of the diuretics in clinical use
work beyond the proximal tubule, FEUrea should not be
affected by their use. This is unlike FENa, which is
increased by all forms of diuretics.36,37,40

There are situations, however, where FEUrea may not
predict the ongoing prerenal status. Such settings
should be kept in mind when FEUrea is used. For
instance, in states of osmotic diuresis, and with the
administration of acetazolamide and mannitol, the
proximal tubular absorption of salt and water is
reduced, and thus an increased FEUrea is to be expected
even in the presence of renal hypoperfusion.36,40 In
other studies, the utility of FEUrea has been ques-
tioned.41,42 It is reasonable, however, to use fractional
urea excretion in conjunction with other urinary indi-
ces such as FENa to gain a more complete picture than
with either one alone in situations where the clinical
picture is not straightforward.

Fractional Excretion of Lithium

Markers of proximal fluid reabsorption can be used
to assess proximal tubular sodium reabsorption.41 Such
a marker should be freely filtered at the glomerulus,
should be reabsorbed in the same fashion as sodium
and water in the proximal tubule, should not be reab-
sorbed beyond the proximal tubule, should not be
secreted, and its plasma levels should not fluctuate sig-
nificantly in response to hormones and changes in
ECFV. Lithium fits this profile with the exception that
it is reabsorbed in the loop of Henle as well as in the
proximal tubule.

To assess proximal fluid reabsorption, the fractional
clearance of endogenous or exogenous lithium can be
utilized.42 The endogenous lithium clearance, despite
its clear advantages over the exogenous method, would
require very sensitive assays to measure trace amounts
of lithium present in the serum and is difficult to use.
Thus, it is necessary to give lithium either acutely or
for several days prior to measuring lithium clearance
or its fractional clearance. The fractional excretion of
lithium (FELi) is approximately 20% in healthy controls
and below 10% in prerenal disease regardless of
diuretic therapy.42 In ATN, FELi is typically higher
than 25%.42

FELi is probably a more sensitive index than FENa in
differentiating prerenal states from ATN, especially in
patients receiving concomitant diuretics.41,42 The use of
lithium, however, has its own disadvantages. Its use is
limited by the necessity of administering exogenous
lithium, by the expertise needed to detect lithium levels
in urine and by the acute changes in tubular electrolyte
handling induced by lithium loading.42,43 Moreover,
concern about the value of fractional Lithium excretion
as a marker of proximal tubular fluid delivery has been

raised because studies suggesting reabsorption of lith-
ium in the thick ascending limb of the loop of Henle,
which could be inhibited by loop diuretics.44,45 For
clinical purposes, lithium clearance is not used but it
offers valuable information in clinical physiology stud-
ies aimed at assessing segmental sodium handling
throughout the nephron. It should be noted, however,
that initial studies showed that lithium was reabsorbed
almost entirely in the proximal tubule in a fashion sim-
ilar to that of sodium,44 thus making lithium the
marker of choice for determining proximal reabsorp-
tion. However, further studies uncovered a number
of problems with using lithium clearance for assessing
proximal reabsorption.46�50 First, lithium undergoes
significant reabsorption in the loop of Henle, and to a
lesser extent in the distal tubule and collecting
duct.41,44 Amiloride can be used to block the reabsorp-
tion of lithium in the distal tubule and collecting duct
especially when on a Na restricted diet.51,52 A second
problem with the use of lithium is that in the presence
of mineralocorticoid-induced volume expansion and
with the administration of inhibitors of prostaglandin
synthesis, lithium reabsorption in Henle’s loop is
increased.53,54 In the aggregate, lithium clearance is the
best available method to assess the delivery of sodium
and water out of the proximal tubule, and is reason-
ably accurate in the steady-state. In states of volume
and hormonal perturbations, however, lithium clear-
ance is much less reliable.

Fractional Excretion of Uric acid has also been used,
but has been found to be no better or inferior to FeNa

and FELi.
42,45 A summary of specificity and sensitivity

of these various indices in the detection of prerenal vs
acute renal failure is provided in Table 74.4.

EVALUATION OF DISORDERS
OF WATER EXCRETION

The two variables governing water excretion include
the magnitude of interstitial osmolality and the vaso-
pressin-regulated, aquaporin-2 (AQP2)�dependent
water transport in the collecting ducts. The interstitial
osmolality increases whenever there is an increase in
either sodium or urea concentration in the medullary
interstitium and this provides the driving force for
water absorption from the collecting duct for any given
level of arginine vasopressin (AVP).10 For example,
increased protein intake results in higher urea levels,
which then enhances the ability of the kidney to con-
centrate the urine.55,56

AVP regulates water permeability by principal cells
in the collecting tubule by activating basolateral V2
receptors and this result in the insertion of AQP2 water
channels into the apical surface of the cells, which
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results in an increase in water permeability.10,57

Synthesized AVP is released in response to two stimuli:
an increase in plasma osmolality and changes in blood
volume and pressure.28 AVP-mediated increases in
total AQP2 expression contribute to the long-term reg-
ulation of urinary concentration. AVP also increases
water reabsorption by the kidney by increasing the
expression and activity of the Na1-K1-2Cl2 cotran-
sporter and the urea transporter.58,59 AVP-mediated
regulation of AQP2 activity and expression provides
by far the main mechanism for regulation of collecting
duct water permeability.60 AVP binding to the V2

receptor activates a G-protein that increases adenylyl
cyclase activity and cyclic adenosine monophosphate
(cAMP) function. cAMP-activated protein kinase A
then phosphorylates AQP2 and targets it to the
apical surface of principal cells, which immediately
increases water transport.57,60

Measurements of AQP2 protein in the urine corre-
late with AVP levels, during water deprivation and
after AVP administration (Fig. 74.3).61,62 The critical
role of AQP2 in the regulation of water excretion is
now widely accepted, but at the clinical level, there is
no need currently for measurements of AQP2 in the
urine. For practical purposes, the clinical assessment of
normal and abnormal handling of water by the kidneys
starts with the measurement of plasma and urine
osmolality (UOsm).

Plasma and Urine Osmolality

Plasma osmolality is tightly maintained within nor-
mal range (275�290 mOsmol/Kg). A 1% increase in
plasma osmolality above 280 mOsm/kg triggers correc-
tive response in the form of stimulation of the thirst
center and activation of osmoreceptors resulting in the
release of AVP.63 On the other hand, urine osmolality

varies greatly, depending on water intake, and there-
fore should be interpreted in conjunction with mea-
surements of plasma sodium or osmolality. In healthy
adults, the urinary osmolality can vary from a minimum
of about 50 to a maximum of about 1200 mOsm/kg
H2O. It is to be noted that the concentrating ability tends
to fall with age, and the maximum UOsm in an elderly
patient may be only 600 to 700 mOsm/kg H2O.

The urine flow rate is directly proportional to the
number of osmoles excreted, and is inversely propor-
tional to the urine osmolality, as expressed below:

Urine flow rate ðor volumeÞ
5Number of osmoles per day=urine osmolality

ð74:5Þ
Several examples of this relationship are shown in

Table 75.5. This table shows the urine volume needed
to excrete a given amount of solute, at various levels of
urine osmolality. In disorders in which the rate of AVP
secretion is very low, and essentially constant, for
example, in a patient with central diabetes insipidus
(DI), the maximum UOsm may be only 100 mOsm/kg
H2O. In this patient, the daily urine volume would be

TABLE 74.4 Specificity and Sensitivity of FEna, FEurea and FEUA
at the Detection Limits of Pre-Renal (PR) and Acute Tubular
Necrosis (ATN), as determined by the Receiver Operating
Characteristic Curve Technique

FENa FEUrea FEUA

Pre-renal Detection Limit (%) 1.3 15 12

Specificity 78 72 78

Sensitivity 75 93 68

ATN Detection Limit (%) 3.5 25 20

Specificity 61 56 33

Sensitivity 96 96 96

Source: Steinhauslin F, Burnier M, Magnin JL, Munafo A, Buclin T, Diezi J, Biollaz
J. Fractional excretion of trace lithium and uric acid in acute renal failure. J Am Soc
Nephrol 1994;4:1429�37.

FIGURE 74.3 Urinary (u) aquaporin-2 (AQP2) excretion during
24 hours of water deprivation in 15 healthy subjects. Baseline,
24-hour collection before the experiment; 4 hours, 1200; 8 hours, 1600;
12 hours, 2000; 16 hours, 2400; 20 hours, 0400, 24 hours, 0800 the next
morning. Results are medians with 25th, 75th, 10th, and 90th percen-
tiles. *p, 01 and **p, 001, significant deviation from baseline.
(From Pedersen RH, Bentzen H, Bech JN, Pedersen EB. Effect of water dep-
rivation and hypertonic saline infusion on urinary AQP2 excretion in
healthy humans. Am J Physiol Renal Physiol 2001;280:F860�F867, with
permission.)
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12 L if 1200 mOsm of solute are to be excreted, as in a
typical Western diet that generates a daily solute load
of about 900 to 1200 mOsm. Dietary proteins and NaCl
are the precursors of most of the urinary osmoles. In
patients on a low-solute diet (0.6 g/kg body weight of
protein and 10 mg/kg body weight of sodium), the
total solute load may be as low as 300 mOsm. In such
cases, only 3 L of urine are required to excrete the sol-
ute load, if the UOsm is 100 mOsm/kg H2O (Table 74.5).

In a healthy subject on a diet that generates
1200 mOsm of solutes, about half of the urine osmoles
consists of urea. Because the concentration of urea in
the luminal fluid is roughly equal to that in the papil-
lary interstitial component,64,65 urea will not cause
water movement across the luminal membrane in the
inner medulla. This renders urea an ineffective osmole.
Thus, some authors believe that it is more correct to
say that the urine flow rate is proportional to the num-
ber of nonurea osmoles (electrolytes, predominantly
sodium and chloride in healthy subjects, and ammo-
nium and β-hydroxybutyric acid during prolonged
fasting) and to their concentrations in the medullary
interstitial compartment.64,65 Accordingly, the effective
osmoles in the urine of a healthy subject on a typical
Western diet would be half the total solute load, or
about 600 mOsm.13 The formula given above can there-
fore be modified as follows:

Urine flow rate

5Number of ‘‘effective’’ urine osmoles per day=

‘‘effective’’ urine osmolality

ð74:6Þ
An important caveat to the generalization that urea

is an ineffective osmole exists when an electrolyte-poor
urine is excreted. In this case, the concentration of urea
in the urine is more than that in the papillary intersti-
tial compartment.65 In this setting, urea becomes an
effective osmole and the increase in osmolality from
the increase in urea reflects renal water conservation.
The rationale for this change in permeability for urea is
the fact that the chief goal of the urinary concentrating
process is to ensure that a decrease in urine output
ensues when ADH acts.3 For this to occur, effective

osmoles must be excreted with water. These effective
osmoles, usually NaCl, are replaced by urea when
the content of electrolytes in urine is low.64 This lat-
ter situation may apply, for instance, to sodium-
retaining states, such as congestive heart failure,
where sodium and chloride are avidly reabsorbed in
the proximal tubule and therefore, the excretion in
the urine is low.

A complete analysis of water handling by the kid-
neys requires the calculation of free water excretion
and electrolyte-free water excretion.66 These calcula-
tions offer information about the quantity of water
absorbed or excreted by the kidney, information that is
not provided by measuring only UOsm.

66 The calcula-
tion of electrolyte-free water excretion further dissects
out the effect of free water excretion that is indepen-
dent of urea, and helps predict the trend of plasma
sodium.

Free Water Clearance and Electrolyte-Free Water
Clearance

The excretion of free water relative to the extent of
water intake can be estimated by the free water clear-
ance (FWC), which equals the volume of urinary water
(over a period of time) that exceeds the virtual volume
that would be required to excrete the solute load in an
iso-osmolar fashion. Thus, the FWC reflects the amount
of pure water excreted.66�68 This concept is illustrated
in the following example. A patient collects 4 L of urine
with a urine osmolarity of 70 mOsm/L. A concurrently
measured serum osmolarity is 280 mOsm/L, four times
as concentrated as the urine. If the urinary solutes
excreted (70 mOsm/L3 4L) were dissolved in just one-
fourth of the actual volume of urine, then the urine
osmolarity would match the serum osmolarity of
280 mOsm/L. The other 3 L would be pure water to
make up the remainder of the 4 L total volume. Hence,
the FWC is as follows:

FWC5Actual urine volume ðVÞ
2 Iso-osmolar urine volume ðVisoÞ

ð74:7Þ

In mathematical terms, the virtual volume of iso-
osmolar urine can be calculated by determining how
dilute or concentrated the urine is compared with the
serum:

Volume of iso-osmolar urine ðVisoÞ5V3 ðUOsm=SOsmÞ
ð74:8Þ

Where V5urinary volume, UOsm5urine osmolar-
ity, and SOsm5 serum osmolarity.

After calculating the iso-osmolar volume (1 L in the
example above), the remainder of the total urine

TABLE 74.5 Relationship Between UOsm and Urine Volume

UOsm Urine Volume (L) if
1200 mOsm of Solutes are to

be Excreted

Urine Volume (L) if
300 mOsm of Solutes are to

be Excreted

100 12 3

300 4 1

600 2 0.5

1200 1 0.25
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volume should be composed of osmole-free water. This
is quantified as FWC in the following equation:

FWC5Actual urine volume ðVÞ
2 Iso-osmolar urine volume ðVisoÞ

5V2 fV3 ðUOsm=SOsmÞg
ð74:9Þ

This can be rearranged to:

5V3 fð12UOsm=SOsmÞg ð74:10Þ
Lastly, clearance is always expressed in terms of vol-

ume per unit of time; in the example above, the FWC is
3 L/24 hours. The time term may be introduced by
dividing the FWC by the time over which the urine
was collected, or V3 {(12UOsm/SOsm)}/time. This
becomes the general formula for the FWC (or CH2O):

CH2O5V3 fð12UOsm=SOsmÞg=time ð74:11Þ
Where CH2O5 free water clearance, V5volume of

urine, UOsm5urine osmolarity, and SOsm5 serum
osmolarity.

All osmoles, however, are not equally active. Some
osmotically active particles, such as urea, freely cross
the cell membrane and therefore do not influence water
movement between the extracellular and intracellular
compartments.64 Of these, the predominant species are
sodium (especially in the extracellular fluid), potas-
sium (especially in the intracellular fluid), chloride,
bicarbonate, and glucose. For simplicity, the cationic
particles may be summed and used as a surrogate for
the overall tonicity. To reformulate the FWC based on
tonicity, the osmoles in the equation above should be
replaced by their equivalent tonically active cations.
Thus, the ratio of UOsm/SOsm becomes (UNa1UK)/SNa,
where UNa and UK are the urinary sodium and po-
tassium concentrations and SNa is the serum sodium
concentration. Serum potassium is usually ignored
because it represents an insignificant fraction of the
total serum cationic tonicity, but urine potassium must
be taken into account because it often constitutes a size-
able portion of the total urinary cationic tonicity. Thus,
the FWC equation becomes:

CeH2O5V3 ð12 ðUNa 1UKÞ=SNag=time ð74:12Þ
This equation is also known as the electrolyte-free

water clearance (abbreviated CeH2O) because it
includes only the major electrolytes that contribute to
the overall tonicity.

The most noteworthy term in the electrolyte-free
water clearance is the ratio of the urinary electrolyte
solutes to the main serum electrolyte solute (sodium).
It makes intuitive sense that if the urinary electrolyte
concentrations are low compared with those of the
serum electrolytes, a fair amount of free water is
being excreted, consistent with the formula. On the

other hand, if the urinary electrolyte concentrations
are relatively high and their sum approaches the
value of the serum electrolyte concentration, then the
term 12 (UNa1UK)/SNa will have a low value, indi-
cating a reduced electrolyte-free water clearance. A
third scenario is also possible in that the sum total of
the urinary electrolytes could exceed the serum elec-
trolytes, yielding an electrolyte-free water clearance
that is negative. This equates with the reabsorption
of water, and in an individual with hyponatremia,
predicts further lowering of plasma sodium unless a
therapeutic intervention takes place (see following
sections).66

Volume Status in the Evaluation of Hyponatremia

The evaluation of hyponatremia is often based on
volume status as a way to determine the “appropriate-
ness” of AVP secretion.10,37 Classification of a patient’s
volume status as hypovolemic, euvolemic, or hypervo-
lemic based on physical examination findings helps to
identify the cause of the hyponatremia and to plan its
treatment.66 The recent introduction of vasopressin V2

antagonists for the treatment of hyponatremia is based
on this classification.66,69

The principles underlying the evaluation of altera-
tions in water balance are based on: (1) elucidation of
factors involved in the generation and maintenance of
osmotic pressure, which is exerted by solutes present
in the medullary interstitium, i.e., the driving force and
(2) assessment of AVP-regulated water permeability of
the apical surface of collecting duct principal
cells.28,55,70 Impaired free water excretion may be
attributed to changes in one or both of these two vari-
ables.10 In addition, the delivery of fluid to the diluting
segments plays a critical role. A decrease in GFR
decreases the delivery of both NaCl and water to the
ascending limb causing impaired dilution.28 For
instance, in hypothyroidism, hyponatremia results, at
least in part, from a decreased GFR and decreased
delivery of NaCl and water to the distal tubule.
Thiazide diuretics can also cause hyponatremia via a
decreased GFR (in addition to other important mechan-
isms discussed below) if volume contraction is severe.
The associated enhancement in proximal fluid reab-
sorption further limits the delivery of NaCl and water
to the diluting segments.

Diuretics are commonly associated with hyponatre-
mia, and the offending agents are almost always thia-
zides.10 Thiazide diuretics contribute to impaired water
excretion through various mechanisms, including
decreased delivery of filtrate to the diluting sites
caused by impaired dilution of luminal fluid in the
early distal tubule as a result of inhibition of the elec-
troneutral NaCl cotransporter leading to generation of
hypertonic urine.71 Thiazides may also directly
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increase the water permeability of inner medullary col-
lecting duct tubules.72 Increased water intake generally
contributes to thiazide-induced hyponatremia.73

Any condition that causes an increase in AVP will
result in decreased free water excretion. A decrease in
intravascular volume is a potent physiologic stimulus
for the release of AVP. Intravascular volume depletion
may result from true volume depletion seen in condi-
tions like vomiting, diarrhea, blood loss, or a salt-
wasting syndrome, or from hypervolemic conditions
associated with decreased effective circulating volume
(e.g., congestive heart failure, cirrhosis, or nephrotic
syndrome). Hyponatremia is often seen in these condi-
tions.28,74,75 Patients with cirrhosis or congestive heart
failure also have a reduced ability to excrete the water
load due, in part, to a blunted decrease in urinary
AQP2 and AVP levels.75

Impaired free water excretion, due to high circulat-
ing AVP is usually exacerbated by increased proximal
tubular reabsorption of sodium and water and
reduced GFR. This results in a decrease in distal
delivery of fluid.74 AVP is usually not measured in
the clinical setting but one can assume that levels of
this hormone are increased whenever the urine is con-
centrated.10 Some studies estimate that as many as 10
to 20% of patients diagnosed with syndrome of inap-
propriate antidiuretic hormone (SIADH) have AVP
levels at the lower limit of detection by radioimmuno-
assay.76 It has been suggested that non-AVP ligands
(e.g., oxytocin, nitric oxide, and atrial natriuretic pep-
tide (ANP)) may activate AQP2, causing water
retention.10,70,77,78

The possibility that ANP release may promote
AQP2 channel activity could explain, in part, the
mechanism underlying hyponatremia associated with
some kinds of neurosurgical disease79 such as in cere-
bral salt wasting, a syndrome where hyponatremia
develops in the setting of cerebral disease or
trauma.80 In contrast to SIADH, cerebral salt wasting
is typically characterized by volume depletion. The
primary defect here is sodium wasting, which
then results in volume-induced stimulation of AVP
release. Cerebral salt wasting is associated with
increased circulating atrial and brain natriuretic pep-
tides that increase the GFR and decrease proximal
sodium reabsorption causing natriuresis and volume
depletion.80,81

Electrolyte-Free Water Clearance in the Assessment
of Hyponatremia

The following example illustrates the use of the
electrolyte-free water clearance in a hypothetical
patient with hyponatremia before and after treatment
with a vasopressin V2 antagonist (Table 74.6).66

The electrolyte-free water clearance (CeH2O) for this
patient before the administration of a vasopressin
antagonist is:

CeH2O 5V3 f12 ðUNa 1UKÞ=SNag=time
5 14003 f12 ð1001 60Þ=126g=24 hours
5 � 378 ml=24 hours

ð74:13Þ
The free water clearance according to the classical

formula is:

CH2O 5V3 fð12UOsm=SOsmÞg=time
5 14003 fð12 600=262Þg=24 hours
5 � 1806 ml=24 hours

ð74:14Þ

The electrolyte-free water clearance and free water
clearance after treatment are as follows:

CeH2O 5V3 f1� ðUNa 1UKÞ=SNag=time
5 20003 f1� ð801 40Þ=134g=24 hours
51 209 ml=24 hours

ð74:15Þ
and

CH2O 5V3 fð12UOsm=SOsmÞg=time
5 20003 fð12 400=280Þg=24 hours
5 � 857 ml=24 hours

ð74:16Þ

Practically speaking, the negative electrolyte-free
water clearance pretreatment, which is indicative of
renal water retention, predicts that the hyponatremia
will worsen unless something is done therapeutically
and should alert the clinician to the need for more
aggressive treatment. For hyponatremia to improve,
water excretion must be increased or sodium needs to
be gained in excess of water by the administration
of hypertonic saline. The latter, however, is not indi-
cated in asymptomatic subjects with moderate
hyponatremia.

The principles discussed in the preceding para-
graphs are a guide to the rational treatment of hypona-
tremia, but the urgency and modality of treatment are
determined by the presence and severity of symp-
toms.66 Once the electrolyte-free water clearance
becomes positive, in the case illustrated by the

TABLE 74.6 Changes in Serum and Urinary Parameters Before
and After Therapy with a V2 Antagonist in a Hypothetical Patient

SNa,
mEq/

L

SOsm,
mOsm/

L

UNa,
mEq/L

UK,
mEq/

L

UOsm,
mOsm/

L

Urine
volume,

ml

Pretreatment 126 262 100 60 600 1400

Post-
treatment

134 280 80 40 400 2000
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aquaretic action of a V2 antagonist, the correction of
hyponatremia can potentially occur.66 As long as the
electrolyte-free water clearance is positive, hyponatre-
mia will improve according to the principle of the
steady-state unless the patient’s water intake exceeds
the water output, CeH2O plus insensible and stool
losses. Water restriction still is needed but, as the posi-
tive electrolyte-free water clearance becomes larger in
magnitude, the water restriction can be relaxed.
Because the administration of V2 antagonists “vaptans”
increases plasma sodium and thus, it may also increase
thirst, one should be cautious not to prescribe too strict
a water restriction while using these agents.66 In fact,
while using these agents water restriction should be
avoided once the positive free water clearance is estab-
lished and plasma sodium has increased to a safe
range.

The electrolyte-free water clearance and the free
water clearance usually agree (qualitatively) in their
assessment of the renal capacity to excrete water, but
as the example in Table 74.6 shows, the free water
clearance can sometimes be deceiving.66 Before treat-
ment, both the electrolyte-free and free water clear-
ances were negative and predicted exacerbation of
hyponatremia, but after treatment with a V2 antagonist,
the electrolyte-free water clearance (CeH2O) became
positive whereas the FWC remained negative. The
FWC stayed negative in value because the UOsm

remained greater than the SOsm, likely as a result of the
urine urea nitrogen (UUN), which keeps the urine
osmolarity at a relatively high level.66 UUN represents
a “liability” for the use of FWC as a tool to interpret
renal water handling during hyponatremia because
urea is freely permeable across membranes and typi-
cally does not affect water movement. The persistence
of a negative value for FWC might lead some to believe
that water is still being reabsorbed, when in fact the
kidneys are excreting free water, as indicated by the
positive electrolyte-free water clearance (and sup-
ported by the FWC becoming less negative). Thus, to
be meaningful, the FWC must be followed longitudi-
nally; any single value in time could be misleading.66

In contrast, the electrolyte-free water clearance gives a
more accurate clinical picture, as it is not affected by
the problem of urea being an ineffective osmole. We
advocate the use of electrolyte-free water clearance
over regular FWC as it helps in assessing whether
the kidneys are avidly retaining water and whether
hyponatremia is likely to worsen or improve. It also
aids in the prescription of an appropriate degree of
water restriction and other interventions to treat
hyponatremia.66

CeH2O can be simplified through the use of the
urine/plasma electrolyte ratio.82 When the ratio
(UNa1UK/SNa) is below 1.0, CeH2O has to be positive,

therefore reflecting that electrolyte�free water is being
excreted (see Table 74.7). When the ratio is even lower
(i.e., ,0.5), significant amounts of electrolyte-free water
are being excreted.82 In contrast, no electrolyte-free
water is being excreted when the ratio is equal to 1.0 or
higher (Table 74.7).

Physiologic Principles Guiding Assessment
of Polyuric Syndromes

Polyuria is arbitrarily defined as a urine volume of
more than 3 L/day in adults and 2 L/m2 in children.
Comparing the urine volume in an individual to the
average values in a group of subjects, however, is not
as physiologically relevant as the urine volume
expected for a given stimulus.83 An individual on a
typical diet has an osmole excretion rate of 900 to
1200 mOsm/day. In contrast, the osmole excretion rate
in an individual on a low-protein, low-salt diet would
be much lower, say 300 mOsm/day. If this individual
were capable of maximal urinary concentrating capac-
ity, the UOsm will be 1200 mOsm/kg H2O, and this
subject’s expected minimum urine volume would
be 0.25 L/day. If this subject has impaired urinary con-
centrating ability (e.g., a maximal UOsm of about
600 mOsm/kg H2O) then the minimum urine volume
would be 0.5 L/day. This is more than the expected
minimum and thus would indicate polyuria due to
impaired renal concentrating ability. This example
illustrates the inappropriateness of applying data gath-
ered from one population (subjects consuming their
usual diet), in defining a condition such as polyuria, to
a population with a much lower osmole excretion
rate (subjects consuming a low-protein and low-salt
diet).83,84

Polyuria may be due to a primary surplus of free
water (water diuresis) or to the presence of excess
osmoles in the urine (osmotic diuresis).13 To

TABLE 74.7 Approach to Raising Plasma Tonicity by Water
Restriction

Urine/Plasma
Electrolyte Ratio

Insensible
H2O Losses

Expected Net
H2O Lossa

Recommended
H2O Consumption

$ 1.0 800 mL 2800 mL 0 mL

0.5�1.0 800 mL 2800 to
21300 mL

up to 500 mL

# 0.5 800 mL 21300 to
21800 mL

up to 1 L

Source: Furst H, Hallows KR, Post J, Chen S, Kotzker W, Goldfarb S et al. The urine/

plasma electrolyte ratio: a predictive guide to water restriction. Am J Med Sci 2000;
319:240�4.
aThese estimates are based on a U/P ratio, a simplified formulation of CeH2O. They
also assume that urine sodium and potassium losses are replaced, that a patient has an
average body surface area of 1.73 m2 and eats a normal diet, and calculate for the
period during which the next 1 L of urine is excreted.
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differentiate the various causes of polyuria, one needs
information on urine electrolytes and osmolality.
Plasma osmolality should be measured and also calcu-
lated from plasma sodium, plasma glucose, and
plasma urea. Urine osmolality helps differentiate a
water diuresis from an osmotic diuresis. In water
diuresis, there is a large volume of dilute urine, with
the urine osmolality usually below 250 mOsm/kg H2O.
If the UOsm is more than 300 mOsm/kg H2O in a
polyuric subject, an osmotic diuresis is to be sus-
pected.13 Further, total solute excretion (calculated on a
24-hour urine collection from the product of the urine
osmolarity and the urine output) is normal with a
water diuresis (600�900 mOsm/day) but markedly
increased (usually more than 1200 mOsm/day) with an
osmotic diuresis. In osmotic diuresis, decreased solute
reabsorption is the primary abnormality. Glucosuria,
high-protein feedings (in which urea acts as the
osmotic agent), volume expansion due to saline load-
ing, or impaired sodium reabsorption following the
release of bilateral urinary tract obstruction85�87 are
typical examples.

Direct and Indirect Tests to Evaluate Concentrating
Capacity

The three major causes of water diuresis are primary
(or psychogenic) polydipsia, central diabetes insipidus
(CDI), and nephrogenic diabetes insipidus (NDI). Each
of these three disorders is associated with an increase
in water output and the excretion of relatively dilute
urine. In these cases, urine osmolality can decrease to
less than 100 mOsm/kg.88 With primary polydipsia,
the polyuria is an appropriate response to enhanced
water intake; in comparison, the water loss is inappro-
priate with either form of DI. The three disorders can
be distinguished from one another by examining the
urine osmolality in response to exogenous AVP and to
water deprivation (Fig. 74.4).84,89,90 The fluid depriva-
tion tests provide a standardized approach to interpret
urine osmolality, when plasma osmolality is not
already elevated. It must be appreciated that there is
no need to perform a water restriction test, and, in fact,
it is contraindicated clinically when plasma osmolality
is above normal.

The first step is to examine plasma sodium. In the
polydipsic patient, the plasma sodium is usually in the
low range of normal, typically around 135 mmol/L as
a result of excessive drinking.91 On the other hand, in
patients with DI, the plasma sodium is in the high-
normal range (usually more than 140 mmol/L).92 A
plasma sodium of more than 150 mmol/L is usually
not seen in compensated DI, because the initial water
loss stimulates the thirst mechanism, thus increasing
water intake. In cases where the patients are obtunded
or suffering from rare central nervous system (CNS)

disorders, where the thirst center is also affected, the
patient may have hypo- or adipsia, and thereby
develop hypernatremia.

Patients with DI have roughly intact thirst mechan-
isms and usually do not present with hyperosmolality,
but rather, they present with normal plasma osmolality
and serum sodium and symptoms of polyuria and
polydipsia. In these cases, it is most appropriate to per-
form a fluid deprivation test.

The water deprivation test can be carried out as an
indirect test or by measuring plasma AVP after fluid
deprivation.83 The indirect test has been successfully
used in various protocols to make an appropriate
diagnosis in most cases (Fig. 74.4).90 It generally
yields interpretable results by the end of the test and
does not require sensitive assays for the often unavail-
able measurement of plasma AVP levels, which are
the basis of the direct test.63 The patient is asked to
stop drinking about 12 hours before the test, usually
after dinner, and the urine osmolality and volume are
measured the following morning. To distinguish cen-
tral DI from nephrogenic DI, the response to adminis-
tered AVP (2 to 5 units subcutaneously) or,
preferably, the AVP receptor (V2) agonist desmopres-
sin (DDAVP, 1�2 μg subcutaneously or intravenously)
should be assessed. For this, urine osmolality and vol-
ume are measured in the two to four hours following
AVP administration.

FIGURE 74.4 The diagram shows the typical response after water
deprivation in healthy individuals, in patients with complete or par-
tial central diabetes insipidus (DI), in patients with complete or par-
tial nephrogenic DI, and in patients with primary or psychogenic
polydipsia. The 200 mmol/kg straight line is for schematic represen-
tation because patients with full phenotype (central or nephrogenic
DI) have a urine osmolality less than 100 mmol/kg. (From Sands JM,
Bichet DG. Nephrogenic diabetes insipidus. Ann Intern Med
2006;144:186�194, with permission.)
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Three different patterns can be observed with the
indirect test (fluid deprivation followed by AVP
administration):

(1) The urine osmolality does not increase after fluid
deprivation (Fig. 74.4).63,90 This is expected in both
complete central and nephrogenic DI despite a
modest increase in plasma osmolality caused by the
fluid restriction. These two types of DI can be
distinguished by administering exogenous AVP. In
complete central DI, there is a striking increase in
UOsm, between 100 and 800%, with a concomitant
fall in urine output.63,83,93 In complete nephrogenic
DI, by contrast, there is an absent response to
exogenous AVP (less than 10% increase in UOsm),
indicative of total renal resistance to AVP.

(2) The urine osmolality increases after fluid
deprivation but only marginally (i.e., less than 50%)
(Fig. 74.4).90 This can be seen in partial nephrogenic
DI and in partial central DI. Patients with partial
central DI usually achieve a UOsm of 300 mOsm/kg
H2O or higher after AVP administration, while
patients with nephrogenic DI typically have a
persistently low urine osmolality that rises, but
remains well below 300 mOsm/kg H2O, after
exogenous AVP administration.63,83

(3) The urine osmolality increases more than 50% after
fluid deprivation, usually to above 500 mOsm/kg
H2O (Fig. 74.4).90 This is observed in primary
polydipsia. In this setting, there is no further
response to exogenous AVP since endogenous
release is intact (provided the patient had been
compliant with fluid restriction). It is to be noted
that these patients do not reach a normal UOsm of
800 mOsm/kg or more. This is due to impairment
of the maximum urinary concentrating ability,
resulting from a partial washout of the medullary
interstitial gradient, and possibly from
downregulation of ADH release and/or renal
action during prior protracted water drinking.94

Difficulties in interpreting the response to exoge-
nous AVP also can arise in central DI. The water diure-
sis that occurs in all of these disorders washes out the
medullary concentration gradient.9,84,91,95 In addition,
there is a down regulation of kidney AQP2 water chan-
nels.96,97 Thus, the initial increases in urine osmolality
in response to administered AVP or dDAVP are not as
robust as would be expected.95 For this reason, plasma
AVP levels should be measured to aid in this distinc-
tion; hyperosmolar patients with nephrogenic DI will
have clearly elevated AVP levels while those with cen-
tral DI will have undetectable levels (complete central
DI) or relatively low AVP levels (partial central DI) rel-
ative to the high plasma osmolality.83

The measurement of AVP after fluid deprivation has
been shown to provide a definite diagnosis in most
cases of polyuria and polydipsia, provided the final
level of plasma osmolality is above 295 mOsm/kg H2O
or the final serum sodium is more than 145 mmol/L.83

The magnitude of the AVP response to osmotic stimuli
is not appreciably diminished by pre-existing chronic
overhydration or dehydration.98 Hence, the relation-
ship of plasma AVP to plasma osmolality is usually
within or above normal limits in nephrogenic DI and
primary polydipsia. In most cases, nephrogenic DI and
primary polydipsia can then be distinguished by mea-
suring urine osmolality before and after the dehydra-
tion test and relating these values to the concurrent
plasma AVP concentrations. Given the proven useful-
ness of both the indirect and the direct approaches, a
combined fluid deprivation test that synthesizes the
crucial aspects of both tests can easily be performed,
and in many cases will allow interpretation of both the
plasma AVP levels and the response to an AVP chal-
lenge. By combining the fluid deprivation test with
plasma AVP determinations, greater than 95% of all
cases of polyuria and polydipsia can be diagnosed
accurately.83,89

An unusual situation that mimics central DI is a
rare syndrome unique to pregnancy that has been
ascribed to increased vasopressinase activity.99�103 In
this situation, the levels of AVP are low because of
increased degradation and not a result of lack of pro-
duction. Since vasopressinase does not degrade syn-
thetic dDAVP, treatment with this analogue is
effective. The diagnosis can be made by finding
detectable levels of endogenous AVP, which is unlike
in severe central DI, and by the increase in urine osmo-
lality seen after exogenous AVP administration
or dDAVP, which resembles central DI. These features
would not be conclusive if it were not for the
clinical setting and the prompt resolution of the symp-
toms after childbirth.102�104

The interpretation of therapeutic responses in the
syndromes of DI is best assessed in terms of urine vol-
ume in the new steady-state. The clinical response is
apparent from the ability to excrete the same daily sol-
ute load in a smaller volume of urine.52 For instance,
studies in patients with polyuria due to long-term
use of lithium revealed a significant improvement in
the urine volume after administration of amiloride
(Fig. 74.5).52 In this study, after weeks on amiloride,
urine output decreased, on average, from 4.7 L to about
3.1 L. It should be noted that this has measurable clini-
cal benefit, in terms of decreasing urinary frequency,
both at daytime and nighttime. This clinical benefit
cannot be assessed by the simple measurement of max-
imal UOsm, which provides only a qualitative assess-
ment of the renal concentrating ability.
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EVALUATION OF POTASSIUM
DISORDERS

In the steady-state, urinary potassium excretion var-
ies in proportion to dietary intake (median dietary
intake is 56 to 84 mEq/day).105�107 The correlation
between dietary potassium intake and urinary potas-
sium content is high (r5 0.82).87 About 90% of ingested
potassium is excreted in the urine,108 with renal excre-
tion varying from10 mEq/day under conditions of
potassium deprivation to 700 mEq/day under condi-
tions of potassium loading. Less than 15% of ingested
potassium is excreted in the stool (5�15 mEq/day) and
a small amount is lost through sweat. It is of interest to
note that our modern diet (e.g., saturated fats, oils,
cereal grain) is relatively potassium-poor when com-
pared to the potassium-rich diet of our Paleolithic
ancestors (e.g., fruits, leafy greens).109 A list of
potassium rich foods is given in Table 74.8.

Approximately 80 to 90% of the filtered potassium is
reabsorbed in the proximal tubule and the loop of
Henle.105�107 Of this, approximately 65% is reabsorbed
in the proximal tubule and 25% in thick ascending

limb of loop of Henle.98 Potassium is secreted by the
principal cells in the cortical collecting tubule via a
specific channel called renal outer medullary potas-
sium channel or ROMK.105,106 In the cortical and
outer medullary collecting tubules, the intercalated
cells can reabsorb potassium, and thereby counteract
the potassium secretion by the principal cells.110 This
process is mediated by an active H1/K1-ATPase
pump in the luminal membrane, which results in
both H1 secretion and potassium reabsorption.111,112

The activity of this pump is increased with po-
tassium depletion111,112 and is reduced with potas-
sium loading.111

Tubule flow rate and luminal sodium concentration
may independently affect potassium secretion.113�116

A flow-dependent fall of lumen potassium concentra-
tion when delivery of fluid to the distal tubule is
increased favors the chemical gradient for potassium
secretion.107,117�119 The relationship between potas-
sium secretion and flow or sodium concentration is ini-
tially very steep and then potassium secretion tends to
plateau.107,118,120 While flow rate and sodium concen-
tration may be shown to have independent effects on
potassium secretion experimentally, they are usually
interdependent on each other. In fact, the increase in
distal potassium secretion with increasing flow rate
largely depends on the associated increase in sodium
concentration in the lumen of the distal tubule
which, when reabsorbed via the sodium channel
(ENaC), creates a favorable voltage for potassium
secretion.107

Chronic adaptations take place with either potas-
sium deprivation, surplus, or changes in sodium deliv-
ery that involve amplification of both potassium
retaining mechanisms (i.e., kaliferic effect) and potas-
sium excretory mechanisms (i.e., kaliuretic effect).121

When potassium intake is increased, the ability to
excrete potassium is greatly enhanced. This adaptive
response is evident within one day of increasing potas-
sium intake and persists for one to two days following
return to baseline levels of potassium intake. High
potassium intake inhibits salt and water reabsorption
by the proximal convoluted tubule and/or the thick
ascending limb, which results in an increase in
sodium delivery and flow rate to distal nephron
potassium secretory sites. High potassium intake
also stimulates aldosterone which further enhances
potassium secretion.107 Potassium deprivation on the
other hand leads to suppression of potassium secre-
tion and enhancement of active tubular potassium
absorption, partly as a result of suppression of aldo-
sterone levels due to low serum potassium concen-
tration and also by inhibition of potassium secretion
by a decrease in ROMK channel activity in the
CCD.122,123

FIGURE 74.5 Twenty-four-hour urine volume in six patients
(patients 1, 2, 4, 6, 7, and 9), before, during, and after amiloride
administration (20 mg daily). Li, lithium. (From Batlle DC, von Riotte
AB, Gaviria M, Grupp M. Amelioration of polyuria by amiloride in patients
receiving long-term lithium therapy. N Engl J Med 1985;312:408�14.
Reprinted with permission of Massachusetts Medical Society, r 1985
Massachusetts Medical Society. All rights reserved.)
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The suppression of the normally operating kaliuretic
mechanisms, while critical to the adaptation to potas-
sium deprivation, is never sufficient to obliterate potas-
sium secretion completely. This explains why, in
humans subjected to dietary potassium deprivation
with intake of less than 1 mEq/day, urinary potassium
excretion declines but never actually matches
intake.124�126 This decrease in potassium excretion is
gradual and reaches a maximum level in five to seven
days (Fig. 74.6).124 While on a high salt intake the initial
decline in potassium excretion is blunted (Fig. 74.6).
This suggests that the reduction in potassium excretion
is not due to increased reabsorption but rather to
decrease in potassium secretion which is, in part,
sodium dependent.

With potassium restriction, there is a concomitant
increase in free water clearance and enhanced diluting
capacity consistent with enhancement of the Na1-K1-
2Cl2 cotransporter activity in the thick ascending loop
of Henle, a mechanism that may play an important role
in the renal adaptation required for potassium conser-
vation.127 Potassium secretion in the CCD, however,
may not cease completely even with profound
degrees of potassium depletion.128 The adaptation to
potassium deprivation is less efficient in terms of renal
potassium retention when sodium intake is concur-
rently increased (Fig. 74.6).124 This suggests that kaliur-
esis cannot be turned down quickly if sodium delivery
is increased because high intake of sodium favors
potassium secretion in the cortical collecting tubule.

Renal potassium wastage is almost always due to
enhancement of kaliuretic mechanisms rather than to
failure of kaliferic mechanisms.121 For instance, when
mineralocorticoid activity is maintained at a constant

level through exogenous administration, in the face of
potassium deprivation, a negative potassium balance is
seen.129 Often, several kaliuretic mechanisms may be
operating simultaneously (increased distal sodium
delivery, increased aldosterone), serving to accentuate
the kaliuresis.121

Clinical Evaluation of Renal Potassium Handling

The kidney maintains potassium balance primarily
by varying the secretion of potassium into the lumen of
the distal tubule, according to physiologic needs.
Hyperkalemia of renal origin always arises from
impaired potassium secretion.108 The assessment of
potassium handling is relatively straightforward since
all the potassium that appears in the urine originates
from its secretion and this process is restricted to the
late distal tubule and CCD, the major site of regulation
of potassium secretion.

Many factors influence potassium secretion in the
CCD including plasma potassium concentration, die-
tary potassium intake, flow rate, sodium delivery,
transepithelial potential difference, adrenal hormones,
and acid�base status.23 For practical purposes, how-
ever, net secretion of potassium in the CCD is critically
dependent on and can be best conceptualized and clini-
cally assessed through the interplay of two of these fac-
tors: sodium delivery/transport and the level of
mineralocorticoid activity.

The interplay between mineralocorticoid activity
(aldosterone) and sodium delivery/transport is such
that they often, under physiologic conditions, go in
opposite directions such that potassium secretion is
maintained more or less constant. For instance, when
sodium is restricted in the diet, aldosterone goes up

TABLE 74.8 High Potassium Foods

Highest (. 1000 mg/100 g):

(About 1% K1 , 10 mEq5 750 gm)

Very High (. 500 mg/100 g):

(About 0.5% K1 , 10 mEq5 750 gm)

High Content (. 250 mg/100 g):

(About 0.25% K1 , 10 mEq5 750 gm)

Dried figs Dried Fruits (Dates, Prunes) Vegetables Fruits Meats

Molasses Nuts Spinach Banana Veal and Beef

Seaweed Avocados Tomatoes Cantaloupe Pork

Bran Cereals Broccoli Orange Lamb

Wheat Germ Winter Squash Kiwi

Lima Beans Beets

Carrots

Cauliflower

Potatoes
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but sodium delivery goes down and potassium secre-
tion does not change appreciably. Conversely, when
sodium is high in the diet, aldosterone is suppressed
and sodium delivery increases, resulting in attenu-
ated change in potassium secretion. When both go in
the same direction, there are profound changes in
potassium secretion, as seen for instance in the syn-
drome of primary hyperaldosteronism. In this situa-
tion, sodium delivery is high and aldosterone is also
elevated, resulting in profound potassium wastage
and hypokalemia.

The generation of a lumen-negative voltage in the
CCD requires an “electrogenic” reabsorption of
sodium. The reabsorption of sodium occurs at a faster
rate than the reabsorption of its accompanying anion,
usually chloride, thereby creating an electric driving
force (a “lumen-negative” voltage).130 Reabsorption of
sodium in the CCD occurs by its ion-specific channel
(ENaC) in the apical membrane of principal cells.
Delivery of sodium to the CCD does not seem to be
rate limiting for the secretion of potassium unless
when urinary sodium is very low. In other words, pro-
vided that urinary sodium is above a critical level of
about 20 mEq/L, potassium secretion proceeds pro-
vided that there is mineralocorticoid activity. A clinical
situation where this is most apparent is chronic liver
disease with secondary hyperaldosteronism. In these
patients, urinary potassium is very high despite the
low urinary sodium.131

Potassium channels are not usually rate limiting for
the net secretion of potassium.129 In keeping with this

notion, hyperkalemia has not been described as a result
of defects in the potassium channel (ROMK). By con-
trast, interference with the sodium channel often cur-
tails potassium secretion, leading to hyperkalemia.
Drugs such as the potassium-sparing diuretics amilor-
ide and triamterene, as well as the antibiotics trimetho-
prim and pentamidine in their cationic form, block
ENaC and hence decrease the lumen-negative driving
force for the net secretion of potassium in the
CCD.132,133 These drugs are most effective when uri-
nary sodium is low as they are competitive blockers for
sodium uptake. Accordingly, the use of these agents
causes hyperkalemia when salt intake is restricted, but
is relatively ineffective when salt intake is generous.
Conversely, hypokalemia develops when the sodium
channel is overactive as seen in Liddle’s syndrome,
which results from activating mutations in the β or γ
subunits of ENaC.134,135

Urinary Indices in the Evaluation
of Hypokalemia and Hyperkalemia

Urine K1 Excretion and Spot Urine K1

Urinary potassium excretion over 24 hours should
be sufficient to assess whether the kidney is respond-
ing appropriately to the prevailing level of plasma
potassium and dietary K1 intake. If potassium intake is
increased slowly, healthy subjects can excrete more
than 400 mEq of potassium per day (8 to 10 times nor-
mal intake) without a substantial elevation in the
plasma potassium concentration.105�107 Thus, a finding
of chronic hyperkalemia invariably reflects the exis-
tence of a defect in urinary potassium excretion, since
normal renal function would otherwise result in the
rapid excretion of the excess potassium.

With potassium depletion of three to five days’
duration, 24-hour urinary potassium excretion falls to
10 to 20 mEq/day but never goes below this level
(Fig. 74.6).121,124�126 Thus, in hypokalemia, an appro-
priately low urinary potassium excretion suggests
extrarenal losses (usually from the gastrointestinal
tract) or the remote use of diuretics (if the collection
has been obtained after the diuretic effect has worn
off). In comparison, the excretion of more than 20 mEq
of potassium per day indicates a component of renal
potassium wasting that is likely the result of inappro-
priate potassium secretion.

Using a determination of potassium in spot urine
may be misleading if urine flow is not taken into
account.13,136 For instance, urinary potassium concen-
tration of 15 mEq/L may be inappropriately high for
an individual with hypokalemia who has more than
2 L of urine a day. One can circumvent this by measur-
ing the urine potassium/creatinine ratio or the urine

FIGURE 74.6 Urinary potassium excretion (24 hour) in normal
volunteers placed on a zero-potassium diet. The upper line (group 1)
shows individuals on a high-sodium diet whereas the lower tracing
(group 2) depicts individuals on a normal-sodium diet. The initial
adaptation to potassium deprivation in the diet is less effective in
individuals on a high sodium diet. (From Cremer EJ, Giricz K,
Nakamoto L, Patel S, Schlueter W, Rosa R, Kelani T, Batlle D. Potassium
Deprivation in Normal Human Subjects; Impact on Potassium, Sodium,
and Acid-Base Balance in Normal Human Subjects. American Society of
Nephrology 36th Annual Meeting and Scientific Exposition, 2003, with
permission.)
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potassium/osmolality ratio.13 Measurement of urinary
creatinine concentration concurrent with urinary potas-
sium concentration can provide a better measure of
actual potassium excretion rate. A potassium-to-
creatinine ratio greater than 20 mEq/g has been sug-
gested to indicate the presence of renal potassium
wasting.130

Similar to the use of spot urine sodium/urine creati-
nine ratio to estimate 24-H urinary sodium, spot urine
potassium/ urine creatinine ratio has also been used to
develop formulas to generate values of 24-hour potas-
sium excretion. Kawasaki et al.20 proposed the
formula:

24-hour urinary potassium ðmEq=dayÞ5 7:23OXK

where XK5(Spot UK/Spot UCr)3predicted 24 urinary
Cr excretion

predicted 24 h urinary Cr excretion ðMaleÞ
52 12:633Age1 15:123Weight1 7:393Height
2 79:90 ðmg=dayÞ

predicted 24 h urinary Cr excretion ðFemaleÞ
52 4:723Age1 8:583Weight1 5:093Height
2 74:50 ðmg=dayÞ

Linear correlation between formula-estimated and
actual 24-hour urinary potassium was 0.44.20 Thus, the
estimation is not precise but maybe of some use in epi-
demiologic studies where potassium excretion and
intake is being estimated using this formula when 24 h
potassium excretion is not available.

Fractional Potassium Excretion (FEK) and
Transtubular Potassium Gradient (TTKG)

The fractional excretion of potassium (FEK) reflects
the amount of potassium excreted in relation to the
amount of potassium filtered:

FEK ð%Þ5UK 3V=GFR3PK 3 100 ð74:17Þ
When GFR is not available, FEK can be calculated by

the formula that uses plasma and urine creatinine:

FEK ð%Þ5 ðUK 3PcrÞ=ðPK 3UcrÞ3 100 ð74:18Þ
The FEK is useful in the evaluation of hyperkalemic

syndromes occurring in the setting of chronic kidney
disease (CKD). It has the advantage that it takes into
account the prevailing GFR, which is usually reduced
in patients with chronic hyperkalemia.137,138

Often renal hyperkalemia is due to selective aldoste-
rone deficiency or tubular defects in potassium secre-
tion associated with some causes of CKD.139 In such
patients, GFR is usually decreased but higher than
25 ml/min, a level not low enough to account for hy-
perkalemia. Fractional potassium excretion in
these hyperkalemic patients is lower than that of

subjects without hyperkalemia and comparable GFR
(Fig. 74.7).137 In the setting of reduced GFR, fractional
potassium excretion is useful as it reveals reduced
potassium secretion relative to GFR while absolute
potassium excretion may be the same as that of normo-
kalemic patients with comparable GFR. Since plasma
potassium is elevated, however, absolute potassium
excretion relative to the filtered load of potassium is
inappropriately low. The following example illustrates
this. A patient with a GFR of 25 ml/min has plasma
potassium of 6.0 mEq/L and a urinary potassium excre-
tion of 60 mEq/day (Table 74.9). The excretion of potas-
sium may be the same as that of a healthy individual
with a GFR of 100 ml/min but plasma potassium of
4.0 mEq/L. Clearly, the excretion in the hyperkalemic
patient is low relative to the elevated plasma K1 and the
fractional K1 excretion does not reflect this because the
widely different GFR. Accordingly one needs to com-
pare the FEK to an individual with a similarly reduced
GFR but without hyperkalemia. In this example the
hyperkalemic patient has a fractional excretion of 40%
which is much lower than that of the normokalemic
patient with the same GFR (Table 74.9 and Fig. 74.7).137

In the evaluation of hypokalemia, the fractional
potassium excretion offers little advantage to simply

FIGURE 74.7 Relation of fractional excretion of potassium (FEK)
to glomerular filtration rate (GFR) under baseline conditions. The
area inside the broken lines depicts the normal adaptive increase in
FEK observed with a chronic reduction in GFR. Each patient (open
symbols) had baseline FEK lower than that expected for the corre-
sponding GFR. Open circles denote patients with hyperkalemic distal
renal tubular acidosis; open squares represent patients with hyperka-
lemic metabolic acidosis due to selective aldosterone deficiency.
(From Batlle D, Arruda JAL, Kurtzman NA. Hyperkalemic distal renal
tubular acidosis associated with obstructive uropathy. N Engl J Med
1981;304:373�80. Reprinted with permission of Massachusetts Medical
Society, r 1981 Massachusetts Medical Society. All rights reserved.)
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measuring urinary potassium excretion. A FEK less
than 6% is consistent with appropriate potassium con-
servation as determined from an analysis of potassium
excretion by healthy subjects subjected to dietary
potassium deprivation.125,140,141

To assess the potassium secretory process in the
CCD, the use of the transtubular potassium gradient
(TTKG) was introduced.142 This index is conceptually
attractive as it focuses on CCD events where the secre-
tion of potassium is regulated. The first step in the use
of this test is to reach an approximation of the K1 in
the lumen of the terminal CCD. This is done by correct-
ing the urinary potassium concentration for the
amount of water reabsorbed in the MCD as reflected
by dividing urinary potassium concentration by the
urine-to-plasma osmolality ratio:

K1CCD

5K1urine=ðurine osmolality=plasma osmolalityÞ
ð74:19Þ

The TTKG can then be calculated by dividing the
K1CCD by the plasma K1 as follows:

TTKG

5 fK1urine=ðurine osmolality=plasma osmolalityÞg
=K1plasma

ð74:20Þ

The TTKG therefore reflects the driving chemical
force for net potassium secretion in the CCD. The valid-
ity of this index relies on several assumptions. First, by
correcting for water reabsorption in the MCD, it is
assumed that most osmoles delivered to the MCD are
not reabsorbed in the MCD (i.e., the urine must be at
least iso-osmolar with plasma).142 This assumption is
valid except in states of contracted EABV.3 A second
assumption is that potassium is not secreted or reab-
sorbed in the MCD.3 This assumption, however, may
not be valid in conditions of extreme potassium deple-
tion where net reabsorption of potassium in the MCD
can occur and also in conditions of supraphysiologic
potassium intake, where potassium secretion in the
MCD is seen.3 A third limitation with the use of the

TTKG is that at very high flow rates, the TTKG, if exam-
ined in isolation, may falsely underestimate potassium
secretion due to lack of equilibration in the cortical dis-
tal nephron.13 With these caveats in mind, the TTKG is
a valid clinical tool to assess the driving force for net
potassium secretion in the CCD.

Rather than focus on a range of normal values for
TTKG, it is more useful clinically to evaluate TTKG in
terms of expected values.136,137,139,142 A large deviation
from expected values implies that there is a renal
impairment in potassium homeostasis due to either an
intrinsic renal defect or because of a normal renal
response to an inappropriate stimulus for potassium
excretion (e.g., hyperaldosteronism in the presence of
hypokalemia).136 In a study by Ethier et al., expected
values for TTKG were derived under stimuli known to
modulate potassium excretion, i.e., potassium depriva-
tion, high mineralocorticoid activity and acute potas-
sium loading.142 On the basis of this study, it was
concluded that the value for TTKG should be close to
1.0 in individuals on a low-potassium diet for at least
3 days and that the value for TTKG during hyperkale-
mia with normal adrenal and renal function should be
10 or higher.142 Failure to note this high a level with
hyperkalemia would imply an intrinsic renal defect or
lack of stimulation of potassium secretion (e.g., low
aldosterone activity).130 In a more recent study of
hypokalemic patients, TTKG was higher in patients
with mineralocorticoid excess (13.36 4.4) and diuretic
usage (8.66 1.3) and lower in those with diarrhea
(1.66 0.3) than in normal controls, reflecting renal
potassium conservation.136 Another use for TTKG is
to follow the renal response to therapy for a potas-
sium disturbance. If a patient with hyperkalemia due
to hyporeninemic hypoaldosteronism is to be treated,
the TTKG that is initially low (or, at least, inappro-
priately so) should increase with the administration
of fludrocortisones.143 While the TTKG is an appro-
priate tool to conceptualize the renal site responsible
for hyperkalemia, at the practical level, one can
assume that hyperkalemia results from decreased
CCD potassium secretion any time that urinary
potassium excretion is low in the face of a high level
of plasma potassium.

Clinical Approach to Potassium Disorders

In most cases of hypokalemia, the diagnosis is
apparent from the clinical history, physical examina-
tion and review of medications, such as with diarrhea,
vomiting and diuretic use.136 The physical examination
should focus on evidence of volume depletion and the
presence or absence of hypertension. A search
for possible medications that can alter extrerenal

TABLE 74.9 Comparison of FEK with Varying GFR

GFR Plasma K1 UK3V FEK

100 4.0 60 15

25 6.0 60 40

25 4.0 60 60

FEK, fractional excretion of potassium; GFR, glomerular filtration rate.

2496 74. PHYSIOLOGIC PRINCIPLES IN THE CLINICAL EVALUATION OF ELECTROLYTE, WATER, AND ACID�BASE DISORDERS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



potassium handling is always in order.144 Analysis of
acid�base status can also be helpful in determining
the etiology of hypokalemia. Hypokalemia due to
vomiting and nasogastric suction can be associated
with metabolic alkalosis. In contrast, diarrhea-related
hypokalemia is usually associated with metabolic
acidosis. Hypokalemia associated with moderate met-
abolic alkalosis secondary to diuretic use is common,
with volume depletion and secondary hyperaldoster-
onism playing important roles in the development of
hypokalemia.

Determining the cause of hypokalemia can some-
times be challenging, especially in patients who surrep-
titiously use laxatives or diuretics, as this is often
denied by these patients. Laxative abuse is usually
associated with metabolic acidosis. Surreptitious
vomiting, as in bulimia, and illicit use of diuretics may
be seen in weight-conscious individuals. Patients with
hypertension and otherwise unexplained hypokalemia
should be suspected of having primary hyperaldoster-
onism. Bartter’s and Gitelmann’s syndrome are charac-
terized by severe hypokalemia and metabolic alkalosis,
which usually manifests in childhood. In these
patients, blood pressure is usually low or normal, and
hyperreninemia and hyperaldosteronism are present.
Renal magnesium wasting results in hypomagnesemia
and hypercalciuria is also seen. In Gitelman’s syn-
drome, hypokalemia is usually milder, but hypomag-
nesemia is more severe and there is no hypercalciuria.
Hypomagnesemia induces renal potassium wasting by
poorly defined mechanisms, thus magnesium should
be measured in all patients with unexplained hypo-
kalemia.130,145 The hypocalciuria characteristic of
Gitelman Syndrome has never been fully explained.
An increase in the transepithelial voltage along the
thick ascending limb has recently been proposed as the
primary stimulus for increased paracellular calcium
reabsorption along this segment.146�148

With renal potassium losses, reversing the factors
promoting kaliuresis is necessary to correct the hypo-
kalaemia (e.g., high-salt intake in a patient receiving
diuretics). The use of potassium-sparing drugs such
as amiloride or triamterene may be helpful until the
potassium deficiency is ultimately amenable to cure
(e.g., an adrenal adenoma causing primary hyperal-
dosteronism).121 These drugs may also be used as
chronic therapy when a surgical cure is not possible
(e.g., bilateral adrenal hyperplasia) or in Liddle’s
syndrome.

The mere finding of chronic hyperkalemia suggests
impaired potassium secretion since with normal
renal function, an increased potassium burden would
lead to rapid excretion of the excess potassium.108 The
urine potassium concentration will be low in the set-
ting of chronic hyperkalemia, as in the syndrome of

hyporeninemic hypoaldosteronism, and with drugs
that block sodium channels (e.g., trimethoprim and
amiloride).132 The syndrome of hyporeninemic hypoal-
dosteronism is an important cause of hyperkalemia in
patients with a mild to moderate reduction in GFR. As
discussed previously, in the setting of CKD, renal
potassium secretion is best assessed using the frac-
tional potassium excretion (Fig. 74.7).137 In patients
with chronic hyperkalemia, FEK is lower than that of
normokalemic patients with similar reductions in GFR
(Table 74.9 and Fig. 74.7). This is evidence that potas-
sium secretion is impaired in hyperkalemic patients for
any given level of GFR.

Acidosis is known to inhibit renal potassium secre-
tion.149 Renal potassium excretion is inversely related
to ammonium excretion, such that potassium excretion
is depressed when ammonium excretion is enhanced
as in states of metabolic acidosis.150 In the classic form
of RTA, however, renal potassium excretion is
increased, leading to severe hypokalemia despite of
acidosis. Clearly then, the driving force for hypokale-
mia in distal RTA cannot be systemic acidosis which
would be expected to decrease potassium secretion.
The reason for hypokalemia in the classic form of distal
RTA remains to be elucidated.151 The hypokalemia in
distal RTA could be readily explained by a permeabil-
ity defect causing passive potassium secretion, as
occurs with amphotericin B administration.151,152 A
permeability defect as a mechanism of distal RTA,
however, seems unique to amphotericin B, so alterna-
tive explanations are required to explain the potassium
wastage mechanism.151,153

Enhanced potassium secretion may be driven by sec-
ondary hyperaldosteronism which may be a feature of
distal RTA.154,155 Aldosterone oversecretion could be
expected due to sodium wastage which has been docu-
mented in some patients with distal RTA.154,155 This
may be a reasonable explanation; however, it is unclear
why some patients present with striking hypokalemia
while others do not. One attractive mechanism that
may explain the hypokalemia is the existence of a
defect in the renal H1/K1-ATPase pump.156 Renal
potassium excretion is determined not only by active
potassium secretion localized largely to the distal
tubule and cortical collecting tubule, but also by active
potassium absorption localized, at least in part,
to the outer medullary collecting tubule.157,158 If the
H1/K1-ATPase pump in the collecting tubule were
defective in distal RTA, one could explain both hypo-
kalemia and metabolic acidosis.

A strong argument against the H1/K1-ATPase the-
ory, however, is the finding that severe hypokalemia
occurs in all hereditary types of RTA regardless of the
molecular defect involved.151 Hypokalemia is seen in
patients in whom the defect is due to a mutation
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of the H1-ATPase, the AE1 (electroneutral anion
exchanger) and the carbonic anhydrase-2 genes.188�193

This suggests that the mechanism of enhanced potas-
sium secretion is not related to a primary H1/K1-
ATPase defect.151 Perhaps a concomitant amplification
of secretory mechanisms that involve either the potas-
sium channel, ROMK, or the sodium channel, ENaC, is
involved in all types of hypokalemic distal RTA.151

EVALUATION OF METABOLIC ACIDOSIS

Metabolic acidosis is a process whereby an excess
nonvolatile acid load is placed on the body due to
excess acid generation or diminished acid removal by
normal homeostatic mechanisms.159,160 Analysis of
acid�base disorders begins with the clinical history
and assessment of plasma chloride and plasma bicar-
bonate. The presence or absence of hyperchloremia is a
useful clue in the evaluation of metabolic acidosis.18

When plasma chloride increases out of proportion to
sodium (proportional changes in chloride and sodium
can be seen with dehydration), either a chronic respira-
tory alkalosis or a hyperchloremic metabolic acidosis
must be present. A blood gas is usually needed to dis-
tinguish with certainty between a metabolic acidosis
and a chronic respiratory alkalosis. The type of meta-
bolic acidosis present can be initially approached by
assessing whether plasma anion gap (AG) is normal or
elevated.

Plasma Anion Gap

The anion gap in plasma is used to differentiate
hyperchloremic metabolic acidosis (normal AG) from
high AG metabolic acidosis.161 In a pure hyperchlore-
mic metabolic acidosis, there is an increase in plasma
chloride equivalent to the fall in plasma bicarbonate, so
that the sum of these two anions remains unchanged.
The calculation of the plasma anion gap is part of the
diagnostic approach as it allows one to classify the dis-
orders into categories of normal anion gap or elevated
anion gap. Although these categories can overlap the
classification is nevertheless very useful to clinicians.160

The plasma anion gap in pure hyperchloremic meta-
bolic acidosis is not increased, and may even be
slightly reduced due to buffering of protons by pro-
teins. In hyperchloremic metabolic acidosis, hyper-
chloremia ensues due to enhanced renal chloride
retention.18

A clinical setting in which the AG may be mislead-
ingly low is hypoalbuminemic states.162�164 Albumin is
negatively charged and makes up a significant portion
of unmeasured anions.165 Therefore, hypoalbuminemia
will lead to an underestimation of the size of the AG
and potentially to a failure to recognize a clinically

important high AG metabolic acidosis. To circumvent
this issue, the effect of serum albumin on the plasma
AG must be taken into account in the analysis of
acid�base disturbances. Figge et al. derived a formula
for the plasma AG that takes into account serum albu-
min, which is based on a mathematical model that has
been verified by experiments in vitro.162 This formula is
as follows:

Albumin-corrected AG5AG1 2:5

3 ð4:42 albumin in g=dlÞ ð74:21Þ

In other words, for each 1-g/dl decrease in serum
albumin below 4.4 g/dl, the observed AG underesti-
mates the actual concentration of unmeasured anions
by 2.5 mEq/L.162 This estimation has been shown to
correlate more or less with other formulas that take
into account the effect of plasma albumin on the anion
gap.165 An alternative is just to accept that hypoalbumi-
nemia leads to a low anion gap and to use this “base-
line” anion gap as the basis for comparison with the
current anion gap in an acid�base disorder. For exam-
ple, if a patient with nephrotic syndrome chronically
has an albumin of 2.5 g/dl and thus the anion gap is
typically around 7, then a current anion gap of 12,
though seemingly normal, would constitute an ele-
vated anion gap of 5 units for this patient and should
trigger a search for the cause.

A low plasma AG is seen in certain IgG myelomas
in which the cationic nature of the paraprotein causes a
rise in chloride anions in order to balance the protein’s
cationic charge.166 In contrast, the plasma anion gap is
normal or even increased in multiple myeloma associ-
ated with IgA and IgG paraproteins.166 IgG parapro-
teins have isoelectric points that are higher than
physiologic pH and are positively charged. The con-
verse takes place with IgA paraproteins, which have
isoelectric points below physiologic pH. They behave
like anions and when present in large concentrations,
the anion gap should increase. In IgA myeloma, how-
ever, the AG is usually normal as a result of co-existing
hypoalbuminemia, which may reduce an otherwise ele-
vated AG to a normal level. Thus, the interpretation of
the plasma AG requires a careful review of all the pos-
sible variables that may affect it.

An additional limitation with the use of plasma AG
occurs in the detection of mixed metabolic acid�base
disturbances.163 Traditionally, the relationship between
changes in the concentration of unmeasured anions
(ΔAG) and change in serum bicarbonate concentration
(ΔHCO3

2) helps uncover the presence of a mixed
acid�base disorder (typically a high AG metabolic aci-
dosis accompanied by either a metabolic alkalosis or a
normal AG metabolic acidosis). Deviation from the
presumed 1:1 ratio in this relationship (ΔAG/ΔHCO3

2)
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that is present in a high AG metabolic acidosis has
been used to diagnose these complex acid�base distur-
bances.163 When the ΔHCO3

2 (using a mean normal
value for bicarbonate of 24 mEq/L) exceeds the ΔAG,
a normal AG metabolic acidosis co-exists. Conversely,
when the ΔAG exceeds the ΔHCO3

2, a metabolic alka-
losis is present in addition to the high AG metabolic
acidosis. Several studies, however, have indicated that
there is variability in this ratio, such that a deviation
from a 1:1 ratio may not necessarily indicate the pres-
ence of a coexisting normal AG acidosis or metabolic
alkalosis. This is due to the fact that this 1:1 ratio may
be transient and/or depend on the type of metabolic
acidosis present.163,167�171 Studies involving ketoacido-
sis or lactic acidosis, as well as rarer causes of organic
acid accumulation such as toluene poisoning, showed
that ratios either greater than 1 or less than 0.8 (the lat-
ter being less common) were observed in the absence
of an apparent co-existing metabolic alkalosis or nor-
mal AG acidosis.167,168,172�177 This underscores the
importance of considering patient history, physical
examination, or other laboratory data in accurately
defining an acid�base disorder.163 Nonetheless, the
plasma AG, with all the previously mentioned caveats,
provides a convenient “starting point” in the evalua-
tion of metabolic acidosis and helps to monitor over
time the changes in unmeasured anions such as lactate
during therapy for metabolic acidosis in the acute
setting.

Urinary Indices in the Evaluation of Metabolic
Acidosis

Various urinary indices, including pH and urinary
concentrations of sodium, potassium, chloride, and
bicarbonate, as well as assessment of the response to
provocative tests, can be used, in most cases, to accu-
rately delineate the cause of a metabolic acidosis and
its mechanism. Except in patients abusing laxatives,
who often deny the practice vehemently, diarrhea as a
cause of hyperchloremic metabolic acidosis is evident
from the patient’s history.

In patients with diarrhea, such as a patient with
severe cholera, the acidosis is often more severe
than that accounted for by the bicarbonate loss in the
stool.178 The actual bicarbonate concentration of
the stools underestimates bicarbonate loss because of
the presence in the intestine of organic acids from bac-
terial products. Titration of intestinal bicarbonate by
these acids lowers the final bicarbonate concentration
in the stool, resulting in an underestimation of the
net alkali loss. Even taking this into consideration, the
measured plasma bicarbonate concentration is often
much lower than expected from bicarbonate losses due
to co-existing lactic acidemia or renal failure, which are
common complications of severe cholera.178

In addition, volume contraction from diarrhea
may be severe enough to inhibit maximal renal
tubular acidification. Euvolemic individuals subjected
to a chronic acid challenge can increase acid excre-
tion to as much as 200 mEq/day with only a small
decrease in plasma bicarbonate. Although studies on
renal acid excretion in cholera patients are not avail-
able, it seems reasonable to expect that it may not
increase maximally, due to the limitation of
impaired sodium delivery. This can be inferred from
studies of metabolic acidosis in individuals abusing
laxatives.18,179

Volume depletion in laxative abusers may be unrec-
ognized because these patients have developed com-
pensatory mechanisms and are not overtly
hypotensive.18,179 These patients often come to medical
attention due to hypokalemia of unknown etiology.
With laxative abuse, hypokalemia is more often seen
than hyperchloremic metabolic acidosis and can be
severe due to concomitant diuretic abuse and self-
induced vomiting. Aldosterone likewise promotes
renal potassium loss in these patients. This latter effect
may be attenuated despite hyperaldosteronism if distal
sodium delivery is impaired from sodium depletion.
Urinary sodium availability also affects the ability to
lower urine pH.179 In salt-retaining states with urine
sodium below 25 mmol/L, urine pH cannot be maxi-
mally lowered (Fig. 74.8).15 Here, urine pH is a mis-
leading index of distal acidification in that the
“intrinsic” renal capacity for distal H1 secretion is nor-
mal once sodium delivery is increased.15,179 A clue to
the diagnosis of laxative abuse is the virtual absence of
urinary sodium, which may be less than 1 mEq/day.
This, in turn, impairs maximal distal acidification in
response to acidemia. When sodium excretion is
increased through salt replacement, urine pH falls
maximally and acid excretion increases with improve-
ment in the metabolic acidosis (Fig. 74.9).179

Whenever a hyperchloremic metabolic acidosis is
present without any obvious cause (e.g., diarrhea) and
with a relatively normal GFR, distal renal tubular aci-
dosis (RTA) should be suspected. With appropriate
suspicion, the diagnosis can usually be confirmed by
the findings of an inappropriately low rate of acid
excretion and an inappropriately high urine pH.180

The urine pH is typically inappropriately high in the
classic form of RTA (distal or type I RTA) and low
in type IV distal RTA (i.e., selective aldosterone
deficiency).138

Urine Anion Gap

In the presence of metabolic acidosis, ammonium is
the most important component of acid excretion.
Urinary ammonium (NH4

1) is usually not measured in
the clinical laboratories but can be inferred by
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calculating the urine anion gap in patients with a
hyperchloremic metabolic acidosis.15 The principle is
similar to that of the plasma anion gap, namely the
sum of all anions must equal the sum of all cations.
Thus,

fCl2g1 fHCO3
2g1 funmeasured anionsg

5 fNa1g1 fK1g1 funmeasured cationsg ð74:22Þ

The unmeasured anions include sulfate, phosphate,
and organic anions. Cations not routinely measured
include NH4

1, Ca21, and Mg21. NH4
1 is by far the pre-

dominant species in the setting of metabolic acidosis
and its excretion can be indirectly estimated through
the urinary anion gap (Fig. 74.10).15 The urine anion
gap is calculated from the urine electrolytes by the
formula:

Urine anion gap5 fNa1g1 fK1g2 fCl2g
if urine pH is, 6:5 or

ð74:23Þ

Urine anion gap5 fNa1g1 fK1g2 ðfCl2g1 fHCO3
2gÞ

if urine pH is. 6:5

ð74:24Þ
Thus, the urine anion gap provides information

regarding the renal response to systemic acido-
sis.15,180,181 The urine anion gap will be low (usually a
negative value) if there is a decrease in unmeasured

anions or an increase in unmeasured cations (e.g.,
NH4

1). The urine anion gap will be increased (usually a
positive value) if there is an increase in unmeasured
anions or a decrease in unmeasured cations (e.g.,
NH4

1). Because the concentrations of unmeasured
anions in the urine do not change considerably and
because NH4

1 is the major unmeasured cation in the
presence of metabolic acidosis, the urine anion gap in
this setting provides a rough estimate of urine NH4

1.
It should be noted that the utility of the urine anion
gap is limited to the evaluation of metabolic acidosis.15

In the absence of metabolic acidosis the main determi-
nants of the urine anion gap is the composition of the
ingested electrolytes. The urine anion gap can be
decreased in diarrhea associated metabolic acidosis,
whereas it is typically increased in all syndromes asso-
ciated with renal tubular acidosis.15

Patients with a distal acidification defect (e.g., distal
RTA) typically have a positive urine anion gap because
of low NH4

1 excretion, whereas in diarrheal states asso-
ciated with metabolic acidosis, the urine anion gap is
negative, reflecting the fact that NH4

1 excretion
is appropriately increased.15 Information regarding
NH4

1 excretion from subjects with proximal RTA is
limited. The excretion rates of NH4

1 may not be
reduced as compared to those of control subjects.182�184

For instance, in a study by Brenes et al., the response to
a 3-day acid loading test with NH4Cl was evaluated in
eight patients with isolated proximal RTA and in 10
healthy control subjects.185 In the basal state, all sub-
jects with proximal RTA had rates of NH4

1 excretion
similar to those of the control subjects, suggesting a
normal pattern of ammonium renal handling. On the
third day of acid loading, however, their NH4

1 excre-
tion rates were significantly lower than those of con-
trols, demonstrating impairment in maximal urinary
NH4

1 excretion.185,186 Given this latter finding, it is
likely that the urinary anion gap in proximal RTA may
not be as negative as in normal people with metabolic
acidosis. Although reduced, however, the amount of
urinary ammonium may still be sufficient to result in a
negative urine anion gap (Table 74.11). Since these pre-
vious studies did not provide information on urinary
anion gap in proximal RTA, additional data on this
parameter are needed from such patients. In distal
RTA, the urine anion gap is consistently positive with-
out exception.15

Another clinical setting in which the urinary anion
gap is useful is with chronic respiratory alkalosis. As
with hyperchloremic metabolic acidosis, chronic
respiratory alkalosis presents with hyperchloremia
and hypobicarbonatemia.131 Because of these latter
findings, a diagnosis of chronic metabolic acidosis is
often mistakenly made particularly when blood pH
and blood pCO2 are not available. In reality, many of

FIGURE 74.8 Urinary pH in relation to urinary sodium concen-
tration in eight patients with diarrhea. Urinary sodium (UNa) was
increased by administration of furosemide or sodium chloride. The
relation between urinary pH (y-axis) and urinary sodium (x-axis)
could be expressed as a curvilinear line, according to the following
equation: y520.16 ln (x)1 5.8 (r5 0.75, p ,.001). (From Batlle DC,
Hizon M, Cohen E, Gutterman C, Gupta R. The use of the urinary anion
gap in the diagnosis of hyperchloremic metabolic acidosis. N Engl J Med
1988;318:594�99. Reprinted with permission of Massachusetts Medical
Society, r 1988 Massachusetts Medical Society. All rights reserved.)
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these patients have a chronic respiratory alkalosis but
this is not appreciated unless a blood gas is done.
The urine anion gap helps to distinguish between a
chronic respiratory alkalosis and a chronic metabolic
acidosis. A positive urine anion gap in the presence
of hyperchloremia and hypobicarbonatemia should
suggest a chronic respiratory alkalosis or a renal
tubular acidosis (Table 74.10). Because renal tubular
acidosis is relatively rare and chronic respiratory
alkalosis is frequent in hospitalized patients, we
think the urine anion gap is extremely helpful to
separate metabolic acidosis from respiratory alkalosis.
In chronic respiratory alkalosis, the urine anion gap
is positive owing to suppressed ammonium

excretion, which serves as an adaptive response to
chronic alkalemia. Conversely, the urine anion gap is
expected to be decreased (negative) in situations of
chronic respiratory acidosis where the formation and
excretion of ammonium is increased. Other causes
where urine anion gap is increased or decreased are
listed in Table 74.11. The acidosis associated with
chronic renal failure (or advanced CKD) is largely
due to the decrease in ammonium excretion.
Normally, an acid load results in a several-fold
increase in ammonia excretion with a more modest
increase in titratable acid excretion. By contrast, in
advanced CKD, despite the prevailing systemic aci-
dosis, there is a failure to increase ammonia

FIGURE 74.9 Effect of daily intravenous saline infusion (0.9% NaCl) on plasma renin activity (PRA), sodium and chloride excretion, urine
pH, plasma bicarbonate, and total body weight in a patient who continued to abuse laxatives throughout the observation period. Note the
reversible improvement in plasma bicarbonate and the fall in urine pH that occurred during saline administration. (From Batlle D, von Riotte A,
Schlueter W. Urinary sodium in the evaluation of hyperchloremic metabolic acidosis. N Engl J Med 1987;316:140�4. Reprinted with permission of
Massachusetts Medical Society, r 1987 Massachusetts Medical Society. All rights reserved.)
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excretion to the levels found in normal subjects with
acidosis.187 Even when factored for GFR, ammonium
excretion in patients with advanced CKD fails to
increase appropriately.186,187 Accordingly, the urine
anion gap is expected to be increased (positive) with
advanced CKD despite the presence of metabolic aci-
dosis (see Table 74.11).

Although, in a qualitative sense, the urinary anion
gap roughly reflects urinary ammonium excretion in
the setting of hyperchloremic metabolic acidosis, it
is not a precise diagnostic index and does have limita-
tions.15 The urine anion gap is influenced by changes

in other unmeasured cations (e.g., calcium and possibly
magnesium, the excretion of which are increased dur-
ing acidosis) or unmeasured anions, or both. For exam-
ple, the urine anion gap may be decreased (i.e.,
negative) if the urine contained large amounts of
unusual cations such as lithium. Conversely, the gap
may be increased (i.e., positive) if the urine contained
certain anionic antibiotics such as carbenicillin. In
ketoacidosis, the gap is likely to be increased due to
the presence of large amounts of ketone anions, despite
a high excretion of ammonium.15,188 In this setting, the
urine anion gap would greatly underestimate ammo-
nium excretion. Type of diet and circadian influences
can also affect anion excretion and thus influence the
urine anion gap.189 Despite these limitations, the urine
anion gap is a useful bedside index of ammonium
excretion in a patient with hyperchloremic metabolic
acidosis as it helps distinguish metabolic acidosis due
to reduced ammonium excretion (i.e., distal RTA) from
the acidosis that is due to gastrointestinal bicarbonate
losses.

Urine Osmolar Gap

The urine osmolar gap is another method that can
be used to indirectly estimate NH4

1 excretion.3 The
rationale here is that urinary cations (mainly sodium,
potassium, and NH4

1) must be accompanied by an

FIGURE 74.10 Urinary ammonium (NH41) in relation to the uri-
nary anion gap (UAG). Thirty-eight patients with altered distal uri-
nary acidification are represented by open circles; seven normal
subjects receiving ammonium chloride, closed circles; and eight
patients with hyperchloremic metabolic acidosis associated with diar-
rhea, triangles. (From Batlle DC, Hizon M, Cohen E, Gutterman C, Gupta
R. The use of the urinary anion gap in the diagnosis of hyperchloremic meta-
bolic acidosis. N Engl J Med 1988;318:594�9. Reprinted with permission of
Massachusetts Medical Society, r 1988 Massachusetts Medical Society.
All rights reserved.)

TABLE 74.10 Urine Anion Gap in Various Conditions

Plasma HCO3
2 Plasma Chloride Ammonium Urine Anion Gap

Metabolic acidosis (diarrhea) Low High High Negative (0 to 250)

Chronic respiratory alkalosis Low High Low Positive (0 to 150)

Metabolic acidosis (distal RTA) Low High Low Positive (0 to 150)

Metabolic acidosis (proximal RTA) Low High Normal or reduced Unknown*

*Data are limited with respect to use of urine anion gap in proximal RTA. It is possible that the urine anion gap is negative in this setting, reflecting a relatively high rate of
ammonium excretion.
RTA, renal tubular acidosis.

TABLE 74.11 Conditions where Urinary Anion Gap is
Predictably Altered:

1- Increased (Positive) Urine Anion Gap (0 - 150 mEq/l):

• Distal renal tubular acidosis (all types).
• Advanced CKD (GFR ,20 ml/min).
• Chronic respiratory alkalosis.
• Vomiting.

2- Decreased (Negative) Urine Anion Gap (0 - 2 50 mEq/l):

• Chronic metabolic acidosis from diarrhea.
• Proximal renal tubular acidosis.
• Chronic respiratory acidosis.
• Recovery phase from chronic respiratory alkalosis.
• Recovery phase from diabetic Ketoacidosis.
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equal number of anions and that the major contributors
to urine osmolality are glucose and urea.3 If all urine
components are expressed in mmol/L, the calculated
urine osmolality (excluding the portion contributed by
NH4

1 and its anions), is as follows:

Calculated urine osmolality5 23ðsodium1potassiumÞ
1urea1 glucose

The urine osmolar gap is the difference between the
calculated and measured urine osmolalities and is
assumed to consist of NH4

1 and its anions. Therefore,
urine NH4

1 concentration is assumed to be equal to
half of the urine osmolar gap. One limitation to this
estimate is seen with the wide range in the concentra-
tion of divalent urine anions, especially sulfate, and of
unmeasured urine cations other than NH4

1 which can
be present in variable amounts (e.g., lithium, magne-
sium, or calcium).164 Moreover, information on urea
and glucose concentrations in urine is usually not
available in the usual clinical setting. Thus, it is much
easier to use the urine anion gap than the urine osmo-
lar gap to estimate urine NH4

1.

Minimal Urine pH and Maximal Acid Excretion
During Metabolic Acidosis

In addition to measuring urine electrolytes and cal-
culating the urine anion gap, urine pH should be mea-
sured to assess the ability of the collecting duct to
acidify the urine.180 Urine pH can be measured during
spontaneous metabolic acidosis or after administration
of an acidifying salt. It can also be measured following
the infusion of sodium sulfate or after giving furose-
mide. In the presence of systemic acidosis, urine pH
should be below 5.5; this would be consistent with
appropriate urinary acidification and, thus, exclude
distal RTA. The finding of a urinary pH above 5.5 in
the setting of systemic acidosis is usually diagnostic of
distal RTA, as long as distal Na1 delivery is adequate.
It is important to keep in mind, however, that some
patients with RTA have urine pH values below 5.5 dur-
ing acidosis and still have impaired distal acidification.
Many of these patients have hyperkalemia and/or
aldosterone deficiency and some have defects in NH4

1

excretion.18,138

Urine pH should be measured in a freshly voided
sample in the morning and ideally collected under min-
eral oil. The presence of mineral oil, however, is not
critical, which is contrary to what is traditionally
recommended. To rule out a distal acidification defect,
inducing only a mild degree of metabolic acidosis is
sufficient (i.e., plasma HCO3

2 between 20 and 22 mEq/
L). Because the body’s homeostatic mechanisms are so
efficient, serum HCO3

2 and blood pH can be main-
tained within the normal range despite ongoing acid

challenges such as excessive meat ingestion.159,190

Unfortunately, there is little information about urinary
acidification under these conditions, but it is reasonable
to assume that it is appropriately stimulated in terms of
enhanced acid excretion. Chronic metabolic acidosis
results in decreased citrate excretion.191,192 A low level
of citrate excretion may be a clue to the presence of sub-
clinical or eubicarbonatemic metabolic acidosis.

In normal subjects urine pH is approximately 6.0 for
the majority of measurements performed during a 24-
hour period.193 This implies that the urine contains lit-
tle HCO3

2 and would seem to contradict the view that
the kidney maintains acid�base balance in the face of
an alkali load by markedly increasing the excretion of
HCO3

2. The traditional formula for net acid excretion is
as follows:

Net acid excretion5UNHþ
4
1UTitratedacid

2UHCO�
3
ð194Þ

ð74:26Þ

If bicarbonaturia were the main route for elimina-
tion of an alkali load, the expected higher urine pH
would, in turn, increase the risk for calcium phos-
phate stones. Rather than increasing bicarbonaturia,
dietary alkali is converted initially to HCO3

2 in the
liver and is then titrated through the production of
organic acids. Excreting the daily dietary alkali load
in the form of organic anions, including citrate, that
can be metabolized to HCO3

2 helps to maintain urine
pH close to 6.0. In describing the kidney’s role in
acid�base balance, it is therefore necessary to include
the portion of daily dietary alkali load that is excreted
in the form of organic anions that can be metabolized
to HCO3

2 in the formula for net acid excretion as
potential HCO3

2.195 A formula for net acid excretion
that would take this into account is as follows:

Revised net acid excretion5UNHþ
4
1UTitratedacid

2UHCO�
3
2UPotentialHCO�

3

Ammonium Chloride Loading Test

If systemic acidosis is not present, the acidifying
agent ammonium chloride can be given orally in a
dose of 0.1 g/kg of body weight daily for three to five
days or as a single dose of the same cumulative
amount.180 Urine is then collected hourly from two to
eight hours. In our experience, the three-day test gives
more reliable results and is preferable as it allows time
for a maximal increase in NH4

1 excretion. In healthy
subjects, urine pH falls below 5.5 (usually below 5.0)
by the first day and continues to remain low.185 By the
third day, ammonium excretion increases at least three-
to five-fold. An alternative acidifying agent is calcium
chloride (2 mEq/kg of body weight orally), which
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gives results similar to ammonium chloride. It can be
used in patients who cannot tolerate ammonium chlo-
ride due to nausea and vomiting or in patients with
liver disease in whom ammonium chloride is contrain-
dicated.18,196 A suggested laboratory workup of a
patient suspected of having distal RTA is summarized
in Table 74.12.180

Provocative Tests of Distal Acidification

These tests involve the use of sodium sulfate or a
loop diuretic to assess Na1-dependent acidification
and can provide additional useful mechanistic infor-
mation.137,197,198 By increasing distal sodium delivery,
these agents enhance the negative transepithelial
potential in the collecting duct and thus stimulate both
H1 and K1 secretion. A reduction in urine pH accom-
panied by an increase in potassium excretion following
the administration of sodium sulfate indicates a normal
response to this enhanced electronegative poten-
tial139,180,197 Fig. 74.11).

Normal subjects can lower urine pH maximally, in the
absence of systemic acidosis, provided that distal sodium
delivery is increased acutely and while collecting tubule
sodium reabsorption is stimulated.197,199�201 The latter
requirement can be achieved by either administration of
mineralocorticoid or by placing the subject on a low-
sodium diet (i.e., 20 mEq daily) for three days, which sti-
mulates aldosterone release. Aldosterone, in turn,
enhances distal sodium reabsorption. The sodium sulfate
infusion test can therefore be performed following the
administration of fludrocortisone (1 mg orally over the 12
hours preceding the sodium sulfate infusion) or after a
low salt diet.197,202

TABLE 74.12 Laboratory Workup for Patients Suspected of
Having Distal RTA

Tests Comments

Urine pH Freshly voided urine collected in mineral oil

Knowledge of acid�base status needed

Knowledge of urine {Na1} needed because urine
pH does not fall maximally when urine {Na1}
,20 mEq/L

If urine pH ,6.3, urine contains little HCO3
2 and

proximal RTA unlikely

If urine pH ,5.5, the classic forms of distal RTA
can be excluded but not other types such as type
IV RTA and some rate-dependent defects

Urine Na1, K1,
Cl2

Calculate urine anion gap.a Negative value
suggests that NH4

1 excretion is not reduced and
tends to rule out distal RTAb

Net acid
excretionb

Calculated as (NH4
1 excretion1 titratable acidity)

2 HCO3
2 excretion

Other
provocative
testsc

Urine pCO2 after bicarbonate loading

Urine pH and acid excretion after furosemide or

Na2SO4 administration

Urine pH and urine K1 excretion after amiloride

Source: Moorthi K, Batlle D. Renal tubular acidosis. In: Gennari FJ, Adrogue HJ,
Galla JH, Madias NE (eds). Acid�Base Disorders and Their Treatment. Boca Raton:
Taylor & Francis Group; 2005:417�67.
aUrine ({Na1}1 {K1})2 {Cl2}.
bBlood pH should be #7.35. If metabolic acidosis is not present, give NH4Cl (0.1 g/kg)
for 2 to 3 days.
cThese tests usually are not needed if the diagnosis is clear from history and above
tests.
RTA, renal tubular acidosis.

FIGURE 74.11 Response to
Na2SO4 in a normal subject, a patient
with classic DRTA and a patient with
hyperkalemic DRTA. Observe that
Na2SO4 fails to lower urine pH and to
increase FEK in the patient with
hyperkalemic DRTA. In contrast, the
patient with classic DRTA increases
FEK but cannot lower urine pH nor-
mally indicating the presence of an
isolated defect for H1 secretion.
(From Batlle, DC. Hyperkalemic hyper-
chloremic metabolic acidosis associated
with selective aldosterone deficiency and
distal renal tubular acidosis. Semin
Nephrol 1981;1:260�74, with
permission.)

2504 74. PHYSIOLOGIC PRINCIPLES IN THE CLINICAL EVALUATION OF ELECTROLYTE, WATER, AND ACID�BASE DISORDERS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



When properly performed, the sodium sulfate test
results in a fall in urine pH to below 5.5 (usually
below 5.0), whether or not systemic acidosis exists.
Some subjects may exhibit a late response, so urine col-
lections should continue for two to three hours after
the infusion is discontinued. Patients with chronic
renal insufficiency also respond normally to sodium
sulfate.202 The increase in acid excretion following
sodium sulfate infusion is mainly in the form of NH4

1.
The kaliuretic response that is seen with sodium sulfate
administration is also useful in assessing distal potas-
sium secretory capacity (Figure 74.11). Patients with
hyperkalemic distal RTA do not increase potassium
excretion normally whereas patients with classic distal
RTA increase it markedly137,139,197,199 (Fig. 74.11).

Loop diuretics increase sodium delivery to the col-
lecting duct by blocking NaCl reabsorption in the loop
of Henle. Part of the delivered sodium to the distal
nephron is reabsorbed in the cortical collecting tubule,
which then creates a favorable transepithelial voltage

gradient for H1 and K1 secretion.197�199 This interpre-
tation is supported by the finding that the fall in
urine pH and the increase in potassium excretion
caused by furosemide are obliterated by amiloride
(Fig. 74.12).197,198 Amiloride also mitigates the kaliure-
tic effect of furosemide. The difference in potassium
excretion that is seen, at comparable urine flow rates,
when furosemide is given alone and when combined
with amiloride demonstrates the significant contribu-
tion of the amiloride-sensitive (i.e., Na1-dependent)
component of distal K1 secretion.197,198

The furosemide test is performed by first collecting
a urine sample and then giving 40 to 80 mg of furose-
mide orally.197 Measurements of urine pH two to four
hours following furosemide should give a urine pH
below 5.5.197,198 The test was performed initially with-
out the administration of mineralocorticoid or prior
salt restriction to enhance sodium avidity.197 All sub-
jects responded consistently by lowering urine pH
below 5.5 without any prior intervention to enhance
avidity for distal sodium reabsorption (Fig. 74.13).
More recent studies have used the furosemide test fol-
lowing the administration of mineralocorticoid.203

While this ensures that distal sodium reabsorption is
stimulated we think the furosemide test is reliable even
without preexisting minderalocorticoid administra-
tion.197,198 Furosemide when given intravenously204 or
bumetanide administration orally198 have also been
shown to lower urine pH consistently.

The amiloride test is performed by giving 20 mg of
amiloride orally following a baseline urine collection

FIGURE 74.12 The effect of furosemide (•) and furosemi-
de1 amiloride (o) on urinary acidification in normal subjects. Please
note that the lowering effect of furosemide is prevented when amilor-
ide is given concurrently indicating that the effect takes place in the
cortical collecting tubule. The asterisk denotes a significant difference
between the two experimental conditions. (From Batlle, DC. Segmental
characterization of defects in collecting tubule acidification. Kidney Int
1986; 30:546�54, with permission.)

FIGURE 74.13 The effect of Furosemide (F) on urine pH,
titratable acid (TA), ammoniurn (NH4), and net acid excretion in ten
normal subjects. The data shown in this figure were obtained when
urine pH after furosemide was the lowest. C denotes data obtained
immediately before furosemide administration. (From Batlle, DC.
Segmental characterization of defects in collecting tubule acidification.
Kidney Int 1986; 30:546�54, with permission.)
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with hourly urine collections for measurement of pH
and electrolyte excretion.198 Amiloride at low doses
blocks apical sodium channels in the cortical collecting
duct.198 Administration of amiloride predictably
results in an increase in urine pH and a decrease in
urine potassium excretion in normal individuals
(Figure 74.14).198 In patients with a complete voltage-
dependent defect, amiloride should not result in a nor-
mal increase in urine pH or a further decrease in potas-
sium excretion. A normal response to amiloride (i.e.,
an increase in urine pH and a decrease in potassium
secretion) implies that voltage-dependent H1 and K1

secretion is essentially intact.198 By exclusion then a
defect other than a voltage-dependant defect is more
likely. It should be noted that for practical purposes,
however, the amiloride test is not needed since the
presence of hyperkalaemia , in the absence of aldoste-
rone deficiency, suggest a voltage-dependant type of
distal RTA.137

Another tool to evaluate distal H1 ion secretion is
the assessment of urine PCO2 in a highly alkaline
urine.205�210 Sodium bicarbonate is given usually intra-
venously to increase urine bicarbonate concentration to
a very high values (urine pH approximately 7.8).209

This results in a rise in urine PCO2 to values consider-
ably higher than that prevailing in the blood as a result,
at least in part, of H1 ion secretion in the collecting

tubule.206�210 Normal subjects achieve values of urine
PCO2 higher than 80 mmHg whereas patients with
defects in distal acidification fail to increase urine
PCO2 which usually is less than 60 mm of Hg.209 This
test, although cumbersome to execute, is a sensitive
test of maximal capacity for collecting tubule H1 ion
secretion. A subnormal rise in urine PCO2, for exam-
ple, occurs in patients with incomplete distal RTA.209
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BIOMARKERS OF ACUTE KIDNEY
INJURY—AN UN-MET NEED

The incidence of acute kidney injury (AKI) is rising
globally, and so are the associated morbidity and mor-
tality rates. AKI afflicts 5�7% of all hospitalized
patients. In critically ill patients, the overall prevalence
of severe AKI requiring renal replacement therapy
(RRT) is about 6%, with a mortality rate of 60%.1

Mortality and morbidity from AKI has not substan-
tially improved in the past few decades despite techno-
logical advances in supportive care. AKI is largely
asymptomatic, and establishing the diagnosis currently
hinges on functional biomarkers such as serial serum
creatinine measurements. Unfortunately, serum creati-
nine is a delayed and unreliable indicator of AKI for a
variety of reasons.2 First, normal serum creatinine is
influenced by several non-renal factors such as age,
gender, muscle mass, muscle metabolism, medications,
hydration status, nutrition status, and tubular secre-
tion. Second, a number of acute and chronic kidney
conditions can exist with no increase in serum creati-
nine due to the concept of renal reserve—it is estimated
that greater than 50% of kidney function must be lost
before serum creatinine rises. Third, serum creatinine
concentrations do not reflect the true decrease in glo-
merular filtration rate in the acute setting, since several
hours to days must elapse before a new equilibrium
between the presumably steady state of creatinine pro-
duction and the decreased excretion of creatinine is
established. Fourth, serum creatinine production is

diminished in critical illnesses such as sepsis, and mea-
sured serum creatinine is often further reduced by
hemodilution resulting from standard goal-directed
fluid therapies. Fifth, an increase in serum creatinine
represents a late indication of a functional change in
glomerular filtration rate, which lags behind important
structural changes that occur in the kidney during the
early damage stage of AKI. The delay in AKI diagnosis
imposed by our dependence on serum creatinine
changes is a problem, since animal studies have identi-
fied several interventions that can prevent and/or treat
AKI if instituted early in the disease course, well before
the serum creatinine begins to rise.3 The lack of early
biomarkers has hitherto hampered our ability to trans-
late these promising therapies to human AKI. Also
lacking are reliable methods to assess efficacy of pre-
ventive or therapeutic interventions, and early predic-
tive biomarkers of drug toxicity.

DESIRABLE CHARACTERISTICS
OF AKI BIOMARKERS

First, with respect to assay characteristics, AKI bio-
markers should be non-invasive and easy to perform at
the bedside or in a standard clinical laboratory, using
easily accessible samples such as blood or urine, with
quick turn-around times. The majority of AKI biomar-
kers described thus far have been measured in the
urine. Urinary diagnostics have several advantages,
including the non-invasive nature of sample collection,
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the reduced number of interfering proteins, and the
potential for the development of patient self-testing
kits. However, disadvantages also exist, including the
lack of sample from patients with severe oliguria, and
potential changes in urinary biomarker concentration
induced by hydration status and diuretic therapy.
Plasma-based diagnostics have revolutionized many
facets of medicine, as exemplified by the use of tropo-
nins for the early diagnosis of acute myocardial infarc-
tion. On the other hand, plasma biomarkers may be
confounded by extra-renal sources as well as by sub-
clinical changes in renal elimination. Thus, in the case
of AKI, it is ideal to develop both urinary and plasma
biomarkers.

Second, with respect to diagnostic properties, AKI
biomarkers should be sensitive to facilitate early
detection, with a wide dynamic range that allow for
risk stratification. They should also be highly specific
for AKI, enable the identification of AKI sub-types
and differentiate AKI from chronic kidney disease
(CKD). Ideally, biomarkers are also needed to iden-
tify the primary location of injury (proximal tubule,
distal tubule, interstitium, or vasculature), and dis-
cern AKI etiologies (ischemia, toxins, sepsis, or a
combination).

Third, with respect to prognostic abilities, AKI bio-
markers should allow for risk stratification (duration
and severity of AKI), prediction of hard clinical out-
comes (need for renal replacement therapy, length of
hospital stay, mortality) and monitoring the response
to AKI interventions. Biomarkers associated with clear
biologic plausibility and known pathophysiologic
mechanisms in AKI are most likely to satisfy the
desired diagnostic and prognostic characteristics.

Given the limitations of serum creatinine, the search
for improved biomarkers of AKI is of intense contem-
porary interest. During the past decade, an improved
understanding of the early pathophysiologic response
of the kidney to stress has uncovered a number of
genes and proteins that are rapidly induced in the
kidney.3 They have been implicated in the regulation
of novel pathways and mechanisms that modulate
the kidney injury. Serendipitously, some of these kid-
ney proteins are also detected in the urine and/or
plasma, and are emerging as early non-invasive bio-
markers of AKI and its clinical outcomes. Table 75.1
lists the desirable characteristics of AKI biomarkers
in general, and illustrates the current status of the
four most promising novel AKI biomarkers whose
bench-to-bedside translation is chronicled in this
chapter. Table 75.2 summarizes the biological charac-
teristics of these and other proposed AKI biomarkers.
Since NGAL represents the most extensively studied
of the novel biomarkers, it will be the primary focus
of this chapter.

NEUTROPHIL
GELATINASE-ASSOCIATED LIPOCALIN

(NGAL) AS AN AKI BIOMARKER

NGAL Physiology and Pathophysiology

Human NGAL was originally identified as a novel
protein isolated from secondary granules of human
neutrophils, and subsequently shown to be a 25-kDa
protein covalently bound to neutrophil gelatinase.
Mature peripheral neutrophils lack NGAL mRNA
expression, and NGAL protein is synthesized at the
early myelocyte stage of granulopoiesis during forma-
tion of secondary granules. NGAL mRNA is normally
expressed in a variety of adult human tissues, includ-
ing bone marrow, prostate, salivary gland, stomach,
colon, trachea, lung, liver, and kidney.2 Several of these
tissues are prone to exposure to microorganisms, and
constitutively express NGAL protein at low levels. The
promoter region of the NGAL gene contains binding
sites for a number of transcription factors, including
NF-κB. This could explain the constitutive as well as
inducible expression of NGAL in several of the non-
hematopoietic tissues. Like other lipocalins, NGAL
forms a barrel-shaped tertiary structure with a

TABLE 75.1 Desirable Characteristics of Acute Kidney Injury
Biomarkers

Property NGAL KIM-1 IL-18 L-FABP

Noninvasive (measured
in urine or blood)

Yes Yes Yes Yes

Rapid, standardized
clinical platforms
available

Yes Yes No No

Sensitive to establish an
early diagnosis of AKI

Yes Yes Yes Yes

Results available while
damage is limitable

Yes Yes Yes Yes

High gradient to allow
severity prediction

Yes Yes Yes Yes

Specific to intrinsic AKI
(versus pre-renal AKI)

Yes Unknown Unknown Unknown

Discerns AKI from
chronic kidney disease

No No No No

Predicts hard clinical
outcomes

Yes Yes Yes Yes

Predicts response to
therapies

Yes Unknown Unknown Unknown

Associated with a known
mechanism

Yes Yes Yes Yes

AKI: acute kidney injury; NGAL: neutrophil gelatinase-associated lipocalin;

KIM-1: kidney injury molecule-1; IL-18: interleukin 18; L-FABP: liver type fatty

acid binding protein.
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hydrophobic calyx that binds small lipophilic mole-
cules. The major ligands for NGAL are siderophores,
small iron-binding molecules. Teleologically, NGAL
comprises a critical component of innate immunity to
bacterial infection. Siderophores are synthesized by
bacteria to scavenge iron from the surroundings, and
use specific transporters to recover the siderophore-
iron complex, ensuring their iron supply. The
siderophore-chelating property of NGAL therefore ren-
ders it as a bacteriostatic agent. Experimental evidence
for this role is derived from mice genetically modified
to lack the NGAL gene, which renders them more sus-
ceptible to Gram-negative bacterial infections and
death from sepsis.

On the other hand, siderophores produced by eukar-
yotes participate in NGAL-mediated iron shuttling that
is critical to various cellular responses such as prolifer-
ation and differentiation. This property provides a
molecular mechanism for the documented role of
NGAL in enhancing the epithelial phenotype. During

kidney development, NGAL promotes epithelial differ-
entiation of the mesenchymal progenitors, leading to
the generation of glomeruli, proximal tubules, Henle’s
loop, and distal tubules. However, NGAL expression is
also markedly induced in injured epithelial cells,
including the kidney, colon, liver and lung. This is
likely mediated via NF-κB, which is known to be rap-
idly activated in epithelial cells after acute injuries, and
plays a central role in controlling cell survival and
proliferation. In the context of an injured mature organ
such as the kidney, the biological role of NGAL induc-
tion is one of marked preservation of function, atten-
uation of apoptosis, and an enhanced proliferative
response.4,5 This protective effect is dependent on the
chelation of toxic iron from extracellular environments,
and the regulated delivery of siderophore and iron to
intracellular sites. Not surprisingly, gene expression
studies in AKI have demonstrated a rapid and massive
upregulation of NGAL mRNA in the distal nephron
segments—specifically in the thick ascending limb of
Henle’s loop and the collecting ducts. The resultant
synthesis of NGAL protein in the distal nephron and
secretion into the urine comprises the major fraction of
urinary NGAL. Although plasma NGAL is freely fil-
tered by the glomerulus, it is largely reabsorbed in the
proximal tubules. Thus, any urinary excretion of
NGAL is likely only when a kidney disease precludes
proximal tubular NGAL reabsorption, and/or induces
distal tubular de novo NGAL synthesis. With respect to
plasma NGAL, the kidney itself does not appear to be
a major source. NGAL protein released into the circula-
tion from distant organs such as the liver and lung
constitute a distinct systemic pool. Additional contribu-
tions to the systemic pool may derive from activated
neutrophils, macrophages, and other immune cells.
Furthermore, any decrease in GFR would decrease
the renal clearance of NGAL, with subsequent accu-
mulation in the systemic circulation in patients with
CKD.

Preclinical transcriptome profiling studies identified
Ngal (also known as lipocalin 2 or lcn2) to be one of the
most upregulated genes in the kidney very early after
acute injury in animal models.6 Downstream proteomic
analyses also revealed NGAL to be one of the most
highly induced proteins in the kidney after ischemic or
nephrotoxic AKI in animal models.7,8 The serendipi-
tous finding that NGAL protein was easily detected in
the urine soon after AKI in animal studies has inspired
a number of translational human studies, and NGAL
has emerged as an excellent biomarker in the urine and
plasma for early diagnosis, therapeutic monitoring,
and prediction of prognosis in common clinical AKI
scenarios. The deployment of standardized clinical
platforms for the rapid and accurate measurement of
NGAL in urine and plasma has further facilitated the

TABLE 75.2 Biological Characteristics of Promising Acute
Kidney Injury Biomarkers

Biomarker Sample Origin Biological Function

NGAL Urine Distal tubule,
collecting
duct

Regulates iron trafficking,
promotes tubule cell survival
and proliferation, limits tubule
cell apoptosis

NGAL Blood Liver, lung,
neutrophils

Acute phase reactant, marker
of organ cross-talk following
acute kidney injury

KIM-1 Urine Proximal
tubule

Promotes epithelial
regeneration, regulates tubule
cell apoptosis

IL-18 Urine Proximal
tubule

Initiates and promotes tubule
cell apoptosis and necrosis

L-FABP Urine Proximal
tubule

Endogenous antioxidant,
suppresses tubulointerstitial
damage

NAG Urine Proximal
tubule

Marker of proximal tubule
lysosomal enzyme release as a
result of damage to proximal
tubule

β2-MG Urine Systemic and
Proximal
tubule

Marker of altered glomerular
permeability and/or decreased
proximal tubular reabsorption
due to damage

Albumin Urine Systemic and
Proximal
Tubule

Marker of altered glomerular
permeability and/or decreased
proximal tubular reabsorption
due to damage

NGAL: neutrophil gelatinase-associated lipocalin; KIM-1: kidney injury

molecule-1; IL-18: interleukin 18; L-FABP: liver type fatty acid binding protein;

NAG: n-acetyl glucosaminidase; β2-MG; beta2-microglobulin.
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widespread use and validation of NGAL as a
biomarker.

NGAL for the Prediction of AKI and
its Severity

In a cross-sectional study of adults with established
AKI (doubling of serum creatinine) from varying etiol-
ogies, a marked increase in urine and serum NGAL
was documented by Western blotting when compared
to normal controls.5 Urine and serum NGAL levels cor-
related with serum creatinine, and kidney biopsies in
subjects with AKI showed intense accumulation of
immunoreactive NGAL in cortical tubules, confirming
NGAL as a sensitive index of established AKI in
humans. An explosion of subsequent studies has now
implicated NGAL as an early diagnostic biomarker for
AKI in several common clinical situations.

Operations involving cardiopulmonary bypass com-
prise the most frequent major surgical procedure per-
formed in hospitals worldwide. Even a minor degree
of post-operative AKI as manifest by only a
0.2�0.3 mg/dl rise in serum creatinine from baseline
(which occurs in up to 30% of cardiac surgeries) is
associated with a significant increase in mortality and
other adverse outcomes. The pathogenesis of cardiac
surgery-associated AKI includes ischemia-reperfusion
injury, exogenous toxins (contrast media, non-steroidal
anti-inflammatory drugs), endogenous toxins (iron
released from hemolysis), and inflammation and oxida-
tive stress (from contact with bypass circuit, surgical
trauma, and intra-renal inflammatory responses). The
predictive value of NGAL has been most extensively
studied in this setting (Table 75.3). In single center pro-
spective studies of children who underwent elective
cardiac surgery, AKI (defined as a 50% increase in
serum creatinine) occurred one to three days after
surgery.9�15 In contrast, NGAL measurements by
ELISA revealed a 10-fold or more increase in the urine
and plasma, within two to six hours of the surgery in
those who subsequently developed AKI. Both urine
and plasma NGAL were excellent independent predic-
tors of AKI, with an area under the receiver-operating
characteristic curve (AUC-ROC) of .0.9 for the two to
six hour urine and plasma NGAL measurements. A
recent prospective multicenter study of children under-
going cardiac surgery has confirmed the early peak
(within six hours of initiating cardiopulmonary bypass)
of urine and plasma NGAL associated with higher
odds of developing AKI,16 but the diagnostic accuracy
by AUC-ROC analysis was lower (0.71). These findings
have also been confirmed in several prospective single
center studies of adults who developed AKI after car-
diac surgery, in whom urinary and/or plasma NGAL

was significantly elevated by one to six hours after the
operation.17�31 The AUC-ROCs for the prediction of
AKI have ranged widely from 0.61 to 0.96. A prospec-
tive multicenter study of adults undergoing cardiac
surgery has confirmed the early peak of urine and
plasma NGAL associated with higher odds of develop-
ing AKI,16 but the diagnostic accuracy by AUC-ROC
analysis was only 0.67 to 0.70.32 The somewhat inferior
performance in adult populations may be reflective of
confounding variables such as older age groups, pre-
existing kidney disease, prolonged bypass times,
chronic illness, and diabetes. The predictive perfor-
mance of NGAL also depends on the definition of AKI
employed, as well as on the severity of AKI.22�24 For
example, the predictive value of plasma NGAL post
cardiac surgery was higher for more severe AKI
(increase in serum creatinine .50%; mean AUC-ROC
0.79) compared to less severe AKI (increase in serum
creatinine .25%; mean AUC-ROC 0.65). Similarly, the
discriminatory ability of NGAL for AKI increased with
increasing severity as classified by RIFLE criteria.
Thus, the AUC-ROC improved progressively for dis-
crimination of R (0.72), I (0.79) and F (0.80) category of
AKI. Furthermore, the predictive power of urinary
NGAL for AKI after cardiac surgery varied with base-
line renal function, with optimal discriminatory perfor-
mance in patients with normal preoperative renal
function.33 Despite these numerous potential variables,
a meta-analysis of published studies in all patients
after cardiac surgery revealed an overall AUC-ROC of
0.78 for prediction of AKI, when NGAL was measured
within 6 hours of initiation of cardiopulmonary bypass
and AKI was defined as a .50% increase in serum cre-
atinine.34 A current analysis of 25 published studies
strongly supports the use of NGAL for AKI prediction
after cardiac surgery, with an overall sensitivity of
71%, specificity of 78%, and an average AUC of 0.80
(Table 75.3).

AKI is a frequent complication in critically ill
patients, and results in a 40�60% mortality rate. This
patient population is extremely heterogeneous, and the
etiology and timing of AKI is often unclear. Etiologies
include sepsis, nephrotoxins, hypotension, kidney
ischemia, mechanical ventilation, and multi-organ dis-
ease. Even in such heterogeneous settings, urine and
plasma NGAL measurements have been shown to rep-
resent early biomarkers of AKI (Table 75.4). Initial
studies in the pediatric intensive care setting demon-
strated that NGAL predicted AKI about two days prior
to the rise in serum creatinine, with high sensitivity
and AUC-ROCs of 0.68�0.78.35,36 Several studies have
also examined plasma and urine NGAL levels in criti-
cally ill adult populations.37�47 Urine NGAL obtained
on admission predicted subsequent AKI in multi-
trauma patients with an outstanding AUC-ROC of

2516 75. BIOMARKERS FOR ASSESSMENT OF RENAL FUNCTION DURING ACUTE KIDNEY INJURY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



0.98.39 However, in more mixed populations of all criti-
cal care admissions, the performance of urine NGAL
on admission was more variable, with an AUC-ROC
ranging from 0.71 to 0.89 (Table 75.4). In studies of
adult intensive care patients, plasma NGAL concentra-
tions on admission constituted a very good to out-
standing biomarker for development of AKI within the
next two days, with AUC-ROC ranges of
0.79�0.92.44�47 In the closely related setting of the
emergency department, where again the causes of AKI
are myriad and timing of the initial insult uncertain, a
single measurement of urine NGAL at the time of ini-
tial presentation predicted AKI with an outstanding
AUC-ROC of 0.95 in a single center study of adult

patients.48 This has now been confirmed in children,49

as well as in a large multicenter prospective study of
adults presenting to the emergency department,50 in
which urine NGAL was predictive of subsequent AKI
with an excellent AUC of 0.81. However, it should be
noted that patients with septic AKI display the highest
concentrations of both plasma and urine NGAL when
compared to those with non-septic AKI,51 a confound-
ing factor that may add to the heterogeneity of the
results in the critical care setting. In addition, the pre-
dictive power of urinary NGAL for AKI in the critically
ill was optimal in patients with normal preoperative
renal function.42 A meta-analysis revealed an overall
AUC-ROC of 0.73 for prediction of AKI, when NGAL

TABLE 75.3 NGAL for the Early Prediction of Acute Kidney Injury after Cardiac Surgery

Reference Patients AKI Events Source AUC Sensitivity Specificity AKI Definition

[9] 71 20 Urine 0.99 100 98 RIFLE R or greater

[17] 81 16 Urine 0.80 73 78 RIFLE R or greater

[13] 196 99 Urine 0.95 82 90 RIFLE R or greater

[18] 72 34 Urine 0.71 67 58 RIFLE R or greater

[19] 426 85 Urine 0.61 39 78 RIFLE R or greater

[21] 50 9 Urine 0.96 90 78 .0.5 mg/dl Creatinine rise

[25] 90 36 Urine 0.65 71 39 .0.3 mg/dl Creatinine rise

[26] 103 13 Urine 0.50 67 11 RIFLE R or greater

[27] 30 15 Urine 0.85 84 80 RIFLE R or greater

[28] 123 46 Urine 0.88 NR NR AKIN Criteria

[29] 50 38 Urine 0.77 82 78 AKIN Criteria

[14] 374 112 Urine 0.92 85 86 RIFLE R or greater

[15] 220 60 Urine 0.90 88 83 RIFLE R or greater

[16] 311 53 Urine 0.71 42 85 Doubling of Creatinine

[32] 1219 60 Urine 0.67 46 81 Doubling of Creatinine

[9] 71 20 Plasma 0.90 50 100 RIFLE R or greater

[12] 120 45 Plasma 0.96 84 94 RIFLE R or greater

[22] 100 23 Plasma 0.80 79 78 RIFLE R or greater

[21] 50 9 Plasma 0.80 90 78 .0.5 mg/dl Creatinine rise

[23] 100 46 Plasma 0.77 73 74 AKIN Criteria

[30] 30 8 Plasma 0.98 100 91 RIFLE R or greater

[31] 879 75 Plasma 0.64 39 82 RIFLE R or greater

[14] 374 112 Plasma 0.94 90 88 RIFLE R or greater

[16] 311 53 Plasma 0.56 27 81 Doubling of Creatinine

[35] 1219 60 Plasma 0.70 50 82 Doubling of Creatinine

Total 6670 1147 Averages 0.80 71% 78%

AKI: acute kidney injury; NR: not reported.
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was measured within six hours of clinical contact with
critically ill subjects and AKI was defined as a .50%
increase in serum creatinine.34 A current analysis of 18
published studies strongly supports the use of NGAL
for AKI prediction in the critically ill population, with
an overall sensitivity of 77%, specificity of 81%, and an
average AUC of 0.83 (Table 75.4).

AKI due to ischemia-reperfusion occurs to some
extent almost invariably in deceased donor renal allo-
grafts, and even in some live donor transplants, often
resulting in varying degrees of early renal dysfunction.
AKI leading to delayed graft function (DGF) compli-
cates 4�10% of live donor and 5�50% of deceased
donor kidney transplants. In addition to the well-
known complications of AKI and dialysis, DGF predis-
poses the graft to both acute and chronic rejection, is
an independent risk factor for suboptimal graft func-
tion at one year post transplant, and increases the risk
of chronic allograft nephropathy and graft loss. NGAL
has been evaluated as a promising biomarker of AKI
and DGF (defined as dialysis requirement within the
first post-operative week) in patients undergoing kid-
ney transplantation. Protocol biopsies of kidneys

obtained one hour after vascular anastomosis revealed
a significant correlation between NGAL staining inten-
sity in the allograft and the subsequent development of
delayed graft function.52 In a prospective multicenter
study of children and adults, urine NGAL levels in
samples collected on the day of transplant identified
those who subsequently developed DGF (which typi-
cally occurred two to four days later), with an AUC-
ROC of 0.9.53 This has now been confirmed in a larger
multi-center cohort, in which urine NGAL measured
within six hours of kidney transplantation predicted
subsequent DGF with an AUC-ROC of 0.81.54 In the
largest study reported to date, in 176 recipients of
deceased donor grafts, 70 developed DGF. Urinary
NGAL levels obtained on the first day after kidney
transplant predicted prolonged DGF with an AUC-
ROC of 0.75.55

Several investigators have examined the role
of NGAL as a predictive biomarker of AKI follo-
wing contrast administration.56�59 In a prospective
study of children undergoing elective cardiac cathe-
terization with contrast administration, both urine
and plasma NGAL predicted contrast-induced

TABLE 75.4 NGAL for the Early Prediction of Acute Kidney Injury in Critical Care Settings

Reference Patients AKI Events Source AUC Sensitivity Specificity AKI Definition

[35] 140 106 Urine 0.78 54 97 RIFLE R or greater

[37] 204 102 Urine 0.89 80 96 RIFLE R or greater

[48] 635 30 Urine 0.95 90 100 RIFLE R or greater

[38] 451 150 Urine 0.71 78 70 AKIN criteria

[39] 31 11 Urine 0.98 91 95 RIFLE R or greater

[40] 44 18 Urine 0.86 71 100 RIFLE R or greater

[41] 632 171 Urine 0.88 89 70 RIFLE R or greater

[42] 529 147 Urine 0.66 40 80 RIFLE R or greater

[49] 252 18 Urine 0.80 NR NR RIFLE I or greater

[43] 145 75 Urine 0.87 88 89 RIFLE R or greater

[50] 1635 96 Urine 0.81 68 81 RIFLE R or greater

[36] 143 22 Plasma 0.68 86 39 Creatinine. 2 mg/dl

[44] 88 42 Plasma 0.92 82 97 RIFLE R or greater

[45] 45 24 Plasma 0.79 68 82 RIFLE R or greater

[46] 307 133 Plasma 0.78 73 81 RIFLE R or greater

[47] 661 24 Plasma 0.82 96 51 Creatinine rise. 0.5 mg/dl

[40] 44 18 Plasma 0.85 83 86 RIFLE R or greater

[41] 632 171 Plasma 0.86 82 70 RIFLE R or greater

Total 6618 1358 Averages 0.83 78% 82%

AKI: acute kidney injury; NR: not reported.
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nephropathy (defined as a 50% increase in serum
creatinine from baseline) within two hours after con-
trast administration, with an AUC-ROC of
0.91�0.92.56 In several studies of adults administered
contrast, an early rise in both urine (four hours) and
plasma (two hours) NGAL were documented, in
comparison with a much later increase in plasma
cystatin C levels (8�24 hours after contrast adminis-
tration), providing further support for NGAL as an
early biomarker of contrast nephropathy.57�59 A
meta-analysis revealed an overall AUC-ROC of 0.894
for prediction of AKI, when NGAL was measured
within six hours after contrast administration and
AKI was defined as a .25% increase in serum
creatinine.34

Many reports have now demonstrated that early
NGAL measurements are predictive of AKI severity, as
classified by the standardized RIFLE criteria.60 The
average concentrations of early NGAL measurements
correlate with rising RIFLE stage reached, as shown in
Table 75.5. These findings support the use of early
NGAL measurements for AKI risk prediction and strat-
ification, and hence as a useful tool for triaging of
patient care.

NGAL for the Differential Diagnosis of AKI

In the setting of acute illness, up to 60% of patients
may have already sustained AKI on presentation, and
up to 30% already display an increase in serum

creatinine concentrations on initial presentation.48

Differentiating between volume-responsive prerenal
azotemia, intrinsic AKI, and CKD is critical for appro-
priate triaging and medical management. Recent evi-
dence suggests that NGAL measurements can serve
this purpose. In three published studies of urinary
measurements done at the time of presentation to the
emergency department, NGAL levels were only
mildly elevated in patients with prerenal azotemia or
CKD, but markedly elevated in those subsequently
adjudicated to have intrinsic AKI, with an overall
AUC-ROC for intrinsic AKI prediction of 0.86
(Table 75.6).

NGAL for the Prognosis of AKI

A number of studies have demonstrated the utility
of early NGAL measurements for predicting the sever-
ity and clinical outcomes of AKI. In children undergo-
ing cardiac surgery, early post-operative plasma
NGAL levels correlated with duration and severity of
AKI, length of hospital stay, and mortality.12 In a simi-
lar cohort, early urine NGAL levels correlated with
duration and severity of AKI, length of hospital stay,
dialysis requirement, and death.13 In a multicenter
study of children with diarrhea-associated hemolytic
uremic syndrome, urine NGAL obtained early during
the hospitalization predicted the severity of AKI and
dialysis requirement with high sensitivity.61 Early
urine NGAL levels were also predictive of duration of

TABLE 75.5 NGAL for the Early Prediction of Acute Kidney Injury Severity

Reference Patients AKI Events Source NGAL in RIFLE-R NGAL in RIFLE-I NGAL in RIFLE-F

[13] 196 99 Urine 520 1340 1750

[18] 72 34 Urine NR NR 6011

[14] 374 112 Urine 150 230 660

[15] 220 60 Urine 120 205 870

[41] 632 171 Urine 323 523 2013

[49] 252 18 Urine 19.5 185 NR

[50] 1635 96 Urine 94 202 490

Urine Total 3381 494 Averages 204 448 1981

[22] 100 23 Plasma 176 252 355

[14] 374 112 Plasma 100 222 358

[47] 661 24 Plasma 230 332 804

[2] 120 45 Plasma 175 245 360

Plasma Total 1255 204 Averages 170 263 469

AKI: acute kidney injury; NR: not reported; values for NGAL are in ng/ml.
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AKI (AUC 0.79) in a heterogeneous cohort of critically
ill pediatric subjects.35

In adults undergoing cardiopulmonary bypass,
those who subsequently required renal replacement
therapy were found to have the highest urine NGAL
values soon after surgery.17�28 Similar results were
documented in the adult critical care setting.38�42

Collectively, a meta-analysis of the published studies
revealed an overall AUC-ROC of 0.78 for prediction of
subsequent dialysis requirement, when NGAL was
measured within six hours of clinical contact.34

Furthermore, a number of studies conducted in the car-
diac surgery and critical care populations have identi-
fied early NGAL measurements as a very good
mortality marker, with an overall AUC-ROC of 0.71 in
these heterogeneous populations.34 There is now evi-
dence for the utility of subsequent NGAL measure-
ments in critically ill adults with established AKI.
Serum NGAL measured at the inception of renal
replacement therapy was shown to be an independent
predictor of 28-day mortality, with an AUC of 0.74.62

Representative publications reporting the adjusted
odds ratios for adverse outcomes related to elevated

NGAL levels early in the course of critical illnesses are
shown in Table 75.7.

Limitations of NGAL as an AKI Biomarker

Published studies to date indicate that NGAL repre-
sents a novel predictive biomarker for AKI and its out-
comes. However, NGAL appears to be most sensitive
and specific in homogeneous patient populations with
temporally predictable forms of AKI. Meta-analyses
have also identified age as an effective modifier of
NGAL’s performance as an AKI biomarker,34 with bet-
ter predictive ability in children (overall AUC-ROC
0.93) than in adults (AUC-ROC 0.78). Plasma NGAL
measurements may be influenced by a number of coex-
isting variables such as chronic kidney disease (CKD),
chronic hypertension, systemic infections, inflamma-
tory conditions, anemia, hypoxia, and malignancies.2

In the CKD population, both plasma and urine NGAL
levels are elevated, and this correlates with the severity
of renal impairment. However, it should be noted that
the increase in NGAL in these situations is generally

TABLE 75.6 NGAL for the Differential Diagnosis of Acute Kidney Injury

Reference Patients Normal Prerenal Intrinsic AKI CKD AUC Sensitivity Specificity

[48] 635 16 30 416 22 0.95 90 100

[43] 145 NR 22 187 NR 0.87 75 88

[50] 1635 20 60 335 40 0.81 81 68

Averages 18 37 313 31 0.88 82% 85%

AKI: acute kidney injury; CKD: chronic kidney disease; NR: not reported; values for NGAL in normal, prerenal, intrinsic AKI and CKD are in ng/ml. All studies

were done with urine NGAL.

TABLE 75.7 NGAL for the Prognosis of Acute Kidney Injury

Reference Patients AKI Events Source Mortality Dialysis/Severe AKI ICU Stay

[28] 123 46 Urine AUC 0.88

[32] 1219 60 Urine Adj OR 5.4 Adj OR 5.6

[16] 311 53 Urine Adj OR 4.1 Adj OR 5.9

[41] 632 171 Urine AUC 0.88

[63] 100 100 Urine Adj OR 22 Adj OR 40

[38] 451 83 Urine Adj OR 2.6

[32] 1219 60 Plasma Adj OR 7.6 Adj OR 5.6

[16] 311 53 Plasma Adj OR 2.2 Adj OR 4.3

[41] 632 171 Plasma AUC 0.86

[62] 109 109 Plasma Adj OR 1.6

AKI: acute kidney injury; Adj OR: adjusted odds ratio.
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much less than those typically encountered in AKI.
Urine NGAL has also been shown to represent an early
biomarker for the degree of chronic injury in patients
with IgA nephropathy and lupus nephritis, and may
be increased in urinary tract infections.2 However, the
levels of urine NGAL in these situations are signifi-
cantly blunted compared to that typically measured in
AKI.

KIDNEY INJURY MOLECULE-1 (KIM-1) AS
AN AKI BIOMARKER

Preclinical subtractive hybridization screens identi-
fied kidney injury molecule 1 (Kim-1) as a gene that is
markedly up-regulated in ischemic rat kidneys.64

Downstream proteomic studies have also shown KIM-
1 to be one of the most highly induced proteins in the
kidney after AKI in animal models.65,66 KIM-1 is a
transmembrane protein that is not expressed in normal
kidney but is specifically upregulated in dediffe-
rentiated proximal tubule cells after ischemic or nep-
hrotoxic AKI. It has been identified as a
phosphatidylserine receptor that transforms epithelial
cells into phagocytes by recognizing cell surface-
specific epitopes expressed by apoptotic tubular epi-
thelia.67 A proteolytically processed extracellular

domain of KIM-1 is detectable in the urine soon after
AKI. KIM-1 represents a promising biomarker for the
early diagnosis of AKI and its clinical outcomes.65,66

The recent availability of a rapid urine dipstick test for
KIM-1 will facilitate its further evaluation in preclinical
and clinical studies.68

In hospitalized patients with established AKI, uri-
nary KIM-1 levels predicted adverse clinical outcomes
such as dialysis requirement and mortality (69). In chil-
dren undergoing CPB who developed AKI one to three
days post surgery, urine KIM-1 concentrations were
significantly increased within 12 hours.15,25 The AUC
for AKI prediction at 12 hours was 0.83. In a cross-
sectional study of critically ill adults with AKI, KIM-1
levels were markedly elevated when compared to
healthy controls, yielding an AUC-ROC of 0.95.37

Age-adjusted levels of urinary KIM-1 were signifi-
cantly higher in patients who died or required dialy-
sis.37 KIM-1 is also an excellent marker of
nephrotoxicity in preclinical studies.70 Several pro-
spective studies examining KIM-1 as a biomarker of
AKI are underway. The current status of KIM-1 as
an AKI biomarker is illustrated in Tables 75.8
and 75.9. Urinary KIM-1 is also increased in a num-
ber of chronic kidney diseases, and is an indepen-
dent predictor of chronic graft loss in renal
transplant recipients.71

TABLE 75.8 Novel Urinary Biomarkers for the Early Diagnosis of Aki

Biomarker Cardiopulmonary Bypass (CPB) Contrast Nephropathy Kidney Transplant (Tx) ICU or Emergency Room

NGAL 2 hr post CPB
2 days pre AKI

2 hr post contrast
1�2 days pre AKI

6 hr post Tx
2�3 days pre DGF

On admission
2 days pre AKI

IL-18 6 hr post CPB
1�2 days pre AKI

Not increased 6 hr post Tx
2�3 days pre DGF

2 days pre AKI

L-FABP 6 hr post CPB
1�2 days pre AKI

Not tested Not tested 2 days pre AKI

KIM-1 12 hr post CPB
1�2 days pre AKI

Not tested Not tested Not tested

NGAL, neutrophil gelatinase-associated lipocalin. IL-18, interleukin 18. L-FABP, liver-type fatty acid binding protein. KIM-1, kidney injury molecule 1. AKI,

defined as a 50% or greater increase in serum creatinine from baseline. DGF, defined as dialysis requirement within the first week after transplant. Times shown

are the earliest time points when the biomarker becomes significantly increased from baseline.

TABLE 75.9 Novel Urinary Biomarkers for the Prediction of Aki Outcomes

Biomarker Name Cardiopulmonary Bypass (CPB) Kidney Transplant ICU or Emergency Room

NGAL Predicts AKI duration, severity, dialysis, death Predicts AKI duration Predicts AKI duration, severity, and dialysis

IL-18 Predicts AKI duration, severity, dialysis, death Predicts AKI duration Predicts death

L-FABP Not tested Not tested Predicts AKI severity, dialysis, and death

KIM-1 Not tested Predicts long term graft loss Not tested

NGAL, neutrophil gelatinase-associated lipocalin. IL-18, interleukin 18. L-FABP, liver-type fatty acid binding protein. KIM-1, kidney injury molecule 1. AKI,

defined as a 50% or greater increase in serum creatinine from baseline.
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LIVER-TYPE FATTYACID BINDING
PROTEIN (L-FABP) AS AN

AKI BIOMARKER

L-FABP is a protein expressed in the proximal
tubule of the kidney. Increased expression and urinary
excretion have been described in animal models of
AKI.72�74 Although its precise function is unknown,
L-FABP in the kidney has been postulated to represent
an endogenous antioxidant capable of suppressing
tubule-interstitial damage.

In children undergoing CPB who subsequently
developed AKI, urine L-FABP concentrations were sig-
nificantly increased within four to six hours of the sur-
gery.11,15 The early urinary L-FABP level was an
independent risk factor for the development of AKI,
with an AUC of 0.81. In hospitalized patients with
established AKI, the AUC of urinary L-FABP for pre-
diction of AKI was 0.93.75 Urinary L-FABP levels in
this cohort were significantly higher in patients with
poor outcome, defined as the requirement for renal
replacement therapy or the composite end point of
death or renal replacement therapy. In patients with
septic shock and AKI, urinary L-FABP measured at
admission was significantly higher in the non-
survivors than in the survivors, with an AUC for mor-
tality prediction of 0.99.76 Thus, emerging data point to
L-FABP as a promising urinary biomarker of AKI and
its outcomes (Tables 75.8 and 75.9). However, the uri-
nary excretion of L-FABP is also increased in the set-
ting of CKD.77 Standardized clinical platforms for the
measurement of urinary L-FABP are not currently
available.

INTERLEUKIN-18 (IL-18) AS
AN AKI BIOMARKER

IL-18 is a pro-inflammatory cytokine and a known
mediator of inflammation that is induced in the proxi-
mal tubule, and activated by caspase-1.78 It is a pro-
apoptotic molecule that has the potential of worsening
the functional consequences of AKI. While very small
amounts are present in the normal urine, its concentra-
tion is dramatically increased soon after AKI in animal
and human models.

In a cross-sectional study, urine IL-18 levels were
markedly elevated in patients with established AKI,
but not in subjects with urinary tract infection, chronic
kidney disease, nephrotic syndrome, or prerenal azote-
mia.79 Urinary IL-18 was significantly upregulated
prior to the increase in serum creatinine in patients
with acute respiratory distress syndrome who develop
AKI.80 On multivariate analysis, urine IL-18 levels

predicted the development of AKI 24 hours before the
rise in serum creatinine, with an AUC of 0.73. In chil-
dren undergoing CPB who developed AKI, urinary IL-
18 levels increased around six hours and peaked at
over 25-fold at 12 hours post CPB. The six hour IL-18
measurement predicted subsequent AKI with an AUC
of 0.75-0.84.10,15 In kidney transplantation, urine IL-18
is an excellent predictive biomarker for DGF, with
AUCs in the 0.8�0.9 range.53,54 Urine IL-18 measure-
ments also represent early biomarkers of AKI in the
pediatric intensive care setting, being able to predict
this complication about two days prior to the rise in
serum creatinine.81 Early urine IL-18 measurements
correlated with the severity of AKI as well as mortal-
ity. In two recent prospective multicenter studies in
children16 and adults32 undergoing cardiac surgery,
IL-18 have emerged as an excellent predictor of AKI
severity as well as poor clinical outcomes (including
longer length of hospitalization, and increased risk
for dialysis and death. Overall, IL-18 appears to be
more specific to ischemic AKI, and largely unaffected
by chronic kidney disease or urinary tract infections.
However, IL-18 measurements may also be influ-
enced by a number of coexisting variables, such as
endotoxemia, immunologic injury and cisplatin toxic-
ity. Furthermore, plasma IL-18 levels are known to
be increased in various pathophysiologic states, such
as inflammatory arthritis, inflammatory bowel dis-
ease, and systemic lupus erythematosus. The current
status of IL-18 as an AKI biomarker is illustrated in
Tables 75.8 and 75.9. Standardized platforms for the
clinical measurement of urinary IL-18 remain to be
developed and validated.

AKI BIOMARKER COMBINATIONS

From the above, it is apparent that there is no single
perfect AKI biomarker. A combination of biomarkers
may be necessary to provide the best diagnostic and
prognostic information in a context-specific manner.
Recent studies have explored this possibility. In a large
prospective multicenter study of a panel of nine bio-
markers to predict clinical outcomes in 971 emergency
department patients with suspected sepsis, plasma
NGAL emerged as the strongest predictor of shock and
death.82 In a secondary analysis of this cohort, an ele-
vated plasma NGAL level at the time of presentation to
the emergency department predicted severe AKI with
an AUC of 0.82.47 In a study examining biomarkers for
the prediction of AKI following elective cardiac sur-
gery, urinary NGAL concentrations measured at the
time of admission to the ICU predicted the subsequent
development of AKI with an AUC of 0.77, and outper-
formed other biomarkers including α1-microglobulin
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and cystatin C.29 In a similar analysis of multiple uri-
nary biomarkers following cardiac surgery, the six-hour
post-operative NGAL best predicted severe AKI with
an AUC of 0.88.28

Serial measurements of multiple urinary biomarkers
after pediatric cardiac surgery have revealed a sequen-
tial pattern for the appearance of AKI biomarkers,15

with NGAL and L-FABP being the earliest responders
(with two to four hours after initiation of cardiopulmo-
nary bypass) and KIM-1 and IL-18 representing the
intermediate responders (increased 6�12 hours after
surgery). The importance of determining the temporal
sequence of the biomarkers is underscored by the fact
that the course of experimental AKI proceeds in four
phases: initiation, extension, maintenance, and recov-
ery.3 The initiation phase is the period during which
initial exposure to the ischemic insult occurs, intracel-
lular ATP depletion is profound, and generation of
reactive oxygen molecules and labile iron is initiated.
Vasodilator, ATP-donor, anti-oxidant, and iron chela-
tion therapies may be especially effective during this
phase, and the appearance of the earliest non-invasive
biomarkers such as NGAL may be used to trigger such
therapies. Prolongation of ischemia followed by reper-
fusion ushers in the extension phase. Tubules undergo
reperfusion-mediated cell death, and the injured endo-
thelial and epithelial cells amplify the inflammatory
cascades. This phase probably represents a window of
opportunity for early diagnosis with intermediate bio-
markers such as L-FABP and IL-18, and active thera-
peutic intervention with anti-apoptotic and anti-
inflammatory strategies. During the maintenance
phase, both cell injury and regeneration occur simul-
taneously. Measures such as growth factors and
stem cells that accelerate the endogenous regenera-
tion processes, initiated by later biomarkers with
high specificity such as KIM-1, may be most effec-
tive during this phase. Current multicenter studies
of multiple biomarkers will help determine which
combinations best predict AKI and its outcomes in a
context-dependent manner. In this rapidly evolving
area of study, ongoing functional genomic and
proteomic analyses may also reveal additional bio-
markers that further advance this field in the near
future.83

LIMITATIONS OF EXISTING STUDIES
EXAMINING AKI BIOMARKERS

Despite the optimism in the field, there are impor-
tant limitations that exist in the published AKI bio-
marker literature that must be acknowledged. First,
majority of studies reported were from single centers
that enrolled small numbers of subjects. Validation of

the published results in additional large multicenter
studies will be essential. Second, most studies
reported to date did not include patients with CKD.
This is problematic, not only because it excludes a
large proportion of subjects who frequently develop
AKI in clinical practice, but also because CKD in
itself can result in increased concentrations of AKI
biomarkers, thereby representing a confounding vari-
able. Third, only a few studies have investigated bio-
markers for the prediction of AKI severity,
morbidity, and mortality.

Finally, and perhaps most importantly, the defini-
tion of AKI in the published studies was based largely
on elevations in serum creatinine, which raises the
conundrum of using a flawed outcome variable to ana-
lyze the performance of a novel assay. This definition
of AKI sets up the biomarker assay for lack of accuracy
due to either false positives (true tubular injury but no
significant change in serum creatinine) or false nega-
tives (absence of true tubular injury, but elevations in
serum creatinine due to pre-renal causes or any of a
number of confounding variables that plague this mea-
surement). It will be crucial in future studies to under-
stand the clinical outcomes of subjects who may be
prone to AKI and are “biomarker-positive” but “creati-
nine-negative.” Indeed, a recent multicenter pooled
analysis of published data on 2322 critically ill children
and adults revealed the surprising finding that approx-
imately 20% of patients display early elevations in
NGAL concentrations but never develop increases in
serum creatinine.84 Importantly, this sub-group of
“NGAL-positive creatinine-negative” subjects encoun-
tered a substantial increase in adverse clinical out-
comes, including mortality, dialysis requirement, ICU
stay, and overall hospital stay. Thus, early NGAL mea-
surements can identify patients with sub-clinical
AKI who have an increased risk of adverse outcomes,
even in the absence of diagnostic increases in serum
creatinine. It is likely that the other structural AKI
biomarkers discussed herein will provide similar diag-
nostic and prognostic stratification, independent of
functional markers such as serum creatinine. Since
the gold standard for true AKI (tissue biopsy) is
highly unlikely to be feasible, it is vital that large
enough future studies demonstrate (a) the associa-
tion between biomarkers and hard outcomes such as
dialysis, cardiovascular events, and death, indepen-
dent of serum creatinine, and (b) that randomization
to a treatment for AKI based on high biomarker
levels results in an improvement in kidney function
and reduction of clinical outcomes. These should
be the next challenges to overcome, in order to
firmly establish the clinical utility of AKI biomar-
kers, and to dramatically improve the outcome of
AKI.
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CLINICAL OVERVIEW

Classifications and Definitions

Acute Kidney Injury (AKI) is a heterogenous syn-
drome defined by a rapid decline in glomerular filtration
rate (GFR) which may lead to accumulation of metabolic
waste products and disturbances in fluid, electrolyte and
acid-base handling.1 In the last few years, the previous
terminology of Acute Renal Failure (ARF) has largely
been abandoned and the new term AKI has been widely
adopted in the medical literature. In this chapter, the
term AKI will be used to describe the entire spectrum of
disorders that share the same physiologic characteristics
but may be pathophysiologically distinct.

In 2002, based on the recommendations of the Acute
Dialysis Quality Initiatives (ADQI) the staging of AKI
was proposed. The RIFLE classification of AKI is
divided into three levels of renal dysfunction namely,
“risk”, “injury” and “failure” based on either GFR or
urine output criteria whichever is more severe. The
GFR criteria assesses renal dysfunction by using either
changes in serum creatinine or the percentage decline
in GFR from baseline GFR. The parameters used have
a high sensitivity, are prognostic based on severity of
stage, but represent a retrospective analysis.2,3 Two
other very important clinical outcomes are also incor-
porated into the RIFLE criteria: “loss” of kidney func-
tion as defined by persistent AKI with the need for
renal replacement therapy (RRT) for more than four
weeks, and “end” stage kidney disease, defined as the
need for RRT for greater than three months. These
parameters are more strict and therefore have a higher
specificity.2

Recently, the Acute Kidney Injury Network (AKIN)
proposed a modification of the RIFLE criteria with the
addition of a. 5 0.3 mg/dl increase in serum creatinine
to the criteria that define Risk. Because of the linear rela-
tionship between GFR and 1/serum creatinine, it should
be kept in mind that a small rise in serum creatinine, in
the normal or near normal values, corresponds to rela-
tively large decline in GFR. For example, in a steady state,
a serum creatinine of 0.8 mg/dl in a young 50 kg female
corresponds to a GFR of approximately 100 ml/min,
while a serum creatinine of 1.6 mg/dl would reflect in
a GFR of 50 ml/min, a decline of nearly 50% in GFR.
In the non-steady state of AKI, the serum creatinine value
should be considered very carefully, as this is not an
equilibrium state. Thus an overestimation of the GFR is
made if standard steady state calculations are made
using formulas such as Cockroft-Gault or MDRD if the
serum creatinine is rising. Hence during the evolution of
acute renal dysfunction, serum creatinine underestimates
the degree of renal dysfunction, and conversely it under-
estimates the degree of renal recovery as function
recovers. Having said that, the change from baseline and
perhaps the rate of rise of creatinine are still potentially
useful in the clinical evaluation of GFR decline. Even
creatinine clearance (when collection is accurate) suffers
from the same limitation as mentioned above, and causes
an overestimation of GFR. Determining an accurate GFR
in clinical settings is rarely accomplished and perhaps
more important would be the determination of whether
the GFR is improving or not. Hence one should always
remember that to detect AKI, it is essential to assess
the change in creatinine, and that across all patients, a single
creatinine valuenever corresponds to a given GFR.4

2527
Seldin and Giebisch’s The Kidney, Fifth Edition.

DOI: http://dx.doi.org/10.1016/B978-0-12-381462-3.00076-8 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381462-3.00076-8


The production rate and volume of distribution of
creatinine also affect the plasma creatinine value, while
other factors such as medications (e.g. cimetidine) can
inhibit distal tubular creatinine secretion and cause a
rise in serum creatinine without being secondary to
AKI. Abnormalities in liver function, decreased muscle
mass and aging decrease the production of creatinine,
whereas fever, immobilization, glucocorticoids or mus-
cle trauma increase its production.

Urine output is sensitive to changes in renal hemo-
dynamics, but extremely insensitive to define or differ-
entiate AKI. Oliguria has been defined as urine output
of ,400 ml/day or ,0.3 ml/kg/hour, and has been
found to be associated with a higher mortality as com-
pared to non-oliguric ARF.5 However, severe AKI can
exist in non-oliguric states as well, whereas obstructive
causes could present with a fluctuating levels of urine
output. The RIFLE criteria does employ urine output as
markers of risk, injury or failure, though concordance
between serum creatinine and urine output criteria has
not been established, even with regards to mortality risk.

Acute Kidney Injury: Incidence and Risk Factors

Incidence

The exact incidence of AKI has varied in the past due
to the absence, until recently, of a standard definition.
It has been estimated that 3% to 20%6,7 of hospitalized
patients and 25% to 67% of ICU patients develop AKI,8,9

with 5 to 6% of the ICU population requiring renal
replacement therapy after developing AKI.5,10�13 Studies
have indicated that there is an increasing incidence of
AKI over the last twenty years. Amongst all Medicare

patients, Eggers et al. noted that after adjusting for sex,
age and ethnicity, AKI rates increased 10% per year from
14 cases per year in 1992 to 36 cases per year in 2001.14

The CDC noted .20 fold increase in the incidence of
AKI for patients hospitalized between 1980�2005 using
ICD-9 codes.14a

In another multinational, multicenter observational
study of 29,269 critically ill patients, 5.7% developed
severe AKI and 4.3% received renal replacement ther-
apy.15 Although there is less confusion with regard to
rates of AKI requiring renal replacement therapy,
reported rates still vary due to differences in character-
istics of patient populations and variability in criteria
for the initiation of renal replacement therapy.
Population based studies have shown a rate of 2147
cases of AKI per million population.13

Risk Factors

An extremely important aspect in trying to prevent
AKI is to identify high risk populations and clinical
conditions, or high risk situations and procedures to
devise strategies to minimize the incidence and impact
of AKI. Numerous risk factors have been identifiedin
different population groups, some of which are dis-
cussed here (Table 76.2). Most studies have found age
to be an independent risk factor for the development of
AKI. In 2009 the URSDS, reported incidence rates of
AKI in the US using three different datasets from 1995
to 200715a and found the largest increase in AKI inci-
dence was seen among older individuals .85 years
age. In a large observational cohort study across five
academic centers in the United States, the mean age of
patients was 59.5 years. Possible reasons why age

TABLE 76.1 RIFLE and Acute Kidney Injury Network (AKIN) Definition and Staging of Acute Kidney Injury

RIFLE AKIN

Definition

An increase in serum creatinine of .50% developing
over, 7 days; or a urine output of ,0.5 ml/kg/hr for. 6 hours

An increase in serum creatinine of. 0.3 mg/dl or .50% developing
over, 48 hours; or a urine output of ,0.5 ml/kg/hr for. 6 hours

Staging Criteria

RIFLE Stage Increase in Serum Creatinine Urine Output Criteria Increase in Serum Creatinine AKIN Stage

Risk $ 50% ,0.5 ml/kg/hr for. 6 hours $ 0.3 mg/dl; or $ 50% Stage 1

Injury $ 100% ,0.5 ml/kg/hr for. 12 hours $ 100% Stage 2

Failure $ 200% ,0.5 ml/kg/hr for. 24 hours or anuria
for. 12 hours

$ 200% Stage 3

Loss Need for renal replacement therapy for. 4 weeks

End-stage Need for renal replacement therapy for. 3 months
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could be an independent risk factor includes decreased
residual renal function, presence of comorbidities and
increased susceptibility to infections.16,17 Pre-existing
renal insufficiency is a major risk factor for the devel-
opment of AKI in the non-ICU and ICU setting. Even
small decrements in systemic hemodynamics can lead
to significant alterations in the renal hemodynamics,
due to diminished capacity to auto-regulate the
response to a decreased perfusion pressure, leading to
a reduction in GFR. Increasing levels of risk are associ-
ated with more severe baseline chronic kidney disease
(CKD). Compared to patients with baseline eGFR
.60 ml/min/1.73 m2, those with eGFR values of
45�59 ml/min/1.73 m2 had a nearly 2-fold increased
risk of developing dialysis-requiring AKI. This
risk increased to more than 40-fold among patients
with baseline eGFR values ,15 ml/min/1.73 m2.
Underlying diabetes mellitus, hypertension, and the
presence of proteinuria were also associated with
increased the risk for hospital-acquired AKI.18 CKD
patients are at high risk for development of AKI sec-
ondary to radio-contrast agents, aminoglycosides,
atheroembolism, and cardiovascular surgery.19,20

The presence of exo-and endo-toxins increases the
risk for AKI. Antibiotics, non-steroidal anti-inflamma-
tory agents, anesthetic agents, contrast media and
diuretics are well defined risk factors for AKI. There is
a synergestic increase in nephrotoxicity from such
agents when there is renal hypoperfusion for any rea-
son. Severe infections, especially in the setting of a sur-
gical procedure are often associated with AKI. AKI
complicating trauma is often multifactorial in origin,
resulting from a combination of hypovolemia and
myoglobin release from muscle tissue. AKI remains a
frequent complication of surgery necessitating cardio-
pulmonary bypass despite off pump techniques.

Etiology

Frequently the cause for AKI is multifactorial,
involving more than one insult. However, traditionally
the etiology of AKI has been categorized anatomically
into pre-renal, renal and post-renal (Figure 76.1).

Prerenal Acute Kidney Injury

The most common cause of AKI is prerenal azotemia
and it accounts for about 40�55% of the cases.5,10,16 It
results from kidney hypoperfusion due to a reduced
effective arterial volume (EAV). The effective arterial
volme is the volume of blood effectively perfusing
organs. Conditions causing hypovolemia resulting in a
reduced EAV include hemorrhage (traumatic, gastroin-
testinal, surgical), GI losses (vomiting, diarrhea, naso-
gastric suction), kidney losses (over-diuresis, diabetes
insipidus) and third spacing (pancreatitis, hypoalbumi-
nemia). In addition cardiogenic shock, septic shock, cir-
rhosis, nephrotic syndrome and anaphylaxis all are
pathophysiologic conditions that decrease effective cir-
culating volume, independent of the volume status,
resulting in reduced renal blood flow. Pre-renal AKI
reverses rapidly once renal perfusion is restored
because the renal parenchyma remains uninjured.
However, when hypoperfusion is severe, it may result
in ischemia leading to acute tubular necrosis.

Pre-renal azotemia has also been divided into vol-
ume responsive and volume non-responsive. In vol-
ume responsive pre-renal azotemia correction of the
patients volume status results in increased kidney per-
fusion and resolution of the disorder. In volume non-
responsive forms, additional intravenous volume is of
no help in restoring kidney perfusion and function.
Disease processes such as severe congestive heart fail-
ure and sepsis may not respond to intravenous fluids
as markedly reduced cardiac output or a reduction in
total vascular resistance, respectively, prevent volume
mediated improvement in kidney perfusion. Therefore

TABLE 76.2 Common Risk Factors for Developing Acute
Kidney Injury

Risk Factor

Age

Pre-existing Chronic Kidney Disease

Reduced Effective Arterial Volume

Volume Depletion

Nephrotic Syndrome

Congestive Heart Failure

Cirrhosis

Sepsis

Diabetes Mellitus

Drugs

Non-Steroidal Anti-Inflammatory Drugs

Aminoglycosides

Radio-Contrast Agents

Inflammatory States

Trauma

Burns

Sepsis

Post-Surgical State

Post Solid Organ/Allogenic Bone Marrow Transplant

Mechanical Ventilation
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it is essential to understand the mechanism mediating
pre-renal azotemia in order to correct it.

Hypovolemia causes a decrease in mean arterial
pressure which activates baroreceptors and initiates a
cascade of neural and humoral responses. This leads to
the activation of sympathetic nervous system that
causes increased production of catecholamines espe-
cially norepinephrine. The other major consequence is
the activation of the renin-angiotgensin-aldosterone
(RAAS) system that causes production of angiotensin II
(ATII), a very potent vasoconstrictor. There is also an
increased release of anti-diuretic hormone (ADH)
mediated both by hypovolemia and a rise in extracellu-
lar osmolality, that retains water, as well as influencing
urea back-diffusion into the papillary interstitium.

In response to volume depletion or states of decreased
EAV there is increased intra-renal ATII activity. This
increases proximal tubule Na1 absorption through a
complex effect in the glomerulus by preferentially
increasing the efferent arterioral resistance. Thus the glo-
merular hydrostatic pressure is increased and preserves

GFR. With severe volume depletion there is greater ATII
activity leading to afferent arteriolar constriction, that
reduces both renal plasma flow and the filtration frac-
tion.21 ATII has also been shown to have direct effects on
transport in proximal tubule through receptors located
in the proximal tubule. It has also been postulated that
the proximal tubule can locally produce ATII. Hence
under conditions of volume depletion, ATII stimulates a
larger fraction of the transport, whereas volume expan-
sion will blunt this response.22,23

There is also significantly increased renal sympathetic
nerve activity in pre-renal azotemia. Studies have shown
that in volume depleted states adrenergic activity
independently constricts the afferent arteriole as well as
changing the efferent arteriolar resistance through ATII.
Renal nerve activity is linked to renin release through
β-adrenergic receptors on renin-containing cells while
α-a adrenergic influences primarily the vascular resis-
tances within the kidney. In contrast α-2 adrenergic ago-
nists primarily decrease the glomerular ultrafiltration
coefficient via ATII. Although vasodilation might be

Acute Kidney Injury

Pre-renal

Intravascular Volume Depletion Vascular

IntrinsicPost-renal

UreteralObstruction

•Gastrointestinal Fluid Loss (vomiting, diarrhea, NG loss)

•Hemorrhage

•Third-space loss (burns, peritonitis, pancreatitis)

•Renal Fluid loss (diuretics, osmotic diuresis, salt-wasting)
Glomerular

•Anatomic–Aortic Dissection, Renal artery or vein
thrombosis, Trauma

•Inflammatory –Atheroemboli, TTP-HUS, malignant HTN,
Scleroderma crisis, pregnancy, post-partum, PAN

•Nephrolithiasis

•Malignancy

•Debris, blood clots, sloughed papillae

•Edema

•Nephrotic Syndrome

•Cirrhosis

Reduced Cardiac Output

•Cardiogenic Shock

Glomerular

•Nephritic –Goodpastures syndrome, Acute post-
infectious GN, Lupus nephritis, HSP, Cryoglobulinemia,
Infective endocarditis, IgAGN, Wegeners granulomatosis,
Microscopic polyangitis, Chrug-Strauss, idiopathic
cresenteric GN. 

•Strictures

Lower urinary tract Obstruction

•Benign Prostatic Hypertophy

•Prostatic Carcinoma

•Constrictive pericarditis/
pericardial tamponade

•Congestive Heart Failure

•Massive Pulmonary Embolism

Tubular

•Ischemic ATN –Hemorrhage, Sepsis, Shock, Trauma,
Hypotension from any cause, Pre-renal Azotemia

•Nephrotoxic ATN –Aminoglycoside, radiocontrast dye,
amphotericin B, Foscarnet, Indinivir, Acyclovir, Ethylene
glycol, anti-neoplastics (e.g cisplatin), anesthetics (e.g
enflurane), Pentamidine, Recreational drugs 

•Nephrotic–Collapsing FSGS, minimal change disease•Transitional cell Bladder Carcinoma

•Bladder stones

•Urethral strictures

•Retention due to neuropathy or drugs

Systemic Vasodilation

•Sepsis

•Cirrhosis

•Anaphylaxis
•Endogenous toxins –Hemoglobinuria, Myoglobinuria,
Hyperurecemia, light chains

Extrinsic

•Retroperitoneal Fibrosis

•Abdominal or pelvic tumors

•Radiation
•Vasodilator Drugs

Renal Vasoconstriction

•Drugs –NSAIDs, ACE-I, ARG,
CNI, vasopressors

Interstitial

•Antibiotics –Methicillin, cephalosporins, rifampicin,
sulfonamides, ciprofloxicin. 

•Non-steroidal Anti-inflammatory Drugs

•Granulomatous disease 

•Instrumentation trauma or ligation

•Contrast

•Early sepsis and endotoxin

•Hepatorenal Syndrome

•Acute hypercalcemia

•Allupurinol

•Phenytoin and carbemezapine

•Infections –Staphylococcus, streptococcus, CMV,
EBV, TB

FIGURE 76.1 Etiology of AKI based on anatomical categories (pre/intrinsic/post).
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expected as a result of acute removal of adrenergic activ-
ity, a transient increase in ATII is actually seen, along
with constancy in GFR and renal blood flow. Even after
sub-acute renal denervation renal vascular sensitivity
increased to ATII as a result of major up-regulation
of ATII receptors. Hence complex effects on the renin-
angiotensin activity occur within the kidney secondary
to renal adrenergic activity during pre-renal azotemia.24

All these systems work together and stimulate vaso-
constriction in musculocutaneous and splanchnic circu-
lations, inhibit salt loss through sweat, stimulate thirst
and retain salt and water to maintain blood pressure
and preserve cardiac and cerebral perfusion. Various
compensatory mechanisms preserve glomerular perfu-
sion.25 Autoregulation is achieved by stretch receptors
in afferent arterioles that cause vasodilation in arter-
ioles in response to reduced perfusion pressure. Under
physiologic conditions autoregulation works until a
mean systemic arterial blood pressure of 75�80 mm
Hg. Below this, the glomerular ultrafiltration pressure
and GRF decline. Kidney production of prostaglandins,
kallikrein and kinins as well as nitric oxide is increased
contributing to the vasodilation.26,27 NSAIDs, by inhibit-
ing prostaglandin production, worsen kidney perfusion
in patients with hypoperfusion. Selective efferent arterio-
lar constriction, which is a result of ATII, helps preserve
the intraglomerular pressure andGFR. ACE inhibitors
inhibit synthesis of angiotensin II and so disturb this del-
icate balance in patients with severe reductions in EAV
such as severe CHF or bilateral renal artery stenosis
and can worsen prerenal azotemia. On the other hand,
very high levels of angiotensin II seen in circulatory
shock causes constriction of both afferent and efferent
arterioles which negates its protective effect.

Although these compensatory mechanisms are pro-
tective against acute renal failure, they are overwhelmed
in states of severe hypoperfusion. Renovascular disease,
hypertensive nephrosclerosis, diabetic nephropathy as
well as older age predispose patients to kidney hypo-
perfusion28 at lesser degrees of hypotension.

Post-Renal Acute Kidney Injury

Post-renal AKI occurs from either ureteric obstruc-
tion or bladder/urethral obstruction. AKI from ureteric
obstruction requires that the blockage occur either
bilaterally at any level of the ureters, or unilaterally in
a patient with a solitary functioning kidney or CKD.
Ureteric obstruction can be either intraluminal or exter-
nal. Bilateral ureteric calculi, blood clots, and sloughed
renal papillae can obstruct the lumen, while external
compression from tumor or hemorrhage can block the
ureters as well. Fibrosis of the ureters intrinsically or of
the retroperitoneum can narrow the lumen to the point

of complete luminal obstruction. The most common
cause for post-renal azotemia is structural or functional
obstruction of the bladder neck. Prostatic conditions,
therapy with anti-cholinergic agents and a neurogenic
bladder can all cause post-renal AKI. Relief of the
obstruction usually causes prompt return of GFR if the
duration of obstruction has not been excessive. The
rate and magnitude of functional recovery is depen-
dent on the extent and duration of the obstruction.29

AKI resulting from obstruction usually accounts for
less 5% of cases, although in certain settings, e.g., trans-
plant, it can be as high as 6�10%. Clinically the patient
can present with pain and oliguria, though these are
non-specific. Because of the ease of ultrasonography,
its diagnosis is usually straightforward, although a
volume depleted patient or a patient with severe
reduction in GFR may not show hydronephrosis on
radiological assessment. Since initially during the
course of the disease GFR is not affected, volume reple-
tion can help with the diagnosis by increasing GFR and
urine production into the ureter leading to dilation of
the ureter proximal to the obstruction and enhancing
ultrasound visualization. Early diagnosis and prompt
relief of obstruction remain key goals in preventing
long-term parenchymal damage as the shorter the
period of obstruction the better the chances for recov-
ery and long-term outcomes. The pathophysiology and
treatment of obstructive uropathy are discussed exten-
sively in another chapter.

Intrinsic or Intra-Renal Acute Kidney Injury

It is helpful to divide the causes of intrinsic renal
azotemia among categories that delineate the site of the
initiating injury. Thus the most useful classification is as
follows: (1) Vascular—(a) large renal vessels and (b)
renal microvasculature; (2) Glomerular; (3) Tubular and
(4) Interstitial. AKI secondary to vasculitides and rap-
idly progressive glomerulonephritides are discussed
elsewhere in the text. Below we shall focus on AKI
pathophysiology secondary to tubular and interstitial
diseases before going on to discuss ATN in detail.

Interstitial

Acute interstitial nephritis (AIN) represents a fre-
quent cause of acute kidney injury, accounting for
15�27% of renal biopsies performed because of this
condition. By and large, drug-induced AIN is currently
the commonest etiology of AIN, with antimicrobials
and nonsteroidal anti-inflammatory drugs being the
most frequent offending agents.30 Other conditions
such as leukemia, lymphoma, sarcoidosis, bacterial
infections (e.g., E.coli) and viral infections (e.g., cyto-
megalovirus) can also cause acute interstitial disease
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leading to AKI. The inflammatory cellular infiltrates
that characterize AIN, mainly composed of T lympho-
cytes and macrophages, are a powerful source of cyto-
kines that increase the production of extracellular
matrix and the number of interstitial fibroblasts, and
induce an amplification process recruiting more
inflammatory cells and eosinophils into the intersti-
tium.31 These are often patchy and present most com-
monly in the deep cortex and outer medulla and
mostly comprised of T-cell and monocytes/macro-
phages and eosinophils. These infiltrations are always
associated with interstitial edema, and sometimes with
patchy tubular necrosis that if present is usually in
close proximity to areas with extensive inflammatory
infiltrates.32 A few neutrophilic granulocytes may be
present as well. The majority of cases of AIN are proba-
bly induced by extra-renal antigens being produced by
drugs or infectious agents that may be able to induce
AIN by: (1) binding to kidney structures, (2) modifying
immunogenetics of native renal proteins, (3) mimicking
renal antigens, or (4) precipitating as immune-
complexes and hence serving as the site of antibody
or cellular mediated injury.33 Medications and spe-
cific microbial antigens could elicit an immune
reaction after their interstitial deposition (planted
antigens). Conversely, tubular cells have the capacity
to hydrolyze and process exogenous proteins. In this
regard, medications can bind to a normal component
of TBM, behaving as a hapten, or can mimic an anti-
gen normally present within the TBM, inducing an
immune response directed against this antigen.34

Immunofluorescence studies in renal biopsies of
patients with AIN are generally negative, indicating
the absence of antibody-mediated immunity that has
a marginal, if any, pathogenic role.31

Exogenous Nephrotoxins

The kidneys are vulnerable to toxicity as they are
the major elimination/metabolizing route of many of
these elements and also because epithelial cells reab-
sorb agents from the interstitium that is exposed to
high concentrations of these agents.

RADIOCONTRAST INDUCED NEPHROPATHY (CIN)

CIN is a common complication of radiological or
angiographic procedures. The incidence varies from
3�7% in patients without any risk factors, but can be
as high as 50% in patients with chronic kidney disease
(CKD). Other risk factors include diabetes, intravascu-
lar volume depletion, high osmolar contrast, advanced
age, proteinuria and anemia.35,36 The pathophysiology
of CIN likely consists of combined hypoxic and toxic
renal tubular damage associated with renal endothelial
dysfunction and altered microcirculation.37,38 Initially,

radiocontrast injection leads to an abrupt but transient
increase in renal plasma flow, GFR and urinary out-
put39 due to the hyperosmolar radio-contrast agent
enhancing solute delivery to the distal nephron and
leading to an increased oxygen consumption by
enhanced tubular sodium reabsorption. A transient
phase vasodilation is followed by a period of sustained
vasoconstriction, resulting in hypoxic cell damage
mainly to the outer medulla.40 Renal parenchymal oxy-
genation decreases especially in the outer medulla as
documented in various studies where the cortical PO2

declined from 40 to 25 mmHg, while the medullary
PO2 fell from 30�26mmHG to 9�15 mmHg.38,41,42 The
renin-angiotensin system is thought to be activated by
RC media, while there is also evidence that Ca21 as a
second messenger is involved in the renal vasoconstric-
tion.43 Perturbations in the local vasodilatory system
are evident as suggested by aggravation of RCIN in the
setting of concomitant NSAID presence, thus highlight-
ing the role of altered renal prostaglandin production
in its pathogenesis. Similarly, NO inhibition potentiates
the renal damage while L-argninine, a precursor of
NO, attenuates the damage implying that a disturbance
in NO production likely worsens the decrease in RBF
after RC infusion. Increased synthesis and release of
endothelin (ET) and adenosine from endothelial cells,
combined with suppression of NO production likely
results in medullary hypoxia secondary to shunting of
blood flow to the cortex. Although experimental ani-
mal studies have demonstrated beneficial effects of

TABLE 76.3 Classification of Various Common Drugs Based on
Pathophysiological Categories of AKI

1. Vasoconstriction/impaired microvasculature hemodynamics

(pre-renal) � NSAID’s, ACE-inhibitors,angiotensin receptor
blockers, norepinephrine, tacrolimus, cyclosporine,diuretics,
cocaine, mitomycin C, estrogen, quinine, interleukin-2, COX-2
inhibitors

2. Tubular cell toxicity�Antibiotics � Aminoglycosides,
amphotericin B, vancomycin, rifampicin, foscarnet, pentamidine,
cephaloridine, cephalothin. Radio-contrast agents, NSAID’s,
acetaminophen, cyclosporine, cisplatin, mannitol, heavy metals,
IVIG, ifosfamide, tenofovir.

3. Acute Interstitial Nephritis � Antibiotics � Ampicillin, penicillin
G, methicillin, oxacillin, rifampicin, ciprofloxacin, cephalothin,
sulfonamides. NSAIDs, aspirin, fenoprofen, naproxen, piroxicam,
phenybutazone, radio-contrast agents, thiazinde diuretics,
phenytoin, furosemide, allopurinol, cimetidine, omeprazole

4. Tubular Lumen obstruction � Sulfonamides, acyclovir, cidofovir,
methotrexate, triamterene, methoxyflurane, protease inhibitors,
ethylene glycol, indinivir, oral sodium phosphate bowel
preparations.

5. Thrombotic Microangiopathy � Clopidogrel, cocaine, ticlodipine,
cyclosporine, tacrolimus, mitomycin C, oral contraceptives,
gemcitibine, bevacizumab.

6. Osmotic nephrosis � IVIG, Mannitol, dextrans, hetastarch
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using ET-antagonists, their efficacy has not been repro-
duced in human clinical studies. Video microscopy
studies have shown that radiocontrast agents markedly
reduced inner medullary papillary blood flow, to the
extent of near cessation of RBC movement in papillary
vessels, associated with RBC aggregation within the
papillary vasa recta.44 Lastly, mechanical factors such
as the viscosity of the radiocontrast agent also plays a
role, as the contrast agents increase blood viscosity in
the inner medulla which already has hypertonic
conditions.45,46

Cell-culture studies indicate direct RC media toxic-
ity to proximal tubule cells, which has been observed
in human studies where biopsies have shown morpho-
logical features of proximal tubular vacuolization,
tubular degeneration, and interstitial inflammation and
edema. These effects are more pronounced under hyp-
oxic or high-osmolarity conditions. Apoptosis is also
induced by RC media in in vitro studies.47 RCIN typi-
cally manifests as an acute deline in GFR within 24 to
48 hours after administration with return to baseline
by one to two weeks. Urinalysis in these patients can
show either findings of pre-renal azotemia with low
fractional excretion of sodium, but in severe cases,
findings similar to ATN with tubular epithelial cells
and coarse granular casts are seen. In human studies,
volume expansion is key to prevention but possibly
N-acetyl-cysteine or sodium bicarbonate therapy have
been shown to be beneficial in reducing RCIN. The
reno-protective effects of N-acetlycysteine may be
related to improved NO dependent vasodilation and
medullary oxygenation in addition to scavenging of
free radicals.37

ACUTE PHOSPHATE NEPHROPATHY

Oral sodium phosphate containing preparation solu-
tions for colonscopic procedures have recently been
identified as a cause for AKI.48�50 The pathogenesis is
related to a transient and significant rise in serum
phosphate concentration that occurs simultaneously in
the setting of intravascular volume depletion due to
the prep agent itself. Intra-tubular precipitation of cal-
cium phosphate salts obstructs the tubular lumen and
causes direct tubular damage. Although the complete
mechanisms are not fully eludicated, risk factors for
acute phosphate nephropathy include pre-existing vol-
ume depletion, use of ACE inhibitors and ARBs, CKD,
older age, female sex, and higher doses of oral sodium
phosphate.49,50

Endogenous Nephrotoxins

Myoglobin and hemoglobin are endogenous toxin-
scommonly associated with ATN. Muscle injury due to
insults such as trauma, excessive immobilization, ische-
mia, inflammatory myopathis, drugs and metabolic

disorders, cause the rapid and excessive release of
myoglobin.51 Myoglobin, a 17 kDa hemeproteinis
highly filtered by the glomerulus, and enters the proxi-
mal tubule epithelial cells through endocytosis and is
metabolized. It causes red-brown colored urine with a
positive dipstick for heme, but relative absence of red
cells. Intravascular hemolysis results in circulating
free hemoglobin, which, when it exceeds haptoglobin-
binding is filtered, resulting in hemoglobinuria,
hemoglobin-cast formation and heme uptake by proxi-
mal tubule cells. AKI in rhabdomyolysis is due to a
combination of factors including volume depletion,
intra-renal vasoconstriction, direct heme-protein medi-
ated cytotoxicity and intraluminal cast formation. The
heme center of myoglobin may directly induce lipid
peroxidation, generation of isoprostanes and liberation
of free iron.52 Iron is an intermediate accelerator in the
generation of free radicals. There is also evidence to
suggest increased formation of H202 in rat kidney
model of myohemoglobinuria.53 The subsequent
hydroxyl (OH�) radical plays a vital role in oxidative
stress induced AKI through mechanisms discussed in
detail later in the chapter. Iron chelators such as defer-
oxamine and scavengers of reactive oxygen species
such as glutathione have been shown to provide pro-
tection against myo-hemoglobinuric AKI.54 Similarly,
endothelin antagosists have also been shown to pre-
vent hypofiltration and proteinuria in rats that under-
went glycerol induced rhabdomyolysis.55 These studies
implicate the important role of vascular mediators such
as endothelin-1, thromboxane A, TNF-α, and
F-isoprostance. Others have shown NO supplementa-
tion might be beneficial by preventing the heme
induced renal vasoconstriction, as heme proteins scav-
enge nitric oxide.56,57

Precipitation of myoglobin with Tamm-Horsfall pro-
tein and shed proximal tubule cells leads to cast forma-
tion and distal tubular obstruction which is enhanced
in acidic urine.58 In human studies volume expansion
and perhaps alkalinaztion of urine to limit cast forma-
tion are the preventive measures generally employed
as none of the experimental agents used in animal
studies have been convincingly beneficial.

Other endogenous nephrotoxins include uric acid
and light chains. Excessive light chains, produced in
diseases such as multiple myeloma, are filtered,
absorbed and then catabolized in proximal tubule cells.
The concentration of light chains leaving the proximal
portion of the nephron depends on the capacity of the
proximal tubule to reabsorb and catabolize them as
well as the filtrate concentration. Certain light chains
can be directly toxic to the proximal tubules them-
selves.59 Light chain-induced cytokine release has been
associated with nuclear translocation of NF-κB suggest-
ing that its endocytosis leads to production of
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inflammatory cytokines through activation of NF-κB.60

Once the capacity for proximal tubule uptake is over-
whelmed, a light chain load is presented to the distal
tubule where upon reaching a critical concentration the
light chains aggregate and co-precipitate with Tamm-
Horsfall protein and form characteristic light chain
casts.61 Light chains, in the amount seen in plasma cell
dyscrasiasts, are also capable of catalyzing the forma-
tion of H2O2 in cultured HK-2 cells. H2O2 stimulates
the production of monocytes chemo-attractant protein
(MCP-1), a key chemokine involved in monocytes/
macrophage recruitment to proximal tubule cells.62

Any process reducing GFR such as volume deple-
tion, hypercalcemia or NSAID’s will accelerate and
aggravate cast formation. It has been proposed that
acutely reducing the presented light chain load by plas-
mapheresis might be beneficial in limiting cast forma-
tion and reducing the extent of the AKI in certain select
patients.63 Tumor cell necrosis following chemotherapy
can release large amounts of intracellular contents such
as uric acid, phosphate and xanthine into the circula-
tion that can potentially lead to AKI. Acute uric acid
nephropathy with intratubular crystal obstruction and
interstitial nephritis is not seen as commonly as it was
in the past mainly due to prophylactic use of allopuri-
nol prior to chemotherapy and or rasburicase to
acutely lower the serum uric acid levels.

Other therapeutic agents such as amphotericin B,
acyclovir, indinavir, cidofovir, foscarnet, pentamidine,
and ifosfamide can all directly cause tubular injury.

MODELS OF ACUTE KIDNEY INJURY

Experimental Models of ARF

Despite a variety of animal and cell culture models
of AKI, there remains a need to develop in vivo experi-
mental models of ischemic AKI more closely mimick-
ing clinical human AKI for the development of
effective therapies.64,65 Some of the important princi-
ples in studying the pathophysiology of AKI in various
models include the importance of measuring para-
meters at multiple appropriate time points and the
ability to control physiological functions known to
affect kidney function (e.g., temperature, blood pres-
sure, anesthesia, fluid status etc.). A limitation in many
experimental models is the lack of co-morbidities such
as aged animals, chronic kidney disease, multi-organ
failure, pre-existing vascular changes or multiple renal
insults, which quite often co-exist in human AKI. We
will briefly describe the pros and cons of using these
experimental models (Table 76.4).

The warm ischemia-reperfusion renal clamp model
is one of the most widely used experimental models in

rats and mice because of its simplicity and reproduc-
ibility. In rats the inflammatory response, tubular
injury and repair, and medullary congestion are similar
and probably comparable to human ischemic ATN.
However, in human AKI, isolated ischemia is seen
rarely seen and neither is there usually complete cessa-
tion of blood flow to the kidneys. In this model, impor-
tant mediators of injury suchreactive oxygen species
(ROS) and perioxynitrite species may have a different
or delayed role as compared to low oxygen states in
hypoperfusion models. Total blood flow cessation also
prevents the degradative products of the ischemic kid-
ney from being eliminated. Other factors playing a role
in the pathophysiology of AKI such as inflammatory
mediators released from gut ischemia, endothelium,
smooth vascular muscle cells need to be taken into con-
sideration in any experimental model. Release of bowel
proteins into the circulation can act as inflammatory
mediators and increase the susceptibility to AKI.66 The
S3 segment of the proximal tubule is almost completely
necrosed in such models, a finding not seen very fre-
quently in human ARF. In contrast to animal models,
human AKI histological biopsy data are lacking at
early time points from the onset of insult.65 This has
made comparison between animal models and human
AKI of limited value. Lastly, drug delivery is pre-
vented in total occlusion models, which actually may
be of significant value during the peak ischemic insult.

The cold ischemia-warm reperfusion model resem-
bles AKI in human transplants but this model is inade-
quately studied and difficult experimentally. In the
isolated perfused kidney model, the kidney is perfused
in ex vivo using perfusates either with or without ery-
throcytes, and employs either ischemic (stopping per-
fusate) or hypoxic (reduced oxygen tension of
erythrocytes) to induce functional impairment. The
morphological patterns are different in erythrocyte free
and erythrocyte rich perfusates. The latter system is
more comparable with what is observed histologically
in animal models. Additionally, limitations include
exclusion of various inflammatory mediators, neuro-
endocrine hemodynamic regulation, and systemic cyto-
kine and growth factor interactions known to be pres-
ent and play a pathophysiologic role in animal models.

Cardiac arrest is a common scenario leading to
human ARF. Rabb et al. have described whole body
ischemia reperfusion injury model induced by 10 min-
utes of cardiac arrest, followed by cardiac compression
resuscitation, ventilation, epinephrine and fluids,
which that lead to a significant rise in SCr and renal
tubular injury at 24 hours.67 One of the unique advan-
tages of this model is the cross talk between vital
organs such as the brain, heart, lung and the renal
hemodynamics.68 A hypoperfusion model of AKI using
partial aortic clamping was first described by Zager
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TABLE 76.4 Comparison of Models of Studying Acute Kidney Injury “1 ” Minimally Applicable; “1111”Very Applicable

Humans Animals Cells

Ischemic Septic Toxic

Warm-

Ischemia-
reperfusion

Cold-

Ischemia-
reperfusion

Hypoperfusion/

Cardiac arrest

Isolated

Perfused
Kidneys

Endotoxin Cecal

Ligation &
Puncture

Bacterial

Infusion

Contrast/

Pigment/
Glycerol/ Drug

Isolated

Proximal
Tubule Cells

Cultured

Tubular
Cells

Simplicity 1 1111 11 11 11 1111 111 111 1111 111 1111

Reproducibility 11 1111 111 111 111 111 11 111 111 111 111

Clinical
Relevance

1111 11 111 1111 11 11 1111 111 111 1 1

Therapeutic
value

111 11 111 1111 11 11 111 111 111 1 1

Studying
Mechanisms

11 11 11 111 11 11 111 111 111 111 111

Controlling
Extrinsic factors

1 1 11 11 111 11 11 11 11 1111 1111

Isolating single
variables

11 1 11 1 111 111 11 11 111 1111 1111

Standardization
Value

1 1111 111 11 111 111 11 111 11 11 111

Experimental
Limitation

1111 111 111 111 11 11 111 11 11 1 1



et al. may be more representative of human AKI
reflecting a state of reduced blood flow to the kidney
with systolic blood pressure around 20 mm Hg, result-
ing in reproducible AKI.69,70 This was also recently
adapted and refined in a study where a novel com-
pound, soluble thrombomodulin, was used to mini-
mize ischemic injury in a partial aortic clamp AKI
model.71

Toxic models of renal failure employ various known
toxins, such as radiocontrast, gentamicin, cisplatin,
glycerol and pigments including myoglobin and hemo-
globin. Septic models to study AKI include cecal liga-
tion and puncture, endotoxin infusion andbacterial
infusion into the peritoneal cavity. The endotoxin
model which is simple, inexpensive and suitable to
study new pharmacological agents, has certain draw-
backs as well. There is variability amongst sources and
types of lipopolysaccharide (LPS) endotoxin, rate and
method of administration, and it is usually of short
duration due to the high mortality associated with the
doses required to induce AKI. It also tends to be a
vasoconstrictive model and does not recapitulate the
hemodynamics nor inflammation of human sepsis.72 In
the cecal ligation and puncture model (CLP), there is
considerable similarity with sepsis in humans with
acute lung injury, metabolic derangement and systemic
vasodilation, accompanied by increased cardiac output
initally. However there is some variability depending
on the mode and size of cecal perforation. Star et al.
have developed a new sepsis model keeping under
consideration the following facts: (1) animals should
received the same supportive therapy that is standard
for ICU patients (i.e., fluid resuscitation and antibio-
tics); (2) age, chronic co-morbid conditions and genetic
heterogeneity vary.73 Complex animal models of
human sepsis that introduce these disease-modifying
factors are likely more relevant and may be more
pharmacologically relevantthan simple animal mod-
els.73 The zebra fish model developed by Bonventre
et al. has the advantages of markedly improved acces-
sibility of the kidney, feasibility of knock-down and
upregulation of genes and a short phenotypic readout
time, while at the same time possessing the complexity
of an organism to study renal injury. These properties
may make it a useful inexpensive tool to screen thera-
peutic agents in the future.74

Experimental models of hypoxic acute kidney dam-
age differ morphologically in the distribution of tubu-
lar cell injury and tubular segment types differ in their
capacity to undergo anaerobic metabolism, mount
hypoxia-adaptive responses mediated by hypoxia-
inducible factors (HIFs).75 Hence it is important to
keep them in mind the potential pitfalls when evaluat-
ing experimental studies or therapeutic interventions
using these models. The lack of ability to demonstrate

effectiveness of an agent in humans which has been
shown to be efficacious in animal models, does not
necessarily reflect a flaw with the model. Most often,
the agent is administered very late in the course of the
human disease, and the patient heterogeneity of the
population makes it even more difficult to establish
true efficacy.76

Role of Biomarkers in AKI

Changes in serum creatinine and/or urine output to
diagnose AKI77 may not be able to identify the early
stages of intrinsic kidney injury. Early identification
and subsequent early pharmacologic intervention may
improve outcomes in AKI. In order to facilitate
the early diagnosis of intrinsic injury, multiple bio-
markers of tubular injury have been evaluated.78,79

Biomarkers for AKI include N-acetyl-B-D-glucosamini-
dase (NAG), kidney injury molecule 1 (KIM-1), neutro-
phil gelatinase-associated lipocalin (NGAL) and
interlukin 18 (IL-18), among others.78,79 In addition,
serum cystatin C has been proposed as more sensitive
and timely than serum creatinine for detecting changes
in GFR, and urinary cystatin C has been proposed as a
marker of tubular injury.78,80,81 Although not utilized
yet for routine clinical use, these biomarkers have the
potential to provide an early diagnosis of intrinsic AKI
and the ability to differentiate pre-renal AKI from
intrinsic tubular damage, as well as to provide prognos-
tic information of an episode of AKI. One biomarker or
a panel of these biomarkers may eventually provide the
necessary early diagnosis to allow therapies to limit kid-
ney damage and promote recovery of kidney function.
Please refer to Chapter 75 for a detailed explanation on
the role of serum and urinary biomarkers in AKI.

PATHOPHYSIOLOGY OF ACUTE
KIDNEY INJURY

Morphological Changes of AKI

Acute Tubular Necrosis (ATN) is the most common
form of AKI, and this process of renal tubular injury
encompasses more than just cell death followed by
repair. It is easier to understand the entire spectrum of
injury if one looks at the different compartments
involved and the phases they go through (Fig. 76.2).

Tubular Epithelial Cell Injury

Although data regarding which nephron segments
in humans with ATN are more severely affected is
sparse due to lack of biopsies early in the course of
ATN, experimental animal models provide sufficient
information to help understand and delineate the
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mechanisms of ATN by histological analysis. In ATN
the most severe tubular injury takes place within the
outer medulla of the kidney, and involves the S3 seg-
ment of the proximal tubule (pars recta) and the med-
ullary thick ascending limb (MTAL) of the distal
nephron.82 The S3 segment has limited capacity to
undergo anaerobic glycolysis. Secondly, due to its
unique primarily venous capillary regional blood flow,
there is marked hypoperfusion and congestion in this
medullary region post injury that persists even though
cortical blood flow may have returned to near normal
levels after ischemic injury. Endothelial cell injury and
dysfunction are primarily responsible for this phenom-
enon, known now as the “extension phase” of AKI.83

The proximal tubule S1 and S2 segments are most com-
monly involved in toxic nephropathy due to their high
endocytic rates leading to increased cellular uptake of
the toxin.

The apical brush border of proximal tubule cells
(PTC) is damaged early resulting in microvilli disrup-
tion and detachment from the cell surface forming
membrane bound “blebs” released into the tubular
lumen. Loss of microvillar surface leads to ineffective
enzymatic activity, endocytosis, channel and trans-
porter density resulting in diminished effective trans-
cellular absorption. Patchy detachment and subsequent
loss of tubular cells exposing areas of denuded tubular

basement and focal areas of proximal tubular dilatation
along with the presence of distal tubular casts is also a
major pathological findings in ATN.84 Because the sur-
viving adjacent cells tend to spread out and become
flattened, in an attempt to completely or partially cover
the denuded epithelium, the appearance is often of a
flattened and pauci-cellular epithelium.

Sloughed off tubular cells are also present in the
tubular lumen, where they can be overtly necrotic or
viable. These cells along with brush border vesicle rem-
nants and cellular debris combine with Tamm-Hosrfall
glycoprotein (THP) and form the classical “muddy-
brown granular” casts, that have the potential to
obstruct the tubular lumen. Cast formation may be
potentiated by relative stasis of tubular fluid flow
because of the reduction in GFR. On biopsy, these casts
may not be captured since they exist within the
medulla and actual site of obstruction may be a short
segment. However, dilation of tubules proximal due to
obstruction is often seen as long as the GFR and
regional tubular epithelium are maintained. Eventually
decompression of these tubules will occur because of
decreased GFR, damage to proximal tubular cells, and
persistent reabsorption of tubular fluid in uninjured
areas. The injury to the proximal tubule cells in
humans is also seen in experimental models of ische-
mic AKI (Fig. 76.3).

Epithelial cell Injury

Endothelial
cell Injury

Sub-Lethal
Injury

-Cytoskeleton
Disruption 

Lethal
Injury

-Necrosis
-Apoptosis

Inflammation

Vasoconstriction
Reduced Flow
↑Permeability

↑Leukocyte Adhesion Molecules
Cytokine Release

Leukocyte Activation
Cytokine Release

Margination
Tissue Migration
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Shed cells
Cellular Debris
Loss of Polarity

Loss of Tight Junctions

FIGURE 76.2 Overview of pathogenesis in acute kidney injury. The major pathways of impairment of glomerular filtration rate (GFR) in
ischemic acute tubular necrosis as a result of vascular and tubular injury (see text for details). (Source: unpublished figure from Encyclopedia of
Intensive Care Medicine. Publisher, Springer. Eds, Vincent, Jean Louise Hall, Jesse B. Ch Epithelial Cell Injury by Asif Sharfuddin and Bruce Molitoris.
First Edition due to published March 2012).
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Apoptotic features are more commonly seen in both
proximal and distal tubule cells as compared to necro-
sis which itself is inconspicuous and restricted to the
highly susceptible outer medullary regions. Apart from
the proximal tubular cells, the other major epithelial
cells of the nephron are those of the medullary thick
ascending limb located distally. Apoptotic changes
have been detected in human AKI, as shown in distal
nephron segments in nephrotoxic acute tubular necro-
sis. Distal tubular cell apoptosis also occurs in donor
biopsies before engraftment, which was predictive of
delayed graft function due to acute tubular necrosis.85

In an ex vivo model of hypoxic AKI, inhibition with FG-
4497 (specific prolyl-hydroxylase inhibitor which leads
to activation of HIF-Aplha) in the isolated perfused
kidney led to decreased selective outer medullary dis-
tal tubular injury.86 The course of a tubular cell altera-
tions may take different paths depending on the type
and extent of injury as discussed later.

GLOMERULUS

The glomerular tuft collapses in ischemic injury, and
some investigators have described the diameter of
ischemic endothelial cell fenestrae on average to be
larger than that of untreated kidneys.87 Other human
biopsy studies have documented enlargement of juxta-
glomerular apparatus during the oligoanuric phase,
and thickening and coarsening of foot processes. But
these findings have not been confirmed and there still
exists a paucity of data on glomerular changes in
human ATN in different stages.87,88 Glomerular epithe-
lial cell injury in ischemic, septic or nephrotoxic injury
is not classically seen although some studies have
shown thickening and coarsening of foot processes and
recently Wagner et al. have shown podocyte specific
molecular and cellular changes.89

Epithelial Cytoskeletal Abnormalities

Cytoskeletal Alterations

Cellular structure and function are mediated by an
interactive and dynamic role of the actin cytoskeleton
including but not limited to proximal tubule brush bor-
der microvilli structure and function, cell polarity,
endocytosis, signal transduction, cell motility, move-
ment of organelles, exocytosis, cellular division and
migration, barrier function of the junctional complex,
cell-matrix adhesion and signal transduction.90 Actin is
present in globular form (G-actin) that can self-
assemble into filamentous (F-actin) to form helical
microfilaments. In conjunction with actin-binding pro-
teins, guanosine triphosphatases (GTPases) and adeno-
sine triphophate (ATP), the dynamic process of actin
assembly and disassembly is accomplished. The actin

FIGURE 76.3 A. Morphology of acute tubular necrosis in human
biopsy specimen. Proximal tubules show loss of brush border, flatten-
ing of tubular cells with denuded basement membranes, blebbing of
cytoplasm (arrowhead) and vacuolization in a patient with toluene
induced acute tubular necrosis. There is also evidence of extensive
interstitial edema and expansion with presence of inflammatory cells
(arrow). (Slide courtesy of Dr Carrie Phillips). B. Morphology of acute
tubular necrosis in rat kidney specimen subjected to 60 minutes of
hypoperfusion. Areas of detachment of cell and intact cells within the
tubular lumen. C. Cellular cast within the tubular lumen. See color
plate section at the back of the book.
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cytoskeleton is present as a layer of microfilaments
below the apical plasma membrane, forming the termi-
nal web. The architectural integrity of brush border
microvilli is dependent upon extensions of actin fila-
ments from the terminal web to the tip of the individ-
ual microvilli.

Under physiologic conditions most actin monomers
are ATP-bound, while the bulk of actin found within
actin filaments is ADP-bound. The unique binding sites
of actin for nucleotides and divalent cations allow con-
formational changes, apart from its hydrolytic proper-
ties that are activated by polymerization. The G-actin
ADP complex released on depolymerization (disassem-
bly) undergoes nucleotide exchange with abundant
cytosolic ATP, and is then stored as a high energy G-
actin ATP intermediate by thymosin-sequestering pro-
teins until needed for polymerization.91,92 Four groups
of actin-binding protein mediate different effects on the
actin cytoskeleton including actin sequestering, cap-
ping, severing and nucleation. These effects in turn
coordinate the continual remodeling of the cytoskele-
ton and give it the ability to respond to various internal
and external stimuli.93

Ischemic insults to proximal tubule cells induce a
rapid and severe degeneration of the microvillar
F-actin core, which in turn mediates the plasma mem-
brane finger-like microvillar structural morphology
changes including loss of the apical membrane
through blebbing. The degeneration of this F-actin core

occurs as a result of ATP depletion leading to depo-
lymerization of microvillar actin. In addition ezrin, an
actin binding phosphorylated protein, becomes depho-
sphorylated during ischemia and the attachment
between the microvillar F-actin core and the overlying
plasma membrane is lost94 (Fig. 76.4). The apical mem-
brane is then either exfoliated as “blebs” into the
tubule lumen or internalized with the capability of
being recycled during cellular recovery. Furthermore,
the concentration of F-actin in the cell increases with
the formation of large cytosolic aggregates in the peri-
nuclear region and also near the junctional complexes
and basolateral membrane. ATP-G-actin levels
decrease rapidly during ischemia. Since ADP G-actin
cannot be sequestered by thymosin its concentration
exceeds a critical threshold resulting in the polymeriza-
tion in an unregulated fashion.92

The actin binding protein family of cofilin, also
known as actin depolymerizing factor (ADF), has been
shown by Molitoris and colleagues to be a critical
mediator in F-actin severing during ischemic injury. In
proximal tubule cells (PTC) ADF/cofilin, which when
phosphorylated is inactive and does not bind actin,
gets rapidly dephosphorylated and therefore activated
by renal ischemia. This leads to relocalization from the
cytoplasm to the surface membrane, as well as in shed
membrane-bound vesicles seen in PTC lumen.95,96 The
mechanism by which disruption of F-actin structure
occurs also involves the role of another family of actin

Cytoskeletal and tight junctions alterations
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FIGURE 76.4 Cytoskeletal and tight junctions alterations in AKI. Ischemic insult to a proximal tubule cell disrupts actin cytoskeleton and
junctional complexes. The orderly arrangement of the actin microfilaments extends from terminal web (TW) into microvilli (MV) as well as
interacting with tight junction proteins zonula adherens (ZO), and adherens junction proteins zonula adherens (ZA). Occludin (OC) is trans-
membrance integral protein of the tight junction forming a multiprotein complex with ZO, controlling paracellular permeability. Severe ATP
depletion results in occludin translocating to the cytoplasm, compromising adhesion and permeability. Similarly adherens junction proteins
such E-cadherin (EC) and catenins (C) that interact with actin and other junctional components are compromised. ADF or cofilin is activated
with ischemia that translocates and gets recruited to apical microvilli and binds to F-actin structures, resulting in severing and depolymeriza-
tion of F-actin. This leads to subsequent apical membrane disruption and bleb formation.
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binding protein called tropomyosin. Under physiologic
conditions tropomyosin binds to and stabilizes the
F-actin microfilament core in the terminal web, and
protects the filaments from ADF/cofilin induced sever-
ing and depolymerization. Ashworth et al. have dem-
onstrated that after ischemic injury there is dissociation
of tropomyosin from the microfilament core providing
access to microfilaments in the terminal web for F-actin
binding, severing and depolymerizing actions of ADF/
cofilin proteins.97

Alterations in the activity of Rho family of GTPases
also contributes to changes in actin cytoskeleton associ-
ated with ischemia. First, chemical ATP depletion was
shown to cause Rho GTPase inactivation.98 Secondly,
GTP depletion during ischemia could also inactivate
Rho GTPase function.99 These two findings, coupled
with the finding that cells transfected with a constitu-
tively active form of RhoA during chemical ATP deple-
tion are protected against actin depolymerization,
provide evidence of ischemia-induced RhoGTPase
inactivation.100 An additional cytoskeletal component
important for cellular polarity and protein trafficking is
microtubules. Wald et al. have shown that in reper-
fused rat proximal tubules non-centrosomal microtu-
bule organizing centers (MTOCs) were fully detached
from the cytoskeleton and scattered throughout the
cytoplasm at three days after reperfusion when brush
borders membranes were mostly reassembled with
normal F-actin distribution. At that time microtubules
were also fully reassembled but lacked their normal
apicobasal orientation, hence demonstrating that the
reestablishment of the submembrane F-actin does not
seem to be sufficient for a full polarization of the
cells.101 Microtubule formation also occurs by continu-
ous assembly and disassembly of α and β tubulin het-
erodimer with an intricate polymerization process.
Studies indicate that during ischemia α and β tubulin
do not participate in microtubule polymerization and
their localizations are also different. The fact that GTP
levels are depleted by 90% after 30 minutes kidney
ischemia in rats supports this assumption of impaired
microtubule polymerization.102

Epithelial cells are characterized by an asymmetrical
distribution of proteins and lipids in the apical and
basolateral membrane resulting in surface membrane
polarity of these cells. In ischemic ATN this polarity is
abolished, but has the potential for re-establishment
during recovery. Molitoris et al. have shown evidence
to suggest the Na1K1-ATPase pump that normally
resides in the basolateral membrane of proximal tubule
cells, under conditions of chemical anoxia, is redistrib-
uted to the apical membrane.103 This redistribution,
which can occur as early as 10 min after ischemia, is
another consequence of the disruption of the actin cyto-
skeleton, which normally maintains the attachment of

the Na1K1-ATPase to the basolateral membrane.103�105

Furthermore, both ankyrin and fodrin dissociated from
F-actin and each other during ATP depletion.106 These
data were confirmed and indicate wide spread actin
cytoskeleton alterations during ATP depletion lead to
altered protein-protein interactions.107 Other nephron
segments such as the distal tubule cells, and TAL do
not show similar apical redistribution of the Na1K1-
ATPase. This redistribution results in functional conse-
quences reflected in the loss of unidirectional transport
of salt and water across the epithelial cell, resulting in
one mechanism of the high fractional excretion of Na1

seen in patients with ATN (Fig. 76.5).

Junctional Defects and Permeability Alterations

Cell-cell junctional complexes actively participate in
the establishment and maintenance of cell polarity,
paracellular transport, cytoskeletal interactions, and
rearrangements in cellular shape. Ischemia also induces
functional changes in the epithelial junctional com-
plexes, which are comprised of at least three structures:
adherens junctions (also known as zonula adherens
(ZA)), tight junctions (zonula occludens (ZO)) and des-
mosomes. Tight junctions are located directly apical to
the adherens junction, are composed of a growing list
of proteins such as occludin, claudin, protein kinase C
(PKC), ZO-1 etc., with multiple functions such as adhe-
sion, permeability, structural integrity and paracellular
transport of solutes. The actin present in the cortical
belt, and in the terminal web, is also linked to the tight
junction. Adherens junction, which are located directly
below the tight junction, form strong cell�cell adhesion
complexes and are composed of proteins such as cad-
herins and catenins are associated with numerous other
junctional and cytoplasmic proteins. They are responsi-
ble for adhesion of adjacent cells, regulation of adhe-
sion, and are also linked to the actin cytoskeleton.108

In vivo and in vitro studies indicate that in early
ischemic injury there is an “opening” of the tight junc-
tions as the proteins such as ZO-1 and cingulin become
insoluble during ATP depletion, and associate into
macromolecular intracellular complexes.109 This leads
to increased permeability of the tight junctions in sub-
lethal injury resulting in back-leakage of glomerular fil-
trate, which is an important factor in the reduction of
GFR as discussed later. If ATP is repleted before lethal
injury the permeability defect resolves.110 PKC signal-
ing regulates both tight junction and adherens junction
assembly. Evidence suggest that tight and adherens
junction proteins including ZO-1, ZO-2, ZO-3, occlu-
din, vinculin, and p100�p120 are affected by this
kinase signaling pathway.111 It is also likely that dis-
ruption of the actin cytoskeleton and reduction in
activity of Rho-GTPases also contribute to the changes
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in the tight junction during ischemia.100 The loss of
adherens integrity is in part caused by activation of
c-Src which translocates to the adherens junction and
tyrosine phosphorylates components such as β-cate-
nin.112 Nigam et al. have demonstrated the role of tyro-
sine kinases and phosphatases in the disassociation of
adherens junction.113 The importance of these animal
model findings is highlighted by findings in human
allografts with ATN where Kwon et al. have shown the
same features noted in experimental models of loss of
cell polarity and tight junctions.114

Epithelial cells also lose their attachment to the
underlying extracellular matrix, the mechanism for
which has been elucidated as at least being partially
due to loss of polarity and redistribution from the basal
membrane to the apical membrane of β1-integrins.
Integrins are transmembrane proteins normally respon-
sible for the anchoring of epithelial cell to the matrix
through actin cytoskeleton and actin-binding pro-
teins.115 In vitro studies of MDCK cells have shown
that adherence of these cells to a collagen I substratum
is mediated by peripheral actin filaments and adhesion
complexes regulated by myosin light chain kinases
and adhesion complexes controlled by RhoA.116 The
detachment and loss of tubular cells into the lumen

also contributes to the back-leakage of the glomerular
filtrate, and at the same time the β1-integrins and
E-cadherins might even play a role in mediating the
aggregation of these exfoliated cells worsening intra-
luminal cast formation.

Although the glomerular injury is not as prominent
in AKI, Wagner et al. have demonstrated in an in vivo
rat model that renal ischemia induces podocyte efface-
ment with loss of slit diaphragm and proteinuria
owing to rapid loss of interactions between the tight
junction proteins Neph1 and ZO-1. Cell culture models
using human podocytes further showed that ATP
depletion resulted in rapid loss of Neph1 and ZO-1
binding, and redistribution of Neph1 and ZO-1 pro-
teins from the cell membrane to cytoplasm; ATP recov-
ery increased phosphorylation of Neph1 and restored
Neph1 and ZO-1 binding and their localization at the
cell membrane.89

Tubular Obstruction

Tubular obstruction has been noted in ischemic
as well as toxic models of injury. Renal tubular epithe-
lial cells can be seen in the urine of patients with AKI,
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FIGURE 76.5 An overview of sublethal injury to tubular cells. An overview of sublethally injured tubular cells. Na/K/ATPase pumps are
normally located at the basolateral membrane. In sublethal ischemia the pumps redistribute to the apical membrane of the proximal tubule.
Upon reperfusion, the pumps reverse back to their basolateral location. (Source: unpublished figure from Encyclopedia of Intensive Care Medicine.
Publisher Springer. Eds, Vincent, Jean Louise; Hall, Jesse B. Ch Epithelial Cell Injury by Asif Sharfuddin and Bruce Molitoris. First Edition due to published
March 2012.)
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and can be either alive, apoptotic or necrotic.
Micropuncture studies, done over 20 years ago, dem-
onstrated elevation of intratubular pressure early after
reperfusion following renal artery occlusion. This is
characteristically evident as tubular dilatation, with
cast deposition in the distal nephron causing luminal
obstruction and back pressure. Although intratubular
pressures tend to fall towards normal after 24 hours,
the presence of persistent obstruction can be revealed
by extracellular volume expansion, which again ele-
vates intratubule pressures. An obstructing cast in the
collecting duct could potentially impair the function of
multiple nephron units, as many nephrons drain into a
single collecting duct.

The term “back-leak” generally implies the passive
movement of GFR into the interstitium from the tubu-
lar lumen, eventually being recirculated to the systemic
vasculature through the venous network. Studies have
revealed that if radiolabeled compounds are microin-
jected into renal tubules after ischemic injury, they can
be detected in the contra-lateral kidney. Human studies
by Myers et al. provided evidence of transtubular leak-
age of GFR after ischemic renal failure as well as tubu-
lar obstruction, leading to a reduction in measured
or effective GFR.117,118 The presence of areas of open
PTC tight junction or denuded basement membrane in
electron-microscopy biopsy specimens provides a logi-
cal morphological explanation of back-leakage.
However, understanding the mechanism responsible
for tight junction dysfunction or detachment of tubular
cells is key to defining the event of cast formation and
tubular obstruction. The integrin superfamily of pro-
teins, located on the basal aspect of the cell, is responsi-
ble for the complex cell-matrix adhesion events. The β
chains coupled with α chains form β1 integrins, which
interact with the actin cytoskeleton and actin-binding
proteins such as α-actinin, vinculin and talin. The
extracellular domain of the β1 integrins attaches to
receptors of proteins such as collagen and fibronectin,
which are abundant and constitute the tubular base-
ment membrane. The tri-peptide sequence of arginine-
glycine-asparagine (abbreviated as RGD), is a well
define receptor for β1 integrin on the extracellular
matrix. The loss of polarity causes redistribution of β1
integrins, which become expressed in the apical
domain of sublethally injured cell. It was hence
hypothesized that administraton of an excess of soluble
RGD containing molecules would saturate the extracel-
lular binding site of all exposed β1 integrins within the
lumen of the nephron, and thus prevent luminal renal
tubular cell-cell adhesion, and this prevent intratubular
obstruction. Both intravenous and direct intrarenal
infusion of RGD peptides resulted in amelioration of
ischemic AKI. It is also possible that the detached tubu-
lar cells adhere to Tamm-Horsfall protein (THP) in the

distal tubule by RGD sequence peptides. By using dual
labeled RGD peptide sequences, it was also discovered
that RGD peptides also mapped to intimal surface of
vessels in ischemic kidneys.119 Further studies utilizing
RGD peptides in ARF could provide key answers to
questions of vascular and epithelial injury in ATN.
Recent studies also show a role of the sphingosine-1
phosphate receptor (S1PR) in maintaining structural
integrity after AKI. Okusa et al. have shown that S1PRs
in the proximal tubule are necessary for stress-induced
cell survival, and S1P1R agonists are renoprotective via
direct effects on tubular cells.120

MICROVASCULAR INSULT IN
AKI—FUNCTIONAL BASIS AND
MORPHOLOGICAL CHANGES

Microvasculature and Interstitium

A prominent feature of AKI is interstitial edema,
which is in part due to altered endothelial permeabil-
ity,121 as well as increased tubular pressure, perhaps
via backleak through the wall of injured or distended
tubular cells. Solez et al. in 1974 demonstrated there
was intravascular leukocyte accumulation following
ischemic injury, a finding which is still commonly seen
in peritubular capillaries, particularly in the ascending
vasa recta in the outer and inner medulla. The patho-
genesis and significance of this finding is discussed in
detailed later. The peritubular capillaries of the cortico-
medullary junction and outer medulla are most often
affected in ischemic human AKI, exhibiting vascular
congestion, accumulation of inflammatory cells and
either compression or dilatation of vessels.122 Subtle
and few changes may be seen in larger vessels such as
arterioles and arteries. The pathologic profile of inter-
lobular and afferent arteriolar vessels in renal artery
clamp experiments shows vacuolization in the muscu-
lar layer as early as four hours post-ischemic insult, fol-
lowed by focal necrosis in the smooth muscle.

Medullary Ischemia

Renal Blood flow (RBF) approximates 20�25% of the
total cardiac output, and various forces regulate glo-
merular filtration as a result of autoregulation of renal
blood flow. A small fraction of RBF is delivered to the
medulla, while the cortex receives the majority. A rela-
tively hypoxic region thus exists in the medulla with
partial pressures of oxygen as low as 20�30 mm Hg. In
contrast the partial pressure of oxygen in the cortex is
about 80�90 mmHg. It has been known for years that
restoration of total RBF to near normal, shortly after an
ischemic insult does not prevent the extension or
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maintainence phase of AKI. Thus a sequence of endo-
thelial and epithelial cell processes is triggered that are
independent of re-establishing total RBF.

The principal determinant of the medullary oxygen
requirement is the rate of active Na1 reabsorption
along the mTAL. Therefore, not only the reduction of
oxygen delivery, but also the increment of oxygen
demand can cause an imbalance. Dehydration, volume
depletion and renal hypoperfusion are major stimuli of
urine concentration through active sodium reabsorp-
tion, which may further exacerbate hypoxic tubular
damage. By volume repletion and salt loading, this
workload is decreased, obviating the need for urine
concentration, and hence able to tilt the balance back to
match the oxygen supply. The kidney does have its
own protective mechanism known as tubuloglomerular
feedback (TGF), the stimulus for which appears to be
the sodium concentration of the tubular fluid as sensed
by the macula densa of the juxtaglomerular apparatus.
Increased sodium sensed in this nephron segment, will
in turn activate TGF to reduce the GFR, resulting in
reduced metabolic demand placed on the tubule, giv-
ing the nephron an optimal oxygen supply versus
demand balance. Clinically this results in oliguria,
which could be termed as an appropriate physiological
response to an insult. When this response system is
overwhelmed, due to continued insults such as sever
hypoxia, or hypoperfusion, this balance is lost, leading
to cell death or necrosis.

Although tubular injury is a major mechanism initi-
ating the decrease in GFR with AKI, the concomitant
vascular changes are now being recognized as an
important pathophysiologic variable. The glomerular
capillary hydraulic pressure is maintained by varia-
tions in the preglomerular and postglomerular arterio-
lar resistances. GFR remains relatively constant despite
variations in renal perfusion pressure through the pro-
cess of autoregulation which includes tubuloglomeru-
lar feedback (TF) and myogenic alterations of arteriolar
tone. Structurally, resting or basal tone is determined
by intrinsic smooth muscle tone, and endothelial
cells. Endothelial cells can detect changes in shear
stress and mediating responses to altered flow. Basal
nitric oxide (NO) activity is an important determi-
nant of resting vascular tone. Responses to extrinsic
stimuli are used to measure vascular function, also
termed as vascular reactivity. These stimuli can be
systemically generated, e.g., ANP, catecholamines,
angiotensin II, or locally (paracrine), e.g., thrombox-
ane A2, PGH2, endothelin-1 (ET-1), platelet activating
factor (PAF), NO, amongst others. The kidney of all
organs has the greatest vasoconstrictor sensitivity to
ET-1. Characteristics of tubular fluid also modulate
autoregulation of GFR to maintain fluid and electro-
lyte balance.123

It is very important to note that abnormalities in RBF
in AKI lead to persistent hypoxia in certain areas of the
kidney. Severe hypoperfusion of the outer medulla per-
sists long after the insult which initiated ATN has
resolved. As cortical blood flow improves after reperfu-
sion and cortical tubule cells demonstrate repair and
regeneration.124 However, the S3 and MTAL segments
of the outer medulla experience ongoing ischemia,
thought to be due to “shunting” of oxygen between
descending and ascending vasa recta, and vascular
congestion in the peritubular capillaries. This contri-
butes to ongoing injury to the S3 PTC and mTALC
causing the extension phase of ATN.125 Studies have
also emphasized the role of tubular cell swelling as a
cause for vascular congestion, as well as a possibility of
compression of capillaries by swollen tubules causing
mechanical impediment, limiting reperfusion to the
cortico-medullary junction of the kidney.126 Finally,
WBC attachment, especially to the outer stripe venous
capillaries and RBC rouleaux formation, leads to
reduced and even stagnant flow to that area.

Nitric Oxide in ATN

A variety of vasoactive substances are vasconstric-
tive mediators of the microcirculation and thought to
be major determinants of decreased RBF in AKI.
Endothelial cell damage contributes to intra-renal vaso-
constriction, by an imbalance of vasodilators and vas-
coconstrictors. The role of NO in the kidney ranges
from homeostatic regulation and integration of tubular,
vascular and glomerular functions, to integral cellular
functions including energy metabolism, cellular respi-
ration, proliferation and transcription. Specifically NO
helps regulate local renal circulation, renal afferent and
efferent nerve activity and direct fluid and electrolyte
reabsorption in tubules. It is produced in both renal
and non-renal vasculaturefrom L-arginine by the Nitric
Oxide Synthase (NOS) isoforms, of which the three
principal forms are neuronal NOS (nNOS), inducible
NOS (iNOS) and endothelial NOS (eNOS).127

Intrarenal NO is responsible for up to one third of the
normal renal blood flow and helps maintain the low
renal vascular resistance under physiological condi-
tions. NO also plays a key role in regulating perfusion
of the renal medulla and local infusion of NOS inhibi-
tors into animals reduces medullary blood flow and
promotes salt retention. Conversely L-arginine infusion
increases NO levels and enhances medullary blood
flow.128

During AKI the production of NO increases in tubu-
lar cells as a result of cytokine induced increase in
expression of iNOS. Studies by Ling et al. have shown
that proximal tubule cells isolated from mice with
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iNOS deficiency were resistant to damage by hypoxia,
while mice lacking eNOS or nNOS were damaged by
hypoxia.129 Inhibition of eNOS is also known to occur
as endothelial dysfunction develops. Furthermore high
output NO production by iNOS may suppress the
activity of eNOS without changing its abundance.
Hence in ischemic AKI, there is an imbalance of eNOS
and iNOS. Goligorsky et al. have proposed that due to
a relative decrease in eNOS, secondary to endothelial
dysfunction and damage, there is a loss of anti-
thrombogenic properties of the endothelium, hence
leading to increased susceptibility to microvascular
thrombosis.130 The decrease also leads to enhanced
PMN adhesion, and vasoconstriction. On the other
hand, the relative increase in iNOS leads to enhanced
PMN motility, induction of tubular epithelial cell
injury, loss of vasomotor response and suppression of
eNOS.130 Generation of superoxide and NO in ische-
mia/reperfusion injury results in the formation of per-
oxynitrite anion (ONOO�). This metabolite is cytotoxic
and is capable of causing lipid peroxidation and DNA
damage. Effective scavenging of peroxynitrite by ebse-
len resulted in amelioration of renal dysfunction and a
decrease in nitrotyrosine formation.131 Hence, apart
from oxidative stress, there is a role for nitrosative
stress in ensuing loss of kidney function (See section
on Reactive Oxygen Species). Selective inhibition,
depletion or deletion of iNOS have clearly shown reno-
protective effects during ischemia.129,131 This effect is
in part due to rescue of tubular cells from injury by
iNOS or its reactive oxidized by products.
Administration of L-arginine, NO-donor molsidomine,
or the eNOS cofactor tetrahydrobiopterin can preserve
medullary perfusion and attenuate acute kidney injury
(AKI) induced by ischemia/reperfusion (I/R); con-
versely the administration of Nω-nitro-L-arginine
methyl ester, an NO blocker, has been reported to
aggravate the course of AKI following I/R injury.

Certain other forms of AKI, such as rhabdomyolysis,
also have their own unique effect on NO balance. This
is due to the fact that heme proteins are potent scaven-
gers of NO, and hence when there is an excess of heme
proteins, the basal vasodilatory effect of NO is abol-
ished. Since NO has an inhibitory effect of endothelin-1
synthesis (ET-1), there is a surge in ET production thus
aggravating the vasoconstriction. It should also be
emphasized that both myoglobin and free hemoglobin
themselves can induce iNOS thus acting as another
pathogen in the AKI associated with rhabdomyolysis.

ROLE OF ENDOTHELIN

The role of endothelin-1 (ET-1) in AKI has been
extensively studied. Ischemic and toxic injury increase

the expression of pro-ET-1 gene, and the release of
mature ET-1 from endothelial cells.132 ET-1 is the one
the most potent vasoconstrictor known, and is pro-
duced from a precursor of 38�39 amino acids by the
enzyme endothelin-converting enzyme in endothelial
cells. It has been shown that ET-1 is detectable in the
plasma of human and animals and also in a variety of
tissues. The kidney is a major site of ET-1 production
and its effect. The major actions of ET-1 are: (1)
Hemodynamic-renal vasoconstriction and mesangial
cell contraction. (2) Transport: low doses cause diuresis
and natriuresis. High doses cause profound anti-
natriuretic and anti-diuretic effects.132 (3) Proliferation:
mitogenesis and proliferation of mesangial cells
through ET-A receptor stimulation.132 (4) Inflammation:
recruitment and activation of leukocytes.133

The renal vasconstrictive effects are produced by
vascular smooth muscle cell contraction following acti-
vation of ET-A receptor causing a flux of intracellular
calcium. The end result is reduction in both RBF and
GFR. With the development of various specific ET
receptor antagonists there is compelling evidence of its
role in ARF. Most ET receptor anatagonists are able to
ameliorate the renal injury after ischemic and toxic
injury. Jerkic et al. demonstrated that administration of
bosentan, a dual ET receptor antagonist, in experimen-
tal ischemic AKI resulted in decreased tubular cell
injury and increased RBF and GFR.134 Other toxic
injury models such as endotoxin, CsA and
myoglobinuric-induced renal failure have all shown to
be associated with elevated plasma ET levels.

ENDOTHELIAL CELL INJURY IN AKI

It has been known for over thirty years that endothe-
lial cells in the renal vasculature undergo an early
swelling during ischemia leading to a narrowing of the
lumen.135 Evidence of endothelial dysfunction also
comes from experiments that have found over expres-
sion of ICAM-1 by vascular endothelial cells and
enhanced expression of the Arg-Gly-Asp (RGD) pep-
tide binding integrins in ischemic AKI. Using mini-
mally invasive intravital microscopy of the glomerular
and peritubular capillaries, Goligorsky et al. have
shown endothelial dysfunction andthe no-reflow phe-
nomenon manifested by reversal, deceleration and ces-
sation of blood flow, occurring in a sporadic fashion in
pre- and postglomerular capillaries in post-ischemic
kidneys.136

The integrity of endothelial barrier is also impaired
in AKI as shown by in vitro studies demonstrating
endothelial cell desquamation and formation of gaps
between confluent endothelial cells treated with throm-
bin, while in vivo studies in inflammatory states have
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provided direct evidence for increased gaps between
endothelial cells with increased permeability.121 The
cytoskeletal structure of endothelial cells includes actin
filament bundles that form a supportive ring around
the periphery, along with the adhesion complexes that
provide the integrity of the endothelial layer. Alteration
of the normal actin cytoskeleton of endothelial cells
in vitro has been demonstrated with ATP depletion as a
model of ischemic injury and with H2O2 as a model of
oxidant-mediated reperfusion injury. ATP depletion
has been demonstrated to rapidly and reversibly dis-
rupt the normal cortical and basal F-actin structures in
endothelial cells resulting in F-actin aggregation and
polymerization. Oxidant-mediated endothelial cell
injury also has been demonstrated to disrupt the corti-
cal actin band in cultured endothelial cells.137 The
assembly and disassembly of actin filaments is regu-
lated by a large family of actin binding proteins includ-
ing actin depolymerizing factor (ADF)/cofilin. With
ischemic injury, the normal architecture of the actin
cytoskeleton is markedly changed along with endothe-
lial cell swelling, impaired cell-cell and cell-substrate
adhesion and loss of tight junction barrier functions.
ATP depletion of cultured endothelial cells has been
shown to induce dephosphorylation/activation of
ADF/cofilin in a direct and concentration-dependant
fashion. This results in depolymerized and severed
actin filaments, seen as filamentous (F) actin aggregates
at the basolateral aspects of the cell138�140 (Fig. 76.6).

Endothelial Permeability Defects

The endothelial barrier serves to separate the inner
space of the blood vessel from the surrounding tissue
and to control the exchange of cells and fluids between
the two. It is defined by a combination of transcellular
and paracellular pathways, the latter being a major
contributor to the inflammation-induced barrier
dysfunction.

Sutton et al. have studied the role of endothelial cells
in acute kidney injury by a series of experiments utiliz-
ing florescent dextrans and two-photon intra-vital
imaging. The increased microvascular permeability
observed in acute kidney injury is likely a combination
of numerous factors such as: loss of endothelial mono-
layer, breakdown of perivascular matrix, alterations of
endothelial cell contacts and upregulated leukocyte-
endothelial interactions. They have shown that 24h
after ischemic injury there was loss of localization in
vascular endothelial cadherin immunostaining, sug-
gesting severe alterations in the integrity of the adhe-
rens junctions of the renal microvasculature.121 In vivo
two-photon imaging demonstrated a loss of capillary
barrier function within two hours of reperfusion as

evidenced by leakiness of high molecular weight dex-
trans (300,000 Da) into the interstitial space.

Critical constituents of the perivascular matrix,
including collagen IV, are known to be substrates of
matrix metalloproteinase (MMP)-2 and MMP-9, which
are collectively known as gelatinases. Breakdown of
barrier function may also be due to matrix
metalloproteinase -2 or -9 activation and this up-
regulation is temporally correlated with an increase in
microvascular permeability.83,141 In addition, minocy-
cline, a broad based MMP inhibitor, and the gelatinase
specific inhibitor ABT-518 both ameliorated the increase
in microvascular permeability in this model. Taken
together, many findings indicate that the loss of endo-
thelial cells following ischemic injury is not a major con-
tributor to altered microvascular permeability,
although renal microvascular endothelial cells are vul-
nerable to the initiation of apoptotic mechanisms fol-
lowing ischemic injury that can ultimately impact
microvascular density142 (Fig. 76.8).

ENDOTHELIUM AND COAGULATION
ABNORMALITIES IN AKI

Endothelial cells have a central role in coagulation
through their interaction with protein C mediated by
the endothelial cell protein C receptor (EPCR) and
thrombomodulin. Protein C is activated by thrombin-
mediated cleavage and the rate of this reaction is aug-
mented 1000-fold when thrombin binds to the endothe-
lial cell-surface receptor thrombomodulin. The
activation rate of protein C is further increased by
approximately 10-fold when EPCR binds protein C and
presents it to the thrombin�thrombomodulin complex.
Activated protein C acquires antithrombotic and profi-
brinolytic properties, and participates in numerous
anti-inflammatory and cytoprotective pathways to
restore normal homeostasis.143 Activated protein C is
also an agonist of protease activated receptor-1.144

Animal studies have shown pre-treatment with aPC to
be beneficial in ameliorating AKI from ischemic or sep-
tic injury in rats by inhibiting leukocyte activation
through TNF-α, and not by inhibiting coagulation
abnormalities.145,146 It has also shown that both pre
-treatment and post-injury treatment with soluble
thrombomodulin attenuates renal injury with minimi-
zation of vascular permeabilility defects with improve-
ment in capillary renal blood flow.71

Injury to endothelial cells could have a role in
chronic disease, Basile et al.89 documented a significant
decrease in the density of blood vessels following acute
ischemic injury, which led to the phenomenon of “vas-
cular dropout.” This phenomenon was verified by
Horbelt et al.90 who found that vascular density was
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reduced by almost 45% at four weeks after an ischemic
insult. This observation indicates that, unlike renal epi-
thelial tubular cells, the renal vascular system lacks
comparable regenerative potential. Ischemia has been
shown to inhibit VEGF, while inducing the VEGF
inhibitor ADAM-TS 1.147 The lack of vascular repair
was postulated to be due to the reduction in VEGF
expression, as administration of VEGF to postischemic
rats preserved microvascular density.148 Vascular drop-
out might mediate increases in the expression of hyp-
oxia inducible factor (HIF), increase fibrosis, and alters
proper hemodynamics, leading to hypertension. Basile
et al. have also shown that the poor regenerative poten-
tial of endothelial cells and transformation into fibro-
blasts is in large part owing to the lack of VEGF
expression.149 This may have a critical role in accelerat-
ing progression of CKD following initial recovery from
ischemia or reperfusion-induced AKI.150,151 Vascular

dropout could predispose individuals to recurrent
ischemic events and AKI.152

INFLAMMATION IN ACUTE
KIDNEY INJURY

Inflammatory Response, Adhesion Molecules
and the Role of Leukocytes

Inflammation and recruitment of leukocytes during
epithelial injury are now recognized as major media-
tors of all phases of endothelial and tubular cell injury.
Human AKI/ATN biopsies seldom have accumulated
neutrophils, as compared to the abundance in exp-
erimental animal ischemic studies.153,154 Neutrophils
likely play a modest role as an effector cell in the initia-
tion and extension phases, while T-cells and B-cells
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genes coding for various cell surface proteins such as E-(endothelial) and P-(platelet) selectin, vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1) and reduced thrombomodulin (TM). Activated leukocytes adhere to endothelial cells through these
adhesion molecules. Endothelial injury increases the production of endothelin-1 and decreases endothelial derived NOS (eNOS) which serve to
induce vasoconstriction and platelet aggregation. The combination of leukocyte adhesion and activation, platelet aggregation and endothelial
injury serves as the platform for vascular congestion of the medullary microvasculature. There are permeability defects between endothelial
cells as a result of tight and adherens junctional altrerations. (Source: unpublished figure from Encyclopedia of Intensive Care Medicine. Publisher
Springer. Eds, Vincent, Jean Louise; Hall, Jesse B. Ch Endothelial Cell Injury by Asif Sharfuddin and Bruce Molitoris. First Edition March 2012.)
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FIGURE 76.7 A. Apoptosis pathways. The cell injury or intrinsic pathway leads to translocation of Bax and other pro-apoptotic proteins
from cytosol to the mitochondria, forming pores, causing the release of cytochrome c. Apoptosis-activating factor (APAF) is activated by cyto-
chrome c which binds to and activates procaspase-9. Caspase-3 is activated by activated caspase-9, which along Encyclopedia of Intensive Care
Medicine. Publisher Springer. with other downstream caspases induce proteolysis of various cytosolic and nuclear proteins. The death receptor
or extrinsic pathway functions primarily by binding of death ligands such as Fas or TNF-α to their cell-surface receptor, resulting in the activa-
tion of procaspase-8 to its active form. This occurs through mediation with adaptor proteins such as FADD (Fas ligand associated death domain)
and TRADD (TNF-R1 associated death domain). Active caspase-8 activates caspase -3 as well as cleaves proapoptotic protein Bid to its truncated
form tBid, that acts visa Bax to induce cytochrome c from the mitochondria. Hence the extrinsic pathway also amplifies the events induced by
the intrinsic pathway. (Source: Adapted from Levine JS, Lieberthal W: Terminal pathways to Cell Death. In Acute Renal Failure: A Companion to Brennor
& Rector’s The Kidney. 2001, p43; and unpublished figure from Encyclopedia of Intensive Care Medicine. Publisher Springer. Eds, Vincent, Jean Louise; Hall,
Jesse B. Ch Epithelial Cell Injury by Asif Sharfuddin and Bruce Molitoris. First Edition 2012.). B. Live 2 photon imaging of a Sprague-Dawley rat kidney
24 hrs after cecal ligation and puncture. Nuclei are labeled blue with Hoechst. Green represents 500KD FITC dextranwhich labels the vascula-
ture. Red represents 3KD Texas Red dextran that is filtered and labels the tubular lumens. Note apoptotic nuclei which show intense Hoechst
staining along with condensation and fragmentation (arrows). Many of these apoptotic nuclei are shed into the lumens of tubules with compro-
mised urine flow. Also noted is the rouleaux formation and congestion in peritubular capillary with lack of blood flow. (Source: Courtesy of Pierre
Dagher, MD, Division of Nephrology, Indiana University School of Medicine.)
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and macrophages probably have major modulatory
roles in the extension and repair phases. A complex
series of events involving several classes of adhesion
molecules including selectins, mucins, integrins, and
the Ig superfamily occurs.

Leukocyte recruitment into most organs occurs in a
cascade-like fashion. Adherence to the vascular endo-
thelium is a dynamic multifaceted process involving
both the leukocyte as well as the endothelial cell. For
the leukocyte to be activated to release cytokines it has
to receive signals through chemokines circulating in
the bloodstream, or through direct contact with the
endothelium. Rolling leukocytes can be activated
by chemoattractants such as complement C5a and
platelet activating factor. Upon activation, leukocyte
integrins change their confirmation and bind to
endothelial ligands to promote firm adhesion. For
neutrophil recruitment β2-intgerin (CD18) seems to
be most important. These interactions with the endo-
thelium are mediated through endothelial adhesion
molecules that are upregulated during ischemic
conditions.155

Initially there is slow neutrophil migration mediated
by tethering interactions between selectins and their
endothelial cell ligands. Singbartl et al. found that
platelet P-selectin and not endothelial P-selectin was
the main determinant in neutrophil mediated ischemic
renal injury.155 There is also significant protection from
both ischemic injury and mortality by blockade of the
shared ligand to all three selectins (E-, P- and L-selec-
tin) which seems to be dependent on the presence of a
key fucosyl sugar on the selectin ligand.156,157 In a CLP
model of septic azotemia mice gene-deficient for
E-selectin or P-selectin or both were completely pro-
tected. Selectin-deficient mice revealed unchanged
intraperitoneal leukocyte recruitment but altered cyto-
kine levels when compared to wild-type mice.158

Therefore, it is possible that selectins exert their effects
through modulation of systemic cytokine profiles
rather than through engagement in leukocyte-
endothelial cell interactions.159

After the initial rolling, firm adhesion is imparted
by interaction between endothelial cell integrins and
intercellular adhesion molecule-1 (ICAM-1). Blockade
of integrin CD11/CD18, ICAM-1, or deficiency of
ICAM-1, were all found to protect from ischemic
renal injury.160 Treatment of humans with anti-
ICAM-1 antibodies however did not reduce the
rate of delayed graft function or acute rejection fol-
lowing renal transplantation.161 Alpha-melanocyte-
stimulating hormone (α-MSH), a known inhibitor of
interleukin-8 (IL-8) and ICAM-1 induction, initially
thought to be protective through these mechanisms,
was found to be protective independent of inhibition
of neutrophil recruitment.162

Biopsies of human AKI have demonstrated lympho-
cytes in ATN, and only recently has the modulatory
role of T-cells in the mediation of ischemic injury been
established. Rabb et al. in a series of recent experiments
showed that T-cell deficient nu/nu mice are protected
against ischemic injury, along with attenuation of
ICAM-1 expression.163 An early transient increase in
T-cells might explain how T-cells could still have a role
without being present in histological analysis.
Additional evidence that suggests a role of T-cells is
derived from studies where blockade of the CD28-B7
co-stimulatory pathway reduced injury, as well as data
from STAT-4 deficient mice, which have impaired Th1
phenotype of T-cells, revealing the deleterious role of
Th1 phenotypes.164 There is also now evidence that
B-cell deficient mice are protected from ischemic renal
injury, while transfer of serum from wild type to B-cell
deficient mice restored injury.165 Macrophage chemoat-
tractants are up-regulated during ischemia, resulting
inmigration of macrophages into the outer medulla of
the rat kidney. Data from osteopontin knockout mice
revealed there was less macrophage infiltration and
less fibrosis, even though the course of renal dysfunc-
tion was similar to wild type mice. Okusa et al. have
also shown recently that although macrophages are
required for the full extent of the ischemic renal injury,
activation of their adenosine 2A receptors reduces neu-
trophil accumulation and provides protection against
injury, as seen in experiments with macrophage
depleted and adenosine 2A receptors deficient mice.
The protective effect of adenosine 2A receptor activa-
tion is independent of IL-6 and TGF-β mRNA
induction.166

Macrophages produce proinflammatory cytokines
that can stimulate the activity of other leukocytes. Day
et al.111 showed that depletion of macrophages in the
kidney and spleen using liposomal clodronate prior to
renal ischemia reperfusion injury prevented AKI,
whereas adoptive transfer of macrophages reconsti-
tuted AKI. This group also showed that agonists of
sphingosine-1-phosphate induced lymphopenia, which
had a protective effect.167 However, studies have also
shown a lymphocyte independent role of the
sphingosine-1 phosphate receptor (S1PR) in maintain-
ing structural integrity after AKI as S1PRs in the proxi-
mal tubule are necessary for stress-induced cell
survival, and agonists of this receptor are renoprotec-
tive via direct effects on tubular cells.168 Dendritic cells
are also thought to have a role in AKI; Dong et al.114

demonstrated that after AKI, renal dendritic cells pro-
duce the proinflammatory cytokines TNF, IL-6, C-C
motif chemokine 2, and C-C motif chemokine 5, and
that depletion of dendritic cells prior to ischemia sub-
stantially reduced the levels of TNF produced in the
kidney.169
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Cytokines in AKI

There is increased renal expression of many proin-
flammatory cytokines in response to acute ischemic or
toxic injury. These include TNF-α, interferon-γ,
granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukins 1,2,18, as well as chemokines
such as monocytes chemotactic protein-1 (MCP-1),
macrophage inflammatory protein-1 (MIP-1), and
RANTES. It is also possible that AKI is associated with
up-regulation of IL-10, an anti-inflammatory cytokine
supported by studies showing protection against AKI
in ischemic and cisplatin models of injury by IL-10
administration.170

Recent human data suggest the role of both pro-
inflammatory as well as anti-inflammatory cytokines in
predicting mortality, with higher IL-6, IL-8 and IL-10
plasma levels in non-survivors amongst critically ill
patients with AKI. Interestingly, IL-1 and TNF-α were
not predictive.171 Critically ill patients with AKI also
have decreased and impaired monocyte cytokine pro-
duction and elevated plasma cytokine levels in a pat-
tern that closely resembles critically ill patients without
AKI, suggesting the very complex role of these cyto-
kines.172 It is also important to remember that the max-
imal capacity to produce cytokines in response to
stimulation can have considerable inter-individual var-
iation due to genetic pre-determination for their
expression.173 Single nucleotide polymorphisms (SNPs)
within the promoter region of these cytokines genes
with stable allelic variants have been identified, and in
a recent prospective evaluation of these polymorph-
isms, Jaber et al. found TNF-α and IL-10 gene polymor-
phismsrelated to the risk of death among patients with
ARF who require dialysis. As the list of these cytokine
gene polymorphisms grows it is possible that we may
be better able to identify patients at higher risk of
organ injury.174

AKI IN SEPSIS

Sepsis is a common cause for AKI occurring in up to
50% of septic patients with the incidence increasing
depending on the severity of the septic shock
syndrome.175�177 When AKI complicates sepsis the mor-
tality can be as high as 70% as compared to AKI without
sepsis with a mortality rate ranging from 20�40%.177

By using endotoxinor CLP experimental models of
sepsis a better understanding is now possible of the
intrinsic and complex processes that take place in sep-
sis related ARF. The primary pathophysiologic renal
response to LPS infusion is an alteration in renal hemo-
dynamics with subsequent microvascular damage and
relatively mild tubular injury. However, there is

substantial variability in LPS response amongst differ-
ent species and severe AKI typical of ATN is usually
not a feature of this model.

The predominant pathogenetic factor in sepsis medi-
ated AKIis renal vasoconstriction mediated through
vasoactive hormones that precedes the advent of sys-
temic vasodilation, hypotension and septic shock.
Bacteria or endotoxin can induce NO synthase in the
systemic circulation leading to nitric oxide-mediated
systemic arterial vasodilation. This results in the sens-
ing by the baroreceptors of an underfilled arterial
system leading to the increase in sympathetic
outflow with the activation of the renin-angiotensin-
aldosterone system (RAAS), and also the release of
arginine vasopressin from the central nervous system.
The combined effects of increased sympathetic tone
and RAAS result in intense vasoconstriction with intact
tubular function as demonstrated by increased reab-
sorption of tubular sodium and water. Rats infused
with endotoxin show a FENa of less than 1%, eventu-
ally leading to pre-renal azotemia.72 If this prerenal
state is not reversed it leads to progressive decrease in
sodium reabsorption resulting in a higher FENa, that
may progress to an established ATN. Renal denerva-
tion studies of mice afforded protection against the
decline in GFR during the initial 16 hours of endotoxe-
mia. It is also seen that plasma concentrations of nor-
epinephrine, epinephrine and renin that activate the
RAAS are higher in the LPS mice.178 Such studies indi-
cate the role of vasoactive hormones and neural media-
tion in early sepsis related AKI.

Endothelin also seems to be indirectly involved in
septic AKI,as demonstrated by numerous studies
showing a beneficial effect of using non-specific ET
antagonists in renal injury during endotoxic shock.179

ET can also cause a decrease in plasma volume by
increasing the “leakiness” of the capillaries.180 As ear-
lier discussed in the section on nitric oxide, an imbal-
ance exists between iNOS and eNOS in ischemic AKI
and a similar pattern is seen in septic AKI as well.
Schrier and colleagues investigated the role of NOS in
mice given LPS. Due to the lack of specific eNOS inhib-
itor, a knockout model of eNOS deficient mice was
used and found to exhibit increased RVR and higher
susceptibility to endotoxemic AKI than wild-type mice
despite a higher MAP.181 Prior studies have revealed
down-regulation of eNOS within the kidney and
increased expression of iNOS in the renal cortex occurs
during the initial 16 hours after exposure to endotoxin.
Endothelial cell damage also occurs during sepsis and
is associated with microthrombi formation and
increased von Willebrand factor (vWF) levels.182 eNOS
production is impaired leading to further imbalance
between these two proteins. In humans the use of a
non-specific NOS inhibitor was found to increase
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mortality in patients with septic shock further substan-
tiating the presence of local and systemic imbalance, as
well as between the two isoforms eNOS and iNOS.183

However, a selective iNOS inhibitorhas been used in a
rat model showing protection, but this approach has
not been translated in human studies.

In the systemic vasculature upregulated iNOS med-
iates the arterial vasodilation with a profound and
potent effect, causing resistance of the pressor respon-
seto norepinephrine, and angiotensin II. The vascular
smooth muscle cell (VSMC) is another key player in
systemic vasodilation, as changes in pH or cellular
ATP depletion open the ATP-sensitive potassium chan-
nels (K-ATP). This causes hyperpolarization of the cell
leading to closure of the voltage gated calcium chan-
nels, required for the action of the above mentioned
pressor hormones. The receptors for these vasoactive
hormones might also be down-regulated because of
their high endogenous levels. Clinically this is mani-
fested as a poor response of vasopressors such as nor-
epinephrine to raise blood pressure.176 Arginine
vasopressin, an endogenous vasopressor, may help
maintain the blood pressure despite the non-
responsiveness of other vasopressore hormones. Some
theories behind this hypothesis include: vasopressin-
induced inactivation of K-ATP channels, decrease in
synthesis of iNOS, and a synergistic mechanism with
norepinephrine and angiotensin II, since these three
agents share the same intracellular signaling pathway.
In sepsis the sites of major arterial vasodilation, such as
the splanchnic bed, muscles and skin, have an abun-
dance of the vasopressin receptor V1a. At the glomeru-
lar level, vasopressin causes constriction of the efferent
arteriole, as compared with norepinephrine which
causes afferent arteriolar vasoconstriction, thus making
vasopressin a better agent to increase filtration pres-
sure and consequently GFR. Cytokines such as TNF-α,
IL-1β, IL-6, and IL-8 are pro-inflammatory and released
in response to infectious stimuli. A wide range of
effects are seen when levels of these cytokines are ele-
vated during sepsis. These include increased expres-
sion of adhesion molecules, increased production of
other pro-inflammatory mediators, and activation of
various leukocytes. Infusions with TNF-α and IL-1
have produced a similar sepsis like syndrome in ani-
mals. Along the same lines, blocking these pro-
inflammatory mediators through antibodies has attenu-
ated the shock like state in animal models. However,
SIRS or sepsis is not an isolated proinflammatory
state.184 There is also substantial evidence for the pres-
ence of anti-inflammatory cytokines IL-10 and IL-13 as
well in patients with septic shock. Thus SIRS or sepsis
may be more accurately described as a malignant form
on intravascular inflammation rather than a mere over-
expression of pro- or anti-inflammatory cytokines. The

role of TNF-α in endotoxin AKI has been tested in both
humans and animals. It has been suggested that TNF-α
can cause vasoconstriction even in the absence of iNOS
as indicated by knockout mice studies. It is also known
that caspases activate both IL-1β an IL-18, along with
the resultant upregulation of adhesion molecules.
Caspase-1 knockout mice or non-specific capsase inhi-
bitors protect against endotoxemic AKI.185

Other mediators of sepsis include the complement
cascade and the metabolites of arachidonic acid (PGE2,
PGI2, Thromboxane). Thromboxane (TAX) causes
platelet and leukocyte aggregation and vasoconstric-
tion. Platelet activating factor (PAF), released by many
cells amplifies cytokine production as well as stimulat-
ing leukocyte adhesion to endothelial cells.
Complement cascades are activated during sepsis, and
C5a, a potent complement component with procoagu-
lant properties has been found to be elevated in rodent
models of sepsis. Blocking C5a or its receptor has
shown some promise in improving survival with sep-
sis.175 In sepsis levels of protein C are decreased, and
its conversion to activated protein C is also down-
regulated.186 Anti-thrombin III and tissue factor path-
way inhibitor are also dramatically reduced. This leads
to a procoagulant state resulting in thrombosis of glo-
merular capillaries and other intra-renal capillary beds
causing persistent renal hypoxia to tubules.187

Some of the most recent advances in understanding
sepsis have involved determining the pathophysiologic
roles of NF-κB and Toll-like receptors (TLR). NF-κB is
crucial for the maximal expression of many cytokines
involved in the pathogenesis of inflammation. It is an
intracellular species, resident in the cytosol as a hetero-
dimer and attached to an inhibitory sub-unit called
IκB. Activation of NF-κB occurs through loss of IκB
which is phosphorylated by serine kinases through oxi-
dant stress pathway mechanisms. The active heterodi-
mer NF-κB then enters the nucleus after undergoing a
conformational change, and binds to various promoter
sites on the genome stimulating mRNA synthesis of
gene coding for most of the pro-inflammatory cyto-
kines such as TNF-α, IL-1β, IL-2, IFN-β, GM-CSF, adhe-
sion molecules such as endothelial-leukocyte adhesion
molecule-1, VCAM-1, immuno-receptors such as tissue
factor-1, MHC 1 and 2, T-cell receptor 1 and 2, and
others proteins such as COX-2.188

Toll-like receptors (TLR) are a family of receptors,
involved in the innate immunity, that recognize com-
ponents of bacteria, viruses, parasites and fungi, and
induce pro-inflammatory responses by many cells.
Nine murine and ten different TLRs have been cloned
in humans, each differing in their specificity for micro-
bial components, e.g., LPS, gram-positive cell wall, bac-
terial DNA and so on. Extracellular matrix breakdown
products such as hyaluronan, heparan sulfate,
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fibrinogen, or the fibronectin EDA domain can activate
TLR4. TLR4 was identified as the receptor for LPS and
requires the presence of an extracellular accessory pro-
tein called MD-2. CD14, a cell surface receptor, binds
LPS complexed with LPS binding protein and transfers
the endotoxin to the TLR4 and MD-2 dimer.189 Each
component of this complex is required for effective
LPS-induced signaling. The serine kinase required for
NF-κB activation occurs via the TLR4 receptor path-
way, hence linking the TLR and the transcription factor
in the intracellular signaling mechanism. Tubular epi-
thelial cells are among the non-immune cells that
express TLR1, -2, -3, -4, and -6, suggesting these TLR
might contribute to the activation of immune responses
in tubulointerstitial injury.190

Upon stimulation with LPS mouse tubular cells in
culture upregulate TLR2, -3, and -4 and secrete CC-
chemokines such as CCL2/MCP-1 and CCL5/
RANTES. These data suggest that tubular TLR expres-
sion might be involved in mediating interstitial leuko-
cyte infiltration and tubular injury during bacterial
sepsis.191 TLR4 deficient mice were found to be
completely resistant to endotoxin-induced acute renal
failure, which was associated with a lack of a systemic
TNF-α response. Cross transplantation studies showed
that TLR4-deficient recipients of wild-type kidneys
developed minimal LPS-induced acute renal failure,
whereas wild-type recipients of a TLR4-deficient kid-
ney had severe acute renal injury after exposure to
endotoxin.192 These data strongly indicate a role for
extra-renal TLR4 activation in acute renal failure of
sepsis. However, they do not support the hypothesis
that renal TLR4 expression (e.g., on tubular epithelial
cells) plays a major role in sepsis-induced acute renal
failure. In contrast, they rather implicate a systemic
response to sepsis, involving TLR4 and TNF-α in the
development of acute renal failure during sepsis.190,192

Necrotic tubular cells release potential TLR ligands
such as heat shock proteins (HSP) that could activate
other tubular cells or resident immune cells in the kid-
ney. Activation of TLR2 and TLR4 on tubular epithelial
cells has been shown to specifically stimulate the NF-
κB pathway in response to oxidative stress.
Furthermore, TLR2 and TLR4 activation on tubular epi-
thelial cells leads to secretion of CC-chemokines indi-
cating a role for these TLR in the initiation of
phagocyte influx and immune activation during acute
tubular necrosis. Thus TLR activation may be a link
between mechanical, toxic, or ischemic tubular cell
injury and the onset of an inflammatory “innate”
immune response in the pathogenesis of AKI.190

The role of ROS has also been recently investigated
as a potential mediator of injury in endotoxin-related
ARF. Endotoxemia is known to be associated with the
generation of oxygen radicals, which may contribute to

the renal injury. Exogenous oxygen-radical scavengers
were shown to protect against ARF in normotensive
endotoxic mice.193 Furthermore, the early vasoconstric-
tor response of ARF in sepsis can be potentiated by
oxidant-related endothelial cell damage.

Apoptosis and Necrosis

The fate of the epithelial cell after an injury ulti-
mately depends on the extent of the injury. Cells
undergoing sublethal injury remain capable of com-
plete functional and structural recovery if the insult is
abolished. Severly injured epithelial cells can also
become dedifferentiated, express mesenchymal pro-
teins and ultimately repolarize into functional cells
with the epithelial phenotype.194 Cells that suffer a
lethal injury either undergo apoptosis or necrosis lead-
ing to cell death. In general, the mechanism of cell
death induced by an ischemic or cytotoxic insult is
determined by the severity and duration of injury.

Morphologically in necrosis there is swelling of cells
and organelles and loss of plasma membrane integrity
with rupture of cell. The cytosolic contents escape into
the surrounding tissue causing injury and reactive
inflammation. These cells usually die in contiguous
groups. In contrast, apoptotic cells shrink in size, lose
microvilli as “blebbing,” but have relatively normal
plasma membrane and mitochondrial structure. They
lose the cell-cell and cell-matrix adhesion early ending
up being exfoliated or phagocytosed as single cells.
The nuclei in apoptotic cells have a characteristic
appearance of chromatin condensation and nuclear
fragmentation, resulting in formation of apoptotic bod-
ies. Finally, the apoptotic cell disintegrates into multi-
ple plasma-membrane bound apoptotic bodies that are
rapidly phagocytosed by macrophages and neighbor-
ing epithelial cells.195

Mechanisms of Cell Necrosis

Severe ATP depletion plays a central role in necrosis
after ischemic cell injury. The severity and duration of
ischemia dictates the fate of the oxygen deprived cell.
Weinberg and colleagues have recently discovered
novel mechanisms of mitochondrial injury that are a
prominent feature of necrosis. Hypoxic tubule cells in
suspension undergo a severe and prolonged abnormal-
ity in oxidative phosphorylation due to major changes
in the complex I function of the mitochondria. It has
also been noted that amelioration of mitochondrial dys-
function by improving the cell energy depleted state,
caused by hypoxia, was possible through substrates
such as α-ketoglutarate plus malate or succinate and
aspartate that can be anaerobically metabolized to pro-
duce ATP.196
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Several studies have suggested a role for increased
intracellular calcium in the pathogenesis of ATN.
Maintainence of low cytosolic (approx 100 nM range)
calcium concentrations is crucial to the normal homeo-
stasis of the cell and its organelles. This gradient
between extracellular fluid and cytosol is regulated by
a complex system of pumps and electrochemical gradi-
ents and requires the integrity of membranes and avail-
ability of ATP for pump function. The role of calcium
in glomerular hemodynamics is discussed elsewhere in
the text, while we discuss its role in tubular cell
injury.197

Numerous studies have shown that ATP depletion
leads to a rise in intracellular calcium through
impairment of calcium ATPases while inhibition of
Na1/K1-ATPase activity potentiates calcium entry into
cells via the sodium-calcium exchanger. Increased cyto-
solic calcium during hypoxia causes mitochondrial
injury as well as cytoskeletal alterations. High concen-
trations of Ca21 may alter the inhibitory actions of vil-
lin, an actin-binding protein regulating the capacity to
sever F-actin or nucleate G-actin, thus leading to cyto-
skeletal disruption. However this has not been shown
to affect loss of brush-border integrity. In the isolated
perfused tubule system, actin cytoskeleton alterations
seem to be both calcium-dependent and independent,
as lethal membrane injury is not a necessary end result
of intracellular calcium changes.198 It is also possible
that the interactions between high intracellular Ca21

and the actin cytoskeleton are dynamic and multiplica-
tive and once either is disrputed it leads to a lethal
cycle of events resulting in exacerbating the injury.

Phospholipids in the membrane bilayer are sub-
strates for phospholipases, and help maintain the integ-
rity of the cell and its organelles. Because of this crucial
role it has long been postulated that activation of phos-
pholipases may play a role in post-ischemic or nep-
hrotoxic tubule cell injury. Enzymes such as
phospholipase A2 (PLA2) and calpain are calcium
dependent and are activated during ischemic cellular
injury. Activation of PLA2 appears to be an important
mechanism of plasma and mitochondrial disruption
after ischemia, an observation evident from the fact
that there is phospholipid degradation that persists
after reperfusion.199 PLA2 activation results in release
of fatty acids and lysophospholipids, both of which
have been shown by investigators to cause lipid mem-
brane damage. The effect of PLA2 deficiency on renal
cells has not yet been examined. Besides the direct
hydrolytic action, and generation of possibly toxic free
fatty acids, phospholipases also play additional roles
through release of eicosanoids which have a vasoactive
and chemokine action. The release of arachidonic acid
metabolites results in production of lysophospholipids
as well as reactive oxygen species, both of which have

been shown to contribute to ischemic and nephrotoxic
injury.200,201

Calpain, which is a cysteine protease, has increased
activity in hypoxic conditions that precedes cell mem-
brane damage leading to a further increase in its activ-
ity. The role of calpain as a mediator in ischemic rat
proximal cell damage, cyclosporine nephrotoxicity and
mercuric chloride induced renal injury is evident as
pharmacological inhibition elicits cytoprotection in
these models.202 There is also evidence that calpain
mediates increased plasma membrane permeability
and hydrolysis of cytoskeleton-associated paxillin, vin-
culin, and talin during renal cell death.203 The internali-
zation of Na1/K1-ATPase from the membrane and the
loss of cell polarity could be mediated through calpain
induced cleavage of actin-binding proteins such as
spectrin, filamin, ankyrin and α-actinin which has been
shown indirectly by the use of calpain inhibitors which
improved recovery of active Na1 transport in rabbit
renal proximal tubule cells after hypoxia and reoxygen-
ation.204 All these data tie together the intricate role cal-
pain plays in the ischemic cell damage. Caspases, as
discussed in later sections on apoptosis, might also
play a role in necrosis when activated, and could well
be involved in the pathway leading to this form of cell
death.205

DNA fragmentation is detected in the kidney cortex
as early as 12h after reperfusion, and approximately 40
double-stranded DNA breaks per cell have been shown
to be lethal with ineffective DNA repair beyond these
levels. Endonucleases generally cleave double stranded
(ds) DNA only at sites unprotected by histones. This is
evident as the typical “ladder” pattern generated by
gel electropheresis of DNA from apoptotic cells. In
necrosis there is also release of lysosomal enzymes and
proteases that degrade the histones resulting in accessi-
bility of the endonuclease to the entire segment, result-
ing in shorter segments. This is evident as the typical
“smear” pattern seen in gel electropheresis on necrotic
cells206 (Fig. 76.7).

Apoptotic Mechanisms

Unlike necrosis the fundamental biochemical path-
ways can be divided into a commitment phase and an
execution phase, each controlled by various triggers
and factors ultimately deciding the fate of the cell. The
morphological changes seen, as described above, are
the typical apoptotic bodies. Since histones remain
intact in apoptosis the activation of specific caspase-
activated deoxyribonuclease (CAD) results in cleavage
of the dsDNA only at the linking regions between the
nucleosomes.207 But one has to be careful as this does
not necessarily reflect apoptosis only and other studies
have shown that apoptosis can occur in the absence of
inter-nucleosomal cleavage.208 Similarly, the laddering
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of DNA seen in apoptosis is not specific and can be
seen in necrosis or even as an artifact.209

Until recently the mode of cell death following
ischemia has been related entirely to the severity of
ATP depletion. Dagher et al. have shown that ischemia
causes depletion of guanosine triphosphate (GTP) as
well as ATP in both the ischemic kidney in vivo and in
cultured renal tubular cells (RTC). They provide semi-
nal evidence that GTP, without substantial ATP deple-
tion, induces apoptosis of RTCs while selective ATP
depletion causes necrosis. They also have shown that
in animals subjected to acute ischemic renal injury the
administration of guanosine maintained renal GTP
levels within the normal range without changing the
severity of ATP depletion. In addition, guanosine sup-
plementation ameliorated renal dysfunction induced
by renal ischemia and appeared to reduce apoptosis of
RTCs while having little effect on the amount of necro-
sis. These studies provide strong evidence that changes
in cell GTP as well as ATP stores play an important
role in determining the mode of tubular cell death after
lethal injury.210

CASPASES IN AKI

There is increasing evidence of a role for caspases in
hypoxic renal tubular cell injury. Caspases are cysteine
proteases that cleave their substrates irreversibly after

aspartic acid residues, and can be divided into three
major subfamilies. Caspases 1, 4 and 5 do not appear
to have any role in apoptosis, rather they have a pro-
inflammatory role by activating the cytokines interleu-
kin-1β and interleukin-18. The second group of cas-
pases 3, 6 and 7, are classified as “effector” caspases.
Effector caspases are more abundant and catalytically
robust than initiator caspases and, by cleaving many
cellular proteins, are responsible for the ‘execution
phase’ of apoptosis and for the classic apoptotic pheno-
type. Caspase 3 activates additional downstream effec-
tor caspases. Lastly caspases 2, 8 and 9 are “initiator”
caspases and are the first to be activated by pro-
apoptotic stimuli. Pro-caspase 8 is activated by interac-
tions between death receptors and their ligands, and
pro-caspase 9 by direct injury to cells. Once activated,
caspases 8 and 9 both converge on and activate pro-
caspase 3, an effector caspase.185,211

Caspases are activated by ischemic and cytotoxic
insults to cultured RTCsand to the kidney in vivo.
Furthermore, inhibition of caspases ameliorates
ischemia-reperfusion injury in the kidney, and in the
heart, brain, liver and gastrointestinal tract.
Collectively, these studies provide strong evidence that
caspases are important contributors in the pathogenesis
of ischemic injury. Conflicting results have been seen
when using caspase 1 knockout mice in ischemic renal
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injury with two groups reporting less severe injury in
caspase 1 -/- mice than in the wild-type controls. This
was thought due to a defect in interleukin-18 activation
and a consequent reduction in intrarenal inflammation.
The other group found no substantive difference in the
severity of renal dysfuction or intrarenal inflammation
in control and caspase 1 -/- mice following ischemic
AKI.212 Caspase-1 deficient mice were also protected
against cisplatin induced renal injury while cold ische-
mic injury in mice was ameliorated in mice using cas-
pase inhibition.213,214

The balance of evidence so far suggests that both
groups of caspases are activated by acute renal injury
and that both are probably involved in AKI by promot-
ing intrarenal inflammation and by inducing RTC loss
by apoptosis.211 The recent development of potent cas-
pase inhibitors highly specific for the executioner cas-
pases 3 and 7 may provide more effective experimental
tools for examining the contribution of RTC apoptosis
to the pathogenesis of AKI. Similarly two of the known
murine caspases, caspases 11 and 12, are activated only
under pathologic conditions of ischemia or stress.
Caspase 11 activates caspases 1 and 3 directly inducing
both inflammation and apoptosis in an apoptosome-
independent manner.215 The identification of caspases
that respond exclusively to pathologic stimuli, how-
ever, is of potential therapeutic importance since it
suggests the possibility of developing therapeutic inter-
ventions that target pathologic cell death without
affecting apoptosis.

Caspase inhibition may also protect against lipo-
polysaccharide—induced AKI—not only by preventing
apoptotic cell death but also by inhibiting inflamma-
tion. These data raise the possibility that apoptotic kid-
ney cells may actually be a source of this local
inflammation, contributing to subsequent non-
apoptotic renal injury.185 Using the cisplatin model of
AKI van de Water et al. have shown that α-adducin, a
cytoskleletal protein, is a caspase substrate and that it
is cleaved by caspase 3 during apoptosis. This is
involved in the dismembering of the actin cytoskeleton
that is necessary for many of the classic morphological
features of apoptosis.216 Cisplatin has been shown to
activate caspases 1, 3, 8 and 9, while caspase inhibition
ameliorates cisplatin-induced cell death. Thus, as in
ischemic injury, there is evidence that caspase activa-
tion is an important contributory factor in the patho-
genesis of cisplatin-induced AKI.217

MITOCHONDRIA

Apoptosis unlike necrosis is energy requiring and
hence a mitochondrial dependent process resulting in
release of cytochrome c through mitochondrial pores
secondary to ATP depletion and increases in cytosolic
Ca21. Cytochrome c is an essential cofactor for

activation of procaspase-9. Molecules such as Bax and
Bak are thought to be responsible for the formation of
pores.218 In living cells these changes are prevented by
anti-apoptotic members of the Bcl-2 family of proteins.
Therefore, the balance between cell survival and apo-
ptosis is determined partly by the relative concentra-
tions of pro-apoptotic and anti-apoptotic Bcl-2 family
members. Bcl-2 and Bcl-xL can inhibit the formation of
mitochondrial pores and data exist indicating a relative
deficiency of Bcl-2 proteins in kidneys subjected to
acute injury in vivo, while overexpression of Bcl-2 con-
fers resistance of RTC to cisplatin-induced apoptosis.219

Microinjection of Bcl2_syn into stimulated LLC-PK1
cells significantly reduced the percentage of apoptotic
cells detected within four hours, after the treatment.
Growth factors might also induce phosphorylation and
inactivation of the pro-apoptotic protein Bad and the
simultaneous induction of Bcl-xL.220

Nuclear Factor κB (NF-κB), an anti-apoptotic tran-
scription factor, is activated by a wide variety of stimu-
li such as growth factor deprivation, TNF-α, hypoxia,
oxidative stress and cisplatin. NF-κB protects against
apoptosis through transcriptional induction of anti-
apoptotic Bcl-2 family members and through decreased
expression of iNOS in tubule cells.221 The pro-
apoptotic transcription factor p53 can be activated by
hypoxia, via the hypoxia-inducible transcription factor
(HIF-1α), and by other stimuli such as cisplatin, adria-
mycin, UV light and γ-irradiation.222 Kelly et al. have
demonstrated p53 protein levels increase significantly
in both cultured renal tubular cells, as well as in vivo,
in the medulla 24 h post-ischemia in the renal clamp
rat model. This induction was inhibited with the sup-
plementation of guanosine by minimizing cellular GTP
depletion. In addition, pfithrin-α, a specific p53 inhibi-
tor prevented apoptosis and protected renal function.
The effects of pifithrin-alpha on p53 included inhibi-
tion of transcriptional activation of downstream p53
targets, like p21 and Bax, and inhibition of p53 translo-
cation to the mitochondria.223

RECEPTOR MEDIATED PATHWAYS

Two receptor classes namely the CD95 (Fas) and the
TNF receptor 1 (TNFR-1), when bound to their ligands
FasL and TNF-α respectively, lead to activation of cas-
pase 8 and 10 resulting in apoptosis. Tubular cells are
normally relatively resistant to FasL and TNF-α
induced apoptosis, but when exposed to inflammatory
cytokines or to ATP depletion, the expression of Fas/
FasLand TNF-α/TNFR-1 is upregulated and the cells
become susceptible to Fas and TNF-α mediated apo-
ptosis.211 So far most of the data are from in vitro stud-
ies except one study demonstrating that Fas-deficient
mice are protected from ischemic AKI.224
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KINASE MEDIATED PATHWAYS

Several studies now recognize the role of phopatidy-
linositol 30 (PI-3) kinase/Akt phosphorylase in the sig-
naling cascade that blocks apoptosis. Akt, a serine/
threonine kinase, is activated by PI-3 through phos-
phorylation, which can bind down stream to the pro-
apoptotic Bcl-2 family member Bad and render it dys-
functional. This in turn restores the balance towards
greater availability of anti-apoptotic proteins such as
Bcl-2 and Bcl-xL. In cisplatin-induced renal tubular
injury Shah et al. have shown that suppression of cas-
pase 3 and 9 activation occurs through the PI-3/Akt
mediated pathway. Similar results were also obtained
in hypoxia-induced RTC’s. Akt also induces activation
of the pro-survival transcription factor NF-κB.212,225

Extracellular signaling kinases (ERK), jun-N-
terminal kinase (JNK) and p38 are mitogen activated
protein kinases (MAPK), that are responsible with
other signal transducing factors for mediating cellular
responses involved in apoptosis, survival and cellular
repair. Growth factors such as hepatocyte-growth fac-
tor (HGF), insulin-like growth factor-1 (IGF-1), epider-
mal like growth factor (EGF), and vascular endothelial
growth factor (VEGF) mediate their actions through
ERK1 and ERK2 kinases, which get translocated to the
nucleus and activate transcription factors responsible
for induction of genes in mitogenic activity. Growth
factors also inhibit apoptosis by ERK signaling medi-
ated phosphorylation of the PI-3K, and by effects inde-
pendent of the PI-3K/Akt pathway. These independent
mechanisms include inactivation of Bad, and through
activation of the anti-apoptotic transcription factor
CREB.226

A variety of stimuli of importance in AKI activate
JNK, and are well known to promote apoptosis.
Bonventre et al. have reported the role of JNK activa-
tion after ischemia-reperfusion injury could play a role
in the loss of tubular cells.227 Inhibition of JNK through
administration of N-acetly-cysteine points towards a
renoprotective mechanism of suppression of this path-
way. Another important factor that might decide the
fate of the cell depends in part on the relative activa-
tion of ERK and inhibition of JNK.228 Interestingly,
increased production of TNF-α by RTCs during ische-
mia also appears to be mediated by activation of
p38.229 There are also data to suggest that loss of cell-
matrix or cell-cell adhesion also leads to apoptosis.

Autophagy, which is the process involved in degra-
dation of a cell’s own components through the lyso-
somal machinery, is now increasingly recognized as
perhaps the most frequent cell-death pathway for
injured epithelium. Li et al. have demonstrated the
important role of autophagy in renal epithelial cells in
obstructive uropathy models, while Koesters et al. have

shown that transforming growth factor-β expression
leads to excessive autophagy in injured tubules.230,231

The therapeutic implications of apoptosis in AKI are
significant considering the fact that numerous targets
are available for modulation. Inhibiting apoptosis
seems more of a successful pathway as compared to
necrosis where there could be a window of opportunity
to tilt the balance towards anti-apoptotic triggers pro-
moting renal cell survival. The initiating caspases are
more likely to be effective in preventing cell death than
the downstream effector caspases. However, it remains
to be seen whether novel therapies can be developed
that effectively modulate ‘pathologic’ apoptosis with-
out interfering with apoptosis required for normal
physiologic processes211 (Fig. 76.8).

Stress Response and the Heat Shock Proteins

A basic cellular defense mechanism against numer-
ous stresses such as fever, trauma or inflammation is
the complex heat shock protein (Hsp) system. At base-
line in the unstimulated cell they reflect only 2% of the
resting cellular protein component. However, they can
be induced to up to 20% under conditions of stress.
Diverse HSP families of different molecular sizes func-
tion as molecular chaperones facilitating the folding of
enzymes and other proteins into their functional con-
formation. After injury, HSPs are believed to facilitate
the restoration of normal function by assisting in the
refolding of denatured proteins and degradation of
irreparably damaged proteins and toxic metabolites,
limiting aggregation of damaged peptides and in aid-
ing the appropriate folding of newly synthesized essen-
tial polypeptides.184,232,233 Among the cell-stress
pathways activated by renal ischemia the stress pro-
teins Hsp90, Hsp72 and Hsp25 have been studied by
several groups of investigators. These proteins are
induced after renal I/R injury and their overexpression
prior to injury can protect renal epithelia from specific
insults and manifestations of in vitro injury.
Overexpression of Hsp25 has been shown to be protec-
tive against actin-based cytoskeleton disruption and
some results suggest that 25-kD and 70-kD HSPs
induced by ischemic conditioning stabilize the cyto-
skeletal anchorage of Na1/K1 ATPase during repeat
renal ischemia.234,235

In vivo studies have been subject to greater contro-
versy; initial studies using either an ischemic precondi-
tioning model or cross-tolerance after heat stress
induction suggested that heat shock proteins contribute
little, if any, protection against ischemic injury in the
kidney. However, more recent studies using ischemic
or heat preconditioning do suggest a role for either
Hsp72 or Hsp25 in protecting against injury from renal
ischemia in vivo.232 The apparent conflicting results
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from these previous in vivo preconditioning studies
highlight the potential advantage of studying a model
of intrinsic resistance to injury, as recently demon-
strated by Basile et al. in the Brown Norway rat, where
a preconditioning insult is not required.236 In the neph-
rotoxic model recent findings suggest that Hsp72
attenuates cisplatin-nephrotoxicity, and there was evi-
dence of increased Bcl-2/Bax ratio and less apoptosis
thus implicating its role in cell death.237

Heme Oxygenase

The enzyme heme-oxygenase-1 (HO-1) is responsi-
ble for the degradation of heme to bilirubin, carbon
monoxide and iron. Its gene is arguably one of the
most readily inducible genes responding to numerous
stressors including but not limited to hypoxia, hyper-
thermia, oxidative stress, LPS to name a few.
Consequently, induction of HO was described in vari-
ous forms of AKI including ischemic, endotoxin and
nephrotoxic models. A number of studies indicate a
protective effect of induction of HO-1 in AKI.238,239

Prior induction of HO-1 by hemoglobin can reduce
endotoxemia-induced renal dysfunction and mortality.
Inhibition of HO activity in the intact, disease free kid-
ney reduces medullary blood flow without exerting
any effect on cortical blood flow. Overexpression of
HO-1 by hemin results in a significant reduction in
cisplatin-induced cytotoxicity.240 TNF-α induced apo-
ptosis in endothelial cells is also attenuated by induc-
tion of HO-1. These findings have been supported by
studies in which HO-1 deficient mice, in the glycerol-
induced AKI model, exhibited marked exacerbation of
renal insufficiency and mortality.241 The protective
mechanisms of HO-1 have been extensively studied by
Nath et al. who showed over expression of HO-1 in
cultured renal epithelial cells induces upregulation of
the cell cycle inhibitory protein p21 and confers resis-
tance to apoptosis.242 Thus the biologic actions HO-1
that appear particularly relevant to AKI include vasodi-
latory effects, cytoprotective effects, anti-inflammatory
actions, anti-apoptotic effects and cellular proliferative
effects making it a potentially exploitable expressive
enzyme in the prevention and reduction of AKI.
Perhaps more importantly it might also benefit in the
repair and regeneration of tubular cells.56,239

Reactive Oxygen Species and Oxidative Stress

Reactive oxygen species (ROS) have been implicated
in the pathogenesis of ischemic and toxic AKI. Three
highly reactive ROS, the hydroxyl radical (HO�), peri-
oxynitrite (ONOO�) and hyperchlorous acid (OCl�)
are discussed here.

The hydroxyl radical (HO�) is formed from super-
oxide using the enzyme superoxide dismutase that uti-
lizes ferrous iron as a catalayst. Superoxide is
constantly produced by normal cells that are normally
protected against the injurous effects of HO� by
numerous scavenging systems. Perioxynitrite
(ONOO�), like the HO� radical, is a potent oxidant
formed by the noncatalysed reaction between superox-
ide and NO. Antioxidants, catalases, and glutathione
peroxidases convert the intermediate molecule hydro-
gen peroxide (H2O2) to water. Oxidant stress occurs
when there is either a lack of these antioxdants or
enzymes or when there is excessive ROS generation.

In ischemic, myoglobinuric or hemoglobinuric renal
injury, iron is liberated from storage sites and free iron
promotes the generation of HO�. Other sources of gen-
eration include mitochondria where oxygen depriva-
tion leads to “reduction” of the redox state of the
electron transport chain, and when reperfusion occurs,
free electrons are released capable of increasing super-
oxide production. A second important source in rats is
xanthine oxidase whose production is increased in
ischemic and reperfusion and generates superoxide. In
the presence of reduced nicotine adenine dinucleotide
(NADH) or reduced NAD phosphate (NADPH) the
enzymes involved in the metabolism of arachidonic
acid produce superoxide. Neutrophils when activated
produce superoxide as a result of NADPH oxidase
enzyme. Endogenous renal cells, such as tubular epi-
thelial cells, also possess this enzyme which may thus
serve as a source of oxidants in ischemia-reperfusion
injury. Collectively, an extremely high concentration of
ROS can accumulate under pathological conditions
overwhelming the scavenging and antioxidant systems
as they themselves become suppressed during
injury.243

ROS damage tissue in a variety of ways. Cells and
their organelles—lipids, carbohydrates, proteins, and
nucleic acids—can all be affected by ROS. For example,
peroxidation of lipids in plasma and intracellular mem-
branes perturbs membrane fluidity, permeability, and
ion and solute transport. In response to oxidant stress
partially purified membrane fractions from the outer
medulla of the kidney display diminished activity,
turnover rates, and sulfhydryl content of Na1K1-
ATPase, accompanied by increased peroxidation of
membrane lipid. Cytoskeletal proteins and proteins
such as integrins, that facilitate the attachment of cells
to the neighboring extracellular matrix, can also be
destabilized by ROS. Exposure to hydrogen peroxide
rapidly causes single-strand breaks in DNA leading
to the activation of the DNA repair enzyme, poly-
ADP-ribose polymerase (PARP) resulting in the con-
sumption of NAD* and impaired ATP synthesis.
Additionally, hydrogen peroxide compromises

2556 76. PATHOPHYSIOLOGY OF ACUTE KIDNEY INJURY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



mitochondrial ATP synthesis by inhibiting the ATP-
synthetase complex.243

Evidence for the role of ROS in AKI comes from
both in vitro and in vivo studies. The generation of ROS
during ischemic and postischemic phases is well docu-
mented. For example, studies undertaken in renal epi-
thelial cells demonstrate that increased amounts of
ROS are generated not only during reoxygenation after
hypoxic exposure, but also during the hypoxic
phase.233 Superoxide anion is usually vasoconstrictive-
based on its capacity to scavenge nitric oxide, while
hydrogen peroxide may exert vasodilatory or vasocon-
strictive effects. ROS can also alter the expression or
activity of variousvasoactive species, can greatly impair
the endothelium, and can profoundly perturb vascular
reactivity because of ROS-mediated effects on intracel-
lular calcium handling in smooth muscle cells. ROS
can also promote leukocytic adherence to the endothe-
lium. Thus, ROS contribute to many renal vascular and
hemodynamic changes observed during the initiation
and established phases of ATN: endothelial injury, leu-
kocytic adherence, increased endothelial expression of
vasoconstrictive peptides, impaired endothelium-
derived vascular relaxation, heightened sensitivity to
vasoconstrictors, greater sensitivity to neural stimula-
tion, increased basal vascular tone, and dysfunctional
autoregulation.123

Oxidative stress can injure plasma and intracellu-
lar membranes by activating phospholipases, in par-
ticular, phospholipase A2, present in membrane-
bound and cytosolic fractions. ROS can also damage
DNA, impair enzymatic processes, and ion pumps,
including direct oxidant injury to Na1/K1-ATPase
and Ca21-ATPase. That oxidative stress may contrib-
ute to inflammatory events in the ischemic kidney is
demonstrated by studies of ischemic injury in mice
that overexpress oxidant-scavenging genes, such as
glutathione peroxidase. Such mice exhibit less ische-
mic injury to the kidney along with less activation of
NF-κB and attenuation in the upregulation of rele-
vant chemokines.244

The demonstration in relevant disease models that
antioxidant maneuvers exert beneficial effects has stim-
ulated the application of antioxidant therapies to
human ATN. Relevant to this is the demonstration that
the administration of the thiol-donating antioxidant, N-
acetyl-cysteine, reduces the risk of renal insufficiency
induced by contrast dye.245 There have been numerous
studies that have illustrated benefits of antioxidants in
preventing renal ischemic damage, including superox-
ide dismutase, catalase, inhibitors of xanthine oxidase,
scavengers of HO� and agents that bind free iron.
Unfortunately, the transition from bench research on
animals and cells to clinical studies has proven less
promising.246 As gene-deletions and knockout mice

models become more available to study the mechan-
isms of disease, and the effect of therapies, their use in
oxidant injury has also been evaluated. Recently it has
been shown that PARP ablation preserved ATP levels,
renal function, and attenuated the inflammatory
response in the setting of IRI in the mouse model.247

The capacity of ROS to influence the expression of
growth-promoting substances and, in turn, the utiliza-
tion by growth factors of ROS as signaling species,
raises the intriguing possibility that ROS may be also
involved in the recovery phase from ATN.243

CELLULAR REPAIR, REGENERATION
AND RECOVERY

Renal tubular regeneration is one of the most
remarkable phenomena in mammalian biology
research as it can restore kidney function and structure
after ischemic or toxic renal injury. This is clinically
evident in the fact that most patients recover from AKI,
if the insult is removed within a critical time period,
before complete necrosis sets in. Sublethally injured
cells initiate the process of repair and regeneration
once reperfusion commences. Most sublethally injured
cortical PTC cells repair themselves without going
through a “dedifferentiated stage.” Although exfolia-
tion of cells might not be considered a morphological
stage of repair, it is associated with the generation of
signals that initiate the process of repair including
accumulation of leukocytes, and the integration of
growth factors to determine the fate of the epithelial
cells. The stage of regeneration in severly injured cells
is the “dedifferentiated stage,” which is manifested
morphologically as the appearance of flattened cells,
with a poorly differentiated brush border. In the S3
segment of the proximal tubules, the viable cells exhibit
marked increase in proliferation, spreading across the
injured denuded basement membrane. Finally, these
poorly differentiated cells regain their differentiated
character and produce a normal proximal tubule
epithelium.

At a cellular and molecular level, recovery from
ATN means the re-establishment of the normal cellular
architecture and the physiological functions of the
renal tubule. This is obviously dependent on cellular
ATP repletion once there is adequate oxygen delivery
and metabolic substrates.This ATP repletion occurs in
a biphasic manner with a rapid initial phase followed
by a slow gradual increase to pre-ischemic levels.248

The reassembly of the cytoskeletal structure occurs
with concurrent ATP repletion, restoring the apical
microvilli within 24 hours. Na1/K1-ATPase is reasso-
ciated with basal actin cytoskeleton within 24 hours
even though some apical Na1/K1/ATPase activity
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persists for longer periods of time. The restoration of
the lipid polarity lags behind that of the Na1/K1-
ATPase pump and is complete by 10 days post-
ischemia.249

Role of Growth Factors

Growth factors have been implicated in the control
of both cell differentiation and proliferation.194 The kid-
ney is a known site of synthesis for several growth fac-
tors, including Transforming Growth Factors β (TGF-
β), Epidermal Growth factors (EGF), Hepatocyte
Growth Factors (HGF), and Insulin-Like Growth Factor
I (IGF-1) to name a few. Observations describing
changes in the renal expression of these factors after
experimentally induced ischemic ARF in rats are abun-
dant, implicating a potential role in the regeneration
process. We shall briefly discuss each one and their
proposed roles in the process of recovery.

TGF-β
In the later stages of renal repair TGF-ß, a polypep-

tide growth factor, has the capability to mediate numer-
ous events including as apoptosis, tubulogenesis,
cellular hypertrophy and differentiation of regenerating
proximal tubule cells. It may also negatively regulate
cellular proliferation thereby balancing the activity of
pro-mitogenic growth factors. In in vitro studies TGF-β
stimulates extracellular matrix (ECM) synthesis, cell
clustering, tubulogenesis and apoptosis while inhibit-
ing proliferation of renal proximal tubule cells. Within
12 hours of ischemic injury there is enhanced expres-
sion of TGF-ß1 mRNA and protein in damaged and
regenerating proximal tubules that may remain ele-
vated for up to 14 days post-ischemia. However, overall
there is no substantive evidence suggesting that it plays
a critical role in the renal tubular repair response as
inhibiting TGF-β does not accelerate recovery.250

Although fibrosis is generally not evident within the
time frame that TGF-β expression returns to baseline
values, recent data support the concept that transient
TGF-β activity post-ischemia may induce subsequent
interstitial fibrosis by promoting the deposition renal
fibroblasts. Another important observation is that TGF-
β neutralization prevented the loss of renal microves-
sels and GFR following recovery from AKI.194,250

Other Growth Factors

HGF has potent mitogenic activity that is localized
in the peritubular endothelial cells. The kidney is both
a target and generation site of HGF. Extrarenal and
intrarenal HGF mRNA and HGF protein meas-
urements are elevated within six hours of ischemic or
toxic ARF, and numerous reports of exogenous

administration enhancing recovery of renal function in
experimental models are now available.251 Results
from transgenic mice indicate that overexpressing HGF
within the proximal tubule cell may ameliorate renal
damage induced by ischemia/reperfusion by at least
two different processes: enhancement of tubule cell
proliferation and protection against cell death.252

IGF-1 expression is predominantly located in the
medullary collecting duct and to a lesser degree in glo-
meruli and proximal tubule cells. Like HGF it may be
involved in the repair process of the injured kidney.
IGF receptors are found throughout the kidney but
there are very high concentrations in the basolateral
membrane of proximal tubules. Renal artery clamp
induced AKI was significantly attenuated by exoge-
nous administration of exogenous IGF-1.194 IGF admin-
istration has also been shown to induce up-regulation
of cell-cycle inhibitory protein p21 (discussed later).
Human trials using IGF-1 in AKI in the ICU setting or
delayed graft function on post-transplant patients have
not yet revealed any significant difference versus pla-
cebo therapy.253,254 However, the study in the AKI
patients in the ICU setting was started several days
after the onset of AKI. This alone could have limited
the efficacy of the drug.254 In the delayed graft function
post-transplant study the drug was instituted within
five hours of transplant but still lacked any beneficial
effect.253

Growth Hormone (GH) regulates the expression of
IGF-1 and the growth hormone receptor has been
found to be down-regulated in experimental ischemic
AKI. Exogenous supplementation with high dose
GHhowever does not modify the course of experimen-
tal ischemic ARF in rats and in human trials critically
ill patients recombinant GH was actually found to be
associated with higher mortality and morbidity.255

EGF is normally produced by the mTAL and distal
tubules. The EGF receptor is present in glomeruli,
proximal tubule cells, medullary interstitial cells and
collecting ducts. It is normally present in the basolat-
eral membrane, but upregulated to the apical mem-
brane during ischemic injury in the proximal tubule
cell in rats. Exogenous EGF administration in vivo
enhances proliferation and or DNA repair, and acceler-
ates recovery of damaged proximal tubules after ische-
mic or mercuric-chloride-induced damage.194,256

VEGF is specific in its action on the endothelial
cells and may be involved in neovascularization after
injury. It is expressed in glomeruli and collecting
duct epithelial cells in adult kidneys while its recep-
tors are in the glomerular endothelium and peritu-
bular capillaries. Recent data suggest that, unlike
in other organs, during renal I/R injury VEGF syn-
thesis in kidneys is primarily regulated post-
transcriptionally and is interrelated to IL-6 levels.
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VEGF treatment ameliorates disease manifestations in
several models such as glomerulonephritis, remnant
kidney and TMA. However, overall the exact role of
VEGF in AKI remains controversial and still needs to
be fully evaluated.257,258

It is interesting to note that quite a few of the sites of
expression of gene involved in the repair and regenera-
tive processes, are localized to the mTAL or peritubular
capillarysegments of the nephron. This suggests a pos-
sible paracrine signaling mechanism to stimulate
regeneration in severely injured cells of the neighbor-
ing S3 proximal tubule cells.

Cell-Cycle Regulators

The protein p21 (also known as WAF1, CIP1 or
SD11) regulates cell proliferation by inhibiting the cell
cycle through the cyclin kinase pathway. It also has
been shown to inhibit apoptosis induced by numerous
stimuli. Safirstein and colleagues have demonstrated its
induction in murine kidneys after ischemia, cisplatin
and acute obstruction.259 By delaying the entry of cells
into the cell-cycle, they can reduce cell death from apo-
ptosis or necrosis. In p21 knockout -/- mice subjected to
ischemia reperfusion morphologic damage was evident
throughout the cortex, where as wild type mice only
had damage in the S3 segment of the proximal
tubule.260 As discussed earlier, heme-oxygenase-1 (HO-
1) overexpression induces p21 up-regulation. Similarly
IGF administration also causes upregulation of p21.
Hence all these protective mechanisms are likely linked
through delay in cell death by arresting a particular
phase of the cell-cycle through p21 protein.259

Growth Factor Receptors

To complete the discussion on growth factors the
role of their receptors also needs to be considered. A
number of studies have shown that the expression of
receptors for EGF, HGF, FGF-7 and IGF-1 is enhanced
with acute renal injury. For example, histologic analy-
ses show the increase in HGF receptor immunoreactiv-
ity is most marked in the most severely damaged
nephron segments in the outer medulla. In the injured
proximal tubules the receptor is redistributed from an
apical location to an intracellular location. The pro-
longed elevation of this receptor (up to eight days),
could mean that even late treatment with exogenous
HGF might be beneficial,261 although there are no data
to support this hypothesis.

Acute Kidney Injury

Long-Term Effects and Cross-Talk Amongst Organs

A series of experiments has shown that the post-
ischemic kidney has persistent local hypoxia that

stimulates pathways leading to progressive interstitial
scarring. In post-ischemic animals subjected to bilateral
ischemic injury the authors found localization of pimo-
nidazole, which binds to cellular thiols at pO2 levels of
less than 10mmHg, consistently in the outer medullary
zone up to five weeks after ischemic insults. In animals
undergoing a unilateral nephrectomy followed by
ischemic insult this localization was more intense and
widely distributed. The rate of interstitial scarring,
development of proteinuria and decline in GFR was
faster in these animals as compared to those with bilat-
eral injury. Lastly, they found supplementation of L-
arginine increased the renal blood flow, reduced hyp-
oxia, and attenuated the secondary manifestations of
ischemic damage.262

These observations prove that chronic hypoxia does
indeed exist long after an ischemic insult and that the
hypoxia is more severe in the setting of reduced renal
mass resulting in progressive fibrosis that develops fol-
lowing apparent recovery after ischemic injury.
Although no study to date has examined the long-term
vascular structure and function in ARF among native
human kidneys there is evidence from renal allografts,
where damage to peritubular capillaries correlates with
progressive functional loss.263 It is possible that loss of
peritubular capillary density could contribute to
delayed graft function and development of chronic
allograft nephropathy. Apart from ischemic injury,
numerous factors can cause capillary rarefaction
including aging, cyclosporine, angiotensin II, glomeru-
lonephritis and radiation-induced renal injury with
altered expression of VEGF.264 It is also possible that
the vascular injury could lead to potential hypertension
in the long run as experimental model data suggest
reductions in peritubular capillary density are associ-
ated with salt-sensitive hypertension, elevated pressure
measured at 20 weeks after injury to solitary kidney
and greater pressor responsiveness to angiotensin II.265

Thus it is possible that after recovery from injury a sub-
ject could be predisposed toward higher arterial blood
pressures with increased Na1 intake.

CROSS TALK AMONGST ORGANS

AKI is likely a systemic event that can potentially
cause alterations in other organs of the body. Kelly
et al. have demonstrated the effects of renal ischemia
on cardiac tissues.68 Induction of IL-1, TNF-α, and
ICAM-1 mRNA was seen in cardiac tissues as early as
six hours post renal ischemic injury, and remained ele-
vated upto 48h post-renal ischemic injury. There was
also a significant increase in myeloperoxidase activity
in the heart and liver, apart from the kidneys. The
increase in cardiac MPO activity could be prevented by
administration of anti-ICAM-1 antibody at the time of
renal ischemia. At 48 h cardiac function evaluation by
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echocardiography also revealed increases in left ven-
tricular end systolic and diastolic diameter and
decreased fractional shortening. As little as 15 min of
ischemia also resulted in significantly more apoptosis
in cardiac tissue.68 Rabb et al. have shown that renal
ischemic injury leads to increase in pulmonary vascular
permeability defects which are mediated through
macrophages.266 Furthermore they also showed that in
a rat model of bilateral renal ischemic injury or
nephrectomy there was down regulation of lung epi-
thelial Na channel, Na1/K1-ATPase and aquaporin-5
expression, but not in unilateral ischemic models sug-
gesting the role of uremic toxins in modulating these
effects in the lung.267

Conversely speaking, other organs also regulate
ischemic renal injury. Slutsky et al. have recently dem-
onstrated the role of lung injury in inducing renal dam-
age. They found that in rabbits, injurious lung
ventilatory strategies (high tidal volume and low peak
end expiratory pressure) alone, were sufficient to
induce renal epithelial cell apoptosis. This was further
substantiated by the fact that plasma obtained from
rabbits that underwent the injurious ventilation strat-
egy induced greater apoptosis in cultured LLC-RK1
cells in vitro, suggesting that circulating soluble factors
associated with the injurious mechanical ventilation
might be involved in this process.268 Another example
of extra-renal organs regulating ischemic acute renal
failure is the effect of the brain death on renal trans-
plants. Traumatic brain injury elicits a cytokine and
inflammatory response. These cytokines result in renal
inflammation in renal transplants from brain dead, but
not living donors.269 The absence of such inflammation
may contribute to the success of living unrelated donor
renal transplants compared with cadaver transplants
that have better immunologic matches.270

CLINICAL COURSE &
DIAGNOSTIC TESTS IN AKI

Clinical Course

Prerenal azotemia by definition should rapidly
reverse upon restoration of renal perfusion. The clinical
course of ATN can be divided into four phases: initia-
tion, extension, maintenance, and recovery. During the
initiation phase, which can last several hours, the
patient is exposed to the insult and parenchymal cell
damage is established. Thus the severity of ATN is
potentially limitable if this phase can be clinically
detected, but unfortunately it is seldom that this dura-
tion is long enough or recognized early enough to pre-
vent frank ATN. The recently proposed extension
phase by Sutton et al., involves continued hypoxia of

the corticomedullary junction secondary to microvas-
cular congestion along with inflammation in this
region.125 As has been described in detail earlier, cellu-
lar injury in this region of the outer medulla continues
leading to a fall in GFR through continued epithelial
cell damage and release of inflammatory cytokines.
This phase could represent a window of opportunity to
prevent further progression of established ATN.125 In
the maintenance phase of ATN, the GFR remains low
and this phase typically lasts between one to two
weeks, but can be as long as up to six months. Finally,
the recovery phase is heralded by a rise in urine output
followed by a decline in serum creatinine. An excessive
post-ATN diuresis might result if the recovery of the
tubular reabsorptive process lags behind glomerular
filtration. The usual diuresis seen after ATN is likely a
combination of osmotic diuresis induced by filtration
of filtered urea and other solutes, the appropriate
excretion of salt and water accumulated during the
maintenance phase,195,271,272 along with a distal concen-
trating defect that has not yet resolved.

Clinical Features

A detailed history and physical exam is crucial to
the diagnosis and management of any form of AKI.
Evidence of volume depletion includes symptoms of
thirst and dizziness, while physical exam will reveal
absolute or orthostatic hypotension, tachycardia,
reduced jugular venous distension, dry mucous mem-
branes and decreased skin turgor. Weight loss,
increased fluid loss from gastrointestinal, urinary or
insensible sources and documentation of hemorrhage
all support the evidence of volume depletion as a cause
for AKI. One should also carefully review nursing and
pharmacy records to identify potential nephrotoxic
drugs. Causes of reduced effective arterial blood vol-
ume (EABV) such advanced heart failure may reveal
their characteristic findings such as elevated jugular
venous pressure, bibasilar pulmonary rales or effu-
sions, cardiomegaly, S3 gallop rhythm, liver congestion
and peripheral edema. Other patients may demonstrate
typical stigmata of chronic liver disease such as ascites,
palmar erythema, splenomegaly, jaundice and telangi-
ectasia, serving as important supportive clinical find-
ings for reduced EABV as the cause of AKI. In the ICU
setting it is quite often difficult to assess the volume
status of a critically ill patient as physical exam is often
complicated by edema due to third space losses. In
these settings, the use of invasive hemodynamic moni-
toring using central venous pressure monitoring or
Swan-Ganz catheter or both is often quite helpful in
determining the EABV in a patient.273

Other causes of AKI will have their own diagnostic
features in the history and physical exam.
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Urinary and Blood Tests

Urinary indices are quick, inexpensive and
extremely useful tools to assist in the differential diag-
nosis of AKI. The fractional excretion of sodium
(FENa) is a sensitive index for this purpose and has
been substantiated in several reports since it was first
reported by Espinel.274�276 Prerenal azotemia is a state
of avid reabsorption of filtered Na1 and water leading
to low urine concentrations of sodium and relatively
high urine/plasma (U/P) ratio of osmolality, urea
nitrogen, and creatinine resulting generally in a FENa
of less than 1%. In contrast, ATN has functional
impairment of proximal tubule cells resulting in higher
urinary Na1 concentration, and lower U/P ratios of
osmolality, urea nitrogen and creatinine, leading to
usually a FENa of .1%. Animal models of AKI that
have studied mechanisms of tubular injury, as
described earlier in the text, have elucidated the effects
of ischemia on the Na1/K1-ATPase pumps and co-
transporters present in the tubules. However, one
should keep in mind that none of them are absolutely
specific or sensitive, neither have they altered the man-
agement or outcome of ARF. Because the process of
AKI is dynamic the timing of urinary testing, effects of
diuretics, and the presence of underlying CKD can all
alter the mechanisms for Na1 reabsorption and should
be kept in mind when interpreting the results.
Similarly, approximately 15% of patients with non-
oliguric ischemic or nephrotoxic AKI have a FENa of
less than 1% which could represent an early phase or a
milder form of injury as has been reported in the
course of ARF accompanying rhabdomyolysis, sepsis,
radiocontrast nephrotoxicity, ischemia, acute glomeru-
lonephritis, renal allograft rejection, hepatorenal syn-
drome and NSAID exposure.277,278 The Na1

transporting segments in other areas of the nephron,
and their function, are probably relatively preserved in
such circumstances as compared to the corticomedul-
lary junction and the outer medulla which suffers more
localized epithelial cell damage.

A more useful test in settings of chronic kidney dis-
ease or in patients who have received a diuretic is mea-
suring the fractional excretion of urea. A low fractional
excretion of urea (FEUN) was recently shown to have a
high sensitivity (85%), high specificity (92%), and more
importantly a high positive predictive value (98%). If a
FEUN of 35% or less is found, 98% of such cases will
have prerenal azotemia278 (Table 76.5A and B).

Pathophysiologic Basis of Complications of AKI

Hyponatremia and Fluid Overload

Life threatening complications secondary to AKI
may arise rapidly in these patients and have to be

anticipated to prevent adverse consequences. Careful
and frequent monitoring of volume status and electro-
lytes is essential in deciding the approach to manage-
ment. Volume overload is a result of salt and water
retention and is aggravated by attempts to restore
diuresis in oliguric patients as well as obligatory needs
such as medications and nutrition.279 Intravascular vol-
ume excess may be particularly dangerous in elderly
or heart failure patients. Hyponatremia may be caused
by excessive free water ingestion or by the administra-
tion of dextrose solutions or hypotonic fluids.

Hyperkalemia

Hyperkaemia is a common and life-threatening com-
plication of AKI, reflecting the decreased GFR, low cor-
tical collecting duct flow rate and decreased distal
sodium load. It is compounded by coexisting metabolic
acidosis and a hypercatabolic state causing efflux of
potassium from the intracellular space. Medications
such as ACE-I, NSAID’s, digitalis, spirinolactone, beta-
blockers and heparin may further aggravate the rise in
serum potassium. Electrocardiographic (ECG) abnor-
malities include peaked, thin, symmetrical T waves
which is the earliest change seen, followed by prolonga-
tion of PR interval, depressed ST segment and QRS
widening. Life-threatening arrhythmias such as ventric-
ular tachycardia, bradycardia, heart block, asystole and
ventricular fibrillation may ensue if hyperkalemia is not
corrected.279 In addition, neuromuscular derangements

TABLE 76.5A Urine Indices Used in the Differential Diagnosis
of Pre-Renal AKI and Acute Tubular Necrosis

Diagnostic Index Pre-renal
AKI

Acute tubular
necrosis

Fractional excretion of sodium (%) ,1* .2*

Urine sodium concentration
(meq/L)

,20 .40

Urine creatinine/plasma
creatinine ratio

.40 ,20

Urine urea nitrogen/plasma urea
nitrogen ratio

.8 ,3

Urine specific gravity .1.018 B1.010

Urine osmolality (mOsm/kg H2O) .500 B300

Plasma BUN/creatinine ratio .20 ,10�15

Renal failure index, UNa/(UCr/
PCr)

,1 .1

Urine sediment Hyaline
casts

Muddy brown
granular casts

*FENa may be .1% in prerenal AKI associated with diuretic use and/or the setting of
bicarbonaturia or chronic kidney disease; FENa often, 1% in acute tubular necrosis
caused by radiocontrast or rhabdomyolysis
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such as hyporeflexia, flaccid paralysis, weakness and
parasthesias may occur and can be life-threatening if
they extend to involve the respiratory or phonation
muscles. Certain medications such as cisplatin, ampho-
tericin and aminoglycosides may cause transient early
hypokalemia reflecting TAL epithelial injury.280,281

Hyperurecemia

AKI patients usually develop a mild degree of
hyperuricemia (12�15 mg/dl), as the primary route of
elimination of uric acid is glomerular filtration and
proximal tubule secretion. Higher levels should raise
the suspicion for acute urate nephropathy secondary to
tumor lysis syndrome or rhabdomyolysis. Sometimes it
is possible to differentiate borderline mixed scenarios
by measuring urine uric acid/urine creatinine ratio
which is typically less than 0.75 in states of impaired
excretion and greater than 1.0 in states of increased uric
acid production.282 The fractional excretion of uric acid

can also be helpful in differentiation prerenal AKI (less
than 10%) and intrinsic ATN (greater than 15%).283

Uremia

Due to the inability to excrete nitrogenous waste
products, non-oliguric, non-catabolic AKI patients can
exhibit a daily rise in serum BUN and creatinine of
10�20 mg/dl and 0.5�1.0 mg.dl, respectively. Oliguric,
catabolic patients exhibit comparably larger daily
changes in these values. Manifestations of uremia can
vary from vague non-specific symptoms such as leth-
argy, nausea, confusion, anorexia and restless leg syn-
drome to severe life threatening signs such as seizures,
pericarditis, pericardial effusion with tamponade and
coma. Other clinical signs include asterexis, myoclo-
nus, stupor, hyperreflexia, focal neurologic deficits and
ileus.284 The severity of the renal injury generally dic-
tates the severity of these complications.

Acidosis

Due to decreased proximal tubule reabsorption of
HCO3 and the inability of the acutely injured kidney to
regenerate bicarbonate through ammoniagenesis, there
is progressive accumulation of organic acids such as
sulfate and phosphate leading to metabolic acidosis.
The main systemic features of metabolic acidosis
include Kussmaul respiration, nausea, vomiting,
fatigue, lethargy, stupor, coma, decreased myocardial
contractility, cardiac arrhythmia, resistance to vaso-
pressor drugs, peripheral arterial vasodilation and
insulin resistance. Acidosis may be severe when there
are concurrent mechanisms of hydrogen ion generation
such as lactic acidosis, liver disease or sepsis which
will further exacerbate hyperkalemia, hyperphosphate-
mia and hyperurecemia.

Calcium and Phosphorus

Hypocalcemia is commonly found in AKI secondary
to a combination of these processes: (1) decreased syn-
thesis of 1,25-(OH2)D3; (2) increased serum phosphate
caused by skeletal resistance to PTH as well as reduc-
tion in GFR; and (3) deposition of calcium in damaged
tissues.285 Clinical manifestations of hypocalcemia are
usually not evident and most patients are asymptom-
atic. However, in certain cases (e.g., pancreatitis and
rhadomyolysis) severe symptomatic hypocalcemia
with resultant signs and symptoms such as muscle
cramps, seizures, confusion, positive Trousseau and
Chvostek signs as well as electrocardiographic features
of prolonged QT interval and non-specific T wave
changes occur. The same processes that lead to hypo-
calcemia cause hyperphosphatemia which can be exac-
erbated in conditions such as rhabdomyolysis and
tumor lysis syndrome, active tissue necrosis and hemo-
lysis. Acidosis and hypercatabolism can also cause

TABLE 76.5B Urine Sediment in the Differential Diagnosis of
Acute Kidney Injury

Normal or few red blood cells or white blood cells

Pre-renal azotemia; Arterial thrombosis or embolism; Pre-glomerular
vasculitis

HUS/TTP; Scleroderma crisis

Post-renal AKI

Granular casts

Acute tubular necrosis; Glomerulonephritis or vasculitis ;Interstitial
nephritis

Red blood cell casts

Glomerulonephritis or vasculitis; Malignant hypertension

White blood cell casts

Acute interstitial nephritis or exudative glomerulonephritis;
pyelonephritis

Marked leukemic or lymphomatous infiltration

Eosinophiliuria (. 5%)

Allergic interstitial nephritis (antibiotics .. NSAIDs) ;
Atheroembolism

Crystalluria

Acute urate nephropathy ;Calcium oxalate (ethylene glycol
intoxication); Acyclovir;

Indinavir

Sulfonamides; Radiocontrast agents

HUS, hemolytic uremic syndrome; TTP, thrombotic
thrombocytopenic purpura;

NSAID, non-steroidal anti-inflammatory drugs
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shifts of phosphorus from the ICF to ECF space further
increasing the serum levels. Metastatic deposition of
calcium phosphate occurs usually when the calcium x
phosphorus product exceeds 70, further lowering cal-
cium levels.286

Magnesium

Oliguric AKI patients commonly will have mild
asymptomatic Hypermagnesemia due to the decreased
excretion of dietary or medication related (antacid, lax-
ative etc.) magnesium. Severe hypermagnesemia (levels
.5mg/dl) is rare even in anuric AKI but when present
can lead to hypocalcemia. Certain drugs such as ami-
noglycosides, amphotericin, cyclosporin and cisplatin
can cause hypomagnesemia in non-oliguric AKI due to
impaired tubular transport of magnesium.279

Hypokalemia is aggravated by hypomagnesemia and
patients can have symptoms of seizures, cardiac
arrhythmias, cramps and neuromuscular instability.

Anemia

Anemia is a common occurrence in AKI and occurs
rapidly post injury. It is usually multifactorial with
ineffective erythropoiesis, inappropriate erythropoietin
(Epo) production and hemolysis being the major contri-
butors. It has been consistently noted there is a rapid
decline in erythropoietin levels post AKI and that nor-
malization does not take place till weeks after recov-
ery.287 Tan et al. also found that in experimental AKI a
substantial capacity for Epo production is retained but
the sensitivity of the Epo response to blood oxygen
availability is significantly reduced.288 A qualitative
platelet dysfunction secondary to uremia also exists in
AKI that could serve to exacerbate the anemia by
potential blood loss.

Nutrition

One of the most frustrating and troublesome compli-
cations of AKI is malnutrition as most patients have a
net protein breakdown that sometimes exceeds 200mg/
day. Some of the reasons why AKI patients end up in a
net negative nitrogen balance include a) anorexia sec-
ondary to uremia, b) hypercatabolism, c) loss of essen-
tial nutrients through dialysis or drainage fluids and
lastly d) restriction of adequate protein intake second-
ary to volume overload or azotemia279,289 (Fig. 76.9).

PATHOPHYSIOLOGIC BASIS OF
THERAPY OF AKI

Preventive Strategies

One of the main principles behind preventive strate-
gies in ARF is avoidance. In any clinical scenario the

use of less or non-nephrotoxic agents should be consid-
ered an essential option in considering treatment or
diagnostic options. Examples include using non-
iodinated contrast agents such as gadolinium or carbon
dioxide in radiological procedures. Another example
would be to consider non-invasive testing of cardiovas-
cular status to better risk-stratify a patient.

The second principle is of prophylaxis. Aside from
using clinical scores to predict high risk patients, other
measures can be taken to prevent AKI. The single most
important preventive therapy that has been shown con-
sistently to minimize and prevent AKI in high risk set-
tings is optimization of intravascular volume status
and hemodynamics. Whether it is post-surgical ATN,
burns, hypovolemic shock, nephrotoxicity from numer-
ous agents, infections, restoration of volume prevents
the development of experimental or human ATN. A
prime example of this is in the setting of radiocontrast
nephropathy where it has been demonstrated that pro-
phylactic administration of saline before and after the
procedure is effective in minimizing AKI.290 Along the
same line, certain other agents, e.g., oral N-acetly-
cysteine and recently intravenous sodium bicarbonate,
have been added in combination with volume repletion
and shown to be further protective than hydration
alone.245,291

Thirdly, it is imperative to accurately and closely
monitor for signs of renal dysfunction if nephrotoxins
or other insults have occurred. Using adjunctive testing
such as drug monitoring or more frequent serial blood
and urine testing perhaps can help in diagnosing early
subtle changes of ARF.

Role of Ischemic Pre-Conditioning

A significant amount of data now exists to suggest
there may be intrinsic mechanisms brought to bear by
the kidney when exposed to a toxic or ischemic insult,
that protect it against a subsequent exposure to ische-
mia. Zager and colleagues performed the first experi-
ments evaluating the effects of prior exposure to
ischemia on subsequent susceptibility to ischemic
injury. This group focused on early time points after an
initial ischemic exposure and concluded that the rat is
not more susceptible to a second ischemic episode
when timed at or near the peak of functional deficit
after the first.292 Park et al. found that in contrast to
what normally occurs after 30 min of bilateral ischemia,
when a second period of ischemia of 30 or 35 min dura-
tion is imposed 8 days later, there is no subsequent
increase in blood urea nitrogen or creatinine, no
decrease in glomerular filtration rate, or increase in
fractional excretion of sodium. A shorter period of
prior ischemia (15 min) was partially protective against
subsequent ischemic injury 8 days later.227 Possible
mechanisms include upregulation of certain protective
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proteins such as HSP-25. Post-ischemic HSP-25 levels
are much higher in the preconditioned kidney, which
may stabilize the actin cytoskeleton post-ischemia and
contribute to the alteration in expression of these
kinases. There are also data to suggest the protective
effect of ischemic preconditioning on ischemia/reper-
fusion -induced acute renal failure is closely related
torenal nitric oxide production following the increase
in eNOS expression after the reperfusion and the sup-
pressive effect of ischemic preconditioning on the
ischemia/reperfusion-induced renal ET-1 overproduc-
tion may be partly involved in the ameliorating effect
of ischemic preconditioning.293 A recent randomized,
single-blind, controlled pilot trial of patients undergo-
ing cardiopulmonary bypass-assisted cardiac surgery
who received remote ischemic preconditioning by
an automated thigh tourniquet of lower extremity
ischemia showed an absolute risk reduction of AKI of
0.27 and a significantly reduced relative risk due to
preconditioning of 0.43. Hence, remote ischemic

preconditioning may prevents acute kidney injury in
patients undergoing high risk surgeries.294 With this
understanding, it might be possible to mimic these pro-
cesses using exogenous influences and hence prevent
or alter the course of AKI.

Novel and Potential Therapies

Research in experimental animal models in the last
decade has led to the discovery of potentially novel tar-
gets for the treatment of AKI. An exhaustive list of
agents has been shown to be effective in animal mod-
els. We shall discuss a few of the relevant potential
therapies that have recently been found to be
beneficial.

ERYTHROPOIETIN

Erythropoietin is a glycoprotein hormone that con-
trols the proliferation, differentiation of erythroid pro-
genitor cells, synthesized by fibroblasts that are in
direct contact with the capillaries and tubules. Apart
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from its role in erythrogenesis, it plays important func-
tions including protection of vascular endothelium
from apoptosis and acting as an angiogenic factor. In
the kidney, the expression of erythropoietin (Epo) is
virtually absent at 24h following ischemic injury.
However, erythropoietin receptor expression in the
kidney remains well maintained. The role of erythro-
poietin in cell survival, proliferation, migration and dif-
ferentiation have been well described recently in
various in-vitro models.295 Thus, its utility as a thera-
peutic agent in AKI has been under recent investiga-
tion. Rabb et al. were the first to show that intravenous
administration of Epo in rats rapidly treats anemia
associated with AKI as well as significantly improving
survival, but they found no effect on renal function as
measured by serum creatinine.296 However, three dif-
ferent authors have shown a beneficial effect of using
Epo in the setting of ischemic AKI. Cumulatively, these
different studies indicated that pretreatment with Epo
decreases ischemia induced renal dysfunction, attenu-
ates mTAL apoptosis, decreases caspase activation and
decreases renal leukocyte accumulation.297�299 There is
also evidence to suggest that Epo inhibits the JNK
pathway, and induces heat shock protein 70, affording
protection against apoptosis.300,301 Functionally, Epo
afforded protection by inhibiting a decline in GFR, pre-
vented reduction of aquaporin 1,2,3 channels, and
decreases in Na1/K1-ATPase and N1H1exchanger 3
pumps.302 Although the dosing and timing of Epo
administration varied amongst these studies there was
universal agreement between them showing protective
effects in all pre-injury treatment with Epo studies. The
effect of using Epo late after ischemic injury has has
also been found to be beneficial.301 Human trials using
bio-marker based early intervention strategies however
havefound conflicting results of the effect of Epo in
reducing the incidence of AKI303 and its use remains
unclear in the setting of AKI.304 It is possible that it has
more benefit in a single injury human scenario such as
transplantation where it has shown benefit.305

Ichimura et al. demonstrated that injured kidney
epithelial cells expressing kidney injury molecule-1
(KIM-1) could assume the attributes of endogenous
phagocytes by internalizing apoptotic bodies. KIM-1
was directly responsible for phagocytosis in cultured
primary rat tubule epithelial cells, and also in porcine
and canine epithelial cell lines. KIM-1 specifically rec-
ognized the apoptosis marker phosphatidylserine and
oxidized lipoproteins expressed by apoptotic tubular
epithelial cells, which led to remodeling and repair of
the tubule.306

Another protein, the transmembrane glycoprotein
NMB (GPNMB), is upregulated 15-fold following
ischemic damage in kidney tissue, more than 10-fold in
macrophages, and threefold in surviving epithelial cells

after injury.307 Macrophages and epithelial cells expres-
sing GPNMB contained 3 times more apoptotic bodies
than cells not expressing GPNMB. Mutation of
GPNMB or ablation of inflammatory macrophages pre-
vents normal repair of the kidney. Kidneys from post-
ischemic GPNMB-mutant mice exhibited a fivefold
increase in apoptotic cellular debris compared with
wildtype mice.307 GPNMB is, therefore, a phagocytic
protein that is necessary for recruitment of the autop-
hagy protein LC3 to the phagosome where these pro-
teins are colocalized, and for lysosomal fusion with the
phagosome and hence bulk degradation of their con-
tent. These studies demonstrate that GPNMB is neces-
sary for crosstalk between the macroautophagy
degradation pathway and phagocytosis, and an impor-
tant component of epithelial repair.307

Macrophages also have an important role in repair
and recovery. The Wnt pathway ligand Wnt7b is pro-
duced by macrophages to stimulate repair and regener-
ation. When macrophages are ablated from the injured
kidney, the canonical Wnt pathway response in kidney
epithelial cells is reduced.308 Furthermore, when
Wnt7b is somatically deleted in macrophages, repair of
injury is greatly diminished. Injection of the Wnt path-
way regulator Dkk2 into accelerates the repair process
and indicates a therapeutic option for ischemic AKI.
Because Wnt7b is known to stimulate epithelial
responses during kidney development, these findings
indicate that macrophages are able to rapidly invade
an injured tissue and re-establish a developmental pro-
gram that is beneficial for repair and regeneration.308

STEM CELLS

There is emerging data now supporting the role of
extra-renal cells in the regenerative process following
AKI. Stem cells are undifferentiated cells found in the
bone marrow as either hematopoietic stem cells (HSC)
or mesenchymal stem cells (MSC). Studies in humans
have demonstrated that when female kidneys were
transplanted into male recipients who experience post-
transplant ATN, Y chromosome-bearing cells were
found in the transplanted kidney tubular epithelium.309

This gives rise to the concept that extra-renal cells par-
ticipate in the repair or regenerative process post ATN.
Igarashi et al. have demonstrated in mice that HSC can
differentiate into renal tubular cells after I/R injury.310

Similar observations were made by Cantley et al. who
showed that adult mouse bone marrow stem cells are
mobilized by transient ischemia and home specifically
to regions of injured tubules,311 differentiate into renal
tubular epithelial cells and appear to constitute the
majority of the cells present in the previously necrotic
tubules. The loss of stem cells following bone marrow
ablation resulted in a greater rise in blood urea
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nitrogen after renal ischemia, while stem cell infusion
after bone marrow ablation reversed this effect.

The use of pluropotent mesenchymal stem cells
(MSC), which can easily be harvested and cultured
from bone marrow, in the treatment of ischemic AKI
has recently been demonstrated by Westenfelder
et al.312 Animals infused with MSC either immediately
or 24 hours after reperfusion had significantly better
renal function, lower renal injury and apoptotic scores
and higher mitogenic indices than vehicle treated ani-
mals. The authors found no or scarce numbers of
infused MSC in the renal parenchyma, but did note
that the expression of pro-inflammatory genes such as
IL-1β, TNF-α, IFN-γ, and iNOS was significantly
reduced, while expression of anti-inflammatory gene
IL-10 was marked elevated. Expression of known reno-
protective growth factors such bFGF, and TGF-α, along
with anti-apoptotic protein Bcl-2 were also noted to be
enhanced. Hence the authors concluded there was little
trans-differentiation of these MSC into tubular or endo-
thelial cells, but rather the action of MSC is probably
paracrine in nature. However, another group of investi-
gators have been able to demonstrate the actual pres-
ence of green fluorescent protein (GFP) labeled MSC in
the tubular epithelial lining as far out as 21 days post
glycerol induced ARF in mice.313 Similarly, Morigi
et al. have demonstrated injection of MSC of male bone
marrow origin remarkably protected cisplatin-treated
syngeneic female mice from renal function impairment
and severe tubular injury where these cells localized in
the tubular epithelial lining. These data indicate mes-
enchymal stem cells engrafted in the damaged kidney
and differentiated into tubular epithelial cells, thereby
restoring renal structure and function.314

CD1331 progenitor/stem cells with regenerative
potential have also been identified in the human kid-
ney.315 These cells were able to differentiate into both
renal epithelium and endothelium in vitro. Mice with
glycerol-induced AKI injected with these cells showed
improved recovery from tubular damage.316 MSCs are
also present in the kidney and might be derived from
the embryonic tissue or bone marrow. Bone-marrow
cells can migrate to the kidney and participate in nor-
mal tubular epithelial cell turnover and repair after
AKI.317 Lange et al. demonstrated that infusion of
MSCs improved recovery of renal function and were
predominantly located in glomerular capillaries
whereas tubules showed no iron labeling, indicating
absent tubular transdifferentiation.318 Knockdown of
VEGF by short interfering RNA reduced effectiveness
of MSCs in the treatment of ischemic AKI in a rat
model. Animals treated with VEGF-depleted MSCs
had reduced microvessel density, indicating that VEGF
is an important mediator of the early and late phase of
renoprotective action of stem-cell treatment.319 With

the use of genetic fate-mapping techniques and chime-
ric mice, Humphreys et al. showed that the predomi-
nant mechanism of repair following ischemic AKI was
regeneration of surviving tubular epithelial cells rather
than engraftment of bone marrow stem cells.320,321

Therefore, the “renotropism” exhibited by progenitor
and stem cells could have a huge impact on therapeutic
options in the future once their roles are more fully
defined.322

Hence, although the exact mechanisms of reno-
protection using stem cells still remain to be fully eluci-
dated, this is an exciting and active area of research
and therapies aimed at enhancing the mobilization,
propagation, and/or delivery of bone marrow stem
cells to the kidney hold potential as entirely new
approaches for the treatment of acute tubular necrosis.

ENDOTHELIAL PROGENITOR CELLS

There is also now emerging evidence of a potential
role of using endothelial cells as therapeutic agents.
Brodsky and colleagues have shown that rats infused
with intact endothelial cells in ischemic AKI have an
attenuated renal injury. They were also able to demon-
strate actual implantation of the transplanted endothe-
lial cells into the renal microvasculature.323 They also
found that stem cells harvested from a skeletal muscle
have a potential to differentiate ex vivo into the endo-
thelial lineage and are endowed with the potential to
ameliorate acute ischemic renal dysfunction.324 The
concept of restoring vascular supply to damaged or
ischemic organs for accelerating their regeneration is
well-established.325 One therapeutic strategy based on
this concept is the delivery of angiogenic factors to the
site of injury.

Another strategy could be the use of endothelial pro-
genitor cells (EPCs). This heterogeneous group of cells
originates from hematopoietic stem cells (HSCs) or
their angioblastic subpopulation and MSCs. In the
bone marrow, these cells are characterized by surface
markers, such as CD34, VEGF-R2 (Flk-1), and an early
marker CD133; moreover, circulating EPCs can express
markers such as HSC, c-kit and Sca-1. Upon further
differentiation, these cells lose CD133 and express VE-
cadherin and von Willebrand factor.326 Data indicate
that EPCs are mobilized after acute ischemic injury and
are recruited to the kidney, where they can ameliorate
AKI through both paracrine effects as well as repair of
the injured renal microvasculature.327 Human HSCs
administered systemically 24 h after kidney injury
were selectively recruited to injured kidneys of immu-
nodeficient mice and localized prominently in and
around the vasculature.327 This recruitment was associ-
ated with repair of the kidney microvasculature and
tubule epithelial cells, improved functional recovery,
and increased survival. HSCs recruited to the kidney
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expressed markers consistent with circulating EPCs
and synthesized high levels of proangiogenic cyto-
kines, which promoted proliferation of both endothe-
lial and epithelial cells. Although purified HSPCs
acquired endothelial progenitor markers once recruited
to the kidney, engraftment of human endothelial cells
in the mouse capillary walls was rare, indicating that
renal repair mediated by human stem cells is by para-
crine mechanisms rather than replacement of vascula-
ture.112 Targeting the mechanisms to block these
dysfunctional intra-cellular processes may be of key
therapeutic value in the field on intensive care
medicine

CONCLUSION

Major progress has been made in our understanding
of molecular and pathophysiological mechanisms of
AKI with the literature now rich with fascinating new
approaches to treat AKI. We hope that recent advances
in proteomics, discovery of newer early biomarkers,
improved imaging techniques and sensitive quantita-
tive bioassays will ultimately culminate in better
understanding of AKI leading to effective therapies.
Clearly, an exciting and dynamic era lies ahead of us in
the field.
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The intrinsic ability of the kidney to regulate renal
blood flow and glomerular filtration rate (GFR) over a
wide range of perfusion pressures has fascinated phy-
siologists for decades. These adaptive responses to
physiologic and pathologic alterations in renal perfu-
sion, known collectively as renal autoregulation, serve
to maintain renal excretory function in settings of
decreased renal blood flow, such as in states of volume
depletion, hypotension, or reduced cardiac output.
Another important and unique setting of renal hypo-
perfusion is that of renal arterial occlusive disease due
to a fixed stenosis, a situation that typically presents
with a chronic, gradual, and eventually critical reduc-
tion of perfusion. This physiologic stress depends on
renal autoregulation to maintain GFR, but the ongoing
global renal hypoperfusion appears to eventually pro-
duce chronic ischemic injury to the renal parenchyma
through mechanisms that are not clearly understood.
This latter prospect is clearly a threat to the viability of
the kidney and appears to be an important cause of
chronic and often irreversible kidney disease. An
understanding of the limits, mechanisms, and the phar-
macologic manipulation of renal autoregulation is
important in this setting because the disordered physi-
ology is silent. Likewise, an understanding of the
pathophysiology of chronic ischemic injury is impor-
tant in designing effective clinical strategies to treat
this disorder.

This chapter will focus on the clinically important
issue of atherosclerotic renal artery stenosis (RAS) as a
cause of ischemic renal disease, also known as ischemic
nephropathy (IN). This disorder is recognized more
frequently as a cause of end-stage renal disease. The
patient population most likely to benefit from revascu-
larization procedures is, however, not clearly defined.

However, recently completed clinical trials, in conjunc-
tion with ongoing studies, are likely to bring clarity to
this clinical conundrum. This chapter will review the
clinical presentations of ischemic renal disease, the
modalities available for diagnosis, the pathophysiology
of renal hypoperfusion and ischemic renal injury, and
provide insights into treatment.

ATHEROSCLEROTIC RENAL ARTERY
STENOSIS: A COMMON DISORDERWITH
INCREASING CLINICAL RECOGNITION
AND PUBLIC HEALTH IMPORTANCE

Over the past few decades, the lesions of renal artery
stenosis have been more frequently diagnosed in ath-
erosclerotic patients with hypertension or deteriorating
renal function. In addition to an increased awareness
of the disorder among clinicians, the proliferation of
noninvasive diagnostic techniques such as magnetic
resonance angiography, computed tomography (CT)
angiography, and duplex sonography has fueled this
trend. Among the estimated 60 million Americans with
hypertension, the prevalence of significant RAS in this
population has been estimated at 2 to 5%. Autopsy
series done in the 1960s indicate that RAS is common
in the elderly. An autopsy study by Holley et al.74 dem-
onstrated a 27% prevalence of 50% stenoses in patients
with a mean age of 64 years, however, the prevalence
increased to 62% in individuals greater than 70 years
old. Alternatively, a study by Schwartz and White
demonstrated a lower prevalence of stenoses $ 50%:
5% if younger than 65 years, 18% in 65- to 74-year-olds,
and 42% if 75 years and older.156 Kuroda et al.92 found
atherosclerotic RAS of at least 75% luminal area
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narrowing in 10% of autopsies of 60-year-old
Japanese individuals with a history of stroke, and a
24% prevalence in individuals with carotid stenosis.92

Importantly, it is likely that these autopsy series over-
estimate the rate since Edwards et al. have described a
prevalence of 6.8% in a prospective U.S. cohort of
adults .65 years old when a liberal Duplex velocity
threshold of 1.8 meters/second was used during com-
munity screening.48 In aggregate these studies suggest
that renal stenoses are rather common, and that the
prevalence rises rather dramatically in the elderly and
it is undoubtedly true that many of the “50%” stenoses
documented at autopsy were hemodyamically irrele-
vant. This latter point is of importance as more patients
are now identified with non-invasive imaging.

As would be expected given the generally diffuse
involvement of atherosclerosis, the prevalence of RAS
is high when renal angiography is performed on
patients who are undergoing angiography for other
indications.60,145 When performed in the evaluation for
aortic disease,19,175 coronary artery disease,66,80,145 or
peripheral arterial occlusive disease,117,169 the preva-
lence has ranged from 11 to 42%. The highest preva-
lence seems to be in patients with peripheral vascular
and aortic disease.

The public health importance of kidney disease due
to RAS can be gauged by the number of individuals
who progress to end-stage renal disease (ESRD) as a
result of this disorder. The true prevalence in this pop-
ulation has been difficult to accurately estimate. It is
widely believed that clinical diagnosis of IN is often
missed and that many individuals who have been
labeled as having hypertensive nephrosclerosis as a
primary cause of ESRD may actually have suffered IN.
On the other hand, the mere presence of RAS in an
individual with chronic kidney disease does not prove
IN as its etiology. Using the U.S. Renal Data System
database, Fatica et al.50 reviewed the primary causes of
ESRD in patients starting ESRD therapy during 1991 to
1997, and they found that the incidence of renovascular
disease as a primary cause of ESRD increased from
1.4% of new ESRD cases to 2.1%. The annualized
increase was 12.4% per year. This is a greater rate of
increase than for ESRD from diabetes mellitus (8.3%
per year) and ESRD overall (5.4% per year).50

In a report from England, Scoble and colleagues pro-
spectively performed renal arteriography in all new
patients with ESRD during an 18-month period in the
late 1980s.157 Atherosclerotic renal artery disease was
ultimately believed to be the cause of ESRD in 6% of all
patients and in 14% of patients older than 50 years.
Appel and coworkers suggest that renovascular disease
accounts for 11% of all patients with ESRD older than
50 years and 20% of ESRD cases among whites older
than 50 years.6 Mailloux et al.106 performed an analysis

of patients entering their ESRD program between 1982
and 1985 for possible ischemic nephropathy and esti-
mated a prevalence of 16%. This represented a signifi-
cant increase from a prevalence of 8% reported among
those who entered their program between 1970 and
1982.106 This was thought to most likely be a reflection
of increased awareness of the disease and the rising
age of the dialysis population.

Further supporting the public health importance of
IN is the clear evidence that this diagnosis imparts a
high mortality risk and that patients with ESRD due
to IN do poorly on dialysis. Given the frequent coexis-
tent atherosclerotic coronary artery disease in these
patients, cardiovascular deaths are common. In a
Swedish study of a cohort of patients with RAS lesions
exceeding 50%, Johansson and colleagues found a risk
ratio (versus age-matched controls) was 3.3 for overall
mortality and 5.7 for cardiovascular mortality.81

Baboolal et al.8 published a report in 1998 describing
the poor outcome of medically treated patients with
severe bilateral RAS: such patients had a crude mortal-
ity rate at 60 months of 45%. In an analysis of survival
of patients who started dialysis from 1970 to 1985 by
Mailloux et al.,105 patients with renovascular disease as
the cause of ESRD had very poor survival, a mean sur-
vival of 27-months and a 12% 5-year survival rate.

Over the past few decades intraluminal renal artery
revascularization has enjoyed tremendous technologic
advances and has become a very commonly performed
procedure. This is likely in response to the increased
awareness of the diagnosis and in hopes of favorably
altering its poor prognosis. Among the estimated two
to four million cases of renal artery stenosis in the
United States, approximately 7000 such procedures are
done annually, at an estimated cost of $1.7 billion per
year. It remains unclear if the rate of utilization is
appropriate, and some experts have suggested that this
rate is far too low while others have suggested that
it is far too high. Unfortunately, the current body of lit-
erature in this area supports only opinion-based rather
than firm evidence-based recommendations. Although
there is controversy surrounding the management
of this disorder and conflicting recommendations from
experts regarding treatment, the prevalence of the dis-
order mandates that clinicians know how to efficiently
diagnose the disorder and be familiar with the current
understanding of the pathophysiology and natural his-
tory of IN.

CLINICAL PRESENTATIONS
OF ISCHEMIC NEPHROPATHY

IN can present as one of several clinical manifesta-
tions. Mild to moderate kidney disease in a patient
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with known renovascular disease should raise suspi-
cion for the presence of ischemic renal disease. These
patients tend to be older, have a shorter duration of
hypertension, require more medications for blood pres-
sure (BP) control, show other features of diffuse vascu-
lar disease, and have a higher incidence of hypertensive
retinopathy and vascular bruits than patients with
essential hypertension. These patients may develop a
progressive decrease in renal size by sonography along
with a rising serum creatinine concentration. Ischemic
renal disease should also be considered in any elderly
patient who presents with unexplained acute or chronic
kidney disease, especially if there is evidence of gener-
alized atherosclerosis, even in the absence of hyperten-
sion. Development of hypertension later in life (after
age 60) or an abrupt loss of blood pressure control in
previously well-controlled essential hypertension, with
evidence of a decline in renal function, should also raise
the suspicion of this entity. Bilateral renovascular
disease may be suspected from the occurrence of
acute kidney injury following the initiation or intensifi-
cation of antihypertensive therapy, especially with an
angiotensin-converting enzyme (ACE) inhibitor or
angiotensin receptor blocker. Nevertheless, the absence
of ARF in this setting does not rule out the possibility of
ischemic renal disease.78 A similar reduction in GFR
may occur in the setting of intravascular volume deple-
tion, congestive heart failure (CHF), and use of other
antihypertensive agents such as vasodilators. A clinical
scenario in which the diagnosis of renal artery disease
is often suspected is in patients with poorly controlled
hypertension, renal insufficiency, and left ventricular
hypertrophy who develop acute pulmonary edema rap-
idly, so-called “flash pulmonary edema.” Finally,
unstable angina with poorly controlled hypertension
may be a presenting complaint, especially when the
degree of coronary stenosis seems proportionally less
than the severity of the presentation.87

The character of the renal disease is nonspecific,
with progressive azotemia with mild-to-moderate pro-
teinuria (rarely nephrotic) and a bland urinary sedi-
ment. There have been reports of nephrotic-range
proteinuria that has been attributed to the development
of focal glomerulosclerosis in the kidney contralateral
to a unilateral RAS lesion.4,13,54,82 Rarely the disease
may present with acute oligoanuric kidney disease due
to progression from a high-grade, compensated lesion
to complete or critical obstruction.139,146,151

DIAGNOSIS OF ISCHEMIC
NEPHROPATHY

Given the large population of atherosclerotic
patients and the nonspecific nature of the presentation,

the diagnosis of IN is often considered in an extremely
large number of patients. A cost-efficient, effective, and
safe diagnostic strategy is desirable to identify these
patients with IN. This section addresses various tests
available. A recommended strategy for diagnosis is
then presented.

There is an extensive body of literature and many
reviews on the diagnosis of renovascular hyperten-
sion (RVH), but there is a relative dearth of data on
the diagnosis of IN. To what degree this literature on
RVH can be applied to the setting of IN is not clear.
The tests that depend on the presence of a high
renin state or high angiotensin II (Ang II) tone would
not be expected to extrapolate well to the diagnosis
of IN given the differences in pathophysiology of the
disorders. However, data derived from the RVH lit-
erature on the anatomic diagnosis of RAS are useful.
A meta-analysis published in 2001 by Vasbinder
et al.179 evaluated the literature on diagnostic tests
for renal artery stenosis in patients suspected of hav-
ing RVH. These authors constructed receiver-
operating characteristic (ROC) curves, and these are
shown in Figure 77.1. From this analysis they
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FIGURE 77.1 Summary receiver-operator curves for diagnostic
tests in patients suspected of having renovascular hypertension. (from
ref. [179], with permission.)
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concluded that computed tomography angiography
(CTA) and gadolinium-enhanced three-dimensional
magnetic resonance angiography (MRA) were the
most reliable noninvasive tests when compared to
the gold standard of renal angiography. The authors
also noted that few studies on these tests had been
published and recommended further research in this
area. In this effort, this same Dutch group later pub-
lished their results of a prospective study of these
two diagnostic modalities compared to intra-arterial
DSA in this setting.180 They found suboptimal diag-
nostic characteristics of CTA and MRA, with
the combined sensitivity and specificity of 64 and
92% for CTA and 62 and 84% for MRA. They con-
cluded that CTA and MRA are not sufficiently sensi-
tive to rule out RAS in hypertensive patients, and
they contended that DSA is the diagnostic method
of choice.

Angiography

Angiography remains the single most accurate test
to diagnose and quantitate renal artery disease. This
may be performed with conventional technique but
has largely been supplanted by intra-arterial Digital
Subtraction Angiography (DSA) technique. Although
intravenous DSA was once considered as a less invasive
alternative to conventional angiography, in that it does
not require arterial catheterization, it still requires
nephrotoxic radiocontrast which limits its utility in
patients with renal insufficiency. In contrast intra-
arterial DSA can be performed with small volumes of
contrast, and it has been reported to have similar sensi-
tivity as conventional angiography.89 Intra-arterial
angiography can be accomplished using carbon diox-
ide,67 however, the images are of lesser quality and
may create greater uncertainty about lesion severity
unless combined with judicious use of iodinated
contrast.103

Renal angiography during intra-arterial angio-
graphy performed for other indications may be a rea-
sonable diagnostic strategy, for example, during
evaluation for aortic disease, lower extremity peri-
pheral arterial occlusive disease, or coronary artery
disease. When a cardiologist performs a renal angiog-
raphy during a cardiac catheterization that is done
through the femoral approach (pejoratively termed
“drive-by” renal angiography), essentially the only
incremental risk is that of the minimal volume of con-
trast needed to visualize the renal arteries. The supra-
renal aorta has already been traversed for the coronary
study, and therefore the risk for lower extremity and
renal embolic sequelae has already been realized. The
limitations of noninvasive evaluation for RAS (as

discussed previously), the high incidence of incidental
RAS in this population,144 the prolonged phase of silent
progression that may result in irreversible renal injury
when it finally becomes clinically manifest, and the
potential for interrupting the course of IN (to be dis-
cussed in the following sections) have been the justifi-
cation for routinely including this renal artery
evaluation during coronary catheterizations done via
the femoral approach. Apposing this is the increased
contrast exposure resulting from additional angio-
graphic images of the abdominal and scraping of the
aorta by the catheters (with an attendant risk of
atheroembolization) if selective images of the renal
arteries is performed. To balance these risks consen-
sus guidelines were developed and published.186 The
more difficult issue involves the decision of whether
to place a renal artery stent during the procedure
and this issue requires circumspection, knowledge of
the competing risks and benefits of revascularization
versus medical management, and informed consent
from the patient.

Duplex Ultrasonography

Another anatomic test for RAS that has a role in
noninvasive evaluation of RAS is duplex ultrasonogra-
phy. There are several major advantages of Duplex,
namely that it is entirely safe and that the data pro-
vides functional information about lesion severity (sys-
tolic velocity and turbulence of flow) as well as
anatomic information (lesion location). However, as
shown in the meta-analysis by Vasbinder, it appears to
have inferior diagnostic characteristics compared with
MRA and CTA. This technique involves B-mode
imaging with a pulsed Doppler beam to measure
end-diastolic to peak systolic velocities in the renal
artery and aorta. Some centers have reported sensitiv-
ity of 92.5 to 98% and specificity of 96 to 98%.130,143

It is an operator-dependent test, and although diag-
nostic accuracy is improving, it will require further
improvements to become the universal noninvasive
test of choice. Obesity, recent food intake, increased
bowel gas, and adhesions from prior surgery may
limit the quality of images and may hinder diagnos-
tic utility.

Functional Testing for RAS

Given the suboptimal characteristics of these ana-
tomic tests, the functional tests—or “hemodynamic
probes” as some authors have called them—may be
useful in certain settings. Most rely on the interruption
of Ang II�maintained GFR or the lowering of renal
perfusion distal to a lesion by inducing controlled
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systemic hypotension. Textor et al.171 have shown that
nitroprusside-controlled lowering of arterial blood
pressures will decrease GFR in individuals with bilat-
eral RAS, but the logistics preclude using this as a com-
mon diagnostic test. Combining the use of captopril
with renal scintigraphy, may yield helpful information
about blood flow beyond a stenotic lesion in the renal
artery. The most commonly used renal scans are the
99mTc-DTPA scan (which estimates GFR) and the 131I-
iodohippurate scan (Hippuran) (which estimates renal
plasma flow). The 99mTc-mercaptoacetyltriglycine
(Mag3) combines the advantages of both of these, and
can be used to quantify the relative blood flow to each
kidney.77 However, several studies have demonstrated
poor performance of renal scintigraphy for the evalua-
tion of renal artery stenosis.75,49 In one circumstance,
the evaluation of renal function in a patient with an
occluded renal artery, scintigraphy may still be useful
if it demonstrates significant residual function of the
post-occlusion kidney.44

Diagnostic Strategies

When one has at least a moderate suspicion of the
disease and when a finding of RAS would guide man-
agement, many experts feel that an anatomic test for
RAS should be pursued. Unless an angiogram is
planned for a separate indication (such as to evaluate
for coronary artery disease), a noninvasive evaluation
is generally a prudent next step. Until recently
MRA with gadolinium would be considered, however,
in patients with IN and an estimated GFR less than
40 ml/min/1.72m2 the risk of nephrogenic systemic
fibrosis, is prohibitive. If the patient has normal
renal function (which is generally not the case
when the diagnosis is considered in the evaluation
of ischemic nephropathy), CT angiogram is an
acceptable alternative. Duplex ultrasonography is a
useful alternative since it is entirely non-invasive,
safe, and provides information on the functional sig-
nificance of lesion severity as measured by the flow
velocity. If a coronary catheterization or aortic angi-
ography is being done on such a patient, then the
angiographer should visualize the renal arteries as
part of the study. In selected patients it may be jus-
tified to proceed directly to angiography if the pre-
test suspicion is sufficiently high and the other
modalities are contraindicated (MRA or CTA beca-
use of contrast concerns) or the images are unlikely
to be of diagnostic utility (example: morbid obesity
and Duplex ultrasonography). CO2 may be used as
an adjunct to limit the volume of iodinated radio-
contrast in individuals at risk for radiocontrast
nephropathy.

CLINICAL SIGNIFICANCE
OF ATHEROSCLEROTIC RENAL

ARTERY STENOSIS

After the diagnosis of a renal artery lesion is secure,
the next step is to assess the clinical significance of the
lesion in hopes of prospectively identifying patients
who will benefit from therapy. In this regard, it is
important to have an appreciation of the anatomic
natural history, the clinical natural history, and the
pathophysiology of the disorder. These issues will be
addressed later in the chapter. Several diagnostic tests
have been proposed to test the physiologic and clinical
significance of a given lesion, and these are reviewed
here.

A parameter that may have a role in assessing the
clinical significance of a lesion and in guiding the use
of invasive revascularization interventions is that of the
sonographically measured renal resistance-index
value.140 It has been hypothesized that intrarenal
small-vessel disease may limit the benefit of main renal
artery revascularization in patients with atherosclerotic
RAS, and increased intrarenal renal vascular resistance
may be a functional marker of this microvascular dis-
ease. The sonographically determined resistance index
(RI) is considered a noninvasive measure of intra-renal
resistance to blood flow, and it is calculated as follows:

RI5 ½12 ðend-diastolic velocity=maximal

systolic velocityÞ�3 100
ð77:1Þ

Radermacher et al.140 assessed the prognostic value
of this parameter among 138 patients who had unilat-
eral or bilateral RAS of at least 50% of the luminal
diameter and who underwent angioplasty or surgical
revascularization. Their data indicated that a resistive-
index value of at least 80 reliably identifies patients in
whom angioplasty or surgery will not improve renal
function, blood pressure, or kidney survival. Others,
such as the group led by Hansen, have demonstrated
that a high resistive index was associated with loss of
GFR post-revascularization and high long-term mortal-
ity, but not with blood pressure response.39

Hemodynamic Assessment of RAS

The physiologic tests or “hemodynamic probes”
may also have a role in this setting. As will be dis-
cussed later in the chapter, GFR is maintained in set-
tings of reduced renal perfusion (such as may be the
case with a high-grade RAS lesion) by maintenance of
increased efferent arteriolar tone by Ang II. These tests
are intended to demonstrate whether there is a drop in
GFR distal to a RAS lesion after the pharmacologic
interruption with an ACE inhibitor (ACE-I) of Ang
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II�maintained efferent arteriolar tone. Safian and
Textor suggest using captopril renography with
nuclear scans to assess the functional significance of
lesions by determining the renal function of the indi-
vidual kidneys and by determining the dependence of
renal function on Ang II.149 As described above, the
practice of using scintigraphy diagnostically though
has not been validated. In contrast there is a growing
literature about the use of pressure gradients measured
during invasive angiography, either at rest or with a
pharmacologic agent, to predict outcome of revascular-
ization.96 These investigators have observed that
a higher pressure gradient (. 21 mmHg) induced by
intra-arterial papaverine was associated with an
improvement in blood pressure post-procedure.

Another important issue that must be considered
when assessing the clinical significance of an individ-
ual lesion is what degree of stenosis is considered
hemodynamically significant? The most important con-
sideration is the cross-sectional area through which
renal blood flows. Assuming that the stenotic lesion
narrows the lumen circumferentially, the luminal can
be calculated as the area of a circle by multiplying pi
by the square of the radius (A5π r2). The severity of
stenosis is generally assessed clinically by an estima-
tion of the degree of reduction of luminal diameter
(rather than luminal area) on angiographic longitudinal
projections. Thus, decreasing a luminal radius or diam-
eter to half would reduce the luminal area to one quar-
ter. A basic understanding of fluid dynamics is also
helpful in understanding the flow and pressure effects
of the length and degree of stenotic lesions. This rear-
ranged version of Poiseulle’s equation shows the rela-
tionship of the parameters:

P12P25 8½Q3n3 1=π3 r4� ð77:2Þ
where Q5 flow, n5 viscosity coefficient, r5 radius,
l5 length of narrowing, and P12P25pressure gradi-
ent across the stenosis. Obviously the situation is
much more complicated in a physiologic system with
distensible blood vessels and with pulsatile, less-than-
perfectly laminar flow. Nevertheless, the equation indi-
cates that the radius of the stenosis should be much
more hemodynamically important than length of the
lesion: a reduction of radius by half would increase the
pressure gradient by a factor of 16 while a doubling of
the length would increase the gradient by a factor of 2.

With these considerations in mind, it should be
noted that autoregulation fails to maintain GFR below
SBPs of 75 to 80 mm Hg and that experts have stated
that this occurs when reduction of luminal diameter is
reduced by 70%. Classic studies on dogs by May
et al.109 in the early 1960s support the contention that
the degree of obstruction must exceed 70 to 80% of the
cross-sectional luminal area before appreciable pressure
gradients develop across a lesion. Using cardiac-gated
magnetic resonance cine phase-contrast flow measure-
ments with high temporal resolution in a canine model
of renal artery stenosis, Schoenberg and colleagues153

made more sophisticated descriptions of pulsatile flow
profiles and pressure gradients to describe the immedi-
ate hemodynamic impact of various degrees of stenosis
(as measured by reductions in luminal diameter). As
shown in Figure 77.2, the area under the single cardiac-
cycle flow-versus-time curve as a measure of mean
flow did not substantially decrease until the degree of
stenosis reached levels between 70 and 90%. They also
showed that trans-stenotic pressure did not significantly
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FIGURE 77.2 Hemodynamic changes
in the time-resolved flow profiles obtained
noninvasively with cardiac-gated magnetic
resonance flow measurements. Averaged
data of seven dogs are presented. For rea-
sons of clarity, error bars are given only for
the normal flow curve (0% stenosis). With
increasing degree of stenosis, the early sys-
tolic peak declines, followed by a loss of
the midsystolic maximum. Whereas the
area under curve as a measure of
mean flow does not substantially change
up to 80% stenosis, the early systolic peak
is sensitive to minor stenoses induced in
the renal artery. (from ref. [153], with
permission.)
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change until the animal was confronted with similarly
high degrees of stenosis. As shown in Fig. 77.2, the only
significant flow abnormality observed at lesser degrees
of stenosis was a gradual loss of the early systolic peak
of flow. The ultimate clinical significance of such subtle
flow changes is not known. Raising concern that lesser
degrees of obstruction may have a long-term deleterious
impact, Myers et al.123 found that subcritical (, 65%) ste-
nosis is a significant risk factor for progressive chronic
kidney disease in hypertensive patients with type 2 dia-
betes mellitus and azotemia (serum creatinine of at least
1.8 mg/dl), as shown in Figure 77.3. This finding raises
the possibility that large-vessel RAS may also be a
marker for progressive small vessel disease. As
described above the pressure gradient across the stenosis
may be predictive of the response to revascularization,
although this remains somewhat controversial.96 A con-
cept that has received little attention is the relationship
between intrarenal resistance and translesional pressure
gradients. For example, it is possible that translesional
gradients are lower when post-lesion intra-renal resis-
tance is high. The drop in pressure sensed by the kidney
is likely dependent upon the relative degree of obstruc-
tion of the renal artery before the kidney and the amount
of intra-renal resistance to flow. Whether these factor(s)
are dynamic or static, and their relationship within
patients and to the response to revascularization has not
been explored experimentally.

Assessment of Kidney Size

The global renal atrophy of IN is an important non-
invasive marker of the disorder, and its implications
on the reversibility and prognosis of disease may be

different than that in other chronic renal diseases,
where small kidney size is widely considered a marker
of irreversibility. Given the distinct pathophysiology of
IN, it is not clear when reduced renal size indicates
“death” versus “hibernation” of the kidney. Caps
et al.27 elucidated the incidence of renal atrophy when
they followed 204 kidneys in 122 subjects prospectively
with serial (every 6 months) duplex scans for a mean
of 33 months and observed that the 2-year cumulative
incidence of renal atrophy (defined as .1 cm reduction
in length) was 5.5, 11.7, and 20.8% when the index scan
revealed a normal artery, less than 60% stenosis, and
greater than or equal to 60% stenosis, respectively.
They also found that systolic blood pressure (SBP)
above 180 mm Hg and elevations in creatinine also cor-
related with atrophy.27 Greco and Breyer contend in
their 1997 review of atherosclerotic renal disease that
renal atrophy is reversible, and they cite evidence from
studies that indicate good renal functional outcomes
following surgical revascularization of small kidneys
and that indicate that renal size may increase after
revascularization.60 Tubular atrophy and glomerular
collapse, which are generally considered reversible, are
often seen in IN, and perhaps this could contribute to
renal shrinkage in this setting. Alternatively, glomeru-
lar sclerosis and interstitial fibrosis could be present,
and this pathology is considered irreversible. A renal
biopsy could be used to distinguish between these
causes of atrophy and gauge prognosis and guide ther-
apy, but this is rarely done in this setting.

Despite the availability of these various anatomic
and hemodynamic tests, the current state of the art in
predicting which patients with RAS will benefit from
invasive revascularization is inadequate. As will be dis-
cussed, the literature on treatment of RAS indicates
that a substantial proportion of patients with RAS do
not benefit from or are harmed by revascularization
procedures. To understand why repairing a stenosis in
the renal artery might not work, one must have an
appreciation of the pathophysiology of IN.

PATHOPHYSIOLOGY OF RENAL
UNDERPERFUSION AND ISCHEMIC

NEPHROPATHY

The classic experiments of Goldblatt provide insight
into the acute physiologic alterations that result in
renovascular hypertension following constriction of the
renal artery.57 Goldblatt produced in vivo renal artery
stenosis by applying a metal clip to partially occlude
the renal artery. In the Goldblatt two-kidney�one clip
model of renal artery stenosis, the hypertensive state
that results is associated with increased renin levels.
However, because of pressure natriuresis in the
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FIGURE 77.3 Cox regression curve of renal survival without end-
stage renal disease (ESRD) in renal artery stenosis (RAS)�negative
and RAS-positive patients with diabetes, with adjustment for baseline
serum creatinine level. (from ref. [123], with permission.)
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nonstenotic kidney, volume status is normal. This situ-
ation approximates unilateral stenosis in an individual
with two functioning kidneys. In contrast, the one clip-
one kidney model is characterized by normal renin
levels and hypervolemia. Volume expansion persists
due to the absence of a compensatory pressure natri-
uresis in an unaffected contralateral kidney. Further
studies have demonstrated that the renin dependence
of the two-kidney�one-clip model is not perma-
nent.21,137 During the first few months following renal
artery constriction, renin levels are high and removal
of the clip will reverse the hypertensive state (known
as phase I). This evolves to a state in which renin
declines, but in which hypertension is still reversible
(phase II), and finally to a state in which removal of the
clip does not reverse the hypertension (phase III).
These experiments, along with many subsequent stud-
ies, have made it clear that the pathophysiology of
renal artery stenosis is at least partly time-dependent,
that RAS may result in irreversible renal damage, and
that the anatomic correction of RAS lesions does not
necessarily correct the underlying pathophysiology.
Understanding why this is the case requires an under-
standing of the physiology of renal autoregulation, the
pathophysiology of prolonged states of renal underper-
fusion, and the causes of nephropathy in the clinical
scenarios of renal ischemia.

ADAPTIVE RESPONSES TO
RENAL UNDERPERFUSION

The unique positioning and independent control of
resistance vessels proximal and distal to the glomerular
capillary loops, the afferent and efferent arterioles, pro-
vide the kidney with an effective means of regulating
the hydraulic forces driving glomerular filtration. An
understanding of the hemodynamic effects of Ang II in
renal artery occlusion requires some knowledge of the
determinants of GFR. A summary of the interactions

between these determinants is shown in the
Figure 77.4. The rate of filtrate formation depends on
several dynamic variables: systemic blood pressure,
plasma flow rate (QA), glomerular hydraulic pressure
(PGC), and afferent and efferent arteriolar resistance
(RA and RE, respectively). In general, the driving force
for filtration is PGC, which is determined by the sys-
temic blood pressure, QA and the relative pre- and
postglomerular resistances, RA and RE. For any given
pressure gradient across the glomerular capillary wall,
the absolute rate of filtrate formation also depends on
the ultrafiltration coefficient (Kf), which is the product
of the capillary surface area and the intrinsic hydraulic
permeability of the capillary wall. As renal perfusion
pressure declines, the afferent arteriole dilates and total
renal vascular resistance declines. This vasodilation
appears to be primarily an intrinsic, myogenic response
to the decline in perfusion pressure. In addition to the
direct effect of reducing perfusion pressure on
the afferent arteriole, a decrease in solute delivery to
the macula densa region of the distal tubule elicits
vasodilation in the afferent arterioles. This communica-
tion between the macula densa cells and the afferent
arteriole is termed “tubuloglomerular feedback” (TGF).
The exact mechanisms responsible for this action
are not completely understood. Potential local media-
tors include adenosine, thromboxanes, and nitric
oxide.20,152,168

The most common cause of a reduction in renal
artery pressure is low systemic blood pressure. Under
circumstances in which systemic blood pressure is
reduced, circulating levels of several vasoconstrictive
factors, including Ang II, arginine vasopressin (AVP),
the sympathetic nervous system, and plasma catecho-
lamines rise, leading to an increase peripheral resis-
tance,. If renal vascular resistance increased in
proportion to systemic vascular resistance, renal
plasma flow, glomerular capillary pressure, and GFR
would fall. However, at least two mechanisms com-
bine to differentially alter the the response of the
renal vasculature to a reduction in perfusion pressure
and to preserve GFR; increased renal prostaglandin
production leading to a reduction in afferent arterio-
lar resistance and the relative constriction of the
efferent arterioles.

Renal prostaglandins are autocoids that are derived
from the cyclo-oxygenase (COX) enzyme-catalyzed
metabolism of arachadonic acid. Prostaglandins syn-
thesized in the kidney act locally and have minimal
systemic effects. They oppose the vasoconstrictive
effects of Ang II, AVP, and increased renal nerve activ-
ity on the afferent arteriole, resulting in a net reduction
in afferent arteriolar resistance in response to
decreased renal artery pressure.3,43 In this regard, pros-
tacyclin and prostaglandin E2 (PGE2) appear to be the

AA

QA

RA PGC

EA

RE

Kf

FIGURE 77.4 Determinants of glomerular filtration rate (GFR).
AA, afferent arteriole; EA, efferent arteriole; QA, plasma flow rate;
PGC, glomerular hydraulic pressure; RA, afferent arteriolar resis-
tance; RE, efferent arteriolar resistance; and Kf, ultrafiltration
coefficient.
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most important renal prostaglandins. The renal prosta-
glandin system appears to be inactive and insignificant
in states of normal renal perfusion, and inhibition of
the renal prostaglandin system in health typically has
few detectable effects. However, under circumstances
in which systemic vascular resistance is increased in
order to preserve blood pressure, renal prostaglandin
synthesis and release dramatically increase. It is under
these circumstances that inhibition of renal prostag-
landins would produce deleterious effects on renal per-
fusion and glomerular filtration. This explains the
well-known adverse effect on GFR that has been
observed when a nonsteroidal anti-inflammatory drug
(NSAID) is administered to patients with conditions
that impair renal perfusion such as true volume deple-
tion, effective circulating volume depletion (such as
liver failure), and states of low cardiac output (such as
CHF).128,132 Hemodynamically, significant RAS is
another condition in which inhibition of prostaglandin
synthesis could adversely effect GFR.

The second factor that preserves GFR during reduc-
tions in renal artery pressure is preferential constriction
of the efferent arterial in response to increased local
concentrations of Ang II. The increase in efferent arteri-
olar resistance is associated with an increase in total
renal vascular resistance and a decrease in renal
plasma flow; however, because of the downstream
location of this resistive force relative to the filtering
unit (glomerulus), PGC remains constant tending to
maintain GFR. In this manner, the kidney is able to
increase the filtration fraction (GFR/renal plasma flow
[RPF]) and preserve GFR despite reductions in renal
plasma flow, such as occur in states of reduced cardiac
output, volume depletion, or renal artery obstruction.
There is also evidence that norepinephrine and the
renal sympathetic nerves (possibly via Ang II) prefer-
entially constrict the efferent arteriole relative to the
afferent arteriole.14,15,45,47,90

Given the dependence of PGC and GFR on Ang II
during reductions in renal perfusion pressure, it would
be expected that pharmacologic interruption of the
renin/angiotensin/aldosterone system could have clin-
ically important effects, and this is clearly the case.
When ACE-I therapy decreases Ang II production or
when angiotensin receptor blockers inhibit Ang II
effects in conditions of increased vasoconstrictor tone,
efferent resistance may decline leading to clinically
important reductions in PGC and GFR. The magnitude
of the effect of administration of an ACE-I on GFR
depends in large part upon the local Ang II level and
on systemic hemodynamics. If ACE-I administration
fails to improve systemic hemodynamic parameters
such as cardiac output, is associated with a marked
decline in systemic blood pressure or is administered
in a setting where GFR is markedly dependent on

efferent arteriolar constriction, then RE will fall sharply
and PGC and GFR will decline. As might be expected,
this situation may exist when the blood flow through
the renal artery is impaired by a fixed obstruction.

It is important to appreciate that the effects of ACE
inhibition in the stenotic or ischemic, underperfused
kidney are theoretically different from those in other
progressive renal diseases, where renal artery pressure
is not is not reduced. In the latter circumstance, glo-
merular hyperfiltration and glomerular hypertension
may contribute to the progressive injury and scarring
that leads to loss of function. In that setting, the effect
of ACE-I and angiotensin II receptor blocker (ARB)
therapy to dilate the efferent arteriole and lower glo-
merular capillary is beneficial in slowing the rate of
progression of chronic diseases such as diabetic renal
disease.2,55,83,101,108,131 The renal protective effects of
ACE-I and ARB may also be relevant to the non-
stenotic kidney in patients with unilateral ischemic
renal disease. ACE-I and ARB therapy may also be use-
ful in reducing the amount of proteinuria in chronic
glomerular diseases.53,68 The chronically ischemic,
underperfused kidney distal to an obstructive renal
artery lesion, on the other hand, may respond differ-
ently to ACE-I therapy if there is dependence on Ang
II to maintain a physiologically acceptable GFR.

Pathophysiology of Ischemic Nephropathy

The kidneys receive a blood supply that is three- to
fivefold higher than other metabolically active organs
such as heart and liver. There appears to be a critical
perfusion pressure of about 70 to 80 mm Hg (which
generally correlates with a greater than 70% stenosis in
a systemically normotensive individual), below which
the adaptive physiologic mechanisms described previ-
ously are no longer able to sustain GFR. Given that less
than 10% of the oxygenated blood flow to the kidney is
needed for metabolic requirements of the kidney, it
would be expected that reductions in excretory func-
tion would occur in an affected kidney well before
major ischemic injury develops. The intermediate steps
by which this initially reversible decline in GFR then
progresses into structural changes in the kidney are not
well understood. The pathological changes do not
appear to be directly a result of tissue hypoxia, as sup-
ported by the following observations: (1) the kidney is
endowed with a generous supply of oxygen;129 (2) as
renal artery pressure and GFR decline as a result of
decreased perfusion pressure, active transport and
solute reabsorption also cease, markedly reducing
oxygen utilization by the kidney; (3) measurements
of oxygen tension in the renal veins of patients with
renal artery stenosis do not demonstrate
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desaturation;187 (4) there is no augmentation of eryth-
ropoietin production from the affected kidney;187 and
(5) IN develops commonly in individuals with ath-
erosclerotic RAS, but rarely develops distal to RAS
lesions of similar hemodynamic impact produced by
fibromuscular dysplasia (FMD).97 Based on these
observations, it appears that ischemic nephropathy is
not simply the result of global hypoxia of the kidney
and that other mechanisms are at play.

The precise pathophysiology by which RAS causes
IN is not well understood. In addition to or as a result
of the ischemia of the kidney, the process probably
involves a complex interaction of oxidative, vasoactive,
apoptotic, fibrogenic, inflammatory, atheroembolic,
and micro-atherosclerotic factors. The relationship and
relative importance of these various factors will require
further study. An understanding of these mechanisms
will be critical in developing optimal treatment strate-
gies and guiding a rational use of medical and invasive
interventions. A review by Lerman and Textor97

addresses in detail the pathophysiology of ischemic
nephropathy, and their schematic diagram, shown in
Figure 77.5, lists many of these proposed pathways
and indicates complex interactions among them.
Several of these factors will be addressed in the follow-
ing sections. The main reason for understanding the IN
process in the kidney ipsilateral to renal artery stenosis
is that the presence of IN may underlie the failure in

renal function and blood pressure to improve after the
renal artery obstruction is corrected.

Atherosclerosis

As stated previously, IN develops commonly in
individuals with atherosclerotic RAS, but it rarely
develops distal to RAS lesions of similar hemodynamic
impact produced by FMD.138 The sparing of patients
with FMD, who are generally younger women and oth-
erwise free of atherogenic risk factors, suggest that
additional factors related to atherosclerosis [diabetes,
hyperlipidemia, platelet activation or atheroemboliza-
tion] may contribute significantly to kidney injury.
Chade et al.29,30 demonstrated using the porcine model
of RAS that hypercholesterolemia superimposed on
RAS accelerates the development of fibrosis in the ste-
notic kidney. Clinically, high resistance to flow in smal-
ler arteries of the kidney (sonographically measured
noninvasively by calculating intrarenal resistive index
of the segmental arteries) has been shown to be highly
predictive of poor renal recovery after successful revas-
cularization,140 and this may be due to atheromatous
intrarenal small vessel disease. Interestingly, in
patients with atherosclerotic renal disease a combination
of vascular sclerosis, interstitial fibrosis, inflammatory
cell infiltration, atubular glomeruli, and focal or global
glomerulosclerosis is seen when biopsy of the affected
kidney is performed.156 While some of these changes
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are seen in animal models of experimentally induced
renal stenosis, “this mixture (of changes) cannot be
reproduced in animal models.114”

Redistribution of Intrarenal Blood Flow

In experimental models of reduced renal artery
blood flow, relative blood flow is altered to favor the
corticomedullary circulation over more superficial cor-
tical areas.100 This probably serves to protect the more
ischemic medullary parenchyma. The changes in flow
distribution are probably mediated by various vasoac-
tive substances such as prostaglandin E2, nitric oxide,
urodilatin, endothelin, Ang II, and adenosine. The
involvement of this mechanism is supported by find-
ings by Mounier-Vehier et al.,121 which show that a
reduction in ultrasound-measured cortical thickness is
an early morphologic marker of atherosclerotic renal
disease, one that tends to develop before gross renal
length decreases.

Atheroemboli

Histopathologic abnormalities in IN often include
evidence of renal cholesterol microembolization, and
the cholesterol emboli syndrome can be an obvious
complication of angioplasty or surgery. The cholesterol
microemboli may lodge in a small artery and impair
distal blood flow. The ensuing foreign body reaction
causes intimal proliferation, giant cell formation, and
further narrowing of the vascular lumen. The microem-
boli seem to elicit an immune reaction, as hypocom-
plementemia, eosinophilia, and eosinophiluria are
frequently observed with the cholesterol emboli syn-
drome. Work by Edwards, Hiramoto and others data
suggests that a large number of emboli may be released
during renal stenting,46,71 This has led to interest in
devices to capture emboli liberated during stenting. As
stated above, evidence for spontaneous atheroemboli
can be demonstrated with renal biopsy,156 although the
degree to which this contributes to loss of kidney func-
tion is not known.

Imbalance of Vasoconstrictors

One of the predominant effects of renal artery steno-
sis may be activation of the renin-angiotensin-
aldosterone axis. The decrease in renal blood flow in
animal models of RAS can be blunted by Ang II recep-
tor blockers, suggesting that Ang II plays a role in renal
ischemia. On the other hand, effects of Ang II blockade
by ACE-Is have also been shown to accentuate the
renal atrophic changes in the two-kidney�one-clip
model independent of the effects of lowering of sys-
temic blood pressure.56,172 In addition to Ang II, other
potent vasoconstrictors such as thromboxane and
endothelin appear to be activated by ischemic insults.
The renal vasculature is especially sensitive to the

effects of endothelin,181 which causes afferent and
efferent arteriolar vasoconstriction and decreases the
filtration coefficient (Kf), producing a net decline in
GFR. In experimental models of acute and chronic
ischemia (the latter induced by cyclosporine adminis-
tration), functional and morphologic changes can be
blunted by administration of anti-endothelin antibo-
dies.93 High levels of endothelin have been observed in
chronic renal ischemia models as well as in renal hypo-
perfusion in the setting of hepatorenal syndrome.120

However, systemic endothelin levels do not appear to
be elevated in patients with renovascular disease when
compared with patients with essential hypertension,164

suggesting that if endothelin plays a role in human
ischemic renal disease, it must be intrarenal.

Reduced Shear Stress

Under conditions of hypoperfusion, the normal
counterbalancing release of vasodilator substances
such as prostaglandins and NO may be impaired,
thereby accentuating the ischemia.159,160 One of the rea-
sons for this may be a loss of shear stress due to
decreased renal blood flow. Even subtle reductions of
perfusion pressure and flow, as demonstrated by
Schoenberg (Fig. 77.2),153 could conceivably initiate
injury through this mechanism. It has been shown that
shear stress is a major regulatory mechanism for pro-
duction of nitric oxide.

Oxidative Stress

As discussed previously, hemodynamically signifi-
cant RAS stimulates the renin-angiotensin system,
resulting in increased production of Ang II. It has also
been reported that Ang II stimulates the production
of reactive oxygen species such as superoxide, proba-
bly through the activation of membrane-bound nicotin-
amide adenine dinucleotide (NADH) or NADPH
(nicotinamide adenine dinucleotide phosphate) oxi-
dase.52,141 The pro-oxidant effects of Ang II may inter-
act with those of coexisting metabolic disorders and
hypertension such that a relative increase in reactive
oxygen species (especially superoxide) and reduced
production of nitric oxide (NO) may be present. This
imbalance may promote endothelial dysfunction by a
resultant increase in oxidative stress. Lerman et al.98

demonstrated increased oxidative stress in their pig
model of RAS. Higashi et al.70 demonstrated evidence
of excessive oxidative stress in patients with RVH that
appeared to reverse after angioplasty and was associ-
ated with evidence of endothelial dyfunction that also
improved after angioplasty. Minuz et al.116 showed
that oxidative stress, as indicated by measurements of
lipid peroxidation products, is increased in patients
with renovascular disease and hypertension as com-
pared with patients with essential hypertension.
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Furthermore, this appeared to be due to activation of
the renin-angiotensin system, and it was associated
with an increase in thromboxane A2 biosynthesis,
which would be expected to enhance platelet activa-
tion. Enhanced platelet aggregation and adhesion
could contribute to microvascular renal injury as well
as cardiovascular disease associated with this disor-
der. Additionally, this oxidative stress and reduced
NO production may impair endothelium-dependent
vasodilation, which may have local and systemic
consequences. Locally, the resulting vasoconstriction
could increase ischemic tissue injury. Systemically,
hypertension could result. Increased free-oxygen radi-
cals could also impact on fibrogenic and inflamma-
tory mediators. Chade et al.31,32 demonstrated in the
porcine model of RAS described previously that
chronic blockade of the oxidative stress pathway
using antioxidant vitamins improved renal hemody-
namics and decreased inflammation and fibrosis in
the ischemic kidney.

Fibrogenic Factors

Fibrogenic, trophic, and inflammatory mediators are
probably involved in the progression of IN. These may
include nuclear factor kappa B (NFκB), tumor necrosis
factor (TNF), transforming growth factor beta (TGF-β),
interleukin-1 and others. Pathologically, interstitial
fibrosis and glomerular sclerosis are often seen in
chronically ischemic kidneys. Chade et al.29,30 demon-
strated in pigs increased expression of TGF-β,
increased trichrome staining (indicating collagen depo-
sition), as well as more prominent interstitial fibrosis,
tubular atrophy, and glomerular sclerosis in kidneys
distal to a RAS lesion.

Inflammation

Inflammatory responses to the altered ischemic
milieu may also contribute to the renal injury.
Histological examination of ischemic kidneys often
shows evidence of mononuclear infiltrates, tubulitis,
and interstitial fibrosis.29,174 Immunoglobulin and com-
plement deposition has been noted in the areas of
sclerosis in human ischemic kidneys.189 The inflam-
matory process is likely initiated by alterations in cellu-
lar antigenicity induced by ischemia.174 Inflammation
may then contribute to interstitial fibrosis and
atherosclerosis.

Disruption of Cellular Membrane Integrity
and Intracellular Milieu

Ischemic injury can result in derangements of cellu-
lar membrane pumps responsible for maintenance of
the internal milieu. One of the key events in this pro-
cess may be calcium influx. Anoxic injury results in a
rapid increase in cytosolic calcium, which can impair

several vital cell functions.22 This may explain the pro-
tective effects of calcium channel blockers in some
models of ischemic injury. Mitochondrial calcium
uptake impairs oxidative phosphorylation, further
reducing cellular adenosine triphosphate (ATP) levels.
In the acute kidney injury model, an increase in cyto-
solic calcium also activates phospholipases and gener-
ates toxic oxygen radicals, which can cause further
membrane damage.110,163 Ischemia delays the recovery
of adenine nucleotide levels, and leads to depletion of
high-energy stores from phosphate bonds in the acute
kidney injury model. It has been shown that a decrease
in cellular ATP by 50% is associated with severe apical
microfilament disruption and cytoplasmic actin poly-
merization, and these changes can be reversed by
increasing the cellular ATP to 70% of control values.86

Van Why and others have devised an in vivo ischemic
model, which results in graded ATP depletion. They
have shown generation of heat-shock proteins when
cellular ATP decreased to 50 to 60% of control
values.178

Apoptosis

Enhanced renal apoptotic activity is evident within
one week of unilateral RAS, but whether there is true
cellular reduction or whether it represents a natural
compensation for the hyperplastic response after injury
is unclear. It appears that enhanced apoptosis is ongo-
ing for several months after an insult, a finding that
suggests that apoptosis is necessary for remodeling of
tubular structure.56 Apoptosis occurs primarily in the
thick ascending limb after an acute ischemic insult.155

Tubular atrophy is commonly observed by routine his-
tology and is primarily due to a decrease in cell size.
This is accompanied by a decrease in cell organelles
and cellular protein content.24,56 It has been noted that
the autophagolysosome activity, which increases deg-
radation of cell organelles, is transiently increased in
ischemic kidneys.24 Apoptosis likely contributes to the
global renal atrophy that is observed in IN.

Other Issues Pertinent to the Pathophysiology
of IN

The true hemodynamic events in IN likely involve
numerous,transient acute reductions superimposed on
chronic, progressive and, eventually, a critical reduc-
tion in blood flow to the involved kidney.170 Acute
hypoperfusion and chronic, slowly progressive ische-
mia clearly have different consequences for the kidney.
It must be noted that some of the hypotheses discussed
above have been derived in large part from data
obtained in models of acute ischemic kidney injury or
isolated chronic ischemia models that do not ade-
quately incorporate the complex combination of hemo-
dynamic, metabolic, and atherogenic insults that
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typically exist in human disease. Lerman et al.99 devel-
oped a swine model of renal artery stenosis, which is
induced by the intravascular placement of a local irri-
tant coil in the renal artery, and the gradual and pro-
gressive renal artery narrowing in this model
resembles human RAS lesion progression and has been
useful in elucidating mechanisms of injury. The admin-
istration of a high-cholesterol diet has been used to
produce an atherogenic milieu in the animals.29,30

However this model probably does not incorporate
repetitive acute ischemic insults, which have been pos-
tulated to be important in human IN and appear to
provoke delayed, cumulative pro-fibrotic sequelae in
the kidney.

Another important issue in the pathophysiology of
IN is that renal blood flow may be maintained via col-
lateral arterial supply to a kidney whose flow is
impaired by a severely stenotic artery.60 Presumably,
the collateral circulation would be more substantial in
settings of a slowly progressive RAS lesion. Collateral
arteries may arise from the suprarenal, lumbar, and
ureteric vessels. Because of this collateral circulation,
renal viability and function may be maintained despite
occlusion of the main renal artery.66 In fact, salvage of
renal function by revascularization of dialysis-
dependent patients with IN has been associated with
the presence of collateral circulation on angiogram.7,12

Clinically, it is also important to understand that
reductions in systemic blood pressure, even when the
reductions are from frankly elevated to normal blood
pressures, may further impair perfusion distal to a
RAS lesion. When the kidney senses underperfusion,
it releases renin thereby activating pressor and
sodium-retaining mechanisms (primarily via the renin-
angiotensin II�aldosterone system) that induce a state
of systemic arterial hypertension in order to restore
renal perfusion across the resistance of the stenotic
lesion. This process of RAS producing systemic hyper-
tension is known as renovascular hypertension (RVH),
and a full discussion of this topic is beyond the scope
of this chapter. Due to the risks of uncontrolled hyper-
tension (which is often very severe or malignant in
patients with RVH), antihypertensive medications are
indicated and generally administered to such patients.
Antihypertensive medications are usually effective in
achieving a sustained normalization of systemic blood
pressures. Interruption of RVH may lower the forward
pressure head that pushes blood through the RAS
lesion, and consequently worsen the perfusion to the
post-stenotic kidney. This perfusion impairment may
be severe enough that autoregulation fails to maintain
GFR and that ischemic pathologic changes occur.
Experimental observations by Michel et al.115 support
this theoretical concern, as they demonstrated much
more severe histopathologic changes (glomerular

collapse and fibrosis) after 5 weeks of therapy with
ACE inhibitor. Discussed below, there is now observa-
tional data suggesting a lower rate of dialysis for
patients with RAS treated with ACE or ARB, however
this may result from better preservation of the contra-
lateral, non-stenotic kidney in patients with unilateral
RAS, despite more rapid progression of IN in the post-
stenotic kidney.

PATHOLOGY OF THE KIDNEY
IN ISCHEMIC NEPHROPATHY

Based on experimental models, biopsy, and autopsy
material, several pathological changes of ischemic renal
disease have been described.193 The glomeruli usually
are shrunken, with wrinkling of the glomerular tuft
and thickening of the Bowman’s capsule. Glomerular
cysts, which are derived from filtration into an
obstructed space due to detachment from the proximal
tubule, may be seen. Localized areas of glomerular
sclerosis are also common.111 Renal tubular changes
are prominent, showing patchy necrosis and atrophy
associated with dimunition in cell size and involution
of tubular epithelial cells. Bowman’s space may be
filled with collagenous material and patchy peritubular
inflammatory cell infiltrates are seen. Histological
changes of renal atrophy include small glomeruli
crowded together among small atrophic tubular cells.
Vascular changes due to generalized atherosclerosis as
well as preexisting hypertension are also common.
These consist of medial thickening of the intrarenal
arteries, arteriolar hyalinosis and interlobular fibroelas-
tosis. Evidence of cholesterol embolization is also fre-
quently observed. Electron microscopic examination of
the tubular epithelium usually reveals decreased fea-
tures of differentiation.24 Proximal tubular cells show
loss of brush border, decreased number of mitochon-
dria, and simplification of basement membranes. The
antigenic profile of the tubular epithelial cells changes
with new expression of keratin and vimentin and
changes in surface glycoproteins.174

Gross renal atrophy may accompany these histologic
findings. Gobe et al.56 studied the cellular events lead-
ing to progressive atrophy in kidneys distal to stenotic

TABLE 77.1 Clinical Syndromes Associated with Renal Artery
Stenosis

• Renovascular hypertension
• Acute azotemia following initiation of angiotensin-converting

enzyme inhibitors (or ARBs) that resolves with discontinuation
• Heart failure and pulmonary edema
• Ischemic nephropathy
• Asymptomatic/incidental
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renal arteries. During the initial phase, tubular cell
death resulted from necrosis and apoptosis. During the
chronic phase (10�28 days), the gross reduction in kid-
ney size continued while cell death resulted from apo-
ptosis alone and the level of mitosis returned to near
normal. Following correction of RAS, they observed
hypertrophy and hyperplasia, interpreted as evidence
of regeneration. Although diminutive renal size is con-
sidered to imply irreversibility in other chronic renal
diseases, these findings suggest that there might be
some recovery of renal function in chronic ischemic
kidneys. However, the clinical experience is that renal
function does not usually improve following revascu-
larization of small, shrunken kidneys less than 7 cm in
length. Histopathologic findings of glomerular collapse
and tubular atrophy would imply a better prospect for
improvement than glomerular sclerosis and interstitial
fibrosis.

NATURAL HISTORY OF ISCHEMIC
NEPHROPATHY

It is now well recognized that obstructive lesions of
the renal artery may lead to chronic renal insufficiency
and end-stage renal disease (ESRD).158 These occlusive
lesions may progress gradually and may erode renal
function over time in a process that is initially silent
and then later clinically apparent. This disease has var-
iously been termed “ischemic renal disease,” “ischemic
nephropathy (IN),” “azotemic renovascular disease,”
or “hypoperfusion injury.” IN is not synonymous with
renal artery stenosis, and it is only one of the several
often-overlapping clinical syndromes that may result
from RAS. Others are listed in Table 77.1. Renovascular
hypertension is hypertension caused by RAS and does
not necessarily involve renal parenchymal damage: not
all patients with IN have hypertension.

It should also be remembered that there are also
multiple different disorders that may result in hemody-
namically significant obstructive renal artery lesions,
and these are listed in Table 77.2. The overwhelming
majority of the cases are due to atherosclerotic lesions,
and this etiology is the only epidemiologically signifi-
cant cause of clinically evident IN. Arterial fibrodyspla-
sias (including fibromuscular dysplasia) are the second
leading cause of renal arterial occlusive disease; and,
although this type of pathology is a potentially
correctable cause of secondary hypertension, it very
rarely causes ischemic nephropathy. Atherosclerotic
lesions typically involve the proximal main renal
artery, rarely extending beyond the proximal third of
the vessel. In about 75% of cases, significant aortic ath-
erosclerosis is also present. A stenosis of the renal
artery due to atherosclerosis may be bilateral in up to
50% of patients.166 There is a body of literature to sup-
port the provocative theory that infectious diseases
such as Chlamydia pneumoniae infection may contribute
to atherosclerotic disease,5,59,91,122 including that
involving the renovascular bed.176

To optimally utilize interventions for patients with
RAS, it is important to understand the natural history
of RAS lesions that are not revascularized. Table 77.3
shows the rates of anatomic lesion progression in vari-
ous reports in the literature.60,145 It indicates that pro-
gression of the arterial lesion occurs in a substantial
percentage, although perhaps a minority, of affected
arteries. Depending on the population studied, the
length of follow up, the indications for repeated ana-
tomic assessment, and the definition of progression,
rates of progression range from 29 to 71% and rates of
occlusion range from 3 to 16%. The study by Caps
et al.26 indicated that the risk of progression increases
with the degree of occlusion on the index ultrasound:
18% of initially normal renal arteries, 28% of arteries
with less than 60 RAS, and 49% of arteries with greater
than or equal to 60% RAS demonstrated progression in
this prospective study; hypertension (systolic blood
pressure .160 mm Hg) and diabetes mellitus also
were associated with progression. Importantly, these
rates have not been validated in the current era of
effective antihypertensive medications, anti-platelet
medications, and lipid-lowering medications including
statins. As a consequence the rates may over-estimate
what is likely to be observed in a compliant, actively
managed patient.

Notwithstanding the anatomic progression, an accu-
rate estimate of the much more meaningful outcome of
clinically significant chronic kidney disease has been
even more elusive. In this regard, the literature is con-
fusing and contradictory. In 1981 Dean et al.40 reported
that 17 (41%) of 41 patients randomly selected for non-
operative management of RAS experienced a

TABLE 77.2 Causes of Renal Arterial Occlusive Disease

• Atherosclerosis
• Fibromuscular dysplasia
• Extrinsic compression
• Radiation
• Kinking or suture line edema of renal allograft artery
• Pheochromocytoma
• Neurofibromatosis
• Aortic dissection
• Congenital bands
• Vasculitis

�Polyarteritis nodosa
�Takayasu arteritis
�Kawasaki disease

• �Williams syndrome

2590 77. ISCHEMIC RENAL DISEASE

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



deterioration of renal function or loss of renal size despite
acceptable blood pressure control by their unspecified
standards. In a prospective cohort study published in
1994, Connolly et al.35 estimated the 2-year renal survival
to be 97% with unilateral disease, 82% with bilateral ste-
nosis, and 45% with unilateral stenosis and contralateral
occlusion. Their data confirmed the logical expectation
that chronic kidney disease is more likely to develop if
RAS lesions affect the whole of the functioning renal
mass. In a 1998 article by Baboolal et al.,8 patients with
severe bilateral RAS demonstrated a decrease in the
median GFR from 39 ml/min to 31 and 24 ml/min at
24 and 60 months, respectively (p, .05). Of the 51
patients who underwent angiography, six patients had
reached ESRD over a median period of follow-up of
52 months.8 Two other reports, however, have sug-
gested a more benign course of incidentally discovered
RAS; and their findings can be used to support a con-
servative approach to management of RAS lesions, at
least those found incidentally. In 2001, Leertouwer
et al.95 retrospectively evaluated a cohort of 126
patients with incidental RAS of at least 50% on angio-
grams done in evaluation for extrarenal arterial occlu-
sive disease and found that during a 10-year follow-up
amazingly none had required renal replacement ther-
apy and that serum creatinine values were stable, even
with bilateral disease. Chabova et al.28 followed 68
patients with incidental RAS of at least 70% on angio-
gram for mean of 39 months and reported in 2000 that
only four (5.8%) eventually had renal revascularization
and 7.4% developed ESRD, with only one case due to
vascular occlusive disease. Thus, while it is reasonable
to suspect some progression of atherosclerosis will
occur in affected renal arteries over time, it is likely
that total occlusion of the renal artery occurs in a
minority of patients.

It is also important to understand that the progres-
sion of IN is dominated by a phase that is essentially
clinically silent. During this stage, the disorder would
be obscure were it not for a high clinical index of suspi-
cion, the finding of renal asymmetry on abdominal
scanning done for other reasons, or the incidental find-
ing on angiography done for other reasons. As illus-
trated in a review of the subject by Safian and
Textor,149 when the lesions progress asymmetrically, as
is usually the case, the relatively uninvolved kidney
may maintain normal serum creatinine through com-
pensatory hypertrophy and hyperfiltration (as well as
through increased tubular creatinine secretion). As
illustrated in their review article, the serum creatinine
level does not increase until the individual’s disease
progresses to involve the other kidney such that the
entire renal mass is then rendered ischemic. Of course,
an individual with a solitary functioning kidney or an
individual whose contralateral kidney is simulta-
neously injured during the course of RAS progression
(for example, by uncontrolled hypertension or by dia-
betes), the kidney injury would become manifest
sooner in its course. Given that the disorder is gener-
ally not sought until a workup for clinically apparent
chronic kidney disease is undertaken, the prospects for
amelioration of established disease are of critical
importance in the deciding on whether to pursue inva-
sive revascularization.

Treatment of Ischemic Nephropathy

The optimal treatment strategy of RAS lesions is
not clear. Various algorithms have been pro-
posed,124,136,137,148,170 and there is much controversy
among experts regarding which patients should be man-
aged conservatively and which patients should undergo

TABLE 77.3 Natural History of Atherosclerotic Renovascular Disease

Anatomic Result

Source Modality Year No. of Patients Length of Follow-up, mo Progression, % Occlusion, %

Meaney et al.112 Angio 1968 39 6�120 36 8

Wollenweber et al.188 Angio 1968 30 12�88 63 —

Dean et al.40 Angio 1981 35 6�102 29 11

Schreiber et al.154 Angio 1984 85 12�60 44 16

Tollefson173 Angio 1991 48 15�180 71 15

Zierler et al.192 Duplex 1994 80 6�24 42 11

Caps et al.26 Duplex 1998 170 Mean 33 51 (5 y)a 3

(Adapted from Greco BA, Breyer JA. Atherosclerotic ischemic renal disease. Am J Kidney Dis 1997;29:167-187.)
Angio, angiography; Duplex; duplex doppler sonography; Not reported.

a18% of normal renal arteries, 28% if ,60% renal artery stenosis (RAS), 49% if .60% RAS. Systolic blood pressure .160 mm Hg and diabetes mellitus were also

associated with progression.
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invasive interventions. The benefits of revascularization
may include stabilization of or improvement in renal
function. Even salvage from dialysis has been described
in such patients (see subsequent sections). However,
these benefits are not universally or predictably realized.
Furthermore, the vascular interventions have risk(s), and
a substantial proportion of patients who undergo revas-
cularization realize no benefit and/or encounter compli-
cations. The ability of clinicians to predict which patients
will benefit from revascularization is imperfect. The
vagaries of the natural history of medically managed
RAS—with some reports suggesting a low risk for pro-
gression to ESRD—and the uncertainties of the benefits
of invasive interventions have left the indications for
revascularization controversial. In addition to under-
standing the pathophysiology, natural history, and diag-
nostic tests of IN, it is important to be familiar with the
literature on treatment so that clinicians may provide
informed opinions to patients.

Before reviewing the current literature, some clarifi-
cations are appropriate. The definitions of renal func-
tional improvement, stabilization, and improvement
vary widely from study to study. Most reports use
static measures of renal function (usually serum creati-
nine or creatinine clearance measures) at the time of
intervention and then at certain times after intervention.
Outcomes are categorized based on comparisons of the
pre- and postintervention measures of static renal func-
tion. However, a more meaningful outcome would
involve a comparison of dynamic renal function—that
is, the stability or rate of change of renal function as
measured by the slope of a plot of renal function versus
time—before and after interventions. In 2002,
Rundback et al.147 under the auspices of the American
Heart Association, published a consensus scientific

statement that proposed guidelines for the reporting of
renal artery revascularization in clinical trials, and they
recommended incorporating a comparison of slope of
GFR versus time before and after the intervention, also
known as breakpoint analysis, in the reporting of renal
outcomes and in defining benefit and failure of treat-
ments. Figure 77.6 shows examples of situations that
would be considered benefit and failure. A stabilization
or a slowing of the rate of deterioration of renal func-
tion would be considered a benefit using this system,
but these situations would be considered “no change”
or “worsening” in the static comparison system.

Another important issue to consider when review-
ing the literature on RAS is the importance of patient
selection for the studies. Important baseline factors
include the following: severity of stenosis, degree of
threat to renal function imparted by RAS lesions, and
severity and acuity of renal dysfunction.

Severity of Stenosis

Stenosis severity can be graded by several measures:
minimal luminal diameter, percent stenosis, or by the
magnitude of decline in blood pressure measured
across the stenosis. Whereas percent stenosis is the
most commonly reported measurement, Leesar and
others have suggested that minimal luminal diameter
and the pressure gradient measured with a pressure
sensing 0.014 in guidewire and after a vasodilatory
drug are best correlated with clinical outcome.34,96

Various degrees of stenosis have been used as inclu-
sion criteria in clinical trials and registries, with many
studies requiring between 50 and 70% minimal luminal
narrowing. The American Heart Association consensus
statement on RAS research has recommended that ste-
nosis more than 50% in diameter should be considered
the minimum threshold for inclusion in a renal revas-
cularization trial.147 Given that duplex ultrasound
generally categorizes stenoses as greater than 60%
diameter stenosis and that it does not have the ability
to precisely quantitate the degree of stenosis above this
level, this threshold may be used in studies that use
this technology. As discussed previously, the hemody-
namic consequences of stenotic lesions of less than 70
to 80% are questionable. Only subtle changes in flow
patterns have been noted at less critical degrees of nar-
rowing,153 and these probably have no immediate
impact on global oxygenation and no definite effects
on renal function.

Degree of Threat to Renal Function Imparted
by Renal Artery Stenosis Lesions

Some studies have required that the entire function-
ing renal mass be threatened by RAS lesions (that is
bilateral RAS or unilateral RAS in a solitary functioning
kidney), while others have permitted inclusion of
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FIGURE 77.6 Breakpoint analysis. α1 indicates slope of GFR
before treatment [(f22 f1)/(t22 t1)]; α2, slope of GFR after interven-
tion [(f32 f2)/([t32 t2)]; Δα, change in slope of GFR after treatment
(α22α1); f1, value of GFR at a definable time (t1) before intervention;
f2, value of GFR at the time of intervention (t2); and f3, value of GFR
at a definable follow-up time (t3). (from ref. 147, with permission.)
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patient with unilateral disease. Obviously there is no
risk of symptomatic kidney injury in patients with uni-
lateral disease and a normal non-stenotic kidney.
Patients with fibromuscular dysplasia are often
included in the studies, however, these patients are
also unlikely to develop renal insufficiency as a result
of their RAS lesions.

Severity and Acuity of Renal Dysfunction

The degree of renal dysfunction of subjects entering
the studies is of critical importance. There may be a
“window of opportunity” in which revascularization
can produce benefit. In patients with advanced chronic
azotemia, renal dysfunction may result from irrevers-
ible, intrinsic kidney damage and, therefore not be
amenable to treatment by revascularization. Other
studies may require that patients have progressive, but
not end-stage, renal disease, and such studies would
be more likely to show a benefit of interventions if
such benefits exist.

Thus, many patients included in these studies (i.e.,
those with ,70% stenosis or those whose whole func-
tioning renal mass was not threatened by RAS lesions
or those with nonatherosclerotic RAS) had disease that
would not have been expected to cause azotemia.
Therefore, one would not expect improvement in renal
function in these patients even with successful revascu-
larization, and it could be argued that long-term stabil-
ity of renal function (and not improvement) would be
the desired outcome after revascularization of these
patients.

Before proceeding with a discussion of the treatment
of ischemic nephropathy, it is worthwhile to briefly
address the treatment of renovascular hypertension, as
this diagnosis often coexists or is suspected of coexist-
ing in patients with ischemic nephropathy. Separate
from the decision whether to offer revascularization
with the intention to produce improvement or stabili-
zation of renal function, one must consider whether
revascularization should be offered to patients with
RAS for the purpose of lowering blood pressures or
curing hypertension. Historically, control of blood
pressure in RVH had been the major impetus for the
development of renal revascularization techniques.
However, the accrual over the years of a highly effec-
tive armamentarium of antihypertensive drugs that
are now capable of inhibiting many blood pressure reg-
ulatory pathways has rendered this indication sub-
stantially less important. These authors feel that
revascularization for the purpose of curing or improv-
ing control of hypertension is infrequently indicated in
patients with atherosclerotic RAS. In such patients,
revascularization rarely produces a cure, with studies
suggesting cure rates of well less than 10%17,177,25

which stands in contrast to the treatment of

fibromuscular dysplasia where hypertension cure is
commonplace.162 Modern randomized controlled trials
indicate that percutaneous transluminal renal artery
angioplasty (PTRA) of atherosclerotic RAS is not sub-
stantially better in treating hypertension than is medi-
cal management in patients with atherosclerotic
RAS.135,177,183 Given the significant risks of the surgical
and endovascular procedures, we do not believe that
revascularization is indicated in most such patients.
Perhaps it could be offered to patients with extremely
resistant or severe hypertension, or in those in whom
medical therapy is not well tolerated, however even in
these settings superiority of medical therapy is not
established.

Another group of patients with RVH to whom
revascularization should be considered (separate from
the indication of treating RVH or IN) includes those
who present with heart failure, or “flash pulmonary
edema.” The latter syndrome has been described in the
literature, and it is likely due to labile hypertension,
diastolic left ventricular (LV) dysfunction due to
chronic hypertension, and sodium retention caused by
RAS-induced activation of renin-angiotensin system
and renal dysfunction.133 It is generally accompanied
by severely elevated BP (mean SBP of 200 mm Hg in
one series). Several retrospective observational studies
have suggested that correcting RAS is associated with
improvement.16,42,58,113,134 In a report from Bloch
et al.,16 17 of 22 patients with bilateral RAS and recur-
rent pulmonary edema had no further episodes after
successful stent placement in one or both renal arteries.
The five patients who developed recurrent episodes
after stenting were found to have had stent thrombosis
or restenosis. However, the use of ACE inhibitors was
substantially greater after in these patients after revas-
cularization, and this may also have contributed to the
reduced incidence of symptomatic CHF. Currently this
represents the only Class I indication for renal artery
revascularization in the current AHA guidelines for
Peripheral Arterial Disease, although the basis for this
recommendation is retrospective observational data
and expert consensus that in aggregate is described as
level “B” evidence.72 In fact, there are no randomized
controlled trials demonstrating better outcomes in
patients with RAS and symptomatic CHF that were
revascularized as compared to those treated medically.

MEDICAL MANAGEMENT

As discussed in the section on natural history of IN,
the efficacy of medical therapy is not clear. Clearly,
anti-atherosclerotic therapies are indicated, such as
lipid-lowering therapies, antiplatelet medications,
treatment of hyperglycemia, and treatment of
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hypertension. The optimal blood pressure in these
patients is not known. The low goal of # 130/
80 mmHg that is generally recommended for patients
with renal insufficiency may not be optimal for
patients with RAS, who may require higher systemic
blood pressures to maintain adequate blood flow
across a stenosis. Additionally, as discussed previ-
ously, ACE-Is and ARBs carry the additional concern
that interruption of the ANG II�maintained efferent
arteriolar vasoconstriction may cause reductions in glo-
merular pressure and renal excretory function and as
such carry a “black box warning” in their FDA
approval. However, recent data suggests that these
agents are reasonably safe and more importantly
improve outcome. Specifically, observational data from
the Province of Ontario analyzed by Hackam et al sug-
gests that treatment of RAS with ACE/ARB is associ-
ated with lower CV event rates (10 vs 13%) and need
for dialysis (1.5 vs. 2.5%) at the expense of an increased
risk of acute kidney injury hospitalizations (1.2 vs.
0.6%).61 In parallel the use of statins appears to be asso-
ciated with improved survival, restenosis-free survival
after stent revascularization, and lessened lesion
progression.9,33,36,160,161

Surgical Treatment

It has been shown by many groups that RAS can be
successfully revascularized surgically and that renal
function may improve or stabilize in some subjects
after the intervention. Novick et al.126 reported on 51
patients with differing anatomies who underwent
revascularization procedures. Success was achieved for
a wide spectrum of anatomic possibilities, including

patients with chronic bilateral arterial occlusion (but
good distal runoff), patients with arterial stenosis in a
solitary functioning kidney, patients with bilateral
high-grade stenosis, and patients with unilateral high-
grade disease or occlusion in an atrophic kidney.
Overall, improvement occurred in nearly two thirds of
patients in the short follow-up period of the study. No
control group was included.

Dean et al.40 reported similar success in a surgical
revascularization study. In this study, the authors noted
that a renal biopsy to determine kidney viability was
usually not helpful and that larger poorly functioning
kidneys had the worst prognosis. Successfully revascu-
larized patients with bilateral occlusive disease and
moderate azotemia or a serum creatinine above
3.0 mg/dl had the largest fall in serum creatinine after
the operation. These results suggest that even patients
with advanced disease may benefit from the surgical
revascularization. Patent distal vessels without evi-
dence of stenosis are predictive of a good outcome.
Successful operative outcomes have also been reported
in the circumstance of the totally occluded renal artery
with renal parenchyma supplied by collaterals. In a
larger series of surgical revascularization from the
Cleveland Clinic, Novick et al.126 reported in 1987 that
of the 161 patients, who underwent the procedure,
89% showed improvement or stabilization in renal
function and 11 % had progression of chronic kidney
disease. As expected, the longer the kidney is occluded,
the worse the postoperative function; however, salvage
of function after 4 months of renal artery occlusion has
been reported. A common limitation of the surgical lit-
erature is a lack of a corresponding control group
that is treated medically. As a consequence it is often-
times difficult to understand the absolute or relative

TABLE 77.4 Renal Outcome of Surgical Revascularization in Ischemic Renal Disease

Renal Function, %

Source Year No. of Patients Improved Stable Worse Mortality, % Duration of Follow-up

in Months (Mean, Range)

Luft et al.104 1983 12 67 17 17 17 40 (9�72)

Jamieson et al.79 1984 23 65 0 35 17 24 (3�69)

Novick et al.125 1987 161 58 31 11 11 39 (6�117)

Hallet et al.62 1987 91 22 53 25 7.1 �
Hansen et al.63 1992 70 49 36 15 2.5 24 (6�58)

Messina et al.113 1992 17 77 12 11 0 29 (7�82)

Bredenberg et al.18 1992 40 55 25 20 ,3 24(2�60)

Libertino et al.102 1992 91 49 35 16 6 35 (6�96)

(Adapted from Greco BA, Breyer JA. Atherosclerotic ischemic renal disease. Am J Kidney Dis 1997;29:167-187.)
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advantage and to what degree patient selection plays in
the outcomes.

Table 77.4 summarizes the renal outcomes of several
of the surgical series that have been reported.60,145

With the advent of endovascular revascularization
techniques, there have been fewer publications on sur-
gical revascularization. These studies are generally
reports on the outcomes in different groups, and these
are not randomized, controlled trials. Inherent in these
studies is some bias in that groups with greater exper-
tise in the procedure are usually the ones reporting
results. In contrast, groups with poor outcome proba-
bly are less likely to publish results. Therefore, it is not
clear that such results are widely achievable.
Furthermore, the risk of major vascular surgery in
elderly patients with widespread atherosclerosis is a
major consideration. It has been generally reported that
the major complication rate is 8 to 11% and that the
mortality rate is 2 to 8%.149 These facts have been
highlighted in a recent review of a large and contempo-
rary US database of hospital discharge data demon-
strating a 10% in-hospital mortality.118 A follow-up
report from this group reanalyzed the dataset to
address the effect of hospital volume on outcome. Only
a very marginal effect was seen: high-risk patients did
no better or worse at high volume centers whereas low
risk patients apparently benefited by treatment in a
high volume center.119

There is a body of literature that reports some
dialysis-dependent patients with RAS may benefit
from surgical revascularization. Four series from differ-
ent institutions7,12,64,85 included 35 patients on mainte-
nance dialysis (including one patient who had been on
maintenance dialysis for 13 months) and have demon-
strated effective partial recovery of renal function after

surgical revascularization, and all patients were able to
discontinue dialysis, although the duration of follow-
up in these studies is generally short. Serum creatinine
levels of some patients returned to normal. Normal
renal size, collateral blood flow,41 nearly normal histol-
ogy on biopsy, and a rapid pre-ESRD loss of renal
function were associated with salvage. In general how-
ever, surgical revascularization has been supplanted by
percutaneous methods such as angioplasty for FMD
and stenting for atherosclerosis, given the prohibitive
mortality associated with surgical revascularization.

Renal Artery Angioplasty

Percutaneous transluminal renal angioplasty (PTRA)
is a less invasive alternative to surgical revasculariza-
tion whose utility has largely been relegated to treat-
ment of fibromuscular dysplasia, supplanted by
stenting for the treatment of atherosclerotic renal steno-
ses. There is only one head-to-head comparison
of angioplasty and surgical revascularization. In 1993,
Weibull et al.184 demonstrated relative equivalence
when PTRA and surgical revascularization were
directly compared in a cohort of 58 patients with uni-
lateral RAS. Improved or stable renal function was
seen in 83% after PTRA and 72% after surgery.184

Much of the literature concentrates on renal angio-
plasty interventions targeted primarily at the treatment
of RVH rather than IN. Table 77.5 provides a summary
of renal outcomes following PTRA from several
studies.60,145 The complication rates of PTRA are vari-
able. Typical rates of major complications have been
reported as 3 to 15%,60,70,140 and these may include
bleeding at the puncture site, pseudoaneurysm of the
femoral artery, rupture or thrombosis of the renal
artery, dissection of the renal artery or access artery,

TABLE 77.5 Renal Outcome of Percutaneous Renal Angioplasty for Ischemic Renal Disease

Renal Function Result, %

Source Year No. of Patients Improved Stable Worse Mortality, % Duration of Follow-up

in Months (Mean, Range)

Luft et al.104 1983 12 25 42 33 0 8 (1�25)

Sos et al.165 1986 55 47 35 18 NA 16 (4�40)

Bell et al.11 1987 20 35 50 15 0 18 (1�60)

Martin et al.107 1988 79 43 57a — 1 11 (0�42)

Canzanello et al.25 1989 69 52b — 48 3 29

O’Donovan et al.127 1992 17 53 12 35 29 �
Bonelli et al.17 1995 320 27 53 20 2.2 24 (0�157)

(Adapted from Greco BA, Breyer JA. Atherosclerotic ischemic renal disease. Am J Kidney Dis 1997;29:167-187.)
aSum of stable and worse.
bSum of improved and stable.
—, Not reported ; NA, not applicable.
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the cholesterol emboli syndrome, and radiocontrast
nephropathy. Expected mortality rates have been
reported to be 1% to 6%.60,136,145

In 2000, van Jaarsveld et al.177 published the results
of the Dutch Renal Artery Stenosis Intervention
Cooperative (DRASTIC) Study Group, the largest ran-
domized controlled trial to address the use of renal
artery angioplasty without stenting. In this study, 106
patients with hypertension who had atherosclerotic
renal-artery stenosis and a serum creatinine of 2.3 mg/
dl or less were randomly assigned to undergo PTCA
(n5 56) or medical therapy (n5 50). RAS was defined
as at least 50% stenosis, and patients with a solitary
kidney were excluded. Twenty-one percent of the sub-
jects had less than 70% stenosis and only 23% had
bilateral RAS. Nine percent of the medical group pro-
gressed to total occlusion. Creatinine clearance was bet-
ter in the PTRA group at 3 months (70 vs. 59 ml/min;
p5 .03), but the same at 12 months (70 vs. 62 ml/min;
p5 .11). Twenty-two of the 50 patients in the drug
treatment group crossed over to PTRA after 3 months:
14 patients because of persistent hypertension on more
than two drugs and eight patients because of an
increase of 0.2 mg/dl of the serum creatinine or wors-
ening of the time-activity curve on renal scintigraphy.
The results were inconclusive regarding the utility for
the treatment of ischemic nephropathy. The study pop-
ulation was small and included many patients who
had hemodynamically inconsequential RAS and/or
whose whole functioning renal mass was not clearly
threatened by the index RAS lesions. Therefore, one
would not expect the RAS to cause major renal dys-
function over the follow-up period, thereby lessening
the potential benefit of successful revascularization.
Even more importantly, the liberal use of rescue
revascularization (crossover) followed by an intention-
to-treat analysis of the data may have reduced any
treatment advantage.

Renal Artery Stenting

Endovascularly deployed stents appear to provide
better prospects for restenosis-free long-term patency
than angioplasty alone. This is especially true for ostial
stenoses which constitute the majority of atheroscle-
rotic stenoses. Stenting achieves higher initial technical
success rates, improved immediate patency, and lower
restenosis rates in comparison to balloon angioplasty
alone. Technical problems with stent placement
include malpositioning, embolization of the stent, main
renal artery rupture, distal arterial wire perforation,
dissection, or branch vessel occlusion. Stents that are
coated with and elute antiproliferative medications
(such as sirolimus, everolimus, or paclitaxel) have
shown success in reducing restenosis rates in coronary
arteries.84,150,167,185 However, there has been only one

study of a drug coated “renal” stent, the sirolimus-
eluting Genesis stent, which failed to meet its
pre-specified performance metrics and work on this
platform was abandoned.190 There is limited data sug-
gesting that drug-eluting coronary stents may have
some utility for the treatment of in-stent restenosis but
the data remains mixed.88,191

Multiple studies on renal artery stenting have been
published over the past decade. In the preliminary
reports of the U.S. Multicenter Trial, which involved
304 stents placed in 296 renal arteries in 263 patients
whose disease was 80% ostial and 98% atherosclerotic,
the technical success 95% and the restenosis rate was
32.7% at 6 months. Among 123 patients with serum
creatinine above 1.5 mg/dl, renal function improved in
34%, remained stable in 39%, and deteriorated in
27%.142 In a 1999 review of 10 studies that included 416
stents placed in 379 patients (with 97% of stenoses
being atherosclerotic and 80% being ostial), Isles et al.76

found a 96 to 100% technical success rate and a 16%
restenosis at 6 to 12 months. Serum creatinine
improved in 26%, stabilized in 48%, and deteriorated
in 26% of patients whose renal function was initially
impaired (serum creatinine .1.5 mg/dl). In 2000,
Leertouwer et al.94 published a meta-analysis of 14
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FIGURE 77.7 Slopes of plots of reciprocal of serum creatinine
measured before and after renal artery stent deployment in 25
patients with global renovascular disease and chronic renal failure.
Negative and positive slopes depict deteriorating and improving
renal function, respectively. (From ref. [182], with permission.)
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studies of stenting in 678 patients compared with ten
studies of PTRA in 644 patients. They found that the
restenosis rate at 6 to 29 months was 17% after stenting
and 26% after PTRA; after stenting, renal function
improved in 30%, stabilized in 38%, and worsened in
32%; and the improvement rate was greater after PTRA
(38%, p ,.001). Burket et al.23 found an early decline in
blood pressure after stenting, and a decrease in the
number of required medicines to treat hypertension.

Studies by Harden and Watson65,182 suggest that
stenting may improve the outcome of IN, although as
is discussed later, a substantial criticism of this work is
the absence of a concurrent control group for compari-
son. The Watson study focused on patients with pro-
gressive, but not severe, chronic renal insufficiency and
with global high-grade renovascular obstruction.182

Renal artery stenting was performed in all of the 33
patients studied who had as criteria for inclusion into
the analysis progressive renal insufficiency (defined by
serum creatinine .1.5 mg/dl [mean, 2.1 mg/dl]), a
negative slope of 1/serum creatinine, and more than
70% RAS producing global renovascular obstruction
(bilateral renal artery stenosis or unilateral stenosis in
the presence of a solitary or single functional kidney).
Of 25 patients who had a mean follow-up of 20
months, the mean slope of 1/creatinine improved from
20.0079 to 10.0043 dl/mg per month with preserva-
tion of renal size while patient survival was 90%. As
shown in Fig. 77.7, stabilization or improvement in
renal function was documented in all surviving sub-
jects. There was only one procedure-related complica-
tion—a femoral artery hematoma. Although the
findings of these studies support the idea of using
stenting to treat IN, the lack of a control group limits
the strength and interpretability of the conclusions.

More recently two randomized trials have been
completed that directly compared medical therapy
alone against medical therapy with stenting, the STAR
and ASTRAL trials.1,10 The STAR trial was conducted
by a Dutch cooperative group and tested in a cohort of
140 patients whether stenting could reduce by 50% the
proportion of patients that experienced a 20% decline
in GFR. Unfortunately 28% of patients who were
enrolled in the stent arm had no significant renal artery
stenosis and were not treated. Not surprisingly, with a
substantial false positive rate of enrollment, in addition
to what was likely an over-estimation of the likely
treatment effect of stenting, the study authors con-
cluded that “confidence bounds. . .are compatible with
both efficacy and harm, so the finding is inconclusive.”
ASTRAL, published in late 2009, had a much larger
enrollment of 806 randomized patients. However
ASTRAL also had a high rate of false positive inclu-
sion, approximately 17%, in addition to 5% of subjects
in whom stenting was attempted but not completed.

There was also selection bias inherent in the study
design as patients were entered only if the enrolling
center felt that the subject did not definitely require
revascularization. Despite this the study demonstrated
a trend toward an improvement in the primary end-
point of slope of reciprocal Cr (�0.07133 1023 vs.
�0.133 10-3 micromole/L/yr, p5 0.06). However this
difference was neither statistically nor clinically signifi-
cant, as were the findings of the secondary analyses.
From these recent studies we would conclude that: (1)
If stenting has an effect on the progression of ischemic
nephropathy it is likely modest in size, (2) great cau-
tion should be utilized to avoid over-analyzing these
results due to the methodologic issues that confound
their interpretation: high rates of false1 enrollment
lack of centralized analysis of critical study measures
such as stenosis severity or renal function, and the lack
of a consistent, specified medical intervention. Some
have criticized the ASTRAL result for an apparently
higher than expected rate of complications and lower
than expected success rate, however, it is entirely
unclear whether the ASTRAL result is better reflective
of the “realities of stenting” when compared to single
center publications, or whether technical issues were
more excessive in this study.

Evolution in technology may modify the future
approach to the treatment of renal artery stenosis.
Several investigators have now reported retrospective
or observational series that suggest that Embolic
Protection Devices (EPD) may improve the result of
renal artery revascularization, at least as it relates to
the preservation of renal function.47,69,73 Thus far there
has been one prospective trial of EPD use, a study that
also tested in a two by two factorial design a platelet
glycoprotein IIbIIIa inhibitor abciximab, administered
in a double-blind fashion.37 Abciximab overall, and
more specifically when administered in conjunction
with the EPD, resulted in improved renal function.
More surprisingly, the analysis of the embolic debris
demonstrated a high rate of platelet-rich emboli cap-
tured by the EPD, suggesting that these lesions may be
more thrombotic than previously appreciated. Whether
more widespread adoption of EPDs or potent platelet
inhibitors will generally improve the effect of renal
artery stenting is unknown but these results raise the
possibility that the net effect of the revascularization
procedure is determined by the benefit of improved
blood flow balanced by injury due to atheromatous or
thrombotic debris.37

Currently ongoing is a large prospective, National
Institutes of Health�sponsored multicenter random-
ized trial to test the effect of stenting when added to a
background of aggressive medical therapy. Known as
CORAL, for Cardiovascular Outcomes in Renal
Atherosclerotic Lesions, it began in the spring of 2005

2597MEDICAL MANAGEMENT

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



and will include approximately 1000 patients with
hypertension and documented significant RAS.38

Patients are randomized to medical therapy with or
without renal artery stenting with follow up for a com-
posite endpoint of cardiovascular and renal events. It is
designed to test the hypothesis that renal artery stent-
ing (along with medical therapy) reduces cardiovascu-
lar and renal morbidity and mortality.

Recommended Approach

There are many different reasonable approaches and
algorithms for the diagnosis and management of
patients with IN, and the recommendations that follow
and that are summarized in Figure 77.8 remain opin-
ion-based, as data are not sufficient to make definitive
recommendations. In patients at high risk for athero-
sclerosis or in those with known atherosclerosis, renal
function should be monitored and anti-atherosclerotic

life style and pharmacologic interventions and risk fac-
tor reduction should be used. A high degree of suspi-
cion for coexisting coronary artery disease should be
maintained. If renal insufficiency is found, appropriate
nephrologic evaluation should be undertaken and this
should include an assessment for ischemic nephropa-
thy. In many patients an anatomic evaluation of the
renal arteries is warranted to further stratify their stage
of disease and expected outcome. Duplex ultrasonogra-
phy is currently the test of choice since it is entirely
non-invasive and involves no nephrotoxic contrast
agents, if appropriately trained technologists and inter-
preting physicians are available. MRA is an alternative
in centers where experienced ultrasonagraphers are not
available but is limited to patients with an estimated
GFR of greater than 40 ml/min, due to the risk of
nephrogenic systemic sclerosis with administration of
gadolinium to patients with impaired renal function. In

Treat hypertension, DM, hyperlipidemia. Consider antiplatelet medication
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FIGURE 77.8 *60% if sonoduplex is used as diagnostic modality. **Magnetic resonance angiography (MRA) or computed tomography
angiography (CTA) are generally tests of choice. Other options are discussed in text. Also consider renal angiography during cardiac catheteri-
zation or aortic angiography if either of these procedures is indicated otherwise in these patients. †Very limited life expectancy, patient prefer-
ence against revascularization, and advanced longstanding chronic renal insufficiency are factors that may persuade against revascularization
and would make further evaluation futile. ‡The renal artery revascularization procedure of choice is generally percutaneous transluminal renal
artery angioplasty (PTRA) with stenting. Surgical revascularization could be considered if aortic or other intra-abdominal vascular surgical pro-
cedure is indicated for other reasons and if perioperative risk is not prohibitive. CKD, chronic kidney disease, with stages as defined by K/
DOQI; RRT, renal replacement therapy; RI, resistive index; RAS, renal artery stenosis; revasc, revascularization.
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patients with mild renal dysfunction a CTA may be
considered. At other centers MRA without contrast may
become an alternative test.

Once one or more renal artery stenoses are identified
medical therapy with aspirin or another anti-platelet
agent, a statin and an agent to interrupt the renin-
angiotensin system such as an ACE or ARB should be
instituted. Renal function as assessed by serum creati-
nine and serum potassium should be followed care-
fully during institution of such treatment. In addition
careful attention to blood pressure control using agents
such as calcium antagonists, combination β- α-adrener-
gic blockers and diuretics are appropriate. During
treatment with medical therapy follow-up of lipids,
HbA1c (if appropriate) and blood pressure is of great
importance, with titration of medications to achieve
guidelines-driven outcomes.

The decision to refer for revascularization should be
made with circumspection. Critical in the decision
include an objective measure of stenosis severity, rec-
ognizing that many of the tomographic imaging stud-
ies such as CTA and MRA grossly over-estimate lesion
severity. As such, if the patient is referred for an inva-
sive assessment, at a minimum the evaluation of the
lesion severity should be done objectively and often-
times requires measurement of a pressure gradient
with an 0.014 inch pressure sensing guidewire to dis-
cern if the apparent stenosis is of any functional signifi-
cance. In parallel to the lesion assessment a critical
review should be given to potential benefit for revacu-
larization balanced against the expected risks of the
specific patient. In general one can expect a greater
potential for improvement in renal function in patients
with advanced chronic kidney disease, however this is
associated with less renal function reserve and a higher
probability of dialysis dependence if complications
occur or renal function fails to improve. At this time
there is little role for captopril-augmented renal scintig-
raphy, with the possible exception for the evaluation of
the occluded renal artery where the scintigram will
occasionally demonstrate a viable kidney that contri-
butes significantly to GFR and that may benefit from
surgical revascularization. At this time, given the
results of ASTRAL that demonstrate either a small or
marginal treatment effect, a compelling case could be
made for reserving renal artery revacularization to
those patients who have clearly failed medical therapy
or are willing to participate in a clinical outcomes trial.

SUMMARY

This chapter was intended to provide an intellectual
framework that will improve the clinician’s under-
standing of the complex issues involved in the

management of patients with ischemic renal disease.
By understanding the mechanisms and limits of renal
autoregulation, one can appreciate how the kidney
compensates for the renal hypoperfusion that RAS
causes. The pharmacologic interference of this process
may cause a decrease in renal function although this
scenario is less frequent than was once supposed. RAS
may cause chronic and or even irreversible renal injury
via a complicated pathophysiologic process, and this is
an important cause of renal morbidity. The diagnosis
of ischemic nephropathy is often difficult but impor-
tant to make because anti-atherosclerotic medical treat-
ments will likely benefit patients and selected patients
may benefit from revascularization. A recommended
approach to the diagnosis and treatment of RAS is pro-
vided, but it should be noted that the results of ongo-
ing trials may soon alter these recommendations.
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Diabetic nephropathy is the major cause of end-
stage renal disease (ESRD) in the industrialized world.
Although the incidence of nephropathy due to type 1
diabetes may not be increasing, type 2 diabetes melli-
tus, considered 30 years ago a rather benign condition
invariably associated with the “normal” aging process,
is now the most common single cause of chronic kid-
ney disease in the United States, Japan, and Europe.1,2

The associated health care costs are massive and not
only is diabetic nephropathy a major burden on the
quality of life, it also predicts an ominous prognosis
despite advances in the medical management of renal
and cardiovascular diseases. For instance, the diabetic
patient with proteinuria has a two- to fourfold
increased risk of morbidity and mortality from cardio-
vascular diseases.3 Even with chronic dialysis, the car-
diac death rate of diabetic patients is ~50% higher than
nondiabetic patients.

The pathophysiology of diabetic nephropathy is
complex. Renal injury was initially thought to be
caused by hemodynamic alterations (renal hyperper-
fusion, intraglomerular hypertension, and glomerular
hyperfiltration),4 but there is now clear evidence
that these changes are only one aspect of a complex
series of metabolic and biochemical alterations
caused by disturbed glucose homeostasis.5

Hyperglycemia is a necessary prerequisite but
genetic susceptibility is also crucial for the develop-
ment of diabetic nephropathy.6 Several lines of evi-
dence, including familial aggregation, suggest the
existence of genes where allelic variation contributes
to risk of diabetic nephropathy. Metabolic changes
and hemodynamic stress can induce the release of
vasoactive peptides, cytokines, and growth factors

that can trigger a host of autocrine and/or paracrine
effects7 that eventually mediate the effects of hyper-
glycemia and nonenzymatically glycated proteins on
the functional alterations (hyperperfusion, hyperfil-
tration) as well as the structural changes (early
hypertrophy, excess extracellular matrix deposition,
podocyte abnormalities) of diabetic nephropathy.5,8,9

This chapter will provide a comprehensive review
of our current understanding of the pathophysiology
of diabetic nephropathy.

EPIDEMIOLOGY

There are approximately 200 million people with dia-
betes mellitus worldwide, and this number is projected
to increase to 366 million by 2030. In the United States,
it is estimated that 18.8 million people (or ~6% of the
population) have diabetes (ADA statistics webpage
found at http://www.diabetes.org/diabetes-basics/
diabetes-statistics/), but a significant portion of those
with type 2 diabetes have not yet been clinically identi-
fied. Up to one third of patients with type 1 diabetes
eventually develop nephropathy after ~20 years of dia-
betes.10 Among those with type 2 diabetes, the risk of
nephropathy is less clear and varies with ethnicity.1

However, some European studies have suggested that
the risk of ESRD in type 2 diabetic patients is almost as
high as in type 1 diabetic patients.2 African Americans,
Native Americans, Asians, and Hispanics are more
prone to developing both type 2 diabetes and diabetic
nephropathy than non-Hispanic whites. The reasons for
this difference remain unknown but genetic factors
may be implicated. There has been a secular trend of
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decreasing prevalence of nephropathy in type 1 diabetic
patients,11,12 presumably because of progressively bet-
ter management of glycemia and hypertension.
Although in type 2 diabetic patients, aggressive early,
multi-factorial intervention reduces the frequency of
cardiovascular and renal endpoints,13 there was little
evidence of a decreasing incidence of nephropathy in
patients with type 2 diabetes.14�16 As of 2005, however,
the incidence of diabetic nephropathy leading to end-
stage renal disease seems to be leveling off, but whether
that positive trend continues will require additional
years of data to confirm17 (USRDS 2011). The increasing
prevalence of type 2 diabetes in the aging population16

and the better survival of diabetic patients with
nephropathy had been the major reasons for the rising
numbers of type 2 diabetics with ESRD,2,18 but incident
rates have recently stabilized or are falling in older
populations and among whites. The sobering news is
that diabetes-related ESRD is increasing among youn-
ger minority patients (USRDS 2011). Importantly, the
risk of dying from cardiovascular disease is greater
than the chance that one may live long enough to
develop ESRD. An increasing proportion of diabetic
patients can have acute but irreversible renal failure,
superimposed on chronic kidney disease, usually after
cardiac or septic complications. Administration of
radiocontrast media agents or nonsteroidal anti-
inflammatory agents may sometimes precipitate renal
failure that may not resolve.

According to the US Renal Data System (www.
usrds.org, 2004; incidence data from 2002) diabetic
nephropathy was the primary diagnosis in 45% of
incident patients starting renal replacement therapy
(i.e., 148 of 326 patients per million). This was an
increase of 221% compared with 1990,19 (updated for
USRDS 2011, incidence data from 2009, diabetic
kidney disease accounted for 43% of incident
patients, i.e., 154 of 354.8 patients per million). The
number of type 2 diabetic patients with ESRD in the
United States in 2000 far exceeded that of type 1
(38% and 6% of the total ESRD dialysis population,
respectively). This is due to the much higher preva-
lence of type 2 diabetes in the overall diabetic popu-
lation (90�95%) as compared with type 1 diabetes
(5�10%). Survival of diabetic patients on dialysis is
considerably worse than that for nondiabetic patients.
Five-year mortality is between 40% and 80% in dia-
betic patients with ESRD in European countries and
the United States. The main causes of death in hemo-
dialyzed diabetic patients are primarily cardiovascu-
lar events but infection also plays a significant
role.20,21 Survival rates in dialyzed diabetic patients
are much better in Eastern countries such as Japan,22

presumably related to the lower rate of cardiovascu-
lar death in the background population of Japan.

Genetic Risk Factors

The risk of nephropathy is strongly determined by
genetic factors and only approximately 30% of patients
with type 1 or type 2 diabetes will ultimately develop
nephropathy.23 Genetic factors may directly influence
the development of diabetic nephropathy and/or be
clustered with genes influencing cardiovascular dis-
eases.24,25 One support for genetic transmission is an
experimental study showing that bone mar-
row�derived mesangial cell progenitors transmit dia-
betic nephropathy from donors with type 2 diabetes
(db/db mice) to naive, normoglycemic recipients.26

There is ongoing research through genomic screening
and candidate gene approaches to better identify
genetic loci for diabetic nephropathy susceptibility.27�30

Although some potential genes have been identified,
linkage was only present in defined ethnic subpopula-
tions and not in the majority of patients. An incomplete
list of previously implicated genes is shown in
Table 78.1. The major problem with such studies is that
diabetic nephropathy is a complex disease trait, mean-
ing that several genes are likely involved and the inher-
itance patterns do not follow simple Mendelian rules.
For example, a potential association between poly-
morphisms in candidate genes and the development
and progression of nephropathy has been widely
studied.31�37 These case-control studies are often prob-
lematic and clear guidelines for such polymorphism
studies have been provided.38 The complexity of this
genetic linkage analysis is exemplified by studies with
controversial results investigating the insertion or
deletion polymorphism of the angiotensin-converting

TABLE 78.1 Some Genes Implicated in Susceptibility and/or
Progression of Diabetic Nephropathy

Gene Gene Variant

Promoter of RAGE 63-bp deletion (decreased risk)

Histocompatibility antigen DR3/4

Angiotensin-converting enzyme D/I

Angiotensinogen M235T

Aldose reductase Z1 2 alleles

Transforming growth factor-β1 Leu10Pro, Arg25Pro

Apolipoprotein E e2 allele

Paraoxonase 1 T107C, Leu54Met

Interleukin-1γ T105C

Atrial natriuretic peptide C708T

Glucose transporter 1 Xba1/HacIII

Mannose-binding lectin YA/YA, XA/YA

RAGE, receptor for advanced glycation end-product.
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enzyme (ACE) gene. Discrepancies could be
explained by genetic heterogeneity and by small
effects in limited cases in most studies (often ,200
cases). The current opinion about the role of ACE
gene polymorphism is that it may be associated with
progression of disease in certain ethnic populations,
but it is not a predictor of the development of dia-
betic nephropathy.39,40

The introduction of Genome-Wide Association
Studies (GWAS) is projected to bring new insights into
the genetics of diabetic nephropathy. After scanning
the entire genome, this method tries to identify single
nucleotide polymorphisms (SNPs) associated with a
particular disease, and thus can pinpoint areas of the
genome involved in renal disease for example. So far, 2
GWAS have been conducted on patient populations
with diabetic nephropathy.41 Pezzolesi et al. identified
two loci that are significantly associated with renal
disease in patients with type 1 diabetes: the FRMD3
(4.1 protein ezrin, radixin, moesin [FERM] domain con-
taining 3) and CARS (cysteinyl-tRNA synthetase).
These findings were replicated using samples from
the Diabetes Control and Complications Trial (DCCT)/
Epidemiology of Diabetes Interventions and
Complications (EDIC) study.42 On the other hand,
using a Japanese cohort, Maeda et al. suggest that
ELMO1 (engulfment and cell motility 1 gene) and
SLC12A3 (solute carrier family 12, member 3) may be
associated with type 2 diabetic nephropathy.43 This
was later confirmed by studies on African-American
cohorts with type 2 diabetes as well as data from the
GoKinD collection which includes Caucasians with
type 1 diabetes.44,45 Because it casts a wide net, GWAS
should increase our understanding of the pathology of
diabetic nephropathy, and help identify novel thera-
peutic targets. This powerful method also promises to
give clinicians and researchers a better understanding
of the differences in disease progression and therapeu-
tic responsiveness, paving the way towards a personal-
ized medical practice.

More recently, the tools of genome-wide association
studies have been applied to diabetic nephropathy.
This method allows for a comprehensive genetic sur-
vey of the entire genome for chromosomal regions that
are linked with a specific trait, in this case diabetic
nephropathy.46 A genome scan for diabetic nephropa-
thy in African-Americans identified susceptibility loci
on chromosomes 3q, 7p, and 18q.47 Another scan in
Pima Indians, a native American tribe with an alarm-
ingly high incidence of early-onset type 2 diabetes,48

also identified linkage to diabetic nephropathy on chro-
mosome 7.49,50 This powerful method, or its derivative
technologies, may in the future more clearly identify
the genetic risk for developing diabetic nephropathy.
However, the genetic findings still need to be sussed

out for their functional significance and explained in
the larger pathophysiological context.

CLINICAL COURSE OF DIABETIC
NEPHROPATHY IN TYPE 1 AND

TYPE 2 DIABETES

Five clinical stages characterize the progression of
diabetic nephropathy (Fig. 78.1, Table 78.2).51 These
stages are classified on the basis of the values of the
glomerular filtration rate (GFR), urinary albumin excre-
tion (UAE), and systemic blood pressure. The discrete
structural lesions in the renal parenchyma and vascula-
ture (discussed in subsequent sections) generally
become more severe with advancing clinical stages, but
the diagnosis of diabetic nephropathy is often made on
clinical grounds without the need for renal biopsy
except in atypical presentations. The stages are best
delineated in the setting of type 1 diabetes because the
patient is often young, typically does not have essential
hypertension that can cause renal injury, and the onset
of diabetes is much more easily pinpointed. In these
patients, sustained albuminuria due to diabetic
nephropathy rarely develops before the first 10 years
of diabetes. On the other hand, if a patient has diabetes
for longer than 25 years and has not developed pro-
teinuria, the future risk of developing nephropathy is
only about 1% per year.

It should be noted that transient albuminuria can be
first detected in human type 1 diabetes when the
patient has uncontrolled diabetes or co-existent infec-
tions. This feature is not reflective of established dia-
betic nephropathy because the patient typically reverts
to the normoalbuminuric state when the blood glucose
is better controlled or an infection is cleared.

The natural history for patients with type 2 diabetes
is not as easily characterized as in type 1 patients,52,53

FIGURE 78.1 Five clinical stages characterize the progression
of diabetic nephropathy. (Adapted from Molitch ME. Am J Med 102:
392�398, 1997)
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because 5% to 20% of these patients have some degree
of albuminuria at the time of recognition of diabetes.
Unlike type 1 patients, patients with type 2 diabetes
commonly have hypertension at presentation and the
renal disease in these patients can be attributed to dia-
betes only in approximately 75% of the cases. A renal
biopsy may sometimes be indicated to reach the correct
diagnosis. Moreover, due to increased cardiovascular
mortality, many type 2 diabetic patients die before they
ever progress to ESRD. Nevertheless, longitudinal
observations in the Pima Indians have revealed that the
course of diabetic nephropathy in type 2 diabetes is
very similar to that of type 1 diabetes.48,54,55 Thus,
although it may be debated that diabetic nephropathies
due to either type 1 or type 2 diabetes are specific
entities, there is convincing evidence that basic patho-
physiological mechanisms that eventually lead to
nephropathy are essentially similar in types 1 and 2 dia-
betes.56�58 However, in type 2 diabetes cases, other nox-
ious factors, being or not related to diabetes mellitus
itself, such as hypertension, obesity, dyslipidemia, and
macrovascular ischemic renal disease could addition-
ally injure the kidney resulting in complex patterns of
nephropathy. The pathophysiological changes prior to
the development of type 2 diabetes have been classified
as the metabolic syndrome (see subsequent sections).59

Stage I

The earliest renal manifestations in type 1 diabetes
are nephromegaly and glomerular hypertrophy, which
are accompanied by afferent arteriolar vasodilation,
renal hyperperfusion (although some find that renal
blood flow is reduced60), and glomerular hyperfiltra-
tion (Fig. 78.1). Microscopically, there is thickening of
the glomerular and tubular basement membranes. All
these early functional and structural manifestations
appear even if the patient is not destined to develop
overt diabetic nephropathy. The UAE in this stage is
normal (,30 mg/d or ,20 μg/min) (Fig. 78.1) but occa-
sionally a transient increase in UAE (“transient

microalbuminuria”) is present secondary to poor glyce-
mic control or infection. Typically the blood pressure is
below the hypertensive range (,140/90 mm Hg). The
GFR is increased by 20 to 40% above normal values,
with higher levels being frequently achieved when gly-
cemic control is poor. Some studies suggest that
patients with more renal hypertrophy or higher
degrees of hyperfiltration (GFR .150 ml/min) are at
increased risk for the future development of overt
nephropathy.61�64 In patients with type 2 diabetes, this
early stage is not readily discernible owing to the
increased age but there may be modest degrees of
nephromegaly and hyperfiltration.65

Stage II

Incipient or latent nephropathy is defined by the
appearance of microalbuminuria (UAE of 30�300 mg/
day or 20�200 μg/min).66 Without intervention, UAE
increases at the rate of 10% to 20% per year and
is almost always accompanied by a steady rise in
blood pressure. Hypertension (.140/90 mm Hg) is
typically diagnosed one to two years after the appear-
ance of microalbuminuria in type 1 diabetes.
Microalbuminuria rarely develops before five years of
disease duration (median, 10 years) in type 1 diabetes,
but in type 2 diabetes microalbuminuria may be pres-
ent at the time of diagnosis of hyperglycemia in up to
20% of patients with as many as 40% of patients having
elevated blood pressure as well. This may be due to
the fact that many of these patients have had impaired
glucose tolerance for years before actually being diag-
nosed with diabetes, or it may reflect another disease
causing increased UAE as part of the metabolic syn-
drome, most notably essential hypertension. Other
possible causes of increased UAE in this population
include renovascular hypertension, morbid obesity,
and sleep apnea. Even during this clinically “silent”
phase of the disease, there may be significant mesan-
gial matrix expansion or diffuse glomerulosclerosis,
further thickening of the glomerular and tubular

TABLE 78.2 Clinical Stages of Diabetic Nephropathy

Stage GFR UAE Blood Pressure Years After Diagnosis

1. Hyperfiltration Supernormal ,30 mg/d Normal 0

2. Microalbuminuria High normal�normal 30�300 mg/d Rising 5�15

3. Overt proteinuria Normal-decreasing .300 mg/d Elevated 10�20

4. Progressive nephropathy Decreasing Increasing Elevated 15�25

5. ESRD ,15 ml/min Massive Elevated 20�30

GFR, glomerular filtration rate; UAE, urinary albumin excretion; ESRD, end-stage renal disease.
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basement membranes, and some degree of podocyte
loss. The GFR may remain elevated or may decrease to
within the “normal” range (100�120 ml/min)
(Fig. 78.1). Longitudinal studies have shown that the
patient with microalbuminuria is at greater risk for the
development of overt proteinuria (UAE .300 mg/d)
compared with patients with normoalbuminuria. For
example, type 1 diabetic patients with persistent micro-
albuminuria have approximately an 80% chance
of developing established nephropathy within the
ensuing five to seven years.67,68 In contrast, the per-
centage of patients with type 2 diabetes who progress
to overt proteinuria is significantly lower, in part
because of excess mortality due to cardiovascular
events.69 Thus, the predictive value of microalbuminur-
ia in patients with type 2 diabetes is much less clear
than in type 1 patients.

Stage III

This stage is characterized by the development of
overt proteinuria (total protein excretion .500 mg/
day) or macroalbuminuria (UAE .300 mg/d)
(Fig. 78.1). In type 1 patients this occurs after an aver-
age of 15 years of diabetes. Hypertension is almost
always present, and the worse the blood pressure con-
trol is, the more rapidly the GFR declines (Fig. 78.4). If
a renal biopsy were to be performed, the glomeruli
would typically demonstrate diffuse glomerulosclero-
sis and/or nodular glomerulosclerosis, further podo-
cyte loss with focal areas of foot process effacement,
arteriolar hyalinosis in both the afferent and efferent
arterioles, and variable degrees of tubulointerstitial
fibrosis. Structure�function correlations indicate a
highly significant inverse correlation between declining
GFR and mesangial expansion.70 The progressive
expansion of the glomerular mesangium causes a
reduction in the glomerular filtering surface area.
Nephron loss due to tubulointerstitial fibrosis is
another major cause of the reduction in GFR. In the
untreated patient, the GFR falls at a rate of about 1 ml/
min/month, but this rate of fall can vary significantly
from patient to patient. As the GFR falls from previ-
ously supernormal levels, the serum creatinine may
remain in the normal range or be slightly elevated and
is therefore not a reliable indicator of the magnitude of
disease progression.

Stage IV

After approximately five years of overt nephropa-
thy, untreated patients progress to advanced nephrop-
athy, as characterized by nephrotic-range proteinuria
(. 3.5 g/d), worsened hypertension that becomes

difficult to control, and a progressive decline in GFR
(Fig. 78.1). In fact, diabetic nephropathy is the most
common cause of the nephrotic syndrome in the adult
population. Parenchymal and vascular lesions become
more severe. The rate of decline in GFR is steady over
a period of months but is variable from patient to
patient and depends on the degree of elevation of
blood pressure as well as the amount of UAE.

Stage V

The final stage is progressive renal failure reaching
ESRD, with the GFR declining to 15 ml/min or lower.
The patient may soon need renal replacement therapy to
control uremic symptoms or excessive volume expan-
sion. The average time for progression to ESRD from the
time of diagnosis of diabetes is about 20 to 25 years, with
a more rapid course developing in patients with uncon-
trolled hypertension and/or heavy proteinuria. Many
patients, especially those with type 2 diabetes, never
reach ESRD because of the severely increased risk of car-
diovascular mortality in this population.

PATHOLOGY OF KIDNEY DISEASE
IN DIABETES MELLITUS

Kidney structure is dramatically altered in diabetes
in virtually all affected patients (Fig. 78.2, Table 78.3),
even those not destined to develop full-blown diabetic
nephropathy. The early structural changes include kid-
ney enlargement involving both the tubules and the
glomeruli and occurring as early as the first few
months after the onset of diabetes.71 This process
involves predominantly hypertrophy (cell enlarge-
ment) and, to a much lesser extent, hyperplasia (cellu-
lar proliferation).72�76 The larger glomerular volume
and the resultant increase in capillary surface area
maintain a higher GFR despite the development of
mesangial matrix expansion.

One of the earliest cellular changes in diabetes is
mesangial and tubular cell hypertrophy.76 Insights into
the complex mechanisms of growth came mostly from
in vitro studies exposing renal cells to high ambient
glucose concentrations. After a self-limited and short
period of proliferation, glomerular and tubular cells
subjected to hyperglycemia in vitro or in vivo become
arrested in the G1 phase of the cell cycle.77,78 This G1-
phase arrest is mediated by p27Kip1, an inhibitor of
cyclin-dependent kinases (CDKI).78 Another inhibitor,
p21, may play a role as well. High glucose, via stimula-
tion of the ERK isoform of the mitogen-activated pro-
tein kinases (MAPKs), leads to a posttranscriptional
increase in p27Kip1 expression because phosphorylation
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of serine residues increases the half-life of p27Kip1.79

Deletion of p27Kip1 attenuates high-glucose�induced
hypertrophy of mesangial cells.80 In addition, angioten-
sin II (Ang II) further enhances p27Kip1 induction and
blockade of Ang II attenuates high-glucose�mediated
mesangial cell hypertrophy.78,81 Treatment of diabetic
animals with an ACE inhibitor attenuates p27Kip1, but
not p21, and reduces renal hypertrophy.82 Knock out of
p27Kip1 in mice made diabetic with streptozotocin
(STZ) results in less diabetic nephropathy.83 While cell
cycle arrest is essential, it may not be sufficient for the
development of hypertrophy. Complementary signals
increasing RNA and protein synthesis are needed for
the cell to grow. Early in diabetes, renal cells, and espe-
cially mesangial cells, activate the mammalian target of
rapamycin (mTOR).84,85 mTORC1 acts mainly on two
important downstream targets: the eukaryotic transla-
tion initiation factor 4E-binding protein 1 (4EBP1) and
the serine/threonine protein kinase p70S6 kinase 1
(S6K1). Phosphorylation of 4EBP1 leads to the release of
eIF4E and consequently the initiation of cap-dependent
translation of mRNAs. On the other hand S6K1 phos-
phorylates the 40S ribosomal protein S6, and plays a role
in the regulating cellular and organ hypertrophy.86 In fact
inhibition of the mTOR pathway with rapamycin, or the
knockdown of S6K1 decrease renal hypertrophy in
rodent models of diabetes.85,87 Moreover rapamycin treat-
ment can reduce basement membrane thickening, mesan-
gial matrix accumulation, as well as renal inflammatory
markers, and lead to significantly less albuminuria.88

The basement membranes of tubules and glomeru-
li begin to thicken after two to three years of diabe-
tes (Fig. 78.3). The width of the glomerular basement
membrane (GBM) often exceeds 500 nm, or nearly
double the control value.89 There is increased abun-
dance of type IV collagen, laminins, and nidogen/
entactin, but other reports have described an increase
in the subendothelial content of the novel (restricted)

α3(IV) and α4(IV) collagen chains and a relative
decrease in the density of the classical (ubiquitous)
α1(IV) and α2(IV) collagen chains.90 There may also
be a relative reduction in the other novel α5(IV) col-
lagen chain.91 Thus, altered assembly of collagen IV
chains is one major aspect of the altered composition of
the thickened GBM and may partly explain the protein-
uria. In fact, thickening of the GBM correlates well with
the presence of proteinuria56,57 and is potentially revers-
ible with insulin therapy and tight glycemic control.92

After three to five years of diabetes, expansion of the
mesangial regions of the glomerulus begins (Fig. 78.2).
The most distinctive lesion of full-blown diabetic glo-
merulopathy is nodular glomerulosclerosis, frequently
termed the “Kimmelstiel-Wilson lesion.” Nodules prob-
ably form in response to injury produced by microa-
neurysmal dilation of glomerular capillaries and
mesangial lysis. Nodules are present in up to 25% of
diabetic patients at postmortem examination. A similar
pattern may be seen in other renal diseases, notably
light-chain nephropathy and amyloidosis; however,
appropriate immunofluorescent staining, electron
microscopy, and historical and laboratory information
distinguish these conditions from the nodular glomeru-
losclerosis of diabetes. More prevalent is the diffuse
rather than nodular enlargement of the mesangium
(diffuse glomerulosclerosis) (Fig. 78.2). Matrix accu-
mulation in the mesangium is the result of increased
synthesis and decreased degradation of extracellular
matrix molecules, especially fibronectin and the classi-
cal collagen chains α1(IV) and α2(IV) and nonfibrillar
short-chain collagen VIII.93 Fibrillary collagens that are
not native to the glomerulus (such as collagens type I
and III) eventually appear within the expanded mesan-
gium. A small increase in mesangial cell volume may
also occur. Mesangial cell proliferation is not consid-
ered to be a feature of diabetic nephropathy, although a
very modest and self-limited increase in cell number

FIGURE 78.2 Appropriate immunofluorescent staining, electron microscopy, and historical and laboratory information distinguish these
conditions from the nodular glomerulosclerosis of diabetes. More prevalent is the diffuse rather than nodular enlargement of the mesangium
(diffuse glomerulosclerosis). (From Vora JP, Chattington PD, Ibrahim H. Clinical Manifestations and Natural History of Diabetic Nephropathy. Harcourt
Publishers Limited: London, 2000. pp. 6.34.1�6.34.12)
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per glomerulus may perhaps occur as an early accom-
paniment to glomerular hypertrophy.76,94 In advanced
glomerulosclerosis, mesangial cell number may actually
decrease. Globally sclerotic (obsolescent) glomeruli sim-
ilar to those seen in kidneys with ESRD of any cause
can also develop in diabetes. Other glomerular lesions
include “capsular drops,” which are lens-shaped pieces
of sclerosing extracellular matrix adjacent to Bowman
capsule, and “fibrin caps,” which are homogeneous
eosinophilic masses overlying capillary loops.

Although diabetic nephropathy is generally
regarded as primarily a glomerular disease, discrete
abnormalities of the vasculature and tubulointerstitium
also occur.95,96 One pathognomonic finding is the arte-
riosclerotic hyalinosis of both the afferent and efferent
arterioles. Lesions of the renal tubulointerstitium
include chronic interstitial inflammation (with macro-
phage recruitment), interstitial fibrosis, tubular atro-
phy, and a predisposition to papillary necrosis. The
worsening proteinuria can have adverse effects on the

tubules, causing tubular atrophy and inciting intersti-
tial fibrosis. Tubulointerstitial fibrosis is perhaps the
best pathologic correlate for the progressive decline in
GFR.95�97 Tubulointerstitial fibrosis and renal arterio-
sclerosis can be present in patients with type 1 or type
2 diabetes mellitus, but are more prevalent in type 2
diabetic patients. Renal structure is, in fact, heteroge-
neous in type 2 diabetic patients: only a subset has typ-
ical diabetic glomerulopathy, while a substantial
proportion has more advanced tubulointerstitial and
vascular rather than glomerular lesions, or has normal
or near normal renal structure.98

THE CENTRAL ROLE OF PODOCYTES
IN THE PATHOPHYSIOLOGY OF

DIABETIC PROTEINURIA

It is likely that proteinuria is an important predictor
of kidney disease as well as of cardiovascular compli-
cations.3,99 In addition, proteinuria is a progression fac-
tor because it can aggravate the tubulointerstitial
fibrosis and the progression of renal failure.100

Proteinuria arises because of permeability defects of
the glomerular capillary wall that are related to abnor-
malities in GBM composition and to alterations in the
structure and function of the cells lining the GBM
(especially the podocytes, and to a lesser extent, the
endothelium).101,102 In diabetic nephropathy there is a
marked reduction in the number of anionic moieties
such as sialic acid and heparan sulfate proteoglycans
(HSPG) in the GBM, and this has been correlated with
loss in the charge-permselectivity. Loss of size-
permselectivity most likely is due to changes in podo-
cyte function and structure. Podocyte dysfunction is
well recognized as a crucial player in the pathogenesis
of various progressive nephropathies including

FIGURE 78.3 GBM thickening in
diabetes. (Eelectron micrographs cour-
tesy of Dr. John E. Tomaszewski)

TABLE 78.3 Histopathology in Diabetic Nephropathy

Glomerular structural lesions
Glomerular hypertrophy
Glomerular basement membrane thickening
Podocytopenia
Mesangial matrix expansion
Diffuse glomerulosclerosis
Nodular (Kimmelstein-Wilson) glomerulosclerosis
Capsular drop
Fibrin caps
Arteriolosclerosis and hyalinosis (afferent and efferent)

Nonglomerular structural lesions
Tubuloepithelial cell hypertrophy
Tubular basement membrane thickening

Tubular atrophy and interstitial fibrosis
Armanni-Ebstein tubulopathy
Papillary necrosis
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diabetic kidney disease.103,104 Cross-sectional and longi-
tudinal studies in patients with diabetic nephropathy
have described an increase in foot process width in
microalbuminuric subjects, and this parameter correlates
directly with the UAE.105 In addition, the number and
density of podocytes are markedly reduced (podocyto-
penia), whether the patient is afflicted with type 1 or
type 2 diabetes.106�109 The decreased number of podo-
cytes per glomerulus in humans is seen early in the
course of the disease and is a strong predictor of progres-
sive renal injury.108,110 Widening or stretching of the
remaining podocytes maintains coverage of the GBM
but also causes a derangement in the filtration slit dia-
phragms.111 Podocytopenia can exacerbate the develop-
ment of proteinuria because when the GBM is denuded,
it comes into contact with Bowman capsule and this pro-
motes synechiae formation, an initial step in the develop-
ment of glomerulosclerosis.103 Several experimental
studies in diabetic rats have reported a decrease in podo-
cyte number, broadening of the foot processes, and
reduction in nephrin protein expression.112 Consistent
with the observed loss of podocytes in diabetes, podo-
cytes can be present in the urine of diabetic patients,
especially when the albuminuria progresses from micro-
albuminuria to macroalbuminuria. Interestingly, treat-
ment with an ACE inhibitor reduces the number of
urinary podocytes.113,114 Nephrin staining,115 but not
CD2AP expression,116 is extensively reduced in renal
biopsy specimens from diabetic patients with nephropa-
thy. When treated with an ACE inhibitor, nephrin
expression is restored.111

The etiology of podocyte loss in diabetes remains
speculative, but two mechanisms can be suggested:
cell detachment from the GBM and apoptosis.104 Loss
of cell anchorage to the GBM may result from downre-
gulation of the α3β1 integrin receptor, the principal
adhesion complex that attaches the podocyte to the
GBM. In fact, the α3β1 integrin is decreased in the
podocytes of humans and rats with diabetes.117,118

Furthermore, high-glucose media in cultured rat or
human podocytes decreases the expression of α3β1
integrin;117,118 this downregulation is perhaps medi-
ated by increased levels of the multifunctional cytokine
transforming growth factor-β (TGFβ).119,120 As will be
discussed later, multiple factors in the diabetic state
can stimulate the activity of this cytokine, which in
turn is responsible for most of the renal manifestations
of diabetic kidney disease except perhaps for the pro-
teinuria.121,122 Addition of Ang II to cultured rat glo-
merular epithelial cells induces apoptosis of the cells,
and this effect is also mediated by the TGFβ system.123

There is significant experimental evidence that
podocyte-derived vascular endothelial growth factor
(VEGF) may mediate the proteinuria of diabetes.104

Interventional studies in the STZ-diabetic rat or the type
2 diabetic db/db mouse (both models of overexpression
of podocyte-derived VEGF) have shown that treatment
with neutralizing anti-VEGF antibodies or inhibitors of
VEGF signaling significantly ameliorated the albumin-
uria of diabetes.124�126 The underlying mechanism is still
unclear but it has been postulated that VEGF causes
afferent arteriolar vasodilatation via nitric oxide (NO),127

FIGURE 78.4 (Left) Relationship between achieved blood pressure and declines in GFR. (Right) Relationships between mean arterial
blood pressure and the rate of decline. (From Bakris GL et al. Am J Kidney Dis 36: 646�661, 2000, From Deferrari G et al. Diabetes Metab Rev 13:
51�61, 1997)
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increasing plasma flow into the glomerulus, opens the
junctions between endothelial cells128 and maintains
endothelial fenestrations,129 and alters the synthetic pro-
gram for collagen, integrins, and other matrix compo-
nents by all three glomerular resident cell types, which
can eventually have an impact on protein passage across
the glomerular capillary wall.101,102,129 Research findings
provide strong support for an autocrine loop in which
the podocyte is a target cell for the effects of podocyte-
derived VEGF.101,104,130

Serum VEGF levels are significantly increased in
patients with type 1131,132 and type 2133 diabetes.
Perhaps the kidney is one source of serum VEGF.
Interestingly, the serum VEGF level and urinary VEGF
excretion correlate with the degree of proteinuria
among diabetic patients.131,133 VEGF mRNA and pro-
tein are more abundant in the glomeruli, distal tubules,
and collecting ducts of diabetic than in normal
rats.134,135 Similar findings are reported in human dia-
betes.136,137 Equally important, the expression of VEGF
receptors on the glomerular endothelium is elevated in
the diabetic kidney.134,137 In a study on diabetic
patients, the extent of VEGF and VEGFR2 staining in
the kidney was significantly associated with the pres-
ence of marked proteinuria (. 2 g/d).137 Some studies,
however, have found a decreased renal VEGF content
in advanced diabetic nephropathy with severe glomer-
ulosclerosis (or other severe glomerulopathies).138,139

This does not necessarily contradict the previous find-
ings because late diabetic glomerulosclerosis with
appreciable loss of podocytes may be expected to even-
tually result in decreased podocyte-derived VEGF
expression. Then again, some have found that VEGF
mRNA expression is decreased even in early diabetic
nephropathy and is associated with peritubular capil-
lary rarefaction.140 For an in-depth and balanced analy-
sis of the complex field of VEGF as it relates to DN, we
refer the reader to a recent review article.141

CELLULAR AND MOLECULAR
MECHANISMS IN THE

PATHOPHYSIOLOGY OF DIABETIC
NEPHROPATHY

A host of mediators can be shown to be important in
the pathogenesis of diabetic nephropathy (Table 78.4)
and these will be reviewed here.

Early Hemodynamic Alterations in the
Glomerulus

Altered renal hemodynamics is an early characteris-
tic feature of diabetes in humans as well as animal

models.63,142 It is widely held that glomerular capillary
hypertension in diabetes is the major hemodynamic
alteration that contributes to progressive glomerular
injury.142,143 The increase in glomerular capillary pres-
sure is accompanied by increased glomerular blood
flow, which is caused by afferent arteriolar dilation but
with little or no dilation of the efferent arteriole. An
imbalance of a variety of vasoactive and growth factors
including the renin-angiotensin-aldosterone system
(RAAS), atrial natriuretic peptide, insulin-like growth
factor-1, endothelin, prostanoids, and eicosanoids has
been implicated in diabetic hyperfiltration, but evi-
dence strongly implicates the NO system as the main
mediator for afferent arteriolar dilation.144,145 Three
major theories have been put forward to account for
the hemodynamic changes in the glomerulus: (1) a pri-
mary alteration in vascular function, (2) a primary
alteration in tubular function, and (3) a primary growth
of the total filtration surface area (part of the hyper-
trophic response), mediated by endothelial cell prolif-
eration, capillary elongation, and new capillary
formation.146�148

It has been well characterized that diabetes is associ-
ated with impaired autoregulation at the afferent arte-
riolar level.149 This vascular theory suggests that
vascular smooth cells, mesangial cells, and endothelial

TABLE 78.4 Mediators of Diabetic Renal Disease

I. Genetic predispositiona

II. Glomerular hemodynamic stressa

III. Metabolic perturbations
A. Nonenzymatic glycation of circulating or structural proteins

Amadori-modified albumina

Advanced glycation end-products (AGEs)a

B. Activation of pathways of glucose metabolism
GLUT-1 upregulation
Polyol pathwaya

Cellular redox state (increased NADPH/NADP1,
NADH/NAD1)
Hexosamine biosynthetic pathwaya

De novo synthesis of diacylglycerol and stimulation of
protein kinase C (PKC)a (especially α and β isoforms)
Activation of mitogen-activated protein kinase (MAPK)a

(ERK and p38 isoforms)
Oxidative stressa

C. Activation of cytokines and growth factor systems
Transforming growth factor-βa

Connective tissue growth factor
Vascular endothelial growth factor
Other growth factors (platelet-derived growth factor,a

insulin-like growth factor-I)
Angiotensin IIa

Other vasoactive factors (endothelins,a thromboxane,a

kininsa)
Leptina

Chemokines (e.g., macrophage chemoattractant protein-1,
RANTES)

aFactors known to stimulate the transforming growth factor-β system.
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cells are primarily responding to a combination of
high-glucose concentrations, local autacoids, and sys-
temic signals to alter the normal autoregulatory
response to the prevailing systemic pressure. Studies
supporting a primary vascular role include impaired
calcium transients in afferent arterioles from diabetic
rats.148,150 Numerous groups have found a persistent
altered responsiveness to vasoconstrictors of vascular
smooth muscle cells and mesangial cells obtained from
diabetic rats.148,151�155 Some of these studies, using
mesangial and vascular smooth muscle cells cultured
in high glucose or obtained from diabetic rats, have
identified protein kinase C (PKC), reactive oxygen spe-
cies (ROS), and TGF-β to be important mediators of
vascular dysfunction.

A case for tubuloglomerular feedback as the initiat-
ing factor has been put forward by Blantz and cowor-
kers.156,157 These investigators have convincingly
demonstrated that increased uptake of glucose and
sodium in proximal tubular segments may limit
sodium delivery to the macula densa, thus inhibiting
tubuloglomerular feedback and preventing constriction
of the afferent arteriole. Presumably the enzyme orni-
thine decarboxylase plays an important role in this
pathway.156 Studies in diabetic animals and patients
with salt loading lend further evidence to this hypothe-
sis. NaCl restriction would cause a decrease in GFR in
the normal situation; however, in animals with long-
standing diabetes and in diabetic humans, salt restric-
tion causes a surprising increase in GFR. This salt
paradox could be explained by the further decrease in
salt delivery to the macula densa and further afferent
arteriolar dilation. However, several studies report
unimpaired tubuloglomerular feedback in diabe-
tes;158,159 one group suggested that enhanced tubulo-
glomerular feedback may mitigate the increase in
GFR.158 It is likely that much of the discrepant results
are accounted for by variations in diabetes induction,
degree of hyperglycemia, weight loss, insulin levels,
and duration of diabetes. Without a standardized
experimental approach it is virtually impossible to
interpret the various results.

Regardless of the cause of hemodynamic alterations
in diabetes, progressive renal injury eventually ensues.
One potential scenario to explain this outcome has
been put forward by Kriz and coworkers.160 With
increased glomerular capillary pressure, there is
stretching of mesangial cells with loss of tethering to
the GBM. Loss of tethering may be contributed by
altered integrin expression and growth factor produc-
tion. This would lead to a ballooning of the capillary
loop and denuding of the GBM on the epithelial side.
Alterations in GBM composition may also play a role.
Dropout of podocytes may ensue due to abnormal
stretching of podocytes and loss of adherence to the

GBM.161 Furthermore, abnormal stretch may stimulate
TGF-β production by mesangial cells, leading to a scle-
rotic response.162,163 This scenario would fit with the
glomerular volume increase noted in experimental and
human diabetes as well as the diffuse mesangial matrix
expansion and podocyte dropout.

Enhanced tubular transport of solutes and water is
correlated with glomerular hyperfiltration. The eleva-
tion in the glomerular transcapillary hydraulic pres-
sure gradient as well as the increase in glomerular
plasma flow leads to an increase in GFR. This, in turn,
enhances the colloid osmotic pressure in postglomeru-
lar capillaries, which can facilitate the reabsorption of
water and sodium in proximal tubules. These processes
provide a mechanistic link between enhanced tubular
transport and the primary abnormality of glomerular
hyperfiltration. As an alternative explanation, a pri-
mary abnormality in sodium reabsorption has been
linked to glomerular hyperfiltration.157 This explana-
tion suggests that an increase in reabsorption of
sodium chloride in the proximal tubule or the loop of
Henle leads to an increase in GFR by an intact macula
densa mechanism. Diabetes-induced hypertrophy of
tubules that mediate stimulated sodium chloride reab-
sorption could be pivotal in this process, again connect-
ing the structural changes with the hemodynamic
adaptation in diabetes.157 Therefore, both mechanisms
could explain the increase in tubular reabsorption that
occurs in diabetic nephropathy.

Role of Glucose Uptake and Metabolism

Extracellular hyperglycemia may define the diabetic
state but it is the high intracellular glucose concentra-
tion that appears to be the critical metabolic abnormal-
ity that promotes pathological changes in diabetic
nephropathy. Renal cells do not require insulin for glu-
cose uptake but instead rely on a family of transmem-
brane proteins to facilitate glucose transport across the
cell membrane. Glucose diffuses down its concentration
gradient, and in diabetes, renal intracellular glucose
levels rise in proportion to the degree of hyperglycemia.
The most widely expressed glucose transporter is the
GLUT-1 isoform, a high-affinity, low-capacity, facilita-
tive transporter that typically would be saturated at or
near physiological glucose concentrations.164 GLUT-1 is
normally found in the glomerulus and the tubules, but
diabetes changes its distribution and cellular expres-
sion. While most tissues downregulate GLUT-1 expres-
sion in the face of hyperglycemia to protect cells from
excess glucose transport and metabolism, some renal
cells such as mesangial cells actually upregulate GLUT-
1 gene transcription and protein translation when cul-
tured in high-glucose media.165 This positive feedback
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is an apparent maladaptive response in mesangial cells,
because the cells can readily take up more glucose from
a diabetic environment, resulting in high intracellular
glucose concentration that then initiates signaling cas-
cades, which are integral to the pathophysiology of dia-
betic kidney disease. In fact, mesangial cells that
overexpress GLUT-1 demonstrate avid uptake of glu-
cose even when cultured in normal concentrations of
glucose; the cells also behave like wild-type mesangial
cells incubated in high glucose in that they increase the
synthesis of extracellular matrix proteins such as col-
lagens and fibronectin.166 Interestingly, several relevant
factors in the diabetic state in addition to hyperglyce-
mia can upregulate GLUT-1 expression on the surface
of mesangial cells.167 These factors, which include TGF-
β, Ang II, and shear stress, can then stimulate net glu-
cose uptake and intracellular metabolism and therefore
promote glucotoxicity.168

The Polyol Pathway

Metabolic pathways for intracellular metabolism of
glucose are myriad. Activation of the polyol pathway
has been shown to be important in the development of
some complications of diabetes mellitus such as catar-
acts, retinopathy, and neuropathy, but its involvement
in the development of nephropathy remains much less
established. Many of the early, but not late, features of
diabetic renal disease can be attributed to activation of
the polyol pathway. Aldose reductase, the first and
rate-limiting enzyme in this pathway, catalyzes the
NADPH-dependent reduction of hexose or pentose
sugars to their corresponding sugar alcohols, or poly-
ols.169 Tissues that do not require insulin for glucose
uptake (kidney, lens, retina, and peripheral nerves)
become subject to relatively greater loads of intracellu-
lar glucose. Increased oxidation of sorbitol to fructose
via fructose dehydrogenase is coupled to reduction of
NAD1 to NADH, and a more reduced cytosolic ratio
of NADH/NAD1 may result in abnormalities of
cellular function, including myo-inositol depletion,
ROS generation, PKC stimulation, and even TGF-β
production.170�172 Glomerular hyperfiltration in dia-
betic rats can be ameliorated by the administration of
sorbinil, an aldose reductase inhibitor.173 In a small
randomized trial of type 1 normoalbuminuric diabetic
subjects, ponalrestat (a carboxylate-containing aldose
reductase inhibitor) reduced renal hyperfiltration.174

Urinary albumin excretion in diabetic rats has also
been reduced by aldose reductase inhibitor ther-
apy.175,176 Feeding sorbinil to diabetic rats has been
reported to decrease the width of the GBM,177 and the
stimulation by high glucose of collagen type IV expres-
sion in cultured proximal tubular cells can be abolished

with sorbinil, although cellular hypertrophy is not pre-
vented.178 However, the long-term effects of polyol-
pathway inhibition on renal extracellular matrix
accumulation have not been uniformly favorable. The
aldose reductase inhibitor statil did not reduce the
magnitude of glomerulosclerosis in diabetic rats after
seven months despite normalization of erythrocyte sor-
bitol levels with this drug.179

The sorbitol pathway may also produce metabolites
capable of nonenzymatically glycating intracellular pro-
teins (see subsequent sections), which can be further
phosphorylated via novel pathways that are activated
in diabetes mellitus. Sorbitol-3-phosphate, fructose-3-
phosphate, 3-deoxyglucosone, and other unidentified
metabolites are increased in erythrocytes of diabetic
subjects and could participate in protein glycation and
cross-linking.180,181 Such studies provide an intriguing
pathogenetic link between the products of the polyol
pathway (or other pathways of glucose metabolism)
and the reactions of nonenzymatic glycation.

The Hexosamine Biosynthetic Pathway

Fructose-6-phosphate can be converted to glucos-
amine-6-phosphate, with glutamine donating its amido
group to become glutamate. The final products of the
pathway are uridine diphosphate (UDP)-N-acetyl-glu-
cosamine (GlcNAc) and other nucleotide hexosamines.
The amination of fructose-6-phosphate is rate limiting
and is catalyzed by glutamine: fructose-6-phosphate
amidotransferase (GFAT). Interestingly, high glucose,
superoxide production, and Ang II can all stimulate
GFAT activity in endothelial or mesangial cell cul-
tures.182,183 Also, the high-glucose-induced stimulation
of TGF-β and fibronectin that is observed in mesangial
cells is partly mediated by activation of the hexosamine
pathway because treatment of the cells with the GFAT
inhibitor azaserine or with GFAT antisense oligonu-
cleotides diminishes this stimulation.183 The mecha-
nism by which increased flux through the hexosamine
pathway induces gene transcription is likely through
covalent modification of key transcription factors and
signaling molecules.170 For instance, hyperglycemia-
induced mitochondrial superoxide overproduction
activates the hexosamine pathway, which stimulates
Sp1 activity by post-translational O-linked glycosyla-
tion at critical serine or threonine sites;184 this activa-
tion of the Sp1 transcription factor then leads to
induction of key prosclerotic factors including TGF-β1
and plasminogen activator inhibitor-1 (PAI-1).184 The
hexosamine pathway can also regulate vascular func-
tion by inhibiting endothelial NO synthase (eNOS) via
O-linked glycosylation modification of a key signaling
enzyme, the Akt/PKB.185
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Signaling through Protein Kinase C

The signaling pathways that mediate some of the
effects of hyperglycemia may involve activation of one
or more isoforms of PKC. Based on a series of 14C-
radiolabeling experiments, the relationship between
hyperglycemia and PKC activation has been ascribed
to an increased intracellular metabolism of glucose that
promotes the de novo formation of diacylglycerol, the
major endogenous activator of the classic and novel
isoforms of PKC.186�190 Interestingly, diacylglycerol
synthesis may also be linked to the glucose-induced
increase in the ratio of NADH/NAD1 that derives
from the polyol pathway.191 PKC activity, measured by
the cytosol-to-membrane shift of various classical PKC
isoforms, is increased in mesangial and endothelial
cells incubated in high-glucose media.172,186,192,193

Glomeruli from diabetic rodents also display elevated
PKC activity and cytosol-to-membrane translocation of
diacylglycerol-sensitive PKC isoforms.194,195 Increased
activity of PKC in glomerular mesangial cells may lead
to an increase in extracellular matrix expression, such
as fibronectin, laminin and type IV collagen.186,190

Specific blockade of one particular PKC isoform
in vivo has been made possible with the engineering of
a safe and orally active PKC-β inhibitor Ruboxistaurin
(LY333531). In diabetic rats this compound ameliorates
the renal hemodynamic abnormalities, decreases the
proteinuria, and prevents the glomerular overexpres-
sion of TGF-β and the matrix components, fibronectin
and type IV collagen.196,197 A randomized, double-
blind, placebo-controlled, pilot study conducted on
patients with type 2 diabetes receiving renin-
angiotensin system inhibitors showed that the addition
of Ruboxistaurin reduced albuminuria relative to the
patients’ baseline. However, when comparing the treat-
ment and placebo arms of the trial, the changes in the
albumin-to-creatinine ratios were not significant.198

Other PKC isoforms, particularly PKC-α,199 may also
mediate the renal lesions in diabetes, but this possibil-
ity will have to await the design of selective isoform
inhibitors. The actual molecular targets downstream of
PKC activation remain unclear, but they somehow
stimulate other signal transduction pathways (such as
MAPKs, PI3Kinases and various growth factors). For
instance, markedly elevated ambient glucose levels in
mesangial cells can activate p38, a MAPK family mem-
ber, but they do not significantly affect JNK activity.
One member of MAPK family, ERK, is markedly acti-
vated in mesangial cells cultured under high-glucose
conditions and in glomeruli of diabetic rats, and this
activation is mediated through a PKC-dependent
mechanism.200 The activated ERK participates in the
induction of TGF-β and the production of extracellular
matrix.201

Oxidative Stress as a Common Initiator

Generation of ROS has received much attention with
regard to the initiation of diabetic microvascular compli-
cations, including kidney disease.202 As espoused by
Brownlee, increased ROS generation is a consequence of
persistent exposure to high glucose and this process
involves increased mitochondrial oxidation as well as
decreased scavenging of ROS.170,184 Glycolysis of intracel-
lular glucose results in production of NADH and pyru-
vate. Mitochondrial NADH and FADH2 provide
energy for ATP production through oxidative phos-
phorylation via the electron transport chain. Electron
transfer through the mitochondrial complexes generates
ATP synthase via a proton gradient. With increased
electron flux, a high-proton gradient, and a high elec-
trochemical potential difference, superoxide generation
is enhanced. In response to elevations in extracellular
glucose, aortic endothelial cells generate intracellular
ROS primarily via mitochondrial NADH and FADH2

that are generated by the tricarboxylic acid cycle from
cytosolic pyruvate.184 Subsequent superoxide generation
initiates DNA strand breaks leading to poly (ADP-
ribose) polymerase (PARP)�mediated glyceraldehyde
phosphate dehydrogenase (GAPDH) inhibition.203

Inhibition of GAPDH may then mediate PKC activa-
tion, hexosamine formation, advanced glycation end
products (AGEs) formation, and NF-κB activation.170

Studies in human mesangial cells have shown a host
of similar changes related to mitochondrial ROS gener-
ation.204 An interesting finding is that high-glucose
stimulation of mitochondrial ROS mediates COX-2
upregulation in human mesangial cells.204

Oxidative stress has been clearly demonstrated in
several animal models of diabetic kidney disease.
Markers for this state are often reflected in decrements
of glutathione or increased urinary 8-isoprostane.
Inhibition of ROS with α-lipoic acid205 or via overex-
pression of a cytosolic superoxide dismutase206 pre-
vents diabetic kidney disease in rodent models.
Inasmuch as the accumulated data show that mito-
chondrial generation of ROS occurs in endothelial cells,
this mechanism likely plays an important role in the
generalized endothelial dysfunction of diabetes,
including the development of albuminuria. Apart from
mitochondrial ROS, a membrane-bound NADPH
oxidase may potentially contribute to high-glucose-
induced ROS production.151 Studies have identified a
novel form of NADPH oxidase, NOX-4, in the kid-
ney,207 which is upregulated in animal models of
diabetic kidney disease.208 The role of NOX-4 in dia-
betic kidney disease is starting to be uncovered.
Administration of antisense oligonucleotides inhibiting
NOX-4 have been shown to decrease glomerular
hypertrophy, and resulted in decreased fibronectin
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expression in renal cortex and notably in the glomeru-
li.209 Moreover, NADPH oxidases have been localized
to podocyte, and the NOX-1 and NOX-4 isoforms are
upregulated in hyperglycemic milieu both in vitro and
in vivo.210 The accumulation of ROS from mitochon-
drial and non-mitochondrial pathways in the podocyte
builds up into apoptotic signals such as the p38 MAPK
pathway.211 Accordingly oxidative stress could be con-
tributing to the pathological changes in diabetic
nephropathy, including podocyte loss and albumin-
uria. The subcellular source of ROS in diabetic kidney
disease remains to be clarified. Also, the role of inhibi-
tion of discrete pathways of ROS generation is an excit-
ing area of research that can help dictate future
therapies for diabetic nephropathy.

Nonenzymatic Glycation of Proteins

Glycated proteins arise from a condensation reaction,
driven by the ambient glucose concentration, in which
a free sugar covalently attaches to a protein at reactive
NH2 groups. Glycation proceeds through the formation
of a labile Schiff base adduct, which then undergoes an
intramolecular Amadori rearrangement to become a
stable glucose-modified protein. The reaction occurs
slowly, and the degree and duration of hyperglycemia
influence the amount of glycated protein. Amadori-
modified proteins may further evolve through a series
of spontaneous rearrangement, dehydration, and poly-
merization reactions to become advanced glycation end
products (AGEs). Nonenzymatic glycation can be medi-
ated by a large variety of carbohydrates including glu-
cose, and by methylglyoxal and 3-deoxyglucosone. In
fact, methylglyoxal and 3-deoxyglucosone are far more
reactive than glucose, forming adducts with amino
groups of proteins, nucleic acid, and phospholipids
up to several thousand times more readily than glu-
cose. Although the chemical reactions involved are
nonenzymatic, the production and detoxification of
AGE precursors is actually controlled by enzymatic
mechanisms. Thus the accelerated formation of gly-
cated proteins in diabetes may result from increased
production and/or decreased degradation. A large
body of research has been devoted to understanding
the role of glycated proteins in the pathogenesis of
diabetic complications.

ROLE OF AMADORI-GLYCATED
ALBUMIN

A large clinical study found that type 1 diabetic
patients who have nephropathy manifest significantly

higher levels of Amadori albumin than subjects with-
out nephropathy.212 The severity of tissue damage in
diabetic nephropathy often parallels the localization of
glycated proteins in glomeruli. Albumin modified by
Amadori-glucose adducts has been linked to the devel-
opment of diabetic nephropathy through its ability to
activate PKC-β, upregulate the TGF-β system, and stim-
ulate expression of extracellular matrix proteins in glo-
merular cells.213�215 When PKC-β activity is specifically
blocked by the selective inhibitor LY-379196, the
increase in type IV collagen synthesis is prevented to
the same degree,214 consistent with the notion that the
β isoform plays a predominant role among the PKC
isotypes.197,216 A putative cell-surface receptor is postu-
lated to transduce the observed actions of glycated
albumin.

Chronic administration of Fab fragments of an anti-
glycated albumin antibody, A717, significantly lowers
the plasma glycated albumin concentration in the dia-
betic db/db mouse and produces significantly less
urinary albumin excretion.217 Glomeruli from A717-
treated db/db mice also showed considerably less
mesangial expansion than control mice; this was associ-
ated with attenuation of the augmented mRNA levels
for α1(IV) collagen and fibronectin.217

ROLE OF ADVANCED GLYCATION
END PRODUCTS

The Maillard reaction, resulting in AGE production,
alters protein structure and molecular surface composi-
tion, and this can profoundly change the affected mole-
cule’s biochemical properties and surface topology.
Virtually any protein can be affected by glycoxidative
modifications but particularly long-lived proteins
including matrix and structural proteins or intercellu-
lar matrix components are prone to form AGEs.218 The
kidney, however, is not only a target of AGEs but also
a culprit, as declining renal function is associated with
retention in the plasma of high concentrations of these
products.219

Glucose is a predominant source of reactive
sugars for AGE formation but many other sugar mole-
cules can also condense with proteins such as fructose,
threose, glucose-6-phosphate, and glyceraldehyde-
3-phosphate to produce different AGEs such as
Nε-(carboxymethyl)-lysine (CML) and pentosidine.
Pentosidine is a cross-linking molecule that covalently
bridges distant lysine and arginine residues by a
complex C5-sugar ring thereby linking different
proteins together or forming intramolecular covalent
bonds. Protein adducts arising from this pathway are
accordingly termed “advanced lipoperoxidation end
products.” Compounds such as malondialdehyde,
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hydroxynonenal (HNE)-lysine, or acrolein adducts
derived from oxidized hydroxy-aminoacids, L-serine
or L-threonine, belong to the glycoxidation class of ter-
minally modified proteins. Lipoxidative and glycoxida-
tive pathways may converge, resulting in the same end
product, CML, whereas pentosidine is only formed
from carbohydrate precursors. In contrast, AGEs such
as imidazolone and pyrraline adducts can also be gen-
erated independently from oxidative stress.

In the diabetic kidney, progressive tissue damage is
closely related to the deposition of AGEs.220 In an ani-
mal model, cellular and molecular growth events typi-
cal for progressive diabetic nephropathy can be almost
mimicked by chronic intravenous infusion of CML-
albumin.221 AGEs induce connective tissue growth
factor (CTGF) expression in the kidney through a TGF-
β-mediated effect;222 CTGF is known to mediate many
of the profibrotic effects of TGF-β.223 Interestingly,
AGEs activate the TGF-β�Smad signaling pathway in
mesangial cells by autocrine production of Ang II.224

Pharmacological interventions using AGE-breaking
agents or inhibitors of AGE formation such as amino-
guanidine, OPB-9195, ALT-946, pyridoxamine and
others have been widely used to prevent AGE-induced
end-organ damage.225

In 1992, Schmidt and her colleagues first discovered
a cellular surface receptor that binds AGE-modified
proteins with high affinity, which was subsequently
termed “receptor for AGE” (RAGE).226 Subsequent
research identified several additional cell surface mole-
cules capable of binding AGE-modified proteins,
including macrophage scavenger receptors (MSRs)
type A and B1 (CD36), oligosaccharyl transferase-48
termed “AGE receptor 1” (AGE-R1), 80K-H phospho-
protein (AGE-R2), and galectin-3 (AGE-R3), the scaven-
ger receptor. Among these molecules, RAGE has been
best characterized. It is a 35-kD protein belonging to
the immunoglobulin superfamily whose gene is located
on chromosome 6. RAGE is a transmembrane receptor
consisting of 394 amino acids with a single hydropho-
bic transmembrane domain of 19 amino acids and a
C-terminal cytosolic tail of 43 amino acids.227 The
extracellular part consists of a terminal V-type and two
distinct C-type domains (V-C-C�) where V domains
bind ligands and the highly charged cytosolic tail med-
iates activation of intracellular signal transduction
pathways. Various mRNA splice variants have been
detected that encode truncated proteins with different
biological properties. The receptor can bind different
AGE-adducts with high affinity, including CML and
pentosidine.228

In normal human kidney, RAGE protein is found on
glomerular podocytes and tubular epithelia by immu-
nohistochemical techniques. In the presence of AGE
ligands, susceptible cells can rapidly upregulate RAGE

expression (e.g., in podocytes of diabetic kidney). In
contrast, RAGE expression in other glomerular cells is
generally less inducible.229 Cellular expression of
RAGE can be induced by AGE ligands as well as in
the absence of AGEs, such as during inflammatory tis-
sue remodeling or after direct cytokine stimulation by
TNF-β. These experimental observations are on RAGE
induction readily explained by the presence of NF-κB
and SP-1 binding sites in the promoter region of the
RAGE gene.

Activation of RAGE triggers multiple intracellular
signal transduction cascades depending on the individ-
ual cell type.230 This can include enhanced intracellular
oxidant stress and activation of NF-κB by redox-
sensitive signaling pathways.231 AGEs may also inhibit
cellular NO production, which is mediated at least in
part by downregulation of eNOS and increased NADP
(H) oxidase expression, thus linking RAGE activity to
chronic endothelial cell dysfunction. RAGE activation
can increase RAGE mRNA transcription directly and
thus initiate an auto-amplifying loop. RAGE activation
can also induce intracellular generation of hydrogen
peroxide, which is dependent on the functional integ-
rity of NADPH oxidase.

In diabetic nephropathy, renal expression of RAGE
and VEGF increases considerably, including in podo-
cytes.134 Experimentally, soluble RAGE (sRAGE) has
been used extensively as a tool to block RAGE-
dependent effects in cultured cells and in experimental
animals. Treatment of diabetic db/db mice with sRAGE
significantly reduces the albuminuria and the glomeru-
lar hypertrophy. On the other hand, homozygous
RAGE-null mice rendered diabetic do not develop
increased renal VEGF and TGF-β expression, indicating
a pivotal role for RAGE-dependent activation of these
growth factors in the development of diabetic kidney
disease.124

Renin-Angiotensin-Aldosterone System

Data from animal studies suggest that local
angiotensin-generating systems exist in many tissues
including the kidney, and these systems may
operate independently of the systemic RAAS.232

Micropuncture and microdialysis experiments in nor-
mal rats have demonstrated that proximal tubular and
interstitial fluid contain Ang II concentrations in the
nanomolar compared with picomolar range in the sys-
temic circulation. These studies suggest that tubular
cells possess a RAAS and can produce Ang II.
Significant activation of the proximal tubular RAAS is
presumed to occur in the diabetic state. Studies in early
STZ-induced diabetes have shown enhanced expres-
sion of renin mRNA, which contributes to this local
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RAAS activation. It is hypothesized that the increased
local production of Ang II could contribute to tubuloin-
terstitial injury in diabetes.

Of particular importance is the observation that sys-
temic application of an ACE inhibitor results in almost
complete inhibition of systemic Ang II formation but
has only little effect on intrarenal Ang II production.
Also of interest is that intact Ang II is intracellularly
present in endosomes and is derived from receptor-
mediated endocytosis that follows Ang II binding to its
putative receptor. This could be an important mecha-
nism because it has been demonstrated in certain cells
that Ang II may directly go into the nucleus and could
regulate gene transcription.58

Ang II is metabolized by peptidases such as amino-
peptidase A (APA) into angiotensin III and further into
angiotensin IV (Ang IV). Ang IV binds to a specific
receptor named AT4. This receptor is widely expressed
in the kidney including endothelial, proximal tubular,
and distal convoluted tubular cells. Ang IV stimulates
PAI-1 expression in proximal tubular and endothelial
cells through AT4 receptors. Since PAI-1 reduces extra-
cellular matrix turnover, Ang IV may induce renal
fibrosis independently of activation of AT1 and AT2
receptors. Moreover, Ang IV-generating enzymes are
upregulated in conditions with presumed high levels
of Ang II in the kidney such as diabetic nephropathy,
likely shifting more Ang II into the degradation path-
way to Ang IV.233

Drugs interfering with the RAAS are a mainstay of
therapy in preventing the progression of diabetic
nephropathy as first reported by Zatz and coworkers in
experimentally-induced diabetes.234 Although initially
considered to act solely through normalization of sys-
temic and glomerular hypertension, it is now clear that
inhibition of the RAAS has many effects, including anti-
fibrotic and anti-inflammatory mechanisms. In fact, Ang
II itself induces in renal cells many proinflammatory
and profibrogenic cytokines, chemokines, and growth
factors.58 High glucose stimulates expression of renin
and angiotensinogen in mesangial and tubular
cells.235,236 This stimulation results in an increase in local
Ang II concentrations that may, in turn, through auto-
crine and paracrine pathways, induce a whole battery of
different cytokines and growth factors. Experimental
studies indicate that high-glucose�mediated generation
of ROS is important in the upregulation of angiotensino-
gen in proximal tubular cells.235

Inhibition of the RAAS significantly reduces protein-
uria in diabetic nephropathy as compared with other
antihypertensive classes of medications. Treatment
with ACE inhibitors or AT1-receptor antagonists atten-
uate podocyte foot process broadening in STZ-diabetic
rats.113,114 An AT1-receptor antagonist, but not the cal-
cium channel blocker amlodipine, normalized the

reduced nephrin expression in podocytes from sponta-
neously hypertensive rats with superimposed STZ-
induced diabetes.237 Thus, a local increase in Ang II
leads to suppression of nephrin expression in podo-
cytes, and thereby can enhance the ultrafiltration of
proteins. Podocytes express AT1 and probably AT2
receptors and could respond to stimulation with Ang
II. Transgenic rats with targeted overexpression of the
AT1-receptor to podocytes showed pseudocysts in
podocytes, followed by foot process effacement and
local detachments.238 These changes subsequently pro-
gressed to focal segmental glomerulosclerosis.

Podocytes are also a likely site for Ang II generation.
It has been previously shown that high ambient glucose
concentration induces Ang II formation in podocytes
through upregulation of angiotensinogen expression.239

Furthermore, proteinuria and the transit of proteins
through the ultrafiltration barrier likely activate Ang II
formation in podocytes. Finally, mechanical stretch
could increase Ang II generation in podocytes.240

Interestingly, Ang II formation as a consequence of
mechanical stress appears to be independent of ACE. In
this regard, it has been demonstrated that chymase, an
Ang II forming enzyme not inhibited by ACE inhibitors,
is upregulated in glomeruli of patients with nephropa-
thy due to type 2 diabetes.241 This observation suggests
that local glomerular formation of Ang II in the diabetic
state may be partly independent of ACE and may not
be abolished by ACE inhibition alone.

Activation of the RAAS may play an important role
in macrophage recruitment. Biopsy studies from
patients with diabetic nephropathy and investigations
in various animal models have revealed the presence
of inflammatory cells, especially mononuclear cell infil-
trates, in the glomerular and tubulointerstitial compart-
ments.242 Monocyte chemoattractant protein-1 (MCP-1)
is an important chemokine for macrophages/mono-
cytes, and high glucose has been shown to stimulate
MCP-1 expression in mesangial cells. In fact, increases
in tubular expression of MCP-1 and RANTES, mem-
bers of the C-C chemokine subfamily with chemoat-
tractant properties for monocytes/macrophages, have
been found adjacent to infiltrating immune cells in
renal biopsy specimens from patients with diabetic
nephropathy.243,244 The MCP-1 increase could be rele-
vant in another way that does not involve macro-
phages. MCP-1 directly stimulates matrix expression in
mesangial cells245 and increases cellular motility in
podocytes,246,247 having the associated effect of making
a podocyte monolayer more permeable to albumin.
Extrapolated to diabetic nephropathy, these MCP-1
effects may abet the process of mesangial matrix
expansion and diabetic albuminuria. The proinflamma-
tory transcription factor NF-κB has been detected
mainly in tubular cells in biopsy specimens from 11
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patients with type 2 diabetes and overt nephropathy,
indicating that proteinuria may have contributed to
this activation.243 Activation of the RAAS may play an
important role in this process. In animal models of kid-
ney disease there is upregulation of NF-κB in tubular
cells that is inhibited by inhibitors of the RAAS.58,248

Ang II, through an effect mediated by AT2 and not
AT1 receptors, increases the mRNA and protein levels
of RANTES in cultured glomerular endothelial cells.249

Intraperitoneal infusion of Ang II into naive rats for
4 days significantly stimulates glomerular influx of
macrophages/monocytes as well as the expression of
RANTES mRNA and protein in the glomeruli, mainly
in endothelial cells and small capillaries.249 Ang II also
stimulates the chemoattractant cytokines MCP-1 and
osteopontin in mesangial and tubular cells, which may
play a role in glomerular and tubular inflammation
associated with proteinuria.250

Aldosterone, working independently from the RAAS,
may be involved in the development of diabetic
nephropathy.251 The aldosterone antagonist spironolac-
tone attenuates the enhanced TGF-β1 expression and the
increased collagen deposition in rats three weeks after
STZ administration.251 In a preliminary study, Schjoedt
and colleagues observed that an increased plasma aldo-
sterone level during long-term treatment with an AT1-
receptor blocker is associated with a decline in GFR in
patients with nephropathy due to type 1 diabetes.252

These data demonstrate that aldosterone contributes to
the progression of diabetic nephropathy despite block-
ade of the AT1 receptor. Spironolactone decreases pro-
teinuria in patients with type 2 diabetes and early
nephropathy.253 The more selective aldosterone antago-
nist, eplerenone, also decreases the microalbuminuria in
patients with type 2 diabetes independent of its antihy-
pertensive effect.254 In addition to direct effects on renal
cells, aldosterone also potentiates the Ang II-mediated
signal processes such as MAPK activation, indicating
that Ang II and aldosterone act in concert.255

In summary, there are many deleterious effects of
the RAAS in the pathophysiology of diabetic nephrop-
athy. Early treatment with drugs that interfere with
RAAS activation, especially ACE inhibitors and AT1
receptor blockers, is a major mainstay in the clinical
management of the diabetic patient who is at risk of
developing nephropathy.

TGF-β is the Common, Downstream Mediator
of Diabetic Nephropathy

The cytokine TGF-β has risen to prominence in the
past several years as the principal mediator of progres-
sive renal diseases including diabetic nephropathy.
TGF-β has been shown to be the final common

pathway or mediator that leads to the hypertrophic
and prosclerotic changes in diabetic kidney disease,
thus fulfilling all of Koch’s postulates as a chief etio-
logic agent of the disease.122,256,257 TGF-β stimulates the
synthesis of key extracellular matrix molecules includ-
ing type I collagen, type IV collagen, fibronectin, and
laminin.258 TGF-β also decreases matrix degradation by
inhibiting proteases as well as activating inhibitors of
those proteases (e.g., PAI-1).259 Additionally, TGF-β
promotes cell�matrix interactions by upregulating
integrins, the cell-surface receptors for matrix.260

The biologic effects of TGF-β in kidney cells, which
include cell hypertrophy and stimulation of extracellu-
lar matrix production, closely resemble those of hyper-
glycemia. Almost all of the molecular mediators and
intracellular signaling pathways that have been
identified in diabetic kidney injury have also been
found to stimulate the renal TGF-β activity as an
intermediary step (see also Table 78.4). These include
high-glucose concentration;261 early (Amadori) as well
as AGE-modified proteins;215,262 oxidative stress and
overproduction of superoxide by the mitochondrial
electron-transport chain;170,202,263 cyclical stretch/relax-
ation of mesangial cells in culture;163 de novo synthesis
of diacylglycerol and PKC activation;192,197 stimulation
of MAPK, such as ERK;201 glucosamine overproduc-
tion;183 and high levels of vasoactive substances such
as Ang II,74,264 endothelin,265 and thromboxane.266

Studies in animal models of both type 1 and type 2
diabetes further implicate TGF-β as an important medi-
ator of diabetic kidney disease. TGF-β1 mRNA and
protein levels are increased in both the glomerular and
tubular compartments of rat and mouse models of dia-
betes.267�269 Of particular significance is the finding
of concomitant upregulation of the renal TGF-β type II
signaling receptor in tubules and glomeruli.270,271 In
almost all renal cell types studied in tissue culture
(except perhaps for podocytes), high ambient glucose
has been shown to upregulate the expression and
bioactivity of TGF-β; these include proximal tubular
epithelial cells, glomerular mesangial and endothelial
cells, and interstitial fibroblasts.75,121,122,272 In all renal
cells studied, including podocytes, high glucose also
upregulates the TGF-β type II receptor.271,273

Human studies have also corroborated the impor-
tant role that the renal TGF-β system plays in the path-
ogenesis of diabetic nephropathy.274,275 Glomerular
TGF-β1 mRNA is markedly increased276 and there is
net production of TGF-β1 protein by the kidney in
diabetic patients.277 Interestingly, therapy with an
ACE inhibitor protects the kidney through a host of
mechanisms that also include the lowering of TGF-β1
production.278 In fact, a decrease in the circulating
TGF-β1 level predicts a better long-term preservation
of the GFR.278
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Blocking the activity of the renal TGF-β system in
diabetic animals has provided proof-of-concept that
the development of renal disease is due to overactivity
of this system in diabetes. Neutralizing monoclonal
antibodies to TGF-β prevent the glomerular hypertro-
phy and attenuate the increase in TGF-β1, α1(IV) colla-
gen, and fibronectin mRNAs in STZ-induced diabetes
in mice.279 Also, the antibody therapy in the db/db
mouse, a model of type 2 diabetes, prevents the mesan-
gial matrix expansion (but without affecting the albu-
minuria).121 This latter finding may suggest that
diabetic proteinuria, unlike the hypertrophic and pro-
sclerotic renal manifestations of diabetes, is mediated
by increased podocyte-derived VEGF rather than by
TGF-β.101,121,124,125

Hypoxia and Diabetic Nephropathy

Clinical studies have provided evidence that even
mild anemia (hemoglobin ,13.8 g/dl) increases risk
for progression in patients with type 2 diabetes and
nephropathy.280 Moreover, treating anemia early in
renal failure with erythropoietin slows the decline of
renal function.281 In practice, however, the benefit of
erythropoiesis-stimulating agents has not held up to
the scrutiny of several large, prospective, randomized
controlled trials such as TREAT which showed no
renal benefit and no delay in the progression to ESRD
with darbepoetin alfa.286 The exact mechanisms by
which anemia increases the risk for progression of dia-
betic nephropathy are incompletely understood, but a
few suggestions could be made. Anemia likely causes
renal hypoxia. It has been described in experimental
models of chronic renal injury that hypoxia is an
important factor aggravating interstitial fibrosis, partly
by the induction of factors such as TGF-β and VEGF.
The transdifferentiation of tubular epithelial cells into
fibroblasts, an important process contributing to tubu-
lar atrophy and interstitial fibrosis, is stimulated by cel-
lular hypoxia and mediated, appropriately enough, by
hypoxia-inducible factor-1 (HIF-1), a transcription fac-
tor that plays a role in regulating genes critical to the
adaptation to low oxygen.282�284 Certain growth factors
and cytokines are stimulated by HIF-1 which itself
can be increased by Ang II via activation of AT2 recep-
tors, leading to the suppression of SM-20, a dihydro-
genase involved in hydroxylation of HIF-1α.58 Since
hydroxylated HIF-1α is rapidly degraded through the
proteasome, the Ang II-mediated decrease in hydroxyl-
ation leads to stabilization of this important transcrip-
tion factor. Thus, hypoxia plus Ang II may induce
growth factors and signaling pathways with potentially
deleterious effects in diabetic nephropathy. On the
other hand, erythropoietin application may have

additional effects in addition to correcting anemia, and
the mobilization of potential progenitor cells by this
treatment has become the focus of active research.285

Certainly, more experiments are necessary to elucidate
how anemia may contribute to the development and
progression of diabetic nephropathy. Lastly, any well-
meaning attempt to correct anemia for the sake of
diabetic nephropathy has to be weighed against the
not-inconsiderable risk of stroke, hypertension, other
cardiovascular event, and possibly increased mortality
that seem to arise from the overzealous use of
erythropoiesis-stimulating agents.286�290

METABOLIC SYNDROME/OBESITY
AND RENAL DISEASE

The metabolic syndrome is increasingly being recog-
nized as a major contributor to cardiovascular diseases
among large segments of the population worldwide.
Although once relegated to a constellation of risk fac-
tors that were not considered to play a major role in
kidney diseases, analyses in large population groups
have identified the metabolic syndrome as a major risk
factor for chronic kidney disease. Conversely, chronic
kidney disease has also emerged as a key risk factor for
predicting cardiovascular disease even in patients with
mild renal dysfunction.

The metabolic syndrome is defined as having at
least three of the following five parameters: increased
waist circumference, elevated triglycerides, decreased
high-density lipoproteins (HDLs), elevated blood
pressure, and elevated fasting blood glucose.291 These
values have been derived primarily from the white
population and will likely need to be redefined for
different ethnic groups. It appears that some Asian
populations develop the metabolic syndrome with
lesser levels of waist circumference,292 whereas
African Americans may exhibit features of insulin
resistance without a correlation with visceral adipos-
ity.293 Values pertaining to blood pressure and fasting
blood glucose may also need to be revised as lower
levels of pressure and glucose have been associated
with increased cardiovascular risk. Other features
such as albuminuria and left ventricular hypertrophy
may also be added to the definition.294 The major out-
come of the metabolic syndrome is the increased risk
these patients have for developing myocardial infarc-
tions, strokes, and diabetes mellitus.

The recognition that the metabolic syndrome is
strongly associated with kidney disease has only been
appreciated in the past few years.295 In 2003, a statisti-
cal relationship was found between features of the met-
abolic syndrome and albuminuria using the Third
National Health and Nutrition Survey (NHANES III)
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cohort.296,297 In 2004, Chen et al.298 found that each
component of the metabolic syndrome added to the
risk of impaired renal function as estimated by four
different GFR formulas that are based on the serum
creatinine value. The estimated GFR has also been
inversely correlated with the development of cardio-
vascular disease and poor outcome after a major
cardiovascular event.299,300 In addition, even low levels
of albuminuria in patients with left ventricular hyper-
trophy are associated with increased cardiovascular
risk.294 The interplay between heart and kidney, that
chronic kidney disease is adversely influenced by
chronic heart disease and vice versa, has recently
been promulgated as the cardiorenal syndrome.301

Therefore, it is apparent that there is a very close rela-
tionship between the metabolic syndrome, renal dys-
function, and cardiovascular endpoints. However, the
mechanisms linking this triad together remain unclear.

The nature of the kidney lesions associated with the
metabolic syndrome has not been clearly established.
Studies have found that obese individuals (body mass
index [BMI] .30) have large kidneys and glomerulo-
megaly (reviewed in295). This appears to be strikingly
uniform such that almost 100% of patients with
obesity-related kidney disease exhibit glomerulome-
galy.302 In addition, several studies have demonstrated
an altered hemodynamic profile in obesity. Thus, obese
patients have increased renal blood flow, increased fil-
tration fraction, and mild glomerular hyperfiltra-
tion.303,304 The close resemblance of obesity-related
kidney disease to the early features of diabetic kidney
disease is intriguing. However, the pathologic lesion in
the former is distinct from diabetic nephropathy as
there is typically focal and segmental glomerulosclero-
sis rather than diffuse mesangial matrix expansion or
nodular glomerulosclerosis.302

The mediators of kidney disease associated with the
metabolic syndrome and obesity have not been identi-
fied. Using the NHANES data, the fasting blood glu-
cose and systolic blood pressure are the most closely
linked to albuminuria and the development of renal
insufficiency.298 Sleep apnea and hypoxia may also
contribute to kidney impairment. It is now recognized
that visceral adipocytes are a potent source of deleteri-
ous factors that could impact renal function. Visceral
adipocytes probably produce all components of
the RAAS, and this may contribute to systemic hyper-
tension and altered renal hemodynamics.305,306

Production of leptin, VEGF, endothelin-1, TGF-β, and
PAI-1 by adipocytes307�309 may also contribute to
hypertension, altered glomerular blood flow, glomeru-
lomegaly, focal sclerosis, and albuminuria. Production
of adipocyte-derived TNF-α may mediate an inflam-
matory cascade in the kidney that leads to renal dys-
function. Alternatively, the adipocyte-induced

regulation of adiponectin may contribute to endothelial
dysfunction and renal injury.295

Treatment approaches for the metabolic syndrome
are only now being addressed. Weight loss and exercise
are important cornerstones and greater attention is
required to allow physicians to incorporate behavior-
altering regimens into their clinical practice. Apart from
behavior modification, attention has been paid to the
role of PPAR-γ agonists (glitazones) and inhibitors of
the RAAS. The glitazones are able to decrease visceral
adiposity by inhibiting adipocyte hypertrophy and pro-
liferation.310 The recognition that both ACE inhibitors
and AT1 receptor blockers are able to decrease insulin
resistance and lower hemoglobin A1c may in part be
due to adipocyte-derived activation of the RAAS.

REGRESSION

One would assume that the morphological altera-
tions of advanced diabetic nephropathy (e.g., glomeru-
losclerosis, interstitial fibrosis) are not reversible and
represent a one-way road to ESRD. Experimental311

and clinical studies312 show, however, that this pessi-
mistic scenario is not necessarily true. Several studies
indicate that aggressive blood pressure control with
agents that interfere with the RAAS leads to remission
of overt proteinuria. Fioretto and colleagues performed
serial renal biopsy in eight patients with type 1 diabe-
tes and nephropathy who had undergone a successful
pancreas transplantation.312 These investigators found
that sustained euglycemia reversed the morphological
alterations of diabetic nephropathy, including
increased GBM thickness and mesangial matrix expan-
sion, 10 years after receiving the pancreas transplant.
The regression of diabetic nephropathy was convinc-
ing, but clearly this process takes time. In addition,
Perkins et al.313 showed that the onset of sustained
microalbuminuria does not imply an inexorable pro-
gression to nephropathy, at least not in patients with
type 1 diabetes. This study provides indirect evidence
that aggressive management aimed at various risk fac-
tors could lead to remission of albuminuria. Since
no renal biopsies were performed in this study, it
remained unproven whether morphological changes of
diabetic nephropathy were also improved. Although
the molecular mechanisms surrounding regression are
currently incompletely understood, it is possible that
induction of metalloproteinases that may degrade the
deposited extracellular matrix play a central role in the
healing. Nevertheless, there is light at the end of
the tunnel and a better understanding of the complex
pathophysiology of diabetic nephropathy will likely
improve a multipronged approach to induce
regression.
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SUMMARYAND OUTLOOK

Only a minority of diabetic patients will ever
develop diabetic kidney disease. This has been the
major impetus to try to identify those genes that are
either predisposing to or protective against the devel-
opment of diabetic kidney disease. Much remains to be
understood about the genetic factors that are at play.
Another concept that has emerged is that injury to the
kidney in susceptible patients may start before diabetes
mellitus has fully manifested. Evidence is emerging
that the metabolic syndrome can injure the kidney
through many different mechanisms in addition to
hypertension and hyperglycemia. Although it has been
debated for many years whether hemodynamic or met-
abolic changes are more important in the development
of overt diabetic nephropathy, it is now clear that met-
abolic events can be triggered by hemodynamic stress
and thus these processes are interwoven, depicting two
sides of one coin. On a molecular level, metabolic path-
ways activated by hyperglycemia as well as by proteins
altered by high blood glucose such as Amadori pro-
ducts and AGEs are key players in the development of
diabetic nephropathy. Oxidative stress that is induced
by high-glucose�mediated activation of the mitochon-
drial electron-transport chain is an early event in the
development of diabetic complications. A variety of
growth factors and cytokines are then induced through
complex signal transduction pathways involving PKC,
MAPK, and NF-κB. The cytokine TGF-β has emerged
as an important downstream mediator for the develop-
ment of renal hypertrophy and the accumulation of
extracellular matrix components. Activation of
the RAAS in different kidney compartments by high
glucose, mechanical stress, and proteinuria can cause
many of the pathophysiological changes associated
with diabetic nephropathy. In fact, it has been shown
that Ang II is involved in almost every pathophysio-
logical process implicated in the development of
diabetic nephropathy (hemodynamic changes, hyper-
trophy, extracellular matrix accumulation, growth fac-
tor/cytokine induction, ROS formation, podocyte
damage, proteinuria, interstitial inflammation, and
fibrosis). Consequently, blocking the deleterious effects
of Ang II is an essential part of every therapeutic regi-
men to prevent and treat diabetic nephropathy. There
is hope that regression of diabetic nephropathy could
be achieved under certain circumstances.
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Ciber de Enfermedades Hepáticas y Digestivas (CIBEREHD), Barcelona, Spain
3Department of Medicine, University of Colorado Denver,

Division of Renal Diseases and Hypertension, Aurora, CO, USA.

Renal failure is a common complication of patients
with advanced cirrhosis. Early studies in patients with
cirrhosis focused the attention on a distinctive form of
renal failure characterized by progressive azotemia
associated with marked abnormalities of the systemic
arterial circulation and normal renal histology, a condi-
tion later known as hepatorenal syndrome (HRS).1�4

However, HRS is not the only cause of renal failure in
cirrhosis. Patients with cirrhosis may develop renal
failure due to a variety of clinical conditions, including
bacterial infections (with or without septic shock), gas-
trointestinal bleeding (with or without hypovolemic
shock), administration of non steroidal antiinflamma-
tory drugs (NSAIDs), and intrinsic renal diseases, par-
ticularly glomerulonephritis associated with hepatitis B
or C infection or alcoholic liver disease.5 Because the
approach to management of renal failure in patients
with cirrhosis is different according to the etiology of
renal failure, it is essential to establish the cause of
renal failure before starting any specific therapy. The
aim of this chapter is to review the current approach to
renal failure in patients with cirrhosis, with particular
emphasis on the pathogenesis, diagnosis, and
management.

DEFINITION

The diagnosis of renal failure in patients with cirrho-
sis is established when serum creatinine increases over
1.5 mg/dL (133 μmol/L) which corresponds to a glo-
merular filtration rate (GFR) of approximately 30 ml/
min.5�7 Although serum creatinine is the most
commonly used GFR marker in cirrhosis, it has some
limitations7,8 Serum creatinine may overestimate GFR
mainly due either to decreased creatinine production
or reduced muscle mass. Additionally, it is considered
that baseline serum creatinine below ,1.5 mg/dl
does not necessarily exclude renal dysfunction.9�11

Creatinine clearance also overestimates GFR; more so
in those with low GFR.11 There are no data to indicate
that creatinine clearance is better or preferred to serum
creatinine concentration as a marker of GFR in patients
with cirrhosis. In addition, creatinine clearance is diffi-
cult to perform because it depends on the adequate col-
lection of urine volume over 24 hours, which in many
cases is inadequate, especially in oliguric patients.11,12

The estimation of GFR with the Cockcroft and
Modification of Diet in Renal Disease (MDRD) equa-
tions are based on serum creatinine and therefore have
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not shown to be very useful in cirrhosis.13�15 The gold
standard for measuring GFR in cirrhosis relies on clear-
ance techniques of exogenous markers.7,8 Use of these
techniques allows the precise estimation of GFR, which
helps to classify patients with chronic kidney disease
according to categories previously defined by the
National Kidney Foundation.16 Inulin has been the
most widely used marker as it is completely filtered by
the glomerulus without being secreted, reabsorbed,
synthesized, or metabolized by the ducts. Thus, after
an intravenous infusion and at a stable concentration
in healthy subjects, the amount filtered equals to the
amount excreted in urine. However, this method is
cumbersome, expensive and not available in all set-
tings. Other markers such as radiolabeled compounds
(51Cr-EDTA, 99mTc-DPTA and 125I-iothalamate) or
iohexol/iothalamate are useful, but there are expen-
sive, they expose the patient to radiation if used repeat-
edly, and they have not been specifically or adequately
studied in cirrhosis.

The above-mentioned limitation of using serum
creatinine as a marker of renal function may require
that the current definition undergo reassessment.
New proposed criteria including the acute kidney
injury and chronic kidney disease definitions may be
useful in patients with cirrhosis but these need to be
properly studied6 Given the above, serum creatinine
concentration is still considered the method of choice
to estimate GFR in cirrhosis in clinical practice.
Although a single measurement of serum creatinine
alone is probably inadequate for identifying and/or
quantifying either acute or chronic renal disease in
cirrhosis repeated measurements over time may be
useful in indicating variations of GFR in clinical
practice.

Etiology and Epidemiology

There are several causes of renal failure in cirrhosis
due to a variety of clinical conditions (Table 79.1).
These etiologies are classified as: (1) renal failure asso-
ciated with infections, (2) hypovolemia induced renal
failure (3) intrinsic renal diseases, (4) hepatorenal syn-
drome (HRS), and (5) drug-induced renal failure. In
patients with cirrhosis and ascites the one year proba-
bility of developing HRS ranges between 18-23% at one
year and increases up to 40-50 % at three to five years
of follow-up.17,18 (Figure 79.1). A systematic review of
74 studies showed that the overall median mortality in
patients with cirrhosis and renal failure was 67%, with
a 58% mortality at 30 days and 63% mortality at one
year19In an analysis of 562 hospitalized patients with
cirrhosis and renal failure, the most frequent cause of
renal failure in cirrhosis was that associated with

bacterial infections (46%), followed by hypovolemia-
induced renal failure (32%), HRS (13%), parenchymal
nephropathy (9%), drug-induced renal failure (7.5%),
mixed causes (8%) and other causes (2%).19 Patients
with intrinsic renal disease had a 73% survival at three
months followed by a 46% survival in those with
hypovolemia-related renal failure. Those with renal
failure associated with infections and HRS had the low-
est three-month survival probability, 31 and 15%
respectively.19 (Figure 79.2).

TABLE 79.1 Main Causes of Renal Failure in Patients
with Cirrhosis

1. Infections
a. Spontaneous bacterial peritonitis
b. Spontaneous bacteremia
c. Urinary tract infection, pneumonia, skin infections

2. Hypovolemia-induced renal failure
a. Vomiting, diarrhea
b. Gastrointestinal bleeding (with or without shock)
c. Diuretic-induced

3. Hepatorenal syndrome
4. Intrinsic renal diseases

a. Glomerulopathies � IgA nephropathy, membranous
nephropathy, membranoproliferative glomerulonephritis,
polyarteritis nodosa, cryoglobulinemia due to viral hepatitis,
or alcohol.

b. Chronic kidney diseases due to diabetes, hypertension or other
causes.

5. Drug induced renal failure
a. Hemodynamically induced—Nonsteroidal anti-inflammatory

agents, ACE Inhibitors, Angiotensin receptor blockers
b. Acute tubular necrosis- Aminoglycosides, Amphotericin B,

Tenofovir, Adefovir
c. Acute interstitial nephritis- penicillin, rifampin and

sulfonamides
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FIGURE 79.1 Probability of developing hepatorenal syndrome in
a series of patients with cirrhosis and ascites. Reproduced with permis-
sion from Ref. 17.
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Approach to Renal Failure in Cirrhosis

It is essential to establish the underlying etiology of
renal failure before considering further management.
That said, there are no specific tests that secure the
diagnosis of the different types of renal failure in cir-
rhosis. In most cases a detailed clinical history, physical
exam and assessment of renal function with a thorough
evaluation of urine and serum electrolytes will suffice
for establishing the cause (Table 79.2). Renal ultraso-
nography needs to be performed in order to rule out
the existence of abnormalities in renal structure sugges-
tive of chronic kidney disease or urinary tract obstruc-
tion. Data on urine biomarkers and renal biopsy in the
assessment of renal failure in cirrhosis is limited and
therefore cannot be routinely recommended in the
workup of renal failure in cirrhosis. Since the diagnosis
of HRS cannot be made with a specific test, its confir-
mation is currently made using criteria to exclude
other causes of renal failure that can occur in cirrhosis.
So, if after an extensive investigation there is no evi-
dence of infection, hypovolemia, administration of
nephrotoxic drugs, or intrinsic renal diseases, then
HRS should be considered the cause of renal failure.
The diagnosis of HRS is based on specific clinical crite-
ria that aim to exclude other causes of renal failure that
are not functional, see (Table 79.3) below.

INFECTIONS AND RENAL FAILURE

Bacterial infections are the most common cause of
renal failure in cirrhosis. The pathogenesis seems to be
related to an impairment of the systemic arterial

vasodilation present in cirrhosis due to bacterial pro-
ducts, cytokines or vasoactive mediators that appear in
relation with the infection.21 This occurs mainly in
patients that develop spontaneous bacterial peritonitis
(SBP) and spontaneous bacteremia, but may occur with
any bacterial infection18,19,22 It is estimated that bacte-
rial infections are present at admission or during hospi-
talization in 20-60% of patients.19,22,23 Of these, most
are secondary to SBP, other common causes are urinary
tract infection, pneumonia and bacteremia22,23 which
are due to both gram negative bacteria and aerobic
gram-positive bacteria.24 Bacterial infections

TABLE 79.3 Diagnostic Criteria of Hepatorenal Syndrome in
Cirrhosis *

1. Cirrhosis with ascites
2. Serum creatinine. 1.5 mg/dL (133 μmol/L)
3. No improvement of serum creatinine (decrease to a level lower

than 1.5 mg/dL (133 μmol/L) (after at least two days off diuretics
and volume expansion with albumin (1 g/kg body weight up to a
maximum of 100 g/day)

4. Absence of shock
5. No current or recent treatment with nephrotoxic drugs
6. Absence of signs of parenchymal renal disease, as suggested by

proteinuria (. 500 mg/day) or hematuria (. 50 red blood cells
per high power field), and/or abnormal renal ultrasound.

*From: Salerno et al. Diagnosis, prevention and treatment of the hepatorenal syndrome
in cirrhosis. A consensus workshop of the international ascites club. Gut

2007;56:1310-8.

FIGURE 79.2 Survival of patients with renal failure and cirrhosis
according to etiology of kidney disease. Patients with intrinsic renal
disease had a 73% survival at three months followed by a 46% sur-
vival in those with hypovolemia-related renal failure. Those with
renal failure associated with infections and HRS which had had the
lowest three-month probability, 31% and 15% respectively.
Reproduced with permission from Ref. 19.

TABLE 79.2 Evaluation of Patients with Cirrhosis and
Renal Failure

COMPLETE HISTORY

Infections/ sepsis

NSAID use, high doses of diuretics or other nephrotoxic drugs

Gastrointestinal bleeding

Long-term diabetes, hypertension

Urinary tract obstruction

PHYSICAL EXAMINATION

Volume status

Hemodynamics

Signs of infection or gastrointestinal bleeding

LABORATORY DATA

Serum creatinine, electrolytes, liver tests

Routine urine analysis, urine electrolytes, sediment

24 hr urine volume, sodium, protein, creatinine

Culture—ascites, blood, urine

Renal ultrasound/Doppler
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significantly increase mortality in patients with cirrho-
sis. A meta-analysis of 178 studies estimated that the
overall mortality of infected patients with cirrhosis was
38%.25 The same analysis concluded that the mortality
in those with SBP was 43.7% and in those with bacter-
aemia (1437 patients), the mortality was 42.2%.25 In any
patient with cirrhosis that develops renal failure, the
presence of a bacterial infection should be thoroughly
sought after. It is important to take into account that
signs and symptoms of early bacterial infection may be
vague or even absent in some patients with cirrhosis.
The mandatory workup consists of a complete blood
cell count, liver chemistries, polymorphonuclear cell
count in a sample of ascitic fluid, ascitic fluid cultures,
urine sediment and culture, abdominal ultrasound,
chest X-ray and blood cultures.

HYPOVOLEMIA-INDUCED RENAL FAILURE

Pre-renal renal failure occurs due to a reduction in
intravascular volume that causes a drop in renal
plasma flow and GFR. In hypovolemia-induced renal
failure the major mechanism responsible for renal
hypoperfusion is a reduction in intravascular volume
which, if severe, may lead to acute tubular necrosis
(ATN).5,6,26 The main causes of hypovolemia in cirrho-
sis are gastrointestinal bleeding and overdiuresis due
to excessive diuretic treatment followed by gastrointes-
tinal fluid losses due to vomiting and/or diarrhea. In
most cases, renal function improves after elimination
of the precipitating cause and plasma volume expan-
sion. Patients need to be thoroughly questioned about
gastrointestinal bleeding, and physical examination
should include a rectal exam to rule-out melena,
bright red blood per rectum or occult blood if gastro-
intestinal bleeding is suspected. A naso-gastric tube
should be considered if there is a high suspicion of

upper GI bleeding. Additionally, if patients were tak-
ing diuretics, the type and doses need to be clarified.
Patients with cirrhosis and gastrointestinal bleeding
require an important reduction in blood volume
which in most cases is associated with hypovolemic
shock in order to develop renal failure.27 In moderate
to severe cases of GI bleeding (those requiring .3
units of packed red blood cells) there is a 20%
chance of developing renal failure. In mild cases this
figure drops to less than 5%.27 When hypovolemic
shock develops in patients with cirrhosis and gastro-
intestinal bleeding there is a 60% probability of
developing renal failure and mortality rates are very
high (Figure 79.3).

INTRINSIC RENAL DISEASES

Most intrinsic renal diseases are related to common
etiologic factors of cirrhosis, including chronic
hepatitis B or C infection or alcoholic liver disease.
Most encompass kidney diseases secondary to the
deposition of circulating immunocomplexes in the glo-
meruli. The commonest in hepatitis C are mem-
branoproliferative glomerulonephritis, membranous
glomerulonephritis and focal segmental glomerular
sclerosis.28 Membranous nephropathy is commonly
encountered in patients with hepatitis B and IgA
nephropathy in patients with alcoholic cirrhosis.28 In
some patients, the glomerular deposits are mild and do
not affect kidney function, whereas in other patients
they are so severe that GFR markedly decreases and
renal failure develops. In patients with cirrhosis and
renal failure due to intrinsic renal diseases, there is usu-
ally proteinuria or hematuria. Intrinsic renal disease is
considered if there is either proteinuria greater than
500 mg/24-hr, abnormal urine sediment with more
than 50 red cells per high power field, or abnormal
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renal ultrasound findings in the absence of other causes
of renal failure.6 However some patients with renal fail-
ure due to chronic kidney disease may not necessarily
meet the definition. Therefore, criteria for this definition
are specific but lack sensitivity and thus need to be
properly studied.

The role of kidney biopsy in the evaluation of renal
failure in cirrhosis is a matter of debate in some cen-
ters. Findings demonstrating glomerulosclerosis or sig-
nificant fibrosis in the renal parenchyma may require
the patient receive dialysis or a simultaneous liver�
kidney transplant (if being consider for liver transplan-
tation-LT). Limited data indicates that in transvenous
renal biopsies in patients with hematuria or protein-
uria, various types of lesions may be present. In one
retrospective study of 65 patients, renal biopsy showed
that glomerular, vascular and tubulointerstitial changes
in 77, 69 and 94% of cases respectively.29 Fibrous
endarteritis was the most common renal vascular
lesion and pathological changes to different structures
were frequently combined. There were no reported
complications of transvenous renal biopsy.29 Another
report of 44 liver transplant candidates with renal fail-
ure of undetermined etiology that underwent percuta-
neous renal biopsy revealed that IgA nephropthy and
ATN were the most common findings, however there
was more than one pathological finding (i.e., interstitial
fibrosis, glomerular sclerosis, or membranoprolifera-
tive disease) in 64% of patients.30 A disappointing find-
ing was the development of serious complications

(mainly bleeding) requiring intervention in 18% of
patients. Therefore the role of renal biopsy in patients
with cirrhosis still needs be studied, however a renal
biopsy, preferably via transvenous route should be
obtained in those patients in whom the diagnosis of
HRS is unclear and are being considered for liver
transplantation.

HEPATORENAL SYNDROME

HRS is a pre-renal renal failure without any identifi-
able kidney pathology that occurs in patients with
advanced cirrhosis.31�33 Patients with very advanced
liver disease display a profound disturbance in the sys-
temic circulation, characterized by a low arterial blood
pressure, high cardiac output and a decreased total
systemic vascular resistance. This hemodynamic
pattern is due to an intense arterial vasodilation occur-
ring in the splanchnic vascular bed that triggers a
neurohormonal response with the activation of the
renin- angiotensin-aldosterone system, the sympathetic
nervous system and the non-osmotic release of argi-
nine vasopressin (the antidiuretic hormone) aimed at
maintaining arterial pressure that eventually leads to
vasoconstriction in several vascular beds, particularly
the kidneys, decreasing the GFR (Figure 79.4).5,6 As the
disease progresses, splanchnic vasodilation worsens
and this creates a vicious cycle that favors further acti-
vation of vasoconstrictors (renin, norepinephine and
vasopressin) and ongoing renal vasoconstriction that
establishes HRS. Although the kidney tries to
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FIGURE 79.4 Proposed patho-
genic mechanism of hepatorenal
syndrome. Splanchnic vasodilation
arising from portal hypertension, an
increased plasma volume and a
decreased cardiac output seem to
play an equally important role in the
decreased renal perfusion leading to
HRS. The impairment effective arte-
rial blood volume responsible for the
activation of vasoconstrictor systems
acting on renal circulation is a con-
sequence of both a low systemic
vascular resistance causing an
abnormal distribution of blood vol-
ume and a low cardiac output re-
lative to the markedly dilated arterial
bed secondary to cirrhotic cardiomy-
opathy. (RAAS) Renin-angiotensin-
aldosterone system, (SNS) sympa-
thetic nervous system (SNS), and
(AVP) arginine vasopressin.
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counterbalance the effects of this vasoconstriction with
the intrarenal production vasodilators such as prosta-
glandins, the incessant overproduction of vasoconstric-
tor factors overcomes their protective role and HRS
ensues. In the early stages of cirrhosis there is an
increase in cardiac output that compensates for a mild
decrease in systemic vascular resistance, but in very
advanced cirrhosis there is marked reduction in
systemic vascular resistance for which the increased
cardiac output cannot compensate for with the de-
velopment arterial underfilling of circulation.
Additionally, in the very advanced stages of cirrhosis
cardiac output drops which contributes to decreased
effective arterial blood volume and decreased renal
perfusion.34,35 In recent years several studies indicate
that adrenal insufficiency (AI) in compensated and
decompensated cirrhosis occurs in 26-64% of patients.36

In those with ascites it might play a role in the
pathogenesis of HRS. Normal adrenal function is
essential for an adequate response of the arterial
circulation to endogenous vasoconstrictors, thus AI
could be an important contributory mechanism of
circulatory dysfunction associated with renal failure
induced by bacterial infections. In one study, adrenal
insufficiency was found in 80% of patients with
HRS but only in 34% with serum creatinine below
1.5 mg/dL.37 Another study showed that in patients
with cirrhosis, sepsis and adrenal insufficiency treat-
ment with hydrocortisone was associated with a
rapid improvement in systemic hemodynamics and
a reduction of vasopressor requirements.38 More
studies are needed to clarify the clinical importance
of AI in cirrhosis and define the impact of cortico-
steroid supplementation in patients with liver dis-
ease and HRS.

Due to the lack of specific diagnostic markers, the
diagnosis of HRS is currently made using criteria to
exclude other causes of renal failure that can occur in
cirrhosis (Table 79.3).31�33 There are two types of HRS;
in Type 1 HRS renal function deteriorates rapidly with
an increase in serum creatinine to a level higher than
2.5 mg/dl in less than two weeks. This type of HRS is
associated with a very poor prognosis without treat-
ment with a median survival time of only two weeks if
untreated (Figure 79.5).17,39 In Type 2 HRS there is a
steady impairment of renal function and serum creati-
nine levels usually range between 1.5-2.5 mg/dl.
Patients with Type 2 HRS have a median survival time
of six months if not transplanted (Figure 79.5).17,39

Patients with type 2 HRS may go on to develop type 1
HRS, either due to progression of disease or triggering
factors such as bacterial infections. Although the differ-
ential diagnosis between HRS and ATN remains diffi-
cult and the presence of granular casts may be
observed in the urine sediments of both HRS and

ATN, if renal tubular cells are seen this favors the diag-
nosis of ATN.6

DRUG-INDUCED RENAL FAILURE

Drug nephrotoxicity in patients with cirrhosis occurs
due to medications that cause hemodynamic changes,
ATN, and/or acute interstitial nephritis (AIN).40

Hemodynamically mediated renal failure is mainly
caused by NSAIDS and diuretics. These drugs alter the
equilibrium between vasodilator and vasoconstrictor
factors in the renal circulation. NSAIDs, inhibit the
enzymes cycloxygenase-1 and 2 which are responsible
for prostaglandin synthesis. Prostaglandins are impor-
tant renal vasodilators that contribute significantly at
maintaining normal renal perfusion. The risk of devel-
oping renal failure due to NSAID administration is
higher in patients with cirrhosis and ascites and
increased activity of the vasoconstrictor systems.40

Renal failure after NSAID use is followed by a rapid
improvement of the GFR to pretreatment values after
cessation of the drug in most cases. Diuretic-induced
renal failure is usually moderate and reversible after
diuretic withdrawal and is related to an imbalance
between the fluid loss from the intravascular space
caused by diuretic treatment and the passage of fluid
from the peritoneal compartment to the general circula-
tion. Drug-induced ATN occurs mainly due to the use
of aminoglycosides, amphotericin B or vancomycin.
Other drugs used in patients with chronic liver disease
undergoing therapy for hepatitis B that may cause
renal toxicity are the antivirals adefovir and tenofovir.
The specific mechanisms that lead to this toxicity are
not completely understood. Thus, it must be taken into
account that patients with cirrhosis and renal failure
being treated with these drugs may need to switch to
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an alternative antiviral such as entecavir. Finally AIN
may occur due to antibiotics such as penicillin, rifam-
pin, and sulfonamides as well as with NSAIDs, proton
pump inhibitors or allopurinol. In drug-induced AIN
there is an inflamatory component that affects the renal
tubules and interstitium and occurs as a hypersensitiv-
ity reaction to medications. In most cases renal failure
will return to normal function after discontinuation of
the offending agent.

MANAGEMENT

Successful management of patients with renal fail-
ure depends on the prompt recognition of renal failure
and of its underlying cause. In general, patients with
severe acute renal failure should be admitted to a mon-
itored unit where an appropriate work up and therapy
can be performed. If there is any suspicion of an associ-
ated bacterial infection, in most cases third-generation
cephalosporins are the initial treatment of choice while
awaiting cultures.33 As discussed above, patients with
renal failure and severe sepsis may have associated rel-
ative AI and may benefit from hydrocortisone adminis-
tration, however more studies are needed in this area
before recommending steroids in this setting. Patients
with renal failure and hypovolemia usually respond to
volume repletion (saline or colloid) and therapy for
gastrointestinal bleeding if present. As mentioned
above those with drug- induced renal disease will
improve renal function upon discontinuation of the
toxic drug. Patients with renal failure that require ther-
apy for large volume ascites or edema should not be
treated with spironolactone or furosemide. These
patients benefit from large-volume large-volume para-
centesis and administration of albumin (8 grams per
liter of ascites removed) if necessary (33). Although cir-
rhotic patients rarely develop renal failure after con-
trast media for radiological studies, they should
undergo standard prophylactic measures such as saline
hydration and monitoring of renal function after the
procedure.

Patients with Hepatorenal Syndrome

The most important aspect of managing patients
with HRS is considering their candidacy for liver trans-
plantation as it is the treatment of choice for indivi-
duals with HRS. The main objective of patients with
HRS , particularly those awaiting LT, is reversing renal
failure in order to provide a successful bridge to
transplantation. The best available therapy for HRS
other than LT, is the use splanchnic vasoconstrictors
plus albumin. Other modalities such as transjugular

intrahepatic portosystemic shunts (TIPS), renal replace-
ment therapy and albumin dialysis may be useful in
some patients, but data on these approaches is very
limited (Figure 79.6).

Vasoconstrictors

The administration of vasoconstrictors is the best
medical therapy currently available for the manage-
ment of HRS. The rationale of this therapy is to
improve circulatory function by causing vasoconstric-
tion of the extremely dilated splanchnic arterial bed,
which subsequently improves arterial underfilling,
reduces the activity of the endogenous vasoconstrictor
systems, and increases renal perfusion. The available
vasoconstrictors used in HRS are vasopressin analo-
gues (terlipressin) and alpha-adrenergic agonists (nor-
adrenaline or midodrine), which act on V1 vasopressin
receptors and α-1 adrenergic receptors, respectively,
present in vascular smooth muscle cells (Table 79.4). In
most studies, vasoconstrictors have been given in com-
bination with iv albumin to further improve the arterial
underfilling (Table 79.4). Most of the published data
comes from the use of intravenous terlipressin for type
1 HRS. Non-controlled studies showed response rate of
30-75%.41�48 Similarly, results from recent randomized
controlled studies and systematic reviews indicate that
treatment with terlipressin together with albumin is
associated with marked improvement of renal function
in approximately 40-75% of patients.49�54

Although there are no dose-efficacy studies, treat-
ment is typically started with 1 mg/4-6h iv, and the
dose is increased up to a maximum of 2 mg/4-6 h after
thee days if there is no response to therapy as defined
by a reduction of serum creatinine .25% of pre-

Hepatorenal Syndrome

Vasoconstrictors + Albumin

Consider TIPS (very
selected cases) 

No Response

No Response or patient
not a candidate for TIPS

Consider renal replacement therapy: 

Patients with severe volume overload, intractable
acidosis or severe hyperkalemia

FIGURE 79.6. Management strategy for patients with hepatore-
nal syndrome.
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treatment values. Response to therapy is considered
when there is marked reduction of the serum creatinine
levels, at least below 1.5 mg/dl, which is usually asso-
ciated with increased urine output and improvement
of hyponatremia. The incidence of ischemic side effects
requiring the discontinuation of treatment is of approx-
imately 7%.55,56 Two randomized studies have shown
that the overall population of patients treated with ter-
lipressin and albumin do not have an improved sur-
vival compared to that of patients treated with
albumin alone.50,51 Nonetheless, these studies had a
low sample size which could have hindered a survival
benefit of treatment. In any case, both studies showed
that responders in terms of improvement of renal func-
tion after therapy had an improved survival compared
to non-responders. Recurrence of HRS after with-
drawal of therapy occurs in less than 10% of patients
and retreatment with terlipressin is generally effec-
tive.55 Factors associated with poor response include a
bilirrubin level $ 10 mg/dL, no increase in mean arte-
rial pressure .5 mmHg or lack of a drop in serum
creatinine .0.5 mg/dl at day three of therapy.57 In
addition another study showed that patients with base-
line serum creatinine ,5.6 mg/dL and receiving .3
days therapy achieved HRS reversal.58 Finally a sys-
tematic review of studies concluded that an increase in
mean arterial pressure during vasoconstrictor therapy
in patients with HRS was strongly associated with a
decrease in serum creatinine which suggests that tailor-
ing therapy to increase the baseline mean arterial pres-
sure is beneficial for these patients.59 This indicates
that less severe renal failure (i.e., lower SCr) and
an increase in mean arterial pressure during therapy

are associated with a good probability of HRS reversal
in those patients treated with terlipressin

Alpha-adrenergic agonists (noradrenaline, mido-
drine) represent an attractive alternative to terlipressin
because of their low cost and wide availability53,54,60�63

(Table 79.4). However, the information on the efficacy
and side effects of alpha-adrenergic agonists in patients
with type 1 HRS is still limited. A recent controlled
study that compared intravenous terlipressin and albu-
min vs octreotide/midodrine plus albumin in patients
with type 1 HRS.52 showed that improvement of renal
function was significantly better in patients receiving
terlipressin and albumin (75%) than in patients treated
with midodrine and octreotide and albumin (35 %).
This trial specifically compared both treatment
regimens and the results indicate that terlipressin is
superior to octreotide and midodrine and thus a pre-
ferred treatment option for patients with type 1
HRS.52

There is limited data on use of vasoconstrictors plus
albumin for patients with type 2 HRS. However data
from uncontrolled studies suggest that they are effec-
tive in decreasing serum creatinine levels in these
patients. In two controlled studies, patients with type 2
HRS that received terlipressin plus albumin had a
response between 67 and 88%, however few were trea-
ted with this strategy in both studies (n5 13) and
therefore more studies are needed in order to better
define the role of vasoconstrictors plus albumin in the
management of type 2 HRS.51,53

Transjugular Intrahepatic Portosystemic
Shunts (TIPS)

The use of portsosystemic shunts for therapy of HRS
has been suggested for years, but the applicability in
patients with such advanced liver disease is very lim-
ited. Two small studies indicate that the transjugular
route with and intrahepatic posrtosystemic shunt
(TIPS) may improve GFR as well as reduce the activity
of the renin-angiotensin-aldosterone system and the
sympathetic nervous system in approximately 60% of
patients with type 1 HRS.64,65 However these studies
only included patients with moderate liver failure and
excluded those with a history of hepatic encephalo-
pathy, Child-Pugh scores $ 12 or serum bilirubin
.5 mg/dL. The applicability of TIPS in patients with
type 1 HRS is low because TIPS is considered contrain-
dicated in patients with features of severe liver failure,
which are common findings in the setting of type 1
HRS. The use of TIPS in type 2 HRS may improve renal
function and reduce the risk of progression to type 1
HRS, but these data would require confirmation in spe-
cifically designed studies.66

TABLE 79.4 Pharmacological Therapies for Hepatorenal
Syndrome

VASOCONSTRICTORS

Terlipressin: 1 mg/4-6 hrs intravenously; the dose is increased up to a
maximum of 2 mg/4-6 h after 3 days if there is no response to
therapy as defined by a reduction of serum creatinine. 25% of pre-
treatment values. Response to therapy is considered when there is
marked reduction of the high serum creatinine levels, at least below
1.5 mg/dl (133 μmol/L). Treatment is usually given from 5-15 days.

Midodrine and Octreotide: 7.5 mg orally three times daily, increased to
12.5 mg three times daily if needed. Octreotide (100 μg
subcutaneously three times daily, increased to 200 μg three times
daily if needed).

Norepinephrine: 0.5-3 mg/h as continuous intravenous infusion aimed
at increasing mean arterial pressure by 10 mmHg. Treatment is
maintained until serum creatinine decreases below 1.5 mg/dl.

ALBUMIN ADMINISTRATION

Concomitant administration of albumin together with vasoconstrictor
drugs (1 g/kg body weight at day 1 followed by 20-40 g/day).
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Renal Replacement Therapy and other Dialysis
Methods

Renal replacement therapy (RRT), mainly hemodial-
ysis, has been used in the management of patients with
type 1 HRS, especially in patients candidates to LT, in
an attempt to maintain patients alive until LT is per-
formed or spontaneous improvement in renal function
occurs.67 Unfortunately, the potential beneficial effect
of this approach has not been demonstrated in ran-
domized studies comparing RRT to other forms of
therapy such as vasoconstrictors. Most patients
develop side effects during RRT which include severe
arterial hypotension, bleeding, and infections that may
contribute to death during treatment. Additionally,
indications for RRT (severe fluid overload, acidosis or
hyperkalemia) are uncommon in type 1 HRS, at least in
the early stages. Other methods such as the use of the
molecular readsorbent recirculating system (MARS), an
alternative of dialysis that clears albumin-bound sub-
stances, including vasodilators, is promising but more
data is needed in order to consider it as a therapeutic
device for HRS.60 The results of a recent study using a
fractionated plasma separation and adsorption extra-
corporeal liver support system, Prometheus, suggest
that this technique improves survival in patients with
type 1 HRS and acute-on-chronic liver failure, however
these results require confirmation in larger studies.68

LIVER TRANSPLANTATION

It is the treatment of choice for patients with cirrho-
sis and HRS. Unfortunately a drawback of LT as a
treatment modality for type 1 HRS is the very high
mortality rates in the waiting list many patients exhibit.
This limitation is usually overcome by assigning these
patients a high priority for transplantation. Since pre-
transplant renal failure is an independent risk factor of
both short-term and long-term post-transplantation
patient and graft survival all efforts should be made to
improve renal function in order to obtain a better out-
come after transplantation.70 The reversal of both type
1 and 2 HRS before transplantation may help patients
not only reach transplantation, but also reduce the rela-
tively high morbidity after LT characteristic of HRS.
An analysis of a cohort of patients with type 1 HRS
treated with terlipressin and albumin vs albumin alone
revealed that among those receiving terlipressin plus
albumin, the six month survival rates were 100% for
patients that underwent LT.71 Interestingly the group
receiving only albumin and that underwent LT had a
survival rate was 94% at six months. The survival rate
was significantly better (47%) for those achieving a
reversal of HRS versus those not achieving a reversal

(4%). In the analysis terlipressin did not confer with a
significant posttransplant survival benefit because the
six-month survival rate for both groups was similar.
What is clear is that LT is beneficial for patients with
type 1 HRS regardless of the type of treatment they
receive. The advantage of using terlipressin in patients
undergoing LT relates mainly to its effect of improving
renal function which makes taking care of the patients
easier while awaiting LT and, most likely, during the
post-transplant period. More studies and a longer
follow-up period are still needed to determine whether
pre-LT therapy of HRS actually will translate into bet-
ter post-LT outcomes.

Other management strategies when considering LT
in patients with HRS include simultaneous liver-
kidney (SLK) transplantation and, LT followed by kid-
ney transplantation. Current criteria for SLK include
established end-stage renal disease and dialysis,
GFR ,30 mL/min and proteinuria .3 grs/day with 24
hour urine protein/creatinine ratio .3, and/or acute
kidney injury and a requirement for dialysis at least
times per week for more than six weeks.70 After the
introduction of MELD score system for organ alloca-
tion in the United States there has been an increase in
the use of SLK for patients with cirrhosis and renal fail-
ure, which has been associated with a decline in sur-
vival after SLK compared to the preceding years.72�74

Moreover, the outcome of patients with HRS treated
with SLK is not better than that of patients with HRS
treated with LT alone.72 In addition, this approach uses
kidneys that could be used for patients with chronic
renal failure without liver disease, who have prolonged
waiting times for renal transplantation. All these fac-
tors, together with the fact that renal function in HRS
patients usually recovers after LT alone, suggest that
SLK is not a good approach for the management of
patients with HRS. The only exception may be that of
patients with HRS who meet the above criteria for
SLK.70 Performance of LT alone followed by kidney
transplantation, if necessary has been advocated by
some centers. With this approach, kidney transplanta-
tion is performed in patients who undergo LT for HRS
and require RRT more than 60 days after LT. Data on
this approach is limited to only one study and thus
more studies are needed in order to consider this strat-
egy acceptable.75

PREVENTION

HRS can be prevented in some clinical settings.
In the patients with SBP the risk of HRS is substantial,
but it may be prevented with the administration of
intravenous albumin (1.5 g/kg at diagnosis of infection
and 1 g/kg 48 hours later). This measure prevents
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worsening of circulatory dysfunction and the subse-
quent development of HRS. The rationale for albumin
administration is to prevent further arterial underfill-
ing and subsequent activation of vasoconstrictor sys-
tems, which usually occur in the setting of SBP in
patients with cirrhosis.76 The incidence of HRS in
patients with SBP who receive albumin together with
antibiotic therapy is 10%, compared with an incidence
of 33% in those not receiving albumin.76 More impor-
tantly, there is improved survival in those receiving
albumin (10%) versus those not receiving albumin
(29%). In patients with very advanced liver disease
the long-term administration of norfloxacin orally
(400 mg/day) prevents the development of HRS. In
patients with ascitic fluid containing under 15 grams of
proteins per liter (1.5 grams per deciliter) and associ-
ated liver and/or renal function impairment (bilirubin
higher than 3 mg/dL, a Child-Pugh score greater than
10, serum sodium lower than 130 mmol/l and/or
serum creatinine greater than 1.2 mg/dL) norfloxacin
reduces the risk of HRS and improves survival.77

The reason why norfloxacin prevents this complica-
tions is likely related to its ability to prevent bacterial
translocation, suppress proinflammatory cytokines,
and improve circulatory function.78,79 A previous study
showed that in patients with acute alcoholic hepatitis
the use of pentoxifylline, an inhibitor of tumor necrosis
factor-α, (400 mg tid orally for 28 days) reduced the
incidence of HRS and mortality (8 and 24%, respec-
tively) with respect to a control group (35 and 46%,
respectively), however this has not been confirmed inin
further studies. Finally, a large study showed that in
the setting of acute alcoholic hepatitis the use of N-
acetylcysteine for five days plus prednisolone pre-
vented death due to the hepatorenal syndrome.
Mortality at six months was higher in the prednisolone
only group compared with N-acetylcysteine group
(22 vs 9%).80 These results although promising need
confirmation.
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Autosomal dominant polycystic kidney disease
(ADPKD) (MIM 173900) is a systemic disorder charac-
terized by age-dependent occurrence of bilateral, multi-
ple renal cysts as well as a variety of extrarenal
manifestations. The latter include cysts in the liver bile
ducts, pancreatic ducts, seminal vesicles, and arachnoid
membrane, as well as noncystic manifestations, such as
intracranial aneurysms and dolichoectasias, aortic root
dilatation and aneurysms, mitral valve prolapse, and
abdominal wall hernias. Over the past several decades,
the study of this disease has yielded remarkable prog-
ress and insights. The mutated genes and their respec-
tive protein products were identified by positional
cloning, the occurrence of multiple somatic mutations
were implicated in the molecular pathogenesis, a com-
prehensive array of orthologous gene animal models
have been developed, and a much neglected organelle,
the primary cilium, has become the focus of investiga-
tion not just in this disease but in a whole panoply of
structural kidney diseases as well as more diverse bio-
logical processes. There has been improved under-
standing of the clinical disease and the variation it
exhibits, and several directed therapeutic clinical trials
based on preclinical and bench investigations are begin-
ning to yield results in patients. Still, the goals of under-
standing the basic disease mechanisms and finding
effective treatments remain a work in progress.

CLINICAL FEATURES OF AUTOSOMAL
DOMINANT POLYCYSTIC KIDNEY

DISEASE

ADPKD affects between 1 in 400 and 1 in 1000 live
births in all ethnic populations worldwide.1�3 Mutations

in either of two genes, PKD1 or PKD2, respectively
encoding to protein products called polycystin-1 (PC1)
than polycystin-2 (PC2), result in ADPKD. It is the most
common single gene disorder that can lead to
premature death in man. Approximately 2100 ADPKD
patients start renal replacement therapy yearly in the
United States. Worldwide yearly incidence rates for
end stage renal disease (ESRD) caused by ADPKD in
men and women, respectively, are 8.7 and 6.9 per
million (1998�2001, United States), 7.8 and 6.0 per mil-
lion (1998�1999, Europe),4 and 5.6 and 4.0 per million
(1999�2000, Japan).5 Age-adjusted sex ratios greater
than unity (1.2�1.3) suggest a more progressive disease
in men than in women. In the United States the inci-
dence of ESRD due to ADPKD has increased by 10.8 per-
cent from 1996�1998 to 2007�2008.6,7 Similarly, in
Denmark ESRD incidence secondary to ADPKD
increased from 6.45 per million in 1990�1995 to 7.59 per
million in 2002�2007.8 These trends may be due to
improved patient survival before the onset of ESRD.9 At
the same time the age at ESRD in ADPKD patients has
increased in both countries.6,7 In Denmark, age-adjusted
male-to-female ratio for onset of ESRD has changed from
1.6 to 1.1, indicating a trend toward similar progression
in both genders in recent years.8

The diagnosis of ADPKD usually relies on imaging
testing (Figure 80.1).10 Renal ultrasound is commonly
used because of cost and safety. Counseling should be
done before testing an individual with a family history
for the presence of ADPKD. Benefits of testing include
certainty regarding diagnosis that may influence family
planning, early detection and treatment of disease com-
plications, and identification of genetically unaffected
family members for living related-donor renal
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transplantation. The potential for discrimination in
terms of health insurability and employment associated
with a positive diagnosis has been reduced by the
Genetic Information Nondiscrimination Act (GINA)
but it does not apply to life, disability or long-term care
insurance. Additionally, the psychological burden of
knowing affliction by a chronic disease should be con-
sidered in the decision to test.

The occurrence and severity of the cystic lesions are
highly variable. Cysts have been observed in utero and
have been detected as incidental findings in 80-year-
old patients with otherwise normal blood pressure and
kidney function. In genetic terms, the expressivity, or
severity, of the phenotype, in this disease is highly var-
iable. By contrast the penetrance is virtually complete
if it is expressed as a function of age. Individuals over
the age of 30 carrying a causative gene mutation will

invariably manifest cysts sufficient for diagnosis when
assessed with an appropriately sensitive imaging
study. For this reason, the gold standard for diagnosis
of ADPKD remains imaging studies of the kidney. The
ultrasound criteria, referred to as the modified Ravine
criteria,11 take into account the age-dependent pene-
trance of the disease by requiring increasing numbers
of cysts with increasing age to make the diagnosis. For
individuals at 50% risk for the disease (i.e., those with
a family history), these criteria include at least two uni-
lateral or bilateral cysts in individuals younger than
30 years; two cysts in each kidney in individuals 30 to
59 years old; and four cysts in each kidney in indivi-
duals 60 years or older.11 In the absence of a family his-
tory of ADPKD, bilateral renal enlargement and cysts
or the presence of multiple bilateral cysts with hepatic
cysts together with the absence of other manifestations

FIGURE 80.1 Radiographic and gross appearance of ADPKD. a: Contrast enhanced, axial CT image through the abdomen demonstrating
moderate polycystic kidney disease, with numerous bilateral renal cysts, preservation of renal parenchyma, and absence of hepatic cysts. b,c:
Axial and coronal, gadolinium-enhanced, T1-weighted MR images demonstrating more advanced polycystic kidney and liver disease with
marked enlargement of both organs. In both the CT and MR images, cysts appear as hypodense areas within the organ parenchyma. d:
Nephrectomy specimen from a patient with ADPKD and end-stage renal disease. Cysts permeate the mass of the kidney and the noncystic
regions are fibrotic and scarred. (CT and MRI courtesy of Rex Mahnensmith. Kidney image courtesy of Darren Wallace.). See color plate section at the
back of the book.
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suggesting a different renal cystic disease provide pre-
sumptive evidence for the diagnosis of ADPKD.

Revised ultrasound criteria have been proposed to
improve the diagnostic performance of ultrasonogra-
phy in ADPKD12 (Table 80.1). The presence of at least
three (unilateral or bilateral) renal cysts and of two
cysts in each kidney have a positive predictive value of
100% in 15 to 39 and 40 to 59 year-old at-risk indivi-
duals, respectively. For at-risk individuals ages 60 years
and older, four or more cysts in each kidney are
required. Although the positive predictive values of
these criteria are very high, their sensitivity and nega-
tive predictive value are low, particularly when
applied to 15- to 59-year-old PKD2 patients. This is a
problem in the evaluation of potential kidney donors
where exclusion of the diagnosis is important.
Information on the age of ESRD in other affected fam-
ily members may be helpful in this setting.13 A history
of at least one affected family member with ESRD sec-
ondary to ADPKD by age 55 years has 100% positive
predictive value for PKD1. Conversely, a history of at
least one affected family member without ESRD by
age$ 70 years has 100% positive predictive value for
PKD2. More strict criteria have therefore been pro-
posed to exclude a diagnosis of ADPKD in an individ-
ual at risk from a family with an unknown genotype
(Table 80.1). An ultrasound scan finding of normal kid-
neys or one renal cyst in an individual age 40 years or
older has a negative predictive value of 100%. The
absence of any renal cyst provides near certainty that
ADPKD is absent in at-risk individuals ages 30 to 39
years with a negative predictive value of 98.3%. A neg-
ative or indeterminate ultrasound scan result does not
exclude ADPKD with certainty in an at-risk individual
younger than 30 years of age. In this setting, negative

results on magnetic resonance imaging (MRI) or
contrast-enhanced computed tomography (CT) provide
further assurance, but there are insufficient data to
quantify its predictive accuracy. Jointly considering the
proposed sonographic criteria, family history informa-
tion, and findings on high resolution imaging studies
routinely obtained during donor evaluations usually
allows a determination of disease status in the majority
of potential living related kidney donors with high
level of certainty.14

Genetic testing can be used when the imaging
results are equivocal and/or when a definite diagnosis
is required in a younger individual, such as a potential
living related kidney donor. Prenatal and preimplanta-
tion genetic testing are rarely considered for ADPKD.15

Genetic testing is performed by direct sequence analy-
sis. Direct sequencing yields mutation detection rates
of approximately 85%.16 However, as most mutations
are unique and up to one third of PKD1 changes are
predicted to be single amino acid substitution changes,
the causative nature of some sequence changes is
difficult to prove. Genetic testing can be helpful with
de novo mutations in the absence of a family history.
A unique variant in either PKD1 or PKD2 present in
the affected child but absent in both parents in the set-
ting of documented maternity and paternity can iden-
tify the new mutation.

Natural History of ADPKD

The clinical sine qua non for ADPKD is the presence
of multiple cysts in both kidneys and the consequent
increase in total kidney size. The development of cysts
in ADPKD probably starts in the embryo. They

TABLE 80.1 Sonographic Criteria for Diagnosis of ADPKD for Individuals with an Affected First Degree Relative

Family Genotype Unknown PKD1* PKD2†

Age Revised criteria for positive diagnosis PPV SEN PPV SEN PPV SEN

15�29 $ 3 cysts, unilateral or bilateral 100 81.7 100 94.3 100 69.5

30�39 $ 3 cysts, unilateral or bilateral 100 95.5 100 96.6 100 94.9

40�59 $ 2 cysts in each kidney 100 90.0 100 92.6 100 88.8

$ 60 $ 4 cysts in each kidney 100 100 100 100 100 100

Revised criteria for diagnosis exclusion NPV SPEC NPV SPEC NPV SPEC

15�29 $ 1 cyst 90.8 97.1 99.1 97.6 83.5 96.6

30�39 $ 1 cyst 98.3 94.8 100 96.0 96.8 93.8

40�59 $ 2 cysts 100 98.2 100 98.4 100 97.8

*100% (PPV) if one affected family member has ESRD by age 55 yrs.
†100% PPV if one affected family member does not have ESRD by age $ 70 yrs
PPV, positive predictive value; SEN, sensitivity; NPV, negative predictive value; SPEC, specificity.
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continue to form and grow during the remaining life
time. Cyst expansion along with associated inflamma-
tion, fibrosis, and tubular dropout results in a loss of
filtering nephrons, but glomerular filtration rate
remains stable for decades thanks to the compensatory
capacity of the kidney. During this often-silent phase,
mild polyuria due to impaired urinary concentrating
capacity, elevated blood pressure, microalbuminuria,
and, occasionally, low-grade proteinuria can develop.
When enough filtering nephrons have been lost, the
glomerular filtration rate (GFR) begins to fall precipi-
tously. Extrarenal manifestations of the disease are rare
in childhood. Cysts in the liver usually start later than
in the kidney. Patients may seek medical attention at
any point in the course of the disease for renal or extra-
renal, cyst-related or non�cyst-related manifestations.

The Consortium for Radiologic Imaging Studies of
Polycystic Kidney Disease (CRISP) has provided the
best clinical information on how cysts develop and
grow. Two hundred and forty-one nonazotemic
patients have been followed prospectively with yearly
magnetic resonance imaging (MRI) examinations to
assess kidney and cyst growth.17 Total kidney volume
and cyst volumes increased exponentially. At baseline,
total kidney volume was 10606 642 ml, and the mean
increase over three years was 204 ml, or 5.3% per year.
The rates of change of total kidney and total cyst
volumes, and of right and left kidney volumes, were
strongly correlated, suggesting that kidney enlarge-
ment was due to cyst enlargement. Baseline total kid-
ney volume predicted the subsequent rate of increase
in renal volume and was associated with declining
GFR in patients with baseline total kidney volume
above 1500 ml after the first three years of follow-up.
The association between baseline total kidney volume
has become increasingly strong with an extended
follow-up of eight years, qualifying total kidney vol-
ume as a prognostic biomarker in ADPKD.18

Renal Manifestations of ADPKD

Hypertension

Hypertension (BP. 140/90 mmHg) is present in
approximately 50% of 20-34 year old ADPKD patients
with normal renal function and increases to nearly 100%
of patients with ESRD.19 Its development is accompa-
nied by a reduction in renal blood flow, increased filtra-
tion fraction, abnormal renal handling of sodium, and
extensive remodeling of the renal vasculature.20,21

The association between renal size and prevalence
of hypertension has supported the hypothesis that
stretching and compression of the vascular tree by cyst
expansion causes ischemia and activation of the
renin�angiotensin system.22 Whether the classic,

circulating renin-angiotensin system is inappropriately
activated is controversial.23,24 There is stronger evi-
dence for the activation of a local intrarenal renin-
angiotensin system. Evidence for the latter includes (1)
partial amelioration of the reduced renal blood flow,
increased renal vascular resistance and increased filtra-
tion fraction in the setting of acute or chronic adminis-
tration of an ACEI;21,23,25 (2) shift of immunoreactive
renin from the juxtaglomerular apparatus to the walls
of the arterioles and small arteries;26,27 (3) ectopic syn-
thesis of renin in the epithelium of dilated tubules and
cysts;27,28 and (4) ACE-independent generation of
angiotensin II by a chymase-like enzyme.29

It has been suggested that a primary disruption of
polycystin protein function in the vasculature may also
play a role in the early development of hypertension
and renal vascular remodeling. Supportive evidence
includes expression of the respective PKD1 and PKD2
gene products in vascular smooth muscle30�32 and
endothelium,33 and enhanced vascular smooth muscle
contractility34 and impaired endothelial dependent
vasorelaxation35 in heterozygous blood vessels. Recent
studies have shown that nitric oxide endothelium-
dependent vasorelaxation is impaired in small subcuta-
neous resistance vessels from patients with normal renal
function before development of hypertension.35�37

Other factors proposed to contribute to hypertension in
ADPKD include increased sympathetic nerve activity
and plasma endothelin-1 levels and insulin resistance.38

The diagnosis of hypertension in ADPKD is often
made late. Twenty-four hours ambulatory blood pres-
sure monitoring of children or young adults without
hypertension may reveal elevated blood pressures and
attenuated nocturnal blood pressure dipping and exag-
gerated blood pressure response during exercise,
which may be accompanied by left ventricular hyper-
trophy and diastolic dysfunction.39 Early detection and
treatment of hypertension is important because cardio-
vascular disease is the main cause of death and uncon-
trolled blood pressure increases the risk for
proteinuria, hematuria, faster decline of renal function
and morbidity and mortality from valvular heart dis-
ease and aneurysms.2,40,41

Pain

Pain is the most frequent symptom (B60%) reported
by adult patients.42,43 Acute pain may be associated
with renal hemorrhage, passage of stones and urinary
tract infections. Some patients develop chronic flank
pain without identifiable etiology other than the cysts.

VEGF produced by the cystic epithelium44 may pro-
mote angiogenesis, hemorrhage into cysts and gross
hematuria. Rarely, a hemorrhagic cyst can rupture into
the subcasular or retroperitoneal space. Symptomatic
episodes likely underestimate the frequency of cyst
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hemorrhage as over 90% of ADPKD patients have
hyperdense (CT) or high signal (MRI) cysts reflecting
blood or high protein content. Most hemorrhages
resolve within two to seven days. If symptoms last lon-
ger than one week or if the initial episode occurs after
the age of 50 years, investigation to exclude neoplasm
should be undertaken.

Approximately 20% of ADPKD patients have kidney
stones.45�47 Their composition is usually uric acid
and/or calcium oxalate. Metabolic factors include
decreased ammonia excretion, low urinary pH and low
urinary citrate concentration. Urinary stasis secondary
to the distorted renal anatomy may also play a role.
Stones may be difficult to differentiate from cyst wall
and parenchymal calcification, which also occur with
increased frequency.

As in the general population urinary tract infections
affect females more frequently than males. Most are
caused by enterobacteriaciae.48 CT and MRI are sensi-
tive to detect complicated cysts and provide anatomic
definition, but the findings are not specific for infec-
tion. Nuclear imaging (67Ga or 111In-labeled leukocyte
scans) is useful but false negative and positive results
are possible. 18fluorodeoxyglucose (18FDG) positron-
emission computed tomography (PET/CT) is currently
the most helpful imaging modality to detect a cyst
infection, but it is not widely available, is expensive,
and currently not approved by the Centers for
Medicare and Medicaid Services (CMS) for the diagno-
sis of infection.49,50 Cyst aspiration should be consid-
ered when the clinical setting and imaging are
suggestive and blood and urine cultures are negative.

Renal cell carcinoma is a rare cause of pain in
ADPKD. It does not occur more frequently than in the
general population, but it may present at an earlier age
with frequent constitutional symptoms and a higher
proportion of sarcomatoid, bilateral, multicentric, and
metastatic tumors.51 A solid mass on ultrasound,
speckled calcifications on CT, and contrast enhance-
ment, tumor thrombus and regional lymphadenopa-
thies on CT or MRI should raise the suspicion for a
carcinoma.

Renal Failure

The development of renal failure is highly variable.
In most patients renal function is maintained within
the normal range, despite relentless growth of cysts,
until the 4th to 6th decade of life. By the time renal func-
tion starts declining, the kidneys usually are markedly
enlarged and distorted with little recognizable paren-
chyma on imaging studies. At this stage, the average
rate of GFR decline is approximately 4.4�5.9 mL/min/
year.52 The mutated gene (PKD1 or PKD2) is a signifi-
cant determinant of the severity of disease and position
of the mutation within PKD1 and possible modifier

genes also contribute to the clinical course of ADPKD
(see following sections). Other risk factors for a worse
prognosis include male gender (particularly in PKD2),
black race, first episode of hematuria before the age of
30, onset of hypertension before the age of 35, hyperlip-
idemia, low HDL, and sickle cell trait.53�55

Several mechanisms account for renal function
decline. The CRISP study has confirmed previous stud-
ies suggesting a strong relationship between renal
enlargement and functional decline.17 CRISP has
shown that kidney and cyst volumes are the strongest
predictors of renal functional decline. CRISP also found
that renal blood flow (or vascular resistance) is an inde-
pendent predictor of functional decline.56 This points
to the importance of vascular remodeling in the pro-
gression of the disease and may account for cases
where the decline of renal function seems to be out of
proportion to the severity of the cystic disease.
Angiotensin II, transforming growth factor-β, and reac-
tive oxygen species may contribute to the vascular
lesions and interstitial fibrosis by stimulating the syn-
thesis of chemokines, extracellular matrix, and metallo-
proteinase inhibitors. Other factors such as heavy use
of analgesics may contribute to chronic kidney disease
(CKD) progression in some patients.

Extrarenal Manifestations of ADPKD

Polycystic Liver Disease

PLD is the most common extrarenal manifestation. It
is associated with both PKD1 and PKD2 genotypes.
The cysts arise by excessive proliferation and dilatation
of biliary ductules and peribiliary glands. Estrogen
receptors are expressed in the epithelium lining the
hepatic cysts and estrogens stimulate hepatic cyst
derived cell proliferation.57 Bile duct cyst growth is
also promoted by growth factors and cytokines
secreted into the cyst fluid.63,219

Hepatic cysts are rare in children. Their frequency
increases with age and may have been underestimated
by ultrasound and CT studies. Their prevalence by
MRI in the CRISP study is 58%, 85 and 94% in 15 to 24,
25 to 34 and 35 to 46 year old participants.58 Hepatic
cysts are more prevalent and hepatic cyst volume is
larger in women than in men. Women who have multi-
ple pregnancies or who have used oral contraceptive
agents or estrogen replacement therapy have worse
disease suggesting an estrogen effect on hepatic cyst
growth.59,60

Typically, PLD is asymptomatic, but symptoms
have become more frequent as the lifespan of ADPKD
patients has lengthened with dialysis and transplanta-
tion. Symptoms may result from mass effect or from
complications related to the cysts. Symptoms typically
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caused by massive enlargement of the liver or by mass
effect from a single or a limited number of dominant
cysts include dyspnea, early satiety, gastroesophageal
reflux, and mechanical low back pain. Other complica-
tions caused by mass effect include hepatic venous out-
flow obstruction, inferior vena cava compression,
portal vein compression or bile duct compression pre-
senting as obstructive jaundice.61

Symptomatic liver cyst complications include cyst
hemorrhage, infection and rarely torsion or rupture.
The typical presentation of cyst infection is with local-
ized pain, fever, leukocytosis, elevated sedimentation
rate and often elevated alkaline phosphatase.62 It is
usually monomicrobial and caused by enterobacteria-
ceae. MRI is very sensitive for identifying complicated
hepatic cysts. On CT scanning, fluid-debris levels
within cysts, cyst wall thickening, intracystic gas bub-
bles, and heterogeneous or increased density have
been associated with infection. Radionuclide imaging
and more recently 18F-fluorodoxyglucose PET/CT
scanning have been used for diagnosis.63

Mild dilatation of the common bile duct has been
observed in 40% of patients studied by CT and may
rarely be associated with episodes of cholangitis.64

Rare associations of PLD include congenital hepatic
fibrosis,65 adenomas of the ampulla of Vater,66 and
cholangiocarcinoma.67

Cysts in other Organs

Seminal vesicles, pancreas, and arachnoid mem-
brane cysts are present in 40% (males), 5%, and 8% of
patients, respectively.68�73 Seminal vesicle cysts rarely
result in infertility.74 Defective sperm motility is
another cause of male infertility in ADPKD.75

Pancreatic cysts are almost always asymptomatic, with
very rare occurrences of recurrent pancreatitis and pos-
sibly chance associations of intraductal papillary muci-
nous tumor or carcinoma reported in ADPKD.76�78

Arachnoid membrane cysts are asymptomatic, but may
increase the risk for subdural hematomas.70,79 Spinal
meningeal diverticula may occur with increased fre-
quency and rarely present with intracranial hypoten-
sion due to cerebrospinal fluid leak.80 Ovarian cysts
are not associated with ADPKD.81,82

Vascular Manifestations

These include intracranial aneurysms and dolichoec-
tasias, thoracic aortic and cervicocephalic artery dissec-
tions, and coronary artery aneurysms. They are caused
by alterations in the vasculature directly linked to muta-
tions in PKD1 or PKD2. The respective protein pro-
ducts, PC1 and PC2, are expressed in vascular smooth
muscle cells (VSMC).30�32 Pkd21/2 VSMCs from mice
exhibit increased rates of proliferation and apoptosis
and Pkd21/2 mice have an increased susceptibility to

vascular injury and premature death when induced to
develop hypertension.83,84 Defective structural integrity
of blood vessels occur in mice lacking PC1.85

Intracranial aneurysms (ICA) occur in approxi-
mately 6% of patients with a negative, and 16% of
those with a positive family history of aneurysms.86,87

They are most often asymptomatic. Focal findings such
as cranial nerve palsy or seizure result from compres-
sion of local structures. The risk of rupture depends on
many factors including the size of the aneurysm.
Rupture carries a 35�55% risk of combined severe
morbidity and mortality.88 The mean age at rupture is
lower than in the general population (39 years versus
51 years). Most patients with ICA have normal renal
function and up to 29% will have normal blood pres-
sure at the time of rupture.

Cardiac Manifestations

Mitral valve prolapse occurs in up to 25% of
ADPKD patients on echocardiography.118,184 Aortic
insufficiency may occur in association with dilatation
of the aortic root.89 Although these lesions may prog-
ress with time, they rarely require valve replacement.
Screening echocardiography is not indicated unless a
murmur is detected on examination. Clinically inconse-
quential pericardial effusions are a common incidental
finding in ADPKD.90

Diverticular Disease

Colonic diverticulosis and diverticulitis are more
common in ESRD patients with ADPKD than in those
with other renal diseases.160,198,297 Whether this
increased risk extends to patients prior to ESRD is
uncertain.91 There have been reports of extracolonic
diverticular disease.92 It may become clinically signifi-
cant in a minority of patients. Subtle alterations in
polycystin function that may enhance the smooth mus-
cle dysfunction during aging may underlie the devel-
opment of diverticula.

Isolated Polycystic Liver Disease

Isolated autosomal dominant PLD (ADPLD; MIM
174050) also occurs as a genetically distinct disease in
the absence of renal cysts.93,94 Like ADPKD, ADPLD is
genetically heterogeneous, with two genes identified
(PRKCSH and SEC63) accounting for approximately
one-third of isolated ADPLD cases. ADPLD often goes
undetected even in first-degree relatives of patients
with highly symptomatic polycystic liver disease. As in
the case of polycystic liver disease associated with
ADPKD, isolated ADPLD is more severe in women
than in men. Liver function tests remain normal and
when symptoms develop, these are related to mass
effects or complications such as cyst hemorrhage or
infection. Patients with isolated ADPLD may also be at
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increased risk for intracranial aneurysms and valvular
heart disease.

CILIA AND THE SPECTRUM OF
INHERITED CYSTIC DISEASE

Understanding of the clinical spectrum of polycystic
kidney diseases as well as clues to the underlying
molecular pathogenesis have been significantly
advanced by the discovery over the past decade of the
central role of cilia in cyst formation in the kidney. The
‘cilia hypothesis’ for polycystic disorders has been
reviewed extensively (e.g.,95�97). It is now appreciated
that defects in cilia-basal body-centriole-related pro-
teins—i.e., those found in the cilial membrane, cilial
axoneme, the basal body or pericentriolar region—are
varyingly associated with clinical spectrum of disease
that can include cystic kidneys, bile duct and

pancreatic duct cysts, retinal degeneration and retinitis
pigmentosa, situs inversus (incorrect left-right body
axis), anosmia, infertility, and hydrocephalus.95,98

There are two general classes of cilia: the motile
“91 2” structures and the non-motile ‘91 0’ structures
that are also referred to as “primary cilia”99

(Figure 80.2). In the kidney, the apical surface of every
tubular epithelial cell, with the exception of mature
intercalated cells, is decorated by a single primary cil-
ium, a hair-like structure enclosed by a membrane con-
tinuous with the cell membrane and a containing the
central axoneme composed of nine peripheral microtu-
bule doublets without a central pair (hence, 91 0). The
non-motile primary cilium is rooted in the centrosome,
the microtubule organizing center of the cell. The cen-
trosome is composed of a mother and a daughter cen-
triole and a cloud of pericentriolar material around the
mother centriole. During interphase, the distal end of
the mother centriole known as the basal body gives

FIGURE 80.2 Structural and functional elements of cilia. a: Immunofluorescence image of primary cilia (green) in inner medullary collect-
ing duct (IMCD3) cells; basal bodies, magenta; cell�cell junctions, red. b: Scanning electron micrographs of cilia at the mouse embryonic node.
c, d: Primary cilia differ from motile cilia in that the ciliary axoneme is comprised of nine pairs of microtubules without a central pair (91 0).
Primary cilium arises from the basal body which is comprised of the centrosome in non-mitotic cells. The base of the cilium has a circumferen-
tial invagination of the plasma membrane called the ciliary pocket and is separated from the rest of the cell body by the transition zone. e. The
transition zone complex, which includes several members of the NPHP, JBTS and MKS protein families, serves to selectively sort proteins that
enter and exit the cilium. Proteins pass through the transition zone by either of two processes. Intraflagellar transport (IFT) involves loading of
cytoplasmic proteins onto large multiprotein complexes (IFT particles) that move along the outer doublet microtubules beneath the ciliary
membrane. Proteins destined for the ciliary membrane (e.g., the polycystins) are synthesized in the endoplasmic reticulum, processed through
the Golgi stack and trafficked into vesicles that dock near the ciliary base in a process dependent on the BBSome comprised of proteins associ-
ated with BBS. f: The IFT particles, comprised of complexes A and B and their cargo, including the BBSome and integral membrane proteins
such as polycystins, are moved toward the tip of the cilium by the anterograde motor protein kinesin-2. Once at the tip, the cargo is released
and the IFT complexes rearrange so that kinesin-2 is replaced by cytoplasmic dynein-2 which acts as the retrograde motor to carry the particles
back to the cell body (Modified and reprinted by permission from Macmillan Publishers Ltd: Ishikawa H. & Marshall W.F., Ciliogenesis: building the cell’s
antenna, Nature Reviews Molecular Cell Biology, 12:222�234, copyright 2011).
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rise to the primary cilium. Cilia are assembled and
maintained by a process called intraflagellar transport
(IFT) in which the components of the ciliary axoneme
are assembled at the basal bodies into large transport
particles called rafts. A region at the base of the cilia
composed of transition fibers provides a compartmen-
tal demarcation between the cilium and the rest of the
cell. Kinesin-2 and cytoplasmic dynein motor proteins
mediate the anterograde and retrograde traffic of rafts
along the axoneme, respectively. Kinesin-2 forms a het-
erotrimeric complex composed of two motor subunits
KIF3A and KIF3B or KIF3C and a tail-associated non-
motor accessory subunit, KAP3. When the cell prepares
to divide in the S-phase, the primary cilium is reab-
sorbed and each centriole divides into new mother and
daughter centrioles that migrate to the poles of the
mitotic spindle.

Several lines of complementary evidence converged
on cilia as the central organelle in the pathogenesis of
ADPKD. Among these were the findings that the PC1
ortholog in C. elegans is expressed in cilia100 and that
several mouse models of recessive polycystic kidney
disease targeting genes not orthologous to either PKD1
or PKD2 exhibited the phenotypic combination of cys-
tic kidney defects and left-right axis abnormali-
ties.101,102 This is significant because left-right axis
determination has been established as a cilia depen-
dent phenotype. The connection was further strength-
ened when one of these recessive polycystic kidney
disease genes, Tg737 (also called polaris or IFT88), was
identified as a component of the intraflagellar transport
machinery necessary for ciliary biogenesis.103 Further
direct evidence of the cilia link with ADPKD came
with the demonstration of the localization of PC2104

and PC1105 in the cilia of kidney epithelia and the dis-
covery that Pkd22/2 mice have defects in left-right axis
formation.106 Previous studies in ciliated MDCK cells
had shown the mechanical deflection of cilia resulted
in cellular calcium transients that could be detected by
calcium sensitive fluorescent dyes.107�109 The discovery
that PC1 and PC2 were expressed in cilia coupled with
the knowledge that PC2 function as a cation channel
(see below)110 led to the hypothesis that the polycystins
were responsible for the cilia-dependent calcium tran-
sients observed in cultured cells.111 This hypothesis
was supported by the observation that cells lacking
PC1 failed to respond with cellular calcium transients
upon deflection of cilia by laminar shear stress under
flow.111 This finding was combined with the discovery
that PC2 is required for left-right axis formation led to
studies that showed that lateralized PC2-dependent
calcium signals played a role in downstream signaling
and vertebrate body axis specification.112 PC2 may be
part of a mechanosensory complex that sensed the left-
ward flow generated by cilial movement in left-right

axis formation,112 although a more complex mecha-
nism for the lateralized nodal calcium signal may be
operational.113

Subsequently, an ever growing number of genes for
human diseases that include cystic changes in the kid-
ney have been identified in their function linked to
cilia.98 These “reverse genetic” discoveries have been
complemented by a forward genetic screen using ran-
dom insertional mutagenesis in zebrafish that resulted
in a cystic pronephric kidney phenotype in fish which
identified a number of intraflagellar transport related
proteins, as well as Pkd2, among the target genes.114

Similarly, in the metanephric mouse kidney, condi-
tional inactivation of the Kif3a component of the het-
erotrimeric kinesin-2 anterograde motor resulted in
loss of cilia and consequent cyst formation during kid-
ney development.115 Taken together the data support a
strong functional connection between defects in cilia
structure or function and cyst formation in lumen
forming epithelia including kidney tubules, bile ducts
and pancreatic ducts.

Recessive Human Ciliopathies

Primary cilia are increasingly implicated in a wide
variety of important morphogenic signaling pathways
(e.g.,97,116) which in turn account for the wide spectrum
of clinical features associated with syndromes when
cilia function is disturbed.98,117 Association with cilia,
basal body or pericentriolar region has also been
reported for the ever expanding groups of genes
mutated in recessive “ciliopathy” syndromic disorders
with pleiotropic manifestations that include varying
degrees and penetrance of kidney cyst formation. These
diseases include nephronophthisis (NPHP), Joubert
syndrome (JBTS), Meckel-Gruber syndrome (MKS),
Bardet-Biedl syndrome (BBS) and oro-facial-digital syn-
drome (OFD).118,119 In addition, fibrocystin, the
ARPKD gene product is expressed in cilia as well as the
apical membrane of distal nephron tubular cells.120�122

Subsets of the recessive ciliopathies have coalesced
into phenotypic and genetic continuums. NPHP, JBTS,
and MKS comprise a phenotypic spectrum roughly
proceeding from less severe to more severe, respec-
tively.118 Manifestations at the NPHP end of the spec-
trum include kidney and liver fibrosis, kidney cysts
and retinal defects. JBTS patients also have cerebellar
vermal hypoplasia and cognitive impairment while at
the most severe end of the spectrum, MKS patients
manifest with occipital encephalocele and are com-
monly nonviable. BBS shares kidney and retinal defects
and in addition is characterized by digital defects, obe-
sity, anosmia and cognitive impairment. Recessive
mutations in over thirty genes have been identified
among the ciliopathy syndromes.98,118 Mutations in
same genes (e.g., CEP290, NPHP1, BBS4, MKS1) give

2652 80. AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



rise to more than one of clinical syndromes indicating
that the phenotypic continuum is mimicked by geno-
typic overlap. In the most extreme example, mutations
in CEP290 has been associated with NPHP, JBTS MKS
and BBS.123 This interrelationship of a spectrum of clin-
ical syndromes with recessive mutations in the same
gene likely results from a complex interplay of locus
heterogeneity, multiple allelism, modifier gene effects
and possibly more complex multigenic inheritance.98

Recent work has established that the functional pro-
tein complexes composed of the recessive ciliopathy
gene products are part of the transition zone and traf-
ficking complexes that determine the molecular com-
position cilia (Figure 80.2). Mutations in at least nine
genes have been associated each with NPHP and JBTS,
six genes with MKS, and an additional 14 genes associ-
ated with BBS. Extensive cell biological and proteomic
analysis has shown that the NPHP, JBTS and MKS
associated gene products comprise the transition zone
fibers that are critical gatekeepers determining the
entrance and exit of components into and out of
cilia.99,124,125 The BBS gene products assemble into the
BBSome which functions in the trafficking of integral
membrane proteins to and from cilia.126,127 The other
key elements of cilia structure and function are the IFT
proteins that, in conjunction with the kinesin and
dynein motor proteins, are required to form structur-
ally intact cilia. While mice and fish exhibit polycystic
phenotypes with mutations in IFT proteins that result
in abnormal or absent cilia, no human diseases with
recessive loss of function in IFT genes and absent cilia
have been identified possibly because these are embry-
onically lethal. Taken together, these recent discoveries
suggest that recessive ciliopathies result in complex
perturbations in the molecular composition of cilia.
These findings also define the molecular relationship
between the syndromic kidney cystic diseases resulting
from ciliopathies with the non-syndromic polycystic
kidney diseases, ADPKD and ARPKD. The latter both
result from mutations in individual integral membrane
proteins that are among the much larger group of client
proteins of the BBSome and transition zone complex as
they function to determine molecular composition of
cilia. Ciliopathy syndromes therefore result from com-
plex perturbations of cilia composition whereas
ADPKD and ARPKD result from the discrete absence
of individual molecular components of cilia that are
not know to otherwise affect delivery or retention of
additional ciliary proteins.

GENETICS OF ADPKD

Mutations in at least two genes cause the clinical
presentation of ADPKD—a property referred to as

genetic heterogeneity. The two genes, PKD1 located
on chromosome 16p13.3 and PKD2 located on chro-
mosome 4q21, have been isolated by positional
cloning.128�131 The genomic segments occupied by the
PKD1 and PKD2 genes are of similar size (B45�50 kb),
but PKD1 contains 46 exons that encode B12 kb of
open reading frame, compared to 15 exons and B3 kb
of open reading frame for PKD2. Two thirds of the 5’
end of human PKD1, both exons and introns, are dupli-
cated multiple times with very high sequence fidelity
(. 95%) in more proximal regions of chromosome
16.132�135 PKD1 accounts for approximately 85% of
affected families in European populations, with the
remaining 15% resulting from PKD2 mutations.136�138

Analysis of the gene locus-dependent clinical pheno-
types have highlighted the increased severity of PKD1.
The mean age of the composite endpoint of death or
ESRD is 53 years for PKD1 and 69.1 years for PKD2;
both differed significantly from the control population
(78 years).137,139 Given this difference, it is would be
expected that the relative prevalence of PKD2 will
increase in patient subgroups stratified based on age of
onset of ESRD. In one study, 39.1% of patients reaching
ESRD after age 63 had PKD2 mutations.140 Using only
age of presentation with ESRD as an endpoint, PKD1
patients have a median age of onset of 54.3 compared
with 74.0 for PKD2 patients.137,139 The prevalence of
hypertension is four-fold lower in PKD2 compared to
PKD1 and the occurrence of urinary tract infections
and hematuria is also reduced in the former compared
to PKD1.137,139 The value of these gene locus-based
clinical differences in providing specific prognostic
information to patients is limited due to the marked
intrafamilial and interfamilial variation in clinical man-
ifestations of ADPKD.141�144

Molecular Genetic Mechanisms of Cyst Formation
in ADPKD

The molecular genetic mechanisms of cyst formation
in ADPKD are required to explain two salient clinical
features of the disease. The first is to explain why the
disease occurs in such a focal manner given that the
ADPKD gene mutations are autosomally inherited and
all cells in the body carry a mutated allele. The second
is to determine the basis of the marked intra-and inter-
familial variability in disease severity.

The apparent paradox of the focal nature of ADPKD
is highlighted by the observation in microdissection
studies of early ADPKD kidneys that localized cystic
dilatations occur in kidney tubules that appear other-
wise normal despite the presence of the same germline
mutation in all the cells.145 A molecular explanation for
this observation has come with the discovery that cyst
lining cells from human ADPKD cysts have loss of het-
erozygosity (LOH) in the chromosomal regions of the
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respective PKD genes in both kidney tubular146�149

and bile ductular cysts.150 The LOH indicates loss of
the functional gene from the wild type allele through
focal somatic second hit mutations that define cyst for-
mation as a recessive phenotype at the cellular level.
The absence of a remnant wild type allele in a subset of
cells from a cyst with LOH suggests that the cysts are
clonal in origin—i.e., arising from a single cell.146

The conclusions from these studies were chal-
lenged151 on the basis of: (1) Immunolocalization stud-
ies using anti-PC1 antibodies showing evidence of
residual expressed protein in human cysts,152�155 (2)
the relatively low rate of detection of LOH in cysts, (3)
the relatively high rate of somatic mutations required
to account for the thousands of independent cysts, and
(4) the fact that the finding of LOH in cysts established
an association, but not a causal link. In retrospect,
immunolocalization studies were focused on cellular
staining patterns that did not examine cilia expression
of the protein; the latter is now thought to be the
primary site of PC1 function in ADPKD.104,105

Additionally, approximately 30% of germline muta-
tions in PKD1 are predicted to be non-synonymous
amino acid substitution mutations14 which are pre-
dicted to yield immunoreactive protein products. If a
similar proportion of missense variants occurs among
second hit mutations, resulting cysts be positive for
PC1 by immunostaining. The relatively low detection
rate of LOH in cysts may reflect limitations in com-
prehensive screening of PKD1 for pathogenic muta-
tions. Even a decade later, the success rate of PKD1
mutation detection is still B85%.14 When more effec-
tive sequence-based mutation detection was applied to
cysts from patients with germline PKD2 mutations, the
rate of detection of second hits was the same as the
sensitivity of mutation detection suggesting that effec-
tively all cysts had second hits.156 The rate of somatic
mutations required to account for the thousands of cyst
that develop in ADPKD are in keeping with the rate of
measured HPRT mutation frequencies in kidney epi-
thelial cells ranging from 53 1025 in the first decade to
2.53 1024 after the eighth decade of life.157

A variant of the two hit hypothesis was suggested
by studies examining kidney cysts from patients with
defined PKD2 mutations. Cyst cells were initially
screened for second hit mutations in PKD2, followed
by screening for PKD1 mutations in the subset of cysts
in which second hit PKD2 mutations could not be
found.156,158 Evidence of loss of a PKD1 allele in these
latter cysts led to the proposal the trans-heterozygous
somatic mutations involving an allele of the PKD gene
other than the one affected by the germline mutation
can give rise to cysts.156 However, trans-heterozygous
mutations are unlikely to be sufficient for cyst forma-
tion. Compound heterozygous individuals with

bilineal inheritance of a PKD1 mutation and a PKD2
mutation show more severe polycystic kidney dis-
ease159 as do trans-heterozygous mice,160 but the over-
all severity of phenotype in both man and mouse is
within the range observed for individuals with muta-
tions at just one of the gene loci.

Mouse models have established the causal link
between second hits in a single Pkd gene and cyst for-
mation (Figure 80.3). The occurrence of kidney cysts
after embryonic day 14.5 in conventional germline
knockout animal models of Pkd1 and Pkd2 anticipated
a link between homozygous loss of polycystin genes
and cyst formation.161,162 A novel mouse model of Pkd2
was the first to established a causal relationship
between somatic inactivation of the normal allele and
cyst formation in adult mice.163 In this model, a seren-
dipitous modified allele, Pkd2WS25, resulted from inser-
tion of a disrupted exon 1 in tandem with the wild
type exon1. Pkd2WS25 expresses functional PC2 but is
prone to genomic rearrangement converting it to either
a null or true wild type allele.163 The dosage of this
allele correlates with propensity toward cyst formation
and the cyst lining cells in adult mouse kidneys did
not express PC2.163 Subsequently, the conditional Cre-
lox system has been used to bypass the embryonic
lethality of null mice and achieve homozygous inacti-
vation of Pkd genes in a tissue in a selective and tempo-
rally controlled manner.164�168 These studies
confirmed that somatic second hit mutations in either
Pkd gene are sufficient for cyst formation. Similar con-
ditional inactivation approaches have been applied to
cilia ablation models targeting genes whose products
are required for intraflagellar transport (Kif3a,
Ift88).115,169 The latter showed that somatic loss of intact
cilia also results in a polycystic kidney phenotype. The
Cre-lox system offers spatial and temporal control of
Pkd gene inactivation but has the limitation that inacti-
vation events occur simultaneously in large tracts of
cells in either selected nephron segments or along the
entire nephron. This is not believed to be the prevalent
pattern of inactivation in human disease; in this regard
the Pkd2WS25 model remains unique in that Pkd2 inacti-
vation is thought to occur by stochastic mechanism
involving individual cells. Interestingly, the molecular
events underlying Pkd2 inactivation in this model are
not believed to have a nephron segment specific bias,
yet the majority of cysts arise from distal nephron seg-
ments.163,170 More recent mouse studies suggest that
collecting duct cyst growth is particularly sensitive to
PC1 dosage.171 These findings have been part of the
rationale for the potential benefit of vassopress-2 recep-
tor antagonists in the treatment of ADPKD.170

While somatic second hits are sufficient to initiate
cyst formation, an increasing number of additional
molecular factors affecting progression of polycystic
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kidney disease have been discovered using in vivo
model systems. These factors include: (1) The critical
role of the timing of second hit mutations with respect
to developmental stage, (2) the discovery that reduced
dosage of PC1, not just complete absence, is sufficient
for graded cystic dilation, (3) the potential role of kid-
ney injury in fostering PKD progression, and (4) the
finding that loss of polycystins can exert effects on

surrounding cells to promote disease progression.
Evidence that timing of polycystin inactivation has a
profound impact on the rate of cyst growth came from
inducible conditional inactivation mouse models per-
missive for inactivation of Pkd genes either during kid-
ney development or during adult life.165,169 Using such
a model, Piontek et al. showed that inactivating Pkd1 in
the early postnatal period when the mouse kidney is

FIGURE 80.3 Mouse models of polycystic kidney disease. a: Conditional mouse model of polycystic kidney disease due to homozygous
inactivation of Pkd1 in some nephron segments. Cells in the kidney that have undergone inactivation of Pkd1 are marked by the β-galactosidase
expression (blue) from a Cre-recombinase reporter expressing lacZ. Tubule segments (*) and glomeruli (arrowheads) in which Pkd1 is not inacti-
vated appear normal but are confined to septa between expanding cysts lined by cells stained blue indicating Pkd1 has been inactivated.
b: Chimeric mice produced from Pkd12/2 ES cells aggregated with wild type morulae marked by constitutive lacZ expression show mosaic
cyst formation. Cyst lining are comprised of cuboidal wild type cells (blue staining) and flat Pkd12/2 cells that do not express lacZ and are
therefore unstained (indicated by arrows). (Images courtesy of Stefan Somlo and Saori Nishio). c: Early inactivation of Pkd1 results in rapidly
progressive cyst formation; cystic kidneys postnatal day 19 following inactivation of Pkd1 on postnatal day 2. d,e: Adult inactivation of Pkd1
results in slowly progressive polycystic kidney disease. Kidneys at 3 months (d) following inactivation at 1.5 months show no overt cysts; kid-
neys at 6 months (e) following inactivation at 1.5 months show progressive cyst formation. d�e: Scale bars, 2 mm (left panels); 100 μm (right
panel). (Modified and reprinted by permission from Macmillan Publishers Ltd: Piontek K et al., A critical developmental switch defines the kinetics of kidney
cyst formation after loss of Pkd1, Nature Medicine, 13:1490�95, copyright 2007.).
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still undergoing active nephrogenesis resulted in rapid
progression of polycystic kidney disease whereas inac-
tivation of Pkd1 in the post-developmental adult kid-
ney resulted in very slow progression polycystic
kidney disease.165 A similar finding of rapid cyst
growth following early inactivation and slow cyst
growth following late inactivation was observed in a
polycystic model based on cilia ablation following inac-
tivation of Kif3a.169 The discovery of the timing of gene
inactivation as a contributing factor to disease progres-
sion has led to consideration of the possibility that the
majority of somatic second hit mutations in human
ADPKD as well as the critical rapid growth phase of
cysts occur during embryogenesis.172 Such a mecha-
nism, if confirmed in patient studies, would potentially
have significant implications for the timing of the most
effective therapy in ADPKD.

The impact of reduced PC1 dosage, as opposed to
complete loss, in polycystic kidney disease has
emerged over the past several years. Two animal mod-
els expressing hypomorphic (i.e., reduced function)
alleles of Pkd1 showed progressive cyst formation
despite the presence of some residual Pkd1 activ-
ity.173,174 Similarly, loss of the protein bicaudal C
results in reduced PC2 expression and cyst formation
through de-repression of inhibitory microRNAs.175 The
significant interplay of gene dosage and polycystic kid-
ney disease has, however, best been defined by studies
centered on the genes responsible for isolated polycys-
tic liver disease without kidney cysts (ADPLD)—a
disease with indistinguishable clinical features from
the polycystic liver disease that occurs in ADPKD
patients.176 Heterozygous loss of function mutations in
two genes have been identified so far for this domi-
nantly inherited disease: PRKCSH and SEC63.177�179

PRKCSH encodes the non-catalytic β-subunit of gluco-
sidase II (GIIβ), an N-linked glycan processing (glucose
trimming) enzyme in the ER.180�184 The SEC63p pro-
tein is highly conserved from yeast to man and func-
tions as part of the ER protein translocation machinery
to deliver proteins into and through the ER membrane.
The functional unit for this process is the multicompo-
nent translocon (Figure 80.4).185,186 The activities of the
translocon are tightly coordinated with downstream
events of protein folding, modification and assembly,
thereby providing a direct link between membrane tar-
geting (including the cilial membrane) and protein
maturation,185 and between Sec63p and GIIβ functional
pathways.171,186 While neither protein is expressed in
cilia, the connection of these proteins to polycystic kid-
ney diseases is underscored by the finding that Prkcsh
and Sec63 conditional mouse models develop kidney
cysts in addition to liver cysts by a two hit mechanism
when either gene is inactivated in a tissue selective
manner.171 The severity of the polycystic phenotype in

the ADPLD gene knockouts can be worsened by reduc-
ing the Pkd1 gene dosage. Increasing Pkd1 dosage by
either genetic or pharmacologic means on the other
hand eliminated cyst formation.171 The ability to modu-
late severity of polycystic kidney disease in these mod-
els by manipulating Pkd1 dosage establishes PC1 is the
rate limiting component of the cystic pathway in both
ADPKD and ADPLD. Interestingly, the same study
showed that PC1 dosage also affects the severity of the
kidney disease Due to mutations in Pkhd1, the ARPKD
disease gene.171

Acute kidney injury following ischemia, nephrotox-
in exposure or reduction of renal mass results in
markedly augmented progression of cyst formation in
animal models based on Pkd1, Pkd2, Kif3a or
Ift88.187�192 This is particularly true in adult onset
models that otherwise show indolent progression in
the absence of injury. These environmental “third hits”
have been proposed as an essential part of disease pro-
gression in human ADPKD.193 While it is likely that
kidney injury can exacerbate polycystic kidney disease,
its contribution to disease progress in human ADPKD
is uncertain given that cyst progression also occurs in
animal models in the absence of injury.165,194,195

Finally, evidence is accumulating that there are effects
promoting cyst formation that are active in the context
of the whole kidney organ and may impact cells that
have not lost polycystin expression. Perhaps the most
intriguing of these was suggested by a unique chimeric
animal model produced by aggregation of Pkd12/2

embryonic stem cells with wild type morulae expres-
sing LacZ as the wild type lineage marker196

(Figure 80.3). These mice formed kidney cysts com-
mensurate with the degree of Pkd12/2 chimerism. The
cyst lining epithelia were mosaic with both Pkd1�/� and
Pkd11/1 epithelial cells present in the early stages of
cystogenesis. The Pkd1�/� cyst cells appeared flat while
the Pkd11/1 cells were cuboidal. Over time, Pkd12/2

cells replaced the Pkd11/1 cells by inducing apoptosis
via the c-Jun N-terminal kinase (JNK)-mediated path-
way.196 These findings suggest the possibility that cells
that lose PC1 expression induce cystic degeneration fol-
lowed by programmed cell death in surrounding wild
type tubular cells. Another study based on kidney spe-
cific inactivation of Pkd1 demonstrated the importance
of the immune response mediated by macrophages in
the progression of cyst formation in ADPKD.197

Orthologous gene models of ADPKD based on either
Pkd1 or Pkd2 show infiltration of alternatively activated
macrophages into the pericystic space early in the
course of the disease. Pharmacologic depletion of the
macrophages markedly slows the rate of growth of kid-
ney cysts in these models.197 And aggregately, these
animal models based on genes orthologous to human
ADPKD are providing an increasingly complex and
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complete picture of the molecular genetic basis for dis-
ease progression. These studies also serve to emphasize
the importance of using in vivo models to validate and
refine data obtained from ex vivo tissue culture-based
systems–ADPKD is after all a disease of three-
dimensional organ structure and is most appropriately
studied using in vivo models.

Molecular Determinants of Disease Progression

Studies have begun to provide clues as to the genetic
determinants of disease progression. Interfamilial

variation in ADPKD is strongly influenced by gene
locus. PKD1 causes more severe disease than
PKD2,139,198 yet the gene products are thought to func-
tion in the same genetic and biophysical pathway.111,199

Either of two explanations can underlie this observed
difference: mutation of PKD1 is inherently a more
severe molecular lesion than mutation of PKD2 or the
occurrence of the somatic second hit alterations that
precipitate cyst formation more readily affect PKD1
than PKD2. In general, the data support the latter
mechanism. Homozygous inactivation of Pkd1 or Pkd2

FIGURE 80.4 The inter-relationship of isolated polycystic liver disease (ADPLD) with polycystic kidney disease (ADPKD). a: The two
known polycystic liver disease gene products, the β subunit of glucosidase-II (GIIβ, indicated as Gluc II, red box) and SEC63 (red oval), are
shown in relation to the multicomponent co-translational translocon. GII is an N-linked glycan processing (glucose trimming) enzyme in the
ER that plays a major role in regulation of proper folding and maturation of glycoproteins. SEC63 acts as a docking site localizing the ER chap-
erone BiP to the luminal exit site of the translocon. BiP plays a direct role in gating of the translocation channel and in polypeptide transport
via an ATP-dependent reaction that is activated by SEC63. There is a tight interconnection between protein translocation mediated by the mul-
ticomponent translocon and protein maturation involving the N-linked glycan processing enzymes, providing a direct link between the func-
tions of the ADPLD gene products. Co-translational maturation events in this pathway include signal peptide cleavage, the transfer and
trimming of N-linked glycans including the activity of GII, disulfide bond formation, transmembrane domain integration, chaperone binding
and protein folding. SPC, signal peptidase complex; SS, signal sequence; PDI, protein disulfide isomerase; OST, oligosaccharyl transferase;
Gluc I, glucosidase I; Gluc II, glucosidase II (α and β subunits); CNX, calnexin; CRT, calreticulin. (Modified and reprinted by permission from
Elsevier: ref. [185], copyright 2003.) b: The critical effect of polycystin-1 (PC1) dosage on polycystic disease severity. Inactivation of the APDLD
gene Prkcsh encoding GIIβ in collecting ducts result in kidney cyst formation due to impaired PC1 biogenesis. The severity of cyst formation is
markedly increased by further reducing PC1 with Pkd11/2 background and moderately increased by reducing polycystin-2 (PC2) on the
Pkd21/2 background. Over-expression of PC1 using the Pkd1F/H-BAC transgene rescues the Prkcshflox/flox;Ksp-Cre;Pkd21/2 cystic phenotype;
Pkd2-BAC has no effect. Ages, P42; scale bar, 2 mm. (Reprinted by permission from Macmillan Publishers Ltd: Fedeles S et al., A genetic interaction net-
work of five genes for human polycystic kidney and liver diseases defines polycystin-1 as the central determinant of cyst formation, Nature Genetics,
43:1639�647, copyright 2011.)
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in the mouse results in similar severity of kidney and
pancreatic cystic disease, embryo edema, hemorrhage
and embryonic lethality.161,162 While PC1 is rate limit-
ing in models of dosage reduction, there is an absolute
requirement for functional PC2 for PC1 to function nor-
mally.171 Indeed, the Pkd22/2 mouse has the additional
phenotypic features of randomization of left-right axis
formation106,112 and defects in heart septum forma-
tion,162 neither of which are seen in Pkd12/2 mice.200

Defects of the conotruncus, such as dual outlet right
ventricle, have been a variable finding in Pkd12/2

mice201,202 as have defects of bone ossification,201,203

and vascular integrity.85 These phenotypes have not
been specifically investigated in Pkd22/2 mice. In the
genetic model organism Caenorhabditis elegans (nema-
tode), mutation to either the Pkd1 ortholog, lov-1 or the
Pkd2 ortholog, pkd-2, results in identical defects in the
stereotypical male mating behavior.204 Doubly mutant
lov-1:pkd-2 worms do not show increased phenotypic
severity.204

The higher population frequency and increased clin-
ical severity of PKD1 disease compared to PKD2 may
be explained in large part by a higher frequency,
respectively, of germline and somatic mutation affect-
ing PKD1. This in turn is certain to be influenced by
the four-fold larger coding sequence of PKD1 com-
pared to PKD2. The recent recognition that PC1 is the
rate limiting component of the polycystin complex cou-
pled with the significantly higher rate of pathogenic
non-synonymous amino acid substitution mutations in
PC1 compared to PC2, further suggests that a broader
range of mutations in PC1, than in PC2, will result in
ADPKD.14,171 The strongest support for this theory that
the frequency of mutation is primarily responsible for
the locus specific differences in disease severity
comes from the CRISP.16 At baseline, PKD1 kidneys
had more cysts and were larger than PKD2 kidneys.
However, while the absolute changes in kidney
volume were greater for PKD1 (74.9 mL/year) than for
PKD2 (32.2 mL/year), the relative rates of growth
were not significantly different for the two genotypes
(5.68% per year vs. 4.82% per year). This suggests
that cyst initiation, but not cyst enlargement, is modu-
lated by the disease gene; PKD1 is more prone to sec-
ond hits than PKD2, but there is no inherent difference
in cyst growth potential once second hits occur in
either gene.

Most of the several hundred PKD1 mutations
described to date are unique to individual families.
This suggests that each mutation essentially arose as a
de novo event that was fixed in the population since it
confers little or no significant reproductive disadvan-
tage.205 The de novo mutation rate for PKD1 is esti-
mated to range from 1.83 1025 to 6.93 1025 per
generation.206,207 Studies in heterozygous mouse

models support these theories. Pkd21/2 mice uniformly
show loss of PC2 immunoreactivity in cyst linings sug-
gesting that homozygous somatic loss is the underlying
cystogenic event; cyst linings in Pkd11/2 mice uni-
formly showed presence of PC2 immunoreactivity
allowing for the inference that it was PC1 that was lost
in these cysts.160 In compound heterozygous Pkd11/2:
Pkd21/2 animals, 160 of 171 cysts (93%) showed uni-
formly positive staining for PC2, 8 (5%) were negative
for PC2 and 3 (2%) could not be evaluated. This sug-
gests that in compound heterozygous mice, Pkd1 was
far more often the target of somatic loss in vivo.160

Genotype-Phenotype Correlations

Genotype-phenotype correlations refer to the associ-
ation between specific germline mutations (genotype)
and the resulting spectrum of disease expression (phe-
notype). Genotype-phenotype correlations are largely
absent in ADPKD with two notable exceptions.208 The
first is the occurrence of contiguous gene deletion syn-
dromes with loss of PKD1 in conjunction with loss of
adjacent TSC2, the gene mutated in tuberous sclerosis
complex 2. This contiguous gene syndrome results in
early onset severe APDKD and clinical features of
tuberous sclerosis.209,210 The second example of
genotype-phenotype correlation in ADPKD occurs
with recessive inheritance of hypomorphic alleles (i.e.,
partial, as opposed to complete, loss of function) in
either PKD1211,212 or PKD2.213 The phenotype observed
in individuals with hypomorphic alleles affecting both
copies of the respective PKD gene can mimic
ARPKD212 with early-onset polycystic disease manifest
by diffuse and more homogeneous, albeit smaller cyst
formation.

The marked intrafamilial variation otherwise seen in
ADPKD suggest that factors other than the germline
mutation determine the course of the disease.214 This
intrafamilial variation was illustrated in a study of
dizygotic twins, one of whom developed severe poly-
cystic kidneys in utero while the sibling showed a more
typical course of adult onset disease.215 Similarly, in an
analysis of age of renal death in 74 parent-offspring
pairs, the median difference within the pairs was
0 years, but with a range 226.3 to 127.2 years that fol-
lowed a normal Gaussian distribution.216 A systematic
analysis of genotype-renal function correlation in 461
affected individuals from 71 ADPKD families with
known PKD2 mutations revealed that the location of
PKD2 mutations did not influence the age of onset of
ESRD.217 This study also found that marked intrafami-
lial variability in disease severity occurs in PKD2 as
well, with several individuals showing presentation of
ESRD before age 50 while affected family members
had the typical late onset disease.
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Over 90% of mutations in PKD2 are predicted to be
chain terminating loss of function alleles.14 In PKD1,
about one third of putative pathogenic variants are pre-
dicted to be amino acid substitution or other in-frame
variants. Most of the non-truncating mutant alleles are
thought to be loss-of-function218 although missense
variants behaving as hypomorphic alleles that result in
mild disease expression in the heterozygous state have
been identified.219 Two studies have correlated 5’ loca-
tion of mutations in PKD1 with more severe pheno-
types. In one study examining 324 patients from 80
families with known PKD1 mutations, location of the
mutations 5’ to the median position correlated signifi-
cantly with about a 3 year earlier onset of ESRD.218 In a
second study, 51 patients with vascular complications
and known PKD1 mutations were evaluated. The
median position of the PKD1 mutation was signifi-
cantly further 5’ in the vascular population than in
PKD1 families without vascular complications.220

Within the vascular population, more severe disease as
defined by aneurysmal rupture, early rupture, or more
than one vascular case in the family had median muta-
tion locations more 5’ than the PKD1 vascular popula-
tion as a whole.220 These data correspond to a previous
report of a smaller number of cases221 and raises the
possibility that the large 5’ extracellular domain of PC1
may act as a dominant factor in aneurysmal complica-
tions in ADPKD.

Modifier Effects in ADPKD

Modifier effects, either genetic or environmental, are
an alternative explanation to stochastic factors such as
second hit timing and frequency for the phenotypic
variation seen in ADPKD. The observed intrafamilial
variability that argues against strong allelic effects may
in fact argue for genetic background effects within fam-
ilies modulating disease expression.208 A study com-
paring intrafamilial variation in age to ESRD among
siblings to that in monozygotic twins found significant
excess variability among the siblings relative to the
genetically identical twin pairs.142 The genetic contri-
bution to intrafamilial disease variability, defined as
the proportion of the variance explained by modifier
genes (i.e., heritability), was assessed using variance
component analysis in two studies. The first examined
406 patients from 66 PKD1 families and estimated the
heritability for creatinine clearance (Ccr) among those
without ESRD to be 42% and the heritability for ESRD
to be 78% among those with ESRD.222 Although con-
clusions from this data are limited by power, one possi-
ble interpretation that emerges is that genetic factors
contribute to differing extents to progression in early
stage disease and late stage disease. A second study
examined variance of a number of phenotypic traits in

315 affected relatives in 83 PKD1 families. The herita-
bility for these traits ranged from 18 to 59% of the vari-
ance.223 In this study, modifier genes accounted for
32% of the variance for Ccr and 43 to 50% of the vari-
ance for age of ESRD,223 again showing the trend
toward more heritability for late stage disease. One
putative modifier gene locus was identified in a
severely affected PKD1 family in which affected indivi-
duals also carried a heterozygous mutation for HNF-
1β,224 a transcription factor that has been implicated in
regulating of PKD gene expression.225,226 A second
study analyzing candidate genes as modifiers in a large
cohort of ADPKD families identified the canonical Wnt
inhibitor Dickkopf 3 as a candidate for modifying
ADPKD expression.227 Much larger studies than these
will be required to actually begin to identify modifier
loci in genome-wide association studies.222

THE PKD GENES AND THEIR PROTEIN
PRODUCTS

The PKD1 and PKD2 gene products, respectively
identified as PC1 (PC1) and PC2 (PC2), were unique
and complex when first discovered (Figure 80.5). They
have only grudgingly yielded the functional clues
that will eventually lead to a full understanding of
ADPKD and a successful development of appropriate
mechanism-based treatment paradigms.

Polycystin-1

Polycystin-1 (PC1) is an eleven membrane span-
ning 4302 amino acid protein with a B3000 amino acid
extracellular NH2-terminus and aB220 amino acid
cytosolic COOH-terminus129,228 (Fig. 80.5). The extra-
cellular NH2-terminal domain contains distinct combi-
nation protein motifs including leucine-rich repeats, a
WSC homology domain, C-type lectin domain, an
LDL-A related domain, and 16 immunoglobin-like
domains PKD repeats,129,228,229 a receptor egg jelly
(REJ) module containing four fibronectin type III FNIII)
domains230 and a GPCR proteolytic site (GPS motif)231

within a newly defined GPC autoproteolysis inducing
domain (GAIN domain) shift.232 Additional domains
identified either by homology or computational predic-
tion include a PLAT/lipoxygenase homology 2 (LH2)
domain between the first and second transmembrane
spans233,234 and a polycystin motif region in the extra-
cellular loop between the sixth and seventh transmem-
brane spans.235 The cytoplasmic COOH-terminus of
PC1 contains a coiled-coil domain.236,237 The region of
the last five transmembrane spans of PC1 share
sequence homology with PC2 (PC2) although there are
critical differences in the sequence that suggest that
PC1 does not function directly as a channel protein the
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way PC2 does235 (see Polycystin Channel Function sub-
heading below).

The location and topology of the predicted 11 trans-
membrane spans of PC1 was demonstrated by experi-
mentally using glycosylation reporter analysis.238 The
NMR solution structure of one the PKD domains, so
named because they were first described in PC1,
showed the domain to have a β-sandwich fold that
belongs to a distinct family uniquely conserved among
vertebrate polycystin homologs.239 Atomic force spec-
troscopy has shown that PKD domains confer
increased tensile strength to the PC1 molecule.240,241

However, another study found that the PC1 extra-
cellular region is highly extensible and that this exten-
sibility is mainly caused by the unfolding of its
immunoglobulin-like PKD domains.242 Stretching the
native PC1 extracellular region results in a sawtooth
pattern with equally spaced force peaks resulting from
the sequential unfolding of individual PKD domains

and domains refold after mechanical force unloading.
The tensile properties of the PKD domains is altered by
naturally occurring missense mutations found in
patients.243 The PKD domains, along with the WSC
homology domain, C-type lectin domain, an LDL-A
related domain are thought to be involved in protein-
protein or protein-carbohydrate interactions which
have led to speculation that PC1 could serve as a recep-
tor for unknown ligands. A mechanosenory role in
flow sensation has also been proposed for PC1.111 PC1
signaling events might be regulated through force
driven unfolding/refolding events with or without
associated ligand interactions.

PC1 has broad tissue expression, including kidney,
brain, heart, bone, and muscle.244�246 Its expression is
developmentally regulated with high levels of expres-
sion in developing mouse tissues that subsequently
decline.244,246 The subcellular localization of PC1 in tis-
sues has been difficult to establish likely due to a combi-
nation of very low abundance of the native protein and
limitations of the antibody reagents. Several studies
identified PC1 in the plasma membrane of kidney tubule
cells, particularly in the distal nephron segments includ-
ing collecting ducts.33,152,247 Within these segments, PC1
appeared at the lateral membrane at sites of intercellular
adhesion248 and at desmosomes.249 Over-expressed,
epitope-tagged full length PC1 has been localized in the
lateral membrane.250 Similar lateral location of a
PC1�PC2 complex was reported in kidney tissue over-
expressing PC1 as a transgene,251 although a similar pat-
tern was not reported in epitope tag knockin model.246

Following the paradigm shift resulting from the discov-
ery of the role of primary cilia in ADPKD and related
disorders, much of the emphasis on the subcellular
localization of native PC1 has shifted to primary cilia of
epithelial cells from the kidney105,111 and other tissues.246

Most recently, PC1 has been found to be a component in
urinary exosome-like vesicles, whose potential role in
the functioning of polycystin signaling and ADPKD is
just beginning to be explored.252

PC1 Homologous Proteins

With the advent of the sequencing of the human and
mouse genomes, four genes encoding proteins structur-
ally related to PC1 have been identified in mammals.
PKDREJ contains REJ and GPS motifs in the extracellu-
lar part and the PLAT/LH2 domain in the first intra-
cellular loop.253,254 PKDREJ is only expressed in
mammalian testis and mature sperm where it is local-
ized to the plasma membrane and may contribute to
transmembrane signaling255 and controls the timing of
fertilization through effects on sperm motility and exo-
cytotic competence.256 PKD1L1 has two PKD domains,

FIGURE 80.5 Schematic representation of the predicted structural
domains of polycystin-1 (PC1) and polycystin-2 (PC2). There are a
combination of structurally predicted domains and experimentally
identified or verified functional domains shown. In PC1, the
immunoglobulin-like structure of the PKD domains and the GAIN/
GPS domain have been determined by structural studies as have the
respective coiled coil domains in the COOH-termini of PC1 and PC2.
The interaction of the COOH-terminal coiled coil domains of PC1and
PC2 is well established. PC1 undergoes autoproteolytic cleavage at
the GPS site to form the extracellular NH2-terminal fragment and the
intramembranous COOH-terminal fragment, which remain non-
covalently associated with each other. Additional PC1 cleavage sites
have been identified in the COOH-terminus as well as in the intra-
membranous region. The TRP channel function of PC2 has been
shown in several systems to be a nonselective cation channel perme-
able to Ca21. The functions of the cilia targeting and the ER/cilia
restriction domains in PC2 have defined.
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as well as REJ and GPS motifs in the extracellular
region, a PLAT/LH2 domain in the first loop, and a
coiled-coil domain in the C-terminal cytoplasmic
tail.257 Pkd1L1 knockout mice develop defects in left
right axis determination,258 a cilia based phenotype
also observed in Pkd2 knockout mice,106,112 but absent
from Pkd1 null embryos.200 Unlike in kidney tissues
where PC1 and PC2 are thought to form a receptor
channel complex in primary cilia, evidence suggests
that in the cilia of the embryonic node responsible for
left-right axis determination, Pkd1L1 and PC2 form the
signaling complex required for left-right pattern-
ing.259,260 The PKD1L2 and PKD1L3 protein products
contain the combination of GPS and PLAT/LH2
domains that uniquely identify all PC1 family mem-
bers.235 In addition, both have a C-type lectin domain;
PKD1L2 also contains PKD and REJ domains. PKD1L2
and PKD1L3 have transient receptor potential (TRP;
see section on PC2 below) ion channel signatures in the
last five transmembrane spans that are conserved with
PC2 family members suggesting that, unlike PC1, they
may possess cation channel functions. A complex of
PKD1L3 and a PC2 homolog, PKD2L1, has been
identified as a candidate sour taste receptor.261�263 In
addition, this complex has been proposed to function
as cerebrospinal fluid chemosensory system that selec-
tively triggers action potentials in response to
decreases in extracellular pH.261 Finally, an over-
expression mouse model for Pkd1L2 shows a complex
myopathic neuromuscular phenotype264 that may be
related to its function as a cation channel. This data
emerging from studies of homologous proteins sug-
gests the possibility that permuted combinations of
PC1 and PC2 homologs confer tissue and developmen-
tal stage specific functions to polycystin complex and
may suggest a broader role for these novel signaling
complexes in vertebrate organisms. Understanding the
bases for the function of any of these putative receptor-
channel complexes may shed considerable mechanistic
insight into the functioning of the PC1/PC2 complex
that is central to ADPKD.

PC1 Cleavage

The complexity and potential diversity of PC1 func-
tion is further amplified by a series of proteolytic
events yielding fragments in both the extracellular and
intracellular compartments. PC1 undergoes autopro-
teolytic cleavage at the GPS motif within the GAIN
domain to produce an NH2-terminal fragment (NTF)
comprised of the first extracellular domain and a
COOH-terminal fragment (CTF) containing the eleven
membrane spans and the cytosolic tail232,265,266

(Figure 80.5). This cleavage process requires an intact
REJ module and GAIN domain and likely occurs early
in the biosynthetic pathway, probably at the level of

the endoplasmic reticulum (ER). The NTF and CTF
remain non-covalently associated with each other and
functional GPS cleavage is required for PC1 to be able
to stimulate spontaneous tubulogenesis of MDCK cells
in three dimensional matrix culture.265 GPS cleavage is
conserved in proteins evolutionarily related to PC1267

and has been reported as an essential step for folding,
trafficking, and bioactivity of non-polycystin pro-
teins.268 The crystal structure of the GAIN domain,
which includes the GPS motif at its COOH-terminal
region, has recently been solved in two distantly
related adhesion-GPCRs which share this domain with
the PC1 related proteins in higher organisms.232 The
GPS cleavage process is thought to be necessary for
proper trafficking of PC1269 and for autoinhibitory
function in adhesion-GPCRs. GPS cleavage deficient
knockin mice show a partial rescue of the Pkd1 null
phenotype suggesting that uncleaved PC1 may behave
as hypomorphic allele.270

A second intra-membranous cleavage product of
PC1 results in the P100 intramembranous fragment
with six membrane spanning domains.271 P100 acts to
reduce store operated calcium entry through a mecha-
nism involving the ER calcium sensor protein
STIM1.271 The cytoplasmic tail of PC1 is also cleaved.
Two processes have been described that liberate differ-
ent sized fragments, both of which traffic to the
nucleus and affect gene transcription.272,273 These
processes are discussed in detail in the section on
C-terminal Cleavage below.

Interactions

The most significant biochemical interaction for PC1
remains its association with PC2. PC1 and PC2 interact
through their respective COOH-termini236,237,274�276

(Figure 80.5). The structural data suggest a stoichiome-
try of one PC1 molecule and three PC2 molecules in
the complex.276,277 The interaction depends on the
integrity of the coiled coil domains in the COOH-
termini of PC1 and PC2237,275 and has been demon-
strated using full length PC1 and PC2 constructs. All
known pathogenic predicted truncating mutations in
either gene result in loss of this interaction.278 The rec-
ognition of this interaction soon after the discovery of
the genes led to the hypothesis that PC1 may serve a
receptor function that controls the channel activity of
PC2 as part of the polycystin signaling complex.

Several other associated complexes for PC1 have
been defined although their roles in the pathogenesis
of ADPKD are less clear (reviewed in279). The extracel-
lular domains of PC1 are capable of in vitro homotypic
interactions via their PKD domain repeats that may
mediate intercellular or intermolecular adhesion as
part of polycystin function.280 In C. elegans, the β-sub-
unit of ATP synthase (ATP-2) co-localizes in cilia and
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interacts with the PLAT/LH2 domain of the nematode
PC1 homolog, LOV-1.234 Casein kinase II also interacts
with LOV-1 and this interaction may regulate traffick-
ing of the C. elegans PC2 homolog into cilia in a phos-
phorylation dependent manner.281 Interaction with the
COOH-terminal domain of PC1 inhibits degradation
and results in re-localization of regulators of G protein
signaling (RGS7),282 perhaps fitting with a postulated
role for PC1 as an atypical G-protein coupled recep-
tor.283,284 The cytoplasmic tail of PC1 also interacts
with tuberin, the tuberous sclerosis complex 2 (TSC2)
gene product285 (see mTOR). PC1 interacts with inter-
mediate filament components including vimentin, cyto-
keratin 8 and 18 and desmin.286 PC1 has also been
shown to co-localize and complex with the intercellular
adhesion molecules E-cadherin and β-catenin suggest-
ing a possible role in stabilization of adherens junctions
and the maintenance of the differentiated polarized
state of epithelia in kidney tubules.287,288 PC1 may
mediate communication with the extracellular matrix
as suggested by co-localization with α2, β1 integrin289

and interaction with αv,β3 integrin via the COOH-
terminal region of the β3 integrin.290 This diversity of
interacting partners highlights the likelihood that PC1
and PC2 (see below) serve a broad array of cellular and
tissue functions, not all of which will be related to
polycystic kidney disease.

Polycystin-2

From the time of its discovery, polycystin-2 (PC2)
was hypothesized to be a cation channel most likely
functioning in calcium-based signaling events.131 PC2
is a 968 amino acid integral membrane protein with six
membrane spans and intracellular NH2- and COOH-
termini (Figure 80.5). It belongs to the transient recep-
tor potential (TRP) channel family. TRP channels con-
stitute a family of channel proteins found throughout
metazoan evolution that generally function as receptor
gated sensory channels. The mammalian TRP channels
encompass at least 28 different proteins that are
grouped into six subfamilies based the complement of
structural motifs in their respective cytosolic NH2

� and
COOH-termini (reviewed in291,292). The polycystins
belong to the TRPP subfamily and PC2 is also called
TRPP2. The last five transmembrane spans bear a
strong TRP channel signature and the region between
S5 and S6 (transmembrane segments 5 and 6) contains
the putative pore region.235 In addition, the large first
extracellular loop between S1 and S2 contains a poly-
cystin motif of unknown function that is highly con-
served in all PC1- and PC2-related proteins.235 The
cytoplasmic tail contains a putative calcium binding
EF-hand.131,274,293 The EF hand binds calcium293 and
may have a role in modulating channel activation and
inhibition.

PC2 is widely expressed in tissues, particularly the
kidney, heart, ovary, testis, vascular smooth muscle,
and small intestine.294,295 In the kidney, PC2 is
expressed in all nephron segments, with the possible
exception of the thin limbs of the loops of Henle. PC2
is not expressed in the glomerulus. As with PC1,
expression in the distal nephron segments may be
more robust than in the proximal segments.163 A
domain in the COOH-terminus functions to restrict the
membrane location of PC2 to the ER and cilia.296 At a
subcellular level, there is general agreement that both
native and heterologously over-expressed PC2 is
strongly expressed in the ER membrane of both cul-
tured cells251,278,296�299 and tissues.110 The plasma
membrane localization of PC2 has been the subject of
debate (reviewed in300). Native PC2, but not heterolo-
gously over-expressed protein, has been reported on
the plasma membrane both by anti-native protein anti-
bodies249,299 and by channel physiology.301 It has also
been proposed that PC2 requires co-assembly with PC1
to traffic to the cell membrane and co-expression of
both polycystins results in appearance of a novel
plasma membrane cation channel activity.111,278

Conversely, studies using the C-terminal fragment of
PC1 suggested a possible reciprocal role for PC2 in the
cellular distribution of PC1.269,302 There is consensus
and strong evidence to show that PC2 is localized to
the primary cilia in kidney tissues and cultured epithe-
lial cells.104,105,112 Native and over-expressed PC2 can
be detected in the primary cilium.303 The NH2-termi-
nus domain of PC2 containing an RVxP amino acid
motif has been identified as both necessary and suffi-
cient for cilia location of type 2 membrane proteins
including PC2.303,304 Trafficking of PC2 to cilia is inde-
pendent of PC1.303

PC2 Homologous Proteins

Two homologs of PC2, PKD2L1 (or PCL) and
PKD2L2, have been identified in the mammalian
genome.254,303,305,306 PKD2L1 is expressed in striated
muscle (heart and skeletal), brain, spleen, and testis,306

whereas PKD2L2 is expressed only in testis.254 PKD2L1
has been shown to function in conjunction with
PKD1L3 in sensing sour taste and cerebrospinal fluid
pH.261�263 PC2 is highly conserved in metazoan evolu-
tion and homologs have been identified in sea urchin,
C. elegans, Drosophila melanogaster and zebrafish. In sea
urchin, the PC2 homolog associates with suREJ3, the
PC1 homolog, and both localize to acrosomal region of
spermatozoa suggesting a possible role in the ionic
channel events that accompany the acrosome reaction
during fertilization.307 In C. elegans, mutations in the
PC2 homolog result in defects in location-of-vulva and
response behavior in the male worms that is indistin-
guishable from the phenotype seen in LOV-1 (PC1
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homolog) mutants.204 As in mammalian systems, PC2
shows strong expression in the ER membrane and the
cilia membrane in C. elegans. However, there is little
sequence conservation of the cystolic NH2

� and COOH
termini from mammals to invertebrates (C. elegans and
Drosophila) and there appear to be differences in the
phosphorylation pattern281 and trafficking signals303

with mammalian protein. The PC2 homolog in
Drosophila is expressed in sperm and knockout in fly
results in sperm that retain normal backward motility
and ability to fertilize but lose hyperactivation and
directed movement required for reaching the female
storage organs.308�310 Flies with a loss of function PC2
allele showed reduced contractility of the visceral
smooth muscle cells through a mechanism that
requires cooperativity with the ryanodine receptor in
regulating intracellular calcium homeostasis.311 In
mammalian systems, PC2 directly interacts with and
regulates the activity of the ryanodine receptor312 and
alters smooth muscle cell calcium homeostasis.83

Finally, zebrafish have proven to be a valuable verte-
brate genetic model of polycystic kidney disease.
Zebrafish have a pronephric kidney as well as left-right
body axis asymmetry and knockdown or mutation of
the PC2 homolog in fish results in cystic dilation of the
pronephric tubule as well as abnormalities of left-right
body axis formation.114,313,314

Channel Function

PC2 functions as non-selective cation channel per-
meable to calcium.110,278,299,315 The initial studies used
a variety of biophysical systems to characterize the
channel and this may account for qualitative differ-
ences in the channel properties described for PC2. The
systems used include co-expressed PC1 and PC2 in
CHO-K1 cells studied by patch clamping,278 the outer
membrane of human placental syncytiotrophoblasts
and reconstituted purified protein studied in lipid
bilayers,315 ER vesicles prepared from cells over-
expressing wild type or mutant PC2 fused to lipid
bilayers110 or epithelial cells in culture treated with
chemical chaperones and studied by patch clamp tech-
nique.299 While the channel is non-selective for cations,
it does pass calcium and most investigators believe
that in vivo PC2 function is calcium-based second mes-
senger signaling.316 PC2 channel activity is stimulated
by physiological concentrations of calcium and is
inhibited by higher concentrations of calcium that may
be achieved locally as a result of PC2 channel activ-
ity.110,315 The critical role of the channel activity in the
in vivo functioning of PC2 was demonstrated by a path-
ogenic patient mutation altering a single amino acid
(D511V) that resulted in isolated loss of channel activ-
ity.110,317 Aside from biophysical studies, the in vivo
cellular effects of polycystins have been evaluated by

monitoring changes in cellular calcium using fluores-
cent indicator.110,111 PC2 can function as an ER calcium
release channel.110 Phosphorylation of PC2 at a casein
kinase 2 site, serine 812, modulates channel activity318

and has a role in trafficking of PC2 between ER, Golgi
and plasma membrane compartments.319 The function
of PC2 as a putative mechanosensory channel in
cilia107,111 is discussed in the section on cellular calcium
signaling below.

Interactions

The functional association of PC2 with PC1 was dis-
cussed in previous sections. PC2 associates with a num-
ber of calcium channel proteins. PC2 homomultimerizes
with itself via its COOH terminus236,320,321 as a pre-
dicted tetramer.322 PC2 forms functional heteromeric
channels through interaction with at least two other
TRP channels, TRPC1323,324 and TRPV4.325 In keeping
with its putative role in regulating cellular calcium
homeostasis via intracellular calcium pools, PC2 inter-
acts directly with the inositol 1,4,5-trisphosphate recep-
tor (IP3R)

326�328 and also regulates the activity of the
ryanodine receptor through direct interaction.312 PC2
interacts with the ER t-SNARE protein syntaxin-5 which
acts to inactivate the channel.329 Additionally, the
mitotic centrosomal kinase Aurora A binds and phos-
phorylates PC2 at serine 829 and reduces the endoplas-
mic reticulum calcium release activity of PC2.330

Protein interaction screens have yielded several
putative PC2 binding partners potentially involved in
cytoskeletal interactions. PC2 binds Hax-1 which in
turn associates with the F-actin-binding protein cortac-
tin suggesting a link between PKD2 and the actin cyto-
skeleton.331 The COOH-terminus of PC2 interacts with
CD2AP332 which also interacts directly with the actin
cytoskeleton.333 PC2 interacts with tropomyosin-1,
troponin-1 and alpha-actinin, components of the
actin microfilament complex.334�336 Yeast two hybrid
screening also identified mDia1/Drf1 (mammalian
Diaphanous or Diaphanous-related formin 1 protein)
as a PC2-interacting protein.337 PC2 and mDia1 co-
localize prominently at the mitotic spindles of dividing
cells suggesting an association with microtubule cyto-
skeleton components.

Clues as to regulation of PC2 trafficking have also
begun to emerge from studies of associated proteins.
In addition to the previously noted co-assembly of
PC1 and PC2, a novel interacting protein PIGEA-14
(chibby homolog 1) has been identified that plays a
role in PC2 trafficking.297 PIGEA-14 co-expression
with PC2 resulted in translocation of both proteins to
the trans-Golgi network, suggesting role for PIGAE-14
in regulating the intracellular location of PC2. PC2 has
been proposed to bind to phosphofurin acidic cluster
sorting protein (PACS)-1 and PACS-2 via an acidic
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cluster in the COOH-terminal domain of PC2 that also
contains the serine 812 phosphorylation site.319 The
phosphorylation of PC2 regulates the binding of these
adapter proteins that in turn are required for the rout-
ing of PC2 between ER, Golgi and plasma membrane
compartments.319 In an attempt to unify the mechan-
isms of ADPKD with those for autosomal recessive
polycystic kidney disease (ARPKD),338,339 association
between PC2 and the PKHD1 (ARPKD) gene product
fibrocystin340,341 has been investigated. Fibrocystin
and PC2 co-localize and co-immumoprecipitate sug-
gesting that they may exist in the same complex342

and this complex may also include the kinesin-2
anterograde cilia transport motor which may mediate
fibrocystin dependent regulation of PC2 channel func-
tion.343 Although direct association was not shown,
the klp-6 gene product in C. elegans encoding a
kinesin-3 family member functions in the same genetic
pathway as the polycystins (i.e., male mating
behavior) and is required for localization and function
C. elegans homolog of PC2 in cilia.344

CELLULAR PATHWAYS AFFECTED BY
POLYCYSTINS

Anyone inspired to seek a quick primer on the
arcane alphabet soup of signaling pathways might con-
sider beginning their quest by perusing the literature
documenting the list of cellular activities that may be
susceptible to the eclectic influences of the polycystin
proteins. This ever-lengthening roster includes the
Wnt, mTOR, MAPK-ERK, and AP-1 cascades, and also
involves the participation of most of the cell’s arsenal
of second messenger systems including cAMP, cal-
cium, G proteins and G protein coupled receptors345

(Figure 80.6). Much remains to be learned concerning
the relative importance of the polycystins in modulat-
ing the activities of each these pathways and the rela-
tive importance of each these pathways in preventing
or defining the pathophysiology associated with
ADPKD. The number and variety of these pathways
testifies to the complexity of the interwoven network of
signaling mechanisms that control epithelial morpho-
gensesis and the maintenance of luminal architecture
and highlight the central position that the polycystins
must occupy in this web.

Wnt Signaling

The canonical Wnt signaling pathway plays a central
role in controlling cell proliferation and differentia-
tion.346 Aberrant Wnt signaling during embryogenesis
can lead to axis duplication or dysgenesis of critical
body structures,347,348 and excessive Wnt signaling
activity is associated with the malignant transformation

and metastatic potential of neoplasms.349 At the heart
of the Wnt pathway is the multifunctional β-catenin
protein, which is both a key constituent of the epithe-
lial intercellular adhesive apparatus and an arbiter of a
transcriptional pathway that profoundly influences cell
proliferation and differentiation.350,351 The adhesive
junctions that alert epithelial cells to the proximity of
their neighbors are mediated by the transmembrane
calcium-dependent adhesion molecule E-cadherin.352

The cytoplasmic COOH-terminal tail of E-cadherin
binds to several soluble cytosolic proteins, including
α-catenin, β-catenin and p120, which together link
E-cadherin clustered at sites of cell-cell contact to the
subcortical cytoskeleton, which in turns allows cells to
exploit their intercellular adhesive junctions in order to
organize their membranes into polarized domains.353

The pool of β-catenin protein that is not bound to
E-cadherin is able to enter the nucleus, where it binds
to and activates the TCF transcription factor.346 Many
of the genes whose expression is controlled by TCF
stimulate cell division, including c-myc, c-jun and
cyclin D1.354 Thus, sequestration of β-catenin at sites of
cell-cell contacts prevents it from activating a transcrip-
tional program that results in proliferation. In contrast,
loss of cell-cell contact liberates E-cadherin-bound
β-catenin, freeing it to pursue its pro-proliferative
agenda.

Before β-catenin can enter the nucleus, however, it
must negotiate a major hurdle in the form of the cyto-
plasmic Axin/GSK3/APC complex.355 The primary
purpose of this protein assembly is to capture and
phosphorylate free β-catenin and, by so doing, doom it
to degradation by the proteasome. Activation of the
canonical Wnt signaling cascade leads to inhibition of
the GSK3 kinase and hence to an increase in the size of
the pool of β-catenin that is free to enter the nucleus
and activate TCF-mediated transcription.346 The Wnt
ligands are a family of secreted polypeptides that bind
to cell surface receptors composed of a transmembrane
protein called Frizzled and a second transmembrane
co-receptor that can be any one of several different
members of the family of LDL receptor related (LRP)
proteins. Ligation of Frizzled by a Wnt protein leads to
activation of its cytosolic partner protein Disheveled,
which interacts with the Axin/GSK3/APC complex to
prevent it from targeting β-catenin for proteasomal
destruction.346 Stimulation of the Frizzled receptor can
also elicit several β-catenin-independent effects, includ-
ing transient elevations in cytosolic calcium concentra-
tions and activation of c-jun kinase (jnk). These
additional consequences of Frizzled activation are
collectively referred to as non-canonical Wnt signal-
ing.356,357 Non-canonical Wnt signaling is intimately
involved in the establishment of planar cell polarity357

(see following sections).
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Several lines of evidence indicate that the polycys-
tin proteins participate in modulating Wnt signaling
and that perturbations of Wnt signaling can lead to
renal cystic disease. Studies of genetically manipu-
lated mouse models reveal that either kidney-specific
inactivation of the APC gene or expression of constitu-
tively active β-catenin both result in the development
of renal cysts that closely resemble those found in
ADPKD.358,359 PC1 can be co-immunoprecipitated in a
complex that includes E-cadherin and β-cate-
nin,287,288,360 indicating that the potential exists for

PC1 to exert a direct influence over the stability or
extent of membrane bound pool of β-catenin.
Overexpression studies employing membrane teth-
ered constructs incorporating the C-terminal of PC1
offer conflicting results. One such study suggests that
the membrane tethered C-terminal tail of PC1 can acti-
vate Wnt signaling reporters,361 whereas another
study employing similar construct did not detect this
activity.362 The basis for this discrepancy remains to
be elucidated. Recent results indicate that the expres-
sion of genes associated with activation of the Wnt

FIGURE 80.6 Signaling pathways associated with polycystin protein functions and PKD. PC1 and PC2 function has been implicated in the
up-regulation (blue boxes) or down-regulation (yellow boxes) of a variety of cellular signaling pathways that play important roles in cell
growth and differentiation. In the cilium, the polycystin complex appears to participate in flow- or ligand-stimulated calcium entry.
Intracellular endoplasmic reticulum (ER) calcium stores are also subject to regulation by the polycystins. Increased concentrations of cAMP,
activation of ErbB receptors, and up-regulation of EGF, IGF1, VEGF, and TNF have been described in cells or kidneys with defective polycystin
function. Increased cAMP levels contribute to cystogenesis by stimulating chloride and fluid secretion. Activation of tyrosine kinase receptors
by ligands present in cystic fluid may contribute to stimulation of MAPK/ERK signaling. Phosphorylation of TSC2 by ERK may lead to the dis-
sociation of TSC2 and TSC1 and lead to the activation of Rheb and mTOR. Up-regulation of TNF or down-regulation of AMPK signaling may
also stimulate mTOR signaling through inhibition of the TSC2/TSC1 complex. Activation of AMPK may also blunt cystogenesis through inhi-
bition of CFTR and ERK. Up-regulation of Wnt signaling stimulates mTOR and β-catenin signaling. ERK and mTOR activation promotes G1/S
transition and cell proliferation through regulation of cyclin D1. These effects of mutations in polycystin provide the rationale for treatment
with V2 receptor antagonists, somatostatin, triptolide; tyrosine kinase, src, MEK, TNF , mTOR, or CDK inhibitors; metformin, and CFTR or
KCa3.1 inhibitors (green boxes). AC-VI, adenylate cyclase 6; AMPK, AMP kinase; CDK, cyclin-dependent kinase; ER, endoplasmic reticulum;
MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; PC1, polycystin-1; PC2, polycystin-2; PDE, phosphodiester-
ase; PKA, protein kinase A; R, somatostatin sst2 receptor; TSC, tuberous sclerosis proteins tuberin (TSC2) and hamartin (TSC1); V2R, vasopres-
sin V2 receptor; V2RA, vasopressin V2 receptor antagonists. (Reprinted by permission from Macmillan Publishers Ltd: Harris P.C. & Torres V.E.,
Autosomal dominant polycystic kidney disease: the last 3 years, Kidney International, 76:149�168, copyright 2009.)
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pathway is elevated in cystic renal tissue derived
from the excised kidneys of ADPKD patients, as com-
pared to the expression levels detected in normal-
appearing non-cystic tissue derived from the same
kidneys.363

A seminal study on inversin, the protein encoded by
the gene mutated in nephronophthisis type II, illus-
trates a fascinating paradigm through which a poly-
peptide associated with a renal cystic disease can
influence signal transduction through both the canoni-
cal and non-canonical Wnt pathways. Inversin marks
Disheveled for degradation in the proteasome, thus
turning off canonical Wnt signaling by preventing
Disheveled from inhibiting GSK3.364 Inversin also
enhances manifestations of planar cell polarity that are
under the control of the non-canonical Wnt pathway.
As discussed in a later section, cleavage of the PC1
COOH-terminal tail releases a fragment that is capable
of activating jnk and therefore may be similarly capable
of upregulating the non-canonical Wnt pathway.272

Finally, as discussed below in greater detail, a cleaved
COOH-terminal fragment of PC1 can interact directly
with the TCF transcription factor and, through this
interaction, prevent the TCF transcription factor from
activating the expression of genes under the control of
the Wnt pathway.365 Thus, both inversin and PC1 may
act through distinct but analogous mechanisms as
molecular switches that control the relative strengths of
the canonical and non-canonical Wnt signaling path-
ways. Taken together, these diverse observations sug-
gest that a failure to suppress canonical Wnt signaling
and to activate non-canonical Wnt signaling constitutes
a plausible mechanism that could account for at least
some of the pathogenesis of PKD.187 In this context,
however, it is important to note two recent studies
whose results are not consistent with this model.
Analysis of mitotic spindle axis, a parameter thought
to be related to planar cell polarity, finds that it is not
perturbed in advance of cyst formation in mouse mod-
els of ADPKD.366 Furthermore, a study found that the
cells lining the cysts that develop in mouse models of
ADPKD that have been engineered to express a Wnt/
TCF reporter in vivo did not demonstrate elevated
levels of TCF transcription activity.367 It remains to be
determined whether activation of TCF-mediated tran-
scription is involved in early phases of cyst formation
and is terminated by the time that cysts are evident.

Cellular Calcium

PC2 belongs to the TRP family of ion channel pro-
teins.368 PC2 can function as a non-selective calcium-
permeable cation channel at the endoplasmic reticulum
and perhaps at the plasma membrane as well.110,278,315

The importance of the channle activity is suggested by
the fact that the disease causing non-synonomous

D511V mutation abrogates PC2 channel activity.110

Functional studies demonstrate that PC2 expression
enhances the release of calcium from intracellular
stores.110 PC2 can physically interact directly with the
IP3 receptor and, perhaps by virtue of this association,
can alter the kinetics of cytoplasmic calcium transients
induced by IP3 and by agonists of receptors that signal
through IP3.326

Seminal studies of MDCK cells performed by
Praetorius and Spring illuminated an entirely new per-
spective on the potential function of the primary cilia
that grace the apical surfaces of renal epithelial cells.
These investigators found that primary cilia can serve a
mechanosensory function and that bending them
induces transient elevations of cytosolic calcium con-
centrations.107�109,369 Subsequent research using cell
lines that lack expression of the polycystin proteins as
well as antibodies directed against these proteins’
extracellular domains suggests that the PC2 channel
activity, as well as polcystin-1 receptor activity, is
required for induction of calcium transients in response
to ciliary bending.111 Taken together, these studies
gave rise to the hypothesis that cilia on apical surface
kidney epithelia sense flow via the PC1/PC2 complex
and this flow signal is important in establishing and
maintaining kidney tubule lumen morphology in vivo.
More recently, PC2 has been shown to inhibit the activ-
ity of stretch-activated ion channels in smooth muscle
cells, indicating a possible role of PC2 in pressure
sensing.370

The binding of EGF to its receptor initiates eleva-
tions in cytosolic calcium concentrations that appear to
require participation of the channel activity of PC2.301

The mechanism responsible for this EGF effect on PC2
channel activity appears to involve a protein called
mammalian diaphanous-related formin 1 (mDia1), a
member of the formin family of actin and microtubule
regulatory proteins whose activity is modulated by the
RhoA small GTPase. The mDia protein binds to PC2
and exerts a membrane potential-dependent block on
its channel activity. The binding of EGF to its receptor
appears to activate RhoA, which in turn releases mDia
from PC2 and relieves the associated block of the
PC2 channel.371

A role for PC2 in governing the size and properties
of intracellular calcium stores is suggested by the
observation that vascular smooth muscle cells isolated
from mice heterozygous for inactivation of the PC2
gene exhibit reduced size of the releasable intracellular
calcium pool as well as reduced capacitative calcium
entry.83 PC1 may also modulate the properties of intra-
cellular calcium stores. Over-expression of PC1 in
MDCK cells may inhibit capacitative calcium entry and
speed calcium re-uptake by the endoplasmic reticu-
lum.372 While the relationship between these effects of
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the polycystins on intracellular calcium stores and the
pathophysiology of cystic disease remains to be deter-
mined, it is clear that through their involvement in
modulating intracellular calcium levels the polycystins
impact a physiologically critical second messenger
pathway that influences almost every aspect of cellular
behavior.

Cyclic AMP

A large body of evidence indicates that fluid secre-
tion into cyst lumens makes use of the same machinery
and mechanisms that drive fluid secretion by the well-
studied secretory epithelia of the airway, the small
intestinal crypt and the shark rectal gland. Chloride
accumulates in the cytosol above its electrochemical
equilibrium through secondary active transport
mediated by a basolateral Na,K,2Cl co-transporter. An
apical conductive pathway allows chloride to travel
passively down its electrochemical gradient into the
cyst lumen and the resultant lumen-negative potential
causes sodium to follow paracellularly. The osmotic
gradient created by this NaCl transport draws water
into the cyst lumen, presumably contributing to the
expansion of cyst volume.373,374 Several studies demon-
strate that cAMP levels are elevated in cyst epithelial
cells and furthermore that cAMP stimulates cyst
fluid and electrolyte secretion.375,376 The identification,
through both functional and cell biological experi-
ments, of CFTR as the apical chloride channel involved
in cyst fluid secretion provides a molecular explanation
for cAMP’s pro-secretory effects.377,378 The CFTR chan-
nel opens in response to protein kinase A-dependent
phosphorylation and thus the channel is activated in
response to elevations in cytoplasmic cAMP.379 In vivo
support for the role of CFTR as a mediator of cyst
expansion has come from preclinical studies that
showed some efficacy for CFTR inhibitors in reducing
cyst formation in an orthologous gene model of
Pkd1.380 Additionally, case reports of families in which
ADPKD coexists with cystic fibrosis have suggested
that individuals with both diseases manifest a milder
form of ADPKD,381,382 although this anecdotal evi-
dence has been challenged.383 It has also been shown
that cAMP acts as a mitogen in ADPKD renal epithelial
cells and that this effect may be mediated through
stimulation of the B-Raf/MEK/ERK signaling cascade,
which is discussed in greater detail later in the
chapter.376,384

While the involvement of CFTR in cyst fluid secre-
tion provides a plausible connection between cAMP
and the production of cyst fluid, it does not explain
why cyst epithelial cells manifest high cytosolic cAMP
concentrations. It is possible that the perturbations in
cytosolic calcium levels discussed in the preceding sec-
tion may in part account for cAMP dysregulation in

cyst cells. Several isoforms of both adenylate cyclase
and phosphodiesterase, which generate and degrade
cAMP, respectively, are subject to positive or negative
regulation by calcium. In fact, recent evidence indicates
that the primary cilium contains a cAMP signaling
complex that includes two calcium-sensitive isoforms
of adenylyl cylclase, AC5 and AC6. This complex also
includes protein kinase A as well as A kinase anchor-
ing protein 150, which acts as a scaffold on which com-
ponents of the cAMP signaling network assemble. This
complex interacts with PC2. Loss of PC2 expression or
of its channel activity leads to dis-inhibition of AC5
and AC6, resulting in elevated levels of cAMP.385

Finally, the polycystin proteins may directly or indi-
rectly alter the activities of G-protein coupled receptors
that signal through cAMP. Expression and activity of
the V2 vasopressin receptor, for example, is elevated in
a number of animal models of PKD.375,386 As noted in a
later section, this fact is being exploited through the
development of V2 receptor antagonists as potential
therapeutic agents that can potentially slow or prevent
cyst fluid accumulation by reducing cytosolic cAMP
levels.386

G-Protein Coupled Receptor Signaling

While their effects on V2 receptor activity suggest
that the polycystins may influence G-protein coupled
receptors, other studies suggest that PC1 may itself
function as a non-traditional G-protein coupled recep-
tor. The COOH-terminal tail of PC1 contains a short
sequence that is capable of activating purified trimeric
G proteins.387 Furthermore, the ability of a membrane
tethered construct of the PC1 COOH-terminal tail to
activate c-jun kinase and the AP-1 pathway depends
upon the involvement of trimeric G-proteins.284

Expression of PC1 is apparently sufficient to initiate
activation of Gα subunits and dissociation of the Gβ
and γ polypeptides, as detected through measurement
of the activities of ion channels whose open probabili-
ties are modulated by βγ interactions.283 The presence
of PC2 prevented PC1 from exerting this effect on G-
proteins. The expression of the membrane tethered C
terminal tail of PC1 has been found to activate Gαq
and thus to increase the activity of phospholipase C
(PLC). Increased PLC activity leads to the generation of
IP3 and consequently to elevations in cytosolic calcium
levels which, in turn, can lead to the activation of the
calcium-dependent calcineurin/NFAT-dependent tran-
scription pathway.388 The NFAT transcription factor
governs the expression of genes involved in cell
growth and differentiation.389 Activation of the
calcium-sensitive phosphatase calcineurin by sustained
elevation of cytosolic calcium levels results in dephos-
phorylation of NFAT, leading to its nuclear accumula-
tion. Recently, PC1 was shown to bind Gα12 and
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modulate the activity of Gα12/JNK apoptosis path-
way.390 Mutations in Gα12 or PC1 that eliminate inter-
action between these proteins also abrogated the PC1
dependent inhibition of Gα12 stimulated apoptosis.391

Thus, PC1 appears to possess the capacity to modu-
late the activities of trimeric G-proteins and their
downstream effectors in much the same manner as tra-
ditional seven transmembrane domain G-protein cou-
pled receptors. The nature of the stimuli or ligands that
regulate this capacity of PC1 and the relationship of
this capacity to the major physiological functions of
PC1 remain to be determined.

Mitogen Activated Protein Kinase/Extracellular
Regulated Kinase

The mitogen activated protein kinase/extracellular
regulated kinase (MAPK/ERK) cascade couples extra-
cellular signals received by a variety of surface recep-
tors, through the activation of small G proteins and the
involvement of a variety of adaptors, to the successive
phosphorylation of Raf (MAP kinase kinase kinase),
MEK (MAP kinase kinase) and MAP kinase/ERK.
Activated MAPK/ERK can modulate protein transla-
tion and can enter the nucleus to regulate the activities
of transcription factors and the cell cycle. The MAPK/
ERK pathway receives input from and influences a
variety of other signaling pathways, including those
associated with G-protein coupled receptors, calcium,
cAMP, PKA, PKC, EGF receptor (and other receptor
tyrosine kinases) and integrins.392

In renal epithelial cells the MAPK/ERK cascade
influences a variety of morphogenetic phenomena,
including cell spreading, branching and tubulogen-
esis.393 In wild type subconfluent cells, PC1 associates
with focal adhesion contacts and promotes cell spread-
ing through a mechanism that involves both the ERK
cascade as well as the focal adhesion kinase, FAK. The
absence of PC1 impedes spreading.394 Furthermore, the
MAPK/ERK cascade is found to be activated in a num-
ber of animal models of PKD384,395 including ortholo-
gous gene models for Pkd1 and Pkd2.166 Studies in
cultured human ADPKD cells suggest that ERK activa-
tion may be attributable to the high levels of cAMP
present in their cytosols, which acts through protein
kinase A to activate the MAP kinase kinase kinase B-
Raf;384,396 however, such B-RAf dependent activation
was not observed in vivo models based on Pkd1 and
Pkd2.166 It is also worth noting that in the absence of
PC2 there is a dramatic increase in the quantity of ERK
detectable in the nucleus, suggesting that both of the
polycystin proteins participate in providing tonic sup-
pression of the activity of the MAPK/ERK cascade.397

Clearly, the MAPK/ERK pathway is intimately related
to a variety of processes that control epithelial growth
and morphogenesis. In light of the numerous

observations that the MAPK/ERK cascade is exces-
sively active in a variety of cell and animal models of
PKD, efforts are underway to test the potential of inhi-
bitors of the relevant MAPK/ERK cascade kinases to
prevent the aberrant cell proliferation and differentia-
tion associated with renal cystic disease.398

mTOR

The mTOR (mammalian target of rapamycin) pro-
tein is a kinase whose activation leads to increased pro-
tein translation and cell growth.399 Proteins that inhibit
the formation of the mRNA cap structure are phos-
phorylated and inactivated by mTOR. In addition,
mTOR phosphorylates and activates ribosomal S6
kinases, which act to enhance the translation of
mRNAs that encode proteins involved in translation.
Thus, any signal that upregulates mTOR activity pro-
duces an enhancement of the cell’s capacity to synthe-
size protein and consequently to increase its size. The
mTOR pathway is stimulated by cell surface receptors
that signal through PI3 kinase to activate the AKT
kinase. Activated AKT phosphorylates the tuberous
sclerosis complex, composed of the TSC1 and TSC2
proteins (hamartin and tuberin). The TSC complex acts
as a GTPase activating protein (GAP) for the small G
protein Rheb. When in the GTP bound state, Rheb acts
to enhance mTOR function. Phosphorylation of the
TSC complex by AKT inhibits its GAP activity, result-
ing in elevated levels of GTP bound Rheb and thus in
elevated levels of active mTOR kinase.400

Since activation of mTOR prepares the cell for
additional growth, it is perhaps not surprising that
dysregulation of the mTOR pathway that leads to
inappropriately high levels of mTOR activation are
associated with a variety of neoplastic syndromes. Loss
of the TSC complex and its associated Rheb GAP
activity, for example, results in loss of suppression of
mTOR. Tuberous sclerosis is the hereditary disease
caused by inactivating mutations in the genes encoding
tuberin and hamartin, and it is characterized by the
development of multiple hamartomas as well as renal
cysts.401 It is interesting to note that the TSC2/tuberin
gene lies extremely close to the PC1 gene and the two
genes have an associated contiguous gene deletion syn-
drome.210 Furthermore, PC1 interacts with tuberin
through its C-terminus285,402 and it has been suggested
that tuberin may play a role in controlling the traffick-
ing of newly synthesized PC1 to the cell surface.
Phosphorylation of TSC2 by ERK leads to dissociation
of the TSC1/TSC2 complex and loss of its Rheb GAP
activity.403 This phosphorylation appears to be pre-
vented by PC1.404 The interaction between PC1 and
tuberin also appears to protect tuberin from inactivat-
ing phosphorylation by AKT.405 Thus, the interaction
between PC1 and tuberin maintains the Rheb GAP
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capacity of the TSC1/TSC2 complex and contributes to
the suppression of mTOR activity.

Administration of rapamycin markedly slows cyst
development in studies of the Han:SPRD rat model of
PKD, suggesting the possibility that inappropriate acti-
vation of the mTOR pathway is associated with or in
part responsible for the excessive proliferation of renal
epithelial cells that characterizes PKD.406,407 Further
support for this hypothesis is provided by studies
demonstrating that downstream effectors of the mTOR
pathway are inappropriately activated in cyst lining
cells.285 These studies also extend the beneficial effects
of rapamycin to two mouse models of polycystic dis-
ease.408 Taken together, these data suggest under nor-
mal circumstances the polycystin proteins exert a
potentially significant inhibitory influence on the
strength of mTOR signaling. It is possible that loss of
this mTOR suppression could be responsible for at
least some of the hyperplastic component of PKD
pathophysiology and human clinical trials using inhibi-
tors of mTOR in ADPKD have been completed (see
Prospects for Therapy in ADPKD).

Cell Cycle

As has been noted at several points throughout this
chapter, in our current conception of ADPKD the dis-
ease is thought to arise, at least in part, as a conse-
quence of inappropriate and excessive proliferation of
renal epithelial cells. The clear implication of this
model is that ADPKD is associated with the absence of
growth suppressive factors that act as brakes on pro-
gression through the cell cycle. The nature of these
growth suppressive influences is manifold and varied,
probably reflecting both direct and indirect conse-
quences of perturbations in the expression or function
of the various gene products implicated in renal cystic
diseases. In fact, much of the discussion presented in
the preceding sections on signaling pathways testifies
to the validity of this statement. Essentially all of the
signaling pathways that are touched by the polycystin
proteins, including Wnt, MAPK/ERK, mTOR, calcium
and cAMP are major strands of the intricate net of con-
trol elements in which the cell cycle is entangled.

Both of the polycystin proteins themselves exert
growth suppressive effects when heterologously
expressed, and their absence is associated with
increased proliferation. Expression of the full length
PC1 protein, for example, activates the JAK-STAT path-
way.194 This in turn leads to upregulation of p21waf1,
which induces cell cycle arrest. The expression of p21
is reduced by Id2,409 a helix-loop-helix protein that
binds to the COOH-terminal tail of PC2 in a manner
that appears to be dependent upon a phosphorylation

event presided over by PC1.410 The absence of either
polycystin protein can thus result in the translocation
of Id2 to the nucleus, where it can suppress p21 and
activate the cell cycle. PC2 null cells derived from the
kidneys of Pkd2WS25/� mice proliferate significantly
more rapidly than cells derived from the same animals
in which the Pkd2WS25 allele has undergone recomibi-
nation to produce a wild type allele.397 Transfection of
a cDNA encoding PC2 into the null cells slows their
proliferation to wild type levels. Perhaps somewhat
surprisingly, the PC2 null cells manifest unusually
extensive branching morphogenesis and tubule forma-
tion. This effect is also reversed by expression of wild
type PC2. Transfection of these cells with a cDNA
encoding the D511V human pathogenic mutant form of
PC2 lacking channel activity does not suppress the
hyperproliferative phenotype but does reduce tubulo-
genesis. Thus, the channel activity of the PC2 protein
appears to be involved in at least some aspects of
growth regulatory functions. PC2 also contributes to
growth suppression through a direct physical interac-
tion with eukaryotic translation elongation initiation
factor 2a (eIF2a). This translation factor is a substrate
for an activating phosphorylation by pancreatic ER-
resident eIF2a kinase (PERK). By binding to both eIF2a
and PERK, PC2 acts as a signaling scaffold that
enhances eIF2a’s phosphorylation and consequently
decreases cell proliferation.411

Finally, it is becoming increasingly clear that the
presence of an intact cilium and the appropriate orga-
nization of its associated proteins play an important
role in regulating the cell cycle.412 Loss of the cilium
appears to be associated with inappropriate cell prolif-
eration in a variety of models. Much remains to be
learned about the mechanisms through which the cil-
ium and the receptors expressed within its ensheathing
membrane influence the cell cycle. It is interesting to
note in this context, however, that in Chlamydomonas
several members of the NIMA-related expressed
kinases family (Neks) localize to the flagellum.413,414

The Neks are involved in cell cycle regulation, and
mutations in Nek1 and Nek8 account for the pathology
found in two mouse models of renal cystic disease.415

C-Terminal Cleavage

Until fairly recently, the prevailing view of signal
transduction from the cell surface to the nucleus held
that extracellular signals received by plasma mem-
brane receptors must undergo an obligate translation
into the language of the intracellular second messenger
systems before they could exert any influence on
events in the nucleus. Revelations from studies of the
Drosophila Notch protein and a variety of other trans-
membrane receptors have led to the definiation of a
new signaling paradigm known as regulated

2669CELLULAR PATHWAYS AFFECTED BY POLYCYSTINS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



intramembranous proteolysis (RIP). During the course
of its postsynthetic processing Notch undergoes pro-
teolytic cleavages that release its extracellular domain,
which remains attached to the transmembrane segment
via non-covalent interactions. This preparatory cleav-
age permits Notch to become the substrate for a subse-
quent intramembraneous cleavage event mediated by
γ-secretase that is initiated by the binding of Notch to
its ligand Delta, a transmembrane constituent of the
plasma membranes of neighboring cells. The frag-
ment released through this final cleavage travels to
the nucleus, where it influences transcriptional activi-
ties that play a key role in cell fate determina-
tion.416,417 Thus, the C-terminal tail of a membrane
protein can itself act as a direct messenger that
can carry a signal from the surface to the nucleus
without any need for the intercession of traditional
second messenger molecules. It has now become
clear that such cleavage events are quite common,
playing critical roles in a variety of physiological
processes, including the unfolded protein response,
cholesterol metabolism and the adaptation of pancre-
atic islet cells to changes in extracellular glucose
concentrations.418

Both PC1 and fibrocystin undergo cleavages that
release COOH-terminal tail fragments capable of
entering the nucleus and modulating activities
therein.272,273,419 Two C-terminal tail cleavage frag-
ments have been reported for PC1.273 The larger of
these is approximately 200 amino acid residues in
length, apparently comprising the entire extent of the
protein’s predicted C-terminal tail.272 This fragment’s
production is dependent upon the activity of the
γ-secretase protease,365 and it includes the amino acid
motif previously identified as a G-protein activation
sequence, which is rich in basic residues and appears
to be capable of serving as an autonomous nuclear
localization motif. Expression of a protein correspond-
ing to this fragment in transfected cells leads to activa-
tion of jun kinase and the AP-1 pathway.272 This
fragment can also act as an inhibitor of canonical Wnt
signaling by virtue of its ability to bind directly to the
TCF transcription factor and impede TCF’s interaction
with the p300 transcriptional co-activator complex.420

The cleaved C terminal tail also interacts with the
CHOP-10/GADD153 transcription factor and similarly
prevents its interaction with p300.365,421 CHOP is acti-
vated as a final step in the endoplasmic reticulum/
unfolded protein response pathway and induces the
expression of genes that activate apoptotic path-
ways.422 Apoptosis has been described in cyst lining
epithelial cells and may contribute to cyst for-
mation.168,410,423�426 Expression of the PC1 tail frag-
ment reduces CHOP activity, as well as the level of
apoptotis in Pkd1�/� cultured epithelial cells.365

The smaller fragment of the PC1 C terminal tail
encompasses roughly 17 kDa and does not include the
nuclear localization signal that has been identified in
the larger fragment. This fragment can interact with
STAT6 and the coactivator P100 and is apparently
translocated into nuclei by virtue of these associa-
tions.273 The 17 kDa fragment directly activates STAT6,
and it activates STAT3 through a mechanism that is
dependent upon STAT phosphorylation activated by
growth factors or cytokines. The activation of the STAT
transcription factors is pro-proliferative and pro-
apoptotic. It has been suggested that accumulation of
the 17 kDa PC1 fragment in the nucleus may contribute
to ADPKD pathogenesis, while inhibition of STAT
activity may dramatically slow cyst development.427,428

The relationship between these two fragments is
currently unclear. It is possible that the smaller frag-
ment is the product of a secondary cleavage of the
larger fragment. It is also possible that these fragments
arise through separate cleavage mechanisms that
respond to and transduce distinct messages. Nuclear
accumulation of the PC1 COOH-terminal tail is
detected in the renal epithelial cells of transgenic mice
that over-express PC1, of mice that manifest kidney
specific agenesis of cilia, as well as of wild type mice
that have been subjected to ureteral ligation.272 These
data suggest that cleavage and nuclear translocation of
the PC1 COOH-terminal tail is suppressed by intact
cilia function. Absence of cilia or loss of flow appears
to initiate both of the reported PC1 COOH-terminal tail
cleavages.272,273 It is interesting to note that the 17 kDa
fragment appears to increase proliferation and apopto-
sis, whereas the larger fragments appear to suppress
these processes. This observation prompts the as yet
untested speculation that the two cleavage fragments
may participate in distinct phases of the renal epithelial
response to injury. According to this model, the early
phases of the injury response, which involve apoptosis
of epithelial proliferation to replace lost or damaged
cells may be mediated at least in part by activation of
the cleavage that produces the 17 kDa fragment.
Activation of the production of the larger cleavage
fragment may accompany the later phases of repair
and may serve as a break to prevent repairative prolif-
eration and apoptosis from becoming excessive and
potentially pathogenic.

The observations that polcystin-1 and fibrocystin are
substrates for COOH-terminal tail cleavage raise a
large number of interesting and potentially important
questions. Where within the cell do the cleavage events
occur? What proteolytic enzymes are responsible?
Where are the cleavage sites within the primary struc-
tures of PC1 and fibrocystin, and what are the
sequence parameters that determine their susceptibility
to cleavage? Is the NH2-terminal GPS cleavage a
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prerequisite for PC1 COOH-terminal tail cleavage?
How does PC2 expression stimulate PC1 C-terminal
tail cleavage?429 Finally, and perhaps most importantly,
do mutations that prevent the cleavage produce a phe-
notype in cultured renal epithelial cells and in renal
tubules in vivo? Future research into these and other
questions related to COOH-terminal tail cleavages are
likely to shed important light on the normal physiolog-
ical functions of the PC1 and fibrocystin proteins.
These studies may also suggest new pathways that can
be exploited in the continuing search for novel strate-
gies applicable to the development of therapeutics for
renal cystic diseases.

PROSPECTS FORTHERAPY IN ADPKD

A better understanding of pathophysiology and
availability of animal models has facilitated the identi-
fication of an growing number of potential therapeutic
targets and development of preclinical trials. Some can-
didate drugs are now being tested in clinical trials
(Figure 80.6). These include vasopressin V2 receptor
antagonists, somatostatin analogs, mTOR inhibitors, c-
Src inhibitors and triptolide. The following summarizes
the current status of preclinical and clinical trials of
various drugs classified by their likely mechanism of
action:

Intracellular Calcium Homeostasis and Signaling

Triptolide, the active diterpene in the traditional
Chinese medicine Lei Gong Teng, induces cellular cal-
cium release through a PC2�dependent pathway,
arrests growth of Pkd1�/� cells, and reduces cyst
burden in embryonic and kidney-specific conditional
Pkd1 knockout mice.430,431 TRPV4 activation increases
[calcium]i in pck cholangiocytes and inhibits B-Raf and
Erk1/2 signaling, cell proliferation, and cyst growth
in 3-dimensional-culture. The TRPV4 activator
GSK1016790A inhibits renal cyst growth and fibrosis.432

Calcimimetics are allosteric activators of the calcium
sensing receptor (CaR). The calcimimetic R-568 inhibits
cyst growth and fibrosis in Cy/1 rats433 (when admin-
istered between 34 and 38 weeks of age) and in pcy
mice,434 but had no effect at the concentrations tested
on cyst growth in pck rats and Pkd2WS25/� mice.435 By
coupling to Gq proteins, CaR activates phospholipase
C-protein kinase C and mobilizes calcium from intra-
cellular stores. By coupling to Gi proteins, it inhibits
adenylyl cyclase-cAMP signaling. The beneficial effects
of calcimimetics on PKD are thought to be due to
downregulation of cAMP signaling. Inconsistencies in
different animal models or at different stages of the
disease in the same animal model may be due to the
R-568-induced hypocalcemia offseting its effect on

intracellular calcium and cAMP.436 Indeed, inhibition
of cyst growth in these studies is associated with a
reduction in renal cAMP, whereas cAMP levels remain
unchanged when no effect on cyst growth is detected.

Cyclic AMP Signaling

The effect of vasopressin, via V2 receptors, on cAMP
levels in the collecting duct, the major site of cyst devel-
opment in ADPKD, and the role of cAMP in cystogen-
esis provide a strong rationale for preclinical trials
of vasopressin V2 receptor (VPV2R) antagonists. One of
these drugs, OPC-31260, has marked effects in terms of
reduced levels of cAMP and inhibition of cyst develop-
ment in models of ARPKD, ADPKD, and nephro-
nophthisis.386,437,438 Recently, an antagonist with high
potency and selectivity for the human VPV2R (tolvap-
tan) has also been shown to be an effective treatment in
the pck rat model of ARPKD439 and the Pkd2 mouse
model of ADPKD (V. Torres, unpublished observa-
tions). These drugs have no effect on liver cysts, consis-
tent with the absence of VPV2R in the liver. High water
intake by itself also exerts a protective effect on the
development of PKD in pck rats likely due to suppres-
sion of vasopressin.440 Furthermore, genetic elimination
of vasopressin in pck rats by breeding these animals
with Brattleboro rats yields animals born with normal
kidneys that remain relatively free of cysts unless an
exogenous VPV2R agonist is administered.441

Two three year phase 2 clinical trials with tolvaptan
in 63 ADPKD patients have been completed. These
trials show this drug to be relatively safe and well toler-
ated by ADPKD patients. A prospectively designed
analysis of annual total kidney volume (TKV) and thrice
annual estimated glomerular filtration rate (eGFR) mea-
surements in these patients randomly matched (1:2) to
historical controls by gender, hypertension, age and
baseline TKV or eGFR shows significant reductions in
rates of growth in kidney volume (1.7 versus 5.8% per
year) and decline in GFR (20.71 versus �2.1 mL/min/
1.73 m2 per year).442 Limitations of the study include
small number of patients and utilization of historical
controls. A larger, double-blind, placebo controlled trial
is currently on-goinig and will be completed in 2012.443

Somatostatin acting on SST2 receptors inhibits
cAMP accumulation not only in the kidney but also in
the liver. Octreotide, a synthetic metabolically
stable somatostatin analog, halts the expansion of
hepatic cysts from pck rats in vitro and in vivo. Similar
effects were observed in the kidneys of the pck rat.444

These observations are consistent with the inhibition of
renal growth in a pilot study of long-acting octreotide
for human ADPKD445 and provided support for fur-
ther clinical trials for ADPKD and ADPLD.446�448 The
latter have shown inhibition of kidney growth and a
mean annualized 5% reduction in liver volume.
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Limitations of the studies are small number of patients
insufficient to adequately assess safety and short dura-
tion (6�12 months). Further studies are ongoing.
Small-molecule phosphodiesterase activators were
shown to to reduce cAMP and inhibit cyst growth in
an in vitro PKD model.449 At present the efficacy of
these compounds may be limited by their lack of selec-
tivity and potential toxicity in vivo.

Chloride Driven Fluid Secretion

Fluid accumulation in the cysts requires chloride
secretion by the cystic fibrosis transmembrane conduc-
tance regulator (CFTR). CFTR and other transporters
required for chloride secretion have received attention
as potential therapeutic targets for ADPKD. CFTR inhi-
bitors slow cyst growth in an MDCK cell culture
model, in metanephric kidney organ cultures, and in
conditional Pkd1 knockout mice.380,450 Metformin inhi-
bits MDCK cyst growth and cystic disease in condi-
tional Pkd1 knockout mice, in part by inhibiting AMPK
dependent phosphorylation and activation of CFTR.451

PPARγ agonists inhibit the expression and apical local-
ization of CFTR, vasopressin-stimulated Cl� secretion
via CFTR in the MDCK cells, and renal and hepatic
cyst growth in pck rats.452,453 Other transporters in
addition to CFTR are required for chloride driven fluid
secretion into the cysts, the Na-K-2Cl cotransporter for
chloride entry at the basolateral cell membrane and
Na-K-ATPase and KCa3.1 for recycling of sodium and
potassium out of the cell. A KCa3.1 inhibitor, TRAM-34
(an analogue of clotrimazole), inhibits forskolin stimu-
lated transepithelial chloride secretion in filter-grown
polarized monolayers of MDCK, NHK, and ADPKD
cells, as well as MDCK and ADPKD cell cyst formation
and enlargement in collagen gels.454,455

Tyrosine Kinase Receptors

Evidence from several laboratories supports an
important role of the epidermal growth factor (EGF)/
transforming growth factor-alpha (TGF-α)/EGF
receptor (EGFR or ErbB1) axis in promoting tubular
epithelial cell proliferation and cyst formation.456

Pharmacologic inhibition of EGFR tyrosine kinase
activity inhibits the development of cystic disease in
bpk and orpk mice, two autosomal-recessive models of
rapidly progressive cystic disease, and in Han:SPRD
rats, an autosomal dominant model of slowly progres-
sive renal cystic disease.457 They had no effect, how-
ever in the pck rat, an orthologous model of ARPKD,
probably because Erb-B2 but not EGFR (Erb-B1) is
overexpressed in this model.458,459 The expression of
VEGF and VEGF receptors (VEGFR) is upregulated in
the renal and hepatic cystic epithelium. VEGFR-1 and
VEGFR-2 ribozyme treatment inhibits cystogenesis and
improves renal function in Han:SPRD rats.460 The

VEGF receptor inhibitor SU-5416 reduces cystic devel-
opment of the liver, but has no effect on renal cyst
growth in Pkd2WS25/� mice.461 Another study suggests
that SU-5416 inhibits hepatic cystogenesis in condi-
tional Pkd2 but not Pkd1 knockout mice.462 In contrast
with these results, administration of an anti-VEGF anti-
body (B20.4.1) worsens the cystic disease in Han:SPRD
rats463 and administration of a VEGFR-2 antibody
(DC101) at 2 and 4 days of age results in renal cyst for-
mation in CD1 mice.464

Src Kinase Inhibitors

Cyclic AMP and receptor tyrosine kinase signaling
converge in the activation of c-Src, a nonreceptor tyro-
sine kinase. c-Src activity is increased in polycystic kid-
ney disease. The Src inhibitor SKI-606 retards cyst
growth pck rats and bpk and Pkd1 heterozygous mice
probably through inhibition of the MAPK (Ras/Raf/
MEK/ERK) pathway.459,465

Inhibitors of MAPK (Ras/Raf/MEK/ERK) Signaling

PLX5568, a selective small molecule inhibitor of Raf
kinases, attenuates cyst enlargement in vitro and in
Han:SPRD Cy1/2 rats without improving kidney
function, presumably due to increased renal fibrosis.466

Sorafenib, a Raf kinase inhibitor that has activity
against receptor tyrosine kinases, including VEGFR
and PDGFR, has been found to inhibit cAMP-
dependent activation of B-Raf and MEK/ERK signal-
ing, cAMP and/or EGF induced cell proliferation, and
growth of human ADPKD cell derived cysts in colla-
gen gels.467 A MEK inhibitor (PD184352) decreased
cyst growth in the slowly progressive pcy mouse model
of nephronophthisis,468 whereas a different MEK inhib-
itor (U0126) failed to affect cystic progression in an
acute perinatal Pkd1 conditional knockout mouse at
doses sufficient to reduce phospho-ERK1/2 in cystic
kidneys.166

mTor Inhibitors

Patients with the contiguous PKD1-TSC2 gene syn-
drome exhibit a more severe form of PKD than those
with ADPKD alone.469 This observation suggests a con-
vergence of signaling pathways downstream from PC1
and tuberin. mTOR activation in polycystic kidneys
and an interaction between PC1 and the tuberous scle-
rosis protein tuberin have been reported.285 Preclinical
trials of mTOR inhibitors in rodent models of PKD
have been mostly encouraging, but differences between
rat and mouse studies cast doubt on whether doses of
mTOR inhibitors necessary for effectiveness in PKD are
feasible in the clinical setting. Tolerated doses and
blood levels are much lower in rats than in mice.
At doses and blood levels achievable in humans, siroli-
mus and everolimus are effective in Han:SPRD rats, a
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rat model of PKD mainly affecting proximal
tubules,285,406,407,470�472 but not in an orthologous
model affecting distal nephrons and collecting ducts.473

At doses and blood levels higher than those achiev-
able in humans, they are consistently effective in
multiple orthologous and non-orthologous mouse
models.408,474,475

The results of clinical trials have been mostly dis-
couraging, possibly because blood levels capable to
inhibit mTOR activity in peripheral blood mononuclear
cells are not sufficient to inhibit mTOR activity in the
kidney.476 A randomized, open label, placebo con-
trolled, eighteen month trial (SUISSE) of sirolimus in
100 ADPKD patients with a mean estimated creatinine
clearance of 92 ml/min and kidney volumes of 907 (sir-
olimus) and 1003 (placebo) ml showed no effect on kid-
ney volume or GFR.477 Doses of sirolimus were low
due to toxicity and patient retention was excellent (96%
in the sirolimus group). A six-month cross-over trial
(SIRENA) of sirolimus in 21 patients with a mean GFR
of 77 ml/min/1.73 m2 and kidney volume of 1874 ml
showed less increase in cyst volume on sirolimus com-
pared to placebo, but no effect on GFR.478 Sirolimus
blood levels were higher than in the SUISSE study, but
patient retention (71%) was lower. Finally, a random-
ized, double blinded, placebo controlled, two year trial
of everolimus in 433 patients with a mean eGFR of
55 ml/min/1.73 m2 and kidney volumes of 2028 (ever-
olimus) and 1911 (placebo) ml shows inhibition of
kidney growth but a greater decline in eGFR.479

Limitations of this trial included advanced stage of
CKD (6.3% in CKD stage IV) and low patient retention
(67% in the everolimus group). All together, these
results cast doubt on the role of sirolimus and everoli-
mus in the management of the renal cystic disease in
ADPKD, but do not negate completely the importance
of mTOR activation in its pathogenesis, nor the possi-
bility that other strategies targeting this pathway could
be successful.

Cytokines and Cytokine Receptors

TNFα is one of many cytokines found found in cyst
fluids.480�482 TNF-α, TNFR-I and TNF-α converting
enzyme are over-expressed in cystic tissues. The
administration of TNF promotes cyst formation in
Pkd21/� mice, whereas etanercept had an inhibitory
effect.483 An inhibitor of TNF-α-converting enzyme
was shown to ameliorate the polycystic disease in the
bpk mouse, a recessive non-orthologous model of
PKD.484 The aggravation of PKD by TNFα may be due
to its enhancement of the expression of FIP2, a protein
that physically interacts with PC2 and prevents its
transport to the plasma membrane and primay cil-
ium.483 Alternatively, TNFα activates IKKβ (inhibitor
of κB kinase-β), which physically interacts and

phosphorylates hamartin, suppressing TSC1-TSC2
function and activating mTOR.485

Arachidonic Acid Signaling

A number of studies have focused on the role of ara-
chidonic acid metabolites and their inhibitors on the
progression of PKD. Prostaglandin E2 (PGE2) accumu-
lates in cyst fluids and enhances cAMP production and
growth of MDCK cysts in collagen gels.486 PGE2 may
act on four different G protein coupled receptors
named E-prostanoid (EP) receptors 1�4. EP2 and EP4
are coupled to G stimulatory proteins and stimulate
cAMP formation. EP3 is coupled to G inhibitory pro-
tein, inhibits cAMP formation, induces Rho activation
and actin polymerization, and antagonizes AVP action.
EP1 activation induces inositol 3-phosphate formation
and calcium release. Recently, the effects of PGE2
on cAMP formation and cystogenesis, in a three-
dimensional cell-culture system of human epithelial
cells from normal and ADPKD kidneys, have been
shown to be mediated by EP2 receptor activation, thus
suggesting a possible role for EP2 receptor antagonists
in the treatment of ADPKD.486 PLA, COX-1 and COX-2
activities and the production of prostacyclin, throm-
boxane A2 and PGE2 are higher in cystic than wild-
type kidneys. Endogenous and steady-state in vitro
levels of prostanoids were 2�10 times higher in dis-
eased compared with normal kidneys. The administra-
tion of the COX-2 inhibitor NS-398 reduced cystic
expansion by 18%, interstitial fibrosis by 67%, macro-
phage infiltration by 33%, cell proliferation by 38%,
and presence of oxidized LDL by 59% compared to
controls, but had no protective effect on renal func-
tion.487 The production of 20-hydroxyeicosatetraenoic
acid (20-HETE), an endogenous cytochrome P450
metabolite of arachidonic acid with mitogenic proper-
ties, is markedly increased in microsomes from bpk
compared to wild-type mice.488 Daily administration of
HET-0016, an inhibitor of 20-HETE synthesis, reduced
kidney size by half and doubled survival. Transfection
of principal cells isolated from wild-type mice with the
cytochrome P450 peptide Cyp4a12 induced a four- to
five-fold increase in cell proliferation, which was
completely abolished when 20-HETE synthesis was
inhibited. These observations suggest that 20-HETE
contributes to the proliferation of epithelial cells in the
formation of renal cysts and provide another potential
target for intervention.

AMP-Activated Protein Kinase (AMPK)

AMPK is an intracellular energy sensor that
decreases energy-consuming processes such as secre-
tion, and growth when cellular AMP levels are high
and ATP levels are low. AMPK activation inhibits
growth through different pathways includeing
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inhibition of mTOR and stimulation of the p53/p21
axis. mTORC1 inhibition by AMPK is dependent on
Lkb1 signaling from intact cilia and is independent of
PC2.489 AMPK activation also decreases epithelial fluid
secretion by directly inhibiting CFTR. Metformin acti-
vates AMPK and inhibits the growth of MDCK cysts in
collagen gels and renal cyst growth in conditional Pkd1
knockout mice.451

Signal Transducers and Activators of
Transcription (Stats)

STATs are a family of transcription factors activated
by cytokines and some growth factors that control cell
growth, differentiation, and apoptosis. PC1 affects the
activity of several STAT transcription factors (STAT1,
STAT3, STAT6). STAT3 inhibitors (the anti-parasitic
drug pyrimethamine and S3I-201) inhibit cyst forma-
tion and growth in conditional Pkd1 knockout mice.490

Curcumin, a natural product derived from the plant
curcuma longa, inhibits forskolin-induced MDCK cell
proliferation, MDCK cystogenesis in vitro, and cyst
growth in embryonic metanephric organ cultures491

and conditional Pkd1 knockout mice,492 possibly by
blocking STAT3 signaling among other mechanisms.

Peroxisome Proliferator Activated
Receptors (PPARs)

PPARs are a family of transcription factors that belong
to the nuclear receptor superfamily. PPARs form hetero-
dimers with the 9-cis retinoic acid receptor, RXRα.
Activation of PPAR:RXRα by PPAR ligands and/or
RXRα ligands results in a conformational change, allow-
ing the heterodimers to bind peroxisomal proliferator
response elements (PPREs) in target genes and modulate
gene transcription. PPARγ is activated by its natural
ligands, e.g. prostaglandin J2 and fatty acid derivatives,
by conjugated linoleic acid, and by synthetic ligands
such as the thiazolidinediones (pioglitazone, troglita-
zone, and rosiglitazone). Activation of PPARγ causes cell
cycle withdrawal by mechanisms that include reduced
expression of protein phosphatase 2A, increased phos-
phorylation, decreased DNA binding and transcriptional
activity of the E2F/DP transcription factors, and
repressed transcription and enhanced proteasome-
dependent degradation of cyclin D1, promotion of termi-
nal differentiation, and induction of apoptosis.
Pioglitazone administered to pregnant mice inhibits
renal cyst growth, cardiac abnormalities, and subcutane-
ous edema of Pkd1�/� embryos.202 Administration of
conjugated linoleic acid reduced macrophage infiltra-
tion, interstitial inflammation, and interstitial fibrosis in
male Han:SPRD Cy1/2 rats.493 N-(4-hydroxyphenyl)
retinamide (HPR), a synthetic derivative of retinoic acid,
inhibited the growth of ADPKD derived cysts in a three-
dimensional collage matrix.494 Rosiglitazone attenuated

PKD progression and prolonged survival in Han:SPRD
rats.495 Pioglitazone inhibited renal and hepatic cyst
growth and fibrosis in the pck rat model of ARPKD.453,496

This effect was associated with downregulation of ERK,
mTOR and TGFβ signaling and with reduced expression
and apical localization of CFTR. Contrary to these favor-
able results, pioglitazone had no significant effect on cyst
growth in Pkd1 knockout mice.497

Histone Deacetylases (HDACs)

Acetylation of histones by histone acetyl transferases
increases accessibility of transcription factors to gene
promoter regions whereas deacetylation by HDACs
has the opposite effect. HDACs also deacetylate spe-
cific transcription factors to decrease their DNA bind-
ing activity. HDAC1 deacetylates p53 repressing PKD1
gene transcription.498 Polycystin signaling increases
intracellular calcium and activates protein kinase C
which directly or indirectly phosphorylates HDAC5,
disrupts its association to myocyte enhancer factor 2C
(MEF2C), and releases this transcription factor to affect
transcription.499 HDACs also regulate cellular func-
tions through transcription-independent mechan-
isms.500 HDAC6 deacetylates α-tubulin and regulates
the stability of microtubules and cilia disassembly dur-
ing the cell cycle. EGF-induced nuclear localization of
β-catenin is regulated by HDAC6-dependent also dea-
cetylates of β-catenin which is important for EGF-
induced β-catenin nuclear localization. Valproic acid,
an inhibitor of of class I HADCs (HDAC1, HDAC2,
HDAC3 and HDAC8) and trichostatin A (TSA), an
inhibitor of class II HDACs (HDAC4, HDAC5,
HDAC6, HDAC7, HDAC9 and HDAC10) suppress
cyst formation and retard renal failure in Pkd1 and
Pkd2 knockout mice.499,501

Cyclins and Cyclin Dependent Kinases (CDK)

Roscovitine (Seliciclib, CYC202), a CDK inhibitor,
inhibits cystogenesis and improves renal function in
in two non-orhtologous mouse models of PKD (jck
and cpk), acting through transcriptional regulation,
blockade of the G1/S phase in the cell cycle, and
inhibition of apoptosis.502 Like PC1, roscovitine
increases the levels of p21, which is downregulated
in PKD.503 In polycystic liver disease the expression
of miR15a expression is decreased, while that of its
target, the cell-cycle regulator cell division cycle 25A
(Cdc25A), is upregulated.504 Cdc25A is a phosphatase
that plays an essential role in cell cycle progression
by activating CDKs. Menadione lowers the levels of
Cdc25A and other cell cycle proteins and inhibits
renal and hepatic cyst growth in both pck rats and
Pkd2WS25/� mice.
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Other Targets

Sphingolipids and glycosphingolipids regulate many
cellular processes, including proliferation, apoptosis and
modulation of cell signaling pathways. Glucosylceramide
(GlcCer) and lactosylceramide (LacCer) are elevated by
approximately 2�3 fold in ADPKD patients and may
stimulate proliferation via the activation of MAPK. The
GlcCer synthase inhibitor Genz-123346 suppresses mTOR
signaling, induces G1/S cell cycle arrest, and inhibits
cystogenesis in mouse models orthologous to human
autosomal dominant PKD (Pkd1 conditional knockout
mice) and nephronophthisis (jck and pcy), but the exact
mechanism of action of this drug in PKD is not well
understood.505

In planning for clinical trials for ADPKD, the use of
renal function as the primary outcome becomes an issue.
The natural history of ADPKD is characterized by dec-
ades of normal renal function, despite progressive
enlargement and cystic transformation of the kidneys. By
the time the GFR starts to decline, the kidneys are
markedly enlarged, distorted, and unlikely to benefit
from some treatments that may have been beneficial ear-
lier in the course of the disease. On the other hand, early
interventional trials would require unrealistic periods of
follow-up if renal function was to be used as the primary
outcome. The results of CRISP17 have shown that the rate
of renal growth is a good predictor of functional decline
and justify the use of kidney volume as a surrogate
marker of disease progression in clinical trials for
ADPKD. The continued identification of targets for ther-
apy coupled with the developement of appropriate out-
comes for study endpoints portends continued
advancement toward developing effective therapy for
ADPKD.
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Renal Physiology and Disease
in Pregnancy

Kirk P. Conrad and S. Ananth Karumanchi

The urinary system, volume homeostasis, body fluid
composition, and osmoregulation are all profoundly
altered in normal pregnancy. There are also marked
changes in systemic hemodynamics involving cardiac
output and blood pressure. Knowledge of these physi-
ological adaptations permits earlier detection and facil-
itates management of renal disease and hypertension
during pregnancy. In the fifth revision of this chapter,
the authors revise and update the previous edition co-
authored with Marshall Lindheimer, former senior and
an original author of the chapter. As before, space lim-
itations lead us to refer on occasion to previous edi-
tions of the book especially for details from the older
literature.

ANATOMICAL CHANGES

Information about renal anatomy during normal
pregnancy is limited, but it appears that the kidney
becomes larger. Autopsy studies are obviously scarce,
but in one unique and large series1 combined kidney
weights of normotensive women dying during or
shortly after gestation were higher than normal values
for nonpregnant individuals. However, details about
the cause of death, which could have affected kidney
weights, were limited. Renal weight also increases dur-
ing pregnancy in rats, the evidence suggesting that this
is due to increased water content, as renal dry weights
are similar in gravid and nonpregnant rats.2,3 In one
study in which renal biopsy specimens were
obtained from normal gravidas (usually during cesar-
ean section), the light microscopic appearance was
described as similar to that in nonpregnant subjects
[cited in4]. But data from both autopsy material1 and
renal biopsies performed in the last trimester on 12

normal gravidas5 suggested that glomerular size, but
not number of cells, may be increased in pregnant
women. Detailed descriptions of the kidneys of nor-
mal pregnant women or animals using electron
microscopic or immunofluorescence techniques are
not available.

Starting in the first trimester, overall renal dimen-
sions—length, width, and thickness—increase and
peak during the third trimester at 1 cm above prepreg-
nant values.6 These changes, documented by ultraso-
nography and pyelography, translate into an overall
increase in renal volume of B50% by the end of preg-
nancy6 (Figure 81.1). Both renal parenchymal and pel-
vicalyceal volumes enlarge, although the latter
typically begins to rise somewhat later during the
second trimester. Renal parenchymal volume enlarges
most likely due to increases in both vascular and inter-
stitial fluid volume; there is little evidence for cellular
hyperplasia or hypertrophy.7 Renal size and volume
estimated by ultrasonography or pyelography in the
immediate puerperium are also increased.4,6 Of inter-
est, roentgenograms performed shortly after delivery
and repeated six months later demonstrated that renal
length had decreased B1 cm between the two exams
[cited in4]. The well-documented dilation of the upper
ureter, renal pelvis, and major and minor calyces,
which affects the vast majority of gravidas at term, is
particularly prevalent on the right side.7�13

Consequently, urinary stasis and hydronephrosis
(either with or without calyceal clubbing) are common
physiological occurrences in human pregnancy14

(Figure 81.2), and usually do not reflect pathologic
obstruction. Although the more severe signs of this
physiological obstruction resolve at least by 6 weeks
after delivery, evidence for urinary stasis persists in
many women at 12 weeks postpartum.
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The causes of the ureteral dilation are controversial.
Both humoral changes and mechanical obstruction
have been implicated. Smooth muscle relaxation occurs
in several organs during pregnancy, and some authors
reported ureteral dilation in nonpregnant humans and
animals administered estrogen�progestin derivatives.9

Ureteral dilation may occur in primates with placentas
that secrete hormones but absent fetuses,4,9 and ultra-
sonography shows that the ureter dilates before the
uterus has enlarged sufficiently to cause obstruc-
tion10,14; nor is the dilation relieved by prolonged
catheterization.4,9

The obstructive theory is supported by the observa-
tions of marked exacerbation of intraureteral pressure
when third trimester gravidas were in a supine or
standing position, and significant amelioration upon
removal of the obstructive influence of the gravid
uterus by placing the subject in the lateral decubitus or
knee�chest position, or by cesarean delivery of the
fetus.15 Moreover, the increased pressure was noted
only above the pelvic brim.15,16 These data are sup-
ported by the elegant studies of Dure-Smith,12 who
combined in vivo and postmortem observations and
concluded that ureteral dilation stops at the level of the
true bony pelvic brim where the ureter crosses the iliac
artery (Figure 81.3). At that junction, one may see a
pyelographic filling defect, called the “iliac sign”
(Figure 81.3). Although compelling, the data are not
conclusive, because Waldeyer’s sheath, a connective

tissue enveloping the ureters as they enter the true
pelvis, hypertrophies during pregnancy and could
restrict hormone-induced dilatation below the pelvic
brim.

A related theory is that dilation of the ovarian and
uterine veins (especially those on the right) during
pregnancy obstructs the ureters.4,8,9,12 The “ovarian
vein syndrome” (ureteral colic ascribed to obstruction
secondary to enlargement of the ovarian vein) was
described in a patient taking oral contraceptives, an
observation that combines the humoral and obstructive
theories.

Also supporting obstruction as a cause of the physi-
ological dilation is the occurrence of an “overdisten-
tion” syndrome in late gestation.8,17,18,19 This clinical
entity caused by exaggerated ureteral dilation is char-
acterized by marked hydronephrosis, abdominal pain,
increases in serum creatinine, and in some cases,
hypertension.17,18,20 Some of these patients were suc-
cessfully managed with ureteral stents, which were
removed postpartum without recurrence of signs and

FIGURE 81.1 Quantitative determination by nephrosonography
of total renal and pelvicalyceal volumes, as well as the calculated dif-
ference of the two, parenchymal volume, in 34 primigravid women
throughout pregnancy and in the postpartum period. The volumes
were calculated by the ellipsoid formula, volume5 length x width x
thickness x 0.5233. 2/7, 6/52, and 12/52 designate day 2, and weeks 6
and 12 postpartum, respectively. [Reproduced with permission from Ref.6]

FIGURE 81.2 Qualitative determination by nephrosonography of
the right and left upper urinary tracts throughout pregnancy and the
postpartum period in the same women as described in Figure 81.1.
The percentage of women experiencing changes by nephrosonogra-
phy is displayed on the ordinate. No change, absence of visible urine
in the renal pelvis seen on both longitudinal and/or transverse
planes; urinary stasis, slight separation of the renal pelvis observed
on both longitudinal and/or transverse planes; hydronephrosis,
marked dilation and wide separation of the renal pelvis seen on both
longitudinal and/or transverse planes; hydronephrosis with calyceal
clubbing, dilation of the renal pelvis accompanied by filling and club-
bing of the major and minor renal calyces. 2/7, 6/52, and 12/52 des-
ignate day 2, and weeks 6 and 12 postpartum, respectively.
[Reproduced with permission from Ref.14]
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symptoms.21 Perhaps the most serious consequences of
physiological obstruction during pregnancy are acute
urinary retention and nontraumatic rupture of the ure-
ter, but whether these entities reflect extreme instances
of physiologic ureteral dilatation or underlying pathol-
ogy is not clear.17

There are other clinical ramifications to the anatomi-
cal changes in the urinary tract during pregnancy.
First, acceptable norms of kidney size increase by 1 cm
if assessed during pregnancy or immediately postpar-
tum, and reductions in renal length noted several
months after delivery need not be ascribed to patholog-
ical decrements in renal parenchymal mass. Second,
ureteral dilation and urinary stasis may contribute to
the propensity of women entering pregnancy with
benign asymptomatic urinary tract infection to develop
frank pyelonephritis (see below). Third, ureteral dila-
tion may result in a higher frequency of vesicoureteral
reflux, further predisposing to symptomatic infection,
but the presence of increased reflux in gravid women
is disputed.9,16 Finally, the dilated urinary tract may
contain substantial urine volumes that can introduce
errors in the collection of timed urine volume. This
eventuality may be minimized, however, by having the
patient hydrated and positioned in lateral recumbency
for 1 h prior to starting and again before completing
the collection. A modest diuresis minimizes the dead-
space error and concurrently ensures that any residual
urine in the urinary tract or bladder is dilute and of
recent origin.

Ureteral dilation mostly abates by the 12th postpar-
tum week, and therefore imaging of the urinary tract

should be deferred to this point, if possible. However,
minor but significant dilation may persist in as many
as 11% of parous women who have no history of uri-
nary tract infection. This, again, suggests that obstruc-
tion may be a significant cause of changes in the ureter
during pregnancy.8,9

RENAL HEMODYNAMICS

Several carefully conducted serial studies in preg-
nant women, in which glomerular filtration rate (GFR)
and effective renal plasma flow (ERPF) were measured
by renal clearances of inulin and p-aminohippurate,
were conducted during the 1950s and early 1960s. The
results convincingly showed that both GFR and ERPF
increase during pregnancy, but there was considerable
controversy regarding the time course of these changes
[reviewed in9,22�24]. All concurred that renal hemody-
namics rose during the first trimester; the discrepancies
concerned late pregnancy, i.e., whether peak incre-
ments in GFR and/or ERPF were sustained until term.
These divergent results most likely reflect a number of
methodological pitfalls, then unappreciated, which can
confound the results of renal function tests performed
during pregnancy. These potential problems are
reviewed in detail elsewhere,9,22 and here we highlight
two of them: the need to impose a high urine flow with
hydration, because the dilated ureter introduces dead-
space errors, and to position the subject in lateral
recumbency. The latter is particularly important in late

FIGURE 81.3 Intravenous pyelogram (A)
demonstrating dilatation of the ureters during
pregnancy. Note the sharp cutoff of the ureter
at the pelvic brim where it crosses the iliac
artery (the iliac sign). Postmortem injection
studies (B) showing the relationships of the
ureters and iliac arteries at the pelvic brim.
The genesis of the iliac sign is shown on the
right. [From Ref.,12 with permission]
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pregnancy, because an upright or supine posture may
lead to marked decrements in GFR or ERPF.9,25

More recently, investigators reexamined the time
course of renal hemodynamic changes in pregnancy,
often combining serial 24-h endogenous creatinine
clearances with both inulin and p-aminohippurate renal
clearances and focusing on the first and last few weeks
of gestation 22,23,26�31;24 (Figure 81.4). In some studies,
nonpregnant control data were obtained prior to con-
ception and postpartum. Although not all are methodo-
logically flawless, they provide important information
summarized as follows: GFR normally increase during
the luteal phase of the menstrual cycle,27,29 continue to
rise early in pregnancy, reaching peaks 40�65% above
nonpregnant levels by the second trimester. These
increments are maintained at least until the 36th gesta-
tional week after which a modest decrease in GFR may
occur.28,29 Three months postpartum, GFR values are
similar to those measured before pregnancy.

ERPF also increases in the luteal phase of the men-
strual cycle and then markedly during gestation reach-
ing values 50�85% above prepregnancy levels during
the initial two trimesters22,23,27,30,31 (Figure 81.4); Near
term, however, ERPF seems to decrease B25%,
although it still remains considerably above nongravid
values. In general, filtration fraction decreases early in
gestation and returns to or towards nonpregnant levels
in the last trimester.22,32

Given the tremendous increase in GFR and ERPF,
the question arises as to whether renal vasodilation is
maximal during pregnancy, or whether gravidas
possess a “renal functional reserve” similar to that
observed during protein loading in nonpregnant sub-
jects. The results of several studies are equivocal.
Amino acid infusions consistently increase GFR further
in pregnant women, but results of high protein meals
are inconclusive.33�36 Finally, glycine infusions
increase GFR in gravid rats.37

Mechanisms of Renal Hemodynamic Changes
During Pregnancy

Our understanding of mechanism(s) underlying the
gestational rise in ERPF and GFR continues to evolve.
In part due to both ethical and logistical concerns, most
studies designed to determine mechanisms of gesta-
tional changes in renal function have utilized animal
models as there are several species also known to man-
ifest increases in GFR and ERPF during pregnancy
[referenced in2,9]. Thus, by applying the renal micro-
puncture technique to Munich-Wistar rats during mid-
gestation, the period when ERPF and GFR are
maximally increased in this species, Baylis38 demon-
strated the gestational rise in single nephron GFR
(SNGFR) to be secondary to an increase in glomerular
plasma flow, the latter due to a decline in renal vascu-
lar resistance. In her rat model, transglomerular hydro-
static pressure difference remained unchanged because
there were comparable decreases in both afferent and
efferent arteriolar resistances. Plasma oncotic pressure
was not significantly different between nonpregnant
and midterm pregnant rats and thus not involved in
altering SNGFR. Because the animals were in filtration
equilibrium, only a minimum value for the ultrafiltra-
tion coefficient, Kf could be calculated, which was simi-
lar between nonpregnant and midterm pregnant rats;
nevertheless, this determinant of glomerular ultrafiltra-
tion most likely contributed little to the gestational rise
in SNGFR in the gravid rat model. To summarize,
SNGFR rises mainly because glomerular plasma flow
increases in the gravid rat model.38

Whether similar mechanisms occur in pregnant
women is unknown as glomerular dynamics cannot be

FIGURE 81.4 Renal hemodynamic changes throughout early
human pregnancy. Ten women were studied in the midfollicular
phase of the menstrual cycle and weeks 6, 8, 10, 12, 24 and 36 of ges-
tation. Renal plasma flow and GFR increased significantly in associa-
tion with a decrease in renal vascular resistance by week 6 gestation.
CIn, inulin clearance; CPAH, p-aminohippurate clearance; RVR, renal
vascular resistance. *P, 0.05, **P, 0.001 vs midfollicular. Note that
authors normalized renal function by body surface area. However,
because gestational changes in renal plasma flow and glomerular fil-
tration are functional and not anatomical in nature, such normaliza-
tion will underestimate true values. [From Ref.26 with permission]
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directly measured. Moreover, human glomeruli may
be in filtration disequilibrium, a condition in which
alterations in ERPF are predicted to have less impact
on GFR.39 Nevertheless, the parallel increases in ERPF
and GFR suggest a similar mechanism governing the
rise in GFR in gravid women.

Using an indirect approach, investigators measured
the fractional clearance of neutral dextrans (Cdextran/
Cinulin) in normal pregnant women serially studied
throughout early and late gestation followed by retest-
ing 6 weeks postpartum.31,40,41 Such data can be ana-
lyzed by mathematical models, which incorporate
clearance values and plasma oncotic pressures to pre-
dict glomerular capillary pressure, the ultrafiltration
coefficient (Kf) and glomerular capillary membrane
porosity. Permselectivity to neutral dextrans was
altered during gestation (Figure 81.5), and the theoreti-
cal analysis of the sieving curves, using two different
models, suggested that hyperfiltration during preg-
nancy was mainly due to increments in ERPF with a
minor contribution from decreased glomerular oncotic
pressure (the latter being greater during late gestation).
Membrane porosity appeared to be altered, but compa-
rable to micropuncture studies in rats, there was no
evidence of increased glomerular capillary pressure in
human pregnancy (Figure 81.5). It should be empha-
sized, however, that this approach is theoretical in
nature being dependent on several assumptions that
may or may not be valid.

Further insight into the causes of the altered renal
hemodynamics during pregnancy arose from studies
in a rat model. Conrad adapted methodologies devel-
oped by Gellai and Valtin for measurement of
renal function in chronically instrumented, conscious
rats and applied them to pregnancy.42,43 Because physi-
ology is markedly perturbed by anesthesia and surgi-
cal stress and the effects of anesthetics and surgical
stress can differ in the nonpregnant and pregnant

states, studies in chronically instrumented, conscious
animals are an essential first step in the investigation
of mechanisms underlying maternal circulatory adap-
tations to pregnancy. Thus, when the same chroni-
cally instrumented, conscious rats were serially
studied before, during, and after pregnancy, both
renal vasodilation and hyperfiltration were observed
throughout most of gestation, making it an excellent
model to explore the mechanisms underlying these
changes.

The Role of Extracellular Volume

Extracellular and plasma volumes dramatically
increase during pregnancy (although most studies sug-
gest after the peak in ERPF and GFR). Acute expansion
of plasma volume by 10�15% failed to increase the
GFR, SNGFR, or glomerular plasma flow in virgin
female Munich-Wistar rats.44 Because volume expan-
sion can suppress tubuloglomerular feedback activity,
it could mediate the gestational increases in glomerular
plasma flow and SNGFR.45 However, tubuloglomeru-
lar feedback activity was not suppressed in gravid
Munich-Wistar rats, rather the mechanism was reset to
the higher SNGFR of pregnancy suggesting that vol-
ume expansion of pregnancy is actually perceived as
“normal.” This conclusion supports the “arteriolar
underfilling” hypothesis, which states that a primary
reduction in systemic vascular resistance precedes sec-
ondary vascular filling during pregnancy; however, the
two events are tightly linked and virtually inseparable,
although some investigators have discerned a temporal
dissociation.46,47 (Also, see the section Significance of
the Volume Changes During Pregnancy.)

Whether chronic volume expansion can raise ERPF
and GFR to pregnancy levels is difficult to test. Most
instances of chronic volume expansion that occur natu-
rally are pathological in nature, for example, congestive
heart failure or cirrhosis, and these are conditions
where renal function is usually reduced rather than
elevated. However, in the rare condition of primary
mineralocorticoid excess, which is associated with vol-
ume expansion, GFR increases but not to the same
degree as observed in pregnancy. Interestingly, chronic
administration of either arginine vasopressin (AVP) or
oxytocin to chronically instrumented rats permitted
water ad libitum expands total body water and reduces
plasma osmolality (Posm), as well as markedly increases
ERPF and GFR.48,49Thus, it is possible that chronic vol-
ume expansion contributes to the initiation and/or
maintenance of elevated ERPF and GFR during preg-
nancy. Another possibility is that vascular filling conse-
quent to primary arteriolar vasodilation in the kidneys
and elsewhere may be permissive for the rise of GFR,
in parallel with ERPF.

FIGURE 81.5 Theoretical relationship between ultrafiltration
coefficient (Kf) and the transglomerular pressure difference (ÄP) in
normal pregnancy. Note that over a large range of Kf values, chosen
to include those we would expect in humans, there is little change in
the ÄP when results during early pregnancy, late gestation, and the
nonpregnant state are compared to each other. [From Ref.31 with
permission]
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Maternal Factors in Early Renal Circulatory
Adaptations

Mating female rats with vasectomized males pro-
duces pseudopregnancy—a condition physiologically
mimicking the first half of rat gestation, but in the
absence of fetoplacental development. This state repro-
duces the increases in ERPF and GFR that are observed
during early pregnancy.50,51 Thus, maternal factors
alone can induce changes in the renal circulation.

Davison and Noble29 reported that the 24-h endoge-
nous creatinine clearance increased by 20% during the
luteal phase of the menstrual cycle in women. Other
investigators corroborated this finding either by using
the renal clearance of creatinine,52,53 51Cr-EDTA,53,54 or
inulin.27,55 Furthermore, ERPF measured by the renal
clearance of PAH or [125I] hippuran was noted to be
increased in two studies27,54 but not in another.55 Thus,
increases in ERPF and GFR are observed in the luteal
phase, albeit to a lesser degree compared to pregnancy.
This observation may shed light upon underlying
mechanisms, because several hormones that increase
during the luteal phase of the menstrual cycle rise even
further in early pregnancy (e.g., the ovarian hormones,
progesterone, and relaxin, see below).

Sex Steroids

Neither acute nor chronic administration of estrogen
(s) to humans or laboratory animals influences ERPF or
GFR, although the hormone can clearly increase blood
flow to other nonreproductive and reproductive
organs.56�60 On the other hand, progesterone (or possi-
bly progesterone metabolite(s)61,62) may contribute to
renal circulatory changes in pregnancy. Chesley and
Tepper administered 300 mg/d of progesterone intra-
muscularly to 10 nonpregnant women for 3 1/2 days
and observed a 15% increase in CIN and CPAH. They
speculated that longer administration of the hormone
might produce larger increases in GFR and ERPF akin
to normal gestation.57 Atallah et al. who studied nine
nonpregnant women demonstrated that a rise in circu-
lating progesterone from 7 to 30 ng/mL was associated
with a significant rise in endogenous Ccr (15%;
103�118 mL/min) 4 h after an i.m. injection of 200 mg
of the steroid.63 By extrapolation, they suggested that
pregnancy levels of serum progesterone, which are
considerably higher, could account for the 40�65% ges-
tational increase of GFR. Of further interest, studies in
male subjects in whom renal function was measured
either 3 h after i.m. administration of 310 mmol proges-
terone or 3 days after 155 mmol progesterone i.m. twice
daily revealed significant increases in ERPF (B15%
and irrespective of dietary sodium intake), but GFR
was unchanged.64 Finally, subcutaneous injection of
2 mg/kg/d progesterone to intact female rats for 3

days produced a 26% increase in GFR; however, ERPF
was not measured in this study.63 Thus, data from both
humans and animals suggest a contribution of proges-
terone (or its metabolites) to the gestational rises in
ERPF and GFR, although definitive evidence is lacking.

Peptide Hormones

Prolactin surges in both pseudopregnant and preg-
nant rats during the first half of gestation coinciding
with the increases in ERPF and GFR. Whether prolactin
(or later in pregnancy, placental lactogen acting via the
same receptor) actually contributes to the increase in
renal hemodynamics and GFR during early gestation
remains controversial and requires further study.65

Relaxin is another hormonal candidate underlying
the gestational changes in renal function. In gravid rats
and women circulating relaxin arises from the corpus
luteum.66 Human chorionic gonadotropin (hCG) is a
major stimulus for relaxin secretion during pregnancy
in women.66

There was compelling, albeit, circumstantial evi-
dence for considering relaxin a potential mediator of
renal vasodilation and hyperfiltration during preg-
nancy. (i) Circulating relaxin concentrations rapidly
increase after conception in women66 coinciding with
the large increases in GFR and ERPF during the first
trimester,29,67and refs cited above). (ii) Circulating
relaxin is detectable during the luteal phase of the men-
strual cycle66,68�70 corresponding with the transient
10�20% increase in GFR and ERPF at that
time,27,29,52�55 and see section Maternal Factors in Early
Renal Circulatory Adaptations, above. (iii) The early ges-
tational rise in relaxin coincides with another physio-
logical adaptation in human pregnancy, i.e., changes in
osmoregulation.71 These osmoregulatory changes were
recapitulated by administering hCG to women in the
luteal phase, but not to men suggesting the intermedi-
ary role of an ovarian hormone.72�74 Furthermore,
administration of synthetic human relaxin to ovariecto-
mized rats for 7 days produced a significant decline in
Posm without changing plasma AVP concentration sim-
ilar to the osmoregulatory changes noted in normal
pregnancy.75 (iv) Chronic administration of relaxin was
reported to reduce blood pressure, [76 but not con-
firmed in77] and vasoconstrictor responses in the
mesenteric circulation of spontaneously hypertensive
rats,76,78 while acute administration increased coronary
blood flow and reduced platelet aggregation through
nitric oxide (NO) and cGMP,79,80 thereby implicating a
cardiovascular role for the hormone.

Although ERPF and GFR may rise in gravid rats as
early as gestational day 5, before circulating relaxin is
measurable, there is a jump in renal function between
gestational days 8 and 12, when circulating relaxin con-
centrations surge.42,66 (The modest increases in GFR
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and ERPF that occur during rat gestation before circu-
lating relaxin is detectable on gestational9 or during
pseudopregnancy when circulating relaxin is also
undetectable seem to be mediated by other, as yet,
undiscovered mechanisms.) Supporting the hypothesis
that relaxin mediates the renal circulatory changes of
pregnancy, Danielson and colleagues reported that
long-term administration of porcine relaxin (pRLX) or
of recombinant human relaxin (rhRLX) to chronically
instrumented, conscious nonpregnant female rats
increased both ERPF and GFR to midgestational levels
when renal function peaks in this species.42,81 The renal
circulatory response to relaxin was not contingent
upon the ovaries,81 and intriguingly, was also noted in
male rats.82 Short-term administration of rhRLX to con-
scious nonpregnant rats also increased GFR and ERPF
within 1�2 h.83 Moreover, myogenic reactivity of small
renal arteries isolated from relaxin-treated rats was sig-
nificantly reduced84 and comparable to reductions pre-
viously reported in small renal arteries isolated from
midterm pregnant rats.85 This phenomenon of reduced
myogenic reactivity of small renal arteries has served
as a faithful in vitro bioassay for the renal vasodilatory
changes induced by pregnancy or relaxin treatment of
nonpregnant rats.84,85 Finally, by administering relaxin-
neutralizing antibodies or removing circulating relaxin
by ovariectomy and maintaining pregnancy with exog-
enous administration of sex steroids in physiological
amounts, the gestational renal hyperfiltration, vasodila-
tion, and reduced myogenic reactivity of small renal
arteries isolated from midterm pregnant rats were
completely abolished.86 These experimental manipula-
tions also circumvented the osmoregulatory adapta-
tions of pregnancy.86 Thus, relaxin is critical to the
renal circulatory and osmoregulatory changes of mid-
term pregnant rats. It may also contribute to these
pregnancy adaptations in women.87

Endothelium-Derived Relaxing Factors

Endothelium-derived relaxing factors including
vasodilatory prostaglandins (PGs) and NO have been
hypothesized to mediate the gestational increases of
ERPF and GFR. The potential intermediary role of PGs
has been investigated in gravid animal models and
humans. Gestational rises in ERPF and/or GFR were
unaffected by administration of PG synthesis inhibitors
to chronically instrumented, conscious gravid rats or
rabbits.88�90 Moreover, vasodilatory PG synthesis
in vitro was not to increased in renal tissues from preg-
nant animals.91,92 Although intravenous PG infusion is
not physiologically equivalent to locally produced hor-
mone, intravenous infusion of prostacyclin to male
human volunteers did not significantly change either
ERPF or GFR.93 In related studies, the cyclooxygenase
inhibitor, indomethacin, raised systemic vascular

resistance by only 5% in pregnant women without sig-
nificantly affecting either mean arterial pressure or car-
diac output, and this increase was trivial compared to
the overall decrease in systemic vascular resistance of
B40% observed during normal pregnancy.94 Similarly,
another cyclooxygenase inhibitor, meclofenamate, did
not significantly augment systemic vascular resistance
in conscious, gravid guinea pigs.95 Taken together, the
results do not support a significant role for vasodila-
tory PGs in the elevation of ERPF, GFR, and cardiac
output, as well as the reduction in both renal and sys-
temic vascular resistances during pregnancy.

Guanosine 3’,5’’-cyclic monophosphate (cGMP) and NO:
cGMP, a second messenger of NO may participate in
the renal vasodilation and hyperfiltration of preg-
nancy.65,96 Because extracellular levels generally reflect
intracellular production, plasma levels, urinary excre-
tion, and “metabolic production rate” of cGMP were
investigated in conscious rats. All of these variables
were increased throughout pregnancy and pseudo-
pregnancy.65,96,97 Comparable elevations in urinary
excretion and plasma concentration of cGMP were
reported for human gestation.98�100 The 24-h urinary
excretion of nitrate and nitrite (NOx), the
stable metabolites of NO, also increased during preg-
nancy and pseudopregnancy in rats consuming a
low-NOx diet, paralleling the rise in urinary cGMP
excretion.97 This gestational rise in urinary NOx excre-
tion was prevented by chronic administration of nitro-
L-arginine methyl ester (L-NAME), an inhibitor of NO
synthase, implicating NO as the source. Plasma con-
centrations of NOx were also higher in pregnancy, and
NO-hemoglobin was detected only in the red blood
cells from pregnant, but not from nonpregnant, rats by
electron paramagnetic resonance spectroscopy.97

These results demonstrated that endogenous NO pro-
duction is increased in gravid rats. Although the tis-
sue source(s) of the gestational increase in NO
production was not identified, the possibility that vas-
cular tissues contributed was raised. Plasma levels
and urinary excretion of NOx were also reported to be
increased in gravid ewes.101 Unfortunately, the situa-
tion of NO biosynthesis during normal human preg-
nancy (and in women with preeclampsia) remains
controversial.98,102

The renal circulation contributes to the overall
maternal vasodilatory response of pregnancy. Renal
vascular resistance reaches a nadir, and ERPF and GFR
peak during midgestation in rats.42 In chronically
instrumented conscious, midterm pregnant and virgin
control rats acutely administered L-arginine analogs,
which inhibit NO synthase, GFR, ERPF, and effective
renal vascular resistance converged in the two groups
of animals.102,103 In other words, compared to virgin
control rats, the gravid animals responded more
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robustly to short-term infusion of NO synthase inhibi-
tors, resulting in a larger decline in GFR and ERPF,
and a greater rise in effective renal vascular resistance.
Consistent with these in vivo data was the inhibition of
myogenic reactivity in small renal arteries ex vivo iso-
lated from midterm pregnant compared to virgin con-
trol rats, which was restored to virgin levels by
addition of NO synthase inhibitors to the bath or endo-
thelial removal.85

A critical role for NO in renal vasodilation, hyperfil-
tration, and reduced myogenic reactivity of small renal
arteries was also established for relaxin-treated nonpreg-
nant rats again by using L-arginine analogs.81,84 Thus,
NO serves a critical role in the renal circulatory changes
of both pregnant and relaxin-treated nonpregnant rats.
Although pregnancy and relaxin administration to non-
pregnant rats, both elicit renal vasodilation, hyperfiltra-
tion and reduced myogenic reactivity of small renal
arteries that is dependent upon NO (vide supra), un-
expectedly the urinary excretion of cGMP and NO
metabolites is only increased during pregnancy.81,96,97

Ironically, therefore, the increased production of cGMP
and NO metabolites described initially in rat pregnancy,
and which stimulated further interrogation of this vaso-
dilatory pathway, may not be either of vascular origin or
of hemodynamic consequence.

Of additional interest is that in one report,104 but not
in another,105 vasodilatory PGs fulfilled a compensa-
tory role maintaining relative renal hyperfiltration and
vasodilation in gravid rats compared to virgin controls
during chronic NO synthase blockade. In other words,
in the setting of chronic NO synthase inhibition, renal
function converged in the two groups of rats after
short-term infusion of PG synthesis with meclofena-
mate.104 PG blockade alone, however, did not affect
renal function in conscious virgin or pregnant
rats.88,89,104

Endothelin and the Endothelial ETB Receptor
Subtype

Paradoxically, endothelin (ET) plays a critical role in
the renal vasodilation and hyperfiltration of pregnant
and relaxin-treated nonpregnant rats. ET is widely rec-
ognized as a potent vasoconstrictor through interac-
tions with ETA and ETB receptor subtypes on vascular
smooth muscle.106 However, ET also increases intracel-
lular calcium in endothelial cells, thereby stimulating
synthesis of prostacyclin, NO, and possibly other relax-
ing factors through an endothelial ETB receptor sub-
type.107�110 Specific blockade of the ETB receptor
subtype in chronically instrumented, conscious male
rats with the pharmacologic antagonist, RES-701-1,
induced profound renal vasoconstriction.111 This unex-
pected finding indicates a major contribution of endog-
enous ET in maintaining low renal vascular tone

through a RES-701-1 sensitive, endothelial ETB receptor
subtype and tonic stimulation of endothelium-derived
relaxing factors and/or restraint of ET
production.107�112 RES-701-1 appears to be relatively
selective for the “vasodilator” ETB receptor subtype on
the endothelium.113 In summary, the RES-701-1 sensi-
tive, endothelial ETB receptor subtype maintains low
renal vascular tone in normal conscious rats most likely
through tonic stimulation of NO. However, with ET
infusion or in pathophysiological states, ET-mediated
vasoconstriction may predominate in the kidney.113

A logical extension of these observations in nonpreg-
nant rats is that the endothelial ETB receptor�NO vaso-
dilatory mechanism is accentuated during pregnancy,
thus mediating gestational renal vasodilation and
hyperfiltration.114 Indeed, short-term infusion of RES-
701-1 to conscious virgin and gravid rats completely
abrogated gestational renal vasodilation and hyperfil-
tration, thereby producing a convergence of GFR,
ERPF, and effective renal vascular resistance in the two
groups of animals.114 As well, the inhibited myogenic
reactivity of small renal arteries ex vivo isolated from
gravid rats was reversed by addition of RES-701-1 or of
a mixed ETB1ETA antagonist (SB209670), but not a
specific ETA receptor antagonist (BQ123) to the bath.85

These observations were analogous to those using inhi-
bitors of NO synthase (vide supra). Subsequently, the
NO/cGMP pathway was suggested to transduce the
vasodilatory action of endogenous ET in the renal cir-
culation of pregnant rats.85,114

The essential role of the endothelial ETB receptor
subtype in mediating inhibited myogenic reactivity of
small renal arteries isolated from pregnant rats was
corroborated in the ETB receptor-deficient rat.115

Finally, a critical role for the endothelial ETB receptor
subtype in mediating renal vasodilation, hyperfiltra-
tion, and reduced myogenic reactivity of small renal
arteries was also established for relaxin-treated non-
pregnant rats.82,84

Vascular Matrix Metalloproteinase-2

Jeyabalan and coworkers116 proposed that relaxin
enhances vascular gelatinase activity during pregnancy
that, in turn, mediates renal vasodilation, hyperfiltra-
tion, and reduced myogenic reactivity of small renal
arteries ultimately through activation of the endothelial
ETB receptor�NO pathway (Figure 81.6). The hypothe-
sis that vascular gelatinase activity plays a pivotal role
was founded upon the confluence of several observa-
tions: first, the essential role of relaxin, the endothelial
ETB receptor, and NO in pregnancy-mediated renal
vasodilation as described above; second, the publica-
tions reporting stimulation of matrix metalloproteinase
(MMP) expression by relaxin in fibroblasts;117,118 and
third, the ability of vascular MMPs, such as MMP-2, to
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hydrolyze big ET at the gly�leu bond to yield ET1�32

with activation of ET receptors.119,120

The best (if not the only) approach to testing the
potential role of MMP-2 in mediating renal vasodila-
tion, hyperfiltration, and inhibited myogenic reactivity
of small renal arteries mediated by pregnancy or relaxin
is to block MMP-2 production or its activity.
Accordingly, short-term infusion of gelatinase inhibi-
tors abrogated relaxin-mediated renal vasodilation and
hyperfiltration in conscious rats; moreover, the inhib-
ited myogenic reactivity of small renal arteries isolated
from pregnant or relaxin-treated nonpregnant rats was
reversed by gelatinase inhibitors in vitro.116 In contrast,
there was no effect of the traditional ET-converting
enzyme inhibitor, phosphoramidon, which inhibits the
processing of big ET to ET1�21.

116 In small renal arteries
harvested from relaxin-treated nonpregnant and mid-
term pregnant rats, MMP-2 activity is increased by
B50% relative to nonpregnant control arteries.116,121

Thus, vascular gelatinase activity is not only part of the
relaxin-endothelial ETB receptor�NO vasodilatory
pathway, but it is a major locus of regulation by relaxin

in this species, because neither endothelial NO synthase
nor ETB receptor abundance is increased by relaxin or
pregnancy,122,123 but not all investigators agree.124�126

It is unlikely that vascular MMP-2 and endothelial
ETB receptor�NO are components of separate vasodi-
latory pathways acting in parallel. If this was the case,
then one might predict that after inhibition of either
vascular MMP-2 or the endothelial ETB�NO pathway,
compensation of one for the other should be observed.
However, no compensation or even partial compensa-
tion was noted: each and every inhibitor of the ETB

receptor,82,84,85,114 NO synthase,81,84,85,103 or MMP116

completely abolished the renal circulatory changes dur-
ing pregnancy or relaxin treatment of nonpregnant
rats. Nevertheless, experimental confirmation of a com-
mon vasodilatory pathway shared by vascular gelati-
nase activity and the endothelial ETB receptor�NO
vasodilatory pathway was obtained. That is, small
renal arteries isolated from relaxin-treated, ETB

receptor-deficient rats showed upregulation of vascular
MMP-2 activity, but failed to show inhibition of myo-
genic reactivity. This dissociation of the biochemical

FIGURE 81.6 Working model for the sustained vasodilatory effect of relaxin. Depicted are the postulated roles of VEGF and PlGF in medi-
ating the vasodilatory actions of relaxin to be further tested in this grant proposal. The precise localization of VEGF and PGF in the relaxin vasodila-
tory pathway is currently unknown. Relaxin may increase expression of angiogenic growth factor(s) in the arterial wall and/or release them from
the extracellular matrix via MMP-9 or -2. Inhibitors of pregnancy- and/or relaxin-induced vasodilation are shown in the boxes. ET, endothelin;
MMP, matrix metalloproteinase; ECM, extracellular matrix; RBF, renal blood flow; GFR, glomerular filtration rate; RFXP, relaxin/insulin-like fam-
ily peptide receptors; SU5416, vascular endothelial growth factor receptor tyrosine kinase inhibitor; GM6001, a general MMP inhibitor; cyclic CTT,
a specific peptide inhibitor of MMP-2; TIMP-2, tissue inhibitor of MMP; RES-701-1, a specific ETB receptor antagonist; SB209670, a mixed ETA and
ETB receptor antagonist; L-NAME, nitro-L-arginine methyl ester; L-NMMA, NG-monomethyl-L-arginine. Note that RFXP2 knockout (in mice), STT
(control peptide for cyclic CTT), heat inactivated TIMP-2, BQ-123 (a specific ETA receptor antagonist), phosphoramidon (an inhibitor of the classical
ET-converting enzyme), D-NAME and isotype-matched IgGs (controls for neutralizing antibodies) did not affect the sustained vasodilatory
responses to relaxin. [Reproduced from Ref.127 with permission]

2697RENAL HEMODYNAMICS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



and functional consequences of relaxin administration
in small renal arteries harvested from ETB receptor-
deficient rats, when taken in the context of the other
results (vide supra), strongly suggests that vascular
gelatinase is in series with, and upstream of, the endo-
thelial ETB receptor�NO signaling pathway.116

To summarize, during pregnancy relaxin accentu-
ates the endothelial ETB receptor�NO renal vasodila-
tory pathway by increasing vascular MMP-2 activity
(via increases in MMP-2 mRNA and protein121). A
more recent study also suggests the participation of
vascular endothelial growth factor (VEGF) and placen-
tal growth factors (PlGF) in the renal vasodilatory path-
way of relaxin.127 Interestingly, higher doses of
gelatinase inhibitors also decreased GFR and ERPF,
and elevated arterial pressure when administered to
control rats, albeit less so than in relaxin-treated rats,116

whereas phosphoramidon was again without effect.116

These results suggest that vascular gelatinase activity
rather than the traditional ET-converting enzyme may
be the main physiological mechanism for big ET pro-
cessing (and consequent vasodilation) at least in the
renal circulation of rats. Possibly, the colocalization of
MMP-2 and associated proteins in the caveolae of
endothelial cells with the ETB receptor and eNOS facili-
tates this interaction (Figure 81.6).

Other factors in addition to relaxin are likely to con-
tribute to gestational renal vasodilation and hyperfil-
tration especially during late pregnancy, when
circulating levels of placental hormones are particu-
larly high. For example, placental growth hormone
may contribute.128 In addition, local factors within the
kidneys themselves may participate. Mesangial cell
expression of iNOS, the angiotensin (AT)-2, and relaxin
receptors was reported to increase during midgestation
in rats.129 Moreover, upregulation of the nNOSβ iso-
form in the renal cortex of midterm pregnancy rats was
noted.130 Intriguingly, Morgan and colleagues
observed increased histidine decarboxylase and hista-
mine production in the superficial cortical zone of
pregnant mice.131 Finally, increased renal production
of epoxyeicosatrienoic acid may also play a role in
renal vasodilation and hyperfiltration of pregnancy.132

To conclude, evidence from both animal and human
studies suggests that renal hyperfiltration in pregnancy
is secondary to increased RPF, the latter resulting from
profound decreases in renal vascular resistance. There
has been considerable progress in identifying mechan-
isms responsible for gestational renal vasodilation, and
those most promising so far were reviewed in detail
above. Of importance, whatever the primary vasodila-
tory stimulus, it must be a powerful one, for the
pregnancy-induced rise in GFR is not restricted to
women with two normally functioning kidneys but
occurs also in subjects with previously hypertrophied

single kidneys (following uninephrectomy) and in
transplant recipients.133,134

Significance of the Changes in Renal
Hemodynamics During Pregnancy

The GFR increase during pregnancy has important
clinical consequences. Production of creatinine changes
little, so that increases in creatinine clearance lead to a
reduction in its plasma level.4,9,135 This is also true of
urea, which may be decreased even further by
enhanced protein synthesis. Therefore, levels of creati-
nine and urea nitrogen decrease from a mean of 0.7
and 12 mg/dl (62 and 4.3 mmol/L), respectively, in the
nonpregnant state, to 0.5 and 9 mg/dL (44 and
3.2 mmol/L).4,9 The implication of these observations
is that values considered normal in nonpregnant
women may reflect compromised renal function during
pregnancy. Concentrations of serum creatinine and
urea nitrogen exceeding 0.8 and 13 mg/dL (80 mmol/L
and 5 mmol/L), respectively, should alert the clinician
to evaluate renal function further.

The augmented filtered load consequent to
increased GFR also contributes to the glucosuria,
aminoaciduria, and enhanced urinary excretion of
water-soluble vitamins that occur during normal preg-
nancy.9,23 Urinary protein excretion may double as
well, but the greatest increments seem to occur in late
gestation, long after changes in renal hemodynamics
are maximal.22,32 Also, there are still discrepancies
about whether there are increases in albuminuria dur-
ing pregnancy, but the majority of studies suggest
so.22,41 It should be borne in mind, though, that many
factors affect urinary protein excretion in addition to
glomerular filtration, including the pore size and num-
ber of fixed charges in the glomerular filtration barrier,
and tubular reabsorption rates, a topic discussed else-
where in this text.

There are also changes, usually increments, in the
renal excretion of various low-molecular weight pro-
teins and enzymes during pregnancy. Whether the
alterations result from increased filtration and/or
changes in tubular handling, or even in production is
unclear (see Ref.22) for further details and citations).
The increments in urinary glucose, amino acids, and
proteins mentioned above also have pathophysiologi-
cal consequences, i.e., the nutrient content of the urine
is increased, which may predispose pregnant women
to symptomatic urinary tract infection.4,9 Finally,
awareness that the normal limit of urinary protein
excretion is increased during gestation to 300 mg/24 h
suggests that this event will also occur and may even
be exaggerated in women with preexisting kidney dis-
orders, so that increased proteinuria during pregnancy
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does not necessarily signify progression or exacerba-
tion of their disease.

RENALTUBULAR FUNCTION

Glucose, Other Sugars, and Water-Soluble
Vitamins

Glucosuria may occur normally during pregnancy.
In one study, 30 women with normal glucose tolerance
were evaluated serially beginning early in gestation
and continuing through the sixth postpartum
week (reviewed in Ref.23). Daily urinary excretion of
glucose was measured by a sensitive and specific enzy-
matic assay, an important methodological consider-
ation, because excretion of many other reducing
substances also increases during pregnancy. All sub-
jects excreted ,100 mg/24 h when not pregnant, but
during gestation this value was exceeded in 26 women
(86%) ranging up to 500 mg in 12, between 0.5 and 1.0 g
in 4, and exceeding 1 g/24 h in 10 others. Glucosuria
was intermittent and not necessarily related to blood
glucose levels or gestational stage. A comparable high
incidence of glucosuria in normal pregnancy was
reported by others (reviewed in Ref.9). Gestational glu-
cosuria reverts to normal within 1 week postpartum.136

Renal tubular handling of glucose, including the
transport maximum (Tm), threshold, and splay of the
titration curve were evaluated during pregnancy.
Many reports had weaknesses in experimental design,
but there were exceptions. With exquisite attention to
methodology, Welsh and Sims137 assessed the Tm of
glucose in normal nonpregnant subjects, nonglycosuric
pregnant women, and normoglycemic glycosuric gravi-
das. The Tm of glucose was lower in the latter group in
comparison to the nonglycosuric pregnant subjects,
and the authors proposed that gestational glucosuria
resulted from increased GFR, and hence filtered load,
in women with a low Tm for glucose. Fifteen years
later, Davison and colleagues138 suggested that both
the Tm and fractional reabsorption of glucose decrease
in all pregnant women. In their study, renal glucose
reabsorption was measured in subjects with normal
carbohydrate metabolism during and after gestation.
Care was taken to avoid extremely high plasma glu-
cose concentrations during infusions, which can affect
renal hemodynamics. All women demonstrated lower
fractional reabsorption of glucose during pregnancy
compared to after delivery. Those most severely glyco-
suric in pregnancy had the lowest fractional reabsorp-
tion rates both during and after gestation; however,
they were not glycosuric postpartum because GFR and
the filtered load of glucose had decreased substantially.
Said otherwise, even if the splay in the glucose titration

curve increases or the glucose Tm decreases slightly,
the striking gestational increment in GFR and conse-
quent filtered load of glucose remains the major cause
of glucosuria in pregnancy.

Gravid rats may also display glucosuria. Renal
micropuncture studies in this species reveal that proxi-
mal tubular glucose reabsorption is actually enhanced,
commensurate with the increment in filtered load;
thus, the increased urinary glucose is due mainly to
decreased distal tubular reabsorption, and perhaps to
changes in epithelial permeability causing backleak in
Henle’s loop.139

Excretion of other sugars, including lactose, fructose,
xylose, and fucose, but not arabinose, also increases
during pregnancy [citations in Ref.9]; lactosuria is pres-
ent in 50% of gravidas by the end of gestation, when
excretion may be as much as 10-fold higher than non-
gravid women. During pregnancy, certain oligosac-
charides are excreted in the urine not found in the
urine of nonpregnant women, and thus, they are sus-
pected to be of mammary origin. It should be empha-
sized, however, that the excretion of these sugars
combined is minimal compared to that of glucose, and
consequently, they do not amount to a significant
nutrient loss to the mother.

The renal excretion of several water-soluble vitamins
is also increased during pregnancy including nicotinic,
ascorbic, and folic acids.9 Plasma folate levels actually
decrease in pregnancy, and the increased urinary
excretion may be largely due to reduced tubular reab-
sorption rather than enhanced filtered load.

Amino Acids

Urinary excretion of many amino acids rises during
pregnancy. In fact, urinary histidine concentration was
once used as a method to detect pregnancy, and its dis-
appearance from the urine was noted in preeclampsia.9

The most detailed studies are by Hytten and Cheyne,140

who conducted serial measurements in 10 women from
early pregnancy through the eighth postpartum week.
Renal excretion of glycine, histidine, threonine, serine,
and alanine increased early in gestation and urinary
losses became substantial near term. In contrast, incre-
ments in urinary excretion of lysine, cystine, taurine,
tyrosine, phenylalanine, valine, and leucine occurred
during the first half of pregnancy, but declined thereaf-
ter, and the urinary excretion of asparagine, glutamic
acid, and arginine was unchanged during gestation. It
is noteworthy that gestational aminoaciduria can reach
B2 g/day, a loss that could adversely affect fetal
growth, if protein intake is suboptimal. In some sub-
jects, urinary glycine and histidine excretion exceeded
50% of the filtered load, suggesting a role for inhibition
of tubular reabsorptive process. However, these data
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reflect 24-h renal clearance measurements, and the little
information concerning threshold or Tm during short-
term infusion studies is inconclusive.9

Uric Acid

Although uric acid production has been described
as unchanged during pregnancy,4,9,22 more recent evi-
dence disputes this conclusion.141 In either case, gravi-
das excrete considerably more urate than when they
are not pregnant.22,142,143 The renal clearance of uric
acid, typically 6�12 mL/min in nonpregnant women,
rises to 12�20 mL/min during pregnancy, and conse-
quently, plasma concentrations decline at least 25%
and are only 2.5�4.0 mg/dL in many pregnant
women.9,144 In most centers, 5�5.5 mg/dL is consid-
ered to be the normal upper limits for pregnancy,145

but the upper limit is different depending on the stage
of gestation.144 Circulating urate tends to be higher in
women with multiple gestations,146 displays circadian
rhythm with higher and lower levels at morning and
night, respectively,147 and the normal range may be
subject to racial variations.148

Whereas both the filtered load and absolute tubular
reabsorption of urate increase during gestation, most
investigators have documented increments in fractional
excretion, i.e., the Curate/Cinulin ratio is greater in preg-
nancy than in the nonpregnant state (reviewed in Refs9

and22). However, there have been only two well-
monitored serial studies in which investigators deter-
mined urate concentrations with specific enzymatic
assays, and the results vary. In one study, no difference
in fractional clearance of urate during and after preg-
nancy was reported,149 whereas in the other,143Curate/
Cinulin increased during the first two trimesters but
returned to nonpregnant values in the third.

The peak in renal clearance of urate and the nadir in
plasma concentration are observed in early gestation;
subsequently, Curate declines and plasma urate levels
rise near term.9,22,143,149 It is not clear whether these
findings are confounded by postural artifacts,9 nonre-
nal metabolic effects in relation to the oxidant/antioxi-
dant balance during gestation,141 or possibly by
inadvertent inclusion of women with subclinical pre-
eclampsia. In this regard, decrements in the Curate/
Cinulin or increments in Purate concentrations may pre-
cede the clinical manifestations of preeclampsia.9,22,150

Potassium Secretion

There are few data on body potassium stores in
pregnancy. One study suggests that body stores
decline early in gestation and then rise to values
B100 mEq above prepregnancy levels.151 These find-
ings are consistent with the theoretical considerations

that pregnant women should lose potassium in their
urine, because they eat and excrete normal quantities
of sodium, but manifest very high levels of aldosterone
and other potent mineralocorticoids (see below).
Furthermore, they develop bicarbonaturia at substan-
tially lower plasma bicarbonate levels than do non-
pregnant women. Observations that plasma and serum
potassium levels decrease 0.2�0.3 mEq/L between ges-
tational weeks 10 and 28 are also consistent with this
formulation.152

A more traditional view, however, is that pregnant
women do not waste potassium but undergo a cumula-
tive retention of B350 mEq of the cation, most of
which is stored in the products of conception, as well
as in the organs of reproduction (Table 81.1).9,152

Moreover, in striking contrast to nonpregnant women,
gravidas are resistant to the kaliuresis provoked by the
combination of exogenous mineralocorticoids and a
high-sodium diet153 (Figure 81.7). This remarkable
capacity to conserve potassium in the face of high con-
centrations of potent mineralocorticoids such as aldo-
sterone and deoxycorticosterone (DOC), and the
delivery of substantial quantities of sodium to distal
nephron sites, may be secondary to the increased circu-
lating levels of progesterone during pregnancy, a view
supported by studies in both humans152,153 and ani-
mals154 but not accepted by all.155

Resistance to the kaliuretic influence of mineralocor-
ticoids may benefit gravid women with certain
potassium-wasting diseases. On the one hand, excessive
potassium loss of primary aldosteronism may be easier
to control in gestation (Figure 81.8).4,9,152,156 On the
other, if the kidneys resist kaliuretic stimuli, women
with underlying disorders that impair their ability to
excrete potassium may be jeopardized by gestation.
Finally, there is a rare disorder in which the renal

TABLE 81.1 Storage of Minerals During Pregnancy

Storage site Sodium, mEq Potassium, mEq Calcium, g

Fetus 290 154 28.00

Placenta 57 42 0.65

Amniotic fluid 100 3 Negligible

Uterus 80 50 0.22

Breasts 35 35 0.06

Plasma 140 4 0.12

Red cells 5 24 0.38

Interstitial fluid 240 8 0.25

Total 947 320 29.68

Source: Hytten FE, Leitch I. The Physiology of Human Pregnancy, 2nd ed.

Philadelphia: FA Davis; 1971; with permission
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mineralocorticoid receptor is genetically altered in a
manner that hormones antagonizing the salt-retaining
actions of corticoids become agonist in nature.157

During pregnancy, progesterone levels increase 100-
fold, and women heterozygous for the disorder mani-
fest severe hypertension, renal potassium wasting, and
marked hypokalemia, but suppressed aldosterone
levels.

Regulation of Acid�Base Balance

Acid�base balance is affected by pregnancy. Blood
levels of hydrogen ion decline 2�4 nmol early in

gestation, a decrement that is maintained throughout
pregnancy,4,9,158 and arterial (or arterialized capillary)
blood pH is typically 7.42�7.44 in gravidas, as com-
pared with 7.38�7.40 in nonpregnant women. This
mild alkalemia is respiratory in origin, because preg-
nant women hyperventilate (believed to be a central
effect of progesterone effect), and consequently, their
arterial PCO2 decreases from a nonpregnant mean of
39 to 31 torr during gestation.4,9,158 Supporting the
causal role of progesterone are data showing that arte-
rial PCO2 also falls 3�4 torr during the luteal phase of
the menstrual cycle.159 These decrements in PCO2 are
compensated by decreases in plasma bicarbonate levels

FIGURE 81.7 Effect of a mineralocorticoid (Florinef acetate) in a normal 19-year-old pregnant woman. Oral ingestion of this potent corti-
coid led to sodium retention, but no kaliuresis was observed even when dietary sodium chloride was abruptly increased during days 20�26 of
the study. The high baseline aldosterone excretion is normal for pregnancy. The heavy vertical lines delineate the different treatment periods,
and the horizontal lines are the arithmetic means of urinary sodium and potassium excretions during pretreatment (control) days. Note that a
kaliuresis occurred only on day 31, but the increased creatinine excretion (asterisk) suggests a collection or measurement error. [From Ref.,153

with permission]
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of B4 mEq/L, normal values in gestation ranging from
18 to 22 mEq/L,4,9,158 thereby establishing a blood pH
that is only slightly alkalotic.

There have been few studies addressing renal bicar-
bonate reclamation and regeneration during preg-
nancy. Lim et al.158 infused a hypertonic bicarbonate
solution in women during the third trimester. The
bicarbonate titration curve from that study is shown in
Figure 81.9 (left). Despite large filtered loads of bicar-
bonate, reabsorption continued to increase, and even
when plasma levels reached 31 mEq/L, reabsorption
virtually matched the filtered load. These results were
unexpected, because pregnant women are hypocapnic
and have increased extracellular volumes, conditions
that should lead to an exaggerated “splay” in the titra-
tion curve and/or a decrease in the apparent Tm for
bicarbonate. However, a small but persistent bicarbon-
ate leak was noted at lower plasma bicarbonate concen-
trations during pregnancy than postpartum
(Figure 81.9, right). This modest bicarbonaturia was
occasionally present at plasma bicarbonate levels as
low as 15�16 mEq/L.

Urinary acidification as well as titratable acid and
ammonium excretion have been measured in gravid
women after being challenged with both acute and
chronic administration of NH4Cl.

4,9,158,160 The results
were comparable to those of nonpregnant control

subjects. It is noteworthy that the decrement in urine
pH and the increases in titratable acid and ammonium
excretion occurred even though blood pH decreased
only slightly from 7.44 to 7.40. Thus, substantial bicar-
bonate regeneration can already be demonstrated at a
pH higher than in nonpregnant women, and in fact it
starts when values are still alkaline relative to the non-
pregnant state. Distal hydrogen secretory capacity, as
measured by the increment in urinary PCO2 during the
bicarbonaturia that accompanied the hypertonic bicar-
bonate loading, appeared to be intact during preg-
nancy.158 Finally, the decrease in blood pH during
exercise is similar in the pregnant and nonpregnant
states.161

OSMOREGULATION AND RENAL
WATER HANDLING

Osmotic Thresholds for AVP Release and Thirst

Posm decreases 8�10 mOsm/kg during normal ges-
tation.4,9,71,73,74 This decline, which starts in the luteal
phase of the menstrual cycle,27,162 continues through
conception and reaches a nadir about gestational week
10, after which it is maintained until term. Only about
1.5 mOsm/kg of the fall can be accounted for by
decreases in urea concentration, most of the change
resulting from a decline in the concentrations of plasma
sodium and its attendant anions.71 Thus, pregnancy is
characterized by a true decrease in effective Posm.

A decrease in Posm of such magnitude in a nonpreg-
nant subject would suppress antidiuretic hormone
secretion and result in a state of massive and continu-
ous water diuresis, which does not happen in pregnant
women. Rather, gravidas are able to maintain the new,
lower Posm within a narrow range, and water loading
or fluid restriction, respectively, lead to appropriate
dilution and concentration of their urine.163 These
events are made possible because osmotic thresholds
for both AVP secretion and thirst decrease by
8�10 mOsm/kg each during gestation, decrements
which are already demonstrable during gestational
weeks 5�8 and are sustained through term72,164,165

(Figure 81.10). It should be emphasized that parallel
declines in both the osmotic thresholds for AVP release
and thirst are required, in order to maintain the new
steady state Posm within a narrow range. That is, Posm

would rise in the face of persisting circulating levels of
AVP at the lower Posm of gestation, if the subject is not
simultaneously stimulated to drink water; conversely,
considerable polydipsia would be required to maintain
a lower Posm in the absence of AVP secretion.

The metabolism of AVP also changes in gestation,
hormonal disposal rates rising four-fold between early

FIGURE 81.8 Plasma renin activity (PRA), urine aldosterone excre-
tion, serum potassium, and blood pressure during pregnancy and 2
months postpartum in a woman with primary aldosteronism.
Hypertension and hypokalemia disappeared during pregnancy. [From
Ref.,156 with permission]
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and midgestation.164,165 This rather striking increase in
the metabolic clearance rate (MCR) of AVP parallels
the marked increase in both placental trophoblastic
mass and circulating levels of cystine aminopeptidase
(vasopressinase).165,166 Thus, the rise in MCR of AVP is
likely due to the extremely high circulating vasopressi-
nase emanating from the placenta, a concept supported
by studies showing that the metabolic clearance of 1-
deamino 8-D-AVP (DDAVP, Desmopressin), the AVP
analogue resistant to inactivation by vasopressinase,
does not change in pregnancy164 (Figure 81.11).

The cause of the osmoregulatory changes in preg-
nancy is obscure. hCG,72,167 constitutive NOS,124,168

and relaxin75,81 have each been suggested to play etio-
logic roles. Of further interest, decrements in Posm do
not occur in every species74; they do so, however in
rodents (along with decreases in the osmotic thresholds
for AVP release and drinking), and the rat has become
the model in which to explore mechanisms responsible
for changes that occur in humans.73,74,169�173 In this lat-
ter model, injection of hCG yielded equivocal results
(Barron and Lindheimer, unpublished observations),
but relaxin lowers Posm, as well as the osmotic thresh-
old for AVP release.75,81 These data suggest that the
osmoregulatory effects of hCG in premenopausal
women, ineffective in males, is through stimulation of
ovarian relaxin secretion. This hypothesis remains to
be explored.

Of interest is a group of investigators174 that ascribed
the decreased Posm in pregnancy to the decreased
“effective” circulating volume of pregnancy (so-called
“nonosmotic” release mechanism, see below). Ohara
et al. suggested that plasma AVP is detectable at low
Posm during pregnancy due to nonosmotic release, and
gravid rats also manifest upregulation of aquaporin-2
(AQ2) mRNA and protein in apical membranes of the
collecting duct, thus abetting water retention and lower
body tonicity. However, the mechanism underlying
increased AQ2 expression is uncertain, because circu-
lating AVP, although detectable despite the lower Posm,
are not elevated above nonpregnant values (as in
congestive heart failure). As discussed below, others
have accumulated evidence against decreased or
“underfill” of the arterial circulation as an explanation
for the control of vasopressin secretion during preg-
nancy. We note here that the observations of Ohara
et al may be paradoxical, insofar as an increase in AQ2
might be expected to blunt the animals ability to
excrete a water load, yet gravid rats excrete water as
well as or better than virgin controls.172

Significance of the Osmoregulatory Changes

The physiological significance of the changes in body
tonicity, as well as in the osmotic threshold for AVP
release and thirst is unclear. They may represent an

FIGURE 81.9 Left: Bicarbonate titration curves in six third-trimester women during slow infusion of 5% NaHCO3 solution. The infusion
inadvertently ran faster for a period of 30 min in 1 subject (BS), the only volunteer who displayed a wide splay. Right: Bicarbonate excretion as
a function of plasma HCO3 levels in pregnant women (filled circles) and two subjects restudied after delivery (open circles). THCO3 is lower in
the pregnant women (mean 18.9 mEq/L), but even when surpassed, the bicarbonaturia is still trivial. [From Ref.,158 with permission]
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epiphenomenon secondary to hormonal changes of
pregnancy, but it is noteworthy that they may facilitate
the increments in intravascular and extracellular vol-
ume that occur in pregnancy. Some believe the “physio-
logical hypervolemia” of gestation optimizes fetal
development, and in this respect, hypoosmolality
results in a need for less solute per liter of extracellular
water retained, certainly an advantage when sodium is

scarce. Another idea is that the retention of water dur-
ing pregnancy, which is distributed mainly to the intra-
cellular space, creates a reservoir for maintaining
extracellular and intravascular volume when water is
scarce.

One very clinically relevant consequence of the
altered osmoregulation in pregnancy is related to the
striking increase in the MCR of AVP. In the past,
women with central diabetes insipidus (DI) required
increasing amounts of AVP administration during
pregnancy. This is no longer the case since virtually all
patients are currently managed with DDAVP,175 which
escapes metabolism by circulating placental vasopressi-
nase (vide supra). Still there are patients with partial cen-
tral DI and sufficient hormone secretory capacity to
escape detection when nonpregnant, whose disease is
unmasked by the marked increase in AVP disposal
rates of pregnancy.176,177 More frequent and dramatic,
however, is another syndrome called “transient DI of
pregnancy,” which presents during the second half of
gestation and remits postpartum.73,74,177�179,180 It is
important to recognize this entity as women may
become dangerously hypernatremic especially if they
undergo cesarean sections using general anesthesia or
are water restricted in the delivery suite.181 These
patients have markedly high levels of circulating vaso-
pressinase that may still be above those of normal ges-
tation when measured during the first week of the
puerperium.179,182 Others may have subclinical central
DI, their pituitary gland unable to respond to the
increases in MCR of AVP during pregnancy. Polyuria
in these women is usually unresponsive to large doses
of AVP (pitressin), but they concentrate their urine rap-
idly when treated with DDAVP179 (Figure 81.12). Some
of these patients have hepatic dysfunction usually asso-
ciated with preeclampsia, but in a few the DI has
been associated with acute fatty liver of pregnancy.
Thus, it is tempting to speculate that failure of the liver
to inactivate vasopressinase, coupled with continuous
placental production of large quantities of the enzyme,
are causal. Consistent with this reasoning is documen-
tation in one patient of excessive pitocin requirements
during labor (vasopressinase destroys oxytocin as well
as AVP).175

The ability to excrete water during pregnancy can be
altered in other ways as well. Changing from lateral
recumbency to a supine position decreases urine flow,
and quiet standing may be more antidiuretic in preg-
nant than nonpregnant subjects (reviewed in Refs4,9,71).
The effect of supine posture is independent of circulat-
ing levels of antidiuretic hormone, since it has been
noted in a pregnant patient with central DI.4,9 It should
be underscored, however, that these “nonosmotic”
influences on water handling are not sufficient, of
themselves, to explain the gestational decline in Posm.

FIGURE 81.10 Relationships of PAVP to Posm during serial hyper-
tonic saline infusions in eight volunteers starting before conception
and completed postpartum. Each point in A�D represents individual
plasma determinations, and data from the postpartum period, which
were similar to these before conception, are not shown. Highly signif-
icant mean regression lines from the early pregnancy, the third tri-
mester, and nonpregnant periods demonstrate the marked decrease
in the abscissal intercept (which is the apparent osmotic threshold for
AVP release) during gestation. The decreased slope (ΔPAVP/ΔPosm)
in the third trimester is discussed in the text. Finally, the osmotic
thresholds for thirst in both pregnant and nonpregnant subjects (not
shown) were consistently 2�5 mOsm/kg above that for hormone
release, and were thus B10 mOsm/kg lower during pregnancy.
[Modified from Ref.72]

2704 81. RENAL PHYSIOLOGY AND DISEASE IN PREGNANCY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



No single body position is maintained all day, and in
addition the posturally induced antidiuresis rarely
retards urine flow sufficiently to account for the chroni-
cally reduced Posm (and thus the decreased plasma
sodium levels9,71) observed in pregnancy.

Nonosmotic Stimulus for AVP Secretion in
Pregnancy

The relative contribution of nonosmotic factors to the
regulation of AVP secretion during pregnancy is uncer-
tain, but in the nonpregnant human, volume is an

important determinant of AVP release: hypovolemia
stimulates, whereas hypervolemia blunts hormone
secretion. In gestation, absolute blood volume increases
markedly, but how the “effective volume” is sensed is a
subject of considerable speculation, (183�186 and dis-
cussed below). In this respect, the pregnant rat, which
also undergoes a 40�50% increase in plasma volume
near term, resets its volume-sensing, vasopressin
secretory mechanisms such that the increased volume
is sensed as normal.45,170,187,188 Hypovolemia may
decrease the osmotic thresholds for hormone release
and thirst (see the chapters by Robertson, MacKnight
et al., and Fitzsimons, Vol. 2), and some have ascribed
the osmoregulatory changes in human pregnancy to an
“underfilling” of the dilated intravascular space,
(184�186 and see below). However, expansion of the cen-
tral volume by head-out water immersion during the
first or last trimester had no effect on either the reduced
tonicity or the decreased osmotic thresholds in preg-
nant women,167 and Posm could not be restored by over-
expansion of volume (produced by administration of
exogenous mineralocorticoids) maintained throughout
gestation in rats.170

Urine Concentration and Dilution

Studies of maximum urinary concentrating capacity
(Umax) during gestation are reviewed elsewhere4 [see
also Table 81.2 of the first edition of this text,4 which
summarizes data from 255 women in seven publica-
tions]. However, there are only three reports that
include nonpregnant controls whose mean Umax is suf-
ficiently high for valid comparisons. Urine osmolality
was lower in the pregnant women in each of these
studies, but not significantly so (probably due to the
limited number of subjects). In any case, the differences
from nonpregnant controls were too small to be of bio-
logical significance.

Urinary dilution, too, seems unchanged or only min-
imally affected by gestation.4,9 Pregnant women excrete
water loads as well as when not pregnant,163 and
gravid rats seem to excrete water more efficiently than
virgin controls.172 The latter observation is of special
interest because of the apparent paradoxical observa-
tion that AQ2 mRNA and protein are upregulated in
the gravid rat.174 Immunohistochemistry of medullary
tissue suggested that the increase in protein was
mainly in apical membranes, which should have
blunted the animal’s ability to excrete water (as would
have small undetectable increases in PAVP, which the
authors postulated as causing the upregulation).
However, this apparent paradox may be resolved, if
during the imposition of water loading, the mechanism
(s) responsible for the basal increase in AQ2 expression
during pregnancy are superseded.189

FIGURE 81.11 Plasma levels and metabolic clearance rates
(MCRs) of AVP and DDAVP (1-deamino-8-D-AVP) measured serially
starting in the third trimester, then 24�48 h postpartum, as well as
5�6 and 10�12 weeks after delivery. Above each bar is one SD.
PVpase5plasma vasopressinase levels. [From Ref.,164 with permission]
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When investigating urinary diluting capacity in
humans, one should be aware that supine posture
can interfere with this test. Therefore, studies aimed
at detecting minimal urine osmolality or maximum
free water clearance should be performed with the
patient lying on her side. However, while lateral
recumbency is the preferred position for prenatal
measurement of most renal functional parameters,
this posture interferes with tests of Umax. For exam-
ple, Davison et al.71 demonstrated that Uosm actually
decreased in patients dehydrated for 12 h when they
assumed a lateral decubitus position for an addi-
tional 3 h, but increased when the test was repeated

with the subjects sitting quietly. These observations
may be explained by fluid mobilization from the
extremities during bed rest, which results in either
volume suppression of antidiuretic hormone release
or in a mild osmotic diuresis. These results demon-
strate the importance of upright posture, such as
quiet sitting, when tests of maximum urine concen-
trating ability are performed during pregnancy.

VOLUME HOMEOSTASIS

Factors controlling volume homeostasis in preg-
nancy are incompletely understood and controversial.
At one time, authorities believed that pregnant women
retained salt excessively, thus predisposing them to
develop hypertension. Sodium intake was curtailed
and at times diuretics were prescribed prophylacti-
cally. More recently, the gravida was considered a sub-
tle sodium waster, and supplemental salt was even
advocated as a means of avoiding preeclampsia
(reviewed in Refs.4,9,150 A third view, to which we
subscribe, is that renal sodium handling is similar in
pregnant and nonpregnant women. This section sum-
marizes current views on sodium handling and volume
homeostasis in normal pregnancy.

Weight Gain

Healthy primigravidas gain B12 kg during gesta-
tion, whereas multiparous women gain about 1 kg less.
Most of this gain (B9.5 kg) occurs after the 20th gesta-
tional week.190 Not all of the increase can be accounted
for by the products of conception, reproductive tissues,
or total body water (discussed below), but 4�6 kg of
the added weight may be accounted for by increments

TABLE 81.2 Analysis of Weight Gain

Increase in Weight, g

Tissues and Fluids

Accounted for

10 weeks 20 weeks 30 weeks 40 weeks

Fetus 5 300 1500 3400

Placenta 20 170 430 650

Amniotic fluid 30 350 750 800

Uterus 140 320 600 970

Mammary gland 45 180 360 405

Blood 100 600 1300 1250

Extracellular
extravascular fluid

0 30 80 1680

Total 340 1950 5020 9155

Total weight gained 650 4000 8500 12500

Weight not accounted
for

310 2050 3480 3345

FIGURE 81.12 Urine volume and Uosm

on postpartum day 6 in a patient who
developed DI late in pregnancy and whose
polyuria increased in the puerperium
(B25 L/24 h). She was unable to concen-
trate her urine during fluid restriction
(NPO), and PAVP was undetectable despite
a PNa of 153 mEq/L. DDAVP therapy, how-
ever, increased Uosm to 800 mOsm/kg. The
authors also measured a PAVP of 240 pg/
mL 30 min after the last AVP dose (when
several thousand pg/mL should have been
circulating), but demonstrated that this
radioimmunoassay material was not bioac-
tive and probably represented fragments.
Finally, vasopressinase level measured 12
days postpartum was 10-fold higher than
in women at term. See text for definitions
of abbreviations. [From Ref.,179 with
permission]
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in maternal fat stores.151,183,190,191 The gain of 12 kg
cited above was recorded in pregnant women without
any edema or with only leg swelling.4,190 However,
15% of normal pregnant women may develop general-
ized edema (including swelling of fingers and face).
Their weight gain averaged 14.5 kg, of which 4.9 kg
was due to increase in the extracellular-extravascular
compartments.

The value of 12 kg is well above averages reported
in the older literature. Most surprising, however, is
that in the past practitioners tended to regard pub-
lished averages as upper limits of permissible weight
gain, and many pregnant women have been admon-
ished for excessive weight gain and their salt or calorie
intake, or both, needlessly restricted. It should be
emphasized that some women gain little weight while
others may gain twice the average, and gestation pro-
ceeds uneventfully in both.

Alterations in Fluid Volume

Most of the weight added in pregnancy represents
fluid retention. Total body water has been measured
during pregnancy using deuterium, the stable isotope
of oxygen [O18], and by bioelectrical
impedance.151,190�194 The results suggest total accumu-
lations of 6�9 L, although they vary due to methodo-
logical differences. Of interest, in a serial study starting
before conception, Forsum et al.151 noted higher incre-
ments in body fat than other investigators.

The volume of water accumulated in the extracellu-
lar compartment remains uncertain due largely to the
lack of an ideal tracer for use in pregnant women.
Reported estimates vary widely, and there is poor cor-
respondence in those subjects in whom both extracellu-
lar and total body water were measured
simultaneously. Reports in which thiocyanate was
used as the tracer and the gain in extracellular space
calculated as 6�7 L appear the most reasonable, since
when added to the estimated 1.8�2.5 L of accrued
intracellular water, the total approximates that mea-
sured directly with deuterium oxide.4,150,190

Nonetheless, more research in this area will be needed
before definitive conclusions can be reached.

Intravascular volume increases during pregnancy
due mainly to increases in plasma water and a
small increment in red blood cell mass
(Table 81.2).4,9,150,183,195 Plasma volume has been mea-
sured in pregnant women by several methods, but usu-
ally with Evans blue dye.9,26,150,195,196 In the earlier
literature, values were recorded as increasing until ges-
tational week 30 and then declining. Such studies were
in error, because late in gestation the indicator may not
attain complete mixing within 10 min, if the subject is

positioned in a supine or sitting position. Subsequent
studies were performed serially, with the gravidas
positioned in lateral recumbency for each measure-
ment, and increases in plasma volume started in the
first trimester, accelerated in the second, peaked near
gestational week 32, and remained elevated until
term.195,197,198 The maximal gain averages
1,100�1,300 mL, although larger increments may occur
when there are multiple fetuses.

Studies in animal models demonstrate increases in
both plasma and red cell volume during pregnancy.2,187

Of interest is an observation that plasma volume
increases during early rat gestation even when the ani-
mals have a “zero” sodium intake, suggesting that
some of the gain can be from internal redistribution of
salt and water under this dietary condition.199,200

Since expansion of the plasma volume accounts for
only 20�30% of the increase in extracellular space,
increases in interstitial fluid must be substantial. In his
analysis of the distribution of body water during preg-
nancy, Hytten190 suggested the following: in women
with no edema or leg edema only (B80% of normal
gravidas), increments in interstitial fluid average 2.5 L
at term, whereas in normotensive women with general-
ized edema the increase in interstitial fluid reaches
B5 L at term. In normal pregnant women, both with
and without edema, the greatest accrual of interstitial
fluid occurs in the third trimester, thus lagging some-
what behind the increment in plasma volume.

The mechanisms explaining interstitial fluid volume
increases are incompletely understood. Unfortunately,
there are but sporadic and/or conflicting data from
both animal models and humans.183,195 Plasma albu-
min decreases 0.5�1.0 g/dL during pregnancy, but its
concentration in interstitial fluid may fall even further;
thus, paradoxically, the oncotic pressure difference
favors retention of fluid within the capillaries.195,201,202

However, pregnancy is a vasodilated state (see below),
and precapillary resistance is decreased, capillary
hydrostatic pressure elevated, and, if the capillary
ultrafiltration coefficient is unaltered203 or higher, more
fluid will enter the interstitium, especially if interstitial
compliance is increased. In the steady state, there
would also be enhanced return of fluid to the intravas-
cular compartment and increased removal of protein
through the lymphatics.

There is also speculation that some of the interstitial
changes during gestation are due to alterations in the
properties of connective tissue ground sub-
stance.4,9,183,190 Thus, although low-molecular weight
substances (e.g., cellular nutrients) diffuse readily
through this material, fluid is “complexed” and
poorly mobilized by diuretics. Furthermore, altera-
tions in interstitial compliance, mediated through
humorally induced changes in mucopolysaccharides,
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could conceivably influence blood pressure. Data in
favor of such a hypothesis are sparse (reviewed in
Refs4,9,183,190) but provocative, and await further
study.

On the one hand, the normal gain in interstitial vol-
ume during pregnancy may reduce the safety margin
for edema formation in pathological states,183 thus
explaining why previously healthy gravidas may
develop pulmonary edema when tocolytic therapy or
the development of preeclampsia provokes additional
fluid retention. On the other, there is the theoretical
advantage of providing a large pool of interstitial fluid,
which can be mobilized into the intravascular space
when sudden depletion occurs, for example, by hemor-
rhage. Finally, increased fluid filtration across the cap-
illary may protect the gravida from circulatory
overload whose total blood volume is already
increased.

In summary, pregnancy is characterized by the
accumulation of .7 L of fluid, which is stored not
only in the products of conception but also in the
maternal intracellular, plasma, and interstitial com-
partments. In essence, there is maternal “physiologic
hypervolemia.” However, the volume receptors
apparently reset to the hypervolemic state, thus sens-
ing it as normal, and with imposition of salt restric-
tion or diuretic therapy, the maternal response is
similar to that observed in salt-depleted nonpregnant
subjects (see below).

Renal Sodium Handling

A pregnant woman accrues B950 mEq of sodium
(Table 81.1), which is distributed between the products
of conception and the maternal extracellular space (see
above). This positive balance occurs gradually through-
out gestation with the third trimester being the period
of most rapid accumulation; however, the quantity
retained is too small to be detected by conventional
balance techniques. Renal sodium handling is the pri-
mary determinant of volume homeostasis, thus a brief
review of the hemodynamic and humoral changes of
normal gestation, which might influence urinary
sodium excretion follows.

Circulating levels of many antinatriuretic hormones,
mainly mineralocorticoids (e.g., aldosterone and DOC)
increase during gestation, often markedly (see the pre-
vious edition, and Refs,9,150,195 which provide reviews
and monographs with detailed bibliographies). In this
regard, the renin�angiotensin system is the control
mechanism most studied,9,195,204 and Figure 81.13 sum-
marizes a detailed study by Wilson et al.205 in which
plasma renin substrate, activity (Plasma renin activity),
and urinary sodium and potassium excretion were

measured throughout gestation. Note the sequential
increases in plasma renin substrate and activity, which
start early in gestation. Salt excretion (reflecting intake)
was similar during gestation and in the postpartum
period, suggesting that inadequate sodium intake does
not account for these rises. Moreover, despite these
high circulating levels of plasma renin substrate and
activity, the renin�angiotensin system responds appro-
priately to provocative maneuvers, e.g., circulating
levels decrease after saline infusion or during
a high salt diet, or rise further after the administration
of diuretics or when dietary sodium is restri-
cted.9,195,206�211 Furthermore, inhibition of aldosterone
biosynthesis causes a diuresis and subtle signs of vol-
ume depletion, the salt loss already apparent when
aldosterone excretion, though decreasing, is still con-
siderably above nonpregnant levels.212 Thus, the
renin�angiotensin system does not function autono-
mously during pregnancy as some have presupposed.
Rather, the high circulating levels of aldosterone,
which often exceed those measured in nonpregnant
patients with primary aldosteronism, are appropriate
in pregnancy responding to homeostatic demands.

Nevertheless, physical factors do seem to have a
greater influence on renal handling of salt during preg-
nancy then they do in the nonpregnant state including
the antinatriuretic potential of the upright or supine
position, and perhaps the vascular changes in the
uterus especially in late gestation which has been lik-
ened to an arteriovenous shunt.4,9,150 In pregnancy,
therefore, the supine and upright positions are
markedly antinatriuretic, and quiet standing may cause
greater reductions in sodium excretion in pregnant
than in nonpregnant women.4,9,150 Thus, bed rest in the
lateral recumbent position is helpful in the rare
instances when a diuretic appears necessary.

Postural influences may also underlie the circadian
rhythms of solute and water excretion in pregnant
women. Recumbent gravidas typically display patterns
of urine flow, creatinine clearance, and aldosterone
and electrolyte excretion similar to those of nonpreg-
nant subjects (i.e., daytime peaks and nighttime
nadirs). However, ambulation results in more striking
changes during pregnancy than in the nonpregnant
state, and excretory peaks frequently occur at night
(reviewed in Refs4,9). On the other hand, nighttime
excretion of sodium and solute-free water may be
greatest early in pregnancy when postural effects are
minimal, suggesting that humoral, rather than mechan-
ical factors are responsible for these changes.4,9

Many hormones and autocoids change during preg-
nancy, which can theoretically enhance renal sodium
excretion. These include increased circulating levels of
oxytocin, melanocyte stimulating hormone, progester-
one, natriuretic peptides, vasodilating PGs, and NO
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(for literature reviews see Chapter 100 in the first edi-
tion and Refs9,195,213). Progesterone levels increase
markedly even over those observed during the luteal
phase of the menstrual cycle, and binds with higher
affinity than aldosterone to the mineralocorticoid
receptor prompting investigators to question how aldo-
sterone functions in face of such high circulating levels
of progesterone.214 One possibility may be that proges-
terone actually contributes to antinatriuresis, as it is the
major source of DOC production during preg-
nancy.215�218 Because renal steroid 21-hydroxylase
activity (the enzyme that converts progesterone to
DOC) may be particularly high in pregnancy, a consid-
erable portion of maternal DOC may be produced in
the vicinity of the renal receptors whose stimulation
enhance sodium reabsorption.218

There is considerable literature devoted to the vari-
ous natriuretic factors and Na1�K1 ATPase inhibitors
in pregnancy, but their influence on renal sodium

excretion during pregnancy is also obscure. In particu-
lar, the production of atrial natriuretic peptide (ANP)
exceeds increases in metabolic clearance, so that circu-
lating levels are increased.213,219�221 However, the
increments in PANP are quite modest in relation to the
marked increases in extracellular volume that occurs in
normal pregnancy. Finally, the renal resistance to the
natriuretic effects of atrial peptides described in animal
models222�225 does not seem to occur in human
gestation.221

Perhaps, the major factor of importance when con-
sidering renal salt handling during pregnancy is the
profound increase in GFR. Thus, every day more than
10,000 additional milliequivalents of sodium are fil-
tered that must be reabsorbed by the renal tubules, a
quantity which greatly exceeds the salt-retaining effects
of large amounts of aldosterone, DOC, or estrogens
administered experimentally. Quantitatively, the
increase in filtered load of sodium is so enormous that

FIGURE 81.13 Sequential changes in plasma renin substrate (A), activity (B), and plasma and urine aldosterone (C) during pregnancy, all
related to urine sodium excretion. Dashed line in B represents values normalized to the postpartum substrate levels. [From Ref.,156 with
permission]
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one might anticipate that it would render gravidas
more vulnerable to salt and volume depletion. Thus,
on the one hand, gravid rats tolerate sodium restriction
and adrenalectomy more poorly than do the virgin
controls9,226 but, on the other, all pregnant species
including humans are in positive sodium balance, and
as noted, many women exhibit edema at some point of
their gestation.

Effects of Acute and Chronic Sodium Loads

Whether salt-retaining or salt-losing influences pre-
dominate during gestation might be clarified by testing
the capacity of pregnant and nonpregnant subjects to
excrete saline loads. In the older literature, most stud-
ies lack nonpregnant controls.4,9,150 An exception is
that of Chesley and colleagues,227 who infused 3%
saline (410 mEq Na over 30 min) and observed that
pregnant subjects excreted the administered sodium as
well as the nonpregnant controls despite the fact that
they were tested in the supine position and moderately
sodium restricted prior to the test. These results, how-
ever, were disputed by Weinberger et al.,211 who
observed that gravid subjects given 2 L of isotonic
saline over 4 h excreted significantly less sodium than
comparably treated nonpregnant controls. More
recently, in an extensive and meticulously conducted
study in which dietary sodium intake was controlled,
and the subjects were evaluated serially during the sec-
ond and third trimesters and again postpartum, Brown
et al.228 confirmed the original observations of Chesley
and coworkers.227 A similar conclusion was reached in
an animal study, in which term pregnant rats excreted
acute sodium loads as well as, or better than, virgin lit-
termate controls; however, the animals were
anesthetized.229

Acute imposition of sodium loads does not necessar-
ily relate to the homeostatic processes involved in
sodium balance that occur over the course of an entire
gestation. Consequently, several investigators con-
ducted metabolic balance studies in an attempt to
assess salt handling over a more prolonged period dur-
ing pregnancy. Some authors concluded that gravidas
have an impaired ability to conserve sodium and may
show signs of volume depletion when dietary salt con-
tent is too low, whereas others stated that pregnant
and nonpregnant subjects withstood challenges to
sodium balance in a comparable fashion (reviewed in
Refs4,9). Bay and Ferris206 reported that pregnant
women achieved balance as rapidly as nonpregnant
controls while consuming diets containing as little as
10 mEq of sodium daily. Urinary sodium excretion
decreased to similar values in pregnant and nonpreg-
nant subjects 5�7 days after the low salt diet was insti-
tuted. These data, however, may lead to different
conclusions from those reached by the authors when

the following factors are considered: the small daily
positive balance of 3�6 mEq in late gestation is too
small to be detected by routine metabolic studies, and
gravidas appear to excrete all their ingested sodium.
Moreover, when gravid subjects are salt restricted, the
increased sodium demands of pregnancy should make
them resemble patients with cirrhosis or congestive
heart failure who virtually eliminate sodium from their
urine. Hence, the dietary restriction of 10 mEq daily in
the report by Bay and Ferris should have revealed dis-
cernible differences in sodium balance between preg-
nant and control subjects. However, the gravidas in
this study actually excreted 1�2 mEq more than the
nonpregnant women, failed to gain the 1�2 lb of
weight expected during a 7-day period in late gesta-
tion, and actually lost .2 lb. Also, plasma aldosterone
increased to levels, which are considered high even for
pregnant women. Thus the data of Bay and Ferris actu-
ally support conclusions contrary to the one they
made, i.e., some salt-restricted pregnant women are
prone to subtle sodium wasting, and others may
achieve balance by invoking compensatory mechan-
isms such as adrenal steroid production.

In summary, there is a positive, cumulative salt bal-
ance during gestation, which amounts to a few millie-
quivalents of sodium daily. There are many
physiological changes during pregnancy that impact
sodium balance including the rise in GFR, the effects of
physical factors, altered plasma levels of both antina-
triuretic and natriuretic hormones, etc., but to what
degree each contributes to the overall renal handling of
sodium during pregnancy remains uncertain. On the
one hand, the vast array and complexity of changing
factors during pregnancy that affect sodium balance
may render gravid women particularly susceptible to
pathological outcomes should a component(s) of this
intricate control system be amiss, e.g., the appearance
of generalized edema and even obscure hypokalemia
occasionally encountered in otherwise normal gravi-
das. On the other, the vast array and complexity of
changing factors in pregnancy may be advantageous
and evolutionarily conserved because of the inherent
redundancy of mechanisms that can compensate one
for the other, in the event that one or more should fail.

Significance of the Volume Changes During
Pregnancy

On the one hand, the physiological hypervolemia
may be a suboptimal response to the general arterial
vasodilation of pregnancy, the so-called “underfill” or
“primary arterial dilation” theories. On the other, the
volume changes may be a primary event arising from
the marked increase in antinatriuretic factors such
mineralocorticoids, the so-called “overfill” theory.
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However, an intermediate possibility is that volume-
sensing mechanisms are continually reset as gestation
progresses, and as such, the increments in absolute vol-
ume are “sensed” as normal (“normal-fill”). These con-
trasting hypotheses, previously mentioned in the
section on osmoregulation, are clarified further below
(see Ref.183 for extensive review).

Evidence supporting the “underfill” theory is
detailed by Schrier184�186,230 and Duvekot231 and their
respective colleagues, and includes the marked activa-
tion of the renin�angiotensin system, substantiated not
only by an increase in all of its circulating components
(Figure 81.13) but also by the observation that pregnant
women manifest exaggerated increases in aldosterone
release in response to low-dose infusion of angiotensin
II.232 There is also evidence that the gestational decline
in systemic vascular resistance precedes intravascular
volume expansion, thus supporting the “primary arte-
rial vasodilation” theory,26,47,231,233 and administration
of angiotensin-converting enzyme (ACE) inhibitors
early in pregnancy evokes exaggerated decrements in
blood pressure.230 Finally, as noted, adrenalectomy,
sodium restriction, or both, are tolerated more poorly
in pregnant animal models.226

The “overfill” theory is supported by increases in
renal hemodynamics and GFR, absolute increments
in extracellular and intravascular volumes, elevation
in the levels of circulating natriuretic factors and inhi-
bitors of Na1�K1 ATPase,195,213,220,221 and by a
report of increased sodium excretory capacity in
response to saline infusions.211 Gravidas also appear
more susceptible to complications of volume over-
load, especially those with underlying cardiac or
renal disorders, or those receiving tocolytic therapy
with sympathomimetic agents. In addition, they seem
to tolerate blood loss better than do nonpregnant
women. Finally, the mean circulatory filling pressure
measured in gravid rodents has been consistently
described as high normal or increased234�238 as dis-
cussed further in Ref.183

Evidence for “normal-fill” is supported by animal
experiments demonstrating the relationship between
intravascular volume depletion and AVP release
(detailed in the section on osmoregulation and
Refs74,167,170,187). Also studies in rats and humans using
indices of proximal tubular function such as fractional
lithium and free water clearances suggest that sodium
and water reabsorption by this nephron segment are
unaltered.239,240 Moreover, with water loading both
species dilute their urine normally or better than non-
pregnant controls.71,163,172 Of note here is that failure to
dilute the urine normally and excrete water and
sodium are major pathophysiological features of hypo-
natremic patients with cirrhosis or cardiac failure, the
prototypic diseases in which absolute extracellular and

intravascular volumes are increased while “effective
circulating volume” is low. Pregnancy, however, is a
physiological condition, and thus salt and water excre-
tory responses to acute sodium and water loads are
comparable in pregnant and nonpregnant populations
consistent with the concept that pregnancy is a “nor-
mal-fill” state (see Refs cited above and9,227�229).
Finally, as detailed elsewhere,183,241 circulatory perfor-
mance during gestation (including the adequate
response to exercise) is further evidence that gravidas
“sense” their intravascular volume as normal.

In summary, disputes surrounding the true nature
of the volume accrual in pregnancy as noted above are
yet to be settled, and it may be that all views are cor-
rect with each being apropos depending on the stage of
gestation, e.g., early primary vasodilation26,46,47,231,233

followed by rapid compensation to normal-fill, and in
some cases, overfill during late gestation due to a pre-
dominance of antinatriuretic influences such as physi-
cal factors at that time. Settling these controversies
should perhaps be a priority, because understanding
how the pregnant woman “senses” her volume
changes may have wider implications for our under-
standing and management of gravidas with cardiac
disease and hypertensive disorders such as
preeclampsia.

RENAL DISORDERS AND GESTATION

This section surveys renal and obstetrical outcomes
in pregnancies associated with kidney disease, includ-
ing acute problems (e.g., urinary tract infection and
sudden renal failure), as well as the natural history of
gestation in women with chronic renal parenchymal
disorders. Once, women in the latter category were
advised against conception, while many who had
already conceived had their gestations terminated,
regardless of renal functional status. Data collected
during the past three decades, albeit primarily retro-
spective, has led to a more rational and optimistic
approach to counseling these patients, as well as to
guidelines for managing their gestations. Of note, most
women with chronic kidney disorders but preserved,
or only mildly compromised renal function, can antici-
pate successful pregnancy outcomes with minimal risk
of accelerating their disease.

Patient Evaluation

The approach to gravid women with renal problems
is similar to that in nonpregnant populations, although
tests which utilize ionizing radiation or radiochemicals
should obviously be deferred until after pregnancy
unless deemed crucial. Exposures to #5 rads do not
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appear to harm the fetus.242 The effect of the enhanced
GFR, as well as alterations in acid-base parameters,
and osmoregulation, on normal ranges of circulating
creatinine, urea nitrogen, bicarbonate, sodium, and
osmoles; blood pH and CO2 tension were discussed in
the previous section and will not be repeated here.
Ammonia loading to determine the kidney’s ability to
excrete protons and achieve a minimal urine pH is
rarely performed in pregnancy,158,197,243 and gravidas
may be more susceptible to NH4Cl-induced nausea
than nonpregnant women. When assessing GFR by
endogenous creatinine clearance the lower limits of
normal should be increased by B30%. Of note, other
endogenous proteins easily measured in clinical labs
have recently suggested as better markers of GFR than
creatinine levels. One, especially, Cystatin-C has been
recommended for use in pregnant women, but its
validity for use in pregnancy has been recently ques-
tioned.244,245 Finally, when timed urines are neither
practical (e.g., decisions during labor) nor reliable use
of the Cockcroft�Gault formula based on preconcep-
tion body weight can be utilized.246

Most, but not all, investigators247 detect increases in
urinary protein excretion in pregnancy.31,134,248

Accepting the relative imprecision and variabilities of
the methods used by hospital laboratories (as well as
the fact that certain proteins remain undetected by
some and not by other tests), 300 mg/day should be
considered the upper limit of protein excretion in preg-
nancy. There are limited data on normal limits and
validity of protein and/or albumin creatinine ratios in
gestation. As previously discussed, the fate of urinary
albumin excretion is disputed.22,31,248�256 Even if it does
rise, the increments are quite small, and thus use of
nonpregnant upper limits of normal is probably per-
missible. Urine albumin excretion may have predictive
value in relation to pregnancy outcome in women with
diabetes, and those at high risk for preeclampsia but
more research is needed here.

One should recall that as many as 5% of healthy ado-
lescents and young adults manifest postural protein-
uria, and this may become apparent or be first detected
during pregnancy, especially near term when gravidas
tend toward lordosis, a posture that augments urinary
protein excretion. Finally, studies of tubular protein-
uria, as well as enzymuria in either normal gravidas or
those with renal disorders have sporadically appeared
[summarized in Refs4,22,257]. These measurements are
yet to be proved useful in the detection and manage-
ment of renal disorders in pregnant women.

There have been few attempts to quantitate the urine
sediment in pregnancy. Whether or not there is an
increase in leukocyturia is unclear, but excretion of red
blood cells definitely rises, so that 1�2/RBC per high-
power field, considered abnormal in nonpregnant

patients is probably acceptable in gravidas.9,150,160,258

One should be aware, though, that microscopic and
even gross hematuria may complicate otherwise
uneventful gestations. When this occurs, the differen-
tial diagnosis includes all causes of urinary tract bleed-
ing in nonpregnant populations, but often a cause
cannot be found and the bleeding subsides postpar-
tum. In some cases, the hematuria may be due to the
rupture of small veins around the dilated renal pel-
vis,259 the bleeding recurring with subsequent pregnan-
cies. When faced with de novo hematuria in a pregnant
woman, we follow up the urinalysis with ultrasono-
graphic or magnetic resonance imaging (MRI), defer-
ring more extensive investigations to the postpartum
period.

Renal Biopsy

There are few indications to perform percutaneous
renal biopsies in pregnant women, although the proce-
dure has the same morbidity as that reported in non-
pregnant patients.260 In 1987, Packham and Fairley261

described their large experience with renal biopsy dur-
ing gestation and suggested that most pregnant women
with undiagnosed hematuria and/or proteinuria
should have antepartum biopsy, claiming that such a
policy has important relevance for management and
prognosis. We believe that their indications are too
broad, and recommend the procedure in only the fol-
lowing instances260: (a) sudden deterioration of renal
function with no obvious cause present, because cer-
tain forms of rapidly progressive glomerulonephritis
may respond to aggressive treatment such as steroid
pulses and perhaps plasma exchange; and (b) symp-
tomatic nephrotic syndrome remote from term. For the
latter, some might consider a therapeutic trial of ster-
oids, but we prefer to determine first whether the
lesion is one likely to respond to this treatment before
exposing the gravida to it. On the other hand, protein-
uria alone in a normotensive woman with well-
preserved renal function who has neither marked
hypoalbuminemia nor intolerable edema would lead
us to examine the patient at more frequent intervals
and defer biopsy to the postpartum period. This is
because prognosis is determined primarily by the
patient’s functional status, as reflected in the serum
creatinine level or its clearance, and by the presence or
absence of hypertension (see below). Our approach to
gravidas presenting with asymptomatic microscopic
hematuria alone and no pathological findings by ultra-
sonography is similar. Finally, renal biopsy should not
be performed after gestational week 32, because at this
stage the decision to deliver is usually made rapidly
and independent of biopsy results.
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Urinary Tract Infection

Infections of the urinary tract represent the most
frequent renal problem encountered during ges-
tation.9,150,262�264 Although the prevalence of asymp-
tomatic bacteriuria, which ranges between 2% and
10%, is similar to that in nonpregnant populations
[exceptions are gravidas with sickle cell trait and dia-
betes in whom higher rates have been observed262], the
natural history of covert urinary tract infections differs
from that in nongravid women. In the latter, the situa-
tion is quite benign, whereas during pregnancy pro-
gression to overt cystitis or pyelonephritis occurs in up
to 40% of affected gravidas.9,262�265 It has also been
claimed that asymptomatic bacteriuria is associated
with increased incidence of anemia, hypertension, and
intrauterine growth retardation, as well as “preterm/
low-birthweight” infants, but data supporting these
assertions are lacking or equivocal.9,150,262,266�269

The pathophysiological basis for the increased mor-
bidity noted above can be traced to two of the “physio-
logical” changes in the urinary tract detailed in the
preceding sections. There is urinary stasis and ureteral
dilatation (sometimes obstructive in origin), and the
urine of gravidas has a high nutrient content which
supports growth better than that of nonpregnant sub-
jects. Consequently, most authorities believe that all
gravidas should be screened at their initial prenatal
visit, and women with confirmed positive cultures
should be treated, guided by the antibiotic sensitivity of
the isolated microorganisms.9,262,264 Indeed, detection
and therapy of asymptomatic infections seems to pre-
vent approximately two-thirds of potential antepartum
pyelonephritis.262 Other investigators,270�272 however,
question the sensitivity and cost-effectiveness of routine
screening and suggest that testing be limited to women
with a history of recurrent urinary tract infection.

The incidence of bacteriuria increases to B17%
immediately after delivery but decreases again to about
4% if the urine is cultured on day 3 postpartum273

Symptomatic Infections

Cystitis or pyelonephritis complicates about 3% of
all pregnancies.262,264 Universal screening for covert
bacteriuria does not seem to have decreased the inci-
dence of acute cystitis (1�2%), but appears to be
responsible for the decrement in the potentially more
serious complication, acute pyelonephritis. Its inci-
dence, once nearly 3%, is now less than 1%, a decline
ascribed to prompt treatment once asymptomatic bac-
teriuria is detected.262

Cystitis seems to be a distinct entity with little rela-
tionship to covert bacteriuria. The latter is unusual after
gestational week 12, whereas most bouts of cystitis
appear in the second trimester in women with

previously negative screening cultures. Furthermore, it
is easier to eradicate, and has a lower recurrence rate,
than asymptomatic bacteriuria.262,264

Acute pyelonephritis is a potentially more threaten-
ing disorder in pregnancy. Most instances, B70%
related to preexisting asymptomatic bacteriuria, but the
offending organism may be newly acquired. About
10% of these symptomatic infections in the initial tri-
mester, and the remainder equally divided between
the last two trimesters.262,264 The infecting organisms
parallel those cultured in women with asymptomatic
bacteriuria (. 90% gram-negative rods, primarily
E. coli).262�264,272,274 Of importance, gestation seems to
decrease tolerance to these pathogens, and gravidas
with acute pyelonephritis seem more prone to shock
and respiratory distress syndrome, as well as
renal, hematological, and liver function abnormali-
ties.9,262,264,275 Symptomatic infections of the kidney
have also been implicated in the etiology of congenital
abnormalities, premature delivery, fetal growth retar-
dation, and intrauterine death.9,150 It is noteworthy that
while the infectious attack appears to have little effect
on the renal function of nonpregnant patients, acute
pyelonephritis in pregnant women may result in tran-
sient but marked decrements in GFR.262,264

Perinephric abscess, renal carbuncle, and renal corti-
cal abscess are unusual events in pregnancy, but
should be considered in cases of occult or resistant
infection.9,262 This is especially true in the immediate
puerperium, when focus on uterine and abdominal
sources of infection frequently leads physicians to
ignore the possibility of the complications noted above.

Management

As of 2011, most authorities would prescribe 7�10
days of antibiotics to treat covert bacteriuria. Such regi-
mens eradicate bacteriuria in 70% of these asymptom-
atic patients and cure .90% of women with
cystitis.262,264 Shorter courses, currently under investi-
gation, include single dose therapy,276 an approach,
that if proven successful will minimize toxicity, and
perhaps identify patients at increased risk for recurrent
asymptomatic bacteriuria (the latter who then may
benefit from suppressive therapy).262,264 Also, in 2006 a
large WHO randomized trial testing the use of dip
sticks to detect significant bacteriuria followed by sin-
gle day therapy to eradicate it was underway.

While cystitis is treated on an outpatient basis, acute
pyelonephritis is preferably treated in a hospital set-
ting, In the latter respect, though, scattered reports
claiming successful outpatient management periodi-
cally appear.264,277 Most gravidas with upper tract
infections respond with defervescence within
48�72 h,262,264 but in contrast to gravidas with cystitis
or covert bacteriuria, these women have a propensity
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toward relapse. Thus, while patients with cystitis or
asymptomatic infection warrant a 7�10-day course of
the appropriate antibiotic, those with acute pyelone-
phritis should be treated with therapeutic doses for
2�3 weeks. Subsequently, they should receive continu-
ous suppressive therapy during the remainder of gesta-
tion, as well as during the first postpartum weeks,
since up to 60% of these patients will have recurrent
pyelonephritis if left untreated.262,264 Some authori-
ties,274 however, claim that frequent surveillance for
recurrent infection, and institution of prompt treatment
only when significant bacteriuria is identified, is as
effective as suppressive therapy.

Acute Renal Failure

The incidence of acute renal failure (ARF) of suffi-
cient severity to require dialytic therapy is ,0.01% in
industrialized nations.278�280 This represents a substan-
tial decline from frequencies reported during the
1960s278 and is due most likely to liberalization of abor-
tion laws, more aggressive antibiotic therapy, and
improvement of prenatal care. Furthermore, maternal
mortality associated with ARF, once almost 20%, is
now unusual.278,280,281 These reassuring statistics, how-
ever, do not apply to poorer and less industrialized
nations, where obstetric patients comprise up to 25% of
referrals to dialysis centers, and where ARF continues
to cause substantial maternal and fetal mortality.278,280

Septic Abortion

Before elective pregnancy termination was legalized,
estimates of illegal (usually nonsterile) abortions in the
United States were as high as 1 million annually.278

Approximately 5% of these women became critically
ill, and septic shock frequently complicated by renal
failure was a leading cause of maternal death. Most of
these events took place during the initial trimester, giv-
ing ARF in pregnancy a bimodal distribution: one peak
in early gestation comprising most cases of septic abor-
tion, and a second after gestational week 35, mainly
due to placental abruption, bleeding, and preeclampsia.
In countries where access to sterile pregnancy termina-
tions has increased, the initial peak has virtually
disappeared.278,280,281

The presentation of women with sepsis-related ARF,
especially when due to clostridia, can be quite dra-
matic. Onset may be sudden, from several hours to
1�2 days after the attempted abortion, associated with
an abrupt rise in temperature (. 40�C), often with
vomiting and diarrhea (which may be bloody). Muscle
pain may be present, most intensely in the upper limbs,
thorax, and abdomen; the latter leading at times to
erroneous diagnosis of an intraabdominal

inflammatory process (especially when a history of
induced abortion is denied or not sought for). Vaginal
bleeding may be absent, and clostridia organisms are
difficult to culture or detect in the smear, besides being
also normally present in the female genital tract.
Progression to shock may be rapid, and the patients
can manifest a peculiar bronze color due to association
of jaundice (secondary to hemolysis) with cutaneous
vasodilatation, cyanosis, and pallor. Other features
include severe anemia, marked leukocytosis, and
severe thrombocytopenia (as part of an intravascular
coagulopathy). Hypocalcemia also occurs, and has
been reported to be of sufficient severity to provoke tet-
any. An abdominal roentgenogram may demonstrate
air in the uterus or abdomen secondary to gas-forming
organisms and/or perforation. Death occurs rapidly in
a small percentage of patients, but most respond to
antibiotics and volume resuscitation, and survival
depends largely on management of the renal failure.
(The roles of hyperbaric oxygen, antitoxin, and
exchange transfusion, as well as controversies concern-
ing a conservative approach versus early surgical inter-
vention to remove the infected uterus are discussed in
most obstetric texts, and in Refs.278,280,282

Other Pregnancy-Related Causes

Volume depletion complicating hyperemesis gravi-
darum, severe vomiting associated with pyelonephritis,
and uterine hemorrhage due to a variety of causes
(including placenta previa, abruption, failure of the
postpartum uterus to contract, lacerations, and perfora-
tions) all cause ARF mainly of the tubular necrosis
variety.278,280 Failure to estimate blood loss correctly
because the hemorrhage is “concealed” behind the pla-
centa contributes to the development of renal failure in
these patients, and such judgment errors can be mini-
mized by the judicial and rapid use of ultrasonic tech-
niques. ARF associated with preeclampsia is discussed
in the final section of this chapter.

Cortical Necrosis

Renal cortical necrosis, which was once more fre-
quent in obstetric than in nonpregnant popul-
ations,278,280,283�285 is now rare, its incidence in
industrial nations being 1 in 80,000.279 It presents more
commonly in late gestation, when it is often associated
with placental abruption and less commonly following
retention of a dead fetus. Abruptio placentae should be
considered when ARF develops suddenly between ges-
tational weeks 26 through 30, as 45% of the patients in
one series286 had concealed hemorrhage.

Cortical necrosis may involve the whole renal cortex
causing irreversible renal failure, but most cases associ-
ated with gestation are of the incomplete or “patchy”
variety. The latter is characterized by an initial episode
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of severe oliguria-anuria, lasting longer than uncompli-
cated tubular necrosis, followed by a variable return of
function.280,286

The reason why gravidas are prone to develop corti-
cal necrosis more readily than nonpregnant women is
unclear. Many of the patients are older multiparas
whose renal biopsies contain evidence of nephrosclero-
sis, suggesting a kidney vulnerable to whatever the
inciting factor may be.278 There may be severe and pro-
longed “selective” renal vasospasm causing endothelial
damage and local activation of coagulation factors
and/or potent vasoconstrictors. Of interest, the
Sanarelli-Shwartzman reaction is produced more read-
ily in gravid or postpartum animals than in their non-
pregnant controls.287

Pregnancy-Specific Complications

There are two very uncommon forms of ARF pecu-
liar to gestation. One is associated with acute fatty liver
of pregnancy, and the second, of unknown etiology,
occurs postpartum.

Renal failure in association with acute fatty liver is
seen mainly near term but can occur shortly after mid-
gestation.1,9,278,280,288 The earliest manifestations of fatty
liver are nausea and vomiting, important clues that
may be overlooked or considered functional because
the patient is pregnant. Laboratory data will confirm
the presence of jaundice and other evidence of hepatic
dysfunction.278,280,289 There is an early rise in ammonia
levels, which should be sought for, especially in lethar-
gic patients. Evidence of disseminated intravas-
cular coagulation includes decreased levels of
antithrombin III.289 Serum urate levels are also elevated,
often out of proportion to the degree of renal dysfunc-
tion.278 Ultrasonography and computed tomography of
the liver also aid in establishing the diagnosis.278

The cause of acute fatty liver in pregnancy is
unknown. Some signal its frequent association with
preeclampsia.278,290 Reversible urea cycle enzyme
abnormalities resembling those in Reye’s syndrome
have been described.291,292 Also of interest are women
developing acute fatty liver of pregnancy or the micro-
angiopathic hemolytic anemia associated with severe
liver abnormalities associated with preeclampsia (see
“HELLP syndrome” under preeclampsia below) who
harbor a long chain 3-hydroxy acyl-Co-A dehydrogen-
ous deficiency or carry mutations of the enzyme’s gene
resulting in deficiencies in the fetus.293,294

The hepatic lesion, characterized by deposition of fat
microdroplets within the hepatocytes is described else-
where in detail.1,278,290 The kidney lesion is mild and
nonspecific, and the cause of renal failure is obscure. It
may be due to hemodynamic changes akin to the
“hepatorenal syndrome” in some patients, or to the
coagulopathy in others. Of importance, whereas

mortality rates for both mother and fetus once
exceeded 70% in this disease, and the frequency of
accompanying ARF was 60%, these are much less fre-
quent now. Maternal deaths average ,10%, and renal
dysfunction, when present, is usually mild and rarely
requires dialysis.278 These improved prognoses have
been ascribed to earlier recognition of milder forms of
the disease, followed by aggressive management,
which includes prompt termination of the
pregnancy.278,290

This second pregnancy-specific condition is charac-
terized by the onset of renal failure in the puerperium
after an uneventful gestation and termed Idiopathic
postpartum renal failure. This disorder was first delin-
eated as a specific clinical entity in the late 1960s.295�298

By the late 1990s, only several hundred cases had been
reported (under a variety of names, including irrevers-
ible postpartum renal failure, postpartum hemoly-
tic�uremic syndrome, postpartum malignant
nephrosclerosis, and late postpartum intravascular
coagulation with ARF).278,280,295,296,298 Using strict diag-
nostic criteria, the syndrome is defined by its onset
between 1 day and several weeks after delivery. The
patient presents with oliguria, or at times anuria, and
progresses rapidly to azotemia, often with evidence of
microangiopathic hemolytic anemia or a consumption
coagulopathy. In the earliest descriptions, blood pres-
sure was often normal, whereas the later literature
stressed presentation with severe accelerated hyperten-
sion. Extrarenal manifestations have also been
described. They involve the cardiovascular (cardiac
dilatation and congestive heart failure) and central ner-
vous systems (lethargy, convulsion), and are often dis-
proportionate to the degree of uremia, hypertension, or
volume overload.

The cause of this syndrome is unknown. Hypotheses
have included an antecedent viral infection, retained
placental fragments, or drugs such as ergotamine com-
pounds, oxytocic agents, or oral contraceptives pre-
scribed shortly after delivery. Since some women
manifested hypocomplementemia, immunologic causes
have been also postulated. Other theories include defi-
ciency of PG production, decreased antithrombin III
levels, and endothelial dysfunction perhaps secondary
to deficits in NO-dependent endothelium relaxing fac-
tor. The pathophysiology of postpartum renal failure
has been compared to those disorders currently listed
under the “thrombotic microangiopathies” category,
including hemolytic�uremic syndrome, thrombotic
thrombocytopenic purpura, and for some the hemoly-
sis, elevated liver enzymes, and low platelet (HELLP)
syndrome, and even preeclampsia (see below), all dis-
orders characterized by disseminated intravascular
coagulation.297,299 Of interest in this respect is a report
of HLA-identical sisters, one of whom developed
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postpartum renal failure and the other hemolytic�ure-
mic syndrome associated with contraceptive pill inges-
tion.300 Finally, postpartum renal failure has further
been compared to the generalized Shwartzman reac-
tion, which, as noted above, develops more readily in
pregnant animals.278,287

Renal pathology in idiopathic postpartum renal fail-
ure has been described in two general categories:
changes in the glomerular capillaries resembling those
in the hemolytic�uremic syndrome and arteriolar
lesions reminiscent of malignant nephrosclerosis or
scleroderma.1,278,301 Immunofluorescence staining
shows nonspecific changes: fibrin-like material often
present in the mesangium, glomerular capillary walls,
and arterioles, and C3 deposits are common, but pres-
ence of other immunoglobulins has been rare and
inconsistent. It has been suggested that glomerular
lesions resembling thrombotic microangiopathy are
more apt to be noted in specimens obtained early in the
course of the disease, while those demonstrating accel-
erated nephrosclerosis are seen in biopsy material taken
after the disorder becomes chronic. An increased inci-
dence of postbiopsy bleeding has also been
reported.278,280

Prognosis is guarded, as most women have either
succumbed, required chronic dialysis, or have survived
with severely reduced renal function. However, rare
instances of recovery have been recorded.278,280

Treatment is aimed at controlling the accelerated hyper-
tension, in conjunction with the usual supportive man-
agement for ARF. There are reports of success with
early use of anticoagulant therapy such as heparin and
fibrinolytic agents (reviewed in Ref.,254but the data are
not convincing. Similarly, antiplatelet therapy, infusion
of fresh blood products including concentrates of anti-
thrombin III, or plasma exchange (used in a variant of
postpartum renal failure associated with circulating
lupus anticoagulant or antiphospholipid antibo-
dies302,303 have been advocated and remain to be
proven successful278 Finally, due to a report implicating
retained placental fragments with this syndrome, dila-
tation and curettage may be considered in selected
cases.278

Miscellaneous Causes

ARF has been provoked by intraamniotic saline
administration, amniotic fluid embolism, as well as by
diseases or accidents unrelated to the gestation.278

These include drug ingestion, bacterial endocarditis,
and incompatible blood transfusions. Sudden renal
failure during gestation has been caused by obstruction
secondary to the enlarged uterus,278,280 various nephrit-
ides, collagen disorders,278,280 and rarely sarcoidosis.304

The obstructive causes associated with the enlarged
uterus, including the overdistention syndrome were

described above. Finally, gravidas with underlying
renal disease and acute infectious pyelonephritis may
be more susceptible to develop acute tubular necrosis,
even though they have normal or adequate renal func-
tion.278,280,305 This is especially true when their gesta-
tion is complicated by superimposed preeclampsia or
another cause of increased blood pressure.306

Treatment

Management of ARF during gestation or in the puer-
perium is similar to that in nonpregnant subjects, but
certain points pertinent to obstetric ARF deserve
emphasis. As noted, uterine hemorrhage in late preg-
nancy may be concealed and the blood loss frequently
underestimated. Thus, it is important that blood be
replaced early, and even that patients be slightly over-
transfused in order to forestall the development of
acute tubular or cortical necrosis. Either peritoneal dial-
ysis or hemodialysis can be used in obstetric renal fail-
ure as detailed elsewhere.307�311 The former modality is
preferred on theoretical grounds, because alterations in
fluid and solute levels are more gradual, thus less likely
to precipitate hypotension and/or premature contrac-
tions.308�310 If hemodialysis is utilized, the above pro-
blems can be minimized by daily treatment for shorter
time periods, avoiding high flux technology. Since urea,
creatinine, and probably other metabolites that accumu-
late in uremia cross the placenta, dialysis should be
undertaken early in pregnancy, with the aim of main-
taining the blood urea nitrogen at ,50 mg/dL
(18 mmol/L)308�310,312 In essence, the advantages of
early dialysis for nonpregnant patients are even more
important for pregnant subjects and make the argument
for “prophylactic dialysis” compelling. If the conceptus
is near maturity, it should probably be delivered as
soon as the mother’s condition has been stabilized.

CHRONIC PARENCHYMAL
RENAL DISEASE

As noted, the prognosis for pregnant women with
chronic renal disease is considerably more optimistic
now than two decades ago, a change brought about
by a series of studies, primarily retrospective, which
date from 1980.305 These studies, which comprise
the gestational history (and in some substantial post-
partum follow-ups) of over 1,000 patients whose renal
disease was confirmed by biopsy (literature reviewed
in Refs313�316) permit the following guidelines:

Prognosis, in general, is based on the degree of renal
insufficiency at conception, the patients being arbi-
trarily placed in three categories, those with “mild,”
“moderate,” or “severe” renal dysfunction.
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1. Normotensive patients whose function at concep-
tion is intact or only mildly decreased, (serum creati-
nine $ 1.4 mg/dL or 125 μmol/L) usually do well
(. 95% live births, .75% of neonates with weights
adequate for gestational age). In addition, gestation has
few or no adverse effects on the natural history of their
underlying kidney disorder (Figure 81.14317). This gen-
eralization, however, has to be tempered for certain
specific disorders that appear more sensitive to gesta-
tion, such as lupus nephropathy and perhaps membra-
noproliferative glomerulonephritis. There is
controversy as to whether or not gestation adversely
influences the natural history of IgA nephropathy,
focal segmental glomerulosclerosis (FSGS), and reflux
nephropathy.305,318 Authorities agree, however, that
women with scleroderma and polyarteritis nodosa (pri-
marily those patients with renal involvement) do very
poorly in pregnancy, and counsel such patients against
conception or suggest termination to those already
pregnant (see below).

Hypertension prior to conception is a substantial
risk factor for mother and fetus even when renal func-
tion is preserved.305,314,315,319,320 Controlling the blood
pressure leads to pregnancy outcomes similar to those
in normotensive women with mild renal
dysfunction.321

2. The renal prognosis of women whose kidney
function is moderately or impaired (serum creatinine
$ 1.5 mg/dL or $ 133 μmol/L) is poorer, but fetal
outcome is still quite good ($90% live births).316,318

Over one-third of these patients experience renal
functional deterioration during pregnancy or in the
immediate puerperium which may not revert post-
partum, and may at times progress rapidly to end-
stage disease. There is also a substantial incidence of
severe hypertension (and/or superimposed

preeclampsia), and blood pressures can be hectic,
and difficult to control.

3. Women with severe renal dysfunction [defined
here as having a serum creatinine level $ 3 mg/dL
($275 μmol/L)] are often infertile.309,310 Even when
conception occurs, the success rate is low while mater-
nal morbidity is substantial.308�310,314,315 These are two
compelling reasons to discourage pregnancy in such
patients.

Finally, we emphasize that the guidelines enumer-
ated above, as well as the discussions of specific dis-
eases that follows, are based primarily on retrospective
data. Most of them were obtained from patients with
mild disease and there is very little information on
pregnant women with moderate and severe renal dys-
function. Thus, confirmation of our views will require
large prospective observational trials.

Pathophysiology

Renal Hemodynamics

Pregnant patients with intact or only mildly
decreased renal function usually manifest increments
in GFR and ERPF often similar to those in normal grav-
idas305 [Figure 81.15170]. Increases also occur in women
with a single kidney due to uninephrectomy and in
transplant recipients.133,134,322 Renal adaptation in the
latter two groups is of interest because their GFR and
ERPF have already increased substantially prior to
conception, due to compensatory morphologic and
functional hypertrophy. Increases in renal function,
however, appear restricted to patients with only mild
dysfunction and GFR does not increase during preg-
nancy when creatinine levels exceed 1.4 mg/dL
(124 μmol/L).133,134,314,322

Proteinuria

Urinary protein excretion may increase markedly in
pregnant women with parenchymal renal disease.305

The increments occur most frequently in the second
half of pregnancy and do not seem to parallel the
changes in renal hemodynamics. In one series305 which
comprised 121 gestations in 89 women the develop-
ment of, or increase in, abnormal proteinuria was com-
mon and occurred in nearly half of all pregnancies. It
was severe ($3 g/24 h) in 39 of the proteinuric women,
many of whom manifested substantial edema.
Appearance of nephrotic-range proteinuria was associ-
ated with virtually every type of renal disease, with the
exception of interstitial nephritis, and presented for the
first time during gestation in a substantial number of
women. Of importance is that these degrees of protein
loss were usually well tolerated, had little or no influ-
ence on the course of the pregnancy or the natural his-
tory of the renal disorder, and fetal outcome was good.

FIGURE 81.14 Kidney survival in women with preexisting
chronic glomerulonephritis comparing those who subsequently
underwent pregnancies (thick line) compared to those who did not.
[From Ref.,313 with permission]
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Volume Homeostasis

There are sparse data on how renal disease affects
the alterations in volume homeostasis and osmoregula-
tion that occur during normal gestation. Of interest,
though, is a report323 suggesting that both blood and
plasma volume appear to expand normally even
when renal function is moderately decreased, but is
markedly attenuated in patients with severe
dysfunction.

Blood Pressure

The incidence of hypertension including superim-
posed preeclampsia associated with pregnancy in
women with preexisting kidney disease is universally
described as increased, but the specific influence of
gestation on the blood pressure in these patients is dif-
ficult to assess310,324 For instance, in one series, where
renal function was preserved prior to conception,
hypertension complicated 23% of the pregnancies, but
blood pressure had been elevated prior to conception
in about half the cases. The increments often occurred
late in gestation, when it was difficult to distinguish
superimposed preeclampsia from an exacerbation of
the kidney disease.325 There are also claims that women
with certain specific disorders, such as IgA nephropa-
thy, may have a greater propensity to manifest hyper-
tension during pregnancy (see below). Finally, as noted
above, hypertension frequently accelerates or compli-
cates pregnancy when preconception function is mod-
erately or severely compromised.316 Such patients, of
course, have a substantial incidence of high blood

pressure prior to conception, and in this respect 79% of
the women with moderate and 86% of those with
severe insufficiency described by Cunningham et al.323

developed superimposed preeclampsia.

Specific Disorders

The focus of this text is physiology and pathophysi-
ology. Thus, the section that follows is but a selective
summary of gestation in relation to a number of spe-
cific renal diseases (Table 81.3); the reader is referred to
Ref.314 regarding more detailed discussions that focus
on management.

Glomerulonephritis

Acute poststreptococcal glomerulonephritis during
gestation is quite unusual, and the reports in which the
diagnosis seems to have been verified are characterized
by complete recovery of maternal renal function and a
successful pregnancy.9,150,326,327 Also, a history of
“healed” glomerulonephritis in the past has little influ-
ence on pregnancy.9

Women with most forms of chronic glomerulone-
phritis (a vague classification encompassing many
morphologically distinct entities) have a good renal
and fetal prognosis during pregnancy when kidney
function is preserved and hypertension is absent or
well controlled.9,305,314,315 There are some exceptions,
however: Membranoproliferative glomerulonephritis
(where transplacental passage of nephritic factors has
been documented328) is said by some to be affected

FIGURE 81.15 Two-hour inulin clear-
ance during 19 pregnancies of 16 women
with chronic renal disease studied before,
during, and after pregnancy. [From Ref.,305

with permission]

2718 81. RENAL PHYSIOLOGY AND DISEASE IN PREGNANCY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



adversely by gestation, but data in the literature appear
to us inconclusive. The prognosis of IgA nephropathy
is disputed.314,315 There are claims that gestation pro-
vokes accelerated declines in maternal renal function
as well as the de novo appearance of hypertension, and
that both these complications may not remit postpar-
tum. These concerns, however, are not born out by
case�control and/or long-term follow-up studies that
comprise B300 patients, published by Jungers and Abe
and their respective colleagues.315,329,330

Focal Glomerulosclerosis

Another glomerular disease whose prognosis in
pregnancy is disputed is FSGS, perhaps because this
disorder may have many etiologies, and data are quite
limited (#100 patients described in the literature). In
one report, hypertension, at times severe, was present
in three quarters of the patients and persisted postpar-
tum in 20% these women.331 Proteinuria increased in
most instances, while functional deterioration was
recorded in 45% of the patients. On the other hand, it
appears that those patients who are normotensive and
have preserved renal function prior to conception do

well.314,315 Obviously, considerably more data are
required to resolve the dispute.

Collagen Disorders

Systemic lupus erythematosus (SLE) is the most
common collagen disorder affecting women of child-
bearing age.332 The pregnancy prognosis for women
with SLE and renal involvement is complex and is fur-
ther complicated by the fact that the natural history of
this disease is unpredictable whether or not gestation
is present.332,333,334,335,336 An older literature, limited
and anecdotal, stressed the adverse affects of preg-
nancy, but more recently Hayslett,337 reviewing the
results of nine series (comprising 200 patients) pub-
lished during or after 1980, came to more positive con-
clusions. When renal function is preserved, the best
outcomes are in patients whose systemic disease has
been in remission for six or more months before con-
ception. Prognosis is poorer, however, if the disease
had been active more recently, presents de novo during
gestation (where it may be confused with preeclamp-
sia), when there is preexisting hypertension, greater
degrees of renal dysfunction, or if a circulating lupus

TABLE 81.3 Pregnancy in Women with Underlying Disorders

Renal Disease Effects

Diabetic nephropathy Most frequent nephropathy encountered in pregnancy. Gestation does not seem to accelerate
functional loss; asymptomatic bacteriuria more frequent; higher incidence of nephrotic-range
proteinuria and hypertension after midgestation.

Chronic glomerulonephritis focal
glomerulosclerosis (FGS)

Increased incidence of high blood pressure late in gestation, but no adverse effect if renal function
is preserved and hypertension absent before gestation. Some disagree, stressing the physiological
coagulation changes in pregnancy exacerbate these diseases, especially IgA nephropathy, FGS, and
membranoproliferative glomerulonephritis.

SLE More problems than in most glomerular diseases, but prognosis is more favorable if disease is in
remission 6 mo before conception. Poorest maternal and fetal outcomes associated with
antiphospholipid antibodies or with lupus anticoagulant.

Scleroderma and periarteritis nodosa Associated with maternal deaths and poor fetal outcome; reactivation of quiescent scleroderma can
occur during pregnancy or puerperium; therapeutic abortion should be considered.

Chronic pyelonephritis (infectious
tubulointerstitial disease)

Bacteriuria in pregnancy may lead to acute exacerbations but otherwise is well tolerated. Frequent
urine cultures recommended; chronic suppressive antibiotic therapy may be necessary.

Reflux nephropathy Some controversy; most agree that these patients do well when function is preserved. Frequent
urine cultures necessary.

Polycystic kidney disease Pregnancy uneventful when function preserved; increased tendency for late pregnancy
hypertensive complication.

Urolithiasis The “physiologic” ureteral dilation and stasis of pregnancy do not seem to affect natural history,
but infections can be more frequent. Stents have been successfully placed during gestation.

Previous urologic surgery Other urogenital tract malformations may be present; urinary infections increase, functional
decrements have been observed; and cesarean section may be necessary to avoid disruption of the
continence mechanism if artificial sphincters or neourethras are present.

Source: Lindheimer MD, Grünfeld J-P, Davison JM. Renal disorders. In: Barron WM, Lindheimer MD, eds. Medical Disorders During Pregnancy, third ed. St. Louis: Mosby;
2000, with permission.
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anticoagulant or antiphospholipid antibody is present.
The literature regarding placental transmission of
maternal autoantibodies, their relationships to the
increased frequency of spontaneous abortion, placental
and fetal pathology (especially congenital heart block),
and a neonatal lupus syndrome, as well as the poor
fetal prognosis associated with circulating lupus antic-
oagulants and antiphospholipid antibodies, are beyond
the scope of this chapter are discussed in Ref.332

Contrasting SLE, where gestational prognosis is usu-
ally sufficiently benign when kidney function is pre-
served or only mildly compromised, the outcome of
pregnancy in patients with renal scleroderma and peri-
arteritis nodosa is very poor, often because of the asso-
ciated hypertension which can be malignant in
nature.9,332 Not only is fetal prognosis dismal but most
of the reported cases in the older literature, albeit anec-
dotal and selective, describe maternal deaths. More
recently, however, there are descriptions of successful
pregnancies (still anecdotal) in patients treated with
ACE inhibitors, but the latter drugs are relatively con-
traindicated for use in pregnancy.315,332 Thus, we con-
tinue to counsel against conception in these last two
entities and suggest pregnancy termination when the
disease is present in the first trimester.

Diabetes

Diabetic nephropathy is the most common renal dis-
ease encountered in obstetric practice. Most reports
focus on pregnant women with overt disease, there
being only limited data regarding those who have
microalbuminuria before conception or early in preg-
nancy.338�346,343,347,348�350 There is little evidence of
pregnancy adversely affecting the long-term renal
prognosis of diabetics whose preconception renal func-
tion is preserved, which is surprising given that
nephrotic-range proteinuria and hypertension compli-
cate two-thirds of these gestations. However, there is
evidence, albeit limited, of rapid functional deteriora-
tion in women entering pregnancy with moderate or
greater dysfunction.351,352 Of interest is a report noting
that hypothyroidism appears de novo during gestation
in a significant number of nephrotic diabetics.353

Fetal outcome, described as poor in the older litera-
ture9 is presently quite good, 95% of the pregnancies
ending successfully. However, there is high incidence
of preterm deliveries, often due to termination early in
the third trimester, as this is the period when the
increases in hypertension and proteinuria occur, and
are difficult to differentiate from superimposed
preeclampsia.

Miscellaneous Glomerular Diseases

The literature regarding minimal change disease,
though limited to less than 200 patients, is quite

favorable.305,315,354 There is also limited experience
with membranous nephropathy, but again most
patients with preserved renal function do well, though,
not surprisingly they have a high incidence of
nephrotic-range proteinuria.9,305,314,315,354 An adverse
effect of pregnancy on familial Mediterranean fever
with amyloidosis, even when preconception function
appears preserved or minimally compromised, has
been suggested.355 The literature regarding vasculitides
such as Wegener’s granulomatosis, Henoch�Schönlein
purpura with renal involvement, and Goodpasture’s
syndrome is selective and anecdotal.315,356,357

Regarding the latter disorder is a case report where the
disease improved during pregnancy, in which the
authors postulated that the placenta, which may share
some key antigens with the glomerular basement mem-
brane, provided a large absorptive surface for the auto-
antibody.358 Finally data relating to vasculitides
like Wegener’s granuloses is both limited and
anecdotal.359,360

Reflux Nephropathy and Other Tubulointerstitial
Disorders

Reflux nephropathy is a disease that begins during
childhood and thus is present in a substantial num-
ber of pregnant women. The natural history of this
disorder during pregnancy was once disputed, but
two reports318,361 comprising 697 pregnancies in 290
women with reflux nephropathy were consistent
with the dictum that when renal function is pre-
served and hypertension absent, these gestations do
well. However, these patients are prone to urinary
tract infection and require special attention during
gestation, including frequent urine cultures and
prompt treatment when signs of urinary tract infec-
tion occur.

Concerning tubulointerstitial disease, most are infec-
tious in nature, and gestational outcome relating to the
patient’s functional status prior to conception.305 There
are few data concerning renal tuberculosis, which in
the older literature appeared to be unaffected by
gestation.9

Finally, some women who have had major urinary
tract reconstructive surgery, especially diversion, may
develop reflux during pregnancy.362 Since such
patients have a high incidence of bacteriuria, and the
risk of developing obstruction grows as the uterus
enlarges, it is gratifying that most authors have
reported fairly benign and successful pregnancies
(reviewed in Ref.362).

Hereditary Disorders

Autosomal Dominant Polycystic Kidney Disease:
Patients with polycystic kidney disease have a greater
propensity to develop de novo late gestational
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hypertension or preeclampsia, but pregnancy outcomes
are favorable when renal function is preserved and
hypertension prior to conception absent.363,364 There is,
however, an increased risk of upper urinary tract infec-
tions which can be virulent at times.365 Also, one group
of investigators363 noted that multiple pregnancies
(defined as .three) lead to an earlier onset of kidney
failure. However, this may only reflect the influence of
pregnancy in women who already had moderate or
greater renal dysfunction when they conceived (which
is more likely to be the case in older multigravidas).

Though pregnancy does not appear to influence the
natural history of the renal disorder, it may have
effects on other organs. Liver cysts are said to be larger
or more prevalent in parous women, and enlargement
of the cysts (increasing their chance of rupturing) may
occur during pregnancy.366 Finally, routine precon-
ception screening of the intracerebral vasculature
should be reserved for patients with family histories of
clustering for intracranial aneurysms or subarachnoid
hemorrhage.292

Hereditary Nephritis: This is primarily an X-linked
dominant disease (where the majority of carrier
females manifest only mild degrees of urinary abnor-
malities), but B15% of affected patients have an auto-
somal dominant or recessive variety.367,368 Thus, in
most women, the disease is clinically silent, but there
are exceptions. In addition, the disorder may manifest
for the first time during pregnancy (due to observation
of hematuria and/or proteinuria when a urinalysis is
performed as part of routine prenatal care). However,
renal function is usually well preserved and these
pregnancies do well, but there is an interesting report
of two sisters with the disease, each of whom devel-
oped rapidly progressive crescentic glomerulonephritis
during their respective pregnancies.369 Finally, there
are variants of hereditary nephritis associated with
thrombocytopenia and thrombocytopathy.367 Such

patients are at risk for excessive bleeding during
delivery.

Miscellaneous: Patients with cystinosis have usually
progressed to end-stage renal disease by adolescence,
but may conceive while receiving renal replacement
therapy. Angiomyolipomas and renal aneurysms may
be present in patients with tuberous sclerosis, and since
the former may bleed and the later rupture during ges-
tation, screening and appropriate interventions are
warranted prior to a planned pregnancy.370 Similarly,
women with von Hippel�Lindau disease should be
screened for silent pheochromocytomas, present in
B25% of such patients, as activation during gestation
and especially at delivery has been described.371,372

Urolithiasis

The incidence of urolithiasis in pregnancy varies by
geographic location, the best estimate being 1 in 1,500
pregnancies [reviewed in Ref.373]. This estimate, how-
ever, may be too low, due to under-reporting of the
disease. Many patients remain undiagnosed until their
disease is symptomatic, and in others the symptoms
are quite subtle, such as repeat urinary tract infections,
and urolithiasis is not considered in the differential
diagnosis.

There does not appear to be any increase in either
the appearance or recurrence of nephrolithiasis during
gestation.374 This is surprising because normal preg-
nant women are markedly hypercalciuric and their
urinary supersaturation ratios for calcium oxalate
and brushite are substantially increased373,375,376

[Figure 81.16169]. There are also increases in magne-
sium and citrate excretion, but the increments are not
enough to counter the strikingly elevated supersatura-
tion ratios.376 In essence, the combination of supersatu-
ration with the physiologic dilatation, stasis, and
perhaps obstruction of the urinary tract, raises the
question why stone disease is not more prevalent in

FIGURE 81.16 During pregnancy the relative supersaturation ratios for calcium oxalate (A) and brushite (B) exceed those measured post-
partum (PP), as well as values in a population of healthy women (normal) (p, 0.01; for both comparisons). [From Ref.,376 with permission]
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pregnancy. The answer may be that there is an even
greater increment in the urinary excretion of several
potent glycoproteins that inhibit stone formation such
as nephrocalcin (which inhibits crystal aggregation and
growth) and Tamm�Horsfall protein (which decreases
aggregation), as well as smaller increases in urinary cit-
rate and magnesium.373,375,376 In this respect, there is
evidence that increments in urinary inhibitors of patho-
logical crystalluria are present as early as the eighth
gestational week.375

The disease in pregnant women resembles that in
nonpregnant patients, B89% presenting with flank
pain, and a similar percentage display either micro-
scopic or macroscopic hematuria.377 The majority of
stones passed during pregnancy contain calcium salts,
but some are infective in origin (“struvite”).373 The
older literature stressed the dramatic complications
associated with obstruction and/or infection, but sub-
sequent studies suggested that gestation has little
influence on the course of urolithiasis, with the excep-
tion of possible increments in urinary tract infection,
and that rates of spontaneous abortion and premature
labor may be increased.373

The above synopsis relates primarily to women with
noninfectious calcium oxalate stones, whose renal func-
tion is usually preserved and whose course is relatively
benign in the pregnant state. Little is known of the nat-
ural history of the more serious “struvite” stones dur-
ing pregnancy. Similarly, experience with cystinuria is
quite limited. One should strive to ensure adequate
hydration, especially in early pregnancy when gravidas
are frequently nauseous, and to consider withholding
d-penicillamine during the first 12 gestational weeks.378

When nephrolithiasis is suspected, an ultrasound
examination of the urinary tract is in order, but when
complications suggest the need for surgical interven-
tion, pregnancy should not be a deterrent to the perfor-
mance of pyelography (242,373,379 Operative procedures
such as open lithotomy and percutaneous nephrost-
omy, both rigid and flexible ureteroscopy (direct
vision) have all been performed during pregnancy, but
more currently, placement of a ureteral stent has made
it possible to manage gravidas through term with a
less invasive technique.21,291,373,380 Experience with lith-
otripsy is anecdotal and this procedure should proba-
bly be avoided in pregnant women.381

Management of Chronic Renal Disease
in Pregnancy

Management guidelines similar in most aspects to
nonpregnant patients is beyond the scope of this text
devoted to physiology and pathophysiology. The
reader is referred to reviews elsewhere, especially con-
cerning hemodialysis in pregnancy 382,383,310 Of

interest, the kidney, being the source of erythropoietin,
makes its replacement necessary, often at creatinine
levels when such therapy would not be necessary in
the nonpregnant state. The initiation of renal replace-
ment therapy at higher levels of dysfunction that such
treatments would be started in nongravid women is
also is advocated by some to facilitate better control of
volume and electrolytes, and perhaps fetal develop-
ment. The placenta hydroxylates Vitamin D, while dial-
ysis depletes phosphorous, and one must watch for
hypercalcemia, and the fact that pregnancy is a hyper-
coagulable state may make anticoagulation more diffi-
cult. Antihypertensive therapy is discussed below.

Transplantation

The first successful pregnancy in a renal allograft
recipient appears to have been reported in 1963,384

with thousands of such successes noted since. It is esti-
mated that one in every 50 women of childbearing age
who have functioning kidney transplants conceive.322

Often the women were unaware that transplantation
had reversed the relative infertility associated with
end-stage renal disease385 and had not been practicing
contraception, indicating a failure of physicians to
counsel these patients appropriately.

In an extensive literature review published in 1994,
Davison (Ref.386 contains 98 citations) documented
3382 gestations in 2049 gravidas with transplanted kid-
neys (many more were probably unreported). Most of
these patients had received azathioprine and predni-
sone, experience with cyclosporine, tacrolimus, and
mycophenolate being quite limited309,310,387 (though
currently data on women receiving newer immuno-
suppressants is increasing thanks to effective
registries386,387,388�391,392). Approximately 35% of these
gestations did not proceed beyond the first trimester
(but the spontaneous abortion rate of 15% was similar
to that in normal pregnant populations). However, of
the pregnancies that continued beyond the initial tri-
mester 93% succeeded, both the renal prognosis and
the gestational outcome paralleling those with preexist-
ing kidney disease (discussed above). Here, too, the
better the renal function prior to conception, the more
favorable the outcome. Not surprisingly, the prognosis
was better when the allograft came from a living
donor.

The success rate may be high but there are many
maternal and fetal problems to be dealt with. The inci-
dence of ectopic gestations (which reaches B0.4%) and
hypertension (B30%) are increased, and steroid-
induced hyperglycemia, leukopenia, septicemia,
uterine rupture, allograft rejection, liver function
abnormalities, and maternal death have all been
described.309,322 Women transplanted after renal failure
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due to diabetic nephropathy harbor considerable vas-
cular disease and are at particular risk although those
with combined renal pancreas-transplant may fare bet-
ter.309,322,393,394 Problems for the fetus and neonate
include increased incidence of congenital anomalies,
premature births, and growth restriction. Serious infec-
tions, thrombocytopenia, hypoadrenalism, and hepatic
insufficiency affecting the neonate have also been
reported.322

Most renal allografts recipients experience incre-
ments in renal hemodynamics during pregnancy,
though smaller than those observed in normal
gestation.134,322 (This occurs despite the presence of but
a single functioning kidney, which invariably has
undergone some degree of chronic rejection.) Renal
volume also increases.395 On the other hand, functional
declines are reported in B15% of the pregnancies.322

They occur mainly in late gestation and are transient in
nature (rarely due to obstruction).322,396 The loss, how-
ever, may persist, especially when prepregnancy GFR
is already compromised.397 Urinary protein excretion
also rises, often to abnormal levels, but in most
instances the increase is functional in nature and not
related to the health of the allograft.

There is controversy about the effect of pregnancy
on long-term allograft survival. In 1993 Salmela et al.398

suggested that pregnancy might jeopardize the long-
term health of the renal allograft. Their small but well
designed case�control study showed that women who
conceived, even well-preserved renal function, had a
lower 10-year graft survival rate (69 versus 100%,
p, 0.005). This report sent “shock waves” throughout
the transplant community, but such alarm proved pre-
mature.399 First, the difference appears due be due
mainly to the highly unusual outcome in their control
group, who in these same 10 years had no graft fail-
ures. In fact the 10-year graft survival statistics of most
centers covering all transplant recipients resemble (or
may even be poorer than) those of the group of women
with allografts who subsequently underwent preg-
nancy studied by Salmela et al.398 In addition, their
report is at odds with a body of evidence reported both
prior to and after their article, which seems to establish
that pregnancy has little or no effects on long-term
renal allograft survival.399�405

Preconception counseling, management of the gesta-
tions, and the status of the various immunosuppressive
regimens are beyond the scope of this chapter and are
discussed in detail elsewhere.309,387,400 Most recently
the American transplantation Association convened a
consensus group and issued a report392 As noted, the
natural history of pregnancy in allograft recipients
whose immunosuppressive regimens include cyclo-
sporine and even newer drugs is just emerging, the
early data seem to support the optimistic conclusions

Davison arrived at in his extensive review of the precy-
closporine era discussed above309,387

Concluding Perspectives

The text devoted to chronic renal disorders stressed
that gestation seems well tolerated in of most renal dis-
eases or in allograft recipients401�405 provided that kid-
ney function was preserved, and hypertension absent
or well controlled. Nevertheless, urinary tract infec-
tions and preeclampsia seem to occur more often in
such patients. In addition gestation did not seem to
affect the natural history of their underlying kidney
disorder, with certain exceptions. On the other hand,
women with greater degrees of renal dysfunction prior
to conception have a poorer renal and fetal prognosis.
All gravidas with renal disease require close prenatal
surveillance, including monitoring of blood pressure
and renal function (serum creatinine levels or its clear-
ance). When function deteriorates at any stage of gesta-
tion, reversible causes (e.g., urinary tract infection,
obstruction, and subtle dehydration) must be consid-
ered, but if hypertension accompanies the decrease in
GFR, the outlook for the pregnancy is more guarded.

One issue omitted from the discussion of chronic
renal disorders was the provocative hypothesis that the
increase in glomerular filtration accompanying gesta-
tion could have adverse effects on the course of the
kidney disease. There is concern, based on evidence
derived from animal models, that the hyperfiltration in
the residual (intact) nephrons of patients with renal
disease (or those with a single kidney after unine-
phrectomy) is accompanied by increments in glomeru-
lar capillary pressure and/or increased mesangial
processing of macromolecules that lead to focal glo-
merular sclerosis and progressive loss of renal func-
tion. Hyperfiltration occurs during normal gestation, in
gravidas who have renal disease with minimal dys-
function, and in those with single kidneys after unine-
phrectomy but, fortunately, it does not seem to lead to
glomerular injury.

Several long-term follow-up studies have failed to
detect increased renal functional loss when women
with chronic disorders who had been pregnant were
compared to those not known to have con-
ceived.313,315,330 Davison406 has performed periodic
inulin and p-aminohippurate clearances over a span
of 17 years in a limited group of parous and nonpar-
ous women with and without a variety of renal pro-
blems. A small decrease in renal hemodynamics,
possibly attributable to pregnancy, occurred in
women with a single kidney, and those with chronic
renal disease. On the other hand, as noted above, sev-
eral long-term follow-up studies of 29 women who
donated kidneys for transplantation and subsequently
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had 39 pregnancies, failed to detect changes in GFR,
urinary sediment, or the appearance of hypertension
in these donors.407 Thus the increases in renal hemo-
dynamics seem well tolerated and are not a reason to
discourage conception. This opinion is strengthened
by data from rat and rabbit animal models though
rats with adriamycin nephropathy develop hyperten-
sion during gestation.2,408�416 Finally, preliminary
results from pregnant women with underlying kidney
disorders, whose authors combine the sieving charac-
teristics of infused dextran with mathematical model-
ing to assess determinants of ultrafiltration, also
suggest that there are no increases in glomerular cap-
illary pressure31

HYPERTENSION

The remainder of this chapter is devoted to the
hypertensive disorders of pregnancy. Hypertension,
the most common medical disorder complicating preg-
nancy (B5�10% of all gestations) can be a challenging
medical problem.417 Moreover, the hypertensive disor-
ders of pregnancy, primarily the pregnancy-specific
disease preeclampsia, remain major causes of morbid-
ity and mortality for mother, fetus, and newborn espe-
cially in developing countries. The sections that follow
will briefly review the striking alterations of systemic
hemodynamics in normal pregnancy, followed by an
overview of the classification and diagnosis of the
hypertensive disorders of pregnancy with the main
focus on preeclampsia, because this disease remains
the most potentially ominous of the more common
hypertensive disorders encountered during pregnancy.
Due to space considerations as well as to the focus of
this text (the physiology and pathophysiology of
the kidney), we will discuss in more detail the renal
alterations associated with high blood pressure in preg-
nancy, while summarizing the disease effects on
other organ systems and management considerations.
Readers seeking more details on these topics are
referred to the second edition of Chesley’s
Hypertensive Disorders in Pregnancy,32 a comprehen-
sive multiauthored text, published in 2009.

CARDIOVASCULAR CHANGES
IN NORMAL PREGNANCY

Arterial pressure decreases during normal human
pregnancy, the decrements beginning during the luteal
phase of the menstrual cycle, continuing after concep-
tion, and by midgestation, diastolic levels are B10 mm
Hg below nonpregnant levels. Thereafter, most reports
show arterial pressure increasing, gradually

approaching nonpregnant levels near term,27,418�421

and a small increase may occur in the immediate post-
partum period.422 Cardiac output also increases during
the luteal phase of the menstrual period, rising further
after conception, and peaking some 30�50% above
midfollicular values by the end of the first or beginning
of the second trimester.26,27,47,231,423�426 In fact, this
early, marked rise in cardiac output is anticipatory in
nature, because blood flow and oxygen delivery exceed
demands as reflected by the narrowing of the differ-
ence in oxygen content between arterial and mixed-
venous blood in humans and conscious rats [427 and
citations therein]. Despite some discordance in the old-
er literature, load-independent left ventricular contrac-
tility appears to be unaltered during pregnancy.428�430

A marked decline in systemic vascular resistance initi-
ates the increase in cardiac output and fall in arterial
pressure. In essence, normal pregnancy is a profoundly
vasodilated state.

Accompanying the early fall in systemic vascular
resistance is a rise in arterial compliance.425,431 The
temporal coordination of these two events ensures the
maintenance of cardiovascular homeostasis during
pregnancy by (i) minimizing the decline in diastolic
pressure, (ii) minimizing energy expended by the heart
on pulsatile oscillatory work, (iii) preserving steady
shear-type (or minimizing oscillatory shear-type) stress
at the blood�endothelial interface, and (iv) accommo-
dating increased vascular volume.425,432 Theoretically,
failure or reversal of these compliance changes during
pregnancy in the face of the marked massive increase
in stroke volume could cause endothelial dysfunction,
thereby affecting blood pressure regulation and pro-
ducing hypertension.426,433

The systemic hemodynamic and arterial compliance
changes during normal pregnancy in women are also
observed in several animal models including
sheep,434,435 rabbits,436 guinea pigs,437,438 rats427,439 and
baboons.46 Of note, long-term relaxin administration to
chronically instrumented, conscious rats recapitulates
the increase in cardiac output and arterial compliance
and reduction in systemic vascular resistance observed
during midterm pregnancy in this species.77,432,440

Thus, in addition to mediating the renal circulatory
changes of pregnancy in rats (see section Renal
Hemodynamics), relaxin also contributes to the
boarder cardiovascular changes in systemic hemody-
namic and arterial properties during pregnancy in this
species. Whether the hormone plays a similar role in
gravid women is presently unknown.

The hormone(s) and distal vasodilatory effector
pathway(s) responsible for maternal vasodilation dur-
ing pregnancy remain uncertain and may vary accord-
ing to animal species (and possibly by organ
circulation and vessel size). Investigators have
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emphasized the endothelium in the vascular changes
of pregnancy (see section Renal Hemodynamics). Of
interest, is that immunoneutralization of relaxin pre-
vented the systemic hemodynamic and global arterial
compliance changes during midgestation in conscious
rats.441 Another candidate, calcitonin gene-related pep-
tide (CGRP) hormone, rises in the blood during preg-
nancy in women.442 CGRP is a potent vasodilator, and
it may contribute to the systemic (and renal) vasodila-
tor responses to pregnancy.443 Recent evidence also
shows increased endothelial angiotensin (AT)-2 recep-
tor expression and AT-2-mediated relaxation of aorta
during late pregnancy in rats.444 Consistent with a
potential role of the AT-2 receptor, the midterm decline
in systolic blood pressure in midterm pregnant mice
was prevented by administration of an AT-2 receptor
antagonist.445 The endothelium produces pressor and
vasodilator hormones and autocoids such as PGs, NO
and hyperpolarizing factors. Despite initial enthusiasm,
the evidence that has emerged is not supportive of a
major role for vasodilatory PGs in either women93,94 or
gravid animal models.88�92,95 However, there is evi-
dence to support a role for NO102 and hyperpolarizing
factors.102,446,447 An overall refractoriness to the major
vasopressors, alpha-adrenergic and vasopressinergic
agonists and angiotensin II, has been a consistent find-
ing during pregnancy in women and gravid animal
models [reviewed in22,89,102,241]. Whether this refrac-
toriness is inherent to the vascular smooth muscle
and/or mediated by endothelial vasodilatory factors
has not been clearly defined. Interestingly, relaxin
administration to conscious, nonpregnant rats mimics
pregnancy in this regard, insofar as the renal and sys-
temic vasoconstrictor responses to angiotensin II are
attenuated.77,81,89,103

Despite the profound decrease in systemic vascular
resistance, only a modest decline in arterial pressure is
observed during normal pregnancy in both humans
and gravid animal models.27,418,419,421,448 The decline in
systemic vascular resistance is mostly offset by a com-
parable rise in cardiac output, thereby maintaining
arterial pressure. (This viewpoint assumes that early
pregnancy is a condition of arterial “underfill” or “nor-
mal-fill” initiated by primary vasodilation of nonrepro-
ductive organs—see section Significance of the Volume
Changes During Pregnancy.) At least 4 mechanisms
contribute to this reciprocal rise in cardiac output:
(i) increased heart rate, (ii) elevated stroke volume,
(iii) reduction in ventricular afterload by virtue of the
profound decline in systemic vascular resistance and
increase in arterial compliance, and (iv) augmentation
of active venous tone and/or reduction of
passive venous compliance431 that maintains or even
increases left ventricular end diastolic volume or pre-
load47,233,423,424 despite the marked decline in systemic

vascular resistance. As mentioned above, the increase
in arterial compliance also buffers the decline in dia-
stolic blood pressure, and this overall cardiovascular
picture is recapitulated by administration of relaxin to
nonpregnant female (and to male) rats77,432,440 [and
most likely humans, reviewed in449].

As pregnancy progresses beyond the first trimester
and the expansion of blood volume accelerates, then
increases in venous volume are likely to play a larger
role in maintaining or increasing the ventricular end
diastolic volume, possibly allowing for restoration of
the active venous tone and/or reduced passive venous
compliance towards nonpregnant values or even for a
complete reversal, i.e., reduced active venous tone
and/or increased passive venous compliance, in order
to accommodate the massive increase in vascular vol-
ume at this time. Regrettably, very few studies have
focused on the changes in venous function and associ-
ated mechanisms, thereby limiting our understanding
of the cardiovascular system during normal preg-
nancy.450 Finally, ventricular remodeling, so-called
“eccentric hypertrophy” also occurs with advancing
gestation, thereby contributing to the maintenance of
end diastolic volume without increasing end diastolic
pressure, and hence cardiac work.104

Clinical Significance of the Physiological
Decrease in Arterial Pressure During Pregnancy

The physiological decrease in arterial pressure in
human pregnancy has clinical implications. The defini-
tion of hypertension during gestation has remained
140/90 mm Hg in both contemporary texts and work-
ing group recommendations451,452 but one should con-
sider suspect diastolic levels of 75 mm Hg in the
second, and 85 mm Hg in the third trimester, and/or
systolic values of 120 mm Hg in mid- and 130 mm Hg
in late pregnancy.419,453,454 In this regard, data from
two large epidemiologic studies (comprising .30,000
pregnancies) reveal that diastolic pressures of
$ 85 mm Hg at any stage of gestation are associated
with significant increases of fetal mortality,453 and
there are significant increments in both perinatal mor-
tality and growth restriction when mean arterial pres-
sure exceeds 90 and 95 mm Hg during the second and
third trimesters, respectively.419

Diagnosis and Classification

Measurement of Blood Pressure

The have been controversies on how measure blood
pressure during gestation. These include the position-
ing of the patient during the measurement (lateral
recumbency versus sitting), and which sound should
constitute diastolic levels (Korotkoff IV [K4], muffling,
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or V [K5], disappearance. It is now apparent that the
lower levels recorded when the subject lies on her side
is merely the difference in hydrostatic pressure when
the cuff is positioned substantially above the left ven-
tricle. In addition, an older view that because of their
hyperdynamic circulations gravidas often manifest
large differences between K4 and K5, the latter
approaching zero, has been disproved, and K5 has
been established is the sound closest to true
diastolic pressure.455�458 Regarding the definition of
hypertension, whether in absolute numbers, (usually
140/90 mm Hg (K5)), or as increases in pressure
(15 mm Hg diastolic and 30 mm Hg systolic, respec-
tively, even when the final value is below 140/90 mm
Hg), both had their advocates and through the late
1990s. However, epidemiological data establishing
that outcomes are similar no matter what the magni-
tude of the rise, provided values remain below 140/
90 mm Hg, have led to consensus groups to define
only $ 140/90 mm Hg as the definition of hyperten-
sion in pregnancy.452,459 Nevertheless the National
High Blood Pressure Education Program (NHBPEP),
stresses that patients with blood pressures below this
cutoff who have experienced a 15 and/or 30 mm Hg
in diastolic and systolic levels, respectively, be man-
aged as high-risk patients. Of further note these dis-
putes regarding the definition of hypertension are
one reason for a host of discordant finding in such
areas as epidemiology and outcome research, now
hopefully resolved.460

Classification

A review of the literature reveals an assortment of
terms and schemes, some quite complex and detailed,
used to describe the hypertensive disorders of preg-
nancy. Toxemia, estosis, pregnancy-induced hyperten-
sion (PIH), pregnancy-associated hypertension, and
preeclamptic toxemia are all utilized to classify the dis-
order we label as preeclampsia. The reader may be
even more confused when the same term (e.g., PIH) is
used to include different disorders by various authors.
The terminology used in this chapter is that recom-
mended by the Working Group461 of NHBPEP, modi-
fied from that originally proposed by the American
College of Obstetricians and Gynecologists’ Committee
on Terminology in 1972, which is concise and practical.
In it, blood pressure in pregnancy is considered in only
four categories:

1. Preeclampsia�eclampsia
2. Chronic hypertension of any cause
3. Preeclampsia superimposed on chronic

hypertension
4. Gestational hypertension

Preeclampsia (pure or superimposed, categories 1
and 3) poses the greatest threat to fetal survival and is
the disorder most often associated with severe mater-
nal complications (including fatalities). The majority of
women in the second category have essential hyperten-
sion, usually mild in intensity, and their pregnancies
usually remain uncomplicated and end successfully.
On occasion, however, the high blood pressure is due
to specific causes including endocrine tumors, renal
artery stenosis, and renal disease,1,9,48,150,152,462 and
some of these women with secondary forms of hyper-
tension do poorly during gestation. Thus, pheochromo-
cytoma, though rare, may present for the first time
during gestation and is especially lethal when unsus-
pected, whereas when diagnosed it can be managed to
a successful outcomes, either surgically or pharmaco-
logically (with alpha blockade) depending on the stage
of pregnancy.48,462 Cushing’s syndrome, also quite
rare, has been associated with exacerbations of the
hypertension during pregnancy and poor fetal out-
comes,48,463 and the serious maternal risks associated
with scleroderma and periarteritis nodosa were
stressed in a previous section. However, not all forms
of secondary hypertension have a poor prognosis dur-
ing gestation. For example, pregnancy may ameliorate
the kaliuresis associated with primary aldosteronism152

(also see Figure 81.7). Finally, both angioplasty and
stent placement has been successfully performed on
pregnant women with renal artery stenosis.48

Gestational hypertension (category 4) is character-
ized by mild, to moderate, elevation of blood pressure
after midgestation, usually near term (though rarely
the levels may be higher. The cause of this entity is
unclear, but there is evidence that transient hyperten-
sion of pregnancy occurs in women destined to have
essential hypertension later in life (analogous to
women with gestational hyperglycemia who eventu-
ally develop type II diabetes).325 Blood pressure returns
to normal during the immediate puerperium,(at which
point some relabel the entity “transient hypertension”)
but these women often have hypertension in sub-
sequent pregnancies. There is an entity entitled late
postpartum hypertension, in which women with nor-
motensive gestations develop high blood pressure
(usually mild) during a period that ranges from two
weeks to six months after delivery.464,465 Blood pres-
sure remains labile for months but returns to normal
values by the end of the first postpartum year. Little is
known of this entity, which like transient hypertension
of pregnancy, may be a predictor of essential hyperten-
sion later in life. Finally, a rare group of patients with
activating mineralocorticoid receptor mutations that
result in an exaggerated sensitivity to the usually
weak mineralocorticoid effect of progesterone have
been described.157 They manifest salt sensitive
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hypertension, accompanied by hypokalemia, but virtu-
ally undetectable aldosterone levels, most marked dur-
ing pregnancy as progesterone levels rise.

Preeclampsia�Eclampsia

Epidemiology

Studies designed to determine the incidence of the
hypertensive complications of pregnancy, particularly
preeclampsia, have several problems. As noted, the
presence of diverse classification schemes can be con-
fusing. Equally important, it is very difficult to distin-
guish clinically between preeclampsia, essential or
secondary hypertension, renal disease, and combina-
tions of these separate entities. First, presence of nor-
mal blood pressure early in gestation does not
necessarily differentiate preeclampsia from other forms
of hypertension, as many women with essential hyper-
tension experience decrements in blood pressure to
normal values during the first half of pregnancy. Also
diseases such as lupus nephropathy, and more rarely
pheochromocytoma, as well as an accelerated phase of
essential hypertension (actually unusual in pregnancy)
may all mimic preeclampsia. These problems are well
illustrated by reports in which the etiology of hyperten-
sion complicating gestation was established by renal
biopsy [nine series cited in Ref.325]. In our own study325

176 women were biopsied, usually for suspected pre-
eclampsia (Table 81.4). This diagnosis was correct in
only 85% of the primiparas and was wrong in most of
the multiparas (underscoring the need for caution in
interpreting reports in which patients diagnosed as
preeclamptic and/or “toxemic” are multiparous).

Several other problems, ranging from selected popula-
tions to discrepancies between the data and discharge
diagnoses are discussed in detail by Ness and
Roberts.466 Thus, the epidemiological literature must
be approached with the above reservations in mind,
and careful attention should be paid to the different
definitions of normalcy, methods used to measure
blood pressure, and the quality of the data analyzed.

In view the above limitations it is not surprising that
the incidence of preeclampsia in the literature range
from 5% to 30%.9,150,418,419,421,461,467 Of interest, how-
ever are data from a number of carefully conducted
prospective trials which have mainly focused on
normotensive nulliparas (a population where the inci-
dence of preeclampsia is three to five fold higher than
in multiparas150,468,469 reveal the following.
Preeclampsia was consistently diagnosed in 4�7% of
the “placebo controls,” and about twice as many
women developed gestational hypertension (ranging
from 6�17%).454,470�472

There are specific populations at “high risk” to
develop pure or superimposed preeclampsia. These
include women with diabetes, multifetal gestation, pre-
existing chronic hypertension or renal disease, and
those with a history of preeclampsia in a previous ges-
tation (especially prior to gestational week 36), whose
incidence averages 20%.319 Women with trisomy 13
fetuses also have more preeclampsia, the potential
cause of which is discussed below. Presence of nonim-
mune hydrops fetalis and alpha thalassemia are also
associated with more preeclampsia, often before
midpregnancy.9,150

Finally, the rate of eclampsia has fallen almost
30-fold from the incidence published in the first half
of the twentieth century, and is now less the 1 per
1000 births. This no doubt reflects improvement in
prenatal care whereby practitioners detect and termi-
nate the pregnancies at-risk in timely fashion, a pol-
icy reflected, in part, by an almost two-fold increase
in the diagnosis of “severe” preeclampsia during the
same period.150,466

Clinical Spectrum

Recognition and differentiation of preeclampsia
(both “pure”’ or superimposed) from other causes of
high blood pressure in pregnancy has implications
regarding the management of hypertensive gravidas,
as this is the disorder most likely to cause serious
maternal and fetal complications. However, a precise
diagnosis may not always be possible, in which case
therapy should be directed toward a presumptive diag-
nosis of the more serious disorder preeclampsia.

Preeclampsia, characterized by hypertension, pro-
teinuria, edema, and at times coagulation and/or liver
function abnormalities, or both, occurs mainly in

TABLE 81.4 Renal Pathology in 176 Hypertensive Patientsa

Diagnosis No. of Patients Primigravidas Multiparas

Preeclampsiab 96 79 17

With nephrosclerosis 13 6 7

With renal disease 3 1 2

With both 2 1 1

Nephrosclerosis 19 3 16

With renal disease 4 2 2

Renal disease 31 12 19

Normal histology 8 0 8

Source: Fisher KA, Luger A, Spargo BH, Lindheimer MD. Hypertension in
pregnancy: clinical-pathological correlations and remote prognosis. Medicine
(Baltimore) 1981;60:267�276.
aBiopsy material (obtained between 1958 and 1976) was considered adequate if it

contained eight glomeruli for light microscopic analysis and three for electron
microscopic analysis.
bOnly glomerular endotheliosis on biopsy.
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nulliparas, usually after the 20th gestational week, and
most frequently near term.9,150,473 The earlier the onset,
the less likely it is to be “pure” preeclampsia, and the
higher the probability that one is dealing with disease
superimposed on underlying essential hypertension or
a renal disorder.

Attempts have been made to categorize preeclamp-
sia as “mild” or “severe.” The latter is usually defined
on the basis of diastolic and systolic levels ($110 and
160 mm Hg, respectively), the appearance of nephrotic
proteinuria, sudden oliguria, or neurologic symptoms
(e.g., headache or hyperreflexia), as well as by labora-
tory tests demonstrating thrombocytopenia and/or
abnormal liver function. Since a woman with seem-
ingly mild disease (for instance a teenage gravida with
a blood pressure of 140/90 mm Hg and minimal pro-
teinuria) can suddenly convulse, designations such as
mild and severe could be misleading. In fact, de novo
hypertension alone in a third trimester nullipara is suf-
ficient reason to manage such patients as if they were
preeclamptics. Of final note, early preeclampsia (onset
,34 weeks) is associated with greater morbidity than
term preeclampsia.474 In this respect some suggest sub-
dividing preeclampsia into two groups, in regard to
clinical management.475 This may be misleading, how-
ever, as all preeclampsia is potentially explosive.

The eclamptic convulsion, the most dramatic and
life-threatening complication of preeclampsia, was
once associated with a maternal mortality of 30%, with
cerebral hemorrhage as the leading cause of death,9,150

but improved and aggressive obstetrical management
have decreased the occurrence of convulsions and
made maternal deaths extremely unusual. Eclampsia is
usually preceded by various premonitory signs includ-
ing headache, visual disturbances, severe epigastric
pain, a sensation of constriction of the thorax, appre-
hension, excitability, hyperreflexia, and hemoconcen-
tration. However, the convulsion can occur suddenly
and without warning in a seemingly stable patient
with only minimal elevations of blood pressure. It is
the capricious nature of this disorder that underlies the
need for early hospitalization of women with sus-
pected preeclampsia.

There is a deceptively benign variant of preeclamp-
sia whose initially mild clinical presentation may be
misleading. The patient presents with borderline
thrombocytopenia, and slightly abnormal liver function
tests, normal or minimally elevated blood pressure,
and little or no renal dysfunction. However, this form
of preeclampsia may rapidly become life threatening
when within 24�48 h there is progression to a syn-
drome characterized by hemolysis with marked
evidence of both liver and coagulation abnormalities
(transaminases and lactic dehydrogenase increasing
to .1,000 IU/dL, platelet counts decreasing to

,40,000/mL, with the presence of schistocytes on the
blood smear. This complication, termed the HELLP
syndrome, constitutes an emergency requiring termina-
tion of the pregnancy.297 Furthermore, although post-
partum recovery is usually rapid, the disease could
persist for almost a week and some of these patients
have undergone plasma exchange.

Finally, there is an uncommon disorder labeled late
postpartum eclampsia (hypertension and convulsions
that occur 48 h to several weeks after delivery).476�478

Some of the patients have typical manifestations of pre-
eclampsia and/or eclampsia prodroma, but prophylac-
tic therapy had not been started because of lack of
postpartum education, or their presentation at emer-
gency rooms where caregivers are unfamiliar with
gestation-related problems.478 A similar syndrome has
been reported in patients administered bromoergo-
cryptine, a drug once utilized to suppress
lactation,479�481 but the evidence for this association
was never compelling.

Pathogenic Mechanisms

The etiology of preeclampsia remains unknown, and
some468 suggest the disease has heterogeneous causes.
There is evidence of a familial factor, with suggestions
that preeclampsia may be inherited as a recessive con-
dition (perhaps with maternal�fetal genotype interac-
tions), or as a dominant one with 50% penetrance.150,482

There are also ongoing investigations on the roles of
angiotensinogen gene polymorphism483,484 and the
gene for 5,10 methylene tetrahydro reductase, an asso-
ciation also linked to hyperhomocysteinemia.485,486

Detailed discussions of the genetics of preeclampsia
can be found in reference.487 More recently, a small
Dutch genetic study suggested that polymorphism in
the STOX1 (a member of the winged helix gene family),
a paternally imprinted gene has been linked to pre-
eclampsia within a small Dutch cohort.488

Considerable research is currently focused on the
role of the placenta in the pathogenesis of preeclamp-
sia. This includes determining the mechanisms of path-
ological changes that occur during the development of
the blood supply to the placenta (see below), said to
result in a relative hypoxemic environment and to lead
to the production of cytokines that enter the maternal
circulation and injure the vascular endothelium.489

Other research focuses on the immune response at the
maternal�fetal interface. For instance, placental tissue
from preeclamptic pregnancies may express less
HLA-G (a nonclassical HLA antigen expressed in nor-
mal placental tissues, which may modulate the mater-
nal response to the immunologically “foreign”
placenta).490 Other evidence of pathogenic immune
mechanisms include the disease’s propensity for nul-
liparous pregnancies followed by normotensive
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subsequent gestations (except if conception is with a
new partner), a decreased prevalence in women who
have received blood transfusions, required long peri-
ods of cohabitation before conceiving, and frequent
oral sex, as well description of changes in the placental
vasculature that resemble those in the blood vessels in
allograft rejection.491,492 Finally, investigators seeking
insight into the cause of preeclampsia have studied a
host of factors of placental origin(with a recent empha-
sis on angiogenic factors, see below).493

Pathophysiology of Preeclampsia

Preeclampsia is more than hypertension; it is a
systemic disorder with both maternal and fetal mani-
festations. The disease in the mother includes vaso-
spasm, alterations in many hormonal and autocoid
systems which regulate blood pressure and volume
control, and coagulation changes. Its physiopathology
may also include the failure of mechanisms that deal
with oxidative stress, the presence of a proinflamma-
tory state, and an imbalance between pro- and anti-
angiogenic events. What is important to note is that
many of the “nonhypertensive” manifestations of pre-
eclampsia can be life threatening even when hyperten-
sion is quite mild.

Blood Pressure

Hypertension in preeclampsia, characteristically
labile, represents a reversal the vasodilation of normal
pregnancy and is due to increases in peripheral vascu-
lar resistance. These are so striking, that blood pressure
rises even though cardiac output often falls. There is
also a reversal of the resistance of the vasculature to
pressor substances characteristic of normal pregnancy
(discussed above), the vessels of preeclamptic women
being actually hyperresponsive to a variety of pressor
peptides and amines, especially to angiotensin II.156,204

Loss of pressor resistance to the latter may be documen-
ted months before the appearance of overt disease.494

The cause of the altered vascular reactivity in pre-
eclampsia has been sought for decades but remains
obscure. Research has focused on changes in the ratio
of vasodilating and vasoconstricting prostanoids (or
frank increments in the latter),495,496 and on the vaso-
constricting potential of circulating pressor hormones
(angiotensin II and ET), brought about by a number of
possible scenarios. These include upregulation of
receptors,156,204,497 loss of resistance by a vasculature
damaged by cytokines489,498 or lipid peroxidases,489,499

or inhibition of adaptive increments in the production
of NO synthase as well as the NO-dependent and inde-
pendent endothelium-derived relaxing factor.500,501

Still other investigators focus on gestational alterations
in calciotropic hormones, insulin metabolism, and the
body stores of calcium and magnesium.156,502 Most

recently agonistic autoantibodies to the angiotensin I
receptor have been detected in the blood of preeclamp-
tic (see below) As of 2005, all the above postulates
were still unproven.

The Heart

Data describing cardiac performance in preeclamp-
sia is conflicting. This is due to several reasons. First,
the investigators often failed to define precisely the
study populations and included multiparous women,
as well as patients with chronic hypertension and renal
disease, all labeled preeclamptics. Many reports
describe term and/or intrapartum protocols and the
subject studied had often received magnesium sulfate
and/or a variety of antihypertensive medications, as
well as intravenous solutions of variable solute content.
Also, the same data (especially the echocardiographic
studies) may be interpreted differently by various
groups. Finally, all findings may be correct, reflecting
only that the hemodynamic parameters of preeclamp-
sia change as the disease progresses.

Cardiac Performance: Pulmonary edema is a compli-
cation of severe preeclampsia, yet the literature is
unclear as to whether the disease directly affects the
heart or not (reviewed in429). In one study429 focusing
on proteinuric nulliparas and appropriately selected
pregnant postpartum controls (both groups were restu-
died one month postpartum), load-independent left
ventricular contractility was normal in all groups. Of
importance was that if traditional approaches (rather
than the load-independent indices) were utilized, some
would have interpreted the echocardiographic findings
as showing decreased contractility.

A survey of studies designed to determine sys-
temic hemodynamic changes in preeclampsia reveals
results that range from high output�low resistance
to a low output�high resistance state.22 This wide
and inconsistent spectrum relates both to the pro-
blems cited above, and in some instances reflect
experimental artifact. We will focus on selected
reports where data permits us to focus on nullipa-
rous preeclamptics.

Easterling et al.,503 in a serial study, using noninva-
sive echocardiographic techniques, observed an exag-
geration of the normally increased cardiac output
throughout gestation, as well as greater decreases in
peripheral vascular resistance in women who became
preeclamptic. The exaggerated Increase in cardiac out-
put, but not the excessive decrement in peripheral vas-
cular resistance, has recently been confirmed in an
even larger serial study by Boslo and colleagues.504 In
an a group of term nulliparous preeclamptics (said to
have received minimal fluid) Mabie et al.505 found car-
diac output to be normal or slightly increased, while
pulmonary capillary wedge pressure (PCWP) was
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usually normal. Perhaps the most carefully controlled
studies were those by Visser and Wallenburg,506 in
which proteinuric hypertensive women and a small
group of normotensive pregnant controls were studied
prior to any therapeutic interventions. Using Swan-
Ganz pulmonary artery thermodilution techniques
they convincingly demonstrated low cardiac output
and markedly increased peripheral resistance and low
normal PCWP in untreated preeclamptics. They further
showed that the profile was variable when subjects
had been treated, though on average their cardiac out-
put was similar to that in normotensive gravidas, while
peripheral vascular resistance was considerably
improved (though still significantly elevated).

The observations described above have several inter-
pretations. The first relates to the heterogeneity of the
study designs and populations, with a call for further
and more precise research. The second is the intriguing
possibility that the older literature “missed” the natural
history of cardiac performance in patients destined to
develop preeclampsia; an early preclinical period char-
acterized by an exaggeration of the normal increase in
cardiac output in gestation as well as an exaggerated
decrease in peripheral vascular resistance (the antici-
pated autoregulatory response). This is followed by a
“crossover” to a decreased cardiac output-high periph-
eral resistance state when the disease manifests near
term. If confirmed, though, this would be surprising,
given that the increased pressor responsiveness of pre-
eclampsia is detectable at midgestation.494

Finally, Hibbard et al. combining echography and
modeling techniques studied both preeclamptics and
chronic hypertensives with superimposed preeclamp-
sia.433 They confirmed the decrease in arterial compli-
ance in preeclampsia, demonstrating that a component
of the decrease was due to the disease, (in addition to
the due to increased blood pressure). They further
demonstrated that the first harmonic of the input
impedance spectrum was higher, while the data sug-
gested that characteristic impedance was also higher

Liver and Coagulation Abnormalities

Preeclampsia is associated with activation of the
coagulation system, although abnormalities are
undetectable clinically in most patients.507

Thrombocytopenia, rarely severe, is the most common
finding recorded, whereas increases in platelet activa-
tion and size, as well as decrements in their life span,
and worsening of the hypercoagulability of normal
pregnancy (e.g., reduced antithrombin III, protein S,
and protein C) can be detected by special testing in
many patients with normal thrombocyte counts.507

Rarely, however, preeclamptic patients develop evi-
dence of a severe life-threatening coagulopathy, as evi-
denced by the ominous HELLP syndrome discussed

above. Finally, the causes of thrombocytopenia and the
hypercoagulability of normal gestation are still
unclear.156,507

Preeclampsia also affects the liver.1,508,509

Manifestations of liver involvement include elevation
of transaminase and lactic dehydrogenase levels, usu-
ally of a mild degree.510 In fact, preeclampsia is proba-
bly the most common cause of mild liver functional
abnormalities in pregnancy. However, as described
above, the liver can also be the focus of the disease,
severe liver failure and disseminated intravascular
coagulation combining to threaten both maternal and
fetal well-being.297

The gross and microscopic hepatic changes in pre-
eclampsia are detailed in the extensive autopsy series
of Sheehan and Lynch.1 In that series the liver
appeared normal 40% of the time, and there were occa-
sional petechiae (on the surface or in sections) in
another 20%. In the remaining 40%, however, there
were confluent petechiae and obvious infarcts. Also
described were subcapsular hematomas, some of
which had ruptured and were the immediate cause of
death. On the other hand, a more recent study in which
the liver was assessed laparoscopically, hematomas
were quite unusual.104 Microscopically, there are two
characteristic lesions. One is a periportal lesion, mani-
festing as hemorrhage into the hepatic cellular
columns, and the second is the presence of infarction.1

Also, of interest, also, are results from liver biopsies
performed during laparoscopy showing intracellular
fatty changes in all patients with preeclampsia, irre-
spective of the severity of the disease.104 (Nevertheless,
both autopsy and laparoscopy studies are by their
nature quite selective). Finally, acute fatty liver of preg-
nancy, a disorder frequently associated with pre-
eclampsia, was discussed in the ARF section above.

Central Nervous System

Eclampsia, the convulsive phase of preeclampsia,
remains a leading cause of maternal death, the proxi-
mate causes including disseminated intravascular
coagulation-like syndromes, pulmonary edema, aspira-
tion and sepsis, and especially cerebral hemorrhage
and edema.1,150,466 Knowledge of its etiology, however,
remains incomplete. Some, noting fibrin deposition in
brain at autopsy, relate its cause to the coagulation
changes associated with preeclampsia. To others511 the
disease is merely a form of hypertensive encephalo-
pathy, a concept difficult to accept as the convulsion
can occur suddenly in women whose systolic levels
are consistently below 140 mm Hg. However, vaso-
constriction in preeclamptic women can be selective.
For example, investigators have demonstrated ultra-
sonographically the presence of severe cerebral vaso-
spasm in patients with minimal evidence of

2730 81. RENAL PHYSIOLOGY AND DISEASE IN PREGNANCY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



peripheral vasoconstriction.512 They have also sug-
gested that the cause of eclampsia may be heteroge-
neous, as some patients manifest normal cerebral
vascular indices, while others (especially those with
mean arterial pressures that exceed the brain’s auto-
regulatory capacity) demonstrate high pressure
indexes, and/or perfusion, akin to hypertensive
encephalopathy.513,514 On the other hand, phase con-
trast velocity imaging techniques combined with MRI
consistently fail to demonstrate any changes in cere-
bral perfusion in severe preeclampsia or eclampsia.515

Reports based on cranial axial tomography and MRI
(the latter, the preferred diagnostic test) vary but often
describe transient abnormalities consistent with local-
ized hemorrhage or edema.515,516 The edema is said to
be vasogenic, and fully reversible, though a recent
study has noted “cytotoxic” edema and infarction in
up to one forth of the patients.517 These data, as well as
those in the perfusion studies described above are not
always easy to interpret; however, as many of the
patients had been treated with antihypertensive drugs,
magnesium infusions, and especially with considerable
fluid administration, raising the possibility that
many of these findings may be iatrogenic. Of inter-
est is a disorder termed “reversible posterior
leukoencephalopathy syndrome,” observed in
patients with a variety of medical disorders and in
three women with postpartum eclampsia.518 The dis-
ease is life threatening and characterized by acceler-
ated hypertension, severe headaches, altered mental
status, cortical blindness, and convulsions, but
appears to be reversible with aggressive diuresis and
rapid reduction of blood pressure. Review of this
article suggests the eclamptic women had been
grossly volume overloaded.

The best descriptions of gross and microscopic
pathology are in autopsy series of Sheehan and Lynch,1

as most of these necropsies were performed within two
hours of death, thus eliminating most of the postpar-
tum changes that might confound interpretation. Of
interest, there was little evidence of brain edema,
which led the authors to conclude that cerebral
edema was a late, perhaps postseizure event, and not
a cause of the convulsion. The major finding was
gross evidence of cerebral hemorrhage, not surpris-
ingly present in 60% of the subjects expiring within
48 h of the convulsion. There were also varying
degrees of smaller hemorrhages and petechiae
observed with the naked eye, and more numerous
on histological sections. The petechiae were cited as
evidence of vascular disturbances produced by local
ischemia. Sheehan & Lynch1 have produced a series
of photomicrographs that we highly recommend to
the reader).

The Placenta

Abnormal placentation is believed by many to be
the major culprit in the pathophysiology of preeclamp-
sia, if not its proximate cause. This is because uteropla-
cental ischemia has been used to develop several
animal models believed to mimic the disease in
humans,519 and because delivery remains the most suc-
cessful and probably the only definitive cure in pre-
eclamptic women. Furthermore, the incidence of
preeclampsia is increased in women with hydatiform
disease (a rapidly growing placenta in the absence of a
fetus), and in multifetal gestations (increased placental
mass).9,150 Finally, abnormalities in placentation, which
occur between 10 and 20 weeks gestation, may repre-
sent the earliest evidence of pathology leading to the
disease (reviewed in Ref.520), even though maternal
signs of preeclampsia do not appear until the late third
trimester.

Normal placentation involves the transformation of
the spiral arteries from thick-walled, muscular arteries,
into sac-like, flaccid uteroplacental vessels that permit
delivery of greater volumes of blood at a lower blood
pressure than before. This transformation is believed to
be accomplished primarily by invasion of trophoblast
cells which destroy and replace the endothelium of
maternal vessels, and then invade their medial elastic
and muscular layers, a process that ensures that the
fetus is adequately supplied with oxygen and nutri-
ents. However, in women destined to develop pre-
eclampsia, invasion of the spiral arteries by
endovascular trophoblast is incomplete, and it may
occur in the decidual but not in the myometrial seg-
ments521 (Figure 81.17). These changes may be focal or
diffuse, the result being that many spiral arteries
remain muscular, with thick-walled vessels, and blood
flow to the placenta is compromised.

Reasons for the failure of spiral artery remodeling
are obscure. Of interest are studies by Fisher and
associates520,522 which suggest that in preeclampsia the
cytotrophoblast cells fail to mimic a vascular adhesion
phenotype and to express adhesion molecules believed
to be critical to the process of trophoblastic inva-
sion.520,522 Differentiation of trophoblasts along the
invasive pathway involves alteration in expression of a
number of different classes of molecules, including
cytokines, adhesion molecules and extracellular matrix
molecules, metalloproteinases and class Ib major histo-
compatibility complex molecule, HLA-G.523�525 During
normal differentiation, invasive trophoblasts alter their
adhesion molecule expression from those that are char-
acteristic of epithelial cells (integrin α6/β4, αv/β5 and
E-cadherin) to those of endothelial cells (integrin α1/β1,
αv/β3, PECAM, and VE-cadherin) a process referred to
as “pseudovasculogenesis”526 (Figure 81.17) Both
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in vitro and in vivo studies show that trophoblasts
obtained from patients with preeclampsia fail to
undergo these alterations of adhesion molecules and
pseudovasculogenesis.522,527 The molecular pathways
that regulate pseudovasculogenesis may involve a vast
array of transcription factors, growth factors and
cytokines.528

Another morphologic change in the placentas of pre-
eclamptic women, though believed to be less specific,
is an arteriolar lesion termed acute atherosis.150,520 It is
characterized by fibrinoid necrosis of the arterial wall,
accumulation of fat-laden macrophages, and perivascu-
lar mononuclear cell infiltrates.

Finally, research efforts are in progress to link
abnormal placentation early in preeclampsia with cir-
culating markers to predict its occurrence and to
explain why symptoms do not occur until late in gesta-
tion. The reader is referred to several reviews on the
subject 489,520,529), The reduced placental perfusion may

also explain the increased incidence of fetal growth
retardation associated with preeclampsia.

Circulating Factors and Endothelial Dysfunction

The increase in blood pressure in preeclampsia has
been attributed to generalized endothelial dysfunction
that disrupts the appropriate control of vascular
tone,530 Similarly, increased glomerular vascular per-
meability, and coagulopathy are ascribed to abnormal
endothelial expression of procoagulants, while liver
dysfunction to hepatic ischemia. In these respects there
are considerable data to support the theory that the
maternal response in preeclampsia is secondary to gen-
eralized endothelial dysfunction. These include studies
demonstrating increases during preeclampsia in
circulating fibronectin, Factor VIII antigen, and throm-
bomodulin, all markers of endothelial cell injury
decreased production of endothelium-derived vasodi-
lators (e.g., prostacyclins), increased production of
vasoconstricting ETs, and enhanced vascular reactivity
to angiotensin II.494,531�535 Of note the characteristic
renal lesion of the disease, described in Figure 81.19 is
primarily limited to endothelial cells.325 Finally, serum
from preeclamptic women causes endothelial activa-
tion in human umbilical vein endothelial cell culture
studies in vitro.536

Identification of circulating factors of placental and/
or maternal origin that mediate endothelial dysfunc-
tion has been and continues as an area great research
activity. There have been reports of alterations in levels
of cytokines/growth factors/chemicals such as TNF-α,
IL-6, IL-1α, IL-1β, Fas ligand, oxidized lipid products,
neurokinin-B and asymmetric dimethylarginine.537�540

However, there is no evidence that any of these mole-
cules are etiologic. One interesting hypothesis for
which some evidence exists, involves excessive expor-
tation” of bits of trophoblastic material from the
diseased placenta into the circulation causing the gen-
eralized microangiopathy.541

Increased sensitivity to angiotensin II, a consistent
feature of preeclampsia, may be secondary to increased
bradykinin (B2) receptor upregulation in preeclamptic
patients.317 In this respect there is in vitro data demon-
strating that heterodimerization of B2 receptors with
angiotensin II type I receptors (AT1), forms an AT1/B2
heterodimer that shows increased responsiveness to
angiotensin. II. It is unclear however whether these
alterations observed are of pathophysiological signifi-
cance or just epiphenomena. Recent studies from the
laboratory of a co-author of this chapter (S.A.K.)542 and
others543,544 have demonstrated an increased placental
expression and secretion of sFlt-1 (soluble fms-like
tyrosine kinase 1, see below), a naturally occurring cir-
culating VEGF antagonist in patients with preeclamp-
sia. Importantly, when administered exogenously to

FIGURE 81.17 Cartoon depicting the changes in uteroplacental
arteries that take place during normal and preeclamptic gestations.
During the process of uterine vascular invasion, the cytotrophoblasts
differentiate from an epithelial phenotype to an endothelial pheno-
type, a process referred to as “pseudovasculogenesis” (Upper Panel).
In preeclampsia, cytotrophoblasts fail to adopt an invasive endothe-
lial phenotype. Instead, invasion of the spiral arteries is shallow and
they remain small caliber, resistance vessels (Lower Panel).
[Reproduced from Ref.666 with permission]
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FIGURE 81.18 sFlt1 and sEng causes endothelial dysfunction by antagonizing VEGF and TGF-β1 signaling. There is mounting evidence
that VEGF and TGF-β1 are required to maintain endothelial health in several tissues including the kidney and perhaps the placenta. During
normal pregnancy, vascular homeostasis is maintained by physiological levels of VEGF and TGF-β1 signaling in the vasculature. In preeclamp-
sia, excess placental secretion of sFlt1 and sEng (two endogenous circulating anti-angiogenic proteins) inhibits VEGF and TGF-β1 signaling
respectively in the vasculature. This results in endothelial cell dysfunction, including decreased prostacyclin, NO production, and release of
procoagulant proteins. [Reproduced with permission from Refs666,667]

FIGURE 81.19 Light micrograph of glomerulus from a patient with preeclampsia. Capillary lumina are encroached by swollen endothelial
and mesangial cells (arrow). B: Electron micrograph in the area of a vacuolated tuft demonstrating obliteration of the capillary space. There are
also clusters of lysosomal structures which contain myelin-like figures and collections of lipids, most marked in mesangial cells. (Courtesy of
Dr. B.H. Spargo)
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rats, sFlt-1 alone has been shown to be sufficient to
induce a preeclampsia-like phenotype.542 This work
has generated considerable enthusiasm for sFlt1 as an
important mediator in preeclampsia.

Alterations in Pro and Antiogenic Factors Normal
Pregnancy and Preeclampsia

Perhaps the more plausible explanations of genesis
of at least two phenotypes of preeclampsia, hyperten-
sion and proteinuria are events that lead to an imbal-
ance of pro and anti-angiogenic factors in the
circulation of pregnant women. sFlt1 is an anti-
angiogenic molecule which antagonizes both VEGF
and PlGF. VEGF is important in both angiogenesis (the
growth of new blood vessels) and in the maintenance
of endothelial cell health in the basal state. Although
the function of PlGF is still ill-defined, it appears to act
synergistically with VEGF, and may be necessary for
wound healing and angiogenesis in ischemic
tissues.545,546 VEGF has a family of receptors, the most
important of which are Flt1 (VEGFR1) and Flk1
(VEGFR2).547 sFlt1 is a truncated form of the Flt1 recep-
tor (see Figure A). It includes the extracellular ligand-
binding domain, but not the transmembrane and
intracellular domains; it is secreted (hence “soluble”)
and antagonizes VEGF and PlGF in the circulation by
binding and preventing their interaction with their
endothelial receptors548 Although sFlt1 is made in
small amounts by other tissues (endothelial cells and
monocytes), the placenta seems to the major source of
circulating sFlt1 during pregnancy as evidenced by the
dramatic fall in circulating concentrations of sFlt1 after
the delivery of the placenta.542

Circulating sFlt1 levels are increased, while free
(unbound) PlGF and free VEGF levels are suppressed,
in women with preeclampsia.542 The increase in sFlt1
precedes the onset of clinical disease by at least five
weeks549�552 and appears to be more pronounced in
severe and early-onset preeclampsia.551,553 In several
studies, decreased free PlGF levels were observed
before 20 weeks gestation in women who developed
preeclampsia later in pregnancy,551,553�555 though not
all investigators have confirmed this finding.556

Although reduction in free PlGF may be predominantly
explained by increased sFlt1 production, some data
suggest the fall in PlGF may actually precede the rise in
sFlt1, implicating other mechanisms such as decreased
PlGF production.557 Since free PlGF is readily filtered
through an intact glomerulus, urinary PlGF is signifi-
cantly decreased in preeclampsia and measurements of
urinary PlGF can also be used for the prediction of
preeclampsia.558

In vitro studies confirm that excess placental sFlt-1
production induces an anti-angiogenic state in the
serum of preeclamptic women that can be rescued by

exogenous VEGF and PlGF.542 Excess sFlt-1 alone,
when administered to pregnant rats, induced albumin-
uria, hypertension and renal pathological changes of
glomerular endotheliosis by antagonizing circulating
VEGF and PlGF and inducing endothelial dysfunc-
tion.542 Furthermore, a significant percentage of cancer
patients receiving VEGF signaling antagonists develop
hypertension and proteinuria.559,560 Even a 50% reduc-
tion of renal VEGF production in genetically modified
mice resulted in glomerular endotheliosis and protein-
uria.561 These data suggest that excess circulating sFlt-1,
by neutralizing VEGF and PlGF, may play a causal role
in the pathogenesis of the maternal syndrome in pre-
eclampsia (Figure 81.18).

The role of sFlt-1 in preeclampsia is supported by
two clinical studies in a patient population considered
high risk for the development of preeclampsia. The
genes for sFlt1 and Flt-1 are carried on chromosome 13,
and the incidence of preeclampsia in mothers who
carry fetuses with trisomy 13 is in fact greatly
increased, as compared with all other trisomies or with
control pregnant patients.562 In a more recent study
where blood samples were obtained from women with
trisomy 13 (in the majority the pregnancy was termi-
nated or ended prior to the final trimester) the ratios of
sFlt1/PlGF levels compared to other trisomies or con-
trol pregnant women measured during the second tri-
mester were comparable to those observed in pregnant
women who subsequently develop preeclampsia.563

These data suggest a molecular explanation for the
increased risk of preeclampsia observed in these
patients. Finally, circulating concentrations of sFlt1
were recently reported to be higher in the first ver-
sus second pregnancies this accounting for the
increased risk of preeclampsia among nulliparous
women.564

The discussions in this section are detailed because
as of 2011 the role of angiogenic factors has become the
most exciting research area in the enigmas that histori-
cally surrounded understanding preeclampsia.565

However, there are still unanswered questions to the
sFlt-1 story. Although hypoxia of cytotrophoblasts has
recently been shown to be a potent inducer of sFlt1
production,566 the precise mechanisms of excess sFlt-1
production by the preeclamptic placenta are not
known. Importantly, the role of sFlt-1 in normal pla-
cental development and in placental pseudovasculo-
genesis is not clear. No coagulation or liver function
abnormalities or brain abnormalities (eclampsia) were
reported in sFlt-1-treated animals. Finally, sFlt1 may
not be altered in some preeclamptic women especially
in those labeled mild preeclamptics.567 Therefore, addi-
tional synergistic factors that are elaborated by the pla-
centa may yet be identified that play a role in the
pathogenesis of the generalized endothelial
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dysfunction noted in preeclampsia. Derangements in
other angiogenic molecules have also been observed
recently. Levels of endostatin, an anti-angiogenic fac-
tor, are also elevated in preeclampsia.568

Soluble endoglin (sEng), another anti-angiogenic
protein, has also been implicated in the pathogenesis of
preeclampsia (see Figure 81.18). The role of this protein
in producing preeclampsia phenotypes was evaluated
based on the hypothesis that sEng may impair trans-
forming growth factor-beta 1 (TGF-β1) binding to its
cell surface receptors and decreasing endothelial NO
signaling.569 sEng is placental in origin, is present in
the sera of pregnant women, is elevated in preeclamp-
tic individuals and correlates with disease sever-
ity.570,571 Administration of both sFlt1 and sEng using
an adenoviral expression system in rats produces a
severe preeclampsia-like animal model with hyperten-
sion, proteinuria, glomerular endotheliosis, features of
HELLP syndrome and small for gestational age (SGA)
pups.569 The role of sEng in early placentation and its
regulation is still not yet known.

Agonistic Antibodies Against AT1 Receptors

Patients with preeclampsia have also been reported
to have circulating autoantibodies against the angioten-
sin receptor -1 (AT1-AA).572 These autoantibodies are
agonistic to the AT1 receptor and have been hypothe-
sized to participate in angiotensin II-induced hyperten-
sive changes noted in preeclamptic patients in
preeclamptic patients and in “shallow” placental
implantation.573,574 These autoantibodies have been
also shown, in vitro to stimulate NADPH oxidase from
both trophoblasts and vascular smooth muscle cells,
the implication being the antibodies being the antibo-
dies are responsible for the substantial increase in cir-
culating reactive oxygen species in the in
preeclampsia.575 Recently, direct pathogenic role for
AT1-AA in preeclampsia has been noted in animal
models.576 However, these antibodies have also been
encountered in other examples of vascular injury such
as vascular rejection,577 suggesting that they may be
secondary to the generalized microangiopathy of pre-
eclampsia. As of 2011 we could locate no information
on the temporal relationship of these autoantibodies
with the appearance of preeclampsia. It was also
unclear at that time, whether these antibodies syner-
gize with other proteins, such as sFlt-1, to induce sys-
temic endothelial dysfunction or whether they are
simply a consequence of the diffuse endothelial injury.
Finally, the source of the antigen responsible for these
antibodies has not yet been identified.

Oxidative Stress and Inflammation

Oxidative stress, the presence of active oxygen spe-
cies in excess of available antioxidant buffering

capacity, is a prominent feature of preeclampsia.
Oxidative stress is known to damage proteins, cell
membranes, and DNA and is a potential mediator of
endothelial dysfunction. It has been hypothesized that
in preeclampsia factors responsible for oxidative stress
of placental origin are transferred to the systemic circu-
lation, resulting in oxidative damage to the vascular
endothelial cells throughout the body. Proponents of
this theory, focus on oxidative stress itself as the link
between the placenta and maternal end-organ
disease.578,579

There are many reports that document increased
markers of oxidative stress in both the placentas and
circulation of preeclamptic patients.. These include
decreased expression of enzymatic antioxidants, abnor-
mally high superoxide generation,, higher levels of
lipid peroxidation, and increased production and
secretion of isoprostanes, all in the placenta.580�585

Maternal serum markers include increases in peroxyni-
trite, protein carbonyls.586 There are also Increases in
volatile organic compounds in alveolar breath,587

though this is disputed.588,589

Animal models and human trials also suggest a role
for oxidative stress. One of the major animal models
of preeclampsia is produced by infusion of L-NAME
(L-nitro-arginine methylester), an inhibitor of NO
synthesis, into pregnant rats. This produces a
preeclampsia-like syndrome with hypertension, pro-
teinuria, and thrombocytopenia590,591 A UK study
showed that deficiency of selenium, a trace element
with antioxidant properties, was associated with an
increased risk of preeclampsia.592 But the most clini-
cally relevant insights come from human trials: if oxida-
tive stress is a key element in preeclampsia, antioxidant
treatment might be expected to be beneficial. A ran-
domized controlled trial by Chappell et al randomized
showed that supplementation with vitamin C and E
decreased preeclampsia in high-risk pregnant women
(OR 0.4). PAI-1 and PAI-2, markers of endothelial acti-
vation, were also decreased in the treatment group.593

Similarly, treatment with the antioxidant lycopene was
found to decrease the risk of preeclampsia by almost
50% in a small randomized trial.594 Unfortunately, large
randomized controlled trials did not show an effect of
antioxidants, vitamin C and vitamin E on the risk of
preeclampsia.595,596 In summary, the data reviewed
suggest that oxidative stress while noted in preeclamp-
sia, may not play an important role in the pathogenesis
of disease.

The Kidney in Preeclampsia

Renal Morphology

Preeclampsia is accompanied by characteristic mor-
phological alterations in the kidney termed
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“glomerular endotheliosis.” Detailed descriptions of
the renal lesions of preeclampsia, an historical review,
a precise of several disagreements in the literature,
including whether or not preeclampsia causes focal
glomerular sclerosis, and a more complete bibliogra-
phy can be found elsewhere.1,473 It is noteworthy that
the best information has come from analysis of tissues
obtained at necropsy between 1930 and 1950, and renal
biopsy series liberally performed from the late 1950
through the mid-1970s. More recently, reasons to per-
form renal biopsies have become more stringent, with
few indications for use of this procedure in routine pre-
eclamptics, either prepartum or in the puerperium (see
section on renal disease). The more recent literature,
therefore, has focused on more atypical variants of the
disease, as biopsies have been performed weeks, and
even months following the index pregnancy. We
believe that many of these reports have only managed
to confuse our understanding of the morphological pic-
ture of the disorder, and therefore focus on the older
literature in the summary that follows.

The kidneys from women dying after eclampsia are
pale and enlarged compared to those of gravidas dying
from accidents or other causes, but the variance is such
that the differences are not significant.1 The glomeruli
are large and swollen, but not hypercellular. This is
due to swelling of the intracapillary cells (mainly endo-
thelial, but mesangial as well), which encroach on the
capillary lumina giving the appearance of a bloodless
glomerulus (Figure 81.19). This change varies with the
severity of the lesion but is usually widespread, involv-
ing most of the capillaries in nearly all glomeruli, and
the swelling may be of sufficient magnitude that the
tuft herniates into the initial segment of the proximal
tubule, a phenomenon termed “pouting”.1,325,473,597 On
occasion, the mesangium is severely affected, its
expanded matrix and enlarged cells extending into the
peripheral capillary loops between the endothelial cells
and the basement membrane and creating the illusion
of “double contours” or “tramtrack.” Thrombosis and
fibrin-like material, as well as foam cells may be pres-
ent, and epithelial crescents have been described in
rare instances1,9,325,473,597

The characteristic glomerular changes of preeclamp-
sia most evident on ultrastructural examination
(Figure 81.19) include extensive swelling and vacuoli-
zation, primarily of the endothelial cells and to a lesser
extent of the mesangial cells, without significant
changes elsewhere. The enlarged and reactive cells,
which have increased amounts of vacuolated cyto-
plasm, narrow the capillary lumen and even appear to
obliterate it, but result in only moderate widening of
the lobular stalks even when mesangial involvement is
prominent. Impressive lysosomal changes, especially in
material obtained after delivery when the disease is in

regression, can also be seen. The basement membrane
is not thickened, but may appear so on light micros-
copy because of the fibrils produced by endothelial
and mesangial cells.

Variable densities of amorphous, extracellular debris
separate the swollen cells where the capillary lumina
are severely narrowed. Occasionally, small suben-
dothelial deposits (thought to represent accumulation
of protein) and tactoids of fibrin or a fibrin-like mate-
rial may be seen. These aberrations may in part be due
to the accumulation of several basement membrane
proteins including laminin, type IV collagen, tenascin,
fibronectin and its receptor, and a proteoglycan in the
glomeruli of preeclamptics.598,599 Moreover, renal biop-
sies obtained after a prolonged postpartum interval
may reveal large cytoplasmic cholesterol clefts in addi-
tion to lipid-containing vacuoles.325,473,597

Mesangial proliferation, granulated epithelial cells,
and nonspecific tubular changes have been described
(cited in refs.,166,167but this has not been consistent
during the 30-year experience at our institution,
which includes several hundred biopsies.325,473,597

Starting in the 1980s there have been more and more
reports describing FSGS in association with pre-
eclampsia, some authors claiming that this lesion is a
consequence of the disease,600�605 which would alter
the benign prognosis of pure preeclampsia (see
above). Presence of FSGS might also suggest that clin-
icians have not been sufficiently aggressive in control-
ling the rise in blood pressure, or have utilized
antihypertensive agents that failed to decrease glo-
merular pressure, which might conceivably be high
during this disease. Interpretation of our own biopsy
material (reviewed in473,597) suggests that FSGS, when
present, antedated pregnancy or was due to hemody-
namic factors present earlier in gestation, conclusions
that are consistent with the benign remote prognosis
of pure preeclampsia150,325 (see below). This is
because the FSGS lesion, if present, would not likely
disappear spontaneously.

Glomerular endotheliosis, which can be superim-
posed on other preexisting renal lesions, has not been
observed by us in biopsies from nonpregnant patients.
But others have described similar lesions in a number
of nongravid subjects with a variety of glomerular dis-
eases, as well as in certain pregnant women with pla-
cental abruption (cited in refs.9,597). More recently
glomerular endotheliosis has been described in a few
renal biopsies from normal third trimester gravidas,
but the degree of endothelial swelling was trivial,
and even borderline.5 In the same study, the lesion
in preeclamptics was fully developed and glomerular
volume markedly increased. Thus we believe, that
the glomerular lesion in its fully developed form is
distinctive, and that it reverses rapidly after delivery,
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the glomeruli resuming a normal appearance within
2�3 weeks.9,325,473,597 Nevertheless, some authors
have attributed abnormalities seen years after the
putative disease to residua of the preeclamptic
lesion.9,325,597

The significance of immunoglobulins and fibrin
deposits in the glomerular lesion of preeclamptic
patients is disputed, and is discussed in detail else-
where.325,473,597 Some authors reported that IgG, IgM,
and fibrin are invariably present, but such deposits
were found less often by others, including us. Of inter-
est, however, is a report by Packham et al.,606 in which
biopsies performed prior to delivery contained
substantially more fibrin deposition than those
obtained in the immediate puerperium, suggesting that
mobilization of the deposits postpartum occurs more
rapidly than was originally appreciated.606

Functional Changes

Both GFR and ERPF decrease in preeclamp-
sia.9,22,150,219 In most studies the former falls more
than the latter (32% v 24% in 23 studies reviewed in
reference,94so that the filtration fraction also decreases.
Since the decrement in filtration is ,25% and lower in
mild cases, the GFR of preeclamptics often remains
above values in nonpregnant women, despite morpho-
logical evidence of ischemia and an obliterated urinary
space. In fact, the decrement may not be appreciated if
one is not aware of norms for pregnancy. However,
while functional decrements are usually mild or mod-
erate and reverse rapidly after delivery, an occasional
preeclamptic patient may progress to ARF, especially
when treatment or intervention is neglected, and the
long range renal and cardiovascular prognosis of these
latter cases is poorer than that associated with acute
tubular necrosis in general.306

The mechanism(s) responsible for the compromised
renal function are unknown. The inciting event may
relate both to factors that evoke general vasoconstric-
tion in preeclampsia, and to the morphological changes
in the kidney (especially glomerular endotheliosis)
described above. Irrespective of the proximal cause,
renal vascular resistance is high, which accounts for
the reduced renal blood flow. As for the GFR, indirect
calculations of renal afferent and efferent arteriolar and
of venous resistances suggest that the increment in
total renal vascular resistance is primarily due to an
increase in the afferent arteriolar resistance.22,41 This is
not unexpected, as the decrement in filtration fraction,
albeit consistent is small. Under these circumstances
it is tempting to speculate that a reduction in the ultra-
filtration coefficient is the explanation for the fall in
GFR. In this respect, elegant morphometric studies
of renal biopsies in combination with theoretical
modeling,602 and preliminary data from protocols in

which glomerular permselectivity to dextrans are used
to estimate ultrafiltration coefficient,607 suggest similar
conclusions.

The fractional and absolute clearances of urate also
decrease in preeclampsia, and consequently plasma
levels of this solute increase [in pregnancy values
exceeding 4.5 mg/dL (268 μmol/L) are suspect, while
values exceeding 5 mg/dL (297 μmol) are definitely
abnormal].9,22,150 Decrements in urate clearance tend to
occur earlier and are more profound than that in GFR,
so that the urate/inulin or urate/creatinine clearance
ratio is also decreased.

The reasons for the rise in circulating urate and the
fall in its renal clearance are also obscure. Certainly, all
the changes can be ascribed to decrements in fractional
urate clearance. Of interest are studies in the older
literature (reviewed in reference22 and41), in which pro-
benecid administration normalized plasma urate levels
in preeclamptics, but had little or no effect in normal
pregnant women, suggesting that hyperuricemia was
primarily due to enhanced tubular reabsorption.
Finally, studies whose authors attempted to determine
whether there is increased urate production in pre-
eclamptic women yielded conflicting results.22

Interesting in this respect are recent reports which note
that placental xanthene oxidase/dehydrogenase activ-
ity may be increased in preeclampsia.141,608 Finally,
recent rodent studies suggest that hyperuricemia may
play a pathogenic role by contributing to the vascular
damage and hypertension.609

Abnormal proteinuria almost always accompanies
preeclampsia, and the diagnosis is suspect without this
sign (although increased protein excretion may appear
later in the course of the disease). The proteinuria may
be minimal or severe, is usually nonselective in nature,
and its magnitude correlates roughly with the severity
of the renal lesion as well as with poor fetal out-
come.325 Of interest, too, is that preeclampsia is the
most common cause of nephrotic proteinuria in
pregnancy.325Tubular proteinuria may also occur in
preeclampsia,22 which is surprising in view of the non-
involvement of the tubules in the morphologic lesion.

Fluid Volumes and Sodium Excretion

Edema was once considered the hallmark of pre-
eclampsia, and salt restriction and/or diuretics figured
prominently in preventing or managing the disorder.
However, even when interstitial fluid volumes are
markedly increased, plasma volume is smaller com-
pared to normal gestation, and severe disease can
occur even in the absence of edema (the “dry pre-
eclamptic) [reviewed in150,195,610,611]. The reasons for
the decrement in plasma volume (which is associated
with hypoalbuminemia and hemoconcentration) is
unclear, as the decrease precedes any evidence of
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hypertension.160 One major postulate attributes most of
the change to increases in capillary permeabil-
ity.195,202,203,610 In addition, both proteinuria and liver
involvement would be expected to contribute to the
hypoalbuminemia.

The ability to excrete sodium may be impaired
in preeclamptics but the degree to which this
occurs varies.9,150,195,207,227,610 The reason for the
decreased sodium excretory capacity is also poorly
understood [reviewed in references195 and610]. The
renin�angiotensin�aldosterone system is suppressed
or unchanged, while ANP levels are increased and its
metabolic clearance unchanged.195,204,213,219,610 Finally,
a literature devoted to cellular sodium transport,
including several membrane pumps or their inhibitors,
has shed little light on these problems and is reviewed
elsewhere.9,195,610

Prediction, Prevention, and Remote Prognosis

Prediction

Investigators have sought to identify markers that
could provide clues to the cause of preeclampsia (or at
least improve its management), to predict the risk of its
appearance later in gestation, or to differentiate it from
more benign hypertensive complications of pregnancy.
In the past a decline in fractional urate clearance, a pos-
itive “cold pressor” response, enhanced sensitivity to
infused angiotensin II, and demonstration of a rise in
blood pressure upon turning from a lateral recumbent
to a supine posture (the “roll over” sign) were all her-
alded as promising tests.150,612 More recently, studies
have focused on autacoids, circulating lipids, oxidant
and antioxidant activity, markers of endothelial dys-
function, a host of cytokines, hormones, and circulating
proteins (especially those of placental origin such as
chorionic gonadotropin, activin, and inhibin), the iso-
electric point of albumin, urinary excretion of albumin,
and so on.468,498,612 Unfortunately, the sensitivity and
positive predictive value of all these tests are at best
modest.

The recent focus on the role of circulating angiogenic
proteins in the pathogenesis of preeclampsia, has also
raised hope that measurement of these molecules in
serum or urine may serve as a screening tool.550 In ret-
rospective studies, serum sFlt-1 has been reported to
have sensitivity of 83% and specificity of 95% between
28 and 32 weeks of pregnancy in predicting preterm
preeclampsia549 Similarly measurement of sFlt-1
between 32 and 36 weeks of pregnancy has been
reported to have a 70% sensitivity and 97% specificity
for term preeclampsia.549 A number of studies have
also investigated serum PlGF and found that altera-
tions in PlGF occur even as early as first
trimester in women destined to develop

preeclampsia.551,554,557,613,614 Recently, a more promis-
ing screening strategy has evolved by measuring uri-
nary PlGF levels.558 In a cross sectional study
representing a secondary analysis of stored specimens
from a completed prevention trial, Levine et al
reported that at 21�32 weeks of gestation, urinary
PlGF concentration in the lowest quartile (, 118 pg/
mL) was highly predictive of the development of pre-
term preeclampsia (odds ratio:22.5) and modestly pre-
dictive of term preeclampsia (odds ratio:2.2). The
ability of sEng to predict preeclampsia has also been
evaluated in several studies and found to be particu-
larly useful in early-onset preeclampsia.570,615 Recently,
Kusanovic et al. reported a remarkable performance of
delta and slope of PlGF:sEng ratio, (from early preg-
nancy and midtrimester) with a positive LR of 55.6
(95% CI 36.4�55.6) and 89.6 (95% CI 56.4�89.6), respec-
tively for predicting early-onset preeclampsia.616 Poon
et al. evaluated 7,797 women with singleton pregnan-
cies, during gestational weeks 11�13 using several bio-
markers and uterine artery Dopplers. This yielded very
good results using an algorithm developed by logistic
regression that combined the logs of uterine pulsatility
index, mean arterial pressure, PAPP-A, serum free
PlGF, body mass index and presence of nulliparity or
previous preeclampsia. At a 5% false positive rate, the
detection rate for early preeclampsia was 93.1%.617

In addition to being useful in the prediction of pre-
eclampsia before the onset of clinical symptoms, angio-
genic factors may also prove useful in diagnosing the
disease and in distinguishing it from other hyperten-
sive disorders of pregnancy, such as gestational hyper-
tension and chronic hypertension.618,619 These findings
have also been now confirmed on clinical grade auto-
mated assays.620�622 In summary, measurement of cir-
culating angiogenic proteins for the diagnosis and
prediction of preeclampsia is still at an early stage but
is rapidly evolving. Large prospective trials demon-
strating clinical utility are needed.

Prevention

Interventions that could prevent preeclampsia or
abort the disease at an early preclinical stage would
revolutionize prenatal care. Sodium restriction and/or
prescription of prophylactic diuretics were once popu-
lar strategies. They were then discarded but were
revived in 1985 when a metaanalysis of B7000 ran-
domized patients suggested that saluretic agents did
indeed reduce the incidence of preeclampsia.623 A care-
ful analysis of the results, however, reveals that there is
no difference in the incidence of proteinuric hyperten-
sion, the seemingly positive results having been the
ability of diuretics to decrease edema or to induce a
small decrease in blood pressure.
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In the 1990s two new approaches were advocated,
each based on plausible hypotheses. The first
approach, administration of low-dose aspirin
(60�100 mg/day) starting after the gestational week
twelve, was based on the postulate that hypertension
and coagulation abnormalities in preeclampsia were
due to an imbalance in the production of vasodilating
and vasoconstricting PGs. The dose of aspirin chosen
would inhibit platelet thromboxane synthesis but spare
prostacyclin production. Initially, an extremely favor-
able metaanalysis, primarily based on small series led
physicians to routinely prescribe low-dose aspirin pro-
phylactically.624,625 This optimism proved premature,
as a number of large randomized, placebo-controlled
trials (several aimed at “high-risk” populations as
defined in the epidemiology section above), which
included over 30.000 women, have revealed but
small effects of aspirin to reduce the incidence of pre-
eclampsia. 454,625,626,627 More recently, a large Cochrane
metaanalyses concluded that low-dose aspirin had
a modest effect in preventing preeclampsia with a
relative risk of preeclampsia of 0.90 (95% CI
0.84�0.97) for aspirin-treated patients.628 Aspirin pro-
phylaxis should be considered as primary prevention
for preeclampsia only in women at high baseline
risk in whom the absolute risk reduction will be
greatest.

The second approach consisted of dietary calcium
supplementation starting in early gestation, based on
observations that preeclamptic women are hypocal-
ciuric,502 and that the incidence of the disease may be
greater among populations in which dietary calcium is
low,,629 and on a hypothesis that alterations in calcio-
tropic hormone levels play a role in the genesis of the
hypertension.624,625 Here, too, initial reports were very
encouraging, several metaanalyses noting marked and
significant reductions in the incidence of preeclampsia
(very reminiscent of the aspirin saga) (reviewed in
references624,625). Again, a carefully conducted, large
randomized, and blinded trial comprising .4500
women failed to detect any effects of calcium supple-
mentation on either the incidence of preeclampsia or of
improved fetal outcome.472 The negative results in
North America may relate to the virtual absence of
severely calcium-deficient diets in that population, in
contrast to deficiencies in deprived populations in cer-
tain developing nations. More recently in a recent
WHO prospective study in women who live in
endemic areas of calcium deficiencies, calcium supple-
mentation seems to protect them from adverse preg-
nancy outcomes including the development of severe
preeclampsia.469

Are there other promising trials? Enthusiasm for
fish oil or its ingredient eicosapentaenoic acid (which
are actually surrogates for aspirin in their effects on

PGs) appears to have waned.624,625 However, investiga-
tors are contemplating or have started new trials, again
based on plausible hypotheses. These include combina-
tions of dietary supplements of L-arginine (the precur-
sor of NO), antioxidants (e.g., vitamin C), and
magnesium. Despite the essentially negative results
discussed above there are populations where “prophy-
lactic” strategies may improve outcomes. These include
subjects with a history of early-onset preeclampsia or
who have metabolic abnormalities or risk factors asso-
ciated with vascular thrombosis. Screening may reveal
hyperhomocysteinemia, lupus anticoagulant, antipho-
spholipid antibodies, activated protein C resistance
(factor V Leiden), and protein S deficiency.630 The pres-
ence of these findings increases the likelihood that a
preeclampsia-like syndrome will occur in subsequent
gestations, and to some is an indication to consider
prophylactic treatment with heparin and/or low-dose
aspirin.

Remote Prognosis

There is controversy regarding the interpretation of
studies designed to determine the remote cardiovascu-
lar prognosis of women who experienced preeclampsia
or eclampsia. This is not surprising, for as noted, a
diagnosis of preeclampsia is suspect when clinical cri-
teria alone are used, although its reliability improves if
the population analyzed had their disease when nullip-
arous, had convulsed (eclampsia), or the diagnosis was
confirmed by renal biopsy. Second, data from pree-
clamptics compared to follow-up information from
matched normotensive deliveries lead to different con-
clusions than those in which the preeclamptic women
were compared to the expected prevalence in the gen-
eral population, matched for race and age at the time
of the remote examination. These issues are discussed
further below.

In the older literature Chesley150 reviewed 53 publi-
cations with follow-up information on 2637 eclamptics
and estimated the prevalence of remote hypertension
to be 24% (but the range was enormous).150 Perhaps
the most complete long-term survey after eclampsia is
that of Chesley et al.,150,631 who periodically reexa-
mined 267 of 270 women who survived eclampsia dur-
ing the years 1931 to 1951. The last report included the
years 1973 and 1974,631 at which time the clinical
course of some of these patients had been followed for
40 years! The remote mortality rate in Caucasian
women who convulsed during their first gestation was
not greater than that of age-matched unselected
women from several large epidemiological surveys. In
white women who had eclampsia as multiparas and in
all black women (this group comprised only 26
patients), the remote mortality was two to five times
higher than expected. The prevalence of late
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hypertension was also increased in women who had
eclampsia as multiparas, which seemed to account for
the increment in remote deaths. In contrast, prevalence
of hypertension or the distribution of systolic and dia-
stolic blood pressure levels in eclamptic primiparas
was similar to that reported for the general population
of women in the epidemiological surveys. Prevalence
of hypertension was also greater in eclamptic primipa-
ras who manifested high blood pressure in subsequent
gestations compared to those who remained normoten-
sive in all later pregnancies. Chesley et al.150,473 con-
cluded that eclampsia is neither a predictive sign nor a
cause of essential hypertension, and that hypertensive
pregnancies that follow eclampsia may indicate the
probability of later hypertension, but do not cause it.
Similar conclusions were reached by Bryans,632 who
studied a group of eclamptic black women, (follow-up
averaging 14 years), and by Sibai et al633 (posteclamptic
follow-up seven years).

With preeclampsia, however, the findings are differ-
ent. A survey of the older literature (reviewed in refer-
ence150,634) and a number of more recent publications
(the latter often combining small numbers of eclamp-
tics with large series of preeclamptic women) consis-
tently reveal an increased remote prevalence of
hypertension in women who had preeclampsia.635�637

It has even been suggested that preeclampsia may
have caused the remote hypertension.634 Of interest in
these studies are the following: First, the development
of hypertension is far more frequent in women who
preeclampsia as multiparas. Second, in the one study
where diagnosis was confirmed by renal biopsy (see
Table 81.4) two differing outcomes were noted depend-
ing upon how the control population was selected.325

Prevalence of remote hypertension was increased if the
authors used age- and race-matched normotensive
gravidas as the controls, but was unchanged if they
compared the outcome in biopsy-proven preeclamptics
to that of age- and race-matched unselected women
from the National Survey. Further inspection of the
data revealed that the control group of normotensive
delivering women had a very low prevalence of remote
hypertension, suggesting that normotensive delivery
“selects” a population without risk factors for future
cardiovascular disease. A number of studies in both
the older and more recent literature are consistent with
this view.150,638 However, although favoring the above
formulation, we recall a 1964 publication which may
some day prove prescient: Epstein634 followed the clini-
cal course of women with “toxemia” and a group with
normotensive deliveries and like others using such
controls he observed a higher incidence of remote
hypertension in both nulliparous and multiparous pre-
eclamptics. In addition, however, he also measured
blood pressure in 74 of the “toxemic” women’s

siblings, and they displayed a lower prevalence of
hypertension, suggesting that the long-term hyperten-
sion noted in preeclamptics may have been due to a
persistent subtle renal injury.

Women with history of preeclampsia, have also
been reported to have increased incidence of dyslipide-
mias and insulin resistance.639,640 There are also epide-
miological surveys suggesting increased cardiovascular
events (including coronary events and strokes) in
women with a history of preeclampsia,474,641,642 that in
one study was found uniquely in women with “early”
preeclampsia..474 However, it is unknown whether
these represent baseline risk factors in these women at
risk for premature preeclampsia or whether they
develop as a consequence of preeclampsia More
recently it was observed that women with a history of
preeclampsia have a slightly higher baseline sFlt-1 con-
centrations than women with a history of normal preg-
nancy.579 Patients with preeclampsia are said to have a
decreased long-term incidence of malignancies643 a
provocative observation that is disputed by some.644

Finally, recurrent preeclampsia has also been associ-
ated with increased risk for end-stage renal disease
and hypothyroidism in later years, although the abso-
lute risk is relatively low.645,646

Management

As already noted this text is devoted to physiology
and pathophysiology, and space considerations limit
detailed discussions of therapy. The following over-
view regarding the treatment of preeclamp-
sia�eclampsia and chronic hypertension in pregnancy
outlines in brief the management of these conditions
and underscores some of the unresolved controversies
in this area. For a more comprehensive discussion of
treatment the reader is referred to several chap-
ters48,647,648 in a contemporary text as well as to a
report on High Blood Pressure in Pregnancy, issued by
the US NHBPEP in 2000322 as well as periodic updates
that are based on that report and published by the
American College of Obstetrics and Gynecology.

Preeclampsia�Eclampsia

Due to its capricious and at times explosive nature,
suspicion of preeclampsia is sufficient grounds to rec-
ommend hospitalization. This approach will diminish
the incidence of convulsions, minimize diagnostic
error, and improve fetal outcome. Near term, induction
of labor is the therapy of choice, whereas attempts to
temporize should be made if pregnancy is at an earlier
stage.461 If the latter decision is made, several antihy-
pertensive agents considered safe in pregnancy are
available (Table 81.5).461,648,649 Delivery is indicated at
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any stage of pregnancy if severe hypertension remains
uncontrolled for 24�48 h or at the appearance of cer-
tain “ominous” signs such as clotting or liver abnor-
malities, decreasing renal function, signs of impending
convulsions (headache, epigastric pain, and hyperre-
flexia), or evidence of fetal jeopardy (as evidenced by
severe growth retardation and the results of fetal
testing).

There is some confusion and even controversy
regarding “aggressive” versus “conservative” manage-
ment of preeclamptic women very remote from term.
Contemporary texts stress that such patients warrant
termination of their pregnancies, citing a literature that
attests the low yield of successful outcomes and, more
important, substantial risk of maternal morbidity.
Recently, however, this practice has been questioned,
the authors proposing an expanded role for “conserva-
tive” management of the women, even when they man-
ifest severe disease.624,650�654 Review of these reports
reveals that the case for the conservative approach may
be more apparent then real. For example, one group
temporizes only as long as blood pressure is reason-
ably controlled and “ominous” signs and symptoms

are absent, precisely what we and others have recom-
mended for decades when suggesting criteria for termi-
nating pregnancy in the face of severe disease (see
above). Of interest in this respect is a randomized trial
where the investigators653 assigned patients for either
termination or “conservative” management after label-
ing their disease as severe based on a traditional classi-
fication pattern (level of blood pressure and degree of
proteinuria), rather than the evolution of the clinical
picture over a defined period of time. The positive
results in the “conservative” arm are a cogent reminder
that when managing women with hypertension in
pregnancy we do not treat the diagnosis but the evolv-
ing disease.

There is another group which stresses an even more
radical form of “conservative” management, a policy
that we strongly question. Visser et al.654 would con-
tinue temporization even when patients develop early
evidence of the HELLP syndrome (see above). Scrutiny
of their results suggests they were inadequately con-
trolled, that there was substantial fetal loss even
though they studied patients up to gestational week 34,
and that there was evidence of increased maternal

TABLE 81.5 Drugs for Chronic Hypertension in Pregnancy

Drug (Food and Drug

Administration Risk)*

Dose Concerns or Comments

Preferred agent Methyldopa (B) 0.5�3.0 g/d in two
divided doses

Drug of choice according to NHBEP working group; safety after first trimester
well documented, including 7-year follow-up evaluation of offspring

Second-line agents† Labetalol (C) 200�1200 mg/d in 2�3
divided doses

May be associated with fetal growth restriction and neonatal bradycardia

Nifedipine (C) 30�120 mg/d of a
slow-release
preparation

May inhibit labor and have synergistic interaction with magnesium sulfate;
small experience with other calcium-entry blockers

Hydralazine (C) 50�300 mg/d in 2�4
divided doses

Few controlled trials, long experience with few adverse events documented,
useful only in combination with sympatholytic agent; may cause neonatal
thrombocytopenia

β-receptor blockers (C) Depends on specific
agent

May cause fetal bradycardia and decrease uteroplacental blood flow, this
effect may be less for agents with partial agonist activity; may impair fetal
response to hypoxic stress; risk for growth retardation when started in first or
second trimester (atenolol)

Hydrochlorothiazide (C) 25 mg/d Majority of controlled studies in normotensive pregnant women rather than
hypertensive patients, can cause volume depletion and electrolyte disorders;
may be useful in combination with methyldopa and vasodilator to mitigate
compensatory fluid retention

Contraindicated ACE Inhibitors and
AT1-receptor antagonists (D)‡

Leads to fetal loss in animals; human use associated with fetopathy,
oligohydramnios, growth restriction, and neonatal anuric renal failure, which
may be fatal

*U.S. Food and Drug Administration classification.
†We omit some agents (e.g., clonidine, α-blockers) because of limited data on use for chronic hypertension in pregnancy.
‡We would classify in category X during second and third trimesters.

Note: No antihypertensive drug has been proven safe for use during the first trimester. Drug therapy is indicated for uncomplicated chronic hypertension when

diastolic blood pressure is $ 100 mm Hg (Korotkoff V). Treatment at lower levels may be indicated for patients with diabetes mellitus, renal disease, or target

organ damage.

NHBPEP, National High Blood Pressure Education Program.
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bleeding episodes. Their approach appears too risky to
us, and we continue our recommendations that physi-
cians continue to be vigilant, aggressively terminating
pregnancies complicated by early-onset preeclampsia
using the clinical criteria noted by us above, as well as
those by Sibai et al.,653 who paradoxically entitled their
criteria “conservative management.” Finally, it should
be noted that all of the studies above took place in ter-
tiary care centers with maternal�fetal medicine inten-
sive care units, facilities not readily available to most
practitioners.

Sudden Escalating Hypertension and Imminent or
Frank Eclampsia

There are controversies on when to treat rapidly ris-
ing blood pressure near term or during delivery (usu-
ally associated with the presentation of pure or
superimposed preeclampsia). There is further debate
on how aggressive treatment should be. We adhere to
the NHBPEP recommendations,461 which state that dia-
stolic levels $ 105 mm Hg require treatment (though
some contemporary texts still recommend $ 110 mm
Hg). Certain circumstances, such as a teenager whose
recent diastolic levels were 70 mm Hg or lower, or any
patient demonstrating cerebral signs such as excruciat-
ing headache, confusion, or somnolence,518 warrant
treatment at lower levels (Table 81.6).

In the past there was an acrimonious debate about
prevention and management of the eclamptic convul-
sion. Some considered parenteral magnesium the ther-
apy of choice, while others condemned this approach,

labeled the drug as ineffective and archaic, and sug-
gested other agents such as phenytoin and diazepam.
Still others questioned whether any therapy other than
blood pressure control was needed for prophylaxis (see
reference,624,625,655 and previous edition of this text).
Several reports of randomized trials appear to have
resolved these controversies. In one656 comprising 1680
patients intravenous magnesium sulfate proved super-
ior to both diazepam and phenytoin in preventing
recurrent seizures. In another,657 scheduled to evaluate
4500 women, by comparing magnesium sulfate to phe-
nytoin as prophylaxis, the trial was halted after 2123
women had been randomized because seizures were
only occurring in the phenytoin arm. In a third,10,141
women underwent a placebo-controlled trial of magne-
sium, and prophylactic magnesium more than halved
the eclampsia rate.658 Thus magnesium has been dem-
onstrated as the therapy of choice once a convulsion
has occurred, and the drug is superior to phenytoin or
placebo in preventing eclampsia. (These, and other
trials are further reviewed in systematic analyses627,659

(Table 81.6).
Controversies still exist. Magnesium especially intra-

venously, is not without hazard, and some contend its
risks outweigh those with “mild” preeclampsia and it
should be reserved for those with “severe disease”
only.660,661Trials to settle these questions are needed.

Chronic Hypertension

Most pregnant women with chronic hypertension
have the “essential” variety, and their disease is

TABLE 81.6 Drugs for Urgent Control of Severe Hypertension in Pregnancy

Drug (Food and Drug

Administration Risk)
*

Dose and Route Concerns or Comments†

Labetalol (C) 20 mg i.v., then 20�80 mg every 20�30 min, up to a
maximum of 300 mg; or constant infusion of
1�2 mg/min

Experience in pregnancy less than with hydralazine; probably
less risk for tachycardia and arrhythmia than with other
vasodilators

Hydralazine (C) 5 mg, i.v. or i.m., then 5�10 mg every 20�40 min; or
constant infusion of 0.5�10 mg/h

Drug of choice according to NHBEP working group; long
experience of safety and efficacy

Nifedipine (C) Tablets recommended only: 10�30 mg orally, repeat
in 45 min if needed

Possible interference with labor; may interact synergistically
with magnesium sulfate

Relatively
contraindicated
nitroprusside (C)‡

Constant infusion of 0.5�10 μg/kg/min Possible cyanide toxicity; agent of last resort

*U.S. Food and Drug Administration classification; C indicates that either studies in animals have revealed adverse effects on the fetus (teratogenic, embryocidal, or other) and/or
there are no controlled studies in women, or studies in women and animals are not available. Drugs only should be given if the potential benefits justify the potential risk to the
fetus.
†Adverse effects for all agents, except as noted, may include headache, flushing, nausea, and tachycardia (primarily caused by precipitous hypotension and reflex sympathetic
activation).
‡We would classify in category D: there is positive evidence of human fetal risk, but the benefits of use in pregnant women may be acceptable despite the risk (e.g., if the drug is

needed in a life-threatening situation or for a serious disease for which safer drugs cannot be used or are ineffective).
Note: Indicated for acute increase of diastolic blood pressure $ 105 mm Hg; goal is a gradual reduction to 90�100 mm Hg.

i.v., intravenously; i.m., intramuscularly; NHBPEP, National High Blood Pressure Education Program.
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frequently mild in nature and of recent origin. Over
85% of these gestations are uncomplicated, though out-
comes are poorer than those of normotensive popula-
tions.48,150,419,453,662 Albeit small, there is an increased
incidence of placental abruption, ARF, cardiac decom-
pensation, and cerebral accidents in the mother, and of
growth retardation and (in midtrimester) death of the
fetus.150,461 Such events are mainly associated with
superimposed preeclampsia, whose incidence in
chronic hypertensives is B20%.319 They also tend
correlate with the age of the gravida as well as the
duration and degree of control of her high blood pres-
sure, many of these complications occurring in women
over the age of 30 or in those with evidence of end-
organ damage. Extremely obese women with chronic
hypertension are at special risk for cardiac decompen-
sation near term, especially if volume loaded during
labor. Echocardiography performed earlier in preg-
nancy will alert the physician to those patients with
early evidence of ventricular dysfunction.

The approach to treatment of women with chronic
hypertension is also controversial, as some would treat
those with mild hypertension and others would not. In
this respect randomized studies are needed to resolve
this issue. We follow the NHBPEP recommenda-
tions,461 withholding antihypertensive drugs unless
diastolic levels are .100 mm Hg (but at lower levels if
there is evidence of end-organ damage or specific risk
factors such as underlying renal disease). As of 2006
several trials to decide whether mild-moderate hyper-
tension during pregnancy should be treated, Including
if such an approach will decrease the incidence
of superimposed preeclampsia were in progress.
The reader is referred further to two reviews, one
focusing on systematic analyses of antihypertensive
drugs in pregnancy,627 the second more philosophical
in nature.663

Antihypertensive Therapy

Clinicians considering the prescription of antihy-
pertensive drugs to pregnant women should be
aware of the following: There have been only a few
large randomized multicenter trials. Most studies
have been limited in scope, and frequently per-
formed at the request of and with the support of the
pharamacological industry. Most published data are
from studies where therapy was started after midges-
tation, when virtually all the risks of provoking con-
genital malformations have passed. Finally, there are
no rigorous animal testing requirements to be met
before human trials are undertaken, including stan-
dardized means of evaluating the drug effect on the
fetus’ ability to withstand hypoxic stress, as well as a
more complex analysis of morphologic and

physiologic variables in the newborn in animal mod-
els. This state of affairs should be kept in mind
when reviewing the literature on antihypertensive
therapy in pregnancy.663

Tables 81.5 and 81.6 summarize the status of the
more commonly used antihypertensive drugs during
gestation, including their pregnancy risk categories
(A�D, through X) as defined by the US Food and Drug
Administration (see reference648). The central adrener-
gic inhibitor methyldopa remains the preferred drug
choice for us because of its long record of use and
apparent safety, including evidence from a 7.5 year
follow-up study of infants whose mothers received the
drug. Beta adrenergic blocking agents are associated
with an increased incidence of fetal growth restriction
though the effects are minimal, and many clinicians
currently use the combined .alpha and beta adrenergic
blocker, labetalol.627,663 Theoretically there may be syn-
ergism between magnesium sulfate and calcium chan-
nel blocking agents leading to precipitous decreases in
blood pressure. In this respect there have been anec-
dotal report of maternal respiratory arrest, but
increased problems do not seem to have appeared in
larger surveys.664 Other comments concerning these
agents can be found in Tables 81.5 and 81.6, and the
interested reader is referred to references648 and627,663

for details on each drug and a summary of randomized
trials. We end with the story of ACE inhibitors to
underscore why one must be careful when prescribing
drugs to pregnant women.

Both captopril and enalapril were originally listed
as category C in the Physician’s Desk Reference, a
designation in which most drugs prescribed to preg-
nant women fall. While this classification carries
some cautionary remarks, most physicians consider
Class C drugs as relatively safe. There were reports
citing problems in animal models in the early 1980s,
but the ACE inhibitors remained Category C medica-
tions until 1992. By then mounting evidence that
ACE inhibitors used late in pregnancy were associ-
ated with renal failure and death in the neonate
resulted in the manufacturers being required to print
a “black box” warning on the label, and a change to
category D in the PDR in 1992 with a similar classifi-
cation for angiotensin receptor antagonists. More
recent data suggest that infants exposed to ACE inhi-
bitors during first trimester were at increased risk for
malformations of the cardiovascular system (risk
ratio, 3.72; 95 percent confidence interval, 1.89 to
7.30) and the central nervous system (risk ratio, 4.39;
95 percent confidence interval, 1.37 to 14.02).665

Physicians are taught to do no harm, a cogent reason
for continued conservatism when asked to prescribe
drugs in pregnancy.
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GLOMERULONEPHRITIS

Acute glomerulonephritis (AGN) is characterized by
the sudden appearance of hematuria, proteinuria, and
red blood cell casts, whereas subacute and chronic
forms present more indolently. The differential diagno-
sis is listed in Table 82.1.1 This discussion will include
consideration of the incidence, pathogenesis, pathology,
clinical presentation, prognosis and treatment, with
emphasis on primary forms of the syndrome, including
acute post-infectious GN, idiopathic membranoproli-
ferative glomerulonephritis (MPGN) anti-glomerular
basement membrane (GBM) disease and IgA nephropa-
thy. Thrombotic microangiopathies will be discussed
briefly, since its clinical presentation often mimics that
of AGN. Our main focus is on human forms of the
disease, and neither the differential diagnosis nor
pathophysiology of asymptomatic hematuria or asymp-
tomatic proteinuria is discussed as separate entities,
since non-glomerular disease entities may cause them.
Nevertheless, these findings may be discovered in
patients with less severe forms of diseases discussed
below. Furthermore, other diseases may present with
features that mimic acute glomerulonephritis and
should be considered in the differential diagnosis
(Table 82.2). Overall, the history, physical exam, serol-
ogy and pathology are useful in distinguishing primary
renal diseases from systemic diseases with renal mani-
festations, determining the extent of inflammation and
fibrosis, and defining the optimal therapeutic approach.

Acute Post-Streptococcal and
Post-Infectious GN

Many infections have been associated with acute
GN (e.g., Table 82.3), but acute post-streptococcal
glomerulonephritis (APSGN) remains the prototype. It
is distinguished by typical clinical presentation, serol-
ogy, pathology and course. APSGN occurs in episodic/
sporadic or in epidemic form; children are affected
more often than adults (peak age 2�6y), and males
more commonly have overt nephritis despite a higher
penetrance in females.2,3 Group A streptococci account
for most cases, and specific subtypes predominate.4

However other infectious organisms have been associ-
ated with the syndrome. Pharyngeal infections domi-
nate in temperate zones, whereas skin infections are
more commonly precede disease in the tropics.

Pathogenesis

Three major theories have been proposed with evi-
dence supporting each one. All involve infection with
nephritogenic strains (Table 82.4). Unique antigenic
determinants are responsible for glomerular localiza-
tion that leads to alternate complement pathway acti-
vation. Amplification of disease occurs initially by anti-
streptococcal antibodies binding to glomerular bound
antigen, and subsequently by anti-IgG response. The
latter results from enzymatic modification of IgG by
streptococcal enzymes that lead to altered IgG, produc-
tion of anti-IgG, localization of the altered IgG in
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glomeruli, with FcR engagement and complement acti-
vation; binding of the latter to glomerular IgG deposits,
further exacerbates disease.

Pathology

There is diffuse or focal GN with cellular infiltration
and endogenous cellular proliferation.5�7 Early in the
course (“exudative phase”) there are neutrophils, eosi-
nophils, lymphocytes and monocytes in capillaries,
associated with endothelial and mesangial cell prolifer-
ation.4,6,8,9 Mesangial expansion and lumen occlusion is

TABLE 82.1 Major Causes of Acute Nephritis

Low Serum Complement Level* Normal Serum Complement

Level
Systemic Diseases Systemic Diseases

• Systemic Lupus Erythematosus
(focalB75%, diffuseB90%)*

• Cryoglobulinemia (B85%)
• Subacute bacterial endocarditis

(B90%)
• “Shunt” nephritis (B90%)

• Polyarteritis nodosa
• Wegener’s

granulomatosis
• Hypersensitivity

vasculitis
• Henoch-Schonlein

purpura
• Goodpasture’s syndrome
• Visceral abscess

Renal Diseases Renal Diseases

• Acute poststreptococcal GN (B90%)
• Membranoproliferative GN

� Type I (B50�80%)**
� Type II (B80�90%)

• IgG-IgA nephropathy
• Idiopathic RPGN (rapidly

progressive GN)
� Anti-GBM disease
� Pauci-immune*** (no

immune deposits)
� Immune-deposit

disease

Table from Madaio, MP, Harrington, JT: The diagnosis of glomerular diseases: Acute
GN and the nephrotic syndrome. Arch Intern Med: 161: 25-34, 2001.1

*Percentages indicate the approximate frequencies of depressed C3 or hemolytic
complement levels during the course of disease
**Most common pathologic findings associated with hepatitis C infection (see text)
***Pauci-immune indicates lack of significant glomerular deposition of
immunoglobulin by direct immunofluorescence. Many patients have circulating
ANCA (see text)
Normal serum complement levels indicate that production of complement

components is keeping up with consumption; it does not exclude participation

of complement in the inflammatory process. Repeat measurements useful

(2�3x, one week apart) consistently normal serum levels are useful in

narrowing the diagnostic possibilities

TABLE 82.2 Disorders Mimicking Acute GN

• Hereditary Nephritis
• Hemolytic-Uremic Syndrome (HUS)
• Thrombotic Thrombocytopenic Purpura (TTP)
• Atheroembolic Renal Disease
• Malignant Hypertension
• Acute Interstitial Nephritis
• Acute Tubular Necrosis

TABLE 82.3 Other Infectious Conditions Associated With
Glomerular Disease And The Most Commonly Associated Lesions.

Infectious Agent Pathology

Viral Infections

Hepatitis B Membranous GN

MPGN

Polyarteritis nodosa

Hepatitis C MPGN

Membranous GN

CMV MPGN

Parovirsus Proliferative GN

Malaria

P. faliciparum Proliferative GN, Membranous GN

P. malaria MPGN

Schistosomiasis Proliferative GN

Occasionally FSGS, Amyloid

Endocarditis

Streptococcal Proliferative GN

S. aureus Meth Sens.

S. aureus Meth Res.

Others

Infected A-V Shunts

Staphlococcal Proliferative GN, MPGN

Other

Visceral Abscess

Many organisms Proliferative GN

Syphilis

Adults Proliferative GN

Children Membranous GN

TABLE 82.4 Pathogenesis of APSGN: Potential Mechanisms

1. In situ immune complex formation. Cell wall antigens from
nephritogenic strains bind to glomeruli, activate complement
(alternative pathway) and serve as planted antigen for anti-
streptococcal antibodies.325�329

2. Molecular Mimicry. Anti-streptococcal antibodies cross-react
directly with glomerular antigens.330�337

3. Enzymatic modification of IgG. Enzymatic alteration of IgG leads
to glomerular localization; Rheumatoid factor binds to glomerular
bound IgG.338�342

4. Deposition of circulating streptococcal antigen-anti-streptococcal
antibody immune complexes (i.e. deposition based on affinity of
exposed and complexed streptococcal protein fragments for
glomeruli).343,344

5. Disease susceptibility/severity influenced by genetic factors.3,345
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common, and there may be fibrin thrombi;5 capillary
wall thickening is typical. Focal but not diffuse cres-
cents are often seen.4,10 Over time monocytes replace
neutrophils, thereafter the hypercellularity slowly
resolves. Acute tubular necrosis, interstitial infiltrates,
and vasculitis have been occasionally observed.11�14

Initially, IgG and C3 deposits (Figure 82.1) are
invariably present within the mesangium and capillary
walls,5,15�18 although the C3 deposits persist longer.
Alternative complement pathway proteins predomi-
nate, whereas C1q and C4 are often absent.15�17

Subepithelial humps (dome-shaped, dense immune
deposits) are characteristic on electron micro-
scopy.15�17 They are prominent in the first month in
epithelial slit pores,17,19�21 associated with nephrotic
range proteinuria and persist for one to two months.
Their remnants appear as electron-lucent areas.22

Subendothelial, mesangial and intramembranous
deposits are often present and persist after resolution
of the humps.22

Clinical Presentation; Laboratory Features

The latent period after infection is usually 1�3
weeks after pharyngitis and 3�6 weeks after skin infec-
tion.2 Shorter latent periods suggest an alternative
diagnosis. Often a source of infection is not identified.
The acute nephritic syndrome usually resolves within a
week in children but takes longer in adults, especially
those with crescentic GN or nephrotic syndrome.
Recurrent episodes are uncommon, however repeated
bouts of hematuria may occur during the initial epi-
sode. The disease does not usually recur in transplants,
although de novo disease has been observed.23

The laboratory findings provide clues but are not
diagnostic. Hematuria, dysmorphic RBCs, and proteinuria

are always present, casts are common, and pyuria may be
observed in patients with severe inflammation. Nephrotic
syndrome occurs in 5% of patients at initial presentation,
and is sometimes present with resolution of disease.24,25

The GFR is typically reduced, and 25% have a serum cre-
atinine .2 mg/dl. Throat or skin cultures may be positive
in affected individuals. C3 and CH50 levels are signifi-
cantly depressed early (. 90%) but return to normal at
one month.4,26�29 C4 and C2 are normal. High and persis-
tent titers of C3 nephritic factor suggest MPGN.28

Hypergammaglobulinemia, cryoglobulinemia and
Rheumatoid factor activity may be present but are not
diagnostic, whereas Streptozyme antibodies are frequently
positive,2,4,30�32 although also not diagnostic. Antibiotic
therapy often prevents the rise in antibody titer but not
the disease.

Prognosis

Less than 0.5% die of the initial disease and less
than 2% die later from disease or develop ESRD.24,33�43

Children have a better prognosis than adults, and
patients older than 40 years with RPGN have the worst
prognosis,36,41,44 although their outcome is better than
with other forms of RPGN. There is no difference in
outcome between epidemic and sporadic forms.
Urinary and histologic abnormalities may persist for
years,45�47 and persistent, heavy proteinuria and/or
decreased GFR carry a worse prognosis.15�17,42,48

Treatment and Prevention

Therapy is symptomatic, with an emphasis on con-
trol of blood pressure and edema. Steroids, immuno-
suppressive agents, and/or plasmapheresis are
generally not indicated, although a short course of ster-
oids may be indicated with crescentic disease (i.e.,
RPGN). Specific therapy for streptococcal infections is
essential and includes treatment of both the patient
and any infected family member or close personal con-
tact, to limit spread, e.g., Penicillin G 250 mg q.i.d. or
erythromycin 250 mg q.i.d. for 7�10 days. During epi-
demics, empirical prophylactic treatment of close con-
tacts and family members is recommended.49

Anti-GBM Disease and Goodpasture’s Syndrome

Anti-GBM disease may occur as a disease limited to
the kidney or as part of a pulmonary-renal syndrome
(Goodpasture’s syndrome).50,51 The syndrome is rare52

accounting for approximately 1�2% of all GN51 and
10�20% of RPGN.53 Peak incidence occurs in a
bimodal distribution in the third and sixth decades,54

with male predominance in younger patients. Lung
hemorrhage is more common in younger men,

FIGURE 82.1 Post-infectious glomerulonephritis Immunofluorescence
microscopy demonstrating relatively discrete granular staining of C3 along
all glomerular capillary walls.
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smokers55 and individuals with pulmonary disease,56

and less common in blacks.50,57

Pathogenesis

Genetic susceptibility is suggested by occurrence
of disease in siblings and twins,58,59 and analysis of
MHC class II genes demonstrated that some confer sus-
ceptibility, while others confer resistance.60 There is a
strong association with HLA-DR2 (and DR15, a sub-
specificity of DR2), DRB1*1501 and DRB1*150261 and a
negative association with DR7 and DR1.60 Clearly,
additional factors play a role since approximately one
third of Caucasians have the DRB1*1501 allele. An
environmental trigger is suggested by temporal and
geographic clustering,62,63 and some have developed
disease after prolonged hydrocarbon exposure.64 A
case control study in the North of England suggested
that occupational exposure to petroleum-based mineral
oils led to higher anti-GBM antibodies.65 Cigarette
smoking has also been associated with the disease, and
pulmonary hemorrhage is more common in smokers
than in non-smokers.55

The onset of either pulmonary inflammation or
nephritis may be linked to inflammation;66�68 10% of
patients with ANCA-mediated vasculitis will develop
anti-GBM antibodies,69�71 and there are case reports of
anti-GBM disease in patients with membranous
nephropathy.72�76 These reports suggest that glomeru-
lar disease may lead to release of α3(IV) collagen, and
initiate an autoimmune response in susceptible
individuals.

Anti-GBM antibody-mediated disease may occur
following renal transplantation in patients with Alport
syndrome,77�79 as these patients lack α3, α4, α5 type
IV chains.80 Although most patients have a mutation in
the coding region for α5(IV), expression of the α3α4α5
complex requires all three chains. These individuals
only express the fetal form containing the α1, α2
chains, which is more sensitive to proteolysis and
linked to progressive renal failure. Following trans-
plantation with exposure to α3, some patients develop
anti-α3(IV) antibodies, presumably due to “foreign”
antigen exposure,81 however, nephritis is uncommon
in the transplanted kidney,82 perhaps because of ongo-
ing immune suppression.

The Goodpasture antigen: α3(IV) collagen.83,84 Collagen
IV is composed of six distinct α chains (α1�α6); each
chain contains three domains: a short 7S domain at
the N-terminus, a non-collagenous domain (NC1) at
the C- terminus, and a long collagenous domain in the
middle. The chains assemble into three sets of triple
helical protomers: α1α1α2, α3α4α5 or α5α5α6. While
the α1 and α2 have a wide distribution, the expression
of α3α4α5 is restricted to basement membranes in glo-
meruli, alveoli, seminiferous tubules, choroid plexus,

cochlea and retina.85 Three dimensional and quater-
nary organization analyses of the alpha chains revealed
head to head association of 2 protomers at the C-termi-
nal, forming an NC1 hexamer. In addition, association
of four triple helical 7S domains at the N-terminus
forms a tetramer. Supercoiling and looping of the triple
helixes and disulfide cross-links between triple helical
domains further contribute to the meshwork.86

Analysis of antibodies from patients with anti-GBM
disease established the non-collagenous domain of the
α3 chain (α3 IV NC1) as the autoantigen.84,85,87�89

Detailed mapping revealed that two conformational
epitopes within the N-terminal part of NC1 region
(designated EA and EB)

90�94 are major targets and
account for approximately 90% of autoantibody activ-
ity.95,96 These epitopes are sequestered at the interface
between NC1 domains and are relatively inaccessible
to autoantibodies.97 However, when the hexamer struc-
ture is denatured, the epitopes are exposed for autoan-
tibody binding. Thus, it has been postulated that “two
hits” are required for disease: autoantibody production
and exposure of the autoantigen. This may account for
the lack of nephritis in some patients with circulating
antibodies. Nevertheless, human anti-GBM antibodies
have a high affinity for α3(IV) NC1; they bind rapidly
to their target antigen and remain tightly bound.98,99

This property contributes to both the rapidity of dis-
ease onset and treatment resistance, once GFR is signif-
icantly impaired.

Insights into the pathogenesis have also been derived
from animal models. Immunization of normal mice with
either recombinant or native antigen induces nephri-
tis,100,101 however not all strains are susceptible.102

Disease in rodents is MHC-dependent and both T and B
cell responses are required for severe disease expres-
sion,103 although transfer of antibodies alone is capable
of inducing nephritis.104 Nevertheless, T cells are
required for severe disease.105�109 Transfer of α3(IV)-
specific CD4 T cells induce nephritis in normal mice,110

and Th1-related cytokines augment nephritis, whereas
Th2 cytokines have a protective effect.111

Pathology

The light microscopic findings are typical of crescen-
tic GN.51,56,112 The majority of patients (. 95%) have
crescents at the time of biopsy, most often involving
over 50% of glomeruli.113 Tubulointerstitial nephritis is
often present.114 Intense, diffuse linear staining for IgG
along the GBM is characteristic (Figure 82.2), and
rarely IgA is found. Linear TBM staining may be pres-
ent. C3 deposits are often found in a discontinuous, lin-
ear or granular pattern.115�117 In the lung, there may
be patchy IgG staining, which can be missed, although
erythrocytes within disrupted alveoli and hemosiderin-
laden macrophages should raise suspicion.118
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Clinical Presentation

Abrupt onset of renal failure due to rapidly progres-
sive GN is typical.119 Rarely, patients have a more
insidious course with mild symptoms and slow pro-
gression over months. Systemic symptoms suggest the
possibility of a coexisting vasculitis, whereas, acute
onset of hemoptysis raises suspicion of Goodpasture’s
syndrome. The pulmonary hemorrhage may be life
threatening, leading abruptly to respiratory failure,
although some patients have a subacute presentation
with only fleeting infiltrates on chest x-ray.
Unexplained anemia and heme-positive stools may
occur after hemoptysis and swallowing blood.

Laboratory findings are typical of acute GN with
proteinuria in the non-nephrotic range (, 3 gm/day).
GFR is typically reduced at presentation and rapidly
deteriorates. Circulating anti-GBM antibodies can be
detected in over 90% of cases (i.e., by ELISA), and
Western blotting is confirmatory (2�4% false nega-
tive).120 One third of patients also have anti-neutrophil
cytoplasmic antibodies (ANCA), with the majority as
P-ANCA (i.e., vs. myeloperoxidase MPO).70,121 These
“double positive” patients may develop small vessel
vasculitis in organs other than the kidney and lung,
and vasculitis may recur after resolution of anti-GBM
disease.

Prognosis and Therapy

Untreated, the prognosis is dismal,51 with death
from pulmonary hemorrhage or progressive renal fail-
ure prior to the introduction of treatment with corticos-
teroids, cyclophosphamide and plasma exchange (i.e.,
patient survival ,50%: ESRD .90%)122 (Table 82.6).
Patient and renal survival rates have since improved
with early recognition and prompt therapy.122,123

Patients with an initial creatinine of ,6 mg/dl
(500 μmol/L) generally have a good prognosis if trea-
ted with plasma exchange and immunosuppression,124

whereas those with a creatinine of .6 mg/dl have a
greater likelihood of both ESRD and death. Dialysis-
dependent patients are unlikely to recover renal func-
tion, particularly if either crescents involve 100%
of the glomeruli or there is extensive interstitial
fibrosis.54,56,119,125�128 Aggressive therapy should either
be withheld or abbreviated in these patients, as the
risks of long-term immunosuppressive therapy out-
weigh the likelihood of benefit.128 There are exceptions.
A short trial of aggressive therapy may be considered
in younger patients with evidence of acute deteriora-
tion (e.g., non-oliguric, early active crescent formation)
and limited fibrosis on biopsy,119,129,130 since some of
them respond to treatment.

The rationale for plasmapheresis is removal of path-
ogenic antibodies and other inflammatory mediators.

FIGURE 82.2 Antiglomerular basement membrane glomerulone-
phritis. Immunofluorescence microscopy demonstrating linear stain-
ing of IgG along all glomerular capillary walls.

TABLE 82.5 General Characteristics of Apsgn

Age: Children.Adults (5%, 2y; 5�10%
.40y)

Sex: Male. Female

Site of Infection: Pharynx (temperate zones); Skin
(tropics)

Clinical Features

edema 85%

gross hematuria 30%

back pain 5%

oliguria (transient) 50%

hypertension 60�80%

nephrotic syndrome 5%

Laboratory

Urinalysis: proteinuria, hematuria, casts: 100%

Nephrotic range
proteinuria:

B10% over course of disease

Serum Creatinine $ 2 mg/dl �25%

Streptococcal antibody profile (streptozyme):

. 95% positive in patients with pharyngitis

80% positive in patients with skin infections

5% false positive rate

early antibiotic Rx prevents antibody response

C3, C4 and/or CH50 depressed in .90%

Hypergammaglobulinemia �90%

Cryoglobulinemia �75%
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Despite widespread use, support for efficacy is lim-
ited.122,128,131,132 The standard of care is daily or alter-
nate day 4-liter plasma exchanges for two weeks, with
the frequency and duration determined by reduction of
anti-GBM antibody titers and clinical response. Lung
hemorrhage is an indication for plasmapheresis regard-
less of the presence and/or severity of renal failure.
Corticosteroids and immunosuppressive therapy are
required to control the ongoing inflammation and pre-
vent new antibody formation.122,124,133�138

Cyclophosphamide is usually continued for 6�12
months, but in patients with higher risk for drug toxic-
ity, azathioprine may be substituted as maintenance
therapy. “Double positive” patients (1ANCA and
anti-GBM) present special issues.139 The patients
should receive the same initial treatment, although
since their course is more typical of ANCA-associated
vasculitis (see Chapter 83), they usually require
longer-term maintenance immunosuppression. Those
who are dialysis-dependent at presentation, should
be considered for a trial of immunosuppression, as
some studies suggest that the presence of ANCA is
associated with better outcomes,70 despite an initial
need for dialysis,140 although not all reports have been
confirmatory.139

Transplantation

Kidney transplantation is an option for patients who
have progressed to end stage renal disease. Although
linear deposition of IgG along the GBM may be seen in
up to 50% of transplanted kidneys, recurrence of
nephritis is unusual, unless transplantation is per-
formed in the presence of circulating antibodies.141�143

Current practice is to delay transplantation for six
months after the antibody levels have become unde-
tectable, and this approach results in a 1-year renal sur-
vival rate of greater than 90%.

IgA Nephropathy (IgAN)

Initially thought to be a benign form of recurrent
hematuria associated with mesangial proliferative GN

and IgA deposition, it is now recognized that the clini-
cal and pathologic presentations are diverse, and it
may lead to end stage renal disease.144�146 Most cases
are idiopathic, but there is an association with a variety
of autoimmune, infectious and chronic inflammatory
diseases (Table 82.7).

Incidence

IgAN is the most common primary GN worldwide
with geographic variation,147 (30�40% Asia; to 5�10%
North America).148�150 The differences are likely due
to variations in the actual incidence, screening practices
and indications for renal biopsy. It is rare in
Blacks151,152 and more common in Caucasians and
Native Americans (Zuni and Navajo tribes).153 The

TABLE 82.6 Therapy for Anti-GBM Antibody Diseases

Oral cyclophosphamide* (2�3 mg/kg/day) OR

IV cyclophosphamide (0.5 g/m2 BSA)**

IV methylprednisolone (7 mg/kg/day for 3 days)

Prednisone 1 mg/kg/day after IV methylprednisolone***

*rounded down to the nearest 50 mg; reduced to 2 mg/kg/day in patients over 55 y
**for 4�12 months after antibody titers negative; in patients with higher risk for drug
toxicity, azathioprine may be substituted as maintenance therapy
***for 4�6 weeks and then tapered off

TABLE 82.7 Secondary causes of IgA Nephropathy346�358

GASTROINTESTINAL

Celiac disease/gluten enteropathy

Inflammatory bowel disease (Crohn’s disease, ulcerative colitis)

Chronic liver disease (alcoholic and nonalcoholic cirrhosis)

RHEUMATIC

Ankylosing spondylitis

Reiter’s syndrome

Rheumatoid arthritis

Sicca syndrome

Uveitis

INFECTION

Human immunodeficiency virus

Leprosy

Toxoplasmosis

Yersinia enterocolitica enteritis

Malignancy

IgA monoclonal gammopathy

Lung cancer

Mycosis fungoides

Pulmonary Disease

Pulmonary hemosiderosis

Dermatitis

Dermatitis Herpetiformis

Psoriasis

VASCULITIS

Henoch-Schonlein Purpura

Behcet’s syndrome
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disease is typically diagnosed in young adults in the
second and third decades of life, and it affects males
more commonly than females.154�156

Pathogenesis

The precise etiology is unknown, although a variety
of factors contribute to the pathogenesis.157 The key
element common to idiopathic and secondary forms
appears to be decreased glycosylation of IgA. In nor-
mal human sera, IgA1 exists as a monomer or as a
polymer, whereas IgA2 is mainly found as a monomer.
Patients who develop IgA nephropathy have reduced
galactosylation of polymeric IgA1,30,31 the fraction of
polymeric IgA (or IgA complexes) is increased, and
there is overrepresentation of IgA1λ.158�161 There is
also an exaggerated response to infectious agents or
other stimuli by mucosal lymph, although a specific
environmental antigen has not been identified. Many
patients have reduced production of polymeric IgA1
within the mucosal immune compartment,162 but
increased numbers of polymeric IgA1 plasma cells in
the bone marrow163 is consistent with systemic
involvement.160,164�166

Nevertheless, increased IgA levels alone are insuffi-
cient to cause disease, since patients with other dis-
eases associated with increased serum IgA (e.g.,
human immunodeficiency virus infection (HIV), hepa-
tobiliary disease and IgA secreting myeloma) infre-
quently develop nephritis.167,168 Thus, either the
circulating IgA and IgA-IC among IgAN patients differ
qualitatively, or the renal response to IgA deposition is
different.169,170 There is evidence for both of these
postulates.171

IgA1 has heterogeneous O-glycan moieties in its
hinge region, and serum IgA1 from IgAN patients
demonstrate altered glycan side chains, with reduced
terminal galactose in O-linked oligosaccharides.172�175

This incomplete galactosylation exposes the terminal
sugar, N-acetyl-D galactosamine (GalNAc), generating
neo-epitopes that are recognized by naturally occurring
IgG and IgA1 antibodies specific for GalNac.175 It has
been suggested that this leads to immune complex
formation.176�178 Additionally, reduced galactosylation
results in non-covalent self-aggregation with formation
of IgA1-IgA1 complexes.175,179 This defect is restricted
to IgA1 (rather than due to generalized failure of
O-glycosylation),176 and reduced expression or func-
tion of the enzyme, core β1,3 galactosyltransferase
(C1β3GalT1) that promotes addition of Gal to GalNAc
residues, may be responsible. This enzyme is co-
dependent on C1β3 galT1specific molecule (cosmc) for
its stabilization. In the absence of cosmc, there is
a decrease C1β3GalT1 which leads to decreased glyco-
sylation.180 Another enzyme that can lead to less glyco-
sylation is N-acetyl galactosamine-specific α-2,6

sialyltransferase (ST6GalNacII). If this enzyme acts first
on polymeric IgA, then C1β3GalT1 cannot properly
glycosylate IgA.180 In support of this hypothesis, one
group reported decreased activity of this enzyme in cir-
culating B cells in IgAN patients.181

Other circulating immune complexes have also been
implicated,182,183 including those containing IgA rheu-
matoid factors,184 IgA-fibronectin185 and IgA-soluble
FcRI receptors (CD89),186,187 although their pathogenic
role is uncertain.188,189 Nevertheless, decreased clear-
ance of IgA-containing complexes may contribute to
pathogenesis, and this may be especially relevant
in patients with liver disease. In this regard, hepatic
asialoglycoprotein receptor (ASGP-R)190,191 and the
myeloid FcRI receptor/CD89 are involved in IgA
catabolism and clearance of IgA1 immune com-
plexes.192 Abnormal O-glycosylation or antibodies
bound to GalNac may prevent the interaction of IgA
with hepatocyte receptors (and monocytes and neutro-
phils), and therein decreased clearance occurs.

Cellular immunity may also contribute to pathogen-
esis, with Th2 cytokines (e.g., IL-4 and IL-5) influencing
IgA galactosylation.193�195 In a mouse IgAN model,
Th2 bias in response to mucosal infection regulated
glycosylation of IgA, and promoted glomerular IgA
deposition.196 Lymphocytes from patients with IgAN
produce more IL-4 in response to mitogenic stimula-
tion than controls, and this appears to be more pro-
nounced in patients with severe renal dysfunction.
Furthermore, clinical remissions have been associated
with more normal IL-4 responses.194

Activation of mesangial cells, through cytokine
priming, is most likely required for inflammation.197,198

Nevertheless binding of polymeric, Gal-deficient IgA1
(possibly mediated by transferrin Tfr/CD71 and Fcα/μ
receptors) may directly activate mesangial cells.199�203

A prominent role for IL-6 has also been proposed,204,205

and this may be especially relevant to patients with
liver disease. IL-8, PDGF, TNFα, TGF-β and MCP-1
may also have important roles.206,207 In any case, either
polymeric IgA or aberrantly glycosylated IgA are very
efficient at directly activating the complement cascade,
either via the alternative or lectin pathways, and this
may play a major role.208�210 Podocyte injury may be
involved in progressive disease with proteinuria, as
polymeric IgA stimulates podocytes to produce TNF-
α.211

Several findings suggest that genetic factors contrib-
ute to pathogenesis, including familial clustering and a
higher risk of disease in identical twins.212�215 In a
large kindred study, linkage analysis revealed an asso-
ciation with 6q22�23 (IgAN1), although since only 60%
of patients had IgAN1, other genes are likely
involved.216 Other proposed candidates include MHC,
uteroglobin, selectin and angiotensin-1 converting
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enzyme genes (DD genotype), however the results
have been conflicting.217�223 Interestingly, a genome-
wide search in the ddY murine model revealed that
syntenic regions of IgAN1 and selectin genes are major
genetic determinants for IgAN.224

Pathology

Immunofluorescence (IF) demonstrates prominent
deposits of IgA in a diffuse, granular pattern, predomi-
nantly within the mesangium (Figure 82.3), and occa-
sionally in the glomerular capillary wall,225 typically
accompanied by C3 and IgG, and less frequently by
IgM. There is often a predominance of λ light chains.226

Light microscopic findings are variable.225,227

Glomeruli may show mild lesions without mesangial
expansion or limited mesangial cell proliferation,
mesangioproliferative GN, focal or diffuse proliferative
GN, crescents, chronic sclerosing GN, or rarely an
MPGN pattern.227 Electron microscopy typically
reveals electron dense deposits, predominantly within
the mesangium, although capillary wall deposits are
common in more severely affected individuals.

Clinical Presentation

IgAN has many clinical presentations146,228

(Table 82.9). Recurrent episodes of macroscopic hema-
turia are more common in younger patients.229 These
episodes often occur within 2�3 days of an upper
respiratory tract or other infection. Loin pain may
accompany the hematuria, (i.e., due to renal capsular
swelling. In 30�40% of patients, the disease is asymp-
tomatic with persistent or intermittent microscopic
hematuria or proteinuria discovered incidentally.
Acute renal failure occurs in less than 5% due to either
crescentic GN,230 renal tubular obstruction by red
blood cells231 or acute tubular necrosis.232 Nephrotic
syndrome is a less common presentation, although

given IgAN’s overall prevalence, it accounts for a sig-
nificant fraction of adults with idiopathic nephrotic
syndrome (i.e., 20�25%).

Prognosis

Overall prognosis is variable and depends on the
severity of clinical and pathologic findings at presenta-
tion.233,234 It has been estimated that ESRD occurs in 15
percent of cases at 10 years and 20�40% percent at 20
years, although this likely reflects selection of patients
with more severe disease.231,235 Some patients have a
slow progressive decline in renal function over 10�20
years. Patients with non-nephrotic proteinuria and nor-
mal GFR at presentation progress more slowly (e.g.,
1�3 ml/min/year). Elevated serum creatinine and
heavy proteinuria at either presentation, or within the
first year of diagnosis are independent predictors of
poor outcome;236�238 hypertension, glomerulosclerosis,
and interstitial fibrosis are others.228,234,239�244

Biomarkers and Treatment

Secretory IgA, urinary complement factor H/urine
creatinine ratio, serum galactose deficient IgA (HAA-
IgA)245 and urinary ratio of epidermal growth factor
and monocyte chemotactic peptide-1 are being investi-
gated as potential biomarkers. No therapeutic
approach has consistently been shown to slow progres-
sion,242,246,247 and variations in pathogenesis, pathol-
ogy, clinical severity, co-morbid conditions and other
factors contribute to this limitation. Clinical trials have
compared conservative therapy, renin angiotensin
aldosterone system (RAAS) blockade, and various
immunosuppressive strategies. The consensus is that
patients with normal renal function, (including ,1 gm
of proteinuria, minimal lesion on biopsy, and blood

FIGURE 82.3 IgA nephropathy Immunofluorescence microscopy
demonstrating intense mesangial staining for IgA.

TABLE 82.8 The Oxford Classification of IgA Nephropathy
(2005)359,360

Summary of Key Pathological Features

1) Mesangial score
2) Segmental glomerulosclerosis absent (S0) or present (S1)
3) Endocapillary hypercellularity absent (E0) or present (E1)
4) Tubular atrophy/interstitial fibrosis

TABLE 82.9 IgAN Variable Clinical Presentations

Recurrent episodes of gross hematuria (i.e., following infection)

Asymptomatic microscopic hematuria

Acute GN

RPGN with acute renal failure (, 5%)

Nephrotic syndrome

2770 82. IMMUNE AND INFLAMMATORY GLOMERULAR DISEASES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



pressure of 120/80) do not require treatment. Patients
with hypertension, proteinuria (.1 gm/day), reduced
GFR, or more severe pathological lesions on biopsy
may require treatment. The specific approach remains
somewhat controversial. Multiple studies have shown
RAAS inhibition (e.g., with ACEI or ARB) slows pro-
gression of the disease.248,249 Although the combination
may have additional benefits, acute renal failure may
complicate this approach.250�252 Fish oils, rich in
omega 3 fatty acids (ω-3PUFA), eicosapentanoic acid
(EPA) and docosahexanoic acid (DHA) may provide
anti-inflammatory effects and retard renal progression
by competing with arachidonic acid to produce biologi-
cally less effective prostaglandins and leukotrienes,
and by decreasing platelet aggregation,253 although
clinical trials of efficacy have produced conflicting
results.243,254�257 Nevertheless, given the possible bene-
fit and lack of toxicity, high dose fish oil therapy in
combination with ACEI/ARB therapy in patients with
proteinuria (. 1 g/day) and/or mildly impaired renal
function is reasonable.

The efficacy of high dose steroids and other immu-
nosuppressive agents is not certain.258,259 One prospec-
tive multi-center trial randomized IgAN patients (SCr
,1.5 mg/dl, proteinuria 1.0�3.5 g/d) to either six
months of steroid treatment or supportive therapy.260

At 6 and 10 years, there was a lower incidence of the
doubling of serum creatinine in the steroid group, and
this was associated with a decrease in proteinuria.261

Thus, steroids may be warranted in IgAN patients
with heavy proteinuria and relatively normal renal
function. Patients with either nephrotic syndrome and
histologic findings characteristic of minimal change
disease or clinical and pathologic features of
RPGN may also benefit from steroid therapy.262 Other
immunosuppressive approaches have been incon-
clusive.30,259,263�271 Similarly, removal of the palatine
tonsils to reduce serum IgA levels and limit progres-
sion272,273 has not been associated with preservation of
renal function.274,275

Transplantation

Immunohistologic recurrence develops in as many
as 60% of allografts by 10 years and 5�10% of affected
allografts are lost to progressive disease.276�280

Contemporary immunosuppression regimens using
MMF have not altered recurrence rates.281

Idiopathic MPGN

MPGN or mesangiocapillary GN may be idiopathic
or associated with systemic diseases.282 Pathologically,
they share light microscopic features including glo-
merular capillary wall thickening, hypercellularity
and matrix expansion (Figure 82.4). MPGN is further
classified as type I, II or III, based on IF and EM
patterns.283�285 This section focuses on primary or idio-
pathic forms of the disease.

Incidence

Overall these forms represent less than ,10% of pri-
mary glomerular disease GN,286�288 although they are
somewhat more prevalent in children.

Pathology

MPGN I is characterized by subendothelial and
mesangial immune deposits, with IgG and comple-
ment deposition predominating. Diffuse thickening of
capillary walls is typical, and the loops often have a
double-contoured or “tram track” appearance when
stained with silver methenamine or periodic acid-
Schiff (Figure 82.5). Widespread electron-dense
deposits in subendothelial sites are the hallmark of
type I disease (Figure 82.6). The hallmark of MPGN
type II is the presence of electron dense deposits

TABLE 82.10 IgA Adverse Prognosis Factors (overall ESRD 15%
at 10y; 20�49% at 20y)

1) Proteinuria .1 g/g creatinine
2) Hypertension
3) Increased creatinine at time of initial diagnosis
4) Hypertriglyceridemia
5) Hyperuricemia
6) Urinary α-1 microglobulin
7) Renal Pathology

a. Glomerular crescents, interstitial fibrosis
b. FSP1-positive interstitial fibroblasts
c. C4d staining on renal biopsy
d. Intra-arterial IgA staining

FIGURE 82.4 Membranoproliferative glomerulonephritis (MPGN).
Mesangial hypercellularity and increased mesangial matrix with lobular
accentuation. There is diffuse thickening of peripheral glomerular capil-
lary walls (H&E, X330).
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within the lamina densa layer of the GBM that are
often visible by conventional eosin and PAS stains
(hence the designation Dense Deposit Disease).289

The dense intramembranous deposits seen by elec-
tron microscopy are diagnostic (Figure 82.7) and may
involve tubular and vascular basement membranes in
the kidney, Bruch’s membrane in the eye,290,291 and
sinusoidal membranes in the spleen.292 The deposits
may also be seen within the mesangium and within
the basement membranes of Bowman’s capsules and
tubules.293 The chemical composition of the electron
dense deposits is not known,294 but they stain with
thioflavin T and bind lectin wheat germ agglutinin,

suggesting that they are composed of N-acetyl-glu-
cosamine, glycoproteins and lipids rich in unsatu-
rated fatty acids.295,296 Immunofluorescence reveals
intense staining of C3 along capillary walls and
within the mesangium. Absence of immunoglobulins
is a distinguishing feature of Type II MPGN. By con-
trast Type III MPGN, also called the Burkholder vari-
ant,297 displays features of MPGN type I and
membranous nephropathy, with subepithelial, suben-
dothelial and mesangial deposits.298 Successive gener-
ation of subendothelial and subepithelial deposits
disrupt the basement membrane, and concurrent for-
mation of new lamina densa material are often
observed.

Pathogenesis

Local activation of the complement cascade is opera-
tive in all forms. Catalyst destabilization (e.g., through
either acquired antagonism or deficiency in the inhibi-
tory pathway), results in unopposed complement acti-
vation in glomeruli. Hypocomplementemia results
from local consumption and/or circulating autoantibo-
dies against individual complement components (i.e.,
nephritic factors).105,299 Three nephritic autoantibo-
dies300 have been commonly described in MPGN type
1, including: (1) C4Nef,301�303 an IgG that stabilizes the
C3 convertase, C4b2a, thereby preventing the decay of
2a from C4b2a; (2) C3Nef (see below); and (3) NFt,
an autoantibody against C3bBbP that activates the ter-
minal pathway.303,304 Their precise pathogenic role is
uncertain,299 as they are occasionally detected in
either unrelated diseases (e.g., post-streptococcal
GN, SLE, meningococcal meningitis)305�307 or healthy
individuals.307

FIGURE 82.5 MPGN Silver stains showing double contoured glo-
merular capillary walls by enclosing silver-negative subendothelial
deposits and mesangial interposition (Jones silver methenamine,
X400).

FIGURE 82.6 MPGN, type I Electron micrograph showing large
electron-dense subendothelial deposits.

FIGURE 82.7 MPGN, type II Electron micrograph showing intra-
membranous electron-dense deposits with ribbon-like thickening of
glomerular capillary walls. The mesangium is expanded by increased
matrix and cells.
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Clinical Presentation

MPGN has variable presentations, from microscopic
hematuria and sub-nephrotic proteinuria (35%), to
nephritic syndrome with mild renal impairment (35%),
to an aggressive glomerulonephritis (20%) with rapidly
deteriorating renal function, heavy proteinuria, and
RBC casts (10%). Laboratory findings often display
decreased complement levels [C3, C4, and total com-
plement (CH50)], depending on the variety of MPGN
(Table 82.11).

Treatment

Control of hypertension and proteinuria reduction
are key, and focus should be on identifying and treating
secondary causes of the lesions. For idiopathic disease,
treatment is based on disease severity. Patients with
sub-nephrotic proteinuria and preserved renal function
are treated conservatively. Patients with impaired renal
function and/or nephrotic proteinuria can undergo a
trial of prednisolone (1 mg/kg/d) for proteinuria reduc-
tion.308 If a response is noted, steroids can be continued
at the minimally-effective dose. If there is no response
after three months, steroids should be stopped, and a
trial of a calcineurin inhibitor or mycophenolate mofetil
can be attempted.309 Patients with rapidly declining
renal function, or with crescents on biopsy should be
treated as those with other forms of RPGN.

Thrombotic Microangiopathies (TMA)

Thrombotic microangiopathy (TMA) is characterized
by the syndrome of microangiopathic hemolytic ane-
mia, thrombocytopenia, and variable organ dysfunc-
tion due to platelet thrombosis in the microcirculation,
which can mimic acute GN.310 Depending on the pre-
dominant distribution of organ involvement, patholog-
ically identical, but clinically separable entities have
been designated as: Hemolytic-Uremic Syndrome
(HUS) and Thrombotic Thrombocytopenic Purpura
(TTP).311 Since their pathophysiology overlaps, both
topics are presented.

Typical HUS commonly affects children under
five, is characterized by moderate to severe renal
involvement, and is self-limited. It is caused by spe-
cific serotypes of E. coli or other bacteria that pro-
duce Shiga-like toxin.312 Atypical HUS may be
familial or sporadic. The familial forms are associated
with genetic abnormalities in complement system
proteins. The sporadic forms are often triggered by
drugs, malignancy, infection or autoimmune disease
that lead to dysregulation of complement system pro-
teins (Table 82.15).

TTP occurs in adults and typically manifests with
more neurologic sequelae and variable renal

involvement. Prompt recognition of these disorders is
essential, as delay in therapy may lead to organ failure
or death (i.e., with TTP).

TABLE 82.11 MPGN Pathogenesis

Type I, Immune Complex Formation with Classical Pathway

Activation

Antibody Antigen Complexes not well Defined (i.e., in those not
Associated with Infections or Cancer)

Three circulating nephritic autoan tibodies300 commonly described,
although their pathogenic role is uncertain as they may be found in
other diseases:

1) IgG nephritic factors C4Nef,301�303 stabilizes C3 convertase,
C4b2a, and prevents decay of 2a

2) C3Nef
3) NFt, vs. C3bBbP, activates the terminal pathway303,304

4) Persistently low plasma C3, C4�70% type I MPGN (classical
pathway)

5) NFt associated with depressed C3, C5, C7, C8, C9 and properdin
levels.284,361�363

Type II Dense Deposit Disease (by EM; IF C3, no Ig)

Unregulated Renal Complement Activation

1) IgG nephritic factors C3 nephritic factor (C3Nef), 80% patients

Autoantibodies vs. C3bBb (rate limiting C3 convertase of the
alternative pathway363

Prolongs half-life of C3 convertase304,364 preventing physiologic
regulation and inactivation by factors H and I,364 leading to
continued activation of C3 (fig 1b). Inflammation may dependent
of C5a activation, instead of C5b-9365

2) Factor H (fH) dysfunction or deficiency.366�368

Acquired vs. Hereditary

3) Profoundly low plasma C3, variable C4 levels (alternative
pathway)

Type III Type I plus Subepithelial Immune Deposits

low C3 levels, normal C4

TABLE 82.12 MPGN Clinical and Laboratory Features at
Presentation

Nephrotic syndrome plus microscopic hematuria (50�60%)

Acute GN (15�30%)

Asymptomatic urinary abnormalities (i.e. proteinuria and hematuria.
20�30%)

Recurrent macroscopic hematuria (, 10%)

Hypertension may be mild or severe

Note that MPGN Type II often presents with acute nephritis and/or
macroscopic hematuria, MPGN Type III often presents with more
insidious onset

MPGN III low C3 levels, normal C4
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Incidence

The TMAs occur in 1�4 cases per 1,000,000 people,
although it has been reported more frequently in
patients with malignancy, HIV infection, or various
drug exposures (Table 82.15). As previously men-
tioned, acquired HUS may be associated with Shiga
toxin-producing E. coli (or other bacterial) infection and
commonly affects infants and children infected with
the O157:H7 strain.313

Pathophysiology

The involved pathways and distinguishing feat-
ures of HUS and TTP are summarized in
Table 82.16.312,314�316 TTP is mediated by dysfunction
of the metalloprotease ADAMTS13, which degrades
large von Wildebrand factor (vWF) multimers.317

Without this activity, vWF multimers aggregate within
vascular lumen, propagating platelet congregation,
aggregation, and activation, thus leading to further
microthrombosis and sequelae. Low ADAMTS13 activ-
ity can result from a constitutive deficiency or acquired
circulating IgG autoantibodies to the ADAMTS13
protein.316

As mentioned previously, acquired HUS may be
associated with Shiga toxin-producing E. coli (or
other bacterial) infection and commonly affects infants
and children infected with the O157:H7 strain. Once
thought entirely due to inflammatory cytokine effect
on renal endothelial cells,310 it is now understood that
the abnormal regulation of the alternative pathway of
the complement cascade augments pathophysiology
driving the disorder,318,319 with excessive activation of
C3 leading to formation of the membrane attack com-
plex (C5�9), that in turn, propagates platelet activation
and accumulation.

A non-infectious, atypical form of HUS (aHUS) has
been identified involving either inherited or acquired
defects within the alternative pathway. Initial reports
of loss-of-function of regulatory factors (namely, Factor
H) appeared in up to 30% of familial cases.320 Recently,

TABLE 82.13 MPGN Pathology

Light microscopy (similar in all forms)

Mesangial expansion and capillary wall thickening [i.e., termed,
mesangiocapillary GN369�371]. Capillary loops with double-contoured
or “tram track” appearance when stained with Jones silver
methenamine or periodic acid Schiff (PAS),283 1/- nodular
glomerulosclerosis pattern284,285

Immunofluorescence/electron microscopy patterns distinguish the
subtypes284,369 type I, prominent C3 capillary walls and
mesangium358,372 IgG.. IgM C1q 1/2 C4

EM - subendothelial deposits - type I hallmark; intramembranous dense
deposits � type II hallmark).289

Increased matrix material (subendothelial)370,371

This material is separated from the native GBM by interposed
cytoplasmic extensions of mesangial cells and/or infiltrating
macrophages, and is responsible for the ‘tram track’ appearance of
the basement membranes seen by light microscopy.

TABLE 82.14 MPGN Pathology

Light microscopy is similar in all forms of MPGN

mesangiocapillary GN

-mesangial proliferation and matrix expansion

-capillary wall thickening (double contour 2� to immune deposits)

-double contour appearance of capillary loops (2� to immune
deposits)

IF

Type 1 Type II Type III

IgG6 IgM None IgG6 IgM C1q, C4,
C3 (SEndo/Mes)

EM

SEndo/Mes Dense Deposits (EM) SEndo/Mes/Subepith

TABLE 82.15 Systemic Disease and Conditions
Associated with TMA

Scleroderma renal crisis

Anti-phospholipid syndrome

Pregnancy373

HELLP Syndrome

Postpartum HUS

Human Immunodeficiency Virus (HIV)

Malignancy

Drugs374

Mitomycin

Tamoxifen

Cisplatin

Ticlopidine

Quinine

Interferon-α

Calcineurin Inhibitors

Rifampin

Metronidazole

Renal Transplantation375

De novo disease

Recurrence of TMA
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a gain-of-function of complement factor B has been
identified.321 Both Factor H and Factor B defects have
also been identified in acquired cases. These factors
regulate complement activity locally; therefore loss of
regulation within the kidney (or other vascular sites)
may lead to unregulated complement activation and
inflammation.

The genetic form of aHUS is prevalent more in chil-
dren, where the acquired aHUS manifests more in
adults. Systemic disease and conditions associated
with TMA are listed in Table 82.15.

Pathology

The histological lesions of TMA are characterized by
thickening of arterioles and capillaries, endothelial
swelling and detachment, subendothelial accumulation
of protein and cell debris, intraluminal platelet
thrombi, and partial or complete occlusion of the vessel
lumina.312 These changes can also be seen in other
renal pathology, such as scleroderma, malignant
nephrosclerosis, and calcineurin inhibitor toxicity. TTP,
Shiga toxin-associated HUS and atypical HUS are
indistinguishable on microscopy.

Clinical Presentation; Laboratory Features

TMA manifests as a microangiopathic, hemolytic
anemia with thrombocytopenia; schistocytes and helmet
cells are visualized on peripheral blood smear. Platelet
counts vary depending on the syndrome; HUS typically
presents with platelet counts between 30�1003 109

cells/L, while TTP is usually manifest by a more
severe thrombocytopenia, with ,303 109 cells/L

present. The hemolytic anemia (Coombs’ negative)
can be severe, with hemoglobins ,6.5 g/dl present.
Reticulocytosis, hyperbilirubinemia (often indirect), low
haptoglobin, and elevated lactate dehydrogenase (LDH)
are also present. Hypocomplementemia (especially C3)
may be present. The acute kidney injury is more com-
mon with HUS and can sometimes mimic RPGN.
Clinical presentation varies with HUS typically having
more renal manifestations, while TTP displays more
neurologic sequelae.

Prognosis and Treatment

Treatment for the TMAs is mostly supportive.
Plasma exchange therapy is effective in both TTP and
aHUS. Corticosteroids have yielded inconsistent
results. Rituximab has had anecdotal success in a few
patients with refractory TTP.322 Recently, the monoclo-
nal C5 antibody eculizumab was effective in a few
patients with HUS and aHUS,323,324 although wide-
spread use requires validation in larger series.

PRIMARY RENAL DISEASES CAUSING
NEPHROTIC SYNDROME

The nephrotic syndrome is defined by clinical and
laboratory abnormalities common to a variety of pri-
mary and secondary kidney diseases, each character-
ized by increased permeability of the glomerular
capillary wall to circulating plasma proteins. The clini-
cal manifestation of filtration barrier dysfunction
caused by these disorders is proteinuria (greater than
3.5 g/24 hr) which leads to hypoalbuminemia. Other
manifestations such as edema, hyperlipidemia, lipi-
duria and coagulation disorders occur commonly.
This section of the glomerular disease chapter
addresses primary or idiopathic kidney diseases,
which lead to the nephrotic syndrome. The most
common causes of idiopathic nephrotic syndrome,
membranous nephropathy, focal and segmental glo-
merulosclerosis, and minimal change disease are dis-
cussed in detail.

Membranous Nephropathy

Membranous nephropathy (MN) is also referred to
as membranous glomerulopathy or membranous
glomerulonephritis, reflecting morphologic abnormali-
ties of the glomerular basement membrane. MN is one
of the most common causes of nephrotic syndrome in
adults, comprising an estimated 15�25% of all cases of
primary/idiopathic nephrotic syndrome.376 However,
the incidence of FSGS and IgAN is increasing,376 rival-
ing MN as the most common etiologies, and

TABLE 82.16 Distinguishing Pathophysiology of TTP and HUS

TTP

- decreased ADAMTS13 (enzyme that cleaves large vWF multimers)

- large vWF complexes in blood and thrombi, accumulate on the
surface of endothelial cells

- fibrinogen in thrombi

- platelet adhesion, aggregation, thrombosis, thrombocytopenia

- microthrombi small vessels

- lack of inflammation or endothelial damage

HUS

- Shiga exotoxin subunit binds to cell surface globotriaosylceramide
receptors (e.g., colon, glomerular endothelia)

- Endothelial cells produce TNF-, IL-6, IL-1

- Glomerular endothelial cells produce large vWF multimers

- Fibrin, platelets, microthrombi accumulate

- Microthrombi involving small vessels
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representing a greater cause of nephrotic syndrome
than MN in some subpopulations, such as FSGS in
African American men.376�378 MN exists in idiopathic
and secondary forms,379 due to systemic diseases (sys-
temic lupus erythematosus, less commonly mixed con-
nective tissue disease or rheumatoid arthritis),
malignancies (lung, colon, gastric and breast carcino-
mas),380 infections (hepatitis B and C,381 syphilis,
malaria, schistosomiasis, filariases, leprosy, tuberculo-
sis, parvovirus382) and drugs (gold, penicillamine, mer-
cury, probenecid, and perhaps high doses of
captopril383�386) (Table 82.17). The prevalence of MN
varies according to geography, with the highest rates
in European-Americans, which exceeds rates in Japan
and Australia.387 However, these data may be biased
by biopsy practices, as well as variation in relative fre-
quency of predisposing conditions for secondary MN
in each region.388,389 Idiopathic MN is most common in

middle age men,390�394 rarely occurs in children, and
appears to have no racial predilection.387

Clinical Presentation and Natural History

Approximately 70�80% of patients diagnosed with
idiopathic MN present with features of the nephrotic
syndrome, including hypoalbuminemia, peripheral
edema, and hyperlipidemia,393,395�403 though this may
be an overestimation, since patients with lesser degrees
of proteinuria may not be biopsied. Most MN series
indicate that at the time of diagnosis, GFR, as deter-
mined by serum creatinine, is typically normal or
mildly increased, with less than 10% of patients pre-
senting with diminished GFR.400,403 However, in a
study by Shemen et al., wherein GFR was estimated by
inulin clearance in 20 patients with MN and heavy pro-
teinuria versus 20 controls, mean GFR was only 58 ml/
min/1.73 m2 in the MN group.404 Although this study
may have enrolled a population with advanced dis-
ease, it still highlights that GFR may be abnormal in
MN. Patients with MN are generally normoten-
sive,390,405 with the reported incidence of hypertension
at time of diagnosis ranging from 13 to 55%.387,400

The natural history of MN can be discerned from
untreated controls from therapeutic trials391,400,406�416

or observational studies,380,392,393,395,398,417�420 and indi-
cate that the course can be relatively benign in many
patients, especially those with sub-nephrotic range pro-
teinuria. In a study of 100 patients with biopsy-proven
MN, Schieppati et al. demonstrated that the probability
of retaining GFR was 88% at five years and 73% at
eight years; 16% developed ESRD over an average of 8
years.414 Ten year follow-up data from the Ponticelli
group showed that 40% of untreated controls devel-
oped ESRD.416 Figures from both of these Italian stud-
ies are consistent with those of Pei et al., which
demonstrated that 26% of subjects developed chronic
kidney disease (defined as GFR ,60 ml/min/1.73 m2)
after a mean follow-up interval of 5.8 years.421 The best
outcomes are reported by Kida et al., in a series of 104
Japanese patients, which demonstrated that 80, 70 and
50% of patients had a GFR exceeding 80 ml/min at
five, 10 and 15 years, respectively.402 A comprehensive
review by Hogan et al. showed that renal survival
probability in untreated patients was 86% at five years,
65% at 10 years and 59% at 15 years.422 Of patients
with MN that experience GFR decline, the course is
generally protracted, with a mean time to doubling of
creatinine of 30 months in one series398 and an average
of 30 months from presentation to ESRD in another
study.415 More abrupt diminution in GFR should war-
rant investigation of alternative etiologies of acute kid-
ney injury. MN with fibrocellular crescents (RPGN)
has been rarely described,423 and should be considered
in this differential diagnosis.

TABLE 82.17 Systemic Diseases Associated with Membranous
Nephropathy

CONNECTIVE TISSUE DISEASE

Systemic lupus erythematosus

Mixed connective tissue disease

Rheumatoid arthritis

ADENOCARCINOMAS380

Lung

Colon

Stomach

Breast

INFECTIONS

Hepatitis B and C {7940}

Syphilis

Malaria

Schistosomiasis

Filariases

Leprosy

Tuberculosis

Parvovirus382

MEDICATIONS

Gold

Penicillamine

Mercury

Probenecid

Captopril383�386
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If proteinuria is used as a surrogate marker of MN
disease course, Schiepatti et al. demonstrated partial or
complete remission in 65% of subjects at five years,414

similar to a report from Davison et al., which showed
complete remission in 25% of patients at five years.398

Pooled data from Hogan et al. showed complete remis-
sion in 10% at one year, 16% at two years and 22% at
three years,422 consistent with the commonly quoted
statement that approximately 25�30% of patients with
idiopathic MN spontaneously remit.387,424 A study
from Troyanov et al. demonstrates that dialysis-free
renal survival at 10 years is 100% in MN patients with
complete proteinuria remission, 90% in those with par-
tial remission (defined as reduction in proteinuria by
.50% and to ,3.5 g/24 hr), and 45% for those without
remission.425

Because some patients with MN progress to ESRD,
many groups have tried to identify clinical parameters,
which predict likelihood of progression. Multiple clini-
cal risk factors have been identified, including massive
proteinuria, male gender, advanced age, hypertension,
and diminished GFR at clinical presentation. An algo-
rithm has been published, which takes many of these
factors into account and yields a quantitative risk for
progression.426 Most,380,392,398�400,403,415,420,427,428 but
not all414 studies have shown that at the time of diag-
nosis, patients with non-nephrotic proteinuria have a
better prognosis than those with nephrotic range pro-
teinuria. In a biopsy series of 140 patients with MN,
initial presentation with more than 10 g proteinuria/24
hours predicted a 60% probability of renal disease pro-
gression.415 Persistent proteinuria of .8 g/24 hr for
$ 6 months, .6 g/24 hr for $ 9 months or .4 g/24 hr
for $ 18 months was also associated with increased
risk of progression to chronic kidney disease.421

Most MN case series contain a preponderance of
men,392 suggesting male gender is a risk for more
severe disease. Numerous studies have specifically
identified male sex as a risk for progres-
sion,394,398,399,403,406,414,415,429 though a few have
not.400,421 Advanced age at time of diagnosis has
generally been shown to be associated with risk of pro-
gressive GFR decline,398,400,414,419,430 but not in all
reports.399 Most studies simply evaluated age as a con-
tinuous variable, though others defined age .50 years
as a categorical risk.414 Like other glomerular diseases,
uncontrolled hypertension has also been shown to
be a risk for progression of MN.399,415,420 A
notable exception to this finding is the series from
Schiepatti et al.414 As with most other glomerular dis-
eases, patients presenting with MN and decreased GFR
are at risk for progression.399,400,415,421

One of the most common complications of MN is
thrombosis, venous more commonly than arterial, and
particularly involving the renal vein. The incidence of

MN-associated renal vein thrombosis is unclear, but
estimates for all-cause nephrotic syndrome range from
4% to 62%.387,431,432 Because many series of renal vein
thrombosis contain a disproportionate number of
patients with MN,433�436 it has been suggested that
renal vein thrombosis in the context of MN is more
common than with other causes of the nephrotic syn-
drome.432,437 The classic clinical presentation is acute
onset of unilateral flank pain and tenderness, accompa-
nied by gross hematuria and decreased GFR, though a
more chronic presentation with indolent features has
also been described.432 Patients with MN and chronic
renal vein thrombosis tended to be older and unlikely
to progress to ESRD,436,437 and demonstrate collateral
veins on angiographic studies. The purported mecha-
nism is enhanced urinary excretion of anti-thrombotic
proteins, but conflicting blood coagulation factor levels
have cast doubt on this mechanism.431,432

Diagnosis

The diagnosis of MN is made by renal biopsy.
However, there are several other supporting laboratory
findings. As mentioned previously, nephrotic range
proteinuria is present in the majority of patients at the
time of diagnosis, and is usually accompanied by other
features of the nephrotic syndrome.393,395�403

Proteinuria of 10 to 20 g per 24 hr is atypical but not
unusual.438 Microscopic hematuria is present in 30 to
50% of patients,393,403 although gross hematuria is
rare.439 Approximately 90% of patients with MN have
a normal or increased GFR at the time of diagno-
sis.400,403 Autoantibody titers and complement levels
are characteristically normal; low complement levels
should raise suspicion of a secondary cause (e.g., lupus
nephritis). C5b-9 membrane attack complex has been
detected in urine of patients with MN,440�444 consistent
with the conclusion that proteinuria is complement-
dependent in the early phases of disease.445�448

Since MN can be associated with other systemic dis-
eases, it is advisable to obtain a serologic work-up, par-
ticularly if the patient has consistent clinical findings.
Appropriate tests could include systemic lupus erythe-
matosus, hepatitis B and C, and syphilis serologies.
Because MN is associated with some malignancies,
including after the MN diagnosis is established,449 rou-
tinely recommended cancer screens should certainly be
performed in patients with MN. Although more exten-
sive screening is often pursued, cost-effectiveness of
this strategy, in the absence of suggestive symptoms, is
unclear.

Pathology

There are characteristic features on light, IF and EM,
which distinguish MN.386,387,450 Typical histologic find-
ings on light microscopy depend on the stage
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(Table 82.18) and duration of the disease (Figure 82.8).
There is a lack of hypercellularity. Early on, the base-
ment membranes appear normal, but as the immune
deposits increase in size, the basement membrane
reaction gives the appearance of spikes. This is best
visualized on Masson’s trichrome or methenamine
silver stains of thinly cut sections. The relatively small
deposits often require higher resolution images,
which are only achievable with electron microscopy.
Light microscopy is also characterized by lack of glo-
merular or tubulointerstitial inflammatory infiltrates.
Fibrocellular crescents are rare, and if present in the
context of MN features, often represent concomitant
glomerular diseases.451�456 Similar to other glomerular
diseases,457,458 when tubular atrophy and interstitial
fibrosis are observed, these findings portend a poor
prognosis in MN.459,460

Immunofluorescence microscopy evaluation of kid-
neys affected by MN reveals granular deposition of
immunoglobulins and complement components (IgG
[especially IgG4].C3. IgM. IgA .. C1q) in a dif-
fuse, granular pattern along glomerular capillary
walls.386,387 The presence of IgA and C1q suggests
lupus nephritis,386,387 though rarely observed in idio-
pathic MN.386 Subendothelial, mesangial or/and tubu-
lar deposits are rare and if present should raise
suspicion of another diagnosis (e.g., lupus). Although
C5b-9 staining is not routinely performed in most
pathology laboratories, the terminal membrane attack
complex characteristically decorates the glomerular
capillary wall in MN.387

On EM, the pathognomonic finding is glomerular
subepithelial, electron-dense deposits by transmission
electron microscopy (Figure 82.9). The pathologic stage
of disease is based on the size of deposits along
with the surrounding basement membrane reaction.461

This pathology staging scheme has been advocated as
a means of assessing prognosis.427,462 However,
most studies have found that pathologic staging
does not correlate well with renal out-
comes.380,406,412,415,416,419,420,463,464 The presence of dense
deposits within the mesangium is rare with idiopathic
MN, but is occasionally observed with secondary forms
of MN.387

Pathophysiology

The body of evidence indicates that MN lesions
result from circulating antibody binding to a resident
or planted antigen on podocytes, and proteinuria is
complement-dependent. In some cases, DNA, viral and
tumor antigens have been identified within immune
complexes,465�470 and it is presumed that these anti-
gens are pathogenic. It has been postulated that these
antigens induce an antibody response, and by nature
of their physical properties, localize within the

basement membrane and podocytes. They persist in
the subepithelial location (e.g., due to a physical inter-
action of the antigen and either the basement mem-
brane or podocyte cell surface) and permit binding of
circulating antibodies, (the latter may be facilitated by
slightly altered permeability induced by circulating
cytokines or chemokines). The antibodies then activate
complement, eventually leading to formation of the
membrane attack complex (C5b-9),471 which induces
sublethal (or perhaps lethal) injury to podocytes, caus-
ing their effacement.472,473 Clinically, this leads to pro-
teinuria, which is likely mediated through reactive
oxygen species generation.474�477 As the deposits con-
tinue to grow, their physical presence also contributes
to podocyte foot process effacement.

TABLE 82.18 Pathologic Staging of Membranous Nephropathy
Lesions

Pathologic
Stage

Histologic Features Podocyte Foot
Process

Effacement?

I Small, diffuse electron-dense
immune deposits in a subepithelial
(between the GBM and podocyte
foot processes) location

Yes

II Subepithelial “spikes”, which are
generated by incomplete
surrounding of deposits by GBM

Yes

III Electron-dense deposits appear as
intra-membranous due to GBM
between the deposit and podocyte
foot process

Yes

IV Deposit loss of electron density,
GBM thickened, with pronounced
areas of clearing

Yes

FIGURE 82.8 Membranous glomerulonephritis. All glomerular
capillary walls are markedly thickened without significant cellular
proliferation (H&E, X320).
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Although C5b-9 staining is not routinely performed
in most pathology laboratories, the terminal membrane
attack complex is characteristically deposited within
the glomerular capillary wall in MN.387 Since the
immune deposits form on the subepithelial side of the
basement membrane, chemotactic factors are excreted
in the urine and cells are not recruited, nor can they
cross an intact GBM. There is podocyte activation and
secretion of matrix metalloproteinases,478,479 which
leads to changes in GBM composition. This loss of
appropriate extracellular cues then facilitates podocyte
apoptosis and detachment,447 with accompanying cyto-
skeleton disruption,480 nephrin-cytoskeleton dissocia-
tion481 and loss of nephrin expression.482

Much of the evidence to support pathogenesis is
derived from experimental models of MN [e.g.,

Heymann nephritis406,483�485], though translation of
these findings to human MN pathophysiology has not
always been straightforward. However, in a recent
screen of serum from patients with idiopathic MN, a
circulating IgG4 subclass autoantibody, which is
immunoreactive with the M-type phospholipase A2
receptor, was identified in 70% of samples.486 The auto-
antibodies localized to subepithelial deposits in biop-
sies from MN patients, and antibody titers correlated
with disease activity. No immunoreactivity was
detected in serum from lupus MN patients, suggesting
that the phospholipase A2 receptor is a major antigen
for idiopathic MN. Because anti-PLA2 receptor antibo-
dies were not present in all samples, the possibility of
other MN antigens exists. Debiec and Ronco described
a pregnant patient, who was deficient in neutral endo-
peptidase (NEP). She developed and transferred anti-
NEP antibodies to her baby, who was replete with
NEP, and was then born with congenital MN.487,488

Anti-NEP antibodies were determined to be pathogenic
in this case.489 Antibodies to aldose reductase and
manganese superoxide dismutase, both of which are
expressed in podocytes, have recently been identified
in serum and glomeruli of MN patients.490

Genetic Susceptibility

There are rare reports of familial MN.491�494 Klouda
et al. determined that HLA DR3 expression was highly
associated with MN,495 a finding that has subsequently
been corroborated in other European populations.496,497

HLA B18 may also pose a MN risk, and the combina-
tion of HLA-DR3, B18 and Bf1 is associated with MN
and a rapidly deteriorating clinical course.498 In studies
from Japan, DR2 and DQw1 are more prevalent in
patients with MN,499 and an overall better prognosis
for MN in the Japanese has been attributed to genetic
differences.500 Despite these associations between
genetic markers and MN, the effect on clinical course is
uncertain.

Treatment

The therapy for secondary MN is to treat the under-
lying disorder or withdraw the offending agent.379

Because spontaneous remission occurs in approxi-
mately one-third of idiopathic MN cases,501 and most
treatment regimens contain drugs with potentially
serious side effects, patients with few risk factors for
progression, such as women and patients with normal
GFR and ,3.5 g/d proteinuria should be treated
conservatively and monitored closely,424,426 with an
emphasis on anti-hypertensive therapy to control
blood pressure and reduce proteinuria, preferably
with an ACE inhibitor or angiotensin receptor
blocker.424,502�504

FIGURE 82.9 Membranous glomerulonephritis. Electron micro-
graph demonstrating multiple electron-dense subepithelial deposits.
There is diffuse effacement of overlying epithelial foot processes.

FIGURE 82.10 Focal segmental glomerulosclerosis. Segmental
glomerular sclerosis with hyalinosis and partial adhesions to
Bowman’s capsule. There is patchy tubular loss and interstitial mono-
nuclear cell infiltrate (H&E, X250).
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Diuretics often control edema, and HMG CoA
reductase inhibition is recommended for hyperlipid-
emia.505,506 Prophylactic anticoagulation therapy to
prevent thromboembolism is controversial, and should
be reserved for patients with previous events or at high
risk for thrombosis.387,507

The largest MN trials enrolled subjects with persis-
tent nephrotic range proteinuria and stable GFR, with
varying risks for progression. Corticosteroids as a sole
agent for reducing proteinuria or preserving GFR are
ineffective.406,407,411,422,508 The Ponticelli group has pub-
lished extensively about a six-month regimen for idio-
pathic MN that prescribes methylprednisolone (1 g/d
for the first three days of each month) with alternating
monthly prednisone (0.5 mg/kg/d) or chlorambucil
(0.2 mg/kg/d).462 At ten years follow-up, renal sur-
vival was 92% in the treatment group versus 60% in
controls.416 Because of concern about chlorambucil tox-
icity, this same group has conducted a randomized
trial comparing prednisone combined with cyclophos-
phamide versus chlorambucil for MN treatment. These
studies demonstrated no difference in outcome, and
patients in the cyclophosphamide arm experienced
fewer side effects,509 suggesting that cyclophospha-
mide plus prednisone is also an acceptable choice. In a
trial of 94 patients randomized to a six-month regimen
with prednisone and cyclophosphamide versus sup-
portive treatment (no immunosuppression), 10-year
outcomes for mortality, dialysis-free survival, doubling
of serum creatinine and relapse rates were all super-
ior in the experimental group.510 Another randomized
trial involving 42 patients and one-year follow-up,
demonstrated that prednisone plus either intravenous
cyclophosphamide or cyclosporine was more effective
than prednisone alone.508 These results are consistent
with some,511 but not all studies,403,408,413,512 though
comparisons are difficult because patient populations,
entry criteria and treatment regimens differed.422,513

Nevertheless, in patients with MN that includes the
nephrotic syndrome and stable GFR, in addition to
supportive therapy, treatment with corticosteroids
and an alkylating agent is preferable, particularly if
patients have poor prognostic factors for progressive
disease.

MN patients presenting with deteriorating GFR rep-
resent a special group, since they are at high risk for
further progression. However, few trials have been
specifically designed to address this subgroup of
patients. A retrospective study by Torres et al. demon-
strated efficacy of a chlorambucil plus prednisone regi-
men compared to a historical, untreated control group
with equivalent MN progression.514 Similar results
were observed by Warwick et al., though toxicity was
significant.515 Two small studies showed efficacy of
oral cyclophosphamide and prednisone in MN subjects

with pre-existing, depressed or declining GFR.516,517

Cattran et al. showed that in MN patients developing
GFR decline with conservative therapy, subsequent
treatment with cyclosporine slowed progression com-
pared to a placebo control group.518 More sobering
results were obtained in the prospective trial by Falk
et al., which demonstrated that prednisone with or
without cyclophosphamide did not prevent renal dis-
ease progression in a MN cohort with a mean serum
creatinine of 2.3 to 2.7 mg/dl and proteinuria greater
than 10 g/24 hr,519 suggesting that salvage therapy
may be ineffective, once renal function has deterio-
rated. Therefore, in patients with serum creatinine
exceeding 2.5 to 3.0, though there is no consensus
regarding optimum treatment, it would be reasonable
to manage conservatively, and prepare for dialysis or
transplantation, rather than subjecting these patients to
the potential perils of immunosuppressive therapy.

Cyclosporine has been shown to be effective for
inducing and sustaining MN remission,520,521 but con-
cerns about nephrotoxicity render it less desirable for
chronic treatment. Among newer agents, mycopheno-
late mofetil (MMF) and rituximab have been examined
in small, mostly uncontrolled trials with MN patients.
MMF has the benefit over cyclosporine and other calci-
neurin inhibitors because of less nephrotoxicity. Miller
et al. demonstrated some benefit of MMF in a small
study of 16 patients, most of whom had already failed
other MN treatments.522 Similar results were observed
in an MMF trial by Choi et al. involving 17 patients
with MN.523 In two recent, small, controlled trials,
with 1�2 year follow-up, MMF was no more effec-
tive than conservative therapy (no immunosuppres-
sion) or cyclophosphamide-containing regimens.524,525

Rituximab is a chimeric monoclonal antibody, which
binds to the B cell CD20 receptor and depletes B cells
(but not plasma cells). Remuzzi and Ruggenenti
observed that four weekly injections of rituximab con-
ferred a sustained benefit in proteinuria reduction for
up to one year in eight patients with MN, who had
failed conventional treatment.526,527 Rituximab, given
every two weeks and at six months, may also be effec-
tive.528 In a study of 13 MN patients dependent on
MMF, cyclosporine or tacrolimus, four weekly doses of
rituximab appeared to enable calcineurin inhibitor
withdrawal, with sustained remission at 30 months.529

A diagnosis of MN is not a contraindication to renal
transplantation. Although there are little outcome data,
a recent study of 35 MN patients versus 70 non-MN
controls demonstrated no difference in mortality at 10
years, but there was a trend toward decreased allograft
survival and a 34% recurrence rate in the MN group.530

The MN recurrence rate, with associated poor progno-
sis, was similar in a European transplantation
cohort.531
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Focal Segmental Glomerulosclerosis

Focal segmental glomerulosclerosis (FSGS) describes
a histological lesion that is found in patients with idio-
pathic nephrotic syndrome.532 FSGS is the most com-
mon cause of idiopathic nephrotic syndrome among
African Americans. However, patients with FSGS con-
stitute an increasingly larger fraction of idiopathic
nephrotic individuals in the general, adult population.
A survey of renal biopsies from 1995 to 1997 in adult
patients with idiopathic nephrotic syndrome showed
that FSGS is the most common lesion, accounting for
35% of all patients and for 50% of cases in African-
American patients.533�535 Focal segmental glomerulo-
sclerosis accounts for approximately 3% of adult cases
of end stage renal disease in North America.535

Persistent non-nephrotic-range proteinuria is associ-
ated with good long-term renal survival, but declining
glomerular filtration rates characterize patients with
persistent nephrotic-range proteinuria. Evidence-based
treatment guidelines are now being developed, but as
discussed below, many experts recommend corticoster-
oids as initial therapy in patients with a poor prognosis
for renal survival.

Diagnosis and Course

Proteinuria, often in the nephrotic range, is the hall-
mark of FSGS. Hypertension is a presenting feature in
approximately one-third of patients, and some degree
of renal insufficiency is also present in one-third of
patients at the time of diagnosis. Over half the patients
with FSGS have hematuria. Proteinuria without hyper-
tension is more common in children than adults with
FSGS.536

FSGS may be primary (idiopathic) or secondary
(Table 82.19). By definition, the term “idiopathic FSGS”
is only used if evidence is lacking for other causes of
focal glomerulonephritis that could result in focal scar-
ring after healing.

The prognosis and clinical course of idiopathic FSGS
are determined primarily by the severity of protein-
uria.537,538 Persistent non-nephrotic-range proteinuria
is associated with good long-term renal survival. In
contrast, declining glomerular filtration rates character-
ize patients with persistent nephrotic-range protein-
uria. In this latter group of FSGS patients, the
prevalence of end-stage renal disease 10 years after ini-
tial diagnosis is greater than 50%, and FSGS accounts
for approximately 15% of pediatric and 5% of adult
cases of end stage renal disease in North America.
Patients with HIV-induced FSGS or the collapsing vari-
ant of FSGS (see description below) may progress rap-
idly to end-stage renal disease, often requiring dialysis
within several months to 2�3 years after diagnosis,
although the outcomes for most HIV patients has

improved significantly after introduction of more effec-
tive anti-retroviral therapies.539 The course of second-
ary forms of FSGS varies according to the severity and
activity of the underlying disease.

Pathology

FSGS is a glomerular disease defined by a character-
istic histologic pattern of scarring.540�544 Sclerosis, or
scarring, is present in parts (segmental) of some (focal)
glomeruli.543,544 By light microscopy, the typical FSGS
lesion demonstrates mesangial collapse, scarring in
parts of glomerular capillary tufts and adhesions to
Bowman’s capsule. However the light microscopic
changes are non-specific and can be seen in other renal
diseases, including those associated with glomerular
inflammation. Immunoglobulin and complement depo-
sition is generally not detected, although IgM and, less
frequently, C3 staining can be detected in non-sclerotic
glomeruli of some patients with FSGS. Demonstration
of abundant immunoglobulin deposits by immunofluo-
rescence should suggest another, superimposed pri-
mary or secondary glomerulonephritis. Similar to light
microscopy, ultrastructural analysis by electron micros-
copy shows non-specific changes, predominantly foot
process effacement in FSGS patients with heavy pro-
teinuria, but can demonstrate other causes of glomeru-
lar disease, which are not apparent by light
microscopy. Sometimes the focal, segmental glomeru-
lar scar is only identified by electron microscopy.

TABLE 82.19 Classification of FSGS

PRIMARY

Idiopathic FSGS

Classic

Glomerular tip variant

Collapsing or “malignant” variant

Superimposed on minimal change nephropathy

Familial (caused by mutations in podocyte genes encoding
components of the slit diaphragm)

SECONDARY

Sickle-cell disease

Unilateral renal agenesis

HIV infection

Intravenous drug abuse

Vesicoureteral reflux

Diabetes mellitus (rare)

Postinflammatory scarring

Morbid obesity
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In addition to this typical lesion, there are addi-
tional, structural variants of FSGS that have been
recently defined by a Working Group of patholo-
gists.545 In addition to the lesion described in the pre-
ceding paragraph (which is now classified as FSGS, not
otherwise specified), the glomerular tip lesion is char-
acterized by swelling, vacuolation, and proliferation of
visceral epithelial cells (podocytes) and by sclerosis in
the glomerular segments closest to the proximal tubule.
Limited evidence suggests that patients with this his-
tology tend to exhibit a more benign course and to be
more responsive to steroid therapy compared to
patients with classic FSGS. A second variant is charac-
terized by focal or global glomerular capillary collapse
and sclerosis with visceral epithelial cell swelling. This
lesion is associated with a less favorable prognosis and
is identified more commonly in African-American
patients and in patients with human immunodefi-
ciency virus (HIV) nephropathy. Additional morpho-
logic variants include the perihilar (perihilar sclerosis
and hyalinosis involving .50% of segmentally sclerotic
glomeruli) and cellular (at least one glomerulus with
segmental endocapillary hypercellularity occluding
lumina) patterns. Severe tubulointerstitial disease
associated with any of the structural, FSGS lesions
correlates with poor long-term renal survival.
Because the remission rate after treatment is similar
among patients with the histologic variants, response
to therapy cannot be predicted on the basis of histol-
ogy alone.546

Pathophysiology

The molecular etiology of the sporadic forms of
FSGS has not been determined, but several landmark
studies have identified genetic mechanisms of FSGS
and nephrotic syndromes, which cluster in families
and is often steroid-resistant.547�551 Mutations in sev-
eral genes have been linked to familial FSGS, demon-
strating the genetic heterogeneity of this disorder. The
protein products of the human FSGS and nephrotic
syndrome genes identified to date appear necessary for
the maintenance of the filtration barrier (specifically
the slit diaphragm) by the podocyte. These genes
include NPHS1 (encoding the slit diaphragm protein,
nephrin), NPHS2 (encoding the slit diaphragm protein,
podocin), and ACTN4 (encoding the cytoskeletal pro-
tein, α-actinin-4). More recently, mutations in a gene
encoding a cation channel (TRPC6) have been identi-
fied in families with familial glomerulosclerosis. The
genetic basis of sporadic FSGS is less well-defined, but
mutations in the genes encoding a podocyte-selective
transcription factor, WT1, and NPHS2 have been
described in approximately 5 and 11% of patients with
non-familial, steroid-resistant FSGS. Mutations in the
phospholipase C epsilon gene were identified as

causing early-onset nephrotic syndrome with end-
stage kidney disease.552 Kidney histology of affected
individuals showed diffuse mesangial sclerosis (DMS)
as well as FSGS.

The recent discovery that common APOL1 variants
associate with sporadic focal segmental glomerulo-
sclerosis (FSGS) and other non-diabetic kidney diseases
in African American patients will likely be a critical
turning point in understanding and management of
these glomerular diseases.553 Two genome wide admix-
ture scans had identified a highly significant associa-
tion on chromosome 22q12 between non-diabetic
kidney disease and African ancestry.554,555 This region
contains many genes, and initial investigations focused
on non-muscle myosin heavy chain IIA, encoded by
MYH9, due to its podocyte expression and association
with rare, mendelian giant platelet disorders that are
also characterized by variably penetrant glomerular
diseases. However, attempts to identify the MYH9
causal variant(s) underlying this association were
unsuccessful. Coding variants within the neighboring
APOL1 gene, which is centromeric to MYH9 on
22q12.3, were shown to account for the association sig-
nal.556 The biology responsible for the association is
under intense investigation, but previous work had
characterized APOL1 as the trypanosome lytic factor in
human serum. Variant APOL1, which encodes the kid-
ney disease risk variants, can kill disease-causing try-
panosomes by circumventing the parasite’s mechanism
to evade lysis. This observation provided a biological
explanation for the frequency of the kidney disease
associated variants in populations of African ancestry.
Similar to sickle cell disease, the parasite killing effect
is dominant, requiring a single copy of the risk variant
APOL1 gene, and would be under positive selection in
Africa. In contrast, association with kidney disease is
best fit by a recessive model.

In addition to genetic factors, accumulating data
suggest that steroid-sensitive nephrotic syndrome, as
well as a subset of steroid-resistant nephrotic syndrome
(particularly those recurring after transplantation)
result from circulating a permeability factor(s).540,557,558

T cells in these patients may promote the production of
a circulating factor that alters permeability of the glo-
merular filtration barrier, but the nature of this factor
remains elusive. Serum soluble urokinase receptor
(suPAR) is elevated in two-thirds of subjects with pri-
mary FSGS, but not in people with other glomerular
diseases and a higher concentration of suPAR before
transplantation correlates with increased risk for FSGS
recurrence after transplantation.559 As mechanisms
responsible for FSGS are better defined, therapy may
be tailored for individual patients. The common mech-
anistic denominator for both the genetic and
“acquired” etiologies of FSGS is that these diseases are

2782 82. IMMUNE AND INFLAMMATORY GLOMERULAR DISEASES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



podocytopathies, a concept extensively covered in a
number of excellent reviews.540,541,547,551,560

Treatment

The therapy of FSGS remains controversial, and data
for evidence-based decisions are lacking. Most studies
of therapy for FSGS patients have employed regimens
used for treatment of minimal change nephropathy
and have reported variable responses to therapy.
However, recent case series, in which FSGS patients
were treated with high dose corticosterioids (1 mg/kg/
day) for prolonged courses (at least 16 weeks and for
as long as 6 months), report response rates of up to 60
to 70% and improved long-term renal survival.542,561

Many experts recommend a course of corticosteroids
be offered to patients with likelihood of progressing to
ESRD.

The potential efficacy and side effects of therapy
must be considered for each patient. The amount of
proteinuria, presence and degree of renal insufficiency,
and the extent of scarring on biopsy are appropriate
variables to evaluate before administering anti-
inflammatory drugs. Non-specific therapy is probably
an appropriate first approach in patients with mild
proteinuria and normal renal function. Blood pressure
should be normalized, if possible, in all hypertensive
patients with FSGS. All patients with nephrotic-range
proteinuria and FSGS should be treated with
angiotensin-converting enzyme (ACE) inhibitors and/
or angiotensin receptor antagonists (ARBs), unless oth-
erwise contraindicated. Nephrotic-range proteinuria of
any cause is an independent risk factor for progression
of chronic renal failure, and ACE inhibitors and AT1
receptor blockers are the most potent anti-proteinuric
agents available. Angiotensin stimulates aldosterone
synthesis, and small case series suggest that spironolac-
tone, an aldosterone antagonist, also may slow progres-
sion in patients with parenchymal renal disease.
Hyperlipidemia should be controlled with appropriate
medications to lower elevated cholesterol and trygly-
cerides, if dietary modifications fail to achieve target
serum levels. Salt restriction and diuretics should be
used to control edema in nephrotic FSGS patients.

Patients with persistent nephrotic proteinuria and
renal insufficiency should be considered for more
aggressive therapy with corticosteroids or other immu-
nosuppressants. Prednisone, 1 mg/kg/day for at least
four months, is now the recommended treatment regi-
men for patients with FSGS and is usually continued
for one to two weeks after induction of remission and
then slowly tapered.561,562 Prolonged prednisone ther-
apy of five to eight months has been advocated by
some experts. Some patients, who initially respond to
prednisone therapy, may exhibit frequent relapses or
become steroid-dependent. Significant

tubulointerstitial disease on renal biopsy, an elevated
creatinine, and massive proteinuria of more than 10 gm
daily suggest that the clinical response to steroid ther-
apy may be poor. Patients with these risk factors may
be candidates for early withdrawal from treatment if
the steroids are tolerated poorly or cause significant
side effects.

High quality evidence for use other immunosup-
pressive agents in patients with FSGS, who do not
respond to corticosteroids alone or who are steroid-
dependent or frequently relapse, is limited.561,562

However, there are a number of reports that alternative
immunosuppressive therapy may be beneficial. The
North American Nephrotic Syndrome Study Group
recently demonstrated, in a randomized controlled trial
that steroid-resistant FSGS patients treated with cyclo-
sporine and prednisone had better outcomes compared
to patients that were not treated with cyclosporine.563

Relapse is common when cyclosporine is discontinued,
but cyclosporine-treated FSGS patients have a long
term decrease in proteinuria and better preservation of
GFR. Cyclosporine itself can be nephrotoxic and
should be used judiciously. Cyclophosphamide or
other cytotoxic drugs can be added to the therapeutic
regimen, and small case series suggest that these drugs
may induce complete or partial remission in up to 75%
of these individuals.561,562 A NIH-funded, multicenter
randomized study of FSGS treatment compared the
efficacy of a 12-month course of cyclosporine to a com-
bination of oral pulse dexamethasone and mycopheno-
late mofetil in children and adults with steroid-
resistant primary FSGS and found no difference in pro-
teinuria remission rates.564 Rituxamab has also been
used to treat FSGS in case series and may prevent
FSGS recurrence in transplants by regulating sphingo-
myelinase activity.565

Minimal Change Nephropathy

Minimal change disease (MCD), which is also
known as minimal change glomerulopathy, nil disease
or lipoid nephrosis, is characterized, as the name sug-
gests, by normal histologic appearance by light micros-
copy. MCD accounts for more than 70% of cases of
nephrotic syndrome in children less than 10 years of
age, with a decline in incidence in older children. In
adults, MCD represents 10 to 15% of cases of idiopathic
nephrotic syndrome. Because of the predominance in
children, most of the clinical studies have been con-
ducted in pediatric populations.

Clinical Presentation and Natural History

The typical clinical presentation is relatively rapid
onset of the nephrotic syndrome, with heavy

2783PRIMARY RENAL DISEASES CAUSING NEPHROTIC SYNDROME

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



proteinuria. In children, hypertension is rare,566 while
in adults, hypertension is variable, but more com-
mon.567 As described later in this chapter, MCD has
been associated with infections, malignancies and
pharmaceutical agents. Of note, non-steroidal anti-
inflammatory agents have been linked to MCD with
concomitant tubulointerstitial disease, which is charac-
terized by interstitial lymphocytic infiltrates and
pyuria.568,569 In children, MCD rarely is associated
with decreased GFR, whereas a syndrome with com-
bined MCD and acute renal failure has been described
in adults.570 In adults MCD may include episodes of
acute kidney injury from low oncotic pressures due to
hypoalbuminuria that results in residual renal dysfunc-
tion,571 but rarely progresses to ESRD.

Pathology

As previously mentioned, light microscopy is
characteristically normal, with occasional mesangial
prominence. In most cases, immunofluorescence
microscopy is also negative, although there may be
some IgM or complement C3 deposition in a mesangial
pattern. The key diagnostic test is electron microscopy
(Figure 82.11), which reveals podocyte foot process
effacement, and cytoskeletal matting. Although these
EM findings are similar in other causes of the nephrotic
syndrome, the combination with normal light and
immunofluorescence microscopy is diagnostic for
MCD.

Pathophysiology

The mechanisms regulating MCD pathogenesis have
not been completely defined, though some evidence
supports a role for T cell activation, the most compel-
ling being responsiveness to corticosteroid therapy (see
below). In addition, evidence exists for a T cell-derived

glomerular permeability factor,572 which is perhaps a
lymphokine.573 The most prominent manifestation of
this permeability factor is loss of filtration barrier elec-
trostatic charge, with relative sparing of molecular size
selectivity.574 Overexpression of angiopoietin-like 4 in
rat podocytes leads to steroid-sensitive nephrotic
syndrome575

Treatment

Standard therapy for MCD is corticosteroids (pred-
nisone 60 mg/m2/d for children and 1 mg/kg/d for
adults). In children, this regimen results in prompt res-
olution of albuminuria in more than 90% of cases, gen-
erally within four to six weeks of initiating treatment.
Lack of responsiveness should raise suspicion of alter-
native pathologies, such as focal and segmental glo-
merulosclerosis (FSGS), and may warrant repeat
biopsy to definitively establish the diagnosis. In chil-
dren who respond within six weeks, it is recommended
to slowly taper the prednisone dose over an additional
six weeks. This can be accomplished by decreasing the
daily dose or with an alternate day regimen.572,576,577

In adults, MCD is also steroid-responsive, though
efficacy is generally less, and time of response longer,
compared to pediatric patients. In a study by Nalasco
et al.,567 in which 89 adults with MCD were analyzed,
remission rates with 60 mg prednisone per day were
60% at 8 weeks, 76% at 16 weeks, and albuminuria
eventually resolved in 81% of study subjects. Similar
results were obtained in two subsequent, smaller
series.578,579

Long-term studies indicate that approximately 25%
of children achieve permanent remission, 50% relapse
frequently (more than one episode per year) and the
remaining 25% relapse infrequently.580 Protocols with
alkylating agents cyclophosphamide (2 mg/kg/d for 8
to 12 weeks)567,574,581,582 or chlorambucil (0.1 to 0.2 mg/
kg/d for 8 weeks)583,584 have an efficacy of approxi-
mately 75% in relapsing patients. Because these agents
have the potential for serious side effects, such as
gonadal dysfunction, malignancy, and infection, proto-
cols containing less toxic immunosuppressive drugs
have been developed for relapsing, steroid-dependent
and steroid-resistant MCD. In general, cyclosporine
has been shown to achieve short term remissions, even
in steroid-resistant cases, though long-term remission
rates are poor.585 However, one case series of steroid-
dependent and resistant nephrotic syndrome, that
included 5 cases of MCD, demonstrated that cyclospor-
ine treatment for a mean of 22 months resulted in good
long-term remission.586 In a randomized trial of eight
weeks of cyclophosphamide versus nine months of
cyclosporine, involving both adults and children with
MCD, both drugs induced remissions, though long-
term remission rates were superior in the

FIGURE 82.11 Minimal change disease. Electron micrograph
demonstrating extensive foot process effacement. The glomerular
capillary walls appear normal in thickness without any deposits.
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cyclophosphamide group.587 Small studies with newer
agents, such as mycophenolate mofetil588 or rituxi-
mab589 show promise, including the theoretical advan-
tage of less nephrotoxicity compared to cyclosporine,
though there is insufficient experience with either drug
as alternative treatment for complicated MCD.

Systemic Diseases Associated with the
Nephrotic Syndrome

The most common causes of “secondary” nephrotic
syndrome, such as diabetic nephropathy (Chapter 78)
and lupus nephritis (Chapter 78) are discussed in detail
elsewhere. The following section focuses on amyloid-
osis, multiple myeloma, and nephrotic syndrome asso-
ciated with infectious diseases, malignancies and
drugs.

INFECTIOUS CAUSES OF THE
NEPHROTIC SYNDROME

HIV-Associated Nephropathy (HIVAN)

Shortly after the discovery that HIV caused AIDS,
several case series of AIDS-related renal disease were
reported.590�592 These reports described a sclerosing
glomerular lesion and very poor prognosis. As dis-
cussed below, with the advent of effective anti-
retroviral therapy, the clinical course is now more
benign. Furthermore, other nephropathies resulting
from HIV infection have been described. Nevertheless,
HIVAN is still the most common cause of ESRD among
HIV-positive patients, and the third most common
cause of ESRD among African Americans in the U.S.
between the ages of 20 and 64 (www.usrds.org). The
predilection for HIVAN in patients of African descent
has been noted in the U.S. and Europe.593,594 In addi-
tion to HIVAN, HIV patients are vulnerable to oppor-
tunistic infections (tuberculosis, CMV, fungal) and
malignancies (Kaposi’s sarcoma, lymphoma), which
may lead to glomerular disease.595

Clinical Presentation and Natural History

Patients with HIVAN typically present with
nephrotic range proteinuria and renal insufficiency. In
contrast to most proteinuric renal diseases, hyperten-
sion and edema are less common,596 consistent with
the notion that HIVAN involves tubular epithelia and
leads to salt-wasting.594 Kidneys tend to be large and
echogenic on ultrasound examination.597,598 A defini-
tive diagnosis can only be made with a renal biopsy,
though recent reports indicate that urinary neutrophil
gelatinase-associated lipocalin (NGAL) and growth fac-
tors may be sensitive biomarkers for HIVAN.599,600

Although HIVAN is still typically diagnosed after pro-
longed exposure to high HIV viral load,601 it can pres-
ent early, and rarely at the time of HIV diagnosis.602,603

The clinical course of HIVAN has become markedly
more protracted since introduction of highly active
anti-retroviral therapy (HAART) regimens, and should
now be considered a cause of chronic, rather than acute
kidney injury.

Less commonly, HIV-positive patients can develop
thrombotic microangiopathies with renal involvement,
such as hemolytic uremic syndrome (HUS). A distin-
guishing feature is that nephrotic range proteinuria is
typically absent,595 though it can occur due to co-
existence of typical HIVAN.604 Results from small,
uncontrolled trials suggest that HIV-associated HUS is
resistant to treatment with glucocorticoid hormones,
plasmapheresis, immunoglobulin infusion, anti-platelet
agents, vincristine or splenectomy.604�606

Proliferative glomerulonephritis with immune com-
plex deposition, including with IgA,607,608 has also
been described in HIV-infected patients.595,609,610 In
contrast to African American HIV patients with renal
disease, who almost exclusively develop typical
HIVAN lesions, HIV-associated immune-mediated GN
is observed primarily in Caucasians.595,609

Pathology

Although many pathologies have been observed, the
classical histologic lesion in HIVAN is a form of focal
and segmental glomerulosclerosis called collapsing
glomerulopathy, which is characterized by segmental
or global glomerular collapse, resulting in widened
Bowman’s space, and GBM wrinkling611 (Figure 82.12).
Glomerular pathology also includes podocyte hyper-
trophy and/or hyperplasia,612,613 which may play a
pathophysiologic role. In some cases, robust podocyte
proliferation can result in the formation of pseudo-
crescents. Additional common findings include lym-
phocytic interstitial infiltrates, tubular microcystic dila-
tion and glomerular endothelial reticular inclusion
bodies,614 though the latter finding is less common
since effective anti-retroviral therapies have been
widely prescribed. Like most glomerular diseases,
tubular atrophy and interstitial fibrosis correlate with
progression. Unlike other causes of the nephrotic syn-
drome, which invariably show podocyte foot process
effacement and cytoskeletal rearrangement, podocytes
in HIVAN assume a more de-differentiated phenotype,
with absence of foot processes, paucity of cytoskeletal
elements, and loss of podocyte markers, such as sy-
naptopodin, WT1, podocalyxin and GLEPP1.612

Immunofluorescence microscopy is typically non-diag-
nostic, but may show deposition of IgM, C3, and less
frequently, C1q.615
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Pathophysiology

Most patients with HIVAN have low CD4 counts,616

but clinical immunodeficiency is not required for
development of HIVAN.595 HIVAN is caused primarily
by infection of resident renal epithelial cells with HIV,
which then serve as a viral reservoir. HIV mRNA has
been localized to podocytes and tubular epithelial cells
from human renal biopsies,617,618 suggesting that HIV
infection is pathogenetic. Furthermore, HIV transgenic
mice mimic pathologic findings observed with HIVAN
in humans.619,620 In these animals, the HIV transgene
was expressed in epithelial cells prior to demonstrable
renal lesions, suggesting a pathophysiologic mecha-
nism involving direct cytopathic effects of HIV, rather
than effects from exogenously released cytokines.621

This conclusion is supported by the observation that
HIVAN developed in transgenic kidneys transplanted
into wild-type littermates, whereas normal kidneys
remained disease free when transplanted into HIV
transgenic littermates.621 Furthermore, transgenic lines
that expressed the transgene in extrarenal tissues, but
not kidney, did not develop HIVAN pathology.622

Phylogenetic analysis of HIV sequences from microdis-
sected infected human kidney tubular epithelial cells
and circulating blood mononuclear cells revealed evi-
dence of tissue-specific viral evolution, indicating local-
ized kidney HIV replication and existence of renal
epithelial cells as HIV reservoirs.623 Transgenic mice
that express HIV accessory proteins, but not the intact
virion, also develop typical HIVAN histologic features,
indicating that viral proteins, such as nef and vpr,
rather than replicating virus, are essential for signaling
dysregulation and cytotoxicity.622,624�626 Neither the
specific mechanisms by which HIV gains entry to renal
epithelial cells, nor how HIV infection regulates

podocyte de-dedifferentiation, collapsing FSGS and
other pathologic features is known.

Predisposition for HIV patients of African descent,
but living in different environments, as well as HIVAN
clustering in African American families, suggests that
there may be a genetic component to HIVAN suscepti-
bility.627 Human mapping studies have implicated a
susceptibility region on chromosome 22 that includes
the MYH9 and ApoL1 genes,628 while linkage analysis
and expression profiling identified two susceptibility
loci in HIV transgenic mice.629

Treatment

The current standard of care for HIVAN (as well as
for HIV infection, in general) is highly active antretro-
viral therapy (HAART). Since HAART was introduced
in the U.S. 10 years ago, the incidence of ESRD due to
HIVAN has only slightly decreased,630 despite reduc-
tion in AIDS-related mortality. Because of the unequiv-
ocal benefit of HAART on survival in HIV-infected
patients, it is doubtful that a placebo control trial for
HIVAN will ever be conducted. Nevertheless, evidence
for the efficacy of HAART on HIVAN can be derived
from work by Lucas et al., which demonstrated a 60%
risk reduction for HIVAN in a large, HIV-infected pop-
ulation followed for 12 years.631 An uncontrolled, retro-
spective trial demonstrated that protease inhibitor
therapy slowed GFR declines in a small HIVAN
cohort,632 and several case reports or series also docu-
ment benefit of HAART.602,618,633,634

Renal side effects of HAART are fairly common,
(reviewed in635), including acute kidney injury and
crystalluria-induced tubulointerstitial disease with pro-
tease inhibitors,636,637 as well as acute renal and proxi-
mal tubule dysfunction with Fanconi syndrome from
nucleotide reverse transcriptase inhibitors.638�642 The
latter is due to tubular mitochondrial toxicity.635

Two small series have demonstrated benefit of pred-
nisone for the treatment of HIVAN, though many
patients relapsed after prednisone was discontinued,
and several developed serious infectious complica-
tions.643,644 Because of short-term follow-up, and the
potential for complications, larger randomized trials
are necessary before prednisone can be recommended
as therapy for HIVAN.

HIVAN patients with serum creatinine less than
2.0 mg/dl benefited from ACE inhibitor therapy, as
determined by serum creatinine, proteinuria and
requirement for renal replacement therapy.645,646 Renal
disease progression was also prevented in HIV trans-
genic mice treated with angiotensin receptor block-
ers.647 In our opinion, ACE inhibitor or ARB therapy is
sensible for HIVAN patients with proteinuria, particu-
larly those with concomitant hypertension.

FIGURE 82.12 Collapsing glomerulopathy associated with HIV.
Global collapse of glomerular capillary walls with hypertrophy and
hyperplasia of podocytes (H&E, X330).
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Hepatitis C

Long-term complications of chronic hepatitis C virus
(HCV) infection can include glomerular disease, either
with or without cryoglobulinemia. The cryoglobuline-
mia is mixed, with complexes containing HCV virions,
anti-HCV immunoglobulins, and rheumatoid factor,
which is comprised of IgMκ chains. In populations of
patients with mixed essential cryoglobulinemia,
approximately 90% will have measurable anti-HCV
titers. The exact etiology of the cryoglobulinemia is
unknown, but is presumed to be due to B cell prolifera-
tion in response to HCV antigenic stimulation.

Clinical Presentation and Natural History

Most patients with renal manifestations of HCV
infection have membranoproliferative glomerulone-
phritis (MPGN) due to type II cryoglobulinemia, which
is characterized by polyclonal IgG and anti-globulin
IgMκ rheumatoid factor.648,649 It has been suggested
that most cases of idiopathic MPGN are due to under-
lying viral hepatitis.650 The exact proportion of HCV-
infected patient that develop MPGN is not known,
but the risk appears to be greater in subjects with
chronic infection and liver disease. In cryoglobulinemic
patients, symptoms typically include malaise, weak-
ness, and arthralgia. Common physical findings
include hypertension, peripheral edema, palpable
purpura and hepatomegaly. Renal involvement is char-
acterized by proteinuria (nephrotic range in approxi-
mately 20% of cases), microscopic hematuria and
decreased GFR.648,649,651�655 Serologies commonly
reveal detectable serum anti-HCV titer and HCV RNA,
elevated liver transaminases (ALT .AST), rheumatoid
factor, low C3 and C4 complement levels and
cryoglobulinemia.

Pathology

The most common finding is MPGN, especially in
patients with cryoglobulinemia, although membranous
glomerulopathy, FSGS, mesangial proliferation with
IgA deposition, post-infectious, fibrillary and imm-
unotactoid lesions have been reported.653,654,656 With
MPGN, there is typically glomerular tuft lobulation
and endothelial cell swelling, GBM splitting, and
infiltrates containing lymphocytes, neutrophils
and activated macrophages. Mesangial sclerosis is
observed in advanced cases. Tubular atrophy and infil-
trates are observed with progressive disease.
Immunofluorescence generally shows IgG, IgM and C3
in a glomerular capillary pattern, and to a lesser extent,
IgA and C1q in mesangium and/or glomerular
capillaries. On EM evaluation there are electron-dense
deposits, with a fibrillar appearance, in subendothelial,
and less commonly, intramembranous or mesangial

locations.648 Mesangial interposition within the GBM
has also been described. In the subset of chronic HCV-
infected patients with non-cryoglobulinemic MPGN,
the histopathology is similar, with the exception that
leukocyte infiltrates and the fibrillar pattern of immune
complexes are less prominent.

Pathophysiology

The pathophysiologic mechanism regulating HCV
infection and glomerular disease is not well estab-
lished, but presumably is related to immune complex
formation with HCV, rheumatoid factor and/or anti-
HCV antibodies. The paucity of information is due, in
part, to lack of a suitable animal model for HCV-
induced renal disease. Currently, chimpanzees are the
only model that permits HCV propagation, though
studies have been limited to liver pathophysiology and
investigation of immune mechanisms.657

Treatment

With the assumption that renal manifestations of
HCV are related to viral exposure and resulting
immune response, therapies have been designed with
anti-viral and immunosuppressive agents to suppress
viremia and B cell activation, respectively. In small
trials in patients with mixed essential cryoglobuline-
mia, interferon-α treatment resulted in reductions of
serologic markers and serum creatinine.658,659 In sev-
eral case reports involving patients with chronic HCV
infection, cryoglobulinemia and biopsy-proven MPGN,
interferon-α administration as a single agent has
resulted in modest improvement in GFR and/or
proteinuria.648,660�663 However, these studies uni-
formly demonstrated that the effect was transient, with
high relapse rates of viremia and glomerular disease.

To enhance the anti-viral response, interferon-α is
often given in conjunction with ribavirin. This combi-
nation therapy has been shown to have some effect,
particularly on proteinuria, though complete resolution
of glomerular lesions and renal function is
exceptional.664�667 Improvement in GFR and protein-
uria is generally associated with successful suppression
of HCV viremia.668 A decision to treat HCV-induced
MPGN with combination therapy is complicated by
reports of worsening renal function with interferon-
α669,670 and impaired ribavirin clearance in patients
with depressed GFR.671 The duration of anti-viral ther-
apy is dictated by HCV genotypes.668

Prior to the realization that most cases of mixed
cryoglobulinemia are due to chronic HCV infection,
many patients were empirically treated with plasma
exchange and immunosuppression (primarily cyclo-
phosphamide and prednisone), with variable suc-
cess.652,668 In part due to concerns about the potential
for worsening HCV infection, these regimens
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are not currently considered first line therapies for
cryoglobulinemia or HCV-related MPGN. A recent
meta-analysis demonstrated superior reduction of
proteinuria with interferon-α-containing regimens
compared to immunosuppression with predniso-
ne6 cyclophosphamide.672 In rare instances of HCV-
induced vasculitis with renal involvement, or MPGN
with heavy proteinuria and/or rapid decline in GFR,
treatment with glucocorticoids and cyclophosphamide
should be considered as first-line therapy, though
responses have been variable.668,673

Finally, humanized anti-CD20 antibodies (rituxi-
mab) have been shown to improve the serologic
response in cryoglobulinemia,674 with the rationale that
rituximab would reduce B-cell IgM secretion and cryo-
globulin formation. However, data regarding effect on
HCV-associated glomerular diseases is limited. Two
small case series in cryoglobulinemic HCV-related
MPGN patients demonstrated that four weekly doses
of rituximab reduced proteinuria, but had little effect
on serum creatinine.675,676 Rituximab would theoreti-
cally be most effective in conjunction with anti-viral
therapy to diminish the stimulus for antibody produc-
tion; a very recent small trial indicates that this com-
bined approach was indeed effective for resolution of
GFR, proteinuria and hematuria in patients with
cryoglobulinemia.677

Hepatitis B

Hepatitis B virus (HBV) has been most commonly
associated with the nephrotic syndrome and a patho-
logic picture which is predominantly membranous
nephropathy.

Clinical Presentation and Natural History

The mode of transmission and clinical course varies
between endemic areas, such as Southern Africa,
Southeast Asia, and the United States. In endemic
regions, HBV is often transmitted from mother to child
or between siblings, and the incidence of nephropathy
occurs at a 4:1 male:female ratio.678�680 In the US,
HBV-associated glomerular disease affects primarily
adults, and the mode of transmission is primarily
through sexual contact.681�683

Most patients present with proteinuria, often in the
nephrotic range. Urinalysis is generally benign, though
microscopic hematuria can be seen. Serum hepatic ami-
notransferase levels may be normal to mildly elevated,
consistent with viral carrier status or mild hepatitis.
Detection of hepatitis B surface antigen (HBSAg) in
serum is helpful diagnostically,684�692 and hepatitis
antigen-containing circulating immune complexes have
also been isolated.688,693 Liver biopsies often reveal

chronic active hepatitis, occasionally cirrhosis, and
rarely acute hepatitis.694,695

Pathology

The most common lesion is membranous nephro-
pathy, although occasional reports of FSGS and
MPGN have been described.678�683,696,697 Rarely, fibro-
cellular crescents have been associated with membra-
nous lesions.698,699 Immunofluorescence demonstrates
IgG, and less commonly C3, IgM and IgA in a glomer-
ular capillary pattern. EM typically reveals electron-
dense deposits in subepithelial locations. Glomerular
endothelial tubuloreticular structures,700 variable
detection of HBV antigens within immune depos-
its,679,684,686�690,692,701 and electron-dense deposits occa-
sionally in mesangial and subendothelial sites690 are
useful in distinguishing from idiopathic membranous
nephropathy.

Pathophysiology

HBSAg, core (HBcAg), e (HBeAg) antigens702 and
viral DNA680,703 have been detected in glomeruli from
biopsies, and circulating immune complexes containing
hepatitis viral particles have been detected in HBV-
associated glomerular disease,688,693 thereby implicat-
ing viral antigens in pathogenesis.

Treatment

Because spontaneous remission of HBV-related
membranous nephropathy is common in children
from endemic areas,694,695 supportive therapy is gener-
ally sufficient. Patients with HBV-associated progres-
sive renal disease pose a greater challenge, inasmuch
as no therapy has proven unequivocally effective. In
small series, glucocorticoid hormones, which are a
component of most regimens for idiopathic membra-
nous glomerulopathy, have shown some efficacy in
reduction of proteinuria, though a sustained benefit
has not been demonstrated, and therapy was associ-
ated with enhanced viral replication.704,705 An initial
report, involving five patients, indicated that inter-
feron-α may be effective in reducing HBV viral load
and ameliorating associated glomerular disease, as
demonstrated by reduction in proteinuria.706 However,
subsequent, larger studies with longer follow-up have
produced less optimistic results,707,708 particularly in
those patients with a poor initial response and MPGN
histopathology.708 Case reports with nucleoside analo-
gues, such as adenine arabinoside (vidarabine) or 3TC
(lamivudine, Epivir), have shown some prom-
ise,697,709,710 though large trials are necessary before
these agents can be confidently recommended for
HBV-associated glomerular disease.

2788 82. IMMUNE AND INFLAMMATORY GLOMERULAR DISEASES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



Syphilis

Patients with congenital, secondary or latent syphilis
have been demonstrated to have associated glomerular
disease.711�722 Typical clinical manifestations are those
of the nephrotic syndrome, accompanied by hyperten-
sion. In cases of congenital syphilis, a large percentage
may have renal involvement.712 Symptoms, which gen-
erally include proteinuria with or without hematuria,
appear within weeks after birth. Light microscopic his-
tologic findings are variable, ranging from minimal
change disease to proliferative glomerulonephritis with
crescents and interstitial infiltrates,723 although
membranous lesions are common. Transmission
electron microscopy findings are more consistent, with
frequent observation of subepithelial deposits of vary-
ing sizes and podocyte foot process effacement.
Immunofluorescence microscopic findings typically
reveal fine or coarse granular IgG and C3 deposits in a
glomerular capillary pattern. Treponemal antigen and
antibodies have been detected in glomeruli from biop-
sies,711,712 suggesting immune-mediated pathogenesis.

In glomerular disease associated with secondary or
latent syphilis, patients usually present with the
nephrotic syndrome, though they can be asymptom-
atic. Serum complement levels are usually normal,
though rare cases of hypocomplementemia and circu-
lating complement-containing immune complexes have
been described.720,721 Microscopic pathologic features
are similar to that of congenital syphilis, with the most
common appearance resembling membranous
nephropathy, although minimal change disease is
sometimes found. Treponemal antigen and antibodies
have been identified in glomeruli from patients with
secondary and latent syphilis.718,720,724

In all forms of syphilis-associated glomerular dis-
ease, response to penicillin therapy is excellent with
remission of nephrotic syndrome,713,723 although resid-
ual proteinuria has rarely been observed.

Malaria

Malaria is one of the most common infectious dis-
eases in the world, with an annual incidence of approx-
imately 300-500 million cases.725 Of the strains of
malaria, infection with P. malariae (also known as quar-
tan malaria) and P. falciparum have been associated
with glomerular disease. In cases of falciparum
malaria, renal manifestations are rare, but often mild,
with hematuria and sub-nephrotic proteinuria, usually
with normal GFR.726,727 Oliguric acute tubular necrosis
is the most serious complication of falciparum
malaria.726 One small biopsy series demonstrated that
the most common glomerular lesions were mesangial
proliferation or MPGN.728 IgM, C3 and occasionally

IgG deposits can be observed, most commonly in a
mesangial pattern.729

Although quartan malaria is less common than falci-
parum malaria, renal complications are more frequent.
Fortunately, quartan malaria has become a relatively
rare cause of glomerular disease in areas where malaria
remains endemic.730 In general nephropathy associated
with quartan malaria can be acute, occurring within
two to three weeks of infection. This form tends to be
mild and transient, with associated features including
non-nephrotic proteinuria and glomerular lesions char-
acterized by deposition of IgM, complement and
malaria antigens.725 A more chronic variety, which dis-
proportionately affects children, presents with fever,
hypertension, edema, hepatosplenomegaly, nephrotic
range proteinuria, and absence of hematuria. Children
with the nephrotic syndrome have higher levels of
parasitemia compared to infected children without
renal involvement. Biopsy series in African children
most commonly revealed a variety of pathologic
lesions, including focal and diffuse proliferative
glomerulonephritis, membranous nephropathy and
focal glomerulosclerosis.731�733 Immunofluorescence
microscopy reveals IgG, IgM, C3 and P. malariae anti-
gens within glomeruli, suggesting that the pathophysi-
ology is due to immune complex deposition. This
mechanism is supported by transmission EM studies
demonstrating thickened GBM and intramembra-
nous,734 fine granular subendothelial or coarse granu-
lar subepithelial deposits.729 Children with quartan
malarial renal involvement generally progress to
ESRD, with little documented benefit of anti-malarial
or immunosuppressive therapies.735,736

Schistosomiasis

The most common clinical manifestations of schisto-
somiasis are cirrhosis, due to S. mansoni and S. japoni-
cum, and cystitis from S. haematobium. However,
schistosomiasis has also been identified as a rare cause
of glomerular disease. In biopsy series involving
patients with coincident S. mansoni infection and renal
dysfunction, most have MPGN, but membranous glo-
merulopathy and FSGS have also been observed.737�739

A pathology staging systems has been created,740

with class I lesions demonstrating mesangial prolifera-
tion with IgM and C3 deposits, and an associated self-
limited clinical course. Stage II lesions occur in the con-
text of symbiotic salmonellosis, and are characterized
by glomerular neutrophils and C3 deposition. The
accompanying clinical course is typified by fever, vas-
culitic skin lesions, anemia and rapid onset of the
nephrotic syndrome.741 Combined therapy directed
against schistosoma and salmonella is effective.740
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Stage III and IV lesions occur primarily in patients
infected with S. mansoni and hepatic fibrosis,740 with
predominance in Caucasian and Hispanic patients. The
clinical presentation in stages III and IV includes
hypertension, the nephrotic syndrome, hematuria and
even red blood cell casts. Extrarenal manifestations
often include stigmata of portal hypertension. Class III
lesions resemble idiopathic MPGN, with immune com-
plexes comprised of IgG, IgA and C3 in mesangial,
subendothelial and subepithelial locations. Stage IV
lesions occur most commonly in the African popula-
tion, and have a focal glomerulosclerosis pattern,
which can also be associated with glomerular IgG, IgA
and C3 deposition. Schistosomal antigens and antibo-
dies have been detected in eluates from the majority of
biopsy samples, as well as within glomerular deposits
from human biopsies and animal models,734,742

strongly suggesting an immune-mediated mechanism
of disease. The clinical course tends to be more serious
in stages III and IV, often culminating in progression to
ESRD. Therapy with anti-parasitic agents directed
against S. mansoni has been shown to have no effect on
the course of kidney disease.742,743 In a case series of
two patients with S. haematobium and the nephrotic
syndrome, treatment with niridazole resulted in remis-
sion of proteinuria.738

Stage V glomerular disease is amyloidosis,744 and it
can be caused by infection with either S. mansoni or
S. haematobium. The clinical presentation is similar to
stages III and IV, and schistosomiasis-associated amy-
loidosis is resistant to treatment with glucocorticoid
hormones, colchicine or anti-schistosomal agents.

Mycobacterial Diseases

The major mycobacterial diseases with renal mani-
festations are M. tuberculosis and M. leprae (leprosy).
The epidemiology of tuberculosis is well-chronicled,
but leprosy is also a very common problem worldwide,
with a prevalence of approximately 12 million cases, 3
million of which are in India.745 Renal involvement in
leprosy often occurs in conjunction with erythema
nodosum, and the clinical spectrum can include
hematuria, ranging from asymptomatic/microscopic to
acute glomerulonephritis, proteinuria, either in the
asymptomatic or nephrotic range, and azotemia.
In patients with leprosy-associated nephrotic syn-
drome, the most common renal pathology is amyloid-
osis.729,746,747 However, in a large biopsy series of
nephrotic syndrome cases in India, 34 of 2827 biopsies
revealed membranous nephropathy attributed to infec-
tion with M. tuberculosis and M. leprae.748 Other lesions
include mesangial proliferation, MPGN, focal and dif-
fuse glomerulosclerosis.729 Immunofluorescence

microscopy typically reveals staining with IgM, IgA or
fibrin in a mesangial or glomerular capillary pattern. In
cases with glomerular deposits, electron microscopy
findings include dense deposits in subendothelial and
subepithelial locations, as well as GBM thickening and
mesangial interposition.729,749�751 The pathophysiology
is most likely due to deposition of immune complexes,
which may contain mycobacterial antigens.749,752�754

Despite the enormous worldwide prevalence of
tuberculosis, associated glomerular disease is relatively
uncommon. In biopsy series from third world coun-
tries, tuberculosis is one of the most common causes of
secondary amyloidosis, with a prevalence ranging as
high as 50%.729,755,756 However, other glomerular
lesions have been associated with tuberculosis and the
nephrotic syndrome, including minimal change disease
and FSGS.757,758 Several case reports indicate that eradi-
cation of tuberculosis infection with antibiotic therapy
can result in remission of secondary renal
amyloidosis.759�761

MALIGNANCY-ASSOCIATED
GLOMERULAR DISEASES

Membranous Nephropathy (MN)

Paraneoplastic syndromes including the nephrotic
syndrome have rarely been described (in less than 1%
of malignancies762), most commonly with MN.
Estimates for the coincidence of malignancies with
documented MN vary widely, but is on the order of 7
to 8%.763�769 The association between carcinomas of
the lung and gastrointestinal tract was first described
by Lee et al. in 1966.763 Since that time, it has been rec-
ognized that MN is associated with a variety of carci-
nomas (Table 82.20). Because most of these
malignancies are more common in elderly patients, a
new diagnosis of MN in a patient older than age 50
should probably warrant investigation for neoplastic
diseases, or at least performance of recommended age-
specific cancer screening test.

Clinical Presentation and Natural History

The clinical presentation of malignancy-associated
MN is similar to idiopathic MN.783 A cancer diagnosis
precedes the nephrotic syndrome in 30�60% of
cases.782,784 In the remainder, in which the nephrotic
syndrome comes first, a cancer diagnosis can usually
be established within one year of MN diagnosis,763,769

though an increased cancer risk extends for up to
15 years.784 There are reports of MN remission in
conjunction with cancer cures785,786,769 and MN relapse
with malignancy recurrence or metastasis.769,787,788

However, these data linking malignancy with MN
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should be interpreted with caution, since approxi-
mately one-third of patients with MN will spontane-
ously remit, many cancer chemotherapy regimens may
independently be effective treatment for MN,782 and
MN resolution does not always parallel malignancy
remission.764,771

Pathology

Diagnostic renal biopsy findings may be indistin-
guishable from idiopathic MN. However, additional
features, such as glomerular inflammation, mesangial
cell proliferation, subendothelial, mesangial, IgA and
C1q deposits are suggestive of malignancy-associated
MN.782,783

Pathophysiology

The pathophysiology of malignancy-associated MN
is not well established, but based upon known patho-
physiology in idiopathic MN, it has been postulated
that tumor antigens are filtered and planted within the
subepithelial space, allowing for in situ immune com-
plex formation and complement activation.762,782 Few
cases of documented subepithelial lung and colon can-
cer antigen deposition have been described.769,789�792

However, tumor antigen deposition cannot be

documented in every case,764,771 and delineation of rel-
evant epitopes for all tumors precludes definitive test-
ing of an in situ immune complex hypothesis.
Alternative hypotheses include cross-reactivity of anti-
tumor antibodies with podocyte and glomerular endo-
thelial cell antigens.782

Treatment

Therapy for malignancy-associated MN is generally
directed toward the primary malignancy. However,
there should be some consideration that immunosup-
pressive regimens, which have been demonstrated to
be beneficial for idiopathic MN, may be detrimental for
some cancers. In patients with malignancy-associated
nephrotic syndrome, standard supportive care should
include angiotensin converting enzyme inhibitor or
angiotensin receptor blocker therapy for proteinuria
reduction, HMG-CoA reductase therapy for hyperlip-
idemia, and diuretics for edema. Since there are poten-
tial adverse consequences with anticoagulation, and
treatment duration is not established, it is unclear
whether prophylaxis for thrombosis is warranted.

The magnitude and cost-effectiveness of the work-
up for malignancy in patients with a preceding MN
diagnosis is also controversial. Because malignancy
incidence increases with age, it is reasonable for MN
patients over 50 years of age to strictly follow screening
guidelines for the general population.782 Symptoms or
physical signs suggestive for other malignancies, which
would not be diagnosed by standard screening tests,
should obviously be pursued with more appropriate
studies.

Minimal Change Disease (MCD)

MCD has been observed to accompany lymphomas
(Hodgkin’s more frequently than non-Hodgkin’s),793�795

leukemia,794,796 and less commonly, thymoma,797 renal
cell carcinoma,798 cecal carcinoma799 or bronchial carci-
noma.800 Onset of the nephrotic syndrome from MCD is
generally simultaneous with tumor presentation.762 Case
reports of lymphomas, leukemia, thymoma, mycosis fun-
goides, and multiple myeloma have also been associated
with FSGS.794,795,801�803

Proliferative Glomerulonephritis

Membranoproliferative glomerulonephritis (MPGN)
with or without fibrocellular crescents has rarely been
linked to lymphoma, especially chronic lymphocytic
leukemia,804�806 as well as carcinomas.807,808 Unlike
other malignancy-associated glomerular diseases,
MPGN characteristically presents with an active uri-
nary sediment, and often with rapid decline in GFR.
The pathophysiology of MPGN, particularly in con-
junction with CLL, may be due to cryoglobulinemia.

TABLE 82.20 Malignancies Associated with Membranous
Nephropathy767,769�782

CARCINOMAS

Lung

Colon

Breast

Stomach

Prostate

Rectum

Kidney

Ovary

Pancreas

LEUKEMIA AND LYMPHOMAS

Chronic leukemia

Hodgkin’s lymphoma

Non-Hodgkin’s lymphoma

Parotid adenolymphoma

OTHER TUMORS

Testicular seminoma

Melanoma

Carcinoid
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Vasculitis

The prevalence of ANCA-positive vasculitis and
malignancy has been described.809 An association
between malignancies involving respiratory, urinary or
GI tract and ANCA-positive rapidly progressive
glomerulonephritis (RPGN) has been reported.810�814 It
has been postulated that the tumors stimulate autoanti-
body generation.

Amyloidosis

Renal amyloidosis has been linked to chronic
inflammatory states, which may include some malig-
nancies, especially renal cell carcinoma, Hodgkin’s dis-
ease, chronic lymphocytic leukemia and adrenal
carcinoma.762,815,816

DRUG-INDUCED
GLOMERULAR DISEASES

Membranous Nephropathy (MN)

Drug-induced MN has been described most com-
monly with medications prescribed for rheumatoid
arthritis, such as oral and parenteral gold,
D-penicillamine and bucillamine.817�822 These drugs
have also been linked to minimal change disease
(MCD),820,823,824 though less frequently than with MN.
Rare cases of anti-GBM disease and vasculitis due to
D-penicillamine have also been reported.823,825,826

D-penicillamine-induced MN has been associated with
HLA-B8/DR3 antigen,820,827,828 suggesting a genetic
predisposition. MN from gold or D-penicillamine gen-
erally develops within 6 to 12 months of starting the
drugs.762,782 Decreased GFR is usually not observed. If
gold or D-penicillamine are discontinued when MN is
diagnosed, proteinuria generally resolves within 12
months.820,828 However, in a retrospective series of 53
patients with biopsy-proven nephropathy from gold or
D-penicillamine, 21 subjects continued therapy for up
to 11 months, without adverse effects on GFR, peak
proteinuria values, or resolution of proteinuria.829

Mercury-containing substances, such as older, infre-
quently prescribed diuretics, some skin creams, and
industrial exposures, have been associated with the
nephrotic syndrome, due to MN and MCD.830�836

When captopril was initially released, high doses were
associated with MN.837�840 Substitution with enalapril
resulted in resolution of nephropathy,841 suggesting
that sulfhydryl groups unique to captopril may be a
stimulus. Lithium has been associated with a variety of
glomerular diseases, including MN and FSGS,842�844

though the most common glomerular lesion is
MCD.845,846

Heroin-Induced Focal and Segmental
Glomerulosclerosis (FSGS)

An association between chronic heroin use and the
nephrotic syndrome was noted over 30 years ago.847�853

The glomerular lesion most commonly associated with
intravenous heroin is FSGS, which occurred predomi-
nately in young, African-American men, whereas heroin
is associated with MPGN in whites.854 More recently, it
has been demonstrated that the most common etiology
of idiopathic nephrotic syndrome in African-American
men is FSGS,855 and MPGN from heroin use coincides
with hepatitis C infection,856 suggesting that heroin use
may not be an independent risk for FSGS. Furthermore,
the nephrotic syndrome resulting from intravenous
drug use is now almost exclusively due to HIV-
associated nephropathy. In the original descriptions,
heroin-associated FSGS frequently resulted in progres-
sion to ESRD, though progression was not inevitable if
heroin was discontinued.762

In heroin-associated FSGS, glomerular C3 comple-
ment and IgM deposits may be observed, though this
is likely due to non-specific trapping within areas of
sclerosis, and unlikely to be pathophysiologically rele-
vant.762 Tubulointerstitial inflammation has also been
noted. The mechanism of heroin-associated FSGS has
never been clearly established, though it has been spec-
ulated to be immune-mediated, with heroin metabo-
lites or substances used to cut heroin representing
potential antigens. That heroin-related FSGS predomi-
nates in African Americans suggests that there may be
a genetic predisposition.

Subcutaneous injection of drugs (skin popping),
including heroin, can result in chronic infections and
abscesses, which are associated with renal
amyloidosis.857�861 One case report demonstrated effi-
cacy of colchicine therapy, as determined by resolution
of proteinuria and GFR.860

Non-Steroidal Anti-Inflammatory Drug
(NSAID)-Induced Minimal Change Disease

NSAIDs have been associated with several different
renal abnormalities, including the nephrotic syndrome
and allergic interstitial nephritis.862�864 In contrast to
acute renal failure from NSAID-induced vasomotor eti-
ology, the onset of NSAID-mediated nephrotic syn-
drome occurs from two weeks to over a year after
initiation of NSAID use. Clinical features may include
hypertension, edema, oliguria and depressed GFR; sys-
temic manifestations of allergic interstitial nephritis,
such as fever, rash, and arthralgias are rarely observed.
Urinalysis commonly reveals overt proteinuria, micro-
scopic hematuria and pyuria. Unlike allergic interstitial
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nephritis from other drugs, eosinophiluria is rarely
observed.

Renal biopsies in patients with NSAID-induced
nephrotic syndrome reveal MCD, usually in conjunc-
tion with interstitial nephritis. Interstitial infiltrates are
characteristically comprised of lymphocytes, most com-
monly cytotoxic T-cells.865,866

Proteinuria routinely resolves after NSAID discon-
tinuation, and additional supportive therapy is rarely
required.867 However, complete resolution may require
up to one year.864

Hemolytic-Uremic Syndrome (HUS) and
Thrombotic Thrombocyto-Penic Purpura (TTP)

HUS/TTP has most commonly been associated with
infections, but over 50 drugs, particularly cancer che-
motherapy drugs, have also been implicated as triggers
for HUS/TTP.868,869 It is difficult to decipher cause and
effect in many cases, both because a definitive diagno-
sis can be elusive, and underlying diseases are
also associated with HUS/TTP. However, among
chemotherapeutic agents, mitomycin C is best recog-
nized as a cause of HUS/TTP,869,870 occurring in 5 to
15% of patients receiving a cumulative dose of at least
20 to 30 mg/m2.762 The most common clinical presenta-
tion is hypertension, hemolytic anemia and acute kid-
ney injury. Despite supportive therapy, which may
include hemodialysis, Staphylococcus protein A
immunoabsorption871�873 and/or plasmapheresis,874�876

mortality is extremely high,877 reflecting concurrent
malignancy. Other drugs that have been repeatedly
associated with HUS/TTP include cyclosporine A, ticlo-
pidine, quinine, and clopidogrel.869,878

The mechanism of drug-induced HUS/TTP has not
been established for every agent, but at least for mito-
mycin C and cyclosporine, both drugs have been pos-
tulated to induce formation of circulating immune
complexes or autoantibodies,870,873 which either
directly or via an immune-mediated mechanism,878�880

result in endothelial cell damage. Glomerular capillary
endothelial damage may then lead to platelet aggrega-
tion and thrombosis.872
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The kidneys are among the most vascularized tis-
sues of the body. Thus, it is not surprising that they are
among the organs most commonly affected by many
forms of systemic vasculitis. Vasculitis is inflammation
of vessel walls that shares many of the pathophysio-
logic characteristics of inflammation in any tissue. The
seminal pathogenic event is the recruitment and activa-
tion of leukocytes in vessel walls with resultant injury.
This always involves elements of the innate inflamma-
tory response. In some, if not most, forms of vasculitis,
elements of the adaptive immune response also
are involved in the induction of the inflammation.
This may be an appropriate adaptive immune response
(e.g., against rickettsial organisms in the vasculitis of
Rocky Mountain spotted fever), an idiosyncratic aller-
gic hypersensitivity response (e.g., in some drug-
induced vasculitides), or a maladaptive autoimmune
response (e.g., vasculitis caused by antineutrophil cyto-
plasmic autoantibodies or autoantibodies to capillary
basement membrane collagen).

This chapter will review the etiology and pathogene-
sis of several of the variants of vasculitis that most
often affect the kidneys. The focus will be on vasculiti-
des that are not known to be caused by direct invasion
of vessel walls by infectious pathogens (i.e., the nonin-
fectious vasculitides). This does not mean that an infec-
tion is not involved in the pathophysiology of the
vasculitis, only that there is no evidence that the
inflammation is directly targeted against intact
microbes in the vessel wall. Infection still could be
involved indirectly, for example by providing antigens
that form pathogenic immune complexes with antibo-
dies or by stimulating a pathogenic autoimmune
response. The greatest emphasis will be on vasculitis
that predominantly targets small vessels, including

glomerular capillaries, because of the frequency and
clinical importance of renal involvement in this cate-
gory of vasculitis.

IMMUNOPATHOLGIC
CATEGORIES OF VASCULITIS

Ideally, a classification system for vasculitis would
be based on specific etiologies or distinct pathogenic
mechanisms especially in a discussion of the patho-
physiology of vasculitis. Table 83.1 lists some of the
putative etiologies and pathogenic mechanisms for vas-
culitides that may involve the kidneys. Unfortunately,
the etiology and pathogenesis of many forms of vascu-
litis remain poorly understood and controversial, and
thus cannot be used as the sole basis for classification
systems that are used for the diagnosis of patients.
Instead, categorization of vasculitides is based on a
combination of features that includes the types of ves-
sels involved, the pattern of inflammation, the evidence
for various immunopathologic processes, and the clini-
cal expression of disease (Table 83.2, Figure 83.1).56,58,64

The major general subdivisions of vasculitis are large-
vessel vasculitis, medium-sized vessel vasculitis, and
small-vessel vasculitis. Each subdivision is character-
ized by a pathologic pattern of inflammatory injury
that can be caused by more than one clinicopathologic
form of vasculitis and that is a final common patho-
physiologic pathway of injury that can result from
more than one etiology.

Large-vessel vasculitis affects the aorta or its major
arterial branches or both, and is characterized patho-
logically by chronic inflammation that often includes
multinucleated giant cells.56 Giant cell arteritis and
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Takayasu arteritis are the two primary categories.
When the kidneys are affected by large-vessel vasculi-
tis, the most commonly involved vessels are the main
renal artery and interlobar arteries, and the most com-
mon clinical manifestation is renal artery stenosis with
renovascular hypertension. The pattern of inflamma-
tion in large-vessel vasculitis with a predominance of T
lymphocytes, monocytes, and macrophages (including
multinucleated giant cells) suggests a type IV
cell�mediated immune pathogenesis, however, no
exogenous or endogenous (auto) antigen target for a
pathogenic T-lymphocyte response has been identified.

Medium-sized vessel vasculitis is necrotizing
inflammation of arteries in the absence of involvement
of capillaries or venules.56,58 The primary clinicopatho-
logic categories are polyarteritis nodosa and Kawasaki
disease. Although the pathophysiology of these two
diseases appears to be quite distinct, both are charac-
terized in the acute phase by arteritis with localized
transmural necrosis and infiltration by activated
neutrophils and monocytes that cause lytic destruction
of the vessel wall.59,62 Within several days, the
acute inflammation and necrosis are replaced

predominantly by lymphocytes and macrophages that
orchestrate the progressive replacement of the necrosis
with fibrosis. In the kidneys, medium-sized vessel vas-
culitis has a predilection for the lobar and arcuate
arteries, but any artery, including the main renal
artery, may be involved. Common intrarenal manifes-
tations include pseudoaneurysm formation, thrombo-
sis, infarction, and hemorrhage.

Small-vessel vasculitis is characterized by acute,
often necrotizing, inflammation of many small vessels
in multiple organs.58,59 Involvement of glomerular
capillaries causing glomerulonephritis is a frequent
component of most forms of small-vessel vasculitis,
and may be the dominant feature. Involvement of der-
mal venules causing leukocytoclastic angiitis with pal-
pable purpura also is a frequent feature. Small-vessel
vasculitis caused by antiglomerular basement mem-
brane antibodies (anti-GBMs) and antineutrophil cyto-
plasmic autoantibodies (ANCAs) represent life-
threatening forms of small-vessel vasculitis that have a
predilection for attacking glomerular and pulmonary
capillaries. Although the defining feature of small-
vessel vasculitis is the involvement of capillaries and
venules, small-vessel vasculitis also may affect small
and even medium-sized arteries resulting in a necrotiz-
ing arteritis that is histologically indistinguishable from
a medium-sized vessel vasculitis such as polyarteritis
nodosa.

The kidneys are affected much more often by small-
vessel vasculitis than by medium-sized vessel vasculitis
or large-vessel vasculitis. Thus, the focus of this chapter
will be on the pathophysiology and immunopathology
of small-vessel vasculitis. The two major immunopatho-
genic categories of small-vessel vasculitis are immune
complex�mediated vasculitis and antineutrophil cyto-
plasmic autoantibody (ANCA)�mediated vasculitis.
Immune complex vasculitis is characterized immuno-
histologically by conspicuous localization of immuno-
globulin in vessel walls, whereas ANCA vasculitis is
characterized by the absence or paucity of immuno-
globulin in vessel walls.58,62,63 Although these two cate-
gories of vasculitis have different etiologies, they share
many common histologic features and use common
inflammatory mediators and pathways. The next sec-
tion of this chapter will review some of these common
inflammatory pathways. The subsequent two sections
will review the pathogenic features of immune complex
vasculitis and ANCA vasculitis.

BASIC PATHOGENIC EVENTS IN
SMALL-VESSELVASCULITIS

The seminal pathophysiologic event in small-
vessel vasculitis is segmental acute inflammation

TABLE 83.1 Categorization of Noninfectious Vasculitis Based on
known or Putative Etiologies and Pathogenic Mechanisms

Mediated by Immune Complex Deposition or in Situ Formation

Henoch-Schönlein purpura (IgA vasculitis)

Cryoglobulinemic vasculitis

Lupus vasculitis

Rheumatoid vasculitis

Serum sickness vasculitis (Serum-sickness-associated immune
complex vasculitis)

Infection-induced immune complex vasculitis (e.g., hepatitis B
and C)

Anti-glomerular basement membrane (anti-GBM) disease

Kawasaki disease (possibly via anti-endothelial antibodies)

Hypocomplementemic urticarial vasculitis (anti-C1q vasculitis)

Mediated by antineutrophil cytoplasmic autoantibodies (ANCAs)

Microscopic polyangiitis

Wegener granulomatosis (Granulomatosis with polyangiitis)

Churg-Strauss syndrome (Eosinophilic granulomatosis with
polyangiitis)

Renal-limited vasculitis (pauci-immune crescentic
glomerulonephritis)

Cell mediated

Giant cell arteritis

Takayasu arteritis
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of small vessels, often accompanied by necrosis
(Figure 83.2).59,62 Many of the basic inflammatory pro-
cesses that occur in small-vessel vasculitis also occur in
the necrotizing arteritis of medium-sized vessel vascu-
litis (Figure 83.3). The primary initial effector cells in
small-vessel vasculitis are neutrophils and monocytes,
although macrophages and T lymphocytes are rapidly
recruited in response to the injury and are active parti-
cipants in the subacute and chronic progression of
injury. Targeting of leukocytes to specific vascular seg-
ments involves multiple cell adhesive and cell signal-
ing events in both the leukocytes and the vessel walls,
particularly the endothelium. Collectively these events
(discussed below) comprise a leukocyte adhesion cas-
cade. They have been characterized most thoroughly at

sites of physiologic diapedesis of neutrophils and
monocytes through small vessels, especially postcapil-
lary venules, as they traffic toward tissue sites of innate
and adaptive immune surveillance or sites of immune
response to microbial invasion or other pathogenic sti-
muli.82,137 The events of the leukocyte adhesion cas-
cade are generally accepted to occur in most tissues.
However, recent work has demonstrated that some tis-
sue- and organ-specific variation does occur,107

although there is no current evidence to suggest that
such variation accounts for the vascular and organ pre-
dilections of certain of the vasculitides.

In physiologic diapedesis, leukocyte transmigration
through vessel walls causes only minor and transient
disruption of the vessel wall structure. In vasculitis, the

TABLE 83.2 Names and Definitions of Vasculitis Adopted by the Chapel Hill Consensus Conference on the Nomenclature of Systemic
Vasculitis

Large-Vessel Vasculitisa

Giant cell
arteritis

Granulomatous arteritis of the aorta and its major branches, with a predilection for the extracranial branches of the carotid
artery. Often involves the temporal artery. Usually occurs in patients older than 50 and often is associated with polymyalgia
rheumatica.

Takayasu
arteritis

Granulomatous inflammation of the aorta and its major branches. Usually occurs in patients younger than 50.

Medium-Sized Vessel Vasculitisa

Polyarteritis
nodosa

Necrotizing inflammation of medium-sized or small arteries without glomerulonephritis or vasculitis in arterioles,
capillaries, or venules.

Kawasaki disease Arteritis involving large, medium, and small arteries and associated with mucocutaneous lymph node syndrome. Coronary
arteries are often involved. Aorta and veins may be involved. Usually occurs in children.

Small-Vessel Vasculitisa

Wegener’s granulomatosis (Granulomatosis
with polyangiitis)

Granulomatous inflammation involving the respiratory tract, and necrotizing vasculitis
affecting small to medium vessels (e.g., capillaries, venules, arterioles, and arteries).
Necrotizing glomerulonephritis is common.

Churg-Strauss syndrome (Eosinophilic
granulomatosis with polyangiitis)

Eosinophil-rich and granulomatous inflammation involving the respiratory tract and
necrotizing vasculitis affecting small to medium-sized vessels, and associated with asthma
and blood eosinophilia

Microscopic polyangiitis Necrotizing vasculitis with few or no immune deposits affecting small vessels, i.e.,
capillaries, venules, or arterioles. Necrotizing arteritis involving small and medium-sized
arteries may be present. Necrotizing glomerulonephritis is very common. Pulmonary
capillaritis often occurs.

Henoch-Schönlein purpura (IgA vasculitis) Vasculitis with IgA-dominant immune deposits affecting small vessels (i.e., capillaries,
venules, or arterioles). Typically involves skin, gut, and glomeruli and is associated with
arthralgias or arthritis.

Cryoglobulinemic vasculitis Vasculitis with cryoglobulin immune deposits affecting small vessels (i.e., capillaries,
venules, or arterioles) and associated with cryoglobulins in serum. Skin and glomeruli are
often involved.

Source: Jennette JC, Falk RJ, Andrassy K, et al. Nomenclature of systemic vasculitides. Proposal of an international consensus conference. Arthritis Rheum 1994;37:187�192,
with permission.
aLarge artery refers to the aorta and the largest branches directed toward major body regions (e.g., to the extremities and the head and neck); medium-sized artery

refers to the main visceral arteries (e.g., renal, hepatic, coronary, and mesenteric arteries); and small artery refers to the distal arterial radicals that connect with

arterioles (e.g., renal arcuate and interlobular arteries). Small vessel includes small arteries, arterioles, capillaries, and venules. Note that large and medium-sized

vessel vasculitides are confined to arteries. Involvement of capillaries or venules is indicative of small-vessel vasculitis.
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leukocytes undergo full activation as they attach to and
enter the vessel wall rather than waiting until after
they have transmigrated into the tissue. Neutrophils
survive for only a few minutes, or at most a few hours,
at sites of acute inflammation.62,137 Monocytes trans-
form into activated macrophages after entry into sites
of acute inflammation.54 Activated macrophages
release cytokines that modulate the inflammation.
For example, macrophages release factors that enhance

T-lymphocyte adhesion to nearby venular endothelial
cells and induce targeted chemotaxis of T lymphocytes
toward the site of the macrophage activation. If the
stimulus for acute inflammation does not persist, neu-
trophils and monocytes are quickly replaced by macro-
phages and T lymphocytes at the site of small-vessel
vasculitis. Thus, sites of small-vessel vasculitis in
biopsy specimens, including renal biopsy specimens,
often have predominantly macrophages and T
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FIGURE 83.1 Diagram depicting the predominant distribution of different forms of vasculitis (black triangles and trapezoid), and an algo-
rithm that provides clinical and pathologic features that can be used to differentiate distinguish different forms of vasculitis.
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lymphocytes in the injured vessels although the initial
injury was induced earlier by neutrophils and acutely
activated monocytes.

Chemoattractants, Cytokines, and Chemokines

Chemoattractants for neutrophils and monocytes
play a central role in mediating vasculitis not only by
attracting leukocytes but also by activating leukocytes
and endothelial cells to participate in inflammatory
events.22,91,150 Modulation of the expression of adhe-
sion molecules and cytokine/chemokine molecules by
endothelial cells, leukocytes in the circulation, and leu-
kocytes in the tissue orchestrates the inflammation at

sites of vasculitis. In small-vessel vasculitis, the balance
is tipped toward neutrophil recruitment and activation
in the acute phase, but within only one or two days the
balance shifts toward recruitment of predominantly
monocytes and T lymphocytes. However, if the patho-
genic process that initiated the initial injury persists, as
often is the case, lesions will include a mixture of acute
and chronic inflammatory cells for extended periods of
time.

Important chemoattractants for neutrophils and
monocytes include C5a (which can be generated by
activation of either the classical, lectin or alternative
complement pathway), leukotriene B4, platelet-
activating factor (PAF), and CXC chemokines such as
interlukin-8 (IL-8, CXCL8), platelet factor 4 (PF4,
CXCL4), GRO1 oncogene (GROα, CXCL1), and stromal
cell-derived factor-1 (SDF-1, CXCL12). Progression of
vasculitic lesions from an acute to a subacute or
chronic phase is mediated primarily by a different
set of chemoattractants that preferentially recruit
monocytes and T lymphocytes, such as the CC
chemokines macrophage inflammatory protein-1α
(MIP-1α, CCL3), monocyte chemotactic protein-1
(MCP-1, CCL2), and regulated upon acitivation, nor-
mal T-cell expressed, and secreted (RANTES, CCL5).
Chemoattractants not only attract leukocytes through
direct engagement of ligands on the leukocytes, but
also by enhancing the expression and binding of leu-
kocyte adhesion molecules (e.g., β2 and β1 integrins)
to their ligands on endothelial cells and elsewhere in
the tissue.150

Chemokines on the surface of endothelial cells
attract leukocytes to the cells in concert with the adhe-
sion molecules reviewed below, and provide a gradient
for directional migration toward the intercellular junc-
tion (or transcellularly through the endothelial cyto-
plasm). Once through the endothelium, gradients of
bound and free chemokines in the extracellular matrix
and interstitial fluid continue to provide directional
signals until the leukocyte encounters enough stimula-
tion to undergo full activation. In physiologic diapede-
sis of leukocytes across postcapillary venules, full
activation is not attained until after the leukocyte has
migrated away from the vessel wall. In the absence
of an adequate pathogenic stimulus in the extravas-
cular compartment, a leukocyte eventually will
undergo senescence and apoptosis without becoming
activated. In vasculitis, leukocytes are activated as
they attach to or enter the vessel wall resulting in
inflammatory vascular damage. There are many etiol-
ogies for this mural activation, including the presence
of infectious organisms in the vessel wall (e.g.,
Rickettsia rickettsii in Rocky Mountain spotted fever),
immune complexes in the vessel wall (e.g., cryoglo-
bulins in cryoglobulinemic vasculitis), or activation

FIGURE 83.3 Necrotizing arteritis affecting an interlobular artery
in the kidney. There is segmental fibrinoid necrosis surrounded by
infiltrating leukocytes.

FIGURE 83.2 Leukocytoclastic angiitis with vascular and peri-
vascular infiltration of leukocytes including numerous neutrophils.
Note the scattered apoptotic nuclear fragments indicative of
leukocytoclasia.
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by antineutrophil cytoplasmic autoantibodies (e.g., in
microscopic polyangiitis).

Leukocyte Recruitment

Leukocyte recruitment into the vessel wall is accom-
plished by the events of the leukocyte adhesion cas-
cade. This is a multistep process that sequentially
involves leukocyte tethering to endothelium followed
by leukocyte rolling, activation, arrest, spreading and
crawling on the endothelium, and finally paracellular
or transcellular migration (diapedesis) across the endo-
thelium82 (Figure 83.4). Important initial events are the
tethering and rolling of leukocytes on the surface of
endothelial cells. This allows the leukocytes to sample
the endothelial surface for chemokine signals derived
from the underlying tissue and for upregulated endo-
thelial adhesion molecules that can modulate rolling
and mediate firm adherence. Engagement of these
molecules allows static adhesion to the endothelium
followed by crawling toward endothelial cell junctions
where transmigration between the cells can be accom-
plished by further engagement of adhesion molecules
in the junction.22 Transmigration through endothelial
cells may also occur.161 Once through the vessel wall,
movement into the perivascular interstitial tissue
involves chemoattractant gradients and further engage-
ment between integrins and ligands on extracellular
matrix molecules.22,137

Leukocyte Tethering and Rolling

The first step in the exit of leukocytes from flowing
blood within the vessel lumen is margination toward
the endothelial surface. The resulting juxtaposition of
these cells facilitates capture or tethering of the leuko-
cyte to the endothelial surface. Once tethered, shear
stress pushing on the leukocyte, combined with the for-
mation of new adhesive bonds at the downstream leu-
kocyte edge and disruption of adhesive bonds at the
upstream leukocyte edge, allows for rolling of the leu-
kocyte along the endothelial surface. The adhesive
interactions necessary for leukocyte tethering and roll-
ing are mediated primarily by the binding of selectin
adhesion molecules to their ligands.82,107 E-selectin and
P-selectin are expressed on activated endothelium, and
P-selectin is also expressed on activated platelets. L-
selectin is constitutively expressed on most leukocytes.
P-selectin is pre-formed and stored in Weibel-Palade
bodies or alpha granules, respectively, and therefore is
rapidly translocated to the cell surface quickly in
response to mediators released at sites of acute inflam-
mation, such as histamine and thrombin.88 In contrast,
cell surface expression of E-selectin is dependent on
RNA and protein synthesis stimulated by inflamma-
tory cytokines such as tumor necrosis factor (TNF) and
interleukin-1 (IL-1),11 and is therefore delayed for sev-
eral hours after an inflammatory stimulus is received.

A number of selectin ligands (or counter receptors)
have been described.13,63 The best characterized is P-

FIGURE 83.4 Diagram depicting the stereotypical events involved in neutrophil diapedesis at a site of inflammation. Activated endothelial
cells display upregulated adhesion molecules and bound chemoattractants (e.g., CXC chemokines) that initially induce neutrophil tethering
and rolling mediated primarily by interactions between selectins and their ligands (see Table 83.3). This stimulates inside-out signaling events
that facilitate the engagement of neutrophil integrins (especially β 2 integrins) with upregulated immunoglobulin superfamily adhesion mole-
cules on endothelial cells (e.g., intercellular adhesion molecule-1, ICAM-1) and result in slow rolling and arrest. Outside-in signaling events
strengthen the adhesive interactions by modulating the affinity of the integrins, and facilitate lateral migration toward the inflammatory stimu-
lus. Specialized adhesion molecules at the endothelial cell junctions (e.g., junctional adhesion molecule-1, JAM-1; platelet endothelial cell adhe-
sion molecule-1, PECAM; CD99; endothelial cell-selective adhesion molecule, ESAM) mediate endothelial transmigration. Once through the
endothelial barrier, additional leukocyte adhesion molecules (especially β 2 integrins) mediate migration into the extracellular space by engage-
ment of ligands on extracellular matrix (e.g., fibronectin and collagen). The depicted abbreviated adhesion molecules are defined in Table 83.3.
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selectin glycoprotein ligand-1 (PSGL-1). PSGL-1 was
originally described as a P-selectin ligand but is now
known to function as a ligand for all three selectins.
It is expressed on most leukocytes, endothelial cells,
and platelets. Ligands for E-selectin also include
E-selectin ligand -1 (ESL-1) and correctly glycosylated
forms of CD44, both of which are expressed on leuko-
cytes. L-selectin ligands include PSGL-1 on other
leukocytes, and peripheral node addressins including
glycosylation-dependent cell adhesion molecule-1
(GLYCAM-1), podocalyxin, and CD34, which are
found on peripheral lymphoid tissue high endothelial
venules (HEV).

Binding of the selectins to their ligands is modulated
by several molecular features. High affinity selectin
binding is dependent on ligand glycosylation, in part
requiring the sialyl Lewis X tetrasaccharide as a recog-
nition epitope. The final step in the synthesis of this
critical binding epitope is the addition of an α(1,3)-
linked fucose, mediated by α(1,3)-fucosyltransferases
type VII and IV.50 L-selectin binding to ligands on
peripheral lymph node HEV, or at sites of chronic
inflammation, utilize a sulphated version of this epi-
tope, 6-sulph-sialyl Lewis X.121 Lastly, high affinity
binding of P-selectin or L-selectin to PSGL-1 requires
sulphation of certain tyrosine residues near the N-
terminus of the molecule.13 The molecular features of
the selectins and their ligands result in binding interac-
tions with very high on- and off-rates, allowing bonds
to form and break quickly.85 In addition, shear stress is
required and also enhances L-selectin and P-selectin
binding. Combined, these binding features result in
interactions called catch bonds that are particularly
suited to mediating the tethering and rolling of leuko-
cytes on the endothelium.174

At sites of small-vessel vasculitis, increased expres-
sion of P-selectin and E-selectin on endothelial cells is
induced by inflammatory chemokines. Subsequent
binding to their ligands on leukocytes allows for and
modulates primary leukocyte tethering and rolling.
Rolling may also be triggered by secondary tether-
ing.70,107 In this process, leukocytes previously cap-
tured onto the endothelium bind, via their PSGL-1, to
L-selectin on other marginated leukocytes and mediate
their capture and tethering to the endothelium. The
physiologic significance of secondary tethering remains
unclear,76 although it can be observed in vivo.

In addition to selectin-mediated rolling, it is known
that some integrin adhesion molecules can mediate
and modulate this process. For example, the β1 integrin
very late antigen 4 (VLA4) has been shown to
mediate rolling of monocytes and T cells. Similarly, the
β2 integrin lymphocyte function-associated antigen 1
(LFA-1) can interact with endothelial intercellular
adhesion molecule 1 (ICAM-1) to modulate slow

rolling. In this process, neutrophil signaling events trig-
gered by binding to E-selectin result in expression of
an intermediate-affinity form of LFA-1 that transiently
interacts with endothelial ICAM-1 to decrease rolling
velocity. A second β2 integrin, macrophage-1 antigen
(MAC-1) can also mediate slow rolling. Thus, the addi-
tive ligation of more than one class of adhesion mole-
cule may be required for efficient transition from fast
rolling to a state of arrest.

Leukocyte Activation and Arrest

Leukocyte transition from rolling to arrest is the
next step in leukocyte transmigration. Leukocyte acti-
vation is rapidly triggered by chemokines and other
cell activators, and leukocyte arrest is mediated pri-
marily by binding of leukocyte integrin-type adhesion
molecules to members of the immunoglobulin super-
family expressed on the endothelium.70,82,107 Leukocyte
rolling facilitates activation by slowing transit time
which allows for increased exposure to soluble activat-
ing factors and also exposure to endothelial-bound
activating factors. Evidence suggests that chemokines
that facilitate engagement of integrins and direct
endothelial transmigration are bound to glycosamino-
glycans (GAGs) or the Duffy antigen/receptor for che-
mokines (DARC)90 on the surface of endothelial cells.
The type of chemokine that occupies these binding
sites depends on the relative availability and concentra-
tion of the chemokines. These sites can engage different
cytokines depending on the type of leukocyte that is
being recruited for a particular physiologic or patho-
physiologic process.91 Thus, if high levels of CXC che-
mokines are present in the vessel wall, CXC
chemokines will occupy the endothelial binding sites
and will attract predominantly neutrophils. In contrast,
if high levels of CC chemokines are present in the ves-
sel wall, CC chemokine will occupy the endothelial
binding sites and will attract predominantly T lympho-
cytes. Chemokines can reach the luminal surface of
endothelial cells by vesicular abluminal-to-luminal
transcytosis, or be deposited there by circulating plate-
lets or microparticles, or the exocytosis of intracellular
granules derived from other cells.147

Integrins with the β1 or β2 subunit are particularly
important in the arrest of neutrophils and monocytes
and their recruitment to sites of acute vascular inflam-
mation. These include CD49d/CD29 (VLA-4), CD11a/
CD18 (LFA-1), CD11b/CD18 (Mac-1), and CD11c/
CD18. The avidity of certain integrins on leukocytes
can be rapidly upregulated by chemokines at sites of
inflammation78 and enhance arrest and accumulation
of inflammatory cells.73,137,173 Ligation of specific het-
erotrimeric G-protein coupled receptors (GPCRs) by
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chemokines triggers a complex intracellular signaling
cascade that results in integrin transition to intermedi-
ate and high affinity forms to promote arrest. This pro-
cess, termed inside-out signaling, is incompletely
understood but is thought to sequentially involve
phospholipase C signaling, small GTPase activation,
and induction of integrin conformational changes.82

Several members of the immunoglobulin superfam-
ily are the ligands on the surface of endothelial cells for
the leukocyte integrins. Important examples are the
intracellular adhesion molecules (ICAMs) that include
ICAM-1, ICAM-2, and ICAM-3. Up-regulation of these
ligands, especially ICAM-1, on endothelial cells at sites
of vascular inflammation works in concert with the up
regulation of integrins on circulating leukocytes to
induce leukocyte infiltration at sites of vasculitis.
Ligation of CD11a/CD18 (LFA-1) on neutrophils to
ICAM-1 on endothelial cells causes adhesion and liga-
tion of CD11b/CD18 (MAC-1) to ICAM-1, promoting
arrest and diapedesis.140 Ligation of β2 integrins to
ICAMs is particularly important for neutrophil influx
at sites of acute vascular inflammation, whereas lym-
phocyte recruitment to sites of inflammation depends
more on the binding of the β4 integrin VLA-4 (CD49d/
CD29) to a different immunoglobulin, vascular cell
adhesion molecule-1 (VCAM-1 [CD106]).22,135

Many of the leukocyte adhesion cascade processes
and events described thus far can contribute to the
specificity of leukocyte recruitment and arrest.
Specificity can be accounted for by the combinatorial
effects of differential expression of integrins and their
receptors, differential expression of the chemokines
and their receptors, and varied intracellular signaling
to regulate integrin function.82

ADHESION STRENGTHENING

Recent work82,107 has begun to delineate events fol-
lowing integrin engagement that are thought to
strengthen binding to the endothelium and thereby
promote leukocyte recruitment into the inflamed vas-
cular wall. These events are triggered by integrin-
mediated outside-in signaling, characterized by ligand-
induced integrin conformational changes, and cell sur-
face integrin clustering that result in the recruitment of
protein tyrosine kinases (PTKs) and initiation of PTK-
dependent signaling pathways.43 Also, the signaling
adaptor molecule paxillin has been shown to bind to
the α4 integrin chain of VLA-4 only in its high-affinity
conformation,120 suggesting that ligand binding initi-
ates outside-in signaling through this adapter protein.
In addition, studies have shown that neutrophils lack-
ing phosphatidylinositol 3-kinaseγ (PI3Kγ)136 or the
guanine nucleotide exchange factors VAV1 and

VAV340 exhibit accelerated detachment. Although
these signaling pathways are not fully elucidated, these
studies provide evidence that integrin binding events
that mediate leukocyte arrest also trigger intracellular
signaling processes that stabilize post-arrest leukocyte
adhesion.

Leukocyte Crawling and Transmigration

Static leukocyte adhesion to the endothelium is fol-
lowed by transmigration of the cell across the endothe-
lial barrier. Adherent leukocytes crawl over the
endothelial surface (termed lateral migration) to locate
a preferred site at which to cross the endothelium.
Neutrophil crawling on venular endothelium is depen-
dent MAC-1 and its ligand ICAM-1, and disruption
of these binding events results in a delay of transmi-
gration.108 Crawling is likely to also occur as an inte-
gral part of the prominent leukocyte recruitment that
occurs on the arterial side of the circulation in the
vasculitides.

Once at an endothelial cell junction, neutrophils and
monocytes are able to crawl through the junctions
between endothelial cells (paracellular transmigration)
by progressive engagement and disengagement of a
series of adhesion molecules on the surface of the leu-
kocytes with ligands on the junctional surfaces of the
endothelial cells.22,102,130 Platelet/endothelial cell adhe-
sion molecule-1 (PECAM-1) (CD31), an immunoglobu-
lin superfamily member, is expressed on leukocytes
and on endothelial cell surfaces and intercellular junc-
tions. Homophilic PECAM-1 adhesion is particularly
important for transmigration of leukocytes through
intercellular junctions between endothelial cells.2,22,97

Transmigration of neutrophils and monocytes also
involves the interactions of LFA-1, VLA4, or MAC1
on the leukocytes with immunoglobulin superfamily
adhesion molecules in the endothelial intercellular
junction, JAM-A (junctional adhesion molecule-A),
JAM-B, or JAM-C, respectively.22,82,102 Distal to the
PECAM-1-mediated and JAM-mediated events, homo-
philic binding between CD99 on leukocytes and CD99
in the intercellular junction between endothelial cells
takes over to facilitate completion of diapedesis.22,130

Recent work also shows that endothelial cell-selective
adhesion molecule (ESAM) at the endothelial junction
facilitates transmigration of neutrophils but not lym-
phocytes, possibly by activation of the Rho GTPase and
destabilization of the tight junction.151 Leukocytes may
also cross the endothelial barrier by a transcellular
route through the body of the endothelial cell (transcel-
lular migration). The significance of this route in vivo,
and the underlying mechanisms involved in this pro-
cess are currently poorly understood.82,107
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During the process of diapedesis, there are endothe-
lial cytoskeletal and junctional events that result in
localized retraction of endothelial cytoplasm and open-
ing of the intercellular junction. These events result
from signals transduced from the ligation of endothe-
lial adhesion molecules (e.g., ICAM-1 and PECAM-
1).22 Endothelial stimulation by inflammatory cytokines
and adhesion molecule ligation, activation of mem-
brane bound and interstitial matrix metalloproteinases
(MMPs), and release of serine proteinases at the surface
of migrating leukocytes cause altered distributions and
integrity of junctional adhesion molecules (JAMs), vas-
cular endothelial cadherins, and other junctional com-
plex components so that leukocytes can crawl between
endothelial cells into the intima, muscularis, or

perivascular interstitium.22,102,150 Once past the endo-
thelial barrier, leukocyte migration through the under-
lying lamina and matrix involves progressive
engagement of matrix molecules by leukocyte adhesion
molecules, especially PECAM-1, β1 integrins (e.g.,
VLA-4, VLA-5) and carcinoembryonic antigen�related
cell adhesion molecules (CEACAMs).26,100,148

At sites of vasculitis, the endothelium may be absent
because of inflammatory damage. Denudation of endo-
thelium will expose surfaces that contain ligands for
neutrophils, monocytes and other inflammatory cells
(Table 83.3). At sites of acute necrotizing vasculitis, the
lumen often is immediately adjacent to zones of fibri-
noid necrosis that contain fibrin that has been gener-
ated by the activation of the coagulation cascade by

TABLE 83.3 Adhesion Molecules that Mediate Neutrophil and Monocyte Endothelial Transmigration and Tissue Infiltration at Sites of
Vasculitis

Leukocyte Event Leukocyte Receptor Endothelial Ligand

Rolling L-selectin (CD62L) PSGL-1 (CD162; on leukocytes
not endothelium)

PSGL-1(CD162) P-selectin (CD62P)

PSGL-1 (CD162), ESL-1, CD44 E-selectin (CD62E)

LFA-1 (CD11a/CD18) (β2 integrin) ICAM-1 (CD54)

VLA-4 (CD49d/CD29) (β 1 integrin) VCAM-1 (CD106)

Arrest LFA-1 (CD11a/CD18) (β 2 integrin) ICAM-1 (CD54)

VLA-4 (CD49d/CD29) (β 1 integrin) VCAM-1 (CD106)

Mac-1 (CD11b/CD18) (β 2 integrin) ICAM-1 (CD54)

Crawling Mac-1 (CD11b/CD18) (β 2 integrin) ICAM-1 (CD54)

LFA-1 (CD11a/CD18) (β 2 integrin) ICAM-1 (CD54)

Transmigration Mac-1 (CD11b/CD18) (ß2 integrin) ICAM-1 (CD54)

LFA-1 (CD11a/CD18) (β 2 integrin) JAM-A CD321)

VLA-4 (CD49d/CD29) (β 1 integrin) JAM-B (CD322)

Mac-1 (CD11b/CD18) (β 2 integrin) JAM-C

PECAM-1 (CD31) PECAM-1 (CD31)

MIC2 (CD99) MIC2 (CD99)

TISSUE LIGAND

Tissue infiltration Mac-1 (CD11b/CD18) (β 2 integrin) Fibrin, fibronectin

PECAM-1 (CD31) Basement membrane

α6β1 integrin (β 1 integrin; CD151) Laminin

VLA-4 (CD49d/CD29) (β 1 integrin) Fibronectin

VLA-5 (CD49e/CD29) (β 1 integrin) Fibronectin

CEACAM (CD66) Fibronectin

PSGL-1, P-selectin glycoprotein ligand 1; LFA-1, lymphocyte function-associated antigen 1; ICAM-1, intercellular adhesion molecule 1; VLA, very late antigen;

VCAM-1, vascular cell adhesion molecule 1; Mac-1, macrophage-1 antigen or complement receptor 3 (CR3); JAM, junctional adhesion molecule; PECAM-1, platelet

endothelial cell adhesion molecule 1; MIC2, transmembrane glycoprotein p30/32mic2; CEACAM, carcinoembryonic antigen-related cell adhesion molecule.
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tissue factor and other thrombogenic materials at the
site of injury. Mac-1 and other neutrophil and mono-
cyte adhesion molecules can adhere to fibrin and begin
the process of activation and migration into the
inflamed tissue.94 Matrix molecules exposed by endo-
thelial denudation, such as fibronectin, laminin, entac-
tin, and collagen also present ligands for leukocyte
adhesion molecules, especially β1 integrins such as
VLA-4 and VLA-5. Serine proteinases (e.g., elastase)
released at the surface of migrating leukocytes act syn-
ergistically with β1 integrins and upregulated leuko-
cyte PECAM-1 to allow the leukocytes to migrate into
the tissue.148

Mechanisms of Tissue Injury

Leukocytes attach to and migrate into the vessel
wall at sites of vasculitis, and also undergo concomi-
tant activation. The engagement of leukocyte adhesion
molecules sends outside�in activating signals to the
leukocyte, stimulating them to release inflammatory
mediators. Cytokines and chemokines released by leu-
kocytes, endothelial cells, and tissue cells at the sites of
inflammation further amplify leukocyte activation and
tissue injury.150 Neutrophil activation results in the
generation of reactive oxygen species and the release
by degranulation of lytic and toxic mediators that
injure vessel wall components. Production of reactive
oxygen species by NADPH oxidase and other cellular
sources contributes to vascular tissue injury by causing
oxidation of matrix macromolecules as well as cellular
molecules including lipids, proteins, and DNA.
Neutrophil production of reactive oxygen species may
be triggered be mechanisms specific to the pathogene-
sis of a particular vasculitis, such as engagement of Fcγ
receptors in ANCA disease, or by more general inflam-
matory mediators such as TNFα.16,38,115

Other inflammatory events at sites of small-vessel
vasculitis include edema, hemorrhage, thrombosis, cell
death (both apoptotic and necrotic), and matrix lysis
with fibrinoid necrosis. Fibrinoid necrosis results when
there is enough destruction to the vessel walls to allow
plasma constituents, including the coagulation factors,
to seep into vessel walls or the perivascular tissue.
Here, the coagulation factors encounter multiple
thrombogenic substances, including tissue factor,
which results in the generation of fibrin. Fibrin can be
demonstrated by immunohistochemistry at sites of
fibrinoid necrosis (Figure 83.5). The necrosis of cells
and lysis of matrix may erode through the vessel wall
into the perivascular tissue resulting in a pseudoaneur-
ysm (often referred to as an aneurysm) (Figure 83.6).62

The lysis of matrix in vessel walls and perivascular
tissue that results in fibrinoid necrosis is mediated by

cytotoxic and lytic enzymes released by leukocyte
degranulation, and generated within the inflamed tis-
sue. For example, a number of destructive serine pro-
teinases, such as elastase, proteinase-3, and cathepsin
G, are stored in the granules of neutrophils and mono-
cytes and are released when these leukocytes are acti-
vated at sites of inflammation.103 Serine proteinases
can be detected at sites of fibrinoid necrosis by immu-
nohistochemistry.5,101 In addition, matrix metallopro-
teinase (MMPs), such as collagenase and gelatinase, are
produced by leukocytes and tissue cells at sites of
inflammation.81 Most MMPs, which comprise a family
of more than 20 endopeptidases, function in the extra-
cellular space, but some are bound to cell membranes
(membrane-type MMPs, MT-MMPs). Normally, serine
proteinases are held in check by serine proteinase

FIGURE 83.5 The left panel shows necrotizing arteritis with
replacement of the vessel wall by amorphous fibrinoid material
(hematoxylin and eosin stain); and the right panel shows the staining
of fibrinoid necrosis in a artery wall with a fluoresceinated antibody
specific for fibrin.

FIGURE 83.6 The left panel shows segmental fibrinoid necrosis
and pseudoaneurysm formation in a renal interlobular artery
(Masson trichrome stain), and the right panel illustrates the process
diagrammatically.
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inhibitors (serpins) and MMPs are held in check by tis-
sue inhibitors of MMPs (TIMPs) (Figure 83.7).49,81

However, in the microenvironment at sites of necrotiz-
ing acute inflammation, this homeostatic balance is
tipped in favor of the destructive enzymes.

Serine proteinases, such as elastase, proteinase-3,
and cathepsin G, can degrade the constituents of vas-
cular basement membranes, the extracellular matrix of
the muscularis of vessels, and perivascular extra-
cellular matrix. Major matrix molecules that can be
digested by serine proteinases include collagen, lami-
nin, fibronectin, and proteoglycans.103,159 Elastase and
proteinase-3 also contribute to tissue injury by causing
apoptosis and necrosis of cells.169,170 Elastase also
induces leukocytes and endothelial cells to release
inflammatory cytokines. Elastase101 and proteinase-35

can be identified by immunohistochemistry at sites or
glomerular necrosis in crescentic glomerulonephritis
that is a component of ANCA vasculitis.

The potential for tissue injury by serine proteinases
is counteracted by serine proteinase inhibitors in the
plasma, most important α1-proteinase inhibitor (α1-
antitrypsin), which is produced primarily in the liver.49

Other serpins are produced to a greater degree at the
site of inflammation, for example by neutrophils and
macrophages.49 These include secretory leukocyte pro-
tease inhibitor (SLPI) and elafin.49 α2-Macroglobulin is
a broad-spectrum antiproteinase that inhibits not only
serine proteinases but also cysteine proteinases, aspar-
tic proteinases, and MMPs. In the microenvironment at
sites of inflammation, inactivation of serine proteinases
by serpins is counteracted by the inactivation of serpins
by oxidants, such as hypochlorous acid, that are gener-
ated by the respiratory bursts of activated neutrophils
and monocytes. For example, Donavan and associates
have performed in vitro experiments that have demon-
strated the ability of oxidants to abolish the inhibitory

effect of α1-antiproteinase on elastase-mediated GBM
degradation.31

MMPs, including MT-MMPs, can be identified by
immunohistochemistry at sites of vascular inflamma-
tion.47 Most MMPs are synthesized by leukocytes and
other cells after stimulation by inflammatory cyto-
kines.81,90,159 However, MMP-8 (collagenase) and
MMP-9 (gelatinase) are preformed and stored in the
granules of neutrophil and monocyte. Thus, collage-
nase and gelatinase are released in concert with elas-
tase, proteinase-3, and cathepsin G when neutrophils
and monocytes undergo degranulation at sites of acute
inflammation. This is a very lytic and toxic brew that
can not only degrade the vascular and perivascular
extracellular matrix but also can kill the endothelial
and smooth muscle cells that comprise the vessel wall.

MMPs are released as proenzymes that must be acti-
vated before they can cause tissue injury or remodel-
ing. At sites of inflammation, MMP proenzymes are
activated by a variety of inflammatory mediators,
including serine proteinases released by leukocyte
degranulation, oxidants from leukocyte respiratory
bursts, and other MMPs (especially MT-MMPs) that
already have undergone activation. The counterbalance
that TIMPs provide is counteracted at sites of acute
inflammation by neutralization of TIMPs by serine
proteinases.159

As already discussed, neutrophils and monocytes
are important sources of destructive factors that cause
injury during acute vasculitis and glomerulonephritis.
The innate immune response to tissue injury caused by
acute inflammation eventually also recruits T lympho-
cytes to the sites of acute inflammation. If neutrophil-
driven acute inflammation ends, neutrophils disappear
through apoptosis or necrosis within a day or two and
are replaced by predominantly macrophages and T
lymphocytes. In some forms of vasculitis, such as giant
cell arteritis and Takayasu arteritis, T lymphocytes
may play a dominant role even in the early phase of
inflammation. T lymphocytes are able to mediate vas-
cular injury through a variety of mechanisms. T lym-
phocytes can produce MMPs that degrade matrix.34 T
lymphocytes also release granzymes, which are serine
proteinases that are toxic for cells and can digest pro-
teoglycans. Activated T lymphocytes cause matrix deg-
radation indirectly by inducing release of serine
proteinases and MMPs by neutrophils and monocytes.

In summary, a broad spectrum of cellular and
humoral inflammatory mediator systems are involved
in the pathophysiology of inflammation at any site,
including vasculitis. These mediators are common to
many different pathogenic pathways to vasculitis that
are initiated by many different etiologies, some of
which are known and others not. The two most com-
mon pathways to renal vasculitis are immunoglobulin-

FIGURE 83.7 Diagram depicting the homeostatic balance that
exists between matrix metalloproteinases and serine proteinases and
the protective mechanisms that hold them at bay until they are
needed or until they break free in pathologic processes.
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rich immune complex�mediated vasculitis and
immunoglobulin-poor pauci-immune antineutrophil
cytoplasmic autoantibody (ANCA)�mediated vasculi-
tis. These will be reviewed in the following section.

IMMUNE COMPLEX�MEDIATED
VASCULITIS

Basic Pathogenic Events in Immune Complex
Vasculitis

In 1942, Arnold Rich observed that patients who
were treated intravenously with serum developed sys-
temic vasculitis.119 Rich hypothesized that the vasculi-
tis was caused by an immunologic response to the
serum proteins and he obtained experimental support
for this by inducing vasculitis in rabbits by injecting
horse serum.118 In the 1950s and 1960s, many investiga-
tors, including Germuth, Dixon, and Cochrane,
documented the role for vascular localization of
immune complexes containing antigen, immunoglobu-
lin, and complement as a cause for vascular inflamma-
tion.21,41,74,158 This was prompted by the identification
by immunofluorescence microscopy of granular depos-
its of immunoglobulin and complement in the walls of
vessels in patients and experimental animals with vas-
culitis (Figure 83.8).

Numerous experiments demonstrated that immune
complexes in vessel walls cause inflammation by
activating humoral and cellular inflammatory mediator
systems in the blood, including the complement, kinin,
and coagulation systems. Activation of humoral

inflammatory mediator systems acted in concert with
recruitment and activation of leukocytes, especially
neutrophils and monocytes, to cause inflammation in
the vessel wall. As with systemic immune complex
vasculitis in humans (e.g., Henoch-Schönlein purpura
or IgA vasculitis, and cryoglobulinemic vasculitis),
most animal models of systemic immune complex vas-
culitis have involvement of glomeruli resulting in an
immune complex glomerulonephritis as well as the
systemic vasculitis. Of course, glomerulonephritis is in
essence a form of vasculitis that is affecting glomerular
capillaries.

A variety of animal models of immune complex vas-
culitis have been used to elucidate the pathophysio-
logic events that cause the vascular inflammation. For
example, Kniker and Cochrane used a serum sickness
model in rabbits to demonstrate a major role for neu-
trophils in immune complex vasculitis by ameliorating
the vasculitis by depletion of neutrophils.74 One of the
most powerful in vivo experimental systems for dis-
secting the pathogenic events in immune complex
mediated injury is the Arthus reaction.4,9,20,21,117,166,168

The Arthus reaction mimics the events that take place
in a vessel wall at the site of immune complex medi-
ated vasculitis. The classic Arthus reaction involves
repeated injection of a foreign antigen into the skin of
an experimental animal until circulating antibodies to
the antigen develop and react with the antigens at the
site of injection to produce immune complex�me-
diated acute inflammation.41 However, this process is
difficult to control and thus the reverse passive Arthus
reaction is a more useful model for investigating the
inflammatory events that are induced by immune com-
plexes.166 This involves local injection of antigen in the
tissue at the site of interest along with intravenous
injection of the antibody that will form pathogenic
immune complexes with the antigen.

Use of the reverse passive Arthus reaction with vari-
ous knockout mouse strains indicates that immune
complex-mediated inflammation involves all of the
mediator systems that were discussed in the earlier sec-
tions on pathogenic mechanisms that are shared by dif-
ferent forms of vasculitis. Neutrophils are the major
effector cells of the acute injury, although mast cells
also play a role. Neutrophils are recruited and acti-
vated by the interplay of cytokines/chemokines, adhe-
sion molecules, Fcγ receptor engagement, and
complement activation.9,20,117,166�168 There has been
controversy over the relative importance of Fc receptor
engagement versus complement activation.9,117 The
preponderance of evidence indicates that both are
extremely important to the full development of
immune complex-mediated inflammation and the two
together have a synergist rather than merely additive
effect.

FIGURE 83.8 Granular staining for immunoglobulin A (IgA) in
the walls of small dermal vessels in a patient with Henoch-Schönlein
purpura (fluoresceinated anti-IgA).
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Immune complexes that contain antibodies that are
capable of activating complement by the classic or
alternative pathway can induce acute inflammation.
Knockout mouse experiments have demonstrated that
the anaphylatoxin C5a, which is generated by the clas-
sic, lectin and alternative pathways, is a particularly
potent mediator.9 C5a induces increased vascular per-
meability, attraction of neutrophils and monocytes,
activation of neutrophils and monocytes, and enhanced
release of inflammatory cytokines from a number of
cell types. C5 knockout mice and C5a receptor knock-
out mice have a marked reduction in the acute inflam-
mation caused by the reverse passive Arthus
reaction.51 This is in the context of normal immuno-
globulin Fc receptors on leukocytes. In addition to C5a,
complement activation also generates the anaphylatox-
ins C3a and C4a, and the cytotoxic membrane attack
complex C5b-9. These factors probably play a role in
immune complex-mediated vasculitis, but C5a appears
to be the dominant complement mediator in immune
complex vasculitis.

Immunoglobulins in immune complexes activate
complement and they also present their Fc regions for
engagement by Fc receptors on leukocytes. Most exper-
imental studies have focused on the importance of the
receptors for the gamma heavy chains of IgG (Fcγ
receptors) in the pathogenesis of immune complex dis-
ease.117 There are two classes of Fcγ receptors: activat-
ing receptors and inhibiting receptors. Both types of
receptors are expressed on most leukocytes and thus
co-engagement of both types may occur on the same
cell. Fcγ receptors occur on neutrophils, monocytes,
macrophages, eosinophils, mast cells, and natural killer
cells. B lymphocytes have only the inhibitory receptors.
In mice, the absence of an activating Fcγ receptor,
FcγRIII, results in an impaired Arthus reaction,48

whereas the absence of an inhibitory Fcγ receptor,
FcγRII, results in an enhanced Arthus reaction.141

Likewise, in a mouse model of anti-GBM disease,
which is an example of in situ immune complex-
induced inflammation, mice with a deficiency of acti-
vating Fcγ receptor develop no disease105,140 whereas
mice with a deficiency of an inhibitory Fcγ receptor
develop more severe disease.140 It is reasonable to
conclude that in animals and patients with activating
and inhibiting Fc receptors, the outcome of Fc
engagement by Fc receptors on leukocytes is the
result of the balance between the activating and inhi-
biting signals to the cell. This in turn is controlled by
the number of receptors expressed on the surface
and the affinity of the receptors, which is influenced
by the cytokines that the leukocyte is exposed to.79

Thus, once again, there is evidence for a complex
interplay between the various mediator systems at
sites of inflammation.

Immune complexes in vessel walls must attract leu-
kocytes to the vessel wall and induce them to infiltrate
to cause vasculitis. Endothelial and leukocyte adhesion
molecules are involved in this process. Once again, the
Arthus reaction provides insights into this process.
Genetic deficiency of selectins or blockade of selectins
with antibodies reduces the severity of the passive
reverse Arthus reaction in mice and in particular
reduces the number of infiltrating neutrophils.166,167

Likewise, mice deficient in ICAM-1 have diminished
Arthus reaction.166 Not surprisingly, given their func-
tional redundancy, the absence of a single type of
adhesion molecule is not as effective as the absence of
multiple types of adhesion molecules in preventing an
Arthus reaction. The importance of adhesions molecule
in immune complex-mediated vascular inflammation
also has been demonstrated in murine glomerulone-
phritis and alveolar capillaritis that is induced by in
situ immune complex formation with anti-GBM antibo-
dies.98 There is evidence for involvement of selectins,
β1 integrins, and β2 integrins. The relative importance
of various types of leukocyte adhesion molecules
seems to differ among different types of immune com-
plex vascular inflammation.98 The redundancy of the
adhesion molecules and the difference in usage in dif-
ferent diseases presents a problem when contemplating
therapeutic strategies that are designed to ameliorate
vascular inflammation by blocking leukocyte binding
to adhesion molecules.

As in any type of inflammation, cytokines and che-
mokines and their receptors are very important in
orchestrating the inflammatory events in immune com-
plex mediated vasculitis.98,99,149,168 As with adhesion
molecules, there is tremendous redundancy in the cyto-
kines and chemokines that mediate vascular inflamma-
tion such that elimination or neutralization of one or a
few is not sufficient to completely prevent the inflam-
mation. This has been observed in diverse in vivo
experimental systems, including the reverse passive
Arthus reaction168 and rodent models of glomerulone-
phritis or pulmonary capillaritis.98 The regulation of
immune complex-mediated vasculitis by cytokines
includes upregulation and downregulation of inflam-
matory processes, often through modulation of the acti-
vation of leukocyte transcription factor nuclear factor-
κB (NF-κB).121

The inflammatory events that have been character-
ized in the Arthus reaction and other experimental
models of immune complex-induced vascular inflam-
mation almost certainly occur in all forms of immune
complex vasculitis in patients,20 although there proba-
bly are differences in the precise repertoire of media-
tors that are most important in the various
immunopathologic types. For example, cryoglobuline-
mic vasculitis with a predominance of IgG and IgM in
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the vascular immune deposits probably induces some-
what different inflammatory pathways than Henoch-
Schönlein purpura vasculitis with a predominance of
IgA in the immune deposits.

Hepatitis B-Induced Immune Complex
Vasculitis Including Polyarteritis Nodosa

Vascular immune complex deposition has been
incriminated in the pathogenesis of clinically and
pathologically diverse types of human vasculitis
(Table 83.1). The source of the antigen can be exoge-
nous as in serum sickness and vasculitis caused by
hepatitis B or endogenous (e.g., an autoantigen) as in
cryoglobulinemic vasculitis and lupus vasculitis.

As noted earlier, the first form of human vasculitis
in which immune complexes were incriminated in
the pathogenesis was serum sickness vasculitis.119

Vasculitis associated with hepatitis B virus infection
was the second well-recognized category of vasculitis
caused by a foreign antigen, although in this instance it
is being produced internally by the virus. The hepatitis
B�associated vasculitis often is thought to mimic idio-
pathic polyarteritis nodosa, however, the vascular
inflammation in patients has a broad spectrum of man-
ifestations that includes necrotizing arteritis as well as
small-vessel vasculitis such as leukocytoclastic angiitis
in the skin and glomerulonephritis, which most often
is a membranous glomerulopathy but may be prolifer-
ative or membranoproliferative glomerulonephri-
tis.44,46,89,109,144,145,154 This broad spectrum of immune
complex disease is reminiscent of lupus vascular dis-
ease that can range from necrotizing arteritis to small-
vessel vasculitis to varied forms of glomerulonephri-
tis75 and probably results from quantitative and quali-
tative differences in the amount and composition of
circulating and vessel-wall immune complexes in dif-
ferent patients.

Granular deposits of immunoglobulin and comple-
ment, and sometimes hepatitis B antigens, have been
detected in vessel walls at sites of necrotizing arteritis,
cutaneous leukocytoclastic angiitis, and glomerulone-
phritis.89,154 HBe antigen has been Identified most
often.145 The complement deposits include C1q, which
indicates that the complement system has been acti-
vated by the classical pathway with release of the
potent inflammatory mediators discussed earlier in this
chapter. Thus the pathogenic mechanism could center
on the typical sequence of inflammatory events that are
set into motion by immune complex formation and
complement activation. However, Mason et al. have
demonstrated the presence of hepatitis B RNA and
DNA as well as surface antigens and core antigens in
endothelial cells in patients with extrahepatic disease.86

They hypothesize that both immune complex forma-
tion and viral replication occur in vessel walls and
both contribute to the induction of vascular inflamma-
tion. This putative role for vascular viral proliferation
in the pathogenesis of hepatitis B�associated vasculitis
awaits confirmation.

Cryoglobulinemic Vasculitis Including Hepatitis
C-Induced Immune Complex Vasculitis

Cryoglobulinemic vasculitis is a small-vessel vascu-
litis that is caused by the localization of predominantly
mixed cryoglobulins in vessel walls.10,15,39 Clinical
manifestations include arthralgias, palpable purpura,
and glomerulonephritis. Mixed cryoglobulins are
immune complexes and are classified as type II or type
III.123,142 Type II cryoglobulins contain a mixture of
monoclonal antibodies with rheumatoid factor activity
(usually IgMκ) that is bound to polyclonal immuno-
globulin (usually IgG). Type III cryoglobulins are a
mixture of more than one polyclonal immunoglobulin,
often including one that has rheumatoid activity (usu-
ally IgMκ). Some patients have what appears to be a
transitional stage between production of polyclonal
rheumatoid factor and evolution to a dominant mono-
clonal rheumatoid factor and are classified as type
II�III.142

Antibodies with rheumatoid factor activity have
specificity for other antibodies, and thus are autoanti-
bodies. Rheumatoid factor antibodies (RFs) often have
anti-idiotypic specificity that allows them to bind to
the antigen binding region of immunoglobulins (Fab).
However, most rheumatoid factor antibodies in cryo-
globulinemia can bind to both the Fc and Fab portions
of the target immunoglobulins and thus can form more
stable and larger immune complexes than anti-
idiotypic antibodies that bind to Fab alone.123 A geneti-
cally distinct k light chain is present in RFs in .80% of
patients with HCV cryoglobulinemia.15

Type I cryoglobulins, which cause vasculitis less
often, are not immune complexes because they are
composed of monoclonal immunoglobulin, usually
IgM and much less commonly IgG. Type I cryoglobu-
lins often are produced by clones of abnormal B cells
and often are associated with identifiable lympho-
proliferative neoplasms. Aggregates of type I imm-
unoglobulins can accumulate in and occlude the
microvasculature resulting in a hyperviscosity syn-
drome. Less often, these aggregates induce inflamma-
tion similar to that caused by types II and III
cryoglobulins.

In contrast, type II and type III cryoglobulins are
immune complexes with RF antibodies bound to target
immunoglobulin acting as antigen. These complexes
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activate complement and induce small-vessel vasculitis
and glomerulonephritis. The usual histologic expres-
sion is a type I membranoproliferative glomerulone-
phritis with hyaline thrombi (Figure 83.9). The
complement activation involves the classical pathway
as evidenced by immunostaining for C1q and C4

along with other complement components in cryoglo-
bulin vascular deposits and by the typical serologic
finding of low or undetectable C4 with normal or near-
normal C3.

39

Depending on the geographic location, 40 to 90% of
patients with mixed cryoglobulinemia have hepatitis C
virus (HCV) infection, with the highest incidence in the
Mediterranean basin.100 HCV interacts with B lympho-
cytes to produce polyclonal B cell activation with a
marked increase in the proportion of CD51 lympho-
cytes, which are the prime suspects in the rheumatoid
factor (autoantibody) formation.25,123 The initial poly-
clonal activation that produces polyclonal rheumatoid
factors and type III cryoglobulins evolves, in some
patients, through an intermediate II-III phase into the
emergence of a dominant single clone producing
monoclonal rheumatoid factor and type II cryoglobu-
lins.123,142 Type II cryoglobulins from the circulation
patients with HCV contain monoclonal IgM rheuma-
toid factor, polyclonal IgG with specificity for HCV,
HCV core protein, and complement component
C1q.123,124 HCV proteins and RNA are present in cryo-
globulins, possibly as antigenic components of immune
complexes.15

Mediators of Cryoglobulinemic Vasculitis

Immunostaining of vasculitic lesions in the skin,
nerves, kidneys, and elsewhere demonstrate cryoglo-
bulin immune complexes that have the same composi-
tion as circulating cryoglobulins, including IgM, IgG,
C1q, and HCV proteins.10,123 In renal biopsy specimens
with cryoglobulinemic glomerulonephritis, large intra-
vascular cryoglobulin aggregates appear by light
microscopy as hyaline thrombi in glomerular capillar-
ies (Figure 83.9) and by immunofluorescence micros-
copy as globular staining for IgM and IgG.10 In
addition, there are subendothelial, mesangial and occa-
sionally subepithelial electron dense immune deposits,
often with a vague microtubular substructure.63 The
glomerulonephritis most often has a type I membrano-
proliferative pattern but occasionally can have a focal
or diffuse proliferative or mesangioproliferative pat-
tern and rarely a membranous pattern.10,63 A minority
of renal biopsy specimens will have necrotizing vascu-
litis affecting arterioles or small arteries.10

Immunohistology of skin and renal biopsy speci-
mens identifies mediators of inflammation in the glo-
meruli that implicate many components of the
leukocyte-adhesion molecule�cytokine axis that would
be expected for immune complex�mediated vasculitis.
For example, immunophenotyping of leukocytes in
glomeruli affected by cryoglobulinemic glomeru-
lonephritis demonstrates conspicuous infiltration by
monocytes and macrophages.42,116 The infiltrating
macrophages express activation markers such as HLA
class II molecules.116 There also is glomerular upregu-
lation of CC chemokine MCP-1 (CCL2), TNF-α, and IL-
1α gene and protein expression,42,116 which would
attract and activate neutrophils and monocyte to glo-
meruli. In a study of cryoglobulinemic glomerulone-
phritis, endothelial leukocyte adhesion molecule
ICAM-1 but not VCAM-1 was upregulated on endothe-
lial cells.96 However, in a study of small vessels in
peripheral nerves from patients with cryoglobulinemic
vasculitis, there was greater immunostaining for
VCAM-1 compared with ICAM-1.69 This study also
found circulating VCAM-1 in patients with cryoglobu-
linemia and high levels of circulating VCAM-1 corre-
lated with severe vasculitis.

Animal Models of Cryoglobulinemic Vasculitis

There are good mouse models of cryoglobulinemic
vasculitis that have been used to elucidate the patho-
physiology of this disease.45,55,72 An early version
used intraperitoneal injection of a mouse rheumatoid
factor-producing hybridoma that had been derived
from an MRL-lpr/lpr mouse.45 The pathogenic rheu-
matoid factor was an IgG3 antibody with specificity

FIGURE 83.9 Glomerulus from a patient with cryoglobulinemic
showing numerous hyaline thrombi (arrows) and histologic features
of type I membranoproliferative glomerulonephritis.
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for IgG2a. Intraperitoneal injection of this clone
resulted in circulating cryoglobulins and the develop-
ment of cutaneous leukocytoclastic angiitis and
glomerulonephritis that closely mimicked human
cryoglobulinemic vasculitis. Monoclonal IgG3 without
rheumatoid factor activity self-aggregates to form
cryoglobulins but these are not pathogenic immune
complexes and mimic glomerular lesions of type I
cryoglobulinemia with hyaline thrombus formation
but no glomerular inflammation.55 Depletion of neu-
trophils from mice that received IgG3 with rheuma-
toid activity also had hyaline thrombi but no
glomerular inflammation, indicating the importance
of neutrophils in the mediation of vascular injury.55

Neutrophils are not conspicuous in renal biopsies of
human cryoglobulinemic glomerulonephritis, but one
must realize that these are chronic lesions that have
been evolving for months or at least weeks prior to
renal biopsy, which would favor accumulation of
long-lived macrophages. Skin biopsies of acute cryo-
globulinemic vasculitis lesions typically show exten-
sive leukocytoclasia indicative of neutrophilic influx
and subsequent apoptosis.

A variation on the mouse model uses transgenic
expression of the heavy and light chains of the patho-
genic IgG3 without rheumatoid factor activity to cause
disease.72 This model of chronic cryoglobulinemic
injury shows the evolution of the glomerulonephritis
from a proliferative to a membranoproliferative and
eventually a sclerosing pattern and has visceral arteritis
rather than cutaneous leukocytoclastic angiitis.

In summary, in both animals and humans, mixed
cryoglobulins, which contain rheumatoid factor auto-
antibodies and target antibodies, cause immune com-
plex�mediated vasculitis with complement activation,
cytokine/chemokine secretion, adhesion molecule
upregulation, leukocyte infiltration, and inflammatory
injury to vessel walls.

Henoch-Schönlein Purpura Vasculitis
(IgAVasculitis)

Henoch-Schönlein purpura is a small-vessel vasculi-
tis caused by immune complexes with IgA-dominant
immunostaining.56,58 Henoch-Schönlein purpura is
the most common form of systemic vasculitis in child-
hood.126 The mean age at onset is six years and 90% of
patients are younger than 10 years. However, Henoch-
Schönlein purpura can occur in adults at any
age. Virtually all patients with Henoch-Schönlein
purpura have palpable purpura caused by dermal leu-
kocytoclastic angiitis. Over three-fourths have arth-
ralgias, two thirds have abdominal pain, and a third
to a half have evidence for glomerulonephritis.

Glomerulonephritis is more common in older children
and adults with Henoch-Schönlein purpura.126

The immunopathologic findings in Henoch-
Schönlein purpura indicate an immune complex�me-
diated pathogenesis. Immunostaining of involved and
uninvolved small vessel in the skin demonstrates the
presence of IgA, C3, C3c, C3d, and fibrin/fibrinogen
(Figure 83.8).29 C4 and C1q typically are absent; sug-
gesting that the alternative complement activation
pathway and not the classical pathway is involved in
pathogenesis. This is in contrast to hepatitis B-
associated immune complex vasculitis and hepatitis C-
associated cryoglobulinemic vasculitis, both of which
have conspicuous immunostaining for C4 and C1q.39,89

An important feature of the immune deposits is that
they contain IgA1 rather than IgA2.3 Glomerular
immune deposits in Henoch-Schönlein purpura
glomerulonephritis have the same composition as der-
mal vascular deposits and are similar to the deposits of
IgA nephropathy, although they tend to have more fre-
quent and more intense staining for fibrin/fibrinogen.

The exclusive participation of IgA1 and not IgA2 in
the immune deposits of Henoch-Schönlein purpura
and IgA nephropathy is in accordance with the
hypothesis that the pathogenic immune aggregates of
IgA result from abnormal glycosylation of the hinge
region of IgA1 molecules.3,8,77,125,139,140 The heavy
chains of IgA1, but not IgA2, contain a praline-rich
hinge region between the CH1 and CH2 domains. This
hinge region has O-linked glycosylation sites. In fact,
IgA1 and IgD are the only immunoglobulin isotypes
that contain O-linked glycosylation sites. Multiple
studies have demonstrated that most patients with
Henoch-Schönlein purpura nephritis or IgA nephropa-
thy have abnormalities in the O-linked glycans of the
hinge region, such as diminished galactose or sialic
acid or both. One study suggests that patients with
Henoch-Schönlein purpura and nephritis have abnor-
mal IgA hinge region glycosylation whereas those with
no nephritis do not29 but this has not been confirmed.

Abnormal IgA1 hinge region glycosylation could
lead to the localization of pathogenic complexes of
IgA1 in vessel walls by a number of mechanisms.
Altered glycosylation can1 reduce the hepatic clearance
of IgA1 by asialoglycan receptors, which have a high
affinity of o-linked glycans;2 cause self-aggregation of
circulating and deposited IgA1;3 increase binding of
IgA1 to extracellular matrix, including vascular base-
ment membranes and glomerular mesangium;4

enhance interactions between IgA1 and inflammatory
mediators such as complement and Fcα receptors on
leukocytes; and 5) development of IgG antibodies that
recognize the aberrant glycosylation.139,140 An intrigu-
ing although conjectural concept is that galactose-
deficient hinge region is the target for circulating
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antibodies that have been produced in an immune
response to infectious pathogens that have α-galactosyl
residues on their cell surfaces.28,143 This might also
explain the frequent association of a recent upper respi-
ratory tract infection with the onset of both Henoch-
Schönlein purpura and IgA nephropathy.126 An alter-
native explanation for this association with infections is
that a foreign antigen released by the pathogen is the
target of the IgA immune response. In line with this
theory, Masuda et al.87 demonstrated a group A strep-
tococcal antigen, nephritis-associated plasmin receptor,
in the mesangial immune deposits of 30% of patients
with Henoch-Schönlein purpura nephritis.87 However,
it is possible that the circulating and deposited aggre-
gates of IgA that cause Henoch-Schönlein purpura and
IgA nephropathy are not true immune complexes with
antibodies specifically bound to antigens, but rather
are predominantly homoaggregates of IgA1 with
no bound antigens. This concept is supported by the
observation that Henoch-Schönlein purpura can
develop in patients with IgA1 multiple myelomas that
are producing IgA1 paraprotein with abnormal hinge
region glycosylation but not in patients with IgA1 mul-
tiple myelomas that are producing IgA1 paraprotein
with normal hinge region glycosylation.146

It is likely that more than one mechanism can result
in circulating pathogenic IgA1 complexes, some of
which are true immune complexes with bound anti-
gens and other that are homoaggregates of IgA1 with-
out bound antigens. In either instance, the IgA1
complexes localize in the walls of small vessels and the
glomerular mesangium and cause inflammatory injury,
by alternative pathway complement activation, and by
attraction and activation of leukocytes. In addition to
IgA and complement, a variety of constituents have
been identified in circulating and deposited IgA com-
plexes in IgA nephropathy and Henoch-Schönlein pur-
pura including fibronectin and Fcα receptors (CD89).79

The pathogenic importance of fibronectin and CD89
is controversial, but experimental animal data at least
support the possibility that they may have a role in
pathogenesis.79,172 Launay et al. created IgA nephropa-
thy in mice with transgenic expression of human
CD89.79 These mice developed circulating CD89 that
complexed with IgA, deposited in the mesangium, and
caused glomerulonephritis.

IgA-fibronectin aggregates occur in patients with
IgA nephropathy and Henoch-Schönlein purpura.6,60

Uteroglobulin is an anti-inflammatory protein in the
plasma with high affinity for fibronectin that prevents
the formation of IgA-fibronectin aggregates by
binding to fibronectin.172 Uteroglobin knockout mice
and uteroglobulin antisense transgenic mice develop
IgA nephropathy,172 suggesting that reduced uteroglo-
bulin may play a role in human disease. However,

Coppo et al.23,24 determined that patients with
IgA nephropathy in fact have increased levels of circu-
lating uteroglobulin and that circulating IgA macromo-
lecular complexes contain both fibronectin and
uteroglobulin.23

A variety of in vivo and in vitro studies of Henoch-
Schönlein purpura and IgA nephropathy demonstrate
that the chemokine/cytokine, adhesion molecule, and
leukocyte activation pathways typical of immune com-
plex�mediated vasculitis are participating in these dis-
eases. For example, Yang et al.169,170,171 observed that
patients with acute Henoch-Schönlein purpura had
increased serum levels of IL-8 and that incubation of
endothelial cells with serum from patients with
Henoch-Schönlein purpura but not from healthy con-
trols caused increased IL-8 production.171 Duque
et al.32 demonstrated that mesangial cells exposed to
aggregated IgA1 had increased expression of IL-8 and
MCP-1 genes and that this was mediated in part by
NF-κB activation.32 In renal biopsy specimens from
patients with IgA nephropathy and Henoch-Schönlein
purpura, there is increased immunostaining of endo-
thelial cells and mesangial cells for ICAM-1.95 Thus,
there is evidence that the localization of IgA complexes
in vessel walls induces the release of cytokines and the
upregulation of adhesion molecules that attracts leuko-
cytes and induces injury.

A possible role for IgA antineutrophil cytoplasmic
autoantibodies (IgA-ANCA) in Henoch-Schönlein pur-
pura is controversial.24,104 There is no doubt that some
indirect immunofluorescence microscopy assays that
use normal neutrophils as substrate and some enzyme
immunoassays that use neutrophil proteins as sub-
strate detect increased binding of IgA from patients
with Henoch-Schönlein purpura. However, the major
issue is whether this is the result of specific recognition
of a neutrophil antigen by the antigen binding domain
of IgA or is merely the result of nonspecific binding of
the abnormal IgA or IgA complexes to the substrate,
possibly mediated by the abnormal glycosylation of the
IgA or the presence of fibronectin in the complex or
some other factor other than the antigen specificity of
the IgA.24 In our judgment, there is no compelling evi-
dence for true IgA-ANCA with specificity for neutro-
phils proteins in patients with Henoch-Schönlein
purpura.

PAUCI-IMMUNE ANTINEUTROPHIL
CYTOPLASMIC AUTOANTIBODY

VASCULITIS

Pauci-immune small-vessel vasculitis is a necrotiz-
ing polyangiitis that can affect capillaries, venules,
arterioles, and arteries.58,59 Glomerular capillaries often
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are involved, resulting in a glomerulonephritis that
typically has segmental fibrinoid necrosis and crescent
formation in the acute phase. Approximately three
fourths of patients with pauci-immune necrotizing and
crescentic glomerulonephritis also have evidence for
involvement of small vessels in other organs. Virtually
any organ can be involved. Frequent manifestations are
alveolar capillaritis with pulmonary hemorrhage, der-
mal venulitis with palpable purpura, epineural arteritis
with peripheral neuropathy, and inflammation of small
arteries and arterioles in abdominal viscera. There are
three major clinicopathologic categories of pauci-
immune small-vessel vasculitis: microscopic polyangii-
tis, Wegener’s granulomatosis (granulomatosis with
polyangiitis), and Churg-Strauss syndrome (eosino-
philic granulomatosis with polyangiitis) (Table 83.2;
Figure 83.1).56 The defining feature of Wegener’s gran-
ulomatosis is necrotizing granulomatous inflammation,
most often in the upper or lower respiratory tract. The
defining features of Churg-Strauss syndrome are blood
eosinophilia and asthma. Microscopic polyangiitis has
the systemic vasculitis in the absence of granulomatous
inflammation or asthma.

The defining immunopathologic feature common to
the pauci-immune small-vessel vasculidities is the
absence or paucity of immunohistologic staining of
vessels for immunoglobulin. This feature distinguishes
pauci-immune small-vessel vasculitis from small-vessel
vasculitis that is caused by classical vessel wall
immune complex deposition, such as cryoglobulinemic
vasculitis or Henoch-Schönlein purpura vasculitis, and
from anti-GBM disease with linear staining for IgG
along glomerular and pulmonary alveolar capillary
basement membranes.56,58 The absence or paucity of
immunoglobulin in the vessel walls does not mean that
immunoglobulin is not involved in the pathogenesis of
the vasculitis and glomerulonephritis. This does sug-
gest, however, that if immunoglobulin is involved, it is
by a mechanism that differs from that of classical
immune complex disease. In fact, the data discussed in
subsequent sections of this chapter offer compelling
evidence that ANCAs are the primary pathogenic fac-
tors in the induction of pauci-immune small-vessel vas-
culitis, at least in those patients who have circulating
ANCAs, which is the majority.115,157 We note, however,
that there may be other factors involved in in the path-
ogenesis of a specific pauci-immune vasculitis. For
example, it is becoming increasingly evident that B
cells and certain T cell subsets contribute to the devel-
opment of Wegener’s granulomatosis.155 The possibil-
ity that anti-endothelial cell antibodies might
contribute to the pathogenesis of pauci-immune vascu-
litis, either in the presence or absence of ANCAs, has
been suggested but is not supported by strong clinical
and experimental evidence.

Antineutrophil Cytoplasmic Autoantibodies

Approximately 80% of patients with active,
untreated pauci-immune small-vessel vasculitis have
circulating ANCAs.63,64,115,157 ANCAs are specific for
proteins in the primary granules of neutrophils and the
peroxidase-positive lysosomes of monocytes. In
patients with vasculitis or glomerulonephritis, almost
all ANCAs are specific for myeloperoxidase (MPO-
ANCAs) or proteinase-3 (PR3-ANCAs). Only rare
patients have both MPO-ANCAs and PR3-ANCAs.

The preferred method for clinical laboratory detec-
tion of ANCAs is enzyme-linked immunosorbent assay
(ELISA) using purified MPO and PR3 as target antigen
substrate; however, indirect immunofluorescence
microscopy assays using normal human neutrophils as
substrate often are used as a screening tool.83,129 When
normal, alcohol-fixed neutrophils are used as the sub-
strate, PR3-ANCAs produce a cytoplasmic staining
pattern that is referred to as a positive C-ANCA result,
whereas MPO-ANCAs produce staining at the periph-
ery of the nucleus (i.e., perinuclear staining) that is
referred to as a positive P-ANCA result (Figure 83.10).
In vivo, PR3 and MPO are in the same cytoplasmic
location in neutrophil primary granules but, in alcohol-
fixed neutrophils, the MPO has been solubilized during
the substrate preparation and artifactually redistributes
to the surface of the nucleus.17 If a fixative is used for
neutrophil preparation that immobilizes proteins by
covalent cross linking, such as formalin, PR3-ANCAs
and MPO-ANCAs produce an identical staining of the
cytoplasm of the neutrophils.

Each of the clinicopathologic phenotypes of pauci-
immune small-vessel vasculitis can be associated with
PR3-ANCAs (C-ANCAs) or MPO-ANCAs (P-ANCAs),
although there are differences in the frequency of these
specificities in the different phenotypes (Table 83.4).
MPO-ANCAs are most frequent in patients with renal
limited disease and PR3-ANCAs are most frequent in
Wegener granulomatosis. Microscopic polyangiitis
does not have a clear dominance of one antigen speci-
ficity over the other. It is important to note that not all
patients with pauci-immune small-vessel vasculitis
have ANCAs. Patients with ANCA-negative pauci-
immune small-vessel vasculitis have disease that is
clinically and pathologically identical to the disease in
ANCA-positive patients.33 As discussed in subsequent
sections, ANCAs are strongly implicated in the patho-
genesis of ANCA-positive small-vessel vasculitis.115,157

The pathogenesis of ANCA-negative small-vessel vas-
culitis is unknown. One possibility is that these
patients have an autoantibody that can activate neutro-
phils in the same way as MPO-ANCAs and PR3-
ANCAs but this autoantibody is not detected in the
current ELISA or indirect immunofluorescence assays.
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Clinical Evidence for the Pathogenicity
of ANCA

The high frequency of ANCAs in patients with
pauci-immune small-vessel vasculitis raises the possi-
bility that ANCAs are involved in the pathogenesis of
this distinctive category of vasculitis. However, this
association could be secondary to the vasculitis rather
than the cause of the vasculitis. ANCA titer correlate to
a degree with the course of ANCA vasculitis and
glomerulonephritis,115 however, this is not a tight cor-
relation. Better clinical evidence for a pathogenic role
for ANCAs is the concurrent induction of both MPO-
ANCAs and pauci-immune crescentic glomerulone-
phritis by certain drugs, such as propylthiouracil and
hydralazine.30,93 ANCAs disappear after discontinua-
tion of the drug and the glomerulonephritis remits.
More compelling clinical evidence that ANCAs

mediated small-vessel vasculitis and glomerulonephri-
tis is the observation that a neonate developed signs
and symptoms of glomerulonephritis and pulmonary
capillaritis secondary to maternal transfer of MPO-
ANCA IgG.7,131 However, no confirmatory cases of
transplacental transmission of disease have been
reported. The in vitro and in vivo experimental data
discussed in the subsequent sections substantiate the
pathogenicity of ANCA IgG and shed light on the
mechanisms of injury that are incited by ANCA.

In Vitro Evidence for the Pathogenicity
of ANCA

Numerous in vitro studies have demonstrated that
both PR3-ANCA and MPO-ANCA IgG can activate
neutrophils and monocytes to release mediators of

TABLE 83.4 Approximate Frequency of ANCA with Specificity for PR3-ANCA or MPO-ANCA in Patients with Active Untreated
Renal-Limited Pauci-Immune Crescentic Glomerulonephritis, Microscopic Polyangiitis, Wegener’s Granulomatosis, and Churg-Strauss
Syndrome

Renal-Limited Pauci-Immune Crescentic

Glomerulonephritis, %

Microscopic

Polyangiitis, %

Wegener’s

Granulomatosis, %

Churg-Strauss

Syndrome, %*

PR3-ANCA 20 40 75 5

MPO-ANCA 70 50 20 40

Negative 10 10 5 55

*75% of Churg Strauss syndrome patients with glomerulnephritis are ANCA positive.
ANCA, antineutrophil cytoplasmic autoantibody; MPO, Myeloperoxidase; PR3, proteinase-3.

FIGURE 83.10 Immunofluorescence microscopy of alcohol-fixed normal human neutrophils that have been reacted with human
PR3�antineutrophil cytoplasmic autoantibody (ANCA) (left) or MPO-ANCA (right) and secondarily stained with fluoresceinated antihuman
immunoglobulin G (IgG) resulting in cytoplasmic staining (C-ANCA pattern) or perinuclear staining (P-ANCA pattern), respectively.
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acute inflammation and injury that are capable of kill-
ing endothelial cells (Figure 83.11).57,65,66,115,127

One issue to clarify is how antigens that are in cyto-
plasmic granules can interact with autoantibodies that
are in the plasma and interstitial fluid. Although most
MPO and PR3 are in the cytoplasm of neutrophils,
there appears to be a minor amount of antigen on the
surface of circulating neutrophils, although this is con-
troversial, in part because it is difficult to measure sur-
face expression of these antigens without perturbing
the cells, which could stimulate them to release the
antigens at the surface of the cells. The percentage of
circulating cells that have ANCA antigens on their sur-
face may be genetically determined and may be a risk
factor for developing ANCA vasculitis.132,133 There
may be a link between increased membrane PR3
expression on neutrophils and expression of CD177
(NB1 glycoprotein).1 Patients with ANCA disease have
epigenetically regulated increased transcription of PR3
and MPO genes in circulating neutrophils, which could
result in more ANCA target antigens (MPO and PR3)
available to stimulate the ANCA autoimmune response
and more autoantigens available for pathogenic inter-
action with neutrophils.19

In addition to constitutive expression, there is no
doubt that circulating neutrophils express more ANCA

antigens at their surfaces when they are primed by a
variety of proinflammatory factors. These include cyto-
kines, such as tumor necrosis factor alpha (TNFα), and
microbial products, such as bacterial formyl peptides.
Enhanced expression of small amounts of ANCA-
antigens at the surface of neutrophils can be documen-
ted in vitro by flow cytometry and by immuno-electron
microscopy.13,34 Thus, viral and bacterial infections
could prime circulating neutrophils to interact with
ANCAs. Of interest with respect to a possible synergis-
tic role for infections is the observation that the clinical
onset and exacerbations of ANCA vasculitis and
glomerulonephritis often occur shortly after flulike
illnesses.37

When neutrophils that have been primed with TNF-
α are incubated with ANCA IgG, they are stimulated
to release toxic reactive oxygen species and lytic gran-
ule enzymes.13,34 The resultant activation of neutro-
phils is mediated by both Fc receptor dependent
events78,90 and Fab’2-mediated events.71,156,160 An
essential step in this process is the binding of ANCA
IgG to ANCA antigens. Thus, in essence, the neutro-
phil activation is the result of immune complex forma-
tion in the microenvironment of the neutrophil.
However, the overall nature of the process by which
the ANCA reaction with ANCA antigens results in

FIGURE 83.11 Diagram depicting induction of vasculitis by antineutrophil cytoplasmic autoantibody (ANCA) immunoglobulin G (IgG).
Beginning in the upper left, priming of neutrophils by cytokines results in the expression of ANCA antigens at the cell surface. Neutrophils are
activated by both Fc and Fab’2 binding. Activated neutrophils release factors that activate the alternative complement pathway, which ampli-
fies the inflammatory events through further neutrophil recruitment and activation. Activated neutrophils adhere to and destroy endothelial
cells and other components of the vessel wall and perivascular tissue. (From Xiao H, Schreiber A, Heeringa P, Falk RJ, Jennette JC. Alternative com-
plement pathway in the pathogenesis of disease mediated by antineutrophil cytoplasmic autoantibodies. Am J Pathol 2007; 170:52�64 with permission.)
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neutrophil activation is different from conventional
immune complex-mediated disease. This difference is
reflected in the paucity of vessel wall accumulation of
immune complexes in ANCA vasculitis compared
with the overt accumulation of immune complexes in
vessel walls in typical immune complex vasculitis.
Nevertheless, small amounts of immune complexes
probably form in the microenvironment at sites of
ANCA-induced inflammation and may contribute to
the induction of inflammation. MPO and PR3 are cat-
ionic proteins that bind to cells and matrix at sites
of neutrophil degranulation. In vitro studies have dem-
onstrated that MPO and PR3 can bind to cultured
endothelial cells and that the bound antigens can sub-
sequently bind to MPO-ANCA and PR3-ANCA,
respectively.127

When neutrophils are activated by ANCA IgG in the
presence of endothelial monolayers, the endothelial
cells are killed.36,128 This cytotoxicity can be inhibited
with antibodies to β2 integrins,35 which indicates that
close approximation of the activated neutrophils to
endothelial cells is required for killing. A role for adhe-
sion molecules in ANCA vasculitis also is supported
by the observation that exposure of neutrophils to
ANCA IgG causes integrin (CD11a/CD18, CD11b/
CD18) and cytokine receptor (CXCR2)- mediated
adherence to cultured endothelial cells and endothelial
transmigration in an in vitro flow-based adhesion
assay.12,112,113 Stimulation of neutrophils with ANCA
IgG causes a conformational change in β2 integrins that
enhances ligand binding.12 Evaluation of renal biopsy
specimens from patients with pauci-immune crescentic
glomerulonephritis demonstrates upregulation of
adhesion molecules in support of their role in leuko-
cyte recruitment. For example, ICAM-1 (CD54), which
is the ligand for the β2 integrin CD11a/CD18 (LFA-1),
and VCAM-1 (CD106), which is the ligand for the β1
integrin CD49d/CD29 (VLA-4), are upregulated in cel-
lular crescents with increased mRNA and protein.92

ICAM-1 is expressed to a greater degree than VCAM-1
in glomerular endothelial cells. Thus, ICAM-1 may be
more important for initial leukocyte recruitment into
glomerular tufts whereas VCAM-1 may be more
important for further migration into crescents after cap-
illary wall transmigration.

Monocytes and neutrophils contain MPO and PR3,
although these proteins are lost as monocytes trans-
form into macrophages.17 In vitro studies have demon-
strated that ANCA IgG can activate monocytes as well
as neutrophils. For example, incubation of monocytes
with ANCA IgG induces release of toxic oxygen radi-
cals,153 monocyte chemoattractant protein-1,14 and
interleukin-8.114 Thus activation by ANCA IgG could
cause activation of both neutrophils and monocytes,
which is consistent with the observation that

neutrophils and monocytes are the most prevalent leu-
kocytes at sites of acute glomerular injury in ANCA
glomerulonephritis.152 In fact, monocytes/macro-
phages typically are more conspicuous than neutro-
phils. However, this could be misleading with respect
to the relative importance of these cell types in patho-
genesis, because neutrophils are consumed as they
cause injury, whereas monocytes transform into macro-
phages and persist at the site of injury.

In summary, numerous in vitro studies demonstrate
that ANCA IgG can activate neutrophils and mono-
cytes and cause them to release toxic products and
mediators of inflammation. If this happens in vivo,
ANCA IgG could cause vasculitis in humans and in an
animal model. As noted earlier, there is clinical evi-
dence to support this.7,65,131 The following section will
describe animal models that also support the pathoge-
nicity of ANCA IgG.66

Animal Models of ANCA Glomerulonephritis
and Vasculitis

One convincing animal model of ANCA glomerulo-
nephritis and vasculitis uses MPO knockout mice
(MPO-/-) as a source for pathogenic anti-MPO antibo-
dies and anti-MPO lymphocytes.66,162,163 To induce this
model, MPO-/- mice are immunized with purified
mouse MPO. As expected, the MPO-/- mice develop a
robust immune response to the mouse MPO because
they recognize MPO as a foreign antigen. To induce
disease, this anti-MPO reactivity is transferred to mice
that do have MPO (MPO1/1 mice) in their circulating
neutrophils and monocytes. Two different strategies
have been used that produce different expressions of
disease. One approach involves transfer of anti-MPO
lymphocytes and the other transfer of anti-MPO immu-
noglobulin alone. The lymphocyte transfer model
requires that the recipient mice are immune deficient
because transfer of autoreactive anti-MPO lymphocytes
into immune-competent mice results in a rapid down-
regulation of the anti-MPO immune response. Transfer
of anti-MPO immunoglobulin can be into immune-
competent wild type mice or immune-deficient Rag2-/-

mice. Both methods of transfer of anti-MPO reactivity
into mice with MPO in their circulating neutrophils
results in necrotizing and crescentic glomerulonephritis
in virtually 100% of recipient mice that receive ade-
quate anti-MPO doses. Some, but not all mice, develop
systemic small-vessel vasculitis, including necrotizing
arteritis (Figure 83.12) and pulmonary alveolar capillar-
itis. The disease is relatively mild, with less than 25%
of glomeruli involved by necrosis and crescents 6 days
after injection of the pathogenic autoantibody. The
anti-MPO lymphocyte transfer model causes much
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more severe disease with approximately 90% of glo-
meruli with fibrinoid necrosis and crescents 13 days
after lymphocyte transfer. However, the transfer of
immune-competent lymphocytes into immune-
deficient recipients results in a background of mild to
moderate immune complex deposits in glomeruli and
thus is not pauci-immune, whereas the transfer of anti-
MPO IgG alone causes glomerular necrosis and cres-
cents in the absence of significant glomerular immuno-
globulin deposits and thus more closely mimics human
pauci-immune ANCA glomerulonephritis.162

Induction of ANCA Disease in Mice by Injection of
Anti-MPO Lymphocytes

For the lymphocyte transfer experiments, donor
MPO-/-mice were immunized intraperitoneally with
purified murine MPO or bovine serum albumin (BSA)
in complete Freund adjuvant.162 Rag2-/- mice that lack
both B-cell and T-cell antigen receptors were used as
permissive recipients of the transferred immune-
competent lymphocytes. Rag2-/- mice that were injected
intravenously with 13 108 or 53 107 anti-MPO spleno-
cytes developed renal insufficiency whereas those that
received 13 107 anti-MPO splenocytes, anti-BSA sple-
nocytes, or control splenocytes did not. Postmortem
examination of the mice 13 days after the splenocyte
transfer revealed glomerular crescents in all mice that

received 13 108 or 53 107 anti-MPO splenocytes.
Rag2-/- mice that received 13 107 anti-MPO spleno-
cytes, anti-BSA splenocytes, or control splenocytes
developed no glomerular crescents or necrosis. In addi-
tion to glomerulonephritis, some but not all mice that
received 13 108 or 53 107 anti-MPO splenocytes
developed hemorrhagic pulmonary capillaritis, necro-
tizing granulomatous inflammation, and necrotizing
arteritis in multiple organs, including lungs, spleen,
lymph nodes, and skin. None of the control mice devel-
oped vasculitis. Thus, not only does the splenocytes
transfer model have crescentic glomerulonephritis as in
human ANCA-disease, but also small-vessel vasculitis.

The problematic finding was that all Rag2-/- mice
that received the higher doses of splenocytes of any
type developed mild to moderate glomerular immune
deposits. It appears that the transfer of a competent
immune system into immune-deficient Rag2-/- mice
caused mild immune complex glomerulonephritis.
However, severe necrotizing and crescentic glomerulo-
nephritis develops only after adoptive transfer of anti-
MPO splenocytes and not after transfer of anti-BSA or
control splenocytes. This observation supports the
hypothesis that proinflammatory stimuli augment the
induction of glomerulonephritis and vasculitis by
increasing the availability of target antigens (e.g.,
MPO) at the surface of neutrophils. In this instance, the
mild to moderate vascular immune complex localiza-
tion could have acted as the synergistic factor that
primed neutrophils to be activated by the anti-MPO
antibodies, because, as described later, transfer of anti-
MPO IgG alone, which is not accompanied by glomer-
ular immune deposits, causes much less severe
glomerulonephritis.

What about anti-MPO T lymphocytes? Are they
pathogenic in the absence of anti-MPO antibodies or
are they synergistic with factors that augment the
injury induced by anti-MPO IgG? The preliminary
observations in our experimental model of ANCA dis-
ease indicate that anti-MPO T lymphocytes do not play
a major role in the pathogenesis of the vascular inflam-
mation.61 To investigate the respective roles of T cells
and B cells, splenocyte preparations with different
proportions of anti-MPO T cells and B cells were trans-
ferred into Rag2-/- mice. The three different prepara-
tions were (1) unfractionated splenocytes (25% T cells,
62% B cells); (2) enriched T cells (79% T cells, 9% B
cells); and (3) highly purified T cells (. 99% T cells).
The T-cell enrichment was attained by depletion of B
cells by adherence to plastic coated with polyvalent
antimouse immunoglobulin antibodies and depletion
of monocytes by adherence to nylon columns. The
purified T cells were obtained by negative cell sorting
using anti-CD19 and anti-MHC class II to selectively
exclude remaining B cells and monocytes respectively.

FIGURE 83.12 Necrotizing arteritis in a small artery in the ear of
a mouse that received anti-myeloperoxidase IgG. There is a central
are of fibrinoid necrosis surrounded by infiltrating leukocytes includ-
ing neutrophils with leukocytoclasia.
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Suspensions of 53 107 cells with the three different
proportions of T cells and B cells were administered
intravenously to groups of Rag 2-/- mice, which lack
functional T and B cells of their own. Successful trans-
fer of T lymphocytes with anti-MPO reactivity was
confirmed by interferon gamma enzyme-linked immu-
nosorbent spot (ELISpot) assay. Mice that received
purified T cells had no detectable anti-MPO antibodies
by ELISA whereas the other two groups did. Urine
analysis after 12 days showed severe renal disease in
mice that received unfractionated splenocytes, mild
disease in mice that received preparations enriched for
T cells, and no urinary abnormalities in mice that
received purified T cells. Pathologic evaluation of kid-
neys after 13 days demonstrated that administration of
unfractionated splenocytes induced crescents and
necrosis in approximately 80% of glomeruli whereas
splenocytes that had been enriched for T cells caused
necrosis and crescents in approximately 5% of glomer-
uli and pure T cells caused no crescents or necrosis.
These data indicate that anti-MPO T cells alone from
mice immunized with MPO cannot cause glomerulone-
phritis in this animal model. This indicates that the B
cells in the transferred splenocytes are the critical cell
type because they give rise to the ANCA antibody
response.

Induction of ANCA Disease in Mice by
Injection of Anti-MPO IgG

In contrast to anti-MPO T cells alone, intravenous
passive transfer of anti-MPO IgG alone causes pauci-
immune crescentic glomerulonephritis and small-
vessel vasculitis in either Rag22/2 mice that have no
functioning T or B cells of their own, or in immune-
competent wild type B6 mice.162,163 The disease in
these mice is pathologically identical to ANCA-
associated pauci-immune crescentic glomerulone-
phritis and vasculitis in humans. All mice (100%)
that received adequate doses of anti-MPO IgG
developed focal segmental fibrinoid necrosis and
crescents in glomeruli whereas no mice that receive
control anti-BSA IgG developed glomerular lesions.
Immunofluorescence microscopy demonstrates a pau-
city of immunoglobulin and complement in the glo-
meruli of mice with anti-MPO IgG induced
glomerulonephritis, thus mimicking the pauci-immune
feature of human ANCA glomerulonephritis.

Immunoenzyme microscopy of renal tissue for the
distribution of neutrophils, macrophages and T lym-
phocytes demonstrated that induction of glomerulone-
phritis by injection of anti-MPO IgG is accompanied by
glomerular influx of neutrophils and macrophages.163

Neutrophils were concentrated at sites of segmental

necrotizing glomerular injury, and also were identified
in Bowman’s space in glomeruli with necrosis or cres-
cents. Macrophages were most numerous in crescents.
T lymphocytes were not increased in the acute glomer-
ular lesions.

To confirm the importance of neutrophils in the
pathogenesis of the glomerulonephritis in this model,
NIMP-R14 rat monoclonal antibody that is known to
selectively deplete mouse neutrophils in vivo was
used.163 Within one day after a single injection of
NIMP-R14 antibody into B6 mice, the number of circu-
lating neutrophils was reduced from 14% of white
blood cells to 1%, and remained at this low level for up
to five days. This depletion of neutrophils completely
protected mice from the development of glomerulone-
phritis after injection of anti-MPO IgG, which confirms
a major pathogenic role for neutrophils.

As noted earlier, in vitro experimental data indicate
that ANCAs are more effective at activating neutro-
phils if the neutrophils have been primed by proin-
flammatory stimuli. To test this hypothesis in the
mouse model of anti-MPO IgG-induced glomerulone-
phritis, bacterial lipopolysaccharide (LPS) was injected
into mice that received anti-MPO.52 The LPS caused a
dose-dependent increase in glomerular necrosis and
crescents and increased neutrophil accumulation in
glomeruli. The LPS induced increased circulating levels
of TNF-α, and treatment with antibodies to TNF-α
reversed the enhancement of anti-MPO IgG-induced
glomerulonephritis by LPS. These observations suggest
that LPS stimulates increased levels of TNF-α that in
turn primes neutrophils to interact more effectively
with the anti-MPO IgG to induce glomerulonephritis.

Activation of human neutrophils by human ANCA
in vitro involves the engagement of Fcγ immunoglobu-
lin receptors (FcγR) on the surface of neutrophils by
ANCA IgG after binding to ANCA antigens on the sur-
face of neutrophils.58,78,90,126 FcγR engagement appears
to be more dominant but ANCA Fab’2 binding to
ANCA antigens also is important in the activation of
neutrophils.71,156 To evaluate the importance of FcγR in
the mouse model of ANCA disease, mice with the
absence of certain FcγRs were injected with nephrito-
genic doses anti-MPO IgG to assess any changes in the
induction of glomerulonephritis and vasculitis com-
pared to wild type mice. Preliminary data indicate that
mice with an absence of FcγRI and FcγRIII develop no
glomerulonephritis.164 FcγRI-/- mice have reduced inci-
dence of glomerulonephritis with a lower percentage
of crescents. FcγRIII-/- mice have little or no reduction
in glomerulonephritis. Thus, the preliminary results
indicate that the engagement of FcγRI seems to be most
important in this model.

In mice, the engagement of FcγR1 and FcγRIII
enhances inflammatory and immune events whereas
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engagement of FcγRIIb inhibits inflammatory and
immune events. Thus FcγRII-/- mice would be hypoth-
esized to have more severe disease in the absence of
this anti-inflammatory pathway. Interestingly, when
injected with anti-MPO IgG, FcγRIIb-/- mice developed
less severe glomerulonephritis than wild type mice,
however, they had a higher incidence and greater
severity of pulmonary vasculitis.164 In addition, many
of the mice had not only pulmonary capillaritis but also
pulmonary necrotizing granulomatous inflammation
that closely resembled the necrotizing granulomatous
inflammation of patients with Wegener granulomatosis.
This observation raises the possibility that the pa-
thophysiologic basis for different clinicopathologic phe-
notypes of disease in patients (e.g., microscopic
polyangiitis versus Wegener granulomatosis) may be
dictated by differences in the innate inflammatory
response of the patients rather than by differences in
the ANCA antibodies or antigens (e.g., different anti-
body classes or antigen epitope specificity).

Studies in mice with disease induced by not only
anti-MPO IgG but also anti-MPO splenocyte transfer,
have demonstrated an important role for complement
activation.53,134,165 Anti-MPO IgG induced glomerulo-
nephritis in mice is completely blocked by complement
depletion with cobra venom factor.30 After injection of
nephritogenic anti-MPO IgG, C4-/- mice, which have
no classic or lectin pathway complement function but
normal alternative pathway activity, developed disease
comparable to wild type disease; however, C5-/- and
factor B-/- mice, which have no alternative pathway
function, developed no disease.165 In vitro, IgG isolated
from patients with MPO-ANCA or PR3-ANCA incu-
bated with normal human neutrophils primed with
TNF-alpha caused the release of factors that activated
complement in serum with generation of C3a.134,165 In
vitro experiments using human material also have
shown that neutrophils incubated with ANCA IgG
release factors that activate complement, which in turn
primes neutrophils for further activation by ANCA.134

These in vitro event depend on generation of C5a and
engagement of C5a receptors on neutrophils.53,134

Blockade of C5 or C5a ameliorates disease induction in
the mouse model, suggesting possible novel therapies
in patients.

In summary, this mouse model of ANCA disease
that is induced by mouse anti-MPO strongly supports
a pathogenic role of ANCA IgG. The experimental ani-
mal data also suggest that the induction of disease by
ANCA IgG is facilitated and modified by synergistic
proinflammatory events, such as cytokine priming of
neutrophils, is modulated by engagement of leukocyte
Fcγ receptors, and requires amplification of the inflam-
mation by activation of the alternative complement
system.65

Induction of ANCA Disease in Rats Immunized
with Human MPO

Little and associates have induced glomerulonephri-
tis and vasculitis (pulmonary capillaritis) in Wistar-
Kyoto rats by immunizing with human MPO resulting
in the development of anti-MPO antibodies that cross
react with human and rat MPO.84 Focal segmental
pauci-immune glomerulonephritis with crescents
developed in 61% of rats and focal pulmonary capillar-
itis in 41%.

The interaction of leukocytes with the walls of small
vessels was directly observed in this model using intra-
vital microscopy of mesenteric vessels. Changes in leu-
kocyte rolling, adherence and transmigration were
monitored after application to the mesentery of recom-
binant CXCL-1, which is a homologue of human
interleukin-8, in rats with anti-MPO compared to con-
trol rats immunized with human serum albumin.
Application of the CXCL-1 to rats with circulating anti-
MPO resulted in increased firm adherence and trans-
migration of leukocytes. This effect could be trans-
ferred to unimmunized rats by injection of IgG isolated
from the rats that had been immunized with MPO.
Induction of circulating anti-MPO by either active
immunization or passive transfer also resulted in focal
areas of hemorrhage in the mesenteric microvascula-
ture at sites of CXCL-1 application. This animal model
provides strong evidence that ANCA IgG can activate
leukocytes (presumably neutrophils and monocytes)
and induce them to adhere to vessel walls and cause
vessel wall injury.

Kain et al.67 patients with MPO-ANCA and PR3-
ANCA have autoantibodies to another neutrophil pro-
tein, lysosome-associated membrane protein 2
(LAMP2).67 LAMP-2 has homology with is a bacterial
adhesin FimH. Immunization of rats with FimH
induces circulating anti-FimH antibodies that crossre-
act with LAMP-2, and induces a pauci-immune
glomerulonephritis and small vessel vasculitis. The
authors postulate that infection of humans by fimbri-
ated bacteria bearing FimH induces an immune
response that cross-reacts with LAMP-2 resulting in
the mediation of pauci-immune necrotizing glomerulo-
nephritis and vasculitis. To date, no confirmatory
reports have been published. Our research group has
been unable to reproduce the serologic finding of anti-
LAMP-2 antibodies in ANCA patients or the induction
of disease in rats by immunization with FimH or
LAMP-2.122

Immunogenesis of the ANCA Autoimmunity

Clinical and experimental animal data indicate that
ANCAs are the major pathogenic factors in ANCA
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small-vessel vasculitis. The origin of the ANCA auto-
immune response is less clear. Factors that might lead
to the ANCA autoimmune response include environ-
mental stimuli (e.g., silica, drugs, and microbial patho-
gens), dysregulation of granule protein gene
expression, autoantigen mimicry, aberrant T cell regu-
lation and immune responses to antisense (comple-
mentary) autoantigen peptides.65 As noted above,
autoantigen mimicry by an infectious pathogen is one
consideration.

Intriguing observations raise the possibility of a role
for peptides that are mimics of not the sense but rather
the antisense complementary peptides of the autoanti-
gen, i.e., complementary peptides of PR3 and MPO.106

Some patients with PR3-ANCA glomerulonephritis
and small-vessel vasculitis have not only antibodies to
the autoantigen (PR3) but also antibodies to a peptide
translated from the antisense DNA strand of PR3 (com-
plementary PR3) or to a mimic of this peptide.
Immunization of mice with a complementary PR3 pep-
tide resulted in production of antibodies not only
against the complementary PR3 but also against PR3.
Both mouse anti-PR3 and anticomplementary PR3, and
human anti-PR3 (PR3-ANCA) and anticomplementary
PR3 bound to each other, indicating that the anti-PR3
and anticomplementary PR3 have an idiotypic and
anti-idiotypic relationship. These findings support the
hypothesis that the anti-PR3 autoimmune response
could be initiated through an immune response against
a peptide that is antisense or complementary to the
autoantigen, which in turn induces anti-idiotypic anti-
bodies (autoantibodies) that cross-react with the auto-
antigen (Figure 83.13). The antisense peptide could

arise endogenously by translation of the antisense
DNA strand of PR3, or a mimic of this complementary
peptide could be introduced into the body as a constit-
uent of an infection microorganism.

Staphylococcus aureus contains a protein that has a
sequence that mimics the antisense sequence of PR3.
Approximately two thirds of patients with Wegener’s
granulomatosis have chronic nasal infection with
S. aureus, and this carriage of S. aureus is a risk factor
for relapses and prophylactic treatment with antibiotics
that eliminate staphylococcal nasal carriage reduces the
frequency of relapse.106 According to the theory pro-
posed by Pendergraft, an antibody response to the S.
aureus peptide that mimics a complementary PR3 pep-
tide could result in an anti-idiotypic immune response
that cross reacts with the anticomplementary PR3 anti-
body and with PR3, with the latter being PR3-ANCA.
Also in support of this theory that microbial peptide
that mimic the complementary peptide of PR3 can
induce PR3-ANCA is the association between PR3-
ANCA and infection with Ross River virus138 and
Entamoeba histolytica.27 Both of these infectious patho-
gens contain proteins with amino acid sequences that
mimic complementary peptides of PR3.84

In summary, one theoretic concept that is supported
by substantial clinical and experimental data is that the
ANCA autoimmune response is initiated by an appro-
priate immune response to an antigen introduced into
the body by an infectious pathogen. This immune
response elicits an anti-idiotypic immune response that
includes antibodies that have the capability of cross
reacting with self proteins (PR3 or MPO) that have
antisense sequences that would produce peptides that

FIGURE 83.13 According to the the-
ory of autoantigen complementarity, an
autoimmune response can be initiated by
an immune response to an antigen that is
either the endogenous product of the anti-
sense strand of the gene for the autoanti-
gen or is an exogenous peptide that
mimics this antisense product, possibly
derived from an infectious pathogen. This
immune response elicits an anti-idiotypic
immune response that includes antibodies
that have the ability to cross-react with
the autoantigen and thus function as
autoantibodies.
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mimic the microbial peptide that initiated the immune
response. These antibodies that cross react with PR3 or
MPO are PR3-ANCA or MPO-ANCA respectively.
Once in the circulation, these autoantibodies are able to
activate neutrophils and monocytes, possibly with syn-
ergistic priming from concurrent infections or other
processes that result in high levels of circulating cyto-
kines that prime neutrophils and monocytes causing
them to express ANCA antigens at the cell surfaces.
Activation of neutrophils and monocytes by ANCA
IgG causes the cells to adhere to endothelial cells in
small vessels and to release inflammatory mediators
and destructive products such as oxygen radicals and
numerous toxic and lytic enzymes. This results in acute
inflammation and necrosis in vessel walls.
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INTRODUCTION

The study of inherited diseases arising from single
gene defects can provide a wealth of data about the
roles that particular proteins normally play in tissue
structure and function. The identification of the specific
genetic abnormalities underlying several inherited
renal disorders has allowed investigators to draw infer-
ences regarding the specific activities of certain glomer-
ular proteins, and the consequences of mutations of
these proteins for glomerular function.

In this chapter we will discuss some recent advances
in the understanding of genetic kidney diseases that
primarily involve the glomerulus. We have organized
the chapter according to the site or mechanism of the
primary abnormality (Table 84.1): abnormalities of extra-
cellular matrix, storage diseases affecting the glomeru-
lus, primary defects in the slit diaphragm, cytoskeletal
defects and defective transcriptional regulation.

DISORDERS OF EXTRACELLULAR
MATRIX

Alport Syndrome

The investigation of the molecular biology of Alport
syndrome (AS) has provided important insights into
the role played by type IV collagen in maintaining the
structure and function of the glomerular basement
membrane (GBM).The clinical features of AS represent
the phenotypic consequences of mutations that alter
the expression of type IV collagen in basement mem-
branes.X-linked, autosomal recessive and autosomal

dominant forms of AS have been characterized at the
gene and protein levels. Absence of three specific iso-
mers of type IV collagen, the α3(IV), α4(IV) and α5(IV)
chains, from Alport GBM results early in life in GBM
attenuation, manifesting clinically as hematuria. Over
time, GBM deficient in these chains undergoes progres-
sive thickening and disorganization, with the develop-
ment of proteinuria and, ultimately, renal failure.

Clinical Features

Renal Findings: The cardinal finding of AS is hema-
turia effected males have persistent microscopic hema-
turia, often first detected during infancy.1,2 Many also
have episodic gross hematuria during the first two dec-
ades of life.2 Boys who are free of hematuria during the
first 10 years of life are unlikely to be affected.2

Females who are heterozygous for X-linked AS
(XLAS) may have intermittent hematuria, and about 7%
of obligate female heterozygotes never manifest hematu-
ria.3 Hematuria appears to be persistent in both males
and females with autosomal recessive AS (ARAS).
Proteinuria is usually absent in the first few years of life,
but develops eventually in all XLAS males, many XLAS
females and in both males and females with recessive
disease.2�4 Proteinuria increases progressively with age,
and may eventuate in the nephrotic syndrome.2,5

Hypertension also increases in incidence and sever-
ity with age. Like proteinuria, hypertension is more
likely to occur in affected males than in affected
females with XLAS, but there are no gender differences
in the autosomal recessive form.

End-stage renal disease (ESRD) develops in virtually
all affected males with XLAS, but the rate of progres-
sion shows significant interkindred variability.4 Renal
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half-life in men with XLAS is about 25 years.4 Several
authors have observed that the rate of progression to
renal failure is fairly constant among affected males
within a particular family6,7 although significant intra-
kindred variability in the rate of progression to renal
failure has occasionally been reported.2,8

Progression to ESRD in females with XLAS was,
until recently, considered an unusual event.However,
in a landmark study of several hundred XLAS females
published in 2003, Jais and colleagues found that about
12% developed ESRD before age 40 (compared with
90% of XLAS males), increasing to 30% by age 60 and
40% by age 803 as previously described by Grunfeld
et al.3,9 Both males and females with ARAS appear
likely to progress to ESRD during the second or third
decade of life.

Hearing Deficit: About 50% of XLAS males display
sensorineural deafness by age 25 and by age 40 approx-
imately 90% of XLAS males are deaf.4 Although it has
been clear for some time that the hearing defect in
Alport syndrome localizes to the cochlea, histological
correlates of deafness in Alport patients have only
recently been recognized. Merchant and colleagues
found unique and consistent abnormalities in the
cochleae of Alport patients, consisting of a zone of

separation between the basilar membrane and the cells
of the organ of Corti, associated with a cellular infil-
trate in the tunnel of Corti and extracellular spaces of
Nuel.10 Electron microscopy showed that the zone of
separation occurred between the basement membrane
of the organ of Corti and the basilar membrane.These
authors speculated that abnormal adhesion of the
organ of Corti to the basilar membrane might disrupt
the mechanical relationships between outer hair cells
and the basilar membrane, resulting in hearing
impairment.

Hearing loss in AS is never congenital and usually
becomes apparent by late childhood to early adoles-
cence in boys with XLAS.2 Hearing impairment in
members of families with AS is always accompanied
by evidence of renal involvement.2 There is no convinc-
ing evidence that deaf males lacking renal disease can
transmit AS to their offspring.In females with XLAS
hearing loss is less frequent, tends to be less severe and
occurs later in life.3 There do not appear to be gender
differences in the incidence or course of deafness in
autosomal disease.

In its early stages the hearing deficit is
detectable only by audiometry, with bilateral reduction
in sensitivity to tones in the 2000 to 8000 Hz range. In
affected males the deficit is progressive and eventually
extends to other frequencies, including those of conver-
sational speech. Although these males frequently
require hearing aids, their deafness tends to stabilize
once they develop ESRD.

Ocular Defects: Ocular defects are not unusual in
patients with AS, occurring in at least 15 to 30% of
patients.4,11�13 Anterior lenticonus, the conical protru-
sion of the central portion of the lens into the anterior
chamber of the eye, is virtually pathognomonic of AS.
Nielsen14 found that all reported patients with anterior
lenticonus who had been adequately examined exhib-
ited evidence of chronic nephritis and sensorineural
deafness. Anterior lenticonus is almost entirely
restricted to AS families with rapid progression to
ESRD (i.e., before age 30) and deafness. Anterior lenti-
conus is absent at birth, usually appearing during the
second to third decade of life.15 Marked attenuation
and fractures of the central portion of the anterior lens
capsule have been observed histologically.16,17

A variety of other ocular lesions has been reported
in patients with AS. Perhaps the most commonly
occurring abnormalities are pigmentary changes in the
perimacular region, consisting of whitish or yellowish
granulations surrounding the foveal area.13,18�20

Retinal flecks are frequently accompanied by anterior
lenticonus but may also occur in the absence of lentico-
nus. These lesions may arise as a result of abnormali-
ties of Bruch’s membrane, the basement membrane
that supports the retinal pigment epithelium.21

TABLE 84.1 Genetic Abnormalities of Glomerular Function

Disorders of Extracellular Matrix

Alport syndrome

Thin Basement Membrane Nephropathy

HANAC syndrome

Pierson Syndrome

Storage Disorders

Fabry Disease

Other Storage Disorders Associated with Glomerular Dysfunction

Disorders of the Podocyte Slit Diaphragm

Congenital Nephrotic Syndrome of the Finnish Type

Autosomal Recessive Steroid-Resistant Nephrotic Syndrome

Nephrotic Syndrome, Early Onset, Type 3

Disorders of the Podocyte Cytoskeleton

Autosomal Dominant Focal Segmental Glomerulosclerosis

MYH9-related disease (Epstein and Fechtner Syndromes)

Disorders of Podocyte Gene Regulation

Denys-Drash Syndrome and Diffuse Mesangial Sclerosis

Frasier Syndrome

Nail-Patella Syndrome
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Corneal endothelial vesicles (posterior polymor-
phous dystrophy) have been observed in AS patients
by several investigators,19,22,23 and may be indicative of
abnormalities in Descemet’s membrane, the basement
membrane underlying the corneal endothelium. Rhys
et al. recently described recurrent corneal erosion in AS
patients, which they ascribed to abnormalities of the
corneal epithelial basement membrane.24

Diffuse Leiomyomatosis: The association of AS with
leiomyomas of the esophagus and tracheobronchial
tree has been reported in approximately 20 famil-
ies.25�28 Affected females in these kindreds typically
exhibit genital leiomyomas as well, with clitoral hyper-
trophy and variable involvement of the labia majora
and uterus. Symptoms usually appear in late childhood
and include dysphagia, post-prandial vomiting, retro-
sternal or epigastric pain, recurrent bronchitis, dys-
pnea, cough and stridor. Leiomyomatosis may be
suspected by chest X-ray or barium swallow, and con-
firmed by computed tomography or magnetic reso-
nance imaging.

Arterial Disease: There have been several reports of
arterial disease in males with Alport syndrome, includ-
ing aneurysms of the thoracic and abdominal aorta and
the cerebral arterial system.29�32

Pathology

There are no pathognomonic lesions by light micros-
copy or direct immunofluorescence in AS. Electron
microscopy frequently reveals diagnostic abnormali-
ties. The cardinal ultrastructural feature of the kidney
in AS is the variable thickening, thinning, basket-weav-
ing, and lamellation of the GBM (Figures 84.1 and
84.2). Identical morphologic features are apparent in
some patients without a family history of nephritis.
Such patients may represent new COL4A5 mutations,
they may be offspring of asymptomatic female carriers,
or may have autosomal recessive disease.

Ultrastructural alterations of GBM were noted in
several reports of hereditary nephritis in the
1960s.1,33�37 The most prominent abnormality is the
irregular appearance of the lamina densa, which
demonstrates zones of thickening, thinning, and split-
ting that may be interposed with segments of GBM
that appear entirely normal. The abnormalities can
affect a portion of a capillary loop, an entire loop, some
or all loops, and can even spare individual glomeruli.

The thick segments measure up to 1200 nm, usually
have irregular outer and inner contours, and are found
more commonly in males than in females. The lamina
densa is transformed into a heterogeneous network of
membranous strands, which enclose clear electron-
lucent areas. The electron-lucent zones may be entirely
clear or contain round granules of variable density that
measure between 20 and 90 nm in diameter. The origin

of these granules is unknown, but Rumpelt has
hypothesized that they represent degenerating islands
of visceral epithelial cell cytoplasm.38 Young children
and females, and adult males on occasion,39 may have
diffusely attenuated segments of GBM measuring as
little as 100 nm or less;in some instances, discontinu-
ities of the GBM have been observed.2,40

The specificity of the GBM changes has been ques-
tioned.41 Focal lamina densa splitting and lamellation
may be observed in renal biopsies from patients with a
variety of glomerular disorders. Clinical correlation
and immunofluorescence microscopic examination of
all biopsies are necessary when AS is the suspected
diagnosis. Diffuse thickening and splitting of the GBM

FIGURE 84.1 Glomerular capillary wall ultrastructure and type
IV collagen immunostaining in Alport syndrome. The characteristic
ultrastructural lesion of Alport syndrome consists of diffuse GBM
thickening, scalloping of the epithelial aspect of the GBM, splitting of
the lamina densa into multiple layers and dense granular bodies in
lucent zones between strands of lamina densa material, all of which
are depicted here. There is also variable broadening of podocyte foot
processes.In the typical male with X-linked Alport syndrome (XLAS)
the type IV collagen network formed by the α3(IV), α4(IV) and α5(IV)
chains is completely absent from the kidney.In the typical female het-
erozygote there is mosaic expression of this network in the kidney. In
both males and females with autosomal recessive Alport syndrome
(ARAS), the α3α4α5 network is typically absent from GBM, and
there is no expression of α3(IV) or α4(IV) chains in Bowman’s capsule
or tubular basement membranes. However, the α5(IV) and α6(IV)
chains are expressed in Bowman’s capsule and tubular basement
membranes.
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is strongly suggestive of AS.In the absence of immune
deposits, these changes are pathognomonic.

Not all Alport kindreds demonstrate these character-
istic ultrastructural features.42�44 Thick, thin,
normal and nonspecifically altered GBM have all been
described. Although diffuse attenuation of GBM
has been considered the hallmark of “benign fami-
lial hematuria” or thin basement membrane
nephropathy,45�47 some patients with this abnormality
are members of kindreds with a history of progression
to renal failure.2,42 Thus the signficance of an ultra-
structural finding of thin GBMs must be considered in
the context of the family history, basement membrane
expression of type IV collagen α chains (see below),
and genetic information.

Rumpelt described a correlation between the percent
of GBM showing splitting of the lamina densa and the
degree of proteinuria in AS patients,5 suggesting that
impaired permselectivity may be a functional conse-
quence of the GBM alteration. Kim and colleagues
observed that morphometric parameters such as
mesangial volume fraction, cortical interstitial volume
fraction, and percent global glomerular sclerosis were

inversely correlated with creatinine clearance in AS,
while creatinine clearance and surface density of
peripheral GBM were directly correlated.48 Similar rela-
tionships have been observed in other diseases, such as
diabetic nephropathy and membranoproliferative
glomerulonephritis (MPGN). However, patients with
AS showed significantly greater impairment of filtra-
tion for any degree of structural change in comparison
with patients with diabetic nephropathy or MPGN.
This observation suggests that these morphologic
abnormalities only partially account for reductions in
creatinine clearance in AS. Decreased conductivity of
water across the altered glomerular capillary wall could
contribute to the decrement in filtration.

Genetics and Pathophysiology

GENETICS AND BIOCHEMISTRY OF TYPE IV

COLLAGEN

Glomerular basement membranes are composed of
several major constituents, including type IV collagen,
laminin, nidogen and heparan sulfate proteoglycan.
The type IV collagen family of proteins comprises
six isomeric chains, designated α1�α6(IV),49,50

(Table 84.2). These chains show extensive sequence
homology and share basic structural features, includ-
ing: (1) a major collagenous domain of about 1400 resi-
dues containing the repetitive triplet sequence glycine
(Gly)-X-Y, in which X and Y represent a variety of
other amino acids. (2) A carboxy-terminal noncollagen-
ous (NC1) domain of about 230 residues. (3) A noncol-
lagenous amino-terminal sequence of 15�20 residues.
The major collagenous domain of each chain contains
about 20 interruptions of the collagenous triplet
sequence, while each noncollagenous domain contains
12 completely conserved cysteine residues which par-
ticipate in critical disulfide bonds.

Each type IV collagen molecule is a trimer composed
of three α chains.The classical type IV collagen trimer
isolated from the extracellular matrix of the murine
EHS sarcoma has the composition α1(IV)2-(α2(IV)1.

51

Type IV collagen α chains form trimers through

TABLE 84.2 Type IV Collagen Chains

Chain Gene Chromosome Collagenous Domain #

Residues (Interruptions)

Noncollagenous

Domain # Residues

α1(IV) COL4A1 13 1413 (21) 229

α2(IV) COL4A2 13 1449 (23) 227

α3(IV) COL4A3 2 1410 (23) 233

α4(IV) COL4A4 2 1421 (26) 231

α5(IV) COL4A5 X 1430 (22) 229

α6(IV) COL4A6 X 1417 (25) 228

FIGURE 84.2 Type IV collagen genes.The six type IV collagen a
chain genes are arranged in pairs on three chromosomes. The 5’ ends
of each pair are adjacent to each other, separated by sequences contain-
ing regulatory sites.The 5 exons at the 3’ end of each gene encode the
carboxyterminal noncollagenous (NC1) domain of the chain. Most of
the remaining exons encode the repetitive Gly-X-Ymotif of the collage-
nous portion of the chain.
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associations between their carboxy-terminal NC1
domains, accompanied by folding of the collagenous
domains into triple helices.51�53 Variable residues
within the NC1 domains confer specificity upon chain-
chain associations.54 Type IV collagen triple helices
form networks through several types of intermolecular
interaction:end-to-end linkages between the carboxy-
terminal domains of two type IV collagen triple helices,
covalent interactions between four triple helices at their
aminoterminal ends, and lateral associations mediated
by binding of the carboxy-terminal domains of one tri-
mer to the collagenous region of another trimer.55,56

Disulfide bonds involving conserved cysteine residues
are critical to the interactions between NC1 domains.
These linkages between type IV collagen molecules
produce a nonfibrillar, open-network assembly that
associates with laminin through interactions mediated
by nidogen.57

Various integrins mediate cell attachment to type IV
collagen.Attachment of glomerular epithelial cells to
the α3(IV) chain appears to involve the α3β1 integrin.58

The six type IV collagen genes are arranged in pairs
on three different chromosomes (Figure 84.2,
Table 84.2). The human α1(IV) and α2(IV) chains are
encoded by the genes COL4A1 and COL4A2, respec-
tively, on chromosome 13.59 COL4A3 and COL4A4 are

located on chromosome 2 and encode the α3(IV) and
α4(IV) chains of type IV collagen, respectively,60 while
the α5(IV) and α6(IV) chains are encoded by the
COL4A5 and COL4A6 genes on the X chromo-
some.61,62,63 The 50 ends of each gene pair are adjacent
to each other, separated by sequences of varying length
containing motifs involved in the regulation of tran-
scriptional activity.64�66

Evidence from a variety of sources indicates the exis-
tence of at least three type IV collagen networks in
mammalian basement membranes. Studies of the distri-
bution of these networks in basement membranes using
monospecific antibodies have revealed a high degree of
tissue specificity (Table 84.3). A network composed
of heterotrimers with the composition α1(IV)2-α2(IV) is
found in all basement membranes, although it is a rela-
tively minor component of mature GBM.A network
comprising α3(IV)-α4(IV)-α5(IV) heterotrimers is the
predominant collagen in mature GBM, and also occurs
in Bowman’s capsules and the basement membranes of
distal and collecting tubules. The network consisting
of α5(IV)2-α6(IV) heterotrimers is present in Bowman’s
capsule and distal and collecting tubule basement
membranes, but is not present in GBM. The epidermal
basement membraneand basement membranes sur-
rounding aortic smooth muscles cells (EBM) contains

TABLE 84.3 Type IV Collagen Chain Distribution in Alport Target Organs

Chain Kidney Eye Cochlea Skin

α1(IV) All BMs mesangium All BMs All BMs All BMs

α2(IV) All BMs mesangium All BMs All BMs All BMs

α3(IV) GBM, Lens capsule Inner/outer sulci None

BC Descemet’s membrane Spiral limbus

dTBM Bruch’s membrane Spiral prominence

Internal limiting membrane Basilar memb

α4(IV) GBM Lens capsule Inner/outer sulci None

BC Descemet’s membrane Spiral limbus

dTBM Bruch’s membrane Spiral prominence

Internal limiting membrane Organ of Corti BM

α5(IV) GBM Lens capsule Inner/outer sulci DEJ

BC Descemet’s membrane Spiral limbus

dTBM Bruch’s membrane Spiral prominence

Internal limiting membrane Organ of Corti BM

α6(IV) BC Unknown Unknown DEJ

dTBM

BM: basement membrane; GBM: glomerular basement membrane; BC: Bowman’s capsule; dTBM: distal tubular basement membrane; DEJ: dermal-epidermal

junction (epidermal basement membrane)
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α1(IV)2-α2(IV) and α5(IV)2-α6(IV) networks, but not
the α3(IV)-α4(IV)-α5(IV) network.67,68

The α3(IV) chain has been identified as the target
of anti-GBM autoantibodies in Goodpasture syn-
drome.69�71 The Goodpasture epitope resides in the car-
boxy-terminal NC1 domain of α3(IV).72

ABNORMALITIES OF TYPE IV COLLAGEN GENES AND

PROTEINS IN ALPORT SYNDROME

There are three genetic forms of Alport syndrome
(Table 84.4).The X-linked form (XLAS), resulting from
mutations in COL4A5, accounts for about 80% of
patients with the disease. About 15% of patients have
autosomal recessive Alport syndrome (ARAS), which
arises from mutations affecting both alleles of COL4A3
or COL4A4. The heterozygous parents of children with
ARAS often have asymptomatic hematuria, although
some have normal urinalyses.Finally, approximately
5% of patients have autosomal dominant Alport syn-
drome (ADAS), due to heterozygous mutations in
COL4A3 or COL4A4. Heterozygous mutations in
COL4A3 or COL4A4 have also been found in families
with thin basement membrane nephropathy (see
below). It is not yet clear why many, perhaps most,
individuals with heterozygous mutations in these
genes have asymptomatic hematuria, while others
have progressive disease.

XLAS: Several hundred COL4A5 mutations have
been reported in XLAS families.These mutations are
distributed throughout the gene, and with few excep-
tions each mutation is unique. About 20% of reported
COL4A5 mutations are large rearrangements, predomi-
nantly deletions.4,73 Missense mutations account for
about 35-40%, about 15% are splice-site mutations, and
25�30% are nonsense mutations or small frame-
shifting deletions or insertions that result in premature
stop codons.4,73 About 10 to 15% of COL4A5 mutations
occur as spontaneous events in the proband, explaining
why some patients with XLAS lack a family history of
the disease.

The association of XLAS with leiomyomatosis of the
esophagus and tracheobronchial tree has been reported
in several dozen families.74 Affected members of these
families exhibit large deletions that span the adjacent 5’
ends of the COL4A5 and COL4A6 genes.75,76 These
deletions involve varying lengths of COL4A5, but the
COL4A6 breakpoint is always located in the second
intron of the gene.77�79 Leiomyomatosis does not occur
in patients with deletions of COL4A5 and COL4A6 that
extend beyond intron 2 of COL4A6.Mutations of
COL4A6 alone do not appear to cause Alport syn-
drome, consistent with the absence of the α6(IV) chain
from normal GBM.80

The great majority of missense COL4A5 mutations
are guanine substitutions in the first or second position
of glycine codons that result in the replacement of a
glycine residue in the collagenous domain of α5(IV) by
another amino acid.4,73 Such mutations are thought to
interfere with the normal folding of the mutant α5(IV)
chain into triple helices with other type IV collagen α
chains.81 Glycine lacks a side chain, making it the least
bulky of amino acids, and small enough to allow three
glycine residues to fit into the interior of a tightly wound
triple helix.82 The presence of a bulkier amino acid in a
glycine position presumably creates a kink or an unfold-
ing in the triple helix. Glycine substitutions in the α1
chain of type I collagen account for the majority of muta-
tions causing osteogenesis imperfecta, and are common
in other genetic disorders of collagen.83,84 Abnormally
folded collagen triple helices exhibit increased suscepti-
bility to proteolytic degradation.84 The position of the
substituted glycine, or the substituting amino acid itself,
may influence the effect of the mutation on triple-helical
folding, and ultimately the impact of the mutation on
the severity of the clinical phenotype.85

ARAS: To date, mutations causing ARAS have been
found in the COL4A3 or COL4A4 gene in several dozen
patients.86�91 Some of these patients are homozygous
for their mutations and others are compound heterozy-
gotes. As with COL4A5, there appear to be no mutation
hot spots in COL4A3 or COL4A4. Although it is possi-
ble that ARAS could result from the combination of a
mutation in one allele of COL4A3 and a mutation in
one allele of COL4A4, no such example has been
described. It is worth noting that the mating of two
individuals with asymptomatic hematuria due to het-
erozygous COL4A3 or COL4A4 mutations can result in
a child who has mutations in both alleles of COL4A3 or
COL4A4 and, as a result, ARAS.

The reported COL4A3 and COLA4 mutations in
ARAS include nonsense, frame-shift, splicing and
missense mutations. As with XLAS and other
heritable collagen disorders, a common type of muta-
tion in ARAS is a glycine substitution in the collage-
nous domain of α3(IV) or α4(IV).

TABLE 84.4 Molecular Genetics of Alport Syndrome

Affected Inheritance Locus Gene Product

X-linked COL4A5 α5(IV)

X-linked1 leiomyomatosis COL4A51COL4A6 α5(IV)1α6(IV)

Autosomal recessive COL4A3 α3(IV)

COL4A4 α4(IV)

Autosomal dominant COL4A3 α3(IV)

COL4A4 α4(IV)

2852 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



ADAS: Heterozygous COL4A3 and COL4A4 muta-
tions have been described in several families transmit-
ting Alport syndrome as an autosomal dominant
disease.92�94 It is not clear why some individuals with
heterozygous COL4A3 or COL4A4 mutations are
asymptomatic or exhibit only isolated microhematur-
ia,86,88,95 while others have a progressive nephropathy.
Several possibilities can be proposed: the type and/or
site of the mutation may be critical, the presence of cer-
tain polymorphisms in these genes may influence the
effect of a pathogenic mutation,94 or a polymorphism
or mutation in another gene may modify the effect of
the mutation. In some cases, a heterozygous missense
mutation in COL4A3 or COL4A4 might be more detri-
mental than a deletion or nonsense mutation, because
the mutant chain can then induce the degradation of
normal chains with which it forms abnormal trimers
(Figure 84.1C).

Genotype-Phenotype Correlations in Alport
Syndrome: Male patients with COL4A5 deletions con-
sistently exhibit sensorineural deafness and progres-
sion to ESRD during the second or third decade of
life.4 Most of the missense, nonsense and splicing
COL4A5 mutations described thus far have also been
associated with early progression to ESRD in the sec-
ond or third decade of life and sensorineural deafness.
Single amino acid substitutions that alter an mRNA
splice site, leading to exon skipping, or small deletions
or insertions that shift the transcriptional reading
frame, can clearly produce such aberrant protein pro-
ducts that a severe phenotype results. Several missense
mutations in COL4A5 have been associated with late-
onset (after the third decade) ESRD and deafness.4,85

Mutations near the 5’ end of the COL4A5 gene are asso-
ciated with earlier onset of ESRD.96

The severity of disease in a female heterozygous for
a COL4A5 mutation is probably influenced to some
extent by the nature of the mutation, but the extent of
inactivation of the X chromosome carrying the normal
COL4A5 allele may be a more important factor. Jais
et al. were unable to demonstrate a genotype effect on
outcome in XLAS heterozygotes, presumably due to
the stronger influence of X-inactivation.3 Guo et al.
described a woman with a severe Alport phenotype
(ESRD at age 30), one of whose COL4A5 alleles carried
two missense mutations.97 Analysis of DNA isolated
from the patient’s kidney and leukocytes showed inac-
tivation of greater than 90% of the X chromosomes car-
rying the normal COL4A5 allele. Other investigators,
however, have not been able to confirm that X-
inactivation pattern of leukocytes predicts phenotype
in XLAS heterozygotes.98 In a mouse model of X-linked
Alport syndrome99 the relative activity of the X chro-
mosome carrying the mutant COL4A5 allele determines
the outcome of heterozygous females.100

Phenotypic information on patients with ARAS is as
yet somewhat sparse. Available data indicate that
patients with ARAS progress to ESRD before age 30 and
have sensorineural deafness, regardless of gender.87,90,91

Type IV Collagen in Alport Basement Membranes:
Several studies in the 1980s established that the native
kidneys of male AS patients failed to bind anti-GBM
antibodies from patients with Goodpasture syndrome
or from AS patients with post-transplant anti-GBM
nephritis.101�105 These early studies, combined with
the observation by Hudson and colleagues that type IV
collagen was the target of Goodpasture antibodies,71

provided the first indication that AS might represent a
primary disorder of type IV collagen. The availability
of chain-specific antibodies has more recently allowed
detailed investigation of the expression of the six type
IV collagen α chains in AS basement membranes.

GBM, distal and collecting tubular basement mem-
brane (TBM) and Bowman’s capsules of males with
XLAS usually lack expression of the α3(IV), α4(IV) and
α5(IV) chains, but do express the α1(IV) and α2(IV)
chains106,107 (Table 84.5, Figure 84.3). The α6(IV) chain
is not expressed in Bowman’s capsule or distal TBM of
XLAS males whose basement membranes lack α5(IV)
expression.108,109 Women who are heterozygous for
XLAS mutations frequently exhibit mosaicism of GBM
expression of the α3(IV), α4(IV) and α5(IV) chains,
while expression of the α1(IV) and α2(IV) chains is not

TABLE 84.5 Immunohistochemistry in Alport Syndrome*

GBM BC dTBM EBM

X-linked (males)

α3(IV) 2 2 2 normally absent

α4(IV) 2 2 2 normally absent

α5(IV) 2 2 2 2

X-linked (females)**

α3(IV) mosaic normally absent

α4(IV) mosaic normally absent

α5(IV) mosaic mosaic

Autosomal recessive (males and females)

α3(IV) 2 2 2 normally absent

α4(IV) 2 2 2 normally absent

α5(IV) 2 1 1 1

*In some AS kindreds, staining of basement membranes for type IV collagen chains is
entirely normal.Therefore, a normal result does not exclude a diagnosis of X-linked or
autosomal recessive AS.
**Some heterozygous females have normal basement membrane immunoreactivity for

type IV collagen chains. Thus, a normal result does not exclude the carrier state.
GBM: glomerular basement membrane; BC: Bowman’s capsule; dTBM: distal

tubular basement membrane; EBM: epidermal basement membrane
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affected.107 The epidermal basement membrane (EBM)
normally expresses the α1(IV), α2(IV), α5(IV) and α6
(IV) chains, but not the α3(IV) or α4(IV) chains107,109,110

(Table 84.5). Most males with XLAS show no EBM
expression of α5(IV) or α6(IV), while female heterozy-
gotes frequently display mosaicism110 (Table 84.5,
Figure 84.1). Lens capsules of some males with XLAS
do not express the α3(IV), α4(IV) or α5(IV) chains,
while expression of these chains appears normal in
other patients.111

In patients with ARAS, GBMs show no expression
of the α3(IV), α4(IV) or α5(IV) chains, but α5(IV) and
α6(IV) are expressed in Bowman’s capsule, distal TBM
and EBM112 (Table 84.5, Figure 84.3). Therefore, XLAS
and ARAS may be distinguishable by immunohisto-
chemical analysis.

It is important to note that immunostaining for type
IV collagen is normal in some patients with XLAS and
ARAS. Consequently, normal expression of α3(IV), α4
(IV) and α5(IV) chains in basement membranes does
not exclude a diagnosis of AS.

The abnormalities of type IV collagen expression
observed in AS indicate that a mutation affecting one
of the chains involved in the α3(IV)-α4(IV)-α5(IV) net-
work can prevent GBM deposition of the entire net-
work. Similarly, a mutation involving the α5(IV) chain
can interfere with basement membrane expression of
α5(IV)-α6(IV). Several lines of evidence suggest that

the effects of a type IV collagen α chain mutation on
the basement membrane expression of its “partner”
chains are mediated by post-translational events.
Substitution of glycine residues in the α1 chain of type
I collagen comprise the majority of mutations causing
osteogenesis imperfecta.113 These mutations impair the
folding of α1(IV) chains with α2(IV) chains into tri-
mers, and the resulting trimers exhibit enhanced sus-
ceptibility to extracellular proteolytic degradation.84 By
similar means, an α5(IV) chain carrying a glycine sub-
stitution could bring about the destruction of normal
α3(IV) and α4(IV) chains. Studies of mutations in the
α1 chain of type IV collagen in C. elegans suggest
another possible mechanism. Whether the α1(IV) muta-
tion results in a null allele (deletion or nonsense muta-
tion) or a glycine substitution, the α2(IV) chain
accumulates intracellularly and never reaches the base-
ment membrane.114 Thus, mutations producing null
COL4A5 alleles, or α5(IV) proteins that cannot form tri-
mers (due to alterations of the carboxy-terminal
domain), or some glycine substitutions, may simply
prevent secretion of α3(IV) and α4(IV) chains, which
are eventually degraded. Results of in vitro studies by
Kobayashi and colleagues support the hypothesis that
α5(IV) mutations impair the assembly of α3(IV)-α4(IV)-
α5(IV) heterotrimers.81

Pathogenesis of Basement Membrane Lesions in
Alport Syndrome: The tissue pathology of AS arises
from abnormalities of basement membrane expression
of the α3(IV)-α4(IV)-α5(IV) collagen network. This net-
work is usually absent from or under-expressed in the
basement membranes of AS patients, although in the
basement membranes of some patients the networks
are present but presumably defective in structure and
function. The most straightforward demonstration of
the consequences of the absence of this network may
be anterior lenticonus. Absence or defective expression
of these chains results in thinning and mechanical
weakness of the anterior lens capsule, which fails to
maintain the normal conformation of the lens.17,111,115

Microhematuria, the first and invariable renal manifes-
tation of AS, may likewise reflect GBM thinning and a
tendency to develop focal ruptures early in life, due to
the absent or defective expression of the α3-α4-α5(IV)
network. Episodic gross hematuria precipitated by
infections, which is not uncommon during the first two
decades of life, may reflect increased susceptibility of
the GBM to proteolysis.116 On the other hand, the reso-
lution of gross hematuria, which typically occurs by
adolescence,2 may be a function of progressive GBM
thickening.5

The relentless thickening and lamellation of the
Alport GBM features the accumulation of extracellular
matrix proteins that are normally absent from GBM, or
present in only small amounts. The α1(IV)�α2(IV)

FIGURE 84.3 Glomerular capillary wall ultrastructure and type
IV collagen immunochemistry in normal kidneys and in thin base-
ment membrane nephropathy (TBMN). In normal kidneys, the glo-
merular basement membrane (GBM) has a homogeneous lamina
densa, smooth innter (endothelial) and outer (epithelial) surfaces and
a constant thickness. In TBMN kidneys, the GBM is diffusely attenu-
ated, with a homogeneous lamina densa. Podocyte foot processes are
intact. In both normal and TBMN kidneys, the type IV collagen net-
work formed by the α3(IV), α4(IV) and α5(IV) chains is present in
GBM, Bowman’s capsule and distal and collecting tubule basement
membranes.
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network is highly expressed in the basement mem-
branes of primordial glomeruli, but is normally
replaced by the α3(IV)�α5(IV) network at the capillary
loop stage of glomerular maturation.117 In mature glo-
meruli the α1(IV)�α2(IV) network is confined to the
mesangium and the subendothelial region of GBM.118

This developmental switch fails to occur in Alport glo-
meruli.116,119 The α1(IV)�α2(IV) network persists in
mature Alport glomeruli and accumulates, spreading
from its normal subendothelial location to occupy the
full width of GBM.112,106 Similarly, type V collagen and
type VI collagen are normally found in the mesangium
and in small quantities in the subendothelial GBM, but
are markedly overexpressed in Alport GBM.106 In addi-
tion, laminin chains that are normally confined to the
mesangium are expressed in Alport GBM.120,121 The
molecular events that underlie these anomalies in pro-
tein expression remain to be elucidated. Whatever the
mechanism, glomerulosclerosis in AS may result from
the ectopic deposition of certain collagens in GBM.

AS resembles other chronic glomerulopathies in that
deterioration of glomerular filtration rate is closely cor-
related with fibrosis of the renal interstitium.122

Measurable increases in cortical interstitial volume are
unusual in males with XLAS under age 10 years, but
progressive expansion of the interstitium frequently
occurs during the second decade of life.122 It is not sur-
prising that at least some of the factors driving intersti-
tial fibrosis in AS are nonspecific, such as increased
TGF-β1 activity, monocytic infiltration, epithelial-
mesenchymal transformation and enhanced metallo-
proteinase expression.123�127 If the pathogenesis of
interstitial fibrosis in AS is not specific to the disease, it
is conceivable that therapies that interfere with intersti-
tial fibrosis may be of benefit to AS patients, without
correcting the primary abnormalities of type IV colla-
gen expression.128,129

Diagnosis

Alport syndrome should be considered in the differ-
ential diagnosis of patients with persistent microhema-
turia. Electron microscopic examination of renal tissue
remains the most widely available and applied means
for diagnosing AS. The presence of diffuse thickening
and multilamellation of the GBM predicts a progres-
sive nephropathy, regardless of family history.
Unfortunately, ultrastructural information alone does
not establish the mode of transmission in a particular
family. In a patient with a negative family history, elec-
tron microscopy cannot distinguish de novo X-linked
disease from autosomal recessive disease. In some
patients the biopsy findings may be amibiguous, par-
ticularly females and young patients of either sex.
Furthermore, rare families with progressive nephritis
and COL4A5 mutations in association with thin GBMs

have been described, indicating that the classic GBM
lesion is not present in all AS kindreds.

In families with a firm diagnosis of AS, evaluation of
individuals with newly-recognized hematuria can be
limited to ultrasound of the kidneys and urinary tract
in most instances. In the absence of tumor or structural
anomalies of the urinary tract, a diagnosis other than
AS is unlikely. A suspected diagnosis of AS may
be confirmed by immunohistochemical methods.
Monospecific antibodies directed against type IV colla-
gen α chains are available,130,131 making it possible to
reliably evaluate renal basement membranes for expres-
sion of α3(IV), α4(IV) and α5(IV) chains (Table 84.5).
Since the α5(IV) chain is normally expressed in the epi-
dermal basement membrane (EBM), examination of
skin biopsies by immunofluorescence for expression of
α5(IV) is an additional tool for making a diagnosis
of AS. Absence of the α5(IV) chain from EBM is diag-
nostic of XLAS.132 Given a male patient with a positive
family history and clinical features characteristic of AS,
examination of skin for α5(IV) expression may obviate
the necessity for kidney biopsy. Unfortunately, a nor-
mal result does not exclude the diagnosis of AS, since
in some XLAS kindreds (about 20%) affected males
express α5(IV) in their renal and epidermal basement
membranes.Heterozygous females frequently express
α5(IV) mosaically in the skin. While clearly mosaic
expression of α5(IV) is diagnostic of the carrier state, a
normal result does not exclude heterozygosity.

Renal expression of type IV collagen α chains can
serve to confirm a diagnosis of AS, and can in addition
differentiate XLAS and ARAS (Table 84.5).In most
males with XLAS renal basement membranes are
devoid of the α3(IV), α4(IV) and α5(IV) chains, while
females frequently show mosaic expression of these
chains. In most males and females with ARAS the
GBM, Bowman’s capsule and distal TBM show no
expression of the α3(IV) and α4(IV) chains, while α5
(IV) is expressed in Bowman’s capsule and distal TBM
but not GBM.112

The ability to diagnose Alport syndrome by skin
biopsy may eventually reduce reliance on kidney
biopsy for diagnosis of this disease. Skin biopsy is the
initial diagnostic maneuver of choice when kidney
biopsy is excessively risky, such as in patients with
advanced renal insufficiency.

Genetic analysis provides the only means for reliably
diagnosing the carrier state in asymptomatic female
members of XLAS kindreds and for making a prenatal
diagnosis of AS. There are also clinical situations in
which a firm diagnosis of AS cannot be established, or
in which it is not possible to determine the mode of
transmission, despite careful evaluation of the pedigree
and application of the full range of histological meth-
ods. In these situations genetic analysis has the
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potential to provide information essential for determin-
ing prognosis and guiding genetic counseling. Genetic
counseling based upon erroneous determination of the
mode of inheritance may have unintended
consequences.133

At the present time, the routine application of
molecular analysis is limited by both specific and gen-
eral problems. First, the sheer size of the type IV colla-
gen loci (. 50 exons), combined with the great variety
of mutations, many of which are missense alterations
of a single base pair, presents a formidable obstacle.
Exon-screening methods, such as analysis of single-
strand conformational polymorphisms, identify only
about 50% of COL4A5 mutations.134,135 Detection
schemes based on direct sequencing identify have a
better detection rate (about 80�90%), but are relatively
expensive.136,137 Consequently, at the time this chapter
was written, only a single commercial laboratory
offered molecular diagnosis of Alport syndrome
(www.genereviews.org).

In the future, automation and miniaturization of
DNA analytic techniques may result in a relatively sim-
ple, rapid and inexpensive means of assaying a blood
or tissue sample for mutations at genetic loci relevant
to Alport syndrome, replacing other diagnostic meth-
ods. For now, genetic analysis is desirable, but not nec-
essarily available, when there is ambiguity regarding
the diagnosis of Alport syndrome or the mode of trans-
mission, or when prenatal testing is desired.

Treatment

Replacement of renal function by transplantation is
currently the only “treatment” of proven value for AS.
Analysis of data from the North American Pediatric
Renal Transplant Cooperative Study (NAPRTCS) docu-
ments equivalent allograft survival rates in patients
with familial nephritis, in comparison to patients with
other diagnoses.138 However, some AS patients
develop anti-GBM nephritis in the renal allograft, usu-
ally resulting in graft loss.Data from several transplant
centers indicates an incidence of 3�4% in transplanted
AS patients.139�141 These patients are usually male,
always deaf, and likely to have reached ESRD before
the age of 30.142 This profile describes the majority of
AS patients presenting for renal transplantation, so its
predictive value is rather limited. However, AS
patients with normal hearing or late progression to
ESRD appear to be at very low risk for the develop-
ment of post-transplant anti-GBM nephritis. Females
with XLAS also appear to be in a low-risk category.

The onset of post-transplant anti-GBM nephritis was
within the first year following transplantation in
approximately 75% of cases. Three-quarters of the allo-
grafts failed irreversibly, usually within a few weeks to
months after diagnosis.Treatment with plasmapharesis

and cyclophosphamide has been of limited benefit.
Anti-GBM nephritis has recurred in seven of eight
patients who underwent retransplantation. Post-
transplant anti-GBM nephritis may recur despite an
interval of many years between transplants, and in the
absence of detectable circulating anti-GBM antibodies
prior to retransplantation.

The target(s) of anti-GBM antibodies in some of
these patients has been determined, with variable
results. Most patients with XLAS exhibit antibodies
that target the carboxy-terminal noncollagenous
domain of the α5(IV) chain,102,141,143,144 but anti-α3(IV)
antibodies have also been described.145 Antibodies
against α3(IV) have been observed in ARAS patients
with post-transplant anti-GBM nephritis.143

It has been proposed that mutations in the COL4A5
gene that prevent expression of an immunogenic gene
product, thereby preventing the establishment of toler-
ance for α5(IV), might be associated with an increased
risk for the development of post-transplant anti-GBM
nephritis.144,103 Of 14 AS patients with post-transplant
anti-GBM nephritis examined for a COL4A5 mutation,
seven, or 50%, had complete or partial deletions, com-
pared with a deletion frequency of about 10% in the
general AS population (discussed in142). Although the
sample size is small, the data gathered thus far support
the hypothesis that AS patients who develop anti-GBM
nephritis after renal transplantation are more likely to
carry deletions in the COL4A5 gene than the AS popu-
lation at large.

Females who are heterozygous for COL4A5 muta-
tions would not be expected to be at risk for the devel-
opment of post-transplant anti-GBM nephritis, since
the product of the normal COL4A5 allele would allow
establishment of immunologic tolerance for α5(IV).
Nevertheless, post-transplant anti-GBM nephritis has
been reported in two females with AS.87,141 Both of
these women were found to have ARAS, due to
COL4A3 mutations.87,91

Even if it were to prove true that certain COL4A5
mutations are associated with a higher risk for the
development of post-transplant anti-GBM nephritis,
this information would be of limited value in planning
transplantation. It is clear that AS males with COL4A5
deletions can undergo renal transplantation without
developing anti-GBM nephritis,146,147 indicating that
other factors, presently unknown, must influence the
initiation and elaboration of the immune response to
the allograft. At this time it appears that the only way
to determine whether a previously untransplanted AS
patient will develop post-transplant anti-GBM nephri-
tis is to perform the transplant, although as noted pre-
viously certain patients are at very low risk.

Interventions aimed at preventing or slowing the
inexorable decline in renal function typical of male AS
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are currently under investigation. The role of angioten-
sin II in the pathogenesis of renal failure in AS is still
not well understood. Studies of angiotensin inhibition
in AS have involved small numbers of patients with
proteinuria serving as their own controls, with rela-
tively short follow-up, and have produced mixed
results.148�151 However, Gross and colleagues found
that ramipril therapy initiated prior to the development
of proteinuria delayed the onset of proteinuria and
renal failure and lengthened survival in a murine
model of ARAS.128,129 Early angiotensin converting
enzyme inhibition in dogs with XLAS had no effect on
the onset of proteinuria, but did delay ESRD.152 These
observations suggest that angiotensin blockade, initi-
ated early in the course of disease might be beneficial
in human AS.

Callis and colleagues found, in an uncontrolled
study of eight AS males, that cyclosporine appeared to
suppress proteinuria and stabilize renal function, over
several years of observation.153,154 There has yet to be a
published report that contradicts these findings.
However, the results of trials presented in abstract sug-
gest that patient responses to cyclosporine are variable,
and that cyclosporine may accelerate interstitial fibro-
sis.155,156 In dogs with XLAS, cyclosporine failed to
suppress proteinuria, but treated animals did exhibit a
delay in progression to ESRD.157 At this time, it is the
authors’ view that the efficacy of cyclosporine as a
treatment for AS has not been demonstrated with the
degree of certainty needed to overcome concerns about
its nephrotoxicity.

Gene transfer approaches aimed at delivering a nor-
mal copy of the COL4A5 gene to glomeruli are cur-
rently undergoing investigation in canine models of
AS.158�161

Thin Basement Membrane Nephropathy
(TBMN)

TBMN, like AS, is an inherited disorder of glomeru-
lar basement membranes that is characterized clinically
by persistent microscopic hematuria and episodic gross
hematuria. TBMN differs clinically from AS in several
important respects: (1) It is only rarely associated with
extrarenal abnormalities. (2) Proteinuria, hypertension
and progression to ESRD are unusual. (3) Gender dif-
ferences in the severity of the signs and symptoms of
TBMN are not apparent. (4) Transmission is autosomal
dominant in nature.TBMN and early AS may be diffi-
cult to distinguish histologically, since diffuse GBM
attenuation is characteristic of both. However, the
GBM of TBMN patients remains attenuated over time,
rather than undergoing the progressive thickening and
multilamellation that is pathognomonic of AS.

Clinical Features

Individuals with TBMN typically exhibit persistent
microhematuria that is first detected in childhood. In
some patients microhematuria is intermittent, and may
not be detected until adulthood. Episodic gross hema-
turia, often in association with upper respiratory infec-
tions, is not unusual. The hematuria of TBMN appears
to be life-long.It has been estimated that 20�25% of
patients referred to a nephrologist for evaluation of
persistent hematuria will prove to have thin GBM on
renal biopsy.162

Overt proteinuria and hypertension are unusual in
TBMN, but have been described.163�166 Some of these
patients exhibit focal global glomerulosclerosis on renal
biopsy.164 In occasional adult patients with Alport syn-
drome the predominant GBM abnormality of is attenu-
ation, rather than thickening and multilamellation.
Other glomerular disorders such as IgA nephropathy
may occur in patients with TBMN, altering the
expected natural history and histopathology of the
condition.

Pathology

Light and immunofluorescence microscopy are
unremarkable in typical cases of TBMN or thin GBM
disease. Most patients with TBMN exhibit diffuse thin-
ning of the GBM as a whole, and of the lamina densa
(Figure 84.3). Normal GBM thickness is age- and sex-
dependent. Both the lamina densa and the GBM nor-
mally increase rapidly in thickness between birth and
age two years, followed by gradual thickening
throughout childhood, adolescence and into adult-
hood.167 GBM thickness of adult men (3736 42 nm)
exceeds that of adult women (3266 45 nm).168 Thus it
is important to consider the age and sex of the patient
when evaluating GBM width.Each EM laboratory
should establish a consistent technique for measuring
GBM thickness, and determine its own means and
standard deviations for GBM width, to make compari-
sons with published data meaningful.

The definition of “thin” GBM in the literature is
imprecise, in part because of the use of different tech-
niques to measure GBM width. When an EM labora-
tory’s normal values for GBM width are similar to
those of Steffes et al.168 a cut-off value of 250 nm will
accurately separate adults with normal GBM from
those with thin GBM. Where the normal values are
significantly higher, a cut-off value of 330 nm is appro-
priate.169 For children, the cut-off is in the range of
200�250 nm (250 nm is within 2SD of the mean at age
11).170,167 It is useful to note that the intraglomerular
variability in GBM width is small in thin GBM dis-
ease.165 Marked variability in GBM width within a glo-
merulus, in a patient with persistent microhematuria,
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should raise suspicion of Alport syndrome, although
focal lamina densa splitting has been described in
TBMN.

Genetics and Pathophysiology

TBMN is usually transmitted as an autosomal domi-
nant condition. A negative family history may not be
reliable, since patients eventually diagnosed as having
TBMN are frequently unaware that they have relatives
with hematuria.171 The first clue to the genetic basis of
TBMN was provided by Lemmink and coworkers, who
described a large Dutch TBMN kindred in which the
disease locus was first mapped to chromosome 2 in the
region of the COL4A3 and COL4A4 genes, and then
affected individuals were found to be heterozygous for
a missense mutation in COL4A4.172 Since this landmark
work, heterozygous mutations in COL4A3 or COL4A4
have been described in numerous TBMN fami-
lies.93,95,173,174 However, linkage to the COL4A3 and
COL4A4 genes has been excluded in other TBMN fami-
lies, indicating that TBMN is a genetically heteroge-
neous condition.175

To date, immunohistologic studies of type IV colla-
gen in GBM of patients with TBMN or thin GBM dis-
ease have failed to uncover any abnormalities in the
distribution of any of the six chains. However, it is
tempting to speculate that in those kindreds with
TBMN due to a heterozygous COL4A3 or COL4A4 muta-
tion, a 50% reduction in the GBM α3(IV)�α4(IV)�α5(IV)
network results in lamina densa and GBM thinning
and fragility. This reduction is presumably insufficient
to trigger the pathophysiologic events that produce
the lamina densa splitting and GBM thickening character-
istic of Alport syndrome (AS). Immunohistologic evalua-
tion of GBM type IV collagen may be useful in
the differentiation of TBMN and AS (see below).

Diagnosis

Patients with persistent, isolated microhematuria are
usually candidates for kidney biopsy, once structural
urinary tract abnormalities, urinary tract stones and
tumors are excluded. If the patient’s family history
indicates autosomal dominant transmission of hematu-
ria, and there is no history of chronic renal failure, a
presumptive diagnosis of TBMN can often be made
without kidney biopsy. When family history is nega-
tive or unknown, or there are atypical coexisting fea-
tures such as proteinuria or deafness, renal biopsy may
be extremely informative. A finding of thin GBM may
be further characterized by examining the distribution
of type IV collagen α chains in the kidney. Normal dis-
tribution of these chains provides supportive, although
not conclusive, evidence for a diagnosis of TBMN (see
also preceding section on Alport syndrome).

Treatment

Patients who are given a diagnosis of TBMN should
be reassured, but not lost to follow-up examination.
The risk of chronic renal insufficiency appears to be
small but real.163�166 Reasonable follow-up would
include urinalysis and measurement of blood pressure
and renal function every one to two years.

Hereditary Angiopathy with Nephropathy,
Aneurysms and Cramps (Hanac Syndrome)

Missense mutations in the COL4A1 gene encoding
the α1 chain of type IV collagen have been associated
with autosomal dominant transmission of an angiopa-
thy characterized by nephropathy, aneurysms and
muscle cramps in several families.176 Renal symptoms
include hematuria, renal insufficiency and renal cysts.
Renal biopsies showed no abnormalities of glomerular
basement membrane structure or type IV collagen
expression, although basement membranes of
Bowman’s capsules, tubules and interstitial capillaries
showed irregular thickening and lamellation.

Pierson Syndrome

Pierson and colleagues reported familial cases of
infantile nephrotic syndrome and distinct ocular abnor-
malities.177 The ocular abnormalities were marked by
enlargement of the globe (buphthalmos) and reduction
in the size and reactivity of the pupils (microcoria). All
affected infants died within the first year of life.

Zenker and colleagues reported on consanguineous
families with 11 children demonstrating similar clinical
features.178,179 Several of these children were identified
by fetal ultrasound, variably demonstrating kidney
enlargement and hyperechogenicity, oligohydramnios,
placental enlargement and/or pulmonary hypoplasia.
Infants surviving to term had congenital nephrotic syn-
drome, with kidney biopsy or autopsy specimens
revealing diffuse mesangial sclerosis.These children
also had ocular globe enlargement and microcoria,
with sporadic findings of cataract, posterior rupture of
the lens capsule (lenticonus) and retinal abnormalities.
In additional case reports, affected children had mus-
cular hypotonia, central nervous system hemangioma
and genital abnormalities.180,181 Kidney biopsy speci-
mens from these patients also demonstrated diffuse
mesangial sclerosis, as well as marked GBM irregulari-
ties. None of these children survived beyond the first
year of life.

Zenker and colleagues localized the Pierson syn-
drome gene to chromosome 3p14�p22 by homozygos-
ity mapping.182 Identifying the LAMB2 gene encoding
the β2 chain of basement membrane laminin as a
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candidate, these workers went on to sequence homozy-
gous and compound heterozygous mutations in five
families, including two nonsense mutations, three
frameshift mutations and one missense mutation.In
one patient, a homozygous nonsense mutation of the
LAMB2 gene was associated with loss of β2 laminin
from the GBM.

The β2 chain of laminin is one of four β chains of
basement membrane laminin.183,184,185 Individual lami-
nins are heterotrimeric glycoproteins made up of vari-
able α, β and γ chains, combining in 1:1:1
stoichiometric proportions to form cruciform structural
subunits. In turn, laminin subunits self-assemble and
generate macromolecular networks within basement
membranes, serving myriad roles in overall extracellu-
lar matrix organization, determination of basement
membrane properties and interactions with adjacent
cells. The laminin β2 chain participates in the formation
of several distinct αβγ laminins. In particular, laminin-
11 comprised of α5β2γ1 is upregulated during develop-
ment of the kidney glomerulus, in a characteristic
mid-gestational switch of laminin and type IV collagen
isoforms marking GBM maturation,117,186. Partially
recapitulating Pierson syndrome, targeted deletion of
the mouse Lamb2 ortholog causes congenital nephrosis,
with mesangial hyperceullularity and podocyte foot
process injury.187 Interestingly, laminin β2-deficient
mice also demonstrate neuromuscular synapse abnor-
malities with resulting muscular weakness,187 a feature
with correlates in Pierson syndrome.

The mechanisms by which LAMB2 mutations give
rise to nephrotic syndrome and accelerated kidney dis-
ease are uncertain. Ultrastructural abnormalities in
Pierson syndrome suggest disruption of GBM struc-
tural integrity. Defects in glomerular cell-GBM interac-
tions are also likely, as laminin-11 is a ligand for
integrin extracellular matrix receptors,188,189 most
importantly α3β1 integrin mediating glomerular cell
attachment to the GBM.190

Further discussion on the laminins and their biologi-
cal roles in kidney and other tissues can be found in
several excellent reviews.183�185,191,192

STORAGE DISORDERS

Fabry Disease

Fabry disease is an X-linked disorder caused by defi-
ciency of the lysosomal hydrolase enzyme α-galactosi-
dase A (EC 3.2.1.22).Deficient α-galactosidase A (α-Gal
A) activity results in accumulation of glycosphingoli-
pid (globotrioacylceramide, or Gb3) in blood vessels
and various organs leading to the clinical manifesta-
tions of the disease, including chronic renal failure.
Also known as Anderson-Fabry disease or

angiokeratoma corporis diffusum universale, Fabry
disease was first described in 1898 in separate reports
by Anderson in England and Fabry in Germany.193,194

Although the incidence of Fabry disease is approxi-
mately 1:40,000, making it a rare cause of renal failure,
much is known about the genetic pathophysiology of
the disorder. Most importantly Fabry disease has the
potential to be effectively treated by enzyme
replacement.

Clinical Features

Since Fabry disease is an X-linked disorder, severe
clinical manifestations occur in hemizygous males
while heterozygous females exhibit a variable but typi-
cally less severe course. However, there is increasing
recognition of disease-related morbidity in heterozy-
gous females. Data from the Fabry Registry indicated
that about 70% of heterozygous females have symp-
toms of Fabry disease.195 Although median onset of
symptoms was 13 years, and over 80% had a positive
family history of Fabry disease, median age of diagno-
sis was 31 years. Major cerebrovascular, cardiac or
renal events occurred in 20% at a median age of 46
years, and proteinuria and reduced glomerular filtra-
tion rate were common. These findings illustrate the
importance of regular monitoring in females as well as
males with Fabry disease.

The clinical features of Fabry disease are summa-
rized in Table 84.6. In hemizygotes (affected males) the
initial features of the disease are seen in childhood and
early adolescence and consist of paresthesias and pain
in the hands and feet with episodic pain crises. The
course of the disease is variable but usually leads to
end-stage renal disease in the third to sixth decade.

TABLE 84.6 Clinical Manifestations of Fabry Disease

Skin Angiokeratomas

Nervous system Painful neuropathy

Acroparesthesias

Hypohidrosis

Stroke

Dementia

Cardiac Hypertrophy

Coronary artery disease

Cardiomyopathy

Renal Proteinuria

Renal failure

Eye Corneal and lenticular opacities
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Myocardial or cerebral infarctions are typically termi-
nal events

The classic skin lesion, angiokeratoma corporis dif-
fusum universale, consists of macules or maculopa-
pules, cherry red to black in color and 1�3 mm in
diameter. These lesions first appear in adolescence par-
ticularly in the scrotal area, lower back and trunk.
There may be up to several dozen lesions. Other skin
manifestations include palmar erythema, splinter
hemorrhages, and conjunctival or buccal mucosal tel-
angiectasias. One of the most profound and debilitating
aspects of the disease is peripheral nerve involvement
leading to painful crises, acroparesthesias, and hypohi-
drosis. Central nervous system involvement includes
cerebral infarctions and dementia.Corneal and lenticu-
lar opacities occur in all hemizygotes and most
heterozygotes.

The most common cardiac manifestation in Fabry
disease is coronary artery disease but hypertrophy,
congestive heart failure, valvular lesions, and arryth-
mias are common. A form of the disease limited to the
heart has been described and is characterized predomi-
nantly by cardiac hypertrophy.196,197 These patients
often have mutations that result in detectable amounts
of enzyme. In fact, among 230 consecutive male
patients presenting with left ventricular hypertrophy
3% had low plasma α-Gal A activity and may represent
cardiac limited variants of the disease.196

The earliest renal manifestation is a concentrating
defect.Proteinuria, typically in the range of 0.5 to 2 g
daily, is first detected in young adulthood.198,199

Nephrotic-range proteinuria is unusual but may be
seen. The urinary sediment is most often bland
although some patients exhibit microscopic hematuria.
There is increased urinary glycosphingolipid, and uri-
nary myelin bodies, both free and within tubular cells,
may be found.200,201 Classic Maltese crosses can be
seen when the urine sediment is examined with a
polarizing microscope. Fabry disease has been reported
in association with IgA nephropathy202 and SLE.203

End-stage renal disease typically occurs in the third
to sixth decade but has been reported in patients less
than 20 years old.198 The clinical course of the renal
failure has been described by several investigators.
Donati and colleagues followed 12 patients with end-
stage renal disease. Eight patients were transplanted
and all survived with the longest patient being 66
months post transplant.204 Three dialysis patients died
9, 11 and 12 months after starting dialysis prompting
these investigators to conclude the prognosis was bet-
ter after transplantation. Nissenson and colleagues
described 17 patients (including one woman) with
Fabry disease who underwent treatment for end-stage
renal disease.198 Eighty three percent of the patients
survived to 33 months and 41% were transplanted.

Pathology

Intracellular glycosphingolipid accumulation is
found in most structures of the kidney including glo-
merular epithelial, endothelial and mesangial cells,
tubular epithelial cells, interstitial cells, and blood
vessels including endothelial, perithelial and smooth
muscle cells.205,206 During routine processing of
paraffin-embedded sections lipids are dissolved by the
xylene so that the cells which contained them look
like foam cells with empty vacuoles (Figure 84.4).
With fresh or fixed-frozen tissue lipids can be identi-
fied with fat stains such as Sudan III or oil red O.
The glomerular epithelial cells are most prominently
affected in the kidney.These cells are filled with
small, uniformly sized vacuoles, giving them a foa-
my appearance (Figure 84.4). Vacuoles are often
present in parietal epithelial cells but are not com-
monly seen in endothelial or mesangial cells. In the
later stages of the disease the glomeruli become
sclerotic.

Vacuolization of tubular cells is most prominent in
the loop of Henle and distal convoluted tubule and is
rarely seen in the proximal tubule. Most blood vessels
are involved with vacuoles present in endothelium,
smooth muscle cells and perithelial cells.In later stages
insudative arteriolar changes are observed.206

Immunofluorescence is negative except in advanced
glomerular sclerosis where non-specific uptake of
immunoglobulin or complement can be seen.206

Glycosphingolipid can be detected with antibodies to
trihexosylceramide.207

The characteristic lesion of Fabry disease is seen on
electron microscopy (Figure 84.8). Stacks or whorls of
dense inclusions ranging in diameter from 0.3 to
10 μm (average 3 μm) are found in lysosomes of
affected cells. Terms such as onion skin or myelin
figures have been used to describe the concentric

FIGURE 84.4 Renal biopsy findings in Fabry disease. Left: peri-
odic acid-schiff staining demonstrates glomerular cell enlargment,
vacuolization and fusion, without capsular adhesions. Right: Electron
Microscopy demonstrates glycosphingolipid deposits within podo-
cytes. Micrographs are courtesy of Drs. George Canas and Rahul
Koushik.
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dense layers of glycosphingolipid deposits.The depos-
its can also appear as parallel arrays (“zebra bod-
ies”).208 Cells that appear normal on light microscopy
can have inclusions.In the glomerulus, deposits are
present in every cell type but are less numerous and
smaller in endothelial and mesangial cells.
Heterozygous females have similar but fewer inclu-
sions. Other intracellular organelles appear normal.
Foot process fusion occurs with heavy proteinuria.In
the later stages of the disease the glomerular base-
ment membrane becomes wrinkled and thickened and
mesangial interposition may occur. These changes are
suggestive of glomerular ischemia. Typical inclusions
may be present in Bowman’s space and tubular lume-
na, and cells containing glycosphingolipid may be
found in the urine and can be used for making the
diagnosis of Fabry disease.200,201

Genetics and Pathophysiology

The α-Gal A protein has a molecular weight of
approximately 50 kDa. It is a homodimeric glycopro-
tein containing 5 to 15% oligosaccharide chains.
Processing includes cleavage of the signal peptide and
carbohydrate modifications resulting in the mature
100 kDa enzyme.The mature protein then moves to its
site of action in the lysosome. The protein has been
crystallized and analyzed in more detail.209

α-Gal A cDNA was first isolated in 1986.210 The cod-
ing sequence comprises 1290 bp and codes for a protein
of 429 amino acids including a 31 amino acid signal
peptide. There are four possible N-glycosylation sites,
three of which are used. The α-Gal A gene is located
on the long arm of the X chromosome at Xq22.1. The
gene is 12 kb in size and contains 7 exons ranging in
size from 92 to 291 base pairs.211 The sequence for the
5’ untranslated region, the signal peptide and the first
33 amino acids of the mature enzyme are contained in
exon 1. The gene is Alu-rich, containing 12 Alu repeti-
tive elements each containing 300 nucleotides that com-
prise 30% of the gene.211 Polymorphisms of the α-Gal
A gene have been described but are rare.211,212 These
polymorphisms along with other highly polymorphic
markers near the α-Gal A gene can be used for diagno-
sis and carrier detection.213

Almost all unrelated families with Fabry disease
have different mutations.211,214�217 The majority of the
mutations are single base substitutions in the coding
region with two thirds occurring in exons 5 through
7.212 Other mutations include gene rearrangements
such as duplications, deletions, insertions, and RNA
processing defects.218

Deficiency of α-Gal A leads to progressive intracel-
lular accumulation of neutral glycosphingolipids, par-
ticularly those with α-galactosyl moieties, the most
abundant of which is globotriaosylceramide (Gb3).

Glycosphingolipids are normal constituents of the
plasma membrane, the membranes of intracellular
organelles, and circulate in association with apolipo-
proteins, particularly low density lipoprotein.219 The
glycosphingolipids that accumulate in Fabry disease
are identical to those found in normal tissue.220 All tis-
sues except red blood cells accumulate Gb3 with the
highest concentrations found in the diseased kidney.221

Accumulation of glycosphingolipids, particularly in
the CNS and cornea, results from retention of endoge-
nously metabolized glycosphingolipid. The presence of
glycosphingolipid in vascular endothelium and smooth
muscle may be due to uptake of circulating Gb3.220

Vascular pathology results from the swollen endothe-
lium narrowing or occluding the vascular lumen.In
addition, the endothelium likely serves as an initiator
of vascular thrombosis. Whether the renal pathology is
entirely secondary to vascular disease or due to glo-
merular and/or tubular epithelial cell toxicity is
unclear. The most prominent early lesion in the kidney
is swelling and vacuolization of visceral epithelial cells
which likely is the underlying basis for the proteinuria
and may be an important factor in the development of
glomerular sclerosis.222

Classically affected hemizygotes have a large variety
of mutations. Patients with mutations that maintain
some residual α-Gal A activity tend to have milder
phenotypes. Examples include patients with disease
confined predominantly to the heart, who most often
have missense mutations and express low levels of
α-Gal A activity.223

Mice in which the α-Gal A gene has been deleted by
gene targeting techniques completely lack α-Gal A
activity as expected.224 No clinical phenotype is
detectable at 10 weeks of age. However, ultrastructural
and histochemical studies, and lipid analysis demon-
strate the classic lamellar inclusions in the kidney and
accumulation of Gb3 in the liver, kidneys and in cul-
tured fibroblasts. In the kidney the lipid inclusions are
first seen in renal tubular cells. Enzyme activity can be
restored in cultured embryonic fibroblasts of the defi-
cient mice by transducing the cells with a retrovirus
containing the α-Gal A gene, resulting in decreased
accumulation of Gb3 in the fibroblasts. Infusion of
transduced bone marrow cells corrects the enzyme
deficiency and reduces glycosphingolipid stores in
α-Gal A-deficient mice.225

Diagnosis

Diagnosis of the hemizygote patient can usually be
made on clinical grounds with the additional informa-
tion from slit lamp examination of the eye. The diagno-
sis should be confirmed by demonstrating decreased to
absent α-Gal A activity in serum, leukocytes, cultured
skin fibroblasts or biopsied tissue. Atypical variants

2861STORAGE DISORDERS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



may have enzyme activity up to 35% of normal.220A
dissociation may also exist between serum and tissue
enzyme activity.

Heterozygous females have intermediate levels of
α-Gal A activity but values may be in the low normal
range making measurement of enzyme activity an
insensitive way of diagnosing carriers. Alternatives
include careful slit lamp eye exam, measuring urinary
ceramide digalactoside and trihexoside, or by molecu-
lar techniques using restriction fragment length poly-
morphisms of either the α-Gal A gene or closely linked
markers on the X-chromosome.213 Identification of car-
riers is particularly relevant when family members are
being considered as living kidney donors.226

Measurement of chorionic villus enzyme level or the
enzyme level in cultured amniotic cells is possible.227

Treatment

Until recently, clinicians could offer little beyond
palliative, symptomatic care to patients with Fabry dis-
ease, including carbamazepine and gabapentin, or nar-
cotics, for neuropathic pain, antihypertensive therapy
and platelet antagonists. However, the landscape of
Fabry therapy has been transformed over the past sev-
eral years by the introduction of enzyme replacement
therapy using recombinant human α-Gal A
(agalsidase).

Studies conducted in the 1970s showed that injection
of α-Gal A purified from human plasma resulted in
transient reduction in plasma Gb3.228,229 Production of
sufficient enzyme for clinical trials was not possible
until the advent of recombinant DNA technology. In
2001, Ioannou and colleagues described pre-clinical
studies in α-Gal A-deficient mice showing that recom-
binant human enzyme lowered tissue and plasma
Gb3,230 providing the rationale for human treatment
trials.

Phase I/II clinical trials demonstrated that agalsi-
dase produced dose-dependent reductions in plasma,
tissue and urine Gb3 in Fabry patients.231,232

Randomized clinical trials showed that agalsidase
administration over 5�6 months resulted in reduced
plasma and urine Gb3, amelioration of neuropathic
pain, enhanced quality of life, clearing of Gb3 deposits
from kidney, heart and skin, and improved cerebral
blood flow.233�235 A multicenter longitudinal study
showed that algasidase stabilized renal function in
patients with mild to moderate renal impairment at
baseline, and reduced left ventricular mass in those
with left ventricular hypertrophy at baseline, over one
to two years of treatment.236,237 Agalsidase therapy has
been recommended for all affected males and symp-
tomatic carrier females.238

Long-term therapeutic outcomes of agalsidase ther-
apy are also promising.239 Left ventricular mass index

remained stable in patients without baseline ventricu-
lar hypertrophy and decreased significantly in those
with ventricular hypertrophy at the onset of therapy.
Pain severity decreased, and quality of life indicators
increased, with therapy. Glomerular filtration rate was
stabilized by therapy. Trials testing agalsidase therapy
against placebo have shown reduced rate of loss of
renal function in agalsidase-treated patients, although
no effect on proteinuria was observed.240

A problem that may affect the long-term efficacy
of agalsidase treatment is development of neutraliz-
ing antibodies to the enzyme. Linthorst and collea-
gues found that 11/16 Fabry males developed high
titers of neutralizing IgG antibodies to α-Gal A. After
six months of treatment, antibody-negative patients
had significantly lower urine Gb3 levels compared to
antibody-positive patients, suggesting that the antibo-
dies interfered with renal tubular Gb3 clearance.241

However, the impact of α-Gal A antibodies on the
efficacy of agalsidase treatment remains to be deter-
mined. A recent analysis found no correlation
between anti- α-Gal antibody titers and rate of
change in glomerular filtration rate during
treatment.242

Options for managing end-stage renal failure in
Fabry patients include dialysis and transplantation.
Initial reports of kidney transplantation for Fabry dis-
ease suggested that the allograft might serve to correct
the underlying metabolic defect.243�245 However, kid-
ney transplantation does not improve the systemic
manifestations of the disease.246,247 Graft and patient
survival rates for patients with Fabry disease are simi-
lar to those in patients with other diagnoses.248

Glycosphingolipid can accumulate in the transplanted
kidney but the deposits are detectable only by electron
microscopy predominantly in capillary endothelial
cells.249,250 Loss of the allograft from recurrent disease
has not been described. Transplanting the kidney from
a heterozygote can result in recurrent disease making
donor screening important.226 Renal allograft recipients
with Fabry disease are candidates for agalsidase
treatment.251

Fabry Disease in Childhood

The signs and symptoms of Fabry disease, partic-
ularly pain crises, acroparesthesias, angiokeratomas
and corneal opacities, typically have their onset in
childhood, although a specific diagnosis is frequently
delayed until well into adulthood.252,253 Albuminuria
and characteristic renal histological abnormalities
have been described in children and adolescents
with Fabry disease.254,255 Agalsidase therapy in a
small number of pediatric patients was associated
with clearing of GL-3 from dermal capillary endo-
thelium, and mild or moderate infusion-associated
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reactions.256 In another study, affected children
treated with agalsidase resulted in reduced plasma
and urine GL-3 levels and decreased pain
severity.257

OTHER STORAGE DISORDERS
ASSOCIATED WITH GLOMERULAR

DYSFUNCTION

Glomerular dysfunction may be detected in patients
with various inherited storage diseases, associated
with accumulation of the storage material in glomeru-
lar cells, mesangium or GBM (see Table 84.1).
Deficiency of the enzyme lecithin-cholesterol acyltrans-
ferase (LCAT) prevents esterification of plasma choles-
terol and thus interferes with reverse cholesterol
transport from tissues to the liver. The accumulation of
free cholesterol in tissues results in a variety of clinical
abnormalities, including proteinuria that frequently
progresses to ESRD.258 Light microscopic features of
the kidney in LCAT deficiency include mesangial
expansion and glomerular capillary wall thickening.
The ultrastructural findings are distinctive, consisting
of numerous, irregular lucencies in the mesangium and
GBM that contain dense granular or membrane-like
structures. These lesions regularly recur in renal
transplants.

Sialidosis results from deficiency of sialidase,
which removes terminal sialic acid residues from
sialyl-oligosaccharides released during glycoprotein
degradation. Consequently, sialic acid-rich material
accumulates in various tissues.Renal involvement,
manifested by proteinuria, occurs in type II, or dysmor-
phic-type, sialidosis.259 Light and electron microscopy
of renal biopsy specimens shows massively swollen
podocytes, due to the presence of innumerable thin-
walled cytoplasmic vesicles.260,261 Vesicles may also be
seen in mesangial, endothelial and tubular epithelial
cells. Material within these vesicles binds the lectin
wheat germ agglutinin, confirming the presence
of terminal sialic acid moieties. Podocyte detachment
has been observed in sialidosis and may be patho-
genetically related to the proteinuria.260,262 Prominent
accumulation of storage material in podocytes
has also been described in I-cell disease, in which
a mixture of mucopolysaccharides, lipids, and oligo-
saccharides accumulates,263 and in Hurler syndrome,
in which the stored material is mucopolysaccharide.264

Although renal disease is not unusual in older
patients with glycogen storage disease type 1 (GSD1)
due to glucose-6-phosphatase deficiency,265 it is not
clear that the pathologic changes in the kidney arise
from storage of glycogen. It has been proposed that

proteinuria and glomerulosclerosis in patients with
GSD1 result from hyperfiltration injury.

DISORDERS OF THE PODOCYTE SLIT
DIAPHRAGM

Congenital Nephrotic Syndrome of the Finnish
Type (CNF)

Clinical Features

This autosomal recessive condition is the predomi-
nant cause of massive proteinuria in the first month of
life. While Finland appears to have the world’s highest
incidence of CNF (about 1.2 cases/10,000 pregnancies),
cases in children of non-Finnish ancestry have been
reported from every part of the globe. Fetuses with
CNF exhibit proteinuria in utero, manifested by ele-
vated levels of α-fetoprotein in the amniotic fluid.266

Edema frequently appears during the first week of
life.267 Cerebral palsy-like neurological disease has
been described in a subset of patients, although the
mechanisms of association with CNF are unclear.268

Infants with CNF eventually develop renal failure,
however historically the effects of malnutrition, over-
whelming infection and thrombosis frequently resulted
in early death, prior to the development of ESRD.
Today, with aggressive therapy these children can sur-
vive infancy and grow sufficiently to undergo renal
transplantation, with excellent rates of patient and graft
survival.269,270 In recent years, the clinical spectrum of
glomerular disease due to NPHS1 mutations (see
below) has expanded to include childhood- and adult-
onset steroid-resistant nephrotic syndrome.271,272

Furthermore, the heterozygous state may, in some
cases, contribute to nephrotic syndrome occurring
sporadically.273,274

Pathology

Nephrogenesis appears to proceed normally in
kidneys of fetuses with CNF.275 However, histological
abnormalities such as focal mesangial hypercellular-
ity, dilatation of Bowman’s spaces and renal tubules,
and visceral epithelial cell foot process fusion and
microvillous transformation, are not unusual in these
kidneys. Postnatally, early histological findings
include mesangial hypercellularity and matrix expan-
sion. Bowman’s spaces and proximal tubules may
become cystically dilated.276,277 After six months, pro-
gressive glomerulosclerosis, tubular atrophy and
interstitial fibrosis are evident. Immunofluorescence
microscopy is typically unremarkable, except for
albumin reabsorption droplets in tubular epithelial
cells. Electron microscopy shows visceral epithelial
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foot process fusion and microvillous transformation,
while the GBM typically appears to be structurally
normal.Variants on the classical histology have been
described.278

Genetics and Pathophysiology

For many years efforts to understand the mechanism
of proteinuria in CNF focused on the composition on
the GBM, particularly proteins contributing to the neg-
ative charge of GBM, such as heparan sulfate
proteoglycan.279�282 However, the results of genetic
mapping studies carried out in the 1990s, culminating
in positional cloning of the NPHS1 gene encoding
nephrin, brought about a dramatic shift in focus to the
podocyte slit diaphragm.283

Nephrin, an integral membrane protein with a single
transmembrane domain and 8 extracellular
immunoglobulin-like domains, is expressed at the slit
diaphragms between glomerular visceral epithelial cell
(podocyte) foot processes284; it is the cardinal member
of the nephrin family of proteins.285 The critical role of
nephrin in maintaining glomerular permselectivity was
confirmed in nephrin-knockout mice, which develop
massive proteinuria in utero and exhibit absence of
podocyte foot processes and slit diaphragms.286

Nephrin strands from adjacent foot processes appear to
interact to form pores in the slit diaphragm.287 Nephrin
interacts with several proteins, including podocin,288

CD2-associated protein (CD2-AP)289 and the related
adaptor protein CIN85/RukL,

290 ion channels,291,292

junctional proteins293,294 and the nephrin analogs
Neph1295 and Neph2.296 The cytoplasmic tail of
nephrin undergoes phosphorylation at several tyrosine
residues in a tightly regulated process involving Src
family protein kinases.297�300 Covalent modifications of
nephrin and interactions with its binding partners have
been implicated in a variety of slit diaphragm functions
including barrier formation, turnover, cell signaling
and cytoskeletal regulation. Further studies in model
systems have shown that nephrin can activate tran-
scription, and that this function is enhanced by the
interaction of podocin with the tyrosine-
phosphorylated cytoplasmic tail of nephrin.288,301

Disease-causing mutations have been identified
throughout the NPHS1 gene, attesting to the functional
importance of both the intracellular and extracellular
domains of the protein.302 Two mutations in
NPHS1, Fin major (nt121delCT) and Fin minor
(R1109X), were found to account for .90% of Finnish
NPHS1 patients.283,303A variety of other mutations
in NPHS1 (.140) have been found in non-Finnish
patients.278,302,304�308 Milder forms of kidney disease
may occur in some homozygotes and compound het-
erozygotes in whom at least one mutation is “mild,”

resulting in a protein that traffics to the cell membrane
and retains partial function.302,271

Diagnosis

NPHS1 mutations are the predominant, but not sole,
cause of nephrotic syndrome in the first month and
account for an estimated 40 to 60% of nephrotic syn-
drome cases in the first three months of life.278,309,308

Some infants with clinical CNF have mutations in
podocin, the product of the NPHS2 locus, and a con-
genital form of focal segmental glomerulosclerosis
(FSGS) has been described in patients with NPHS1
mutations in conjunction with mutations in NPHS2
(see below).302 Other conditions that may present with
early nephrotic syndrome include congenital infec-
tions, renal disorders that typically present in late
infancy and childhood, such as minimal change
nephrotic syndrome and FSGS, and diffuse mesangial
sclerosis (DMS), with or without other features of
Denys-Drash syndrome (see below). Features consis-
tent with a diagnosis of CNF include placental enlarge-
ment (placental weight greater than 25% of birth
weight), positive family history of early nephrotic
syndrome and intrauterine proteinuria, indicated by
elevated amniotic fluid levels of α-fetoprotein.
Hypoalbuminemia is generally severe at presentation
(, 1 gm/dL).Infants with CNF characteristically main-
tain a normal GFR through at least the first six months
of life, so rapid deterioration of renal function should
suggest another diagnosis. Renal biopsy after three to
six months will reveal the typical histology of CNF
which, while not necessarily specific, differs substan-
tially from the histology of DMS, FSGS and nephropa-
thies associated with congenital infection.The cloning
of NPHS1 and NPHS2 and the availability of commer-
cial mutation analysis have enhanced diagnostic preci-
sion in infants with nephrotic syndrome. Because of
the clinical and histological overlap between NPHS1-
and NPHS2-related disease, molecular diagnostic
approaches should incorporate analysis of both
genes.302 Screening for less frequent mutations in the
WT1, LAMB2 and PLCE1 genes can be considered in
cases in which NPHS1/NPHS2 analysis is non-
diagnostic or kidney biopsy demonstrates DMS.

Prenatal diagnosis of CNF due to NPHS1 mutations
is complex.310 Fetuses with CNF due to NPHS1 muta-
tions exhibit elevated amniotic fluid α-fetoprotein
(AFP) levels during the second trimester.266 However,
amniotic fluid AFP may be elevated in other condi-
tions, such as neural tube defects, and there is overlap
between the amniotic fluid AFP levels of fetuses with
CNF and healthy carriers of NPHS1 mutations.311

Prenatal diagnosis of CNF is greatly facilitated if the
disease-causing mutation in the family is known.312 If
the mutation is not known, sequencing of the entire
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NPHS1 gene within the required time interval may not
be possible. In this situation, the finding of elevated
amniotic fluid AFP should prompt a fetal ultrasound
to exclude a neural tube defect, followed by serial mea-
surement of amniotic fluid AFP during the second tri-
mester. In fetuses with CNF AFP levels will remain
elevated, while levels will decrease in healthy carriers
of NPHS1 mutations.310

Treatment

With appropriate management, infants with CNF
can thrive sufficiently to allow successful renal trans-
plantation.269,270 However, such treatment is complex,
requiring meticulous attention to nutrition, albumin
replacement, correction of hypothyroidism, prophy-
laxis and prompt recognition and treatment of bacterial
sepsis, and prevention of thrombosis. Elective bilateral
nephrectomies are performed once the child’s real
weight reaches about 7 kg. A period of hemo- or perito-
neal dialysis for 6�8 weeks allows for optimization of
nutrition and normalization of plasma proteins, and
then the child undergoes transplantation. While this
approach has resulted in excellent rates of patient and
graft survival, others have advocated unilateral
nephrectomy combined with captopril and indometha-
cin therapy and later renal transplantation.313

Autosomal Recessive Steroid-Resistant
Nephrotic Syndrome

Clinical Features

Fuchshuber and colleagues first classified familial
autosomal recessive SRNS as a subgroup of idiopathic
nephrotic syndrome for genetic mapping studies that
culminated in the identification of the NPHS2 gene and
its gene product podocin.314,315 The defining clinical
features included: familial occurrence, childhood-onset
of nephrotic syndrome, resistance to steroid therapy,
rapid progression to ESRD and absence of recurrence
after kidney transplantation. It has since become evi-
dent that SRNS due to NPHS2 mutations is the single
most common cause of nephrotic syndrome during
the first year of life, accounting for 30 to 40% of cases.309

Furthermore, 10 to 30% of patients presenting as spo-
radic cases of childhood-onset SRNS represent homozy-
gous or compound heterozygous offspring of
unaffected heterozygous parents, with estimated frequen-
cies dependent on racial and ethnic background.316,317�320

Among large cohorts of childhood-onset SRNS, age
at presentation has been reported to range from
,months to 24 years, with estimated means of 3 to 6
years.320�322 Age at ESRD has been reported to range
from 4 to .27 years, with estimate means of 8 to 10
years. Patients with SRNS and homozygous or

compound heterozygous NPHS2 mutations appear to
suffer accelerated progression of disease, in compari-
son to patients with SRNS but without these
mutations.323,320

Variable clinical presentations associated with path-
ogenic NPHS2 mutations are well described. There are
several reports of infantile SRNS demonstrating clinical
overlap with CNF; these cases result from NPHS2
mutations that may be associated with digenic inheri-
tance of NPHS1 mutations.324,309,302,325 Familial forms
of adult-onset focal glomerulosclerosis also result from
NPHS2 mutations.326 By comparison to childhood-
onset cases, adult-onset cases demonstrate variability
in penetrance and clinical course, and association with
compound NPHS2 mutations including common
polymorphisms (see below). Viewed in this light,
childhood-onset SRNS may represent the most severe
manifestation of NPHS2-linked glomerular disease,
modified by other as yet incompletely undefined
genetic and environmental factors.327 The overall con-
tribution of NPHS2 mutations to sporadic cases of focal
glomerulosclerosis is uncertain but almost certainly
lower in adults than children.328,316,329,330,331,332,326

Extrarenal manifestations of SRNS associated with
NPHS2 mutations have not been described. Indeed,
multisystem findings suggest the likelihood of an alter-
native primary diagnosis. Additional clinical features
of familial SRNS are described below.

Pathology

In familial SRNS, more than 60% of kidney biopsy
specimens demonstrate focal glomeruloscerosis as the
principal finding.319,321,333 Variable findings include
mesangial expansion, and IgM, IgG and/or comple-
ment component deposition. Remaining biopsy speci-
mens generally demonstrate minimal change, although
other histological findings have been described.319

Genetics and Pathophysiology

Fuchschuber and colleagues first established link-
age of a gene for autosomal recessive SRNS in eight
families to chromosome 1q-25-q31.315 Boute and col-
leagues later reported identification of the NPHS2
gene and pathogenic mutations in these and several
additional families.314 The NPHS2 gene spans eight
exons over 25 kb, producing a 1853-base pair tran-
script and a 383-amino acid protein, termed
podocin.

Podocin is a member of the prohibitin homology
(PHB)-domain family, a family of membrane pro-
teins that associate preferentially with cholesterol-
rich lipid rafts in which they play specialized
roles.334 Podocin contains a 104-amino acid amino-
terminal intracellular domain, a 17-amino acid
amino-terminal-adjacent intramembranous domain
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and a 262-amino acid carboxy-terminal intracellular
domain; the intramembranous domain mediates
attachment to the inner leaflet of the cell membrane
and thus confers a hairpin structure.

Several important aspects of podocin function have
recently been elucidated. Podocin is expressed in the
kidney exclusively, within podocyte foot process
plasma membranes at sites of insertion for slit dia-
phragms.314,335,289 Podocin forms homo-oligomers and
interacts with nephrin and other slit diaphragm pro-
teins within specialized plasma membrane domains,
suggesting roles in slit diaphragm formation, mainte-
nance and/or signaling.288�290 Like other PHB-domain
proteins, podocin binding to cholesterol is required for
important cellular effects: in particular, podocin regu-
lates the activity of TRPC6 ion channels,336 calcium-
permeable cation channels associated with the slit
diaphragm and implicated themselves in inherited
glomerular disease (see below). The phenotypes of
podocin-mutant mice have confirmed the importance
of podocin in slit diaphragm development and
maintenance.337�339

To date, over 100 NPHS2 mutations have been iden-
tified. The majority are missense mutations, with the
remainder nonsense, frameshift and splicing
mutations.319�321,340 Large genetic rearrangements have
not been described. NPHS2 mutations are distributed
throughout the gene, with genotype-phenotype correla-
tions suggesting that protein-truncating mutations
correlate with earlier onset of disease.341,320 Disease-
associated amino acid-substitutions may alter expres-
sion levels and/or intracellular trafficking301,342�344 and
produce disturbances in homo-oligomerization,
protein-protein interactions and/or recruitment of
nephrin and other slit diaphragm protiens to special-
ized plasma membrane domains.301,342,326,336,344 The
R229Q variant of podocin has attracted particular atten-
tion. Present in various ethnic populations at a fre-
quency of 1-6%, this variant may contribute to disease
pathogenesis, most convincingly in the presence of
additional genetic mutations.273,326,327,330,332,345

Diagnosis

SRNS is a clinicopathological entity diagnosed a pos-
teriori. A positive family history can indicate a genetic
basis for SRNS.The role of NPHS2 mutational analysis
in the diagnosis and management of nephrotic syn-
drome is evolving. On the basis of available data, a sig-
nificant percentage of children and an unknown but
much smaller percentage of adults will have NPHS2
mutations at first presentation with nephrotic syn-
drome, suggesting that genetic testing may not be use-
ful in adults. Nonetheless, identification of NPHS2
mutations can minimize patient exposure to ineffective

and potentially harmful treatments.Several investiga-
tors have advocated genetic testing in familial cases of
nephrotic syndrome or concomitant with first-time
empiric steroid therapy in non-familial cases.323,340

Others have argued that knowledge of genetic status
serve as an entry criterion for clinical trials.346 NPHS2
testing may reveal polymorphisms of uncertain clinical
significance, posing challenges in diagnosis and
management.

Treatment

Resistance to steroid therapy is a diagnostic feature
of SRNS. Criteria for steroid resistance itself have been
outlined.347 Importantly, retrospective studies have
now confirmed steroid resistance in large groups of
patients with homozygous or compound heterozygous
NPHS2 mutations.321,319 Partial response patterns with
steroid-dependence have also been reported for a small
number of patients with heterozygous NPHS2
mutations.321

There are no established treatments for familial
SRNS. In retrospective analyses of small groups of
patients with NPHS2 mutations, cytotoxic agents have
not been effective.319,348 Reports on the use of cyclo-
sporine A are limited.321,348

Kidney transplantation is the preferred treatment for
patients near or at ESRD. Recurrence of proteinuria
after kidney transplantation for familial SRNS is infre-
quent. Weber and colleagues320 reported the recurrence
of proteinuria in only one of 32 patients with patho-
genic NPHS2 mutations, and Ruf and colleagues319 in
only two of 24 patients; in none of these cases were
biopsy findings reported. By contrast, Ruf and collea-
gues reported recurrence of proteinuria in seven of 20
patients (35%) with SRNS but without NPHS2 muta-
tions. In a contrasting series of reports, Bertelli, Caridi
and colleagues reported recurrence of proteinuria in
patients with NPHS2 mutations comparable in fre-
quency to that in patients with SRNS but without
NPHS2 mutations.348,349 However, several of these
patients were NPHS2 heterozygotes with polymorph-
isms of unclear significance, raising uncertainty regard-
ing the primary diagnosis. In addition, the majority of
patients classified with recurrence of proteinuria
underwent empiric treatment for recurrent primary
disease without report of biopsy findings.

Winn and colleagues have emphasized caution in
selecting first-degree relatives of patients with familial
focal glomerulosclerosis as donors for kidney trans-
plantation,350 suggesting genetic risks for poor outcome
in donor and recipient. Outcomes of kidney transplan-
tation in patients with homozygous or compound het-
erozygous NPHS2 mutations and related donors have
not been reported.
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Nephrotic Syndrome, Early-Onset, Type 3

Clinical Features

In 2006, Hinkes et al. described linkage by homozy-
gosity mapping to chromosome 10q23 in seven of 26
consanguineous families with SRNS. Candidate-gene
sequencing identified homozygous mutations in the
PLCE1 gene encoding phospholipase Cε, thus the puta-
tive cause of NPHS3. Twelve affected children were
proteinuric by four years of age and nine progressed to
ESRD by age five. Remarkably, two children remitted
in association with treatment by steroids or cyclospor-
ine A.351 Homozygous and compound heterozygous
mutations have since been identified in 30% of cases of
early-onset SRNS with biopsy findings of diffuse
mesangial sclerosis (DMS)352; additional case series
have also suggested a close association with this spe-
cific clinicopathological entity.353,354 Disease-associated
mutations have been identified in unaffected family
members as well, indicating that the mutations are
incompletely penetrant, perhaps variably expres-
sive,353,355 and thus confounding on the matter of
treatment-responsiveness. Extrarenal manifestations of
this disorder have not been described.

Pathology

DMS with its hallmark features, described below in
connection with DDS, is the pathological entity most
closely associated with NPHS3.Indeed, PLCE1 muta-
tions are those most frequently identified in DMS.352

Focal glomerulosclerosis has been described in the bal-
ance of NPHS3 cases undergoing biopsy.351,353

Genetics and Pathophysiology

Human PLCE1 is a large gene spanning 34 exons
over .300 kb.It encodes at least two major forms of
phospholipase Cε—PLCε1a of 2,303 amino acids and
PLCε1b of 1,994 amino acids—that arise by alternative
splicing of exons 1 and 2 to exon 3 and thus differ at
their amino termini.356�358 The PLCE1 gene was cloned
by homology to other phospholipase C family mem-
bers. Accordingly, phospholipase Cε serves canonical
signaling pathways, hydrolyzing phosphatidyl inositol
4,5-bisphosphate to generate inositol 1,4,5-triphosphate
and diacylglycerol, involved respectively in down-
stream mobilization of intracellular Ca21 stores and
activation of protein kinase C Phospholipase Cε is one
of 13 known human phospholipase C family members,
and is alone in one of six subgroups encompassed by
this family.359

Like other phospholipase C family members,
phospholipase Cε contains core X and Y domains con-
stituting the catalytic domain, and upstream
pleckstrin-homology and EF-hand domains.360 In
recent years, it has become evident that phospholipase

Cε is otherwise unique, integrating a multitude of sig-
nals that emanate from extra- and intracellular-sources
and are mediated by major classes of heterotrimeric
and monomeric G proteins. As investigated in a variety
of cell culture and reconstituted systems, phospholi-
pase Cε: (1) Binds activated Ras family members at a
Ras association (RA) site downstream from the cata-
lytic domain; these interactions direct patterns of sub-
cellular localization and enzyme activation, and thus
mediate cellular responses to receptor tyrosine kinase
stimulation by ligands such as epidermal growth factor
and platelet derived growth factor.356,357,361�363 (2)
Binds Rho family members independent of Ras, by
which dual modulation of signaling inputs is
achieved.364 (3) Respond to stimulation via G protein-
coupled receptors, through Gα subunits Gα12/13

356,362

or Gβγ subunits,360 and/or monomeric G-protein sig-
naling intermediates including Rho and Rap.365,366 (4)
Catalyzes, by way of an amino-terminal CDC25
homology domain, guanine nucleotide exchange
(GEF), by which GDP bound to G protein is
exchanged for GTP, the activity of G proteins is reg-
ulated, and the possibilities for autoregulatory path-
ways expanded.367

Phospholipase Cε is in podocytes, where its roles
are as yet poorly understood but with preliminary
indications of specialized interactions with the IQ
motif-containing GTPase-activating protein 1
(IQGAP1), a multifunctional protein implicated in slit
diaphragm signaling,294,351 and B-RAF, a serine/threo-
nine kinase effecting diverse pathways of G protein
signaling.368,369

Over 20 disease-associated PLCE1 mutations have
been reported, the majority homozygous, truncating
mutations. Mutations span the gene and genotype-
phenotype correlations are not clearly evident.353

Inasmuch as mutations have been identified in unaf-
fected individuals, future considerations will include
modifier genes and oligogenic inheritance patterns,
mechanisms compensating for mutation effects, envi-
ronmental modifiers, etc., accounting for the multifunc-
tional nature of the protein.

Diagnosis

The frequency of PLCE1 mutations in childhood-
onset SRNS is uncertain. At present, it seems prudent
to reserve genetic testing for patients with biopsy find-
ings of DMS, parental consanguinity or early-onset
(age,4 years) manifestations with unrevealing NPHS1/
NPHS2 testing.The frequency of identified mutations
may decrease with age of onset and appears to be
negligible among adults.370,371 Heterozygous mutations
have been identified and remain of unclear
significance.371
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DISORDERS OF THE PODOCYTE
CYTOSKELETON

Autosomal Dominant Focal Segmental
Glomerulosclerosis

At least four loci—FSGS1, FSGS2, FSGS3 and
FSGS4—have been implicated in genetic subtypes of
focal glomerulosclerosis.By comparison to genetic
causes of nephrotic syndrome in early childhood, those
at the root of late-onset focal glomerulosclerosis
occur in autosomal dominant patterns with perhaps
wider variability in penetrance and expressivity.
Mutations at these loci are rare.Notwithstanding,
studies on these loci have provided insights into bio-
logical pathways required for maintenance of glomer-
ular function.

FSGS1: Kaplan and colleagues identified mutations
in the ACTN4 gene encoding α-actinin-4 in three fami-
lies with autosomal dominant focal glomerulosclero-
sis.372 Kidney disease in affected family members was
marked by incomplete penetrance, detection of protein-
uria during adolescence or adulthood, slow progres-
sion of kidney disease and variable progression to
ESRD.372,373 Biopsy findings of focal glomerulosclerosis
established the diagnosis in several probands from
each of the families. Disease-causing ACTN4 mutations
have since been reported in additional families but not
definitively—and not widely—in screening studies of
patients with sporadically occurring focal
glomerulosclerosis.328,374,375

Alpha-actinin-4 is one of four α-actinin family mem-
bers implicated in filamentous F-actin-binding, cyto-
skeletal organization and other diverse cellular
functions.376 α-actinins-1 and -4 are expressed primar-
ily in non-muscle cells, and α-actininis-2 and -3 in mus-
cle cells.Identified originally by expression cloning, the
ACTN4 gene on chromosome 19q13 encodes a 3893-
base pair transcript and 911-amino acid protein, 86%
identical to the cardinal α-actinin-1 family member.377

Each α-actinin family member contains an amino-
terminal head composed of two calponin-homology
domains constituting the actin-binding domain, a cen-
tral rod domain composed of four spectrin repeats, and
a carboxy-terminal calcium-binding calmodulin-like
domain. The α-actinins homo-dimerize, forming anti-
parallel “dumbbells” that bridge F-actin fibers. In
recent years, it has become clear that spectrin repeats
within the rod domain confer strength and elasticity on
α-actinin-mediated cross-links. Moreover, the spectrin
repeats can bind a myriad of proteins, both within F-
actin filaments and within specialized cellular domains
that can include intercellular junctional complexes,
focal adhesions at sites of cell-matrix interactions, and
cellular processes and protrusions. The body of

evidence indicates that the α-actinins are multifunc-
tional, participating in the regulation of diverse cellular
behaviors including cell adhesion and motility.

Alpha-actinin-4 but not -1 is present within the kid-
ney glomerulus; its expression and distribution are
subject to regulation in experimental glomerular dis-
ease.372,378 Among the small number of disease-causing
ACTN4 mutations reported to date, most are missense
mutations within exon 8, altering the actin-binding
domain and thus the binding properties of the mutant
protein.372,375,379 Disease-associated α-actinin-4 mutants
bind F-actin with higher affinity than the wild-type
form, a gain of function offering a tenable explanation
for autosomal dominant inheritance.372,380 Follow-up
studies of α-actinin-4 mutants suggest that cellular
disease mechanisms are more complicated. In kidney
biopsies from FSGS1 patients, and in a variety of
model systems, α-actinin-4 mutants aggregate abnor-
mally, undergo rapid degradation and/or fail to traf-
fic to the sites of F-actin filaments, implying that loss-
of-function mechanisms distinct from altered actin
binding may prevail.381�384 Homozygous mice ren-
dered deficient in α-actinin-4 by targeted mutagenesis
die prematurely with severe glomerular disease, a
process mediated at least in part by defects in α-acti-
nin reinforcement of integrin-mediated podocye
attachments, further emphasizing the likelihood of
loss of function mechanisms.385,386 Given these multi-
functional roles of the α-actinins, it is likely that the
effects of ACTN4 mutations ramify widely through
the glomerulus, by mechanisms still incompletely
understood.

FSGS2: Winn and colleagues described a large New
Zealand family with kidney disease segregating in an
autosomal dominant pattern.387,388 Affected indivi-
duals presented at a mean age of 33 years with protein-
uria and elevation of serum creatinine; more than ten
family members evaluated by kidney biopsy demon-
strated focal glomerulosclerosis. Extrarenal manifesta-
tions of genetic disease were not described. Mapped to
chromosome 11q21�q22, the disease gene was eventu-
ally identified as TRPC6 encoding the transient recep-
tor potential C6 ion channel.389 Reiser et al.
simultaneously reported TRPC6 mutations in five fami-
lies with autosomal dominant FSGS.292 Mutations have
since been reported in additional families with
adult-390 or childhood-391 onset of disease, and in spo-
radic cases from a large Spanish cohort.392

TRPC6 is a member of the transient receptor poten-
tial (TRP) superfamily of ion channels, and specifically
the “canonical” subgroup comprised of seven channels
(C1-7) in mammals that share sequence homology with
each other and Drosophila orthologues.393 TRPC6 con-
tains six transmembrane domains within which the
fifth and sixth domain putatively form the channel
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pore. Both the amino-terminal domain containing
ankyrin repeats, and the carboxy-terminal containing a
proline-rich region, are intracellular, and offer regula-
tory sites for channel activity and turnover. TRPC6
forms homo-oligomers and—with other TRPC sub-
group members—hetero-oligomers, constituting Ca21-
permeable, non-selective cation channels effecting
localized changes in intracellular Ca21, and thus a vari-
ety of cellular processes including cytoskeletal
remodeling394�396 and secondary ion channel activa-
tion.397 TRPC6 is widely expressed.In kidney, it is
expressed in glomeruli and tubules and—within glo-
meruli—in endothelial cells, mesangial cells and the
cell body, and primary and foot processes of podo-
cytes.292,389 TRP channels including TRPC6 are widely
recognized as cellular sensors.Like other TRPC sub-
group members, TRPC6 is activated by phospholipase
C-coupled receptor signaling pathways originating
from G protein-coupled receptors and receptor tyrosine
kinases.398 TRPC6 may also be mechanosensi-
tive,336,399,400 of potential importance to its functions in
the glomerulus under conditions of pressurization and
mechanical stress. TRPC6 interacts directly with
nephrin and podocin in heterologous systems suggest-
ing a specific role(s) in the slit diaphragm.292

Disease-causing TRPC6 mutants investigated in het-
erologous systems operate by gain of function, ampli-
fying Ca21 signals. All but one (“K874X”) of seven
described to date are missense mutations in the amino-
or carboxy-terminus. Mutations variably cause
increases in agonist-induced, channel-mediated whole-
cell currents292,389 or Ca21 transients,390 or delays in
wild-type patterns of voltage-dependent channel
inactivation.391 The P112Q mutation within the amino-
terminal-most ankyrin repeat increases surface expres-
sion of the channel.389 The mechanisms by which
TRPC6 mutants modify cellular processes so as to con-
tribute to disease progression are likely complex and
otherwise at an early stage of elucidation.

FSGS3: The importance of the adaptor protein CD2-
associated protein (CD2AP) in glomerular function
was first demonstrated in a targeted mouse mutant.401

Homozygous mice with complete CD2AP deficiency
developed proteinuria and died prematurely of kidney
failure, with histological findings of mesangial hyper-
cellularity, abnormal extracellular matrix accumula-
tion, immunoglobulin deposition, and podocyte foot
process effacement. Heterozygotes demonstrated simi-
lar findings over a prolonged time course.402 Since
report of the CD2AP mutant mouse strain, additional
evidence has implicated CD2AP in human glomerular
disease. A heterozygous splicing mutation in the
CD2AP gene was identified in two of 45 patients with
idiopathic focal glomerulosclerosis.402 A homozygous
truncating mutation was identified in a 10-month-old

child with collapsing glomerulopathy.403 Three hetero-
zygous mutations with functional consequences were
identified in an Italian cohort of patients with sporadic
idiopathic FSGS.404

CD2AP was first identified as an adaptor protein for
CD2, a lymphocyte membrane protein that promotes
attachment to antigen-presenting cells.405 A Src homol-
ogy 3 (Sh3) domain-containing protein, CD2AP is
widely expressed and interacts with nephrin and podo-
cin, co-localizing with nephrin at sites of slit dia-
phragm insertion into podocyte foot processes, and
thus implying roles in slit diaphragm development,
maintenance and/or signaling.289,401,406�409 Kim and
colleagues have raised the possibility of roles for
CDAP in endocytic and protein degradation pathways
within glomerular cells, required for protein turnover
and maintenance of glomerular architecture;402 indeed,
at least one CD2AP mutation is associated with
decreased expression of nephrin and podocin.404 The
action(s) of CD2AP may be mediated in part through
actin binding, which is altered by at least one disease-
causing mutation.410,403

FSGS4: Brown et al. have described pathogenic
mutations in the INF2 gene encoding inverted formin
2, in nine families with autosomal dominant FSGS pre-
senting in adolescence or young adulthood.411 Kidney
biopsy findings in FSGS4 are generally typical of sec-
ondary FSGS. One additional family has been reported,
in which the proband was a 9 year-old boy presenting
with proteinuria.412

Inverted formin 2 (INF2) is a member of the formin
family, consisting of 15 members in mammals and
involved centrally in cytoskeletal remodeling.413 Like
that of other formins, the modular structure of INF2
consists of a diaphanous inhibitory domain (DID), for-
min homology 1 (FH1) and 2 (FH2) domains that
underpin actin filament nucleation and polymeriza-
tion/depolymerization processes, and a diaphanous
autoregulatory domain (DAD) that regulates formin
activity largely through inhibtory interactions with the
upstream DID. Extrapolating from other formins, INF2
operates as a dimer in which FH2 domains are paired
head-to-tail, forming a doughnut structure.Perhaps
uniquely among the formins, INF2 severs actin fila-
ments, an activity regulated by DID-DAD interac-
tions.414,415 INF2 may also be unique among the
formins in its endoplasmic reticulum localization415

and roles in vesicular trafficking.416

INF2 is widely expressed and, in the kidney glomer-
ulus, appears to be expressed primarily within podo-
cytes.411 Disease-causing INF2 mutations described to
date are missense mutations within the DID. In heterol-
ogous systems, these mutations alter cellular INF2 dis-
tribution from a perinuclear pattern typical of the wild-
type protein to a more diffuse pattern. The effects of
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these mutations on a multitude of cellular processes
including cytoskeletal remodeling and vesicular traf-
ficking are likely manifold and await further
investigation.

MYH9-Related Disorders (Epstein and Fechtner
Syndromes)

Epstein and Fechtner syndromes are autosomal
dominant disorders that share some features with
Alport syndrome, including hematuria, progression to
ESRD and sensorineural deafness. In addition, patients
with these conditions have thrombocytopenia and
giant platelets, and Fechtner patients exhibit granulo-
cyte cytoplasmic inclusions known as Döhle-like bod-
ies.417,418 At least some of these patients have
ultrastructural GBM changes that resemble those of
Alport syndrome.419,420 Epstein and Fechtner syn-
dromes are transmitted as autosomal dominant
conditions.418�425

Until recently Epstein and Fechtner syndromes were
considered variants of Alport syndrome. However,
recent molecular studies have demonstrated that these
disorders have a distinct pathogenesis. First, both dis-
ease loci were mapped to chromosome 22q11-13.427,428

This led directly to the finding that Epstein and
Fechtner syndromes, along with two other genetic con-
ditions featuring giant platelets, Sebastian syndrome
and May-Hegglin anomaly, and nonsyndromic heredi-
tary deafness DFNA17, result from heterozygous muta-
tions in the gene MYH9, which encodes nonmuscle
myosin heavy chain IIA (NMMHC-IIA).429�432

Clinical Features

Kidney disease is a defining feature of Epstein and
Fechtner syndromes but occurs in fewer than 50% of
patients with MYH9 mutations.431,433�435 It is character-
ized by variable hematuria, proteinuria and chronic
kidney disease, from mild to progressive and leading
to ESRD by late adolescence.424,435�437 Intra-familial
differences in kidney disease have been described.438

Hematological abnormalities are nearly universal in
MYH9-related disorders and always accompany kid-
ney disease; their clinical features have been
reviewed.439 Sensorineural hearing loss is more fre-
quent than kidney disease and may occur in the
absence of other disease manifestations.429,431,433

Cataracts are a further manifestation of MYH9-related
disorders.433,435

Pathology

Light microscopic findings in Epstein and Fechtner
syndromes are non-specific and include glomerulo-
sclerosis and tubulointerstitial fibrosis. Glomerular

basement membrane changes seen by electron micros-
copy have been likened to those in Alport syndrome,
with variable thickening, thinning and
lamination,419,420,440�442 but findings of normal-
appearing glomerular basement membrane have also
been reported.438,441

Genetics and Pathophysiology

Three non-muscle myosin class II isoforms are
expressed in human tissues, NMMHC-IIA, IIB and
IIC.443 While platelets and granulocytes express the IIA
isoform exclusively, the kidney, eye and ear express
the IIA isoform as well as at least one additional iso-
form, an arrangement that likely influences the clinical
phenotype of MYH9-related diseases.444 NMMHC-IIA
consists of an amino-terminal motor domain that cata-
lyzes the hydrolysis of ATP and binds to actin, and a
tail domain that participates in dimer formation.445 The
basic functional unit of NMMHC-IIA is a hexamer in
which the dimer is complexed with one pair of essen-
tial light chains and one pair of regulatory light
chains.446 Enzymatic activity of NMMHC-IIA is regu-
lated by phosphorylation of regulatory light chain, a
target of Rho signaling pathways.447,448 NMMHC-IIA
units assemble at the tail domain as filaments, i.e. bun-
dles, in which motor domains extend outward giving a
characteristic “bipolar” array,449 suited to isometric
contraction or net movement of bound actin bundles,
and thus constituting major components of the actomy-
osin motor complex within non-muscle cells.
Assembly/disassembly and functions of the actomyo-
sin motor complex are highly regulated, with α-actinin
playing an especially important role as an actin cross-
linker, alternating with myosin filaments to form a
pseudo-sarcomeric unit.450,451 In contrast to NMMHC-
IIB, NMMHC-IIA appears to spend little time bound
strongly to actin during its contraction cycle; it has
been postulated that this property confers a means of
rapid cytoskeletal adaptation to mechanical
stress.452,453

The mechanisms by which MYH9 mutations result
in glomerular disease are unknown.NMMHC-IIA is
expressed in the podocytes of adult kidneys suggesting
that absent or defective NMMHC-IIA could adversely
affect podocyte function, but the protein is also
expressed in mesangial and endothelial cells.454,455

Extrapolating from work in model cell lines, it is possi-
ble to postulate effects on cytoskeletal function, cell-
matrix interactions and/or cell-cell interactions.456�459

Non-muscle myosin is also implicated in extracellular
matrix turnover.460 Within podocytes, NMMHC-IIA
function is almost certainly connected to the highly
specialized localization and configuration of actomyo-
sin complexes within foot processes.461,462 To what
degree the roles of NMMHC-IIA in kidney overlap
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with those in blood cells—themselves at an early stage
of elucidation463—remains to be determined.

Over 100 mutations in the MYH9 have been
described but not all are independent having arisen
spontaneously in different families. Mutations occur in
well-described hotspots primarily in the tail domain;
most but not all are missense mutations.433,464,435 Motor
domain mutations impair NMMHC-IIA’s capacity to
move actin,465 while tail domain mutations compromise
filament assembly.466 Mutations affecting the motor
domain of NMMHC-IIA result in severe thrombocyto-
penia, greater numbers of neutrophil inclusions and
development of nephropathy and deafness before age
40, while tail domain mutations are associated with
milder degrees of thrombocytopenia, fewer neutrophil
inclusions and less severe renal and cochlear involve-
ment.435 The basis for genotype-phenotype correlations
are unknown with possibilities including tolerance for
tail mutation effects in kidney and/or overlapping func-
tions of NMMHC-IIB present in kidney but not bood
cells.Dominant negative effects of mutant NMMHC-IIA
proteins have been recapitulated in vitro.466

Diagnosis and Treatment

Epstein and Fechtner syndrome are diagnosed pri-
marily on clinical grounds. They are distinguished
from Alport syndrome by the accompanying hemato-
logic abnormalities and, in informative families,
demonstration of autosomal dominant inheritance.
Diagnostic considerations in MYH9-related disease pre-
senting chiefly as a blood disorder are reviewed else-
where.433 Characteristic patterns of NMMHC-IIA
staining in blood cells may be a useful adjunct in diag-
nosis.467 MYH9 gene testing is commercially available.

There are no proven treatments in Epstein and
Fechtner syndrome. A study of four patients demon-
strated the anti-proteinuric effects of renin-angiotensin
inhibitors.435 Owing to platelet abnormalities, patients
with Epstein and Fechtner syndrome may be at
increased risk of peri-operative bleeding requiring spe-
cialty management.468

DISORDERS OF PODOCYTE GENE
REGULATION

Denys-Drash Syndrome (DDS) and Frasier
Syndromes

Clinical Features

DDS is a constellation of disorders that includes
Wilms’ tumor, XY gonadal dysgenesis with ambiguous
genitalia, and a nephropathy that typically presents as
infantile-onset nephrotic syndrome, with rapid pro-
gression to renal failure. The association of these

disorders was first described by Denys in 1967 and
subsequently by Drash in 1971.469,470 Children with
DDS may exhibit the complete constellation of abnor-
malities, or may exhibit nephropathy and genital
abnormalities without Wilms’ tumor, or nephropathy
and Wilms’ tumor without genital abnormalities.471

Thus the common feature of DDS patients is the
nephropathy. Proteinuria is usually documented dur-
ing infancy and is frequently of nephrotic range.
Microhematuria and hypertension are not uncommon.
Most patients progress to ESRD by three years of age.

In those patients with a 46XY karyotype, abnormali-
ties of the external genitalia vary from hypospadias
with cryptorchidism to clitoral enlargement with labial
fusion. External genitalia usually appear normal in
those whose karyotype is 46XX. Anomalies of the inter-
nal reproductive organs, including atrophy of the
vagina and uterus, streak ovaries or dysgenetic testes,
may occur with either karyotype. The abnormal gonads
of 46XY patients may evolve into gonadoblastoma.

Children with DDS are significantly more likely to
have bilateral Wilms’ tumor, and are considerably
younger when their tumors are identified, than chil-
dren with sporadic Wilms’ tumor.472 However the his-
tology and behavior of Wilms’ tumors associated with
DDS are similar to those of sporadic Wilms’ tumor.

Pathology

Although a variety of renal histologic abnormalities
has been reported in patients with DDS, Habib and her
colleagues demonstrated that the common glomerular
alteration in these patients is diffuse mesangial sclerosis,
or DMS.473 The glomerular changes of DDS-associated
DMS are somewhat variable, depending on the cortical
depth of the glomerulus, and therefore its degree of mat-
uration, and the timing of the biopsy or nephrectomy.
Juxtamedullary glomeruli show podocyte hypertrophy
and mesangial matrix increase without mesangial pro-
liferation. Middle cortical glomeruli show mesangial
expansion with obliteration of the capillaries, so that the
tuft appears to be a “solidified mass,” in Habib’s
words,473 covered by a corona of hypertrophied podo-
cytes. Bowman’s space is patent and sometimes appears
enlarged, although crescents may be present. Finally,
glomeruli in the subcapsular zone appear extremely
immature, with small tufts containing a few capillary
loops, surrounded by podocytes.With time, juxtamedul-
lary glomeruli acquire the appearance of middle cortical
glomeruli. This evolution suggests that the formation of
glomeruli is initiated more or less normally, but effec-
tive maturation is not sustained.

Genetics and Pathophysiology

DDS arises from mutations in WT1, the gene encod-
ing a transcription factor known as the Wilms’ tumor
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suppressor. The WT1 gene was identified in 1990, and
found to be homozygously deleted in a subset of spo-
radic Wilms’ tumors.474,475 In 1991, Pelletier and collea-
gues first reported missense mutations in the WT1
gene in DDS patients.476

The WT1 gene consists of 10 exons. The WT1 protein
has four zinc finger domains and a predicted molecular
weight of 47 to 49 kDa, according to the presence or
absence of two alternatively spliced exons.477 WT1-
expressing cells can generate four WT1 transcripts, car-
rying both, one or none of the alternative exons.The
first splice consists of a separate exon (exon 5) that
encodes a 17-amino acid sequence inserted between
the proline-rich amino-terminal domain and the
carboxy-terminal zinc finger domains. The second
splice results in the insertion of three amino acids—
lysine (K), threonine (T) and serine (S)—between zinc
fingers 3 and 4. WT1 products containing this second
insertion are termed WT11KTS, while those lacking it
are designated WT1 2 KTS. The predominant WT1
transcript contains both alternative exons, while the
least prevalent transcript lacks both exons.

The WT1 protein contains at least two functional
domains. The proline-rich amino-terminal domain is
essential for transcriptional regulation and also
mediates self-association of WT1.478,479 The carboxy-
terminal domain consists of four Cys2-His2 zinc finger
motifs that mediate binding of WT1 protein to DNA.
Zinc fingers 2, 3 and 4 of WT1 exhibit strong homology
to the three zinc fingers of the early growth response
gene-1 protein product, EGR1,480,481 and WT1-KTS
binds to the consensus binding site for EGR1 (5’-GCG
(G/T)GGGCG-3’).480 However, WT1 binds with 20- to
30-fold greater affinity to a slightly different motif, 5’-
GCGTGGGAGT-3’, termed WTE.482 WT11KTS and
WT1 2 KTS appear to have somewhat different DNA
binding specificities,483 suggesting that alternative
splicing of WT1 may be functionally important.

In contrast to EGR1, a potent transcriptional activa-
tor, the WT1 protein represses transcription of most of
the genes to which it binds.484 In vitro studies have
demonstrated WT1-mediated transcriptional repression
of the genes encoding IGF-II,485 IGF-I receptor,486

PDGF-A chain,487,488 EGR1,489 TGF-β1490 and the EGF-
receptor.491 Transcriptional repression by WT1 may be
modulated by other proteins. For example, the ability
of WT1 to repress, rather than activate, transcription by
binding to the EGR1 consensus site appears to depend
upon the presence of the ubiquitously expressed
tumor suppressor p53.492 WT1 is also capable of
binding to RNA, and may regulate gene expression
by post-transcriptional as well as transcriptional
mechanisms.493

Introduction of wild-type WT1 into embryonal
tumors such as Wilms’ tumor and osteosarcoma

induces programmed cell death. WT1-induced apopto-
sis is characterized by repression of EGF-receptor
mRNA and protein, and by induction of the cyclin-
dependent kinase inhibitor p21, associated with G1
phase arrest.491,494,495

WT1 mRNA is expressed during nephrogenesis in
the condensed mesenchyme, renal vesicle and podo-
cytes.496,497 Podocytes of adult kidneys continue to
express WT1 mRNA, but at a reduced level compared
to the developing organ.496,497 In the induced mesen-
chyme, expression of WT1 mRNA is preceded by
increased expression of the paired-box transcription
factors PAX2 and PAX8; the PAX2 and PAX8 proteins
have been shown to bind and activate the promoter of
the WT1 gene, and to stimulate expression of endoge-
nous WT1.498,499 The temporal and spatial pattern of
WT1 mRNA expression is consistent with a role for
WT1 in mediating differentiation of nephrogenic mes-
enchyme to glomerular epithelium, and in maintaining
the epithelial phenotype of the podocyte.484 In this
scheme, loss of WT1 function can lead to uncontrolled
growth of metanephric blastema cells, resulting in
Wilms tumor, as well as aberrant podocyte differentia-
tion. WT1 mRNA is also expressed in primordial tissue
of the gonadal ridge, in ovarian follicular granulosa
cells, and in Sertoli cells of the testis.496,497 Normal mat-
uration of the gonads may also depend upon the func-
tional integrity of WT1. For example, WT1 acts
synergistically with the testis-determining factor SRY
to activate transcription from promoters containing
binding sites for SRY.500 XY mice lacking
KTS1 isoforms exhibit reduced expression of Sry in
the urogenital ridge and a female phenotype.501

Most patients with DDS have a mutation in exon 9
of the WT1 gene affecting the third zinc finger.502 The
predominant abnormality is a missense mutation
R394W that abolishes the DNA-binding activity of
WT1, as do the less prevalent missense mutations
D396B and R366H.503,504,476 Almost all of these muta-
tions appear to have arised de novo, but inheritance of
WT1 mutations has been described.471

Wilms’ tumors in DDS patients are hemizygous for
the mutant WT1 allele,476 indicating that the tumors
develop through a recessive mechanism. The persis-
tence of nephrogenic rests (undifferentiated mesen-
chyme) in DDS kidneys505 likely results from the
germline WT1 mutation. A Wilms’ tumor will then
result if a somatic mutation (“second hit”) of the nor-
mal WT1 allele occurs within a nephrogenic rest,
resulting in unrestrained cell proliferation.

In contrast to Wilms’ tumor, DMS and gonadal dys-
genesis in DDS do not occur by a recessive mechanism,
since DDS patients are heterozygous for their WT1
mutations. The dominant effect of DDS mutations
could reflect a gain of function by the mutant protein,
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but there is no evidence that any of the reported DDS
mutations impart new functions to WT1. Rather, it
appears that the DDS mutations behave in a dominant-
negative fashion, i.e., the mutant protein interferes
with the function of the product of the wild-type allele.
WT1 proteins can self-associate in vitro and in vivo,
mediated by domains in the amino-terminal region of
the protein.505,479 The association of mutant and wild-
type proteins antagonizes WT1-mediated transcrip-
tional repression.505,479 The dominant-negative effect of
DDS WT1 mutations helps explain why renal and geni-
tal abnormalities are more severe in DDS than in
patients with WAGR (Wilms-Aniridia-Genital-Renal)
syndrome, who have one wild-type WT1 allele, while
the other is a null allele due to a deletion or frameshift
mutation.

Individuals with typical DDS WT1 mutations but
without the DDS phenotype have been reported. For
example, Coppes et al found the R394W mutation in a
boy with DDS and in his father, who was phenotypi-
cally normal.471 Another child with this mutation had
Wilms’ tumor, but normal renal function and histology
at age seven.506 Such cases suggest that there are other
factors that influence the penetration or effects of WT1
mutations Phenotypic variation has been described
with other WT1 mutations as well.507

Frasier syndrome is another rare disorder character-
ized by male pseudohermaphroditism and renal fail-
ure.508 These patients have normal female genitalia and
an XY karyotype. Proteinuria appears during child-
hood, progressing to nephrotic syndrome and chronic
renal failure by adolescence or early adulthood. Renal
pathologic changes consist of focal and segmental glo-
merulosclerosis, rather than DMS. Development of
Wilms’ tumor in patients with Frasier syndrome is rare
but has been reported.509 These patients may not be
recognized until they undergo evaluation for primary
amenorrhea, and gonadoblastoma is a frequent compli-
cation. Screening of exons 8 and 9 of the WT1 gene in a
cohort of Frasier patients showed that they did not
carry typical DDS mutations.510 However, further stud-
ies of the WT1 gene in Frasier patients by Barbaux and
colleagues identified mutations in the donor splice site
in intron 9, which would be predicted to result in the
loss of the WT11KTS isoform.511 The differences
between DDS and Frasier syndrome suggest several
implications: (1) The WT11KTS isoform is particularly
important in the testicular differentiation program. (2)
Loss of the WT11KTS isoform does not prevent
nephrogenic mesenchyme from differentiating to the
point beyond which evolution into Wilms’ tumor is no
longer possible. (3) The WT1 2 KTS isoforms support
podocyte differentiation and function, at least to some
extent, resulting in relatively mild renal abnormalities,
in comparison to DDS. Intron 9 splice site mutations

have been described in male FSGS patients.512,513

However, WT1 splice-site mutations appear to be only
rarely associated with primary steroid-resistant FSGS,
in the absence of genital abnormalities.512

Diagnosis and Treatment

DDS should be suspected in children with protein-
uria in association with Wilms’ tumor and/or ambigu-
ous genitalia, and confirmed by renal biopsy and
karyotype analysis. In turn, the presence of DMS in a
kidney biopsy should prompt suspicion of DDS.
Screening of the WT1 gene for mutations is as yet avail-
able only in research laboratories. Evaluation of DDS
patients should include imaging of the internal repro-
ductive organs and, at some point, examination of
gonadal histology.

Because of the high risk for development of Wilms’
tumor, any remaining renal tissue should clearly be
removed once the child develops ESRD (some will
have had previous unilateral nephrectomy for Wilms’
tumor).514 Some clinicians favor prophylactic bilateral
nephrectomy, or removal of the remaining kidney after
excision of a unilateral Wilms, once the diagnosis of
DDS has been made, and then proceeding to trans-
plant.515 Other clinicians prefer to monitor such
patients for development of Wilms’ tumor in any
remaining renal tissue by frequent ultrasound exami-
nation, moving to nephrectomy and transplant when
ESRD supervenes. Gonadal tissue should be excised in
DDS patients with an XY karyotype, because of the fre-
quent occurrence of gonadoblastoma. Gonadectomy is
not necessary in those with an XX karyotype. In our
experience, children who have been free of Wilms’
tumor and off chemotherapy for one year, and who
have their gonads removed when indicated, exhibit
patient and graft survival rates comparable to our gen-
eral pediatric renal transplant population.

Nail-Patella Syndrome

Nail-patella syndrome (NPS) is an autosomal domi-
nant disorder consisting of hypoplasia or absence of
the patellae, dystrophic nails, dysplasia of the elbows
and iliac horns, and renal disease.516,517

Clinical Features

Renal Findings: clinically apparent renal disease
occurs in less than half of NPS patients.518,519 The
nephropathy is usually benign, with about a 10% risk
of progression to ESRD. The clinical signs of NPS
nephropathy include microhematuria and mild pro-
teinuria and appear in adolescence or young adult-
hood. Some patients develop nephrotic syndrome and
mild hypertension. The course of the nephropathy may
differ substantially in related individuals.
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Skeletal Defects: Absence or hypoplasia of the patel-
lae occurs in over 90% of NPS patients520 and may be
associated with effusions and osteoarthritis of the
knees. About 80% of patients exhibit osseous processes
projecting posteriorly from the iliac wings (iliac horns),
which are pathognomonic. Abnormalities of the elbows
include aplasia, hypoplasia, and posterior processes at
the distal ends of the humeri, and occur in over 90% of
patients.520

Nails: Nail abnormalities occur inmore than 90% of
patients, and tend to be bilateral and symmetric.520

Fingernails are more commonly affected than toenails.
The nails may be absent or dystrophic with discolor-
ation, koilonychia, longitudinal ridges, or triangular
lunulae. The latter finding is pathognomonic for
NPS.520

Pathology

There are no specific light or immunofluorescence
microscopic features of the NPS renal lesion. By elec-
tron microscopy the GBM, and on occasion the mesan-
gium, exhibits multiple irregular lucencies, producing
a “moth-eaten” appearance.521�524 These lucent areas
sometimes appear to contain cross-banded collagen
fibrils, which are better seen after staining with
phosphotungstic acid. The fibrils tend to be arranged
in clusters, with thickening of the adjacent GBM.
These fibrils may be observed in the kidneys in the
absence of clinically evident renal disease, but they
have not been found in extraglomerular basement
membranes.

Cross-banded fibrils of type III collagen have been
seen in GBM of patients with glomerular disease who
lack nail or skeletal abnormalities, sometimes as a
familial condition with autosomal recessive inheritance
(collagen type III glomerulopathy).525 Although colla-
gen type III glomerulopathy and NPS appear to be dis-
tinct diseases, a recent study identified the collagen
fibrils of NPS as type III collagen, suggesting a possible
pathogenetic relationship between these disorders.526

Pathogenesis

The etiology of NPS was unknown until recently.
Targeted disruption in mice of the LIM homeodomain
transcription factor gene Lmx1b resulted in skeletal
defects (hypoplastic nails and absent patellae) as well
as renal dysplasia.527 LMX1B, the human homolog of
Lmx1b, was found to map to chromosome 9q34, where
the NPS gene is located, and heterozygous mutations
in LMX1B were identified in patients with NPS.528 A
variety of mutations in LMX1B have been found in
NPS patients, including missense, splicing, insertion/
deletion and nonsense alterations.528�530 These find-
ings, along with the results of in vitro studies of the
transcriptional effects of mixing wild-type and mutant

LMX1B, suggest that haploinsufficiency of LMX1B,
rather than a dominant-negative effect, is the cause of
NPS.531,529

While LMX1B appears to be important for normal
limb and kidney development, the precise mechanisms
for the renal effects of LMX1B mutations remain under
investigation. LMX1B binds to an enhancer sequence in
intron 1 of the mouse and human COL4A4 genes and
stimulates reporter constructs containing this
sequence.532 Lmx1b-/- mice exhibit markedly reduced
GBM expression of the α3 and α4 chains of type IV col-
lagen.532 LMX1B binding sites have also been found in
the putative regulatory regions of the genes encoding
the slit diaphragm proteins podocin and CD2AP, and
these genes are down-regulated in Lmx1b-/- mice.533,534

However, Heidet and colleagues were unable to iden-
tify any abnormalities in the expression of type IV col-
lagen chains, podocin or CD2AP in the kidneys of NPS
patients, although they were able to identify the fibril-
lar material in NPS GBM as type III collagen.526

Treatment

There is no specific therapy for the nephropathy of
NPS. Renal transplantation has been performed suc-
cessfully, without apparent recurrence of the disease in
the transplanted kidney. Since NPS is an autosomal
dominant disorder, careful evaluation of potential liv-
ing related kidney donors for features of the disease is
essential.
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[73] Lemmink HH, Schröder CH, Monnens LAH, Smeets HJM. The
clinical spectrum of type IV collagen mutations. Hum Mutat
1997;9:477�99.

[74] Antignac C, Heidet L. Mutations in Alport syndrome associated
with diffuse esophageal leiomyomatosis. Contrib Nephrol
1996;117:172�82.

[75] Antignac C, Zhou J, Sanak M, et al. Alport syndrome and dif-
fuse leiomyomatosis: deletions in the 5’ end of the COL4A5
gene. Kidney Int 1992;42:1178�83.

[76] Zhou J, Mochizuki T, Smeets H, et al. Deletion of the paired a5
(IV) and a6(IV) collagen genes in inherited smooth muscle
tumors. Science 1993;261:1167�9.

[77] Heidet L, Cohen-Solal L, Boye E, et al. Novel COL4A5/COL4A6
deletions and further characterization of the diffuse
leiomyomatosis-Alport syndrome (DL-AS) locus define the DL
critical region. Cytogenet Cell Genet 1997;78:240�6.

[78] Heidet L, Dahan K, Zhou J, et al. Deletions of both a5(IV) and
a6(IV) collagen genes in Alport syndrome and in Alport syn-
drome associated with smooth muscle tumors. Hum Mol Genet
1995;4:99�108.

[79] Segal Y, Peissel B, Renieri A, et al. LINE-1 elements at the sites
of molecular rearrangements in Alport syndrome-diffuse leio-
myomatosis. Am J Hum Genet 1999;64:62�9.

[80] Heiskari N, Zhang X, Zhou J, et al. Identification of 17 muta-
tions in ten exons in the COL4A5 collagen gene, but no muta-
tions found in four exons in COL4A6: a study of 250 patients
with hematuria and suspected of having Alport syndrome. J
Am Soc Nephrol 1996;7:702�9.

[81] Kobayashi T, Uchiyama M. Characterization of assembly of
recombinant type IV collagen alpha3, alpha4, and alpha5 chains
in transfected cell strains. Kidney Int 2003;64(6):1986�96.

[82] Piez KA. Molecular and aggregate structures of the collagens.
In: Piez KA, Reddi AH, editors. Extracellular Matrix
Biochemistry. New York: Elsevier; 1984. p. 1�39.

[83] Kuvaniemi H, Tromp G, Prockop DJ. Mutations in fibrillar col-
lagens (types I, II, III, and XI), fibril-associated collagen (type
IV), and network-forming collagen (type X) cause a spectrum of
diseases of bone, cartilage, and blood vessels. Hum Mutat
1997;9:300�15.

[84] Prockop DJ. Mutations in collagen genes as a cause of
connective-tissue diseases. N Engl J Med 1992;326:540�6.

[85] Gross O, Netzer KO, Lambrecht R, Seibold S, Weber M. Meta-
analysis of genotype-phenotype correlation in X-linked Alport
syndrome: impact on clnical counseling. Nephrol Dial Transpl
2002;17:1218�27.

[86] Boye E, Mollet G, Forestier L, et al. Determination of the geno-
mic structure of the COL4A4 gene and of novel mutations caus-
ing autosomal recessive Alport syndrome. Am J Hum Genet
1998;63:1329�40.

[87] Ding J, Stitzel J, Berry P, Hawkins E, Kashtan C. Autosomal
recessive Alport syndrome: mutation in the COL4A3 gene in a
woman with Alport syndrome and posttransplant antiglomeru-
lar basement membrane nephritis. J Amer Soc Nephrol
1995;5:1714�7.

[88] Heidet L, Arrondel C, Forestier L, et al. Structure of the human
type IV collagen gene COL4A3 and mutations in autosomal
Alport syndrome. J Amer Soc Nephrol 2001;12:97�106.

[89] Knebelmann B, Forestier L, Drouot L, et al. Splice-mediated
insertion of an Alu sequence in the COL4A3 mRNA causing

2876 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



autosomal recessive Alport syndrome. Hum Mol Genet
1995;4:675�9.

[90] Lemmink HH, Mochizuki T, van den Heuvel LPWJ, et al.
Mutations in the type IV collagen a3 (COL4A3) gene in autoso-
mal recessive Alport syndrome. Hum Mol Genet
1994;3:1269�73.

[91] Mochizuki T, Lemmink HH, Mariyama M, et al. Identification
of mutations in the a3(IV) and a4(IV) collagen genes in autoso-
mal recessive Alport syndrome. Nature Genetics 1994;8:77�82.

[92] Ciccarese M, Casu D, Wong FK, et al. Identification of a new
mutation in the a4(IV) collagen gene in a family with autoso-
mal dominant Alport syndrome and hypercholesterolaemia.
Nephrol Dial Transpl 2001;16:2008�12.

[93] Longo I, Porcedda P, Mari F, et al. COL4A3/COL4A4 muta-
tions: from familial hematuria to autosomal-dominant or reces-
sive Alport syndrome. Kidney Int 2002;61:1947�56.

[94] van der Loop FTL, Heidet L, Timmer EDJ, et al. Autosomal
dominant Alport syndrome caused by a COL4A3 splice site
mutation. Kidney Int 2000;58:1870�5.

[95] Badenas C, Praga M, Tazon B, et al. Mutations in the COL4A4
and COL4A3 genes cause familial benign hematuria. J Am Soc
Nephrol 2002;13:1248�54.

[96] Bekheirnia MR, Reed B, Gregory MC, et al. Genotype-
phenotype correlation in X-linked Alport syndrome. J Am Soc
Nephrol;21(5):876-883.

[97] Guo C, Van Damme B, Vanrenterghem Y, Devriendt K,
Cassiman J-J, Marynen P. Severe Alport phenotype in a
woman with two missense mutations in the same COL4A5
gene and preponderant inactivation of the X chromosome car-
rying the normal allele. J Clin Invest 1995;95:1832�7.

[98] Vetrie D, Flinter F, Bobrow M, Harris A. X inactivation pat-
terns in females with Alport’s syndrome: a means of selecting
against a deleterious gene? J Med Genet 1992;29:663�6.

[99] Rheault MN, Kren SM, Thielen BK, et al. Mouse model of X-
linked Alport syndrome. J Am Soc Nephrol 2004;15
(6):1466�74.

[100] Rheault MN, Kren SM, Hartich LA, et al. X-inactivation modi-
fies disease severity in female carriers of murine X-linked
Alport syndrome. Nephrol Dial Transplant 2010;25(3):764�9.

[101] Jeraj K, Kim Y, Vernier RL, Fish AJ, Michael AF. Absence of
Goodpasture’s antigen in male patients with familial nephritis.
Am J Kid Dis 1982;2:626�9.

[102] Kashtan C, Fish AJ, Kleppel M, Yoshioka K, Michael AF.
Nephritogenic antigen determinants in epidermal and renal
basement membranes of kindreds with Alport-type familial
nephritis. J Clin Invest 1986;78:1035�44.

[103] McCoy RC, Johnson HK, Stone WJ, Wilson CB. Absence of
nephritogenic GBM antigen(s) in some patients with hereditary
nephritis. Kidney Int 1982;21:642�52.

[104] Olson DL, Anand SK, Landing BH, Heuser E, Grushkin CM,
Lieberman E. Diagnosis of hereditary nephritis by failure of
glomeruli to bind anti-glomerular basement membrane antibo-
dies. J Pediatr 1980;96:697�9.

[105] Savage COS, Pusey CD, Kershaw MJ, et al. The Goodpasture
antigen in Alport’s syndrome: studies with a monoclonal anti-
body. Kidney Int 1986;30:107�12.

[106] Kashtan CE, Kim Y. Distribution of the a1 and a2 chains of col-
lagen IV and of collagens V and VI in Alport syndrome.
Kidney Int 1992;42:115�26.

[107] Nakanishi K, Yoshikawa N, Iijima K, et al.
Immunohistochemical study of a1�5 chains of type IV colla-
gen in hereditary nephritis. Kidney Int 1994;46:1413�21.

[108] Ninomiya Y, Kagawa M, Iyama K, et al. Differential expression
of two basement membrane collagen genes, COL4A6 and
COL4A5, demonstrated by immunofluorescence staining using

peptide-specific monoclonal antibodies. J Cell Biol
1995;130:1219�29.

[109] Peissel B, Geng L, Kalluri R, et al. Comparative distribution of
the a1(IV), a5(IV) and a6(IV) collagen chains in normal human
adult and fetal tissues and in kidneys from X-linked Alport
syndrome patients. J Clin Invest 1995;96:1948�57.

[110] Yoshioka K, Hino S, Takemura T, et al. Type IV Collagen a5
chain: normal distribution and abnormalities in X-linked
Alport syndrome revealed by monoclonal antibody. Am J
Pathol 1994;144:986�96.

[111] Cheong HI, Kashtan CE, Kim Y, Kleppel MM, Michael AF.
Immunohistologic studies of type IV collagen in anterior lens
capsules of patients with Alport syndrome. Lab Invest
1994;70:553�7.

[112] Gubler MC, Knebelmann B, Beziau A, et al. Autosomal reces-
sive Alport syndrome: immunohistochemical study of type IV
collagen chain distribution. Kidney Int 1995;47:1142�7.

[113] Kuivaniemi H, Tromp G, Prockop DJ. Mutations in collagen
genes: causes of rare and some common diseases in humans.
FASEB J 1991;5:2052�60.

[114] Gupta MC, Graham PL, Kramer JM. Characterization of a1(IV)
collagen mutations in Caenorhabditis elegans and the effects of
a1 and a2(IV) mutations on type IV collagen distribution. J Cell
Biol 1997;137:1185�96.

[115] Ohkubo S, Takeda H, Higashide T, et al.
Immunohistochemical and molecular genetic evidence for type
IV collagen alpha5 chain abnormality in the anterior lenticonus
associated with Alport syndrome. Arch Ophthalmol 2003;121
(6):846�50.

[116] Kalluri R, Shield CF, Todd P, Hudson BG, Neilson EG. Isoform
switching of type IV collagen is developmentally arrested in X-
linked Alport syndrome leading to increased susceptibility of
renal basement membranes to endoproteolysis. J Clin Invest
1997;99:2470�8.

[117] Miner JH, Sanes JR. Collagen IV a3, a4 and a5 chains in rodent
basal laminae: sequence, distribution, association with lami-
nins, and developmental switches. J Cell Biol 1994;127:879�91.

[118] Kim Y, Butkowski R, Burke B, et al. Differential expression of
basement membrane collagen in membranous nephropathy.
Am J Pathol 1991;139:1381�8.

[119] Harvey SJ, Zheng K, Sado Y, et al. Role of distinct type IV col-
lagen networks in glomerular development and function.
Kidney Int 1998;54:1857�66.

[120] Abrahamson DR, Prettyman AC, Robert B, St John PL.
Laminin-1 reexpression in Alport mouse glomerular basement
membranes. Kidney Int 2003;63(3):826�34.

[121] Kashtan CE, Kim Y, Lees GE, Thorner PS, Virtanen I,
Miner JH. Abnormal glomerular basement membrane lami-
nins in murine, canine, and human Alport sydnrome: aber-
rant laminin alpha2 deposition is species independent.
J Am Soc Nephrol 2001;12:252�60.

[122] Kashtan CE, Gubler MC, Sisson-Ross S, Mauer M. Chronology
of renal scarring in males with Alport syndrome. Pediatr
Nephrol 1998;12:269�74.

[123] Cosgrove D, Rodgers K, Meehan D, et al. Integrin alpha1beta1
and transforming growth factor-beta 1 play distinct roles in
Alport glomerular pathogenesis and serve as dual targets for
metabolic therapy. Am J Pathol 2000;157:1649�59.

[124] Rao VH, Lees GH, Kashtan CE, et al. Increased expression of
MMP-2, MMP-9 (type IV collagenases/gelatinases), and MT1-
MMP in canine X-linked Alport syndrome (XLAS). Kidney Int
2003;63:1736�48.

[125] Rodgers KD, Rao V, Meehan DT, et al. Monocytes may pro-
mote myofibroblast accumulation and apoptosis in Alport
renal fibrosis. Kidney Int 2003;63(4):1338�55.

2877REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[126] Sayers R, Kalluri R, Rodgers KD, Shield CF, Meehan DT,
Cosgrove D. Role for transforming growth factor-beta 1 in
Alport renal disease progression. Kidney Int 1999;56:1662�73.

[127] Zeisberg M, Bottiglio C, Kumar N, et al. Bone morphogenic
protein-7 inhibits progression of chronic renal fibrosis associ-
ated with two genetic mouse models. Am J Physiol Renal
Physiol 2003;285(6):F1060�7.

[128] Gross O, Beirowski B, Koepke ML, et al. Preemptive ramipril
therapy delays renal failure and reduces renal fibrosis in
COL4A3-knockout mice with Alport syndrome. Kidney Int
2003;63(2):438�46.

[129] Gross O, Schulze-Lohoff E, Koepke ML, et al. Antifibrotic,
nephroprotective potential of ACE inhibitor vs AT1 antagonist
in a murine model of renal fibrosis. Nephrol Dial Transplant
2004;19(7):1716�23.

[130] Kagawa M, Kishiro Y, Naito I, et al. Epitope-defined monoclo-
nal antibodies against type-IV collagen for diagnosis of
Alport’s syndrome. Nephrol Dial Transpl 1997;12:1238�41.

[131] Kashtan CE. Alport syndrome: is diagnosis only skin deep?
Kidney Int 1999;55:1575�6.

[132] van der Loop FTL, Monnens LAH, Schroder CH, et al.
Identification of COL4A5 defects in Alport syndrome by
immunochemistry of skin. Kidney Int 1999;55:1217�24.

[133] Turco AE, Rossetti S, Bresin E, Corra S. Erroneous genetic risk
assessment of Alport syndrome. Lancet 1995;346:1237.

[134] Knebelmann B, Breillat C, Forestier L, et al. Spectrum of muta-
tions in the COL4A5 collagen gene in X-linked Alport syn-
drome. Am J Hum Genet 1996;59:1221�32.

[135] Renieri A, Bruttini M, Galli L, et al. X-linked Alport syndrome:
an SSCP-based mutation survey over all 51 exons of the
COL4A5 gene. Am J Hum Genet 1996;58:1192�204.

[136] Inoue Y, Nishio H, Shirakawa T, et al. Detection of mutations
in the COL4A5 gene in over 90% of male patients with
X-linked Alport’s syndrome by RT-PCR and direct sequencing.
Am J Kid Dis 1999;34:854�62.

[137] Martin P, Heiskari N, Zhou J, et al. High mutation detection
rate in the COL4A5 collagen gene in suspected Alport syn-
drome using PCR and direct DNA sequencing. J Am Soc
Nephrol 1998;9:2291�301.

[138] Kashtan CE, McEnery PT, Tejani A, Stablein DM. Renal allo-
graft survival according to primary diagnosis: a report of the
north american pediatric renal transplant cooperative study.
Pediatr Nephrol 1995;9:679�84.

[139] Gobel J, Olbricht CJ, Offner G, et al. Kidney transplantation in
Alport’s syndrome: long-term outcome and allograft anti-GBM
nephritis. Clin Nephrol 1992;38:299�304.

[140] Peten E, Pirson Y, Cosyns J-P, et al. Outcome of thirty patients
with Alport’s syndrome after renal transplantation.
Transplantation 1991;52:823�6.

[141] van de Heuvel LPWJ, Schroder CH, Savage COS, et al. The
development of anti-glomerular basement membrane nephritis
in two children with Alport’s syndrome after renal transplan-
tation: characterization of the antibody target. Pediatr Nephrol
1989;3:406�13.

[142] Kashtan CE, Michael AF. Perspectives in clinical nephrology:
Alport syndrome. Kidney Int 1996;50:1445�63.

[143] Brainwood D, Kashtan C, Gubler MC, Turner AN. Targets of
alloantibodies in Alport anti-glomerular basement membrane
disease after renal transplantation. Kidney Int 1998;53:762�6.

[144] Kashtan C, Butkowski R, Kleppel M, First M, Michael A.
Posttransplant anti-glomerular basement membrane nephritis
in related Alport males with Alport syndrome. J Lab Clin Med
1990;116:508�15.

[145] Hudson BG, Kalluri R, Gunwar S, et al. The pathogenesis of
Alport syndrome involves type IV collagen molecules

containing the a3(IV) chain: evidence from anti-GBM nephritis
after renal transplantation. Kidney Int 1992;42:179�87.

[146] Antignac C, Knebelmann B, Druout L, et al. Deletions in the
COL4A5 collagen gene in X-linked Alport syndrome: charac-
terization of the pathological transcripts in non-renal cells and
correlation with disease expression. J Clin Invest
1994;93:1195�207.

[147] Ding J, Zhou J, Tryggvason K, Kashtan CE. COL4A5 deletions
in three patients with Alport syndrome and posttransplant
antiglomerular basement membrane nephritis. J Amer Soc
Nephrol 1994;5:161�8.

[148] Adler L, Mathew R, Futterweit S, et al. Angiotensin converting
enzyme inhibitor therapy in children with Alport syndrome:
effect on urinary albumin, TGF-beta, and nitrite excretion.
BMC Nephrol 2002;3(1):2.

[149] Cohen EP, Lemann J. In hereditary nephritis angiotensin-
converting enzyme inhibition decreases proteinuria and
may slow the rate of progression. Am J Kid Dis
1996;27:199�203.

[150] Proesmans W, Knockaert H, Trouet D. Enalapril in paediatric
patients with Alport syndrome: 2 years’ experience. Eur J
Pediatr 2000;159:430�3.

[151] Proesmans W, Van Dyck M. Enalapril in children with Alport
syndrome. Pediatr Nephrol 2004;19(3):271�5.

[152] Grodecki KM, Gains MJ, Baumal R, Osmond DH, Cotter B,
Valli VE, et al. Treatment of X-linked hereditary nephritis in
Samoyed dogs with angiotensin converting enzyme inhibitor.
J Comp Pathol 1997;117:209�25.

[153] Callis L, Vila A, Carrera M, Nieto J. Long-term effects of cyclo-
sporine A in Alport’s syndrome. Kidney Int 1999;55:1051�6.

[154] Callis L, Vila A, Nieto J, Fortuny G. Effect of cyclosporin A on
proteinuria in patients with Alport’s syndrome. Pediatr
Nephrol 1992;6:140�4.

[155] Charbit M, Dechaux M, Gagnadoux M, Grunfeld J, Niaudet P.
Cyclosporine A therapy in Alport syndrome. J Am Soc
Nephrol 2003;14:111A.

[156] Massella L, Rizzoni G. Cyclosporine treatment of young
patients with Alport syndrome and proteinuria. J Am Soc
Nephrol 2001;12:116A.

[157] Chen D, Jefferson B, Harvey SJ, et al. Cyclosporine A slows the
progressive renal disease of Alport syndrome (X-linked heredi-
tary nephritis): results from a canine model. J Am Soc Nephrol
2003;14:690�8.

[158] Harvey SJ, Zheng K, Jefferson B, et al. Transfer of the alpha 5
(IV) collagen chain gene to smooth muscle restores in vivo
expression of the alpha 6(IV) collagen chain in a canine model
of Alport syndrome. Am J Pathol 2003;162:873�5.

[159] Heikkila P, Parpala T, Lukkarinen O, Weber M, Tryggvason K.
Adenovirus-mediated gene transfer into kidney glomeruli
using an ex vivo and in vivo kidney perfusion system—first
step towards gene therapy of Alport syndrome. Gene Therapy
1996;3:21�7.

[160] Parpala-Sparman T, Lukkarinen O, Heikkila P, Tryggvason K.
A novel surgical organ perfusion method for effective ex vivo
and in vivo gene transfer into renal glomerular cells. Urol Res
1999;27:97�102.

[161] Tryggvason K, Heikkila P, Pettersson E, Tibell A, Throner P.
Can Alport syndrome be treated by gene therapy? Kidney Int
1997;52:1493�9.

[162] Trachtman H, Weiss R, Bennett B, Griefer I. Isolated hematuria
in children: indications for a renal biopsy. Kidney Int
1984;25:94�9.

[163] Dische FE, Weston MJ, Parsons V. Abnormally thin glomerular
basement membranes associated with hematuria, proteinuria
or renal failure in adults. Am J Nephrol 1985;5:103�9.

2878 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[164] Nieuwhof CM, de Heer F, de Leeuw P, van Breda Vriesman
PJ. Thin GBM nephropathy: premature glomerular obsoles-
cence is associated with hypertension and late onset renal fail-
ure. Kidney Int 1997;51:1596�601.

[165] Tiebosch ATMG, Frederik PM, van Breda Vriesman PJC, et al.
Thin-basement-membrane nephropathy in adults with persis-
tent hematuria. N Engl J Med 1989;320:14�8.

[166] van Paassen P, van Breda Vriesman PJ, van Rie H,
Tervaert JW. Signs and symptoms of thin basement mem-
brane nephropathy: a prospective regional study on pri-
mary glomerular disease-The Limburg Renal Registry.
Kidney Int 2004;66(3):909�13.

[167] Vogler C, McAdams AJ, Homan SM. Glomerular basement
membrane and lamina densa in infants and children: an ultra-
structural evaluation. Pediatr Pathol 1987;7:527�34.

[168] Steffes MW, Barbosa J, Basgen JM, Sutherland DER,
Najarian JS, Mauer SM. Quantitative glomerular morphology
of the normal human kidney. Kidney Int 1983;49:82�6.

[169] Dische FE. Measurement of glomerular basement membrane
thickness and its application to the diagnosis of thin-
membrane nephropathy. Arch Pathol Lab Med 1992;116:43�9.

[170] Schroder CH, Bontemps CM, Assmann KJM, et al. Renal
biopsy and family studies in 65 children with isolated hematu-
ria. Acta Paediatr Scand 1990;79:630�6.

[171] Blumenthal SS, Fritsche C, Lemann J. Establishing the diagnosis
of benign familial hematuria: the importance of examining the
urine sediment of family members. JAMA 1988;259:2263�6.

[172] Lemmink HH, Nillesen WN, Mochizuki T, et al. Benign famil-
ial hematuria due to mutation of the type IV collagen a4 gene.
J Clin Invest 1996;98:1114�8.

[173] Buzza M, Wang YY, Dagher H, et al. COL4A4 mutation in thin
basement membrane disease previously described in Alport
syndrome. Kidney Int 2001;60:480�3.

[174] Buzza M, Wilson D, Savige J. Segregation of hematuria in thin
basement membrane disease with haplotypes at the loci for
Alport syndrome. Kidney Int 2001;59:1670�6.

[175] Piccini M, Casari G, Zhou J, et al. Evidence for genetic hetero-
geneity in benign familial hematuria. Am J Nephrol
1999;19:464�7.

[176] Plaisier E, Gribouval O, Alamowitch S, et al. COL4A1 muta-
tions and hereditary angiopathy, nephropathy, aneurysms,
and muscle cramps. N Engl J Med 2007;357(26):2687�95.

[177] Pierson M, Cordier J, Hervouuet F, Rauber G. An unusual con-
genital and familial congenital malformative combination
involving the eye and kidney. J Genet Hum 1963;12:184�213.

[178] Hofstaetter C, Neumann I, Lennert T, Dudenhausen JW.
Prenatal diagnosis of diffuse mesangial glomerulosclerosis by
ultrasonography: a longitudinal study of a case in an affected
family. Fetal Diagn Ther 1996;11(2):126�31.

[179] Zenker M, Tralau T, Lennert T, et al. Congenital nephrosis,
mesangial sclerosis, and distinct eye abnormalities with micro-
coria: an autosomal recessive syndrome. Am J Med Genet A
2004;130(2):138�45.

[180] Glastre C, Cochat P, Bouvier R, et al. Familial infantile
nephrotic syndrome with ocular abnormalities. Pediatr
Nephrol 1990;4(4):340�2.

[181] Swietlinski J, Maruniak-Chudek I, Niemir ZI, Wozniak A,
Wilinska M, Zacharzewska J. A case of atypical congenital
nephrotic syndrome. Pediatr Nephrol 2004;19(3):349�52.

[182] Zenker M, Aigner T, Wendler O, et al. Human laminin beta 2
deficiency causes congenital nephrosis with mesangial sclero-
sis and distinct eye abnormalities. Hum Mol Genet 2004;13
(21):2625�32.

[183] Colognato H, Yurchenco PD. Form and function: the laminin
family of heterotrimers. Dev Dyn 2000;218(2):213�34.

[184] Miner JH, Yurchenco PD. Laminin functions in tissue morpho-
genesis. Annu Rev Cell Dev Biol 2004;20:255�84.

[185] Tunggal P, Smyth N, Paulsson M, Ott MC. Laminins: structure
and genetic regulation. Microsc Res Tech 2000;51(3):214�27.

[186] Miner JH, Patton BL, Lentz SI, et al. The laminin alpha chains:
expression, developmental transitions, and chromosomal loca-
tions of alpha1-5, identification of heterotrimeric laminins 8-11,
and cloning of a novel alpha3 isoform. J Cell Biol 1997;137
(3):685�701.

[187] Noakes PG, Miner JH, Gautam M, Cunningham JM, Sanes JR,
Merlie JP. The renal glomerulus of mice lacking s-laminin/
laminin beta 2: nephrosis despite molecular compensation by
laminin beta 1. Nat Genet 1995;10(4):400�6.

[188] Delwel GO, de Melker AA, Hogervorst F, et al. Distinct and
overlapping ligand specificities of the alpha 3A beta 1 and
alpha 6A beta 1 integrins: recognition of laminin isoforms. Mol
Biol Cell 1994;5(2):203�15.

[189] Kikkawa Y, Sanzen N, Fujiwara H, Sonnenberg A, Sekiguchi
K. Integrin binding specificity of laminin-10/11: laminin-10/11
are recognized by alpha 3 beta 1, alpha 6 beta 1 and alpha 6
beta 4 integrins. J Cell Sci 2000;113(Pt 5):869�76.

[190] Korhonen M, Ylanne J, Laitinen L, Virtanen I. The alpha 1-
alpha 6 subunits of integrins are characteristically expressed in
distinct segments of developing and adult human nephron.
J Cell Biol 1990;111(3):1245�54.

[191] Miner JH. Renal basement membrane components. Kidney Int
1999;56(6):2016�24.

[192] Ryan MC, Christiano AM, Engvall E, et al. The functions of
laminins: lessons from in vivo studies. Matrix Biol 1996;15
(6):369�81.

[193] Anderson W. A case of “angio-keratoma”. Br J Dermatol
1898;10:113�7.

[194] Fabry J. Ein Beitrag zur Kenntniss der Purpura haemorrhagica
nodularis (Purpura papulosa haemorrhagica Hebrae). Arch
Dermatol Syph 1898;43:187�200.

[195] Koeberl DD. Age-related efficacy with an AAV vector in Fabry
disease mice. Mol Genet Metab 2009;96(3):83�4.

[196] Nakao S, Takenaka T, Maeda M, et al. An atypical variant of
Fabry’s disease in men with left ventricular hypertrophy.
N Engl J Med 1995;333(5):288�93.

[197] Ogawa K, Sugamata K, Funamoto N, et al. Restricted accumu-
lation of globotriaosylceramide in the hearts of atypical cases
of Fabry’s disease. Hum Pathol 1990;21(10):1067�73.

[198] Nissenson LR, Friedrich KP. Outcome of end-stage renal dis-
ease in patients with rare causes of renal failure.Inherited and
metabolic disorders. Q J Med 1989;271:1055�62.

[199] Wise D, Wallace HJ, Jellinek EH. Angiokeratoma corporis dif-
fusum. A clinical study of eight affected families. Q J Med
1962;31:177�206.

[200] Chatterjee S, Gupta P, Pyeritz RE, Kwiterovich Jr. PO.
Immunohistochemical localization of glycosphingolipid in uri-
nary renal tubular cells in Fabry’s disease. Am J Clin Pathol
1984;82(1):24�8.

[201] Desnick RJ, Dawson G, Desnick SJ, Sweeley CC, Krivit W.
Diagnosis of glycosphingolipidoses by urinary-sediment analy-
sis. N Engl J Med 1971;284(14):739�44.

[202] Kawamura O, Sakuraba H, Itoh K, et al. Subclinical Fabry’s
disease occurring in the context of IgA nephropathy. Clin
Nephrol 1997;47(2):71�5.

[203] Rosenmann E, Kobrin I, Cohen T. Kidney involvement in sys-
temic lupus erythematosus and Fabry’s disease. Nephron
1983;34(3):180�4.

[204] Donati D, Novario R, Gastaldi L. Natural history and treat-
ment of uremia secondary to Fabry’s disease: a European expe-
rience. Nephron 1987;46:353�9.

2879REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[205] Faraggiana T, Churg J, Grishman E, et al. Light- and electron-
microscopic histochemistry of Fabry’s disease. Am J Pathol
1981;103(2):247�62.

[206] Gubler MC, Lenoir G, Grunfeld JP, Ulmann A, Droz D, Habib R.
Early renal changes in hemizygous and heterozygous patients
with Fabry’s disease. Kidney Int 1978;13(3):223�35.

[207] Fukushima M, Tsuchiyama Y, Nakato T, et al. A female hetero-
zygous patient with Fabry’s disease with renal accumulation
of trihexosylceramide detected with a monoclonal antibody.
Am J Kidney Dis 1995;26(6):952�5.

[208] Dvorak AM, Cable WJ, Osage JE, Kolodny EH. Diagnostic elec-
tron microscopy. II. Fabry’s disease: use of biopsies from unin-
volved skin. Acute and chronic changes involving the
microvasculature and small unmyelinated nerves. Pathol
Annu 1981;16(Pt 1):139�58.

[209] Murali R, Ioannou YA, Desnick RJ, Burnett RM. Crystallization
and preliminary X-ray analysis of human alpha-galactosidase
A complex. J Mol Biol 1994;239(4):578�80.

[210] Bishop DF, Calhoun DH, Bernstein HS, Hantzopoulos P,
Quinn M, Desnick RJ. Human alpha-galactosidase A: nucleo-
tide sequence of a cDNA clone encoding the mature enzyme.
Proc Natl Acad Sci U S A 1986;83(13):4859�63.

[211] Kornreich R, Bishop DF, Desnick RJ. Alpha-galactosidase A
gene rearrangements causing Fabry disease. Identification of
short direct repeats at breakpoints in an Alu-rich gene. J Biol
Chem 1990;265(16):9319�26.

[212] Eng CM, Desnick RJ. Molecular basis of Fabry disease: muta-
tions and polymorphisms in the human alpha-galactosidase A
gene. Hum Mutat 1994;3(2):103�11.

[213] Caggana M, Ashley GA, Desnick RJ, Eng CM. Fabry disease:
molecular carrier detection and prenatal diagnosis by analysis
of closely linked polymorphisms at Xq22.1. Am J Med Genet
1997;71(3):329�35.

[214] Bernstein HS, Bishop DF, Astrin KH, et al. Fabry disease: six
gene rearrangements and an exonic point mutation in the
alpha-galactosidase gene. J Clin Invest 1989;83(4):1390�9.

[215] Davies JP, Eng CM, Hill JA, et al. Fabry disease: fourteen
alpha-galactosidase A mutations in unrelated families from the
United Kingdom and other European countries. Eur J Hum
Genet 1996;4(4):219�24.

[216] Desnick RJ, Bernstein HS, Astrin KH, Bishop DF. Fabry dis-
ease: molecular diagnosis of hemizygotes and heterozygotes.
Enzyme 1987;38(1�4):54�64.

[217] Eng CM, Resnick-Silverman LA, Niehaus DJ, Astrin KH,
Desnick RJ. Nature and frequency of mutations in the alpha-
galactosidase A gene that cause Fabry disease. Am J Hum
Genet 1993;53(6):1186�97.

[218] Eng CM, Ashley GA, Burgert TS, Enriquez AL, D’Souza M,
Desnick RJ. Fabry disease: thirty-five mutations in the alpha-
galactosidase A gene in patients with classic and variant phe-
notypes. Mol Med 1997;3(3):174�82.

[219] Dawson G, Kruski AW, Scanu AM. Distribution of glycosphin-
golipids in the serum lipoproteins of normal human subjects
and patients with hypo- and hyperlipidemias. J Lipid Res
1976;17(2):125�31.

[220] Desnick RJ, Ioannou YA, Eng CM. a-galactosidase A defi-
ciency: Fabry disease. In: Scriver CR, Beaudet AL, Sly WS,
Valle D, editors. The metabolic and molecular basis of inher-
ited disease. New York: McGraw-Hill; 1995. p. 2741�84.

[221] Schibanoff JM, Kamoshita S, O’Brien JS. Tissue distribution of
glycosphingolipids in a case of Fabry’s disease. J Lipid Res
1969;10:515.

[222] Rennke HG. How does glomerular epithelial cell injury con-
tribute to progressive glomerular damage? Kidney Int 1994;45:
S58�63.

[223] Sakuraba H, Eng CM, Desnick RJ, Bishop DF. Invariant exon
skipping in the human alpha-galactosidase A pre-mRNA:
Ag1 1 to t substitution in a 5’-splice site causing Fabry disease.
Genomics 1992;12(4):643�50.

[224] Ohshima T, Murray GJ, Swaim WD, et al. alpha-Galactosidase
A deficient mice: a model of Fabry disease. Proc Natl Acad Sci
U S A 1997;94(6):2540�4.

[225] Takenaka T, Murray GJ, Qin G, et al. Long-term enzyme cor-
rection and lipid reduction in multiple organs of primary and
secondary transplanted Fabry mice receiving transduced bone
marrow cells. Proc Natl Acad Sci U S A 2000;97(13):7515�20.

[226] Schweitzer EJ, Drachenberg CB, Bartlett ST. Living kidney
donor and recipient evaluation in Fabry’s disease.
Transplantation 1992;54:924�46.

[227] Kleijer WJ, Hussaarts-Odijk LM, Sachs ES, Jahoda MG,
Niermeijer MF. Prenatal diagnosis of Fabry’s disease by direct
analysis of chorionic villi. Prenat Diagn 1987;7(4):283�7.

[228] Brady RO, Tallman JF, Johnson WG, et al. Replacement therapy
for inherited enzyme deficiency. Use of purified ceramidetri-
hexosidase in Fabry’s disease. N Engl J Med 1973;289(1):9�14.

[229] Desnick RJ, Dean KJ, Grabowski G, Bishop DF, Sweeley CC.
Enzyme therapy in Fabry disease: differential in vivo plasma
clearance and metabolic effectiveness of plasma and splenic
alpha-galactosidase A isozymes. Proc Natl Acad Sci U S A
1979;76(10):5326�30.

[230] Ioannou YA, Zeidner KM, Gordon RE, Desnick RJ. Fabry dis-
ease: preclinical studies demonstrate the effectiveness of alpha-
galactosidase A replacement in enzyme-deficient mice. Am J
Hum Genet 2001;68(1):14�25.

[231] Eng CM, Banikazemi M, Gordon RE, et al. A phase 1/2 clinical
trial of enzyme replacement in Fabry disease: pharmacokinetic,
substrate clearance, and safety studies. Am J Hum Genet
2001;68(3):711�22.

[232] Schiffmann R, Murray GJ, Treco D, et al. Infusion of alpha-
galactosidase A reduces tissue globotriaosylceramide storage
in patients with Fabry disease. Proc Natl Acad Sci U S A
2000;97(1):365�70.

[233] Eng CM, Guffon N, Wilcox WR, et al. Safety and efficacy of
recombinant human alpha-galactosidase A-replacement ther-
apy in Fabry’s disease. N Engl J Med 2001;345(1):9�16.

[234] Moore DF, Scott LT, Gladwin MT, et al. Regional cerebral
hyperperfusion and nitric oxide pathway dysregulation in
Fabry disease: reversal by enzyme replacement therapy.
Circulation 2001;104(13):1506�12.

[235] Schiffmann R, Kopp JB, Austin 3rd HA, et al. Enzyme replace-
ment therapy in Fabry disease: a randomized controlled trial.
JAMA 2001;285(21):2743�9.

[236] Beck M, Ricci R, Widmer U, et al. Fabry disease: overall effects
of agalsidase alfa treatment. Eur J Clin Invest 2004;34
(12):838�44.

[237] Kosch M, Koch HG, Oliveira JP, et al. Enzyme replacement
therapy administered during hemodialysis in patients with
Fabry disease. Kidney Int 2004;66(3):1279�82.

[238] Desnick RJ, Brady R, Barranger J, et al. Fabry disease, an
under-recognized multisystemic disorder: expert recommenda-
tions for diagnosis, management, and enzyme replacement
therapy. Ann Intern Med 2003;138(4):338�46.

[239] Mehta A, Beck M, Elliot P, et al. Enzyme replacement therapy
with aglasidase alfa in patients with Fabry’s disease: an analy-
sis of registry data. Lancet 2009;374:1986�96.

[240] West M, Nicholls K, Mehta A, et al. Agalsidase alfa and kidney
dysfunction in Fabry disease. J Am Soc Nephrol 2009;20
(5):1132�9.

[241] Linthorst GE, Hollak CE, Donker-Koopman WE, Strijland A,
Aerts JM. Enzyme therapy for Fabry disease: neutralizing

2880 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



antibodies toward agalsidase alpha and beta. Kidney Int
2004;66(4):1589�95.

[242] Benichou B, Goyal S, Sung C, Norfleet AM, O’Brien F. A retro-
spective analysis of the potential impact of IgG antibodies to
agalsidase beta on efficacy during enzyme replacement ther-
apy for Fabry disease. Mol Genet Metab 2009;96(1):4�12.

[243] Clarke JT, Guttmann RD, Wolfe LS, Beaudoin JG, Morehouse
DD. Enzyme replacement therapy by renal allotransplantation
in Fabry’s disease. N Engl J Med 1972;287(24):1215�8.

[244] Desnick RJ, Allen KY, Simmons RL, Najarian JS, Krivit W.
Treatment of Fabry’s disease: correction of the enzymatic defi-
ciency by renal transplantation. J Lab Clin Med 1971;78
(6):989�90.

[245] Philippart M, Franklin SS, Gordon A. Reversal of an inborn
sphingolipidosis (Fabry’s disease) by kidney transplantation.
Ann Intern Med 1972;77(2):195�200.

[246] Spence MW, MacKinnon KE, Burgess JK, et al. Failure to cor-
rect the metabolic defect by renal allotransplantion in Fabry’s
disease. Ann Intern Med 1976;84(1):13�6.

[247] Wilson RE. Transplantation in patients with unusual causes of
renal failure. Clin Nephrol 1976;5(2):51�3.

[248] Ojo A, Meier-Kriesche HU, Friedman G, et al. Excellent out-
come of renal transplantation in patients with Fabry’s disease.
Transplantation 2000;69(11):2337�9.

[249] Friedlaender MM, Kopolovic J, Rubinger D, et al. Renal biopsy
in Fabry’s disease eight years after successful renal transplan-
tation. Clin Nephrol 1987;27(4):206�11.

[250] Mosnier JF, Degott C, Bedrossian J, et al. Recurrence of Fabry’s
disease in a renal allograft eleven years after successful renal
transplantation. Transplantation 1991;51(4):759�62.

[251] Mignani R, Panichi V, Giudicissi A, et al. Enzyme replacement
therapy with agalsidase beta in kidney transplant patients
with Fabry disease: a pilot study. Kidney Int 2004;65
(4):1381�5.

[252] Desnick RJ, Brady RO. Fabry disease in childhood. J Pediatr
2004;144(5 Suppl):S20�6.

[253] Ramaswami U. Fabry disease during childhood: clinical mani-
festations and treatment with agalsidase alfa. Acta Paediatr
Suppl 2008;97(457):38�40.

[254] Ramaswami U, Whybra C, Parini R, et al. Clinical manifesta-
tions of Fabry disease in children: data from the Fabry
Outcome Survey. Acta Paediatr 2006;95(1):86�92.

[255] Tondel C, Bostad L, Hirth A, Svarstad E. Renal biopsy findings
in children and adolescents with Fabry disease and minimal
albuminuria. Am J Kidney Dis 2008;51(5):767�76.

[256] Wraith JE, Tylki-Szymanska A, Guffon N, et al. Safety and effi-
cacy of enzyme replacement therapy with agalsidase beta: an
international, open-label study in pediatric patients with Fabry
disease. J Pediatr 2008;152(4):563�70 [570 e561]

[257] Schiffmann R, Martin R, Reimschisel T, et al. Four-year pro-
spective clinical trial of agasidase alfa in children with Fabry
disease. J Pediatr 2010;156:832�7.

[258] Gjone E. Familial lecithin:cholesterol acyltransferase defi-
ciency—a new metabolic disease with renal involvement. Adv
Nephrol Necker Hosp 1981;10:167�85.

[259] Maroteaux P, Humbel R, Strecker G, Michalski JC, Mande
RAFP. Un nouveau type de sialidose avec atteinte renale: la
nephrosialidose. I. Etude clinique, readiologique et nosologi-
que. Arch Fr Pediatr 1978;35:819�29.

[260] Kashtan CE, Nevins TE, Posalaky Z, Vernier RL, Fish AJ.
Proteinuria in a child with sialidosis: case report and histologi-
cal studies. Pediatr Nephrol 1989;3(2):166�74.

[261] Le Sec G, Stanescu R, Lyon G. Un nouveau type de sialidose
avec atteinte renale: la nephrosialidose. II. Etude anatomique.
Arch Fr Pediatr 1978;35:830�44.

[262] Sperl W, Gruber W, Quatacker J, et al. Nephrosis in two sib-
lings with infantile sialic acid storage disease. Eur J Pediatr
1990;149(7):477�82.

[263] Castagnaro M, Alroy J, Ucci AA, Jaffe R. Lectin histochemistry
and ultrastructure of kidneys from patients with I-cell disease.
Arch Pathol Lab Med 1987;111(3):285�90.

[264] Taylor J, Thorner P, Geary DF, Baumal R, Balfe JW. Nephrotic
syndrome and hypertension in two children with Hurler syn-
drome. J Pediatr 1986;108(5 Pt 1):726�9.

[265] Chen YT, Coleman RA, Scheinman JI, Kolbeck PC, Sidbury JB.
Renal disease in type I glycogen storage disease. N Engl J Med
1988;318(1):7�11.

[266] Seppala M, Rapola J, Huttunen NP, Aula P, Karjalainen O,
Ruoslahti E. Congenital nephrotic syndrome: prenatal diagno-
sis and genetic counselling by estimation of aminotic-fluid and
maternal serum alpha-fetoprotein. Lancet 1976;2(7977):123�5.

[267] Huttunen NP. Congenital nephrotic syndrome of Finnish type.
Study of 75 patients. Arch Dis Child 1976;51(5):344�8.

[268] Laakkonen H, Lonnqvist T, Uusimaa J, et al. Muscular dysto-
nia and athetosis in six patients with congenital nephrotic syn-
drome of the Finnish type (NPHS1). Pediatr Nephrol 2006;21
(2):182�9.

[269] Holmberg C, Antikainen M, Ronnholm K, Ala Houhala M,
Jalanko H. Management of congenital nephrotic syndrome of
the Finnish type. Pediatr Nephrol 1995;9(1):87�93.

[270] Mahan JD, Mauer SM, Sibley RK, Vernier RL. Congenital
nephrotic syndrome: evolution of medical management and
results of renal transplantation. J Pediatr 1984;105(4):549�57.

[271] Philippe A, Nevo F, Esquivel EL, et al. Nephrin mutations can
cause childhood-onset steroid-resistant nephrotic syndrome.
J Am Soc Nephrol 2008;19(10):1871�8.

[272] Santin S, Garcia-Maset R, Ruiz P, et al. Nephrin mutations
cause childhood- and adult-onset focal segmental glomerulo-
sclerosis. Kidney Int 2009;76(12):1268�76.

[273] Caridi G, Gigante M, Ravani P, et al. Clinical features and
long-term outcome of nephrotic syndrome associated with het-
erozygous NPHS1 and NPHS2 mutations. Clin J Am Soc
Nephrol 2009;4(6):1065�72.

[274] Lahdenkari AT, Kestila M, Holmberg C, Koskimies O, Jalanko
H. Nephrin gene (NPHS1) in patients with minimal change
nephrotic syndrome (MCNS). Kidney Int 2004;65(5):1856�63.

[275] Rapola J, Sariola H, Ekblom P. Pathology of fetal congenital
nephrosis: immunohistochemical and ultrastructural studies.
Kidney Int 1984;25(4):701�7.

[276] Huttunen NP, Rapola J, Vilska J, Hallman N. Renal pathology
in congenital nephrotic syndrome of Finnish type: a quantita-
tive light microscopic study on 50 patients. Int J Pediatr
Nephrol 1980;1(1):10�6.

[277] Sibley RK, Mahan J, Mauer SM, Vernier RL. A clinicopatho-
logic study of forty-eight infants with nephrotic syndrome.
Kidney Int 1985;27(3):544�52.

[278] Schoeb DS, Chernin G, Heeringa SF, et al. Nineteen novel
NPHS1 mutations in a worldwide cohort of patients with con-
genital nephrotic syndrome (CNS). Nephrol Dial Transplant
2010;25(9):2970�6.

[279] Ljungberg P, Rapola J, Holmberg C, Holthofer H, Jalanko H.
Glomerular anionic charge in congenital nephrotic syndrome
of the Finnish type. Histochem J 1995;27(7):536�46.

[280] Van den Heuvel LP, Van den Born J, Jalanko H, et al. The gly-
cosaminoglycan content of renal basement membranes in the
congenital nephrotic syndrome of the Finnish type. Pediatr
Nephrol 1992;6(1):10�5.

[281] Vermylen C, Levin M, Mossman J, Barratt TM. Glomerular
and urinary heparan sulphate in congenital nephrotic syn-
drome. Pediatr Nephrol 1989;3(2):122�9.

2881REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[282] Vernier RL, Klein DJ, Sisson SP, Mahan JD, Oegema TR,
Brown DM. Heparan sulfate–rich anionic sites in the human
glomerular basement membrane. Decreased concentration in
congenital nephrotic syndrome. N Engl J Med 1983;309
(17):1001�9.

[283] Kestila M, Lenkkeri U, Mannikko M, et al. Positionally cloned
gene for a novel glomerular protein—nephrin—is mutated in
congenital nephrotic syndrome. Mol Cell 1998;1(4):575�82.

[284] Ruotsalainen V, Ljungberg P, Wartiovaara J, et al. Nephrin is
specifically located at the slit diaphragm of glomerular podo-
cytes. Proc Natl Acad Sci U S A 1999;96(14):7962�7.

[285] Sellin L, Huber TB, Gerke P, Quack I, Pavenstadt H, Walz G.
NEPH1 defines a novel family of podocin interacting proteins.
Faseb J 2003;17(1):115�7.

[286] Putaala H, Soininen R, Kilpelainen P, Wartiovaara J,
Tryggvason K. The murine nephrin gene is specifically
expressed in kidney, brain and pancreas: inactivation of the
gene leads to massive proteinuria and neonatal death. Hum
Mol Genet 2001;10(1):1�8.

[287] Wartiovaara J, Ofverstedt LG, Khoshnoodi J, et al. Nephrin
strands contribute to a porous slit diaphragm scaffold as
revealed by electron tomography. J Clin Invest 2004;114
(10):1475�83.

[288] Huber TB, Kottgen M, Schilling B, Walz G, Benzing T.
Interaction with podocin facilitates nephrin signaling. J Biol
Chem 2001;276(45):41543�6.

[289] Schwarz K, Simons M, Reiser J, et al. Podocin, a raft-associated
component of the glomerular slit diaphragm, interacts with
CD2AP and nephrin. J Clin Invest 2001;108(11):1621�9.

[290] Tossidou I, Teng B, Drobot L, et al. CIN85/RukL is a novel
binding partner of nephrin and podocin and mediates slit dia-
phragm turnover in podocytes. J Biol Chem 2010;285
(33):25285�95.

[291] Kim EY, Choi KJ, Dryer SE. Nephrin binds to the COOH termi-
nus of a large-conductance Ca21 -activated K1 channel iso-
form and regulates its expression on the cell surface. Am J
Physiol Renal Physiol 2008;295(1):F235�46.

[292] Reiser J, Polu KR, Moller CC, et al. TRPC6 is a glomerular slit
diaphragm-associated channel required for normal renal func-
tion. Nat Genet 2005;37(7):739�44.

[293] Huber TB, Schmidts M, Gerke P, et al. The carboxyl terminus
of Neph family members binds to the PDZ domain protein
zonula occludens-1. J Biol Chem 2003;278(15):13417�21.

[294] Lehtonen S, Ryan JJ, Kudlicka K, Iino N, Zhou H, Farquhar
MG. Cell junction-associated proteins IQGAP1, MAGI-2,
CASK, spectrins, and alpha-actinin are components of the
nephrin multiprotein complex. Proc Natl Acad Sci U S A
2005;102(28):9814�9.

[295] Gerke P, Huber TB, Sellin L, Benzing T, Walz G.
Homodimerization and heterodimerization of the glomerular
podocyte proteins nephrin and NEPH1. J Am Soc Nephrol
2003;14(4):918�26.

[296] Gerke P, Sellin L, Kretz O, et al. NEPH2 is located at the glo-
merular slit diaphragm, interacts with nephrin and is cleaved
from podocytes by metalloproteinases. J Am Soc Nephrol
2005;16(6):1693�702.

[297] Jones N, Blasutig IM, Eremina V, et al. Nck adaptor proteins
link nephrin to the actin cytoskeleton of kidney podocytes.
Nature 2006;440(7085):818�23.

[298] Jones N, New LA, Fortino MA, et al. Nck proteins maintain
the adult glomerular filtration barrier. J Am Soc Nephrol
2009;20(7):1533�43.

[299] Lahdenpera J, Kilpelainen P, Liu XL, et al. Clustering-induced
tyrosine phosphorylation of nephrin by Src family kinases.
Kidney Int 2003;64(2):404�13.

[300] Verma R, Kovari I, Soofi A, Nihalani D, Patrie K, Holzman LB.
Nephrin ectodomain engagement results in Src kinase activa-
tion, nephrin phosphorylation, Nck recruitment, and actin
polymerization. J Clin Invest 2006;116(5):1346�59.

[301] Huber TB, Simons M, Hartleben B, et al. Molecular basis of the
functional podocin-nephrin complex: mutations in the NPHS2
gene disrupt nephrin targeting to lipid raft microdomains.
Hum Mol Genet 2003;12(24):3397�405.

[302] Koziell A, Grech V, Hussain S, et al. Genotype/phenotype cor-
relations of NPHS1 and NPHS2 mutations in nephrotic syn-
drome advocate a functional inter-relationship in glomerular
filtration. Hum Mol Genet 2002;11(4):379�88.

[303] Patrakka J, Kestila M, Wartiovaara J, et al. Congenital
nephrotic syndrome (NPHS1): features resulting from different
mutations in Finnish patients. Kidney Int 2000;58(3):972�80.

[304] Aya K, Shimizu J, Ohtomo Y, et al. NPHS1 gene mutation in
Japanese patients with congenital nephrotic syndrome.
Nephrol Dial Transplant 2009;24(8):2411�4.

[305] Beltcheva O, Martin P, Lenkkeri U, Tryggvason K. Mutation
spectrum in the nephrin gene (NPHS1) in congenital nephrotic
syndrome. Hum Mutat 2001;17(5):368�73.

[306] Hildebrandt F, Heeringa SF, Ruschendorf F, et al. A systematic
approach to mapping recessive disease genes in individuals
from outbred populations. PLoS Genet 2009;5(1):e1000353.

[307] Lenkkeri U, Mannikko M, McCready P, et al. Structure of the
gene for congenital nephrotic syndrome of the finnish type
(NPHS1) and characterization of mutations. Am J Hum Genet
1999;64(1):51�61.

[308] Machuca E, Benoit G, Nevo F, et al. Genotype-phenotype cor-
relations in non-Finnish congenital nephrotic syndrome. J Am
Soc Nephrol 2010;21(7):1209�17.

[309] Hinkes BG, Mucha B, Vlangos CN, et al. Nephrotic syndrome
in the first year of life: two thirds of cases are caused by muta-
tions in 4 genes (NPHS1, NPHS2, WT1, and LAMB2).
Pediatrics 2007;119(4):e907�19.

[310] Kestila M, Jarvela I. Prenatal diagnosis of congenital nephrotic
syndrome (CNF, NPHS1). Prenat Diagn 2003;23(4):323�4.

[311] Patrakka J, Martin P, Salonen R, et al. Proteinuria and prenatal
diagnosis of congenital nephrosis in fetal carriers of nephrin
gene mutations. Lancet 2002;359(9317):1575�7.

[312] Mannikko M, Kestila M, Lenkkeri U, et al. Improved prenatal
diagnosis of the congenital nephrotic syndrome of the
Finnish type based on DNA analysis. Kidney Int 1997;51
(3):868�72.

[313] Kovacevic L, Reid CJ, Rigden SP. Management of congenital
nephrotic syndrome. Pediatr Nephrol 2003;18(5):426�30.

[314] Boute N, Gribouval O, Roselli S, et al. NPHS2, encoding the
glomerular protein podocin, is mutated in autosomal recessive
steroid-resistant nephrotic syndrome. Nat Genet 2000;24(4):
349�54.

[315] Fuchshuber A, Jean G, Gribouval O, et al. Mapping a gene
(SRN1) to chromosome 1q25-q31 in idiopathic nephrotic syn-
drome confirms a distinct entity of autosomal recessive
nephrosis. Hum Mol Genet 1995;4(11):2155�8.

[316] Caridi G, Bertelli R, Scolari F, Sanna-Cherchi S, Di Duca M,
Ghiggeri GM. Podocin mutations in sporadic focal-segmental
glomerulosclerosis occurring in adulthood. Kidney Int 2003;64
(1):365.

[317] Chernin G, Heeringa SF, Gbadegesin R, et al. Low prevalence
of NPHS2 mutations in African American children with
steroid-resistant nephrotic syndrome. Pediatr Nephrol 2008;23
(9):1455�60.

[318] Maruyama K, Iijima K, Ikeda M, et al. NPHS2 mutations in
sporadic steroid-resistant nephrotic syndrome in Japanese chil-
dren. Pediatr Nephrol 2003;18(5):412�6.

2882 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[319] Ruf RG, Lichtenberger A, Karle SM, et al. Patients with muta-
tions in NPHS2 (podocin) do not respond to standard steroid
treatment of nephrotic syndrome. J Am Soc Nephrol 2004;15
(3):722�32.

[320] Weber S, Gribouval O, Esquivel EL, et al. NPHS2 mutation
analysis shows genetic heterogeneity of steroid-resistant
nephrotic syndrome and low post-transplant recurrence.
Kidney Int 2004;66(2):571�9.

[321] Caridi G, Bertelli R, Di Duca M, et al. Broadening the spectrum
of diseases related to podocin mutations. J Am Soc Nephrol
2003;14(5):1278�86.

[322] Ruf RG, Schultheiss M, Lichtenberger A, et al. Prevalence of
WT1 mutations in a large cohort of patients with steroid-
resistant and steroid-sensitive nephrotic syndrome. Kidney Int
2004;66(2):564�70.

[323] Frishberg Y, Rinat C, Megged O, Shapira E, Feinstein S, Raas-
Rothschild A. Mutations in NPHS2 encoding podocin are a
prevalent cause of steroid-resistant nephrotic syndrome among
Israeli-Arab children. J Am Soc Nephrol 2002;13(2):400�5.

[324] Caridi G, Berdeli A, Dagnino M, et al. Infantile steroid-
resistant nephrotic syndrome associated with double homozy-
gous mutations of podocin. Am J Kidney Dis 2004;43
(4):727�32.

[325] Schultheiss M, Ruf RG, Mucha BE, et al. No evidence for geno-
type/phenotype correlation in NPHS1 and NPHS2 mutations.
Pediatr Nephrol 2004;19(12):1340�8.

[326] Tsukaguchi H, Sudhakar A, Le TC, et al. NPHS2 mutations in
late-onset focal segmental glomerulosclerosis: R229Q is a com-
mon disease-associated allele. J Clin Invest 2002;110
(11):1659�66.

[327] Pereira AC, Pereira AB, Mota GF, et al. NPHS2 R229Q func-
tional variant is associated with microalbuminuria in the gen-
eral population. Kidney Int 2004;65(3):1026�30.

[328] Aucella F, De Bonis P, Gatta G, et al. Molecular analysis of
NPHS2 and ACTN4 genes in a series of 33 Italian patients
affected by adult-onset nonfamilial focal segmental glomerulo-
sclerosis. Nephron Clin Pract 2005;99(2):c31�6.

[329] He N, Zahirieh A, Mei Y, et al. Recessive NPHS2 (Podocin)
mutations are rare in adult-onset idiopathic focal segmental
glomerulosclerosis. Clin J Am Soc Nephrol 2007;2(1):31�7.

[330] Machuca E, Hummel A, Nevo F, et al. Clinical and epidemio-
logical assessment of steroid-resistant nephrotic syndrome
associated with the NPHS2 R229Q variant. Kidney Int 2009;75
(7):727�35.

[331] McKenzie LM, Hendrickson SL, Briggs WA, et al. NPHS2 vari-
ation in sporadic focal segmental glomerulosclerosis. J Am Soc
Nephrol 2007;18(11):2987�95.

[332] Tonna SJ, Needham A, Polu K, et al. NPHS2 variation in focal
and segmental glomerulosclerosis. BMC Nephrol 2008;9:13.

[333] Rana K, Isbel N, Buzza M, et al. Clinical, histopathologic, and
genetic studies in nine families with focal segmental glomeru-
losclerosis. Am J Kidney Dis 2003;41(6):1170�8.

[334] Browman DT, Hoegg MB, Robbins SM. The SPFH domain-
containing proteins: more than lipid raft markers. Trends Cell
Biol 2007;17(8):394�402.

[335] Roselli S, Gribouval O, Boute N, et al. Podocin localizes in the
kidney to the slit diaphragm area. Am J Pathol 2002;160
(1):131�9.

[336] Huber TB, Schermer B, Muller RU, et al. Podocin and MEC-2
bind cholesterol to regulate the activity of associated ion chan-
nels. Proc Natl Acad Sci U S A 2006;103(46):17079�86.

[337] Mollet G, Ratelade J, Boyer O, et al. Podocin inactivation
in mature kidneys causes focal segmental glomerulosclerosis
and nephrotic syndrome. J Am Soc Nephrol 2009;20
(10):2181�9.

[338] Philippe A, Weber S, Esquivel EL, et al. A missense mutation
in podocin leads to early and severe renal disease in mice.
Kidney Int 2008;73(9):1038�47.

[339] Roselli S, Heidet L, Sich M, et al. Early glomerular filtration
defect and severe renal disease in podocin-deficient mice. Mol
Cell Biol 2004;24(2):550�60.

[340] Karle SM, Uetz B, Ronner V, Glaeser L, Hildebrandt F,
Fuchshuber A. Novel mutations in NPHS2 detected in both
familial and sporadic steroid-resistant nephrotic syndrome. J
Am Soc Nephrol 2002;13(2):388�93.

[341] Hinkes B, Vlangos C, Heeringa S, et al. Specific podocin muta-
tions correlate with age of onset in steroid-resistant nephrotic
syndrome. J Am Soc Nephrol 2008;19(2):365�71.

[342] Nishibori Y, Liu L, Hosoyamada M, et al. Disease-causing mis-
sense mutations in NPHS2 gene alter normal nephrin traffick-
ing to the plasma membrane. Kidney Int 2004;66(5):1755�65.

[343] Roselli S, Moutkine I, Gribouval O, Benmerah A, Antignac C.
Plasma membrane targeting of podocin through the classical
exocytic pathway: effect of NPHS2 mutations. Traffic 2004;5
(1):37�44.

[344] Zhang SY, Marlier A, Gribouval O, et al. In vivo expression of
podocyte slit diaphragm-associated proteins in nephrotic
patients with NPHS2 mutation. Kidney Int 2004;66(3):945�54.

[345] Kottgen A, Hsu CC, Coresh J, et al. The association of podocin
R229Q polymorphism with increased albuminuria or reduced
estimated GFR in a large population-based sample of US
adults. Am J Kidney Dis 2008;52(5):868�75.

[346] Niaudet P. Podocin and nephrotic syndrome: implications for
the clinician. J Am Soc Nephrol 2004;15(3):832�4.

[347] ISKDC. Primary nephrotic syndrome in children: clinical sig-
nificance of histopathologic variants of minimal change and of
diffuse mesangial hypercellularity. A Report of the
International Study of Kidney Disease in Children. Kidney Int
1981;20(6):765�71.

[348] Caridi G, Bertelli R, Carrea A, et al. Prevalence, genetics, and
clinical features of patients carrying podocin mutations in
steroid-resistant nonfamilial focal segmental glomerulosclero-
sis. J Am Soc Nephrol 2001;12(12):2742�6.

[349] Bertelli R, Ginevri F, Caridi G, et al. Recurrence of focal seg-
mental glomerulosclerosis after renal transplantation in
patients with mutations of podocin. Am J Kidney Dis 2003;41
(6):1314�21.

[350] Winn MP, Alkhunaizi AM, Bennett WM, et al. Focal segmental
glomerulosclerosis: a need for caution in live-related renal
transplantation. Am J Kidney Dis 1999;33(5):970�4.

[351] Hinkes B, Wiggins RC, Gbadegesin R, et al. Positional cloning
uncovers mutations in PLCE1 responsible for a nephrotic syn-
drome variant that may be reversible. Nat Genet 2006;38
(12):1397�405.

[352] Gbadegesin R, Hinkes BG, Hoskins BE, et al. Mutations in
PLCE1 are a major cause of isolated diffuse mesangial sclerosis
(IDMS). Nephrol Dial Transplant 2008;23(4):1291�7.

[353] Boyer O, Benoit G, Gribouval O, et al. Mutational analysis of
the PLCE1 gene in steroid resistant nephrotic syndrome. J Med
Genet 2010;47(7):445�52.

[354] Ismaili K, Pawtowski A, Boyer O, Wissing KM, Janssen F, Hall
M. Genetic forms of nephrotic syndrome: a single-center expe-
rience in Brussels. Pediatr Nephrol 2009;24(2):287�94.

[355] Gilbert RD, Turner CL, Gibson J, et al. Mutations in phospholi-
pase C epsilon 1 are not sufficient to cause diffuse mesangial
sclerosis. Kidney Int 2009;75(4):415�9.

[356] Lopez I, Mak EC, Ding J, Hamm HE, Lomasney JW. A novel
bifunctional phospholipase c that is regulated by Galpha 12
and stimulates the Ras/mitogen-activated protein kinase path-
way. J Biol Chem 2001;276(4):2758�65.

2883REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[357] Song C, Hu CD, Masago M, et al. Regulation of a novel human
phospholipase C, PLCepsilon, through membrane targeting by
Ras. J Biol Chem 2001;276(4):2752�7.

[358] Sorli SC, Bunney TD, Sugden PH, Paterson HF, Katan M.
Signaling properties and expression in normal and tumor tis-
sues of two phospholipase C epsilon splice variants. Oncogene
2005;24(1):90�100.

[359] Suh PG, Park JI, Manzoli L, et al. Multiple roles of
phosphoinositide-specific phospholipase C isozymes. BMB
Rep 2008;41(6):415�34.

[360] Wing MR, Houston D, Kelley GG, Der CJ, Siderovski DP,
Harden TK. Activation of phospholipase C-epsilon by hetero-
trimeric G protein betagamma-subunits. J Biol Chem 2001;276
(51):48257�61.

[361] Bunney TD, Harris R, Gandarillas NL, et al. Structural and
mechanistic insights into ras association domains of phospholi-
pase C epsilon. Mol Cell 2006;21(4):495�507.

[362] Kelley GG, Reks SE, Smrcka AV. Hormonal regulation of phos-
pholipase Cepsilon through distinct and overlapping path-
ways involving G12 and Ras family G-proteins. Biochem J
2004;378(Pt 1):129�39.

[363] Song JK, Rhee JS. Enhancement of stability and activity of
phospholipase A(1) in organic solvents by directed evolution.
Biochim Biophys Acta 2001;1547(2):370�8.

[364] Seifert JP, Zhou Y, Hicks SN, Sondek J, Harden TK. Dual acti-
vation of phospholipase C-epsilon by Rho and Ras GTPases. J
Biol Chem 2008;283(44):29690�8.

[365] Citro S, Malik S, Oestreich EA, et al. Phospholipase Cepsilon is
a nexus for Rho and Rap-mediated G protein-coupled recep-
tor-induced astrocyte proliferation. Proc Natl Acad Sci U S A
2007;104(39):15543�8.

[366] Schmidt M, Evellin S, Weernink PA, et al. A new
phospholipase-C-calcium signalling pathway mediated by
cyclic AMP and a Rap GTPase. Nat Cell Biol 2001;3(11):
1020�4.

[367] Jin TG, Satoh T, Liao Y, et al. Role of the CDC25
homology domain of phospholipase Cepsilon in amplifica-
tion of Rap1-dependent signaling. J Biol Chem 2001;276(32):
30301�7.

[368] Chaib H, Hoskins BE, Ashraf S, Goyal M, Wiggins RC,
Hildebrandt F. Identification of BRAF as a new interactor of
PLCepsilon1, the protein mutated in nephrotic syndrome type
3. Am J Physiol Renal Physiol 2008;294(1):F93�9.

[369] Roskoski Jr. R. RAF protein-serine/threonine kinases: structure
and regulation. Biochem Biophys Res Commun 2010;399
(3):313�7.

[370] Gbadegesin R, Zhao S, Charpie J, Brophy PD, Smoyer WE,
Lin JJ. Significance of hemolysis on extracorporeal life sup-
port after cardiac surgery in children. Pediatr Nephrol
2009;24(3):589�95.

[371] Lowik M, Levtchenko E, Westra D, et al. Bigenic heterozygos-
ity and the development of steroid-resistant focal segmental
glomerulosclerosis. Nephrol Dial Transplant 2008;23
(10):3146�51.

[372] Kaplan JM, Kim SH, North KN, et al. Mutations in ACTN4,
encoding alpha-actinin-4, cause familial focal segmental glo-
merulosclerosis. Nat Genet 2000;24(3):251�6.

[373] Mathis BJ, Calabrese KE, Slick GL. Familial glomerular disease
with asymptomatic proteinuria and nephrotic syndrome: a new
clinical entity. J Am Osteopath Assoc 1992;92(7):875�80 [883-
874]

[374] Komatsuda A, Wakui H, Maki N, et al. Analysis of mutations
in alpha-actinin 4 and podocin genes of patients with chronic
renal failure due to sporadic focal segmental glomerulosclero-
sis. Ren Fail 2003;25(1):87�93.

[375] Weins A, Kenlan P, Herbert S, et al. Mutational and Biological
Analysis of alpha-actinin-4 in focal segmental glomerulosclero-
sis. J Am Soc Nephrol 2005;16(12):3694�701.

[376] Otey CA, Carpen O. Alpha-actinin revisited: a fresh look at an
old player. Cell Motil Cytoskeleton 2004;58(2):104�11.

[377] Honda K, Yamada T, Endo R, et al. Actinin-4, a novel actin-
bundling protein associated with cell motility and cancer inva-
sion. J Cell Biol 1998;140(6):1383�93.

[378] Smoyer WE, Mundel P, Gupta A, Welsh MJ. Podocyte alpha-
actinin induction precedes foot process effacement in experi-
mental nephrotic syndrome. Am J Physiol 1997;273(1 Pt 2):
F150�7.

[379] Lee SH, Weins A, Hayes DB, Pollak MR, Dominguez R.
Crystal structure of the actin-binding domain of alpha-actinin-
4 Lys255Glu mutant implicated in focal segmental glomerulo-
sclerosis. J Mol Biol 2008;376(2):317�24.

[380] Weins A, Schlondorff JS, Nakamura F, et al. Disease-associated
mutant alpha-actinin-4 reveals a mechanism for regulating its
F-actin-binding affinity. Proc Natl Acad Sci U S A 2007;104
(41):16080�5.

[381] Yao J, Le TC, Kos CH, et al. Alpha-actinin-4-mediated FSGS:
an inherited kidney disease caused by an aggregated and rap-
idly degraded cytoskeletal protein. PLoS Biol 2004;2(6):e167.

[382] Henderson JM, Al-Waheeb S, Weins A, Dandapani SV, Pollak
MR. Mice with altered alpha-actinin-4 expression have distinct
morphologic patterns of glomerular disease. Kidney Int
2008;73(6):741�50.

[383] Henderson JM, Alexander MP, Pollak MR. Patients with
ACTN4 mutations demonstrate distinctive features of glomer-
ular injury. J Am Soc Nephrol 2009;20(5):961�8.

[384] Michaud JL, Chaisson KM, Parks RJ, Kennedy CR. FSGS-
associated alpha-actinin-4 (K256E) impairs cytoskeletal dynam-
ics in podocytes. Kidney Int 2006;70(6):1054�61.

[385] Dandapani SV, Sugimoto H, Matthews BD, et al. Alpha-
actinin-4 is required for normal podocyte adhesion. J Biol
Chem 2007;282(1):467�77.

[386] Kos CH, Le TC, Sinha S, et al. Mice deficient in alpha-actinin-4
have severe glomerular disease. J Clin Invest 2003;111
(11):1683�90.

[387] Winn MP, Conlon PJ, Lynn KL, et al. Clinical and genetic het-
erogeneity in familial focal segmental glomerulosclerosis.
International collaborative group for the study of familial focal
segmental glomerulosclerosis. Kidney Int 1999;55(4):1241�6.

[388] Winn MP, Conlon PJ, Lynn KL, et al. Linkage of a gene causing
familial focal segmental glomerulosclerosis to chromosome 11
and further evidence of genetic heterogeneity. Genomics
1999;58(2):113�20.

[389] Winn MP, Conlon PJ, Lynn KL, et al. A mutation in the TRPC6
cation channel causes familial focal segmental glomerulo-
sclerosis. Science 2005;308(5729):1801�4.

[390] Zhu B, Chen N, Wang ZH, et al. Identification and functional
analysis of a novel TRPC6 mutation associated with late onset
familial focal segmental glomerulosclerosis in Chinese patients.
Mutat Res 2009;664(1�2):84�90.

[391] Heeringa SF, Moller CC, Du J, et al. A novel TRPC6 mutation
that causes childhood FSG. PLoS One 2009;4(11):e7771.

[392] Santin S, Ars E, Rossetti S, et al. TRPC6 mutational analysis in
a large cohort of patients with focal segmental glomerulo-
sclerosis. Nephrol Dial Transplant 2009;24(10):3089�96.

[393] Wu LJ, Sweet TB, Clapham DE. International union of basic
and clinical pharmacology. LXXVI. Current progress in the
mammalian TRP ion channel family. Pharmacol Rev 2010;62
(3):381�404.

[394] Hofmann T, Schaefer M, Schultz G, Gudermann T. Subunit
composition of mammalian transient receptor potential

2884 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



channels in living cells. Proc Natl Acad Sci USA 2002;99(11):
7461�6.

[395] Moller CC, Wei C, Altintas MM, et al. Induction of TRPC6
channel in acquired forms of proteinuric kidney disease. J Am
Soc Nephrol 2007;18(1):29�36.

[396] Tian D, Jacobo SM, Billing D, et al. Antagonistic regulation of
actin dynamics and cell motility by TRPC5 and TRPC6 chan-
nels. Sci Signal 2010;3(145): [ra77]

[397] Kim EY, Alvarez-Baron CP, Dryer SE. Canonical transient
receptor potential channel (TRPC)3 and TRPC6 associate with
large-conductance Ca21-activated K1 (BKCa) channels: role in
BKCa trafficking to the surface of cultured podocytes. Mol
Pharmacol 2009;75(3):466�77.

[398] Abramowitz J, Birnbaumer L. Physiology and pathophysiology
of canonical transient receptor potential channels. Faseb J
2009;23(2):297�328.

[399] Gottlieb P, Folgering J, Maroto R, et al. Revisiting TRPC1 and
TRPC6 mechanosensitivity. Pflugers Arch 2008;455
(6):1097�103.

[400] Spassova MA, Hewavitharana T, Xu W, Soboloff J, Gill DL.
A common mechanism underlies stretch activation and recep-
tor activation of TRPC6 channels. Proc Natl Acad Sci U S A
2006;103(44):16586�91.

[401] Shih NY, Li J, Karpitskii V, et al. Congenital nephrotic syn-
drome in mice lacking CD2-associated protein. Science
1999;286(5438):312�5.

[402] Kim JM, Wu H, Green G, et al. CD2-associated protein hap-
loinsufficiency is linked to glomerular disease susceptibility.
Science 2003;300(5623):1298�300.

[403] Lowik MM, Groenen PJ, Pronk I, et al. Focal segmental glomer-
ulosclerosis in a patient homozygous for a CD2AP mutation.
Kidney Int 2007;72(10):1198�203.

[404] Gigante M, Pontrelli P, Montemurno E, et al. CD2AP muta-
tions are associated with sporadic nephrotic syndrome and
focal segmental glomerulosclerosis (FSGS). Nephrol Dial
Transplant 2009;24(6):1858�64.

[405] Dustin ML, Olszowy MW, Holdorf AD, et al. A novel adaptor
protein orchestrates receptor patterning and cytoskeletal polar-
ity in T-cell contacts. Cell 1998;94(5):667�77.

[406] Fukasawa H, Bornheimer S, Kudlicka K, Farquhar MG. Slit
diaphragms contain tight junction proteins. J Am Soc Nephrol
2009;20(7):1491�503.

[407] Huber TB, Hartleben B, Kim J, et al. Nephrin and CD2AP asso-
ciate with phosphoinositide 3-OH kinase and stimulate AKT-
dependent signaling. Mol Cell Biol 2003;23(14):4917�28.

[408] Li C, Ruotsalainen V, Tryggvason K, Shaw AS, Miner JH.
CD2AP is expressed with nephrin in developing podocytes
and is found widely in mature kidney and elsewhere. Am J
Physiol Renal Physiol 2000;279(4):F785�92.

[409] Palmen T, Lehtonen S, Ora A, et al. Interaction of endogenous
nephrin and CD2-associated protein in mouse epithelial M-1
cell line. J Am Soc Nephrol 2002;13(7):1766�72.

[410] Lehtonen S, Zhao F, Lehtonen E. CD2-associated protein
directly interacts with the actin cytoskeleton. Am J Physiol
Renal Physiol 2002;283(4):F734�43.

[411] Brown EJ, Schlondorff JS, Becker DJ, et al. Mutations in the for-
min gene INF2 cause focal segmental glomerulosclerosis. Nat
Genet 2010;42(1):72�6.

[412] Lee HK, Han KH, Jung YH, et al. Variable renal phenotype in
a family with an INF2 mutation. Pediatr Nephrol 2010.

[413] Chesarone MA, DuPage AG, Goode BL. Unleashing formins to
remodel the actin and microtubule cytoskeletons. Nat Rev Mol
Cell Biol 2010;11(1):62�74.

[414] Chhabra ES, Higgs HN. INF2 Is a WASP homology 2 motif-
containing formin that severs actin filaments and accelerates

both polymerization and depolymerization. J Biol Chem
2006;281(36):26754�67.

[415] Chhabra ES, Ramabhadran V, Gerber SA, Higgs HN. INF2 is
an endoplasmic reticulum-associated formin protein. J Cell Sci
2009;122(Pt 9):1430�40.

[416] Madrid R, Aranda JF, Rodriguez-Fraticelli AE, et al. The for-
min INF2 regulates basolateral-to-apical transcytosis and
lumen formation in association with Cdc42 and MAL2. Dev
Cell 2010;18(5):814�27.

[417] Epstein CJ, Sahud MA, Piel CF, et al. Hereditary macrothrom-
bocytopenia, nephritis and deafness. Am J Med
1972;52:299�310.

[418] Peterson LC, Rao KV, Crosson JT, White JG. Fechtner syn-
drome: a variant of Alport’s syndrome with leukocyte inclu-
sions and macrothrombocytopathia. Blood 1985;65:397�406.

[419] Clare NM, Montiel MM, Lifschitz MD, Bannayan GA. Alport’s
syndrome associated with macrothrombocytopenic thrombocy-
topenia. Am J Clin Pathol 1979;72:111�7.

[420] Naito I, Nomura S, Inoue S, et al. Normal distribution of colla-
gen IV in renal basement membranes in Epstein’s syndrome.
J Clin Pathol 1997;50:919�22.

[421] Alving BM, Tarasoff PG, Moore J, Leissenger CA, Fernandez-
Bueno C. Successful renal transplantation for Epstein syn-
drome. Am J Hematol 1986;21:111�3.

[422] Berheim J, Dechavanne M, Bryon PA, et al. Thrombocytopenia,
macrothrombocytopathia, nephritis and deafness. Am J Med
1976;61:145�50.

[423] Brivet F, Girot R, Barbanel C, Maier M, Crosnier J. Hereditary
nephritis associated with May-Hegglin anomaly. Nephron
1981;29:59�62.

[424] Eckstein JD, Filip DJ, Watts JC. Hereditary thrombocytopenia,
deafness, and renal disease. Ann Intern Med 1975;82:639�45.

[425] Hansen MS, Behnke O, Pedersen NT, Videbaek A.
Macrothrombocytopenia associated with glomerulonephritis,
deafness and aortic cystic medianecrosis. Scand J Hematol
1978;21:197�205.

[426] Parsa KP, Lee DBN, Zamboni L, Glassock RJ. Hereditary
nephritis, deafness and abnormal thrombopoiesis: study of a
new kindred. Am J Med 1976;60:665�71.

[427] Toren A, Amariglio N, Rozenfeld-Granot G, et al. Genetic link-
age of autosomal-dominant Alport syndrome with leukocyte
inclusions and macrothrombocytopenia (Fechtner syndrome)
to chromosome 22q11-13. Am J Hum Genet 1999;65:1711�7.

[428] Toren A, Rozenfeld-Granot G, Rocca B, et al. Autosomal-
dominant giant platelet syndromes: a hint of the same genetic
defect as in Fechtner syndrome owing to a similar genetic link-
age to chromosome 22q11-13. Blood 2000;96:3447�51.

[429] Lalwani AK, Goldstein JA, Kelley MJ, Luxford W, Castelein
CM, Mhatre AN. Human nonsyndromic hereditary deafness
DFNA17 is due to a mutation in nonmuscle myosin MYH9.
Am J Hum Genet 2000;67:1121�8.

[430] Seri M, Cusano R, Gangarossa S, et al. Mutations in MYH9
result in the May-Hegglin anomaly, and Fechtner and
Sebastian syndromes. The May-Heggllin/Fechtner Syndrome
Consortium. Nat Genet 2000;26(1):103�5.

[431] Seri M, Pecci A, Di Bari F, et al. MYH9-related disease: May-
Hegglin anomaly, Sebastian syndrome, Fechtner syndrome,
and Epstein syndrome are not distinct entities but represent a
variable expression of a single illness. Medicine (Baltimore)
2003;82(3):203�15.

[432] Seri M, Savino M, Bordo D, et al. Epstein syndrome: another
renal disorder with mutations in the nonmuscle myosin heavy
chain 9 gene. Hum Genet 2002;110(2):182�6.

[433] Althaus K, Greinacher A. MYH9-related platelet disorders.
Semin Thromb Hemost 2009;35(2):189�203.

2885REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[434] Kunishima S, Matsushita T, Kojima T, et al. Identification of
six novel MYH9 mutations and genotype-phenotype relation-
ships in autosomal dominant macrothrombocytopenia with
leukocyte inclusions. J Hum Genet 2001;46(12):722�9.

[435] Pecci A, Panza E, Pujol-Moix N, et al. Position of nonmuscle
myosin heavy chain IIA (NMMHC-IIA) mutations predicts the
natural history of MYH9-related disease. Hum Mutat 2008;29
(3):409�17.

[436] Bepler G, Melhus O, Gunnells JC. Coexpression of May-
Hegglin anomaly and hereditary nephritis in a family. South
Med J 1994;87(2):202�5.

[437] Yap DY, Tse KC, Chan TM, Lie AK. Epstein syndrome present-
ing as renal failure in young patients. Ren Fail 2009;31(7):582�5.

[438] Ghiggeri GM, Caridi G, Magrini U, et al. Genetics, clinical and
pathological features of glomerulonephritis associated with
mutations of nonmuscle myosin IIA (Fechtner syndrome). Am
J Kidney Dis 2003;41(1):95�104.

[439] Noris P, Spedini P, Belletti S, Magrini U, Balduini CL.
Thrombocytopenia, giant platelets, and leukocyte inclusion
bodies (May-Hegglin anomaly): clinical and laboratory find-
ings. Am J Med 1998;104(4):355�60.

[440] Bhatt A, Broxson E, Witte D, Omoloja A. Thrombocytopenia
and proteinuria. Nonmuscle myosin heavy-chain-9-related dis-
ease (MYH9 RD) or Epstein syndrome (ES). Pediatr Nephrol
2009;24(3):485�8.

[441] Sekine T, Konno M, Sasaki S, et al. Patients with Epstein-
Fechtner syndromes owing to MYH9 R702 mutations develop
progressive proteinuric renal disease. Kidney Int 2010;78
(2):207�14.

[442] Turi S, Kobor J, Erdos A, Bodrogi T, Virag I, Ormos J.
Hereditary nephritis, platelet disorders and deafness-Epstein’s
syndrome. Pediatr Nephrol 1992;6(1):38�43.

[443] Hodge T, Cope MJ. A myosin family tree. J Cell Sci 2000;113(Pt
19):3353�4.

[444] Marigo V, Nigro A, Pecci A, et al. Correlation between the clin-
ical phenotype of MYH9-related disease and tissue distribution
of class II nonmuscle myosin heavy chains. Genomics 2004;83
(6):1125�33.

[445] Sellers JR. Myosins: a diverse superfamily. Biochim Biophys
Acta 2000;1496(1):3�22.

[446] Bresnick AR. Molecular mechanisms of nonmuscle myosin-II
regulation. Curr Opin Cell Biol 1999;11(1):26�33.

[447] Amano M, Ito M, Kimura K, et al. Phosphorylation and activa-
tion of myosin by Rho-associated kinase (Rho-kinase). J Biol
Chem 1996;271(34):20246�9.

[448] Sandquist JC, Swenson KI, Demali KA, Burridge K, Means AR.
Rho kinase differentially regulates phosphorylation of non-
muscle myosin II isoforms A and B during cell rounding and
migration. J Biol Chem 2006;281(47):35873�83.

[449] Adelstein RS, Pollard TD, Kuehl WM. Isolation and characteri-
zation of myosin and two myosin fragments from human
blood platelets. Proc Natl Acad Sci U S A 1971;68(11):2703�7.

[450] Pellegrin S, Mellor H. Actin stress fibres. J Cell Sci 2007;120(Pt
20):3491�9.

[451] Sanger JW, Sanger JM, Jockusch BM. Differences in the stress
fibers between fibroblasts and epithelial cells. J Cell Biol
1983;96(4):961�9.

[452] Ivanov AI, Bachar M, Babbin BA, Adelstein RS, Nusrat A,
Parkos CA. A unique role for nonmuscle myosin heavy chain
IIA in regulation of epithelial apical junctions. PLoS One
2007;2(7):e658.

[453] Kovacs M, Wang F, Hu A, Zhang Y, Sellers JR. Functional
divergence of human cytoplasmic myosin II: kinetic characteri-
zation of the non-muscle IIA isoform. J Biol Chem 2003;278
(40):38132�40.

[454] Arrondel C, Vodovar N, Knebelmann B, et al. Expression of
the nonmuscle myosin heavy chain IIA in the human kidney
and screening for MYH9 mutations in Epstein and Fechtner
syndrome. J Am Soc Npehrol 2002;13:65�74.

[455] Marini M, Bruschi M, Pecci A, et al. Non-muscle myosin heavy
chain IIA and IIB interact and co-localize in living cells: rele-
vance for MYH9-related disease. Int J Mol Med 2006;17
(5):729�36.

[456] Clark K, Langeslag M, Figdor CG, van Leeuwen FN. Myosin II
and mechanotransduction: a balancing act. Trends Cell Biol
2007;17(4):178�86.

[457] Conti MA, Adelstein RS. Nonmuscle myosin II moves in new
directions. J Cell Sci 2008;121(Pt 1):11�8.

[458] Deguchi S, Sato M. Biomechanical properties of actin stress
fibers of non-motile cells. Biorheology 2009;46(2):93�105.

[459] Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR.
Non-muscle myosin II takes centre stage in cell adhesion and
migration. Nat Rev Mol Cell Biol 2009;10(11):778�90.

[460] Larsen M, Artym VV, Green JA, Yamada KM. The matrix reor-
ganized: extracellular matrix remodeling and integrin signal-
ing. Curr Opin Cell Biol 2006;18(5):463�71.

[461] Drenckhahn D, Franke RP. Ultrastructural organization of con-
tractile and cytoskeletal proteins in glomerular podocytes of
chicken, rat, and man. Lab Invest 1988;59(5):673�82.

[462] Ichimura K, Kurihara H, Sakai T. Actin filament organization
of foot processes in rat podocytes. J Histochem Cytochem
2003;51(12):1589�600.

[463] Leon C, Eckly A, Hechler B, et al. Megakaryocyte-restricted
MYH9 inactivation dramatically affects hemostasis while pre-
serving platelet aggregation and secretion. Blood 2007;110
(9):3183�91.

[464] Pecci A, Panza E, De Rocco D, et al. MYH9 related disease:
four novel mutations of the tail domain of myosin-9 correlating
with a mild clinical phenotype. Eur J Haematol 2010;84
(4):291�7.

[465] Hu A, Wang F, Sellers JR. Mutations in human nonmuscle
myosin IIA found in patients with May-Hegglin anomaly and
Fechtner syndrome result in impaired enzymatic function.
J Biol Chem 2002;277(48):46512�7.

[466] Franke JD, Dong F, Rickoll WL, Kelley MJ, Kiehart DP. Rod
mutations associated with MYH9-related disorders disrupt
nonmuscle myosin-IIA assembly. Blood 2005;105(1):161�9.

[467] Kunishima S,Matsushita T, KojimaT, et al. Immunofluorescence
analysis of neutrophil nonmuscle myosin heavy chain-A in
MYH9 disorders: association of subcellular localization with
MYH9mutations. Lab Invest 2003;83(1):115�22.

[468] Selleng K, Lubenow LE, Greinacher A, Warkentin TE.
Perioperative management of MYH9 hereditary macrothrom-
bocytopenia (Fechtner syndrome). Eur J Haematol 2007;79
(3):263�8.

[469] Denys P, Malvaux P, Van Den Berghe H, Tanghe W,
Proesmans W. Association of an anatomo-pathological syn-
drome of male pseudohermaphroditism, Wilms’ tumor, paren-
chymatous nephropathy and XX/XY mosaicism. Arch Fr
Pediatr 1967;24(7):729�39.

[470] Drash A, Sherman F, HartmannWH, Blizzard RM. A syndrome
of pseudohermaphroditism, Wilms’ tumor, hypertension, and
degenerative renal disease. J Pediatr 1970;76(4):585�93.

[471] Coppes MJ, Liefers GJ, Higuchi M, Zinn AB, Balfe JW,
Williams BR. Inherited WT1 mutation in Denys-Drash syn-
drome. Cancer Res 1992;52(21):6125�8.

[472] Jadresic L, Leake J, Gordon I, et al. Clinicopathologic review
of twelve children with nephropathy, Wilm’s tumor, and
genital abnormalities (Drash syndrome). J Pediatr 1990;117
(5):717�25.

2886 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[473] Habib R, Loirat C, Gubler MC, et al. The nephropathy associ-
ated with male pseudohermaphroditism and Wilms’ tumor
(Drash syndrome): a distinctive glomerular lesion–report of 10
cases. Clin Nephrol 1985;24(6):269�78.

[474] Call KM, Glaser T, Ito CY, et al. Isolation and characterization
of a zinc finger polypeptide gene at the human chromosome
11 Wilms’ tumor locus. Cell 1990;60(3):509�20.

[475] Gessler M, Konig A, Bruns GA. The genomic organization and
expression of the WT1 gene. Genomics 1992;12(4):807�13.

[476] Pelletier J, Bruening W, Kashtan CE, et al. Germline mutations
in the Wilms’ tumor suppressor gene are associated with
abnormal urogenital development in Denys-Drash syndrome.
Cell 1991;67(2):437�47.

[477] Haber DA, Sohn RL, Buckler AJ, Pelletier J, Call KM,
Housman DE. Alternative splicing and genomic structure of
the Wilms tumor gene WT1. Proc Natl Acad Sci U S A 1991;88
(21):9618�22.

[478] Holmes G, Boterashvili S, English M, Wainwright B, Licht J,
Little M. Two N-terminal self-association domains are required
for the dominant negative transcriptional activity of WT1
Denys-Drash mutant proteins. Biochem Biophys Res Commun
1997;233(3):723�8.

[479] Moffett P, Bruening W, Nakagama H, et al. Antagonism of
WT1 activity by protein self-association. Proc Natl Acad Sci U
S A 1995;92(24):11105�9.

[480] Morris JF, Madden SL, Tournay OE, Cook DM, Sukhatme VP,
Rauscher 3rd FJ. Characterization of the zinc finger protein
encoded by the WT1 Wilms’ tumor locus. Oncogene 1991;6
(12):2339�48.

[481] Rauscher 3rd FJ, Morris JF, Tournay OE, Cook DM, Curran T.
Binding of the Wilms’ tumor locus zinc finger protein to the
EGR-1 consensus sequence. Science 1990;250(4985):1259�62.

[482] Nakagama H, Heinrich G, Pelletier J, Housman DE. Sequence
and structural requirements for high-affinity DNA binding by
the WT1 gene product. Mol Cell Biol 1995;15(3):1489�98.

[483] Bickmore WA, Oghene K, Little MH, Seawright A, van
Heyningen V, Hastie ND. Modulation of DNA binding speci-
ficity by alternative splicing of the Wilms tumor wt1 gene tran-
script. Science 1992;257(5067):235�7.

[484] Rauscher 3rd FJ. The WT1 Wilms tumor gene product: a devel-
opmentally regulated transcription factor in the kidney that
functions as a tumor suppressor. Faseb J 1993;7(10):896�903.

[485] Drummond IA, Madden SL, Rohwer-Nutter P, Bell GI,
Sukhatme VP, Rauscher 3rd FJ. Repression of the insulin-like
growth factor II gene by the Wilms tumor suppressor WT1.
Science 1992;257(5070):674�8.

[486] Werner H, Re GG, Drummond IA, et al. Increased expression
of the insulin-like growth factor I receptor gene, IGF1R, in
Wilms tumor is correlated with modulation of IGF1R promoter
activity by the WT1 Wilms tumor gene product. Proc Natl
Acad Sci U S A 1993;90(12):5828�32.

[487] Gashler AL, Bonthron DT, Madden SL, Rauscher 3rd FJ,
Collins T, Sukhatme VP. Human platelet-derived growth factor
A chain is transcriptionally repressed by the Wilms tumor sup-
pressor WT1. Proc Natl Acad Sci U S A 1992;89(22):10984�8.

[488] Wang ZY, Madden SL, Deuel TF, Rauscher 3rd FJ. The Wilms’
tumor gene product, WT1, represses transcription of the
platelet-derived growth factor A-chain gene. J Biol Chem
1992;267(31):21999�2002.

[489] Madden SL, Cook DM, Morris JF, Gashler A, Sukhatme VP,
Rauscher III FJ. Transcriptional repression mediated by the
WT1 Wilms tumor gene product. Science 1991;253
(5027):1550�3.

[490] Dey BR, Sukhatme VP, Roberts AB, Sporn MB, Rauscher 3rd
FJ, Kim SJ. Repression of the transforming growth factor-beta 1

gene by the Wilms’ tumor suppressor WT1 gene product. Mol
Endocrinol 1994;8(5):595�602.

[491] Englert C, Hou X, Maheswaran S, et al. WT1 suppresses syn-
thesis of the epidermal growth factor receptor and induces
apoptosis. Embo J 1995;14(19):4662�75.

[492] Maheswaran S, Park S, Bernard A, et al. Physical and func-
tional interaction between WT1 and p53 proteins. Proc Natl
Acad Sci U S A 1993;90(11):5100�4.

[493] Caricasole A, Duarte A, Larsson SH, et al. RNA binding by the
Wilms tumor suppressor zinc finger proteins. Proc Natl Acad
Sci U S A 1996;93(15):7562�6.

[494] Englert C, Maheswaran S, Garvin AJ, Kreidberg J, Haber DA.
Induction of p21 by the Wilms’ tumor suppressor gene WT1.
Cancer Res 1997;57(8):1429�34.

[495] Haber DA, Englert C, Maheswaran S. Functional properties of
WT1. Med Pediatr Oncol 1996;27(5):453�5.

[496] Pelletier J, Schalling M, Buckler AJ, Rogers A, Haber DA,
Housman D. Expression of the Wilms’ tumor gene WT1 in the
murine urogenital system. Genes Dev 1991;5(8):1345�56.

[497] Pritchard-Jones K, Fleming S, Davidson D, et al. The candidate
Wilms’ tumour gene is involved in genitourinary develop-
ment. Nature 1990;346(6280):194�7.

[498] Dehbi M, Ghahremani M, Lechner M, Dressler G, Pelletier J.
The paired-box transcription factor, PAX2, positively modu-
lates expression of the Wilms’ tumor suppressor gene (WT1).
Oncogene 1996;13(3):447�53.

[499] Dehbi M, Pelletier J. PAX8-mediated activation of the wt1
tumor suppressor gene. Embo J 1996;15(16):4297�306.

[500] Matsuzawa-Watanabe Y, Inoue J, Semba K. Transcriptional
activity of testis-determining factor SRY is modulated by the
Wilms’ tumor 1 gene product, WT1. Oncogene 2003;22
(39):7900�4.

[501] Hammes A, Guo JK, Lutsch G, et al. Two splice variants of the
Wilms’ tumor 1 gene have distinct functions during sex deter-
mination and nephron formation. Cell 2001;106(3):319�29.

[502] Coppes MJ, Huff V, Pelletier J. Denys-Drash syndrome: relat-
ing a clinical disorder to genetic alterations in the tumor sup-
pressor gene WT1. J Pediatr 1993;123(5):673�8.

[503] Borel F, Barilla KC, Hamilton TB, Iskandar M, Romaniuk PJ.
Effects of Denys-Drash syndrome point mutations on the DNA
binding activity of the Wilms’ tumor suppressor protein WT1.
Biochemistry 1996;35(37):12070�6.

[504] Little M, Holmes G, Bickmore W, van Heyningen V, Hastie N,
Wainwright B. DNA binding capacity of the WT1 protein is
abolished by Denys-Drash syndrome WT1 point mutations.
Hum Mol Genet 1995;4(3):351�8.

[505] Heppe RK, Koyle MA, Beckwith JB. Nephrogenic rests in
Wilms tumor patients with the Drash syndrome. J Urol
1991;145(6):1225�8.

[506] Akasaka Y, Kikuchi H, Nagai T, Hiraoka N, Kato S, Hata J. A
point mutation found in the WT1 gene in a sporadic Wilms’
tumor without genitourinary abnormalities is identical with
the most frequent point mutation in Denys-Drash syndrome.
FEBS Lett 1993;317(1-2):39�43.

[507] Heathcott RW, Morison IM, Gubler MC, Corbett R, Reeve AE.
A review of the phenotypic variation due to the Denys-Drash
syndrome-associated germline WT1 mutation R362X. Hum
Mutat 2002;19(4):462.

[508] Moorthy AV, Chesney RW, Lubinsky M. Chronic renal failure
and XY gonadal dysgenesis: “Frasier” syndrome—a commen-
tary on reported cases. Am J Med Genet Suppl 1987;3:297�302.

[509] Barbosa AS, Hadjiathanasiou CG, Theodoridis C, et al. The
same mutation affecting the splicing of WT1 gene is present on
Frasier syndrome patients with or without Wilms’ tumor.
Hum Mutat 1999;13(2):146�53.

2887REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[510] Poulat F, Morin D, Konig A, et al. Distinct molecular origins
for Denys-Drash and Frasier syndromes. Hum Genet 1993;91
(3):285�6.

[511] Barbaux S, Niaudet P, Gubler MC, et al. Donor splice-site
mutations in WT1 are responsible for Frasier syndrome. Nat
Genet 1997;17(4):467�70.

[512] Denamur E, Bocquet N, Baudouin V, et al. WT1 splice-site muta-
tions are rarely associatedwith primary steroid-resistant focal and
segmental glomerulosclerosis. Kidney Int 2000;57(5):1868�72.

[513] Tajima T, Sasaki S, Tanaka Y, et al. 46, XY phenotypic male
with focal segmental glomerulosclerosis caused by the WT1
splice site mutation. Horm Res 2003;60(6):302�5.

[514] Hu M, Zhang GY, Arbuckle S, et al. Prophylactic bilateral
nephrectomies in two paediatric patients with missense muta-
tions in theWT1 gene.Nephrol Dial Transplant 2004;19(1):223�6.

[515] Eddy AA, Mauer SM. Pseudohermaphroditism, glomerulopa-
thy, and Wilms tumor (Drash syndrome): frequency in end-
stage renal failure. J Pediatr 1985;106(4):584�7.

[516] Hawkins CF, Smith OE. Renal dysplasia in a family with mul-
tiple hereditary abnormalities including iliac horns. Lancet
1950;I:803�8.

[517] Mino RA, Mino VH, Livingstone RG. Osseous dysplasia and
dystrophy of the nail: review of the literature and report of a
case. Am J Roentgenol 1948;6:633�41.

[518] Meyrier A, Rizzo R, Gubler M-C. The nail-patella syndrome: a
review. J Nephrol 1990;2:133�40.

[519] Sweeney E, Fryer AE, Mountford RC, Green AJ, McIntosh I.
Nail patella syndrome: a study of 123 patients from 43 British
families and the detection of 16 novel mutations of LMX1B.
Am J Hum Genet 2001;699(Suppl):A571.

[520] Bongers EM, Gubler MC, Knoers NV. Nail-patella syndrome.
Overview on clinical and molecular findings. Pediatr Nephrol
2002;17(9):703�12.

[521] Ben-Bassat M, Cohen L, Rosenfeld J. The glomerular basement
membrane in the nail-patella syndrome. Arch Pathol 1971;92
(5):350�5.

[522] Del Pozo E, Lapp H. Ultrastructure of the kidney in the
nephropathy of the nail–patella syndrome. Am J Clin Pathol
1970;54(6):845�51.

[523] Hoyer JR, Michael AF, Vernier RL. Renal disease in nail-
patella syndrome: clinical and morphologic studies. Kidney Int
1972;2(4):231�8.

[524] Silverman ME, Goodman RM, Cuppage FE. The Nail-Patella
syndrome. Clinical findings and ultrastructural observations in
the kidney. Arch Intern Med 1967;120(1):68�74.

[525] Gubler MC, Dommergues JP, Foulard M, et al. Collagen type
III glomerulopathy: a new type of hereditary nephropathy.
Pediatr Nephrol 1993;7(4):354�60.

[526] Heidet L, Bongers EM, Sich M, et al. In vivo expression of
putative LMX1B targets in nail-patella syndrome kidneys. Am
J Pathol 2003;163(1):145�55.

[527] Chen H, Lun Y, Ovchinnikov D, et al. Limb and kidney
defects in Lmx1b mutant mice suggest an involvement of
LMX1B in human nail patella syndrome. Nat Genet 1998;19
(1):51�5.

[528] Dreyer SD, Zhou G, Baldini A, et al. Mutations in LMX1B
cause abnormal skeletal patterning and renal dysplasia in nail
patella syndrome. Nat Genet 1998;19(1):47�50.

[529] Hamlington JD, Jones C, McIntosh I. Twenty-two novel
LMX1B mutations identified in nail patella syndrome (NPS)
patients. Hum Mutat 2001;18(5):458.

[530] Knoers NV, Bongers EM, van Beersum SE, Lommen EJ, van
Bokhoven H, Hol FA. Nail-patella syndrome: identification of
mutations in the LMX1B gene in Dutch families. J Am Soc
Nephrol 2000;11(9):1762�6.

[531] Dreyer SD, Morello R, German MS, et al. LMX1B transactiva-
tion and expression in nail-patella syndrome. Hum Mol Genet
2000;9(7):1067�74.

[532] Morello R, Zhou G, Dreyer SD, et al. Regulation of glomerular
basement membrane collagen expression by LMX1B contri-
butes to renal disease in nail patella syndrome. Nat Genet
2001;27(2):205�8.

[533] Miner JH, Morello R, Andrews KL, et al. Transcriptional
induction of slit diaphragm genes by Lmx1b is required in
podocyte differentiation. J Clin Invest 2002;109(8):1065�72.

[534] Rohr C, Prestel J, Heidet L, et al. The LIM-homeodomain tran-
scription factor Lmx1b plays a crucial role in podocytes. J Clin
Invest 2002;109(8):1073�82.

2888 84. GENETIC ABNORMALITIES IN GLOMERULAR FUNCTION

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



C H A P T E R

85

Cellular Mechanisms of Drug
Nephrotoxicity

Robert James Walker1 and Zoltán Huba Endre2
1Department of Medicine, Dunedin School of Medicine, University of Otago, Dunedin, New Zealand

2Christchurch School of Medicine and Health Sciences, University of Otago, Christchurch, New Zealand and

Department of Nephrology, Prince of Wales Hospital and Clinical School, University of New South Wales,

Sydney, Australia

INTRODUCTION

Nephrotoxins produce acute or chronic kidney fail-
ure or functional injury, usually as a result of specific
injury to tubular epithelial cells. While these toxins
usually produce localized and specific injury to target
cells in the kidney by specific mechanisms, many of
the final common pathways of cytotoxic injury are
shared with ischemia-reperfusion injury. As the latter
have been studied more extensively, these are included
as part of this review. The common cellular pathways
involved lead to cellular adaptation, sublethal or lethal
injury, and pathways for regeneration and repair.
These events are not confined to the target cells but
also involve other cells in the kidney, which may not
necessarily reveal apparent injury but which invoke a
stress response and/or inflammatory and vascular
responses. The role of direct and indirect injury in
mediating the phenotypic response to injury is illus-
trated schematically in Figure 85.1. The parallel
response in the cells that are not directly targeted, such
as cytokine or growth factor release or release of
inflammatory mediators and recruitment of further
inflammation together with the response of target cells,
are factors that determine the final outcome of toxic
injury. The accompanying vascular response may well
be pivotal. Thus, the pathophysiology of acute kidney
injury includes a complex interplay among specific cel-
lular injury, inflammation, and altered renal hemody-
namics. This review will trace the general mechanisms
of renal cell injury before focusing on selected specific

nephrotoxins that demonstrate these principles of
injury. Potentially, all of the cellular events involved in
injury leave molecular footprints, which can be used as
biomarkers in urine or plasma, Although such biomar-
kers have been used largely for diagnostic and predici-
tive purposes, it is through these biomarkers that we
may be able to map such events non-invasively. Event
specific biomarkers may allow mapping the time course
of injury and the recruitment of secondary injury path-
ways. We will review the development and use of
biomarkers in the detection of nephrotoxic injury.

LOCALIZATION OF INJURY

Cellular Susceptibility: General Principles

Renal susceptibility to toxic injury emanates from a
combination of nonspecific and specific factors. The
major nonspecific factor is high blood flow with the
kidney receiving 20�25% of the cardiac output, thus
ensuring high delivery rates of circulating toxins. The
general principles governing the susceptibility of a par-
ticular nephron segment to nephrotoxic or ischemic
injury include segmental transport functions, metabolic
activity, metabolic reserve, filtered load, and local
blood and substrate supply including oxygen. The con-
centration of a drug or its metabolites will contribute to
toxicity, and this will be modified by local tubular
reabsorption, secretion, and metabolism, as well as by
the local reabsorption of water. Intracellular activating
mechanisms and organelle distribution will contribute
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further to toxicity. Because of the heterogeneity of these
factors along the nephron, it is not surprising that the
pattern of injury differs among nephrotoxins. Toxin
delivery to a target site is a sine qua non for toxicity.
Protein binding of the potential nephrotoxin will dic-
tate whether the molecule is freely filtered at the glo-
merulus, dictating early exposure to the luminal aspect
of proximal tubular cells or, if highly protein bound, to
basolateral transport systems anywhere along the
nephron. Thus, there is good correlation between the
morphological and functional attributes of each neph-
ron segment and the potential development of nephro-
toxicity, especially in the proximal tubule where the
greater proportion of specific drug toxicity occurs.
Survival after toxicant exposure is also affected by the
cycle status of the cell and the extent to which activa-
tion of pro- versus anti-apoptotic pathways and pro-
versus anti-inflammatory pathways occurs; these
factors collectively represent the “stress response” of
the cells and are affected by the metabolic state of the
cell. The anti-apoptotic and -inflammatory factors may
be considered as a type of functional cytoprotective
reserve (akin to antioxidant status in the face of oxidant
stress), which might account for the differential suscep-
tibility of particular tubular cells.

Renal Blood Flow and Cell Susceptibility

Heterogeneity of renal blood flow (RBF) defines the
vascular limits of substrate and toxin delivery. The

outer cortex receives 80% of the total RBF, the inner
cortex and outer medulla only 15%, the inner medulla
5%, and the papillary region 2%.38 Renal oxygenation
is modified by diffusional shunting of oxygen from
arterial to venous vessels running in close approxima-
tion. This is most apparent in the vasa recta, so that
oxygen tension also falls off sharply at the corticome-
dullary junction, thereby producing the characteristic
low oxygen tensions found in the renal medulla aver-
aging approximately 10 mm Hg.261 However, preglo-
merular shunting of oxygen also contributes and
reduces cortical oxygenation to below renal vein
values.431 This arrangement is essential for mainte-
nance of the medullary interstitial osmotic gradient
generated by the countercurrent multiplier system that
allows modulation of water reabsorption for the gener-
ation of concentrated or dilute urine. In a teleological
sense, the arrangement also provides a selection advan-
tage by creating a zone of borderline oxygenation in
the kidney that may be ideal for sensing hypoxia by
erythropoietin-producing interstitial cells in cortex. The
disadvantage is that any significant reduction in RBF—
for example, in shock—can easily lead to hypoxic dam-
age, at least in outer medullary tissues, including
“medullary rays” situated in the cortex and containing
the S3 proximal tubule and TAL segments arising from
glomeruli in the outer and mid-cortical layers.40

Although both proximal tubular S3 cells and medullary
thick ascending limb cells are exposed to a similar risk
of hypoxia, only proximal tubular cells undergo early
cell death following equivalent hypoxic insults
in vivo.119,147,275 This suggests that there are differences
in susceptibility to injury between these segments,
which may reflect differences in segmental cytoprotec-
tive mechanisms as discussed below.

Regulation of regional blood flow may be critical to
localization of hypoxic and toxic injury. Autoregulation
of cortical blood flow is highly efficient, whereas the
extent of autoregulation of medullary blood flow
remains controversial. Some studies indicate that med-
ullary blood flow is not efficiently autoregulated, espe-
cially during volume expansion.262,309 Other studies
show efficient autoregulation of medullary blood flow
under other conditions.127,183,294 Such disparate obser-
vations may arise from different methods of estimating
medullary blood flow.125 Modulation of cortical and
medullary blood flow may be critical to the actions of
several nephrotoxins, such as iodinated contrast and
nonsteroidal anti-inflammatory drugs. Heterogeneity
of nitric oxide synthase (NOS) distribution within the
kidney influences these regional differences in renal
perfusion, and contributes to cytotoxic injury. All three
isoforms of NOS are present in the kidney.457,512 NO
from eNOS is involved in regulation and maintenance
of blood flow, and NO synthesized by nNOS in the

Indirect injury

Direct
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FIGURE 85.1 Determinants of injury outcome. The influence of
indirect injury to adjacent structures and of the subsequent vascular
and inflammatory response to injury on primary cellular targets of
nephrotoxic injury is shown schematically. The phenotypic response
to toxic injury is the sum of these responses.
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macula densa is important in the modulation of tubulo-
glomerular feedback (TGF) and regulation of glomeru-
lar filtration rate (GFR).450 iNOS is present in the
tubules of normal rat kidney, predominantly in the
medullary thick ascending limb, but its involvement in
regulation of kidney function under normal physiologi-
cal conditions is unclear. Quantitative studies of NOS
activity523 and NO production550 suggest that the renal
medulla is the principal site for basal NO synthesis in
the kidney, suggesting an important role of NO in reg-
ulation of medullary circulation.75,76,309

There is increasing interest in the role of the endo-
thelium in ischemia-reperfusion injury, which may
provide some insights into the effects of nephrotoxic
injury on the renal vasculature. Endothelial dysfunc-
tion and vasoconstrictor hypersensitivity are well-
recognized sequelae of ischemic acute renal failure
(ARF).150,151,152,219,278 After ischemia-reperfusion injury
loss of GFR arises from a combination of a reduced
transcapillary hydraulic pressure gradient (ΔP) during
delayed graft function and back leak of the glomerular
filtrate presumed secondary to both epithelial injury
and tubular obstruction.3,400 The decrease in ΔP may
arise from two mechanisms.400 The first is a reduction
in perfusion pressure secondary to an increase in affer-
ent arteriolar tone as a result of some combination of
vasoconstrictor hypersensitivity, endothelial dysfunc-
tion impairing the generation of vasodilators, and
increased TGF. The afferent arteriole provides the high-
est contribution to renal vascular resistance and is the
key modulatory site for renal autoregulation.234 The
second mechanism is a rise in intratubular pressure
arising from actual or functional tubular obstruction.
Recent studies161 confirming the continuing presence
of TGF activity after ischemia-reperfusion injury sup-
port the postulated contribution from enhanced TGF
secondary to reduced sodium and water reabsorp-
tion.306,473 Structural obstruction of the nephron is rec-
ognized in ischemic ARF,414 and functional (high-flow)
obstruction causing intratubular pressure increases suf-
ficient to stop filtration have been observed in toxic
ARF after p-aminophenol.190 Endothelial cell dehis-
cence and microvascular obstruction may also contrib-
ute a significant component of this reduction in renal
blood flow, as recent studies have observed not only
endothelial cell dehiscence, microvascular aggregation,
and obstruction, but even reversal of flow.41,463,528

These observations coupled with evidence of endothe-
lial ICAM1 adhesion molecule upregulation1 and leu-
kocyte adhesion in the vasa recta89,91 explain the outer
medullary vascular congestion observed consistently
after ischemic injury,307 usually described as the “no-
reflow” phenomenon.257,459

Iodinated contrast agents may be injurious through
modulation of regional blood flow. One of the two

principal explanations for genesis of acute renal failure
by contrast is induction of vasoconstriction, either
directly by high osmolar-contrast agents or by release
of endothelin or adenosine or both. Medullary blood
flow may be critical, since the potential for regional
hypoxia described above predisposes to ischemic
injury when both nitric oxide and vasodilator prosta-
glandin synthesis are blocked.193 Iodinated contrast
reduces NO synthesis in primary cultures of renal
artery smooth muscle cells.412 Injection of radiocontrast
results in an immediate decrease in renal blood
flow that is counteracted by an increase in renal pro-
staglandin formation. When prostaglandin synthesis
is inhibited by cyclooxygenase inhibitors, prolon-
ged endothelin-mediated renal vasoconstriction is
observed.57 Endothelin antagonists have not been suc-
cessful in preventing contrast nephropathy.506

However, the only clinical trial using endothelin
antagonists utilized a nonselective endothelin antago-
nist that promoted both an increase in circulating
endothelin of longer duration than the duration of
antagonism185,507 and antagonism of ET-B receptors,
which would have suppressed NO production.
Subsequent experimental studies have demonstrated
protection by ET-A selective antagonists, but it is
uncertain whether this protection was hemodynami-
cally mediated.282

Modulation of NO also contributes to calcineurin-
inhibitor and cisplatin toxicity. Acute dose-dependent
vasoconstriction of the renal microcirculation by
cyclosporine and tacrolimus is NOS dependent113,114,509

and reversed by supplementation with l-arginine.114

Chronic cyclosporine involves downregulation
of eNOS, which can be reversed by administration
of l-arginine6,530 or pravastatin.264 Inhibition of NOS
(by 2-amino-4-methylpyridine aggravates experimental
cisplatin-induced nephrotoxicity with exaggeration of
both histological and metabolic features of cisplatin
toxicity including reduction in glutathione2 -peroxidase
activity and elevation of platinum accumulation, but
prevents the typical reduction in GSH and increase in
malondialdehyde.418

Both vasodilator and vasoconstrictor prostaglandins
generated by COX from arachidonic acid are critical in
the regulation of vascular tone and sodium and water
homeostasis in the kidney. Endogenous prostaglandins
have been found to modulate the regulatory status of
the perfused kidney and there is growing evidence to
indicate that COX-2 is involved in the modulation of
afferent arteriolar autoregulatory responses.182,198 The
interplay between endogenous vasodilators and vaso-
constrictors—for instance, prostaglandins and endothe-
lin—and the increase in vasoconstrictor production
when vasodilators are stimulated or vice versa, high-
lights the important homeostatic effects of local
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autoregulation. This is critical in determining regional
blood flow and toxicity, but can make interpretation
difficult.

CELLULARTARGETS

Cellular Targets: General

Significant exposure of the kidney to toxicants typi-
cally results in ARF. The primary target for most
nephrotoxin and ischemic injury are epithelial cells of
the proximal tubule.33,101,274,411 Other renal target cells
include endothelial cells—for example, in response to
Shiga toxin-2549 or ischemia.332 Endothelial cells can
also be modified by cytotoxins to sensitize them to
other forms of injury. For example, incubation of endo-
thelial cells with calcineurin inhibitors has been shown
to increase subsequent adhesion by dendritic cells.427

Vascular smooth muscle cells can be indirect or direct
targets. For instance, impaired vasorelaxation through
impaired NO formation characterizes cyclosporine,
contrast, and myoglobin toxicity as described. Severe
ischemia may injure smooth muscle cells directly.74

Podocyte injury is critical in the development of several
forms of glomerular disease, and is induced experi-
mentally by the nephrotoxin puromycin.496 Tubular
interstitial cells may be targeted by drugs with resul-
tant tubulointerstitial nephritis, glomerular cells to
cause proteinuria, and distal tubular cells to cause
functional injury manifested as inhibition of transport
(e.g., lithium and demeclocycline cause diabetes insipi-
dus, and cotrimoxazole causes hyperkalemia) or struc-
tural damage (e.g., with fibrosis induced by lithium or
other drugs). Secondary parenchymal injury may result
from activation of inflammatory chemokines resulting
in an inflammatory response with leukocyte activation
and infiltration. This is a critical component of
ischemia-reperfusion injury,33,47,534 but has been inade-
quately explored in nephrotoxic injury.

Proximal Tubular Characteristics

Most nephrotoxic and ischemic injury involves prox-
imal tubular cells.32 Proximal tubule dysfunction is pri-
marily responsible for activation of several of the main
pathophysiological mechanisms, which leads to loss of
GFR in acute renal failure as discussed earlier. The S3
segment of the proximal tubule and the medullary
thick ascending limb (MTAL) of the loop of Henle tra-
verse the outer stripe of the outer medulla and medul-
lary rays in close proximity. These are regions of the
kidney that are marginally oxygenated because of dif-
fusional shunting of oxygen,432 and where blood flow
is reduced in the setting of ischemic and some toxic

injuries.120,187,307,534 Although both nephron segments
have high transport activity and concomitant high met-
abolic activity, only proximal tubular cells are suscepti-
ble to injury causing cell death in most animal
models.119,275 This greater susceptibility probably arises
because proximal tubular cells rely principally on fatty
acid oxidation for energy,406,519,520 and have low glyco-
lytic capacity compared with MTAL cells under condi-
tions of oxygen deprivation.14,417 Thus, the higher
glycolytic capacity of MTAL cells allows continued
generation of ATP in the setting of rapid ATP deple-
tion resulting from impaired oxidative phosphoryla-
tion.32 There may also be greater cytoprotective reserve
in MTAL cells in contrast to proximal tubule cells
against early apoptotic injury through early and differ-
ential upregulation of anti-apoptotic Bcl-2 family mem-
bers,146 and of the protective mitogen-activated kinases
(MAP kinase) pathway regulated by extracellular sig-
nal kinase (ERK),96 as will be discussed further below.
However, while ATP availability may make distal
nephron cells less vulnerable to immediate cell death
by necrosis, MTAL cells do undergo sublethal changes
and produce various chemokines, cytokines, and
growth factors that may have autocrine and/or para-
crine effects on the injury and regeneration process of
the kidney post-ischemia; MTAL cells may also
undergo apoptotic cell death pathways under severe
stress conditions.146,270,271,272

Transport-Based Selectivity

In the S1 and S2 segments, the proximal tubular cells
have well-developed brush borders, a well-developed
phagolysosomal system, a large endocytic apparatus
with numerous apical vesicles, and mitochondria asso-
ciated with the basolateral membrane.477 Functionally,
this region is associated with bulk isosmotic solute and
fluid reabsorption coupled to the gradient generated
by active sodium transport across the basolateral mem-
brane by sodium ATPase and the tubular uptake and
metabolism of protein by the endocytic and phagolyso-
somal systems.477 The final (S3) segment of the proxi-
mal tubule is located in the outer stripe of the outer
medulla. The cells are characterized by less well-
developed phagolysosomal and endocytic systems, but
contain a much greater proportion of smooth endoplas-
mic reticulum (ER) and peroxisomes.477 S3 segment
cells are the predominant location of the renal mixed-
function oxidases, which contribute to both metabolic
activation and toxicity of some compounds.

The greater diversity of transport functions in proxi-
mal tubule contributes to localization of injury because
of preferential accumulation of many toxicants in this
segment. For example, halogenated hydrocarbons are
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common environmental chemicals present in solvents
and pesticides that produce toxicity and ARF after
enzymatic conversion to reactive intermediates and
cysteine S-conjugates, which are particularly injurious
to the S3 segment of proximal tubule,64,115,116 since the
S3 segment has the highest γ-glutamyl transpeptidase
and cysteinylglycinase transport activity.416 Similarly,
nephrotoxic heavy metals—including mercury, cad-
mium, gold, lead, nickel, and chromium—induce
injury targeted to the proximal tubule as a result of
active transport systems. For example, mercuric chlo-
ride conjugates with glutathione2 and cysteine in the
liver and plasma, but accumulates in and is toxic to the
S3 segment456 where the Hg-GSH conjugates are con-
verted into Hg-cysteine conjugates by γ-glutamyl trans-
peptidase, and then transported intracellularly by the
Na-dependent L-alanine, L-serine, and L-cysteine
(ASC) systems, and the Na-independent L-system.538

The relationship between transport proteins and
protection is complex, as illustrated by cadmium-
induced injury. Cadmium, a ubiquitous environmental
toxin, is absorbed by inhalation or ingestion, and accu-
mulates to produce proximal tubular injury. Cadmium
induces the cysteinyl-rich metal-binding protein, metal-
lothionein (MT), an important protective mechanism
against many heavy metals.487 However, MT contri-
butes to cadmium injury since MT-knockout mice are
protected against Cd toxicity.231 Paradoxically, the MT
complex facilitates uptake and accumulation by proxi-
mal tubular cells, with free cadmium and Cd-MT tar-
geting different subsegments (S3 and S1/S2 segments,
respectively) of the proximal tubule in vivo.420 Cd-MT
complexes formed in the liver are freely filtered and
taken up into proximal tubular cells by endocyto-
sis.63,420 After endocytosed Cd-MT is degraded by lyso-
somes, free cadmium is released intracellularly and
binds to subcellular targets to produce toxic injury
characterized by proteinuria, phosphaturia, glucosuria,
aminoaciduria, and polyuria.419,539 Some protection
against cadmium is afforded by pretreatment with
cyproterone acetate, which appears to increase trans-
port out of the proximal tubular cells by upregulation
of a ZnT-1 transporter gene that encodes for a mem-
brane protein associated with zinc efflux.468

Thus, transport systems, including endocytosis, are
important in localizing toxicity. Gentamicin localizes to
proximal tubule because of selective uptake. Megalin
(also known as LRP-2), is a giant multiligand endocytic
receptor, abundantly expressed in the apical membrane
of proximal tubular epithelial cells, and is known to
mediate uptake of β2-microglobulin. Megalin-knockout
mice accumulate very little gentamicin compared
with wildtype mice, suggesting that megalin-mediated
endocytosis is the main mechanism of gentamicin
accumulation in proximal tubules.178,344,428 Even more

compelling evidence indicates that megalin mediates
MT�heavy metal complexes including MT-Cd.232

Surface plasmon resonance and flow cytometry studies
using overlapping MT peptides and recombinant MT
fragments identified the hinge region of MT as a critical
site for megalin binding, and suggest that disruption of
the hinge motif (SCKKSCC) can inhibit proximal tubu-
lar MT uptake and eliminate much of the renal accumu-
lation and toxicity of heavy metals such as cadmium,
gold, copper, and also of cisplatinum, which is also
transported bound to metallothionin.232

Distal tubular cells are also targeted through selec-
tive transport mechanisms. Lithium toxicity localizes to
the distal nephron because lithium ions enter the
cells via the amiloride-sensitive Na channel16,139 to
cause nephrogenic diabetes insipidus by markedly
downregulating expressions of AQP2299,505 and Na,K-
ATPase.256 Through understanding this transport
selective toxicity, it was shown that polyuria can be
ameliorated by amiloride in patients receiving long-
term lithium therapy.20,24 Similarly, the side effect of
closure of luminal apical sodium channels in distal
tubular cells—for example, by the antibiotics trimetho-
prim492 and pentamidine235 or by the diuretics triamter-
ine and amiloride—is functional dose-dependent
hyperkalemia, as blockade of Na transport reduces the
transepithelial voltage and inhibits potassium secretion.

CELL INJURY PATHWAYS

Sublethal Injury

Nephrotoxic or ischemic injury not severe enough to
cause cell death can nevertheless produce sublethal
injury with significant pathophysiological conse-
quences.31 Some nephrotoxins produce changes in sol-
ute reabsorption as highlighted above for lithium and
trimethoprim. Similarly, cadmium and maleic acid tox-
icity can produce proximal renal tubular acidosis with
aminoaciduria, and glycosuria,16 while amphotericin B
can induce a distal renal tubular acidosis with hypo-
magnesemia and hypokalemia.102 The factors defining
whether sublethal injury produces a higher risk of fur-
ther injury leading ultimately to cell death or is protec-
tive through pre-conditioning (e.g., by upregulation of
heme-oxygenase-1) remain of considerable interest in
ischemia-reperfusion injury.

Sublethal injury associated with ATP depletion in
proximal tubular cells results in impairment of epithe-
lial permeability, loss of functional integrity of tight
junctions (zona occludens), loss of cell polarity, and
altered localization of cell adhesion molecules and
polarized membrane proteins.31 Proximal tubular cell
injury after acute chemical or ischemic insult is
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characterized by ATP depletion, mitochondrial and
peroxisome dysfunction, impaired solute and ion trans-
port, loss of cell polarity, and cytoskeletal dysfunction.
Oxidative damage and ionic and pH changes also con-
tribute to cell injury, but ischemic and chemically
induced ATP depletion have been more extensively
studied than other mediators of injury.275,276 The cellu-
lar and molecular lesions induced by ATP depletion
are duration dependent and have been reviewed
recently.52 The lesions include misfolding and aggrega-
tion of membrane and secreted proteins;248 disruption
of the actin-based cytoskeleton;12,13,331 disturbances in
apical�basolateral protein polarization;134 mislocaliza-
tion and degradation of protein components of the
intercellular junctions;53,480 upregulation of many
genes, including molecular chaperones,51,248 growth
factors and their receptors,360 and regenerative pro-
teins;95,199,202 perturbation of integrin-mediated cell
adhesion;151,237,273,553 and induction of cell death by
apoptosis or necrosis.373

Many of these changes occur very rapidly after the
onset of ATP depletion, particularly changes involving
the cytoskeleton. The apical microvillar region of proxi-
mal tubular cells is particularly sensitive because of the
rapid rate of actin polymerization, so that severe but
repairable damage occurs within five minutes of ische-
mia.330 These changes are not confined to tubular epi-
thelial cells. Rather, renal ischemia rapidly produces
characteristic and duration-dependent effects on the
actin cytoskeleton of numerous renal cell types, includ-
ing endothelial41 and smooth muscle cells, suggesting
that the alterations are independent of cell type.330

Microvascular injury resulting from changes in the
endothelial cell actin cytoskeleton—including cell
swelling, altered cell�cell attachment and reduced
endothelial cell�basement membrane attachment—
may play a central role in reduced blood flow to
affected microvascular beds secondary to altered vas-
cular reactivity, in increased leukocyte adherence and
extravasation, in altered coagulation after endothelial
dysfunction, and in increased interstitial edema sec-
ondary to increased endothelial permeability.188 Injury
to the vascular endothelium may also contribute to
progressive loss of the microvasculature and perhaps
via chronic hypoxia through glomerulosclerosis and
tubulointerstitial fibrosis to progressive renal dis-
ease.222 Chronic hypoxia induced in part by angioten-
sin II�mediated vasoconstriction may similarly
contribute to chronic cyclosporine nephrotoxicity.389

Cell Death: Apoptosis and Necrosis

The responses of renal tubular cells to severe injury
include cell death, de-differentiation of viable cells,

proliferation, and re-differentiation and restitution of
normal epithelium.442,449,464,470 Cell death pathways are
initiated by the same stressors, that initiate adaptive
responses, including toxins and ischemia. Where these
stressors are of sufficient initial magnitude or there is
failure of the adaptive response mechanisms to rescue
the cell, cell death is initiated by either apoptosis or
necrosis. These responses are intimately related to cell
cycle events leading to recovery or cell death
(Figure 85.2). Heterogeneity of response in the kidney
can result in concurrent apoptosis and necrosis within
the same nephron segments following a single injuri-
ous influence.147 The distinction between these modes
of death is important in defining therapeutic strate-
gies.7 A clear distinction between modes of death fol-
lows the seminal study by Kerr, Wyllie, and Currie230

in which they coined the term “apoptosis,” and distin-
guished necrosis and apoptosis using morphological
criteria. In necrosis, there is swelling of cell organelles
including the mitochondrial matrix, chromatin floccu-
lation, loss of plasma membrane integrity, and rupture
of the cell contents into the extracellular space, which
invokes an inflammatory response.228 The mitochon-
dria undergo inner membrane swelling, cristeolysis,
and disintegration.250 Polyribosomes disintegrate and
disperse throughout the cytoplasm, and the cisterns of
rough ER and Golgi apparatus are dilated and frag-
mented.478 In apoptosis, the nuclei undergo chromatin
condensation, pyknosis, and karyorrhexis, with the
chromatin forming crescents along the periphery of the
nuclear membrane.230,526 The cells then shrink,
lose microvillae and cell junctions, and fragment into
a series of plasma membrane�bound condensed apo-
ptotic bodies containing small masses of condensed
cytoplasm, chromatin, and occasional organelles.
Phosphatidylserine residues, normally located on the
inner cell membrane surface, are exteriorized prior to
cell fragmentation; these signal adjacent viable cells to

Cell cycle active

Stress

Injury Recovery

Cell cycle arrest

Apoptosis Necrosis Repair - Regeneration - Proliferation

Cell death Cell survival

FIGURE 85.2 Injury response and cell cycle activity. The role of
cell cycle activity in determining injury outcome is cell-type, toxin,
and tissue dependent; the response for the general case is illustrated
schematically.

2894 85. CELLULAR MECHANISMS OF DRUG NEPHROTOXICITY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



phagocytose the apoptotic bodies without inducing an
inflammatory response.311,454

To emphasize the distinctions between the cata-
strophic nature of necrosis in contrast to the orderly,
genetically driven process of apoptosis, these are some-
times referred to respectively as “accidental cell death”
and “programmed cell death.” Despite these distinc-
tions, there is considerable overlap between the cellular
pathways involved in apoptosis and necrosis.
For example, if a fragmented cell is not phagocy-
tosed—for instance, in in vitro culture systems
where macrophages are absent, and in vivo where
phagocytosis is impaired, as in autoimmune disor-
ders522—the apoptotic bodies eventually swell and
lyse, a process known as secondary necrosis.229

Consequently, the same insult may produce apoptosis
or necrosis depending on severity.272,274 Studies in ani-
mal models which demonstrated that apoptosis is a
“normal” feature of ischemia-reperfusion injury
in vivo,18,67,82,145,146,362,430,447,448,482,537 have been con-
firmed in clinical biopsies of transplanted cadaveric
kidneys, which are recognized as the best-defined
model of human ischemia-reperfusion injury.49,60,366

These studies have stimulated interest in downregulat-
ing apoptosis as a means of ameliorating or preven-
ting acute renal injury,30,271 a proposal that has now
proven successful in experimental ischemia-
reperfusion injury with the use of caspase inhibitors110

and erythropoietin.439,494

Adaptive and cell regulatory pathways are initiated
simultaneously with cell death pathways at the time of
initial cell injury (Fig. 85.2). Thus, injury and recovery
are postulated to be part of the same response177 and
involve engagement of the cell cycle.397 Recovery after
injury requires an orderly progression through the cell
cycle (reviewed by Price et al.,397) which is regulated
inter alia by the phosphorylation of substrates by inter-
acting proteins called cyclins and cyclin-dependent
kinases (cdk). Transition through so-called regulatory
checkpoints G1 (gap-1) and S (DNA synthesis) and G2
and M (mitosis) cannot occur before each phase is com-
pleted. Natural inhibitors of cdk’s such as p21, the 21-
kd protein that inhibits cyclin-dependent kinase 2
(cdk2) activity are increased naturally during G1 to
prevent further cycle progression or by the p53 tran-
scription factor after DNA damage50,88 or by p53-
independent mechanisms after acute renal injury.315 In
p21(-/-) mice, both cisplatin and ischemic injury pro-
duce more rapid and severe acute renal failure with
morphologic damage including necrosis and apoptosis
throughout the renal cortex, whereas damage is
restricted to the S3 segment of the proximal tubule in
wildtype p21(1/1 ) mice.313,314 In association with the
increase in cell death there is an increase in cell cycle
activity in p21(-/-) mice.312 The corollary to these

changes is that increases in p21 expression are associ-
ated with suppression of apoptosis after injury, and in
preventing p53-induced apoptosis in a variety of
cancer types, while reduction of p21 may induce apo-
ptosis in such transformed cells.157,391 These findings
emphasize the importance of coordinated cell cycle
control to recovery from acute renal injury with the
final outcome dependent on both the severity of injury
and the net balance of the cellular responses.397

Lethal Injury: Apoptosis

Since apoptosis of renal tubular cells predictably
accompanies necrosis433,434 and mechanisms of necrotic
injury, such as ATP depletion and hypoxia, also induce
apoptosis in cell culture models,4,130,167�169,225,274 inhi-
bition of apoptosis may be therapeutic87 in ameliorat-
ing injury after ischemia-reperfusion injury including
renal transplantation.272,482 Intensive investigation of
the molecular pathways involved in apoptosis have
demonstrated that aspects of necrosis are also actively
mediated, and that cytotoxic injury also leads to apo-
ptosis through similar or identical pathways affirming
the concept of a continuum of cell injury and death.

Caspases are the molecular executioners of apopto-
sis.138,472 The molecular mechanisms of caspase-
induced cell death were first elucidated in the nema-
tode Caenorhabditis elegans.489 Caspases are a family of
at least 14 highly specific cysteine proteases synthe-
sized as proenzymes (procaspases). They all possess a
catalytic cysteine in the active site, require a tetrapep-
tide recognition sequence with a C-terminus aspartate,
cleave target proteins after an aspartate residue, and
are hence stylized “c(asp)ases.” Procaspases are acti-
vated by proteolytic cleavage, usually at caspase sub-
strate sites, which allows autolytic cleavage (e.g.,
adapter-facilitated self-cleavage by proximity) in a cas-
pase cascade.471 Caspases are either pro-inflammatory
(caspases 1, 4, 5, 11, 13) and involved in maturation of
cytokines, such as both interleukin (IL)-1 and IL-18 in
the case of caspase-1, or pro-apoptotic.471 The
pro-apoptotic caspases can be divided into initiator
caspases (caspases 2, 8, 9, 12) and effector caspases
(caspases 3, 6, 7). Initiator caspases are activated by
pro-apoptotic stimuli that induce adapter-facilitated
self-cleavage. In turn, initiator caspases activate effector
caspases that are responsible for cleavage of various
physiological substrates including nuclear lamins, cyto-
skeletal proteins fodrin and gelsolin, actin-signaling
protein, p21-activated kinase-2 (PAK2),42,239,259,303 and
caspase-activated DNAase (CAD).118

Target cleavage leads to the characteristic molecular
and morphological patterns of apoptotic cell death.
Lamins are intermediate filament proteins forming the
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nuclear lamina underlying the nuclear membrane and
responsible for chromatin organization: caspase-
induced cleavage leads to collapse and characteristic
condensation of nuclear chromatin. Similarly, caspase-
induced cleavage of fodrin and gelsolin leads to cell
blebbing, while PAK2 cleavage leads to cytoplasmic
and nuclear condensation, cellular detachment, and to
phosphatidylserine externalization,302 which is critical
for macrophage activation and phagocytosis. CAD acti-
vation, through proteolysis of ICAD (inhibitor of
caspase-activated DNase), is one of the pathways of
endonuclease activation.118 Endonuclease activation is
the final common execution of both apoptotic and
necrotic cell death pathways after ischemia-reperfusion
injury and results in the generation of unrepairable
strand breaks in double-stranded DNA.482,524 Random
digestion of DNA in necrosis produces a smear pattern.
Since internucleosomal DNA cleavage is nonrandom,
producing DNA fragments that are multiples of B180
base pairs and characteristic DNA laddering, these
strand breaks have long been regarded as an indicator
of apoptosis.525 However, other studies have shown
that both apoptosis and necrosis can occur in the
absence or in the presence of DNA fragmenta-
tion,73,100,413,483 so it is critical that apoptosis is defined
by morphological as well as biochemical criteria.
Caspase-independent (CAD-independent) DNA frag-
mentation occurs via endonuclease G, an endonuclease
released from the mitochondrial intermembrane space
and responsible mainly for single-strand fragmenta-
tion.265,381 Apoptosis-inducing factor4 also released
from the mitochondrial intermembrane space and
induces DNA fragmentation with high molecular
weight fragments compared with the smaller fragments
generated by caspase-induced deoxyribonuclease.214,462

Caspases are activated by mitochondrial or ER-
mediated intrinsic pathways or following activation of
cell surface receptors, the extrinsic pathway.223 The
extrinsic pathway is activated by triggering of cell
death receptors, such as TNF and Fas, cell surface
molecules that possess a common piece within their
cytoplasmic tails called the death domain (DD).11,488

Binding of ligands such as FasL to these receptors (e.g.,
Fas) induces receptor trimerization and formation of a
death receptor�ligand complex. Adapter molecules,
such as Fas-associated death domain protein or
TRADD in the case of TNF, possess both DD and the
death sector domain (DED). The death receptor�ligand
complex recruits FADD by binding to the DD. FADD
in turn recruits procaspase-8 modules through DED
interaction and forms the death-inducing signaling
complex (DISC) that facilitates activation of caspase-
8.340 Caspase-8 causes autocatalytic activation of fur-
ther caspase-8 molecules through induced proximity.
These translocate to the cytoplasm and directly activate

downstream caspases, such as caspase-3, -6, and -7.
Alternatively, caspase-8 catalyses the cleavage of cyto-
plasmic Bid,256 a death-promoting member of the Bcl-2
superfamily. Truncated Bid (tBid) translocates to the
mitochondria, integrates into the outer membrane, and
interacts with other Bcl-2 family members to promote
release of cytochrome C and other pro-apoptotic fac-
tors from the mitochondria, thereby activating caspases
of the mitochondrial-dependent pathway.159 Extrinsic
pathway activation is regulated by Fas-associated
death domain inhibitory proteins, like cytosolic FLIP
(the FADD like IL-1β�converting enzyme inhibitory
protein) and cowpox virus protein crm A, which inhi-
bits caspase-8 and downstream caspases.201,242,243,438,488

The mitochondria-dependent intrinsic pathway
(Figure 85.3) is responsible for most apoptosis, and
leads to mitochondrial release of pro-apoptotic factors,
including cytochrome C, AIF, and endonuclease
G.213,214,241,461 Intrinsic pathway-activating signals
include DNA damage, heat shock, radiation, oxidative
stress, glucocorticoids, perturbations in redox balance,
ceramide activation of tumor suppressor proteins
such as p53, and oncogenes such as c-myc, growth
factor withdrawal, and some nephrotoxins.373 During
ischemia-reperfusion and after cisplatin, respiratory
chain dysfunction impairs ATP generation. While
severe ATP depletion causes necrosis, sustained milder
degrees of ATP depletion can trigger apoptosis. One
reason for the selective activation of apoptosis with
milder degrees of ATP depletion appears to be the rela-
tively greater reduction in the smaller intracellular
pool of guanosine triphosphate (GTP), which is in tight
equilibrium with ATP.84 While the GTP: GDP ratio reg-
ulates various signaling GTPases such as Ras and Rho,
which are regulators of cell proliferation and apopto-
sis,174 GTP depletion also triggers an increase in p53,
which translocates to the mitochondria and triggers
mitochondria-dependent apoptosis.83,226 In addition to
functional changes in mitochondrial energy generation,
ischemia produces two structural abnormalities in
mitochondria. First, it triggers collapse of the mito-
chondrial membrane potential (ΔΨμ) following open-
ing of the mitochondrial transition pore in the inner
mitochondrial membrane, producing high amplitude
swelling and impairing ATP generation early
in reflow.171,172 Second, it triggers leakage of cyto-
chrome c leakage from the inner membrane space into
the cytoplasm.241 Dislocation to the cytoplasm of cyto-
chrome c, an electron shuttle protein, both impairs res-
piration and facilitates binding of deoxyadenosine
triphosphate to the adapter protein apaf-1-cytochrome
C-complex, inducing oligomerization to form the
high-molecular-weight caspase-activating complex, the
apoptosome.266,551 The apoptosome recruits procas-
pase-9, which autocatalytically activates and then

2896 85. CELLULAR MECHANISMS OF DRUG NEPHROTOXICITY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



proteolytically activates caspase-3, triggering execution
of apoptosis.552

The intrinsic mitochondrial signaling pathway is
regulated by members of the Bcl-2 family.1,87 Mammals
possess a large family of Bcl-2 proteins that includes
pro-apoptotic as well as anti-apoptotic members. Anti-
apoptotic members include the prototype Bcl-2,491 Bcl-
xL, Bcl-w, and Mcl-1. Pro-apoptotic members include
Bax, Bak, and Bok. A third class of molecules sharing
homology with the Bcl-2 homology-3 (BH3) domain
can activate pro-apoptotic members or inactivate antia-
poptotic members and include Bin, Bid, Bad, and Bik.
The ratio of anti- to pro-apoptotic molecules such as
Bcl-2 to Bax is a measure of susceptibility to apoptosis
via the intrinsic pathway, perhaps because pro- and
anti-apoptotic members of the Bcl-2 family heterodi-
merize with each other.1 The precise mechanism by

which mitochondrial intermembrane space proteins are
released by the actions of Bax and Bak is uncertain.
Translocation to the mitochondrion, oligomerization,
and insertion of Bax into the outer mitochondrial mem-
brane to form pores or channels, which allow release of
intermembrane space proteins, has been proposed.448

Alternatively, Bax may mediate opening of the mito-
chondrial permeability transition pore, which then
somehow modulates permeability of the outer mito-
chondrial membrane, perhaps after swelling and rup-
ture.189 Nevertheless, although there is evidence for
these alternatives (see Danial and Korsmeyer87), the
precise mechanisms remain uncertain. It is clear, how-
ever, that anti-apoptotic Bcl-2 family members (such as
Bcl-2 and Bcl-xL) block apoptosis-induced release of
these intermembrane space proteins, perhaps by stabi-
lizing and preventing opening of the mitochondrial
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permeability transition pore.1,87 Translocation of both
pro- and anti-apoptotic Bcl-2 proteins to the mitochon-
dria appears critical: for example, protection against
apoptosis in distal tubular cells after oxidative injury
was associated with translocation of Bcl-xL to mito-
chondria within the surviving distal cells, whereas
proximal tubular cells showed reduced survival cou-
pled with decreased expression of Bcl-xL, which did
not translocate to the mitochondria.79 After ischemia-
reperfusion in vivo, rat proximal tubules show a
marked increase in Bax expression and apoptosis as
well as an expected increase in necrosis.146 The rele-
vance of these and similar18 experimental rat studies is
clear from similar observations in human kidneys after
cadaveric renal transplantation, where increases in
apoptosis with ischemia time were associated with
increased Bax expression and of cytoplasmic cyto-
chrome C, confirming mitochondrial pathway involve-
ment in the observed apoptosis.60

Impairment of mitochondrial outer-membrane integ-
rity allows numerous other proteins normally seques-
tered in the inner membrane space to enter the
cytoplasm.410 These include caspase-independent
death effectors such as the apoptosis-inducing factor
(4), mitochondrial pools of co-caspases (such as cas-
pases-2, -3, and -9), the second mitochondrial activator
of caspases (Smac),104 the direct inhibitor of apoptosis
proteins (IAPs) binding with low pI (Diablo),493 and
serine protease HtrA2/Omi.490 AIF translocates to the
nucleus triggering chromatin collapse and digestion of
DNA as described earlier. IAPs regulate caspase activ-
ity by acting as pseudosubstrates. By binding IAPs that
inhibit caspases-3, -7, and -9 directly, Smac/Diablo
frees these caspases to promote cell death.410,444

As shown in Fig. 85.3, there are three potential levels
of interaction between the extrinsic and intrinsic apopto-
tic pathways. Initial activation of caspase-8 via Fas can
induce mitochondrial translocation of Bid with resultant
cytochrome C release.292 Second, the transcription factor
p53 activates pro-apoptotic Bcl-2 family members and
also Fas-dependent apoptosis.50 Third, the extrinsic and
intrinsic pathways converge at caspase-3 activation, the
beginning of the execution phase.472

Pro-inflammatory caspases are also involved in
ischemic renal injury, reflecting our increasing aware-
ness that even apparently purely ischemic renal injury
involves significant inflammation.33 Caspase-1 (previ-
ously known as ICE, interleukin-converting enzyme)
proteolytically cleaves the precursor forms of both pro-
inflammatory cytokines IL-1β, and IL-18.128 These are
increased after ischemia-reperfusion injury, although
from a combination of knockout and protection studies,
it appears that only the increase in IL-18 plays a signifi-
cant317,318 but uncertain80 role. Cisplatin-induced apo-
ptosis does not involve caspase-1 activation.224

Nephrotoxic injury is associated with caspase activa-
tion and apoptosis. Cisplatin-induced apoptosis is
associated with translocation of Bax to mitochondria,
release of cytochrome c, and activation of caspase-9
and -3,224,253,277,378 while inhibition of these caspases
provided partial protection223 confirming a role for
mitochondrial pathway activation. Cisplatin also
induces increased expression of TNF-α and Fas and
with activation of caspase-8, suggesting a significant
contribution to apoptosis from extrinsic pathway acti-
vation.436,481 Similarly, caspase-2 release from human
fibroblast mitochondria is associated with cisplatin,
etoposide, and UV light�induced apoptosis, which can
be prevented by small interfering RNA (SiRNA)-medi-
ated silencing of caspase-2 expression.252 Since p53
inhibition provides partial protection against cisplatin-
induced apoptosis,78 a role for p53 in cisplatin-induced
cell death seems likely.

The ER�specific caspase, caspase-12, appears to be
involved in apoptosis following ER stress.345,408 The ER
contains high concentrations of cytochrome P-450
enzymes, which can lead to generation of reactive oxy-
gen metabolites. Microsomal CYP2E1 is the source of
reactive oxygen species generation in cisplatin-induced
apoptosis.284 This oxidative stress and mobilization of
ER calcium stores precedes procaspase-12 activation,
which then leads to apoptosis of LLC-PK1 cells,
directly by bypassing caspase-9 and -3, but also partly
mediated by caspase-3 activation, perhaps after oxidant
injury to the mitochondria and resultant cytochrome C
release.245,285

Necrosis. While there have been considerable
advances over the last decade in our understanding of
apoptosis, our understanding of molecular pathways
in necrosis has been more selective, beginning with the
concept that necrosis is a largely “passive” process sec-
ondary to acute ATP depletion. Direct consequences of
ATP depletion include impairment of ATP-dependent
ion channel transport, disruption of ion gradients, actin
cytoskeleton disruption, cell swelling, membrane bleb-
bing, and cell disruption (see recent review by
Padanilam373). There is now evidence that both forms
of cell death include actively mediated steps. Since
both necrosis and apoptosis are frequently found
together in the same tissue, distinguishing these death
modalities may sometimes be difficult.

Classically ischemic, hypoxic or chemical ATP
depletion leads to cell death associated with an
increase in cell volume, so called “oncosis,”295 and was
presumed to occur because of sodium and water influx
and initial potassium ion efflux associated with
increased plasma membrane permeability. This general
pattern was confirmed using 23Na, 31P, and 87Rb
magnetic resonance spectroscopy of intact kid-
neys.5,77,409 While the initial sodium influx is balanced
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by potassium efflux, increased intracellular sodium
will further dissipate ATP by activating Na1,K1-
ATPase, and severe ATP depletion will lead to failure
of pump-leak balance, further sodium influx, and cell
swelling.

Further evidence indicates that whether a lethally
injured mammalian cell undergoes necrosis or apopto-
sis may be determined by early activation of cell mem-
brane ion channels. Most cells can regulate their
volume by mechanisms called regulatory volume
decrease or increase, after osmotic swelling or shrink-
age. In contrast, a major hallmark of apoptosis is “nor-
motonic” shrinkage of cells.293 Apoptotic volume
decrease requires active K1 and Cl� efflux.293,367

Necrotic volume increase is initiated by uptake of
osmolytes, such as Na1, Cl�, and lactate after injury,
hypoxia, ischemia, acidosis, or lactacidosis through
membrane carriers and through stress-activated nonse-
lective cation channels.17 Persistence of necrotic vol-
ume increase is caused by dysfunction of the
regulatory volume decrease mechanism due to
impairment of volume-sensitive Cl� channels under
conditions of ATP deficiency or lactacidosis. The role
of these ion fluxes in the death phenotype is
highlighted by the observation that both lactacidosis-
induced dysfunction of regulatory volume decrease
and necrotic cell death are prevented by pretreatment
of cells with the vacuolating cytotoxin-A (VacA) pro-
tein purified from Helicobacter pylori, which forms a
lactacidosis-resistant anion channel.367 Similarly, block-
ing the increase in K1 and Cl� conductances following
stimulation of either extrinsic or intrinsic pro-apoptotic
pathways prevented the biochemical and morphologi-
cal changes of apoptotic cell death, whereas inhibiting
apoptosis by broad-spectrum caspase inhibition did
not prevent apoptotic volume decrease.293

Stress-activated nonselective cation channels of the
transient receptor potential, melastatin-like (TRP) fam-
ily, such as melastatin-like TRPM2, also known as long
transient receptor potential channel-2 (LTRPC2), are
dormant in viable cells, but become activated and con-
tribute to necrosis after binding ADP-ribose, or reactive
oxygen or nitrogen species.17,180,310,386,387 LTRPC2 is
permeable to both Ca21 and Na1 after activation, and
contributes to Na1 and Ca21 overload. Since hypoxic
and ischemic injury results in oxygen-derived free radi-
cal generation,216,217 such channels explain the earlier
observation, that the rate of Na accumulation in the
hypoxic kidney was reduced by free radical scaven-
gers.77 Sodium overload coupled with severe ATP
depletion leads to a necrotic outcome. Increased cyto-
solic calcium further increases ATP depletion by acti-
vating Ca21-ATPase and by producing mitochondrial
depolarization (see previous discussion). Even mild
oxidative stress can increase cytosolic Ca21 by

stimulating release of calcium from intracellular bind-
ing sites such as the ER.527 The role of these TRP chan-
nels in nephrotoxic injury is unknown, although the
common features of oxidative and mitochondrial injury
in cisplatin nephrotoxicity1 suggest mechanisms likely
to activate calcium influx and promote further injury.

Additional molecular events promoting necrosis
triggered by ischemia include activation of proteases,
phospholipases, endonucleases, poly(ADP-ribose)poly-
merase (PARP), iNOS, and the protein kinase (PK)
family, including PKC and the mitogen-activated pro-
tein kinases (MAPK) and the generation of reactive
oxygen species.372 The activated proteases include cal-
pain181,287,288 and meprin (metallopeptidase from renal
tissue),58,192 both of which mediate further injury.
Phospholipases (PL) are activated by phospholipolysis
following ischemia. PLA2 has various isoforms that
vary in their dependence on Ca21 for activation.
Activation leads to membrane phospholipid break-
down, with potential loss of membrane integrity, gen-
eration of inflammatory mediators, and cytotoxicity
from lysophospholipids and free fatty acids.31,394

Separate mention must be made of fatty acids, since
β-oxidation of fatty acids is a major energy source in
renal cortex.406,520 Renal peroxisomes and mitochon-
dria utilize identical pathways for β-oxidation of fatty
acids, except that peroxisomes, which are single-mem-
brane�bound organelles, do not use carnitine for entry
of fatty acids (in contrast to mitochondria where these
are involved in transport into the mitochondrial inner
matrix).393 Peroxisome proliferator�activated receptors
(PPARs) are members of the nuclear hormone receptor
superfamily of ligand-dependent transcription factors.
PPARα is expressed predominantly in proximal tubule
and medullary thick ascending limb in the kidney and
agonists, including fatty acids, eicosanoids, and fibrate
drugs, act as ligands and induce fatty acid oxidation.393

Peroxisomal as well as mitochondrial fatty acid oxida-
tion are inhibited after ischemia-reperfusion and cis-
platin injury to the kidney, while administration of
PPARα ligands prior to injury was protective.393,395

Cisplatin attenuates PPARα signaling by reducing the
expression of a tissue-specific coactivator of PPARα
called PPARγ-coactivator-1 (PGC1) which is also a
transcriptional coactivator for other transcription fac-
tors including nuclear respiratory factor, which are
important in the regulation of oxidative metabolism,
cellular respiration, and adaptive thermogenesis.144

Survival of renal tubular epithelial cells after cisplatin
appears to depend on intact PGC-1/PPARα function.
PPARα agonists appear to have therapeutic potential
for cisplatin-induced ARF. Use of PPARα ligands pre-
vented acute tubular necrosis by ameliorating
cisplatin-induced inhibition of mitochondrial medium-
chain, acyl-CoA dehydrogenase�mediated fatty acid
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oxidation and pyruvate dehydrogenase complex activ-
ity.268 PPARα ligand also protects against cisplatin-
induced renal injury by reducing the expression and
enzyme activity of proximal tubule endonuclease G.267

The PKC family comprises serine-threonine kinases,
with 12 isozymes activated by Ca21, phosphatidyl
serines, and diacylglycerol.372 Activation of PKCs leads
to signal transduction via activation of G pro-
tein�coupled receptors, tyrosine kinase receptors, and
nonreceptor tyrosine kinases.361 As a result of control-
ling 70% of the phosphorylating activity in the proxi-
mal tubule, PKC regulates numerous physiological
functions of the renal epithelium including Na1,K1-
ATPase activity, gluconeogenesis, and transport of
amino acids, glucose, sodium, potassium, chloride,
water, organic anions, and cations.94 PKC isozymes
also play a crucial role in the regulation of other major
cellular functions, including proliferation and differen-
tiation.94 After ischemia, the increased Ca21 and phos-
pholipids hydrolysis products induce PKC isoenzymes
and activated C-kinase receptor in kidney.373 PKC
induction appears to be protective. Induced PKCα, -βII,
and -ζ protect cultured renal cells from oxidant injury
and subsequent necrosis.373 PKC is involved in is-
chemic preconditioning258 and heat shock�induced
protection.316

PKC isoenzymes directly influence mitochondrial
function, and are therefore involved in recovery from
both ischemic and apoptotic injury to renal cells. For
example, while initiation of apoptosis by many agents
is preceded by mitochondrial dysfunction and depo-
larization of the mitochondrial inner membrane,
Nowak365 demonstrated that, in renal proximal tubular
cells, cisplatin induces mitochondrial dysfunction asso-
ciated with hyperpolarization of the mitochondrial
membrane, and that these events are mediated by pro-
tein kinase C (PKC)-α and extracellular-regulated pro-
tein kinase (ERK)1/2. Nowak also demonstrated that
PKC-α and ERK1/2 mediate activation of caspase-3 by
acting downstream of cytochrome c release from mito-
chondria, and that ERK1/2 activation by cisplatin
occurred through a PKC-α�independent pathway.
Nowak subsequently observed364 that PKC inhibition
decreases recovery of physiological function, recovery
of PKC activity precedes the return of physiological
functions after oxidant injury, and that activation
promotes recovery of mitochondrial function and
active Na1 transport. Since oxidant injury�induced
tert-butylhydroperoxide was associated with recovery
of total PKC activity, while that associated with the
nephrotoxic cysteine-S conjugate, S-(1,2-dichlorovinyl)-
L-cysteine (DCVC), was not, Nowak concluded that
the repair of renal function is mediated through PKC-
dependent mechanisms, and that cysteine conjugates
inhibit renal repair, partly through inhibition of PKC

signaling.364 Subsequently, Nowak observed that serine
but not threonine phosphorylation of the beta-subunit
of F1F1-ATPase was increased during late recovery fol-
lowing DCVC. Inhibition of PKC-α activation
decreased this phosphorylation, confirming that PKC-α
regulation of repair of mitochondrial function involves
phosphorylation of the catalytic subunit of F1F1-
ATPase.286

Repair and regeneration of renal cells after injury is
less well studied than the initiation of injury but is
known to involve proliferation and migration as well
as repair of injured proximal tubular cells, and
thus involves growth factors, integrins, and extracellu-
lar matrix protein interactions.146,363 Growth factors
administered pre- or post-ischemia�reperfusion injury
ameliorate injury and enhance regeneration through
their anti-apoptotic, proliferative, and pro-angiogenic
actions.175,176 Insulin-like growth factor (IGF-1) and
hepatocyte growth factor may also enhance GFR after
injury by increasing NO production, increasing local
blood flow and vasodilating renal microvessels.109,476

However, the utility of growth factors in ARF therapy
remains uncertain.194

MAP kinases are serine/threonine kinases ubiqui-
tously expressed in mammalian cells and known to be
modulated in response to ischemic and toxic stress.32

MAPK activation is important in determining whether
cellular stress leads to proliferation, differentiation, or
apoptosis. Three MAPK cascades have been identified,
the ERK, JNK, and p38 pathways. Cellular stress, such
as toxic injury, induces generation of growth factors
and inflammatory cytokines. The ERK pathway is acti-
vated by growth factors, vasoactive peptides, and
nephrotoxins, including aminoglycosides and cepha-
loridine32 via a cytoplasmic-activating protein, MEK1.
After activation, ERK proteins translocate to the
nucleus, and phosphorylate and activate several Ets-
domain transcription factors including Elk-1, SAP1,
Ets-1, and Ets-1.136 ERK activation is involved in cell
proliferation and differentiation and appears to be pro-
tective in the preconditioned post-ischemic kidney378

and in distal tubule cells.8,96 The JNK (c-Jun N-terminal
kinase) pathway, also designated as stress-activated
protein kinases (SAPK), are activated by genotoxic and
osmolar stress, mechanical stretch, shear stress, and the
inflammatory cytokines TNFα and IL-1β.32 They are
also activated by ischemia-reperfusion.392 The p38
pathway is activated by many of the same stimuli that
activate JNK/SAPK, but is independently regulated
and plays a significant role in inflammatory cytokine
production.32 Activation of the JNK/SAPK and p38
pathways is antiproliferative and can lead to cell death.
While the effect of toxins on JNK activation in the kid-
ney is unknown, JNK activation and subsequent apo-
ptosis of hair cells have been implicated in gentamicin
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ototoxicity.531 Activation of ERK in distal tubule cells
relative to JNK may contribute to the differential sur-
vival of these cells in contrast to proximal tubular cells
after ischemia-reperfusion injury96 and with the renal
protection associated with preconditioning.378

PARP is a nuclear enzyme that adds ADP-ribose to
various proteins including PARP itself after activation
by DNA strand breaks. PARP is involved in both DNA
repair and gene transcription and acts to open up the
condensed structure of chromatin.308 After injury, acti-
vation of PARP leads to consumption of its substrate
β-NAD1. Resynthesis of β-NAD1 consumes further
ATP.161,301 Whether the cell proceeds to apoptotic or
necrotic cell death varies, possibly depending on the
degree of initial ATP depletion or on PARP cleavage.
While fibroblasts from PARP(-/-) mice are protected
from necrosis, TNF-α can still induce death by apopto-
sis.163 However, in fibrosarcoma cells, TNF-α can acti-
vate PARP and induce death by necrosis.291 It appears
that NAD1 depletion induced by PARP activation may
act as a trigger for AIF translocation from mitochondria
to cytoplasm and nucleus to induce chromatin frag-
mentation.535 Moderate oxidative stress activates
PARP, but it is then inactivated by caspase cleavage,
which prevents further ATP depletion and enhances
apoptosis.192

The inflammatory cascade is initiated by ATP deple-
tion and exacerbated by reperfusion.369 Endothelial,
epithelial, and infiltrating inflammatory cells all partic-
ipate in and mediate the inflammatory process after
ischemia-reperfusion.443 Endothelial cells express adhe-
sion molecules including ICAM-1, VCAM, P and E
selectins, and β2-integrins. ICAM-1 binds to LFA-1
(CD11α/CD18) and Mac-1 (CD11β/CD18) receptors on
leucocytes producing recruitment and activation.398

Involvement of adhesion molecules has been con-
firmed by blockade of ICAM-1227 and selectin.466

Adherent leukocytes release reactive oxygen species,
proteases, and other enzymes, and, together with the
activated endothelial cells, release inflammatory cyto-
kines such as IL-1, IL-6, IL-8, IL18, TNF-α, chemokines,
and MCP-1.318,465,470 The relative importance of neutro-
phils, macrophages, and T and B lymphocytes as criti-
cal leukocytes in postischemic inflammatory events
remains unclear.33,45,46,48,90,91,233,279,318,534 However,
inhibition of various inflammatory pathways, includ-
ing the CD28-B-7 costimulatory pathway by selectin
blockade,465,466 the melanocortin-stimulated inflamma-
tory gene stimulatory pathway by α-melanocy-
te�stimulating hormone, α-MSH,65,66 IL18 cytokine
depletion in neutrophil-depleted mice,318 and of multi-
ple pathways including cell infiltration, ICAM-1 and
iNOS upregulation, matrix molecule expression, MAP
kinase ERK1/2 activation, and transcription factor acti-
vation by cerivastatin,162 all ameliorate ischemia-

reperfusion injury, thus supporting a critical role for
inflammation in both necrotic and apoptotic injury.

Overlaps Between Necrosis and Apoptosis

While this review has delineated distinct molecular
pathways that are triggered by pro-necrotic or pro-
apoptotic events, it is important to emphasize that
there is considerable opportunity for intersection and
overlap between these pathways after both ischemic
and nephrotoxic injury. Mitochondrial and peroxi-
somal involvement in both pathways appears likely.
PARP activation may be crucial as highlighted above.
Inflammatory mediators are involved in necrosis, but
the observation that inhibition of apoptosis can amelio-
rate both inflammation and necrosis, for example, by
pan-caspase inhibition after ischemia-reperfusion,81

emphasizes that apoptosis is frequently if not always a
normal component of injury previously regarded as
pure necrosis. Recruitment of stress-activated path-
ways and cell cycle proteins may be critical in deter-
mining the final outcome after injury. These overlaps
highlight new therapeutic opportunities that may be
available in the treatment and prevention of nephro-
toxic injury.

BIOMARKERS OF NEPHROTOXIC INJURY

While serum creatinine and urea (BUN) have been
used routinely to detect and monitor AKI, these con-
ventional biomarkers of renal function only increase
beyond the normal range when nearly half of the func-
tional reserve of the kidney has been compromised.
Thus, they detect kidney injury only after it is far
advanced.441 They are also slow to respond to change
in renal function. Since extrapolations to GFR from
serum creatinine require that creatinine is in steady
state equilibrium, this requires three to five half lives
before such extrapolations are valid. The half-life of
creatinine is four hours when GFR is normal68 and this
increases in proportion to any decline in GFR. Thus
after the one third decline in GFR required to be diag-
nosed as having AKI by the corrected RIFLE criteria,390

creatinine will only reach a steady-state after 12 to 20
hours or longer if the decline is greater. The implica-
tion is that at least 12 and, more likely 24 to 48 hours,
must elapse before a new creatinine value is a reliable
index of changed renal function. This creates an
unavoidable delay in diagnosis of and intervention in
AKI. In nephrotoxic injury, these delays may be greater
since accumulation of drug or injury or both may be
needed to induce measurable changes in renal func-
tion. In addition, drug-induced kidney injury in
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nonclinical animal models is a major cause of elimina-
tion of compounds during drug development; these
compounds are eliminated from the development pro-
cess even when it is unclear whether the toxicity would
translate to humans. More sensitive biomarkers are
needed to enable more reliable diagnosis of
nephrotoxin-induced AKI in both clinical and pre-
clinical studies and to facilitate earlier intervention and
monitoring.

A biomarker is any parameter that can be objectively
measured and evaluated, which acts as an indicator of
a normal or pathological process, or of a response to
intervention. The identification of biomarkers of renal
cellular injury along with the re-discovery and quanti-
tation of the predictive relationship between enzymur-
ia and renal injury517 have re-kindled widespread
interest in the nephrology and diagnostic communities,
since these new tools offer the possibility of a paradigm
shift in diagnosis of AKI and open the door to early
intervention.121,122,123 These biomarkers are present in
urine, plasma and sometimes both. Since plasma or
serum biomarkers have many potential sources, uri-
nary biomarkers generally have higher renal specificity
and are easily acquired in non-oliguric AKI.
Consequently, urinary biomarkers have been the main
focus of recent studies. The urinary biomarkers fall
into at least five categories: filtered biomarkers where
glomerular permeability has increased, filtered biomar-
kers where renal reabsorption is impaired as a result of
tubular injury, pre-formed cellular biomarkers released
following injury, upregulated biomarkers, and inflam-
matory biomarkers released into the urine following
recruitment of inflammatory cells.124 An alternative
way of classifying these is as as inflammatory, excreted
tubular proteins and surrogate markers of tubular
injury, with different mechanisms for increase and sig-
nificance.516 At present, the most studied biomarkers
are the tubular enzymes GGT, GST and N-acetyl-beta-
glucosaminidase (NAG), and the novel induced bio-
markers, kidney injury molecule-1, (KIM-1), interleukin
18 (IL-18) and neutrophil gelatinase associated lipoca-
lin (NGAL).179,322,377 New biomarkers are appearing
regularly in the literature, for example, Trefoil factor
3,536 Clusterin,98 Netrin-1508 and Aprotinin.354 Albumin
may have a specific role as a biomarker in AKI since
proximal tubular receptor-mediated uptake may be
impaired.347,348,536

Because nephrotoxic potential is critical in the both
safety and commercial decisions regarding the continu-
ation or abandonment of the development of candidate
drugs, tubular enzymuria, particularly NAG, GGT, ala-
nine-aminopeptidase, lactate-dehydrogenase and alka-
line phosphatase have been widely used by the
pharmaceutical industry to assess nephrotoxicity dur-
ing drug development. However this process has not

been regulated until recently. The United States Food
and Drug Administration (FDA) and the European
Medicines Evaluation Agency (EMEA) have taken an
active role together with the pharmaceutical industry
in developing a process for context-dependent qualifi-
cation of biomarkers to improve the drug development
and regulatory review process.154�157 The FDA and
the EMEA have also expanded the context in which
qualification for biomarkers is determined, and an
expedient biomarker-qualification process is currently
in place.98,154,155,156 The Critical Path Institute (C-Path)
created the Predictive Safety Testing Consortium
(PSTC) as a neutral ground where scientists from 16
pharmaceutical companies and academia could share
and test new methods that are more reliable predictors
of human safety. The PSTC developed the legal frame-
work needed to share the cost of qualification and
to protect intellectual property associated with bio-
marker qualification and it submits the data to the
FDA and EMEA to support the biomarker certification
process.154�156 The first FDA and EMEA review of bio-
marker qualification data involved biomarkers of renal
injury and qualified seven biomarkers as supplemental
data for evaluation of nephrotoxicity in nonclinical
safety studies.154 These new biomarkers qualified for
specific contexts of use are the urinary concentrations
of KIM-1, albumin, total protein, β2-microglobulin,
cystatin C, clusterin, and trefoil factor-3. The PSTC sub-
mitted data supported claims that three of these uri-
nary biomarkers—total protein, β2-microglobulin, and
cystatin C concentrations—could outperform levels of
BUN and serum creatinine in detecting and monitoring
drug-induced glomerular injury, while four urinary
biomarkers—levels of KIM-1, albumin, clusterin, and
trefoil factor-3—could either outperform or add value
to levels of BUN and serum creatinine in detecting and
monitoring certain drug-induced tubular injuries.154

More recently, renal papillary antigen-1 RPA-1 was
qualified as marker of site-specific injury in the collect-
ing duct and clusterin was requalified as a voluntary
biomarker for use in detecting drug-induced tubular
injury, particularly when signs of regeneration are
present. These biomarkers were qualified for use
as adjuncts in detecting nephrotoxic injury on a volun-
tary basis in pre-clinical rat studies while other biomar-
kers remain “exploratory.” The qualification process
and need for more data on nephrotoxins and also on
reversibility has encouraged much further study,
e.g.98,370,415,536

From both drug development and safety viewpoints,
better biomarkers could enable safer and easier-to-
monitor therapies by reducing the margin between effi-
cacy and safety needed for clinical and preclinical
applications. Much of the current work involves com-
paring biomarker performance in preclinical or clinical
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contexts. The sensitivity, specificity and time course of
biomarkers are critical factors in determining utility in
a particular disease. The favored metric for assessing
biomarker performance is currently the receiver opera-
tor characteristic (ROC) curve analysis. When sensitiv-
ity is graphed against (1-specificity), the area under the
ROC curve (AUC) (6 the confidence interval) defines
performance. The AUC for a perfect biomarker is 1.0,
for a non-performing biomarker it is 0.50; clinical util-
ity requires a minimum AUC of 0.70, although, realisti-
cally, much higher values are needed for clinical
utility. Comparison of individual predictors and multi-
variable models is usually undertaken following
the method of DeLong.92 The prognostic benefit of add-
ing a biomarker to a baseline clinical model is calcu-
lated from the net reclassification improvement (NRI)
and integrated discrimination Improvement (IDI)
indices.382

Thus in the detection of histological injury in one
study of rat kidney injury induced by ten different
nephrotoxins, urinary total protein (ROC AUC 0.86),
cystatin C (0.92) and β2-microglobulin (0.89) showed a
better diagnostic performance than BUN (0.80) and SCr
(0.53) for detecting glomerular injury, while urinary
clusterin (ROC AUC 0.88), outperformed BUN (0.79)
and SCr (0.73) for detecting proximal tubular injury.98

Similarly, urinary KIM-1, outperformed the traditional
biomarkers SCr, BUN and urinary NAG for the diagno-
sis of proximal tubular damage, using both using both
exclusion and inclusion analysis approaches.484 For all
observed histopathology grades following eight differ-
ent nephrotoxicants, KIM-1 had the highest AUCs
(exclusion analysis, 0.91; inclusion analysis, 0.88),
whether compared to SCr (exclusion analysis, 0.73;
inclusion analysis, 0.72), BUN (exclusion analysis, 0.79;
inclusion analysis, 0.75) or urinary NAG (exclusion
analysis, 0.82; inclusion analysis, 0.76). A total of tubu-
lar nephrotoxicants, including gentamicin, cisplatin
and cyclosporine, and ischaemia-reperfusion injury
were examined in that study. Regardless of whether
the kidney injury was induced by well-established kid-
ney toxicants or ischemia, urinary KIM-1 outperformed
the conventional markers, BUN, SCr and urinary NAG.
In addition, the very high ROC-AUC values of 0.91 to
0.99 for urinary Kim-1 demonstrated that urinary KIM-
1 measurements were sensitive, specific and accurate
in diagnosing either drug-induced or ischaemic kidney
injury of various histological types as well as regenera-
tive basophilia when lesions were either subtle with lit-
tle organ involvement, or very severe with disturbed
renal function.485 KIM-1 was subsequently qualified by
the FDA as an early diagnostic biomarker of drug-
induced acute kidney tubular alterations in rat toxicol-
ogy studies, for regulatory decision making as a bio-
marker used by sponsors on a voluntary basis to

demonstrate that drug-induced acute kidney tubular
alterations are monitorable in good laboratory practice
rat studies (used to support the safe conduct of clinical
trials).485 Urinary KIM-1 was also considered qualified
for regulatory decision making as a clinical bridging
biomarker for use by sponsors on a voluntary basis in
phase 1 and 2 clinical trials for monitoring kidney
safety when animal toxicology findings generated a
concern for tubular injury.485

Using the same approach, the comparative perfor-
mance, temporal profiles and recovery after gentamicin
injury have been published for several candidate uri-
nary biomarkers for kidney injury, including KIM-1,
NGAL, osteopontin, glutathione-s transferases, RPA-1,
albumin and clusterin.415 During the evolution of
injury, KIM-1, RPA-1, and clusterin best mirrored the
histopathologic lesions, while during injury resolution,
KIM-1, osteopontin, and BUN best reflected recovery.
Based on histopathology, necrosis, or apoptosis scor-
ing, KIM-1 was the best biomarker of overall renal
injury.415 RPA-1 outperformed the other biomarkers
using regeneration scores.415 Clinical studies of KIM-1
have also yielded promising results. FDA/EMEA qual-
ification of KIM-1 as a biomarker for clinical applica-
tions will involve a systematic evaluation of diagnostic
performance in well-controlled observational and/or
interventional clinical protocols using both standard-
of-care agents with known nephrotoxic properties
and/or exploratory agents with renal safety concerns.
As pointed out by the authors, “the opportunity to use
the same translational marker, such as Kim-1, for both
the preclinical and clinical setting facilitates clinical
monitoring of toxicity that has been demonstrated at
higher doses in preclinical development or in a single
test species when human relevance is suspected.485”

An additional potential role of biomarkers reflects
their unique role in specific metabolic pathways of cell
injury. Detected in serum or urine, their presence
should flag recruitment of these specific pathways.
Since many recently discovered biomarkers were
uncovered by genomic or proteomic strategies, under-
standing their role in injury can be viewed as linking
empirical outcomes to mechanisms. Three examples of
novel biomarkers reflecting different injury pathways
in AKI are IL-18, KIM-1 and NGAL.

IL-18 is produced in the kidney predominantly by
recruited inflammatory cells, probably macrophages521

but also by activated injured renal parenchymal cells
and has a significant role in AKI.319 Mice deficient in
Caspase-1 or IL-18 or wild-type mice treated by IL-18-
binding protein are protected from AKI induced by IL-
18 injection.521 KIM-1 is a transmembrane protein
express highly expressed in de-differentiated proximal
tubular cells in response to injury. It has multiple roles
including a role as a phosphatidylserine receptor that
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confers a phagocytic phenotype on epithelial cells. This
allows these cells to recognize apoptosis cell surface-
specific epitopes and thereby enables injured tubular
cells to contribute to the clearance of apoptotic cells
after AKI.200 The simultaneous detection of urinary
KIM-1 and IL-18 could be regarded as good evidence
of significant proximal tubular cell injury leading
to cell death and de-differentiation. KIM-1 was the
best performing biomarker by histopathology score in
models of nephrotoxic injury using cisplatin475 and
gentamicin.415

The most highly upregulated biomarker after
ischemia-reperfusion injury is NGAL, an acute-phase
protein initially found in activated neutrophils but also
expressed by a wide range of tissues in response to
injury.460 NGAL participates in host innate immune
defence by binding bacterial siderophores to limit bac-
terial iron acquisition.135 NGAL forms a complex with
iron binding siderophores, which is renoprotective in
murine ischemia-reperfusion injury.335 In the kidney
NGAL mRNA expression is only detectable in the dis-
tal tubule, including the thick ascending limb of
Henle’s loop and collecting duct,376 but the protein is
freely filtered and reabsorbed by megalin-mediated
transport in the proximal tubule.197 After ischemia and
after cisplatin-induced toxic injury NGAL is detected
in a punctate pattern corresponding to endosomes and
predominantly in proliferating cell nuclear antigen-
positive proximal tubular cells.321,323 This suggests that
proximal tubular NGAL accumulates after injury but
that the primary source is the distal tubule belonging
to the injured nephrons.376 Urinary NGAL was recog-
nized immediately as an important biomarker of acute
kidney injury,322 with presence in urine suggesting
renal specificity despite the possibility of alternative
systemic sources. However, it was confirmed only
recently, using cross-transplants between NGAL
knockout (NGAL2/2) and wild-type C57BL/6 mice
(NGAL1/1) followed by renal artery clamping, that
urinary NGAL definitely originates from the kidney.376

While urinary NGAL was increased in mice after cis-
platin,323,376 it inexplicably did not appear to increase
in some studies in the rat.475 Interestingly, urinary
NGAL had a perfect score (ROC-AUC 1.0) after PAN, a
nephrotoxicant that causes marked proteinuria and
glomerular morphological changes in rats, similar to
those seen in human minimal change nephropathy.251

Given the potential for albumin and protein to compete
with NGAL (and other low molecular weight protein
biomarkers) for megalin-mediated transport,348 the
explanation for increased urinary NGAL following
PAN may simply be that the proximal reabsorption of
NGAL is inhibited.348 Urinary NGAL has not (yet)
been qualified as a nephrotoxicity biomarker, although
there is little doubt that both urinary and plasma

NGAL have already proven to be a useful as a clinical
biomarker of AKI, at least after ischemic injury where
it clearly outperforms serum creatinine and blood urea
nitrogen.164�166 Recent clinical studies have demon-
strated that in high risk patients screened with urine or
serum NGAL and serum creatinine, that creatinine
negative but NGAL positive patients were at higher
risk of both dialysis and had higher mortality that cre-
atinine negative NGAL negative patients.164 This also
highlights the described delay inherent in using creati-
nine to make a diagnosis of AKI and suggests that
injury biomarkers should be included in the definition
of AKI.

In addition to illustrating potential as markers of
nephrotoxicity in drug development or in clinical stud-
ies, these three biomarkers illustrate the potential for
injury biomarkers to provide useful information about
timing, location and mechanisms of renal injury in dis-
ease. Since NGAL and KIM-1 are produced in different
parts of the nephron, the performance of these biomar-
kers in urine samples should be different as these stud-
ies highlight. Recent clinical studies suggest that other
factors also modify biomarker performance, including
duration of injury and baseline renal function.122

Further refinements may allow biomarkers to differen-
tiate the specific drug causing renal injury when
the patient has been exposed to several potential nep-
hrotoxins. For example urinary levels of regenerating
islet-derived protein III beta and gelsolin were
increased following gentamicin but not by cisplatin.132

Large volumes of data are now needed. Well-
designed preclinical and clinical studies that allow bio-
marker profiles to be followed after different types of
AKI, including combinations of as well as individual
nephrotoxins and in the presence of various comorbid-
ities that may themselves contribute to biomarker gen-
eration or modify biomarker performance.

To illustrate the concepts of drug-induced nephro-
toxicity, a number of important drugs with well-
defined pathways of injury are discussed in depth.

CYCLOSPORIN A

Since the introduction of cyclosporin A into clinical
transplantation in 197856 it perhaps more than any
other agent, has expanded our understanding of the
mechanisms involved in drug-induced nephrotoxicity.
Cyclosporin has been shown to modify many different
aspects of cellular function, from hormone-receptor
activation, second messenger pathways, transcription
and translation of mRNA, alterations in protein synthe-
sis and formation, changes in cellular metabolism, cel-
lular repair mechanisms and cell death, the expression
of various cytokines and growth factors, and changes
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in renal haemodynamics, all of which contribute to the
final expression of nephrotoxicity.

Cyclosporin-induced renal functional impairment
occurs in all forms of solid organ transplantation, bone
marrow transplantation as well as in autoimmune dis-
orders.173,341 The clinical manifestations of cyclosporin
A nephrotoxicity can be classified into two groups, that
are not necessarily exclusive. Cyclosporin A induces a
marked increase in renal vascular resistance associated
with a fall in renal blood flow and a decrease in
glomerular filtration rate. These changes are often asso-
ciated with the development of de novo hyperten-
sion.173,341 Cyclosporin A has been shown to modify
renal tubular function with impaired distal tubular
excretion of potassium and hydrogen ions consistent
with a voltage dependent distal renal tubular acido-
sis,15,341,344 increased proximal tubular sodium reab-
sorption with decreased delivery of solute to the distal
tubule,97 and impairment of urinary concentrating
ability.325,342,344

The clinical presentation of cyclosporin A nephro-
toxicity may occur in three different time frames.218,342

Primary non-function of renal grafts, usually associated
with kidneys that have been subjected to prolonged
warm ischemia, donor and/or recipient hypotension,
or concurrent drug nephrotoxicity.173,342 Cyclosporin-
induced acute alterations in renal haemodynamics
augment the damage already sustained by the kid-
ney.173,342 The acute toxicity is not necessarily associ-
ated with an adverse outcome of long-term graft
function173 although this is debated.

At a cellular level the changes in renal haemo-
dynamics are mediated through a variety of hormone-
receptor activated pathways, and subsequent
intracellular signalling. Cyclosporin A has been shown
to enhance the transmembrane Ca21 flux and increase
intracellular Ca21 stores in response to agonist stimula-
tion in vascular smooth muscle cells and mesangial
cells which leads to enhanced contractility.320,388

Cyclosporin A has been demonstrated to inhibit activa-
tion of protein kinase C (an important component of
the second messenger pathway) in vitro500 which also
requires Ca21 for its activity. More recent studies have
suggested that cyclosporin A inhibits phospholipase
A2 directly.148,453 On this basis it is reasonable to
assume that cyclosporin A modulates the hormone
receptor activated pathway at several different points
with subsequent impairment of cellular function.499

These alterations in transmembrane signal transduction
induced by cyclosporin A have lead Skorecki and col-
leagues453 to propose that acute cyclosporin nephrotox-
icity is a prototype for a renal membrane signalling
disorder.

The acute administration of cyclosporin A causes a
dose-dependent increase in renal vascular resistance

and a reduction in RBF and GFR in experimental ani-
mal and human studies.338,339 These early changes are
functional, with no structural damage evident and are
reversible on withdrawl of the drug.339 In the renal
microcirculation, similar reductions were observed.

Baxter et al.21 have shown that cyclosporin A acti-
vates the renin angiotensin system in vivo and
in vitro,.21,246 Similarly, cyclosporin A has been shown
to stimulate and enhance the release of renin from jux-
taglomerular cells in culture.246 Stimulation of mesan-
gial cells by cyclosporin A alone does not modify the
release of the vasodilatory prostaglandins or increase
in the vasoconstricting prostaglandin thromboxane A2

(TXA2). However, cyclosporin A inhibits angiotensin II
(AII) stimulated prostaglandin release from mesangial
cells,502 as well as in vascular smooth muscle cells in
culture.247 Exaggerated glomerular thromboxane syn-
thesis has been suggested as a potential mechanism in
producing the cyclosporin A induced reductions in
GFR. Perico and colleagues384,395 have shown, in vivo,
that glomerular synthesis and urinary excretion of
thromboxane progressively increase with cyclosporin
A therapy. Other studies have demonstrated that the
increase in urinary thromboxane excretion is a conse-
quence of intrarenal platelet and macrophage activa-
tion probably triggered by cyclosporin induced
endothelial damage27 rather than arising from glomer-
ular mesangial cells.27,502 The increased release of the
vasoconstricting thromboxane from these nonrenal
sources could potentate the reduction in glomerular fil-
tration rate associated with cyclosporin A.

Alterations in nitric oxide (NO) and endothelin (ET)
have been implicated in cyclosporin-mediated
changes in vascular haemodynamics.28,368 Cyclosporin
enhanced release of ET has been implicated as a signifi-
cant mechanism contributing to cyclosporin-induced
vasoconstriction.385 Cyclosporin has been demon-
strated to inhibit NO production by inhibition of induc-
ible nitric oxide synthetase (iNOS) activity, possibly by
inhibition of transcription factors in mesangial and vas-
cular smooth muscle cells305 A number of studies have
demonstrated that NO blockade enhances acute cyclo-
sporin nephrotoxicity.140

Chan et al.62 examined endothelial�dependent and
independent vascular reactivity in ex vivo studies
using aortic rings from rats treated with cyclosporin
(5 mg/kg/day) for 7�21 days. They failed to demon-
strate impaired endothelial�dependent vasorelaxation
but reported enhanced responsiveness to vasoconstrict-
ing agents. Therefore, it would seem probable that
cyclosporin A induces a decrease in vaso-relaxant med-
iators (NO, PGI2, PGE2) associated with an enhanced
response to vasoconstricting agents (AII, ET) which
would allow mesangial cell and vascular smooth mus-
cle cell contraction to predominate.499,502 Subacute
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nephrotoxicity frequently occurs in the first six months
post transplant,218,342,343 and it is associated with a
slow rise in plasma creatinine or a persistently elevated
plasma creatinine compared to azathioprine treated
control patients with or without other signs of
cyclosporin-induced alterations in renal func-
tion.218,342,344 A significant proportion of patients will
have sufficient damage due to interstitial fibrosis that
results in irreversible renal impairment.173,218,342,344

Renal histological changes include an arteriopathy
with the development of constrictive intimal prolifera-
tion with mucoid thickening and arteriolar hyalinosis,
and injury to the proximal tubule with foci of tubular
dilatation, epithelial cell degeneration, fine reticulin
deposition in the interstitium and giant mitochon-
dria.129,399 In addition, a significant infiltration of
macrophages into the interstitium, associated with an
increase in interstitial and tubular cell proliferation has
been demonstrated following chronic cyclosporin
exposure.495,533 Activated infiltrating macrophages will
amplify the inflammatory and profibrotic response
by stimulating fibroblast proliferation and migration as
well as increased collagen synthesis. Endothelial
cell injury associated with the vascular changes may
also be associated with a haemolytic-uremic like
syndrome.342

Prolonged administration of cyclosporin A, particu-
larly at higher concentrations, has led to the deve-
lopment of chronic nephrotoxicity associated with
hypertension, significantly elevated renal vascular
resistance and deteriorating renal function that may
progress to end stage renal failure.344 Histopathological
changes associated with chronic cyclosporin nephro-
toxicity are diffuse interstitial fibrosis or striped
interstitial fibrosis with tubular atrophy, an obliterative
arteriolopathy and ischaemic changes in some
glomeruli.129,342,346,399

Lesions characteristic of cyclosporin nephrotoxicity
seen in human kidneys have been reproduced in
sodium depleted rats treated with cyclosporin.117

Jackson et al. found that cyclosporin-induced focal
areas of tubular atrophy and interstitial fibrosis in the
outer cortex and an increase in cell proliferation, the
majority of which were located in the interstitium and
not the renal tubules.203 Chronic cyclosporin A admin-
istration (12.5 mg/kg/day for 10 weeks) to rats was
shown to produce histological injury to the inner stripe
of the outer medulla and medullary rays of the kid-
ney203 similar to that seen in the striped interstitial
fibrosis associated with chronic cyclosporin A adminis-
tration in humans.346 It is significant that these changes
were demonstrated in nephron segments particularly
sensitive to limited oxygen availability. Thus hypoxia
secondary to cyclosporin-induced vasoconstriction
may further potentiate cellular injury. This may also

play an important role in the subsequent development
of interstitial fibrosis as discussed below in Figure 85.4.

Cyclosporin A has a high lipid solubility and is
extensively distributed to extravascular tissues, with
the highest concentrations found in fat, liver, and
kidney. Metabolism of cyclosporin A is via the cyto-
chrome P-450 dependent mixed function oxidases.
Experimentally, cyclosporin A has been shown to sig-
nificantly inhibit hepatic mixed function oxidases by
uncompetitive inhibition.333 The renal cortex contains
similar cytochrome P-450 dependent mixed function
oxidases located predominantly in the S3 segment of
the proximal tubules which is the main site of histolog-
ical injury produced by cyclosporin A. Walker et al.501

have demonstrated that cyclosporin A produces a sig-
nificant uncompetitive inhibition of renal cortical
NADPH cytochrome C reductase, an essential compo-
nent of the mixed function oxidase enzyme complex..
The combined effect of lower enzyme activity, a greater
degree of uncompetitive inhibition and lower enzyme
concentrations acting as a rate limiting step, may in
part explain the increased propensity for renal tubular
damage as compared to hepatocellular damage despite
similar tissue concentrations of cyclosporin A in the
liver and kidney.501 Ischaemic damage to the kidney
associated with transplantation, coupled with cyclo-
sporin A induced reduction in renal blood flow, would
alter oxygen availability and metabolic requirements in
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the S3 segment of the nephron. This reduced oxygen
gradient would further limit the activity of the renal
mixed function oxidases already compromised by the
inhibitory effects of cyclosporin.

Cyclosporin A has been shown to reduce renal
glutathione content and produce an increase in
lipid peroxidation, in vitro, in renal cortical micro-
somes, mitochondria and membrane fractions.469,501

Cyclosporin A has been shown to generate superoxide
through an as-yet-unclarified alteration in cytochrome
P450 dependent mixed function oxidase.435 A reduced
availability of glutathione could impair the ability of
glutathione peroxidases to metabolise fatty acid perox-
ides generated by lipid peroxidation. The net effect
could be an increase in oxidant injury to renal tubular
cells exposed to a hypoxic environment.499 The hypoxic
environment may also impair cellular mechanisms
essential for maintaining cell integrity (see below).

Cyclosporin A has been demonstrated to alter cellu-
lar macromolecular synthesis in various cell lines in
culture126,500�504 within two hours of exposure to cyclo-
sporin, suggesting that cyclosporin might be altering
the normal regulatory mechanisms that control the cel-
lular enzyme systems.503 At a cellular level cyclosporin
has also been shown to modify the intracellular assem-
bly of the renal tubular Na1 D-glucose cotransporter
with subsequent intracellular accumulation of the
transporter components.548 Similarly cyclosporin has
been demonstrated to selectively reduce the gluconeo-
genic capacity of rat proximal tubules via a decrease in
phosphoenolpyruvate carboxykinase (PEPCK) activ-
ity.336 This is due to a selective inhibition of renal
PEPCK gene transcription and a corresponding reduc-
tion in renal PEPCK mRNA. Protein kinase C, a ubiqui-
tous enzyme important in regulating a variety of
intracellular functions, can be inhibited by cyclosporin
A both in vivo, and in vitro.503 These results would sug-
gest a selective inhibition of the activity of a transcrip-
tion factor(s) required for the expression of specific
genes in renal tubules may play a role in cyclosporin-
induced nephrotoxicity.336 The net effect of direct inhi-
bition of various intracellular enzymes or inhibition of
gene transcription�translation controlling the synthesis
of these enzymes, would be to impair the ability of
renal cells to maintain their function and integrity in
response to the toxic insult. Histological evidence of
cellular damage either apoptosis or necrosis will only
be apparent if the toxic injury exceeds the capacity of
the cellular mechanisms to respond to the damage or
alternatively if the cellular reparative mechanisms are
modified by changes in intracellular regulation499

(Fig. 85.4).
Buss et al.54 have demonstrated that exposure to

cyclosporin directly interferes with renal microsomal
protein translation or the regulation of translation.

Subsequent studies have shown that cyclosporin binds
to cyclophilin A (the intracellular cyclosporin binding
protein),133,467 which is a microsomal peptidyl prolyl
cis-trans isomerase, that facilitates protein folding and
maturation.458 Inhibition of cyclophilin A results in an
accumulation of unfolded protein which in turns con-
tributes to endoplasmic reticulum stress that further
contributes to cellular injury.374

Within cells almost all soluble and membrane pro-
teins of the cell are processed or degraded by the endo-
plasmic reticulum (ER). Proteins enter the ER in an
unfolded state as linear polypeptides. In any situation
in which an increased burden of unfolded proteins
exceeds the ER’s ability to deal with them results in a
state of ER stress.32 Pallet and colleagues have pro-
vided further evidence supporting the role of cyclophi-
lin A inhibition and ER stress in contributing to
tubular injury.374 If the ER’s capability to deal with the
increased load of protein via resident enzymes and/or
chaperone proteins is exceeded, this may then lead to
cellular injury, transformation to a more profibrotic
phenotype374 and cellular death via apoptosis.32,296

Cyclosporin has been demonstrated to induce apo-
ptosis in a number of models of cyclosporin toxicity
via increased expression of pro-apoptotic mediators.
The induction of apoptosis was associated with
increased TGFβ synthesis260 which will further favor
the development of interstitial fibrosis. Cyclosporin has
been shown to upregulate Fas and Fas ligand expres-
sion, p53 expression, alter the ratio of Bax and Bcl-2,
and upregulate ICE and caspase 3 activity. This favours
the induction of apoptosis leading to tubular cell drop-
out and impaired ability to remodel after cyclosporin-
induced injury.186,445,446,529 More recently Justo and col-
leagues have demonstrated that cyclosporin-induced
apoptosis was associated with Bax translocation to the
mitochondria and release of cytochrome c that was
caspase-independent as well as a caspase-mediated
alteration in mitochondrial membrane potential.215

Activation of anti-apoptotic pathways offers a possi-
ble therapeutic option. Erythropoietin binding to its
receptor activates a number of intracellular pathways
including the phosphatidyl-inositol 3 phosphate
kinase/Akt axis which is a key regulator of cell prolif-
eration and survival. Pallet and colleagues have dem-
onstrated the recombinant human erythropoietin
protects against acute cyclosporine nephrotoxicity in
part through Akt signaling and inhibition of caspase 3
activation.375 This would be consistent with other
experimental studies that have demonstrated a protec-
tive role for EPO in acute kidney injury.210

A number of studies have demonstrated a dissocia-
tion between cyclosporine�induced changes in GFR
and progressive interstitial fibrosis. Angiotensin II has
been shown to be an important renal growth factor
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independent of its vascular actions. Chronic exogenous
AII exposure produces significant renal interstitial pro-
liferation and fibrosis.211 In addition, renal type I inter-
stitial fibroblasts contain a high density of AII
receptors.547 Experimentally, blockade of the renin -
angiotensin system with either AII receptor antagonists
or angiotensin converting enzyme inhibitors prevented
cyclosporin induced interstitial fibrosis without modifi-
cation of renal functional parameters.43,44

Angiotensin II has been shown to stimulate the
release of TGFβ in vascular smooth muscle cells.
Furthermore, interactions between TGFβ and PDGF
determine the nature of the growth response of cells to
AII in vitro.142 Both PDGF and TGFβ are potent fibro-
genic growth factors that stimulate fibroblast prolifera-
tion, collagen synthesis and alterations in extracellular
matrix synthesis. Enhanced renal expression of both
PDGF and TGFβ during cyclosporin administration has
been demonstrated both experimentally and clini-
cally.208,209,440 Insulin-like growth factor 1 (IGF1) has
also been implicated as a mediator of cyclosporin-
induced renal tubular interstitial fibrosis.208,209

More recently, the active non-hypercalcemic vitamin
D analog, paricalcitriol has been shown to attenuate
cyclosporin A induced renal tubular acidosis and fibro-
sis in an experimental rat model of nephrotoxicity.379

Park and colleagues propose that the renoprotective
effects are due to down regulation of nuclear

factor�kappa B (NF-κB) and nitric oxide signalling
with subsequent down regulation of TGF β1 signalling
pathways.379 However the role of paricalcitrol on other
recognised pathways for CSA-induced nephrotoxicity
also need to be explored.

The transmembrane efflux pump P-glycoprotein has
been linked to the development of chronic cyclosporin
nephrotoxicity. P-glycoprotein is associated with cyclo-
sporin elimination by proximal tubular epithelial cells.
Reduced renal expression of tubular P-glycoprotein
has been shown to be related a greater degree of cyclo-
sporin nephrotoxicity.93,240 Recently clinical studies
have demonstrated that low levels of renal P-glycopro-
tein, in the donor kidney leads to decreased
cyclosporin clearance and subsequent cyclosporin
accumulation and toxicity.184

The chronic interstitial fibrosis associated with
cyclosporin therapy appears to be related to a complex
interplay between cellular regulatory pathways con-
trolling cell death or survival, various cytokines and
growth factors whose expression will also be modified
degree of cellular injury, as well as by the relative
ischemia associated with cyclosporin-induced altera-
tions in renal perfusion as outlined in Figure 85.5.

Thus cyclosporin appears to affect many facets of
renal function, from changes in whole-kidney function
in vivo, to alterations at a subcellular level demon-
strated in cell culture models. Despite the large number
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of studies investigating cyclosporin nephrotoxicity,
there are still many unanswered questions as to how
this unique agent produces the various changes that
are manifested in the development of nephrotoxicity.

CISPLATIN

Cisplatin is an antineoplastic agent which acts by
inhibiting DNA synthesis.283 It has been used success
fully in solid organ tumours, particularly in testicular
germ cell tumours. The clinical use of cisplatin is lim-
ited by the development of nephrotoxicity which are
manifest clinically as renal tubular defects in potas-
sium, calcium, magnesium and hydrogen ion handling,
inability to concentrate the urine and with more severe
toxicity, changes in RBF and GFR. The extent of neph-
rotoxicity has been reduced significantly by the use of
appropriate hydration schedules with normal saline.

The high renal concentrations of cisplatin, and sub-
sequent development of nephrotoxicity, are a conse-
quence of renal tubular cell handling predominantly
via peritubular uptake and metabolism of cis-
platin.85,86,421,422 Renal clearance of platinum is very
efficient, with high clearances at low plasma levels of
the drug, due to net tubular secretion in addition to fil-
tration of platinum.61 Filtration of cisplatin does not
appear to be a prerequisite for the initiation of nephro-
toxicity; rather, the tubular uptake of cisplatin and
metabolites including the basolateral transport of cis-
platin and/or metabolites may be important in the gen-
eration of nephrotoxicity.85,325 The kidney specific
organic cation transporter 2 (SLC22A) mediates the
basolateral uptake of cisplatin and thus its subsequent
toxicity. Cisplatin excretion from the cell is via the mul-
tidrug and toxin extrusion 1 transporter (MATE1), but
the extent to which this may or may not influence
intracellular concentrations of cisplatin is less clear.532

The current concept of cisplatin nephrotoxicity is
that cisplatin uptake by tubular epithelial cells activates
complex intracellular signalling pathways including
DNA damage response pathways, caspase activation
(extrinsic, intrinsic and ER stress pathways), induction
of free oxygen radicals along with inactivation of
anti-oxidant systems, leading to cell apoptosis and
necrosis. This is associated with an intense inflamma-
tory response with TNFα a major mediator further
exacerbating tubular cell injury (Figure 85.6).371

Morphological studies have shown that cisplatin
induces focal damage to the proximal tubules, predom-
inantly confined to the S3 segment located in the outer
stripe of the outer medulla.99,212 The earliest changes of
nucleolar segregation, microsomal dispersion and
aggregation of smooth endoplasmic reticulum are evi-
dent within six hours of cisplatin administration. These

early changes are consistent with apoptotic changes.147

Functional changes leading to depression of glomerular
filtration rate (GFR) are not apparent until 48 hours
post administration, by which stage there is focal loss
of the tubular epithelial cells’ brush border, cellular
swelling, and focal areas of necrosis.99,212 With estab-
lished renal failure and maximal nephrotoxicity, there
is widespread tubular necrosis, predominantly involv-
ing the S3 segment and to a lesser extent, the S1, and
S2 segments of the proximal tubule.99,212

It has been demonstrated that the cis isomer of the
platinum complex is necessary for tumoricidal actions
and is also responsible for the development of nephro-
toxicity.85 Unlike other heavy metal-induced nephro-
toxicity, the onset of cisplatin toxicity is delayed, with
functional changes not readily apparent until 48�72
hours.149 This suggests that toxicity is not due directly
to the effects of the platinum ion but rather to the bio-
transformation of cisplatin to various platinum meta-
bolites and subsequent binding to intracellular
components. The cisplatin metabolites, especially the
hydrolysis product [Pt(NH2) (OH2)

21], when infused
into rats at equivalent concentrations to cisplatin, gen-
erate greater nephrotoxicity.85,86

Within the kidney, cisplatin and metabolites are
preferentially localised to the juxtamedullary cortical
regions69,99,324 with a greater degree of injury seen in
the S3 segments of the proximal tubules. Cellular con-
centrations are high in the nuclear and microsomal
fractions,69 with quantitatively the greatest concentra-
tions of cisplatin in the protein fraction of the cytosol
associated with the sulfhydryl rich metallothioneins.263

Levi et al.263 demonstrated that following cisplatin
administration in vivo there was a marked fall in

FIGURE 85.6 Overview of the pathophysiological events in cis-
platin nephrotoxicity. (Used with permission from the Nature Publishing
Company (Pablo & Dong).371)
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protein bound sulfhydryl groups. The binding to sulf-
hydryl groups suggests that glutathione dependent
transferases may be important in the modulation and/
or mediation of cisplatin nephrotoxicity. It has been
suggested that either an active platinum metabolite
binds to the sulfhydryl group, or alternatively the plati-
num metabolite(s) inhibits oxidative metabolism, pre-
venting regeneration of reducing equivalents necessary
to maintain the reduced sulfhydryl groups.263

Exogenous reduced glutathione, at a high dose, has
been shown to reduce cisplatin-induced nephrotoxi-
city,554 further supporting the role of binding to sulfhy-
dryl groups as well as the generation of free oxygen
radicals is important in mediating toxicity. Depletion
of mitochondrial GSH has been shown to be an early
and critical step in cisplatin-induced cell injury which
results from oxidative stress to the mitochondria.544

Kruidering and colleagues244 using porcine proximal
tubular cells, have demonstrated that cisplatin specifi-
cally affected mitochondrial function by inhibition of
the enzymatic complexes I to IV of the respiratory
chain with decreased intracellular ATP levels as a con-
sequence. GSH reductase activity was also impaired
leading to reduced intracellular GSH levels.244

Alterations in mitochondrial function will also lead to
increased oxidative stress.

Thus the formation of reactive oxygen species may
be one of the early signals that contribute to the activa-
tion of various intra-cellular signalling pathways lead-
ing to cellular injury. A number of experimental
models (in vitro and in vivo) have demonstrated reno-
protective effects for a number of different anti-
oxidants including vitamin E, N-acetyl cysteine, and
dimethylthiourea (DMTU).207,371

Recent studies have demonstrated several path-
ways by which cisplatin-induced apoptosis occurs
(Figure 85.7)78,371 that include the extrinsic pathway
mediated by death receptors such as Fas and TNFα,
the intrinsic pathway via mitochondrial-dependent
pathways10,224,380 and the endoplasmic reticulum (ER)
stress pathway.371 In the extrinsic pathway, the binding
of ligands to the major death receptors Fas and TNFα
receptors leads to activation of caspase 8 and subse-
quent downstream pathways leading to apoptosis. It
has been shown that cisplatin upregulates the expres-
sion of Fas and Fas ligand in both lymphocytes and
proximal tubular epithelial cells.280 TNFα plays a major
role in the inflammatory response associated with cis-
platin injury, which may be the major route of subse-
quent injury rather than the activation of the extrinsic
pathway.

Experimental evidence suggests that the intrinsic
pathway via mitochondrial injury is the major pro-
apoptotic pathway in cisplatin injury. Bax activation,

mitochondrial release of cytochrome c and activation
of caspase 9 are key steps in the pathway.371

The third pathway is via endoplasmic reticulum
stress with activation of caspase 12285 and more
recently a role for COX-2 and membrane bound prosta-
glandin E synthase 1 in mediating cisplatin nephrotoxi-
city has been demonstrated.205 In addition cisplatin
may induce reactive oxygen species in microsomes via
cytochrome P450 activation.285

Renal cells mount a cytoprotective response to oxi-
dative stress. In an hypoxic setting, up-regulation of
hypoxic�inducible factor 1α (HIF-1α) plays an impor-
tant protective role against injury. Cisplatin has been
shown to suppress HIF-1α in cell culture models.
Downstream mediators of HIF-1α actions include
heme-oxygenase 1, vascular endothelial growth factor
and erythropoietin, all of which have been demon-
strated to provide a degree of protection against
cisplatin-induced nephrotoxicity.424,511 Therefore HIF-
1α is a potential target for protection against cisplatin
nephrotoxicity.

DNA fragmentation has been observed in both apo-
ptotic and necrotic pathways related to cisplatin injury,
suggesting a common link at the level of cell
death endonucleases. Basnakian and colleagues, using
a deoxyribonuclease 1 (DNase 1) knock out mouse
model, recently demonstrated that DNase 1 is impor-
tant in mediating cisplatin-induced DNA fragmen-
tation, tubular necrosis and possibly tubular necrosis.19

They demonstrated that the inactivation of DNase 1
was protective against cisplatin-induced DNA

FIGURE 85.7 Apoptotic pathways activated by cisplatin in renal
tubular epithelial cells. (Used with permission from the Nature
Publishing Company (Pablo & Dong).371)
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fragmentation. Another important step in the cellular
response to DNA damage is activation of p53. A num-
ber of studies have demonstrated that p53 is rapidly
phosphorylated and induced prior to tubular cell apo-
ptosis. It is thought that activated p53 mediates its
action through increased transcription of target genes.
Studies have shown that p53 activation co-localises
with apoptosis and nephrotoxicity can be ameliorated
in p53 deficient mice.206,510 Interventions that reduce
cisplatin-induced nephrotoxicity have been shown to
reduce apoptosis and decrease p53 activation.206,207

In cisplatin-induced nephrotoxicity, there is an
intense inflammatory response to injury and experi-
mental studies have demonstrated that TNFα is a key
regulator of the inflammatory response. Inhibition of
TNFα results in a marked amelioration of cisplatin
injury. Of interest, is recent evidence that renal tubular
cells contribute significantly to TNFα production dur-
ing cisplatin nephrotoxicity.543 This in conjunction with
the studies by Linkerman280 who demonstrated a close
crosstalk between proximal tubular epithelial cells and
distal tubular epithelial cell, suggest that the local pro-
duction of TNFα by renal cells plays an important role
in regulating cellular response to injury including apo-
ptosis or necrosis pathways, referred to as fratricide.423

Cisplatin nephrotoxicity appears to be dependent on
renal tubular uptake and probable conversion to more
toxic intermediates. Nephrotoxicity is probably second-
ary to alterations in cellular mitochondrial function,
generation of reactive oxygen species and the balance
between the activation of cell death pathways and cell
survival signals and inflammation.224,371

ACETAMINOPHEN NEPHROTOXICITY

Acetaminophen (paracetamol) is an antipyretic and
analgesic agent that is freely available as a proprietary
medicine and is the most widely used analgesic in the
United States. Acetaminophen is the major metabolite
of phenacetin, which has been used in compound
analgesics. Both agents, either alone or in combination
with other analgesics, have been implicated in the
pathogenesis of analgesic nephropathy.425 In addition,
Sandler et al.425 demonstrated a significant association
between excessive acetaminophen intake and the sub-
sequent development of chronic renal failure. The renal
handling of phenacetin and acetaminophen exemplifies
the heterogeneity of renal anatomical, biochemical,
and physiological characteristics that influence the
development of acute and chronic nephrotoxicity.499

Phenacetin is metabolised extensively to acetamino-
phen by the liver and gut. Only very low concentra-
tions of the parent compound enter the systemic
circulation. Phenacetin is filtered at the glomerulus and

undergoes passive reabsorption along the nephron at a
rate equivalent to water, related to the lipid solubility
of the drug.105�107 Acetaminophen is moderately lipid
soluble and it is filtered at the glomerulus with passive
diffusion of the non-ionic form. Clearance is indepen-
dent of plasma concentrations or tubular reabsorption.
Reabsorption is not localised to a particular nephron
segment.105�107 Acetaminophen clearance is related to
the rate and the concentration gradient generated
between intracellular/interstitial compartments and
the tubular fluid. Under conditions of antidiuresis,
acetaminophen increases in concentration in the inner
medulla, conversely diuresis results in a diminution of
the concentration gradient, with the concentration of
acetaminophen being the same as that of the cortex.
The clearance of phenacetin is increased by changes in
urine flow rate directly proportional to the increase in
urinary flow.105�107 The accumulation of acetamino-
phen in the medulla is important in the subsequent
development of chronic nephrotoxicity. Renal metabo-
lism of acetaminophen is essential in the development
of nephrotoxicity337,349�351 and is linked to the propor-
tional conversion of acetaminophen to its non toxic and
toxic metabolites. The generation of non-toxic conju-
gated metabolites is potentially rate limited and
increases in renal concentrations of acetaminophen will
favour the formation of toxic metabolites. The distribu-
tion of the enzymes involved in the metabolism of acet-
aminophen is important in the development and
localisation of the renal injury in acute and chronic
nephrotoxicity.327 The predominant pathways for acet-
aminophen metabolism involve the NADPH1-depen-
dent cytochrome P-450 mixed function oxidases
located in the renal cortex and the NADPH1-indepen-
dent prostaglandin H synthase (prostaglandin endo-
peroxidase synthetase system), consisting of a fatty
acid cyclooxygenase and prostaglandin hydroperoxi-
dase, localised predominantly in the inner medulla.327

Acute Nephrotoxicity

This occurs clinically in the context of an acute over-
dose of acetaminophen but is not always associated
with acute hepatic toxicity.108 The concentration of acet-
aminophen in the kidney is important in the develop-
ment of acute nephrotoxicity.106 Acute toxicity is
dependent on metabolic activation of acetaminophen to
reactive metabolites. This has been shown to be a pre-
requisite for the development of acute tubular necrosis
which is confined predominantly to the renal cor-
tex.349,353 Following an acute overdose, there is insuffi-
cient GSH generated to bind all the metabolites
generated by cytochrome P450 mixed function oxidases
and intracellular reduced glutathione stores become
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depleted. Reactive metabolites bind covalently to intra-
cellular constituents, as well as causing depletion of cel-
lular GSH and lipid peroxidation, producing cell
damage and eventual cell death.108 In the renal cortex,
acetaminophen may be deacetylated to p-aminophenol,
which is five to 10 times more nephrotoxic.59,349,351

Deacetylase activity is predominantly located in
the renal cortex and is significantly more active than in
the liver.59,108 Cytochrome P-450, prostaglandin H
synthase, and possibly other peroxidases can con-
vert acetaminophen and p-aminophenol into reactive
intermediates through peroxidative reactions with
the formation of semiquinoneimines [N-acetyl-p-benzo-
quinoneimine (NAPQI)], quinoneimines, or p-
benzoquineimines (PQI).108,326,337 In the absence of
GSH and other reducing equivalents, acetaminophen
and p-aminophenol may undergo catalytic conversion
mediated by mixed function oxidases, peroxidation by
cytochrome P-450 or prostaglandin H synthase, as well
as auto oxidation of p-aminophenol to reactive arylat-
ing intermediates.108 Cytochrome P-450 mediated per-
oxidative activation of both acetaminophen and
p-aminophenol can continue to occur despite the deple-
tion of cellular GSH and NADPH1.486 The arylation of
renal macromolecules and subsequent cellular damage
has been postulated as the initiating event in
acetaminophen-induced acute nephrotoxicity.352 The
toxicity of acetaminophen occurs only after the deple-
tion of cellular GSH. GSH protects against toxicity
induced by acetaminophen metabolites by several
potential mechanisms. GSH may form a glutathione
conjugate with NAPQI, which will then be
excreted.350,396 GSH can react with NAPQI to reform
acetaminophen.350,396 GSH may protect against lipid
peroxidation due to further reactions of NAPQI. Recent
evidence also suggests a possible nephrotoxic role of p-
aminophenol glutathione S-conjugates and other
hepatic metabolites.236,479 These S-conjugates after
γ-glutamyl transpeptidase dependant cleavage are
translocated into renal tubular epithelial cells where p-
aminophenol derived S-conjugates accumulate as has
been demonstrated for toxic S-conjugates from other
xenobiotics.429

GSH is a prerequisite for the activity of glutathione
peroxidases, which protect the cell from peroxidative
injury. Depletion of GSH by acetaminophen and p-
aminophenol reactive intermediates would prevent
glutathione peroxidase activity, increase lipid peroxi-
dation, and enhance cytochrome P-450 mediated
peroxidase activation of acetaminophen and p-
aminophenol.108 Acute acetaminophen nephrotoxicity
involves the metabolic activation by cytochrome P-450,
mixed function oxidases, deacetylase, and prostaglan-
din H synthase with the generation of reactive inter-
mediates. When the cellular protective mechanisms,

predominantly GSH and GSH-related enzymes, cannot
detoxify the reactive intermediates, tissue damage and
subsequent acute tubular necrosis occur.

Chronic Nephrotoxicity

With chronic administration, acetaminophen
achieves a higher concentration in the cells of the renal
inner medulla compared to the renal cortex and
plasma.106 This relatively higher concentration is
important in the subsequent development of chronic
nephrotoxicity. The prostaglandin H synthase enzyme
complex, which appears to be the main mediator of
chronic nephrotoxicity, is predominantly located in the
inner medulla.540,541 The hydroperoxidase component
reduces the hydroperoxy group of PGG2 to the alcohol
producing the endoperoxide PGH2, with the oxidation
of a suitable electron donor.540,541 Acetaminophen has
shown to act as a suitable substrate in this enzyme
reaction.35,326�328,543 Mohandas et al.327,328 have dem-
onstrated in vitro, using rabbit renal cortical and med-
ullary microsomes, that the prostaglandin synthesis is
enhanced by acetaminophen at low concentrations,
comparable to those that would be achieved during
chronic ingestion (up to O.5 mM), and inhibited at
higher concentrations (as would be seen in acute over-
dose situations). More recently, similar results were
demonstrated using human renal cortical, outer and
inner medullary microsomes.153 The prostaglandin
hydroperoxidase component of the enzyme complex
converts acetaminophen to its reactive metabolite prob-
ably by a one electron oxidation reaction and hydrogen
abstraction to form the phenoxy radical of acetamino-
phen, which then undergoes further oxidation to the
more reactive intermediate NAPQI.329 This metabolite
reacts rapidly with GSH with the regeneration of acet-
aminophen or the formation of a stable conjugate. The
sharing of the conversion of PGG2 to PGH2 by both
glutathione peroxidase and prostaglandin hydroperox-
idase would influence the extent of co-oxidative activa-
tion of acetaminophen, since depletion of GSH by
binding to NAPQI would decrease glutathione peroxi-
dase participation in this reaction as opposed to prosta-
glandin hydroperoxidase which does not require GSH
as a substrate. The increased prostaglandin hydroper-
oxidase activity would increase the co-oxidation of
acetaminophen and formation of active metabolites.329

The cellular concentration of GSH is critical in prevent-
ing damage initiated by the reactive acetaminophen
metabolites. The metabolite NAPQI may form a conju-
gate or is reduced back to acetaminophen with the pro-
duction of oxidised glutathione (GSSG).328 GSSG is
reduced by glutathione reductase requiring NADPH1.
Thus, depletion of cellular GSH may occur due to
decreased availability of NADPH1, low activity of
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glutathione reductase in the renal medulla, or the
movement of excess GSSG out of the cell, in addition to
conjugation with metabolites.328 In addition, extracellu-
lar GSSG is not readily available to the renal inner
medulla cells due to very low levels of gamma gluta-
myl transpeptidases on the cell membranes as opposed
to high enzyme concentrations in renal cells in the
cortex.328

More recently, it has been demonstrated that acet-
aminophen may cause direct toxicity to renal inner
medullary cells. Cai and colleagues55 using passage 1
rat inner medullary collecting duct (p1rIMCD) cells
maintained in a osmotic environment that represents
the osmolality of the inner medulla in vivo, demon-
strated a toxic effect of acetaminophen and caffeine.
Acetaminophen (0.5�2.0 mM), either alone or in com-
bination with caffeine or salicylic acid induced prolifer-
ation of p1rICD cells when they were confluent. This
was in contrast to an inhibitory effect of acetamino-
phen on cell growth if the cells were subconfluent.
Normally there is little proliferation of inner medullary
cells in vivo and proliferating inner medullary cells
have a reduced tolerance for hyperosmolality.55 Thus it
would appear that acetaminophen-induced prolifera-
tion appears to sensitize the cells to toxicity, which was
demonstrated by evidence of DNA damage and apo-
ptosis. Other workers have also suggested that acet-
aminophen induced renal cell injury may be mediated
via an apoptotic process.

Lorz and colleagues290 demonstrated that acetamin-
ophen can induce apoptosis in murine tubular cells
that was not mediated via the Fas Fas-ligand pathway
or mitochondrial injury. Rather, apoptosis was associ-
ated with a decrease in antiapoptotic Bcl-xL protein
levels and evidence of increased endoplasmic reticu-
lum stress.290

Compound analgesics containing aspirin, caffeine
and phenacetin (or its major metabolite, acetamino-
phen) have a synergistic effect in the development of
chronic nephrotoxicity. Aspirin inhibits the action of
cyclooxygenase but not prostaglandin hydroperoxidase
in the prostaglandin synthase complex.542 Clinically lit-
tle or no aspirin reaches the kidney141 as aspirin is dea-
cetylated to salicylate. Salicylate, as well as depleting
renal glutathione levels increasing the potential for oxi-
dative injury, potentiates acetaminophen effects on
renal inner medullary cell proliferation and susceptibil-
ity to hyperosmotic injury.55 Likewise caffeine can
potentiate acetaminophen induced cellular injury.55

Caffeine influences a number of pathways involved in
cellular response to DNA damage. Caffeine also blocks
p53 activation in response to DNA damage as well as
blocking DNA repair.55,546

Clearly, acetaminophen, either alone or in combina-
tion with other agents can have significant effects on

renal cellular function leading to nephrotoxicity. These
may be mediated via intracellular metabolic pathways
producing reactive metabolites and/or by direct effects
on cell survival.

AMINOGLYCOSIDES

Aminoglycosides are an important group of antibio-
tics that are widely prescribed in the treatment of life-
threatening gram-negative infections. Nephrotoxicity
remains the major limitation to their clinical use.
Aminoglycosides consist of two or more amino sugars
joined in glycoside linkage to a hexose nucleus, usually
in a central position. At physiologic pH, they are poly-
cations with a high degree of polarity and water solu-
bility and have no significant binding to plasma
proteins. Autoradiographic studies have demonstrated
rapid proximal tubular uptake within six hours of
administration of tritiated gentamicin.451 Only a small
percentage of the filtered aminoglycoside (about 5%) is
taken up by the proximal tubular cells, yet the renal
cortical concentrations exceed the plasma or tissue con-
centrations by two to five fold. The majority of renal
aminoglycoside accumulation occurs by active trans-
port into the proximal tubular cells following binding
to the luminal membranes.518 A smaller proportion is
taken up across the basolateral membrane,220,221 but
this may be more important in the mediation of cellular
toxicity, as it allows for drug exposure to intracellular
organelles such as mitochondria and microsomes.
Aminoglycosides have been demonstrated to cause
multiple structural, functional, and metabolic altera-
tions within renal proximal tubular epithelial cells.
These alterations are evident within 90 minutes follow-
ing the single administration of an aminoglycoside. It
is probable that nephrotoxicity is the combined result
of these insults which compromise cellular structural
and functional integrity (Figure 85.8).220,221,289

The cationic aminoglycosides bind to the anionic
phospholipids, predominantly the phosphoinositols, in
the brush border membrane.426 The drug-receptor com-
plex is pinocytosed with subsequent translocation to
intracellular lysosomes.131 The more acidic pH of the
lysosomes increases the binding affinity of the amino-
glycosides to the phospholipids. The aminoglycosides
have been shown to inhibit the action of phospholi-
pases both in vitro and in vivo, preventing the degrada-
tion of the phospholipids and release of inositol
triphosphate.131,254,255,281,297,401

Aminoglycosides have also been demonstrated to
inhibit renal protein kinase C activity.170 Inhibition of
protein kinase C activity may be due to decreased sub-
strate availability due to inhibition of phosphoinositol
metabolism or a direct effect on the activation of the
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protein kinase C complex. Aminoglycoside-induced
inhibition of phospholipid metabolism has been shown
to occur not only within lysosomes but also involves
other cellular constituents.221,401,402 The net effect
would be the impairment of the phosphoinositol cas-
cade and second messenger pathway which may be an
early event in aminoglycoside nephrotoxicity.402

The degree of aminoglycoside binding to the phos-
pholipids, particularly in relationship to the ester bond
split by the phospholipases, is postulated to be critical
in the inhibition of phospholipid metabolism.36,37

Alterations in membrane phospholipids probably
result in the modification of both apical and basolateral
membrane transport functions including decreased
calcium transport, organic acid and base transport,
decreased sodium/potassium ATPase and adenyl
cyclase activity, ultimately impairing the control of cel-
lular integrity.196,220,221,297,515

Gentamicin interacts with megalin (a giant multili-
gand endocytic receptor, localised to the apical mem-
brane of proximal tubular epithelial cells) to gain entry
into the cells, but can inhibit early endosomal fusion
which may in part explain the toxic vacuolation in
tubular cells that occurs with aminoglycoside toxic-
ity.178 Of interest, is the observation that megalin-
knockout mice accumulate very little gentamicin com-
pared to wild-type mice, further supporting a role
for megalin-mediated endocytosis as the main mecha-
nism of gentamicin accumulation in proximal tubular
epithelium.428 Megalin receptor-mediated endocytosis

requires functional GTP-binding proteins that in turn
require prenylation by isoprenoid products. Antione
and colleagues have demonstrated that statins by inhi-
biting the formation of isoprenoids provide protection
against aminoglycoside-induced accumulation and
cytotoxicity in proximal tubule cells in culture.9 This
possible pleiotrophic action of statins in reducing
megalin-mediated uptake of nephrotoxins and hence
reducing proximal tubule cell injury needs to be
explored with well-constructed clinical trials.

Aminoglycosides may access the intracellular cyto-
sol via endosomal degradation or disruption.
Aminoglycosides have been shown to bind to mito-
chondrial membranes and inhibit oxidative phosphory-
lation in renal cortical mitochondria in vivo and
in vitro.515 This is probably mediated by alterations in
mitochondrial membrane permeability and mitochon-
drial calcium transport, which would produce altera-
tions in mitochondrial respiration452,513�515 and
increased release of cytochrome c.334 Increases in cyto-
solic cytochrome c concentrations will stimulate pro-
apoptotic pathways with subsequent cell death.
Several investigators have demonstrated increased
markers of apoptosis in various animal models of
aminoglycoside nephrotoxicity which was also associ-
ated with an increase in tubular and peritubular
proliferation.111,112,131

Alterations in intracellular calcium transport, ATP
synthesis, and mitochondrial permeability, are associ-
ated with endoplasmic reticulum stress and the

FIGURE 85.8 Mechanisms and cell
signaling pathways underlying the cyto-
toxic effect of gentamicin. (Used with per-
mission from the Nature Publishing
Company. Lopez-Novoa et al.289)
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production of reactive oxygen species. In vitro, genta-
micin has been demonstrated to enhance the genera-
tion of hydrogen peroxide by mitochondria497 with the
probable generation of other reactive oxygen species.
Free oxygen radicals interact with numerous intra-
cellular processes including peroxidation of membrane
phospholipids, which has been demonstrated in ami-
noglycoside nephrotoxicity. Hydroxyl radical scaven-
gers and iron chelators are protective against
gentamicin induced acute renal failure.497 However,
the use of antioxidants (vitamin E and diphenyl-pheny-
lenediamine) prevented gentamicin-induced lipid per-
oxidation but did not prevent the development of
acute renal failure.404,405 This suggests that lipid perox-
idation is a consequence of toxicity405 but does not
exclude the interaction of hydroxyl radicals with other
intracellular constituents in initiating cellular damage.

More recently Morales and colleagues have demon-
strated that metformin (administered before gentamicin)
substantially reduces gentamicin-induced mitochondrial
respiratory chain dysfunction, in particular, reducing the
changes in mitochondrial permeability transition,
decreasing the release of cytochrome c and formation
of reactive oxygen species, despite high tissue con-
centrations of gentamicin.334 Co-administration of
polyaspartic acid can also reduce aminoglycoside (gen-
tamicin) nephrotoxicity despite higher intracellular
concentrations of gentamicin.143,195,403 This suggests
that binding and intracellular uptake of aminoglyco-
sides alone is not sufficient to produce cell damage.143

Bennett et al. have demonstrated that aminoglycoside-
induced inhibition of microsomal protein synthesis
may be important in the generation of renal cell toxic-
ity and a critical mechanism in determining the cellular
ability to recover from the nephrotoxic insult.29

Tubular injury alone is probably insufficient to
explain the significant reduction in GFR that occurs
with aminoglycoside nephrotoxicity. There is good
experimental evidence that aminoglycosides have
direct effects on glomerular and vascular function with
alterations in mesangial and endothelial cell contractil-
ity leading to a reduction in GFR as well as constriction
of vascular smooth muscle cells leading to a reduction
in renal blood flow.289,304 In addition, the local cellular
responses will enhance an inflammatory response
which will produce an amplification of tubular, glo-
merular and vascular injury further exacerbating the
renal injury.289

Chronic administration, for six months, of low-dose
gentamicin has been shown to produce a mild chronic
tubulointerstitial nephritis with progressive renal fail-
ure in rats.195 Following cessation of the drug, intersti-
tial inflammation intensified with a further decline in
renal function, suggesting that gentamicin was inhibit-
ing the reparative response (DNA and protein

synthesis) of the tubular epithelium.195 Alternatively,
the chronic exposure to gentamicin can lead to
enhanced proximal tubular cell apoptosis, and an
ongoing inflammatory response resulting in chronic
interstitial fibrosis. This raises the possibility that neph-
rotoxicity from aminoglycosides is inevitable and only
in severe cases, where there has been marked renal cell
injury, will the changes be observed clinically by the
current rather insensitive clinical indices of renal
function.

With the advent of sensitive urinary biomarkers of
tubular injury as discussed above, it is to be hoped that
monitoring of the urinary biomarkers will detect ami-
noglycoside toxicity earlier and minimise the risk of
long-term injury.

LITHIUM

Lithium is a therapeutic agent used to treat patients
with bipolar (manic depressive) illness and success-
fully alleviates both manic and depressive symptoms
in 70�80% of patients. In fact, Timmer and Sands474

estimate that about 1 in 1000 Americans are prescribed
lithium at some time. However, chronic lithium admin-
istration has also been associated for many years with
several different forms of renal injury. An analysis of
several studies published from 1979 to 1986, compris-
ing some 1172 patients,34 revealed that the most preva-
lent renal effect of lithium reported was impairment of
renal concentrating ability, which was estimated to be
present in at least 54% of 1105 unselected patients on
chronic lithium therapy. This defect translated into
overt polyuria and polydipsia in up to 20% of cases.34

Initially the decrease in urinary concentrating ability,
which is resistant to the action of arginine vasopressin
(AVP), is usually reversible following cessation of
lithium administration. Of greater concern is the devel-
opment of a progressive impairment of urinary concen-
trating ability in patients on long-term maintenance
lithium therapy.26 Markowitz et al.298 reviewed the
clinical features of 24 patients with biopsy-proven lith-
ium toxicity, resulting from long-term treatment for
bipolar disorder. This functional lesion is not usually
readily reversible, is associated with a chronic focal
interstitial fibrosis on renal biopsy, and may ultimately
lead to renal failure.298

Complex mechanisms may be involved in lithium-
induced changes in tubular cell water permeability, but
the proximate cause is a loss of the ability to modulate
the permeability, to water, of the apical cell membranes
of the renal cortical and medullary collecting tubules.
As a consequence of the loss of collecting duct perme-
ability a hypo-osmotic urine is delivered to the medul-
lary collecting tubule whose capacity to reabsorb water
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(5% of the filtered water load) is limited. Thus volumi-
nous dilute urine is produced which is manifest clini-
cally as polyuria.

Rats given lithium therapy for up to 35 days became
polyuric, losing weight and producing a large volume
of dilute urine, a condition which was only partially
reversed by water deprivation or by sustained treat-
ment with AVP.299 Semi-quantitative immunoblotting
and studies by immunofluorescence and immunogold
labelling revealed a massive reduction in aquaporin 2
(AQP2) expression in the lithium-treated animals.
Water deprivation led to a small upregulation of
AQP2, mainly in intracellular vesicles, while AVP infu-
sion led to an accumulation of AQP2 largely in the api-
cal membranes of collecting duct cells.299 Chronic
lithium therapy in the rat was associated with a reduc-
tion of AQP2 gene expression and product249 along
with altered cellular organization in collecting ducts
characterized by a reduced fraction of principal cells,
and increased number of intercalated cells.71,72 These
effects are likely to be important in lithium-induced
nephrogenic diabetes insipidus.

Walker and colleagues recently demonstrated a
reduction in urinary concentrating ability, associated
with a decrease in urinary AQP2 excretion and urinary
cAMP excretion, following lithium ingestion for four
weeks in healthy human volunteers.505 These changes
are consistent with results obtained from animal mod-
els of lithium induced nephrogenic diabetes insipidus.
In addition, in another study, they demonstrated a
reduction in AQP2 expression in the cortical collecting
tubules of human renal biopsies obtained from patients
with lithium induced nephropathy.22

Lithium can readily substitute for sodium on several
transport proteins that normally transport sodium,
thus providing for lithium entry into tubular
cells.158,437 Lithium is a poor substitute for Na1/K1

ATPase thus allowing lithium to accumulate intracellu-
larly. The amiloride-sensitive epithelial sodium chan-
nel (ENaC), co-expressed with AQP2 in the collecting
duct, is critically involved in sodium homeostasis.
Chronic lithium treatment is associated with a concom-
itant increase in urinary sodium excretion, and studies
examining the expression of a number of sodium trans-
porters in the rat kidney demonstrated a highly
segment-specific down regulation of βENaC and
γENaC in the cortical and outer medullary collecting
ducts355 but ENaC in the distal convoluted tubule, con-
necting tubule and inner medullary collecting duct are
not modified by lithium.72,355 Likewise there is no
down regulation of the more proximal sodium trans-
porters (NHE3, Na-K-ATPase, Na-K-2Cl cotranspor-
ter).249 More recent studies by Christensen and
colleagues using a specific cortical collecting duct
ENaC knock out mouse model demonstrated that these

mice did not develop lithium-induced NDI.72 Of inter-
est was the fact the ENaC expression, allowing lithium
uptake, was still present in the adjacent cortical con-
necting tubular cells in these knock out mice. The exact
mechanism of how segment-specific lithium uptake
mediates NDI still needs greater clarification.

Earlier studies had shown that lithium inhibits the
action of vasopressin at steps both proximal and distal
to the intracellular formation of cAMP.103,137 Within
the cell, the principal action of lithium is thought to
inhibit cAMP transduction pathways by competing
with Mg for activation of G proteins which inhibit the
activation of vasopressin-sensitive adenyl cyclase.249 It
has also been suggested that lithium may alter the bal-
ance between the formation of diacyl glycerol, with
subsequent activation of protein kinase C, and the
release of inositol triphosphate with subsequent mobi-
lisation of intracellular calcium.2 The phosphorylating
activity of protein kinase C could in turn regulate the
activation of adenyl cyclase and membrane transport
function.2 Bisphosphate nucleotidase activity which
removes the 3’-phosphate from 3’�5’ bisphosphate
nucleosides has a role in regulating salt tolerance.
The presence of high levels of bisphosphate nucleotid-
ase in the kidney and its role in sodium trafficking
suggest a potential role also in lithium handling. It
has been proposed that inhibition of human bispho-
sphate nucleotidase may contribute to lithium-induced
nephrotoxicity.455

Alterations in adenyl cyclase activity and cAMP for-
mation will impact on AVP receptor-stimulated regula-
tion of aquaporin translocation and possibly (long
term) aquaporin expression. cAMP activates protein
kinase A by phosphorylation which in turn phosphory-
lates AQP2. It has recently been elegantly demon-
strated that this is essential for the trafficking of AQP2
to the apical membrane.2,299,300,356,358 Phosphorylation
of AQP2 by other kinases in particular glycogen
synthase kinase 3β (GSK3β), may also participate in the
regulation of AQP2 trafficking. These effects are shown
in a cartoon (Figure 85.9) adapted from Nielsen et al.,
and Grunfeld and Rossier.160,357

AQP2 gene expression is in part regulated via a
cAMP response element in the 5’ flanking region of the
AQP2 gene. Longer term, lithium via inhibition of ade-
nylyl cyclase activity leads to the down regulation of
cAMP-response element binding protein (CREB) which
in turn down-regulates AQP2 gene expression via the
cAMP response element.269,299,300

However a more recent study has demonstrated that
the down regulation of AQP2 mRNA is by decreased
gene transcription but it is independent of adenylate
cyclase activity and it is proposed that glycogen
synthase kinase 3β (GSK3β) (a serine/threonine protein
kinase) may play a critical role.269 GSK3β has been

2916 85. CELLULAR MECHANISMS OF DRUG NEPHROTOXICITY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



demonstrated to mediate the renal response to vaso-
pressin by modulating adenylate cyclase activity and
cAMP generation.407 Lithium at concentrations
(10�25 mM) that can be achieved within collecting
duct cells has been demonstrated to increase the
amount of phosphorylated GSK3β (inactivated form)
but not modifying the total amount of GSK3β.238

Inactivation of GSK3β by lithium is associated with
subsequent down-regulation of AQP2 expression.238

Battle and colleagues first demonstrated that amilor-
ide can attenuate the polyuria associated with lithium-
induced nephrogenic diabetes insipidus.20 Amiloride
blocks ENaC reducing lithium absorption in the distal
convoluted tubule. Experimental animal stud-
ies23,238,249,359 confirm that amiloride reduces transcel-
lular lithium transport, and intracellular accumulation
of lithium. This is associated with reduced phosphory-
lation and inactivation of GSK3β (238) along with
increased AQP2 expression.23,238 In addition to the
direct effects in the distal convoluting tubule, amiloride
largely restores the medullary concentrating gradient
which is associated with upregulation of not only
AQP2, but urea transporters (UT-A1 and UT-B) along
with repletion of the medullary osmolytes critical for
regulating the medullary osmotic gradient.23

Presumably this is associated with restoring the cellu-
lar responsiveness to AVP, which regulates not only
AQP2 expression but also regulates urea transporter
expression. At a clinical level, amiloride has been
demonstrated to significantly improve urinary concen-
trating ability in patients who had well establi-
shed nephrogenic diabetes insipidus consistent with an
improvement in the medullary concentration
gradient.24

In patients on long-term lithium treatment for bipo-
lar disorder, with biopsy-proven lithium toxicity, the

histology demonstrates a chronic focal interstitial fibro-
sis, which may ultimately lead to renal failure.298 The
loss of nephrons and tubular damage with lithium
induced nephropathy, is associated with a reduction in
AQP2 expression in the cortical collecting tubules of
human renal biopsies.22 Electron microscopy has dem-
onstrated that the cellular damage consists of swollen
cells with increased numbers of mitochondria, swollen
and damaged endoplasmic reticulum and vacuolation
of the apical membranes with prominent accumulation
of glycogen granules in the cytoplasm. The accumula-
tion of glycogen correlated with the lithium-induced
inhibition of AVP mediated activation of adenyl
cyclase and alterations in glycogen synthesis. These
lesions were associated with areas of fibrosis, dilated
tubules and desquamation of tubular cells.

Earlier studies were not able to delineate the role of
lithium-induced apoptosis compared to lithium-
induced necrosis in mediating cell death and subse-
quent fibrosis. Controversy exists as to whether or not
these lesions predispose to the development of a
chronic focal interstitial nephritis as a consequence of
long-term lithium therapy.204 Lithium, at high concen-
trations (20 mmol/l), has been shown to produce apo-
ptosis in neural tissue and other types of cell
cultures238,545 but there have been no studies in renal
cell culture models. More recently, Walker and collea-
gues have established a long-term chronic model of
lithium-induced interstitial fibrosis.25 Preliminary stud-
ies demonstrate the TGFβ expression is markedly up-
regulated, especially in the medullary region but there
is no associated inflammatory infiltrate. It is tempting
to speculate that with active cellular update of lithium
via sodium transport pathways that high intra-cellular
concentrations can be achieved in both proximal and
distal tubular epithelial cells, which in turn could

FIGURE 85.9 Pathways by which lithium
modulates aquaporin 2 synthesis, phosphory-
lation and translocation to apical membrane
in the principal cell in the collecting duct.
Lithium (Blue lines) either directly modulates
adenylyl cyclase activity or lithium inhibits
GSK3β160 which in turn modulates adenylyl
cyclase pathways. (Adapted from Nielsen
et al.357 with permission American Physiology
Society.)
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initiate cell to cell cross talk regulating apoptosis and a
proinflammatory response as has recently been demon-
strated for cisplatin nephrotoxicity.280,423

The link between lithium, sodium transport in the
cortical collecting cells and subsequent lithium-
induced nephrogenic diabetes insipidus is now well
established.70,72,238,249 However, the pathogenesis of the
lithium-induced chronic interstitial nephritis still
remains to be clearly elucidated.

Conclusion

This chapter has highlighted the importance of the
kidney’s unique functional organization, from a subcel-
lular level to tissue level, in the development of drug
nephrotoxicity. The heterogeneity of renal-tubular epi-
thelial cell function and metabolism is the initial deter-
minant in the development of nephrotoxicity. While
these toxicants produce localized and specific injury to
target cells in the kidney by specific mechanisms,
many if not all of the final common pathways of toxi-
cant injury are shared with ischemia-reperfusion
injury.

The concentration of the drug and/or its metabolites
within the tubular epithelial cells plays a critical role in
the generation of toxicity. This may be modified by the
tubular secretion and/or reabsorption of the drug, the
intrarenal distribution of specific enzyme systems
important in drug metabolism, and the potential gener-
ation of toxic metabolites. The final expression of neph-
rotoxicity will be dependent on the availability of
intracellular mechanisms essential for maintaining cel-
lular integrity and the cellular reparative response to
injury. Thus, the pathophysiology of acute toxicant-
induced kidney injury includes a complex interplay
among specific cellular injury, inflammation, and
altered renal hemodynamics.
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DETERMINANTS OF GLOMERULAR
ULTRAFILTRATION AND HOW THEY

ARE INFLUENCED BY THE
GLOMERULAR ARTERIOLES

The notion that derangements of glomerular dynam-
ics may exert a deleterious effect and play a role in the
pathogenesis of chronic kidney disease (CKD) is rela-
tively recent, having been first postulated in a coherent
way in the early 1980s.1,2 This formulation was made
possible after the determinants of glomerular ultrafil-
tration were directly measured in micropuncture
experiments, and theoretically analyzed by Brenner,
Deen and co-workers in the late 1960s and early
1970s.3,4

The ultrafiltration process at each glomerulus is gov-
erned by four independent physical determinants:4 the
first and most important of them is the glomerular
transcapillary hydraulic pressure difference, ΔP,
defined by the expression, ΔP5PGC 2 PBS, where PGC

represents the glomerular intracapillary hydraulic
pressure and PBS denotes the hydraulic pressure in
Bowman’s space. The second determinant is the
plasma protein concentration at the afferent arteriole
(CA), which is nearly identical to the systemic plasma
protein concentration and determines the oncotic force
that opposes filtration. The third determinant is the ini-
tial glomerular plasma flow (QA); and the fourth deter-
minant is the glomerular hydraulic conductance
coefficient (Kf). Variations of ΔP and QA cause changes
in the same direction in SNGFR, whereas the relation-
ship between SNGFR and Kf is more complex:

although a decrease of Kf below normal lowers
SNGFR, an increase of Kf has limited effect on ultrafil-
tration. A more detailed description of these determi-
nants, of their individual effects, and of the
relationship between them is given in Chapter 21.

Two of the determinants of ultrafiltration, ΔP and
QA, are directly affected by variations of the afferent
(RA) and efferent (RE) arteriolar resistances, as well as
by changes in systemic blood pressure. The deep influ-
ence of these vessels on the dynamics of ultrafiltration
derives from the unusual arrangement of the glomeru-
lar microcirculation, with the capillary loops inter-
posed between the afferent and efferent arteriolar
resistors (Fig. 86.1). If we assume the hydraulic pres-
sure at the end of the efferent arteriole (PE) to be much
lower than the mean arterial pressure (MAP), and
neglect the effect of fluid escape from the glomerular
capillaries through ultrafiltration, the glomerular intra-
capillary hydraulic pressure (PGC) can be approxi-
mated by:

PGC 5MAP 3 RE =ðRA 1REÞ ð86:1Þ
It becomes clear from this ultra-simplified equation

that PGC, and therefore ΔP, varies simultaneously with
MAP and with the ratio between RE and the total
glomerular arteriolar resistance. An arterial pressure
elevation, with RA and RE kept constant, would be
accompanied, still in accordance with Equation 86.1, by
a proportional elevation of PGC. Such situation is sel-
dom observed, because autoregulatory mechanisms
make RA change in the same direction as the change of
MAP or, more specifically, of the renal perfusion
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pressure (Chapters 21 and 24). On the other hand,
changes in the glomerular arteriolar resistances can
deeply influence SNGFR and its determinants. A
decrease in RA, with MAP kept constant, will elevate
PGC, still as predicted by Equation 86.1, whereas the
opposite will occur if RA increases. The consequences
of changing the preglomerular resistance are not lim-
ited to the PGC, since in a hydraulic system consisting
of series resistors, such as the glomerular microcircula-
tion, variations of one of the resistances will always
promote reciprocal variations of flow. Specifically, QA

can be approximated by the expression:

QA 5MAP=ðRA 1REÞ3 ð12HtÞ ð86:2Þ
where Ht denotes the arterial hematocrit. Thus, a
decrease of RA will augment QA, while the reverse will
occur if RA increases. Since as noted above an analo-
gous relationship exists between RA and PGC, and since
SNGFR is a direct function of both QA and ΔP,4 it fol-
lows that variations of RA always promote changes of
SNGFR in the opposite direction.

The effect of RE on SNGFR is more complex than that
of RA, because of the peculiar location of the efferent
resistor. An increase of RE tends to increase PGC (and
ΔP), approaching its value to that of MAP, as predicted
by Equation 86.1. Conversely, a decrease of RE tends to
bring PGC close to zero, or more precisely, to the low
pressure of the postglomerular microcirculation. On the
other hand, an increase of RE, as in the case of RA, tends
to diminish QA, as predicted by Equation 86.2, while
the opposite will be seen with a decrease in RE. Thus
changes of RE promote opposite effects in PGC (and ΔP)
and QA. If RE is brought to very low values, ΔP may
fall to critical levels (close to the plasma oncotic pres-
sure), reducing SNGFR to values that approach zero,

regardless of the value of QA. As RE increases above
these critically low values, SNGFR rises very steeply,
since the positive effect on PGC (and ΔP) largely com-
pensates its initially small negative effect on QA. This
effect reaches a maximum at RE values that are within
the normal range, since further efferent vasoconstric-
tion will promote no additional increase of SNGFR and
may even diminish it, because QA will be reduced in
such a way as to offset the elevation of PGC.

In view of the above considerations, it becomes clear
that the pre and postglomerular resistors exert quite
different functions. The monotonic inverse relationship
between RA and the SNGFR renders the afferent resis-
tance ideally suited to function as a regulator of the glo-
merular microcirculation. Indeed, variations of RA can
entirely account for renal autoregulation, which keeps
GFR, renal plasma flow and ΔP within narrow ranges
in the face of wide variation of systemic blood pres-
sure.5 Although variations of RE appear unsuited to
intervene in the process of regulation of the glomerular
microcirculation, the efferent arteriole is essential for
the glomerular ultrafiltration process to occur. The
mere existence of the efferent arteriole, acting as a
“postcapillary sphincter,” allows the glomerular
capillaries to maintain much higher hydraulic pressures
than in other microcirculatory territories, which is a
physical requirement for high-grade ultrafiltration to
occur. If RE is decreased to critically low values, which
may happen for instance in patients with bilateral renal
artery stenosis treated with inhibitors of the renin-
angiotensin system or angiotensin II receptor blockers,
a catastrophic fall of SNGFR occurs, and acute renal
failure can ensue.6

The GFR is Fairly Constant Under Physiologic
Conditions—But There are Exceptions

Under physiologic conditions, there is little need for
the GFR to vary very much, since the balance of water
and solutes such as sodium, chloride and potassium is
achieved by the action of the tubules, especially at the
final portions of the nephron. In fact, GFR is tightly
controlled by autoregulatory mechanisms, which
involve mostly variations of the afferent arteriolar
resistance, more suitable to this task, as pointed out
earlier. These variations of RA are thought to be
achieved by local myogenic reflexes and by signals
generated at the macula densa.5,7

In states of decreased effective arterial volemia such
as in dehydration, the GFR can be brought to very low
values, even in the absence of kidney injury, as part of
the organism’s effort to conserve salt and water. Such
an effect is accomplished by arteriolar vasoconstriction
and mesangial cell contraction, with consequent
reduction of Kf.

8,9

FIGURE. 86.1 Schematic representation of the glomerular micro-
circulation. MAP, mean arterial pressure; RA, afferent arteriolar resis-
tance; RE, efferent arteriolar resistance; PGC, glomerular hydraulic
pressure; PE, hydraulic pressure at the end of the efferent arteriole.
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In contrast with the promptness with which GFR
can be reduced whenever necessary, there is usually
little need to promote a substantial increase of the GFR.
However, there are a few notable exceptions to this
rule. Expansion of the extracellular volume, besides
promoting tubular rejection of fluid and electrolytes,
can increase GFR through the action of atrial natriuretic
peptides.10,11 Ingestion of a single protein-rich meal
can acutely increase the GFR by 30�50% in humans
and in laboratory animals,12,13 an effect that can be rep-
licated by intravenous infusion of amino acids in
rats,14�16 and that is thought to represent an adaptation
to the need to excrete the protein catabolites more read-
ily.1,17 A sustained increase of GFR, of similar magni-
tude as in the acute experiments, can be obtained by
chronic feeding of a high-protein diet.18�20 This change
in GFR involves approximately proportional dilatation
of both the afferent and efferent arterioles and conse-
quent augmentation of QA, without elevation of PGC

and ΔP, as predicted by Equation 86.1.20,21 Normal
pregnancy is another physiologic situation character-
ized by augmented GFR.22�24 As with high-protein
feeding, the GFR increase observed during pregnancy
is due to commensurate decreases of RA an RE, result-
ing in increased QA without elevation of ΔP.23,24 These
changes are entirely reversible, but will recur with
every subsequent pregnancy in the same individual,
with no cumulative effect.25

Single Nephron Hyperfiltration is a Prominent
Feature of Chronic Kidney Disease

From the original description of chronic kidney dis-
ease (CKD) by Richard Bright in the XIXth century
until the 1950s, it was generally believed that the
kidneys affected by chronic disease simply ceased to
function as a whole, thereafter becoming essentially
unable to maintain homeostasis or to adapt to that
unfavorable condition. In 1952, Robert Platt proposed
that the functional disturbances encountered in renal
disease result from progressive reduction in the num-
ber of functioning nephrons rather than from the sepa-
rate impairment of glomerular or tubular functions of
all nephrons.26 He suggested that, as the number of
nephrons diminishes, the remaining units undergo
functional hypertrophy, in such a way that impairment
of renal function is easily overlooked initially, becom-
ing apparent only at relatively advanced stages of the
disease. Bricker and colleagues27,28 carried this concept
a step further by showing that, in an experimental
model of CKD, glomerular and tubular functions
decreased in parallel, but function per nephron was
increased, suggesting that whole nephrons were
indeed disappearing as functional units, forcing the

surviving nephrons to undergo vicarious hypertrophy.
Bricker and coworkers coined the expression intact
nephron hypothesis to define this concept, which has sur-
vived, with some modifications, up to the present day.

In the 1920s and 1930s, Addis had already postu-
lated that increased “workload” to the kidneys, origi-
nating from excess protein intake and/or unilateral
kidney removal, led to compensatory functional and
structural hypertrophy of the remaining renal tissue.29

The nephron hypertrophy implied by the intact neph-
ron hypothesis was in keeping with this notion of com-
pensatory whole kidney hypertrophy. However, it was
not until the early 1980s that a detailed physiologic
basis was constructed to explain the mechanisms by
which this nephron adaptation might take place. In
1981, Hostetter, Rennke and Brenner30 demonstrated
that five-sixths renal ablation (by removal of the right
kidney and infarction of two thirds of the contralateral
one), standardized a few years earlier by Shimamura31

as a model of progressive glomerulopathy, promoted a
striking increase of SNGFR, confirming the earlier
predictions of compensatory nephron hyperfiltration
upon loss of renal parenchyma. These investigators
went on to demonstrate that hyperfiltration was due to
the combination of systemic hypertension with a
pronounced dilatation of the glomerular microvessels,
especially the afferent arteriole. As a consequence of
this predominant decrease of RA, and in keeping with
Equations 86.1 and 86.2, there were marked increases
of QA, PGC and ΔP, leading to a corresponding increase
of SNGFR, partially offset by a mild reduction of Kf.
Similar results were later reported by the same group
in a different model of glomerular injury, the DOC-salt
model, in which uninephrectomy is associated with
dietary salt overload and mineralocorticoid excess.32

Glomerular Hyperfiltration in Diabetes Mellitus

Renal mass reduction is not the only pathologic
instance in which SNGFR is chronically increased. In
type 1 diabetic patients not yet afflicted by the long-
term complications of the disease, but in which meta-
bolic control is poor, GFR tends to increase by 30 to
40% compared to the normal population, an abnormal-
ity that is accompanied by a proportional increase in
kidney size.33�35 Renal hypertrophy involves mostly
the enlargement of glomeruli, whose size may double,
although tubular hypertrophy is also prominent in
these subjects. Although the mechanisms responsible
for the renal hypertrophy in diabetes are presently
unknown, a physiological basis for hyperfiltration in
this setting is well established. In 1981, Hostetter and
coworkers36 showed that in rats made diabetic with
streptozotocin there is vasodilatation of both the
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afferent and efferent arterioles, with ample predomi-
nance of the former, in a similar manner as in compen-
satory single nephron hyperfiltration. As a
consequence, both QA and ΔP are increased, thus pro-
moting hyperfiltration even in the absence of systemic
hypertension. These findings were later confirmed in
the same laboratory37,38 and elsewhere.39�41 In diabetic
patients, hyperfiltration and hyperperfusion can be
easily demonstrated, but direct determination of PGC is
not possible. However, indirect estimates obtained
from measurement of filtration fraction suggest that
glomerular hypertension does accompany human dia-
betes as well.42,43

A large body of evidence indicates that glomerular
hyperfiltration also occurs in patients with type 2 dia-
betes mellitus;44�46 although its prevalence is lower
than among type 1 diabetic patients,47 and its very exis-
tence was questioned in some earlier reports.48,49

Hyperfiltration has also been shown in experimental
models of type 2 diabetes.50,51 It must be noted that
analysis of renal hemodynamics in these patients is
clouded by the concomitant occurrence of cardiovascu-
lar abnormalities, which tend to compromise large
arteries, including the renal arteries and their branches,
along with the cardiac function. In addition, the exact
time of onset of type 2 diabetes is often uncertain,
allowing diabetic and/or ischemic nephropathy to
develop, and GFR to decline substantially from initially
elevated levels.

THE “HYPERFILTRATION HYPOTHESIS”
AND THE PROGRESSIVE NATURE OF

CHRONIC KIDNEY DISEASE

The consistent finding that nephron hyperfiltration
antecedes, and even predicts, the development of renal
injury in clinical and experimental CKD prompted the
hypothesis, formulated by Brenner and coworkers, that
a causal relationship existed between abnormal glo-
merular hemodynamics and the development of pro-
gressive glomerular damage. In the original version of
this hyperfiltration hypothesis,1 it was postulated that the
presence of heightened flows and pressures at the glo-
merular capillaries would promote mechanical aggres-
sion to the fragile capillary walls, triggering a process
of progressive injury of the glomerular tuft that would
eventually result in its complete destruction. In addi-
tion, the concept of compensatory nephron hyperfunc-
tion implied that glomerular dropout would impose an
ever-increasing burden on the remaining units, aggra-
vating the existing mechanical stress and closing a
vicious circle that would perpetuate the process of
renal parenchymal destruction.

Besides offering a plausible explanation for the well-
known progressive behavior of CKD, the hyperfiltra-
tion hypothesis formulated in the early 1980s fitted
well with a series of findings reported elsewhere. A
few years earlier, Steffes and coworkers52 had demon-
strated that the severity of diabetic nephropathy was
aggravated in rats also subjected to uninephrectomy,
presumably through exacerbation of hyperfiltration in
the remaining kidney. In a prior study of the same lab-
oratory, it had been shown that in diabetic rats sub-
jected to unilateral renal artery clipping, diabetic
nephropathy was prevented in the clipped side, and
aggravated in the contralateral kidney.53 Accordingly,
ipsilateral protection from diabetic nephropathy in
patients with unilateral renal artery stenosis has been
reported.54,55

The practical implications of the hyperfiltration
hypothesis were evident, since it opened the tangible
possibility that chronic damage to the renal paren-
chyma by diabetes or progressive nephron loss could
be treated by maneuvers aimed at lessening the associ-
ated abnormalities of glomerular dynamics. A few
seminal studies developed by Brenner and associates
showed that this goal was indeed attainable. Hostetter
et al.30 showed that the early structural abnormalities
associated with 5/6 nephrectomy in rats were
abrogated by administration of a low-protein diet, a
maneuver that normalized SNGFR, QA and ΔP. Zatz
and associates20 obtained similar amelioration of
glomerular dynamics, and equal renoprotection, in
diabetic rats that received a low-protein diet for one
year. These observations appeared to confirm the
hyperfiltration hypothesis and, at the same time, the
possibility of changing the natural course of CKD by
measures distinct from treatment of hypertension or
the metabolic disturbance of diabetes, then the only
therapeutic resources available.

Glomerular Hypertension is the Relevant
Pathogenic Factor Linking Hyperfiltration to
Glomerular Damage

Although the hyperfiltration hypothesis initially
seemed to explain convincingly the clinical and experi-
mental findings obtained theretofore, it was soon
challenged by a series of apparently inconsistent obser-
vations. The predictive value of GFR in relation to dia-
betic nephropathy was not confirmed in a number of
clinical studies.56,57 In addition, long-term observations
in subjects that had undergone uninephrectomy
showed only mild and non-progressive proteinuria
and arterial hypertension,58,59 or even no abnormality
at all,60 compared with the general population.
Likewise, no renal injury was associated even with
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multiple successive pregnancies in rats, in which GFR
is expectedly increased,25 a finding in keeping with
clinical observations in multiparous women.61 Other
studies showed that it was possible to ameliorate glo-
merular injury in the 5/6 renal ablation model without
reducing GFR.62 Other attempts at preventing the pro-
gression of CKD, though successful, were not entirely
consistent with the hyperfiltration hypothesis. In rats
subjected to five-sixths nephrectomy and treated with
the then brand new ACE inhibitor, enalapril, the asso-
ciated glomerulosclerosis was largely prevented.
However, enalapril failed to normalize GFR or QA,
although it did normalize glomerular pressure.63,64

Similar results were subsequently reported in the
streptozotocin-diabetes model,37�38 and confirmed
elsewhere. In view of these results, it was no longer
possible to bundle together glomerular hyperfiltration,
hyperperfusion and hypertension as a pathogenic
mechanism of chronic glomerular injury. It became
necessary to modify the hyperfiltration hypothesis to
reconcile it with the evidence that glomerular hyper-
tension, rather than the hypertension/hyperperfusion/
hypertension trio, represented the actual physical
mechanism promoting long-term glomerular capillary
injury. The designation “Hyperfiltration hypothesis,”
though still widely employed, should therefore be
replaced by more precise expressions such as
“Hemodynamic hypothesis,” or “Hemodynamic
theory.”

THE IMPORTANCE OF GLOMERULAR
HYPERTROPHYAND THE CONCEPT OF

MECHANICAL AGGRESSION

During the second half of the 1980s, a series of clini-
cal and experimental observations showed that
enlargement of the glomerular tuft, a “nonhemody-
namic” abnormality, was consistently associated with
the development of progressive glomerular injury.65�69

Several of these studies suggested that the develop-
ment of glomerulosclerosis was more closely associated
with glomerular hypertrophy than with glomerular
hypertension. A study in proteinuric pediatric patients
showed that glomerular size predicted the develop-
ment of focal and segmental glomerulosclerosis,70

while several experimental observations showed either
the development of glomerulosclerosis without glomer-
ular hypertension or the converse.66�69 These observa-
tions gave rise to a “hypertrophy theory,” which was
initially regarded by many as a better alternative to the
hemodynamic theory. However, evidence obtained
during subsequent years failed to lend support to this
“hypertrophy theory.” Some of these studies corrobo-
rated the earlier observations of a tight association

between glomerular hypertension and glomerular
injury.37,39,71 In others, the relationship between
glomerular hypertrophy and glomerular injury was
rather inconsistent.72�74 However, it became clear, in
the years that ensued, that the hypertrophy and hemo-
dynamic theories were not at all irreconcilable, and
that the two mechanisms must act in concert, rather
than separately, to promote glomerular injury. The
physical basis for such interaction becomes apparent
when we consider the local forces that act on the glo-
merular filtration surface, shown in simplified form in
Fig. 86.2. The presence of a transcapillary hydraulic
pressure difference, ΔP, imposes a continuous mechan-
ical stretch to the glomerular wall. According to
Laplace’s law,65 the wall tension, T, equals the product
of the pressure gradient, ΔP, and the capillary radius,
R. An elevation of ΔP will promote a proportional
increase of T and, therefore, of the mechanical stretch
to which the components of the glomerular wall are
subjected.65 On the other hand, enlargement of the glo-
merular tuft will increase the capillary radius, R, aug-
menting T in exactly the same way as would an
elevation of ΔP. Thus, while glomerular hypertension
can conceivably promote capillary damage in the
absence of tuft hypertrophy, mechanical injury to the
glomerular capillary wall can in principle occur with-
out elevation of ΔP. Accordingly, it is hardly surpris-
ing that the association of the two abnormalities can
accelerate glomerular injury.75,76

Cellular Mechanisms by Which Mechanical
Stretch Can Injure the Glomerular Wall

Stretching of the glomerular capillary wall by intra-
capillary hypertension or tuft hypertrophy would be
expected to promote only localized, non-progressive
injury if the resulting physical forces were the only fac-
tors at operation. However, the glomerular tuft is not
constituted solely by inert elements such as collagen
fibers: injury to endothelial cells, mesangial cells and
podocytes trigger a series of events that together con-
spire to extend and amplify the initial mechanical
aggression, as will be discussed in the paragraphs that
follow.

FIGURE. 86.2 Schematic and simplified representation of the
wall tension, T, generated by the glomerular transcapillary pressure
difference (ΔP) at the walls of a cylindrical capillary with radius R.
According to Laplace’s law, T is directly proportional to both
parameters.
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Endothelial cells are sensitive to mechanical strain,
undergoing changes of shape and increasing their rate
of proliferation when exposed to axial stretch in vitro.77

Subjecting these cells to prolonged strain in vivo may
result in severe damage,78 which can even promote dis-
integration or detachment, leading to local denudation
of the glomerular basement membrane, with conse-
quent exposure of extracellular matrix constituents to
the circulatory stream. The resulting activation/aggre-
gation of platelets, with fibrin accumulation, may favor
the formation of intracapillary microthrombi, leading
to luminal obliteration.72 With subsequent organization
of this material, the glomerular tuft can become par-
tially or totally fibrotic.72 Microaneurysms, which have
been reported in several experimental models charac-
terized by severe glomerular hypertension, may
undergo a similar process of organization.32,79,80

The mesangial cells possess a complex cytoskeleton81

that may be affected by mechanical stretch transmitted
from the capillary filtration surface.82 A number of
in vitro experiments have brought evidence that, when
subjected to such strain, cultured mesangial cells
undergo a series of phenotype changes, increasing their
proliferative activity and synthesizing a number of
molecules involved in inflammatory phenomena—
cytokines, growth factors, adhesion molecules and
cyclooxygenase products.83�87 In addition, mechanical
stretch stimulates the production of collagen fibers,87

thus favoring the development of fibrosis and contrib-
uting to the progressive destruction of the glomerular
tuft. Heightened intracapillary pressure can promote
additional mesangial injury by driving circulating
macromolecules, including immunoglobulins and com-
plement components, into the mesangial region, where
they may accumulate, thus contributing to irritate the
mesangial cells and to maintain an inflammatory envi-
ronment at a local level.88 Such movement is facilitated
by the fact that the mesangial region is not covered by
glomerular basement membrane, being separated from
the circulatory stream only by the fenestrated endothe-
lial layer.82

Among the native glomerular cells, the podocytes are
perhaps the most likely to suffer phenotypic changes
upon exposure to mechanical strain. These cells lie
amidst a very complex molecular setup, with a myriad
of intricate connections between cytoskeleton constitu-
ents, such as actin, myosin and α-actinin, and those of
the slit membrane, such as nephrin and p-
cadherin.82,89,90 Conceivably, any disturbance of such a
delicate arrangement can disrupt this complicated
structure, leading to simplification of the foot pro-
cesses, rupture of the slit membrane, and impairment
of the glomerular barrier function, with ensuing pro-
teinuria.91,92 Because podocytes are terminally differen-
tiated cells, they possess limited proliferative capacity,

being unable to adapt to the increased capillary dimen-
sions imposed by glomerular hypertension and/or
hypertrophy.93�95 Thus, the inevitable mechanical
strain associated with these conditions can promote
podocyte rupture, death by apoptosis or necrosis, and
detachment from the basement membrane, resulting in
denudation of its outermost aspect.96�98 The latter is
likely to favor the fixation of the glomerular tuft to the
parietal layer of Bowman’s capsule, leading to the for-
mation of synechiae, from which a local process of scle-
rosis may arise and spread to a glomerular segment,
to the whole tuft, and/or to the adjacent inter-
stitium.93�95,99 Additional damage can result from
leakage to the interstitium, through this adhesion spot,
of plasma ultrafiltrate, with limited hindrance to the
passage of proteins, given the local absence of foot pro-
cesses or slit membranes. This “misdirected filtration”
(Fig. 86.3)100,101 may lead to accumulation of fluid rela-
tively rich in protein at the vicinity of the glomerulus
or, if abundant enough, around extensive parts of the
respective tubular segments. Inflammation and

FIGURE. 86.3 Schematic illustration of the consequences of local-
ized podocyte loss, with capillary loops adhering to Bowman’s capsule
and becoming hyalinized, while fluid leaking through the damaged
glomerular walls infiltrates between the nephron (glomerular tuft and
tubule) and the adjacent interstitium. Organization of this material may
lead to progressive destruction of the nephron. (Reproduced with permis-
sion from ref. [100].)
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subsequent organization of this initially amorphous
layer may lead to ensheathing of substantial parts of
that particular nephron, which can eventually be sec-
tioned by the fibrotic process, and even
disintegrate.99,100

As mentioned earlier, mechanical strain of the podo-
cyte layer may lead to disruption of the glomerular fil-
tration barrier, with the passage of large amounts of
protein to the urinary space and the appearance of pro-
teinuria, a well-known hallmark of glomerular injury.
As a consequence, the protein reabsorption rate of the
proximal tubular cells increases markedly, in an
attempt at recovering the filtered protein, thus limiting
the urinary protein loss. To perform this task, cells
must digest the reabsorbed protein, intensifying the for-
mation of endosomes and the synthesis of proteolytic
enzymes. Several investigators believe that prolonged
exposure of proximal tubular cells to this situation can
trigger a process of interstitial fibrosis, which contri-
butes strongly to accelerate the progression of the
nephropathy. A number of clinical studies102�104 sup-
port this hypothesis by showing a direct relationship
between the proportion of patients with glomerulopa-
thies that progress to end-stage renal disease and the
level of proteinuria at the time of diagnosis.

Although other investigators note that these findings
could merely reflect a natural association between the
intensity of proteinuria and the severity of the underly-
ing glomerular disease,105 numerous experimental
studies have provided more direct evidence that abnor-
mal passage of proteins to the urinary space can indeed
favor interstitial inflammation and fibrosis. When cul-
tured in albumin-rich medium, proximal tubular cells
produce significant amounts of cytokines and
chemokines.106�109 Accordingly, interstitial fibrosis,
inflammation, and markers of oxidative stress were
found in association with heavy proteinuria in congeni-
tal nephrotic syndrome.110 Together, these findings
indicate that glomerular injury with impairment of the
filtration barrier can be indirectly propagated to the
interstitium, amplifying the resulting renal damage.
However, there is evidence that this mechanism may be
of limited importance or may become active only at
advanced stages of CKD. In two experimental models
of proteinuric CKD, Kriz99 showed that chronic injury
was confined to individual nephrons, rather than being
disseminated, as would be expected if increased glo-
merular passage of proteins were a major pathogenic
factor in this setting. In addition, Theilig and cowor-
kers111 studied mutant mice in which proximal reab-
sorption of protein was severely limited due to
deficient expression of megalin, an essential element for
protein endocytosis to work properly. Although the
presence of inflammatory markers did associate with
protein uptake, tubulointerstitial injury correlated with

glomerular damage to the parental glomerular tuft,
rather than to the local inflammatory activity. Thus,
despite evidence favoring the inflammatory effect of fil-
tered protein, the role of impairment of the glomerular
barrier in the pathogenesis of interstitial fibrosis in
CKD remains open to question.

From Stretch-Induced Injury to Progressive
Nephropathy: the Role of Inflammation

As remarked earlier, progressive nephron loss pro-
motes or aggravates mechanical strain in the remaining
units, thus contributing to the establishment of a
vicious cycle that leads to further nephron destruction.
An additional crucial factor for CKD perpetuation is
the presence of inflammatory events, a common
denominator to all cellular mechanisms discussed in
the preceding paragraphs. The participation of inflam-
matory phenomena in the pathogenesis of nephropa-
thies of immunologic injury has been known for
decades.112 Tissue infiltration by macrophages and
fibroblasts has been regarded as a natural follow-up of
such events as activation of T-lymphocytes and of the
complement cascade.113 Evidence obtained since the
late 1980s in human nephropathies and, especially, in
experimental models of CKD, showed that these phe-
nomena are also important as promoters of chronic
renal injury not mediated by immune mechanisms,
especially those induced by mechanical strain. The
presence of inflammatory cells has been described in
several models of progressive renal injury, such as
streptozotocin-induced diabetes mellitus,114�116 aging
nephropathy,117�119 chronic NO inhibition,120�122

experimental nonimmune nephrotic syndrome123 and
protein-overload proteinuria.124

Floege and coworkers125�127 reported that, in rats
with 5/6 renal ablation, by far the most widely utilized
CKD model, renal interstitial lymphocyte infiltration,
activated by unknown mechanisms, can be observed a
few days after renal mass removal, when sclerosing glo-
merular lesions are still scarce. In the following days,
the renal interstitium is progressively invaded by
macrophages, while the intensity of the lymphocyte
infiltration decreases. These findings were subse-
quently corroborated in other laboratories.128�131 In
addition, a surge of cell proliferation, mostly located at
the tubulointerstitial compartment, is noted in these
rats a few days after renal ablation, decreasing after two
weeks, but persisting for at least two months.128,127 The
identity of these cells is uncertain, although it is con-
ceivable that part of this proliferative activity may be
related to the generation of myofibroblasts from either
interstitial fibroblasts or tubular cells, the latter through
epithelial-to-mesenchymal transdifferentiation.132�134
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The recruitment of inflammatory cells into the renal
parenchyma, and the proliferation of resident glomeru-
lar and tubular cells are crucially dependent on the pro-
duction of inflammatory mediators. The presence in the
renal parenchyma of a number of cytokines, chemo-
kines and growth factors, such as interleukin-1,
RANTES, fractalkine, TGF-β, MCP-1, TNF-α, and adhe-
sion molecules, among many others, have been associ-
ated with several clinical conditions and experimental
models of CKD,107,114,135�139 along with evidence of
activation of the intricate and often redundant intracel-
lular pathways involved in the synthesis of these
molecules.132,140�143 An extensive analysis of the partic-
ipation of these systems in the pathogenesis of CKD
would transcend the scope of this chapter. Additional
discussion of this subject can be found in Chapters 82,
87 and 90.

The importance of inflammatory phenomena in the
pathogenesis of CKD is further highlighted by the pro-
tective effect exerted by anti-inflammatory agents.
Fujihara and coworkers128 reported that concomitant
administration of mycophenolate mofetil (MMF), a spe-
cific inhibitor of lymphocyte proliferation, strongly
attenuated renal inflammation and prevented glomeru-
lar and interstitial injury in the remnant kidney model,
a finding also reported, almost simultaneously, by
Romero and coworkers.131 Renal protection by MMF
monotherapy was also described in streptozotocin-
induced diabetic rats41 and in the chronic NO inhibi-
tion model,120 and was strongly enhanced by associa-
tion with a depressor of the renin-angiotensin
system.129,144�149 Interestingly, administration of non-
steroidal anti-inflammatories exerted a protective effect
in the remnant kidney model130,150�152 and in experi-
mental diabetes mellitus.153 However, this class of
drug is contraindicated in CKD due to the risk of pre-
cipitating a catastrophic fall of GFR (see below).

THE IMMENSE PATHOGENIC
IMPORTANCE OF ANGIOTENSIN II

IN CKD

As detailed in Chapter 15, Ang II is a potent vaso-
constrictor agent, which binds to the AT-1 receptor,
abundant in smooth muscle and mesangial cells.154 By
virtue of its vascular effects, Ang II contributes to the
maintenance of blood pressure, especially in states of
dehydration. This effect is strongly reinforced by the
action of Ang II on sodium conservation, as a result of
its effects on both the nephron itself, enhancing sodium
reabsorption, and the adrenals, stimulating the release
of aldosterone. At the glomerular microcirculation,
Ang II constricts both the afferent and efferent
arterioles.154 However, this vasoconstrictor effect was

shown to be disproportionally intense at the efferent
arteriole,155,156 a finding confirmed by in vitro studies
of isolated afferent and efferent arterioles.157,158 The
reasons for this asymmetry are unclear, and may be
related to the finding that Ang II stimulates vasocon-
striction of the afferent arterioles through activation of
voltage-gated (L-type) calcium channels, whereas Ang
II�mediated vasoconstriction of the efferent arteriole
depends mainly on mobilization of calcium from intra-
cellular stores.159�161 Ang II also promotes contraction
of the mesangial cells,9,162 with a consequent reduction
of the glomerular Kf. The predominant efferent vaso-
constriction leads to an elevation of PGC. However,
since Kf decreases, and since QA is depressed due to
the arteriolar vasoconstriction, the SNGFR remains rel-
atively constant during Ang II infusions,163,155 with
consequent increase of the filtration fraction (FF).
Recent evidence has shown that the renin-angiotensin
system is much more complex than originally thought,
and that novel components of this system may have
physiologic importance. Angiotensin 1�7, a heptapep-
tide generated by the action of angiotensin I converting
enzyme 2 (ACE2), exerts a vasodilatory effect and may
modulate the action of Ang II.164 Likewise, activation
of the AT2 receptor by Ang II can initiate a series of
events that culminate in vasodilatation and natriuresis,
thus antagonizing the vasoconstrictor/antinatriuretic
effects elicited by Ang II binding to the AT1 recep-
tor.164 However, the exact physiologic role of angioten-
sin 1�7, the AT2 receptor and other, less known
components of the renin-angiotensin system is pres-
ently unclear.

Chronic nephron loss tends to promote extracellular
expansion due to a natural limitation to sodium excre-
tion.165,166 In this setting, there is a trend toward renal
vasodilatation, while the circulating levels of renin and
angiotensin II tend to be depressed, reflecting inhibi-
tion of renal renin release to the circulation.165 On the
other hand, abundant evidence has been amassed in
the past two decades that a large number of organs
and tissues, including the kidneys, possess all the com-
ponents of the renin-angiotensin system, being able to
produce Ang II locally in an independent fash-
ion.167�169 The combination of renal arteriolar vasodila-
tation with local production of Ang II, which as noted
above acts preferentially on RE, may result in dispro-
portionate decrease of RA, leading to simultaneous
increases of QA and ΔP and, as a result, to single neph-
ron hyperfiltration.

In diabetes mellitus, the circulating levels of renin
and angiotensin II tend to be reduced,37,170 which
might favor hyperperfusion and hyperfiltration in
these individuals. On the other hand, there is evidence
that the renin-angiotensin system may be activated at
the intrarenal level in early experimental diabetes,171,172
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which may help to explain the relatively modest fall in
RE observed in this condition, which favors, as we
have seen, the elevation of PGC, hence glomerular
injury. The reasons for the local and systemic derange-
ment of the renin-angiotensin system in diabetes melli-
tus are yet to be elucidated.

The intrinsic action of Ang II on glomerular hemo-
dynamics in CKD and in early diabetes mellitus is
unveiled by the striking effect of treatment with
angiotensin-converting enzyme inhibitors (ACEIs) or
angiotensin II receptor type 1 blockers (ARBs), which
promote dilatation of afferent and efferent arterioles, as
well as normalization of glomerular pres-
sure,37�39,63,64,173,174 without significant changes of
SNGFR. Thus it is beyond doubt that Ang II exerts a
pathogenic effect on the glomerulus, which may favor
the installation of tuft injury by the mechanisms dis-
cussed above. However, the scope of action of Ang II is
now known to largely transcend the hemodynamic
sphere, characterizing this octapeptide as a potent
proinflammatory cytokine.175,176 Chronic systemic Ang
II infusion in rats was shown to promote not only arte-
rial hypertension, but also glomerular and interstitial
infiltration by mononuclear cells and severe renal fibro-
sis.177,178 Ang II was subsequently shown to influence
cell proliferation,179,180,181 and the synthesis of a num-
ber of cytokines, chemokines, growth factors and adhe-
sion molecules, all of which exert an obvious
pathogenic impact on the progression of CKD, such as
RANTES,182 MCP-1,176,183 osteopontin,184 tumor necro-
sis factor-α (TNF-α),178 CTGF185 and PDGF,186 among
others. These actions are largely mediated by Ang II
binding to the AT1 receptor,179,187,188 which stimulates
several intracellular pathways linked to inflammation,
especially the NF-κB cascade176,189 and the MAPK and
Stat/Jnk pathways.143,187 One of the main proinflam-
matory effects of Ang II is mediated by its strong stim-
ulation of TGF-β, a well-known promoter of fibrosis in
the renal tissue, as well as in other territories.190,191

Furthermore, in vitro exposure of mesangial cells to
Ang II can increase the production of superoxide
anions and induce oxidative stress, a well-known pro-
moter of inflammation.192 Likewise, in vivo Ang II infu-
sion enhances the production of oxidation markers
such as thiobarbituric acid�reactive substances and
protein carbonyl,193 as well as 8-iso prostaglandin
F2α.194 Ang II can further contribute to CKD by one of
its classical nonhemodynamic actions, the production
of aldosterone by the adrenals. Aldosterone has been
shown to increase collagen IV synthesis by mesangial
cells,195 and to facilitate the progression of CKD in the
renal and myocardial tissue, independent of Ang
II.196,197 Plasma aldosterone concentrations are strik-
ingly elevated in partially nephrectomized rats.196,198

Conversely, mineralocorticoid receptor blockade, alone

or associated with ACE inhibitors or Ang II receptor
blockers, reduces glomerulosclerosis and proteinuria in
several CKD models, further suggesting a pathogenic
role for the stimulation of the mineralocorticoid
receptor.199,200 Ang II can provide additional contribu-
tion to renal damage by increasing glomerular
permeability,201�203 thus promoting tubulointerstitial
damage through the mechanisms discussed earlier. An
important evidence of the pathogenic role of Ang II is
the demonstration, by immunohistochemistry and/or
by immunofluorescence, that Ang II associates with
infiltrating cells at inflamed areas of the renal intersti-
tium in several models of CKD,128,130,131,204 as well as
in biopsy material obtained from CKD patients.205,206

In these studies, the intensity of tissue infiltration by
Ang II-positive cells correlated directly with the extent
and severity of interstitial inflammation. A more direct
link between Ang II and glomerular mechanical strain
was unraveled by the finding that, when subjected to
cyclical stretching, mesangial cells upregulate compo-
nents of the renin-angiotensin system.207�209 Thus, the
glomerular action of Ang II may lead to a vicious cycle,
in that Ang II elevates PGC, which promotes mechani-
cal stress, stimulating further Ang II production and
setting in motion its many pro-inflammatory actions.

Given the plethora of hemodynamic and nonhemo-
dynamic actions of Ang II, it is far from surprising
that treatment with ACE inhibitors or Ang II
receptor blockers prevents or attenuates renal injury
in several forms of clinical and experimental
CKD.37,63,64,80,174,210�212 Although several promising
novel therapeutic strategies have been proposed in
the past two decades, administration of depressors of
the renin-angiotensin system remains a mainstay of the
therapy of CKD, along with diuretics, other antihyper-
tensives and glycemic control in diabetics. However,
CKD patients who receive these drugs still progress to
ESRD, albeit at a slower rate,210�212 particularly when
treatment is initiated at advanced stages of the disease.
The reasons why the protection offered by these drugs
is incomplete are obscure. It is likely that several of the
complex and interrelated intracellular pathways that
culminate in the synthesis of inflammatory mediators
are activated by physical and chemical events distinct
from the Ang II-AT1 interaction, such as oxidative
stress and the binding of a number of cytokines and
growth factors to specific receptors. Of particular inter-
est is the recent discovery that prorenin, once regarded
as an inert precursor of renin, binds to a specific recep-
tor, undergoing a nonproteolytic conformational
change that enables prorenin to cleave angiotensinogen
to angiotensin I.213,214 In addition, binding of prorenin
to this receptor activates several intracellular proin-
flammatory pathways.215,216 This receptor can also be
activated by renin through the binding of an epitope
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shared with prorenin. For this reason, this receptor
became known as the (pro)renin receptor.214,217 Recent
evidence suggests that blockade of this receptor with a
specific antagonist prevents the progression of experi-
mental diabetic nephropathy,218 suggesting that this
may become a new strategy in the management of
CKD.

THE ROLE OF OTHERVASOACTIVE
COMPOUNDS IN GLOMERULAR

MECHANICAL STRAIN

Circulating Catecholamines and Renal
Sympathetic Innervation

As with Ang II, the glomerular microcirculation is
exquisitely sensitive to the vasoconstrictor activity of
the sympathetic system and of its circulating media-
tors. Different from Ang II, however, norepinephrine
induces vasoconstriction of both afferent and efferent
arterioles,156,157,219 an effect thought to be mediated by
α-adrenergic receptors219 and to depend at least in part
on variations of intracellular calcium, especially at the
efferent arterioles.161 Acute catecholamine action
results in systemic hypertension and, given the propor-
tionate increases in pre- and postglomerular resis-
tances, a corresponding elevation of glomerular
pressure. Because the overall resistance of the glomeru-
lar microcirculation increases, glomerular blood flow is
diminished. The net result of these changes is, as
observed with Ang II, maintenance of GFR at relatively
constant levels.156 In addition to its direct effect on the
glomerular vessels, the renal sympathetic inflow has
been long known to stimulate renin exocytosis from
the juxtaglomerular cells through activation of β1-
adrenergic receptors, an effect that enhances the sym-
pathetic action on blood pressure, sodium reabsorp-
tion, and the glomerular microcirculation,220 and can
contribute to cause glomerular injury through the
mechanisms discussed above. Recent studies indicate
that sympathetic activity and, in particular, the sympa-
thetic inflow to the kidneys, are enhanced in CKD.221

Increased renal sympathetic stimulation has been
implicated in the pathogenesis of hypertension in
CKD222 and in the remnant kidney model,223 while
renal denervation has been shown to lower systemic
blood pressure in murine hypertension, underlining
the important influence exerted by the sympathetic
innervation on the renal vasculature and on sodium
reabsorption.220,224 Additional complexity derives from
the finding of two types of sympathetic nerve fibers in
the kidney,225 with differential innervation of the affer-
ent and efferent arterioles.

Nitric Oxide

Nitric oxide (NO) was originally identified about a
quarter century ago as a powerful endogenous vaso-
dilator produced from L-arginine by endothelial cells,
under the action of NO synthases (NOS), and soon
proven to be responsible for the vasodilator effect of
compounds such as acetylcholine, histamine and bra-
dykinin.226,227 Besides being a potent vasodilator, NO
inhibits cell proliferation and platelet aggregation,
which helps to preserve the endothelial integrity.228,229

Although NO was originally described as a product
of the endothelial cells, it became soon clear that it
can be synthesized by mesangial cells, smooth muscle
cells, tubular cells and leukocytes, among other cell
types.230�232 Because NO is very diffusible and highly
reactive, it quickly combines with other free radicals or
is taken away by hemoglobin.233 In view of these char-
acteristics, which are shared by other reactive species
such as superoxide, NO has a short-lived effect, con-
fined to the immediate surroundings of the cells in
which it is produced, and must be generated uninter-
ruptedly if it is to play any significant physiologic role.

A number of experimental studies suggest that con-
tinuous NO production is fundamental for the circula-
tory system to function properly. Acute intravenous
administration of unselective NOS inhibitors promotes
a quick and marked elevation of systemic blood pres-
sure, in addition to a pronounced constriction of renal
microvessels,234�236 while PGC rises and QA and Kf are
decreased. As a result of these opposing changes, the
SNGFR is little affected. These findings are strongly
reminiscent of the effect of acute Ang II infusions,155,156

and suggest that NO may be needed as a modulator of
the effect of Ang II and other vasoconstrictors.237 The
individual role of the main isoforms of NOS is unclear.
Acute selective inhibition of neuronal NOS (nNOS),
which is strongly expressed at the macula densa,238,239

lowers GFR without affecting blood pressure or renal
blood flow.240 Parallel results were obtained after per-
fusion of the macula densa with a NO synthase inhibi-
tor.241 These findings suggest a regulatory role for
nNOS. However, chronic nNOS inhibition was
reported to raise blood pressure without changing
GFR.242 Inhibition of the inducible isoform of NO
synthase (iNOS) has not been reported to promote con-
sistent changes of renal or systemic hemodynamics
under physiologic conditions,243,244 being more closely
related to the operation of the innate immunity and of
inflammatory mechanisms.243,245,246 The current evi-
dence suggests that the endothelial NOS isoform
(eNOS) accounts for most of the modulation of renal
and systemic hemodynamics ascribed to NO.247

Chronic inhibition of NO production promotes
abnormalities of glomerular hemodynamics that are
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qualitatively similar to those elicited by acute NO inhi-
bition,80,248 with the development of severe and pro-
gressive systemic and glomerular hypertension,
besides intense renal vasoconstriction. After a few
weeks of treatment, these rats exhibit glomerular ische-
mic and sclerotic injury, renal interstitial inflammation
and vascular damage suggestive of malignant hyper-
tension. Together, these findings indicate that NO
exerts an indispensable tonic vasodilatation on renal
and systemic microvessels, and that its absence may
lead to severe cardiovascular and renal injury.

Evidence obtained in several studies suggests that
changes in NO production can participate in the patho-
genesis of deranged glomerular dynamics in CKD.
Administration of inhibitors of NO synthase limits the
hyperfiltration observed in experimental diabetes mel-
litus, suggesting that excessive renal production NO
may be one of the mediators of the associated renal
hemodynamic derangement.249�251 In subnephrecto-
mized rats, 24-hour urinary excretion of nitrites and
nitrates, taken as a surrogate marker of NO production,
is significantly decreased.252,253 Similarly, in humans
with chronic kidney disease (CKD), Schmidt and Baylis
showed that urinary nitrites/nitrates excretion is
diminished.254 These observations suggest that CKD is
a state of NO deficiency. One of the possible causes of
impaired NO synthesis in CKD is the abnormal pro-
duction in the circulation of a potent endogenous
competitive inhibitor of NOS, asymmetric dimethyl-
L-arginine (ADMA). The presence of this compound
was demonstrated in animal models of CKD,255,256 as
well as in CKD patients.254,257�259 The finding of ele-
vated ADMA levels at early phases of CKD suggests
that subtle degrees of NO deficiency may be one of the
primary factors causing glomerular hemodynamic dys-
function and leading to progression of renal injury. On
the other hand, inhibition of NO aggravates kidney
injury in subnephrectomized rats,79,260 in association
with glomerular and peritubular endothelial cell
loss,260 with consequent development of microthrom-
bosis and glomerulosclerosis.79 Conversely, in partially
nephrectomized rats, administration of the substrate
for NO synthesis, L-arginine, prevented the decrease of
GFR and renal blood flow, and reduced the severity of
glomerulosclerosis.261 These observations suggest that
endogenous NO still exerts a protective role even after
the development of CKD, and point to a potential ther-
apeutic use of NO-releasing drugs,262 although solid
evidence in favor of this concept is lacking.

Prostanoids

Prostanoids are 20-carbon compounds derived
from arachidonic acid through the action of two

cyclooxygenase (COx) isoforms, COx-1, said to be
“constitutive,” and COx-2, initially considered as being
“inducible.” Subsequent research showed that both iso-
forms are active in normal subjects and should be con-
sidered “constitutive”.263�265 Although acute
administration of vasodilator prostanoids such as pros-
tacyclins and PGE2 can induce the synthesis of cyclic
AMP and exert a pronounced effect on glomerular cir-
culation and on sodium excretion,8,266 acute inhibition
of prostaglandin synthesis in normal rats does not
affect GFR or glomerular hemodynamics,267,268 indicat-
ing little tonic activity of these compounds.269

Likewise, the use of COx inhibitors as anti-
inflammatories or painkillers usually promotes little or
no change of renal function in most individuals,270

although adverse cardiovascular and renal effects such
as sodium retention, hypertension and vascular injury
may occur in a minority of patients treated chronically
with these compounds.271

Although the effects of COx inhibitors in normal
subjects are relatively mild, the vasodilator prostanoids
exert an important physiologic role by modulating the
action of the renal sympathetic innervation and of cir-
culating vasoconstrictors such as catecholamines and
Ang II.8,163,272 For this reason, the use of COx inhibitors
in situations in which there is exacerbation of vasocon-
strictor activity, such as in states of volume depletion
or contraction of the effective arterial volume, may pro-
mote exaggerated vasoconstriction and even the devel-
opment of acute kidney injury.271,272

The thromboxanes, the main representative of which
is Thromboxane A2, are potent renal vasoconstrictors,
which act through activation of phospholipase C and
elevation of the intracellular calcium levels, antagoniz-
ing the effects of the vasodilator prostanoids. The
thromboxanes also have an important function in
hemostasis through platelet activation. Despite the
intensity of their vascular effects, the thromboxanes, as
in the case of vasodilator prostanoids, exert little effect
on renal hemodynamics under physiologic
conditions.273

A number of observations suggest that vasodilator
prostanoids may participate in the pathogenesis of
CKD and early diabetic nephropathy by mediating at
least part of the attending hemodynamic changes. The
renal expression of COx-2 is increased in experimental
diabetes mellitus,153 and may contribute to the renal
vasodilatation observed in this condition.274 Likewise,
renal mass ablation increases fractional urinary excre-
tion of both vasodilator and vasoconstrictor prostaglan-
dins in rodents.267,268,275,276 In partially nephrectomized
rats, indomethacin lowers both SNGFR and renal blood
flow.267,268 Together, these observations suggest that
increased activity of cyclooxygenase derivatives may
contribute to maintain the glomerular hemodynamic
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changes encountered in CKD models. However, a dif-
ferent picture emerges when the synthesis of prosta-
noids is blocked on a chronic basis in rats with renal
ablation. Chronic treatment of subnephrectomized rats
with either an unselective or a COx-2 selective cycloox-
ygenase inhibitor, starting on the day following renal
mass removal, led to a mild fall in glomerular pres-
sure,150,151 without change of GFR. Two months after
renal ablation, renal injury was markedly attenuated in
rats treated with the COx inhibitors. These observa-
tions suggest that prostanoids can act as mediators of
progressive kidney injury through nonhemodynamic
mechanisms, possibly related to inhibition of renal
inflammatory mechanisms. These findings are difficult
to translate into clinical practice, however, because, as
just noted, increased prostanoid synthesis may be one
of the mediators of single nephron hyperfiltration in
CKD patients. Therefore, COx inhibition may abrogate
this adaptive mechanism, leading to a sudden and dan-
gerous fall of GFR in a substantial proportion of these
subjects,272 a finding that is paralleled in experimental
models of CKD.275 Thus, the use of COx inhibitors is
better avoided in CKD.

Endothelin

Endothelin (ET), synthesized mostly, but not exclu-
sively, by endothelial cells, is the most potent known
vasoconstrictor. Experimental evidence indicates that
ET constricts the afferent and efferent arterioles in pro-
portion, without a clear predominance of one or
another.277�279 As a result, QA falls, while PGC remains
approximately constant, although higher doses may
raise glomerular pressure.280 Despite its vasoconstrictor
potency, the physiologic role of ET in the regulation of
the renal microcirculation is uncertain, because acute
or chronic administration of ET inhibitors has little
effect on glomerular microcirculation and renal func-
tion.281 Equally unclear is the participation of ET in
CKD. In rats subjected to partial nephrectomy, Benigni
and coworkers reported an increase in the urinary
excretion of the best-known ET isoform, ET-1,282 and in
the expression of the ET-1 gene.283 Moreover, thrombin
stimulated ET-1 secretion in glomeruli isolated from
remnant kidneys, an effect that was absent in glomeruli
isolated from intact kidneys,282 raising the possibility
that endothelins are involved in the alterations of glo-
merular hemodynamics seen after nephron loss. These
investigators also showed that treatment with an ET
inhibitor was renoprotective in the remnant kidney
model, although a hemodynamic mechanism for this
effect was not demonstrated.284 In streptozotocin dia-
betic rats, chronic ET receptor blockade caused glomer-
ular vasodilatation and limited hyperfiltration, despite

a simultaneous increase of renal plasma flow, suggest-
ing that glomerular pressure was reduced, although
direct measurement of this parameter was not per-
formed. In the long run, diabetic nephropathy was
largely prevented in treated rats.285

Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP) is released mostly
from the atrial wall, usually in response to extracellular
volume expansion. As a result, the kidneys excrete a
large amount of sodium, which tends to bring the
hemodynamic status back to normal. This potent natri-
uretic effect stems from hemodynamic and nonhemo-
dynamic renal actions. ANP promotes dilatation of the
afferent arteriole and constriction of the efferent arteri-
ole,10,11 a unique effect among vasoactive substances,
with resulting elevation of PGC despite a concomitant
fall of arterial pressure, which reflects systemic vasodi-
latation. Since QA is also increased due to the predomi-
nance of the afferent dilatation, SNGFR increases,
augmenting the amount of sodium that reaches the
tubules.10 ANP may also inhibit renal sodium reab-
sorption by direct action and/or by promoting dispro-
portionate medullary hyperperfusion286�288 thus
amplifying the natriuretic effect of glomerular
hyperfiltration.

The participation of ANP in the pathogenesis of the
glomerular hemodynamic changes associated with
CKD and diabetes is unclear. The plasma concentration
of atrial natriuretic peptide (ANP) is elevated in par-
tially nephrectomized rats on high-salt, but not on low-
salt diets,289 suggesting a potential role of ANP in the
adaptive increase of single-nephron sodium excretion
in this model of chronic kidney injury. In experimental
diabetes, the plasma levels of atrial natriuretic peptide
are elevated, and may contribute to the attending renal
hemodynamic abnormalities.290,291

The Metabolic Derangement Itself May Promote
Hyperfiltration in Diabetes Mellitus

Besides the possible role of prostaglandins and nitric
oxide, discussed above, the glomerular hemodynamic
abnormalities observed in early diabetes may be influ-
enced by factors more directly related to the attending
metabolic derangement. Acute glucose infusions have
been reported to increase GFR in normal men,292 and
in diabetic subjects,293 raising the possibility that
hyperglycemia itself may promote hyperfiltration in
diabetes. Other contributing factors may be the exces-
sive production of some hormones that deeply influ-
ence carbohydrate metabolism, such as growth
hormone294 and glucagon.274
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GENETIC AND ENVIRONMENTAL
FACTORS CAUSING GLOMERULAR
INJURY THROUGH MECHANICAL

STRAIN

Nephron Number at Birth

The rate of progression of CKD shows enormous
variability among individuals. In some patients GFR
declines at over 10 mL/min/1,73 m2/year, leading to
the need for renal replacement therapy in a few years;
other patients lose renal function at a rate that barely
exceeds that expected from normal aging, while in
others still CKD does not progress at all.295 Apart from
differences in the genetic background, one of the rea-
sons for such variability may be that the number of
nephrons at birth differs widely among individuals,
ranging from 210,000 to 1,825,000 per kidney, with an
average of 600,000�800,000.296�298 Brenner and collea-
gues postulated that the fraction of the population pos-
sessing few nephrons at birth is predisposed to
hypertension and renal damage in adult life compared
with those with a normal or increased nephron endow-
ment.299,300 Several lines of evidence have provided
support for this hypothesis. In a recent autopsy study,
Keller et al. found a 50% reduction in the number of
nephrons in hypertensive subjects, compared with
matched normotensives, all of whom had died in acci-
dents.301 Of note, little signs of glomerular obsoles-
cence were found in hypertensive subjects, ruling out
the hypothesis that nephron deficiency was caused by
hypertension, rather than causing it. In addition, glo-
merular volume was twice as high in hypertensive as
in normotensive subjects, indicating compensatory
growth. Expectedly, less subtle nephron number reduc-
tion at birth is also associated with renal injury in
adulthood. Subjects with unilateral renal agenesis
develop proteinuria and focal segmental sclerosis is
often encountered in the solitary kidney.59,302 In oligo-
meganephronia, a congenital disorder characterized by
developmental arrest of the metanephric renal blas-
tema, the total nephron number at birth is reduced to
20�25% of normal. These subjects develop proteinuria
and glomerulosclerosis, reaching end-stage CKD dur-
ing adolescence.303,304

The association of congenital reduction of the neph-
ron number with progressive renal injury in adults is
also observed in rodents, although genetic factors may
modify this relationship.305,306 Several investigators
demonstrated that Ang II is essential for proper
nephrogenesis, and that administration of ACE inhibi-
tors or AT-1 receptor blockers to rat pups during the
first three weeks after birth, before nephron formation
is completed, led to severe reduction of the nephron
number at weaning, followed by progressive CKD

during adult life.307�309 These findings were later
extended by Machado and coworkers,310 who showed
that these rats developed glomerular enlargement and
intracapillary hypertension at three months of age, as
well as systemic hypertension, severe glomerulosclero-
sis and extensive interstitial inflammation at 10 months
of age. Arterial hypertension and/or CKD are also
associated with spontaneous congenital limitation of
nephron number. In the rat model of male hypogonad-
ism (hgn/hgn) with bilaterally hypoplastic kidneys, an
80% reduction of nephron number is associated with
glomerular hypertension, hyperfiltration, proteinuria,
glomerulosclerosis and progressive renal insuffi-
ciency.311 Spontaneously hypertensive rats (SHR), Dahl
salt-sensitive rats, Milan hypertensive rats and Munich
Wistar Fromter rats have fewer nephrons than their
respective normotensive counterparts, Wistar Kyoto
rats, Dahl salt-resistant rats, Milan normotensive rats
and Wistar rats.312�315 Conversely, PVG/c rats exhibit
a higher number of nephrons and develop no renal dis-
ease compared to Wistar rats.316,317

Although the concept that nephron number reduc-
tion at birth predisposes to CKD appears well founded,
the relationship between nephron loss during adult life
and the subsequent development of renal injury
appears to be less clear-cut. Extensive nephrectomy—
for example, in cases of renal tumors—does associate
with proteinuria, progressive renal injury, and eventual
need for renal replacement therapy.318�320 However, as
noted earlier in this chapter, lower grade renal mass
reduction is not consistently associated with the devel-
opment of CKD. Veterans who had lost a kidney due to
trauma during the Second World War failed to show an
increased prevalence of renal disease and progression
of proteinuria 45 years later.321 Moreover, individuals
who donate a kidney for transplantation show no seri-
ous long-term renal problems apart from mild protein-
uria.58,322,323 This apparent incongruence between the
consequences of congenital and acquired nephron loss
is echoed in experimental studies. Ikoma and cowor-
kers found that in rats that underwent renal ablation
during maturational growth renal injury is more severe
than in adult animals subjected to identical proce-
dure.324 Similar results were obtained by Okuda
et al.325 The reason for the striking influence of the time
when nephrons are lost is unclear, and may relate to a
complex relationship between nephron number and the
ability to remodel the extracellular matrix.326

Obesity

Morbid obesity is associated with focal segmental
glomerulosclerosis, an association known as obesity-
related glomerulopathy (ORG).327�329 This disease
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seems to be both histologically and clinically distinct
from idiopathic focal segmental glomerulosclerosis
(FSGS). In ORG, a lower percentage of glomeruli is
affected by segmental sclerosis, the degree of foot pro-
cess effacement is less severe, glomerulomegaly is
always present,327 and edema is absent despite
nephrotic-range proteinuria.330 As in other conditions
that may cause CKD, ORG is associated with a state
of hyperfiltration and renal hyperperfusion,331,332

although ΔP has not been determined in these subjects.
In severely obese patients without overt kidney dis-
ease, Chagnac and coworkers found that renal blood
flow and GFR decreased following gastroplasty and a
decrease of BMI from 48 to 32.1 kg/m2.333,334 In addi-
tion to the increased risk of de novo development of
CKD, excessive body weight is also a risk factor for
CKD in patients with kidney mass reduction, such as
after uninephrectomy,335 kidney transplantation336,337

or severe renal mass reduction,338 suggesting that the
effects of massive weight increase add to other insults
to promote renal injury.

The renal impact of obesity has also been studied in
animal models. Henegar and colleagues studied dogs
with obesity induced by a high-fat diet, a model that
mimics the neurohormonal changes in the early stages
of human obesity.339 Renal plasma flow and GFR were
increased in these animals, an abnormality that was
accompanied by glomerular hypertrophy, increased
mesangial matrix, and thickening of glomerular base-
ment membrane.339 In another animal model, the
Zucker obese rat, an initial increase of GFR was noted,
followed by normalization and subsequent decrease of
GFR, in association with progressive albuminuria and
glomerulosclerosis.340 In other studies of obese Zucker
rats, GFR at 26 weeks of age was significantly higher
than in lean Zucker rats, underlining once again the
relationship between obesity and hyperfiltration. Of
note, ΔP, which as noted earlier is the most important
hemodynamic factor of glomerular damage, was also
elevated in these rats.341,342 These differences disap-
peared when obese Zucker rats were fed the same food
amount as given to the lean controls.343 Thus, massive
obesity can initiate or aggravate glomerular disease, at
least in part, by promoting alterations in glomerular
hemodynamics and glomerular size. The mechanisms
by which these abnormalities take place are currently
unknown.

Tobacco

According to the MRFIT study, which included over
300,000 men, smoking increases the risk of end-stage
renal kidney disease (ESRD) in the general male popu-
lation. Compared to nonsmokers, the relative risk was

1.69 in heavy smokers.344 In a longitudinal study over
18.5 years of over 2500 healthy subjects, the risk of
ESRD was elevated in smokers (odds ratio [OR]
1.42).345 The importance of smoking in the develop-
ment of renal diseases is further illustrated by the
observation in a large cross-sectional population study
that current cigarette smoking was associated with a
hazard ratio for CKD of 2.4 in men and 2.9 in
women.346 Smoking also increases the risk of nephrop-
athy in diabetic347 and nondiabetic patients.348,349

The mechanisms by which smoking could promote
renal damage have not been fully clarified. Acute
smoking as compared to sham smoking causes sympa-
thetic activation350,351 with a rise of blood pressure and
heart rate, which, as discussed earlier, may have been
transmitted to the glomerular microcirculation and
stimulated the production of renin. Recent evidence
suggests that a hemodynamic basis for the deleterious
effect of tobacco on the kidneys may indeed exist.
Acute smoking has been recently reported to relax
renal arteries.352 Hyperfiltration was more prevalent in
current smokers than in former smokers or nonsmo-
kers in a cohort of healthy subjects.353 Similar findings
were reported in over 7000 healthy Japanese men.354

These results were reproduced in db/db mice, in
which nicotine intake was associated with glomerular
hypertrophy.355 Thus, mechanical strain to the glomer-
ular tuft may contribute to the glomerular damage
caused by tobacco smoking.

Protein Intake

As discussed earlier, increased protein intake pro-
motes glomerular hyperfiltration and hyperperfusion
in healthy rats, without elevating PGC.

21,20 In the long
run, high-protein diet promotes only mild glomerular
injury in healthy rats.20 However, high-protein diets
tend to augment PGC and glomerular size, and may
accelerate the progression of renal injury, in experi-
mental models of CKD.20,356 Thus, excess protein may
predispose to renal damage, and become especially
deleterious in the setting of established renal disease.
On the other hand, as noted above, dietary protein
restriction has been shown to limit or prevent both glo-
merular hemodynamic abnormalities and chronic renal
injury in a variety of experimental models of
CKD.20,30,357,358

The mechanisms by which the dietary protein con-
tent interferes with the glomerular microcirculation
remain unclear, and may involve the action of vasoac-
tive agents such as kinins,359 vasodilatory prosta-
noids360 and nitric oxide.361 Recently, a transcriptional
regulator, the Kruppel-like factor 15 (KLF-15) has been
shown to inhibit the development of renal fibrosis, and
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to be downregulated by high-protein intake.362 Thus
protein intake may influence the development of CKD
by a double mechanism: (1) by interfering with glomer-
ular hemodynamics through the mediation of vasoac-
tive compounds; (2) by modulating cell mechanisms
that conduce to the development of renal fibrosis.
Additional benefit of low-protein diets may result from
the phosphorus restriction that inevitably accompanies
such regimens.363

Despite these consistent experimental data, it
remains uncertain whether dietary protein can initiate
or aggravate human renal disease,364�367 although
some clinical studies indicate that protein excess does
increase GFR.360,368 On the other hand, a series of clini-
cal studies tested the use of low-protein diets as a pos-
sible therapeutic measure in the management of CKD.
However, although several of these studies showed a
protective effect of dietary protein restriction in
patients with CKD,369�372 large randomized trials, such
as the Modification of Diet in Renal Disease (MDRD)
study, failed to unequivocally demonstrate that the
administration of a low-protein diet improve renal sur-
vival in this setting.373�375 In fact, protein restriction in
CKD may pose a therapeutic dilemma, since it is neces-
sary to carefully balance the possible beneficial effects
of this maneuver against the risk of promoting protein
malnutrition,376,377 which is a matter of considerable
concern in view of the high mortality associated with
reduced body weight in dialysis patients. Thus the cur-
rent evidence does not favor protein restriction as a
therapeutic maneuver to slow the progression of CKD,
nor does it emphatically prohibit protein-rich diets,
although dietary protein excess is generally avoided.

Pregnancy

As pointed out earlier, pregnancy is associated with
glomerular hyperfiltration and hyperperfusion, but not
hypertension, a finding in keeping with the lack of
association between repetitive pregnancies and the
development of CKD. However, the rate of decline of
renal function associated with CKD may be hastened
in gravid women in whom GFR is already compro-
mised at the onset of pregnancy.378,379 The mechanisms
underlying this pathogenic interaction between preg-
nancy and CKD are unknown. It is conceivable that the
renal vasodilatation associated with pregnancy aggra-
vates the glomerular hypertension that may be associ-
ated with CKD, although data on renal and glomerular
hemodynamics under these conditions are lacking. The
reader is referred to Chapter 81 for a more detailed dis-
cussion on the complex relationship between preg-
nancy and renal disease.

PREVENTING THE PROGRESSION OF
CKD BY TREATMENT OF THE

GLOMERULAR HEMODYNAMIC
DERANGEMENT

Based on the above considerations, it is only natural
that several therapeutic measures intended to prevent
or detain the progression of CKD target the mechan-
isms of glomerular mechanical aggression discussed in
the preceding paragraphs. The most obvious of these is
the treatment of arterial hypertension. In most glomer-
uli of most subjects with essential hypertension, affer-
ent arteriolar contraction, mediated by myogenic
reflexes and/or by signals originated from the macula
densa, protects the glomeruli from transmission of the
elevated blood pressure, thus preventing mechanical
strain and keeping SNGFR constant.380,381 This mecha-
nism may fail in a fraction of the glomeruli, which may
undergo sclerosis,382 while other units may become
ischemic due to arteriolar injury,383 leading to the
development of “benign” nephrosclerosis in a fortu-
nately small proportion of these patients.
Autoregulation is deficient in CKD and in diabetes
mellitus, as shown in a number of experimental stud-
ies, thus contributing to accelerate the progression of
renal injury.384�386 Accordingly, lowering blood pres-
sure in CKD patients is expected to promote a propor-
tional decrease in glomerular pressure, thus
contributing to attenuate the progression of the
disease.

As discussed above, inhibition of the RAS by ACEI
or ARB became one of the current cornerstones of the
pharmacological treatment of CKD, in view of both its
hemodynamic and nonhemodynamic effects. For this
reason, therapy with these drugs is said to exert reno-
protection that is independent of their antihypertensive
action. A similar consideration holds for sympatholytic
agents, which may exert significant renoprotection
even at doses that do not lower blood pressure.387,388

Since a large proportion of CKD patients still prog-
ress to ESRD despite being treated with inhibitors of
the RAS, the use of higher doses of these compounds,
or varying combinations between an ARB, an ACE
inhibitor and, more recently, a renin inhibitor, have
been proposed.389�392 An alternative measure, sup-
ported by clinical and experimental evidence, is to
associate a mineralocorticoid receptor antagonist, such
as spironolactone or eplerenone, to an ARB or ACE
inhibitor.200,393 However, whether any of these regi-
mens offers real advantages over the conventional ther-
apeutic schemes is currently undetermined.392,394

Because a more extensive review of the therapeutics
of CKD would be beyond the scope of this chapter, the
reader is referred to clinically focused textbooks,
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reviews and websites for more detailed analysis of the
current clinical guidelines for the management of CKD
patients, and of the most relevant clinical trials that
provide the scientific support for these strategies.

MECHANICAL STRETCH IN THE
PATHOGENESIS OF IMMUNE-MEDIATED

GLOMERULONEPHRITIS

As pointed out earlier, hemodynamic stress of the
glomerular capillary walls can trigger a sequence of
inflammatory events that are in many respects indistin-
guishable from those evoked by immune-mediated
glomerulonephritides. Several observations suggest
that, on the other hand, the latter can promote glomer-
ular hypertension, thus increasing the severity of the
aggression to the renal parenchyma. Maddox and
associates395 showed that both glomerular plasma flow
and glomerular intracapillary pressure were aug-
mented in the early autologous phase of rat nephro-
toxic serum nephritis, an experimental model for
Goodpasture’s syndrome. Similar findings were
reported in the same model by Sakai et al.396 Yoshioka
and coworkers397 observed elevated glomerular pres-
sure in rats with passive Heymann’s nephritis, an
experimental model for membranous glomerulone-
phritis, showing in addition that proteinuria was
acutely increased by maneuvers that aggravated glo-
merular hypertension. In patients with IgA nephropa-
thy, Konichi et al.398 showed that the estimated
glomerular pressure correlated directly with the degree
of glomerulosclerosis. Indirect evidence also supports
the existence of glomerular hypertension in immune-
mediated renal disease. Woo et al.399 showed less
severe renal injury in patients with the II ACE genotype
than in those with the ID or DD genotypes, in all likeli-
hood due to less renal ACE activity and, possibly, less
severe glomerular hypertension, along with lesser man-
ifestations of the nonhemodynamic effects of AII dis-
cussed earlier. Accordingly, treatment with inhibitors
of the renin-angiotensin system ameliorated proteinuria
and renal injury in clinical400 and experimental401

glomerulonephritis, prompting the recommendation,
by several investigators, that ACE inhibitors or AII
receptor blockers be used in this setting.400�403

GLOMERULAR HEMODYNAMICS AND
THE CLINICALTRANSLATION OF
EXPERIMENTAL DATA: AWORD OF

CAUTION

Knowledge about the vast majority of the mechan-
isms discussed in this chapter was obtained through

animal studies. A large portion of these mechanisms is
indeed shared by humans and animals, particularly
rodents, largely justifying the widespread use of exper-
imental models of CKD to mimic human disease.
However, important differences exist that may pre-
clude direct application of data generated by experi-
mental work to the clinical context. For instance,
unilateral nephrectomy is known to cause substantial
proteinuria in rodents, being used as an experimental
model of CKD,88,95 whereas removal of one kidney in
humans, as noted earlier in this chapter, leads to only
mild abnormalities.58,322,323 Another example of the
disparity between human and animal disease is given
by the differing responses to RAS inhibition, discussed
earlier: whereas treatment reduces spectacularly pro-
teinuria and glomerular injury in rats with renal mass
removal or diabetic nephropathy,38,64 the human
response is frequently incomplete and, all too often,
complicated by hyperkalemia and/or GFR decline,
forcing the cessation of treatment.404 Despite the enthu-
siasm that bench data may evoke, generation of clinical
evidence remains mandatory before information thus
obtained can be effectively applied.

SUMMARYAND CONCLUSIONS

The mechanisms discussed in this chapter are repre-
sented in a simplified manner in Fig. 86.4. Mechanical
strain to the glomerular walls can be caused by intraca-
pillary hypertension and/or tuft hypertrophy, both of
which are associated with several instances of progres-
sive renal disease. Capillary stretch can damage endo-
thelial cells, mesangial cells and podocytes, setting off
a chain of events that culminate in the development of
glomerulosclerosis and interstitial fibrosis.
Inflammatory events, such as leukocyte infiltration and
local production of cytokines, chemokines and growth
factors, play a crucial role in the translation of stretch-
induced cell injury to progressive scarring of the renal
tissue. Activation of the renin-angiotensin system plays
a crucial role in this process, favoring both mechanical
strain and inflammatory phenomena. Genetic and envi-
ronmental factors, such as nephron number at birth,
obesity, use of tobacco and protein intake can worsen
the mechanical stretch to the glomeruli, contributing to
an acceleration of the progression of the disease.
Nephron dropout resulting from the combined action
of all these factors aggravates the compensatory func-
tional and anatomical hypertrophy of the remaining
units, leading to further mechanical strain and estab-
lishing a positive feedback loop that perpetuates and
intensifies the destruction of the renal parenchyma.
Although a number of potential therapeutic targets has
been uncovered in the past two decades, lowering of
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blood pressure, inhibition of the renin-angiotensin sys-
tem and, in diabetic patients, strict metabolic control
remain the best options in the effort to halt mechanical
strain to the glomerulus and/or the development and
propagation of its deleterious effects.
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INTRODUCTION

Chronic progressive nephropathies, independent of
the type of the initial insult, have in common persis-
tently high levels of urinary protein excretion, chronic
tubulointerstitial lesions, and glomerular sclerosis. It
has become clear that in otherwise comparable groups
of patients, those with higher levels of proteinuria are
at a greater risk of progression. It has been long known
that the severity of tubular interstitial damage is highly
correlated to the degree of deterioration of renal fail-
ure, even better than the glomerular lesions do. The
recognition that proteinuria is an independent predic-
tor and a possible contributor of progression rather
than just a marker of the severity of glomerular dam-
age represents a major change in our concepts of pro-
gressive kidney disease. Proteinuria is enlisted among
modifiable risk factors of progressive renal insuffi-
ciency, and antiproteinuric treatments are consistently
renoprotective. Proteinuria reduction must therefore be
considered as a target of therapeutic intervention in
managing the patient with a chronic proteinuric
nephropathy.

Among the cellular mechanisms that may contribute
to determine progression, proteins that gain access to
the glomerular filtrate as a consequence of altered glo-
merular permeability reach the Bowman’s space and
the tubular lumen and act as trigger of interstitial
inflammatory and fibrotic reactions through the tubu-
lar synthesis of bioactive mediators. In vitro studies
using polarized proximal tubular epithelial cells as a
model system to mimic the effects of prolonged expo-
sure to proteins have highlighted specific mechanisms

underlying renal cell activation and renal interstitial
injury.

The main focus of this chapter is on pathways of
interstitial inflammation and fibrosis activated by ultra-
filtered proteins that play major roles in the multifacto-
rial process ultimately responsible for kidney scarring
and loss of function (Figure 87.1).

Historical Perspective

A relentless decline in glomerular filtration rate can
follow initial insults to the kidney through a process
termed as ‘renal disease progression’ by nephrologists
since 1982.1 Studies in the early 19th and 20th centu-
ries2,3 contributed to link a disparate body of knowl-
edge about patients with albuminuria and pathological
evidence of diseased kidneys. By summarizing his
concept in term of renal ‘osmotic work’, Addis calcu-
lated how this work would vary with the amount of
proteins in the diet and suggested that dietary protein
restriction could possibly help patients with renal
impairment.4

When glomerular permeability is altered, as occurs
in many glomerular diseases, considerable quantities
of circulating proteins are abnormally filtered in the
urinary space. Volhard and Fahr5 and subsequently
Mollendorf and Stohr6 provided the early descriptions
of hyalin droplets in the cytoplasm of proximal tubu-
lar cells and suggested that they reflected renal dam-
age related to severe proteinuria. It was then
proposed that such changes could represent the initial
phase of activation of cellular pathways leading to cell
necrosis.7 The appearance of droplets was also
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suggested to be associated with impairment of normal
reabsorbption and degradation of plasma proteins by
proximal tubular cells.8

Hints about a possible association between protein-
uria and renal function impairment formally emerged
in the late 1970s. Cameron and colleagues showed
that among patients with focal and segmental glomer-
ulosclerosis those with nephrotic syndrome pro-
gressed more rapidly than those who had never been
nephrotics.9 This was also true for mesangiocapillary
glomerulonephritis9 and membranous nephropathy.10

Their speculation was that during the course of pro-
longed nephrotic syndrome intracapillary platelet
thrombi induced segmental sclerosis, or that these glo-
merular lesions were a consequence of proteinuria.
These observations were in agreement with previous
findings that none of patients with focal and segmen-
tal glomerulosclerosis who responded to corticoste-
roid treatment with reduction of proteinuria
developed renal failure.11

In 1981 Brenner and associates introduced the concept
that glomerular hemodynamic changes (glomerular
hyperfiltration) ensuing as compensatory adaptation to
nephron loss can cause progressive deterioration of
remaining nephrons. Instrumental in clarifying the patho-
physiology of renal adaptation to nephron loss was the
model of renal ablation in the rat.12 After removal of a
critical portion of renal mass, remnant nephrons undergo
sudden hypertrophy with concomitant lowering of arteri-
olar resistance and increased glomerular plasma flow.
Since the vascular tone drops more in afferent arterioles

than in the efferent ones, glomerular capillary hydraulic
pressure rises and more filtrate is formed per nephron.
While such changes serve to enhance the filtration capac-
ity of remaining nephron units, thus minimizing the func-
tional consequences of nephron loss, they are ultimately
detrimental. Therapies that attenuate such adaptive
changes limit GFR decline and structural damage. In har-
mony with the data obtained in animal studies, clinical
studies showed markedly reduced rates of GFR decline in
patients with diabetes receiving antihypertensive
agents.13,14 Elevated intraglomerular capillary pressure
was suggested to act as a noxious stimulus to glomerular
cells.15 Studies of mathematical models of the glomerular
filtering membrane documented that the high glomerular
capillary pressure acted to enlarge the radii of the pores
perforating the glomerular membrane by a mechanism at
least partly mediated by angiotensin II.16 This impairs the
size-selective function of the barrier resulting in protein
ultrafiltration. The association of protein ultrafiltration
and progression of renal disease was underscored by
Mathiesen and coworkers17 who reported that in diabetic
patients the higher the microalbuminuria the faster the
rate of GFR decline.

In 1986, it was suggested for the first time that pro-
teins abnormally filtered through the glomerular capil-
lary might have intrinsic renal toxicity that is relevant
to the progression of renal damage.18 In the kidneys of
proteinuric rats with adriamycin nephrosis, the accu-
mulation of filtered proteins in the cytoplasm of proxi-
mal tubular cells and in luminal casts was associated
with focal breaking of the tubular basement membrane
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FIGURE 87.1 Schematic represen-
tation of the events that lead to chronic
tubulointerstitial damage and glomer-
ular sclerosis in proteinuric
nephropathy.
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and extravasation of the tubular content into the renal
interstitium. Aging is associated with progressive pro-
teinuria and glomerulosclerosis, which lead to the renal
insufficiency of certain strains of rats. The severity of
proteinuria predicted the development of glomerulo-
sclerosis and tubulointerstitial changes.19 Implications of
these studies were that the enhanced protein uptake
may activate proximal tubular epithelial cells to promote
the accumulation of inflammatory cells into the intersti-
tium, in turn responsible for renal scarring.20 Studies
using animal models and pharmacologic manipulations
found that the dysfunction of the glomerular capillary
barrier to proteins can precede the onset of structural
lesions in the absence of glomerular hemodynamic
changes, consistent with the possibility that—at least in
certain settings—protein load of the nephron may con-
tribute independently to progressive renal damage
before maladaptive hemodynamic changes can take
place or be measurable within the glomerulus.21,22

Cause-and-effect relationships between enhanced
transtubular protein passage and interstitial inflamma-
tion were investigated by Eddy in a rat model of pro-
tein overload.23 Repeated injections of albumin
increased the permeability of the glomerular barrier
leading to proteinuria and tubular changes, including
the accumulation of injected albumin in intracellular
droplets of tubular cells. These changes occurred in
advance of heavy infiltration of macrophages and T
lymphocytes into the renal interstitium. Excessive pro-
teinuria was also induced in rats by transplanting a
pituitary tumor (MtT SA5) that causes liver hyperplasia
with both overproduction and abnormally high urinary
excretion of albumin, followed by tubular damage and
interstitial inflammation.24 Models of protein overload
contributed to suggest that the pathogenic potential of
ultrafiltered plasma proteins is not confined to path-
ways underlying tubular and interstitial damage. The
availability of cultured cells with features of differenti-
ated podocytes revived investigation on the effects of
plasma proteins on the function of glomerular epithe-
lial cells,25,26 currently recognized to play a key role in
the progression of lesions toward glomerular sclerosis.
Plasma proteins that are filtered accumulate as protein
droplets within podocytes from the early stages of non-
immunologically-induced glomerular damage. At the
same stage, podocytes show signs of dedifferentiation
and injury.25 These abnormalities are likely to play role
in the development of glomerular sclerotic lesions.
They will be discussed in the light of findings indicat-
ing another important pathway, i.e., the activation of
complement upon excess protein ultrafiltration.

Tubular Handling of Proteins

Proteins that reach the tubular lumen are reabsorbed
in the proximal segments by receptor-mediated

endocytosis, via two multiligand-binding receptors,
megalin and cubilin.27 Megalin, a 600-kDa transmem-
brane glycoprotein belonging to the low density-
lipoprotein receptor family, represents the most
abundant endocytic receptor in the proximal tubule,
being concentrated in clathrin-coated pits (CCPs) and
vesicles in the brush border region.28,29 It binds differ-
ent ligands including albumin, hormones such as insu-
lin, angiotensin II and prolactin, and vitamin-binding
proteins. Megalin’s endocytic function is regulated by
the G protein�mediated signaling pathway that
includes Gαi3, GAIP and GIPC, the latter interacting
with the cytoplasmic tail of megalin30 (Figure 87.2).
This portion contains recognition motifs for intracellu-
lar adaptor proteins and protein kinases involved in
endocytosis, apical sorting of receptor, and signaling.27

Among adaptor proteins, Disabled protein 2 (Dab2)
colocalizes with megalin in CCPs and vesicles of renal
proximal tubules where it binds the second endocytic
motif of megalin, and, by interacting with the motor
protein nonmuscle myosin heavy chain IIA, regulates
trafficking of megalin through the endocytic/recycling
pathway31 (Figure 87.2). Suboptimal trafficking of
megalin in Dab2 knockout mice leads to decreased
megalin levels, possibly due to increased protein shed-
ding and degradation, and impaired endocytosis as
documented by urinary loss of megalin ligand.32

Association of motor proteins with adaptor proteins is
now emerging to be instrumental for renal proximal
tubular endocytosis. Myosin VI (Myo6) is highly
expressed in the brush border where it associates with
the CCP via its tail domain binding to Dab2
(Figure 87.2). Myo6 functional null mice show increased
urinary albumin excretion, similar to megalin- and
cubilin-deficient animals, and reduced and delayed
endocytic uptake and trafficking of horseradish peroxi-
dase consistent with impaired endocytosis.33 This
defect is associated with structural and phenotypic
changes of tubular cells and fibrosis.

The expression and subcellular distribution of mega-
lin is controlled by the chaperone receptor-associated
protein RAP that prevents ligand�induced endoplas-
mic reticulum (ER) retention and degradation of the
receptor and is possibly involved in its proper folding27

(Figure 87.2). RAP knockout mice are characterized by
both reduced expression of megalin and its preferential
subcellular distribution to the ER. RAP deficiency is
also associated with leakage of proteins in urines due to
impaired megalin-dependent tubular reabsorption.
Pro-inflammatory and pro-fibrotic mediators such as
transforming growth factor beta (TGF-β) and angioten-
sin II34,35 as well as nephrotoxicants36 also down-
regulate megalin expression in proximal tubular cells.

Cubilin or intrinsic-factor B12 receptor, is a 460-kDa
peripheral membrane protein that binds albumin,
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transferrin, IgG light chains and RAP, but lacks the
sites for interaction with adaptor proteins or other
mediators of clathrin-dependent endocytosis.28,29 Since
megalin binds cubilin with high affinity, it has been
hypothesized that megalin mediates endocytosis and
intracellular trafficking of cubilin.37 In vitro, the uptake
of the cubilin-specific ligands, including transferrin,
was inhibited both by anti-megalin antibodies and by
megalin anti-sense oligonucleotides.38�40 Furthermore,
in megalin-deficient mice transferrin accumulates on
the luminal membrane of the proximal tubule without
being internalized.38 Cubilin binds amnionless (AMN),
a 50-kD transmembrane protein that is required for
membrane targeting and may permit internalization of
cubilin.27 Patients with Imerslund-Grasbesk syndrome
(IGS), a rare autosomal recessive disease caused by
inheritable cubilin or AMN gene defect, show reduced
protein reabsorption and proteinuria. Consistently,
inappropriate apical membrane insertion of cubilin in
the proximal tubule leads to proteinuria in a model of

IGS in dogs with a mutation of the AMN gene. Kidney
specific AMN knockout mice also show increased uri-
nary excretion of transferrin.41

The generation of mice with the genetic ablation of
cubilin, with or without ablation of megalin, disclosed
a mutual dependency of cubilin and AMN to form a
functional membrane receptor complex.42 Cubilin is
indispensable for albumin reabsorption in renal proxi-
mal tubule under physiological conditions, whereas
megalin drives the internalization of cubilin-albumin
complexes.42

Megalin undergoes regulated intramembrane prote-
olysis with protease-mediated ectodomain shedding,
producing a membrane�associated C-terminal frag-
ment, which is in turn the substrate for the γ-secretase
activity of a multimolecular complex of proteins,
including the so-called presenilins, that release the
C-terminal soluble cytosolic domain predicted to target
the nucleus. In the rat kidney, the brush border exhibits
both γ-secretase activity and presenilin-1 expression.43
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Dab2, Disabled protein 2; ER, endoplasmic reticulum; GAIP, Gα interacting protein; GIPC, GAIP interacting protein, C terminus; Myo6, myosin
6; NMHC-IIA, nonmuscle myosin heavy chain IIA; RAP, receptor-associated protein.

2964 87. ROLE OF PROTEINURIA IN THE PROGRESSION OF RENAL DISEASE

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



In a cell line derived from opossum proximal tubule
(OK cells), metalloprotease activity sheds the ectodo-
main of megalin, producing a membrane-bound mega-
lin COOH-terminal fragment with the same size as a
major fragment of megalin found in the kidney.43 This
fragment is further cleaved by γ-secretase into a soluble
intracellular domain leading to down-regulation of
megalin and Na1/H1 exchanger 3 (NHE-3) tran-
scripts.44 This domain does not affect megalin expres-
sion and endocytic function in vivo at least under
physiological conditions, although a regulatory effect
on renal gene transcription under stress cannot be
excluded.45

Reduced expression of megalin is a common feature
to settings of proteinuria and defective tubular uptake
of filtered proteins, such as early stages of experimen-
tal diabetes or polycystic kidney disease, Fanconi syn-
drome and Dent’s disease in humans.41 Dent’s disease
is caused by a mutation of the gene CLCN5 encoding
the 2 chloride (Cl2)/proton (H1) exchanger ClC-5.
Inactivating mutations of ClC-5 in Dent’s disease and
the deletion of CLCN5 in knockout mice lead to low-
molecular-weight proteinuria due to reduced endocytic
uptake of filtered proteins in the proximal tubule. This
defect was initially attributed to impaired acidification
of apical endosomes in these cells,46�48 but subsequent
data indicate selective loss of expression of megalin
and cubilin at the brush border as a major cause of
defective protein endocytosis in this disease.49 Along
this line, reduced megalin and cubilin levels have been
found in tubules with the uncoupling E211A (unc)
mutation that converts CLC-5 into a pure Cl2 conduc-
tor. Despite maintaining active endosomal acidifica-
tion, ClCN5unc mice show impaired proximal tubular
endocytosis and resultant low-molecular-weight pro-
teinuria as found in CLC-5 knockout mice and in
patients with Dent’s disease.50 These results indicate
that endosomal chloride-proton exchange rather than
chloride conductance is crucial for tubular endocytosis
(Figure 87.3).

During receptor-mediated endocytosis, ligand-
receptor complexes are internalized and transported
via clathrin-coated vesicles to early endosomes where
they dissociate. The receptor is sorted to the plasma
membrane (recycling pathway) and the endocytosed
proteins are transported further into the degradative
pathway. The endocytic pathway is regulated by a pro-
tein network. The inositol 5’-phosphatase OCRL
-whose mutations are responsible for OculoCerebroRenal
Syndrome of Lowe, an X-linked disorder characterized
by cataract, mental retardation, and renal Fanconi syn-
drome- is present throughout the early endocytic path-
way including CCPs and interacts with adaptor
molecules involved in the early endocytic traffic of
receptors in brain and kidney.51 On peripheral early

endosomes OCRL binds the Rab5 effector APPL1, an
adaptor/signaling protein that binds several trans-
membrane receptors and also the adaptor protein
GIPC (Figure 87.3). Since GIPC directly binds megalin
(see above), loss of the interaction of OCRL with
APPL1 due to disease mutation may have a causal role
in the reabsorptive defect of kidney resulting in low-
molecular-weight proteinuria in Lowe syndrome
patients and in a subset of Dent’s disease patients.

Another protein, the transporter NHE-3 contributes
to the early phase of the apical endocytic pathway at
least in part due to its involvement in endocytic vesicle
fusion.52 NHE-3 is associated with megalin and dipep-
tidyl IV in proximal tubule endosomes where it also
participates in the acidification process48 (Figure 87.3).
Acidification of endosomal compartment is crucial not
only for ligand-receptor dissociation and receptor recy-
cling, but also for a correct protein endocytic trafficking
from early to late endosomes, and finally lysosomes.
The acidification of proximal tubule endosomes is
driven by the vacuolar H1-ATPase (V-ATPase), an
electrogenic pump that translocates protons from the
cytoplasm to the endosomal lumen and in conjunction
with a parallel chloride conductance generates the
acidic milieu of the endosomal compartment53

(Figure 87.3). V-ATPase acts as an endosomal pH sen-
sor that recruits the small GTPase Arf6 (ADP-ribosyla-
tion factor) and its cognate GDP/GTP exchange factor
ARNO (ADP-ribosylation factor nucleotide site opener)
from the cytosol to the endosomal membranes by
direct binding these proteins upon vesicle acidification
(Figure 87.3). Interaction of both Arf6 and ARNO with
V-ATPase allows correct vesicular trafficking from
early to late endosomes. By contrast, inhibition of
V-ATPase or uncoupling of endosomal acidification
impairs V-ATPase/ARNO/Arf6 interaction leading to
accumulation of endocytosed proteins in early endo-
somes, and ultimately, to inhibition of endocytosis.53

An intact actin cytoskeleton is important for correct
assembly and function of the V-ATPase.53 The disorga-
nization of the actin cytoskeleton induced by statins
through reduced prenylation of the small GTP-binding
proteins results in a defect of albumin endocytosis in
proximal tubular cells.54,55

Protein Overload Activates Phenotypic Changes
in Cultured Proximal Tubular Cells

Insights into mechanisms linking the excess traffic of
plasma proteins and interstitial injury have come from
in vitro studies using polarized proximal tubular cells
as a model to assess effects of apical exposure to pro-
teins (Figure 87.4). Challenge of cultured proximal
tubular cells with high concentrations of proteins
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(delipidated or lipid-enriched albumin, IgG and trans-
ferrin) induced the synthesis of the vasoconstrictor
peptide endothelin-1,56 a mediator of progressive renal
injury due to its ability to stimulate renal cell prolifera-
tion and extracellular matrix production and to attract
monocytes. Monocyte chemoattractant protein-1
(MCP-1 or CCL2) and Regulated upon Activation,
Normal T cell Expressed and Secreted (RANTES or
CCL5), potent chemoattractants for monocytes/macro-
phages and T-lymphocytes, were upregulated in proxi-
mal tubular cells challenged with albumin and other
plasma proteins.57,58 Albumin overload also induced
tubular gene expression and production of the C-X-C
chemokine interleukin-8 (IL-8), a potent chemoattrac-
tant for neutrophils and lymphocytes.59 Endothelin-1
and chemokines induced by plasma proteins were
released mainly toward the basolateral compartment of
the cell, which is indicative of a directional secretion
potentially responsible for the tubulointerstitial inflam-
matory reaction as found in proteinuric nephropathies.

Co-culture systems of proximal tubular epithelial cells
and monocytes/T cells proved useful to document that
the release of MCP-1 and RANTES upon apical expo-
sure of tubular cells to albumin was further increased
in the presence of monocytes or T cells, either through
a cell-to-cell contact mechanism or mediated by soluble
factors such as interleukin-1 and tumor necrosis factor.60

Moreover, the conditioned medium of tubular cells acti-
vated by albumin induced distinct patterns of chemo-
kine receptor expression on T cells or monocytes,
thereby implying that different arrays of chemokines
may mediate the chemotactic activity of leukocytes in
the tubulointerstitium during the proteinuric state.

Protein overload promotes the tubular expression of
fractalkine/CX3CL1, a cell-membrane anchored che-
mokine that serves as an adhesive molecule to promote
firm adhesion of mononuclear cells expressing the
specific receptor CX3CR1, in addition to functioning
in its cleaved soluble form as a chemoattractant.
Upregulation of fractalkine mRNA and increased
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FIGURE 87.3 Regulation of endocytic pathway in the renal proximal tubular cell. Upon binding of ligand (i.e., albumin) to megalin in
CCPs, ligand-receptor complexes are internalized and transported via clathrin-coated vesicles to early endosomes where they dissociate.
Megalin is sorted to the plasma membrane (recycling pathway) and the endocytosed proteins are transported further into the degradative path-
way. Acidification of intracellular lumen of the early endosome involves NHE-3 and V-ATPase with counter ion being provided by CLC-5.
Upon acidification, Arf6 and ARNO are recruited to the endosomal membrane and both interact with V-ATPase driving the vesicular traffick-
ing of endocytosed proteins from early to late endosomes. Interaction of the inositol 5’-phosphatase OCRL with the rab5 effector APPL1, which
binds GIPC regulates the early steps of the endocytic traffic of megalin. Abbreviations: Arf6, ADP-ribosylation factor; APPL1, Adaptor Protein
containing pleckstrin homology domain, PTB domain and Leucine zipper motif 1; ARNO, ADP-ribosylation factor nucleotide site opener;
CCPs, clathrin-coated pits; CCV, clathrin-coated vesicle; CLC-5, 2 chloride (Cl2)/proton (H1) exchanger; NHE-3, Na1/H1 exchanger 3; OCRL,
oculocerebrorenal syndrome of Lowe; V-ATPase, vacuolar H1-ATPase.
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synthesis of both membrane-bound and soluble forms
of the protein occurred upon stimulation of human
proximal tubular cells with albumin.61 In a murine
model of protein overload proteinuria, fractalkine
mRNA was overexpressed in the kidney, and fractalk-
ine staining was detected in tubular epithelial cells in a
focal distribution.61 Treatment of mice with an anti-
body against CX3CR1 limited the accumulation of
monocytes/macrophages in the renal interstitium.
These data suggest that in proteinuric conditions, frac-
talkine overproduction might contribute to direct
mononuclear cells into the peritubular interstitium and
possibly enhance their adhesive property.

TGFβ is a profibrogenic cytokine capable of directly
stimulating the proliferation of fibroblasts and the syn-
thesis of matrix proteins, in addition to exerting
indirect stimulatory effects via inflammatory infil-
trating cells. TGFβ acts as a key stimulus for epithelial-
to-mesenchymal transition (EMT), by which tubular
cells acquire features of fibroblasts.62 High concentra-
tions of albumin induced in cultured proximal tubular
cells the transcription of the TGFβ gene resulting in
the enhanced release of the cytokine in the cell super-
natant.63,64 Albumin upregulated TGFβ receptor type
II expression in proximal tubular cells, which became
more susceptible to the matrix-stimulatory actions of
TGFβ.65 Albumin stimulated the accumulation of
extracellular collagen type IV, laminin, and fibronectin

by proximal tubular cells through a post-
transcriptional mechanism.66 A reduced degradation
could be responsible for the increased accumulation of
extracellular matrix protein components, as indicated
by induction of tissue inhibitors of metalloproteinases
(TIMP)-1 and TIMP-2, in response to albumin.66

Advances have been made in clarifying the mechan-
isms of albumin-induced TGFβ production in proximal
tubular cells. In vitro, albumin-induced secretion of
TGFβ1 by proximal tubular cells could occur in the
absence of albumin endocytosis.67 Thus two cell lines,
opossum kidney (OK) proximal tubular cells and
HKC-8 proximal tubular cells, which display different
degrees of endocytosis, produced an equivalent
amount of TGFβ1 when exposed to albumin.
Moreover, inhibiting albumin endocytosis in OK cells
with two agents with different mechanisms of action as
EIPA (a sodium/hydrogen exchanger-3 inhibitor) or
simvastatin (a 3-hydroxy-3-methylglutaryl CoA reduc-
tase inhibitor) did not reduce albumin-induced TGF-β1
secretion. On the other hand, RAP, a known inhibitor
of binding of albumin to megalin, inhibited albumin
endocytosis but it did not affect TGFβ1 production,
suggesting that albumin-induced secretion of TGFβ1 is
not via megalin signaling.67 Along this line, further
studies showed that primary cultures of mouse proxi-
mal tubular cells exhibited substantial albumin endocy-
tosis that could be similarly inhibited by both statins

FIGURE 87.4 Cellular mechanisms of injury underlying the activation of inflammatory and fibrogenic pathways by proximal tubular cells
in response to excess load of filtered plasma proteins that occurs in chronic proteinuric nephropathies.
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and thiazolinediones, but only statins had the ability
to limit albumin-stimulated MCP-1 production.68 It
was concluded that inhibition of albumin endocytosis
alone was insufficient to attenuate chemokine produc-
tion and therefore to protect proximal tubular cells
from the toxic effects of albumin.69

The contact between tubular cells and interstitial
matrix is operated by specialized adhesion molecules,
the integrins. They are α/β transmembrane heterodi-
mers that mediate adhesion of the basal surface of cells
to the underlying substratum by recognizing extracellu-
lar matrix components and by interacting with different
cytoskeletal molecules. In vitro these molecules are clus-
tered in specialized structures, called focal contacts. In
tubular cells the expression of integrins can be regulated
by cytokines, including TGFβ, that either directly influ-
ence mRNA transcription of integrins or modulate the
synthesis of interstitial matrix and the consequent rear-
rangement of integrins at focal contacts.70 On the other
hand, matrix proteins can modulate integrin expression
and via integrin-generated signals, regulate the synthe-
sis, degradation and organization of the matrix itself.
Therefore, alterations in the expression and/or func-
tional status of tubular cell integrins may play roles in
the events leading to tubulointerstitial fibrosis. In
cultured tubular cells the addition of albumin increased
membrane expression of αvβ5 integrin which
became organized in typical focal contacts dose-fashion
related.71

The Role of Proteinuria in Tubular Apoptosis

Protein overload is a stimulus for apoptosis. A dose-
and time-dependent induction of apoptosis by albumin
was demonstrated in cultured proximal tubular cells as
revealed by internucleosomal DNA fragmentation,
morphological changes including cell shrinkage and
nuclear condensation, and plasma membrane altera-
tions.72 Apoptosis in this setting was associated with
activation of Fas-FADD-caspase 8 pathway, suggesting
activation via the extrinsic pathway of apoptosis.
Peroxisome proliferator activated receptor (PPAR)-γ73

is also implicated in molecular mechanisms underlying
albumin-induced apoptosis. Albumin-bound fatty
acids stimulated PPAR-γ in primary cultures of human
proximal tubular cells and caused apoptosis that could
be blocked by PPAR response element decoy oligonu-
cleotides. Moreover, transfection experiments revealed
that the transient overexpression of PPAR-γ in tubular
cells resulted in enhanced apoptosis.73 In HKC-8
human proximal tubular cells, albumin-induced apo-
ptosis was mainly mediated by the intrinsic pathway
of apoptosis, characterized by Bax translocation to
mitochondria and cytochrome c release from the orga-
nelles.74 This pathway was recently confirmed in rat

proximal tubular cells by inhibition with Bcl-2 transfec-
tion and was found to be mediated by protein kinase
C-delta (PKC-δ), a novel subfamily member of PKC ser-
ine/threonine protein kinases.75

Albumin-dependent signaling and albumin endocy-
tosis appear to act as interrelated processes regulating
the fate of proximal tubular cells in vitro. Megalin may
behave as a sensor molecule that determines whether
the cells will be protected from or injured by albumin,
pending on the protein concentration. On one hand,
low concentrations of albumin lead to activation of ser-
ine/threonine kinase PKB and phosphorylation of Bad
protein, which inhibits apoptosis.76 On the other hand,
albumin overload decreased the expression of megalin
on the plasma membrane that was associated with a
reduction of PKB activity and Bad phosphorylation,
favoring apoptosis.77 As well as albumin load of tubu-
lar cells, a balance has also been suggested between the
induction of a NF-kB dependent, Bcl-xL mediated anti-
apoptotic pathway and the induction of AP-1 mediated
clusterin overexpression that instead, by inhibiting the
pathway, would favor a switch from inflammatory
phenotype to apoptotic injury.78

Multiple pathways of apoptosis can be activated in
renal tubular cells during proteinuric kidney diseases.
Apoptotic responses to protein load were documented
in the rat model of albumin overload proteinuria,
showing increased numbers of terminal dUTP nick-
end labeling positive apoptotic cells both in the tubu-
lointerstitial compartment and in glomeruli.79 In tubuli,
most of the positive cells were found in profiles expres-
sing angiotensin II type 2 (AT2) receptor. Findings of
reduced phosphorylation of ERK and Bcl-2 were sug-
gested to reflect an AT2 receptor-mediated mechanism
underlying tubular cell apoptosis.79 Proximal tubular
cell apoptosis may contribute to glomerular-tubule dis-
connection and atrophy in response to proteinuria in
rats with accelerated passive Heymann nephritis.80

Another study, in agreement with results obtained
using cultured proximal tubular cells, showed PKC-δ
overexpression and tubular apoptosis in kidneys
of mice upon albumin overload, whereas PKC-δ knock-
out mice were protected.75 Levels of proteinuria
remained comparable, indicating lower susceptibility
to apoptosis rather than differences in protein expo-
sure. Mechanistically, PKC-δ could promote apoptosis
by activation of apoptotic genes, phosphorylation
of caspases, interaction with apoptotic regulators,
remodeling of cell membranes, or interference with
mitochondrial function possibly including ER-mito-
chondrial crosstalk during ER-stress-induced apopto-
sis. ER stress has been demonstrated both in proximal
tubular cells in vitro and in kidneys of rats with
albumin-overload or puromycin aminonucleoside-
nephrosis.81
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Apoptotic cells were also detected both in proximal
and distal tubular profiles in biopsy specimens of
patients with primary focal segmental glomerulo-
sclerosis. A positive correlation was found between
proteinuria and incidence of tubular cell apoptosis,
which was identified as a strong predictor of outcome
in these patients.82 Albumin exposure caused the acti-
vation of the Fas pathway and apoptosis in cultured
Madin-Darby canine kidney epithelial (distal/collect-
ing) cells, hence extending to the distal nephron the
pro-apoptotic potential of enhanced protein load.82

Besides promoting tubulo-glomerular disconnection
at proximal level, tubular apoptosis could create and
sustain a local proinflammatory microenvironment
via release of molecules that serve as danger signals
by dying cells. Danger-associated molecular patterns
(DAMPs) trigger inflammation by engaging Toll-like
receptors (TLR) and nucleotides-binding domains,
leucin-rich, repeat-containing proteins (NLRs).
Engaged NLR form complexes with apoptosis-
associated proteins to produce macromolecular
complexes termed inflammasomes that cleave proin-
flammatory cytokines to their mature forms.83 A role
for inflammasomes in progressive renal disease has
been recently shown in NLRP3 -/- mice that were pro-
tected from injury and fibrosis of unilateral ureteral
obstruction. Increased expression of NLRP3 was also
detected in kidney biopsy specimens of patients with
progressive kidney diseases.84

Intracellular Signaling of Protein Overload

In vitro studies have documented that protein over-
load activates signal transduction cascades in proximal
tubular cells resulting in transcriptional upregulation
of proinflammatory and fibrogenic molecules.85

Molecular mechanisms leading to chemokine gene
induction as a consequence of enhanced protein uptake
have been identified. Nuclear transcription factors such
as NF-kB have attracted attention as candidate path-
ways and are seen as a potential target of therapeutic
intervention against proteinuria-induced tubulointer-
stitial injury. The NF-kB/Rel family includes homodi-
meric or heterodimeric complexes designated as p50,
p52, p65, c-rRel and RelB.86,87 The prototype NF-kB is
composed of p50-p65 subunits. NF-kB proteins nor-
mally exist in the cytoplasm bound to the inhibitory
protein IkBα. Upon cell activation by different stimuli,
such as cytokines, viruses and oxidants, IkBα is phos-
phorylated by the IkB kinase (IKK) complex, ubiquiti-
nated and degraded, allowing NF-kB translocation into
the nucleus for binding to DNA motifs in gene promo-
ters. In cultured proximal tubular cells albumin dose-
dependently enhanced NF-kB activity resulting in

upregulation of RANTES, MCP-1 and IL-8.58,59,88 The
role of NF-kB activation in chemokine mRNA induc-
tion by protein overload was supported by experi-
ments showing that adenovirus-mediated gene transfer
of IkBα or the dominant negative mutant of IkB kinase-
2 (IKK-2) which fails to phosphorylate IkBα, reduced
upregulation of fractalkine mRNA in proximal tubular
cells exposed to albumin.61 Reactive oxygen species
(ROS) served as second messengers in protein
overload-induced NF-kB activation.89 Albumin and
IgG caused a rapid and sustained generation of hydro-
gen peroxide (H2O2) in human proximal tubular cells,
and antioxidants while preventing hydrogen peroxide
production, almost abolished the enhanced NF-kB
activity induced by both proteins.89 Oxidant generation
is upstream regulated by protein kinase C (PKC)
which, once activated, translocates from the cytoplasm
to cell membrane to mediate ROS production and
NF-kB activation. Inhibitors of PKC prevented hydro-
gen peroxide generation, NF-kB activation,89 and
MCP-1 and IL-8 gene upregulation induced by
albumin, suggesting a cascade of signals from
PKC-dependent oxygen radical generation to nuclear
translocation of NF-kB and consequent gene
upregulation.89,90

NF-kB transcriptional activity also depends on
mitogen-activated protein kinase (MAPK) cascade
pathways that transduce external stress stimuli into
intracellular responses.91 In human proximal tubular
cells albumin caused rapid phosphorylation of p38
MAPK.61 Treatment with a specific p38 inhibitor
resulted in inhibition of the transcription of NF-kB pro-
moter/luciferase reporter gene construct, consistent
with a role of p38 as regulator in this pathway. The p38
blockade limited the overexpression of fractalkine
mRNA and protein induced by albumin.61 Moreover,
activation of the MAPK signaling pathway was
involved in albumin-stimulated TGFβ-1 gene expres-
sion and protein secretion in rat proximal tubular
cells.64 Strong and rapid activation of p44/42 MAPK
was detected following cell exposure to albumin. A
specific MAPK inhibitor abolished the increase of
TGFβ-1 mRNA induced by albumin.

There is evidence in mouse proximal tubular cells
that albumin activated extracellular signal-regulated
kinase (ERK) and that blockade of ERK activation by a
specific inhibitor of the mitogen-activated protein
kinase kinase (MEK), the immediate upstream regula-
tor of ERK, partially reduced albumin-induced MCP-1
expression, inhibited the increase in AP-1 and NF-kB
DNA-binding activity, and prevented the degradation
of IkB in albumin treated cells.92 It has been shown
that in a proximal tubular epithelial cell line engi-
neered to constitutively express heme oxygenase-1
(HO-1) MCP-1 production in response to albumin was
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reduced and that this inhibitory effect involved
mechanisms that are distal to the activation of ERK
and are associated with a suppressive effect on NF-
kB activation.93 Another study showed that high
concentrations of albumin stimulated ERK via an
EGF-receptor-dependent pathway.94 The mechanism
underlying albumin-induced stimulation of EGF-R is
undefined. Based on the observations that EGF-like
activators of EGF-R exist as transmembrane precursors
that must undergo ectodomain cleavage to release the
soluble EGF-activating fragment, and that the extracel-
lular domain of megalin has 17 EGF-type repeats, it
has been suggested that abnormal EGF activation could
result from ectodomain shedding of megalin occurring
from proximal tubular cells in the pathological setting
of proteinuria.69 In addition, it has also been proposed
that transactivation of EGF-R by G-protein-coupled
receptors could in part be regulated by PKC and c-Src,
that activate ERK and are stimulated by albumin.69

Moreover, in primary cultured proximal tubular cells
albumin stimulated DNA synthesis by Ca21/PKC as
well as the EGFR-dependent p44/42 MAPK and NK-
kB signal pathways.95

The activation of the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway is
an important mechanism converting cytokine and
growth factor signals into gene expression programs
that regulate cell proliferation and survival.96 The evi-
dence that albumin activated JAK/STAT in murine
proximal tubular cells97 led to the suggestion that albu-
min may stimulate proximal tubular cells in the man-
ner of a cytokine.98 The activation of STAT was also
observed after treatment of the cells with apotransfer-
rin, one of the major components of plasma proteins
consisting of transferrin not saturated with iron.
Findings that albumin and apotransferrin induced in
tubular cells the upregulation of intracellular ROS gen-
eration and that antioxidants prevented albumin-
induced phosphorylation of STAT suggested that
STAT activation could occur by way of the ROS gener-
ating system.97

Among genes differentially regulated by excess
proteins in proximal tubular cells of mice with protein
overload proteinuria, glia maturation factor-B (GMF-B),
a 17-kD intracellular protein originally purified from the
brain, that regulates the life/death signaling by activat-
ing p38 was identified.99 Proximal tubular cells engi-
neered to overexpress GMF-B acquired susceptibility to
cell death under sustained oxidative stress through p38
pathway activation. H2O2 stimulation persisted in GMF-
B overexpressing cells in which the H2O2-generating
enzyme, CuZn-SOD, was upregulated, and the H2O2-
reducing enzymes glutathione peroxidase and catalase
were down-regulated.

In Vivo Evidence for Proinflammatory and
Profibrogenic Signaling in Tubular Cells Activated
by Proteinuria

Proinflammatory signals. Studies of experimental
models of kidney disease or injury, followed by further
investigation in human nephropathies, have shown
that activation of transcription factors and overexpres-
sion of chemokines can indeed be elicited by the protei-
nuric condition contributing to the development of
progressive renal damage. In rats with protein-
overload proteinuria the upregulation of MCP-1 and
osteopontin in tubular epithelial cells was closely asso-
ciated with an interstitial inflammatory reaction.100 In
this model, enhanced renal NF-kB activity was local-
ized preferentially to tubular epithelial cells.101 In rats
with 5/6 nephrectomy, the increased urinary protein
excretion over time was attended by a remarkable
increase in NF-kB activity in the remnant kidney.102

Strong nuclear staining for the p50 NF-kB subunit was
visualized in proximal tubular cells and in sparse cells
within the renal interstitium. A progressive increase in
renal expression of MCP-1 gene occurred over time
concomitant to the activation of NF-kB. Tubular MCP-1
mRNA upregulation became detectable at stages that
preceded the accumulation of monocytes/macro-
phages and T lymphocytes in the remnant kidney
interstitium, suggesting MCP-1 dependent recruitment
of the cells. In other animal models of proteinuric
nephropathies, renal MCP-1 overexpression preceded
or coincided with the interstitial infiltration of mono-
nuclear cells.90,100 The administration of a neutralizing
anti-MCP-1 antibody to rats with tubulointerstitial
nephritis significantly decreased macrophage infiltra-
tion, strenghtening the possibility that MCP-1 is func-
tionally important in eliciting an interstitial
inflammatory response.90 The possibility that excess
protein load and reabsorption by proximal tubular cells
could indeed play a role in the development of intersti-
tial inflammation and fibrosis was supported by results
of analysis of time course and sites of protein accumu-
lation and interstitial infiltration by macrophages and
MHC-II-positive cells in the rat models of 5/6 nephrec-
tomy103,104 and passive Heymann nephritis.103 A link
was also observed between excess plasma protein reab-
sorption by proximal tubuli and the expression of
osteopontin, a cytokine responsible for the attraction of
mononuclear cells. Osteopontin was detected in cells of
proximal tubuli congested with ultrafiltered proteins,
and the sites of colocalization revealed a strict relation-
ship with adjacent infiltrates.103 If the interstitial
inflammatory reaction ensued as a consequence of
excessive ultrafiltration and proximal tubular reabsorp-
tion of proteins that also promoted NF-kB activation
and chemokine synthesis, limiting the enhanced
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protein traffic should also limit the biological effect of
excessive tubular protein reabsorption and should
slow renal disease progression. The best strategy to
reduce protein traffic both in experimental animals and
humans relies on ACE inhibitors effectively employed
to slow the pace of progression of renal disease.105,106

ACE inhibitor given to rats with a remnant kidney
reduced urinary protein excretion and at the same time
almost suppressed NF-kB DNA-binding activity and
reduced MCP-1 mRNA expression and interstitial
inflammatory cell infiltrates.102 Similar effects were
observed in the immune model of passive Heymann
nephritis.102 The decrease of NF-kB activation was
associated with down-regulation of MCP-1 expression
and reduction of interstitial inflammation.

In line with the possibility that NF-kB activation has
a role in tubulointerstitial injury in proteinuric rats,
there are data showing that in rats with adriamycin-
induced nephropathy, chronic treatment with the puta-
tive NF-kB inhibitor pyrrolidine dithiocarbamate
(PDTC), initiated at the time of overt proteinuria, sup-
pressed cortical NF-kB activation and markedly
reduced interstitial monocyte infiltration.107 Chronic
inhibition of NF-kB with PDTC also attenuated renal
inflammation and injury in rats with 5/6 nephrec-
tomy.108 The mechanism by which PDTC inhibits NF-
kB is unclear. It can directly impede the degradation of
IkB or it may act through its antioxidant properties to
inhibit the stimulatory effect of oxidative stress on NF-
kB system. Although in the above models no major
side effects were observed, studies on the clinical toxic-
ity and safety of PDTC and other NF-kB inhibitors are
needed before considering their potential use against
renal disease progression. Systemic inhibition of NF-kB
might have unwanted effects on the induction of genes
critically regulating inflammatory and immunologic
responses. Several conventional therapies in clinical
use, including ACE inhibitors, AT1 receptor antago-
nists, glucocorticoids and hydroxymethyl glutaryl-CoA
reductase inhibitors, are able to modulate NF-kB acti-
vation, but data on specific NF-kB inhibition in human
disease are still lacking.109

To more specifically inhibit NF-kB activation, a
recombinant adenovirus vector expressing the trun-
cated form of IkBα that lacks the phosphorylation sites
essential for the activation of NF-kB, was injected into
renal arteries of rats with protein overload protein-
uria.110 This maneuver prevented NF-kB activation in
tubular cells and attenuated the interstitial infiltration
of mononuclear cells, interstitial edema, and fibrosis.
These data suggest the possibility of using gene ther-
apy targeting NF-kB as a means of interrupting the
process of tubulointerstitial injury.

Specific blockade of the MCP-1/CCR2 signaling
pathways attenuated interstitial nephritis induced by

protein overload proteinuria. A hydrodynamic-based
gene transfer technique was used to introduce naked
plasmid encoding 7ND (a MCP-1 antagonist) into the
left kidney of rats subsequently given repeated injec-
tions of bovine serum albumin.111 Anti-MCP-1 gene
therapy reduced interstitial inflammation and fibrosis
and tubular damage, and limited the number of apo-
ptotic cells in the treated kidney but not in the contra-
lateral one. Finding that 7ND acted locally would
envision a potential therapeutic application for this
strategy against tubulointerstitial injury in the clinical
setting.

Analysis of renal biopsy specimens from patients
with severe proteinuria revealed NF-kB activation in
tubular epithelial cells, which significantly correlated
with the magnitude of proteinuria. There was a con-
comitant upregulation of proinflammatory chemo-
kines, MCP-1, RANTES and osteopontin, found mainly
in tubular epithelial cells, with the strongest expression
in patients with progressive nephropathy.109,112,113 NF-
kB activation and MCP-1 upregulation in proximal
tubular cells were also shown in patients with diabetic
nephropathy.114 A relationship between proteinuria
and MCP-1 mediated interstitial damage was docu-
mented in a prospective study of patients who under-
went renal biopsy for chronic kidney disease.115

Furthermore, transcriptome analysis by complemen-
tary DNA microarray of renal proximal tubular epithe-
lial cells isolated by laser capture microdissection from
patients with proteinuric nephropathies revealed more
than 160 differentially expressed genes, including those
encoding for signal transduction, cell cycle control,
intracellular transport and metabolism.116

Profibrogenic signal. Interstitial fibrosis represents
the final common pathway of any form of progressive
renal disease.117 There is general consensus that fibro-
blasts within fibrotic tubulointerstitium prolifer-
ate118,119 and that fibrosis-generating myofibroblasts �
i.e, activated matrix secreting cells with features and
gene patterns of smooth muscle cells � are an hall-
mark of the process.119�121 In proteinuric settings,
protein load and reabsorption by proximal tubular
cells initiate or enhance fibrogenesis by at least two
mechanisms. First, proximal tubular epithelial cells
have the potential to interact directly with the adja-
cent interstitial fibroblasts via paracrine mechanisms.
Indeed, proximal tubular cells by their ability to
synthesize platelet derived growth factor (PDGF)
and TGFβ1 stimulated renal cortical fibroblasts in
coculture to grow and synthesize collagen.122 On the
other hand, the proinflammatory activation of tubu-
lar cells fosters local recruitment of macrophages
and lymphocytes that by releasing TGFβ, PDGF and
other cytokines123 stimulate interstitial cells to pro-
duce excess matrix. That both the tubular paracrine
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pathway and the inflammatory cell-mediated path-
way are activated after the onset of proteinuria was
suggested by findings that in remnant kidneys of
rats, cells expressing the myofibroblast-associated
marker α-smooth muscle actin (α-SMA) were first
detectable in the interstitial areas and colocalized
with macrophages surrounding proximal tubular
cells that were engaged in excess protein reabsorp-
tion.104 TGFβ mRNA was upregulated in proximal
tubular cells in parallel with the nearby accumula-
tion of inflammatory cells and α-SMA positive cells.
Treatment of rats with remnant kidney with an
ACE inhibitor limited excess protein accumulation
and interstitial inflammatory cell infiltration and
also abrogated abnormal TGFβ1 gene expression in
tubular cells, and myofibroblast formation.104

In addition to the activation of interstitial cells, the
fibrogenic reaction involved a phenotypic reversal of
tubular epithelial cells termed as EMT.119 The epithelial
cells can be induced by several stimuli to become
α-SMA expressing myofibroblasts. A huge number of
studies have documented the abnormal expression of
α-SMA and other myofibroblast markers in the renal
tubule both in human and experimental nephropathies
(for review, see 124). Urinary proteins from nephrotic
patients with focal segmental sclerosis, or to a lesser
extent from patients with minimal change disease,
induced cultured proximal tubular cells to express
EMT-related patterns including α-SMA and vimentin
via ERK1/2 and p38 pathway.125 In remnant kidneys,
α-SMA expression was also found in focal areas both
in the context of the tubular epithelium and in peritub-
ular microvascular cells with features of endothelium
following the onset of proteinuria and TGFβ overex-
pression.104 However, the primary source(s) of acti-
vated fibroblasts or myofibroblasts even in
experimental settings are not clear.119 Evidence was
provided both for EMT in tubular epithelium126,127 and
endothelial-mesenchymal-transition.128 Complete EMT
appears difficult to detect as compared to intermediate
phenotypic EMT stages.119 Fate-tracing studies of epi-
thelial cells in non-proteinuric mouse models failed to
identify myofibroblasts originating from the
epithelium.129�131 A more predominant role is emerg-
ing for mesenchyme-derived stromal cells of the devel-
oping kidney that mature into perivascular pericytes in
the adult kidney.129

TGFβ remains the most important cytokine for
renal fibrogenesis. It has also been identified as the
best characterized stimulus for EMT in renal tubular
cells. Studies have focused on the signaling pathways
which are activated during TGFβ-induced EMT. TGFβ
caused Smad2 phosphorylation in a tubular epithelial
cell line, and overexpression of the inhibitory Smad
protein, Smad7, inhibited TGFβ2 induced Smad2

activation, thereby preventing EMT and collagen
synthesis.132,133 An endogenous antagonist of
TGFβ1�induced EMT has been identified as bone
morphogenic protein-7 (BMP-7), a member of TGFβ
superfamily whose genetic deletion in mice leads to
severe impairment of kidney development.134 BMP-7
reversed TGFβ1�induced EMT through a Smad-
dependent reinduction of E-cadherin, an adhesive
junction protein serving to maintain the structural
integrity and polarity of epithelial cells.135 Systemic
administration of recombinant BMP-7 repaired
severely damaged renal tubular epithelial cells and
reversed renal injury in mice with nephrotoxic serum
nephritis.135 Investigation of a candidate mechanism
downstream of BMP-7 suggested a role for TRPS1
(whose mutations cause tricho-rhino-pharyngeal syn-
drome) acting as an essential regulator of nephron
development.136 Trps1 was found in proximal tubular
epithelial cells of mice and its expression was reduced
by ureteral obstruction. Trps haploinsufficiency pro-
moted interstitial fibrosis via increased phosphoryla-
tion of Smad3 and decreased Smad7 protein. In vitro
studies using proximal tubular cells suggested that
the mechanisms underlying both TGFβ1�induced
EMT and fibrosis were related to reduction of amount
of Smad7 protein through ubiquitin-mediated degra-
dation.136 Other mediators that may critically contrib-
ute to fibrogenesis include PDGF137 and endothelin-
1138 able to activate α-SMA gene expression in renal
fibroblasts and vascular smooth muscle cells, respec-
tively. IL18139 and parathyroid hormone-related pro-
tein140 were found to promote EMT in vitro and to
contribute to interstitial fibrosis in murine models of
ureteral obstruction.

Growth factors in the ultrafiltrate, such as hepato-
cyte growth factor (HGF) and TGFβ1 itself, may con-
tribute to the induction of fibrosis in vivo.141 In rats
with glomerular proteinuria due to diabetic nephropa-
thy, HGF and TGFβ were both detected in proximal
tubular fluid and their receptors were upregulated in
apical tubular membranes. In cultured proximal tubu-
lar cells, the exposure to ultrafiltrate rich in HGF and
TGFβ induced the expression of fibronectin and PDGF
as well as the basolateral secretion of MCP-1 and
RANTES. The latter by interacting with macrophages
in the renal interstitium caused them to secrete TGFβ
which in turn, stimulated the expression of collagen
type I and II, and fibronectin by interstitial myofibro-
blasts. Proximal tubular fluid from proteinuric, diabetic
rats also increased the expression of connective tissue
growth factor (CTGF) in tubular cells.142 Interestingly,
CTGF induces moderate pro-fibrogenic activity and
raises the expression of fibronectin in proximal tubular
cells as well as extracellular matrix proteins in renal
fibroblasts.
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Thus, a multitude of profibrotic cytokines are gener-
ated as a consequence of glomerular inflammation and
are conveyed with proteins into the tubular urine to
amplify interstitial injury. Evidence indicates that glo-
merular proinflammatory cytokines combined with
massive proteinuria are major determinants of subse-
quent tubulo-interstitial injury and progressive kidney
failure in experimental and human glomerulonephritis.
An elegant experiment, however, yielded data to dis-
sect the role of glomerular inflammation from that of
protein toxicity. Besides closed nephrons the kidney of
a primitive amphibium, the axolotl, contains nephrons
with ciliated peritoneal funnels (nephrostomes) that
have free access to the peritoneal fluid.143 Injection of
albumin into the peritoneal cavity caused selective
uptake of proteins in tubular epithelial cells of
nephrons with nephrostomes. As a consequence, pro-
tein and lipid droplets massively accumulated in the
tubular cells. Furthermore, tubular lumen dilatation
occurred and progressive focal accumulation of fibrous
tissue was noted around protein-storing tubules, with
the presence of fibronectin and TGFβ both in the tubu-
lar epithelial cells and in interstitial cells. Thus, protein
loading in vivo directly induces tubulointerstitial acti-
vation and interstitial fibrosis, in the absence of glo-
merular inflammatory lesions. In this respect, myosin
1e (myo1e) knockout mice are a novel interesting
model of glomerular disease, due to the disruption of a
podocyte associated molecular motor protein that
evolves to progressive tubulointerstitial injury.144 Early
ultrastructural glomerular changes consisting of
increased thickness of glomerular basement membrane
and effacement of podocyte foot processes were
detected in 1�3 week old mice and were followed by
albuminuria, formation of protein droplets, and accu-
mulation of immunoglobulin and C3 in proximal tubu-
lar cells. Tubular changes were associated with excess
deposition of collagen V and fibronectin in the periglo-
merular and peritubular interstitium, that could be
related to proteinuria-associated signaling, in the
absence of any evidence of immune or inflammatory
glomerular disease.144 Another report basing on an
albumin-tracing analysis on serial sections of kidneys
of OVE26 diabetic mice showed significant inter-
nephron heterogeneicity with sharp localization of
albumin-staining to proximal tubuli showing various
degrees of injury from minimal protein droplet forma-
tion to ultrastructural damage and dilatation. Similar
findings were obtained in biopsy samples of proteinu-
ric patients. The intensity of positive staining was
dependent on the level of albuminuria and immuno-
globulin and C3 stained in albumin positive tubules.
Connections were visualized between albumin-leaking
glomeruli and tubuli accumulating albumin, either
prior to or in association with the onset of fibrosis.

Collectively these findings favor the possibility that
both progressive injury within individual nephrons
and consequent scarring were directly related to wors-
ening of proteinuria of glomerular origin.145

The Pathogenic Role of the Complement System
in Renal Disease Progression

Intrarenal activation of complement. In physiologic
states with an intact glomerular filtration barrier, the
epithelial cells of the adult nephron are exposed to
tightly regulated amounts of serum-derived comple-
ment proteins. C3 is an essential factor of both the clas-
sical and alternative pathways of complement
activation that lead to the formation of C5b-9 mem-
brane attack complex. Renal tubular epithelial cells
appear most susceptible to effects of C5b-9 formation
because of a relative lack of membrane-bound comple-
ment regulators such as membrane cofactor protein
(CD46), decay-accelerating factor or CD55 and CD59
on apical surface.146,147 In vitro, proximal tubular cells
activated exogenous complement via alternative path-
way leading to fixation of C5b-9 on cell surface148 fol-
lowed disruption of the network of actin stress fibers,
and cytolysis. Increased production of superoxide
anion, H2O2, and proinflammatory cytokines such as
IL-6 and TNFβ was also observed.149

Deposition and intracellular accumulation of com-
plement in proximal tubular cells was seen both in
experimental models, such as protein overload pro-
teinuria,23 renal mass ablation150,151 and aminonucleo-
side nephrosis,152 and in patients with nonselective
proteinuria. C5b-9 is a mediator of interstitial inflam-
mation and fibrosis in experimental animals. Thus, in
rats with severe nephrotic syndrome induced by ami-
nonucleoside of puromycin the congenital absence of
C6 markedly attenuated both complement dependent
interstitial inflammation and renal dysfunction.153 In
C6-deficient rats with 5/6 nephrectomy a marked
improvement of tubulointerstitial injury and function
in respect with normocomplementemic rats was dem-
onstrated.154 Complement deposition greatly augments
interstitial inflammation and fibrosis in the context of
enhanced proximal tubular uptake of proteins. In the
rat remnant kidney,151 the intracellular C3 staining
colocalized with IgG in proximal tubules in a stage
closely preceding the appearance of inflammation.
Protein accumulation in proximal tubular cells was fol-
lowed by local recruitment of infiltrating mononuclear
cells as well as by peritubular accumulation of myofi-
broblasts.104 The amidation of C3 by ammonia in the
presence of high protein catabolism was suggested to
contribute to luminal formation of C5b-9155 and gener-
ation of a monocyte-activating factor (amidated
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C3).150,156 Treatment with ACE inhibitor prevented
proteinuria and, at the same time, limited both the
tubular accumulation of C3 and IgG and interstitial
inflammation.151 The pivotal role of complement as a
mediator of progressive tubulointerstitial damage
seems to require an environment of protein-enriched
ultrafiltrate. In the absence of proteinuria C5b-9 alone
did not modify the evolution of tubulointerstitial dis-
ease157 that showed similar degrees of severity among
three distinct models of non-proteinuric disease
regardless of whether the animals were from breeding
pairs with normal complement activity or C6-
deficiency.157

The presence of C3 in the tubular ultrafiltrate is rec-
ognized as a major promoter of injury in proteinuric
nephropathies. C3 deficient mice were significantly
protected against protein overload-induced renal
injury.158 This protective effect was explained by the
absence of circulating C3, as indicated by kidney trans-
plant studies showing that C3 deficient mice recipients
of a wild-type kidney developed only mild proteinuria
and tubulointerstitial injury upon protein load.
Moreover, the treatment of wild-type mice with ACE
inhibitor therapy in this model limited the amount of
plasma proteins and C3 filtered, the accumulation of
C3 by proximal tubular cells, and the degree of renal
inflammation. The interaction between complement
and other proteins in the ultrafiltrate and its functional
consequences on tubular cells have been analyzed
in vitro (Figure 87.4). Plasma protein overload of
human proximal tubular cells (HK-2) renders the cells
prone to activate complement. Addition of albumin or
transferrin to HK-2 cells caused increased apical depo-
sition of exogenous serum-derived C3, and, if added
together, they additively increased fractalkine and
TGFβ mRNA expression.159 Enhanced C3 deposition
was blocked by incubation with the wide-range inhibi-
tor of complement activation, soluble complement
receptor-1 (sCR1), but not by inhibitors of classic or lec-
tin pathways, consistent with a disruptive interference
by plasma proteins on the regulation of alternative
pathway C3 convertase. The main regulator of this
pathway is factor H, a 150-KDa soluble protein that
binds to heparan sulfate on cell surface. The density of
heparan sulfate was reduced by protein load via stimu-
lation of heparanase synthesis, thereby reducing factor
H binding and enhancing the serum-dependent com-
plement activation potential of the cells.159 The impact
of factor H binding on renal tubule function is difficult
to establish in vivo, particularly in human disease.
Evidence in mice lacking other important complement
regulators including either factor D or CD59 is in sup-
port of a role of alternative pathway in accelerating
tubulointerstitial injury of adriamycin nephropathy.160

Collectively these data provide links between

proteinuria, uncontrolled activation of complement,
and phenotypic changes of tubular cells that may
underlie renal inflammatory cell infiltration and
fibrosis.

Renal parenchymal tissues express a limited reper-
toire of receptors, including CR1, CR3, CD88, that may
directly bind complement proteins present in the ultra-
filtrate. The receptor for the complement anaphylotoxin
C3a is highly expressed both by normal murine and
human kidney epithelial cells. Among target genes,
TGFβ161 and collagen I162 were upregulated by acti-
vated C3a, suggesting the induction of pathways
underlying inflammation and fibrosis. In kidneys of
proteinuric mice with adriamycin nephrosis a topo-
graphic relationship was found between the deposition
of C3 and the enhanced expression of collagen type IV
and its intracellular chaperone heat shock protein 47 at
sites of tubulointerstitial damage.163 The gene expres-
sion of collagen and heat shock protein 47 was also
upregulated in primary cultures of mouse proximal
tubular epithelial cells stimulated with C5b-9, further
suggesting that complement activation on tubular cells
can act directly to stimulate the profibrotic process
associated with tubulointerstitial damage.163 Other
genes, such as pyrin (a gene responsible for familial
Mediterranean fever) and Gulp were negatively regu-
lated in tubular cells exposed to C3a, possibly reflect-
ing modulatory effects on the inflammatory response
and, respectively, on the clearance of apoptotic bod-
ies.162 Tubular epithelial cells exposed to either serum
proteins or C3a also adopt phenotypic and functional
characteristics of mesenchymal cells, with decreased
expression of E-cadherin and increased expression of
both α-SMA protein and collagen I mRNA.164 These
effects were prevented by cell treatment with a C3a
receptor antagonist. Importantly, C3a receptor deficient
mice were less susceptible to develop interstitial colla-
gen I and α-SMA overexpression and kidney dysfunc-
tion, and to die, when subjected to adriamycin-induced
proteinuria, in respect to wild-type mice.164 A C5a
receptor dependent, TGFβ1 mediated pathway has
been shown to play major role in the pathogenesis of
interstitial fibrosis induced in mice by unilateral ure-
teral ligation.165

Complement Activation and Proteinuria-Associated
Progressive Glomerular Injury

Experimental models have been instrumental to iden-
tifying the role of complement in the progression of glo-
merular lesions in proteinuric disease. Abnormal
fixation of C3 by immunohistology was detected in
podocytes and glomerular epithelial cell areas in early
stage of proteinuric disease in the remnant kidney in
rats25 and in the protein overload model in mice.158 C3
colocalized with other plasma proteins that were filtered
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as a consequence of their abnormal passage across the
glomerular capillary wall. Podocytes showed signs of
dedifferentiation and injury with loss of synaptopodin
and de novo expression of desmin, followed by glomeru-
lar TGFβ overexpression and development of sclerotic
lesions. The antiproteinuric treatment with ACE inhibi-
tor mitigated all these changes.25 Moreover, the expo-
sure of cultured podocytes to protein overload also
caused synaptopodin loss, actin rearrangement, and
TGFβ overexpression. The conditioned medium of
albumin-stimulated podocytes was able to induce a
myofibroblast-like phenotypic change of cultured
mesangial cells to express α-SMA. The role of C3 in the
presence of other excess plasma proteins to enhance glo-
merular epithelial cell injury of proteinuric disease was
further addressed directly in the protein overload
model. C3 deficient mice were protected from podocyte
injury and sclerosis, largely because of the lack of
systemically-derived C3, as confirmed by transplanta-
tion experiments using wild-type donor kidneys.158

Other recent studies have consistently shown the
importance of C3160 and C3a164 in the pathogenesis of
glomerulosclerosis in experimental animals. The
mechanisms by which complement can become acti-
vated and mediate the progression of glomerular injury
in the above models are yet unknown. Because podo-
cytes normally express complement inhibitory mole-
cules such as complement receptor 1 or its mouse
analogue factor H,166 perturbed complement regulation
can be pivotal. Indeed, the lack of either the alternative
pathway regulator, factor D, or the membrane-bound
regulator of membrane attack complex, CD59, was asso-
ciated with worse glomerular injury in mice with adria-
mycin nephrosis,160 whereas the lack of the alternative
pathway factor B was associated with less severe albu-
minuria in the early stage of injury.167 Future studies in
this field will be important in view of potential thera-
peutic implications. Antibodies capable of blocking
complement activation, including an anti-C5 antibody,
are approved for use in humans. Given the role of
permselective dysfunction in allowing both access of
complement proteins to the glomerular and tubular
ultrafiltrate and the activation of complement in the
renal tubular and interstitial compartment, an antipro-
teinuric treatment might be most beneficial if combined
with inhibitors of circulating and/or serum-derived
complement. The consideration of alternative cellular
sources of C3, such as the tubular cell itself, will be
important for determining additional pharmacologic
and molecular targets. Small molecule receptor inhibi-
tors under development for human use may better block
the actions of the C3a and C5a cleavage products and
their unwanted consequences on the renal parenchyma.

Role of locally synthesized complement. In addition
to activating exogenous complement, proximal tubular

epithelial cells can synthesize a number of complement
components including C3, C4, factor B, and C5.168 The
exposure of cultured tubular epithelial cells to total
serum proteins at the apical surface upregulated C3
mRNA expression and protein biosynthesis.169 The
enhanced secretion of the protein was predominantly
at the basolateral site. Serum fractionation experiments
identified the substance(s) responsible for such effects
in the molecular size range of 30 to 100 kD. This frac-
tion contains proteins that pass across the glomerular
barrier during proteinuric states, including albumin
and transferrin. However, the addition of albumin
alone did not reproduce the effects observed with
whole serum, whereas after incubation with apical
transferrin, C3 mRNA was overexpressed and both
apical and basolateral C3 secretion increased.170 A sim-
ilar degree of C3 upregulation was obtained using
iron-poor transferrin, or apotransferrin as stimuli, indi-
cating that the synthesis of C3 in proximal tubular cells
is upregulated by the protein rather than the iron moi-
ety accounting for observed effects. Despite the docu-
mented role of C3 of non-renal cell origin as
demonstrated in mice with protein overload protein-
uria, the additional finding of marked C3 mRNA upre-
gulation in tubular cells in the same model would
reflect the functional engagement of C3 synthesis also
contributing to tubulointerstitial injury.158 Studies in
nonproteinuric settings of ischemia-reperfusion or allo-
graft injury strongly support this possibility. In this
respect, complement activation may directly regulate
the immunologic response. Of important note, the local
synthesis of C3 may stimulate transmigration of T cells
across tubular epithelial cells.171 This pathway involves
direct action of tissue C3 with infiltrating T cells
expressing C3 receptors and is a candidate target of
lymphocyte inhibitory agents, such as mofetil myco-
phenolate, shown to be effective if combined with anti-
proteinuric therapy against primary non-immune
disease characterized by tubular deposition of comple-
ment.151,172 Intrarenal effects of local complement acti-
vation have been recently reviewed.173 Whether similar
mechanisms may be recruited within glomeruli is not
known. Incidentally, cyclosporine A, another immuno-
suppressant drug, showed the peculiar action of block-
ing calcineurin-mediated dephosphorylation of
synaptopodin to preserve podocyte function, possibly
accounting for its ability to induce remission of pro-
teinuria in patients with proteinuric glomerulopa-
thies.174 Novel drugs more safely combining
antiproteinuric and lymphocyte inhibitory actions
might represent a valid tool to simultaneously protect
both the glomerular epithelium and the tubular inter-
stitial compartment from the deleterious effects of both
plasma protein/C3 load and local activation of comple-
ment in the long-term.
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Proteinuria Triggers Immune Response

The accumulation of immune-competent cells such
as T lymphocytes and dendritic cells (DC) in the renal
parenchyma is a common finding of proteinuric
nephropathies even in the absence of an immune
insult.172,175 As antigen presenting cells, DC can initiate
immune response or tolerance. The outcome depends
on context. The current view is that immunity is con-
trolled by internal communication between the tissue,
where DC are resident, and the immune-competent
cells, so that tolerance is maintained by the healthy
organ, whereas immunity can be stimulated by a dis-
tressed organ.176 In proteinuric nephropathies abnor-
mal filtration of proteins that causes distress of renal
proximal tubular cells ensues an inflammatory envi-
ronment that might enable DC, in close contact with
the tubular epithelium, to become immunogenic
towards normally ignored self-antigens. It has been
documented that through the concerted action of renal
proximal tubular cells and DC, albumin is processed
into antigenic peptides, thus triggering an immune
response177 (Figure 87.5). Proteolysis of excess autolo-
gous albumin by proximal tubular cells in vitro gener-
ated N terminal fragments, the most abundant being
albumin 1 to 24 aminoacids (Alb1-24). This peptide was
then taken up by DC and further processed, by a
proteasome-dependent pathway, into antigenic

peptides that bore binding motifs for MHC class I and
activated syngeneic CD81 T cells. Studies in a rat
model of proteinuria secondary to renal mass reduc-
tion confirmed the functional role of Alb1-24 processing
by renal DC in inducing immune response. Dendritic
cells were found to accumulate in the renal paren-
chyma of proteinuric rats one week after surgery. At
four weeks a decrease in the percentage of DC in the
kidney was paralleled by an enhancement of these cells
in the renal draining lymph nodes, suggesting migra-
tion of DC from the renal interstitium. The CD81 T
cells isolated from renal lymph nodes from renal mass
reduction rats were already activated at the first
encounter, when incubated with Alb1-24-pulsed DC,
suggesting that they were pre-sensitized to the albumin
peptide in vivo during the course of the disease. By
contrast, the in vivo treatment with the proteasome
inhibitor bortezomib, that prevents the formation of
peptides for recognition by CD81 T cells, made these
cells resistant to activation by Alb1-24-pulsed DC either
in a primary or secondary culture. These findings pro-
vide a link among proteinuria, autoimmunity, and
renal disease progression.177

Role of Protein-Bound Lipids

Beside proteins themselves, fatty acids carried by fil-
tered albumin have been advocated as trigger of

FIGURE 87.5 Proteasomal processing of albumin fragment by renal dendritic cells generates antigenic peptides. The inflammatory environ-
ment caused by distressed renal tubuli exposed to protein load favors dendritic cell (DC) accumulation and activation in the peritubular
interstitium. Albumin is cleaved by proximal tubular cells into Alb1-24 that is taken up by DC and processed into 8 to 10 aminoacid peptides
with a size compatible with MHC-I binding. DC migrate to the renal lymph node and present antigenic peptides within MHC-I to naive CD81

T cells leading to their activation. Activated T cells then reenter the kidney where they propagate renal damage (Ref. 177).
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tubulointerstitial injury. In rats with overload protein-
uria a potent chemotactic lipid was isolated from the
urine, which attracted monocytes but not neutro-
phils.178 Consistently, incubation of isolated proximal
tubuli with albumin caused the release of a lipid factor
chromatographically indistinguishable from that
isolated from proteinuric urine.179 This inflammatory
lipid was not released after exposure of proximal
tubuli to delipidated albumin, indicating that the syn-
thesis of chemoattractant lipid is a consequence of
tubular metabolism of fatty acid-bearing albumin. Rats
injected with fatty acid-carrying BSA developed macro-
phage infiltration and apoptosis to a greater extent
than those receiving fatty acid-depleted albumin.180

Similar results were obtained in mice transgenic for
human liver-type fatty acid binding protein, that in
human proximal tubular cells was shown to bind free
fatty acids in the cytoplasm and to carry them to mito-
chondria or peroxisomes for metabolism by beta-
oxidation.181 These mice developed less macrophage
infiltration and a tendency to reduced tubulointerstitial
damage than the wild-type control, possibly suggesting
that intracellular accumulation of overloaded free-fatty
acids can be regulated so as to modulate cell activation.

Studies in cultured proximal tubular cells have con-
tributed to differentiate the effects of individual fatty
acids (palmitate, stearate, oleate, and linoleate) on cell
toxicity and fibronectin production. Oleate and linole-
ate were identified as the most profibrogenic and tubu-
lotoxic fatty acids.182

By comparing effects of BSA alone or loaded with
oleic acid, it has been shown that fatty acids accentu-
ated albumin-induced oxidative stress and inflamma-
tory cytokine expression in proximal tubular cells by
increasing mitochondrial ROS and impairing protective
antioxidant responses.183 In human proximal tubular
cells albumin repleted with fatty acids (rBSA) and
defatted albumin complexed with linoleic acid (LA/
dBSA) induced more apoptosis than defatted albumin
alone.184 Interestingly, fatty acid-bound BSA increased
the number of lipid droplets (LDs)-organelles that
store esterified fatty acids and the LD-associated pro-
teins adipocyte differentiation-related protein and
TIP47, that favor LD formation. Knockdown of adipo-
cyte differentiation-related protein or TIP47 by RNA
interference enhanced the induction of apoptosis by
both rBSA and LA/dBSA, leading to suggestions that
LDs and LD-associated proteins could protect tubular
cells from fatty acid-induced apoptosis by sequestering
free fatty acids.184

An additional pathogenic pathway has been linked
to a form of low density lipoprotein modified by hypo-
chlorous acid (HOCL), found to accumulate in tubular
epithelial cells in settings of injury.185 Hypochlorous
acid/hypochlorite is a major oxidant generated from

H2O2 by myeloperoxidase during oxydative burst. In
the HK-2 proximal tubular cell line, hypochlorite-
modified low density lipoprotein caused a rapid
increase in the expression of several genes encoding for
proteins engaged in control of cell proliferation and
apoptosis (Gadd153), ROS metabolism (HO-1, cyto-
chrome b5 reductase), tissue remodeling and inflam-
mation (CTGF, VCAM1, IL-1β, MMP7, VEGF).185

SUMMARY

Experimental studies have established that a loss of
selectivity of the glomerular filtration barrier causes
excess transglomerular and tubular passage of plasma
proteins which are potentially toxic to renal epithelial
cells. This knowledge was derived by studies of mod-
els of progressive kidney disease including protein
overload proteinuria, immune-mediated PHN and
renal mass reduction in rats that leads to increased glo-
merular capillary hydraulic pressure and perfusion
pressure resulting in capillary stretching and enhanced
passage of proteins in the urine. Protein overload and
reabsorption by proximal tubular cells can activate
intracellular signaling pathways underlying the release
of mediators into the interstitium. Chemokines attract
mononuclear cells which together with activated tubu-
lar epithelial cells initiate fibrosis via TGFβ/growth
factor mediated proliferation of fibroblasts and deposi-
tion of excess extracellular matrix. Complement activa-
tion is a stimulus for inflammation and fibrosis in
experimental models of proteinuric nephropathies.
Proteinuria acts both as a source of filtered comple-
ment and as a likely permissive factor by favoring both
local synthesis and uncontrolled activation of comple-
ment via alternative pathway. A mechanism of intersti-
tial injury in proteinuric diseases is mediated by
immune cell activation through the interaction of renal
proximal tubular cells and dendritic cells processing
albumin into antigenic peptides. The glomerular epi-
thelium is an important target of toxicity by filtered
proteins and complement possibly fueling a vicious
cycle of abnormal permeability, capillary injury, adhe-
sion of tuft to Bowman’s capsule, and sclerosis. ACE
inhibitors/angiotensin II receptor blocking agents exert
beneficial effects acting upstream at glomerular level to
ameliorate the integrity of the glomerular barrier. A
large body of clinical data is available from the past
two decades to support the concept that proteinuria is
both a marker of renal disease and a risk factor for
human renal disease progression.186�189 Clinical trials
have suggested a tight link between the specific anti-
proteinuric action of ACE inhibitors/angiotensin II
receptor blocking agents and their superior ability to
limit GFR decline as compared to other
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antihypertensive drugs, despite similar effect on blood
pressure.190 Therapeutic approaches have been devised
on top of angiotensin II blockers based on experimental
data demonstrating that combinations of therapies tar-
geted to reduce proteinuria may retard renal disease
progression more efficiently than single drugs.191 Thus,
the “Remission Clinic Program” uses all available
pharmacological tools and lifestyle rules to reduce uri-
nary proteins in patients with chronic kidney disease
and heavy proteinuria despite ACE inhibitor ther-
apy.192 Advances in these areas will hopefully improve
current protocols to prevent both proteinuria and its
consequences on the renal parenchyma and kidney
dysfunction in the long term.
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The Inflammatory Response to
Ischemic Acute Renal Injury

Christopher Y. Lu
Division of Nephrology, Department of Internal Medicine, University of Texas, Southwestern Medical Center, Dallas,

Texas, USA

INTRODUCTION

Acute ischemia reperfusion injury (IRI) is a major
cause of acute kidney injury (AKI).1 A major concep-
tual insight is that the total amount of renal injury is
the result of not only the initial ischemic insult, by the
ensuing responses. This simple insight has profound
clinical implications: it suggests that therapy after the
initial insult has already occurred may ameliorate the
course of AKI (see Figure 88.1). Some of these
responses are maladaptive. Examples include inappro-
priate intrarenal hemodynamics, altered mitochondrial
and other metabolic functions,2�4 endothelial dysfunc-
tion,5,6 and tubular obstruction and back-leak.7 Other
responses are reparative. Examples include the produc-
tion of growth factors such as Wnt7.8

In addition to the above, IRI elicits an inflammatory
response. Some components of this inflammatory
response exacerbate injury, other components mediate
repair. In either case, inflammation is a major determi-
nant of the ultimate outcome of ischemic AKI. A com-
plete understanding of the inflammatory response to
IRI—the composition and functions of the leukocytes,
the stimuli that elicit inflammation, and the regulation
of inflammation—remain a fundamental unsolved
problem in renal disease. The goal of this chapter to
provide a perspective on our rapidly growing insights
into the inflammatory response to IRI.

In addition to its importance for injury of the native
kidney, the inflammatory response to IRI is important
for transplantation. Ischemic injury to the allograft
inevitably accompanies organ harvesting, the cold stor-
age, and the warm ischemia during the surgical crea-
tion of the vascular anastomoses between allograft and

recipient. In addition, for brain dead donors, the donor
kidneys are damaged by the hemodynamic instability
resulting from the trauma that causes brain death. The
leukocytes recruited to the allograft by ischemia exac-
erbate rejection. This is predicted by the “danger” the-
ory of immunology where injury elicits inflammation,
the leukocytes detect non-self at the site of injury
(infectious pathogens or the allograft), and then
develop an immune response against the non-self.9�13

The relation of this “injury response” to rejection has
previously been reviewed.14�23

An inflammatory response is also elicited by chronic
injuries in common human diseases such as progressive
renal failure from diabetes and hypertension.24�26

Understanding the inflammatory response to the “single
hit” model of acute ischemia may aid our understand-
ing of the more complicated chronic diseases. The goal
of this chapter is to review our current understanding of
this rapidly evolving field. Although complement and
gene activation by hypoxia/reactive oxygen species are
important, our focus will be on the nature of the inflam-
mation and its regulation by injured and dying cells.

Most studies of the inflammatory response to renal
ischemia have involved rodents. The potential diffi-
culties in extrapolating such studies to the clinical set-
ting have been discussed previously.27�29 Although
inflammation is not a prominent feature of human
ischemic acute renal failure, leukocytes are present.30

The susceptibility of patients to acute renal failure
may correlate with polymorphisms of pro- and anti-
inflammatory genes;31 and this further supports a role
of inflammation in the pathogenesis of human disease.
Biopsy studies during ischemic acute renal failure of
native human kidneys are limited, but post-anastomosis
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biopsies of renal allografts are increasingly common.
Most such biopsies indicate inflammation, particularly
in deceased, compared to living, donors.32�36

Furthermore, intraoperative biopsies have also indi-
cated expression of pro-inflammatory genes.37�40

Such inflammation may be a response to ischemic
injury to the allograft due to the hypotension associ-
ated with the trauma that caused brain death, due to
the cold storage, and due to the warm ischemia
during creation of the vascular anastomoses. In addi-
tion, inflammation in the cadaver kidneys was also
caused by neurohormonal effects of brain death.41

Inflammation during these intraoperative biopsies are
not due to rejection because there is no time for
immune recognition of the transplant. Furthermore,
biopsies of kidneys between identical twins, where
there is no allo-recognition, also shows inflammation
that must be due to ischemic injury occurring during
the transplant process.42

Some argued that injury and damage to kidney is
not the major contributor to most cases of human ische-
mic AKI.43 Instead the major factor is abnormal renal
microvascular function and use of oxygen.2 Indeed, in
those rare cases where the kidney is biopsied, the mor-
phologic injury by conventional staining techniques are
minimal. However, the longterm maladaptive effects of
ischemic AKI suggests that injury does occur and the
kidney never completely recovers from this injury.
Indeed, recurrent episodes of ischemic AKI may be a
major contributor to the current epidemic of CKD.44,45

The medullary thick ascending limb and the S3
straight proximal tubule in the outer medulla are the
tubules most vulnerable to ischemic injury in both
rodents and humans.29,46�50 This is the area with the
greatest inflammation.51,52 Although the outer medulla
is the injured earliest and after the least ischemia,

longer periods of ischemia result in the injury of the
cortex also.43 Because different structures in the kidney
may be injured depending on the intensity of ischemia,
and because these structures produce different cyto-
kines, chemokines, and other regulatory molecules in
response to IRI, renal IRI may be a family of diseases
rather than a single entity. Thus, the length of ischemia
time, or the temporature of ischemia may modify the
inflammatory response to IRI.53

The inflammatory response to acute ischemia of the
heart, and brain have been more intensively studied
than ischemic acute renal failure because of the greater
clinical incidence of coronary artery disease and stroke.
Where renal studies are not available, we will review
studies from these and other non-renal organs.
Although the general principles may be the same in
these various organs, the particular mechanisms of the
inflammatory response to ischemic injury may be dif-
ferent in different organs. For example, blocking the
pro-inflammatory cytokine interleukin 1α and β amelio-
rates ischemic injury of the rodent brain54 and heart,55

but has no effect on ischemic acute renal failure.56

LEUKOCYTES IN INJURED, ISCHEMIC
TISSUES: FRIEND, AND FOE.

Over a decade ago, anti-inflammatory agents were
shown to ameliorate ischemic acute renal failure.57,58

These studies demonstrated the maladaptive effects of
the inflammatory response to injury. Recent studies
elucidate greater detail about which leukocytes are
involved and how they regulate renal IRI.

Mononuclear phagocytes—monocytes, macrophages
and dendritic cells: The relationship of the various
members of the mononuclear phagocyte family—
monoctye, macrophages, and dendritics, and there var-
ious subsets—is complex.59�63 Various mononuclear
phagocytes participate in ischemic AKI. Some exacer-
bate injury. Others facilitate repair.

These leukocytes exacerbate the early phases of
ischemic injury.52,64,65 Macrophages appear within
hours after ischemic injury in both mice and rats; these
macrophages are located adjacent to the vasa rectae of
the outer medulla.52,66 This is the region of the rodent
kidney that is most vulnerable to ischemic injury,29,67,68

and where there is endothelial injury69 and expression
of both B7 and adhesion molecules.51,52

Elimination of this early macrophage infiltrate pre-
vented the increased interleukin 664,70 that occurs after
renal ischemia.71,72 The former exacerbate ischemic
renal injury because its elimination by transgenic
knockout, or anti-interleukin-6 antibodies66,73 amelio-
rates renal injury. In situ hybridization shows that
interleukin 6 is produced by macrophages in the
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FIGURE 88.1 Injury after ischemic AKI is the sum result of the
initial insult, subsequent maladaptive, and adaptive responses.
Original figure.
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ischemic kidneys; the construction of bone marrow chi-
meras where renal parenchymal cells or macrophages
have their IL6 gene knocked out showed that the great-
est injury occurred when macrophages were capable of
making interleukin 6.66 Macrophages are also capable
of producing a number of other molecules that
might exacerbate ischemic acute renal failure.
However, as discussed below, what cytokines are
produced by which renal cells, and which cytokines
have harmful versus helpful effects remain to be
clearly delineated.

In these studies, there was an early infiltration of
macrophages in the absence of neutrophils. This
sequence of macrophages then neutrophils contradicts
the classical paradigm which proposes that neutrophils
infiltrate first, and produce molecules that recruit
monocytes subsequently.74 However, recent data indi-
cate that monocytes can infiltrate tissues early and, in
some cases, in the absence of neutrophils.75 In the
lung76,77 and liver,78 macrophage inflammation may
precede neutrophilic inflammation. This may also
occur in ischemic acute renal failure. Furthermore, the
nature of renal cell death during ischemic AKI may
regulate the type of inflammation. Apoptosis generally
recruit macrophages, but necrosis recruits neutrophils.
We discuss the various types of cell death and their
effects in inflammation later in this chapter.

In addition to this early infiltrate, there is also a late
infiltrate of macrophages and related dendritic cells
during the first weeks after acute ischemic injury.79�82

Large numbers of these leukocytes are still present
after the recovery of glomerular filtration has already
occurred. The contribution of these leukocytes to renal
injury and repair is not known. On the one hand, they
may contribute to chronic injury. On the other hand,
some macrophage subpopulations participate in tissue
repair, perhaps through the secretion of growth factors
such as Wnt7b or anti-inflammatory cytokines such as
interleukin 10.8,83�92 These macrophages have many
attributes of “M2” macrophages present late after
infections.93

Macrophage infiltration into the outer medulla is
regulated by endothelia. Endothelia are the border
between the vasculature and the renal interstitium.
Thus, the quantity and composition of leukocyte traffic
from blood into the renal interstitial spaces is regulated
by proinflammatory genes expressed by endo-
thelia.94�97 Ischemic endothelia in the outer medulla
do increase their expression of pro-inflammatory
ICAM-1 (CD54) and B7. 1 (CD80).51,52,98,99 In addition,
endothelial expression of P-selectin (CD62P) and
VCAM-1 (CD106) also contribute to the inflammatory
response to renal ischemia,100�103 but the precise ana-
tomical location is not known. Inactivation of ICAM-1
and selectins via antibodies, antisense oligonucleotides,

or transgenic knockout ameliorates inflammation and
injury after acute ischemia.98,103�107

Furthermore, macrophage infiltration into the ische-
mic kidney is regulated by MCP 1, a chemokine that
attracts macrophages are expressed by the ischemic
kidneys.108 Transgenic knockout of the receptor for
MCP 1 (CCR2)109 or administration of a truncated,
inhibitory form of MCP 1110 both ameliorate ischemic
injury and inflammation.

In addition, macrophages may be recruited by mole-
cules released by necrotic or apoptotic cells. This will be
discussed in later sections of this chapter. Finally, block-
ing B7 on ischemic endothelia decreases macrophage
infiltration and ischemic renal injury.111,112 CD28, the
ligand for B7, is not known to be expressed by macro-
phages, but is expressed by T cells. This suggests a role
for T cells in ischemic acute renal failure (see below).

Neutrophils: In contrast to the early infiltration of
macrophages, some studies report that there is a later
infiltrate of neutrophils.100,113 The role of these neutro-
phils is not clear. Early reports98,114 suggested that elim-
ination of these neutrophils with antibodies ameliorated
ischemic injury. But this may have reflected the use
of polyclonal antibodies that actually recognized both
neutrophils and macrophages.115 Recent data using
monoclonal antibodies for neutrophils are controversial.
Some,116 but not others,117,118 find that deleting neutro-
phils ameliorated ischemic injury. One difficulty
in these studies is the use of the monoclonal antibody
for Ly6C/G (Gr1). Although Ly6C/G is highly
expressed on neutrophils, it is also expressed, albeit
weakly, on some subsets of monocyte/ macrophages.119

Renal parenchymal cells produce the neutrophil che-
mokines KC and MIP 2,108,116 the murine analogs for
human interleukin 8, as well G-CSF that would stimu-
late neutrophil production by the bone marrow.113 In
one study, antibody to the neutrophil chemokines KC
and MIP 2116 decreased neutrophilic infiltration and
also ameliorated ischemic injury. However, antibody to
the receptor for these chemokines CXCR2 unexpectedly
exacerbated injury.120 These results need to be recon-
ciled. One possibility is that these chemokines have
both maladaptive and adaptive functions; in addition
to regulating neutrophilic inflammation, KC and MIP 2
may also regulate the differentiation of renal tubular
cells during the repair process after injury.121,122

Those advocating a role for neutrophils point out
that, in addition to releasing toxic molecules that might
injure the kidney, neutrophils are now known to pro-
duce cytokines, chemokines, and other regulatory
molecules.123 By producing these molecules, neutro-
phils may regulate any subsequent inflammation and
repair.124 Those, who find no role for neutrophils in
renal injury, might argue that the presence of neutro-
phils in tissue does not necessary indicate that these
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neutrophils are activated. Thus, extopic gene expres-
sion of the neutrophil chemokine KC results in a neu-
trophilic infiltrate but no tissue damage, presumably
because the neutrophils are not activated to produce
toxic molecules.125 This neutrophil infiltration may be
regulated by NK T cells.126,127

Lymphocytes: Small numbers of T cells are found in
kidneys after renal ischemia.52,128 The role of these
T cells is not understood. On the one hand, elimination
of T cells via the foxn1 mutation (nude mice) amelio-
rated injury. FTY720, an immunosuppressive drug that
traps lymphocytes in lymph nodes, inhibits ischemic
acute renal injury.129 But, on the other hand, elimina-
tion of all classical T cells via mutation of the TCRα
chain128 or via mutation of the rag gene (scid mice)130

did not inhibit. There is further controversy when elim-
ination of specific subsets of T cells was examined. On
the one hand, eliminating CD4 T cells with monoclonal
antibodies128,131 did not ameliorate injury, but elimina-
tion with transgenic knockout101 did. Similar contro-
versy surrounds the role of CD8 T cells. On the one
hand, transgenic knockout of CD8 did not ameliorate
ischemic injury;101 however, anti-CD8 antibodies
used in combination with anti-CD4 antibodies did.131

B-lymphocytes may also contribute to ischemic AKI.132

This is discussed further in the section on complement
and “natural” antibodies.

The role of lymphocytes in ischemic injury is further
complicated by observations suggesting that T cells
ameliorate injury in some models. These studies fall
into three groups: those involving CD4 T cells, those
involving interferon gamma, and those involving
“unconventional” γδ T cells.

Some CD4 T cells may ameliorate injury. CD4
knockout results in decreased HGF production and
increased tubular apoptosis after ureteral obstruc-
tion.133,134 Nude mice with no classical T cells have
increased injury after optic nerve injury, and injection
of such T cells improves repair.135 CD4 T cells play a
dual role of exacerbating and inhibiting inflammation
after ischemic hepatic injury.136

Interferon gamma may play a dual function.
Interferon gamma is a cytokine associated with ische-
mic injury, and produced in quantity by T cells.
Interferon gamma exacerbates ischemic acute renal
failure in some models.101,137 However, there are inter-
feron gamma dependent pathways of tissue
repair.138,139 Whether or not there are such pathways in
the kidney is not known.

Recent data suggest that unconventional T cells rec-
ognize injured tissues. Thus, some T cells with γδ T cell
receptors recognized stressed epithelia and release ker-
atinocyte growth factors that facilitate repair.140

Whether or not such T cells are present in the ischemic
kidney is not known. NK T cells also participate in

ischemic AKI126,127 and some NKT cell regulate inflam-
mation during AKI.141�143

THE PROINFLAMMATORY EFFECTS
OF INJURY—DAMPS, STERILE
INFLAMMATION, AND THE

“DANGER/ DAMAGE” HYPOTHESIS

Although the above shows that the inflammatory
response to ischemia may an important determinant of
the extent of injury and repair, how ischemic injury is
translated into inflammation is a major outstanding
question. Approaches to addressing this question are
reviewed in the remainder of this chapter. Several con-
cepts and terms need to be defined before beginning
our discussion. A major recent concept is that injury
itself is proinflammatory. The proinflammatory signals
are generated in several ways. Molecules, normally
residing within cells, elicit inflammation when they are
released into the extracellular space or are expressed
on cell surfaces. In addition, enzymes released by
injured cells or leukocytes convert extracellular matrix
molecules into proinflammatory signals. Finally, intra-
cellular stress may generate proinflammatory signals.
Altogether these proinflammatory molecules have been
called “danger (or damage)-associated molecular pat-
tern” molecules (DAMPS) or Alarmins. This inflamma-
tory response to injury has been called the “danger”
response or “sterile” inflammation to differentiate it
from the inflammatory response to infections.144�150

The biology of DAMPS, their receptors, and their
regulation of injury, of the inflammatory response to
injury, and of repair remain to be completely eluci-
dated. The biology is complex because the receptors
are promiscuous and interact with numerous DAMPS,
because each DAMP interacts with multiple receptors,
because DAMPS interact with each other, and because
the cellular response to a DAMP is unique to the cell
and its microenvironment. We review our current
understanding of this rapidly evolving field with the
humble realization that this understanding will cer-
tainly change in the future.

TLR4 AND HMGB1

During ischemic AKI, the best characterized receptor
for DAMPS is TLR4. TLR4 is best known as the receptor
for endotoxin produced by gram negative bacteria, and
mediates the inflammatory response against these bac-
teria.151,152 It is one member of a family of “pattern rec-
ognition receptors” that recognize molecules produced
by pathogens. In addition to endotoxin, these molecules
include viral DNA, viral RNA, and sugar molecules
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unique to yeast. The TLR’s are present on most leuko-
cytes of the “innate” immune response—macrophages
and neutrophils.153�155 They are critical for the immedi-
ate inflammatory response against infections.13

A major discovery was the insight that TLR4 not
only recognizes endotoxin, but also recognizes
DAMPS.148,156�163 These molecules are called “endoge-
nous” because they are produced by mammalian cells
and to differentiate them from endotoxin, the “exoge-
nous” TLR4 ligand that is produced by gram negative
bacteria.

Striking confirmation for the importance of TLR4 in
ischemic disease were experiments comparing inflam-
mation and injury in wildtype mice versus TLR4 defi-
cient mutant mice after ischemia to the heart,164,165

liver,166�168 lung,169 and kidney.170�175 In all of these
studies, mutant mice with non-functional TLR4 are
protected from ischemic injury. Furthermore, human
mutations that inactivate TLR4 ameliorate post-
transplant ischemic AKI.173

HMGB1 is released from injured cells and is
the best documented DAMP ligand for TLR4 during
ischemic AKI. The HMGB1-TLR4 interaction is one

of the few DAMP-TLR4 interactions that have been
confirmed by biophysical studies.176 Furthermore,
HMGB1 has a proven role in ischemic AKI. Its
expression increases in both murine ischemic
AKI,170,177 and biopsies of human renal transplant
grafts that had ischemic AKI during the transplant
process.173 Antibodies that inactivate HMGB1 amelio-
rate murine ischemic AKI.177,178 Altogether this data
show HMGB1 has maladaptive functions during
ischemic AKI.

Within four hours reperfusion, reactive oxygen spe-
cies produced during ischemia reperfusion179�181

increase endothelial expression of TLR4. HMGB1
released from injured renal tubulesbind the endothelial
TLR4, and cause increased adhesion molecule expres-
sion.150 These adhesion molecules facilitate the immi-
gration of leukocytes into the injured outer
medulla.98,104,182�184 HMGB1 binds to TLR4 on these
leukocytes, including macrophages, and stimulates the
production of maladaptive interleukin 6.174 In addition,
the HMGB1 also stimulates TLR4 on tubules and sti-
mulates the production of maladaptive chemokines
and cytokines.178 See review185 and Figure 88.2.

FIGURE 88.2 The structure of HMGB1. TLR4-HMGB1 in Ischemic AKI. In response to reactive oxygen species (ROS) released during ische-
mia/ reperfusion, endothelia of the vasa rectae express TLR4 within four hours after reperfusion (a). Renal tubules also express TLR4, but only
after 24 hours following reperfusion; renal tubular TLR4 expression is a response to interferon gamma and TNFα (b). Injury also increases renal
tubular production of endogenous TLR4 ligands such as HMGB1 (b), and severely injured cells release these ligands into the extracellular space
(d). These extracellular TLR4-ligands trigger maladaptive responses. They activate TLR4 on endothelial cells (e) which in turn, express adhe-
sion molecules (f) that facilitate diapedesis of monocytes (macrophages) from blood into the renal interstitial space (g). The endogenous TLR4-
ligands (HMGB1) then activate TLR4 on macrophages (h), and tubules (i). The activated macrophages and tubules release maladaptive mole-
cules such as interleukin 6 (j & k) that exacerbate injury. From Lu CY, Winterberg PD, Chen J, Hartono JR. Acute kidney injury: a conspiracy of
toll-like receptor 4 on endothelia, leukocytes, and tubules. Pediatr Nephrol 2011. http://www.ncbi.nlm.nih.gov/pubmed/22033798.
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The Complex Biology of HMGB1 and
TLR4—Promiscous Molecules with Promiscous
Partners and Multiple Biologic Effects

Although the HMGB1�TLR4 interaction in ischemic
AKI is well documented in the above experiments,
much remains to be learned.

The biology of HMGB1 is complex. HMGB1 is
expressed by all eukaryotic cells and is highly con-
served through evolution. It was originally described
as a nuclear protein that enables interactions between
DNA and nuclear proteins that regulate transcription.
However, in the late 1990’s a search for mediators of
shock revealed that HMGB1 elicited lethal inflamma-
tion.186 Antibodies against HMGB1 prevented shock.
Subsequent experiments showed that HMGB1 was
released by necrotic cells, and actively secreted by leu-
kocytes of the innate immune response. The little
inflammation seen after apoptosis, as opposed to
necrosis, may result from sequestration of HMGB1
within the nucleus of apoptotic cells. The various pro-
tein domains HMGB1 have unique functions as shown
in Figure 88.3. The A and B boxes bind to DNA, and
the C box is negatively charged. The proinflammatory
effect of HMGB1 may be reproduced by recombinant B

box. Recombinant A box peptide is a specific antago-
nist of the proinflammatory effects. Thus, there is ther-
apeutic potential in using these genetically engineered
peptides to either increase or decrease inflammation.187

HMGB1 is post-translationally modified both enzy-
matically and by reactive oxygen species. It also binds
endotoxin and nucleic acids. These may change its bio-
logical activity.187�189

HMGB1 has seven known receptors in addition to
TLR4.176 In addition to TLR4, only one other receptor,
RAGE,190,191 has been studied in ischemic AKI. RAGE
is thought not to participate in ischemic AKI in mice
because its transgenic knockout does not affect
disease.192

The biology of TLR4 is also complex. In addition to
HMGB1 it binds to other DAMPS. These include oxida-
tion products resulting from reactive oxygen species
produced during ischemia reperfusion,193,194 extracel-
lular matrix components and heat shock proteins as
discussed below.

After tissue injury, the extracellular matrix is
degraded into low molecular weight fragments. Two of
these fragments, heparan sulfate and hyaluronan, acti-
vate TLR4,162,163,195,196 and may participate in ischemic
AKI. Low molecular weight heparan sulfates are

FIGURE 88.3 Structure function of HMGB1. From article cited in text.
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released when neutrophil elastase degrades heparan
sulfate proteoglycans in the extracellular matrix (see
review197). Inhibition of neutrophil elastase amelio-
rated ischemic acute renal failure in rodents, possibily
by inhibiting the production of heparan sulfate frag-
ments.198 Hyaluronan increases in the ischemic kid-
ney.199 Low molecular weight hyaluronans are
released when hyaluronidases from tubules and leuko-
cyes degrade the extracellular matrix. Small hyaluro-
nans stimulate renal tubular cells to produce MCP-1 (a
macrophage chemokine), and TNFα (a proinflamma-
tory cytokine) in vitro.200 Biglycan is another extracellu-
lar matrix component that may stimulate TLR4 after
tissue injury.201

Heat shock proteins (Hsp’s) are major candidates for being
the TLR4 ligands during ischemic AKI: different intracellular
and extracellular functions during ischemic AKI?

Hsp70. 1 and Hsp70. 3 are two members of the
murine heat-shock-70 family. They are over 95% identi-
cal to each other.202�207 Gp96 is the heat shock protein
of the endoplasmic reticulum.207,208 The murine and
human Hsp’s are highly homologous.

Although these Hsp’s have well known intracellular
cytoprotective effects, they also have extracellular
functions as cytokines, and particularly as TLR4-
ligands.148,156�161 Indeed, Hsp’s have been used as
adjuvants in an attempt to immunize experimental
subjects against cancer.209

Intracellular Heat Shock Proteins are
Cytoprotective

Hsp’s70. 1 and 70. 3 expressions in the nucleus and
cytoplasm is increased after cell stress. Gp96 expres-
sion is increased as well.207,208 These proteins have also
been implicated in renal ischemic injury. Within one
hour of renal ischemia, Hsp’s70. 1 and 70.3 increase by
5x in the S3 segment of the proximal tubule,210�213 and
gp96 increases in both the S3 segment and the loop of
Henle.213 Therefore, increased intracellular Hsp’s70. 1
& 3 and gp96 may be part of a cytoprotective mecha-
nism during ischemic ARF (for example214 and see
reviews 215�218).

Extracellular heat shock proteins may be endogenous
TLR4-ligands that recruit inflammatory responses during
ischemic ARF.

There is also mounting evidence that extracellular
Hsp’s act as cytokines, and the term “chaperokine”
was coined to highlight their dual functions.219 Most
importantly, extracellular Hsp’s activate TLR4 to
recruit an inflammatory response.10�12,158,220 The possi-
bility that extracellular Hsp’s may have a harmful pro-
inflammatory role in ARF was proposed in a theoreti-
cal paper.221

Source of Extracellular Hsp’s

Since Hsp’s are normally intracellular proteins, the
question of how Hsp’s are released into the extracellu-
lar space during injury needs to be addressed. There
are several possibilities.

Firstly, leakage from cells with morphologically evi-
dent injury (necrosis). Hsp’s may be released from
severely injured and therefore leaky cells. Since Hsp’s
are abundant proteins, and their cytokine functions are
likely to require very low extracellular concentrations,
a small amount of leakage may trigger the self-
amplifying inflammatory mechanisms that induce fur-
ther injury during the “extension” phase of ischemic
ARF. Such necrosis would result in the release of intra-
cellular heat shock proteins into the extracellular space
where they could activate the endothelium and
leukocytes.

Secondly, release from cells without evident morpho-
logic injury. Several such mechanisms have been pro-
posed: One is the secretion of Hsp’s by stressed
cells156,157 or cells activated by cytokines. A second
mechanism is the release of “exosomes.” Exosomes are
formed by a process of “reverse” endocytosis. These
small particles contain Hsp’s and they activate macro-
phages and dendritic cells (see review209,222�224). A
third mechanism is the expression of membrane bound
Hsp’s. Although Hsp’s normally reside in the cyto-
plasm, endoplasmic reticulum, or mitochondria, they
may redistribute to the cell surface after stress.225�227

Such cell surface Hsp’s activate leukocytes.228

Altogether there is ample evidence to support the pos-
sibility that Hsp’s from injured renal tubular cells
could stimulate TLR4 in the absence of morphologic
features of cell death that are detectable by light
microscopy.

Other endogenous molecules also interact with
TLR4, but they are less well studied than HMGB1,
Hsp’s and extracellular matrix components discussed
above. Fibronectin IIIA is a variant fibronectin that is
produced by stressed cells,229 and is increased during
ischemic ARF.230 β-defensin is found in kidneys
stressed by infection,231 but β-defensin production dur-
ing ischemic ARF has not previously been examined.
Hsp60 is not known to increase after renal ischemia,
but might still be released during ischemic ARF and
stimulate TLR4.161 Tamm Horsfall protein may also be
a TLR4 ligand.232,233 See review.234 Not only does TLR4
bind to numerous ligands, each ligand may trigger
unique biological effects.

Thus, endotoxin and the endogenous TLR4-ligands
have different interactions with the TLR4 receptor.
Endotoxin interacts with TLR4 in two ways: first, solu-
ble endotoxin may bind the TLR4-MD2 heterodimer.235

Second, endotoxin may form lipid micelles that
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intercalate into cell membrane and then bind
TLR4.236�239 In contrast, all of the endogenous TLR4
ligands identified so far are soluble molecules.
Although the hydrophobicity of these ligands may be
important,9 they are unlikely to directly intercalate into
the membrane bilayer. Furthermore, some endogenous
TLR4 ligands also bind other cell surface receptors in
addition to activating TLR4. For example: Hsp’s 70. 1
& 3 and gp96 bind cell surface CD40240 and CD91.241

Because endotoxin and the endogenous TLR4-
ligands have different modes of interaction with the
TLR4 receptor, it is not surprising that they elicit differ-
ent responses in vitro242 and in a model of autoimmu-
nity in vivo.243

Of particular importance for this discussion is the
different effect of endotoxin and ischemia on the kid-
ney. Both injure the kidney, but in different ways.
When care is taken to prevent hypotension, endotoxin
decreases GFR by over 70% in the absence of apoptosis,
inflammation, and other morphological changes;
this injury is not affected by transgenic knockout of
inducible nitric oxide synthase (iNOS).244 In contrast,
murine ischemic ARF, which is accompanied by the
release of endogenous TLR4-ligands, is characterized
by profound morphologic injury and inflammation
(see for example review245). Unlike normotensive endo-
toxin ARF, ischemic ARF is ameliorated by transgenic
knockout of iNOS.246,247

When hypotension is not controlled, endotoxin
causes glomerular, in addition to tubular, injury. In
contrast, ischemic ARF with release of endogenous
ligands, injures tubules, but not glomeruli.248 Other
data shows that systemic endotoxin injures the kidney
by increasing the production of extrarenal TNFα.249

Note that ARF induced by endotoxin differs from
ischemic ARF in another fundamental way: endotoxin
is injected systemically and induces massive cytokine
production in many organs; on the other hand, during
ischemia the postulated TLR4 ligands are released
locally in the kidney.

Another example of differences between endotoxin
and endogenous TLR4 ligands is a model of autoim-
mune isletis where endotoxin alone induced diabetes,
but Hsp’s 70.1 and 70.3 (both endogenous TLR4
ligands) required additional activating anti-CD40 to
induce diabetes.243 Still another relevant example is the
TLR4-dependent abilities of LPS to decrease, but
HMGB1, another TLR4 ligand, to increase, the carcino-
genicity of croton oil.250

In addition to differences between the response of
TLR4 to endotoxin versus DAMPS, individual DAMPS
may each elicit a unique response through TLR4.251

As discussed above, TLR4 recognizes both DAMPs
and endotoxin produced by bacteria. Microbial pro-
ducts, such as endotoxin, have hydrophobic domains;

these domains are also found on proteins denatured
during cellular injury, and on DAMPs such as HMGB1
that are released into the extracellular space. Because
DAMP receptors appeared early during evolu-
tion,252,253 they may have evolved to recognize injury,
organize repair, and then later acquired a host-defense
role by recognizing microbes.9 However, the responses
to infection and repair have different goals. After rec-
ognizing microbes, TLR4 triggers an aggressive inflam-
matory response where elimination of the pathogen is
the overwhelming priority, and collateral damage to
self tissue by toxic microbicidal molecules is an
acceptable price for survival of the organism; ulti-
mately, repair occurs after cure of the infection. In con-
trast, sterile injury such as ischemia/ reperfusion, has
tissue repair as the priority. The initial maladaptive
inflammation may reflect the fact that tissue injury and
infection often occur together, especially after trauma
and disruption of the skin. A “shoot first, ask questions
later” strategy may have evolved because an initial
inflammatory response against the possibility of infec-
tion best served survival despite some collateral tissue
damage. A fundamental question is how, after either
infection or sterile injury, the mononuclear phagocytes
change from aggressively proinflammatory (maladap-
tive for ischemic injury) to reparative.254 This question
may be answered, at least in part, by the presence
of CD24-Siglec 10 on mammalian but not bacterial cel
surfaces.255,256 CD24/ Siglec 10 binds DAMPSand turns
off the TLR4 response. Bacteria do not express CD24/
Siglec 10 and the TLR4 response would therefore not
be inhibited. See Figure 88.4.

Less widely appreciated are recent studies showing
that TLR4 participates in repair of non-infectious
colitis.257�265 Some types of non-infectious pulmonary
injury,196,266�269 skin wounding270 and partial hepatec-
tomy.271 Whether TLR4 has similar repair functions in
the kidney is not known.

Other Multi-Ligand Receptors for other
Multi-Receptor DAMPS may Detect Ischemic
Injury?

In addition to TLR4, a number of other receptors
recognize DAMPS. These recognize injury by a number
of pathways including the detection of reactive oxygen
species, uric acid, glycolipids, and intracellular
stress.126,146,272,273 These receptors include

CD91: This is also a receptor for heat shock pro-
teins241,274,275 released by injured cells. It has been tar-
geted as a means of increasing immunity against
tumors. In addition to binding heat shock proteins,
CD91 also binds α2-macroglobulin,276,277 collectin and
calreticulin,278 and is known as LDL receptor related
protein.279 These recognize injury by a number of path-
ways including the detection of reactive oxygen
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species, uric acid, glycolipids, and intracellular
stress.126,146,272,273

TLR2: TLR2 is related to TLR4 and may also recog-
nize Hsp’s.152,280,281 Mice with non-functional TLR2 are
protected from ischemic renal failure.272,273,282 Renal
tubules express both TLR2 and TLR4 after severe ische-
mic injury.283,284 TLR2 may also be important in ische-
mic injury to the liver285 and heart.286

RAGE: Although RAGE is best known as the recep-
tor for advanced glycation endproducts and for its con-
tribution to the secondary complications of diabetes
mellitus, including diabetic nephropathy,287�290 RAGE
also detects molecules released by injured cells, and
triggers an inflammatory response.

Uric acid: Weibel Paladi bodies, NALP3, and
Pyronecrosis. Uric acid is released from injured cells.146

During ischemic AKI this may induce endothelia to
release proinflammatory Weibel-Palade bodies.291 Uric
acid may also activate Nlrp3,273 possibly by activating
the inflammasome and triggering pyronecrosis.292

Complement: Renal IRI does activate complement.
Tubular injury decreases expression of basolateral
expression of Crry, the murine homolog of human
MCP (membrane cofactor protein) and DAF (decay
accelerating factor); Crry normally prevents amplifica-
tion of the alternative complement pathway after “C3
tickover”.293 In the absence of basolateral Crry during
renal IRI, alternative complement activation continues
unrestrained and renal tubular injury results.294,295

Why there should be so many ways to detect mole-
cules released by injured cells is not clear. Do all
injured cells release the same molecules, are different
molecules released after different types of death and
injury, do different molecules and receptors elicit dif-
ferent inflammatory responses? In very broad strokes,
we will discuss the different modes of programmed
cell death and the different inflammation elicited by
different types of death later in the chapter. However,
a profound understanding of these questions remains
to be elucidated by future research.

WHEN DEATH IS NO ACCIDENT:
NECROSIS AS A PROGRAMMED EVENT

The above section shows that molecules released
from necrotic cells elicit an inflammatory response.
Necrosis is often considered accidental death.
However, a growing body of data indicates that necro-
sis may also be a programmed event.296�301 This sug-
gests that when inflammation is desirable, a cell may be
programmed to die a necrotic death, and thus release
the pro-inflammatory molecules discussed above.

Poly (ADP-Ribose) Polymerase [PARP]
and Programmed Necrosis

The PARP’s are a family of 18 genes. PARP-1 regu-
lates necrosis.302�304 That an enzyme regulates necrosis
indicates that death is no accident, but is programmed.
Pharmacologic inhibition of PARP ameliorates ische-
mic acute renal injury in rodents.305,306 Transgenic
knockout of PARP-1 also decreases injury after acute
renal ischemia.307,308 Inhibition of PARP-1 also amelio-
rates ischemic injury of the brain and liver.

The best known function of PARP-1 is to repair DNA
damage, such as occurs in response to oxidative stress
during ischemic acute renal failure. Renal PARP-1
levels increase during ischemic acute renal failure.305,309

It is not intuitively obvious why such a repair
enzyme should be required for necrosis. One possibil-
ity is that, in the face of massive DNA damage, PARP
depletes intracellular NAD1 and thus ATP stores. This
leads to necrosis, especially in the setting of mitochon-
drial damage as discussed later in this section.310�312

However, necrosis is not necessarily correlated with
intracellular energy stores in all model systems.
Another possibility is that PARP-1 enhances the activ-
ity of NFκB and other pro-inflammatory transcription
factors. PARP may also increase mitochondrial release
of AIF.

Some suggest that caspases degrade PARP and thus
direct cell death down an apoptotic pathway.313

FIGURE 88.4 CD24/ Siglec 10 prevent excessive inflammation
after stimulation of TLR4. Pathogen-associated molecular pattern
molecules (PAMP), such as endotoxin associated with bacteria,
elicits a vigorous response. In contrast, damage-associated molecular
pattern molecules (DAMP), such as HMGB1, elicit a response which
is inhibited by CD24/ Siglec/10 on the host cell. (From Liu Y, Chen
GY, Zheng P. CD24-Siglec G/10 discriminates danger- from pathogen-
associated molecular patterns. Trends Immunol 2009; 30: 557-561. http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd5Retrieve&db5PubMed&
dopt5Citation&list_uids5 19786366 PMCID 2788100.)
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However, there is decreased ischemic acute renal
injury in mice expressing a genetically engineered
PRAP-1 that cannot be degraded by caspases.314

Cyclophilin D, Mitochondria, and Programmed
Necrosis

Another argument that necrosis is regulated comes
from studies of mice with transgenic knockout of cyclo-
philin D. Such mice have decreased necrosis during
ischemic acute renal failure.315�317 Cerebral ischemia
was similarly ameliorated in these knockout ani-
mals.318 These results extend data that cyclosporine, by
inhibiting cyclophilin D, ameliorates ischemic injury in
some tissues.319,320

Cyclophilin D regulates the mitochondrial perme-
ability transition pore, and the subsequent release of
mitochondrial molecules that regulate cell death. The
above data suggest an important role for mitochondria
in regulating necrosis.319,321,322 Whether opening this
pore results in necrosis or apoptosis may depend upon
several factors. One is the length of time that the pore
is open—transient opening might result in apoptosis;
longer opening, necrosis.323 In addition the availability
of ATP may switch the mitochondrial signal from
necrosis to apoptosis.321 This is in line with data show-
ing that lower, more prolonged decreases in ATP are
associate with necrosis, while shorter and lesser ATP
depletion result in necrosis in renal cells,324 and that
lesser oxidant injury also leads to apoptosis instead of
necrosis.325,326 Finally, intracellular pH also regulates.
The return of the pH from acidic to more alkaline
levels with reperfusion makes necrosis more likely.321

Additional Examples of Programmed Necrosis
in Vivo

We will now review three additional striking exam-
ples of the importance of programmed necrosis in vitro.

One example is the host defense against murine vac-
cinia virus. This virus protects itself by preventing apo-
ptotic programs within infected host cells. In mice with
wild type TNFR2, infected cells die by programmed
TNFα-mediated necrosis, and elicit a protective inflam-
matory response. Mice with TNFR2 knockout have a
reduced programmed necrosis and thus reduced anti-
viral inflammatory response and decreased viral
clearance.327

The second example is the difference between ceru-
lean pancreatitis in rats versus mice. The worse out-
come in the latter is due to greater programmed
necrosis. Rats have high apoptosis and low necrosis
and thus a better clinical outcome. Mice have low apo-
ptosis and high necrosis and thus a worse outcome

with more inflammation. This difference was due to
different function of the X-linked inhibitor of caspases
(XIAP) in these two species. There was less inhibition
of caspases, and thus less inhibition of apoptosis, in the
rat by XIAP.328

The third example is the exacerbation of shock when
apoptosis is inhibited in mice given TNFα. In this case,
switching programmed cell death from apoptosis to
necrosis had fatal consequences.329

AFTER THE SUICIDE, DISPOSAL OF THE
CORPSE: REGULATION OF

INFLAMMATION BY MACROPHAGES
AFTER THEY PHAGOCYTOSE

APOPTOTIC CELLS

Apoptosis occurs during ischemic acute renal fail-
ure.330�335 The goal of this discussion is not the regula-
tion of this apoptosis but rather the effect of apoptosis
on inflammation. In other words, we discuss phago-
cytic clearance of the apoptotic cells before their loss of
membrane integrity and leakage of the proinflamma-
tory molecules discussed in the previous section. Such
clearance is regulated by “eat me,” “don’t eat me,”
“come get me” signals.

The surface of the apoptotic cell has “eat me” signals
that trigger phagocytosis by macrophages. A major sig-
nal is phosphatidylserine that has somehow “flipped”
from the intracellular leaflet to the extracellular leaflet of
the plasma membrane where it is recognized by macro-
phage receptors including the phosphatidylserine
receptor after bridging by Annexin I. Other less well
understood interactions between apoptotic cell and
macrophage also contribute to the “eat me” signal.
These include sites also capable of binding collectins
such as mannose binding protein, C1q, C3b/bi, oxidized
LDL, and thrombospondin 1. In addition, the apoptotic
cell surface has decreased “don’t eat me” signals such as
CD31. Furthermore, phosphatidylcholine on apoptotic
cell surfaces is cleaved by phospholipase A2 to form
lysophosphatidyl choline which is the best understood
chemoattractant “come get me” signal issued by apopto-
tic cells to macrophages. [See review336].

Under many circumstances, macrophages, which
have engulfed apoptotic cells, release anti-
inflammatory molecules that prevent further inflamma-
tion (for example 337,338). The phosphatidylserine recep-
tor on macrophages may trigger the release of
inhibitory cytokines, but this begs the question of why
this receptor is not triggered when macrophage phago-
cytose necrotic debris, including phosphatidylserine on
the intracellular side of cell membrane fragments.339 In
the absence of a receptor for phosphatidylserine,
macrophages cannot ingest apoptotic cells, and the
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lungs of such mice fill with cellular debris and inflam-
mation.340,341 This may reflect the consequences of over-
whelming the phagocytotic system with too many
apoptotic corpses as perhaps occurs during ischemic
acute renal failure.332 This situation may reflect “post-
apoptotic necrosis” and the release of proinflammatory
mediators.

However, there are a number of experimental cir-
cumstances where phagocytosis of apoptotic cells
results in the release of pro-inflammatory molecules by
macrophages, and where ingestion of necrotic debris
results in the release of anti-inflammatory molecules.
This may reflect the influence of cytokines in the micro-
environment,342 or the redox potential of the microen-
vironment that can oxidize phospholipids and turn
them into macrophage activating signals.343,344

Efferocytosis is the phagocytosis of apoptotic cells
and does not cause the release of proinflammatory
cytokines. If efferocytosis cannot dispose of all the apo-
ptotic cells, then some will degenerate and release
DAMPS.345�347 Increasing efferocytos by injections of
MFG-E8 (milk fat globule-EGF factor 8/ lactadherin)
ameliorates ischemic AKI in rodents;348,349 MFG-E8 is a
“bridging molecule” that links the apoptotic cells to
phagocytes, and thus increases efferocytosis.350

SUMMARY

The ultimate amount of injury during ischemic AKI
is the result, not only of the ischemic insult, but also of
the resulting inflammation. In this chapter, we have
summarized the current understanding of the major
inflammatory processes during ischemic AKI.
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INTRODUCTION

Despite advances in understanding the pathophysiol-
ogy of acute kidney injury (AKI) and chronic kidney
disease, treatment for kidney disease remains unsatisfac-
tory. In this chapter, we briefly recount the importance
of acute kidney injury and chronic kidney disease, then
provide a brief description of labile iron, and, finally,
summarize the role of labile iron in acute and chronic
kidney disease. The availability of iron chelators pro-
vides new therapeutic tools to prevent and/or treat kid-
ney disease.

Acute kidney injury is an independent risk factor
for morbidity and mortality. A modest increase
(0.3 mg/dL) in serum creatinine is associated with high
in-hospital mortality,1,2 and AKI is associated with
post-hospital discharge mortality3,4 and progression to
end-stage kidney disease (ESKD).5,6

Chronic kidney disease (CKD) affects approximately
10-15% of the adult population worldwide,7,8 is an
independent risk factor for cardiovascular disease,9 and
carries a high economic cost.10 There is a worldwide
increase in the incidence and prevalence of diabetes,
which is the most common cause of CKD. These obser-
vations, coupled with the increasing incidence of end-
stage kidney disease despite the use of angiotensin
receptor blockers (ARBs) and the multiplier effect of
CKD on cardiovascular disease, indicate a major impor-
tance of CKD as a global public health problem. The
failure of recent studies to halt diabetic nephropathy

highlights an urgent need11 for new therapeutic modali-
ties to halt progression of kidney disease.

DEFINITION OF CATALYTIC (LABILE)
IRON AND ITS IMPORTANCE IN

TISSUE INJURY

Iron is the most abundant transitional metal in the
body. The term “labile iron pool” was first used to
denote a transient iron pool of low-molecular-weight,
weakly chelated iron that passes through the cell.12,13

Methodological approaches for detection of this pool of
iron ions are based on the use of metal chelators.14

Critical to iron’s importance in biological processes is
its ability to cycle reversibly between its ferrous and
ferric oxidation states. This precise property, which is
essential for its functions, also makes it very danger-
ous, because free iron can catalyze the formation of
free radicals that can damage the cell. Thus, from a
pathophysiological standpoint, the broadest definition
of a labile iron pool is that it consists of chemical forms
that can participate in redox cycling, and is therefore
often referred to as catalytic iron.15

The catalytic iron pool15,16 is estimated to be less
than 100 mg compared to the total iron in the body,
which is approximately 4 g. In most cells iron homeo-
stasis consists of iron uptake, utilization, and storage.
The process of iron uptake is carried out by a transfer-
rin receptor (TFR) and a divalent metal transporter 1
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(DMT1, also called DCT1; NRAMP2), whereas ferritin
is an intracellular, iron-sequestering protein. Studies
are beginning to yield information on the pathways of
iron transport, its export from the cell via the divalent
iron ion exporter ferroportin 1,17 and its regulatory
mechanisms including hepcidin.18 Since uptake and
storage of iron is carried out by different proteins, the
pool of accessible iron ions constitutes a crossroad of
metabolic pathways of iron-containing compounds.

Studies using a variety of methods have begun to
define intracellular distribution of labile iron (for
reviews see Kruszewski14 and Esposito19). Using sev-
eral techniques including laser scanning microscopy,
the concentration and distribution of chelatable iron
has been estimated to be about 5.0 to 15 μM in the cyto-
plasm and subcellular organelles including mitochon-
dria and nuclei.20 In vivo, most of the iron is bound to
heme or non-heme protein and does not directly cata-
lyze the generation of hydroxyl radicals or a similar
oxidant.15 The bleomycin-detectable iron assay mea-
sures catalytic iron and is based on the observation
that the anti-tumor antibiotic bleomycin, in the pres-
ence of catalytic iron, binds to and degrades DNA with
the formation of a product that reacts with thiobarbitu-
ric acid to form a chromogen. Thus the assay detects
iron complexes capable of catalyzing free-radical reac-
tions in biological samples.21,22 The binding of the
bleomycin-iron complex to DNA makes the reaction
site-specific and antioxidants rarely interfere. The bleo-
mycin assay detects only “free” iron and not iron
bound to specific transport proteins or to enzymes.

The ability of iron to participate in redox cycling
makes it potentially hazardous by enabling it to partici-
pate in the generation of powerful oxidant species such
as hydroxyl radical (metal-catalyzed Haber-Weiss reac-
tion, below) and/or reactive iron-oxygen complexes
such as ferryl or perferryl ion.15 In several systems, the
amount of free-radical generation is related to the
amount of labile iron present23 (Figure 89.1).

Fe311O2�
	 -Fe21 1O2

Fe21 1H2O2-Fe31 1 -OH1 	OH
H2O2 1O2�

	�!
Fe31

-OH1 	OH1O2

Iron also has a major role in lipid peroxidation,
either directly or indirectly (through hydroxyl radicals
or forming a perferryl ion) in which there is oxidative
reaction of polyunsaturated lipids by removing hydro-
gen atoms from polyunsaturated fatty acids.15

A major advancement in understanding the important
role of iron in the pathophysiology of tissue injury is the
recognition that iron plays a role even in the absence of
systemic iron overload. It is now known that specific
defects in cellular iron metabolism and/or an increase in
catalytic iron may be important in several disease

processes not associated with iron overload.17,24 In
Friedreich’s ataxia, there is an improper processing of
iron because of the deficiency of the iron-chaperone pro-
tein frataxin, resulting in accumulation of iron in the
mitochondria.24 Deficiencies in pantothenate kinase, a
key enzyme in coenzyme A synthesis, leads to iron
depositions and brain damage.24 In addition to these
specific defects in cellular iron, there is now overwhelm-
ing evidence that increased catalytic iron from subcellu-
lar or other sources participates in tissue injury in a wide
variety of common disease states. This has been demon-
strated in many disease states including acute and
chronic kidney disease, acute myocardial infarction, and
neurodegenerative disorders.25 In large part, the evi-
dence consists of demonstrating an increase in catalytic
iron and the ability of iron chelators to provide a protec-
tive effect, thus establishing a cause-effect relationship
(Table 89.1).

ROLE OF CATALYTIC IRON IN
ACUTE KIDNEY INJURY

Catalytic Iron in Myoglobinuric Acute Kidney
Injury

The first causative association of acute kidney injury
with muscle injury (rhabdomyolysis) was described dur-
ing the Battle of Britain.26 We now recognize that the
spectrum of etiologies for rhabdomyolysis, myoglobi-
nuria, and renal failure has been expanded with the rec-
ognition of both traumatic and nontraumatic causes.27

The most widely used model of myoglobinuric acute
kidney injury is produced by subcutaneous or intramus-
cular injection of hypertonic glycerol.28

FIGURE 89.1 Labile plasma iron (LPI) in sera from thalassemic
patients and its correlation with mobilizer-dependent chelatable iron
(MDCI).
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There are a number of studies that indicate a role for
catalytic iron in rhabdomyolysis. There is a marked
and specific increase in catalytic iron content in myog-
lobinuric acute kidney injury29 (Figure 89.2). In addi-
tion, studies from different investigators have shown
functional and histological protection in models of
myoglobinuric acute kidney injury12,30,31 (Fig. 89.2).

Because myoglobin is rich in heme iron, the prevail-
ing dogma is that myoglobin from the muscle serves as
an important source of iron in glycerol-induced acute
kidney injury. However, several studies indicate that
cytochrome P450 can also serve as a rich source of
iron.32 Cytochrome P450 is a heme-containing enzyme
that can generate reactive oxygen metabolites. Baliga
et al. have shown that cytochrome P450 is a significant
source of catalytic iron in glycerol-induced acute renal
failure, and inhibitors of cytochrome P450 provide sig-
nificant protection.29

Catalytic Iron in Cisplatin-Induced
Nephrotoxicity

The mechanism of cisplatin nephrotoxicity is not
well known. Baliga et al. have shown that the exposure
of LLC-PK1 cells to cisplatin results in a significant
increase in catalytic iron released into the medium
(Figure 89.3). In addition, two iron chelators signifi-
cantly protected against cisplatin-induced cytotoxicity
(Fig. 89.3). In an in vivo study, rats treated with
cisplatin have a marked increase in catalytic iron
(Figure 89.4). An iron chelator provided marked func-
tional (as measured by blood urea nitrogen and creati-
nine) (Fig. 89.4) and histological protection against
cisplatin-induced acute kidney injury.33

Baliga et al. have also examined potential sources of
catalytic iron in cisplatin-induced nephrotoxicity.34

Using CYP2E1null (CYP2E1-/-) mice, Liu and Baliga
have demonstrated a pivotal role of CYP2E1 in
cisplatin-induced nephrotoxicity (Figure 89.5,
Table 89.2).35 Incubation of CYP2E1-/- kidney slices
with cisplatin results in a significant decrease in the
generation of reactive oxygen metabolites and attenua-
tion of cytotoxicity as compared to that of wild-type
mice (CYP2E11/1). CYP2E1-null mice had marked
functional and histological protection against cisplatin-
induced renal injury, thus demonstrating the impor-
tance of cytochrome P450 2E1 in cisplatin nephrotoxi-
city. Taken together, these data support a critical role
for iron in mediating tissue injury via hydroxyl radical
(or a similar oxidant) in this model of nephrotoxicity.

Catalytic Iron in Gentamicin Nephrotoxicity

The mechanisms of gentamicin nephrotoxicity remain
unknown.

FIGURE 89.2 Glycerol-induced ac-
ute renal failure. Panel a. Bleomycin-
detectable ironcontent in thekidneysand
in the liver. Panel b. Effect of deferoxa-
mineonglycerol-inducedrenalfailure.

TABLE 89.1 Catalytic (Labile) Iron

What is catalytic iron?

• A transient iron pool of low-molecular-weight, weakly
chelated iron that passes through the cell

• The broadest definition of labile iron pool (LIP) is that it
consists of chemical forms that can participate in redox cycling
(catalytic iron)

• LIP is less than 3% (70�90 mg) of total cellular iron (3�5 g)
Evidence for its participation in disease states:

• LIP (catalytic iron) is increased in disease states
• Iron chelators have a protective effect, establishing a cause-

effect relationship
Catalytic iron is a common theme of cellular injury in disease

states of:

• Acute and chronic kidney disease
• Acute myocardial infarction
• Neurodegenerative disorders
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FIGURE 89.3 In vitro evidence suggesting a role for iron in cisplatin-induced nephrotoxicity. Panel A. Effect of cisplatin on catalytic iron
released as measured by bleomycin-detectable iron in LLC-PK1 cells. Panel B. Effect of iron chelators on cisplatin-induced cytotoxicity as mea-
sured by lactate dehydrogenase (LDH) release in LLC-PK1 cells.

FIGURE 89.4 Cisplatin-induced acute kidney injury. Catalytic iron in the kidney (a) and the effect of the iron chelator deferoxamine (DFO)
as measured by blood urea nitrogen (b) and plasma creatinine (c).
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Gentamicin-Induced Mobilization of Iron from
Renal Cortical Mitochondria

A source of iron not previously considered is iron-
rich mitochondria, which contain heme as well as non-
heme iron. Ueda et al. demonstrated that rat renal
mitochondria incubated with gentamicin results in a
time- and dose-dependent iron release as measured by
the formation of the iron-bathophenanthroline complex
FeII (BPS)336 (Figure 89.6). In addition, it was shown
that gentamicin-induced iron mobilization from mito-
chondria is mediated by hydrogen peroxide. Direct
addition of hydrogen peroxide to mitochondria results
in release of iron. These results demonstrate that genta-
micin induces the release of iron from mitochondria
and that this is mediated through the generation of
hydrogen peroxide. These results also indicate that
mitochondria should be considered as a potential
source of iron for the generation of other oxidant

species or initiation of lipid peroxidation in other mod-
els of tissue injury.

Evidence Suggesting a Role for Iron in
Gentamicin-Induced Acute Renal Failure in Rats

Superoxide and hydrogen peroxide may interact
(with trace metals such as iron as the redox agent) to
generate highly reactive and unstable oxidizing species
including the hydroxyl radical. Several studies have in
fact shown that agents that enhance the generation of
hydrogen peroxide and superoxide anion by mitochon-
dria also enhance generation of the hydroxyl radical.
Walker et al. demonstrated that hydroxyl radical sca-
vengers and iron chelators provide a marked protective
effect on renal function in gentamicin-induced acute

FIGURE 89.5 In vitro study using kidney slices from CYP2E11/1 and CYP2E12/2 mice. Panel a. Catalytic iron release from kidney
slices exposed to cisplatin. Panel b. Cytotoxicity of cisplatin to kidney slices as measured by lactate dehydrogenase (LDH) release.

TABLE 89.2 Renal Function and Catalytic Iron

Blood Urea

Nitrogen
mg/dL

Serum

Creatinine
mg/dL

Creatinine

Clearance
mL/hour

Catalytic

Iron nmol/
mg Protein

CYP2E11 /1
Sham (N5 6
to 9)

176 2 0.276 0.02 7.216 0.9 11.476 0.18

Cisplatin
(N5 8 to 14)

696 2a 1.556 0.23a 1.026 0.2a 38.986 3.88a

CYP2E12 /2
Sham (N5 6) 156 3 0.276 0.02 7.716 0.5 6.546 0.96

Cisplatin
(N5 10)

326 4a,b 0.476 0.06b 6.246 0.8b 12.086 1.33b

aP , 0.05 compared to the respective control.
bP , 0.05 compared to CYP2e11/1 mice treated with cisplatin.

Values are mean 6 SE.

There is no significant difference in the control values between CYP2e11 /1
and CYP2e12 /2 .

FIGURE 89.6 Time course of gentamicin-induced iron release
from rat renal cortical mitochondria.
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renal failure in rats.37 Data collected from several
experiments are depicted in Figure 89.7. In addition,
histological evidence of damage is markedly reduced
by the interventional agents. Additional support for a
role of iron-catalyzed free-radical generation has been
provided by demonstrating that gentamicin-induced
generation of hydroxyl radicals is reduced by iron che-
lators in vitro38 and iron supplementation enhances
gentamicin nephrotoxicity in vivo.39,40 Taken together,
it appears that reactive oxygen metabolites and cata-
lytic iron play an important role in gentamicin
nephrotoxicity.

Catalytic Iron in Contrast-Media-Associated
Nephrotoxicity

Subjects undergoing either an intravenous pyelo-
gram or a renal arteriogram have a marked increase in
urinary catalytic iron accompanied by evidence of
tubular injury, documented by an increase in urinary
alkaline phosphatase and N-acetyl-β-glucosaminidase13

(Figure 89.8). Since the effect of catalytic iron is to
increase oxidative stress, unsurprisingly there is exper-
imental evidence for the role of oxidants in contrast-
induced acute kidney injury.41�43 In human studies
Efrati et al. reported an increase in urinary
F2-isoprotane levels after coronary angiography,44 and
Drager et al. reported a several-fold increase in urinary
isoprostane compared to the control group after
cardiac catheterization.45

These human studies indicate an association
between catalytic iron and oxidative stress with
contrast-induced nephropathy, but they do not estab-
lish a cause-effect relationship. Although there do not
appear to be any satisfactory animal models of
contrast-induced acute kidney injury,46 Vari et al., uti-
lizing a multi-insult model,47 examined the effect of an
iron chelator on renal function. An infusion of contrast
was associated with a significant decrease in creatinine
clearance, which was prevented in rabbits pretreated
with an iron chelator, suggesting an important role of
catalytic iron in this model48 (Table 89.3).

FIGURE 89.7 Effect of deferoxamine in gentamicin-induced acute renal failure.

FIGURE 89.8 Catalytic iron and measures of renal injury after administration of contrast. Panel a. Intravenous pyelogram. Panel b. Renal
angiogram.
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Catalytic Iron in Ischemia-Reperfusion Injury

Ischemia-reperfusion is an important cause of
acute kidney injury. In this section, evidence for the
role of catalytic iron in this injury is reviewed. In
addition, we briefly describe the role of catalytic iron
in cardiac ischemia-reperfusion injury to provide
supportive evidence for these mechanisms in cellular
injury.

There is a marked increase in catalytic iron after
ischemia-reperfusion injury49 (Figure 89.9), and an iron
chelator has been shown to be protective50,51

(Figure 89.10). The amount of circulating redox-active
iron has been shown to increase significantly in an
experimental model of ischemia-reperfusion injury, and
an infusion of apotransferrin (but not iron-saturated
apotransferrin) results in a dose-dependent improve-
ment in renal function following reperfusion.52 In

addition, studies related to neutrophil gelatinase-
associated lipocalin (NGAL),53,54 which is an important
iron-transporting and -translocating compound, pro-
vide evidence for the importance of iron in acute kidney
injury.55 NGAL is one of the most upregulated genes
and proteins in the kidney following ischemic insult,55

and infusion of NGAL protein has been demonstrated
to be protective of renal ischemia-reperfusion injury.54

There is a 30-fold increase in catalytic iron during
experimental cardiac ischemic injury.56 This increase in
the cellular catalytic iron pool is associated with severe
oxidative stress.56�58 Two iron chelators, deferiprone
and deferoxamine, have been demonstrated to protect
against experimental cardiac ischemia-reperfusion
injury,59�61 and iron loading has been demonstrated to
further increase cardiac ischemia-reperfusion injury.59

It is of great therapeutic significance that deferoxamine
has also been shown to improve outcomes in humans
following coronary artery bypass graft surgery.62

Taken together, the body of scientific and clinical data
supporting the importance of the role of iron in the
pathogenesis of ischemic injury is compelling.

CATALYTIC IRON IN CHRONIC
KIDNEY DISEASE

Catalytic Iron in Experimental Glomerular
Disease

Several studies have examined the role of iron in
models of leukocyte-dependent and -independent glo-
merular disease. In an anti-glomerular basement mem-
brane antibody model, a well-characterized model of
complement- and neutrophil-dependent glomerular
injury, Boyce et al. reported that an iron chelator

TABLE 89.3 Animal Model of Contrast-Induced Nephropathy

Group 1 Saline only Group 2 DFO

Pre- Post- Pre- Pre-

CCR (mL/min) 8.646 1 4.966 1.5a 11.66 1.5 10.26 1.6

aP# 1; pre- versus post-contrast infusion.

FIGURE 89.9 Bleomycin-detectable iron in plasma urea nitrogen
in the kidneys of rats after ischemia and various periods of
reperfusion.

FIGURE 89.10 Effect of an iron chelator on renal function after
ischemia.
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significantly attenuates proteinuria63 (Figure 89.11).
The ability of glomerular cells to generate oxidants
suggests that they may act as important mediators of
injury in glomerular diseases that lack infiltrating leu-
kocytes. A single intravenous injection of puromycin
aminonucleoside in rats results in an animal model of
minimal change disease. Ueda et al. have shown that
catalytic iron (measured as bleomycin-detectable iron)
is markedly increased in glomeruli from nephrotic rats,
and that an iron chelator prevents an increase in cata-
lytic iron and provides complete protection against
proteinuria64,65 (Figure 89.12).

Cytochrome P450 appears to be a source of this cata-
lytic iron, at least in part. Baliga et al. have demon-
strated that cytochrome treatment of PAN results in a
significant loss of glomerular cytochrome P-450 content
accompanied by a marked increase in catalytic iron.
The loss of CYP content can be prevented by CYP inhi-
bitors, which also prevent the rise in catalytic iron.
Administration of CYP inhibitors also resulted in a

marked decrease in proteinuria.66 In an in vitro study
using glomerular epithelial cells (GEC), CYP inhibitors
also markedly prevented a PAN-induced increase in
catalytic iron (Figure 89.13) and hydroxyl radical for-
mation accompanied by significant protection against
PAN-induced cytotoxicity. Taken together these data
indicate that CYP, a group of heme protein, may serve
as a significant source of this catalytic iron. In addition,
they have shown with in vivo and in vitro studies that
cytochrome P450 2B1, an isozyme present in the glo-
merulus, is a source of catalytic iron that participates in
glomerular injury in this model.67,68

Passive Heymann nephritis, induced by a single
intravenous injection of anti-Fx1A, is a complement-
dependent model of membranous nephropathy in
humans. The role of iron in this model has been delin-
eated by demonstration of an increase in catalytic iron,
both in vivo and in vitro, and reduction in proteinuria
by either an iron chelator or an iron-deficient diet30,69

(Figure 89.14).

FIGURE 89.11 Effect of an iron chelator on proteinuria in anti-
GBM antibody disease.

FIGURE 89.12 Effect of an iron chela-
tor on bleomycin-detectable iron in (a) glo-
meruli and (b) proteinuria from rats
injected with puromycin aminonucleoside.

FIGURE 89.13 Role of cytochrome P-450 in PAN-induced glo-
merular epithelial cell release of catalytic iron.
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Role of Iron in Experimental Progressive Kidney
Disease

A major determinant of the degree and rate of pro-
gression of renal failure is the severity of the tubular
interstitial injury. Several lines of evidence support the
role of iron in progressive renal disease. These include
demonstration of increased iron in the kidney; enhanced
oxidant generation, which provides a mechanism by
which iron can be mobilized; and the beneficial effect of
iron-deficient diets and iron chelators. Rats with protein-
uria have increased iron content in proximal tubular
cells, which is the only independent predictor of both
functional and structural damage.70 Similarly, in a rem-
nant kidney model of progressive kidney disease, there
is a substantial iron accumulation associated with
increased evidence of lipid peroxidation. The sources of
increased iron in the kidney have not been well-delin-
eated, but Alfrey et al. have suggested that urinary
transferrin provides a potential source of iron.71,72

Several studies have demonstrated an important
role of iron in progressive kidney disease. An iron che-
lator significantly reduces iron accumulation and tubu-
lar damage in the rat remnant kidney, a model for
progressive renal disease.73 Remuzzi et al. have shown
that rats fed an iron-deficient diet have a significant
reduction in proteinuria and develop less glomerulo-
sclerosis.74 It was reported that an iron-deficient diet
(Figure 89.15) or iron chelators prevent the develop-
ment of tubulointerstitial disease and renal functional
deterioration in nephrotoxic serum nephritis.72,75

Catalytic Iron in Human Disease

While there is substantial evidence for the role of
oxidants and iron derived from models of glomerular
disease as well as progressive renal failure, there is lit-
tle information on the potential role of these mechan-
isms in human disease. There are many differences

between animal models and glomerular disease in
humans. For example, the animal model of minimal
change disease is a toxic model whereas the mecha-
nism of minimal change disease in humans is not
known. Similarly, the anti-Fx1A antibody, which is
used for the animal model of membranous nephropa-
thy, has been difficult to demonstrate in human mem-
branous nephropathy. Indeed, the lessons from animal
models of acute kidney injury have been disappointing
when attempting to translate to human disease.
However, although the information from human stud-
ies is limited, it does appear to support the notion that
mechanisms observed in animal models may be appli-
cable to human disease.

Catalytic Iron in Diabetic Nephropathy

Early in the course of diabetic kidney disease in
humans there is an increase in urinary iron excretion.76

Our data demonstrate that patients with overt diabetes
have a marked increase in urinary catalytic iron
(Figure 89.16A). Urinary catalytic iron is not merely a
reflection of albuminuria, because patients with

FIGURE 89.14 Effect of an iron chelator (Panel a) and an iron-deficient diet (Panel b) on proteinuria in the Passive Heymann Nephritis
model of membranous nephropathy.

FIGURE 89.15 Effect of a low-iron diet in halting progression of
kidney disease. Feeding a low-fat diet to rats with nephrotoxic serum
nephritis prevented a rise in serum creatinine and provided histologi-
cal protection.
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microalbuminuria also have a marked and highly sig-
nificant increase in urinary catalytic iron. Some patients
in the diabetic control group who do not have microal-
buminuria have high catalytic iron, leading us to pos-
tulate that urinary catalytic iron precedes the onset of
microalbuminuria and may predict patients at risk for
diabetic nephropathy.

Adult patients with a diagnosis of diabetes mellitus
and significant abnormal albumin excretion but with
serum creatinine levels ,1.2 mg/dL were included in a
single-center, single-arm, open-label, proof-of-concept
study to evaluate the safety and efficacy of the oral iron
chelator deferiprone in reducing albuminuria.77

Patients received standard of care and enalapril, which
was kept constant throughout the study. Deferiprone,
an oral iron chelator, was administered in a daily dose
of B50 mg/kg in three divided doses for nine months.
There were 37 patients (21 males and 16 females)
enrolled in the study, with a mean age of 51.27 (6 1.67)
years. Deferiprone did not affect the blood glucose con-
trol as measured by HbA1c.The administration of defer-
iprone resulted in a significant decrease in the albumin-
to-creatinine ratio, as shown in Figure 89.16, Panel B.
There was no significant effect on renal function as
measured by serum creatinine. The calculated mean
arterial blood pressure (MAP) declined from a baseline
value of 100.78 6 1.7 to 97 6 0.6 at three months
(p5 0.2), but remained relatively stable from then on to
6 months (96.24 6 0.7; p5 0.6) and 9 months. Future
randomized, double-blind trials, with careful monitor-
ing of safety issues, may lead to use of a new class of
agents for the treatment of diabetic nephropathy.

Catalytic Iron in Progression

Using the urinary catalytic iron assay described
before, we have shown a marked increase in pati-
ents who have biopsy-proven glomerulonephritis
(Figure 89.17A). In addition, Nankivell et al. have

reported increased iron content in patients with chronic
kidney disease.78

We conducted a single-center, prospective, single-arm,
open-label, proof-of-concept study to evaluate the safety
and efficacy of an oral iron chelator, deferiprone, in
patients with biopsy-proven glomerulonephritis. We
enrolled 15 patients with biopsy-proven idiopathic
glomerulonephritis who had persistent proteinuria
despite treatment with steroids and/or cyclophospha-
mides. Secondary glomerulonephritis was ruled out by
appropriate serologic tests. Two patients complained of
severe nausea and vomiting after administration of the
first dose of the drug and did not participate in the study.

The thirteen patients who completed the study were
considered for analysis. Of the remaining 13 subjects
there were six males. The age at study entry was
26.766 4 years; four were pediatric subjects. Among the
13 patients, four had membranous nephropathy, three
had focal segmental glomerulosclerosis (FSGS), three
had diffuse proliferative glomerulonephritis, two had
mesangial proliferation, and one had chronic sclerosing
glomerulonephritis. These patients had persistent pro-
teinuria despite receiving steroids (seven subjects) or
steroids and cyclophosphamides (six subjects).

All patients were monitored clinically and with lab-
oratory evaluation for the evidence of development of
adverse effects of deferiprone. Three patients noticed
dark coloration of urine during administration of the
medication. No patients developed arthritis. No
patients developed agranulocytosis. Bilirubin and
SGOT and SGPT were not significantly different from
baseline at the end of the study. Deferiprone therapy
reduced the proteinuria from 4.05 6 0.46 g/day (range
1.2�6.5) to 2.21 6 1.61 g/day by six months, an overall
reduction of 47 6 9% (Figure 89.1). Seven of 13 subjects
had .50% improvement in proteinuria and three had
,600 mg/day proteinuria after therapy. As shown in
Figure 89.17, Panels B, C, and D, treatment with the
iron chelator significantly decreased the amount of

FIGURE 89.16 Urinary catalytic iron in patients with diabetic nephropathy (Panel a) and the effect of the iron chelator deferiprone on
proteinuria (Panel b).
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total urinary protein in patients with glomerulonephri-
tis.79 Serum creatinine was 1.10 6 0.15 before and
0.90 6 0.10 (n5 11) at the end of the study period. Our
data indicate an increase of catalytic iron in patients
with glomerulonephritis and that treatment with an
oral iron chelator leads to a reduction in proteinuria.

There is at least one published study in the literature
in which the effect of a metal chelator on progressive
kidney disease has been examined. Lin et al. have
shown that chelation therapy with ethylenediaminete-
traacetic acid (EDTA) in patients with chronic renal
insufficiency results in a reduced rate of decline in the
glomerular filtration rate80 (Figure 89.18). The authors
attribute the beneficial effect to the chelation of lead,
which also participates in the Fenton reaction.
However, given the affinity constants for iron and lead,
the large experimental evidence for the role of iron in
kidney disease, and the demonstrated efficacy of
EDTA in enhancing excretion of urinary iron, we
believe that the beneficial effects are more likely to be
explained by the chelation of iron rather than lead.81

CONCLUDING COMMENTS

One has to be cautious in extrapolating results from
animal studies to humans. The results from clinical trials
in acute kidney injury based on animal models have
not been encouraging. These studies to prevent or
treat acute kidney injury using atrial natriuretic pep-
tide,82,83 insulin-like growth factor,84,85 thyroxine,86,87

and furosemide88,89 have yielded negative results.
Nonetheless, evidence that catalytic iron appears to be
involved in a variety of models of acute kidney injury
suggests that it may be a common mechanism of tissue
injury (Table 89.4). Additionally, limited human data
support the possibility of similar pathophysiological
mechanisms in humans. Demonstration of an increase in
catalytic iron in humans and the availability of iron che-
lators with a favorable side-effect profile for short-term
use make them attractive for evaluating their efficacy
and safety in preventing or treating acute kidney injury.

There are several points from animal and human
studies related to halting progression with a metal

FIGURE 89.17 Urinary catalytic iron in patients with biopsy-proven glomerulonephritis (Panel a); effect of deferiprone on urinary protein
and serum creatinine in patients with steroid-resistant glomerulonephritis (Panel b). Panels c and d depict individual patient data.
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chelator that are worth noting. Based on animal studies,
it is conceivable that iron chelators may provide a bene-
ficial effect, not only by reducing proteinuria but also
by directly preserving the tubulointerstitial region,
independent of its effect on proteinuria. Bicarbonate
supplementation was shown to slow the rate of progres-
sion of renal failure to ESRD without reducing protein-
uria.90 In an open-label trial, pirfenidone was shown to
slow the loss of kidney function in patients with focal
segmental sclerosis with no reduction in proteinuria.91 In
a model of diabetic nephropathy, pirfenidone was
shown to reduce generation of reactive oxidant species
and significantly reduce mesangial matrix expansion
without affecting albuminuria. In studies by Alfrey, an
iron-deficient diet or iron chelator provided both func-
tional and histological protection against progression in
a model of nephrotoxic serum without affecting

proteinuria.71,75 Similarly, in a study by Lin et al., EDTA
provided protection against progression without reduc-
ing urinary protein.80 Thus, clinical studies targeted
toward halting progression should focus not only on
short-term studies on proteinuria, but they need be of suf-
ficient duration to evaluate the effect on renal function.

The evidence reviewed suggests the possibility of
using iron chelators to halt the progression of kidney
disease. As a practical matter, the long-term use
required for chronic kidney disease makes oral iron
chelators more attractive than parenteral medications.
Of the two oral iron chelators currently approved for
human use in iron overload states, deferasirox has
been shown to have some nephrotoxicity92 but may
nonetheless be potentially beneficial in patients with
kidney disease. Deferiprone (1,2-dimethyl-3-hydroxy-
pyridin-4-1) has been approved for treatment of iron
overload states in Europe, India, and recently North
America. In addition to its suitability for long-term
treatment (because of oral administration), the high-
membrane permeability of deferiprone is well docu-
mented, as shown by its capacity to access and deplete
intracellular iron pools.24 In addition, a recent study
has demonstrated its ability to remove labile iron from
nuclei, endosomes, and mitochondria.24 The major
adverse effect reported so far in several thousand
patients receiving deferiprone for periods of up to
14 years is transient agranulocytosis in less than 1% of
patients. Based on the collective evidence to date, ran-
domized, controlled, double-blind trials may be war-
ranted to evaluate the efficacy and safety of iron
chelators to halt progression of chronic kidney disease.
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INTRODUCTION

The concept of chronic kidney disease (CKD)
continues to evolve from a common pathway initiated
by unrelated diseases into a number of complications
and adaptations that affect the function of virtually
every organ. Key concepts are that these complications
increase in severity as glomerular filtration rate (GFR)
declines and their severity can be modified by modify-
ing the diet and by treating each part of the syndrome
of CKD. This concept of CKD allows for individual
variations in the manifestations of the complications of
CKD related to the primary kidney disease and/or an
individual’s genetic and environmental background.
The increasing number of patients with CKD1 and
especially the growing number of elderly, diabetic, and
minority populations, leads to morbidity and mortality
concerns as well as the increasing costs of treating
patients with end-stage renal disease (ESRD) when
dialysis or transplantation are required to sustain life.
Recent information underlines the necessity of employ-
ing established methods of treating CKD and prevent-
ing its complications. At least three groups of
investigators have evaluated the hypothesis that “early
dialysis” should be initiated in CKD patients.2�7 Their
analyses demonstrated that early dialysis does not
improve survival, clinical outcomes or quality of life.

The flood of new information about the pathophysi-
ology of CKD (e.g., hypertension, the renin-angiotensin
system, renal hypertrophy, electrolyte disturbances,
nephron adaptations, and mineral metabolism, among
others) has created separate fields of study. There also
has been identification of mechanisms associated with
the complications of CKD such as the contribution of
the gastrointestinal tract to the generation of uremic

toxins, the influence of erythropoietin on morbidity
and mortality, the abnormalities in protein metabolism
and the potential role that acid accumulation plays in
the progression of CKD. Epidemiologic reports have
emphasized the risks of CKD patients for the develop-
ment of cardiovascular diseases and a link with the
impending world wide increase in diabetes. These
reports also emphasize that new strategies for slowing
progression of CKD and mitigating its complications
(e.g., cardiovascular disease, death) must be developed
since a randomized, clinical trial has confirmed earlier
reports indicating that initiating dialysis “early” does
not improve mortality expectations of CKD patients.6

Our major focuses are the pathophysiology of progres-
sive CKD and the role of the diet in counteracting CKD
complications. The latter focus is relevant because suc-
cessful implementation of dietary measures can blunt
the severity of complications of CKD and recent find-
ings show that this type of therapy is safe.

MEASUREMENTAND NATURAL
HISTORY OF CKD

Assessment of Glomerular Filtration Rate

The “gold standard” for assessing the amount of
residual kidney function and the rate of loss of kidney
function is the GFR. The measurement of GFR is classi-
cally, the urinary clearance of inulin, a 5200 Da
polysaccharide which is filtered by the glomerulus, is
neither reabsorbed nor filtered and has no extrarenal
clearance (i.e., no metabolism or elimination by other
organs). Unfortunately, measuring inulin clearance is
cumbersome and expensive: trained personnel are
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required to infuse inulin in order to achieve a pro-
longed, steady-state plasma concentration and for
obtaining precisely timed urine collection.8,9 In addi-
tion, the measurement of inulin is difficult.10 To
minimize errors due to retained urine in the bladder,
patients are given a water load and sonography can be
used to confirm completeness of bladder emptying. To
minimize changes in renal perfusion, patients should
remain supine or be seated, standing only to void.11�13

Despite these precautions, the coefficient of variation of
inulin clearance ranges from 5�10 ml/min per 1.73 m2

in subjects with nearly “normal” GFR values; the vari-
ability is higher in patients with CKD.10 Sources of this
error include variation in the steady-state concentration
of inulin; since the common practice is to collect urine
after two to three hours which may be insufficient time
for complete distribution of inulin and hence, produces
a degree of variability in the plasma inulin concentra-
tion. This is the reason that the inulin clearance calcu-
lated from the rate of inulin infusion (mg/min)
divided by the plasma inulin concentration consistently
exceeds inulin clearance calculated from the urinary
excretion. The alternative explanation is that there is an
extrarenal clearance of inulin and there is no concur-
rence why the two means of calculation differ.

To reduce the analytic error due to difficulties in
measuring inulin in blood and urine, radiolabeled com-
pounds that are cleared predominantly by glomerular
filtration have been used. Generally, these compounds
(e.g., 125I-iothalamate) are gamma-emitters so the error
from variable quenching of beta-emitting compounds
(e.g., 14C-inulin) is minimized. Fortunately, there is
concordance between the clearances of inulin and 125I-
iothalamate (or other radiolabeled compounds) over a
wide range of GFR.9,13 To avoid the error related to
incomplete urine collections, GFR has also been calcu-
lated from the plasma disappearance of an injected
compound (e.g., radiolabeled compounds or com-
pounds like iothalamate which can be measured by
spectrophotometry). This method is based on the
assumption that the plasma and renal clearance will be
insignificantly different because there is minimal extra-
renal clearance of the compound. There are at least two
other assumptions: (1) that the plasma clearance is con-
stant when blood is sampled; and (2) the duration of
blood sampling must be sufficiently prolonged to
ensure that the terminal, steady-state period of monoex-
ponential loss of plasma radioactivity with time is pres-
ent. The latter requirement is especially important for
patients with advanced CKD because hours may
be required to reach a constant.8 In patients with
severe CKD, there also may be a small extrarenal clear-
ance (e.g., intestinal secretion) which would not be
detected while there can be a delay in distribution of
the GFR marker in patients with ascites or edema.

The radionuclide agents most commonly used to
assess GFR is Tc-99m-DTPA and 125I-iothalamate in the
U.S. and 51Cr-EDTA in Europe. Overall, the correlation
of these radionuclide markers and urinary inulin clear-
ance is high (r.0.9 in most published studies) as is the
use of nonradioactive iodinated compounds, such as
iohexol.14 In addition, some have advocated estimating
the entire plasma disappearance curve from a single
plasma sample obtained after only a few hours follow-
ing injection of a GFR marker. Unfortunately, this tech-
nique is decidedly less accurate compared to the
multiple sampling techniques, especially when there is
renal insufficiency.8,14�18 Lastly, gamma cameras have
been used to estimate GFR from the disappearance of
labeled GFR markers but this technique has errors
greater than plasma-based techniques (up to 20%
error). An advantage of this technique is it can provide
an estimate of GFR in individual kidneys.

SERUM CREATININE

A single value of serum creatinine (SCr) is an unreli-
able estimate of creatinine clearance (or GFR) because it
is a function of creatinine production and its clearance
by the kidney and extrarenal means. Creatinine produc-
tion is emphasized because it is directly proportional to
lean body mass and hence, a muscular individual will
have a higher serum creatinine than one who has lost
muscle mass, even though they have the same creati-
nine clearance (CCr).19 Three other caveats are impor-
tant in evaluating GFR from the serum creatinine. First,
the rate of creatinine production is not constant, despite
the fact that lean body mass does not vary (at least over
short periods). In part, this occurs because creatine in
meat is converted to creatinine by cooking exten-
sively.20 Secondly, the kidney not only filters but also
secretes creatinine and hence consistently exceeds GFR
by a variable amount.21�23 Third, creatinine is
degraded, presumably by bacteria in the gastrointesti-
nal tract. This extrarenal clearance is small and averages
0.04 liters/kg/day. Consequently, it is difficult to detect
until renal clearance is depressed. Specifically, creati-
nine removal by extrarenal creatinine clearance (i.e., a
method of clearing the blood that does not depend on
excretion by the kidney) affects estimates of creatinine
production when SCr rises to B6 mg/dL. At this level,
the amount of creatinine degraded is significant and
should be considered in interpretation of estimates of
SCr in CKD patients. The amount of creatinine
degraded in mg/kg/day can be calculated as 0.042 l/
kg/d x serum creatinine in mg/L.21

The inaccuracies in estimating GFR from SCr can be
compounded by practices in the Clinical Laboratory. If
the SCr standards are 1, 4, and 10 mg/dl, the accuracy
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of measuring SCr in the normal range (typically less
than 1.2 mg/dl) will be compounded.24 Variability
among clinical laboratories in the calibration of serum
creatinine assays introduces another error in GFR esti-
mates especially at high SCr levels. Efforts are under-
way to institute national standardization of creatinine
using values determined by isotope-dilution mass
spectrometry (IDMS). Selected equations used to esti-
mate the GFR from SCr yield results that are satisfac-
tory as long as the patient is in the steady state and the
SCr exceeds 2 mg/dl25�29 (Table 90.1; Fig. 90.1).
Although it can be clinically useful, the practice of esti-
mating GFR from SCr often introduces a significant
degree of inaccuracy.

CREATININE CLEARANCE

Since creatinine is secreted by proximal tubule cells,
the 24-hour endogenous CCr usually exceeds inulin
clearance but with advanced CKD, values of CCr and
GFR become numerically closer even though the
percentage difference between CCr and GFR
increases.10,22,30,31 Using CCr as an estimate of GFR
presents difficulties including the inconvenience of
obtaining an accurate 24-hour urine collection. In addi-
tion, 24-hour CCr values have a high coefficient of vari-
ation: in one study of 119 healthy ambulatory subjects,
the coefficient of variation was 26% and others reports
that the variability varies from 6% to 22%.21,22,32 One
reason for this variability is the day-to-day differences

in creatinine excretion;20,23,32,33 among hospitalized
patients, it varies by at least 10%.19,25,34 These problems
have prompted some investigators to recommend
abandoning the 24-hour CCr as an index of CKD

TABLE 90.1 Most Commonly Used Creatinine-Based
Approximations of GFR

Name of Equation Formula

Cockcroft-Gault CCr25 Men: CCr5 [(14-age)3weight (kg)]/
SCr3 72; Women: CCr5 ([(14-age)3
weight (kg)]/SCr3 72)3 0.85

MDRD Study Equation26 GFR (mL/min/1.73 m2)5 1863
(Scr)

21.1543 (Age)20.2033 (0.742 if
female)3 (1.212 if African-American)

IDMS-Traceable MDRD
Study Equation27

GFR (mL/min/1.73 m2)5 1753
(Scr)

21.1543 (Age)20.2033 (0.742 if
female)3 (1.212 if African American)

CKD-Epidemiology
group (CKD-EPI)28

GFR (mL/min/1.73 m2)5 1413min(Scr/
k, 1)a3max(Scr/k,
1)21.2093 0.993Age3 1.018 [if female]3
1.159 [if black]

Schwartz Equation29 GFR (mL/min/1.73 m2)5 k (Height in
cm)/Serum creatinine; k5 0.33 in
preemie infants; 0.45 in term infants to 1
year of age; 0.55 in children to 13 years of
age and adolescent females; 0.70 in
adolescent males

FIGURE 90.1 Association of estimated GFR with measured iGFR
in outpatients with chronic kidney disease (circles) and potential kid-
ney donors (squares). (A) Association of iGFR with eGFRMDRD. (B)
Association of iGFR with eGFRCG. Dotted lines subclassify the GFR
on the basis of the Kidney Disease Outcomes Quality Initiative stages.
eGFR is plotted on the horizontal axis, and iGFR on the vertical axis.
(With permission from Poggio ED, Wang X, Greene T, Van Lente F, Hall
PM. Performance of the modification of diet in renal disease and Cockcroft-
Gault Equations in the estimation of GFR in health and in chronic kidney
disease. J Am Soc Nephrol 2005;16:459�466).
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severity.35 The same caveats apply to calculating the
average of the 24-hour creatinine and urea clearances
to estimate GFR, even though this average value corre-
sponds closely to inulin clearance.30

Another strategy is to measure CCr after giving
cimetidine to inhibit creatinine secretion and hence,
improve the estimate of GFR. Generally, 1.2 g of cimeti-
dine completely suppresses creatinine secretion and
lower doses yield incomplete blockade. Reportedly,
with water loading and carefully timed urine collec-
tions, the cimetidine-adjusted CCr procedure yields
values that have a coefficient of variation of approxi-
mately 8% in patients with GFR values ranging from
12 to 150 ml/min.36 Although this technique avoids
using radioactive markers, it does require trained
personnel to improve the accuracy of urine and blood
collections.

FORMULAS FOR ESTIMATNG GFR

Cockcroft-Gault Formula

Frustration with the variability of the 24-hour CCr
has led to the widespread practice of estimating CCr
from SCr. The equations rely on an estimated daily rate
of creatinine production (and hence, excretion in the
steady state). The widely used Cockcroft-Gault formula
(Table 90.1) is based on a value of creatinine produc-
tion form the age, weight, and gender of the patient.
However, it was derived from results obtained in “nor-
mal, hospitalized” patients, and hence, may not be
appropriate for patients with CKD.25,37 It also does not
include a value for extrarenal clearance (see above)
although for SCr values below 6 mg/dL, this variable
has a minimal impact on the estimates of creatinine
production. Creatinine production in milligrams per
kilograms per day has also been estimated as 28�0.2
A, and for women, as 23.8�0.17 A where A is the age
of the subject in years.25,37 Besides using these equa-
tions to estimate CCr and hence, GFR, some investiga-
tors have calculated creatinine production as a means
of estimating loss of muscle mass. Since there are no
independent means of evaluating muscle mass, the
reliability of this method is unknown. Regardless, cre-
atinine production in mg/kg/day in men can be
predicted as (28�0.2A)1 (0.043 SCr3 10) and for
women, as (23.8�0.173 SCr3 10). Using these formu-
las, the measured 24-hour CCr of uremic adults with
stable serum creatinine values above 8 mg/dl was
estimated to within 1.5 ml/min.37 It is important to
recognize the assumptions underlying these estimates
(and those accompanying the Cockcroft-Gault equa-
tion): they were derived from a homogenous cohort
of predominantly Caucasian males without kidney

disease and may not be appropriate for individuals of
other races or groups. This shortcoming was uncovered
when the MDRD formulas were studied in patients in
China and Japan. Secondly, the Cockroft and Gault
equation can systematically overestimate the GFR
because of tubular secretion of creatinine.

MDRD Formula

The Modification of Diet in Renal Disease (MDRD)
Study was a multicenter, randomized, controlled trial
to evaluate the effectiveness of dietary protein restric-
tion plus strict blood pressure control on the progres-
sion of renal insufficiency. The outcome was based on
measurements of GFR estimated from urinary clear-
ances of 125I-iothalamate. Many other variables were
collected (e.g., age, gender, weight, serum albumin,
serum creatinine, etc.) and used to develop equations
that predicted the measured 125I-iothalamate clear-
ance.38 The initial MDRD equation was found to yield a
correlation of r25 91% (Table 90.1; Eq. 90.1). In this
equation, SUN is serum urea nitrogen and UUN is
urine urea nitrogen. A revised MDRD equation
(Table 90.1; Eq. 90.2) is based on demographic assess-
ments and serum variables only (yielding a maximal R2
of 90.3%). The most widely used modified MDRD equa-
tion was derived to avoid including serum values of
albumin and urea nitrogen (Table 90.1; Eq. 90.3). The
latter equation has almost the same predictive ability
and its use is fully supported by the National Kidney
Disease Education Program (NKDEP) of the National
Institutes of Health (NIH), the National Kidney
Foundation (NKF), and the American Society of
Nephrology (ASN). In fact, it is widely used as a means
of estimating the severity of kidney disease based on a
conclusion that patients with an estimated GFR below
60 ml/min/1.73 m2 have a high risk of progressive
CKD and should be treated to postpone or avoid ESRD.

There are caveats associated with using the MDRD
equation: firstly, the equations were derived from
results of measurements in only two ethnic groups,
Caucasian and African Americans. Subsequent reports
indicate that the equation does not accurately estimate
GFR in Chinese, Japanese and Brazilian patients.39�42

In short, the ability of these equations to predict an
individual’s GFR from SCr, etc. in other races/ethnici-
ties will introduce errors. Furthermore, a recent analy-
sis uncovered that measurements of the urinary
clearance of 125I-iothalamate (the reference GFR in the
MDRD Study) had stable average values, but substan-
tial variability across visits.43 Although it is known that
GFR in individuals varies throughout the day and that
repeated measures of GFR may better reflect an indivi-
dual’s true GFR, there is inherent variability in GFR
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measured using iothalamate. This analysis points to
another difficulty in interpreting GFR values and the
severity of kidney disease based on SCr plus other fac-
tors present in an individual patient. An important
factor is the age of the patient because those of .65�70
years comprised a small fraction of the MDRD study
group and very few of $ 80 years were studied. It is
critical to recognize that aged patients may have a
depressed GFR even when SCr is within reference
range. Regardless, the MDRD equation overestimates
eGFR in the elderly. Besides the inaccuracies associated
with different ethnic groups, there are serious deficien-
cies in the predictive value of these equations in people
with obesity and normal kidney function.39,44,476

In a study of adults from the Netherlands, Vervoort
et al. compared the inulin clearance of 46 controls and
46 uncomplicated diabetic patients with predicted
GFRs based on the MDRD and Cockcroft-Gault equa-
tions.45 The difference between predicted values and
the measured GFR was significant (the Cockcroft-Gault
formula had a 9.0 ml/min/1.73 m2 difference while the
MDRD equation had a 10.7 ml/min/1.73 m2 difference
from the measured inulin clearance). Secondly, Lin
et al. found that the MDRD equation is decidedly less
accurate in subjects without kidney disease when com-
pared to GFR measured as 99mTc clearance; the
MDRD equation systematically underestimated GFR
while the Cockcroft-Gault formula overestimated the
GFR. The Schwartz formula is commonly used to esti-
mate GFR in children. Other equations used in estimat-
ing the GFR in CKD patients are listed in Table 90.1.

In summary, the GFR can be predicted from formu-
las that are based on SCr and characteristics of a patient
with CKD.24 The prediction equations exhibit errors
and must be used with an understanding of the sources
of variability, including the influence of obesity, race
and age. Specifically, no single equation will reproduc-
ibly predict the GFR of an individual patient and this is
especially true for subjects with minimal loss of kidney
function or aged patients. Presumably, standardization
of the measurement of creatinine and the use of a range
of “standards” in a creatinine assay will be associated
with improvements in the accuracy of the equations.
But, it also is clear that GFR varies from hour to hour
and is not constant day to day. These shortcomings do
not invalidate the calculations because the estimation of
GFR provides a means of identifying patients at risk for
developing increasingly severe renal insufficiency and
a method for detecting differences in rates of loss of
kidney function (see below).

CKD-EPI Formula

The estimated GFR based on the MDRD equation
has increased the awareness of CKD in both physicians

and patients. There is, however, concern about assign-
ing a CKD diagnosis if there is no kidney disease.46

The concern has prompted The Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) to
derive another designed to improve the detection of
CKD in adults with early/moderate kidney disease.28

This new equation (Table 90.1) is based on a method of
measuring creatinine that is traceable to standards
established by isotope dilution mass spectroscopy
(IDMS) and in patients with normal or mildly
decreased GFR, it appears to yield a more accurate esti-
mate of GFR compared to the MDRD Study equation.
Importantly, when the CKD-EPI equation was used to
analyze the NHANES database, it was concluded that
the prevalence of CKD in U.S. adults was 11.5% com-
pared to the estimate of 13.1% derived with the MDRD
Study equation. Although this difference may seem
small, the number of individuals predicted to have
CKD would change from roughly 26 down to 23
million and thus may have significant public health
implications.

Estimation of GFR from Cystatin C
Concentration

Cystatin C is a low molecular-weight protein (13,000
Da) that is produced by all nucleated cells and acts to
inhibit cysteine proteases. It has been used as an esti-
mate of the severity of CKD because a high level of
cystatin C is associated cardiovascular disease and
may even be more closely associated than SCr.47�49 As
a marker of GFR, however, it has shortcomings. A
factor that estimates glomerular filtration should be
produced as a constant rate, should not be removed by
organs other than the kidney, and should be measured
by a reliable method. Cystatin C fulfills some but not
all of these requirements. Reportedly, the production
rate of cystatin C is unaffected by age, gender, and
muscle mass, while creatinine production is affected by
all three.50 However, cystatin C production was not
estimated using standard techniques but rather indirect
estimates of production. Moreover, reports indicate
that smoking, evidence of inflammation, and catabolic
conditions affect cystatin C production.50,51 Second,
although cystatin C is filtered through the glomerulus
and is reabsorbed and catabolized by the proximal
tubule,52 it is not known if other epithelial cells absorb
and degrade cystatin C; it is evident that the extrarenal
clearance of cystatin C is substantial.50 Third, cystatin
C measurements employ an antibody-based technique,
and there is controversy concerning which method is
“most accurate.”47 Conclusions about the impact of
CKD as assessed by serum cystatin C in patients is
principally based on the conclusion that measured GFR
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has a higher correlation coefficient with serum cystatin
C compared to GFR estimated from the reciprocal of
serum creatinine.47,48 For example, in adults over 65
years of age living in four different areas in the US, it
was found that in a comparison with serum creatinine,
a high serum cystatin C level was correlated more
closely with the number of deaths and cardiovascular
events (stroke, myocardial infarction and congestive
heart failure) occurring seven years later.53 Although it
is known that CKD is associated with cardiovascular
disease, the association between serum cystatin C and
stroke, myocardial infarction and congestive heart fail-
ure, could be related to factors affecting cystatin C pro-
duction and elimination that are independent of
kidney function since there was no information about
events and treatments occurring in the seven-year
interval following the initial, baseline measurement.
Thus, serum levels of cystatin C may be a harbinger of
future adverse events but whether this can be attrib-
uted to CKD is unsettled. A related question is whether
cystatin C accurately reflects the rate of loss of kidney
function in patients with progressive renal insuffi-
ciency. Some have reported that serum cystatin C does
reflect changes in GFR,54 but others conclude that the
reciprocal of serum cystatin C is inferior or that there is
no statistical difference between the analysis of changes
in reciprocal serum creatinine and serum cystatin C.55

The association between serum cystatin C and GFR is
more complex during pregnancy56 and in infants and
children.55,57�59 It was proposed that serum cystatin C
may have a higher sensitivity for detecting a low GFR
compared to serum creatinine in patients with cirrhosis
but in patients with chronic liver disease, neither
serum cystatin C nor creatinine reliably predicts the
GFR.60 The role of cystatin C continues to evolve but to
date, it lacks evidence for being a precise measure of
kidney function.

Estimation of GFR from Other Substances

β-2-microglobulin is another endogenous protein
that undergoes glomerular filtration plus reabsorption
and metabolism by the proximal tubule. Like serum
cystatin C, the serum β-2 microglobulin has been sug-
gested to be more sensitive to an early decrease in GFR
compared to serum creatinine.61 However, the influ-
ence of extrarenal clearance and constant production
are unsettled and tubule degradation of the protein
rises when urine is acidic, so patients should be given
sodium bicarbonate to raise the urine pH above 7 if β-2
microglobulin is used to monitor kidney function.
Even less fully investigated markers include beta-trace
protein62 and tryptophan glycoconjugate63 and addi-
tional experiments are needed before they can be

recommended as a method of monitoring kidney
function.

In conclusion, the most accurate estimate of kidney
function is the measurement of GFR using inulin,
radionucleotide-labelled compounds, or iodinated
compounds like iodothalamate. Results of studies from
large groups of patients indicate that the MDRD equa-
tion can be used but it is important to remember its
limitations. They include variations that are associated
with different ages, races, etc. as well as those associ-
ated with the measurement of serum creatinine. Other
strategies for estimating the degree of dysfunction of
the kidney include the CCr that has been estimated
from predictions of creatinine production and serum
cystatin C. The latter has been used to evaluate the
risks of adverse outcomes of kidney disease, including
cardiovascular disease. But, there are problems with
using serum cystatin C as an estimate of kidney func-
tion since its production depends on several factors
and there is the potential for extrarenal clearance of
cystatin C. To screen populations or even individuals
for the presence of CKD, the MDRD equation has been
most widely evaluated and provides a reasonable
approximation. During long-term followup evalua-
tions, it should be remembered that serum creatinine is
the major factor that changes with renal insufficiency
so determining the rate of loss of estimated GFR with
time is subject to the same influences as evaluating
changes in the reciprocal of serum creatinine with time
(see below). In diagnosing CKD, a combination of tech-
niques along with sound judgment about the influence
of variables such as age, gender, diet, etc. should be
employed since CKD is a progressive disease associ-
ated with increased mortality.

EPIDEMIOLOGY OF CHRONIC KIDNEY
DISEASE

End-Stage Renal Disease

The epidemiology of ESRD is based largely on infor-
mation from the United States Renal Data System
(USRDS), a geographically comprehensive, population-
based ESRD registry that collects information from all
Medicare-eligible patients (B90% of all incident U.S.
patients) at the start of dialysis, and at death or trans-
plantation. Despite the robust information contained in
the USRDS, it should be remembered that there are
legitimate concerns about the accuracy of the primary
cause of kidney disease, comorbid conditions, and the
causes of death present in the yearly report. The con-
cerns arise because diagnoses are left to the judgment
of the treating nephrologist who often does not have a
tissue diagnosis. For example, few ESRD patients who
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have hypertension listed as the cause of kidney failure
have in fact, satisfied uniform diagnostic criteria for
this diagnosis making it possible that other diseases
led to ESRD. There are similar concerns about the accu-
racy of comorbid conditions64 and causes of death.65

Undeniably, USRDS data indicate there has been
substantial growth in the number of patients enrolled
in the Medicare-supported ESRD program: there were
roughly 10,000 beneficiaries in 1973 and over 86,000 a
decade later but by 2009, the prevalence of ESRD in the
US had grown to approximately 527,000. Moreover, in
1980, the incidence rate for ESRD compiled after
adjustment for age, race/ethnicity and gender was 76
cases per million (18,000 patients). In 2002, the rate was
338 cases per million (102,000 patients) but by 2007, the
rate was 361 cases per million (110,000 patients).66 The
seemingly relentless increase in the incidence of ESRD
has declined from 8% per year in 1980 to below 1.5%
per year in the years after 2000. This encouraging
change may represent improvements in preventive
care or some unidentified factors.

In the 2009 USRDS report, the primary cause of
ESRD was diabetes, afflicting 54% of new patients,
yielding an incidence rate of 155 per million popula-
tion. In contrast, the incidence of ESRD from hyperten-
sion or other kidney diseases has not increased. The
diabetes-associated incidence rate is 36% higher than a
decade ago and it parallels the rising prevalence of dia-
betes in the general population: increasing from 5% in
the 1988�1994 era to 7.6% during 2003�2006. The
increase in diabetes and CKD is especially prevalent in
African and Native American populations. Besides dia-
betes, other ESRD-associated epidemiologically rele-
vant factors include aging of the dialysis patients.
From 1999�2009, the prevalent ESRD population of
20�40 years of age has risen 9.7%. Among those 40�60
year of age, the prevalence had risen 54% and 61% for
those beyond 70 years. Besides age, the incidence of
ESRD is clearly racial-dependent; in 2007, the incident
rates in African Americans and Native Americans were
3.7 and 1.8 times greater, respectively, than the rate in
whites while the rate in the Hispanic population is 1.5
times higher than that of non-Hispanics. Among
African Americans, the rate of new ESRD cases in 2007
reached 998 per million population or 3.7 times greater
than the rate of 273 among whites. Likewise, in 2007,
Hispanic patients had an incidence rate of 508 per mil-
lion population (1.5 times greater than in non-Hispanic
patients). Thus, the annual increase in incidence ESRD
may be leveling but these racial factors may still
increase the number of ESRD patients because of
demographic trends; similar factors present in develop-
ing countries may also be active and increase the num-
ber of ESRD patients.67

Definition of CKD

Guidelines from the U.S. National Kidney
Foundation (NKF) have led to a widely adopted frame-
work for defining CKD.68 CKD is a nonspecific term
that does not indicate the cause of kidney disease but it
is useful for improving communications with investiga-
tors, practitioners and the public. CKD is defined as
kidney injury and/or impaired kidney function lasting
3 or more months.69 Kidney injury is signified by the
presence of microalbuminuria or proteinuria, abnor-
malities in the urinary sediment (RBC, RBC casts, WBC,
WBC casts, tubular cells, cellular casts, granular casts,
oval fat bodies, fatty casts, or free fat) and/or abnormal
radiographic evidence and of course, evidence from
kidney biopsies. CKD is categorized into five stages
according to the level of the estimated GFR (see
Table 90.2). All patients with CKD are increased cardio-
vascular risk, but those with an estimated GFR
# 60 ml/min/1.73 m2 are also at higher risk for a pro-
gressive decline in kidney function and as GFR
declines, pathophysiologic changes increase in com-
plexity and management becomes more varied and
increasingly specialized.69 The NKF guidelines
attempted to tie the stages of CKD to specific clinical
abnormalities and suggested treatment goals. In Stages
1 and 2, efforts are needed to adjust dietary factors, con-
trol blood pressure and glycemia. It is also suggested
that inhibitors of the renin-angiotensin-aldosterone sys-
tem (RAAS) should be used to conserve kidney func-
tion and reduce the risk of death and cardiovascular
disease. In Stage 3 CKD, efforts are increased to detect
and manage anemia and renal bone disease while the
diet is controlled to prevent the accumulation of unex-
creted waste products. These products include the myr-
iad of compounds associated with the metabolism of a
high protein diet (e.g., guanidines, middle molecules,
etc.) and ions (sodium, acid, phosphates, etc.) but mod-
erate to severe kidney disease, dietary adjustments are
needed because the damaged kidney does not eliminate
these metabolites. In Stage 4 CKD, attention to the same

TABLE 90.2 National Kidney Foundation Staging of CKD

Stage Description GFR (ml/
min)

1 Kidney damage (marked by proteinuria or
abnormal urine sediment)

.5 90

2 Early kidney disease 60�89

3 Moderate kidney disease 30�59

4 Advanced kidney disease 15�29

5 Established renal failure ,15 or
dialysis
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topics is needed and the patient should be introduced
to options for treating ESRD; if hemodialysis is chosen,
the patient should be evaluated for placement of a vas-
cular access. At this stage, it is especially important to
adjust medication doses for the loss of kidney function.
In Stage 5 CKD, the pathophysiologic and metabolic
functions become more difficult to manage and the cli-
nician will need special training and skills to maximize
therapy. The importance of managing the complications
of advanced CKD is emphasized because the alternative
option of initiating dialysis “early” (i.e., before uremic
symptoms are present) has been tested repeatedly and
found to be wanting in terms of improving mortality/
morbidity.2,4�6

Unfortunately, many patients are unaware of the
presence of CKD and the factors needed to treat CKD
appropriately. In one study, patient awareness of CKD
was only 22% of patients in Stage 3 and 44.5% of those
with Stage 4 CKD (these dismal percentages were inde-
pendent of race/ethnicity, gender, or age.70,71)
Undoubtedly, the lack of awareness contributes to the
development of complications of CKD in those with
advanced CKD including anemia, bone disease, loss of
muscle mass, abnormalities in serum electrolytes,
etc.7,72 Similar shortcomings of managing CKD are
present in primary care practices and Nephrology
clinics.73,74 Even when it is recognized that a therapy
target has not been met, clinicians can fail to change
management, a behavior present in other chronic con-
ditions and known as “clinical inertia”.74

Epidemiology of CKD

Population-based studies of epidemiologic factors
and CKD are largely based on the National Health and
Nutrition Survey (NHANES). This survey includes
results from representative samples of the U.S. popula-
tion that were collected by the National Center for
Health Statistics of the Centers for Disease Control and
Prevention.75�77 For example, the prevalence of Stages
1 to 4 CKD estimated from the NHANES data that was
collected between1999 to 2004 was found to be 13.1%
(approximately, 26.3 million people) and varies accord-
ing to the stage of CKD.78 As expected from informa-
tion about the epidemiology of patients with ESRD (see
above), the prevalence of CKD is greater among dia-
betic subjects vs patients without diabetes (40.2% vs
15.4%). Data from the NHANES III survey of those in
different stages of CKD also identify significant racial
and gender discrepancies. Based on analyses of serum
creatinine values, evidence from both diabetic and non-
diabetic subjects reveal that a GFR below 60 ml/min/
1.73 m2 was present in 5% of non-Hispanic whites,
3.4% of non-Hispanic blacks, 1% of Mexican
Americans, and 2.2% of other race/ethnic groups.76

Among black and white NHANES III participants with

a comparable prevalence of CKD, it was estimated that
the risk of developing ESRD for African Americans
was fivefold greater compared to other populations
even when results were controlled for differences in
age, gender, and the presence of diabetes. Analyses of
this database revealed that the prevalence of protein-
uria in the U.S. population aged 20 years and older
was present in those without impaired kidney func-
tion.76 In men of this age group, a random albumin/
creatinine ratio of 17 to 250 mg/g (or 25 to 355 mg/g
for women was) was present in 10.5% of the popula-
tion; this was also present in 63.2% of the people on
reexamination two months later. Overt proteinuria (an
albumin/creatinine ratio .250 mg/g for men and
355 mg/g for women was found in 1.1% of the U.S.
population, including 0.5% of individuals with an esti-
mated GFR .90 ml/min/1.73 m2, 1.2% of whom had
an estimated GFR between 60 and 89 ml/min/1.73 m2,
and 7.2% of those with a GFR between 15 and 30 ml/
min/1.73 m2. Evaluation of the NHANES III data indi-
cated that increasing age affected the prevalence of
proteinuria (urine albumin/creatinine ratio) and diabe-
tes was the most frequently associated diagnosis while
hypertension was the second most common abnormal-
ity.76 The staging of CKD also affected proteinuria
since nonhypertensive, nondiabetic people with an esti-
mated GFR between 30 and 60 ml/min/1.73 m2 and
aged 60 to 79 years had a prevalence of albuminuria of
20.6% compared to 14.1% among individuals with an
estimated GFR .60 ml/min/1.73 m2.

High-Risk Populations

Patients with hypertension, diabetes mellitus, and
cardiovascular disease, and family members of patients
with ESRD are at high risk of developing CKD
(Fig. 90.2). Screening and health promotion can be cost-
effective in such high-risk groups.79

Hypertension. From the NHANES III results, the
serum creatinine increased as the severity of hyperten-
sion rose.80�82 It is still not settled whether nonmalignant
hypertension is a primary cause of ESRD or whether
hypertension is caused by pre-existing kidney disease.83

Diabetes. The USRDS has identified diabetes as the
most common cause of ESRD, accounting for nearly
54% of all new cases of ESRD (USRDS ADR 2009). In a
population-based study of Rochester, Minnesota, the
risk of developing diabetic nephropathy among indivi-
duals with type 2 diabetes mellitus but no kidney dis-
ease, the incidence was 133 per 100,000 person-years.84

The cumulative incidence of diabetic nephropathy was
similar for type 1 and type 2 diabetes mellitus: the
20-year cumulative risks were 27% for type 2 and 28%
for type diabetes mellitus.85 Although there seems to
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be a declining incidence of diabetic nephropathy
among individuals with type 1 diabetes mellitus
(attributable to improved detection and care)86,87 but
not for those with type 2 diabetes.

Cardiovascular Disease. CKD is associated with an
increased risk of cardiovascular disease and adverse
outcomes from it.88 Reports from more than 28 study
populations reveal that cardiovascular disease patients
had evidence of impaired kidney function; the average
prevalence was 29.9%.88 The Valsartan in Acute
Myocardial Infarction Trial (VALIANT) trial of partici-
pants evaluated from 0.5 to 12 days following an acute
myocardial infarction complicated by heart failure
and/or left ventricular dysfunction revealed that 11.3%
had an estimated GFR, 45 ml/min/1.73 m2 and the
overall prevalence of impaired kidney function was
33.5%.89 The baseline characteristics of the 1,120,295
participants in the Kaiser Permanente Renal Registry in
Northern California aged 20 years and older revealed
that the prevalence of an estimated GFR below 60 ml/
min/1.73 m2 was 6.4% of subjects with a history of dia-
betes mellitus, 7.5% of those with hypertension, 10.5%
of those with coronary heart disease, and 12.5% of
those with cerebrovascular disease.90 Other studies
have essentially confirmed these associations.91

Family History of ESRD. Individuals with a family
history of ESRD have an increased prevalence of
hypertension, diabetes, and CKD. Bergman et al.
screened the first-degree relatives of patients with
hypertensive ESRD and found that 65% of those in par-
ticipating families had evidence of kidney disease,
including those with a serum creatinine of $ 1.4 mg/
dL.92 The same relationships occur in Canada.93

Clinical Outcomes of CKD

Mortality. An analysis of nearly 28,000 health plan
members with CKD defined as estimated GFR values
below 90 ml/min per 1.73 m2 on two occasions sepa-
rated by at least 90 days revealed that during the ensu-
ing five years, the cumulative risk of ESRD for CKD
Stages 2, 3, and 4 were, respectively, 1.1%, 1.3%, and
19.9%, and the risk of death was 19.5%, 24.3%, and
45.7%.94 In another analysis of a large sample of
patients, Go et al. found that the risk of all-cause mor-
tality increased with decreasing GFR.95 In those with
an estimated GFR of $ 60 ml/min per 1.73 m2 there
were 0.76 deaths per 100 person-years but 4.76 deaths
per 100 person-years when the estimated GFR was
30�44 ml/min per 1.73 m2 and 11.36 deaths per 100
person-years for individuals with a GFR 15�29 ml/
min per 1.73 m2.

CVD Disease. Pre-existing cardiovascular disease in
CKD patients increases the risk of morbidity and mor-
tality.96 In a screening of 185 publications involving
more than 550,000 subjects, 96% concluded there is a
positive relationship between the presence of cardio-
vascular disease and CKD.97 Specifically, among

FIGURE 90.2 Distribution of patient counts in the CKD, CHF,
DM, and ESRD populations. Populations were estimated from the 5%
Medicare sample, and include patients surviving the entire cohort
year (1992, 2002) with Medicare as the primary payor, plus period-
prevalent end-stage renal disease (ESRD) patients for 1993 and 2003.
Diagnoses were determined from claims in 1992 and 2002. Patients
with ESRD in the 5% sample were excluded, as they are counted in
the ESRD population. (From United States Renal Data System. 2005
annual data report: atlas of end-stage renal disease in the United States.
Bethesda, MD: National Institutes of Health, National Institute of Diabetes
and Digestive and Kidney Diseases; 2005.)
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individuals with an estimated GFR of 15�60 ml/min
per 1.73 m2, the rate of myocardial infarction or fatal
coronary heart disease was 13.9 per 1000 person-years
vs 6.5 per 1000 person-years when the GFR was
.60 ml/min per 1.73 m2.98

Natural History of CKD

The most accurate measure of kidney function is a
measured GFR but as discussed, this is cumbersome so
various equations have been used to estimate the GFR
and hence, evaluate the loss of GFR as indicative of
lost kidney function. Besides kidney disease, one factor
affecting GFR is the decline that occurs with advancing
age in many but not all patients. This “renal senes-
cence” was associated a 20�25% decrease in GFR after
60 years of age and as many as two-thirds of normal
adults over age 40 years are predicted to have such a
decrease in GFR despite the absence of obvious kidney
disease;99 in the remaining third of adults, GFR
remains stable.100 Histologically, aging yields intersti-
tial expansion and glomerular sclerosis and reabsorp-
tion. Fortunately, this abnormality rarely progresses to
ESRD. In contrast, kidney damage from various dis-
eases leads to manifestations of CKD plus continued
loss of function, commonly known as “progression.”
Notably, progression occurs even when the disease
that initially damaged the kidneys is no longer active
(e.g., obstructive uropathy or cortical necrosis follow-
ing obstetric accidents.101 The rate of progression varies
widely as some CKD patients (including those with
diabetic nephropathy) do not progress over periods as
long as three years.102,103 Since these reports indicated
there was improved control of blood sugar and blood
pressure, this could have accounted in part for the
improvement in progression. Attention to such factors
may have contributed to the lack of progression found
in B15% of patients who participated in the closely
monitored Modification of Diet in Renal Disease Study
[MDRD], despite having GFR values between 13 and
24 ml/min/1.73 m2.104

Patient-specific characteristics that have been related
to the occurrence and progression of kidney disease
are shown in Table 90.3.88,91,105�130 Some of these fac-
tors were uncovered in results from the MDRD Study
and are expected (e.g., African American race/ethnic-
ity, increased mean arterial blood pressure, baseline
urine protein excretion, polycystic kidney disease)
while others are not obvious (e.g., lower baseline levels
of serum transferrin and HDL cholesterol). The utility
of these factors is not obvious although they may serve
as a stimulus for clinical trials. Two caveats should be
remembered: first, the MDRD Study included a large
number of patients with polycystic kidney disease but

virtually none with diabetes making it difficult to
extend the findings to other populations of CKD
patients. Secondly, if risk factors do play an important
role in determining the rate of loss of GFR, the implica-
tion is that the progression of CKD in individual
patients is unpredictable. This is incorrect since the
rate of loss of GFR in most patients, including those
with diabetes is linear and hence, predictable.

Assessment of Rate of Progression of Renal
Insufficiency

Before it was recognized that the course of CKD in
most individual patients is predictable, the prognosis
for CKD patients was estimated from analyses of the
average time for patients with similar degrees of CKD
to reach the stage requiring dialysis or to reach a pre-
determined degree of renal insufficiency.131�133 The
breakthrough in identifying that progression of CKD
was not chaotic was based on the determination that

TABLE 90.3 Risk Factors for Chronic Kidney Disease
Progression

Older age105

Race and ethnicity106,107

Dietary protein intake108,109

Gender110

Lower birth weight111

Low socioeconomic status112

Smoking113

Alcohol114,115

Lead and other heavy metals{7881}}

Analgesic abuse117

Sugar-sweetened beverages118

Illicit drug use88

Poverty and access to health care88

Obesity and metabolic syndrome119,120

Biomarkers

Oxidative stress/carbonyl stress121

Insulin resistance122

Hyperlipidemia123

Hyperuricemia124

Proteinuria125,126

Anemia127

NOS/ADMA128,129

Aldosterone130

Sympathetic nervous system activation475
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individual CKD patients experience a loss of renal
function with time is linear, constant and predict-
able.134,135 The recognition that individual patients
have a characteristic rate of loss of kidney function
arose from the finding that the reciprocal of serum cre-
atinine (SCr�1) declines linearly with time in most
patients. For example, about 80% of the patients
reported by Rutherford et al.136 or by Coresh et al.137

had linear slopes in plots of changes in SCr�1 with
time. The implication of this finding was that GFR
declines linearly with time and therefore that creatinine
clearance will decline linearly with time. These conclu-
sions were confirmed by Viberti and colleagues who
measured GFR sequentially in studies of patients with
diabetic nephropathy138 and by Barsotti and colleagues
who measured CCr sequentially in patients with differ-
ent types of non-diabetic kidney disease.139 Results
from the MDRD Study of patients with non-diabetic
kidney diseases confirmed that GFR is lost in a linear
fashion with time in larger numbers of patients.140 In a
group of patients with progressive diabetic nephropa-
thy, the SCr�1 declined linearly with time as renal
insufficiency advanced but the rate varied almost
40-fold102 ! The conclusion is that individual patients
exhibit a specific rate of loss of kidney function and
hence, the rate of loss must be determined individu-
ally; it can not be assumed that a particular kidney
disease has a “characteristic” rate of loss of GFR or CCr
or SCr�1 with time22,134,140 (Fig. 90.3). Considering the
complexity of CKD, it is not surprising that some
patients will have periods in which there are deviations
from linearity and a “break-point” in the SCr�1 plot
with time was reported in as many as 32% of 77
patients.141 The clinical relevance of finding such a
breakpoint was not reported, but is likely associated
with new insults or acute perturbations in kidney func-
tion. In contrast, Coresh et al. found significant break-
points in only 19% of a series of 67 patients who had
sequential measurements that were made until ESRD
was required.137 There have been few reports compar-
ing the rates of progression by measuring GFR and
SCr�1 in the same patient. In one such study, the rate
of loss of GFR in 17 selected patients was compared to
changes in their plots of SCr�1 with time, four had pro-
gressive loss of SCr�1 but stable GFR values.142 But,
two of these four patients had to begin dialysis and
one actually experienced a sharp increase in GFR while
SCr�1 remained stable. When rates of progression were
evaluated during different treatment periods, 9 of 22
periods exhibited a statistical difference between the
slopes of estimated SCr�1 and DTPA clearance. In two
of these periods, GFR remained stable while changes in
the SCr�1 values of clearance suggested progression
and in two other periods, the estimated SCr�1 method
suggested faster progression. These results are difficult

to interpret but as with any test, caution must be used
when interpreting results since in 4 of 22 periods, the
SCr�1 estimate yielded an inappropriate conclusion
based on the measured GFR. A practical implication of
these results would be that the physician caring for a
CKD patients should investigate why the rate of loss of
kidney function (GFR, CCr or SCr�1) deviates from
linearity.

In estimating the rate of progression, it is suggested
that GFR should be measured at least four times over
two or more years.143 This can be cumbersome because
of the costs and complexities of measuring GFR. To cir-
cumvent this difficulty in trials directed at evaluating
the effectiveness of therapy, another outcome has been
used, the time required for serum creatinine to double.
Unless large numbers of patients are studied, this
method can be misleading because the rate of loss of
GFR varies so widely even in patients with the same
disease.102

For clinical evaluations, the SCr�1 vs time plot is a
simple alternative of obtaining repetitive GFR measure-
ments. Alternatively, the modified MDRD equation
(see above) is widely recommended as a means of
monitoring the course of renal insufficiency; inspection
of this equation reveals that it is essentially a plot of
relatively constant values (ethnicity, age, gender)

FIGURE 90.3 Rate of loss of residual renal function with time in
patients with pyelonephritis (PN), medullary cystic disease (MCD),
and glomerulonephritis (GN), estimated as changes in the reciprocal
of serum creatinine concentration (1/Scr). The unit divisions of the
ordinate have been changed so that the curves can be displayed on
the same plot numbers that refer to final measured value for 1/Scr.
(With permission from Mitch WE, Buffington GA, Lemann J, et al. A sim-
ple method of estimating progression of chronic renal failure. Lancet
1976;2:1326�1328.)

3031EPIDEMIOLOGY OF CHRONIC KIDNEY DISEASE

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



multiplied by SCr�1. The reasons for the popularity of
these methods are first, the measurement of serum
creatinine is being standardized in most clinical labora-
tories, prior values are widely available and the values
are reproducible (the day-to-day coefficient of variation
in CKD patients with relatively advanced CKD is only
6.5%144). Second, SCr�1 (like GFR and CCr) declines
linearly with time in most patients with progressive
CKD.22,134,137 Another alternative is to monitor changes
in serum cystatin C but there are interpretative pro-
blems with this approach.

Do changes in SCr�1 with time spontaneously slow
as GFR falls to low levels? Analyses of small groups of
patients have not settled this question. There have been
reports of either acceleration or slowing of changes in
SCr�1 in patients with advanced CKD.145,146 Results
from the AASK (African-American Study of Kidney
Disease) trial suggested that patients with hypertensive
nephrosclerosis had accelerated loss of GFR but the
interpretation is complicated because the rapid loss of
GFR was largely confined to those treated with rami-
pril but not in those treated with amlodipine or meto-
prolol.147 Thus, certain treatments or possibly changes
in processes causing nephrosclerosis may indeed,
change the loss rate of loss of GFR so it is no longer
constant. Besides these factors, results from the AASK
trial also uncovered an accelerated loss of GFR in those
patients assigned to a mean blood pressure goal of
102 mm Hg at least when compared to MDRD study
patients who were enrolled with a similar blood pres-
sure goal and no dietary restriction.140 These variations
in response seem to point to a difference characteristics
of the patient population (e.g., possibly genetic) or in
the pathophysiology of nephrosclerosis. For example, it
was recently reported that the rate of loss of GFR in
participants in the AASK trial was not improved by
lowering the blood pressure to # 140/80.148,149 The
caveat is that patients with higher degrees of protein-
uria might have a more beneficial response.

There are other reasons why creatinine-based meth-
ods (SCr�1, estimated CCr, or MDRD GFR) could yield
an inaccurate estimate of the rate of loss of residual
renal function. First, it is well known that creatinine
secretion accounts for differences between CCr and
GFR and any method of estimating CCr method will
not correct for secretion.31,146 Second, as discussed ear-
lier, creatinine production exceeds creatinine excretion
because there is extrarenal elimination of creatinine
(presumably degradation by gastrointestinal bacte-
ria150). Fortunately, there is a method for correcting
CCr for the creatinine extrarenal clearance because
there is evidence that the extrarenal clearance is con-
stant.37,51 Using a constant value of 0.04 liters/kg/day
for the extrarenal clearance, it can be shown that the
linear decline in CCr of patients with CKD is

compatible with a linear decline in the SCr�1.22,139 It
should be pointed out, however, that it is not known
whether extrarenal CCr is constant throughout the
course of CKD. A more important confounder is the
problem of dietary factors, especially variations in the
amount of meat eaten. Meat, like other muscle, con-
tains creatine, so varying meat in the diet varies the
size of the creatine pool. Cooking meat converts a por-
tion of the creatine to creatinine, so the larger creatine
pool will increase the amount of creatinine that is
excreted.20 In contrast, an abrupt reduction in meat
intake decreases the creatine and creatinine pools, and
this will lower serum creatinine at least as long as CCr
is constant. On the other hand, if GFR falls, then serum
creatinine will rise. When the meat content of the diet
is relatively constant, any change induced by varying
dietary meat and hence, creatine intake, is at best
short-lived because the conversion of creatine to creati-
nine in muscle (and other cells) is quite slow; the turn-
over of the endogenous creatine pool averages only
1.7% per day.20,151,152 Thus, a new steady state of creat-
inine production after a sustained change in meat
intake will occur in approximately four months.22,37 In
practical terms, if dietary protein is reduced to any
extent, a change in serum creatinine should not be
used as an indication that the loss of GFR has been
identified until at least four months have passed.
Finally, there is the problem that raising dietary protein
acutely increases GFR and, hence, CCr.153 This alone
has virtually no effect on changes in SCr�1 but will
affect GFR if the measurement occurs shortly after a
meal.154 On the other hand, results from the MDRD
indicate that a prolonged decrease in dietary protein
(or blood pressure) can be associated with a sustained
fall in GFR that is due to hemodynamic factors. This
decrease in GFR does not signify a loss of kidney func-
tion because GFR rises following resumption of a high-
er protein intake.140 In summary, changes in serum
creatinine alone should be discarded as a method of
estimating the GFR, and hence, the degree of kidney
damage. For an individual patient, however, changes
in the slope of SCr�1 can be used to screen and detect
patients who are progressing, or determine if there has
been a sudden change in clinical status. Ideally,
changes in SCr�1 should not be used to determine if a
new therapy slows progression; changes in GFR should
be measured more accurately.

The emphasis should be on evaluating the course of
renal insufficiency in an individual patient. It is well
known that variation of rates of progression among
patients is high: Jones et al.102 reported that patients
with diabetic nephropathy had rates varying as much
as 20-fold, and Walser143 found that changes in 99mTc-
DTPA clearance in 34 patients with different causes of
CKD varied from 20.96 to 10.64 ml/min/month.
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According to these results, about 15% of CKD patients
may not show any progression (at least during the
period of observation). These results emphasize why
clinical trials with no attempt to initially screen patients
to exclude those with no evidence of progressive loss
of GFR will be at risk of studying an inadequate num-
ber of subjects and thereby leading to incorrect
conclusions.

PATHOPHYSIOLOGY OF CKD

The pathophysiology of CKD is varied depending on
underlying injury and the response to injury is complex
involving interplay of hemodynamic and biochemical
processes that affect the glomerular capillaries and
tubulointerstitium. In this section we will focus largely
on common pathways of renal injury and waste pro-
ducts of protein metabolism, which are among the most
important determinants of progression and uremia. To
retain the larger view of the pathophysiology generated
by loss of renal function, we will discuss the role of
other uremic toxins, including hormonal changes. We
will touch briefly on other crucial factors such as
sodium and 1,25 hydroxyvitamin D3 affecting the
development of CKD; these are discussed in other
chapters.

Hyperfiltration Theory

Thomas Addis was a pioneering nephrologist who
came to Stanford University in the first half of the
twentieth century. He introduced and developed the
concept of osmotic work by progressively nephrecto-
mizing rats to varying degrees, feeding them diets with
varying amounts of protein. He used renal ablation
(1 and 5/6 nephrectomy) as a model of kidney disease
and showed that when he progressive reduced the kid-
ney volume in rats, the kidney hypertrophied.155 He
observed that the more renal mass that was removed
the greater the remnant kidney grew in relation. He
hypothesized the kidneys hypertrophied because of the
increased osmotic work that the remnant kidney had to
undertake. His work led to speculation about the
mechanism by which protein restriction preserved
renal function and inspired further work in this field.
The question reduced renal mass was revived by
Brenner, Deen and others who found a way to study
the hemodynamic changes that take place in animal
models of CKD.156 The discovery of Munich-Wistar
rats, a unique breed that had superficial glomeruli that
was accessible using micropuncture techniques, was
especially useful in characterizing the pathophysiology
of CKD. Investigators found that characteristic

hemodynamic changes take place in the glomerular
capillaries of nephrectomized rats, namely increased glo-
merular plasma flow and increased hydraulic pressure,
which accounted for the observed rise in single nephron
GFR (SNGFR). This increase in glomerular capillary
hydraulic pressure (glomerular hypertension) causes
injury, which results in progressive glomerulosclerosis.
Investigators found that glomerular hypertension was
result of renal adaptation of nephron loss (due to any
cause) and that a final common pathway resulting in
progressive nephron loss occurred once glomerular
number was reduced below a critical threshold.157,158

The hyperfiltration theory is generally accepted as the
cause for progressive renal failure in CKD and therapies
targeting glomerular hypertension (e.g., ACE inhibitors)
as an intervention to retard progression have been pur-
sued with success.

Hemodynamic Mechanisms of Progression

Systemic hypertension. Arterial hypertension arises
in the course of most cases of chronic renal insuffi-
ciency, and generally increases as renal damage
progresses. Most but not all clinical studies suggest
that blood pressure control can sharply reduce the rate
of loss of renal function and all studies demonstrate
important reductions in cardiovascular mortality. The
role of sodium intake on blood pressure and mechan-
isms of hypertension-related renal damage are dis-
cussed in detail elsewhere (Chapter 88), but it is
important to recognize the primary role that sodium
retention plays in the hypertension seen in CKD. While
population studies strongly suggest increases in blood
pressure when sodium intake is increased, healthy sub-
jects do not invariably increase blood pressure and
GFR.159 However, an increase in salt intake not only
raises blood pressure in humans with mild CKD but
also increases GFR (see below). In addition to sodium,
dietary influences on blood pressure include protein,
calcium, potassium, and trace minerals, and the com-
plex interaction of these factors explains the blood
pressure reduction with the Dietary Approaches in
Systolic Hypertension (DASH) diet.160

In experimental kidney disease, there is an associa-
tion between an increase in dietary protein and a high-
er blood pressure, and lowering dietary protein has
been effective in reducing systemic arterial pressure in
mineralocorticoid-induced hypertension in rats.161

In other forms of experimental hypertension, dietary
protein restriction has not been so clearly associated
with a reduced systemic pressure. The systemic hyper-
tension that develops in rats following subtotal
nephrectomy or in the two-kidney, one-clip renovascu-
lar hypertension model persists even when dietary
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protein is severely restricted.162 In several models of
CKD, dietary protein restriction diminishes renal
injury, but there has been no consistent decrease in
blood pressure, indicating that the beneficial effects of
protein restriction do not necessarily depend directly
on reducing salt or eliminating some unidentified fac-
tor or compound that raises blood pressure.

Similarly, for humans with essential hypertension,
there is no clear cause-effect relationship between pro-
tein intake and arterial pressure.163 Notably, when
adults with CKD and hypertension are examined, sys-
temic blood pressure has not been consistently reduced
by restriction of dietary protein intake, similar to the
results found in rats with CKD from subtotal
nephrectomy.140,164�167 The caveat is that a high-
protein diet is generally associated with a high salt
intake, and this could certainly raise the blood pressure
of hypertensive CKD patients. However, raising the
vegetable and dairy protein content of a DASH diet
does not impair the effect on blood pressure lower-
ing.168 The observation that the role of dietary protein
on blood pressure in CKD appears to increase as GFR
falls169 suggests that either alterations in diseased
nephrons create sensitivity to dietary protein or that
other dietary-derived compounds accumulated in CKD
(e.g., phosphorous, acid, uric acid, or other uremic tox-
ins) cause hypertensive effects. Of these compounds,
uric acid is most clearly associated with hypertension
(see below). Recent reports emphasize that diets that
are uncontrolled for phosphates or salt will negate the
beneficial effects of angiotensin converting enzymes on
the progression of CKD.169a,169b These reports empha-
size the importance of the design of a diet for patients
with CKD.

Other hemodynamic effects. The neurohumoral basis
for the hemodynamic responses of normal and dis-
eased nephrons to changes in dietary protein is
unknown but there are several candidates. For exam-
ple, infusion of amino acids causes vasodilatation;
somatostatin blocks this response.176,177 The changes
induced by somatostatin could be secondary to many
hormones, including glucagon, because plasma gluca-
gon levels rise with oral protein feeding or intravenous
amino acids while intravenous infusion of glucagon to
achieve blood levels that are similar to those observed
following an amino acid infusion does provoke a rise
in GFR and renal blood flow in humans.178 This
response to glucagon, however, appears to depend at
least in part on prostaglandin (PG) synthesis because
the simultaneous administration of a cyclooxygenase
inhibitor and either amino acids or glucagon blunts the
expected increase in GFR and renal blood flow. Several
cyclooxygenase-dependent products could be the
mediator in these studies; at least urinary excretion of
PGE and the prostacyclin metabolite, PGF1α, are quite

variable following dietary protein loads, making it
unlikely that these compounds are the sole mediators
of renal vasodilatation. Another renal vasodilator sys-
tem, the endothelium-derived relaxing factor or nitric
oxide, could be involved since blocking of the synthesis
of nitric oxide does cause renal vasoconstriction in the
rat.129,179 Moreover, the renal vasodilatation that occurs
with amino acid infusion appears to be particularly
susceptible to nitric oxide synthase blockade, suggest-
ing that nitric oxide is a major factor affecting the renal
hemodynamic response to dietary protein. In fact, a
chronic increase in protein intake by normal rats
increases both GFR and the excretion of metabolites of
nitric oxide.180 The stimulus for nitric oxide production
is uncertain but some suggest that it is arginine, the
substrate for nitric acid production.181,182 However,
infusion of amino acids other than arginine also causes
renal vasodilatation, emphasizing the complexity of
this response.

In rats with diseased kidneys, raising dietary protein
increases GFR by raising renal blood flow, but also by
increasing areteriolar tone.165 The major mediator of
the rise in efferent resistance is initiated by renin secre-
tion activating the intrinsic, intrarenal angiotensin-
converting enzyme activity. This raises angiotensin II
to cause efferent arteriolar vasoconstriction. Notably,
dietary protein stimulates renin and angiotensin-
converting enzyme expression in the kidney.165,183 The
response is more complicated than prolonged stimula-
tion of the efferent arteriole,184,185 and may involve
production of another intrarenal hemodynamic media-
tor such as endothelin.165,186 When glomerular capil-
lary pressure or the diameter of glomerular capillaries
increases, the tension in the capillary walls will rise,
and constriction of the efferent arteriole constriction
will also augment the increase in wall tension. This
increase in mechanical stress could cause or at least
predispose to sclerosis.

Do similar events occur in other animal models of
CKD? Similar events do occur, at least partially.
Following subtotal nephrectomy, cats fed a high-
protein diet (51.7% protein) develop more serious
kidney injury than cats fed a more restricted diet (27.6%
protein).187 At least over the short term, the cats fed a
high-protein diet do not have loss of GFR. Baboons sub-
jected to a partial nephrectomy and fed 25% protein did
lose GFR at a faster rate than animals fed 8% protein;
the degree of histologic damage was not reported.188

Plasma aldosterone levels also increase with dietary
protein and this could induce a fibrotic response in the
kidney.186,189 Hostetter and colleagues studied the subto-
tal nephrectomy CKD model in rats treated with aldoste-
rone inhibitors and found that the treated rats had less
kidney damage.190 In recent studies, they have found
that aldosterone treatment over only 3 days will
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stimulate TGF-β expression independently of the degree
of hypertension.191 Thus, aldosterone should be added
to the list of factors causing kidney damage in CKD.

Uric Acid

Another accumulated product that has toxic proper-
ties and is associated with a high-protein diet is uric
acid. A 12-year population study of 47,150 previously
normal men led to the conclusion that diets containing
high levels of meat or seafood are associated with an
increased risk of gout.170 The mechanism for this effect
was not identified. Besides gout, Johnson and collea-
gues have emphasized the toxicity of uric acid. They
point out that the gene encoding urate oxidase was lost
by primates millions of years ago leading to plasma
uric acid levels that are substantially higher in humans
compared to rodents, and other animals.171 Johnson
et al. also point out that hyperuricemia predisposes
humans to hypertension, through sodium retention
and possibly a renin-dependent mechanism. They
showed that when rodents are given an inhibitor of
uricase and/or allopurinol, there is an important asso-
ciation between the plasma level of uric acid and
hypertension and the rate of loss of residual renal func-
tion.172,173 Importantly, they found that serum uric acid
levels in untreated, otherwise normal adolescents with
hypertension are highly correlated with systolic blood
pressure (r2 .0.8). In a randomized, controlled cross-
over trial of 30 hypertensive adolescents Feig et al.
showed that patients treated with allopurinol treatment
resulted in significant reduction in blood pressure by a
mean systolic pressure reduction of 26.9 mmHg (95%
CI 24.5 to 29.3 mmHg) and mean diastolic change of
25.1 mmHg (95%CI 22.5 to 27.8 mmHg).174

Identifying the impact of uric acid on progression of
renal insufficiency is difficult because the serum uric
acid level in these patients do not rise to the level that
would be predicted from their degree of lost kidney
function. This occurs because bacteria in the gastrointes-
tinal tract extensively metabolize uric acid and hence, it
is difficult to link the serum uric acid to dietary protein
or to rates of loss of kidney function.175 On the other
hand, the plasma uric acid level of patients with CKD is
above the concentration that has been shown to be asso-
ciated with hypertension and possibly kidney dam-
age.171 For the same reason, the degree to which dietary
protein restriction will reduce the level of serum uric
acid in CKD patients has not been established. Potential
mechanisms that cause the nephrotoxicity of uric acid
have been explored. In rats given an inhibitor of urate
oxidase, there is only a slight rise in serum uric acid
(1�2 mg/dl) but this is associated with the development
of a primary arteriolopathy which is independent of
hypertension; this abnormality is largely corrected by
allopurinol treatment.173 Similarly prepared rats were

found to have glomerular hyperfiltration, an abnormal-
ity that was prevented by allopurinol administration.
Other mechanisms might involve impairment of nitric
oxide. Both normal and CKD rats (subtotal nephrec-
tomy) exhibit collagen deposition, macrophage infiltra-
tion, and an increase in juxtaglomerular renin content,
but there also is a decrease in the macula densa expres-
sion of neuronal nitric oxide synthase. It is proposed that
uric acid decreases nitric oxide synthesis in endothelial
cells, possibly through peroxynitrite production and oxi-
dative injury.129,171 The scientific evidence suggests that
uric acid could have a role in the development of hyper-
tension and possibly kidney disease progression. At
present, additional information is needed before we can
recommend the use of uric acid to protect against
progression of CKD. Certainly, acute or chronic gouty
attacks should be treated.

Progression of Experimental Renal Damage and
Dietary Protein

There is a body of evidence that suggests proteinuria
is toxic to the kidney. This is relevant because high-
protein diets potentiate proteinuria. For example, it has
been proposed that filtration and subsequent reabsorp-
tion of albumin by proximal tubule cells can excite
inflammatory responses, including expression of NF-κB,
a transcription factor that is heavily involved in mediat-
ing inflammatory responses.192,193 Clinical support for
this formulation comes from results of a multicenter trial
(RENAAL): when proteinuria was successfully sup-
pressed, there was a decrease in the risk of both kidney
failure and major cardiovascular events such as stroke,
congestive heart failure, and death.194,195 The relevance to
the amount of protein eaten is that dietary protein restric-
tion suppresses proteinuria and will add to the effective-
ness of the antiproteinuric response to ACEIs.196�198

The beneficial effects of dietary therapy in order to
limit renal injury in experimental models of CKD have
been recognized for more than 65 years (Table 90.4).199

TABLE 90.4 Experimental Models of Renal Diseases Improved
by Dietary Protein Restriction

Subtotal nephrectomy

Nephrotoxic serum nephritis

Doxorubicin nephrosis

Deoxycorticosterone acetate (DOCA)-salt hypertension

Spontaneous hypertension with reduced renal mass

Salt-sensitive hypertension with glomerulonephritis

Diabetes mellitus

Spontaneous glomerular sclerosis of aging

Antitubular basement membrane nephritis
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Identification of the mechanisms responsible for the
effectiveness of dietary therapy requires integrating the
separate contributions of dietary protein, phosphates,
salt, and/or unexcreted metabolic waste products that
cause ongoing kidney damage. This identification
would be useful not only to understand how diet
affects the kidney, but also because it could lead to
more specific therapies that would act to preserve kid-
ney function. The mechanisms by which components
of the diet affect kidney function are probably not
mutually exclusive. We will focus on the dietary pro-
tein derived largely from meat as is typical in a
Western diet. There are some intriguing data suggest-
ing that diets of different protein sources might be less
nephrotoxic in early CKD, but there is insufficient
human evidence to judge this question at this time.109

Later in CKD, the high phosphorous content of
vegetable and dairy protein sources makes these diets
poorly tolerated.169

Nephrotoxic Compounds Derived from Dietary
Protein

When speaking to patients and the lay public, we
often explain the manifestations of kidney disease in
terms of poisons that accumulate in bodily fluids as renal
function (GFR) falls. The appealing simplicity of this con-
cept is based on the role of the kidney as the principal
clearance mechanism for water-soluble waste. In this
concept, the symptoms progress with declining GFR
because of the decreased clearance of substances (often
called “uremic toxins”) that cause specific signs or symp-
toms of CKD.200 In 1905, Folin pointed out that the prin-
cipal metabolic response to an increase or a decrease in
dietary protein content is a parallel change in urea excre-
tion.201 Using somewhat more sophisticated techniques,
the same relationship between protein intake and urea
production has been demonstrated repeatedly in normal
adults and patients with CKD.202�204 This occurs
because protein ingested is metabolized in the gastroin-
testinal tract to peptides and amino acids. These peptides
and amino acids are further degraded in the gastrointes-
tinal tract or liver, yielding an enormous number of
nitrogen-containing products that must be excreted by
the kidney in addition to the newly synthesized proteins.
Thus, if kidney function is impaired, it follows that the
products arising from the metabolism of dietary protein
will accumulate in patients in direct proportion to the
amount of protein eaten and in inverse proportion to the
degree of kidney failure. Accumulation of unexcreted
compounds not only causes metabolic abnormalities but
also can damage the injured kidney. A more categorical
discussion of protein-derived uremic toxins follows in
the next section.

Progression of renal disease can similarly be seen to
be caused by accumulation of these toxins. While it is
theoretically possible that there is one toxin that explains
progression of renal disease or certain signs and symp-
toms, the interaction of many toxins is thought to be
required in most circumstances. For example, a combina-
tion of waste products of protein metabolism (urea, mag-
nesium, acetoin, 2, 3-butylene-glycol, sulfate, creatinine,
p-cresol, and guanidine) impair oxidative metabolism in
slices of cerebral cortex, but when studied separately at
the same concentration, each agent has no effect.205

Certain signs or symptoms that do not increase progres-
sively as GFR fails can be explained by a threshold
model. Furthermore, if a threshold can be identified, the
threshold concentrations can define criteria for adequacy
of renal replacement therapy. While simple in theory,
the large number of potential uremic toxins makes such
calculations difficult. In 2003, the European Uremic
Toxin Work Group (Eutox) published a structured
review of the literature identifying 90 known com-
pounds that are accumulated in CKD that have toxic
potential. Since then 25 additional retention solutes have
been identified, thus suggesting the uremic syndrome is
produced by complex biochemical interactions of a num-
ber of retained solutes.206

Bergstrom has proposed definitive criteria for deter-
mining if a proposed chemical (organic or inorganic)
compound is a uremic toxin: (1) the chemical identity of
the compound should be known; (2) the concentration
should be higher in tissue or plasma from uremic
patients than in that from normal subjects; (3) the con-
centration should correlate with specific uremic signs
or symptoms and be improved by the removal of sub-
stance; and (4) the toxicity of the compound in tissue,
cells, or a test system should be demonstrated at the
concentration found in tissue or fluids from uremic
patients.207 Given the complex nature of renal excretion,
few compounds have been found that meet all criteria.

Urea

The possibility that urea itself might be toxic has
been tested, albeit with some challenges, since the half-
life of urea is short with normal kidney function is
difficult to test the toxicity of urea.200 Nephrectomized
dogs, treated with peritoneal dialysis and a dialysate
supplemented with urea, achieved BUN values
between 173 and 224 mg/dl and developed weakness,
anorexia, and decreased attentiveness.208 Continued
therapy was followed by vomiting, hemorrhagic diar-
rhea, hypothermia, and death. In humans, no apparent
toxicity was seen when chronic dialysis patients were
dialyzed against urea-supplemented dialysate.209

However, when the urea concentration was gradually
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increased in the dialysate of stable long-term hemodial-
ysis patients to obtain a steady state BUN between 140
and 200 mg/dl for several weeks, most patients experi-
enced malaise, weakness, lethargy, and a bleeding
diathesis.210 Thus, some symptoms of uremia, such as
nausea, vomiting, malaise, and bleeding, may be due
to urea intoxication; other uremic symptoms cannot be
provoked by even high urea concentrations. Thus, urea
seems to be clinically important only at very high con-
centrations. Consistent with this idea, there is little
direct effect of high urea on cellular function. Urea sup-
presses inducible nitric oxide synthesis in mouse
macrophages and stimulates macrophage proliferation
in a dose-dependent fashion.211 This response could be
relevant to the proliferation of macrophages within
atherosclerotic lesions.

One possible explanation for this high degree of tol-
erance to urea is that its decomposition may be required
for direct toxicity. Urea can also be spontaneously
decomposed to form ammonia or cyanate adducts.
Cyanate can condense with NH2-terminal amino and
amide lysine groups on proteins to alter the tertiary
structure of proteins; enzyme activity can change. This
explains why CKD is associated with carbamylation of
many proteins. The consequences of this process are
not settled; protein carbamylation has been reported to
aggravate the uremic syndrome and may decrease the
activity of insulin.212 As discussed below, carbamyla-
tion may enhance oxidation and formation of advanced
glycosylation end products. A variety of lipids may
also be carbamylated to form toxins.200 For example,
3-carboxy-4-methyl-5-propyl-2-furaproprionic (CMPF)
acid has been demonstrated to be a major cause of
altered drug protein binding in uremia.213 Finally, urea
is converted to ammonia and carbon dioxide, princi-
pally by bacterial urease. Systemic blood ammonia
levels are minimally elevated in uremia, largely because
the resulting ammonia diffuses across intestinal epithe-
lia to portal blood and is reconverted to urea in the
liver.214,215 Thus, at high concentrations urea is toxic,
but is insufficient to completely account for the uremic
syndrome.

Other Toxic Metabolites of Protein

A major difficulty in identifying uremic toxins
occurs because most compounds produce toxic effects
in concert with other compounds or after secondary
modification.200 Widespread and variable secondary
modification of organic molecules by carbamylation,
glycosylation, and oxidization in uremia often influ-
ences their toxicity.212,216 Rather than trying to identify
individual toxins, the toxins should be considered in
broader categories. The most important group is the
products of protein metabolism. These include not only
nitrogen containing compounds, but also metabolic

acidosis and phosphorous.169 However, any substance
with decreased clearance can meet these criteria
including bacterial products, electrolytes (e.g., sodium),
cytokines, and hormones.200

Not all manifestations of chronic kidney disease are
caused by water-soluble toxins easily cleared by hemo-
dialysis or peritoneal dialysis.206 Inadequate removal of
toxins can lead to complications even with seemingly
adequate dialysis: the inability to clear sufficient
sodium in conventional hemodialysis leads to extracel-
lular volume expansion, cardiac dilatation, sympathetic
nervous system activation, and inflammatory cytokine
production. But even with ideal dialysis therapy, there
is increasing evidence that other aspects of renal func-
tion may still drive complications of CKD. The best
examples of this are the hormones erythropoietin (EPO)
and 1,25 hydroxyvitamin D3, where the kidney acts as
a major source of production. Larger molecules (both
so-called middle molecules (0.5�3.0 kD) and larger
polypeptides) including many hormones and cytokines,
are destroyed by the kidney and their levels rise as GFR
declines. The kidney is metabolically active playing a
secondary role in glucose production, lactic acid metab-
olism, and arginine metabolism. These metabolic func-
tions of the kidney may not be crucial in the normal,
resting state, but may regulate major adaptations in
liver disease, oxidative stress, and regional ischemia.

The principal example of metabolic disorders is the
accumulation of unexcreted acid arising from the
metabolism of certain amino acids (e.g., sulfur-
containing amino acids and others). Metabolic acidosis
leads to several metabolic abnormalities including an
increase in the breakdown of protein and essential
amino acids, insulin resistance, and abnormalities in
endocrine function and bone metabolism.217�221 An
example of a toxin accumulated by CKD patients is
indoxyl sulfate, which arises from the breakdown of
tryptophan.222 When given to rodents that serve as
models of glomerular sclerosis, indoxyl sulfate (or
indole compounds) accelerates the degree of kidney
damage.223,224 The mechanism underlying this toxic
effect is complex and may involve expression of TGF-β
in the kidney, but how TGF-β is stimulated and
whether other toxic mechanisms are involved is
unknown.225 The link to dietary protein is that accumu-
lation of indoxyl sulfate in uremic rats and CKD
patients can be reduced by restricting dietary pro-
tein.226 This should not be surprising because the
amino acid, tryptophan, is the precursor of indoxyl sul-
fate. Another means of lowering indoxyl sulfate is by
ingestion of a sorbent to increase its extrarenal clear-
ance, and there are clinical trials assessing if this strat-
egy as a means of preventing uremic toxicity.226,227

Besides these compounds, other potentially toxic
metabolites of dietary protein can affect kidney
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function indirectly. For example, excess dietary protein
will increase the accumulation of phenylalanine meta-
bolites in patients with renal insufficiency, and at least
in dialysis patients, phenylacetic acid accumulates and
inhibits the expression of inducible nitric oxide
synthase.228 This inhibitory effect could increase ath-
erosclerosis, one of the major problems caused by kid-
ney failure. The metabolism of amino acid derivatives,
like the metabolism of creatinine, is complex in patients
with renal insufficiency.51,175 Metabolism of these (and
other) compounds makes it difficult to predict how the
serum/plasma level of these compounds will change
or how abnormalities caused by accumulation of the
metabolites will respond to dietary protein restriction.
Regardless, it is clear that dietary protein restriction
will decrease the accumulation of any of these
products.

Guanidino-Containing Compounds

Guanidino compounds are strong organic bases that
bear the amidino group; these compounds accumulate
in the sera and tissues of uremic patients.200,229,230

Dietary protein is the ultimate source of the nitrogen in
guanidino compounds, and their excretion rises with
increased protein intake.231,232 However, urinary excre-
tion of guanidine compounds in CKD patients is higher
than that of control subjects even when protein intake
is the same. Because the extrarenal clearance of these
compounds is negligible, it follows that CKD increases
the production of guanidino compounds. The biochem-
ical pathways in which guanidino compounds are syn-
thesized are largely unknown. Arginine can be
converted into amidino groups in vivo, and urinary
excretion of both methylguanidine and guanidinosucci-
nic acid rise when dietary protein is increased, but
whether this is attributable to an increase in arginine
accumulation is unknown. Besides arginine levels,
there are other factors regulating their production.
Kopple et al.231 reported that three CKD patients with
a constant protein intake had increased excretion of
guanidinosuccinic acid with an intercurrent illness.
Most synthesis of guanidine-containing compounds
from arginine is likely to occur in the liver, because
there is a high activity of glycine transamidinase and a
low rate of arginine export by hepatocytes.233 Arginine
turnover in normal adults includes a relatively large
nonexchangeable pool in the liver that could serve as a
source of guanidino compounds, and perfusion of rat
liver with L-[guanidino-14 C] arginine yields a progres-
sive increase of 14 C-guanidinosuccinic acid.234

Ingestion of L-[guanidino-15 N] arginine by uremic
patients yielded 15N-methylguanidine at levels that
initially exceeded that present in creatinine, consistent

with (methylguanidine) being a precursor of creati-
nine.235 This result supports the hypothesis that argi-
nine may be degraded to form methylguanidine and a-
aminobutyric acid. High concentrations of creatinine or
its immediate precursor, guanidinoacetic acid
decreases utilization of arginine to form guanidinoace-
tic acid. The increased availability of arginine may lead
to donation of its amidino group to form other com-
pounds, such as guanidinosuccinic acid, methylguani-
dine, γ-guanidinobutyric acid, and guanidinopropionic
acid.236 Regardless of the mechanism, the concentration
of guanidino compounds in tissue and plasma
increases as renal function declines, and their concen-
trations are best correlated with the amount of protein
eaten.

Difficulty measuring plasma and tissue concentra-
tions of guanidino compounds has caused much of the
controversy surrounding the importance of candidate
uremic toxins.200 Because there is great variation
among species in levels of guanidino compounds,
human studies will be considered here.237 Plasma
levels as high as 8 to 10 mM can occur in uremic
patients, but corresponding tissue levels have not been
extensively studied, so it is difficult to verify toxicity.
Methylguanidine has been detected in the cerebrospi-
nal fluid of uremic patients, but not in normal subjects
or experimental animal models of renal failure.238 In
vitro, high doses of methylguanidine cause autohemo-
lysis, defects in erythrocyte metabolism, and inhibit
salivary and exocrine pancreatic secretion.239 Likewise,
guanidinopropionic acid, guanidinoacetic acid, or
γ-guanidinobutyric acid can cause autohemolysis of
red blood cells, possibly related to inhibition of
glucose-6-phosphate dehydrogenase.240 Clinically,
plasma levels of these compounds in uremic patients
can be shown to be inversely correlated with the eryth-
rocyte glutathione concentration, suggesting they
induce a loss of the protective effect of glutathione
against hemolysis. Other guanidino compounds may
have neurotoxic effects: guanidine and methylguani-
dine have been related to peripheral neuropathy, and
γ-guanidinobutyric acid, taurocyamine, homoarginine,
and α-keto-δ-guanidinovaleric acid lower the seizure
threshold of experimental animals.241 The concentra-
tions of guanidine compounds in serum, urine, and
cerebrospinal fluid of nondialyzed patients with renal
insufficiency were as much as 100-fold higher in the
cerebrospinal fluid of uremic patients, and these com-
pounds can induce experimental convulsions at con-
centrations found in uremic brain.242,243 Based on
biochemical and electrophysiologic measurements
in vitro, the central nervous system excitatory effects of
uremic guanidino compounds could be explained by
inhibition of γ-aminobutyric acid (GABA) receptors,
selective activation of N-methyl-D-aspartate (NMDA)
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receptors by guanidinosuccinic acid, and an intrinsic
depolarizing response.244

ADMA and Other Arginine Derivatives

Related compounds derived from arginine can
inhibit NO synthase: asymmetric dimethylarginine
(ADMA) inhibits this enzyme and some, but not all,
investigators feel that ADMA accumulates in patients
with impaired renal excretion.245,246 Interpretation is
difficult because plasma concentrations of ADMA are
higher in patients with vascular disease and even
asymptomatic hypercholesterolemia.247,248 A recent
report found a GFR-dependent increase in the serum
concentration of ADMA and related compounds in
CKD patients, but also found that patients with both
CKD and cardiovascular disease had even higher
levels.246 Clearance of ADMA by hemodialysis is lower
than expected for its molecular weight, suggesting that
there is binding to plasma proteins. For example, two
groups found only a 20% reduction in ADMA concen-
trations during dialysis.245

In experimental animals, accumulation of ADMA is
associated with a concentration-dependent pressor and
bradycardic response and vasoconstriction in mesen-
teric and hindquarter vessels.249 In CKD patients, loss
of the vasodilating properties of NO (e.g., because of a
high ADMA level) could aggravate hypertension and
accelerate the progression of renal failure.250 A positive
correlation between plasma levels of ADMA and mean
arterial blood pressure has been noted and possibly an
inverse relationship between progression of CKD and
nitrate excretion.251 Despite the suggestive higher
levels in cardiovascular disease patients and the appro-
priate physiologic responses, there are no studies
showing whether ADMA causes cardiovascular disease
or cardiovascular disease increases ADMA.246 Besides
changing hemodynamic responses, NO depletion may
cause anorexia in hemodialysis patients as administra-
tion of N-nitro-L-arginine, an inhibitor of NO synthe-
sis, reduced the food intake of rats. Another possibility
is that it raised the ornithine concentration because
ornithine can inhibit protein ingestion in a dose-
dependent manner.252

Products of Bacterial Metabolism

Uremic toxins can be synthesized by gut bacteria
and absorption of bacterial products could be high
because of increased permeability of the gastrointesti-
nal mucosa.200,253 The gut (mainly colon) has come
forth as a major source of the generation of various
metabolic wastes.254,255 Nutrients that escape diges-
tion/absorption in the small bowel become substrates
for bacterial metabolism—there are more bacterial cells

in the colon than there are cells in the whole human
body. Moreover, there is bacterial overgrowth in the
gastrointestinal tracts of uremic patients so it is possi-
ble that these bacteria contribute to the accumulation
of “uremic toxins.257” Bacteria use the nutrients for
their own metabolism, as well as generating short
chain fatty acids, which are absorbed and used as
energy. This constitutes about 3% of our total energy
source, which is not a vital source of calories in modern
societies, but in evolutionary terms or when food is
scarce, this extra energy may be essential. Intestinal
bacteria generate nitrogenous wastes and aromatic
compounds (e.g., phenols, indoles, aliphatic amines)
from protein metabolism and are cleared mainly by the
kidneys. Bacteria derived uremic toxins include
indoxyl sulfate, hippuric acid, p-cresol, and 3-carboxy-
4-methyl-5-propyl-2-furanpropionic acid.256 The evi-
dence that bacterial products contribute to altered men-
tal status in uremia is indirect: administration of
nonabsorbable antibiotics to two patients with uremic
encephalopathy resulted in a marked improvement in
asterixis, myoclonus, mental alertness, and electroen-
cephalographic abnormalities, coinciding with a
decline in serum amine levels.257 Some of these bacte-
rial products are directly derived from amino acids;
others are derived from compounds rich in muscle,
such as creatinine, lecithin, and choline.

Aromatic amines. Tryptophan has been suggested as
one of the major precursors of this class of uremic
toxins.200 Tryptophan undergoes deamination and decar-
boxylation by gut bacteria, yielding a variety of metabo-
lites that include indole, indoxyl, skatole, skatoxyl,
indican, and indoleacetic acid. Aromatic amines also
result from bacterial metabolism of tyrosine,
phenylalanine, or tryptophan.258,259 Several indole
compounds are high in the plasma of uremic subjects
and can inhibit oxidative metabolism in brain slices.260

Moreover, patients with uremic encephalopathy have
high concentrations of tryptophan, 5-hydroxyindoleacetic
acid, and homovanillic acid in their cerebrospinal
fluid.261,262 The pathogenic significance of this association
is unclear, but 5-hydroxyindoleacetic acid is a precursor
of the neurotransmitter serotonin, as well as indoxyl sul-
fate.261,262 The potential nephrotoxicity of indol sulfate
was discussed above. Uremic rats fed a proprietary resin
that absorbs such compounds were found to have greatly
reduced plasma and urinary levels of indoxyl sulfate, but
more interestingly, there were improvements in several
metabolic pathways, even though the degree of azotemia
was unchanged.222 The administration of this resin was
associated with increased food intake, leading to the sug-
gestion that other toxins causing anorexia were removed.
Indoxyl sulfate can inhibit the deiodination of T4 to T3 in
cultured hepatocytes.263 Most if not all of the breakdown
products of the aromatic amino acids, including
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tryptophan, have been shown to interfere with the bind-
ing of drugs to serum proteins.

Aromatic amines could contribute to uremic enceph-
alopathy by serving as false neurotransmitters.258,259

Infusion of phenol or p-cresol into dogs results in a
variety of neurologic symptoms, and conjugated phe-
nols can inhibit ATPases and ion transport systems,
leading to changes in intracellular ionic composition
and abnormal cellular metabolism.264 It is known that
p-cresol can inactivate β-hydroxylase, a key enzyme in
the transformation of dopamine to norepinephrine.265

P-cresol is also associated with decreased bactericidal
free-radical formation by activated macrophages266 and
reduces vascular endothelial function.267

Aliphatic amines. Aliphatic amines come from dif-
ferent sources: monomethylamine is thought to be
derived from the metabolism of creatinine through sar-
cosine, whereas bacterial metabolism of choline and
lecithin produce tertiary methylamines, which are
absorbed and oxidized or demethylated to form sec-
ondary methylamines.200,257,268 These compounds can
be absorbed by the gut and taken up by the muscle of
the animal and finally eaten by humans. For example,
trimethylamine-N-oxide (TMAO) is readily absorbed
from dietary fish, and is promptly excreted by normal
adults, but accumulates in CKD patients.269

Secondary methylamines are high in blood, cerebro-
spinal fluid, and brain tissue, as well as in duodenal
aspirates.257,270 This may reflect the greater density of
bacteria in the small intestines of uremic patients or the
higher choline levels in the plasma of uremic patients
Niwa has identified high levels of derivatives of hydro-
xyphenolic acids, including p-hydroxybenzoic acid and
p-hydroxyphenylacetic acid and precursors of phenol
and p-cresol, in the sera of hemodialysis patients; the
levels were proportional to dietary protein intake.222

Toxins not derived from dietary protein. Finally, not
all bacterial products that are potential uremic toxins
are synthesized from amino acids or other substances
in meat. Low-molecular-weight polyamines necessary
for the synthesis of nucleic acid and cell growth
include putrescine, spermidine, and spermine. These
factors can be synthesized in mammalian tissues, and
cadaverine and putrescine are formed by intestinal bac-
teria in a reaction that decarboxylates lysine and orni-
thine.271 In vitro experiments indicate that spermine
can inhibit erythropoiesis, whereas in hemodialysis
patients, the serum spermine levels vary inversely with
the hematocrit.

Evidence for Protein Restriction in CKD

For more than 100 years, it has been known that die-
tary protein restriction decreases the BUN and the
severity of uremic symptoms.200,272 Dietary manipula-
tions in the form of protein restriction were the

standard of care to alleviate the symptoms of uremia
prior to the widespread availability of dialysis.
Presumably this maneuver lowered the generation
rates of nitrogenous waste solutes. When dialysis
became readily available to treat advanced uremia,
efforts to reduce uremic solute production by restrict-
ing the diet were largely abandoned. However, studies
that manipulated dietary intake of protein provide
important insight into the uremic syndrome. Cotton
and Knochel demonstrated the toxic consequences of
excess dietary protein by measuring abnormalities in
the resting membrane potential of skeletal muscle
fibers in patients with advanced uremia.273 After six
weeks of intensive dialysis, uremic symptoms
improved, and the skeletal muscle resting membrane
potentials returned to normal.274,275 When the investi-
gators reduced the frequency of their dialysis treat-
ments, anorexia, nausea, and vomiting developed in
four of six patients, and the muscle membrane poten-
tial fell. On the same reduced dialysis schedule, the
diet was switched from 1 g of protein per kilogram per
day to 0.5 g/kg/day plus a supplement of essential
amino acids. With the reduced amount of dietary pro-
tein, five of six patients had normal membrane poten-
tial values in skeletal muscle (the remaining patient
did not comply with the dietary restriction) and in all
patients, uremic symptoms resolved.273 We have dis-
cussed some of these protein-derived toxins in the sec-
tion on progression of renal disease, especially uric
acid. We will not discuss acidosis separately here,
because it influences a variety of systems and will be
discussed in detail in the section on endocrine
abnormalities.

Besides reducing nitrogen intake, a low-protein diet
is generally associated with a reduction in phosphorus
and sodium intake. The potential benefit of lowering
salt intake in hypertensive CKD patients is obvious,
but benefits of dietary phosphate restriction are less
obvious. A low-phosphate diet can mitigate the pro-
gressive renal disease that occurs after subtotal
nephrectomy or experimental glomerulonephritis in
the rat,276 but interpreting these results is complicated
because there are studies in which dietary protein but
not phosphorus was varied, and it was concluded that
dietary protein restriction without phosphate restric-
tion can be beneficial.277 On the other hand, dietary
phosphate restriction without simultaneous protein
restriction is capable of reducing progressive experi-
mental renal disease. The mechanism whereby phos-
phate restriction reduces renal injury is uncertain. Four
possibilities have been suggested. First, dietary phos-
phate restriction can reduce GFR so that its effect could
occur by diminishing hyperperfusion in residual
nephrons. Second, severe dietary phosphate restriction
leads to defects in inflammatory responses and
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dysfunction of leukocytes, which could reduce dam-
age. However, the degree of phosphate restriction for
this response is too severe to be used clinically. Third,
intrarenal deposition of calcium phosphate crystals
could be reduced by dietary restriction of phosphates
as demonstrated histologically in 1937.278 Fourth, phos-
phate restriction could minimize renal hypermetabo-
lism (i.e., oxygen and glucose consumption).279 Clearly,
these mechanisms are not mutually exclusive, and all
may contribute to the beneficial effects of phosphate
restriction.

In summary, while there is confusion surrounding
the identity of uremic toxins derived from animal pro-
tein, there is no shortage of candidate molecules. It is
likely that many toxins contribute to any given patho-
physiologic response. It is clear that the degree of
uremic toxicity is roughly related to protein intake; the
most severe symptoms occur in the patients with the
highest protein intake; and most symptoms decline in
severity when dietary protein intake is reduced or are
removed through dialysis. However, there are patho-
physiologic responses that do not respond to these
maneuvers, suggesting that restricting dietary protein
by itself is not sufficient for conservative management
of uremia.

Larger Uremic Toxins

It is clear that not all compounds accumulated in
CKD are small molecules derived from metabolism
of dietary precursors for which urea is a surrogate
marker.200 For example, uremic neuropathy has been
linked to accumulation of so-called “middle molecules”
weighing between 500 and 3000 Daltons (0.5�3 kD).280

Just like the smaller toxins, much of the controversy
about the clinical importance of accumulating middle
molecules stems from difficulties in identifying com-
pounds present at low concentrations in fluid that is as
chemically complex as plasma. It is also clear that the
3-kD cut-off for defining middle molecules is arbitrary,
and larger protein molecules may cause uremic toxicity
by similar mechanisms.

Middle Molecules

Most of the data on middle molecules derives from
studies on fractions of uremic plasma. When the
plasma ultrafiltrates from uremic patients or urine
from normal adults were injected intraperitoneally into
rats, their appetites fell sharply, whereas injections of
normal saline or ultrafiltrates of plasma from normal
adults did not alter feeding behavior.281 It was con-
cluded that one or more factors eliminated by the
kidney accumulate in the body fluids of patients with
renal failure and suppress appetite. Ultrafiltrate

subfractions with molecular weights of 1�5 kD and
5�10 kD obtained from uremic patients were also
shown to inhibit the hunger for carbohydrates and pro-
teins in a dose-dependent manner.282 Similar results
occurred after direct injection of the middle molecule
fractions into the lateral brain ventricles of rats, sug-
gesting that specific brain receptors or neurotransmit-
ters control feeding.280 These results were site- and
route-specific because intravenous injection of the
same uremic ultrafiltrate subfractions had no effect on
feeding behavior nor was the sexual behavior of the
rats altered.283 The authors concluded that middle
molecules contained in plasma from uremic patients or
from urine of normal adults act in both the brain and
the splanchnic region to inhibit food intake.

Similar studies have implicated middle molecules in
the impairment of immune responses and abnormali-
ties in lipoprotein metabolism associated with uremia.
Middle molecule fractions of uremic serum inhibited
lymphocyte proliferation by 50% and decreased pro-
duction of interleukin-2, a cytokine that stimulates
T-lymphocyte proliferation.284 Middle molecules also
cause polymorphonuclear leukocyte dysfunction in
uremia. Serum samples containing middle molecules
can inhibit chemotaxis, oxidative metabolism, intracel-
lular bacterial killing, and other polymorphonuclear
leukocyte functions.285�287 Middle molecule fractions
from serum of uremic patients directly inhibit apolipo-
protein A-I (apo A-I) production in hepatoma cells.288

Since apo A-I is the structural protein for HDL, this
mechanism could contribute to the lower HDL levels
seen in CKD and ESRD patients.

What is the chemical identity of these molecules?
Specific toxic responses to molecules identified thus far
are unknown, although β2-microglobulin, which accu-
mulates in the plasma of patients with renal failure, is
the major constituent of amyloid-like deposits that
accumulate in dialysis-related secondary amyloid-
osis.289 Small polypeptides accumulate in the plasma of
uremic patients; at least 38 ninhydrin-positive (i.e.,
amines or amino-containing peptides) have been
isolated from dialysate, while peptide-bound,
N-substituted amino acids are present in excess
amounts in the plasma of uremic patients.290 Abiko
and associates isolated four peptides from the plasma
of patients with severe uremia that were characterized
as peptide fragments of plasma proteins that are elimi-
nated or metabolized by the normal kidney.291,292

Similarly, Chu and colleagues identified six middle
molecules weighing between 800 and 2015 Daltons that
accumulate in the serum of uremic patients but are
excreted by healthy subjects.293

A number of these substances may be circulating
hormones or cytokines accumulating in uremic
patients—and we will discuss hormonal changes in a
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separate section—but one class of possible middle mol-
ecule uremic toxins is inflammatory cytokines. The
half-lives of circulating cytokines are elevated due to
decreased glomerular filtration and proximal tubular
uptake and destruction. How clinically relevant
decreased destruction of small inflammatory cytokines
is in CKD is unknown, and most well-studied cyto-
kines are above the 3 kDa used by some to describe
middle molecules. For example, elevated TNF-α and
IL-6 plasma levels have been noted in CKD and
ESRD.49 However, cytokines often act in a paracrine
fashion, so that circulating levels may not correlate
with tissue action. In one study monocyte levels had a
much smaller increase than in plasma.294 Inflammation
and oxidative stress clearly play a major role in increas-
ing the production of these cytokines, accounting for
the marked variability seen among patients and stud-
ies. Some cytokines do have important circulating
responses. For example, reports suggest that IL-6 has
important circulating effects to promote inflamma-
tion.49 On multivariate analysis, serum creatinine was
the sole determinant of IL-6 levels in a group of CKD
patients.295 The IL-6 circulating receptor, a binding pro-
tein that increases plasma half-life, also increased with
declining GFR. However, these results suggest, but do
not prove, that decreased renal clearance may increase
plasma levels of this circulating cytokine.

The relative importance of larger versus smaller
uremic toxins is not entirely known. Dialysis effi-
ciently corrects the uremic syndrome, suggesting that
low-molecular-weight solutes are most important.
However, the high mortality of dialysis patients sug-
gests that major abnormalities remain. A carefully
performed study did not show a survival advantage
(except in the subgroup of the patients who had been
on dialysis the longest) of a larger hemodialyzer-
membrane pore size (high flux dialysis) designed to
clear some middle molecules.296 Caution should be
used in the interpretation of dialysis studies to deter-
mine the importance of small versus middle mole-
cules, because of the distinction between dialyzability
and elimination. For instance, inorganic phosphorous
is readily cleared through dialysis membranes, but is
removed poorly because of its large volume of distri-
bution and slow release from its intracellular stores.
Larger molecular weight fractions of plasma are also
cleared efficiently by the kidney, but not with dialysis,
even when high-flux membranes are used.
Suggestions have been made that continuous dialysis
or bioartificial kidneys may remove these molecules
more successfully, but data remain limited. Overall,
the data suggest that larger uremic toxins have the
potential for enhancing morbidity associated with the
uremic syndrome, but it is not clear what approach
may be best for their removal.

Advanced Carbamylation, Oxidation, and
Glycosylation Products

In the discussion on urea, we pointed out that modi-
fication of peptide and protein substrates by carbamy-
lation probably accounted for some of the toxic effects
of this molecule. Modification of protein substrates by
carbamylation is a possible mechanism for formation
of middle molecule and larger uremic toxins related to
dietary protein intake. While proteins can be directly
modified by oxidation and glycosylation, carbamylated
proteins can have enhanced reactivity with oxygen and
glucose accelerating formation of these products.

Oxidation

While carbamylation, glycosylation, oxidation, and
nitrosolation of proteins are all probably important
mechanisms for generating toxins, oxidant and glucose
modification has a high correlation with cardiovascular
disease. Generation of oxidant species is a normal
enzymatic process example, xanthine oxidase, NAD(P)
H oxidase, endothelial nitric oxide synthase (NOS), as
well as by transition metals, such as iron.297 Activated
leukocytes and other phagocytic cells generate reactive
oxidation species such as hydrogen peroxide or
hydroxyl radicals. Antioxidant defenses include super-
oxide dismutase, catalase, glutathione peroxidase, trace
metal scavengers and nonenzymatic substances such as
melatonin, tocopherol, ascorbic acid, carotenoids, and
flavonoids. The structure of proteins is altered by oxi-
dation of specific amino acid residues such as tyrosine
resulting in cross-linking, aggregation, or fragmenta-
tion of proteins following reactions with reactive oxy-
gen species including advanced oxidation protein
products.216,298 An imbalance between reactive oxygen
radical production and antioxidant defense occurs in
uremia, although the mechanisms are not entirely
clear.297 Possible causes include changes in diet to
reduce the intake of antioxidant compounds in fruits
and vegetables, retention of circulating oxidant mole-
cules, and intercurrent inflammatory illnesses. Dietary
protein intake does not appear to influence oxidative
stress.299

Advanced oxidation products can be found even in
the early stages of renal insufficiency, but increase
sharply with progressive loss of renal function. These
products are at high concentrations in dialysis
patients, forming protein aggregates, and there is a
positive correlation between the levels of oxidation
products and inflammatory markers such as TNF-α
and its soluble receptor.298 Because these compounds
have been linked to the development of atherosclero-
sis,283 formation of these products could be linked to
cardiovascular disease.
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Glycosylation. Advanced glycosylation end pro-
ducts (AGE) form from glucose modification of
proteins, and are associated with toxicity in diabetes
mellitus. While insulin resistance and reduced removal
of small proteins are thought to contribute to AGE for-
mation in CKD, they are not believed to be the only
mechanisms.300 Glucose can interact with proteins that
have been modified by carbamylation to form AGEs.
The toxic properties of AGEs have been well studied in
the diabetes literature.301 Needless to say, they may
contribute to similar end-organ dysfunction in patients
with CKD, including increased progression of renal
disease. The role of AGEs may explain, in part, the
synergistic effects of decreased GFR and diabetes on
uremic signs, symptoms, and end-organ damage.
Furthermore, the potential that this modification could
interact with protein carbamylation and oxidation
products to additively impair protein function must be
considered.

Homocysteine and cysteine-homocysteine.One inter-
action between amino acids and oxidative stress is the
formation of homocysteine derivatives. Homocysteine,
a sulfur-containing amino acid derived from the
metabolism of methionine or cysteine, is rapidly oxi-
dized creating a special class of uremic toxins.200

Homocysteine is found in the plasma and in erythro-
cytes and cells of the liver and other organs.302�304 In
plasma from CKD patients, the levels of sulfur-
containing amino acids, including homocysteine, are
high; the mechanism for these abnormalities is
unknown. Accumulation of homocysteine is a poten-
tially severe complication because of the association
between homocysteine levels and cardiovascular
disease. By convention, plasma or serum total homo-
cysteine refers to the sum of homocysteine and its
disulfide derivatives whether they exist in the bound
or the free-state. Studies in rats and humans suggest
that the kidney eliminates about 70% of the daily
homocysteine burden and this indicates why homocys-
teinemia levels are high in predialysis as well as renal
transplant patients305,306 It is postulated that homocys-
teine plays a role in the excessive cardiovascular risk
associated with CKD.307 Homocysteine is metabolized
by reactions that include transsulfuration or remethyla-
tion. In transsulfuration, homocysteine is degraded
to cystathione and then to cysteine and other sulfur-
containing compounds, including glutathione, taurine,
hydrogen sulfide, and sulfate. In remethylation, homo-
cysteine is methylated through the action of methylene-
tetrahydrofolate reductase. Folic acid is the major
cofactor for this enzyme and a deficiency of folic acid
leads to increases in homocysteine. Vitamin B6 is a
cofactor involved in transsulfuration and vitamin B12
is involved in remethylation. Treatment of homocyste-
ine excess with folic acid has shown some value in

subjects with normal renal function, but was not proven
effective in a clinical trial in dialysis and pre-dialysis
patients.308,309 This result has led to speculation about a
folate-independent pathway for the hyperhomocystei-
nemia seen in ESRD.

Alterations in Endocrine Function

Many characteristic features of uremia result from
the extensive disruption of endocrine systems. Clearly,
hormones predominately produced by the kidney,
such as EPO and 1,25-(OH)2D3, are found in progres-
sively reduced concentrations as CKD worsens.69

However, more subtle disruption occurs in endocrine
systems that have no renal production. Accumulation
of nitrogenous waste, phosphate and other inorganic
acids, and the effect of other hormonal systems affect
endocrine systems, which is addressed in Chapter 91.
In the discussion below we will limit our focus to
endocrine abnormalities that affect nutritional status
and protein turnover.

Insulin

Patients with CKD exhibit significant abnormalities
of glycemic control. These include an alteration of
peripheral glucose utilization, a subnormal response to
insulin, and elevated plasma insulin.310 The increase in
insulin levels is generally attributed to the decreased
insulin catabolism secondary to renal dysfunction.
Insulin requirements decline in diabetic subjects with
advancing CKD, because most insulin catabolism is
mediated by the kidneys. The plasma t1/2 of insulin
increases significantly when the creatinine clearance
decreases to less than 30 ml/min.311 Plasma levels of
both C-peptide and proinsulin are increased in indivi-
duals with CKD. Although serum insulin levels also
are increased, clinically significant hypoglycemia is not
observed except with the use of endogenous hypogly-
cemia agents.310 Glucose tolerance tests in uremic indi-
viduals are marked by elevated glucose levels and
hyperinsulinemia, even if diabetes mellitus is not pres-
ent. In addition, there is decreased insulin-mediated
glucose uptake by forearm tissues, and patients with
renal failure metabolize less glucose in response to
infused insulin than normal subjects. In euglycemic or
hyperglycemic clamp studies, the late responses to glu-
cose and insulin are quite characteristic of peripheral
insulin resistance.312 Hepatic glycogenolysis appears to
occur at normal or increased rates, but it is less sensi-
tive to insulin than that in nonuremic subjects.313

The defect in insulin responsiveness appears to
reside primarily in skeletal muscle, which represents
the vast bulk of glucose-dependent metabolic tissue.
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This peripheral unresponsiveness to insulin in uremia
has been examined in detail. The number of insulin
receptors appears to be normal or increased, and the
binding affinity for insulin of the receptors is not
affected in uremia.314 However, the degradation of the
hormone-receptor complexes occurs at slower rates
than normal.315 The findings together define the insulin
resistance to be a post-receptor event. Thus, uremia-
associated resistance to the action of insulin in muscle
has been linked to abnormalities in insulin signaling,
but it is not known which step(s) in the signaling path-
way is abnormal.316 In normal cells, activation of the
insulin receptor following insulin binding induces auto
phosphorylation of the β-subunit to stimulate the activ-
ity of a tyrosine kinase that subsequently phosphory-
lates other substrates.317 The major substrates are the
insulin-receptor substrates (IRS-1 and IRS-2), which
after phosphorylation acts as a scaffold to bring
together enzymes critical for subsequent insulin events,
including phosphatidylinositol- 3-kinase (PI3-K).318

The PI3-K complex is a heterodimer composed of an
86-kD (p85) regulatory subunit and a 110-kD (p110)
catalytic subunit. The p85 regulatory subunit can form
stable high-affinity complexes with the p110 catalytic
subunit, but the amount of these cellular complexes
and the amounts of the subunits are differentially regu-
lated by stimuli like glucocorticoids.319 For example,
Giorgino and coworkers reported that stimulation of
expression of the p85 subunit of PI3-K following gluco-
corticoid treatment was associated with reduced IRS-
1�associated PI3-K activity.320 They speculated that
the excess of p85 competed with the p85-p110 complex
for binding to phosphorylated IRS-1. The reduced
amount of IRS-1 associated p110 catalytic subunit
resulted in decreased PI3-K activity. This would
partially explain the insulin resistance associated with
glucocorticoid administration. Since glucocorticoids are
increased in uremia, insulin resistance may occur via a
similar mechanism. Just as with glucocorticoid treat-
ment, the quantity of p85 was substantially increased
in muscle of chronically uremic rats.200

Acidosis also has the potential induce insulin resis-
tance. Acidosis does not alter islet cell secretion of insu-
lin, but does induce resistance to insulin action in
peripheral tissues; reversal of acidosis improves the
sensitivity of glucose metabolism to insulin.321 One
possible mechanism of acidosis is to increase glucocor-
ticoids. Bailey and colleagues also found that correction
of acidosis with sodium bicarbonate improved insulin
stimulated PI3-K activation in rats.322 In muscle cell
culture models without elevated glucocorticoids, acido-
sis by itself causes decreases in insulin stimulated
PI3-K, without the typical glucocorticoid-mediated
changes in the quantity of p85 subunits.323 This sug-
gests that in uremia acidosis induces insulin resistance

at the level of PI3-K by glucocorticoid-dependent and
-independent pathways. It is not clear if these same
mechanisms may be important earlier in CKD where
frank acidosis is not present, but the transient acid
loads increase amino-acid mobilization from muscle.

Several other factors have been found to be at least
partially responsible for the decreased insulin sensitiv-
ity. As discussed above, PTH excess impairs the
response to insulin.324 Suppression of PTH levels by
the administration of 1,25-(OH)2D3 improves glucose
metabolism.325 Additional factors associated with ure-
mia that could aggravate insulin resistance include
angiotensin II, TNF-α, and chronic insulin stimula-
tion.326,327 The relative contributions of these factors
are unknown.

In uremia, the counter-regulatory hormones of car-
bohydrate metabolism are also affected. Plasma gluca-
gons levels are elevated.328 Both active hormone and
inactive precursors and metabolites are found in
greater than normal concentrations. In contrast to insu-
lin, the cellular response to glucagons is normal or only
slightly depressed. On the other hand, glucagon bind-
ing by receptors and the post-receptor cyclic adenosine
monophosphate (cAMP) response to glucagon are both
subnormal in uremia.329

Growth Hormone/IGF-1

Growth hormone levels increase in renal failure.330

Renal failure does not decrease the clearance of growth
hormone so the production of growth hormone must
be greater than normal. Thus, the high serum levels
result from abnormally increased growth hormone
secretion. Despite excess growth hormone, growth
retardation is nearly universal in children with renal
failure, beginning by the time the GFR decreases to
about 50 ml/min/1.73 m2. Resistance to the action of
IGF-1 is thought to be, in part, due to the accumulation
of circulating binding proteins that reduce the free frac-
tion (i.e., the active fraction) of the hormone.331,332 In
the case of growth hormone, there are circulating pro-
teins that bind growth hormone, and receptor density
is reduced, especially in acidotic patients.332a

The administration of exogenous growth hormone
may stimulate growth; even though increased hormone
levels are already present.333 These data suggest that
there is resistance to growth hormone action. Based on
these results, Schaefer and colleagues investigated
whether a post-receptor defect in growth hormone sig-
naling caused of growth hormone resistance in uremic
rats.334 There was a marked reduction in phosphoryla-
tion of the JAK/STAT signal transduction pathway in
liver tissue isolated from uremic rats and an increase
in the corresponding suppressor protein. Thus, they
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found impairment in the intracellular signal transduc-
tion pathway of growth hormone that could contribute
to the growth hormone resistance found in patients
with CKD.

Acidosis reduces growth hormone release from the
pituitary and this leads to lower levels of IGF-1 pro-
duction.335 The response to an infusion of physiological
concentrations of growth hormone may be very mildly
impaired in acidosis, but larger concentrations
completely reverse the effects of acidosis. Two factors
appear to blunt the response to administered growth
hormone: first, the density of IGF-1 receptors in muscle
is lowered by acidemia; and secondly there is a defect
in the signaling that results from the binding of IGF-
1.335 Since insulin and IGF signal through the same IRS
proteins, the mechanisms that impair insulin signaling
should also impair IGF-1 signaling. With correction of
acidosis IGF-1 in uremic subjects, IGF-1 resistance does
not improve to the same extent as insulin resistance,
suggesting that separate mechanisms also play a
role.336,337

It has recently been shown that administration of
super-physiological doses of growth hormone reduces
renal nitrogen loss. As discussed in the section on
nitrogen metabolism in uremia, IGF-1 and insulin are
major determinants of amino acid release from the
muscle. Abnormalities in insulin and IGF-1 play an
important role in the growth suppression seen in chil-
dren with uremia and acidosis.338 Despite normal
levels of circulating growth hormone and IGF-1,
growth retardation is common in uremic children.339

Leptin and Other Energy-Related Hormones

Plasma levels of leptin, a 16-kDa protein hormone
that regulates appetite and energy expenditure, rise
during CKD. Leptin is produced in adipose cells and
in skeletal muscle.340 When fat stores are large, the
level of leptin is high and acts to suppress appetite but
changes in serum leptin levels can occur within hours
of fasting and are out of proportion to corresponding
changes in body fat.341 Leptin production is increased
by hormones that have altered metabolism in CKD
including glucocorticoids and proinflammatory cyto-
kines (e.g., IL-1 and TNF-α).340 Thus, inflammation
would ordinarily be expected to stimulate leptin pro-
duction, but this relationship may not hold in
uremia.342 CRP levels actually show an inverse correla-
tion with leptin in ESRD. Leptin levels also increase
markedly in conditions of insulin resistance.343 Because
leptin is a small peptide, it is partly cleared by the
kidney, and with kidney damage, leptin clearance is
reduced. Transplantation reduces leptin to control
levels.344 Some results suggest mechanisms besides

clearance may also increase leptin levels in uremia.
Clearly, leptin levels in patients with advanced renal
failure increase up to fourfold in plasma when
compared with controls of similar body composition.345

In addition, uremic patients have decreased protein
binding of leptin and nearly all their circulating leptin
is in the free, biologically active form.

While human mutations as well as animal studies
make it clear that absence of leptin activity can result
in obesity,341,346 the role of elevated leptin levels in
driving anorexia or in regulating body mass is less
clear, especially in CKD. Leptin binds its receptor in
the hypothalamus, especially in the areas most associ-
ated with regulation of appetite and body weight.340

Leptin suppresses neural pathways associated with
hunger including neurons that produce neuropeptide
Y and agouti related peptide.347 For example, a decline
in leptin levels yields a reciprocal increase in the pro-
duction of by the hypothalamus which stimulates
appetite. Thus, increased leptin should bias the system
toward anorexia and weight loss. However, other
peripheral energy-related hormones also influence sim-
ilar signaling. Ghrelin is released an empty stomach,
stimulates neuropeptide Y release from hypothalamic
neurons and appetite while, PYY3�36 released from a
full intestine, has the opposite effect. Plasma ghrelin
levels also rise with CKD possibly partly offsetting
leptin-induced hypothalamic signaling.348 Insulin and
neural inputs also have complicated regulation of this
system. Leptin levels correlate very well with insulin
resistance in many populations including ESRD.
Clinical studies confirm that regulation of this system
is complex in ESRD.349 While there are high levels in
ESRD, both leptin and ghrelin plasma levels seem to
modulate appropriately with food intake and do seem
to correlate appropriately with body mass and compo-
sition in ESRD patients. Even though regulation of lep-
tin may be occurring, the extent to which this system is
responsible for anorexia and weight loss in uremia
remains to be determined.

Mechanism(s) in animal models of CKD with poor
appetite had abnormal signaling processes in the third
ventricular region of the hypothalamus.347 Their appe-
tite improved when the agouti-related peptide were
injected into this area because this peptide blocks the
anorexia-producing receptor, melanocortin receptor-4.
It has been proposed that anorexia was caused by high
levels of the negative regulator of appetite, leptin,
because they found that CKD-associated anorexia was
eliminated in db/db mice that do not express the leptin
receptor. There are complementary possibilities. For
example, Mamoun and colleagues reported that a cir-
culating factor with a molecular weight of 1�5 kDa
could be isolated from the plasma of dialysis patients
and would cause anorexia when injected into rats.283
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This is of interest because another anorexiogenic
hormone produced by the intestine, PYY3-36, has an
estimated molecular weight of 3.9 kDa, raising the
possibility that accumulation of PYY3-36 could contrib-
ute to the anorexia of uremia.350 In fact, injection of
PYY3-36 into animals or patients produces anorexia.
Finally, the report by Cheung et al.347 is of interest
because the events they found to occur in mice with
CKD also occur in animal models of cancer and
sepsis.350 This provides additional results for a com-
mon pathway leading to loss of protein stores in
uremia and other catabolic conditions (see below).

Leptin can act directly on T cells to stimulate in-
flammatory responses351 and is required for full
cell-mediated immunity in mice.340 Hyperleptinemia
correlates with some inflammatory markers (e.g., IL-6)
in ESRD patients, but inversely correlates with CRP.342

Immunodepletion of leptin in uremic serum restored
normal neutrophil chemotaxis in an in vitro study, but
addition of leptin to normal serum did not hamper che-
motaxis.352 Once again it appears that leptin’s effects
are being modulated by other factors in uremic serum.
Leptin stimulates glomerular endothelial and mesan-
gial cell proliferation.353 Because leptin increases extra-
cellular matrix production in both cell types, it is
interesting to note that infusion of leptin into normal
rats for three weeks fostered the development of focal
glomerulosclerosis and resulted in proteinuria. Thus,
leptin may influence sympathetic activity, bone miner-
alization, inflammation, and glomerular disease, but
the clinical importance of these findings remains to be
determined.

INFLUENCE OF DIETARY THERAPY IN
PATIENTS WITH CHRONIC KIDNEY

DISEASE

Uremia and Anorexia

It was reported as early as 1869 that dietary manipu-
lation can improve uremic symptoms and, at least in
some patients, dietary protein restriction can change
the course of renal insufficiency at least in some
patients.272,354�356 It seems curious, therefore, that this
strategy is not more widely used. Perhaps, its use
would increase if there were not the concern that die-
tary protein restriction will increase the risk of devel-
oping malnutrition and hence, compromise the
patient’s prognosis after dialysis therapy is initiated.
The intakes of protein, calories and other nutrients that
are required to prevent malnutrition in CKD are
known357 and compliance with the diet can be moni-
tored by 24 hour urine collections for urea nitrogen
measurements.202,203 Therefore, it has been possible to

evaluate the risk of loosing protein stores with low-
protein diets in CKD patients. The National Institutes
of Health Modification of Diet in Renal Disease Study
(MDRD) was a multicenter study of the impact of low-
protein diets in CKD patients.140 Throughout this
study, patients were examined for evidence of malnu-
trition. Despite reports that some patients spontane-
ously reduce their dietary protein with progressive
CKD, malnutrition is rare when a properly monitored
diet is used to treat patients even when GFR is below
10 ml/min.358�360 This point is emphasized because of
the suggestion that a decrease in protein in the diet of a
CKD patient is a signal to start dialysis.2 It is axiomatic
that if little or no attention is given to the diet severe
metabolic disturbances will develop, including meta-
bolic acidosis, hyperphosphatemia, low values of
serum proteins, and so on.3 With proper attention,
these problems do not occur: CKD patients (average
GFR 18 ml/min) were given a restrictive diet plus a
supplement of essential amino acid analogues and fol-
lowed for one year.361 The patients were found to be in
neutral nitrogen balance, had no acidosis, and normal
values of serum phosphorus and albumin. Walser et al.
evaluated 76 patients with GFR values #15 ml/min
and followed them for a median of 1 year while they
ate a low-protein diet.358 Weight did not decline and
average serum biochemistry values were: HCO3

2,
22 mM; phosphorus, 5.6 mg/dl; and albumin, 4.1 g/dl.
Aparicio and colleagues reported similar outcomes in
239 CKD patients followed for an average of 29.6
months.359 There was no decline in weight or body
mass index and average values of serum HCO3

2 and
albumin were 24 mM and 3.9 g/dl respectively. A few
reports indicate that prolonged use of low-protein diets
by CKD patients does not impair their survival after
beginning dialysis.137,362 MDRD patients assigned to
different diets were examined repeatedly for the pres-
ence of malnutrition during an average of 2.2 years.363

The average values of “nutritional indices” (including
weight and serum proteins) of those given low-protein
diets remained within the normal range. There were
small, statistically significant decreases in certain para-
meters in each of the groups eating protein-restricted
diets but only two patients had to withdraw from the
MDRD because of abnormalities in nutritional status
values. Finally, Aparicio and colleagues examined the
outcomes of dietary protein restriction in 203 CKD
patients treated for an average duration of 33.1
months.6 The number of patients is comparable to that
participating in the MDRD Study. The outcome of
these patients after they began treatment with dialysis
or kidney transplantation was superior to that of CKD
patients who were not treated by dietary restriction.
This is of interest considering the report of Menon et.
al.364 They examined the outcome of CKD patients
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treated in the MDRD study and concluded that treat-
ment with ketoacids increased the risk of death in these
patients. There are numerous problems with this
report: (1) the therapies, complications, etc. of patients
during theB7 years from the end of the MDRD study
until death were not evaluated; (2) ketoacid therapy
was stopped at the end of the MDRD study nor was
the outcome of those patients who complied with the
ketoacid therapy during the two year trial. (3) This out-
come was the opposite of that published by Chauveau
et al.6

We emphasize these results because they document
the safety of dietary therapy in terms of nutritional
measurements. They also underscore the need to use
strategies to delay the need for dialysis.365 This is
necessary because dialysis it will not be possible to
offer dialysis therapy for all the patients who will
develop kidney failure throughout the world. Most
importantly, the survival of CKD patients is not
improved by instituting dialysis at higher levels of
renal insufficiency.4�6 This points out why strategies
must be developed to avoid or delay the development
of end-stage renal disease.

Since there is evidence that low-protein diets do not
compromise nutritional status if the diets are properly
designed and if compliance is monitored,202,355 we will
address factors that could adversely affect nutritional
status. One such factor is the mechanisms that decrease
appetite of CKD and dialysis patients. This is a prob-
lem because there are reports that the protein and calo-
rie intakes of CKD patients decreases as renal
insufficiency becomes more severe and many dialysis
patients will have decreased appetite.366,367 Concern
about this type of report plus the constellation of
hypoalbuminemia, loss of weight and anthropometric
evidence for loss of lean body mass has been ascribed
to malnutrition or “uremic malnutrition.” The specter
of this syndrome has even prompted the suggestion
that dialysis should be initiated “early” (e.g., creatinine
clearance 20 ml/min) in order to avoid the develop-
ment of malnutrition.2 This diagnosis is incorrect
because malnutrition is defined as abnormalities that
arise from an inadequate amount of food or an abnor-
mal composition of the diet. In CKD, however, there
are several other mechanisms that can cause these
abnormalities and they provide persuasive reasons
why there is loss of weight, hypoalbuminemia, and so
on.368�370 Identifying mechanisms for a loss of protein
stores is not simply pedantic or formalistic because a
diagnosis of malnutrition implies that simply eating
more protein can correct the abnormalities.368,370 On
the contrary, it has been known for over 130 years that
eating too much protein will aggravate the symptoms
of CKD leading to the constellation of findings that is
termed “uremia.272” The critical questions are whether

long-term therapy with low-protein diets leads to loss
of protein stores, and at what point dialytic therapies
improve survival compared to adequate conservative
therapy. We will address the first question in detail,
but the latter question still requires adequate controlled
trials in diverse populations.

It has been repeatedly demonstrated that protein-
restricted diets will maintain nutritional status: early
studies demonstrated that neutral nitrogen balance was
achieved during long-term therapy with low-protein
diets; normal values of serum albumin were also
present.361,371�373 There is a report that a regimen of
0.3 g protein/kg/day plus a supplement of ketoacids
increased the serum albumin level in CKD patients
who had hypoalbuminemia.374 Even for nephrotic
patients, there is evidence that protein restricted diets
are safe and that they improve the metabolic conse-
quences of CKD375�377 (Fig. 90.4). What then causes the
loss of lean body mass and low values of serum
proteins in CKD patients?

Abnormalities in Protein Turnover in Uremia

Body weights of dialysis patients are often low for
the patient’s height and are coupled with anthropomet-
ric evidence for loss of muscle mass plus low values of
serum proteins.207,378,379 Lack of attention to the diet
does cause serious problems in patients with moderate
CKD: Hakim and Lazarus reported biochemical mea-
surements in 911 outpatients who were treated for up
to seven years with received minimal attention to their
diets.380 When serum creatinine exceeded 5 mg/dl,
one-third of patients had serum bicarbonate levels
below 15 mM, hyperphosphatemia (values .7 mg/dl)
and severe azotemia (BUN .120 mg/dl). These values

FIGURE 90.4 Nitrogen balance results in control subjects (open
symbols) and nephrotic patients (closed symbols) fed 0.8 g of protein
per kilogram per day plus 1 g per gram of proteinuria. The intake
and output values of nitrogen were not different and nitrogen bal-
ance was mildly positive in both groups. (With permission from Maroni
BJ, Staffeld C, Young VR, et al. Mechanisms permitting patients with the
nephrotic syndrome achieve nitrogen equilibrium with a protein-restricted
diet. J Clin Invest 1997;99:2479�2487.)
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are rare even when CKD is advanced if patients are
instructed about the design of diets and progress with
this intervention is monitored.358,359,361,373,381�384

To what extent is excess dietary protein responsible
for abnormal protein stores found in some CKD
patients? In young rats with CKD, feeding a high-
protein diet stunted linear growth and weight gain and
led to very high levels of serum urea nitrogen
(BUN).385 CKD rats fed lower amounts of protein
exhibited improved utilization of dietary protein to
promote growth and decreased the BUN. Since acid is
generated from the metabolism of sulfur-containing
amino acids, phosphoproteins and phospholipids, a
high protein diet would not only raise the BUN but
also reduce serum bicarbonate. This is relevant because
studies of rats as well as CKD patients have demon-
strated that acidosis stimulates the catabolism of pro-
tein and amino acids and these reports led Bergstrom
to conclude that acidosis is the only demonstrable
uremic toxin.207,221,386�388

CKD is commonly associated with evidence of
inflammation identified by the presence of increased
levels of circulating cytokines.49 In addition, high circu-
lating levels of acute phase reactant proteins not only
indicate the presence of inflammation but also are
closely linked to subnormal levels of serum albumin in
hemodialysis patients.389,390 Experimental studies have
demonstrated that injection of TNF-α or IL-6 can cause
muscle protein wasting but the mechanism for this
effect only recently was identified. Zhang et al. infused
angiotensin II into mice and found increased produc-
tion of both IL-6 and serum amyloid A, an acute phase
reactant protein.391 These events were accompanied by
an increase in muscle protein breakdown and muscle
atrophy. Their investigations showed that the inflam-
matory increase in IL-6 and serum amyloid A levels
acted synergistically to impair IGF-1 signaling in mus-
cle. The result was stimulation of muscle protein
breakdown. These results not only show how inflam-
mation can cause muscle atrophy but also demonstrate
that some acute phase reactant proteins actually impair
muscle metabolism. What is the mechanism by which
metabolic acidosis and/or inflammatory cytokines
cause a loss of protein stores? The answer involves
understanding two metabolic principles: (1) the daily
turnover rate of protein is quite large; and (2) meta-
bolic responses are activated to prevent loss of protein
stores when dietary protein is restricted. For example,
in a 70 kg adult eating 1 g protein/kg/day, protein
turnover is approximately 280 g of protein each day (i.
e., four times the protein intake of 1 g per kilogram
per day).51,392 Therefore, even a small but sustained
decrease in protein synthesis or increase in protein
degradation will cause a major loss of lean body mass.

Mechanisms that Regulate Body Protein Stores

An increase or decrease in protein intake activates
robust metabolic responses to maintain lean body mass:
rates of amino acid and protein synthesis and degrada-
tion are adjusted rapidly and precisely to prevent loss
of body protein stores. A major metabolic response is
the rapid suppression of essential amino acids (EAA)
degradation to ensure that an adequate supply of EAA
is available for protein synthesis. When EAA degrada-
tion is suppressed to its minimum level, another
mechanism is activated which suppresses protein deg-
radation and increases protein synthesis (a less robust
response).393 These changes are detectable when the
quantity of dietary protein is just adequate for achiev-
ing nitrogen balance; the World Health Organization
(WHO) has determined that this amount of dietary pro-
tein is the minimum daily requirement or B0.6 g of
protein per kilogram of ideal body weight per day.394

These changes in EAA and protein metabolism are
demonstrable in normal adults and in CKD patients as
long as there are no complicating illnesses such as
acidosis.361,382,395 The same adaptive responses occur in
patients with the nephrotic syndrome treated with 0.8 g
protein/kg/day but the responses are keyed to a “net
intake of protein” (the difference between actual intake
and urinary losses).375 Fortunately, the responses are
not only precise, but they also occur rapidly and hence,
are able to prevent changes in body protein stores when
dietary protein changes. In CKD patients with meta-
bolic acidosis or increased cytokine production, these
metabolic responses are impaired and dietary protein
restriction leads to loss of lean body mass.396

There is abundant evidence that metabolic acidosis
causes amino acid and protein catabolism in infants,
children, normal adults and CKD patients
(Table 90.5).221,386,387,397�404 The fate of essential amino
acids is difficult to measure with the exception of the,
branched-chain amino acids (BCAA), which are mea-
sured from the decarboxylation of the carbonyl group.
In addition, BCAA are important components of
muscle protein and the correction of acidosis raises
their levels in plasma and muscle. In a rat model of
CKD, Hara et al. identified the mechanism for the
accelerated breakdown of BCAA in muscle.220 They
found that the mechanism reducing the levels of valine,
leucine, and isoleucine was an increase in the activity
of branched-chain ketoacid dehydrogenase (BCKAD),
the rate-limiting enzyme that irreversibly oxidizes
BCAA. They also showed that the low levels of BCAAs
were corrected simply by adding sodium bicarbonate
to the diet. The increase in BCKAD activity was found
to result from an increase in the fraction of the enzyme
in the dephosphorylated—and hence, its activated
form.405 There also are increased levels of the
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messenger RNAs (mRNAs) encoding E1a, E1b, and E2
subunits of the enzyme, implying that the expression
of BCKAD is increased in response to acidosis. The
biochemical triggers for these responses of BCKAD are
complex because the expression and activation of
BCKAD depend on both acidification and
glucocorticoids.388,406

In humans as well, metabolic acidosis stimulates
BCAA degradation: normal adults fed NH4Cl to

induce acidosis raised their levels of leucine oxidation
by 25%.399 Likewise, when CKD patients were given
sodium bicarbonate to raise their serum bicarbonate
levels from16 to 21 mM, the rates of leucine oxidation
decreased by 29%.221 These changes are significant
because muscle biopsies of hemodialysis patients
revealed low free levels of BCAA and the levels
increased to normal when the patients were given
sodium bicarbonate.407 Likewise, Mochizuki408

reported that low levels of BCAAs in the plasma of aci-
dotic CKD patients increased substantially when acido-
sis was treated. Acute uremia that is not complicated
by acidosis is also associated with increased BCAA
catabolism in muscle by unknown mechanisms.409

Thus, acidosis stimulates the breakdown of essential
amino acids and this in turn could reduce protein syn-
thesis in muscle and potentially other organs.

Metabolic acidosis also stimulates protein degrada-
tion in muscle and hence, will block the second adap-
tive response to dietary protein restriction, the ability
to suppress protein degradation when protein intake is
restricted to minimal levels.410 May et al.411 studied aci-
dotic, CKD rats and found their nitrogen excretion was
22% higher than in sham-operated, pair-fed rats. The
mechanism causing the nitrogen losses was a 90%
increase in the rate of muscle protein degradation. The
critical experiment showed that correcting acidosis
with dietary sodium bicarbonate eliminated the
increase in muscle protein degradation.

Mechanisms that Degrade Muscle Protein

In muscle cells, a low pH activates the ATP-
ubiquitin-proteasome system (UPS) to degrade pro-
tein.51,323 The UPS initially acts to conjugate a chain of
ubiquitins to proteins that are destined for degrada-
tion; these protein are then degraded in a very large
structure, the 26S proteasome which consists of many
subunits.412 ATP is also required to remove the ubiqui-
tins and to unfold the substrate protein and inject it
into the central tunnel of the proteasome where it is
degraded. Ubiquitin is present in the cytoplasm and
nuclei of all cells and is a member of the heat-shock
family of proteins. Degradation of proteins in the 26S
proteasome yields peptides that are split to form amino
acids by cytoplasmic peptidases or the peptides are
used in the process of antigen recognition.412 The UPS
is responsible for degrading the bulk of proteins in all
cells and hence, its activity is highly regulated. This
regulation principally occurs by the availability and
action of specific E3 ubiquitin conjugating enzymes.
There about 1000 of these enzymes which are able to
recognize specific proteins that are destined for degra-
dation and transfer the activated ubiquitin to the

TABLE 90.5 Metabolic Acidosis Induces Protein and Amino
Acid Catabolism in Infants, Children and Adults

Subjects
Investigated

Measurements Outcome of Trial

Infants397 Low-birth-weight,
acidotic infants were
given NaHCO3 or NaCl

NaHCO3 supplement
improved growth

Children with
chronic kidney
disease398

Children with CKD had
protein degradation
measured

Protein loss was
approximately
twofold higher with
serum HCO3 ,16 mM
vs 22 mM

Normal adults399 Acidosis induced and
amino acid and protein
metabolism measured

Acidosis increased
amino acid and
protein degradation

Normal adults400 IAcidosis induced and
nitrogen balance and
albumin synthesis
measured

Acidosis induced
negative nitrogen
balance and
suppressed albumin
synthesis

Chronic kidney
disease401

Nitrogen balance before
and after acidosis
treatment

NaHCO3 improved
nitrogen balance

Chronic kidney
disease221

Essential amino acid and
protein degradation
before and after acidosis
treatment

NaHCO3 suppressed
amio acid and protein
degradation

Chronic kidney
disease402

Muscle protein
degradation and degree
of acidosis

Proteolysis was
proportional to
acidosis and blood
cortisol

Hemodialysis387 Protein degradation
before and after acidosis
treatment

NaHCO3 decreased
protein degradation

Hemodialysis403 Serum albumin before
and after acidosis
treatment

NaHCO3 increased
serum albumin

Continuous
ambulatory
Peritoneal
dialysis386

Protein degradation
before and after acidosis
treatment

NaHCO3 decreased
protein degradation

Continuous
ambulatory
peritoneal
dialysis404

Weight and muscle mass
before and after acidosis
treatment

Raising dialysis buffer
increased weight and
muscle mass

3049INFLUENCE OF DIETARY THERAPY IN PATIENTS WITH CHRONIC KIDNEY DISEASE

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



substrate protein. In the case of muscle, the specific E3
enzymes are atrogin-1 or MAFbx and MuRF1 and their
expression rises sharply in conditions associated with
accelerated muscle protein degradation. When the atro-
gin-1/MAFbx gene was knocked out in mice, the
increase in protein degradation stimulated by muscle
denervation was reduced by B50%.413 Notably, the
expression of atrogin-1/MAFbx and a number of other
genes in muscle of rats with various catabolic condi-
tions, including uremia, starvation, cancer, or insulin
deficiency rises sharply.414 These reports suggest that
catabolic conditions, including CKD, activate a cata-
bolic program of gene expression leading to muscle
atrophy. In fact, experiments in rats with CKD have
demonstrated that there is increased transcription of
the genes encoding components of the UPS, including
ubiquitin and subunits of the 26S proteasome.217

Experimental models of metabolic acidosis as well
as CKD with associated metabolic acidosis have
demonstrated that the UPS plays the critical role in the
production of muscle atrophy in these conditions.217,415

These results are reminiscent of the increase in the
mRNAs that encode subunits of branched chain ketoa-
cid dehydrogenase in muscle of acidotic rats.405

Because the UPS is responsible for the breakdown of
the bulk of proteins in all cells and the regulation of
the half lives of so proteins that influence transcription
and biochemical reactions, its mechanisms have been
extensively studied and its discoverers Hershko,
Ciechanover and Rose were awarded the 2005 Nobel
Prize in Chemistry.

Activation of the UPS is responsible for the excessive
protein degradation that occurs in response to diabetes,
starvation, denervation, burns, sepsis, and cancer as
well as metabolic acidosis.51 Because the UPS is the key
to the loss of muscle mass that occurs in all of these cat-
abolic conditions, triggers to its activation have been
sought. It has been speculated that the development of
muscle wasting in CKD is initiated by inflammation.49

As noted above, there is evidence that inflammation
can activate muscle protein degradation but this
process is complicated and does not depend on a direct
influence of inflammatory markers. Instead, the activa-
tion of the UPS and protein degradation occurs when
insulin- or IGF-1-induced cellular signaling is
impaired.391 In fact, the influence of NF-κB, the tran-
scription factor that is activated by inflammatory
cytokines, is not to stimulate expression of proteasome
subunits in muscle cells but rather to suppress tran-
scription of proteasome subunit genes by a mechanism
that involves glucocorticoids.416 In contrast, the tran-
scription of the ubiquitin gene is stimulated by activa-
tion of the Sp1 transcription factor.417 In short, the
increase in expression of genes encoding components
of the ubiquitin-proteasome system in catabolic

conditions such as uremia cannot be explained by acti-
vation of a single transcription factor.

Other proteases besides the UPS participate when
muscle proteins are being degraded. This was uncov-
ered when it was shown that the UPS rapidly degrades
actin or myosin but degrades actomyosin or myofibrils
only slowly. This means that the complex structure of
muscle is first cleaved yielding substrates for the UPS.
This initial cleavage is performed by caspase-3.396,418 In
the process of cleaving actomyosin or myofibrils,
caspase-3 leaves a characteristic “footprint” in muscle,
a 14-kDa actin fragment in muscle that can be recog-
nized by Western blotting. As with activation of the
UPS, impaired insulin or IGF-1 cell signaling stimulates
caspase-3 activity; in muscle of insulin-deficient rats,
the 14-kDa actin fragment accumulates and protein
degradation is accelerated.419 Another demonstration
of the integration of mechanisms that degrade muscle
protein is the influence of caspase-3 on activity of the
UPS. It was found that caspase-3 increases proteolytic
activity of the 26S proteasome by altering subunits of
the proteasome.420

The cell signaling mechanism activating caspase-3
and the UPS depends on the presence of defects in
downstream signaling of the insulin/IGF-1 pathway.
Whent there is suppression of the activity of phosphati-
dylinositol 3-kinase (PI3K) and Akt419 there is reduced
phosphorylation of the Forkhead transcription factor,
FOXO. This factor can then enter the nucleus to
increase the expression of the key E3 conjugating
enzyme, atrogin-1/MAFbx. This response is responsi-
ble for stimulating muscle protein degradation. There
are still important responses and processes that regu-
late muscle protein turnover, but these steps are rele-
vant to patients with CKD. First, it was shown that
correction of the metabolic acidosis of patient being
treated by chronic ambulatory peritoneal dialysis
resulted in an increase in body weight and evidence
for suppression of the UPS.256 Second, it was demon-
strated that the 14 kD actin fragment in muscle biopsies
was proportional to the rate of protein degradation
measured in patients who had muscle wasting from
severe osteoarthritis.421 In addition, the density of the
14 kD actin fragment decreased in muscle biopsies of
hemodialysis patients when they were trained in
endurance exercise (i.e., bicycle pedaling); this benefi-
cial response was not present in control patients or
those trained in resistance exercise.

There is abundant clinical evidence that acidosis
causes protein losses in uremic patients (Table 90.5).
Papadoyannakis et al.401 showed that treating CKD
patients with sodium bicarbonate improved their
nitrogen balance. Williams and colleagues422 studied
acidotic CKD patients who were eating a high-protein
diet and reported that the rate of protein degradation
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did not decrease appropriately when the patients were
switched to a low-protein diet. This response was
attributed to interference with adaptive responses to
decreasing dietary protein and was corrected by giving
sodium bicarbonate. Using a similar strategy, Reaich
et al.221 found that the rate of protein degradation was
high in acidotic, CKD patients. When the patients were
given sodium bicarbonate, partial correction of acidosis
decreased protein degradation by 28% but when given
an equimolar amount of sodium as sodium chloride,
proteolysis increased again. The presence of metabolic
acidosis in CAPD or hemodialysis patients
increases protein breakdown and correction of acidosis
significantly reduces the rate of protein break-
down.386,387,423,424 Similar responses can be detected in
subjects with normal kidney function. Induction of
metabolic acidosis in otherwise normal adults increases
protein breakdown and causes negative nitrogen.399,400

Moreover, if premature infants, children with renal
tubular acidosis, or elderly women are treated to
correct acidosis, their growth in the first two cases or
the estimate of nitrogen balance improves in the last
case.397,425,426 This benefit extends to increasing serum
albumin. Ballmer et al.400 reported that creating meta-
bolic acidosis in normal adults reduced their rate of
albumin synthesis and Movelli et al.403 reported that
correcting metabolic acidosis in hemodialysis patients
increase the concentration of serum albumin.

Acidosis also causes important changes in hormone
responses. For example, Krapf and colleagues have
reported that induction of metabolic acidosis in other-
wise normal adults will impair the function of growth
hormone and thyroid hormone and the conversion of
vitamin D to its most active form, 1,25 (OH)2 cholecal-
ciferol.337,427 Consequently, acidosis could interact to
impair the ability of CKD patients to maintain protein
stores by indirect mechanisms. One of the most well
documented abnormalities in hormones is insulin resis-
tance. It can occur in CKD patients who have serum
creatinine values as low as 2.4 mg/dL.428 The presence
of insulin resistance is a trigger of muscle protein
breakdown because it stimulates the activity of both
casapase-3 and the UPS.418,429,430 Fortunately, there is
evidence that restricting dietary protein can improve
the insulin sensitivity of CKD patients.431,432

Despite these well-documented reports of acidosis-
induced catabolism in animals and humans, results
from a cross sectional analysis of dialysis patients led
the authors to conclude that acidosis is benign.433

There are several problems with this conclusion. First,
a cause-effect relationship cannot be established by
results from cross-sectional studies.434 Second, a single
serum bicarbonate measurement is insufficient evi-
dence of acidosis. This occurs because there can be loss
of CO2 during processing of the blood sample giving a

falsely low HCO3 level.435 We recommend that even
mild degrees of acidosis should be corrected to prevent
interruption of the critical adaptive responses to
changes in the diet. Otherwise, the patients will be at
risk of loosing protein stores, including albumin.

In summary, uremic patients can lose protein stores
if the adaptive metabolic responses that are required to
maintain lean body mass are blocked when dietary
protein is restricted. This has been demonstrated in
normal subjects and CKD patients with acidosis.
Another cause of lost body stores is the presence of
inflammation or insulin resistance. Whether uremic
toxins besides acid induce muscle wasting is unknown.
Fortunately, acidosis and insulin insensitivity are
improved by a low-protein diet and this may explain
why eating a low-protein diet will improve the nutri-
tional state of CKD patients.358,359,377

Assessment of Dietary Compliance

Since adequate but not excessive protein intake is
required for optimal patient outcomes, monitoring die-
tary compliance is essential. The classic report by
Folin201 showed that a change in urea excretion is the
principal response that occurs when the amount of pro-
tein in the diet is raised or lowered. This relationship
has been repeatedly confirmed and provides the basis
for methods directed at assessing compliance with
low-protein diets.202,203,371,372,436 In short, a change in
the steady-state rate of urea excretion indicates that the
amount of protein in the diet has changed. Methods
devised to estimate dietary protein intake can be used
repeatedly to evaluate how the diet affects the symp-
toms of kidney disease as well as assessing compliance
with a dietary prescription.202,203,363 The accuracy of
the method is based on two facts. First, urea produc-
tion is directly proportional to protein intake. Second,
the half-life of urea in normal adults is approximately
seven hours, so virtually all the urea that is synthesized
following a change in the amount of protein in the diet
is excreted within a day. To utilize the method opti-
mally, it is important to emphasize that steady-state
conditions must be present. Specifically, if kidney func-
tion is increasing or decreasing this introduces an error
because the amount of urea excreted will depend not
only on changes in the amount of protein eaten but
also on the change in urea clearance. Fortunately, it is
possible to determine if steady-state conditions are
present, it is only necessary to measure body weight
and the serum urea nitrogen (SUN). If both are stable,
then the patient is in the steady state. Even if weight
and/or SUN are not constant, the method can be used
to estimate the change in the body pool of urea nitro-
gen as will be explained.

It is important to define certain elements of urea
turnover in order to understand the basis for this
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method of estimating dietary protein. First, the rate of
urea production actually exceeds the steady-state rate
of urea excretion in both normal and uremic
subjects.437 This occurs because there is an extrarenal
clearance of urea that is due to urea degradation by
bacterial ureases present in the gastrointestinal
tract.437�440 Fortunately, the amount of urea degraded
does not cause a net decrease in urea excreted or accu-
mulated in body fluids because the urea degraded is
simply recycled and used to synthesize more urea.437

Physiologically, this is important because it demon-
strates there is no benefit to urea recycling. Previously,
it was believed that the ammonia nitrogen arising from
the degradation of urea can contribute substantially to
the synthesis of amino acids in the liver, ultimately,
providing a source of amino acids that could be used
to synthesize proteins with an improvement in the
nutritional status of uremic patients.441 However, it
was shown that ammonia nitrogen arising from urea
breakdown is simply used to synthesize more urea and
hence does not improve protein synthesis or nitrogen
balance.437,440 Because recycling of urea nitrogen does
not change the rate of net urea production, this net
urea production closely parallels dietary nitro-
gen.202,371,442 Fortunately, net urea production is easily
calculated even when weight and SUN are changing
because the concentration of urea is equal throughout
body water.189,437 Since water represents B60% of
body weight in nonedematous patients, changes in the
urea nitrogen pool can be calculated by multiplying
60% of body weight (in kilograms) by the serum urea
nitrogen concentration (in grams per liter). The net pro-
duction of urea, generally termed the urea appearance
rate (UNA), is calculated as the change in the urea
nitrogen pool (positive or negative) plus the amount of
urea nitrogen excreted in the urine. Clearly, when
serum urea nitrogen and weight are stable, there is no
urea nitrogen accumulation and the urea appearance
rate equals the urea nitrogen excretion rate (Table 90.6).

Non-Urea Nitrogen

Fortunately, the contribution of non-urea nitrogen
excretion (i.e., the nitrogen that is excreted in feces and
in urinary uric acid, creatinine, peptides, and unmea-
sured nitrogenous products) can be estimated even
more easily than urea nitrogen. The non-urea nitrogen
varies minimally over a large range of dietary protein
and averages 0.031 g of nitrogen per kilogram ideal
body weight per day (Fig. 90.5).202�204 This average
value was based on results from CKD patients who
had 5 g/day or less of proteinuria (if proteinuria
exceeds 5 g per day, an additional amount of nitrogen
equivalent to the urinary loss of protein nitrogen
should be added to non-urea nitrogen excretion). To
assess the accuracy of this equation for estimating

dietary protein intake, we examined results from more
than 70 nitrogen-balance measurements of CKD
patients and found no significant correlation between
dietary nitrogen and either fecal nitrogen or the sum of
all forms of non-urea nitrogen excretion. Thus, compli-
ance with a prescribed amount of dietary protein is
evaluated by converting the prescribed amount to its
nitrogen equivalent by multiplying it by 0.16 (protein
is 16% nitrogen). If nitrogen balance is assumed to be

TABLE 90.6 Estimating Dietary Compliance Using Urea
metabolism

1. A 70-year-old man with a urea clearance of 10 ml/min weighs
70 kg (CKD stage 5). He is prescribed a diet containing 0.8 g of
protein per kilogram per day, which meets the daily allowance of
protein recommended by the World Health Organization. Since
protein is 16% nitrogen, he is eating 9 g nitrogen daily. His
nonurea nitrogen excretion is 70 kg. His serum urea nitrogen
(SUN) and weight are unchanging. A 24-hour urine collection
contains 6.5 g of urea nitrogen. His non-urea nitrogen excretion is
0.031 g nitrogen per kilogram per day or 2.17 g nitrogen per day.
His total nitrogen excretion is 8.7 nitrogen per day indicating he is
compliant with the prescribed diet (8.73 6.255 54 g protein per
day (1 gram nitrogen equals 6.25 g protein).

2. cA 60-year-old woman with stage 5 chronic kidney disease is
admitted to the hospital for plastic surgery. She weighs 60 kg and
is eating a diet of 40 g per day (the minimum daily protein
requirement (equivalent to 6.4 g nitrogen/day since protein is 16%
nitrogen). She is excreting 4.5 g of urea nitrogen per day and her
non-urea nitrogen is 1.9 gN/day (60 kg3 0.031 gN/Kg).
Therefore, her total daily nitrogen excretion is 4.5 g urea
nitrogen1 1.9 non-urea nitrogen B6.4 gN per day. Subsequently,
her SUN rose from 50 to 60 mg/dl. This represents an additional
increase in nitrogen production (10 mg/dL3 36 L of body water
or an excess of 3.6 gN above the pre-surgery value (this would not
be rapidly excreted by patients with advanced or stage 5 CKD).
Because her nitrogen excretion exceeds her protein nitrogen
intake, her diet should be reviewed and a stool sample for blood
should be collected (to exclude GI bleeding).

FIGURE 90.5 Calculated values of total non-urea nitrogen excre-
tion (NUN) in normal subjects (solid symbols) and patients with chronic
renal failure. The average value for patients not being treated by dialy-
sis is 0.031 g of nitrogen per kilogram per day. (With permission from
Maroni BJ, Steinman T, Mitch WE. A method for estimating nitrogen intake
of patients with chronic renal failure. Kidney Int 1985;27:58�65).
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zero, then nitrogen intake will be equal to nitrogen
excretion and the latter can be calculated as the sum of
the urea appearance rate plus 0.031 g of nitrogen per
kilogram per day.202 If the total amount of waste nitro-
gen produced is the same as the amount of protein in
the prescribed diet, then the patient is compliant with
the diet. But, if waste nitrogen production is greater or
lesser than the amount of nitrogen in the prescribed
diet, the patient should meet with a skilled dietician to
uncover why the patient is not being compliant with
the prescribed diet. The caveat to using method is that
it is unreliable in patients who are receiving total pa-
renteral nutrition or eating completely digestible foods
(e.g., astronauts). In these cases, non-urea nitrogen
excretion will be less than 0.031 g of nitrogen per kilo-
gram per day.443 The method could also be inaccurate
when assessing patients with severe catabolic illnesses
or for those being treated with glucocorticoids or medi-
cines that affect protein turnover in the body (e.g., anti-
cancer drugs or growth hormone, and so on). This is
important because patients being treated with glucocor-
ticoids, or those with severe catabolic conditions will
break down body protein stores to increase nitrogen
excretion more than that derived from dietary protein.

In summary, the amount of nitrogen-containing waste
products produced each day can be calculated from
changes in body weight and SUN plus the 24-hour excre-
tion of urea nitrogen and 0.031 g of nitrogen per kilogram
per day. This is valuable because the amount of waste
nitrogen produced is equal to nitrogen intake in
stable patients. Since protein is 16% nitrogen, the pre-
scribed nitrogen intake can be compared to the amount
of nitrogen excreted and if the values differ by more than
20%, then reasons for noncompliance or reasons for nitro-
gen balance to be negative should be investigated.354

These calculations can also be used to evaluate calo-
rie intake. Although this calculation is not as accurate
as that of dietary protein, the principle is similar.
Specifically, a skilled dietician can determine the per-
centage of calories that are derived from dietary pro-
tein so the calorie intake can be estimated from the
calculated protein intake based on urea excretion. It is
important to monitor calorie intake regularly for two
reasons: first, an insufficient intake of calories will
reduce the utilization of dietary protein, increasing the
risk of losing protein stores. Second, there is evidence
that CKD patients frequently “under-report” their calo-
rie intake.444�446 It is important to make these calcula-
tions so that the adequacy of a patient’s actual intake
can be evaluated. Moreover, advising a patient about
his/her degree of compliance will help them partici-
pate in their therapy.

Other methods of assessing protein intake including
dietary histories have been exhaustively reviewed:447

dietary interviews not only provide less accurate

estimates of actual intake but their reliability is ques-
tionable when interviews are used repeatedly (patients
quickly learn to give the expected responses about die-
tary habits). At least two groups have compared esti-
mates of energy intake obtained from food records with
those based on anthropometric and oxygen consump-
tion measurements.444,445 The evaluations indicated
that the intakes of calories based on dietary records are
gross underestimates of actual energy intake. For these
reasons, we recommend that dietary compliance be
evaluated from measurements of urea nitrogen produc-
tion plus an estimate of non-urea nitrogen excretion.

DIETARY PROTEIN RESTRICTION AND
PROGRESSION OF RENAL

INSUFFICIENCY

Clinical trials have been used to examine whether
reducing dietary protein can influence the nutritional
status and the loss of kidney function in CKD patients.
Some of the published studies are of low methodologi-
cal quality because they were based on a retrospective
analysis, enrolled only a small number of patients or
had serious design flaws. Overall, we examined more
than eighty trials and identified ten randomized con-
trolled trials140,164,422,448�454 and five meta-analyses that
were studied to assess if dietary protein restriction
would slow the progression of CKD.455�459 We also
reviewed recent studies to assess whether dietary pro-
tein restriction (as part of an integrated treatment pro-
gram for CKD patients) is nutritionally sound and does
not jeopardize survival following a kidney transplant
or initiation of dialysis therapy.460 Generally, the trials
were based on estimating changes in serum creatinine
or the degree of proteinuria. The problems with this
strategy are that several factors can modify creatinine
metabolism and/or influence the degree of proteinuria
(see discussions of creatinine metabolism and protein-
uria). Second, restricting protein intake to treat the
complications of CKD can change the rate of loss of
kidney function by mechanisms not directly related to
protein metabolism. For example, a low protein diet
will also limit dietary salt intake to reduce the severity
of hypertension and slow the progression of CKD.
Alternatively, reducing protein intake could limit the
accumulation and hence the toxicity of metabolic
products such as indoxyl sulfate.

Efficacy of Protein Restriction in Non-Diabetic
Kidney Disease

There are clinical trials which satisfy requirements
for a high quality report.458 The Northern Italian
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Cooperative Study Group analyzed 456 patients who
were designated as NKF-defined Stage CKD
patients.450 Patients were randomly prescribed 0.6 g/
kg/day (LPD) or 1 g/kg/day (control group) plus at
least 30 kcal/kg/day and followed for at least two
years. Based on urea nitrogen excretion, the amount of
protein eaten can be estimated: the control group ate
an average of 0.90 g protein/kg/day while the low
protein group ingested an average of 0.78 g protein/
kg/day and there was substantial overlap in the pro-
tein ingested by the two patient groups.202 The primary
outcome, “renal survival,” was defined as the start of
dialysis or the doubling of serum creatinine and there
was only a borderline difference between control and
LPD groups; slightly fewer of the LPD patients group
reached the endpoint (p5 0.059). Because the differ-
ence in protein intake was so small, it can not be con-
cluded that the trial tested the hypothesis that “eating
a low protein diet will slow the loss of kidney
function.”

The Modification of Diet in Renal Disease Study
(MDRD) examined in a 23 2 design how different
levels of protein intake and two levels of blood pres-
sure control influenced changes in GFR measured
using urinary collections of injected 125I-iothalamate.140

In Study A (Stages 3 CKD) 585 patients were randomly
assigned to a standard diet of .1 g protein/kg/day or
a diet containing 0.6 g protein/kg/day; targeted mean
blood pressures were 105 or 92 mmHg. In Study B, 255
CKD patients (Stage 4 CKD) were randomly assigned
diets of 0.6 g protein/kg/day or 0.3 g protein/kg/day
supplemented with a ketoacid/essential amino acid
mixture; blood pressure goals were the same as in
Study A. There were no control patients eating an
unrestricted diet. The actual protein intakes in Study A
averaged 1.11 or 0.73 g protein/kg/day and in Study
B, they averaged 0.69 or 0.46 g protein/kg/day plus
the ketoacids/amino acids mixture.202 After analyzing
the results, it was concluded that in Study A, the loss
of GFR in the two groups was not different. In Study B,
the rate of GFR loss was somewhat higher in the group
ingesting 0.69 g protein/kg/day compared to the rate
in patients assigned to the 0.46 g protein/kg/day plus
ketoacids/amino acids diet (p5 0.07). While these con-
clusions were consistent with a negative outcome, there
are caveats. First, patients assigned to the restricted
diet in Study A had an initial decrease in GFR during
the first four months. This was assigned to the lower
protein intake producing a hemodynamic reduction in
glomeruli.154 Subsequently, these patients had a slower
loss of GFR than those assigned to the unrestricted
diet. If the initial physiologic response is ignored
(because it did not arise from kidney damage), then the
low protein diet led to a significantly slower loss of
GFR; there also was a significant improvement in

“kidney survival” (p5 0.009). Secondly, the rate of loss
of GFR in the unrestricted dietary protein group was
lower than predicted and hence an additional three
month follow-up should have been added before deter-
mining whether decreasing dietary protein influences
the progression of CKD. For example, there was no
protective effect of intensive insulin treatment in the U.
S. NIH-sponsored Diabetes Control and Complications
Trial (DCCT) on the protective effect of strict blood glu-
cose control on the progression of kidney disease ini-
tially. After two years of observation, however, a
benefit of glucose control was established and after
four years of therapy, the development of microalbu-
minuria or macroalbuminuria/proteinuria was signifi-
cantly reduced. In fact, secondary analyses of results of
the MDRD trial, although less robust did identify slow-
ing of progression during the trial.461 For example,
when the hypothesis that eating a low-protein diet slo-
wed the loss of kidney function was tested, the
reduced protein intake measured in Study B patients
was associated with significant (P5 0.011) slowing of
the loss of kidney function.462 There also was reduced
frequency of renal death (death or initiation of dialysis;
p5 0.001). Indeed, for every reduction of 0.2 g /kg/d
of protein intake there was a 1.15 mL/min/yr reduc-
tion in the rate of loss of GFR and there was a 49%
reduction in the frequency of renal deaths. Notably, the
benefit from eating a low-protein diet seemed to be lin-
early related to slowing of progression; stated another
way, a progressive reduction in the amount of protein
in the diet protects the kidney to a greater degree sug-
gesting that there is no single level of dietary protein
which will that provide benefits for all patients. Third,
there was no apparent benefit of restricting dietary pro-
tein or controlling blood pressure in patients with poly-
cystic kidney disease. This caveat is relevant because
patients with polycystic kidney disease constituted
B25 percent of all patients in the MDRD Study and the
presence of this group would prevent documentation
of slowed progression in a trial lasting only 2.2 years.
In short, inclusion of patients with CKD could have
obscured beneficial responses of the diet in patients with
other types of kidney disease.140 Despite these caveats,
the intention-to-treat analysis of the MDRD study results
showed no statistically significant benefit of dietary
protein restriction on the rate of decline in GFR.

In a smaller study lasting only 18 months, Williams
et al. analyzed the effects of three dietary interventions
in 95 patients with stage 4-5 CKD.422 Patients were ran-
domly to diets containing 0.6 g protein/kg/day and
800 mg phosphate, 1000 mg phosphate/day plus phos-
phate binders or to an unrestricted intake of protein
and phosphates. Dietary compliance was estimated
from diet records and urea excretion, yielding average
levels of 0.7, 1.02 and 1.14 g protein/kg/day and 815,
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1000 and 1400 mg phosphorus per day, respectively.
Although there was a minor loss of weight in the low
protein and low phosphate groups (2 1.3 and 21.6 kg
respectively) there were no differences in the decrease in
repeated measures of creatinine clearance over time.
There also were no differences in the numbers of patients
who died or began dialysis therapy. Shortcomings of the
study included a limited number of patients and the pro-
blems of detecting differences in creatinine clearances
assessed over a relatively short period. For these reasons,
no conclusions about the influence of the diets on
progression of kidney disease can be reliably made.

Cianciaruso et al. studied patients with stage 4-5
CKD when they were randomly assigned to protein
intakes of 0.55 or 0.80 g/kg/day.453 The study lasted 18
months and included 212 CKD patients assigned to the
lower protein intake and 211 who were prescribed the
higher level of dietary protein. In the two groups, there
was a significant (p, 0.05) difference in urea nitrogen
production and hence, the average protein intakes. The
protein-restricted group ate 0.72 while those assigned
to the higher protein diet ate 0.92 g protein/kg/day
(p, 0.05) but serum phosphorus, parathyroid hormone
and bicarbonate levels were not different. In contrast,
values of urinary excretion of urea, sodium and phos-
phate were all reduced in the low-protein diet patients
yet the authors found no differences in body composi-
tion or nutritional indices (principally, serum albumin)
between the two groups. Notably, if the results were
analyzed on an intention-to-treat basis, 13 patients
assigned to the 0.8 g protein/kg/day diet vs 9 assigned
to 0.55 g protein/kg/day died or had to begin dialysis.

Di Iorio et al. evaluated 20 patients assigned to a
very low protein intake supplemented with ketoacids
and assessed whether the diet would affect the effi-
ciency of erythropoietin therapy during two years.452

Actual protein intakes of the two groups were 0.49 g/
kg/day plus a supplement of ketoacids compared
to 0.79 g/kg/day. Interestingly, only two patients
assigned to the very low protein plus ketoacid regimen
began dialysis compared to seven such outcomes in
those assigned to the higher dietary protein (p, 0.05).
Erythropoietin responsiveness was also improved in
the low protein diet subjects and the improvement was
inversely related to the serum parathyroid hormone
and the decrease in serum phosphorus.452

Ihle and colleagues, studied 72 Australian patients
with stage 4-5 CKD over 18 months.164 They were ran-
domly assigned to a unlimited protein diet or to 0.4 g
protein/kg/day and actual protein intakes based on
urea excretion values were 0.6 g/kg/day vs 0.8 g pro-
tein/kg/day.202 The GFR (51Cr-EDTA clearance) was
measured every 6 months; it progressively declined only
in subjects assigned to the higher protein intake. This
adverse outcome was confirmed by a higher number of

patients who had to begin dialysis (p, 0.05). The
authors reported that patients in the protein-restricted
group lost weight but there were no differences in other
anthropometric measures or serum albumin. There was
no analysis of differences in energy intake as a reason for
weight loss.

Jungers et al. reported the outcomes of dietary protein
manipulation in only 19 stage 5 CKD patients.449 Ten
patients were randomly assigned to a very low protein
diet (0.4 g protein/kg/day) supplemented with ketoa-
cids while 9 were assigned to a conventional low protein
diet of 0.6 g protein/kg/day. The actual amount of die-
tary protein, however, differed by only 0.2 g/kg/day.
Seven of the 9 patients assigned to the 0.6 g protein/kg/
day had to begin dialysis vs 5 of 10 patients assigned to
the ketoacid regimen (p5 0.20). The small number of
patients limits conclusions from this report.

Malvy et al. studied 50 stage 4-5) randomly assigned
patients prescribed a very low protein diet (0.3 g protein/
kg/day) supplemented with ketoanalogues (Ketosterils,
0.17 g/kg/day) or a diet containing 0.65 g protein/kg/
day diet.451 The outcome tested depended on differences
between the diets in terms of the time until creatinine
clearance decreased below 5 ml/min/1.73 m2 or until a
patient began dialysis. There was no significant difference
in this measure of “renal survival” but the study was
underpowered to test the hypothesis adequately. Patients
in the very low protein/ketoacid group but not in the
higher protein diet lost 2.7 kg of both fatty tissue and lean
body mass during the three year study. Interestingly, the
time for patients to reach a GFR of # 15 ml/min/1.73 m2

was different: for the 0.65 g protein/kg/day group it
yielded a “half-life” before renal death of 9 months com-
pared to 21 months for those assigned to the more
restricted diet/ketoacid regimen. Although delaying the
need for dialysis is undoubtedly a beneficial response, it
is difficult to interpret the results because there was no
control group assigned to an unrestricted diet.

Mircescu et al. evaluated the clinical course of 53
stage 4-5 CKD patients over 60 weeks.454 They ran-
domly assigned 26 patients to a diet of 0.6 g protein/
kg/day and 27 to a 0.3 g protein/kg/day diet supple-
mented with ketoacids. Actual protein intakes were
estimated to be 0.596 0.08 and 0.326 0.07 g protein/
kg/day respectively. There were no deaths but 7 of the
26 patients assigned to the 0.6 g protein/kg/d diet
required dialysis compared to only 1 of 27 in the very
low protein/ketoacid group (p5 0.06). The more
restrictive diet decreased serum phosphorus values
(p, 0.05) but no differences in nutritional status and
no significant difference in the loss of GFR estimated
from serum creatinine. Again, the number of patients
studied was too few to determine if dietary protein
restriction slowed progression of CKD (in fact, the
authors estimated that approximately 100 patients per
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group would be required to identify if the diets pro-
duced a significant difference in progression of CKD).

Rosman et al. evaluated the influence of dietary pro-
tein restriction in 247 stage 3�5 CKD patients after two
or four years.166,448 There was a control group assigned
to an unrestricted diet yielding stage 3 CKD patients
eating 0.90�0.95 g/kg/day and stage 4�5 CKD
patients eating 0.70�0.80 g/kg/day. After two years,
there was significant slowing of progression of kidney
failure but only in male patients (again, patients with
polycystic kidney disease had no benefit). After four
years, patients assigned to the protein-restricted diet
had beneficial responses calculated as kidney survival
and/or the percentage of patients who did not require
dialysis (60% vs 30%, p, 0.025).448 It is not clear
whether patients prescribed the unrestricted diet had
to begin dialysis because of increasing uremic symp-
toms. Regardless, the beneficial effect of low protein
diet on the decline in GFR of patients prescribed the
low protein diet was evident. Notably, there were no
signs of malnutrition and the authors concluded that
compliance was reasonable.

Brunori et al. examined 56 elderly IFtalian patients
with Stage 5 CKD when they were treated with a
protein-restricted diet or dialysis.463 The patients were
randomly assigned to begin dialysis therapy or treat-
ment with a very low protein diet (0.3 g protein/kg/
day) supplemented with ketoacids. After one year, the
survival rates were comparable (83.7% in the dialysis
group and 87.3% in the low protein diet; p5 0.6).
When the results were evaluated by an intention-
to-treat analysis (including those in the diet-restricted
group who were switched to dialysis), there was a con-
tinuous benefit of the protein-restricted diet over time.
Specifically, patients assigned to dialysis had a 50%
higher degree of hospitalization. It was concluded that
the low protein diet plus ketoacids did not impair
survival compared to maintenance dialysis (Fig. 90.6).

Efficacy of Protein Restriction in Diabetic
Kidney Disease

In diabetic, CKD patients, the benefits from dietary
protein restriction have been tested but generally, only
over brief periods of time. Consequently, surrogate
analyses have been based to examine if there is efficacy
of protein-restricted diets in terms of progression of
CKD or changes in nutritional factors. The surrogate
outcomes include changes in the degree of microalbu-
minuria or proteinuria and/or changes in creatinine
clearance or serum creatinine (converted into an esti-
mate of GFR). Besides the brief treatment periods, ACE
inhibitor use was not distributed equally yielding
important differences in the control of blood pressure.

Zeller et al. compared a diet containing 1 g protein/
kg/d or 0.6 g protein/kg/d in 36 type 1 diabetic, CKD
patients treated for an average of 35 months.167 Changes
in creatinine clearance and iothalamate clearance were
measured and protein intakes were monitored from urea
excretion: they averaged 1.08 vs 0.72 g protein/kg/day.
The low-protein diet led to a significant (p, 0.02) reduc-
tion in the loss of GFR compared to results with the con-
trol diet. There was no indication that nutritional status
was compromised by the low-protein diet.

The longest randomized trial of dietary responses in
patients with Type 1 diabetes and CKD was reported
by Hansen et al.464 Patients were prescribed their usual
diet or assigned to one containing 0.6 g protein/kg/
day (actual protein intakes were 1.02 and 0.89 g/kg/
day) over a four year trial. The degree of proteinuria
was not different with the two diets but the frequency
of renal death (i.e., end-stage renal disease) was 36%
lower in patients consuming the protein-restricted diet
and after adjustment for cardiovascular disease, the
benefits in terms of renal deaths were even more signif-
icant (p5 0.01) for the low-protein diets.

Meta-Analyses of Reports Concerning CKD
Progression and Low-Protein Diets

Meta-analysis is an alternative approach that to clin-
ical research because it is a means of artificially raising

FIGURE 90.6 Changes in glomerular filtration rate (GFR) measured
as the plasma clearance of 51Cr-EDTA in patients prescribed a protein-
restricted diet (open circles) or an unrestricted diet (open triangles). The
calculated level of dietary protein based on urea excretion is also shown.
The low-protein regimen significantly reduced the decline in GFR. LPD,
low-protein diet. (Figure based on results from Ihle et al.164 and is repro-
duced with permission from Mitch WE, Klahr S, eds, Nutrition and the
Kidney. Second ed. Boston: Little, Brown; 1993:254.)
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the number of subjects studied if the clinical trials are
methodologically acceptable and address a common
question. Meta-analyses can help to identify responses
found in each original study that exhibit a tendency
towards resolving a question but are insufficiently
powered to determine if there is a statistically signifi-
cant response when the outcomes are combined.
Results and conclusions from large, randomized trials
are considered to yield “level one” evidence while evi-
dence from meta-analyses is considered to be equal to
outcomes from smaller randomized trials. Meta-
analyses are generally based on a so-called systematic
review of the scientific literature, ensuring the most
exhaustive collection of trials; they include searches of
international databases as well. As noted, the most rig-
orous criteria for selecting or rejecting a report for anal-
ysis is to include only randomized, controlled trials
because they are generally believed to produce more
reliable results than those arising from non-
randomized controlled trials.457 Based on the identified
problems with the planning and interpretations of the
MDRD study results (see above), several meta-analyses
have addressed the question of whether low-protein
diets slow the loss of kidney function. The most
frequent outcome in the analyzed trials is ‘renal death’
defined as a patient’s death or the need to start dialy-
sis;455,456,465 alternatively, the rate of decline in kidney
function457 or changes in the degree of proteinuria459

have been used.
In one of these meta-analyses, Kasiske et al. analyzed

published results of clinical trials addressing whether
low-protein diets reduced the loss of estimated GFR;
they included a total of more than 1900 patients. It was
concluded that these diets were positive since they pre-
vented a loss of 0.53 ml/min GFR per year (p, 0.05).457

This degree of protection was less than the amount
reported by Fouque and colleagues.458

Meta-analyses of this question in diabetic patients
have produced opposing views. Pedrini et al. found
that low-protein diets reduced the risk of developing
combined criteria of microalbuminuria and declining
renal function by 44% (p, 0.001).456 A more recent
meta-analysis was based on eight randomized trials
with a total of 519 patients, 253 in the low-protein diet
group and 266 in the control group.459 When analyzed
by changes in GFR or creatinine clearance, no difinitive
outcome was noted concerning differences in death or
need for dialysis. Proteinuria did decrease significantly
(p5 0.003), glycosylated hemoglobin improved (mean
reduction, 0.31%, p5 0.005) and there was evidence for
improved insulin sensitivity. However, the difference
in protein intake between the control and experimental
diets was small, 1.27 vs 0.91 g protein/kg/day
(p5 0.04) and in six of the eight studies evaluated, the
average estimated GFR values were above 69 ml/min.

There are limits to this report: both type I and II dia-
betic patients were evaluated with some studies
addressing only patients with early renal impairement
(e.g., isolated microalbuminuria and no renal insuffi-
ciency (i.e., CKD stages 1 or 2) while another report
consisted only patients with macroalbuminuria. The
duration of trials only # 12 months in four trials and
the total number of patients might have been too small
to assess all the measures tested.

Fouque and Laville performed their meta-analysis
using results of ten randomized, controlled trials of the
influence of low protein diets in slowing the loss of
kidney function in non-diabetic CKD patients.458 The
outcome criterion was renal death. In their analysis,
the genders of patients and their kidney diseases were
equally distributed between control and diet-restricted
patient groups, thereby avoiding the need to evaluate
independent causes for more rapid losses of kidney
function. The outcomes of 1002 patients assigned to
dietary protein restriction were compared to the out-
comes of 998 patients who were assigned to higher
protein intakes (Fig. 90.7). Overall, 113 “renal deaths”
occurred in the low-protein diet group compared to
168 patients with renal death in the control group.
These outcomes reveal a 0.68 odds ratio for renal death
in the low protein group compared to the control
group (95% confidence interval, 0.55�0.84; p5 0.0002).
The authors concluded that eating low protein diets
can result in a 32% reduction in patient death or the
need to start dialysis therapy when compared to unre-
stricted diets. Another method of expressing the results
is to calculate the number of patients “needed to treat”
or NNT in order to compare the outcomes of a treat-
ment in different studies; this method tends to homog-
enize the results when absolute event risks are quite
different between studies.466 The NNT is the number
of patients that would have to be treated for one year
in order to spare one major event (e.g., death, kidney
failure, or even hospitalization). Fouque and Laville
concluded that the NNT with a low protein diet varied
from 2 to 56 for each study.458 Notably, the variability
in the NNT mainly depends on the risk for renal death
present at inclusion of the study and the degree of
impairment in renal function; this follows because the
absolute risk of renal death will be greater in subjects
with more impaired kidney function.449,451 Thus, the
2�56 NNT values are acceptable for evaluating
primary and secondary prevention for a treatment,
especially since the costs of therapy with a low protein
diet is far below that of dialysis or transplant therapy.
To illustrate the difference, consider that the reduction
in mortality associated with prescribing a statin uncov-
ered in the 4S trial (NNT5 30) or in the WOSCOPS
study (NNT5 111) is in the range of that found with
the low-protein diet.467
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Thus, the meta-analysis technique, by increasing the
number of observations, can reduce the incidence of
renal death or increasing the time until dialysis is
required. The conclusion stands in sharp contrast to
the suggestion that dialysis be “started early”.2,3 As
noted, results from controlled trials of early start dialy-
sis have demonstrated that this practice does not offer
patients any survival benefit.4�6,137,460 It is worth not-
ing that only two evaluations of the influence of the
diet on the loss of kidney function were actually based

on GFR measurements in patients with more advanced
CKD: the report of Ihle et al. showed a protective effect
and results from the MDRD study yielded a benefit
that was nearly significant benefit (p5 0.07).140,164 In
contrast to outcomes with this precise measure of kid-
ney function, there is abundant evidence that these
diets can reduce the accumulation of unexcreted, meta-
bolic products while maintaining nutritional status and
consequently, can delay the need to begin dialysis
therapy.

FIGURE 90.7 Meta-analysis of randomized clinical trials of low-protein diets for non-diabetic and diabetic kidney disease. Low protein
diets for chronic renal failure in non-diabetic adults (Cochrane Review). (With permission from Fouque D, Laville M. (Cochrane Database Syst Rev,
Cochrane Database Syst Rev. 2009 Jul 8;(3):CD001892). B. Robertson L, Waugh N, Robertson A. Protein restriction for diabetic renal disease (Cochrane
Database Syst Rev. 2007 Issue 4 CD002181).)
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Our discussion of the pathophysiology and treat-
ment of patients with CKD is based on a seemingly
simple concept, namely that the cause of the morbidity
and mortality occurring in CKD patients results from
a reduced ability to excrete nitrogenous, non-nitrogen-
containing metabolites and ions. It follows that
restricting the precursor of treatment reduces signs
and symptoms of CKD and is nutritionally safe as long
as there is no complicating factor such as acidosis,
infection, and so on (Fig. 90.7). Thus, dietary manipu-
lation in a treatment program that includes monitoring
protein and calorie intake in consultation with a dieti-
cian202,468 should be a mainstay of therapy for all
patients. The observation that protein intake voluntar-
ily decreases as renal insufficiency progresses is not a
signal for increasing in dietary protein because high-
protein diets will simply increase the degree of uremia
(including hyperphosphatemia, aggravate hyperten-
sion, etc.) and it will not raise serum proteins.377,385 On
the contrary, a well-designed protein-restricted diet
usually increases serum albumin.469 Regardless of an
effect on progression, a low-protein diet could delay
the need for dialysis by ameliorating uremic symp-
toms while maintaining nutritional status. Two publi-
cations provide strong evidence for the long-term
safety of this approach.358 Patients in these studies

were followed for an average of 1.5�2 years after GFR
had decreased to 10�13 ml/min. Nutritional status
was well maintained while they ate protein-restricted
diets and dialysis was not required. Clearly, successful
implementation of dietary therapy requires the
motivation of both the patient and the physician. The
principal, if not the only disadvantage of such therapy
(assuming that it is successful in eliminating uremic
symptoms), is the dietary restriction that it entails, but
it is reasonable to expect that dialysis therapy will be
significantly delayed.

Metabolic Acidosis and Progression

The kidneys are responsible for clearing fixed acids
that are generated from protein intake and metabolic
acidosis is a common complication seen in progressive
kidney disease.470 There have been a number of studies
that have suggested that correction of acidosis can
modify the course of CKD. Shah et al. studied 5422
patients with a baseline eGFR ,60 mL/min/1.73 for at
least four years.471 Kidney progression was defined as
a 30% decrease in eGFR or a doubling of serum creati-
nine. Kidney failure developed in a significantly higher
rate in those patients with serum bicarbonate ,22 mM

FIGURE 90.7 (Continued)

3059DIETARY PROTEIN RESTRICTION AND PROGRESSION OF RENAL INSUFFICIENCY

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



compared to those with serum bicarbonate of 25 mM.
Kovesdy et al. found that serum bicarbonate was
related to all-cause mortality in patients with moderate
to advanced CKD.472 In a randomized, controlled trial,
134 Stage 4 CKD patients (CrCl 15�30 ml/min per
1.73 m2) and serum bicarbonate 16�20 mM were
assigned to receive oral bicarbonate or a placebo.473

Over two years, fewer patients in the bicarbonate
group developed rapid progression and ESRD devel-
oped less frequently (p, 0.001). Recently, Majahan and
colleagues reported results from a randomized,
placebo-controlled trial in which CKD patients were
given sodium citrate474 and showed that there was sig-
nificantly reduced loss of estimated GFR.

CONCLUSIONS

Based on the pathophysiology of CKD, it is clear that
multiple, adverse effects products of protein metabo-
lism can be minimized by careful dietary planning to
reduce protein intake. A clinician ignores dietary
therapy at his or her patient’s peril because the conse-
quences in terms of the generation of symptoms and
acceleration of the rate of loss of kidney function are
predictable. It is also clear that treatment with an opti-
mal amount of dietary protein is only part of conserva-
tive management. As we have discussed and has been
covered elsewhere in this textbook, preventing acidosis,
limiting the accumulation of phosphates and sodium,
controlling blood pressure, repleting EPO and vitamin
D, and inhibiting the activation of the sympathetic
nervous system and renin-angiotensin-aldosterone sys-
tems have the potential to improve outcomes both in
conjunction with and independent of optimal dietary
protein intake. While there are differences of opinion in
how best to implement these measures, they form the
basis of the National Kidney Foundation’s clinical prac-
tice guidelines on the conservative management of
CKD. The epidemiology of CKD reminds us not only of
the societal importance of addressing this issue, but
also of the many comorbid conditions that complicate
management. In short, the conservative management of
CKD must take into account other comorbidities. For
example, inflammation from infection, cardiac failure,
malignancy, or poorly controlled diabetes can change
requirements for dietary protein. Still, the safety of
conservative therapy, and the availability of reliable
methods for judging compliance and its effects
combined with its potential for ameliorating many
symptoms of CKD indicate that conservative therapy
should be offered to all patients unless a transplant will
be immediately available or there are complications
that require initiation of dialysis therapy.

References

[1] Coresh J, Selvin E, Stevens LA, et al. Prevalence of chronic kid-
ney disease in the United States. JAMA 2007;298(17):2038�47.

[2] Hakim RM, Lazarus JM. Initiation of dialysis. J Am Soc Nephrol
1995;6:1319�20.

[3] Mehrotra R, Nolph KD. Treatment of advanced renal failure:
low-protein diets or timely initiation of dialysis. Kidney Int
2000;58:1381�8.

[4] Beddhu S, Samore MH, Roberts MS, et al. Impact of timing of
initiation of dialysis on mortality. J Am Soc Nephrol
2003;14:2305�12.

[5] Traynor JP, Simpson K, Geddes CC, Deighan CJ, Fox JG. Early
initiation of dialysis fails to prolong survival in patients with
end-stage renal failure. J Am Soc Nephrol 2002;13:2125�32.

[6] Cooper BA, Branley P, Bulfone L, et al. A randomized, con-
trolled trial of early versus late initiation of dialysis. N Engl J
Med 2010;363(7):609�19.

[7] Korevaar JC, Jansen MA, Dekker FW, Boeschoten EW, Bossuyt
PM, Krediet RT. Evaluation of DOQI guidelines: early start of
dialysis treatment is not associated with better health-related
quality of life. National kidney foundation-dialysis outcomes
quality initiative. Am J Kidney Dis 2002;39(1):108�15.

[8] Gaspari F, Guerini E, Perico N, Mosconi L, Ruggenenti P,
Remuzzi G. Glomerular filtration rate determined from a single
plasma sample after intravenous iohexol injection: is it reliable?
J Am Soc Nephrol 1996;7:2689�93.

[9] Perrone RD, Steinman TI, Beck GJ, et al. Utility of radioisotopic
filtration markers in chronic renal insufficiency: simultaneous
comparison of 125I-iothalamate, 169Yb-DPTA, 99mTc-DTPA
and inulin. Am J Kid Dis 1990;16:224�35.

[10] Bauer JH, Brooks CS, Burch RN. Clinical appraisal of creatinine
clearance as a measurement of glomerular filtration rate. Am J
Kid Dis 1982;2:337�46.

[11] Myers BD, Nelson RG, Williams GW, et al. Glomerular function
in Pima Indians with noninsulin-dependent diabetes mellitus of
recent onset. J Clin Invest 1991;88:524�30.

[12] Nelson RG, Bennett PH, Beck GJ, et al. Development and pro-
gression of renal disease in Pima Indians with non-insulin-
dependent diabetes mellitus. N Engl J Med 1996;335:1636�42.

[13] Rehling M, Moller ML, Thamdrup B, Lund JO, Trap-Jensen J.
Simultaneous measurement of renal clearance and plasma clear-
ance of 99mTc-labelled diethylenetriaminepenta-acetate, 51Cr-
labelled ethylenediaminetetra-acetate and inulin in man. Clin
Sci 1984;66:613�9.

[14] Gaspari F, Perico N, Matalone M, et al. Precision of plasma
clearance of iohexol for estimation of GFR in patients with renal
disease. J Am Soc Nephrol 1998;9:310�3.

[15] Frennby B, Sterner G, Almen T, Hagstam KE, Hultberg B,
Jacobsson L. The use of iohexol clearance to determine GFR in
patients with severe chronic renal failure: a comparison
between different clearance techniques. Clin Nephrol
1995;43:35�46.

[16] Gaspari F, Perico N, Remuzzi G. Measurement of glomerular fil-
tration rate. Kidney Int 1997;52(Suppl. 63):S151�4.

[17] Li Y, Lee HB, Blaufox MD. Single-sample methods to measure
GFR with technetium-99M-DTPA. J Nucl Med 1997;38:1290�5.

[18] Sambataro M, Thomaseth K, Pacini G, et al. Plasma clearance of
51Cr-EDTA provides a precise and convenient technique for
measurement of glomerular filtration rate in diabetic humans.
J Am Soc Nephrol 1996;7:118�27.

[19] Forbes GB, Bruining GS. Urinary creatinine excretion and lean
body mass. Am J Clin Nutr 1978;29:1359�66.

[20] Bleiler RE, Schedle HP. Creatinine excretion: variability and
relationships to diet and body size. J Lab Clin Med
1962;59:945�55.

3060 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[21] Mitch WE, Walser M. A proposed mechanism for reduced creat-
inine excretion in severe chronic renal failure. Nephron
1978;21:248�54.

[22] Mitch WE. Measuring the rate of progression of renal insuffi-
ciency. In: Mitch WE, editor. The progressive nature of renal
disease. 2nd ed. New York: Churchill Livingstone; 1992. p.
203�22.

[23] Morgan DB, Dillon S, Payne RB. The assessment of glomerular
function: creatinine clearance or plasma creatinine? Postgrad
Med J 1978;54:302�10.

[24] Coresh J, Astor BC, McQuillan G, et al. Calibration and random
variation of the serum creatinine assay as critical elements of
using equations to estimate glomerular filtration rate. Am J
Kidney Dis 2002;39(5):920�9.

[25] Cockcroft DW, Gault MH. Prediction of creatinine clearance
from serum creatinine. Nephron 1975;16:31�41.

[26] Levey AS, Greene T, Kusek J, Beck GJ, Group MS. A simplified
equation to predict glomerular filtration rate from serum creati-
nine. J Am Soc Nephrol 1999;130:461�70 [11, A155]

[27] Levey AS, Coresh J, Greene T, et al. Using standardized serum
creatinine values in the modification of diet in renal disease
study equation for estimating glomerular filtration rate. Ann
Intern Med 2006;145(4):247�54.

[28] Levey AS, Stevens LA, Schmid CH, et al. A new equation to
estimate glomerular filtration rate. Ann Intern Med 2009;150
(9):604�12.

[29] Schwartz GJ, Haycock GB, Edelmann Jr CM, Spitzer A. A sim-
ple estimate of glomerular filtration rate in children derived
from body length and plasma creatinine. Pediatrics
1976;58:259�63.

[30] Lubowitz H, Slatopolsky E, Shankel S, Rieselbach RE, Bricker
NS. Glomerular filtration rate: determination in patients with
chronic renal disease. JAMA 1967;199:252�6.

[31] Shemesh O, Golbetz H, Kriss JP, Myers BD. Limitations of creat-
inine as a filtration marker in glomerulopathic patients. Kidney
Int 1985;28:830�8.

[32] Doolan PD, Alpen EL, Theil GB. A clinical appraisal of the
plasma concentration and endogenous clearance of creatinine.
Am J Med 1962;32:56�79.

[33] Kelly RA, Mitch WE. Creatinine uric acid and other nitrogenous
waste products: clinical implication of the imbalance between
their production and elimination in uremia. Sem Nephrol
1983;3:286�94.

[34] Heymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S.
Measurement of muscle mass in humans: validity of the 24-
hour urinary creatinine method. Am J Clin Nutr
1983;37:478�98.

[35] Payne RB. Creatinine clearance: a redundant clinical investiga-
tion. Ann Clin Biochem 1986;23:243�50.

[36] Hellerstein S, Berenbom M, Alon US, Warady BA. Creatinine
clearance following cimetidine for estimation of glomerular fil-
tration rate. Ped Nephrol 1998;12:49�54.

[37] Mitch WE, Walser M. A proposed mechanism for reduced creat-
inine excretion in severe chronic renal failure. Nephron
1978;21:248�59.

[38] Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A
more accurate method to estimate glomerular filtration rate
from serum creatinine: a new predition equation. Ann Intern
Med 1999;130:461�70.

[39] Zuo L, Ma YC, Zhou YH, Wang M, Xu GB, Wang HY.
Application of GFR-estimating equations in Chinese patients
with chronic kidney disease. Am J Kid Dis 2005;45(3):463�72.

[40] Ma YC, Zuo L, Chen JH, et al. Modified glomerular filtration
rate estimating equation for Chinese patients with chronic kid-
ney disease. J Am Soc Nephrol 2006;17(10):2937�44.

[41] Horio M, Imai E, Yasuda Y, Watanabe T, Matsuo S.
Modification of the CKD epidemiology collaboration (CKD-EPI)
equation for Japanese: accuracy and use for population esti-
mates. Am J Kidney Dis 2010;56(1):32�8.

[42] Soares AA, Eyff TF, Campani RB, et al. Performance of the CKD
Epidemiology Collaboration (CKD-EPI) and the modification of
diet in renal disease (MDRD) study equations in healthy South
Brazilians. Am J Kidney Dis 2010;55(6):1162�3.

[43] Kwong YT, Stevens LA, Selvin E, et al. Imprecision of urinary
iothalamate clearance as a gold-standard measure of GFR
decreases the diagnostic accuracy of kidney function estimating
equations. Am J Kidney Dis 2010;56(1):39�49.

[44] Lin J, Knight EL, Hogan ML, Singh AK. A comparison of pre-
diction equations for estimating glomerular filtration rate in
adults without kidney disease. J Am Soc Nephrol
2003;14:2573�80.

[45] Vervoort G, Willems HL, Wetzels JF. Assessment of glomerular
filtration rate in healthy subjects and normoalbuminuric dia-
betic patients: validity of a new MDRD prediction equation.
Nephrol Dial Transpl 2002;17:1909�13.

[46] Stevens LA, Coresh J, Feldman HI, et al. Evaluation of the modi-
fication of diet in renal disease study equation in a large diverse
population. J Am Soc Nephrol 2007;18(10):2749�57.

[47] Dharnidharka VR, Kwon C, Stevens G. Serum cystatin C is
superior to serum creatinine as a marker of kidney function: a
meta-analysis. Am J Kid Dis 2002;40:221�6.

[48] Mussap M, Dalla Vestra M, Fioretto P, et al. Cystatin C is a
more sensitive marker than creatinine for the estimation of GFR
in type 2 diabetic patients. Kidney Int 2002;61:1453�61.

[49] Stenvinkel P, Ketteler M, Johnson RJ, et al. IL-10, IL-6, and TNF-
alpha: central factors in the altered cytokine network of ure-
mia—the good, the bad, and the ugly. Kidney Int 2005;67
(4):1216�33.

[50] Sjostrom P, Tidman M, Jones I. Determination of the production
rate and non-renal clearance of cystatin C and estimation of the
glomerular filtration rate from the serum concentration of cysta-
tin C in humans. Scand J Clin Lab Invest 2005;65:111�24.

[51] Mitch WE, Goldberg AL. Mechanisms of muscle wasting: the
role of the ubiquitin-proteasome system. N Engl J Med
1996;335:1897�905.

[52] Jacobsson B, Lignelid H, Bergerheim USR. Transthyretin and
cystatin C are catabolized in proximal tubular epithelial cells
and the proteins are not useful as markers for renal cell carcino-
mas. Histopathology 1995;26:559�64.

[53] Shlipak MG, Sarnak MJ, Katz R, et al. Cystatin C and the risk of
death and cardiovascular events among elderly persons. N Engl
J Med 2005;352(20):2049�60.

[54] Tian S, Kusano E, Ohara T, et al. Cystatin C measurement and
its practical use in patients with various renal diseaes. Clin
Nephrol 1997;48:104�8.

[55] Oddoze C, Morange S, Portugal H, Bertrand Y, Dussoi Y.
Cystatin C is not more sensitive than creatinine for detecting
renal impairment in patients with diabetes. Am J Kid Dis
2001;38:310�6.

[56] Strevens H, Wide-Swensson D, Torffvit O, Grubb A. Serum
cystatin C for assessment of glomerular filtration rate in preg-
nant and non-pregnant women. Indications of altered filtration
process in pregnancy. Scand J Clin Lab Invest 2002;62:141�7.

[57] Galli G, Rufini V, Vellante C, D’errico G, Piraccini R. Estimation
of glomerular filtration rate with 99Tc(m)-DTPA: A comparative
assessment of simplified methods. Nucl Med Commun
1997;18:634�41.

[58] Hjorth L, Wiebe T, Karpman D. Correct evaluation of renal glo-
merular filtration rate requires clearance assays. Pediatr
Nephrol 2002;17:847�51.

3061REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[59] Krieser D, Rosenberg AR, Kainer G, Daya N. The relationship
between serum creatinine, serum cystatin C and glomerular fil-
tration rate in pediatric renal transplant recipients: a pilot study.
Pediatr Transplant 2002;6:392�5.

[60] Poge U, Gerhardt T, Stoffel-Wagner B, Klehr HU, Sauerbruch T,
Woitas RP. Calculation of glomerular filtration rate based on
cystatin C in cirrhotic patients. Nephrol Dial Transplant 2006;21
(3):660�4.

[61] Bianchi C, Donadio C, Tramonti G, Consani C, Lorusso P, Rossi
G. Reappraisal of serum beta 2-microglobulin as a marker of
GFR. Ren Fail 2001;23:419�29.

[62] Giessing M. Beta-trace protein as indicator of glomerular filtra-
tion rate. Urology 1999;54:940�1.

[63] Takahira R, Yonemura K, Yonekawa O, et al. Tryptophan glyco-
conjugate as a novel marker of renal function. Am J Med
2001;110:192�7.

[64] Longenecker JC, Coresh J, Klag MJ, et al. Validation of comor-
bid conditions on the end-stage renal disease medical evidence
report: the CHOICE study. Choices for healthy outcomes in car-
ing for ESRD. J Am Soc Nephrol 2000;11(3):520�9.

[65] Rocco MV, Yan G, Gassman J, et al. Comparison of causes of
death using HEMO Study and HCFA end-stage renal disease
death notification classification systems. The national institutes
of health-funded hemodialysis. Health care financing adminis-
tration. Am J Kidney Dis 2002;39(1):146�53.

[66] Division of Kidney UaHDNN. USRDS 2009 annual data report:
atlas of end-stage renal disease in the United States. Bethesda:
NIH; 2003.

[67] Flegal KM, Carroll MD, Duczmarski RJ, Johnson CL.
Overweight and obesity in the United States: prevalence and
trends. Int J Obes Relat Metab Disord 1998;22:39�47.

[68] Hsu CY, Chertow GM. Chronic renal confusion: insufficiency,
failure, dysfunction, or disease. Am J Kidney Dis 2000;36
(2):415�8.

[69] National Kidney Foundation. K/DOQI clinical practice guide-
lines for chronic kidney disease: evaluation, classification, and
stratification. Am J Kidney Dis 2005;45(Suppl. 3):S1�153.

[70] Coresh J, Byrd-Holt D, Astor BC, et al. Chronic kidney disease
awareness, prevalence, and trends among U.S. adults, 1999 to
2000. J Am Soc Nephrol 2005;16(1):180�8.

[71] Nickolas TL, Frisch GD, Opotowsky AR, Arons R,
Radhakrishnan J. Awareness of kidney disease in the US popu-
lation: findings from the national health and nutrition examina-
tion survey (NHANES) 1999 to 2000. Am J Kidney Dis 2004;44
(2):185�97.

[72] Obrador GT, Ruthazer R, Arora P, Kausz AT, Pereira BJG.
Prevalence and factors associated with suboptimal care before
initiation of dialysis in the United States. J Am Soc Nephrol
1999;10:1793�800.

[73] Kausz AT, Khan SS, Abichandani R, Kazmi WHOGT, Ruthazer
R, Pereira BJG. Management of patients with chronic renal
insufficiency in the northeastern United States. J Am Soc
Nephrol 2001;12:1501�7.

[74] Lafayette RA, Lai G. Examining chronic kidney disease manage-
ment in a single center. Clin Nephrol 2004;62(4):260�6.

[75] Clase CM, Garg AX, Kiberd BA. Prevalence of low glomerular
filtration rate in nondiabetic Americans: third national health
and nutrition examination survey (NHANES III). J Am Soc
Nephrol 2002;13(5):1338�49.

[76] Garg AX, Kiberd BA, Clark WF, Haynes RB, Clase CM.
Albuminuria and renal insufficiency prevalence guides popula-
tion screening: results from the NHANES III. Kidney Int 2002;61
(6):2165�75.

[77] Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M.
Mortality from coronary heart disease in subjects with type 2

diabetes and in nondiabetic subjects with and without prior
myocardial infarction. N Engl J Med 1998;339:229�34.

[78] Snyder JJ, Foley RN, Collins AJ. Prevalence of CKD in the
United States: a sensitivity analysis using the national health
and nutrition examination survey (NHANES) 1999�2004. Am J
Kidney Dis 2009;53(2):218�28.

[79] Akbari A, Swedko PJ, Clark HD, et al. Detection of chronic kid-
ney disease with laboratory reporting of estimated glomerular
filtration rate and an educational program. Arch Intern Med
2004;164(16):1788�92.

[80] Vupputuri S, Batuman V, Muntner P, et al. Effect of blood pres-
sure on early decline in kidney function among hypertensive
men. Hypertension 2003;42(6):1144�9.

[81] Walker WG, Neaton JD, Cutler JA, Neuwirth R, Cohen JD.
Renal function change in hypertensive members of the multiple
risk factor intervention trial. Racial and treatment effects. The
MRFIT research group. JAMA 1992;268(21):3085�91.

[82] Brancati FL, Whelton PK, Randall BL, Neaton JD, Stamler J,
Klag MJ. Risk of end-stage renal disease in diabetes mellitus: a
prospective cohort study of men screened for MRFIT. JAMA
1997;278:2069�74.

[83] Hsu CY. Does non-malignant hypertension cause renal insuffi-
ciency? Evidence-based perspective. Curr Opin Nephrol
Hypertens 2002;11(3):267�72.

[84] Humphrey LL, Ballard DJ, Frohnert PP, Chu CP, O’Fallon WM,
Palumbo PJ. Chronic renal failure in non-insulin-dependent dia-
betes mellitus. A population-based study in Rochester,
Minnesota. Ann Intern Med 1989;111(10):788�96.

[85] Hasslacher C, Ritz E, Wahl P, Michael C. Similar risks of
nephropathy in patients with type I or type II diabetes mellitus.
Nephrol Dial Transplant 1989;4(10):859�63.

[86] Andersen AR, Christiansen JS, Andersen JK, Kreiner S, Deckert
T. Diabetic nephropathy in type 1 diabetes: an epidemiological
study. Diabetologia 1983;25:496�501.

[87] Bojestig M, Arnqvist HJ, Hermansson G, Karlberg BE,
Ludvigsson J. Declining incidence of nephropathy in insulin-
dependent diabetes mellitus. N Engl J Med 1994;330(1):15�8.

[88] McClellan WM. Epidemiology and risk factors for chronic kid-
ney disease. Med Clin North America 2005;89:419�45.

[89] Anavekar NS, McMurray JJ, Velazquez EJ, et al. Relation
between renal dysfunction and cardiovascular outcomes after
myocardial infarction. N Engl J Med 2004;351(13):1285�95.

[90] Manjunath G, Tighiouart H, Ibrahim H, et al. Level of kidney
function as a risk factor for atherosclerotic cardiovascular out-
comes in the community. J Am Coll Cardiol 2003;41(1):47�55.

[91] Perry Jr HM, Miller JP, Fornoff JR, et al. Early predictors of 15-
year end-stage renal disease in hypertensive patients.
Hypertension 1995;25(4 Pt 1):587�94.

[92] Bergman S, Key BO, Kirk KA, Warnock DG, Rostand SG.
Kidney disease in the first-degree relatives of African-
Americans with hypertensive end-stage renal disease. Am J
Kidney Dis 1996;27:341�6.

[93] O’Dea DF, Murphy SW, Hefferton D, Parfrey PS. Higher risk
for renal failure in first-degree relatives of white patients with
end-stage renal disease: a population-based study. Am J Kidney
Dis 1998;32(5):794�801.

[94] Keith DS, Nichols GA, Gullion CM, Brown JB, Smith DH.
Longitudinal follow-up and outcomes among a population with
chronic kidney disease in a large managed care organization.
Arch Intern Med 2004;164(6):659�63.

[95] Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic
kidney disease and the risks of death, cardiovascular events,
and hospitalization. N Engl J Med 2004;351(13):1296�305.

[96] Satko SG, Freedman BI. The familial clustering of renal disease
and related phenotypes. Med Clin North Am 2005;89(3):447�56.

3062 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[97] Vanholder R, Massy Z, Argiles A, Spasovski G, Verbeke F,
Lameire N. Chronic kidney disease as cause of cardiovascular
morbidity and mortality. Nephrol Dial Transplant 2005;20
(6):1048�56.

[98] Weiner DE, Tabaabai S, Tighiouart H, et al. Cardiovascular
outcomes and all-cause mortality: exploring the interaction
between CKD and cardiovascular disease. Am J Kid Dis
2006;48:392�401.

[99] Lindeman RD, Tobin J, Shock NW. Longitudinal studies on the
rate of decline in renal function with age. J Am Geriatr Soc
1985;33:278�85.

[100] Lindeman RD. Overview: renal physiology and pathophysiol-
ogy of aging. Am J Kid Dis 1990;16:275�82.

[101] Kleinknecht D, Grunfeld JP, Gomez PC, Moreau J-F, Garcia-
Torrez R. Diagnostic procedures and long-term prognosis in
bilateral renal cortical necrosis. Kidney Int 1973;4:390.

[102] Jones RH, Hayakawa H, MacKay JD, Parsons V, Watkins PF.
The progression of diabetic nephropathy. Lancet 1979;1:1105�6.

[103] Toto RD, Mitchell HC, Smith RD, Lee H-C, McIntire D,
Pettinger WA. “Strict” blood pressure control and progression
of renal disease in hypertensive nephrosclerosis. Kidney Int
1995;48:851�9.

[104] Hunsicker LG, Adler S, Caggiula A, et al. Predictors of the pro-
gression of renal disease in the modification of diet in renal
disease study. Kidney Int 1997;51:1908�19.

[105] Goetz FC, Jacobs Jr DR, Chavers B, Roel J, Yelle M, Sprafka JM.
Risk factors for kidney damage in the adult population of
Wadena, Minnesota. A prospective study. Am J Epidemiol
1997;145(2):91�102.

[106] Rostand SG. US minority groups and end-stage renal disease:
a disproportionate share. Am J Kidney Dis 1992;19(5):411�3.

[107] Pugh JA, Stern MP, Haffner SM, Eifler CW, Zapata M. Excess
incidence of treatment of end-stage renal disease in Mexican
Americans. Am J Epidemiol 1988;127(1):135�44.

[108] Knight EL, Stampfer MJ, Hankinson SE, Spiegelman D,
Curhan GC. The impact of protein intake on renal function
decline in women with normal renal function or mild renal
insufficiency. Ann Intern Med 2003;138:460�7.

[109] Wrone EM, Carnethon MR, Palaniappan L, Fortmann SP.
Association of dietary protein intake and microalbuminuria in
healthy adults: third national health and nutrition examination
survey. Am J Kidney Dis 2003;41(3):580�7.

[110] Neugarten J, Acharya A, Silbiger SR. Effect of gender on the
progression of nondiabetic renal disease: a meta-analysis. J Am
Soc Nephrol 2000;11(2):319�29.

[111] Lackland DT, Bendall HE, Osmond C, Egan BM, Barker DJ.
Low birth weights contribute to high rates of early-onset
chronic renal failure in the Southeastern United States. Arch
Intern Med 2000;160(10):1472�6.

[112] Perneger TV, Whelton PK, Klag MJ. Race and end-stage renal
disease. Socioeconomic status and access to health care as
mediating factors. Arch Intern Med 1995;155(11):1201�8.

[113] Orth SR, Ritz E, Schrier RW. The renal risks of smoking.
Kidney Int 1997;51(6):1669�77.

[114] Perneger TV, Whelton PK, Puddey IB, Klag MJ. Risk of end-
stage renal disease associated with alcohol consumption. Am J
Epidem 1999;150:1275�81.

[115] Knight EL, Stampfer MJ, Rimm EB, Hankinson SE, Curhan
GC. Moderate alcohol intake and renal function decline in
women: a prospective study. Nephrol Dial Transplant 2003;18
(8):1549�54.

[116] Muntner P, He J, Vupputuri S, Coresh J, Batuman V. Blood
lead and chronic kidney disease in the general United States
population: results from NHANES III. Kidney Int 2003;63
(3):1044�50.

[117] Perneger TV, Whelton PK, Klag MJ. Risk of kidney failure asso-
ciated with the use of acetaminophen, aspirin, and nonsteroidal
anti-inflammatory drugs. N Engl J Med 1994;331:1675�9.

[118] Curhan GC, Forman JP. Sugar-sweetened beverages and
chronic disease. Kidney Int 2010;77(7):569�70.

[119] Abrass CK. Overview: obesity: what does it have to do with
kidney disease? J Am Soc Nephrol 2004;15(11):2768�72.

[120] Bagby SP. Obesity-initiated metabolic syndrome and the kid-
ney: a recipe for chronic kidney disease? J Am Soc Nephrol
2004;15(11):2775�91.

[121] Haugen E, Nath KA. The involvement of oxidative stress in
the progression of renal injury. Blood Purif 1999;17
(2�3):58�65.

[122] Kurella M, Lo JC, Chertow GM. Metabolic syndrome and the
risk for chronic kidney disease among nondiabetic adults. J
Am Soc Nephrol 2005;16(7):2134�40.

[123] Massy ZA, Ma JZ, Louis TA, Kasiske BA. Lipid-lowering ther-
apy in patients with renal disease. Kidney Int 1995;48:188�98.

[124] Johnson RJ, Segal MS, Srinivas T, et al. Essential hypertension,
progressive renal disease, and uric acid: a pathogenetic link? J
Am Soc Nephrol 2005;16(7):1909�19.

[125] Iseki K, Ikemiya Y, Iseki C, Takishita S. Proteinuria and the
risk of developing end-stage renal disease. Kidney Int 2003;63
(4):1468�74.

[126] Remuzzi G, Bertani T. Pathophysiology of progressive
nephropathies. N Engl J Med 1998;339:1448�56.

[127] Gouva C, Nikolopoulos P, Ioannidis JP, Siamopoulos KC.
Treating anemia early in renal failure patients slows the
decline of renal function: a randomized controlled trial.
Kidney Int 2004;66(2):753�60.

[128] Boger RH, Zoccali C. ADMA: a novel risk factor that explains
excess cardiovascular event rate in patients with end-stage
renal disease. Atheroscler Suppl 2003;4(4):23�8.

[129] Modlinger PS, Wilcox CS, Aslam S. Nitric oxide, oxidative
stress and progression of chronic renal failure. Sem Nephrol
2004;24:354�65.

[130] Ibrahim HN, Hostetter TH. Aldosterone in renal disease. Curr
Opin Nephrol Hypertens 2003;12:159�64.

[131] Ahlman J. Incidence of chronic renal insufficiency. A study of
the incidence and pattern of renal insufficiency in adults dur-
ing 1966-1971 in Gothenberg. Acta Med Scand 1975;582:3�50.

[132] Johnson WJ, O’Kane HO, Elveback LR. Survival of patients
with end-stage renal disease. Mayo Clinic Proceedings
1973;48:18.

[133] Maher JF, Nolph KD, Bryan CW. Prognosis of advanced
chronic renal failure. I. Unpredictability of survival and revers-
ibility. Ann Intern Med 1974;81:43�7.

[134] Mitch WE, Buffington GA, Lemann J, Walser M. A simple
method of estimating progression of chronic renal failure.
Lancet 1976;2:1326�8.

[135] Mitch WE. The influence of the diet on the progression of renal
failure. Ann Rev Med 1984;35:249�64.

[136] Rutherford WE, Blondin J, Miller JP, Greenwalt AS, Vavra JD.
Chronic progressive renal disease. Kidney Int 1977;11:62�72.

[137] Coresh J, Walser M, Hill S. Survival on dialysis among chronic
renal failure patients treated with a supplemented low-protein
diet before dialysis. J Am Soc Nephrol 1995;6:1379�85.

[138] Viberti GC, Bilous RW, Mackintosh BS, Keen H. Monitoring
glomerular function in diabetic nephropathy. Am J Med
1983;74:256�64.

[139] Barsotti G, Guiducci A, Ciardella F, Giovannetti S. Effects on
renal function of a low-nitrogen diet supplemented with essen-
tial amino acids and ketoanalogues and of hemodialysis and
free protein supply in patients with chronic renal failure.
Nephron 1981;27:113�7.

3063REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[140] Klahr S, Levey AS, Beck GJ, et al. The effects of dietary protein
restriction and blood-pressure control on the progression of
chronic renal failure. N Engl J Med 1994;330:878�84.

[141] Shah BV, Levey AS. Spontaneous changes in the rate of decline
in reciprocal serum creatinine: errrors in predicting the pro-
gression of renal disease from extrapolation of the slope. J Am
Soc Nephrol 1992;2:1186�91.

[142] Walser M, Drew HH, LaFrance ND. Creatinine measurements
often yield false estimates of progression in chronic renal fail-
ure. Kidney Int 1988;34:412�8.

[143] Walser M. Progression of chronic renal failure in man. Kidney
Int 1990;37:1195�210.

[144] Fraser CG, Williams P. Short-term biological variation of
plasma analytes in renal disease. Clin Chem 1983;29:508�10.

[145] Gretz N, Manz F, Strauch M. Predictability of the progression
of chronic renal failure. Kidney Int 1983;24(Suppl. 15):2�5.

[146] Oksa H, Pasternack A, Luomala M, Sirvio M. Progression of
chronic renal failure. Nephron 1983;35:31�4.

[147] Lewis J, Greene T, Appel L, et al. Comparison of iothalamate-
GFR and serum creatinine-based outcomes: acceleration in the
rate of GFR decline in the African American study of kidney
disease. J Am Soc Nephrol 2004;15:3175�83.

[148] Wright Jr JT, Bakris G, Greene T, et al. Effect of blood pressure
lowering and antihypertensive drug class on progression of
hypertensive kidney disease: results from the AASK trial.
JAMA 2002;288(19):2421�31.

[149] Appel LJ, Wright Jr JT, Greene T, et al. Intensive blood-
pressure control in hypertensive chronic kidney disease. N
Engl J Med 2010;363(10):918�29.

[150] Jones JD, Burnett PC. Creatinine metabolism in humans with
decreased renal function: creatinine deficit. Clin Chem
1974;20:1204�12.

[151] Crim MC, Calloway DH, Margen S. Creatinine metabolism in
men: creatine pool size and turnover in relation to creatine
intake. J Nutr 1976;106:371�81.

[152] Levey AS, Beck GJ, Bosch JP, et al. Short-term effects of protein
intake, blood pressure and antihypertensive therapy on glo-
merular filtration rate in the modification of diet in renal dis-
ease study. J Am Soc Nephrol 1996;7:2097�109.

[153] Lew SQ, Bosch JP. Effect of diet on creatinine clearance and
excretion in young and elderly healthy subjects and in patients
with renal disease. J Am Soc Nephrol 1991;2:856�65.

[154] Hostetter TH. Human renal response to a meat meal. Am J
Physiol 1986;19:F613�8.

[155] Addis T, Lippman RW, Lew W, Poo LJ, Wong W. Effect of die-
tary protein consumption upon body growth and organ size in
the rat. Am J Physiol 1951;165(2):491�6.

[156] Deen WM, Maddox DA, Robertson CR, Brenner BM.
Dynamics of glomerular ultrafiltration in the rat. VII. Response
to reduced renal mass. Am J Physiol 1974;227(3):556�62.

[157] Brenner BM, Meyer TW, Hostetter TH. Dietary protein intake
and the progressive nature of kidney disease: the role of hemo-
dynamically mediated glomerular injury in the pathogenesis
of progressive glomerular schlerosis in aging, renal ablation,
and intrinsic renal disease. N Engl J Med 1982;307:652�9.

[158] Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA,
Brenner BM. Hyperfiltration in remnant nephrons: a potentially
adverse response to renal ablation. Am J Physiol 1981;241:F85�93.

[159] Mallamaci F, Leonardis D, Bellizzi V, Zoccali C. Does high salt
intake cause hyperfiltration in patients with essential hyperten-
sion? J Hum Hypertens 1996;10:157�61.

[160] Sacks FM, Svetkey LP, Vollmar WM, et al. Effects on blood
pressure of reduced dietary sodium and the dietary
approaches to stop hypertension (DASH) diet. N Engl J Med
2001;344:3�10.

[161] Dworkin LD, Hostetter TH, Rennke HG, Brenner BM.
Hemodynamic basis for glomerular injury in rats with desoxy-
corticosterone salt hypertension. J Clin Invest 1984;73:1448�61.

[162] Nath KA, Kren SM, Hostetter TH. Dietary protein restriction in
established renal injury in the rat. Selective role of glomerular
capillary pressure in progressive glomerular dysfunction. J
Clin Invest 1986;78(5):1199�205.

[163] Stamler J, Elliott MB, Kesteloot H, et al. Inverse relation of die-
tary protein markers with blood pressure: findings for 10020
men and women in the intersalt study. Circulation
1996;94:1629�34.

[164] Ihle BU, Becker GJ, Whitworth JA, Charlwood RA, Kincaid-
Smith PS. The effect of protein restriction on the progression of
renal insufficiency. N Engl J Med 1989;321:1773�7.

[165] Rosenberg ME, Swanson JE, Thomas BL, Howtetter TH.
Glomerular and hormonal responses to dietary protein intake
in human renal disease. Am J Physiol 1987;253:F1083�90.

[166] Rosman JB, Meijer S, Sluiter WJ, Ter Wee PM, Piers-Becht TP,
Donker AJM. Prospective randomised trial of early dietary pro-
tein restriction in chronic renal failure. Lancet 1984;2:1291�5.

[167] Zeller KR, Whittaker E, Sullivan L, Raskin P, Jacobson HR.
Effect of restricting dietary protein on the progression of renal
failure in patients with insulin-dependent diabetes mellitus. N
Engl J Med 1991;324:78�83.

[168] Appel LJ, Sacks FM, Carey VJ, et al. Effects of protein, mono-
unsaturated fat, and carbohydrate intake on blood pressure
and serum lipids: results of the OmniHeart randomized trial.
JAMA 2005;294(19):2455�64.

[169] Mitch WE. Beneficial responses to modified diets in treating
patients with chronic kidney disease. Kidney Int Suppl 2005;
April(94):S133�5.

[169a] Vegter S, Perna A, Postma MJ, et al. Sodium intake, ACE inhi-
bition and progression to ESR. J Am Soc Nephrol
2012;23:165�73.

[169b] Zoccali C, Ruggenenti P, Perna A, et al. Phosphate may pro-
mote CKD progression and attenuate renoprotective effect of
ACE inhibition. J Am Soc Nephrol 2011;22:1923�30.

[170] Choi HK, Atkinson K, Karlson EW, Willett W, Curhan G.
Purine-rich foods, dairy and protein intake and the risk of
gout in men. N Engl J Med 2004;350:1093�103.

[171] Feig DI, Nakagawa T, Karumanchi SA, et al. Hypothesis: uric
acid, nephron number and the pathogenesis of essential hyper-
tension. Kidney Int 2004;66:281�7.

[172] Kang D-H, Nakagawa T, Feng L, et al. A role for uric acid in
the progression of renal disease. J Am Soc Nephrol
2002;13:2888�98.

[173] Mazzali M, Kanellis J, Han H, et al. Hyperuricemia induces a
primary renal arteriolopathy in rats by a blood pressure-
independent mechanism. Am J Physiol 2002;282:F991�7.

[174] Feig DI, Soletsky B, Johnson RJ. Effect of allopurinol on blood
pressure of adolescents with newly diagnosed essential hyper-
tension: a randomized trial. JAMA 2008;300(8):924�32.

[175] Mitch WE. Effects of intestinal flora on nitrogen metabolism in
patients with chronic renal failure. Am J Clin Nutr
1978;31:1594�600.

[176] Castellino P, Giordano C, Perna A, DeFronzo RA. Effects of
plasma amino acid and hormone levels on renal hemodynam-
ics in humans. Am J Physiol 1988;255:F444�9.

[177] Meyer TW, Ichikawa I, Zatz R, Brenner BM. The renal hemo-
dynamic response to amino acid infusion in the rat. Trans
Assoc Am Physicians 1983;96:76�83.

[178] Hirschberg RR, Zipser RD, Slomowitz LA, Kopple JD.
Glucagon and prostaglandins are mediators of amino acid-
induced rise in renal hemodynamics. Kidney Int
1988;33:1147�55.

3064 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[179] Kone BC. Nitric oxide in renal health and disease. Am J Kid
Dis 1997;30:311�33.

[180] Tolins JP, Shultz PJ, Westberg G, Raij L. Renal hemodynamic
effects of dietary protein in the rat: role of nitric oxide. J Lab
Clin Med 1995;125:228�36.

[181] Arnal J-F, Munzel T, Venema RC, et al. Interactions between L-
arginine and L-glutamine change endothelial NO production:
an effect independent of NO synthase substrate availability. J
Clin Invest 1995;95:2565�72.

[182] Narita I, Border WA, Ketteler M, Ruoslahti E, Noble NA. L-
arginine may mediate the therapeutic effects of low protein
diets. Proc Natl Acad Sci USA 1995;92:4552�6.

[183] Paller MS, Hostetter TH. Dietary protein increases plasma
renin activity and reduces pressor reactivity to angiotensin II.
Am J Physiol 1986;251:F34�9.

[184] Baboolal K, Meyer TW. The effect of acute angiotensin II block-
ade on renal function in rats with reduced renal mass. Kidney
Int 1994;46(980):985.

[185] Mitch WE, Collier VU, Walser M. Creatinine metabolism in
chronic renal failure. Clin Sci 1980;58:327�35.

[186] Ibrahim HN, Rosenberg ME, Greene EL, Kren S, Hostetter TH.
Aldosterone is a major factor in the progression of renal dis-
ease. Kidney Int 1997;63(Suppl. 63):S115�9.

[187] Adams LG, Polzin DJ, Osborne CA, O’Brien TD, Hostetter TH.
Influence of dietary protein/calorie intake on renal morphol-
ogy and function in cats with 5/6 nephrectomy. Lab Invest
1994;70:347�57.

[188] Bourgoignie JJ, Gavellas G, Sabnis SG, Antonovych TT. Effect
of protein diets on the renal function of baboons (Papio hama-
dryas) with remnant kidneys: a 5-year follow-up. Am J Kid
Dis 1994;23:199�204.

[189] Mitch WE, Wilcox CS. Disorders of body fluids, sodium and
potassium in chronic renal failure. Am J Med 1982;72:536�50.

[190] Greene EL, Kren S, Hostetter TH. Role of aldosterone in the
remnant kidney model in the rat. J Clin Invest 1996;98:1063�8.

[191] Juknevicius I, Segal Y, Kren S, Lee R, Hostetter TH. Effect of
aldosterone on renal transforming growth factor-beta. Am J
Physiol 2004;286:F1059�62.

[192] Zoja C, Benigni A, Remuzzi G. Cellular responses to protein
overload: key event in renal disease progression. Curr Opin
Nephrol Hypertens 2004;13:31�7.

[193] Zoja C, Donadelli R, Colleoni S, et al. Protein overload stimu-
lates RANTES production by proximal tubular cells depending
on NF-kB activation. Kidney Int 1998;53:1608�15.

[194] De Zeeuw D, Remuzzi G, Parving H-H, et al. Proteinuria, a tar-
get for renoprotection in patients with type 2 diabetic nephrop-
athy: lessons from RENAAL. Kidney Int 2004;65:2309�20.

[195] De Zeeuw D, Remuzzi G, Parving H-H, et al. Proteinuria, a
therapeutic target for cardiovascular protection in type 2 dia-
betic patients with nephropathy. Circulation 2004;110:921�7.

[196] Aparicio M, Bouchet JL, Gin H, et al. Effect of a low-protein
diet on urinary albumin excretion in uremic patients. Nephron
1988;50:288�91.

[197] Gansevoort RT, De Zeeuw D, De Jong PE. Additive antiprotei-
nuric effect of ACE inhibition and a low-protein diet in human
renal disease. Nephrol Dial Transpl 1995;10:497�504.

[198] Ruilope LM, Casal MC, Praga M, et al. Additive antiporteinu-
ric effect of converting enzyme inhibition and a low protein
diet. J Am Soc Nephrol 1992;3:1307�11.

[199] Chanutin A, Ludewig S. Experimental renal insufficiency pro-
duced by partial nephrectomy. V. Diets containing whole dried
meat. Arch Int Med 1936;58:60�80.

[200] Bailey JL, Mitch WE. Pathophysiology of uremia. In: Brenner
BM, Rector FC, editors. The kidney. 6th ed. New York: W.B.
Saunders; 1999 [In press]

[201] Folin O. Laws governing the clinical composition of urine. Am
J Physiol 1905;13:67�115.

[202] Maroni BJ, Steinman T, Mitch WE. A method for estimating
nitrogen intake of patients with chronic renal failure. Kidney
Int 1985;27:58�65.

[203] Masud T, Manatunga A, Cotsonis G, Mitch WE. The precision
of estimating protein intake of patients with chronic renal fail-
ure. Kidney Int 2002;62:1750�6.

[204] Rafoth RS, Onstad GR. Urea synthesis after oral protein load-
ing in man. J Clin Invest 1975;56:1170�4.

[205] Lascelles PT, Taylor WH. The effect upon tissue respiration
in vitro of metabolites which accumulate in uremic coma. Clin
Sci 1966;31:403�13.

[206] Vanholder RC, Glorieux G, De SR, De Deyn PP. Low water-
soluble uremic toxins. Adv Ren Replace Ther 2003;10
(4):257�69.

[207] Bergstrom J. Why are dialysis patients malnourished ? Am J
Kid Dis 1995;26:229�41.

[208] Grollman EF, Grollman A. Toxicity of urea and its role in the
pathogensis of uremia. J Clin Invest 1959;38:749.

[209] Merrill JP, Legrain M, Hoigne R. Observations on the role of
urea in uremia. Am J Med 1953;14:519�20.

[210] Johnson WJ, Hagge WH, Wagoner RD, Dinapolu RP, Rosevear
JW. Effects of urea loading in patients with far-advanced renal
failure. Mayo Clinic Proc 1972;47:21�9.

[211] Moeslinger T, Friedl R, Volv I, et al. Urea induces macrophage
proliferation by inhibition of inducible nitric oxide synthesis.
Kidney Int 2002;56:581�8.

[212] Kraus LM, Jones MR, Kraus AP. Essential carbamoyl-amino
acids in vivo in patients with end-stage renal disease managed
by continuous ambulatory peritoneal dialysis: isolation, identi-
fication and quantitation. J Lab Clin Med 1998;131:425�31.

[213] Depner TA, Gulyassy PF. Plasma protein binding in uremia:
extraction and characterization of an inhibitor. Kidney Int
1980;18:86�94.

[214] Tizianello A, DeFerrari G, Garibotto G, Gurreri G, Robaudo C.
Renal metabolism of amino acids and ammonia in subjects
with normal renal function and in patients with chronic renal
insufficiency. J Clin Invest 1980;65:1162�73.

[215] Walser M. Urea metabolism in chronic renal failure. J Clin
Invest 1974;53:1385�92.

[216] Witko-Sarsat V, scamps-Latscha B. Advanced oxidation pro-
tein products: novel uraemic toxins and pro-inflammatory
mediators in chronic renal failure?. Nephrol Dial Transplant
1997;12(7):1310�2.

[217] Bailey JL, Wang X, England BK, Price SR, Ding X, Mitch WE.
The acidosis of chronic renal failure activates muscle proteoly-
sis in rats by augmenting transcription of genes encoding pro-
teins of the ATP-dependent, ubiquitin-proteasome pathway. J
Clin Invest 1996;97:1447�53.

[218] Bushinsky DA. The contribution of acidosis to renal osteody-
strophy. Kidney Int 1995;47:1816�32.

[219] DeFronzo RA, Beckles AD. Glucose intolerance following
chronic metabolic acidosis in man. Am J Physiol 1979;236:
E328�34.

[220] Hara Y, May RC, Kelly RA, Mitch WE. Acidosis, not azotemia,
stimulates branched-chain amino acid catabolism in uremic
rats. Kidney Int 1987;32:808�14.

[221] Reaich D, Channon SM, Scrimgeour CM, Daley SE, Wilkinson
R, Goodship THJ. Correction of acidosis in humans with CRF
decreases protein degradation and amino acid oxidation. Am J
Physiol 1993;265:E230�5.

[222] Niwa T. Organic acids and the uremic syndrome: protein
metabolite hypothesis in the progression of chronic renal fail-
ure. Sem Nephrol 1996;16:167�82.

3065REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[223] Niwa T, Ise M, Miyazaki T. Progression of glomerular sclerosis
in experimental uremic rats by administration of indole, a pre-
cursor of indoxyl sulfate. Am J Neph 1994;14:207�12.

[224] Niwa T, Ise M. Indoxyl sulfate, a circulating uremic toxin, sti-
mulates the progression of glomerular sclerosis. J Lab Clin
Med 1994;124:96�104.

[225] Miyazaki T, Ise M, Seo H, Niwa T. Indoxyl sulfate increases
the gene expression of TGF-Beta-1, TIMP-1 and Pro-alpha-1
collagen in uremic rat kidneys. Kidney Int 1997;52(Suppl. 62):
S15�22.

[226] Niwa T, Tsukushi S, Ise M, et al. Indoxyl sulfate and progres-
sion of renal failure-effects of a low-protein diet and oral sor-
bent on indoxyl sulfate production in uremic rats and
undialyzed uremic patients. Min Elect Metab 1997;23:179�84.

[227] Niwa T, Nomura T, Sugiyama S, Miyazaki T, Tsukushi S,
Tsutsui S. The protein metabolite hypothesis, a model for the
progression of renal failure—an oral adsorbent lowers indoxyl
sulfate levels in undialyzed uremic patients. Kidney Int
1997;52(Suppl. 62):S23�8.

[228] Kalantar-Zadeh K, Horwich TB, Oreopoulos A, et al. Risk fac-
tor paradox in wasting diseases. Curr Opin Clin Nutr Metab
Care 2007;10(4):433�42.

[229] Ando A, Orita Y, Tsubakihara R, et al. The effect of low protein
diet and surplus of essential amino acids on the serum concen-
trations and the urinary excretion of methyl-guanidine and
guanidinosuccinic acid in chronic renal failure. Nephron
1979;24:161�9.

[230] Marescau B, Deshumkh DR, Kockx M, et al. Guanidino com-
pounds in serum, urine, liver, kidney, and brain of man and
some ureotelic animals. Metabolism 1992;41:526�32.

[231] Kopple JD, Gordon SI, Wang M, Swenseid ME. Factors affect-
ing serum and urinary guanidinosuccinic acid levels in normal
and uremic subjects. J Lab Clin Med 1977;90:303�11.

[232] Yokozawa T, Fujitsuka N, Oura H. Studies on the precursor of
methylguanidine in rats with renal failure. Nephron
1991;58:90�4.

[233] Brusilow S, Tinker T, Batshaw ML. Amino acid acylation: a
mechanism of nitrogen excretion in inborn errors of urea syn-
thesis. Sci 1980;207:659�61.

[234] Castillo L, DeRojas TC, Chapman TE, et al. Splanchnic metabo-
lism of dietary arginine in relation to nitric oxide synthesis in
normal adult man. Proc Natl Acad Sci 1993;90:193�7.

[235] Orita Y, Tsubakihara Y, Ando A, et al. Effect of arginine or cre-
atinine administration on the urinary excretion of methylgua-
nidine. Nephron 1978;22:328�36.

[236] Cohen BD. Guanidinosuccinic acid in uremia. Arch Int Med
1970;126:846�50.

[237] Giovannetti S, Balestri PL, Barsotti G. Methylguanidine in ure-
mia. Arch Int Med 1973;131:709�13.

[238] Orita Y, Ando A, Tsubakihara Y. Tissue and blood cell concen-
tration of methylguanidine in rats and patients with chronic
renal failure. Nephron 1981;27:35�9.

[239] Giovannetti S, Dioni L, Balestri PL, Biagini M. Evidence that
guanidines and some related compounds cause hemolysis in
chronic uremia. Clin Sci 1968;34:141�8.

[240] Shainkin-Kestenbaum R, Giatt Y, Berlyne GM. The toxicity of
guanidino compounds in the rat blood cell in uremia and the
effect of hemodialysis. Nephron 1982;31:20�3.

[241] Marescau B, Hiramatsu M, Mori A. alpha-keto-d-
guanidinovaleric acid induced electroencephalographic, epilep-
tiform discharges in rabbits. Neurochem Pathol 1983;1:203�11.

[242] DeDeyn PP, Marescau B, Cuykens JJ, Van Gorp L, Lowenthal
A, De Potter WP. Guanidino compounds in serum and cere-
brospinal fluid of non-dialyzed patients with renal insuffi-
ciency. Clin Chim Acta 1987;167:81�8.

[243] Marescau B, Nagel G, Possemiers I, et al. Guanidino com-
pounds in serum and urine of nondialyzed patients with
chronic renal insufficiency. Metabolism 1997;46:1024�37.

[244] D’Hooge R, DeDeyn PP, van de Vijver G, Antoons G, Raes A,
Van Bogaert PP. Uraemic guanidino compounds inhibit y-
amino-butyric acid-evoked whole-cell currents in mouse spinal
cord neurons. Neurosci Lett 1999;265:83�6.

[245] Anderstam B, Katzaraki K, Bergstrom J. Serum levels of NG,
NG-dimethyl -L-arginine, a potential endogenous nitric oxide
inhibitor in dialysis patients. J Am Soc Nephrol 1997;8:1437�42.

[246] Fleck C, Schweitzer F, Karge E, Busch M, Stein G. Serum con-
centrations of asymmetric (ADMA) and symmetric (SDMA)
dimethylarginine in patients with chronic kidney diseases.
Clin Chim Acta 2003;336(1�2):1�12.

[247] Boger RH, Bode-Boger SM, Thiele W, Junker W, Alexander K,
Frolich JC. Biochemical evidence for impaired nitric oxide syn-
thesis in patients with peripheral arterial occlusive disease.
Circulation 1997;95:2068�74.

[248] Boger RH, Bode-Boger SM, Szuba T, et al. Asymmetric
dimethylarginine (ADMA): a novel risk factor for endothelial
dysfunction: its role in hypercholesterolemia. Circulation
1998;98:1842�7.

[249] Gardiner SM, Kemp PA, Bennett R, Palmer RM, Moncado S.
Regional and cardiac haemodynamic effects of NG, NG-
dimethyl-L-arginine and their reversibility by vasodilators in
conscious rats. Br J Pharm 1993;110:1457�64.

[250] Reyes AA, Karl IE, Kissane J, Klahr S. L-Arginine administra-
tion prevents glomerular hyperfiltration and decreases protein-
uria in diabetic rats. J Am Soc Nephrol 1993;4:1039�45.

[251] Miyazaki H, Matsuoka H, Cook JPUM, Ueda S, Okuda S,
Imaizumi T. Endogenous nitric oxide synthase inhibitor: a
novel marker of atherosclerosis. Circulation 1999;99:1141�6.

[252] Mamoun A-H, Bergstrom J, Soderstein P. Cholecystokinin
octapeptide inhibits carbohydrate but not protein intake. Am J
Physiol 1987;273:R972�80.

[253] Magnusson M, Magnusson K, Sundqvist T, Denneberg T.
Increased intestinal permeability to differently sized polyethyl-
ene glycols in uremic rats: effects of low- and high-protein
diets. Nephron 1990;56:306�11.

[254] Schepers E, Glorieux G, Vanholder R. The gut: the forgotten
organ in uremia? Blood Purif 2010;29(2):130�6.

[255] Evenepoel P, Meijers BK, Bammens BR, Verbeke K. Uremic
toxins originating from colonic microbial metabolism. Kidney
Int Suppl 2009;December(114):S12�9.

[256] Pickering WP, Price SR, Bircher G, Marinovic AC, Mitch WE,
Walls J. Nutrition in CAPD: serum bicarbonate and the ubiquitin-
proteasome system in muscle. Kidney Int 2002;61:1286�92.

[257] Simenhoff ML, Burke JF, Sankkonen JJ, Wesson LG, Schaedler
RW. Amine metabolism and the small bowel in uremia. Lancet
1976;2:818�22.

[258] Noree L-O, Bergstrom J. Treatment of chronic uremic patients
with protein-poor diet and oral supply of essential amino
acids. Clin Nephrol 1975;3(5):195�203.

[259] Walser M, Hill SB. Free and protein-bound tryptophan in
serum of untreated patients with chronic renal failure. Kidney
Int 1993;44:1366�71.

[260] Byrd DJ, Berthold HW, Trefz KF, et al. Indolic tryptophan
metabolism in uraemia. Proc Eur Dial Transplant Assoc
1976;12:347�54.

[261] Niwa T, Miyazaki T, Hashimoto N, et al. Suppressed serum
and urine levels of indoxyl sulfate by oral sorbent in experi-
mental uremic rats. Am J Neph 1992;12:201�6.

[262] Siassi F, Wang M, Chan W, Swenseid ME. Brain serotonin
turnover in chronically uremic rats. Am J Physiol 1977;232:
E526�8.

3066 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[263] Lim CF, Bernard BF, DeJong M, Doctor R, Krenning EP,
Hennemann G. A furan fatty acid and indoxyl sulfate are the
putative inhibitors of thyroxine hepatocyte transport in ure-
mia. J Clin Endo Metab 1993;76:318�24.

[264] Wardle EN. Phenols, phenolic acids and sodium-potassium
ATPases. J Mol Med 1978;3:319.

[265] Goodhart PJ, DeWolf WE, Kruse LI. Mechanism based inacti-
vation of dopamine beta-hydroxylase by p-cresol and related
alkyl phenols. Biochemistry 1987;26:2576�83.

[266] Vanholder R, DeSmet R, Waterloos MA, et al. Mechanisms of
uremic inhibition of phagocytic reactive species production:
characterization of the role of p-cresol. Kidney Int
1995;47:510�7.

[267] Dou L, Bertrand E, Cerini C, et al. The uremic solutes p-cresol
and indoxyl sulfate inhibit endothelial proliferation and
wound repair. Kidney Int 2004;65(2):442�51.

[268] Simenhoff ML, Saukkonen JJ, Burke JF, Wesson LG, Schaedler
RW, Gordon SJ. Bacterial populations of the small bowel in
uremia. Nephron 1978;22:63�8.

[269] Bell JD, Lee JA, Lee HA, Sadler PJ, Wilkie DR, Woodham RH.
Nuclear magnetic resonance studies of blood plasma and urine
from patients with chronic renal failure: Identification of
trimethylamine-N-oxide. Biochim Biophys Acta
1991;1096:101�7.

[270] Simenhoff ML, Milne MD, Asatoor AM, Zilva JF. Retention of
aliphatic amines in uremia. Clin Sci 1963;25:65�77.

[271] Saito A, Takaji T, Chung TG, Ohta K. Serum levels of polya-
mines in patients with chronic renal failure. Kidney Int 1983;24
(Suppl. 16):S234�7.

[272] Beale LS. Kidney diseases, urinary deposits and calculous dis-
orders; their nature and treatment. 3rd ed. Phildelphia:
Lindsay and Blakiston; 1869.

[273] Cotton JR, Knochel JP. Correction of uremic cellular injury
with a protein-restricted, amino acid-supplemented diet. Am J
Kid Dis 1985;5:233�8.

[274] Bilbrey GL, Carter NW, White MG, Schilling JF, Knochel JP.
Potassium deficiency in chronic renal failure. Kidney Int
1973;4:423�30.

[275] Cotton JR, Woodward T, Carter NW, Knochel JP. Resting skel-
etal muscle membrane potential as an index of uremic toxicity.
J Clin Invest 1979;63:501�8.

[276] Lumlertgul G, Burke TJ, Gillum DM, et al. Phosphate depletion
arrests progression of chronic renal failure independent of pro-
tein intake. Kidney Int 1986;29:658�66.

[277] Hostetter TH, Meyer TW, Rennke HG, Brenner BM. Chronic
effects of dietary protein in the rat with intact and reduced
renal mass. Kidney Int 1986;30:509�17.

[278] Donohue W, Spingarn C, Pappenheimer AM. The calcium con-
tent of the kidney as related to parathyroid function. J Exp
Med 1937;66:697�701.

[279] Harris DCH, Chan L, Schrier RW. Remnant kidney hyperme-
tabolism and progression of chronic renal failure. Am J Physiol
1988;254:F267�76.

[280] Bergstrom J. Anorexia in dialysis patients. Sem Nephrol
1996;16:222�9.

[281] Anderstam B, Mamoun A-H, Bergstrom J, Sodersten P.
Middle-sized molecule fractions isolated from uremic ultrafil-
trate and normal urine inhibit ingestive behavior in the rat.
J Am Soc Nephrol 1996;7:2453�60.

[282] Mamoun AH, Anderstam B, Sodersten P, Lindholm B,
Bergstrom J. Influence of peritoneal dialysis solutions with glu-
cose and amino acids on ingestive behavior in rats. Kidney Int
1996;49:1276�82.

[283] Mamoun AH, Sodersten P, Anderstam B, Bergstrom J.
Evidence of splanchnic-brain signalling in inhibition of

ingestive behaviour by middle molecules. J Am Soc Nephrol
1999;10:309�14.

[284] Severini G, Diana L, DiGiovannandrea R, Sagliaschi G.
Influence of uremic middle molecules on in vitro stimulated
lymphocytes and interleukin-2 production. ASAIO Trans
1996;42:64�7.

[285] Balke N, Holtkamp U, Horl WH, Hempelmann U. Inhibition of
degranulation of human polymorphonuclear leukocytes by
complement factor D. FEBS Lett 1995;371:300�2.

[286] Haag-Weber M, Mai B, Horl WH. Isolation of a granulocyte
inhibitory protein from uraemic patients with homology of B-
2-microglobulin. Nephrol Dial Transpl 1994;9:382�8.

[287] Horl WH, Haag-Weber M, Georgopoulos A, Block LH.
Physiochemical characterization of a polypeptide present in
uremic serum that inhibits the biological activity of polymor-
phonuclear cells. Proc Natl Acad Sci USA 1990;87:6353�7.

[288] Bellomo G, Venanzi S, Verdura C, Saronio P, Esposito A,
Timio M. Association of uric acid with change in kidney func-
tion in healthy normotensive individuals. Am J Kid Dis
2010;56:264�72.

[289] Gejyo F, Homma N, Arakawa M. Long-term complications of
dialysis: pathogenic factors with special reference to amyloid-
osis. Kidney Int 1993;43(Suppl. 41):S78�82.

[290] Lubash GD, Stenzel KH, Rubin AL. Nitrogenous compounds
in hemodialysate. Circulation 1964;30:848�52.

[291] Abiko T, Kumikawa M, Higuchi H, Sekono H. Identification
and synthesis of a heptapeptide in uremic fluid. Biochem
Biophys Res Comm 1978;84:184�94.

[292] Abiko T, Kumikawa M, Ishizaki M, Takahashi H, Sekino H.
Identification and synthesis of a tripeptide in coecum fluid of a
uremic patient. Biochem Biophys Res Com 1978;83:357�64.

[293] Chu J, Yuan Z, Liu X, Wu Q, Mi H, He B. Separation of six ure-
mic middle molecular compounds by high performance liquid
chromatography and analysis by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry. Clin Chim
Acta 2001;311:95�107.

[294] Himmelfarb J, Le P, Klenzak J, Freedman S, McMenamin ME,
Ikizler TA. Impaired monocyte cytokine production in criti-
cally ill patients with acute renal failure. Kidney Int 2004;66
(6):2354�60.

[295] Bolton CH, Downs LG, Victory JG, et al. Endothelial dysfunc-
tion in chronic renal failure: roles of lipoprotein oxidation and
pro-inflammatory cytokines. Nephrol Dial Transplant 2001;16
(6):1189�97.

[296] Eknoyan G, Beck GJ, Cheung AK, et al. Effect of dialysis dose
and membrane flux in maintenance hemodialysis. N Engl J
Med 2002;347:2010�9.

[297] Horl WH, Cohen JJ, Harrington JT, Madias NE, Zusman CJ.
Atherosclerosis and uremic retention solutes. Kidney Int
2004;66(4):1719�31.

[298] Himmelfarb J, McMonagle E, McMenamin E. Plasma protein
thiol oxidation and carbonyl formation in chronic renal failure.
Kidney Int 2000;58:2571�8.

[299] Petzke KJ, Elsner A, Proll J, Thielecke F, Metges CC. Long-
term high protein intake does not increase oxidative stress in
rats. J Nutr 2000;130(12):2889�96.

[300] Miyata T, Wada Y, Cai Z, et al. Implication of an increased oxi-
dative stress in the formation of advanced glycation end pro-
ducts in patients with end-stage renal failure. Kidney Int
1997;51:1170�81.

[301] Rajan V, Mitch WE. Ubiquitin, proteasomes and proteolytic
mechanisms activated by kidney disease. Biochim Biophys
Acta 2008;1782(12):795�9.

[302] Christensen B, Refsum H, Vintermyr O, Ueland PM.
Homocysteine export from cells cultured in the presence of

3067REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



physiological or superfluous levels of methionine: methionine
loading of non-transformed, proliferating and quiescent cells
in culture. J Cell Physiol 1991;146:52�62.

[303] Finkelstein JD, Kyle WR, Harris BJ. Methionine metabolism in
mammals: regulation of homocysteine methyltransferases in
rat tissues. Arch Biochem Biophys 1971;146:84�92.

[304] Kang SS, Wong PWK, Malinow MR. Hyperhomocyst(e)inemia
as a risk factor for occlusive vascular disease. Ann Rev Nutr
1992;12:259�78.

[305] Bostom AG, Lathrop L. Hyperhomocysteinemia in end-stage
renal disease: prevalence, etiology, and potential relationship
to arteriosclerotic outcomes. Kidney Int 1997;52:10�20.

[306] Kang SS, Wong PWK, Cook HY, Norusis M, Messer JV.
Protein-bound homocyst(e)ine: a possible risk factor for coro-
nary heart disease. J Clin Invest 1986;77:1482�6.

[307] Gupta A, Robinson K. Hyperhomocysteinaemia and end stage
renal disease. J Nephrol 1997;10:77�84.

[308] Stam F, van GC, Ter Wee PM, Jakobs C, de MK, Stehouwer
CD. Effect of folic acid on methionine and homocysteine
metabolism in end-stage renal disease. Kidney Int 2005;67
(1):259�64.

[309] Jamison RL, Hartigan P, Kaufman JS, et al. Effect of homocys-
teine lowering on mortality and vascular disease in advanced
chronic kidney disease and end-stage renal disease: a random-
ized controlled trial. JAMA 2007;298(10):1163�70.

[310] DeFronzo RA, Alvestrand A, Smith D, Hendler R. Insulin
resistance in uremia. J Clin Invest 1981;67:563�8.

[311] Navalesi R, Pilo A, Lenzi S, Donato L. Insulin metabolism in
chronic uremia and in the anephric state: effect of the dialytic
treatment. J Clin Endocrinol Metab 1975;40(1):70�85.

[312] DeFronzo RA, Tobin JD, Rowe JW, Andres R. Glucose intoler-
ance in uremia. J Clin Invest 1978;62:425�30.

[313] Kalhan SC, Ricanati ES, Tserng KY, Savin SM. Glucose turn-
over in chronic uremia: increased recycling with diminished
oxidation of glucose. Metabolism 1983;32(12):1155�62.

[314] Bak JF, Schmitz O, Sorensen SS, Frokjaer J, Kjaer T, Pedersen
O. Activity of insulin receptor kinase and glycogen synthase in
skeletal muscle from patients with chronic renal failure. Acta
Endo 1989;121:744�50.

[315] Kauffman JM, Caro JF. Insulin resistance in uremia: characteri-
zation of insulin action, binding, and processing in isolated
hepatocytes from chronic uremic rats. J Clin Invest
1983;71:698�708.

[316] Cecchin F, Ittoop O, Sinha MK, Caro JF. Insulin resistance in
uremia: insulin receptor kinase activity in liver and muscle
from chronic uremic rats. Am J Physiol 1988;254:E394�401.

[317] White MF, Kahn CR. The insulin signaling system. J Biol Chem
1994;269:1�4.

[318] Saad MJA, Araki E, Miralpeix M, Rothenberg PL, White MF,
Kahn CR. Regulation of insulin receptor substrate-1 in liver
and muscle of animal models of insulin resistance. J Clin
Invest 1992;90:1839�49.

[319] Folli F, Saad MJA, Backer JM, Kahn CR. Regulation of phos-
phatidylinositol 3-kinase activity in liver and muscle of animal
models of insulin-resistant and insulin-deficient diabetes melli-
tus. J Clin Invest 1993;92:1787�94.

[320] Giorgino F, Pedrini MT, Matera L, Smith RJ. Specific increase
in p85a expression in response to dexamethasone is associated
with inhibition of insulin-like growth factor-1 stimulated pho-
phatidylinositol 3-kinase activity in cultured muscle cells. J
Biol Chem 1997;272:7455�63.

[321] Mak RHK. Insulin resistance but IGF-1 sensitivity in chronic
renal failure. Am J Physiol 1996;271:F114�9.

[322] Bailey JL, Price SR, Zheng B, Hu Z, Mitch WE. Chronic kidney
disease causes defects in signaling through the insulin receptor

substrate/phosphatidylinositol 3-kinase/Akt pathway: impli-
cations for muscle atroply. J Am Soc Nephrol 2006;17:1388�94.

[323] Franch HA, Raissi S, Wang X, Zheng B, Bailey JL, Price SR.
Acidosis impairs insulin receptor substrate-1-associated phos-
phoinositide 3-kinase signaling in muscle cells: consequences
on proteolysis. Am J Physiol 2004;287:F700�6.

[324] Akmal M, Massry SG, Goldstein DA, Fanti P, Weisz A,
DeFronzo RA. Role of parathyroid hormone in the glucose
intolerance of chronic renal failure. J Clin Invest
1985;75:1037�44.

[325] Mak RH. Intravenous 1,25 dihydroxycholecalciferol corrects
glucose intolerance in hemodialysis patients. Kidney Int
1992;41(4):1049�54.

[326] Folli F, Kahn CR, Hansen H, Bouchie JL, Feener EP.
Angiotensin II inhibits insulin signaling in aortic smooth mus-
cle cells at multiple levels: A potential role for serine phos-
phorylation in insulin/angiotensin II crosstalk. J Clin Invest
1997;100:2158�69.

[327] Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF,
Spielgelman BM. IRS-1-mediated inhibition of insulin receptor
tyrosine kinase activity in TNF-a- and obesity-induced insulin
resistance. Sci 1996;271:665�8.

[328] Bilbrey GL, Falonna GR, White MG, Knochel JP.
Hyperglucagonemia of renal failure. J Clin Invest 1974;53:841�7.

[329] Dighe RR, Rojas FJ, Birnbaumer L, Garber AJ. Glucagon-
stimulable adenylyl cyclase in rat liver. Effects of chronic ure-
mia and intermittent glucagon administration. J Clin Invest
1984;73(4):1004�12.

[330] Mehls O, Ritz E, Hunziker EB, Tonshoff B, Heinrich U. Role of
growth hormone in growth failure in uremia. Kidney Int
1988;34:118�26.

[331] Jones JI, Clemmons DR. Insulin-like growth factors and their
binding proteins: biological actions. Endocr Rev
1995;16:3�34.

[332] Haffner D, Blum WF, Heinrich U, Mehls O, Tonshoff B.
Impaired postprandial regulation of insulin-like growth factor
binding protein-1 in children with chronic renal failure. J Clin
Endocrinol Metab 1997;82(9):2832�5.

[332a] Baumannn G. Growth hormone binding protein and free
growth hormone in chronic renal failure. Pediatric Nephrol
1996;10:328�30.

[333] Mehls O, Schaefer F, Tonshoff B, Wuhl E. Effectiveness of
growth hormone treatment in short children with chronic renal
failure. J Pediatr 2002;141:147�8.

[334] Schaefer F, Chen Y, Tsao T, Nouri P, Rabkin R. Impaired JAK-
STAT signal transduction contributes to growth hormone resis-
tance in chronic uremia. J Clin Invest 2001;108:467�75.

[335] Ding H, Gao X-L, Hirschberg R, Vadgama JV, Kopple JD.
Impaired actions of insulin-like growth factor-1 on protein syn-
thesis and degradation in skeletal muscle of rats with chronic
renal failure: evidence for a postreceptor defect. J Clin Invest
1996;97:1064�75.

[336] Bereket A, Wilson TA, Kolasa AJ, Fan J, Lang CH. Regulation
of the insulin-like growth factor system by acute acidosis.
Endocrin 1996;137:2238�45.

[337] Brungger M, Hulter HN, Krapf R. Effect of chronic metabolic
acidosis on the growth hormone/IGF-1 endocrine axis: new
cause of growth hormone insensitivity in humans. Kidney Int
1997;51:216�21.

[338] Hanna JD, Krieg Jr RJ, Scheinman JI, Chan JC. Effects of ure-
mia on growth in children. Semin Nephrol 1996;16
(3):230�41.

[339] Fouque D, Peng SC, Kopple JD. Impaired metabolic response
to recombinant insulin-like growth factor-I in dialysis patients.
Kidney Int 1995;47:876�83.

3068 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[340] Otero M, Lago R, Lago F, et al. Leptin, from fat to inflamma-
tion: old questions and new insights. FEBS Lett 2005;579
(2):295�301.

[341] Caro JF, Sinha MK, Kolaczynski JW, Zhang PL, Considine RV.
Leptin: the tale of an obesity gene. Diabetes 1996;45
(11):1455�62.

[342] Don BR, Rosales LM, Levine NW, Mitch WE, Kaysen GA.
Leptin is a negative acute phase protein in chronic hemodialy-
sis patients. Kidney Int 2001;59:1114�20.

[343] Kolaczynski JW, Considine RV, Ohannesian J, et al. Responses
of leptin to short-term fasting and refeeding in humans: a link
with ketogenesis but not ketones themselves. Diabetes
1996;45:1511�5.

[344] El HW, Chauveau P, Barthe N, Merville P, Potaux L, Aparicio
M. Serum leptin, body fat, and nutritional markers during the
six months post-kidney transplantation.. Metabolism 2004;53
(5):614�9.

[345] Sharma K, Considine RV. The Ob protein (leptin) and the kid-
ney. Kidney Int 1998;53:1483�7.

[346] Montague CT, Farooqi IS, Whitehead JP , et al. Congenital lep-
tin deficiency is associated with severe early-onset obesity in
humans. Nature 1997;387(6636):903�8.

[347] Cheung W, Yu PX, Cone RD, Marks DL, Mak RH. Role of lep-
tin and melanocortin signaling in uremia-associated cachexia.
J Clin Invest 2005;115:1659�65.

[348] Perez-Fontan M, Cordido F, Rodriguez-Carmona A, Peteiro J,
Garcia-Naveiro R, Garcia-Buela J. Plasma ghrelin levels in
patients undergoing haemodialysis and peritoneal dialysis.
Nephrol Dial Transplant 2004;19(8):2095�100.

[349] Rodriguez AE, Pecoits-Filho R, Heimburger O, Lindholm B,
Nordfors L, Stenvinkel P. Associations between plasma ghrelin
levels and body composition in end-stage renal disease: a lon-
gitudinal study. Nephrol Dial Transplant 2004;19(2):421�6.

[350] Mitch WE. Cachexia in chronic kidney disease: a link to defec-
tive central nervous system control of appetite. J Clin Invest
2005;115:1476�9.

[351] Mancuso P, Canetti C, Gottschalk A, Tithof PK, Peters-Golden
M. Leptin augments alveolar macrophage leukotriene synthe-
sis by increasing phospholipase activity and enhancing group
IVC iPLA2 (cPLA2gamma) protein expression. Am J Physiol
Lung Cell Mol Physiol 2004;287(3):L497�502.

[352] Ottonello L, Gnerre P, Bertolotto M, et al. Leptin as a uremic
toxin interferes with neutrophil chemotaxis. J Am Soc Nephrol
2004;15(9):2366�72.

[353] Wolf G, Chen SC, Han DC, Ziyadeh FJ. Leptin and renal dis-
ease. Am J Kid Dis 2002;39:1�11.

[354] Maroni BJ, Mitch WE. Role of nutrition in prevention of the
progression of renal disease. Ann Rev Nutr 1997;17:435�55.

[355] Mitch WE, Remuzzi G. Diets for patients with chronic kidney
disease, still worth prescribing. J Am Soc Nephrol 2004;15:234�7.

[356] Franch HA, Mitch WE. Navigating between the Scylla and
Charybdis of prescribing dietary protein for chronic kidney
diseases. Annu Rev Nutr 2009;29:341�64.

[357] Masud T, Mitch WE. Requirements for protein, calories and fat
in the predialysis patient. In: Mitch WE, Ikizler TA, editors.
Handbook of nutrition and the kidney. 6th ed. Philadelphia:
Lippincott-Williams & Wilkins; 2010. p. 92�108.

[358] Walser M, Hill S. Can renal replacement be deferred by a sup-
plemented very-low protein diet?. J Am Soc Nephrol
1999;10:110�6.

[359] Aparicio M, Chauveau P, dePrecigout V, Bouchet J-L, Lasseur
C, Combe C. Nutrition and outcome on renal replacement
therapy of patients with chronic renal failure treated by a sup-
plemented very low protein diet. J Am Soc Nephrol
2000;11:719�27.

[360] Aparicio M, Chauveau P, Combe C. Low protein diets and out-
come of renal patients. J Nephrol 2001;14:433�9.

[361] Tom K, Young VR, Chapman T, Masud T, Akpele L, Maroni
BJ. Long-term adaptive responses to dietary protein restriction
in chronic renal failure. Am J Physiol 1995;268:E668�77.

[362] Chauveau P, Barthe N, Rigalleau V, et al. Outcome of nutri-
tional status and body composition of uremic patients on a
very low protein diet. Am J Kid Dis 1999;34:500�7.

[363] Kopple JD, Levey AS, Greene T, et al. Effect of dietary protein
restriction on nutritional status in the modification of diet in
renal disease (MDRD) study. Kidney Int 1997;52:778�91.

[364] Menon V, Kopple JD, Wang X, et al. Effect of a very lowlow-
protein diet on outcomes: long-term follow-up of the modifica-
tion of diet in renal disease (MDRD) study. Am J Kid Dis
2008;53:208�17.

[365] Ruggenenti P, Schieppati A, Remuzzi G. Progression, remission,
regression of chronic renal diseases. Lancet 2001;357:1601�8.

[366] Ikizler TA, Greene JH, Wingard RL, Hakim RM, Parker RA.
Spontaneous dietary protein intake during progression of
chronic renal failure. J Am Soc Nephrol 1995;6:1386�91.

[367] MDRD Study Group, Kopple JD, Greene T, et al. Relationship
between nutritional status and the glomerular filtration rate:
results from the MDRD study. Kidney Int 2000;57:1688�703.

[368] Kloppenburg WD, Stegeman CA, Hovinga TK, et al. Effect of
prescribing a high protein diet and increasing the dose of dialy-
sis on nutrition in stable chronic haemodialysis patients: a ran-
domized, controlled trial. Nephrol Dial Transpl 2004;19:1212�23.

[369] Mitch WE. Malnutrition: a frequent misdiagnosis for hemodial-
ysis patients. J Clin Invest 2002;110:437�9.

[370] Stenvinkel P, Heimburger O, Lindholm B. Wasting, but not
malnutrition, predicts cardiovascular mortality in end-stage
renal disease. Nephrol Dial Transpl 2004;19:2181�3.

[371] Cottini EP, Gallina DL, Dominguez JM. Urea excretion in adult
humans with varying degrees of kidney malfunction fed milk,
egg or an amino acid mixture: assessment of nitrogen balance.
J Nutrition 1973;103:11�9.

[372] Kopple JD, Coburn JW. Metabolic studies of low protein diets
in uremia: I. Nitrogen and potassium. Medicine
1973;52:583�94.

[373] Mitch WE, Abras E, Walser M. Long-term effects of a new
ketoacid-amino acid supplement in patients with chronic renal
failure. Kidney Int 1982;22:48�53.

[374] Walser M. Does prolonged protein restriction preceding dialy-
sis lead to protein malnutrition at the onset of dialysis? Kidney
Int 1993;44:1139�44.

[375] Maroni BJ, Staffeld C, Young VR, Manatunga A, Tom K.
Mechanisms permitting nephrotic patients to achieve nitrogen
equilibrium with a protein-restricted diet. J Clin Invest
1997;99:2479�87.

[376] Walser M, Hill S, Tomalis EA. Treatment of nephrotic adults
with a supplemented, very low-protein diet. Am J Kid Dis
1996;28:354�64.

[377] Walser M, Mitch WE, Maroni BJ, Kopple JD. Should protein be
restricted in predialysis patients? Kidney Int 1999;55:771�7.

[378] Lim VS, Kopple JD. Protein metabolism in patients with
chronic renal failure: role of uremia and dialysis. Kidney Int
2000;58:1�10.

[379] Qureshi AR, Alvestrand A, Danielsson A, et al. Factors predict-
ing malnutrition in hemodialysis patients: a cross-sectional
study. Kidney Int 1998;53:773�82.

[380] Hakim RM, Lazarus JM. Biochemical parameters in chronic
renal failure. Am J Kid Dis 1988;9:238�47.

[381] Kopple JD, Sorensen MK, Coburn JW, Gordon S, Rubini ME.
Controlled comparison of 20-g and 40-g protein diets in the
treatment of chronic uremia. Am J Clin Nutr 1968;21:553�64.

3069REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[382] Masud T, Young VR, Chapman T, Maroni BJ. Adaptive
responses to very low protein diets: the first comparison of
ketoacids to essential amino acids. Kidney Int 1994;45:1182�92.

[383] Walser M, Hill S, Ward L. Progression of chronic renal failure
on substituting a ketoacid supplement for an amino acid sup-
plement. J Am Soc Nephrol 1992;2:1178�85.

[384] Walser M, Hill SB, Ward L, Magder L. A crossover comparison
of progression of chronic renal failure: ketoacids versus amino
acids. Kidney Int 1993;43:933�9.

[385] Meireles CL, Price SR, Pererira AML, Carvalhaes JTA, Mitch
WE. Nutrition and chronic renal failure in rats: what is an opti-
mal dietary protein? J Am Soc Nephrol 1999;10:2367�73.

[386] Graham KA, Reaich D, Channon SM, et al. Correction of acido-
sis in CAPD decreases whole body protein degradation.
Kidney Int 1996;49:1396�400.

[387] Graham KA, Reaich D, Channon SM, Downie S, Goodship
THJ. Correction of acidosis in hemodialysis decreases whole-
body protein degradation. J Am Soc Nephrol 1997;8:632�7.

[388] May RC, Bailey JL, Mitch WE, Masud T, England BK.
Glucocorticoids and acidosis stimulate protein and amino acid
catabolism in vivo. Kidney Int 1996;49:679�83.

[389] Aukema HM, Housini I, Rawling JM. Dietary soy protein
effects on inherited polycystic kidney disease are influenced
by gender and protein level. J Am Soc Nephrol 1999;10:300�8.

[390] Kaysen GA, Dubin JA, Muller H-G, Rosales L, Levin NW,
Mitch WE. Inflammation and reduced albumin synthesis asso-
ciated with stable decline in serum albumin in hemodialysis
patients. Kidney Int 2004;65:1408�15.

[391] Zhang L, Du J, Hu Z, et al. IL-6 and serum amyloid A synergy
mediates angiotensin II-induced muscle wasting. J Am Soc
Nephrol 2009;20(3):604�12.

[392] Motil KJ, Matthews DE, Bier DM, Burke JF, Munro HN, Young
VR. Whole-body leucine and lysine metabolism: response to
dietary protein intake in young men. Am J Physiol 1981;240:
E712�21.

[393] Matthews DE, Motil KS, Rohrbaugh DR, Burke JF, Young VR,
Bier DM. Measurements of leucine metabolism in man from a
primed continuous infusion of [1-13C]leucine. Am J Physiol
1980;238:E473�9.

[394] National Research Council. Recommended dietary allowances.
10th ed. Washington, D.C.: National Academy Press; 1989.

[395] Goodship THJ, Mitch WE, Hoerr RA, Wagner DA, Steinman
TI, Young VR. Adaptation to low-protein diets in renal failure:
leucine turnover and nitrogen balance. J Am Soc Nephrol
1990;1:66�75.

[396] Du J, Mitch WE. Identification of pathways controlling muscle
protein metabolism in uremia and other catabolic conditions.
Curr Opin Nephrol Hypertens 2005;14:378�82.

[397] Kalhoff H, Diekmann L, Kunz C, Stock GJ, Manz F. Alkali ther-
apy versus sodium chloride supplement in low birthweight
infants with incipient late metabolic acidosis. Acta Paediatr
1997;86:96�101.

[398] Boirie Y, Broyer M, Gagnadoux MF, Niaudet P, Bresson J-L.
Alterations of protein metabolism by metabolic acidosis in chil-
dren with chronic renal failure. Kidney Int 2000;58:236�41.

[399] Reaich D, Channon SM, Scrimgeour CM, Goodship THJ.
Ammonium chloride-induced acidosis increases protein break-
down and amino acid oxidation in humans. Am J Physiol
1992;263:E735�9.

[400] Ballmer PE, McNurlan MA, Hulter HN, Anderson SE, Garlick
PJ, Krapf R. Chronic metabolic acidosis decreases albumin syn-
thesis and induces negative nitrogen balance in humans. J Clin
Invest 1995;95:39�45.

[401] Papadoyannakis NJ, Stefanides CJ, McGeown M. The effect of
the correction of metabolic acidosis on nitrogen and protein

balance of patients with chronic renal failure. Am J Clin Nutr
1984;40:623�7.

[402] Garibotto G, Russo R, Sofia A, et al. Skeletal muscle protein
synthesis and degradation in patients with chronic renal fail-
ure. Kidney Int 1994;45:1432�9.

[403] Movilli E, Zani R, Carli O, et al. Correction of metabolic acido-
sis increases serum albumin concentration and decreases kinet-
ically evaluated protein intake in hemodialysis patients: a
prospective study. Nephrol Dial Transpl 1998;13:1719�22.

[404] Stein A, Moorhouse J, Iles-Smith H, et al. Role of an improve-
ment in acid-base status and nutrition in CAPD patients.
Kidney Int 1997;52:1089�95.

[405] England BK, Greiber S, Mitch WE, et al. Rat muscle branched-
chain ketoacid dehydrogenase activity and mRNAs increase
with extracellular acidemia. Am J Physiol 1995;268:C1395�400
[Cell Physiol. 37]

[406] Wang X, Jurkovitz C, Price SR. Regulation of branched-chain
ketoacid dehydrogenase flux by extracellular pH and glucocor-
ticoids. Am J Physiol 1997;272:C2031�6.

[407] Lofberg E, Wernerman J, Anderstam B, Bergstrom J.
Correction of metabolic acidosis in dialysis patients increases
branched-chain and total essential amino acid levels in muscle.
Clin Nephrol 1997;48:230�7.

[408] Mochizuki T. The effect of metabolic acidosis on amino and
keto acid metabolism in chronic renal failure. Jap J Nephrol
1991;33:213�24.

[409] Price SR, Reaich D, Marinovic AC, et al. Mechanisms contrib-
uting to muscle wasting in acute uremia: Activation of amino
acid catabolism. J Am Soc Nephrol 1998;9:439�43.

[410] May RC, Kelly RA, Mitch WE. Metabolic acidosis stimulates
protein degradation in rat muscle by a glucocorticoid-
dependent mechanism. J Clin Invest 1986;77:614�21.

[411] May RC, Kelly RA, Mitch WE. Mechanisms for defects in mus-
cle protein metabolism in rats with chronic uremia: The influ-
ence of metabolic acidosis. J Clin Invest 1987;79:1099�103.

[412] Lecker SH, Goldberg AL, Mitch WE. Protein degradation by
the ubiquitin-proteasome pathway in normal and disease
states. J Am Soc Nephrol 2006;17:1807�19.

[413] Bodine SC, Latres E, Baumhueter S, et al. Identification of ubi-
quitin ligases required for skeletal muscle atrophy. Sci
2001;294:1704�8.

[414] Lecker SH, Jagoe RT, Gomes M, et al. Multiple types of skeletal
muscle atrophy involve a common program of changes in gene
expression. FASEB J 2004;18:39�51.

[415] Giardini O, Taccone-Gallucci M, Lubrano R, et al. Evidence of
red blood cell membrane lipid peroxidation in haemodialysis
patients. Nephron 1984;36:235�7.

[416] Du J, Mitch WE, Wang X, Price SR. Glucocorticoids induce
proteasome C3 subunit expression in L6 muscle cells by
opposing the suppression of its transcription by NF-kB. J Biol
Chem 2000;275:19661�6.

[417] Marinovic AC, Zheng B, Mitch WE, Price SR. Ubiquitin expres-
sion in muscle cells is increased by glucocorticoids through a
mechanism involving Sp1 and MEK1. J Biol Chem
2002;277:16673�81.

[418] Du J, Wang X, Meireles CL, et al. Activation of caspase 3 is an
initial step triggering muscle proteolysis in catabolic condi-
tions. J Clin Invest 2004;113:115�23.

[419] Lei HH, Perneger TV, Klag MJ, Whelton PK, Coresh J. Familial
aggregation of renal disease in a population-based case-control
study. J Am Soc Nephrol 1998;9(7):1270�6.

[420] Wang XH, Zhang L, Mitch WE, LeDoux JM, Hu J, Du J.
Caspase-3 cleaves specific proteasome subunits in skeletal
muscle stimulating proteasome activity. J Biol Chem
2010;285:3527�32.

3070 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[421] Workeneh B, Rondon-Berrios H, Zhang L, et al. Development
of a diagnostic method for detecting increased muscle protein
degradation in patients with catabolic conditions. J Am Soc
Nephrol 2006;17:3233�9.

[422] Williams PS, Stevens ME, Fass G, Irons L, Bone JM. Failure of
dietary protein and phosphate restriction to retard the rate of
progression of chronic renal failure: a prospective, random-
ized, controlled trial. Quart J Med 1991;81:837�55.

[423] Szeto C-C, Chow K-M. Metabolic acidosis and malnutrition in
dialysis patients. Sem Dialysis 2004;17:371�5.

[424] Szeto C-C, Wong TY, Chow K-M, Leung C-B, Li PK-T. Oral
sodium bicarbonate for the treatment of metabolic acidosis in
peritoneal dialysis patients: a randomized placebo-control trial.
J Am Soc Nephrol 2003;14:2119�26.

[425] Frassetto L, Morris RC, Sebastian A. Potassium bicarbonate
reduces urinary nitrogen excretion in postmenopausal women.
J Clin Endocrinol Metab 1997;82:254�9.

[426] McSherry E, Morris RC. Attainment of normal stature with
alkali therapy in infants and children with classic renal tubular
acidosis. J Clin Invest 1978;61:509�14.

[427] Brungger M, Hulter HN, Krapf R. Effect of chronic metabolic
acidosis on thyroid hormone homeostasis in humans. Am J
Physiol 1997;272:F648�53.

[428] Kobayashi S, Maesato K, Moriya H, Ohtake T, Ikeda T. Insulin
resistance in patients with chronic kidney disease. Am J Kid
Dis 2005;45:275�80.

[429] Lee SW, Dai G, Hu Z, Wang X, Du J, Mitch WE. Regulation of
muscle protein degradation: coordinated control of apoptotic
and ubiquitin-proteasome systems by phosphatidylinositol 3
kinase. J Am Soc Nephrol 2004;15:1537�45.

[430] Wang XH, Hu Z, Hu JP, Du J, Mitch WE. Insulin resistance
accelerates muscle protein degradation: activation of the
ubiquitin-proteasome pathway by defects in muscle cell signal-
ing. Endocrin 2006;147:4160�8.

[431] Aparicio M, Potaux L, de Precigout V, Bouchet JL, Aubertin J.
Low protein and low phosphorus diet in patients with chronic
renal failure: influence on glucose tolerance and tissue insulin
sensitivity. Metabolism 1987;36:1080�5.

[432] Rigalleau V, Blanchetier V, Combe C, et al. A low-protein diet
improves insulin sensitivity of endogenous glucose produc-
tion in predialytic uremic patients. Am J Clin Nutr
1997;65:1512�6.

[433] Uribarri J, Levin NW, Delmez J, et al. Association of acidosis
and nutritional parameters in hemodialysis patients. Am J Kid
Dis 1999;34:493�9.

[434] Mitch WE. Getting beyond cross-sectional studies of abnormal
nutritional indices in dialysis patients. Am J Clin Nutr
2003;77:760�1.

[435] Kirschbaum BB. Spurious metabolic acidosis in hemodialysis
patients. Am J Kid Dis 2000;35:1068�71.

[436] Dalla Libera L, Ravara B, Angelini A, et al. Beneficial effects on
skeletal muscle of the angiotensin II type 1 receptor blocker
Ibesartan in experimental heart failure. Circulation
2001;103:2195�200.

[437] Mitch WE, Lietman PS, Walser M. Effects of oral neomycin
and kanamycin in chronic renal failure: I. urea metabolism.
Kidney Int 1977;11:116�22.

[438] Gibson JA, Park NJ, Sladen GE, Dawson AM. The role of the
colon in urea metabolism in man. Clin Sci 1976;50:51�9.

[439] Jones EA, Smallwood RA, Craigie A, Rosenoer VM. The
enterohepatic circulation of urea nitrogen. Clin Sci
1969;37:825�36.

[440] Mitch WE, Walser M. Effects of oral neomycin and kanomycin
in chronic uremic patients. II. Nitrogen balance. Kidney Int
1977;11:123�7.

[441] Giordano C. Use of exogenous and endogenous urea for pro-
tein synthesis in normal and uremic subjects. J Lab Clin Med
1963;62:231�46.

[442] Kopple JD, Gao X, Qing DP. Dietary protein, urea nitrogen
appearance and total nitrogen appearance in chronic renal fail-
ure and CAPD patients. Kidney Int 1997;52:486�94.

[443] Loder PB, Kee AJ, Horsburgh R, Jones M, Smith RC. Validity
of urinary urea nitrogen as a measure of total urinary nitrogen
in adult patients requiring parenteral nutrition. Crit Care Med
1989;17:309�12.

[444] Avesani CM, Kamimura MA, Draibe SA, Cuppari L. Is energy
intake underestimated in nondialyzed chronic kidney disease
patients? J Ren Nutr 2005;15(1):159�65.

[445] Kloppenburg WD, De Jong PE, Huisman RM. The contradic-
tion of stable body mass despite low reported dietary energy
intake in chronic haemodialysis patients. Nephrol Dial Transpl
2002;17:1628�33.

[446] Martin LJ, Su W, Jones PJ, Lockwood GA, Tritchler DL, Boyd
NF. Comparison of energy intakes determined by food records
and doubly labeled water in women participating in a dietary-
intervention trial. Am J Clin Nutr 1996;63:483�90.

[447] Bingham SA. The dietary assessment of individuals: methods,
accuracy, new techniques and recommendations. Nutr Abstr
Rev 1987;57:705�42.

[448] Rosman JB, Langer K, Brandl M, et al. Protein-restricted diets
in chronic renal failure: a four year follow-up shows limited
indications. Kidney Int 1989;36:S96�102.

[449] Jungers P, Chauveau P, Ployard F, Lebkiri B, Ciancioni C, Man
NK. Comparison of ketoacids and low protein diet on
advanced chronic renal failure progression. Kidney Int
1987;22:67�71.

[450] Locatelli F, Alberti D, Graziani G, Buccianti G, Redaelli B,
Giangrande A. Prospective, randomised, multicentre trial of
effect of protein restriction on progression of chronic renal
insufficiency. Lancet 1991;337:1299�304.

[451] Malvy D, Maingourd C, Pengloan J, Bagros P, Nivet H. Effects
of severe protein restriction with ketoanalogues in advanced
renal failure. J Am Coll Nutr 1999;8:481�6.

[452] Di Iorio BR, Minutolo R, De Nicola L, et al. Supplemented very
low protein diet ameliorates responsiveness to erythropoietin
in chronic renal failure. Kidney Int 2003;64:1822�8.

[453] Cianciaruso B, Pota A, Pisani A, et al. Metabolic effects of two
low protein diets in chronic kidney disease stage 4�5—a ran-
domized controlled trial. Nephrol Dial Transplant 2008;23
(2):636�44.

[454] Mircescu G, Garneata L, Stancu SH, Capusa C. Effects of a sup-
plemented hypoproteic diet in chronic kidney disease. J Ren
Nutr 2007;17(3):179�88.

[455] Fouque D, Laville M, Boissel JP, Chifflet R, Labeeuw M, Zech
PY. Controlled low protein diets in chronic renal insufficiency:
meta-analysis. Br Med J 1992;304:216�20.

[456] Pedrini MT, Levey AS, Lau J, Chalmers TC, Wang PH. The
effect of dietary protein restriction on the progression of dia-
betic and nondiabetic renal diseases: a meta-analysis. Ann
Intern Med 1996;124:627�32.

[457] Kasiske BL, Lakatua JDA, Ma JZ, Louis TA. A meta-analysis of
the effects of dietary protein restriction on the rate of decline
in renal function. Am J Kid Dis 1998;31:954�61.

[458] Fouque D, Laville M. Low protein diets for chronic renal fail-
ure in non-diabetic adults (Cochrane Review). Cochrane
Database Syst Rev 2009;:10.1002/14651858.CD001892.pub3 [3,
Art. No.: CD001892]

[459] Pan Y, Guo LL, Jin HM. Low-protein diet for diabetic nephrop-
athy: a meta-analysis of randomized controlled trials. Am J
Clin Nutr 2008;88:660�6.

3071REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[460] Chauveau P, Couzi L, Vendrely B, et al. Long-term outcome
on renal replacement therapy in patients who previously
received a keto acid-supplemented very-low-protein diet. Am
J Clin Nutr 2009;90:969�74.

[461] Levey AS, Greene T, Beck GJ, et al. Dietary protein restriction
and the progression of chronic renal disease: what have all the
results of the MDRD study shown? J Am Soc Nephrol
1999;10:2426�39.

[462] Levey AS, Adler S, Caggiula AW, et al. Effects of dietary pro-
tein restriction on the progression of advanced renal disease in
the modification of diet in renal disease study. Am J Kid Dis
1996;27:652�63.

[463] Brunori G, Viola BF, Parrinello G, et al. Efficacy and safety of a
very-low-protein diet when postponing dialysis in the elderly:
a prospective randomized multicenter controlled study. Am J
Kidney Dis 2007;49(5):569�80.

[464] Hansen HP, Tauber-Lassen E, Jensen BR, Parving HH. Effect
of dietary protein restriction on prognosis in patients with dia-
betic nephropathy. Kidney Int 2002;62:220�8.

[465] Fouque D, Wang P, Laville M, Boissel JP. Low protein diets
delay end-stage renal disease in non diabetic adults with
chronic renal failure. Nephrol Dial Transpl 2000;15:1986�92.

[466] Altman DG, Andersen PK. Calculating the number needed to
treat for trials where the outcome is an event. Brit Med J
1999;319:1492�5.

[467] Skolbekken JA. Communicating the risk reduction achieved by
cholesterol reducing drugs. Brit Med J 1998;316:1956�8.

[468] Rosman JB, Donker-Willenborg MA. Dietary compliance and
its assessment in the Groningen trial on protein restriction in
chronic renal failure. Contrib Nephrol 1990;81:95�101.

[469] Yeh S-S, Schuster MW. Geriatric cachexia: the role of cytokines.
Am J Clin Nutr 1999;70:183�97.

[470] Eustace JA, Astor B, Muntner PM, Ikizler TA, Coresh J.
Prevalence of acidosis and inflammation and their association
with low serum albumin in chronic kidney disease. Kidney Int
2004;65(3):1031�40.

[471] Shah SN, Abramowitz M, Hostetter TH, Melamed ML. Serum
bicarbonate levels and the progression of kidney disease: a
cohort study. Am J Kidney Dis 2009;54(2):270�7.

[472] Kovesdy CP, Anderson JE, Kalantar-Zadeh K. Association of
serum bicarbonate levels with mortality in patients with non-
dialysis-dependent CKD. Nephrol Dial Transplant 2009;24
(4):1232�7.

[473] de Brito-Ashurst I, Varagunam M, Raftery MJ, Yaqoob MM.
Bicarbonate supplementation slows progression of CKD and
improves nutritional status. J Am Soc Nephrol 2009;20
(9):2075�84.

[474] Mahajan A, Simoni J, Sheather SJ, Broglio KR, Rajab MH,
Wesson DE. Daily oral sodium bicarbonate preserves glomeru-
lar filtration rate by slowing its decline in early hypertensive
nephropathy. Kidney Int 2010;78(3):303�9.

[475] Esler MD, Krum H, Sobotka PA, Schlaich MP, Schmieder RE,
Bohm M. Renal sympathetic denervation in patients with
treatment-resistant hypertension (The Symplicity HTN-2
Trial): a randomised controlled trial. Lancet 2010;376
(9756):1903�9.

[476] Verhave J, Fesler P, Rinstein J, Callar G, Mimran A. Estimation
of renal function in subjects with normal serum creatinine
levels: influence of age and body mass index. Am J Kidney Dis
2005;46:233�41.

3072 90. CHRONIC KIDNEY DISEASE: PATHOPHYSIOLOGY AND THE INFLUENCE OF DIETARY PROTEIN

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



C H A P T E R

91

Management of Calcium and Bone
Disease in Renal Patients

L. Darryl Quarles
Division of Nephrology, Department of Medicine, Associate Dean for Research, College of Medicine, Memphis,

Tennessee, USA

INTRODUCTION

We have made significant advances in under-
standing of the pathogenesis and treatment of sec-
ondary hyperparathyroidism in chronic kidney
disease (CKD). These include: (1) the discovery of
the calcium-sensing receptor CaSR and the develop-
ment of calcimimetics to target this receptor to sup-
press PTH secretion and production;1 (2) the
recognition that metabolic derangements in calcium
and phosphate have a significant impact on morbid-
ity and mortality,1 possibly through effects on
vascular calcification; (3) the discovery of the
FGF23-bone kidney axis, where FGF23 produced by
osteoblasts/osteocytes suppresses 1,25(OH)2D pro-
duction as an early adaptive response to the loss of
kidney function,2 (4) the finding that elevated serum
FGF23 concentration is an important predictor of
mortality and progression of kidney disease;3 (5) the
development of less hypercalcemic and hyperpho-
sphatemic vitamin D analogs with the potential of
reduced toxicity;4 (6) the recognition of the possible
importance of nutritional vitamin D deficiency on
innate immune function; and (7) the availability of
non-calcium containing phosphate binders.5 The
National Kidney Foundation Kidney Disease
Outcomes Quality Initiative (KDOQITM) and more
recently KDIQGO have also provided guidelines for
earlier interventions and management of mineral
metabolism disorders in CKD.6,7 These new phar-
macological agents and treatment paradigms offers
the potential to more effectively and safely manage
disordered mineral metabolism in patients with
CKD.

Parathyroid Gland Disease versus Mineral
Metabolism Disorders in CKD

Secondary hyperparathyroidism is an adaptive
response to the loss of kidney function. Progressive
parathyroid gland disease (i.e., hypertrophy and
hyperplasia) and pathological consequences of ele-
vated serum PTH levels have dominated the clinical
focus of disordered mineral metabolism in CKD. PTH
actions are mediated through PTH receptor (PTH1R)
in the kidney, whose activation inhibits renal Pi reab-
sorption, decreases renal tubular calcium excretion
and increases 1,25(OH)2D3 production. Activation of
PTH1R in osteoblasts in bone stimulates bone forma-
tion and osteoclastic bone resorption.8 Chronic eleva-
tion of PTH in SHPT leads to increased bone
remodeling which plays crucial role in mineral
homeostasis by providing access to the stores in bones
Ca and Pi. Thus, PTH is a calcemic hormone that
maintains serum calcium levels by stimulating 1,25
(OH)2D production, renal calcium conservation and
bone calcium efflux. The phosphaturic actions of PTH
permit excretion of phosphate that accompanies the
gastrointestinal absorption and bone efflux of calcium.

It is clinically important to prevent and treat second-
ary hyperparathyroidism, since increments in PTH
(typically levels that exceed the 400�600 pg/ml range)
are associated with increased mortality in CKD.1,9,10 In
addition, elevated PTH is associated with progressive
parathyroid disease leading to tertiary hyperparathy-
roidism that may require parathryoidectomy11 and
high cortical bone remodeling leading to an increase in
the risk of bone fractures.12

In spite of the importance of PTH, the recognition
that hyperphosphatemia, vascular calcifications and
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different treatment strategies may have a greater
impact upon survival of patients with CKD has lead to
a broadening of our conceptualization of hyperpara-
thyroidism and “renal osteodystrophy” to include
other metabolic abnormalities, termed, Chronic Kidney
Disease—Mineral and Bone Disorder (CKD-MBD).7

CKD-MBD describes a clinical syndrome that includes
multiple metabolic/endocrine abnormalities, parathy-
roid gland dysfunction, bone disease, and unique CKD
associated cardiovascular risk factors as well as other
adverse clinical outcomes, such as fractures, vascular
and soft tissue calcifications.

Because of the integration and interdependence of
the calcium, phosphate, vitamin D and PTH axis, it is
difficult to elucidate the primary or proximate causes
of secondary hyperparathyroidism in CKD.
Hyperphosphatemia, 1,25(OH)2D3 and hypocalemia,
acting through distinct molecular mechanisms, act in
concert to cause secondary hyperparathyroidism in
CKD. However, elevations of FGF23 and secondary
suppression of 1,25(OH)2D production may the initial
abnormality in CKD that leads to increments in PTH,
which may further stimulate FGF23 levels.2,13

Nevertheless, suppression of PTH, while minimizing
hyperphosphatemia, providing adequate vitamin D
replacement, and maintaining bone health, remains the
major goal of therapy. Different strategies to achieve
this are based on different molecular targets for the
available therapies that include, phosphate binders,
vitamin D analogues and calcimimetics.

Molecular Targets for Suppressing Parathyroid
Gland Function in CKD

Role of Hyperphosphatemia

A decline in GFR and reduced renal phosphate
excretion is associated with increased PTH secretion by
the parathyroid glands in CKD. In patients on mainte-
nance hemodialysis, increased levels of serum phos-
phate strongly predict the degree of serum PTH
elevation.14 The importance of phosphate is also sup-
ported by the observation that phosphate restriction
can attenuate the development of secondary hyper-
parathyroidism in CKD.15 The stimuli linking hyper-
phosphatemia and increments in PTH are likely to be
both direct and indirect. The molecular mechanism
mediating the direct effects of phosphate on the para-
thyroid gland, however, are poorly understood.16

Increments in media phosphate concentrations
increases PTH synthesis in parathyroid cell
cultures,17�19 regulates PTH message stability,16 and
dietary restriction of phosphorus retards the develop-
ment of hyperparathyroidism.20 Phosphorus also mod-
ulates parathyroid growth and hypertrophy through

activation of MAPK (mitogen activated protein
kinases), TGF-alpha, and cyclin dependent kinases.21

To date, no specific receptors, transporters or other
molecular targets have been identified that mediate
direct effects of phosphate on the parathyroid gland
function.

Indirect effects of hyperphosphatemia on parathy-
roid gland function have greater experimental support,
and are potentially mediated via FGF23, 1,25(OH)2D3,
and calcium, acting on their respective receptors in the
parathyroid gland. Phosphate loading can also
decrease 1,25(OH)2D3 production by the kidney,22

which in turn can decrease dietary absorption of cal-
cium, thereby regulating parathyroid gland function
indirectly through both the calcium sensing receptor
and the vitamin D receptor.23

Vitamin D Receptor and the Role of 1, 25(OH)2D3

Deficiency

Decrements in both 25(OH)D and 1,25(OH)2D occur
early in the course of CKD-MBD. Low levels of vitamin
D are associated with increased mortality in CKD and
treatment in vitamin D analogs are believed to have a
survival benefit.24 (1,25(OH)2) acts on the vitamin D
receptor (VDR) in the parathyroid gland to suppress
PTH transcription, but not PTH secretion, whereas cal-
citriol acts on the small intestines to increase active
transport of both calcium and phosphate. Reductions
in serum 1,25(OH)2D levels play a central role in the
pathogenesis of secondary hyperparathyroidism. Cross
sectional studies of patients with CKD show that
serum 1, 25(OH) 2D3 levels decline as a function of the
severity of renal impairment. Increments in PTH are
inversely correlated with serum 1, 25 (OH)2D3 levels
below GFRs of 60 ml/min/m2. Low levels of 1,25
(OH)2D stimulate PTH though both loss of direct
effects of 1,25(OH)2D3 on vitamin D receptors (VDR) in
the parathyroid glands and due to reductions in gastro-
intestinal absorption of calcium, which leads inhibition
of the calcium sensing receptor (CaSR) in the parathy-
roid gland.

Nutritional deficiency of vitamin D as measured by
low circulating 25(OH)D3 levels, is also common in
patients with CKD, likely due to poor nutritional sta-
tus, inadequate exposure to sunlight and chronic ill-
ness.25 The negative correlation between serum PTH
concentrations and 25(OH) vitamin D, the precursor to
1,25(OH)2D3, is well established in the general popula-
tion,26 and may also contribute to secondary hyper-
parathyroidism in stage 3 and 4 CKD.

Role of the Calcium Sensing Receptor (CaSR)
and Hypocalcemia

Calcium acting through CaSR is the major regulator
of PTH transcription, secretion, and parathyroid gland
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hyperplasia. From a biological standpoint, calcium and
CaSR are more important that phosphate and 1,25
(OH)2D3 acting through the vitamin D receptor (VDR)
in regulating parathyroid gland function. This conclu-
sion is supported by mouse genetic approaches that
have evaluated the phenotype in CaR, VDR, and 1
α-hydroxylase deficient mice has overlapping
functions with CaR.27�31 For example, secondary
hyperparathyroidism and bone abnormalities in
VDR-deficient mice can be corrected by normalizing
serum calcium concentrations, whereas increased 1,25
(OH)2D3 levels is not sufficient to normalize PTH secre-
tion and parathyroid gland growth in the absence of
CaR. These mouse genetic studies are potentially
important in setting the theoretical basis for selecting
therapeutic strategies that target CaR as the dominant
target in the parathyroid gland function, compared to
VDR and phosphate.

Role of the FGF23-FGF Receptor/Klotho Signaling
Network

FGF23, is a novel phosphaturic hormone produced
by bone32 is important in regulating phosphate homeo-
stasis. Elevations in circulating FGF23 levels are one
of the earliest abnormalities in CKD-MBD and are
strongly associated with increased all-cause
mortality.33�34 Elevations of FGF23 inversely correlate
with GFR.35�38 Patients with end-stage renal disease
(ESRD) have markedly elevated levels of FGF23 that
parallels with degree of hyperphosphatemia39 and
SHPT.40,41 FGF23 interacts with FGF receptors (FGFR)
in the presence of the members of Klotho family of
proteins.42�43 The mechanism of increased FGF23 in
CKD is poorly understood. The increase in serum
FGF23 is not explained by reduced FGF23 clearance;
and the proximate stimulus in early CKD that leads to
increments in FGF23 are not clear. Nevertheless, FGF23
production is likely increased to counteract Pi retention
due to reduced nephron mass by promoting urinary Pi
excretion.2 Elevations in FGF23 precede increments in
PTH in CKD44 and animal studies show that blockade
of FGF23 by neutralizing antibodies lead to normaliza-
tion of 1,25(OH)2D3 and PTH levels in models of
CKD.45 The effects of FGF23 on parathyroid gland
function, however, are controversial. While some stud-
ies suggest that FGF23 promotes parathyroid gland
hyperplasia,46 other studies indicate that FGF23
directly suppresses PTH secretion via activation of FGF
receptor/klotho complexes located in the parathyroid
gland,47 thereby explaining the apparent paradox
between elevated FGF23 in patients with CKD and
hyperparathyroidism. Additional studies will be
needed to understand the direct effects of FGF23 in the
pathogenesis secondary hyperparathyroidism.

Clinical Manifestations of Disordered Mineral
Metabolism in CKD

The major abnormalities in CKD-MBD that
require treatment are parathyroid gland dysfunction
(i.e., increase PTH secretion and parathyroid gland
hyperplasia), metabolic bone disease, and vascular
calcifications/non-traditional cardiovascular risk.

Parathyroid Gland Abnormalities

Parathyroid disease in CKD is a progressive disorder
characterized by increased PTH secretion as well as by
an increase in the number of the PTH-secreting chief
cells (hyperplasia). Disease progress correlates with
hypocalcemia, hyperphosphatemia and duration of
renal failure.14,48 Unless adequately treated, secondary
hyperparathyroidism inexorably progresses, with the
frequency of parathyroidectomy proportional to the
number of years of renal replacement therapy. The dif-
ficulty in treating hyperparathyroidism is due in part to
massive hyperplasia and adenomatous transformation
of the parathyroid gland that occur as a result of the
chronic stimulation of PTH production in CKD. As the
hyperplastic parathyroid glands enlarge, increments in
basal, calcium-independent PTH secretion contributes
to the elevated circulating PTH levels, although the
glands retain responsiveness to calcium-mediated PTH
suppression, i.e., normal set point.49 With further prog-
ress there is adenomatous transformation along with
reductions in CaR and VDR,50 resulting in a right-ward
shift in the set point typically associated with marked
elevations of PTH and spontaneous hypercalcemia.

Renal Osteodystrophies

Bone disease in CKD is classically defined by bone
histological analysis that assesses bone formation and
resorption (rate of turnover or remodeling) and the
presence or absence of a superimposed mineralization
defect (osteomalacia). The major classifications include
osteitis fibrosa (high turnover due to PTH stimulation
of osteoblasts that are coupled to osteoclastic mediated
bone resorption), osteomalacia (defective mineraliza-
tion), and adynamic bone disease (low turnover due to
low PTH and/or excessive treatment with vitamin D).51

Symptomatic musculoskeletal disease, particularly ten-
don rupture, bone pain, muscle pain and weakness,
and periarticular pain have decreased because of the
success in suppressing PTH and the use of purer water
to generate dialysate. Nevertheless, hip fractures occur
4-times more often in stage 5 CKD patients compared
to the general population.52 Attempts to link the type of
histological bone disease or a specific level of PTH to
increased fracture risk have been inconclusive. The util-
ity of bone mineral density measurements to measure
fracture risk have not been validated in CKD. Bone
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biopsy after tetracycline labeling remains the standard
for diagnosing bone disease in CKD. The use of bone
biopsies, however, is diminishing because of cost and
its invasiveness. Recent analysis of a cross section of
patients with CKD found racial differences in the type
of bone disease in CKD.53 In this regard, whites exhibit
low turnover whereas blacks have a greater prevalence
of high turnover bone disease. A greater reliance is
being placed on assessment of PTH and serum markers
of bone turnover, which provide imprecise measures of
bone disease.

The pathogenesis of the different forms of renal
osteodystrophy is complex and not completely under-
stood. PTH is the predominant factor controlling bone
remodeling in CKD. In addition, the presence of
C-terminal PTH fragments, which constitute 80% of cir-
culating PTH, could potentially compete with PTH for
type I PTH/PTHrP receptor or activate a novel C-PTH
receptor with biological effects opposite to those of
human PTH(1�84).54 Whether the assessment of the
PTH-(1�84)/C-PTH fragment ratio adds to the predic-
tion of the underlying bone disease remains to be
determined.55 Active vitamin analogues also target
osteoblasts and chondrocytes in vitro, but it has been
difficult to separate the direct effects of vitamin D on
bone and growth plate from that of PTH and calcium.
Mouse genetic approaches to delete the VDR and
1α-hydroxylase suggest an independent role of Vitamin
D in the growth plate and action in concert with calcium
and PTH to activate osteoblasts and osteoclasts.31,56

The type of bone disease can influence serum cal-
cium and phosphate levels. High bone turnover states
contribute to elevated serum calcium and phosphate
levels through increased release from bone, whereas
low turnover states can also make patients more sus-
ceptible to developing hypercalcemia after dietary
loads or vitamin D therapy, due to the diminished
buffering capacity for calcium resulting from the
diminished bone remodeling.57 Adynamic bone disease
may increase the risk of vascular and soft tissue calcifi-
cations, possibly due to limited calcium buffering
capacity or to a calcium surfeit state.58 An inverse rela-
tionship between vascular calcification and bone den-
sity is also found in stage 5 CKD.59 Other examples of
the impact of bone turnover on serum calcium and
phosphate in ESRD are hungry bone syndrome follow-
ing parathyroidectomy, hyercalcemina observed with
immobilization, and hypocalcemia following treatment
with anti-resorptive therapies.

Vascular Calcifications, Disordered Mineral
Metabolism and Cardiovascular Disease/Morbidity
and Mortality

Disordered bone and mineral metabolism in CKD
contributes to calcification of soft tissues, particularly

vessels, heart valves and skin. Vascular calcifications
are very prevalent in CKD60 and cardiovascular disease
accounts for approximately half of all deaths in dialysis
patients.61 Several types of vascular calcification have
been described in patients in CKD,62,63 including inti-
mal/atherosclerotic/fibrotic calcification, medial calci-
fication, heart valve calcification, and calciphylaxis/
calcific uremic arteriolopathy. First, intimal calcifica-
tion occurs as focal calcification associated with lipid-
laden foam cells seen in atherosclerotic plaques.
Atherosclerotic/fibrotic calcification can have compo-
nents of endochondral bone formation in the vessel
wall. These calcifications may increase plaque fragility
and risk for plaque rupture, or alternatively might sta-
bilize the plaque, or merely represent an epiphenom-
ena of atherosclerotic disease. Second, medial
calcification is diffuse calcification that is not associated
with atherosclerotic plaques and occurs in the media of
vessels. Medial calcification, also called “Monckeberg’s
sclerosis,” is seen with aging, diabetes, and with pro-
gressive renal failure. Valvular calcification represents
the third major type of vascular calcification. This is a
dystrophic calcification that is also associated with ath-
erosclerotic disease.64,65 There is a strong association
between cardiac valve calcifications and vascular
calcifications.

Calciphylaxis/calcific uremic arteriolopathy is the
fourth type of calcification that results from amorphous
calcium phosphate deposition in the vessel lumen lead-
ing to occlusion and tissue necrosis. The pathogenesis
of calciphylaxis is not clear, but is associated with obe-
sity, older age, female gender, diabetes mellitus, warfa-
rin use, recent trauma, and calcium ingestion. Recently,
studies in mice lacking fetuin, a calcium phosphate
binding protein, have provided potential insights into
the pathogenesis of this disorder. Fetuin binds to cal-
cium phosphate to facilitate the clearing of this com-
plex from the circulation. The absence of fetuin results
in soft tissue calcification in mouse models. Low fetuin
levels, which can be caused by inflammation, have
been identified in dialysis patients with vascular calci-
fications and increased cardiovascular mortality.66�68

Treatment of calciphylaxis with phosphate binders and
parathyroidectomy typically are ineffective. Case
reports suggest that sodium thiosulfate treatment can
improve calciphylaxis-calcific uremic arteriolopathy.69

Coronary artery and vascular calcifications increase
as a function of the number of years on renal replace-
ment therapy and successful renal transplantation can
lead to significant reductions in coronary artery calcifi-
cations by six months.70 There is debate regarding
whether the intimal calcification, which has predictive
power in diagnosing coronary artery disease in non-
uremic population, has the same significance in end
stage renal disease. Traditional “non-uremic” factors,

3076 91. MANAGEMENT OF CALCIUM AND BONE DISEASE IN RENAL PATIENTS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



such as hypertension, diabetes, and hyperlipidemia,
may account for the increase in risk of cardiovascular
disease. Interestingly, a multicenter, randomized,
double-blind, prospective study of atorvastatin in type
2 diabetes mellitus CKD 5 showed that a 42% reduction
in low-density lipoprotein cholesterol was not associ-
ated with a reduction in composite of death from
cardiac causes, nonfatal myocardial infarction, and
stroke.71 Treatments to reduce cardiovascular mortality
in non-dialysis patients may not be as effective in stage
V CDK patients. Unique factors associated with
renal failure may have a greater importance.
Epidemiological data implicate hyperphosphatemia
and elevated Ca X P product as being risk factors for
increased mortality.1

Medial calcification of blood vessels had been
thought to be of little clinical significance for many
years, but its effect to increase blood vessel stiffness
and reduce vascular compliance resulting in a widened
pulse pressure, increased afterload, and left ventricular
hypertrophy are potential mechanisms whereby vascu-
lar calcification could contribute to cardiovascular mor-
bidity. In addition, retrospective analysis indicates that
the presence of intimal and medial calcification are
both associated with increased all-cause mortality and
cardiovascular mortality in patients with ESRD.72

While hyperphosphatemia is believed to be the
major the major cause of vascular calcification, it has
not been proven that strategies to prevent hyperpho-
sphatemia or efforts to maintain neutral phosphate
homeostasis will prevent vascular calcifications in
CKD.

Treatment Goals: K/DOQIt Guidelines for
Mineral Metabolism in CKD

Clinical practice guidelines for bone metabolism and
disease in stage 3, 4, and 5 CKD have been developed
by the National Kidney Foundation Kidney Disease

Outcomes Quality Initiative (KDOQITM) (Table 91.1).6

The K/DOQI recommendations are influenced by the
compelling evidence that elevated serum phosphorus
and calcium x phosphorus product contribute to
increased mortality73 and the belief that excessive cal-
cium loading may increase the risk of cardiovascular
calcification.5 The K/DOQI guidelines recommend
attaining serum calcium, phosphorus, Ca X P product
and PTH levels in a range that permits control of meta-
bolic bone disease while limiting the potential toxicity
of increased Ca X P product. The respective upper limit
for serum phosphate in stage 5 CKD is 5.5 mg/dl, the
corrected serum calcium is 9.5 mg/dL (corrected serum
calcium5 0.8 x (4 � g/dL of serum albumin), and the
Ca X P product ,55 and intact PTH 300 pg/ml).

Retrospective data provide support for these recom-
mendations. Most recently, analysis of the DOPPS
database found that all-cause mortality and cardiovas-
cular mortality were significantly and independently
associated with serum concentrations of phosphorus,
calcium, calcium-phosphorus product, and PTH.74

Cardiovascular mortality was significantly associated
with the serum concentrations of phosphorus, calcium
(RR 1.14, P ,0.0001), calcium-phosphorus product (RR
1.05, P ,0.0001), and PTH (RR 1.02, P5 0.03). It is
worth noting, however, that prospective studies dem-
onstrating the benefit of attaining the recommended
biochemical parameters or the adverse effects on mor-
tality of excessive calcium exposure have not been per-
formed or have not fully validated the K/DOQI
recommendations. For example, the DCOR study,
which enrolled 2103 adult hemodialysis patients who
were randomly assigned to either sevelamer or
calcium-based phosphate binders, found a 9 percent
reduction in the risk of death from all causes in the
sevelamer group compared to patients using calcium-
based phosphate binders, but the result was not statis-
tically significant (p5 0.30). Ganesh et al also did not
find serum calcium or calcium based binders to be
associated with higher cardiovascular mortality.75

TABLE 91.1 Clinical Practice Guidelines for Bone Metabolism and Disease in CKD

Recommended Serum Values

CKD Stage GFR Range(ml/min/1.73 m2) Phosphorus (mg/dL) Calcium (corrected) (mg/dL) Ca X P (mg2/dL2) Intact PTH (pg/ml)

3* 302 59 2.72 4.6 8.42 10.2 352 70

4* 152 29 2.72 4.6 8.42 10.2 702 110

5*
KDOQI*
KDIGO#

JSDT1

,15, dialysis 3.52 5.5
Normal range
3.52 6

8.42 9.5
8.42 10
8.42 10

,55 1502 300
1302 585
602 180

Modified from National Kidney Foundation DOQITM Kidney Disease Outcomes Quality Initiative*77; KDIGO-Kidney Disease: Improving Global Outcomes#77, and Japanese
Society of Dialysis Therapy (JSDT)1 78.
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In spite of wide adoption of these Kidney Disease
Outcomes Quality Initiative (KDOQI)76 guidelines in
the United States, it is difficult to achieve the KDOQI
guidelines. In a survey of hemodialysis facilities
(N5 307) and patients (N5 17,236) participating in the
Dialysis Outcomes and Practice Patterns Study
(DOPPS) in the United States, Europe, and Japan from
1996 to 2001, 8% of patients were below lower target
range and 52% were above upper target range for
serum phosphorus; 9% were below and 50%
were above for albumin-corrected calcium; 44% were
above and 51% were below for calcium-phosphorus
product; and 27% were above for intact PTH.74 Because
of this and other considerations, differing views of
what represents adequate control of PTH and alterna-
tive clinical practice guidelines have been proposed,
such as Kidney Disease: Improving Global Outcomes
(KDIGO),77 and Japanese Society of Dialysis Therapy
(JSDT).78 KDOQI PTH targets between 150 and
300 pg/ml is based on the estimated levels of PTH to
maintain normal bone remodeling, with the higher than
normal range reflecting the resistance to PTH actions
and assessment of circulating inactive PTH fragments
in dialysis patients.79 The emphasis of changes in PTH
and higher (i.e., .600 pg/ml) threshold PTH concentra-
tions in the KDIGO recommendations reflects the vari-
ability in existing PTH assays in measuring bioactive
PTH and the recognitions that only high PTH values
are associated with increased mortality. In contrast,
JSTA uses PTH concentrations in the normal range for
the general population in CKD, which emphasizes the
prevention of progressive parathyroid gland hyperpla-
sia.80 Other differences in these guidelines include
more stringent control of serum phosphate and increas-
ing the upper limit for serum calcium from 9.5 to
10 mg/dL in the KDIGO recommendations.

The guidelines for the lower phosphate, higher cal-
cium and lower PTH values recommended for stage 3
and 4 CKD are largely best estimates that were avail-
able at the time the guidelines were formulation.
Recent retrospective observations also suggest that
hyperphosphatemia is a risk factor for mortality in pre-
dialysis patients as well.81 Several studies support the
fact that declining GFR is independently associated
with the development of atherosclerotic cardiovascular
disease independent of other risk factors.82�84

Treatment Strategies

The goals of treatment are to adequately control bio-
chemistries (i.e., Ca, P, Ca x P, and PTH as recom-
mended by the K/DOQI), prevent parathyroid gland
hyperplasia, normalize bone remodeling, and prevent
soft-tissues and vascular calcifications. To achieve these

goals combinations therapy is needed, including phos-
phate binders, calcium supplementation, active vitamin
D analogues, and calcimimetics. There are two major
treatment paradigms using various drugs in different
combinations. One approach uses titration of active
vitamin D analogues (i.e., calcitriol paracalcitol, doxer-
calciferol) to achieve suppression of PTH. The other
strategy uses titration of calcimimetics to suppress
PTH. Both strategies require phosphate binders to con-
trol serum phosphate. The calcimimetic strategy does
not require use of active vitamin D treatment, but is
typically used in combination with a fixed low dose
active vitamin D analog.

There have been numerous clinical trials comparing
use of vitamin D analogous alone and in combination
with calcimimetics both in incident and prevalent dial-
ysis patients.85,86 Several generalizations can be made
from these studies. First, incident HD patients are
more responsive to either strategy than prevalent
patients with more severe hyperparathyroidism. In the
groups with milder degree of hyperparathyroidism,
cinacalcet HCl HCl tends to oversuppress PTH.87,88

Second, cinacalcet HCl HCl based treatments are
superior in suppressing PTH than treatment strategies
using phosphate binders and vitamin D analogs in
prevalent hemodialysis patients. Third, treatment strat-
egies using active vitamin D analogs increase serum
calcium and phosphate levels, whereas strategies that
use cinacalcet HCl HCl in combination with low fixed
doses of vitamin D results in lowering of both serum
calcium and phosphate levels,89 making it easier to
achieve KDOQI targets.90 Fourth, vitamin D treatment
increases, whereas use of cinacalcet HCl-based strate-
gies has no effect on or may lower serum FGF23 con-
centrations.91 Fifth, there is indirect evidence, based on
the persistently high rate of parathyroidectomies in
patients treated with active vitamin D analog com-
pared to the reduction in parathryoidectomies associ-
ated with calcimimetic treatment, that activation of
CaSR is more effective than activation of VDR in
preventing the progression of hyperparathryoidism.
Sixth, the persistently high rate of vascular calcification
and mortality in ESRD patients also suggest that the
current use of phosphate binders in combination with
vitamin D analogs is not adequately addressing these
complications. Although animal studies indicate an
effect of cinacalcet HCl HCl to reduce vascular calcifi-
cations, clinical trials failed to observe a significant dif-
ference between strategies using active vitamin D
analogues compared to cinacalcet HCl HCl.92 Seventh,
cinacalcet HCl HCl based treatment regimens are asso-
ciated with reduced fractures in retrospective analysis
of phase three trials.93 Finally, whether different treat-
ment strategies affect mortality remains unknown,
although initial studies favor an effect of cinacalcet

3078 91. MANAGEMENT OF CALCIUM AND BONE DISEASE IN RENAL PATIENTS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



HCl HCl to improve all-cause mortality.94 There is an
ongoing prospective clinical trial to address this
question.95

Management of Hyperphosphatemia

Hyperphosphatemia develops in CKD when com-
pensatory increments in PTH and FGF23 fail to offset
the reduction in phosphate excretion due to dimin-
ished GRF. While dietary sources of phosphate is the
major contributing factor to hyperphosphatemia in
patients with ESRD, treatment with active vitamin D
analogues further increases the gastrointestinal absorp-
tion of phosphate and calcium leading to elevated
serum phosphate and calcium levels96 (Table 91.2).
Early in the disease process, CKD 3 and 4, initial man-
agement with dietary phosphate restriction can be
effective. During these early stages, there is still capac-
ity for renal excretion of phosphate, and a neutral
phosphorus balance can be achieved if the diet is ade-
quately restricted. However, frequently by late CKD 4
and certainly by CKD 5, dietary restriction is inade-
quate, and other methods for achieving phosphorus
balance are necessary. Hemodialysis and peritoneal
dialysis have a limited capacity for phosphorus
removal (Table 91.2), and this net removal is usually
not enough with thrice weekly dialysis to maintain a
neutral phosphorus balance, especially when vitamin
D is needed (Table 91.2). Therefore, use of phosphate
binders with limited doses or less hyperphosphatemic
vitamin D analogs are required to achieve neutral
phosphate balance.

Dietary phosphate restriction, while theoretically
attractive based on results of limiting phosphate intake
in animal models of CKD, it is difficult to achieve in

clinical practice due to the high amounts of phosphate
in processed foods and the risk of inadequate dietary
protein with phosphate restricted diets. Therefore,
phosphate binders are required to control serum phos-
phate levels. Phosphate binders are the first line in
medical management of hyperphosphatemia in CKD 5.
Phosphate binders may need to be started in earlier
stages of CKD before serum phosphate is elevated; the
efficacy of early use of phosphate binder to limit a pos-
itive phosphate balance on serm PTH and FGF23 eleva-
tions have produced inconclusive results.97 Three
categories of phosphate binders exist, trivalent cations,
divalent cations, and synthetic resin polyallylamine
hydrochloride (sevelamer).

Trivalent cations, such as aluminum and lanthanum
carbonate, are the most potent phosphate binder on a
per weight basis.98 Aluminum use as a phosphate
binder, however, has been discontinued because of
potential bone and CNS toxicity. Lanthanium carbon-
ate has been shown to be an effective phosphate binder
in clinical trials,99 and has been recently approved for
use as a phosphate binder. Current safety data look
encouraging (e.g., no evidence of bone and CNS toxic-
ity), but there is some systemic absorption of lantha-
num, and studies are needed that evaluate potential
long-term safety.100 Calcium based products, calcium
carbonate and calcium acetate, are the mainstay of
treatment, but high calcium loads and risk of vascular
calcifications lead to the K/DOQI recommendation to
limit the total calcium intake to 2 grams per day.
Recently, the risk of calcium loading has been reevalu-
ated,101 and greater amounts of oral calcium may be
tolerated, especially in the absence of high dose
vitamin D therapy. The CARE study, which is the only

TABLE 91.2 Effects of Dialysis Modality, Phosphate Binders and Vitamin D on Estimated Phosphorus Balance in Stage V CKD

Subject/Treatment Intake (g/wk)a Absorption (g/wk)c Bound (g/wk)b Output (g/wk)d Approximate Balance (g/wk)

Normal 5.9 4.7 4.7 0

ESRD 5.9 3.5 0 13.5

HD 5.9 3.5 2.8 10.7

Bindersb 5.9 2.4 1.1 2.8 20.4

Binders 1VitD 5.9 3.6 1.1 2.8 10.8

SNHD 5.9 3.5 5.3 21.8

PD 5.9 3.5 2.3 11.2

Binders 5.9 2.4 1.1 2.3 10.1

Binders 1VitD 5.9 3.6 1.1 2.3 11.3

aAssumes dietary phosphorus of 800�900 mg/day
bAssumes two calcium carbonate tablets (1250 mg; 1000 mg elemental calcium) three times each day or three calcium acetate tablets (667 mg; 507 mg elemental calcium) three
times each day with meals for all patients
cAssumes 60% absorption in ESRD patients and 80% absorption in normal subjects and calcitriol treated ESRD patients
dAssumes no residual renal function in ESRD patients.
ESRD (end stage renal disease), HD (hemodialysis 3 times per week), PD (peritoneal dialysis), SNHD (slow nocturnal hemodialysis 6 nights per week).
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prospective trial to directly compare the efficacy of cal-
cium acetate with sevelamer showed that the calcium
based binder was more effect in controlling serum
phosphorus and CaxP product than sevelamer,
although calcium acetate treatment resulted in higher
calcium levels.101 Poly-allylamine (sevelamer) is a non-
metal and non-calcium based phosphorus binder that
is a less potent than trivalent and divalent cations.
However, sevelamer has been shown to reduce the
development of vascular calcifications.5 The Treat-to-
Goal study demonstrated slower development of coro-
nary and aortic calcification with sevelamer compared
to calcium based binders, and the D-COR study,
showed marginal survival benefit in subgroup analysis
(i.e., patient over 65 years of age and treatment greater
than two years, but no survival advantage in the entire
sevelamer group). Poly-allylamines also lower LDL,
which is probably due to its ability to bind bile acids
akin to cholestyramine.5,101,102

It is common to use combinations of calcium and
non-calcium phosphate binders to achieve control of
serum phosphate in stage V CKD. Also, phosphate bin-
ders containing magnesium and iron are also under
development. In addition efforts to block the active
transport of phosphate across the intestinal epithelium
might also reduce phosphate absorption. Therapies
that target Npt2b, the sodium-phosphate contrasporter
in the intestines are under development. Two other
approaches may reduce active phosphate transport,
including reduction of dose of active vitamin D and its
analogs and treatment with niacin. Since use of active
vitamin D analogs increases gastrointestinal calcium
and phosphate absorption, the use of lower doses of
active vitamin D analogs may lead to lower Pi absorp-
tion by the GI tract, and lower serum Pi. Niacin is con-
verted into niacinamide during its metabolism and
reduces intestinal transport of Pi via inhibition of
Npt2b. Both, niacin and niacinamide are available, but
niacinamide may be better tolerated since it does not
cause vasodilatation or flushing. Niacinamide has been
shown in small clinical trials effectively reduce serum
Pi levels in hemodialysis patients,103,104 as well as peri-
toneal dialysis patients.105

Use of phosphate binders alone is not sufficient to treat
secondary hyperparathyroidism in stage V CKD, and
therapy with vitamin D and/or calcimimetics are needed.

Role of Vitamin D Analogs

Treatment with 1,25-dihydroxyvitamin D3 (calcitriol)
or an active vitamin D analog (calcitriol, paricalcitol,
doxercalciferol, and alfacalcidol) have been the major
intervention to treat secondary hyperparathyroidism
in CKD stage V. There is no uniform agreement regard-
ing the route, dose, and type of active vitamin D analog
that should be given, with oral vitamin D

predominating in Europe and Asia and intravenous
vitamin D administration the mainstay in the U.S.
Available vitamin D2 analogs, such as paricalcitol, may
cause less hypercalcemia and hyperphosphatemia than
calcitriol, although the mechanisms for this effect are
not clear. In preclinical studies, paricalcitol induced less
hypercalcemia than calcitriol in vitamin D�deficient
rats, in spite of having similar intestinal and bone-
mediated calcimimetic actions.4 Some studies, how-
ever, have failed to observe major differences in the
propensity of paricalcitol and calcitriol to induce
hypercalcemia and hyperphosphatemia, indicating that
all forms of currently available vitamin D analogs
retain the side effect of increasing the Ca X P product,
if given in sufficient dosages.106,107 Moreover, activate
vitamin D analogs elevate FGF23 levels,2 which is a
strong biomarker for mortality in CKD.33 There have
been no prospective, long-term trials comparing the
efficacy and safety of the various vitamin D analogs.
Alphacalcidol is a 1-alpha hydroxylated “low affinity”
analogue that is hydroxylated by the liver to become
the active drug that targets the vitamin D receptor. In
spite of the effects of active vitamin D analogs to
worsen hyperphosphatemia and stimulate FGF23, there
is also data suggesting that treatment with active vita-
min D may offer a survival benefit and paricalcitol
may offer a survival advantage over calcitriol.108 The
survival effects of active vitamin D therapy may be
dose dependent, with the survival advantage occurring
with low dose and possible untoward effects associated
with higher doses. Finally the potential of vitamin D to
promote vascular calcifications in animal models has
not been fully explored in the clinical setting. In a
uremic rat model, calcitriol resulted in an increase in
Ca X P production and aortic calcification.109

Until the institution of bundled payments in ESRD,
the major factors influencing the use of vitamin D ana-
logues were reimbursement. There have been no pro-
spective studies that compare different vitamin D
analogues or which attempt to determine the optimal
dose of these agents. Since treatment with vitamin D
analogues in CKD stage V make it difficult to achieving
K/DOQI guidelines110 and do not appear to eliminate
the progression of parathyroid gland hyperplasia and
rates of parathyroidectomy rates.111 Significant para-
thyroid disease often persists following successful
renal transplantation who have been managed with
vitamin D based regimens, as evidenced by the fre-
quent need for parathyroidectomy in this patient
population.112

Use of vitamin D therapy in earlier stages of renal
failure is controversial, in spite of the evidence of
decreased 1, 25(OH)2D3 occurs early, in CKD stage 3
and 4, since calcium supplementation and phosphate
binders can be effective in this setting. In addition,
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elevations of FGF23 occur early in CKD and appear to
suppress 1,25(OH)2D synthesis, suggesting that reduc-
tions of 1,25(OH)2D in early CKD is an adaptive
response. This observation, along with the related
observation that treatment with activate vitamin D ana-
logues increases serum FGF23, raises concerns about
use of active vitamin D analogs in early CKD.

On the other hand, vitamin D deficiency (defined by
a serum 25(OH)D, 20 ng/ml) is common in CKD.113

Treatment with ergocalciferol or cholecalciferol to cor-
rect the deficiency of vitamin D along with phosphate
binders to offset the loss of renal phosphate excretion
may provide the most rational approach to manage
patients with CKD 3 and 4. The standard of care is
to treat individuals with serum 25 (OH)D concentra-
tions ,20 ng/mL (50 nmol/L) with 50,000 interna-
tional units (units) of vitamin D2 or D3 orally once per
week for six to eight weeks, followed by 800 units of
vitamin D daily to maintain the target 25 (OH)D
level.114 Patients with CKD may be resistant to stan-
dard treatment with vitamin D2 and D3, requiring high
doses to achieve 25(0H)D levels above 30 ng/ml.115

Cholecalciferol treatment has been shown to regulate
vitamin D receptor response in circulating monocytes
in ESRD.116 Treatment with Active vitamin D analo-
gues, such as calcitriol, alfacalcidol, doxercalciferol,
and paricalcitrol, can be reserved for patients who do
not respond to phosphate binders and nutritional vita-
min D supplementation.

Role of Calcimimetics

Calcimimetics offers an alternative approach to
treating secondary hyperparathyroidism without rais-
ing calcium or using active vitamin D analogs.
Calcimimetics are calcium-receptor sensing agonists
that act on the parathyroid gland’s CaSR by allosteri-
cally increasing the sensitivity of the receptor to
calcium. Cinacalcet HCl HCl or (αR)-(�)-α -methyl-N-
[3-[3-[trifluoromethylphenyl]propyl]-1-napthalenemetha-
namine hydrochloride has been approved for the
treatment of secondary hyperparathyroidism in stage 5
CKD117 as well as for primary hyperparathyroidism. In
addition to directly suppressing PTH secretion and
gene transcription through CaSR activation, calcimi-
metics have been shown to attenuate parathyroid gland
hyperplasia in animal models of secondary hyperpara-
thyroidism,118 substantiating the role of CaSR in regu-
lating parathyroid cell proliferation.

Results from several large clinical trials indicate that
treatment with cinacalcet HCl hydrochloride
(Sensipars/Mimparas) effectively lowers plasma PTH
levels in hemodialysis patients with inadequately con-
trolled secondary hyperparathyroidism despite previ-
ous management with vitamin D sterols and
phosphate-binding agents.85,86,95,119 Treatment with

cinacalcet HCl HCl caused significant decreases in
PTH without elevating serum calcium or phosphorus.
In fact, there was a modest reduction in serum calcium
and phosphate in protocols using calcimimetics in con-
junction with standard therapy. The reduction in cal-
cium and phosphate may be due to alterations in bone
flux of these ions. The use of cinacalcet HCl HCl
allowed more patients (approximately 41%) to attain
the PTH and Ca X P values recommended by the
KDOQITM guidelines compared to less than 10%
treated with phosphate binders and vitamin D analo-
gues alone.119 Treatment with cinacalcet HCl HCl also
permits a reduction in doses of active vitamin D
sterols while maintaining control of serum PTH.
Calcimimetics are potent suppressors of PTH, and as a
result use of cinacalcet HCl HCl can result in oversup-
pression of PTH and well as symptomatic hypocalce-
mia. In addition, cinacalcet HCl HCl is associated with
increased nausea and vomiting, which limits its use in
some patients. Only oral forms of cinacalcet HCl HCl
are currently available, therefore, cinacalcet HCl HCl is
currently outside of the bundled reimbursement for
ESRD.

Calcimimetics also are effective in reducing PTH in
CKD, but are associated with increased serum phos-
phate due to the loss of the phosphaturic effects of
PTH and the lack of effects of cinacalect to stimulate
FGF23.120

Specific Recommendations for Treatment

A possible algorithm is shown in Table 91.3 that
takes into consideration advantages and disadvantages
of calcium and non-calcium based phosphate binders,
active vitamin D analogs, and calcimimetics.

Step 1: After measuring serum calcium, albumin,
phosphate and intact PTH, begin therapy in all patients
with phosphate of .5.5 mg/dl a phosphate binder.
Calcium-based phosphate binder, either calcium car-
bonate or calcium acetate versus non-calcium contain-
ing phosphate binder. Calcium-based phosphate
binders can be taken with meals at doses up to
1500 mg elemental calcium per day. Calcium carbonate
has 500 mg of elemental calcium in a 1250 mg tablet;
calcium acetate has 169 mg of elemental calcium in one
667 mg tablet. If serum phosphate remains greater than
5.2 mg/dl on maximal doses of calcium binders, then a
non-calcium phosphate binder can be added. If there
are vascular calcifications and unusual risk of cardio-
vascular disease in older patients, sevelamer, might be
the treatment of choice, based on the treat to goal and
D-Cor studies. In addition, concomitant use of active
vitamin analogs favors use on non-calcium based bin-
ders, whereas the use of cinacalcet HCl HCl favors the
use of calcium binders. Thus, the algorithm limits cal-
cium exposure in patient receiving concomitant high
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TABLE 91.3 Treatment Algorithm for Secondary Hyperparathyroidism in stage 5D CKD

Dietary Phosphate Restriction

800-1000 mg/day

Uncontrolled sHPT: iPTH 	300 pg/ml (bPTH 	160), Ca 
9.5 mg/dl, PO4 	5.5 mg/dl

Start Calcium Based Phosphate Binder (CPB)

Titrate dose to maximum of 1,500 mg elemental Ca�/day if Ca 
9.5
(calcium acetate 167 mg elemental or calcium carbonate 500 mg elemental calcium)

PO4 	5.5 mg/dl

Start Non-Calcium Phosphate Binder (NonCPB)

Sevelamer 800 mg PO TID w/meals
Titrate to maximum recommended dose 1600 mg TID

iPTH 	300 pg/ml (bPTH 	160), PO4 
5.5 mg/dl; Ca 
9.5 iPTH 	300 pg/ml (bPTH 	160), PO4 	5.5 mg/dl; Ca 	8.2 mg/dl

Start Low Dose Active Vit D

Paricalcitol 3 mcg IV 3x/week
Alphacalcidol (not available in US)

Doxercalciferol 10 mcg PO or 4 mcg IV 3x/week
Calcitrol 0.25 mcg PO daily or 0.5 mcg 3x/week

Start Cinacalcet HCl

30 mg PO q day
Titrate at 2 week intervals to next highest dose

(up to 180 mg/day)

iPTH 150-300
Ca 8.4-9.5

PO4 3.5-5.5

Continue

current Rx

iPTH 	300

Ca 
9.5
PO4 3.5-5.5

Titrate Vit D

until maximum
recommended dose

achieved, or
hypercalcemia

develops. Increase
phosphate binders if

PO4 	5.5

iPTH 150-300
Ca 
9.5

PO4 	5.5

Increase

phosphate

binders.

iPTH 	300

Ca 
9.5
PO4 	5.5

iPTH 150-300
or

iPTH 	300

Ca 	9.5

PO4 	5.5

iPTH 150-300
or

iPTH 	300

Ca 	9.5

PO4 
5.5

Start Cinacalcet HCl

Until maximum recommended dosage achieved, and
reduce dose of Vit D if Ca 	9.5 and increase phosphate

binder if PO4 	5.5. If iPTH suppressed 
150, decrease or
stop Vit D and follow Cinacalcet decision tree.

iPTH 150-300
Ca 8.4-9.5

PO4 3.5-5.5

iPTH 150-300
Ca 	9.5

PO4 	5.5

iPTH 150-300
Ca 	9.5

PO4 3.5-5.5

iPTH 150-300
Ca 8.4-9.5
PO4 	5.5

Continue

current Rx

Use greatest Cinacalcet dose for
iPTH 	150. Maximize Non-CPB.

Decrease/discontinue any Vit D.

Decrease dialysate Ca.

Increase

phosphate

binders

iPTH 	300

Ca 8.4-9.5
PO4 3.5-5.5

iPTH 	300

Ca 8.4-9.5
PO4 	5.5

iPTH 	300

Ca 	9.5

PO4 3.5-5.5

iPTH 	300

Ca 	9.5

PO4 	5.5

If
Cinacalcet

is at
maximum
dose, then
start Vit D

and follow
Vit D

decision
tree

If Cinacalcet at
maximum dose,

increase

phosphate

binders. If
iPTH remains

high with normal
PO4, then start
Vit D, otherwise
PTx indicated.

If Cinacalcet at
maximum dose,
decrease CPB

and maximize

Non-CPB.

If Ca then 
9.5,
start Vit D. If Ca
remains 	9.5,
PTx indicated.

If
Cinacalcet

and
phosphate

binders
maximized,

PTx

indicated.
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dose therapy with vitamin D, but liberalizes calcium
intake in hypocalemic patients treated with cinacalcet
HCl HCl.

Step 2: Assess 25(OH)D levels. Treatment of vitamin
D insufficiency should be considered if 25(OH)D levels
are less than 20 ng/ml. Ergocalciferol or cholecalciferol
should be administered to increase serum 25(OH)D
levels to the 30 and 50 ng/ml (50�125 nM/L), regard-
less of serum PTH levels. If active vitamin D analogs
are to be used to suppress PTH, correction of 25(OH)D
levels may be superfluous, since active vitamin D ana-
logs stimulate the innate immune responses similar to
normalizing serum 25(OH)D.116

Step 3: Assess PTH levels. If PTH is greater than
300 pg/ml in the setting of phosphate binder therapy,
then initiation of low dose, physiological replacement
doses of active vitamin D analogs in doses equivalent
to B0.5 ug of calcitriol is recommended. If hyperpho-
sphatemia develops after starting or increasing vitamin
D, increments in the dose of phosphate binders, reduc-
tions in active vitamin D or institution of cinacalcet
HCl HCl should be considered.

Step 4: If PTH values are greater than 300 pg/ml and
serum calcium concentrations are above 8.2 mg/dl, on
phosphate binders and low-dose active vitamin D ther-
apy, cinacalcet HCl should be started at a dose of
30 mg/day and titrated upwards to suppress PTH in to
the range of 150�300 pg/ml. Alternatively, active vita-
min D analog doses can be titrated upward to achieve
suppression of PTH if serum calcium and phosphate
are respectively less than 9.5 mg/dL and 5 mg/dL.

Current clinical trials support the use of the cinacal-
cet HCl algorithm for patients with more severe hyper-
parathyroidism and elevated serum phosphate levels.
This approach suppresses PTH without raising serum
calcium and phosphate, whereas titration of active vita-
min D tends to increase both calcium and phosphate
(especially at high doses), making it difficult to achieve
the K/DOQI endpoints. Cinacalcet HCl HCl should
also be considered if hypercalcemia develops with
treatment with Vitamin D. Calcium based phosphate
binder may be preferred when using cinacalcet HCl
HCl, since serum calcium levels are lower by calcimi-
metics. If hypocalcemia persists, consideration should
be given to titrating upward the active vitamin D ther-
apy. Patients with persistent hyperparathyroidism, in
spite of maximal doses of cinacalcet HCl HCl and vita-
min D should undergo parathyroidectomy. An open
labeled trial comparing cinacalcet HCl HCl titration
versus an active vitamin D titration,85 similar to the
proposed treatment paradigm, found that use of cina-
calcet HCl HCl resulted in better control of serum PTH
and phosphate concentrations than vitamin D titration.
On the other hand, patients with milder forms of
hyperparathyroidism, either a cinacalcet HCl or active

vitamin D analog titration can reduce PTH levels to the
150 to 300 pg/ml range.88 The ultimate choice between
the initial use of cinacalcet HCl HCl versus active vita-
min D analog titration involves patient compliance,
ability to tolerate the gastrointestinal side effects of
cinacalcet HCl, relative greater efficacy in optimizing
serum calcium, phosphate and PTH with cinacalcet
HCl, the differential costs of medications and reim-
bursement, and pending data on the effects on these
different approaches to reduce mortality and morbidity
in ESRD.
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INTRODUCTION

During ontogeny, hematopoiesis—comprising eryth-
ropoiesis, granulocytopoiesis, and thrombopoiesis—is
initiated in the blood islands of the yolk sac before the
development of the kidneys. Later during gestation, at a
time when hematopoiesis is fully established in the bone
marrow, the kidney starts to play an important role in
the control of erythro- and thrombopoiesis. This control
is achieved through renal production of the hematopoi-
etic growth factors erythropoietin and thrombopoietin.
Thus, in addition to its role in waste excretion and water
and electrolyte homeostasis, the kidney is also important
in tissue oxygenation and coagulation.

With the exception of the growth period, the circu-
lating red blood cell (RBC) mass, and hence the
oxygen-carrying capacity of the blood, is normally
fairly constant. Since the erythron is a continuously
regenerating organ, a daily production of 20 ml of red
blood cells is required in human adults to compensate
for the physiologic demise of 120-day-old erythrocytes.
In addition, when increased blood loss occurs or the
oxygen saturation of hemoglobin falls, the bone mar-
row is capable of increasing this normal production
rate of red blood cells three- to five-fold within a few
days, and even up to seven-fold under chronic condi-
tions. Similarly, the number of circulating platelets is
kept constant (although in a wider range than red
blood cells), and any decrease of platelet number
results in activation of thrombocytopoiesis.

The predominant and essential regulators of red cell
and platelet formation, erythropoietin and thrombopoie-
tin are true hormones that are produced outside the
bone marrow, and mainly in the kidney and in the liver.

This chapter is designed to summarize current
knowledge about the specific role of the kidney in the
humoral control of hematopoiesis both under physio-
logic and pathophysiologic conditions.

ERYTHROPOIESIS

Erythropoietin

Background

More than hundred years ago after the relationship
between high altitude and inadequate tissue oxygen-
ation was realized, it was postulated that hypoxia
accounts for the adaptive increase in red cell mass that
occurs during altitude exposure. While it was primarily
believed that low oxygen pressure directly stimulates
the bone marrow, the existence of a plasma factor regu-
lating erythropoiesis was inferred from experiments in
the early twentieth century,1 and the term “erythropoi-
etin” was coined to describe this putative factor.2

However, it took another 50 years until convincing evi-
dence was obtained for humoral oxygen-dependent
control of erythropoiesis. At that time, Erslev3 was able
to stimulate erythropoiesis in rabbits temporarily
through the injection of plasma from anemic donor
animals, and Reissman4 observed increased red cell
formation in parabiotic rats kept at normal levels of
oxygen when their partners were maintained in a hyp-
oxic atmosphere. Surprisingly, it was found that—in
addition to insufficient oxygen supply—the transition
metal cobalt is also capable of inducing erythropoietin
formation in vivo.5 Systemic organ ablation analysis
then revealed that the capability of the organism to
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elaborate erythropoietin in response to anemia or to
cobalt is markedly attenuated in bilaterally nephrecto-
mized rats.6 This was the starting point to consider a
direct regulatory role of the kidney for erythropoiesis
and a complement to the observation made much
earlier that patients with kidney disease are usually
anemic.7 Nevertheless, the knowledge about erythro-
poietin remained rather limited, and erythropoietin
was considered as an “elusive” hormone. This becomes
understandable because the plasma concentration in
healthy mammals is around a few femtomoles per mil-
liliter. Continuous efforts to purify erythropoietin from
the plasma of anemic animals have therefore not been
successful, but provided very helpful information
about the physicochemical properties of erythropoietin.
Using the information that erythropoietin is a heat-
stable acidic glycoprotein, Miyake et al.8 then suc-
ceeded to purify human erythropoietin to apparent
homogeneity from about 2500 liters of urine of patients
suffering from severe aplastic anemia and obtained a
few milligrams of the hormone. These small amounts
allowed them to determine critical amino acid
sequences, and with the help of recombinant DNA
techniques, two groups independently succeeded to
clone the human erythropoietin gene in 1985.9,10 The
knowledge of the genomic and complementary DNA
sequence of erythropoietin and the availability of pure
recombinant erythropoietin initiated a burst of activity
leading to a greatly improved knowledge base about
erythropoietin itself—action, regulation, and clinical
use—and overall this work confirmed the important
role of the kidneys as the primary site of erythropoietin
production.

Structure of Erythropoietin

To the present, evidence for the existence of erythro-
poietin has been obtained for mammals. Whether eryth-
ropoietin also exists in lower organisms or in all
vertebrates is not yet known. Evidence for erythropoie-
tin genes was also reported for teleosts including fugu,
zebra fish and trout.11 Interestingly, this gene was
found to be mainly expressed in the kidney, which is
also an erythropoietic organ in these teleost fish.12

Recently also erythropoietin of Xenopous laevis has
been characterized.13 The amino acid sequences of
erythropoietin in mammals show a high degree of inter-
species similarity. First, erythropoietin is generally syn-
thesized as pre-erythropoietin that contains a typical
endoplasmatic leader sequence of 25�27 amino acid
residues that is cleaved off during intracellular proces-
sing. Second, the size of native erythropoietin is similar
if not identical among species and comprises 165�167
amino acids. It was shown that the carboxy-terminal

arginine of human erythropoietin is deleted from the
molecule,14 so that the 165 amino acids may be the
species-independent length of circulating erythropoie-
tin. Third, the overall structure of the molecule is highly
conserved.15,16 For example, out of 15 amino acid repla-
cements between human and monkey and 41 replace-
ments between human and mouse, roughly 50% are
conservative. The high sequence conservation also
explains the interspecies cross-reactivity of erythropoie-
tin. From bioassays for erythropoietin, it is known that
human, rat, monkey, dog, and rabbit erythropoietin are
active in the mouse, and human erythropoietin also
stimulates erythropoiesis in ewes, cats, and dogs. In
keeping with the high degree of conservation, erythro-
poietin also shows no homology with other known
proteins,9,10 with the exception only of thrombopoietin.

Erythropoietin has a four-helical bundle structure
with two disulfide bonds17 (Fig. 92.1). One disulfide
bridge between cys 7 and cys 161 links the N-terminus
and the carboxy-terminus of the molecule together,
generating a long loop. This disulfide bridge is fully
conserved in mammals16 and it appears therefore as if

FIGURE 92.1 Predicted three-dimensional structure of the
human erythropoietin molecule. The molecule appears as a four-helix
structure, with four antennas of sugar side chains and two intramo-
lecular loops formed by disulfide bridges. (From Goldwasser E. The
structure-function relationship of erythropoietin. In: Erslev AJ, Adamson
JW, Eschbach JW, Winearls CG, eds, Erythropoietin: Molecular, Cellular,
and Clinical Biology. Baltimore: Johns Hopkins University Press; 1991:
pp. 41�52.)
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formation of the long loop is essential for the biologic
activity of erythropoietin.

Erythropoietin is heavily glycosylated and different
carbohydrate chains attached to the molecule contribute
more than 40% to the total molecular weight of 30,400
Daltons. The protein backbone contains three highly
conserved sites of N-glycosylation, to which sugar side
chains are attached (Asn 24, 38, 83).16,18 In addition,
human but not mouse erythropoietin also contains a
serine (Ser 126) as a possible O-linked glycosylation
site, which bears a small oligosaccharide chain.

The oligosaccharide structures of recombinant
human and native urinary erythropoietin have been
determined19,20 and were found to be rather similar.
On average, one molecule of recombinant human
erythropoietin contains 3 fructose, 10 mannose, 13
galactose, 16 N-acetylglucose, and 13 sialic acid mole-
cules. The major component of the O-linked sugar is a
disialyl chain.21 The N-linked side chains are predomi-
nantly organized as tetra-antennaries (about 80%) and
to a minor extent only as tri- (15%) or bi-antennaries
(1�6%).20,22 All of these saccharides are sialylated,
although to a different extent. The distribution of
different sugar chains varies at each glycosylation site.
Chains at position Asn-38 are more heavily sialylated
and less frequently of biantennary structure than those
at Asn-24. Oligosaccharides at position Asn-83 are rela-
tively homogenous tetra-antennary chains without
polylactosaminyl repeats.19 The glycosylation of eryth-
ropoietin results in slight heterogeneity of erythropoie-
tin molecules. Interestingly, clear differences were
found in the distribution of oligosaccharide compo-
nents of urinary erythropoietin among individuals.22

The carbohydrates appear to be of considerable
importance for the biologic activity of the hormone.
Removal of the terminal sialic acids also increases the
biologic activity of erythropoietin in vitro about two- to
three-fold.23 The carbohydrate moieties of erythropoie-
tin therefore appear not to be essential for binding of
erythropoietin to its receptor or the subsequent cellular
signaling and may even inhibit both steps. However,
in vivo the carbohydrate moiety is essential for the
availability of erythropoietin for its target structures.
Full deglycosylation abolishes the in vivo activity of
erythropoietin, and removal of terminal sialic acids
inactivates the hormone by shortening its biologic half-
life in the circulation from about six hours to a few
minutes.23,24 The liver contains asialo-glycoprotein
receptors that clear glycoproteins with free galactosyl
residues from the circulation, and clearance through
these receptors presumably causes the dramatic short-
ening of the biologic half-life of asialo-erythropoietin
in vivo.23,24 How and where this modified erythropoie-
tin and the fully deglycosylated erythropoietin are
cleared from the circulation is not yet known.

Biologic Effects of Erythropoietin

Hematopoiesis: Erythropoietin is absolutely neces-
sary for erythropoiesis, particularly for the later stages
of erythroid differentiation, and therefore is essential
for life. Mice with disrupted erythropoietin or erythro-
poietin receptor genes25�27 die from anemia at an
embryonic stage of 12�13 days after fertilization
because they cannot develop definitive erythropoiesis.

Erythropoiesis appears as a hierarchy of cell divi-
sions and cell differentiations starting from the plurip-
otent stem and ending with the erythrocyte as a highly
differentiated and specialized cell (Fig. 92.2). The
pluripotent stem cell, which has the capability for self-
renewal, feeds into three hematopoietic lineages,
namely the megakaryocytic pathway, the granulocyte-
macrophage pathway, and the erythroid pathway. For
the erythroid lineage cells can be identified morpholog-
ically by specific markers at the state of the proerythro-
blast, which develops into the basophilic erythroblast
and begins to produce hemoglobin. Downstream of the
erythroblast stages, the erythroid lineage is not regu-
lated significantly by erythropoietin, nor does the
commitment of pluripotent stem cells into the ery-
throid lineage require erythropoietin.28 The self-
renewal of committed early erythroid progenitors is
induced by the receptor tyrosine kinase c-ErbB,29

whereas the downstream initiation of the erythroid
differentiation program is then regulated by c-Kit
and erythropoietin receptors. Thus, the main action
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progenitors

Granulocyte/monocyte
progenitors

Megakaryocyte
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Erythroid
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CFU-E
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Red blood cell
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FIGURE 92.2 Schematic demonstration of differentiation steps of
erythropoiesis and the action sites of erythropoietin.
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of erythropoietin for erythropoiesis occurs on erythroid
progenitors at stages between early committed ery-
throid precursors on the one side and the proerythro-
blasts on the other. Information about growth and
differentiation of these cells has predominantly been
obtained with cell cultures of hemopoietic cells. From
those experiments, the existence of a rather early
erythroid progenitor was inferred that was termed
burst-forming unit erythroid (BFU-E), which has an
abundance of about 0.01% among the nucleated cells of
the bone marrow. Within 1 week of cell culture, a burst
containing multiple subcolonies in clusters with up to
104 cells develops from one BFU-E. Hypertransfusion
and acute erythropoietic stress have only a transient
effect on BFU-E, suggesting that this progenitor cell is
not dependent on ambient levels of erythropoietin for
maintenance of its numbers. In vitro, the early divisions
of this progenitor and the development of erythroid
bursts essentially require interleukins, in particular
IL-3, but are independent on erythropoietin. Final mat-
uration and hemoglobinization of the cells of the burst
are erythropoietin dependent. Hemoglobin synthesis
begins at the stage of the proerythroblast and the cell
population at this stage is considered as the main tar-
get for erythropoietin. In vitro, these cells are reflected
by the colony-forming unit erythroid (CFU-E). In the
normal bone marrow, about 0.1�0.2% of nucleated
cells are CFU-E. The cells have limited proliferative
potential, probably not more than six or seven cell divi-
sions. Thus, CFU-E-derived colonies generally contain
60 to 120 hemoglobinized cells. Colony formation
in vitro is essentially dependent on erythropoietin, and
is positively modulated by insulin-like growth factor
I.30 CFU-E has the highest density of erythropoietin
receptors within the normal erythroid precursor popu-
lation, and is very sensitive toward erythropoietin. In
vivo, the abundance of CFU-E is dependent on erythro-
poietin, such that the number of CFU-E increases dur-
ing bleeding or hemolytic anemia and also in response
to erythropoietin injection, whereas hypertransfusion-
induced polycythemia results in a 70�80% reduction in
the number of CFU-E in marrow and spleen. In sum-
mary, erythropoietin acts on erythropoiesis mainly by
regulating the pool size of CFU-E, which then under-
goes terminal differentiation into erythrocytes.

Expansion and maturation of the CFU-E pool
implies three major effects of erythropoietin. First,
erythropoietin increases the survival rate of erythroid
progenitors and in line with this assumption evidence
has been elaborated that erythropoietin prevents apo-
ptosis in erythroid precursors.31 Second, erythropoietin
actively induces mitosis in erythroid precursors32 with
a preceding stimulation of RNA polymerase activity
and subsequent DNA synthesis33 and cell division.
Third, erythropoietin initiates differentiating events

such as the expression of globin chains, hemoglobin
synthesis, transferrin receptor synthesis, and the syn-
thesis of integral erythrocyte membrane proteins.34

After induction by erythropoietin hemoglobin synthe-
sis persists and becomes independent of the presence
of erythropoietin. High doses of erythropoietin also
stimulate platelet formation35,36 and erythropoietin
binding sites have been reported on megakaryocytes.37

In view of the structural similarity between erythropoi-
etin and thrombopoietin, one could imagine that this
effect is at least in part due to cross-activation of the
thrombopoietin receptor by erythropoietin.

Effects of erythropoietin unrelated to hematopoiesis:
A steadily increasing number of reports clearly indicates
that erythropoietin is involved in a number of effects
outside the hemopoietic tissues, such as on the vascula-
ture, the brain, the myocardium and else. There it may
stimulate proliferation and inhibit apoptosis. For more
detailed information, the reader is referred to recent
reviews on this topic.38�42

Erythropoietin Receptor

Distribution: The biologic effect of erythropoietin is
mediated by specific binding sites at the surface of its
target cells. Erythropoietin binding sites have been
identified on erythroid precursors, on megakaryo-
cytes,37 endothelial cells,43�45 in distinct areas of the
brain,46 cultured neurons,47 and placenta.48

The expression of the erythropoietin receptor is cru-
cial for definitive erythropoiesis in vivo, since disruption
of erythropoietin receptor gene leads to death around
embryonic day 13. Primitive erythropoiesis in the yolk
sac, however, proceeds in the absence of erythropoietin
receptors. Erythropoietin receptors are also not required
for erythroid lineage commitment nor for the prolifera-
tion and differentiation of BFU-E to CFU-E, but they are
crucial in vivo for the proliferation and survival of CFU-E
progenitors and their irreversible terminal differentia-
tion. In line with this functional dependence, erythro-
poietin receptors are mainly found on erythroid
precursors of the CFU-E stage. Nonetheless, compared
with other cell surface receptors, CFU-E express a com-
paratively small number of erythropoietin receptors
with 800�1200 binding sites per cell. The binding sites
appear to occur with two distinct affinities, a high-
affinity one with a dissociation constant below
100 pmol/liter and a low-affinity one with a dissocia-
tion constant higher than 300 pmol/liter. Binding sites
with both affinities can be found on the same cell, and
it is thought that the erythropoietic activity is mainly
mediated via the high affinity binding site, because cells
lacking these binding sites fail to differentiate in
response to erythropoietin.
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Erythropoietin receptor gene and protein:
Erythropoietin binds and activates a high-affinity
receptor (EpoR) present on the surface of immature
erythroid cells,49,50 exerting four known effects on ery-
throid progenitors, namely maintenance of viability,
promotion of cell division, increase of hemoglobin syn-
thesis, and fostering of morphological maturation. No
other cytokine receptors can replace the erythropoietin
receptor, because mice homozygous for deletions of
the EPO or EPO receptor genes die at embryonic day
12.5 owing to severe anemia.28 In these mice, erythro-
poiesis progresses through the BFU-E stage, but termi-
nates at the colony forming unit-erythroid (CFU-E) and
erythrocytes are not formed, demonstrating an absolute

requirement of the EPO receptor for later stages of red
blood cell development.28 The EPO receptor belongs to
the cytokine receptor superfamily.51,52 Cytokine recep-
tor signal transduction is mediated by cytoplasmic
protein tyrosine kinases of the JAK family, found asso-
ciated with individual receptor subunits (Fig. 92.3).53

The erythropoietin receptor genes exist as single
copies and encompass eight exons.50,54�56 In all species
the cDNA encode with a high degree of interspecies
homology a 507�amino acid protein of 55 kDa, which
is modified by glycosylation and phosphorylation to
72�78 kDa.57

The EPO receptor does not have an intrinsic enzy-
matic activity; however, numerous signaling proteins
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FIGURE 92.3 Model for activation and inactivation of the erythropoietin receptor. Binding of EPO induces receptor dimerization and auto-
or trans-phosphorylation of the Janus family kinase, JAK2. JAK2 or another kinase then phosphorylates several tyrosine residues in the EpoR,
creating docking sites for the SH2 domains of several signal transduction proteins, including STAT5. Once bound to the EpoR, STAT5 and
other signaling proteins become phosphorylated and activated; phosphorylated STAT5 dissociates from the receptor, dimerizes, moves to the
nucleus, and activates gene expression. The protein tyrosine phosphatase, SHP1, binds to a segment of the EPO receptor containing phospho-
tyrosine 429. Binding induces activation of the phosphatase, removal of the activating phosphate from JAK2, and termination of signal trans-
duction. (With permission from Stefan N, Constantinescu SN, Ghaffari S, Lodish HF. The erythropoietin receptor: structure, activation and intracellular
signal transduction. Trends Endocrinol Metab 1999;10:18�23.)
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and the receptor itself are phosphorylated as a result of
EPO stimulation. Like other members of the cytokine
receptor family, such as receptors for growth hormone,
prolactin, granulocyte colony-stimulating factor (G-CSF)
and thrombopoietin, EpoR forms ligand-induced homo-
dimers. EPO binding results in homodimerization of
EpoR chains, which is critical for Jak2 (associated with
the EpoR cytoplasmic tail) activation and the initiation of
intracellular signaling.58 JAK2 is rapidly phosphorylated
in response to EPO stimulation. JAK2 is the primary
kinase responsible for phosphorylation of the EPO recep-
tor58,59 and is essential for erythropoiesis.60,61

Erythropoietin receptor modifications: Mutations in
the extracellular domain of the EpoR within the dimer
interface renders the receptor constitutively active62 as
a result of the formation of an intermolecular disulfide
bond.58 The carboxyterminal end of the erythropoietin
receptor appears to contain an inhibitory signaling ele-
ment.62 A hereditary truncation of the erythropoietin
receptor at the COOH end has been discovered that is
associated with increased affinity of the receptor and
with erythrocytosis.63,64 Similar to other members of
the hematopoietin receptor family such as interleukins
or thrombopoietin,65 a naturally occurring soluble form
of the membrane-bound receptor for erythropoietin
has been found in the serum.66 It has a molecular mass
of 34 kD, is related to the extracellular domain of the
erythropoietin receptor, and increased concentrations
are found with enhanced erythropoiesis.66 The physio-
logical role of these soluble receptors and potential
modes of action, however, are not yet understood.

Regulation of Erythropoietin Production

Sites of erythropoietin production: During fetal life
the liver appears to be the predominant site of erythro-
poietin production. This has been shown for sheep and
rats,67,68 and the relevance of the liver for erythropoie-
tin formation in the human fetus may be assumed
from the fact that the cDNA for human erythropoietin
has been cloned from human fetal liver.9 Investigations
in fetal sheep69 revealed that the kidneys are also sig-
nificant production sites for erythropoietin, particularly
during the first half of gestation. In sheep and rat, a
predominance of hepatic erythropoietin formation was
found to last beyond birth,68,70�72 whereas in mice the
majority of erythropoietin mRNA has been observed in
the kidneys from mid-gestation on.73 An analysis
performed in rats revealed that the kidney steadily
increases its capacity for erythropoietin mRNA expres-
sion from birth on until adulthood, whereas the hepatic
erythropoietin mRNA concentration changes less
dramatically postpartum and even decreases when
adulthood has been reached.71

The kidney overtakes hepatic erythropoietin mRNA
three weeks after birth. Although species differences in
the timing of the switch and the degree of contribution
of the liver to total body EPO mRNA content exist,69

the switch is undoubtedly found in humans as well.74

The reasons for the postnatal increase of renal eryth-
ropoietin formation may be related to the fact that in
some species the kidney is not fully mature at birth.
Once the kidney has gained its full function for waste
excretion and salt and water homeostasis, the maximal
capacity for erythropoietin has been reached.
Apparently changes of organ oxygenation are not a
major trigger for the switch from liver to kidney.75

Based on experiments in anephric animals, the adult
liver was generally assumed to contribute no more
than about 15% to erythropoietin production.6,67,68

However, this experimental approach may underesti-
mate the hepatic contribution in intact organisms,
because hepatic erythropoietin mRNA accumulation
was found to be reduced after bilateral nephrectomy.71

In intact adult rats erythropoietin mRNA amounts to
about 30�40% of the total under conditions of severe
hypoxic stimulation.71,76 However, the hepatic contri-
bution depends on the severity of the stimulus applied
and is less significant, that is, below 20% of the total
under mild hypoxia. This suggests that the liver is less
sensitive in terms of hypoxia-induced erythropoietin
formation than the kidneys, and it might help to
explain why the liver, despite its large potential for
erythropoietin mRNA expression, does not compensate
for failure of the renal production site.

Cellular production sites in the kidney: In contrast to
a number of other hormones, erythropoietin does not
appear to be stored in the cells producing it.
Consequently, almost no erythropoietin can be extracted
from the liver and kidney of normoxic animals.77�79

Attempts to localize erythropoietin by means of immu-
nohistochemistry in normoxic and hypoxic animals have
revealed inconclusive results. In situ hybridization stud-
ies localized erythropoietin mRNA to peritubular cells in
the renal cortex.80�82 Likely, peritubular interstitial fibro-
blasts are production sites for erythropoietin.80 In this
context colocalization was demonstrated for erythropoie-
tin mRNA and the enzyme 50-ectonucleotidase,83 which
is expressed on peritubular fibroblasts, but not on endo-
thelial cells84 (Fig. 92.4). The same conclusion about the
peritubular fibroblast as production site for erythropoie-
tin has been reached in an elegant approach of marker
gene expression in mice bearing a transgene of erythro-
poietin/SV-40 T. In response to anemia or hypoxia the
expression of the EPO-TAg gene was induced, and
SV-40 T antigen accumulated in nuclei of peritubular
cortical fibroblasts expressing 50-nucleotidase, but not in
other peritubular cell types.85 Erythropoietin gene
expression has been demonstrated in interstitial,
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nonendothelial cells in normal human kidneys,86 as well
as in the walls of renal cysts of patients with polycystic
kidney disease.87 Similarly, renal erythropoietin has
been localized in cortical interstitial cells in monkey88

and sheep.89 Although fibroblasts are widely distributed
in the kidney both in the cortex and in the medulla,
erythropoietin production appears to be confined to a
special subset of fibroblasts in particular locations. Thus,
cells expressing erythropoietin mRNA are generally not
found in the inner renal medulla.80,82,90 At least in rats,
they are not present in the outer medulla, and within the
renal cortex they have almost exclusively been found in
the cortical labyrinths created by the convoluted tubules,
and not in the medullary rays.90 Even under severe hyp-
oxia, however, only a minority of interstitial fibroblasts
in the peritubular cortical labyrinth express erythropoie-
tin mRNA.83,91

In addition, there are reports about enhanced
expression of erythropoietin mRNA in human hyper-
nephromas, and in one tumor, erythropoietin mRNA
was clearly localized to epithelial tumor cells,92 indicat-
ing that tubular cells may acquire the ability to produce
erythropoietin with malignant transformation.

Cellular production sites in the liver: Within the
liver at least two different cell types can express the
erythropoietin gene. In situ hybridization in anemic
rats demonstrated erythropoietin mRNA in hepato-
cytes, as well as in an interstitial cell type.93 Similarly,
in severely anemic mice transfected with the human
erythropoietin gene, human erythropoietin mRNA was
mainly localized to hepatocytes and to a lesser extent
to an interstitial cell type, while endogenous mouse
erythropoietin mRNA was not demonstrable in these
animals.94 That hepatocytes are a site of erythropoietin
production was further confirmed by mRNA analysis
in cells isolated from hypoxic rat livers, and the obser-
vation that in freshly isolated hepatocytes from
normoxic animals erythropoietin mRNA expression
can be stimulated by hypoxia in vitro.95

In contrast, the abovementioned mice bearing a
erythropoietin SV-40 T gene construct were found to
express the T40 antigen in Ito cells of the liver follow-
ing stimulation by hypoxia or anemia,96 indicating that
these perisinusoidal cells represent the nonparenchy-
mal cell population that produces erythropoietin in the
liver. Moreover, in isolated Ito cells in culture, erythro-
poietin mRNA expression can be induced by
hypoxia.97 Interestingly, the Ito cells of the liver share
similarities with the renal peritubular cells expressing
the erythropoietin gene. In particular, the Ito cells, like
the peritubular fibroblasts in the renal cortex, express
50-ectonucleotidase.98

Other cellular production sites: Apart from liver
and kidneys, small amounts of erythropoietin mRNA
have also been observed in other organs such as the

FIGURE 92.4 A: Detailed localization of erythropoietin-
producing cells in the kidney. Combined in situ hybridization and
immunohistochemistry on the same tissue section taken from anemic
rat renal cortex. Left: Demonstration of erythropoietin mRNA. Right:
Double-labeling on the same tissue section with antibody to 50-ecto-
nucleotidase. Cells positively stained with either technique are indi-
cated by arrowheads. Only a minor proportion of 50-
ectonucleotidase-positive interstitial cells reveal erythropoietin
mRNA expression. Double-labeled cells typically lie in angles
between adjacent tubules, or between vessels and tubules.
(Magnification 3 800.) (Courtesy of S. Bachmann, Berlin.) B:
Topography of the production of erythropoietin in the rat kidney.
Left: The cortical labyrinth is well visualized using an enzyme histo-
chemical technique for 50-nucleotidase, with the strong reaction seen
as black deposits in the proximal convoluted tubule and in the fibro-
blasts. Right: In situ hybridization of erythropoietin-mRNA in the
kidney of an anemic rat. The comparison of the two micrographs
shows that hybridization took place in the cortical labyrinth (delim-
ited with a dotted line), but not in the medullary rays or in the outer
medulla. (Magnification: A B3 62, B B3 95.) (With permission from
LeHir M, Eckardt KU, Kaissling B, Koury ST, Kurtz A.
Structure�function correlations in erythropoietin formation and oxygen
sensing in the kidney. KlinWochenschr 1991;69:567�575.)
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lung, spleen, heart, and bone marrow.99 In these
organs, erythropoietin mRNA expression is stimulated
by anemia or hypoxia and thus apparently regulated
like in the kidney and the liver (see below). The physi-
ological relevance of erythropoietin formation in
organs other than liver and kidney is probably a para/
autocrine one such as in the bone marrow. For the
heart, EPO appears to be necessary for proper cardiac
morphogenesis,27 and might protect the myocardium
from ischemia reperfusion injury.70

EPO expression in the reproductive tract100�103 and in
the brain99,102,104�106 has been extensively considered.
EPO is expressed in the central nervous system in the
human fetus early in gestation,104,107 suggesting a central
role for normal brain development.108 In addition, EPO
has been found to be neuroprotective, particularly in
situations of insufficient oxygen supply to the
brain.109�111 For the female reproductive tract, regulated
expression of EPO in the uterus103 and the oviduct of the
mouse101 has been found. The human endometrium
expresses EPO throughout the menstrual cycle, with
higher levels in the secretory than in the proliferative
phase.112 Along the same lines, estrogens stimulate EPO
expression in the mouse oviduct and uterus,101,103 but
neither in the brain nor in the kidney.113 Functionally,
EPO appears to play an important role for endometrial
angiogenesis and thus reproductive function.103 EPO
mRNA expression has been found in the human,
murine, and ovine placenta, as well as on both the mater-
nal and the fetal sides.73,114�116 In addition, EPO exerts a
trophic effect on the fetal gastrointestinal tract when
taken up enterally from the amniotic fluid.117

Physiological determinants regulating erythropoie-
tin production: Numerous experimental and clinical
studies have developed the concept that circulating
erythropoietin levels in turn are related to a balance of
tissue oxygen supply and oxygen need. As a conse-
quence, erythropoietin appears to carefully adapt red
blood cell formation to meet the oxygen requirements
of the organism. Comparing the role of both oxygen
supply and demand for erythropoietin concentrations,
the influence of oxygen supply appears to be of major
importance. It has been established that reductions of
oxygen supply either by anemia or by a fall of the arte-
rial oxygen tension are by far the most powerful stimu-
li for elevations of the circulating erythropoietin
concentration. Apart from these classic stimuli, it was
recognized early on that the pharmacological applica-
tion of certain transition metals, in particular cobalt5

induces significant and reproducible elevations of
circulating erythropoietin levels.

Effect of arterial oxygen tension: Both hypobaric
normobaric hypoxia stimulate erythropoietin levels to
a similar extent indicating that, it is a decline in alveo-
lar oxygen tension and consequently a fall in arteriolar

oxygen tension that stimulate erythropoietin levels.118

Following a sudden fall of inspiratory, and subse-
quently, arterial oxygen tension plasma, erythropoietin
levels start to rise after 60�90 minutes and then
increase approximately linearly. The slope of this
increase is dependent on the severity of hypoxia, a
maximum value is reached between 12 and 24 hours in
rodents119�123 and within 48 hours in humans;119,124

thereafter, erythropoietin declines to a steady-state
level that is well below peak concentration, but still ele-
vated above baseline and inversely related to the sever-
ity of hypoxia (Fig. 92.5A). Since the decline of plasma
erythropoietin levels, which occurs long before an
increase in red cell mass, proceeds in parallel with
decreases in renal and hepatic erythropoietin mRNA
levels,123 it is reasonable to assume that the production
of erythropoietin is downregulated during prolonged
hypoxia. It has been excluded in this context that the
downregulation of erythropoietin production is caus-
ally related to erythropoietin itself in the sense of a
negative feedback,123 and it is likely therefore that
a desensitization of the cellular oxygen sensing mecha-
nism occurs during continuous hypoxia (see below).
Once plasma erythropoietin concentrations have
moved out of the normal range, they are inversely
related to the alveolar or arterial oxygen tension at any
time after onset of hypoxia.123,125

The influence of oxygen tension on plasma erythro-
poietin concentrations is quite characteristic in the way
that a lowering of the oxygen tension to about half of
the normal value only exerts a rather small effect on
circulating erythropoietin levels. A fall of inspiratory
oxygen tensions below this threshold then induces an
almost exponential increase of plasma erythropoietin
concentration in humans and in laboratory ani-
mals.123,125 The arterial oxygen tension, however, does
not appear to directly influence erythropoietin levels,
since the stimulation of plasma erythropoietin by inspi-
ratory hypoxia is attenuated by polycythemia.118,126 In
conclusion, it appears therefore that the effect of the
oxygen tension on erythropoietin concentrations is indi-
rectly mediated by a process essentially involving the
number of red blood cells.

Effect of blood oxygen-carrying capacity: The rele-
vance of the red cell count for the plasma erythropoietin
concentration is known based on numerous observa-
tions that anemias of various etiology (with the excep-
tion of renal anemia) are associated with elevated
plasma erythropoietin levels, while states of primary
polycythemia move in parallel with subnormal erythro-
poietin concentrations.127,128 In principle, anemia could
lead to an elevation of plasma erythropoietin levels by
reduction of the oxygen-carrying capacity of the blood,
as well as by the fall of the number of circulating red
blood cells per se. This latter possibility is not trivial
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since, for example, plasma thrombopoietin levels
appear to be regulated by the number of circulating pla-
telets (see below). Therefore, the demonstration that a
reduction of the oxygen-carrying capacity of the blood
in the presence of a normal red cell count—for example,
by carbon monoxide inhalation129—stimulates erythro-
poietin levels to a similar extent as anemia was an
important confirmation that anemia influences erythro-
poietin production mainly through changes of the
oxygen-carrying capacity of the blood. Again, the

efficacy of carbon monoxide to increase plasma erythro-
poietin levels is dependent on the hematocrit/hemoglo-
bin concentration in a way that it is less effective during
polycythemia and exaggerated during anemia.118

The time course of changes of plasma erythropoietin
in response to an acute reduction of the oxygen-carrying
capacity of the blood induced by blood loss or carbon
monoxide inhalation is rather similar to that seen with
acute arterial hypoxia.118 Plasma erythropoietin concen-
trations start to rise after about 60�90 minutes, reach a

FIGURE 92.5 A: Influence of the oxygen tension on serum erythropoietin levels in rats. Time-dependent change in serum immunoreactive
erythropoietin in rats exposed to different oxygen concentrations in a normobaric atmosphere. Total gas pressure was kept constant by balance
nitrogen. (With permission from Eckardt KU, Dittmer J, Neumann R, et al. Decline of erythropoietin formation at continuous hypoxia is not due to feedback inhi-
bition. Am J Physiol 1990;258:1432�1437.) B: Oxygen dependency of the number of erythropoietin-expressing cells in rat kidney cortex. Relationship
between the number of erythropoietin producing cells per square centimeter of renal cortex and oxygen concentrations in rats exposed to different
oxygen concentrations in a normobaric atmosphere for 8 hours. (With permission from Eckardt KU, Koury ST, Tan CC, et al. Distribution of erythropoietin
producing cells in rat kidneys during hypoxic hypoxia. Kidney Int 1993;43:815�823.) C: Correlation between number of erythropoietin-expressing cells
in kidney cortex and whole-kidney erythropoietin mRNA. Relationship between the number of erythropoietin-producing cells per square centime-
ter of renal cortex in one kidney and erythropoietin mRNA concentrations in the contralateral kidney in individual animals studied under nor-
moxic conditions or after 8 hours exposure to hypoxia of various levels of severity. Hollow circles, 20% O2; solid circles, 11.5% O2; hollow squares,
9% O2; solid squares, 7.5% O2. The number of erythropoietin-producing cells correlated linearly with tissue concentrations of erythropoietin
mRNA. (With permission from Eckardt KU, Koury ST, Tan CC, et al. Distribution of erythropoietin producing cells in rat kidneys during hypoxic hypoxia.
Kidney Int 1993;43:815�823.)
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maximum value after about 20 hours, and then decline
to a steady-state level.130 As with the influence of the
oxygen tension on plasma erythropoietin levels, the
effect of the oxygen-carrying capacity of blood on eryth-
ropoietin is not a linear one. The sensitivity of changes
erythropoietin levels toward changes in hematocrit/
hemoglobin concentration greatly decreases with
increasing hematocrit/hemoglobin concentration, which
becomes apparent when considering the plasma erythro-
poietin�hematocrit/hemoglobin relationship during the
steady-state phase of chronic anemias (Fig. 92.6). In
humans and in laboratory animals, a fall of the hemato-
crit/hemoglobin concentration down to 70% of the
normal value induces only a moderate increases erythro-
poietin levels. If the hemoglobin concentration decreases
further, erythropoietin levels begin to increase
exponentially.131�133 Nonetheless, significant elevations
of plasma erythropoietin concentrations are measurable
when hematocrit/hemoglobin are only slightly reduced
from normal, such as following the donation of one unit

of red blood cells.130,134 An increase in hemoglobin
concentration above the normal value, such as during
polycythemia rubra vera or hypertransfusion, signifi-
cantly lowers serum erythropoietin levels, but does not
fully suppress them.127,135,136

Effect of hemoglobin oxygen affinity: Another
parameter relevant for plasma erythropoietin levels
that is linked to hemoglobin function is the oxygen
affinity of the hemoglobin, which primarily determines
oxygen release in the tissues. It has been observed that
an increase of the hemoglobin oxygen affinity which
impairs oxygen release to the tissues increases erythro-
poietin levels, while a decrease of the oxygen affinity
attenuates the rise of erythropoietin levels in response
to hypoxia.137

All of the findings mentioned above converge to the
oxygen availability to the tissues as common denomi-
nator governing circulating erythropoietin levels,
because this value depends on the concentration of
hemoglobin molecules available for oxygen transport,
on the arterial oxygen tension determining the degree
of oxygen saturation of hemoglobin, and on the oxygen
affinity of the hemoglobin which finally determines the
oxygen release from the hemoglobin. The fact that
erythropoietin levels are only weakly affected by
reductions of the arterial oxygen tension or hemoglobin
concentration down to 50�70% of the normal values
but then increase exponentially may be explained by
the characteristic dissociation of oxygen from the het-
erotetrameric hemoglobin, which allows sufficient oxy-
gen supply to the tissues down to a significant
reduction of the oxygen content of the arterial blood.
The observations that maneuvers interfering with oxy-
gen delivery to the tissues and administration of transi-
tion metals such as cobalt and nickel increase plasma
erythropoietin levels remained without sufficient
explanation for a long time. In contrast to the effects of
hypoxia and of carbon monoxide is the stimulatory
effect of cobalt, which is not dependent on the hemato-
crit/hemoglobin concentration,118 suggesting that the
effect of cobalt is not mediated by changes of the oxy-
gen availability to the tissues. As outlined in detail
below, a hypothesis has been developed that links the
effects of cobalt and of hypoxia in a common model of
oxygen sensing.

Additional physiological determinants involved in
oxygen-dependent epo production?: Using a transgenic
mouse model to modify keratinocytes, Johnson and co-
workers suggested that the skin might be involved in
systemic oxygen sensing by hypoxia induced vasodila-
tion and redirection of the blood flow towards the skin,
leading to renal hypoperfusion and increased Epo pro-
duction.138 This putative mechanism is difficult to rec-
oncile with the fact that other modalities leading to
increased perfusion of the skin, such as heat exposure,

FIGURE 92.6 Relationship between hematocrit and plasma eryth-
ropoietin in rats. Anemia was induced by various maneuvers as indi-
cated. (With permission, from LeHir M, Eckardt KU, Kaissling B, Koury
ST, Kurtz A. Structure�function correlations in erythropoietin formation
and oxygen sensing in the kidney. Klin Wochenschr 1991;69:567�575.)
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must not alter renal Epo production and erythropoie-
sis. Subsequent to this study, it has been hypothesized
that hair follicles in the skin itself could be a relevant
source of circulating Epo.139 However, in studies with
human volunteers no difference in the hypoxic increase
in circulating Epo could be observed between subjects
exposed to either systemic hypobaric hypoxia or inspi-
ratory normobaric hypoxia of identical oxygen partial
pressures, suggesting that extracutaneous hypoxia
does not cause a physiologically relevant change in cir-
culating Epo (C. Lundby, Zürich, Switzerland, personal
communication). It has also been suggested that the
brain releases an as yet unidentified factor upon hyp-
oxia that triggers renal Epo production.140

Astrocytes have been reported to represent another
cell type responding to hypoxia with increased Epo
synthesis in the human brain.105 While it was believed
that Epo cannot cross the blood-brain-barrier, it was
reported that astrocyte-derived Epo accounts for up to
50% of circulating Epo in mice following acute hypoxic
exposure.141 This conclusion was derived from
astrocyte-specific deletion of oxygen sensing which
resulted in a 50% reduction of hypoxic Epo levels com-
pared to wild-type mice.141 However, when human
subjects were exposed to normobaric hypoxia, increases
in blood Epo levels were similar in arteria brachialis and
vena jugularis, suggesting that the brain does not sub-
stantially contribute to total circulating Epo (C. Lundby,
Zürich, Switzerland, personal communication).

Linkage between erythropoietin secretion and rate
of erythropoietin gene transcription: Hypoxia, anemia,
and cobalt increase erythropoietin mRNA abundance,
and changes of plasma erythropoietin levels correlate
closely with the amount of erythropoietin mRNA in
kidney and liver.90,91,142�145 Several lines of evidence
suggest that erythropoietin producing cells do not
develop stores of the hormone that can be rapidly
released upon challenge. Thus, almost no erythropoie-
tin can be extracted from the liver and kidney of
normoxic animals.77�79 It takes a delay of at least 1
hour between an acute stimulation of erythropoietin
and the first measurable rise of erythropoietin in the
plasma.118,146 Several attempts to localize erythropoie-
tin in the kidneys of normoxic animals failed to pro-
duce specific results. It is rather likely therefore that
erythropoietin secretion into the bloodstream is
directly triggered by the rate of de novo synthesis of
the protein. Thus far, no evidence has been elaborated
on how erythropoietin synthesis could be regulated on
the ribosomal level; it is assumed now that erythropoi-
etin synthesis is primarily determined by the number
of mRNA copies available for translation. Steady-state
mRNA levels in general result from a balance of gene
transcription rate and the rate of mRNA degradation.
Although there is some information that erythropoietin

mRNA stability may be enhanced during hypoxia147

and an erythropoietin mRNA-binding protein has been
identified,148 it is more or less accepted that cellular
erythropoietin mRNA levels are mainly determined by
the transcriptional activity of the erythropoietin gene.
In summary, the erythropoietin secretion rate into the
circulation is likely determined by the rate of erythro-
poietin gene transcription.

Survival of erythropoietin in the circulation:
Considerable differences among species of the biologic
half-life of erythropoietin in the circulation have been
observed. In rats erythropoietin half-life is around two
hours,123,149,150 in dogs,150 in sheep around nine
hours,151 and around eight hours in rabbits.152 In
humans the survival of erythropoietin is rather variable,
and for human recombinant erythropoietin a number of
studies have reported averaged half-lives at 4�11 hours.
The mean half-life of endogenous erythropoietin in
healthy humans was determined to be 5�6 hours.125

There is no information about a physiologically relevant
regulation of erythropoietin survival in the circulation;
in particular, hypoxia does not appear to affect the
plasma clearance of erythropoietin.123 Even kidney func-
tion appears not to influence the half-life of erythropoie-
tin in the plasma significantly,149,151,153 although a small
proportion of the hormone appears each day in the
urine. It is furthermore conceivable that the target cells
of EPO contribute to its plasma half-life, since receptor-
bound EPO is internalized and degraded. Supportive of
this idea are observations that at a given hematocrit,
plasma levels of EPO are lower in hyper-regenerative
than in hyporegenerative anemias, and that for hyper-
regenerative anemias such as sickle-cell anemia, half-life
times for erythropoietin appears to be rather short.

Taken together, the survival rate of erythropoietin
displays a rather high degree if intra- and inter-species
variability, but appears not to be regulated in states of
elevated or suppressed plasma erythropoietin
concentrations.

Recruitment of erythropoietin-expressing kidney
cells: Under normoxic conditions, renal (and also
hepatic) erythropoietin mRNA abundance is low. After
acute onset of hypoxia or anemia, erythropoietin
mRNA levels start to increase within 30�60 minutes,
and after termination of hypoxia, erythropoietin
mRNA levels decline with a half-life time of around
1�2 hours.145 The rise of erythropoietin mRNA levels
precedes and parallels the increase of erythropoietin
plasma levels.118,145 The increase of whole-organ eryth-
ropoietin mRNA abundance could in principle result
from an acceleration of erythropoietin gene transcrip-
tion in a fixed number of cells, recruitment of erythro-
poietin expression cells, or a combination of both. For
the kidney, good evidence has been elaborated for the
latter possibility. Thus, the number of erythropoietin-
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expressing peritubular cells increases strikingly during
anemia91 and hypoxia90 (Fig. 92.5B). In the kidneys of
normoxic animals, only a few erythropoietin mRNA-
expressing cells are found, preferentially in the deep
cortex at the cortico-medullary junction. With increas-
ing severity of hypoxic or anemic stress, an almost
exponential increase occurs in the number or
erythropoietin-expressing peritubular fibroblasts cells,
which are recruited in direction to the superficial
cortex.90,91 By that the number of erythropoietin-
expressing cells increases several hundred-fold in
response to hypoxia or anemia. Considering the ratio
of whole-organ erythropoietin mRNA and number of
erythropoietin-expressing cells reveals that there is a
certain regulation of erythropoietin mRNA per cell, but
that the increase of the number of cells that start to
express erythropoietin is by far the more relevant
mechanism to account for the rise of whole-kidney
erythropoietin mRNA, and consequently, plasma
erythropoietin levels (Fig. 92.5B).90,91 Therefore, regula-
tion of erythropoietin production in the kidney appears
mainly as an “on-off” switch of erythropoietin gene
transcription by renal peritubular fibroblasts. In addi-
tion, cobalt administration increases the number of
erythropoietin-expressing cells in the kidney.90 In con-
trast to the effects seen during hypoxia or anemia, is
the recruitment induced by cobalt, which is zonally
less organized.

In the liver it appears as if it is an up- and down-
regulation of erythropoietin gene expression in certain
hepatocytes, rather than a recruitment of erythropoietin-
expressing cells, that accounts for the increase of hepatic
erythropoietin mRNA in response to anemia.94 A grad-
ual upregulation of erythropoietin mRNA in hepatocytes
would also be supported by in vitro findings with pri-
mary cultures of hepatocytes or hepatoma cells
(Fig. 92.7).

Evidence for local oxygen sensing in control of
erythropoietin production: Oxygen-sensitive chemore-
ceptors are well known in the carotid body, and they
are responsible for hemodynamic and respiratory
adaptations to hypoxia. The regulation of erythropoie-
tin appears to be independent of these systemic oxygen
sensors; instead, it appears to be regulated by local
oxygen sensing in liver and kidneys. Thus, ablation of
the arterial chemoreceptors does not significantly alter
erythropoietin production in response to hypoxia.154

Moreover, with respect to the renal production of
erythropoietin, renal denervation has been found not
to influence the expression of erythropoietin in
response to hypoxia or anemia.155,156 On the other
hand, there is consistent evidence that in isolated
perfused kidneys taken from normoxic animals, eryth-
ropoietin gene expression157 and erythropoietin protein
secretion158,159 can be induced by lowering the oxygen

tension of the perfusate, with rather similar characteris-
tics of the in vivo situation. Thus, it appears that the
essential events by which systemic hypoxia or anemia
stimulate peritubular erythropoietin gene transcription
occur within the kidneys itself. This does not rule out
the possibility that renal erythropoietin production
may in addition be modulated by extrarenal factors
(see below).

Because erythropoietin production is stimulated in a
similar fashion by a fall of the arterial oxygen tension,
by a reduction of the oxygen-carrying capacity of the
blood, and by an impairment of oxygen delivery from
the hemoglobin, it is likely that the common denomina-
tor for these effects is a reduction of the oxygen
availability to the peritubular tissue. A measurable
parameter that results from the oxygen availability in
conjunction with the local oxygen consumption is the
local oxygen tension. In addition to oxygen availability,
oxygen consumption is of relevance for erythropoietin
production. This may be derived from observations
that hormonal modulation of the metabolic rate exerts
a major role in erythropoietin production. Thus, even
upon hypoxic exposure, erythropoietin production in
hypophysectomized animals may be as low as in
nephrectomized animals.160,161 Similarly, starvation
also attenuates erythropoietin production.122 On the
other hand, hormones stimulating energy turnover
such as growth hormone,162 insulin-like growth factor
I,163 thyroid hormone,164,165 and androgens166,167

FIGURE 92.7 Oxygen dependency of erythropoietin mRNA in
primary cultured rat hepatocytes. Freshly isolated rat hepatocytes
were plated on gas permeable culture supports and were exposed to
different oxygen concentration in a normobaric atmosphere for
3 hours as described in Eckardt et al.104 Erythropoietin mRNA levels
were standardized to β-actin mRNA levels and are given as arbitrary
units.
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enhance hypoxia-induced erythropoietin formation.
Indeed, the renal cortical fibroblasts expressing eryth-
ropoietin are in close anatomical contact with proximal
tubular cells,83 which have a high metabolic rate. Since
circumstantial evidence suggests that the oxygen regu-
lation of erythropoietin production in the kidneys is
dependent on transport activity of the proximal
tubule,168 it is conceivable that proximal tubule cells
generate a sink of the oxygen tension around the neigh-
bored fibroblasts.

Attempts to isolate erythropoietin-expressing fibro-
blasts and to study the regulation of erythropoietin
gene regulation in these cells in vitro, however, have
not been successful thus far. In mice bearing an eryth-
ropoietin SV-40T antigen construct transgene, renal
fibroblasts expressing the T antigen could be isolated
and cultured. In contrast to the in vivo situation,
however, the cells did not increase their erythropoietin
mRNA or T-antigen expression in response to
hypoxia.85

In principle, the pericellular oxygen tension can
directly trigger erythropoietin gene expression. Thus,
in cultures of hepatoma cells,169 hepatocytes,95 astro-
cytes,106 and liver Ito cells,97 a prominent effect of the
pericellular oxygen tension on erythropoietin gene
expression can be demonstrated, in a fashion rather
similar to that expected from in vivo data (Fig. 92.7).

Oxygen Supply to Kidney and Oxygen Sensor
Function of Renal Cortex

At first glance, the location of an oxygen (tension)
sensor in the kidney appears somewhat surprising,
since the volume of oxygen transported to the kidney
cortex is rather large compared to its oxygen consump-
tion. Considering the comparatively low oxygen extrac-
tion rate of 8-10%, one might conclude that the kidney
cortex generally is luxuriously supplied with oxygen.
On the other hand, not only does the oxygen sensor
governing erythropoietin gene transcription appear to
reside within the kidney, but clinical experience also
teaches that the kidney is an organ rather susceptible
to hypoxic injury. The explanation for both these puta-
tive discrepancies probably resides in the unique archi-
tecture of intrarenal vessels. Since arterial and venous
vessels run counter-currently over long distances in
close association, it is assumed that a shunt diffusion of
oxygen occurs between arterial and venous vessels,
which lowers arterial oxygen pressure. While shunt
diffusion of oxygen in postglomerular vessels is
thought to be responsible for the high vulnerability of
the thick ascending limb to ischemia,170,171 shunt diffu-
sion in preglomerular vessels, in particular interlobular
vessels, might explain the oxygen sensitivity of cortical
structures relevant for erythropoietin production.
Support for this concept comes from measurements of

oxygen tension in the renal cortex well below the
venous PO2 of the kidney.172,173 Moreover, it has been
demonstrated that preglomerular oxygen tensions at
the kidney surface are much lower than those in the
systemic circulation, this difference increasing greatly
with rising oxygen tension and decreasing hemoglobin
concentrations.174 It should be noted that assuming
major oxygen shunting along interlobular vessels
would predict an oxygen gradient from the corticome-
dullary junction to the subcapsular cortex, while the
distribution of erythropoietin-expressing cells displays
just the opposite direction, with the majority of signals
in situ hybridizations being located in the inner part of
the cortex.90,91 Thus, additional parameters are
required to explain the particular distribution of
erythropoietin-expressing cells. In particular, in the
lower cortex the peritubular tissue frequently receives
blood returning from the medulla or cortical medullary
rays. Since these structures already extract a substantial
amount of oxygen, oxygen delivery to the inner part of
the cortex may be lower than in other cortical areas.
Similarly, oxygen delivery to the midcortical peritubu-
lar cells may be somewhat reduced, because it also
receives blood returning from the medullary rays,
while in the superficial cortex postglomerular blood
directly reaches the peritubular tissue. Another factor
that has to be taken into account is that shunt diffusion
is not limited to oxygen; it also (in the opposite direc-
tion) affects carbon dioxide, thereby trapping it in the
outermost subcapsular zone.175,176 Since carbon dioxide
attenuates erythropoietin production by a pH-related
mechanism,121 an accumulation of carbon dioxide
might at least partially counterbalance the effect of low
oxygen tensions in the outer cortex. Consideration of
all of these issues suggests that the main physiologic
role of oxygen shunting occurring in the cortex could
be an amplifying mechanism for the stimulation of
erythropoietin production, which operates predomi-
nantly during states of anemia and less during arterial
hypoxia. Assuming that the renocortical oxygen con-
sumption is more or less unaltered during anemia, the
oxygen tension in the primary capillary effluate leaving
the parenchyma will be decreased in comparison with
the nonanemic state. This decrease in venous oxygen
tension will increase the driving force for oxygen
shunting between interlobular arteries and veins, and
in consequence further lowers the arterial oxygen ten-
sion of the blood entering the renocortical parenchyma.

In any case, the high oxygen sensitivity of the reno-
cortical peritubular tissue is also substantiated by the
observation that apart from erythropoietin expression,
other events occur in the peritubular region of the renal
cortex. Thus, within 1 week following the onset of ane-
mia, a marked hypertrophy of peritubular fibroblasts
in the cortical labyrinth of rat kidneys was found, with
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an increased activity of 50-ectonucleotidase on the
surface of these cells.84

CELLULAR OXYGEN SENSING
REGULATING ERYTHROPOIETIN GENE

TRANSCRIPTION

Erythropoietin Gene

Gene promoter: There is only a single copy of the
erythropoietin gene, and no evidence exists for an
erythropoietin gene family or any pseudogenes. The
human erythropoietin gene has been mapped to the
long arm of chromosome 7,177 and the mouse gene has
been mapped to chromosome 5.178

The basic organization of the erythropoietin genes in
different species is similar and consists of five exons
and four introns.9,10,179 The most conserved region
between the genes has a high sequence homology, and
is located directly upstream from putative transcrip-
tional start sites. The first intron also shows interspe-
cies homologies. In contrast, the size and sequence of
the second, third, and fourth introns are highly diver-
gent among species.

There is evidence for multiple start sites for erythro-
poietin gene transcription.180 Within the putative pro-
moter region for the human erythropoietin gene, apart
from steroid hormone response elements,181 none of
the classical sequences has been identified. Two
complementary approaches have been undertaken to
localize cis-acting DNA sequences responsible for tis-
sue- and stimulus-specific regulation of erythropoietin
gene expression. First, the generation of transgenic
mice carrying erythropoietin gene constructs of differ-
ent length, and second, the expression of gene con-
structs incorporating different sections of the
erythropoietin gene and its flanking sequence in cell
lines. It turned out, that the regulation of the erythro-
poietin gene by the same parameters requires different
gene sequences for liver and kidney, in a way that the
physiologic regulation of the erythropoietin gene is
managed within 20.4 kb of the 50-sequence and 0.7 kb
of the 3’region, while an essential regulator element for
the renal expression of erythropoietin resides between
212 and 28 kb in the 50-region180,182 (Fig. 92.8).

Gene enhancer: The minimal erythropoietin (EPO)
promoter encompasses 117 bp 50 to the transcription start
site and has no oxygen-regulated element. Proteins inter-
acting with a 17 bp (nt 261 to 245) sequence synergize
with transcription factors (HAF) binding to the 30

enhancer of the EPO gene.183 HAF is the murine homo-
logue of Sart-1, a 125-kDa human protein recognized by
cytotoxic T lymphocytes. HAF likely acts in conjunction
with other transcription factors to modulate O2-

dependent EPO expression.183 Some negative cis-acting
elements exist in the promoter that also repress EPO
expression. Two GATA sites have been extensively stud-
ied with respect to oxygen sensitivity, tissue specificity,
and also their potential role during ontogeny.184,185

Increased expression and binding of GATA-2 were
found at high oxygen tensions and overexpression of
GATA-2 and -3 suppressed EPO expression.185

The EPO 50-promoter is only a weak promoter.
However, it shows hypoxic inducibility and acts syner-
gistically in concert with a 30-enhancer31 to achieve a
1000-fold stimulation in vivo. A 50-bp hypoxia response
element (HRE) has been identified in the human gene
within the untranslated 30-sequence, 116 bp down-
stream of the erythropoietin RNA polyadenylation site.
This sequence conveys oxygen-regulated expression on
a variety of heterologous promoters in vitro186�188 and
acts in a position- and orientation-independent way,
and thus fulfills the criteria of a classical eukaryotic
enhancer. A similar enhancer, with highly conserved
sequences, has been located at an equivalent position
in the mouse gene. Within this EPO enhancer, three
defined sites are important for the response to hypoxia.
At the 50 end, the sequence CACGTGCT was the first
to be identified as a “hypoxia inducible factor”
(HIF) binding site (HBS). Two protein complexes were
identified, one bound constitutively and the other
(HIF) was present only in hypoxic cells.189

Components of the constitutive complex are ATF-1
and CREB-1, but the role for hypoxia-regulated
EPO expression has not yet been settled for these

FIGURE 92.8 Organization of the erythropoietin gene. The eryth-
ropoietin gene is schematically illustrated with five exons (rectangles)
and the coding regions (black). During hypoxia the HIF-1 heterodimer
is stabilized and binds to a site on the 30-enhancer. Downstream of this
site, the nuclear receptor HNF-4 binds constitutively to the direct repeat
(DR-2) site and also to the β-subunit of HIF-2. Both HIF-subunits bind
to the transcriptional activator p300, providing a mechanism for trig-
gering the erythropoietin gene promoter to transcribe the mRNA.
Between the HIF-2 and HNF-4 binding sites, an essential sequence with
an as yet unknown mechanism of operation is located. (Modified with
permission from Huang LE, H V, Arany Z, Kranic D, Galson D, Tendler D,
Livingston DM, Bunn HF. Erythropoietin gene regulation depnds on heme-
dependent oxygen sensing and assembly of interacting transcription factors.
Kidney Int 1997;51:548�552.)
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factors.189 In contrast, intact HBS and HIF bindings are
indispensable for hypoxia-induced EPO expression.

The second essential area within the erythropoietin
HRE located downstream of the HBS encompasses
the core sequence 50-CACAG-30. Mutation of this site
abrogates hypoxia-inducible activity of the enhancer,
but so far no protein bound to this repeat has been
identified.

A third and more distal area in the EPO enhancer is a
direct repeat of two steroid receptor half-sites separated
by two base pairs (DR-2 site).181 This DR-2 site is also
absolutely required for hypoxic regulation of the EPO
gene.190 DR-2 sites bind nuclear receptors for hormones,
but none of the known ligands such as thyroxine and
vitamin D significantly influence EPO expression
through this site.181 However, screening for orphan
receptors revealed specific binding of hepatocyte nuclear
factor-4 (HNF4) that significantly enhances EPO gene
expression in response to hypoxia.190 It was further
hypothesized that HNF4 may play an important role for
tissue-specific expression of EPO.

Hypoxia-inducible transcription factor: The critical
hypoxia-inducible protein binding at the most proximal
9 bp area (50-TACGTGCT-30) of this enhancer was ini-
tially termed hypoxia-inducible factor-1 (HIF-1),189 and
is a heterodimeric protein consisting of a HIF-1α and a
HIF-1β subunit.191,192 The HIF-1 binding motif is also
found in other genes activated by hypoxia, such as, for
example, vascular endothelial growth factor (VEGF) or
enzymes of the glycolytic pathway—enolase, pyruvate
kinase, and lactate dehydrogenase —indicating a wide-
spread oxygen-sensitive system.193,194

HIF-β (120 kD) is the aryl hydrocarbon receptor
nuclear translocator (ARNT),191 and HIF-1α
(91�94 kD)192 is a member of the group of basic-helix-
loop-helix proteins containing a PAS domain.
Assembly of an active HIF complex is a multistep pro-
cess involving regulated synthesis, processing, and sta-
bilization of HIF-1, nuclear localization, dimerization,
and interaction with transcriptional coactivators.

The discovery of two human cell lines (HepG2 and
Hep3B) that produce in vitro erythropoietin in a fashion
inversely related to the pericellular oxygen tension169

was an enormous step forward for investigating the
mechanisms along which a fall of the oxygen tension
(hypoxia) could stimulate erythropoietin gene tran-
scription on the cellular level. It turned out that hyp-
oxia signaling likely follows a novel nonclassical
pathway (Fig. 92.9).

This exciting novel pathway was unraveled by mile-
stone publications within the last few years, emphasiz-
ing a central mediator role of the HIF-1α subunit. It
turned out that the HIF-1 protein contained two groups
of oxygen-sensitive domains, those determining pro-
tein stability (oxygen degradation domain [ODD]), and

those regulating transactivity (NH2-terminal and
COOH-terminal transactivating domains), which are
independently regulated by oxygen.195,196 In addition,
cellular localization of HIF-1α also appears to be O2

dependent, because translocation from the cytosol to
the nucleus is increased under hypoxia.197

While steady-state levels of HIF-1α and HIF-1ß
mRNA are not significantly affected by hypoxia, the cel-
lular HIF-1α protein content increases greatly under hyp-
oxia.198 The hypoxia inducibility of the HIF-1 complex is
solely achieved by hypoxic accumulation of the α-protein
subunit, since the β-subunit is constitutively expressed.
In normoxic cells, HIF-1α is barely detectable due to
rapid degradation via the ubiquitin proteasome path-
way.199,200 HIF-1α is continuously synthesized irrespec-
tive of the oxygenation status of the cells, providing a
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FIGURE 92.9 Hypoxia-mediated regulation of HIF stabilization
and activation. Under normoxic conditions (bottom), two proline resi-
dues within the oxygen degradation domain of the HIF-α subunit are
modified by HIF-prolyl hydroxylases, allowing for HIF recognition
by a protein-ubiquitin ligase complex containing pVHL, and leading
to HIF-α degradation by the proteasome. Meanwhile, the asparaginyl
hydroxylase FIH-1 modifies the CTAD of the HIF-α, blocking its
interaction with transcriptional coactivators such as p300. When oxy-
gen levels decrease, both prolyl and asparaginyl hydroxylation are
blocked. HIF-α accumulates and interacts with the HIF-β subunit
(ARNT) and the larger transcriptional machinery, thereby promoting
transcription of downstream HIF target genes. (With permission from
Bruick RK. Oxygen sensing in the hypoxic response pathway: regulation of
the hypoxia-inducible transcription factor. Genes Dev 2003;17:
2614�2623.)
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very rapid response of HIF-1α accumulation when
hypoxia occurs, simply by blocking the degradation of
the protein, and allows an almost instantaneous response
to hypoxia by accumulation of HIF-1 without activating
the transcriptional/translational machinery.201

Proteolytic regulation of HIF-1α and HIF-2α is criti-
cally dependent on the von Hippel-Lindau tumor sup-
pressor protein (pVHL), with pVHL functioning as the
substrate recognition component of a multicomponent
ubiquitin E3 ligase.202�204 VHL protein binds to the
two oxygen-dependent degradation domains (ODD) of
HIF-1α, which confer oxygen-dependent instability on
the HIF-1α protein.200,205,206 The HIF�pVHL protein
interaction is suppressed by the classical HIF-
activating stimuli of cobaltous ions, iron chelation, and
hypoxia. The interaction sites for pVHL within the two
HIF ODDs contain the amino acid proline within the
LxxLxP motif for hydroxylation.207 It was confirmed
that the interaction between HIF-1α and pVHL is regu-
lated by enzymatic hydroxylation of these specific
prolyl residues (for human HIF-1, at Pro 402 and at Pro
564).207�209 Since the only previously characterized
mammalian prolyl hydroxylases (pro-collagen prolyl
hydroxylases) are 2-oxoglutarate-dependent oxyge-
nases, it was predicted that the HIF prolyl hydroxy-
lases would also belong to this family of enzymes.

Subsequently, in mammalian cells, three isoforms
were identified, termed prolyl hydroxylase domain
(PHD) enzymes (PHD1-PHD3), and shown to hydrox-
ylate HIF-α in vitro.210,211 These enzymes have an
absolute requirement for dioxygen as cosubstrate. The
overall reaction results in insertion of one oxygen
atom into the HIF-α peptide substrate at the prolyl res-
idue, the other generating succinate from 2-OG with
the release of CO2. Relatively labile binding of Fe(II) at
the 2-His-1-carboxylate centre results in striking sensi-
tivity to inhibition by iron chelators and metals such
as CoII that can exchange for FeII at this site. As pre-
dicted, the activity of the recombinant PHD enzymes
is strongly inhibited by cobaltous ions, and iron chela-
tion. Furthermore, reactions conducted in a controlled
oxygen environment showed that the activity of the
purified enzyme is strikingly sensitive to graded levels
of hypoxia in vitro.211 Thus, the properties of these
nonhaem iron enzymes fit those of the postulated
ferroprotein sensor underlying the classic characteris-
tics of the erythropoietin/HIF response. The activity of
PHDs depends on the availability of oxygen and thus
qualifies these enzymes as O2 sensors. Recently, the O2

affinity has been determined and suggests appropriate
sensitivity in the physiological relevant PO2 range.212

Under hypoxia, activity of the enzymes is greatly
reduced, the specific proline residues in HIF-α are no
longer hydroxylated, and HIF-α subunits can accumu-
late to activate HIF-1-dependent genes such as EPO.

HIF-1α and HIF-2α also contain two transactivation
domains (TADs): an N-terminal TAD overlapping the
ODD, and a C-terminal TAD that is distinct from the
ODD196,205,206 and manifests oxygen-regulated interac-
tion with p300/CBP.195,213 The C-TAD is modulated
by an O2-sensitive hydroxylation on the asparagine
residue 803 in human HIF-1α.214 Here, hydroxylation
of asparagine under high oxygen pressure inhibits
recruitment of the transcriptional coactivator CBP/
p300199,215 necessary for hypoxic HIF-1 activity. This
asparagine hydroxylase had been identified earlier as
factor inhibiting HIF-1 (FIH-1), because its interaction
hydroxylation of asparagine N803 inhibited the trans-
activity of HIF-1.216 It has also been reported that FIH
interacts with pVHL and forms a ternary complex
with the HIF-α C-TAD.216 Although interaction with
pVHL is not an absolute requirement for FIH activ-
ity,199,212 these findings fit well with studies of HIF-
dependent transcription in pVHL-defective cells.
Upregulation of HIF-target gene expression in such
cells is essentially complete,203,217,218 which implies
that all oxygen-dependent controls of HIF, and not just
proteolytic regulation, are disabled in the absence of
VHL. This suggests that VHL is intimately involved
with the hypoxia response, its functions extending
beyond those of an E3 ligase. FIH-1-like PHDs turned
out to be a 2-oxoglutarate-dioxygenase requiring O2

and iron for its function.212,219 It is of note that PHDs
and FIH-1 are localized in different cellular compart-
ments220 and display differences in O2 affinities.221,222

Numerous pieces of evidence point to a further mode of
HIF regulation involving oxygen-dependent nuclear/
cytoplasmic localization of HIF-α.207 In normoxia, HIF-
1α levels are low and subcellular localization cannot be
directly observed. However, overexpression of HIF- or
HIF-1α�GFP fusion proteins that are less rapidly
degraded yields detectable protein in normoxic cells and
several,197,223 although not all,224 studies have observed
that this protein shifts to the nucleus only in hypoxia,
implying a distinct oxygen-regulated step. Interestingly,
as with the other modes of HIF regulation, the effect of
hypoxia is mimicked by iron chelators, which suggests
that subcellular localization is also regulated by the same
or similar FeII- and 2-OG�dependent oxygenases.197 The
underlying mechanisms of this effect still have to be
clarified.

To date, analyses of the regulatory mechanisms
underlying HIF activation by hypoxic and nonhypoxic
stimuli have emphasized the involvement of different
types of pathway and different modes of HIF activation.
Whilst proteolysis of HIF-subunits is strikingly oxygen
dependent,187,225,226 is the rate of HIF-1 translation
largely independent of oxygen,227 but is responsive to
growth factor and oncogenic stimulation.228�230

Phosphorylation cascades such as the mitogen-activated
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protein kinase (MAPK) and phosphoinositide-3 kinase
(PI3K) pathways are activated by growth factor stimula-
tion, and amplify the HIF response to hypoxia by post-
translational231,232 as well as translational controls.228�230

HIF-1α is ubiquitously expressed, but is not the only
member of this subfamily of PAS proteins. HIF-
2α233�236 and HIF-3α237 partly overlap with HIF-1α in
their expression pattern, but assignment of specific
functions to the different HIF-αs has not yet been
achieved. Knockout mice for HIF-1α and HIF-2α signif-
icantly differ in their phenotype. Whereas HIF-1α -/-
mice die around midgestation due to severe cardiovas-
cular and central nervous system malformations,238

HIF-2α -/- mice display different phenotypes, probably
related to the genetic background.239�241 Although all
of these mice die soon after birth, no clear conclusions
regarding defects in EPO expression can be drawn
from these animals. In contrast, heterozygous HIF-1α
knockout mice developed normally but, among other
impaired physiological responses to hypoxia, these
mice had delayed erythrocytosis on exposure to hyp-
oxia,242 apparently suggesting a dominant role for
HIF-1α for EPO regulation.

First evidence that HIF-2α rather than HIF-1α might
regulate renal Epo synthesis came from descriptive
studies demonstrating in situ overlapping of HIF-2α
but not HIF-1α with the peritubular, interstitial EPO
producing cells.243 Similar results have been reported
using chemical PHD inhibition.244 The critical role of
HIF-2α was further confirmed by RNAi experiments in
liver-derived hepatoma.245

Such a central role of HIF-2α hypothesis would be
supported by a study on the retinopathy of prematurity
to which expression of EPO in the retina significantly
contributes.246 In this study, HIF-2α knockdown, that is,
reduction of HIF-2α expression to about one-fifth of the
normal level, lowered EPO expression induced by rela-
tive hypoxia that was not compensated by unchanged
HIF-1α accumulation.246 In addition, in two cell lines
producing EPO that express both HIF-1α and HIF-2α,
downregulation of HIF-2α but not HIF-1α by siRNAs
blunted the EPO response.245 These results were subse-
quently confirmed in a hepatic HIF-2α knock-out mouse
model.247 Quite surprisingly, an independent HIF-2α
global knock-out mouse strain turned out to be viable
and these mice were indeed anemic with decreased
renal Epo expression.248 Conditional global deletion of
HIF-2α but not HIF-1α also resulted in anemia in adult
mice.249 Finally, a kidney-specific conditional knock-out
mouse model confirmed the non-redundant role of HIF-
2α in oxygen-regulated Epo gene expression.250

Together, plasma erythropoietin concentrations are
regulated by an effective negative feedback loop, in
which the kidney integrates a number parameters such
as arterial oxygen tension, oxygen-carrying capacity of

the blood and metabolic rate to one signal, namely, the
pericellular oxygen tension in the cortex, which then is
transduced by the hydroxylation of prolyl and aspargyl
residues into a stabilization and activation of HIF-α
protein, which in turn triggers in concert with HIF-β
the transcriptional activity of the erythropoietin gene
(Fig. 92.10).

Dysregulated EPO gene expression by PHD2, VHL
or HIF-2α mutations in familial erythrocytosis: In con-
trast to worms and insects, in vertebrates both the PHD
oxygen sensors and the HIFα transcription factor subu-
nits are encoded by three distinct but related genes. All
three PHD family members are expressed in the kid-
ney.251 The physiological relevance of a potential fourth
family member, called PH-4, is less clear: HIFα seems
to be regulated under PH-4 overexpression conditions
only.252,253 There exist three related genes even for
HIF-β/ARNT (i.e. ARNT2, ARNTL and ARNTL2) and
all of them seem to be able to interact with HIF-2α, at
least in vitro.254 However, whether these additional
ARNT family members play any role for Epo gene
expression is currently unknown. Regarding the

FIGURE 92.10 Negative feedback loop controlling the renal pro-
duction of erythropoietin.
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PHD and HIFα gene families, the question arises which
family member(s) is/are responsible for oxygen-
regulated Epo gene expression. Mouse gene targeting
and human hereditary diseases provided genetic
answers to this question.

Two independent inducible PHD2 knock-out mouse
models showed increased erythropoiesis and angiogene-
sis as well as evidence for dilated cardiomyopathy and
premature death.255�257 These findings are in line with
in vitro data demonstrating that PHD2 is the main oxy-
gen sensor responsible for normoxic HIFα turnover.258

Consistently, systemic PHD2 but not PHD1 or PHD3
knock-out mice die during embryonic development.259

Only when all three PHDs are deleted simultaneously
in a conditional knock-out mouse model, even the liver
can become a rich source of Epo expression.260 A further
confirmation for the major role PHD2 is playing in
oxygen-regulated Epo synthesis in vivo comes from the
identification of gene mutations that cause familial ery-
throcytosis: the affected amino acids identified up to
date confer residues P317, R371 and H374 of
PHD2.261�263 Neither PHD1 nor PHD3 mutations in
familial erythrocytosis have been reported so far.

Due to its nature as a tumor suppressor, a large num-
ber of mutations in the human VHL gene were known
before its role as HIFα E3 ubiquitin ligase was discov-
ered. In accordance with its essential and non-redundant
role in normoxic HIFα degradation it did not come as a
surprise that such mutations can also cause erythrocyto-
sis.264 Interestingly, Chuvash polycythemia is caused by
a pVHL R200W mutation in the absence of cancer.265 A
number of additional pVHL mutations causing congeni-
tal erythrocytosis have been identified thereafter.266�268

Finally, a genetically altered mouse model recapitulated
the polycythemic phenotype.269

As already mentioned before HIF-2 rather than
HIF-1 is the physiological regulator of EPO gene tran-
scription. Support to this conclusion is provided by the
identification of HIF-2α P534L, M535V, M535I, G537W,
G537R and D539E mutations that cause human familial
erythrocytosis.270�276 No HIF-1α or HIF-3α mutations
have been reported so far to be involved in
erythrocytosis.

Altogether, there is now compelling evidence that the
oxygen sensing pathway regulating renal and hepatic
Epo synthesis consists of the PHD2-VHL-HIF-2 axis.

Negative feedback loops and cross-talks of the Phd-
Vhl-Hif oxygen signaling pathway: Although the main
players for Epo gene regulation have been identified,
there is clearly more complexity in the oxygen signal-
ing pathway. Of particular physiologically importance
are negative feedback mechanisms that limit or actu-
ally downregulate Epo induction under chronically
hypoxic conditions. It is well known that hypoxically
induced plasma Epo levels decrease clearly before the

hematocrit is increased, excluding an early negative
feedback loop via the subsequent increase in blood
oxygen content.119 The drop in plasma Epo is paral-
leled by a drop in renal Epo protein and mRNA levels
and is independent of changes in extracellular Epo
levels.122,123 These findings suggest one or several neg-
ative feedback loop(s) intrinsic to the PHD-VHL-HIF
axis controlling renal Epo synthesis.

Of note, the ratios between the levels of PHDs and
HIFs are interconnected. If either one is upregulated it
overcomes the function of the other. As well as an
increase in PHD synthesis leads to HIFα degradation,
an increase in HIFα synthesis leads to its own stabiliza-
tion by saturating the degradation machinery. Even
under hyperoxic conditions the PHDs are not fully
active,221 and a further decrease in the oxygenation as
well as a decrease in the PHD levels allows for the sta-
bilization of HIFα.277�280 This feature explains why
regulation of the PHD levels is of physiological rele-
vance: the slightest up- or downregulation of PHD
abundance and/or activity potentially affects HIF-2-
dependent Epo expression. A very likely, albeit
unproven, mechanism regulating Epo production
hence might consist of the HIF-dependent transcrip-
tional increase in PHD levels. PHD2 and PHD3, but
not PHD1 or FIH, are HIF target genes induced under
hypoxic conditions.211,258,281�287 Hypoxically increased
PHD2 and PHD3 in turn downregulate HIF-2α protein
and hence Epo mRNA levels. This model shows a
biphasic response, with an early PHD3 and a late
PHD2 induction, and it allows for ongoing oxygen
sensing, suggesting that it could easily adapt to both
acute and chronic changes in oxygenation.277�280

There exist a large number of additional mechan-
isms regulating PHD and HIF abundance and activity,
but due to the lack of appropriate renal cell culture
models, their role in Epo gene regulation remains
largely unknown. Basically, PHDs are regulated on
three levels: transcription, protein abundance/stability
and enzymatic activity. Up to date, little is known
about the tissue-specific and growth factor-induced
PHD transcription. Estradiol is known to induce PHD1
gene expression,288,289 and TGF-β1 has been shown to
inhibit PHD2 gene expression.290 Whether these data
are relevant to the sex-specific and developmentally
regulated Epo gene expression is currently unknown.
PHD protein abundance and activity can further be
regulated by protein-protein interactions as well as by
cellular metabolites and other small molecules. More
than a dozen different proteins have been identified to
interact with PHDs, all of them representing candidate
Epo regulators, but none of them have ever been tested
for Epo regulation (for an overview see291).

Cellular small molecule regulating PHD enzymatic
activity include the redox-active substances ascorbate,
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transition metals, nitric oxide and other reactive oxygen
species.292�298 Transition metal ions, such as cobalt,
nickel and manganese, are very well known to induce
Epo gene expression both in vitro and in vivo.299,300 The
discovery of the PHD oxygen sensors finally provided
the molecular explanation for their function. Cellular
metabolites that potently inhibit PHD activity are the
Krebs cycle intermediates succinate and fumarate.301�303

Germline mutations of the genes encoding fumarate
hydratase (FH) or succinate dehydrogenase (SDH) result
in the accumulation of fumarate and succinate, respec-
tively, two potent inhibitors of PHD activity.304,305

Moreover, mutations in the gene encoding isocitrate
dehydrogenase-1 (IDH-1) lead to a decrease in the PHD
co-substrate 2-oxoglutarate and an increase in HIF-1α
levels.306 Thus, the PHDs link oxygen sensing with mito-
chondrial metabolism. However, whether Krebs cycle
enzyme mutations contribute to dysregulated Epo gene
expression, for instance in familial erythrocytosis, is a
major focus of ongoing research.

Modulation of Renal Erythropoietin Production

Renal perfusion: Renal erythropoietin production is
not significantly changed unless renal perfusion is
reduced to less than 10% of its normal value.307,308 This
may explain why renal artery stenosis is only rarely
associated with erythrocytosis.

Although not yet proven, a likely explanation for the
insensitivity of erythropoietin production toward
changes of renal blood flow may arise from the fact
that in the kidney oxygen consuming function and
renal blood flow are directly linked. A fall of renal per-
fusion will decrease glomerular filtration and will
lower the workload of the proximal tubule leading to a
reduced oxygen demand of the proximal tubule. Thus,
in spite of the fact that a decline of renal perfusion will
lower the oxygen delivery to the cortical interstitium, it
will not necessarily lower the pericellular oxygen
tension, because the oxygen demand is also reduced in
this situation. Because of this relationship, the kidney
is in fact an “ideal” organ to sense changes in the sys-
temic oxygen delivery independent of the renal
perfusion.

Acid�base state: A physiological parameter that can
effectively modulate renal erythropoietin production is
the acid�base state of the organism, in a way that
hypercarbia inhibits erythropoietin production while
hypocarbia enhances it.309�311 It was confirmed that
not only respiratory but also metabolic acidosis
markedly attenuates the stimulation of erythropoietin
in response to arterial hypoxia or to a reduction of the
oxygen-carrying capacity of the blood by an effect
related to the hypoxia triggering of erythropoietin

production.121 The mechanisms of this pH sensitivity
of oxygen sensing in the control of erythropoietin pro-
duction have not yet been clarified.

Blood viscosity: In addition, blood viscosity appears
to be a determinant for the efficacy of hypoxia to stim-
ulate renal erythropoietin production. Patients with
hypergammaglobulinemia may develop anemia that is
not always explained by displacement of erythroid
progenitors in the bone marrow, and that is character-
ized by plasma erythropoietin concentrations that are
relatively low for the degree of anemia.312,313 In fact, an
inverse correlation between erythropoietin production
and plasma viscosity unrelated to kidney function was
found for those patients.314 Plasma exchange experi-
ments in rats showed that the renal expression of
erythropoietin mRNA in response to anemia was
inversely related to plasma viscosity.314 Although the
mechanism for this marked influence of plasma viscos-
ity is not yet understood, it may provide an additional
mechanism along which the circulating red cells mass
could exert influence on the renal production of eryth-
ropoietin. Since it is well established that the packed
red cell volume is the major determinant for whole-
blood viscosity in vivo, it is conceivable that a fall of
blood viscosity during anemia contributes to the
enhancement of erythropoietin production, while an
increase of viscosity during polycythemia would sup-
port inhibition of erythropoietin production.

Inflammatory cytokines: Based on the observation
that chronic inflammatory diseases can lead to anemia
and that plasma erythropoietin levels are relatively low
in those patients, the possibility has been considered
that inflammatory cytokines might exert an effect on
erythropoietin production.315 Indeed, it was found that
interleukin-1 and tumor necrosis factor (TNF-α)
potently suppress hypoxia-induced erythropoietin pro-
duction and erythropoietin mRNA accumulation in
cultured hepatoma cells.316,317 This notion was con-
firmed in isolated perfused rat kidneys, where TNF-α
attenuated hypoxia-induced erythropoietin production.

Iron Metabolism and Epo Gene Regulation

Of major physiologically relevance is the cross-talk
between the oxygen and iron signalling pathways.
Increased Epo production is futile unless sufficient iron
is available for incrased erythropoiesis, the major iron
consuming process of our body. Therefore, iron metab-
olism is directly regulated by oxygen supply and Epo
production is directly regulated by iron availability.
The most obvious possible cross-talk between the two
pathways would be the strict requirement of the PHD
oxygen sensors for iron.298,318 Indeed, iron chelators
are known for a long time to induce HIFα protein sta-
bility and HIF-dependent target gene induction,
including Epo gene expression.319,320
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PLASMA ERYTHROPOIETIN
CONCENTRATION AND REQUIREMENT

FOR ERYTHROPOIESIS

In healthy humans, the plasma erythropoietin con-
centration ranges independently of gender between
10�20 mU/ml with rather moderate diurnal varia-
tions.321 Very similar values are measured in laboratory
animals. Erythropoietin concentrations are given in
terms of a biologic activity resulting from a comparison
with an international reference standard.

Given a specific biologic activity of between
130,000 U/mg of protein for urinary erythropoietin and
200,000 U/mg of protein for pure human recombinant
erythropoietin,8 normal plasma concentrations in
humans are then calculated to around 10 pmol/liter. In
view of the absolute dependency of definitive erythro-
poiesis on erythropoietin, it follows that an insufficient
formation of erythropoietin can be a major reason for
anemia. To determine whether erythropoietin formation
is appropriate or not, it is not sufficient to consider
plasma erythropoietin levels alone. Since erythropoietin
formation is mainly triggered by the oxygen delivery to
the renal cortex, erythropoietin formation relative to the
oxygen availability reflected by the hemoglobin concen-
tration is the more reliable parameter to estimate the
appropriateness of erythropoietin production. In labora-
tory animals, hemoglobin concentration can be changed
under more controlled conditions, and those experi-
ments have established an inverse semilogarithmic rela-
tionship between plasma concentration of erythropoietin
and hemoglobin concentration, or the hematocrit, that is
not dependent on the maneuver used to lower hemoglo-
bin concentration such as irradiation, bleeding, or induc-
tion of hemolysis (Fig. 92.6). A very similar inverse
semilogarithmic relationship is also found in humans
suffering from regenerative, hemolytic, or iron-
deficiency anemias (Fig. 92.11).131,132 Depending on the
degree of anemia, plasma erythropoietin concentrations
can certainly increase up to 1000-fold, that is, up to
10 nmol/liter. The physiological reasons of such high
plasma concentrations of erythropoietin are difficult to
understand in view of the fact that the dissociation
constant of the erythropoietin receptor is in the range of
10�50 pmol/liter, and that those concentrations are suf-
ficient to stimulate CFU-E proliferation in vitro (see
above). Studies in humans have shown that only moder-
ate elevations of plasma erythropoietin concentrations
are required to effectively stimulate erythropoiesis. This
is most evident in patients suffering from renal anemia
in which hemoglobin levels can be triggered to almost
any extent by the subcutaneous administration of re-
combinant erythropoietin. Upon subcutaneous admi-
nistration of erythropoietin, plasma erythropoietin

concentrations, however, only rarely exceed a level of
100 pmol/liter. Thus, the reasons for the highly exagger-
ated plasma erythropoietin concentrations seen during
severe anemia and severe arterial hypoxia are not yet
understood. In more complex forms of anemia, such as
postsurgery forms, or during chronic inflammation or
tumor disease, the characteristic inverse relationship
between plasma concentrations of erythropoietin and
hemoglobin/hematocrit flattens,322�324 suggesting that
erythropoietin production is in appropriately low in
those patients. In chronic renal disease, a positive rela-
tionship between plasma erythropoietin concentration
and the hemoglobin concentration appears, indicating
insufficient erythropoietin formation (Fig. 92.11).132 In
the latter instance, plasma erythropoietin concentrations
reflect its efficacy on erythropoiesis rather than the effi-
cacy of the renal oxygen erythropoietin sensor to regu-
late erythropoietin production in response to changes of
the oxygen availability.

FIGURE 92.11 Relationship between serum immunoreactive (ir)
EPO levels and hemoglobin concentration in patients with hypo- and
hyper-regenerative nonrenal anemias (black triangles) and in patients
with chronic renal failure (white triangles) (excluding patients with
polycystic kidney disease). The rectangle depicts the interquartile
range (dark stippled) and 95% confidence range of EPO levels in non-
anemic healthy adults. (With permission from Kurtz A, Eckardt KU.
Erythropoietin production in chronic renal disease before and after trans-
plantation. Contrib Nephrol 1990;87:15�25.)
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RENAL ANEMIA

Pathophysiology

Since the association of kidney disease with anemia
was first documented in 1836,7 anemia has been recog-
nized as a characteristic symptom of chronic renal fail-
ure. This anemia is usually normocytic and
normochromic, and develops almost invariably and
largely independent of the underlying kidney disease
when the creatinine clearance decreases to less than
20�30 ml/min.325,326 It was an early observation that
patients with renal failure lack the increase in serum
erythropoietin levels that normally occurs as a
response to reduced hemoglobin levels.131,327 All three
causes that can lead to anemia in general, namely,
hemolysis, blood loss, and mainly impaired erythropoi-
esis, play a role in the pathogenesis of renal anemia.
Although the contribution of hemolysis and blood loss
to the anemia of patients with renal diseases is vari-
able, and in selected patients may become predominant
factors, both mechanisms are usually of a severity that
can be compensated for by a moderate increase in the
red cell production rate. Characteristically, however,
erythropoiesis in renal failure is not enhanced, despite
the persistence of anemia, as reflected by a lack of an
appropriate increase in the number of reticulocytes and
in iron kinetic studies. The determinants of this lack of
response are therefore key elements in the pathogene-
sis of renal anemia.

Erythropoietin production during renal disease:
Numerous investigators have demonstrated that
endogenous erythropoietin production is severely
blunted in patients with renal failure, and that erythro-
poietin levels do not rise appropriately for the degree
of anemia (Fig. 92.11). It is also clear, however, that the
erythropoietin deficiency is relative, rather than
absolute, since levels in uremics are usually within or
slightly above the normal range of nonanemic indivi-
duals. Even anephric patients maintain some basal
erythropoietin production, which is presumably of
hepatic origin.328,329

The reason for the inadequate production of erythro-
poietin relative to the degree of anemia is far from
being understood. Although it might be assumed that
renal disease implies damage to the cellular production
sites of the hormone, the issue is more complex. When
patients with chronic renal failure experience acute
blood loss or hemolysis superimposed on their preex-
isting anemia, marked increases in circulating erythro-
poietin levels have been observed,330 whereas
conversely, red cell transfusions lead to a slight reduc-
tion in serum EPO.327,329 Erythropoietin levels in
patients with renal anemia also rise when oxygen
supply is further compromised by a reduction in the

arterial oxygen saturation of hemoglobin.330 Although
the response may be subnormal, these increases in
erythropoietin under acute hypoxia are often of a mag-
nitude that would certainly be sufficient to correct
renal anemia, if they persisted.

These oxygen-dependent changes of plasma erythro-
poietin in patients with renal failure may in part reflect
alterations in hepatic synthesis of the hormone. In gen-
eral, the quantitative role of the liver for erythropoietin
production in humans remains unknown, but a sub-
stantial hepatic contribution to the total erythropoietin
mRNA expression has been found in anemic and hyp-
oxic rats,71,76 and hepatic erythropoietin mRNA accu-
mulation was found not to be reduced in uremic
animals.76 Furthermore, in patients with renal anemia
serum, erythropoietin and erythropoiesis can be tran-
siently enhanced during episodes of viral and toxic
hepatitis.331 Although the mechanisms stimulating
erythropoietin in inflamed and/or regenerating liver
tissue have not been clarified, such observations sug-
gest that the hepatic capacity for erythropoietin pro-
duction would in principle be sufficient to compensate
for inappropriately low renal synthesis.

Additional evidence indicates that a substantial pro-
duction capacity for erythropoietin can also be main-
tained in diseased kidneys. A marked increase in
erythropoietin mRNA has been found in remnant-
kidney five-sixths nephrectomized rats after hypoxic
exposure.76 In experimental models of local renal tis-
sue, injury expression of the erythropoietin gene was
found to be reduced, but not abolished in areas of
tubular atrophy and interstitial fibrosis.97 Data about
erythropoietin production in human diseased kidneys
are sparse, but in patients developing erythrocytosis
after successful kidney transplantation, selective mea-
surements of erythropoietin in the veins draining the
transplant and the endogenous kidneys have revealed
an elevated erythropoietin production in the end-stage
kidneys, which probably maintains the inappropriate
increase in red cell production.332,333

In summary, it appears that in chronic renal failure,
a considerable production capacity for erythropoietin
is preserved, and that some feedback control of eryth-
ropoietin production is still operative, although the
mechanisms linking erythropoietin production to the
degree of anemia are disturbed. Given the evidence
discussed above indicating that transport capacity of
tubular cells plays a role in the control of erythropoie-
tin production, it is conceivable that a reduction of
tubular function contributes to inhibition of the normal
erythropoietin response. Moreover, some evidence
suggests that erythropoietin production in diseased
kidneys may be inhibited by immunomodulatory cyto-
kines, as mentioned earlier.316,317
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Although erythropoietin production is generally
unrelated to the etiology of renal failure, cystic kidney
disease provides an interesting exception. Autosomal
dominant polycystic kidney disease is a genetically
determined structural and functional disorder that
leads to chronic renal failure in the adult. The degree
of anemia in patients with end-stage polycystic kidney
disease is generally less severe than usual, and occa-
sionally patients may become polycythemic.334 In addi-
tion, acquired cysts in end-stage kidneys and single
cysts may lead to erythrocytosis.335,336 Plasma erythro-
poietin concentrations in patients with autosomal
dominant polycystic kidney disease are, on average,
twofold greater than in end-stage renal disease of
noncystic origin,334 and significant arteriovenous
concentration differences for erythropoietin exist in
polycystic kidneys.87 The mechanisms by which cysts
may stimulate erythropoietin production have not been
resolved, although it is conceivable that compression
and remodeling of pericystic tissue leads to regional
hypoxia. In the cyst walls of patients with autosomal
polycystic kidney disease, interstitial cells have been
shown to express erythropoietin mRNA,87 and cysts
derived from proximal, but not those derived from dis-
tal tubules, may contain high concentrations of erythro-
poietin that are on average four-fold above the plasma
concentration.87 It has also been shown that single cysts
derived from proximal tubules can contain high
concentrations of erythropoietin,337 indicating that
erythropoietin formation is linked to the phenomenon
of cysts formation itself rather than to the genetic
abnormalities in polycystic kidney disease.

Therapy of Renal Anemia with rhEPO

Large multicenter trials have unequivocally shown
that rhEPO is a highly effective therapy for renal
anemia, with approximately 95% of patients respond-
ing. Primarily, rhEPO was used in dialysis patients
only, but it is equally effective in predialysis patients
and, importantly, was found not to accelerate the pro-
gression of renal failure in this population.338,339 It
appears rational therefore to start rhEPO therapy once
a significant anemia develops, irrespective of whether
renal replacement therapy is already necessary. Initial
phase I clinical trials with rhEPO demonstrated that,
depending on the dose of rhEPO, a steep increase in
hemoglobin levels can be achieved within few
weeks.340,341 However, a very rapid correction of ane-
mia is generally not necessary, not cost effective, and
may be associated with a higher incidence of side
effects. Thus, while initially doses of up to 1500 IU/kg
of body weight per week were used, it is meanwhile
recommended to use 75�120 IU/kg per week in

order to achieve and maintain a hemoglobin value of
11 g/dl. The dose requirement in individual patients is
quite variable, probably as a reflection of the complex-
ity of the pathophysiology of renal anemia. In cases of
primary treatment failure and when the response to
rhEPO declines during therapy, the factors mentioned
above that interfere with EPO efficacy should be evalu-
ated. The majority of patients require iron supplemen-
tation to achieve an optimal effect with EPO therapy,
and parenteral iron is frequently superior to oral
supplements.342 As outlined above, some effects of
erythropoietin are unrelated to hematopoiesis. Those
effects have to be taken into account for side effects of
treatment with recombinant erythropoietin.

PHD Inhibitors as Future Therapeutics?

Albeit not fully understood regarding renal Epo
production, the wealth of novel insights into the basic
mechanisms of oxygen sensing and signalling opened
new routes towards the treatment of diseases related to
oxygen sensing. In kidney failure, oxygen consumption
is decreased, resulting in increased tissue pO2,
decreased renal Epo production and anemia. Kidney
dialysis patients hence need lifelong Epo treatments.
Pharmaceutical interference with protein hydroxylase
enzymatic activity proved to be efficient in vitro and
beneficial for the treatment of a number of diseases in
animal models in vivo, including tissue ischemia,
kidney injury and transplantation.244,343�346 Protein
hydroxylase inhibitors also stimulated Epo production
in mouse and rhesus macaque models.254,347 Clinical
phase II studies are being conducted to test the safety
and efficacy of protein hydroxylase inhibitors in the
treatment of patients with renal anemia. The near
future will answer the question as to whether the
currently available inhibitors of the oxygen sensing
protein hydroxylases are sufficiently efficient and
specific to serve as novel therapy strategies for the
treatment of anemia caused by renal disease.

Erythropoietin Production after Renal
Allotransplantation

Prior to the availability of rhEPO, renal allotransplan-
tation has been the only way to definitely correct renal
anemia. Hemoglobin concentrations usually normalize
within a few weeks following successful renal allotrans-
plantation. If one accepts that it is mainly an inappropri-
ate erythropoietin production that leads to anemia in
end-stage renal disease (ESRD), then consideration of
erythropoietin production after renal transplantation
becomes interesting. In fact, provided immediate excre-
tory graft function, plasma erythropoietin levels rise
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within 3�4 days after transplantation.348�350 When
hemoglobin concentrations subsequently have normal-
ized, plasma erythropoietin declines to normal values.351

These findings suggest that the transplant is capable of
registering the anemia of ESRD and of responding with
an increase in erythropoietin production. The oxygen
dependency of erythropoietin formation becomes even
more obvious when patients experience acute blood loss
in the post-transplant period.349 Regarding the mechan-
isms responsible for a disturbance of erythropoietin
production during kidney failure, the analysis of eryth-
ropoietin formation after transplantation is of particular
interest in those cases where the graft initially lacks
excretory function. In this situation, erythropoietin for-
mation was found to be rather unpredictable and vari-
able. In some cases, temporal increases occur and
plasma erythropoietin levels may display an irregular
spiking pattern with no relationship to hemoglobin
concentrations.349 In others, no evidence for erythropoie-
tin production by transplanted kidney is obtained at
all, and a reduction in hemoglobin concentrations does
not evoke an increase in erythropoietin. As soon as
excretory function commences, erythropoietin produc-
tion increases in primary inactive kidneys, or stabilizes
in those cases where inconsistent elevations occurred
during graft failure. In both instances, erythropoietin
levels after onset of excretory function reach the values
typical for cases with immediate graft function.349

Irrespective of the different behavior of erythropoietin
formation in individual cases, it appears as if during kid-
ney failure the production capacity for erythropoietin
may be preserved, but becomes decoupled from oxygen-
dependent regulation. Furthermore, the temporal con-
currence between the onset of excretory renal function
and a regular oxygen dependency of erythropoietin for-
mation in all cases may indicate that ongoing excretory
function in the kidney is a prerequisite for the regulation
of erythropoietin. This may have to do with the oxygen
consumption of proximal tubules, which apparently is of
relevance for the oxygen sensing.

Post-Transplant Polycythemia

In about 10% of the patients undergoing successful
renal allotransplantation, a polycythemia develops,
which in turn may give rise to thromboembolic compli-
cations.352 Plasma erythropoietin concentrations in
these patients were reported to be elevated,333,353 and
in some cases serial determinations showed as sus-
tained elevation of erythropoietin after transplantation
despite an increase in hemoglobin.351 As to the ques-
tion about the source of erythropoietin in these
patients, both the native kidneys left in situ and the
graft have to be considered. In some instances, an

association with rejection, artery stenosis,354 or hydro-
nephrosis of the transplanted kidney has been
reported. Extirpation of native kidneys has been found
to cure post-transplant polycythemia,355,356 suggesting
a substantial role of the native kidneys as a source of
inappropriate erythropoietin secretion.357 This clinical
inference is supported by multiple site estimates in
post-transplant patients with polycythemia, demon-
strating significant arteriovenous concentration differ-
ences for erythropoietin in the native kidneys.332,353 At
first view, it appears somewhat contradictory that after
transplantation erythropoietin formation by diseased
kidneys appears to induce polycythemia, whereas
before transplantation erythropoietin formation was
inappropriately low resulting in anemia. Although not
yet proven, one may assume that the removal of
uremia by the working graft and or suppression of
inflammation by immunosuppressants play a major
role. In any case, it appears also in the situation of
post-transplant polycythemia the native kidneys have
defect in adapting erythropoietin production appropri-
ately to the oxygen availability. Interestingly, the
enhanced formation of erythropoietin by the native
kidneys can be lowered by theophyilline by a mecha-
nism that is not yet understood.358

THROMBOCYTOPOIESIS

Platelet Formation

Like red cells, platelets derive from the pluripotent
stem cells (Fig. 92.12). Due to mechanisms that are not
well understood, stem cells become committed to the
megakaryocytic pathway ending up with the platelets.
Between the committed stem cells and the megakaryo-
cyte as the histologically clearly identifiable differentia-
tion state, there lie a number of cell divisions
and differentiation steps. Under the influence of a vari-
ety of stimuli, the committed cells give rise to
the earliest detectable progenitor, the megakaryocyte
colony�forming unit (CFU-M), which is close to the
megakaryocyte. When acted upon by appropriate regu-
latory substances, the CFU-M may be triggered to dif-
ferentiate and to pro-liferate. During this period of
development, these cells retain the normal diploid
complement of DNA, and some cytoplasmic ma-
turation does begin to occur as mitotic amplification
proceeds including the accumulation of acetylcholines-
terase activity, a cytochemical marker specific for
megakaryocytes. Mitosis ceases in these early progeni-
tor cells shortly after the appearance of acetylcholines-
terase activity, as a result of this early cytoplasmic
maturation. Cessation of mitotic activity does, how-
ever, not halt DNA synthesis. Rather, DNA synthesis

3109THROMBOCYTOPOIESIS

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



continues to occur in the form of nuclear endoredupli-
cation. It is this unique megakaryocyte characteristic
that allows these cells to become polyploid. Early
megakaryocytes begin to form platelet granules and to
form cytoplasmic invaginations that ultimately build
up the platelet demarcation membrane system.
Increasing cell ploidy is accompanied by increases in
cell size, nuclear lobulation, cytoplasmic granulation,
and changes in RNA content. As the ploidy level
increases, the megakaryocyte progenitors enter the ter-
minal stages of differentiation and become morpholog-
ically recognizable at the level of light microscopy.
Platelet formation is initiated when pseudopodia are
extended out of the megakaryocyte and penetrate the
bone marrow sinusoids. The pseudopodia then fracture
in the sinusoidal lumen and the fragments are carried
to the lung. Either during passage to the lung or in the
lung itself, the megakaryocyte fragment becomes a
platelet, as organization of the microtubular and dense
tubular systems induces its typical discoid shape.

Platelet formation appears to be controlled at least
by two main factors. One is thrombopoietin, which
increases DNA synthesis in young megakaryocytes,
increases the number of immediate megakaryocyte pre-
cursors, augments their differentiation into mature
megakaryocytes, increases the ploidy of megakaryo-
cytes and platelet volume.359 Although thrombopoietin

seems to be the primary regulator of megakaryocyte
development and platelet production,360�362 a specific
megakaryocyte-stimulating activity (Meg-CSA) that is
regulated independently from thrombopoietin has also
been suggested.363

Current models also suggest that early acting mega-
karyocyte colony stimulating factors, such as IL-3 or
c-kit ligand are required for expansion of hematopoietic
progenitors into cells capable of responding to late-
acting megakaryocyte potentiators, including IL-6,
IL-1,364 and thrombopoietin. All together, it appears as
if thrombopoietin is the primary and main regulator of
megakaryocyte development and platelet production.

THROMBOPOIETIN

Historical Development

Initial studies concerning the regulation of megakar-
yocytopoiesis conclusively demonstrated a relationship
between peripheral blood platelet numbers and altera-
tions in their production. These alterations, which were
manifested by the changes in megakaryocyte number,
size, mitotic index, and ploidy values, appeared to be
similar in both human and animal species. By analogy
to the effect of erythropoietin on erythropoiesis, it was
postulated that all of these effects were under the con-
trol of a single humoral regulatory substance desig-
nated thrombopoietin, which could be assayed by its
ability to raise platelet counts in recipient animals.365 It
was recognized that plasma taken from thrombocyto-
penic patients or animals was able to increase platelet
count or 35S-incorporation into platelets in healthy
recipients. Attempts were made to purify thrombopoie-
tin from the plasma of thrombopenic animals, how-
ever, were not met with great success. By chance it was
found that the culture medium conditioned by the
human embryonic kidney cell line (HEK) contained
activity that was thrombopoietic both in vivo and
in vitro.366 The breakthrough came in 1994 when three
groups reported the cloning of the thrombopoietin
gene and demonstrated that thrombopoietin was a
novel protein.367�369 Important for the cloning strategy
was the previous finding that platelets express the
c-mpl proto-oncogene product, which was found to
belong to the cytokine receptor superfamily.370�372

Ingeniously anticipating that this receptor could be the
thrombopoietin receptor, an assumption that was
subsequently confirmed, affinity purification of throm-
bopoietin with the help of c-mpl was possible. The
cloning of the thrombopoietin gene not only gave infor-
mation about the structure of thrombopoietin and
provided molecular tools for further investigations, but
also led to the production of recombinant
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FIGURE 92.12 Schematic demonstration of differentiation steps
of platelet formation and the action sites of thromobopoietin.
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thrombopoietin, which is available now for clinical
trials in the treatment of thrombocytopenia.

Thrombopoietin Structure

Thrombopoietin has a predicted molecular mass of
35 kD.367,369 Human full-length recombinant thrombo-
poietin has 332 residues. cDNAs for human, dog, and
mouse are highly conserved and contain open reading
frames for proteins of 353, 352, and 356 amino acids,
respectively, including predicted 21 As signal pep-
tides.367,368 The protein backbone contains 6 N-
carbohydrate linkage sites368 and one O-carbohydrate
linkage site to which complex carbohydrates are
bound.373 At the N-terminus, thrombopoietin has a
high similarity to erythropoietin. Similar to the eryth-
ropoietin protein, the thrombopoietin protein probably
contains two disulfide bonds (Cys 7�151 and Cys
29�85) that thus form a looped molecule.

Earlier attempts to purify thrombopoietic activities
from HEK cells or from plasma or urine of thrombope-
nic beings led to activities with apparent molecular
masses of around 30 kD and smaller sizes. In addition,
thrombopoietic activity purified from canine or porcine
thrombopenic plasma by binding to c-mpl appeared to
be smaller than expected, namely with masses of 30,
25, and 20 kD,367,368 but was found to have the same
amino terminus as 25-kD thrombopoietin. It appears
likely therefore that native thrombopoietin is cleaved
into smaller products. This assumption is compatible
with the fact that thrombopoietin contains two di-
basic�amino acid sequences at positions 153�154 and
245-246, which could serve as potential processing
sites. Although the cleavage mechanism is not yet
understood, recent evidence suggests that thrombin
could be involved in the physiologic cleavage of throm-
bopoietin.374 However, in the circulation as well as in
cell culture, this characteristic cleavage of thrombo-
poietin appears to occur.

Taken together, it appears as if thrombopoietin is
produced as a glycoprotein with a protein backbone of
around 330 amino acids, which physiologically
becomes cleaved into a smaller fragments with a main
size of around 30 kD. The fragments are biologically
active and they share the same N-terminus, indicating
that the N-terminus is essential for transmitting the
biologic activity.

Thrombopoietin Gene

Controversial information has been reported about
the structure of the thrombopoietin gene. While there is
consensus that the human thrombopoietin gene contains
a single copy on chromosome 3q26�28,375�377 variable
information exists about the length and organization of
the gene. One group reported that the human thrombo-
poietin gene encompasses 6.2 kb with six exons and five

introns,376,377 whereas others found that the human
thrombopoietin gene spans over 8 kb, consisting of seven
exons and six introns.375 Evidence suggests the existence
of RNA splice variants for thrombopoietin.369 The pro-
moter region of the thrombopoietin gene contains no
canonical TATA box. Investigations of regulating the
thrombopoietin promoter have just begun. Early results
suggest that the Ets transcription factor could play a role
in its regulation.378

Thrombopoietin Receptor

Analysis of a leukemogenic retrovirus genome
revealed the existence of a region coding for the
so-called c-mpl proto-oncogene, which was expressed
in hematopoietic tissue, and shared strong structural
analogies with the hematopoietin superfamily.372

Subsequently, it was shown that the c-mpl protein
transduces a proliferative signal in hemopoietic cells.371

Demonstration that oligodesoxynucleotides antisense
to c-mpl specifically inhibited in vitro megakaryopoi-
esis led then to the assumption that c-mpl is the physi-
ologic receptor for thrombopoietin.370 c-Mpl-deficient
mice have a marked (85%) decrease of platelet count
and megakaryocytes, but have normal amounts of
other hematopoietic cell types.379,380 C-mpl is found in
early progenitors of the various lineages and particu-
larly in cells of the megakaryocytic lineage including
platelets. This is a major difference compared to eryth-
ropoietin receptors, which are mainly expressed in late
erythroid progenitors (CFU-E) and then decline and
are absent from red blood cells.

Like other members of the hematopoietin/cytokine
receptor superfamily, C-mpl consists of one extracellular
domain, a single transmembrane domain and a cytosolic
region.381 Essential for the signaling are less than 100
amino acids of the cytoplasmic tail proximal to the trans-
membrane domain.382 This region contains two boxes
that are essential for tyrosine phosphorylation induced
by thrombopoietin, and the thrombopoietin receptor
itself is a substrate for phosphorylation.383 Similar to the
erythropoietin receptor, the signaling mechanism essen-
tially starts with the receptor association and activation
of Janus-kinase 2 (JAK2) and subsequent activation of
STAT proteins.382�385 The C-terminus of the c-mpl intra-
cellular domain was found to be required for induction
of Shc phosphorylation and c-fos mRNA accumulation,
suggesting also involvement of the Ras signal transduc-
tion pathway.382 In addition, the MAP kinase pathway
becomes activated by thrombopoietin.386 Finally, it has
been found that thrombopoietin like erythropoietin acti-
vates phosphatidylinositol-3-kinase,387 which causes an
as yet unknown signaling pathway in megakaryocytes.

In addition to the membrane-anchored thrombo-
poietin receptor, a soluble form of the thrombopoietin
receptor exists, of smaller size, and which has biologic
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activity probably by associating with the target cells.65

The binding characteristics of the thrombopoietin/
MGDF receptor suggest the existence of a single affin-
ity binding site with a dissociation constant of around
190 pmol/liter and about 30 binding sites per plate-
let.388 The number of thrombopoietin binding sites on
megakaryocytes is presumably higher but has not yet
been determined.

Thrombopoietin Action

Mouse thrombopoietin activates human mpl, and
human thrombopoietin activates mouse mpl, indicat-
ing the absence of strict species specificity.389

Thrombopoietin increases megakaryocyte number and
size in the bone marrow.390 Thrombopoietin in vivo
also increases DNA content of mouse bone marrow
megakaryocytes indicating the induction of polyploi-
dization.391 Recombinant thrombopoietin also sup-
ports in vitro megakaryocyte formation, and acts at
late stage of development to increase megakaryocyte
size, polyploidization, and expression of differentia-
tion markers. In vivo recombinant thrombopoietin
stimulates platelet production by expanding the num-
ber of megakaryocytes and their progenitors in mar-
row and spleen. Transgenic mice overexpressing
human thrombopoietin exhibit chronic thrombocyto-
sis.392 Conversely, animals with a disrupted thrombo-
poietin gene have low numbers of platelets and
megakaryocytes. Thrombopoietin is therefore the
major physiological regulator of both proliferation and
differentiation of hematopoietic progenitor cells into
mature megakaryocytes.393 In addition to acting as a
proliferation and differentiation factor, it has also been
suggested that thrombopoietin suppresses apoptosis
and behaves as a survival factor for megakaryo-
cytes.394,395 Interestingly, thrombopoietin appears not
to be essential for a very late step in thrombocytopoi-
esis, namely proplatelet formation.396

Apart from these effects of thrombopoietin on late
thrombopoiesis, however, thrombopoietin appears—in
contrast to the action of erythropoietin—to also exert
influence on early progenitors of different lineages.
Thus, recombinant thrombopoietin increases not only
the number circulating platelets but also the number
CFU-M in primates.397 Furthermore, thrombopoietin
synergizes with stem cell factor or interleukin-3 to act
on early multipotential hemopoietic progenitors.398 The
hematopoietic progenitor cell compartment responds
to thrombopoietin as a whole, and therefore thrombo-
poietin can stimulate BFU-E, CFU-GM, and CFU-Mk
formation in vivo.399,400 Since erythroid progenitors
respond to thrombopoietin, thrombopoietin can there-
fore augment erythropoiesis in states of bone marrow
failure401 by enhancing the effect of erythropoietin on
early progenitors.402 Physiologically increased levels of

thrombopoietin, however, do not stimulate erythropoi-
esis.403 Similarly, physiologically increased levels of
erythropoietin do not stimulate thrombopoiesis,403

while high doses of recombinant erythropoietin stimu-
late platelet production in mice36 by synergizing with
thrombopoietin to stimulate proliferation of CFU-M404

or by cross-activation of the thrombopoietin receptor.
The existence of thrombopoietin receptors on circu-

lating platelets in contrast to the lack of erythropoietin
receptors on circulating red blood cells, suggests that
thrombopoietin could also exert effects in mature plate-
lets. In fact, there is accumulating evidence to suggest
that thrombopoietin by itself does not change platelet
activity, but substantially enhances platelet activation
induced by ADP, thrombin, or other factors.405�407

Sites of Thrombopoietin Production

Given that the human embryonic kidney (HEK) cell
line produces thrombopoietin activity, it was assumed
that the kidney is a major site of thrombopoietin pro-
duction.366,408 Studies in nephrectomized animals,
however, produced inconsistent results. Only one
study reported a lack of response of platelet production
in thrombocytopenic nephrectomized rats.409 From a
more clinical point of view, it can be noted that aneph-
ric patients on regular dialysis who are not treated
with rhEPO are severely anemic, but not regularly
thrombocytopenic.410 It appeared reasonable therefore
to conclude that other organs such as the liver411 are
able to compensate for the lack of renal thrombopoietin
production. This assumption was confirmed by the
finding that liver and kidney are the main sites of
thrombopoietin mRNA expression in the body,368,369

while thrombopoietin mRNA abundance is greater in
the liver than in kidneys. In situ hybridization localized
thrombopoietin mRNA to proximal tubules and hepa-
tocytes, with no signal in renal peritubular cells.412

From these findings, it appears as if liver and therein
hepatocytes are the main site of thrombopoietin mRNA
expression.413 Apart from kidney and liver thrombo-
poietin, mRNA is found in spleen and bone marrow,414

albeit at substantially lower levels. Some evidence has
been provided to suggest that thrombopoietin
produced by stromal cells in a hematopoietic environ-
ment stimulates proliferation and maturation of
megakaryocytes.415

Regulation of Plasma Thrombopoietin Levels

The data about the plasma concentration of thrombo-
poietin are as yet rather scarce. It was reported that in
healthy humans, plasma thrombopoietin concentrations
are around 0.7 fmol/liter with no gender difference or
age dependency,416 which is consistent with another
report that normal values are below 150 pg/ml.417

Plasma thrombopoietin levels are increased during
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thrombocytopenic states of different etiology. Up to
know highest levels of thrombopoietin were reported
for patients with aplastic anemia in which values up to
18 fmol/ml418 or 4000 pg/ml417 were measured.

Thrombopoietin levels are usually inversely related
to the number of circulating platelets, in striking
similarity to the relationship between plasma erythro-
poietin levels and red cell counts. As for erythropoie-
tin, liver and kidney as the main production sites for
thrombopoietin apparently do not contain significant
stores of preformed hormone, since successful isolation
of thrombopoietin from organs has not yet been
reported. One may infer that thrombopoietin secretion
into the bloodstream is mainly determined by the rate
of de novo synthesis in liver and kidney. In marked
contrast to the regulation of the erythropoietin gene,
however, changes in platelet counts have no effect on
thrombopoietin mRNA levels in liver, kidney, and
spleen,414,419 although a certain upregulation may
occur in the bone marrow during thrombocytope-
nia.412,414 The lack of relationship between thrombo-
poietin mRNA levels in the organs mainly responsible
for thrombopoietin production and the circulating
thrombopoietin level strongly suggests that the regula-
tion does not occur at the level of its mRNA, and that
the production rate either depends on regulation at the
post-transcriptional level or that changes in circulating
thrombopoietin levels do not reflect changes in its pro-
duction rate. Although a post-translational regulation
cannot be excluded, the evidence currently available
favors the idea that changes in circulating thrombo-
poietin levels are mainly regulated by thrombopoietin
metabolism rather than by alterations of its production.
From the observation that plasma thrombopoietin
changes reciprocally with changes of platelet counts, it
was postulated that platelet mass may directly play a
role in regulating the circulating levels of thrombopoie-
tin (Fig. 92.13).420 Evidence was in fact provided that
thrombopoietin levels are directly determined by the
number of circulating platelets,393 because they bind
thrombopoietin to the c-mpl receptor,421 and internal-
ize and metabolize thrombopoietin.419,421,422 Moreover,

megakaryocytes appear to affect thrombopoietin levels
and to contribute to thrombopoietin degradation.422,423

In line with this inference, it has been reported that
megakaryocyte mass is an essential determinant of
circulating thrombopoietin levels,417 and it is assumed
that not only platelets but also megakaryocytes must
be involved in the regulation of the level of circulating
thrombopoietin.424,425 In patients with aplastic anemia,
however, no direct correlation between thrombopoietin
levels and the degree of thrombocytopenia was
found,426 suggesting that parameters different from
circulating platelets (and number of megakaryocytes)
also influence plasma thrombopoietin levels.

FUTURE ASPECTS

Although understanding the role of the kidney in
hematopoiesis has been significantly expanded in
recent years, some obvious questions are still unan-
swered. Thus, it will be interesting to learn why only a
special subset of interstitial fibroblasts around proxi-
mal tubules elaborate EPO. Furthermore, the reasons
for why renal cells producing EPO in situ do not do so
in vitro have to be clarified, as well as those underlying
the observation that a number of extrarenal cells (pri-
mary cultures and cell lines) express EPO in an inverse
fashion with the oxygen tension. Understanding how
the renal oxygen sensor controlling erythropoietin pro-
duction works will also help in learning why, in
chronic renal disease, erythropoietin production is
decoupled from oxygen availability, since significant
production capacity of the kidney to elaborate erythro-
poietin appears to be preserved.
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INTRODUCTION

The goal of dialysis in patients with end-stage renal
disease is to restore the composition of the body’s fluid
environment to normal. Dialysis is performed by creat-
ing an artificial situation in which the blood is sepa-
rated from a disposable second solution (the dialysate)
by a semipermeable membrane (the dialyzer or the
peritoneal membrane). Solutes will diffuse from the
blood through the membrane in proportion to their
membrane permeability and the concentration gradi-
ent. The physician is able to decrease or prevent
removal of a solute by adding it to the dialysate,
thereby decreasing the concentration gradient for diffu-
sive movement. One may also introduce solute into the
dialysate in a concentration in excess of that usually
found in the plasma water so that diffusive movement
of this solute into the patient is favored. This chapter
focuses on the changes that take place in electrolytes
and acid�base during hemodialysis and peritoneal
dialysis.

SODIUM

Hemodialysis

The patient with end-stage renal disease is depen-
dent on dialysis to remove sodium from the body in an
amount that matches sodium intake so that balance
can be maintained. Sodium is free to cross the dialysis

membrane primarily by the process of diffusion, and
to a lesser extent by convection. The concentration of
sodium in the dialysate plays a pivotal role in deter-
mining whether sodium balance is maintained at
a level that avoids volume overload and yet provides
adequate cardiovascular stability during the
procedure.

As dialysis has evolved, there has been continued
interest in adjusting the dialysate sodium concentration
in an attempt to improve the tolerability of the proce-
dure. In the early days of dialysis, a low-sodium dialy-
sate was typically utilized to reduce the complications
(such as hypertension and congestive heart failure) of
chronic volume overload. However, with reduced
dialysis treatment times it became apparent that such
therapy contributed to hemodynamic instability by
exacerbating the decline in plasma osmolality (particu-
larly early in the dialysis procedure) and intravascular
volume. Subsequent studies demonstrated that raising
dialysate sodium to between 139 and 144 mEq/liter
was associated with improved hemodynamic stability
and general tolerance to the procedure.19,74,175

There was concern that an increased dialysate
sodium concentration would produce a dipsogenic
effect resulting in increased weight gain and poor
blood pressure control. Studies addressing this issue
confirmed that a higher-dialysate sodium modestly
increased interdialytic weight gain. However, this
excess weight was found to be readily removed with
improved tolerance to ultrafiltration.74
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More recently, there has been interest in varying the
concentration of sodium in the dialysate during the
procedure so as to minimize the potential complica-
tions of a high-sodium solution while retaining the
beneficial hemodynamic effects.154 A high dialysate
sodium concentration is used initially with a progres-
sive reduction toward isotonic or hypotonic levels by
the end of the procedure. This method allows for a dif-
fusive Na influx early in the session in order to prevent
the rapid decline in plasma osmolality due to the efflux
of urea and other small-molecular-weight solutes.
During the remainder of the procedure, when the
reduction in osmolality accompanying urea removal is
less abrupt the lower dialysate Na level minimizes the
development of hypertonicity and any resultant exces-
sive thirst, fluid gain, and hypertension in the interdia-
lytic period (Figure 93.1).

As outlined in Table 93.1, several studies have com-
pared the hemodynamic and symptomatic effects of a
dialysate in which the sodium concentration is varied
during the procedure to that in which the sodium con-
centration is fixed. Dumler et al. used a dialysate
sodium of 150 mEq/liter during the initial 3 hours of
dialysis at the time of ultrafiltration. The dialysate
sodium was decreased to 130 mEq/liter for the last
hour.49 The control group was dialyzed against sodium
concentration fixed at 140 mEq/liter. Use of the high/
low sodium hemodialysis was associated with a smal-
ler decline in systolic pressure and fewer symptomatic
hypotensive episodes.

Other investigators have varied dialysate sodium
according to a sodium-gradient protocol in which the
sodium is set to decrease from a high to a low level
over the course of a dialysis session. The mixed results
from these experiences are outlined in Table 93.1. Raja
et al.145 and Daugirdas et al.37 found no measurable
benefit. Acchiardo et al.1 found a reduction in hypoten-
sive episodes, and Sandowski et al. had similar results
in young patients.152 The linear and step sodium
modeling programs have been found to be better in
lowering the risk of intradialytic headache compared
to the exponential program. The linear program was
the only individual program that alleviated interdialy-
tic cramps. The most striking reduction in the risk for
post-treatment hypotension occurred with the step
program.

Differences in the incidence of symptomatic hypo-
tension during dialysis or in the degree of interdialytic
weight gain between the fixed and variable sodium
protocols have been difficult to demonstrate. Levin
et al. studied a group of patients who were specifically
selected because of the frequent occurrence of symp-
toms upon dialysis—such as headaches, cramps, and
lightheadedness.104 In a crossover trial, these patients
were assigned either to a fixed sodium dialysate and a
constant rate of ultrafiltration or to a gradient protocol
in which the initial sodium concentration and ramping
pattern were individually adjusted to minimize thirst.
Use of patient-specific sodium gradient profiles was
associated with improvement in all patients with head-
ache and in 70% of patients with lightheadedness. The
majority of patients reported an increase in thirst, but
there were no differences in interdialytic weight gain
or in pre-dialysis and postdialysis mean arterial
pressure.

Utilizing a more general dialysis population, Sang
et al. compared a linear or step sodium gradient
(155�140 mEq/liter) protocol to a fixed sodium dialy-
sate (140 mEq/liter).156 In this study, sodium modeling
was associated with a significant reduction in cramps
and symptomatic hypotension. However, these benefits
were followed by increasing thirst, fatigue, and weight
gain between dialysis sessions—as well as by a higher
predialysis blood pressure. The authors concluded that
only 22% of patients had a significant benefit from the
modeling programs. Finally, a study by Movilli et al.122

found improved blood volume preservation by using a
pattern of high-to-low sodium change (160�133 mEq/
liter). The changes in blood pressure were similar
between this high-to-low variation and conventional
dialysis.

In summary, the available data suggest that in most
chronic dialysis patients changing the dialysate Na
during the course of treatment offers little advantage
over a constant dialysate Na of between 140 and
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FIGURE 93.1 Use of a low sodium dialysate is more commonly
associated with intradialytic hypotension. In the initial period of dial-
ysis the extracellular urea concentration falls creating an osmotic
driving force for water movement into the cell due to the higher
intracellular urea concentration. This drop in extracellular osmolality
and movement of water into the intracellular space is exacerbated in
the setting of a low dialysate Na concentration. As a result plasma
volume falls and the risk of hypotension increases. A high sodium
dialysate helps to minimize the development of extracellular hypos-
molality allowing for better refilling of the intravascular compart-
ment. Plasma volume remains better preserved and the risk of
hypotension is reduced.
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145 mEq/liter. The inability to clearly demonstrate a
superiority of Na modeling may be due to the fact that
the time-averaged concentration of Na was similar in
many of the comparative studies. For example, a linear
decline in dialysate Na from 150 to 140 mEq/liter will
produce approximately the same postdialysis serum
Na as occurs when a dialysate Na of 145 mEq/liter is
used throughout the procedure. In addition, the opti-
mal time-averaged Na concentration (whether adminis-
tered in a modeling protocol or with a fixed dialysate
concentration) is likely to vary from patient to
patient (as well as in the same patient) during different
treatment times.159 This variability is supported by
studies demonstrating wide differences in the month-
to-month pre-dialysis Na concentration in otherwise
stable dialysis patients.57

Nevertheless, in selected patients Na modeling may
be of benefit (Table 93.2). Patients initiating dialysis
with marked azotemia are often deliberately dialyzed
so as to decrease the urea concentration slowly over
the course of several days in order to avoid the devel-
opment of the dialysis disequilibrium syndrome. The
use of a high-/low-Na dialysate in these patients may
minimize fluid shifts into the intracellular compart-
ment and decrease the tendency for neurologic compli-
cations. Na modeling may also be beneficial in patients
suffering frequent intradialytic hypotension, cramping,
nausea, vomiting, fatigue, or headache. In such
patients, the modeling protocol can be individually tai-
lored to minimize increased thirst, weight gain, and
hypertension.

Combining dialysate Na profiling with a varying
rate of ultrafiltration may provide additional benefit in
particularly symptomatic patients.169,198 Ultrafiltration
profiling is the deliberate use of a high rate of ultrafil-
tration in the initial part of the treatment when the vol-
ume of interstitial fluid available for vascular refilling
is maximal and then sequentially decreasing the rate so
as to parallel the anticipated fall in interstitial fluid vol-
ume. Use of this combined approach may be of particu-
lar benefit in ensuring hemodynamic stability in
patients with acute renal failure in the intensive care
unit.132

When prescribing a Na gradient protocol it is impor-
tant to monitor the patient for evidence of a progres-
sive increase in total body Na. Use of a low-dialysate

TABLE 93.1 Summary of Recent Studies Examining Effects of Na Gradient Protocols

Study (reference) Design Intervention Results

Dumler et al.,49 10 patients, crossover design Fixed (140) vs high (150)/low
(130), Uf only with 150

50% decrease in cramping episodes (no statistical
comparison possible)

Raja et al.,145 10 patients, crossover design Fixed (135 and 140) vs high (145)/
low (135) vs low (135)/high (145)

No difference in hypotensive episodes between
high/low and 140, but both better than 135 and
low/high protocols

Daugirdas et al.,37 7 patients, crossover design Fixed (143,135) vs gradient (160 to
133)

No difference in hypotensive episodes or cramps
among 3 groups

Acchiardo et al.,1 39 patients, crossover design Fixed (140) vs gradient (149 to 140
linear, exponential, step)

50% reduction in hypotensive episodes and cramps
with gradient protocol

Sandowski et al.,152 16 patients (16�32 years of
age), crossover design

Fixed (138) vs gradient (149 to 138,
linear, exponential, step)

Decrease in intra- and interdialytic morbidity with
gradient, no differences in symptomatic
hypotension

Levin et al.,104 11 symptomatic patients and 5
asymptomatic patients,
crossover design

Fixed (140) vs ramped Na
(155�160 to 140) and Uf, each
individually tailored

Significant decrease in dialysis morbidity with
ramped protocol

Sang et al.,156 23 patients, crossover design Fixed (140) vs gradient (155 to 140,
linear or step)

Decrease in cramps and hypotension with gradient
but only 22% of patients with significant benefit

TABLE 93.2 Indications and Contraindications for use of Na
Modeling (high/low programs)

A. Indications

• Intradialytic hypotension
• Cramping
• Initiation of hemodialysis in setting of severe azotemia
• Hemodynamically unstable patient (as in intensive care unit

setting)

B. Contraindications

• Intradialytic development of hypertension
• Large interdialytic weight gain induced by high Na dialysate
• Hypernatremia
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Na during the terminal phase of the procedure does
not necessarily guarantee negative Na balance. In some
patients, a high/low Na protocol can lead to large
interdialytic weight gain or cause intradialytic hyper-
tension (Table 93.2). Such adverse effects are more
likely to occur when the time-averaged Na concentra-
tion is greater than the pre-dialysis serum Na con-
centration. In one report, this complication was
avoided when the time-averaged Na concentration was
kept 0.5�0.8 mmol/liter lower than the patient’s pre-
dialysis serum sodium concentration.168,93

A Na gradient protocol can be administered in such
a way that the amount of Na exchanged is the same as
with a fixed Na dialysate while better preserving blood
volume during ultrafiltration. Coli et al., has described
a procedure termed profiled hemodialysis.32�34,181 This
technique is based on a mathematical model in which
baseline patient characteristics are used to construct a
patient-specific sodium profile dialysate prior to
each treatment. Initial experience with this procedure
has shown improved cardiovascular hemodynamics
when compared to a fixed dialysate sodium concentra-
tion despite the same total mass of sodium being
removed.33,34

In hypertensive patients, adjusting the protocol to
achieve negative Na balance may be of therapeutic
benefit in the long-term control of blood pressure. In
this regard, Flanigan et al. recently compared a fixed
dialysate Na of 140 mEq/liter to a gradient protocol in
which the dialysate Na was lowered in an exponential
fashion from 155 to 135 mEq/liter and then held
constant at 135 mEq/liter for the final half-hour of the
procedure.58 Ultrafiltration was discontinued during
the final half hour of the session. Use of the variable
Na dialysate permitted a 50% reduction in the dose of
antihypertensive medication without significant
changes in pre-dialysis blood pressure or interdialytic
weight gain. Although not specifically measured, use
of the terminal low-sodium period likely caused a
decrease in the total-body exchangeable Na—thus
accounting for improved blood pressure control in
Na-sensitive patients. Several other trials have noted a
modest reduction in the dialysate Na can be an effec-
tive maneuver in lowering blood pressure in dialysis
patients.

Sodium loading during the dialysis procedure by
stimulating thirst can result in expansion of extracellu-
lar fluid volume and cause increased cardiac output
and blood pressure. Volume independent mechanisms
may also play a role in the hypertensive effect of a salt
load.15 For example, increased sympathetic outflow has
been linked to hypernatremia in the Dahl salt-sensitive
rat. Increased brain Na and osmolality is associated
with increased angiotensin II levels. In addition
to potential vasoconstrictive and vasculotoxic effects,

angiotensin II stimulates sympathetic outflow by bind-
ing to AT1 receptors centrally. In vitro, high medium
Na concentration results in hypertrophy of cardiac
myocytes and vascular smooth muscle cells.65

Increased medium Na also leads to endothelial cell
stiffness and decreased nitric oxide production in the
presence of aldosterone.127 Taken together these obser-
vations suggest sodium overload and hypernatremia
induced by a high dialysate Na concentration may play
an important role in hypertension and abnormal vascu-
lar function in dialysis patients.

The ability to achieve neutral sodium balance
requires the dialysate sodium concentration to be indi-
vidualized such that with each treatment a constant
end-session plasma sodium concentration is reached.
In dialysis patients, interdialytic sodium and water
loads vary from one patient to another and from treat-
ment to treatment. Water balance can be achieved
by making total ultrafiltrate volume equal to interdialy-
tic weight gain. If over time end-dialysis weight and
plasma sodium concentration are kept constant
(assuming no change in sodium distribution volume),
one can assume that the patient will be in sodium bal-
ance. As currently practiced, dialysate sodium concen-
trations (whether fixed or varied) are not chosen with
the primary aim of achieving sodium balance. In fact,
pre-dialysis serum sodium levels may vary between
125 and 147 mEq/liter in dialysis patients, but for any
individual patient the standard deviation of the pre-
dialysis serum sodium value is less than or equal to
2.5 mEq/liter.56,96 As a result, a dialysate sodium con-
centration that achieves neutral sodium balance for one
patient may cause salt loading when applied to
another. This approach risks a pathologic excess in the
total sodium mass, which over time can lead to clinical
manifestations of volume overload such as hyperten-
sion and congestive heart failure.

To properly calculate the dialysate sodium concen-
tration required to maintain sodium balance, measure-
ment of plasma water sodium concentration at the
beginning of the treatment is required. Hemodynamics
were recently compared in 27 patients dialyzed against
dialysate Na set at 138 mEq/liter versus dialysate Na
set to match the average pre-dialysis Na concentration
multiplied by the Donnan coefficient of 0.95 (individu-
alized Na dialysate).39 This latter step was undertaken
to better approximate the ionic concentration of Na
rather than its total concentration. The ionic concentra-
tion of Na better reflects the amount available for
movement across a dialysis membrane because a
small amount of total Na is unavailable for diffusive
flux due to Donnan effects and complexes formed with
certain anions. Use of the individualized Na dialysate
was associated with less interdialytic weight gain,
decreased thirst, and improved blood pressure control.
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The ionic activity of sodium can also be measured
through the use of conductivity measurements.
Locatelli et al. have recently described the use of a bio-
feedback system that allows for the automatic deter-
mination of plasma water and dialysate conductivity
such that blood sampling can be avoided.108�110 With
these measurements—along with session time, desired
weight loss, and expected end-treatment plasma water
conductivity—the dialysate conductivity is automati-
cally adjusted in order to achieve the prescribed final
plasma water conductivity. Application of this conduc-
tivity kinetic model to patients treated with a variant of
hemodiafiltration achieves near-zero hydrosodium bal-
ance and improves intradialytic cardiovascular stabil-
ity.109 Such techniques may also be useful in patients
with a low pre-dialysis Na concentration who are
prone to positive sodium balance when dialyzed
against a fixed dialysate Na.120 Newer technology will
allow for plasma water and dialysate conductivity to
be measured repetitively during the procedure, allow-
ing automatic adjustment of the dialysate sodium on-
line throughout the procedure.21,113,139

With increased ability to individualize the dialysate
sodium concentration, one can envision a scenario in
which a patient initiated on hemodialysis is initially
treated with a dialysate sodium concentration designed
to achieve negative sodium balance. Once the patient
becomes normotensive or requires minimal amounts of
antihypertensive medication, the dialysate sodium can
be adjusted on a continual basis to ensure that sodium
balance is maintained. In this manner, management of
sodium balance would be made similar to management
of fluid intake. Achieving the optimal total body
sodium content will likely become just as important as
determining an accurate dry weight.

Peritoneal Dialysis

Ultrafiltration in peritoneal dialysis is achieved by
instilling into the peritoneal cavity a fluid that is hyper-
osmolar relative to plasma. The creation of this osmotic
gradient results in net movement of free water into the
peritoneal cavity. The degree of hypertonicity, the
dwell time, and peritoneal transport characteristics are
the main determinants of volume removal. The magni-
tude of ultrafiltration is determined clinically by sub-
tracting the volume of fluid instilled in the peritoneal
cavity from the effluent volume.

The osmotic driving force of peritoneal dialysate can
be adjusted by changing the dialysate glucose concen-
tration. A 1.5% glucose dialysate is only slightly hyper-
tonic to plasma, and small volumes of ultrafiltration
will be expected. In contrast, ultrafiltration rates of up
to one liter per hour have been obtained with a 4.25%

solution. The osmolality of the infused dialysate
declines over time due to the movement of water into
the peritoneal cavity and the absorption of glucose
from the peritoneal cavity. Due to a sieving coefficient
across the peritoneal membrane of less than one, the
sodium concentration in the ultrafiltrate during perito-
neal dialysis is usually less than the extracellular fluid.
As a result, there is a tendency for water loss and the
development of hypernatremia. Commercially avail-
able peritoneal dialysates have a sodium concentration
of 132 mEq/liter to compensate for this tendency
toward dehydration. This effect is most pronounced
with increasing frequency of exchanges and with
increasing dialysate glucose concentrations. Use of the
more hypertonic solutions with frequent cycling can
result in significant dehydration and hypernatremia.
As a result of stimulated thirst, water intake and
weight may increase—resulting in a vicious cycle.

There are three components that determine sodium
transport in peritoneal dialysis. The components that
account for removal of sodium from the body are diffu-
sion (due to the concentration gradient between blood
and dialysate) and convection (due to ultrafiltration).
Acting to oppose sodium removal is peritoneal absorp-
tion. Lymphatic and intestinal tissue fluid absorption
leads to the convective movement of sodium from the
dialysate to blood. There is a strong positive correlation
between net ultrafiltration volume and the total mass
of sodium removed from the body.187 Ultrafiltration
not only increases sodium removal by convection
but increases the diffusive flux by secondarily increas-
ing the concentration gradient from blood to dialysate.
The more favorable gradient results from the sodium-
sieving effect such that the fluid entering the peritoneal
space is hypotonic and dilutes the dialysate sodium
concentration.

The use of a peritoneal solution containing the stan-
dard sodium concentration of 132 mEq/liter creates
a relatively small concentration gradient for sodium
diffusion. As a result, more sodium is removed by con-
vection compared to diffusion.90�97 Differences in
osmolality of the solutions utilized and dwell
time account for the variability in sodium removal
among the different modalities of peritoneal dialysis.
Automated forms of peritoneal dialysis (APD) are char-
acterized by rapid exchanges and short dwell times.
Although hypertonic exchanges during APD lead to
a more pronounced fall in dialysate sodium concen-
tration, there is little time available for diffusion. It is
for this reason that sodium removal in APD is lower
than chronic ambulatory peritoneal dialysis, in which
dwell times are much longer. Patients treated with
APD may achieve adequate ultrafiltration with
hypertonic solutions but have inadequate sodium
removal.

3129SODIUM

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



Sodium and water removal is more difficult to
achieve in patients with increased membrane perme-
ability. These patients have increased diastolic blood
pressures and are prone to volume overload. In addi-
tion, patient and technique survival may be decreased
in this setting. Sodium transport in this patient group is
characterized by a high peritoneal absorption rate and a
decreased ultrafiltration rate. The diffusive flux of
sodium is not significantly different in these patients.187

Typically, such high-transport patients are placed on
APD to minimize dialysate dwell time. An alternative
strategy that could be utilized is to lower the sodium
concentration in the dialysate. Studies examining ultra-
filtration and sodium kinetics using a dialysate sodium
concentration of either 102 mmol/liter (383 mOsm/kg)
or 105 mmol/L (348 mOsm/kg) have shown that a low-
sodium dialysate is more effective in the removal of
excess sodium compared to a conventional sodium
solution.79,102

Enhanced sodium removal may be the result of an
increased diffusive flux of sodium or may be secondary
to enhanced convective transport due to the higher glu-
cose concentrations used in low-sodium solutions.
Alternatively, the decreased sodium concentration in
the dialysate may contribute to less sodium absorption.
In short-term clinical trials, use of a low-sodium dialy-
sate (98 mmol/liter and 120 mEq/liter) has been shown
effective in reducing both body weight and blood
pressure in volume-overloaded patients on chronic
ambulatory peritoneal dialysis.92,124,125 Limited data
also suggest that this strategy may be of use in patients
receiving APD.90�92

An additional strategy for enhancing sodium
removal and preventing volume overload in patients
with increased membrane permeability is to substitute
icodextran for glucose as the osmotic agent.118,185

Icodextran is a glucose polymer that is isosmolar to
plasma but still capable of generating an ultrafiltrate
through the process of colloid osmosis. This process is
based on the principle that water is transported from
capillaries in the direction of impermeable large solutes
rather than down an osmotic gradient (as occurs with
glucose-containing solutions). Water movement occurs
through small pores, whereas in the osmotic effect of
glucose water movement is primarily through ultra-
small transcellular pores. Sodium sieving does not
occur with icodextran as a result of this difference.

In a six-hour dwell, the 7.5% icodextran solution
generates an ultrafiltrate volume that is higher than
that generated by 1.5% dextrose—despite having a
lower osmolality (285 vs 347 mOsm/kg). With pro-
longed dwell times of 8�12 hours, the icodextran
solution provides equivalent or higher ultrafiltrate
volumes than that generated by the 4.25% dextrose
solution (486 mOsm/kg).138 In prospective randomized

studies, use of icodextran has been found more effec-
tive in reducing extracellular water95 and in removing
sodium38 compared to standard glucose solutions. The
ability to maintain a colloid osmotic pressure for pro-
longed periods makes this solution ideal for overnight
dwells in patients on continuous ambulatory peritoneal
dialysis and for daytime dwells for those on automated
peritoneal dialysis regimens.

In patients with ultrafiltration failure who would
otherwise be transferred to hemodialysis, use of ico-
dextran has been shown to extend the time that
patients remain on peritoneal dialysis by many
months.26 In addition use of icodextran is associated
with less weight gain, improved lipid control, and
less hyperinsulinemia as compared with dextrose-
containing solutions. It is likely that icodextran will
become the preferred agent for the long dwell in most
peritoneal dialysis patients.

POTASSIUM

Regulation of Potassium in Renal Disease

Acute kidney injury may lead to marked decreases
in distal delivery of salt and water which may second-
arily decrease distal K1 secretion. For this reason,
hyperkalemia tends to occur more commonly in oligu-
ric renal failure. Hyperkalemia is much less common
in non-oliguric renal failure since distal delivery of salt
and water is plentiful.

Chronic kidney disease is more complicated than
acute renal failure. In addition to the decreased GFR
and secondary decrease in distal delivery, there is
nephron dropout and a smaller number of collecting
ducts to secrete K1. However, this is counterbalanced
by an adaptive process in which the remaining
nephrons develop an increased ability to excrete K1. In
a study of normokalemic patients with stage 4 chronic
kidney disease, the fractional excretion of K1 was
126% compared with 26% in normal controls.195 The
fractional excretion of Na1 in the two groups was 2.3%
and 15%, respectively. Following the intravenous
administration of amiloride, the fractional excretion of
K1 decreased by 87% in the patients with chronic kid-
ney disease compared with 19.5% in control patients.
These findings support the idea that patients with
chronic kidney disease are able to maintain a normal
serum K1 concentration through an adaptive increase
in renal K1 secretion that is largely amiloride sensitive.

Once a patient reaches end-stage renal disease the
capacity for renal potassium excretion is no longer
present. Interestingly, despite this limitation, total body
potassium (in particular, intracellular potassium) in
patients with end-stage renal disease is low or
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normal.17,20,119 The low intracellular potassium content
has been attributed to decreased activity of the Na,K-
ATPase, which is a characteristic finding in ure-
mia.28,196 Studies in red blood cells taken from uremic
patients have shown that the diminished activity of the
pump can be reversed when cells are incubated in nor-
mal plasma. There is also an improvement in the activ-
ity of the pump following dialysis.28,80,97,144 Red blood
cells taken from normal individuals and incubated in
uremic plasma acquire the defect.

Decreased potassium concentration, increased
sodium concentration, and decreased resting mem-
brane potential have been demonstrated in skeletal
muscle from uremic patients.35 After seven weeks
of hemodialysis, these physiologic parameters were
restored to normal. These observations suggest the
presence of a circulating inhibitor of the Na1,K1-
ATPase in some uremic patients.84 In other patients,
there may be a decrease in the number of pump sites
rather than decreased activity. A decrease in pump
activity or a decrease in the total number of pumps
may account for the impaired extrarenal potassium dis-
posal reported in some uremic patients.

In the absence of renal function, the cellular uptake
of potassium becomes an important defense against the
development of hyperkalemia. Studies of patients on
dialysis have shown a defect in this extrarenal mecha-
nism of potassium disposal.3,7,55 Fernandez et al. com-
pared the disposition of an oral potassium load
(0.25 mEq/kg/body weight) in a group of dialysis
patients and in normal controls.55 The normal controls
excreted 67% of the potassium load within 3 hours and
translocated 51% of the retained potassium intracellu-
larly. In contrast, the dialysis patients did not excrete
any of the potassium and only 21% of the retained
potassium was translocated intracellularly. The incre-
ment in plasma potassium was significantly different
between the two groups. The plasma potassium con-
centration increased by 1.06 mEq/liter in the dialysis
patients, whereas only a 0.39-mEq/liter increase was
noted in the control group. The impairment in potas-
sium disposal persists even when the potassium load
is accompanied by oral glucose, although glucose-
induced stimulation of insulin attenuates the maximal
rise in potassium levels.3

In patients with renal failure, a significant propor-
tion of daily potassium excretion occurs via the gastro-
intestinal tract. Gastrointestinal losses are important in
maintaining potassium balance in chronic dialysis
patients because hemodialysis removes approximately
80�100 mEq/treatment (300 mEq/week), yet dietary
potassium intake is usually 400�500 mEq/week. In a
balance study performed in patients already on perito-
neal dialysis, 25% of the daily potassium intake was
lost via the feces.71,72 The amount of potassium

excreted in the stools correlates directly with the wet
stool weight.79,80 Therefore, constipation should be
avoided because it will decrease the gastrointestinal
elimination of potassium and increase the tendency
toward hyperkalemia.174

The mechanism of the increased gastrointestinal
potassium loss is not known. The process appears to be
due to active secretion, as it is unrelated to plasma
potassium or total body potassium.114,135,185 In fact,
hemodialysis patients continue to have enhanced rectal
potassium secretion even after dialysis—their plasma
potassium being less than that of controls. Potassium
transport in the large intestine was recently studied in
patients with end-stage renal disease using a rectal
dialysis technique.116 Rectal potassium secretion was
found to be three fold greater in end-stage renal dis-
ease patients as compared to control patients with nor-
mal renal function. When barium (a potassium channel
inhibitor) was placed in the lumen, colonic potassium
secretion was reduced by 45% in the end-stage renal
disease patients while no effect was seen in the control
group. Immunostaining using an antibody directed to
the α-subunit of the high conductance potassium chan-
nel protein revealed greater expression of the channel
in surface colonocytes and crypt cells in the end-stage
renal disease patients while only a low levels of expres-
sion was observed in the control group. These data are
consistent with increased expression of potassium
channels as the mechanism for the adaptive increase in
colonic potassium secretion in patients with end-stage
renal disease.

Elevated levels of plasma aldosterone may play an
important role in stimulating the gastrointestinal excre-
tion and cellular uptake of potassium in patients with
end-stage renal disease.5 Exogenous administration of
mineralocorticoids has been shown to decrease the
serum potassium in anuric dialysis patients, pre-
sumably by increasing colonic potassium excretion.78

In a prospective study, fludrocortisone administered at
0.1 mg/d was compared with no treatment in 21
hyperkalemic hemodialysis patients.47 At the end of 10
months, the serum K1 concentration in the two groups
was not statistically different. However, there was a
decrease in serum K1 compared with pretreatment
values in patients who received the drug.

A recent study examined the effects of glycyrrhetinic
acid food supplementation on the serum K concentra-
tion in a group of maintenance hemodialysis patients.50

This substance inhibits the enzyme 11β-hydroxysteroid
dehydrogenase II which is found not only in the princi-
pal cells of the renal collecting duct but also epithelial
cells in the colon. This enzyme converts cortisol to cor-
tisone thereby ensuring the mineralocorticoid receptor
remains free to only interact with aldosterone since cor-
tisone has no affinity for the receptor. In 9 of 10
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patients given the supplement there was a persistent
decrease in measured predialysis serum potassium
concentration. In addition, treatment with the supple-
ment significantly decreased the frequency of severe
hyperkalemia. These beneficial effects occurred with-
out weight gain or increases in systemic blood pressure
suggesting glycyrrhetinic acid supplementation may be
of benefit in enhancing colonic K secretion and mini-
mizing the risk of hyperkalemia in dialysis patients.

Angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers have both been reported
to cause hyperkalemia in patients treated with hemodi-
alysis and peritoneal dialysis.94,142 The development of
hyperkalemia with these drugs may be due to
decreased colonic potassium excretion resulting from
lower circulating levels of aldosterone or decreased
activity of angiotensin II. In this regard, enhanced
colonic potassium excretion in renal failure has been
attributed to upregulation of angiotensin II receptors in
the colon—suggesting that angiotensin II has a direct
effect in stimulating colonic potassium excretion.70

Blocking the mineralocorticoid receptor with spirono-
lactone given at a dose of 25 mg/day does not raise the
serum potassium concentration in hemodialysis
patients.155

Hemodialysis

Dialysis is required to maintain normal or near-
normal serum potassium concentrations in patients
with end-stage renal disease. The removal of excess
potassium by dialysis is achieved by the use of a dialy-
sate with a potassium concentration lower than that of
plasma, creating a gradient favoring potassium
removal. Its rate is largely a function of this gradient.51

Typically, one should not expect more than about
80�100 mEq of potassium removal even with the use
of a potassium-free dialysate. Plasma potassium con-
centration falls rapidly in the early stages of dialysis,
but as the plasma concentration falls potassium
removal becomes less efficient. Because potassium is
freely permeable across the dialysis membrane, move-
ment of potassium from the intracellular space to the
extracellular space appears to be the limiting factor in
potassium removal. Factors that importantly dictate
the distribution of potassium between these two spaces
include changes in acid�base status, tonicity, glucose
and insulin concentration, and catecholamine activity
(Table 93.3).

The movement of potassium between the intra- and
extra-cellular spaces is influenced by changes in
acid�base balance that occur during the dialysis proce-
dure.89,173 Extracellular alkalosis causes a shift of potas-
sium into cells, whereas acidosis results in potassium

efflux from cells. During a typical dialysis, there is net
addition of base to the extracellular space—which pro-
motes cellular uptake of potassium and therefore
attenuates the removal of potassium during dialysis.
With routine dialysis, the change in blood pH is of
small magnitude and the effect on potassium removal
is not profound.

By contrast, dialysis in patients who are acidotic will
result in less potassium removal because potassium is
shifted into cells as the serum bicarbonate rises.
Weigand et al. described five patients in whom the
serum potassium concentration decreased during dial-
ysis even though the dialysate potassium concentration
was higher than the original serum potassium concen-
tration.189 The decline in potassium concentration
occurred in association with a marked rise in pH. In
one patient, the decline in potassium concentration
was of such magnitude that she became quadriplegic
and developed respiratory failure. There appears to be
no difference in potassium removal whether acetate or
bicarbonate is chosen as the dialysate buffer.

Conversely, the serum potassium concentration can
influence the net addition of base. Redaelli et al. found
that a potassium-free dialysate was associated with
less bicarbonate uptake compared to a dialysate that
contained a potassium concentration of 2 mEq/liter.147

It was postulated that a lower potassium dialysate that
results in a high plasma-to-dialysate potassium concen-
tration gradient causes less hydrogen ion movement
from the intracellular space to the extracellular space
and hence less downward titration of the extracellular
bicarbonate concentration. As a result, the concentra-
tion gradient favoring diffusion of bicarbonate from
the dialysate to the extracellular space is reduced. This
relationship should be considered when dialyzing an
acidotic patient.

Insulin is known to stimulate the cellular uptake of
potassium, and it can therefore influence the amount of
potassium removal during dialysis. This effect of

TABLE 93.3 Factors Affecting Potassium Removal during
Hemodialysis

A. Shifts K into cell thereby k dialytic K removal

• Exogenous insulin
• Glucose containing dialysate vs glucose free dialysate
• Beta agonists
• Correction of metabolic acidosis during dialysis

B. Shifts K to extracellular space or impairs cell K uptake thereby m
dialytic K removal

• Beta blockers
• Alpha adrenergic receptor stimulation
• Hypertonicity
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insulin was demonstrated in studies comparing potas-
sium removal using glucose-containing and glucose-
free dialysates.161,188 The use of a glucose-free dialysate
was found to result in greater amounts of potassium
removal when compared to patients treated with a
glucose-containing bath. The use of a glucose-free dial-
ysate would be expected to result in lower levels of
insulin. As a result, there is increased movement of
potassium to the extracellular space—where it becomes
available for dialytic removal.

Changes in plasma tonicity can affect the distribu-
tion of potassium between the intra- and extra-cellular
spaces.173 Administration of hypertonic saline or man-
nitol is sometimes used in the treatment of hypotension
during dialysis. These agents would be expected to
favor potassium removal during dialysis because the
resultant increased tonicity would favor potassium
movement into the extracellular space. There are no
studies addressing whether there is any significant
clinical benefit with this approach.

Beta-adrenergic stimulation is known to shift potas-
sium into cells and thus lower the extracellular concen-
tration. Inhaled beta stimulants have been reported to
be effective in the acute treatment of hyperkalemia.
Thus, such therapy prior to dialysis may lower the total
amount of potassium removed during the dialytic pro-
cedure. Allon et al. found that the cumulative dialytic
potassium removal was significantly lower in patients
treated with nebulized albuterol 30 minutes prior to
the procedure compared to patients in whom the albu-
terol treatment was omitted.4

Alterations in serum potassium concentration dur-
ing dialysis can conceivably have important effects on
systemic hemodynamics. A decrease in serum potas-
sium concentration during hemodialysis would be pre-
dicted to increase systemic vascular resistance.
Hypokalemia has been shown to increase resistance in
skeletal muscle, skin, and coronary vascular beds—
possibly through effects on the electrogenic Na-K
pump in the sarcolemmal membranes of vascular
smooth muscle cells.22 In addition, decreased serum
potassium concentration may enhance the sensitivity of
the vasculature to endogenous pressor hormones.105

Despite the potential for hypokalemia to increase
systemic vascular resistance, Pogglitsch et al. found
that the incidence of hypotensive episodes were in fact
reduced when supplemental potassium was adminis-
tered during the final 30 minutes of dialysis.141 One
explanation for this seemingly paradoxical finding
rests on the known interaction between hypokalemia
and the autonomic nervous system. For example, hypo-
kalemia has been found to be associated with dysauto-
nomia in patients with hyperaldosteronism.18 It is
reasonable to speculate that in patients with advanced
renal failure, who already have a propensity for

autonomic insufficiency, a fall in plasma potassium
may uncover or cause impairment in sympathetic
responses.73

In support of this suggestion, Henrich et al. found
that hypokalemic dialysis was accompanied by a fall in
plasma catecholamine concentration compared to dial-
ysis in which serum potassium concentration was held
constant.75 Moreover, despite similar reductions in
blood pressure the isokalemic dialysis group had a sig-
nificant increase in heart rate after dialysis and the
hypokalemic group demonstrated no significant
change. Further studies are needed to investigate the
effects of fluctuations in serum potassium concentra-
tion during dialysis on the autonomic nervous system.

Changes in serum potassium concentration during
dialysis may also influence systemic hemodynamics
through effects on myocardial performance. Dialysis is
associated with an increase in contractility, which can
be attributed to an increase in ionized serum calcium.
Increased ionized calcium is most closely related to
improved ventricular contractility, but modifying
effects of concomitant decreases in potassium may also
be important. Haddy et al. have demonstrated that the
inotropic effect of increased serum calcium concentra-
tion is enhanced by simultaneous decreases in plasma
potassium concentration.67 In this regard, Wizemann
et al. found that improvement in myocardial contractil-
ity during a series of isovolemic dialysis maneuvers
was related to a simultaneous increase in plasma cal-
cium and a decrease in plasma potassium concentra-
tion.193 In the presence of an elevated plasma
potassium concentration, a high plasma calcium con-
centration failed to exert a significant inotropic effect.

An increase in peripheral vascular resistance sec-
ondary to the development of hypokalemia could have
potential detrimental effects on dialysis efficiency. This
decrease in efficiency would result from decreased
blood flow to urea-rich tissues (such as skeletal muscle)
and in effect increase the amount of body-wide recircu-
lation. In support of this possibility, Dolson et al. found
that a dialysate potassium concentration of 1.0 mmol/
liter compared to 3.0 mmol/liter resulted in lower
values for both the urea reduction ratio and Kt/V in 14
patients with end-stage renal disease.45 By contrast,
Zehnder et al. found no effect of dialysate potassium
on dialysis adequacy.197 Although more studies are
needed in this area, it is likely that any effect of a low
dialysate potassium concentration to decrease dialysis
adequacy is small in magnitude. In addition, increasing
the dialysate potassium concentration to improve dial-
ysis adequacy will increase the risk of hyperkalemia
during the interdialytic period.

Most patients dialyzed with a fixed potassium dialy-
sate tolerate the procedure well and do not suffer from
complications of hypokalemia or hyperkalemia.
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Nevertheless, there are clinical conditions in which an
individualized dialysate potassium concentration may
be useful. Patients with underlying heart disease, par-
ticularly in the setting of digoxin therapy, are prone to
arrhythmias as hypokalemia develops toward the end
of a typical treatment. The risk of arrhythmias is also
increased in the early stages of a dialysis session, when
the plasma potassium concentration may still be nor-
mal but rapidly declining.146 The sudden reduction in
the plasma potassium concentration during the initial
portions of the dialysis procedure has recently been
shown to unfavorably alter the QTc (a marker of risk of
ventricular arrhythmias) even in dialysis patients with-
out obvious heart disease.36,112 Patients who have suf-
fered a cardiac arrest in the dialysis unit are more
likely to have been dialyzed against a 0- or 1.0-mEq/
liter potassium dialysate compared to patients without
this complication.85

With these considerations in mind, Redaelli et al.
have studied the effects of modeling the dialysate
potassium concentration in such a way as to minimize
the initial rapid decline in the plasma potassium
concentration.148 Patients with frequent intradialytic
premature ventricular complexes were dialyzed using
a dialysate with a fixed (2.5 mEq/liter) potassium level
or one with an exponentially declining potassium level
(from 3.9 to 2.5 mEq/liter) that maintained a constant
blood-to-dialysate potassium gradient of 1.5 mEq/liter
throughout the procedure. In the fixed dialysate group,
the blood-to-dialysate potassium gradient decreased
over the treatment from 3.0 /liter to 1.4 mEq/liter. The
variable potassium dialysate decreased premature ven-
tricular complexes—a finding most evident during the
first hour of the procedure. The total drop in the serum
potassium concentration was no different between the
fixed and variable potassium dialysate groups.

In addition to decreasing arrhythmias, maintenance
of a constant blood-to-dialysate potassium concentra-
tion may prove useful in patients who tend to develop
worsening hypertension during the course of the dialy-
sis procedure. Hypokalemia increases resistance in
skeletal muscle, skin, and coronary vascular beds—
possibly through effects on the electrogenic Na-K
pump in the sarcolemmal membranes of vascular
smooth muscle cells.22 In addition, decreased serum
potassium concentration may enhance the sensitivity of
the vasculature to endogenous presser hormones.105 In
chronic dialysis patients, postdialysis rebound hyper-
tension is greater with a 1.0-mEq/liter than with a 3.0-
mEq/liter potassium dialysate.46 Although not yet
studied, preventing the initial rapid decline in the
plasma potassium concentration with a ramped dialy-
sate potassium may help attenuate the hypertensive
response some patients exhibit toward the end of a
dialysis treatment.

In summary, due to the kinetics of potassium move-
ment from the intra- to the extra-cellular space one can
expect only up to 70�90 mEq of potassium to be
removed during a typical dialysis session. As a result,
one should not overestimate the effectiveness of the
dialytic procedure in the treatment of severe hyperka-
lemia. The total amount removed will exhibit consider-
able variability and will be influenced by changes in
acid�base status, changes in tonicity, changes in glu-
cose and insulin concentration, and catecholamine
activity. Given the tendency for the plasma potassium
to rise in the immediate postdialysis time period, the
most efficient way of removing excess potassium stores
would be to prescribe two- to three-hour periods of
dialysis separated by several hours.

Studies examining the hemodynamic effect of potas-
sium fluxes during hemodialysis are limited. More
importantly, deliberate alterations in dialysate potas-
sium concentration to effect hemodynamic stability
would not be without risk. Use of low-potassium dialy-
sate concentration may contribute to arrhythmias, espe-
cially in those patients with underlying coronary artery
disease or those taking digoxin. On the other hand, use
of dialysate with high potassium concentration may
predispose patients to pre-dialysis hyperkalemia. In
patients at high risk for arrhythmias on dialysis,
modeling the dialysate potassium concentration so as
to maintain a constant blood-to-dialysate potassium
gradient throughout the procedure may be of clinical
benefit.

Peritoneal Dialysis

Potassium is cleared by peritoneal dialysis at a rate
similar to that of urea. With continuous ambulatory
peritoneal dialysis (CAPD) and 10 liters of drainage
per day, approximately 35�46 mEq of potassium is
removed per day. Daily potassium intake is usually
greater than this amount, and yet significant hyperka-
lemia is uncommon in these patients. Presumably,
potassium balance is maintained by increased colonic
secretion of potassium and by some residual renal
excretion. Given these considerations, potassium is not
routinely added to the dialysate.

Maximal removal of potassium with peritoneal dial-
ysis is approximately 10 mEq/hr even in the setting of
severe hyperkalemia.24 It should be noted that removal
rates with Kayexalate enemas far exceed this value and
may approach 30 mEq/hr. In patients undergoing fre-
quent exchanges, hypokalemia may develop. In these
instances, potassium can be added to the dialysate to
achieve a final concentration of 2�3 mEq/liter. This is
particularly important in patients receiving digoxin
because the development of hypokalemia can precipi-
tate arrhythmias.
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CLINICAL DISORDERS OF POTASSIUM
IN THE DIALYSIS PATIENT

Hypokalemia

In the hemodialysis patient hypokalemia can be a
sign of poor oral intake and severe malnourishment.
On occasion hypokalemia can result from K1 binding
in the gastrointestinal tract. Although not a dialysis
patient, a serum K1 concentration of 0.9 mmol/L was
found in a three year old girl following several days of
oral and rectal administration of bentonite given as a
home remedy for the treatment of constipation.16

Bentonite, also called montmorillonite or fuller’s earth,
is a type of clay primarily composed of hydrated alu-
minum silicate. Clay eating (geophagia) can be a mani-
festation of pica and has been reported to cause
hypokalemic paralysis during pregnancy and in the
postpartum period.178,179 Clay eating is also practiced
by some dialysis patients and should be considered in
the setting of unexplained hypokalemia.

Cation exchange resins are frequently used to man-
age hyperkalemia in patients with chronic kidney dis-
ease. Abuse of these resins can result in hypokalemia,
hypomagnesemia, and occasionally metabolic alkalo-
sis.27 The most commonly used resin is sodium poly-
styrene sulfonate but calcium polystyrene sulfonate is
also available. Following the oral administration of
these drugs sodium or calcium is released from the
resin in exchange for hydrogen H1 in the gastric juice.
As the resin passes through the rest of the gastrointesti-
nal tract H1 is exchanged for other cations such as
potassium which is present in greater quantities partic-
ularly in the colon. The affinity of different cations
for these resins is as follows: Ca1.Mg1.K1.
Na1. and H1. In addition to differences in affinity
and concentration, cation binding to the resin is influ-
enced by duration of exposure primarily dictated by
gut transit time.

The primary complication of using sodium polysty-
rene sulfonate is the development of sodium overload.
The absorption of liberated sodium from the resin can
lead to hypertension, congestive heart failure, and
occasionally hypernatremia. Since the resin also binds
divalent cations, hypomagnesemia and hypocalcemia
can also develop when using this agent. Decreased
plasma levels of magnesium and calcium are more
likely to occur in patients taking diuretics or those with
poor nutrition. Use of the resin can also lead to meta-
bolic alkalosis when administered with antacids or
phosphate binders such as magnesium hydroxide or
calcium carbonate. As magnesium and calcium binds
to the resin, the base is free to be absorbed into the sys-
temic circulation. Chronic use of the resin can also be
associated with small and large bowel ulcerations.

Hyperkalemia

Inadequate dialysis is an important consideration in
the workup of hyperkalemia. Frequently missed treat-
ments or shortening of the treatment time on a repeti-
tive basis are frequent causes. In patients who are
deemed to be otherwise compliant, one should con-
sider recirculation within the vascular access as a
potential cause of the disorder.

Dietary indiscretion is one of the most common rea-
sons for hyperkalemia in the dialysis patient. In the pres-
ence of normal renal and adrenal function it is difficult
to ingest sufficient K1 in the diet to produce hyperkale-
mia. Rather, dietary intake of K1 as a contributor to
hyperkalemia is usually observed in the setting of
impaired kidney function. Dietary sources particularly
enriched with K1 include melons, citrus juice, and com-
mercial salt substitutes containing potassium (reviewed
in Ref.133). Other hidden sources of K1 reported to cause
life threatening hyperkalemia include raw coconut juice
(K1 concentration of 44.3 mmol/L) and Noni juice.6,7

While clay ingestion can cause hypokalemia due to bind-
ing in the gastrointestinal tract, river bed clay is K1

enriched (100 mEq K1 in 100 gm clay) and can cause life
threatening hyperkalemia in chronic kidney disease
patients. Ingestion of burnt match heads (cautopyreio-
phagia) can also be a hidden source of K1. This activity
was found to add an additional 80 mmol of K1 to one
dialysis patient’s daily intake and produced a plasma
K1 concentration of 8 mmol/liter.

Hyperkalemia can also occur as an iatrogenic com-
plication in the hospital setting. A 16-day-old infant
with newly diagnosed maple syrup urine disease was
placed on continuous venovenous hemofiltration to
treat markedly elevated levels of leucine, isoleucine,
and valine.13 To treat a decrease in serum K1, a 10 ml
vial containing 20 mEq KCl was injected into a 5 liter
bag of replacement fluid. Within four minutes, ventric-
ular premature beats developed that rapidly deterio-
rated into ventricular fibrillation. The serum K1

concentration was 9.6 mEq/l. The rapid development
of hyperkalemia was attributed to injecting the KCl
into the dependent portion of the hanging 5-liter bag
though a port immediately adjacent to the exit port. As
a result of poor mixing, the concentrated KCl was
immediately delivered into the patient, resulting in
life-threatening hyperkalemia.

Severe hemolysis can produce an endogenous K1

load sufficient to cause hyperkalemia, particularly in
the setting of impaired renal function. A chronic dialy-
sis patient with a prosthetic aortic valve developed
severe hemolysis and hyperkalemia, following the
abrupt onset of atrioventricular nodal reentrant tachy-
cardia.136 The hemolysis and release of K1 was att-
ributed to fragmentation of red blood cells by the
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prosthetic value due to the hemodynamic turbulence
brought on by the arrhythmia.

Blood transfusions can be a contributing factor in
the development of hyperkalemia. The risk of
transfusion-associated hyperkalemia is related to not
only the number of red blood cell transfusions but also
the rapidity in which the units are given. Concomitant
conditions such as low cardiac output, metabolic acido-
sis, hypocalcemia, hyperglycemia, and hypothermia
increase this risk.167

Whole blood and PRBC are stored in anticoagulant
preservative solution and have a shelf-life of approxi-
mately 35 d. The duration of storage can be extended
to 42 d through the addition of an additive solution
which contains varying concentrations of adenine, dex-
trose, and other substances.12 During storage, K1 leaks
into the supernatant due to aging of red blood cell
membranes and decreased synthesis of adenosine tri-
phosphate. The magnitude of this leak increases with
duration of storage.

Irradiation of blood to inactivate T-lymphocytes and
minimize the risk of graft-versus-host disease enhances
K1 leakage from red cells due to subtle membrane
injury. Depending on the conditions, the supernatant
of stored red blood cell units may contain more than
60 mEq/l of K1. If fresh PRBCs are unavailable, the
risk of post transfusion hyperkalemia can be mini-
mized by washing the cells and decreasing the amount
of additive solution. These maneuvers are of particular
use in neonatal patients undergoing surgery for con-
genital heart disease who require irradiated blood due
to the concomitant presence of cell-mediated immuno-
deficiency disorders.176

Renin-angiotensin system blockers are frequently
used to treat hypertension in patients with end-stage
renal disease. Hyperkalemia is a potential concern with
these drugs even in the functionally anephric patient to
the extent that aldosterone levels fall and colonic K1

excretion decreases. Indeed, a small number of patients
undergoing dialysis have been described who devel-
oped hyperkalemia in association with ACEI and ARB
therapy. By contrast, this complication did not occur in
a prospective crossover study of 69 maintenance hemo-
dialysis patients treated with either ACEI or ARB ther-
apy alone or in combination.68

Acid�Base

During the course of advancing renal failure, the
ability of the kidney to regenerate consumed bicarbon-
ate becomes progressively impaired. As a result, daily
acid production leads to a fall in serum bicarbonate
concentration. In the long term, the serum bicarbonate
concentration eventually stabilizes despite continuing

positive acid balance. A stable, though low, serum
bicarbonate concentration is maintained at the expense
of other buffer stores such as bone bicarbonate. The
goal of dialysis in acid�base balance is to transfer suffi-
cient base to the patient to neutralize metabolic acid
production and thus correct the metabolic acidosis and
prevent depletion of body buffer stores. Base transfer
across the dialysis membrane has been achieved using
bicarbonate- or acetate-containing dialysate.

Hemodialysis

The early use of bicarbonate as the base in dialysis
solutions required a cumbersome system in which CO2

was continuously bubbled through the dialysate to
lower pH in order to prevent the precipitation of cal-
cium and magnesium salts. As a result, in the 1960s
acetate became the standard dialysate buffer used to
correct uremic acidosis and to offset the diffusive losses
of bicarbonate during hemodialysis.

Acetate was an effective buffer in dialysis patients
because it is metabolized to bicarbonate primarily in
muscle and liver. However, over the next several years
reports began to accumulate linking routine use of ace-
tate with cardiovascular instability and hypotension
during dialysis. This intolerance to acetate was found
to be particularly common in patients with decreased
muscle mass where acetate influx would be expected
to exceed the capability of converting acetate to bicar-
bonate.186 In particular, critically ill patients undergo-
ing acute hemodialysis (especially with the use of large
surface area dialyzers) were found to exhibit vascular
instability when exposed to acetate in dialysis fluid.
Acetate intolerance became more of an issue with the
introduction of high-efficiency dialyzers in the 1980s.
In this setting, accumulation of acetate was associated
with nausea, vomiting, fatigue, decreased myocardial
contractility, peripheral vasodilation, and arterial hyp-
oxemia. A more detailed discussion of acetate dialysate
is available in the third edition of this book and else-
where134 (Table 93.4).

Given these observations, bicarbonate-containing
dialysate began to reemerge as the principal dialysate
buffer—especially as advances in biotechnology made
the use of bicarbonate dialysate less expensive and less
cumbersome to use. Producing bicarbonate dialysate
requires a specifically designed system that mixes a
bicarbonate concentrate and an acid concentrate with
purified water. The acid concentrate contains a small
amount of either lactic or acetic acid, and all the cal-
cium and magnesium. The exclusion of these cations
from the bicarbonate concentrate prevents the precipi-
tation of magnesium and calcium carbonate that would
otherwise occur in the setting of a high-bicarbonate
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concentration. During the mixing procedure, the acid
in the acid concentrate will react with an equimolar
amount of bicarbonate to generate carbonic acid and
carbon dioxide. The generation of carbon dioxide
causes the pH of the final solution to fall to approxi-
mately 7.0�7.4. This more acidic pH, as well as the
lower concentrations of calcium and magnesium in the
final mixture, allows for these ions to remain in solu-
tion. The final concentration of bicarbonate in the dialy-
sate is generally fixed in the range of 33�38 mmol/liter
(Figure 93.2).

The use of a bicarbonate dialysate is associated with
a number of potential complications.103,184 The liquid
bicarbonate concentrate can be responsible for micro-
bial contamination of the final dialysate, largely
because the bicarbonate concentrate is an excellent bac-
terial growth medium. This complication can be mini-
mized by short storage time and by filtration of the
concentrate during the production procedure. Use of a
bicarbonate cartridge can further minimize this compli-
cation. This device allows for the bicarbonate concen-
trate to be produced on-line by passing water through
a column containing powdered bicarbonate. The con-
centrate is produced and proportioned immediately
before mixing with the acid concentrate. Hypoxemia
may occur during bicarbonate dialysis when high con-
centrations of bicarbonate are used. This complication
appears to be the result of suppressed ventilation sec-
ondary to the increase in pH and serum bicarbonate
concentration. In addition, excessively high levels of
bicarbonate in the dialysate may result in acute meta-
bolic alkalosis—causing mental confusion, lethargy,
weakness, and cramps.

The factors that determine bicarbonate requirements
in hemodialysis patients include acid production dur-
ing the interdialytic period, the removal of organic
anions during the hemodialysis procedure, and the
buffer deficit of the body. Because these factors are
likely to vary from patient to patient, there is increas-
ing interest in individualizing the dialysate bicarbonate
concentration. The optimal level of dialysate bicarbon-
ate would be a concentration low enough to prevent

significant alkalosis in the postdialytic period and yet
high enough to prevent predialysis acidosis.6,11 The
need for individualization is highlighted in data from
the first 1000 patients randomized in the HEMO study
(Hemodialysis Study Group).180 Using a set dialysate
bicarbonate concentration of 35 mEq/liter, the mean
pre-dialysis plasma bicarbonate concentration was
21.6 mEq/liter. However, in 25% of patients the pre-
dialysis bicarbonate concentration was less than
19 mEq/liter.

Maintaining a pre-dialysis total CO2 concentration
greater than 23 mmol/liter can be achieved in most
patients by individually adjusting the dialysate bicar-
bonate concentration. Oettinger et al. found that 75% of
patients exceeded this level with a dialysate bicarbon-
ate concentration of 42 mmol/liter.130 Use of this high-
bicarbonate dialysate did not result in progressive alka-
lemia, even in patients beginning the study with a nor-
mal predialysis total CO2 using a standard bicarbonate
dialysate concentration of 36 mmol/liter. In addition,
the high-bicarbonate dialysate did not cause hypoxia
or hypercarbia or alter the pre-dialysis calcium, ionized
calcium, or phosphorus.

Using high-bicarbonate dialysate may improve
nutrition and bone metabolism.131 Graham et al. exam-
ined protein turnover in a group of chronic dialysis
patients in whom dialysate bicarbonate concentration
was increased from 35 to 40 mmol/liter. Supplemental
oral bicarbonate therapy was given to two
patients whose predialysis tCO2 concentration did not
exceed 23 mmol/liter.63 The mean tCO2 concentration
increased from 18.5 to 24.8 mmol/liter during the high-
bicarbonate dialysate. Correction of the acidosis was

Acid concentrate
• NaCl
• CaCl
• MgCl
• Acetic acid
• Dextrose

NaHCO3
Concentrate

Pure
H2O

Proportioning
system

Na          137  mEq/L
Cl          105  mEq/L
Ca          3.0   mEq/L
Acetate   4.0   mEq/L
HCO3   35    mEq/L
Mg           0.75 mEq/L
Dextrose  200  mg/dl

FIGURE 93.2 Use of a bicarbonate dialysate requires a propor-
tioning system that mixes a bicarbonate concentrate with an acid con-
centrate and purified water. Calcium and magnesium are kept
separate from the bicarbonate concentrate to prevent precipitation.

TABLE 93.4 Mechanisms by which Acetate Buffer Contributes
to Hemodynamic Instability

Directly decreases peripheral vascular resistance (in approximately
10% of patients)

• Stimulates release of the vasodilator compound, interleuken 1
• Induction of metabolic acidosis via bicarbonate loss through the

dialyzer
• Associated with arterial hypoxemia and increases in oxygen

consumption
• ? Myocardial effects of acetate
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associated with a significant decrease in protein degra-
dation, as suggested by leucine kinetic studies. In a
similarly designed study, these investigators found an
increase in the sensitivity of the parathyroid glands to
calcium in patients using a dialysate bicarbonate con-
centration of 35�40 mmol/liter.64

Another strategy that may be effective in improving
the acidosis of chronic dialysis patients is to use citric
acid in place of acetic acid in the acid concentrate. In a
recent study of 22 patients, use of citric acid decreased
the number of patients with a pre-dialysis bicarbonate
concentration less than 23 mEq/liter from 14 to 7.2 Use
of the citric acid dialysate was also associated with an
increased delivered dose of dialysis, an effect postu-
lated to be due to improved membrane permeability
resulting from citrate’s local anticoagulant effect.
Improved membrane permeability with greater diffu-
sive flux of bicarbonate from dialysate to blood or
metabolism of citrate to bicarbonate in liver and muscle
are the most likely explanations for the improvement
in bicarbonate concentration.

The bicarbonate concentration used in most dialysis
centers is set at 35 mmol/liter and is rarely adjusted.
Given the increasing evidence that correction of
chronic acidosis is of clinical benefit, clinical practice
guidelines now recommend that the midweek pre-
dialysis plasma bicarbonate level be no less than
22 mmol/liter. In addition to increasing the dialysate
bicarbonate concentration, supplemental oral bicarbon-
ate therapy will be required in some patients to achieve
this goal. Substitution of citric acid for acetic acid in the
acid concentrate is a maneuver worthy of further
investigation.

Prospective and retrospective studies have demon-
strated that use of sevelamer hydrochloride is associ-
ated with significantly lower predialysis total CO2 as
compared to calcium containing phosphate bin-
ders.143,170 Some of this difference may be the effect of
decreased intake of potential alkali (calcium acetate or
carbonate) in patients prescribed sevelamer. However
the chemical structure and mechanism of action of
sevelamer suggests the drug may directly lead to an
acid load to the patient.23,194 For this reason close atten-
tion should be paid to changes in total CO2 following
the prescription of sevelamer. In some patients supple-
mental bicarbonate may be required to keep total CO2

at goal. In a study of 20 hemodialysis patients raising
the dialysate bicarbonate concentration to 40 mEq/L
was effective in correcting both acidosis and hyperkale-
mia over a 24 month period despite the ongoing use of
this non-calcium containing phosphate binder.126 To
overcome this adverse effect on acid-base balance seve-
lamer is now produced and marketed as sevelamer car-
bonate.14 This form of the drug does not adversely
affect the serum bicarbonate concentration.

Peritoneal Dialysis

The buffer present in most commercially available
peritoneal dialysate solutions is lactate. In patients
with normal hepatic function, lactate is rapidly con-
verted to bicarbonate such that each mM of lactate
absorbed generates 1 mM of bicarbonate. Even with
the most vigorous peritoneal dialysis, there is no
appreciable accumulation of circulating lactate.151 The
rapid metabolism of lactate to bicarbonate maintains
the high dialysate-to-plasma lactate gradient necessary
for continued absorption. This absorption may be
somewhat less with use of dialysate containing higher
concentrations of dextrose. Under these conditions,
increased ultrafiltrate formation may dilute the concen-
tration of lactate in the peritoneal cavity and therefore
decrease the concentration gradient for diffusion.
Lactate is normally provided as a racemic mixture of
the dextro and levo isomers in approximately equal
concentrations. There is some evidence that the natural
isomer (L-lactate) is more rapidly absorbed than the D-
isomer (D-lactate).151

The pH of commercially available peritoneal dialysis
solutions is purposely made acidic by adding hydro-
chloric acid in order to prevent dextrose caramelization
during the sterilization procedure. Once instilled into
the abdomen, the pH of the solution rises to values
greater than 7.0. The acidic nature and buffer composi-
tion of currently available solutions further contributes
to the bioincompatibility of peritoneal dialysate.31,53

To address this issue, neutral pH solutions buffered
with bicarbonate or with a mixture of bicarbonate and
lactate have been introduced into clinical practice.61

Until recently, bicarbonate was not able to be used as
the buffer in peritoneal dialysis solutions because cal-
cium and magnesium would precipitate in the presence
of bicarbonate in the setting of an alkaline pH. Omitting
magnesium and calcium from the dialysate was not an
option because patients undergoing chronic peritoneal
dialysis would develop deficits of these divalent
cations. These limitations have largely been overcome
by the development of a two-chamber dialysate bag in
which one chamber contains the bicarbonate or buffer
and the other contains a solution with calcium and
magnesium. The system is designed so that the two
solutions are mixed just prior to entering the patient,
thus avoiding the problem of precipitation. In addition
to having a neutral pH, there are fewer glucose degra-
dation products because the bicarbonate is sterilized
separately from the other components of the solution.

In a recent randomized trial of 106 patients, a pH-
neutral bicarbonate-/lactate-based peritoneal dialysis
solution was compared to the conventional acidic
lactate buffered solution in which markers of perito-
neal membrane integrity and inflammation were
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examined.82,83 At the end of 6 months, patients treated
with the pH-neutral solution had a significantly greater
increase in dialysate CA 125 (a marker of viability and
cell mass of the mesothelium). The same group also
had a significantly greater decrease in dialysate hyalur-
onan (a marker of inflammation in the peritoneal cav-
ity). The pH-neutral solution is associated with less
inflow pain, and no adverse effect has been demon-
strated on peritoneal transport.82,83 Use of the pH-
neutral solution has also been shown to result in long-
term improvement in peritoneal macrophage function
compared to conventional solutions.83 Similar benefits
have been found with this solution in patients receiv-
ing automated forms of peritoneal dialysis.59

The dual-chamber bag has also been used to sepa-
rate glucose from the other solution components. The
advantage of this setup is that glucose can be sterilized
at a much lower pH compared to a single chamber bag
and as a result the formation of glucose degradation
products is markedly reduced. Mixing of the two com-
ponents at the time of abdominal installation effec-
tively raises the pH. The application of this solution
has been studied in a randomized trial of 80 patients.149

Compared to conventional treatment, patients treated
with the study solution had significantly greater
dialysate CA 125 and significantly lower dialysate hya-
luronan. Over a 24-month follow-up there were no
adverse effects on parameters of peritoneal transport
(Table 93.5).

Metabolic Alkalosis

The discussion to this point has focused on the
development and treatment of metabolic acidosis in

patients with end-stage renal disease. These patients
are also prone to the development of metabolic alkalo-
sis due to an inability to excrete alkaline loads. Even in
patients with mild reductions in renal function exoge-
nous administration of bicarbonate can lead to meta-
bolic alkalosis due to decreased bicarbonate clearance.
Decreased renal function is a critical event in the path-
ogenesis of milk-alkali syndrome. In this syndrome
consumption of large quantities of milk and calcium
containing antacids result in hypercalcemia and meta-
bolic alkalosis.8 Self-administration of large quantities
of antacids containing NaHCO3 can occur as a manifes-
tation of pica during pregnancy or for self-treatment of
abdominal pain.6,7 Volume depletion or renal insuffi-
ciency increases the risk of severe metabolic alkalosis
in this setting.

A moderate degree of metabolic alkalosis may be
present post-dialysis, and more so with bicarbonate-
buffered dialysate and especially if the concentration of
the bicarbonate buffer exceeds 35 mEq/liter. End-stage
renal disease patients are more susceptible to alkalosis
developing as a consequence by vomiting or nasogas-
tric suction. Excessive consumption of oral bicarbonate
(a teaspoon of baking soda contains 40 mm of bicar-
bonate) is not an infrequent cause of metabolic alkalo-
sis among the dialysis population.

Extensive use of crack cocaine has been implicated
as a cause of metabolic alkalosis in a dialysis patient.44

Cocaine hydrochloride is the salt form of the drug.
This form is not suitable for smoking because the tem-
perature at which it vaporizes is very close to the tem-
perature at which it burns. By contrast, cocaine base
“free base” vaporizes at a low temperature making it
more suitable for smoking. Free base is made by dissol-
ving cocaine hydrochloride in water and then adding
an alkali. In this patient, the source of the alkali was
“Draino” which contains NaOH. The chemical reaction
produces a precipitate composed of three components:
(1) excess NaOH, (2) a white powder often referred to
as “the cut” containing talc or baking soda added to
increase the weight and thus the street value of the
preparation and (3) the free base cocaine. On two sepa-
rate occasions following extensive crack cocaine use
this patient developed a serum bicarbonate concentra-
tion of .40 mEq/L. Presumably the cocaine prepara-
tion contained a considerable quantity of base and the
alkali load was unable to be excreted to the presence of
renal failure.

Net gain of HCO3
2 can occur in the setting of mas-

sive transfusion due to administration of citrate found
in packed red blood cells. A similar situation can com-
plicate plasmapheresis when citrate containing fresh
frozen plasma is used as a replacement
fluid.111,121,123,137 The use of citrate for the purpose of
regional anticoagulation in patients undergoing

TABLE 93.5 Advantages and Disadvantages of new Peritoneal
Dialysis Solutions

Solution Advantage Disadvantage

Icodextran Sustained ultrafiltration in
overnight dwell in CAPD,
long dwell in APD, and
during peritonitis, avoids
effects of glucose
absorption, iso-osmotic

Skin reactions (, 10%),
maltose accumulation

Amino acids Improves malnutrition Azotemia and
metabolic acidosis

Bicarbonate and
bicarbonate/
lactate buffer

Improved
biocompatibility due to
neutral pH, k glucose
degradation products

Two chamber bags to
separate Ca and Mg
from bicarbonate

Glucose
sterilized
separately at
lower pH

Improved
biocompatibility, k
glucose degradation
products

Two chamber bag
required
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continuous renal replacement therapy can cause meta-
bolic alkalosis.30,42,88 Citrate is rapidly metabolized to
bicarbonate by the liver and skeletal muscle. The risk
for alkalosis during citrate regional anticoagulation can
be lowered by using anticoagulant citrate dextrose for-
mula A (ACD-A) because this formulation produces
33% less bicarbonate in comparison to hypertonic triso-
dium citrate.

In the absence of renal function, no route exists for
elimination of extra bicarbonate. A bicarbonate dialy-
sate can be fashioned with a lower than normal
amount of buffer so that the serum bicarbonate may be
decreased.60 An acetate-buffered dialysate may also be
used. In this situation, the larger than normal bicarbon-
ate transmembrane gradient will favor increased loss
of buffer and (because the rate of acetate metabolism is
already near maximal) the net effect should be a
decrease in plasma bicarbonate. If the patient is not
overly symptomatic or having respiratory or cardiovas-
cular compromise, one may simply choose to wait for
normal endogenous acid production to titrate the
excessive amount of bicarbonate.

Conversely, if cardiopulmonary function is compro-
mised an intravenous infusion of hydrochloric acid can
be given. In general, HCl can be safely administered as
a 0.15-0.25 normal solution in normal saline or D5W
given through a central line. Due to the sclerosing
properties of HCl, it is imperative that the position of
the central line in the superior vena cava be verified by
chest x-ray prior to initiating infusion. Infusion rates
should be no more than 0.2 mmol per kilogram of
body weight per hour. One should use a bicarbonate
space of 50% of ideal body weight when calculating
the amount of HCl to be given. As an example, to
reduce the plasma bicarbonate from 50 to 40 mmol/L
in a 70 kilogram patient the amount of HCl required is
350 mmol (103 703 0.5). If the physician wishes, the
HCl can be added to an amino acid solution in TPN
and given centrally.

If patients are not ill enough to warrant the risk of
central venous catheterization and the infusion
of intravenous hydrochloric acid, they probably do not
need their alkalosis corrected acutely. Administration
of ammonium chloride is not recommended because
the ammonium will tend to increase urea nitrogen
levels. Arginine chloride is not recommended because
of the possibility of inducing hyperkalemia.25

CALCIUM

Hemodialysis

During the course of advancing chronic kidney dis-
ease, there is a tendency for patients to develop

hypocalcemia. The pathophysiology is multifactorial
and includes increased tissue deposition due to phos-
phate retention and the resultant increase in the
calcium-phosphate solubility product. Decreased circu-
lating levels of 1,25(OH)2 vitamin D lead to decreased
absorption of calcium from the gastrointestinal tract. In
addition, low vitamin D levels as well as hyperpho-
sphatemia impair the ability of parathyroid hormone
to mobilize calcium from bone. Finally, patients with
chronic kidney disease are prescribed phosphate-
restricted diets that by necessity are also low in
calcium.

In the setting of chronic kidney disease, more than
60% of plasma calcium is not protein bound and is sub-
ject to forces leading to movement across the dialysis
membrane. Calcium diffusion into the body can either
be positive or negative, depending on the concentration
gradient established across the membrane. The net flux
of calcium is also influenced by a component of con-
vective loss that occurs during ultrafiltration. Given
these considerations, the goal of dialytic therapy for
many years was to choose a dialysate calcium concen-
tration that would result in a net flux of calcium into
the patient. A dialysate calcium concentration of
3.5 mEq/liter (1.75 mmol/liter) became relatively stan-
dard because this concentration usually prevented
intradialytic calcium losses.

Raising the dialysate calcium concentration has been
associated with beneficial effects on indices of meta-
bolic bone disease. Wing showed that raising the dialy-
sate concentration of calcium from 2.5 to 3 mEq/liter
arrested the biochemical and radiographic changes of
hyperparathyroidism.192 Metacarpal bone thickness
was found to be stable with use of a dialysate calcium
concentration of 3.5 mEq/liter, whereas thickness
declined over time in patients dialyzed with a 2.5-
mEq/liter calcium bath. Use of a high-dialysate cal-
cium concentration has also been shown to reduce
parathyroid hormone levels to a greater extent than
does a low-calcium dialysate. As discussed in more
detail in material following, use of vitamin D analo-
gues has largely supplanted upward adjustments in
the dialysate calcium concentration for purposes of
treating secondary hyperparathyroidism. However,
this strategy may be useful in carefully selected
patients.69

A limitation of using higher dialysate calcium con-
centrations is the development of hypercalcemia. This
complication has become more common with the wide-
spread use of calcium-containing phosphate binders as
a substitute for aluminum and the wider use of high
doses of intravenous 1,25(OH)2 vitamin D to treat sec-
ondary hyperparathyroidism. As a result, the typical
dialysate calcium concentration has generally fallen
from that used several years ago.
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Using a dialysate calcium concentration of 2.5 mEq/
liter, Slatapolsky et al. were able to control the serum
phosphorus in 21 patients with calcium carbonate at an
average daily dose of 10.5 g with no instances of hyper-
calcemia.165 In an earlier study utilizing a dialysate cal-
cium concentration of 3.5 mEq/liter, large doses of
calcium carbonate were also effective in controlling the
serum phosphorus—but only at the expense of several
instances of hypercalcemia.166 The beneficial effect of
combining high-dose calcium-containing phosphate
binders with a low dialysate calcium concentration has
been confirmed by other investigators.157 In a similar
manner, Van der Merwe et al. treated patients with
secondary hyperparathyroidism with high-dose oral
calcitriol combined with a low-calcium dialysate con-
centration.182 During the course of the study, there was
a significant fall in the parathyroid hormone level and
alkaline phosphatase concentration without the devel-
opment of hypercalcemia.

Despite the enthusiasm for use of low-calcium dialy-
sate, some recent studies have emphasized that such
an approach requires careful monitoring to ensure that
the patient does not develop negative calcium balance
or worsening secondary hyperparathyroidism.177

Argiles et al. found that serum immunoreactive para-
thyroid hormone (iPTH) levels increased significantly
in patients treated with a 2.5-mEq/liter dialysate cal-
cium bath compared to a control group of patients dia-
lyzed with dialysate calcium of 3.0 mEq/liter.8 This
increase in iPTH occurred despite 2.4-fold more oral
CaCO3 ingested in the low-dialysate calcium group.
Although the increase in oral calcium intake was not
sufficient to prevent the stimulation in iPTH, subse-
quent treatment with 1,25 (OH)2 vitamin D was effec-
tive in reversing the rise in iPTH levels.

Similar results were reported by Fernandez et al. in
a group of patients sequentially dialyzed against a
3.5-/liter and then a 2.5-mEq/liter Ca bath.54 While on
the low-calcium dialysate, there was a significant
increase in serum iPTH and serum alkaline phospha-
tase levels. These changes occurred despite the fact
that oral calcium carbonate was administered at doses
ranging from 3 to 6 g/day while on the low-calcium
dialysate. As determined by clearance studies, the
authors suggested that the low-calcium dialysate
resulted in negative calcium balance—which in turn
contributed to the worsening hyperparathyroidism.
Furthermore, the maintenance of a normal serum cal-
cium concentration noted in the study occurred at the
expense of PTH-induced calcium mobilization from
bone. Utilizing measurements of total and ionized cal-
cium in serum and in spent dialysate, Argiles et al.
have confirmed that a 2.5-mEq/liter calcium dialysate
is associated with negative calcium balance.10 Based on
the potential of a 2.5-mEq/liter dialysate calcium to

cause negative calcium balance and to worsen second-
ary hyperparathyroidism, these authors now utilize a
dialysate calcium of at least 3.0 mEq/liter in the major-
ity of chronic dialysis patients.9

In addition to effects on metabolic bone disease,
varying the dialysate calcium concentration can affect
hemodynamic stability during dialysis. Maynard et al.
studied 12 patients in a prospective crossover trial and
found that a high dialysate calcium concentration
(3.75 mEq/liter) was associated with significantly less
fall in systolic blood pressure and in mean arterial
pressure than a low-calcium dialysate (2.75 mEq/
liter).117 In a double-blind prospective study, Sherman
et al. studied 20 patients who underwent alternate
hemodialysis with dialysate calcium concentrations of
2.5 and 3.5 mEq/liter.160 The use of a low dialysate cal-
cium concentration was associated with a minor but
statistically significant reduction in mean blood pres-
sure during hemodialysis. This effect may become clin-
ically important in patients with congestive heart
failure. One study found that a 3.5 mEq/liter Ca dialy-
sate offered clear hemodynamic benefits over a
2.5-mEq/liter dialysate in patients with an ejection
fraction less than 40%.183

In patients prone to intradialytic hypotension who
are at risk for hypercalcemia, dialysate calcium profil-
ing can be utilized as a strategy to improve hemody-
namic stability and yet minimize the potential for
hypercalcemia.99 In one study, patients were dialyzed
for 4 hours in which the dialysate calcium concentra-
tion was set low (1.25 mmol/liter) for the first two
hours and then increased to 1.75 mmol/liter for the last
two hours.99 Use of the varying dialysate calcium con-
centration was associated with greater hemodynamic
stability compared to a fixed dialysate calcium concen-
tration of either 1.25 or 1.5 mmol/liter. This hemody-
namic benefit was accomplished via an increase in
cardiac output. At the end of three weeks, there was no
difference in the pre-dialysis ionized calcium concen-
tration among the three groups.

Changes in serum calcium concentration may influ-
ence blood pressure through alterations in either sys-
temic vascular resistance or the determinants of cardiac
output, or both. In an attempt to determine the phy-
siologic mechanisms for calcium-induced changes in
systemic arterial pressure, Fellner et al. studied hemo-
dynamic variables that determine arterial blood
pressure as a function of changes in dialysate
calcium concentration.52 Eight patients underwent
hemodialysis three times within a single week with
dialysate calcium concentrations of 1.0, 3.5, or
5.0 mEq/liter. As in previous studies, changes in blood
calcium concentration correlated directly with blood
pressure. In addition, higher levels of calcium aug-
mented left ventricular stroke volume and cardiac
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output while leaving total vascular resistance
unchanged. It was concluded that alterations in blood
calcium concentration affected blood pressure primar-
ily through changes in left ventricular output rather
than in peripheral vascular tone.

In addition to changes in ionized calcium concentra-
tion, hemodialysis leads to alterations in several factors
that could conceivably be responsible for the observed
changes in ventricular function. Henrich et al.76 per-
formed a series of dialysis maneuvers to determine the
contribution of dialyzable toxins, ionized calcium, and
acidemia to left ventricular performance during routine
hemodialysis. The dialysate of each maneuver was
adjusted to produce three effects: isovolemic dialysis in
which neither ionized calcium nor bicarbonate was
allowed to increase (this procedure tested the effects of
uremic toxin removal), isovolemic dialysis during
which ionized calcium increased but bicarbonate was
held constant, and isovolemic dialysis in which bicar-
bonate increased but ionized calcium was kept
constant.

Echocardiographic studies showed that left ventricu-
lar end-diastolic and end-systolic volumes decreased
and ejection fraction and velocity of circumferential

shortening increased only in the procedure in which
plasma-ionized calcium increased. This study sug-
gested that the rise in ionized calcium is a major ele-
ment in the observed improvement in myocardial
contractility. Similar findings were recently reported
by Lang et al.101 Using dialysates differing only in cal-
cium concentration, myocardial contractility was
shown to correlate directly with plasma ionized cal-
cium. The mechanism by which increases in ionized
calcium seen during hemodialysis led to enhanced ven-
tricular function is not known.

In summary, the dialysate calcium concentration has
implications with regard to metabolic bone disease and
hemodynamic stability. As with the other dialysate
constituents, the calcium concentration should be indi-
vidually tailored to the patient106 (Table 93.6). In
patients prone to intradialytic hypotension, avoidance
of a low dialysate calcium concentration may be of
benefit. On the other hand, the use of a lower calcium
concentration in the dialysate will allow the use of
increased doses of calcium-containing phosphate bin-
ders and will lessen any dependence on aluminum-
containing binders. In addition, use of 1,25 (OH)2 vita-
min D can be liberalized so as to reduce circulating

TABLE 93.6 Considerations when Individualizing Components of the Dialysate

Dialysate component Advantage Disadvantage

Na: Increased More hemodynamic stability Dipsogenic effect, Increased interdialytic weight
gain, ? chronic hypertensionLess cramping

Decreased (rarely used) Less interdialytic weight gain Intradialytic hypotension and cramping more
common

Ca: Increased Suppression of PTH, promotes hemodynamic
stability

Hypercalcemia with Vitamin D and Ca
containing phosphate binders

Decreased Permits greater use of vitamin D and calcium
containing phosphate binders

Potential for negative calcium balance,
stimulation of PTH, slight decrease in
hemodynamic stability

K: Increased Less arrhythmias in setting of digoxin or coronary
heart disease, Less rebound hypertension

Limited by hyperkalemia

Decreased (ramped dialysate K ideal,
prevents rapid initial decline in
plasma K)

Greater dietary intake of K with less hyperkalemia?
improvement in myocardial contractility

Increased arrhythmias, may exacerbate
autonomic insufficiency

HCO3: Increased Corrects chronic acidosis thereby benefits nutrition
and bone metabolism

Post-dialysis metabolic alkalosis

Decreased Less metabolic alkalosis Potential for chronic acidosis

Mg: Increased ? Less arrhythmias Hypermagnesemia
? Hemodynamic benefit

Decreased Permits use of Mg containing phosphate binders Hypomagnesemia

PO4 (rarely added to dialysate) Treats or prevents hypophosphatemia in
malnourished, chronic disease state, overdose
setting, daily dialysis

Hyperphosphatemia
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levels of parathyroid hormone with less fear of induc-
ing hypercalcemia. However, when using low dialysate
calcium concentrations (, 3.0 mEq/liter) one needs to
monitor patients closely to ensure that negative cal-
cium balance does not develop and that iPTH levels
remain in an acceptable range.115,150 This latter issue
will become increasingly important as calcium-free
phosphate binders such as sevelamer and lanthanum
are more frequently used.29,43

One other critical consideration in the discussion of
dialysate calcium is the description of calcium loading
as being a factor in the development and progression
of vascular calcification.126 To date there is no consen-
sus guidelines for the integrated prescription of dietary
calcium and phosphorus, choice of phosphate binders,
vitamin D analogs, calcimimetics, and dialysate cal-
cium in hemodialysis patients. The most recent
Improving Global Outcomes (KDIGO) Clinical Practice
Guideline suggests using a dialysate calcium concen-
tration between 2.5 and 3.0 mEq/L (1.25 and
1.5 mmol/l).48,62 The working group in making this
recommendation felt this concentration would provide
near-normal calcium balance for most patients. The
pros and cons of this recommendation continue to be
debated.48,62 Further research is needed to define the
optimal mix of dialysate calcium concentration, dose of
vitamin D, amount of calcium and non calcium con-
taining phosphate binder, and use of the calcimimetic
agent cinacalcet.

Peritoneal Dialysis

To avoid negative calcium balance and to potentially
suppress circulating parathyroid hormone, commer-
cially available peritoneal dialysis solutions evolved to
contain a calcium concentration of 3.5 mEq/liter
(1.75 mmol/liter). This concentration is equal to or
slightly greater than the ionized concentration in the
serum of most patients. As a result, there is net calcium
absorption in most patients when using a conventional
dialysis regime such as 33 1.5% and 13 4.5% glucose
solutions.191 When ultrafiltration volume is high, as
occurs with use of 4.25% dextrose concentration at
high rates of exchange, net transfer of calcium can be
reversed such that calcium balance becomes negative.
In this setting, the convective flux of calcium exceeds
the diffusive flux such that net calcium balance can
become negative.164

As the use of calcium-containing phosphate binders
has increased, hypercalcemia has become a common
problem when utilizing the 3.5 mEq/liter calcium dial-
ysate. This complication has been particularly common
in patients treated with peritoneal dialysis because
these patients have a much greater incidence of

adynamic bone disease compared to hemodialysis
patients.162 In fact, the continual positive calcium bal-
ance associated with the 3.5 mEq/liter solution has
been suggested as a contributing factor in the develop-
ment of this lesion. The low bone turnover state typical
of this disorder impairs the accrual of administered cal-
cium, contributing to the development of hypercalce-
mia. As a result, there has been increased interest in
using a strategy similar to that employed in hemodialy-
sis; namely, lower the calcium content of the dialysate.
This strategy can allow for increased usage of calcium-
containing phosphate binders as well as more liberal
use of 1,25 (OH)2 vitamin D in order to effect decreases
in the circulating level of parathyroid hormone. In this
manner, the development of hypercalcemia can be
minimized.

Several studies have confirmed that a stable serum
calcium concentration can be maintained when using
low-calcium dialysis solutions.81,190 In a large random-
ized controlled multicenter trial, Weinreich et al. stud-
ied 103 stable CAPD patients in a comparison of 1.0
and 1.75 mmol/liter calcium solutions over six
months.190 Aluminum-containing binders were given
in place of CaCO3 in cases of hypercalcemia. In the
low-calcium group, serum calcium levels were main-
tained within the normal range—with a threefold
reduction in the incidence of hypercalcemia and sig-
nificant reduction in the need for Al(OH)3 compared
to the conventional dialysate. One concern with use
of a low-calcium dialysate is that parathyroid hor-
mone levels might be stimulated. However, in this
study PTH levels remained within the desired
range. In addition, there was no radiologic evidence
of renal osteodystrophy or demineralization of
bones.

More recently, Johnson et al. reported data from
a randomized prospective double-blind trial in 45
CAPD patients comparing treatment with 1.25 and
1.75 mmol/liter dialysate calcium over 12 months.81 In
this study, the low-calcium dialysate was associated
with less hypercalcemia and at the same time permit-
ted larger quantities of calcitriol and CaCO3 to be pre-
scribed. Increased use of these agents, however, may
explain why use of Al(OH)3 could not be reduced in
the low-calcium group. Increased doses of calcitriol can
preserve the need for Al(OH)3 by increasing intestinal
calcium absorption and thereby limiting the maximum
dose of CaCO3 that could be used, and by increasing
phosphate absorption—thereby increasing the total
dose of phosphate binders required for satisfactory
phosphate control. In addition, PTH levels increased in
the low-calcium group but returned toward baseline
after the first six months of the study. Bone mineraliza-
tion studies showed no differences between the two
groups.
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Sanchez et al. performed a one-year randomized
multicenter study comparing the effects of a 1.25 ver-
sus a 1.75 mmol/liter calcium-containing solution on
bone histology.153 The patients assigned to the low-
calcium solution had a greater increase in serum para-
thyroid hormone, but there was no differences noted in
bone histology between the two groups.

In summary, peritoneal dialysis solutions are widely
available with a calcium concentration of either 1.25 or
1.75 mmol/liter. The decision to use one concentration
or the other should be made on an individual basis.
The majority of patients can be treated with a dialysis
solution that contains 1.75 mmol/liter calcium. On the
other hand, a low dialysate calcium solution offers a
valuable therapeutic option to treat patients with
increased doses of calcium-containing phosphate bin-
ders and calcitriol with a much lower incidence of
hypercalcemia. Close monitoring of patients is required
when using a low-calcium solution to ensure that sec-
ondary hyperparathyroidism is not exacerbated. This is
particularly so in patients who are questionably com-
pliant with their calcium-containing phosphate binders
or when sevelamer or lanthanum is used as the
primary phosphate binder. Monitoring of bone miner-
alization is also indicated with long-term use of low-
calcium dialysate.

MAGNESIUM

Hemodialysis

The usual concentration of magnesium in the dialy-
sate is 0.5�1.0 mEq/liter and is only rarely manipu-
lated. In an attempt to minimize the development of
hypercalcemia and calcium loading associated with the
use of calcium-containing phosphate binders and vita-
min D, there has been interest in using magnesium-
containing compounds as a phosphate binder.171,172

The use of oral magnesium requires the use of a low-
magnesium dialysate concentration to avoid the devel-
opment of hypermagnesemia.

Depending on which magnesium salt is used, this
strategy has had variable success.66,129 Use of oral
Mg(OH)3 in association with a magnesium-free dialy-
sate had little or no effect on phosphate and increased
mean serum magnesium to 4.3 mg/dl. In addition,
diarrhea was a frequent side effect. More favorable
results have been reported with oral MgCO3. Donovan
et al. reported good control of the serum phosphorus
level using oral MgCO3 and a magnesium-free dialy-
sate.128 On this regimen, diarrhea was mild and tran-
sient and the serum concentration of magnesium did
not change. More recently, Kelber et al. examined the
feasibility of using a magnesium-free dialysate in the

setting of high-efficiency dialysis.86 Despite the use of
oral MgCO3, patients developed severe muscle cramp-
ing that was immediately relieved by adding magne-
sium back to the dialysate. It was determined that
measured magnesium removal exceeded the estimated
predialysis extracellular fluid magnesium pool. By con-
trast, dialysate magnesium of 0.6 mg/dl in combina-
tion with oral MgCO3 was well tolerated.

Use of this latter regimen was then examined in a
prospective randomized crossover study.40 Patients
were studied while taking MgCO3 and half the usual
dose of CaCO3 along with dialysate magnesium of
0.6 mg/dl, and again while ingesting CaCO3 given in
the usual dose with dialysate magnesium of 1.8 mg/dl.
There was no difference in the serum concentrations of
phosphorus, calcium, or magnesium between the two
phases of the study. In addition, the MgCO3-low CaCO3

regimen permitted a greater amount of intravenous
calcitriol to be used without the development of hyper-
calcemia. It was concluded that use of oral MgCO3 as
a phosphate binder and a low dialysate magnesium
concentration may be a useful strategy in patients.

The dialysate magnesium has also been varied in an
attempt to obtain better hemodynamic stability in the
setting of a low dialysate calcium concentration.100

Lowering the dialysate calcium concentration from
1.75�1.25 mmol/liter in the setting of a dialysate mag-
nesium concentration of 0.25 mmol/liter results in del-
eterious effects on mean arterial pressure, cardiac
index, and stroke volume. These hemodynamic effects
are prevented by raising the dialysate magnesium con-
centration from 0.25 to 0.75 mmol/liter even though
the dialysate calcium concentration is kept low.

Peritoneal Dialysis

Initially, the standard peritoneal dialysis solution
contained 1.5 mEq/liter magnesium. The concentration
has since been lowered to 0.5 mEq/liter to lessen the
frequency of hypermagnesmia that was observed with
the higher magnesium concentration. As discussed
with hemodialysis, a lower dialysate magnesium con-
centration may allow use of magnesium salts as an
additional calcium-free phosphate binder.

Dialysate Phosphate

In patients with mild to moderate hyperphosphate-
mia, hemodialysis has been estimated to remove
250�325 mg/day of phosphorus when extrapolated to
an average week.41,77 Because a diet that provides ade-
quate protein may provide approximately 900 mg of
phosphorus daily, it follows that dialysis cannot pro-
vide adequate control of phosphate by itself. Rather,
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management of hyperphosphatemia requires a combi-
nation of dietary restriction, oral phosphate binders,
and dialysis.

The limited ability of dialysis to remove phosphorus
is primarily related to the kinetics of phosphorus distri-
bution within the body, and not to inadequate clear-
ance across the dialyzer.98 In a typical dialysis session,
the rate of phosphorus removal is greatest during the
initial stages of the procedure and then progressively
declines to a low constant level toward the end of the
treatment. This decline is due to the decrease in plasma
concentration and the slow efflux of phosphorus from
the intracellular space and/or mobilization from bone
stores. Although dialysis membranes differ with
respect to plasma clearance of phosphate, it is the slow
transfer of phosphorus to the extracellular space
(where it becomes accessible for dialytic removal) that
is the most important factor limiting phosphorus
removal.158,163

There are only a few situations in which one
might consider adding phosphorus to the dialysate
(Table 93.6). Hypophosphatemia can be an occasional
finding in the chronic dialysis patient who is malnour-
ished and suffering from some chronic disease state. In
such patients, adding phosphorus to the dialysate may
be an effective means of treating hypophosphatemia
without having to utilize a parenteral route of adminis-
tration. The phosphate must be added to the bicarbon-
ate component of a dual proportioning system to avoid
the precipitation of calcium phosphate that would
result from addition to the calcium-containing acid
concentrate. Kaye et al. described three hypophospha-
temic dialysis patients treated by adding phosphorus
to the dialysate in a single proportioning system.87 In
these patients, phosphate was added to a bicarbonate
concentrate that contained no calcium. To avoid hypo-
calcemia, calcium was infused into the venous drip
chamber as a 10% CaCl2 solution. A final phosphate
concentration of 1�2 mmol/liter was found effective in
correcting the hypophosphatemia by the end of a four-
hour session.

Another situation in which addition of phosphate
to the dialysate may be useful is in the setting of
an overdose. In a patient with normal renal function
and a normal serum phosphate concentration, use
of a phosphate-free dialysate will commonly result in
hypophosphatemia. In most circumstances, the
hypophosphatemia is of short duration and is of
little clinical consequence. However, some intoxica-
tions may increase the risk for complications of hypo-
phosphatemia such that addition of phosphate to the
dialysate may be warranted.

Due to the slow equilibration of phosphorus
between the intravascular and intracellular space, long
frequent hemodialysis sessions are more effective in

removing dialysis.107 In fact, hypophosphatemia has
been noted in some patients treated with prolonged
daily nocturnal hemodialysis.140 In this setting,
adding phosphate to the dialysate may prove useful as
a means of normalizing the serum phosphate
concentration.
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INTRODUCTION

The transplanted kidney is a healthy organ respond-
ing to a multiplicity of complex and variant clinical
experiences and insults. There is no single model to
adequately explain the manner in which solutes are
handled by the transplanted kidney or the physiologic
derangements that might be encountered. There is an
ordered sequence of transplant events that can be iso-
lated and provide the impetus for unique alterations in
function that can be delineated. The hemodynamic
state of the donor prior to harvesting can adversely
affect early function of the graft. Perioperative cir-
cumstances, including the effects of warm and cold
ischemia on the donor kidney, produce functional
abnormalities similar to those intentionally produced
by investigators examining ischemic acute renal fail-
ure.42,99,151 Intraoperative factors including hypoten-
sion, blood loss, and technical damage establish
conditions capable of deranging the function of the
transplant. Additionally, the transplanted kidney, both
early and several months after engraftment, is a dener-
vated organ with all the consequences to tubular func-
tion attendant upon that state.30,32 The use of newer
immunosuppressive agents, which directly alter physi-
ologic function of the kidney, also affects the perfor-
mance of the new graft.

The placement of a functioning allograft in a setting
in which ischemic effects have been minimized and
engraftment has been uncomplicated may result in the
passage of salt and water during the early post-
transplant period. The nature and amount of salt and
water are a function of volume and osmolar loads
imposed by the azotemic state, which presents excess

solute loads and stimuli for the elaboration of saluretic
hormones.37,92,116,128,155 The effect of other comorbid
disorders associated with uremia, such as secondary
hyperparathyroidism, which may persist post-trans-
plant, can alter the handling of such solutes as calcium,
phosphorus, hydrogen ion, and bicarbonate even when
excretory function is excellent.31

The maintenance of a functioning allograft depends
on forestalling immunologically mediated assault. For
all but identical twins, transplant recipients are main-
tained on immunosuppressive medications, some of
which may have an impact on salt and water regula-
tion. For example, many recipients receive corticoster-
oids early in the transplant period regardless of the
additional immunosuppressive medicines during the
maintenance regimen. These drugs have profound
effects on sodium, chloride, potassium, and water reg-
ulation.58 Other immunosuppressive agents including
calcineurin inhibitors and rapamycin may alter renal
transplant tubular function.35 Since the early 1980s, cal-
cineurin inhibitors have been the mainstay of mainte-
nance immunosuppression in the allograft recipient.
Both cyclosporine and tacrolimus have the ability to
profoundly alter renal blood flow and thus renal func-
tion50,203 through reduced glomerular filtration with
resultant effects on the handling of sodium, potassium
hydrogen and uric acid.203 Rapamycin, one of the new-
er agents to be added to the armamentarium may also
lead to tubular dysfunction and altered solute trans-
port.7 On this background, immunologic assault in the
form of acute and chronic rejection can profoundly
alter the handling of salt and water by the transplanted
kidney, possibly related to effector cells or their
released cytokines.96,133
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This review, updated from its previous version, first
explores the intrinsic capacity of the transplanted kid-
ney to modulate solute and water, and to maintain the
internal milieu in homeostatic balance. By using the
classic observations of Bricker et al.30,31,32 and more
recent studies of tubular function that minimize warm
ischemia and avoid the confounding variables of
immunosuppressive drugs and rejection, the handling
of solutes and water by the denervated transplanted
organ will be characterized.

The remainder of this review deals with the various
derangements of solute and water handling observed
clinically after successful engraftment. These separate
syndromes will be explained employing clinical data
and observations in the human. When experimental
data from transplant or related fields of research
derived from animal models are applicable, they will
be discussed and placed in proper context in an
attempt to explain the etiology of or the physiologic
basis that underlies the clinical syndromes.

The effect of immunosuppressive therapies on renal
function and metabolic derangements has been exten-
sively studied. This revised chapter makes a special
effort to explicate the impact of these potent agents,
particularly that of calcineurin inhibitors and rapamy-
cin. Those experiments that reveal the multiplicity of
effects of these agents in general are reviewed in an
attempt to suggest a unifying theory as to their physio-
logic consequences.

INTRINSIC CAPACITY
OF THE DENERVATED

TRANSPLANTED ISOGRAFT

To observe the intrinsic capacity of the transplanted
kidney to maintain solute and water homeostasis, an
experiment must be designed to minimize the effects of
ischemia related to harvest, the solute load that the
azotemic patient presents to the new kidney, the use of
immunosuppressive medications, and the effects of
rejection. These criteria were best met by the classic
renal autotransplantation studies reported by Bricker
et al.32 in the dog. These researchers left one kidney
intact, excised the contralateral kidney, and retrans-
planted it into a discreet hemibladder. In this two-
kidney autotransplantation model in nonuremic ani-
mals, renal hemodynamics, maximal concentration and
dilution capacity, response to vasopressin, sodium, and
potassium excretion, response to modulation of plasma
volume by hypertonic and isotonic infusion, and the
response to mercurial diuretics were studied. When
renal hemodynamics had returned to normal after sur-
gery in the transplanted kidney, the measured tubular
functions were virtually equal in the just transplanted

kidney to those observed in the contralateral, undis-
turbed kidney. Sodium excretion rates factored for
respective solute loads were also equivalent to the con-
tralateral, undisturbed kidney as was the ability to
maximally concentrate or dilute the urine after several
days. This study illustrates the ability of the dener-
vated autotransplanted kidney to maintain normal sol-
ute and water balance.

In healthy individuals, head-out water immersion
increases sodium excretion.63 Interestingly, in renal
denervated dogs, the natriuretic response to head-out
water immersion is completely abolished, suggesting a
major role for the renal nervous system for this
response.140 Yet, despite renal denervation, it has been
shown that patients with well-functioning renal trans-
plants of less than two months duration are capable
of a normal natriuretic response to head-out water
immersion.174 This observation suggests that renal
nerve activity is not essential for a normal natriuretic
response to head-out water immersion in renal trans-
plant recipients. When six renal transplant recipients
were compared to, six normal individuals subjected to
head-out water immersion, it was demonstrated that
the denervated, transplanted kidneys of the six recipi-
ents were able to maintain a sodium excretory response
to head-out water immersion identical to that obtained
in the normal controls.49 These studies, taken together
with the earlier reports, illustrate that the denervated
autotransplanted kidney is able to maintain normal sol-
ute and water balance.

More precise experimental observations about renal
tubular function in the transplanted kidney were made
in the studies of Muller-Suur et al.145 and Norlen
et al.152 These investigators used a rat model in which
recipient animals underwent bilateral nephrectomy just
prior to isotransplantation. Using standard micropunc-
ture techniques to assess tubular function, Muller-Suur
et al.145 were able to show that five minutes after rees-
tablishment of circulation to the donor kidney that had
suffered the least amount of cold ischemia, there was
no statistical difference in the single-nephron glomeru-
lar filtration rate (GFR) of the transplant compared to
the untransplanted normal kidney (13.4 nl/min per
100 g of body weight vs 14.1). After an initial polyuric
phase related to solute load, a phenomenon discussed
later, the passage of sodium and potassium into the
urine was equivalent in the transplant to that of the
normal, untransplanted kidney. Norlen et al.152 mea-
sured proximal tubule reabsorptive capacity using
micropuncture techniques in a similar experimental rat
model. They demonstrated that there was normal prox-
imal tubular fluid reabsorption (TF/P inulin ratio of
2.1 [6 0.4]) as well as normal whole-kidney function
and normal single-nephron GFR. These studies show
that bulk solute handling by the denervated,
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isotransplanted kidney is normal on a whole-kidney
clearance basis. These nonrejecting grafts can maintain
a relatively undisturbed total GFR, single-nephron
GFR, and proximal tubular absorptive capacity as
determined by micropuncture.

The functional integrity of the more distal nephron
segments as well as the intrinsic capacity of the trans-
planted kidney to exhibit tubuloglomerular (T-G) feed-
back was investigated further by Muller-Suur et al.145

in the rat isotransplant model. Two experimental para-
digms were employed. In the first, the isograft was
punctured in the presence of the normal contralateral
kidney; in the second, the puncture occurred in the sol-
itary isograft after contralateral nephrectomy. In con-
trast to the observations by Norlen et al.152 the
investigators found that the whole-kidney GFR of the
transplanted kidney fell approximately 40% when the
contralateral kidney was left in place. Yet when the
remnant kidney was removed, the GFR in the isotrans-
plant rose toward but not entirely to the two-kidney
control value. These animals were then studied 15
hours after isotransplantation at a time when single-
nephron GFR had risen essentially to normal in order
to measure the effects of T-G feedback. There was nor-
mal urine flow rate, normal sodium and potassium
excretion, a normal TF/P inulin, and a slightly reduced
GFR. When unilateral nephrectomy was performed,
urine flow and sodium/potassium excretion rates
increased in both the transplanted kidney and in the
control. Interestingly, T-G feedback was found to be
intact, permitting appropriate modulation of GFR in
response to solute load by the transplanted kidney
when the contralateral, normal kidney was in place.
An increase in osmotic and solute load that would
occur after the contralateral kidney was removed
would be expected to have produced a substantial
reduction in GFR if no other compensatory mechan-
isms were at play. In the actual experimental situation,
the single remaining transplanted kidney demon-
strated a decreased sensitivity of the T-G feedback
mechanism, measured as a shift in the T-G set-point
(Fig. 94.1). This attenuation of the feedback sensitivity
set-point allowed the GFR to rise toward normal rather
than fall in the transplanted single kidney to maintain
normal clearance despite the increased solute load
reaching the macula densa. Muller-Surr et al.145

advanced the hypothesis that increased interstitial
pressure and volumes to which the transplanted kid-
ney is exposed after contralateral nephrectomy
explains resetting of T-G feedback. In summary, the
isotransplanted kidney, when studied with a function-
ing renal remnant, retains its capacity to modulate GFR
to solute load, but resets the T-G feedback set-point to
maintain GFR in the face of increased bulk blood flow
when placed in an environment devoid of additional

functioning nephron mass represented by a normal
remnant kidney.

Kidney transplantation between identical twins pro-
vides an interesting clinical counterpart to the rat and
dog isograft studies. Bricker et al.30 analyzed the intrin-
sic capacity of the human kidney allograft to maintain
solute and water homeostasis in the original set of
identical twins transplanted at the then Peter Bent
Brigham Hospital (now Brigham & Women’s Hospital)
in Boston in 1954, an advance in clinical medicine
recognized for the Nobel Prize of 1990. Recipients
of an identical twin kidney allograft require no

FIGURE 94.1 Feedback responses (change in stop-flow pressure
[SFP]) (ordinates) to different loop perfusion rates (abscissa) in kid-
neys 1 day after transplantation. A: Data on single experiments. The
open circles indicate the graphically determined turning points. B: As
in A, but after uninephrectomy. One individual tubule was studied
both before and up to 30 minutes after unilateral nephrectomy. This
tubule is marked by an asterisk in A and B. C: Mean curves from A
and B for transplanted kidneys (solid lines) and for control kidneys
(broken lines). Note the shift to the left in transplanted (closed circles)
kidneys compared with controls (open circles), and to the right after
uninephrectomy in controls (closed triangles) and transplanted (Δ)
animals. (From Muller-Suur R, Norlen BJ, Persson AEG. Resetting of
tubuloglomerular feedback in rat kidneys after unilateral nephrectomy.
Kidney Int 1980;18:48�50.)
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immunosuppressive therapy and rarely exhibit rejec-
tion. When compared to the remaining kidney function
of the identical donor sibling, the transplanted organ
was able to maintain an equivalent filtration fraction
and showed a normal ability to concentrate and dilute
urine as well as to acidify and to alkalinize the urine
when challenged. Further, the allograft could increase
and decrease the rate of sodium excretion in the face of
load, to respond to various volume- and drug-related
stimuli, and to retain the capacity to alter filtration frac-
tion and renal blood flow acutely while maintaining
extracellular fluid volume and composition. One can
conclude from isograft studies in animals and from the
observations in identical twin human allografts that the
transplanted denervated kidney retains the capacity to
modulate solute and maintain volume homeostasis.30,78

ISCHEMIA ATTENDANT TO HARVEST,
PRESERVATION, AND ENGRAFTMENT

Experimental models and clinical observation dem-
onstrate that the transplanted kidney has the intrinsic
capacity to maintain solute and water homeostasis.
Unfortunately, the allograft in clinical settings is
exposed to injurious environmental pressures to which
it must respond by modifications of physiologic func-
tion. This section of the chapter will attempt to isolate
several of the insults to which the functioning allograft
is exposed and reveal the means by which the trans-
plant has successfully responded to these challenges or
delineate the derangements that flow from unsuccess-
ful responses.

Although every attempt is made to minimize the
ischemic effect of kidney transplantation by paying
scrupulous attention to donor management, to condi-
tions of harvest, organ preservation, and to conditions
of engraftment, some degree of ischemic injury is a uni-
form phenomenon. Even in the early studies of Bricker
et al.32 of autotransplantation in the dog, an initial
drop in GFR and renal plasma flow that normalized
several days after surgery was observed. This initial
drop in GFR was felt to be due to tissue ischemia
induced by the operative procedure and did not have
any lasting effects on kidney function as revealed by
their measurements.

Muller-Suur et al.145 also noted important conse-
quences of early ischemia in their Munich-Wistar
rat isograft model. They observed that even in the
group of animals that received the least amount of
protocol-determined cold ischemia prior to implanta-
tion, a group able to maintain normal single-nephron
GFR, there still were increases in urine flow rate
with diminished urinary concentration (approximately
100 mOsm/kg) during the first three hours

postoperatively, thought a consequence of surgical
ischemic injury. During this initial polyuric phase,
there was an additional increase in sodium and potas-
sium excretion paralleling the enhanced urine flow
rate. An initial polyuria and the formation of hypotonic
urine, even when GFR is normal, were felt to be a uni-
versal consequence of the unavoidable ischemia of the
transplantation event.

These findings have been confirmed in reperfusion
studies in renal allografts in humans.5 Alejandro et al.,
noted that in the ensuing hours of post-transplant, frac-
tional excretion of rates of sodium were elevated to
.20% with an impairment of urinary concentrating
ability even in those with normofiltration. Although
significant tubular dysfunction occurred, by morpho-
metric analysis, only B2% of proximal tubular cells
exhibited necrosis and obstruction of the tubular
lumen. Unlike studies in the native kidney157 and sup-
porting the work of others,192 this points away from an
important contribution of tubular obstruction to postis-
chemic injury in the transplanted allograft.

In turn, it has been suggested that afferent arteriolar
constriction with an attendant fall in the glomerular
perfusion pressure is the primary mechanism by which
glomerular filtration is affected in the freshly trans-
planted kidney.5 One contributing mechanism may be
that the high fraction of filtered sodium reaching the
macula densa mediates afferent vasoconstriction via
tubulo-glomerular feedback. In patients with persistent
hypofiltration post-transplantation, loss of polarity of
proximal tubular cells with redistribution of cytoskele-
tal proteins including Na1/K1-ATPase, fodrin and
ankyrin from the basolateral membrane to the cyto-
plasm has been noted4,119 with subsequent impairment
of proximal tubular sodium reabsorption.

In addition to tubuloglomerular feedback, vascular
mediators are felt to contribute to a state of afferent
arteriolar vasoconstriction. With sustained injury and
delayed function of the transplant, both elevation in
plasma renin activity and endothelin-1 levels have
been observed.5 In addition, there appears to be resis-
tance of afferent arterioles to the vasodilator actions of
endogenous atrial natruiretic peptide, which is present
in excess.220 Thus, postischemic allograft injury
appears to be accompanied by an imbalance that favors
constrictor hormones over those that dilate the afferent
arteriole with a resultant depression in GFR by lower-
ing of glomerular perfusion pressure.

Urinary exosomes released into the urine by fusion
of the outer membrane of multivesicular bodies with
the apical plasma membrane of renal epithelial
cells101,168 are shown to include membrane and cyto-
solic proteins, which have the characteristics of
all renal tubule epithelial cells, podocytes, and transi-
tional epithelial from the urinary collecting system.
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Importantly, several of these proteins found in urinary
exosomes have been implicated in various kidney dis-
eases and suggest that the examination of urinary
endosomes may allow for a non-invasive measurement
of site-specific biomarkers.167

Several studies have demonstrated changes in excre-
tion of urinary exosomal Na1/H1 exchanger isoform 3
(NHE3)60 and fetuin-A234 after renal ischemia/reperfu-
sion. NHE3, a sodium transporter protein in the proxi-
mal tubule, was present in the urine within 24 hours
after renal allograft transplantation with levels return-
ing to undetectable 48 hours after transplantation relat-
ing to a marked improvement in renal function.60

Conversely, NHE3 levels were not increased in the
urine in the setting of acute allograft rejection. This
data suggests that NHE3 may be a temporal marker
of renal ischemia/reperfusion injury. Urinary exoso-
mal fetuin-A levels have been shown to be increased
after ischemia/reperfusion in allograft recipi-
ents234,193 but also in donor patients193 suggesting
this may be a response to a change in renal hemo-
dynamics and not specific to renal ischemia/perfu-
sion injury.

The excretion of urinary exosomal aquaporin-1 has
been studied both in animal models and in human allo-
graft recipients. Aquaporin-1 is a water channel protein
abundantly expressed in renal epithelial cells of the
proximal tubules and the descending limb. It is known
that renal ischemia/reperfusion in the native kidney
leading to acute kidney injury is associated with
decreased renal aquaporin-1 expression80 with subse-
quent data showing a decreased abundance of urinary
exosomal aquaporin-1 in Sprague-Dawley rats sub-
jected to unilateral renal ischemia/reperfusion as well
as a renal transplant recipient at two and six days after
renal transplantation despite a dramatic decrease in the
plasma creatinine concentration following the opera-
tion.193 There was no decrease in urinary exosomal
aquaporin-1 excretion in both animal models of
nephrotic syndrome and patients with proteinuria.
These data suggest that urinary exosomal aquaporin-1
may be a useful urinary biomarker to predict post-
transplant acute kidney injury related to ischemia/
reperfusion injury. Follow-up studies in larger sets of
patients will be needed to confirm these findings and
validate the utility of the role of urinary exosomal pro-
teins in the detection of renal/ischemia reperfusion
injury.

Norlen et al.151 used microsphere injection techni-
ques to evaluate alterations in intrarenal blood flow
during varying lengths of warm and cold ischemia of
the renal transplant. Analysis of cross sections of rat
kidney showed that microspheres injected during the
reperfusion phase after two hours of cold ischemia
showed no areas of preferential blood flow. Longer

degrees of ischemia (12�16 hours) resulted in poor fill-
ing of the medulla. Except for the polyuric phase,
which always seems to accompany such ischemia,
there was no functional or structural abnormality after
two hours of cold ischemia. On the other hand, after
12�16 hours of cold ischemia, there were dilated and
collapsed tubules interspersed with morphologically
“normal” tubules. The dilated tubules exhibited no
glomerular filtration and were thought a consequence
of obstruction by swollen epithelial cells in the cortico-
medullary region. This study provides anatomic corre-
lates to the ischemic engraftment and preservation
procedures.

The different studies in animals taken together show
that short-term ischemia may derange volume homeo-
stasis and concentration ability. Longer periods of
ischemia may result in delayed reperfusion of the corti-
comedullary region, possibly due to cellular swelling
in that area.151 The effect of the more prolonged ische-
mia to the transplant is a fall in GFR and an early loss
of concentrating ability of the tubule. These alterations
are potentially reversible spontaneously and may lead
to no long-term sequelae. Clinically, the absence of
urine formation after surgery suggests longer ischemic
injury, whereas some element of the universally
encountered polyuria is a consequence of shorter peri-
ods of ischemia.

Most data, however, would suggest that early ische-
mia/reperfusion injury of short duration does not lead
to untoward long-term consequence to the allograft.
Prolonged injury on the other hand, may contribute to
late renal allograft deterioration and failure.89,148,211 To
evaluate the association between initial ischemia/
reperfusion injury occurring secondary to organ
retrieval, storage, and transplantation and late renal
allograft deterioration and failure, Azuma et al.11 stud-
ied the patterns of proteinuria, cellular infiltration,
cytokine expression, and glomerular sclerosis over
time in 344 Lewis and Fischer rats after 45 minutes of
warm ischemia of a singe kidney. Intracellular adhe-
sion molecule I, endothelin, and major histocompatibil-
ity complex (MHC) class II expression were found to
be upregulated within two to five days after the injury,
which enhances the antigen load presented to the
recipient and the appropriate signal pathways to
enhance antigen recognition, culminating in a drive for
additional acute and later chronic rejection. In the ani-
mals, proteinuria developed after 8 weeks, and glomer-
ulosclerosis, arterial obliteration, and interstitial
fibrosis occurred after 16 weeks. These data suggest
that early ischemia and reperfusion, if severe enough,
may not only contribute to early dysfunction but also
to late renal deterioration and chronic rejection.
Further studies are needed for better understanding of
the factors mediating these abnormalities.
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ALLOGRAFT IN THE AZOTEMIC
SOLUTE-LOADED RECIPIENT

Clinical observations teach that the placement of a
functioning allograft into an azotemic patient leads to
copious urine formation. The typical diuretic phase
postoperatively has been attributed to several potential
etiologies. As has been previously discussed, ischemia
per se affects the concentrating ability of the neph-
ron.145 Solutes that accumulate in azotemic patients,
even in the face of adequate dialysis, can induce an
osmotic diuresis when GFR is adequate.128,155

Additionally, the administration of loop diuretics such
as furosemide and osmotic diuretics such as mannitol
during the transplant operation will contribute to this
polyuric phase. Lastly, the etiologic role of atrial natri-
uretic peptide (ANP) as the basis for some of this
polyuric phase has been suggested by observations in
humans and studies on animals using a volume-
overloaded ischemic kidney model and measurements
of that peptide in early clinical transplant experience.37

During the immediate postoperative period, the
diuresis that frequently occurs can be profound and, if
not followed assiduously with appropriate replacement
therapy, can be life threatening.128 In their study of six
patients after native nephrectomy and transplantation,
Ogden et al.155 observed diuresis of 5�14 liters over
the first 24 hours after transplantation. The diuresis
was osmotic, with the osmolar clearance of electrolytes
accounting for more than 50% of the total solute clear-
ance. Although these patients were relatively hyperos-
molar due to retained blood urea nitrogen (BUN), their
osmotic diuresis post-transplant was not primarily
driven by urea but by electrolytes, principally sodium.
Swenson et al.199 studied sodium balance in four
patients who had undergone kidney isotransplantation
and found negative sodium balance of 150�1000 mEq
during the immediate postoperative period. They
found that the rate of sodium loss correlated with pre-
transplant overexpansion of extracellular space (ECS)
and that water excretion was more a function of
sodium than urea excretion. Additionally, they
observed hypovolemia related to this osmotic diuresis
in several patients with postural hypotension and
tachycardia when urine output was inadequately
replaced. These data suggest that the osmotic diuresis
may be a result of an inability to retain filtered sodium
when required and not merely of the presence of
increased filtered loads.

As was discussed in the previous section, the ische-
mic insult of transplantation alters the ability of the
tubule to concentrate urine, in particular the proximal
tubule. This occurs even in the optimal setting of live
donor transplantation whereby ischemia is minimized.

In a study of eight renal allograft recipients of live
donor kidneys, Bugge et al.33 noted a high fractional
excretion of sodium during the first hour after surgery
correlating with a high urinary excretion of N-acetyl-ß-
glucosaminidase. NAG is a lysosomal enzyme found in
high concentrations in renal tubules, especially in the
S3 segment of the proximal tubule. The data taken
together suggest that it is the defect in proximal tubu-
lar transport contributing to the post-transplant
osmotic diuresis that hitherto was thought to be a con-
sequence of solute loads presented to disordered corti-
cal collecting tubules.

Diuretics, including both osmotic and loop, given
during the perioperative period also contribute to the
post-transplant polyuria. Mannitol has been shown to
reduce the frequency of postsurgical acute renal failure
after renal transplantation.213 It has been suggested
that the combination of mannitol and volume expan-
sion gives better protection than volume expansion
alone, but the mechanism for this protective effect is
not known. By its osmotic activity, mannitol increases
plasma volume expansion, decreases systemic and
renal vascular resistance, and counteracts swelling of
tubular cells. All of these properties of mannitol may
contribute to its protective effect against ischemic renal
injury. Loop diuretics reduce sodium reabsorption and
oxygen consumption in the thick ascending limb of
Henle, and simultaneously, increase the oxygen avail-
ability for the S3 segment of the proximal tubule that
may protect against ischemic injury.94

One might infer that the correct clinical response to
the expansion component of the diuresis would be to
restrict perioperative volume loads. In fact, such infer-
ence is absolutely false, as it has been shown that chal-
lenges of hypervolemia during renal transplantation
decrease the post-transplant period of dysfunction due
to postsurgical acute renal failure.38 It has long been
known that salt loading prior to ischemia or nephro-
toxic insults delimits the physiologic display of injury;
the transplant condition is not different in this regard.
Some have hypothesized that the protective effect of
volume expansion may be due to released atrial natri-
uretic factor (ANF). One argument is that the intrinsic
hypervolemia of the transplant recipient at the time of
surgery and the additional volume loads imposed by
the transplant team generate high levels of ANF, which
protect the nephron from ischemic injury, an unavoid-
able consequence of the surgical event. Measurements
of pulmonary artery pressure (PAP), pulmonary wedge
pressure (PWP), and central venous pressure (CVP) as
an estimate of systemic volemia in seventeen patients
during allograft placement were compared with levels
of ANF. Although it was difficult to statistically relate
measures of these parameters of volume status to
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markedly elevated levels of ANF, there was a clear
positive correlation between the changes in ANF and
acute changes in central volemia (Fig. 94.2). This study
suggests that during transplantation ANF is elevated at
the time of surgery and its release is facilitated by ther-
apeutic volume challenges. Additional data by Nyberg
et al.154 and Plum et al.170 lend further support to this
view. In a study of 14 patients undergoing live donor
kidney transplantation, Nyberg et al. showed that ANF
levels rose significantly after transplantation and vol-
ume expansion and by stepwise multiple linear regres-
sion analysis was the strongest determinant of post-
transplant diuresis. Similar findings were also reported
by Plum et al. in the early post-transplant period.

The protective role of ANF on the ischemic injury of
transplantation has been suggested by animal models.
By using an ischemic renal injury rat model, Gianello
et al.76 investigated whether the atrial natruiretic pep-
tide by itself was able to improve early renal function
after an ischemic injury. In a group of Wistar rats sub-
jected to right nephrectomy and left renal artery occlu-
sion for 30 minutes followed by a two hour infusion of
rat atrial natruiretic peptides, there was a significant
improvement in early recovery of renal function as
compared to those rats who received isotonic saline
alone. There was a notable increase in urinary flow
rate, sodium excretion and improvement In GFR recov-
ery. A similar experiment confirmed and extended
these observations in a dog model77 showing protective
ANF effects with low doses of human exogenous ANF.
It is worth noting in both animal models, a striking
increase in GFR after ANF infusion. In the intact kid-
ney, the enhanced GFR induced by ANF results from a
hemodynamic effect as noted by vasodilation of the
preglomerular afferent arteriole and constriction of the
efferent artery. It has been hypothesized that a similar
mechanism of action of ANF is involved in the ische-
mically injured kidney model.

In addition to the glomerular effects, ANF also con-
siderably improves natriureisis and fractional sodium
reabsorption rates suggesting that ANF may also have
direct tubular effects and may be direct or mediated
by an inhibition of the renin-angiotensin-aldosterone
system.

These experiments in animals show that volume
expansion and the resultant diuresis is protective of
recovery after ischemic renal injury. This conclusion is
corroborated by studies in renal transplant recipients
who have improved graft function after perioperative
volume expansion.38 The onset of a rapid osmotic
diuresis after transplantation heralds a rapid recovery
and all attempts should be made to augment the early
and copious formation of urine through volume expan-
sion and diuretics. There is evidence to suggest that the
protective nature of volume expansion leading to early
renal recovery from surgical injury may be partially
related to ANF release.

In addition to hypervolemia-induced release of
ANF, there is evidence that glucocorticoids, a standard
concomitant of clinical transplantation, directly stimu-
late ANF release and by doing so provide further pro-
tection to the renal transplant against ischemic injury.
Eight healthy men were studied by Weidmann et al.224

in a cross-over, “blinded” study of the effect of predni-
sone (50 mg/day for nine days) on ANF while on a
diet containing 130 mmol of sodium and 75 mmol of
potassium. During the prednisone therapy period,
there was no change in sodium balance, blood pres-
sure, or weight compared with the placebo period.

FIGURE 94.2 Correlation between atrial natriuretic factor (ANF)
and pulmonary wedge pressure (PWP) variations during renal trans-
plantation. (From Gianello P, Squifflet JP, Carlier M, et al. Beneficial effect
of atrial natriuretic factor on ischemically injured kidneys in the rat.
Transplantation 1989;48:9�14.)
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Over the nine-day study period, the mean supine ANF
was nearly threefold greater during prednisone intake
than during placebo intake in controls. Confirmatory
studies in Sprague-Dawley rats by Gardner et al.74

showed that rats injected with dexamethasone, 1 mg/
day, for one to two days while water deprived, exhib-
ited a twofold increase in ANF. These animals were
then killed and slot-blot analysis of atrial cells by using
a cDNA probe for ANF showed 1.5-fold to two-fold
increase in mRNA for ANF in those animals treated
with steroids. These findings suggest that glucocorti-
coids directly stimulate ANF synthesis by atrial cells.
Although not directly studied in transplantation, the
early use of glucocorticoids in that setting may enhance
the release of ANF in the early post-transplant period,
play some part in the observed initial polyuria, and
serve as a protective therapeutic maneuver against
perioperative ischemia.

Although it has been shown in animal models of
acute ischemic renal failure that ANF ameliorates renal
damage, administration of synthetic ANF in humans
following renal transplantation in attempts to promote
initial graft function have not shown any beneficial
effects. In a prospective, double-blind study by Sands
et al.186 10 pairs of cadaveric kidneys were trans-
planted into 20 recipients. Upon revascularization
of the allograft, paired recipients received either
humanized ANF or placebo administered intrave-
nously as a 50- μg bolus, followed by a 4-hour infusion
at 0.1 μg/kg/min. Renal allograft function was deter-
mined both by serum creatinine and measurements of
GFR by (125I)iothalamate. No significant differences
were noted in renal allograft function between the two
groups. Similar results have been obtained by
others.175,191 These results do not mean that ANF plays
no role in preserving renal function after transplanta-
tion as extracellular volume expansion is a major stim-
ulus for endogenous ANF secretion. It suggests that
hANF alone is not superior to conventional extracellu-
lar volume expansion.

The early diuretic phase after transplantation is
important for the long-term outcome of the graft.36

Although there is suggestion that the early diuretic
phase is related to impairment of function in the con-
centrating segment and proximal tubule, the
impairment is transient, with no long-term sequelae.
The osmotic load provided by the azotemic state and
the perioperative volume expansion with resultant
additional solute loads presented to the kidney, all con-
tribute to diuresis directly and further stimulate ANF,
which is responsible for an additional component of
urine formation. Every attempt should be made to
facilitate post-transplant diuresis, which improves
immediate graft function, enhances the rapid recovery
of the transplant recipient, helps to make the early

management period less difficult for the transplant
team, and culminates in a substantial increase in graft
survival.

SOLUTE REGULATION
DURING REJECTION

The most unique syndrome that a transplanted kid-
ney must deal with is that of acute rejection.
Derangements of renal function, which characterize
this immune assault on the allograft, include not only a
decrease in the GFR but also altered solute excretion.
The diminution of sodium concentration in the urine
has even been used by some as a useful clue to the
diagnosis of acute rejection.64,90,97,156 Renal retention of
sodium reflects intrarenal ischemia, the final result of
the immunologic assault on the transplanted allograft.
In general terms, renal inflammation with organ swell-
ing and edema can extrinsically reduce renal blood
flow. More precise mechanisms responsible for physio-
logic dysfunction during rejection are doubtless at play
and are worthy of a great deal of study. Acute cellular
rejection of the kidney is associated with the release of
monokines from activated T lymphocytes and from
monocytes, which are in great measure responsible for
the changes one calls inflammation. One important
cytokine released is interleukin-2 (IL-2).48 Although not
formally studied in kidney transplantation, patients
who are receiving supraphysiologic doses of IL-2 for
immunotherapy of metastatic melanoma or renal cell
carcinoma exhibit functional changes in solute han-
dling similar to those encountered during acute rejec-
tion.75,171,202,223 IL-2 regimens result in systemic
hypotension due to systemic vasodilatation associated
with azotemia and low urinary excretion rates of
sodium. Although the amount of systemic IL-2 released
during rejection is insufficient to cause systemic hypo-
tension, the local release of the cytokine into the renal
circulation may be sufficient to vasodilate renal beds
directly or indirectly, open endothelial tight junctions,
and contribute to the edema and high intrarenal pres-
sures thought to be responsible for extrinsic reduction
in total renal blood flow and sodium avidity.

Another cytokine, tumor necrosis factor (TNF), is
found to be elevated during acute rejection episodes.133

In a group of prospectively monitored transplant reci-
pients, TNF elevation was diagnostic of rejection in
half of the cases. Even when not diagnostic of acute
allograft rejection alone, elevated TNF measured dur-
ing rejection amplifies the importance of cytokines dur-
ing the immunologic assault. The effects of human
TNF on glomerular histology in rabbits given doses
of 0.08, 0.8, and 80 g/kg/liter for five hours were stud-
ied by Bertani et al.23 At the 0.8g/kg/liter dose
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administered, there was leukocyte infiltration of glo-
merular capillaries as well as inflammatory cells within
the glomerular capillaries. At the dose of 8 g/kg/hr,
there was renal failure accompanied by the leukocyte
infiltration with fibrin accumulation. The effects
of TNF on renal vascular resistance released during
acute rejection may mediate the observed endothelial
damage.

Inflammatory prostanoids of the vasoconstrictive
variety released from activated monocytes infiltrating
the allograft have been implicated in the reduction of
renal blood flow and impaired excretory function of
rejection. The role of arachidonic acid metabolites in
the transplant physiologic derangement during acute
rejection has been studied by Coffman et al.45 using a
rat allograft model between inbred rat strains (Lewis
rat donors to Brown-Norway recipients). Associated
with the histologic evidence of cellular rejection based
on interstitial and perivascular infiltrates of mononu-
clear cells and the reduction of inulin clearance rates,
there was an increase in the production of throm-
boxane B2 (TXB2) without a correlative increase
in prostaglandin E2 (PGE2) or 6-ketoPGF1α (the
stable metabolite of prostacyclin [PGI2]) (Fig. 94.3).
Attempts at reversal of the cellular rejection by using
cyclophosphamide resulted in improvements in
the clearance of inulin as well as in a reduction in the
urinary levels of TXB2. Additionally, the use of a
thromboxane synthetase inhibitor resulted in an
improvement in GFR and renal blood flow during
acute cellular rejection episodes when administered
before an immune assault on the organ.45 The fact that
a thromboxane synthetase inhibitor did not completely
ameliorate the detrimental effects of the acute cellular
rejection suggests that other factors also may be at play
during rejection. In another study by Munger et al.146

kidneys were transplanted from Munich Wistar (MW)
rats to syngeneic controls and MHC-incompatible reci-
pients to evaluate the effects of surgery and acute rejec-
tion on glomerular hemodynamics by clearance and
micropuncture techniques. A significant decrease in
both single-nephron GFR and glomerular capillary
pressure was found in animals with acute rejection.
Micropuncture studies showed that the principal
derangement in renal microvascular function during
acute rejection is intense preglomerular vasoconstric-
tion. Interestingly, the glomerular histology was nor-
mal, suggesting that locally acting vasoconstrictor
influences such as TXA2 and leukotrienes were most
likely responsible for the depressed renal function.

A recent study by Velic et al.214 examined the effect
of transplant rejection on the functional activity and
regulation of transporters involved in sodium reab-
sorption in the proximal tubule using a rat allograft
model of acute rejection without immunosuppression.

In those kidneys with histologic evidence of acute
rejection, downregulation of mRNA and protein levels
for Na1/H1 exchanger type-3 (NHE-3) were noted,
independent of ischemia.

In follow-up, the same group extended their experi-
ments to the distal nephron to further characterize the
role of rejection on expression and function of trans-
porters and receptors.215 In the cortical collecting duct,
mRNA expression and function of the epithelial Na1-
channel (ENaC) and mRNA and protein expression of
the water-channel AQP2 were downregulated. To dif-
ferentiate between possible effects of acute rejection
and those directly related with the transplant process

FIGURE 94.3 Renal venous thromboxane B2 (TXB2) production
by ex vivo perfused Lewis control kidneys (L.C.) and 2-d (2D), 3-d
(3D), and 6-d (6D) allografts. The control period (C) represents renal
TXB2 production determined for all groups before bradykinin stimu-
lation. Renal TXB2 production by all groups also is indicated after
120, 180, and 240 minutes of bradykinin stimulation (1 μg given as a
bolus every 30 minutes). Bars represent mean plus standard error of
the mean (SEM). Statistically significant differences between groups
are indicated by brackets with the corresponding p value. (From
Coffman TM, Yarger WE, Klotman PE. Functional role of thromboxane
production by acutely rejecting renal allografts in rats. J Clin Invest
1985;75:1242�1248.)
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such as denervation or ischemia/reperfusion, synge-
neic transplantations were performed. Whole kidney
mRNA and protein expression of ENaC and AQP2
remain unchanged. Addition of cyclosporine abolished
the downregulation of both channels, again supporting
the notion that these changes are the result of acute
rejection. Both studies show that in models of acute
rejection, transporters important in Na1 reabsorption
and consecutively solute and volume reabsorption may
lead to a significant decrease in energy consumption
and represent a period of adaptation by the kidney to
support recovery of the stressed organ and protect it
from further non-immunologic and immunologic
damages.

These studies taken together suggest that changes in
expression of proteins involved in tubular transport
may be subjected to rejection-associated mechanisms.
This is a fertile area for future research and may pro-
vide therapeutic targets for the accelerated recovery of
acute rejection of the allograft, and therefore, the prog-
nosis of the renal transplant.

In summary, true rejection is a state of low GFR,
intrarenal vasoconstriction, and sodium avidity
related to the immune activity within the graft that
often persists beyond the abrogation of the cellular
infiltration or humoral assault on the tissue. This
may reflect the consequences of inflammatory media-
tors released by various infiltrating cells and adap-
tive tubular regulation of solute transport. This is a
fertile area for future research and may provide ther-
apeutic targets for the accelerated recovery of acute
rejection of the allograft, and therefore, the prognosis
of the renal transplant.

RENALTUBULAR ACIDOSIS
ASSOCIATED WITH ISCHEMIA

AND REJECTION

Renal tubular acidosis (RTA) is the most commonly
encountered group of tubular abnormalities found
after successful renal transplantation and may cause
profound changes in acid base balance.20,107 One can
describe various types of renal tubular acidosis includ-
ing proximal RTA, Fanconi syndrome, distal RTA and
Type IV RTA with hyporeninemic hyperaldosteronism,
some of which may overlap and vary as a function of
time during the lifespan of the allograft. For example,
proximal RTA and Fanconi syndrome have been noted
to occur early in the post-transplant period and resolve
spontaneously suggesting that this may be in part
attributable to acute ischemic renal failure related to
the harvest procedure. Other types of renal tubular aci-
dosis, particularly distal RTA may appear months to
years after the transplant and are due to chronic

rejection or drug-induced nephrotoxicity, including
calcineurin inhibitors. Secondary hyperparathyroidism,
obstructive uropathy and urinary tract infections may
also contribute to the pathogenesis of RTA. Chronic
RTA following transplantation is important as it may
interfere with bone metabolism and at times lead to
nephrocalcinosis and nephrolithiasis.

The presence of hyperchloremic, nonanion gap
acidosis in the transplant patient was first described
by Massry et al. in 1967.130 In their case, hyper-
chloremic acidosis appeared on day 33 after successful
transplantation when GFR was improving and the
serum potassium was 3.3 mEq/liter, chloride was
1215 mEq/liter, and plasma bicarbonate was 15 mEq/
liter. Additionally, this patient had glycosuria, amino-
aciduria, and hyperphosphaturia along with the meta-
bolic acidosis, suggesting a complete Fanconi
syndrome due to proximal tubular dysfunction. The
clinical picture was best defined as a dual effect located
in the distal and the proximal tubule, in part because
of the failure to acidify the urine, even with administra-
tion of exogenous acid coupled to the Fanconi syn-
drome. Better24 additionally showed that when excess
buffer base was provided to the distal nephron, this
patient was unable to generate a steep hydrogen ion
gradient, indicating that there was a distal tubular
defect in transporting hydrogen ions either into the
lumen from the tubular cell or from the blood into the
lumen. In the report of Rubini et al. from 1967,182 an
early post-transplant tubular dysfunction similar to the
Fanconi syndrome with spontaneous resolution was
observed. Rubini et al.182 also suggested that distal
tubular dysfunction was found along with the Fanconi
syndrome, arguing that the form of RTA observed in
the early post-transplant period is a mixed disorder of
proximal and distal tubular dysfunction perhaps the
result of ischemic injury encountered during the har-
vest and engraftment procedure.

The impact of high circulating levels of parathyroid
hormone (PTH) of the recipient on proximal tubular
acidification may contribute to the early post-
transplant RTA as shown by studies of Arruda et al.9

in dogs in which PTH was infused acutely. Animals
receiving a human PTH infusion of 1 U/min or a bolus
of 100 U followed by a continuous infusion of 5 U/min
exhibited an increase in bicarbonate excretion and an
increase in urinary pH. The increase in urine pH was
associated with an increase in total titratable acid due
to an increase in proximal tubular rejection of phos-
phate. The next acid excretion remained unchanged
during the bicarbonaturia due to a decrease in ammo-
nia excretion. The urine�blood (U-B) PCO2 ratio
remained stable during the study period, suggesting
the distal tubular ability to secrete H1 was not altered
by the PTH infusion.
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Purer forms of distal tubular acidosis are the types
of acid�base disorders most likely to persist after
transplant and can become a clinical problem requiring
intervention. In a study by Better et al.24 six patients
not receiving cyclosporine were shown to have urinary
acidification defects after successful cadaveric trans-
plant. All these patients showed an inability to create a
steep gradient for hydrogen ion exchange in the distal
tubule. Follow-up studies done over the next 15
months showed that each patient was able to acidify
the urine and excrete titratable acid, in spite of the
development of chronic transplant rejection in two
patients. Indeed, Better et al.24 concluded that neither
rejection nor the immunosuppressive medications used
at the time of their study played an important role in
the urinary acidification defect that they were observ-
ing in transplant recipients. They argued that the defect
observed was truly the result of ischemic injury atten-
dant on the transplantation event and organ retrieval,
which slowly resolves over time.

The natural history of RTA after renal transplanta-
tion has been best described in studies by Wilson and
Siddiqui230 in 32 patients prospectively studied for one
to three years with repetitive urinary acidification test-
ing. The authors argued that there are two clinical pic-
tures of RTA after renal transplantation. Fourteen of
the 32 patients initially had a distal RTA with an inabil-
ity to reduce the urine pH below 5.3 in the face of sys-
temic acidosis. Ten other patients initially had a
systemic, hyperchloremic acidosis with depressed
serum bicarbonate levels but with a normal ability to
acidify the urine in the face of the acidosis. In this latter
group, two patients had clearly demonstrable proximal
tubular bicarbonate wasting. The presumed proximal
bicarbonate wastage and the hyperchloremic acidosis
disappeared or improved with time in seven of the ten
patients. Partial distal defects of hydrogen ion trans-
port with a persistent acidification defect remained in
nine of the 14 patients with distal lesions. They con-
cluded that initially after surgery, a wide variety of
tubular transport defects may be found from pure
forms of proximal RTA, sometimes with a complete
Fanconi syndrome, to distal RTA, although a mixed
defect was most commonly encountered. With a
resumption of normal organ function, there is a fairly
rapid recovery of the proximal tubular acidification
capacity. In most patients, a distal acidification defect
remains for a greater length of time with ultimate reso-
lution in most. Those with persistent distal lesions
become a management problem with respect to potas-
sium homeostasis and healing of the metabolic bone
disease of renal failure, which requires the careful
attention of the astute clinician.

A second group of patients will develop new defects
in renal tubular acidification because of the

immunologic complications of rejection. Wilson and
Siddiqui230 also described the new appearance of a dis-
tal tubular acidification defect in patients who had no
previous abnormalities of acid�base tubular homeosta-
sis, which they suspected was due to superimposed
renal rejection. Batlle et al.18 directly studied the role of
chronic rejection on hyperchloremic metabolic acidosis.
In five of six carefully studied patients with chronic
rejection, urine pH could not be acidified below 5.5,
and the U-B PCO2 difference was not increased after a
sodium sulfate buffer base infusion. A tubular defect of
distal hydrogen ion secretion was found to account for
this inability to acidify the urine. These investigators
emphasized the development of interstitial infiltrates
by round cells characteristic of chronic rejection in five
of these six patients, who ultimately lost renal function.
A similar pathologic picture, with the infiltration of
round cells into the parenchyma associated with the
development of RTA, is seen in other states of immune
activation and renal infiltration by immune cells such
as in Sjögren syndrome. The distal RTA of Sjögren syn-
drome may result from an absence of the H1-ATPase
pump, a key enzyme in distal urinary acidification by
the intercalated cells of collecting ducts,16,46 and it has
been hypothesized that this deficiency may also
account for the RTA of kidney transplant rejection.
Jordan et al.102 studied six kidney transplant patients
with biopsy proven rejection and two control patients
physiologically and by immunohistochemistry.
Impaired ammonium excretion as well as impaired
proton secretion with reduction in urinary PCO2 was
noted in those patients with rejection. In none of the
patients was there a total absence of intercalated cell
H1-ATPase staining as seen in Sjögren syndrome, but
there was an inverse relationship between the abun-
dance of H1-ATPase staining and degree of scarring. A
direct relationship was noted in the abundance of H1-
ATPase-stained intercalated cells and 100/plasma cre-
atinine. It may be that the tubulitis of rejection not only
affects H1-ATPase-mediated acidification by individ-
ual intercalated cells but also, via disruption of tubular
anatomy, reduces the transepithelial voltage leading to
defective ammonium excretion and a distal RTA. The
development of secondary distal RTA may be an early
sign of the immunologic process that leads to rejection.

In summary, renal tubular acidoses that affect all
portions of the nephron can be observed after success-
ful renal transplantation. Proximal tubular defects
including the complete Fanconi syndrome are found
most often in the perioperative period. The proximal
tubular abnormality resolves as the transplant function
improves. Distal tubular defects of acidification are
encountered both early and late after successful renal
transplantation and are the most common lesions
encountered. These lesions can persist throughout the
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functional life of the kidney, although they usually
recede at a slower rate than the early proximal RTA.
These defects have been described in patients before
the introduction of calcineurin inhibitors to the immu-
nosuppressive protocol. The nature of RTA in the
transplant patient will be revisited in our discussion of
the impact of immunosuppressive medications on
renal function. Ischemic injury related to organ
retrieval and placement has been described as the
cause for the abnormalities seen early after transplanta-
tion. A second, spontaneously appearing distal RTA is
seen in patients whose graft is undergoing rejection.
The development of distal RTA may be an early sign
that a transplant is having an immunologic insult.

SYNDROMES OF POTASSIUM HANDLING

After successful renal transplantation, potassium
transport was generally normal in the precyclosporine
era.117 Postoperatively, if one did encounter a problem
with potassium homeostasis, hypokalemia was fre-
quently observed.24,130 The most common cause for
this hypokalemia is polyuria and inadequate replace-
ment during the diuretic phase, as was discussed ear-
lier in this chapter.128,199 A large osmotic diuresis
drives potassium into the urine and limits the tubular
capacity to modulate potassium. In addition, a distal
RTA and the use of relatively high doses of steroids
early in the postsurgical period may contribute to the
hypokalemia. These circumstances aside, persistent
hypokalemia has been found to be uncommon after the
immediate postoperative period.

Hyperkalemia also has been described after renal
transplantation in the absence of impaired filtration,
significant acidosis, potassium supplementation, or cal-
cineurin inhibitor use. DeFronzo et al.53 observed clini-
cal hyperkalemia in 23 of 75 patients in the first three
months following successful transplantation. Four
patients of this group were studied in detail to ascer-
tain the mechanism for their hyperkalemia. As would
be expected after a successful renal transplant, these
patients responded appropriately to volume and
sodium challenges with respect to the renin-
angiotensin-aldosterone axis. Increased distal delivery
of solute achieved by a loop diuretic, by a carbonic
anhydrase inhibitor, or by bicarbonate infusion did not
enhance potassium excretion, suggesting that a distal
sodium-potassium exchanger was defective.
Therapeutic challenge with 9-fluorohydrocortisone also
failed to reduce serum potassium. The failure to
enhance potassium excretion by increasing the solute
delivery and the impaired mineralocorticoid response
pointed to impaired distal tubular potassium transport
as the etiology for the observed hyperkalemia.

Thiazide diuretics were able to diminish the serum
potassium level and enhance potassium excretion, sug-
gesting that this defect was not structural. Indeed,
studies of these patients showed that hyperkalemia dis-
appeared with time, further suggesting that the distal
tubular defects of potassium transport may resolve as
transplant function improves.

The presence of the syndrome of pseudohypoaldos-
teronism originally described by DeFronzo et al.53

remains controversial, with confirmation by some and
rejection by others.96 The quoted rate of occurrence of
30% has been most vigorously challenged. In one sup-
porting study of a 56-year-old woman with hyperkale-
mia, Uribarri et al.210 found diminished kaliuresis and
a marked kaliuretic response to 9-fluorohydrocortisone
after successful renal transplantation. Other clinicians
pointed to hypoaldosteronism in patients related to
adrenal failure and renal transplantation.178 In two
such patients, low plasma renin and aldosterone levels
in the salt-restricted, volume-contracted, upright pos-
ture were absent. When challenged with 9-fluorohy-
drocortisone, these patients had a normal kaliuretic
response. Several other reports of transient hypoaldos-
teronism supported this initial observation by Perez
and Oster162 and Rosenbaum et al.179 These studies
suggested that after transplantation, impaired secretion
of potassium from the distal tubule may appear to be
due either to direct tubular dysfunction or to mineralo-
corticoid deficiency. This pseudohypoaldosteronism is
observed early in the post-transplant period and
resolves spontaneously. The functional defect can be
corrected with thiazide diuretics. The hyperkalemia of
true hypoaldosteronism also can appear after trans-
plantation and responds to replacement therapy.

It is important to emphasize that although
potassium-handling defects were interesting before the
use of calcineurin inhibitors, their clinical significance
was trivial. With the introduction of cyclosporine and
tacrolimus into the immunosuppressive armamentar-
ium, the problem of hyperkalemia has become more
prominent. A complete discussion of the effect of
calcineurin-inhibitor immunosuppressants on tubular
handling of potassium is the subject of a later section
of this chapter.

MINERAL METABOLISM STATES
AFTER TRANSPLANT

Renal transplant handling of elements related to
mineral metabolism is perhaps the most complex of the
matters discussed in this chapter. The alterations in
hormonal status and in the synthesis of regulators of
these elements provided by the azotemic milieu cou-
pled to the circumstances that surround surgery and
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early patient management added to the intrinsic trans-
plant properties contribute to several different distinct
syndromes found in a temporal sequence (Table 94.1).
Patients may be hypercalcemic, eucalcemic, or hypocal-
cemic. They may be hypophosphatemic and/or hypo-
magnesemic. Parathyroid gland function may be
normal or exhibit persistent secondary hyperparathy-
roidism or rarely autonomous function (tertiary hyper-
parathyroidism). Renal hydroxylation of vitamin D
may be subnormal early or normal late. The tubule
may intrinsically leak phosphate, calcium or magne-
sium. This section attempts to isolate these factors and
provide a context for understanding the impact of renal
transplantation on renal metabolic bone disease.

Almost all allograft recipients have some degree of
secondary hyperparathyroidism, which may be
unmasked, when the transplant is placed. Serum PTH

concentrations decrease progressively during the first
three to six months after grafting;103 however, 1 year
after transplantation, resolution of hyperparathyroid-
ism is incomplete in 50% of recipients.125 Pretransplant
factors associated with persistent secondary hyperpara-
thyroidism after kidney transplantation include dura-
tion of dialysis, parathyroid gland size, and the
development of nodular hyperplasia of parathyroid
glands.110 Due to the long lifespan of parathyroid cells
of approximately 20 years and the cell renewal rate of
approximately 5% per year, the process of involution
of the parathyroid glands may take from a few months
to several years. Incomplete normalization of renal
function, suboptimal levels of calcitriol and decreased
intestinal calcium absorption secondary to corticoste-
roid therapy also may contribute to the high PTH con-
centrations after transplant.207 In great measure, the
impact of persistent hyperfunction of the gland charac-
terizes renal handling of ions important for mineral
metabolism in transplant recipients.

During the initial period of graft function, hypercal-
cemia is commonly observed due to the effect of hyper-
parathyroidism.137 High PTH concentrations stimulate
the renal production of calcitriol leading to increased
intestinal calcium absorption and improved skeletal
mobilization of calcium. Additional factors contribut-
ing to the resolution of the skeletal resistance to PTH
include correction of uremia and normalization of
serum phosphorus levels, thus facilitating the release
of calcium due to osteoclastic bone resorption. Finally,
resorption of soft tissue calcifications can contribute to
the post-transplant hypercalcemia.

Transient hypercalcemia post-transplant is common,
and spontaneous resolution occurs in most cases
within one year after grafting. In approximately 5�10%
of recipients, hypercalcemia persists beyond the first
year but resolves gradually within two to five addi-
tional years.129 Such persistent mild hypercalcemia is
usually well tolerated and not associated with unto-
ward effects on the allograft. If severe hypercalcemia
(.12 mg/dl) is encountered post-transplant, complica-
tions including renal dysfunction, nephrocalcinosis,
pancreatitis and vascular calcifications become signifi-
cant risks and may require elective parathyroidectomy.

During the initial period of graft function, hypercal-
cemia is commonly observed due to the effect of hyper-
parathyroidism.137 Despite elevated PTH levels, the
gland retains its capacity to respond to short-term
administration of calcium by downregulation of PTH
formation and release.134 The higher levels of ionized
calcium required to suppress PTH secretion show that
the parathyroid gland has an altered “calcium stat”
(Fig. 94.4). In spite of successful renal transplantation,
the parathyroid gland continued to require a higher
threshold of ionized calcium to suppress function

TABLE 94.1 Mineral Metabolic States After Transplant

Hypercalemia

Persistent secondary hyperparathyroidism

Tertiary hyperparathyroidism

Tubular phosphate leak

Calcium-containing antacids

Low or normal calcemia

Early

High-dose steroids

1,25-dihydroxy vitamin D

Late

Normal renal function

Tubular calcium leak

Hypophosphatemia

Early

Persistent secondary hyperparathyroidism

High-dose steroids

Antacids

Late

Persistent secondary hyperparathyroidism

Tubular phosphate leak

Hypomagnesemia

Early

High-dose steroids

Diuretics

Late

Cyclosporine A
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completely.134 In this circumstance, the higher serum
calcium sometimes found in these patients is a conse-
quence of an appropriate response to the fixedly ele-
vated PTH concentration and reset threshold. Other
potential causes for hypercalcemia include calcium-
containing antacids used to prevent the ulcerogenic
potential of high-dose steroids used during the early
post-transplant period.184 Additionally, if serum cal-
cium levels are unable to reach the new set-point for
gland suppression parathyroid hyperfunction will con-
tinue.135 There is also the potential for the loss of sup-
pressive ability that calcium has on parathyroid gland
function. This conversion from what is called “second-
ary” to what has been labeled “tertiary” hyperparathy-
roidism can occur before the transplant surgery or
thereafter, but is a rare event. If allowed to continue
without surgical reduction in gland mass, tertiary
hyperparathyroidism can cause persistent hypercalce-
mia and hypophosphatemia at a cost primarily to bone
mineralization.135

Normal or even low levels of serum calcium after
successful transplantation in the face of elevated PTH
have also been encountered. Confounding variables
that characterize the early post-transplant period,
which can impair gut absorption of calcium, include
high doses of steroids used to prevent rejection88 and
inadequate hydroxylation of vitamin D by the trans-
plant.184 That the “normal” or low levels of calcium
often persist in the setting of persistent elevation of
PTH levels, even when gut absorption of calcium
returns toward normal as prednisone is reduced and
the graft hydroxylation of vitamin D normalizes, sug-
gests the presence of additional alterations in calcium
metabolism. By using isotopic calcium excretion stud-
ies, Sakhaee et al.184 were able to show that a primary
tubular calcium leak occurred in such patients in spite
of normal or even elevated PTH levels, normal 1,25-
dihydroxy vitamin D levels, and normal intestinal
absorption of calcium. This primary calcium leak pro-
vides a persistent stimulus for PTH generation,
explaining the measured abnormalities, in part, years
after successful transplantation in some patients.

Of all the reported electrolyte abnormalities that fol-
low renal transplantation, hypophosphatemia is the
most commonly encountered,82,93,127,222 occurring in
up to 93% of patients during the first few months after
transplantation.67 Although this phenomenon is usu-
ally limited to the early post-transplant period, hypo-
phosphatemia may persist for more than 10 years.69

Traditionally, several pathogenic factors have been
implicated in the development of post-transplant hypo-
phosphatemia including persistent hyperparathy-
roidism, relative deficiency of calcitriol, use of
glococorticoids. Pabico and McKenna158 reconfirmed
the findings of McCarron et al.134,135 with respect to
responsiveness of the parathyroid glands to calcium
infusions and extended those findings to examine
tubular handling of phosphate. Despite an elevated
parathyroid hormone level in the six study patients, an
infusion of 15 mg/kg of ionized calcium over 3 hours
raised serum calcium into the normal range, lowered
serum PTH toward normal levels, and diminished uri-
nary cyclic AMP appropriately. Serum phosphorus
rose commensurate with an increase in tubular reab-
sorption of phosphorous (TRP) reflecting the relation-
ship between TRP and PTH levels. Parfitt et al.161

confirmed the possibility that a primary leak of phos-
phorus existed in their study of a group of transplant
patients with normal serum calcium, slightly elevated
parathyroid hormone level, and normal urinary cyclic
AMP, but high tubular rejection rates of phosphorus as
a function of glomerular filtration rate. These two stud-
ies make several points in general and about phospho-
rus as a function of glomerular filtration rate. These
two studies make several points in general and about
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FIGURE 94.4 Parathyroid gland responsive to calcium infusion
in renal transplant recipient compared with normal. (With permission
from American Society for Clinical Nutrition, McCarron DA, Bennett
WM, Muther RS, Barry JM, Krutzik S. Post transplantation hyperparathy-
roidism: demonstration of retained control of parathyroid function by ion-
ized calcium. Am J Clin Nutr 1980;33:1536�1540.)
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phosphate handling in particular. Transplant impact
on mineral metabolism is complex. In most, there is
persistent hyperparathyroidism even after successful
renal transplantation, whichh is responsive to calcium
infusion albeit with a higher calcium stat or setpoint.
Second, phosphorous handling by the tubule in some
reflects PTH levels and in others reflects a primary
tubular leak as clearly shown by Graf et al.82

These effects may be compounded by the use of
immunosuppressive, antacid and diuretic drugs.
Micropuncture studies performed on Sprague-Dawley
rats by Frick et al.72 suggest that glucocorticoids may
cause an increased tubular rejection of phosphorus in
the proximal tublule. Rats receiving a diet stable in cal-
cium and phosphorus infused with a modified
Ringer’s lactate solution, which contained an increased
dose of inorganic phosphorus, while receiving
0.03 mg/kg/min of hydrocortisone 90 minutes before
micropuncture reabsorbed only 29% of the filtered
phosphorus load in the proximal convoluted tubule, as
opposed to 41% proximal tubule reabsorption in a con-
trol group. Another confounding variable in the equa-
tion of post-transplant hypophosphatemia is the
frequent, often indiscriminate use of antacids. These
agents bind phosphate in the gut lumen and prevent
absorption.184 The decreased intestinal absorption mag-
nifies the hypophosphatemia owing to the PTH effect
at the tubule and to the intrinsic tubular phosphorus
leak. It has become clear in the face of recent data, that
none of these factors can explain hypophosphatemia in
its entirety. Recently, a new family of phosphorus-
regulating hormones termed “phosphatonins” have
been described that may play an important role in the
pathophysiology of phosphorus wasting in the post-
transplant period.

Although elevated PTH levels are noted in the
majority of patients after kidney transplantation, a
growing body of evidence suggests that it is not the
primary cause of defective renal phosphorus reabsopr-
tion. In one study, identical serium PTH levels were
observed in post-transplant recipients with normal and
low serum phosphorus concentrations.180 In addition,
suppression of PTH levels with intravenous calcium
infusion failed to normalize serum phosphorus concen-
tration and fractional excretion of phosphorus in those
sujbects with hypophosphatemia. Further support sug-
gesting a non-PTH humoral mechanism in the develop-
ment of hypophosphatemia came from an in-vitro
study using opossum kidney cells incubated with sera
from end-stage renal disease, chronic kidney disease
and recipents both “early” (two weeks to one month)
and “late” (9 to 12 months) post-kidney transplant.83

Sodium-dependent phosphorus transport was mea-
sured by radioactive phosphorus flux. There was sig-
nificant inhibition of Na1-dependent phosphorus

transport in those with ESRD, CKD and early post-
transplant which persisted following the addition of a
bovine PTH inhibitor. It was hypothesized that a
humorally mediated adaptation mechanism maintains
phosphorus homeostasis in renal failure by inhibiting
phosphorus transport and sodium/phosphorus activ-
ity along the proximal tubule. Persistence of this puta-
tive circulating factor for some time following
successful transplantation could therefore lead to
hypophosphatemia accompanied by increased phos-
phaturia. Exciting work by several groups13,67 have
suggested that fibroblast growth factor-23 (FGF-23)
may be one such factor.

FGF-23 induces phosphaturia and inhibits renal 1-α
hydroxylase leading to decreased calcitriol synthesis.189

Recent studies have shown that FGF-23 levels increase
as CKD progresses and contribute to the declining cal-
citriol levels observed.86,121 In a prospective longitudi-
nal study of 27 patients undergoing living donor
kidney transplantation, 85% developed hypophos-
phatemia, including one who had previously under-
gone parathyroidectomy.13 Although FGF-23 levels
decreased after transplantation, the levels remained
significantly above mean levels reported in healthy
individuals. FGF-23 was independently associated with
serum phosphate, urinary excretion of phosphate and
calcitriol levels. PTH was not independently associated
with any of these parameters. This data has been cor-
roborated by others67,66 and the term “tertiary hyper-
phosphatonsim” coined. In longitudinal follow-up of
renal transplant recipients, FGF-23 declined over time
with regression of renal phosphorus wasting.66

Taken together, it is reasonable to conclude that high
FGF-23 levels that developed as a compensatory mech-
anism with worsening kidney function, persist post-
transplant and contribute to the hypophosphatemia
and phosphaturia noted in the early-transplant period.
Other phosphatoninins have recently been described
including secreted frizzled related protein-4 (sFRP-4),
matrix extracellular phosphoglycoprotein (MEPE) and
FGF-7.22,181 Their physiologic role in kidney transplant
recipients remains to be determined.

Hypophosphatemia may be compounded by the use
of immunosuppressive, antacid and diuretic drugs.
Micropuncture studies performed on Sprague-Dawley
rats by Frick et al.72 suggest that glucocorticoids may
cause an increased tubular rejection of phosphorus
in the proximal tubule. Rats receiving a diet stable in
calcium and phosphorus infused with a modified
Ringer’s lactate solution, which contained an increased
dose of inorganic phosphorus, while receiving
0.03 mg/kg/min of hydrocortisone 90 minutes before
micropuncture reabsorbed only 29% of the filtered
phosphorus load in the proximal convoluted tubule, as
opposed to 41% proximal tubule reabsorption in a
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control group. Another confounding variable in the
equation of post-transplant hypophosphatemia is the
frequent, often indiscriminate use of antacids. These
agents bind phosphate in the gut lumen and prevent
absorption.184 The decreased intestinal absorption mag-
nifies the hypophosphatemia owing to the PTH effect
at the tubule and to the intrinsic tubular phosphorus
leak.

Clinically, patients may present with muscle weak-
ness and osteomalacia when the plasma phosphate
concentration is below 1.4 mg/dl. Although severe
phosphate depletion with phosphate concentrations
below 0.9 mg/dl is rare, it may lead to hemolytic
anemia, rhabdomyolysis, decreased myocardial con-
tractility, and respiratory failure. Oral phosphate
supplements are capable of normalizing the serum
phosphate concentrations after transplantation.
Furthermore, the administration of neutral phosphate
increases net acid excretion and may lead to a more
rapid recovery of the latent metabolic acidosis
observed during the early post-transplant period.

Both hypercalcemia and hypophosphatemia are
metabolic conditions that may have profound effects
on urinary acidification and systemic acid�base status.
Studies in animals and humans show that acute infu-
sion of synthetic PTH results in increased proximal
tubular bicarbonate wasting and decreased net acid
excretion.9 In a study of artificially induced hyperpara-
thyroidism in normal humans, which is analogous to
placing a healthy allograft in a patient with hyperpara-
thyroidism, Hulter and Peterson98 showed that normal
healthy male patients who were fed a stable diet and
infused with synthetic PTH at a dose of 6800 U/mg for
a period of 12�13 days exhibited a transient, early,
mild hyperchloremic metabolic acidosis due to inhibi-
tion of proximal tubule bicarbonate regeneration and
to a decrease in net titratable acid excretion. When a
new steady state was achieved in which net acid
returned to normal and plasma bicarbonate levels were
elevated, the acidosis was terminated, and subjects
were left in a mild metabolic alkalosis. These results
oppose the clinical observation that hyperparathyroid-
ism is associated with persistent metabolic acidosis.
Although high serum levels of PTH can transiently
produce metabolic acidosis because of bicarbonate
rejection and a decrease in net acid excretion, the renal
or extrarenal mechanism that propagates this metabolic
acidosis related to persistently elevated PTH remains
uncertain.

Alterations in magnesium homeostasis after trans-
plantation can also be directly related to hyperfunction
of the parathyroid gland.187 This having been said,
multiplicities of factors that make up the transplant
experience alter the direct relation between excess PTH
and magnesium level. Variations in serum levels of

magnesium are importantly related to magnesium
intake. The protein and caloric malnutrition frequently
encountered before and after transplantation is a
contributor to magnesium homeostasis.221 During the
early post-transplant period, steroid therapy130 and
diuresis130 contribute to the hypomagnesaemia.
Additionally, hypercalcemia can reduce tubular reab-
sorption of magnesium, leading to magnesium wast-
ing.130 Although hypomagnesemia is commonly seen
after transplant, it has rarely been of clinical conse-
quence until the use of calcineurin inhibitors. The
effects of the calcineurin inhibitors on the handling of
magnesium will be discussed later in the chapter.

In summary, the disorders of divalent ion metabo-
lism after transplantation are a function of three fac-
tors. The first factor relates to the background into
which a working renal transplant is placed, with nutri-
tional status and even more important, persistence of
secondary hyperparathyroidism. The second factor is
that drugs used after transplant affect the modulation
of divalent ions. Finally, the third factor is that intrinsic
abnormalities of tubular handling of calcium and phos-
phorus by recently identified phosphatonins can
impair the maintenance of normal mineral metabolite
levels and worsen any single abnormality. Taken
together, all can synergistically contribute to the devel-
opment of osteodystrophy and increased cumulative
incidence of fractures post-kidney transplant.

HANDLING OF URATE
AFTER TRANSPLANT

Hyperuricemia is a common complication of renal
transplant with gout affecting approximately 2�13% of
patients.43 Several factors may contribute to the high
prevalence of hyperuricemia and gout. Renal allograft
recipients are prone to hypertension and edema, and
diuretics are frequently used in their management.
Both loop and thiazide diuretics reduce uric acid excre-
tion, presumably by causing mild volume depletion
with consequent enhancement of proximal tubular
reabsorption. Also, loop agents may compete with uric
acid for secretion by the proximal organic acid trans-
porter. Delayed graft function or the development of
chronic allograft nephropathy may contribute to the
impaired excretion of uric acid. However, a correlation
between serum creatinine or creatinine clearance and
serum urate levels has not always been found.81,226

When uric acid handling was examined in patients
with functioning kidney transplants in the period
before widespread use of calcineurin inhibitors, no
consistent abnormalities in fractional reabsorption or
excretion of uric acid emerged arguing against any spe-
cific impairment in uric acid excretion inherent to the
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transplant itself.24 It is clear that the greatest risk of
hyperuricemia and gout can be attributed to the use of
calcineurin inhibitors. The mechanisms by which cyclo-
sporine and tacrolimus contribute to the altered han-
dling of uric acid by the transplanted kidney will be
discussed in subsequent sections.

RENALTRANSPORTAND
IMMUNOSUPPRESSIVE DRUGS

Successful allograft transplantation requires accep-
tance of the grafted tissue by the immune system of the
host. For nearly all patients, some form of immunosup-
pressive medicine to maintain graft survival is
required. Although an array of physiologic derange-
ments can be a consequence of immunosuppressive
therapy, most patients with successful transplants
exhibit essentially normal renal functional characteris-
tics. Studies by Lewis et al.123 and Blaufox et al.29 in
recipients of live-related transplants after bilateral
nephrectomy revealed normal exchangeable sodium
and potassium in spite of immunosuppressive therapy
with prednisone and azathioprine. Balance studies on
both high (200 mEq/day) and low (10 mEq/day)
sodium diets showed balance was achieved in all
patients within four days. Almost all studies that
have examined the renin-angiotensin-aldosterone sys-
tem in nonhypertensive renal transplant recipients
with stable graft function have found that the con-
ventional immunosuppressive protocol of prednisone
and azathioprine do not affect the kidney’s ability
to modulate plasma renin activity when GFR is
maintained.28,84,105,112,113,196

Having just delineated the general failure to relate
tubular transport abnormalities to drug regimens in
the past, one must yet uncover those instances of
pathophysiology that flow directly from drug therapy.
Glucocorticoids have been the backbone of the various
regimens used to prevent rejection of the allograft and
frequently are employed to reverse the process once
underway. Since most patients are maintained on glu-
cocorticoids in the initial post-transplant period, the
impact of these agents on renal function is important.
No direct studies have been undertaken to define the
effects of glucocorticoids on renal allograft transplant
function. One must posit a set of drug related changes
based indirectly on studies in normal subjects. Studies
by Connell et al.47 of renal function in such normal
humans who receive cortisol at a dose of 50 mg every 6
hours over five days showed an increase in GFR to
113% based on insulin clearance. This increase was not
found when creatinine clearance was measured.47 They
proposed that the increase in creatinine turnover due
to cortisol limited the usefulness of creatinine as a

measure of GFR.47 The exact cause for this increase in
GFR induced by glucocorticoids is unknown, but
micropuncture studies in rats show that both pre- and
postglomerular arterioles are vasodilated, suggesting
that the exuberant GFR is a consequence of increased
glomerular flow.19 The cortical collecting tubule
responds to the mineralocorticoid activity of the high-
dose prednisone, the form of steroid almost exclusively
employed in transplantation, by reabsorbing sodium
in exchange for potassium and hydrogen ions.107

The nephron escapes from the sodium retention by
decreasing sodium reabsorption in segments other
than the cortical collecting tubule.103 The escape is
characterized by increased renal arterial pressure
transmitted to the microcirculation, which contributes
to decreased sodium reabsorption, by the proximal
tubule.87 The relationship of steroids to calcium
absorption in the gut, phosphorus wasting in the
kidney, and potassium handling has been previously
discussed.

Antibodies directed to lymphoid elements are
directly used to induce graft acceptance along with
glucocorticoids during initiation of immunosuppres-
sion therapy and to reverse episodes of rejection.
Polyclonal preparations have no known direct effect on
tubular function. On the other hand, initial doses of the
monoclonal preparation OKT3 result in a wave of IL-2
and TNF release, which alters intra renal blood flow
and can produce systemic hypotension and a pre-renal
state that can result in a fall in GFR and fall in frac-
tional excretion of sodium if severe enough.1,164 One
can observe in treated patients an actual increase in
serum creatinine, an increase in filtration fraction, and
pathologic synergy with other nephrotoxins. The pow-
erful capacity of the drug to reverse acute rejection has
generated a search to block the physiologic derange-
ments rather than abandon the use of this agent. Early
studies with blockade of TNF have shown great
promise.70

The introduction of the potent calcineurin inhibitor
agents such as Cyclosporine A and tacrolimus have so
greatly improved graft survival as to make their use
almost ubiquitous for maintenance of renal as well as
extrarenal organ transplants. These agents have pro-
found effects on renal physiology, coloring greatly the
function of the kidney already altered by circumstances
of engraftment. The effects of the calcineurin inhibitors
on the kidney are observed when the kidney is the
engrafted organ, but functional alterations in renal
function are described in patients receiving these
agents for extrarenal organ transplantation as well.160

A complete discussion of the renal effects of the calci-
neurin inhibitors then is essential to any full discussion
of the impact of immunosuppressive drug therapy on
transplant physiologic function.
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Cyclosporine A is a profound regulator of renal
blood flow and of glomerular filtration rate.50

Cyclosporine A universally reduces the glomerular fil-
tration rate in all patients receiving the drug whether
for transplantation or for disorders in which the
immune system is thought to play a role.55,63,188 Using
glomerular micropuncture, Barros et al.15 have demon-
strated that acute intravenous administration of cyclo-
sporine A at a dose of 50 mg/kg in the Munich-Wistar
rat causes intense efferent arteriolar vasoconstriction.
Additionally, there is an increase in afferent arteriolar
resistance, which results in an increase in mean glo-
merular capillary hydrostatic pressure. These findings
coupled to a fall in glomerular ultra-filtration coeffi-
cient culminate in a fall in both single nephron and
total glomerular filtration rates. Although effective
renal blood flow decreases, Barros et al.15 found that
the filtration fraction increases or does not seem to be
altered suggesting to those investigators that the major
site of action of cyclosporine is at the efferent arteriole.

Some have dismissed the findings of Barros et al.15

because of the high dose (50 mg/kg) of cyclosporine A
used. But the rat is resistant to cyclosporine and doses
of this magnitude are required for immunosuppres-
sion. Unfortunately, these doses lead to whole animal
dysfunction, characterized by anorexia, weight loss,
and volume depletion, which color the interpretation
of many rat studies.204 Micropuncture studies per-
formed by Thomson et al.206 used pair-fed controls and
plasma volume expansion to minimize these effects of
cyclosporine A. In male Munich-Wistar rats receiving
cyclosporine A at a dose of 30 mg/kg for 8 days prior
to study, Thomson et al.206 were still able to demon-
strate an important decrease in single-nephron GFR
and in glomerular capillary hydrostatic pressure gradi-
ent without a substantial change in glomerular ultrafil-
tration coefficient (LpA). The partitioning of resistance
between afferent (AR) and efferent (ER) arterioles in
the cyclosporine A�treated rats showed a higher AR-
ER ratio than compared to their controls. In contrast to
the conclusions of Barros et al.15 Thomson et al.206 con-
cluded that the hemodynamic changes related to cyclo-
sporine A are focused at increases in afferent arteriolar
resistance.

Using a similar pair-fed control study, English
et al.62 measured the effect of chronic cyclosporine A
dosage of 50 mg/kg in male Fisher rats on glomerular
filtration rate, fractional sodium and lithium excretions,
as well as on arteriolar diameter by vascular perfusion
cast examination (Fig. 94.5). After 14 days of cyclospor-
ine A, there was a decrease in GFR and luminal diame-
ter of the afferent arterioles as measured by scanning
electron microscopy decreasing to 8.9 (6 0.4) as com-
pared to 13.5 (6 0.4) in pair-fed controls. The study fur-
ther supports the theory that the afferent arteriole is

the major site of cyclosporine A vasoconstriction. Thus,
cyclosporine acutely and chronically reduces GFR
owing to its impact on the elements of glomerular
hemodynamics. Vasoconstriction of all contractile ele-
ments can be found with the effect on the afferent arte-
riole of largest magnitude.

In addition to drug-induced reductions in GFR is
the almost universally encountered decline in renal
blood flow. The exact cause of this decrease in renal
blood flow is uncertain, but several possible mechan-
isms can be discerned from well-described cyclospor-
ine effects. The renal blood flow may be constrained
because of (1) the acute stimulation of the renin-
aldosterone-angiotensin axis; (2) alterations in arachi-
donic acid metabolism; (3) increase in T-G feedback; (4)
endothelin release; (5) stimulation of the autonomic
nervous system (Table 94.2). Perico et al.163,165 pro-
posed that the infusion of cyclosporine A at a dose of
25 mg/kg for 20 or 45 days in rats resulted in an
increase in plasma renin activity associated with a fall
in GFR. There is also direct renin release by rat

FIGURE 94.5 After 14 days of cyclosporine treatment, the entire
length of an afferent arteriole (arrow) shows narrowing. (From
English J, Evan A, Houghton DC, Bennett WM. Cyclosporine induced
acute renal dysfunction in the rat: evidence of arteriolar vasoconstriction
with preservation of tubular function. Transplantation 1987;44:135�141.)
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juxtaglomerular cells grown in culture after cyclospor-
ine A exposure confirming activation of this system
after acute administration of drug.118 The importance
of cyclosporine A stimulation acutely of the renin-
aldosterone-angiotensin axis is further supported by
the micropuncture studies by Barros et al.15 in which
cyclosporine A effects on GFR and renal blood flow
were markedly ameliorated when an angiotensin con-
verting enzyme inhibitor was infused. Because angio-
tensin converting enzyme inhibition did not
completely abrogate the glomerular hemodynamic
effects of cyclosporine A, the authors suggest that the
renin-aldosterone-angiotensin axis is only partially
responsible for the fall in renal plasma flow and GFR.
Taken together, these studies suggest that during the
acute phase of cyclosporine A effect on the tubule,
there is an increase in the activity of the renin-
aldosterone-angiotensin axis. The actual contribution of
this system to the reduction in effective renal plasma
flow is currently in debate.

There is no uniformity of view with respect to the
etiologic role of the renin-aldosterone-angiotensin axis
in cyclosporine-induced reduction in GFR, however,
Dieperink et al.56 in Copenhagen confirmed that rats
treated with cyclosporine A at a dose of 25 mg/kg for
13 days prior to the study exhibited an appropriate fall
in GFR and renal plasma flow, but they failed to repro-
duce the salutary effect of captopril on renal plasma
flow or glomerular filtration as compared to untreated
cohorts. Furthermore, studies attempting to stimulate
the renin-aldosterone-angiotensin axis by diuretics or
low salt intake show a blunted response in renin
plasma activity in the face of cyclosporine A
use.51,91,195 Weir et al.225 showed in normal healthy
humans that an acute infusion of cyclosporine A at a
dose of 4 mg/kg resulted in an appropriate reduction
in GFR from 108.8 (6 2.5) ml/min to 9.1 (6 2.2) ml/
min, a dose that led to no significant changes in renal
plasma flow or systemic blood pressure. It was noted
that during the period of reduced GFR, there was no
change in plasma renin activity, angiotensin II, or aldo-
sterone levels compared to the controls.

A second theory advanced to explain the fall in GFR
after cyclosporine A administration is attributed to an

increase in T-G feedback that has been measured.79

Histologic studies of kidneys after cyclosporine A
administration in both rats and humans show a hyper-
trophy of juxtaglomerular cells after cyclosporine A
administration.217 A mechanism for the increase in T-G
feedback has been proposed by Gnutzmann et al.79

based on micropuncture studies of the thick ascending
limb of the loop of Henle in Munich-Wistar rats receiv-
ing an acute infusion of cyclosporine A at a dose of
15 mg/kg. Gnutzmann et al.79 found an increased
delivery of sodium and chloride to the thick ascending
limb and the early distal tubule, which should be
sensed by the macula densa adjacent to the thick
ascending limb stimulating the T-G feedback mecha-
nism in order to decrease GFR.79

The third theory advanced to explain the manner in
which cyclosporine A alters renal blood flow is related
to the ability of the drug to alter eicosanoid synthesis
leading to an increased generation of the vasoconstric-
tor metabolites.20 In a postischemic denervated rat
model in which cyclosporine A was administered at a
dose of 50 mg/kg over 12�14 days, Coffman et al.44

uncovered an increase in the renal excretion of TXB2
associated with a fall in the clearance of insulin and in
renal blood flow. There was no associated increase in
PGE2 excretion during this period of decreased renal
blood flow. Additionally, when arachidonic acid was
perfused to stimulate eicosanoid production during the
cyclosporine A�induced altered physiology there was
an increased production of TXB2 in both the study and
control animals, but the PGE2 production was also
greatly increased in the cyclosporine A�treated ani-
mals as compared to controls (Fig. 94.6).44 This sug-
gests that the cyclosporine A�induced inhibition of
PGE2 production can be overcome by increased con-
centrations of the precursor. These results are corrobo-
rated by studies in humans by Weir et al.225 in which
acute infusion of cyclosporine A (4 mg/kg over a six-
hour period) resulted in a reduction of the GFR with-
out affecting renal plasma flow as would be suggested
by predominant vasoconstriction at the locus of the
afferent arterial associated with an increase in urinary
excretion of the TXA2 metabolite TXB2 without a cor-
relative increase in 6-keto prostaglandin F1A.225

During the period of study, there was no measured
increase in circulating levels of TXB2, suggesting that
the increased urinary levels of this TXA2 metabolic
originated from the kidney.225 In another study by
Petric and colleagues, it has been demonstrated that
urinary TXB2 excretion increased significantly follow-
ing cyclosporine administration in Sprague-Dawley
rats.167 A concomitant rise in proximal tubular sodium
reabsorption was observed as well as an increase in the
excretion of urinary PGE2 and 6-keto-prostaglandin
F2I without a change in plasma levels. Functional

TABLE 94.2 Potential Mechanisms of Cyclosporine A�Induced
Renal Blood Flow Impairment

Renin�aldosterone�angiotensin axis

Arachidonic acid metabolism

Tubuloglomerular feedback

Endothelin release

Autonomic nervous system
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changes accompanied to these biochemical changes
were a decrease in renal blood flow, and in the clear-
ance of creatinine and urea. Renal morphology showed
severe vacuolization and necrosis confined to the prox-
imal tubular region of the cortex.

The exact source of the altered eicosanoid produc-
tion related to cyclosporine toxicity is unclear but may
reflect cyclosporine A alteration of immune cell metab-
olism rather than of the graft itself. Cyclosporine A has
been shown to increase thromboxane production in
inflammatory cells aspirated from renal allografts177 as
well as in vascular endothelial cells150 while decreasing
prostaglandin production in isolated glomerular cells
grown in culture.194 Various experimental drugs that
further block thromboxane synthesis190 or stimulate
intrinsic prostacyclin synthesis while inhibiting throm-
boxane production200 have been shown to reduce
cyclosporine nephrotoxicity. The blunted response in
PGE2 excretion associated with an increase in throm-
boxane B2 excretion in cyclosporine A�treated rats as
a function of increase renal vascular resistance when
compared to controls suggests that cyclosporine A
causes a shift in arachidonic acid metabolism from the
production of prostaglandins such as PGE2 and prosta-
cyclin to the vasoconstricting TXA2.44

The role of the very potent vasoconstrictor peptide
endothelin in renal transplantation was explained by
Badr et al.12 who showed that infusion of endothelin at
a dose of 10 pmol/min decreased renal blood flow by

40% in micropunctured rats associated with sharp
increases in afferent arteriolar resistance (65%) and
efferent arteriolar resistance (82%) accompanied by a
reduction in ultrafiltration coefficient to a third of its
preinfusion value. There is marked similarity between
the endothelin effect on glomerular hemodynamics
and the picture presented by Badr et al.12 for that of
acute cyclosporine A infusion. Kon et al.164 were able
to show in Munich-Wistar rats receiving high-dose
cyclosporine infusion a substantial increase in circulat-
ing endothelin of almost 30-fold associated with the
expected fall in single-nephron GFR. When a rabbit
antiporcine endothelin serum was infused concomi-
tantly with cyclosporine A, thus blocking the endothe-
lin receptor sites, there was no significant difference in
single-nephron glomerular filtration as compared to
preinfusion levels. Further supporting these tantalizing
findings relating endothelin-induced alterations in
renal function to cyclosporine A was the study of
Perico et al.164 using the isolated perfused rat kidney
model. A rabbit anti-rat endothelin antibody given
prior to cyclosporine A infusion blunted reductions in
renal blood flow and GFR in this second model
(Fig. 94.7). To close the intellectual loop, Kon et al.164 in
cows and Bunchman and Brookshire34 were also able
to inhibit the release of endothelin by concomitant cal-
cium channel blockade, angiotensin converting enzyme
inhibition, and cyclooxygenase inhibition.164 These
studies taken together point strongly to endothelin as a
partial culprit in the acute, early reduction in renal
blood flow associated with cyclosporine A toxicity, and
possible mechanisms to explain the clinical observa-
tions relating cyclosporine A toxicity sparing effects of
certain treatments. It remains to be seen if the more
chronic reduction in GFR found with cyclosporine A
use can be related as well to endothelin.

A discussion of the effect of cyclosporine A on renal
blood flow would not be complete without mentioning
direct stimulation of the sympathetic nervous system.
In the use of cyclosporine A for nonrenal transplants or
other immune disorders, such direct stimulation may
add importantly to those causes of reduction in GFR
and renal blood flow already discussed. Denervation, a
consequence of renal transplant surgery, protects the
renal transplant from this cyclosporine A effect as
shown by Moss et al.141 Using a unilateral denervation
rat model, they were able to show that acute infusion
of cyclosporine A 10 mg/kg resulted in an increase in
afferent renal nerve activity by 82% associated with a
fall in effective renal blood flow in the innervated side
without any noticeable alterations in the denervated
side.141 Murray and Paller147 were able to reproduce
the observation that denervation protects the kidney
from cyclosporine A�induced alterations in renal
blood flow associated with sympathetic activation, and

FIGURE 94.6 Urinary excretion of thromboxane B2 (TXB2) was
significantly elevated in rats treated with cyclosporine versus controls
(p, 0.025). There was no difference in prostaglandin E2 (PGE2)
excretion in cyclosporine-treated rats when compared with controls.
The measured levels of PGE2 are 10 times the values graphically
represented (Adapted from Coffman TM, Carr DR, Yarger WE,
Klotman PE. Evidence that renal prostaglandin and thromboxane produc-
tion is stimulated in chronic cyclosporine nephrotoxicity. Transplantation
1987;43:282�285.)
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they were able to prevent some of the fall in renal
blood flow to the innervated kidney through a chemi-
cal sympathectomy using an adrenergic antagonist.
The decrease in effective renal blood flow that cyclo-
sporine A may induce as a result of the activation of
the sympathetic nervous system would therefore not
be experienced by the kidney immediately after trans-
plantation. Cyclosporine A�induced activation of the
sympathetic nervous system may be an additional
mechanism by which renal blood flow is reduced
when that drug is used for autoimmune disease or for
transplantation other than the kidney. Cyclosporine A
may alter renal hemodynamics through the stimulated
sympathetic nervous system remotely after transplan-
tation either through hyper responsiveness to adrener-
gic receptors within the chronically denervated kidney
or through regeneration of renal innervation.141,147 The
isolated perfused rat kidney was used to study the
acute effects of cyclosporine A and its metabolites by
Roby et al.176 Metabolite levels can greatly exceed par-
ent drug levels, especially in patients with abnormal

liver function. Interestingly, all of the metabolites
caused significant reductions in GFR, some even in
very low concentrations, which may be an important
and unrecognized factor in cyclosporine-induced neph-
rotoxicity. Cyclosporine metabolites did not increase
tubular potassium reabsorption.

Renal tubular acidification capacity was studied in
12 patients treated with cyclosporine for idiopathic
uveitis and in 5 patients with idiopathic uveitis not
treated with cyclosporine, thus with intact native kid-
ney function.2 After intravenous bicarbonate loading
fractional excretion was similar in both groups indicat-
ing normal proximal tubular acidification function.
Plasma renin activity, plasma aldosterone and trans-
tubular potassium gradient were similar in both
groups. On the other hand, distal hydrogen ion secre-
tion evaluated by the ability to increase U-B PCO2 in
highly alkaline urine was impaired in cyclosporine-
treated patients as compared to controls suggesting a
distal acidification defect associated with cyclosporine
therapy. Quereda and colleagues studied the response
of urinary acidification parameters and electrolytes to
furosemide administration in nine psoriatic patients
treated with low-dose cyclosporine (5 mg/kg).173 The
post-furosemide urinary pH decrease and ammonium
and titratable acid increase were significantly lower in
cyclosporine-treated patients suggesting an abnormal
distal tubular response to furosemide and a possible
alteration in the H1-ATPase pump associated with
cyclosporine use.

In addition to the striking changes in renal blood
flow and GFR, cyclosporine A may have direct effects
on renal tubular transport capacity thought to be a con-
sequence of cellular toxicity.138 There are well-
described morphological changes in the proximal tubu-
lar cells related to high concentrations of cyclosporine
A in rats and humans such as tubular inclusions by iso-
metric, ubiquitous vacuolization, and tubular microcal-
cifications.138,216 Whiting et al.229 evaluated evidence of
functional correlates to observe cellular alterations due
to cyclosporine A by measuring levels of urinary excre-
tion of enzymes released from injured tubular cells.
The lysosomal hydrolase, N-acetyl-β-D-glucosamini-
dase (NAG) is found in the urine of humans and rats
exhibiting clinical features of cyclosporine A toxicity.
The proximal tubule brush border enzyme
G-glutamyltranspeptidase (gGT) has also been found
in the urine at excess after cyclosporine A toxicity in
rats. The increase in NAG enzymuria occurs prior to
the fall in renal function or the presence of structural
abnormalities that can be seen by biopsy.229

There is no consensus as to whether there is any
physiologic correlation to the proximal tubule morpho-
logic changes associated with cyclosporine A excess.139

Extensive examination of salt and water handling by

FIGURE 94.7 Effect of cyclosporine (CsA) on renal function para-
meters in isolated kidneys preexposed to antiendothelin antibody
(aEN), nonimmunized rabbit serum (aS), or vehicle. Data represent
average values of the two control clearance periods (basal) and the
four experimental periods after challenging the kidney with CsA.
Values expressed as mean plus standard deviation. p ,01, versus
aEN111CsA. (From Perico N, Dadan J, Remuzzi G. Endothelin med-
iates the renal vasoconstriction induced by cyclosporine in the rat. J Am Soc
Nephrol 1990;1:76�83.)
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the proximal tubule while under the influence of cyclo-
sporine A has been undertaken. To study the ability of
the proximal tubule to reabsorb sodium and water,
lithium clearance studies have been employed to pro-
vide a measurement of isosmotic tubular fluid delivery
from the end of the proximal tubule to the loop of
Henle.205 Lithium, which is not handled by the loop of
Henle or the distal tubule, has thus been taken as a
measure of proximal tubular function during cyclo-
sporine A therapy. Dieperink et al.55 first looked at the
clearance of lithium as a function of proximal tubular
transport in rats chronically receiving cyclosporine A
at a dose of 50 mg/kg/day for 13 days. In these ani-
mals, falls in the clearance of inulin and to a greater
extent the clearance of lithium were found, suggesting
an increase in fractional tubular reabsorption by the
proximal tubule. They propose that the increase in frac-
tional tubular reabsorption of the proximal tubule is
the result of lower ultrafiltration pressure related to
cyclosporine A.55 Human studies performed by
Vincent et al.219 using clearance of lithium as a measure
of proximal tubule function showed that there was an
increase in the renal vascular resistance associated with
a fall in the clearance of lithium in the early post-
transplant period after cyclosporine A administration.
They also theorized that the proximal tubule is able to
increase renal reabsorption in the face of cyclosporine
A�induced alterations in glomerular hemodynamics.
With a model of chronic cyclosporine nephropathy in
the uninephrectomized salt-depleted rat, the relation-
ship between renal functional impairment and struc-
tural changes was studied by Elzinga and colleagues.61

Groups of uninephrectomized rats maintained on a
salt-depleted or salt-repleted diet were treated with
cyclosporine. Although GFR was similarly depressed
in cyclosporine-treated animals on either diet, tubu-
lointerstitial injury was largely confined to
cyclosporine-treated rats on salt-depleted diet. Despite
the apparent recovery of renal function after cyclospor-
ine withdrawal, the degree of tubular atrophy and
interstitial fibrosis did not improve indicating that once
structural damage is established, the withdrawal of
cyclosporine does not lead to its reversal. In addition,
although the mechanism is unclear, this study demon-
strates the importance of sodium depletion in promot-
ing cyclosporine-induced tubulointerstitial injury.

Whiting and Simpson228 repeated the study by
Dieperink et al.55 with several technical changes. They
used creatinine as a measure of GFR and allowed for
the continual availability of water during the lithium
infusion study periods. These investigators were able
to reproduce the decrease in the clearance of lithium as
well as the increase in fractional reabsorption of
sodium. They noted the fall in total clearance of
sodium and potassium as well as the fall in absolute

reabsorption of sodium, potassium, and water distal to
the proximal tubule. As opposed to Dieperink et al.55

Whiting and Simpson228 felt that the increased frac-
tional reabsorption of the proximal tubule associated
with cyclosporine toxicity was due to a direct but
undefined tubular defect distal to the proximal tubule
independent of the well-defined hemodynamic altera-
tions of the drug. In their human studies, Propper
et al.172 showed that in cyclosporine A�treated patients
with stable graft function several months after trans-
plant, there was a persistent decrease in the clearance
of lithium compared to their azathioprine-treated
cohorts and to untreated subjects. They additionally
noted a much lower absolute reabsorption of sodium
and water in the distal nephron compared to the
azathioprine-treated group. Whiting et al.227 theorized
that increased proximal tubular reabsorption was the
result of cyclosporine A toxicity at a site downstream
from the proximal tubule, which resulted in decreased
sodium reabsorption with subsequent increase in tubu-
loglomerular feedback. The decreased absolute reab-
sorption of sodium from the distal tubule as seen in
rats and humans would be sensed by the juxtaglomer-
ular apparatus and cause afferent arteriolar constric-
tion with resultant decrease in GFR and proximal
tubule sodium avidity. The studies of Dieperink et al.55

and Vincent et al.,219 and those of Whiting et al.227 dif-
fer in their proposed mechanisms for cyclosporine
A�induced increase in proximal tubular reabsorption;
yet all agree that the proximal tubule transport func-
tion is not directly a consequence of tubular drug
toxicity.

Tacrolimus, another calcineurin inhibitor agent com-
monly employeed in renal transplantation with a simi-
lar mechanism of immunosuppresion but on entirely
different molecular structure, shares much of the vaso-
constrictive properties of cyclosporine. The impact of
this agent on the renin-angiotensin-aldosterone axis
remains similarly time dependent with early stimula-
tion of renin and endothelin and late inhibition.
Sodium avidity by the proximal tubule remains the
rule although a rate sodium wasting syndrome related
to hyporesponsive of the distal nephron to aldosterone
has been reported by Sakamoto and colleagues.183

Clinical syndromes that derive from altered renal
transport support the experimental thesis that the prox-
imal tubule responds appropriately to the hemody-
namic alterations induced by cyclosporine A and distal
tubular transport reflecting direct cellular toxicity of
the drug (Fig. 94.8). For example, the clinical observa-
tion of mild and sometimes symptomatic hyperurice-
mia in patients receiving cyclosporine A after renal
transplantation can be related primarily to hemody-
namic changes. The first studies to suggest the relation-
ship between cyclosporine and hyperuricemia were
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those of Chapman et al.40 who reviewed the Oxford
experience of high-dose cyclosporine A in 1983�1985.
Patients (n 5 62) receiving a mean dose of cyclosporine
A of 17.5 mg/kg/day had serum uric acid levels nearly
12 times that of their azathioprine- and prednisone-
treated cohorts. The increase in serum uric acid was
felt to reflect the decreased filtration fraction exhibited
uniformly by the cyclosporine-treated group.
Unfortunately, this study did not account for the possi-
bility of increased uric acid turnover or for the altera-
tions in uric acid metabolism related to other
commonly used drugs post-transplant that may have
interfered with uric acid excretion. Versluis et al.218

studied 23 patients receiving cyclosporine A at a dose
titrated to maintain a predetermined therapeutic level
while in a metabolic ward measuring urinary and frac-
tional excretion of uric acid before and after removal of
cyclosporine A in a protocol designed to convert to an
azathioprine dominated regimen. In those patients
with successful removal of the cyclosporine A, the
serum uric acid levels fell without a significant change
in fractional clearance of uric acid. When stratified for
the serum creatinine, the mean uric acid level was sig-
nificantly higher during cyclosporine A therapy as
compared to that after conversion to azathioprine for
any given level of GFR. Although Versluis et al.218

carefully accounted for metabolic alterations that
change uric acid production rates, the GFR observa-
tions are weak in that they rely on serum creatinine as
its measure of GFR. Creatinine clearance is a poor mea-
sure of true glomerular filtration rates during cyclo-
sporine A treatment as tubular secretion of creatinine
through the aromatic acid and base pathway is fully
intact despite sharp constraints on glomerular

filtration. Creatinine clearance thus overestimates GFR
and calls into question conclusions reached in studies
such as Versluis et al.218 in which GFR is so improperly
measured.21,159 These two clinical studies highlight
the interpretative dilemma between cyclosporine
A�induced electrolyte abnormalities as a function of
hemodynamics alterations or direct tubular toxicity.
Flaws in study design required new observations to
solve this dilemma.

A study in 19 pediatric renal transplant recipients
demonstrated that patients with hyperuricemia had
lower 51-EDTA, PAH, and urate clearances and serum
urate concentration correlated with cyclosporine dose
and inversely with urate, and lithium clearances.120

Urate clearance showed a significant positive correla-
tion with lithium clearance and an inverse correlation
with fractional proximal tubular reabsorption. These
data supported the idea for proximal tubular urate
reabsorption rather than decreased secretion as one of
the mechanisms in cyclosporine-induced hyperurice-
mia. In another study by Zurcher et al.235 82
cyclosporine-treated patients (50 bone marrow trans-
plant recipients and 32 renal transplant recipients) and
28 healthy, living, related kidney donors were prospec-
tively followed for up to two years. Plasma uric acid
levels, inulin clearances, and fractional clearances of
uric acid were examined. After one year of cyclospor-
ine treatment, hyperuricemia was found in 36% of
bone marrow transplant patients, in 53% of renal trans-
plant patients, and 30% of living-related kidney
donors. The GFR at one year, measured by inulin clear-
ance, was identical in the cyclosporine-treated groups
and slightly higher in the living-related kidney donors.
The fractional clearance of uric acid did not change
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FIGURE 94.8 Diagrammatic representation of cyclosporine effects on the nephron with corresponding clinical syndromes.
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significantly over time, suggesting that there is no evi-
dence for impaired tubular handling of uric acid
induced by a cyclosporine-specific tubulo-toxic effect.
Hyperuricemia in cyclosporine-treated patients is
thought to be a consequence of cyclosporine-induced
diminished renal function.

The effects of calcium channel (amlodipine) and
angiotensin converting enzyme (perindopril) blockade
on glomerulotubular function in cyclosporine-treated
renal allograft recipients were evaluated in a random-
ized, double-blind crossover fashion.188 Both drugs
maintained GFR and effective renal plasma flow and
lowered mean arterial pressure to a similar extent.
Sodium clearance and fractional excretion of sodium
were not affected by either drug. Interestingly, output
of fluid from the proximal tubules measured as clear-
ance of lithium and uric acid was higher after amlodi-
pine. Consequently, distal absolute reabsorption of
sodium was higher and serum uric acid was lower
after amlodipine in comparison with perindopril.

Although it has been difficult to rigorously prove
that cyclosporine A has a direct toxic effect on proxi-
mal tubular transport function in the face of prior
assumptions based on morphologic expectations, the
physiologic and clinical evidence for isolated and spe-
cific cyclosporine A�induced transplant defects in
more distal structures of the nephron are stronger. We
have already reviewed the manner in which sodium
and volume handling exhibited by the whole kidney
during cyclosporine use is a function of, in part, a nor-
mal response of the proximal nephron to reduced GFR
and to, in part, a function of a disordered loop.
Additional specific defects exist in the loop of Henle in
response to cyclosporine A. In one study of a segmen-
tal analysis of nephron function in cyclosporine
A�treated animals, most measurements of transport
appeared unaltered by the drug but a hint of defective
loop and thick limb function was offered.144 This hint
was fleshed out by Gnutzmann et al.79 who performed
micropuncture experiments on Munich-Wistar rats
after a 10-day course of cyclosporine A at 15 mg/kg or
after a single intravenous infusion of 5 mg/kg of cyclo-
sporine A. They reported an increase of luminal
sodium chloride concentration in the thick ascending
limb of Henle as a consequence of decreased limb
transport diluting capacity.79 They theorized that the
impaired sodium chloride absorption in the thick limb
provides stimulus to the macula densa that culminates
in excitement in T-G feedback signals and lowering
GFR. This study is a micropuncture counterpart to the
clinical observations of Whiting et al.227 who argued
that the increased absorption of sodium by the proxi-
mal tubule is a consequence of constrained GFR and
flows from a compensatory response to distal tubular
defects created by the drug. The effect of chronic

cyclosporine administration on volume regulation was
also studied in mongrel dogs.41 Dogs were given either
cyclosporine or vehicle on a constant sodium diet. It
has been demonstrated that cyclosporine administra-
tion induced a chronic state of avid sodium retention
with associated activation of renin-angiotensin-
aldosterone system and suppression of circulating
atrial natriuretic factor. In addition, the ability of the
kidney to acutely excrete sodium in response to saline
volume expansion was attenuated because of the
enhanced tubular reabsorption of sodium.

A second example of a precise transport defect in
the distal nephron related to cyclosporine A derives
from clinical and basic studies of magnesium handling.
Exploring potential transport defects from serum mea-
surements or even whole-kidney clearance studies for
magnesium is fraught with interpretative errors. As
discussed earlier in this chapter, PTH excess, diuretic
use, and the use of osmotic agents drive serum magne-
sium downward. Patients receiving cyclosporine A for
maintenance of bone marrow grafts are more instruc-
tive in that these confounding variables are not in play.
A clear decline in serum magnesium levels in general,
and an increase in urinary magnesium excretion in par-
ticular, once cyclosporine A is initiated, strongly sug-
gest a direct drug-related transport derangement in
renal magnesium handling.104 Cyclosporine infusion in
rats also culminates in plasma magnesium reduction, a
consequence of urinary wasting of magnesium that
resolves completely upon cessation of cyclosporine A,
which is strong evidence that the abnormalities are a
direct consequence of this drug.231 When Nozue and
colleagues determined the serum and tissue levels of
magnesium in cyclosporine-treated Sprague-Dawley
rats, they found that serum magnesium levels were
significantly lower in the cyclosporine-treated groups
than in the control group.153 Serum magnesium
concentration fell in a dose-dependent manner.
Interestingly, urinary magnesium excretion was inap-
propriately increased and there was no significant dif-
ference between the control and cyclosporine-treated
groups with regard to total urinary excretion of magne-
sium indicating the impaired renal conservation of
magnesium. On the other hand, magnesium content in
the kidney, muscle, and liver was significantly higher
in the cyclosporine-treated group than in the control
group, which suggested a role for intracellular migra-
tion of magnesium on cyclosporine-induced hypomag-
nesemia. Calcineurin inhibitors appear to transiently
increase intracellular calcium levels in mouse distal
convoluted tubule cells (MDCT). In addition, calcineur-
in inhibitors, inhibit PTH stimulated magnesium entry
in MDCT cells resulting in wasting.109

Tacrolimus has been associated with more profound
magnesium wasting than cyclosporine, with lower
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serum levels and higher dietary requirements.10 It is
thought that the calcineurin inhibitors in general, and
tacrolimus in particular, block the basolateral sodium-
potassium pump in the loop of Henle decreasing an
otherwise lumen-positive gradient resulting in
decreased paracellular magnesium reabsorption.10 The
result is an inappropriately high fractional excretion of
magnesium despite low serum concentrations. The
hypomagnesemia independent of diuretic use or diar-
rhea may also be a consequence of tacrolimus use. This
effect is believed one of direct tubular transport func-
tional alterations not explained by the confounding
variables of tissue distribution of the cation or by
parathyroid hormone status.126 Serum magnesium
levels correlate inversely with serum tacrolimus levels
and creatinine clearance. Magnesium replacement
doesn’t appear to influence the fractional excretion of
magnesium149

Tacrolimus decreases intracellular magnesium in
osteoblast cells by inhibiting activation of the extra-
cellular signal-regulated kinases (ERK). Tacrolimus
effects on intracellular magnesium and ERK may par-
tially explain some of its untoward effects on bone
metabolism.100

Hypomagnesemia has been shown to be an indepen-
dent predictor of new onset diabetes after transplanta-
tion. It has long been known that diabetics have lower
serum magnesium levels than non diabetics.106

Although one can reason that low magnesium levels
are a consequence of the diabetic state due to osmotic
diuresis or impaired magnesium absorption in the
thick ascending limb due to insulin resistance, there
appears to be an independent and direct effect of low
magnesium on insulin sensitivity that improves with
supplementation.112

The use of sirolumus results in hypomagnesemia as
well. Sirolimus use leads to an increased transtubular
potassium gradient (compared to cyclosporine) leading
to hypokalemia and tubular dysfuction resulting in
polyuria and hypomagnesemia. Sirolimus decreases
the expression of NKCC2 in the thick ascending limb
(the princial sodium transporter), reduces aquaporin-2
expression and increases the expression of TRPM6 (Mg
permeable channel on the apical membrane of the dis-
tal convoluted tubule). Rosiglitazone prevents siroli-
mus induced hypokalemia and hypomagnesemia by
increasing the protein expression of sodium transpor-
ters and aquaporin-2.52

The best characterized transport defect associated
with cyclosporine is that of potassium with hyperkale-
mia, the consequence of a well-recognized disorder of
electrolyte excretion during this form of immunosup-
pressive therapy either in kidney transplant recipients
or following its uses in autoimmune diseases.57,71

Mineralocorticoid status of the transplant recipient is

an important controlling influence on potassium han-
dling by the graft as discussed earlier. Interestingly,
there is a dialectical response of the renin-angiotensin-
aldosterone axis to cyclosporine A administration.
Acutely after cyclosporine A intravenous infusions in
normals and in the first days of cyclosporine use in ani-
mals and humans, renin is directly stimulated leading
to increases in aldosterone. After chronic administra-
tion and for the bulk of the time a patient keeps the
transplant, renin responsiveness is reduced and a state
of hypoaldosteronism is common. This reduction in
renin response in patients receiving cyclosporine A
raises the possibility that reductions in distal tubular
sodium/potassium exchange, a function of this relative
aldosterone deficiency, account for the majority of
clinical instances of hyperkalemia.14 Chan et al.39 com-
pared 20 renal allograft recipients receiving cyclospor-
ine A in doses of 10 mg/kg/day to a group of 17
patients given azathioprine immunosuppression,
observing that the fractional excretion of potassium is
lower than would be predicted by the decrement in
GFR related to cyclosporine A alone. These data sup-
port the concept of distal tubular reduction in sodium/
potassium exchange. Deppe and colleagues54 studied
the principal and intercalated cell properties of the dis-
tal nephron in order to investigate the influence of
cyclosporine A on key plasma membrane ion transport
systems. It has been demonstrated that cyclosporine A
decreased the activities of Na1,K1-ATPase and Na1-
K1-2Cl cotransporter in cells of the distal nephron
thereby contributing to the hyperkalemia observed in
patients treated with cyclosporine A.122,208,232

In addition to the mineralocorticoid state of the
transplant recipient, other derangements in potassium
handling produced by cyclosporine have been pro-
posed. Batlle et al.17 in their detailed analysis of acidifi-
cation highlight defects in the distal tubule that extend
to potassium. Accompanying an impaired ability to
secrete hydrogen ions distally were decreases in potas-
sium excretion, failure to excrete a potassium load, and
failure to increase the fractional excretion of potassium
in the face of increased plasma potassium concen-
tration, findings confirmed by micropuncture.17,159

They proposed that cyclosporine A causes a voltage-
dependent defect in hydrogen ion and potassium
excretion that is clinically evident in patients receiving
cyclosporine A as hyperkalemic, metabolic acidosis.39

Just as the immunosuppressive mechanism of action
of tacrolimus is similar to that of cyclosporine, much of
the toxicity profile is similar as well, including neuro-
toxicity, nephrotoxicity, and hypertension. It has been
demonstrated in rat kidneys that tacrolimus blocks the
angiotensin II�induced activation of Na1,K1-ATPase,
which is an enzyme that is present in the basolateral
membrane of all renal tubular cells.8 Na1,K1-ATPase
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plays a pivotal role for sodium reabsorption and subse-
quently for regulation of blood pressure. Studies dem-
onstrated that tacrolimus is as nephrotoxic as
cyclosporine A, it also induces both morphologic and
biochemical changes in animal models. Animals trea-
ted with 10 mg/kg/day of tacrolimus intraperitoneally
were found to have juxtaglomerular apparatus hyper-
plasia and juxtaglomerular cell transformation with
vascular changes.233 While the urinary excretion of
TXB2 was significantly high, urinary excretion of
6-keto-PGF1A was low, which reflected increased pro-
duction of TXA2 leading to glomerular vasoconstric-
tion. The cellular enlargement of juxtaglomerular cells
along with a decrease in renal cortical blood flow has
also been shown by Ueda et al. using the hydrogen ion
clearance method.209 In an in vitro model, using electri-
cal resistance pulse sizing technique, Lieberman and
colleagues demonstrated that tacrolimus causes a dose-
dependent contraction of isolated glomeruli that can be
inhibited by blockade of calcium channels.124 In addi-
tion, tacrolimus was found to have a direct cytotoxic
effect on cultured porcine proximal tubular epithelial
cells,143 as well as periodic-acid-Schiff (PAS) stain posi-
tive large granules and vacuolar changes in the convo-
luted part of the proximal tubules in rats.233 It also has
been shown to inhibit porcine136 and human27 proxi-
mal tubular cell proliferation in a dose-dependent man-
ner, which was thought to be a contributing factor
along with altered prostaglandin metabolism and
enhanced endothelin secretion in tacrolimus-induced
nephrotoxicity.142

Hyperkalemia may be more frequent with tacroli-
mus use than cyclosporine.95 In vitro, cyclosporine inhi-
bits the activity of the Na1/K1/2Cl� cotransporter
whereas tacrolimus stimulates the activity of the
cotransporter which should increase serum concentra-
tions of potassium.3 In addition to common mechan-
isms that have been described, tacrolimus inhibits
calcium-dependent exocytosis of catecholamines from
adrenal chromaffin cells, which may lead to potassium
shifting out of cells contributing to elevated plasma
concentrations.132 Additionally there appears to be a
differential effect on potassium channel currents
between the undecapeptide immunosuppressant cyclo-
sporine and the two macrolide antibiotic agents, siroli-
mus and tacrolimus. Both of the macrolides enter cells
to bind with a carrier protein the class of which are
called immunophilins. The precise immunophilin uti-
lized by the macrolides, called the FK-binding protein
(FKBP), is different from that for cyclosporine and has
a unique role in potassium homeostasis prolonging the
mean opening time of the channel enhancing serum
potassium concentrations.201 Both of the macrolides
increase the action potential duration prolonging
recovery from inactivation of potassium channels

responsible for repolarization in mouse ventricles.59

Interestingly, all three of the immunosuppressants
inhibit insulin release through disordered regulation
of the ATP-sensitive potassium channel further con-
tributing to cellular shifts in potassium favoring
hyperkalemia.73

Both cyclosporine and tacrolimus impair tubular
reabsorption of phosphate after kidney transplantation.
One study suggests that tacrolimus treated patients
exhibit significantly faster recovery from the drug
impairment related tubular phosphate reabsorption
than with cyclosporine. The effects on phosphate wast-
ing with cyclosporine is still seen two years after renal
transplantation.68

The array of transport abnormalities that might be
encountered after using the newest class of immuno-
suppressants—which inhibit the mammalian target of
rapamycin or mTOR—are not yet understood. Some of
the effects of the main agent in this class sirolimus
share transport alterations with its chemical cousin
tacrolimus as a function of its macrolide structure as
discussed with respect to potassium channel devia-
tions. Uric acid handling appears to be unaffected,85

while the potassium effects seem to involve the KFBP
alteration of channel function and insulin secretory
inhibition. It has been recognized for sometime that
renal allografts have impaired phosphate handling and
sirolimus may prolong renal phosphate leak resulting
in low serum phosphate concentrations the first weeks
after renal transplantation.198 Sirolimus appears to pro-
mote hypophosphatemia by inhibiting the intestinal
phosphate transporter as well as regulating the major
renal tubular phosphate transporter (NaPi-IIa) result-
ing in phosphaturia independent of serum phospho-
rous concentrations. Kemp and colleagues using both a
xenopus oocyte recorder system in vitro and a murine
in vitro model confirmed the inhibition of the NaPi-IIa
phosphate transporter through inhibition of the
serum—and glucocorticois—inducible kinase. There is
also inhibition of Hg FGT23 probably responding to
direct tubular wasting of phosphorous. In time 1,2
(OH)2D3 increases due to stimulation of 1 alpha-
hydroxylase by cellular phosphate depletion. This
increase in vitamin D leads to increased intestinal
absorption of phosphate despite on going renal wast-
ing of phosphorous with sirolimus. Serum concentra-
tions of phosphate will normalize as a result.108

In summary, the universal employ of novel immu-
nosuppressant agents with complex molecular
mechanisms of action has uncovered an array of renal
physiologic derangements in the successfully renal
engrafted patient. Sodium handling, uric acid metabo-
lism, homeostasis of divalent cations, potassium bal-
ance, acid�base alteration have become important
accretions to the appropriate clinical management of
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the renal transplant recipient who will enjoy dwindling
numbers of rejection episodes and prolonged allograft
survival. A clear understanding of normal renal physi-
ology and the manner in which standard drug regi-
mens alter transport from normality has become an
essential component of renal transplant management.
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INTRODUCTION

Numerous drugs are eliminated by the kidney. For
others, polar metabolites are formed by metabolism or
conjugation (usually in the liver)—that are then
excreted by the kidney. Renal impairment thereby
leads to the accumulation of drugs and their metabo-
lites. For many drugs, doses must be adjusted to attain
concentrations similar to those obtained in patients
with normal renal function. Renal dysfunction can also
affect distribution of drugs, primarily by effects on pro-
tein binding. Last, changes in renal function can affect
response to drugs independent of any change in
disposition.

Several general characteristics of a drug allow pre-
diction as to whether renal dysfunction is likely to
affect its disposition sufficiently to mandate changes in
drug dosing (Table 95.1).1�2 If a drug has a wide thera-
peutic index, accumulation in patients with renal insuf-
ficiency to concentrations several-fold higher than in
patients with normal renal function has little, if any,
consequence, and dose adjustment can be ignored. For
example, a number of penicillin derivatives and many
cephalosporins are primarily eliminated by the kidney
but can accumulate with little risk. Toxic accumulation
of these drugs can sometimes occur, but usually only
with massive doses in patients with compromised
excretion.

The amount of a drug or active metabolite excreted
in the urine can allow predictions as to the potential for
clinically important drug or metabolite accumulation

in patients with renal insufficiency. In general, if about
40% or more of a drug dose is excreted in urine, dose
adjustment will be needed in patients with renal insuf-
ficiency—assuming the drug in question has a suffi-
ciently narrow therapeutic index to be of concern. An
exception to this rule of thumb is drugs with the poten-
tial for undergoing a “futile cycle,” which refers to the
fact that the metabolic route serves to form a reservoir
for parent drug. Thus, the metabolic step is “futile”
(see the section on metabolism). With such agents, little
(if any) drug itself is normally excreted in the urine—
yet renal insufficiency can result in its accumulation in
plasma. The mechanism of this effect, and the few
drugs to which it applies, are discussed in material fol-
lowing. It is also important to note that some drugs are
metabolized to active metabolites in which case, both
drug and metabolite are pharmacologically potent.
Further, some drugs are pro-drugs, which are them-
selves inactive, but are converted to active compounds
(e.g., clopidogrel or irnotecan). For these drugs, the
focus of dosing adjustment should be on the active
compounds.

It should be apparent from the foregoing that for
drugs that have not been explicitly studied in patients
with renal insufficiency one can make reasonable pre-
dictions as to the need for adjusting therapy. Although
lack of quantitative guidelines makes dose adjustments
tentative, a worse problem is ignoring the need to do
so. When no information concerning the relevant char-
acteristics of a drug is available, one therapeutic strat-
egy is to use a drug of the same class—but with no
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dependence on the kidney for elimination. For example,
if a clinician wishes to prescribe a cardio-selective beta-
adrenergic antagonist to a patient with renal insuffi-
ciency one alternative is to administer atenolol in a
modified dose. Another option is to administer meto-
prolol, which is eliminated by the liver and needs no
dose adjustment in patients with renal insufficiency.2

The converse would apply to patients with liver dis-
ease. However, there is a growing body of literature
that suggests that drug metabolism may be altered in
patients with renal dysfunction,3�6 and increasingly the
U.S. Food and Drug Administration is requiring studies
of the effects of renal dysfunction on new drugs that are
cleared by non-renal routes.7 Therefore, some caution
should be exercised in simply switching a patient from
a drug predominantly eliminated by the kidney to a
drug with a predominant nonrenal elimination.

ROLE OF THE KIDNEY IN
DRUG DISPOSITION

Most drugs are excreted via the kidneys, either in
the form of the unchanged drug molecule or after con-
version of the parent drug into polar metabolites.
Mechanisms by which the kidney excretes drugs are
analogous to its normal physiologic processes of glo-
merular filtration, active secretion, and active and

passive reabsorption. Below, the processes of impor-
tance for the handling of drugs are briefly described.
Effects on any of these processes, e.g., through interac-
tions between concomitantly administered drugs or
through renal disease, can mandate changes in drug
dosing. The influence of altered kidney function on
systemic drug disposition, and corresponding dosing
strategies are discussed in more detail in subsequent
sections.

Glomerular Filtration

The glomerulus offers no barrier to filtration of the
unbound fraction of most drugs.8�9 Glomerular pores
allow passage of molecules up to molecular weights of
about 65,000 Daltons, and the vast majority of xenobio-
tics (including many biologic agents) are approxi-
mately two orders of magnitude smaller than this.
Exceptions include larger proteins and dextran.
Dextran is a good example of the role of molecular
size; it can be administered as several different pre-
parations, the size of which determines their ability to
be filtered.10 Thus, dextran 1 (MW51000) is freely fil-
tered and is eliminated rapidly by the kidney—with a
half-life of elimination of about 2 hours.11 In contrast,
dextran 70 is too large to be filtered and is eliminated
slowly by metabolism. It is detectable in plasma for 4
to 6 weeks.11�12 Dextran 40 is a mixture of both higher-
and lower-molecular-weight species so that the smaller
dextrans are freely filtered and eliminated quickly,
with selective retention of the larger components.10�11

For drugs freely filtered at the glomerulus, such as
aminoglycoside antibiotics, renal elimination can be
quite rapid. For many other drugs, binding to serum
proteins restricts filtration and thus only the unbound
fraction can be filtered and renal excretion, depending
on the extent of binding, may be negligible. The limits
to glomerular filtration of a drug, then, are usually not
the glomerular barrier itself but factors that prevent fil-
tration—predominantly binding to macromolecules too
large to be filtered.

Secretion and Reabsorption

The overall renal drug clearance is determined by
the relative importance of filtration, secretion of drug
into the primary urine, and reabsorption back into the
blood. It follows that secretion must occur if the rate of
excretion is higher than that of filtration, and con-
versely, if the rate of excretion is lower than the filtra-
tion rate, the drug is by necessity reabsorbed.

Secretion: The classical method described for asses-
sing drug secretion by the kidney was that of Cross
and Taggart, using incubations of renal cortical slices.13

TABLE 95.1 General Characteristics of Drug That Predict
Important Influences of Renal Function

Characteristics Implications

Therapeutic index If the drug has a wide therapeutic
index, its accumulation poses
negligible risk.

Protein binding A high degree of binding (.90%) to
albumin makes displacement likely in
uremic patients. A high degree of
binding to either albumin or α1-acid
glycoprotein means little drug is
available for removal by dialysis.

Amount of drug excreted in
the urine unchanged

If $ 40% of a drug is excreted in the
urine unchanged, it is highly likely to
accumulate in patients with renal
insufficiency.

Active metabolites excreted
in the urine

The metabolites can accumulate, with
attendant effects.

Volume of distribution A small volume of distribution (that
of total body water or less; that is,
# 0.7 liter/kg) means the drug may be
accessible for dialytic removal if it is
not highly protein bound. A large
volume of distribution means little if
any removal by dialysis.
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The sine qua non for secretion was a slice-to-med-
ium�concentration ratio greater than unity. Numerous
more sophisticated methods for characterizing secre-
tion have since evolved, including microperfusion of
isolated nephron segments, use of isolated proximal
tubular cells or vesicles derived from peritubular or
luminal membranes of proximal tubules, and cellular
expression systems for detailed studies of drug trans-
port by specific membrane transporters.14�16

Drugs gain access to secretory sites via the peritubu-
lar capillary. If 20% of renal plasma flow is filtered, the
remaining 80% of flow reaches sites of secretion. This
process is active because an uphill concentration gradi-
ent can be generated. Moreover, depriving the proxi-
mal tubule of energy also inhibits movement of drugs
from the peritubular to the tubular side of the cell.8,17

The energy for active secretion is ultimately obtained
from ATP hydrolysis, either directly driving trans-
membrane drug flux (i.e., primary active transport), or
generating concentration gradients across the cell
membranes that, in turn, drive the solute flux (second-
ary active transport). In the latter case, energy is gener-
ated by peritubular sodium-potassium exchange via
Na1,K1-ATPase.8,18�19

The efficiency of secretion is quite impressive. For
example, secretion occurs for many drugs that are
highly protein bound (such as furosemide).20 For this
and other drugs, the affinity for transport exceeds that
for binding. As such, binding to plasma proteins actu-
ally facilitates elimination by increasing the amount of
drug in the plasma and thereby delivering it to secre-
tory sites.21 That this is the case has been demonstrated
in studies with analbuminemic rats. Administration of
furosemide to these animals results in very low plasma
concentrations of diuretic because without albumin
binding the drug distributes widely outside the vascu-
lar space. Consequently, only small amounts are deliv-
ered to secretory sites and little is excreted into the
urine. Administration of albumin in this setting binds
furosemide, keeping it in the vascular space so that
more diuretic reaches secretory sites (where more can
be secreted into the urine).21 A similar effect has been
shown to occur in humans.21�22

Reabsorption: The kidney is capable of both active
and passive reabsorption of drugs. Various membrane
transporters mediate active luminal-to-abluminal flux
of substrate drugs, whereas passive drug reabsorption
is the consequence of concentration differences
between the primary urine and the blood in the peri-
tubular capillaries, that in turn results either from
active drug secretion or, typically, from the reabsorp-
tion of water along the nephron. Passive reabsorp-
tion relies on diffusion of drugs across the lipid
bilayers of the renal tubule epithelium and favors
nonpolar drugs. For passive diffusion of drugs that

are weak acids or bases, the nonionized form of the
drug will be passively reabsorbed since it can cross
the tubular membranes. Hence, for both weak acids
and bases, urine pH can influence passive reabsorp-
tion, and urine pH can be manipulated to reduce
passive reabsorption and enhance renal elimination.
For example, in the case of patients with aspirin
overdose, sodium bicarbonate is administered to
alkalinize the urine. In the alkaline urine, salicylate
is present predominately in the ionized form and is
therefore not reabsorbed.

Renal Drug Transporters

While energy-dependent solute transport in the kid-
ney was demonstrated almost a century ago,23 the
roles of transport proteins in the renal handling of
drugs remain an active area of research. The human
genome contains more than four hundred membrane
transporters classified into the ATP-Binding Cassette
(ABC) and Solute Carrier (SLC) gene families, in addi-
tion to the numerous aquaporins and ion channels
that serve the same purpose of facilitating trans-
membrane solute flux. Here, we limit the discussion
to ABC and SLC membrane transporters that are
known to transport drug molecules across the mem-
branes of renal cells, either in the secretory or the
reabsorptive direction (Figure 95.1). Data on the clini-
cal relevance of the various membrane transporters
continues to emerge, and additional members are
likely involved in the renal transport of some drugs.
In this section we focus on the function and expres-
sion of renal drug transporters under physiological

Human kidney transporters
Tubular epithelium

Tubular lumenCirculating blood

PEPT1, PEPT2

MRP2

MRP4
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FIGURE 95.1 Cellular localization of clinically important drug
transporters in renal epithelia.
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conditions, whereas the effects of renal disease is dis-
cussed in more detail below (See: Influence of Renal
Disease on Drug Disposition and Response).

Early studies defined two separate transport systems
for organic solutes in the kidneys, with broad substrate
specificities towards organic anions and organic
cations, respectively.17 During the past decades, a large
number of distinct transport proteins have been iden-
tified as contributors to these transport systems, and
functionally characterized with respect to their
substrate specificities, cellular localization, genetic vari-
ation, and so on. The historical categorization based on
substrate charge is, however, not directly mirrored in
the assignment of transporters to different gene fami-
lies based on similarity in amino acid sequence. While
substrate specificities often are shared within subfami-
lies of structurally similar transporters, members of
both the anion and the cation systems are found across
multiple subfamilies in the ABC and SLC gene fami-
lies, and some subfamilies contain both anion and
cation transporting members.

ABC transporters: The human ABC gene family
contains 49 distinct protein coding genes, divided into
seven families (ABCA�ABCG) based on amino acid
sequence similarity.24,25 All members contain a highly
conserved ATP-binding region, and utilize energy from
ATP hydrolysis to drive efflux of substrate molecules
from the inside to the outside of cells. ABC transporters
of importance for renal drug transport include
P-glycoprotein (P-gp/ABCB1) and several members of
the Multidrug Resistance Associated Protein (MRP/
ABCC) subfamily. P-gp is by far the most well-
characterized drug transporter, and has been shown to
transport many structurally diverse compounds, typi-
cally of a lipophilic and uncharged or weakly basic char-
acter (Table 95.2).24,25 P-gp is expressed in the luminal
membrane of proximal tubule epithelium and appears to
play a role in the renal clearance of digoxin.26

The MRP/ABCC family consists of thirteen trans-
porters, many of which have been shown to accept
drugs as substrates, in particular anionic drugs and
compounds conjugated with sulfate, glucuronide and
glutathione moieties (Table 95.2).27�31 In the kidney
proximal tubule epithelium, MRP2/ABCC2 and
MRP4/ABCC4 are expressed in the luminal membrane
and mediate secretion of substrates to the urine.27,30�36

MRP6/ABCC6 is also expressed in the kidney proxi-
mal tubules, but is instead localized to the basolateral
membrane.36�38 Expression of MRP1/ABCC1 and
MRP3/ABCC3 is highest in more distal parts of the
nephron, including the thick ascending loop of Henle,
distal tubuli and collecting duct, where their expres-
sion in the basolateral membrane suggests involvement
in the reabsorption of organic anions.28,36,39�40 Based
on in vivo studies in knockout mice, MRP4 appears to

be important in the renal clearance of tenofovir and
adefovir, two anti-viral drugs.41

SLC transporters: More than 350 human membrane
transporters are categorized to the SLC gene family.42

In contrast to the ABC family, transport by SLCs is
not directly coupled to ATP hydrolysis, but is instead
dependent on concentration gradients of the trans-
ported substrate or of co- or counter-transported ions

TABLE 95.2 Transporters of Emerging Clinical Importance in
the Renal Handling of Drugs

Transportera Gene
Symbol

Selected Substrates

P-gp
(MDR1)

ABCB1 Digoxin, doxorubicin, irinotecan,
loperamide, paclitaxel, ritonavir,
saquinavir, vinblastine

MRP1 ABCC1 Daunorubicin, doxorubicin, etoposide,
leukotriene C4, methotrexate, saquinavir

MRP2
(cMOAT)

ABCC2 Methotrexate, statins, olmesartan,
valsartan, glutathione and glucuronide
conjugates

MRP3 ABCC3 Fexofenadine, methotrexate, glucuronide
conjugates

MRP4 ABCC4 Adefovir, cyclic AMP,
dehydroepiandrosterone sulphate,
methotrexate, tenofovir, topotecan

MRP6 ABCC6 Leukotriene C4, BQ123

OCT2 SLC22A2 Amantadine, amiloride, cimetidine,
cisplatin, histamin, metformin, serotonin

OCTN1 SLC22A4 Carnitine, pyrilamine, quinidine,
verapamil

OCTN2 SLC22A5 Carnitine, cephaloridine, quinidine,
verapamil

OAT1 SLC22A6 Acyclovir, adefovir, cidofovir,
ciprofloxacin, lamivudine, methotrexate,
tenofovir, zalcitabine, zidovudine

OAT2 SLC22A7 Allopurinol, bumetanide,
dehydroepiandrosterone sulfate, estrone-
3-sulfate, 5-fluorouracil

OAT3 SLC22A8 Bumetanide, cefaclor, ceftizoxime,
furosemide, NSAIDs, estrone-3-sulfate

OAT4 SLC22A11 Bumetanide, NSAIDs, tetracycline, urate,
zidovudine,

OATP4C1
(OATP-H)

SLCO4C1 Digoxin, estrone sulfate, methotrexate
sitagliptin

PepT1 SLC15A1 Amoxicillin, captopril, cephalexin,
cefadroxil, enalapril, glycylsarcosine,
valacyclovir, dipeptides, tripeptides

PepT2 SLC15A2 Amoxicillin, captopril, cephalexin,
cefadroxil, enalapril, glycylsarcosine,
valacyclovir, dipeptides, tripeptides

aAlternative transporter symbols in parentheses
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or small endogenous molecules. The SLC family con-
tains many of the transporters necessary for cellular
nutrient uptake, including glucose transporters in the
SLC2 and SLC5 subfamilies and amino acid transpor-
ters in the SLC1, SLC3, SLC6, SLC7, SLC36 and SLC38
subfamilies. Many of these are expressed along the
nephron, where they have the important function of
limiting the loss of essential nutrients to the urine. The
di/tripeptide transporters PepT1/SLC15A1 and PepT2/
SLC15A2 have a corresponding role in nutrient reab-
sorption, but also accept some peptidomimetic drugs as
substrates, including β-lactam antibiotics like cephalexin
and amoxicillin and angiotensin converting enzyme
inhibitors like enalapril and fosinopril (Table 95.2).43�46

The SLC subfamilies with the most extensive evi-
dence for a role in drug disposition are the organic
anion (OAT) and organic cation (OCT) transporter
family SLC22, the organic anion transporting polypep-
tide family OATP/SLCO, and the recently discovered
multidrug and toxic compound extrusion family
MATE/SLC47. The SLC22 family contains a mixture
of structurally similar organic anion and organic cation
transporters.47 In the kidney proximal tubule, OCT2/
SLC22A2 is the primary transporter mediating cellular
uptake of organic cations from the blood. Substrates
are typically low molecular weight cations, and include
drugs such as metformin, amiloride, procainamide,
oxaliplatin and varenicline (Table 95.2).48�51 Recently,
MATE1/SLC47A1 and MATE2-K/SLC47A2 were iden-
tified as luminal exporters of organic cations in the
proximal tubuli, and overlapping substrate and inhibi-
tor specificities between the MATEs and OCT2 have
led to the hypothesis that these form a complementary
transport system for tubular secretion of small organic
cations.51�58

Renal organic anion transporters include OAT1�3/
SLC22A6�8 and OAT4/SLC22A11. OAT1, 2 and 3 are
expressed on the abluminal membrane of proximal
tubule cells and mediate cellular uptake of anionic
drugs such as para-aminohippuric acid, acyclovir, cip-
rofloxacin, methotrexate, ceftizoxime, and furosemide
(Table 95.2).47,59�61 OAT4 is expressed on the luminal
membrane, and is involved in urate homeostasis and
in the reabsorption and/or secretion of anionic
drugs.62,63 In addition to the SLC22s, members of the
OATP/SLCO family have been shown to transport
numerous anionic drugs. In the kidney, the most prom-
inent member is OATP4C1/SLCO4C1.61,64 In compari-
son to the hepatic OATPs 1B1, 1B3 and 2B1, OATP4C1
is so far much less studied. It mediates uptake from the
blood into the proximal tubule cells, and substrate
drugs include digoxin, estrone sulfate, methotrexate
and sitagliptin.64�66

Two other transporters in the SLC22 family have
been implicated in renal drug elimination: OCTN1

(SLC22A4) and OCTN2 SLC22A5), which transports
carnitine in the kidney.67,68 Mice with mutations in
OCTN2 eliminate the model organic cation tetraethy-
lammonium by renal excretion at about half the rate of
their wild-type littermates.67

Interindividual differences: Genetic variation in
membrane transporters can result in increased or
diminished drug transport. Such variation has been cat-
alogued as part of genome-wide studies69�71 and in
greater detail in gene family-focused efforts.72 Many
commonly occurring genetic variants in important drug
transporters have been characterized in cellular expres-
sion systems and some have also been shown to affect
the in vivo disposition and pharmacological effect of
substrate drugs. For example, torsemide renal clearance
was correlated with genetic variation in OAT4/
SLC22A11,73 and a common genetic variant (A270S) in
OCT2/SLC22A2 was shown to result in changes in
metformin clearance in multiple populations.74�76

Several heritable diseases have genetic variants that
result in non-functional transporters as their underly-
ing cause. For example, Dubin-Johnson syndrome,
which manifests as hyperbilirubinemia, is caused by
mutations in MRP2/ABCC2 that reduces biliary excre-
tion of bilirubin.77�79 The effects of Dubin-Johnson
syndrome on renal drug handling is much less studied,
but the pharmacokinetics of drugs that utilize MRP2/
ABCC2 in their renal excretion may be affected in
Dubin-Johnson patients.

In addition to genetic variants that cause direct func-
tional effects by altering or truncating the amino acid
sequence, mutations in regulatory genomic regions can
have functional effects, by altering expression levels of
the transporter. In fact, natural interindividual varia-
tion in transporter expression levels can be significant.
In liver samples from 110 patients, MRP2/ABCC2
levels varied more than 300-fold,80 and expression level
differences may thus have effects on drug disposition
on par with or even greater than many coding region
variants. Data on inter-individual differences in renal
transporter expression is scarce, but such variation
may ultimately affect the disposition of renally cleared
drugs.

Renal Metabolism

The kidney has the capacity to metabolize numerous
drugs and proteins.81 The proximal nephron has high
levels of glucuronyl transferases, sulfotransferases, and
peptidases.8 The ability of the kidney to conjugate
drugs via the transferases has been demonstrated
unequivocally in animals, but data in man are frag-
mentary and less direct. Renal glucuronidation may be
substantial. For example, approximately 20% of an
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intravenous dose of furosemide and 50% of a dose of
morphine may be glucuronidated by the kidney.82,83

When glucuronide is conjugated to a xenobiotic, the
chemical bond between the two can be either an ether
(e.g., phenolic) or an ester (e.g., carboxylic). The latter is
called an “acyl-glucuronide.” Ether-linked glucuronides
are chemically stable and are for the most part excreted
in the urine. In contrast, acyl-glucuronides are
unstable under physiologic conditions such that the glu-
curonide can deconjugate back to the parent compound.
In addition, the glucuronic acid moiety can migrate to
other parts of the molecule (acyl migration).84

One implication of this chemical instability is analyt-
ical. Consider, for example, that one wishes to measure
the amount of a drug excreted in the urine. If not just
drug but its acyl-glucuronide is excreted, one must be
certain that the metabolite does not deconjugate
ex vivo—causing a falsely elevated measure of the par-
ent drug. To avoid this phenomenon, samples of urine
must be stabilized quickly in acidic buffer (e.g., using
75 μl of 17 M glacial acetic acid in a 20-ml urine aliquot
is sufficient).83,85

A second implication of acyl-glucuronide formation
is the possibility of a futile cycle of drug metabolism
(Fig. 95.2). In patients with normal renal function, cir-
culating acyl-glucuronide conjugates that are formed in
the liver are readily eliminated in the urine. In patients
with renal insufficiency, however, renal excretion is
decreased and the conjugate accumulates in plasma—
where it can spontaneously hydrolyze to reform the
parent compound (Fig. 95.2). This phenomenon leads
to a paradox in which a drug may accumulate in
patients with renal insufficiency even though negligi-
ble amounts of parent drug are eliminated in the urine
in patients with normal renal function.

Clofibrate,86,87 diflunisal,88,89 and some of the aryl-
propionic NSAIDs90�93 have been shown to undergo a
futile cycle. It would seem prudent to avoid drugs

undergoing acyl-glucuronide conjugation in patients
with renal insufficiency, or to at least use them very
cautiously in such patients.

The proximal nephron also contains mixed-function
cytochrome P450 oxidases (CYP), but in lower amounts
than the liver. Interestingly, isoforms of CYP appear to
be differentially regulated in the kidney relative to the
liver.94 The relative contribution of renal compared to
hepatic metabolism is unknown.8,81

The kidney is able to metabolize proteins, such as
insulin and other biologic agents—including interleu-
kins, superoxide dismutase (SOD), and likely many
others.95,96 In patients with normal renal function, up
to 50% of insulin elimination occurs via renal metabo-
lism. This component of overall elimination diminishes
in patients with renal insufficiency and accounts at
least in part for the decreased insulin requirement as a
patient’s renal function deteriorates.97 Many biologic
proteins, such as SOD, are small enough to be freely fil-
tered by the glomerulus. They are then metabolized by
the peptidases of the proximal tubule. When renal
function declines, renal metabolism is decreased and
the substance can accumulate.

Proximal tubule dipeptidases also metabolize imipe-
nem.98 As such, if imipenem alone is administered to
patients, all antibacterial effect in the urine is lost. To
attain efficacy for urinary tract infections, imipenem is
administered with cilastatin—which inhibits the dipep-
tidases, allowing sufficient amounts of unchanged
imipenem in the urine to kill bacteria.98

Overall, then, the kidney is metabolically active
toward drugs in a variety of ways. Unfortunately, renal
metabolic contributions to drug elimination in man
have been inadequately explored and thus clinical
implications are for the most part speculative.

In addition to the metabolic roles of the kidney
described previously, the kidney excretes many drug
metabolites formed in the liver. Renal insufficiency
does not necessarily mean that drug metabolites will
accumulate because other excretory pathways exist,
such as biliary excretion. In addition, many drug meta-
bolites presumably have no effects. On the other hand,
there are numerous examples of metabolite accumula-
tion in which the metabolites are pharmacologically
active (Table 95.3).99,100 Some of the metabolites listed
exert pharmacologic effects similar to those of the par-
ent compound (e.g., primidone).101 Others account for
all of the pharmacologic activity, the parent compound
having no effect (e.g., enalapril).102 In other examples, the
metabolite has a different pharmacologic profile from the
parent drug. For example, normeperidine excites the CNS
and can cause seizures in contrast to the sedating effect of
the parent compound meperidine.103,104

It should be apparent that in order to safely use
drugs with active metabolites in patients with renal

Drug

Glucuronide

Drug

Glucuronide

Acyl-glucuronide
conjugate

Elimination
in the urine

Acyl-glucuronide
conjugate

Hydrolysis

Normal renal function

Renal insufficiency

FIGURE 95.2 Schematic illustration of a futile cycle of drug
elimination.
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TABLE 95.3 Active Metabolites of Drugs that can Accumulate
in Patients with Renal Insufficiency

Drug Active Metabolite

ANALGESICS

Codeine Morphine-6-glucuronide

Meperidine Normeperidine

Morphine Morphine-6-glucuronide

Propoxyphene Norpropoxyphene

ANESTHETICS AND DRUGS USED DURING
ANESTHESIA

Atracurium Laudanoside

Cisatracurium Laudanoside

Pancuronium 3-OH pancuronium

Remifentanil Carboxylic acid metabolite

Vecuronium 3-Desacetylvecuronium

ANTIANXIETY AGENTS, SEDATIVES, AND HYPNOTICS

Buspirone 1-(2-Pyrimidinyl)-piperazine (1-PP)

Midazolam α-Hydroxymidazolam

ANTICOAGULANTS, ANTIFIBRINOLYTICS, AND ANTIPLATELET
AGENTS

Sulfinpyrazone Thioether metabolite

ANTICONVULSANTS

Oxcarbazepine 10,11-Dihydro-10-hydroxycarbamazepine
(HYCZ)

Primidone Phenylethylmalonamide

Valproic acid Not identified

ANTIHISTAMINES

Cimetidine Cimetidine sulfoxide

Ebastine Carebastine

Hydroxyzine Cetirizine

Ketotifen Desmethylketotifen

Nizatidine N2-monodesmethylnizatidine

ANTI-INFLAMMATORY AGENTS

Diacerein Rhein

Oxaprozin Two hydroxylated metabolites

ANTIMICROBIAL AGENTS/ANTIBACTERIALS

Cephalosporins

Cefotaxime Desacetylcefotaxime

Cefoxitin Decarbamoylcefoxitin

Cephalothin Desacetylcephalothin

(Continued)

TABLE 95.3 (Continued)

Drug Active Metabolite

Cephapirin Desacetylcephapirin

SULFONAMIDES

Sulfamethoxazole Acetyl metabolite

Sulfisoxazole Acetyl metabolite

URINARY BACTERIOSTATICS

Nalidixic acid 7-hydroxynalidixic acid

ANTINEOPLASTICS AND ANTIMETABOLITES

Cyclophosphamide 4-Hydroxycyclophosphamide

Aldophosphamide

Ifosfamide 4-Hydroxyifosfamide

Aldoifosfamide

Isofosforamide

Acrolein

Chloracetaldehyde
(oral dosing)

ANTISPASTICITY AGENTS

Dantrolene Hydroxy and amino metabolites

CARDIOVASCULAR AGENTS

ANTIARRHYTHMICS

Disopyramide Mono-N-desisopropyl-disopyramide (MND)

Flecainide Meta-O-dealkylflecainide

Lorcainide Norlorcainide

Procainamide N-acetylprocainamide (NAPA)

ANTIHYPERTENSIVES

Acebutolol N-acetylacebutolol (diacetolol)

Captopril Mixed disulfides with endogenous thiols

Delapril 5-Hydroxyindane diacid

Losartan E3174

Methyldopa Methyldopamine

Metoprolol α-Hydroxymetoprolol

Minoxidil Minoxidil sulfate

Nebivolol β-Hydroxy metabolites

Nitroprusside Thiocyanate

Pinacidil Pinacidil-N-oxide

CARDIAC INOTROPES

Digitoxin Digoxin

Enoximone Piroximone

(Continued)
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insufficiency one must know the pharmacologic profile
of the parent drug and its metabolite(s). One should
try to avoid such drugs in patients with renal disease.

INFLUENCE OF DRUGS AND RENAL
DISEASE ON DRUG DISPOSITION

AND RESPONSE

Inter-individual variation in drug disposition among
patients can lead to too high or too low systemic
plasma levels and is a major factor in the safe and
effective use of drugs. Variation may be associated
with gender, age, concurrent drugs (drug-drug interac-
tions) and disease. This section focuses on drug-drug
interactions that occur in the kidney and on the effect
of renal disease on drug disposition. The recent publi-
cation of a whitepaper co-authored by an International
Transporter Consortium focused on the role of trans-
porters in drug development and highlighted trans-
porter based drug-drug interactions.105 Among the
interactions described were drug interactions that
occur in the kidney and that may contribute to drug

toxicity. Clinicians should be aware of these interac-
tions as they may interfere with rational drug therapy.
With the molecular identity of many drug transporters,
there is an emerging appreciation of the mechanisms
that underlie renal drug-drug interactions. Similarly,
with the advent of sensitive analytical methods and
metabolomic studies, a new appreciation for the molec-
ular mechanisms involved in renal disease induced
changes in drug absorption and disposition has
emerged. Further, advances in physiologic based phar-
macokinetics have led to an increased understanding
of the mechanisms by which renal disease may affect
drug disposition.106 In this section, drug-drug interac-
tions in the kidney are described first, followed by the
effect of renal disease on drug disposition. New infor-
mation is highlighted and where possible mechanistic
explanations of how drug interactions or disease effects
occur are included.

Influence of Drug-Drug Interactions on Renal
Pharmacokinetics

Drug-drug interactions are important from a drug
safety point of view. In fact, of the drugs withdrawn
from the market because of drug safety issues, many
are associated with clinical drug-drug interactions.107

Considerable information is available on drug-drug
interactions that occur in the liver and for which one
drug alters the metabolism of a second drug. In con-
trast, there are comparably few studies of drug-drug
interactions in the kidney. The recent identification,
characterization and localization of a number of ABC
and SLC transporters in the kidney have led to increas-
ing recognition of the potential importance of drug-
drug interactions in the kidney. With the availability of
recombinant human renal transporters expressed in
continuous cell lines, it is now possible to determine
the potential of various drugs to inhibit the renal trans-
port of other drugs. The concentration of a drug that
inhibits transport in cellular assays can be compared to
its clinical concentrations to determine whether a
potential drug-drug interaction is likely to occur
in vivo. In vivo drug-drug interactions can be investi-
gated in healthy populations or in patients to deter-
mine the magnitude of the interaction and whether
dosing adjustments will be needed when drugs are
administered concomitantly.

The magnitude of effect of a concomitant drug on
the systemic blood levels of another drug depends on
the following factors. First, the fraction of the dose of
the affected drug that is eliminated in the kidney is an
important factor. If the fraction is low, renal drug-drug
interactions will be unimportant to the overall elimina-
tion of the drug. In contrast, for drugs for which a high
fraction of the dose is eliminated in the kidney, renal

TABLE 95.3 (Continued)

Drug Active Metabolite

Flosequinan 7-Fluoro-1-methyl-3-methylsulfinyl-4-quinolone
(flosequinoxan)

BLOOD LIPID-LOWERING AGENTS

Clofibrate Parachlorophenoxyisobutyric acid (CPIB)

Lovastatin β-Hydroxy acid

Simvastatin β-Hydroxy acid

DIURETICS

Triamterene Sulfuric ester of hydroxytriamterene

HYPOGLYCEMIC AGENTS

Acetohexamide Hydroxyhexamide

Tolbutamide Hydroxytolbutamide

Carboxytolbutamide

HYPOURICEMIC AGENTS

Allopurinol Oxipurinol

PSYCHOTHERAPEUTIC AGENTS

Acamprosate Acetyl-homotaurine

Resperidone 9-Hydroxyresperidone

Tianeptine Not characterized

Venlafaxine 0-Desmethylvenlafaxine

SYMPATHOMIMETICS

Dolasetron R1 -hydroxydolasetron
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drug-drug interactions may potentially be important.
In particular, an interacting drug may inhibit the entire
secretory component of renal elimination of the
affected drug. If renal secretion constitutes, for example
one-half of the renal clearance of the affected drug,
then an interacting drug may reduce the renal clear-
ance of the affected drug by one-half. Thus, to estimate
the potential importance of a drug-drug interaction in
the kidney, a comparison of the net secretory clearance
to the total renal clearance of the drug should be made.
Net secretory clearance is equal to total renal clearance
minus filtration clearance, which in turn is equal to
GFR x fraction unbound. So, for example, if a drug has
a renal clearance of 50 ml/min and a fraction unbound
of 0.01, then in a patient with a GFR of 100 ml/min, the
net secretory clearance would be equal to 50 ml/min
minus 0.01*100 ml/min or 49 ml/min. Thus a major por-
tion of the renal clearance would be tubular secretion.

Drug-drug interactions in the kidney are often charge
specific. That is, weakly acidic drugs will inhibit the
renal elimination of other weakly acidic drugs and basic
drugs will inhibit other weak bases. There are however
a few drug-drug interactions that are not charge selec-
tive. Below clinical drug-drug interactions in the kidney
are described for acidic drugs and basic drugs.

Clinical Drug-Drug Interactions Involving
Acidic Drugs

As noted previously, many organic anions or weak
acids are eliminated in the kidney by renal tubular
secretion. In general, OAT1 and OAT3, localized to the
basolateral membrane of proximal tubule cells, mediate
the first step in the tubular secretion of organic anions.
On the apical membrane, ABC transporters, including
MRP2 and MRP4, transport acidic drugs into the
tubule fluid for excretion. OAT4, on the luminal mem-
brane, is thought to function primarily in reabsorption
of anionic drugs, but may participate in secretion. In
clinical studies, identification of the specific transporter
involved in an interaction is often difficult given that
most inhibitors can affect multiple transporters and are
not selective for a single transporter. The major drug
that has been shown to inhibit renal organic anion
secretion is the uricosuric agent, probenecid.108 Clinical
examples of drug-drug interactions with probenecid
are shown in Table 95.4 and include a number of
cephalosporins109 and anti-viral agents.110 In general
these drug-drug interactions result in higher systemic
blood levels and may cause potential toxicities of the
affected drug. Probenecid itself is not substantially
eliminated in the kidney; therefore its renal disposition
is not altered during the drug-drug interaction.
Probenecid has long been used to extend therapeutic
plasma levels of penicillins by reducing its renal

clearance.111 It is notable that probenecid has been
shown to protect the kidney from the nephrotoxic anti-
viral drug, cidofovir. In fact, the approved cidofovir
label contains the following warning:112

“Renal impairment is the major toxicity of Vistide (cidofo-
vir). Cases of acute renal failure resulting in dialysis and/or
contributing to death have occurred with as few as one or two
doses of Vistide. To reduce possible nephrotoxicity, intrave-
nous prehydration with normal saline and administration of
probenecid must be used with each Vistide infusion.”

While not completely understood, evidence suggests
that the mechanism of the cidofovir renal toxicity is
related to high drug concentrations in proximal tubule
cells. Co-administration with probenecid leads to a redi-
rection of cidofovir elimination to almost exclusively
involve glomerular filtration, a markedly decreased cel-
lular accumulation, and the prevention of clinical signs
of nephrotoxicity.110 Thus, probenecid exemplifies that
drug-drug interactions in the kidney can have pro-
nounced effects on drug levels, and that inhibitors of
renal drug transport can be exploited in drug therapy.

Clinical Drug-Drug Interactions Involving
Cationic Drugs

Many hydrophilic organic cations are eliminated by
renal secretion. Notable examples include the anti-

TABLE 95.4 Selected Examples of Clinical Drug�Drug
Interactions Occurring in the Kidney in which the Renal
Elimination is Inhibited by More than 25%

Organic Anion Transport Mediated Drug�Drug Interactions

Affected Drug Inhibitor Reference

Cefamandole Probenecid 118

Cidofovir Probenecid 119

Ciprofloxacin Probenecid 173

Cisplatin Probenecid 174

Famotidine Probenecid 175

Furosemide Probenecid 176

Nafcillin Probenecid 177

Zidovudine Probenecid 178

ORGANIC CATION TRANSPORT MEDIATED DRUG-DRUG
INTERACTIONS

Metformin Cimetidine 179

Procainamide Cimetidine 180

Quinidine Cimetidine 181

Triamterene Ranitidine 182

Zidovudine Cimetidine 183
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diabetic drug metformin113 and the anti-viral drug,
zidovudine.114,115 Other examples are listed in
Table 95.4. OCT2 is thought to mediate the first step
in tubular secretion of organic cations across the baso-
lateral membrane.50 On the apical membrane, two
transporters are thought to be involved: MATE1 and
MATE2-K.51,52,58 Whereas OCT2 is a facilitative trans-
porter that mediates drug transport in accordance
with the electrochemical gradient, MATE1 and
MATE2-K appear to be proton exchangers. That is,
these transporters efflux their cationic substrates in an
apparent electroneutral exchange with protons.
Although other inhibitors of tubular secretion of
organic cations have been described, cimetidine is the
major perpetrator of renal drug-drug interactions that
involve organic cations. Until recently, it was thought
that the cimetidine mediated renal drug-drug interac-
tion occurred at OCT2; however, recent studies have
shown that cimetidine is actually a more potent inhib-
itor of MATE1.57 Thus, in vivo, cimetidine may inhibit
renal transport of organic cations at MATE1 and not
at OCT2.

Digoxin is a neutral compound, which is eliminated
primarily in the kidney with a small component of tubu-
lar secretion. P-glycoprotein (ABCB1) appears to mediate
its renal secretion and a number of P-glycoprotein inhibi-
tors including verapamil,116 ritonavir,117 itraconazole118

and quinidine119 have been found to inhibit its tubular
secretion.

INFLUENCE OF RENAL DISEASE ON
DRUG DISPOSITION AND RESPONSE

As illustrated in Fig. 95.3, the concentration of a
drug in plasma is influenced by a number of factors—
each of which, including processes that are not directly
associated with the kidneys, may be affected by renal
disease. This can lead to altered drug disposition and
ultimately to toxic accumulation of drugs or the loss of
pharmacological effect. The dose and dosing interval of

a drug are controlled by the physician, and altering
them is the only method of compensating for altera-
tions in drug disposition in the patient.

Absorption

By several theoretical mechanisms, renal disease
could affect drug absorption. Altered intestinal motility
could change rates of gastric emptying of medications
to small intestinal absorption sites. Changed regional
distribution of blood flow could affect absorption from
intramuscular or subcutaneous sites. Such effects on
drug absorption remain speculative. Based on current
data, clinicians may assume that drug absorption is not
changed in patients with renal insufficiency.

Although not strictly an absorptive process, first-
pass metabolism by the intestinal mucosa and liver
influences the systemic availability of a drug after oral
dosing. By largely uncharacterized mechanisms, renal
insufficiency can also diminish non-renal (presumably
hepatic) elimination of some drugs. For drugs with
substantial first-pass elimination, such inhibition of
hepatic metabolism could cause greater bioavailability.
This mechanism may account for the apparent increase
in propoxyphene bioavailability in patients with severe
renal insufficiency.120 Because this phenomenon has
not been described with other drugs, clinicians should
not extrapolate these findings to all drugs that undergo
first-pass elimination.

Distribution

Systemic pH can affect distribution of drugs into tis-
sues. A pH favoring the non-ionized form of a weak
acid or base can facilitate its distribution out of plasma
and into tissues. This phenomenon has been demon-
strated to occur with salicylate. Being a weak acid, a
more acidic systemic pH increases the relative amount
of non-ionized salicylate and increases the amount
reaching the central nervous system (CNS) and toxic-
ity.121,122 Presumably the acidemia of uremia would
increase access of salicylate into the CNS. A similar
phenomenon has not been described with other drugs,
although this area is little studied.

Protein binding of highly bound drugs is another
major determinant of drug distribution. Many acidic
drugs, such as nonsteroidal anti-inflammatory drugs
(NSAIDs), thiazide and loop diuretics, penicillins, and
others bind predominantly to albumin—whereas basic
compounds such as lidocaine, propranolol, tricyclic
antidepressants, and so on typically bind to the acute-
phase reactant α1-acid glycoprotein.123�126 Patients
with renal insufficiency accumulate endogenous
organic acids that are normally excreted by the kidney,

Physician-controlled

Plasma
Drug

Concentration

Dose

Dosing interval

Response

Absorption
Distribution
Elimination

Metabolism
Excretion
Dialysis

Physician determined

FIGURE 95.3 Determinants of plasma drug concentration and
response.
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and these compounds are able to displace acidic drugs
from albumin binding sites.127�129 The likelihood that
such an effect will be important is a function of the
degree of binding of the drug. Generally, for drugs
bound less than 90% the magnitude of effect is so small
as to be irrelevant. In contrast, drugs bound more than
90% may be importantly affected by changes in bind-
ing. For example, NSAIDs are more than 99% bound to
albumin.11 Thus, less than 1% is free in plasma and con-
stitutes the active moiety. In uremia, what may appear
to be a trivial decrease in binding from 99 to 98% actu-
ally results in a doubling of the free unbound concen-
tration from 1 to 2%—a magnitude of change that may
be clinically important. In contrast, only about 50% of
methotrexate is bound to albumin.97 A decrease in
binding to 45% would have only a minor, clinically neg-
ligible effect on unbound methotrexate concentrations.

A frequent misconception is that such an effect
results in increased concentrations of unbound
pharmacologically active drug, causing an enhanced
effect—including toxicity. In the majority of instances,
however, there is no increase in concentration of
unbound drug and therefore no change in response
unless caused by other factors.130�133 The reason
unbound drug concentrations are unchanged is that for
many drugs with low total clearance (obeying so-called
“restrictive” elimination, in which unbound clearance
equals intrinsic clearance), clearance of total drug from
plasma from all routes of elimination is directly related
to the fraction of unbound drug,134 calculated as:

CL total5 fu3CLu

where CL is clearance, fu is fraction unbound, and CLu
is unbound clearance. Thus, if displacement from albu-
min causes the unbound fraction to increase, total
clearance increases proportionally but unbound or
intrinsic clearance is unchanged—resulting in mainte-
nance of the unbound concentration and pharmaco-
logic effect at its previous level. This similar unbound
concentration occurs at a lower total drug concentra-
tion. Thus, the fraction that is unbound is increased but
the concentration unbound is unchanged.130�133

This scenario is true for acidic drugs that are highly
protein bound and have low total clearances when dis-
placed from albumin binding sites in uremia. Some
other drugs have high organ clearances and extraction
rates such that their clearance is less dependent on pro-
tein binding but partially or totally dependent on organ
blood flow. In this case, unbound clearance will decline
as the fraction unbound increases so that unbound
drug concentrations increase despite, in some cases, an
unchanged total drug concentration.133 Here, the oppo-
site problem exists in that a dosage adjustment may be
necessary even though total drug concentration
changes little (if at all).

The degree of protein binding can also allow one to
predict the potential for dialytic removal of a drug. A
high degree of binding means only small amounts of
drug are free in plasma and can be removed by the
dialysis procedure. Drugs, either acidic or basic, that
are more than 90% bound to plasma proteins will have
negligible removal by dialytic procedures except hemo-
perfusion techniques.

The binding changes described previously can influ-
ence the calculation of distribution volume. If calcu-
lated based on total drug concentration, the volume of
distribution may become larger when binding
decreases—particularly for drugs that distribute exten-
sively into intracellular sites and therefore have large
volumes of distribution.130�133 This observation alone
can lead to the false conclusion that loading doses need
to be increased. In contrast, the distribution volume of
the unbound pharmacologically active drug is essen-
tially unchanged—meaning that no adjustment of load-
ing dose should be made. For drugs with smaller
volumes of distribution, particularly those restricted to
extracellular sites, the total volume of distribution may
be insensitive to changes in protein binding. However,
there would be almost proportional changes in the
unbound volume of distribution, and consequently
loading doses should be adjusted.133

Unfortunately, the medical literature concerning
changes in drug disposition in patients with renal
insufficiency is replete with data ignoring unbound
drug concentrations. For highly bound drugs, if dispo-
sition parameters for total drug (clearance and volume
of distribution) are the only values reported—and if
these values are increased in patients with renal insuf-
ficiency—one must be suspicious that the effect is
solely due to displacement from binding. The implica-
tion of this conclusion is that disposition parameters
for unbound drug are unchanged and that no alter-
ation in dosing is indicated. Clinicians and scientists
should be alert to the potential for misinformation
from a good deal of the medical literature concerning
drugs subject to this phenomenon.

Reductions in protein binding in uremic patients, or
with the hypoalbuminemia of nephrotic syndrome, can
lead to misinterpretation of serum concentrations of
phenytoin owing to the mechanisms discussed previ-
ously.130 In both clinical conditions, binding of phenyt-
oin is decreased. Unbound concentrations are
unchanged, although total concentrations are dimin-
ished.130,132 If plasma concentrations of phenytoin are
obtained in a patient, the clinical laboratory reports
total concentration—a value that could be misinter-
preted as being too low even though unbound concen-
trations are within the therapeutic range. If the misled
clinician increased the dose of phenytoin in an attempt
to attain a total concentration in the usual therapeutic
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range, so doing would also increase the unbound con-
centration of phenytoin and could result in toxicity.
This problem can be avoided by measuring unbound
concentrations. Alternatively, one can redefine the ther-
apeutic range for uremic and hypoalbuminemic
patients.135

Displacement from protein binding in patients with
renal insufficiency has therefore been a misunderstood
and misinterpreted phenomenon.130�135 This mecha-
nism is too often cited as causal of altered response to
drugs in patients with renal disease. However, because
unbound drug concentrations often do not change this
mechanism cannot explain altered response to drugs in
many uremic patients. Moreover, displacement from
binding does not necessarily mandate a change in drug
dosing. Clinicians should avoid false conclusions
regarding drug disposition from what may be incom-
plete data in the medical literature; namely, studies of
highly bound drugs that quantify only total and not
unbound concentrations. The clinical setting in which
this phenomenon is most apparent is use of phenytoin
in uremic or hypoalbuminemic patients, as described
previously.135

Digoxin represents a drug for which volume of dis-
tribution decreases as renal function diminishes:136

Volume of distribution ðliters=kgÞ
53:841 0:0446 CLcr ðml=minÞ:

The mechanism of this effect is unknown, but the
magnitude is sufficient to mandate dose adjustment.
Because volume of distribution influences the loading
dose of a drug (as opposed to the maintenance dose),
this effect is important only in patients to whom a load-
ing dose is administered. From the previous equation,
it should be apparent that the loading dose of digoxin
for a patient with end-stage renal disease should be
approximately half that of a patient with normal renal
function.

Elimination

Both glomerular filtration and active secretion are
typically reduced in patients with renal insufficiency,
with possible implication for dosing strategies. Renal
failure is accompanied by elevated levels of metabolic
products that would normally be renally excreted, and
that have been associated with multiple pathologies in
uremic patients including neuropathy, hypertension,
cardiac failure and increased bleeding.137�140 The
molecular identities of these uremic toxins are largely
unknown, but elevated levels of, e.g., hippuric acid,
indoxyl sulfate, guanidino succinate, trans-aconitate,
and 3-carboxy-4-methyl-5-propyl-2-furanpropanoic
acid (CMPF) have been demonstrated in plasma from

uremic patients, and have been demonstrated to cause
some of the pathological processes in model systems of
renal failure.141

It has long been appreciated that constituents of ure-
mic serum can affect renal transport processes. Serum
from uremic patients inhibited the uptake of the model
organic anion para-aminohippuric acid (PAH) in kid-
ney slices and isolated renal tubules from rat and
rabbit,142�144 and, more recently, CMPF was shown to
affect renal PAH uptake, likely through competitive
inhibition of the OAT1 and OAT3 transporters145�149

Similarly, indoxyl sulfate is accumulated in the proxi-
mal tubuli of uremic rats, as well as in OAT1/3-expres-
sing human proximal tubuli cells,150 and may thus
compete with tubular uptake of substrate drugs.

In addition to direct inhibition by uremic toxins, sev-
eral studies demonstrate altered expression of mem-
brane transporters in models of renal disease. For
example, decreased expression of OCT2, OAT1, OAT3
and MATE1 have been observed in rats with chronic
renal failure.55,151�155 In contrast, renal expression of
the efflux transporters P-gp and MRP2 were increased
in such rats,156,157 possibly as a mechanism of protec-
tion from toxic accumulation in proximal tubuli cells.

Notably, the effects of accumulated uremic toxins are
not limited to transporters in the kidney. An increasing
body of literature demonstrates effects of renal disease
on transporter function and expression also in other
organs, including the intestine and liver.6,158�162

Inhibition of hepatic drug-metabolizing enzymes has
also been demonstrated, including the Cytochrome
P450s CYP2C9, CYP2C19 and CYP3A4.3,4,163,164 These
extra-renal effects have important implications for drug
therapy in renal disease, since dosing changes may be
necessary also for drugs that undergo extensive hepatic
metabolism or are cleared through biliary excretion.
In line with the evidence for extra-renal pharmacoki-
netic effects of renal disease, the U. S. Food and Drug
Administration (FDA) now recommends performing
pharmacokinetic studies in patients with varying stages
of renal impairment, for all chronically administered
drugs, regardless of clearance pathway.7

Drug Response

Even if the plasma concentration of a drug in a
patient with renal insufficiency is identical to that of a
patient with normal renal function, response may dif-
fer. For example, the effect of pindolol to block
exercise-induced increases in heart rate and its effects
to decrease plasma renin activity were greater in ure-
mic patients than in normal volunteers despite similar
serum concentrations of this beta-adrenergic antago-
nist.165 As such, an approximate fourfold greater
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plasma concentration was required in healthy subjects
to cause the same effect on heart rate as in uremic
patients. The mechanism of this enhanced response is
unknown.

Unfortunately, comparable studies are not available
with the host of drugs used commonly in patients with
renal insufficiency. Clinicians must therefore use cau-
tion when using drugs in patients with renal disease in
addition to adjusting doses to compensate for changes
in disposition.

Dialysis

Just as dialytic procedures are used to remove accu-
mulated endogenous end products of metabolism, they
can remove drugs and their metabolites. With some
drugs, the amount removed is sufficient to require sup-
plemental dosing—or in poisoning settings is helpful
in speeding the elimination of the toxin(s).

Drugs restricted to the extracellular, and particularly
the plasma, compartment are accessible to removal by
hemodialysis unless precluded by protein binding.
Drugs with small volumes of distribution on the order
of total body water or less (i.e., about 0.7 liter/kg) are
likely but not necessarily restricted to the extracellular
space, whereas a large volume of distribution often
implies wide disbursement of drug throughout tissues.
A drug with a small volume of distribution and low-
protein binding (e.g., aminoglycoside antibiotics)
would be predicted to be substantially removed by dia-
lytic procedures and likely require supplemental dos-
ing after dialysis. In contrast, a drug with a large
volume of distribution may pass through a dialysis
membrane. However, so little of the drug is in the
plasma relative to overall body stores that the amount
removed is negligible.

The best method of calculating drug clearance by
peritoneal or hemodialysis is to actually measure how
much drug is removed. So doing serves as an inte-
grated function of dialyzer clearance throughout the
entire procedure.166,167 The calculation is as follows:

Dialyzer clearance5Total amount of drug recovered in
the dialysate=Duration of dialysis3drug
concentration at the midpoint of dialysis:

The drug concentration at the midpoint of dialysis
can be measured by a single determination or prefera-
bly from a regression of serial samples obtained during
the dialytic procedure. The considerations cited previ-
ously apply to conventional hemodialysis. Removal of
drugs by continuous arteriovenous hemofiltration
(CAVH) or continuous venovenous hemofiltration
(CVVH) may differ from conventional hemodialysis in
two ways. First, the pore size of the membrane is

larger—allowing drugs of about 5000 angstroms to be
freely filtered. Thus, a drug such as vancomycin (the
size of which limits conventional dialytic removal) is
readily removed by these filtration techniques. Second,
other than large-molecular-weight compounds, essen-
tially all of the unbound drug in plasma can be
removed by these methods. Thus, drug clearance by
ultrafiltration is equal to the unbound fraction times
the ultrafiltration rate. This value can be used to esti-
mate whether supplementary drug dosing needs to be
given, and if so the amount.

Hemoperfusion techniques allow removal of sub-
stantially greater amounts of some drugs than can be
accomplished with other methods. In fact, some of
these methods are so efficient that all of the drug enter-
ing the dialysis cartridge is removed. In other words,
the effluent drug concentration is zero.168�170 It is
important to emphasize, however, that this efficient
removal from blood may still not remove a clinically
important amount of drug from the body. For example,
if only 1% of the total amount of drug in the body is
circulating (even if hemoperfusion removes all of the
circulating drug), 99% of it is still left in body reser-
voirs inaccessible to the dialyzer. As soon as dialysis is
stopped, these reservoirs serve to refill the circulating
compartment such that decrements in circulating drug
concentrations caused by hemoperfusion are only tran-
sient. This concept clearly applies to drugs with large
volumes of distribution and accounts for the lack of
efficacy of hemoperfusion in treating poisoning with
highly lipid-soluble sedative-hypnotics having large
volumes of distribution (e.g., glutethimide and meth-
aqualone with volumes of distribution of 2.7 and 6 liters
per kilogram, respectively).

Dialytic removal of many drugs has been quantified
in clinical studies. Table 95.5 outlines current data that
can be used to derive clinical dosing guidelines.2 For
drugs having negligible removal, no dosing regimen
adjustment is needed over and above that which occurs
due to the patient’s level of renal function. In contrast,
for drugs having removal of potentially important
amounts a supplemental dose equal to the amount
removed can be given at the conclusion of hemodialy-
sis. In patients treated with peritoneal dialysis, the dos-
ing regimen can be increased to compensate for the
amount of drug removed by the dialytic procedure.
Interestingly, most drugs are negligibly removed by
peritoneal dialysis (Table 95.5). This observation is in
contrast to the substantial absorption of many drugs
that occurs when administered with the peritoneal
dialysate.171 For example, although only 20�25% of a
dose of an aminoglycoside antibiotic is removed by
peritoneal dialysis, in contrast instillation of these
drugs into the peritoneum results in 50% or more being
absorbed systemically.
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TABLE 95.5 Removal of Drugs by Dialysis: Percentage of Dose
Removed During Session of Hemodialysis or 24 Hours of CAPD

Drug Hemodialysis CAPD

ANALGESICS

Meperidine Negligible Negligible

Methadone Negligible (, 1%) Negligible (, 1%)

Nalmefene Negligible (3.3%) —

Propoxyphene Negligible Negligible

Salicylates Negligible Negligible

Tilidine Negligible (, 1%) —

Tramadol Negligible (7%) —

ANESTHETICS AND DRUGS USED DURING
ANESTHESIA

Gallamine Considerable Considerable

ANTIANXIETY AGENTS, SEDATIVES,
AND HYPNOTICS

Buspirone Negligible —

Chloral Hydrate Negligible —

Ethchlorvynol Negligible —

Glutethimide Negligible —

Meprobamate Negligible —

Methaqualone Negligible —

Oxazepam Negligible —

Phenobarbital Negligible —

Zopiclone Negligible —

ANTICHOLINERGICS AND CHOLINERGICS

Cisapride Negligible —

Metoclopramide Negligible —

Pirenzipine 11�15% —

ANTICOAGULANTS, ANTIFIBRINOLYTICS, AND ANTIPLATELET
AGENTS

Warfarin Negligible Negligible

LMW heparins Negligible —

ANTICONVULSANTS

Gabapentin 50% —

Ethosuximide 45% —

Levetiracetam 25�50% —

Phenytoin Negligible Negligible

Primidone 30% —

Topiramate 50% —

Valproic Acid Negligible (1%) Negligible

(Continued)

TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

ANTIHISTAMINES

Cetirizine — Negligible (9%)

Cimetidine 10�20% Negligible (1.6%)

Famotidine Negligible (6�16%) Negligible (4.5%)

Fexofenadine Negligible (, 1.7%) —

Levocabastine Negligible (11%) —

Loratadine Negligible —

Nizatidine Negligible (10%) —

Ranitidine 50�60% Negligible (, 1%)

ANTI-INFLAMMATORY AGENTS

Anakinra Negligible Negligible

Azapropazone Negligible Negligible

Bromfenac Negligible —

Leflunomide Negligible Negligible

Lornoxicam Negligible —

Nabumetone Negligible —

Oxaprozin Negligible Negligible

Penicillamine 30% —

Sulindac Negligible —

ANTIMICROBIAL AGENTS/ANTIBACTERIALS

Aminoglycosides

Aminoglycosides 50% 20�25%

Spectinomycin 50% —

Carbapenems

Biapenem 90% —

Imipenem 80�90% Negligible

Meropenem 50�70% —

Cephalosporins

Cefaclor 33% —

Cefadroxil 50% —

Cefamandole 50% Negligible (5%)

Cefazolin 50% 20%

Cefdinir — Negligible
(1.4�7.2%)

Cefipime 40�70% 26%

Cefixime Negligible (1.6%) Negligible

Cefmenoxime 16�51% Negligible (, 10%)

Cefmetazole 60% —

(Continued)

3198 95. RENAL DISPOSITION OF DRUGS AND TRANSLATION TO DOSING STRATEGIES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

Cefodizime 50% Negligible (15%)

Cefonicid Negligible Negligible (6.5%)

Cefoperazone Negligible Negligible

Ceforanide 20�50% —

Cefotaxime 60% Negligible (5%)

Cefotetan Negligible (5�9%) —

Cefotiam 30�40% —

Cefoxitin 50% Negligible

Cefpirome 32�48% Negligible (12%)

Cefpodoxime 50% —

Cefprozil 55% —

Cefroxadine 50% —

Cefsulodin 60% —

Ceftazidime 50% Negligible

Ceftibuten 39% —

Ceftizoxime 50% Negligible (16%)

Ceftriaxone 40% Negligible (4.5%)

Cefuroxime — 20%

Cephacetrile 50% —

Cephalexin 50�75% 30%

Cephalothin 50% —

Cephapirin 20% —

Macrolide Antibiotics

Clindamycin Negligible Negligible

Dirithromycin Negligible —

Lincomycin Negligible Negligible

Monobactams

Aztreonam 40% Negligible

Carumonam 51% —

Moxalactam 30�50% Negligible
(15�20%)

Nitromidazoles

Metronidazole 45% Negligible (10%)

Ornidazole 42% Negligible (6%)

Tinidazole 40% —

Oxazolindiones

Linezolid 33% —

Penicillins — —

(Continued)

TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

Amdinocillin 32�70% Negligible (, 4%)

Amoxicillin 30% —

Ampicillin 40% —

Azlocillin 30�45% —

Carbenicillin 50% —

Cloxacillin Negligible —

Dicloxacillin Negligible —

Methicillin Negligible —

Mezlocillin 20�25% 24%

Nafcillin Negligible —

Oxacillin Negligible —

Penicillin 50% —

Piperacillin 30�50% Negligible (6%)

Temocillin 50% Negligible

Ticarcillin 50% Negligible

Polymyxins

Colistin Negligible Negligible

Quinolones

Ciprofloxacin Negligible (2%) Negligible
(0.4�1.6%)

Enoxacin Negligible —

Fleroxacin Negligible (3�7%) Negligible (, 10%)

Gatifloxacin Negligible (14%) Negligible (11%)

Levofloxacin Negligible Negligible

Lomefloxacin Negligible —

Norfloxacin Negligible —

Ofloxacin Negligible
(15�25%)

Negligible (4�6%)

Pefloxacin — Negligible

Temafloxacin Negligible (9.4%) —

Streptogramins

Quinupristin-
dalfopristin

— Negligible

Sulfonamides

Sulfamethoxazole 50% Negligible (8%)

Trimethorprim 50% Negligible (7%)

Tetracyclines

Doxycycline Negligible Negligible

Minocycline Negligible Negligible

(Continued)
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TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

Vancomycin Negligible Negligible
(15�20%)

Teicoplanin Negligible Negligible (5%)

ANTIFUNGALS

Amphotericin B Negligible —

Fluconazole 40% Negligible (18%)

Flucytosine 50% —

Itraconazole Negligible Negligible

Ketoconazole Negligible Negligible

Miconazole Negligible Negligible

ANTIMALARIALS

Chloroquine Negligible —

Mefloquine Negligible —

Quinine Negligible —

ANTITUBERCULOUS AGENTS

Ethambutol Negligible (12%) —

Isoniazid 75% —

Para-aminosalicylic acid 50% —

ANTIVIRAL AGENTS

Abacavir 24% —

Acyclovir 60% Negligible (, 10%)

Amantadine Negligible —

Cidofovir 50% Negligible

Didanosine 20�67% Negligible

Foscarnet 27�58% —

Ganciclovir Negligible —

Lamivudine Negligible —

Ribavirin Negligible (8%) —

Vidarabine 50% —

Zidovudine Negligible Negligible

ANTINEOPLASTICS AND ANTIMETABOLITES

Cyclophosphamide 30�60% —

Etoposide Negligible —

Methotrexate Negligible —

Paclitaxel Negligible —

ANTI-ULCER AGENTS AND ANTACIDS

Lansoprazole Negligible —

Omeprazole Negligible —

(Continued)

TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

Pantoprazole Negligible —

Rabeprazole Negligible —

BRONCHODILATORS

Dyphylline 28% —

Theophylline 40% —

Zileuton Negligible (0.5%) —

CARDIOVASCULAR AGENTS

Antianginal Agents

Amlodipine Negligible Negligible

Bepridil Negligible —

Diltiazem — Negligible (, 0.1%)

Felodidine Negligible —

Isradipine Negligible —

Nifedipine Negligible (, 1%) Negligible

Antiarrhythmics

Acecainide (NAPA) 50% Negligible

Amiodarone Negligible —

Bretylium Negligible —

Cibenzoline Negligible —

Disopyramide Negligible (2�4%) —

Flecainide Negligible (1%) Negligible

Lorcainide Negligible (8�12%) —

Mexiletine Negligible Negligible

Procainamide Negligible Negligible (, 5%)

Propafenone Negligible —

Quinidine Negligible (, 1%) —

Recainam Negligible (9%) —

Sematilide 20�25% —

Sotalol 40�57% —

Tocainide 25% Negligible (2%)

Antihypertensives

Acebutolol Negligible —

Atenolol 50% —

Buflomedil Negligible
(3.4�6.7%)

—

Candesartan Negligible (0.2%) —

Captopril 35�40% Negligible (, 1%)

Carvedilol Negligible —

(Continued)
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DOSING RECOMMENDATIONS IN
PATIENTS WITH RENAL INSUFFICIENCY

Loading Dose

In some clinical conditions, a rapid response to a
drug is desired. Attainment of steady-state serum con-
centrations requires four to five times the drug half-
life. If this time is too long for the clinical setting, a
loading dose strategy needs to be employed. The load-
ing dose of a drug that is needed is a function of its
volume of distribution:

Loading dose5desired concentration

3volume of distribution:

Values for volume of distribution can be found in
standard reference texts, but these sources often ignore
changes in this parameter that may occur in patients
with renal disease. For example, the volume of distri-
bution of digoxin in patients with end-stage renal dis-
ease is about half that of patients with normal renal
function.136 Thus, such patients require a loading dose
half that of those without renal disease to attain identi-
cal concentrations.

TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

Cilazapril Negligible (14%) —

Clonidine Negligible —

Diazoxide Negligible —

Doxazosin Negligible —

Enalapril 50% —

Erbesartan Negligible —

Esmolol Negligible Negligible

Fosinopril — Negligible (2%)

Guanfacine Negligible —

Irbesartan Negligible —

Ketansirin Negligible —

Labetalol Negligible (2�5%) Negligible (0.14%)

Lisinopril 50�60% —

Losartan Negligible —

Metoprolol Negligible —

Minoxidil 24�43% —

Nadolol 50% —

Omapatrilat Negligible —

Perindopril 55% —

Quinapril Negligible (5.4%) Negligible (2.6%)

Ramipril Negligible —

Urapadil Negligible (6.5%) —

Cardiac Inotropes

Digoxin Negligible Negligible (8%)

FaB Negligible Negligible

Lipid-Lowering Agents

Bezafibrate Negligible Negligible (1.6%)

Clofibrate Negligible —

Fenofibrate Negligible —

Gemfibrozil Negligible —

Pravastatin Negligible —

HORMONAL AGENTS

Epoeitin — Negligible (2.3%)

HYPOGLYCEMIC AGENTS

Repaglinide Negligible —

Rosiglitazone Negligible —

(Continued)

TABLE 95.5 (Continued)

Drug Hemodialysis CAPD

HYPOURICEMIC AGENTS

Allopurinol (Oxipurinol) 40% —

PSYCHOTHERAPEUTIC AGENTS

Citalopram Negligible (, 1%) —

Lithium Considerable Considerable

Olanzepine Negligible —

Sertindole Negligible (, 0.1%) —

Sertraline Negligible —

Tianeptine Negligible —

STEROIDS

Prednisone Negligible —

MISCELLANEOUS

Cyclosporine Negligible —

Mycophenolate Negligible —

Sulbactam — Negligible

Tazobactam 30�50% Negligible
(11�13%)

CAPD, continuous ambulatory peritoneal dialysis.
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Table 95.6 lists drugs for which changes in volume
of distribution have been documented in patients with
renal disease.2 For those drugs that are highly protein
bound, notation is made as to whether the distribution
volume of the pharmacologically active unbound drug
concentration is altered. In most instances, where
unbound drug has been measured there is no change

TABLE 95.6 Volume of Distribution of Drugs in Patients with
Renal Disease, Vd (liters/kilogram)a

Drug Normal Renal
Function

ESRD

ANALGESICS

Codeine 3.5�6.0 7.3

Nalmefene 8.2 17.1

Salicylate 0.15 Increase (no change)b

ANESTHETICS AND DRUGS USED DURING ANESTHESIA

Thiopental 1.9�2.212 3.012

ANTIANXIETY AGENTS

Abecarnil 14 19 (no change)

Oxazepam 0.6�2.0 Increase (no change)

ANTICOAGULANTS, ANTIFIBRINOLYTICS, AND ANTIPLATELET
AGENTS

Sulfinpyrazone 0.06 Increase (no change)

Warfarin 0.11�0.20 Increase (no change)

ANTICONVULSANTS

Phenytoin 0.5�1.0 Increase (no change)

Valproate 0.2�0.4 Increase (no change)

ANTIHISTAMINES

Roxatidine 3.2 2.0

ANTI-INFLAMMATORY AGENTS

Anakinra 0.11 0.17

Celecoxib 5.7�7.1 Increase (no change)

Diflunisal 0.10�0.13 0.27 (no change)

Oxaprozin 0.07�0.25 (Decrease)

ANTIMICROBIAL AGENTS/ANTIBACTERIALS

Cephalosporins

Cefazolin 0.11�0.14 0.17

Cefoxitin 0.27 Increase

Macrolide Antibiotics

Erythromycin 0.6�0.8 1.2

Penicillins

Azlocillin 0.18 0.3

Timocillin 0.15�0.24 Increase (no change)

Quinolones

Norfloxacin 3.2 1.7

ANTIFUNGALS

Amphotericin 1.6�4 Increase (no change)

(Continued)

TABLE 95.6 (Continued)

Drug Normal Renal

Function

ESRD

Miconazole 2�3 Decrease

BRONCHODILATORS

Albuterol 2.0�2.5 0.8

CARDIOVASCULAR AGENTS

Antihypertensives

Moxonidine 1.8�3 2.4

Cardiac Inotropes

Digitoxin 0.73 Increase (no change)

Digoxin Vd5 3.841 0.0446
CLCr

Blood Lipid-Lowering Agents

Acifran 0.5 Decrease to one-third
normal

Clofibrate 0.14 Increase (no change)

HORMONAL AGENTS

Insulin-like growth
factor

0.15 0.07�0.09

MISCELLANEOUS

Bendazac 0.18 Increase (no change)

aData in parentheses pertain to unbound drug.
CLCr, creatinine clearance; ESRD, end-stage renal disease; Vd, volume of

distribution.

TABLE 95.7 Methods of Adjusting Dosing Regimens in Patients
with Renal Insufficiency

• Variable frequency (or interval) method: Individual doses are the
same as in patients with normal renal function are administered at
more widely spaced intervals.

• Variable dose method: The same dosing interval as in patients
with normal renal function is used. Individual doses are
diminished. One regimen is designed to attain the same average
drug concentration as in patients with normal renal function. An
alternative regimen attains the same peak concentrations.

• Kunin method: Half the dose used in patients with normal renal
function is administered every half-life.

• Combination method: Both the dosing interval and individual
doses are altered.
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FIGURE 95.4 Schematic representation of the serum concentration versus time profiles of a hypothetical drug that depends on the kidney
for elimination that is obtained by different methods of dose adjustment in patients with renal function 15% of normal. Stippled curves repre-
sent concentrations in patients with normal renal function. Solid curves represent concentrations in patients with renal insufficiency. Dashed
curves in B and C represent concentrations when a loading dose is administered. Dosing regimens and peak, average, and trough serum con-
centrations are provided in each panel. See text for discussion of individual panels. (Adapted from Chennavasin P, Brater DC. Nomograms for drug
use in renal disease. Clin Pharmacokinet 1981;6:193�214.)
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TABLE 95.8 Maintenance Doses in Patients with Renal
Insufficiency (Relative to Normal Dose)

CREATININE CLEARANCE (ML/MIN)

Drug .50 20�50 ,20

ANALGESICS

Butorphanol — — 1/2

Codeine — — 1/2

Meperidine — Avoid Avoid

Metamizol — — 1/3

Morphine — Avoid Avoid

Nalmefene — — 1/2

Propoxyphene — Avoid Avoid

Tramadol — — 1/2

ANESTHETICS AND DRUGS USED DURING ANESTHESIA

Alcuronium — — 1/3

4-Aminopyridine — Avoid Avoid

Cisatracurium — Avoid Avoid

Doxacurium — — 1/2

Gallamine — — 1/8

Metocurine — — 1/3

Pancuronium — — 1/5

Pipecuronium — — 1/2

D-Tubocurarine — — 1/2

Vecuronium — — Avoid

ANTIANXIETY AGENTS

Acamprosate — 1/2 1/3

Buspirone — 1/2 1/4

ANTICHOLINERGICS AND CHOLINERGICS

Metoclopramide — 1/2 1/4

Neostigmine — 1/2 1/3

Pirenzipine — — 1/2

Pyridostigmine 1/2 1/3 1/5

ANTICOAGULANTS, ANTIFIBRINOLYTICS, AND ANTIPLATELET
AGENTS

Bivalirudin — — 1/4

Desirudin — — 1/6

Iloprost — — 1/2

Lamifiban — — 1/10

LMW heparins — — 1/2

Lotrafiban — — 1/2

(Continued)

TABLE 95.8 (Continued)

Sulotroban 1/2 1/5 1/20

Tirofiban — — 1/2

Tranexamic acid 1/2 1/4 1/8

ANTICONVULSANTS

Felbamate — — 1/2

Gabapentin 1/2 1/4 1/8

Levetiracetam — 1/2 1/3

Oxcarbazepine — — 1/2

Pregabalin 1/2 1/3 1/6

Primidone — — Avoid

Topiramate — — 1/2

Vigabatrin — 1/2 1/4

ANTIHISTAMINES

Cetirizine — — 1/3

Cimetidine — 1/2 1/6

Ebastine — — 1/2

Emedastine — — 2/3

Famotidine 1/2 1/3 1/5

Fexofenadine — — 1/2

Levocabastine — — 1/3

Nizatidine 1/2 1/4 1/4

Ranitidine 1/2 1/3 1/4

Roxatidine 3/4 1/2 1/4

ANTI-INFLAMMATORY AGENTS

Anakinra — — 1/5

Azapropazone 1/2 1/5 1/10

Diacerein — — 1/2

Diflunisal — — 1/2

Indobufen — 1/2 1/3

Ketoprofen — — 1/2

Ketorolac — — 1/2

Oxaprozin — 2/3 1/2

Penicillamine — Avoid Avoid

Tiaprofenic acid — — 1/2

Ximoprofen — 1/2 1/3

ANTIMICROBIAL AGENTS/ANTIBACTERIALS

Aminoglycosides 1/3 1/2 1/4

Carbapenems

Biapenem — — 1/5

(Continued)
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TABLE 95.8 (Continued)

Imipenem — 1/2 1/4

Meropenem 2/3 1/3 1/6

Cephalosporins

Cefaclor — 1/2 1/4

Cefadroxil 1/2 1/4 1/8

Cefamandole 1/2 1/3 1/4

Cefazolin 1/2 1/4 1/6

Cefdinir — — 1/10

Cefditorin pivoxil — — 1/3

Cefepime 2/3 1/5 1/8

Cefetamet 1/2 1/4 1/8

Cefixime — 1/2 1/3

Cefmenoxime 1/2 1/4 1/6

Cefmetazole 2/3 1/2 1/3

Cefodizime — — 1/2

Cefonicid 1/2 1/5 1/10

Ceforanide 1/2 1/3 1/5

Cefotaxime — 1/2 1/4

Cefotetan 1/2 1/4 1/10

Cefotiam — 3/4 1/2

Cefoxitin 1/2 1/4 1/6

Cefpirome — 1/2 1/4

Cefpodoxime — 1/4 1/8

Cefprodoxime 1/2 1/3 1/5

Cefprozil — — 1/2

Cefroxadine — 1/2 1/4

Cefsulodin 1/2 1/4 1/10

Ceftazidime 1/2 1/5 1/10

Ceftibuten — 1/2 1/6

Ceftizoxime 1/2 1/4 1/10

Cefuroxime — 1/2 1/4

Cephacetrile 1/2 1/4 1/10

Cephalexin — 1/3 1/10

Cephalothin 2/3 1/2 1/6

Cephapirin — 1/2 1/3

Cephradine — 1/3 1/10

Loracarbef 1/2 1/4 1/10

Chloramphenicol and Thiamphenicol

Thiamphenicol 1/2 1/3 1/10

(Continued)

TABLE 95.8 (Continued)

Macrolide Antibiotics

Clarithromycin — — 1/3

Lincomycin — 1/2 1/3

Roxithromycin — — 1/2

Telithromycin — — 1/2

Monobactams

Aztreonam 1/2 1/3 1/4

Carumonam 2/3 1/3 1/6

Moxalactam 1/2 1/3 1/10

Penicillins

Amdinocillin — 1/2 1/4

Amoxicillin — 1/2 1/6

Ampicillin 1/2 1/4 1/10

Azlocillin — 1/2 1/4

Carbenicillin 1/3 1/5 1/10

Methicilin — 1/2 1/4

Mezlocillin 1/2 1/4 1/8

Penicillin — 1/5 1/8

Piperacillin — 1/2 1/3

Ticarcillin 1/2 1/3 1/4

Timocillin — 1/2 1/4

Polymyxins

Colistin 1/2 1/3 1/6

Polymyxin B Avoid Avoid Avoid

Quinolones

Ciprofloxacin — — 1/2

Fleroxacin 3/4 1/2 1/3

Gatifloxacin — — 1/4

Gemifloxacin — — 1/2

Levofloxacin — 1/4 Avoid

Lomefloxacin — — 1/6

Norfloxacin — — 1/2

Ofloxacin — — 1/2

Rufloxacin — — 2/3

Sparfloxacin — — 1/2

Sulfonamides

Sulfamethoxazole — — 1/2

Sulfisoxazole 3/4 1/2 1/4

Trimethoprim — — 1/2

(Continued)
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TABLE 95.8 (Continued)

Tetracyclines

Tetracycline — 1/3 1/10

Urinary Bacteriostatics

Cinoxacin — — 1/10

Fosfomycin — — 1/4

Nalidixic acid Avoid Avoid Avoid

Nitrofurantoin Avoid Avoid Avoid

Vancomycin-Like Agents

Teicoplanin — 1/2 1/3

Vancomycin 2/3 1/2 1/10

ANTIFUNGALS

Fluconazole — 1/2 1/3

Flucytosine 1/2 1/3 1/4

Miconazole — — 1/3

Terbinafine — — 1/2

ANTIHELMINTHICS

Diethylcarbamazine — — Avoid

ANTIMALARIALS

Chloroquine 1/2 1/5 1/10

Quinine — 1/2 1/3

ANTITUBERCULOUS AGENTS

Ethambutol — 1/2 1/3

Isoniazid — — 1/2

ANTIVIRAL AGENTS

Acyclovir — 1/2 1/5

Amantadine 1/2 1/5 1/10

Cidofovir 1/2 1/5 1/10

Didanosine — — 1/3

Emtricitabine 1/2 1/3 1/4

Entecavir 1/2 1/4 1/10

Foscarnet — — Avoid

Ganciclovir 1/2 1/5 1/10

Lamivudine — 1/3 1/10

Oseltamivir — — Avoid

Penciclovir — 1/2 1/4

Ribavirin — — 1/3

Rimantadine — — 1/2

Stavudine — 1/5 1/10

(Continued)

TABLE 95.8 (Continued)

Zalcitabine — 1/2 1/4

Zanamivir — 1/5 1/10

Zidovudine — — 1/2

ANTINEOPLASTIC AGENTS

Bleomycin — — 1/2

Capecitabine — 3/4 Avoid

Carboplatin — 1/2 1/3

Etoposide — 1/2 1/3

Exemestane — — 1/3

Methotrexate — Undefined Undefined

Oxaliplatinin — — 1/2

Pentostatin — — 1/2

Ralitrexed — 1/2 Avoid

Topotecan — — 1/4

ANTISPASTICITY AGENTS

Baclofen — Undefined Undefined

Dantrolene — Undefined Undefined

Tizanidine — — 1/4

ANTIULCER AGENTS

Bismuth — Avoid Avoid

BISPHOSPHONATES

All Avoid Avoid Avoid

BRONCHODILATORS

Albuterol — — 1/3

Dyphylline — Undefined Undefined

Enprofylline — Undefined Undefined

Prenalterol — Undefined Undefined

Terbutaline — Undefined Undefined

Tiotropium 1/2 1/5 1/10

CARDIOVASCULAR AGENTS

Antianginal Agents

Isradipine — — 1/4

Lercanidipine — — 1/2

Ranolazine — — 1/2

Antiarrhythmics

Acecainide [N-acetylprocainamide
(NAPA)]

— 1/2 1/4

Bretylium — — 1/5

Cibenzoline — 1/2 1/3

(Continued)
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TABLE 95.8 (Continued)

Disopyramide — 1/2 1/5

Dofetilide — 1/2 Avoid

Flecainide — — 1/3

Procainamide — — (See
Acecainide)

Recainam — 1/2 1/4

Sematilide 1/2 1/4 1/4

Sotalol — 1/3 1/8

Tocainide — 3/4 1/2

Antihypertensives

Acebutolol — 1/2 1/3

Atenolol — 1/2 1/4

Betaxolol — — 1/2

Benazepril — — 1/4

Bisoprolol — 1/2 1/3

Bosentan — — 1/2

Buflomedil — — 1/2

Candesartan — — 1/2

Captopril 1/2 1/6 1/12

Carteolol — 1/2 1/4

Celiprolol — Undefined Undefined

Cetamolol — — 1/3

Cilazapril 3/4 1/2 1/4

Clonidine __ 1/2 1/3

Delapril — — 1/3

Diazoxide — 2/3 1/2

Enalapril — 1/3 1/5

Eposartan — — 2/3

Fosinopril — — 1/2

Guanadrel 1/2 1/5 1/10

Imidapril — — 1/2

Lisinopril — 1/2 1/4

Methyldopa — — 1/2

Metoprolol — — 1/2

Minoxidil — — 1/2

Moexipril — — 1/2

Moxonidine — — 1/3

Nebivolol — — 1/2

Nadolol 3/4 1/2 1/4

(Continued)

TABLE 95.8 (Continued)

Olmesartan — — 1/3

Pentopril — Avoid Avoid

Perindopril — — 1/10

Pinacidil — — 1/2

Quinapril 1/2 1/4 1/8

Ramipril — 2/3 1/3

Rilmenidine 2/3 1/3 1/5

Spirapril — — 1/3

Temocapril — — 1/2

Trandolapril — — 1/3

Valsartan — — 2/3

Cardiac Inotropes

Digoxin 1/2 1/3 1/5

Flosequinan — — 1/3

Milrinone 1/3 1/4 1/10

Piroximone — — 1/2

Blood Lipid-Lowering Agents

Acifran — Avoid Avoid

Bezafibrate 2/3 1/3 1/6

Cerivastatin — — 2/3

Ciprofibrate — — 1/2

Clofibrate 1/2 Avoid Avoid

Fenofibrate — — 1/6

Lovastatin — — 1/2

DRUG FOR COGNITIVE IMPAIRMENT

Memantine — — 1/2

DRUGS FOR ERECTILE DYSFUNCTION

Sildenafil — — 1/2

Tadalafil — 1/2 1/4

HORMONAL AGENTS

Goserelin — — 1/4

Lanreotide — — 1/2

Octreotide — — 1/2

Triptorelin — — 1/2

HYPOGLYCEMIC AGENTS

Acetohexamide — Avoid Avoid

Chlorpropamide — Avoid Avoid

Insulin — — 2/3

(Continued)
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and therefore no change in loading dose is required.
As discussed previously, adjusting therapy based on
findings from total concentration of highly bound
drugs can lead to errors. Clinicians should be alert that
an increase in volume of distribution of total drug

when the drug is highly bound to albumin often means
no change in terms of unbound drug. Cognizance of
this phenomenon should avoid misinterpretation of
incomplete data in the scientific literature.

Maintenance Dose

Once it is determined that a maintenance dose of
drug needs modification in patients with renal insuffi-
ciency, several methods of changing the dosing regi-
men can be employed (Table 95.7).172 With most drugs,
any of the methods listed in Table 95.7 can be utilized
and the choice depends on such factors as ease of the
regimen for the patient and size of individual doses
relative to tablet strength. In contrast, for drugs for
which it is important to achieve specified target
peak and trough serum concentrations (e.g., antiar-
rhythmics or anticonvulsants) the dosing methods dif-
fer considerably.

The schematics shown in Fig. 95.4 illustrate the dif-
ferences in dosing methods in terms of peak and
trough serum concentrations attained.172 The inter-
rupted curves in this figure represent serum concentra-
tion profiles of an illustrative drug in an average
patient with normal renal function. Values for peak
and trough concentrations and the dosing regimen are
shown in the figure. The solid curves represent serum
concentrations in a patient with renal function 15% of
normal. Each panel illustrates a different dosing
method. It is important to note that the average drug
concentration attained with the variable frequency
method and with the first variable dose method is the
same as in patients with normal renal function.
Keeping the average concentration the same is an ade-
quate goal with the majority of drugs, and thus one of
these two simple methods can be employed in most
settings.

For drugs where peak and trough as well as average
concentration is important the simple methods of dose
adjustment are flawed. Thus, the variable frequency
method shown in Fig. 95.4A could result in prolonged
periods of time with sub-therapeutic serum concentra-
tions. The variable dose method shown in Fig. 95.4B, if
used without an initial loading dose, may never result
in therapeutic peak concentrations. When a loading
dose is given, therapeutic concentrations are initially
attained. However, when steady state is reached con-
centrations become sub-therapeutic. Moreover, trough
concentrations with this dosing regimen may be higher
than desirable and cause toxicity. Thus, in patients
with severe renal insufficiency, the variable dose
method could result in diminished efficacy and
enhanced toxicity. It should be apparent that the two
simplest methods of dose adjustment, although ade-
quate for many if not most drugs, may be seriously

TABLE 95.8 (Continued)

Metformin Avoid Avoid Avoid

Repaglinide — — 1/3

Saxagliptin — 1/2 1/4

Tolrestat — — 1/2

HYPOURICEMIC AGENTS

Allopurinol 2/3 1/3 1/6

Colchicine — — 1/2

IMMUNOSUPPRESANTS

Anakinra — — 1/4

PSYCHOTHERAPEUTIC AGENTS

Acamprosate — Avoid Avoid

Amisulpride — — 1/2

Bupropion — — 1/3

Milnacipran — 1/2 1/4

Mirtazapine — — 2/3

Paliperidone — — 1/3

Quetiapine — — 3/4

Reboxetine — — 2/3

Remoxipride — — 1/2

Resperidone — — 2/3

Sulpiride 2/3 1/2 1/4

Tianeptine — — 1/3

Venlafaxine — — 1/2

SYMPATHOMIMETICS

Almotriptan — — 1/2

Dolasetron — — 1/2

Pramipexole — — 1/4

Selegiline — — 1/6

MISCELLANEOUS

Dextran 40 — — Avoid

EDTA — 1/2 1/4

Iodixanol — — 1/10

Sulbactam — — 1/5

Tazobactam — — 1/4

Varenicline — — 1/4
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flawed for other drugs where attainment of specific
peak and trough serum drug concentrations is required
for maximal benefit.

Because of the flaws with simple dose adjustment
methods, other strategies have been explored.
Fig. 95.4C depicts a method designed to attain target
peak concentrations while maintaining the same dos-
ing interval as in patients with normal renal function.
But this regimen may be unsuitable for some drugs
owing to the very high trough concentrations that
occur. For other drugs (such as cephalosporin or peni-
cillin antibiotics) for which maintenance of peak con-
centrations is critical but there is little concern about
elevated trough concentrations, this regimen would be
acceptable. Kunin’s method for dose adjustment is
shown in Fig. 95.4D. Its merits and flaws are similar to
those of the regimen in Fig. 95.4C and may therefore be
appropriate for some drugs, but it is inappropriate for
others.

The combination approach of adjusting both the
dose and the dosing interval (Fig. 95.4E) is a compro-
mise aimed at a minor decrease in peak concentration,
a modest increase in trough concentration, and a
dosing interval that is of less concern in terms of dura-
tion of time with potentially sub-therapeutic drug
concentrations.

The disposition of many drugs has been studied in
patients with renal insufficiency. From such data, dos-
ing guidelines can be derived based on a patient’s level
of renal function2 (Table 95.8). Once the table is used to
decide the amount of dose adjustment required, the
concepts explored in the previous discussion of
Fig. 95.4 can be used to decide the method of dose
adjustment. These data can then be coupled with those
from Table 95.5 in patients receiving dialysis.

References

[1] Brater DC. Drug dosing in patients with impaired renal func-
tion. Clin Pharmacol Ther 2009;86:483�9.

[2] UpToDate. Waltham, MA: 2010.
[3] Frye RF, Matzke GR, Alexander ACM, Palevsky P, Rault R,

Branch RA. Effect of renal insufficiency on CYP activity. Clin
Pharmacol Ther 1996;59:155.

[4] Dreisbach AW, Japa S, Gebrekal AB, Mowry SE, Lertora JJ,
Kamath BL, et al. Cytochrome P4502C9 activity in end-stage
renal disease. Clin Pharmacol Ther 2003;73:475�7.

[5] Dreisbach AW, Lertora JJ. The effect of chronic renal failure on
hepatic drug metabolism and drug disposition. Semin Dial
2003;16:45�50.

[6] Nolin TD, Naud J, Leblond FA, Pichette V. Emerging evidence
of the impact of kidney disease on drug metabolism and trans-
port. Clin Pharmacol Ther 2008;83:898�903.

[7] U. S. Food and Drug Administration. Guidance for industry:
pharmacokinetics in patients with impaired renal function—
study design, data analysis, and impact on dosing and labeling,
,http://www.fda.gov.; 2010.

[8] Besseghir K, Roch-Ramel F. Renal excretion of drugs and other
xenobiotics. Ren Physiol 1987;10:221�41.

[9] Prescott LF. Mechanisms of renal excretion of drugs (with spe-
cial reference to drugs used by anaesthetists). Br J Anaesth
1972;44:246�51.

[10] Data JL, Nies AS. Drugs five years later: dextran 40. Ann Intern
Med 1974;81:500�4.

[11] Klotz U, Kroemer H. Clinical pharmacokinetic considerations in
the use of plasma expanders. Clin Pharmacokinet 1987;12:
123�35.

[12] Walkley JW, Tillman J, Bonnar J. The persistence of dextran 70
in blood plasma following its infusion, during surgery, for pro-
phylaxis against thromboembolism. J Pharm Pharmacol 1976;28:
29�31.

[13] Cross RJ, Taggart JV. Renal tubular transport: accumulation of
p-aminohippurate by rabbit kidney slices. Am J Physiol
1950;161:181�90.

[14] Grundemann D, Gorboulev V, Gambaryan S, Veyhl M, Koepsell
H. Drug excretion mediated by a new prototype of polyspecific
transporter. Nature 1994;372:549�52.

[15] Masuda S, Saito H, Inui KI. Interactions of nonsteroidal anti-
inflammatory drugs with rat renal organic anion transporter,
OAT-K1. J Pharmacol Exp Ther 1997;283:1039�42.

[16] Saito H, Masuda S, Inui K. Cloning and functional characteriza-
tion of a novel rat organic anion transporter mediating basolat-
eral uptake of methotrexate in the kidney. J Biol Chem 1996;271:
20719�25.

[17] Pritchard JB, Miller DS. Renal secretion of organic anions and
cations. Kidney Int 1996;49:1649�54.

[18] Burckhardt G, Ullrich KJ. Organic anion transport across the
contraluminal membrane–dependence on sodium. Kidney Int
1989;36:370�7.

[19] Shimada H, Moewes B, Burckhardt G. Indirect coupling to
Na1 of p-aminohippuric acid uptake into rat renal basolateral
membrane vesicles. Am J Physiol 1987;253:F795�801.

[20] Hall S, Rowland M. Influence of fraction unbound upon the
renal clearance of furosemide in the isolated perfused rat kid-
ney. J Pharmacol Exp Ther 1985;232:263�8.

[21] Inoue M, Okajima K, Itoh K, Ando Y, Watanabe N, Yasaka T,
et al. Mechanism of furosemide resistance in analbuminemic
rats and hypoalbuminemic patients. Kidney Int 1987;32:
198�203.

[22] Sjostrom PA, Odlind BG, Beermann BA, Karlberg BE.
Pharmacokinetics and effects of frusemide in patients with the
nephrotic syndrome. Eur J Clin Pharmacol 1989;37:173�80.

[23] Marshall EK, Vickers L. The mechanism of the elimination of
phenolsulphonphtalein by kidney-a proof of secretion by the
convoluted tubules. Bull Johns Hopkins Hosp 1923;34:1�6.

[24] Borst P, Elferink RO. Mammalian ABC transporters in health
and disease. Annu Rev Biochem 2002;71:537�92.

[25] Glavinas H, Krajcsi P, Cserepes J, Sarkadi B. The role of ABC
transporters in drug resistance, metabolism and toxicity. Curr
Drug Deliv 2004;1:27�42.

[26] Stephens RH, O’Neill CA, Warhurst A, Carlson GL, Rowland
M, Warhurst G. Kinetic profiling of P-glycoprotein-mediated
drug efflux in rat and human intestinal epithelia. J Pharmacol
Exp Ther 2001;296:584�91.

[27] Chen C, Klaassen CD. Rat multidrug resistance protein 4 (Mrp4,
Abcc4): molecular cloning, organ distribution, postnatal renal
expression, and chemical inducibility. Biochem Biophys Res
Commun 2004;317:46�53.

[28] Kool M, van der Linden M, de Haas M, Scheffer GL, de Vree
JM, Smith AJ, et al. MRP3, an organic anion transporter able to
transport anti-cancer drugs. Proc Natl Acad Sci U S A 1999;96:
6914�9.

3209REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE

http://www.fda.gov


[29] Kruh GD, Belinsky MG. The MRP family of drug efflux pumps.
Oncogene 2003;22:7537�52.

[30] Leslie EM, Deeley RG, Cole SP. Multidrug resistance proteins:
role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tis-
sue defense. Toxicol Appl Pharmacol 2005;204:216�37.

[31] Ritter CA, Jedlitschky G, Meyer zu Schwabedissen H, Grube M,
Kock K, Kroemer HK. Cellular export of drugs and signaling
molecules by the ATP-binding cassette transporters MRP4
(ABCC4) and MRP5 (ABCC5). Drug Metab Rev 2005;37:253�78.

[32] Rius M, Thon WF, Keppler D, Nies AT. Prostanoid transport by
multidrug resistance protein 4 (MRP4/ABCC4) localized in tis-
sues of the human urogenital tract. J Urol 2005;174:2409�14.

[33] Schaub TP, Kartenbeck J, Konig J, Spring H, Dorsam J, Staehler
G, et al. Expression of the MRP2 gene-encoded conjugate export
pump in human kidney proximal tubules and in renal cell carci-
noma. J Am Soc Nephrol 1999;10:1159�69.

[34] Toyoda Y, Hagiya Y, Adachi T, Hoshijima K, Kuo MT, Ishikawa
T. MRP class of human ATP binding cassette (ABC) transpor-
ters: historical background and new research directions.
Xenobiotica 2008;38:833�62.

[35] van Aubel RA, Smeets PH, Peters JG, Bindels RJ, Russel FG.
The MRP4/ABCC4 gene encodes a novel apical organic anion
transporter in human kidney proximal tubules: putative efflux
pump for urinary cAMP and cGMP. J Am Soc Nephrol 2002;13:
595�603.

[36] van de Water FM, Masereeuw R, Russel FG. Function and regu-
lation of multidrug resistance proteins (MRPs) in the renal elim-
ination of organic anions. Drug Metab Rev 2005;37:443�71.

[37] Beck K, Hayashi K, Dang K, Hayashi M, Boyd CD. Analysis of
ABCC6 (MRP6) in normal human tissues. Histochem Cell Biol
2005;123:517�28.

[38] Scheffer GL, Hu X, Pijnenborg AC, Wijnholds J, Bergen AA,
Scheper RJ. MRP6 (ABCC6) detection in normal human tissues
and tumors. Lab Invest 2002;82:515�8.

[39] Peng KC, Cluzeaud F, Bens M, Duong Van Huyen JP, Wioland
MA, Lacave R, et al. Tissue and cell distribution of the multi-
drug resistance-associated protein (MRP) in mouse intestine
and kidney. J Histochem Cytochem 1999;47:757�68.

[40] Zelcer N, Saeki T, Reid G, Beijnen JH, Borst P. Characterization
of drug transport by the human multidrug resistance protein 3
(ABCC3). J Biol Chem 2001;276:46400�7.

[41] Imaoka T, Kusuhara H, Adachi M, Schuetz JD, Takeuchi K,
Sugiyama Y. Functional involvement of multidrug resistance-
associated protein 4 (MRP4/ABCC4) in the renal elimination of
the antiviral drugs adefovir and tenofovir. Mol Pharmacol
2007;71:619�27.

[42] Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H,
Bruford EA. The ABCs of solute carriers: physiological,
pathological and therapeutic implications of human mem-
brane transport proteinsIntroduction. Pflugers Arch 2004;447:
465�8.

[43] Daniel H, Kottra G. The proton oligopeptide cotransporter fam-
ily SLC15 in physiology and pharmacology. Pflugers Arch
2004;447:610�8.

[44] Daniel H, Rubio-Aliaga I. An update on renal peptide transpor-
ters. Am J Physiol Renal Physiol 2003;284:F885�92.

[45] Kamal MA, Keep RF, Smith DE. Role and relevance of PEPT2 in
drug disposition, dynamics, and toxicity. Drug Metab
Pharmacokinet 2008;23:236�42.

[46] Li M, Anderson GD, Phillips BR, Kong W, Shen DD, Wang J.
Interactions of amoxicillin and cefaclor with human renal
organic anion and peptide transporters. Drug Metab Dispos
2006;34:547�55.

[47] Dresser MJ, Leabman MK, Giacomini KM. Transporters
involved in the elimination of drugs in the kidney: organic

anion transporters and organic cation transporters. J Pharm Sci
2001;90:397�421.

[48] Fujita T, Urban TJ, Leabman MK, Fujita K, Giacomini KM.
Transport of drugs in the kidney by the human organic cation
transporter, OCT2 and its genetic variants. J Pharm Sci
2006;95:25�36.

[49] Jonker JW, Schinkel AH. Pharmacological and physiological
functions of the polyspecific organic cation transporters:
OCT1, 2, and 3 (SLC22A1-3). J Pharmacol Exp Ther 2004;308:
2�9.

[50] Okuda M, Saito H, Urakami Y, Takano M, Inui K. cDNA clon-
ing and functional expression of a novel rat kidney organic cat-
ion transporter, OCT2. Biochem Biophys Res Commun
1996;224:500�7.

[51] Zhang S, Lovejoy KS, Shima JE, Lagpacan LL, Shu Y, Lapuk A,
et al. Organic cation transporters are determinants of oxaliplatin
cytotoxicity. Cancer Res 2006;66:8847�57.

[52] Yokoo S, Yonezawa A, Masuda S, Fukatsu A, Katsura T, Inui K.
Differential contribution of organic cation transporters, OCT2
and MATE1, in platinum agent-induced nephrotoxicity.
Biochem Pharmacol 2007;74:477�87.

[53] Otsuka M, Matsumoto T, Morimoto R, Arioka S, Omote H,
Moriyama Y. A human transporter protein that mediates the
final excretion step for toxic organic cations. Proc Natl Acad Sci
U S A 2005;102:17923�8.

[54] Masuda S, Terada T, Yonezawa A, Tanihara Y, Kishimoto K,
Katsura T, et al. Identification and functional characterization of
a new human kidney-specific H1/organic cation antiporter,
kidney-specific multidrug and toxin extrusion 2. J Am Soc
Nephrol 2006;17:2127�35.

[55] Nishihara K, Masuda S, Ji L, Katsura T, Inui K.
Pharmacokinetic significance of luminal multidrug and toxin
extrusion 1 in chronic renal failure rats. Biochem Pharmacol
2007;73:1482�90.

[56] Tanihara Y, Masuda S, Sato T, Katsura T, Ogawa O, Inui K.
Substrate specificity of MATE1 and MATE2-K, human multi-
drug and toxin extrusions/H(1)-organic cation antiporters.
Biochem Pharmacol 2007;74:359�71.

[57] Matsushima S, Maeda K, Inoue K, Ohta KY, Yuasa H, Kondo T,
et al. The inhibition of human multidrug and toxin extrusion 1
is involved in the drug-drug interaction caused by cimetidine.
Drug Metab Dispos 2009;37:555�9.

[58] Tsuda M, Terada T, Mizuno T, Katsura T, Shimakura J, Inui K.
Targeted disruption of the multidrug and toxin extrusion 1
(mate1) gene in mice reduces renal secretion of metformin. Mol
Pharmacol 2009;75:1280�6.

[59] Motohashi H, Sakurai Y, Saito H, Masuda S, Urakami Y, Goto
M, et al. Gene expression levels and immunolocalization of
organic ion transporters in the human kidney. J Am Soc
Nephrol 2002;13:866�74.

[60] Sakurai Y, Motohashi H, Ueo H, Masuda S, Saito H, Okuda M,
et al. Expression levels of renal organic anion transporters
(OATs) and their correlation with anionic drug excretion in
patients with renal diseases. Pharm Res 2004;21:61�7.

[61] Sekine T, Miyazaki H, Endou H. Molecular physiology of renal
organic anion transporters. Am J Physiol Renal Physiol
2006;290:F251�61.

[62] Minematsu T, Hashimoto T, Usui T, Kamimura H.
Characterization of renal tubular apical efflux of zonampanel,
an alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate rec-
eptor antagonist, in humans. Xenobiotica 2008;38: 1191�202.

[63] Shima JE, Komori T, Taylor TR, Stryke D, Kawamoto M, Johns
SJ, et al. Genetic variants of human organic anion transporter 4
demonstrate altered transport of endogenous substrates. Am J
Physiol Renal Physiol 2010;299:F767�775.

3210 95. RENAL DISPOSITION OF DRUGS AND TRANSLATION TO DOSING STRATEGIES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[64] Mikkaichi T, Suzuki T, Onogawa T, Tanemoto M, Mizutamari
H, Okada M, et al. Isolation and characterization of a digoxin
transporter and its rat homologue expressed in the kidney.
Proc Natl Acad Sci U S A 2004;101:3569�74.

[65] Chu XY, Bleasby K, Yabut J, Cai X, Chan GH, Hafey MJ, et al.
Transport of the dipeptidyl peptidase-4 inhibitor sitagliptin by
human organic anion transporter 3, organic anion transporting
polypeptide 4C1, and multidrug resistance P-glycoprotein.
J Pharmacol Exp Ther 2007;321:673�83.

[66] Toyohara T, Suzuki T, Morimoto R, Akiyama Y, Souma T,
Shiwaku HO, et al. SLCO4C1 transporter eliminates uremic
toxins and attenuates hypertension and renal inflammation. J
Am Soc Nephrol 2009;20:2546�55.

[67] Ohashi R, Tamai I, Nezu Ji J, Nikaido H, Hashimoto N, Oku A,
et al. Molecular and physiological evidence for multifunction-
ality of carnitine/organic cation transporter OCTN2. Mol
Pharmacol 2001;59:358�66.

[68] Urban TJ, Brown C, Castro RA, Shah N, Mercer R, Huang
Y, et al. Effects of genetic variation in the novel organic cat-
ion transporter, OCTN1, on the renal clearance of gabapen-
tin. Clin Pharmacol Ther 2008;83:416�21.

[69] The International HapMap Project. Nature 2003;426:
789�96.

[70] A haplotype map of the human genome. Nature 2005;437:
1299�320.

[71] Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL, Gibbs
RA, et al. A second generation human haplotype map of over
3.1 million SNPs. Nature 2007;449:851�61.

[72] Kroetz DL, Yee SW, Giacomini KM. The pharmacogenomics of
membrane transporters project: research at the interface of
genomics and transporter pharmacology. Clin Pharmacol Ther
2010;87:109�16.

[73] Vormfelde SV, Schirmer M, Hagos Y, Toliat MR, Engelhardt S,
Meineke I, et al. Torsemide renal clearance and genetic varia-
tion in luminal and basolateral organic anion transporters. Br J
Clin Pharmacol 2006;62:323�35.

[74] Chen Y, Li S, Brown C, Cheatham S, Castro RA, Leabman MK,
et al. Effect of genetic variation in the organic cation trans-
porter 2 on the renal elimination of metformin. Pharmacogenet
Genomics 2009;19:497�504.

[75] Song IS, Shin HJ, Shim EJ, Jung IS, Kim WY, Shon JH, et al.
Genetic variants of the organic cation transporter 2 influence the
disposition of metformin. Clin Pharmacol Ther 2008;84: 559�62.

[76] Wang ZJ, Yin OQ, Tomlinson B, Chow MS. OCT2 polymorph-
isms and in-vivo renal functional consequence: studies with
metformin and cimetidine. Pharmacogenet Genomics 2008;18:
637�45.

[77] Keitel V, Nies AT, Brom M, Hummel-Eisenbeiss J, Spring H,
Keppler D. A common Dubin-Johnson syndrome mutation
impairs protein maturation and transport activity of MRP2
(ABCC2). Am J Physiol Gastrointest Liver Physiol 2003;284:
G165�74.

[78] Nies AT, Keppler D. The apical conjugate efflux pump ABCC2
(MRP2). Pflugers Arch 2007;453:643�59.

[79] Toh S, Wada M, Uchiumi T, Inokuchi A, Makino Y, Horie Y, et
al. Genomic structure of the canalicular multispecific organic
anion-transporter gene (MRP2/cMOAT) and mutations in the
ATP-binding-cassette region in Dubin-Johnson syndrome. Am
J Hum Genet 1999;64:739�46.

[80] Meier Y, Pauli-Magnus C, Zanger UM, Klein K, Schaeffeler E,
Nussler AK, et al. Interindividual variability of canalicular
ATP-binding-cassette (ABC)-transporter expression in human
liver. Hepatology 2006;44:62�74.

[81] Anders MW. Metabolism of drugs by the kidney. Kidney Int
1980;18:636�47.

[82] Jacqz E, Ward S, Johnson R, Schenker S, Gerkens J, Branch RA.
Extrahepatic glucuronidation of morphine in the dog. Drug
Metab Dispos 1986;14:627�30.

[83] Smith DE, Lin ET, Benet LZ. Absorption and disposition of
furosemide in healthy volunteers, measured with a metabolite-
specific assay. Drug Metab Dispos 1980;8:337�42.

[84] Faed EM. Properties of acyl glucuronides: implications for
studies of the pharmacokinetics and metabolism of acidic
drugs. Drug Metab Rev 1984;15:1213�49.

[85] Iwakawa S, Suganuma T, Lee SF, Spahn H, Benet LZ, Lin ET.
Direct determination of diastereomeric carprofen glucuronides
in human plasma and urine and preliminary measurements of
stereoselective metabolic and renal elimination after oral
administration of carprofen in man. Drug Metab Dispos
1989;17:414�9.

[86] Gugler R, Kurten JW, Jensen CJ, Klehr U, Hartlapp J.
Clofibrate disposition in renal failure and acute and chronic
liver disease. Eur J Clin Pharmacol 1979;15:341�7.

[87] Meffin PJ, Zilm DM, Veenendaal JR. Reduced clofibric acid
clearance in renal dysfunction is due to a futile cycle.
J Pharmacol Exp Ther 1983;227:732�8.

[88] Erikson LO, Wahlin-Boll E, Odar-Cederlof I, Lindholm L,
Melander A. Influence of renal failure, rheumatoid arthritis
and old age on the pharmacokinetics of diflunisal. Eur J Clin
Pharmacol 1989;36:165�74.

[89] Verbeeck R, Tjandramaga TB, Mullie A, Verbesselt R,
Verberckmoes R, de Schepper PJ. Biotransformation of difluni-
sal and renal excretion of its glucuronides in renal insuffi-
ciency. Br J Clin Pharmacol 1979;7:273�82.

[90] Advenier C, Roux A, Gobert C, Massias P, Varoquaux O,
Flouvat B. Pharmacokinetics of ketoprofen in the elderly. Br J
Clin Pharmacol 1983;16:65�70.

[91] Aronoff GR, Ozawa T, DeSante KA, Nash JF, Ridolfo AS.
Benoxaprofen kinetics in renal impairment. Clin Pharmacol
Ther 1982;32:190�4.

[92] Sallustio BC, Purdie YJ, Birkett DJ, Meffin PJ. Effect of renal
dysfunction on the individual components of the acyl-
glucuronide futile cycle. J Pharmacol Exp Ther 1989;251:
288�94.

[93] Stafanger G, Larsen HW, Hansen H, Sorensen K.
Pharmacokinetics of ketoprofen in patients with chronic renal
failure. Scand J Rheumatol 1981;10:189�92.

[94] Haehner BD, Gorski JC, Vandenbranden M, Wrighton SA,
Janardan SK, Watkins PB, et al. Bimodal distribution of renal
cytochrome P450 3A activity in humans. Mol Pharmacol
1996;50:52�9.

[95] Aoyama K, Uchida T, Takanuki F, Usui T, Watanabe T,
Higuchi S, et al. Pharmacokinetics of recombinant human
interleukin-11 (rhIL-11) in healthy male subjects. Br J Clin
Pharmacol 1997;43:571�8.

[96] Tsao C, Greene P, Odlind B, Brater DC. Pharmacokinetics
of recombinant human superoxide dismutase in healthy
volunteers. Clin Pharmacol Ther 1991;50:713�20.

[97] Rabkin R, Simon NM, Steiner S, Colwell JA. Effect of renal dis-
ease on renal uptake and excretion of insulin in man. N Engl J
Med 1970;282:182�7.

[98] Barza M. Imipenem: first of a new class of beta-lactam antibio-
tics. Ann Intern Med 1985;103:552�60.

[99] Drayer DE. Pharmacologically active drug metabolites: thera-
peutic and toxic activities, plasma and urine data in man,
accumulation in renal failure. Clin Pharmacokinet 1976;1:
426�43.

[100] Verbeeck RK, Branch RA, Wilkinson GR. Drug metabolites in
renal failure: pharmacokinetic and clinical implications. Clin
Pharmacokinet 1981;6:329�45.

3211REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[101] Streete JM, Berry DJ, Newberry JE, Crome P. Pharmacokinetics
of phenylethylmalonamide (PEMA) in elderly men. Eur J Clin
Pharmacol 1987;33:431�4.

[102] Davies RO, Gomez HJ, Irvin JD, Walker JF. An overview of the
clinical pharmacology of enalapril. Br J Clin Pharmacol 1984;18
(Suppl. 2):215S�29S.

[103] Odar-Cederlof I, Boreus LO, Bondesson U, Holmberg L,
Heyner L. Comparison of renal excretion of pethidine (meperi-
dine) and its metabolites in old and young patients. Eur J Clin
Pharmacol 1985;28:171�5.

[104] Szeto HH, Inturrisi CE, Houde R, Saal S, Cheigh J, Reidenberg
MM. Accumulation of normeperidine, an active metabolite of
meperidine, in patients with renal failure of cancer. Ann Intern
Med 1977;86:738�41.

[105] International Transporter Consortium, Giacomini KM, Huang
SM, Tweedie DJ, Benet LZ, Brouwer KL, et al. Membrane
transporters in drug development. Nat Rev Drug Discov
2010;9:215�36.

[106] Rowland M, Balant L, Peck C. Physiologically based pharma-
cokinetics in drug development and regulatory science: a
workshop report (Georgetown University, Washington, DC,
May 29-30, 2002). AAPS J 2004;6:56�67.

[107] Giacomini KM, Krauss RM, Roden DM, Eichelbaum M,
Hayden MR, Nakamura Y. When good drugs go bad. Nature
2007;446:975�7.

[108] Li M, Anderson GD, Wang J. Drug-drug interactions involving
membrane transporters in the human kidney. Expert Opin
Drug Metab Toxicol 2006;2:505�32.

[109] Griffith RS, Black HR, Brier GL, Wolny JD. Effect of probenecid
on the blood levels and urinary excretion of cefamandole.
Antimicrob Agents Chemother 1977;11:809�12.

[110] Cundy KC. Clinical pharmacokinetics of the antiviral nucleo-
tide analogues cidofovir and adefovir. Clin Pharmacokinet
1999;36:127�43.

[111] Beyer KH, Russo HF, Tillson EK, Miller AK, Verwey WF,
Gass SR. ‘Benemid,’ p-(di-n-propylsulfamyl)-benzoic acid; its
renal affinity and its elimination. Am J Physiol 1951;166:
625�40.

[112] Lalezari JP, Kuppermann BD. Clinical experience with cidofo-
vir in the treatment of cytomegalovirus retinitis. J Acquir
Immune Defic Syndr Hum Retrovirol 1997;14(Suppl. 1):
S27�31.

[113] Sambol NC, Chiang J, O’Conner M, Liu CY, Lin ET, Goodman
AM, et al. Pharmacokinetics and pharmacodynamics of met-
formin in healthy subjects and patients with noninsulin-
dependent diabetes mellitus. J Clin Pharmacol 1996;36:
1012�21.

[114] Aiba T, Sakurai Y, Tsukada S, Koizumi T. Effects of proben-
ecid and cimetidine on the renal excretion of 3’-azido-3’-
deoxythymidine in rats. J Pharmacol Exp Ther 1995;272:
94�9.

[115] Chatton JY, Munafo A, Chave JP, Steinhauslin F, Roch-Ramel
F, Glauser MP, et al. Trimethoprim, alone or in combination
with sulphamethoxazole, decreases the renal excretion of zido-
vudine and its glucuronide. Br J Clin Pharmacol 1992;34:
551�4.

[116] Pedersen KE, Dorph-Pedersen A, Hvidt S, Klitgaard NA,
Nielsen-Kudsk F. Digoxin-verapamil interaction. Clin
Pharmacol Ther 1981;30:311�6.

[117] Ding R, Tayrouz Y, Riedel KD, Burhenne J, Weiss J, Mikus G,
et al. Substantial pharmacokinetic interaction between digoxin
and ritonavir in healthy volunteers. Clin Pharmacol Ther
2004;76:73�84.

[118] Jalava KM, Partanen J, Neuvonen PJ. Itraconazole decreases
renal clearance of digoxin. Ther Drug Monit 1997;19:609�13.

[119] Hager WD, Fenster P, Mayersohn M, Perrier D, Graves P,
Marcus FI, et al. Digoxin-quinidine interaction Pharmacokinetic
evaluation. N Engl J Med 1979;300:1238�41.

[120] Gibson TP, Giacomini KM, Briggs WA, Whitman W, Levy
G. Propoxyphene and norpropoxyphene plasma concentra-
tions in the anephric patient. Clin Pharmacol Ther 1980;27:
665�70.

[121] Hill JB. Experimental salicylate poisoning: observations on the
effects of altering blood pH on tissue and plasma salicylate
concentrations. Pediatrics 1971;47:658�65.

[122] Hill JB. Salicylate intoxication. N Engl J Med 1973;288:
1110�3.

[123] Jusko WJ, Gretch M. Plasma and tissue protein binding
of drugs in pharmacokinetics. Drug Metab Rev 1976;5:
43�140.

[124] Tiula E, Tallgren LG, Neuvonen PJ. Serum protein binding
of phenytoin, diazepam and propranolol in chronic
renal diseases. Int J Clin Pharmacol Ther Toxicol 1987;25:
545�52.

[125] Vallner JJ. Binding of drugs by albumin and plasma protein.
J Pharm Sci 1977;66:447�65.

[126] Vanholder R, Van Landschoot N, De Smet R, Schoots A,
Ringoir S. Drug protein binding in chronic renal failure: evalu-
ation of nine drugs. Kidney Int 1988;33:996�1004.

[127] Depner TA, Gulyassy PF. Plasma protein binding in uremia:
extraction and characterization of an inhibitor. Kidney Int
1980;18:86�94.

[128] Gulyassy PF, Bottini AT, Stanfel LA, Jarrard EA, Depner TA.
Isolation and chemical identification of inhibitors of plasma
ligand binding. Kidney Int 1986;30:391�8.

[129] Reidenberg MM, Drayer DE. Alteration of drug-protein bind-
ing in renal disease. Clin Pharmacokinet 1984;9(Suppl. 1):
18�26.

[130] Greenblatt DJ, Sellers EM, Koch-Weser J. Importance of protein
binding for the interpretation of serum or plasma drug concen-
trations. J Clin Pharmacol 1982;22:259�63.

[131] Klotz U. Pathophysiological and disease-induced changes in
drug distribution volume: pharmacokinetic implications. Clin
Pharmacokinet 1976;1:204�18.

[132] MacKichan JJ. Protein binding drug displacement interactions
fact or fiction? Clin Pharmacokinet 1989;16:65�73.

[133] Tozer TN. Concepts basic to pharmacokinetics. Pharmacol
Ther 1981;12:109�31.

[134] Wilkinson GR. Clearance approaches in pharmacology.
Pharmacol Rev 1987;39:1�47.

[135] Reidenberg MM, Affrime M. Influence of disease on binding
of drugs to plasma proteins. Ann N Y Acad Sci 1973;226:
115�26.

[136] Sheiner LB, Rosenberg B, Marathe VV. Estimation of popu-
lation characteristics of pharmacokinetic parameters from
routine clinical data. J Pharmacokinet Biopharm 1977;5:
445�79.

[137] Dzurik R, Spustova V, Krivosikova Z, Gazdikova K. Hippurate
participates in the correction of metabolic acidosis. Kidney Int
Suppl 2001;78:S278�81.

[138] Niwa T, Ise M. Indoxyl sulfate, a circulating uremic toxin, sti-
mulates the progression of glomerular sclerosis. J Lab Clin
Med 1994;124:96�104.

[139] Niwa T, Tsukushi S, Ise M, Miyazaki T, Tsubakihara Y, Owada
A, et al. Indoxyl sulfate and progression of renal failure: effects
of a low-protein diet and oral sorbent on indoxyl sulfate pro-
duction in uremic rats and undialyzed uremic patients. Miner
Electrolyte Metab 1997;23:179�84.

[140] Sun H, Frassetto L, Benet LZ. Effects of renal failure on drug
transport and metabolism. Pharmacol Ther 2006;109:1�11.

3212 95. RENAL DISPOSITION OF DRUGS AND TRANSLATION TO DOSING STRATEGIES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[141] Niwa T, Ise M, Miyazaki T. Progression of glomerular scle-
rosis in experimental uremic rats by administration of
indole, a precursor of indoxyl sulfate. Am J Nephrol 1994;14:
207�12.

[142] Hook JB, Munro JR. Specificity of the inhibitory effect of “ure-
mic” serum on p-aminohippurate transport. Proc Soc Exp Biol
Med 1968;127:289�92.

[143] Preuss HG, Massry SG, Maher JF, Gilliece M, Schreiner GE.
Effects of uremic sera on renal tubular P-aminohippurate
transport. Nephron 1966;3:265�73.

[144] White AG. Uremic serum inhibition of renal paraaminohippu-
rate transport. Proc Soc Exp Biol Med 1966;123:309�10.

[145] Deguchi T, Ohtsuki S, Otagiri M, Takanaga H, Asaba H, Mori
S, et al. Major role of organic anion transporter 3 in the trans-
port of indoxyl sulfate in the kidney. Kidney Int 2002;61:
1760�8.

[146] Deguchi T, Takemoto M, Uehara N, Lindup WE, Suenaga
A, Otagiri M. Renal clearance of endogenous hippurate cor-
relates with expression levels of renal organic anion trans-
porters in uremic rats. J Pharmacol Exp Ther 2005;314:
932�8.

[147] Enomoto A, Niwa T. Roles of organic anion transporters in the
progression of chronic renal failure. Ther Apher Dial 2007;11
(Suppl. 1):S27�31.

[148] Enomoto A, Takeda M, Taki K, Takayama F, Noshiro R, Niwa
T, et al. Interactions of human organic anion as well as cation
transporters with indoxyl sulfate. Eur J Pharmacol 2003;466:
13�20.

[149] Henderson SJ, Lindup WE. Renal organic acid transport:
uptake by rat kidney slices of a furan dicarboxylic acid which
inhibits plasma protein binding of acidic ligands in uremia.
J Pharmacol Exp Ther 1992;263:54�60.

[150] Taki K, Nakamura S, Miglinas M, Enomoto A, Niwa T.
Accumulation of indoxyl sulfate in OAT1/3-positive tubular
cells in kidneys of patients with chronic renal failure. J Ren
Nutr 2006;16:199�203.

[151] Aoyama I, Enomoto A, Niwa T. Effects of oral adsorbent on
gene expression profile in uremic rat kidney: cDNA array anal-
ysis. Am J Kidney Dis 2003;41:S8�14.

[152] Ji L, Masuda S, Saito H, Inui K. Down-regulation of rat organic
cation transporter rOCT2 by 5/6 nephrectomy. Kidney Int
2002;62:514�24.

[153] Jin QR, Shim WS, Choi MK, Tian GY, Song IS, Yang SG, et al.
Decreased urinary secretion of belotecan in folic acid-induced
acute renal failure rats due to down-regulation of Oat1 and
Bcrp. Xenobiotica 2009;39:711�21.

[154] Monica Torres A, Mac Laughlin M, Muller A, Brandoni A,
Anzai N, Endou H. Altered renal elimination of organic anions
in rats with chronic renal failure. Biochim Biophys Acta
2005;1740:29�37.

[155] Schneider R, Sauvant C, Betz B, Otremba M, Fischer D,
Holzinger H, et al. Downregulation of organic anion trans-
porters OAT1 and OAT3 correlates with impaired
secretion of para-aminohippurate after ischemic acute renal
failure in rats. Am J Physiol Renal Physiol 2007;292:
F1599�605.

[156] Huang ZH, Murakami T, Okochi A, Yumoto R, Nagai J,
Takano M. Expression and function of P-glycoprotein in rats
with glycerol-induced acute renal failure. Eur J Pharmacol
2000;406:453�60.

[157] Laouari D, Yang R, Veau C, Blanke I, Friedlander G. Two api-
cal multidrug transporters, P-gp and MRP2, are differently
altered in chronic renal failure. Am J Physiol Renal Physiol
2001;280:F636�45.

[158] Franke RM, Sparreboom A. Inhibition of imatinib transport by
uremic toxins during renal failure. J Clin Oncol 2008;26:4226�7
[author reply 4227�8].

[159] Naud J, Michaud J, Boisvert C, Desbiens K, Leblond FA,
Mitchell A, et al. Down-regulation of intestinal drug transpor-
ters in chronic renal failure in rats. J Pharmacol Exp Ther
2007;320:978�85.

[160] Naud J, Michaud J, Leblond FA, Lefrancois S, Bonnardeaux A,
Pichette V. Effects of chronic renal failure on liver drug trans-
porters. Drug Metab Dispos 2008;36:124�8.

[161] Nolin TD, Frye RF, Matzke GR. Hepatic drug metabolism and
transport in patients with kidney disease. Am J Kidney Dis
2003;42:906�25.

[162] Sun H, Huang Y, Frassetto L, Benet LZ. Effects of uremic tox-
ins on hepatic uptake and metabolism of erythromycin. Drug
Metab Dispos 2004;32:1239�46.

[163] Dowling TC, Briglia AE, Fink JC, Hanes DS, Light PD,
Stackiewicz L, et al. Characterization of hepatic cytochrome
p4503A activity in patients with end-stage renal disease. Clin
Pharmacol Ther 2003;73:427�34.

[164] Nolin TD, Appiah K, Kendrick SA, Le P, McMonagle E,
Himmelfarb J. Hemodialysis acutely improves hepatic
CYP3A4 metabolic activity. J Am Soc Nephrol 2006;17:
2363�7.

[165] Galeazzi RL, Gugger M, Weidmann P. beta blockade with pin-
dolol: differential cardiac and renal effects despite similar
plasma kinetics in normal and uremic man. Kidney Int
1979;15:661�8.

[166] Gibson TB, Nelson HA. Drug kinetics and artificial kidneys.
Clin Pharmacokinet 1977;2:403�26.

[167] Gibson TP, Matusik E, Nelson LD, Briggs WA. Artificial kid-
neys and clearance calculations. Clin Pharmacol Ther
1976;20:720�6.

[168] Hoy WE, Gibson TP, Rivero AJ, Jain VK, Talley TT, Bayer RM,
et al. XAD-4 resin hemoperfusion for digitoxic patients with
renal failure. Kidney Int 1983;23:79�82.

[169] Rosenbaum JL, Kramer MS, Raja R. Resin hemoperfusion for
acute drug intoxication. Arch Intern Med 1976;136:263�6.

[170] Winchester JF, Gelfand MC, Tilstone WJ. Hemoperfusion in
drug intoxication: clinical and laboratory aspects. Drug Metab
Rev 1978;8:69�104.

[171] Somani P, Shapiro RS, Stockard H, Higgins JT. Unidirectional
absorption of gentamicin from the peritoneum during continu-
ous ambulatory peritoneal dialysis. Clin Pharmacol Ther
1982;32:113�21.

[172] Chennavasin P, Brater DC. Nomograms for drug use in renal
disease. Clin Pharmacokinet 1981;6:193�214.

[173] Jaehde U, Sorgel F, Reiter A, Sigl G, Naber KG, Schunack
W. Effect of probenecid on the distribution and elimination
of ciprofloxacin in humans. Clin Pharmacol Ther 1995;58:
532�41.

[174] Jacobs C, Coleman CN, Rich L, Hirst K, Weiner MW.
Inhibition of cis-diamminedichloroplatinum secretion by
the human kidney with probenecid. Cancer Res 1984;44:
3632�5.

[175] Inotsume N, Nishimura M, Nakano M, Fujiyama S, Sato T.
The inhibitory effect of probenecid on renal excretion of
famotidine in young, healthy volunteers. J Clin Pharmacol
1990;30:50�6.

[176] Chennavasin P, Seiwell R, Brater DC, Liang WM.
Pharmacodynamic analysis of the furosemide-probenecid
interaction in man. Kidney Int 1979;16:187�95.

[177] Waller ES, Sharanevych MA, Yakatan GJ. The effect of proben-
ecid on nafcillin disposition. J Clin Pharmacol 1982;22:482�9.

3213REFERENCES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



[178] Hedaya MA, Elmquist WF, Sawchuk RJ. Probenecid inhibits
the metabolic and renal clearances of zidovudine (AZT) in
human volunteers. Pharm Res 1990;7:411�7.

[179] Somogyi A, Stockley C, Keal J, Rolan P, Bochner F. Reduction
of metformin renal tubular secretion by cimetidine in man. Br J
Clin Pharmacol 1987;23:545�51.

[180] Somogyi A, McLean A, Heinzow B. Cimetidine-procainamide
pharmacokinetic interaction in man: evidence of competition
for tubular secretion of basic drugs. Eur J Clin Pharmacol
1983;25:339�45.

[181] Hardy BG, Schentag JJ. Lack of effect of cimetidine on the
metabolism of quinidine: effect on renal clearance. Int J Clin
Pharmacol Ther Toxicol 1988;26:388�91.

[182] Muirhead M, Bochner F, Somogyi A. Pharmacokinetic drug
interactions between triamterene and ranitidine in humans:
alterations in renal and hepatic clearances and gastrointestinal
absorption. J Pharmacol Exp Ther 1988;244:734�9.

[183] Fletcher CV, Henry WK, Noormohamed SE, Rhame FS,
Balfour Jr HH. The effect of cimetidine and ranitidine adminis-
tration with zidovudine. Pharmacotherapy 1995;15:701�8.

3214 95. RENAL DISPOSITION OF DRUGS AND TRANSLATION TO DOSING STRATEGIES

IV. PATHOPHYSIOLOGY OF RENAL DISEASE



Index

Note: Page numbers followed by “f” and “t” refer to figures and tables, respectively.

A
A kinase anchoring proteins (AKAPs),

393�394, 417
function in kidney transport processes,

418�419
water transport in, 418

ABC superfamily
ABC1 in, 149, 2447�2448
ABCC2 in, 2433�2434
ABCC4, 2434�2435
ABCC6, 2429�2430
ATP hydrolysis and, 149

Abortion, septic, 2714
Absorbance, in intracellular pH

measurement, 1775�1776
Absorption-limited kinetics, 1368
ACE inhibitors, 429, 430f, 728
bradykinin and, 429
functions of, 429�431
glomerular filtration rate and, 2585
homologs of, 429
hyperkalemia due to, 1762
inhibitors, see ACE inhibitors
mechanism of action of, 437�438
for preeclampsia-eclampsia, 2741t
somatic, 429
testicular, 429

Acetaminophen, nephrotoxicity of,
2911�2913

Acetate-buffered dialysate, 3140
Acetazolamide
absorption, by GI tract, 1361
adverse effects, 1361
calcium reabsorption and, 2238�2239
clinical use, 1361�1362
and potassium excretion, 1358
for salicylate poisoning, 2078

Acetoacetic acid, in ketogenesis, 2064,
2066�2067

Acetone, in ketogenesis, 2067�2068
Acetyl-CoA
in ketogenesis, 2065�2066, 2067f, 2068f
in pyruvate metabolism, 2069f, 2070

Acetyl-CoA carboxylase (ACC), 161
Acetylsalicylate transporters, 2436
Acid load, see Net endogenous acid

production
Acid loading
chronic inhibition of, 1805
mechanisms of, 1791�1796

Acid production, endogenous, 2051
Acid�base balance, see also pH

acid excretion in, 919�920, 2061�2062,
2062f

acid sources in, 308�312, 2050
amino acids in, 311
ammonium ions in, 1995�1997, 2051,

2054
in brain interstitial fluid, 1988
breathing in, 1990
in cerebrospinal fluid, 1988
chemoreceptors in, 1979
in erythropoiesis, 3105
gastrointestinal absorption in, 312�315
calculation of, 313�315, 2052

gut in, 2052
hepatorenal interactions in, 2051�2052,

2051f
measurement of, 307�308
net acid excretion in, 307�308
organic acid in, 309
pH in, 1979, see also pH
phosphate in, 2054
phosphoric acid in, 309�310
potassium transport and, 1689f, 1690f,

1691�1693, 1691f, 1700, 1745
extrarenal, 1638�1641

in pregnancy, 2701�2702, 2709f
renal regulation of, 2053�2054
renal tubular acidification in, 1917�1941,

see also Renal tubular acidification
sulfuric acid in, 308�309
systemic processes in, 2050�2054, 2050f
ureagenesis and, 2051�2052, 2051f

Acid�base disorders, 2113, see also Metabolic
acidosis; Metabolic alkalosis;
Respiratory acidosis; Respiratory
alkalosis

Acid�base transporters
in distal nephron, 1943�1959
intracellular pH and, 1789�1791
in loop of Henle and thick ascending limb,

1941�1943
in proximal tubule, 1917�1941

Acid-generating diet, metabolic acidosis and,
2062

Acidic aminoaciduria, 2419
Acidification

in cell volume regulation, 127
postnatal development of, 917�920

Acidosis, 2497, see also Acid�base balance;
Metabolic acidosis; Renal tubular
acidosis; Respiratory acidosis

in acute kidney injury, 2562
Acid(s)
bone buffering of, in metabolic acidosis,

315�316
excretion of, 919�920, 2061�2062, 2062f

postnatal renal acidification and,
919�920

extrusion of
chronic inhibition of, 1805�1806
mechanisms of, 1796�1804, 1796f, 1798f,

1799f, 1801f
gastrointestinal absorption of, 312�315
inorganic, metabolism of, 2062�2063
organic

metabolism of, 2062�2063
potassium balance and, 1639�1640

production of
in acid�base balance, 2061�2062, 2062f

titratable, 307�308
excretion of, postnatal renal acidification

and, 919�920
Acid-sensing ion channel (ASIC), 984�985
structure of, 244f

Acquired immunodeficiency syndrome
lactic acidosis in, 2073

Actin, 6, see also Cytoskeleton
in apical microvilli, 8�9, 8f
in cell volume regulation, 126

α-actinin, 13, 2868
α-actinin-4, 738
Active water transport, 1087
Activin
and fibroblast growth factor, 873

Actomyosin cytoskeleton, 6
Acute Dialysis Quality Initiatives (ADQI),

2527
Acute fatty liver of pregnancy, 2715
Acute glomerulonephritis (AGN), 2763
disorders mimicking, 2764t

Acute interstitial nephritis (AIN), 2531�2532
Acute intracellular acid load, 1804, 1805f
Acute kidney disease, see Renal failure, acute
Acute kidney injury (AKI), 1357
apoptosis in, 2551�2556

caspases in, 2553�2554
heat shock proteins in, 2555�2556
heme oxygenase in, 2556

3215



Acute kidney injury (AKI) (Continued)
kinase-mediated pathways in, 2555
mitochondria in, 2554
oxidative stress in, 2556�2557
reactive oxygen species in, 2556�2557
receptor-mediated pathways in, 2554
stress response in, 2555�2556

biomarkers, 2513, 2536
area under the receiver-operating

characteristic curve (AUC-ROC),
2516�2518

characteristics of promising, 2515t
combinations, 2522�2523
desirable characteristic of, 2513�2514,

2514t
differentiation from chronic kidney

disease (CKD), 2514
interleukin-18 (IL-18), 2522
kidney injury molecule 1 (Kim-1), 2521
limitations of existing studies, 2523
liver-type fatty acid binding protein (L-

FABP), 2522
neutrophil gelatinase-associated

lipocalin (NGAL), 2514�2521
novel, for early diagnosis, 2521t
novel, for predicting outcome, 2521t
temporal sequence of, 2523
in terms of prognostic abilities, 2514

blood tests in, 2561
causes of, 2529, 2530f

interstitial, 2531�2532
prerenal azotemia as, 2529�2531

cell necrosis in, 2551�2552, 2553f
potassium metabolism and, 1646�1647

classification, 2527�2528
clinical course, 2560�2561
clinical features, 2560
clinical overview of, 2527�2534
coagulation abnormalities in, 2545�2546
complications of, 2561�2563, 2564f

acidosis, 2562
fluid overload, 2561
hyperkalemia, 2561�2562
hypermagnesemia, 2563
hyperphosphatemia, 2562�2563
hyperuricemia, 2562
hypocalcemia, 2562�2563
hyponatremia, 2561
malnutrition, 2563
uremia, 2562

cross-talk amongst organs in, 2559�2560
cytokines in, 2549
cytoskeletal alterations in, 2538�2540,

2539f
definition, 2527�2528
differential diagnosis of, 2561t, 2562t
endothelial cell injury in, 2544�2545
endothelial cell therapy for, 2566�2567
endothelin-1 in, 2544
endotoxin in, 2535t, 2536, 2989
epidermal growth factors, 2558
erythropoietin in, 2564�2565
experimental models of, 2535t, 2536
extension phase of, 2536�2537
GFR in, 2527
glomerular changes in, 2538

growth factors in, 2558�2559
growth hormone in, 2558
hemoglobin in, 2533
hepatocyte growth factors in, 2558
human, biopsies of, 2548
incidence, 2528
inflammation in, 2546�2549, 2547f
insulin-like growth factor 1 in, 2558
interstitial edema in, 2542
intrinsic/intra-renal, 2531�2534
ischemic, 2542�2543, 2985
ATP depletion in, 166
inflammation in, 2985, see also

Inflammation
mitochondrial reperfusion injury in, 166
pathophysiology of, 166
preconditioning for, 2563�2564

junctional defects in, 2540�2541
leukocytes and, 2546�2549
light chains and, 2533�2534
long-term effects, 2559�2560
loop diuretics and, 1368
macrophages, 2548
management of, 2563�2567
microvascular changes in, 2542
microvascular insult in, 2542�2544
models of, 2534�2536, 2535t
morphological changes of, 2536�2538
myoglobin in, 2533
pathophysiological categories of, drugs

based on, 2532t
pathophysiology of, 2536�2542, 2537f
permeability alterations in, 2540�2541
platelet activating factor (PAF) in, 2550
post-renal, 2531
prevention of, 2563�2567
protein C in, 2545
protein p21 in, 2559
radiocontrast induced nephropathy,

2532�2533
in rhabdomyolysis, 2533
RIFLE criteria, 2527, 2528t
risk factors, 2528�2529, 2529t
in sepsis, 2549�2557
signaling in, 2555
stem cells in, 2565�2566
thromboxane in, 2550
toll-like receptors (TLRs) in, 2550�2551,

2988�2993
transforming growth factor β in, 2558
tubular epithelial cell injury in, 2536�2538
tubular obstruction in, 2541�2542
tubular regeneration in, 2557�2560
urinary indices in, 2561, 2561t
VEGF in, 2558�2559

Acute Kidney Injury Network (AKIN), 2527,
2528t

Acute metabolic acidosis, bone buffering in,
315�316

Acute nephritis
major causes, 2764t

Acute nephrotoxicity, 2911�2912
Acute post-streptococcal glomerulonephritis

(APSGN)
clinical presentation, 2765
general characteristics, 2767t

group A streptococci, 2763
infections associated with, 2764t
neutrophils associated with, 2764�2765
pathogenesis, 2763�2764

enzymatic modification of IgG,
2763�2764

potential mechanisms, 2764t
pathology, 2764�2765
prognosis, 2765
treatment and prevention, 2765

penicillin G, 2765
Acute renal failure (ARF), see Renal failure,

acute
Acute respiratory acidosis, causes of, 2115t
Acute respiratory alkalosis, causes of, 2128t
Acute tubular necrosis (ATN), 2482�2483,

2536, see also Acute kidney injury
(AKI)

nitric oxide in, 2543�2544
Acyclovir, transporters for, 2435�2436, 2435f
Acyl-glucuronide formation, 3190
Adapter proteins, 54
Adaptins, 30
Addison disease, 2093
hyperkalemia in, 1758�1759
hyponatremia in, 1520

Adefovir, transporters for, 2435�2436, 2435f
Adenine, structure of, 513f
Adenine receptors, 511�512, 513f, 527
Adenoma
adrenal, metabolic alkalosis and, 2022
villous, metabolic alkalosis and, 2036

Adenomatous polyposis coli (APC) tumor
suppressor, 21

Adenosine, 767�768
ATP as precursor for, 769
in blood flow regulation, 832�833, 833f,

834f
formation of, blocking, 768�769
in renin release, 783�784
renin secretion and, 517
structure, 512, 513f

Adenosine receptors
and dopamine receptors, 564

Adenosine-50-triphosphate (ATP), see ATP
Adenyl cyclase, in signaling, 370f, 371
Adenylyl cyclase, 545�547
Adherens junctions, 4�7, 627
in acute kidney injury, 2540
formation of, 7, 8f
in kidney disease, 362
in signaling, 380�381, 383f
structure and function of, 7�8
structure and localization of, 361

Adhesion molecules
epithelial cells polarization mechanisms

and, 16�19, 17f, 18f
Na,K-ATPase in, 75
in vasculitis, 2824�2828, 2825t

endothelial cell-selective adhesion
molecule (ESAM), 2824�2825

matrix molecules, 2825�2826
monocytes, 2825�2826
platelet/endothelial cell adhesion

molecule-1 (PECAM-1) (CD31),
2824�2825
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ADMA (asymmetric dimethylarginine), as
uremic toxin, 3039�3041

ADP, in mitochondrial respiration, 158�159
ADP/ATP ratio, potassium transport and,

1666
Adrenal adenoma, metabolic alkalosis and,

2022
Adrenal cortex hypertension, 1346�1347
Adrenal hyperplasia, metabolic alkalosis

and, 2022
Adrenal insufficiency, 2093�2094, 2095f
hypercalcemia in, 2291

Adrenal steroids, see also Glucocorticoids
biosynthesis of, 2093, 2095f
potassium transport and, 1682�1685,

1683f, 1684f
Adrenergic receptors
and dopamine receptors, 564

Adrenoceptors, in renal function, 454
α-adrenoceptors, 453�454
α1-adrenoceptors, 453
α2-adrenoceptors, 453�454
β-adrenoceptors, 453
β2-adrenoceptors, 453�454

Adrenocortical hormones
primary deficiency of, 2093

Adrenocorticotropin
(ACTH), 1244�1245

Adrenogenital syndrome, 2093�2094
metabolic alkalosis in, 2039

Adrenomedullin (ADM), 829�830
in acute renal failure, 1264
biological effects, 1255�1256
in cirrhosis, 1302�1303
in hemodialysis, 1261

α-Adrenoceptors
in renal function, 453�454
renorenal reflexes and, 474�475

α1-Adrenoceptors
in renal function, 453
renorenal reflexes and, 474�475

α2-Adrenoceptors
in renal function, 453�454
renorenal reflexes and, 475

Adult kidney
cellular proliferation in, 960�963, 961f

aging and, 963
injuries and, 961�963, 962f, 963f

diseased, cells in, 972�973
endothelial cells of, 960
epithelial cells of, 959�960
papillary label-retaining cells, 965, 965f
podocytes, 967�968
repair, stem cells and, 973�975
stem cells in, 963�969

sites harboring, 969�970
stromal cells of, 960

Advanced carbamylation products, as
uremic toxins, 3042

Advanced glycation products
in diabetic nephropathy, 2617�2621

Advanced glycosylation products, as uremic
toxins, 3042

Advanced oxidation products, as uremic
toxins, 3042

AE4 (SLC4A9 Gene), 1852�1853

Afferent arterioles, 596�597, 597f, 617�618,
617f, 618f, 619f

wall structure of, 599�600, 599f
Afferent renal nerves, see also Renorenal

reflexes
overview, 468
stimulation of, 469

African Americans
potassium balance in, 1647

Agalsidase, for Fabry disease, 2862
Aging

and cellular proliferation in adult kidney,
963

Agrin
in glomerular basement membrane, 904

AIDS
lactic acidosis in, 2073

AKAP proteins, see A kinase anchoring
proteins (AKAPs)

Akt, functions of, 389, 390f
Alarmins, 2988
Albright’s hereditary osteodystrophy, 2297
Albumin

albumin receptors, endocytosis of, 2462
Amadori, in diabetic nephropathy, 2617
calcium concentration and, 2273
endocytosis of, 2460�2461
epithelial-mesenchymal transition (EMT),

2466�2467
distal to the proximal tubule, 2466�2467

glomerular cells, uptake in, 2460
glomerular filtration of, 2460, see also

Glomerular capillary wall
rate of, 2459�2463

induced renal tubular and interstitial
damage, 2464�2466

apoptosis, 2464�2465
ER-stress, 2465�2466

interstitial inflammation and fibrosis, 2466
lysosomal degradation of, 2463
metabolism of, 2457�2459
pathways of, retrieval, 2463

and nephrotic syndrome, 2467
properties of, 2457�2459
reabsorption in, 2464f
regulation of, 2462�2463
in renal proximal tubule, 2460�2461
renal tubular metabolism of
rate of, 2463�2467

transcapillary escape rate for, 2457�2459
transport of, 817, 2457�2459
transtubular recovery of, 2463�2464
tubular albumin uptake, 2460�2461

Albumin-dependent signaling, 2968
Albuminuria, 2457, see also Proteinuria

in cardiovascular disease, 2467�2468
in congenital nephrotic syndrome,

2459�2460
in diabetes mellitus, 2468�2469
in diabetic nephropathy, 2608, 2608t
endocytosis in, 2460�2461
glomerular basement membrane in, 2459
in hypertension, 2467�2468
in Imerslund-Gräsbeck disease, 2460�2461
mechanisms of, 2467�2469
nephrin in, 2459�2460

plasma albumin in, 2458f
in pregnancy, 2707
renin-angiotensin system in, 2462�2463

Albuterol, for hyperkalemia, 1765
Alcohol use/abuse
hyponatremia in, 1514
ketoacidosis in, 2068
metabolic acidosis in, 2068, 2074�2077,

2080t
withdrawal in, hypophosphatemia in,

2380
Alcoholic ketoacidosis, 2068�2069, 2075,

2080t
Aldehyde dehydrogenase activity (ALDH),

966�967
Aldose reductase, hypernatremia and,

1546�1547, 1548f
Aldosterone, 1391, see also

Mineralocorticoids; Renin-
angiotensin-aldosterone system
(RAAS)

biosynthesis of, 431�432, 2093, 2095f
drugs inhibiting, 1762
inherited disorders of, hyperkalemia

due to, 1759
biphasic stimulation of Na,K-ATPase and,

78, 79f
in blood flow regulation, 829
in cirrhosis, 1301
vs. cortisol, 1181
deficiency of

causes of, 2092�2093, 2096f
21-hydroxylase deficiency and,

2093�2094
hyporeninemic, 2094�2096
primary, 2093
secondary, 2093�2094

and ENaC, 392�393, 393f, 1002, 1185�1194
activation of, 1199�1202

functions of, 431�432
and 11β-HSD2, 1197�1198
and hypertension, 1329�1330
in hypokalemia, 1733�1734
imbalances of, sodium balance in, 304
low-potassium diet and, 1681
mechanisms of action, 1194�1203
in metabolic alkalosis, 2028, 2038
and Na,K-ATPase, 1193�1194
in non-ASDN cells, 1184�1185
in potassium transport, 1192�1193,

1669�1670, 1682�1685, 1683f, 1684f,
1699�1700

extrarenal, 1641�1642
metabolic acidosis and, 1692�1693, 1700
urine flow rate and, 1685

in pregnancy, 2700, 2702f, 2708, 2709f
in proximal tubule, 1940
release of, angiotensin in, 438
renal salt reabsorption, 1215�1216
in renal tubular acidification, 2092�2093,

2093f
in renin-angiotensin system, 431�432
secretion

ANP and, 1252
GRA and, 1216�1218, 1217f

in sodium reabsorption, 392, 393f
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Aldosterone (Continued)
and sodium transport, 1167�1169,

1185�1194
in sodium transport, 392, 393f

Aldosterone resistance, in
pseudohypoaldosteronism,
2096�2097

Aldosterone sensitive distal nephron
(ASDN), 355, 649, 1181�1184

cells, 1181�1182
sodium transport across, 1183�1184

and Wnk kinases, 355
Aldosterone-induced proteins (AIPs),

1379�1380
Aldosterone-producing adenoma, and

hypertension, 1218�1220
Aldosterone-regulated RNA, 1202�1203
Aldosteronism
glucocorticoid-suppressible, metabolic

alkalosis in, 2039
hypokalemia and, 1699�1700

Alfacalcidol, for hyperparathyroidism,
3080�3081, 3082t

Aliphatic amines, as uremic toxins, 3040
Alkali
in complex mixtures, calculation of,

313�315
gastrointestinal absorption of, 312�315

Alkali therapy, 2126
for distal renal tubular acidosis, 2091,

2091t
for lactic acidosis, 2074
for metabolic acidosis, 2101
for proximal renal tubular acidosis, 2091,

2091t
for salicylate poisoning, 2077

Alkalinization, in cell volume regulation,
127

Alkalosis, see also Acid�base balance;
Metabolic alkalosis; Respiratory
alkalosis

definition of, 2021
gastric, 2035

All-trans-retinoic acid (ATRA), 944
Alpha-mercaptopropionylglycine, for

hypercystinuria, 2341�2342
Alport syndrome, 731, 731f, 2847�2857
anti-GBM disease in, 2766
anti-glomerular basement membrane in,

2853
autosomal dominant, 2852, 2852t
autosomal recessive, 2852�2853, 2852t
clinical features of, 2847�2849
diagnosis of, 2855�2856
diffuse leiomyomatosis in, 2849
end-stage renal disease in, 2847�2848
genetic testing for, 2855�2856
genotype-phenotype correlations in, 2853
glomerular basement membrane defects

in, 2854�2855
hearing loss in, 2848
hematuria in, 2847, 2854�2855
medical therapy for, 2856�2857
ocular defects in, 2848
pathology of, 2849�2850, 2849f, 2850f
proteinuria in, 2847

transplantation for, 2856
X-linked, 2852, 2852t

Alstrom Syndrome (ALMS), 340
Altered perfusion pressure, myogenic

response to, 516
Aluminum carbonate, metabolic alkalosis

and, 2034
Amadori albumin, in diabetic nephropathy,

2617
Ambiguous genitalia, in Denys-Drash

syndrome, 2871
Amiloride, 254, 983, 1380�1381

adverse effects, 1381�1382
binding site, 990�991
clinical use, 1381
hyperkalemic renal tubular acidosis due

to, 2097�2098
for Liddle syndrome, 1723
magnesium balance and, 2144�2145
for nephrolithiasis, 2322
pharmacokinetics, 1381
potassium excretion and, 1694
structure of, 1377f

Amiloride test, 2505�2506
Amiloride-sensitive sodium channel,

see ENaC (amiloride-sensitive
sodium channel)

Amino acid(s)
in acid�base balance, 311
anionic, 2411, 2413
aromatic, 2415
catabolism of, in metabolic acidosis,

3048�3049, 3049t
cationic, 2411�2413
in cell volume regulation, 124
filtration and reabsorption, 2405�2406
along nephron, 2405
cellular model, 2409f
glomerular fluid filtration rate (GFR),

2405
plasma and urine concentration and

fractional excretion of, 2406t
imino and small neutral, 2410�2411
neutral, 2412
organic osmolytes, 1545�1546, 1551f
in pregnancy, 2699�2700
reabsorption by kidney proximal tubules,

2407�2410
renal metabolism and interorgan exchange

of, 2414
supplemental, in low-protein diet, 3054
transport of free, 2406�2407
functional role of, 2407
human genome organization (HUGO)

classification, 2406�2407
molecular identification, 2406�2407
solute carriers (SLC) gene nomenclature,

2406�2407
transporter selectivity for, 2407
transporters involved in basolateral efflux

of
SLC7A13 (AGT1), 2413
SLC7A12 (Asc-2), 2413
Slc7a10 (Asc-1) and SLC3A2 (4F2hc),

2413
SLC43A2 (LAT4), 2412

SLC7A8 (LAT2) and SLC3A2 (4F2hc),
2412

SLC38A3 (SNAT3, SN1), 2412
SLC16A10 (TAT1), 2412
SLC6A6 (TauT1), 2413�2414
SLC7A7 (y1LAT1) and SLC3A2 (4F2hc),

2412�2413
transporters involved in luminal uptake of

SLC36A1 and 2 (PAT1 and PAT2), 2407,
2410�2411

SLC15A1 and SLC15A2 (PEPT1 and
PEPT2), 2411�2412

SLC6A18 (B 0AT3), 2410
SLC6A19 (B0AT1), 2407, 2410
SLC7A9 (b0,1AT), 2407, 2411
SLC1A1 (EAAC1/EAAT3), 2411
SLC3A1 (rBAT), 2411
SLC6A20 (SIT-1), 2407, 2411

Aminoacidurias
cystinuria, 2416�2417
dicarboxylic aminoaciduria, 2419
genetically elucidated in human, 2416t
hartnup disorder, 2418
iminoglycinuria, 2418�2419
lysinuric protein intolerance, 2417�2418

Aminoglycosides
hypomagnesemia due to, 2157
nephrotoxicity of, 2913�2915

Amino-terminus, 988�989
Ammonia transporters, 2007�2009, 2011f
Ammonium, urinary
urine anion gap and, 2500, 2502f

Ammonium acid urate stones, 2312t
Ammonium chloride loading test,

2503�2504
Ammonium ion(s), production/secretion of
in acid�base balance, 1995�1997, 2051,

2054
in anion exchange regulation, 1885�1886
collecting duct permeability to, 2009�2010
excretion of

bicarbonate production and, 1996, 1996f
in metabolic acidosis, 1997�1998,

2009�2012
postnatal renal acidification and,

919�920
potassium excretion and, 1693, 1693f
steps in, 2007�2009, 2011f

future research directions for, 2012
luminal acidification and, 2010
in metabolic acidosis, excretion of,

1997�1998, 2000, 2009�2012
production/secretion of, 1995

acute regulation of, 1997�1999
in metabolic acidosis, 1997�1999,

2007�2008, 2011f, 2012
pathways of, 1997
potassium balance and, 2007�2008
in proximal tubule, 2007�2008, 2011f
rate of, 2012

reabsorption of, in thick ascending limb of
Henle, 2008�2009

re-entry in collecting duct, 2009�2011,
2011f

transport of, 2007�2009, 2011f
in thick ascending limb, 1154
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Amnionless (AMN), 633�634, 2460�2462,
2461f, 2963�2964

AMP-activated protein kinase (AMPK), 161,
2673�2674

Amphotericin B
hypomagnesemia due to, 2159

Ampicillin, transporters for, 2431�2432
Amyloidosis, 2790, 2792
Anatomy, see Renal anatomy
ANCA-mediated vasculitis, see Anti-

neutrophil cytoplasmic antibodies
(ANCA)-mediated vasculitis

Anemia
in acute kidney injury, 2563

acidosis, 2562
fluid overload, 2561
hyperkalemia, 2561�2562
hypermagnesemia, 2563
hyperphosphatemia, 2562�2563
hyperuricemia, 2562
hypocalcemia, 2562�2563
hyponatremia, 2561
malnutrition, 2563
uremia, 2562

in chronic renal failure, 3107�3108
historical perspective on, 3107�3108
impaired erythropoiesis in, 3107�3108
pathophysiology of, 3107�3108
PHD inhibitors as future therapeutics,

3108
with rhEPO, 3108
uremic inhibitors of erythropoiesis in,

3107
erythropoietin in, 3106f, 3107�3109
lactic acidosis in, 2072

Anesthesia, chemoreceptors and, 1981
Aneurysms, intracranial, in polycystic

kidney disease, 2650
Angiitis, 2818, 2821f, 2830�2832, see also

Leukocytoclastic angiitis; Vasculitis
Angiogenesis
in preeclampsia-eclampsia, 2734�2735,

2738�2740
Angiography, for renal artery stenosis, 2580
Angioplasty, renal artery, 2595�2596, 2595t
Angiopoietins, glomerular endothelial cells,

725�726
Angiotensin I (AI), 1215�1216
Angiotensin II (AII), 728, 1215�1216,

1218�1219, see also Renin-
angiotensin system

in aldosterone release, 438
ammonium ion production and secretion

and, 2008
in antidiuretic hormone regulation, 1449
biphasic effect on Na,K-ATPase, 77
in blood flow regulation, 828�829, 829f
in brain, 466�467
in diabetic nephropathy, 2618�2620
dopamine receptors and, 564�565
and ENaC regulation, 1003
epithelial effects of, 438
glomerular filtration rate and, 2585
and glomerulosclerosis, 1329
and hypertension, 1328
in intracellular pH regulation, 1813�1814

nitric oxide and, 438
in preeclampsia-eclampsia, 2732�2734
in pregnancy, 2711
in renal function, 454�455
renal hemodynamic effects of, 1329
in renal tubular acidification
in distal nephron, 1959
in proximal tubule, 1940

in renal tubular hypertrophy, 948
in renin regulation, 391, 392f, see also

Renin-angiotensin system
renorenal reflexes and, 474
in sodium excretion, 1287�1288, 1290,

1290f, 1291f
in sodium transport, in proximal tubule,

1113�1114
in solute transport, 440
in thirst regulation, 1455
tubular effects of, 439�440
in loop of Henle, 440
in proximal tubule, 439

in urea transport, 1494
in vascular smooth muscle regulation, 391,

392f
in water transport, 439

Angiotensin receptor antagonists
hyperkalemia due to, 1762

Angiotensin receptor(s), 372, 372f, 378f,
429�431, 436

in medullary circulation, 438
and dopamine receptors
AT1R, 564�565
AT2R, 565�566

Angiotensin-converting enzyme (ACE),
see ACE inhibitors

Angiotensinogen, 427�429, 430f
Anion channels

CaCC, 1030�1033, 1031f
CFTR, 1026�1030, 1027f
classes of, 1020�1039, 1020f
in human kidney, 1039�1041, 1040f
ADPKD, 1039�1041
Bartter’s syndrome, 1039

overview, 1019�1020
volume-regulated, 1034�1035, 1034f

Anion exchange resins, in acid�base
balance, 313, 313t

Anion exchangers
chronic regulation of, 1886�1888
deficiency diseases of erythrocytes

involving, 1888
developmental regulation of, 1886�1888
localization of, function and, 1864�1865,

1867f, 1868f
pH regulation of, 1885
phosphorylation of, 1884
SLC4, 1861, see also SLC transporters

Anion gap (AG), 2063�2064
decreased, causes of, 2063�2064, 2064t
increased, 2064f
measurement of, 2063
in plasma, 2498�2499
significance of, 2063
urine, 2499�2502, 2502t

Anion gap acidosis, 2063�2064
causes of, 2065t

hyperchloremic, 2063�2064, 2064f, 2065t
ketoacidosis, 2064
pathophysiology of, 2063
in poisoning, 2074�2101
uremic, 2064

Anion transport inhibitor
SITS, 1095

Anion(s), organic
definition of, 2425
secretion of, 2425�2426

Anoikis, in renal cancer, 386�387
Anorexia, in chronic kidney disease,

3046�3047
Antacids, metabolic alkalosis and, 2034
Anterior lenticonus, in Alport syndrome,

2848
Anti-angiotensin receptor-1 antibodies, in

preeclampsia-eclampsia, 2735
Antiarrhythmics
transporters for, 2441

Antibiotics
beta-lactam, transporters for, 2435, 2435f
hypomagnesemia due to, 2159
for urinary tract infections, in pregnancy,

2713
Antibodies, see also Immune
antiangiotensin receptor-1, in

preeclampsia-eclampsia, 2735
anti-glomerular basement membrane

in vasculitis, 2818
Anticonvulsants
for eclampsia, 2741, 2742t
hypocalcemia due to, 2298
vitamin D and, 2298

Antidiabetic agents, transporters for, 2441
Antidiuretic hormone (ADH), 1382
anatomic considerations for, 1443�1444,

1443f
angiotensin and, 1449
aquaporins and, 393�394, 1417�1420,

1418f
biosynthesis of, 1444�1445, 1444f, 1543f,

1571�1572
cellular actions of, 1574f, 1575f, 1576�1578,

1577f
chemistry of, 1442�1443, 1443f
clearance of, 1451�1452
in diabetes insipidus, 1571�1578
distribution of, 1451�1452
effects of, 1445f, 1452�1454
and ENaC regulation, 1002
glucopenia and, 1449
hypernatremia and, 1542�1544, see also

Diabetes insipidus
hypodipsia and, 1581�1582, 1581f
hypokalemia and, 1732
in hyponatremia, 2487�2488
inappropriate secretion of

aquaporins in, 1428
causes of, 1518t, 1520�1523
chronic volume expansion in, 306
demeclocycline for, 1556t, 1557
pathophysiology of, 1517�1520, 1518t,

1522f
medullary blood flow and, 827�828, 827f
Na,K-ATPase stimulation and, 78�79, 79f
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Antidiuretic hormone (ADH) (Continued)
in pregnancy, 1450, 1588, 2702, 2703f
quantitation of, 1445�1446
in renal tubular acidification, 1958
and sodium transport, 1169
secretion of

age and, 1450
control of, 1542�1544, 1543f
drugs affecting, 1451, 1451t
emetic stimulation of, 1449
hemodynamic effects on, 1448�1449,

1448f
nonosmotic stimulation of, 1575
osmotic stimulation of, 1446�1448,

1572�1575
in signaling, 333�334, 334f
sodium handling and, 1291
thick ascending limb of Henle and, 1473

potassium transport in, 1671
sodium transport in, 1156, 1156t, 1157t,

1158�1159
thirst and, in osmoregulation, 1456�1457
urea transporters and, 1492�1493
in water excretion, aquaporin-2 and,

2484�2491, 2485f
Antidiuretic hormone antagonists
for polycystic kidney disease, 2671

Anti-GBM disease, 2765�2768
antibodies from patients, 2766
linear staining of IgG, 2767f
pathogenesis, 2766

following renal transplantation, 2766
therapy for, 2768t

Antigens, see under Immune
Antigen-presenting cells, dendritic cells as,

607
Anti-glomerular basement membrane

antibodies
for anti-glomerular basement membrane

glomerulonephritis, 2856
in vasculitis, 2818

Anti-glomerular basement membrane
glomerulonephritis

posttransplant, 2856
Antihypertensives
in pregnancy

for chronic hypertension, 2743
for preeclampsia-eclampsia, 2722, 2741t,

2742t
Antineoplastic agents
hypomagnesemia due to, 2157

Antineutrophil cytoplasmic
autoantibody, immunogenesis of,
2840�2842

Anti-neutrophil cytoplasmic antibodies
(ANCA)-mediated vasculitis, 2766

therapy for, 2768
Antineutrophil cytoplasmic autoantibody

vasculitis, 2818, 2821f, 2833�2842,
see also Vasculitis, small-vessel,
inflammation in

after immunization with myeloperoxidase,
2839�2840

animal models of, 2837�2839
anti-myeloperoxidase IgG in, 2835�2837,

2838f, 2839�2840

anti-myeloperoxidase lymphocytes in,
2837�2839, 2838f

antineutrophil cytoplasmic autoantibody,
immunogenesis of, 2840�2842

diagnosis of, 2834, 2835f, 2835t
inflammation in, 2818�2822, 2822f, 2825t,

2826f
myeloperoxidase in, 2834�2837, 2835t
pathogenesis of, 2818�2824, 2835�2837
sites of, 2833�2834

Antiporters, 53�54, 56, 58�59
anion
SLC4, 1861, see also SLC transporters

Antiviral agents
hypomagnesemia due to, 2159
transporters for
organic anion, 2435�2436, 2435f

Apatite stones, 2312t
APC tumor suppressor, see Adenomatous

polyposis coli (APC) tumor
suppressor

Apical brush border membrane, 8
Apical junctional complex, 18
Apical membrane, epithelial, 11

patch-clamp studies of, 204�205
potassium recycling and, 1669
renal potassium channels and, 1672f,

1673�1675
potassium conductance in, 1148�1150,

1149f
potassium transport and, 1665, 1666f, 1669
potassium-chloride cotransport and, 1675
sodium channel in, 1161

Apical microvilli, 8�11
Apoptosis

in acute kidney injury, 2551�2556, 2994
caspases in, 2553�2554
heat shock proteins in, 2555�2556
heme oxygenase in, 2556
kinase-mediated pathways in, 2555
mitochondria in, 2554
oxidative stress in, 2556�2557
reactive oxygen species in, 2556�2557
receptor-mediated pathways in, 2554
stress response in, 2555�2556

in atherosclerotic renal artery stenosis,
2588

in cell volume regulation, 131�132, 132f
in drug-induced injury, 2894�2901, 2897f
macrophages in, 2994�2995
and mesangial proliferation, 939
PI 3-K signaling in, 389, 390f
p27Kip1and, 939
prevention, during renal development,

879�880
proteinuria in, 2968�2969
in renal ischemia, 166, 2994

Apparent mineralocorticoid excess (AME),
1197�1198, 1220�1221, 1344

Application of vasopressin, 453�454, 1025
AQP1 channels

enhancement of exchanger efficiency and,
812�814

Aquaglyceroporins, 107�108, 107f, 108t,
1410, 1412�1416, 1413t

Aquaporin-1 (AQP1)

deficiency of, 1411�1412
discovery of, 1406�1407
distribution of, 1410�1411, 1410f
functions of, 1412
structure of, 1407, 1409f

Aquaporin-2 (AQP2), 2275
in arginine vasopressin-dependent water

excretion, 2484�2491, 2485f
calcium transport and, 1421�1422
cytoskeleton and, 1421�1422
diabetes insipidus and, 1424�1425
in hypercalcemia, 1425�1426
in hypokalemia, 1425�1426
loss-of-function mutations of, 1582�1585
measurement of, 1592
targeting receptors and, 1422�1423
in urinary tract obstruction, 1426
vasopressin regulation of, 1417�1421,

1418f
Aquaporin(s), 95, 106�107, 1407�1410
in cell volume regulation, 123
dysregulation of, in water balance

disorders, 1424
expression of, long-term regulation of,

1423�1424
functions of, 1407�1410, 1412�1415, 1413t,

1414t, 1415f, 1416f
localization of, 1412�1415, 1413t, 1414t,

1415f, 1416f
in renal failure, 1426�1427
structure of, 1407�1410
urinary concentrating defects and,

1424�1427
vasopressin regulation of, 1417�1420,

1418f
Aquaretics, 1382�1383
clinical use, 1382�1383
mechanism of action, 1382

Arachidonic acid, 487
epoxyeicosatrienoic acids and, 488
metabolism, 488

enzymes mediating, 488
metabolites

in blood flow regulation, 834�837, 836f
phospholipase-mediated release, 487�488
in ROMK phosphorylation, 1609

Arcuate artery
anatomy of, 595�596, 596f, 601f
connective tissue of, 608, 608f

Arcuate vein, anatomy of, 595�596, 596f,
600, 601f

Arginine, in acid�base balance, 311
Arginine vasopressin, 1382, see also

Antidiuretic hormone (ADH)
secretion, hyponatremia and, 2487
water excretion, 2484�2491

Arginine-based uremic toxins, 3039�3041
βARK, in signaling, 371�372
Aromatic amines, as uremic toxins,

3039�3040
Aromatic amino acid decarboxylase

(AADC), 540�542
Arp2/3, 7�8
Arrestin, in signaling, 372
Arrhythmias
in hypokalemia, 1719
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in metabolic alkalosis, 2033
Arterial baroreceptors, 1286�1287, see also

Baroreceptors
Arterial blood pH, see also pH
ventilation and, 1979

Arterial oxygen tension, in erythropoietin
production, 3094, 3095f, 3098f, 3099

Arterioles, see also Microvascular; Renal
vessels

afferent, 596�597, 597f, 599, 617�618, 617f,
618f, 619f

efferent, 617�618, 617f, 618f, 619f
cortical, 599, 599f
juxtamedullary, 596�598, 597f, 598f

wall structure of, 599�600, 599f
Arteriosclerosis, see Atherosclerotic renal

artery stenosis
Arteritis, 2817�2818, see also Polyarteritis

nodosa; Vasculitis
giant cell, 2817�2818, 2819t, 2820f, 2827
necrotizing, 2821f

Arthus reaction, in immune complex
vasculitis, 2828�2830

Ascending thin limb of Henle, 635, 636f, 639,
640f

calcium transport in, 2230, 2231t
water transport in, 1472�1473

Ascending vasa recta (AVR), 282
Ascites
effective vascular volume in, 302�303
overflow theory of, 302�303
proANP gene in, 1250
sodium retention in, 301�302, 1292�1294

Aspirin
overdose of, 2077�2078, 2081t
for preeclampsia prophylaxis, 2739

AT receptors, see Angiotensin receptor(s)
AT1 autoantibodies, in preeclampsia-

eclampsia, 2735
Atheroemboli, 2587
Atherosclerosis, 2586�2587
chronic kidney disease and, 3076

Atherosclerotic renal artery stenosis,
2577�2578

adaptive responses to, 2584�2585, 2584f
angiography for, 2580
apoptosis in, 2588
atheroemboli and, 2587
blood flow in, 2587
clinical presentations of, 2578�2579
diagnosis of, 2579�2581, 2579f
duplex ultrasonography for, 2580
epidemiology of, 2577�2578
fibrogenic factors in, 2588
functional testing, 2580�2581
hemodynamic changes in, 2581�2583,

2582f, 2583f
inflammation in, 2588
intracellular milieu, 2588
medical management of, 2593�2599
mortality rate, 2578
natural history of, 2590�2591
overview of, 2577�2578
oxidative stress in, 2587�2588
pathophysiology of, 2583�2584

issues associated with, 2588�2589

renal pathology in, 2589�2590
revascularization for
angioplasty in, 2595�2596, 2595t
indications, 2578
results of, 2594t, 2595, 2595t
stenting in, 2596�2598, 2596f
utilization trends for, 2578

shear stress in, 2587
treatment strategy of, 2591�2593
vasoconstrictors, imbalance of, 2587

ATP, 768�769
cellular content of, determinants of,

153�154
as chemoreceptor, 1985
depletion of, in acute ischemia, 155
distribution along nephron segments,

154�158
and ENaC regulation, 1001
extracellular, in blood flow regulation,

833�834, 835f
hydrolysis of, 143�158, 147f
ABC superfamily and, 149
H-ATPase in, 149, 150f
H,K-ATPase in, 147f, 148, 150f
Na,K-ATPase in, 145�147, 147f, 150f,

158f, 159�161
nucleotide receptors and, 511, 531
in polycystic kidney disease, 529�530
in potassium transport, 164, 1672�1673
as precursor for adenosine, 769
production of
ATP hydrolysis in, 143�144, 146f
coupled with transport, 158�162
fatty acid oxidation in, 151, 152f
gluconeogenesis in, 152f, 153
glycolysis in, 152�153, 152f
ketone body metabolism in, 151�152,

152f
mitochondrial oxidative

phosphorylation in, 149�150, 150f,
151f

pathophysiological states in, 165�167
sodium transport in, 143�144
tricarboxylic acid cycle in, 151

in sodium transport, 143�144, 159�161, 1101
structure of, 513f
tubuloglomerular feedback, 516�517

ATP-binding cassette (ABC)
proteins, 54, 57, 1151f, 1612f
superfamily, see ABC superfamily
transporters, 3188

ATP synthases, 67
ATP/ADP ratio, potassium transport and,

1666
ATPases

Ca21-ATPases (SERCA and PMCA),
67�68

ion transporting, 48
ion-motive, 67, see also Ion pumps

ATPγS, 512
AT1-receptor antagonists, for preeclampsia-

eclampsia, 2741t
ATP-binding casette superfamily, see ABC

superfamily
Atrial natriuretic peptide (ANP), see also

Natriuretic hormones

in acute renal failure, 1260�1264
and aldosterone secretion, 1252
anatomical studies, 1241�1242
antiproliferative/anticancer properties of,

1265
in breast cancer, 1266, 1266t
cerebral salt wasting and, 1521�1523
in cirrhosis, 1302�1303
in congestive heart failure, 1291�1292
dopamine receptors and, 565�566
and ERK 1/2 activation, 1268
family of, 1243
historical overview of, 1241�1243
and MEK 1/2 activation, 1268
and natriuresis, 1251�1252
in nephrotic syndrome, 1309
postnatal, in sodium transport, 917
physiological studies, 1242�1243
in pregnancy, 2709
receptors, see Natriuretic peptide receptors

(NPR)
receptors per cell, 1258�1259
renal actions of, 1252
sodium excretion and, 1291�1292, 1301
structure of, 1242f
vascular effects of, 837�838
and vasodilation, 1251

Atrial natriuretic peptide prohormone, 1243
amino acid sequence of, 1245, 1246f
gastrointestinal processing of, 1257
renal processing of, 1246�1247
synthesis of, 1243

Autoantibodies
against angiotensin receptor-1, in

preeclampsia-eclampsia, 2735
antineutrophil cytoplasmic

immunogenesis of, 2840�2842
in vasculitis, 2834�2837, 2835t

AT1, in preeclampsia-eclampsia, 2735
Autocrine/paracrine regulation, and

dopamine receptors, 557
Autoimmune hypoparathyroidism, calcium-

sensing receptor mutations in, 2192
Autoimmune regulator gene, 2296
Autoregulation
altered perfusion pressure, 516
blood flow, see also Blood flow

pressure natriuresis and, 826�827, 826f
of blood flow, 516
in neonates, 911
tubuloglomerular feedback in, 516�517,

770�771
Autosomal dominant focal segmental

glomerulosclerosis, 2868�2870
Autosomal dominant polycystic kidney

disease (ADPKD), 631�632,
1039�1041, see also Polycystic
kidney disease

epithelial cell polarity and, 33�34
Autosomal dominant traits, 1213
Autosomal recessive PHA I, 1226�1227
Autosomal recessive steroid-resistant

nephrotic syndrome, 2865�2866
Autosomal-dominant hypoparathyroidism,

2149
Avβ3 integrin, 740
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Axonemal microtubules, 323
Azotemia
intrinsic renal, 2531
prerenal, and acute kidney injury,

2529�2531, 2560

B
Backflux, sodium, across tight junction,

1107�1108
Bacterial infections
in cirrhotic renal failure, 2635�2636
treatment of, see Antibiotics

Bacterial infusion model, of acute kidney
injury, 2535t

Bacterial metabolism, uremic toxins from,
3039�3040

Bacterial peritonitis, in cirrhotic renal failure,
2635�2636

Bacteriuria, in pregnancy, 2713
Balloon distention, atria, 1242�1243
Bardet�Biedl Syndrome (BBS), 326�327, 340
Barium, potassium metabolism and, 1647
Baroreceptors, 463�464
in congestive heart failure, 1286�1287
in extracellular volume control, 1286�1287
high-pressure, 463�464, 1286�1287
low-pressure, 464, 1286�1287
in renin regulation, 434�436

Bartter syndrome (BS), 1039, 1227�1230,
1720�1722

antenatal, 2146
with sensorineural deafness, 2146

calcium receptors in, 2196�2197
calcium transport in, 2232
calcium-sensing receptor and, 1229�1230,

2196�2197
classic, 2146�2148
CLCNKB gene and, 1228�1229
clinical presentation, 1721�1722
diagnosis of, 1229
genetic and molecular biology, 1720�1721
hypercalciuria in, 2320
hypokalemia in, 1671, 1720�1722
hypomagnesemia in, 2148
magnesium balance in, 2145
metabolic alkalosis in, 2037
NKCC2 mutations and, 1047, 1228
pathogenesis of, 1721
pathophysiology, 1721
ROMK in, 1228, 1614�1615
salt wasting in, 1310
with sensorineural deafness, 1229
urinary sodium/chloride excretion in,

2480�2481, 2480t
Bartter syndrome type II, 254�256
Bartter syndrome type III, 248�250
Bartter syndrome type IV, 250�251
Bartter-like syndromes, 2146
Barttin, 234�235, 250�251
Basal body and centrosomes, 322
Basement membrane, 11�13, see also

Glomerular basement membrane
(GBM)

Basic fibroblast growth factor (bFGF),
937�938

Basolateral calcium efflux, regulation of,
2230, 2232f

Basolateral Cl channels
of distal convoluted tubule cells, 1162

Basolateral endocytosis, role of, 634�635
Basolateral interdigitations, 630
Basolateral K channels

of distal convoluted tubule cells, 1162
in TAL, 1150�1152, 1151f, 1152f

Basolateral membrane, 11�13, 630�631
Cl2-selective channels in, 1152�1153
electrogenic NA1 pump, 1161�1162
KCl symport, 1153�1154
of macula densa cells, 516�517
patch-clamp studies of, 205, 1672f,

1673�1675
PDZ protein complexes at, 414�417, 415f,

417f
potassium conductance and, 1665�1667,

1666f, 1669�1671
potassium ion channels in, 1672�1673,

1672f, 1675
potassium transport in, 1665, 1666f,

1669�1671
sodium transport in, 1100�1101

Basolateral transport of amino acids,
2408�2409

SLC7A13 (AGT1), 2413
SLC7A12 (Asc-2), 2413
Slc7a10 (Asc-1) and SLC3A2 (4F2hc), 2413
SLC43A2 (LAT4), 2412
SLC7A8 (LAT2) and SLC3A2 (4F2hc), 2412
SLC38A3 (SNAT3, SN1), 2412
SLC16A10 (TAT1), 2412
SLC6A6 (TauT1), 2413�2414
SLC7A7 (y1LAT1) and SLC3A2 (4F2hc),

2412�2413
BBSome, ciliary targeting and, 326�327
BCECF, in intracelullar pH measurement,

1777�1778
Bcl-2 proteins

in acute kidney injury, 2555
in drug-induced injury, 2897�2898

Bed rest, hypercalcemia in, 2292
Beer drinkers’ potomania, 1514
Benign prostatic hyperplasia, obstructive

uropathy due to, see Obstructive
uropathy

Bentonite, 3135
Benzylpenicillin, transporters for, 2435, 2435f
Bernard, Claude, 451
Best Vitelliform Macular Dystrophy

(BVMD), 1037
Bestrophin, 1037�1038
Beta blockers, for preeclampsia-eclampsia,

2741t
Beta-2 microglobulin, glomerular filtration

rate and, 3026
Beta-lactam antibiotics, transporters for,

2435, 2435f
Beta-OH butyric acid, in ketogenesis, 2064,

2066�2067
Bicarbonate, see also Acid�base balance;

Sodium bicarbonate
in extracellular fluid
distribution of, 2022�2023, 2022f

in metabolic alkalosis, 2022�2023, 2022f
in metabolic acidosis, 2049�2050
in metabolic alkalosis, see also Metabolic

alkalosis
excess, 2025�2027
excretion of, 2022�2024, 2022f
redistribution in extracellular fluid,

2022�2023, 2022f
renal reabsorption of, 2023�2025,

2029�2032
production of, 2053
reabsorption of, 2053

glutamine catabolism and, 1996, 1996f
in pregnancy, 2702, 2703f
in renal tubular acidification,

1917�1941, see also Renal tubular
acidosis

in thick ascending limb of Henle,
2008�2009

Bicarbonate absorption, V-ATPases in, 84
Bicarbonate dialysate, 3137, 3137f
Bicarbonate excretion
mechanism of enhanced, 1843

Bicarbonate reabsorption
thick ascending limb of Henle, 641�642

Bicarbonate transport
in cell volume regulation, 129, 130f
in distal nephron, 1943�1959
in loop of Henle and thick ascending limb,

1941�1943
postnatal renal acidification and, 917�919
in proximal tubule, 1917�1941

chloride transport and, 1092�1095
potassium transport and
intracellular pH and, 1794

sodium co-transport, 1095�1097
sodium transport and intracellular pH

and, 1793�1794
in renal tubular acidification, 1917�1941,

see also Renal tubular acidification
in thick ascending limb

chloride transport and, 1154
Bilateral adrenal hyperplasia, metabolic

alkalosis and, 2022
Biochemical buffering, intracellular,

1788�1789
Biomarkers
role in acute kidney injury, 2536

Biopsies, of human AKI, 2548
Biopsy, renal, in pregnancy, 2712
Bisphosphonates, 2210
for hypercalcemia, 2293�2294
for hyperparathyroidism, 2288�2289

BKCa channels, 235
Bladder
intestinal, chronic metabolic acidosis and,

2099
obstruction, see Obstructive uropathy

Bleeding
uterine, in pregnancy, 2714

Blood clotting, See Coagulation;
Coagulopathy

Blood flow, 803, see also Renal blood flow
angiotensin II in, 437�438
microvascular, see Microvascular blood

flow
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postnatal development of, 911
regulation of, 391, 392f

Blood pressure, see also Hypertension;
Hypotension

calcium and, 3141�3142
in chronic renal failure, 2718
potassium depletion and, 1733
in pregnancy, 2718, see also Hypertension;

Preeclampsia-eclampsia
in chronic renal failure, 2718
classification of, 2726�2727
measurement of, 2725�2726
regulation of, 2725

regulation of, 1213�1214
dopamine and, 566
renin-angiotensin system in, 432, 433f

variation in, 1214
Blood viscosity, in erythropoiesis, 3105
Bohr factor, 2061
BOLD magnetic resonance imaging, 167
Bone
in acid�base balance, 2052�2053, 2053f
calcium storage in, 2273
in metabolic acidosis, 315�316, 2059, 2062
parathyroid hormone effects on, 2249,

2260�2261, 2260f, 3074�3075
vitamin D and, 2281

Bone buffering
in acute metabolic acidosis, 315�316
in chronic metabolic acidosis, 315

Bone disease, see also Renal osteodystrophy
in hyperparathyroidism, 3075�3076
treatment of, 3078�3083, 3082t

Bone marrow-derived stem cells, 974�975
Bone morphogenetic protein (BMP), 871�872
gremlin, 875�876
neuropeptide Y and, 873

Bowel diseases
ileostomy, 2338
obesity bypass procedures and bariatric

surgery, 2337�2338
small bowel resection, 2336�2337

Bowman, William, 693
Bowman space, 616, 617f
Bowman’s capsule (BC), 349f, 352
anatomy of, 616, 617f
hyperplasia of, 968
parietal epithelium of, 617f, 626�627
PEC of, 967

Boyle�Van’t Hoff equation, 103, 103f
Bradykinin
angiotensin-converting enzyme and, 429
renorenal reflexes and, 475
in sodium excretion, 1302
sympatho-excitatory effects, 475

Brain angiotensin II, in renal system,
466�467

autonomic control, 466�467
dietary sodium intake and, 467

Brain function, see also Cerebral
in eclampsia, 2730�2731
in extracellular volume control, 1286�1287
in hyponatremia, 1524, 1525f, 1526f
in SIADH, 1521�1523

Brain interstitial fluid
flow of, 1988�1989

pH of, 1987f, 1988�1990
potassium in, 1989

Brain natriuretic peptide (BNP), 1243�1244,
see also Natriuretic hormones

in acute renal failure, 1264
anti-cancer effects, 1265
biological effects, 1254�1255
cerebral salt wasting and, 1521�1523
in hemodialysis, 1261
prohormone gene, 1250�1251
sodium excretion and, 1291�1292
cirrhosis and, 1302�1303

Braking phenomenon, diuretics and, 1389
Branching morphogenesis

ureteric bud, 873�878, 874t
BrdU-labeled cells, 964
Breast cancer

atrial natriuretic peptide in, 1266, 1266t
hypercalcemia in, 2290

Breathing, see also Respiration; Ventilation
during anesthesia, 1981
chemoreceptors in, 1979, see also

Chemoreceptors
in pH regulation, 1990

Brn1 gene, 872
Brush border, 8�11, 629�630
Brush border membrane, apical, 8, 629�630
Brush border membrane vesicles

in glucose reabsorption, 2396
in phosphate reabsorption, 2351, 2361

Brushite stones, 2312t
BSC1/NKCC2 transporter, in metabolic

acidosis, 2008�2009
Buffering, intracellular, 1781�1783, 1786f

measurement of, 1789�1791, 1790f
Bumetanide, see also Loop diuretics

calcium reabsorption and, 2239
transporters for, 2432, 2436�2437, 2436f

BUMPT-306 line, 15
Burst-forming unit erythroid, 3089�3090,

3089f

C
Ca21 recovery

thick ascending limb of Henle in, 642�643
Ca3Pi product, in dialysis, calcimimetics

and, 2206�2207
Ca21-activated Cl2 channel, 1020,

1030�1033, 1031f, 1037
Ca21-ATPase, 147�148

in ion transport, 60�61
structure and function of, 67�68

Cadherins, 7�8, 737�738, 899
in signaling, 380�381, 383f

Caenorhabditis elegans, 18�19
as model systems for cilia, 335�336

Calbindin, 2254, 2257
Calcifediol, 2299�2300
Calcific uremic arteriolopathy,

see Calciphylaxis
Calcifications

vascular, in chronic kidney disease,
3076�3077

Calcimimetics
bone effects of, 2206�2207
Ca x Pi product and, 2206�2207

in chronic kidney disease, 2207�2208
for hyperparathyroidism, 2205�2206,

2294, 3081, 3082t
parathyroid carcinoma, 2208
for polycystic kidney disease, 2671

Calcineurin, 743
Calcineurin inhibitors, see also Cyclosporine;

Tacrolimus
hyperkalemia due to, 1764
hypomagnesemia due to, 2157�2158
renal effects of, 3166�3167, 3168f, 3170f,

3173f
in transplantation, 3151

Calciphylaxis, 2210, 3076
Calcitonin, 2277
in calcium balance, 2261, 2283
for hypercalcemia, 2293
in potassium reabsorption, 1670
secretion of, 2261

Calcitonin gene-related peptide (CGRP),
468�469, 472f, 473�474, 476f

Calcitonin receptor, 2261
Calcitriol, 2299
for chronic hypocalcemic treatment,

2299�2300
for hyperparathyroidism, 3080
in idiopathic hypercalciuria, 2319f, 2320

Calcium
absorption of, in idiopathic hypercalciuria,

2319f, 2320
and blood pressure, 3141�3142
chemical forms of, 2225�2226, 2226f
circulating, 2273
complexed, 2225�2226, 2226f
disturbances in hemodialysis, 3140�3143
disturbances in peritoneal dialysis,

3143�3144
and ENaC regulation, 999
excretion of, 2226�2227, 2250, 2250f

effects of CAI on, 1358
effects of diuretics on, 1356t
in hypophosphatemia, 2236�2237

extracellular fluid of, 2273
functions of, 2225, 2273
ionized, 2225�2226, 2226f
metabolism of, see Calcium balance
in polycystic kidney disease, 2666�2667,

2671
in proANP gene expression, 1249
protein-bound, 2225�2226, 2226f
reabsorption of, 2226�2227, 2250, 2250f

in connecting tubule, 2234
in cortical collecting ducts, 2200�2201,

2233f, 2234�2235
in distal collecting tubule, 2200
in distal convoluted tubule, 2232�2234,

2232f
diuretics and, 2238�2239
energetics of, 2228, 2230�2231
in Gitelman’s syndrome, 2234
in glomerulus, 2227�2228, 2228f
in loop of Henle, 2230�2232
parathyroid hormone in, 2235
in proximal tubule, 2195�2196, 2228,

2228f, 2231f
rate of, 2227
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Calcium (Continued)
sites of, 2228, 2228f
in thick ascending limb of Henle,

2196�2199, 2196f, 2197f, 2230�2232,
2231f

reference ranges for, 294t, 2249�2250,
2250t

in renin regulation, 436
serum

concentration of, 2225�2227, 2226f,
2249�2250, 2250t

constituents of, 2249
reference ranges for, 294t, 2249�2250,

2250t
total, 2273

in signaling, 2273
structure of, 2225�2226
supplemental

for preeclampsia prophylaxis, 2739
transport

distal convoluted tubule diuretics,
1373�1374, 1373f

loop diuretics and, 1365
ultrafilterable, 2225�2228, 2226f

Calcium acetate
for hyperparathyroidism, 3082t
for hyperphosphatemia, 3079t, 3081�3083,

3082t
Calcium balance, 2225, 2273�2283
acid�base balance and, 2236
calcimimetics in, 2205�2206
calcitonin in, 2249, 2261
calcium-sensing receptor in, see Calcium-

sensing receptor
calculation of, 2227
derangements of, See Hypercalcemia;

Hypocalcemia
extracellular fluid volume and, 2236
hypercalcemia, 2237
in hyperparathyroidism, 3074�3075
in hypophosphatemia, 2236�2237
magnesium balance and, 2143�2144,

2149�2150
in metabolic acidosis, 2037, 2051�2052,

2051f, 2058
overview of, 2226�2227, 2227f, 2249�2250,

2250f
parathyroid hormone in, 2205�2206, 2235,

2249, 2258�2261, 2258f, 2274
phosphate depletion, 2236�2237
posttransplant, 3162�3163, 3164f, 3165
potassium transport and, 1669, 1673�1674
in pregnancy, 2700, 2700t, 2701f
reference ranges for, 294t, 2226,

2249�2250, 2250t
renal mechanisms in, 2257
tubule reabsorption maximum in, 2227
vitamin D in, 2249�2258

Calcium carbonate
for hyperparathyroidism, 3082t
for hyperphosphatemia, 3079t, 3081�3083,

3082t
Calcium channel blockers, patch-clamp

studies of, 202�203
Calcium channels, 219t, see also Calcium ion

channels

microvascular permeability, 285�286
Calcium chloride

in acid�base balance, 312
for hypocalcemia, 2299

Calcium fluxes
basolateral, regulation of, 2230, 2232f

Calcium gluconate, for hypocalcemia, 2299
Calcium ion channels, 2167�2168

in cell volume regulation, 122, 123f, 126,
128f, 129, 130f

epithelial, 2170�2172, 2170f, 2254, 2255f,
2257

androgens and, 2176�2177
biophysical properties of, 2171�2172
calmodulin and, 2177�2178, 2178f
cDNA of, 2170, 2170f
dietary calcium and, 2177
distribution of, 2170�2171, 2171f
estrogens and, 2176�2177
gating of, 821�822, 822t, 2173
ion selectivity of, 2172�2173, 2173f
kallikrein, 2177
80K-H and, 2179
klotho, 2176
modulation of, 2173�2174
molecular structure of, 2174�2175
parathyroid hormone and, 2176
pH and, 2174
pharmacology of, 2174
primary protein structure of, 2170, 2170f
Rab11a and, 2179
rectification of, 2173
regulation of, 2175�2182

by auxiliary proteins, 2177�2179
by diuretics, 2180�2181
by immunosuppressives, 2180

S100A10 and, 2178
tacrolimus and, 2180
vitamin D and, 2175�2176
WNK, 2179

non-voltage-dependent, 2168
segmental, 2168t
selectivity of, 2168t
store-operated, 822
TRP, 822
TRPC, 2168, 2168t, 2169f
TRPM, 2168�2169, 2168t, 2169f
TRPP, 2168t, 2169, 2169f
TRPV4, 2168t, 2169�2170, 2169f
TRPV5, 2168t, 2169f, 2170�2172
TRPV6, 2168t, 2169f, 2170�2171
voltage-dependent, 2167�2168
voltage-gated, 821�822, 822t

Calcium metabolism
integrated regulation of, 2283�2284

Calcium oxalate stones, 2312
idiopathic hypercalciuria and, 2319�2322
inhibitors of, 2318�2319
risk factors for, 2319f

Calcium permeability
TRPC6 channels, 236�237
TRPV5 channels, 237�238

Calcium phosphate stones, 2312, 2312t
idiopathic hypercalciuria and, 2319�2322
risk factors for, 2319f

Calcium reabsorption

in CNT and DCT, 649
Calcium salts
in acid�base balance, 312

Calcium sensing receptor, 2273�2276
Calcium signaling, podocytes, 743
calcineurin, 743
synaptopodin, 743
TRPC6, 743

Calcium transport, 48
acid�base balance and, 2236
along nephron, 2226�2235
in Bartter syndrome, 2232
calbindin in, 2254, 2257
calcium efflux regulation in, 2234
in calcium-sensing receptor, 2237
cellular mechanisms of, 2233�2234
in clinical hypercalcemia, 2237�2240
in collecting tubule, 2233f, 2234�2235,

2235t
in connecting tubule, 2234
in distal convoluted tubule, 2232�2234,

2232f
diuretics and, 2238�2239
extracellular fluid volume and, 2236
in Gitelman syndrome, 2234
in glomerulus, 2227�2228, 2228f
in hypercalcemia, 2237
in hypophosphatemia, 2236�2237
intestinal, vitamin D in, 2254�2256, 2254f,

2255f
in loop of Henle, 2230�2232, 2231f, 2231t,

2235t
in descending and ascending thin limb,

2230
in descending thin limb, 2235t
in thick ascending limb, 2230�2232,

2231t, 2235t
phosphate depletion, 2236�2237
in proximal convoluted tubule, 2228,

2229f, 2235t
in proximal straight tubule, 2228�2229,

2229f
regulation of, 2235�2240, 2235t

parathyroid hormone in, 2235
renal calcium transport, 2235�2236
vitamin D in, 2254�2256, 2254f, 2255f

renal osteodystrophy and, 2238
transepithelial, cellular mechanisms of,

2254�2256, 2255f
Calcium-sensing receptor (CaSR),

1151�1152, 1152f, 2187�2190
agonists for, 2187�2189, 2188f

superagonism and, 2189
autoantibodies to

in hyperparathyroidism, 2296
in hypoparathyroidism, 2296

in autosomal-dominant
hypoparathyroidism, 2149�2150

and Bartter syndrome, 1229�1230
binding partners, 2190
calcium transport in, 2237
in cartilage, 2202�2203
and c-cell function, 2194
in collecting duct, 2200�2201
in colon, 2204
in cortical collecting duct, 2200�2201
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developmental regulation of, 2202
in distal convoluted tubule, 2200
extracellular ionic strength and,

2187�2188
in familial hypocalciuric hypercalcemia,

2149�2150
as G protein-coupled receptor, 2187
and gastrointestinal tract, 2203�2204
in hyperparathyroidism, 3073�3075
and kidney function, 2194�2202
L-amino acids and, 2187�2188
ligand binding to, 2188�2189, 2188f
in magnesium balance, 2141, 2144, 2145f,

2149�2150
modulation in secondary

hyperparathyroidism, 2204�2207
mutations of, 2191�2192, 2196�2197
in neonatal severe hyperparathyroidism,

2149�2150
in osteitis fibrosa, 2206�2207
in osteoblasts, 2203
in osteoclasts, 2203
overview, 2187, 2190�2191
in parathyroid, 2191�2194, 2192f

regulation, 2258�2259
pH and, 2187�2188
polyamines and, 2187�2188
preproPTH gene, 2193
promiscuous of, 2189�2190
properties of, 2187
regulation, 2190
and renin secretion, 2201�2202
in secondary hyperparathyroidism,

2204�2207
and skeleton, 2202�2203
in small intestine, 2204
in stomach, 2203�2204
structure of, 2188f
in thick ascending limb of Henle,

2196�2199, 2196f, 2197f
Venus flytrap model of, 2188�2189, 2188f
vitamin D and, 2193�2194

Calcium-sensing receptor agonists, for
hyperparathyroidism, 3081, 3082t

Calculi, 294t, see also Nephrolithiasis
Calgranulin, as stone inhibitor, 2319
Calmodulin, 67�68
calcium ion channels and, 2177�2178,

2178f
Caloric intake, estimation of, 3053
Calyx
anatomy of, 595, 596f
in pregnancy, 2689, 2691f

cAMP
in intracellular pH regulation, 1813�1814
in polycystic kidney disease, 2667,

2671�2672
in renin regulation, 436�437
in sodium chloride transport regulation,

1109�1111, 1110f
cAMP-protein kinase A (PKA), 474
Cancer
atrial natriuretic peptide in, 1265
BNP/CNP and, 1265
chemotherapy for

hypomagnesemia due to, 2157

hypercalcemia in, 2290
fibroblast growth factor 23 in, 2381
hypophosphatemia in, 2381

lactic acidosis in, 2073
osteomalacia in, 2253�2254
hypophosphatemia in, 2380

proANP gene in, 1266
proximal renal tubular acidosis in, 2085
Ras-MAPK pathway in, 1266�1268, 1267f
SIADH in, 1520
urodilatin and, 1265

Candidiasis, disseminated, hypercalcemia in,
2290�2291

Capillaries, see also Microvascular; Renal
vessels

anatomy of, 597�598, 597f
glomerular, 617�618, 618f, 621f, see also

Glomerulus
wall structure of, 600, 600f

Capillary endothelial cells in, 2459
Captopril

for hypertension, in pregnancy, 2743
Carbamazepine, for diabetes insipidus, 1561
Carbamylation products, as uremic toxins,

3042
Carbicarb, 2126
Carbon anhydrase II deficiency, renal

tubular acidosis in, 2082�2083
Carbon dioxide, see also Hypercapnia;

Hypocapnia
dissociation curve, in metabolic acidosis,

2061
intracellular pH and, 1781�1783, 1782f
transport
failure, 2116�2117
overproduction of, 2116

ventilation and, 1979�1980
Carbon monoxide (CO)

in blood flow regulation, 832
poisoning, lactic acidosis in, 2071�2072

Carbonic anhydrase
anion exchange and, 1882�1884
in renal tubular acidification
in distal tubule, 1953�1954
postnatal, 920
in proximal tubule, 1930�1931

Carbonic anhydrase inhibitors (CAI),
1357�1362, 1358f

adverse effects, 1361
calcium reabsorption and, 2239
clinical use, 1361�1362
effects on calcium excretion, 1358
mechanism of action, 1358�1361, 1359f,

1360f
pharmacokinetics, 1361
renal hemodynamics, 1361
urinary electrolyte excretion and, 1356t,

1357�1362
Carboplatin, hypomagnesemia due to, 2157
Carboxyl-terminus, 992
Carcinogenesis

epithelial cell polarity and, 32
Cardiac arrest model, of acute kidney injury,

2534�2536, 2535t
Cardiac arrhythmias, see Arrhythmias
Cardiac dysfunction, see also Heart disease

in preeclampsia-eclampsia, 2729�2730
Cardiac ischemia-reperfusion injury
role of iron, 3013

Cardiac output, in congestive heart failure,
1287

Cardiac steroids, 72
interaction with Na,K-ATPase, 72

Cardiomyopathy, see Congestive heart
failure (CHF)

Cardiovascular baroreceptors, 463�464
high pressure, 463�464
low pressure, 464

Cardiovascular disease, see also Cardiac;
Heart disease; Hypertension;
Vascular

albuminuria in, 2467�2468
chronic kidney disease and, 3029,

3076�3077
in dialysis, 3076�3077
mortality in, 3029�3030

Cardiovascular dysfunction, see also
Hypertension

in dialysis patients, calcimimetics for,
2206�2207

Carnitine-acylcarnitine translocase, 151f
Carotid body

chemoreceptors in, 1980�1981, see also
Chemoreceptors

function of, 1980�1981
location of, 1980

Carrier-mediated transport, 58�59, 60f
Cartilage
and bone

parathyroid hormone-related protein,
2282, 2282f

calcium-sensing receptor in, 2202�2203
CASK proteins, 414�416, 415f
Caspases
in apoptosis

in acute kidney injury, 2553�2554
in drug-induced injury, 2895�2896,

2897f, 2898
Catabolism, in metabolic acidosis,

3048�3053, 3049t
Catalytic iron pool, 3007�3008, 3009t, see also

Labile (catalytic) iron, in kidney
disease

bleomycin-detectable iron assay measures
of, 3008

renal function and, 3011t
Catecholamines
in hypokalemia, 1719
in intracellular pH regulation, 1813
in metabolic acidosis, 2060
in nephrotic syndrome, 1304�1305, 1308
in phosphate balance, 2374
in potassium transport, 1634�1638, 1635f,

1694�1695, 1744
in renal tubular acidification, in proximal

tubule, 1941
in sodium transport, 917

Catenin(s), 737�738
β form of, 7�8

glomerular parietal epithelium, 744
in signaling, 381, 383f

Cation channels, nonselective, 822
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Cation exchange resins
in acid�base balance, 313
for hyperkalemia, 1766�1767

Cation leak syndromes, red cell, SLC4 in,
1876t

Cation(s), organic
definition of, 2425
reabsorption of, 2437�2438
secretion of, 2425�2426, 2437�2438

Caudal ventrolateral medulla (CVLM),
466�467

Caveolae intracellulares, 265
C-cell function, 2194
c-Src activity in PKD, 2672
CD2-associated protein (CD2AP), 899�900
CD11/CD18
in vasculitis, 2823�2824

Cd24 protein, 967
CD45, in T-cell activation, 377, 378f
CD45 receptor phosphatase, in signaling,

377, 378f
CD59, as stone inhibitor, 2319
CD91, in ischemic inflammation, 2992�2993
CD95, in acute kidney injury, 2554
Cd133, glycoprotein, 963�964, 966�967
CD151, 740
Cell adhesion
Na,K-ATPase in, 75
molecules, in vasculitis, 2824�2828
proteins, 628

Cell culture models, in renal development,
866�867

Cell cycle
podocyte and, 940�944, 941f
regulatory proteins, 935�936
in renal hyperplasia/hypertrophy,

934�937, 934f
stopping, 936�937

Cell death, programmed, see Apoptosis
Cell membrane, see Plasma membrane
Cell migration, PI 3-K signaling in, 389�390,

390f
Cell necrosis, in acute kidney injury,

1646�1647, 2551�2552, 2553f
Cell proliferation, PI 3-K signaling in, 389,

390f
Cell signaling, see also Signaling
by Na,K-ATPase, 75

Cell type-specific sorting
epithelial cells polarization, 28�29

Cell volume
changes in, quantification of, 103, 103f
determinants of, 122, 122f
extracellular osmolality and, 104,

1544�1552, 1544t
neuromuscular excitability and, 129�130
regulation of, 121, 128f

apoptosis in, 131�132, 132f
bicarbonate concentration in, 128
cell migration in, 131
cell proliferation and, 131, 131f
drugs and, 128
energy depletion and, 128�129
epithelial transport in, 129
genetic factors in, 125
glycogen metabolism in, 124, 130

hormones in, 129, 130f
hydrogen ion concentration in, 128
hypernatremia and, 1544�1545, 1544t,

1545t
hypotonic hyponatremia and,

1523�1524
ion transport in, 122, 122f, 129
metabolic pathways in, 124�125,

130�131
necrosis in, 126
neurotransmitters in, 129
organic acids in, 128
osmolarity in, 127
osmolytes in, 124

hypernatremia and, 1545�1547, 1546f,
1547f, 1547t, 1548f

potassium ion concentration in, 127
protein metabolism in, 124
signaling in, 125�127, 130f
toxins and, 128
urea in, 128

solute amount and, 104
Cell�cell interactions

cell�substratum interactions and, 17�18
epithelial cells polarization mechanisms

and, 16�19, 17f, 18f
Cell-location signaling, 380�382, 381f, 383f,

see also Signaling
cell-cell interactions in, 380�381, 383f
cell-matrix interactions in, 380, 381f

Cell-specific markers, 944
Cell�substratum interactions

cell�cell interactions and, 17�18
Cell-surface receptors, 369�383, see also

Receptor(s); Signaling
Cellular cable analysis, 189�191
Cellular potassium depletion

hypokalemia and, 2160
Cellular respiration, solute transport and,

158�159
Central core assumption, 1481, 1482f
Central diabetes insipidus, 1555, 1555t
Central nervous system, 466�467, see also

Brain; Neurological
in eclampsia, 2730�2731
in extracellular volume control, 1286�1287
renal nerves and, 466�467
brain angiotensin II, 466�467
central processing, 466

in SIADH, 1521�1523
Centrosomes and basal bodies, 322, 322f
Cephalosporins, transporters for, 2435, 2435f
Cerebral edema, in eclampsia, 2731
Cerebral salt wasting, 1311, 1311f, 1521�1523
Cerebrospinal fluid

blood-brain barrier and, 1988
choroid plexus secretion of, 1988
composition, 2120, 2133
interstitial fluid and, 1988�1989
pH of, 1987f, 1988�1990
chemoreceptors in, 1987f, 1988�1990

potassium in, 1989
Cerebrovascular disease

chronic kidney disease in, 3029
proANP gene in, 1249

Cesium, potassium metabolism and, 1647

Cetuximab, 237
CFTR channel, see Cystic fibrosis

transmembrane conductance
regulator (CFTR) channel

cGMP (guanosine cyclic 30,50-
monophosphate)

nitric oxide and
potassium transport and, 1675

in pregnancy, 2695
Channel blockers, patch-clamp studies of,

203
Channel gating, 229�230
modeling, 232�233
regulation of, 231�232
types, 230�231

Channel-inducing factor (CHIF), 2154
Channels, see Ion channels
Charge barrier, glomerular filtration, 746
endothelial surface layer as, 746
GBM as, 746

Charge selectivity
glomerular capillary wall permeability

and, 2459
Chemical buffering, intracellular, 1787�1788
Chemical driving force, in ion transport, 48,

1085�1087
Chemoattractants
in vasculitis, 2821�2822

Chemokines, 2901
in vasculitis, 2821�2822

Chemoreceptors
in alveolar ventilation, 1979
anesthetics and, 1981
central, 1981�1983

arousal states and, 1986
cerebrospinal fluid pH and, 1987f,

1988�1990
cholinergic, 1984
distribution of, 1981�1983, 1982f
diversity of, 1979
early studies of, 1981
evolution of, 1986
functions of, 1985
glutamatergic, 1982f, 1983�1984
noradrenergic neurons as, 1982f, 1984
vs. peripheral, 1986�1988
primary sites for, 1979
putative, 1983�1985
serotonergic neurons as, 1983

peripheral, 1980�1981
vs. central, 1986�1988
rapid-response, 1987�1988

Chemotherapy
hypomagnesemia due to, 2157

Children, see also Congenital; Infants;
Neonates

treatment of, 1594
Chlamydomonas Reinhardtii, as model

systems for cilia, 335
Chloride
balance, in metabolic alkalosis, 2028, 2031
channels, 219t

in basolateral membrane, 1152�1153
and dopamine, 542
excretion of

assessment of, 2479�2481, 2480t
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effects of diuretics on, 1356t
transport

chloride/base exchange in, 1092�1095,
1093f, 1094f

loop diuretics and, 1363�1365, 1365f
urinary, in volume status assessment,

2479�2481, 2480t
Chloride intracellular channels (CLICs),

1038�1039
Chloride ion channels, 822�823
in cell volume regulation, 128f, 129, 130f
luminal membrane, 1089

Chloride transporters, 1097�1099, 1098f
in cell volume regulation, 122, 123f
potassium-coupled, 1669, 1671, 1675

Chloride/OH exchange, in renal tubular
acidification, in proximal tubule,
1922�1923

Chloridorrhea, congenital, 2480
Chlorothiazide
calcium reabsorption and, 2240
magnesium balance and, 2144�2145

Chlorpropamide
for diabetes insipidus, 1561, 1594
for hypernatremia, 1561

Chlorthalidone, for nephrolithiasis, 2322
Cholecalciferol, 2299�2300
Cholecystokinin receptors
dopamine receptors and, 566

Cholesterol, see Lipid(s)
Cholestyramine, for enteric hyperoxaluria,

2337
Cholinergic receptors, as chemoreceptors,

1984
Chondroitin sulfate
in glomerular basement membrane, 904
as stone inhibitor, 2319

Choroid plexus, cerebrospinal fluid secretion
from, 1988

Chronic kidney disease, 3021, see also Renal
failure

angiotensin II, role of, 2940�2942
anorexia in, 3046�3047
calcimimetics in, 2207�2208
cardiovascular disease and, 3029,

3076�3077
in cerebrovascular disease, 3029
clinical correlates of, 3029�3030
coronary artery disease and, 3029,

3076�3077
definition of, 3027�3028
determinants of glomerular ultrafiltration,

2933�2936, 2934f
arteriolar resistances and, 2933�2934
in diabetes mellitus, 2935�2936
glomerular transcapillary hydraulic

pressure difference, 2933
independent physical determinants,

2933
initial glomerular plasma flow, 2933
under physiologic conditions,

2934�2935
plasma protein concentration, 2933
single nephron hyperfiltration, 2935

development of glomerular hypertrophy,
2937�2940

cellular mechanism leading to,
2937�2939

role of inflammation, 2939�2940
in diabetes mellitus, 3028�3029, see also

Diabetes mellitus (DM); Diabetic
nephropathy

dietary management of, 3035t, 3046�3053
protein restriction in, 3033, 3040�3041,

3046�3060, see also Low-protein diet
end-stage renal disease in, 3026�3027,

see also End-stage renal disease
(ESRD)

epidemiology of, 3028
erythropoietin in, 3037, 3055
experimental models, 2948
glomerular filtration rate in, 2940�2942
assessment of, 3021�3022, 3032, see also

Glomerular filtration rate
linear decline in, 3031f, 3032
renal function and, 3030�3033
variability in, 3030�3032

glomerular mechanical strain, 2942�2944
atrial natriuretic peptide (ANP), action

of, 2944
circulating mediators for, 2942
endothelin (ET), action of, 2944
genetic and environmental factors,

2945�2947
metabolic derangement, 2944
NO synthases (NOS), action of,

2942�2943
prostanoids, action of, 2943�2944

glucocorticoids in, 3043�3044
growth hormone in, 3044�3045
hormones in, 3043
hyperfiltration hypothesis, 2936�2937
hyperperfusion and hypertension as a

pathogenic mechanism, 2936�2937
practical implications of, 2936

hyperparathyroidism in, 3055, 3074,
see also Hyperparathyroidism

in hypertension, 3028
inflammatory phenomena in, 2940
insulin in, 3051
insulin-like growth factor in, 3044�3045
leptin in, 3045�3046
metabolic acidosis in, 3046�3047, 3049
mineral metabolism in, 3076�3077
mortality in, 3029�3030
number of nephrons, 2945
obesity and, 2945�2946
overview of, 3021
parathyroid hormone in, 3055, 3074�3075
pathophysiology of, 3033�3046
phosphate balance in, 3040�3041
pregnancy and, 2947
progression of, 3027�3028, 3027t,

3033�3046, 3059�3060, see also
Renal disease

assessment of, 3030�3033
meta-analyses and, 3056�3059
risk factors for, 3030, 3030t

protein intake and, 2946�2947
protein metabolism in, in muscle,

3049�3053
risk factors for, 3028�3030, 3030t

smoking and, 2946
staging of, 3027�3028, 3027t
therapeutic measures for glomerular

mechanical aggression, 2947�2948
uremic toxins in, 3038�3039, see also

Uremic toxins
vascular calcifications in, 3076�3077
vitamin D in, 3051

Chronic lithium toxicity, 1844
Chronic metabolic acidosis, bone buffering

in, 315
Chronic nephrotoxicity, 2912�2913
Chronic obstructive pulmonary disease

(COPD)
Ca21-activated Cl2 channels (CLCA) and,

1037
lactic acidosis in, 2071

Chronic pyelonephritis, in pregnancy, 2719t
Chronic respiratory acidosis, causes of, 2115t
Chronic ureteral obstruction, 1844
Churg-Strauss syndrome, 2820f, 2833�2834,

2835t
Chvostek’s sign, in hypocalcemia, 2299
Cidofovir, transporters for, 2435�2436, 2435f
Cilia, 11, 319, 2651�2653
and Canonical Wnt Signaling, 331�332
and Hedgehog signaling, 334
and Jak/STAT Signaling, 329�330
mechanisms of, 325�326
and mechanosensation, 329
model systems for, 336f
mTOR, 332�333
and non-canonical Wnt/planar cell

polarity (PCP) signaling, 330�331
primary single, 631�632
in polycystic kidney disease, 2651�2653,

2651f
in signaling, 382�383
signaling in nephron, 328�334
transport and trafficking, 324�327

ciliary targeting and BBsome, 326�327
Intraflagellar Transport (IFT), 324�325
vesicular trafficking of transmembrane

proteins, 326
ultrastructure and components, 322�324

centrosomes and basal bodies, 322
cilia membrane, 324
ciliary axoneme, 322�323
ciliary necklace, 323
transition fibers, 323�324
transition zone, 323

and Vasopressin signaling, 333�334
Cilia membrane, 324
Ciliary axoneme, 322�323
Ciliary necklace, 323
Ciliary pocket, 327�328
Ciliogenesis, 327�328
and cell cycle, 327
and cilia disease, 335�337
cilia extension, 327�328
growth control, 328
model systems for

Caenorhabditis Elegans, 335�336
Chlamydomonas Reinhardtii, 335
Danio rerio, 336�337
Mus Musculus, 337
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Ciliogenesis (Continued)
transcriptional control of, 327

“Ciliopathies,” 319, 320t
Cimetidine transporters, 2441
Cinacalcet, 2274
bone effects of, 2206�2207
Ca3Pi product and, 2206
for hyperparathyroidism, 2205, 2294, 3081,

3082t
Cingulins, 6
Cip/Kip family, of proteins, 936�937
Circadian rhythms, potassium excretion and,

1696f, 1698
Cirrhosis
aldosterone in, 1301
aquaporins in, 1427�1428
balance concept in, 1299, 1299f
effector mechanisms in, 1299�1303
endothelin in, 1303
hepatorenal syndrome in, 2635, 2635t
hyperdynamic circulation in, 1296�1299
hyponatremia in, 1517
kallikrein�kinin system in, 1302
metabolic alkalosis in, 2034
natriuretic hormones in, 1302�1303
proANP gene in, 1250
prostaglandins in, 1302
renal failure in

approach to, 2635�2639
bacterial infections and, 2635�2636
definition of, 2633�2639
drug-induced, 2638�2639
epidemiology of, 2634�2639
etiology, 2634�2639, 2634f, 2634t
evaluation of patients with, 2635t
hypovolemia-induced, 2636
liver transplantation, 2641
management of, 2639�2641, 2639f

sodium retention in, 1292�1303, 1303f
treatment of, 1303

sympathetic nervous system in, 1300�1301
transjugular intrahepatic portosystemic

shunt for, 2640�2641
Cisplatin
hypomagnesemia due to, 2157
nephrotoxicity of, 2903, 2909�2911

Citrate
low urine, in nephrolithiasis, 2323
in metabolic acidosis, 2060�2061, 2060f
for nephrolithiasis prophylaxis, 2323
as stone inhibitor, 2318�2319

C-kit, stem cell factor receptor, 960
Cl2 channels (CLC), 57�58, 1020
bestrophin, 1037�1038
CFTR as, 1026�1030, 1027f
ClC-2, 1023
CLCA, 1037
CLC-K channels, 1024�1025

function of, 1025�1026
CLIC, 1038�1039
exchangers, 1024
GABA/GABAC, 1035�1039
in human kidney, 1039�1041, 1040f

ADPKD, 1039�1041
Bartter’s syndrome, 1039

overview, 1019

tweety (human homolog hTTYH3),
1036�1037

VDAC, 1036
Clathrin-coated pits/vesicles, 30
Claudins, 6, 222, 350�351, 628, 2151

functional domains of, 350�351, 352f
localization of, 353f

Clay eating (geophagia), 3135
ClC-1, Cl2 channel, 1023
ClC-2, Cl2 channel, 1023
ClC channels, architecture of, 230, 239�245,

239f
channel gating, 241
Cl2 permeation pathway, 240�241
ENaC/Deg channels
architecture of, 242
gate in, 245
permeation pathway in, 242�245

selectivity filter of, 241f
topology and structure of, 218f

CLCAs, see Ca21-activated Cl2 channels
(CLCAs)

CLC-K channels, 1024�1025
function of, 1025�1026

CLCN5, ClC-5 gene, 1024
CLDN16 gene, 2150�2151
Clinical hypercalcemia

calcium transport in, 2237�2240
Clofibrate, 3190
Clotting, See Coagulation; Coagulopathy
CNNM2 mutations

magnesium balance, 2155
Coagulation

abnormalities, in acute kidney injury,
2545�2546

Coagulopathy
in preeclampsia, 2730

Coarse grained models, of renal
development, 868

Cockcroft-Gault formula, 3023t, 3024
Cold ischemia-warm reperfusion model,

2534, 2535t
Collagen

in glomerular basement membrane,
618�619

type IV
in Alport syndrome, 2853, 2854f
genetics and biochemistry of,

2850�2852, 2851t, 2852t, 2854f
in glomerular basement membrane,

902�903
structure of, 2850�2852, 2850t

type XVIII, in glomerular basement
membrane, 904

Collagen IV, 12
Collecting duct (CD), see also Cortical

collecting duct (CCD); Medullary
collecting duct

anatomy of, 1143�1144
calcium-sensing receptor in, 2200�2201

Collecting tubules
calcium reabsorption in, 2234�2235

Collectrin, 429
Colon, see also Intestinal

in acid�base balance, 312�315, 2052
calcium-sensing receptor in, 2204

villous adenoma of, metabolic alkalosis
and, 2036

Colonic H,K-ATPase, 69
Colony-forming unit erythroid, 3089�3090,

3091f
Colony-forming unit megakaryocyte,

3109�3110
COLXVIII, 746
Comma-shaped bodies, epithelial cells, 860
Complement, in tubulointerstitial injury,

2973�2975
Complex polyuropolydipsic syndrome, 1587
Computed tomography
in polycystic kidney disease, 2646f, 2647

Computed tomography angiography (CTA)
for renal artery stenosis, 2579�2580

Condensates, 13�14
Congenital adrenal enzyme deficiencies,

2093�2094
Congenital adrenal hyperplasia (CAH), 1343
17-α-hydroxylase deficiency, 1220
11-β-hydroxylase deficiency and, 1220
salt-wasting, causes of, 1226
steroid 21-hydroxylase deficiency and,

1225�1226
Congenital chloride diarrhea, 2480
metabolic alkalosis in, 2036

Congenital enzyme deficiencies, metabolic
acidosis in, 2079�2080, 2080t, 2081t

Congenital hyper-reninemic
hypoaldosteronism, 1225

Congenital nephrotic syndrome of Finnish
type, 2863�2865

albuminuria in, 2459�2460
Congenital organic acidoses, 2079�2080,

2080t, 2081t
Congestive heart failure (CHF), 1286�1292,

1288f
afferent sensing mechanisms in,

1286�1287, 1288f
aquaporins in, 1427
cardiac output in, 1287
effector mechanisms in, 1287�1292
endothelin in, 1292
hyponatremia in, 1517
metabolic alkalosis in, 2034
natriuretic hormones in, 1264�1265,

1291�1292
nitric oxide in, 1292
proANP gene expression in, 1250
prostaglandins in, 1291
renal sodium retention and, nephron sites

of, 1287�1288
renin-angiotensin-aldosterone system in,

1289�1290
sympathetic nervous system in, 1290�1291

Conivaptan, for hyponatremia, 1528�1529
Conn Syndrome, 1346�1347
and hypertension, 1218�1220

Connecting tubule, calcium reabsorption in
Connecting tubule (CNT), 643�658,

1216�1220
anatomy, 644f, 645f, 646f, 648
anatomy of, 1143
calcium reabsorption, 649, 2234
cell organization, 648�649, 648f
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electophysiologic considerations,
1160�1163, 1161f, 1161t

ENaC at apical membrane of, 1164�1165
Na,K-ATPase control in, 78�79
overview, 643
potassium transport, 650, 1662, 1663f,

1672�1675, 1672f
control of, 1677

sodium reabsorption, 649�650
sodium transport in, 1163�1170

Connective tissue, periarterial, 608�610,
608f, 609f

Connective tissue growth factor, in
fibrogenesis, 2972

Connexins, 824�825
Connexons, 5
Contractile ability of mesangial cells, 730
Contraction alkalosis, 2026�2027
Contrast-media-associated nephrotoxicity
animal model, 3013t
role of iron, 3012, 3013t

Coronary artery disease
calcifications in, 3076
in chronic kidney disease, 3076�3077
renal artery stenosis in, see Atherosclerotic

renal artery stenosis
Cortical collecting duct (CCD), 643�658,

1216�1220, 2200�2201
in acid�base transport, 1945�1948, 1946f
anatomy of, 601�602, 602f, 644f, 645f, 646f,

1143�1144
in ASDN, 1181�1182
calcium transport in, 2200�2201,

2234�2235
calcium-sensing receptor in, 2200�2201
cells, 610, 651f
dopamine receptors and, 559
electrophysiologic and transport

properties of, 1165t
in mineralocorticoid resistance, 2096�2098
Na,K-ATPase control in, 78�79
overview, 643, 650
potassium secretion in, 1662, 1663f

antidiuretic hormone and, 1692f,
1693�1694

transport mechanisms and, 1672�1673,
1672f

transtubular potassium gradient and,
1753

potassium transport in, control of, 1677,
1678f

sodium reabsorption in, 651�652
sodium retention and, 1301, 1311f
sodium transport in, 1165�1166

oxygen consumption and, 144, 146f
substrate preferences in, 154f, 157
urea permeability of, 1470t, 1471t,

1473�1474
urine flow rate in, 1747
vasopressin-regulated water and urea

reabsorption in, 652�653
water permeability of, 1470t, 1471t,

1473�1474
aquaporins and, 1417

Cortical efferent arterioles, 599, 599f
Cortical labyrinth, anatomy of, 595, 596f

Cortical microcirculation, 803�804, 804f,
805f, 806f

measurement of, 818�819, 818f, 819t
Cortical necrosis, in pregnancy, 2715
Cortical radial artery

anatomy of, 595�596, 597f
connective tissue of, 608, 608f

Cortical radial vein, anatomy of, 595�596,
597f

Corticosteroid-resistant nephrotic syndrome,
autosomal recessive, 2865�2866

Corticosteroids, see also Glucocorticoids;
Mineralocorticoids

in transplantation, renal effects of, 3163
Corticotrophin-releasing hormone (CRH),

1247�1248
Cortisol, aldosterone vs.,, 1181
Cotransporters, 48, 53�54, 58�59

electrogenic sodium borate, 1851�1852
Countercurrent exchange

of solutes and water, 668�669
Countercurrent multiplication, medullary,

810, 1474�1488, 1475f, see also Urine
concentration

Countertransporters, 48, 53�54
anion
SLC4, 1861, see also SLC4

Coupled transport, 52�53, 53f
COX, see Cyclooxygenase (COX)
COX-1, see Cyclooxygenase-1 (COX-1)
COX-2, see Cyclooxygenase-2 (COX-2)
Cranionectodermal dysplasia (CED), 341
Creatine, homeostatic mechanisms for, 309
Creatine-P to ATP, conversion of, 310�311
Creatinine

homeostatic mechanisms for, 297
serum, glomerular filtration rate and,

3022�3023
Creatinine clearance

Cockcroft-Gault formula for, 3022�3023
glomerular filtration rate and, 3022�3023

Cre-loxP, 866
Crescent formation, 744
Crescentic GN, 2765�2766
Crest kidney, 595
Crohn’s disease, 6
Cross-talk, epithelial transport, 1666
Crumbs complex, 19
Cryoglobulinemia in APSGN, 2765
Cryoglobulinemic vasculitis, 2818t, 2819t,

2820f, 2821�2822, 2828�2832,
see also Vasculitis

animal models, 2831�2832
hepatitis-induced, 2830�2831
mediators, 2831

CTR transporters, 1873f, 1876t
C-type natriuretic peptide (CNP), 1243�1244

in acute renal failure, 1264
anti-cancer effects, 1265
biological effects, 1255
circulating concentrations, 1255

Cubilin, 633�634, 2461�2462, 2461f
tubular reabsorption of, 2963�2964

Cushing syndrome, 1347
metabolic alkalosis in, 2039

CXCR4/CXCR7/CXCL12 axis

glomerular endothelial cells, 727�728
Cyanide poisoning, metabolic acidosis in,

2072
Cyclic adenosine monophosphate, see cAMP
Cyclic guanosine monophosphate, see cGMP
Cyclic 3050-guanosine monophosphate (cyclic

GMP), 1246, 1248f, 1256
Cyclin B-Cdc2, 936, 936f
Cyclin E-Cdk2, 936
Cyclin-dependent kinases (Cdks), 935�936,

935f
inhibitors

and mesangial cell proliferation,
938�945

as negative regulators, 936�937
in mesangial cell proliferation, 938

Cyclins, and cell cycle, 935�936
Cyclooxygenase (COX), 607, 775
as homodimers, 488�489
isoforms of, 489
peroxidase activity of, 488�489

Cyclooxygenase-1 (COX-1), 489
in medullary interstitial cells, 489

Cyclooxygenase-2 (COX-2), 489, 642
administration of, 782�783
in cardiovascular homeostasis, 489
in collecting duct, 489
diabetic nephropathy and, 496
expression of, MD cells and, 759
inhibitors, hyperkalemia and, 1762
proteinuria and, 496�497
renal dysgenesis, 489
renal inflammation and, 496
and renin, 781�782

Cyclophilin D, in programmed necrosis,
2994

Cyclosporine
glomerular filtration rate and, 3168
hyperkalemia due to, 3176
hypomagnesemia due to, 2157�2158
nephrotoxicity of, 2903�2909, 2906f, 2908f,

3170, 3175
potassium transport and, 3174�3175
renal blood flow and, 3169t, 3170�3171
renal effects of, 3161, 3167, 3168f, 3170f,

3173f
renal tubular acidification and, 3171
renal tubular acidosis due to, 2098
solute transport and, 3151, 3173f, 3175
thromboxane and, 3168�3169, 3170f
in transplant immunosuppression,

3159�3160, 3168, 3168f, 3170f, 3173f
Cyp4a12, 2673
Cystatin C
glomerular filtration rate and, 3025�3026

Cysteine-homocysteine, as uremic toxin,
3043

Cysteinyl (cys) leukotrienes, 497
Cystic fibrosis (CF), 998, see also Cystic

fibrosis transmembrane
conductance regulator (CFTR)
channel

Cystic fibrosis transmembrane conductance
regulator (CFTR) channel, 54, 57,
163�164, 2672

as CLC, 1026�1030, 1027f
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Cystic fibrosis transmembrane conductance
regulator (CFTR) channel
(Continued)

and ENaC regulation, 998�999, 1029
and endocytosis, 1030
in human kidney, 1028
as regulator of ROMK, 1029, 1611�1613
as regulator of SLC26A, 1030

Cystic kidney disease, see also Polycystic
kidney disease

cilia in, 2651�2653
non-motile cilia in, 382
polycystin in, 382

Cystine stones, 2312, 2312t, 2341�2342, 2341t
Cystinosis
in pregnancy, 2721
proximal renal tubular acidosis in, 2084

Cystinuria, 2341�2342, 2341t, 2416�2417
Cystitis, in pregnancy, 2713
Cystoskeleton, 382, see also Actin; Myosin
Cyst(s)
hepatic, 2649, 2671�2672, 2674
in PKD, 2646�2647

formation of, 2646�2647
TNF expression, 2673

prostaglandin E2 (PGE2) accumulation in,
2673

renal, see Polycystic kidney disease
treatment for, in PKD

cystic fibrosis transmembrane
conductance regulator (CFTR), 2672

Metformin, 2672�2674
NS-398, 2673
pioglitazone, 2674
signal transducers and activators of

transcription (Stats) inhibitors, 2674
Src inhibitor SKI-606 and, 2672
SU-5416 inhibitor and, 2672

Cytochrome P450, 776, 3009
vascular effects of, 836�837, 836f

Cytochrome P450 monooxygenases
(CYP450), 498

Cytokines
in acute kidney injury, 2549
in erythropoiesis, 3105
in preeclampsia-eclampsia, 2732
in vasculitis, 2821�2822

Cytomegalovirus infection, hypercalcemia
in, 2290�2291

Cytoskeletal alterations, in AKI, 2538�2540,
2539f

Cytoskeleton
aquaporin-2 and, 1421�1422
in cell volume regulation, 126
epithelial, 8�13
Na,K-ATPase interaction with, 75

Cytosol, solute concentrations in, 1087�1088
Cytosolic base, chloride exchange with,

1092�1095, 1093f, 1094f

D
Danger/damage hypothesis, 2988
Danger/damage-associated molecular

pattern molecules (DAMPS), 2988
Danio rerio, as model systems for cilia,

336�337

Dapagliflozin, 2400�2401
DARPP-32, 547�548

phosphorylation, 547�548
dDAVP, see Desmopressin
Deafness

in Alport syndrome, 2848
in Bartter syndrome, 2146
distal renal tubular acidosis and, 2087

Decay accelerating factor (DAF), 760
Defensin, 2991
Deferiprone, 3016�3017
Dehydrocholesterol, 2252f

metabolism of, 2253f
nomenclature for, 2250�2251
structure of, 2251f, 2252f
in vitamin D synthesis, 2251

Dehydration, See Fluid balance;
Hypovolemia

Dehydration tests, see Water deprivation
tests

Demeclocycline
diabetes insipidus due to, 1556t, 1557
for hyponatremia, 1528

Demyelination, osmotic, hyponatremia and,
1526�1527

Dendritic cells
in acute kidney injury
ischemic, 2987

interstitial, 607�608
Dendroaspis natriuretic peptide (DNP)

in acute renal failure, 1264
biological effects, 1256

Dense apical tubules (DAT), 632�634
Dense Deposit Disease, see Idiopathic MPGN
Dent’s disease, 2467

epithelial cell polarity and, 33
hypercalciuria in, 2320
proximal renal tubular acidosis in, 2084

Denys-Drash syndrome, 2871�2873
Deoxyribonucleic acid (DNA)

synthesis
and cell growth measurement, 934

Depolarization, MD cells, 769�770
Descending thin limb of Henle

anatomy of, 635�640, 636f
calcium transport in, 2230, 2235t
of long loops, 635�640, 636f, 637f, 638f
potassium transport in, 1667�1668, 1668f
of short loops, 612, 616f, 635�640, 636f
substrate preferences in, 155�156
urea permeability of, 1467f, 1468, 1468f,

1469t
Desmocollins, 4�5
Desmogleins, 4�5
Desmoplakins, 4�5
Desmopressin

in diabetes insipidus
in diagnosis, 1589, 1593t
in treatment, 1561, 1591, 1594

in pregnancy, 1585, 2702�2703, 2704f
Desmosomes, 4�5, 361�362, 627

in acute kidney injury, 2540
in kidney disease, 362
structure and localization of, 361�362

Development, renal, see Renal development
Deubiquitinating enzyme (DUB)

and ENaC regulation, 995
DHR domains, see PDZ proteins
Diabetes insipidus, 393�394, 1555
antidiuretic hormone in, 1571�1578
aquaporin-2 in, 1424�1425
carriers of, 1591�1592
central, 1555

causes of, 1555t
treatment of, 1559�1561

clinical features of, 1579�1582, 1580t
direct tests for, 1591
drug-induced, 1557
hypernatremia in, 1555�1556
indirect tests for, 1590�1591
laboratory findings in, 1592�1593, 1593t
magnetic resonance imaging in, 1593
nephrogenic, 1556, 1556t, 1582

acquired, 1587�1589, 1588t
aquaporin-2 in, 1425

aquaporin-2 in, 1424�1425
clinical features of, 1582
expression studies of, 1584�1585
historical perspective on, 1582
lithium-induced, 1425
population genetics of AVPR2

mutations, 1583�1584
treatment of, 1561

neurogenic, autosomal recessive, 1578,
1580t

autosomal dominant, 1580�1581
autosomal recessive, 1578, 1580�1581

perinatal testing for, 1591�1592
polyuria in, 1555, 2490�2491, 2490f
in pregnancy, 1588�1589, 2704
treatment of, 1594

early, 1591�1592
water deprivation tests in, 1589�1590
water excretion in, 1578
in Wolfram syndrome, 1581

Diabetes mellitus (DM), 2399
albuminuria in, 2468�2469
blocking renal glucose reabsorption as a

treatment for, 2399�2401
glomerular ultrafiltration in, 2935�2936
lactic acidosis in, 2072
low-protein diet in, 3056
and mesangial cells, 946
metabolic acidosis in, 130, 2069, 2072
metabolic derangement and

hyperfiltration in, 2944
organic cation transporters in, 2445�2446
phosphate balance in, 2360, 2373
and podocytes, 946�947
pregnancy in, 2719t, 2720
renal disease in, see Diabetic nephropathy
urea transporters in, 1493�1494

Diabetic ketoacidosis, 2068
cell volume in, 130

Diabetic kidney disease
protein restriction in, 3056

Diabetic lactic acidosis, 2072
Diabetic nephropathy
advanced glycation end products in,

2617�2621
albuminuria in, 2608, 2608t
Amadori albumin in, 2617
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cellular/molecular mechanisms in,
2613�2617, 2613t

clinical course of, 2607�2609, 2607f, 2608t
epidemiology of, 2605�2607, 3028�3029
genetic risk factors, 2606�2607, 2606t
glomerular filtration rate in, 2608, 2608t
glucose uptake/metabolism in, 2614�2615
hemodynamic changes in, 2613�2614
hexosamine biosynthetic pathway in, 2615
hyperfiltration, 2608, 2608t
hypertension in, 2608, 2608t
hypertrophy of, 946
hypoxia and, 2621
low-protein diet in, 3056
metabolic syndrome in, 2621�2622
obesity in, 2621�2622
overview of, 2605
oxidative stress in, 2616�2617
podocytes in, 2611�2613
polyol pathway in, 2615
in pregnancy, 2719t, 2720
protein glycation in, 2617
protein kinase C in, 2616
regression of, 2622
renal pathology in, 2609�2611
renin-angiotensin-aldosterone system in,

2618�2620
risk factors, 2606�2607, 2606t
role of iron, 3015�3016
signaling in, 2616
stages of, 2607�2609, 2607f, 2608t
transforming growth factor β in,

2620�2621
Diacylglycerol, phospholipase C-mediated

production of, 384, 385f
Dialysate sodium concentration, 3126f
disturbances in hemodialysis, 3125

Dialysis, see also Hemodialysis; Peritoneal
dialysis

anemia and, 3107�3109, see also Anemia
Ca3Pi product in, 2206
calcimimetics for, 2206
cardiovascular complications of, 3076
chronic kidney disease and, 2207
for ethylene glycol poisoning, 2074�2075
for hyperkalemia, 1767
hyperparathyroidism in, 2206�2207
for lactic acidosis, 2074
for methanol poisoning, 2075�2076
in pregnancy, 2722

in acute renal failure, 2715
protein metabolism in, 3046�3047

in muscle, 3049�3053
for salicylate poisoning, 2078

Diaphragms, glomerular endothelial cells,
722

Diarrhea, 2499
congenital chloride, 2480

metabolic alkalosis in, 2036
hyperchloremic acidosis in, 2098
urinary sodium/chloride excretion in,

2480, 2480t
Dicarboxylic aminoaciduria, 2419
Diclofenac transporters, 2436
DIDMOAD (Wolfram syndrome), 1581
Diet, see also Nutritional; Starvation

in chronic kidney disease, 3046�3053
high-potassium, 1679f, 1680, 1681f, 1699
potassium excretion and, 1679f, 1680,

1681f
cooperative factors modulating, 1699

potassium reabsorption and, 1670
high-protein
intracellular pH and, 1815

low-phosphate, 3040�3041
low-potassium, 1680, 1681f, 1682f
potassium excretion and, 1680, 1681f,

1682f
aldosterone and, 1700

low-protein, see Low-protein diet
low-sodium
for nephrogenic diabetes insipidus,

1553�1554
metabolic acidosis and, 2061�2062
thirst and, 1456, 1457f
uric acid in, 2324

Diffuse leiomyomatosis, in Alport syndrome,
2849

Diffuse mesangial sclerosis (DMS), 2782
Diffusion, 266

facilitated, 58�59
in ion transport, 47, 49�50, 50f, 223, 1664

Diffusion coefficients, 266
“Diffusion limited” transport, 283
Diffusional permeability, 266�267
Diffusive water permeability coefficient

osmotic water transport across lipid vs.
porous membranes, 98�99

Diflunisal, 3190
Dihydrotachysterol

metabolism of, 2251�2254
1,25-Dihydroxyvitamin D, 2299, see also

Vitamin D
active form of, 2277
skeletal effects of, 2275�2276

Dilution acidosis, 2100
Dinitrophenol poisoning, metabolic acidosis

in, 2072
Dinucleotides, 512
Disease progression, see Renal disease,

progression of
Distal appendages, 322
Distal convoluted tubule (DCT), 559, 640,

643�658, 1354, 1370�1377, 1371f,
see also Renal tubular; Tubular

in acid�base transport, 1944�1945
adverse effects, 1376�1377
anatomy of, 1143
in ASDN, 1181�1182
calcium reabsorption in, 649, 2232�2234,

2232f
parathyroid hormone in, 2235

calcium-sensing receptor in, 2200
calcium transport and, 1373�1374, 1373f
clinical use, 1369t, 1375�1376
dopamine receptors and, 559
dysfunctions of NaCl reabsorption in,

647�648
electophysiologic considerations,

1160�1163, 1161f, 1161t
magnesium reabsorption in, 2142�2143,

2145f

magnesium transport and, 1373�1374,
1373f

mechanism of action, 1371�1373
Mg21 transport in, 647
overview, 643
paracellular pathway in, 628

DCT 2, 647
pharmacokinetics, 1375
potassium transport in, 650, 1661�1662,

1663f, 1671�1675, 1672f
antidiuretic hormone and, 1692f,

1693�1694
control of, 1677

renal hemodynamics, 1374�1375
salt reabsorption in, 1049, 1050f
sodium chloride transport in, 1371�1373,

1372f
postnatal developmental of, 915�916,

916f
sodium reabsorption, 649�650
sodium retention in, 1288
sodium transport in, 1160�1163

regulation of, 1162�1163
steroid hormones and, 1162�1163

structure and function of, 644�647, 644f,
645f, 646f

substrate preferences in, 154f, 157
urinary electrolyte excretion and, 1356t,

1370�1377
water excretion and, 1370�1377

Distal renal tubular acidosis, see Renal
tubular acidosis, distal

Distal diuretics
magnesium balance and, 2144�2145

Distal tubule
collecting, calcium-sensing receptor, 2200
redistribution of renal blood flow to,

1251�1252
Diuresis
osmotic, in hypernatremia, 1554

Diuretics
action, general principles of, 1383�1385,

1384f
adaptations to, 1385�1394

chronic, 1385, 1389
epithelial hypertrophy/hyperplasia and,

1390�1394, 1391f, 1392f, 1393f
immediate, 1385�1394
physical factors, 1389
renin-angiotensin-aldosterone system,

1390
short-term, 1385�1389, 1387f
sympathetic renal nerve activity and,

1389�1390
aquaretics, 1382�1383
calcium transport and, 2180�2181,

2238�2239
for cirrhosis, 1303
distal

in magnesium balance, 2144�2145
for hypercalcemia, 2293
hypercalcemia due to, 2292
hyperkalemic renal tubular acidosis due

to, 2097�2098
hyponatremia due to, 1514�1515
loop, 764, 764f, 1362�1366, 1363f, 2142
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Diuretics (Continued)
metabolic alkalosis due to, 2036, 2480
for nephrogenic diabetes insipidus, 1554
osmotic, 1354�1357, 1355f, 1356t

urinary electrolyte excretion and,
1355�1357, 1356t

overview, 1353�1354
potassium excretion and, 1695�1696, 1696f
potassium transport and, 1670�1671
potassium-sparing, 1377�1382, 1377f,

1695�1696, 2240
for preeclampsia prophylaxis, 2738
for proximal renal tubular acidosis, 2091
proximal tubule, see Carbonic anhydrase

inhibitors (CAI)
resistance to, 1385�1394

cirrhosis and, 1303
salt transport sensitive to, 1354, 1355f
sodium balance and, 307
thiazide, 1370�1377
transporters for, 2436�2437, 2436f

Divalent cation transporter
in intracellular pH

regulation, 1795�1796
Diverticular disease, in polycystic kidney

disease, 2650
d-lactic acidosis, 2080
DNA-binding domain (DBD), 1194�1195
DOCK180, in PI 3-K signaling, 389
Docking proteins, see Scaffolding proteins
Dolichos biflorus, 861
Donnai Barrow’s syndrome, 2467
Donnan potential, 1082
Dopamine, 1844
age-dependent production of, 543
and blood pressure regulation, 566
dietary influence of, 542�544

chloride, 542
sodium intake, 542
sodium loading, 543

endogenous, 539
gender and, 543
historical perspective, 539
hypertension and, 544
in invertebrate, 539
metabolism, 542

monoamine oxidase (MAO), 542
Na,K-ATPase control by, 76�77, 77f
overview, 540
pharmacological doses, 540
in phosphate balance, 2359, 2374, 2374f
in potassium balance, 1636�1637
in renal function, 453
in sodium balance, 1114�1115
transporters, 542
in vertebrates, 539
in water regulation, 540

Dopamine β-hydroxylase (DBH), 542
Dopamine receptors
adenosine receptors and, 564
adenylyl cyclase and, 545�547
adrenergic receptors and, 564
angiotensin II and, 564�565
angiotensin receptors and

AT1R, 564�565
AT2R, 565�566

atrial natriuretic peptide (ANP) and,
565�566

autocrine/paracrine regulation and, 557
basolateral membrane, 560�561
and blood pressure regulation, 566
cholecystokinin receptors and, 566
cortical collecting duct, 559
distal convoluted tubule, 559
D2-like receptors, 546
D1R, 549�550
D2R, 550
D3R, 550
D4R, 550
D5R, 550
endothelin receptors and, 566
hypertension and, 568�569
inflammation and, 568
insulin and insulin receptors and, 567
ion channels, 547
ion transport, 557�558
moderate volume expansion, 557�558

loop of Henle, 558�559
luminal membrane, 558
medullary collecting duct, 559�560
membrane microdomains, 549
mineralocorticoid receptor and, 567
mutant mice, 562�563
phospholipase C and, 545, 547
phospholipase D and, 545
prolactin and, 567
prostaglandins and, 567
protein kinase A (PKA), 545
protein kinase C (PKC), 545�546
recycling, 548�549
renal distribution of, 545
renal hemodynamics, 552�554
D1-like receptors, 552
D2-like receptors, 552�553
glomerular filtration, 553�554
tubuloglomerular feedback, 554

ROS and, 567�568
signaling, 371�372, 544�545
sodium loading on, 548
subtypes, 544
interactions, 563

vascular receptors
D1-like receptors, 551
D2-like receptors, 551

Dopamine regulation
of ion channels, 547
mitogen-activated protein kinases, 547

Dosing strategy for patients with renal
insufficiency

loading dose, 3201�3208
Doxercalciferol, for hyperparathyroidism,

3078, 3081, 3082t
D-Prostanoid receptors, 494�495
Driving force, in ion transport, 47�49,

1085�1087
Drosophila melanogaster, 18�19
Drug disposition

calculating drug clearance, 3197
drug-drug interactions, 3192�3193
acidic drugs, 3193
cationic drugs, 3193�3194

effect of renal disease, 3194�3200

absorption, 3194
clearance of total drug, 3195
degree of protein binding, 3195
during dialysis, 3197�3200
distribution, 3194�3196
drug response, 3196�3197
elimination, 3196, 3198t
during hemoperfusion techniques, 3197
maintenance doses, 3204t, 3208�3209
volume of distribution of drugs, 3202t

glomerular pores, 3186
inter-individual variation in drug

disposition, 3192
organic anion transporters in, 2425�2428
organic cation transporters in, 2437�2449
reabsorption of drugs, 3187
by renal metabolism, 3189�3192

active metabolites, 3191t
roles of transport proteins, 3187�3189

ABC transporters, 3188
genetic variation, 3189
MRP/ABCC family, 3188
SLC transporters, 3188�3189

secretion of drugs, 3186�3187
Drug-drug interactions, influence on renal

pharmacokinetics, 3192�3193
Drug-related renal injury, see Nephrotoxic

agents
Dubin-Johnson syndrome, 2433�2434, 3189
Duplex ultrasonography, for renal artery

stenosis, 2580
Dyes, intracellular, for pH measurement,

1777�1778
Dynamin, 987
Dyslipidemia
preeclampsia-eclampsia and, 2740

Dysmorphic RBCs in APSGN, 2765
Dysrhythmias, see Arrhythmias
Dystrobrevin, 416�417
Dystroglycan, 740
Dystrophin-associated protein complex,

416�417, 417f
Dystrophin-glycoprotein complex (DGC),

740

E
EAST/SeSAME syndrome, 2148�2149
E-cadherins, 7�8, 18, 20�21
Eccentric hypertrophy, 2725
Eclampsia, see also Preeclampsia-eclampsia
late postpartum, 2728

Econazole, epithelial calcium ion channels
and, 2174

Ecto-enzymes, 512
Ectonucleotidases, 513f, 526�528, 527t, 528f
alkaline phosphatase, 527
catalytic activities of, 526�527, 527t
distribution of, 528f
ecto-50-nucleotidase, 527
NPP, 527
NTPDases, 527

Edema
cerebral, in eclampsia, 2731
flash pulmonary, 2578�2579
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formation of, peripheral capillary
mechanisms of, in nephrotic
syndrome, 1306�1307, 1306t, 1308f

hyponatremia and, 1517
interstitial, in acute kidney injury, 2542
metabolic alkalosis and, 2034
nephrotic, sodium retention in, 303
primary, 1284
pulmonary

in preeclampsia, 2729
secondary, 1284

Effective arterial blood volume (EABV),
1284�1286, 1286f, 2478

cirrhotic renal salt retention and, 1296,
1297f

in metabolic alkalosis, 2033�2038, 2035f
Effective arterial volume (EAV), 2529
Effective renal plasma flow, in pregnancy,

2691�2699, 2717
in preeclampsia, 2737

Effective vascular volume
in ascites, 302�303
assessment of, sodium intake/output in,

301�302
in chronic hypernatremia, 306�307
sodium balance and, 306�307

Efferent arterioles, 596�597, 597f, 617�618,
617f, 618f, 619f

cortical, 599, 599f
juxtamedullary, 596�598, 597f, 598f
wall structure of, 599�600, 599f

Efferent renal nerves, 1389�1390
Efferocytosis, 2995
Efficacy of Vasopressin Antagonist in Heart

Failure Outcome Study with
Tolvaptan (EVEREST), 1383

Eicosanoids
in cell volume regulation, 126
in cyclosporine toxicity, 3169�3170, 3170f
overview, 487
in tubuloglomerular feedback adaptation,

775�776
Eicosapentanoic acid
for preeclampsia, 2739

Electrodiffusion, 49�51, 50f, 51f
Electrogenic sodium borate cotransporter,

1851�1852
Electrolyte balance, 291
deficit/excess limits in, 294
external, 2477�2478
in hyperaldosteronism, 304
in hypoaldosteronism, 303�304
internal, 2477
mechanisms of, 2477�2478, 2479f
principles of, 291
reference values for, 294t
restoration of

infinite gain control mechanism in,
297�298, 299f

input-output processes in, 295�297,
296f, 297f

mechanisms of, 293f
misconceptions about, 298�303
models of, 295�297, 296f, 297f
overview of, 291
principles of, 291

in salt-losing nephropathy, 300
sequence of events in, 291, 293f
set point for sodium excretion in, 299
speed of, 293�294

steady-state, 304, 2477�2478
storage capacity in, 291�293

Electrolyte-free water clearance, 2485�2486
in hyponatremia assessment, 2488�2489,

2488t, 2489t
Electron microscopy

tight junction, 5�6
Electron motive force, 177�178
Electroneutral co-transporter, 1047
Electroneutral potassium bicarbonate

cotransporter, 1794
Electrophysiology, epithelial, see Epithelial

electrophysiology
Ellsworth-Howard test, 2297�2298
Embryonic stem (ES) cells, 18�19
Emetic stimuli, in antidiuretic hormone

regulation, 1449
Emx2 gene, 871
ENaC (amiloride-sensitive sodium channel),

see also Epithelial Na1 channel
(ENaC)

activity, 251�254
Liddle’s syndrome, 254
PHA-I, 251�254

aldosterone and, 392, 393f
amiloride-sensitive sodium channel, 649
channels, 236
drugs affecting, hyperkalemia due to, 1763
regulation of, 392

ENaC regulatory complex (ERC), 1203
ENaC/Deg channels

architecture of, 242
gate in, 245
permeation pathway in, 242�245

Enalapril, 3016
for hypertension, in pregnancy, 2743

Endocytosis
basolateral, role of, 634�635
CFTR and, 1030
of megalin, 2462
receptor-mediated, 633�634, 633f
and recycling, renal transport protein

function regulation by, 24�25
in renal epithelial cells, V-ATPases in,

85�86
Endoplasmic reticulum (ER), 986

stress, 2465�2466
Endothelial cells

of adult kidney, 960
glomerular, 620f, 621f, 622, 622f, 623f
origin of, 893�894
proliferation, 945
recruitment and differentiation,

894�896
injury, 2536�2537
in AKI, 2544�2545, 2566�2567

in vasculitis, 2819�2821, 2822f
Endothelial glycocalyx, 272
Endothelial NO synthase (eNOS), 728, 2543
Endothelial surface layer

as glomerular filtration barrier, 746
Endothelin

in cirrhosis, 1303
in congestive heart failure, 1292
and ENaC regulation, 1003
endothelin-A (ETA) receptors, 476�477
endothelin-B (ETB) receptors, 476
and hypertension, 1330�1332
in metabolic acidosis, 2059
in pregnancy, 2696
in renal transplantation, 3168�3169
in renal tubular acidification

in distal nephron, 1958
in proximal tubule, 1940

renorenal reflexes, 476�477
in sodium handling, 1292
in vasoconstriction, 837

Endothelin-1 (ET-1), 728
role, in acute kidney injury, 2544

Endothelin-A (ETA) receptors, 476�477
Endothelin-B (ETB) receptors, 476
Endothelium
continuous, 264
fenestrated, 264, 264f
in preeclampsia-eclampsia, 2732

Endothelium-derived relaxing factors
in pregnancy, 2695�2696

Endotoxin
in acute kidney injury, 2535t, 2536, 2989
TLR4 and, 2988�2989

End-stage renal disease (ESRD), 2578, see also
Chronic kidney disease; Renal
failure, chronic; Uremia

in Denys-Drash syndrome, 2873
epidemiology of, 3026�3027
in Fabry disease, 2859�2863
renal replacement therapy for, See

Dialysis; Renal transplantation
Energy consumption, 143�158, 147f
ABC superfamily and, 149
ATP hydrolysis and, 149
H,K-ATPase in, 147f, 148, 150f
Na,K-ATPase in, 145�147, 147f, 150f, 158f,

159�161
in solute transport, 48, 143

Energy production
ATP hydrolysis in, 143�144, 146f
coupled with transport, 158�162
fatty acid oxidation in, 151, 152f
gluconeogenesis in, 152f, 153
glycolysis in, 152�153, 152f
ketone body metabolism in, 151�152, 152f
mitochondrial

oxidative phosphorylation in, 149�150,
150f, 151f

sodium transport in, 143�144
tricarboxylic acid cycle in, 151

Entactin, in glomerular basement membrane,
620

Enteric hyperoxaluria, 2336
Enzyme deficiencies, congenital, lactic

acidosis in, 2069�2070, 2072
Eosinophils
associated with APSGN, 2764�2765

Ephrin B2 ligand, 730
Ephrin-eph molecules, glomerular

endothelial cells, 726�727
Epidermal growth factor (EGF)
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Epidermal growth factor (EGF) (Continued)
in acute kidney injury, 2558
receptors for, 375
in renal development, 876

Epidermal growth factor receptor (EGFR)
antibodies, 2158

Epilepsy, see Seizures
Epinephrine
in phosphate balance, 2374
in potassium balance, 1633, 1635f, 1637

Epithelial calcium channel, see Calcium ion
channels, epithelial

Epithelial cell(s), 627, 891
adherens junctions in, 4
of adult kidney, 959�960
apical microvilli of, 8�11
basolateral membrane of, see Basolateral

membrane
cell�cell adhesive relationships, 4
cilia of, 11
cultures

on permeable filter supports, 15f
two- and three-dimensional, 16f

electrophysiology of, see Epithelial
electrophysiology

endocytosis in, V-ATPases in, 85�86
gap junctions of, 4�5, 382, 627
junctional complex of, 4�13, 627

basement membrane, 11�13
basolateral plasma membrane, 11

lateral interdigitating folds in, 630
morphology of, 4�13
parietal, see Parietal epithelial cell (PEC)
PDZ proteins in, 405, 407f
physiology of, 4�13
polarization of, 1

biogenesis of, 13�34
carcinogenesis and, 32
Dent’s disease and, 33
intrinsic machinery, 19�21, 20f
ischemic injury and, 32�33
mechanisms, 16�21, 17f, 18f, 20f
morphological characteristics of, 4�13
nature and physiologic implications,

3�4
Oculo Cerebral Renal Syndrome of

Lowe and, 33
polycystic kidney disease and, 33�34
potassium ion channels and, 1675
renal disease and, 32�34
sorting pathways, 21�32, 22f, see also

Sorting pathways, epithelial cells
polarization

two- and three-dimensional cultures, 16f
in vitro models of, 14�21, 14f, 15f, 16f

of ureteric bud, 862�864
Epithelial electrophysiology, 177
change in electron motive force vs.

potential in, 210
general equivalent circuit in, 178, 178f, 190f

basic equations for, 208�210
intracellular measurements in, 188�196

in basolateral membrane, 194f
cell membrane potential, 188�189
cellular cable analysis in, 191�195
electrogenic potential, 195�196

individual membrane resistance,
189�191, 190f, 192f, 192t, 194t

ion substitution experiments in, 195
membrane selectivity, 195
Na/K pump current, 195�196

luminal membrane and, 1088�1095
Na/K pump contribution to membrane

potential and, 211�212
overview of, 177�179
partial ionic conductance equations for,

210�211
patch-clamp analysis in, 197
in apical membranes, 204�205
in basolateral membranes, 205, 207f,

1672�1673, 1672f
of channel number, 201�202, 202t
of channel pharmacology, 203, 204f
of channel selectivity, 199�200, 201f
in isolated cells, 205�206
noise analysis in, 206�208, 208f
of open and closed times, 202�203
of open probability, 200�201, 202t
parameters measured by, 198�199
single-channel, 198�201

principles of, 177�179
transepithelial measurements in, 179�188
impedance analysis in, 187�188
interpretation of, 182
membrane selectivity and, 187
paracellular selectivity and, 186�187
resistance, 179

paracellular, 186�187
short-circuit current technique in,

184�186, 185t
typical results for, 180t, 181�182
voltage, 179, 180f, 1154�1155

active transport and, 182�183, 183f
with circulating current, 183�184
diffusion potentials and, 183, 184f
estimation of membrane parameters

from, 186�188
in open-circuit tubules, 179�181
technical problems in, 186
in voltage-clamped tubules, 181�182

Epithelial flux equation, 1085
Epithelial Na1 channel (ENaC), 56�57,

163�164, see also ENaC (amiloride-
sensitive sodium channel)

activation of, 1199�1202
aldosterone and, 1185�1194
at apical membrane of CNT, 1164
biochemical characteristics of, 983�984
biogenesis, 986, 987f
cation permeation and selectivity, 992�993
cellular localization of, 987�988
CFTR as regulator of, 989
electrophysiologic characteristics, 983, 984f
ENaC/Degenerin gene family, 984�985,

984f
function of, 985�986, 985f
gating mechanisms, 993
and human disorders, 1003�1004
intracellular trafficking of, 986�987, 987f
and Liddle’s syndrome, 994, 1003,

1189�1192
molecular characteristics of, 983�984

overview, 983�988
and PHA I, 1192
PKA effect on, 1002
pore, structure of, 990�992, 990f
regulation, 993�1003

aldosterone and, 1002
angiotensin II and, 1003
ATP and, 1001
calcium and, 999
CFTR, 998�999
endothelin, 1003
extracellular Na1, 1001
GR and, 1196�1197
insulin and, 1002�1003
intracellular Na1, 1000�1001
kinases in, 995�997
lipids and, 1000
methyltransferases and, 999
MR and, 1196�1197
nitric oxide and, 1000
pH and, 999�1000
PPAR and, 1001
proteases and, 997�998
of sodium transport, 1167, 1168f
syntaxins in, 998
ubiquitination and deubiquitination in,

994�995
vasopressin and, 1002

and sodium balance, 1166�1167
structure of, 985�986, 985f
subunits, 984�986, 985f

functional domains, 988�992
and Liddle syndrome, 1222, 1222f
proteolysis of, 997�998

Epithelial transport, 1082�1087
in cell volume regulation, 129
cross-talk in, 1666
flux adjustment in, 1082�1084, 1082t,

1083f, 1084f, 1085f
paracellular, 628, 628f, 1102�1109

lateral intercellular space, 1102�1105,
1103f

peritubular membrane, 1095�1100
tight junctions in, 1106�1109, 1108f

transcellular, 628�631
cytosolic concentrations and, 1087�1088
luminal membrane, 1088�1095

transport forces, 1085�1087
Epithelial-to-mesenchymal transition (EMT),

973, 2466�2467, 2972
Epithelium, 627�632
adherens junctions in, 6�8, 627
barrier function of, 5
basolateral membrane domain, 630�631
of intermediate tubule, 632�633, 638f
junctional complex of, 4�13, 627
luminal membrane domain, 628�630
overview, 627�631, 627f
papillary surface, permeability properties

of, 1471t, 1474
paracellular pathway, 628, 628f
proximal tubule, 632�633
of thick ascending limb of Henle, 640, 641f
transcellular pathway, 628�631

Eplerenone, 1380
hyperkalemia due to, 1763
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Epoxygenases
vascular effects of, 836�837

E-Prostanoid receptors, 491
EP1 receptor, 491�492

antagonists, 491
cDNA, 491
in collecting duct, 491
renin-angiotensin system, 491�492

EP2 receptor, 492
cDNA, 492
mRNA expression, 492
in renal medullary interstitial cells, 492

EP3 receptor, 492�493
antagonists, 493
cAMP, 492
in collecting duct, 493
splice variants, 492

EP4 receptor, 493
cDNA, 493
in controlling blood pressure, 493
in glomerular podocytes, 493
in hyperkalemia, 493
in hyporeninemic hypoaldosteronism,

493
mRNA, 493

Epstein syndrome, 2870�2871
Equlibrative nucleoside transporters (ENT),

768�769
ER associated degradation (ERAD), 986
Ergocalciferol, 2299�2300
ERK MAPK signaling pathway, 386�387
Erythrocyte cation leak syndromes, SLC4 in,

1876t
Erythrocytes, anion exchanger deficiency

diseases of, 1888
Erythropoiesis, 3087�3100, 3089f
burst-forming unit erythroid in,

3089�3090, 3089f
in chronic renal failure, 3107, see also

Anemia
colony-forming unit erythroid in,

3089�3090, 3089f
erythropoietin requirements for, 3106
overview of, 3087�3088
posttransplant, 3108�3109

Erythropoietin
in acute kidney injury, 2564�2565
in anemia, 3106f, 3107�3109, see also

Anemia
biological effects of, 3089�3090, 3089f
n chronic kidney disease, 3033, 3055, 3107
clearance rate for, 3097
early studies of, 3087�3088
plasma concentration of, 3093

measurement of, 3106
reference ranges for, 3106
regulation of, 3100�3105, 3100f

production of
acid�base balance in, 3105
arterial oxygen tension in, 3094, 3095f,

3098f, 3099
blood oxygen-carrying capacity and,

3094�3095, 3096f
blood viscosity in, 3105
in chronic renal failure, 3107
gene expression and, 3097

hemoglobin oxygen affinity and, 3096
hepatocyte recruitment in, 3093
HIF-1 in, 3100�3105, 3101f
hormones in, 3105
inflammatory cytokines in, 3105
iron metabolism and epo gene

regulation, 3105
modulators of, 3105
overview of, 3087�3088
oxygen sensor in, 3099�3100
oxygen-dependent epo production,

3096�3097
phases of, 3089�3090, 3089f
posttransplant, 3108�3109
rate of, 3097
regulation of, 3094, 3100�3105, 3101f
renal perfusion and, 3105
signaling in, 3100�3105, 3101f
sites of, 3092�3093, 3093f

receptor, 3090�3092, 3091f
recombinant, 3087�3088
for renal anemia, 3107�3109

replacement, for chronic kidney disease,
3037

structure of, 3088�3089, 3088f
Erythropoietin gene, 3100f

cloning of, 3087�3088
structure of, 3088�3089, 3100f
transcription of, 3097

Erythropoietin-producing cells, recruitment
of, 3097�3098

ES cells, see Embryonic stem (ES) cells
“Escape” from sodium retention, 1347
Escherichia coli, 54
Espin, 10
Essential amino acids, see Amino acid(s)
Estrogen

calcium ion channels and, 2176�2177
for hyperparathyroidism, 2288�2289
in pregnancy, renal hemodynamics and,

2694
Ethacrynic acid

calcium reabsorption and, 2239
Ethanol, for methanol poisoning, 2075
Ethylene glycol poisoning, 2076�2077
Etidronate, for hypercalcemia, 2293�2294
Etilefrine, transporters for, 2441
Etv4/5 gene, 871
Eubicarbonatemic metabolic acidosis,

2061�2062, 2062t
Exchangers, 48, 53�54, 58�59

anion
SLC4, see SLC4

Excitatory reflexes, in injured/diseased
kidneys, 478�479

Exercise-related lactic acidosis, 2073
hypernatremia in, 1553�1554, 1554t

Exocyst, 18
Extracellular calcium-sensing receptor,

see Calcium-sensing receptor
Extracellular domain (ECD), 989�990
Extracellular fluid volume (ECFV), see also

Fluid balance
afferent control of, 1286�1287
afferent sensing mechanisms and,

1286�1287

effector mechanisms regulating,
1287�1292

renal tubular acidification and, 1938
sodium balance and, 2477�2478, 2479f
TGF adaptations, 772�773

Extracellular matrix (ECM)
in renal development, 876

Extracellular signal-regulated kinase (ERK),
996, 1194, 2969�2970

ERK 1/2 kinase, 1268
Extracorporeal shockwave lithotripsy

(ESWL), 2331
Extraglomerular mesangium (EGM), 659,

661f, 662, 759�760
expression patterns, 760
MD cells vs.,, 759
morphology, 759�760

Extrarenal loss
in hypokalemia, 1719�1720

Eya1 gene, 869�870
Eye anomalies, in Alport syndrome, 2848
Ezrin/radixin/moesin (ERM) proteins, 10
in cell volume regulation, 127

F
Fabry disease, 2848t, 2859�2863
in children, 2862�2863

Facilitated diffusion, 58�59
FAK, in signaling, 386�387
Falciparum malaria, 2789
Familial hypekalemia hypertension (FHH)
sodium-coupled cation chloride co-

transporters and, 1225�1227
Familial hyperaldosteronism
KCNJ5 mutation and, 1218�1220

Familial hyperaldosteronism type I, 1342
Familial hyperaldosteronism type II, 1343
Familial hypocalciuric hypercalcemia,

2149�2150
calcium-sensing receptor mutations and,

2209
Familial Hypocalciuric Hypercalcemia

(FHH), 2289
Familial hypomagnesemia with

hypercalciuria and
nephrocalcinosis, 2150�2151

Familial Mediterranean fever, in pregnancy,
2720

Familial proximal renal tubular acidosis,
1840�1841

Familial renal glycosuria (FRG), 2398�2399
Fanconi syndrome, 2467
low-molecular-weight proteinuria in, 2467
pathophysiology of, 165
proximal renal tubular acidosis in,

2083�2084
in transplant recipients, 3160

Fanconi-Bickel syndrome, 2399
Fastigial nucleus, chemoreceptors in, 1982,

1982f, 1985
FAT1, 738
Fatty acid(s), 488
in ATP production, 151, 152f
in ketogenesis, 2064�2068, 2066f, 2067f
preference for, in proximal tubule, 154
in proteinuria, 2976�2977
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Fc receptors, 26
in antineutrophil cytoplasmic

autoantibody vasculitis, 2836�2837
in immune complex vasculitis, 2829

Fechtner syndrome, 2870�2871
Fenestrae, glomerular endothelial cells, 722
FGF-23, 3165
FGHNTIDAVP peptide, 1059�1061
Fibrillin1, in renal development, 878
Fibrin, in vasculitis, 2825�2826, 2826f
Fibroblast growth factor (FGF)
activin and, 873
external, 2477�2478
as growth factor, in renal development,

874
internal, 2477
steady-state, 2477�2478

Fibroblast growth factor 7, in phosphate
balance, 2369�2370, 2377

Fibroblast growth factor 23 (FGF-23), 2277,
2359, 2361�2362

in hypercalcemia of malignancy, 2381
in hyperparathyroidism, 2381
for hypophosphatemia, 2359
hypophosphatemic syndromes relating to,

2362�2363
in phosphate balance, 2253�2254,

2369�2370, 2375�2376, 2376f
Fibroblasts, 972�973
interstitial, 602�605, 604f, 605f

cortical, 604f, 605�606, 605f
extracellular matrix, 605
lipid droplets, 605
medullary, 606�607, 606f, 607f
peritubular, 604f, 605

Fibrogenesis, proteinuria and, 2971�2972
Fibromuscular dysplasia (FMD), 2585�2586
Fibronectin, 13
in acute ischemic injury, 2991
in glomerular basement membrane,

618�619
Fibrous dysplasia, hypophosphatemia in,

2381
Fick’s second law of diffusion, 50
Filtration barrier, glomerular, 624f, 625�626
Fimbrin, 10
First transmembrane domain (TM1), 989
Fish, renal progenitors in, 971, 972f
Fish oil, for preeclampsia prophylaxis, 2739
Flash pulmonary edema, 2578�2579
Flk-1, in preeclampsia-eclampsia,

2732�2734, 2733f
Flt-1, in preeclampsia-eclampsia, 2738
Flufenamate, transporters for, 2436
Fluid, interstitial, drainage of, 608�610, 608f
Fluid balance, see also Hypervolemia;

Hypovolemia; Water transport
antidiuretic hormone in, 2484�2491, 2485f
aquaporins in, 1427�1428
assessment of

electrolyte-free-water clearance in,
2486�2487

free-water clearance in, 2486�2487
in hyponatremia, 2487�2488
plasma osmolality in, 2485�2486
urinary chloride in, 2479�2481, 2480t

urinary sodium in, 2479�2481, 2480t
urine osmolality in, 2485�2486, 2486t

dietary sodium in, 2478, 2479f
mechanisms of, 2477�2478, 2479f
hypernatremia and, 1541�1542, 1543f

potassium transport and, 1683f, 1687�1691
in pregnancy, 1587�1588, 2702�2708,

2703f, 2706f
in chronic renal failure, 2718

renal aquaporins and, dysregulation of,
1424

renin-angiotensin-aldosterone system and,
1289�1290

in transplanted kidney, 3151, see also Renal
transplantation

Fluid intake
limits on, 299
reference values for, 294t

Fluid management, see also Diuretics
dilution acidosis in, 2100
in hypernatremia, 1559�1561

Fluid mosaic model, of plasma membrane,
46, 46f

Fluid movements through microvascular
walls, 276�279

changes in microvascular pressure,
277�278

plasma oncotic pressure, 279
Starling forces, 276�277

Fluid transport, see Water transport
Fluorescence, in intracellular pH

measurement, 1776
Fluorescent activated cell sorting (FACS)

and assessment of hyperplasia, 934
4-Fluoro-4-deoxy-dapagliflozin, 2401
Flurbiprofen, transporters for, 2436
Flux, ion, 47

tight junctional, 1106�1107
Fmn1 gene, 871
Focal adhesion kinase (FAK), 13
Focal adhesions, in signaling, 380, 386
Focal glomerulosclerosis, in pregnancy,

2719t, 2720
Focal segmental glomerulosclerosis (FSGS),

2779f
classification, 2781t
diagnosis, 2781
proteinuria in, 2781

heroin-induced, 2792
idiopathic, 2781
prognosis and clinical course of, 2781

pathology, 2781�2782
scarring, 2781

pathophysiology, 2782�2783
associated with sporadic, 2782
gene mutations, 2782
T cells, role of, 2782�2783

prognosis, 2781
treatment, 2783
angiotensin receptor antagonists (ARBs),

2783
angiotensin-converting enzyme (ACE)

inhibitors, 2783
corticosterioids, 2783
cyclophosphamide, 2783
cyclosporine, 2783

non-specific therapy, 2783
prednisone, 2783
rituxamab, 2783

Fodrin, 8�9
Fomepizole, for methanol poisoning, 2075
Food(s), see Diet
Foxc2, 735
in podocyte differentiation, 898

Foxc1 gene, 870
Foxd1 gene, 871�872
F-Prostanoid receptors, 494
Fractalkine, 2966�2967
Fractional excretion
of lithium, 2484
of potassium, 2495�2496, 2495f, 2496t
of sodium, 2481�2483
of urea, 2483�2484

Fractures, pathological
diet-related metabolic acidosis and, 2062
in idiopathic hypercalciuria, 2320�2321
in nephrolithiasis, 2320�2321

Frasier syndrome, 2871�2873
Free-water clearance (FWC), 2486�2487
Freeze-fracture electron microscopy, 347
Friedreich’s ataxia, 3008
Frizzled receptor, 381�382
Frizzled-related protein

in phosphate balance, 2253�2254,
2369�2370, 2376�2377, 2377f

in renal development, 875
Fructosuria, in pregnancy, 2699
F-type ATPases, 67, 82
Furosemide, see also Loop diuretics
calcium ion channels and, 2180
calcium reabsorption and, 2239
epithelial calcium and, 2180
loop diuretics, 1367�1368, 1368t
potassium excretion and, 1695, 1696f
test, 2505
transporters for, 2436f, 2437

Fusion�fission hypothesis, 273
FXYD2, 2154
FXYD4, 2154
FXYD proteins
in Na,K-ATPase and H,K-ATPases, 70�71

function and interaction with α- and
β-subunits, 70�71

isoforms, 70
Fz receptor, 381�382

G
GABA, Cl2 channel, 1035�1039
GAC mRNA, in metabolic acidosis, 2001
Gap junctions, 4�5, 627
and connexin hemichannels, 356�360
podocyte slit diaphragms, 382
in signaling, 382
structure and biochemical composition,

356
glomerulus and juxtaglomerular

apparatus, 357�358
renal localization, 357�358
roles in renal pathology, 360
tubule function, 359�360
tubules, 358
physiological function in, 358�360
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tubuloglomerular feedback and renin
secretion, 358�359

vascular conduction and
myoendothelial communication,
358

vasculature, 357
Gastric alkalosis, 2035
Gastric H,K-ATPase, 80�82
Gastrointestinal absorption, in acid�base

balance, 312�315, 2052
calculation of, 313�315

Gastrointestinal bleeding
renal anemia and, 3089�3090

Gastrointestinal (GI) tract
and acetazolamide, 1361
and methazolamide, 1361

Gastrointestinal hyperchloremic acidosis,
2098�2099

Gastrointestinal tract
calcium-sensing receptor and, 2203�2204

GAT-1, 28
GAT-3, 28
GATA 4, transcription factor, 1250
Gating mechanisms, 48, 54�56
ENaC, 993

Gender and dopamine, 543
Gene knockout studies, of TRPV5 channel,

2181�2182
Genes knockout technology, 865�866
limitation of, 865�866

Genetic Information Nondiscrimination Act
(GINA), 2645�2646

Genetic testing, for Alport syndrome,
2855�2856

Genetically modified mice, 865�866
Genetics
ambiguous, in Denys-Drash syndrome,

2871�2873
Na,K-ATPase, 73

Genitourinary developmental molecular
anatomy project (GUDMAP), 867

Genome-wide association studies (GWAS),
1214, 1232

Gentamicin
hypomagnesemia due to, 2157
nephrotoxicity of, 2903�2904, 2913�2914,

2914f
Gentamicin nephrotoxicity
role of iron, 3009�3010

Gestational hypertension, 2727, see also
Pregnancy

Giant cell arteritis, 2817�2818, 2819t, 2820f,
2827, see also Vasculitis

Git1, in signaling, 377
Gitelman syndrome (GS), 1230�1231,

1722�1723, 2148
calcium reabsorption in, 2234
clinical presentation, 1722�1723
genetic and molecular biology, 1722
hypokalemia in, 1722�1723
hypomagnesemia in, 2148
metabolic alkalosis in, 2037
NCC and, 1047, 1067�1068
pathogenesis of, 1722
pathophysiology, 1722
salt wasting in, 1310

Glia maturation factor-B, in proteinuria,
2970

Glial cell line-derived neurotrophic factor
(GDNF), 862

as growth factor, in renal development,
874

regulation, transcription factors and,
869�870

restriction of, 872
sprouty (Spry), 873

GLGF repeats, see PDZ proteins
Glomerular arterioles, 616�617, 618f
Glomerular basement membrane (GBM),

616�620, 618f, 730�732, 891�893,
901�904

in albuminuria, 2459
in Alport syndrome, 2847, 2849�2850,

2849f
type IV collagen in, 2853�2855, 2853t,

2854f
antibodies to
for anti-glomerular basement membrane

nephritis, 2856
in vasculitis, 2818

as charge barrier, 746
charge selectivity and, 2459
collagen IV in, 902�903
description, 730�732
glomerular cell interactions with,

mediation of, 904�905
laminin, 730�731, 901�904
heterotrimers, 730�731
mutation, 731

matrix proteins of, in signaling, 380, 381f
nidogen, 732, 903
podocytes, 739�740
α3β1 integrin, 739�740
CD151, 740
dystroglycan, 740
dystrophin-glycoprotein complex

(DGC), 740
integrin-linked kinase, 740
αvβ3 integrin, 740

proteoglycans, 732, 903�904
in thin membrane nephropathy,

2857�2858
type IV collagen in, 731�732, 2850
in Alport syndrome, 2853�2855, 2853t,

2854f
mutations, 731

Glomerular capillaries, 617�618, 618f, 693,
694f, 722

structure-based models of, 712�715
width of, 626

Glomerular capillary pressure, 765�766
Glomerular capillary wall

in Alport syndrome, 2849, 2849f, 2850f
permeability of
charge selectivity and, 2459

Glomerular cell hypertrophy, 945�947
compensatory, 947

Glomerular disease
inherited, 2848t
Alport syndrome, 2847�2857
autosomal dominant focal segmental

glomerulosclerosis, 2868�2870

autosomal recessive steroid-resistant
nephrotic syndrome, 2848t,
2865�2866

congenital nephrotic syndrome of
Finnish type, 2863�2865

Denys-Drash syndrome, 2871�2873
Epstein syndrome, 2870�2871
Fabry disease, 2859�2863
Fechtner syndrome, 2870�2871
Frasier syndrome, 2871�2873
G6PD deficiency, 2863
nail-patella syndrome, 2873�2874
Pierson syndrome, 2858�2859
of podocyte gene regulation, 2871�2874
of podocyte skeleton, 2868�2871
sialidosis, 2863
storage diseases, 2848t, 2859�2863
thin basement membrane nephropathy,

2857�2858
Glomerular endothelial cells, 722�728

description, 722
diaphragms, 722
fenestrae, 722
functional maintenance of, 722�728

angiopoietins, 725�726
CXCR4/CXCR7/CXCL12 axis, 727�728
ephrin-eph molecules, 726�727
Pdgfb/Pdgfbr, 723
Tgfb1, 724�725
Vegfa, 723�724

luminal side of, 722
origin of, 893�894
peripheral portions of, 722
recruitment and differentiation, 894�896
as vasoregulators source, 728

Glomerular endotheliosis, in preeclampsia-
eclampsia, 2735�2736

Glomerular filtration
of calcium, 2227�2228
filtration pressure equilibrium, 697�698
hydraulic permeability, 695�696
hydrostatic pressure, 699�700
of magnesium, 2139
membrane permeability, 693�694
micropuncture, 695�701, 697t
nephron plasma flow, 699
pore theory and, 702�707

advective transport, 704
fiber matrix theory and, 707
Fick’s law of diffusion, 702
glomerulus experiments, 705�706
and hydrodynamic flow, 703�704
Kedem-Katchalsky flux, 702, 705
restricted diffusion, 704�707
sieving curves, 706�707
steric hindrance, 703
Stokes’ law, 702
Stokes-Einstein radius, 702�703

renal blood flow and, 695
renal plasma flow (RPF), 695
SNGFR, see Single nephron glomerular

filtration rate (SNGFR)
systemic plasma protein concentration,

699
theoretical consideration, 693�694
ultrafiltration coefficient, 697�698
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Glomerular filtration barrier, 744�746,
2459�2460

albumin sieving, 708�709
charge barrier, 746

endothelial surface layer as, 746
GBM as, 746

charge selectivity, 708�711
endothelial glycocalyx, 709�711
theory, 708�709

electron micrograph of, 2459f
endothelial cells in, 2459
overview, 744
pore theory and, 702�707

advective transport, 704
fiber matrix theory and, 707
Fick’s law of diffusion, 702
glomerulus experiments, 705�706
and hydrodynamic flow, 703�704
Kedem-Katchalsky flux, 702, 705
restricted diffusion, 704�707
sieving curves, 706�707
steric hindrance, 703
Stokes’ law, 702

serial membrane models, 711�712
size barrier, 744�745

Glomerular filtration rate (GFR)
ACE inhibitors and, 2585
in acute kidney injury (AKI), 2527
angiotensin II and, 2585
assessment of, 3021�3022, 3024�3026

beta-2 microglobulin in, 3026
Cockcroft-Gault formula for, 3023t, 3024
creatinine clearance in, 3023�3024,

3023t, 3030�3031
from cystatin C concentration,

3025�3026
inulin in, 3021�3022
MDRD formulas for, 3023t, 3024
methods of, 3021�3022
from plasma clearance, 3023�3024
serum creatinine in, 3022�3023, 3035t

atrial natriuretic peptide (ANP) and, 1252
in calcium reabsorption, 2227, 2228f
corticosteroids and, 3163
cyclosporine and, 3168
in diabetic nephropathy, 2608, 2608t
dietary protein and, 3033�3034
fractional excretion of potassium,

2495�2496, 2495f, 2496t
and free amino acids, 2405
in metabolic alkalosis, 2027
postnatal development and, 911�912, 912f
potassium balance and, 1660�1663
in preeclampsia-eclampsia, 2737
in pregnancy, 2691�2699, 2709�2710,

2717, 2723
measurement of, 2711�2712

renin-angiotensin system in, 437
serum creatinine and, 3023�3024
sodium excretion and, 2481�2483
sodium reabsorption and

in proximal tubule, 913
sodium retention and, 1287�1288
in transplant recipients, 3152�3153, 3153f
vascular smooth muscle and, 391, 392f

Glomerular hilum, 721�722

Glomerular hydraulic pressure
intracapillary, 2933
mean arterial pressure, 2933�2934
transcapillary, 2933

Glomerular hyperfiltration, dietary protein
and, 3035

Glomerular hyperplasia, 937�938, 937f, 938f
podocytes and, see Podocytes

Glomerular hypertension, 942, 2936�2937
Glomerular injury, 744

crescent formation, 744
glomerular permeability, 744
glomerulosclerosis, 744

Glomerular mesangium, 618
Glomerular parietal epithelium, 743�744

β-catenin/Wnt signaling, 744
description, 743
in glomerular injury, 744
crescent formation, 744
glomerular permeability, 744
glomerulosclerosis, 744

podocytes, 743�744
Glomerular permeability, 744
Glomerular plasma flow (GPF), 766
Glomerular receptors, 551�552

in juxtaglomerular apparatus, 551�552
Glomerular sclerosis, 729
Glomerular tuft, 616�617, 618f, 619f, 721

cells of, 620�625
filtration barrier, 625�626
folding pattern, 626
and mesangial cells, 728
parietal epithelium of Bowman’s capsule,

626�627
stability of, 626, 626f

Glomerulonephritis, see also Glomerular
disease

antineutrophil cytoplasmic autoantibody,
see Antineutrophil cytoplasmic
autoantibody vasculitis

anti-glomerular basement membrane
albuminemia in, 2466
posttransplant, 2856

in pregnancy, 2718�2719, 2719t
Glomerulosclerosis, 744
Glomerulotubular balance, 1119�1121, 1119f,

1120f
proximal tubule reabsorption and
postnatal developmental and, 912�913

Glomerulus
anatomy of, 616�627, 617f
architecture, 616�618
calcium reabsorption in, 2227�2228, 2228f
capillary loops, development of, 721, 722f,

892, 893f
cell growth in, 933
development of, 881�882
diameter of, 616
function, 721�722
glomerular basement membrane (GBM),

618�620
glomerular tuft, cells of, 620�625
filtration barrier, 625�626
parietal epithelium of Bowman’s

capsule, 626�627
stability of, 626, 626f

morphogenesis, 891�893
structure, 721�722

Glucagon
in cell volume regulation, 129, 130f
in ketogenesis, 2064�2065
in potassium transport, 1633�1634, 1694
in renal tubular acidification, 1958

Glucocorticoid receptor (GR), 1182�1183,
1194�1196

for ENaC regulation, 1196�1197
post-translational modifications, 1195

Glucocorticoid-remediable aldosteronism
(GRA)

and aldosterone secretion, 1216�1218,
1217f

treatment options for, 1218
Glucocorticoids, 1163
adrenal

biosynthesis of, 2093, 2095f
potassium transport and, 1682�1685,

1683f, 1684f
biosynthesis of, 2093�2094, 2095f
in chronic kidney disease, 3043�3044
for glomerular hyperplasia, 944
in intracellular pH regulation, 1812�1813
in metabolic acidosis, 2056, 2060
in muscle protein metabolism, 3052�3053
pharmaceutical, see Corticosteroids
in potassium transport, 1685�1686
in proANP gene expression, 1247�1248
in renal tubular acidification, 1941
in urea transporter regulation, 1493

Glucocorticoid-suppressible aldosteronism,
metabolic alkalosis in, 2039

Glucopenia
antidiuretic hormone in, 1449
thirst in, 1455

Glucose, 154�155
in cell volume regulation, 124

in hypernatremia, 1554
homeostasis

diabetes mellitus (DM), 2399
overview of, 2393
transporters in, 2393

hyperuricuria and, 2322
metabolism of

PI 3-K signaling in, 388, 390, 390f
in pregnancy, 2699

reabsorption of, 2393
blocking of, as treatment for diabetes,

2399�2401
hSGLT2 in, 2398
sodium-dependent glucose transporters

and, 2394�2397
transporters in, see Glucose transporters

Glucose transporters, 2393, see also Sodium-
dependent glucose transporters
(SGLTs)

facilitated (GLUT), 2393
in diabetic nephropathy, 2614�2615

sodium-glucose co-transport, 1089�1090
Glucose-galactose malabsorption (GGM),

2393�2394
Glucose-6-phosphate dehydrogenase

(G6PDH), 758�759
deficiency, 2863
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Glucosuria
in pregnancy, 2699

GLUT transporters
in diabetic nephropathy, 2614�2615

Glutamate
in acid�base balance, 311
in metabolic acidosis, in acute state,

1997�1998
Glutamate dehydrogenase, in acid�base

balance, 1996
Glutamate transporters, in intracellular pH

regulation, 1795
Glutamatergic neurons, as chemoreceptors,

1982f, 1983�1984
Glutaminase, in metabolic acidosis,

2001�2002
Glutamine
in ammonium ion production, 1995�1996
in bicarbonate production, 1995�1996
in metabolic acidosis, 2051�2052

in acute state, 1997�1998, 1998f
in chronic state, 1999�2005, 1999f

Glutamine transporters
in ammoniagenesis, 1997

Glutamine/glutamate renal transport
metabolism, 2414

Glutathione (GSH) metabolism, 2415�2416
Glycation products, as uremic toxins, 3042
Glycine receptor (GlyR) Cl2 channels,

1035�1036
Glycocalyx, 264�265
Glycogen, in cell volume regulation,

124�125
Glycogen storage diseases, 2863
Glycophospholipid, 26�27
Glycoproteins
decay accelerating factor, 760

Glycosaminoglycan (GAG) chains, 607, 746,
877

Glycosphingolipid-rich membrane domains
epithelial cells polarization, 31

Glycosylation products, as uremic toxins,
3042

Glycosylphosphotidyl inositol (GPI) lipids,
24

Glypican 3 (Gpc3) gene, 877�878
Goldman�Hodgkin�Katz (GHK) Voltage

Equation, 225�227
Golgi complex, 21
Gonadal dysgenesis, in Denys-Drash

syndrome, 2871
Gonadal hormones, see Sex hormones
Goodpasture syndrome, 2765�2768, 2948
clinical presentation, 2767

laboratory findings, 2767
pulmonary hemorrhage, 2767

α3(IV) collagen, 2766
C-terminal and N-terminal domains, 2766
genetic susceptibility, 2766
pathology, 2766
peak incidence, 2765�2766
in pregnancy, 2719t, 2720
prognosis and therapy, 2767�2768

azathioprine, 2768
corticosteroids and immunosuppressive

therapy, 2767�2768

cyclophosphamide, 2768
plasmapheresis, 2767
survival rates, 2767

pulmonary inflammation associated with,
2766

tubulointerstitial nephritis in, 2766
Goormaghtigh cells, see Extraglomerular

mesangium (EGM)
Gordon syndrome, 1344, 1747, 1759�1760,

2097
Gout, see also Hyperuricemia

posttransplant, 3166�3167
gp330, 10�11
G6PD deficiency, 2863
G-protein-coupled receptor(s)

adenyl cyclase and, 370f, 371
amplification of, 371
arginine vasopressin, 371�372
calcium-sensing receptor, 2187
class C, 2187
dopamine, 371�372
inhibition of, 371
ligand binding to, 370, 370f
MAPK signaling and, 372�373, 372f
phospholipase C signaling and, 372�373,

372f
in polycystic kidney disease, 2667�2668
structure of, 369�370, 370f

G-proteins, in cell volume regulation, 127
Granular cells

functional aspects, 760�761
in juxtaglomerular apparatus, 760�761
morphology, 760
in renin synthesis, 432�433

Granules, atrial
structure of, 1241�1242

Granulomatous disease
hypercalcemia in, 2290�2291
hypernatremia in, 1557�1558

Green fluorescent protein (GFP), 23
in intracellular pH measurement, 1778

Gremlin, in renal development, 875�876
GRK2, in signaling, 371
Growth arrest specific gene 6 (Gas6),

937�938
Growth factor(s)

in acute kidney injury, 2558�2559
in cell volume regulation, 129
in disease progression, 2973�2975
in fibrogenesis, 2971�2972
in intracellular pH regulation, 1816�1817
in mesangial cells proliferation, 730,

937�938
in phosphate balance, 2253�2254, 2359,

2369�2370, 2373, 2375�2376
in preeclampsia-eclampsia, 2733f,

2734�2735
receptors, 374, 374f, 2559
in renal development, 375, 874
EGF, 876
FGF, 874
GDNF, 874
HGF, 876
IGF, 876
pleiotrophin, 875
secreted frizzled-related proteins in, 875

TGFβ, 875
WNT2b, 875

in tubulointerstitial disease, 2971�2972
in vitamin D metabolism, 2253�2254

Growth hormone (GH)
in acute kidney injury, 2558
in chronic kidney disease, 3044�3045
in metabolic acidosis, 2059
in phosphate balance, 2373

Growth/differentiation factor 11 (Gdf11),
873

GSK1016790A, 2671
GTPases, in acute kidney injury, 2540
Guanidino-containing compounds, as

uremic toxins, 3038�3039
Guanosine diphosphate (GDP)
cyclic

nitric oxide and
potassium transport and, 1675

in pregnancy, 2695
in signaling, 370, 370f

Guanosine monophosphate (GMP)
in pregnancy, 2695

Guanosine triphosphate (GTP), in signaling,
370, 370f

Guanylin
biological effects, 1256�1257
in hemodialysis, 1261

Gut, in acid�base balance, 2052

H
HA protein, 25�26
Haldane effect, 2061
Harboyan syndrome, 1852
Hartnup disease, 1997
Hartnup disorder, 2418
H-ATPase, 48, 60
in hydrogen ion transport, 1919,

1948�1950, 1954, 1956
structure of, 1949f

Hearing loss
in Alport syndrome, 2848
in Bartter syndrome, 2146
distal renal tubular acidosis and, 2087

Heart disease, see also Cardiac;
Cardiovascular

albuminuria in, 2467�2468
chronic kidney disease in, 3029
in polycystic kidney disease, 2650

Heart failure, see Congestive heart failure
(CHF)

Heat shock proteins (Hsp)
in acute kidney injury

in apoptosis, 2555�2556, 2991
in inflammation, 2991

extracellular, sources of, 2991�2992
intracellular, cytoprotective actions of,

2991
Heavy metal poisoning, phosphate balance

in, 2361
Hedgehog signaling and cilia, 334, 335f
HELLP syndrome, preeclampsia-eclampsia

and, 2715
Hematocrit, intrarenal, 817�818
Hematological cancer, see Cancer
Hematopoiesis, 3087�3100
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Hematopoiesis (Continued)
erythropoiesis in, 3087�3100, see also

Erythropoiesis
future aspects of, 3113
overview of, 3087�3100
thrombocytopoiesis in, 3109�3110

Hematuria
in Alport syndrome, 2847, 2854�2855
in APSGN, 2765
in pregnancy, 2707

Heme oxygenase, in acute kidney injury,
2556

Hemodialysis, 1261, see also Dialysis
electrolyte disturbances in

bicarbonate requirements in, 3137
bicarbonate-containing dialysate,

3136�3138, 3137f
calcium, 3140�3143
incidence of symptomatic hypotension

during, 3126
intolerance to acetate, 3136
magnesium, 3144
phosphorus, 3144�3145
potassium, 3132�3134, 3136�3138
sodium, 3125�3129
standard dialysate buffer used, 3136

for ethylene glycol poisoning, 2076
for hyperkalemia, 1767
for lactic acidosis, 2074
for methanol poisoning, 2074, 2076
in pregnancy, in acute renal failure, 2716
for salicylate poisoning, 2078

Hemodynamic probes, 2581�2583
Hemoglobin
in AKI, 2533

Hemolytic anemia, see also Anemia
in chronic renal failure, 3089�3090

Hemolytic-uremic syndrome (HUS) and
thrombotic thrombocyto-penic
purpura (TTP), 2793

associated with Shiga toxin-producing E.
coli, 2774

atypical form of, 2774�2775
drug-induced HUS/TTP, 2793
metalloprotease ADAMTS13 dysfunction,

2774
pathophysiology of, 2775t
von Wildebrand factor (vWF) multimers,

2774
Hemorrhage
uterine, in pregnancy, 2714

Hemoxygenases -1 and -2 (HO-1, HO-2)
in blood flow regulation, 832

Henle’s loop, see Loop of Henle
Henoch-Schönlein purpura, 2832�2833,

see also Vasculitis
in pregnancy, 2719t, 2720

Heparan, 30
Heparan sulfate
in acute ischemic injury, 2990�2991
in glomerular basement membrane, 619
as stone inhibitor, 2319

Heparin
hyperkalemia due to, 1763
for preeclampsia prophylaxis, 2739

Hepatic cysts, 2649, 2671�2672, 2674

Hepatic disease, see Liver disease/
dysfunction

Hepatic fibrosis, 2790
Hepatitis B virus (HBV) infection

clinical presentation and natural history,
2788

proteinuria, 2788
diagnosis, 2788
immune complex vasculitis in, 2830
pathology, 2788
pathophysiology, 2788
treatment, 2788
adenine arabinoside (vidarabine), 2788
glucocorticoid hormones, 2788
interferon-α therapy, 2788
3TC (lamivudine, Epivir), 2788

Hepatitis C virus (HCV) infection,
2787�2788

clinical presentation, 2787
membranoproliferative

glomerulonephritis (MPGN), 2787
physical findings, 2787

natural history, 2787
pathology, 2787
mesangial proliferation, 2787
with non-cryoglobulinemic MPGN, 2787

pathophysiology, 2787
treatment, 2787�2788
interferon-α treatment, 2787�2788
rituximab, 2788

Hepatocyte growth factor (HGF), 867
in acute kidney injury, 2558
in fibrosis, 2972
receptors for, 375
in renal development, 876

Hepatocyte nuclear factor (Hnf)-1, 872
Hepatocyte nuclear factor 1β (HNF1β), 2156
Hepatorenal syndrome (HRS)

in cirrhosis, 2635, 2635t, 2637�2638, 2637f
management of, 2639�2640
liver transplantation and, 2641
vasoconstrictors, 2639�2640, 2640t

prevention of, 2641�2642
Hereditary nephritis, in pregnancy, 2719t,

2721
Hereditary spherocytosis, 1888

anion exchanger mutations in, 1876t
Heterodimeric amino acid transporters

(HAT), 2411
Heterodimeric nucleotide receptors, 512
Hexosamine biosynthetic pathway

in diabetic nephropathy, 2615
Heymann nephritis, 2779, 2970�2971
HIFs, see Hypoxia-inducible transcription

factors (HIFs)
High Mobility Group Box 1 (HMGB1), 2989

biology of, 2990�2993
structure function of, 2989f

High pressure baroreceptors, 463�464
High-density lipoproteins, see Lipid(s)
High-potassium diet

potassium excretion and, 1679f, 1680
cooperative factors modulating, 1699

potassium reabsorption and, 1670
High-protein diet

intracellular pH and, 1815

and tubuloglomerular feedback, 772
Histidine, in acid�base balance, 311
Histone deacetylases (HDACs), 2674
Histotopography, medullary, 611f, 615�616
HIV infection
lactic acidosis in, 2073

HIV-associated nephropathy (HIVAN),
2785�2786

clinical presentation, 2785
neutrophil gelatinase-associated

lipocalin (NGAL), 2785
proliferative glomerulonephritis with

immune complex deposition, 2785
proteinuria, 2785
renal insufficiency, 2785
thrombotic microangiopathies with

renal involvement, 2785
natural history, 2785
pathology, 2785

podocyte markers, 2785
pathophysiology, 2786

CD4 counts, 2786
treatment, 2786

ACE inhibitor therapy, 2786
ARB therapy, 2786
highly active antretroviral therapy

(HAART), 2786
H,K-ATPases, 27�28, 48, 60�61, 148
in acid�base transport, 1950
ATP hydrolysis and, 148
α-subunit, 69

isoforms, 69
structure, 69

β-subunit, 69�70
functional role, 70
isoforms, 69�70
structure and α�β interaction, 70

β-subunit of, 28
colonic, 81�82
distribution along nephron, 1950
FXYD proteins, 70�71

function and interaction with α- and
β-subunits, 70�71

isoforms, 70
gastric, 80�82
genetics, 73
ion transport, 71�72, 72f
in kidney, 12
pharmacology, 72�73
in potassium depletion, 1680�1682, 1681f
in potassium reabsorption, 1676
properties, 71�73
structure of, 68�71
vacuolar (V-ATPases), 28�29

Homocysteine, as uremic toxin, 3043
Hormone(s)
in cell volume regulation, 129, 130f
in chronic kidney disease, 3043
in erythropoiesis, 3105
in intracellular pH regulation, 1812�1814
in potassium transport, 1745

Hox genes, 869
Human anti-GBM antibodies, 2766
Human disease genes, 1213�1214
Human immunodeficiency virus infection
lactic acidosis in, 2073
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Human mesenchymal stem cells (hMSC),
974

Human renal ciliopathies, 337�341
Alstrom Syndrome (ALMS), 340
Bardet�Biedl Syndrome (BBS), 340
Jeune Asphyxiating Thoracic Dystrophy

(ATD), 340�341
Joubert Syndrome (JBTS), 339
Meckel�Gruber Syndrome (MKS),

339�340
Nephronophthisis (NPHP), 338
Orofaciodigital Syndrome Type 1 (OFD1),

340
overlapping genes of, 338f
Polycystic Kidney Disease (PKD), 338
Sensenbrenner Syndrome, 341

Hyaluronan, in acute ischemic injury,
2990�2991

Hyaluronic acid (HA)
in branching morphogenesis, 878

Hydralazine, for preeclampsia-eclampsia,
2741t, 2742t

Hydraulic permeability coefficient, 96�97
Hydrochloric acid (HCl), 3140
in metabolic alkalosis, 2035

Hydrochlorothiazide
for diabetes insipidus, 1594
for preeclampsia-eclampsia, 2741t
transporters for, 2434

Hydrogen
excretion of

in bicarbonate production, 2021
routes of, 2021

loss of, in metabolic alkalosis, 2026
secretion of, in renal tubular acidification,

1917�1941, see also Renal tubular
acidification

Hydrogen leak, in renal tubular acidification,
1923�1924, 1923f, 1928

Hydrogen transport
apical membrane mechanisms of,

1917�1918
in distal nephron, 1943�1959
H-ATPase in, 1797�1798, 1919, 1948�1950,

1954, 1956
H,K-ATPase in, 48, 148, 1797�1798, see also

H,K-ATPase
in loop of Henle and thick ascending limb,

1941�1943
Na/H antiporter in, 1109�1111, 1110f,

1919�1921, 1921f
passive movement in, forces affecting,

1779�1780
potassium balance and, 1638�1639
primary active, 1919
in proximal tubule, 1917�1941
in renal tubular acidification, 1917, see also

Renal tubular acidification
secondary active, 1918�1921, 1921f
tertiary active, 1918, 1921�1922

Hydronephrosis
split hydronephrotic kidney and, 820�821,

821f
Hydrophilic solutes, microvascular

permeability to, 814, 815t

Hydroxy-3-methylglutaryl-CoA (HMG-
CoA), in albumin metabolism,
2967�2968

25-Hydroxycalciferol, in metabolic acidosis,
2058�2059

20-Hydroxyeicosatetraenoic acid (20-HETE),
498, 499f, 2673

and TGF response, 776
vascular effects of, 836

11-β-Hydroxylase deficiency
and congenital adrenal hyperplasia, 1220

17-α-hydroxylase deficiency
and congenital adrenal hyperplasia, 1220

21-Hydroxylase deficiency, 2093�2094
11-β-Hydroxysteroid-dehydrogenase type 2

(11β-HSD2)
aldosterone receptors and, 1197�1198,

1685�1686, 1686f
1,25-Hydroxyvitamin D

in chronic kidney disease, 3033
production of, 2276

25-Hydroxyvitamin D
metabolism of, 2251�2254, 2256
production of, 2251�2254

25-Hydroxyvitamin D3

metabolism of, 2252f, 2253f
production of, 2252f
structure of, 2252f

Hyperaldosteronism
hypokalemia and, 1699�1700
metabolic alkalosis in, 2022
in pregnancy, 2700�2701, 2702f

Hypercalcemia, 2275
aquaporin-2 in, 1425�1426
calcium metabolism, 2284�2290
calcium transport in, 2237�2240
calcium-sensing receptor mutations in,

2191�2192
causes of, 2284t, 2290
clinical presentation of, 2285
drug-induced, 2292�2293
in endocrine disorders, 2291
familial hypocalciuric, 2149�2150,

2289�2290
calcium-sensing receptor mutations and,

2209
familial hypocalciuric hypercalcemia

(FHH), 2289
in granulomatous disease, 2290�2291
and hyperparathyroidism following renal

transplantation, 2207�2208
in hypoparathyroidism, metabolic acidosis

and, 2038
in immobilization, 2292
of malignancy, 2290
fibroblast growth factor 23 in, 2381
hypophosphatemia in, 2381

in milk-alkali syndrome, 2291
posttransplant, 3163, 3164f, 3166
primary hyperparathyroidism (PHP),

2285�2289
in renal failure, 2292�2293
symptoms and signs of, 2285t
treatment of, 2293�2294
urea transport in, 1494

urine concentrating ability in, 1554
Hypercalciuria
hypocalcemic, 2320
idiopathic, 2319�2322, 2319f
in metabolic acidosis, 2058
in nephrolithiasis, 2319�2322, 2319f
thiazide diuretics, 2322

Hypercapnia
chemoreceptors in, 1987�1988, see also

Chemoreceptors
chronic, 1815
intracellular pH in, 1807
metabolic alkalosis and, 2033, 2036�2037
primary, see Respiratory acidosis
respiratory acidosis, 2120�2121

Hypercatabolism, cell volume and, 130
Hyperchloremic acidosis, 2064, 2064f, 2065t,

2066f, 2081, 2098�2099
with anion gap acidosis, 2064, 2066f
gastrointestinal, 2098�2099
posthypocapnic, 2099�2100

Hyperemesis gravidarum, 2714
Hyperfiltration
in diabetic nephropathy, 2608, 2608t

Hyperfiltration theory, 3033
Hypergammaglobulinemia in APSGN, 2765
Hyperglycemia
hyponatremia and, 1530
and mesangial cells, 946
tubuloglomerular feedback and, 774

Hyperkalemia, 1741, 3136
in acute kidney injury, 2561�2562
in Addison disease, 1758�1759
in aldosterone biosynthesis disorders, 1759
ammonium ion production in, 2007�2008,

2012
assessment of, 2492�2498
cardiac effects of, treatment of, 1764�1765
causes of, 1758�1764, 1758t
clinical evaluation of, 1753�1758
cyclosporine-induced, 3176
drug-induced, 1644�1645, 1758t, 1762
evaluation, urinary indices in, 2494�2496
in Gordon syndrome, 1759�1760
in hyporeninemic hypoaldosteronism,

1759�1761, 2094�2096
in metabolic acidosis, 2057�2058,

2092�2093, 2093f
potassium in, 3135�3136
in pseudohypoaldosteronism

type I, 1759
type II, 1759�1760

in respiratory acidosis, 1640�1641
tacrolimus-induced, 3176
treatment of, 1764�1765

Hyperkalemic periodic paralysis, 1761�1762
Hyperkalemic renal tubular acidosis,

2092�2093
Hyperlipidemia, see Dyslipidemia
Hypermagnesemia, see also Magnesium

balance
in acute kidney injury, 2563

Hypernatremia, chronic
causes of, 1546, 1547t, 1553�1554
cellular response to, 1544�1552
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Hypernatremia, chronic (Continued)
chronic

effective vascular volume in, 306�307
recovery from, 1546

classification of, 1553�1559, 1557t, 1559t
clinical features of, 1559, 1559t
essential, 1557�1558
fluid balance and, 1541�1542, 1543f
generation of, 1542
in granulomatous disease, 1557�1558
hypodipsia and, 1581�1582, 1581f
natriuretic effect of, 306
osmolytes in, 1545�1547, 1546f, 1547f,

1547t, 1548f
outcome in, 1561�1563, 1562t, 1563t
plasma sodium concentration and,

1541�1542
severe, risk of, 1561�1563, 1563t
thirst and, 1544
transient, 1552
treatment of, 1559�1561
volume depletion in, 306
volume regulation in, 1544�1545, 1544t,

1545t
Hypernatremia, see Sodium balance
Hyperosmolarity, potassium metabolism

and, 1646
Hyperoxaluria
enteric, 2336
primary, 2338

Hyperparathyroid jaw-tumor syndrome,
2286

Hyperparathyroidism
calcium-sensing receptor agonists for,

3081, 3082t
calcium-sensing receptor mutations and,

2205, 2209
diagnosis of, 2288
fibroblast growth factor 23 in, 2381
and hypercalcemia following renal

transplantation, 2207�2208
primary, 2285�2289

adenomas and, 2285�2289
familial, 2285�2289
genetic factors in, 2285�2289
in MEN syndromes, 2286
pathophysiology of, 2285�2289

renal osteodystrophy in, 3075�3076
secondary, 3075�3077

calcimimetics for, 3081
calcitriol in, 3073, 3078
calcitriol therapy for, 3078, 3082t
calcium-sensing receptor in, 2204�2207,

3073�3075
in chronic renal failure, 3075�3077
in dialysis, 2206�2207
FGF23-FGF receptor/Klotho signaling

network, 3075
hyperphosphatemia in, 3073, 3083
hypocalcemia in, 3074�3076
hypophosphatemia in, 2382
neonatal severe, 2149�2150, 2209
nephrolithiasis in, 2333�2335
osteitis fibrosa and, 2206�2207
parathyroid gland abnormalities in,

3075

posttransplant, 3162�3163
skeletal complications of, 2249, 2260�2261,

2260f
treatment of, 2209, 3078�3083, 3082t
vitamin D analogues for, 3078�3079, 3081,

3082t
vitamin D in, 3074

Hyperphosphatemia, 2382, see also
Phosphate balance

in acute kidney injury, 2562�2563
in chronic kidney disease, 3074, 3083
in renal failure, 2382
secondary, treatment of, 3081, 3082t
in tumoral calcinosis, 2382

Hyperplasia
of Bowman’s capsule, 968
renal, see Renal hyperplasia

Hyperprostaglandin E syndrome, see Bartter
syndrome (BS)

Hypertension, 1214, see also Mendelian
hypertension

albuminuria in, 2467�2468
aldosterone effects, 1329�1330
AME and, 1220�1221
and atrial natriuretic peptide (ANP),

1335�1336
in chronic renal failure, 2718, 3028
classification for treatment, 1319�1320
prehypertension, 1319
primary, 1320

Conn’s syndrome and, 1218�1220
in diabetic nephropathy, 2608, 2608t
and dopamine, 544, 568�569
early-onset, mineralocorticoid receptor in,

431
and eicosanoids, 1335
and endothelin, 1330�1332
end-stage renal disease and, 3028�3029
essential, genetic studies of, 1231�1232
genetic casues, 1341�1344, 1343t
gestational, 2727
glomerular, see Glomerular hypertension
glomerular capillary filtration coefficient

in, 1324
GRA and, 1216�1218, 1217f
in hyperparathyroidism, 2287�2288
incidence rate, 1319
and inflammatory cytokines, 1334�1335
Liddle syndrome and, 1222�1223
low-phosphate diet for, 3040�3041
malignant, 3028
mendelian, 1216�1225, 1216f
metabolic alkalosis and, 2038�2040
metabolic syndrome relating to, 1341
monogenic disorders relating to,

1342�1344
natriuretic peptide hormones and,

1249�1250
neural and hormonal mechanisms of,

1326�1336
obesity and, 1327�1328
resetting of baroreceptor reflexes in,

1327
SNS activity, 1327�1328

and nitric oxide (NO), 1332�1333
pheochromocytomas and, 1249�1250

in polycystic kidney disease, 2648
in pregnancy, 1221, 2724

causes of, 2727
in chronic renal failure, 2718
classification of, 2726�2727
diagnosis of, 2725�2727
gestational, 2727
in preeclampsia-eclampsia, 2727�2735,

see also Preeclampsia-eclampsia
treatment of, 2742

primary essential, 1336�1341
proANP gene in, 1249
protein intake and, 3034
regulation methods, 1320�1322

renal-body fluid feedback mechanism,
1321�1322

vasoconstrictors, 1321�1322
renal denervation in, 451
renal mechanisms of, 1322�1326
renin�angiotensin�aldosterone system,

1328�1329
renovascular, see Renovascular

hypertension (RVH)
salt-insensitive, 1323�1325
secondary casues, 1344�1349
sodium intake and, see Salt-sensitivity

hypertension
Hyperthyroidism, hypercalcemia in, 2291
Hypertonic NaCl, 771�772
Hypertonic solutions, 104
Hypertrophy, renal, see Renal hypertrophy
Hyperuricemia
in acute kidney injury, 2562
cyclosporine-induced, 3173�3174, 3173f
organic cation transporters in, 2445�2446
posttransplant, 3166�3167
in preeclampsia, 2740�2742

Hyperventilation
in metabolic acidosis, 1980�1981, 1981f,

2054�2055, 2055f, 2056f, 2057f
Hypervolemia, see also Fluid balance
in syndrome of inappropriate antidiuretic

hormone secretion, 306
Hypoaldosteronism, hyporeninemic,

1759�1761, 2094�2096
Hypocalcemia, 2275, 2294�2300
acquired hypoparathyroidism, 2296
in acute kidney injury, 2562�2563
calcium concentration in, 2294
causes of, 2294�2295, 2295t
clinical features of, 2295t
clinical presentation of, 2294
diagnosis and treatment, 2296
in hyperparathyroidism, 3073�3075
in hypomagnesemia, 2151�2153, 2299
in hypoparathyroidism, 2295�2297, 2295t
hypoparathyroidism and, 2295�2297
neonatal, 2295t
in pancreatitis, 2299
physiological response to, 2255f
posttransplant, 3162�3163
in pseudohypoparathyroidism, 2297�2298
treatment of, 2299�2300
vitamin D deficiency and, 2295t, 2298

Hypocalcemic hypercalciuria, 2320
Hypocalciuria
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in Gitelman syndrome, 2148, 2234
in isolated dominant hypomagnesemia,

2154
Hypocapnia
in acid�base balance, 1807�1808,

2055�2056, 2056f, 2057f
adverse effects of, 2135
central-nervous-system�mediated, 2129
chemoreceptors in, 1987�1988, see also

Chemoreceptors
metabolic acidosis and, 2099�2100
primary, see Respiratory alkalosis
respiratory alkalosis, 2127�2128
secondary physiologic response,

2130�2132
Hypodipsia, 1552
hypernatremia and, 1581�1582, 1581f

Hypodipsia-hypernatremia syndrome,
causes of, 1557�1558, 1557t

Hypokalemia
aldosterone in, 1733�1734
ammonium ion production in, 2007�2008,

2012
antidiuretic hormone in, 1732
aquaporin-2 in, 1425�1426
assessment of, 2492�2498
associated with intracellular shift, 1719
in Bartter syndrome, 1671, 1720�1722
blood pressure and, 1733
catecholamines in, 1634�1638, 1719
causes of, 1717, 2497
collecting duct dysfunctions

sodium uptake, 1729
diagnosis, 2496�2497
distal tubule dysfunctions

bicarbonate absorption, 1728
potassium secretion, 1729
sodium chloride transport, 1728

evaluation, urinary indices in, 2494�2496
experimental studies, 1724�1725
extrarenal loss from body, 1719�1720
in Gitelman syndrome, 1722�1723
and glucose intolerance, 1734�1735
human studies, 1725�1726
hyperaldosteronism and, 1699
hyperuricuria and, 2320
hypomagnesemia and, 1643�1644, 2160
in hypothermia, 1647
insulin-related, 1631�1633, 1633f
intracellular pH in, 1815
in Liddle syndrome, 1723
loop diuretics and, 1369
loop of Henle dysfunctions

bicarbonate and ammonium absorption,
1728

sodium chloride transport, 1728
metabolic acidosis and, 2098
metabolic alkalosis and, 1640, 2025�2032,

2037
polyuria in, 1556
posttransplant, 3162
potassium depletion in, 1630�1631, 1631f
potassium excretion in, 1680�1682, 1681f,

1682f
potassium in, 3135
potassium repletion for, 1631

proton secretion, 1729�1732
potassium excretion, 1730�1731
urea uptake, 1731
urinary concentrating defect, 1731�1732

proximal tubule dysfunctions
ammonia production and excretion, 1727
ammoniagenesis, 1727
bicarbonate reabsorption, 1726�1727
hypocitraturia, 1727
serum phosphate (Pi) concentration,

1727
sodium chloride transport, 1726

renal changes, 1724�1733
renal tubular acidification in, 1937�1938,

1958
renal tubular acidosis and, 2081�2088
respiratory alkalosis and, 1640�1641
systemic effects of, 1733
tubular fluid K1 concentration, 1718
urea transport in, 1494
urinary potassium excretion, assessment

of, 1718�1719
Hypokalemic hyperchloremic acidosis,

2098�2099
Hypomagnesemia

with abnormal renal salt handling,
2146�2149

acquired, 2157�2160
in Bartter syndrome, 2148
cyclosporine-induced, 3174
drug-induced, 2157
familial, with hypercalciuria and

nephrocalcinosis, 2150�2151
in Gitelman syndrome, 2148
hypocalcemia and, 2151�2153, 2299
hypokalemia and, 1643�1644, 2160
hypoparathyroidism and, 2299
hypophosphatemia and, 2159
isolated dominant, 2153�2155
CNNM2, 2155
FXYD2, 2153�2154
KNCA1, 2154�2155

isolated recessive, 2156
metabolic acidosis and, 2058, 2159
metabolic alkalosis and, 2037
mitochondrial, 2156�2157
posttransplant, 3174
with secondary hypocalcemia, 2151�2153
tacrolimus-induced, 3175

Hyponatremia, see also Sodium balance
in acute kidney injury, 2561
antinatriuretic effect of, 306
assessment, electrolyte-free water

clearance in, 2488�2489, 2488t,
2489t

distal convoluted tubule diuretics and,
1376

diuretic-induced, 1514�1515
drug-induced, nondiuretic, 1520�1521
evaluation of, 2487�2488
hemodynamic causes of, 1516�1517
hypertonic, 1530�1531
hypotonic
adaptations to, 1523�1526
classification of, 1512�1513, 1513f, 1513t
pathogenesis of, 1512�1513

treatment of, 1527�1529, 1529f
hypoxia and, 1525�1526
isotonic, 1530�1531
non-hypotonic, 1530�1531, 1531f

causes of, 1511, 1512t
rapid correction of, effects of, 1526
treatment

loop diuretics and, 1368�1369
vasopressin-receptor antagonists and,

1382
vasopressin escape in, 1428
water restriction in, 1527�1528

Hypoparathyroidism, 2295�2297
autoimmune, calcium-sensing receptor

mutations in, 2192
autosomal-dominant, 2149
diagnosis of, 2296
hypercalcemia in, metabolic acidosis and,

2038
hypomagnesemia and, 2295�2296

with secondary hypocalcemia,
2151�2153

laboratory findings in, 2297�2298
vs. pseudohypoparathyroidism,

2297�2298
secondary

calcimimetics in, 2205�2206, 2209
calcium-sensing receptor mutations in,

2209
parathyroidectomy for, 2207

treatment of, 2209
Hypoperfusion model, of acute kidney

injury, 2534�2536, 2535t
Hypophosphatemia, 2378�2381, 3145,

see also Phosphate balance
in alcohol withdrawal, 2380
calcium balance in, 2236�2237
causes of, 2378�2381, 2379t
clinical manifestations of, 2378�2381
in fibrous dysplasia, 2381
hypomagnesemia and, 2159
in McCune-Albright syndrome, 2381
in metabolic acidosis, 2058
phosphatonins in, 2253�2254
posttransplant, 3164�3165
pseudohypophosphatemia and, 2379t
in refeeding syndrome, 2380
in renal transplantation, 2380
in respiratory alkalosis, 2378�2381, 2379f
in rickets, 2380�2381
in sepsis, 2379�2380
sodium-phosphate cotransporter in, 2354,

2361
in tumor-induced osteomalacia, 2380
vitamin D deficiency and, 2298

Hypophosphatemic rickets
autosomal dominant, 2380�2381
X-linked, 2381

Hypophosphatemic syndromes
related to reduced FGF23, 2363
relating to elevated FGF23, 2362�2363

Hyporeninemic hypoaldosteronism,
1759�1761, 2094�2096

Hypotension
in hypocalcemia, 2299
mendelian, see Mendelian hypotension
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Hypothermia, hypokalemia in, 1647
Hypothyroidism, urea transport in, 1495
Hypotonic hyponatremia, see also

Hyponatremia
adaptations to, 1523�1526
classification of, 1512�1513, 1513f, 1513t
pathogenesis of, 1512�1513
treatment of, 1527�1529, 1529f

Hypotonic solutions, 104
Hypovolemia, 561, 2705, see also Fluid

balance
defense mechanisms against, 1542�1544,

1543f
in hypernatremia, 306, 1542�1544, 1553

with low total-body sodium, 1553�1554
with normal total-body sodium,

1554�1558, 1558t
in hyponatremia, 1516
prerenal azotemia and, 2530

Hypovolemia-induced renal failure, 2636
Hypoxemia
lactic acidosis and, 2071
in metabolic acidosis, 2061

Hypoxia, see also Ischemia
antidiuretic hormone and, 1449
and diabetic nephropathy, 2621
erythropoietin production in, 3098�3099
hyponatremia and, adaptation to,

1525�1526
intracellular pH in, 1810�1811
in metabolic alkalosis, 2033
nephrotoxic agents and, 2890�2891

Hypoxia-inducible transcription factors
(HIFs), 968

in endothelial development, 895
Hypoxia-inducible transcription factor-1

(HIF-1), 3100�3105, 3101f

I
Ibuprofen, transporters for, 2436
ICAM, in inflammation, 2901
Idiopathic calcium oxalate stone
apatite nucleation, 2326�2327, 2328f
CaSR and, 2327�2328
formation, 2324�2330, 2325f
growth on plaque, 2325�2326, 2327f, 2328
pathology, 2324�2331
phenotype, 2330
in practice, 2331

Idiopathic calcium phosphate stone formers,
2330�2331

clinical and histopathological features,
2330�2331

in practice, 2331
Idiopathic calcium stones
metabolic abnormalities, 2319

Idiopathic hyperaldosteronism, 1347
Idiopathic hypercalciuria, 2319�2322, 2319f
Idiopathic MPGN, 2771�2773
clinical presentation, 2773, 2773t

sub-nephrotic proteinuria in, 2773
incidence, 2771
laboratory findings, 2773
pathogenesis, 2772, 2773t

nephritic autoantibodies in, 2772
pathology, 2771�2772, 2774t

Burkholder variant, 2771�2772
dense intramembranous deposits,

2771�2772
silver stains, 2772f
type I electron micrograph, 2772f
type II and type III, 2771�2772

treatment, 2773
calcineurin inhibitor, 2773
mycophenolate mofetil, 2773
prednisolone, 2773
steroids, 2773

Idiopathic postpartum renal failure, 2715
IgA nephropathy (IgAN), 2763

biomarkers and treatment, 2770�2771
clinical presentation, 2770
loin pain, 2770

incidence, 2768�2769
ethnic difference, 2768�2769

pathogenesis, 2769�2770
cellular immunity, role of, 2769
decreased clearance of IgA-containing

complexes, impact of, 2769
podocyte injury, 2769

pathology, 2770
prognosis, 2770
adverse prognosis factors, 2771t

IgG Fc receptor
in antineutrophil cytoplasmic

autoantibody vasculitis, 2836�2837
in immune complex vasculitis, 2829

IgG receptor, in immune complex vasculitis,
2829

Ileostomy, 2338
IMCD-3 cells, 1203
Imerslund-Gräsbeck’s syndrome, 2467

albuminuria in, 2460�2461
Iminoglycinuria, 2418�2419
Immobilization, hypercalcemia in, 2291
Immune-complex-mediated vasculitis,

2828�2830, see also Vasculitis
Arthus reaction in, 2828�2830
cryoglobulinemic, 2818t, 2819t, 2820f,

2821�2822, 2828�2832
early studies of, 2828�2829
hepatitis B-induced, 2830
hepatitis C-induced, 2830�2831
pathogenesis of, 2828�2830
small-vessel
immune-complex-mediated, 2828�2830,

see also Immune-complex-mediated
vasculitis

Immune-mediated glomerulonephritides,
2948

Immunoglobulin G receptor
in antineutrophil cytoplasmic

autoantibody vasculitis, 2836�2837
in immune complex vasculitis, 2829

Immunoglobulin(s), see Antibodies
Immunoreactive parathyroid hormone

(iPTH) levels in dialysis patients,
3141

Immunosuppression
hypomagnesemia due to, 2157�2158
renal effects of
with cyclosporine, 3167, 3168f, 3170f,

3173f, see also Cyclosporine

with tacrolimus, 3167, see also
Tacrolimus

transplant, 3151, 3159�3160, 3168
cyclosporine in, 3159�3160, 3168, 3168f,

3170f, 3173f
tacrolimus in, 3174�3175

Impedance analysis, 187�188
In vitro growth behavior, stem cells, 964
In vivo growth behavior, stem cells, 964�965
Inborn errors of metabolism, metabolic

acidosis in, 2069, 2079�2080, 2081t
Independence principle, 49
Indian Hedgehog (IHH), 2282
Indomethacin
for diabetes insipidus, 1594
transporters for, 2436

Indoprofen, transporters for, 2436
Indoxyl sulfate, from dietary protein, 3037
Inducible nitric oxide synthase (iNOS), 728,

1000, 2543, 2550
Infants, see also Children; Congenital;

Neonates
renal development in, 911
water intoxication in, 1514

Infection (struvite) stones, 2312, 2312t,
2344�2345

Inflammation
in acute ischemic injury, 2985

CD91 in, 2992�2993
defensin in, 2991
endotoxin in, 2988�2989
fibronectin in, 2991
heat shock proteins in, 2991
heparan sulfate in, 2990�2991
hyaluronan in, 2990�2991
leukocytes in, 2986�2988
macrophages in, 2985, 2994�2995
neutrophils in, 2987
proinflammatory effects, 2988

overview of, 2985�2986
poly(ADP-ribose) polymerase in,

2993�2994
programmed necrosis in, 2993�2994
proinflammatory molecules in,

2988�2993
RAGE in, 2993
Toll-like receptors in, 2988�2993

in acute kidney injury, 2546�2549, 2547f
in atherosclerotic renal artery stenosis,

2588
in preeclampsia-eclampsia, 2735
in proteinuria, 2973�2974

INK4 proteins, 936
Inner medulla, 612, 665
passive mechanism hypothesis for,

1480�1481
Inner medullary collecting duct (IMCD),

643�644, 650�653, 652f
in acid�base transport, 1947�1948
anatomy of, 1144
ANP in, 1252
calcium-sensing receptor in, 2201, 2201f
potassium reabsorption in, 1676
sodium transport in, 1166, 1167t

rate of, 1181�1182
substrate preferences in, 154f, 157�158
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water and urea permeability of, 1471t,
1474

Inner stripe of outer medulla, 611f, 612, 612f,
614f, 616f, 665

potassium reabsorption in, 1676
Inorganic acids, see also Acid(s)
metabolism of, 2062�2063

Inorganic phosphate (Pi) transport, 634,
see also Phosphate

Inositol triphosphate, phospholipase C-
mediated production of, 384, 385f

Insulin
in cell volume regulation, 129, 130f
in chronic kidney disease, 3051
and ENaC regulation, 1002�1003
for hyperkalemia, 1765
in ketogenesis, 2064�2065
lactic acidosis due to, 2072
in magnesium balance, 2143�2144
Na,K-ATPase control by, 76
in phosphate balance, 2360�2361, 2373
in potassium balance, 1631�1633, 1633f,

1694, 1745
in renal tubular acidification, 1941
and sodium transport, 1169�1170

Insulin resistance
in chronic kidney disease, 3043�3044,

3051
preeclampsia-eclampsia and, 2740

Insulin signaling, 743
Insulin-like growth factor (IGF)
in chronic kidney disease, 3044�3045
in phosphate balance, 2373
in renal development, 876

Insulin-like growth factor I (IGF-1)
in acute kidney injury, 2558

Intact nephron hypothesis, 2935
Intake and output, see also Fluid; Urine
limits on, 299�300
reference values for, 294t

α3β1 Integrin, 739�740
Integrin-linked kinase, 740
Integrins, 13, 729�730
in proteinuria, 2968
in signaling, 380, 381f

Intercalated cells (IC cells), 653�658
in acid�base transport, 1943�1944, 1944f
consistent structural features of, 653�654,

653f
disruption of characteristic genes, 658
distribution of, 658
in potassium reabsorption, 1674f, 1675

potassium depletion and, 1678�1679,
1682f

proteins, 654�658, 654t
subtypes

non A-non B, 654t, 657�658
type A, 654�656, 654t, 655f, 656f
type B, 654t, 656�657

V-ATPases in, 84�85
Intercellular junctions, 347
adherens junctions

in kidney disease, 362
structure and localization of, 361

desmosomes, 361�362
in kidney disease, 362

structure and localization of, 361�362
gap junctions and connexin hemichannels,

356�360
structure and biochemical composition,

356
tight junctions, 347�356
biochemical composition, 348�351
dysfunction in ischemic acute kidney

injury, 355�356
physiological functions, 348
physiology of, 351�355
structure, 347�348

Interleukin-18 (IL-18)
as AKI biomarker, 2522

Interleukin(s)
in drug-induced injury, 2901

Interlobular artery, anatomy of, 595�596,
597f, 600

Interlobular vein, anatomy of, 595�596,
597f

Interlukin 18 (IL-18), 2536
Intermediate filaments, see Cytoskeleton
Intermediate junctions, see Adherens

junctions
Intermediate tubule

anatomy of, 635�640, 636f
ascending thin limbs of, 635�640, 636f,

640f
descending thin limb of
of long loops, 635�640, 636f, 637f, 638f
of short loops, 612, 616f, 635�640, 636f

Interspace model, and proximal tubule,
1104t, 1105

Interstitial edema, in acute kidney injury,
2542

Interstitial fibrosis
in pregnancy, 2737�2738

Interstitial fluid
brain
flow of, 1988�1989
pH of, 1987f, 1988�1990

drainage of, 608�610, 608f
Interstitial hydrostatic pressure, 279�282

interstitial oncotic pressure, 279�280
steady-state fluid uptake into microvessels

associated with absorptive
epithelia, 281�282

transient and steady-state fluid
movements through microvascular
walls, 280�281

Interstitial inflammation and fibrosis, 2466
Interstitial oncotic pressure, 279�280
Interstitial pressure, TGF and, 777
Interstitial space

defined, 602
Interstitium, 602�608

anatomy of, 602�608
cellular constituents, 602
defined, 602
dendritic cells of, 607�608
fibroblasts of, 602�608, see also Fibroblasts
lymphocytes, 608
macrophages, 608
volume fraction, 602

Intestinal bladder, chronic metabolic acidosis
and, 2099

Intestinal transport, of calcium, vitamin D in,
2254�2256, 2254f, 2255f

Intestines
in acid�base balance, 312�315, 2052
in metabolic alkalosis, 2037

Intracellular adhesion molecules, in
vasculitis, 2824

Intracellular shift
in hypokalemia, 1719

Intracranial aneurysms, in polycystic kidney
disease, 2650

Intraflagellar Transport (IFT) and IFT
motors, 323t, 324�325

Intrarenal arteries, see also Arcuate artery;
Cortical radial artery

connective tissue of, 608�610, 608f, 609f
Intrarenal hematocrit, 817�818
Intrinsic renal azotemia
causes of, 2531

Inulin concentration
glomerular filtration rate and, 3021�3022

Invertebrates
proANP gene in, 1261�1262
renal progenitors in, 971�972

Ion carriers, see Transporters
Ion channels, 47�48, 52, 54�58, 55f, 217
adaptation of Ohm’s Law to biological

systems, 224�227
architecture of, 821�825, 822t
biophysical properties, 223�233
vs. carriers and pumps, 62�63
in cell signaling, 217
channel gate, 229�230

modeling, 232�233
regulation of, 231�232
types, 230�231

Cl2-selective, 57�58
definition of, 197
and dopamine receptors, 547
drug effects on, patch-clamp studies of,

203, 204f
electrophysiological studies of, 177, see also

Epithelial electrophysiology
function of, 234�238, 238f

CLC channels and barttin (BSND),
234�235

KCNA channels, 235
KCNJ channels, 235�236
KCNK channels, 236
KCNM channels, 235
SCNN channels, 236
TRP channels, 236�238

functional expression of, 218f
gated, 197
Goldman�Hodgkin�Katz (GHK) Voltage

Equation, 225�227
K1-selective, 56, 57f
ligand-gated, 1035�1036
Na1-selective, 56�57
Nernst equation, 225�227
number of, determination of, 200, 201f,

202t
open and closed times of, determination

of, 202�203
open probability of, determination of,

200�201, 201f, 202t
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Ion channels (Continued)
passive diffusion, 223
patch-clamp recording of, 197, 199f, see also

Patch-clamp analysis
single-channel, 198�201, 200f, 201f

permeation, 228�229, 228f
and gating of, 993

pore block, 233
pumps transformation into, 63
with recognized function, 219t
recording with patch-clamp

electrophysiology, 223�224
rectification, 232
selectivity of, 227�228, 228f

assessment of, 195
determination of, 199�200, 201f

structure of, 238�248
ClC channels, 239�245
ROMK gating, 247�248

in water transport, 109
Ion concentration, intracellular vs.

extracellular, 45�46
Ion flux, 47
Ion pores, 47�48, 52, 54�55, 55f
Ion pumps, 47�48, 54, 60�63, 61f, 62f, 67,

144�149, see also ATPases
channels vs.,, 62�63
H/K, see H,K-ATPase
Na/K, see Na,K-ATPase
transformation into channel, 63

Ion substitution experiments, 195, 764�765,
765f

Ion transport, 45, 557�558
active

primary, 48, 53
secondary, 48, 53�54, 53f

ATPases in, 48, 144�149
at blood-brain barrier, 1988
calcium, 48
carrier-mediated, 58�59, 60f
in cell volume regulation, 122, 122f, 123f
cotransport (symport), 48, 53�54
countertransport (antiport), 48, 53�54
coupled, 52�53, 53f
diffusion in, 49�50, 50f
driving force in, 47�49
electrodiffusion in, 49�51, 50f, 51f
energetics of, 48, 143, see also ATP,

hydrolysis of; ATP, production of
flux in, 47
gating, 48, 54�56
H,K-ATPases, 71�72, 72f
hydrogen, 48
intracellular ATP and, 158f, 159�161
ion pumps in, 144�149, see also Ion pumps
ion-exchange, 48
kinetics, and bumetanide affinity of

NKCC1, 1057t
mechanisms, 48�54
membrane permeability and, 47�48, 50, 50f
moderate volume expansion, 557�558
Na,K-ATPase, 71�72, 72f
overview, 45
passive, 48�53

coupled transport, 52�53, 53f
diffusion in, 49�50, 50f

electrodiffusion in, 49�51, 50f, 51f
kinetics of, 52, 52f
mediated, 47, 51�52
pathways and mechanisms, 49�53
solubility diffusion, 47, 49, 52
thermodynamics of, 52

sodium, 47�48, 52�53
substrate utilization to, 1155�1156
transepithelial
electrophysiological analysis of, 177,

see also Epithelial electrophysiology
transmembrane, 45

Ion transport proteins, 47�48, 54�63
channels for, 47�48, 52, 54�58, 55f, see also

Ion channels
comparisons, 62�63
functionally different, in same family, 63
pores, 47�48, 52, 54�55, 55f
pumps, 47�48
structure�function correlations in, 63f
transporters (carriers), 47�48, 52, 54,

58�60, 59f
Ion-motive ATPases, 67, see also Ion

pumpsspecific types
overview, 67

IP receptor, 495
Iron, deficiency of, see Anemia
Iron metabolism and epo gene regulation,

3105
in erythropoiesis, 3105

Iron-catalyzed free-radical generation,
3011�3012

Iron-deficient diet, 3015
Irrigant absorption syndrome, 1530�1531,

1531f
Ischemia, see also Hypoxia

acute
ATP depletion in, 166
inflammation in, 2985, see also

Inflammation
mitochondrial reperfusion injury in, 166
pathophysiology of, 166

in acute kidney injury, 2542�2543
apoptosis in, 166
chronic, pathophysiology of, 166�167
Ischemia-reperfusion injury, endothelial

cells in, 2891�2893
lactic acidosis and, 2071
necrosis in, 165�166
in renal allograft, 3152�3154
uteroplacental, in preeclampsia-eclampsia,

2731, 2732f
Ischemic injury

epithelial cell polarity and, 32�33
Ischemic nephropathy (IN)

adaptive responses to, 2584�2585, 2584f
atheroemboli and, 2587
atherosclerotic, see Atherosclerotic renal

artery stenosis
clinical presentations of, 2578�2579
diagnosis of, 2579�2581, 2579f
global renal atrophy of, 2583
inflammation in, 2985, see also

Inflammation
natural history of, 2590�2591
necrosis in, 2993�2994

oxidative stress in, 2587�2588
pathophysiology of, 2583�2584

issues associated with, 2588�2589
renal pathology in, 2589�2590
shear stress in, 2587
treatment strategy of, 2591�2593
vasoconstrictors, imbalance of, 2587

Ischemic preconditioning, for acute kidney
injury prevention, 2563�2564

Isoforms
nitric oxide synthase, 2543

Isolated dominant hypomagnesemia,
2153�2155

Isolated perfused kidney technique, 2463,
2534, 2535t

Isolated recessive hypomagnesemia (IRH),
2156, 2158

Isoprenylcysteine carboxylmethyltransferase
(PCMTase), 999

Isopropyl alcohol poisoning, metabolic
acidosis in, 2068

Isoproterenol
in magnesium balance, 2143�2144
in renal tubular acidification, in distal

nephron, 1958�1959
Isotonic solutions, 104
Isotonic transport, 1084

J
Jak/STAT signaling
and cilia, 329�330, 330f
in proteinuria, 2970

Jeune Asphyxiating Thoracic Dystrophy
(ATD), 340�341

JNK signaling pathway, 388
Joubert Syndrome (JBTS), 339
Junctional adhesion molecules (JAMs), 18,

20�21
Junctional complexes, 4�13, 627
Juxtaglomerular apparatus (JGA), 516, 757,

see also Tubuloglomerular feedback
(TGF)

anatomy of, 617f, 658�659, 659f
cellular elements of, 757�761, 758f, see also

Extraglomerular mesangium
(EGM); Granular cells; Macula
densa (MD) cells

components of, 433f
nerves of, 610
renin secretion in, 518
renin synthesis in, 432�433, 433f, 436
in tubuloglomerular feedback, 761�763

Juxtamedullary efferent arterioles, 596�598,
597f, 598f, 599f

Juxtamedullary nephron preparation, 820, 821f
Juxtamesangial portion, 721�722

K
K1 channels, 56, 57f
architecture of, 245�247
TGF response and, 764

Kaliurea, in pregnancy, 2700�2701, 2702f
Kaliuresis
aldosterone-induced, 1685, 1693
sodium-induced, 1690�1691
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Kaliuretic peptide, 1245
activation of MEK 1/2, 1267, 1268f
mechanisms of action, 1252�1253, 1253f

Kallikrein, 2177
Kallikrein�kinin system
sodium excretion and, 1302

cirrhosis and, 1302
Kawasaki disease, 2818, 2818t, 2819t, 2820f,

see also Vasculitis
KCNA channels, 235
KCNA1 mutations
magnesium balance, 2154�2155

KCNA10 channel, 1617
KCNJ channels, 235�236
KCNJ5 mutation
and familial hyperaldosteronism,

1218�1220
KCNK channels, 236
KCNM channels, 235
KCNQ1 channel, 1616�1617
Kearns�Sayre syndrome, lactic acidosis in,

2073
Ketoacidosis, 2064
alcoholic, 2068�2069, 2075
causes of, 2064
diabetic, 2068
in inborn errors of metabolism, 2064, 2069,

2077, 2081t
ketogenesis and, 2064�2068, 2066f, 2067f,

2068f
pathophysiology of, 2064�2068
in starvation, 2068
treatment of, 2100

Ketoacids, supplemental, in low-protein diet,
3054

Ketogenesis, 2064�2068, 2066f, 2067f, 2068f
Ketoglutarate, in metabolic acidosis, in acute

state, 1997
Ketone bodies
metabolism, 151�152
preference for, in proximal tubule,

151�152
Ketoprofen, transporters for, 2436
KGA mRNA, in metabolic acidosis, 2001
Ki67, cellular proliferation marker, 969�970
Kidney, see also Renal
anatomy of, 593, see also Renal anatomy
calcium sensing receptor, 2275
erythropoietin production in, 3092, 3093f
functional aspects, 633�635

reabsorption of water and solutes,
634�635

receptor-mediated endocytosis,
633�634, 633f

sodium proton exchange, 634
H,K-ATPases in, 80�82
IMCD transport, 1849
morphological types of, 595
mTAL transport in, 1849
Na,K-ATPase in, 75�80

control by dopamine and parathormone,
76�77, 77f

control by insulin, 76
regulation in proximal tubule, 76�77

reniculus, 595
SLC4A7 gene disruption in mouse, 1849

structure-function correlations of, 631
primary single cilia, 631�632
proximal tubule, 632�635

unipapillary, 595, 596f
vitamin D, 2281

Kidney function
calcium-sensing receptor and, 2194�2202

Kidney injury molecule 1 (KIM-1),, 2521,
2536

Kidney stones, see Nephrolithiasis
Kidney transplantation, 2768
Kimmelstiel-Wilson lesion, 2610�2611
Kinase receptors

serine/threonine, 375�376, 376f, 384
in signaling, 374�375, 374f, 376f
tyrosine kinase, 374f, 375

Kinase(s)
cyclin-dependent, 935�936, 935f
inhibitors, as negative regulators,

936�937
and regulation of ENaC, 995�997
in ROMK regulation, 1609�1610

Kir channels, 230, 235�236
Klotho, 635, 2176

mutations of, 2362
Krebs cycle

in ketogenesis, 2065�2066
in lactate metabolism, 2070

Kreisler (Mafb), 735
in podocyte differentiation, 898

Kv1.3 channel, 1617

L
Label-retaining cells (LRC), 964

papillary, 965, 965f, 966f
Labetalol, for preeclampsia-eclampsia, 2741t,

2742t
Labile (catalytic) iron, in kidney disease

in cardiac ischemia-reperfusion injury,
3013, 3013f

in cisplatin nephrotoxicity, 3009, 3010f
in cisplatin-induced acute kidney injury,

3010f
in contrast-media-associated

nephrotoxicity, 3012, 3013t
definition, 3007�3008
in diabetic nephropathy, 3015�3016
in experimental glomerular disease,

3013�3014
in experimental progressive kidney

disease, 3015
in gentamicin nephrotoxicity, 3009�3010
in gentamicin-induced renal mitochondria,

3011
evidence in rat models, 3011�3012

in human disease, 3015
in myoglobinuric acute kidney injury,

3008�3009
in progression, 3016�3017
in redox cycling, 3008

Lacis cells, Extraglomerular mesangial
(EGM) cells

Lactate
metabolism of, 2065f, 2069�2070, 2069f
preference for, in proximal tubule, 152�153

Lactate dehydrogenase, 2070

Lactic acid, metabolism of, 2065f, 2069�2070,
2069f

Lactic acidosis, 2065f, 2069�2070, 2074
causes of, 2071�2074, 2080t
in diabetes mellitus, 2072�2073
d-type, 2080
hypernatremia in, 1552
in inborn errors of metabolism, 2079�2080
ischemia and, 2071
pathophysiology of, 2065f, 2069�2070,

2069f, 2074
pyruvate in, 2069�2070
treatment of, 2074, 2100

Lactosuria, in pregnancy, 2699
Lamina densa (LD), 12, 2459f
Lamina lucida, 12
Lamina rara externa (LRE), 2459f
Lamina rara interna (LRI), 2459f
Laminin, 12, 18, 30, 730�731, 877
glomerular basement membrane and,

901�902
heterotrimers, 730�731
mutation, 731

L-amino acids, 2274
Lamins
in drug-induced injury, 2895�2896
in glomerular basement membrane,

618�619
Lamivudine, transporters for, 2441
Lanthanum carbonate, see also Phosphate

binders
for hyperparathyroidism, 3081
LARG, in vascular smooth muscle

regulation, 391
Large pores water flow, 97�98, 98f
Large-volume paracentesis, for cirrhosis,

1303
L-arginine synthesis, 2414�2415
by proximal tubule cells, 2415

Laser-Doppler method, for blood flow
measurement, 819

Late postpartum eclampsia, 2728
Lateral interdigitating folds, 630
Laxative abuse, 2497
L-citrulline, 2414�2415
L-3,4-dihydroxyphenylalanine (L-DOPA),

541�542
AADC and, 540�542
plasma, 540�541
renal tubular uptake, 541
sodium intake and, 542
sources of, 540�541

LDL receptor, 26
“Leak pathway,” 6
Lei Gong Teng, 2671
Leprosy-associated nephrotic syndrome,

2790
Leptin
in chronic kidney disease, 3045�3046

Leukemia, see also Cancer
hypercalcemia in, 2292

Leukemia-associated Rho guanine
nucleotide exchange factor (LARG)

in vascular smooth muscle regulation, 391
Leukocyte adhesion molecules, in vasculitis,

2822f, 2824�2826, 2825t
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Leukocyte(s)
and acute kidney injury, 2546�2549
in inflammation

in acute ischemic injury, 2986�2988
in vasculitis, 2822�2826, 2825t

Leukocytoclastic angiitis, 2821f
Leukotriene A4 (LTA4), 497
Leukotriene receptor B4, 497�498
Leukotrienes, 497
cysteinyl (cys), 497�498
leukocytes and, 497
5-lipoxygenase in, 497
synthetic pathway, 497f

L-glycine, 2415
Liddle syndrome (LS), 254, 1343�1344, 1723
clinical presentation, 1723
ENaC and, 994, 1003, 1189�1192
genetic and molecular biology, 1723
and hypertension, 1222�1223
hypokalemia in, 1723
metabolic alkalosis in, 2040
pathogenesis of, 1723
pathophysiology, 1723
treatment of, 1723

Lidocaine, transporters for, 2441
Ligand-binding domain (LBD), 1194�1195
Ligand-binding receptor domains, 369
Ligand-gated ion channel (LGIC), 1035�1036
Light chains, acute kidney injury due to,

2533�2534
Lim1 gene, 870
Limb deformity (ld) gene, 871
Lin-7/CASK/SAP-97 complex proteins,

414�416, 415f
Lin-7 isoforms, 415�416
Lipase
in ketogenesis, 2064�2065, 2066f

Lipid bilayer, 5, 45
Lipid rafts, 46
Lipid(s)
elevated serum, see Dyslipidemia
and ENaC regulation, 1000
in ketogenesis, 2065, 2066f, 2067f, 2068f
in proteinuria, 2976�2977

Lipocalin PGD synthase (L-PGDS), 494
Lipolysis, in ketogenesis, 2065, 2066f, 2067f,

2068f
Lipoxins
for glomerular hyperplasia, 940

Lipoxygenase, eicosanoids and, 497�498
12/15-Lipoxygenase-derived products, 498
Lithium
diabetes insipidus due to, 1557

aquaporin-2 in, 1425
fractional excretion of, 2484
hypercalcemia due to, 2292
nephrotoxicity of, 2915�2918, 2917f
polyuria due to, 1557, 2491
urine concentration and, 1495

Lithotripsy, extracorporeal shock
wave, 2331

Liver
in acid�base balance, 2050
acute fatty, pregnancy, 2715
erythropoietin production in, 3093

Liver cirrhosis

sodium retention in, Na,K-ATPase
induction and, 79�80

Liver disease/dysfunction
lactic acidosis in, 2073
polycystic, 2649�2650
in preeclampsia, 2730
urea nitrogen in, 301

Liver transplantation (LT), 2641
Liver-type fatty acid binding protein (L-

FABP), 2522
LL5, 21
LLC-PK cells, 30
LLC-PK1 cells, 14
Lmx1b, 735

in podocyte differentiation, 897
Loading dose of a drug, 3201�3208
Locus ceruleus, chemoreceptors in, 1982,

1982f, 1985
Long transient receptor potential channel 2,

2899
Long-acting natriuretic peptide (LANP),

1244�1245
and ERK 1/2 activation, 1268
mechanisms of action, 1252�1253, 1253f
and MEK 1/2 activation, 1268
receptor, 1260
and stroke, 1249

Loop diuretics, 764, 764f, 1362�1366, 1363f,
1368, 1368t, 2505, 3194�3195

adverse effects of, 1368�1370
calcium reabsorption and, 2239
and calcium transport, 1365
and chloride transport, 1363�1365, 1365f
clinical use, 1368, 1369t
dose-response curve, 1364f
for hyponatremia, 1528
magnesium balance and, 2142
and magnesium transport, 1365
mechanisms of action, 1363�1366, 1365f
NKCC1, 1051
NKCC2, 1049�1053, 1055�1056
oxygenation, 1366�1370
pharmacokinetics, 1368, 1368t
potassium excretion and, 1695, 1696f
potassium transport and, 1670�1671
renal hemodynamics and, 1366�1370
renin secretion, 1365�1366, 1366f
and sodium transport, 1363�1365, 1365f
systemic hemodyanamics, 1367�1370
urinary electrolyte excretion and, 1356t,

1362�1363
Loop of Henle, 4, 558�559, 1356, see also

Ascending thin limb of Henle;
Descending thin limb of Henle;
Thick ascending limb of Henle’s
loop (TAL)

acid�base transport in, 1941�1943
anatomy of, 1143�1144
calcium transport in, 2230�2232
calcium-sensing receptor in, 2196�2199,

2196f, 2197f
collecting ducts and, 615
defined, 1363
dopamine receptors and, 558�559
effects, on MD NaCl concentration, 763
flow, and preglomerular resistance, 766

length of, 600, 602f
magnesium reabsoprtion in, 2140�2142,

2141t, 2142f, 2145f
potassium transport in, 1667�1668, 1668f,

1670�1671
sodium retention and, 1288�1289, 1300,

1303
sodium transport in, 1144�1160

oxygen consumption and, 154f, 155�156
substrate preferences in, 154f, 155�156

Low pressure baroreceptors, 464
Low slat diet, 3053
Low-calcium dialysate, 3141
Low-density lipoproteins, see Lipid(s)
Lower body negative pressure (LBNP), 460
Lowe’s syndrome, proximal renal tubular

acidosis in, 2084
Low-phosphate diet, 3040�3041
Low-potassium diet
potassium excretion and, 1680, 1681f, 1682f

aldosterone and, 1700
Low-protein diet, see also Protein(s), dietary
amino acid/ketoacid supplements in, 3054
in chronic kidney disease, 3040�3041,

3046�3060
clinical trials of, 3056�3057, 3059f
compliance with, 3051�3052
disease progression and, 3056�3059, 3059f

in diabetes mellitus, 3056
efficacy of, 3056, 3059f
indications for, 3056
protein stores and, 3047�3049
types of, 3050�3051
urea transporters and, 1493

Lowry method, 695�696
L-phenylalanine, 2415
L-serine, 2415
L-tyrosine, 2415
Ludwig, Carl, 693
Luminal glycocalyx, 272
Luminal membrane, 558, 628�630
chloride ion channels, 1089
and dopamine receptors, 558
potassium transport across

antidiuretic hormone and, 1692f, 1694
salt and water balance and, 1683f,

1687�1691
sodium channels, 1089
transport pathways across, 1088�1095,

1094f
Lung cancer, see also Cancer
hyponatremia in, 1520

Lung disease/dysfunction
SIADH in, 1520

LX4211, 2401
Lymphatics, 608�610
Lymphocytes, see also T cell(s)
associated with APSGN, 2764�2765
interstitial, 608

Lysinuric protein intolerance, 2417�2418
Lysosomes, in albumin metabolism, 2461

M
Macrophages
in acute kidney injury

ischemic, 2986, 2994�2995
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in AKI, 2548
in tubulointerstitial disease, 608
in vasculitis, 2819�2821

Macula densa (MD) cells, 757�759, see also
Juxtaglomerular apparatus

anatomy, 659�663
and ATP, 768
cells of, 659, 659f
and COX-2 expression, 759
depolarization, 769�770
vs. EGM cells, 759
expression pattern of, 759t
functional aspects, 659�663, 660f, 661f,

662f
morphology, 757
NaCl concentration

effects, on SNGFR, 763, 763f
loop of Henle flow and, 763

NaCl transport, 757�758, 758f, 769�770
renin and, 432, 433f, 434
and renin secretion, 778�785

Madin-Darby canine kidney (MDCK) cells,
2463�2464

cell line, 6, 14, 14f, 17�19
Magnesium
calcium-sensing receptor and, 2187�2190
disturbances in hemodialysis, 3144
excretion of

effects of diuretics on, 1356t
in peritoneal dialysis, 3144
supplemental

gastrointestinal toxicity of, 2152�2153
for hypomagnesemia with secondary

hypocalcemia, 2151, 2153
transport

distal convoluted tubule diuretics,
1373�1374, 1373f

loop diuretics and, 1365
Magnesium balance, 2139
in Bartter’s syndrome, 2145
calcium balance and, 2143�2144
calcium-sensing receptor in, 2141, 2144,

2145f, 2149�2150, 2187
CNNM2 mutations, 2155
cyclosporine and, 3173f, 3174
distal convoluted tubule in, 2142�2145
distal diuretics and, 2157
glomerular filtration in, 2139
hormones in, 2141, 2143�2144
KCNA1 mutations, 2154�2155
loop diuretics and, 2142
loop of Henle in, 2140�2142, 2142f
metabolic acidosis and, 2058
metabolic alkalosis and, 2036
posttransplant, 3174
potassium balance and, 1643�1644
proximal tubule in, 2139, 2140f
reference values for, 294t
tacrolimus and, 3175

Magnesium carbonate, metabolic alkalosis
and, 2034

Magnesium channels, 219t
Magnesium reabsorption via TRPM6, 237
Magnesium sulfate
for eclampsia, 2741, 2742t
for hypocalcemia, 2299

Magnetic resonance angiography (MRA)
for renal artery stenosis, 2579�2580

Magnetic resonance imaging
BOLD, 167
in diabetes insipidus, 1593
in hypernatremia, 1549�1552, 1551f, 1552f,

1553f, 1553t, 1554f
in intracellular pH measurement, 1779
in polycystic kidney disease, 2646f, 2647

Major facilitator superfamily (MFS), 59
structure of, 2443f

Malaria, 2789
falciparum, 2789
infection with P. falciparum, 2789
infection with P. malariae, 2789
quartan, 2789

Malate-aspartate shuttle, 151f
Malignant hypertension, 3028
Malnutrition, 3047

in acute kidney injury, 2563
metabolic alkalosis in, 2038, 2073

Malpighi, Marcello, 693
MALS/Veli proteins, 415�416
Maltase, 10�11
Mammalian target of rapamycin (mTOR),

389
and cilia, 332�333, 333f
inhibitors, 2672�2673
in polycystic kidney disease, 2668�2669

Mammals
CLC Cl2 channels, 1021�1026, 1022f

pharmacology of, 1023
Mannitol, 1354�1355

in cell volume regulation, in
hypernatremia, 1554

clinical use, 1357
effect on GFR, 1356�1357
intravenous administration of, 1357
mechanism of action, 1356
pharmacokinetics, 1357
renal hemodynamics, 1356�1357

MAP kinase kinase (MKK-1)/(MEK-1),
1267�1268

MAP kinases
in drug-induced injury, 2900�2901

MAPK signaling pathway, 386�388, 387f
activation of, 380
ERK, 386, 387f
G-protein-coupled receptors in, 372�373
JNK, 388
kinase receptors in, 375�376, 388

Mast cells, renin and, 434
MATE2-K, 2447
Matrix extracellular phosphoglycoprotein, in

phosphate balance, 2369�2370, 2377
Matrix metalloproteinases

in pregnancy, 2696�2698, 2697f
in vascular smooth muscle regulation, 391
in vasculitis, 2825�2827, 2827f

Maxi-potassium channel, 1615�1616
calcium-sensitive, 1674�1675

McCune-Albright syndrome,
hypophosphatemia in, 2381

Monocyte chemoattractant-1 (MCP-1), , in
proteinuria, 2970�2971

MDR1, 2447�2448

MDRD formulas, for glomerular filtration
rate, 3023t, 3024�3025, 3032

Mechanical ventilation, 2124�2125
Mechanistic target of rapamycin, 741�742
Mechanosensation and cilia, 329, 329f
Mechanosensory nerves, 469
α-adrenoceptors, 474�475
angiotensin II, 474
bradykinin, 475
endothelin, 476�477
impairment of, 477�478
pathophysiological conditions, 477�479
physiological conditions, 470�477
prostaglandin E2 (PGE2), 474

cAMP-protein kinase A (PKA), 474
receptors, 474

substance P and, 468f, 471�474
CGRP and, 473
functional support for, 473
TRPV1 and, 473�474

Meckel�Gruber Syndrome (MKS),
339�340

Medullary collecting duct
anatomy of, 602, 602f, 616
dopamine receptors and, 559�560
inner (IMCD), 643�644

substrate preferences in, 154f, 157�158
water and urea permeability of, 1471t,

1474
outer (OMCD), 643�644

substrate preferences in, 154f, 157
water and urea permeability of, 1470t,

1474
in potassium reabsorption, 1674f, 1676

potassium depletion and, 1682f
in potassium transport, 1668
ratio of loops of Henle, 615

Medullary microcirculation, 804�809, 806f,
807f, 808f, 809f, 827�828, 827f

measurement of, 818�819, 818f, 819t
Medullary raphe, chemoreceptors in, 1982,

1982f, 1985
Medullary thick ascending limb, see Thick

ascending limb of Henle
Megakaryocyte growth and differentiation

factor, 3109�3110
Megakaryocytes, in thrombopoiesis,

3109�3110
Megalin, 10�11, 633�634, 2461, 2461f
in albuminuria, 2460�2461
tubular reabsorption of, 2963, 2964f
in tubulointerstitial disease, 2963, 2965

MEK inhibitors
in MAPK pathway activation, 385
PD184352, 2672
U0126, 2672

Melanocyte-stimulating hormones (MSHs),
1258

Mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes
(MELAS) syndrome, 2073

Melastatin-like TRPM2, 2899
Membrane microdomains, dopamine

receptors and, 549
Membrane permeability, 47�48, 50, 50f
aquaporins and, 106�107, 107f, 108t
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Membrane permeability (Continued)
cell type and, 104�105
cell volume and, 121, see also Cell volume
descending vasa recta hydraulic

conductivity and, 812, 813f
luminal, 1088�1095
osmotic equilibrium and, 95�96, 96f

Membrane proteins
of apical membrane, 8�11
of basolateral membrane, 11
peripheral, 4�5
of tight junctions, 6

Membrane trafficking
Na,K-ATPase regulation and, 74�75

Membrane-associated guanylate kinase
(MAGUK) proteins, 31, 407�408

Membranoproliferative glomerulonephritis,
2763, 2791

Membranous nephropathy (MN),
2775�2780, 2779f

clinical presentation, 2776�2777
with fibrocellular crescents (RPGN),

2776
proteinuria as a surrogate marker, 2777
thrombosis, 2777

diagnosis, 2777
associated with other systemic diseases,

2777
drug-induced, 2792�2793
genetic susceptibility, 2779

HLA B18 expression, 2779
HLA DR3 expression, 2779

malignancy-associated, 2790�2791
clinical presentation, 2790�2791
pathology, 2791
pathophysiology, 2791
treatment, 2791

natural history, 2776�2777
progress to ESRD, 2777

pathology, 2777�2778
C5b-9 staining, 2778

pathophysiology, 2778�2779
systemic diseases associated with, 2776t
treatment, 2779�2780

chlorambucil plus prednisone, 2780
corticosteroids, 2780
cyclophosphamide plus prednisone,

2780
cyclosporine, 2780
diuretics, 2780
methylprednisolone, 2780
mycophenolate mofetil (MMF), 2780
rituximab, 2780

Multiple endocrine neoplasia (MEN)
syndromes, hyperparathyroidism
in, 2286

Mendelian hypertension, 1216�1225, 1216f,
see also Hypertension

Mendelian hypotension
congenital adrenal hyperplasia, 1225�1226

salt-wasting, causes of, 1226
congenital hyper-reninemic

hypoaldosteronism, 1225
Mendelian traits, 1213
2 meSADP, 512, 518
Mesangial cells, 861

contractile ability of, 730
description, 728
diabetes and, 946
extraglomerular, see Extraglomerular

mesangium (EGM)
in GBM, 621f, 626
glomerular development and, 881�882
glomerular tuft and, 728
growth factors, 730
mesangial matrix and, 728�729
origin of, 882
proliferation, 937�938, 937f
and apoptosis, 939
role of Cdks in, 938
therapeutic inhibition of, 939�940

signaling molecules in, 729�730
ephrin B2, 730
integrins, 729�730
Pdgfb, 730

vasoactive factors, 730
Mesangial matrix, and mesangial cells,

728�729
Mesangiocapillary GN, 2771
Mesangioproliferative glomerulonephritis,

496
Mesangium, 517

development of, 896�897
Mesenchymal stem cells (MSC), 960,

968�969
human, 974
kidney repair by, 974

Mesenchymal-to-epithelial transformation
(MET), 860

Mesonephros, development of, 859
Metabolic acidosis

acute, 2049�2050
adaptation to
acute, 1997�1998, 2049
chronic, 1999�2005, 2049�2050

in adrenal insufficiency, 2093�2094
age-related, 2062f, 2062t
alcohol-related, 2068�2069, 2074�2077
ammonium ions in
anion gap, 2063�2064
excretion of, 1997�1998, 2009�2012
production of, 1997�1999, 2007�2008,

2011f, 2012
secretion of, 2006�2008

in anemia, 2072
assessment of
urinary indices in, 2480t, 2481

bone changes in, 315�316, 2059, 2062
calcium balance in, 2037, 2051�2052,

2051f, 2058
in cancer, 2073
carbon dioxide dissociation curve in, 2061
in carbon monoxide poisoning, 2071�2072
catecholamines in, 2060
chronic, 1814�1815, 1999�2005,

2049�2050
after urinary diversion, 2099
treatment of, 2100�2101
urea production in, 2051�2052, 2051f

in chronic kidney disease, 3046�3049,
3049t, 3059�3060

citrate metabolism in, 2060�2061, 2060f

in clinical disorders, 2062�2074
in congenital tubulopathies, 2037
in cyanide poisoning, 2072
definition of, 2049�2050
in diabetes mellitus, 2069, 2072
in diarrhea, 2098
diet-related, 2062
dilution, 2100
endothelin in, 2059
erythropoiesis in, 3105
in ethylene glycol poisoning, 2076�2077
eubicarbonatemic, 2061�2062, 2062t
evaluation of, 2498�2506

plasma anion gap, 2498�2499
urinary indices in, 2499

exercise-related, 2073
gastrointestinal�ureteral connections in,

2099
glucocorticoids in, 2056, 2060
growth hormone in, 2059
Haldane effect in, 2061
hyperchloremic, 2064, 2064f, 2065t, 2066f,

2081, 2098�2099
anion gap in, 2064, 2066f
gastrointestinal, 2098�2099
posthypocapnic, 2099�2100

hyperkalemia and, 2092�2093
hypokalemia and, 2098
hypomagnesemia and, 2159
hypoparathyroid hypercalcemia and, 2038
hyporeninemic hypoaldosteronism and,

2094�2096
hypoxemia in, 2061
in inborn errors of metabolism, 2069,

2079�2080
intracellular pH in, 1806
ketoacidosis, 2064
lactic, 1552, 2065t, 2069�2070, 2074
local vs. systemic effects in, 2061
in methanol poisoning, 2075�2076
in mineralocorticoid deficiencies,

2092�2093, 2094t
mitochondrial glutaminase in, 2001�2002
mixed anion gap-hyperchloremic, 2064,

2066f
NHE3 in, 2006�2007
nitrogen balance in, 2056�2057
organic vs. inorganic acid metabolism and,

2062�2063
overview of, 2049
oxygen dissociation curve in, 2061
in paraldehyde poisoning, 2077
pathophysiology of, 2011�2012
in patients with end-stage renal disease,

3139�3140
PEPCK in, 1999�2000, 1999f, 2004�2005
phosphate balance in, 2058, 2361
in poisoning, 2071�2072, 2074�2101
poorly absorbed anions and, 2037
post-fasting, 2037�2038
potassium balance and, 1691�1693, 1700,

2007�2008, 2012, 2057�2058
in primary adrenocortical deficiency, 2093
protein metabolism in, 2056�2057,

3047�3053, 3049t
in muscle, 3049�3053, 3049t
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renal growth and, 2061
renal tubular, see Renal tubular acidosis
in salicylate poisoning, 2077�2078, 2081t
signaling in, 2005�2007
SN1 transporter in, 1999, 1999f
sodium balance in, 2057
thyroid hormones in, 2059
trade-off hypothesis for, 2061�2062, 2062f
treatment of, 2100�2101
uremic, 2078�2079
urinary sodium/chloride excretion in,

2479�2481, 2480t
ventilation in, 1980�1981, 1981f,

2054�2056, 2055f, 2056f, 2057f
in wasting syndrome, 2056

Metabolic alkalosis, 2021
adaptation to

chronic, 2027�2029
respiratory response in, 2022f, 2023
systemic response in, 2022�2024, 2022f

adrenal adenoma and, 2022
adrenal hyperplasia and, 2022
in adrenogenital syndromes, 2039
adverse effects of, 2033, 2033t
aldosterone in, 2028, 2038�2040
antacids and, 2034
approach to patient in, 2032�2033
in Bartter syndrome, 2037
bicarbonate in

excess, 2025�2027
excretion of, 2022�2024, 2022f
redistribution in extracellular fluid,

2022�2023, 2022f
renal reabsorption of, 2023�2025,

2029�2032
chloride balance in, 2028, 2031
chronic, 1814�1815
in cirrhosis, 2034
clinical significance of, 2040
in congenital chloride diarrhea, 2036
in congestive heart failure, 2034
contraction, 2027
in Cushing syndrome, 2039
decreased glomerular filtration rate in,

2027
definition of, 2021
in a dialysis patient, 3139�3140
distal convoluted tubule diuretics and,

1376
distal nephron acidification in, 2030�2031
diuretic-induced, 2036, 2481
in edematous patients, 2034
effective arterial blood volume in,

2033�2038, 2035f
with exogenous bicarbonate gain,

2033�2034
extracellular fluid in

bicarbonate distribution in, 2022�2023,
2022f

composition of, 2021
decrease in, 2028
increase in, 2022�2023, 2022f

future research directions for, 2041
gastric, 2035
generation phase of, 2021�2022
in Gitelman syndrome, 2037

history in, 2032�2033
hydrochloric acid in, 2035
hydrogen loss in, 2026
in hyperaldosteronism, 2022
with hypertension, 2038�2040
in hypomagnesemia, 2037
intracellular pH in, 1806
intrinsic tubular defect, 2031�2032
laboratory findings in, 2032
in Liddle syndrome, 2040
loop diuretics and, 1369�1370
maintenance phase of, 2021�2022
management of, 2032
mechanisms of, 2025�2032
in milk alkali syndrome, 2034
mineralocorticoids in, 2028�2030,

2038�2040
overview of, 2021�2022
pathophysiology of, 2025�2027, 2041
physical examination in, 2032�2033
post-hypercapneic, 2036�2037
potassium balance in, 1640, 1691, 1693,

1700, 2025�2032, 2037
presentation of, 2032
proximal tubule in, 2029�2030, 2030f
renin in, 2038
salt intake and, 2025, 2031
in starvation, 2037�2038, 2068
thick ascending limb of Henle in, 2030
ventilation in, 1980�1981, 1981f
without exogenous bicarbonate gain, 2035

Metabolic pathways
in ATP hydrolysis, 143�149
in ATP production, 149�154
cell volume and, 130�131
fatty acid oxidation, 151
gluconeogenetic, 153
glycolytic, 152�153
impaired, metabolite output and, 301
ketone body, 151�152
mitochondrial oxidative, 158�159

mitochondrial oxidative, 149�151, 150f,
151f, 152f

in renal transport, 154�165, 154f
coupling mechanisms for, 158�162
energy production pathways in,

149�154
substrate preference along nephron

segments and, 154
tricarboxylate acid cycle, 154

Metabolic substrates
preference for, 154�158, 154f
in cortical collecting duct, 157
in distal convoluted tubule, 157
in loop of Henle, 155�156
in medullary collecting ducts, 157�158
in proximal tubule, 153�155

utilization of, ion transport and,
1155�1156

Metabolic syndrome
in chronic kidney disease, 3051
in diabetic nephropathy, 2621�2622
preeclampsia-eclampsia and, 2740

Metalloproteases (MMPs), 878
Metanephric mesenchymal cells, 960
Metanephric mesenchyme (MM)

induction
molecules involved in, 880�881, 880t
and tubulogenesis, 878�881

isolated culture of, 864�867, 865f, 866f
unidentified signals from, 873

Metanephros, development of, 859�861, 860f
transcription factors in, 868�872

Metformin, 2672�2674
lactic acidosis due to, 2072
transporters for, 2441

Methanol poisoning, 2075�2076
Methazolamide
absorption, by GI tract, 1361

Methyldopa, for preeclampsia-eclampsia,
2741t

α,β-Methylene adenosine 50-diphosphate
(MADP), 768�769

Methylprednisolone, see Corticosteroids
Methyltransferases
and ENaC regulation, 999

Mg21 recovery
thick ascending limb of Henle in, 642�643

Mg21 transport
in distal convoluted tubule, 642�643

Mg-ATP
interaction with Na,K-ATPase, 73

Michaelis�Menten equation, 52
Microalbuminuria, see Albuminuria
Microfilaments, in apical microvilli, 9�10
Microperfusion in in vitro, 820, 820f
Microscopic polyangiitis, 2833�2834, 2835t,

2839�2840
Microtubule-organizing center (MTOC), 322
Microtubule(s), 634, see also Cytoskeleton;

Renal tubular; Tubular
in cell volume regulation, 126
in epithelial polarization, 8f

Microtubule-associated (MAP) kinases,
see MAP kinases

Microvascular blood flow, see also Blood
flow

regulation of
adenosine in, 832�833, 833f, 834f
adrenomedullin in, 829�830
aldosterone in, 829
angiotensins in, 828�829, 829f
antidiuretic hormones in, 827�828, 827f
arachidonic acid metabolites in,

834�837, 836f
autoregulation, 826�827, 826f
carbon monoxide in, 832
cytochrome P-450 metabolites in,

836�837, 836f
endothelins in, 837
extracellular ATP in, 833�834, 835f
hemoxygenases -1 and -2 in, 832
natriuretic peptide in, 837�838
nitric oxide in, 830�831
pressure natriuresis and, 826�827, 826f
purinoceptors in, 832�834, 833f, 834f,

835f
reactive oxygen species in, 831�832

Microvascular blood flow and solute
transport, 283�285

Microvascular exchange, 810�812
AQP1 water channels and, 812�814
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Microvascular exchange (Continued)
coupling of fluid and solute transport

during ultrafiltration, 275�276
of fluid and solutes by convection and

diffusion, 275�287
fluid movements through microvascular

walls, 276�279
increases in microvascular permeability,

285�286
measuring, 286�287

interstitial hydrostatic pressure, 279�282
microvascular blood flow and solute

transport, 283�285
starling forces in, 810�812
starling pressures and local lymph flow,

282�283
Microvascular permeability, 263�275
to lipophilic solutes, 267
permeability coefficients to

macromolecules, 269�272
permeability coefficients to small

hydrophilic molecules, 267�269
porous membranes, passive transport and

permeability coefficients of,
265�272

of small hydrophilic solutes, 814, 815t
small hydrophilic solutes and water,

272�273
macromolecules, 273�275

ultrastructural features, 264�265
continuous endothelium, 264
fenestrated endothelium, 264, 264f

to urea, 814�815, 817f
Microvascular walls
endothelium in

fenestrated, 599f, 600
fluid movement through,

see Microvascular exchange
structure of, 599�600, 599f, 600f

Microvasculature, 803
anatomy of, 595�600, 596f, 597f, 598f, 599f,

600f, 803�804, 804f, 805f, 806f, 807f,
808f, 809f

cortical, 803�804, 804f, 805f, 806f
measurement of, 818�819, 818f, 819t
medullary, 804�809, 806f, 807f, 808f, 809f
reactivity of, measurement of, 820�821,

820f, 821f
transport functions and properties of,

809�817
vasoactivity of, 821�822, 822t, 823t

Microvilli, apical, 8�11
Middle molecules, as uremic toxins,

3041�3042
Milk-alkali syndrome, 2034
hypercalcemia in, 2291

Mineralocorticoid receptor (MR), 431,
1194�1196, 1215�1216

activation of, mutations and, 1216�1220
ASDN cells and, 1182�1183
for ENaC regulation, 1196�1197
in TAL, 1184�1185

Mineralocorticoids, see also Aldosterone;
Renin

biosynthesis of, 2093�2094, 2095f
deficiency of

causes of, 2092�2093, 2094t
renal tubular acidosis and, 2092�2093

in metabolic alkalosis, 2028�2030,
2038�2040

in potassium transport, 1682�1685, 1683f,
1684f

in pregnancy, 2700
in proANP gene expression, 1248
renal resistance to, 2096�2098
in renal tubular acidification, 1957
in salt wasting, 1310�1311
in sodium reabsorption, 392
in sodium transport
TAL, 1159�1160

Minimal change disease (MCD)
clinical presentation, 2783�2784
concomitant tubulointerstitial disease,

2783�2784
episodes of acute kidney injury,

2783�2784
hypertension, 2783�2784

diagnostic test, 2784
malignancy-associated, 2791�2792
natural history, 2783�2784
non-steroidal anti-inflammatory drug

(NSAID)-induced, 2792�2793
pathology, 2784
pathophysiology, 2784
T cell activation, 2784

in pregnancy, 2719t, 2720
treatment, 2784�2785
chlorambucil, 2784�2785
cyclophosphamide, 2784�2785
cyclosporine, 2784�2785
prednisone, 2784

Mints, 415
Mitochondria

in apoptosis, AKI, 2554
in programmed necrosis, 2994
reperfusion injury in, 166

Mitochondrial carriers, 149�150, 151f
Mitochondrial cytopathies, 165
Mitochondrial encephalomyopathies, lactic

acidosis in, 2073
Mitochondrial glutaminase, in metabolic

acidosis, 2001�2002
Mitochondrial hypomagnesemia, 2156�2157
Mitochondrial oxidative phosphorylation,

149�150, 150f, 151f, 152f, 158�159
regulation of, 158�159

Mitochondrial respiration, 149�150, 150f
disorders of, 165
regulation of, 158�159
solute transport and, 158�159

Mitogen-activated protein kinase kinase
(MEK), 2969�2970

Mitogen-activated protein kinase (MAPK),
328, 547, see also MAPK signaling
pathway

in polycystic kidney disease, 2668
Mitogenic factors, in cell volume, 131
Molar Tooth Malformation (MTM), 339
Molecular coupling, 52�53
Molecular sieving, 272
Monckeberg’s sclerosis, 3076
Monoamine oxidase (MAO), 542

Monocarboxylate transporters
intracellular pH and, 1802�1803

Monocytes
in acute kidney injury

ischemic, 2987
associated with APSGN, 2764�2765
in vasculitis, 2819�2821, 2824�2827

Montmorillonite, 3135
Mortality rate
atherosclerotic renal artery stenosis, 2578

MRP1, 2430
MRP3, 2430
MRP6, 2429�2430
MRP/ABCC family, 3188
mTOR, see Mammalian target of rapamycin

(mTOR)
Muddybrown granular casts, 2537
Multidrug and toxin extrusion 1 transporter

(MATE1), 2446�2447
Multidrug resistance (MDR) family, 23�24
Multidrug resistance-associated proteins
MRP1, 2430
MRP2, 2433�2434
MRP3, 2430
MRP4, 2434�2435
MRP6, 2429�2430

Multiple myeloma, see also Cancer
hypercalcemia in, 2290
proximal renal tubular acidosis in, 2084

Mus Musculus, as model systems for cilia,
337

Muscle contraction, signaling in, 391, 392f
Muscle function
in hypocalcemia, 2294

Muscle protein metabolism, in chronic
kidney disease, 3049�3053

Muscle wasting
in chronic kidney disease, 3049�3053

Mutant mice, 562�563
D1R, 562
D2R, 562
D3R, 562
D4R, 562�563
D5R, 563

Myc gene, 871
Mycobacterial diseases with renal

manifestations, 2790
membranous nephropathy attributed to

M. tuberculosis and M. leprae, 2790
Myeloma, see Multiple myeloma
Myeloperoxidase, in antineutrophil
cytoplasmic autoantibody vasculitis,

2834�2837, 2835t
Myocardial contractility, 2134
Myoclonic epilepsy with ragged fibers, lactic

acidosis in, 2073
Myofibrils, 760
Myofibroblasts, 972�973
Myoglobin, in AKI, 2533
Myoglobinuric acute kidney injury
role of iron, 3008�3009

Myosin, 760
in apical microvilli, 8�9

Myosin light chain kinase (MLCK), 6
in vascular smooth muscle regulation, 391,

392f
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Myosin light-chain phosphatase (MLCP), in
vascular smooth muscle regulation,
391, 392f

Myosin VI, 2963

N
n-3 polyunsaturated fatty acids, 488
Na1 gradient hypothesis, 53�54
Na1-selective channels, 56�57
NaBC1 (SLC4A11 gene), 1851
Na1-Ca21 exchangers, 54
N-acetyl-β-D-glucosaminidase (NAG), 2536,

3012
Na1-Cl2 co-transporter (NCC), 645�646,

1047
analysis of, 1062t
cDNA sequence, 1051�1052
functional characterization of, 1054�1055,

1055t
and Gitelman’s syndrome, 1047,

1067�1068
phosphorylation of, 1066t
physiological roles of, 1070
physiology of, 1048�1051
regulation of, 1059�1067
structure function relationship issues in,

1056�1059, 1058f
thiazide-sensitive, 1049, 1051�1052,

1054�1055, 1055t
transepithelial ion transport by, 1050f

NaCl reabsorption
dysfunctions, in distal convoluted tubule,

647�648
thick ascending limb of Henle role in, 641

bicarbonate reabsorption, 641�642
Mg21 and Ca21 recovery, 642�643

NAD(P)H, 455�456
Nafamostat mesylate, hyperkalemia due to,

1764
Na1-glucose co-transporters, 54
Nail-patella syndrome, 2873�2874
Na,K-ATPase, 145�147, 147f, 162�165,

221�222
active NaCl transport and, 765
aldosterone and, 78, 79f, 1193�1194
angiotensin II, biphasic effect of, 77
in ascending thin limb of Henle,

1472�1473
ATP hydrolysis and, 145�147, 147f, 150f,

158f, 159�161
basolateral membrane domain, 630�631
in basolateral membrane domain, 1665,

1666f
cardiac steroid interaction with, 72
in cell adhesion, 75
cell signaling by, 75
control

in collecting duct, 78�79
by dopamine and parathormone, 76�77,

77f
by insulin, 76

functions, 75
FXYD proteins, 70�71

function and interaction with α- and
β-subunits, 70�71

isoforms, 70

genetics, 73
induction of
liver cirrhosis and, 79�80
nephrotic syndrome and, 79�80

ion transport, 48, 52�53, 60�61, 71�72, 72f
in kidney, 75�80
control by dopamine and parathormone,

76�77, 77f
control by insulin, 76
regulation in proximal tubule, 76�77

MD cells, 758
Mg-ATP interaction with, 73
modulation of, 1111�1113, 1112f
in peritubular membrane, 1099�1100,

1100f
pharmacology, 72�73
postnatal development of, 913�914, 914f
potassium transport by, 1638�1639, 1665,

1666f, 1741
sodium-coupled, 1665�1667, 1666f, 1668f

properties, 71�73
protein kinase C and, 384�385
regulation of, 73�75
potassium deprivation and, 1681
in proximal tubule, 76�77
by sodium availability, 79
in thick ascending limb of Henle’s loop,

77�78
sodium transport by, 1099�1100
structure of, 68�71
structure-function correlations, 631
substrates, 73�75
interaction with cytoskeleton, 75
membrane trafficking, 74�75
post-translational modifications, 74
synthesis and degradation, 74

α-subunit, 69
isoforms, 69
structure, 69

β-subunit, 69�70, 145�146
functional role, 70
isoforms, 69�70
structure and α�β interaction, 70

vasopressin and, 78�79, 79f
Na1:K1:2Cl2 co-transporter 1 (NKCC1)

loop-diuretic sensitive, 1051
physiological roles of, 1070
regulation of, 1059�1067
structure function relationship issues in,

1056�1059
ubiquitous bumetanide-sensitive, 1053

Na1:K1:2Cl2 co-transporter 2 (NKCC2), 163,
1047, 1354

analysis of, 1065t
and Bartter syndrome, 1047, 1068�1069,

1228
functional characterization of, 1054�1055
inhibitors of, 1159
loop-diuretic-sensitive, 1049�1053,

1055�1056
phosphorylation of, 1066t
phylogenetic analysis, 1053�1054
physiological pathways, regulation in

TAL, 1159
physiological roles of, 1070
regulation of, 1059�1067

and sodium transport, 1147�1148
structure function relationship issues in,

1056�1059
transepithelial ion transport by, 1050f
variants, 1057

NaPi-IIa, 635
Natriuresis
ANP-induced, 1251�1252
mechanisms of action, 1252�1253
in metabolic acidosis, 2057
pressure

autoregulation and, 826�827, 826f
urodilatin in, 1254

Natriuretic hormones, see also Atrial
natriuretic peptide (ANP)

biological effects of, 1251�1258
in congestive heart failure, 1264�1265
degradation, by kidney, 1260
and hypertension, 1249�1250
list of, 1244t
molecular biology of, 1245�1246
origination from prohormones, 1244
overview, 1241
renal transplantation and, 1261
secretion of, 1251

Natriuretic peptide
vascular effects of, 837�838

Natriuretic peptide receptors (NPR),
1258�1260

active receptor, 1259
clearance receptor, 1259

NBCe1 function
in the kidney, 1843�1847
molecular regulation of, 1844�1846
various organs, 1844

NBCe2 function
functional properties, 1846�1847
hypertension, 1847
structural variants and tissue distribution,

1846
targeted disruption in mouse, 1847

NCBE/NBCn2 (SLC4A10 Gene),
1850�1851

NCCα gene, 1051�1052
NCCβ gene, 1051�1052
Nck adaptor proteins, in slit diaphragm, 900
NDCBE (SLC4A8 gene), 1849�1850
Near silent channel, 994
Near-equilibrium theory, 159
Near-isosmotic transport model, 114, 114f
Necrosis
cyclophilin D in, 2994
mitochondria in, 2994
poly(ADP-ribose) polymerase in,

2993�2994
programmed, 2993�2994

animal models of, 2994
poly(ADP-ribose) polymerase in,

2993�2994
in renal ischemia, 165�166, 2993�2994

Necrotizing arteritis, 2818�2819, 2821f
Nectins, 18, 20�21
Necturus maculosus, 2460
Nedd4-2 protein, and ENaC regulation,

994�995, 995f, 1199�1202, 1201f,
1202f
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Neobladder, chronic metabolic acidosis and,
2099

Neonatal severe hyperparathyroidism,
2149�2150

calcium-sensing receptor mutations and,
2191�2192

Neonates, see also Infants
potassium transport, 1696�1697
renal development in, 911

autoregulation, 911
distal tubule NaCl transport, 915�916,

916f
glomerular filtration rate, 911�912, 912f
glomerulotubular balance, 912�913
induction of nephron maturation,

920�921
Na1/K1-ATPase activity, 913�914, 914f
paracellular transport, developmental

changes in, 914�915
phosphate transport, 921�923
potassium transport, 923
proximal tubule NaCl transport, 914
proximal tubule volume reabsorption,

913
renal acidification, 917�920
renal blood flow, 911
sodium chloride transport, 912�916,

913f
sodium transport regulation, 916�917
urinary concentrating and diluting

ability, 924�925
Neph proteins, 736�737
Nephrin, 736, 898�899, 899f
in albuminuria, 2459�2460

Nephritis, see also Glomerulonephritis;
Inflammation; Pyelonephritis

hereditary, in pregnancy, 2719t, 2721
Heymann, 2970�2971

Nephrocalcinosis, in hyperparathyroidism,
2287

Nephrogenic diabetes insipidus (NDI), 1025,
see also Diabetes insipidus,
nephrogenic

Nephrogenic syndrome of inappropriate
antidiuretic hormone, see Syndrome
of inappropriate antidiuretic
hormone secretion (SIADH)

Nephrogenic zone, 971
Nephrolithiasis, 2311
ammonium acid urate stones in, 2312t
apatite stones in, 2312t
calcium oxalate stones in, 2312, 2312t

inhibitors of, 2318�2319
risk factors for, 2319f

calcium phosphate (brushite) stones in,
2312, 2312t

calcium/oxalate molar ratio and, 2318
phytate and, 2318
pyrophosphate and, 2318

calcium sources in, 2319�2322, 2319f
cell crystal interactions in, 2318

inhibitors of, 2318�2319
clinical manifestations of, 2312�2313
crystal types in, 2313
cystine stones in, 2312, 2341�2342, 2341t
diagnosis of, 2313

evolutionary aspects of, 2319
gender differences in, 2315
in hyperparathyroidism, 2333�2335
low urine citrate and, 2323
pain in, 2312
pathologic fractures and, 2320�2321
in pregnancy, 2719t, 2721�2722, 2721f
radiographic findings in, 2312�2313
recurrence of, 2313
risk factors for, 2319f
stone composition in, 2311�2312
supersaturation and, 2314�2315, 2315f

stone formation in
alternative nucleation mechanisms in,

2314�2315
inhibitors of, 2318�2319
supersaturation in, 2314�2315

stone size and passage in, 2312�2313
struvite stones in, 2312, 2312t, 2344�2345
supersaturation in, 2314�2315
control of, 2315�2318
stone composition and, 2314�2315, 2315f
upper limit of metastability and, 2314,

2314f, 2318
urinary solute traffic and, 2316, 2316f
urine pH and, 2317, 2317f
water reabsorption and, 2315�2316,

2316f
uric acid stones in, 2312, 2324
risk factors for, 2319f

urinalysis in, 2313
X-linked hereditary, proximal renal

tubular acidosis in, 2084
Nephron number

association of congenital reduction and,
2945

at birth, 2945
in hypertensive subjects, 2945
in oligomeganephronia, 2945

Nephron tubules
formation, molecules involved in,

880�881, 880t
regulation, transcription factors in, 872

Nephronophthisis (NPHP), 338
Nephron(s), 959

anatomy of, 600�602, 602f
development
S-shaped stage of, 891
vesicle stage of, 891, 892f

epithelial cells of, 3, see also Epithelial cell(s)
postnatal maturation of, induction of,

618�620
renal sodium retention sites in, 1287�1288
short- vs. long-looped, 600�602, 602f
substrate preference along segments of,

154�158, 154f, see also Metabolic
substrates, preference for

Nephrotic agents
and acute nephrotoxicity, 2911�2912
and chronic nephrotoxicity, 2912�2913

Nephrotic injury, biomarkers of
in acetaminophen (paracetamol)-induced

injury, 2911�2913
in cisplatin-induced injury, 2909�2911
in cyclosporin A-induced injury,

2904�2909

detection of histological injury, 2903
induced, 2902
legal framework, 2902
NGAL, 2904
sensitivity, specificity and time course of,

2902�2903
serum creatinine and urea (BUN),

2901�2902
tubular enzymes, 2902
upregulated, 2904
urinary, 2902�2903

Nephrotic proteinuria, 2765
Nephrotic syndrome, 2459�2460, 2765, 2770,

2773
and albuminuria, 2467
aquaporins in, 1428
atrial natriuretic peptide in, 1309
autosomal-recessive steroid-resistant,

2865�2866
blood volume in, 1304
clinical manifestation, 2775
defined, 2775
in Denys-Drash syndrome, 2871
edema formation in, 1306�1307, 1306t,

1308f
infectious causes

hepatitis C virus (HCV) infection,
2787�2788

HIV-associated nephropathy (HIVAN),
2785�2786

plasma volume in, 1304
proximal renal tubular acidosis in, 2085
renin-angiotensin-aldosterone system in,

1307�1308
secondary, 2785
sodium retention in, 303, 1303�1309,

1306t, 1308f
mechanism of, 1305t, 1307
Na,K-ATPase induction and, 79�80

steroid-sensitive, 2782�2783
sympathetic nervous system in, 1308�1309

Nephrotoxic acute tubular necrosis,
see Acute tubular necrosis

Nephrotoxic agents
acetaminophen, 2911�2913
aminoglycosides, 2913�2915
apoptosis due to, 2901
aspirin, 2077�2078, 2081t
cell injury pathways in, 2894�2895
cellular susceptibility to, 2889�2892

renal blood flow and, 2890�2892
cellular targets of, 2892�2893
cirrhotic renal failure and, 2638�2639
cisplatin, 2903, 2909�2911
cyclosporine, 2903�2909, 2906f, 2908f,

3170, 3175
diabetes insipidus due to, 1556, 1556t
endothelial dysfunction and, 2891, 2894
hyperkalemia due to, 1644�1646, 1758t,

1762
in imaging studies, 2891
inflammation due to, 2900�2901
ischemic injury due to, 2892�2893

apoptosis due to, 2894�2901
lethal injuries, 2895�2901
lithium, 2915�2918, 2917f
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necrosis due to, 2894�2895, 2898�2899
outcome determinants for, 2890f
proximal tubular effects of, 2889�2890,

2892
salicylates, 2077�2078, 2081t
salt wasting due to, 1310
sublethal injuries, 2893�2894
in transplant immunosuppression,

3170�3171
transport-based selectivity and, 2892�2893

Nernst equation, 225�227
Nernst�Planck equation, 50�51
Nerves
anatomy of, 609f, 610
disorders of

in SIADH, 1521�1523
efferent renal, 1389�1390
in phosphate balance, 2374
in sodium balance, 917

Net acid excretion, 2061�2062, 2062f
measurement of, 307�308

Net endogenous acid production, 2050�2051
reference ranges for, 2050

Net flux, ion, 47
Net water transport, 95, 103�104, see also

Water transport
N-ethylmaleimide (NEM), 274�275
Neurogenic diabetes insipidus, see also

Diabetes insipidus
autosomal dominant, 1580�1581
autosomal recessive, 1578, 1580�1581
clinical features of, 1579�1582, 1580t

Neurological dysfunction, in SIADH,
1521�1523

Neuronal NOS (nNOS), 2543
Neuropeptide Y (Npy)
and BMP, 873

Neurotransmitters, 453
in cell volume regulation, 129
dopamine as, 453, 539, see also Dopamine
noradrenaline, 453

Neutral amino acids, 635
Neutrophil gelatinase-associated lipocalin

(NGAL), 2514�2521, 2536, 2904,
3013

biological role of, 2515
for differential diagnosis of AKI, 2519
for early prediction of AKI

after cardiac surgery, 2517t
in critical care settings, 2518t
severity, 2519t

in enhancing the epithelial phenotype,
2515

limitations as AKI biomarker, 2520�2521
mRNA expression, 2514�2515
pathophysiology, 2514�2516
physiology, 2514�2516
in predicting delayed graft function (DGF)

complications, 2518
for the prediction of AKI and its severity,

2516�2519
for prognosis of AKI, 2519�2520
siderophore-chelating property of,

2514�2515
Neutrophils
associated with APSGN, 2764�2765

in inflammation
in acute ischemic injury, 2987
lymphocytes in, 2988

in vasculitis, 2818�2821, 2824, 2827
N-glycans, 986
NHE3

in metabolic acidosis, 2006�2009
as Na/H antiporter, 1109�1111, 1110f,

1920�1921, 1921f, 1935, 1936f
glucocorticoids and, 1941

NHERF proteins, 408�409, 409f
in epithelial transport, 409�414
NHERF1, 410�411
NHERF2, 411�412
NHERF3, 412
NHERF4, 412
sodium transport and, 1109�1110

Niches, stem cells, 970
Nidogen, 12, 732

in glomerular basement membrane, 903
Nifedipine, for preeclampsia-eclampsia,

2741t, 2742t
Nitric oxide (NO), 455, 2414�2415, see also

Oxidative stress
in acute tubular necrosis, 2543�2544
angiotensin II and, 438
in basolateral potassium transport, 1675
in congestive heart failure, 1292
and ENaC regulation, 1000
functions of, 165
and hypertension, 1332�1333
as inhibitors of NKCC2, 1159
in microvascular function, 830�831
nephrotoxic drugs and, 2890�2891, 2905,

2908
oxygen consumption and, 165
in pregnancy, 2695
in renin regulation, 434, 780�781
in sodium transport, 1115�1117, 1292
in tubuloglomerular feedback adaptation,

776�777
uric acid nephrotoxicity and, 3035

Nitric oxide synthase (NOS), 455
isoforms, 2543
NOS I/nNOS, 758�759

Nitrogen, see also Urea
excretion of
in chronic kidney disease, 3052�3053
in dietary compliance assessment,

3052�3053
Nitrogen balance, in metabolic acidosis,

2056�2057
Nitroprusside, for preeclampsia-eclampsia,

2742t
Nitroprusside reaction, in ketogenesis,

2066�2067
NMR spectroscopy, see Nuclear magnetic

resonance (NMR) spectroscopy
Nmyc1 gene, 871
Noise analysis, in patch-clamp analysis,

206�208, 208f
Non A-non B IC cells, 654t, 657�658
Non-canonical Wnt/planar cell polarity

(PCP) signaling and cilia, 330�331,
332f

Non-diabetic kidney disease

protein restriction in, 3053�3056
Noninvasive positive pressure ventilation,

2124
Nonsteroidal antiinflammatory drugs

(NSAIDS), 3190, 3194�3195
cirrhotic renal failure and, 2638�2639
hyperkalemia and, 1762
transporters for, 2436

Noradrenaline
in renal function, 453

Noradrenergic neurons, as chemoreceptors,
1982f, 1984

Norepinephrine, 1843
in congestive heart failure, 1290

Notch family, 735�736
Notch2, in podocyte differentiation, 898
Notch proteins
in signaling, 377�378, 379f

NPT1, 2431�2432
NPT4, 2432
NTCP transporter, 1865�1871, 1867f, 1868f,

1869t
Nuclear magnetic resonance (NMR)

spectroscopy, 1087
Nucleotide receptors, 164�165
agonists, 512
antagonists, 512�514
autoregulation

altered perfusion pressure, myogenic
response to, 516

blood flow, 516
tubuloglomerular feedback in, 516�517

in blood flow regulation, 832�834, 833f,
834f, 835f

physiological responses to, 514
in polycystic kidney disease, 529�530,

529f, 530f
P2X, 511
P2Y, 511�512

dinucleotides, 512
heterodimeric, 512

renal effects of, 514�531
in collecting duct, 521
in distal tubule, 520�521
in glomerulus, 514�516, 516f
in loop of Henle, 519�520
in potassium, 522
in proximal tubule, 518�519
in sodium, 522�523
vascular, 514�516, 515f, 516f
in water, 521�522

in renal inflammation, 530�531, 530f
in renin release, 517�518

Nucleotide release, 523�525
cilium in, 525
mechanism of, 525�526

Nucleotide-binding domains (NBD), 1026
Nucleotides
ectonucleotidases, 513f, 526�528, 527t, 528f
extracellular, in renal function, 511, 531
in ROMK regulation, 1611�1613
secretion of, see Nucleotide release

Nucleus tractus solitarius (NTS), 466
chemoreceptors in, 1982�1983, 1982f, 1985

Nutrition, See Diet; Starvation
Nutritional supplements
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Nutritional supplements (Continued)
for preeclampsia prophylaxis, 2740

Nutritional support, refeeding syndrome
hypophosphatemia in, 2380

O
OAT1, OAT3 and OAT4, 3193
2030-O-(4-benzoylbenzoyl)ATP (BzATP), 512
Obesity, in diabetic nephropathy, 2621�2622
Obesity bypass procedures and bariatric

surgery, 2337�2338
Obesity hypertension, 1337�1341
kidney injury, 1340�1341
Leptin’s stimulatory effect on SNS activity,

1338
mineralocorticoid receptor MR activation

in, 1339�1340
RAAS activation, 1338�1339
SNS activation, 1337�1338
visceral, 1340

Obstructive nephropathy, see Obstructive
uropathy

Obstructive uropathy
aquaporin-2 in, 1426
in pregnancy, 2690
tubuloglomerular feedback, 773

Occludin, 6, 349, 628
Occlusion, 58
Ochratoxin A, 167
OCT2, 3193�3194
17-Octadecynoic acid (ODYA), 776
Octreotide
for polycystic kidney disease, 2671�2672

Ocular defects, in Alport syndrome, 2848
Oculo Cerebral Renal Syndrome of Lowe, 33
Oculocerebral syndrome, proximal renal

tubular acidosis in, 2084
Ohm’s Law
ion channels and, 224�227

Oligopeptide(s), 2405�2406, 2410�2412
metabolism, 2411�2412, 2415�2416

Omeprazole, in H,K-ATPase inhibition,
potassium reabsorption and, 1676

Oncogenes, intracellular pH and, 1817
Oncogenic osteomalacia, 2253�2254
Oncosis, 2898�2899
Oncotic pressure
sodium transport and, 1108�1109

Oncotic pressure, 276
OPC-31260, for polycystic kidney disease,

2671
Organ culture, 861, 862f
Organellar buffering, intracellular, 1789
Organelles
pH measurement in, 1778

Organic acids, see also Acid(s)
in acid�base balance, 309
in meat, 311�312
metabolism of, 2062�2063
in potassium balance, 1639�1640

Organic anion transporters (OAT), 635,
2425�2430, 2437f

for antiviral drugs, 2435�2436, 2435f
distribution of, 2426f
for diuretics, 2436�2437, 2436f
drug�drug interactions at, 2448

future research directions for, 2449
isoforms of, 1384
kidney-specific, 2429
for β-lactam antibiotics, 2435, 2435f
multidrug resistance-associated proteins,

2429�2430, 2433�2435
for nonsteroidal anti-inflammatory drugs,

2436
organic anion transporting polypeptide

(OATP4C1), 2429
overview of, 2426
properties of, 2425�2426
sodium-dependent phosphate, 2431�2432
types of, 2426, 2426f
urate anion transporter 1, 2431
voltage sensitive urate anion transporter 1,

2431�2432
Organic anion transporting polypeptide

(OATP4C1), 2429
Organic anion-chloride exchangers,

1791�1793
Organic anion(s)

definition of, 2425
secretion of, 2425�2426

Organic cation transporters (OCT), 635, 2430,
2437�2449

MDR1, 2447�2448
alternating access model of, 2444, 2444f
in chronic renal failure, 2445�2446
cloning and functions of, 2438
common transport characteristics of, 2441
in diabetes, 2445�2446
distribution of, 2437f
expression and main functions of,

2438�2441, 2439t
expression and renal functions of, 2446
future research directions for, 2449
high-affinity binding sites in, 2442�2444
in hyperuricemia, 2445�2446
ligand specificities of, 2441�2442
mutations in, 2448�2449
overview of, 2437�2438
phosphorylation of, 2445
polymorphisms in, 2448�2449
regulation of, 2445�2446
long-term, 2445
under pathological conditions,

2445�2446
short-term, 2444�2445

substrate binding region of, 2442
substrates for, 2441
transport mechanisms of, 2444, 2444f

Organic cation(s)
definition of, 2425
reabsorption of, 2437�2438
secretion of, 2425�2426, 2437�2438

Orofaciodigital Syndrome Type 1 (OFD1), 340
Oropharyngeal effect

antidiuretic hormone and, 1450
thirst and, 1455�1456

Osmolality, 96
extracellular, cell volume and, 104, 1544t,

1545�1547
plasma, 1542, 2485�2486
antidiuretic hormone secretion and,

1543�1544, 1543f

in pregnancy, 2702�2706
urine, 1463, 2485�2486, 2486t, 2491

in hypernatremia, 1559
in thin descending limb, 1471

Osmolar gap
urine, 2502�2503

Osmolytes
in cell volume regulation, 124, 1544t,

1545�1547, 1545t, 1549t
in hypernatremia, 1545�1547, 1546f, 1547f,

1547t, 1548f
in hyponatremia, 1523�1524
osmoprotective, 1488�1489, 1489f

Osmotic coefficient, 96
Osmotic demyelination, hyponatremia and,

rapid correction of, 1526
Osmotic diuretics, 1354�1357, 1355f, 1356t,

see also Diuresis
adverse effects, 1357
clinical use, 1357
in hypernatremia, 1554
mechanism of action, 1356
pharmacokinetics, 1357
renal hemodynamics, 1356�1357
urinary electrolyte excretion and,

1355�1357, 1356t
Osmotic equilibrium, 95�96, 96f
Osmotic permeability coefficient, 96�97
diffusive water permeability coefficient

vs.,, 98�99
Osmotic pressure, 95�96
Osmotic reflection coefficient, 265�266
Osmotic transport, 95�98, see also Water

transport, osmotic
Osteitis fibrosa, see also Renal

osteodystrophy
in hyperparathyroidism, 2286�2287

Osteoblasts
calcium-sensing receptor in, 2203

Osteoclasts
calcium-sensing receptor in, 2203

Osteomalacia
oncogenic, 2253�2254
pseudofractures in, 2298�2299
tumor-induced

hypophosphatemia in, 2380
Osteoporosis
chronic metabolic acidosis and, 2062
in hyperparathyroidism, 2279, 2286�2287

Osteoprotegerin (OPG), 2279
Ototoxicity
loop diuretics and, 1370

Ouabain-like factors, 1258
Outer medullary collecting duct (OMCD),

643�644, 650�653
in acid�base transport, 1947
anatomy of, 1144
potassium reabsorption in, 1676

potassium depletion and, 1682f
sodium transport in, 1166, 1167t

rate of, 1181�1182
substrate preferences in, 154f, 157
water and urea permeability of, 1470t,

1474
Outer stripe of outer medulla, 611f, 612, 612f,

614f, 665�668, 666f
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concentrating mechanism in, 1478�1479
mechanism, 664f, 666�667
potassium reabsorption in, 1676
solutes dragging by flow to deeper

medullary levels, 664f, 667�668
Outwardly rectifying currents (ORCC), 1026
Ovalocytosis, 1889
Ovarian vein, dilation of, in pregnancy, 2690
Overdistention syndrome, in pregnancy,

2690�2691, 2691f
Overflow theory, of ascites, 302�303
Oxacalcitriol, for hyperparathyroidism, 3082t
Oxaliplatin, transporters for, 2441
Oxidants, See Oxidative stress; Reactive

oxygen species (ROS)
Oxidation, products of, see Reactive oxygen

species (ROS)
Oxidative phosphorylation, mitochondrial,

149�150, 150f, 151f, 152f, 158�159
in ATP production, 149�150, 150f, 151f
regulation of, 158�159

Oxidative stress
in acute kidney injury, 2556�2557
in blood flow regulation, 831
in chronic kidney disease, 3043
in diabetic nephropathy, 2616�2617
in preeclampsia-eclampsia, 2735
in renal artery stenosis, 2587�2588

Oxygen administration, 2123�2124
Oxygen consumption
cellular components of, 145f
nitric oxide and, 165

Oxygen dissociation curve, in metabolic
acidosis, 2061

Oxygen metabolites, see Reactive oxygen
species (ROS)

Oxygen sensor
in erythropoietin production, 3099�3100
location of, 3099�3100
signaling of, 3099�3100, 3101f

Oxygen tension, in erythropoietin
production, 3094�3096, 3095f, 3098,
3098f

Oxygenation, loop diuretics and, 1366�1370

P
P2 receptors, 164, 511�514
agonists, 512
antagonists, 512�514
physiological responses to, 514
P2X, 511
P2Y, 511�512

dinucleotides, 512
heterodimeric, 512

P38 MAPK signaling pathway, 388
Pain
in nephrolithiasis, 2312
in polycystic kidney disease, 2648�2649

PAK, in signaling, 386�388
Palitoxin (PTX), 63
PALS proteins, 416
Pamidronate
for hypercalcemia, 2293�2294
hypomagnesemia due to, 2159

Pancreatitis, in hyperparathyroidism,
2287�2288

PAN-induced cytotoxicity, 3014, 3014f
Papillary label-retaining cells, 965, 965f, 966f
Papillary peristalsis, urine concentration

and, 1486�1488
Par complex, 19
Paracalcitriol, for hyperparathyroidism,

3082t
Paracellin, in magnesium balance, 2151
Paracellular pathway, 5

in distal convoluted tubule, 628, 647
epithelial transport, 628, 628f, 1087,

1102�1109
lateral intercellular space, 1102�1105,

1103f
Paracellular transport

postnatal developments and, 914�915
Paracentesis, large-volume, for cirrhosis,

1303
Paracrine regulation, dopamine in,

see Dopamine
Parathormone (PTH), see Parathyroid

hormone
Parathyroid adenoma

hyperparathyroidism and, 2285�2289
Parathyroid carcinoma, 2208
Parathyroid glands

vitamin D and, 2281
Parathyroid hormone, 2258�2261

assays for, 2288, 2291
biosynthesis of, 2258�2259
in calcium balance, 2187�2188, 2235,

2258�2261, 2258f, 2274
calcium channels and, 2176
calcium homeostasis, 2276�2279
in calcium transport, 2235
in chronic kidney disease, 3044, 3055,

3074, see also Hyperparathyroidism
functions of, 2274
in hypercalcemia, 2275
in hypocalcemia, 2275
imbalances of, See Hyperparathyroidism;

Hypoparathyroidism
in intracellular pH regulation, 1813�1814
in magnesium balance, 2143, 2145f
in metabolic acidosis, 2058
metabolism of, 2288
Na,K-ATPase control by, 76�77, 77f
in phosphate balance, 2358�2359, 2370,

2370f, 2372�2373
in pseudohypoparathyroidism, 2297�2298
receptors, 373, 2259
recombinant, for hypoparathyroidism,

2296�2297
regulation of, 2258�2259
calcium-sensing receptor in, 2191�2193,

2192f, 2258�2259
vitamin D in, 2193�2194, 2258�2259,

2258f
renal effects of, 2259
in renal tubular acidification
in distal nephron, 1958
in proximal tubule, 1941

secretion of, 2258�2259
skeletal effects of, 2249, 2260�2261, 2260f,

2275�2276
stone formation and, 2333�2335

in transplant recipients, 3164�3165
Parathyroid hormone-related protein

(PTHrP), 2276, 2281�2283
cartilage and bone, 2282, 2282f
mammary gland, 2282

Parathyroidectomy, for
hyperparathyroidism, 2288

Par1b, 21
Paricalcitriol, for hyperparathyroidism, 3080
Parietal basement membrane, 617f, 626�627
Parietal epithelial cell (PEC), 943
of Bowman’s capsule, 967
proliferation, 944

PARP, in drug-induced injury, 2901
Pars recta, see Thick ascending limb of Henle
Partial ionic conductance, equations for,

210�211
Passive Heymann nephritis (PHN) model,

941�942, 2970�2971
Patch-clamp analysis, 197
in apical membranes, 204�205, 1672f, 1673

potassium recycling and, 1669
renal potassium channels and, 1672f,

1673�1675
in basolateral membranes, 205, 207f, 1672f,

1673�1675
of channel number, 201�202, 202t
of channel pharmacology, 203, 204f
of channel selectivity, 199�200, 201f
in isolated cells, 205�206
luminal membrane, 1088�1095
noise analysis in, 206�208, 208f

molecular identification of ion channels,
207�208, 209t

of open and closed times, 202�203
of open probability, 200�201, 202t
parameters measured by, 198�199
in peritubular membranes, 1101
single-channel, 198�201

Patch-clamp electrophysiology
ion channel activity recording, 223�224,

224f
Pathological fractures
diet-related metabolic acidosis and, 2062
in idiopathic hypercalciuria, 2320�2321
in nephrolithiasis, 2320�2321

Pattern recognition receptors, 2988�2989
Pax gene, 869
Paxillin, 13, 380, 386
Pbx1 gene, 872
PDK1, in PI 3-K signaling, 389, 390f
PDZ domain, 54
PDZ domain-containing proteins
epithelial cells polarization, 31�32

PDZ proteins, 6, 405
basolateral membrane, 414�417
binding of, regulation of, 405
classification of, 405, 406f
functions of, 407
Lin-7 isoforms, 415�416
Lin-7/CASK/SAP-97 complex, 414�416,

415f
MAGUK, 407�408
polarized expression in epithelial cells,

407, 407f
structure of, 405�406, 406f
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PDZ proteins (Continued)
Veli/MALS, 415�416

Péclet number, 275�276
Pelvic extensions, 595, 596f
Penicillin, 3194�3195
transporters for, 2435

Pentamidine, hyperkalemia due to, 1763
Peptic ulcers
in hyperparathyroidism, 2287�2288

Peptide hormones, renal hemodynamics
and, 2694�2695

Peptide transporters
in intracellular pH regulation, 1795�1796

Peptides, See Oligopeptide(s); Protein(s)
Percutaneous transluminal renal angioplasty

(PTRA), 2595�2596, 2595t
Perfusion-absorption balance,

glomerulotubular
postnatal development and, 912�913

Periarterial connective tissue, 608�610, 608f,
609f

Periarteritis nodosa, pregnancy in, 2719t,
2720

Pericentriolar material, 322
Pericytes, 968�969
Peripheral membrane proteins, 4�5
Peristalsis, papillary, urine concentration

and, 1486�1488
Peritoneal dialysate, 3129
Peritoneal dialysis, see also Dialysis
automated forms of, 3129�3130
for ethylene glycol poisoning, 2076
for lactic acidosis, 2074
for methanol poisoning, 2074, 2076
peritoneal dialysate solutions, 3138
pH-neutral bicarbonate-/lactate-based,

3138�3139
and potassium concentration, 3134
in pregnancy, in acute renal failure, 2716
for salicylate poisoning, 2078
and sodium concentration, 3129�3130
solutions, advantages and disadvantages,

3139t
Peritoneovenous shunting, for ascites, 1294,

1297�1299
Peritubular fibroblasts, 604f, 605
Peritubular membrane, transport pathways,

1095�1100
chloride transporters, 1097�1099, 1098f
Na,K-ATPase, 1099�1100, 1100f
sodium bicarbonate co-transport,

1095�1097
Perlecan, in glomerular basement

membrane, 903�904
Permeability
epithelial, 110�111, 111t
membrane, 47�48, 50, 50f, see also

Membrane permeability
“Permeability limited” transport, 283�285
Permeation, 228�229, 228f
Permissive hypercapnia, 2124�2125
Peroxisome proliferator activated receptor

(PPAR), 1001, 2899�2900, 2968
P-glycoprotein, 2447, 3194
ATP hydrolysis and, 149

pH, see also Acid�base balance

anion exchange regulation by, 1885
of brain interstitial fluid, 1988�1990
of cerebrospinal fluid, 1988
chemoreceptors in, 1987f, 1988�1990

chemoreceptors and, 1979, see also
Chemoreceptors

and ENaC regulation, 999�1000
factors influencing, 1804
growth factors and, 1816�1817
intracellular, 1773
acid�base transport systems and,

1789�1791
acid-extrusion mechanisms and,

1796�1804, 1796f, 1798f, 1799f, 1801f
acid-loading mechanisms and,

1791�1796, 1792f
carbon dioxide effects on, 1781�1783, 1782f

luminal/peritubular, in acid�base
transport, 1931�1932, 1938

measurement of
magnetic resonance imaging in, 1779
pH-sensitive dyes in, 1775�1779
pH-sensitive microelectrodes in,

1774�1775
weak acid and base distribution in,

1775, 1775f
monocarboxylate transporters and,

1802�1803
oncogenes and, 1817
regulation of
breathing in, 1990
buffering in, 1781�1783, 1786f, 1790f,

1792f
complexity of, 1773
disturbances in, 1803�1804, 1805f
energetics of, 1781, 1781f
forces affecting charged weak acids/

bases in, 1780�1781
forces affecting hydrogen ions in,

1779�1780
fundamental law of, 1803�1804
molecular mechanisms of, 1774
steady-state, factors influencing, 1804,

1804f
temperature effects on, 1809�1810
threshold of, 1798
weak acid/base effects on, 1775, 1775f,

1781�1783, 1782f, 1783f
in ROMK regulation, 1613
urinary, acetazolamide and, 1362
urine, see Urine pH
ventilation and, 1979, see also

Chemoreceptors
Pharmacology, see under Drug
PHC signaling pathway, 372�373, 372f, 375,

384�386, 385f
Phenylethanolamine-N-methyl transferase

(PNMT), 542
Phenytoin

for eclampsia, 2741, 2742t
transporters for, 2441

Pheochromocytoma, 1348
and hypertension, 1249�1250

Phlorizin
in renal glucose reabsorption inhibition,

2394, 2399�2400, 2400f

Phosphatases, receptor-like, in signaling,
377, 378f

Phosphate, see also Phosphorus
in acid�base balance, 2054
dietary

physiological response to, 2360,
2371�2372

restriction of, in chronic kidney disease,
3040�3041

excretion of
effects of diuretics on, 1356t

genetic alterations, 2361�2363, 2362t
for hyperparathyroidism, 2288
Klotho, mutations of, 2362
in mitochondrial respiration, 159
proximal tubular reabsorption of,

2351�2352
in acidosis, 2361
age-related changes in, 2361
apical entry in, 2351�2352
basolateral exit in, 2352
in diabetes, 2360�2361
in fasting, 2360�2361
gene products in, 2352�2357
in heavy metal poisoning, 2361
regulation of, 2358�2361
serum concentrations of, reference

ranges for, 2378, 2378t
sodium-phosphate cotransporters in,

2351�2357, 2371
SLC34 mutations cotransporters,

2361�2363
as stone inhibitor, 2318
structure-function relationships,

2356�2357
transport mechanisms, 2354�2356
in vitamin D biosynthesis, 2370f

Phosphate balance
in acidosis, 2361
age-related changes in, 2361
atrial natriuretic factor in, 2359�2360
catecholamines in, 2374
derangements of, See Hyperphosphatemia;

Hypophosphatemia
dietary phosphate in, 2360, 2370�2372,

2371f
dopamine in, 2359, 2374, 2374f
fibroblast growth factors in, 2369�2370
genetic alterations, 2361�2363, 2362t
in heavy metal poisoning, 2361
insulin in, 2360�2361, 2373
Klotho, mutations of, 2362
matrix extracellular

phosphoglycoprotein in, 2369�2370
membrane lipids in, 2360
in metabolic acidosis, 2059, 2361
nitric oxide in, 2359�2360
parathyroid hormone in, 2358�2359, 2370,

2370f, 2372�2373
phosphate excretion in, 2371f
phosphatonins in, 2253�2254, 2369�2370,

2375, see also Phosphatonins
posttransplant, 3164�3165
in potassium depletion, 2360
reabsorption in, 2351�2352
regulation of, 2358�2361, 2369�2370
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renal nerves in, 2374
serotonin in, 2374
SLC34 mutations cotransporters,

2361�2363
structure-function relationships,

2356�2357
transport mechanisms, 2354�2356
vitamin D in, 2369�2370, 2370f, 2373

Phosphate binders
for hyperphosphatemia, 3077, 3079t, 3081,

3082t
for renal osteodystrophy, 3078, 3079t, 3081

Phosphate restriction and phosphate
depletion, 2159�2160

Phosphate transport
postnatal development of, 620�625
sodium-coupled, see Sodium-phosphate

cotransporter
through apical membrane, 2351�2352
through basolateral membrane, 2352

Phosphate-wasting disorders, 2209�2210
Phosphatidylinositol 4,5-bisphosphate,

20�21, 47
in cell volume regulation, 126
and ENaC, 989, 1000
in molecular regulation of NBCe1 function

and membrane expression,
1844�1846

Phosphatidylinositol 3-kinase (PI3K), 935,
1002�1003

Phosphatidylinositol (3,4,5)P3 (PIP3), 20�21
Phosphatonins, 2369�2370, 2375
fibroblast growth factor 7, 2369�2370,

2377
fibroblast growth factor 23, 2253�2254,

2369�2370, 2375�2376, 2376f
for hypophosphatemia, 2359
secreted frizzled-related protein,

2253�2254, 2369�2370, 2376�2377,
2377f

in vitamin D metabolism, 2253�2254
Phosphoenolpyruvate carboxykinase

(PEPCK)
in metabolic acidosis, 1999, 1999f,

2004�2005
production of, 1995

Phosphoinositide 3-kinase, 1002�1003
signaling pathway, 389�390, 390f

Phosphoinositide 4,5-bisphosphate, 255�256
Phosphoinositides, in ROMK regulation,

1613�1614
Phospholipase A2s (PLA2), 487�488
in cell volume regulation, 126
receptors, 488

Phospholipase C
and dopamine receptors, 545, 547
signaling pathway, 372�373, 372f, 375,

384�386, 385f
Phospholipase D, and dopamine receptors,

545
Phospholipid bilayer, 45�47
Phospholipids, 46
Phosphoric acid, in acid�base balance,

309�310
Phosphorus, see also Phosphate
functions of, 2369

metabolism of, 2369�2370
reference values for, 294t

Phytate, as stone inhibitor, 2318
Pierson syndrome, 731, 2858�2859
Pi/OH exchanger, 151f
PIP3, see also Phosphatidylinositol (3,4,5)P3

(PIP3)
in PI 3-K signaling, 388

Piretanide, calcium reabsorption and, 2239
PKC family, 2900
Placenta, in preeclampsia-eclampsia,

2731�2732, 2732f
Placental growth factor, in

preeclampsia�eclampsia, 2734,
2738�2740

Placental lactogen, 2694
Plants, proANP gene in, 1261�1262
Plaque and deposits, quantities of,

2342�2343
physiological correlates of, 2343�2344

Plasma, anion gap in, 2498�2499
Plasma albumin, 2458f
Plasma electrolyte composition, 2120

during respiratory acidosis, 2120
during respiratory alkalosis, 2121

Plasma membrane, see also Membrane
epithelial
apical, 8�11, 629�630
basolateral, 11�13
microvillar, 10�11

fluid mosaic model, 46, 46f
function of, 46�48
ionic asymmetry, 45
lipid bilayer of, 5, 45
permeability of, 47�48, 50, 50f, see also

Membrane permeability
reabsorption of water and solutes, 80�82
structure of, 45�47, 46f
V-ATPases in, 83�84

Plasma membrane Ca21 pump (PMCA
pump), 61, 67�68, 148, 2233�2234,
2254, 2255f, 2257

isoforms of, 2233�2234
Plasma oncotic pressure, 279
Plasma osmolality, 1542

antidiuretic hormone secretion and,
1543�1544, 1543f

urine osmolality and, 2485�2486, 2486t
Plasma sodium

sodium excretion and, 2481�2483
Plastin-1, 10
Platelet activating factor (PAF)

in AKI, 2550
Platelet-derived growth factor (PDGF),

937�938, 2971�2972
receptors for, 374

Platelet-derived growth factor B
(Pdgfb), 723

Platelets, production of, 3109�3110, 3110f
PLC signaling pathway, 375
Pleiotrophin, in renal development, 875
PLX5568 inhibitor, 2672
PMCA
PMCA pump, see Plasma membrane Ca21

pump (PMCA pump)
Pod1 gene, 872

in podocyte differentiation, 897�898
Podocalyxin, 622, 741, 967
Podocin, 736, 899
Podocyte gene regulation, disorders of,

2871�2874
Podocyte slit diaphragm, disorders of, 2848t,

2863�2867
Podocytes, 721
adult kidney, 967�968
and cell cycle, 940�944, 941f
cell cycle proteins and, 943�944
diabetes and, 946�947
in diabetic nephropathy, 2611�2613
differentiation, glomerulogenesis and,

897�898
Foxc2, 898
kreisler/Mafb, 898
Lmx1b in, 897
Notch2, 898
Pod1/Tcf21 in, 897�898
WT-1 in, 897

GBM and, 739�740
CD151, 740
dystroglycan, 740
dystrophin-glycoprotein complex

(DGC), 740
α3β1 integrin, 739�740
αvβ3 integrin, 740
integrin-linked kinase, 740

glomerular, 622f, 623, 623f
glomerular parietal epithelium, 743�744
metabolism, 741�742

calcium signaling, 743
insulin signaling, 743
mTOR, 741�742

morphology, 732�733
negative charge on, 741

podocalyxin, 741
precursors, 733�734
sialyation defects and, 741
slit diaphragm (SD) assembly, 736

α-actinin-4, 738
cadherin and catenins, 737�738
FAT1, 738
Neph proteins, 736�737
nephrin, 736
podocin, 736
Rho GTPases, 738�739

transcription factors
Foxc2, 735
Kreisler (Mafb), 735
Lmx1b, 735
Notch, 735�736
Tcf21, 735
Wt-1, 734�735

Poisoning
heavy metal, phosphate balance in, 2361
metabolic acidosis in, 2071�2072,

2074�2101
Polarity protein complexes, 19
Poly(ADP-ribose) polymerase (PARP)
in drug-induced injury, 2899�2901
in programmed necrosis, 2993�2994

Poly-allylamine, see also Phosphate binders
for hyperparathyroidism, 3079�3080,

see also Phosphate binders
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Polyarteritis nodosa, 2818, 2819t, 2820f, 2830,
see also Vasculitis

Polycystic kidney disease, 338
cardiac manifestations in, 2650
cell cycle in, 2669�2671
cellular pathways in, 2664�2671
clinical manifestations of, 2649�2651
cysts in, 2646�2648

formation of, 2647�2648, 2671
diagnosis of, 2645�2646, 2646f
diverticular disease in, 2650
epidemiology of, 2645
epithelial cell polarity and, 33�34
extrarenal/extrahepatic cysts in,

2649�2651
genetic factors in, 2653�2659

in cyst formation, 2653�2657, 2655f
in disease progression, 2655f, 2657�2658
gene protein products and, 2659�2664
genotype-phenotype correlations in,

2658�2659
genetic testing for, 2647
hypertension in, 2648
imaging studies in, 2646f, 2647�2648
metabolic acidosis in, 2061
modifier effects in, 2659
natural history of, 2647�2648
non-motile cilia in, 382
nucleotide receptors in, 529�530, 530f
pain in, 2648�2649
peroxisome proliferator activated

receptors (PPARs), role of, 2674
polycystic liver disease and, 2649�2650
polycystins in, 382, 2659�2671, 2665f
in pregnancy, 2719t, 2720�2721
renal failure in, 2649
signaling in

calcium in, 2666�2667, 2671
cAMP in, 2667, 2671�2672
cell cycle in, 2665f, 2669�2671
C-terminal cleavage in, 2669�2671
G-protein-coupled receptors in,

2667�2668
mammalian target of rapamycin in,

2668�2669
mitogen-activated protein kinase/

extracellular regulated kinase in,
2668

planar cell polarity pathway in, 2664,
2666

Wnt pathway in, 2664�2666
treatment, 2671�2675

AMP-activated protein kinase (AMPK),
2673�2674

calcimimetics, 2671
cell division cycle 25A (Cdc25A)

regulator, 2674
curcumin, 2674
cyclins and cyclin dependent kinases

(CDK), 2674
E-prostanoid (EP) receptor activation,

2673
Genz-123346, 2675
glucosylceramide (GlcCer), 2675
glycosphingolipids, 2675
GSK1016790A, 2671

HET-0016, 2673
histone deacetylases (HDACs), 2674
lactosylceramide (LacCer), 2675
MEK inhibitors

PD184352, 2672
U0126, 2672

menadione, 2674
mTOR inhibitors, 2672�2673
N-(4-hydroxyphenyl) retinamide (HPR),

2674
NS-398, 2673
OPC-31260, 2671
pioglitazone, 2674
PLX5568 inhibitor, 2672
R-568, 2671
roscovitine, 2674
rosiglitazone, 2674
sirolimus, 2673
SKI-606, 2672
somatostatin, 2665f, 2671
sphingolipids, 2675
Src kinase inhibitors, 2672
SU-5416, 2672
thiazolidinediones, 2674
tolvaptan, 2671
TRAM-34, 2672
trichostatin A (TSA), 2674
valproic acid, 2674
vasopressin V2 receptor (VPV2R)

antagonists, 2671
vascular manifestations in, 2650

Polycystic liver disease
isolated, 2650�2651
with polycystic kidney disease, 2649�2650

Polycystin-1 (PC-1), 382, 631�632,
2659�2660, 2665f, 2666�2671

Polycystin-2 (PC-2), 382, 631�632,
2662�2664, 2665f, 2666, 2669

Polycythemia
posttransplant, 3108�3109

Polydipsia, 2491, 2492f
in nephrogenic diabetes insipidus,

1587�1588
primary, 1587�1588
psychotic, 1513�1514

Polymeric immunoglobulin receptor (pIgR),
23�24

Polyuria, see also Diabetes insipidus
assessment of, 1589�1592, 2490�2491, 2490f
hypernatremia and, 1556, 1559, 1561
hypokalemia and, 1556
lithium and, 2491
in sickle cell disease, 1557

Polyuropolydipsic syndrome, 1587
“Pore pathway,” 6
Pore theory, 702�707

advective transport, 704
fiber matrix theory and, 707
Fick’s law of diffusion, 702
glomerulus experiments, 705�706
and hydrodynamic flow, 703�704
Kedem-Katchalsky flux, 702, 705
restricted diffusion, 704�707
sieving curves, 706�707
steric hindrance, 703
Stokes’ law, 702

Stokes-Einstein radius, 702�703
Pores, see Ion pores
Porins, 55
Positive pressure breathing, see Mechanical

ventilation
Post-diuretic NaCl retention, 1386�1389,

1387f
Posttransplant anti-glomerular basement

membrane nephritis, 2856
Potassium
in acid�base balance, 3136
and beta-adrenergic stimulation, 3133
in brain interstitial fluid, 1989
in cerebrospinal fluid, 1989
dietary sources of, 2492, 2493t
disorders

clinical approach to, 2496�2498
evaluation of, 2492�2498

distribution of, 1659
disturbances in hemodialysis, 3132�3134,

3136�3138
excretion of

acetazolamide and, 1358
acid�base balance and, 1689f, 1690f,

1691�1693, 1691f
ammonium excretion and, 1693, 1693f
assessment of, 1752�1753
circadian rhythm of, 1696f, 1698
diuretics and, 1695, 1696f
drugs interfering with, 1762
effects of diuretics on, 1356t
enhancement of, 1765
external potassium balance and,

1660�1671, 1661t, 1663f
fractional, 2495�2496, 2495f, 2496t
integrated regulation of homeostasis

and, 1698�1700
internal potassium balance and,

1659�1660, 1660f
potassium intake and, 1662, 1677�1678
sodium intake and, 1683f, 1687�1691
urinary, 2493�2495, 2494f

homeostatic mechanisms for, 293, 296,
see also Potassium balance

in hyperkalemia, 3135�3136
in hypokalemia, 3135
in phosphate balance, 2360
recycling of, 1667�1668
reference values for, 294t
regulation of, 1659�1671, 1661t, 1663f

in renal disease, 3130�3132
secretion of, 1672�1673, 1672f

antidiuretic hormone and, 1692f, 1694
glucocorticoids and, 1685�1686
mineralocorticoids and, 1682�1685,

1683f, 1684f
transtubular potassium gradient and,

1753
supplemental, for distal renal tubular

acidosis, 2091
Potassium balance
acid�base balance and, 1638�1641
ammonium ion production and,

2007�2008, 2012
assessment of, 2492�2498
barium and, 1647
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cell necrosis and, 1646�1647
cesium and, 1647
in chronic renal failure, 1642�1643
cyclosporine and, 3176�3177
dopamine in, 1636�1637
external, 1660�1671, 1661t, 1663f
glomerular filtration rate in, 1660�1661,

1663
hypothermia and, 1647
insulin in, 1631�1633, 1633f
internal, 1659�1660, 1660f
magnesium balance and, 1643�1644
in metabolic acidosis, 2007�2008, 2012,

2037, 2057�2058
in metabolic alkalosis, 2025�2032
posttransplant, 3176�3177
in pregnancy, 2700�2701, 2701f
in proximal renal tubular acidosis, 2082
in proximal tubule cells, 1665
regulation of, 1742f, 1743�1745
renal tubular acidification and, 1937�1938
ROMK in, 1673�1675, 1747

low-potassium diet and, 1678�1679,
1681f

tacrolimus and, 3176�3177
thyroid hormones in, 1638
transtubular potassium gradient in, 1753

Potassium channels, 219t
Potassium chloride, in hyponatremia

treatment, 1528
Potassium citrate, for nephrolithiasis, 2323
Potassium conductance
apical, sodium transport and, 1148�1150,

1149f
basolateral, sodium transport and,

1665�1667, 1666f, 1668f
Potassium homeostasis
feedback control, 1717
feedforward control, 1717�1718
and glucose intolerance, 1734�1735
renal changes in deficiency, 1724�1733

Potassium intake
high, 1679f, 1680, 1699
low, 1677�1678, 1681f, 1682f
potassium excretion and, 1661, 1677�1678
potassium reabsorption and, in loop of

Henle, 1670
restricted, aldosterone and, 1699�1700

Potassium ion channels, 823�824, 823t,
1606f, 1615�1619, 1673�1675, 1674f,
1741�1743, 1742f, 1743f

ATP-sensitive, 164
basolateral, 1675
calcium balance and, 1669, 1673�1674
in cell volume regulation, 122, 123f,

125�126, 128f, 129�130, 130f
potassium secretion and, 1662, 1663f
ROMK, 394�395

AKAPs and, 419
isoforms of, 1604�1605, 1606f
localization of, 1605, 1606f
phosphorylation of, 1608�1609
pore characteristics of, 1605�1614, 1610f
in potassium balance, 1673�1675, 1747

low-potassium diet and, 1678�1679,
1681f

regulation of, 1608�1614, 1610f
structure of, 1601�1604, 1602f
ubiquitination and, 1611
WNK and, 1609�1610

two-pore, 1619
Potassium loading, potassium excretion and,

1678�1680, 1678f, 1679f
Potassium phosphate, in acid�base balance,

312�313
Potassium reabsorption, 1674f, 1675�1676

acid�base balance and, 1693
diuretics and, 1670�1671
in loop of Henle, 1668, 1670�1671
mechanisms of, 1664, 1666f
potassium depletion and, 1678�1679,

1682f
Potassium transport, 1661t, 1662

acid�base balance and, 1638�1641, 1689f,
1690f, 1691�1693, 1691f, 1745

active, 1664
aldosterone in, 1192�1193
antidiuretic hormone and, 1692f,

1693�1694
ATP in, 164
ATP/ADP ratio and, 1666
catecholamines and, 1634�1638, 1635f,

1694�1695, 1744
in CNT and DCT, 650
in connecting tubule, 1672�1675, 1672f,

1677
cooperative factors in, 1698�1700
in cortical collecting duct, 1672�1675,

1672f, 1677, 1678f
in distal convoluted tubule, 1671�1675,

1672f, 1677
diuretics and, 1695�1696, 1696f
driving force in, 1741, 1742f, 1743f
drugs affecting, 1762
glomerular filtration rate and, 1662�1663
glucagon and, 1694
hormones affecting, 1745
insulin and, 1631�1633, 1633f, 1694, 1745
in loop of Henle, 1667�1668, 1668f
postnatal development of, 625�626,

1696�1697
in proximal tubule, 1665, 1666f, 1677
salt and water balance and, 1683f,

1687�1691
sodium reabsorption and, 1699
in thick ascending limb, 1668�1671, 1670f,

1671f, 1677
through apical membrane, 1665, 1666f,

1669
through basolateral membrane, 1665, 1666f
in transplant recipients, 3162

Potassium transporters, 1665, 1666f
sodium-coupled, 1665�1667, 1666f, 1668f

Potassium-bicarbonate cotransporter
electroneutral, 1794

Potassium-chloride cotransporter, 1671�1675
Potassium-sodium cotransporters,

1665�1667, 1666f, 1668f
Potassium-sparing diuretics, 1377�1382,

1377f, see also Diuretics
adverse effects, 1381�1382
calcium reabsorption and, 2240

clinical use, 1381
mechanism of action, 1378�1381
pharmacokinetics, 1381
urinary electrolyte excretion, 1377�1382,

1378f
Pramipexole, transporters for, 2441
Precursor cells, see Stem cells
Precursor prohormone pro-opiomelanocortin

(POMC), 1258
Prednisone, see also Corticosteroids
in transplantation, renal effects of,

3157�3158
Pre-eclampsia, 1348�1349
Preeclampsia-eclampsia, 2727�2735
angiogenesis in, 2734�2735, 2738�2740
anti-angiotensin receptor-1 antibodies in,

2735
cardiac dysfunction in, 2729�2730
central nervous system in, 2730�2731
circulating factors in, 2732�2734
clinical spectrum of, 2727�2728
coagulopathy in, 2730
differential diagnosis of, 2727
endothelial dysfunction in, 2732�2734
epidemiology of, 2727
glomerular endotheliosis in, 2735�2736
glomerular filtration rate in, 2737
HELLP syndrome and, 2715
hepatic dysfunction in, 2730
hyperlipidemia and, 2740
hypertension in, 2729

long-term risk for, 2740
treatment of, 2740, 2741t, 2742t

inflammation in, 2735
kidney in

functional changes in, 2737
morphological changes in, 2735�2737

late postpartum eclampsia, 2728
management of, 2740�2743

drug therapy in, 2740�2743, 2741t, 2742t
induced delivery in, 2740�2743

metabolic syndrome and, 2740
oxidative stress in, 2735
pathogenesis of, 2728�2729
pathophysiology of, 2729
placenta in, 2731�2732, 2732f
predictors of, 2738�2740
prevention of, 2738�2739
prognosis for, 2739�2740
risk factors for, 2738�2740
seizures in, 2728, 2731
severity of, 2728
sFlt-1, 2732�2734, 2733f
in trisomy 13, 2727
urate clearance in, 2740�2742
vascular endothelial growth

factor in, 2734
Preferential bicarbonate reabsorption, 1084
Pregnancy, 2689�2691
acid�base balance in, 2701�2702, 2709f
acute fatty liver of, 2715
acute renal failure in, 2714
after urologic surgery, 2719t
albuminuria in, 2707
amino acids in, 2699�2700
anatomic changes in, 2689�2691, 2691f
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Pregnancy (Continued)
antidiuretic hormone in, 1450, 1588, 2702,

2703f
bacteriuria in, 2713
bicarbonate in, 2701�2702, 2703f
blood pressure in

abnormal, See Preeclampsia-eclampsia;
Pregnancy

classification of, 2726�2727
measurement of, 2725�2726
normal values for, 2725
regulation of, 2725

calcium balance in, 2700t
cGMP in, 2695
chronic pyelonephritis in, 2719t
chronic renal failure in, 2716�2724

causes of, 2718�2723, 2719t
outcome of, 2723
pathophysiology of, 2717�2718
prognosis of, 2716�2724, 2717f
treatment of, 2722�2723

collecting system in, 2691f
cystinosis in, 2721
diabetes insipidus in, 1588, 2704
diagnosis of, 2725�2727
dialysis in, 2722

in acute renal failure, 2714
effective renal plasma flow in, 2691�2699,

2717
in preeclampsia, 2737

endothelin in, 2696
endothelium-derived relaxing factors in,

2695�2696
extracellular volume in, 2693
familial Mediterranean fever in, 2720
fluid balance in, 2707�2708

in chronic renal failure, 2718
focal glomerulosclerosis in, 2719t, 2720
fructosuria in, 2699
glomerular filtration rate in, 2691�2699,

2709�2710, 2717, 2723
measurement of, 2711�2712
in preeclampsia, 2737

glomerulonephritis in, 2718�2719, 2719t
glucosuria in, 2699
Goodpasture syndrome in, 2719t, 2720
HELLP syndrome in, 2715
hematuria in, 2712
Henoch-Schönlein purpura in, 2719t, 2720
hydronephrosis, 2689, 2690f
hyperemesis gravidarum in, 2714
hypertension in, 1221, 2724

causes of, 2727, 2727t
in chronic renal failure, 2718, 2741t
classification of, 2726�2727
diagnosis of, 2725�2727
gestational, 2727
in preeclampsia-eclampsia, 2727�2735,

see also Preeclampsia-eclampsia
lactosuria in, 2699
matrix metalloproteinases in, 2696�2698,

2697f
minimal change disease in, 2719t, 2720
nitric oxide in, 2695
nonosmotic stimulus for AVP secretion in,

2705�2706

normal cardiovascular changes in,
2724�2743

obstructive uropathy in, 2690
osmoregulation in, 2702�2706
ovarian vein syndrome in, 2690
overdistention syndrome in, 2690�2691,

2691f
peptide hormones in, 2694�2695
periarteritis nodosa in, 2719t, 2720
polycystic kidney disease in, 2719t,

2720�2721
potassium balance in, 2700�2701, 2700t,

2701f
preeclampsia-eclampsia in, 2727�2735,

see also Preeclampsia-eclampsia
prostaglandins in, 2695
proteinuria in, 2707, 2717
reflux nephropathy in, 2720
renal biopsy in, 2712
renal cortical necrosis in, 2714�2715
renal disorders in, 2711�2716
patient evaluation in, 2711�2712
prognosis of, 2716�2724, 2717f

renal hemodynamics in, 2691�2699, 2717,
2718f, 2723

renal size in, 2689, 2690f, 2691
renal transplantation in, 2722�2723
renal tubular function in, 2699�2702
renal weight in, 2689, 2690f
scleroderma in, 2719t, 2720
septic abortion in, 2714
sex hormones, 2694
sodium balance in, 2700�2701, 2700t,

2701f, 2702f, 2708�2710, 2709f
systemic lupus erythematosus in,

2719�2720, 2719t
tuberous sclerosis in, 2721
ureteral dilation in, 2690, 2691f
uric acid in, 2700
urinary acidification in, 2702
urinary stasis, 2689, 2690f
urinary tract infections in, 2713�2714
urine concentration/dilution in,

2705�2706
urine sediment in, 2712
urine tests in, 2691�2692
urolithiasis in, 2719t, 2721�2722, 2721f
uterine hemorrhage in, 2714
uterine vein dilation in, 2690
von Hippel�Lindau disease in, 2721
Wegener granulomatosis in, 2719t, 2720
weight gain in, 2706�2707, 2706t
xylosuria in, 2699

Prerenal azotemia
and acute kidney injury, 2529�2531, 2560

Pressure natriuresis
autoregulation and, 826�827, 826f

Primary aldosteronism, 1346�1347
Primary Ciliary Dyskinesia, 319
Primary cilium, 11, 319

ultrastructure of, 322f
Primary essential hypertension, 1336�1341

obesity and overweight risk factors,
1337�1341

Primary hypercapnia, 2113, see also
Respiratory acidosis

Primary hyperoxaluria, 2338
Primary hyperparathyroidism (PHP),

2285�2289
cause of, 2286
clinical presentation, 2286
complications of, 2287t
diagnosis of, 2288
management of, 2288
non-surgical management of, 2289t

Primary single cilia, 631�632
Principal cell, polarity of, 3�4
Proadrenomedullin N-terminal 20 peptide

(PAMP)
biological effects, 1255�1256
in hemodialysis, 1261

ProANP gene, 1245
in cancer, 1266
in congestive heart failure, 1250
expression, enhancement of

calcium and, 1249
glucocorticoids and, 1247�1248
mechanical stretch and, 1247
mineralocorticoids and, 1248
thyroid hormones and, 1247

in invertebrates, 1261�1262
localization of, 1250
mechanism of action, 1246, 1248f
in plants, 1261�1262
tissue-specific expression of, 1245�1246,

1247f
transgenic/knockout mice, 1249
upregulation, and human diseases,

1249�1250
Procainamide, transporters for, 2441
Progesterone
in pregnancy, renal hemodynamics and,

2694
Programmed cell death, see Apoptosis
Programmed necrosis, 2993�2994
Proliferative glomerulonephritis, 2791
Pronephric duct, 859
Pronephros, development of, 859
Prostacyclin (PGI2), 495
in renal tubular acidification, 1959

Prostaglandin F synthesis, 493�494
Prostaglandin 9-ketoreductase (PG9KR), 494
Prostaglandin(s)
in cirrhosis, 1302
in congestive heart failure, 1291
in magnesium balance, 2141t, 2143�2144
in pregnancy, 2695
prostaglandin D2, 494
prostaglandin E2, 2143�2144

PGE receptors, 474
renorenal reflexes, 474

renal inflammation and, 496
in renin regulation, 435, 781�783
in sodium transport regulation, 1291
transport of, 495�496
vascular effects of, 835�836, 836f

Prostanoid synthases, 490
Prostanoids, 488�489
biologic effects, 490
biosynthesis, 496
cellular expression of, 490
diabetic nephropathy and, 496
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DP receptors, 494�495
EP receptors, 490�493
FP receptors, 494
G-protein coupled receptors, 490
IP receptors, 495
prostacyclin (PGI2), 495
prostaglandin E2, 490�491
thromboxane A2 (TxA2), 495
TP receptors, 495

Proteases, 997�998
Proteasomes, in muscle protein metabolism,

3049�3053, 3049t
Protein C, in acute kidney injury, 2545
Protein Data Bank (PDB), 55
Protein kinase(s), see Kinase(s)
Protein kinase A (PKA)
dopamine receptors and, 545
effect on ENaC, 1002
Npy and BMP through, 873
in ROMK phosphorylation, 1608�1609,

1610f
in sodium ion transport, 1109, 1110f
in water reabsorption, 393�394

Protein kinase B (PKB), 935
Protein kinase C (PKC)
in album metabolism, 2464�2465
in diabetic nephropathy, 2616
dopamine receptors, 545�546
in ROMK phosphorylation, 1608�1609
in signaling, 372, 384�385
in T-cell activation, 384

Protein p21, in acute kidney injury, 2559
Protein p21-associated kinase, in signaling,

386�388
Protein restriction
in diabetic kidney disease, 3056
in non-diabetic kidney disease, 3053�3056

Protein tyrosine phosphatases, in signaling,
377, 378f

Proteinases
extracellular, in renal development, 878
in vasculitis, 2825�2827, 2827f

Protein(s)
body stores of, in low-protein diet,

3048�3049
catabolism of, in metabolic acidosis,

3049�3053, 3049t
cell cycle regulatory, 935�936
Cip/Kip family, 936�937
dietary

in disease progression, 3035�3036
glomerular filtration rate and, 3053
guanidino-containing compounds from,

3038�3039
health effects of, 2061�2062
hypertension and, 3033
intake assessment for, 3052�3053
intracellular pH and, 1815
nephrotoxic compounds from, 3036
non-urea nitrogen from, 3052�3053
renal hemodynamics and, 3033�3036
renal hypertrophy and, 3021
restriction of, see Low-protein diet
urea from, 3036�3038, 3051�3052, 3052f
urea transporters and, 1493
uremic toxins from, 3036

glycated, in diabetic nephropathy, 2617
INK4, 936
membrane
of apical membrane, 8�11
of basolateral membrane, 11
peripheral, 4�5
of tight junctions, 6

metabolism of
in cell volume regulation, 124, 126
in chronic kidney disease, 3046�3060
in dialysis, 3046�3047
in metabolic acidosis, 2056�2057,

3047�3053, 3049t
phosphorylation of, in cell volume

regulation, 126
toxic metabolites of, 3037�3038
tubular reabsorption of, 2963

Proteinuria, 2464, see also Albuminuria
in acute post-streptococcal

glomerulonephritis, 2765
in Alport syndrome, 2847
in apoptosis, 2968�2969
in congenital nephrotic syndrome, 2462
in disease progression, 2961
complement and, 2973�2975
early studies of, 2961�2965
events in, 2962f
overview of, 2961�2973
signaling in, 2969�2973
tubular injury in, 2963�2965,

2970�2975
fibrogenesis and, 2971�2972
in Heyman nephritis, 2970�2971
immune response, triggering, 2976�2977
inflammation in, 2973�2974
lipids in, 2976�2977
in pregnancy, 2707, 2717
receptor-associated protein deficiency in,

2963
renal injury from, 3052�3053

Proteinuria-associated progressive
glomerular injury, 2974�2975

Proteoglycans, 12, 732, 877�878
in glomerular basement membrane, 620,

903�904
Proteolytic cleavage-activated receptors,

377�379, 378f
Prothrombin F1 fragment, as stone inhibitor,

2319
Proton gradients, sodium transport and,

1090�1092, 1091f
Proton-pump inhibitors (PPIs), 2158�2159
Proximal convoluted tubule

bicarbonate transport in
postnatal renal acidification and,

917�919
calcium reabsorption in, 2228, 2228f
epithelial cells of, 1
potassium transport in, 1661, 1663f
control of, 1677
direction of, 1663�1667
magnitude of, 1663�1667
mechanism of, 1665, 1666f

sodium transport in
oxygen consumption and, 144

substrate preference in, 154�155, 154f

Proximal renal tubular acidosis, 1840�1841,
see also Renal tubular acidosis,
proximal

Proximal tubule, 352�354, 632�635, 2393,
see also Glucose, reabsorption in;
Renal tubular; Tubular

ammonium ion secretion in, 2007�2008
calcium transport in, 2229�2230, 2235t
calcium-sensing receptor in, 2195�2196
convoluted, see Proximal convoluted

tubule
dopamine and, 1114�1115
drug transporters in basolateral membrane

of, 2427�2428
epithelium, morphology of, 632�633
function of, 1081
glucose reabsorption in, 2394, 2395f
interspace model to, 1104t, 1105
in metabolic alkalosis, 2029�2030, 2030f
Na,K-ATPase regulation in, 76�77,

1099�1100
NaCl reabsorption, 353
net fluxes across, 1082�1084, 1082t, 1083f,

1084f, 1085f
organic anion reabsorption in, 2425�2426,

2426f
organic cation reabsorption in, 2437�2438,

2437f
overview, 1081�1082
paracellular pathway

across tight junction, 1106�1109, 1108f
lateral intercellular space, 1102�1105,

1103f
permeability properties of, 1086, 1086t
phosphate reabsorption in, 2351�2352
protein reabsorption in, proteinuria and,

2964
redistribution of renal blood flow to,

1251�1252
sodium chloride transport in

maturation of, 913
sodium retention and, 1288�1290, 1300

sodium transport in, 1371
sodium-bicarbonate cotransport in,

1095�1097
sodium-glucose co-transport in,

1089�1090
straight

calcium reabsorption in, 2228�2229,
2228f

potassium transport in, 1661
transcellular pathway, 1087�1102

cytosolic concentrations, 1087�1088
luminal membrane, 1088�1095
peritubular membrane, 1095�1100

transcellular water reabsorption, 634
transport forces, 1085�1087
water reabsorption in

maturation of, 913
water transport in, 1085�1087, 1371

Proximal tubule, 558
PSD-95, 407
Pseudofractures
in osteomalacia, 2298�2299

Pseudohypoaldosteronism, 2096
posttransplant, 3162
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Pseudohypoaldosteronism (Continued)
type I, 1759
type II, 1759�1760

Pseudohypoaldosteronism type I (PHA I),
1226�1227

autosomal recessive, 1226�1227
and ENaC, 1192

Pseudohypoaldosteronism type II (PHAII),
1163, 1223�1225, 1344

sodium-coupled cation chloride co-
transporters and, 1225�1227

Pseudohyponatremia, 1530
Pseudohypoparathyroidism, 2297�2298
Pseudo-solvent drag, 102
Psychogenic polydipsia
self-induced water intoxication in,

1513�1514
P-type ATPases, 60, 61f, 67
ATP hydrolysis and, 145
structure and conserved

motifs, 67, 68f
Pulmonary disorders, SIADH in, 1520
Pulmonary edema
flash, 2578�2579
in preeclampsia, 2729

Pulmonary ventilation, chemical stimulus
for, 2114

Pumps, see Ion pumps
Purinergic receptors, see Nucleotide

receptors
Purinoceptors
in blood flow regulation, 832�834, 833f,

834f, 835f
P2X receptors, 511, 1985, see also Nucleotide

receptors
P2X7 receptors, 511
in polycystic kidney disease, 529�530
in renal inflammation, 528�531

P2Y receptors, 511�512
dinucleotides, 512
heterodimeric, 512

Pyelonephritis, in pregnancy, 2713
Pyranine-based dyes, in intracellular pH

measurement, 1778
Pyridoxine
for ethylene glycol poisoning, 2076
for hyperoxaluria, 2338
for primary hyperoxaluria, 2338

Pyrophosphate, as stone inhibitor, 2318
Pyruvate metabolism, 2069�2070, 2069f

Q
Quartan malaria, 2789
in children, 2789
nephropathy associated with, 2789

Quinidine, transporters for, 2441

R
R-568, for polycystic kidney disease, 2671
Race
potassium balance and, 1647

Radiation, in vitamin D production, 2251
Radiocontrast induced nephropathy (CIN),

2532�2533, 2891
Radiography

of kidney stones, 2312�2313
Raf, in MAPK signaling, 385, 388
RAGE

in diabetic nephropathy, 2618
in ischemic inflammation, 2993

RANKL, vitamin D and, 2281
Rapamycin

for polycystic kidney disease, 2669
in transplantation, solute transport and,

3151
Ras mitogen-activated protein kinase (Ras-

MAPK) pathway
in cancer, 1266�1268, 1267f

Ras oncogene, cell volume and, 131f
Reactive oxygen species (ROS)

in acute kidney injury, 2556�2557
in blood flow regulation, 831�832
dopamine receptors, 567�568
nephrotoxic drugs and, 2897f, 2898�2901,

2910�2911, 2914�2915
in preeclampsia-eclampsia, 2735
in renal function, 455�456
as uremic toxins, 3042
uric acid nephrotoxicity and, 3036

Receiver-operator curves (ROC), 2579�2580,
2579f

Receptor tyrosine kinases, 374�375, 374f
in MAPK signaling, 386, 387f

Receptor-like phosphatases, in signaling,
377�379, 378f

Receptor-mediated endocytosis, 633�634, 633f
Receptor(s), 375�376, 376f, 1985, see also

Baroreceptors
angiotensin, 372, 372f, 429�431, 436�437
in medullary circulation, 438

in aquaporin-2 channels, 1422�1423
arginine vasopressin, 371�372
atrial natriuretic peptides, see Natriuretic

peptide receptors (NPR)
calcitonin, 2261
calcium sensing, 2187�2190, 2273�2276
cell-surface, 369�383, see also Signaling
cholinergic, 1984
c-kit, 960
classification of, 370�376
dopamine, 371
epidermal growth factor, 374
erythropoietin, 3090�3092, 3091f
Fc
in antineutrophil cytoplasmic

autoantibody vasculitis, 2836�2837
in immune complex vasculitis, 2829

Frizzled, 381�382
G-protein-coupled, 369�376, 374f, see also

G-protein-coupled receptor(s)
glucocorticoid, 1182�1183, 1194�1196
growth factor, 374�375, 374f, 2559
hepatocyte growth factor, 375
heterologous desensitization and, 371
homologous desensitization and, 371
IgG, in immune complex vasculitis, 2829
IGF1, ureteric bud and, 876
IgG Fc, see Receptor(s)
kinase, 374�375, 374f, see also Kinase

receptors
serine/threonine, 375�376, 376f, 384

in signaling, 374�375, 374f, 376f
tyrosine kinase, 374�375, 374f

ligand-binding domains of, 369
long-acting natriuretic peptide, 1260
mineralocorticoid, 431, 1194�1196,

1215�1216
activation of, mutations and, 1216�1220
ASDN cells and, 1182�1183
in TAL, 1184�1185

NPR-A, 1259
NPR-C, 1259
nucleotide, 164�165
parathyroid hormone, 373, 2259
pattern recognition, 2988�2989
peroxisome proliferator-activated,

2899�2900
platelet-derived growth factor, 374
protein tyrosine phosphatase, 377, 378f
proteolytic cleavage-activated, 377�379,

378f
purinergic, see Nucleotide receptors
Ret tyrosine kinase, 375
retinoic acid, in renal development, 872
serine/threonine, 375�376, 376f, 385

in PI 3-K signaling, 389, 390f
in signaling, 369�383, see also Signaling
thrombopoietin, 3111�3112
toll-like

in acute kidney injury, 2988�2993
endotoxin and, 2991

transactivation of, 373
vascular endothelial growth factor, 374
vessel dilator, 1260
vitamin D, 2254

Recombinant erythropoietin, 3087�3088
for renal anemia, 3107

Recombinant thrombopoietin, 3111
Red cell cation leak syndromes, SLC4 in,

1876t
Red cell(s)
anion exchanger deficiency diseases of,

1888
production of, See Erythropoiesis;

Erythropoietin
Refeeding syndrome, hypophosphatemia in,

2380
Reflection coefficient, 276
Reflux nephropathy, in pregnancy, 2719t,

2720
Regression
of diabetic nephropathy, 2622

Regulated on activation normal T cell
expressed and secreted (RANTES),
2466

Regulatory volume decrease (RVD),
1034�1035

Relaxin, in pregnancy, 2694
Remission Clinic Program, 2977�2978
Renal amyloidosis, 2792
Renal anatomy
cortex, 610�612, 611f, 612f, 613f
crest kidney, 595
epithelium, see Epithelium
glomerulus, 616�627, 617f
histotopography and, 611f, 615�616
interstitium, 602�608
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medulla, 595, 596f, 612�616, see also Renal
medulla

multipapillary kidney, 595, 596f
nephron and collecting duct system,

600�602
nerves, 609f, 610
periarterial connective tissue and

lymphatics, 608�610
in pregnancy, 2689�2691, 2691f
reniculus kidney, 595
segments of, 603f
terminology of, 603f
topographical relationships in, 610�616
unipapillary kidney, 595, 596f
urine concentrating mechanism and,

1464�1469, 1464t, 1465f, 1466f, 1467f
vascular, 595�600, 596f, 597f, 598f, 599f,

600f
Renal anemia, see Anemia
Renal artery, anatomy of, 595�596
Renal artery angioplasty, 2595�2596, 2595t
Renal artery constriction/aortic coarctation,

1345
Renal artery revascularization
angioplasty in, 2595�2596, 2595t
indications, 2578
results of, 2594t, 2595, 2595t
stenting in, 2596�2598, 2596f
utilization trends for, 2578

Renal artery stenosis, 2596�2598, 2596f
atherosclerotic, see Atherosclerotic renal

artery stenosis
causes of, 2590t
clinical syndromes associated with, 2589t
ischemic nephropathy in, see Ischemic

nephropathy (IN)
severity, 2592
sonographically determined resistance

index in, 2581�2583
revascularization for, see Renal artery

revascularization
Renal biopsy, in pregnancy, 2712
Renal blood flow (RBF), 803, 2542�2543
angiotensin II in, 437
cyclosporine and, 3169t, 3170�3171
denervation, 456�457
intra-renal haemodynamics, 457

measurement, 457
sympathetic nerve stimulation, 457

nephrotoxic drug effects and, 2890�2892
osmotic diuretics and, 1356
postnatal development of, 911
redistribution, to proximal and distal

tubules, 1251�1252
regional, measurement of, 818�819, 818f,

819t
regulation of, 391, 392f
renin-angiotensin system and, 437�438
sympathetic nerves, 456

Renal calcium transport, 2235�2236
Renal calculi, see Nephrolithiasis
Renal calyx
anatomy of, 595, 596f
in pregnancy, 2689, 2691f

Renal channelopathies, 249t
Renal colic, in nephrolithiasis, 2312

Renal corpuscle, see Glomerulus
Renal cortex, see also Cortical

anatomy of, 595, 596f, 610�612, 611f, 612f,
613f

capillary uptake of tubular reabsorbate
and, 809�810

macromolecules transport in, 816�817
Renal cortical necrosis, in pregnancy,

2714�2715
Renal cysts and diabetes syndrome, 2155
Renal denervation, 451
Renal development

apoptosis prevention during, 879�880
cell culture models, 866�867
cell-locating signaling in, 380�382, 381f,

383f
coarse grained models of, 868
ECM in, 876
experimental approaches to, 861�867
extracellular proteinases in, 878
fibrillin1 in, 878
gene knockout technology, 865�866
glomerular basement

membrane, 901�904
glomerular capillaries in, see Glomerulus
glomerular development, 881�882
growth factors in, 874
EGF, 876
FGF, 874
GDNF, 874
glomerular development and, 894�895
HGF, 876
IGF, 876
pleiotrophin, 875
secreted frizzled-related proteins in, 875
TGFβ, 875
WNT2b, 875

laminin in, 877
mesangial, 896�897
mesonephros in, 859
metanephros in, 859�861, 860f
molecular approaches to, 867�868, 867f,

868f
overview, 859, 860f
postnatal, 911
potassium transport and, 1698�1699
pronephros in, 859
proteoglycans in, 877�878
retinoic acid in, 872
termination of, 882
transcription factors in, 868�872
tubulogenesis in, 878�881, 880t
tyrosine kinase receptors in, 375, 377
vascular development, 881�882

Renal dialysis, see Dialysis
Renal disease

epithelial cell polarity and, 32�34
hyperfiltration theory, 3033
in pregnancy, 2711�2716
progression of, 3056�3059
apoptosis in, 2968�2969
complement in, 2973�2975
dietary protein and, 3035�3036
fibrogenesis in, 2971�2972
hemodynamic mechanisms of,

3033�3036

in hypertension, 3033
low-protein diet and, 3056�3059, see also

Low-protein diet
in diabetes mellitus, 3056

protein-bound lipids in, 2976�2977
proteinuria in, 2961
uric acid in, 3035

Renal drug disposition, see Drug disposition
Renal dysfunction
severity and acuity of, 2593

Renal epithelium, see Epithelium
Renal failure
acute, see also Acute kidney disease

ADM in, 1264
aquaporins in, 1426�1427
BNP in, 1264
CNP in, 1264
DNP in, 1264
hypercalcemia in, 2292�2293
natriuretic hormones in, 1260�1264
in pregnancy, 2714
salt wasting in, 1310
urodilatin in, 1262�1263
vessel dilator in, 1263�1264, 1263f

chronic, see also Chronic kidney disease
anemia in, 3107�3108
aquaporins in, 1427
atherosclerotic renal artery stenosis and,

see Atherosclerotic renal artery
stenosis

bleeding in, anemia due to, 3107
diabetes insipidus in, 1556
end-stage renal disease in, 3026�3027,

see also End-stage renal disease
hypercalcemia in, 2292�2293
hyperparathyroidism in, 3075�3077
hyperphosphatemia in, 2382
idiopathic postpartum, 2715
metabolic acidosis in, 2079
organic cation transporters in,

2445�2446
in polycystic kidney disease, 2649
potassium metabolism in, extrarenal,

1642�1643
in pregnancy, 2716�2724, see also

Pregnancy
progression of, see Renal disease
uremic toxins in, 3038�3039

Renal glycosuria, familial, see Familial renal
glycosuria (FRG)

Renal hemodynamics, 552�554, see also
Glomerular hypertension; Renal
blood flow (RBF)

D1-like receptors, 552
D2-like receptors, 552�553
dietary protein and, 3033�3036
in disease progression, 3033�3036
glomerular filtration, 553�554
renin-angiotensin system in, 437�438,

see also Renin-angiotensin system
tubuloglomerular feedback, 554

Renal hyperplasia
assessment of, FACS and, 934, 937�945
cell cycle and, 934�937
cell growth, measurement of, 934
defined, 933
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Renal hyperplasia (Continued)
in diuretic resistance, 1390�1394, 1391f,

1392f, 1393f
glomerular, 937�938, 937f, 938f
intracellular pH in, 1815
in metabolic acidosis, 2061
overview, 933�934
tubular, 945

Renal hypertrophy, 945�947
cell cycle and, 934�937, 934f
cell growth, measurement of, 934
defined, 933�934
in diuretic resistance, 1390�1394, 1391f,

1392f, 1393f
glomerular, 945�947
overview, 933�934
tubular, 947�951, 949t, 950t

Renal hypoperfusion, See Hypoxia;
Ischemia

Renal inflammation, see also Inflammation
dopamine receptors, 568

Renal innervation, 451
efferent innervation, 451�452, 452f

para-vertebral ganglia, 451�452
pre-ganglionic nerve fibers, 451�452

intrinsic innervation, 452
neuro-effector junctions, 452, 453f

Renal insufficiency
chronic, hyperkalemia in, 1758

Renal interstitium, see Interstitium
Renal ion channels, 217
with recognized function, 219t

Renal ischemia, see Ischemia
Renal isoforms
of V-ATPases, 83

Renal lymphatics, 608�610, 608f
Renal medulla, see also Medullary
anatomy of, 595, 596f, 612�616
complex-type, 613�615, 613f
countercurrent exchange of solutes and

water, 668�669
countercurrent multiplication in, 810,

1474�1488, 1475f, see also Urine
concentration

countercurrent solute-water exchange in,
1476

histotopography of, 611f
inner, 612, 665

passive mechanism hypothesis for,
1480�1481

macromolecules transport in, 816�817
mass balance in, 1479�1480
outer, 611f, 612

inner stripe of, 611f, 612, 614f, 616f, 665
potassium reabsorption in, 1676

outer stripe of, 611f, 612, 612f, 614f,
665�668, 666f

potassium reabsorption in, 1676
potassium recycling in, 1667�1668
simple-type, 613�615, 613f
urea recycling, 669�670
in urine concentration, 663�670
vascular bundles of, 612, 612f, 614f

Renal medullary interstitial cells (RMIC),
806�807

Renal morphogenesis, 959�960

Renal nerves, see also Nerves; Renorenal
reflexes

analysis, 462�463
central nervous system, 466�467
brain angiotensin II, 466�467
central processing, 466

electrical stimulation, 461�463
efferent activity, 461
haemodynamics, 462
stimuli, 461�462, 462f

functionalities, 460�461
men, neural regulation in, 468
reflex regulation, 463�466
cardiovascular baroreceptors, 463�464
higher cortical centers, 465
selective functions, 465�466
somatosensory system, 464
visceral system, 464�465

Renal osteodystrophy, 2249
calcium transport and, 2238
in hyperparathyroidism, 3075�3076
treatment of, 3079t, 3081�3083, 3082t

Renal outer medullary potassium channel
(ROMK), see ROMK

Renal pelvis
anatomy of, 595, 596f
in pregnancy, 2689, 2691f

Renal plasma flow, see also Renal
hemodynamics

in pregnancy, 2691�2699, 2717
in preeclampsia, 2737

Renal replacement therapy (RRT), 2527, 2641
Renal salt homeostasis

overview of, 1214�1216, 1215f
Renal transplant rejection, 1844
Renal transplantation

for Alport syndrome, 2856
calcium balance after, 3162�3163, 3164f
in congenital nephrotic syndrome of

Finnish type, 2863�2865
endothelin in, 3168�3169
erythropoiesis after, 3108�3109
hypercalcemia and hyperparathyroidism

following, 2207�2208
hyperuricemia after, 3166�3167
hypophosphatemia in, 2380
immunosuppression in, 3151, 3175
cyclosporine in, 3167, 3168f, 3170f, 3173f
tacrolimus in, 3174�3175

magnesium balance in, 3174
natriuretic hormones in, 1261
phosphate balance after, 3164�3165
polycythemia after, 3109
potassium balance after, 3157�3158
in pregnancy, 2722�2723
solute and water regulation after
animal studies of, 3153
in azotemic solute-loaded recipient,

3156�3158
glomerular filtration rate and,

3152�3153
immunosuppression and, 3151, 3175
ischemia and, 3154�3155
in rejection, 3158�3160
renal tubular acidosis and, 3160
twin studies of, 3153�3154

tubular function in, 3152, 3153f
Renal transport, See Ion transport; Solute

transport; Water transport
Renal transport proteins, types of, 221f
Renal tubular acidification, 1917�1941
aldosterone in, 2092�2093, 2093f
ammonia excretion and, 919�920
carbonic anhydrase in, 920
cyclosporine and, 3171
defects in, see Renal tubular acidosis
in distal nephron, 919, 1943�1959

angiotensin II in, 1959
antidiuretic hormone in, 1958
basolateral chloride channels in, 1951
basolateral hydrogen extrusion in,

1952�1953
carbonic anhydrase in, 1953�1954
chloride delivery in, 1957�1959
cortical collecting duct in, 1944f,

1945�1948, 1946f, 1954�1957
distal tubule in, 1944�1945, see also

Renal tubular acidosis
endothelin in, 1958
H-ATPase in, 1948�1950, 1949f, 1956
H,K-ATPase in, 1950
inner medullary collecting duct in,

1947�1948
isoproterenol in, 1958�1959
mineralocorticoids in, 1957�1958
models of, 1944f
NHE3 in, 1938�1941
outer medullary collecting duct in, 1947
parathyroid hormone in, 1958
peritubular and luminal pH in,

1954�1957
potassium depletion and, 1958�1959
prostacyclin in, 1959
regulation of, 1954�1957
sodium delivery in, 1957�1959
transepithelial voltage in, 1957�1959

postnatal development of, 917�920
in proximal tubule, 917�919, 1917�1941

aldosterone in, 1940
angiotensin II in, 1940
apical membrane mechanisms in,

1917�1918, 1918f, 1923f
basolateral membrane mechanisms in,

1924�1927
carbonic anhydrase in, 1930�1931
catecholamines in, 1941
chloride/OH exchange in, 1922�1923,

1927�1928, 1929f
defects in, 2081�2083
electrogenic sodium-bicarbonate

cotransport in, 1924�1927, 1935
endothelin in, 1940
extracellular fluid volume and, 1938
glucocorticoids in, 1941
H-ATPase in, 1919
hydrogen leak in, 1923�1924, 1923f,

1928
hydrogen secretion vs. bicarbonate

absorption in, 1917�1918
insulin, 1941
luminal bicarbonate and pH and,

1931�1932
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luminal flow rate and, 1932�1933
luminal pH and, 1931�1932
Na/H antiporter in

apical-membrane, 1919, 1921f, 1923
basolateral-membrane, 1924�1927,
1935, 1935f

NHE3 in, 1917�1918, 1920�1921, 1921f,
1935, 1935f

parathyroid hormone in, 1938
in potassium depletion, 1937�1938
primary active, 1919
secondary active, 1918�1919, 1921f
tertiary active, 1918, 1921�1922

regulation of, 1931�1933
titratable acid and, 919�920
in transplant recipients, 3161

Renal tubular acidosis, 2335�2336, see also
Metabolic acidosis

distal
anion exchanger absence in, 1896�1897
autosomal dominant, 2086
causes of, 2086t
diagnosis of, 2088�2090
generalized, 2092�2093
with hearing loss, 2087
hyperkalemic, 2092�2093
hypokalemic, 2085�2086
pathophysiology of, 2011�2012,

2030�2031
primary/inherited, 2086�2087
proximal, 2012, 2083

vs. distal, 2012
recessive, anion exchanger and, 1893f
salt wasting in, 1310
secondary, 2087�2088
SLC4 mutations in, 1880�1881,

1889�1896, 1892f, 1893f
treatment of, 2090�2091

familial proximal, 1840�1841
hyperkalemic, 2092�2093

cortical collecting duct abnormalities
and, 2096

drug-induced, 2096�2098, 2096f
in hyporeninemic hypoaldosteronism,

2094�2096
in mineralocorticoid resistance, 2096
primary, 2093
in primary adrenocortical deficiency,

2093
in pseudohypoaldosteronism, 2096
secondary, 2096

hypokalemic
distal (classic), 2085�2086
proximal, 2081�2088

inherited mixed, 2083
potential mutant-specific therapy, 1843
proximal, 2081�2083

autosomal dominant, 2083, 2086
autosomal recessive, 2087
causes of, 2083t
diagnosis of, 2088, 2090
with distal type, 2083
hypokalemic, 2081�2088
with ocular abnormalities, 2083
pathophysiology of, 2081�2083, 2082f
primary, 2083

salt wasting in, 1310
secondary, 2083�2085
treatment of, 2091

in transplant recipients, 3160
Renal tubular and interstitial damage,

albumin induced, 2464�2466
apoptosis, 2464�2465
ER-stress, 2465�2466

Renal tubular apoptosis,
ischemic, 165�166

Renal tubular hypertrophy, 947�951, 949t,
950t

angiotensin II, 948
transforming growth factor β, 947�948

Renal tubular necrosis, ischemic, 165�166
Renal tubular system, 1181�1182, 1182f
Renal tubular uptake, of L-DOPA, 541
Renal tubule(s), see also Tubular

cell types of, 603f
connecting, see Connecting tubule (CNT)
distal convoluted, see Distal convoluted

tubule (DCT)
intermediate tubule, 603f, 635�640, 636f,

see also Intermediate tubule
nerves of, 610
neuronal influences on, 610
in pregnancy, 2699�2702
proximal, 603f, see also Proximal tubule
segmentation of, 603f
terminology for, 603f

Renal vein, anatomy of, 595�596
Renal vessels

anatomy of, 595�600, 596f, 597f, 598f, 599f,
600f

development of, 881�882
nerves accompanying, 610
specialized fornices of, 595, 596f
wall structure of, 599�600, 599f

Reniculus kidney, 595
Renin, see also Mineralocorticoids; Renin-

angiotensin system
in angiotensin synthesis, 427, 432
biosynthesis of, 427, 432�433, 437
deficient, hypoaldosteronism and,

1759�1761
granular cells in, 432�433, 433f
mast cells in, 434

cellular release of, 436�437
cyclooxygenase-2 and, 781�782
deficiency of, hypoaldosteronism and,

2094�2096
expression of
in connecting tubule, 433�434
extrarenal, 434

functions of, 427�428
gene expression for, 437
in metabolic alkalosis, 2038
in pregnancy, 2700�2701, 2702f,

2708�2710, 2709f
regulation of, 432�438
adenosine in, 783�784
baroreceptors in, 433�434
calcium in, 436
cAMP in, 436�437
macula densa in, 432, 433f, 434
nitric oxide in, 434, 780�781

prostaglandins in, 435, 781�783
short-loop feedback in, 436
sympathetic nerve activation in, 436

secretion of, 778�785
ion specificity and, 779�780
loop diuretics and, 1365�1366, 1366f
organic compounds and, 780

in signaling, 427�428
sources of, 432�434

Renin release, 458�460
granular cells, 458�459

exocytosis, 459�460
intracellular signaling pathways

adenyl cyclase, 459
cAMP, 458�460, 459f
cytosolic calcium, 458�459

L-type calcium channel, 459
mRNA, 458�460
nerves’ stimulation, 459�460
neural and non-neural interactions, 460

Renin secretion
calcium-sensing receptor and, 2201�2202

Renin-angiotensin system, 427�432, 474
in albuminuria, 2462�2463
aldosterone in, 431�432
angiotensin receptors in, 429�431
angiotensin-converting enzyme in, 429,

430f
angiotensinogen in, 428�429, 430f
in blood pressure regulation, 432, 433f
components of, 427�432
cyclosporine effects on, 3172
functions of, 437�438
integrated actions of, 432
overview of, 427
renal hemodynamics and, 437�438

glomerular microcirculation in, 437
renal epithelium in, 438�440
renal medullary circulation in, 438
tubular function in, 440

renin in, 427�428, 430f, 432�438, see also
Renin

in tubuloglomerular feedback adaptation,
774�775

Renin-angiotensin-aldosterone system
(RAAS), 728, 2530

in congestive heart failure, 1289�1290
cyclosporine effects on, 3172
in diabetic nephropathy, 2618�2620
disorders

renal salt loss, 1225�1227
renal salt reabsorption, 1215�1216, 1215f
urodilatin and, 1254

in diuretic adaptation, 1390
drugs interfering with, 1762�1764
in extracellular fluid balance, 1289�1290,

1291f
genetic disorders of, 1216�1221
hypertension, 1328�1329
kaliuretic peptide and, 1253
LANP, 1253, 1253f
in nephrotic syndrome, 1307�1308
in postnatal sodium transport, 916�917
in pregnancy, 2700�2701, 2702f,

2708�2710, 2709f
sodium excretion and, 1307�1309
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Renoguanylin, biological effects of,
1256�1257

Renorenal reflexes, 469�479
dorsal rhizotomy (DRX), 469�470
efferent and afferent nerves, 471
excitatory reflexes, in injured/diseased

kidneys, 478�479
mechanosensory nerves, 469

α-adrenoceptors, 474�475
angiotensin II, 474
bradykinin, 475
cAMP-protein kinase A (PKA), 474
CGRP and, 473
endothelin, 476�477
impairment of, 477�478
natriuretic nature of, 470�471
pathophysiological

conditions, 477�479
PGE receptors, 474
physiological conditions, 470�477
prostaglandin E2 (PGE2), 474
substance P and, 468f, 471�474
TRPV1 and, 473�474

overview, 469
Renovascular hypertension (RVH), 1345
diagnosis of, 2579�2580, 2579f
revascularization for, see also Renal artery

revascularization
Reperfusion injury, mitochondrial, 166
Resistance index, in renal artery stenosis,

2581�2583
Respiration, see also Breathing; Ventilation
mitochondrial, 149�150, 150f

disorders of, 165
regulation of, 158�159
solute transport and, 158�159

Respiratory acidosis
cerebrospinal fluid composition, 2120
diagnosis of, 2123
hemodynamic consequences of,

2121�2122
intracellular pH during, 1806�1807, 2120
management of, 2123�2126

alkali therapy, 2126
assisted ventilation, 2124�2125
oxygen administration, 2123�2124
pulmonary function improvement, 2125

and metabolic acidosis, 2126�2127
and metabolic alkalosis, 2127
mixed acid�base disorders associated

with, 2126�2127
respiratory acidosis and metabolic

acidosis, 2126�2127
respiratory acidosis and metabolic

alkalosis, 2127
pathophysiologic effects and clinical

manifestations of, 2120�2123
cardiovascular, 2121�2122
immune response, 2122
neurologic, 2120�2121
renal and metabolic, 2123
respiratory, 2122
skeletal, 2123

pathophysiology, 2113�2120
carbon dioxide transport, failure,

2116�2117

function of respiratory muscles,
2114�2115

overproduction of CO2, 2116
plasma electrolyte composition, 2120
pulmonary ventilation, chemical

stimulus for, 2114
secondary physiologic response,

2117�2120
potassium metabolism in, 1640�1641
primary hypercapnia, 2113, see also

Respiratory acidosis
Respiratory alkalosis, 2127

definition of, 2021
diagnosis of, 2135
hypophosphatemia in, 2378�2381, 2379f
intracellular pH during, 1807, 2133
management of, 2135
mixed acid�base disorders associated

with, 2135�2136
pathophysiologic effects and clinical

manifestations of, 2133�2135
pathophysiology, 2127�2133
posthypocapnic hyperchloremic acidosis

in, 2099�2100
potassium balance in, 1640�1641

Respiratory compensation, in metabolic
acidosis, 1980�1981, 1981f, 2055,
2055f, 2056f, 2057f

Respiratory control index, 158�159
Respiratory dysfunction

SIADH in, 1520
Respiratory muscles, function of, 2114�2115
Ret tyrosine kinase receptor, 375
Retinoblastoma protein (pRb), 935�936
Retinoic acid (RA)

for glomerular hyperplasia
mesangial, 940
podocyte, 944

hypercalcemia due to, 2292
Retinoic acid receptor genes, in renal

development, 872
Retrotrapezoid nucleus, chemoreceptors in,

1982�1983, 1982f, 1985
Rhabdomyolysis, 3008

AKI in, 2533
RhBG, in ammonium transport, 2009�2011
RhCG, in ammonium transport, 2009�2011
Rho GTPases, 738�739

in acute kidney injury, 2540
Rho kinase, in vascular smooth muscle

regulation, 391
Rhodamine-based dyes, in intracellular pH

measurement, 1778
Rhubidium-86 methodology, 457
Rickets

autosomal dominant hypophosphatemic,
2380�2381

vitamin D-dependent, 2298�2299
X-linked hypophosphatemic, 2381

RNA, aldosterone-regulated, 1202�1203
Robo2 gene, 872
ROMK, 227, 235, 394�395, 1606f, 2492,

see also Renal outer medullary
potassium channel (ROMK)

AKAPs and, 419
CFTR as regulator of, 1029

gating, molecular basis of, 247�248
isoforms of, 1604�1605, 1606f
localization of, 1605, 1606f
molecular basis of rectification in, 246�247
phosphorylation of, 1608�1609
pore characteristics of, 1605�1614, 1610f
in potassium balance, 1673�1675, 1747

low-potassium diet and, 1678�1679,
1681f

regulation of, 1608�1614, 1610f
selectivity and permeation, 245�246
structure of, 1601�1604, 1602f
ubiquitination and, 1611
WNK and, 1609�1610

Roscovitine
for glomerular hyperplasia

mesangial, 940
podocyte, 944

for polycystic kidney disease, 2674
Rostral aspect of ventral respiratory group,

chemoreceptors in, 1982�1983,
1982f, 1985

Rostral ventrolateral medulla (CVLM),
466�467

Rough endoplasmic reticulum (RER), 21
Rubbing alcohol poisoning, metabolic

acidosis in, 2068
Ruthenium red, epithelial calcium ion

channels and, 2174

S
SAGE (Serial Analysis of Gene Expression),

1203
Salicylate overdose, 2077�2078, 2081t
Salicylate transporters, 2436
Salicylates, for preeclampsia prophylaxis,

2738�2739
Sall1 gene, 870
Salt, See Sodium; Sodium chloride
Salt intake
fluid and electrolyte balance and, 2478,

2479f
in metabolic alkalosis, 2025, 2031
in nephrolithiasis, 2322
potassium excretion and, 1683f, 1687�1691

Salt wasting, 1309�1311
in acute renal failure, 1310
in Bartter syndrome, 1310
cerebral, 1311, 1311f, 1521�1523
in chronic kidney disease, 1309�1310
in Gitelman syndrome, 1310
mineralocorticoids and, 1310�1311
in renal tubular disorders, 1310

Salt-losing nephropathy, sodium balance in,
300

Salt-sensitivity hypertension
increased renal tubular sodium

reabsorption, 1325
nephron loss, 1325
and organ injury, 1326
significance, 1325�1326

SAP-97 proteins, 414�416, 415f
Sarcoidosis, hypercalcemia in, 2290�2291
Sca-1, stem cell marker, 963�964
Scaffolding proteins, 405
AKAP, 417
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dystrophin-associated, 416�417, 417f
NHERF, 408�409, 409f
overview of, 405
PDZ, 405
in signaling, 373, 380

in MAPK pathway, 386�388
SCH-28080, in H,K-ATPase inhibition
potassium reabsorption and, 1676

Schistosomiasis, 2789�2790
Scleroderma, pregnancy in, 2719t, 2720
SCNN channels, 236
Scribble complex, 19
Second transmembrane domain (TM2),

990�992
Secondary hyperparathyroidism
calcium-sensing receptor modulation in,

2204�2207
Secreted frizzled-related protein (sFRPs)
in phosphate balance, 2253�2254,

2369�2370, 2376�2377, 2377f
in renal development, 875

Seizures
eclamptic, 2728, 2731, see also

Preeclampsia-eclampsia
hypernatremia due to, 1554t, 1559
treatment of, 2742, 2742t

Self-organizing map (SOM), 867, 868f
Semipermeable membranes, osmotic

equilibrium and, 95�96, 96f
Sensenbrenner Syndrome, 341
Sepsis
acute kidney injury in, 2549�2557
hypophosphatemia in, 2379�2380

Septic abortion, 2714
Septins, 21
SERCA, 67�68
SERCA1a, 61�62
Serine proteinases, in vasculitis, 2825�2827,

2827f
Serine/threonine receptors, 375�376, 376f,

386�388
in PI 3-K signaling, 389, 390f

Serotonergic neurons, as chemoreceptors,
1983

Serotonin, in phosphate balance, 2374
Serum sickness vasculitis, 2828, see also

Vasculitis
SeSAME disease, 1150�1151
SeSAME/EAST syndrome, 1231
Set point hypothesis, 299
Sevelamer, see also Phosphate binders
for hyperparathyroidism, 3079,

3081�3083, 3082t
Sex hormones
antidiuretic hormone and, 1450
biosynthesis of, 2093�2094, 2095f
in pregnancy, renal hemodynamics and,

2694
sFlt-2, in preeclampsia-eclampsia, 2740
SGLT2 transporters, 634
SH2 domains, tyrosine kinase receptors and,

374�376
Shank proteins, 413�414, 413f
Shear stress, in renal artery

stenosis, 2587
Shock wave lithotripsy, 2341

Shohl’s solution, for distal renal tubular
acidosis, 2091

Short-circuit current technique, 184�186,
185t

Sialidosis, 2863
Sickle cell disease, polyuria in, 1557
Side Population discrimination assay, stem

cells, 965�966
Side population (SP) cells, 965�966
Signal transducer and activator of

transcription (STAT), 2466
Signaling, 369�383

in acute kidney injury, 2555
adenyl cyclase in, 370, 370f
adherens junctions in, 380�381, 383f
in albumin metabolism, 2465f
arachidonic acid, 2673
calcium-sensing receptor in, 2189�2190
catenins in, 381, 383f
in cell volume regulation, 130�131, 130f
cell-location, 380�382, 381f, 383f
cell-cell interactions in, 380�381, 383f
cell-matrix interactions in, 380, 381f

cilia in, 382�383
cross-talk in, 386�388
cyclic AMP, 2671�2672
in diabetic nephropathy, 2616
downregulation in, 371
effector proteins in, 390�391

ERK MAPK pathway in, 386
in erythropoiesis, 3100�3105, 3101f
first messengers in, 369
focal adhesions in, 380, 386
gap junctions in, 381�382
in glomerular filtration rate regulation,

391, 392f
glomerular vascular smooth muscle and,

391
G-protein coupled receptor, 2667�2668
heterologous desensitization in, 371
homologous desensitization in, 371
integrins in, 380, 381f
JAK/STAT pathway in, 2970
JNK pathway in, 388
MAPK pathway in, 386�388, 387f
of MAPK (Ras/Raf/MEK/ERK)

inhibitors, 2672
in metabolic acidosis, 2005�2007,

2011�2012
in muscle protein metabolism, 3049�3053
Notch proteins in, 377�378, 379f
overview of, 369
PHC pathway in, 372�373, 372f, 375�376,

384�386, 385f
PI 3-K pathway in, 389�390, 390f
PLC pathway in, 376
in polycystic kidney disease, 2664�2666
protein tyrosine phosphatases in, 377�379,

378f
in proteinuria, 2969�2973
receptor transactivation in, 373
receptor-like phosphatases in, 377�379,

378f
receptors in, 369�383, see also Receptor(s)
G-protein-coupled, 370�376, 370f, 372f
kinase, 373, 374f, 376f

protein tyrosine phosphatase, 377�379,
378f

proteolytic cleavage-activated, 377�379,
378f

renin-angiotensin system in, 427�428
scaffolding proteins in, 380, 405, see also

Scaffolding proteins
signal amplification in, 370�371
at slit diaphragm, 900�901
smads in, 376
in solute transport, 158, 158f, 164, 391�395
Src pathway in, 375, 380
transforming growth factor β receptor in,

376, 376f
in vasoconstriction, 391, 392f
in water transport, 393�394
WNK kinases in, 395
Wnt pathway in, 381�382

in polycystic disease, 2664�2666
Singer-Nicholson fluid-mosaic model, 46, 46f
Single nephron filtration fraction (SNFF)
and GPF estimation, 766

Single nephron glomerular filtration rate
(SNGFR), 696, 700�701, 950, 1361

distal tubule flow perturbations on, effects
of, 761�762

lat proximal flow rate and, 761f
MD NaCl Concentration on, effects of, 763,

763f
Single nucleotide polymorphisms (SNPs),

1214
in organic cation transporters, 2428

Single-channel recording, 198�201, 200f, 201f
Single-file pore water flow, 98
Sirolimus, 2673
SITS, anion transport inhibitor, 1095
Six1/2 gene, 869�870
Skeleton
calcium-sensing receptor and, 2202�2203

SKI-606, 2672
Skin, vitamin D metabolism in, 2251
SLC transporters, 3188�3189, see also

Transporters
SLC4, 1862f, 1863�1864
acute regulation of, 1885�1886
anion conductance and, 1882
anion exchange C-terminal

transmembrane domain, binding
proteins and, 1873�1875, 1873f,
1876t

anion exchange deficiency and, 1888
anion exchange domain structure of,

alternative transcripts and,
1863�1864, 1863f, 1864f, 1866f

anion translocation pathway and,
1881�1882

C-terminal cytoplasmic tail of, 1882�1884
cytoplasmic domain, binding proteins

and, 1865�1871, 1867f, 1868f, 1869t
mechanisms of anion exchange and,

1873�1880
pharmacology of, 1880�1881

Slc4 sodium-driven bicarbonate transporters
AE4 (SLC4A9 gene), 1852�1853
dendrogram of, 1838f
functional categorization of, 1837�1839
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Slc4 sodium-driven bicarbonate transporters
(Continued)

NaBC1 (SLC4A11 Gene), 1851
NBCe2

functional properties, 1846�1847
hypertension, 1847
structural variants and tissue

distribution, 1846
targeted disruption in mouse, 1847

NBCE-1 function
in the kidney, 1843�1847
molecular regulation of, 1844�1846
various organs, 1844

NCBE/NBCn2 (SLC4A10 gene),
1850�1851

NDCBE (SLC4A8 gene), 1849�1850
sodium bicarbonate cotransporters

electrogenic, 1839�1843
Slc4 sodium-driven bicarbonate

transporters
electroneutral, 1847�1849

targeted disruption of, 1841�1842
SLC12 gene family
as gene encoding NKCC2, 1053�1054
phylogenetic tree of, 1047�1048, 1048f

SLC17A1, 2431�2432
SLC17A3, 2432
SLC20 proteins, 2355�2357
SLC22A4, 2446
SLC22A5, 2446
SLC22A6, 2427�2428
SLC22A7, 2428
SLC22A8, 2428�2430
SLC22A9, 2430
SLC22A12, 2431
SLC22A13, 2430�2431
SLC22A19, 2430
SLC26 family, 1094, 1861�1863
SLC 34, 2354�2356
SLC47A1, 2446�2447
SLC47A2, 2447
SLCO1A1, 2432�2433
SLCO1A3, 2432�2433
SLCO4C1, 2429
SLGT1, 634
Slit diaphragm (SD), of podocytes
α-actinin-4, 738
assembly mechanisms, 900
cadherin and catenins, 737�738
components, 898�900
disorders of, 2848t, 2863�2867
FAT1, 738
formation of, 898�901
Neph proteins, 736�737
nephrin, 736
podocin, 736
Rho GTPases, 738�739
signaling at, 900�901

Slit2 protein, 872
Smads, 376
Small bowel resection, 2336�2337
Small intestine, see also Intestinal
in acid�base balance, 312�315, 2052
calcium-sensing receptor in, 2204

Small ventral surface cells, as
chemoreceptors, 1985

Smith, Homer, 451, 695
α Smooth muscle actin (αSMA), 972
SN1 transporter, in metabolic acidosis, 1999,

1999f
SNAP-Tag, 23
SNARE proteins, 32

in ENaC regulation, 998
in water transport, 394

Sodium, see also Na
availability, Na,K-ATPase expression

regulation and, 79
concentration in peritoneal dialysis,

3129�3130
dietary, see Salt intake
disturbances in hemodialysis, 3125�3129
excretion of
antidiuretic hormone and, 1291
assessment of, 2478�2484, 2480t
atrial natriuretic peptide and,

1291�1292
effective vascular volume and, 301�302
fractional, 2481�2483
kallikrein�kinin system and, 1302
prostaglandins and, 1291
renin-angiotensin-aldosterone system

and, 1291f, 1307�1309
sympathetic pathways for, 1284,

1286�1291, 1288f, 1291f, 1295�1296,
1300�1301, 1308�1309

loading during dialysis, 3128
modeling, 3127�3128
plasma
body fluid tonicity and, 1511
fluid balance and, 1541�1542

reference values for, 294t
storage capacity for, 294
total body, in hypernatremia classification,

1553�1559, 1557t, 1558t
urinary
in volume status assessment,

2478�2484, 2480t
Sodium balance, see also Electrolyte balance

diuretics and, 306
dopamine in, 1114�1115
effective vascular volume and, 306�307
in hyperaldosteronism, 304
in hypoaldosteronism, 303�304
impaired, See Hypernatremia, chronic;

Hyponatremia
mechanisms for, 292�293, 296, 304, 2478
in metabolic acidosis, 2057
ontogenetic factors in, 2361
potassium transport and, 1683f, 1687�1691
in pregnancy, 2700�2701, 2700t, 2701f,

2702f, 2708�2710, 2709f
set point for, 299�300
sodium intake/output and, see Sodium
in transplant recipients, 3151

Sodium bicarbonate, see also Bicarbonate
for distal renal tubular acidosis,

2089�2090, 2091t
for hyperkalemia, 1765
for lactic acidosis, 2074
for metabolic acidosis, 2099�2100
for proximal renal tubular acidosis,

2090�2091, 2091t

for salicylate poisoning, 2078
Sodium bicarbonate co-transport, 1095�1097
Sodium bicarbonate cotransporters
electrogenic, 1839�1843

additional lessons from mice, 1843
familial proximal renal tubular acidosis,

1840�1841
inhibitors, 1840
missense mutations, 1841�1842
NBCe1 (SLC4A4 Gene), 1839�1843
potential mutant-specific therapy,

1841�1842
structural variants, 1839
topological and structural properties,

1839�1840
electroneutral, 1847�1849

expression pattern, 1847�1848
functional properties, 1849
PDZ binding proteins, 1848
structural variants, 1847
systemic factors affecting NBCN1

expression in organs, 1848
intracellular pH and, 1793�1794
in renal tubular acidification, 1924�1927,

1935
Sodium channel blockers
patch-clamp studies of, 203
urinary electrolyte excretion and, 1356t

Sodium channels, 219t, see also Sodium ion
channels

Sodium chloride, see also Salt
in hyponatremia treatment, 1528

Sodium chloride retention, post-diuretic,
1386�1389, 1387f

Sodium chloride transport, see also Chloride
transport; Sodium transport

distal tubule, 1371�1373, 1372f
maturation of, 915�916, 916f

glomerulotubular balance, 912�913
paracellular, developmental changes in,

914�915
postnatal development and, 912�916, 913f
proximal tubule

maturation of, 913
regulation of, 1109�1121
sodium retention and, 1288�1290,

1299�1300
Sodium intake
in effective vascular volume, 301�302
potassium excretion and, 1683f, 1687�1691
sodium balance and, 1283�1284

Sodium ion channels, amiloride-sensitive,
see also ENaC

in cell volume regulation, 122, 123f, 128f,
129, 130f

luminal membrane, 1089
mineralocorticoid-induced, 1685

Sodium phosphate, in acid�base balance,
312�313

Sodium polystyrene sulfonate, 3135
Sodium proton exchange, 634, 1090�1092,

1091f
Sodium pump targeting
epithelial cells polarization, 23�24

Sodium reabsorption
aldosterone in, 392, 393f
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in CCD, 651�652
in CNT and DCT, 649�650
potassium transport and, 1699
prostaglandins and, 1291, 1302
proximal tubular

glomerulotubular balance and, 912�913
Sodium retention
aquaporins in, 1427�1428
in ascites, 301�302, 1292�1294
in cirrhosis, 1292�1303
in congestive heart failure, 1286�1292,

1288f
edema in, 1284
effective arterial blood volume and,

1284�1286, 1286f
glomerular filtration rate and, 1287�1288
in hyperaldosteronism, 304
in nephrotic edema, 303
in nephrotic syndrome, 1303�1309, 1306t,

1308f
renal mechanisms for, 1287�1288

Sodium sulfate infusion test, 2504
Sodium transport, see also Ion transport; Na,

K-ATPase; Sodium balance
across ASDN cells, 1183�1184
across tight junction, 1106�1109, 1108f
aldosterone and, 392, 393f, 1167�1169
angiotensin in, 1113�1114
ATP in, 1101
atrial natriuretic peptide in, 917,

1291�1292
in basolateral membrane, 1100�1101
catecholamines in, 917
in connecting tubule, 1163�1170
in cortical collecting duct, 1165�1166
cyclosporine and, 3173f, 3175
in descending thin limb of Henle,

1469�1474, 1469t
in distal convoluted tubule, 1160�1163

regulation of, 1162�1163
steroid hormones and, 1162�1163

diuretic-sensitive, 1354, 1355f
gluconeogenesis in, 153
heterogeneity along nephron, 146f
heterogeneity among nephron, 144
in inner medullary collecting duct, 1166,

1167t
insulin and, 1169�1170
loop diuretics and, 1363�1365, 1365f
in loop of Henle, 1144�1160
by Na,K-ATPase, 1099�1100
Na,K-ATPase in, 145�147
NHE3 in, 1109�1111, 1110f
nitric oxide in, 1115�1117
in outer medullary collecting duct, 1166,

1167t
oxygen consumption and, 143�144, 144f,

146f
postnatal regulation of, 916�917
in proximal tubule, 1371
regulation

aldosterone and, 1185�1194
ENaC and, 1167, 1168f

renal nerves in, 917, 1113
renin-angiotensin-aldosterone axis in,

916�917

signaling in, 391, 393f
substrate utilization and, 1155�1156
in thick ascending limb of Henle’s loop,

144, 146f, 1145�1154, 1146t, 1147f
ADH and, 1156, 1156t, 1157t, 1158�1159
regulation of, 1156�1160

vasopressin and, 1169
Sodium wastage, see Salt wasting
Sodium-chloride cotransporter

in epithelial transport
of potassium, 1669

Sodium-coupled solute transport, 634
Sodium-dependent glucose transporters

(SGLTs), 2393
cellular and molecular physiology of,

2393�2394, 2396f
genetic ablation of, 2397�2398
inhibitors, 2400
and renal glucose reabsorption, 2394�2397

Sodium-glucose co-transport, 1089�1090
Sodium-hydrogen exchanger (NHE), 634,

1353�1354
intracellular pH and, 1798
in metabolic acidosis, 1999�2000, 1999f
NHE3 as, 1109�1111, 1110f, 1920�1921,

1921f, 1935, 1935f, 1936f
in renal tubular acidification, 1109�1111,

1110f, 1919, 1921f
apical-membrane, 1919, 1921f, 1923
basolateral-membrane, 1924�1927,

1933�1941
in loop of Henle, 1942

in thick ascending limb, 1154
Sodium-phosphate cotransporter,

2351�2357, 2371, 2371f
age-related changes in, 2361
in diabetes, 2360�2361
genetic alterations leading to imbalance of

Pi, 2361�2363, 2362t
in heavy metal poisoning, 2361
ontogenetic factors in, 2361
regulation of, 2358�2361
atrial natriuretic factor in, 2359�2360
dietary phosphate in, 2360
dopamine in, 2359
insulin in, 2360�2361
membrane lipid composition in, 2360
nitric oxide in, 2359�2360
parathyroid hormone in, 2358�2359
potassium in, 2360

in renal handling of Pi, 2354
SLC34 mutations cotransporters,

2361�2363
structure-function relationships,

2356�2357
transport mechanisms, 2354�2356
type I, 2352�2353, 2352f
type II, 2352f, 2353�2354
type IIa, 2352f, 2353, 2353f
endocytosis of, 2358
function of, 2353
in hypophosphatemia, 2361
protein-protein interactions of, 2356f,

2357�2358
structure of, 2353�2354, 2353f

type IIb, 2352f, 2353, 2355, 2358

type IIc, 2352f, 2353�2354
type III, 2352f, 2354

Sodium-phosphate transporter, 2432
Sodium-potassium cotransporter,

1665�1667, 1666f, 1668f
Sodium-potassium pump, see Na,K-ATPase
Solubility diffusion transport, 47, 49
Solute carrier (SLC) 26A, 1033�1034
CFTR as regulator of, 1030

Solute reflection coefficients
osmotic water transport across lipid vs.

porous membranes, 101�102
Solute sodium symporters (SSS), 59�60
Solute transport, see also Ion transport;

Transporters
across microvascular walls, 810�812
angiotensin II in, 440
ATP hydrolysis in, 143�149
coupled with water transport, 1102�1109,

1103f
cyclosporine and, 3173f, 3175
electrophysiological analysis of, 177,

see also Epithelial electrophysiology
energetics of, 143, see also Adenosine-50-

triphosphate (ATP)
energy production pathways in, 149�154
fatty acid oxidation in, 151, 152f
gluconeogenesis in, 152f, 153
glycolysis in, 152�153, 152f
ketone body metabolism in, 151�152, 152f
metabolic processes in, 149�165, see also

Metabolic pathways
mitochondrial oxidative phosphorylation

in, 149�150, 150f, 151f, 152f
mitochondrial respiration and, 158�159
oxygen consumption and, 143�144, 145f,

146f
regulation of, by AMPK, 162
signaling in, 158, 158f, 164, 369, 391�395,

see also Signaling
in transplanted kidney, 3151, see also Renal

transplantation
Whittam model of, 158, 158f

Solutes
reabsorption of, 634�635

Solute-solvent coupling
in transepithelial water transport, 112�115

Solute-water countercurrent exchange
in urine concentration, 1476

Solutions
hypertonic, 104
hypotonic, 104
isotonic, 104

Solvent drag, 102, 115�116
in potassium reabsorption, 1663�1664

Somatosensory system, and renal
nerves, 464

Somatostatin
for polycystic kidney disease, 2665f, 2671

Sonographically determined resistance
index, in renal artery stenosis,
2581�2583

Sorbitol, as osmolyte, 1546�1547, 1548f
Sorting pathways, epithelial cells

polarization, 21�32, 22f
cell type-specific sorting: patterns, 28�29
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Sorting pathways, epithelial cells
polarization (Continued)

glycosphingolipid-rich membrane
domains, 31

mechanisms, 29�30
PDZ domain-containing proteins, 31�32
renal transport protein function regulation

by endocytosis and recycling,
24�25

sodium pump targeting, 23�24
sorting signals, 25�28
technical approaches, 22�23
tyrosine-based motifs and adaptors, 30�31

Sorting signals
epithelial cells polarization, 25�28

Southeast Asian ovalocytosis, 1889
Sox genes, 871
Specialized fornices, 595, 596f
Spectrin, non-erythroid, 8�9
Spherocytosis, hereditary, 1889
anion exchanger mutations in, 1876t

Spinal cord injury, hyponatremia after, 1517
Spironolactone, 1377, 1380
adverse effects, 1381�1382
clinical use, 1381
pharmacokinetics, 1381
structure of, 1377f
urinary electrolyte excretion and, 1356t

Split hydronephrotic kidney, 820�821, 821f
Spontaneous bacterial peritonitis (SBP)
in cirrhotic renal failure, 2635�2636

Sprouty (Spry), 873
Src kinase inhibitors, 2672
Src signaling pathway, 375, 380
Src-homology 2 domains, 380
S-shaped bodies, epithelial cells, 860,

879�880
S-shaped stage, of nephrons development,

891�892, 892f
Standing-gradient hypothesis, of water

transport, 113�114, 113f
Starling, Ernest Henry, 693
Starling forces, 276�277
Starling pressures, 276
microvascular exchange and, 810�812
proximal tubular solute transport and,

1306
and local lymph flow, 282�283

Starvation
metabolic alkalosis in, 2037�2038, 2068
refeeding syndrome in,

hypophosphatemia in, 2380
Statin drugs
mechanism of action of, 2967�2968

Stellate vein, anatomy of, 595�596, 596f
Stem cells
in acute kidney injury, 2565�2566
in adult kidney, 963�969

sites harboring, 969�970
bone marrow-derived, 974�975
factor receptor, 960
function, 965�967
and kidney repair, 973�975
markers, 963�964
mesenchymal, see Mesenchymal stem cells

(MSC)

niches, 970
in non-mammals, 971�972, 972f
Side Population discrimination assay in,

965�966
in vitro growth, 964
in vivo growth, 964�965

Stents, renal artery, 2596�2598, 2596f
Steroid hormones

in NaCl transport in distal convoluted
tubule, 1162�1163

Steroid 21-hydroxylase deficiency
and congenital adrenal hyperplasia,

1225�1226
Steroid-resistant nephrotic syndrome,

autosomal recessive, 2865�2866
Steroids, cardiac, see Cardiac steroids
Steroids, endogenous, See Glucocorticoids;

Mineralocorticoids
Steroids, exogenous, see Corticosteroids
Steroid-sensitive nephrotic syndrome,

2782�2783
Stomach

in acid�base balance, 312�315
calcium-sensing receptor in, 2203�2204

Stones, see Nephrolithiasis
Stop flow pressure (PSF), 765�766

mean responses of, 768f
Storage disorders, 2848t, 2859�2863
Stress response, see also Oxidative stress

in acute kidney injury, 2555�2556
antidiuretic hormone in, 1449�1450

Stroke
LANP and, 1249
proANP gene in, 1249

Stroma
development, transcription factors and,

871�872
Stromal cells

of adult kidney, 960
Struvite stones, 2312, 2312t, 2344�2345
“Studs,” 653�654
SU-5416, 2672
Sub-distal appendages, 322
Substance P, 468f, 471�474

CGRP and, 473
functional support for, 473
TRPV1 and, 473�474

Sulfuric acid
in acid�base balance, 308�309
production of, 315�316

Sulindac, transporters for, 2434
Sun exposure

in vitamin D production, 2251
Supersaturation

in nephrolithiasis, 2314�2315, 2314f, 2315f
pH and, 2317

Surreptitious vomiting, 2497
Sympathetic nerves, in renal function, 451

activation of, 456
efferent innervation, 451�452, 452f
para-vertebral ganglia, 451�452
pre-ganglionic nerve fibers, 451�452

intrinsic innervation, 452
neuro-effector junctions, 452, 453f

Sympathetic nervous system
in cirrhosis, 1300�1301

in congestive heart failure, 1290�1291
in nephrotic syndrome, 1308�1309

Symporters, 48, 53�54, 58�59
structure, 59�60, 61f

Synaptopodin, 743
Syndrome of hyporeninemic

hypoaldosteronism, 1759�1761
Syndrome of inappropriate antidiuretic

hormone secretion (SIADH), 1382,
1523

aquaporins in, 1428
causes of, 1518t, 1520�1523
chronic volume expansion in, 306
demeclocycline for, 1557
pathophysiology of, 1517�1520, 1518t,

1522f
postoperative, 1521, 1522f

Syntaxins
in ENaC regulation, 998

Syntrophin, 416�417, 417f
Syphilis associated with glomerular disease,

2789
System L transporters, 1997
Systemic lupus erythematosus, pregnancy

in, 2719�2720, 2719t
Systemic sclerosis, pregnancy in, 2719t, 2721

T
T cell(s)
activation of

CD45 in, 377, 378f
protein kinase C in, 384�386

in focal segmental glomerulosclerosis
(FSGS), 2782�2783

in Goodpasture’s syndrome, 2766
minimal change disease (MCD), 2784
in vasculitis, 2818�2821, 2827

Tacrolimus
hypomagnesemia due to, 2158
renal effects of, 3167
in transplant immunosuppression,

3174�3175
in transplantation, solute transport and,

3151
Takayasu arteritis, 2817�2818, 2818t, 2819t,

2820f, 2827, see also Vasculitis
Talin, 13
Tamm Horsfall protein
as stone inhibitor, 2325�2326

Tamm-Horsfall glycoprotein (THP), 643
TASK-2, 236
Tau, 623�624
Tcf21, 735
in podocyte differentiation, 897�898

Temperature
antidiuretic hormone secretion and, 1450
intracellular pH and, 1809�1810

Tetany, in hypocalcemia, 2294
Thermodynamic coupling, 52�53
Thiamine, for ethylene glycol poisoning,

2076
Thiazide diuretics, 1370�1377, 3194�3195
calcium reabsorption and, 2239�2240
hypercalcemia due to, 2292
potassium excretion and, 1695
for proximal renal tubular acidosis, 2091
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Thiazide-sensitive Na1:Cl2 co-transporter,
1049

functional properties, 1054�1055, 1055t
molecular biology of, 1051�1054
physiology of, 1049

Thick ascending limb of Henle’s loop, 612,
615, 640�643, 1024�1025

acid�base transport in, 1941�1943
ammonium ion reabsoprtion in,

2008�2009
anatomy of, 1143�1144
Bartter syndrome, 1227�1230, 1227f
basolateral K channels in, 1150�1152,

1151f, 1152f
calcium reabsorption in, 2228f, 2230�2232,

2231f
in Bartter syndrome, 2232

calcium-sensing receptor in, 2196�2199,
2196f, 2197f

cells, 640, 641f, 642f, 757�758
renin secretion in, 778�779, 778f

Cl2 channels in, 1152�1153
in metabolic alkalosis, 2030
MR expression in, 1184�1185
NaCl absorption in, 1145�1154, 1146t,

1147f
ADH and, 1156, 1156t, 1157t, 1158�1159
regulation of, 1156�1160

Na,K-ATPase regulation in, 77�78
physiological pathways for NKCC2

regulation in, 1159
potassium transport in, 1661�1662, 1663f,

1677
control of, 1677
diuretics and, 1695�1696, 1696f
mechanisms of, 1668�1671, 1670f, 1671f

role in NaCl reabsorption, 641
bicarbonate reabsorption, 641�642
Mg21 and Ca21 recovery, 642�643

salt reabsorption in, NKCC2 and,
1049�1051

sodium-hydrogen exchanger in, 1154
sodium transport in

oxygen consumption and, 144, 146f
substrate preferences in, 156
urea permeability of, 1470t, 1473
water permeability of, 1470t, 1473

Thick ascending loop of Henle
calcium sensing receptor, 2275

Thin ascending limb of loop of Henle
sodium transport by, 1144, 1145t

Thin basement membrane nephropathy,
2857�2858

Thin descending limb of loop of Henle
sodium transport by, 1144, 1145t

Thin limbs of loop of Henle, See Ascending
thin limb of Henle; Descending thin
limb of Henle

Thirst, 1454, see also Hypodipsia; Polydipsia
age and, 1456
anatomic aspects of, 1455
definition of, 1454
effects of, 1456
hypernatremia and, 1544, 1552,

1557�1558, 1557t
in osmoregulation, 1456�1457

quantitation of, 1454
regulation of, 1455
antidiuretic hormone and, 1543f, 1544
in pregnancy, 1589, 2702�2703

Three-compartment model, of water
transport, 112, 113f

Threonine-286 (Thr-286), 935
Thrombocytopenia, in preeclampsia, 2730
Thrombocytopoiesis, 3109�3110

regulation of, 3109�3110
site of, 3109�3110

Thrombopoietin
action, 3112
effects of, 3110�3111
plasma concentration of, 3110�3111, 3110f
production of, 3112
structure of, 3111

Thrombopoietin gene, 3111
Thrombopoietin receptor, 3111�3112
Thrombosis, in preeclampsia, 2730
Thrombotic microangiopathy (TMA), see also

Hemolytic-uremic syndrome (HUS)
and thrombotic thrombocyto-penic
purpura (TTP)

clinical presentation, 2775
incidence, 2774
laboratory features, 2775
pathology, 2775
pathophysiology, 2774�2775
sporadic forms, 2773
systemic disease and conditions

associated, 2774t
treatment, 2775
corticosteroids, 2775
eculizumab, 2775
plasma exchange therapy, 2775
rituximab, 2775

Thromboxane (TAX)
in AKI, 2550
cyclosporine and, 3170, 3170f

Thromboxane A2 (TxA2), 495
Thromboxane receptor (TP), 495

diabetic nephropathy, 496
Thromboxane synthase (TxAS), 495
Thromboxane (TP), 775
Thyroid disease, hypercalcemia in, 2291
Thyroid hormones

in chronic kidney disease, 3044
in intracellular pH regulation, 1813
in metabolic acidosis, 2059
in potassium balance, 1638
in proANP gene expression, 1247

Thyrotoxicosis, hypercalcemia in, 2292
Thyroxine, see also Thyroid hormones

in metabolic acidosis, 2059
Tight junctions, 4�5, 220�221, 347�356, 627

in acute kidney injury, 2540
biochemical composition, 348�351
claudins, 350�351

functional domains of, 350�351
occludin, 349
tricellulin, 349

dysfunction in ischemic acute kidney
injury, 355�356

in epithelial transport, 627, 1106�1109,
1108f

formation of, 7
freeze-fracture morphology of, 351f
membrane proteins of, 6
physiological functions, 348

fence function, 348
gate function, 348

physiology of, 351�355
aldosterone-sensitive distal nephron,

355
and WNK kinases, 355

Bowman’s capsule, 349f, 352
proximal tubule, 352�354
NaCl reabsorption, 353

reabsorption of other cations, 354
thick ascending limb of Henle, 354�355
water reabsorption, 354

structure, 347�348
general structure, 347
regional differences in, 347�348
glomerulus, 347
renal tubule, 347�348

structure and functions of, 5�7
in thick ascending limb of Henle, 640�641

Timeless gene, 871
TIPS, for cirrhosis, see Transjugular

intrahepatic portosystemic shunt
(TIPS), for cirrhosis

Titratable acids, 307�308
excretion of, postnatal renal acidification

and, 919�920
TLR4
HMGB1 and, 2990�2993, 2990f

TMEM16 protein family
CaCC, 1020

TMEM16A, 58
TMEM16B, 58
Toll-like receptors (TLR)
in acute kidney injury, 2988�2993
in AKI, 2550�2551
endotoxin and, 2988�2989, 2991
in ischemic inflammation, 2993

Tolvaptan
for hyponatremia, 1528�1529
for polycystic kidney disease, 2671

Tonicity-responsive enhancer, 1548�1549
Torsemide
calcium reabsorption and, 2239
loop diuretics, 1368, 1368t

Trade-off hypothesis, 2061�2062, 2062f
TRAM-34, 2672
Trans Golgi Network (TGN), 21�22
Transcellular movement, 220�221
Transcellular pathway, for epithelial

transport, 628�631, 1087�1102
cytosolic concentrations, 1087�1088
luminal membrane, 1088�1095
peritubular membrane, 1095�1100

Transcription factors
and GDNF regulation, 869�870
hypoxia-inducible, in endothelial

development, 895
in metanephrogenesis, 868�872
in nephron tubules regulation, 872
podocytes

Foxc2, 735
Kreisler (Mafb), 735
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Transcription factors (Continued)
Lmx1b, 735
Notch, 735�736
Tcf21, 735
Wt-1, 734�735

and stroma development, 871�872
and ureteric bud, 870�871

Transepithelial resistance (TER), 348
Transepithelial transport
electrophysiological analysis of, 177,

see also Epithelial electrophysiology
paracellular pathway, 628, 628f, 1087,

1102�1109
solute, see Solute transport
transcellular pathway, 628�631,

1087�1102
water, 110�116, see also Water transport
water reabsorption, 634

Transplantation, see Renal transplantation
Transport, See Ion transport; Solute

transport; Water transport
Transforming growth factor α (TGFα), 876
Transforming growth factor β (TGFβ), 13,

376, 376f, 935�936
in acute kidney injury, 2558
in album metabolism, 2462�2463
in diabetic nephropathy, 2620�2621
in fibrogenesis, 2972
in ischemia-reperfusion injury,

2890�2891
and mesangial cells, 946
in proteinuria, 2967
in renal development, 875
and renal failure, 2649
tubular cell hypertrophy, 947�948

Transgenic/knockout mice, proANP gene
and, 1249

Transient receptor potential vanilloid type 1
(TRPV1), 473�474

Transition fibers, 323�324
Transition zone, in cilia, 322f, 323
Transjugular intrahepatic portosystemic

shunt (TIPS), for cirrhosis, 1294,
2640�2641

Transmembrane domains (TMD), 1026
Transmission electron microscopy, 347
Transport proteins, 629
Transporters, 47�48, 52, 54, 58�60, 59f
anion exchangers, 1861
antiporters (exchangers), 48
in cell volume regulation, 122�124
channels vs.,, 62�63
cotransporters, 48
regulation of, 391�395

aquaporin-2 in, 393�394
ENaC in, 391, 393f
ROMK in, 394�395

SLC4, 1850�1853
symporters, 48
in water transport, 109�110

Transtubular potassium gradient (TTKG),
1753, 2495�2496

Traveler’s diarrhea, 1256
Triamterene, 1380�1381
adverse effects, 1381�1382
clinical use, 1381

hyperkalemic renal tubular acidosis and,
2097�2098

pharmacokinetics, 1381
potassium excretion and, 1695
structure of, 1377f

Tricarboxylate carrier (exchanger), 151f
Tricarboxylic acid cycle, 151, 155
Tricellulin, 349
Triglycerides, see Lipid(s)
Triiodothyronine, see also Thyroid hormones

in metabolic acidosis, 2059
Trimethoprim, hyperkalemia due to, 1763
Trinitrophenyl-ATP (TNP-ATP), 514
Triptolide, for polycystic kidney disease,

2665f, 2671
Tromethamine, 2126
Trousseau’s sign, in hypocalcemia, 2299
TRP channels, 236�238, 822

architecture of, 245�247
TRPC6, 236�237, 743
TRPM6, 237, 900
TRPV4, 237
TRPV5, 237�238

TRPC channels, 2168, 2168t, 2169f
TRPM2, 2899
TRPM6, 256�257, 2142�2143, 2145,

2151�2152
TRPM channels, 2168�2169, 2168t, 2169f
TRPP channels, 2168t, 2169, 2169f
TRPV4 channels, 649, 2168t, 2169�2170,

2169f
TRPV5 channels, 2168t, 2169f, 2170�2171,

see also Calcium ion channels
in knockout mice, 2181�2182

TRPV6 channels, 2168t, 2169f, 2170�2171,
see also Calcium ion channels

Tuberculosis, hypercalcemia
in, 2290�2291

Tuberous sclerosis, in pregnancy, 2721
Tubular albuminuria and animal models,

2468t
Tubular epithelial cell injury, in AKI,

2536�2538
Tubular obstruction, in AKI, 2541�2542
Tubular renal hyperplasia, 945
Tubular transport, neuronal influences on,

610
Tubule epithelium, 218�223

active transport, 221�222
barrier function, 218�220
disequilibrium, importance of, 222
emergent properties, 222
equivalent circuit of, 220f
facilitative diffusion, 221
ion transport, 223
polarized, 221
protein-mediated transport, 221
restrictive diffusion, 221
simple diffusion, 221
transport and transporters, types of,

221�222
transport routes across, 220�221
urine flows in, 222�223

Tubules, See under Renal tubular; Renal
tubule(s)

Tubulogenesis, 878�881, 880t

Tubuloglomerular feedback (TGF), 516�517,
761�763

adaptations
eicosanoids, 775�776
extracellular fluid volume, 772�773
hyperglycemia, 774
nitric oxide, 776�777
renal mass, loss of, 773�774
renin-angiotensin system, 774�775
unilateral ureteral obstruction, 773

in autoregulation, 770�771
high-protein diet and, 772
hypertonic NaCl, 771�772
interstitial pressure, 777
K channel blockade and, 764
loop diuretics and, 764, 764f
oscillations, 762�763
renin secretion and, 1365�1366, 1366f
resetting, 772
responses

NaCl transport and, 764�765
sensitivity, 772

Tubuloinfundibular peptide of 39 amino
acids (TIP39), 2276

Tubulointerstitial disease, see also Interstitial
apoptosis in, 2968�2969
complement in, 2973�2975
fatty acids in, 2976�2977
fibrogenesis in, 2971�2972
proteinuria in, 2965�2968, see also

Proteinuria
Tubulointerstitial fibrosis
in pregnancy, 2720

Tubulointerstitial nephritis, 2766
Tubulopathies, 248�257
Bartter syndrome type II, 254�256
Bartter syndrome type III, 248�250
Bartter syndrome type IV, 250�251
TRPM6, 256�257

Tubulovascular cross-talk, 438
Tubulovesicular elements (TVEs), 27�28
Tumor lysis syndrome, hyperkalemia in,

1745
Tumor necrosis factor (TNF), 6
Tumoral calcinosis, hyperphosphatemia in,

2382
Tumor-induced osteomalacia (TIO),

2209�2210
hypophosphatemia in, 2380

Tumor(s), see also Cancer
osteomalacia and, 2253�2254
renin-secreting, metabolic alkalosis and,

2022
Tweety genes, 1036�1037
Two-photon microscopy
filtration fraction by, 2460
for glomerular sieving coefficient, 2460

Type 1 diabetes mellitus (T1DM), 2399
Type 1 ligands, 2274
Type 2 diabetes mellitus (T2DM), 2399
Type A IC cells, 654�656, 654t, 655f, 656f
Type B IC cells, 654t, 656�657
Type I K-ATPase activity, 80�82
Type III K-ATPase activity, 81�82
Type IV collagen, 731�732
mutations, 731
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Tyrosine kinase, in ROMK
phosphorylation, 1610�1611

Tyrosine-based motifs and adaptors
epithelial cells polarization, 31

U
Ubiquitin, in muscle protein metabolism,

3049�3050
Ubiquitination, in ROMK regulation, 1611
UCH-L3, deubiquitinating enzyme, 995
UDP, 511�512, 513f
structure of, 513f

Ulcers, peptic
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